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ABSTRACT

The objective ofthe work described i ti thesis is twofold; to elucidate the nature of
stall and surge i a axial ow aeroengine compressor, and to improve on current

computational stall modelling techniques. Particular attention i paid to

thestagesofthe stall/surge transient, and to the possibility ofusing active control

techniques to prevent or delay the onset of stall/surge.

A detailed analysis is presented ofmeasurements ofthe stalling behaviour of a Rolls-

Royce VIPERjet engine, showing a wide variety of stall inception and post-stall
behaviour. Stall transients are traced om disturbances through to stable

rotating stall or axisymmetic surge. The stall inception pattem at nearly al speeds i
shown to conform to the short circumferential lengthscale pattem described by Day

[1993a].

A multiple compressors i parallel stall model i developed using conventional stall

modelling techniques, but extended to include the effects ofthe jet engine environment
The model i shown to give a good representation ofthe overall stalling behaviour of
the engine, although the details ofthe stall inception period are not accurately

predicted. A system identication technique is applied to the results ofthe model i
order to develop a method ofactive control of stall/surge.

A new stall model i introduced and developed, based on a time-accurate three
dímensional (but pitchwise averaged) solution ofthe viscous ow equations, wt
bladerow performance represented by body forces. The ow i the annulus boundary
layers i calculated directly, and hence this new method is suiciently complex to
model the initial localised disturbances that lead to stall/surge. At the same time the

conputational power required is compatible with application to long multistage

conpressors.
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1. INTRODUCTION

IMay 1992 high pressure ar was pumped into the combustion chamber ofa single
sha Rolls-Royce VIPER M 522 jet engine running at 13500 RPM. For about a
second the engine operated normally as the pressure i thecombustion chamber
increased. Then, wti the space oftwenty milliseconds, normal compressor
performance had collapsed entirely. Flames leapt om the rear ofthe engine as
unbumed fuel made its way dovvnstream, and from the ont ofthe engine as the
pressure i the combustion chamber forced ar backwards through the compressor.
The ame i the combustor went out, the fuel was cut and the engine ran to a
standstill.

Ti spectacular event, one of a series ofcontrolled surges reported i chapter 3, was
typical of a surge i a high speed aeroeng-ine. I ti case surge was induced
articially, but on a aeroplane crossvvind effects, high inlet temperatures, over-fast
engine acceleration and compressor deterioration al make a engine liable to surge.

Great care i taken during compressor design and development to allow a big enough
safety margin that the events described only rarely lead to surge. The safety margin i
achieved by compressor blading changes, by adding compressor bleed ports, by adding
variable stator vanes or by limiting aircraft operability, for instance by restricting
engine acceleration rates. How these work i improving the safety margin wl be
considered later, but the important thing to note here i that there is a penalty
associated wt each one. I the case ofblading changes the penalty i eiciency
related; ithe blading i designed for optimum safety margin, i cannot also be designed
for optimum eiciency. Likewise ithe compressor puts work into a proportion of the
ow that i then dumped overboard through a bleed port, the overall eiciency i not
going to be high. I the case ofvariable stator vanes, the penalty i one ofincreased
complexity. Restricting the operability ofthe aircra is clearly mdesirable.

More recently, attempts have been made to improve the safety margin by passive stall
control. Here geometrical changes are made, generally to the casing near rotor tip, to
change the ow pattem to one more resilient to surge. Engines with passive stall
control are now operating i service. A great deal ofwork i being done on producing
a passive stall control conguration that has no associated eiciency penalty during
normal engine operation.

Engine surge starts as a sal arnplitude disturbance that grows very quickly, and a
altemative to al ofthe above methods oficreasig safety margin i to detect this

1



disturbance while i i sil sal and apply a counter-disturbance to damp i out. I
ti way the same conditions may be present as would normally make a engine liable
to surge, but disturbances i the ow are kept at a very low amplitude, and the engine
operates stably. Ti technique i called active stall control (the distinction between
°stall° and °surge i drawn i the next section), and has been demonstrated i

laboratory tests. The major advantage of such a method i that there i no associated

efciency penalty during normal engine operation; ithere are no disturbances to

control, then the control system has no effect on the engine.

The next three sections ofti introductory chapter are devoted to explaining some of
the mdamental ideas of stall and surge i± axial ow compressors. The scope ofthe
work described iti thesis i discussed i the nal section. The extensive literature
on stall, surge and active stall control i reviewed i chapter 2.

1.1 STALL AND SURGE

The mdamental building block for a understanding of stall and surge i the
compressor operating map (g 1-1). The constant speed lines are a fmction of

compressor design, and relate the ow through the compressor to the pressure ratio
across i during steady operation at a given compressor speed. The working line i
dened by the environment i which the compressor i operating. I the case ofa
single shaft engine such as the VIPER, i i controlled by the ow area ofthe nozzle

guide vanes at the exit ofthe combustor. I steady state operation the compressor
always operates on ti line. During a transient manoeuvre, such as a engine
acceleration, the operating poit can move om the working line. The surge line i
primaily a mction ofcompressor design, and denes the lmt of stable operation. I
the pressure ratio across the compressor rises above ti line at a given inlet ow, then
the compressor wl fl into stall/surge, oen wt catastrophic consequences as
described at the start ofthe chapter. The vertical distance between the working line
and the surge line is called the surge margin.

A stall/surge event can be divided into two peiods; stall inception' and post-stall'.
The stall inception period concems the breakdown ofthe oweld, just as the
operating point is crossing the surge line. It wl be seen from the literature (chapter 2)
and the measurements presented i chapter 3 that ti period i typied by non-
axisymmetic ow disturbances rotating around the compressor. These disturbances
can be either be low circumferential harmonic ow disturbance pattems or well dened
(oen circmferentially small) patches of low momentum uid (stall cells). Early
modelling work concentrated on the harmonic disturbances, but recent measurements
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suggest that the latter type ofinception pattern i more common i high speed
compressors.

Detailed post-stall behaviour varies considerably om engine to engine, leading to a
bewildering variety ofterms; deep surge, classic surge°, hung stall>, big stall. I
general, however, at least for those cases where the engine performance i seiously
affected, two types ofbehaviour are observed, loosely called rotating stall and
surge°. I the former case the non-axisymmetric disturbances i the stall iception
period grow into a stable rotating pattem, with part ofthe annulus operating just above
design ow, and part i reversed ow. I a surge event the disturbances grow
circumferentially to l the annulus wt reversed ow. The pressure i± the compressor
exit volume then typically fls to a extent where the ow reaccelerates to just above
the design ow, and the stalling process repeats (a surge cycle°). I ti thesis only
the terms rotatig stall (or stall') and surge are used to describe post-stall behaviour.
Some consion can sil arise out ofthe fact that the terms are used, somewhat
interchangeably, to describe the whole ofthe event including the stall inception period.
The context, however, usually makes the meaning clear.

There are important differences between the stall inception and post-stall periods. The
disturbance i the former case i localised wti the compressor, and can therefore be
modelled without reference to the surrounding components. The post-stall behaviour,
however, i critically dependent on the surrounding components, particularly the rate at
which the downstream pressure changes i response to ow changes out ofthe
compressor. Also, whereas the stall inception disturbance typically starts oiflocalised
radially and axially as well as circumferentially, post-stall disturbances are- oen fairly
miformi the axial and radial directions, and can be modelled using simpler techniques
where i i assumed that the ow is tmiformi these directions.

1.2 COMPRESSOR STABILITY

The compressor working line (g 1-1) can be fairly simply determined from the

geometry ofthe engine (or conpressor rig) without experiment. I ti chapter the
basic concepts ofcompressor stability are introduced, starting wt how one might
attenpt to predict the surge line i the same manner. .

A simple criterion for compressor stability can be derived from the constant speed

characteristics (g 1-l). Imagine a compressor operating at a arbitrary point (m, p)
on the operating map (g l-2). Ti point may not lie on the working line, as the
engine may be undergoing a transient manoeuvre. Generally speaking, the ow
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through a compressor adjusts very quickly to changes i speed and exit pressure, and
so i can be assumed that the constant speed characteristic passing through x

corresponds to the engine speed. Consider next the effect of a sal transitory
disturbance i the ow through the compressor.1 Say the ow dropped momentarily

by a sal amomt Am. At ti lower ow the compressor i capable ofachieving a

higher pressure rise p +A , but the actual pressure rise from inlet to exit i sil onlyp.
The force supplied by the compressor to the ar i thus greater than the pressure force

opposing i and the ar accelerates. Ti moves the level ofow back towards the

original ow m. Likevvise, i a disturbance tenporarily increases the ow above m,
then the compressor i capable ofless work than that required to match the opposing

pressure force, and the ow decelerates. This argument shows that the point (m, p) i
stable to sal disturbances i ow. The same argument can be used for al such

points, provided that the pressure rise capability goes up as the ow fls (that is, the

slope ofthe constant speed characteristic i negative). Ifthis were not true, and the
ow were to fl slightly, then the pressure rise capability would decrease, and the ow
would decelerate further (leading to stall/srge). Thus the stability point i likely to lie
around the peak ofthe constant speed characteristic. There wl be a peak to the
characteristic, because as the ow through the compressor falls, the ar approaches the
blades at higher and higher angles ofattack, leading to progressively lower eiciency
and higher deviation from the design blade exit ar angles. Both ofthese reduce the

pressure rise capability ofthe compressor.

The stability argument laid out above is simple, but not always accurate. No accomt i
taken ofunsteady e`ects (í for example, the upstream ow is accelerating then the
inlet pressure wl change), or of any stabilising effect ofcomponents upstream and
downstream No accomt either is taken oftp clearance effects (beyond their effect on
the constant speed characteristic) or any three-dimensional effects. It i assumed too
that al ofthe owi the compressor moves together. Ti i not necessarily true,
however. It i possible for one end of a compressor to experience rotating stall, wt

large changes i throughow velocity, wis the ow at the other end i virtually
constantz.

Attempts to deal with the limitations laid out above have led to successively more

complex models, used not only for srge poit prediction but also for modelling what

1 For the sake ofthe argument the disturbance i assumed fast compared to both the transient moving the
operating point om the working line and the rate at which the engine speed changes. 'Ihe latter i tu for
most ow disturbances due to the inertia ofthe spool.

2 This i oen the case i high speed compressors operating at very low speeds. The experimental results
presented i chapter 3 show a example ofthis behaviour.
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happens during and aer the surge line i crossed. Many ofthese models are reviewed
i chapter 2. The model developed i chapter 5 i one ofthe most complex attempted,
and could be used to predict the position ofthe surge line. Al models ofthe type
considered i ti thesis (that i pitchwise average - see section 2.2 for a denition of
ti term) suffer from a mdamental wealmess wt respect to surge point predíction,
however, i that they require performance characteristics ofthe whole compressor or
of compressor bladerows or of compressor stages as input. These are hard to predict,
even for steady ow, because close to the surge point the blades operate a long way
from design incidence, boundary layers are large, and the ow can be highly three
dimensional.

Although the simple stability argument outlined above i not comprehensive, i can be
used to explain how the conventional methods ofincreasing surge margin work.

Taking bleed from the compressor, for instance, increases the ow through part ofthe

compressor. A the ow increases, however, the slope ofthe constant speed
characteristic becomes more negative (g 1-1), and therefore the compressor becomes
more stable. Variable stator vanes reduce ar incidence angles onto the blades (rotors
and stators) at low ow levels such that the pressure rise capability ofthe bladerow
does not fl away ithe ow fls rther.

The objective of active control of stall/surge, like the conventional methods of surge
margin improvement, i to make the compressor stable to salow disturbances. The

approach i more direct, however, i that disturbances are rst ofal measured and
then forcibly damped out by some mechanical device (or °actuator'). By way of

example, i one such control system [Day, l993b, descn`bed i -section 2.3] hot wire
anemometers are used to detect regions of low ow around the annulus and locally
reaccelerate the ow by injectíng high pressure ar through °pu`er jets arrayed around
the casing at conpressor inlet.

Ä±

1.3 NATURE OF STALL CELLS

It was stated earlier that the stall inception period i oen characterised by well dened

patches of low momentum uid called stall cells rotating around the compressor. It
has already been noted that stall cells often start om a localised disturbance, but grow
very quickly axially. Ti can be simply explained from considerations of continuity,
and i most easily understood for the case of low speed compressors where the e`ects
ofcompressíbility can be neglected. I this case, the ow entering each blade passage
must be equal to the ow leaving the passage at each moment oftime. The axial gaps
between the blades are suiciently sal that there i little ow redistríbution before
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the ar enters the next bladerow, and so the mass ow disturbance i the succeeding
bladerow must again be There i opportmity for radial redistribution
ofthe ow; the results om the model developed i chapter 5 predict ow ducking
under a stalled region at rotor tip. Once the cell becomes radially large, however,
radial redistribution too becomes negligible and then the ow decit must be the same
om stage to stage right along the axial length ofthe compressor. _

One corollary of the above argument i that stall cells extend axially through the

compressor, and do not, as i sometimes assumed, follow the helical path ofthe airow
from inlet to exitj Ifthe rate at which the stall cell rotates i equal to the average rate
at which the clean ow rotates aromd the annulus (that is, around half shaft speed),
then the stalled ow and the clean ow areas do not collide°, but rather rotate

together.

A easy way to visualise a axial stall cell is shown i g 1-3. Ti gure represents a
two dimensional (high hub/tip ratio) compressor wt a very large number of stages

(such that the effects ofthe inlet and exit owelds are negligible compared to those of
the bladed region). The bladig i assumed to be symmetical° (that is, the stators and
rotors are assumed to be reectionsofeach other). The compressor is viewed i a
frame rotating at exactly halfthe speed ofthe rotor, such that the rotors move one way
and the stators the other at the same speed. Viewed i ti frame the owi broadly
axial. The same continuity argument as before can be used to show that a stall cell i
such a compressor wl be distributed axially along the compressor, and i is clear that
ithe disturbance is xed i a circumferential position (in ti frame) there i no
collision between the stalled and clean ow areas.

I many ways the rotating frame ofreference described above i the natural one i
which to consider stall disturbances; the concept of a distrbance extending axially

along the compressor i the direction ofthe ow is entirely intuitive. Ithe disturbance
i± ti frame i xed i a circumferential position, then by moving back to the

stationary frame the answer can be fomd to the question of.why stall cells rotate (in a

multistage compressor). Moving from one 'ame to the other requires the addition or
subtraction ofthe average circumferential velocity, and it is ti velocity component
that makes the stall cells rotate - the rotors eífectively sweep the low momentum uid
i the stall cell aromd the annulus (this process is dened more precisely during the

development ofthe °compressors i parallel model i chapter 4).
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1.4 SCOPE OF WORK DESCRIBED IN THE THESIS

The objective ofthe work described i ti thesis i to increase understanding ofthe
phenomenon of stall/surge i multistage axial ow compressors operating i a

aeroengine environment, and to improve on current computational stall modelling

techniques. Particular attention i paid to the stall inception period and the possibility
ofpreventing or delaying the onset of stall/surge using a active control technique.

Although the work is directed primarily towards aeroengines, the stall inception (as
opposed to post-stall) behaviour of compressors i likely to be independent ofthe
operating environment, and many of the results can be applied immediately to
multistage axial ow compressors i other applications. The stalling behaviour of

aeroengine fans and centrifugal compressors can be markedly different om that of

multistage axial ow compressors and i not considered i detail. No consideration
either i given to spool coupling effects i two and tlree sha engines, although the
stall modelling work descnbed i chapters 4 and 5 could be extended to cover ti
area.

I order to apply active stall control (or any novel method of improving stall margin)
to a compressor i i rst necessary to understand the nature of stall, and particularly
the sal arnplitude disturbances that precipitate it. A large amomt oftest data has
been published on the subject, but mostly from low speed compressors and/or wt
very sparse instrumentation. I order to identify the stalling behaviour of a compressor
at high speed extensive tests were performed on a single sha Rolls-Royce VIPERjet
engine, described i chapter 3. This work represents the rst detailed analysis of stall
inception i a compressor operating i a engine environment based on a good
denition ofhigh response instnmentation, and one ofthe rst such tests on any high
speed conpressor.

Two computational models of compressor stall/surge are developed i chapters 4 and
5. The rst ofthese i a multiple conpressors i parallel model, based on similar

principles to those ofprevious authors, but extended to include the e`ects of the

engine environment. Wis it i anticipated that a improved understanding of
stall/surge wl be ofbenet i a wide range ofrelated areas, the particular irnpetus of
the work i towards the application of active stall control To ti end a control system
was devised and tested numerically using the model.

The multiple compressors i parallel model i validated against the experimental data
described i± chapter 3, and is shown to agree well wt the overall stall transient. The

agreement with respect to the stall inception period i less good, due to the sirrplicity
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ofthe model. Ti period oftime is critical, however, for numerical testing of active
control of stall/surge. I order to overcome ti obstacle a completely new stall model
is introduced and developed i chapter 5. Ti method combines a throughow (adal

by radial) description of the ow, including viscous eifects, wt a simple
circmferential discretisation. Preliminary evaluation against stall inception data om
a single stage compressor rig suggests that this new model i suciently complex to
model the localised disturbances that lead to stall/surge, and yet i i compatible

(in terms ofcomputational time) with application to long multistage compressors.

The mechanical and control theoretical design of specic active stall control systems i
a broad subject that i only briey considered wt respect to the application ofthe

compressors i parallel model i chapter 4. The stall model developed i chapter 5 is

designed specically for numerical testing of active control schemes, but the

application ofthe model i ti area is beyond the scope ofthe present work.
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2. BACKGROUND

There i a tremendous amount ofliterature available on rotating stall and surge, and a
comprehensive survey i beyond the scope ofti thesis. A very thorough survey of
publications related to stall and surge has been undertaken by Pampreen [1993]. Good
introductory material can be found i Cu1npsty's [1989] book or i Greitzefs [1980,
1981] papers. The former i broad i scope, whereas the latter are more technical,
concentrating on the dynamics of stall and surge.

The review presented i± ti chapter i designed to give a overview ofthe major
advances i the eld, whilst paying particular attention to those papers directly related
to stall inception, stall modelling and active control of stall For convenience the âº

review has been split into four sections. The rst ofthese contains papers based
pimaily on expeiment. Paticular attention i paid to experimenters examiing stall
inception behaviour i multistage compressors wt a good denition ofhigh response
instrumentation. The second section reviews stall inception modelling, looking rst at
a number ofapproaches to modelling a compression system, and then categorising the
various published models of stall/surge. I the third section a number ofpapers are
analysed which relate to active control of stall/surge. A nal section i devoted to a
discussion ofthe background literature.

2.1 EXPERIMENTAL MEASUREMENTS OF STALUSURGE

2.1.1 Early Work

One ofthe most vvidely quoted papers on stall inception i that ofEmmons et al
[1955]. Iti paper two compressor tests were discussed, one centrigal (with a
axial iducer) and one single stage axial. The aºn'al compressor stage has a low hub/tip
ratio (0.57). It also has a large gap between rotor and stator (greater than one tp
radius), and so the stallig behaviour ofthe rotor i likely to be closer to that ofa
isolated bladerow than halfof a compressor stage. Based on the results a clear
dístinction was drawn between a Helmholz' type of dísturbance [that is, axisymmetic
surge], and the stallíng ofthe ow through the bladerows i propagating groups'
[that is, rotating stall]. It i noted that the frequency of the rotating stall i
proportional to the wheel speed. A model ofrotating stall i presented that i the clear
fore-nmner ofmany ofthe more recent modelling attempts described i section 2.2. A
surge model i also presented.

9



The results ofthe axial stage are somewhat unusual, i that the compressor fls ito

rotating at al speeds with no discontimity i the overall characteristic. The rst
stall regime encountered on closing the throttle i ve cell rotating stall ofthe rotor

only, biased heavily towards the tp region (the low hub/tip ratio makes such radially
non-miform disturbances more likely). O closing the throttle futher ti changes to

single celll span stall Ti behaviour i similar to that ofthe Rolls-Royce VIPER
engine compressor at low speed, as descn'bed i chapter 3.

The linear incompressible model ofrotating stall presented by the authors has many of
the features ofthe more recent models described i section 2.2, although formulated
for two dimensional ow through a cascade. The basis ofthe model i the coupling of
the bladerow performance with the inlet oweld (the static pressure at exh to the
cascade is assmed constant). The bladerow performance i derived om loss and
deviation (or rather just loss, as the deviation i assumed to be zero for convenience).
The inlet oweld i represented by a Fourier series i± exactly the same way as, for
instance, the model described i chapter 4. The time dependency (and hence the
rotation relative to the bladerow) comes om the assumption that the response ofthe
bladerow to a given st ofinlet conditions i not immediate. Instead, the rate of

change ofperformance is assumed to be proportional to the difference between the
current and ideal level as calculated from the inlet conditions.

I terms of stability, the constant ofproportionality i the delayed response i
immaterial, and Emmons et a derive a condition for stable operation that is equivalent
to the peak inlet total to exit static pressure ratio condition quoted by Dmham [1965,
descbed i section 2.2.3]. I terms ofrotation rate, however, the constant i

signicant, and here the modelling breaks down i that the authors, while

giving no indication as to a value ofthe constant, indicate that it depends primarily on
the time taken for the blade surface boundary layers to react. Moore [1984b,
described i section 2.2.3.2] showed that the mi cause of delayed response was the
inertia ofthe uid i the blade passages.

Iura and Rannie [1954] made a series ofmeasurements ofrotatig stall, primarily on
a three stage low speed axial compressor offree-votex desig. A with Emmons et a

[l955, described above], the mi objects of study were the stable° forms ofrotating
stall rather than the stall inception period. O throttling the three stage compressor
four distinct types ofrotating stall regime were observed. The rst type ofdisturbarce
encomtered was single cell pat span rotating stall i the hub to mid-radius region.
The second and third types of disturbance corresponded to two and three cell part span
stall, with the cells equispaced and each one looking similar to the single cell variant.
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A the tlrottle was closed further, the three cell part span rotating stall gave way to

single celll span rotating stall, wt smlr magnitudes ofVelocity uctuation across
the span, but covering a greater circumferential distance at the hub than the tip.

I addition to the three stage compressor the authors tested one ofthe stages on its
own, and found that i± ti case the rst type of istability encountered was again part

span stall, but i ti case limited to the tp region ofthe compressor. Thus the radial

position ofpart span stall inception (hub or tip) cannot be a simple mction ofblade
design.

Various compressor congurations were tested by the authors. One ofthe most

interesting was a test with every altemate stator removed. Ti showed only a sal
change i the rate ofrotation, which led the authors to question the then common

assunption that the time response ofa bladerow to given inlet conditions was

dependent on the time required for the blade boundary layer to readjust (cfthe nal

pat ofthe discussion ofEmmons et a [1955], above).

2.1.2 Low Speed Measurements and Resulting Theory

Some ofthe rst really detailed measurements ofcompressor operation during and
after stall initiation were taken by Day [l976], on a wide range of compressor builds.
The resulting database was used by Day, Greitzer and Cumpsty [l978], to formulate
a correlation based prediction of compressor performance i rotating stall. Wis not
directly related to stall inception, the concepts i the paper are signicant, most notably
the prediction ofwhether part span orl span stall wl develop i a particular

conpressor. The mderlying principle (a development ofa original idea attributed by
the authors to A McKenzie) i that compressor stages i stall operate at one oftwo
xed levels of inlet total to exit static pressure rise, depending on whether the stall

pattem i part-span orl span. The two xed levels ((P- p)/pU2 = 0.17 for part
span stall, 0.11 forl span stall) are more or less constant between compressors.
Ti constrains the operating point of the compressor at a given throttle setting to lie
either on the unstalled characteristic, or one ofthese two lines ofconstant pressure
ratio (g 2-1, based on g 6 ofthe paper). The authors suggest that the correct choice
between these lines can be made on considerations ofblockage alone. A the throttle
i closed beyond the stall point the compressor wl fl ito pat span stall ithe

blockage so produced i less than a critical value of 30%, where the blockage i simply
calculated from the mass owi part span stall and the mass ow at the same pressure
ratio on the unstalled characteristic (bc/ac on g 2-1). Ifthe blockage i part span stall
would be over 30% then the compressor fls immediately into fl span stall. A smlr
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argument is followed to determine the size ofthe hysteresis loopl. Once i rotating
stall the conpressor wl remain stalled until the throttle is opened suiciently to
reduce the blockage to below 30%. Simple calculations are added to demonstrate the
effects of stage numbers and design axial velocity ratio (a high value of either leads to
a propensity forl span stall and a large hysteresis loop).

The results ofthe paper are supported by a large amount of experimental data, and are
of immediate use to the aeroengine designer. _No aerodynamic reasons are supplied,
however, for the constant pressure ratio and blockage assumptions. Heuristic

arguments can be fomd for most ofthe assmrptions. It i not unreasonable, for

instance, that the pressure ratio i rotatirg stall should be set by the stalled part of the
ow (although i i puzzling as to why the pressure ratio i part span stall should be

independent of the blading details, even though the majority ofthe span sees a

relatively normal level ofthroughow). The mi interest to the stall modeller,

however, i that the correlations work, and therefore smlr results should be obtained
from a good model ofpost-stall transients.

A second paper based on the detailed measurements ofDay i that by Cumpsty and
Greitzer [1982]. Here a simple model i proposed for stall cell propagation. The
model i based on the observation that the trailing edge of stall cells i oen very sharp
and that any uid entering or leaving the cell across that boundary has to be
accelerated/decelerated axially by a local increase or decrease i static pressure

gradient. The precise formulation ofthe model i dependent on the unknown

lengthscale over which the acceleration/deceleration occurs, and i this way i inferior
to subsequent models such as are described i section 2.2, where the shape of the stall
cell i a result ofthe calculation. The two signicant observations of Cumpsty and

Greitzer, however, are that the pressure di`erences along the compressor which give
rise to ow acceleration/deceleration must be consistent with the pressure ratio as set

by the compressor inlet and exit bomdary conditions, and that ti condition i inter-
related with the stall cell rotation speed. These two considerations form the basis of

many ofthe later models. V

Further experimental work on a four stage low speed compressor was published by

Day [1994a]. The mi emphasis of the paper i to make a detailed examination of a

compression system surge cycle, and to provide quantitative measurements ofthe

boundary between rotating stall and surge type behaviour. The measurements were

1 That is, the region where the compressor wl operate either normally or i rotating stall depending o its
operating condition when i crossed the bomday.
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not directed toward the sal timescale ofthe stall inception period. Nonetheless,
some important conclusions were reached about stall inception, namely that rotating
stall was observed to be a precursor ofadsymmetric surge (this i conrmed for a jet

engine compressor i± the results described i chapter 3), that Helmholtz peturbations,

though present, played little part i determining the stalling behaviour, and that long
circumferential modal waves were only sometimes present prior to stall (Day

[l993a], discussed below, deals wt ti last poit i greater detail).

A analysis smlr to that used by Day, Greitzer and Cumpsty [l978], based on the
overall compressor characteristic, is used to suggest which compressors wl exhibit

deep surge (where the ow becomes fully reversed and axisymmetric for part ofthe

surge cycle), and which classic surge (where the ow remains non-axisymmetic, but
the annulus average operating point sil follows a surge cycle). A parametric study i
used to show that the Greitzer B parameter (dened i section 2.2.3.1 under Greitzer

[1976a,b]) gives a reliable indication ofwhether the compressor fails i rotating stall or

surge, although the point i forcíbly made that the value ofthe B parameter i

dependent on the compressor design parameters. A appendix by E M Greitzer

presents a modied B parameter which accounts for some ofthese e`ects.

McDougall, Cumpsty and Hynes [l990, also McDougall, 1988] examined

Mcdougalls detailed stall inception measurements i a low speed single stage

compressor at three different tp clearances. They identied the endwall blockage as
critical for determining the stall inception pattem. At sal tp clearance the hub

blockage was large, and stall disturbances could rst be seen at the hub. At large tp
clearances the tip blockage was large, and the stall disturbances rst became visible
there. -

At the large tip clearance clear pre-stall waves were observed, rotating at almost

exactly halfrotor speed. These waves were identied as a variation i rotor tp
endwall blockage which rotated around the annulus with time. The strongest Velocity
uctuations were accordíngly found to be vvithi the rotor passage just outside the
amuhs and suction surface boundary layers. I phase wt the tp blockage variation

Velocity measurements upstream ofthe rotor showed a rotating variation i axial

velocity. Ti upstream variation was fomd to be almost constant radially, and was
viewed as a mode ofthe system, responding to the blockage variations i the rotor

passages. No experimental or theoretical support was given for ti viewpoint,
however.
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The amplitude ofthe pre-stall waves was shown to rise and fli time, but to be

generally strongest as stall was approached. When stall did occur the stall cell was
shown to grow out ofthe pre-stall waves, i the sense that there was no díscontinuity
i± the phase ofthe disturbance. The inuence ofthe pre-stall waves on the inception

process was proved by the fact that even wt a blade removed the stall inception was
not xed to a circumferential position, but sil grew out ofthe pre-stall waves.

Day [l993a] used data omthe same compressor as Mcdougall et a [l990, described

above] to draw quite dierent conclusions. Day looked primarily at the stall cell that

grew out ofthe pre-stall waves observed by Mcdougall et a at 3% tip clearance and
marked the point of irretrievable breakdown i the ow structure. Wis connning
the existence ofthe pre-stall waves, and that the start ofthe stall cell coincided wt
the low ow point ofthe pre-stall wave, he also showed that the result was not

general, i the sense that at the two lower tp clearances iretievable ow breakdown
was caused by stall cells of a smlr nature to the 3% tp clearance case, but without

any pre-stall waves visible.

Day°s conclusion, that stall cells and the pre-stall waves observed by Mcdougall et a
are fmdametally different phenomena, was strongly supported by hs measurements
om a four stage low speed compressor tted wt a active control system Using
the control system, Day was able to measure the forced response ofthe pre-stall waves
and conrm that the damping was large except for a sal region around the stall

point. He was also able to actively prevent the formation of stall cells, whilst throttling
the compressor to a ow well below the natural stall point, and demonstrate that the

pre-stall wave disturbances continued to rise i amplitude without causing a

irretrievable breakdown ofthe ow structure.

Day also noted that the formation ofthe stall cells tended to be xed circumferentially
i the absolute ame and oen i the rotating ame too. Ti i contrary to

Mcdougalls ndings, that the position i the absolute frame was not xed even wt
one blade missing. Day suggested that the underlying cause was that at 3% tp
clearance the stall cells were circumferentially larger when they grew out ofthe pre-
stall waves, and therefore rotated more slowly, i± fact at the same speed as the pre-stall
waves. Under these conditions a high degree of coupling between the two
disturbances could be expected. I the four stage rig the stall cells when they rst

appeared rotated at aromd 70% ofsha speed, whereas the pre-stall waves ofthe type
observed by Mcdougall et a, when they were present, rotated at only 18% speed, and
there was less coupling.
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Day observed that i both compressors stalling disturbances started i the tp region
and grew radially inwards. Both he and Mcdougall et a (for the high tp clearance

case) were agreed that stall initiated i± the annulus boundary layer / tp clearance

region, which accords with the common observation that tip clearance i particular

plays a large part i determining the stall point of a compressor.

The question ofwhen stall i initiated by modal behaviour and when by nite stall
cells i ther investigated i Camp [1995]. Camp used the same four stage low

speed compressor as Day [l993a]. By altering the vane settings he was able to
demonstrate both types of stall inception (following Day). He was also able to
demonstrate that the nite stall cells appeared whenever a certain incidence onto the
rst rotor was exceeded. That is, ithe inlet guide vane was staggered sch that the
rst rotor experienced high incidence, then nite stall cells' would appear without any

pre-stall modal waves. Ifthe stages were better matched, wt smlr incidences at
each stage, then °nite stall cells did not appear and stall inception was ofthe modalâ

type.Garnier [1989, also Garnier, Epstein and Greitzer, 1991] made stall inception
measurements i a single stage low speed compressor, a three stage low speed

conpressor, and a three stage high speed compressor. Al three conpressors showed
sal amplitde pre-stall waves. I the low speed compressors these were shown to be
rst order circumferential harmonic disturbances. I the case ofthe high speed

machine, however, the nature ofthese rotating disturbances i not clear. Ol the rst
three circumferential harmonics are considered i detail Ofthese the third showed no

signicant period of coherent rotation. It was also notable that the rst two harmonics
were observed to rotate together at around 18% ofrotor speed, suggesting the

possibility ofmodal coupling. The disturbance therefore could well be quite different
i nature to the single harmonic disturbances observed i the low speed machine, and

quite diiferent to the dissociated harmonics predicted by linear theory.

Garnier presented some stall inception data for the high speed compressor taken wt a
fast throttle closure rate. Again, small amplitude pre-stall disturbances were present,
but showed some quite different and unexpected behaviour, wt circumferential
harmonics even travellig i diiferent directions at diiferent axial stations. Ti

dependency on the throttle closure rate i signicant, as it represents the speed with
which the stall line i approached by a engine on the Wing, which wl vary widely

depending on what causes the stalling behaviour.

¬Ä±
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Some results wt inlet distortion were also presented by Gamier, but are not
considered here.

Mathioudakis and Breugelmas (1984) and Breugelmans and Mathioudakis

(1984) presented some very detailed measurements ofrotating stall i a single stage
low speed compressor. The work is primarily aimed at istrumentation and stableâ

rotating stall (that is, rotating stall at a constant mean operating point), neither of
which are the mi theme here. Two types of stall are observed, snall stall, and big
stall'.

The small stall identied by the authors occurs rst, as the compressor i throttled
from steady operating conditions. It consists of eight cells, and is heavily biased
toward the outer annulus. It is temed small stall because none ofthe ow

parameters change vary a long way om their original values. Upstream Velocity
uctuations, for instance, increase from 5% at the hub to 13% at the tip. The overall
ow structure i therefore smlr to that before stall.

The classication into small° and big° stall i put forward by the authors as a
alternative to distinction according to performance (progressive or abrupt° stall) or
extent (pat span', or full span). I practice none ofthese classications i suicient
i± itself, as a number ofcombinations ofthese types have been observed. The Rolls-

Royce VIPER engine, for instance, shows at pat speed a progressive form of stall
that is neither part span° i extent nor small° i character, although i i i fact part
length, i the sense that it a`ects only the ont stages ofthe conpressor (chapter 3).

Single cell big stall occurs when the compressor is throttled beyond the small stallâ
'ow region, causig a big drop i pressure ratio.WThe flow eld i the big stallâ

regime i measured by the authors i the stationary and rotating frame. Large
variations i ow Velocity and angle are observed, wt a strong recirculation at rotor

tip, and reversed ow upstream ofthe rotor towards the outer wall Large radial
velocities are observed and the owi very three dimensional

Some ofthe most detailed measurements oflly developed rotating stall were

presented by Das and Jiang [l984], from a three stage low speed compressor.
Ensemble average circumferential proles ofvelocities (axial and circumferential, but
not radial) and pressures (total and static) at mid-height 'are presented for each
interrow gap as well as inlet and exit. Circumferential proles are also presented for a
number ofradial positions ahead ofrotor 2 for two builds wt difference sizes of axial

gaP-
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The overall shape ofthe stall cell i well dened by the measurements. It extends very
nearly axially through the compressor, with width dependent on the position ofthe
throttle. It i about half as big again at the tip than the hub for ti compressor (a free
vortex design). The radial prole i demonstrated to be a fmction ofthe axial gap,
wt more ofa bias toward the outer regions at the larger axial gap tested.

Das and Jiang demonstrate that the owi a stall cell is very active, with high
circumferential velocities (greater than rotor speed) upstream ofthe rotors, areas of
low axial Velocity (forward and reversed), and large radial velocities. From the two- h
dimensional measured velocities Das and Jiang build up a picture ofthe intemal
structure ofthe stall cell as shown ig 2-2, reproduced fromg 13 oftheir paper.
Ti gure shows schematically the ail and radial velocities at the centre ofthe stall
cell The ow at rotor inlet i seen to be reversed over the whole span, giving rise to
the high circumferential velocities i that plane. I the rotor itselfthe trend i for the
uid to be centrifuged outwards. Dovvnstream ofthe rotor the ow i reversed over
much ofthe span, but directed forwards at the tip.

Giannissis et al [1988] followed Das and Jiang, using the same probe to measure
rotating stall i different builds ofthe same three stage low speed compressor. Again
the theme was stable rotating stall examined using a ensemble average technique.
Three builds were tested, wt stages mismatched i± a attempt to model the
mismatching that occurs i high speed compressors when rmning oldesign.

Different stall regimes were observed depending on the average inlet ow. I al builds
the rst instability met on closing the throttle was part span rotating stall (single or
multiple cell), which changed suddenly itol span stall at a lower ow setting. No
simple correlation was found between the onset ofthe part span stall and the individual
stage characteristics. I particular it was noted that stages could operate
axisymmetrically on a rising characteristic i the presence of other unstalled stages.
Full span stall, on the other hand, was observed to occur i each build at around the

peak ofthe overall total to static pressure rise characteristic.

Most details are presented for the third build, with the blades restaggered such that the
rear bladerows operated closer to stall than the ont. Measurements were taken at a

operating point where the instability i shown to be part span part length stall, limited
to the hub at the back ofthe compressor. The ow disturbance seen at the front stage
was considered by the authors to represent merely a reaction to the distotion inposed
by the rotating stall at the rear. The authors suggest that the ee vortex design ofthe
blading i a likely cause for the rotating stall to appear at the hub rather than the tp
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region, but it should be noted that the compressor build tested by Das and Jiang [1984]
was also a ee votex design.

2.1.3 High Speed Measurements

Some ofthe rst very detailed measurements of stall inception at high speed were
made by Schlamann et al, [1985] 2. The authors note that i± two test compressors

rotating stall was always seen to precede surge. The measurements presented i
chapter 3 ofthis thesis aecord wtti observation. The authors observed
astalldísturbance limited to the tips of one or more rotors, before the point of
irretrievable ow breakdown, which was marked by the appearance ofa single fl

span stall cell

Similar measurements to those of Schlamann et a were presented by Riess and
Walbaum [1996] for a sx stage research compressor. The exit volume was made

intentionally sal i order to separate the (system) surge instability from the rotating
stall inception. Again, the stalling disturbances were seen near the outer annulus,
ti time limited to the rst stage. These disturbances are distinct om rotating stall i
that they are less coherent, lasting i general for less than one revolution. The authors
state that these disturbances travel with the rotor. No conclusive evidence was

presented to support ti statement, however, and at a different guide vane setting the
authors show smlr disturbances rotating at 50-60% ofrotor speed.

The stall inception itselfis shown to occur i the same region as the pre-stall
disturbances. It i stated that the disturbances which grow into the stall cell rotate

at rotor speed, i line with the observations ofJackson [l987], but again
conclusive evidence i not provided. The incipient stall cell grows om the tip ofthe
rst rotor almost axially to the back ofthe machine, and also radially, such that at the
back ofthe machine the whole span i aected whilst at the front the cell is limited to
the outer halfofthe blades. Ti period ofgrowth lasts for three to four revolutions of
the cell, by which time it has developed into l span stall. I fl span stall, the clean'
ow between occurrences ofthe cell show less uctuation than before stall inception.
Ti i attríbuted to the stall cell blockage giving rise to increased axial velocity i the
rest of the annulus. No evidence was found of stall being initiated by long
circumferential lengthscale pre-stall waves such as observed by Mcdougall et a
[1990, described earlier].

2 At the time ofwriting only the summary ofthis paper was available to the author
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The observations ofRiess and Walbaum, of initial very shot circumferential

lengthscale largely incoherent disturbances at the tp ofthe rst rotor, followed by stall
inception i the rst stage, wt no sign ofmodal pre-stall waves, shows remarkable

agreement wt the measurements reported i chapter 3 at middle speeds.

Wilson and Freeman [1994] presented detailed measurements of stall inception on a
eight stage compressor operating i a jet engine as opposed to a rig environment.
Chapter 3 gives a more detailed description ofthe results ofthis and a subsequent
experiment. Day and Freeman [1994] compared the results wt those ofDay°s
previous low speed compressor tests, concluding that the stall inception pattems were
broadly similar i high and low speed machines.

Borys and Moffatt [1996] presented some data on rotating stall om a turbojet
engine wt a ten stage compressor. Without any means ofarticially inducing
stall/surge, the authors limited their investigation to the benign° rotating stall that was
present on the engine working line at low speed. Ti rotating stall was found to
consist ofgenerally four or ve stall cells, extending more or less axially through the
compressor and rotating at around halfrotor speed. Each cell a`ected the whole span
i the rst stage, although heavily biased towards the tp region. Reversed or nearly
reversed ow is seen dovvnstream ofrotors 1 and 2 i the tp region. The stall cells
were seen to be strongly attenuated i the third and fourth stages, where only the tip
region was a`ected. This behaviour i strongly reminiscent of the benign° stall i the
Rolls-Royce VIPER engine described i sections 3.4.2.1 and 3.4.3.1.

A variety of inlet distortion gauzes were applied to the engine. These were found to
have little e`ect on the stall pattem.

Hoying [1993] presented stall inception data from high frequency pressure
measurements i a four stage high speed conpressor. The data acquisition rate was
such that only the rst two circumferential modes could be analysed at al speeds. At
low speed clear pre-stall waves were found for up to 1000 rotor revolutions before
stall, with the second mode dominating. The rst and second mode were observed to
rotate at different speeds (60% and 68% respectively), leading to the conchsion that
they behave as dissociated harmonics such as predicted by linear theory. Phase plots of
the rst two modes were drawn, and the authors state that i general there is no

discontinuity i± the phase of one ofthe modes (that is, either the rst or the second

mode) as the conpressor stalls. Ti fact i cited as evidence that the compressor
stalls as a result ofthe growth ofthe modal pre-stall waves. Only one phase plot i
presented, however, on such a sal scale that even a large discontinuity would be
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diicult to see, and i as fr as can be made out given the scale ofthe graph it would

appear that there is a discontinuity i both modes.

Between 70 and 90% speed there was considerably less pre-stall activity, especially at
the ont ofthe machine. The exit transducers, however, sil showed pre-stall modal
waves for around 200 rotor revolutions before stall. At 100% speed no pre-stall
waves were observed prior to stall. Here a sal disturbance i seen rotating at 95%
rotor speed aromd the time and circumferential position of stall inception. This
disturbance is tentatively classied as a nite stall cell as described by Day [1993a,
described above].

A system identication procedure was applied to the pre-stall waves, and information
deduced about modal speeds and damping. I the 80-90% speed range this system
was fomd to be more effective i nding pre-stall waves than tracking the phase or

amplitude ofharmonics using a windowed Fourier analysis. At lower speeds, this
method reacted at the same point as increased activity is observed using the windowed
Fourier technique.

Inlet distortion was found by Hoying to have relatively little effect on the stalling
behaviour.

Escuret & Garnier [1995] took some detailed stall inception measurements i a four

stage high speed compressor using high response casing static pressure measurements.
They found that rotating stall was initiated by very short circmferential lengthscale
disturbances. No evidence ofpre-stall waves was fomd; the analysis method of

Tryfonidis et a [l995 - this paper i described below] gave no indication of impending
stall No sign of impending stall was discovered i the signals until at best ve rotor
revolutions before stall. Because short circumferential lengthscale disturbances are not
amenable to the method used by Tryfonidis et a (this fact i considered further i
section 3.4.5.3), Escuret and Gamier presented a simple method oftracking them
aromd the annulus by considering only disturbances from each transducer signal that
reached a given amplitude over a given timescale.

The short circumferential lengthscale disturbances leading to stall were seen to start
either om the 'ont ofthe compressor or the rear, depending on the stage matching.
The Variation i± loading between the stages was varied systematically by stalling at
different speeds (such that the compressibility effect alters the matching) and by

altering the inlet guide vane setting angle. The authors state that under al conditions
tested the highest loading was to be found i the rst rotor or last stator, and hence
ln the axial point of stall initiation to the point ofhighest stage loading. It has been
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suggested by Day [l994b], that the modal type of stall inception is oen found i
machines which are axially matched, and the authors suggest ti may be a reason why
ti type of inception is not seen, i that the loading ofthe rst rotor and last stator
mean that the compressor is never evenly matched axially.

The circumferential position at which the short circumferential lengthscale disturbances
start is shown to be xed i both the rotating and stationay ames. That is, there is a

preferred point for stall initiation i the stator set and the rotor set.

Fast throttling ofthe compressor (from choke to surge i one second) was shown to
have no effect on the stalling pattem. It should be remembered that no pre-stall
warning was found, and so ti result cannot be compared wt that ofGamier [1989,
described above], for instance, who showed considerable differences i pre-stall
disturbance behaviour with a fast throttle transient.

Owen [1995] and Owen et al [1996] have made extensive stall measurements i a
T55-L-712 turbosha engine compressor, with seven axial stages and one centrifugal
The referenced papers compare the stalling behaviour ofthe same compressor i rig
and engine up to ground idle (60% speed). The post-stall behaviour was markedly
different i the two cases. This is as expected; the environment i which a compressor
i operating has i general a much greater eifect on post-stall transients than on stall

iception. I the second paper the authors use the same method applied by Tryfonidis
et a [1995, described below] to compare pre-stall dísturbances i the rig and the
engine. I both cases rotating waves could be tracked for short time intevals prior to
stall but little change i the rotating wave energy spectrum could be observed as stall
was approached. Signicantly also, the rotating wave energy spectrm was quite
different for rig and engine. Neither showed a single equency dominating, but
whereas the rig data showed a broad peak i± forward travellig wave energy, the

engine data showed wave energy at a number ofdistinct frequencies (similar, i fact, to
the analysis ofthe VIPER engine results described i section 3.4.5.3).

