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Summary

The flow in the rotor tip clearance gap in an axial compressor influences the
loss levels and the stall onset point. The role of tip clearance flows in the stall
inception process is still debated, though. The aim of this thesis is to improve
the fundamental understanding of the tip clearance flow field and its role in the
stall inception process. The knowledge gained is used to develop a new casing

treatment for an aero-engine core compressor.

Detailed static pressure, total pressure, and velocity measurements were made in
the rotor tip clearance gap at design and near stall flow conditions. The resulting
overtip flow maps showed the flow field in more detail than previously possible.
Flow variations around the annulus and among blade passages were analyzed and
found to increase as stall is approached. This increase was not uniform around
the annulus or among passages; instead, some blade passages exhibited unique
behaviour compared to all the other passages. The flow variations in the unique

passages were linked to small physical irregularities in compressor blading.

Detailed overtip measurements were also made at stall inception to investigate the
formation of the spike disturbance. These measurements, the first of their kind,
showed that the disturbance which initiates the formation of the spike destabilizes
the boundary between the reversed flow and incoming flow. After destabilization,
reversed flow increasingly dominates the passage until the neighbouring passage
is affected. The spike was found to originate most often from those regions in the
compressor where the flow variations are highest and was not, as suggested by

some research, associated with the forward movement of the tip leakage vortex.

A new casing treatment for axial compressors was proposed and tested. The cas-
ing treatment extracts air from over the rotor blade tips and re-injects it upstream
of the rotor blade leading edges into the tip region through discrete re-circulation
loops. The overtip location of air extraction is unique and enables self-regulation
of the amount of flow re-circulated: a minimum amount of air is re-circulated
at compressor design conditions (thus minimizing any loss of efficiency) and a
maximum amount of air is re-circulated near the stability limit (thus maximizing
stall margin). Modest stall margin improvements (2%) were achieved without

any loss of compressor efficiency at design conditions.
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Chapter 1

Introduction

Demands on aero-engine manufacturers to reduce emissions and cut costs ulti-
mately rest on operation at improved efficiencies. One limit to these efforts is
the flow range over which the compressor can operate. At the low-flow stability
limit, operation is restricted by rotating stall and surge, aecrodynamic instabilities
which must be avoided at all costs. As a result, compressor operation is required
to be kept safely away from the stability limit. This safety margin, or stall mar-
gin, requires design compromises which often increase the weight and lower the

efficiency of the engine.

Despite the damaging consequences of an engine surge, the “stall inception pro-
cess” which precedes the surge event is poorly understood. Some research suggests
the stall inception process is linked to the behaviour of the tip clearance flow. The
precise mechanism of stall inception and the role of tip clearance flows remain

uncertain, however, due to the complexities of flow measurements in this region.

The present study focuses on the flow field in the rotor tip region with two research
objectives. The first objective is to improve the fundamental understanding of
the tip clearance flow field and its role in the stall inception process. The sec-
ond objective is to use the knowledge gained to develop a new form of stability

enhancing casing treatment for an aero-engine core compressor.

In order to achieve the first objective, measurements are made at stable conditions

in the rotor tip clearance gap with new instrumentation and at a level of detail
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not previously attained. In addition, extensive experimental observation from
within the tip clearance gap was used to investigate the stall inception process,
in particular, the formation of the spike disturbance. The detailed measurements
show subtleties of the stall inception process which were previously unknown.
This work contributes to a better fundamental understanding of tip clearance
flows and the stall inception process which paves the way for improved predictions

of the compressor stability limit.

In order to meet the second objective, a new form of re-circulating casing treat-
ment is proposed and tested in a parametric study. Current re-circulation designs
extract air from a downstream blade row or stage and re-inject it through dis-
crete loops into the rotor tip region. Valves are usually required to control the
re-circulated flow. The present work departs from this by using knowledge of the
tip clearance flow field to seek a better air extraction location. In the new design,
air extraction from over the rotor tips of the same blade row enables the system
to self-regulate the amount of air re-circulated. A parametric study is conducted
to produce a working design. This new form of overtip injection casing treatment
for axial compressors is a low weight, low complexity design that has little or no

impact on compressor efficiency.

Structure of Thesis

Chapter 2 provides a context for the present study in the form of a literature
review that discusses the current understanding of tip clearance flows, stall in-

ception and stability enhancement.

Chapter 3 discusses the facilities, data acquisition system and instrumentation
used in these investigations. The methodology for the experimental investiga-

tions, performance monitoring, and data-processing is also outlined.

Results are presented in Chapter 4 from a comprehensive experimental study
of the rotor overtip flow field (at stable operating conditions) for design and near
stall flow rates. These are the most detailed measurements yet obtained for the

flow field in the tip clearance gap.



The overtip flow field is further investigated at the transient condition of stall
inception. Presented in Chapter 5, these results show the formation and growth

of the disturbance which eventually leads to stall.

Casing treatment is used to delay stall and thereby improve the operating range
of compressors. A parametric study is presented in Chapter 6 in which a new
casing treatment concept is developed for a local extraction and re-injection of
flow over the rotor tips. The extraction/re-injection system is self-regulating
and optimized to provide the greatest improvement in stability and specific fuel

consumption.

Chapter 7 summarizes the new ideas and findings presented in the previous
chapters and highlights the gains made in the understanding of tip clearance

flows, stall inception and casing treatment.






Chapter 2

Literature Review

This literature review provides an overview of the current understanding of the
topics researched in this thesis: tip clearance flows, stall inception, and sta-
bility enhancement. Compressor performance is introduced first as a general
background. Tip clearance flows are then reviewed as they are relevant to the

subsequent discussions on stall inception and stability enhancement.

2.1 Introduction to Compressor Performance

High-speed compressors operate over a wide range of speeds and flow rates as
seen in the performance map in Figure 2.1. At a fixed rotational speed, the
compressor operating point follows a characteristic line of pressure rise versus
mass flow rate. In steady operation, at varying rotational speeds, the aero-engine
compressor ideally follows a working line as shown in Figure 2.1, where the solid
lines depict the constant speed lines and the lower dashed line is the working line.
For an aero-engine, the operating point moves away from the working line during
speed transients; the amount by which it moves is controlled by shaft momentum
and fuel flow rate. If the operating point moves away from the working line
with decreasing mass flow rate or increasing pressure ratio, the stability limit,
indicated by the surge line, is approached. If the compressor is pushed beyond

this limit then a disastrous flow instability occurs in the form of rotating stall or
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surge, the former marked by a drastic reduction in pressure rise and the latter by
a violent oscillation of flow. Both instabilities compromise the structural integrity
of the machine. The risk of these dangerous instabilities means that the working
line must be kept a safe distance from the surge line, the difference being known

as the stall margin.

The distance between the surge line and the working line is a stack-up of all un-
certainties in the system. The exact locations of the surge line and working line
are uncertain due in part to compressor degradation over time and speed tran-
sients. This often requires the working line to lie away from the peak efficiency,

which increases fuel burn.

Aero-engine compressor research uses full scale high-speed rigs or scaled low-
speed models. High-speed testing is, however, brief and expensive. Low-speed
testing, on the other hand, is generally done at a constant speed and provides
an inexpensive means for longer testing times and more extensive probe access.
Fundamental differences between high-speed and low-speed tests exist in terms of
Reynolds number and Mach number (e.g., the presence of shock waves). However,
years of experience in compressor instability research has shown that low-speed
test results are reasonably indicative of the stability behaviour of high-speed

compressors, Day and Freeman (1994).

Low-speed machines generally operate at a fixed speed. A typical characteristic
for a low-speed compressor is shown in Figure 2.2. As the compressor is throttled
toward a lower flow rate (1), the pressure rise in the compressor increases. Com-
pressor operation along this characteristic line is stable and the flow rate can be
increased or decreased to follow this line. At the peak of the characteristic, i.e.,
at the stall inception point, however, rotating stall begins and there is a rapid
decrease in pressure rise (2). Once the stall inception point has been crossed,
opening the throttle will not immediately restore the pressure rise to the origi-
nal characteristic line. Instead, the compressor operates in rotating stall as the
throttle is opened (3), and then rapidly recovers to rejoin the characteristic line

at a point below the maximum pressure rise (4).

Rotating stall is a compressor instability where stalled flow rotates around the

circumference of the compressor propagating from passage to passage. Discrete
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regions of stalled flow are called stall cells. The radial extent of a stall cell will
depend on the individual compressor, the rotational speed, and the mass flow
rate. If the stalled flow extends radially from the hub to the blade tip, this type
of rotating stall is called “full span stall”. If the stalled flow is confined to the

tip region only, this is called “part span stall”.

Surge, in contrast to rotating stall, is a system instability. It occurs when the
pressure in any volume downstream of the compressor can no longer be supported
by the stalling flow in the compressor, which initiates a full annulus oscillation
of axial velocity. Figure 2.3 provides a simple schematic for rotating stall and
for surge. Whereas rotating stall settles to a quasi-steady state, surge exhibits
cyclic behaviour. The behaviour of developed stall cells and the performance of
the compressor during rotating stall and surge is discussed in more detail in Day
(1976), Wilson and Freeman (1994), and Day (1994).

Tip clearance flows are often implicated in stall inception, and will be discussed

in the next part of this review.

2.2 Tip Clearance Flow

Interest in tip clearance flow research is significant due to the influence of tip flows
in loss considerations and stall inception. A better understanding of this flow field

may lead to more efficient designs and more accurate prediction methods.

This section on the tip clearance flow field is discussed in three parts. First,
the main features of the tip clearance flow are discussed. This is followed by a
discussion of the various approaches used to study tip clearance flows. Finally,
the focus turns to what is known about how the tip clearance flow changes as

stall is approached.

2.2.1 The Tip Clearance Gap and Local Flow Features

The tip clearance gap exists between the tips of the rotor blades and the outer

casing to prevent rubbing. The tip clearance height (about 1-2% of span) is not
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constant during operation of an aero-engine, though. The tip clearance height is
influenced by rotor speed changes, internal temperature changes, and the varying
thermal inertias of the machine components, Baghdadi (1996). Variations also

occur over time due to wear and tear.

Due to the aerodynamic loading on the blade, there is a pressure difference across
the blade tip (pressure side to suction side). This pressure difference drives air
to leak from the pressure side to the suction side through the tip clearance gap.
The magnitude of this leakage is strongly related to the aerodynamic loading of
the blades, Storer and Cumpsty (1991).

The leakage flow creates a local flow pattern in the rotor tip region which is
different from the mid-span flow field. This is illustrated in Figure 2.4, adapted
from Inoue and Kuroumaru (1989). The rotor tips are viewed from outside of
the compressor casing looking in toward the centre of the machine and the blade
movement is from right to left. The leakage flow is illustrated over the blade tip
on the left. As can be seen, the jet of leakage flow over the blade tip opposes the
direction of the incoming through flow. The two flows meet in the “interference
zone” labelled in the figure. As a result of this clash, a stagnation interface forms
between the tip leakage flow and the through flow which then rolls up to form
the tip leakage vortex.

The tip leakage flow and vortex are major sources of loss, Storer and Cumpsty
(1994). Without a tip clearance gap between the rotor blade tips and the casing,
however, a corner separation between the endwall and blade suction surface would
form, Adamczyk et al. (1993), creating a different source of loss. An optimum tip
clearance gap exists which will reduce, or even eliminate, this corner separation.
Smaller than optimum tip clearance values increase loss due to the presence of
the corner separation, while larger tip clearance values increase loss due to the
leakage jet and decrease the operating range, Freeman (1985). Unfortunately, the
optimum size of the tip clearance gap is normally too small to be maintained in
an aero-engine compressor for mechanical reasons. Thus, a slightly larger than

optimum clearance is maintained in practice, Cumpsty (2004).

The character of the leakage flow over the tip of the rotor blade depends on the

blade thickness relative to the tip clearance height. The leakage flow separates
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from the pressure side edge of square ended blades when entering the clearance
gap between the blade and the wall. This is shown in Figure 2.5 for two scenarios.
For relatively thick blades (top) the separated flow reattaches on the tip surface,
creating a separation bubble on the tip. For thin blades (bottom) the separated
flow forms a vena contracta. Storer (1991) found reattachment occurs if the blade

aspect ratio (tip clearance height/maximum blade thickness) is lower than 0.4.

2.2.2 Approaches used to Investigate Tip Clearance Flows

The main features in the tip clearance flow field discussed in the previous section
are based on decades of research. This section will give a brief overview of the
experimental, analytical and computational approaches that have been used to

build the current understanding of the tip clearance flow field.

Experimental Studies

The tip clearance gap flow field has been studied experimentally in cascades,

low-speed and high-speed compressors.

The simplest and lowest cost model of a rotor blade row is a cascade. With sta-
tionary blades, the structure of the tip clearance flow and vortex within the blade
passage can be easily investigated, e.g., Storer and Cumpsty (1991); Kang and
Hirsch (1994); and Saathoff et al. (2003). Cascades have limitations, however. As
the blades in the cascade do not rotate, their boundary layers are not centrifuged.
This will change the flow entering the tip clearance gap. The relative motion be-
tween the blades and the casing is also important because the viscous force on
any non-tangential flow near the casing wall has a relative component that is not
simulated in a stationary cascade. This skews the inlet boundary layer, changes
the incidence to the blade tip and alters the flow in the passage which is swept
over the blade tip. Cascade results must be carefully considered in light of these

limitations.

Experiments using low-speed or high-speed compressors are therefore preferable

to cascade studies. Investigations in high-speed compressors would be closest to
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the aero-engine environment; however, probe access is severely complicated and
testing is limited by high cost and risk. Low-speed compressors, on the other
hand, can be limited by having a lower Reynolds number and Mach number than
found in a high-speed machine. In general, though, past experience indicates
that trends and flow features in low-speed compressors are indicative of the be-
haviour in high-speed machines. This has been demonstrated for the role of tip
clearance flows in compressor loss (Wisler (1985)), stall (Adamczyk et al. (1993)
and Day and Freeman (1994)), and casing treatments (Hathaway (2006)). Low-
speed compressors are therefore considered an economical and low-risk method

to investigate flow phenomena relevant to high-speed machines.

The instrumentation used to obtain data in cascades and rotating machines is
wide ranging. Much work on clearance flows is based on five hole pneumatic
pressure probe and hot-wire anemometry measurements taken downstream of
the rotor row, e.g., Hunter and Cumpsty (1982) and Lakshminarayana et al.
(1995). These studies primarily discuss the roll-up of the tip leakage flow and its

interaction with the casing wall boundary layer and rotor wake.

Investigations within the rotor passage in the tip region observe the roll-up of
the leakage flow with the main flow and the trajectory of the tip leakage vor-
tex. This has been achieved with a rotating five hole probe by Lakshminarayana
et al. (1982a,b); with laser doppler anemometry (LDA) by Murthy and Lak-
shminarayana (1986) and Suder and Celestina (1996); and with particle image
velocimetry (PIV) by Liu et al. (2003) and Wernet et al. (2005).

Experimental measurements in rotating rigs within the tip clearance height itself
are very rare because probe placement is restricted by the physical constraint
of the small tip clearance height and the moving blades. Inoue and Kuroumaru
(1989) obtained hot-wire measurements in the tip clearance gap of an axial rotor.
These results show the violent clash of the incoming flow with the leakage flow.
The accuracy of the results is limited, unfortunately, by a sizable cavity in the

casing wall surrounding the stem of the hot-wire probe.

10
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Analytical and Computational Approaches

The difficulty of obtaining comprehensive measurements in the tip clearance gap
has led to the development of analytical and computational methods to study tip
clearance flows. In the study of rotor flow using computational fluid dynamics
(CFD), the flow in the tip clearance gap is either modelled or fully simulating by
gridding the space over the rotor tip.

Simple models of the tip clearance flow were developed to be used in conjunc-
tion with steady three-dimensional Navier-Stokes flow calculations, e.g., Chen
et al. (1991). When computational resources were limited, this was an important
method used to minimize gridding in the tip gap. These models have limitations,
though. VanZante et al. (2000) found that the tip leakage mass flow differed
by 30% between modelled and fully gridded simulations. They also found that
increased grid resolution near the casing wall is necessary in order to accurately
predict the tip leakage vortex trajectory and radial extent, and to improve the
prediction of the stable operating range of the rotor. Since that time, ever in-
creasing computer power and resources have seen the rise of CFD solutions which
include full simulation of the tip clearance flow, Davis and Yao (2006); Gourdain
et al. (2006); Houghton (2010). As a result, tip clearance flow models are now

largely unnecessary.

The accuracy of CFD predictions has steadily increased, yet it is still not possible
to predict the effect of tip clearance flows on compressor performance (efficiency,
pressure rise capability and operating limit) based on first principles, Tan (2006).
Predictions are particularly challenging at lower flow coefficients near stall. As
the influence of unsteady effects becomes greater, it becomes necessary to perform
more time intensive unsteady calculations of multiple blade passages, or even the
entire annulus (rather than the steady single blade passage calculations which are

adequate at higher flow rates), Hah et al. (1999) and Chen et al. (2008).

11
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2.2.3 Changes in the Tip Clearance Flow Field as Stall is
Approached

As a compressor is throttled toward stall, the pressure rise through the rotor
row increases and the maximum pressure difference across the rotor blade tip
(pressure side to suction side) increases and moves closer to the leading edge.
The tip clearance flow is most vigorous at the location of the maximum pressure
difference, and the tip leakage vortex originates from this location. Hence, it
is understandable that changes to the tip clearance flow, and vortex behaviour,
occur as the compressor is throttled. The changing behaviour will be introduced

in this section.

Using three-dimensional particle image velocimetry (3D PIV) in a low-speed com-
pressor, Wernet et al. (2005) found that the tip leakage vortex increases in size
and moves upstream as the flow coefficient is reduced. The trajectory of the
vortex turns further from the axial direction and assumes a more tangential di-
rection. These observations are also found in other low-speed compressors, e.g.,
Furukawa et al. (1999) and Hoying et al. (1999).

As stall is approached, the forward movement of the vortex is accompanied by
an increase in passage blockage. This blockage is comparatively small at design
conditions. “Blockage” refers to a region of significant velocity deficit that re-
duces the core flow area. Khalid et al. (1999) present a method for quantifying
compressor endwall blockage based on the magnitude of velocity component in
the core flow direction relative to the total velocity magnitude. This quantitative
parameter is useful when studying tip clearance flow changes at various operating

conditions.

Results from transonic compressor tests by Suder and Celestina (1996) indicate a
similar trend of passage blockage increase as the flow coefficient is reduced toward
stall, but due to a different low mechanism than in low-speed compressors. The
main difference in the flow field of a transonic compressor is a shock front ahead
of the rotor leading edge. The shock front is distorted by intersection with the
tip leakage vortex in the passage. Upstream of the shock, the vortex trajectory is
approximately the same for the design and near stall flow coefficients. However,

since the pressure gradient of the shock is greatest at the near stall flow coefficient,

12
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the vortex is diffused more as it crosses the shock boundary near stall than at
design conditions. This increased diffusion following the vortex/shock interaction
causes more blockage in both radial and circumferential extent near stall. The
overall result is that as rotor back pressure is increased from design to near stall,
the blockage becomes more severe and moves further upstream. This behaviour
is also reported in other transonic compressors, e.g., Adamczyk et al. (1993) and
Chen et al. (2008).

2.3 Stall Inception

Stall inception refers to the local onset of rotating stall, which, in an aero-engine,
can rapidly develop into surge. Stall inception is irreversible in the sense that
once the stability line has been crossed, the compressor behaviour cannot be
symmetrically reversed to rejoin the unstalled characteristic. After stalling at the
peak of the characteristic, the instantaneous operating point of the compressor

tracks a hysteresis loop in an anti-clockwise direction, as shown in Figure 2.2.

There are multiple routes to stall. The two most common routes, initiated by
“modal” or “spike” type disturbances, are briefly reviewed first. The mecha-
nism of the spike type disturbance is still debated, and the various mechanisms

proposed in the published literature are reviewed.

2.3.1 Routes to Stall Inception

This section will discuss the two main routes to rotating stall in axial compres-
sors. Both were discussed hypothetically by Emmons as early as 1955. The first,
“modal stall inception”, is a long length scale oscillation which appears prior to
the formation of a finite stall cell. The second, “spike-type stall inception”, is a
short length scale disturbance local to only a few blade passages. This distur-
bance is characterized by a sharp spike in a hot-wire signal measured near the

rotor leading edge.

Modal waves are a low amplitude resonance of the flow in the compressor as stall

13
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approaches. Stenning (1980) predicted oscillations near the peak of the total-to-
static characteristic curve and suggested they might grow in amplitude until the
compressor surges or settles into rotating stall. By coupling a system model of
the inlet duct, compressor, plenum, and throttle with a two-dimensional com-
pressor flow model, Moore and Greitzer (1986) and Greitzer and Moore (1986)
showed numerical solutions of an oscillating disturbance developing into rotating
stall or surge depending on the compressor system geometry. The first experi-
mental evidence for this type of compression system instability was presented by
McDougall (1988) and McDougall et al. (1990). This work confirmed the ana-
lytically predicted existence of rotating modal perturbations prior to stall in a

low-speed compressor.

It is generally observed that modal waves propagate at 20 to 50% of rotor speed
and can be detected 10 or even 100 rotor revolutions before stall onset. Modal
oscillations are reversible by increasing the mass flow through the compressor, Day
(1993a), and they do not always lead directly to rotating stall, Camp and Day
(1998). Also, even when modal oscillations are present, the spike-type disturbance
may appear and lead directly to the formation of a finite stall cell, Houghton
(2010).

Spike stall inception is characterized by the development of a three-dimensional
short length scale disturbance (on the order of a blade pitch), originating near
the rotor tip leading edges, Day (1993a). The disturbance, commonly referred to
as a spike, develops quickly and propagates at about 70 to 80% of rotor speed.
The spike can lead directly to rotating stall, or surge, within only a few rotor
revolutions. As the disturbance develops into a mature stall cell, the speed of

propagation slows to about 20 to 50% of rotor speed.

Spike stall inception is the most common route to rotating stall and yet the
least understood, Day (2006a). The mechanism for the formation of the spike

disturbance is debated and this will be discussed in the section to follow.

It is important to note that other routes to stall exist, as recorded by Day et al.
(1999) and Dickens (2008). A single compressor may exhibit more than one type

depending on variations to the tip clearance gap, Day (1993a); rotor stagger,
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Camp and Day (1998); rotor speed, Day et al. (1999); and inlet distortion, Lon-
gley et al. (1996). Although these studies indicate general trends, it is not yet
possible to predict the type of stall inception, or the stability limit, of a compres-

sor in advance of experimental observation, Houghton (2010).

2.3.2 Proposed Mechanisms of Spike Stall Inception

As discussed in the previous section, spike stall inception is the most common
route to compressor instability. The earliest sign of the “spike” disturbance is first
observed in the tip region, Day (1993a), and many of the proposed mechanisms
for the onset of this disturbance are therefore associated with the tip clearance
flow near the leading edge of the rotor blade tips. This section reviews the
proposed mechanisms in three main groups: blockage growth, critical incidence,

and forward spillage.

Blockage Growth

The possible link between blockage growth and stall inception was based on ob-
servations that stall initiates from regions of high blockage which increases notice-
ably near stall. In this context “blockage” refers to regions of significant velocity
deficit that reduce the core flow area, Khalid et al. (1999).

One region of high blockage is where the tip clearance flow opposes the through
flow to form a stagnation interface and the tip leakage vortex, Storer (1991). Re-
search which supports the blockage growth model of stall inception suggests that
the tip leakage vortex is the source of blockage associated with stall, Adamczyk
et al. (1993), Suder and Celestina (1996) and Khalid et al. (1999). Suder and
Celestina (1996) proposed that the blockage growth redirects incoming flow to
increase the incidence on the rotor blade tips as stall is approached, and that this

plays a roll in triggering stall in the tip region.

Other areas of blockage which have been implicated in the onset of stall are

separations from the suction side of the rotor blade, Emmons et al. (1955); the
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low momentum fluid near the casing wall, Freeman (1985); and breakdown of the

tip leakage vortex, Furukawa et al. (1999) and Schrapp (2008).

In Section 2.2.3, blockage in both high-speed and low-speed compressors was
shown to increase near the passage inlet as stall is approached. However, in each
case this is due to different mechanisms. In high-speed compressors, the vor-
tex/shock interaction causes the blockage to increase. In low-speed compressors,
blockage near the passage inlet increases because the trajectory of the tip leakage

vortex moves forward with decreasing flow coefficient.

The different blockage growth mechanisms in high-speed versus low-speed com-
pressors could explain the rate of stall progression. Day et al. (1999) found that
high-speed compressors operating at full speed progress from stall inception to
surge much faster than when the same compressors operate at lower speeds. The
blockage growth rate caused by the vortex/shock interaction as stall is approached
is much greater than the blockage growth rate in the absence of shock waves at
low speeds, as found by Suder and Celestina (1996). This higher blockage growth
rate could be responsible for the much faster progression from stall inception to

surge in high-speed compressors.

A direct link between blockage growth rate and spike stall inception is yet to
be proven, however. The primary evidence for this link is based on two things:
(1) trends in tip clearance flows as stall is approached (knowledge of which was
shown to be limited) and (2) the observation that early stall cells resulting from
spike stall inception appear to originate in the rotor tip region where blockage

growth is high.

Critical Incidence

Critical incidence refers to research by Camp and Day (1998) which found spike
stall inception to occur when a critical value of incidence onto the rotor blade
tips was exceeded; this is referred to later as the “critical incidence hypothesis”.
In addition, they proposed a model based on the critical incidence concept to
determine when to expect spikes or modes: as the compressor flow rate is re-

duced, if the critical value of rotor incidence is reached before the peak of the
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total-to-static pressure rise characteristic, then spike stall inception will occur;
otherwise, if the peak of the characteristic is reached before the critical value,

modal oscillations will occur.

When the critical value of rotor incidence is reached, it was proposed that the
development of the spike is due to a localized flow separation. A model for the
propagation of a short length scale disturbance caused by a blade separation was
proposed by Emmons et al. (1955). A schematic for this is shown in Figure 2.6.
The stalled blade passage “B” restricts the flow through the blade row which
causes the upstream flow to deflect, thereby increasing the incidence on blade
“A” and decreasing the incidence on blade “C”. The increased incidence will
initiate stall on blade “A” and the decreased incidence will restore blade “B” to
an unstalled state. A propagating disturbance is thus established. The number
of blade passages affected by the disturbance will increase rapidly (within two or
three rotations) as shown on the right hand side of the figure. An arrow indicates

the direction of stall cell propagation relative to the blades.

The critical incidence model (in terms of where on the characteristic spikes
and modes might be expected) is supported by many other studies, including
Spakovsky et al. (1999b), Chen et al. (2008) and Simpson and Longley (2007).
Simpson and Longley (2007) also supported the critical incidence hypothesis in
so far as they agreed with Camp and Day (1998) that increasing rotor incidence
is related to spike stall inception. However, Simpson and Longley (2007) found
that critical incidence is not a fixed value, but rather depends on the flow envi-
ronment in which the rotor operates (e.g. radial distribution of flow due to hub

separations).

The critical incidence hypothesis, as a description for the spike stall inception
mechanism, is also debated in the literature. The underlying assumption is that
as the incidence increases, the likelihood of a localized flow separation increases,
Suder and Celestina (1996) and Camp and Day (1998). This was supported in
a computational study by Hah et al. (1999) whereby a suction side separation
leading to rotating stall was found. Further support was produced in an experi-
mental study by Inoue et al. (2000) which also found stall inception linked to a

separation on the suction side of the rotor blade. In contrast, a CFD study by
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Chen et al. (2008) ruled out separation from the suction side of the rotor blade

at stall inception.