One other interesting feature of the measurements made by Owen i that as the engine
i accelerated om stationary to ground idle it operates i rotatig stall limited to the
front stage, with the number of cells dropping omfor to three, and then to one
before dropping out completely. Ti behaviour i strikingly similar to that ofthe

Rolls-Royce VIPER engine descnbed i section 3.4.6.

Tryfonidis et al [1995] use data om seven diiferent cornpressors to investigate pre-
stall behaviour, and i± particular to evaluate the use of travelling wave energy as a
method ofestimating proximity to stall. At design speed for ofthe seven
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compressors showed clear rst or second circumferential order disturbances for a

signicant time period prior to stall with the phase changing linearly with time, whereas
the other three conpressors did not. Al ofthe compressors, however, showed a
increase i °travelling wave energy' with time prior to stall (in the latter cases this was
broad-band, and could not be related to circumferential harmonics rotating at constant

speed). The method used by Tryfonidís to calculate this parameter is described i±

section 3.4.5.3, where it is applied, wt mixed results, to experimental data om a

Rolls-Royce VIPER engine. At 70% speed al of the compressors showed signicant
levels oftravelling waves, though the detailed behaviour of these waves was diiferent
for the di`erent compressors.

One ofthe possible reasons cited by the authors for the differences between the

conpressors i the high levels of excitation, coupled with non-linear e`ects. Ti
would be consistent with the observations ofDay [l993a, described earlier] of modalâ
and nite stall cell' types of stall inception. The authors base their study on a
circumferential fourier transform, and so concentrate on the low circumferential
harmonics of disturbances. The results om the VIPER engine presented i chapter 3
show (at least at some speeds and axial locations) stall cells growing and dying away
prior to stall that are of short circumferential lengthscale. It i shown i section 3.4.5.3
that sch disturbances are not ideal for ti type ofanalysis, and their existence may
account for some ofthe diiferences between compressors seen by Tryfonidis et a.
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2.2 MODELLING STALUSURGE

2.2.1 What to Model

Many models of compression system stall and surge have been put forward i the
literature. Before analysing these i detail i is important rst to consider what parts of
the system need to be modelled, and i what detail. A schematic view ofa axial ow

compressor rig i a test cell is given ig 2-3, showing the various components that
might be included i a model of a stall transient; Early stall models tended to involve

just the compressor and perhaps the inlet and exit duct. This i suicient for modelling
non-axisymmetric disturbances whilst they are small. More recent work, notably
Moore & Greitzer°s [1986a,b] papers, has shown that a non-axisymmetric compressor
model combined with a simple plenum and throttle model can be used successfully to
track large ow disturbances such as are encountered i surge cycles and fully
developed rotating stall.

Ti section describes how the various components labelled i± g 2-3 (apart om the

compressor itself) might be treated i a stall model Consideration too i given as to
the consequences ofmodelling a compressor i a engine as opposed to a rig test
(most ofthe experimental and theoretical work developed i ti thesis i based on a

corrpressor i a engine environment).

2.2.1.1 External Floweld

The extemal ow upstream ofthe inlet duct i almost always neglected, leading to a
upstream boundary condition of constant total pressure and temperature. The inlet
duct i usually long enough to ensure that any circumferential ow Variations are

negligíble at its upstream face. Axisymmetric uctuations wl cause a unsteady
disturbance to the extemal oweld resulting i changes to the inlet conditions, but
these changes are small. Lord Rayleigh [1896] calculated the effect ofthe extemal
oweld on a simple Helmholtz resonator, nding that the e`ect (for sal amplitude

dísturbances) could be accomted for by adjusting the duct length by 0.8R, where R i
the radius ofthe (circular) apeture at inlet. I a compressor rig environment ti
correction i generally sal compared to the inlet duct length. I a engine
environment the extra length could be signicant, depending on the geometry of any
upstream ductig.

The extemal oweld dovvnstream ofthe throttle i likewise neglected. A sal
correction could be applied smlr to that described for the inlet plane.
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2.2.1.2 Plenum and Throttle

Rig compressors are usually tested with a considerable exhaust volume downstream
The most signicant effect ofti volume with respect to stall/surge modelling is to
store energy i the form ofpressurised gas. Greitzer [l976a,b] showed that the size of
the volume has a critical role i determining whether a compression system falls into

axisymmetric surge or rotating stall once the steady state stability line is crossed.
There are two cases, however, where the e`ect ofthe plenum and throttle can be

ignored. The rst i the very start of the stall event, for which the static pressure i the

plenumi approximately constant (the static pressure only changes wt the time-

integrated mass ow into the plenum). The second i during stable rotating stall (or
where just rotating stall i to be modelled). Here the integrated ow into the plenum is

constant, and again the static pressure is constant (neglecting circumferential variations
wti the plenum). For ti reason some modellers (for instance Dunham [l965]) use
a simple constant static pressure downstream boundary condition.

Where the effect ofthe plenum and throttle are considered important, they are usually
modelled i a mixed-out sense (that is, the ow i the plenum i assumed uniform).
The determining equations are then conservation ofmass and energy. The exit ow is
determined from the pressure drop across the throttle using the throttle area and a

discharge coeicient as appropriate.

Escuret and Gamier [1994] took a altemative approach. They used a slightly more

complex model, where the exit plenum i modelled axially (but not circumferentially or

radially), with the objective of accounting for axial waves i± the downstream vohme.
Ti is a useful approach« ithe geometry i regular_,.but the ow path downstream of a
test conpressor can be highly irregular, and i± these cases the reection ofwaves

produced by such a model could be misleading.

2.2.1.3 Inlet and Exit Ducts

Ifthe plenum and throttle can be treated i a simple manner assuming uniform ow,
the remaining components (inlet duct, cornpressor and exit duct) certainly cannot.

During a stall transient these components see unsteady disturbances that can be
localised aºdally, circumferentially, and radially. The type and complexity ofmodel
used for the inlet and exit ducts generally reects that used for the compressor, which
i considered i detail below (section 2.2.3). Where the geometry is suiciently simple
the owi the inlet duct is oen solved analytically, as i can be assumed irrotational
and inviscid, leading to a potential solution ofthe Euler equations. Ti approach i
valid even for large ow disturbances, though not for reversed ow (section 2.2.2.1).
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A example ofti i two dimensions (axial and circumferential) can be found i

chapter 4. Dunham [1965] solves the three-dimensional inlet ow using Fourier-
Bessel hamonics. Modellers using a time-marching technique to calculate the

compressor ow (for instance Escuret and Garnier [l994]) usually use the same
method for the inlet duct, as it adds nothing to the complexity ofthe model.

The exit ow is more problematical as it is i general rotational. Ifthe compressor
model i based on a solution ofthe Euler equations, then the exit duct can be included
i the compressor calculation (provided it is not too long). Otherwise some

simplifying assumption is usually made, such as small perturbations (allowing the use
of linearised equations), or high-solidity outlet guide vanes, such that the exit ow i
uni-directional

2.2.1.4 Effect ofEngíne Environment

It was noted above that a engine compressor can be expected to exhíbit a different

stalling behaviour om a rig compressor, due to the di`erent operating environment.
A schematic diagram ofa engine conguration (for gromd testing) is shown ig 2-
4. It can be seen by comparison with g 2-3 that the environment i quite different.
The inlet duct i usually much shorter, taking ow from within the test cell rather than
from outside. The exit duct om the compressor is also much smaller, and strongly
díises the ow into the combustor. The plenum at exit is a combustion chamber, _
wt associated heat input. The throttle i now the inlet guide vane to the turbine(s).
The turbine itself responds to stalling disturbances, changing the sha power driving
the compressor, but the inetia ofthe rotating system is large enough that the

compressor speed can usually be assumed constant for the stall transient (the
measurements i chapter 3 show that for the Rolls-Royce VIPER engine the change i

conpressor speed is not that great even over a surge cycle).

The extemal oweld, inlet duct and conpressor can be treated i± identical fashion to
the test rig case described above. The combustor i similar i principle to the plenum
i the test rig, but wt heat addition, which has a effect on the dimensional ow rate

through the nozzle. The precise nature of the modelling must depend on the type of
combustor. For the annular combustor modelled i chapter 4 and reported by Freeman
and Wilson [1993], i i insuicient to model the combustor as a single vohme,
because the heat addition would then be spread over the entire mass ofar i the
chamber. Instead, a two chamber model was employed, using a hot° chamber and a
cold° chamber wt the ow between the two determined by the pressure drop across
the cooling holes. The combustor exit nozzle i choked at high speed, and almost
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choked at lower speeds, and can be treated i the same way as the throttle on the

compressor rig.

The diiser is hard to model accurately, as it entails calculation ofcomplex msteady
ows i a high adverse static pressure gradient wt separations present. The model i
chapter 4 assumes that the diiser i short enough to give approximately constant
static pressure at compressor exit. Moore [l984a,b,c] i hs stall model derives a more

accurate representation using a empirical constant representing the length ofthe exit
duct between short (circumferentially miform static pressure at conpressor exit) and
*long* (inertia i the duct fully accounted for).

2.2.2 General Comments

2.2.2.1 Reverse Flow

Ifthe model i to cover post-stall transients, then each ofthe components must be
modelled i such a way as to handle reversed ow, which occurs very shortly aer the
stall line i crossed either i part ofthe annulus (rotating stall) or the entire annulus
(surge). The objective here i usually more to make the model robust than to precisely
match reality. There i very little information available as to the behaviour of

compressors i reversed ow. The modelling is also much more complex: bladerow
performance can no longer be determined 'om the inlet conditions, and the owi the
inlet duct i no longer írrotational

Fortmately for stall modellers, the precise behaviour does not appear to be as
important as i seems at rst sight as far as the overall behaviour ofthe conpressor i
concerned. Ifit i accepted that a very large pressure rise would be required to push
ar very fast backwards through a rotatingcompressor, then the reverse ow at al

points i a stall/surge transient must be relatively small (compared to the forward ow
at the surge point). Ifthe reverse owi small, then the errors i the momentum
transfer and unsteady ow terms ofthe axial momentum equation wl also be sal
The biggest effect might be thought to be the calculation ofthe surge cycle period, as
the amount ofreversed ow determines the rate at which the plenum ernpties. Here
too the error wl not be large, because by the argument above more ow leaves the

plenum forvvards through the throttle than backwards through the compressor.

2.2.2.2 Linear and Non-Linear Models

The evidence om chapter 3 indicates that i± high speed compressors stall dísturbances

grow so quickly that linear modelling i inadequate after only a sal number of rotor
revolutions. Escuret and Elder [l993, described below i section 2.2.3.1] obtain a
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similar result (though for purely axisymmetric disturbances) from a theoretical

comparison of a linear with a non-linear stall model For ti reason recent models,

including the two presented i this thesis, have tended to be non-linear. There are two

cases, however, where linear modellig i appropriate. The rst is stability analysis,
where the disturbances are by denition innitesimal. Corbett and Elder [1974] and
Escuret and Elder [l993], both described below i section 2.2.3.1, show the effects of
non-linearity to be sal with respect to surge point prediction for axisymmetric
disturbances. Even here, though, care must be taken, because a linear analysis can
show whether a system is stable, but not how stable. A system that i linearly stable

may still be unstable when subject to large forcing disturbances, and there i
considerable noise i a compression system, both determiistic (blade wakes, for

instance) and random (turbulent uctuations i± velocity are typically 5% ofmean ow

[Canp, 1995]). These disturbances are not accounted for i either of the papers

quoted above. i

The second area to which linear analysis i ideally suited is i increasing the

understanding of the physics underlying a model. Even ia linear model does not

precisely match the growth of stall disturbances, the prime movers wl be the same as
the non-linear counterparts. I hs review of stall modelling, Longley [1994] makes
effective use of linear analysis to aid understanding, whilst noting that the model he

develops would usually be rn i a non-linear mamer.

Linear analysis ofpost-stall transients i impossíble, as the gross uctuations i ow
are heavily dependent on the non-linear nature ofthe compressor punping capability
[Moore and Greitzer, 1986a,b]. The model described i± chapter 4, which i capable of

predicting post-stall transients, uses a non-linear formulation. Moore and Greitzer
themselves adopt a in-between approach, where the non-linear behaviour is sirnplied
using a Galerkin' approach. I these papers they adopt only a rst order

approximation, and the Galerlcin° procedure reduces to looking at the zeroth and rst
circumferential harmonic ofow disturbances (including the non-linear interaction
between the two) and ignoring higher order terms. The results are necessarily only

approximate, but are used very eectively by the authors to describe post-stall
behaviour. Higher order approximations have since been applied (Ishii and
Kashiwabara [l989]).

2.2.2.3 Pítchwíse Average and Quasi-Steady Assumptions

I ti section two assumptions wl be considered that underlie al pitchvvise average
stall models. The rst concems the pitchvvise averaging itself; the assumption i made
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that the variation ofblade inlet and exit conditions across each individual pitch can be
ignored to some order of accuracy. The second quasi-steady assumption, i that the
reaction time ofthe boundary layers inside a bladerow is suciently sal compared to
time variations i the ow to be ignored or modelled i a fairly simple manner. Ifthe
reaction time can be ignored, then the bladerow performance (in terms ofloss and
deviation or equivalent measures) equates to the steady state performance wt inlet
ow as the instantaneous conditions i the unsteady model.

The pitchwise average and quasi-steady assumptions are related, i that stall
disturbances rotate relative to rotor and stator, so big gradients i the circumferential
direction also give big time derivatives i the bladerow relative ame. The question of
the validity ofthe assumptions has been given greater importance by recent high speed
compressor tests, including the one described i chapter 3. Until recently there was
some debate as to the circumferential lengthscale of disturbances leading to stall i high
speed compressors (section 2.1). A number of low speed conpressors had shown
hamonic type disturbances of low order around the circumference. The recent tests,
however, indicate that i practical high speed conpressors stall distrbances generally
have short circumferential lengthscales, down to the order of a few blade pitches
(chapter 3).

Pitchwise Averaging

There are numerous examples of experiment and calculation conceming the effect on
bladerow performance ofupstream and downstream disturbances. The exact question
ofthe validity ofthe pitchwise average assurnption has rarely been addressed however.
Longley [1994] reviews the sparse information available and gives a rough constraintâ
for the pitchwise average assumption to be valid, namely that the wavelength of any
ow disturbance should be at least eight blade pitches.

Strictly speaking, pitchwise averaging refers to the question ofto what extent the
average bladerow performance over a single pitch'is dependent on local variation of
ow conditions. I practice cornpressors are usually broken down circumferentially
into segnents of a few blade pitches, and the related and perhaps more important
question aises as to what extent °crossow between the segments attenuates
circumferential ow vaiations. The subject of crossow i considered i the
discussions below on Dmham [1965] (crossow i gaps), Mazzawy [1977] (crossow
i attached volumes such as bleed chambers), and Plourde and Stenning [1968]
(crossow generally).
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Quasi-Steadiness

The usual method of assessing the magnitude ofunsteady effects is to calclate a
reduced equency This i the disturbance frequency i the blade relative frame

multiplied by the time taken for a particle to traverse a particular distance. Care has to
be taken i applying ti idea to mltistage compressors. For example, ithe VIPER

compressor described i chapter 3 were subject to a inlet distortion covering halfthe
annuhs, then the reduced equency seen by the rst rotor based on axial chord would
be roughly 0.08, which would normally be taken as implying that unsteady effects are

relatively unimportant. I the case ofmultistage compressors, however, axial Velocity
Variations tend to be fairly constant axially, so the relevant lengthscale for reduced

frequency calculations i the entire length ofthe conpressor, and unsteady effects are
seen to be signicant.

The reduced equency based on the blade chord can be used as a measure ofthe

signicance ofthe time taken for the boundary layers i the blade passage to react to

changed inlet conditions. I this case the absolute value ofthe reduced frequency has
less meaning: a value ofunity no longer implies a balance i the magnitudes of

msteady and steady eifects. Nonetheless i provides a qualitatívely useful guide, and
certainly a value a long way from l would be conclusive.

One ofthe rst modellers to tackle the quasi-steady assumption was Mazzawy [l977,
described below]. He presented experimental data on bladerow loss and deviation
nder the eifect ofunsteady (i the blade relative frame) distortion. Based on this data
he used a time-lag i his inlet distortion model to represent the time taken for the rotor
blades to react as they moved through the distorted region. Thismethod is easy to
ímplement and has been adopted by numerous subsequent modellers.

It i signicant that the data presented by Mazzawy i derived om a inlet distortion
test (indeed, his model was aimed at modelling inlet distortion), where the equency of
the disturbance as seen by the rotor i much lower than that seen during a short
circmferential lengthscale stall transient. I the stages ofrotating stall the
disturbance may cover only 5% ofthe annulus (chapter 3), and rotate at around half
shaft speed. Under these circumstances the reduced 'equency i around 0.4

(compared to the value of 0.08 for the inlet distortion case quoted above), and the

unsteady e`ects are relatively more important. More work i required to assess the

validity ofthe quasi-steady assumption wt regard to ti type ofow disturbance.
Ti could be done experimentally or more easily using a unsteady viscous ow

computation. .
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Moore [1984a,b,c] follows Mazzawy by introducing a constant time lag into his
bladerow performance calculations. He then, though, combines i with a second lag

representing the inertia of the uid i the blade passages as the axial ow changes, and
shows that the latter dominates. The parallel compressors model described i± chapter
4 neglects the second order approximation, but includes the rst order e`ect of inertia
i the blade passages.

2.2.2.4 Axísymmetric Pressure Rise Characteristíc

The axisymmetric pressure rise is a important concept i pitchvvise averaged stall
models. It can be dened as the pressure rise that can be supported by the compressor
at a given owi the absence ofnon-axisymmetric disturbances. A clear distinction
must be dravvn between ti and the measured pressure rise. Whilst the compressor is

operating stably and axisymmetrically the two are identical. Whenever rotatig stall i

present, however, the measured ow and pressure ratio are averages ofthe operating

point aromd the circumference. A a example, g 2-5 shows both the measured and

axisymmetric pressure rise characteristics for a hypothetical compressor. When the

conpressor i operating i stable rotating stall at point B on the measured
characteristic i g 2-5, the stalled sector i i fact operating i± reverse ow at point A
on the axisymmetric characteristic, and the unstalled sector at point C, both

exhausting to approximately the same static pressure, and therefore giving

approximately the same pressure rise. Between the stalled and mstalled sectors there
i a transition region, where the ow lies between points A and C. I ti region the

axisymmetric pressure rise,° that i the pressure rise that would be obtained ithe

compressor were operating axisymmetrically, is substantially di`erent from the
measured pressure rise. 'Ihe diiference between the two is balanced by the
acceleration ofthe ow, including momentum transfer terms (ie the material derivative
ofthe axial velocity). I ti way the axisymmetric pressure rise characteristic can be
considered as a circumferentially local force characteristic, which durig axisymmetric

operation ofthe compressor i equivalent to the pressure rise across it.

The axisymmetric pressure rise characteristic i oen the only compressor-specic

input to a lumped parameter stall model. It is, however, diicult to derive at ows
where normal compressor operation i unstable. Some useful information can be
obtained ithe compressor, or part ofthe compressor, can be stabilised such that i

operates axisymmetrically beyond its normal stall point, for instance by guide vane

adjustment (Camp [1995], et a [1988]) or as naturally happens i the front

stages of a long multistage compressor at low speed. Tiwl only provide
information i the neighbourhood ofthe natural stall poit, but i i ti region which i
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most important for stall inception modelling. One important feature observed i sch
cases i that stabilised stage performance characteristics, and therefore the overall

axisymmetric pressure rise characteristic, tend to roll over gradually, rather than dp

sharply at stall. Ti supports the smooth characteristic shape used by Moore and
Greitzer [l986a,b], over a sharp change ofgradient at stall. At sil lower ows, where
it i impossible to n stably, the characteristic can only be obtained from extrapolation
of correlations (presumably beyond their bounds ofapplicability), or from transient
measured behaviour, having corrected for local inertia changes [Koif and Greitzer,

1986].

2.2.2.5 'CFD' Type Calculatíons

There are two approaches to modelling stall i axial ow conpressors. The CFD'

approach, not considered i detail i± ti thesis, i to use blade-to-blade or 3D

unsteady calculations to model the interaction between a stall disturbance and
bladerow performance. The other approach, considered i ti thesis, i to use a

pitchwise averaged description ofbladerow performance, either analytically or

computationally.

*CFD* type calculations over a meaningl timescale (at least 40ms for a stall transient,
even at high speed) are usually limited by the size ofthe problem to one or two
bladerows at a limited number of conditions. They also require calculations to be

performed at well off-design conditions close to stall, where such calculations are

generally considered to be least accurate: fully three-dimensional multistage CFD
calculations are only now beginning to be used for routine design ofaxial ow

compressors at design conditions. For ti reason they are unlikely to trace a

circumferentially broad disturbance any more accurately than the pitchwise-averaged
models, which use measurements or correlations to predict bladerow performance
close to and during stall-

Although CFD type calculations are not (yet) the ideal tool for tracking stall

development i multistage compressors they remain the only tool to model the detailed

response ofthe ow i± the blade passages to the stall disturbances. One such use
would be to generate information such as the time lag parameters described earlier for

input to a pitchwise averaged model. I addition, they can be used to model the very
start ofthe stall event. It is likely that many stall disturbances start wt a
circmferential lengthscale that is ofthe order of a few blade pitches (the results
described i chapter 3, for instance, point toward such a conclusion). A pitchwise
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averaged model, however, can only properly track disturbances that are

circumferentially large compared to the blade pitch.

The more detailed CFD type models wl assume greater signicance wt time. For
the present, however, pitchwise averaged techniques represent the only practical way
to trace the development of stall disturbances i long multistage compressors over

signicant intervals oftime. The two models developed i ti thesis are both ofthis

type: the Compressors i± Parallel model described i chapter 4 e`ectively treats the
entire compressor as a semi-actuator disk, and the 3D Time Marching model (chapter

5) uses pitchwise averaged bladerow performance data i a nite element format.

2.2.2.6 Inlet Distortion and Stability

Inlet distortion i not the mi theme ofti thesis. Historically, however, the

requirement to predict compressor behaviour wt distorted inow has driven much of
the work that forms the basis for recent attempts at stall modelling. A number ofthe
models described i the .next section were originally formulated to calculate the
attenuation ofdistortion through a compressor or compressors. Some ofthese are
suitable for applying i a unsteady manner for stability boundary prediction i the

presence ofdistortion. Mazzawy°s [1977] model i particular is designed to be used i
ti manner. Likevvise the stall models developed i chapters 4 and 5 ofti thesis
could easily be modied for surge point prediction wt distorted inow.

Beyond notig the close ln between inlet distortion and stall modelling the subject i
not considered i detail i ti thesis. There i one approach however, specically
devoted to prediction ofthe instability boundary with distorted inow, which is
discussed i± ti section, because it oífers valuable insight into how the nature of stall

inception changes when inlet distortion i present. The approach was rst put forward

by Hynes and Greitzer [l987]. The essential observation i that wt distorted inow
the operating poit on the compressor characteristic can vary substantially around the
annulus. Under these circumstances the slope ofthe characteristic cannot be
considered constant, and consequently linear stability models cannot fully capture the
eifect ofthe distortion. A

Unsteady time-matching models can easily be made to incorporate a non-linear

compressor characteristic. Hynes and Greitzers approach i different i that they
deive a stability analysis analytically, which gives more insight into the mdamental
uid dynamics. The basic equations used i al ofthe calculations described below are
based on those ofMoore [l984a,b,c] and Moore and Greitzer [l986a,b]. Both of
these papers are discussed i the course of the next section.
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The rst step i Hynes and Greitzer°s method i to calculate a steady backg'oundÂ°

ow based on the specied inlet distortion. A schematic version ofti steady

background ow is shown ig 2-6, for a average ow aromd the peak pressure rise
ofthe undistorted characteristic. The pressure rise capability ofthe spoiled sector is
reduced, the díñ`erence being made up by the circumferential transfer ofmomentm
due to the passage ofthe rotors (in the phraseology of chapter 4: Hynes and Greitzer
refer to the unsteady correction to the pressure rise as balancing the acceleration of
the uid i the bladerow°. Ti is discussed ther under Moore and Greitzer

[l986a,b] i the next section). Thus the ow ratefalls i± the direction ofrotor motion

throughout the distoted section, and rises throughout the undistorted section.

Having calculated the steady distorted ow solution the unsteady equations are
linearised wt respect to sal perturbations about ti background ow. Taking a
Fourier transfomwt respect to time (that is, considering disturbances ofthe form

f(6)e"' ) denes a eigensystem, with the point ofinstability being dened by the rst
unstable eigenvalue 5 reached as the owi reduced. The eigenvectors (representing
the círcumferential variation i± ow) are not simple circumferential harmonics as wt
clean inlet ow, but reect the difference i underlying stability as the perturbation
travels around the circumference. The disturbance i fomd to grow strongly i areas
wlere the slope ofthe axisymmetric pressure rise characteristic i most positive which,
referring to g 2-6 and assumig a convex characteristic, can be seen to be the area
around the end ofthe spoiled sector i the direction of the rotor. âº

Hynes and Greitzer present a number of calculations using their model, showing i
particular good agreement wt the equently used DC(6-t) criteion for compressor
stability. From their calculations they put forward a rough rule ofthumb that

instability wl occur approximately where the annulus average ofthe conpressor
characteristic slope (that i the slope ofthe undistorted compressor characteristic
calculated at the local ow coeicient i the steady °background° ow, and including
the e`ect of any change i the level ofdistotion with ow coeicient) i zero. They
also note that ti point i near the peak pressure rise ofthe measured ow

characteristic, and suggest ti (tentatively) as an operational criteion for onset of

instability i distorted ow°. The theory put forward i Hynes and Greitzer [1987] has
been rened, notably by Hynes, Chue, Greitzer and Tan [l987], who consider the
characteristic slope stability criterion i more detail and consider instances where it i
not applicable.
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2.2.3 Overview of Pitchwise Averaged Compressor Stall Models

It i convenient to categorise the various types ofpitchwise averaged models i order
of complexity wt respect to the spatial dimensions described. The order i quite
different to steady state cornpressor modelling. I steady state modelling the simplest
models beyond a simple overall characteristic have only a axial dimension (mean line

models'). Next i order of compleáty are the throughow models which add a radial
dimension. More complex sil are the 3 dimensional models with some account of
blade-to-blade effects. I stall modelling, however, non-axisymmetric disturbances are

important, and conversely ail variations i ow are less important. For ti reason
the circumferential dimension is frequently the rst to be given any denition, and a
sensible order i `

1. Surge Type Models (o circumferential denition, either lumped parameter or wt
axial denition)

2. 6-type Models (Axially lurnped parameter, but wt circumferential denition)

3. Bz-type Models (Círcumferentíal and axial denition)

4. r9z-type Models (Círcumferentíal, axial and radial denition)

Models of each type can be formulated i a linear or non-linear manner (section

2.2.2.2). I linear models ofthe 6-type and Qz-type the circumferential dimension

usually reduces to considering the circumferential harmonics ofow disturbances

independently.

The following sections give a overview ofpublished stall models according to the

categories listed above. A

2.2.3.1 Surge Type Models UVO Círcumferentíal Denítion)

Models i ti category are axisymmetric throughout the compressor and any upstream
and downstream components. The reason for calling these surge type models i that
the lack of a circumferential dimension limits analysis to surge-type (that is, essentially

axisymmetric) disturbances. Non-axisymmetic disturbances such as rotating stall can

only be modelled inasmch as they affect the circumferentially averaged performance.

Nonetheless, such models can track the mean operating ow and pressure ratio during
a stall or surge transient with some accuracy given only the geometry ofthe

compression system and a measured pressure ise characteristic (as distinct om the
more difcult to derive axisymmetric pressure rise characteristic described earlier).
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It has been noted previously that a period ofrotating stall generally precedes surge i

experimentally tested compressors (cetainly i the high speed compressor tests
described i chapter 3). Ti period ofgrowth ofthe stall disturbance i impossíble to
match accurately wt a surge type model: there i the inevitable assumption that there
i a sz ofcircumferential non-unifomity associated wt each operating point (ow
and pressure ratio). Ti i clearly not always the case, otherwise there would be no

hysteresis as observed between the ow at rotating stall onset and drop-out. It i

unlikely tobe the case either around the stall point. It can be seen from the
formulation ofthe more complex models i subsequent sections that the instantaneous

operating conditions (pressure ratio and ow) broadly govem the rate of change i the
sz ofthe disturbance, rather than the sz itself Under these circumstances there wl

inevitably be hysteresis (path-dependence) i the sz of circumferential ow Variations
at a given operating condition. T

The point ofthe above discussion i that the period ofgrowth ofnon-axisymmetric
disturbances i ofrst importance wt respect to the objective ofthe work described
iti thesis. I particular iwl be shown i the discussion ofthe experimental results
i chapter 3 that for modelling of active control of stall/surge ti i precisely the
critical period. For ti reason only a few ofthe large number of such models are
covered i ti section.

Greitzer [1976a,b] presents a non-linear surge type model which can eifectively track
the operating point of a compression system through large uctuations i± ow and

pressure ratio such as are observed during a surge cycle. He uses a actuator disk for
the entire compressor, wt the measured circumferentially averaged pressure rise
characteristic as input to the model A time lag i applied to the compressor

performance near the stall point to account for the gradual growth ofrotating stall
disturbances. A simple procedure i followed to model the observed hysteresis
between stall onset and stall drop-out. I part 2 ofthe paper [l976b], results are

presented showing remarkably good agreement between the predicted and observed
locus ofthe operating point for a variety ofgeometries tested.

The major theoretical advance made by Greitzer i ti work was to recognise ofthe

importance ofthe °Greitzer B' parameter i determining the type ofow disturbance
observed. Ti i a non-dimensional quantity based on the Helmholtz equency ofthe

system, and i dened as

V
3:2 i _

2 ALâ
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Iti equation Ui the mean rotor speed, a the speed of sound, V, the volume ofthe
downstream plenum, Ac the compressor annulus area, and Le the effective length ofthe

conpressor. Although the detailed form ofow instabilities as calculated by Greitzers
model i heavily dependent on the shape ofthe pressure rise characteristic, i i shown
that for a given compressor, the B parameter can be used to determine whether the
nal operating condition ofthe compression system wl be surge or °stable rotating
stall Surge i predicted to occur at high values ofthe parameter. (for instance ithe
volume VP at conpressor exit i very large). Ti i a remarkable result om a model
which has no circumferential denition (although strictly, the result i merely related to
whether the operating point stabilises at a low pressure ise on the measured
characteristic or oscillates as a lmt cycle. It i a observation that the low pressure
rise part ofthe characteristic is related to rotating stall). I a appendix to Day°s paper
[1994a, described i section 2. 1], Greitzer extends the B parameter to include i a

apprmdmate manner the e`ects of compressor design parameters, namely the pressure
rise , and ow coeicient çáp at the peak ofthe characteristic. The new parameter i
dened as

B'=B//I,/øp.

Escuret and Elder [1993] develop a liear and a non-linear surge type model wt the

compressor split into elements consisting of one stage each, wt a ail force term to

represent stage performance. A active control scheme i developed based on high
response controlled bleed o The results ofthe linear and non-linear models are

compared for stall control on the Olympus 593 LP compressor. At low speed the two
models gave results. At middle and high speeds, however, the two were very
di`erent, wt the non-linear model predictig relatively little surge margin

improvement wt active control. The cause was fomd to be high growth rates ofthe
linear instabilities close to the surge line at these speeds, which i attributed to stage

mismatchig.

Numerous authors, including Escuret and Elder, have used surge type models to

predict the point of onset of compressor instability. Corbett and Elder [1974] review
and develop a number of surge type models and demonstrate reasonable agreement
wt test data for a seven stage compressor. Early theoretical analysis [Dunham 1965,
discussed below] suggests that both axisymmetric and non-axisymmetric modes of stall
would be expected to occur somewhere near the peak ofthe total to static pressure
rise characteristic, and ti i only slightly modied i more complex models. To a rst
order, therefore, surge type models wl successfully predict the surge line of
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compressors even ithe underlying process involves rotating stall There are

compressors, however, where the axisymmetric instability mode (°surge') occurs at a

substantially lower ow than the non-axisymmetric modes. Haynes, Hendricks and
Epstein [1994], for instance, used active stabilisation to successlly control the non-
aºn`symmetric modes (only), thus extending the range ofoperation ofthe compressor.
It i diicult to see how the different modes could be distinguished by a surge type
model

Many industrial compressor models, particularly ofwhole engine congurations, use a
zero dimensional compressor model ofti type, and i i useful isch a model can be
made to work through stalled operation. Merriman [1993] has developed one such
model, using smlr principles to those of Greitzer [l976a,b].

2.2.3.2 0-type (Axíallv Lumped with Círcumferentíal Definition)

I ti type ofmodel the compressor performance i lumped into a single function of
ow (or occasionally ow and inlet angle). Now, however, the operating point on ti
characteristic i allowed to vary around the circmference. Typically some account i
taken too ofthe unsteady e`ects as blades pass through ow disturbances.

Moore [1984a,b,c] developed a model ofrotating stall that has served as a basis for
models by numerous subsequent authors. The basic theme was that ofnding steady
rotating disturbances (that is, steady i a rotating ame ofreference) that could exist
wti a inlet duct/compressor/exit duct system between a inlet boundary at constant
total pressure, and a exit boundary at constant static pressure. The basic non-linear

equations derived in these papers were rther developed i conjunction wt Greitzer
(Moore and Greitzer [l986a,b]; a detailed analysis ofthe equations i given under the
review ofthat paper).

The three papers [Moore l984a,b,c] refer i order to a linearised analysis, a non-linear
analysis, and limit cycles for rotating stall disturbances. The liearised analysis is
usel for assessing the relative importance ofvarious design features, such as exit duct

length, and bladerow response times. The second paper i almost unique i that Moore
nds a analytic solution for a non-linear equation set. The analysis assunes a locally
parabolic axisymmetic pressure rise characteristic (see section 2.2.2.4 for a denition
ofti term). Ti is more relevant to stall inception than fully developed rotating stall,
where the characteristic cannot be assumed parabolic [Moore and Greitzer, 1986a,b].
The analytic solution described i the second paper is oflimited value, partly because i
is limited to steady (that is, not growing) disturbances, and partly because any change
to the mdamental equation, for instance to model a active control strategy, would
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invalidate the non-linear analysis and perhaps even make a analytic solution

impossible. At the same time it offers little i the way ofphysical insight beyond that

provided by the linearised analysis. The theory on which the non-linear analysis is

based, however, forms a excellent starting point for stall modelling, and has been used

by Moore and Greitzer [l986a,b], Longley [l994], and i± simplied form, also by
Freeman and Wilson [l993]. The third paper, on lmt cycles, i related to lly

developed rotating stall rather than stall inception. The most signicant results relate

recoverability from stall to design parameters, and i particular the shape ofthe

axisymmetric pressure ise characteristic.

The benchmark paper for rotating stall type models i Moore and Greitzer [1986a,b].
This work was aimed primarily at modelling post-stall transients: the assumptions

inplicit i models ofti type do not allow the stages of stall inception to be

accurately traced, Where the ow disturbance i localised axially and circumferentially.
A detailed description ofMoore and Greitzers model i given here, partly as a basis
for discussion of other models, including the one described i chapter 4 and
summaised i Freeman and Wilson [l993].

The Moore and Greitzer model can be split into three parts; the compressor, the inlet
and exit ducts, and a downstream plenum (with attached throttle). The simplifying

assumption of incompressíbility i made for the compressor and associated ducting.
The same assurnption could not be made for the plenum, however, as the cornpressed
ar i the plenum acts as a energy store, driving the ow backwards through the

compressor during a surge cycle. The owi the plenum i considered axisymmetic,
however (in line with the discussion ofthe components suromding the compressor i
section 2.2.1 above), whereas non-axisymmetry i allowed for i± the compressor and
the inlet and exit ducts.

Moore and Greitzer [1986a,b] - Compressor Model

The compressor part ofthe Moore and Greitzer model i essentially that ofMoore

[1984a,b,c, summarised briey above]. The essential observation i that stall

disturbances, once grown to a extent where they affect the whole compressor, extend
more or less aicially through the compressor. Moore and Greitzer quote a continuity

argument and low speed experimental results (Day, Greitzer and Cumpsty [1978]) to

support this. The experimental work described i chapter 3 i the rst conrmation of
ti for a high speed compressor i a engine environment. This observation, coupled
wt a assunption of incompressible type ow i the compressor, allows for the use
of a lumped compressor model, where for any given circumferential position the
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performance ofthe individual bladerows can be added together to give a overall

pressure ise govemed solely by the ow through that sector (apart om certain *lag*
terms described i section 2.2.2.3). Ti overall characteristic of axisymmetic
pressure rise (dened i section 2.2.2.4) versus owi the only conpressor-specic
performance information required for the model

Moore and Greitzer [1986a,b] - Mathematics

The assnptions described i the previous sections give rise to the following equation
goveming ow disturbances i the compression system [Moore and Greitzer, l986a,
equ 42]. The symbols are dened i the notation section ofthis thesis.

la
Sg" = V/(cD _ Yao) ` my; +2ia(2Y;ao + Yeoe)

Ti i a momentum balance equation: the terms on the le represent the instantaneous
overall pressure rise ofthe compression system and the circumferentially averaged rate
of change ofmomentumi the system The rst term on the right i the force
generated by the compressor as calculated from the axisymmetric pressure rise
characteristic as described i section 2.2.2.4. The middle term represents the unsteady
potential e`ects ofthe inlet and exit ducts. The nal term adjusts the rate ofchange of
momentum for local velocity gradients. The two terms on the left are constant

circumferentially. The system i closed by two rther equations i time (§) only. One
xes the rate of change ofpressure i the plenum based on the ow into and out of it.
The second sets the rate of change of overall ow (in e`ect the annulus average ofthe
equation given above).

The major source ofdifculty i± solving the above equation i its non-linearity. The
mi source ofthe non-linearity i the axisymmetric characteristic ofthe compressor
(there is also a equivalent non-linear term for the throttle characteristic i one ofthe

closig equations). For the sort of case tackled by Moore and Greitzer, taking a sal
disturbance right through to fully developed rotating stall, ti i extremely

inpotant. For the very stat ofthe transient (a action of a rotor revolution),
however, the pressure ise characteristic (and certainly the throttle setting) could be
linearly approximated, and i ti case the system becomes entirely linear.

Starting from the equations described above, Moore and Greitzer proceed to remove
the circumferential dependency by adopting a rst order Galerkin' procedure,

essentially approximating the axial velocity disturbance around the annulus by a
axisymmetric component coupled with a rst harmonic sine wave ofvarying phase and
amplitude. The resulting equations are then applied to a number of cases, particularly
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i part H ofthe paper. Wis ti rst order approximation does help to understand
the balance between surge-like and rotating stall-like disturbances, we know om the
measurements descn`bed i chapter 3 that ti i not a generally good approximation i
the phases ofrotating stall i high-speed compressors. A good model of stall

inception therefore requires either more hamonics i the Galerkin procedure such as
used by Ishii and Kashiwabara [1989] (reviewed briey below), or a numerical solution
ofthe equation set.

Moore and Greitzer [1986a,b] - Conclusions

Moore and Greitzer [l986a,b] i a extremely informative paper, briging together as
it does a great deal ofwork by the authors and their associates. The model prediets
well the ndamental aspects of compressor stall. The sudden drop i pressure rise as
the surge lie i reached i correctly ascribed to the iception ofrotating stall., rather
than a sharp change i the axisymmetric pressure rise characteristic. The advantage
over earlier models i that the plenum and throttle terms allow the trajectory ofthe

operating point to be traced. Disturbances can then be tracked over longer time

periods than previously possible. The simplied °Galerkin' analysis ofthe resulting

equations gives reasonable agreement for the overall post-stall transient (the objective
ofthe paper), but i unlikely to be accurate enough to model the short circumferential

lengthscale disturbances measured i high speed compressors (chapter 3).

Ishii and Kashiwabara [1989] consider the effect oftaking moreterms i the
Galerkin procedure used i Moore and Gre_itzers model, and conclude that between 6
and 9 harmonics are reqired to reasonably match the non-linear aspects of compressor
stall They¬present a single comparison oftheir model wt a three stage compressor i
a multiple surge cycle wt repeated periods ofrotating stall. They show a single
harmonic calculation predicting pure surge, wis the multiple harmonic prediction

correctly captures the periods ofrotating stall.

I addition to increasing the number ofterms i the Galerkin procedure, Ishii and
Kashiwabara make a number of changes to the modelling, ofwhich the most important
i the inclusion ofa ilet distotion capability, although there i little discussion ofthe
results with inlet distotion, and no comparison wt test data. The modelling ofthe
inlet duct i changed to a solution ofLaplace's equation as described i section 2.2.1.3.
One nal point ofinterest i that as well as looking at the e`ect ofthe Greitzer Bâ

parameter (see under Greitzer [1976a,b], i section 2.2.3.1, for a denítion ofti

term) on the trajectory ofthe operating point, they also consider the e`ect ofthe
overall pressure ratio ofthe compressor.
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Freeman and Wilson [1993] present a 9-type model which i described i detail i

chapter 4. The mderlying equations are smlr to those ofMoore and Greitzer

[1986a,b], although simplied slightly and changed to account for a engine rather
ta a rig environment for the conpressor. I ti model, however, a numeical
solution i obtained, allowing shorter circumferential lengthscale disturbances to be
modelled. Further details can be found i chapter 4.

It should be noted that the more complex models described i the following sections
can sometimes be used i a axially integrated manner. One example i Mauawy
[1977], who includes details ofthis approach i his paper. Mazzawy°s model i
described i the next section.

Longley [1994] provides a useful review ofmodels both ofti type and the 92-type.
Hs comments are summarised i the course ofthe next section.

2.2.3.3 01-type (Círcumferential andAxíal Definition)

Ti type ofmodel i differentiated om the previous type by the inclusion ofa ail
dimension. Ti i typically bladerow by bladerow using a actuator ds or semi-
actuator disk type approach, but could equally well be stage by stage or even a
geometic discretisation, which would allow compressíbility effects to be more readily
accounted for.

One ofthe earliest, most careful, and most quoted contíbutions to models ofti type
i Dunhams monograph [Dunham 1965]. I common wt most practice at that time,
wis computers were sil sal and expensive, the analysis uses linearised ow

equations to derive analyticalresults. Wis somewhat approximate, ti type of
analysis oen aifords greater insight into the physical ow phenomena. The model

developed by Dunham i suited to steady distortion and also stable rotating
disturbances, which he treats as steady i a rotating ame.

There are three parts to Dmhams monograph. The rst concems high hub/tip ratio
compressors (two dimensional ow). The second part concems low hub/tip ratio
compressors and i discussed i the next section on 3 dimensional models. The nal
section ofthe monograph i devoted to rotating stall, pimarily based on the two-
dimensional analysis ofthe rst section.

The assumptions underlyig the high hub/tip ratio model are incompressíble ow, sal
amplitude disturbances (such that the ow equations can be linearised), and
disturbances of suiciently large lengthscale and timescale that the bladerow

performance can be treated as circumferentially continuous. The bladerow
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performance i assumedvto be quasi-steady, i ti case dened by loss only, as
deviation i assumed to be constant i view ofthe sal amplitude ofthe disturbances
under consideration. The chieforiginal feature ofthe theory. . .is the liearising

assumption that the gaps are sal enough to take

e' = l+nz [zisthe length ofthe gap normalised bytip radius, nisthe
circumferential mode number].â

The Moore & Greitzer model described earlier assumed that any circumferential

nommiformity ofail velocity within the cornpressor must, by a continuity argument
and by evidence cited i [Day, Greitzer and Cumpsty, 1978], go straight through the
machine Implicit i ti statement i not only incompressble ow but also that the
effect of the gaps between the bladerows i redistibuting the owi sal The major
conclusion ofDmham's work i that the effect ofgaps i indeed sal justifying the

compressors i parallel' models such as that used by Moore and Greitzer and the one
described i chapter 4. While Dunham correctly derives ti important result, he does
not detail the physical reasons behind it, which are discussed here.

The linearised analysis ofDunham leads to the result that circumferential harmonics of
disturbances develop independently. The sal gap assumption specied earlier gives
the following equations (Dmham°s equations 4) goveming the development of the n`
harmonic coeicients of axial velocity, whirl velocity, and stagnation pressure

(normalised by density and mean axial velocity) respectively i a gap of length z

(normalised by the tp radius), at mean ow angle y;

U= U0 -inzV0

V_,= V0 +ínzUo -inzP0
P= P(l-inztany)

where the subscript 0 refers to the respective value at the inlet to the gap (ie blade

exit). The symbols are dened i the notation section ofti thesis. Note that the
velocities and pressures are al hamonic variations on top of a mean level (hence for

example tan y ± V0 /U0 ), and that circumferential velocity i measured i a frame such
that any rotating disturbance i steady.