Whether separation occurs or not, changes in rotor incidence nevertheless influ-
ence stall inception. It is possible that increasing incidence may cause unsteady
effects which could play an equally important role in stall inception as a separa-

tion might. This is one of the primary topics explored in the current work.

Forward Spillage

The “forward spillage” hypothesis is based on observations that the tip leakage
vortex swings toward the rotor leading edge plane as stall is approached. This is
illustrated in Figure 2.7. At design conditions, the schematic to the left in the
figure shows the tip leakage vortex within the rotor passage. At stall conditions,
the schematic to the right shows the tip leakage vortex forward of the leading
edge plane and the “forward spillage” of tip clearance flow into the neighbouring
passage. The forward spillage hypothesis suggests that the alignment of the tip
leakage vortex with the rotor leading edge plane is the unstable flow condition

which leads to spike stall inception.

Evidence for the forward spillage hypothesis is provided in an unsteady CFD
study of eight blade passages by Hoying et al. (1999). At conditions just before
stall inception (the lowest flow coefficient with steady convergence), the tip leak-
age vortex trajectory is aligned with the rotor leading edge plane. Unsteady flow
solutions at a slightly lower flow coefficient after the formation of the spike then
show spillage of the tip leakage vortex forward of the leading edge of the neigh-
bouring blade. They conclude that a tangential tip leakage vortex trajectory (i.e.,

aligned with the rotor leading edge plane) is a criteria for spike stall inception.

In a similar computational study, Vo (2001) and Vo et al. (2008) extended this
hypothesis and defined two events necessary for the onset of spike stall inception.
One event is the forward spillage of the tip leakage flow; this is depicted in
Figure 2.8. The other event is “tip clearance backflow”. This is characterized
by the tip clearance flow moving downstream, spilling behind the trailing edge of

the next rotor blade, and then reversing its trajectory to impinge on the pressure
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side surface of the neighbouring blade; see Figure 2.9. Either one of the events
may occur first, however, they found stall inception only occurs when both flow

patterns are present at the same time.

Full annulus computational studies by Chen et al. (2008) and Cameron et al.
(2008) support the forward spillage hypothesis. These unsteady computations
produce large amounts of data, so snapshots of data are extracted from the simu-
lations at various time instances in order to present contour plots and streamlines.
These studies showed the flow field at a few points in time: (1) just before a spike
disturbance is observed at the last stable flow coefficient, (2) about one revolution
after the pressure in the compressor has started to collapse, and (3) during the
progression to fully developed rotating stall. These points in time are more than
one rotor revolution apart. This is not high enough resolution to provide direct
observation of spike formation, but rather supports the hypothesis based on the
trends observed. The results show the trajectory of the tip leakage vortex swing-
ing toward the rotor leading edge plane as stall is approached, and the forward

spillage of tip leakage flow just after the onset of stall.

Some experimental investigations also supported the forward spillage hypothesis.
Results from a low-speed compressor by Deppe et al. (2005) used two probes, one
upstream and one downstream of the rotor blade row at the casing, to determine
the flow direction at stall inception. The results showed continuously reversed
flow upstream of the rotor leading edges. Reversed flow at the trailing edge was
observed as the first spike passed over the circumferential location of the trailing
edge probe. In order to determine if the reversed flow observed in the rotating
rig was spilled from one passage to the next, Deppe et al. (2005) showed flow
visualization results from a cascade model of the rotating rig at a flow coefficient
just after stall inception. These results showed both the forward and rearward
spillage of leakage flow. These cascade experiments are limited, however, as the
flow near the leading edge does not agree with the experimental measurements
obtained in the rotating rig. The rotating rig experiment shows continuously
reversed flow at the leading edge, whereas the cascade shows regions of through
flow and regions of reversed flow. It is likely that the absence of a moving wall
over the rotor tips is one factor in this discrepancy. The viscous force on flow near

the casing wall has a relative component that is not simulated in the stationary
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cascade. This will alter the movement of the tip clearance flow relative to the

blade.

Further experimental support for the hypothesis is offered by overtip casing flow
visualizations in rotating rigs. Visualizations presented by Saathoff et al. (2003)
and Bennington et al. (2007) showed a circumferential “separation line” over the
rotor tips, which they attributed to the clash of the incoming through flow and the
axially reversed leakage flow. This line is shown to move upstream of the leading
edge plane as stall is approached. Bennington et al. (2007) concluded that the
forward movement of this line supports the forward spillage criteria because stall

is initiated after the separation line reaches the rotor leading edge plane.

These results must be interpreted with caution, though. The “separation line”
indicated by the flow visualization is not a true separation line, but a pitchwise
average of the shear stress as the instantaneous flow field in each blade pitch
passes over the casing. The true lift-off line and any vigorous pressure gradients
that influence the surface shear may be at an angle to the movement of the blades,
or even unsteady. Separation regions and pressure gradients are a challenge for
flow visualization in steady conditions, and even more difficult in an unsteady

environment.

The experimental evidence discussed above that supports the forward spillage
hypothesis is not adequate enough to provide a stand alone conclusion (i.e., with-
out the computational studies, forward spillage of the tip leakage flow is not a
forthcoming conclusion). Further doubt is cast by studies which show the flow
field at conditions near stall (for compressors which exhibit spike stall inception)
where the tip leakage vortex, or the interface of the reversed tip clearance flow
with the inlet flow, are far from being aligned with the rotor blade leading edges,

e.g., Suder and Celestina (1996), Furukawa et al. (1999) and Houghton (2010).

A unifying picture of stall inception remains to be drawn, and more research is
needed into the spike stall inception mechanism. This particular problem is one
of the prime considerations in the current work. The final part of this review will

now discuss known methods of delaying stall.
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2.4 Stability Enhancement

Restricting the operating point of a compressor to a safe distance from the stabil-
ity limit is necessary for safety reasons. This precaution may rule out operation
at flow rates where the compressor runs with a higher pressure ratio, or maximum
efficiency, because these flow rates lie too close to the stability limit. Therefore,
it is desirable to be able to extend the stable operating range of the compressor

by moving the surge line further from the working line.

Casing treatment is one means of delaying stall onset. Casing treatment is ap-
plied by perforating the compressor casing wall in the region over the rotor tips.
Various treatment geometries will be reviewed in this section. Other stability en-
hancement techniques exist (which will not be discussed further here), including

improved blade design, variable stator vanes, and bleed slots.

The gain in surge margin provided by casing treatments may be used to allow
engine operation at higher efficiencies (in the previously excluded range) or to
reduce engine weight by removing a bulkier technology that provided the same
stall margin improvement, such as variable stator blades. As a result, casing
treatments are primarily evaluated on their ability to improve the operating range
of the compressor with minimum efficiency penalty. In addition, the weight, cost,

and reliability of the casing treatment system must be considered.

Overview of Casing Treatment Geometries

A historical survey of casing treatment designs is given by Hathaway (2006).
Casing treatments often employ a pattern of shapes, holes or gaps cut out of the
outer wall of the compressor annulus over the rotor tips. Many involve variations
of slots, circumferential grooves, baffled slots, and honeycomb geometries, an
assortment of which is shown in Figure 2.10. Osborn et al. (1971) showed that
of these various geometries, casing grooves and slots perform best. These two

treatments will be the focus of the following section.

Another form of casing treatment, illustrated in Figure 2.11, involves extracting

high pressure air from a downstream location in the compressor and re-injecting
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it just upstream of the blade row requiring stabilization. This re-circulating form
of casing treatment is a topic of active research and will be discussed in greater

detail in a later section.

The sections below review proven forms of casing treatment (e.g., circumferen-
tial grooves, slots and re-circulating designs) and possible mechanisms of stall

suppression.

2.4.1 Circumferential Groove and Slot Casing Treatments

Much of the early development of circumferential grooves used multiple grooves
placed over the rotor tips. Osborn et al. (1971) demonstrated stall margin im-
provement with seven grooves distributed over the rotor tips from the leading
to the trailing edges. Using two to nine grooves, Bailey (1972) found that deep
grooves provide greater stall margin improvement than shallow grooves, without
an additional increase in efficiency penalty. Fujita and Takata (1984) applied two
to five fixed width grooves and show stall margin improvement to increase with
the number of grooves. They also found that partitioning the grooves increased
stall margin. This early work influenced the design of circumferential grooves
for some time to come. Shabbir and Adamczyk (2005), for example, used five
grooves distributed from the leading to the trailing edges that are at least twice

as deep as their width.

More recently, Houghton (2010) investigated the optimum axial location for a
single circumferential groove and showed two maxima for stall margin improve-
ment: at 8% and 50% axial chord. The groove near the leading edge incurs a
higher efficiency penalty as a result of interacting with the tip leakage vortex.
The mid-chord groove is much more efficient, and it was suggested that multiple
grooves will provide good stall margin with minimum efficiency penalty if centred

on mid-chord.

Slotted casing treatments are made up of a series of parallel cuts in the casing
that are axial or aligned with the blade (see Figure 2.10, top left). The slots may
protrude radially outward (Figure 2.10, top left) or be skewed in the direction
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of blade rotation (Figure 2.10, top left). Slots skewed in the direction opposing
blade rotation (not shown) decrease the stall margin, Takata and Tsukuda (1977).

Early slot designs extended from the leading to the trailing edges. Osborn et al.
(1971) compared axial slots, axial skewed slots (skew in direction of blade ro-
tation), and blade angle slots. Of these, the skewed slots provided the greatest
stall margin improvement, but the lowest efficiency. Blade angle slots provided
a slightly lower stall margin improvement with better efficiency. Prince et al.
(1974) and Takata and Tsukuda (1977) also found that skewed slots provide the

greatest stall margin.

In a departure from the traditional overtip location of the slot, Seitz (1999)
reported an axial skewed slot design which extends from 75% axial chord length
upstream of the leading edge of the blades to 25% axial chord length downstream
of the leading edge plane. This position is reported to reduce the efficiency
penalty whilst maintaining the same stall margin improvement as overtip axial

skewed slots.

Although the above discussion focuses on the development of slots and grooves
separately, in many ways, the two forms of treatment were developed in parallel
by researchers who compared their performance on their own particular machine.
This is important, as comparing results from different researchers and compressors
is complicated by the unique set-up, geometry and stalling mechanism of each
compressor, as well as by the particular laboratory conditions, methodology and
instrumentation used. In general, direct comparison shows that slots provide
greater stall margin improvement than circumferential grooves; however, this
often comes at a higher efficiency penalty, Osborn et al. (1971), Prince et al.
(1974), Fujita and Takata (1984), Wilke and Kau (2002), and Houghton (2010).
On the other hand, circumferential grooves may provide a limited stall margin
improvement, yet they have a greater mechanical integrity than the thin landing

separating slots (which are vulnerable to breakage).
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2.4.2 Re-circulating Casing Treatments

Traditionally, re-circulating designs have relied on air extracted from ports down-
stream of the rotor row in question, or from even further back in the compressor.
In such cases, the downstream pressure driving the re-circulated flow is relatively
constant, and hence flow is re-circulated at all operating flow rates - including
at design where loss of efficiency can least be tolerated. A control valve could
be used to shut off re-circulated air at design conditions, but this introduces

additional weight and complexity.

The critical blade row requiring stabilization can change depending on engine
speed as a result of changes in stage matching (Wilson and Freeman 1994; Day and
Freeman, 1994), but flow injection ahead of the first blade row most consistently

improves the stall margin across the speed range, Freeman et al. (1998).

The air may be injected toward the rotor tips either passively (steady injection as
driven by the prevailing pressure difference) or actively (in a pulsed action based

on continuous feedback signals from disturbances in the flow).

Pulsed (Active) Re-injection

Epstein et al. (1989) first proposed active control for stability enhancement. They
observed that although rotating stall and surge are global nonlinear processes,
the onset of stall is found in small disturbances which can be modelled using
linear theory (based on Moore and Greitzer (1986)). Epstein et al. suggested a
system which uses feedback from these small disturbances to control air injection
aimed at eliminating the original disturbance. In this way, the proposed system

would use small forces to suppress modal perturbations before they lead to stall.

The first systems to successfully employ this strategy to delay stall in axial com-
pressors are reported by Paduano et al. (1993) and Day (1993b). Re-circulation
systems using actively controlled re-injection are usually tailored to a specific
stalling mechanism (e.g., Gysling and Greitzer (1995) and Weigl et al. (1998)) or
applied to remedy a restricted operating range due to inlet distortion (Spakovsky
et al. (1999a,b)).

24



2.4 Stability Enhancement

The advantage of actively controlled re-injection compared to steady re-injection
is that it has been shown in some cases to provide more stall margin improvement
(Weigl et al. (1998)) and in others to provide the same stall margin improvement

as steady injection, but with less re-circulated mass flow (Strazisar et al. (2004)).

Actively controlled re-injection has two major disadvantages, though: lack of

durability and reliability. These factors are considered below.

Durability is important because a casing treatment integrated into an engine will
be an important stall control device that must preserve the stall margin as the
engine degrades. Freeman et al. (1998) found that the actuators needed for active
control do not have the life span required for a flight worthy aero-engine. The
cost and life cycle of the control system is therefore not compatible with the

requirements of an aero-engine.

Research of a transonic single stage compressor by Weigl (1997) (published as
Weigl et al. (1998)) achieved an increase in the stability margin using a feed-
back loop that analyzes harmonics in the flow. However, the author noted that
this system is only effective when the mechanism of stall inception is modal in
nature. As axial compressors often exhibit a wide range of stalling mechanisms
(in addition to spikes and modes), Day et al. (1999) suggested that active con-
trol techniques are insufficiently reliable to suppress all possible forms of stall

inception.

The above disadvantages have led to a decline in further research into the ap-
plication of actively controlled re-injection systems. A general purpose passive
treatment is a better option - provided, of course, that the problem of efficiency

loss can be overcome.