From these equations the fmdamental reason behind the smallness ofthe gap terms can
be seen to be the (quite reasonable) assumption of constant deviation. Ifthe ar angle
i xed at the exit of a stationary upstream bladerow, then U0 and V0 are forced to
move together, and i particular V0 /U0 i real A little work with velocity triangles
shows that ti latter statement is true (although wt reversed sign), for rotating
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blades also - a peak i axial velocity corresponds to a peak (or a trough) i tangential
velocity. Hence U0, for instance, and the correcting term inzV0 are pependicular i
the complex plane, and any decay i the axial velocity prole i oforder zz, rather than
z as might be inferred om the equations. Physically ti means that the ow out of
the precedig blade i constrained to follow the blade direction plus some constant
deviation. Immediately on leavig the blade, therefore, the uid i not moving
tangentially i such a way as to change the axial velocity prole. It takes time (that is,
axial distance) for sch tangential ow to develop, and so the decay rate ofthe axial
velocity prole i O(z2). Ti is i± juxtaposition to the case at inlet to the conpressor,
where there i a high rate ofdecay. Here the tangential velocity i not constraied
(mathematically, V0 and U0 tend to be perpendicular i the complex plane), and the
decay rate upstream i 0(z).

The ,stagnation pressure equation constrains the prole merely to rotate aromd the
annulus wt ail distance (to rst order i z). The only equation ofthe three,
therefore, which may include a rst order decay term i the tangential velocity equation
(V), which includes a stagnation pressure term (`nzP). I practical dísturbances,
however, (rotating stall and inlet distortion) the total pressure defect tends to be i
phase circumferentiallywt the velocity defect, and so any 0(z) decay term i also
sal Also, for cases where the static pressure i nearly uniform circurnferentially, for
instance towards the back ofthe compressor, pUP- pUU- pVV ~ 0. I ti case,
the circumferential velocity equation reduces to

V = Vo (1 - ínz tan y) , that is, identical form to the total pressure equation.

It can be seen, then, that to rst order there is no decay ofow disturbances (of
moderate circumferential harmonic number n) i the gap regions. Rather, the effect i
to rotate the three uid properties around the annulus, circumferential velocity and
total pressure broadly according to the mean ow angle, and axial velocity according
to tan (V0 /U0 ) , which for constant deviation equates to the exit ar angle i a rotating
or stationary ame for rotors and stators respectively. Further, for rotating stall i
particular, which tends to rotate at around halfrotor speed, and near 50% reaction

blading, the rotation i the rotors and stators wl cancel exactly.

Wis there i no rst order decay ofdistrbances i the gaps, there may be rst order
terms i the effect that the rotation has on subsequent bladerows. The argument
above, however, shows that there are at least some circumstances i which the actual
effect ofthe gaps i O(z2), which is no bigger than the terms i the expansion ofez
which have been neglected. Dunham presents a sample calculation including. the
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effects ofthe gaps on subsequent bladerows, and points out that i ti case too his
calculated gap terms oen cancel, and so the second order terms i the exponential

expansion may well prove to be more signicant.

I the light ofthe above discussion i i important to check the sz ofthe neglected
terms i the exponential expansion. Dmham quotes a typical gap as being z=0.0l4 tp
radii i a multistage compressor. One might consider the second order terms i the

exponential expansion to be cumulative (this would also be a worst case). Then a
measure oftheir e`ect i e""' /(1 + Nnz) , where Ni the number ofgaps. For a eight

stage (sixteen gap) compressor the value is» 1.02 for the rst mode, 1.08 for the

second, 1.17 for the third, and 1.29 for the fourth. Thus the approximation starts to
break down i such a compressor even for quite low harmonics. Given the recent

emphasis on short circumferential lengthscale disturbances (high values ofn), ti i

perhaps a eld for further research.

The third part ofDunham°s monograph develops the simple stability citeion that

rotating stall wl develop at the peak ofthe overall total to static pressure
characteristic. Ti has been found to be i general agreement wt experimental data,
and has been modied only slightly as a result of later more complex models.

Plourde and Stenníng [1968] present a interesting axial by circumferential type

compressor model designed primarily to predict the attenuation of inlet distortion

through a compressor. The analysis i again incornpressíble and linearised. Even so,

they present a good match to a experimental three stage compressor wt substantial
inlet distortion (80% ofinlet dynamic head over 180 degrees of circumference, albeit
one radius upstrearn ofthe conpressor face). _ . ~

There are two particularly interesting aspects ofPlourde and Stennings work. The
rst i that the compressor performance was modelled by a distributed aidal bladeforce,
i effect averaging rotor and stator performance. Ti allowed the mean
circumferential Velocity to be neglected even wti the compressor, simpliiying the

analysis. The second feature was a enpirical k factor, representing the increased
resistance to owi the tangential direction imposed by the presence ofthe blading
wti the compressor. The value ofk was allowed to vary om 1 (no resistance) to

innity (no crossow) wti the compressor, but was set to 1 at compressor inlet and
exit.

The experimental results from their 3 stage compressor were best matched by a value
ofk=innity, supporting the conclusion ofDmham [1965] that crossow can be

ignored. The mi reason for this, judging from the evidence i± Plourde and
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Stennings paper, i that with crossow i the compressor, the model underpredicted
the static pressure disturbance at compressor inlet. Ti may, however, be due to the
fact that the stagger ofthe blades was not accounted for i the momentum
calculations. With the cosz š correction descnbed i section 4.2.3, the change i
momentumx across the conpressor for a given change i aa velocity would rise,
and so the static pressure perturbation at inlet would increase. With ti correction i

may be that the best match would allow for some crossowwti the conpressor.

Mathematically, Plourde and Stenning eliminated the pressure term om the axial and
circumferential Euler equations i much the same way as i done when deiving the
vorticity equation, but with the inclusion oftheir empirical k factor. They then used a
Fourier decomposition i the circumferential direction, leading to a third order ordinary
differential equation for the amplitude ofthe harmonics (with respect to length along
the compressor: it wl be remembered that the objective ofthe work was to model the
attenuation of inlet distortion along the compressor, and thus they have no time

dependence). Ifk=innity (no crossow), the equation reduces to rst order, and a

simplied version ofthe model i given for ti case.

Plourde and Stennings model could fairly easily be reconstrued into a form suitable for

modelling low amplitude stall disturbances. It i unsuitable for large disturbances,
however, even i± non-linear form, as the simplication of ignoring the mean
circumferential velocity wti the compressor prevents any account being taken ofar
inlet angle to each bladerow. That is, the axial blade force per ui length at any aºdal
position can only be a nction ofthe axial ow. Ti i a reasonable assumption for
sal ow perturbations, but not suiciently general to track the growth of stall
disturbances for more than a few rotor revolutions.

One interesting result ofPlourde and Stenning°s work i that for steady inlet total
pressure distortion the overall attenuation through the compressor i heavily dependent
on the slope ofthe constant speed characteristic, but i broadly independent ofthe
resistance to crossow (k), and the mode number ofthe circumferential hamonic. The
reason can be infered from their handling oftotal pressure. Total pressure
perturbations remain constant i the inlet duct (steady ow), and are shown i the

paper to decrease along the compressor at a rate proportional to the characteristic

slope (taken to be constant) and the amplitude ofthe axial ow perturbation at that
ail plane. At the rear ofthe compressor, where the owi axial and static pressure i
assurned constant aromd the annulus, the anplitudes ofthe total pressure and velocity
peturbations must match. Ifthe ow perturbation i constant along the compressor

(k=innity), it is easy to see that there i only one level ofow perturbation which
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gives the desired gradient oftotal pressure perturbation anplitude om the prescribed
inlet distortion to the matching exit level (independent ofmode number). Even isome
crossow is allowed the compressor (k<innity), it i shown i the paper that a

great deal ofthe ow redistrbution occurs upstream ofthe compressor, and so the

velocity perturbation i fairly constant through the compressor, and the calculated
attenuation ofthe total pressure distortion i not much changed.

Mauawy [1977] develops a axial by circumferential non-linear model for
circumferential ow distortion. Although the model concems only steady distortion, i
contains many ofthe features required for a stall inception model. Notably the paper
contains some rare experimental data on how unsteady ow affects bladerow loss and
deviation. Even i steady distortion a passig rotor sees a unsteady inlet ow, which

Mazzawy fomd to be signicant. This unsteady effect was approximated using a

simple time lag, as described i section 2.2.2.3, a approach which has frequently been
followed by subsequent authors.

Mazzawy calls hs model a multiple segnent parallel compressor model. Like
conventional parallel compressor models, crossow between the segments wti the

compressor i ignored, although Mazzawy makes the interesting observation that
crossow can occur i attached volumes such as stator shroud boxes or a bleed

plenum, and accounts for such i the model

The effects of compressibility are modelled i a approximate manner: stage matching
i accounted for, and a e`ect i calculated on the circumferential rotation ofthe ow
disturbance as i moves along the compressor. These steady effects are of course

completely different to the pressure waves generated by conpressibility i a unsteady
model Unlike many smlr models the circumferential prole oftemperature
distortion i tracked along wt the other parameters, allowing corrected speed effects
to be accommodated.

The stability criterion for inlet distortion proposed by Mazzawy i to assume instability
when the pressure rise capability ofthe worst segment (including the unsteady effects
i the model) reaches a maximum Ti however neglects the fact that stall
disturbances leading to surge rotate aromd the compressor through the di`erent

parallel segments. This topic i covered further i section 2.2.2.6.

I addition to the lly ail by circumferential model, Mazzawy notes that i can be
used wt a lumped compressor characteristic ibladerow performance data is
unavailable. The model then becomes similar to those described i the previous
section, though without any time dependency.
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Breuer and Servaty [1996] compare the results of a circumferential by axial stall

inception model (that is, a model ofthe stages ofrotating stall/surge) wt

experiments on a three stage high speed axial ow compressor. A fl set ofEuler

equations i used (mass, ail momentum, tangential momentum, and energy, i
conservation form), wt extra terms for bladerow loss and deviation, for which a

simple lag parameter i introduced, such as descñbed i± section 2.2.2.3. The authors
state that No special e`ort conceming the discretization has been made
tobetweenbladed and unbladed elements ofthe duct. I ti sense, then, the model
reects that ofPlourde and Stenning wt their k-parameter equal to 1. It i perhaps

surpising, therefore, that the agreement wt the experimental data i good. Data is

only presented for 100% speed, however, where a fairly broad stall disturbance starts
at the back and grows very rapidly. There i insuicient information to make detailed

compaisons: i particular, i would be interesting to see i such a model wt complete
communication circumferentially could successfully generate a short circumferential

lengthscale disturbance at the front ofthe machine, as might be expected at a lower
shaft speed.

Ham and Williams [1983] present a axial by circumferential actuator disk-based

compression system model that exists i two versions. Most ofthe paper i devoted to
the e`ects of spool coupling on inlet distortion, and ti problem is tackled using a
actuator ds representation of each compressor. A fr as modellig stall (or at least
the stall inception process) i concemed, the other version ofthe model i more

interesting, i which each bladerow i represented by a semi-actuator ds (that is, a
actuator disk but accounting for inertial e`ects i the blade passages). There is

relatively little about ti model i the paper. Like [1965] and Plourde and

Stenning [1968] i i based on linearised ow equations, and so i ideally suited to
sal amplitude disturbances. Unlike Plourde and Stenning's model, however, swirl i
accomted forwti the compressor, and so incidence eifects on the bladerows could
be accounted for. Unlike either ofthe above authors, Hm aud Williams allow for

compressible ow, and a useful comparison of compressible and incompressíble duct
ow i given i the paper.

Longley [1994] gives a useful smay of stall models ofthe type described i ti
section and the one dimensional type described i the previous section. IIs discussion
i limited to incompressíble models, although some reference i made to the effects of

compressibility. After rst considering the assmptions mderlying pitchvvise averaged
models (some ofhs comments are referenced i section 2.2.2.3 above), he proceeds to
derive a two dimensional model in essence, the one presented by Moore [l984a].â
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The model is used i linearised (where possible) and non-linear form to investigate the
effects ofvarious simplifying assumptions. He then presents a enhanced model,
which accounts for unsteady Variations i bladerow loss and deviation by the use of
time lags.

2.2.3.4 rà-type (Círcumferentíal, Axíal and Radial Denítion)

Longley [1994], i± hs review of stall models, says . . .here, as i virtually al
treatments to date, attention i limited to ow Variations that are primarily i± the axial
and circumferential directions,. . . and there are indeed few published models which
include radial eifects. Dunham [1965] bravely provides a analytical liear analysis

using Bessel-Fourier harmonics. Escuret and Gamier [1994] obtain a numerical
solution ofEuler°s equations. These papers are described below. I both cases the
ow i assumed inviscid, and the only difference from the two dimensional case i the

change i radial matching brought about by the stall disturbance or inlet distortion.

The model described i chapter 5, which i also three dimensional, has a motivation
that i altogether different to the two described below. One advantage ofa three
dimensional model i that i gives the opportmity to get closer to the actual breakdown
i the oweld that initiates stall, which i localised radially, as well as axially and

circumferentially, typically at rotor tips. Iti breakdown i assumed to depend on the
balance between the viscous and pressure forces acting i the annulus boundary layer,
i cannot be modelled by a purely inviscid technique. I the three dimensional method
described i± chapter 5 the boundary layer i modelled directly by including viscous
terms i the ow equations.

Parts 1 and 3 ofDmham°s monograph [Dunham 1965], conceming two dimensional

compressor modelling, were considered i the previous section. Part 2 concems

compressors oflow hub/tip ratio and is considered here. Awt the two dimensional

models, Part 2 i a linear analytical treatment ofthe passage of a disturbance through a

compressor, but ti time the radial dimension is included. The complexity ofthe
mathematics limits the range ofapplication ofthe approach, and for ti reason results
are only presented for a isolated blade-row offree votex design, and the results

compared wt a cascade experiment.

Although thel analytical method cannot easily be applied to multiple bladerows,
Dmham does suggest a sirnpler altemative model for low hub/tip ratio mltistage

compressors. Based on the high hub/tip calculations which suggested that the eifect of
crossow i the gap regions i negligible, Dunham suggests, i± essence, that the

compressor be modelled by athroughow (axial by radial) solution at each
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circumferential position, ignoring the effects ofthe gaps completely, but allowing radial
non-unifomities to attenuate through radial redistribution ofthe ow. Ti i perhaps
a good idea for steady inlet distortion, or stable° rotating stall which can be made

steady by choosing a rotating frame ofreference, but the solution, involvig Bessel-
fouier harmonics, i almost as complex as a numerical solution ofthe Euler equations
such as presented by Escuret and Gamier (see below), which allows for compressibility
as well as large scale disturbances, and also allows the inclusion ofgap effects for little
extra complexity.

Escuret and Garnier [1994] present two compression system models. The rst
models pimarily axisymmetric ow ínstabilities and is not considered here. The
second i based on a 3D unsteady Euler solution i blade-'ee vohmes [that is, ducts
and inter-row gaps] which has been dynamically coupled wt a multiple throughow
sohtion wti bladerows. A nite vohme time-marchig technique i used wt a
structured grid i each ofthe blade-free volumes. Time lags are introduced to account
for the unsteady response ofboth compressor bladerows and throttle. The model has
the capability ofbeing linked to a axisymmetric model of a downstream duct/plenum
(section 2.2.1.2).

The only results given i± the paper are for a single stage compressor wt no inlet
guide vanes. The model predicts that the different circumferential harmonics of
disturbances have the same rate ofpropagation, but different growth rates, wt the
lowest harmonics growing stest (indeed, the authors present the puzzling resultâ
that al ofthe circumferential hamonics become unstable at a lower ow than the

axisymmetric instability). These results appear to be preliminary ones: there is little
discussion and no comparison wt experiment.
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2.3 ACTIVE CONTROL OF STALUSURGE

2.3.1 Early Ideas

Ludwig and Nenni [1978] demonstrated a stall control system on a low speed
research compressor and on a turbojet engine wt a eight stage conpressor.
Pressure transducers were used to detect the presence ofrotating stall, and subsequent
control action changed the variable stator vanes or, i the case ofthe engine, the inlet

guide vanes and the positions of compressor bleed doors. Awt Riess and Bloecker

[l987, described below] the control action was (approximately) axisymmetric, and the

objective was to change the compressor conguration such that operation was stable ai
the required operating point. I particular, no attempt was made to stabilise the

compressor i a geometrical conguration that would otherwise be unstable.

The position ofthe blocker doors part-way along the compressor made the control

system suitable only up to 80% ofdesign speed. With ti proviso, successful control
was demonstrated using the same actuators already i place for standard engine
control Care was taken to integrate the stall control scheme into the existing engine
control system

The mi drawback to the system devised by Ludwig and Nenni i that the relatively _
slow speed ofthe sensor and actuator systems (only two sensors circumferentially,
standard engine control actuators) limited the system to stopping rotating stall that had

already -started, so that rotating stall existed for peiods ofup to 325ms before

dropping out under the inuence ofthe control scheme. I some circumstances the
authors report successl control with no rotating stall present. I these cases the
control system i presumably responding to pre-stall disturbances i much the same

way as the system devised by Riess and Bloecker [l987, see below]. The existence of

rotating stall even for short periods has obvious implications wt regard to blade
stresses: ti i not a system intended for regular operation at high speed. The data

presented showed relatively little effect i terms ofoverall engine operation (engine

speed, compressor exit pressure). Ti i surprising, given the speed of stall inception
i the VIPER engine for instance (chapter 3). It may be a function ofthe particular

compressor and the type of stall it exhibits: the VIPER engine at low speed, for

instance, shows benigu' stall, which has little e`ect on normal compressor operation.

Epstein, Ffowcs Williams and Greitzer [1986] were the rst to present a detailed

analysis ofhow active control might be applied to extend the stable operating range of
a compressor, including control of incipient rotating stall as well as the axisymmetic
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component of stalling disturbances. Starting wt the modelling ofMoore [l984a,b,c,
reviewed i section 2.2.3.2], the authors added a controlling disturbance based on the

(circumferentially) local disturbance to the ail ow. By way of example the authors

perform calculations to simulate a upstream disturbance generated by oscillating

blades, and show that the compressor can be made to operate i± a linearly stable
manner wt respect to rotating stall disturbances beyond the uncontrolled point

(which according to the modelling technique used lies at the peak ofthe total to static

pressure rise characteristic). The authors also note that the same device could be used
to destabilise a compressor i± a undesirable stable° state such as unrecoverable stall.

I addition to control of the non-axisymmetric component of stall disturbances Epstein
et a consider the possibility ofcontrolling axísymmetric surge-type disturbances, using
either a movable wall i the downstream plenum or a variable exit nozzle area, nding
that the spatial miformity, low frequency and relatively slow growth rate ofti type
ofistability make i easier to control ta rotating stall type disturbances.

For both types of control, the authors nd that active control i feasíble, and that the

required controller power input i ofthe order ofthe general level of 'ambient'

uctuations, which i sal compared to the overall power consumption ofthe

corpressor.

Ffowcs Williams and Huang [1989] applied the work ofEpstein et a [l986,
described above] to actively control surge i a sal centrifugal compressor. I

centrigal compressors axisymmetric surge i generally a more signicant problem
than rotating stall, and the authors lmt their objectives to controlling axisymmetic
disturbances. Equations representing the dynamics ofthe system are taken om a
combination oftheory [Greitzer, l976a, reviewed i section 2.2.3.1] and previous

experimental work. The movable plenum wall i the analysis ofEpstein et a was

supplied by way ofa loudspeaker i the wall ofthe dovvnstream plenum. Control was

successfully demonstrated, wt operation beyond the mcontrolled surge point.

Beyond this, the authors found that the control system was able to stabílise the

compression system even ii was already i a multiple surge cycle, even though the
overall energy changes through the cycle were much greater than the integrated
controller power.

Riess and Bloecker [1987] repot initial tests ofa surge control device for a sx stage
axial ow conpressor. Each stage was tted wt a set offast acting guide vanes.
The vanes i each row moved together, whereas each row could be controlled

idependently of the others. Pressure transducers were used for stall detection. The
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authors observed that on their compressor aperiodic pressure uctuations occurred for
a considerable period oftime prior to stall/surge, and the principle oftheir control
device was to detect these signals, and to use the fast guide vane adjustments to

change the congration ofthe compressor to one with more stable operation. Ti

type ofcontrol i sometimes termed avoidance ofstall as opposed to control of
stall, as the compressor never operates at a condition that would normally be
unstable. Iiil test results are presented to demonstrate the e`ectiveness ofthe guide
vanes i moving the compressor to a new conguration wt greater surge margin.

The objective ofthe control system proposed by Riess and Bloecker i to allow normal

compressor operation to be optirnised for eiciency without having to keep a safe
distance om the surge line. There are applications where ti could give a signicant
improvement i operating costs. The mi± drawback i that the system relies on the

presence ofpre-stall disturbances for a signicant time prior to stall Already ti
causes the same diiculties encountered wt al active control techniques: do such
pre-stall disturbances exist for a given compressor, where are they located axially,
radially, and circumferentially, are they consistently detectable at al speeds and
operating conditions, are there any causes of stall that would not give these signals.
The problem with the system used by Riess and Bloecker (as i stands) i made greater
by the relatively slow response ofthe guide vanes. I some compressors pre-stall
disturbances do exist for a considerable period prior to stall at low speed, but at high
speeds such disturbances last only a short time iat al I the VIPER experiments
reported i chapter 3, for instance, the complete stalling event at design speed 'om

disturbance to signicant drop i combustion pressure lasted for only around
20ms, which i too fast for the guide vanes used by Riess and Bloecker, which are

quoted as moving through 90 degrees i one second.

2.3.2 Recent Experiments `

The rst experimental demonstration ofactive control ofrotating stall, i the sense of

demonstrating fmdamentally axisymrnetric operation beyond the natural stall limit, was

performed by Day [1993b] on a four stage low speed compressor. Earlier experiments
on the same conpressor (Day [l993a], see section 2.1 for details), had shown two
di`erent stall inception pattems, depending on tp clearance over the rst rotor. The
rst ofthese was a long circumferential lengthscale modal' type ofdisturbance as

predicted by linear theory. The second consisted of a short circumferential lengthscale
nite stall cell originating at the tip ofthe rst rotor. I accordance wtti
observation Day used two different control schemes, the rst a simple rst
circumferential harmonic sinusoidal feedback for control of °moda1° disturbances, and
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the second a on and hold for a period response to localised disturbances timed to
coincide with a passing stall cell and eliminate it, thereby preventing its growth into

fully developed stall or surge. For each type of control 8 hot wires were used as input
devices, and twelve high speed on/offvalves were used to inject high speed ar into the
ow at specic circumferential locations. I order to facilitate the second type of
control scheme, these valves were located upstream ofthe tp ofthe rst rotor, which
i where the °nite stall cells' were observed to originate.

Day found that when modal waves were present, using the sinusoidal feedback (or as
close as could be managed wt 12 discrete on/off actuators), the stable operating
range could be extended by four percent ofow, using a actuator inbleed of less than
one percent of compressor ow. When the throttle was closed rther, short
circumferential lengthscale stall cells appeared which stalled the compressor. Thus the
useful operating range was found to be limited not by the effectiveness ofthe actuator

system, but by the appearance of a ndamentally different type of stall inception
behaviour which could not be controlled with ti type of low circumferential harnonic

algorithrn

Ifthe phase of the actuator response was set to its least favourable position, stall could
be initiated prematurely by amplifying modal type waves. The stall margin decrease i
ti case i much less ta the improvement wt optimal phase setting, which may be
related to the one-sided nature ofthe control system (that is, the control system only
ever added energised ar to the rotor tp region).

At low tip clearance levels i the rst rotor, circumferentially short nite stall cellsâ
led to compressor stall/surge wt no pre-stall modal waves, and Day used the second
type ofactuation system This was found to be successful either operating al valves

simultaneously when a cell appeared or operating the nearest valve (dened using a

pre-dened stall rotation speed) and the one opposite i (because it balanced out the
one-sided e`ect ofusing just one valve' - no ther clarication i o`ered i the

paper). Operated i ti way, i was found that the valves were only required to be on

intermittently (emphasising the role played by blade interactions or random
unsteadiness i± the formation of such stall cells). Ti type of control yielded a sx

percent drop i± ow at the stall point.

Virtually at the same time as Day was carrying out hs experiments, Paduano et al

[1993] were performing active control experiments on a single stage low speed rig.
Ti rig showed very clear modal° stall iception behaviour, with a smooth transition
omrst circumferential harmonic disturbances into fly developed rotating stall. I
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place ofthe puifer jet actuation devices used by Day, the authors used twelve °wiggly

VIGVs°, that is, inlet guide vanes wt fast response stagger adjustment. Input signals
were taken from eight hot wires placed at mid-span upstream ofthe rst stage. A

proportional feedback system was used to control rst and second circumferential
harmonics ofmeasured ow disturbances. With control applied to the rst harmonic

only a ow reduction of±l 1% was obtained at the stall point, depending on the phase

relationship between measurement and actuation. Note that here, wt more clearly
linear behaviour and a two-sided control system (the vanes could be opened and

closed), the improvement wt optimal phase matches the deteioration with the worst

phase relationship. With control applied also to the second circumferential harmonic,
the compressor could be stably operated at ows up to 20% lower than the
uncontrolled stall point.

Paduano et a used a system identication technique to check their modelling ofthe
e`ects ofthe moving IGVs. The form ofthe model (eífectively a second order linear

equation) was shown to give a good representation ofthe unsteady ow pattem,

although the authors state that they have yet to make the quantitative prediction ofthe
Bode plot [viz, the coeicients i the second order equation] om the conpressor

geometry. â

Haynes, Hendricks, and Epstein [1994] applied the control system devised by
Paduano et a to a low speed three stage rig (in fact, the same rig analysed by Gamier

[1989] as discussed i± section 2.1). The results are smlr i nature to those of
Paduano e a Control ofthe rst circumferential harmonic gave a 3% decrease i
stall point ow coeicient. Control of the rst two harmonics» simultaneously gave a
increase of 8%. The stall transient i ti case sil appeared to be dominated by the
rst two modes, suggesting that the limiting factor was the strength° ofthe control

system rather than the appearance of a new ow phenomenon such as observed by Day

[l993b, discussed above]. Accordingly, control ofthe third harmonic as well as the
rst two produced no rther benet. A system identication procedure was followed
i much the same way as by Paduano e a Ti time, however, the Moore and
Greitzer [1986a,b] stall model was matched to the results by the inclusion ofblade row

response time lags. The improved model matched both the uncontrolled and
controlled dynamics. The stall margin improvement predicted by the model was twice
that achieved experimentally, which is attributed by the authors to uncetainty i tting
the control parameters due either to modelling inaccuracies or experimental noise.

One sigicant point made by the authors is that they fomd the introduction of
controls methodology (as opposed to uid dynamic theory) extremely useful.
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Eveker et al [1995] present a novel system for controlling rotating stall and surge

simultaneously. Theoretical work i presented starting with the model created by
Moore and Greitzer [1986, described i section 2.2.3.2]. The resulting control system
i then successfully demonstrated on a low speed three stage compressor. A
circumferential array ofpressure transducers is used as input to the control algorithm
Actuation is supplied by a single bleed-offvalve i the downstream plenum Iti

respect, the control system i smlr to that ofLudwig and Nenni [1978, described

above]. - The objective ofLudwig and Nenni, however, was stall avoidance. Here the

objective i to allow operation at ow rates that would normally be associated wt

surge or large anplitude rotating stall

The control system devised by Eveker et a does not change the normal operating

range ofthe compressor. What it does do i change the behaviour once throttled

beyond the normal stability point, using the non-linear coupling ofthe non-

axisymmetric and axisymmetric components ofrotating stall/surge as predicted by
Moore and Greitzer. Without control the compressor fls into surge or large

amplitude rotating sta1l(with a hysteresis e`ect as the compressor i mthrottled),

depending on the volume downstream ofthe compressor. With control, the

compressor fls into much lower amplitude rotating stall, regardless ofthe
downstream volume, and wt no hysteresis effect. The theoretical model predicts a
smooth transition 'om zero rotating stall amplitude at the normal stability point,
whereas i practice there i a sharp drop i± pressure rise coeicient as that point i
reached. Although ti drop i considerably less than i the uncontrolled case, i may
lmt the applicability of the control scheme. The reason for the sharp drop may lie
wt the short length scale stall inception pattem observed by the authors i their

compressor. That is, the control system i not designed for the type of disturbance
seen during the inception period.

The above paper i one example of a number oflinear and non-linear control strategies
that have been developed from the Moore and Greitzer model of stall/surge. Many of
these fl into the realm of control theory and are beyond the scope ofti survey.
Some caution has to be applied i approaching these strategies, as they are naturally

dependent on the assumptions used by Moore and Greitzer to develop their model.

Many, including Eveker e a, use the same cubic characteristic as Moore and Greitzer.
Whereas the shape ofthe characteristic was arbitrary for Moore and Greitzer, for
active control strategies i i extremely important, as it denes the rate at which stall
disturbances grow. More importantly, Moore and Greitzer°s model was developed for
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post-stall transients°, and for many compressors does not accurately represent the stall

inception period (see sections 2.1 and 2.4.1).
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2.4 DISCUSSION

2.4.1 Experimental Measurements of Stall/Surge

Stall inception measurements have been made for almost as long as the jet engine has
been i existence. Early measurements characterised the nature ofrotating sal and

surge. Different types of stall/surge events were recorded (pat-span stall', full-span

stall, deep surge°, classic surge°). Correlations were produced to detemine which

type ofbehaviour a given compressor would exhibit; part orl span stall, the siàe of

any hysteresis loop, the overall compressor performance i stall (Day, Greitzer and

Cumpsty [1978]), and the speed ofrotating stall propagation (Cumpsty and Greitzer

[l982]).

More recently, use has been made ofmodem digital data reduction capability to make

very detailed measurements ofthe structure ofrotating stall cells, concentrating mil
on stable' rotating stall (Das and Jiang [1984], et a [l988], Mathioudakis
and Breugelmans [1984], Breugelmans and Mathioudakis [1984], Borys and Moffat

[l996]). There seems to be general agreement amongst the authors i a number of
areas. Stall cells extend approximately axially along the compressor. Although
characterised by low ail ow they are not dead ow areas such as wakes behind
bluífbodies. Rather, tangential velocities i particular can be as high or higher than i
the mainstream. Ti i particularly true i gaps ahead ofrotors, although there i

open debate as to whether or not ti implies that uid is passing through the stall cell
'om the clean ow' area. The ow i stall cells i observed to be highly three-

dimensional, typically wt uid being centriged out i the rotors and wt reverse
ow at rotor tip. I

Another group of expeiments has been performed wt the intention ofvalidating
models of stall/surge such as those described i section 2.2. Day [l994a] for instance,
conrms the role of the 'Greitzer Biparameter i determining whether the nal

operating condition of a stall/surge event wl be rotating stall or surge. Many ofthe
modellers themselves supply data for validating their own codes (as described i
section 2.2). Generally speaking, good agreement i found i the overall transient.
That is, once rotating stall i established the movement ofthe compressor operating

point i time can be reasonably predicted using, for instance, Moore and Greitzer°s

[1986] model The differentiation between events leading to stable rotating stall or

multiple surge i well captured. The time period ofmultiple surge events i particular
can be accurately calculated as the lling time ofthe conpressor exit plenum The
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model presented i chapter 4 i validated by the measurements reported i chapter 3,
and demonstrates the capability of such a model.

Although the overall transient° as predicted by stall modellers has been bome out by

experiment, the sequence ofevents predicted for the stall inception period have not.
Linear theory (such as descnbed by Longley [1994]) predicts that non-axisymmetic
disturbances should be unstable at higher compressor ows than axisymmetric

disturbances, and ti has been demonstrated for low and high speed conpressors (Day

[1994a], Schlarnann et a [1985] and the measurements described i chapter 3). It also

suggests a modal° type of stall inception. The modes correspond to fourier harmonics
i the circumferential direction. These modes are predicted to behave idependently,
wt the surge point dened by the neutral stability point ofthe most unstable mode,
usually a low order harmonic. Ti possibility has been the subject of a number of

experiments.

McDougall et a [1990] were the rst to observe low anplitude modal waves that grew

smoothly and directly into fully developed stall (of course linear theory, limited to
sal amplitude disturbances, cannot be used to calculate the disturbance growth once
i has become large). Other experimenters have also fomd such stall precursors

(Garnier [1989], Hoying [1993] among others). The moda1° view of stall inception
has been strongly challenged, however, particularly by Day [l993a], who demonstrated
a nite cell stall inception pattem, where the stall disturbance occurred over a

círcumferentially limited portion ofthe annulus, oen a sal number ofblade passages
wide, and grew circumferentially wt no discemíble period of modal° behaviour. He
also used data collected on the same rig as used by McDougall to demonstrate that the

pre-stall waves observed by McDouga1l~et -a1=were only sometimes inuential i

determining the stall inception behaviour. Other expeimenters have also found °nite
cell' stall inception wt no modal behaviour beforehand (Riess and Walbaum [1996],
Escuret and Gamier [1995] and the measurements descn`bed i chapter 3). Camp

[1995] provides results from a low speed four stage rig showing that either a modalÂ°

or a nite cell' type of inception can be obtained depending on the stage matching. I

particular, a nite cell pattem was obtained whenever a critical incidence onto the rst
rotor was exceeded.

The experiments show that a linear pattem of stall inception wt dissociated _
harmonics i at best only sometimes applicable. Most ofthe later models, however, are
non-linear i nature (for instance Moore and Greitzer [1986]). There are two results
ofthe experiments that lmt the applicability of such models. The rst i that
thestalldisturbance i sometimes very sharp circumferentially, which violates the
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pitchwise average assumptions of some ofthe models. This i discussed i detail i
section 2.2. The second result i that initial stall disturbances are not i± general radially

uniform, but tend to be initiated at hub or tip. McDougall et a [l990], for instance,
found that the endwall blockage was critical i± determiig the radial position of stall

irception (hub or tip), and Day [l993a] reports stall disturbances growing

radially iward from the tp region. Ti feature is consistent wt the commonly
observed fact that the size ofthe tp gap i critical i determining the conpressor surge

margin. A model which takes account of such a e`ect would have to be three -
dímensional and also viscous. The model described i chapter 5 includes a basic model
ofthe endwall bormdary layer i order to account for ti effect.

Apart from the two types of stall inception described above, there are other areas of
conict amongst stall inception results from various experimenters. Camp [1995]
shows cells generated at the front ofthe compressor. Escuret and Garnier [1995], on
the other hand, show that they can be generated at the back ofthe compressor. Riess
and Walbaum [1996] show stall inception at the tp ofthe rst rotor. A stall

progresses the e`ect grows axially along the compressor and also radially, i such a

way that at the rear ofthe compressor the whole annulus i a`ected. e a

[l988], however, observe a stable part span part length rotating stall pattem that
affects only the hub region at the back ofthe compressor. Even allowing for some

mis-interpretation ofresults, it has to be conceded that there i a great variety of stall

inception behaviour. Ti variety entails considerable problems for both stall modelling
and active control of stall, as discussed i sections 2.2 and 2.3.

I view ofthe variety of stall iception behaviour observed, it is worth enphasising
certain points of agreement. Rotating stall i always seen as a precursor to

axisymmetric surge. The axial position of stall inception is dependent on stage

matching (for modal type stall inception, this i seen rather as a change i amplitde of
the pressure response to the Velocity disturbance wt axial position). Stall
distrbances usually start i the endwall regions and grow radially.

One further point of agreement between experimenters concems pre-stall activity.

Many experiments show rotating dísturbances prior to stall, particularly at low to
middle speeds, oen wt little or no discemíble pre-stall activity at high speed.

Tryfonidis et a [1995] present one method oftracking sch activity, demonstrating its
existence i a number ofcompressors. Their method has been tried by a number of
authors (Hoying [1993], Owen [1996] and the results described i chapter 3) with
mixed success. The method was designed around modal type stall irception pattems,
but wl register also nite cell type disturbances, which is signícant: the results
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described i chapter 3 at middle speeds do show rotating disturbances prior to stall,
but these are of limited circumferential extent. Thus a indication ofpre-stall
disturbances using ti (or any other low harmonic Fourier based method) does not

imply a modal type of stall inception pattern, as has sometimes been inferred.

2.4.2 Modelling Stall/Surge

The stall models descbed i± section 2.2 are largely corrplementary. How complex a
model i required depends which part of the stall event i ofprimary interest. Ifthe
interest lies i the event as a whole, that i a period of one or more surge cycles, then
Greitzer [1976a,b] i particular showed that given a measured characteristic ofow

against pressure ratio a relatively simple surge type model can accurately track the
locus ofthe operating poit with time. Such a model can answer questions such as
whether a compressor wl end up i a surge cycle or stable rotating stall, and the

period oftime for Which a compressor operates i reverse ow (which may be

important for mechanical reasons). Simple correlations such as that put forward by

Day, Greitzer and Cumpsty [1978] can be added to tackle issues connected wt

recoverability om rotating stall. Ifthe measured characteristics are not available, or i

greater accuracy i required, a more fmdamental approach would be to use a 6-type
model such as or wt a axisymmetric pressure rise characteristic generated om
correlations. Ti has the advantage that the circumferential extent ofany stall cells i
calculated directly. Whichever type ofgeometric representation i used a non-linear
element i essential to take account of the characteristic shape. Many simplications
can be made, however. Moore [1984a,b,c] found that bladerow unsteady response
time lags can be neglected when looking at the event as a whole. Likewise

compressibility and the reaction of individual bladerows are not greatly signicant:
Greitzer [l976a,b], Moore and Greitzer [1986] and the model developed i chapter 4
al assume incompressible ow with the compressor performance derived from a single

pressure rise characteristic.

Ifthe mi area of interest lies i the accurate prediction ofthe stability boundary, then
the models considered above would be entirely inappropriate. It i no longer suifcient
to model the compressor by a single characteristic, although ti may be suicient for

compressors operating at a well matched condition, where each stage i operating at a
smlr point on its pressure rise characteristic. Under these conditions Dunhams peak
inlet total to exit static pressure rise criterion has been shown to be accurate i a
number of cases.
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I the case of a long multistage compressor much ofthe speed range ivolves

operation at a mismatched condition, where either the ont stages (at low speed) or
the back stages (at very high speed) operate at lower ow points on their individual
characteristics. I these cases unstable° stages can be stabilised by *stable* ones.
There is here a requirement of compressibility i a stall prediction model. The ability
of a *stable* stage to stabilise a unstable° one must depend on the period oftime

required for a signal to pass from one to the other and back: ithis period is long, then
a ow* disturbance at the unstable stage may have grown to a extent where i cannot
be stabilised before the stable stage has had time to respond.

Stability boundary prediction models are equently linear. This i attractive

mathematically, and i warranted by the fact that stability bomday predictions are by
denition related to the growth ofsal disturbances. Some caution i required,

however, as there are large random disturbances i al practical compressors. Camp

[1995] reports a typical level ofturbulent velocity uctuation of 5% ofmainstream

ow. Small scale turbulent uctuations wl have little e`ect on the stability ofthe

compressor, of course, but large scale ones might well, and a linearly stable

compressor may well be unstable i the presence of such random disturbances. The
sz ofthe e`ect wl clearly be dependent on the non-linearity ofthe compressor (or

stage) characteristic. Ifthe slope remains roughly constant over a large ow range

(which tends to be true at low speeds), a linear prediction wl be suicient. Ifthe
characteristic turns over very sharply (as can be the case at high speed), then some
account ofthese non-linear eifects should be taken. One approach would be to impose
random disturbances on a time accurate model, i a manner smlr to that described
for the model i chapter 4.

A model aimed at numerical testing of active control of stall/surge fls somewhere
between these two types ofmodel A modem high-speed actuation device should be

capable ofresponding to a stimulus i a few milliseconds. Depending on the

positioning ofthe sensor/actuator system a smlr time wl be required for

detection/processig, and again for the actuator response signal to reach the aected
area ofthe compressor. I ti time period (say ten milliseconds), stall disturbances i
a high speed compressor can grow signicantly; ti period oftime represents most of
the stall transient ofthe VIPER engine compressor at high speed (chapter 3).
Thus the simplication of a linear model as often used for stability bomdary prediction
cannot be used. At the same time, it is important to accurately predict how a
disturbance would grow i that time period. Hence the detailed e`ects required for
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accurate stability boundary prediction, such as compressibility and unsteady bladerow

response, are sil required here.

One further conplication i modelling active control of stall/surge is that the radial
dimension can become important, for two reasons. Firstly, the period oftime being
modelled covers the very start of the stall event. Oen ti represents the three
dimensional growth ofa disturbance near the annulus wall ofthe corrpressor.
The precise nature ofti disturbance i signicant. Diiferent types or amplitudes of
actation would be required for different types of disturbance. For instance, fast

guide-vane adjustment a`ects the ow across the entire span; ti may be umecessary
and detrimental ithe stall disturbance i conned to the tp region. Likewise the

growth rate of a tp stall could be markedly diiferent om a full-span stall. The second
reason that the radial dimension is important i that i practical compressors sensors
and actuators are oen most easily installed i the compressor casing. The inclusion of
a radial dimension i the model thus allows the control system to be more accurately

represented.

Two models are developed i chapters 4 and 5 ofti thesis. The rst i a 6-type
model which represents the compressor performance by a single axisymmetric pressure
rise characteristic. I accordance with the above discussion, ti i most suitable for

mapping the overall stall transient, and i ti respect it wl be seen i chapter 4 that
the model proved very successl. The precise details of the stall transient were
not captured s well, however: the °benign° front end stall ofthe VIPER compressor at
low speed (section 3.4.2.1), for instance, could not be modelled at al using a single

pressure rise characteristic. -This model i insufcient, therefore, for a accurate

representation ofactive control schemes. Nonetheless, useful preliminary calculations
were performed to test a pu`er jet control scheme similar to Day [1993b], described i
section 4.4. A control algorithm was deduced which successfully controlled
instabilities i the model Although the model i not suiciently accurate to expect ti

algorithm to carry over to a real compressor without modication, i gives a
indication as to the type of control algorithm required, and i a useful prototype for the

methodology by which it was deduced.

The second model developed i this thesis, described i chapter 5, is a 192-type model

designed to match the requirements laid out above for active control of stall/surge. It
includes the e`ects of compressibility, unsteady bladerow response and attenuation of
disturbances i the gaps. The annulus boundary layer i modelled i a simple way to

capture to rst order the balance between viscous and pressure forces that i oñen

thought to control the initiation of stall/surge.
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2.4.3 Active Control of Stall/Surge

To date relatively few experiments have been performed i± the eld of active control.
Two types of control system have been attempted, termed here stall avoidance, and
stall control'.

The objective of stall avoidance systems is to detect the onset of a stall/surge event,
and to change the geometry ofthe compressor to one which i stable under the given
operating conditions. Ifsubstantial periods oflow amplitude distrbances exist prior
to stall, these can be used to trigger the geometry changes without a dramatic change
i compressor performance. Ludwig and Nenni [1978] and Riess and Bloecker

[1987], descn`bed above, both present stall avoidance systems on high speed machines.

Stall control di`ers from stall avoidance i that the objective i to extend the stable

operating range of the compression system, rather than to move away from unstable
areas. The concept was rst elucidated by Epstein et a [l986], starting wt the work
ofMoore [1984a,b,c], and showing how a circumferentially distnbuted actuation

system could be used to change the dynamic behaviour of a compression system to
stabilise iwt respect to rotating stall dísturbances. I the same paper, the authors
considered the complementary concept of controlling axisymmetric srge-type
disturbances, ti time using a single actuation device.

I centigal compressors, surge-type disturbances are oen ofmore signicance than
non-axisymmetric ones. Hfowcs Williams and Huang [1989] applied the concept of
Epstei et a to a small high speed centrifugal conpressor, successlly demonstrating
stable operation beyond the normal surge limit.

I axial ow compressors, rotating stall generally precedes surge (section 2.1, 3.4.2),
and control of axisymmetric disturbances i ine`ective without rst controlling rotating
stall. There are three components to any active control system: detection,

cornputation, and actuation. Control of non-axisymmetric disturbances i more
dicult than axisymmetric control, generally requiring higher response rates i al three

components and circumferentially distributed detection and actuation systems (but see
on Eveker et a [l995, described i section 2.3]).

Central to the issue of stall control i the type of stall inception displayed by the
compressor. I particular two types of compressor stall are discussed i sections 2.1
and 2.4.1. The rst i °modal° behaviour, where the rst sign of instability i the

growth oflow circmferential harmonics rotating aromd the annulus. Because the
low harmonics are generally less stable than the higher harmonics, control ofti type
of disturbance requires relatively slow actuation devices (response rate ofthe order of
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the compressor rotation rate). Furthermore the dynamics often remain linear for a
substantial period oftime, with the disturbance amplitude growing slowly, and can be
controlled using a linear control algoithm Paduano e a [1993] demonstrated stall
control on a low speed single stage compressor wt ti type ofbehaviour, showing a
considerable improvement i the stable operating range (1 1% ofow on controlling
the rst harmonic, 20% on controlling the rst and second harmonics). Haynes et a

[1994] continued the work on a three stage compressor, showing a smaller but sil

signicant improvement.

The second type of stall inception generally occurs over a short circumferential

lengthscale. Ifthis short lengthscale is to be matched by the actuation device a

considerably higher response rate (several times the compressor rotation rate) is

required. I addition, short circumferential lengthscale disturbances are oen three

dimensional, and grow i a non-linear fashion (that is, wt strongly coupled
circumferential harmonics). Consequently ti type of disturbance i harder to control

eifectively. Day [1993b] demonstrated active stall control i a compressor showing
both modal and short circumferential lengthscale stall iception pattems. I the former
case a simple rst harmonic proportional feedback control i used i the same way as
Paduano et a. I the latter case a non-linear control technique i employed, °aimingÂ

°

the control action at nascent stall cells. Less improvement (roughly 3% ofstallig

ow) was demonstrated than i the compressors with long length scale stall iception

pattems.

Stall avoidance i easier than active control Generally, the geometry changes required
to move the compressor to stable operation can be performed with a single actuator

(bleed or variable guide vanes). Ifpre-stall disturbances can be detected for a
suicient time period prior to stall (or ia degree ofsal amplitude rotating stall can
be tolerated) the required response rate ofthe actators can be greatly reduced, and
the same actuators can be used as are used for steady state engine control, as

demonstrated by Ludwig and Nenni. A against these benets, stall avoidance by
denition does not allow operation i regions that would normally be unstable; i is

only worthwhile i allowing operation closer to the surge line than would otherwise be
safe. Even here care has to be applied, i that the new geometry to which the control

system moves the compression system wl generally be inferior i some way

(otherwise it would be the geometry adopted for steady state running). Ti i no

problem ithe issue is one ofeiciency. Ifthe issue were thnst, for instance i a
vertical landing aircra, then the reduced thrust associated with the new geometry
could be catastrophic. u
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For the reasons explaied above active control of stall is harder than stall avoidance,
and to date no results have been published demonstrating ti type of system on a high

speed machine. The benets are potentially large, however, as has been demonstrated
at low speed. Unlike stall avoidance, active control allows operation under conditions
that would otherwise be mstable. I a military application ti could represent tighter
aircra tums or faster engine acceleration. I a civil engine the benet could come
from increased eiciency due to relaxing the design constraint imposed by ensuring
suicient surge margin.

Ifactive control of stall i to be put into practice, for instance i a jet engine

environment, the question of risk must be addressed. There are two elements ofrisk.
The rst concems the mechanics ofthe system; is it possible to reproduce a laboratory

expeiment as a ightworthy control system? The second concems the stall inception

pattem itself Numerous experiments have been performed showing a immense range
ofbehaviour (section 2.1). Even i a single compressor large Variations i stall
behaviour have been observed (Day [l993a], also chapter 3). The rotating stall control

systems so fr demonstrated have been tmed to the particular type ofdisturbance
shown by the compressor under study. I order to apply ti technology to a jet

engine, one would have to be sure that the system was capable of controlling all

possible types of stall iception, whatever the cause (hot gas ingestion, compressor

wear, inlet pressure distortion etc). To some extent ti risk can be mitigated by

collecting data on stall inception, both on the ground and i ight. The control system
itselfwill change the stalling characteristics, however, and hence some form of

modelling would have to form pat ofthe validation procedure.

Control system design can be helped significantly by the use of stall modelling. Epstein
et a, Ffowcs Williams and Huang, Paduano et a and Eveker et a al base their work
on the modelling ofMoore [1984a,b,c] and Moore and Greitzer [l986a,b], using the
stall model to give a indication ofthe type of control algorithm required. A model can
also be used to test control strategies numerically and perform what i calculations.
I chapter 4 a stall model i derived for a compressor i a engine environment, and a
control algoithm i devised based upon it. At high speed the growth rate ofthe
disturbance is such that accurate modelling ofthe stages of stall inception is
essential. The stall inception model developed i chapter 5 suggests a route by which
ti requirement could be met.
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3. STALL INCEPTION MEASUREMENTS

3.1 OVERVIEW

The experimental data presented i ti chapter was taken from two tests of a Rolls-

Royce VIPER M 522 engine. The rst preliminary test was performed wt a
reduced instrumentation set. A smay ofthe results was published by Wilson and
Freeman [1994]. A cornpaison ofthe results wt low speed data was-also published

by Day and Freeman [l994].

The two experiments are descn`bed together i section 3.3 below. The results are

presented i section 3.4 and discussed i the following section, wt special reference
to their implications wt regard to stall modelling and active control of stall.

3.2 OBJECTIVES

The primary objective ofthe experiments reviewed i ti chapter was to provide a
detailed analysis of the stall iception behaviour of a compressor i a jet engine
environment. A well as providing insight into the uid dynamics of stall inception the

analysed data was to be used to check the generality ofthe results of low speed

experimenters (chapter 2), and also as a test case for stall iception models such as
those described i chapters 4 and 5.

3.3 DESCRIPTION OF EXPERIMENT

3.3.1 Engine and Instrumentation _

The vehicle used for the test was a Rolls-Royce VIPER M 522 engine. Ti i a

single-sha turbojet with a 8 stage compressor producing a pressure ratio of 5:1 at a
design speed of 13800 rpm The Mach number varies from 0.9 at rotor 1 tp to 0.4 at
the compressor exit. The engine has been used for research purposes since 1990. The

general arrangement ofthe conpressor and combustor i shown ig 3-1. The

aimeter, which extended l.2mi ont ofthe engine, i not shown. For historical
reasons the stages are numbered om zero to seven and not om one to eight.

I order to trace the growth ofthe rotating disturbances leading to-stall/surge the

engine was instrumented wt 40 high response Kulite pressure transducers spread

circumferentially and axially along the outer wall ofthe compressor. Fig 3-2 shows
their positions on a 'unwrapped' compressor layout. Table 3-1 gives the
circumferential position of each instrument. Those transducers with names starting N
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were available only for the second experiment. The positions are not exact due to the

complexity ofthe engine geometry. Where the analysis required more exact spacings,
these were derived from the phase relationship between instruments for signals rotating
at sha speed. I addition to the high response instruments, a number ofDruck

pressure transducers were added at various points along the machine including the
outer (cold) part ofthe combustion chamber. C

I addition to the above, two Druck transducers were used to measure the depression
i the aimeter, and a further transducer was installed to measure the pressure ofthe
combustor inbleed used to induce stall/surge. At the end ofthe second experiment sx
miniature Kulite pressure transducers were glued to the inlet guide vanes to gauge the
radial extent ofthe measured stall cells.

3.3.2 Test Procedure

3.3.2.1 Data Acquisítion Hardware and Procedures

The data om the rst experiment was digitised using a 32 channel data acquisition
unit (unit A) with a xed acquisition rate of4kI-Iz per channel. The data om the
second experiment was digitised wt the same ui and a rther 48 channel device

(unit B')` which had a variable data acquisition rate, set to the same rate as unit
A I the last part ofthe second experiment ui B was set to sample at 25kHz i
order to broaden the measured frequency band. Each data acquisition ui was
controlled by a IBM compatible PC.

Both data acquisition units contained a rolling bu`er which was ozen by a keypress.
Thus for each stall event the bu`er could be ozen on hearing the surge. Unit A
would then preserve the previous 16000 data points for each channel (equivalent to 4s
at 4kI-Iz sample equency), and ui B the previous 40000 points (equivalent to l0s at
4kHz).

Both mits had integral anti-aliasing ltering (set to l.5kI-Iz for the 4kI-Iz sanpling rate
and 12kI-Iz for the 25kHz sanpling rate), variable gain settings for each channel, and
the ability to record data om each channel either DC coupled (unltered) or AC

coupled (highpass ltered to about 5Hz).

3.3.2.2 Data Storage

The data collected by the data acquisition units was stored temporaily on the hard
disks ofthe two controlling PCs. From there i was downloaded to digital tape and/or

magneto-optical disks. Each recorded event had four associated les; one data le and
one log le from each ofthe two acquisition mits. The log les recorded information
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regarding the type ofevent, the istrumentation ls (specifying which channel is

attached to which istrument), the gain settings for each channel, and whether the
channel was AC or DC coupled.

Each event i identied uniquely by a letter (R for the rst test, T for the second)
followed by a sx digit number.

3.3.2.3 Methods oflnducing Stall/Suge

I a engine as opposed to a rig environment 'there i no easy way to change the

compressor working line i such a way as to induce stall/surge across the entire speed
range.

At low speeds the compressor was stalled by overelling at a rate much higher than i

permitted i normal engine operation, causing the transient working line to cross the

surge lie. e

I order to stall the machine at higher speeds compressed ar was introduced into the
combustion chamber through a number ofpipes from a manifold around the outside of
the engine. The manifold was fed om a large (approx 30m3) vessel va a high speed
valve. Ti system generated a ar ow rate into the combustor that was non-miform
i time, wt a transient as illustrated (for a 100% speed stall event) by the
compressor exit pressure trace shown ig 3-3.

At middle speeds the surge line was approached gradually by moving to a higher
speed, inbleedig ar at too slow a rate to stall the engine, and then decelerating slowly
until the conpressor could no longer support the increased pressure rise caused by the
inbleed. A' e ^' '

'Athigh speeds (over 90%) the above procedure caused prolonged high temperatures
and could not be used. Instead, a large amount ofar was bled into the combustion

chamber, causirg a relatively fast stall

The precise speed at which stall occurred could not be controlled as accurately as i a
ig test, particularly at middle speeds, where the amount ofinbleed was specied by a
fairly coarse control

3.3.2.4 Test Schedule/Log

I each experiment sucient nms were included to map the stalling characteristics of
the engine over the l speed range, with repeat runs wt the data acquisition units i
AC coupled mode wt high gains. I the second expeiment rther nms were
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performed wt the adhesive Kulites added, and nally wt the data acquisition ui B
set to a high sampling frequency (25kHz). ~

3.3.2.5 Basic Signal Processing Methods

Cahbrations were applied to the raw data at the time ofanalysis. A o`set was then
added to DC coupled data, calculated from a cabration rn performed at the start of
each day wt the engine stationary. This removed any day-to-day dit i transducer
cahbration and eifectively reduced each measurement to a "gauge" level Ti
procedure i only partially accurate, i that transducer dit is taken out i calibrated
mits only, but the errors are small given the type of analysis that i being undertaken.

Three techniques were often used to process the signals prior to more detailed analysis.
The rst was to remove harmonics ofthe shaft frequency om the signal i a
predictive fashion. The method adopted was smlr to a feed-forward adaptive lter,
but was applied i the time domain. The speed was rst calculated, either from the
speed signal or often from a Fouier analysis of a pressure signal using a high hamonic
ofthe sha equency. The calculated speed was then used to intepolate each signal
onto a 1000 poit grid on a rev by rev basis. The interpolated values were ltered at
each gridpoint to eifectively ensemble average the once per rev signal over about 25
cycles on a rolling basis. The resulting signal was then sbtracted from the original
data.

The second technique was a simple normalisation ofthe data to smlr amplitudes
using a standard deviation calculated prior to stall inception. The transducers i a
axial plane can show markedly di`erent levels ofbehaviour (presumably due to minor
variations i geometry). The most active transducers are thenoverweighted in' N ' '
subsequent calculations ithe signals are not normalised.

The third technique was used to produce the maps of static pressure around the
conpressor casing (eg g 3-9), reproduced from Wilson and Freeman [l994]. The
data for these graphs was interpolated om the rings ofKulite measurements at inlet,
stage 2, stage 3 and stage 6 and the single Kulite at compressor exit that was available
i the rst experiment. The intepolation technique used relies on the fact that the stall

inception process i often related to ow disturbances which rotate fast around the

conpressor, but change only slowly i time (relative to the time taken for the
disturbance to get from one measurement position to the next). I these circumstances
the type ofintepolation used can be signicant.
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Fig 3-4 demonstrates the intepolation procedure used to calculate the static pressure

maps such as g 3-9. Fig 3-4a shows the raw pressure traces om the 5 measurements
at compressor inlet at 78% speed, spaced evenly on the y axis wt the rst one

repeated at the top. Because the disturbance i so sharp, interpolatig linearly
between the traces at any one time would give a totally erroneous picture, spreading
out the disturbance or even showing two peaks instead ofone. However, once the rate
ofrotation ofthe disturbance i known or has been deduced, the time traces can be
corrected for rotation as ig 3-4b. Ti procedure allows a liear interpolation to be

performed (g 3-4c) along a direction i which the disturbance i changing only

gradually. Fig 3-4d shows the raw and interpolated traces with the rotational speed
restored. The static pressure maps such as g 3-9 use data interpolated i this way at
5 degree intervals around the compressor at each ofthe 5 measurement planes.

It i easier to trace the development ofthe disturbances ithey are kept stationary on
the x axis for successive time steps. This was achieved by moving the origin of the x
axis between plots around the annulus at the same (constant) rate ofrotation as used i
the interpolation procedure. A circumferential olset was then chosen for each speed
to position the disturbance i the centre ofthe picture, although the changes i the
rotational speed of a stall cell as it develops mean that over a period oftime i does
move o`centre. Changes i± the rotational speed also a`ect the quality ofthe

interpolation. Once the disturbance gets circumferentially large, however, the e`ect of
the poorer circumferential intepolation i quite sal

3.4 RESULTS

3.4.1 Overall Performance .

Fig 3-5 shows the change i overall operating point (mass ow and pressure ratio)
prior to stall during events Tl80806, T_l80802, and Tl80803 stalling at 66.7%, 80.5%
and 99.7% speed respectively. No account has been taken ofmsteady effects during
the transients; prior to stall the movement i operating point i relatively slow and the
errors wl not be large. These are not constant speed characteristics: i a engine
environment there i no mechanism with which to control conpressor speed during a
transient. A approximate stall lie has been added to the gure. The stall points
show reasonable agreement with the mean-line prediction shown as a background map
ig 3-3 1.
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3.4.2 Stall/Surge i the Viper Engine

Iti section the basic stalling behaviour ofthe VIPER engine compressor i
described and related to the compressor stage characteristics. The stalling process i
as demonstrated to be highly repeatable. Particular aspects ofthe experiments that
warranted a ller investigation are covered i later sections.

3.4.2.1 Low Speed

At low speeds (up to aromd 69%, or 75% istage 4 bleed i switched o`- see section

3.4.2.2) the compression system moves through various regimes ofrotating stall both
before and añer reachig the surge line (dened conventionally as the point of
iretievable breakdown ofthe ow structure). The rotating stall on the stable side of
the surge line i *benign* i the sense that i does not inhibit normal operation ofthe
engine.

Figs 3-6 and 3-7 show time traces om the Kulites i± the ont and rear stages
respectively for a stall event at 67% speed. At the start ofthe time widow the

compressor i operating i °benign° stall, shown later to consist of four cells rotating
around the annulus. I gure 3-6 the stall cells can be seen to extend through the 'zero'
stage, but the level ofactivity at stage 2 exit is considerably reduced, and by stage 3 it
i very small.

Durig the stall transient the rear stages show a growing disturbance at around 57% of
sha frequency. The underlying cause i the growth of one ofthe benign stall cells
axially to the back ofthe machine, and then circumferentially. The leadig edge ofti
growing cell continues initially at around the same speed as the other cells. The

trailing edgefhowever, lags further and further behind. As i grows the cell slows
down (eventually to about 40% ofrotor speed), swallowing the other three benign stall
cells.

Fig 3-8 shows i more detail the period around transition om the benign stall to the
single cell leading to irreversible stall The top graph shows pressure traces from ve
transducers i± the inlet plane. The cell that eventally grows into single cell stall has
been marked, and can be seen to be bigger than the other cells i± circumferential extent

throughout the 80ms (18.4 rotor rev) time period shown on the graph. The
°swallowing' of one ofthe smaller cells can be seen on the top trace at 60ms.

The lower graph ofg 3-8 takes data from the rst compressor inlet transducer along
with one from the exit plane of stages 0,2 and 3. These instruments are al aromd top
dead centre: a sal correction has been applied to the time scale to accountfor the
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discrepancy i circumferential position, using the measured stall cell rotation speed.
The graph conrms that the sharp upward spikes representing stall cells at compressor
inlet are related to dawnward pressure uctuations at stage 0 exit. This is consistent
wt a region of low ail momentum uid i the rst stage causig a upstream

blockage effect. The stage 2 and stage 3 Kulites initially show a ill-dened response
to the passing stall cells, although where i i distinct the response i i phase wt the

stage 0 pressure. Ti i also true ofthe later stages (see g 3-7) where the response i
better dened and relates more clearly to the cell that leads to irreversible stall From
around 39ms i the gure the growing cell causes a increase i stage 2 and 3 exit

pressure, slightly lagging the high pressure region at the inlet plane. The change i sign
i assumed to relate to the stalling ofdownstream bladerows mder the iruence ofthe

passing stall cell.

Fig 3-9 shows a graphical representation ofthe stalling process for a smlr low speed
event om the rst experiment using the interpolation procedure descn`bed i section
3.3.2.5. Fig 3-9a maps out the static pressure around the outer annulus wall during the

overfuelling, but prior to reaching the surge line at 60% speed. The ve axial planes

correspond to the Kulite measurement planes at compressor inlet, above stator 2, V
above stator 3, and i± the exit duct. The pressure at each stage i shown relative to a
datum level at the start ofthe event. The compressor tums i a clockwise direction
viewed om the front, which i om le to right i the gure. The four patches of
high static pressure at the ont ofthe compressor represent the four areas of low axial
momentum uid, that is, stall cells. Each cell has a °tail oflow pressure reaching part
way along the length ofthe compressor. This picture is consistent wt the existence
ofa number of stalled blade passages, limited circumferentially to the region of each
individual stall cell, and axially to a region between the measurements at compressor
entry and those above stator 2 (g 3-6 shows the axial position to be limited to just the
rst stage). '

Fig 3-9b shows the same map 50ms (7 rotor revolutions) later. Note that the origin of
the x axis has been shied around the compressor relative to g 3-9a, according to the

procedure i± section 3.3.2.5. This keeps the dísturbance from moving across the page
on successive plots, and allows its development to be traced more easily. One ofthe
stall cells has disappeared almost entirely, leaving three irregularly spaced cells wt the
one on the right much the strongest, reaching almost axially to the baclr ofthe

compressor. The next gure shows it to have deepened rther l25ms (17 rotor

revolutions) later. The high static pressure area i the middle ofthe compressor
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indicates more stalled bladerows towards the back ofthe machine, left i the wake of
the stall cell as it rotates aromd the annulus.

By g 3-9d, just l2.5ms (1.7 rotor revolutions) later, the strongest cell has grown

signicantly. The leading edge ofthe cell sil proceeds at the same rate, but the

trailing edge lags further and fu.rther behind, mtil i ti frame it i about to swallow
one ofthe other two cells. Ti large cell slows to about 40% rotor speed, swallowing
both ofthe smaller cells. Fig 3-10 shows the pressure map (on a new scale), having
achieved a stable rotating stall condition l2.5ms (1.7 rotor revolutions)'aer g 3-9d,
wt what was the original stall cell occupying over halfthe circumference. The

pressure ratio has dropped om about 2 to 1.5; hence the low pressure at the back of
the compressor.

The event depicted i gs 3-6 and 3-7 shows four cell rotating stall changing directly
to sigle cell rotating stall as the surge line i crossed. The graphical representation i
gs 3-9 and 3-10 shows a three cell itermediate pattem. Some events show only
three cell rotating stall on the stable side ofthe surge line. There i no obvious pattem
as to whether three or four benign stall cells are present prior to the growth ofthe one
cell leadig to irreversible stall, as shown by the following table. Al ofthese stall
events were precipitated by overelling, and al were performed around the same point
i the second experiment.

NAME No. CELLS SPEED AT STALL BLEED

T050805 3=>1 67% ON

T180805 3=>l 51% OFF

T180806 4=>l 67% OFF

T180809 3=>l 51% ON

T1808l1 4 =>3 =>l 67% ON

More analytical work could be done using the data omti test to determine the
reasons why di`erent numbers of stall cells were observed. It may be that the speed
wt which the stall line i approached is important, and/or the hysteresis effect
discussed i section 3.4.2.2 with respect to stall drop-out may apply equally to the type
ofbenign stall observed.
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The adhesive Kulite transducers attached to two ofthe IGVs give some information as
to the radial extent ofthe stall disturbances. They suggest that the benign stall
cells are much more signicant i the tp region, and that the axial growth ofthe cell

leading tol developed stall i paralleled by radial growth from the tp inwards (see
section 3.4.3 for details).

3.4.2.2 Bounday Between Low andMiddle Speed Behaviour '

The point at which low speed stalling behaviour (three or four cells at the ont ofthe

machine) changes to middle speed behaviour (single cell, described i± the next section)
i dependent on whether or not bleed i taken om stage four. With bleed off, the

compressor stalls at 73% speed i a low speed' manner wt three cells at the ont of
the compressor present throughout the data record pior to stall (event T0 10816).
Event T0108 12 on the other hand, also recorded wt bleed ol shows the compressor

stalling at 78% speed i a middle speed manner (in fact, with more than one stall cell,
but not regularly spaced). Ti i consistent wt the obsevation that during a normal

engine acceleration om idle benign stall drops out' (that is, rotating stall ceases and
the ow becomes axisymmetic) at 75% speed (section 3.4.6).

With stage four bleed on, however, stall drop-out can be expected to occur at a
lower speed. Stall event T220804, at 67% speed, shows a period of three stall cells
wt one missing prior to irreversible stall. Ti type of operation also occurs for a

very briefperiod just before stall drop-out, and is descn`bed i section 3.4.6. Hence the

change from low to middle speed behaviour with bleed on can be taken to be just
above 67%.

It should be noted that there i a hysteresis e`ect wt respect to stall drop-out. That

is, there are some operating points that can exhibit either clean ow or benign rotatig
stall depending on the path taken to reach them Stall drop-out for a accelerating

engine, for instance, wl be at a higher speed then stall drop-in for a decelerating

engine, even on the same working line. Similar e`ects can be expected as a

compressor i throttled at near constant speed. Thus i the boundary area between
low and middle speeds i i not expected that the stalling behaviour can be determined
from engine speed alone.

3.4.2.3 Middle Speed

At speeds between 69% (or 75% with stage 4 bleed switched o`- see section 3.4.2.2)
and 88% iwl be seen that compressor stall is initiated by a single stall cell at the ont
ofthe conpressor. Ti cell grows rapidly to the back ofthe compressor and then
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spreads circumferentially. There i then a sharp dierence i behaviour depending on

engine speed. Below 80% speed the stall cell stops growing circumferentially, leaving
the compressor i single cell rotating stall at very low ow, pressure ratio and

eiciency, but wt the compressor operating steadily i the mean. Above 80% speed,
the stall cell grows until the entire conpressor i operating i reversed ow, and the

engine moves into violent multiple surge, where the ow direction changes at a

frequency ofabout 8Hz. Ti dichotomy ofpost-stall behaviour agrees wt the theory

developed by Moore and Greitzer [1986] described i chapter 2. It is shown below
that the stall incepon pattern i identical above and below ti critical engine speed,

reecting the fact that stall inception i a event local to the compressor, whereas post-
stall behaviour i intinsically related to the surounding components. Ding the
second series oftests the speed at which the post-stall behaviour changed was
observed to be slightly higher at around 81% speed.

The change i post-stall behaviour i illustrated ig 3-l 1, where pressure traces are
shown 'om Kulites at compressor inlet and exit for two events recorded during the
rst experiment. Fig 3-lla shows a stall event from the second test series at 80.6%

speed, that i just below the critical speed at which the behaviour changes. The engine
has been decelerated slowly om 90% speed with ar injected into the combustion
chamber at a constant pressure of 500kPa. During the stall event the compressor exit

pressure i seen to drop dramatically and remain at the new lower level Fig 3- 1 lb
shows a smlr event wt a slightly higher level ofar injection (700 kPa), causing the

compressor operating point to cross the surge line at 81.2% speed. This time the
overall pressure ratio drops nearly to unity, before climbing back to almost its original
level. Ti process i repeated indenitely, the gradual drop i peak pressure being
related to a slow nm-dovvn i engine speed.

Figs 3- 12 and 3- 13 show time traces om the fl set ofKulite pressure transducers

dming event T180804 i the second experiment, a stall event at 79% speed which
results i stable rotating stall. For comparison, gs 3- 14 and 3-15 show the same data
for a stall event at 81% speed which results i multiple surge. These gures conrm
that the stall iception pattem i very smlr at the two speeds. Note that the high
level ofnoise at compressor exit (gs 3-13, 3-15, and also g 3-24) stems om the
fact that these are measurements of total pressure as opposed to casing static pressure.
A more detailed view ofthe traces from the compressor inlet transducers i shown i

g 3-16, and from the stage three transducers ig 3-17.

The disturbance leading to stall can be recognised rst from the compressor inlet time
traces i g 3-12 (rst graph), indicating that the initial stalled region lies towards the
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front ofthe machine. Ti i again supported by the fact that the stage 2 exit pressure

perturbations are reversed sign with respect to the measurements at inlet. At aromd
21 rotor revohtions the measurements at stage 2 exit swap sign to be brought into

alignment wt those at conpressor inlet. Ti point presumably marks a balance
between the upstream and downstream blockage eifects, as successive stages along the
machine fl into stall The nature ofthe growing stall cell can be seen more clearly
from the static pressure maps presented below.

Close examination ofthe inlet Kulite time traces reveal disturbances ofsmlr
circumferential extent travellingat near stall cell speed between occurrences ofthe
mi cell These additional disturbances travel i general slightly faster than the mi
cell and can sometimes be seen to be absorbed into the trailing edge ofthe mi cell.
The amplitude ofthese disturbances remains low, and they appear to play little part i
the overall behaviour of the compressor.

Bands ofrotating stall can be seen growing and decaying prior to the time period
shown i the gures. Ti i discussed further i section 3.4.5.

Figs 3-18 and 3-19 show static pressure maps at various times during a stall event om
the rst experiment at 78% speed. The rst sign of any disturbance (g 3-18a) i a
area ofhigh static pressure (and hence low ow) at the ont ofthe compressor, wt a
low static pressure tail°. This i consistent wt the stage characteristics (section

3.4.2.6), which show the ont stages ofthe machine to be furthest towards stall at ti

speed. The stall cell i rotating at roughly 56% ofrotor speed. A i± the low speed

case, the cell grows almost axially to the back ofthe machine, only ti time more

quickly (gs 3-l8b,c,d, at Sms intervals, or roughly l rotor revolution). Having grown
axially, it proceeds to grow circumferentially, as shown ig 3-19. Fig 3- 19a i the
same as g 3-18d, but with a new pressure scale. Eventually i occupies halfthe

circumference and settles into stable rotating stall (gs 3-l9c,d).

Figs 3-20 and 3-21 show static pressure maps for a event at 82% speed.
Thestallcell rotational speed i slightly higher than the 78% speed event, sealing wt rotor

speed. Figs 3-20 and 3-21 are taken at the same time intevals as gs 3-18 and 3- 19,
and are notable i± that they show a almost identical pattem of stall cell development,
even though the subsequent history wl be seen to be entirely different. I ti case the
stall cell continues to grow circumferentially until the ow becomes axisymmetric once
more (g 3-2lc). Having become axisymmetric, the ow retums to ahnost the same
ow and pressure ratio as before the event, before repeating the cycle. Fig 3-21d
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shows the map 85ms (16 rotor revolutions) into the event, where the pressure at the
back i almost back to the origial level.

3.4.2.4 Bounday Between Middle andHigh Speed Behaviour

The boundary between middle and high speed behaviour lies at approximately 88%

speed, and i remarkable i that i is the only area where stall inception appears to
occur on a long circumferential lengthscale. Fig 3-22 shows pressure traces from the
inlet Kulites during stall. event T290705 at 88.5% speed. There i a long period (at
least 30ms) prior to stall where the pressures move up and down i a rst order modal

pattem (compare this gure with g 3-16, which shows a event at 79.4% speed
where stall inception occurs on a short circumferential lengthscale).

Ti long circumferential lengthscale behaviour only occurs over a narrow speed range

(a few percentage points). The precise range cannot be deduced om the data
available.

3.4.2.5 High Speed

Figs 3-23 and 3-24 show time traces om the Kulites i the front and rear stages

respectively for a stall event at 100% speed. The rst sign ofa disturbance i the

pressure rise on the rst trace at stage 4. Unlike the behaviour at lower speeds, ti
disturbance does not immediately rotate, but stays xed i the absolute frame of
reference for four rotor revohtions. A more detailed view ofthe traces om the stage
4 Kulites i shown ig 3-25. Smaller rises can be seen on the second andh traces
at stage 4. This i consistent wt a downstream blockage, presumably initiated by
some geometrical non-uniformity, covering about 1/6th ofthe annulus near top dead
centre. There i no known source ofnon-uniformity which would give ti e`ect.
Similar, but again smaller, rises can be seen on the second trace at stage 5, the second
trace (especially) at stage 3, and the second trace at stage 2. These traces al relate to
transducers around top dead centre (table 3-1). It is unclear, however, why the second
trace on the second stage (K22) shows a larger e`ect than the rst trace (K21), which
i more i line wt the other instruments downstream

The movement ofthe point of stall inception om inlet at lower speeds to somewhere
downstream of stage 4 at high speed is consistent with the way the compressor stage

matching changes wt speed (section 3.4.2.6).

Aer about 4 rotor revolutions the disturbance starts to rotate at around 47% ofrotor

speed. Assuming the xed disturbance is the result ofgeometic non-mifonnity, the

stalling behaviour might be expected to be similar to the case of inlet distotion, where
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a given level ofdistortion can give rise to instability i the form ofrotating stall. The

rotating disturbance can be seen rst at stages 3 and 4, circumferentially
coincident with the xed disturbance. It can be seen om gs 3-23 and 3-24,
however, that i spreads very quickly to the front and back ofthe compressor.

During high speed surge events the ame i the combustor was extinguished.

Modelling by Freeman and Wilson [1993] suggests that ti was due to rich extinction

brought about by the reversed ow. Both the reversed ow and unbumed fuel during
the surge cycle could be seen dramatically during the test as ames appeared at the
front and the back ofthe engine simultaneously. This feature may not mirror a
natural° surge, however, as high pressure ar was being pumped into the combustion
chamber to raise the working line to the surge point.

Fig 3-26 shows static pressure maps at intervals of2ms (0.45 rotor revolutions) durig
a surge event at 98% speed om the rst experiment, starting at the point at which the
disturbance starts to rotate. Fig 3-27 shows the subsequent development ofthe ow
disturbance on a smaller pressure scale. The start ofthe rotating disturbance i
idicated by the high pressure aromd stage 3 i g 3-26a. The following graphs show
the stall cell growing extremely rapidly, rst i the axial direction and then

circumferentially until the whole annulus i a`ected and the ow becomes more and
more axisymmetic (g 3-27d). The pressure ratio drops away rapidly to near unity.

The compressor exit pressure i the graphs i g 3-26 shows a low level at the leading
edge ofthe stall cell, and a high level at the trailing edge. Ti feature was also

present, though less clearly, i the lower speed data. This i a unsteady effect, caused
by the deceleration and subsequent reacceleration ofthe uid downstream ofthe exit

plane as the stall cell passes (an equivalent explanation can be obtained by considering
the ow redistríbution dovvnstream ofthe exit plane i a frame ofreference rotating
with the stall cell, such that the stall disturbance i approximately steady). At the inlet
the same effect i present i reverse; relative to the dovvnstream measurements the
disturbance appears to be shied i the direction ofrotation. At the leading edge,
where the upstream uid i being decelerated, the pressure i increased, and at the

trailing edge, where the upstream uid is being reaccelerated, the pressure is reduced.
The same features can be observed i the measurements of stable rotating stall i a low
speed compressor presented by Das and Jiang [1984].

3.4.2.6 Stage Characterístics

With casing static pressure transducers at inlet and exit to most stages i i possible to
estimate the stage characteristics. Approximate stage characteristics are shown i gs
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3-28 and 3-29. Because there were no measurements at stage 1 exit, stages 1 and 2 are
shown combined (hence the large value ofwork input i that graph). The
characteristics are based on pre-stall measurements during three transient events at

low, middle, and high speeds. They are only approximate for three reasons;

0 Transient changes a`ect both the measured ow and the measured pressure rise (in
effect, the stage has to work to accelerate/decelerate the owi addition to the
measured static pressure rise). Ti e`ect has been minimised by using only pre-
stall data, wis the operating point i moving only slowly.

0 The static pressures are measured using high response Kulite pressure transducers,
which are not designed to give very accurate DC-coupled measurements.

0 There are no angle or temperature measurements: the characteristics were derived
om the static pressure measurements (or total pressure measurements at

compressor exit) using a simple approximation ofxed deviation and eiciency.

I view ofthese limitations the stage characteristics shown i± gs 3-28 and 3-29
should not be used quantitatively. Nonetheless they can be expected to represent
qualitatively the effects of stage matching with engine speed.

At low speed the compressor operates i front end benign rotating stall, which a`ects
the mean static pressure as measured at the casing i the ont stages. At the particular
low speed operating condition used for the stage characteristics the mi e`ect was at

stage 0 exit, where the low static pressures recorded as the stall cells passed produced
a articially low stage work input at stage 0, and a articially high one for stages 1
and 2. For ti reason a correction was added to bring the stage 0 exit pressure into
lie with the median, as opposed to the mean, recorded pressure at that axial station

(effectively discounting the data recorded i the stall cells). Even so, the presence of
rotating stall means that the exact levels ofwork input i the ont stages at low speed
should be treated with some caution.

A second feature oflow speed operation i the presence ofhandling bleed at stage 4.
The mi e`ect, that of changing the ow along the machine, i accomted for i the
calculation ofthe stage characteristics. There is, however, a second e`ect, due to the
fact that the stage 4 pressres were measured i the axial plane ofthe bleed oltake (in
fact, each instrument head at that plane occupied one ofthe mid-stage bleed holes). At
low speed, therefore, when handling bleed is taken, the stage for measurements are
bomd to be affected. No correction has been made for ti e`ect. It i noted,
however, that with bleed switched on a low reading might be expected at stage 4 exit,
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and this would have the effect of depressing the measured work input of stage 4 and

increasing that of stage 5, which is precisely what i seen on the stage characteristics i

gs 3-28 and 3-29.

Taking into accomt the remarks above the change i stage matching wt speed i

entirely as expected. At low speeds the front stages are operating i a normally
unstable region, stabilised by the effect ofthe rear stages. A the speed increases the

stages become better matched, until at high speeds the rear stages are close to the peak
oftheir characteristics, wt the front stages operating some way down on the stable

(high ow) side.

The change i± stage matching described above explains the move i stall inception

point from the front ofthe compressor at low speeds to the rear at high speeds, i that
the disturbances start i the region ofthe compressor where the stages are operating at
the most stalled position relative to their characteristics. It is also noteworthy that the

long lengthscale behaviour seen at around 88% speed (section 3.4.2.4) i aromd the

poirt where the front and back are operating close to the peak oftheir pressure rise
characteristics. Ti i consistent wt the theory put forward by D I J Day and T R

Camp ofthe Whittle Laboratory that long circumferential lengthscale behaviour tends
to occur when a conpressor i well matched axially (Camp, 1995).

3.4.2. 7 Repeatabilíy

Stall/surge iception at any given speed i a deterministic event: the pattem ofgrowth
ofthe stall disturbance did not vary through the test. Figure 3-30 shows stage 3

pressure traces from three events recorded at roughly 82% engine speed some days

apart. The stall cell growth i very smlr between the three, even down to"some quite
minor Variations i pressure. The best was obtained by overlaying Kulite 1 data
om the second event on top ofKulite 4 data from the rst and third events. This
shows that the circumferentíal position of stall inception i not always the same,

although other measurements such as the high speed case described above did show a

preference for certain positions.

3.4.2.8 Summary ofStall/Surge in the VTPER Engine

Fig 3-31 surnmarises the díerent regions of stall behaviour i the VIPER engine

compressor. At low speed (up to 69% or 75% with stage four bleed on) the

compressor operates i 'benign' stall on the stable side ofthe surge line. Ti consists
ofthree or four stall cells rotating at around 57% ofrotorspeed, limited axially to the
front two stages, and considerably biased towards the outer part ofthe annulus. A the
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surge line i crossed one ofthe cells grows axially to the back ofthe compressor, and
then circumferentially. A it grows it slow down, swallowing the other cells. The nal

operating condition i fully developed rotating stalL

At middle speeds (up to around 88%) stall i initiated by a single cell at the front ofthe
machine rotating at aromd 56% ofrotor speed. This grows axially to the back ofthe

compressor and then circumferentially during approximately 8 rotor revolutions before

causing a signicant drop i compressor eºn`t pressure. Below 80% speed the nal

operating condition i fully developed rotating stall. Above ti speed the nal
condition i multiple surge.

At high speeds, stall inception occurs extremely fast (about l0ms or 2.25 rotor revs
om the initial rotating disturbance to a significant drop i combustor pressure). The
poit of iception moves towards the back ofthe machine, i line wt the movement
ofthe operating point towards stall i the rear stages (section 3.4.2.6). Unlíke events
at lower speeds, the disturbance grows for a period oftime (around 4 rotor

revolutions) at a xed circumferential and axial location before starting to rotate. The

speed ofrotation ofthe stall cell is now slightly lower (47%) relative to the rotor

speed. The cell i broader at the start than at lower speeds, though sil only aifecting a
proportion ofthe annulus (about 120 degrees or 9.7 rotor 0 pitches). It grows rapidly,
rst i the ail direction, and then circumferentially, until the entire annulus i

operating wt axisymmetric reversed ow. The engine then ames out durig the
surge cycle, and the ow and pressure ratio never recover.

3.4.3 Radial Extet of Disturbaces

The adhesive Kulites on the IGV vanes were used to measure the radial extent of stall

disturbances, and i particular to distinguish between part span stall, which a`ects

primarily the top few percent of span, and fl span stall, where major Velocity
uctations are present across the whole span.

3.4.3.1 Three Cell Benígn Rotatíng Stall at Low Speed

The benign rotating stall at low speed on the stable side ofthe srge line has already
been shown to be part-length, i that i a`ects only the ont ofthe conpressor. It was
previously assumed that i was also part-span, aífecting only the tp section of the
annulus. I ti section the static pressure measurements 'om the adhesive Kulites on
the Inlet Guide Vane (IGV) are combined wt a incompressible irotational duct ow
solution ofthe inlet ow to show that ti i not the case: the benign stall does a`ect
the whole ofthe span, although biased toward the tip region.
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The static pressure measurements from the adhesive Kulites are shown i gs 3-32 and
3-33. The latter graph shows the Variation i pressure uctuation with radius. The

pressure disturbance stems both from blockage i the stalled region and om unsteady
effects. The amplitude ofthe Variation at the tp i almost twice as big as the dynamic

head, and yet there i no source of loss upstream Hence Bernoullis equation i

patently insucient, and the shape ofthe axial Velocity disturbance cannot be directly
infered om the pressure signals. I the inlet duct, however, the ow can be assumed
irrotational and incompressible (at least at low speed as here). Under these
circumstances i i theoretically possible to derive the entire ow from a knowledge of
the static pressure eld i the plane ofthe IGV. I practice, two further assumptions
are required; that the inlet duct is approximately parallel annulus for a reasonable
distance upstream, and that the measured static pressure prole (at mid-chord)

approximates to that immediately upstream ofthe IGV.

Only the uctuating component ofthe static pressures was recorded at IGV mid-

chord, and not the DC level. Hence a altemative method was required to the
absolute level (ofpressure, or equivalently, ofVelocity) up the span. To ti end the

assumption was made that the mxmm axial Velocity around the annulus was the
same at each height, wt the overall level xed by the annulus average mass ow.
Ti approximation i justied below, but i is important rst to note that the analysis
as a whole i directed at the AC component of the disturbance: does the rotating stall

extend to the hub? A sal (or even large) error i the assumed radial prole of
maxinmm axial Velocity i unlikely to greatly a`ect the results.

The justication for the above approximation stems om two observations. Firstly,
the mathematical analysis below shows that for a sinple third circumferential harmonic
disturbance the ail Velocity reaches a mxmm (or minimum) at the same
circumferential positions at each radial height. The pressure measurements (g 3-32),
which are i phase radially, support ti conclusion i practice. Secondly, the ow at

any ofthe circumferential positions where the Velocity has a turning point must satisfy

(to a rst approximation) the same conditions as axisymmetic ow, because at these

positions the time and theta derivatives ofthe ow are zero, and therefore contribute

nothing to the overall pressure balance. Thus the radial prole ofail Velocity at
these positions i equivalent to that i axisymmetic ow, which i fairly constant.

It i convenient to collect together al ofthe assumptions required for the calculation;

1. The pressure eld as measured at part IGV-Chord mirrors that at IGV inlet.

2. The inlet ow i irotational and incompressible.
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3. The inlet duct i approximately parallel annulus.

4. The mxmm ail Velocity around the annulus i the same at each radial height.

5. The disturbances consist only ofzeroth and third harmonics circumferentially. Ti
i discussed later.

Dunham [1965] gives a general solution for incompressible ductow including

Vorticity e`ects. What i required here i simpler, i that the inlet ow i also
irrotational. Thus the ow can be calculated as a Velocity potential which satises

Laplace°s equation. The solution takes the form ofFourier harmonics i the
circumferential direction and Bessel harmonics i the radial direction;

Ø = Z (CL3: (r)+CºfBºf (r))eM-MZ âº
n

where Bf and Bf are Bessel-J and Bessel-Y fmetions respectively, of order n. n i
also the order of the Fourier harmonic i the circumferential direction. i a
constant allowing the radial Velocity (hence the radial derivative ofthe Velocity

potential) to be zero on the inner and outer walls; for each circumferential harmonic n
the set of, , wt their respective Bessel mctions, form a eigen-system for the
radial prole. Cf, and Cf, are constants which can be derived i the usual manner
from any component ofVelocity using the othogonality ofthe Bessel functions.

I order to apply the above equation directly, i is necessary to start wt a known

Velocity conponent at the measurement plane (arbitrarily dened as z=0). I ti case,

however, only the static pressure was measured, and so the following procedure was

adopted:

The Variation i amplitude of static pressure uctuations shown ig 3-33 was

approximated by a straight line to make the computations easier. The static pressure
uctuations (g 3-32) are approximately third order circumferential harmonics. The

Velocity potential was thus assumed to consist only ofthird and zeroth circumferential
harmonics (n=3 and n=0). A rst guess at the prole ofVelocity pertrbations was the
construeted using Bemoulli°s equation and ignoring circumferential velocñies. A
mentioned previously the pressure uctuations are roughly double the dynamic head.
For ti reason they were scaled down (just to give a guess) such that the
minimum ail Velocity was exactly zero, on the grounds that a high negative Velocity
was unlikely.

The rst guess ofthe radial prole ofaxial Velocity described above was used i

conjmction wt the Velocity potential equation (using 61 J and Y Bessel harmonics
for each ofn=0 and n=3) to generate the other Velocity components at the
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measurement plane and hence the static pressure prole. It had been intended to use
ti result to adjust the axial velocity prole, iterating the calculated and
measured pressure proles coincided. I the event, no iteration was required (g 3-

34). Note that the unsteady effects do ideed account for aromd halfofthe amplitude
ofthe static pressure uctuations.

The axial velocity prole used to match the measured static pressure prole is shown
ig 3-35. It shows the velocity perturbations to be signicant right down to the hub,

although larger at the tip. Inasmuch as the static pressures line up, and given the

assumptions stated earlier, i i the only solution for axial velocity, and so the benign

rotating stall on the stable side ofthe srge line has been shown to be full span i
nature (though weighted toward the tip) rather than part span, as had earlier been
assumed.

Although the calculated velocity uctuations did generate the correct static pressure

prole, i i important to see whether a equally good match might not have been
obtained from a sharper velocity prole more reminiscent ofpat-span stall. To ti

end, a second sharp' velocity prole (also shown ig 3-35) was introduced to the

velocity potential equation. The resulting static pressure prole i shown ig 3-34,

compared to the measured prole. The uctuations i static pressure are mil
conned to the tip; that i they do not spread significantly beyond the area where the

velocity i uctuating. The sharp peak i static pressure i a nction ofthe sharpness
ofthe discontimity ofthe axial velocity prole (a slightly smoother prole would
eradicate this peak), and therefore not relevant to the discussion. The mismatch
between the calculated and measured static pressure proles i this case, however,
conms the result that the VIPER engine exlibits fl span part length rotating stall at
ti operating condition.

3.4.3.2 Other Stall Dísturbances

The analysis i the previous section showed that i three cell benign stall at low speed,

major velocity uctuations occur across the whole span, though biased toward the
outer walL Fig 3-36 shows the amplitude ofthe static pressure disturbances as a
fmction ofradial height for ti case, compared with operation at a number of other
conditions. The proles obtained for the four cell rotating stall pattem (further from

stall) at low speed are qualitatively similar to those for the three cell pattern. The

prole for the single cell fully developed rotating stall, on the unstable side ofthe surge

line, i more nearly constant, indicating that the bias toward the outer radii has been

considerably attenuated.
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At middle and high speeds, where there i no benign stall prior to reaching the surge

line, the picture i as the sigle cell low speed data. That is, no major spanwise e`ect
i present, either during the transient or i stable rotatig stall. By way ofexample, the
solid circles ig 3-36 represent the radial prole ofthe single cell disturbance leading
to stall during event Tl2l206 at 80% engine speed. I the case ofthe high speed
events (above 88% speed), i should be remembered that the stall disturbance starts

part way along the machine, and so the very start ofthe transient cannot be traced

accurately using Kulites on the IGV. u

3.4.4 Fast Data Acquisitio Results

The last events i the second experiment were recorded with the high response Kulite

pressure transducers coupled to the 48 channel data acquisition mt running at a

sampling equency of25kI-Iz/channel, with a anti-aliasing cut-oiffrequency of
12.5kI-Iz. Ti conpares wt a blade passig equency of 6670Hz at 100% speed.
The sampling equency was thus suicient to resolve blade passing, but insuicient to
record accurately the blade-to-blade variations i static pressure.