Steady (Passive) Re-injection

Although the re-circulation studies focusing on active re-injection have been
largely abandoned as unfeasible, some researchers (e.g., Weigl et al. (1998) and
Spakovsky et al. (1999a,b)) demonstrated stall margin improvement with steady

blowing systems. This section will discuss how the more recent passive re-injection
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casing treatments reported in the literature have developed. The overall trend

has been to gain more stall margin improvement for less flow re-injected.

Research on a transonic single stage compressor by Weigl et al. (1998) achieved
an increase in the stability margin of 4.3% using steady injection of 3.6% of

compressor mass flow at design speed.

A comprehensive numerical and experimental study on steady injection was pub-
lished by Suder et al. (2001). They developed a system that injected 2% of
annulus flow along the casing to increase the stability margin by 6% at design
speed. This study correlated stall margin improvement with increased mass av-
eraged axial velocity in the tip region. No correlation was found with injected

momentum or injected mass flow.

Strazisar et al. (2004) demonstrated 4% to 6% stall margin improvement by
injecting 0.7% to 1.3% of annulus flow in a highly loaded transonic rig.

In each of the above studies, the best stall margin improvement for the least in-
jected mass flow is quoted.” A trend can be observed which shows each successive
researcher has decreased the amount of air re-circulation required to affect the
same stall margin improvement. Within each investigation, many configurations
were tested. In each case, it was shown that the amount of re-injected flow could
be reduced without affecting the stall margin improvement. This was achieved by
reducing the radial extent of the jet (i.e., confining the injected air to the casing
wall).

In particular, in the development process, Suder et al. (2001) showed that re-
ducing the injector height (halving the injected mass flow and maintaining the
same injected velocity) achieved nearly the same stall margin improvement. In
the same compressor, Strazisar et al. (2004) improved on this; they confined the
injected flow further to casing wall by using Coanda injectors (as opposed to sheet
injectors, in which injected flow often separates from the casing wall). As a result,
the improved system achieved the same stall margin improvement as Suder et al.

(2001) for less flow re-circulated.

*Much higher stall margin improvements are found at part speeds in each case; however,

the above comparisons are at design speed for consistency.
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A large focus in the above research was on minimizing the amount of re-circulated
mass flow required to achieve an adequate gain in stall margin. This is because,
by entraining and re-circulating worked flow, casing treatments inevitably lead to
a reduction in efficiency. Minimizing the re-circulated flow reduces the efficiency
loss. In some axial compressors, a small stall margin improvement of 2 or 3%
may be all that is required to correct a weak stage. However, even modest
stall margin gains can lead to unacceptable losses, especially when the loss is
incurred at design conditions. (A half percent loss of efficiency in an aero-engine

compressor is totally unacceptable.)

Unfortunately, few studies in the open literature quote efficiencies for re-circulation
systems. Those studies that do report efficiency have not performed extensive
parametric studies to show what parameters of the re-circulation system effect
the efficiency most, Hathaway (2002) and Dobrzynski et al. (2008).

Many avenues exist to develop the re-injection form of casing treatment further.
The best axial location for the air extraction has not been investigated; past
studies have set the extraction port downstream of the same rotor row as injection,
or even one or more stages downstream. Parametric studies have instead largely
focussed on the performance of isolated air injection. Clear recommendation for
the parameters of the optimum injected jet cannot yet be made, though. Finally,
the absence of consistent efficiency measurements means that the design trends
affecting efficiency are unknown and therefore the viability of a re-circulation
system is still an open question. These topics are investigated further in the

current work.

2.4.3 Published Mechanisms of Stall Delay

This section reviews the various physical mechanisms attributed to the stall delay
provided by casing treatments. Casing treatments were successfully applied well
before the distinction of stall inception into modal and spike type patterns. It was,
however, understood that casing treatments were most successful when applied to
so-called “tip critical” compressors, i.e., compressors where stall initiated in the

rotor tip region. It is now known that the maximum benefit of casing treatment is
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only achieved if the compressor stalls by means of a spike type stalling mechanism

(where inception occurs near the casing), Houghton and Day (2010).

Therefore, the following discussion is relevant to the physical mechanisms at-
tributed to delaying spike type stall inception in particular. It was shown in
Section 2.3.2 that there are three major mechanisms of stall inception discussed
in the current literature: blockage growth (Khalid et al. (1999)), critical inci-
dence (Camp and Day (1998)), or forward/backflow spillage (Vo (2001)). These
stall inception mechanisms are reflected in the explanations of stall delay. The
discussion in this section of the stall delay mechanisms is organized according to

the most relevant proposed stall inception mechanism.

Shabbir and Adamczyk (2005) showed the blockage growth rate near stall is
reduced in the presence of grooves. Assuming a link between blockage growth
and stall inception, they concluded that the radial transport of axial momentum
between the flow in the groove and near-casing region was the mechanism which
allowed the compressor to operate at a lower flow coefficient. In a re-circulating

system, Hathaway (2002) also linked stall delay to blockage reduction.

In an alternative view of the stall delay mechanism in a re-circulating system,
Suder et al. (2001) found that flow injected upstream of the rotor tips increases

stability by unloading the rotor tips. This follows the idea of critical incidence.

Seitz (1999) suggested that the mechanism for stall inception delay is entrainment
by the slots of reversed flow in the tip region near the leading edges. Without
entrainment, this fluid would spill forward of the blade and contribute to stall
cell growth. This theory relies on the assumption that spike stall inception is due

to flow spilling forward of the rotor leading edge.

This discussion is disjointed due to uncertainty in the stall inception process.
Speculation can be made as to how dependent the various stall inception mech-
anisms are on each other and how casing treatments affect them. A unifying

picture, however, remains to be drawn.
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2.4.4 Casing Treatment Effectiveness

The review of casing treatments focused on stall margin improvement and the cor-
responding efficiency penalties. However, there are other benefits and challenges

that casing treatments present.

As an aero-engine compressor degrades with age, the tip clearance gap increases.
One valuable effect of casing treatment is the ability to desensitize the compressor
to changes in tip clearance. This effect is reported for slots (Smith and Cumpsty
(1984)), grooves (Fujita and Takata (1984)), and re-circulating designs (Strazisar
et al. (2004)).

In the past, casing treatment has not been widely used in aero-engine compres-
sors because the efficiency penalty often outweighs the benefits of stall margin
improvement. In addition, designers have difficulty applying a suitable design
for their situation, because the stall inception and delay mechanisms are not
understood and nor can the stalling mechanism of a new machine be predicted
computationally. Further difficulties arise, as Houghton (2010) found CFD simu-
lations of the optimum location for a single circumferential groove predicted the

opposite trend to that established experimentally.

As a result of this fundamental lack of understanding, the optimization of a
casing treatment configuration to a given situation is still largely done by exper-
imentation. This is carried out on both low-speed and high-speed machines, as
past experience indicates that trends found in low-speed compressors apply to
high-speed compressors, Greitzer et al. (1979) and Hathaway (2006).

The main difficulty of stability enhancement lies in the implementation of a design
on a new compressor. The stability limit is unique to each compressor as is the
flow mechanism leading to instability. Due to the highly unsteady and three-
dimensional nature of the flow, CFD cannot reliably predict the stability limit of
the compressor. The flow mechanism for stall delay remains as much a mystery
as that for stall onset. In addition, experimental measurements characterizing
the onset of compressor instability are usually not available at the design stage.
Until these areas become more advanced, stability enhancement design remains

largely an expensive and time consuming exercise in trial and error.
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2.5 Scope for present Research

It has been shown that the present understanding of the tip clearance flow struc-
ture relies on experimental measurements near the tip region and computational
predictions; direct measurement of the tip clearance flow field is rare and the

accuracy limited.

In Chapter 4, new instrumentation and methodology are used to obtain detailed
experimental flow field measurements in the tip clearance gap at design and near
stall conditions. The examination of the unsteady behaviour of the flow field near
stall is of particular interest; it has been shown in this review that the under-
standing of tip clearance flows near stall is limited by a lack of both experimental

observation and accurate computational prediction.

It has also been shown that the mechanism of spike stall inception is poorly under-
stood. There are multiple routes to stall and it is not yet known whether or how
changes in the tip clearance flow prior to stall directly influence stall inception.
The precise mechanisms of the blockage growth and critical incidence hypotheses
are not clear, and the forward spillage criteria lends itself to muddled interpreta-
tion. It is not yet possible to create a unifying picture of the observations which

have been made.

Current understanding of stall inception is based on the observation of trends
leading up to stall, and the structure of the emerging stall cell. The greatest
barrier to understanding spike stall inception is the lack of direct observation of
the formation of the spike disturbance. Correcting this is one of the challenges of

the present work.

In Chapter 5, the overtip flow field is investigated at the transient condition
of stall inception. The initial growth of the disturbance which leads to stall
is shown by direct observation for the first time. The methodology is outlined
so that future experimental and computational studies might also study stall

inception by direct observation.

Existing methods of stall delay were reviewed. Slot and groove casing treatments

are relatively mature, while re-circulation systems pose an opportunity for ad-
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vancement. The optimum parameters for both extraction and injection ports
are in their infancy; no work has been done to examine their effects on the ef-
ficiency of the system. In addition, it has been shown that there is potential
to re-circulate less mass flow (and thereby improve efficiency of the system) to

achieve reasonable stall margin improvements.

Hence, Chapter 6 investigates an advanced form of a re-circulation system.
Improving stall margin while maintaining efficiency is the primary challenge a
casing treatment must overcome. The new design approaches this by employing
a passive means of regulating the re-circulated flow which takes advantage of

knowledge gained from the overtip flow field results of Chapter 4.

The purpose of the work detailed in this dissertation is to improve the funda-
mental understanding of tip clearance flows and stall inception, and to develop

an advanced form of casing treatment.
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Chapter 3

Experimental Methods

3.1 Introduction

In the past, very little experimental data has been acquired in the rotor tip clear-
ance gap because of complications posed by the close proximity of rotating blades
and the casing wall. In the present work, a detailed experimental investigation
is made of the flow field in the tip clearance gap. The purpose is to improve
the understanding of the flow field in this region and to better understand the
role of tip clearance flows in the stall inception process. Overtip static pressure
contour maps have been acquired, as well as velocity and total pressure maps.
The latter two are the first of their kind. An extensive array of instrumentation
has also been used to observe the flow field during stall inception. Finally, these
measurements were used in the development of a new form of casing treatment. A
parametric study was carried out to optimize the casing treatment system, which

included total-to-static pressure characteristics and efficiency measurements.

The aim of this chapter is to outline the facilities, instrumentation, and method-
ology used to acquire these results. Key instrumentation includes two new probes
developed for this study: a miniature hot-wire and an unsteady total pressure
probe. These probes were used to acquire the velocity and total pressure fields in
the tip clearance gap. Of particular importance to the stall inception investiga-

tion are the procedures used to acquire many channels of data at high sampling
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rates. The uncertainty of all measurements is estimated and shown to provide a

high level of confidence in the results.

3.2 Research Compressors

This section is presented in two parts to describe the research compressors used
in this work, the Deverson and Mini-Deverson compressors. The Deverson com-
pressor is a 5 ft diameter single stage test rig. This large scale compressor was
used to obtain detailed overtip pressure and velocity measurements and for pre-
liminary optimization of the casing treatment. The Mini-Deverson compressor,
as the name suggests, is a smaller scale version of the Deverson compressor. This
smaller compressor was more practical for the full annular application of the

casing treatment.

Both rigs model a low aspect ratio embedded stage as might be found in a high
pressure compressor of an aero-engine. Fundamental differences between high-
speed and low-speed tests exist in terms of Reynolds number and Mach number.
However, years of experience in compressor stability research suggests that low-
speed test results are reasonably indicative of the stability behaviour of high-speed
compressors provided shock waves are not present, Day and Freeman (1994).
Past experience also indicates that casing treatment function is not sensitive to
compressibility effects; i.e., the function in a low-speed compressor is indicative

of high-speed performance, Hathaway (2006).

3.2.1 Deverson Compressor

The Deverson compressor is a low-speed, single stage, axial flow compressor, as
shown in Figure 3.1. The major features of the rig are listed in Table 3.1. The
large diameter has many advantages. Of particular importance is the relatively
large size of the rotor tip clearance gap at 1.4 mm from the casing to the rotor
blade tips. This feature allows for adequate probe access and makes the Deverson

compressor suitable for the detailed tip clearance gap measurements and stall
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Deverson Mini-Deverson
IGV Blades 49 49
IGV Inlet Swirl 25° 25°
Rotor Blades o1 o1
Stator Blades 49 49
Casing Diameter 5 ft, 1.524 m 0.45 m
Hub/Casing Ratio 0.8 0.8
Design Flow Coefficient, ¢ 0.510 0.510
Mid-span Stage Loading, 0.456* 0.461
Mid-span Stage Reaction, R | 51.6%* 54.5%"
Rotor Tip Pitch/Chord Ratio | 0.8 0.8
Rotor Tip Clearance 1.4 mm 0.5 mm
0.9% Span 1.1% Span
1.2% Tip Chord | 1.4% Tip Chord
Reynolds Number, Reghord 3.1x10° 1.6 x 10°

Table 3.1: Deverson Compressor Rig Features

inception investigations. In addition, this compressor was also useful in testing

the initial casing treatment design concept.

A schematic of the rig from Bolger (1999) is shown in Figure 3.2 and described
here. The bellmouth inlet is covered with a honeycomb supported gauze to filter
dust and air-born particles from the incoming flow. The flow then passes through
two further honeycomb sections to straighten the flow. The 9:1 passage area
contraction leads to the 6 inch high parallel annulus where the blades are located.
The inlet guide vanes are preceded upstream by a turbulence grid and followed
downstream by hub and casing boundary layer blockage generators to simulate

the boundary layer conditions found in an embedded stage.

The compressor may be opened just upstream of the rotor inlet plane as in Fig-
ure 3.1. The stator blades are fixed at the casing and sealed at the hub, positioned
approximately 0.5 rotor axial chord lengths downstream of the rotor blade row.

A pressure loss screen and honeycomb are used approximately 0.4 stator axial

*From Bolger (1999)
TFrom Dickens (2008)
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chord lengths downstream of the stator blade row. This screen is intended to
simulate the presence of a downstream stage. The parallel annulus continues ap-
proximately 15 stator axial chord lengths downstream where the flow is dumped
into a small plenum chamber. A conical throttle valve and auxiliary fan allow

the mass flow rate to be modified independently of rotor speed.

For more detailed information about the features necessary to model an embed-
ded stage see Place (1997). Additional information about detailed steady flow

measurements can be found in Bolger (1999) (see Build II).

3.2.2 Mini-Deverson Compressor

The Mini-Deverson compressor was used to optimize and evaluate the perfor-
mance of the casing treatment in a full annular arrangement. The Mini-Deverson
is a low-speed single stage scaled version of the Deverson compressor shown in
Figure 3.3. As the two compressors are so similar, only their differences will be

described briefly here.

Structurally, the most obvious difference is in the vertical build of the smaller
compressor. Aside from this, the Mini-Deverson has a larger spacing between
the rotor and stator blade rows (1.36 rotor axial chord lengths, compared to 0.51
in the Deverson). Also, the Mini-Deverson does not have an auxiliary fan, so it

cannot support the pressure loss screen downstream of the stator blade row.

As seen in Table 3.1, the Mini-Deverson compressor is nearly identical to its
counterpart in stage specifications and performance. The Reynolds number of the
smaller rig is lower; however, this does not affect the similarities in performance
of the two compressors. The pressure and efficiency characteristics of the two
machines are nearly identical. Both machines exhibit spike type stall inception.
It has also been shown that the radial profiles of axial velocity, stagnation pressure
rise, and relative flow angle downstream of the rotor in the two compressors are

nearly identical, Dickens (2008).
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3.3 Data Acquisition

This section describes the system and procedures used to acquire, amplify, filter,
and digitize data. The methods described in this section are relevant to all
experiments conducted, but were most critical to the success of the stall inception
investigation, where the acquisition of up to 48 channels required extra care to

avoid ghosting and cross talk between channels.

Data was acquired through one of two systems. The first system consists of one
16 channel multiplexer connected to a 12 bit analogue to digital converter. This
system was used for to acquire the pressure and velocity data for the flow maps
presented in Chapter 4 and for the parametric study presented in Chapter 6.
The second system consists of three 16 channel multiplexers connected to a 16
bit analogue to digital converter. This system was used to acquire the unsteady
pressure data presented in Section 4.4 and for the stall inception investigation in
Chapter 5.

For each configuration of instrumentation, data was sampled in an initial test
run. Then, the following procedures were used to minimize uncertainty due to

analogue to digital discretization, settling time and crosstalk, and aliasing.

To minimize uncertainty due to analogue to digital discretization, the gain set-
tings on the instrumentation amplifiers were adjusted for each channel. The
measured voltage range was set to be as close as possible to the voltage range of
the analogue to digital conversion in order to maximize the number of discretiza-
tion steps. This step is particularly important for the system with the 12 bit

analogue to digital converter.

The sampling frequency and inter channel delay were adjusted to ensure that un-
certainty due to settling time and crosstalk is negligible. This was done by excit-
ing the probes on selected channels and increasing the inter channel delay and/or
decreasing the sampling frequency until unexcited probes showed no response.
The optimum set-up resulted in the following sampling frequencies. The detailed
rotor overtip flow map measurements described in Chapter 4 were sampled at
40 kHz, equivalent to 94 samples per blade passing. The data for the unsteady

flow variations presented in Section 4.4 and for the stall inception investigation in
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Chapter 5 were sampled at 30 kHz, equivalent to 70 points per blade passing. The
casing treatment measurements presented in Chapter 6 were sampled at 40 kHz,
equivalent to 16 points per blade passing on the Mini-Deverson compressor. The
lower resolution on the Mini-Deverson compressor is satisfactory for the pressure

and efficiency characteristics measured.

In order to avoid aliasing, all unsteady measurements were low-pass filtered at
10 kHz. According to the Nyquist criteria, measurements sampled at 40 kHz and
30 kHz resolve frequencies up to 20 kHz and 15 kHz, respectively. Setting the
low-pass filter below this level ensures that all signal content is either resolved or

of negligible magnitude.

The above procedure ensures the maximum uncertainty in the data acquisition

process is less than +0.2% of the nominal signal voltage.

3.4 Rig Monitoring

This section describes how ambient and compressor conditions were monitored
to ensure that measurements were conducted at consistent and repeatable con-
ditions. The compressor mass flow rate, rotor speed, and lab conditions were

monitored and recorded during testing.

Laboratory temperature and pressure were recorded before and after every test
or at most every 15 minutes. The atmospheric pressure was read from a mercury
barometer and the ambient temperature from thermocouples near the bellmouth
inlet. The mass flow rate was maintained within +0.3% of the target value for
each test conducted at a constant mass flow rate. The uncertainty of nominal
mass flow rate across test cases is +0.7%. The measurement of the mass flow

rate is discussed in Section 3.7.1.

A once per revolution signal on the rotor was used to obtain the speed of the rig.
The speed of the rotor was set to within +0.3% of the target value and monitored
during each experimental run. The speed of the rotor did not vary more than

+0.03% within an experimental run.
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3.5 Pressure Measurements

The instrumentation for pressure measurements is described in two parts: pneu-
matic probe measurements and fast response pressure transducer measurements.
Each of these groups provides a description of the instrument and its use, the

method of calibration, and its accuracy.

3.5.1 Pneumatic Probe Measurements

Steady pressure transducers were used to obtain measurements from static pres-
sure tappings and Pitot probes to monitor the compressor performance. Static
pressure at the compressor casing was measured with 1 mm bore tappings. In
the case of monitoring the pressure upstream and downstream of the blade rows,
six such tappings were distributed around the annulus at the same axial and
circumferential position relative to the stator blades. Each set of tappings were

connected to a manifold with equal lengths of tubing with 1 mm inner diameter.

Static pressure tappings were similarly used to monitor static pressure in calibra-
tion tunnels and Venturi probes as well. Pitot probes measuring total pressure

were also connected to 1 mm tubing.

The pneumatic pressure lines were connected to digital manometers or pressure
transducers calibrated against an inclined silicone manometer. The transducers
used have a linear pressure to voltage response. The linear response is very robust
over time, though the offset drifts slightly. The offset was recorded at no flow
conditions before and after each experiment. The uncertainty due to drift is less

than 0.1% of nominal measured values.

3.5.2 Fast Response Pressure Transducers
The fast response pressure transducers are manufactured by Kulite Semicon-

ductor Products, Inc. The Kulite probes are often simply referred to as pressure

transducers, or transducers, throughout this work. Unless noted, all fast response
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pressure transducers used were 2.4 mm in diameter. The transducers were used

both for static and total pressure measurements as described below.

Unsteady Static Pressure Measurements

For unsteady static pressure measurements, the pressure transducers were in-
stalled with the sensing screen flush with the surface of the casing. The analogue
signal from the transducer passes through an amplifier and low-pass filter before
being digitized, as described in Section 3.3. The voltage response of the pressure
transducer varies linearly with pressure over the range of pressures measured.
Each transducer was calibrated at four static pressure levels before and after ev-
ery configuration set-up. The offset value was recorded at zero flow conditions
before and after each experiment. Based on the manufacturer’s data sheets, the

maximum uncertainty of the probes is +0.7% of inlet dynamic head.

Unsteady Total Pressure Measurements

A new probe was made to take unsteady total pressure measurements in the
tip clearance gap. The probe is made up of a fast response pressure transducer
embedded in a sheath with a low-profile stagnating head on it. The sensing
diaphragm is placed as close to the stagnating Pitot head as possible. A profile
view of the probe size relative to the tip clearance gap in the Deverson compressor
is shown in Figure 3.4. The total pressure probe was rotated through 360° in 10°
steps. The probe was calibrated and used similarly to a hot-wire, which will be
described in the next section. The uncertainty of the measured total pressure
when compared with a conventional boundary layer probe of similar proportions
is +1.2%.

The major advantage of this probe is that it can fit in the tip clearance gap
and the stagnation interface is at the centre of the axis of rotation. This probe
resolves the flow direction in 360°, whereas a single hot-wire provides resolution
in only 180°. Therefore, the flow angle results from the unsteady stagnation
pressure probe were used to resolve the ambiguities in the flow angle results from

the hot-wire.
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3.6 Hot-Wire Measurements

This section describes a special miniature hot-wire probe developed in the Whit-
tle Laboratory for tip clearance gap measurements. The new probe made ex-
perimental measurements possible that provide greater detail than previously
available in this region. This section is described in four parts: (1) the hot-
wire probe construction; (2) calibration procedures; (3) algorithm to determine

velocity magnitude and direction; and (4) estimation of uncertainty.

3.6.1 Miniature Hot-Wire Construction

The new hot-wire probe has two distinguishing features. First, the stem, or body
of the probe, fills the access hole and maintains a smooth surface with the casing
wall; see Figure 3.5. When using a conventional hot-wire probe for near wall
measurements, there is usually an air gap between the probe stem and the access
hole. This leads to re-circulating flows and inaccurate measurements. Second, the
prongs which support the sensing wire are adjustable in length during operation

and so measurements at various heights from the casing wall are easily obtained.

The height of the hot-wire from the flat surface of the probe and the casing wall
was traversed from 0.3 mm to over 1.5 mm. This feature was used to investigate
the flow in the rotor tip clearance gap at three radial planes: 25%, 50% and 75%

of the tip clearance gap.

Additional low profile hot-wire probes were also developed for tip clearance mea-
surements which required multiple probes to be used at one time. The face of
the probe stem was again flush with the casing wall. The only difference between
these additional probes to the probe described above is the absence of the traverse
capability. The height of the hot-wire prongs in these probes was set at various

lengths from 0.5 mm to 5.5 mm.
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3.6.2 Miniature Hot-Wire Calibration Procedures

The hot-wire was calibrated in a small wind tunnel with a known boundary
layer profile. When calibrating, the flat surface of the probe perpendicular to
the hot-wire prongs was always flush with the tunnel wall - as it would be in
the compressor casing. The hot-wire was positioned perpendicular to the flow
to get a voltage to velocity calibration. A curve fit adapted from King’s Law as

recommended by Bruun (1995) was used:

E? =a+bV" (3.1)

where E is the raw hot-wire voltage, a, b and n are constants, and V' is the
velocity at the position of the hot-wire from the wall. Calibration was carried out
at each of the radial positions that would be used during the compressor tests,
i.e., at 25%, 50% and 75% of tip clearance height. The ambient temperature was
maintained to within 40.5° of the calibrated temperature. The uncertainty in
the velocity magnitude as a result of calibration was found to be less than £3%

of nominal velocity values for measurements at constant flow coefficients.

The response of the hot-wires to a square wave signal was between 12,000 and
16,000 Hz. According to Bruun (1995), the hot-wire frequency response sets the
maximum cut-off value for the low-pass filter. The signal was therefore low-pass
filtered at 10 kHz.

3.6.3 Hot-Wire Signal Processing

This section describes the procedure and algorithm used to resolve the flow ve-
locity magnitude and angle from a single hot-wire. The algorithm applies to any

number (2 or more) of hot-wire orientations and is similar to the least squares

method described by Dambach and Hodson (1999).

First, the data for all hot-wire orientations was prepared (re-interpolated, cali-
brated, non-dimensionalized, and ensemble averaged) according to the procedures

to be outlined in Section 3.9. For example, the hot-wire results of Chapter 4 are
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based on 21 hot-wire orientations, each 10° apart. Fifty rotor revolutions were
recorded for each hot-wire orientation. The data for each hot-wire orientation
were first re-interpolated to 64 points per blade passage. After calibration and
non-dimensionalization, they were then ensemble averaged (phase locked to the
rotor). The result is 21 sets of ensemble averaged data for a rotor revolution (51
rotor blade passages, 64 points per blade passage). At each pitchwise location in
the set, the data from all hot-wire orientations were used to obtain the magnitude

and direction of the flow velocity as outlined below.

The method is based on the result presented by Bruun (1995) that the effective
velocity measured by the hot-wire is approximately equal to the component of

the velocity vector perpendicular to the sensing wire:

Vin = Veos(a — ) (3.2)

where V' is the magnitude of the velocity vector, V,, is the effective velocity
measured by the hot-wire, « is the flow angle, and (3 is the angle of the hot-wire.
These definitions are illustrated in Figure 3.6 in the plane normal to the hot-wire

prongs, which for this experiment is the “plane” of the casing near the probe.

It follows from Equation 3.2 that if the hot-wire is turned through 180°, the
signals from each hot-wire orientation form a cosine curve. This is illustrated
in Figure 3.7, left. When the flow aligns with the hot-wire the voltage is at
a minimum, and when the flow is perpendicular to the hot-wire the voltage is
at a maximum. This curve can be linearized by transforming the z and y axes
(shown in Figure 3.7, right). The transformation is described below as well as the

application of using it to extract the magnitude and direction of the flow velocity.

Equation 3.2 may be simplified with trigonometry:

Vin = Veos(a)cos(B) + Vsin(a)sin(3) (3.3)
Dividing by cos(f3) yields:
COZTB) = Veos(a) + Vsin(a)tan(fB) (3.4)

Equation 3.4 is linear in the form:

=c+mzx (3.5)
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where
_ _Vm
Y= 2os()
x = tan(f)

¢ = Veos(a)

m = Vsin(a)

After the axes have been transformed, a straight line fit using the least squares
method will yield the slope, m, and y-intercept, c¢. Using the definitions for m
and ¢ above, the flow angle, o, and magnitude of the flow velocity, V', can then
be calculated. Ambiguity in the flow direction due to the symmetry of the hot-
wire was removed with measurements from the unsteady total pressure probe

described earlier.