Within the limits described above, the blade passing signal was unchanged as stall was

approached. Fig 3-37 shows the ensemble averaged once/rev static pressure signal

away from stall and close to stall at 83% speed.

The most strildng result ofthe tests with the high acquisition rate i the existence of

high equency signals which grow prior to stall Fig 3-38 shows the average power i
the 0-4kHz band as measured by the Kulite pressure transducers at inlet to the

compressor during event T121210, a inbleed and decelerate stall event (described i
section 3.3.2.3) where the surge line was approached slowly. Time rms from top to _
bottom along the y axis, and the stall can be seen as the horizontal line just above 0. ls.
Shaft orders have been removed using the process described i section 3.3.2.5. The

spikes at the top ofthe graph represent shaft orders at the beginnig ofthe event
before the removal procedure has sicient data to operate e`ectively. There is a clear
band ofactivity i the 1000-28001-Iz region that grows i amplitude right up to the stall

point.

Much ofthe broadband noise shown i g 3-38 is sal amplitude, and incoherent
between transducers. It has proved possible, however, to deduce that i consists of a
series of disturbances that rotate around the annulus at approximately 1261-Iz. Fig 3-39
shows the cross-correlation between inlet Kulites 2 & 3 based on a 400 point window.
The sal peaks prior to stall correspond to multiples ofthe rotor 0 blade to blade

passing time and are not signicant. There i a signicant peak however at a delay of
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around 3 1 time units. Having taken account ofthe angle between the transducers ti
translates into a rotational speed of l26Hz (66% of shaft speed, which compares wt
the stall cell rotational frequency of 55% of shaft speed). Similar peaks are present

away from stall and moving ito stall, although the stronger correlation is that obtained

moving ito stall Fig 3-40 shows the phase lag derived om a 1024 poit cross-

spectrum between Kulites 2 & 3 moving into stall during the same event. Points of

strong amplitude (rather than coherence level, which could not be obtained because of
the necessarily short time-frame) are marked with a star. A line has been overlaid

corresponding to a constant delay of 198 time units (equivalent to a disturbance
rotation frequency of l26Hz). This conrms that the l26Hz rotation speed applies

right across the 1500-3000Hz activity range. _

The l26Hz rotation speed should be treated with some caution, as it wl be seen
below that the disturbance i modulated by the presence of a stall cell That is, the
fundamental frequency ofrotation may be different, but the rotation ofthe stall cell

selectively amplies the dísturbance giving a apparent rotation rate close to that ofthe
stall cell (105Hz).

Transducers 2&3 show the strongest correlation of any pair oftransducers, although
smlr results can be obtained from other consecutive pairs. The coherence between
non-consecutive pairs i lower, suggesting that the high frequency disturbances die

away rapidly (or change form rapidly) as they move around the compressor. There
was also negligíble coherence between transducers from di`erent stages, suggesting
that the disturbances are very localised i nature.

Although the broadband high frequency noise i generally low amplitde wt low
coherence between transducers, something of its structure i revealed during stall

inception, because these higher equencies are amplied wti the developing stall
cell. Fig 3-41 shows the inlet Kulite time traces for event Tl2l210, normalised and
wt shaft orders removed, skewed at the stall cell equency of 105Hz (that is, each
successive trace i moved toward the le by a amount commensurate wt the angle
between the transducers and the rotation rate of l05Hz). By repeating the traces wt
360° and then 720° more skew the prole ofthe stall cell i traced over three
revolutions. As well as showing the general evolution ofthe stall cell, gure 3-41
shows 'ngering', ie more than one peak of static pressure wti the stall cell. Ti

type ofbehaviour has been observed by the author during tests of other compressors
not reported here. It i clear fromg 3-41 that the 'ngers' are not simply transported
around the annulus wt the stall cell. Fig 3-42 shows the same data, but this time
skewed by 1261-Iz. Now the ngers line up between the traces. Thus the irregular
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'ngerig' ofthe stall cells i a direct result ofthe broadband noise described earlier

being amplied i the stall cell region.

The 'ngering' described above can be seen to be limited to the tp region ofthe

compressor. Fig 3-43 compares the time traces from the inlet (casing mounted)
Kulites to those om the adhesive Kulites on the IGVs. The 'ngering' i seen at the
casing, but only to a much reduced degree rther inboard. Presumably, then, the
broadband noise i also limited to the blade tips.

It i a general fact that many types of disturbances grow as a compressor, or stages
within a compressor, move towards the top oftheir characteristics, simply because
there i no change ofpressure rise capability to stabilise uctuations i± ow through
the compressor. The origin ofti particular high frequency disturbance cannot be
deduced from the measurements currently available. A modal signal at 1500-3000Hzâ

rotating at l26Hz around the compressor would have 12-24 lobes and, by way of
comparison, there are only 29 blades i the rst rotatig bladerow, which is

immediately downstream ofthe measurement plane. Thus the disturbance would cover

only 1.2-2.4 of a blade pitch. More likely i some form of coherent vortex shedding
(the Strouhal number based on the chord ofthe rst rotor i 0.13).

Other disturbances are present i the compressor that grow prior to stall Downstream
stages show di`erent equency bands of sucl behaviour, although generally weaker
and without any detectable coherence between the transducers. It i also tne that low

frequency (0-400Hz) noise grows prior to stall (section 3.4.5). The signicance ofthe
high frequency disturbances (if they prove suiciently general) i that they can be
detected faster than their low-frequency counterparts, and could thus prove more
useful as a basis for stall detection.

3.4.5 Pre-Stall Behaviour

I the previous section the high equency content of the pressure signals was shown to

change as stall i approached. Ti section considers the pre-stall behaviour at lower

frequency (0-400Hz).

3.4.5.1 Transíent Rotatíng Stall Cells

Figs 3-12 to 3-15 showed time traces from the Kulite pressure transducers prior to and
during stall at middle speeds taken with the lower sample rate of4000 samples per
second. Activity can be seen on the inlet traces, and at a lower level on the other
traces as well, prior to the appearance ofthe stall cell that grows into the stall/surge
event. A detailed examination of the time traces (such as shown i the next section)
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shows the activity to be related to stall cells, limited to the ont ofthe compressor,
that last for up to 5 revolutions (10 rotor revolutions) before dying out.

The position ofthese °transient' stall cells is tracked ig 3-44 using the phase ofthe
rst circumferential harmonic ofthe static pressure at compressor inlet prior to stall.
Ti type of analysis was rst presented for stall results by McDougall [l988], using a

program by Longley. Note that the input measurements have been lowpass ltered to
remove other signals (shaft harmonics i particular) that would otherwise interfere with
that ofthe transient stall cells. The raw time traces are shown underneath for

reference. When transient stall cells are present the phase changes at a steady rate,

showing up as straight parallel lines on the gure. Bands of stall can be seen that last
for between two and ten rotor revolutions (1 to 5 stall cell revolutions) throughout the

period. Such bands have been observed up to 100 rotor revohtions prior to stall,

although the period oftime i related to the speed at which stall i approached. It
should be emphasised that although the phase ofthe rst harmonic i plotted, the
disturbances at inlet are much sharper than pure harmonic waves. Their precise nature
i considered i± the next section.

Pre-stall disturbances ofti type only exist over the *middle* speed range (dened i
section 3.4.2) i± which no benign rotating stall i present and yet stall initiates at the
front ofthe compressor. No clear pre-stall disturbances were observed at high speed.

3.4.5.2 Possible Long Lengthscale Behaviour Prior to StalVSurge

Flow disturbances leading to stall on the VIPER engine typically have a short
circumferential lengthscale (ie "spikes"). Fig 3-16 shows time traces from the inlet

duing the 79% speed stall event Tl80804, where the disturbance that grows into stall
has a short circumferential lengthscale. Fig 3-17 shows the time traces from the
Kulites at stage 3. Although the disturbance i slightly broader i time (and therefore

circumferentially) than at inlet, the area between occurrences i relatively unaifected by
the presence ofthe stall cell.

Notwithstanding the above, there are bands ofactivity well before stall i the middle

speed events which do appear to have a longer circumferential lengthscale. Figs 3-45
and 3-46 show one such band 0.3s prior to stall during the same event. These gures
show the inlet and stage three Kulites respectively, normalised and wt shaft orders
removed according to the procedure described i section 3.3.2.5. I each case the
measurements are plotted tvvice up the page to allow the path of the disturbance to be
traced more easily. The inlet Kulites (g 3-45) show a short circumferential

lengthscale disturbance, but the stage 3 Kulites (g 3-46) show more of a longer
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lengthscale type ofbehaviour, where the disturbance aifects the whole annulus. The
disturbance at stage 3 i harder to than at inlet: successive troughs on the
lowest trace occur at 38 and 47ms along the x-axis. By overlaying the two gures i
can be seen that the shot circumferential lengthscale disturbances at inlet coincide wt
the troughs at stage three, which i consistent with a blockage e`ect somewhere
between the two aºdal planes. _

It i possible that ti pre-stall activity i mdamentally a long lengthscale disturbance

(that is, one which can be modelled using low circumferential order or even liear

approximations), wt the peak pressures intensied at compressor ilet. Alternatively,
it may be that the disturbance i mdamentally of short circumferential lengthscale at
inlet, and that the stage 3 data is circumferentially mixed out i some manner.

It i signicant that i no case has i proved possible to trace a single modal wave for
more than a few revolutions before the stalling disturbance becomes clear to the eye
om the time traces. Thus there i no substantial period ofliear modal behaviour

prior to the inception of shot lengthscale disturbances that lead to stall Also the short

lengthscale disturbances start while the amplitude of any modal disturbances is ofthe
same order ofmagnitde as the background noise. This implies that using active
means to control the rst harmonic (only) ofthe disturbance would be of little benet
i increasing the surge margin of the compressor, because at a slightly higher loading,
random noise would be suicient to initiate a short lengthscale disturbance.

3.4.5.3 Stall Detection Methods

A number ofdiiferent algorithms were used on the pre-stall data i a attempt to
derive äíindication of A very simple example i shown i± g 3-47,
where the mean signal power i the low frequency range (up to rst sha harmonic) i
plotted against time on a rolling average basis, averaged over al ofthe transducers at
each axial plane. At ti middle speed condition stall starts at the front ofthe

conpressor, and the inlet transducers show a general increase i the level ofactivity
wt a particularly marked jump at around l400ms, which is roughly where the
transient rotating stall cells (section 3.4.5.1) become visible. The stage 2 transducers
show a smaller but sil signicant rise. Towards the back ofthe compressor little

change i observed, which i again consistent with pattem of stall inception at this
speed.

Al ofthe algorithms tried responded to the transient stall cells at middle speeds
described i section 3.4.5.1. None gave a robust stall indicator, however. There

appear sometimes to be *quiet* periods i the approach to stall where the ow behaves
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as it does away om stall. At high speed i is difficult to nd any distinctive features of
the owjust prior to stall. One ofthe algorithms applied was used by Tryfonidis et a

[1995] to detect pre-stall modal waves i a number of compressors prior to stall Ti

algoithm has become fairly well-kown, and so its application i reported i± detail.

The idea ofthe technique used by Tryfonidis e a i to use each ofthe measurements
at a axial plane to deive a measure ofthe power of coherent signals travellig around
the annulus. Ti i done using a time-windowed Fourier technique described below.
Ti type of analysis was used on the data from the second experiment to see iany
modal pre-stall waves could be detected.

The technique has three major limitations:

1. Because the signal has to be integrated over a reasonable time interval ti

technique cannot track rapidly changing signals. Ti i a particular drawback when
the method i used prior to the stall disturbance becoming visible to the eye, as
disturbances may last for only a short period oftime.

2. Because there are only a small number ofKulites i each axial plane only the rst
two circumferential harmonics of any disturbance can be traced. Higher harmonics
are aliased back onto these. Ti causes fewer problems than might be envisaged,

however, because the frequency ofa signal at a given circumferential velocity i

proportional to the mode number. Since ti technique gives a power spectrum
over a range offrequencies the circumferential harmonics do not interfere.

3. I a engine environment extemal pipework and irregularly shaped casigs lmt the
number ofpossible positions for instrumentation, and the transducers i the VIPER

experiment could not be spaced evenly around the conpressor (table 3-1). It can be
shown that for the rst harmonic this has little e`ect on the result. For higher
orders of disturbance, however, the effect of circumferential displacement ofthe
transducers i multiplied up, and the harmonic content of a wave can be incorrectly

represented. Even the circumferential direction ofthe propagation was found to be

equently mis-represented for the fourth order benign stall (beyond the obvious
reversal of direction for a aliased signal), although ti was partly due to a genuine
difference i response between the di`erent transducers. A example ofthe effect
ofuneven spacing can be seen i the low speed results at stage 3 (described below)
both i terms ofthe leakage ofthe third order signal into a rst order signal and the
reversal of direction ofthe aliased fourth order signal.
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It should also be noted that i order to derive the rotatig signal power estimate i i

necessary to split the signal at each frequency into rotating and stationary waves. This

split i somewhat arbitray, as two waves travelling i opposite directions around the
annulus are equivalent to a stationary wave. The best assmption, and the one used by

Tryfonidís et a, is that the wave energy at a frequency i split between a stationary
wave and a single rotating wave, either forwards or backwards. It has already been
noted that for the higher circumferential harmonics, uneven transducer spacing and/or
variable response ofthe transducers can affect the apparent direction of rotation ofthe
disturbance. A better method for tracing these harmonics would thus be to trace the

activity level regardless ofthe direction ofmotion (that is, a simple 2D FFT method).

The implementation ofthe technique was as follows:

1. Take al transducers i a axial plane.

2. Take successive time windows. A 1024 point (0.25 s) window was found to be

optimal for the VIPER measurements.

3. For each window:

3.1. Remove any linear trend from each signal, to cancel the e`ect ofthe

moving operating point.

3.2. Nomalise each signal by a standard deviation calculated well away from
the stall event.

3.3. Calculate the two-dimensional Discrete Fourier Transfonn

The 'propagating wave energy' i the forward direction is then the difference between
the squares ofvalues corresponding to the positive and negative frequencies ofthe rst
circumferential hamonic (the second harmonic was as used, giving broadly smlr
results).

Figs 3-48 to 3-53 show typical results ofthe analysis at four engine speeds, i± each
case using measurements om the axial plane where the stalling disturbance was
clearest. Stage 3 and stage 4 results are also shown for the 67% speed case, where the
signals at inlet are dominated by the multiple cell benign ont end rotating stall I
each case the three lines, moving up the page, represent time windows some distance

apart. The three time windows chosen for each speed are shown ig 3-54. The best

representation ofthe data on the computer screen (but not for black and white

reproduction) was found to be a contour plot ofpositive rotational energy against

frequency and time, using al ofthe information available om successive time
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widows. At low speed it proved necessary to scale the results from different stages
due mainly to the changing arplitude ofthe four cell benign stall wt axial distance.

Figs 3-48 to 3-50 show the results for the measurements at inlet, stage 3 and stage 4 at
67% speed. It wl be remembered that at ti speed the compressor operates i

benign' stall even on the stable side ofthe surge line. With ve transducers the four
cell signal i aliased to a negatively rotating rst mode signal, which i very evident at
around 2.2 times sha equency at compressor inlet. Stages 3 and 4 also show âº

activity at fourth order equency. I the latter case ti i not a directly aliased signal
as there are sx transducers at this stage. It i instead a leakage e`ect from the fourth
order signal due to the irregularly spaced transducers. The apparent direction of
rotation ofthe fourth order signal at stage 3 changes part way through the event. This
cannot be accounted for by the uneven spacing ofthe transducers alone. It could stem
either om a dierence i response ofthe instruments to the passig cells due to local
e`ects such as position wt respect to blade wakes or comer separations, or less likely
om a varying propagation speed as the cells rotate.

A stall i approached stages 3 and 4 show signicantly increased rst order activity at
aromd 0.5 - 0.7 times sha speed. Hence the propagating wave energy method does

successlly track the change from four cell to single cell stall (as ideed does a
windowed Fourier transform of a single channel). It i signicant that spikes at a range
ofequencies are produced, even though there i a clear single cell structure at the
stall point (section 3.4.2.1). There are many possible explanations for this: the method

picks out the rst order di`erence between the four cells, and growth ofti difference

may well be very uneven. '

I addition to the rst order and aliased fourth order signals the plots at low speed

(and higher speeds too) show some growth i activity at second and third order. Ti
i a leakage effect of these higher hamonics into the rst order signal and i due to the

unevenly distributed transducers as considered above.

Fig 3-51 shows results from compressor inlet at 79% speed. Fig 3-52 shows similar
data at 80% speed. The once per shaft revolution disturbance i now seen on al traces

(at lower speeds i was not seen because the sealing ofthe graphs had to be reduced on
account of the large disturbances related to the permanent benign rotating stall).

There i a signicant change i± the propagating wave signature between the top two
traces on both graphs. The change i seen most clearly as a aliased signal at four
times rotating stall frequency (as described above). The fact that ti aliased signal i
more signicant than the rst harmonic should not be taken as a indication offour
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stall cells (the time traces clearly show a single cell structure). Rather, i i the effect of
a circumferentially sharp stall disturbance. Note that there i little change i the

signatures away from stall: the analysis reveals little before the stall cell becomes
visible to the eye on a time trace.

The high speed results om stage 4 are shown ig 3-53. There i relatively little

change i± the wave energy graphs as stall is approached. The only feasible indicator of

approaching stall is the increased amplitude shown i the time window closest to stall

(top trace). Unlike the results at lower speeds, however, the change i behaviour i
indistinct and shows no obvious ln to growing rotating stall activity.

I summary, the method used by Tryfonidis showed no clear indication of impending
stall beyond what could be distinguished by eye from the pressure time traces. It does
however accurately represent the low circumferential hamonic content ofthe growing
stall cell, including the change from three or four cells to a single one at low speed.
Care should be used i interpreting results om higher circumferential harmonics,

particularly ithe transducers are unevenly spaced around the circumference.

3.4.6 Stall Drop-Out

Fig 3-55 shows successive time traces om one ofthe inlet Kulites during event
T081204 as the engine i accelerated along a normal working line from operation wt
the benign rotating stall described i section 3.4.2.1 to axisymmetic operation. The .
lowest trace represents operation wt the usual four cell pattem ofrotating stall A
the engine i accelerated the number ofcells drops from four to three (second trace).
One ofthese cells then decays away (third trace), and then the second (top trace) and
then the third (axisymmetric operation). The signicance ofthis is that the four and
three cell structures represent forns ofrotating stall modes for ti particular
compressor: there i no region of 5 cell stall, and likewise there i no region oftwo cell
stallwt the cells equidistant.

3.5 DISCUSSION

The results presented i ti chapter represent the rst detailed analysis of stall

inception i a aeroengine based on a fl coverage ofhigh response instrumentation,
and one ofthe rst detailed analyses i a high speed compressor. Stall inception at al

speeds i the VIPER engine has been shown to be determiistic and repeatable. For
each stall event i has proved possible to trace the disturbance leading to stall/srge
from its inception over a region limited i extent both circumferentially and axially,
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through a period ofail and then circumferential growth, into fly developed rotating
stall or axisymmetric surge. V

The mi thrust ofthe two experiments reported i ti chapter was to provide

analysed data on the nature of stall inception, that i the growth ofa ow disturbance
from nothing into fully developed stall or surge. Ti aspect ofthe results i discussed
rst. Pre- and post-stall behaviour are then considered, followed by comments on the

importance ofthe results wt respect to stall modelling and active control of

stall/surge. A

3.5.1 Stall Inception i an Aeroengine

The VIPER engine shows a remarkable variety of stall inception behaviour, dependent
on engine speed. At low speed the compressor operates i three or for cell °benignâ

rotating stall, limited to the ont ofthe compressor, even on the stable side ofthe

surge line. Stall inception occurs as one ofthe cells grows to the back ofthe

conpressor and then circumferentially. At middle speeds stall inception is related to
the appearance and growth ofa single stall cell at the ont ofthe compressor, which

again grows quickly to the back ofthe compressor and then circumferentially. At high

speed the disturbance starts i the middle ofthe compressor, growing for four
rotor revolutions at a xed circumferential location before starting to rotate.

At nearly al speeds stall inception i the VIPER aeroengine starts wt a stall cell of
limited circumferential extent, consistent wt the description ofnite stall cells given

by Day 199la, rather than the modal type ofpre-stall disturbance observed by some

experimenters. There issome evidence of long lengthscale behaviour, however,

particularly i a very narrow speed range around 88% (section 3.4.2.4). Ti is
consistent wt the theory put forward by D I J Day and T R Camp that long
circumferential lengthscale behaviour tends to occur when a compressor is well
matched axially (Camp, 1995).

Many ofthe expectations ofthe stalling behaviour, based on previous mainly low

speed experiments, have been bome out. The axial position ofthe disturbance

leading to stall moves towards the rear at high speed, i line wt expectation based on
the stage characteristics. Also rotating stall i visible at the start ofevery stall/surge
event, even those at high speed where the disturbance later develops into axisymmetic

surge. Ti feature was observed at low speed by Day [l994a], and at high speed by
Riess and Bloecker [l987]. I
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The observation at high speed ofthe disturbance growing at a xed circumferential
point before starting to rotate appears to be new. It is presumed to be due to a
unknown geometical non-unifonnity. Jackson [l987], testing a single stage
compressor, reported a disturbance leading to stall that was xed i a frame

rotating wt the rotor, although his results were later contested by McDouga]1 et a
[99o].

A multi-lobed disturbance has been discovered at middle speeds, limited to the tp
region ofthe rst stage, that rotates at a slightly faster rate than stall cell speed. Ti
disturbance i only weakly coherent between measurement stations circumferentially,
but can be seen to grow i amplitude prior to stall When the stall cell appears i
locally amplies the multi-lobed disturbance giving rise to a ngered' appearance of
the stall cell Similar ngers° have been observed i a number of other stall inception
t6StS.

The stall inception behaviour i generally smlr to compressors tested on rigs. Ti i
not suprising; the time period over which stall iception occurs i sal compared to
the lling and emptying times ofupstream and downstream volumes, and the time
itegrated effect ofheat addition on varying amounts ofar i the combustion chamber.
Tlus stall inception can be considered as primarily a compressor event, whereas post-
stall behaviour i heavily dependent on the e`ects ofthe surrounding components.
Ti i conrmed i part by the fact that the stall inception behaviour at 78% and 82%
engine speed i identical, even though the nal operating condition i stable rotating
stall / axisymmetic surge respectively. `

3.5.2 Pre-Stall Behaviour

At low speed the VIPER compressor operates i± permanent three or four cell rotating
stall, even on the stable side ofthe surge line. Ti type ofrotatig stall i benign i
the sense that i does not prevent normal operation ofthe engine. The stall cells have
been shown to be limited axially to the rst stage, with a low static pressure *tail*
extending axially downstream part way along the compressor. The cells have also been
shown to bel span type, although biased toward the outer annulus. Ti is contrary
to expectation, but i consistent wt the observation by Day et a [1978] that a large
number of stages gives a propensity forl span rather than part span stall

At middle speeds, bands ofrotating stall are visible, sometimes for over 100 rotor
revolutions prior to stall. These bands consist of small amplitude stall cells growing
and dying out. It i unclear for some ofthese bands whether the disturbance i

fmdamentally spike' like (small circumferential lengthscale) or modal (long
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circumferential lengthscale). No modal type of disturbance i seen however, that

grows for a substantial period oftime before the onset of spike-like stall inception.
The type of analysis used by Tryfonidis e a [1995] captured the bands ofrotating
stall, but showed no sign ofany disturbances not seen by eye om the time traces.

At high speed no pre-stall disturbances were found before the growth, initially at a
xed circumferential and axial position, of the disturbance leading to sfall/surge.

3.5.3 Post-Stall Behaviour '

There i a sharp dichotomy i± the post stall behaviour at around 80% of engine speed.
Below 80% speed the stall cell stops growing circumferentially, leavig the conpressor
i single cell rotating stall at very low ow, pressure ratio and eiciency, but wt the

compressor operating steadily i the mean. Above 80% speed, the stall cell grows
until the entire compressor i operating i reversed ow, and the engine moves into
violent multiple surge, where the ow direction changes at a frequency ofabout 8Hz.
Ti dichotomy ofbehaviour agrees wt the theory developed by Moore and Greitzer
[9s6].

At very high speed nltiple surge is prevented by a aneout ofthe combustor, which

modelling (Freeman and Wilson, 1992, also chapter 4) suggests i due to rich
extinction as the ar ow through the combustor drops of Ti i ofcourse a product
ofthe engine environment ofthe compressor, and would not be reected i a

compressor rig test.

3.5.4 Implications for Stall Modelling

There are a number ofsignicant aspects ofthe results wt respect to stall modelling.
Perhaps the most important is the short circumferential lengthscale ofthe stall _
inception process. Ti can cause some diiculty for pitchwise averaged stall inception
models as discussed i chapter 2. It is also a indication ofthe importance ofthe non-
linear terms, i that there is clear modal coupling; i the stages al ofthe
circumferential harmonics travel together at the same speed.

The measurements ofthe benign stall at low speed carry implications for stall models

designed to cover ti speed range. It i unlikely that a model unable to simulate the
front end benign rotating stall at low speed could accurately track the stalling process
at these speeds i terms ofthe growth rate ofthe single cell disturbance, which must be
different starting from a existing disturbance. Ti limits the performance ofboth

lumped parameter (ID circumferential) models such as Moore and Greitzer's [1986]
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and models wt no circumferential dimension (such as developed by Greitzer before
hs paper wt Moore).

The case for a radial dimension i a stall model i not proven by these results. O the
one hand, the benign stall at low speed has been shown to have a strongly three-
dimensional nature, being much stronger near the tip, although not so much as true
part-span stall. O the other hand, stall cells appear to be broadly two dimensional for
a large part ofthe period between inception and fully developed rotating stall or srge.

The high frequency disturbance observed prior to and during stall appears to play little
part i the inception process, i that it i limited to the tp ofthe blades and rotates
independently ofany stall cells, apart from being ofincreased magnitude wti the
cells. Thus ti high frequency disturbance need not be included i a stall model.

The observation that at high speed the disturbance leading to stall i xed i a
stationary ame must be of some concem to stall modellers. It i assumed to be
related to a geometric non-axisymmetry, ofwhich there may be many i± a old engine.
At the same time there i no known geometrical feature to cause ti behaviour, and so
there i no clear input to a stall model to allow i to be reproduced. It i a very
signicant feature ofthe stalling behaviour, however, i that i comprises the majority
ofthe short time period between any ow disturbance becoming visible and a
signicant drop i combustor pressure.

3.5.5 Implicatíons for Active Control of Stall

The results described i± ti chapter have four mi inrplications wt respect to active
control of stall/surge; i _ ' .

1. The variety of stalling behaviour observed limits the generality of any stall control
device. A system developed to control the stalling behaviour at middle speeds,
where the disturbance starts at the front ofthe cornpressor, may not be e`ective
either at low speeds, where the compressor operates i benign stall even on the
stable side ofthe surge line (the system would have to be able to distinguish
between ti benign stall and stall inception proper), or at high speeds, where the
disturbance starts towards the back ofthe compressor, and the disturbance
does not even rotate._ Similarly, a control system designed for one engine type
cannot be expected to work on another engine type, where the stall pattems may be
different again. The variety ofbehaviour also icreases the rs of such a system; a
control system that successfully increases stall margin by preventing the growth of
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rotating stall may not add much stall margin i a non-rotating mode (such as i
observed at high speed) quickly becomes unstable.

The short circurnferential lengthscale ofthe disturbances leading to stall make active
control more diicult; the modal type of stall inception controlled for example by
Paduano et a [1993] allows for fairly simple linear control algoithms wt
relatively low-speed actuation devices. Nonetheless active control has been

successlly applied to spike-like disturbances [Day, l993b].

The speed of stall inception makes active control dicult at high speed. The time
period between the rst sign of a disturbance and a sizeable drop i compressor exit
pressure i ofthe order of sx rotor revolutions. Four ofthese relate to the growth
ofthe disturbance at a xed circumferential position, which may not prove to be the
case i general. The task then becomes one of controlling a stall cell rotating at
around 1l0Hz wti one (stall cell) revohtion with ightworthy actuators.

The position of detectors (and presumably actuators) is important.
Thedistrbanceat high speed, for instance, would not be picked up by detectors at the
ont ofthe compressor. Likevvise the circumferential denition provided by a
detection system would have to be carefully considered. This problem i
particularly acute at high speed, where suicient detectors would have to be

deployed to ensure the stationay disturbance was resolved.
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4. COMPRESSORS IN PARALLEL MODEL

4. 1 OBJECTIVES

The primary objective ofthe work described i ti section was to produce a simple
model of stall/surge inception, growth, and post-stall transients of a compression

system i± a engine environment. The rst use of the model was to test numerically
various active control algoithms based on the type of control geometry used by Day
[l993b, described i section 2.3]. The fomulation ofthe model, however, also makes
i suitable for ivestigation ofother phenomena, such as those associated wt
combustor instabilities.

I order to test active control strategies using the model, i i necessary to represent

accurately the short circumferential lengthscales ofthe disturbances leading to stall, as
the control of such disturbanceswould be expected to be quite dierent om the
control of low order circumferential hamonics. It i also necessary to capture the rate
ofdecline ofpressure i the downstream plenum, i order to gauge the reaction time

required of a stall control device. It would be preferable to model the period of
stall inception, when the disturbace leading to stall i very localised wti the

compressor. Ti last feature, however, is precluded by the simplicity ofthe model.

4.2 DESCRIPTION

4.2.1 Overview

For stall point prediction, concemed only with the growth ofsal amplitude ow
disturbances, a linear model would be acceptable. I order to trace the disturbances to

large amplitude a non-linear model is essential, particularly wt regard to the

compressor characteristic (that is, a constant slope characteristic i isuicient).
Because ofthe diiculty posed by non-linear modelling the approach i numerical
rather than analytic.

I the previous section i was noted that the model would have to represent accurately
the short circumferential lengthscale over which the stall instability starts. Thus i i

necessary that the model has a circumferential dimension. 32 circumferential nodes
were selected as being the lowest number to adequately dene the initial disturbances.
The simplest such model was selected, namely one with no radial dimension, and wt
various assmaptions being made (descnbed i the next section) such that the whole

conpressor performance could be modelled as a form of semi-actuator disc (that is, the
model accouits for the momentum ofthe uid i the compressor, but the performance
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of each idividual bladerow i combined ito a single characteristic). The two
dimensional (circumferential and axial) owi the inlet duct was solved analytically.

I order to capture the drop i± pressure at the back ofthe conpressor, i was necessary
to model the combustion chamber. Ti i geometrically more complicated than the
more usual case of a compressor rig wt a simple plenum behind. For simplicity, the
combustion chamber was split into a hot and a cold volume wt ow through a single
orice omthe cold to the hot (or vice versa i extreme conditions), and a choked exit
nozzle from the hot volume. The two chambers were assumed to be totally mixed out

(ie. constant uid properties) both circumferentially and axially. A very simple
combustion eiciency characteristic was added, primarily to describe the ame-out
which occurs during high speed surge events. A

I the model, as i± the experiment, some method i required to move the engine om
its normal working line towards surge. To ti end a simple choked nozzle calculation
was perfonned to itroduce high pressure ar into the cold chamber ofthe combustor
i the same way as the expeiment described i chapter 3. Similar levels ofinbleed

pressure were used i the model to those i the experiment (at middle and high speeds;
i the experiment at low speed the engine was moved to stall by overfuelling at a rate

beyond that normally allowed). The effect ofthe ibleed on the stall behaviour is
discussed i section 4.3.4.

A schematic view ofthe engine as modelled is shown ig 4-1. The model i referred
to here as a compressors i parallel model,but it should be noted that there i
information exchange between circumferential nodes not only at inlet and -exit, but also

along the compressor i terms of axial momentum transfer. Ti i discussed further i
section 4.2.3.

4.2.2 Assumptions/Approximations

The major assumptions inherent i the model, listed below, are those commonly used
for lumped parameter pitchwise averaged models. A more general discussion of the
various assumptions i given i section 2.2.

1. Two dimensional ow (hence high hub/tip ratio).

2. Pseudo-incompressible ow i the compressor. No mass storage i accomted
for within the conpressor, but the density i allowed to rise through the compressor
as the duct area falls.
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Purely axial instabilities i the compressor. That is, disturbances leading to

stall/surge are arranged axially along the compressor. This has been generally

observed, and i usually assumed i such models. For the particular case being
modelled here, namely rotating stall i a VIPER engine, i has been experimentally
veried (chapter 3).

Negligible ow redistribution i the gaps between the bladerows. Ti was the
conclusion ofDunham [l965], although it i questionable for the sal
circumferential lengthscale distrbances being modelled here (see section 2.2 for a

discussion). The more complex method described i± chapter 5 models the gaps

directly.

Pitchwise averaged bladerow performance so blade-to-blade effects are ignored.

Quasi-steady bladerow performance. Ofthe lag terms used by Moore and
Greitzer [1986] (see section 2.2), the inertia ofthe uid i the blade passages i
included naturally i the formulation ofthe compressor model. The response ofthe
blade forces, however, i assumed to be instantaneous (this was said to be a
reasonable approximation i that paper). The blade forces are also assumed to be

independent ofthe pressure ratio across the bladerow (i a unsteady model the two
do not necessarily match).

Bladerow performance (at a given shaft speed) solely determined by axial
mass ow. I fact, ithe deviation om the lightly loaded IGV i assumed to be
constant regardless of incidence, ti can be seen to be a consequence ofthe earlier

assumptions: igap e`ects are ignored, the inletow angle to a bladerow i set

purely by the axial ow and the deviation from the previous bladerow. Hence ithe
deviation ofthe IGV i purely a fmction ofthe axial ow, so i the deviation ofal

subsequent bladerows, and the velocity triangles for each stage are uniquely dened

by the inlet ow.

Under the above assumptions, the entire compressor performance can be collapsed ito
a single axisymmetric pressure rise' characteristic (see section 2.2 for a denition of
ti term), which can be applied at each circumferential position independently.

I addition to the above there are a number ofmore specic assumptions, particularly
wt regard to the combustor, which are introduced as required below.
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4.2.3 Compressor Model

The compressor model stems om a simple application ofthe ail momentum

equation integrated axially from compressor inlet to compressor exit. For two
dimensional ow, the ail momentum equation i

âu â u â \1
på-+pu å +p re ae :_/\<gí+F, (Bqu4.)

. . Q» â
where FB s the axal body force described 1

º Q

a

. . . . 611âFor a machme desgned for near constant axal velocty, pu- z 0.

The above equation is applied i a form integrated over the length ofthe compressor:

FB T P2, Az
P1, A1

4 1 âº

Öl r 59

where M = pAl i the total mass ofuid i the compressor. A better approximation is
obtained using the °e`ective° length ofthe compressor, ' le, ="l/cosz r , followig
Moore and Greitzer [l986], which accounts for the extra ow length caused by the

stagger ofthe blades, and also for the fact that any change i axial velocity requires a

proportionately greater change i ow velocity i the direction ofthe blade passage.

A more correct, but mathematically equivalent, approach i to perform the integration

along the instantaneous gas path, that i the path (following the blade passages) that
would be followed by a innitely fast disturbance. Ti diifers om the path taken by
a uid element i that the rotation ofthe rotor rows i discounted and so the7
instantaneous gas path does not rotate aromd the annulus wt axial distance. The

incompressibility and gap ow assumptions above ensure that the throughow level
remains constant along ti path, and hence axially along the machine. The transport
ofail momentum i i reality transport ofmomentum i the direction ofti
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instantaneous gas path. The formulation above wt a effective compressor length is
retained as i is mathematically identical, but easier to conceptualise.

The whirl velocity üg (averaged axially over the length ofthe compressor) i the
combination ofVelocity due to blade shape (and deviation), and rotor speed. For a
machine with around 50% reaction and smlr chord i rotors and stators, the blade

shape contributions roughly cancel, leaving the blade speed contíbutión i the rotors

only. _Thus the average whirl velocity i approximated to üs, = 0.5§2r . The second
termi the axially integrated equation above, which includes E, , represents the
circumferential transport of axial momentum. It wl be seen that i± a long compressor
such as this, where the compressor ow dominates the inlet effect, the stall
disturbances are transported around the annulus at aromd half shaft speed. Ti i i

agreement wt the results reported i chapter 3, and also from a number of other

compressors tested by the author but not reported here. The circumferential transport
ofail momentum i thus seen to be the primary cause ofthe rotation ofrotating stall
i long compressors, over and above the incidence arguments forwarded by Emmons
et a [1955], which modify the rotation rate only slightly om the halfsha speed level.

The axial body force, FB , i derived according to the assumptions outlined above om
the axial ow at each circumferential position together wt a axisymmetric pressure
rise characteristic (g 4-2). I steady owti pressure rise i added to the static

pressure at the compressor face to give the static pressure i the combustion chamber.
A such i represents a static to total pressure rise less diiser and combustor entry
losses.1

The shape 'of the stable (negatively -sloped) part ofthe axisymnetic pressure rise
characteristic at the high ow end was taken directly om measured data. The

performance at low and negative ow is unknown. The mstable middle ow region
was blended wt the stable part and a value of 0. 15 Ap/puz at zero ow, which i

typical ofknown data. The shape ofthe reverse ow part ofthe characteristic follows
Moore and Greitzer [l986]. It should be recognised that the gradient i very high on
the negative ow side of the characteristic, reecting the fact that a large pressure ratio
i required to push ar fast backwards through a rotating compressor. Given ti fact,
the precise form ofthe characteristic at ti point i not very important: i only aifects

1 Ifthe diuser downstream ofthe compressor i long compared to the lengthscale o which the non-
axisymmetric disturbances decay, then such a characteristic would give incorrect dynamic behaviour. Instead
a static to static pressure rise characteristic should be used with a one dimensional diifuser model between the
compressor and combustor. I the VIPER engine the diiser length is ofthe same order as the decay
lengthscale ofthe disturbances. Such a level of detail is beyond the scope ofthis simple model.
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the compressor when stall is well underway, and ithe ow were not exactly correct
the only major effect would be to change the period ofthe surge cycle, increasing or
decreasing slightly the time required for the combustor to empty. Even ti latter
change would not be that large, remembering that during ti part ofthe surge cycle ar
i leavig the combustion chamber i both directions.

The characteristic was scaled i terms ofow and pressure ratio accordig to the shaï¬

speed, which was assumed constant for the duration of each nm. A mean line

performance prediction programme was used to account for stage matching effects i
the scalirg process.

4.2.4 Inlet Duct

The owi the inlet duct i assumed to be inviscid, incompressíble and irrotational,
wt constant density right up to the compressor face. These are al reasonable

assumptions for forward ow. Some errors have to be accepted, however, when
reverse owi present. Given these assumptions a Velocity potential can be written
down for the two dimensional case under consideration which satises Laplace's
equation:

q5= 7z+Ze"'/'(ae""9 +a;e`i"0)+C(t), (Equ 4.3)n2l

where 17a is the circumferentially averaged axial Velocity, and the coecients a are
calculated together wt their complex conjugate values a',. from the ail velocity
distribution at the compressor face using a discrete Fourier transform;

d _ . , _.
uam, = l = 17 +Zn/r (ae'"0 +ae "'9) (Equ 4,4)d 2:0 nzl

These equations do not represent the most general solution ofLaplace°s equation,
which would also have terms growing exponentially i the downstream direction.
These extra terms would normally be required to match the upstream boundary
condition. I ti case, however, the inlet duct length i several times the radius, and
any circumferential Variations decay wt a lengthscale that is sal compared to the
length ofthe inlet duct. The upstream boundary condition i thus axisymmetry at the
inlet plane, which for the long inlet duct case i correctly given by the equations above
without the extra terms.

I order to couple the inlet duct model to the model ofthe compressor i i necessary
to relate the velocity at the compressor face to the total pressure there. Using the
incompressíble approximation
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P=p+0.5pº--gg, (Equ 4.5)
âc, âc,

the ail momentum equation i the inlet duct can be written as follows;

P=P,-på. (Equ 4.6)öl

Ifthe inertia ofthe uid upstream ofthe inlet duct i ignored we can set ø = 0 at the
inlet plane, and C(t) = z7l,. _ (Equ 4.7)

Then, at the compressor face, z = O,

d _ . _.
P=P,,-plüli-Zpí(ae'"`9 +ae '"9). (Equ 4.8)dt nšl Ã¢

The static pressure p can then be deduced om the total pressure P using the known
axial velocity and the circumferential velocity calculated from the velocity potential.

A correction was applied to the length ofthe inlet duct to account for diiferences i
ow area from the cornpressor face (IGV inlet). The mi difference i due to the
absence ofthe central rotating body (or bullet°), which was modelled i a one-
dimensional manner as follows;

u0,p0, A0 P 142, P2ºA2

A1 = A0 - A2

The cross sectional area ofthe central rotating body (A1) i assumed constant upstream
ofIGV inlet. Upstream ofthe bullet, the rate of change ofmomentum can be related
to the static pressure diíferential using a control volume approach:

(Po _ P1)-'40 = %(PAouol)
d (Equ 4.9)= uz I1)

d
of (Equ 4.10)

A
where lm, =l1-Z3 _ (Equ 4.11)0
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Thus the length ofthe duct upstream ofthe bullet was factored down by the ratio of
the ow area to that at the compressor face. I reality the geometry ofthe ducting i
more complex than that assumed and the correction is only approximate. Note that the
correction only has a e`ect on the axisymmetric component ofthe ow disturbances;
the lengthscale wt Which the non-axisymmetric disturbances decay i such that most
ofthe momentum changes occur i the region where the central rotating body i

present.

4.2.5 Combustion Chamber

The static pressure was assumed axisymmetric at the compressor exit plane (the
diiser was not modelled). Wis this i only a rough approximation, any errors
introduced wl be much smaller for a long conpressor (where most of the inertia i
wti the conpressor itself), than for the short compressors described by previous
modellers.

The Rolls-Royce VIPER engine has a annular combustor wt the common

arangement of cooling ar enteing the hot part ofthe chamber through a series of

cooling holes. Since there was the possibility ofvelocity uctuations between the two
sections (hot and cold) ofthe combustor, i was decided to model these two parts
separately. The owi both sections was considered fully mixed, that is, mifornÄ±
The conditions i each part were determined from conservation ofmass and energy,
ignoring losses wti the combustor itself

4.2.5.1 Mass

The mass ow into the cold section ofthe compressor was taken as the annulus

average ow through the compressor. The ow between the cold and hot sections

(through constant section holes) was modelled as

C "Pm = pA , (Equ 4.12)
2 c

where Ah refers to the total area of the holes, and the subscripts c and h refer to the
hot and cold section respectively. The ow out ofthe hot section ofthe combustor
was approximated by a choked nozzle calculation, wt a simple correction for
mchoked conditions.

4.2.5.2 Energy

I order to calculate the energy input to the cold section of the combustor some level
ofefciency has to be assumed for the compressor. For the purposes ofthe model the
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following simple approach was adopted. At a ow corresponding to normal operation
on the working line the effect ofsal changes i eiciency is negligible, and the

isentropic temperature rise across the compressor was used (that is, the value assuming
100% eiciency). At zero ow a temperature rise was calculated assuming that the
ow was accelerated to blade speed i each rotor row, and then decelerated again to
zero velocity i each stator row;

Tm = nuz/Cp . (Equ 4.13)

Ti i only a approximation; the real ow pattem i this compressor at zero mean
owi unknown. At intermediate ows a linear combination ofthese two values was

adopted, depending on the ratio ofthe ow to the normal working lire ow. I
reverse ow the temperature ofthe ar leaving the combustor towards the inlet was

naturally taken to be that ofthe ar i the cold volume.

The energy equation for both sections can be written

d

-ül = Fc ;, +H - Hm, (Equ 4.14)

where M refers to the mass i the section (hot or cold), T is the temperature, and FCp
i the caloric value ofthe el times the fuel ow, which i assumed constant for the
stall transient (this term i clearly only relevant for the hot volume). 1'|,|, i a
combustion eiciency dependent on air/el ratio (g 4-3). Ti model ofcombustor

eiciency i due to Rowe [l992]. It i based partly on chemistry and partly on
empiical data. The ame i assumed to be extiguished when the combustor

eiciency drops below 40%. H, and HM are enthalpy uxes calculated from the
mass ux and temperature ofthe ows into and out ofthe volume.

I the case ofthe cold combustion chamber a second mass and energy contribution has
to be added to represent the combustor inbleed that moves the engine towards stall.
Ti was performed using a simple choked nozzle calculation, assuming that the
icoming ar i at ambient temperature.