As can be seen, this method assumes there is no radial component of velocity and
no cooling from velocity components parallel to the hot-wire. The resulting error
is an overestimation of V,, and therefore also an overestimation of the velocity
magnitude, V. Measurements closest to the casing will have minimal uncertainty

from the radial velocity component.

For the rotor over tip flow field investigation of Chapter 4 (where 21 hot-wire
orientations were ensemble averaged over 50 rotor revolutions), the uncertainty
in the calculation of the ensemble averaged angle is +0.2°. This is based on
a simulated signal tested in the algorithm, and on multiple angular calibration
tests. The alignment of the hot-wire in the machine is accurate to £0.5°. These
sources of uncertainty are combined, and the maximum uncertainty is estimated
to be +0.7°.

The investigation described in Chapter 4 uses 21 hot-wire orientations, but it
is possible to use as few as two to resolve the flow field. Using fewer hot-wire
orientations to determine the flow vectors would be a considerable advantage in
situations where acquiring sufficient data is a problem. Just such a situation
arises when repeated stalling events are recorded for the purpose of deriving
an instantaneous picture of the origins of a spike-type disturbance. It will be
explained in Chapter 5 how selected samples from hundreds of stalling events are
used to produce such a figure. For a time intensive process such as this, the use

of fewer than 21 orientations is a great advantage. The section below discusses
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the inevitable decline in measurement uncertainty that accompanies the use of

data from fewer hot-wire orientations.

Flow Angle Uncertainty for Measurements at Stall Inception

Stall inception is a transitory event and so vectors created from ensemble averaged
traces at multiple hot-wire orientations must be done very carefully. In order to
obtain accurate vectors of the flow field in and around a spike disturbance, it is
necessary to make repeated measurements of the spike at the same stage in its
development. Suitably repeatable stall events were selected by comparing raw
pressure and hot-wire traces as will be described in Chapter 5. This criteria
necessarily limited the number of ensemble averages and hot-wire orientations

available.

For the stall inception investigation of Chapter 5, four angular orientations were
used for each axial and circumferential position of the hot-wire. At each angular
orientations, two repeatable events were obtained to form the ensemble average.
The uncertainty in the vector angle was found to be £9° at the leading edge and
+4.5° at the trailing edge. Considering the flow vectors change by more than 180°
within a blade pitch at the leading edge, the uncertainty, though much higher
than for measurements at a constant flow coefficient, is within a reasonable range
to make general observations of the flow field. The method used to estimate this
uncertainty is described below, as well as additional steps to ensure confidence in

the results.

In order to estimate the uncertainty in the calculation of the flow angle, data for
the flow field near stall (at a stable condition) was used. At these conditions,
data exists for 50 rotor revolutions at each of 21 hot-wire orientations. From the
21 hot-wire orientations available, data for 4 equidistant hot-wire orientations
were selected to calculate the angle again (also using 50 ensemble averages). As
the vectors derived from 21 hot-wire orientations were found to be robust, these
vectors are used as a control set for comparison. It was found that the vectors
using only 4 hot-wire orientations varied from the control set by +3.5° at the

leading edge and 41.5° near the trailing edge.
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Next, using the same 4 hot-wire orientations, the number of ensemble averages
were steadily reduced to estimate the effect on uncertainty. At the leading edge,
reducing the number of traces used in the ensemble average from 50 to 8 only
increased the uncertainty to +5°. Using 3 traces increases the uncertainty to
+7.5°, for two traces the uncertainty is £9°, and for a single trace (no ensemble
average), the uncertainty is £11°. For every 10 stall events, it was found that
the repeatable stall event was found in anywhere from 2 to 6 of the cases. While
the uncertainty increases for fewer ensembles, it is not unreasonable and it was

decided to use 2 traces for each hot-wire orientation to calculate the vectors.

The reliability of the velocity vectors was also ensured in the following way.
When calculating the vectors for the stall inception event, the results of the
algorithm were double checked in the following way. As was discussed above, the
algorithm calculates the flow vectors for each pitchwise location. For the stall
inception investigation, four values (from the ensembles at each of the four hot-
wire orientations) were input. These four values theoretically lie on a cosine curve,
as discussed above in Section 3.6.3 with Figure 3.7. In the region of the spike,
the four values for selected pitchwise locations were checked by eye to ensure that
they followed an approximate cosine pattern. (If they didn’t, then this would
imply that the algorithm was simply producing meaningless numbers). The raw
hot-wire traces at the spike were also compared to the final vectors at the spike
to ensure that the picture made sense, i.e., that appropriate dips and peaks were
observed in the signal where the vectors showed changes in flow direction. In this

way, a high level of confidence in the vectors and this method of analysis was
established.

3.7 Compressor Performance

Total-to-static pressure rise characteristics were used to monitor and compare
the compressor performance of both compressors used. The stall margin im-
provement, based on the stalling flow coefficient, was used to determine which
casing treatment provided the greatest benefit near stall. Efficiency characteris-
tics were used to determine which design imparted the lowest penalty to maximum

efficiency.
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3.7.1 Total-to-Static Pressure Rise Characteristics

Total-to-static pressure rise characteristics were measured by continuously record-
ing the inlet and casing pressures as the flow rate was slowly reduced. The pres-
sure rise across the stage increases as the mass flow decreases until the stability
limit is reached. At this point the compressor stalls, leading to a collapse of the
pressure rise across the stage. Once the stability limit is exceeded, the compressor
will operate in rotating stall even when the throttle is opened again to increase
the mass flow rate. As the flow rate increases, a point is reached at which the
operating point will suddenly recover to the stable characteristic. The data points
obtained for a typical total-to-static pressure rise characteristic in the Deverson
compressor are shown in Figure 3.8. A curve fit through the stable range of
continuously obtained points represents the characteristic. The non-dimensional

parameters used for the mass flow rate and pressure rise are described below.

The mass flow rate, m, is defined:

m = pAV, = k\/pAP (3.6)

where p is density, A is the inlet flow area, V, is the average axial velocity at

inlet, AP is the change in pressure across the bellmouth, and k is a constant.

In the Deverson compressor, the bellmouth pressure difference AP = p,1 — pao
was used to monitor the inlet mass flow using p,; and pg, two casing static
pressures at the bellmouth inlet and exit, respectively. The subscript letters are
maintained to be consistent with past Deverson theses and the labelling on the
rig. The change in pressure across the bellmouth was correlated with the area
averaged flow rate by Place (1997) using & = 0.9091.

In the Mini-Deverson compressor, the inlet mass flow was monitored with the
bellmouth pressure difference AP = P,;, — p. In this case P,;, is the total
pressure at the bellmouth inlet (downstream of the inlet flow straightener) as
measured by three Pitot probes equally spaced around the circumference. The
static pressure at the exit of the bellmouth (in the parallel section of the annulus)

was obtained from six equidistant circumferential static tappings. The change in
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pressure across the bellmouth was correlated to the flow rate by Dickens (2008)

using k£ = 0.0794.

The change in pressure across the bellmouth, AP, is measured as a differential
pressure on a digital manometer. The same measuring instrument was used on

both compressors.

When used to present a pressure rise characteristic, the mass flow rate is expressed

in non-dimensional form by the flow coefficient, ¢ as

L ¢
B pAUmzd B Umid

¢

where U,,;4 is the blade velocity at mid-span.

The total-to-static pressure rise across the compressor is expressed by the non-

dimensional pressure rise coefficient, ¥ as

L R o (3.8)
Ep mid

where ps is the stator exit static pressure and F;, is the inlet total pressure.
The pressure rise across the stage is again measured as a differential pressure on

a second digital manometer.

Using the Kline & McClintock uncertainty method, as described by Beckwith
et al. (1995), the uncertainties of the flow coefficient, ¢, and the pressure rise

coefficient, ¥, are both within £0.6% of their nominal values.

3.7.2 Stall Margin Improvement
For each casing treatment arrangement evaluated, the stability limit of the com-

pressor operating with the casing treatment was compared to the stability limit

of the compressor without the treatment (the “smooth wall” case). The stall
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margin improvement, SM1, is calculated as follows:

SMI = ¢s,datum - ¢s

Ps,dat (3.9)

where ¢ is the stalling flow coefficient with casing treatment and ¢s gatum is the

stalling flow coefficient of the smooth wall configuration.

In all cases to be presented in Chapter 6, the measurement of the characteris-
tic curve was repeated several times to obtain the stalling flow coefficients. The
coefficient values used to calculate the SMI were averaged values to ensure rep-

resentative results.

3.7.3 Efficiency Characteristics for the Mini-Deverson Com-

pressor

Efficiency characteristics were measured to compare the performance of the com-
pressor with and without casing treatment. The efficiency, 7, is calculated using

the shaft torque, T', and the change in static pressure across the stage, AP:

mAP
plw

n = (3.10)
As the absolute Mach number through the compressor is relatively low (< 0.1),
the flow was assumed to have constant density which was calculated from labo-

ratory temperature and pressure.

In each figure to be presented in Chapter 6, the efficiency characteristic for each
casing treatment configuration has been tested back-to-back with the smooth wall
case. By “back-to-back” testing is meant that the smooth wall case was measured
at the beginning and end of each set of measurements. Any set with a significant
change (greater than 0.2%) in the efficiency and mass flow measurements from
beginning to end was discarded. The efficiency of the compressor with casing
treatment installed is thus always relative to the efficiency of the smooth wall
case. This minimizes uncertainty across compressor builds as the results do not

depend on absolute efficiency values.
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3.8 Procedure for Stalling the Compressor and
Recording the Results

This section describes the procedures used to record a stall inception event and
to distinguish spikes and modes. The following method was used to provide

consistent and repeatable results.

The compressor is slowly throttled very near to stall. The compressor runs at
this flow coefficient very near to stall for a limited amount of time before a
naturally occurring random disturbance causes the machine to stall. Meanwhile,
the instrumentation logs continuously to a buffer. When the stall occurs, the

data logging system is tripped and the previous 100 revolution of data are saved.

3.9 Processing Unsteady Data

The unsteady data is presented in raw form as well as used to produce statistics,
contour maps and velocity vectors of the overtip flow field. Preliminary process-
ing was applied first to overcome the complexities of comparing data taken from
different tests and on different days. This includes re-interpolation, calibration,
and non-dimensionalization, which are used to process all data before it is pro-
cessed further or presented. Calibration has been described for each instrument in
the previous section, and non-dimensionalization parameters are displayed with

the results. Re-interpolation is described below.

All data was recorded relative to a rotor revolution trip as described in Section 3.3.
Due to the discrete nature of sampling and small fluctuations in rotor speed
over time, there is a discrete variation in the number of samples per revolution
(e.g., 4000 + 1 samples per revolution). In order to compare data across rotor
revolutions, and to compute statistical properties, the raw data points are re-
interpolated so that each rotor revolution has the same number of points and
each point occurs at the same physical location for subsequent revolutions. All

sampled points were re-interpolated to 64 points per blade passing (3264 points
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per revolution). This allows for more accurate ensemble averaging and statistical

analysis of the signal.

3.10 Summary

This chapter outlined the methods used to obtain previously unavailable mea-
surements in the tip clearance gap. The measurements were also used to develop
a new casing treatment design. The facilities and new instrumentation which
made this investigation possible have been described. A new miniature hot-wire
probe and a new unsteady total pressure probe were shown to be of particular
importance in achieving these delicate measurements. With these new probes, a
large number of unsteady static pressure transducers, and a sophisticated data
acquisition system, an advanced approach to investigating tip clearance flows and

stall inception has been made possible.
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Chapter 4

Rotor Overtip Flow Maps

4.1 Introduction

In the small space of the tip clearance gap, between the sweep of the compressor
rotor blade tips and the outer casing wall, is a region of dynamic flow influenced
by many factors. The incoming mainstream flow is opposed by flow driven in
the opposite direction by the pressure difference across the blade tip (from the
pressure side to the suction side) and by the pressure difference across the blade
row (from the trailing edge to the leading edge). These flows interact in a viscous
and highly turbulent manner to create a resistance to the mainstream flow. This
resistance, or blockage, is in the form of velocity deficit to the mainstream flow
and opposing momentum, a major source of loss affecting efficiency (Khalid et al.
(1999); Storer and Cumpsty (1994)).

Blockage reducing the core flow area has far reaching effects. The diversion of
flow reduces the possible work input and alters the radial loading distribution.
As a consequence, the stage pressure rise and mass flow capacity are limited.
Changes in the size of the tip clearance gap have also been shown to alter the
stability limit of the machine (Freeman (1985)), and the tip clearance flow itself
is often cited as having an influence on the stalling mechanism (Greitzer et al.
(1979); Shabbir and Adamczyk (2005); Vo et al. (2008)). These effects contribute

to the continued interest in tip clearance flow research.
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Direct experimental measurements in the tip clearance region are extremely dif-
ficult: probe placement is restricted by the physical constraint of the small tip
clearance height and the moving blades. The experiment also carries an increased
risk, as the damage for a mistake may range from the ruin of a probe to a rotor

blade-off and the resulting destruction of the entire stage.

As a result, much effort has been expended to study tip clearance flows and
their effects through analytical and computational methods. Simple models of
the tip clearance flow were developed to be used in conjunction with steady flow
calculations (Chen et al. (1991); Storer and Cumpsty (1991)); ever increasing
computer power and resources has seen the rise of CFD solutions which include
the tip clearance flow (Gourdain et al. (2006)). The calculations often strive to
study the influence of the tip clearance flow on loss mechanisms (including the
formation, character and breakdown of the tip leakage vortex, such as Furukawa
et al. (1999)) and stall inception (e.g., Vo et al. (2008)). Although computational
methods have made great strides, experimental results remain the benchmark of

stall inception research.

Past experimental work on clearance flows has mostly been based on measure-
ments taken downstream of the rotor row or in cascades (Deppe et al. (2005);
Lakshminarayana et al. (1995); Storer (1991)). Little experimental work has
been done in the tip clearance gap itself because of the difficulties described
above. This chapter describes the results of a detailed experimental investigation
of the tip clearance flow. The purpose is to advance the fundamental knowledge
of tip clearance flows, in particular as stall is approached. Three measurement
techniques have been employed to build up a detailed map of the flow field in the
tip clearance gap: static pressure measurements on the casing wall, total pres-
sure measurements, and hot-wire surveys in the tip clearance gap. Overtip static
pressure maps may be familiar measurements in the tip clearance gap (e.g., Seitz
(1999)); however, hot-wire and total pressure measurements in this region have

not been previously reported.
This chapter is set out as follows:

1) The novel measurement techniques are described which were used to obtain

a complete set of pressure and velocity maps for the flow in the tip clearance gap
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at two flow coefficients: design and near stall.

2) The ensemble averaged pressure and velocity flow maps are examined and
changes in the tip clearance flow field that occur when the compressor is throttled

from design to near stall conditions are discussed.

3) Unsteady and non-uniform effects are discussed by examining circumferential

and passage to passage flow variations.

The results presented here increase the understanding of the fundamental flow
physics in the tip clearance region, and are integral to the stall inception and
casing treatment investigations presented in the chapters to follow. It will be
shown in this chapter that as stall is approached, the trajectory of the tip leakage
vortex (and the incoming/reversed flow interface) does not become parallel with
the rotor leading edges. This indicates that forward spillage as a criteria for spike
stall inception as proposed by Vo (see Section 2.3.2) is unlikely to be valid in
this compressor. This will be explored further in the stall inception investigation
presented in Chapter 5. The results in the present chapter also show an increase in
flow irregularity as stall is approached, which will be related to the stall inception

investigation as well.

The changes in the flow field observed between design and near stall conditions are
also of interest to the the casing treatment investigation presented in Chapter 6.
The changing flow field is exploited to enable a self-regulating re-circulation in

the new casing treatment.

4.2 Methodology for Rotor Overtip Ensemble
Averaged Results

The flow in the tip clearance gap is vigorous and the acquisition of reliable data
is not straight forward. This section will discuss the experimental methodology
and the new instrumentation which were used to achieve detailed pressure and
velocity measurements in the rotor tip clearance gap. For the sake of brevity,

only the most important information needed to understand the results is outlined
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here; more details from the relevant sections of Chapter 3 will be referenced as

appropriate.

The investigation was carried out on the Deverson compressor, a large single stage
research compressor. The large size of the machine (5 ft in diameter) means that
the tip clearance gap is also relatively large (1.4 mm), making it possible to take
detailed measurements in the gap between the tips of the moving blades and the
casing wall. A total-to-static pressure characteristic for the Deverson compressor
is shown in Figure 3.8. The two specific flow coefficients are marked on the
figure at which the detailed rotor overtip flow maps were obtained. Conditions
near the compressor design were investigated at ¢ = 0.50. Conditions were also
investigated at the lowest stable flow coefficient, ¢ = 0.43. The compressor is

increasingly likely to stall at flow coefficients lower than this.

A schematic view of the blade tips projected on the casing wall is shown in
Figure 4.1. Vectors show the axial direction, blade rotation, and the mainstream
velocity vectors in the absolute and relative reference frame. All overtip flow map
results are presented from this perspective. Thirteen axial probe positions were
used to investigate the flow in this region; these are numbered in the figure. This
axial array of probe access holes is located at circumferential position 1, as shown

on the right hand side of Figure 4.1.

Three measurement probes were used: a fast response pressure transducer, an
unsteady total pressure probe, and a miniature hot-wire (Section 3.5). The three
probes were not installed simultaneously, but one at a time. Measurements were
obtained by moving the probe to each of 13 positions distributed from the leading
to the trailing edge of the blade shown in Figure 4.1. The unused probe access

holes were plugged to maintain a smooth casing.

The specific procedures for each probe are described in turn below.

4.2.1 Static Pressure Measurements

The pressure measurements produce contour maps of casing wall static pressure

as blades pass the measuring location.
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The unsteady pressure is measured with a single pressure transducer mounted
flush with the casing wall and inserted in each of 13 positions, as shown in Fig-
ure 4.1. At each of the 13 positions, the transducer was sampled at the design and
near stall flow coefficients, making 26 test cases in total for this probe. Each test
case was sampled for 50 rotor revolutions, at a rate providing 94 sample points

per blade pitch.

The measurements from each test case were calibrated, non-dimensionalized, and
re-interpolated to give 64 points per blade pitch (Section 3.9). The measurements
were then ensemble averaged (phase-locked to the rotor) to give an ensemble
result for each blade in the rotor. For each flow coefficient, the ensemble averaged
pressure traces for each axial position were then used to produce two-dimensional

contour maps of casing static pressure, i.e., Figures 4.2 and 4.3.

4.2.2 Total Pressure Measurements

Unsteady total pressure measurements were used to determine the flow direction
and to produce contour maps of total pressure in the tip clearance gap at mid-

height.

The unsteady total pressure is measured with a fast response pressure transducer
embedded in a sheath with a Pitot head attached (Section 3.5). The opening is

at tip clearance mid-height and at the centre of the probe’s rotational axis.

At each of the 13 axial positions, and the two flow coefficients discussed above, the
total pressure probe was rotated in 10° steps through 360° (36 probe orientations).
Thus, there are 26 (2x13) “sets”, each set consisting of 36 probe orientations. This
makes 936 (36x26) test cases in total for this probe. Each test case was sampled

for 50 rotor revolutions, at a rate providing 94 sample points per blade pitch.

The data for each test case were calibrated, non-dimensionalized, and re-interpolated
to 64 points per blade pitch, then ensemble averaged (Section 3.9). Each data set
(consisting of measurements from the 36 probe orientations) was then processed
to determine the total pressure and flow angle (Section 3.6.3). This results in

26 pitchwise traces (each with 64 points per blade pitch) of total pressure and
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flow angle. The total pressure traces were then used to produce two-dimensional
contour maps of total pressure at both flow coefficients, i.e., Figures 4.4 and 4.5.

The use of the flow angle data will be described below.

4.2.3 Miniature Hot-Wire Measurements

A special miniature hot-wire probe was used to obtain velocity vector maps at

three radial positions in the tip clearance gap.

The angle of the flow in the rotor tip clearance gap varies considerably with the
passing of each rotor blade. A special miniature hot-wire probe was designed
for these measurements (Section 3.5). Parallel prongs (which the hot-wire spans)
protrude from a flat surface which seals and remains flush with the casing during
measurement. The prongs themselves are traversable, allowing measurements at
varying radial positions while maintaining a smooth casing wall. This new probe
design eliminates the cavity effect a standard hot-wire would have on the near

casing flow field and eliminates the effect of stem blockage.

At each of the 13 axial positions, and the two flow coefficients discussed above,
the hot-wire measurements were conducted at three radial positions, 25%, 50%
and 75% of the tip clearance gap. This makes 78 (13x2x3) “sets”. For each set,
the hot-wire was rotated in 10° steps through 200° (21 probe orientations) to
obtain the maximum accuracy in velocity magnitude and direction. Thus, there
are 1638 (78x21) test cases in total for this probe. Each test case was sampled

for 50 rotor revolutions, at a rate providing 94 sample points per blade pitch.

The data for each test case were calibrated, non-dimensionalized, and re-interpolated
to 64 points per blade pitch, then ensemble averaged (Section 3.9). Each of the
78 data sets (each consisting of measurements from the 21 probe orientations)
was then processed to determine the velocity magnitude and angle (Section 3.6.3).
This results in 78 pitchwise traces (each with 64 points per blade pitch) of velocity

magnitude and angle.

The flow angles obtained from the hot-wire probe are more accurate than those

from the total pressure probe. However, the hot-wire angles are ambiguous by
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4.3 The Ensemble Averaged Overtip Flow Field

180° due to the symmetry of the single hot-wire. All flow angles were therefore
compared with those obtained from the total pressure probe and given the correct

flow orientation.

The resulting traces were used to produce two-dimensional ensemble averaged
vector maps of the flow at three radial planes in the tip clearance gap for two
flow coefficients, i.e., Figures 4.6 to 4.11. These measurements are thought to be
the first of their kind.

4.3 The Ensemble Averaged Overtip Flow Field

Ensemble averaged flow maps are presented in this section for the static pressure,
total pressure, and velocity fields. The static pressure and total pressure contours
are presented first. When the velocity measurements are presented, they are
superimposed on the static pressure contours. This is done so that features
from both fields can be compared directly. In all figures, a blade tip profile
is superimposed on the maps for reference. A tip speed vector (U) is shown to
indicate the direction of blade rotation and as a scaled reference for the velocity
vectors. The perspective of the flow field maps is as if the casing surface is viewed

radially outwards looking from the centre of the machine.

4.3.1 Static Pressure Maps

The static pressure contours at the design flow coefficient (¢ = 0.50) are shown
in Figure 4.2. From the leading edge to the trailing edge, the pitchwise pressure
increases on average as the flow passes through the rotor. The most apparent
feature in the pressure topology is the steep pressure gradient from the pressure
side of the blade (high pressure, red) to the suction side (low pressure, blue).
The maximum pressure difference across the blade is seen to occur at about 20%
axial chord downstream of the leading edge. In this and the following figures,
the trajectory of the tip leakage vortex is recognized by a low pressure core that

originates from the peak suction of the convex side of the blade and reaches
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toward the pressure side of the next blade. In Figure 4.2 the trajectory of the tip

leakage vortex is emphasized by a black arrow.

The flow field at the near stall coefficient (¢ = 0.43) is shown in Figure 4.3. The
pressure scale is the same as in Figure 4.2 so that pressure magnitudes can be
compared between the two figures. The overall pressure rise across the blade
row is now higher as a result of the compressor operating point having moved
up the pressure rise characteristic. In comparison with conditions at design, the
near stall static pressure field in Figure 4.3 shows that the maximum pressure
difference across the blade tip has increased and has moved toward the leading
edge. It is now at about 10% axial chord. The trajectory of the tip leakage vortex
has turned further from the axial direction by about 8°; however, it remains within

the passage.

4.3.2 Total Pressure Maps

The total pressure contours at mid-height for design and near stall conditions are

shown in Figures 4.4 and 4.5, respectively.

The overall total pressure increases from the leading to the trailing edge as the
blades do work on the flow. A large region of low pressure (blue) is seen on the
suction side of the blade. This indicates the loss of total pressure as flow diverts
over the blade tip. The greatest losses in the tip clearance gap are indicated
by the low total pressure region that extends from under the blade tip to the
suction side of the blade, and along the trajectory of the tip leakage vortex. The
trajectory of the vortex is again marked by a black arrow in both figures. As
before, the trajectory at near stall conditions is turned about 8° more from the

axial direction than at near design.

4.3.3 Velocity Flow Maps

The velocity flow maps are presented in two groups: “absolute” vectors referenced
to the casing wall (Figures 4.6 to 4.11), and “relative” vectors referenced to the

rotor blade tip (Figures 4.12 to 4.17). Six flow maps in each group represent
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the flow field at three radial depths (25%, 50% and 75% tip gap height from
the casing wall), each at two flow coefficients. In all figures, the flow vectors are
superimposed on static pressure contours. The scale of the vectors is consistent

across all figures.

Absolute Velocity Field

Skipping Figures 4.6 and 4.7 for the moment, Figure 4.8 shows the absolute
velocity field near design conditions at 50% tip clearance. Three main regions
labelled on the flow maps are of interest. Region A is the inlet flow penetrating
into the passage relatively undisturbed. The flow is at an angle due to swirl
introduced by the inlet guide vanes. In Region B, flow leaking over the blade
tip from the pressure side to the suction side gives rise to reversed flow vectors
that oppose the incoming flow. This jet of leakage flow is driven by the pressure
difference across the blade. Approaching the rear of the blade the flow becomes
more tangential (Region C). The tendency for the flow to leak forward from the
high pressure at the rear of the passage is balanced by the through flow dragging

it axially downstream.

As can be seen, the reversed leakage flow is strongest near the maximum pressure
difference across the blade. This reversed flow from Region B directly opposes
the incoming flow from Region A. A dashed line is marked where the two flows
meet (where the flow direction changes abruptly). Where the two flows meet,
the flow must separate away from the casing wall. This lift-off line is parallel to
the tip leakage vortex core (the trajectory of which, as before, is marked with
an arrow). As the flow separates away from the casing wall it is swept axially
downstream by the main through flow, wrapping around to form the tip leakage
vortex. Hence, the core of the vortex is parallel to, and downstream of, the lift-off

line.

In contrast, the equivalent flow field at near stall conditions is shown in Figure 4.9.
It is observed that the maximum pressure difference across the blade tip has
intensified and moved toward the leading edge. The result is that the reverse
flow vectors in Region B near stall are larger and extend further across the blade

passage than at design conditions. As before, the leakage vortex trajectory has
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shifted, but remains within the blade passage. Another important change between
the conditions near design in Figure 4.8 and those near stall in Figure 4.9 is the
tip clearance flow at the rear of the blade row. A significant amount of reversed
flow is now indicated, dominating the aft portion of the blade passage (Region
C). This flow may be driven by the pressure difference across the blade row, from
the trailing edge to the leading edge. This reversed flow meets less resistance

from the through flow which is now weaker as a result of throttling.

It is worth noting that the casing static pressure field reflects both the strong
pressure field within the passage and the tip clearance flow. This is most apparent
in Region B, where the low pressure in the blade tip region cannot be explained
by the low pressure on the suction side of the blade. Rather, it is thought that
the acceleration of the flow moving across the blade tips causes the low static

pressure in this region.