4.2.6 Solution

The mi variables for the calculations were the axial Velocity at each circumferential
node, and the temperature and pressure i each ofthe two combustor volumes. These
variables were updated iteratively using a simple forward di`erence time-marchig
method, wt a timestep equal to halfthe time taken for the rotor to move between
two ofthe parallel compressors.
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At each tinestep the procedure was as follows. Firstly the rate of change of

temperature i each ofthe combustor volumes was calculated om the enthalpy uxes

(equ 4.14). Then the equation of state was used to update the pressure i the
combustor volumes based on the rate of change oftemperature and the rate of change
ofmass, the latter being calculated from the mass ows into and out ofeach volume

(section 4.2.5.1). Finally, the axial velocity at each circumferential node was calculated
om a simultaneous solution of equations 4.2 and 4.8 using a discrete Fourier
transform. ~

Previous modellers have tracked the growth ofa disturbance of a given type.
I ti model a di`erent approach was adopted, with the am ofproducing _
circumferential disturbances that could grow ito rotating stall without inuencig
overly the mode ofthe instability. At each timestep, a sal random uctuation was
added to the velocity at each circumferential node. The magnitude ofthe random
dísturbance was broadly that ofmeasured unsteadíness i multistage conpressors, but
due to the nature ofthe compressor model i was assumed to apply along the whole

length ofthe compressor: no attempt was made to model the precise nature ofthe
unsteadiness.

I order to make the code stable it proved necessary to upwind the discretisation ofthe
term related to the circumferential transport of axial momentum. It i recognised that
ti does introduce some effective smoothing into the calculation, and ti has been
shown to have a signicant effect on the type of stall behaviour exhibited. Ti i
discussed rther i section 4.3.3.

4.2.7 *Input Parameter Values _

Early rms ofthe model showed a bias towards rotating stall (as opposed to surge) as
the nal operating condition of the engine after a stall/surge event. The speed at which
the change i behaviour occurred was found to be dependent not only on the Greitzer
B parameter.(dened under Greitzer [l976a,b] i section 2.2.3.1), but also on the level
of smoothing used i the circumferential direction (section 4.3.3). It was found that
the measured boundary at 80% of engine speed between stall and surge could be
matched i a sal amount of extra smoothing was applied beyond that introduced by
the upwinding, and ti was done for al ofthe results presented i the following
section. The results i± section 4.4 were produced using a earlier set of input values,
with a lower level of smoothing, hut with the compressor length aticially reduced.
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4.3 RESULTS

4.3.1 Overall Behaviour

A comparison ofthe overall behaviour ofthe model wt the experimental results from
the VIPER compressor i shown ig 4-4 to g 4-7. The bottom halfof each gure
shows pressure measurements during stall transients from the experiments described i

chapter 3. The top halfgives the model results over the same timescale. Each graph
shows the static pressure at the back ofthe compressor, along wt two static

pressures 'om the plane between the inlet duct and the compressor, positioned

roughly 180 apat around the circumference. The four speeds chosen represent the
four major types of stall behaviour exhíbited by the VIPER engine during the

experiments:

70% Multicell benign front end stall => Single cell rotating stall => °StableÂ
°

rotating stall

78% Single cell rotating stall at front => °Stable° rotating stall

82% Single cell rotating stall at ont => Multiple Surge

98% Single cell stall towards rear => Surge and Flameout

The two middle speeds were slightly dierent i the experiment (80.7% and 81.2%),
but sil represent either side ofthe boundary between stable rotatig stall and surge as
the nal operating condition ofthe engine.

The very low measured pressures i the last three gures are probably due to

temperature dit caused by the reversed ow from the combustion chamber: the

compressor speed remains high throughout the time period shown on these graphs, and
with high pressure ar being pmped into the combustion chamber as well i i unlikely
that the pressure there would fl to ambient.

It can be seen om the gures that the overall behaviour ofthe engine during a stall
transient i well matched by the model:

0 Each event starts with a period ofrotating stall as measured by the transducers' at
the front ofthe compressor (at compressor exit the ow i the model i assumed

axisymmetic, so no sign of asymmetry can be expected to match the uctuations
shown i the measurements at that plane).
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The growth ofthe rotating stall coincides with a drop i the exit pressure; the rate
at which ti falls as calculated by the model i approximately correct, although

slightly faster than i the experiment.

Stable rotating stall is correctly predicted for the nal operating condition at lower

speeds, as i the retum to axisymmetric reverse ow for the higher speeds. The

multiple surges at middle to high speed are predicted, each wt a iíitial period of

non-axisymmetry as was usually .observed i the measurements (the experimental
data shown ig 4-6 was slightly unusual i showing very little asymmetry at the
start of the second surge cycle). The precise speed at which the behaviour changed
om rotating stall to multiple surge was found to be a strong function ofthe
amount of smoothing used i the circumferential direction (section 4.3.3).

The °hung nature ofthe event at high speed, wt axisymmetic near zero ow

through the compressor, i captured by the model A the pressure drops i± the
combustion chamber the dimensional mass ow through the exit nozzle fls to a
extent where the nozzle i choked by the combustor inbleed alone. The compressor
then operates axisymmetrically on the low-ow stable part ofits characteristic. Ti
effect i described further i section 4.3.4.

The ameout at high speed is not predicted, although the calculated combustion

eiciency does approach its cut-o`value (and at lower levels ofcombustor inbleed
a ameout is predicted - section 4.3.4). The low combustion eiciency levels
predicted by the model suggest that the ameout observed expeimentally at high
speed i due to rich extinction: after the collapse of the pu.mping capability ofthe

compressor, ar starts to leave the combustion chamber i both directions, leaving a
richer and richer el/air mixture. This result i likely to be correct, i view ofthe
fact that at high speed ames could be seen coming out of the back ofthe engine,
demonstrating the existence ofunbumed el leaving the combustion chamber.

The predicted inlet pressure i g 4-6 drops to a unrealistically low level. Ti occurs
also at high speed wt low levels of combustor inbleed, and i discussed below i
section 4.3.4.

4 3.2 Stall Inception Behaviour

A more detailed view ofthe stall inception process predicted by the model (that is, the
mil stages ofthe stall transient) i shown for the 82% case ig 4-8, again

compared wt data from the experiment. The time scale on ti gure (and the two

following) relates directly to that on the earlier gre showing the overall behaviour
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(g 4-6). The casing static pressure i plotted from ve points roughly equispaced
around the annulus between the inlet duct and the compressor. It can be seen that the
stall inception behaviour ofthe model i reasonable, but does not match the

experimental results as well as the overall behaviour described i the previous section.
The form ofthe disturbance, a single short circumferential lengthscale rotating stall
cell, i correctly predicted (though see the next section). Likewise the peak magnitude
ofthe pressure increase is reasonable, although slightly lower than the measured level
The low amplitude disturbances are not captured at all. During ti period the
disturbance i limited axially to the ont ofthe compressor (chapter 3), and so cannot
be modelled eifectively using a semi-actuator disk model for the whole corpressor.
Even discounting the stages, the period ofnon-aºdsymmetry i shorter i the
model than i the experiment (this i balanced by a faster reduction i combustion
chamber pressure, with no net e`ect on the critical speed at which the nal operating
condition changes om stable rotating stall to multiple surge). Finally, the shape ofthe
predicted pressure disturbances does not match the experimental results, suggesting
that the predicted stall cell shape is inaccurate.

The shape ofthe growing stall cell as predicted by the model can be defined more

clearly by considering local ow rate rather than inlet pressure. Ig 4-9 the local
ow rate (scaled to the area ofthe entire annulus) i plotted at ve circumferential

positions, rouglly equispaced around the annulus. The ow reversal withi the stall V
cell can be seen to be extremely fast, occurring over a fraction ofa revolution ofthe
cell Once reversed ow is present the cell grows circumferentially to l the annulus
i l4ms (1.5 stall cell revolutions or 3 rotor revolutions).

The growth ofthe stall cell is tracked using a different format ig 4-10. Time i
plotted vertically up the page, and the shaded area represents the section ofthe annulus

operating i reversed ow. The leading edge of the cell rotates at a fairly constant rate
of 57% ofrotor speed, slowing slightly as the cell grows. The trailing edge rotates

at only 15% ofrotor speed, but speeds up to almost the same speed as the

leading edge by the time the clean ow region disappears. The speed changes can be

explained qualitatively by the changing pressure ratio across the compressor. At the
start ofthe stall cell development, when the pressure ratio i high, the clean ow region
operates very close to the peak ofthe pressure rise characteristic (g 4-2), and a small
transfer ofmomentum from the stalled region wl move its operation to the unstable

positively sloped part of the characteristic. The stalled negative ow region,

conversely, operates away from the minimum ofthe characteristic, and a larger transfer
ofmomentum i required to move its operation to the unstable part of the
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characteristic. Hence the trailing edge moves more slowly than the leading edge, and
the stall cell grows. A the pressure i the combustor falls, the clean ow region

operates further from the peak ofthe pressure rise characteristic, and the stalled ow
closer to the minimum poit. Thus the leading edge ofthe stall cell slows, and the

trailirg edge speeds up.

The same qualitative e`ects are visible i± the 78% speed case, shown on the same

gure. The trailing edge speed shows smlr behaviour to the 82% speed case, but the
leading edge slows down more as the cell grows, so that i this case the leading edge
starts to travel more slowly than the trailing edge, and the cell starts to srn again.

At other speeds the stall inception behaviour shows the same trends as at 82%, wt a
short transient, and without the low amplitude precursor which is visible i the

experimental results, and i related to the axial growth ofthe stall disturbance (chapter
3). The model cannot be expected to show the °benign' stall on the stable side ofthe

surge line at low speed, as that alfects only the front of the compressor.

4.3.3 Effect of Circumferential Smoothing

It was noted i the description ofthe model that the discretisation of the model i the
circumferential direction had a siguicant effect on the type of stall behaviour
exhibited. The model as developed uses a backward difference for the term connected
with the circumferential transport ofaxial momentum This is a type ofupwinding
which aids the stability ofthe model. Upwinding, however, carries wt i implicitly a
degree of second order smoothing: if is a arbitrary mction of circumferential

position, then the upwinded derivative \

af

Te,.~.,
= (f -f-1)/A9=(f+1-f_1)/M9-(f-2f +f_1)/M9 (Eq 4-15)

a A9 d2f= _ -__ _ E 4.16
da central 2 daz central ( qu )

The up- as opposed to down- winding ensures that the second derivative i applied
wt the correct sign to smooth the result.

A investigation was canied out to determine the effect of smoothing i the
circumferential direction. The model could not be rn stably without the upwinded
scheme. High levels of smoothing were tried, and as expected these caused the higher
order circumferential modes to be darnped out, allowing the model to exhibit a modalâ

(long circumferential lengthscale) stall inception pattem. By vaying the amount of

smoothing, the instability leading to surge could be changed from short circumferential
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lengthscale rotating stall to a single circumferential harmonic modal pattem to pure
axisymmetric surge.

With a sal degree ofextra smoothig i the circumferential direction (less than that
introduced by the backward di`erence scheme) the stall inception pattem continued to
be ofthe short circumferential lengthscale type. The critical speed at which the nal

operation changed from stable rotating stall to multiple surge, however, was found to
be very sensitive to the amount of smoothing added. The higher the level of

smoothing, the more prone was the model to multiple surge, and the higher the critical
speed. The reason the critical stall/surge speed was sensitive to the amount of

smoothing i the circumferential direction was not simply that the non-adsymmetric
dísturbances were damped out; ithis were the case then the stall inception pattern
would have been ofthe modal type or even axisymmetric.

The sensitivity of the critical stall/surge speed to the level of circumferential smoothirg
i related to the shape ofthe growing stall cell as predicted by the model. It was noted
i the previous section that the ow i the stalled region reverses very quickly, such
that for a long period wis the combustion chamber empties some ofthe annuhs i

operating wt positive ow, and some with negative ow, wt a sharp boundary
between the two. During ti transient, the ow reversal i driven by the di`erence
between the (local) pressure rise capability ofthe compressor and the actual pressure
rise across it (modied by the transport ofmomentum as described i section 4.2.3).
Ti di`erence i relatively sal for both the forward ow (operating on the stable
high ow end ofthe axisymmetric pressure rise characteristic) and the reverse ow
(operating on the stable low/negative ow end ofthe characteristic). It i greatest for
the ow between these two levels; that is, the owi the boundary regions between
the growing stall cell and the clean ow regions. The overall rate at which the ow
reverses i therefore dependent on the size ofthe boundary regions, and ti i i tm
dependent on the smoothing i the circumferential direction. Ifthe level of smoothing
i high, the boundary regions are wider, and the difference between the actual pressure
ratio and what the compressor i (locally) able to support acts over a greater area.
Ti i tr leads to a faster rate ofow reversal; the leading edge ofthe stall cell
travels faster, and the trailing edge slower. The fast rate ofow reversal makes the

corrpression system more prone to axisymmetric surge than stable rotating stall as a
nal operating condition.

The level of smoothing most representative of a real compressor i unknown; the level
used for the results described above was determined such that the change in-behaviour
from rotatig stall to srge occurred at 80% speed, i line wt experiment.
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4.3.4 Effect of Combustor Inbleed

Havig fomd the model to give good agreement with the experimental data, it was
used to investigate the e`ect ofthe combustor inbleed on the post-stall behaviour of
the engine. It was discovered that the level of inbleed could have a large e`ect on the
post-stall behaviour. Fig 4-ll shows the different types ofbehaviour observed i± the
model, plotted against engine speed and combustor inbleed as a percentage ofworking
line ow. The boundary lines were obtained by repeated use ofthe model (over 2000
runs i all). Because ofthe random element i the model the boundaries are ill-dened,
wt a range oftypically ±5% inbleed wti which more than one type ofbehaviour
could be seen.

The most pronounced e`ect i shown at above 40% combustor inbleed, where after a

surge event (initiated by a single rotating stall cell) the engine operates
idenitely i± axisymmetric low ow (ALF*). Ti effect has already been discussed
briey wt respect to high speed surge (section 4.3.1). The underlying cause i that
the combustor inbleed i suicient to l the combustor exit nozzle (at low pressure)
without any contbution om the engine compression system The compression
system then operates stably on the negatively sloped very low or even reversed ow
part ofthe axisymmetric pressure rise characteristic.

At slightly lower levels ofcombustor inbleed, between roughly 24% and 40%, a
related event occurs which is a surge-like collapse to axisymmetric ow,
followed by rotating stall on the return to forward ow which settles into stable

rotating stall At these conditions the inbleed is insuicient to l the combustor exit
nozzle (even at the minimum pressure point ofthe surge cycle), but blocks a large part
ofit, such that the eifective nozzle size i smaller, and the pressure i the combustion
chamber rises more rapidly than would be the case with no inbleed, leading to rotating
stall rather than a multiple surge event. Between about 24% and 33% of combustor
inbleed the inception ofrotating stall occurs immediately aer the surge event.
At higher levels of inbleed a period ofaxisymmetric low ow (ALF°) operation occurs
between the two, whilst the overall operating point is changing only very slowly. The
period of ALF° operation grows i length as the level of inbleed i increased. Above
40% ofinbleed, as already noted, this period becomes indenite.

At high speed, no ameout i predicted with high levels of combustor ibleed as the
ibleed itselfis sufficient to keep the ame alight. A ameout is predicted, however, at
low levels of combustor ibleed. For some ofthese cases the model failed to work.
O investigation, the cause was identied as negative pressure at the compressor inlet

114



face. Ti was a result of the pseudo-incompressibility assumption (section 4.2.2).
For the owi the inlet duct and the compressor to move together the pressure drop
om the inlet ofthe airmeter to the compressor face must be commensurate with the
force supplied by the blading to the ow i the compressor less the pressure ise across
it. Negative pressure i unphysical, however. I practice the pseudo-icompressibility

assumption breaks down; the ow i the conpressor would accelerate faster, leaving
the owi the inlet duct behind. One result i that the e`ective length ofducting over
which the uid has to be accelerated is less than the physical length, and a correction
for ti could be applied to the model.

The objective ofthe experiments reported i chapter 3 was to investigate the stall

inception behaviour ofthe engine, rather than the post-stall transients. The stall

inception behaviour i largely local to the compressor itself and should be independent
ofthe level of combustor inbleed. I consequence only a sal amount of data was
collected with which to test these results. At low and middle speeds most ofthe

experimental data was collected using as gentle a surging method as possible (chapter

3), and hence lies along the no-stall boundary line. Fig 4-12, however, shows the

compressor exit static pressure level for two events conducted at a similar speed. The
rst, at 81% speed, used a inbleed and deceleration method of inducing surge

(described i chapter 3) which places the inbleed level along the no surge boundary.
The engine exhibits a multiple surge event as described i chapter 3. The second event
was a more violent surge induced by introducing aromd 50% ofcombustor inbleed
ow. The stalling speed ofthe engine for ti second event was slightly higher at 85%
but silwti the range- where the gentler inbleed and deceleration stalling process
gives rise to a mltiple surge event (chapter 3). These two cases show good

agreement wtg 4-11. The gentle stall event resulted i multiple surge behaviour,
whilst the violent surge resulted i *ALF* conditions sch as those seen at high speed.

A nal set ofnumerical calculations was performed to predict the post-stall behaviour
of the engine ithe stall were caused other than by combustor inbleed. For these
calculations the ow was set on the stable side ofthe pressure rise

characteristic, very close to the peak pressure rise point, wt stall caused by the
random element i± the model. The results are compared to the stalling behaviour with
combustion inbleed case ig 4-13. For the purposes ofthis comparison just
suicient inbleed was used to cause stall/surge (that is, the results are taken omjust
above the no surge boundary i g 4-11).

At low speed (up to 72% speed) the behaviour is essentially the same with and without
combustor inbleed, with the compression system settling i± stable rotating stall.
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Between 73% and 76% the nal operating condition of the engine i generally rotating
stall, but can also be multiple surge. Above 76% speed without combustor ibleed the

transient to axisymmetric reverse ow is similar to the multiple surge case wt
inbleed. Without the inbled air, however, the fuel/air ratio continues to worsen, and a
ameout occurs. The quantitative prediction of the critical speed above which a
ameout occurs should be treated wt some caution i± view ofthe simplicity of the
combustor modelling (section 4.2.5).

From the above description i is clear that using combustor inbleed to raise the

compressor working line towards stall has had a marked effect on the post-stall
transient behaviour ofthe engine. The stall inception period, however, concems ow
disturbances that are localised within the corrpressor, and should be unaifected by the
use of inbleed.

4.3.5 Discussion

It can be seen om the results i the previous sections that the post-stall behaviour of
the VIPER engine i very well matched by the compressors i parallel model The
model put forward by Moore and Greitzer [l986], on which the present model i partly
based, was 'developed primarily to examine the post-stall behaviour of compressors,
and i is not surprising that the model works well here. The collapse ofthe pressure
rise capability ofthe compressor causes huge swings i ow Velocity as the
combustion chamber empties. Likewise i rotating stall the owi the clean ow
areas i greater than that at the surge point, whereas i the low ow areas i is
reversed. Hence the circumferential transport ofmomentum is also large compared to
both the backgromd noise and any detailed changes i the behaviour of any particular
stage both i the real compressor and i the model. The change om rotating stall (at
lower speeds) to multiple srge (at higher speeds), the Greitzer B effect (section 2.2),
i also a result ofthese gross ow changes. I addition, experimental results show that
the ow i± stable° rotating stall i generally more constant radially than during the stall
inception process. Thus the post-stall behaviour i isolated om the major limitations
ofthe model laid out below.

One interesting feature ofthe model i that the owwti a growing stall cell reverses

very quickly. From that point on there i a division between the clean ow and the
stalled° ow, the two rotating around the annulus due to the circumferential transfer
ofmomentum The boundary regions, at intermediate levels ofow, occupy a very
sal sector ofthe annulus. The relative speed at which these boundaries move (and
hence the rate ofgrowth/decay ofthe stall cell) is dependent not only on the
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pressure/inertia balance as represented i the Greitzer B parameter, but also on the
level of smoothing i the circumferential direction. There are many possible sources of

smoothing i a real compressor (mixing within blade passages, gap effects and
bladerow response for instance). Many ofthese can be shown to be negligíble for long
circumferential lengthscale disturbances, but not necessarily for the sharp boundary

regions shown by the model A large number of conparisons wt experimental data
would be required to determine what parameters govem a representative level of

mxng; ^

To some extent the diiculties outlined i the previous paragraph can be overcome
wt a more complex model, such as the one presented i chapter 5, where the gap
effects i particular are treated explicitly. Even this model, however, i dependent on a

pitchwise average description ofbladerow performance, which i only accurate for
disturbances long compared to a blade pitch.

The differences reported earlier between the time histories ofinlet pressure duing stall

inception i± the model and i the experiment suggests that the shape ofthe stall cell i
not well captured by the model, and i might be thought that the above discussion i
academic. Ti boundary regions between °stalled° and *clean* ow are regularly

observed, however (Cumpsty and Greitzer [l982], Das and Jiang [l984], Riess and
Walbaum [1996] among others). Cumpsty and Greitzer [1982] i particular relate the
behaviour i the boundary region at the trailing edge of the stall cell to the stall cell

speed. Critical to their argument, however, i the circumferential extent ofthe

boundary region (which i i± tr dependent on the amomt of circumferential

snoothing that exists), and little guidance is given by the authors i this respect. A
model such as that of and considering only the boundary regions
between clean and °sta1led ow, provides a alternative to the sort ofmodel

presented i ti chapter and chapter 5. It is, however, subject to many ofthe same
uncertainties (pitchwise average bladerow performance, gap effects, etc.).

Furthermore, i i only valid for periods when the ow can be characterised i ti way,
and hence cannot be used to model either the stall inception transient, where the ow
i the stall cell i not fully reversed, or the retum to axisymmetry during a surge event.

I addition to the above, three points i particular should be noted about the model
results. Firstly, the rate ofrotation ofthe disturbances i both the model and the

experiment was roughly halfofthe sha speed. Ti supports the hypothesis that the
circumferential transport of axial momentm plays the dominant role i the rotation of
stall cells i a long compressor. The same should not be expected to be true

necessarily i a short compressor, because the unsteady effects at inlet and exit are

117



proportionately more signicant. Secondly, the rate at which the pressure i the
combustion chamber falls i reasonably represented i the model results. This i not

surprising, i that i i a gross° effect which should be well modelled. It i important,
however, i the eld of active stall/surge control, as it gives a necessary condition for
the response time of any active control system: ithe pressure i the combustion
chamber has dropped signicantly before the eect of the control system i felt, then a

great deal of energy is required to return the system to normal operation. The third

point of interest i that, as expected (section 4.2.3), the poor modelling ofthe reversed
ow regime has little effect on the results.

The way i which the overall stalling behaviour ofthe model matches the experimental
results i inpressive, and the model can be used to predict the behaviour ofthe VIPER
and other engines. Application ofthe model to the VIPER has already shown (section

4.3.4) that the use of combustor inbleed to raise the compressor working line towards
stall did have a signicant e`ect on the post-stall behaviour ofthe engine, and hence
that the post-stall behaviour is not necessarily representative ofa engine i service
(the stall inception behaviour is representative, however).

The most severe limitation ofthe model concems the inability to accurately represent
the stages of stall inception i cornpressors which exhíbit short circumferential

lengthscale, as opposed to modal stall inception behaviour (see section 2.1 for a
discussion ofthese types ofbehaviour). I these initial stages the ow disturbance i

very localised wti± the conpressor circumferentially, axially, and often radially. I
the VIPER engine at middle to high speeds the duration ofthese stages i short
(typically one to ve rotor revolutions for the measurements reported i chapter 3),
and i terms ofthe overall transient behaviour the detrimental effect is not great. With
respect to active control ofstall, however, this period is very important, because the

local disturbance can act as a trigger for the larger more axially uniform
disturbance. That is, by the time the disturbance is of a shape such that i is accurately
represented by this type ofmodel it is already large. I order to achieve the ideal form
ofcontrol, where distrbances are controlled at small amplitude with low energy
actuators, i i necessary to control the disturbance while it i sil localised wti± the

compressor.

At low speeds the benign front-end stall cannot be modelled due to the lack of axial
denition i± the model. I the engine one ofthe °benign° stall cells grows to form the
cell that leads to irreversible stall (chapter 3). Hence a model ofthis type, which
cannot capture the benign stall, cannot be expected to accurately represent the

dynamics ofthe initial stages ofthe stalling process even at low speed.
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The limitation described above has been overcome using a more complex model

(chapter 5) wt axial and radial denition i addition to the circumferential dimension
i the present model. ~

4.4 APPLIOATION TO ACTIVE CONTROL OF STALUSURGE

Ideally, active control would operate at negligible amplitude when the stall disturbance
itselfi small. The model described i this chapter i limited i its representation ofti

period, as discussed i± the previous section. Nonetheless, useful guidelines can be
obtained for active control of a real engine by devising a control scheme based on the

model, as i reported i ti section.

A number ofactuator types have been suggested (section 2.3). The one chosen for

investigation was the °pu`er jet type used by Day [l993b]. The model was adjusted

accordingly sch that high pressure ar could be introduced upstream ofthe

compressor at each ofthe circumferential nodes. The injected ar was assumed to be
introduced at the local static pressure, but with high axial momentum, using a simple

mixing sm A number of control algorithms were tested. The most successl are
described i the following two sections. '

4.4.1 System Identification And Control: Axisymmetric Flow

A a simple case, active control of axisymmetric ow was considered. The non-

axisymmetric behaviour ofthe engine model was excluded by removing the random
unsteadíness added at each timestep. A system identication technique was used to
characterise the owi the model and the e`ects of the control system, rather than a
direct linearisation ofthe mdamental equations ofthe model. The reason for doing
ti was that the technique is a general one that can be applied i future to other

computer models of almost any description or i the course of a real engine control

experiment.

4.4.1.1 Control with Axísymmetríc Flow - Overview

It was attempted to characterise the model at a given unstable operating point by a
liear dierential equation ofthe ow and the puifer jet bleed input. Ti was done by

feeding i a random time series as bleed input, and recording the resultant ow
Variations. A rst order equation was found to be insucient. It was fomd, however,
that a good t could be obtained from a second order equation with rst and zeroth
order terms i the control bleed. The coefcients ofthe differential equation could
then be found at a particular operating point using a least squares method.

119



The characterisation process for the model is thus as follows:

1. Feed a series ofrandom bleed inputs b into the system and measure the resulting
ow q.

2. Calculate q,q', q,b',b , where a prime denotes a derivative with respect to time.

3. Use a least squares t to calculate the coeícients a, that best t

q" =a1q'+a2q+a3b'+a4b+a,. (Equ 4.17)

The ofti last equation can be checked graphically.

Ti characterisation process would be equally applicable to a real engine case,

although the result may not be i the form ofa second order dierential equation.

Having characterised the system as a second order linear diiferential equation, the

stability ofthe controlled system was analysed for control laws of a specic type,
namely ones i which the control bleed i a linear combination ofthe conpressor ow
and its derivative. One complication here, which was found to be significant, is that
the bleed input i based on the ow calculated one timestep previously. When ti
eifect i accounted for, the equation derived i the characterisation process becomes a
third order linear diiferential equation, which can be solved by nding the roots ofthe
equivalent cubic equation (the eigenvalues' ofthe system). The real parts ofthe roots
represent the stability ofthe controlled system; iany ofthese are positive the system i
unstable. This fact can be used to show which combinations ofthe ow and its
derivative wl control the engine successlly. The controlling process i thus:

1. For any given values of control constants alpha and beta, set b = aê' + ,¢ , where
â = q - dt. q ' , and dt i the delay between the bleed input and the ow 'om which
i was calculated.

2. Solve the resulting third order dilferential equation by solving the equivalent cubic

equation.

3. Take the maximum real part ofthe three roots. This represents the fastest growing
mode. Ifthe maximum real part is negative, the system wl be stable for the given
control parameters alpha and beta.

The characterisation and controlling processes were checked by unnig the model
wt a range ofcontrol parameters and looking at the stability ofthe result.
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4.4.1.2 Control with Axisymmetric Flow - Characterísatíon Process

The basic stall inception model described i the previous section used combustor
inbleed to mimic the method by which stall was induced i the engine test. There was
some difculty i using ti method for the current test, because the operating poit of
the compressor moves very fast as the bleed ar i injected. This diiculty was
avoided by setting up the model on the unstable side ofthe characteristic wt no
inbleed. It should be noted that the results then apply only to that operating point on
the compressor characteristic. I order to obtain a general control law i would be

necessary to repeat the calculations at various ow coecients. -

The random pu`er jet' bleed input was two-sided. That is, positive and negative

inputs were applied. Negative numbers correspond to outbleed°, which i physically

meaningless with the pulfer jet' control system described above, but i allowed by the

equations i the model and allows true linear control, as opposed to single-sided
control A more complicated control model would thus be required i the real engine
case.

Typical input and output is shown ig 4-14. Because the operating point i on
the unsteady side ofthe compressor characteristic the ow fls away rapidly. Thus

only a short period ofbetween 40 and 150 timesteps (2.5 and 9.4ms) could be used for
the characterisation work. The rst 5 iterations were not used as there was a small

starting transient due to a minor inconsistency between the calculations i the mi

loop and the part ofthe routine where the ow was initially set up. Despite the short
time period the characterisation work was successful i that the ofthe linear

equation to the data was exceptionally good, as described below. I a genuine engine

case, however, where signals are noisy and the underlying physics more complex than
the model equations, the t would not be as good, and the problem of obtaining
sucient data on the mstable side of the characteristic would be harder to solve,

perhaps necessitating some method of stabilising the compressor, sch as a inlet

gauze.

For the linearised ow equation (4.17) described above, the coeicients giving the
least squared error are given by a = A`1v , where '

d2
v =

Zw,-(5211 , and (Equ 4.18)

A = Z(w,.,w,.), (Equ 4.19)

where the angle brackets denote a outer product and the vector w,~ is dened by
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d ab '

w,.=(ííº q. bi 1] . (Equ4.20)

Al summations are over each timestep iin the sample.

Having calculated the coeicients ai , d2 q/dtz was calculated om the lower order
terms (using equation 4.17) for comparison with the value calculated by differencing
the *measurements* from the model A excellent t was obtained (g 4-15).

At 98% speed, the coeficients calculated for a ow of22.68 kg/s are

a, = -0.006 a, = 0.003 as = -0.884 a4 = 0.141 a, = 0.0

The constant term a5 has no contribution because the set-up ow is subtracted 'om
the measured° ow i the least squares routine: i this axisymmetric case ithere is no
random input the compressor remains i unstable equibrium, and hence the second
derivative of the ow with respect to time i zero.

A slightly higher ow (24.04 kg/s) wasr as a check on the results. The
coecients here were

a1= -0.025 az = 0.0016 as = -0.996 a4 = 0.s a, = 0.0

These are smlr to those at the lower ow, perhaps because the slope ofthe

compressor characteristic i Note that the e`ect ofthe bleed ow and its
derivative is considerably stronger than the e`ect ofthe compressor ow and its
derivative.

4.4.1.3 Control with Axisymmetríc Flow - Controlling Process T

Linear control laws ofthe form bm, = a dq/dt + ßq were investigated, where b, i
the controlling bleed ow through the puffer jets, and o and ß are constants to be
calculated from the linearised equation derived i the previous section i order to make
the system stable. The bleed ow here i calculated om the compressor ow and its

derivative, although other parameters such as inlet static pressure could equally have
been chosen without changing the analysis. The above formula for b,, could be
substituted directly into the linearised equation, but the result i not ideal, because the
bleed ow at any timestep i calculated from the ow and its derivative one step

earlier, whereas the diiferential equation was calculated using a current value for each
ofthe parameters. Ti can be accounted for by noting that the value of q one

timestep earlier was q - At(dq/dt) , where At = 1 (the timestep i normalised to uiy
throughout the characterisation and controlling processes). Thus ithe control law i
set up as above, the actual bleed input is dened by
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dz d
(Equ 4.21)

Ti formula can be used to predict stability including the e`ect of a time delay i the

system by setting At > 1 , provided the frequency ofany disturbance i << 1/At.

When b i substituted into the earlier linearised dierential equation (4.17) the result
i a third order linear diiferential equation with constant coeicients. The stability of
the system can then be analysed by looking at the real parts ofthe roots ofthe

equivalent cubic equation. A routine was written to solve ti equation for a range of
values ofo and ß. I

4.4.1.4 Control with Axísymmetric Flow - Results

The results ofthe stability analysis at a ow of22.68 kg/s are shown i g 4-
16. The solid line encloses the region ofo and ßvalues over which the code should be
stable to sal disturbances at ti initial ow. I order to check the result, the model
was n repeatedly for up to 2000 timesteps with various values of alpha and beta,
wt stability gauged 'om the ow measurementsi These results are also shown i

g 4 16, where a tick represents a stable rn and a cross one i± which the ow

diverged. The agreement with the theoretical calculations i excellent. Similar
calculations were done at a ow of24.04 kg/s, wt smlr results.

The point ofmaximum stability can be found om a contor plot ofthe maximum real

part of the roots ofthe cubic equation: i fact, the solid line on g 4-16 is simply the
zero contour level The values at maximum stability tm out to be

a = -0.73 ß = -0.05. ~

4.4.1.5 Control with Axísymmetric Flow - Discussion

Real compressors do not stall axisymmetrically (section 2.1, also chapter 3). The

axisymmetric ow calculations described i this section are a trial un, both for the

non-axisymmetric calculations described i the next section, and for future application
to other stall models or a real engine expeiment. A such, the results themselves are
not as important as the close agreement they show wt the stability ofthe model

Undoubtedly the close agreement stems from the good ofthe linearised equation;
such a t imlikely to be obtained i a real engine case. Nonetheless, the method

proved robust, required no prior knowledge ofthe mathematics ofthe model, and
obtained a excellent result om a sal sample of input data.
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Although the rst instability observed on throttling compressors to the surge point is

non-axisymrnetic, the axisymmetric mode i generally unstable at ows only slightly

lower, and must be stabilised i these regions for active control to be effective. I ti
sense the results presented i this section are necessary but not suicient° for
sccessful active control at ows well below the surge point. Three features ofiterest
stand out. Firstly, i i possible to stabilise the model with a control law ofti type.

Secondly, both elements (value and derivative) ofthe control law are necessary (the

boundary ofthe stable region does not cross-either ofthe zero axes). Thirdly, the

boundary ofthe region i quite tight: extensive calculations wt a series of speeds and

operating points would be required to show whether xed values ofo and ß could be
found to stabilise operation over the entire range of interest. A overview ofpossible
extensions to ti work is given aer the next section.

4.4.2 System Identification And Control: Non-Axisymmetric Flow

With the non-axisymmetiic terms included, control of the compressors i parallel
model described above becomes much more corplex. The method used, however, i

very Again, a second order linear system was fomd as a approximation to
the model. I ti lirear system the Fourier harmonics are independent, and the
sohtion for each mode was found separately using the same cubic solver as for the

axisymmetric case described above.

Havig apprmdmated the stall model to a linear system, the stability ofthe model was
inferred from that ofthe linearised equations. One ofthe diiculties noted i the

description ofthe axisymmetric case was that the details ofthe discretisation ofthe
linearised equation proved significant, i that the controlling bleed ow was calculated
based on the ow and its derivative one timestep earlier, whereas the linearised

equations used current values for each parameter. Ti had to be taken into account
before the stability ofthe linearised equations matched the stability ofthe stall model.
I the non-axisymmetric case the discretisation i time and i the circumferential
direction have to be matched, as descbed below.

4.4.2.1 Basic Equations

The basic linear equation used to describe the model i

q"=aq'+ßq+ b'+a1º+a7+,êq-+yí+šF+@aq/ai. (Equ4.z2)

I ti equation, n refers to the node number i the circumferential direction (l-32).
The basic ow variables q and b are now functions of circumferential position as well
as time. The constants E, ß, ; , 3 , are not themselves average values, but are
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overscored to match the parameters they govem, which are annulus averaged

quantities.

The 9 constants i the above equation were determined by applying random control

signals to the stall model i exactly the same manner as the axisymmetic case. The
values found for the lower ow (22.68 kg/s) case were

-0.9355'

0.0985

3.6773

35777 .

ä 0.s9s7

Ø -0.0911

y -4.4867
3 -3.4086

ä -0.2242

Oo`<`%Q

Circumferential harmonics develop independently i the above lineaised equation, and
so i i usel to resolve the ow q into these hamonics:

16
q = Z A, ()e"''/ (Equ 4.23)

m=0

The zeroth order equation becomes simply

A; = (a +ä)A; + (ß+,š)A +(y +7)F +(a+š)í , (Equ 4.24)

which is identical i form to the axisymmetric equation descnbed i the previous
section. The calculated values ofthe constants are slightly di`ere1t:

a +5 = -0.087, ß+š = 0.007, y +7 = -0.309, 5+3 = 0.169.

The form ofthe control law sought i again similar to the axisymmetric case:

1º=Ti i a alternative to applying control to each hannonic individually. The reason for

using it is that the dominant mode of stall failure appears from the experimental
evidence (chapter 3) to be short circumferential lengthscale single cell rotating stall. I

practice control of such disturbances would have to be performed by a smaller number
oftransducers and actuators than required to resolve the necessary harmonics. The
data would then have to be combined wt some sort of assumption, such as that of a

slowly evolving rotatig disturbance, i± order to put tlis type of control into e`ect. I
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these circumstances i was considered most convenient to have a purely local denition
ofthe controlling bleed requirement, that is, one that depended only on transducers
close to the disturbance itself

Combining the control law equation with the harmonic description ofthe compressor
ow q gives for mode m>l,

A,f,'(l-ya, ) = A; (a+;/ß, +ys,iaº +ó`a, )+A,(ß+ôß, +5.«-:xiw +.<:iw), (Equ 4.26)

where a = 211m/32 _

The constants ax and ß, , related to the Variation of annulus averaged ow and its

derivative, do not occur i the equation for non-zero circumferential modes. Ti fact

simplies the work ofnding coeicients which make the system stable. Instead of

handling al ve constants simltaneously, it i possible to dene only the three
constants occurring i this last equation, ax , ß, and 8,. The other two can then be
chosen to bring a, +5, and ß, +,Ü, into the axisymmetric stability region, as dened

by g 4-16 (modied as necessary for the slightly di`erent constants given above).

4.4.2.2 Discretísatíon Effects

I the description ofthe axisymmetric case (section 4.4.1.3) it was stated that a time

delay was required to match the linearised stability analysis to the stall model itself
The same approach here again turns the lineaised second order equation into a liear
third order equation. Form>l,

CA,j,"+ C2 Ag +C3A,j +C4 Am = 0 , where (Equ 4.27)

P .§3 .3 S3

=

ya,At=I-ya, +yß,At+ysicoAt+ó`aAt
= -oz - yß, - 9/a,`aº -ôa, +ô,ß,At+ô.=:,iaºAt

=-ß-ôß,-ôexia-sia) â

(Equ 4.23)

The best to the data was obtained with At = 0.6 , as opposed to 1.0 i the

axisymmetric case.

I the current non-axisymmetric case the discretisation ofthe lineaised equations i
the circumferential direction also becomes important. The coeicients ofthe lineaised

equations were calculated using a backwards difference. Now using a Taylor series

expansion,

f(f1)-f(n- 1) = f '(11)-if "(")+%f "'(")+ -' , (Equ 4-29)

'2m/32and for a mode m given any variable šme , the backwards difference i
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šmei -§me"("") = .fmeim ), (Equ 4.30)

where c = 211m/32 as before.

I the analytical stability analysis, the analytic derivative §,iwe"'" is of course
assumed. Hence the effect ofthe discretisation was accounted for by replacing ico
with (1- e`) i the lineaised equations given previously.

4.4.2.3 Non-Axisymmetríc Flow Results

For simplicity, analysis was restricted at rst to control laws where there i no

dependency on the local time derivative of the ow coeicient (that is, ax = 0 ). The
effect ofthe ß, and ax coeicients could then be analysed i isolation. I both the

analytical work and the running ofthe model to check the results, the coeicients 5,
and Ä, , relating to the annulus averaged ow and its derivative, were calculated such
that the axisymmetic equation (mode 0) lay on the maximum axisymmetric stability
point as calculated i the previous section.

Having accounted for the discretisation of the linearised equations as described i the
last section, the stability analysis shows very good agreement wt the results obtained
from nmning the model Fig 4-17 shows lines ofneutral stability for each ofthe
harmonics i the circumferential direction for a range ofbeta and epsilon values. The
parallelogram idicates the region i which the control law wt the given coeicients
should be expected to be stable. The same region i shown ig 4-18, along wt the
results from a series ofruns ofthe stall inception model wt the control algorithm
applied. The region of successl control can be seen to be mirrored effectively by
these results. Furthermore, the model was observed to fi i a low mode where the

high modes are wti the neutral stability bomdary and vice versa, i agreement with
the analytical calculations.

There are two points at ß, = -0.5 outside the region of successl control at which
the model nms stably. The reason for ti is that the unstable modes ofthe linearised

equations are at very high frequency i time (given by the imaginary part ofthe root),
which cannot be matched i the model wt the given timestep. Ifmstable modes wt

equencies greater than ' are discounted, the lines ofneutral stability move to those
shown i g 4-19, which match even more closely the results obtained by direct
calculation. The *steps* i ti and previous gures are not genuine: they are a result
ofthe coarseness ofthe mesh used for the calculations.

The inuence ofthe a, parameter on stability has not been studied i detail. It was
noted, however, that a small positive value (0.1) had the effect ofreducing the region
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of successful control. At a value of -0.1 no region of successful control was present at
all. Ti proved diicult to check directly with the stall model, however: the model
seemed stable, but the disturbance predicted by the lineaised analysis was low

equency and extremely slowly rotating, so i may have taken a very large number of

timesteps to build up.

A brief analysis ofthe eifect ofthe time delay was undertaken. Increasing the time

delay had the e`ect of contiuously reducing the size ofthe region of successful
control With time delays over one timestep the rst order discretisation ofthe delay
becomes insuicient. Instead a second order approximation was used, and attention
limited to disturbances wt equencies suciently low to make the higher order terms

negligíble (with some judgement as to areas which were unstable at higher

frequencies). With ti proviso, the region of successl control disappeared

completely at a delay ofaromd 8 timesteps (0.5 ms).

4.4.2.4 Non-Axísymmetríc Flow - Discussion

The most important result ofthe non-axisymmetric ow analysis is that a control law
ofthe prescribed form could be found that stabilised the model ilnon-

axisymmetric mode. Further, the results i g 4-17 show that the coeñcients a, and

ex can be set to zero (given innitely fast actuator mechanisms). Ti leads to a

simpler control law with just one parameter related to the local ow, and two to the
annulus averaged ow:

1» =ßq+ä,f1¬+š,r (Bw 4.31âº

The values ofthe 'coeicients_required for successful control can be taken omg 4-
16 and g 4-17.

It should be stressed that the existence of such a control law for the stall model, which
i based on relatively simple equations, is no guarantee of a smlr law being successful
for a real compressor, although i can be expected to give some indication as to its
behaviour. Nonetheless the method used to derive the control law required no prior
knowledge ofthe system being analysed, and could equally well be applied to a real

compressor control expeiment.

Awt the axisymmetic results, a comprehensive set ofresults om a range of speeds
and pressure ratios would be required to see ia constant set of coeicients could be
found for the control law described above to successfully control stall at more than a

single operating point. Ifnot, the coeicients could fairly easily be made to follow a
locus with changing steady state operating point.
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The time delay (0.5ms) at which the region of successful control disappears represents
a (tight) lmt on the response time ofthe actuators involved. Ti delay i related to
the time it takes for stall disturbances to grow, however, which i not very accurately

represented by the stall inception model (section 4.3.2). A better estimate ofthe

required response time i a real conpressor can be obtained from the stall iception
measurements i chapter 3.

4.4.2.5 Extensions to the Work _

The most important extension to ti work would be to apply the methods described
above to a genuine compressor control experiment. Nonetheless there are other areas
which could usefully be investigated:

1. The system could be applied to various operating points and speeds as described
above to see ia generic control law i feasible.

2. The effect oftime delays could be analysed more rigorously: the At approach used
above i only applicable for disturbances wt a cycle time large compared to the

delay.

3. The effect of a single-sided° control process such as that used by Day [l993b]
should be considered.

4. The analysis could be applied to the more complex stall model descñbed i

chapter 5.
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5. 3D TIME-MARCHING MODEL

5. 1 OBJECTIVES

The primary objective ofthe model i to provide a vehicle for numerical testing of

possible strategies for active control of stall/surge i a aeroengine core compressor
across the entire operating speed range. Ti objective gives riseto a number of

requirements;

0 The code must be time accurate. The results i chapter 3 show the stages of
stall to occur on a timescale comparable to a practicable modem detection/reaction

loop. Many ofthe important questions wl therefore revolve around the detailed
time response ofthe compressor to both the growing stall disturbance and the
articial controlling disturbance.

0 The code must have ail circumferential, and radial dimensions. Ti i discussed
i detail i section 2.2. The requirement for a radial dimension i discussed further
i chapter 3, where i i demonstrated that one ofthe dierences between °benignÂ°

stall and *irreversible* stall at low speed i the VIPER compressor is the radial
distribution ofthe ow disturbances.

0 The code must be capable ofmultistage application. This prechdes the use of a
three dimensional code i± each blade passage individually by reason ofcorputing
time/cost.

0 The code must capture something ofthe breakdovvn ofthe ow eld. Stall

inception i oen reckoned to start around the tips ofrotors, as the tp leakage jet
becomes progressively stronger. I a axial by circumferential model ti could be
accounted for by modifying the bladerow performance i some way, but then the

diifeing effect of a control action at various spanvvise positions would also have to
be accounted for (this problem can be signicant; puffer jets i the casing, as used

by Day [l993b] would be expected to give a quite dilferent e`ect at hub, mean and

tip). I a three dimensional model it is more attractive to model the ow
breakdovvn by including the e`ect ofthe tip gap directly. Modelling the near wall
owi ti way gives rise i tr to the requirement of some form ofturbulence
model

0 The code i not required to model post-stall transients, although ti would be a
valuable future addition. Thus operation i fully reversed ow i not required. It
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also has a bearing on the real-time duration ofthe model (a relatively sal number
ofrotor revolutions i suicient).

0 The code i not required to model low speed compressors. Ti allows the use of a

time-marching scheme that would be unstable at very low Mach Numbers. Section
5.4 does describe a application ofthe model to a low speed compressor, but the
numerical calculation was performed at a considerably higher rotatiónal speed than
the physical experiment i order to avoid stability problems. Attention i also
conned to subsonic ow. V

0 The accuracy ofthe code i predicting the steady state oweld prior to stall i of

secondary importance (but see below).

Secondary objectives are to produce a accurate general-purpose throughow model

(that is, a ail by radial steady state compressor model) including spanwise mixing

terms, and also to provide a method of stall point prediction. It should be noted that

hg accuracy (as required for a throughow model) and a good time response (as

required for a stall inception model) can be conicting requirements.

The objectives for the code as outlined above are aggressive. Perhaps a more realistic

objective for ti rst attempt i to demonstrate that such a model can e`ectively

represent three-dimensional stall and surge inception events. Accordingly, when
choices arose (such as the choice ofturbulence model), it was decided to use the

simplest technique which captured the essential physics wt respect to the stall

inception event (in the case ofthe turbulence model, a fairly crude mixing length model
was adopted, as described below). â

5.2 DESCRIPTION

5.2.1 Flow Equations

The equations to be solved are the Reynolds averaged Navier-Stokes equations

(presented here using convenient, imixed, notation):

ââ.

pg=-pu.Vu-Vp+E+-ä%[[ä+äC-%¶:|+V(ÄV.u) (Equ 5.1)

-¡ = -V.(pu) (Equ 5.2)

p-š=-pu.Ve-pV.u+%+(I>+V.(c,Vt)-V.q, (Equ 5.3)
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These equations can al be found i Hughes and Gaylord [l964]. Some work i

required before discretisation to recast especially the last equation into a suitable form

using the chosen basic ow variables (section 5.2.2.4).

Aside from the mi ow variables there are a number ofparameters i the above

equations that need to be evaluated;

E The body force supplied by the blading, calculated from the bladerow

performance (loss and deviation) as described i section 5.2.6.

#1 º Ä 1 First and second turbulent viscosities, derived using a simple mixing

length model as described i section 5.2.3.

íQ Heat addition, assumed to be negligible. Note that the work supplied by
öl the blading does not need to be included i the energy equation using ti

formulation. .

_ âu, ålj ä, [Hughes and Gaylord, 1964] i theQ _ 1 + + Ã' . . .
âcj âci âcj dsspaton.

_sâº

_aº _sâº

K f Turbulent heat transfer coeicient, considered further i section 5.2.3.

fl» Radiation heat ux vector, assumed negligíble.

One rther parameter arising from the relationship between the energy and pressure
terms i the ratio of specic heats, y. This has been coded as a variable, but i xed at
a value of 1.4 for al of the results presented i the thesis.

5.2.2 DiscretisatioÄ±

5.2.2.1 Overview

There are ofcourse many solution methods for the equations above, suited to different

types ofgeometry and ow. One signicant feature of a pitchwise averaged stall

inception model as opposed to most three dimensíonal ow problems i that the
calculation domain i a volume ofrotation, and hence the same radial by axial grid can
be used at each circmferential point around the annulus. The solution method

presented here has been especially developed to take advantage ofthis simplifying
feature ofthe geometry.

The central part ofthe model consists of a nite element solution to the ow at each

timestep i each radial by axial plane. A description ofthe general form ofnite
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element modelling i uid dynamics can be found i (among others) Chmg [l978].
The primary reason for using a nite element technique i that it ensures a form of
consevation (see section 5.2.2.4 below). Al axisymmetric terms i± the ow equations

(that is, terms which can be non-zero for axisymmetric ow) are included i the ite
element calculations, including those derived from theta-derivatives of the ui vectors
f and Ö . I ti way the secondary objective ofa accurate radial by aa steady state
model can be met without discretisation errors i the theta direction.

I most three-dimensional ow solvers the time derivatives ofthe ow variables are

calculated approximately at each timestep, with the residual° error calculated and
added to the ow equations as a correction at the next timestep. The simplied

geometry of the current task makes it possible to solve for the time derivatives wt no
residual Ti ivolves a series ofmatrix inversions, described below i section
5.2.2.8. The matrices depend only on the geometry, and are calculated and inverted _
once only, before the rst timestep. Even so, the storage space required would be

prohibitive but for the fact that the same set of inverted matices can be applied at each
circumferential node.

The discretisation i the theta direction i handled diiferently. It has already been noted
that accuracy i ofprime importance for axisymmetric ow (the throughow model),
and that those tenns appearing i axisymmetric ow are handled i± the nite element

part ofthe model. Hence the terms relating to the theta discretisation are related only
to non-axisymmetric ow, and a simple nite di`erence calculation i suicient.

It i to be emphasised that the discretisation is igorous: i the lmt
{dr,d6, d - 0} the discretised equations revert to those of section 5.2.1. I

particular al of the viscous terms deriving from these equations are included i± the

model, although some very minor approximations are made to increase calculation

speed (referred to i section 5.2.2.3). This i at variance wt a number of other
calculations (for instance Howard and Gallimore [l993]), where only the most

signicant spanwise mixing terms are addressed.

5.2.2.2 Finite Element Method

Iti section the nite element method i described, but only as it i implemented i±

ti particular model. A description ofthe general form ofnite element modelling i±

uid dynamics can be found i (among others) Chung [l978].

The discretisation ofthe annulus for the nite element calculation i based on

hexagonal elements i the r-z plane as shown ig 5- l. Flow conditions are assumed
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to be constant over each circnnferential section [0 , 0+ö`0]. Each element is divided
ito sx triangular °cells°, over which the basic ow variables wl be linearly

interpolated; i nite element terminology, the *basis* and °test° nctions S for each
element are hexagonal based cones as shown at the right hand side ofg 5-l. Each

timestep ofthe nite element method can then be conceptualised as a sequence ofthree

steps:

1. The basic ow variables are interpolated linearly over the cells making up each
element. I this way the owi precisely dened not just at the nodes but between
them as well

2. The ow equations are used to calculate exactly what the time derivative of each
ow variable should be everywhere i± the calculation plane. This is then weighted

by the function S and integrated over the hexagonal element.

3. A increment i calculated for the ow variables at each node such that the change
over each element, when weighted by the mction S and integrated, agrees wt the
calculated time derivative.

The interpolation i the above steps is what distinguishes the nite element method
from the nite volume method. The rst step above ensures consistent iterpolation of
variables. I a nite volume method diiculties can aise om conicting interpolation
methods across cells. For instance, the result of interpolating uz between nodes and

integratig i different from interpolating u between nodes, squaring the result and then

integrating. I the nite element method these diiculties do not arise, because the
ow i uniquely dened everywhere i the calculation »plane before the ow equations
are applied.

The objective ofthe weighted integrals i the second and third steps i to reduce the
time deivatives calculated everywhere i the oweld back to the amount of data that
can be stored at the nodes only. Ti i done i a way that ensres a form of
conservation as described i section 5.2.2.4. A equivalent calculation i perfonned i
the nite volume method. The calculation here i carried out exactly using a matrix
inversion method described i section 5.2.2.8. A

5.2.2.3 Example

A simple example ofthe discretisation procedure is afforded by the continuity

equation;

âp/äf = -V-(Pu), . (Equ 5.4)
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which i local nite element form becomes

im,dV= m-Sv.<,.ºdV. . (EMS)dt V â

The integrals here are over the volume created by rotating the area ofa hexagonal
element i the r-z plane through a angle 89 around the z axis. Now

fg -sv.(pu)dV = jí_[pu.vsdV- ji] v.(spu)dV

m d JJ (EM
= pu. Vs V- spu.dA

by the divergence theorem, where A represents the total area surroundig the volume
V. O the bomdaries i the r-z plane, however, s i identically zero. Hence the last
term reduces to

0-+50

-ISH psudA:| . (Equ 5.7)

As 89-º0, dV~rdA8(-) and the overall equation reduces to

â Ã¢
-H psrdA = HprLVsdA - ,asuadßl . (Equ 5.8)â A A A

The choice of w = L as the linearly interpolated density variable instead of p (as
P'

described i the next section) poses some particular problems, Which are díscussed
later. - .For simplicity i i supposed here that p as well as u i one ofthe linearly

interpolated basic ow variables.

It i convenient at ti point to see how integration i performed i the nite element
method (as implemented here). Each ofthe terms i the above equation i a area
itegral to be performed over each hexagonal element. The integrand i each case i a

product of either basic ow variables, or the weighting mction s, or Vs. The last of

these, Vs, i constant over the triangular cells making up the hexagonal element°.
The basic ow variables and the weighting mction s are al linearly interpolated over
each triangular cell Hence the rst step is to split the integration area into its
constituent trianglesl. It is convenient to adopt the following notation for the linear

interpolation ofa variable x over a cell;

1 i order to do ti correctly, it is necessary rst to manipulate the terms into a form such that they are bomded
[in a mathematical sense] i the border regions between the cells. By way ofexample, it would not be
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x = xls, +x2s2 +x3s, , (Equ 5.9)

where xl (for instance) i the value ofx at node 1, and sl is a linearly interpolated
variable with value one at node 1 and zero at nodes 2 and 3. Using ti notation, a

3
integral ofthe form xyzdA can be written Z xiyjzk s{"s;'s§'dA , where

ce f.1'J==1 ceÄ±
m = 5 ,.1 +51., +5 , with n andp dened similarly. The advantage ofthis formulation

i that this last integral i independent ofthe shape ofthe_triangle, having the value
2Am!n!p! . . 2 'í-i , where A s the area of the tnangle [Chung 1978, page 77], and the

(m+ n +p + 2)!

usual convention i followed of dening 0! = l. Terms with fewer or more factors i
the integrand are handled i the same manner. It would of course be prohibitive to
calculate ti factor for each triangular cell for each hexagonal element for each
calculation and for each iteration. Instead, the factors multiplying the cell areas are
calculated before the rst iteration and stored for subsequent use. Even so, the number
of calculations i very large, particularly for tenns wt a large number of factors. For
ti reason some minor simplications have been made (for instance interpolating r
instead of r) but only i terms that are expected to be sal aud that contain a viscous
term (. or c.), and hence are i any case subject to uncertainty due to the simplieity of
the turbulence model.

Returning to equation 5.8, the three terms are representative ofthe three types

occurring i each of the discretised equations. The rst type, appearing on the left
hand side of each ofthe discretised equations, is the time derivative ofa area integral
over each hexagonal element. The integral i simply related to the nodal values (as
described above). The nodal vahes are known for the current timestep, but for the
next timestep need to be deduced om the integral values using a matrix inversion
described i section 5.2.2.8.

The second termi equation 5.8 i a area integral over a hexagonal element,
calculated using the method described above.

The third term i equation 5.8 i the theta derivative ofa area integral. The

integration i identical i form to the previous ones and can be calculated om the

correct to split u the integral of a second derivative ofone ofthe main ow variables, as wt lirear
irterpolation ofthese variables across cells the second derivative becomes innite at the boundaries. Such
terms cn always be reduced by application of the divergence theorem to a form i which the terms remain
nite at the bomdaries. The principle outlined here can be fomalised mathematically by assuming a type of
interpolation over a small bomdary width, and taking the limit as the bomdary width tends to zero.
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nodal values. The form ofthe nite difference discretisation i the theta direction i

discussed i section 5.2.2.7.

5.2.2.4 Flow Varíables and Conservation

The ow variables used i the calculation are velocity u, internal energy e (for constant
gamma related to static pressure by e = p/(y -1) ), and w = 1/rp. Ti choice of

variables provides for a simple nite element description, i which the number of

independent factors i each term ofthe equations can be kept small. It i recognised
however that these variables are not the natural choice wt respect to conservation,
which would be the conserved parameters ofmass, momentm and energy.

Conservation i the nite element method i ensured i a integrated sense. A
formalised proofi beyond the scope ofti thesis, but a indication ofthe reasoning is

given here using as a example a simple transport equation i two dimensions:

âçó/ôt=-u.VØ, (Equ 5.10)

where for simplicity it i assumed that V -u = 0. I nite element form the transport

equation reduces to the following for each hexagonal element:

saø/adA=-jjsu-vødA (Equs)

=-v-(suø)+øw-u+øu-vsdA (Equ 5.12)

=-§søu-nd+øu~vsdA , (Equ 5.13)

using the divergence theorem and noting that V -u = 0. As s = 0 everywhere on the

boundary C , the rst term disappears, and the whole equation can be rewritten

šjjsqsdA=;/ºuºvsdA. (Equs.4)

The basis ofthe nite element method as laid out above i that ithe integrations are

performed using the pre-dened linear intepolation procedure, then the above

equation wl by denition hold exactly. But this equation can be shown to be a
conservation equation; each trianglar cell i the calculation region (except boundary
cells which are affected by the boundary conditions) forms a part ofthree separate

hexagonal elements, each having its central node at a diiferent comer ofthe triangle

(g 5-2). Thus each triangle contributes to the weighted time derivative equation
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(5.14) ofthree elements, weighted by sl, sz and sg respectively (dened as i the

previous section). Noting that

sl +s, +s3 =l , (Equ 5.15)

and hence øu-V(s1+s, +s3)dA = 0 , (Equ 5.16)
A

the total contribution ofthe uxes within the triangle can be seen to be zero. That is,

any positive contribution to one of the adjoining elements i balanced by a negative
contribution to the other twoz. '

5.2.2.5 The Densíty Parameter w

Some particular diiculties deive from the use ofthe density parameter c = L. The
P

use ofti parameter ensures that the number of factors i most ofthe terms ofthe
discretised equations i kept to four or less, but i some equations leads to a factor i
the denominator. Equation 5.8 for instance becomes

§;Ajåa= (Eq..5.17â
º

Terms such as the nal one can be satisfactorily calculated using the approximation
x`1 z í`1(1- + >22) , where fis the average ofthe nodal values, and : = (x-3?)/1? _

The rst two terms are important for mass conservation, however, and are calculated

exactly. The analytic solution is lengthy and not reproduced here. The integration of
these terms i dependent on the shape ofthe triangular cell, which causes a problem
with respect to the terni on the le hand side of theiequation as it prevents the use of
the matrix ínversion method described i section 5.2.2.8. For ti reason i was

decided to calculate the left hand side interpolating l/w linearly and to use the matrix
ínversion technique to calculate the new nodal values, but then to use these new nodal
values to calculate a sal correction term to be applied at the next timestep. I

practice ti term was found to be small and was neglected for the calculations

presented i± the thesis.

2 A formalised description would start with a large area formed by joining a arbitrary number ofhexagonal
elements, and use a similar procedure to the one described here to show that the time derivative ofthe area
integral over that area was dependent only on the bomdary cells, and then i such a way that uxes out ofthe
area were equal to uxes entering adjoining areas.
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5.2.2.6 Dijferentiation of Vectors

It was stated previously that axisymmetric terms', that i terms which appear i

axisymmetric ow, are accounted for using the more carefully controlled nite element
discretisation rather than the nite di`erence discretisation i the theta direction. Ti

requires careful handling ofvector dierentiation. For example, the transport termi
the momentum equation (in nite element form, using Velocity as the mi variable) i

2D âÄ±
s . = - _ - 0 _ , .H- r VudA sru V u su â9dA (Equ 5 18)A A

2D
where V represents the gradient i the r-z plane. The rst term on the right hand side
can be integrated using the nite element discretisation methodology described above.
Care has to be taken with the second term, however. A discrete vector differentiation

(äh/(919 = [ulíwe /56) , while accounting for derivatives ofthe unit vectors f and Ö,

does introduce a discretisation error. Instead, the approach taken i to split the vector
derivative into axisymmetric° and non-axisymmetic parts:

A §1 . A '-ê= u,9-uef + %r+-'l6+â'-z _ (Equ5.19)56 + ââ ââ âÃ¢Axsymmetnc m-'Non-Axisymmet-ic

The axisymmetric terms are integrated using the nite element methodology described
above. The non-axisymmetric terms are integrated i a smlr way to the theta
derivative i the third term ofthe example equation above (equation 5.8) _

5.2.2. 7 Díscretísatíon in the Círcumferentíal Direction

For reasons that have already been explained a nite di`erence method i used to
calculate the effects ofnon-axisymmetry. I the absence ofviscosity (which i

neglected i± the theta direction - section 5.2.3), the relevant terms are al derived om
rst derivatives with respect to angle 9 With limited circumferential denition there is
a limit to the accuracy that can be obtained i the circumferential direction: i any case,
some ofthe pitchwise averaging assumptions break down for high circumferential
harmonics. It i most important, therefore, that a system of discretisation i the theta
direction i chosen such that the growth rates and rotation rates ofthe low
circumferential harmonics are accurately captured.

Early results (not reported i the thesis) were obtained using a simple central difference
scheme wt 15 nodes eircumferentially. The results showed a growing 5th
circumferential hamonic disturbance travelling arotmd the annulus at around 20% of
rotor speed, which i unexpectedly low. The reason can be elucidated using linear
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analysis. For the mm circmferential harmonic, the rst derivative as calculated using a
central difference scheme i

421:?) = (e fm(a+ae) _ e-.~.(o-ao) )/256

= e"'" (e*"" - e""*)/250 (Equ 5.20)

= W (1- sin(mae)/ae)

I the limit 66- 0, ti i of course the same as the analytic result ime''9. With non-
innitesimal 56, however, the result i wrong by a factor of sin(mó`6)/môâ. I a

simple circumferential transport equation, this factor represents the amount by which
the propagation rate i miscalculated, and it i not necessarily small. For theh
harmonic and een nodes circumferentially, the factor is 0.41, which explains the

unexpectedly low rotational speed ofthe observed disturbance.

Fig 5-3 shows propagation speed factors based on the above analysis for different
numbers ofnodes i the circumferential direction and different harmonic disturbances.

It shows that a large number ofnodes (at least 47) would be required to calculate a
reasonable propagation rate for even the h circumferential harmonic. Under these

circumstances, where the primary objective i to correctly model the low harmonics,
and large numbers ofnodes would give a macceptable penalty i± terms ofcalculation

time, it i natural to consider the possibility of a higher order discretisation. The
calculation time required for calculations associated wt the higher order scheme
would be negligíble compared to the time required for the mi ow calculations.

A very high order calculation would be inappropriate for this type ofmodel, where the
circumferential distribution ofparameters can be highly non-mifom. Consideration
was only given, therefore, to schemes involving at most two nodes either side ofthe
one i question. A general scheme ofthis type for nodes 56 apart can be written

where the constants ot, B, y, 5 and a have yet to be specied. Using ti scheme the
theta derivative ofthe mm circumferential harmonic is dened by

+ße.~.(a+ae) +ye.-.9 +&.-.(o-aa) +8e.~.(e-ae) , (Equ 522)

iwhich can be written as (e 8 , where 4 has a real part
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(a+.f:) cos2mó`6+(,6+5) cosmó`9+y , (Equ 5.23)

and a imaginary pat

(a - 3) sn 2mó`6 +(ß- 5) sn m56 . (Equ 5.24)

When applied i± a simple wave propagation equation the real part corresponds to a
articial growth factor, and can be made identically zero for al mode numbers by

setting _

y= 0, ô`=-ß, e=-a _ (Equ 5.25)

The imaginary part detenrines the propagation speed, and ideally should be close to
the analytic result, which i the mode number m. Substituting equations 5.25 into

equation 5.24 gives a imaginay part _

2a sin2mó`6+2ßsinm56 . (Equ 5.26)

A natural choice i to choose o and B i such a way as to force the propagation rate of
the rst two circumferential hamonics to be exactly correct. Ti i achieved by
setting

_ (sin 259- 2 smöe)a
2(sin2 250- 5111450 sm ae) . (Equ 5.21)

ß=(1-zasinzöe)
2sin59

With 15 nodes, the factor on the propagation rate oftheh harmonic using ti
method i 0.66, compared with the 0.41 factor quoted above for the central diiference
scheme. With 31 nodes, however, the factor using ti scheme i 0.97, compared to
0.84 for the central dierence scheme.

The propagation speed factor for the ve point theta discretisation described above
with 3 1 nodes círcumferentially is compared with that for the central difference scheme
ig 5-3, and shows a considerable improvement. The scheme was therefore adopted,
with 3 1 nodes i the circumferential direction.

5.2.2.8 Matrix Inversion

The time derivative term on the le hand side of each ofthe ow equations reduces to

the form
å ørsdA , where Ø represents the ow parameter i question. Ti integralA

can be performed i the same way as i the terms on the right hand side of the
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equations as described i section 5.2.2.3, and results i a linear combination ofthe
values of dçí/dt at the 7 nodes i or at the edge ofthe hexagonal element. The

constants i ti linear combination depend only on the geometry i the r-z plane, and
so do not change either i time from iteration to iteration, or circumferentially from
node to node. For ti reason the matrix inversions described below can be performed

prior to the rst iteration and so do not penalise the speed ofthe time-marching
calclations. _ u

The boundary conditions described i section 5.2.4 also give rise to equations

involving the time derivatives ofthe ow variables at the nodes. Taken together with
the mi equations, the linear combinatios of time derivatives can be recast into
matrix form A simultaneous solution ofthe entire set of linear equations i

impracticable i terms ofcalculation time and memory requirements. The following
procedure is ecient i terms ofpre-calculation and memory storage requirements. It
uses the fact that the equations relating to the elements at a given ail location i
involve time derivatives from the nodes at that axial location, the previous one, and the

following one (in a smlr way to the Tri-Diagonal Matrix Algoithm (TDMA) as
described, for instance, by Mitchell and Griíths [l980, p32]). I matrix form;

(Bqu 5-28)

where c,. i a column vector ofthe time derivatives at axial position í, f _ i a column__ 11
vector containing the integrated values on the right hand side ofthe ow equations,
coupled with the top and bottom boundary conditions, and gi , gi and gi are
constant matices (Minus, Equal and Blus, for convenience) relating the nodal time
derivatives i the three relevant columns to the integrated time derivative over the
element. Clearly LI! = 2 , im = 2 , as there i no data outside ofthe calculation

grid, and the boundary conditions are used to determine the time derivatives at inlet
and exit.

The equation above relates the values at three adjacent ail positions. By marching
towards compressor inlet om the exit boundary i i possible to derive a equation
relating the values at just two axial positions; say we have already at columnj

Q1 = , gJ._ + gj , for some , , gj (this is clearly true at the exit plane).=j " =j _

Combining ti with equ 5.28 applied at axial positionj-1,

(Equ 5-29)
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gives

(EquorQH = gj_1§j_2 + §j_1 (Equ 5.31)

where ß _ = -ggg __1 (Equ 5.32)L-_)-1 J J

and
gj-1 = [ij-1 _ gj-1 ' I (Equ 533).

Applying ti procedure from both the exit and the inlet plane, together wt equ 5.28
the following system ofthree equations is obtained at position i;

Líigiü (Equ 5.28, repeated)

QM = ß" si +g  (Equ 5-34)I'-+1

9.--1 =Q` s,~+§,f_ , (Equ 5-35)

om which can be deduced

[2 =f. <Equ.36âº_! :I =~_l 21:,-+1 _! il _.- :I __+

Q.=Ä±

«ndhm

QiIthe equations above the ß , L and 2 matrices are entirely geometry dependent,
and so can be calculated and inverted before the rst iteration. The g vectors are

dependent also on the ight-hand-side integral values and bomdary conditions (13 ).
Hence the nodal values can be determined from two passes i the axial direction, one
downstream calculating the g vectors, and one upstream calculating the gi' vectors
and deriving the nodal values gi.

I the integral of a parameter over a hexagonal element (particularly wt the weighting
function s), greatest weight is given to the central node. Ti ensures the dominance of
the leading diagonal i the matrix l , and also that the matrix g dominates g and
Ti i tm ensures that the matrices above are well behaved and ínvertíble, and also
that any errors i matching om the boundaies decay (as does the effect of the

boundary conditions).
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5.2.3 Trbulent Mixing

I line wt the objectives ofti rst attempt at a viscous stall inception model, a
simple mixing length turbulence model was adopted, following the method ofHoward
and Gallimore [1993] for spanwise mixing throughow calculations, rst introduced
by Gallimore and Cumpsty [l986a,b]. Two signicant departures are made, however.
Firstly, Howard and Gallimore calculated the ow near the annulus walls only to a
position i the log law region. I the time marching code described here points may be
placed i± the laminar sublayer. Secondly, the previous authors applied the calculated
viscosity only to ow vaiations i the radial direction. The current fonmlation uses
the calculated level of turbulent mixing i both the radial and axial directions (the grid
denition i the circumferential direction is too coarse for the viscous terms to be

signicant).

The basis for the turbulence model i the following equation for mixing length l after
van Driest, which can be found i Schlichtig [l979, page 604].

_y*
l=

,¶y(1-e , (Equ 5.38)

where g(=0.4 and A=26 are constants. y* =å corresponds to the distance from the
vlam

wall normalised by the laminar viscosity v,, and the iction velocity, dened as

v. ~ , where u i the absolute value of the velocity and y i distance normal to the

wall These formulae are to some extent misapplied, as they are intended for use i
parallel owswt no pressure gradient. They have been shown, however, to give
reasonable steady state boundary layer proles i axial compressors [Howard and
Gallimore, 1993]. Note that even three dimensional blade passage calculations can
give doubtful results i± the near wall regions, and so the degree ofreasonableness i
much looser than, say, would be required i a pure bomday layer calculation.

Combining the above formulae gives

VIarnAl=1y 1-e . (Equ 5.39)

Ti equation i applied iteratively to determine the mixing length l.
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Having found the mixing length l, the overall viscosity level i calculated as the sm of
the laminar and turbulent components,

. = .. +, , (Equ 5.40)

where , =pl2
% . (Equ 5.41)

Two modications are applied to ensure a reasonable prole ofturbulent viscosity.
Firstly, the viscosity i prevented om exceeding a preset level, for the

mainstream ow. Secondly, i al ofthe calculations the Velocity gradient i

subject to a minimum level to ensure that the viscosity does rise to ti level

The accuracy ofthe code i calculatig steady ows using the van Diest expression
was checked using a test case ofow through a duct with no blades, descn`bed i
section 5.3.3.

I spanwise mixing calculations the level ofturbulence has to accomt not only for true
sal lengthscale turbulence, but also larger lengthscale mixing e`ects due, for
instance, to blade wakes or tip clearance ovvs. For this reason the value oftrbulent

viscosity used i higher than normal turbulence levels would suggest, especially i± the
endwall regions. I order to restict the number of input variables i the code

testing/demonstration phase, i was decided to use a xed level ofdynamic trblent
viscosity (0.07 kg m`1s`1)unifomly across the span for the stall test cases.
Measurements ofmixing coeicients i the Deverson test rig by Goto [1992] show
ti level to be high by a 'factor of 3.5 for the high tp clearance test case and 6.5 for
the low tip clearance case.

A second turbulent viscosity i dened by analogy with Stokes° hypothesis for laminat
ow; Ä, =-%,. (Equ 5.42)

The turbulent heat transfer coeicient is dened by way of a turbulent Prandtl number

(Equ 5.43)

For the tests reported here the value of the turbulent Prandtl number has been set to
0.8.
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5.2.4 Boundary Conditions

5.2.4.1 Endwalls

The boundary conditions on the inner and outer walls are

0 No-slip, (u / n = 0 i± the wall relative ame)

0 Zero normal static pressure gradient

0 Mass conservation

0 Energy conservation (no heat transfer)

The no-slip boundary condition is enforced by setting u, = 0 on the endwalls.

It wl be seen later that the radial (or more precisely normal') grid spacing close to
the walls i too ne to resolve pressure waves i that direction, and so a correction to
the radial velocity i devised to ensure that the second boundary condition holds

(section 5.2.5). Strictly, ti could give a non-zero normal velocity on the end-wall,
but instead i i applied i such a way that the end-wall velocity i zero, wt a

subsequent negligible error to the °freestream' radial velocity.

The nal two boundary conditions are applied directly by integrating the continuity and

energy equations over the half elements' at the top and bottom ofthe calculation

region, using the conditions n -Vt = 0 and u = 0 to dene zero mass and heat addition
on the boundary itself

5.2.4.2 Inlet und Exit '

I a time accurate code some care has to be taken wt respect to the inlet and exit

boundary conditions. Fixed values oftotal pressure at inlet, say, or static pressure at
exit, can lead to reection ofpressure waves that with a long adjoining duct would be

simply carried upstream or downstream To prevent this, a one-dimensional non-

reecting boundary condition was implemented. A part ofthe work ensuing the

stability ofthe code (as described i the next section), time deivatives of axial velocity
aud pressure were resolved into upstream and downstream (linear) waves. One

boundary condition for axial velocity and static pressure was then set by ensuing that
the amplitude ofthe wave entering the calculation zone is zero. The other condition
was set by extrapolating the outgoing wave om within the calculation region

(although as ti wave i outgoing its signicance i only i± terms of
numeical/discretisation error).
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I reality (and i± the model) some incoming wave information i required i order to
set the operating point ofthe compressor, and so a slow retum term was added
towards a set value of inlet total pressure and exit static pressure. Ti *required* exit
static pressure was vaied i time during the stall tests to mimic throttle transients.

The other ow properties were set at inlet to the calculation domain, and extrapolated
at the exit plane. Inlet whirl Velocity was xed at a constant level (for the mi± test
case described below the inlet ow was axial). Ilet radial velocity was set to zero.
The ilet density was also set to a xed level

The boundary conditions at inlet and exit to the compressor could be improved. A one
dimensional non-reective bomdary condition i essential. A two-dimensional non-
reective condition, however, would almost cetainly be better. The radial and whirl

Velocity conditions are not unreasonable, provided the ilet plane i suiciently fr

upstream ofthe compressor face. I the stall inception tests reported i± section

5.4, the inlet plane i placed 0.2 radii upstream ofrotor inlet. I ti case some radial
and circumferential ow does occur close to the inlet ofthe calculation domain,

however, and the inlet duct would ideally be longer. The constant inlet density
condition could be modied to account for the boundary layer at inlet.

5.2.5 Numerical Stability

For the test cases attempted so fr numerical instability has been avoided. I particular
the stall disturbance prediction i the case ofthe Deverson test compressor (section

5.4) i genuiely aerodynamic as opposed to numerical; stall inception follows the
breakdown ofthe outer wall boundary layer, which is exactly the e`ect the model is
intended to capture. Furthermore, the inception pattemis very close to that observed

by McDougalL Fially, operation i shown to be stable further down the compressor
characteristic.

The following ve features have been included i the code to ensure numerical

stability. Ti combination offeatures has evolved wt the code and i not presented
as being i any way optimal

1. A standard four stage Rmge Kutta algorithm is applied to the time derivative
calculation.

2. ` ` ` es ofthe axial velocity_a_nd_static pressure parameters are rstThetmedervatv ,_ »A _ _ V
resolved into upstreainyand downstream wave components, and then upwinded

slightly. Ti i equivalent to the Warming-Steger algorithm (described, for

instance, i Hirsch [l990]), applied i one dimension only. The upwinding
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coeicients were derived from a linearised eigenvalue analysis ofthe mid-height
ow using the same discretisation as the fl tlree-dimensional solution.

3. Al other time derivatives are smoothed radially and axially using a second order

implicit smoothing technique based on Lerat [l985]. The axial velocity and static

pressure time derivatives are smoothed i the radial direction only.

4. A low level of second order axial and radial smoothing i applied to the ow

parameters themselves. The smoothig terms are calculated as second order i time
iviscid terms om the ow equations, scaled by a factor of0. 12 i the ail
direction and 0.6 i the radial direction (hence they are small). The factors are

variable; low values can be combined wt a low time-step to give a more accurate

steady state solution, whereas a higher timestep and higher snoothing levels can be
used for modelling lengthy stall transients. A smlr term i applied to smooth the
ow parameters i the circumferential direction.

5. Stability is particularly diicult to maintain i± the radial dimension, as the grid

spacing i very sal close to the walls. For ti reason a correction i added to the
radial velocity such that the time derivative of the static pressure i smooth i the
radial direction. The correction i scaled by the local radial grid spacing, and so i
sal outside the bomdary layer. Near the endwalls it i relatively large, and has
the e`ect ofensuring nearly constant static pressure across the boundary layer. It
would be possible to allow for wall curvature (circumferential and axial) i the

'required' pressure prole near the wall, but this was not done for the tests reported
here.

With 3 1 nodes circumferentially the grid spacing i± that direction i larger than the
maximum spacing i the ail or radial direction by a factor of over six. The Courant-

Friedrichs-Lewy number (CFL = aAt/Ax , where a is the speed of sound, Ati the

timestep, andAx i the local grid spacing) is therefore lower by the same factor, and no
circumferential smoothing ofthe time derivatives i required to ensure stability, beyond
the discretisation procedure described i section 5.2.2.7.

One immediate result ofthe importance ofthe CFL number i deternining stability i
that the maximum stable time-step i govemed by the grid geometry. The grid
denition, however, is largely set by the lengthscale ofthe disturbances being
modelled, and hence the maximum time-step for a given application i pre-dened.
Stall inception timescales, however, scale with wheel rotation speed, and hence more
ofthe disturbance can be modelled with a given number of iterations ithe wheel speed
i set articially high. Ti is done for the low speed test case described i section 5.4.
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There are some implications i terms of compressibility eifects which are discussed at
that point.

The snoothing described above has greatest e`ect i the near wall areas where the

grid spacing i nest. One ofthe eifects i to slow the reaction ofthe boundary layers
to unsteady disturbances i the freestream A oscillating boundary layer test case was
devised to measure ti effect (section 5.3.4), and showed the bomdary layer response
rates to be acceptable, but only marginally so for low values oftp clearance. More
work i required i the area of smoothing to improve the time response ofthe

boundary layer. ~

5.2.6 Pitchwise Averaged Bladeforce Model

The blading i the compressor i modelled i a pitchwise averaged sense by

introducig a axial and a tangential body force into the ow equations (no account i

currently taken ofradial forces). These forces are calculated i different ways

depending on radial position. Across the majority of the span these forces are
calculated from blade loss and deviation using the calculation procedure described
below. The blade loss and deviation are i tm derived om the ow conditions at

blade inlet. Towards the outer ends ofthe blades a constant bladeforce' model is

implemented (described below i section 5.2.6.4). I the tp gap region, where there i
no blade, the bladeforce i set to zero. The combination of a constant bladeforce
model wt zero force i the gap region has been shown to give reasonable agreement
with measured steady state proles [Ga1limore, 1996].

5.2.6.1 Loss and.Devíatíon Assumptions

For the test cases reported here the simplifying assumptions are made ofzero
loss and deviation calculated om the Miller rule' [Miller, 1987]. The absence ofloss
has some e`ect on the shape ofthe stage characteristic (section 5.4.3.1). Calculating
loss and deviation 'om the blade inlet conditions is incorrect for reverse owi the

maistream region, which limits the code to the stall inception period. A small amomt
ofextra work would be required to dene the bladerow performance i reverse ow
and hence to model the growth ofthe stall disturbance into fully developed rotating
stall or axisymmetic surge.

5.2.6.2 Calculatíon ofBlade Forces

The bladeforce terms aising om deviation are based on a assumed prole of idealâ
relative ow angle with axial distance (the ideal prole i dened as the prole that
would be achieved at that icidence level i steady state running). For simplicity the
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ideal prole i taken to be a linear change from the inlet ar angle at bladerow inlet to
the exit metal angle plus deviation at bladerow exit. The force i the tangential
direction per ui mass i then calculated om the simple formula

F, = u , (Equ 5.44)

where u_, i the ideal relative whirl velocity calculated from the ideal ow angle
and the local value of axial velocity. Calculated i ti way, Variations i axial velocity
along the blade are automatically accounted for. Furthermore, using the nite element
discretisation, the calculation can be performed i such a way as to ensure negligíble

iterpolation errors. Hence i steady state rmning the prole ofrelative angle wt
axial distance produced by the calculated forces wl be exactly the ideal° one.

The axial force can be calculated om the tangential one using the fact that for zero
loss the force must be everywhere perpendicular to the ow, hence

ól± _
F, = -ug

iii-ei. (Equ 5.45)

5.2.6.3 Bladerow Performance Tíme Lag

Mazzaway [l977], among others, has noted the existence of a time delay i bladerow
loss and deviation beyond that caused by inetial e`ects. A time lag i included i ti
model using a simple rst order technique;

Fåf.ííš'. (Equ 5-46)

where a = dt/dtmp and dtmp is the response time ofthe blade boundary layers,

assumed to be ofthe order ofthe convection time through a blade passage. Ti
procedure also has the stabilising e`ect of lowpass ltering the blade force i time.

5.2.6.4 Constant Bladeforce Model

I a compressor the force supplied to the ar by the blading i derived from the static

pressure distribution on the blade surfaces. Near the ends ofblades the loss and
deviation calculated i a two dimensional manner om the blade ilet conditions would

imply a unsustainable static pressure gradient i the radial direction. Accordingly,
measurements have shown that near the ends ofblades the force supplied to the ar by
the blading i not solely determined by the blade inlet conditions, but i radially
smoothed [Ding, 1993]. The region over which the smoothing i signicant i

dependent on whether the blade end is xed or ee, the level oftip clearance, the

blading style, and presumably the inlet boundary layer thickness. Various models of
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xed and free ends have been adopted by previous authors. For the tests

reported here the simple assumption was made that the bladeforce remains constant
over the outer ten percent ofthe span. For the high tp clearance case the extent of the
constant bladeforce was increased to twenty percent for rotor and stator at the outer
wall only.

Note that the parameter that i kept constant is the body force per ui volume. The

parameter used i the calculations (see above) is force per ui mass, and so has to be
scaled by the local density i the constant bladeforce regions.

Early attempts at implementing the constant bladerow model used a constant tangential
bladeforce, but allowed the axial bladeforce to vary such that the force vector was

always pependicular to the ow and the ow thus remained loss-ee. Ti approach

naturally gave extremely high axial forces i regions ofhigh swirl angle. Instead, i
was decided to keep the force vector constant through the outer regions. Ti i i±
broad agreement with measurements [Dring, 1993]. Eventally the force angle could
be derived om a near wall loss model.

Gallimore [1996] has implemented a constant bladeforce model smlr to (but more

complex than) the one described above, together wt a near wall loss model, ito a

throughow model incorporating the effects of spanwise mixing. Broad agreement i
demonstrated between the predicted and measured steady state performance ofthree

compressors over a range of operating conditions.

5.2.7 Random Input

A small random element (typically a small action of 1%) is added to the axial and
circumferential velocities at each timestep, scaled by the local axial Velocity. This

procedure i analogous to that used for the multiple compressors i parallel model
(described i section 4.2.6), with the same objective of introducing non-axisymmetric
disturbances without overly inuencing the mode ofthe instability being modelled.

5.3 CODE VALIDATION

Various checks have been performed on the code to ensure proper discretisation ofthe
ow equations. Among these are four specic test cases described below. These tests
were carried out during the development ofthe code and hence were not al performed
with the latest version or the latest parameter settings. Nonetheless they demonstrate
the capability ofthe discretisation scheme i a number of areas.
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5.3.1 Hagen-Poiseuille Type Flow i an Annular Duct

Ti test case was used to check the velocity terms related to viscous owi the axial
direction. Schlichting [l979, page 85] gives a equation for Hagen-Poiseuille owi a

pipe, that i al developed axial ow prole at a set pressure gradient and wt
constant viscosity. The same method can be used wt only minor modications to
determine a fully developed velocity prole i a annulus, with the result

2_u-
4 5 [y (IHR2 _1nR]lny+(~íe-IHR2_lnR , (Equ 5.47)

where R1 and R2 are inner and outer radius respectively.

The ability ofthe code to match the above prole was tested i a blade-ee parallel
annulus. For ti fly developed prole test case the inlet bomdary condition was set
to give zero normal derivative of axial velocity. The pressure gradient was calculated
such that the peak velocity (according to the analytic solution) was 100m/s. A coarse
mesh was used for the calculation, with 10 equispaced nodes radially, and a high
hub/tip ratio (0.92).

The axial velocity prole calculate by the model at the inlet and exit ofthe duct is
shown ig 5-4, together with the analytic solution. The owi the calculated
solution i shown to accelerate along the duct. The cause i a combination of

compressibility and adiabaticity. A the static pressure fls (by just over 4%), the
density fls by the same ratio, and the velocity ises (again, by just over 4%). Tlus the
calculated solution i not fully developed (that is, axially constant). Al developed
ow is only possible iheat loss is allowed through the annulus walls (in a real
situation, the heat generated by the viscous forces would increase the temperature of
the uid until the heat loss became signicant). For the short duration stall transients
at which the time marching model i directed any heat transfer to the walls is
considered negligíble, and adiabatic walls are assmed.

The acceleration ofthe uid along the duct introduces a extra term ito the axial
momentum equation that reduces the effective pressure drop along the duct: the
pressure drop now balances the material acceleration ofthe ow i± addition to the
viscous forces. The reduced level of the viscous forces i reected i a lower peak
axial velocity i the duct. A simple calculation at mid~height suggests that the effective
pressure drop would be less than the actal pressure drop by 4.3%. The discrepancy
between the actual and analytic peak velocity (g 5-4) varies from 8% at inlet to 5% at
exit. Better agreement could not be expected given the other assumptions implicit i
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the model, primarily to do with the inlet and exit boundary conditions (constant density

radially at inlet, possible heat transfer at inlet and exit). ~

Having conpared the peak velocity as calculated by the model with the analytic

sohtion, a comparison was made ofthe radial proles by scalig the level ofthe

analytic solution such that the peak value matched the peak value at duct inlet as
calculated using the model. The scaled prole i also shown on g 5-4, and i almost
identical to the calculated prole.

5.3.2 Flow Between Rotating Cylinders

Ti test case i designed to test the viscous and inviscid terms i the ow equations
relating to non-zero whirl velocity. The analytic solution for ti test case wt laminar

viscosity, incompressible ow and zero axial velocity i given i Schlichting [l979,

page 87].

The simplest way to model the test case without too much alteration to the inlet and
exit boundary conditions was to apply a small gradient of static pressure axially,

leadig to a sal ail throughow i addition to the desired prole ofwhirl velocity.
The circumferential velocity ofthe inner wall was set to 50m/s, and ofthe outer wall to
lm/s. One complication with respect to ti test case is that the boundary conditions
ofthe model require a prole ofwhirl velocity to be set at inlet. Ifthis prole i too
dissimilar to the steady state solution, then a large axial length i required for the ow
to readjust. For this reason the analytic prole was applied at inlet, but wt a sal

pertrbation added (the prole used was the analytic solution wt zero velocity on the
outer wall). The same coarse calculation mesh was used as for the previous test case.

The pertrbed prole ofwhirl velocity at inlet was observed to change wt axial

length, converging to a very smlr exit prole to the analytic solution (g 5-5). A
the calculated and analytic proles are almost linear a better idea ofthe accuracy i
obtained by plotting the deviation om a straight line (g 5-6). Again, good

agreement i obtained. As a additional check, ti time on the energy equation, the

power input was calculated from the temperature prole at inlet and exit, and matched
the (very small) power input of the rotating walls to within 1%, representing 0.006%
ofthe total enthalpy ux through the duct.

5.3.3 Fully Developed Turbulent Boundary Layer

Ti test case i designed to check the near wall turbulence model Again a axial

pressure gradient is set up to drive ow down a blade-ee duct. This time, however,
the mixing length turbulence model is switched on (in the Hagen-Poiseuille test case

153



above lmnr viscosity was assumed). A zero normal derivative inlet boundary
condition was used for the axial velocity, such that the model converged slowly to

something close to a fully developed prole with a relatively short duct length. The

analytic result for owi a pipe wt the given turbulence model i given by

Schlichting [l979, chapter 20].

I the calculated solution there i a small amount ofVariation axially due to a imposed
inlet condition ofconstant density. The calculated axial velocity prole towards the
end ofthe duct i shown ig 5-7. The same prole (om the inner wall to mid-

height) i shown again i± g 5-8, ti time i normalised form and compared wt the

analytic result given by Schlichting [l979, page 601]. The x co-ordinate 1 represents
the distance from the wall, normalised by the iction velocity and the laminat
kinematic viscosity, on a logarithmic scale. The y co-ordinate i i the ail velocity
normalised by the iction velocity. The agreement i good except i the freestream

regions (high 11), where the turbulence modelling i slightly di`erent (the code has a
xed level ofeestream turbulence), and also the differences between a pipe wall and
a annulus wall become signicant. The convergence i such that the solution i

improving very slowly wt time.

5.3.4 Oscillating Boundary Layer

Ti test case was devised to test the unsteady response ofthe boundary layers i the
model. The starting point is a converged steady ow down a blade-free duct. Ti

steady ow i then perturbed by a sal oscillation ofthe exit static pressure, at f
increasing frequency wt time. A analytic solution i compared to results from the/
time matching model using the same calculation mesh and input parameters as i the
stall inception test case reported i section 5.4.

The incompressible analytic solution (for oscillating ow over a at plate with the
turbulence model used i the code) i derived i analogy wt the lma case for pipe
ow presented by Schlichting [1979, page 436]. The compressible solution should be
smlr provided the pressure perturbations are sal and the wavelength ofthe
freestream oscillation is large compared to the length ofthe duct (so that the change i
freestream conditions i approdmately constant along the duct). That is, a/ M >> 1,
wherefi the frequency i Hz. For the duct length used (0.50m) ti limits the

frequency to f << 700 H, which is well beyond the required range.

The starting point for the analytic solution is the axial momentum equation
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(Equ5.48)0 âf Pâf Öl ëf

The rst term on the right hand side is ignored, as i i assumed that the velocity prole
i unifomi the x direction. I the eestream, viscosity i negligíble, and so the axial

pressure gradient i proportional to the time derivative ofthe velocity;

a 14Â»
-=---, B 5.49
a på ( qu. )

where ü i the deviation ofthe freestream velocity om its time average value.

Assuming that the static pressure remains constant through the bounday layer, the

velocity uctations through the boundary layer are then related to those i the
eestream by

Q =
ä+í(v _ (Equ 5.50)â' ât Ö/ Ã

Taking a Fomier transform with respect to time yields

iaºu=iaºü-i(v, , (Equ 5.51)0' d

or u' = , (Equ 5.52)

where Ä = , and the normalised velocity uctuation u' =1 .1 l

The boundary conditions are then

u'(o) = -1 , (Equ 5.53)

and u'-º0 as y-ºoo . (Equ 5.54)

For laminar (that is, constant) viscosity, the equation i easily solved wt these

bomdary conditions to give

u' = -e"/xy . (Equ 5.55)

Ti result can be shown to be the limit ofthe pipe solution given by Schlichting as the
radius increases

toNow (Bqu5.56)
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and the real and imaginary parts of this mction respectively correspond to a
attenuation and a time lag ofthe boundary layer oscillations as compared to the
freestream oscillations. The same features, a time lag as well as a attenuation, can be

expected to occur i the turbulent case.

The basis ofthe turbulent calculation (loosely called analytic) i that the turbulence
model used i the code i such that under a small perturbation to a mean ow the
calculated turbulence level wl be approximately constant. The calculated values of
turbulent viscosity at the start of the test can then be used to integrate equation 5.52.
Ti integration has to be done with some care. Firstly, note that i the code the
turbulent viscosity i assumed constant over each cell. Ti can be mimicked i± the

analytic solution by integrating equ 5.52 directly between nodes i the radial direction
to give

u'=Ae`/-5'" +Be"/íy . (Equ 5.57)

And the stress i (to a multiplicative constant)

ôl
(Equ 5.58)

I ti analytic solution both the velocity and the stress must be continuous across each
node. This gives two equations per intemal node, with two variables (A and B) per
inter-node gap. The remaining two equations come from the boundary conditions
(equs 5.53 to 5.54). The whole forms a linear set of equations that can be solved using
standard matrix techniques.

The analytic response ofthe boundary layer to a velocity uctation at 1l0Hz i the
eestream i shown ig 5-9, i terms ofamplitude (nomalised by the amplitude of
the eestream uctuation) and phase response. Compared to the lamiar boundary
layer result (equ 5.55) the turbulent viscosity prole produces a high response close to
the wall, wt little i± the way oftime lag. Also shown i g 5-9 i the boundary layer
response produced by the time-marching code. Again there i negligíble time lag, but
the response fls away further om the wall. Note, however, that the response i
plotted against a log scale ofradial distance from the wall, and so the size ofthe near
wall regions i exaggerated.

A the time delay is negligíble i both the model and the analytic° sohtion, a simple

comparison can be made by normalising the response at each gidpoint by the a1alyticâ
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response at the gridpoint. The normalised response curves are shown for freestream
uctuations at a number offrequencies ig 5-10, again plotted against a log scale of
radial distance.

For the tp clearance calculations to be representative, i i necessary to have a fairly
accurate response over at least halfofthe tip gap region at frequencies up to the

passirg frequency of the highest harmonic being modelled. The blade tp positions for
the high and low tip clearance predictions ofthe Deverson rig (section 5.4) are marked
on the plot. The code generally i intended to be accurate up to the harmonic

circumferentially, which (assuming a rotating stall frequency ofhalfsa speed) has a

passing equency of l25Hz. Fromti i can be seen that the boundary layer response
i marginal for the high tp clearance case and poor for the low tp clearance test case.

The most signicant factor i determining the boundary layer response was found to be
the smoothing ofthe calculated time derivatives i the radial direction. Useful work
could be done i the future either improving on the type of smoothing used or

investigating the e`ects_ of a lower level of smoothing. i

5.4 SINGLE STAGE COMPRESSOR STALL TEST CASE

The ability ofthe three dimensional time-marching code to capture stall irception

dynamics was tested by conparirg the predicted stalling behaviour of the Deverson
low speed single stage compressor with the measurements made by McDougall [l988].
The predicted steady state behaviour prior to stall was compared also wt the
measurements ofGoto [1992] on the same rig.

The rig used by McDougall i described i the following section. Most
ofhistmeasurementswere made with a large rotor tp clearance (3% ofrotor tp chord,
which i 2.2% of spar) and stator sealed at both ends. McDougall detected a wave-
like disturbance prior to stall, which rotated around the annulus at between 50% and
60% of shaft speed. The disturbance was strongest inside the rotor passages towards
the trailing edge at around 85% of span and 18% ofpitch from the suction surface. At
the front and rear of the compressor the disturbance was seen to be fairly uniform

radially, a feature interpreted by McDougall as being a modal* response ofthe

compressor environment to the disturbance at rotor tip. McDougall made a smaller
number ofmeasurements at a lower level oftp clearance (1.2% ofrotor tp chord,
which i 0.9% of span). Here the results were interpreted as a hub stall. Day [l993a]
however gives detailed measurements of stall i the same build, showing the same
modal° stalling pattern at the high tip clearance, but a short circumferential
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lengthscale' disturbance i the low tip clearance case (see section 2.1), noting that at
both levels ofclearance stall disturbances started at the tp ofthe rotor and grew
towards the hub.

Day noted that the moda1° behaviour observed by McDougall was not necessarily a

precursor to irretrievable ow breakdown. The length oftime over which such
behaviour could be observed prior to stall varied considerably between events.

Furthermore, ithe throttle was opened while the modal behaviour was present
axisymmetric operation could be regained. Both Day and McDougall, however, noted
the smooth transition om the modal behaviour into iretrievable rotating stall, and so
the stages of stall inception at high tip clearance as predicted by a successful stall
model should reect the type ofbehaviour reported by McDougalL

5.4.1 Rig

The Deverson rig i a low speed single stage compressor. The layout ofthe rig i
shown ig 5- 1 l. The annulus i parallel, wt a hub/tip ratio of0.8. The blading is
offree vortex design, based on C4 aerofoils. Details are given i table 5-1, which i

reproduced om McDougall [l988, table 3. 1]. Many ofMcDougalls measurements
were made wt the stators staggered closed by 10° (the °unloaded conguration i±
table 5- 1) i a attempt to ensure that the stalling behaviour was dominated by the
rotor.

A signicant leakage ow into the annulus just upstream ofthe rotor hub has been

reported by a subsequent experimenter using the same rig [Place, 1996], and was
observed to give rise to a large separation region at rotor hub. Ti feature is
considered briey i± section 5.4.3.2.

5.4.2 Application of Model

The calculations were performed using a 23000 point mesh, wt 24 points i the axial
direction, 31 radially, and 31 circumferentially. The grid used for the calculation i
shown ig 5-12. Note that the blade inlet and exit proles were approximated by
straight lines i the radial direction. This was done to simplify input and analysis ofthe
results, and does not represent a limitation ofthe model

A fr as possible the input to the model was made to match the experimental
conditions during McDouga1l's experiments. Many ofthe details have been discussed
earlier i the chapter. Note i particular that the rotational speed ofthe rig was

articially increased by a factor of 6 to 49.8Hz, i order to allow the computation to be
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performed i a acceptably sal number of timesteps. The inlet bounday layer
measured by McDougall was approximated by a seventh power law prole.

The stators were left at their nominal setting for the modelled transients. With the
stator deviation model used the rate of deviation increase wt inlet ow angle at the
stall point was nearly identical wt the stators at their nominal and unloaded settings,
and so the 10° difference i stagger setting i not expected to a`ect the-stall inception
behaviour.

The stall inception model was applied with two levels oftp clearance, l.4% and 2,7%
ofspan. A fl investigation was carried out at 2.7% clearance. Results om nmning
the model i axisymmetric mode only are presented for the l.4% clearance. The two
values of clearance lie either side ofthe high tip clearance case (2.2% of span) reported
by McDougall.

The procedure for identifying the stall inception pattem was as follows. First the "
model was n axisymmetrically, with the exit pressure gradually increasing. From

tiaxisymmetricrn the overall pressure ratio characteristic was derived (as described i 1
the next secton). The ma conduons for the non-axsymmetnc rms were derived 1\<ifrom the axisymmetric data at a point just below the peak ofthe total to static pressure 5;
rise characteristic (on the high ow, negatively sloped part). A slow throttle
transientwasthen mimicked by gradually raising the exit static pressure until stall occurred. p
The random input (section 5.2.7) allowed a non-axisymmetric solution to develop. i

5.4.3 Comparison with Experiment - Steady State Prior to Stall
Two mdamental compaisons were made with respect to the steady state behaviour V

prior to stall Firstly the overall steady state operation ofthe code was checked by
comparing the predicted and measured overall compressor characteristics. Secondly
the predicted radial prole ofaxial velocity near the rotor exit plane i compared wt
measurement, as this prole (particularly i the tip region) is shown by the predictions
to play a signicant part i the stalling behaviour ofthe compressor.

5.4.3.1 Overall Characterístíc

The measured [Goto, 1992] and predicted total-to-static stage characteristics are
shown ig 5-13. The lemost point of each characteristic is the stall point (in the
case ofthe model, the point at which the axisymmetric calculation exhíbited srge

behaviour). The calculations described here were performed neglecting blade prole
loss (section 5.2.6.1). A simple correction, described below, has been applied to the
model results to account for this. The ow parameter i the case ofthe rig i
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calculated from the mass ow through the machine. I the case ofthe computational
model, i is calculated on a average basis at mid-stage. The reason for usirg ti axial

plane i the fast rotation ofthe computational compared to the experimental rig, giving
rise to a density ratio across the rotor and stator. Velocity triangles for the mid-height
section wt and without the density ratio are shown i g 5-14. For a given level of
rotor deviation the same level ofwork is achieved with the same axial velocity at rotor
exit (rather than inlet), as a consequence ofthe axial inlet ow.

The agreement between the measured and calculated characteristics i reasonable,

given the nature of the assumptions i the model (better agreement was obtained by
accounting for the density ratio across the rotor i calculating rotor incidences, see

below). The eifect ofthe larger tip clearance i degradig the performance near the
stall point i very similar to the measured effect (given the slightly di`erent levels oftp
clearance i rig and model) i terms ofboth pressure ratio and ow, which gives some
condence i the capability ofthe calculation to model the e`ect oftp clearance on
stall inception.

The raw° pressure rise characteristic at low tip clearance i shown i comparison wt
the experimental results ofGoto ig 5-15. The computational predictions show a

considerably higher pressure rise than the measurements, primarily as a result ofthe
zero blade prole loss assumption. The predicted eiciency at low tip clearance i
fairly constant at between 96 and 94% (adiabatic) along the whole characteristic. Ti
loss derives om the viscous forces included i the model, particularly i the rotor tip
region due to the recirculation there (see the next section). Ti eciency i lower
than might be expected (withoutany account taken ofblade boundary layer loss), due
to the high level and radial extent ofmixing used for the calculations (section 5.2.3).
Subsequent measurements to those of Goto, on a similar build wt the same level of

tp clearance (2.2% of span) showed a eiciency of90% at the design point droppig
to 80% just before stall [Place et a, 1995]. Ifa linear distribution wt owi
assumed between these two points, the predicted characteristic (with the same work

input) moves to the dotted line shown i g 5- 1 5, which is much closer to the
measured characteristic. Ti corrected line i the one plotted ig 5-13. Ifit i
assumed that the difference between the measured and predicted efciencies represents
the blade prole loss, then the same eiciency correction (at a ow) i applicable at al
clearances, and the high tip clearance characteristic shown i g 5-13 was corrected

accordingly.

It was noted above that the effect ofthe density ise across the rotor could be
accounted for by plotting the characteristic against the ow coeicient at mid-stage.

' 160



The density ratio sil causes a díscrepancy between model and experiment, however,
because the rotor deviation i the model i calculated from the conditions at rotor inlet.

The second correction shown ig 5-15 was obtained by repeating the calculations
wt the rotor deviation calculated om the rotor inlet ow, but with the axial velocity
scaled by the density ratio across the rotor. With ti second correction the predicted
and measured characteristics agree well

The third correction shown ig 5-15 was obtained by repeating the calculations wt
the stators i their unloaded conguration (that is, closed 10°). The effect is

negligíble, partly because the zero blade prole loss assmption means that the exit
total pressure i unaected, and partly because the ar exit angle i near axial, and so
the angle change has little e`ect on the absolute velocity at stator exit (and hence little
effect on the exit static pressure).

5.4.3.2 Axíal Velocity Prole Near Rotor Exit

It wl be seen i the next section that the behaviour ofthe owi the rotor tp region
is critical to stall iception i the Deverson rig. For ti reason it is appropriate to

compare the Steady state behaviour ofthe model wt experimental results prior to
stall. Goto [1992] measured the radial prole ofaxial velocity behid the rotor on the
same compressor build as studied by McDougall. A comparison ofhs measured prole

(between the design ow and the stall point) with that predicted by the model at the
same radially averaged ow coeicient is shown i g 5-16.

The predicted velocity prole om 0 to 70% height is quite different to that measured

by Goto: the predicted axial velocity falls with radial height, whereas the measured

velocity rises. The reason is the large separation region at rotor hub. The primary
cause ofti separation was a leakage path into the annulus upstream ofthe rotor

[P1ace, 1996], which is not represented i the model. I order to compare the owi
the tp region, calculated results are also shown at a higher radially averaged ow

coeicient, such that the level ofow towards the tip away om the separated region
i smlr to the experimental results.

Between 70% height and the outer wall the agreement between the predicted prole
and the measurements i better. The predicted velocity drops rather too rapidly
towards the outer wall., but i should be noted that the predicted prole i changing

rapidly i the axial direction at ti point; within the rotor there i signicant ow
reversal at rotor tip. Ti feature appears to be reected i McDougall°s

measurements, i that the on-rotor measurements near the tp show signicantly lower
axial velocities at a height than those i the stationary frame downstream ofthe rotor.
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5.4.4 Axisymmetric Stalling Behaviour

The model presented i this chapter correctly predicts that stall inception occurs i a
non-axisymmetric manner. When the model in to stall axisymmetically, however,
a pattern of stall inception is observed that i qualitatively smlr to the non-

axisymmetric stall inception pattem (in a ame rotating wt the disturbance).

The largest ow disturbances duing the stall inception period as predicted by the
model i axisymmetric mode were fomd at 75% of rotor chord. The radial prole of
axial velocity over the outer half ofthe annulus at that plane i plotted at successive
time intervals ig 5-17. The compressor is being throttled with time, leading to a

higher pressure ratio across the rotor, lower owi the midstream regions, and a wider

boundary layer region as shown by the solid lines, 1000 iterations (3.7 rotor

revolutions) apart. The growth ofthe boundary layer i steady until at 5000 iterations
i causes a signicant drop i axial velocity at 80% height. This height represents the \

position from which constant bladeforce i assumed; once the ow has dropped

signicantly at that point, the whole outer annulus i affected. From then on the

boundary layer grows much faster; the interval between the last solid line and the
dotted line ig 5-17 i a tenth ofthat between the solid lines. A the boundary layer

grows the ow dips undemeath the blockage, giving rise to a sal velocity increase
across much ofthe span. After a further 100 iterations the shape ofthe prole has

changed entirely (dashed line). This pattem of stall inception behaviour i reected i
the non-axisymmetric results described below, and is discussed further i section 5.5.

5.4.5 Comparison with Experiment - Stall Inception Behaviour

The non-axisymmetric stall inception pattem predicted by the model for the high tp
clearance case is demonstrated i g 5-18, which shows for each iteration the static

pressure around the circumference at rotor inlet relative to the mean level at the start
ofthe event. The ow i initially axisymmetric (the left hand side ofthe graph). As
the throttle is closed the disturbances i the compressor form themselves into two
coherent bands representing a second circumferential harmonic pattem rotating at
around 62% of shaft speed. A the disturbance grows i amplitude (the right hand side
ofthe graph), the speed slows to around 50%.

The stall disturbance shown i g 5-18 is made up pimarily ofthe second
circumferential harmonic. Figs 5-19 and 5-20 show the amplitude and modal rotation
ofthe rst ve harmonics over the stalling period, where the modal rotation i dened
as the unwrapped phase (phase with multiples of21t added as required to keep the

resulting line smooth) divided by the mode number. The second and (later)'the third
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harmonic start to grow substantially before the others. The rotation rate ofthe third
harmonic i lower than the second (52% of shaft speed).

The nature ofthe disturbance i the r-z plane can be elucidated by picking for a given
iteration the circunferential node showing the largest disturbances from the mean âº

level Fig 5-21 shows velocity vectors for that node near the end ofthe time period
shown ig 5-18. Fig 5-22 shows the same plot for the ow at a point 90° around the

circurnference (that is, out ofphase with the rst position). The disturbance i the
former case i seen to consist of a broadening of the recirculation region at rotor tip.
Ti region acts as a local blockage; the upstream ow redistributes itself; dipping
under the blocked region. Similar redistribution i the 0 direction has been observed

upstream ofthe blockage.

I accordance with this view ofthe disturbance, the largest Variations i velocity are
found at 80-90% height and 75% ofrotor chord, which i exactly the region identied

by McDougall as showing the largest uctuations prior to stall Fig 5-23 shows the
radial prole ofvelocity disturbance relative to the mean level at 75% rotor chord and
rotor inlet, which conforms to McDougall's observations of a disturbance at rotor tp

giving rise to a response at inlet which is radially miform

5.5 DISCUSSION

The near wall regions of a compressor are known to play a large role i determining
stall inception behaviour (chapter 2). The stall model presented i ti chapter is the
rst to include directly time accurate calculations ofthe owi these regions whilst at
the same time being capable ofmultistage application. The results presented i ti

thesis, based on a single stage compressor, are preliminary, but demonstrate that the
method can capture the stall dynamics of a real compressor. Ifsimilar results are
obtained on multistage compressors, this type ofmodel wl provide a unique facility
for investigation of stall and surge inception, whilst at the same time providing a
vehicle for numerical simulation of active control of stall/surge.

The model was developed om scratch, and a considerable amount ofwork remains

outstanding to do wt the mechanics of a time accurate code, most notably the inlet
and exit boundary conditions and the handling ofthe annulus boundary layers wt

respect to their response to unsteady disturbances. Likewise the bladerow

performance model requires renement, for instance to include losses and radial blade

forces, before a accurate steady state representation ofowi a multistage

compressor can be achieved. Al of this work is beyond the scope ofti thesis: the
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mi objective here i not to demonstrate a new three-dimensional time marchig

computational uid dynamics code, nor to present a new set of calculations or
correlations to do with blade/endwall interaction effects. The intention is rather to

present a new type of stall inception model, where a viscous pitchwise average

throughow model i combined wt a circumferential díscretisation to give a time-
accurate prediction of stall inception behaviour.

The stall inception results descbed i the previous section are very encouraging. Stall
inception is found to be dominated by a low circumferential harmonic disturbance

rotating at just above half shaft speed. The disturbance i correctly predicted to be

strongest i the rotor tip region, whilst the corresponding disturbances upstream and
downstream ofthe stage are almost miform radially.

Investigation ofthe results om the model show that the stall inception pattem i
determined by the interaction between the effect ofthe rotor tip gap and the constant
bladeforce assmption i the rotor. The lack ofbladeforce i the rotor tp gap causes a
ti region ofreverse ow at rotor tip. A the pressure ratio increases the size ofthe
reversed ow region also increases, but has little effect on the overall ow because the
bladeforce is determined by the ow conditions rther away om the wall As the

region ofreverse ow increases rther, however, the e`ect reaches rther inboard,
mtil the height i reached at which the tip bladeforce is dened. Once the ow at this

point has reduced significantly, the bladeforce i the tip region starts to reduce, and
rotating stall i initiated. âº

The idea ofa single point determining the bladeforce i the tip region is clearly
unphysical, but i i a simple model of a genuine three-dimensional physical effect,
namely that ow redistribution ensures a moderately uniform static pressure
distribution radially, and therefore there cannot be large changes i bladeforce wt
radial position. Hence the conclusion i likely to be correct that the effect oftle tp
gap becomes important only as it grows radially to a extent where it inuences the
bladeforce i the rotor tip region. More complex endwall calculations could be added
to the model i time, but the essential physics are captured by the model as presented.

The model showed the second and third circumferential harmonics to be less stable
ta the rst. The reason for this is unclear; McDougalls measurements and linear

theory [for instance Longley, 1994] suggest that the higher harmonics would be more
stable. The reason may lie with the inlet and exit boundary conditions: the one-
dimensional non-reective conditions wl naturally be more effective at removing the
low circumferential harmonics. It should be noted, however, that linear theory
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[Longley, 1994] suggests that the stability boundary for the different circumferential
hamonics can be

veryThemost severe limitation ofthe model as it currently stands i the response rate ofthe
endwall boundary layers; the smoothing i currently such that the calculations ofthe
owi the tp gap region are only correct for high levels oftip clearance. Ifthe

iception of rotating stall i govemed by the tp clearance region as here, then the ow
wti the tp gap must be capable ofreacting to a disturbance ofthe sz and
rotational speed of a stall cell

Axisymmetric nms ofthe model at high and low tip clearance show good agreement
with the measured effect on the stall point, although it should be noted that a
substantial correction has to be applied to correct for blade prole losses, which are
not included i the model. Ti suggests that a axisymmetric model may be suicient
for predícting the e`ects oftip clearance on the stall point. This would not be

smprising; linear modelling [Longley, 1994] (without a radial dimension) shows that
the axisymmetric instability point i often close to the non-axisymmetric stall point

(although the active control experiment ofPaduano et a [1993] showed that ti is not

always the case). It i signicant that the slope ofthe pressure rise characteristic at the
stall point i quite dilferent i the low and high tip clearance cases. Ti suggests that
a surge-type model that depended on the slope ofthe pressure rise characteristic for
stall poit prediction would not give a correct indication ofthe effect oftp clearance

changes.

5.6 FUTURE WORK

The most immediate requirement is to include the e`ect of losses i the calculations.
A less signicant improvement would be to include radial bladeforces. Once these

improvements are made the steady-state prediction capability ofthe code can be
assessed i a multistage environment.

The unsteady ow prediction capability could be improved by addressing the following
areas;

1. Improvement ofderivative smoothing to improve the response ofthe annulus

boundary layers.

2. Improvement ofthe speed at which the computations can be performed, by

algorithm changes or simplifying assmptions, or improving the smoothing and
hence increasing the timestep.
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3. Implementation oftwo dimensional non-reective boundary conditions at inlet and
exit.

4. Diferentiation between gap and bladerow elements wt respect to circumferential
communication.

5. Improvement of endwall model This is likely to occur as a result of comparisons
wt measurements of steady state compressor performance.
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6. DISCUSSION

The work presented i ti thesis has contributed to the understanding of stall and

surge i ailow compressors i three mi areas, corresponding to the three miÄ±

chapters (3, 4 and 5). The experimental results presented i chapter 3 represent the
rst detailed analysis of stall inception i a aeroengine based on al coverage of

high response irstrumentation, and one ofthe rst detailed analyses i any high speed

compressor (rig or engine). A wide variety of features, some ofthem new

observations, are analysed and discussed. I chapter 4 a relatively simple stall model i

developed based on previous modelling techniques but extended to include the effects
ofa aeroengine environment. The results ofthe model are compared to the
measurements reported i chapter 3. The model i also used as the basis for a

investigation into active control of stall. The more complex stall model presented i

chapter 5 i a new idea, where the owi the near wall regions ofthe annulus i
calculated directly i a time accurate manner. The pitchvvise average nature ofthe
method means that (unlike a fl multipassage unsteady CFD solution) i could be

applied to a multistage compressor with curent corrputirg capability. The results are

only preliminary, but comparison wt test data om a single stage rig demonstrates
that the method i capable of capturing the dynamics ofthe stall inception period.

The results presented i the thesis are discussed i sections 3.5, 4.3.5, 4.4.1.5, 4.4.2.4,
and 5.5. Ti section therefore contains only a brief discussion ofthe most important
aspects ofthe work.

6.1 STALL INCEPTION MEASUREMENTS

Many ofthe observations reported i chapter 3 conrm ideas on stall/surge based on

previous, mil low speed tests. Stall/surge i shown to be a deterministic, repeatable
event starting i every case with a disturbance rotatig aromd the annulus at around
half sha speed. The ail position ofthe initial disturbance leadirg to stall moves
towards the rear at high speed, i line with expectation based on the effects of stage
matching.

The post-stall behaviour ofthe VIPER engine compressor changes at 80% speed om
stable rotating stall (at low speeds) to multiple surge cycles, and at 88% speed to a
single surge followed by a combustor ameout. The change at 80% speed i

1 At high speed the disturbance was initially xed i a particular circumferential position before starting to
rotate.
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qualitatively i agreement with the theory of Greitzer [l976a,b, reviewed i chapter 2].
The modelling work presented i chapter 4 shows that the speeds at which the changes
occur are alfected by the combustor inbleed method used to move the compressor into
stall/surge.

Perhaps the most signicant observation i the experimental results from the VIPER

engine i that the disturbances leading to stall are initially very localised Wti the

compressor; that is, they show the short circumferential lengthscale behaviour reported
by Day [l993a] as opposed to the °modal behaviour reported for instance by
McDougall et a [1990]. This has inportant implications wt respect to both stall

modelling and active control of stall The assumptions implicit i pitchwise average
stall models (including the two models presented i chapters 4 and 5) are such that
they are most accurate for low circumferential hamonic disturbances. Some ofthe

assumptions frequently made about gap regions and bladerow performance are
likewise less reliable for disturbances that are sal circumferentially. Active control of
stall i more diicult wt short lengthscale disturbances. Higher response actuators
are required to match the circumferential prole ofthe disturbance. Non-linear effects
are also signicant wt disturbances ofthis type, which would make the simple linear
feedback control systems (such as used by Paduano et a [l993], for example) less
effective.

Other observations from the experiments indicate that active stall control would be
dicult for ti particular engine, especially at high speed. At design speed, the entire
transient from initial rotating disturbance to a sigicant drop i combustor pressure
takes only l0ms, which represents the available time-window fordetection,
computation, actuation and any time delay as the ow responds to the actator output.
Furthermore, at these speeds, very little indication was found ofimpending stall prior
to the event. At lower speeds the inception period was considerably longer, and
evidence ofimpending stall was fomd, sometimes over 100 rotor revolutions before
the event. Even within ti period, however, the ow showed quiescent periods wt
no sign of impending stall.

The conplexity of stall and surge as a subject i well demonstrated by the diversity of
behaviour ofthe engine used i the experiments. Four different stall inception pattems
are descbed i chapter 3; growth of a stall cell out of a °benign' front-end stall
pattem, growth ofa single cell starting at the ont, growth ofa single cell starting
towards the back and a modal° inception pattem (over a very sal speed range). Ti
variety ofbehaviour also indicates that active control of stall would be difcult; a
successl control system designed for use across the whole speed range would have to
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be capable of dealing with al of the stall inception pattems. I addition to the diversity
of stall inception behaviour, three different pattems ofpost-stall behaviour are
descn'bed i chapter 3; stable rotating stall, multiple surge, and surge followed by
ameout. The modellirg work described i chapter 4 suggests that wt al
combirations of speed and combustor inbleed level seven qualitatively different

pattems ofpost-stall behaviour are possible.

The analysis provided i chapter 3 is detailed, with a number ofnew observations (for
instance the period of stall inception at high speed, where the disturbance i xed
i circumferential position, and also the multilobed rotating pattem at the tip ofthe
rst rotor during stall inception at middle speeds). The signicance ofthe new
observations is diicult to assess i the absence ofsmlr information from other tests.

Nonetheless they represent a useful contribution to the available data on stall inception.
The cumulative effect of such analyses i a greater understanding of stall and surge,
wt potential benets i steady state compressor design and passive stall control as
well as stall modelling and active control methodology.

6.2 COMPRESSORS IN PARALLEL MODEL

A multiple compressors i parallel model i presented i chapter 4 for stall i a single
shaft aeroengine, based on existing compressor modelling techniques, but extended to
include the engine environment. A thorough investigation ofthe capabilities and
limitations of such a model i carried out, based on a comparison ofthe results wt the

experimental data presented i chapter 3. I general the model shows excellent

agreement with respect to the overall behaviour and post-stall behaviour i particular.
The detailed representation ofthe stall inception period i less accurate. Ti is as

expected; the start ofthe stall inception period i characterised by highly non-uniform
ow axially and radially as well as circumferentially, and the model has denition i the
circumferential direction only.

The model showed considerable sensitivity to the level of smoothing i the
circumferential direction. There are many possible causes ofmixing i the
circumferential direction (such as in-passage mixing and axial gap e`ects). Many of
these can be shown to be negligible for low circumferential harmonic disturbarces, but
are not necessarily negligible for short circumferential lengthscale disturbances as
demonstrated by both the VIPER engine and the model (at low levels of smoothing).
Further work i required to determine a representative level of smoothing i ti
direction.
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The model was used to investigate the effect ofusing combustor inbleed to move the

compressor toward stall as was done i the experiments reported i chapter 3, and
showed that the post-stall behaviour was signicantly altered by the presence ofthe
inbleed. A expected the stall inception behaviour was similar wt and without
inbleed.

A system identication technique was used to develop a stall control system for the
model Simple control strategies were devised for both axisymmetric and non-
axisymmetric instabilities. These were tested by repeated use ofthe model, and proved
successful I view ofthe limitations ofthe model (discussed above) with respect to
the stall inception period, i i unlikely that the resulting control strategies could be
applied directly to a engine. The objective ofthe control work is rather a
demonstration ofthe system identication methodology, which i equally applicable to
a real engine control experiment (although signal noise coupled wt a underlying
system that i inevitably more complex than that ofthe model would make application
more diicult).

6.3 THREE-DIMENSIONAL TIME MARCHING MODEL

The major advantage ofthe model developed i chapter 5 over previous pitchwise
average stall models i that the near wall ow (and the tp clearance region i
particular) i calculated directly, including viscous e`ects. Ti i known to be a

signicant region with respect to stall inception; the position ofthe surge line i oen
crñrically dependent on the level of clearance. Stall inception results likewise
(McDougall et a [l990], for instance) equently show the end-wall regions to be
signicant i± the development of stall disturbances. It would seem, therefore,
that a good representation ofthese regions i essential ia model i to accurately
represent the stall inception process. Once the disturbance has grown radially large,
the endwall regions become propotionately less signicant, and a less complex model
would suice.

Aunsteady three dimensional blade passage calculation could i theory be used to
provide more accurate stall inception results including near wall elfects. I practice the
computig time/cost i prohibitive for multistage applications. Although the model
developed i chapter 5 is only tested against a single stage test case, i i not limited i
ti respect; the size ofgrid and number ofcalculations required for a multistage
compressor i ofthe order ofthat required for a single conventional unsteady blade
passage solution. The stall model presented i chapter 5 i thus the rst to model the
endwall regions directly that can be applied to multistage compressors.
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Various tests are reported i chapter 5 which demonstrate the steady state and

unsteady capability ofthe model. Some questions remain regarding the

implementation ofthe model (as would be expected at this stage ofdevelopment),

particularlywt respect to the msteady response ofthe endwall boundary layers, the
inlet and exit boundary conditions and the details ofthe constant bladeforce model
The objective ofthe work presented i chapter 5, however, was not to present a new

type ofthree dimensional time marching CFD code, nor to develop a new set of

assumptions regarding near wall ow. Rather, it was to present a new type of stall

inception model, where a viscous pitchwise average throughow model i combined
wt a circumferential díscretisation to give a time-accurate prediction of stall inception
behaviour.

The comparison of the model results with McDougall°s [1988] test data presented i

chapter 5 i very encouraging. McDougall observed a disturbance leading to
stall that was centred at around 85% height towards the back ofthe rotor, wt a

radially uniform modal° response ofthe upstream and downstream ow. The same

prole i observed i the model results, demonstrating that ti new type of stall model
i capable of capturing stall dynamics.

6.4 FUTURE WORK

One ofthe most signicant observations made during the stall inception tests on the
VIPER engine was that the disturbances leading to stall were not low
circumferential harmonics, but were limited circumferentially to a sal sector ofthe
annulus. Ifthis result proves general, then some ofthe assmptions mderlying the
most commonly used stall modelling techniques wl have to be revisited. By way of

example, Dunham [1965] demonstrated that the ow redistbution i axial gaps
between bladerows i oen negligible. Ti may not be the case, however, for the
short circumferential lengthscale disturbances seen during stall inception. Likewise the

lagged blade response investigated by Mazzawy [1977] may have to be modelled

differently for short circumferentíal lengthscale disturbances. Perhaps the most

signicant area i± ti respect i that of the pitchwise average assumption (section

2.2.2.3) made i many stall models, including the two reported i ti thesis.

The e`ects ofthe short circumferential lengthscale disturbances described above could
al be accounted for i a unsteady blade passage CFD calculation. The computing

power required for such a calculation could be considerably reduced for shot
circumferential lengthscale disturbances by following the disturbance around the
annulus (that is, only performing the calculations over a limited portion ofthe annulus.
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Even so, for the compressor i the VIPER engine, ithree blade passages were
modelled for each bladerow, then the computing power required would be aroundz
times that required for the model developed i chapter 5, and (for a regularly used

program) ti i beyond currently available computing power.

I terms ofactive control there is a whole eld ofwork to do wt actuation schemes

and control algorithms which has barely been touched i the course ofthe thesis.

Many numerical studies have been carried out i ti area (such as the one presented i
section 4.4). Frequently the model on which the work is based i not suciently

complex to represent the important early stages of stall inception. Provided that the

encouraging results prove representative, the model developed i chapter 5 wl
offer a more accurate representation of stall inception, and hence wl be a ideal
vehicle for such studies.

I section 4.4 a system identication technique is used to develop a active stall
control strategy based on the compressors i parallel model Specic inprovements
and extensions tc this work are listed i section 4.4.2.5. A amework for future

development ofthe three dimensional time marching model is presented i section 5.6.
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7. CONCLUSIONS

Iti section the major conclusions ofthe work presented i the thesis are listed i
numerical order. .

7.1 ROLLS-ROYCE VIPER ENGINE EXPERIMENT _

A thorough analysis has been presented ofthe stalliíg behaviour of a compressor i
a jet engine environment. g J/

A wide range of stall inception and post-stall transient behaviour has been observed.

Thea operating condition ofthe engine after a stall event i stable rotating stall
at low speed and multiple surge cycles at middle to high speeds. Near design speed
the combustor ame i extinguished and compressor ow and pressure ratio remain
at a low level

Al stall/surge events start with one or more disturbances rotating around the
annulus near sha speed. Near design speed ti i preceded by a period wt the
disturbance xed i a circumferential position.

The disturbance leading to stall is localised axially and circumferentially,

except i a very narrow speed range. The localised disturbances confonn to the
short circunferential lengthscale disturbances described by Day [l993a].

The axial position ofthe initial disturbance moves rearwards as engine speed
increases i line with stage matching effects. ' 4

At low speed a benign form ofrotating stall i present, limited to the ont ofthe

compressor, which does not greatly affect engine operation. Ti benign stall
extends radially to the hub, but is strongest near the outer wall.

A secondary multi-lobed disturbance has been observed during the stall inception

period. Ti disturbance i localised to the tip ofthe rst rotor and rotates slightly
faster than the stall cell. The disturbance is amplied i the stall cell region, giving
the stall cell a ngered' appearance.

Active control of stall/surge i ti engine would be difcult because of

a) the wide variety of stall inception behaviour observed.

b) the short circumferential lengthscale ofthe disturbances leadig to stall (giving
rise to a requirement for a high equency response i the controlling system).
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c) the growth rate of the initial disturbances; at high speed the time-window' for
detection/actuation i only l0ms.

l0.At middle speeds sal amplitude rotating disturbances were observed up to and
over 100 rotor revolutions prior to stall. Within ti period quiet intervals were
observed with little activity. No indication of impending stall was found at design

speed.1l.Thetechnique developed by Tryfonidis et a [1995] for tracking pre-stall
disturbances was applied to the data, but showed no improvement over what could
be seen by eye from the time traces.

7.2 COMPRESSORS IN PARALLEL MODEL

l. A compressors i parallel model has been 'developed using compressor modelling

techniques smlr to those ofMoore and Greitzer [1986a,b], but extended to
include the e`ects ofa engine environment.

2. The results of the model have been compared to measurements from the VIPER

engine experiment. The model gives a good representation ofthe overall stalling
behaviour. I particular the e`ects ofthe engine environment (small exit volume,

ameout) are captred.

3. The model has been used to demonstrate that the use ofcombustor inbleed i the

VIPER expeiment did have a e`ect on the post-stall behaviour ofthe engine.

4. The model is sensitive to the level of smoothíng used i the circumferential
direction. Further work i required to determine a representative level of

smoothíng.

5. The detailed behaviour during stall inception i not accurately predicted by the
model

6. The model has been used to demonstrate a system identícation technique for

devising a strategy to actively control both axisymmetric and non-axisymmetric ow
disturbances. The control system devised has been shown to successlly control
disturbances i the model.

7.3 3D TIME-MARCHING MODEL

1. A new method of stall modelling has been developed, where the owi the annulus

bounday layers i calculated directly, allowing the stages ofthe breakdown of
the oweld to be captured. At the same time the model i suitable for application
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to multistage compressors, with a similar requirement i terms of computing power
to a single blade passage solution using a unsteady CFD code.

A number oftests have been performed to validate the basic nctionality ofthe
model. Particular areas have been identied where further development i required.

Iiil results 'om the model have been compared wt test data from a low speed
single stage rig. The good agreement demonstrates that this new type ofmodel i

capable ofaccurately predicting stall inception behaviour.
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AXIAL STATION NAME CIRCUMFERENTIAL POSITION
2 3 4 6

Ã­

IGV EXIT
5

kíl-ki5 91 139 215 294 -

1-

IGV EXIT nkil-nki3 96 148 - -

»-\

STAGE 0 EXIT nk0 l-nk02 89 - -

D

STAGE 2 EXIT 329 -k2l-k25 100 175 249

lJLÄ±

STAGE 3 EXIT k3 l-k35 148 208 306 358

O4

STAGE 4 EXIT nk4l-nk46 24 111 163 221 278 332
STAGE 5 EXIT nk5l-nk52 44 _ 329 - - -
STAGE 6 EXIT k6 1-k65 44 104 196 283 343 .-
COMPR EXIT kel 145 - - - - -
COMPR EXIT 134 226 290 332nke-n1<e6  so 70

I Transducers nkel-nkeó were connected to pitot heads measuing total as opposed to casing static pressure

Table 3-1 Positions of High Response Kulite Pressure Transducers
Degrees from top dead centre viewed from the front, i. e. i the direction ofrotor rotation



Rotor Bladerow

Radius
(H1)

0.6096
0.6477
0.6858
0.7239
0.7620

51 Aerofoils, C4 prole based on a circular arc camberline.

Camber Stagger Solidity
(Degrees) (Degrees)

40.3
32.0
26. 5
22.2
18. 5

Chord - 0.111m
Thickness to Chord Ratio - 0.10

Stator Bladerow., Unloaded Configuration

Radius

(H1)
0.6096
0.6477
0.6858
0.7239
0.7620

Stator Bladerow.,.Design Configuration

Camber Stagger Solidity
(Degrees) (Degrees)

44.4
44.2
42.9
42.3
42.9

Radius

(H1)
0.6096
0.6477
0.6858
0.7239
0.7620

36 Aerofoils, C4 prole based on a circular arc camberline.

Camber Stagger Solidity
(Degrees) (Degrees)

44.4
44.2
42.9
42.3
42.9

Chord - 0.1l4m
Thickness to Chord Ratio - 0.10

Table 5-1 Deverson Single Stage Compressor Geometry
Reproduced om table 3.1 ofMcDougall [1988]

38.8
43.7
47.9
51.4
54.4

26.8
25.6
24.5
23.6
22.9

16.6
15.4
14.3
13.4
12.7

1.48
1.39
1.31
1.25
1.18

1.07
1.01
0.95
0.90
0.86

1.07
1.01
0.95
0.90
0.86
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Rotor

Fig. 2-2 Velocities in r-z Plane at Centre of Stall Cell.
3

After fig 13 of Das and Iiang [1984].
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Fig. 2-3 Schematic View of a Compressor in a Rig Environment.
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Fig. 2-4 Schematic View of an Engine Compression System.
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A. Fluid Decelerated in Distorted Region

B. Fluid Reaccelerated in Undistorted Region

B
A

FLOW

I f }
Distorted Region

0360

ANGLE AROUND CIRCUMFERENCE (In Direction of Rotor, Degrees)

Fig. 2-6 Steady Background Flow With inlet Distotion (schematic). IG
After Hynes and Greitzer [1987].
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Casing static pressure traces from the Kulites at inlet stage 0 stage 2 and stage 3
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Fig. 3-12 T180804: 79.4% Speed Stall, Front Stages.

Casing static pressure traces from the Kulites at ínlet, stage 0, stage 2 and stage 3.
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Fig. 3-13 T180804: 79.4% Speed Stall, Rear Stages.

Casing static pressure traces from the Kulites at stage 4, stage 5 and stage 6,
and freestream total pressure traces from the Kulites at compressor exit.

~ L

B 10 28

SPS



PRESSURE SCQLE (kPa)PRESSURE SCRLE (kPa)

4ø|a)Inlet b) Stage 0

65.................. __;.................. .§...._. 5a__...................................

_................._:..................Ä-1Jº' P"~$~ºº«~º v««J»«1

M' Ã

­

2°
1

.

,010 20 0 10 20

c) Stage 2 d) Stage 3

1

53-........................................ .._ 63.....................................

40
|fhßWVšÖwÄN 2

. . _ .
20

#º?-»¬3~+.,»~«v«-«f--f-«»*¬- -~«i»§Y«"~20F

0 10 ` 20 0 10 20

TIME (ROTOR REUS) TIME (ROTOR REUS)

Fig. 3-14 T180802: 80.5% Speed Surge, Front Stages.

Casing static pressure traces from the Kulites at inlet, stage 0, stage 2 and stage 3.
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Fig. 3-15 T180802: 80.5% Speed Surge, Rear Stages.

Casing static pressure traces from the Kulites at stage 4, stage 5 and stage 6,
and freestream total pressure traces from the Kulites at compressor exit.
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Fig. 3-18 Static Pressure Maps At 78% Speed: Development of Stall Cell.

One unit on the y axis represents 28kPa
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Fig. 3-19 Static Pressure Maps At 78% Speed (Ctd):

Growth of Stall Cell into Stable Rotating Stall.

One unit on the y axis represents 230kPa
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Casing static pressure traces.
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Fig. 3-23 T180803: 99.7% Speed Surge, Front Stages.

Casing static pressure traces from the Kulites at inlet, stage 0, stage 2 and stage 3.
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Fig. 3-24 T180803: 99.7% Speed Surge, Rear Stages.

Casing static pressure traces from the Kulites at stage 4, stage 5 and stage 6,
and freestream total pressure traces from the Kulites at compressor exit.
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Fig. 3-26 Static Pressure Maps At 98% Speed: Development of Stall Cell.

One unit on the y axis represents 153kPa
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One unit on the y axis represents 345kPa
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Fig. 3-30 Repeated Stall Events at Around 82% Speed.

Single trace of inlet casing static pressure shown for each event.
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Fig. 3-45 T180804: Modal Behaviour Prior To Stall: Inlet.

Casing static pressure measurements, repeated to allow the disturbances
to be traced more easily.
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Fg. 3-46 T180804: Modal Behaviour Prior To Stall: Stage 3.

Casing static pressure measurements, repeated to allow the disturbances
to be traced more easily.
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Fig. 3-48 T180806: 67°/º Speed Stall, Propagating Wave Energy Based on Inlet

Casing Static Pressure Measurements.
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Fig. 3-49 T180806: 67% Speed Stall, Propagating Wave Energy Based on Stage 3

Casing Static Pressure Measurements. '
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Fig. 3-50 T180806: 67% Speed Stall, Propagating Wave Energy Based on Stage 4

Casing Static Pressure Measurements.
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Fig. 3-51 T180804: 79% Speed Stall, Propagating Wave Energy Based on lnlet

Casing Static Pressure Measurements.
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Fig. 3-52 T180802: 80% Speed Stall, Propagating Wave Energy Based on Inlet

Casing Static Pressure Measurements.
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Casing Static Pressure Measurements.
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a) Schematic View of Eggjne in Z-I' Plane
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Fig. 4-1 Comparison of Engine Geometry and Compressors in Parallel Model (Schematic)
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