Velocity Field at Three Radial Positions

The major features of the flow maps discussed above are also found at the other
measurement planes. Flow maps at near design conditions at planes from 25% tip
clearance (near casing wall), 50% tip clearance, and 75% tip clearance (near blade
tips) are shown in Figures 4.6, 4.8, and 4.10. At near stall conditions, equivalent
flow maps in the three planes are shown in Figures 4.7, 4.9, and 4.11. Examining
the flow field from near the casing to near the blade tip reveals an increase in
most velocity magnitudes, most marked in the reversed flow originating from the
rear of the passage, Region C. The radial velocity gradient observed throughout
most of the flow in the tip clearance gap indicates that much of the tip clearance

flow is shear layer flow.

With increasing distance from the wall, it is increasingly likely that a component
of the velocity is in the radial direction. This is especially true in regions where
the flow changes directions suddenly such as along the pressure side of the blade
and along the dashed lift-off line in Figures 4.8 and 4.9.

The tip clearance flow maps, discussed thus far from the perspective from the

casing wall, show a very dynamic flow field driven by the continuous cycle of
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passing blades and the vigorous pressure fields they create. The tip clearance

flow field will now be discussed from the perspective of the rotor blades.

Relative Velocity Field

Figures 4.12 to 4.17 show the tip clearance flow field from the rotor frame of ref-
erence. As with the absolute reference frame figures, they are arranged according

to radial position and mass flow conditions.

At near design conditions, relative frame flow maps for planes at 25% tip clearance
(near casing wall), 50% tip clearance, and 75% tip clearance (near blade tips)
are shown in Figures 4.12, 4.14, and 4.16. The flow fields at 25% and 50% tip
clearance are very similar (Figures 4.12 and 4.14). The flow field at 75% tip
clearance is slightly different; compare Figures 4.14 and 4.16. The extent of the
reversed flow region over the blade tips is greater further from the wall (compare
Region B in the two figures), as is the extent of the through flow (compare Region
A). Both of these observations demonstrate the role of near wall viscous effects
on the tip clearance flow and the increasing influence of the blade pressure field
(driving the reverse flow) and the through flow as the distance from the wall

increases.

Equivalent relative frame flow maps for conditions near stall conditions are shown
in Figures 4.13, 4.15, and 4.17. At these conditions, axially reversed flow domi-
nates the passage and the magnitude increases with distance from the wall. Near-
est the blade tips (Figure 4.17), the reversed flow moves in the same direction
as one might expect if it were being entrained into the tip leakage vortex. The
origin of the (aft) axially reversed flow may be mainstream flow in the passage.
Incoming through flow passing over the tip leakage vortex could be entrained and

turned toward the wall as it passes over the aft portion of vortex.

4.3.4 Summary

These results show new detail of the flow field in the tip clearance gap. Most

importantly, they reveal the dynamic nature of tip clearance flow. From blade to
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blade, the flow direction often changes a full 360°. The most sudden changes in
flow direction are observed at the interface between the through flow and axially
reversed tip leakage flow, which is strongest near the leading edge and the suction
side of the blade.

Two regions of reversed flow were observed. One is the tip leakage flow driven
by the pressure difference across the blade tip. The other region of reversed flow
originates from the back of the passage and is driven forward by the pressure

difference across the blade row.

Another interesting result is that the tip leakage vortex and the incoming/reversed
flow interface are still firmly in the blade passage. According to the hypothesis
presented by Vo (2001), a criteria for spike stall inception is the forward spillage
of the tip clearance flow over the adjacent blade. The present results suggest that

this is far from the case in this compressor.

The analysis of the following section investigates the unsteady and non-uniform

aspects of this dynamic flow field.

4.4 Unsteady Overtip Passage Flow Variations

The ensemble averaged flow maps in the previous section show details of the major
features in the overtip flow field. The flow maps also show how these features
change from design to near stall conditions. However, as a result of the ensemble
averaging process, most of the unsteady, or instantaneous, features of the flow
field are suppressed. This section uses two statistical parameters to examine how
well the instantaneous flow field is represented by the ensemble average flow field.
Further, this section explores how the instantaneous flow field changes around

the compressor annulus, from passage to passage, and as stall is approached.

4.4.1 Methodology

This section will briefly discuss the experimental methodology and define the two

aforementioned statistical parameters.
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Additional measurements were made in the same compressor (Deverson) as was
used for the overtip flow maps. In this case, the measuring configuration con-
sisted of seven axial arrays of pressure transducers, each with four axial positions.
The seven axial arrays of probes are distributed equally around the compressor
annulus. The circumferential and axial positions are shown in Figure 4.18; the
numbering of the axial positions is consistent with the axial positions used to

produce the overtip flow maps in the previous section.

Unsteady static pressures from flush mounted pressure transducers were recorded
simultaneously at all 28 (4 axial positions at 7 circumferential locations) measur-
ing positions. One hundred rotor revolutions were sampled at a rate providing 70
sample points per blade passing. This was repeated for 13 flow coefficients from

design to near stall conditions.

Preliminary Processing

The preliminary processing produces three types of traces. They are the instan-
taneous, ensemble, and mean traces of the overtip static pressure for one blade
passing. The three types of traces were produced for each of the 28 pressure
transducers, at each of the 13 flow coefficients. Described below, these traces are

the building blocks of the statistical parameters to follow.

1. The instantaneous trace is the raw data. The data from each pressure trans-
ducer and each test case were calibrated, non-dimensionalized, and re-interpolated
to 64 points per blade passing (Section 3.9). Since a trace represents the passage
of a single blade passing, each trace consists of 64 pitchwise values of static pres-
sure. There are 100 instantaneous traces for each of the 51 blade passages. (This

represents the 100 revolutions of data recorded.)

2. The ensemble trace for a blade passage is the average (an ensemble average
phase-locked to the rotor) of the 100 instantaneous traces for that same blade
passage. There is one ensemble trace for each of the 51 blade passages. Each
ensemble trace of static pressure consists of 64 pitchwise values of ensemble aver-
aged static pressure. An ensemble trace for a particular blade passage represents

the behaviour of that blade passage on average.
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3. The mean trace is the average of each of the 51 ensemble traces (one for each
blade passage). There is one mean trace which consists of 64 points. The mean

trace represents the average behaviour of all blade passages in the rotor.

Blade Passage Unsteadiness

The first statistical parameter, the passage unsteadiness, quantifies the unsteadi-
ness of a passage relative to its own average behaviour, each time the rotor passes
the same circumferential position. Analysis of this parameter can answer the
questions: How unsteady is each blade passage? How does that change with

axial and circumferential positions? What changes occur as stall is approached?

The blade passage unsteadiness, BP,,s, is calculated for each of the 28 probe
positions, K, and 13 flow coefficients, ¢. The unsteadiness is defined for each

blade passage as:

64 100
BP,.s(p, K, z) = Z Z linstantaneous(¢p, K, z,n,rev) — ensemble(p, K, z,n)|

n=1 rev=1

(4.1)
where x identifies each blade passage (from 1 to 51), n is the number of the data
point in the blade passage, rev is the revolution number, and the instantaneous
and ensemble traces are those defined above in the previous section. BP,,, for
each blade passage, is, in other words, the difference between its instantaneous

flow behaviour and its own average behaviour at the same flow coefficient and

axial/circumferential position.

The BP,,s calculation results in one value for each blade passage. An increase
in the blade passage unsteadiness value indicates that the behaviour of the flow

is becoming more erratic in that blade passage.

A change in all 51 passage unsteadiness values would indicate a change in the
unsteady behaviour of the rotor as a whole. This is characterized by the mean
passage unsteadiness, BP,,,, which is simply the arithmetic average of the 51

passage unsteadiness values, BP,,s(x). Whereas BP,, (z) answers the question

66



4.4 Unsteady Overtip Passage Flow Variations

“How unsteady is this blade passage?”, BP,,, answers the question “How un-

steady are all of the blade passages on average?”

When results are presented, the unsteadiness parameter is non-dimensionalized
by m(gbdesmn, 1). This is the mean passage unsteadiness value evaluated at the
design flow coefficient, circumferential position 1, axial position 1 (leading edge).
Non-dimensionalizing the results allows for easier quantitative comparison. By
non-dimensionalizing in this way, any unsteadiness value greater than 1 indicates
a higher unsteadiness value than at the leading edge at design conditions and

vice versa.

Passage to Passage Variation

The passage to passage variation quantifies the flow variation for each of the
51 blade passages relative to the average flow behaviour in all of the passages.
Analysis of this parameter can answer the questions: How much does the flow vary
from passage to passage? How does this change axially, around the circumference,

and as stall is approached?

The passage to passage variation, P2P,,., is calculated for each of the 28 probe
positions, K, and 13 flow coefficients, ¢. The parameter is defined for each blade

passage as:

64
P2P,,. (¢, K, z) = Z lensemble(¢, K, x,n) — mean(¢, K,n)| (4.2)

n=1

where x identifies each blade passage (from 1 to 51), n is the number of the data
point in the blade passage, and the ensemble and mean traces are those defined
above in a previous section. For each blade passage, P2P,,, is, in other words,
the difference between its average flow behaviour and the average flow behaviour

of all 51 passages.

This parameter also provides a single value for each blade passage. A higher

passage to passage variation value indicates that the behaviour of the flow in
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that particular blade passage is more unusual than the average behaviour of all

the rotor blade passages.

A change in all 51 passage to passage variation values would indicate a change in
the variation to flow patterns around the entire rotor. This is characterized by
the mean passage to passage variation, P2P,,,, which is the arithmetic average
of the 51 passage to passage variation values, P2P,,.(x). Whereas P2P,,.(z)
answers the question “How much does the flow in this blade passage vary from
all the others?”, P2P,,, answers “How much does the flow vary among the blade

passages on average?”

When results are presented, this parameter is also non-dimensionalized as dis-
cussed above for the passage unsteadiness parameter. The passage to passage
variation parameter is non-dimensionalized by m(@esim, 1), the value at
the design flow coefficient at circumferential position 1, axial position 1 (leading

edge).

4.4.2 Passage Unsteadiness Results

The passage unsteadiness, BP,,s (Eqn. 4.1), looks at the unsteady behaviour of
a blade passage relative to itself. This section will examine how the overall blade
passage unsteadiness changes as the compressor is throttled toward stall. This
is first done by examining BP,,, around the annulus and from the leading edge
to the trailing edge of the blade row. Then, the unsteadiness of each individual

passage is specifically examined using BP,,s.

Changes in blade passage unsteadiness as the compressor is throttled from design
to near stall conditions is shown in Figure 4.19. BP,,,, is evaluated at the leading
edge position for seven positions equally spaced around the annulus. Following the
lines from the right to the left tracks the passage unsteadiness as the compressor
is throttled toward stall. For the most part, it is seen that the unsteadiness in
the blade passages remains constant or decreases as the compressor is throttled
from design (¢ = 0.51). Just before stall, however, the unsteadiness increases
at all circumferential positions, with the greatest increase seen at circumferential

position 1.
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The spread in the unsteadiness values around the annulus in Figure 4.19 is remark-
able. The maximum level of unsteadiness at circumferential position 7 (reached
just before stall) is less than the minimum level of unsteadiness at circumferential
position 4 (which occurs at design). There is also no trend in terms of the amount
of ramp-up in unsteadiness that can be expected just before stall (based on either

the value of unsteadiness preceding the ramp-up or the circumferential position).

The results in Figure 4.19 are for conditions at the leading edge, i.e., measuring
position 1 in Figure 4.18. However, three other axial positions were measured.
Figure 4.20 shows BP,,, evaluated at all four axial positions for circumferential
location 1. In general, this figure shows that BP,,, is similar at different axial
positions. The unsteadiness is highest at axial position 5 (35% axial chord down-
stream of the leading edge). At this position, about half the pitchwise flow is
reversed and half is through flow; the two regions are separated by the tip leak-
age vortex. Momentary changes in the trajectory of the tip leakage vortex change
the tip clearance flow dramatically, which is the source of the high unsteadiness
at this axial position. The results for BP,,, at the four axial positions shown in

Figure 4.20 are similar at the other six circumferential locations.

The unsteadiness parameter for each blade passage, BP,, s, will now be considered
to determine if the results for mean passage unsteadiness discussed above are due
to the action of all blades or only a few. In Figure 4.21, BP,,,, is evaluated at the
leading edge for all circumferential locations. Solid lines indicate results at near
stall operating conditions, and dotted lines indicate the design condition. The
most prominent aspect of the figure is that the variation of unsteadiness, from
passage to passage, and around the circumference, is much higher near stall than
near design. At design there is no obvious “most unsteady” blade passage, while
near stall there are passages that have an unsteadiness significantly higher than
the rest at most circumferential positions: in particular the passages surrounding
blades 15 and 43.* That said, the unsteadiness of the blade passages at any one
circumferential position is well distributed, i.e., the mean and median values are

very close, differing by only about 1%.

*The blades are numbered from 1 to 51, which correspond to the labels on the rotor blades
in the Deverson compressor. The value of BP,,s corresponds to the passage on the suction
side of the blade labelled in the figure.
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To summarize the results in this section, it has been shown that the unsteadiness
in the tip clearance flow decreases or stays the same as the compressor is throttled
from design conditions, but then rises sharply just before stall. The sudden
increase just prior to stall is not predictable, and is due to a general increase in
unsteadiness in most blade passages. The variation in unsteadiness from passage
to passage, and around the circumference, is much higher near stall than near
design. This behaviour is seen around the annulus and from the leading edge
to the trailing edge of the rotor. The greatest absolute value of unsteadiness
is seen where the tip clearance flow is most vigorous, i.e., at about 35% axial
chord (axial position 5). Some passages are shown to have greater unsteadiness
compared to the other blade passages at most circumferential locations, namely
passages near blades 15 and 43. The possible physical causes for these variations

will be discussed in more detail later in this chapter.

Clearly, the BP,,s unsteadiness parameter is not suitable for predicting stall.
However, the parameter is useful for showing that unsteadiness in tip clearance
flows around the circumference of the compressor is not uniform, nor is it uniform
from passage to passage. This may have consequences on CFD performance
predictions and may explain the inability to predict the stalling flow coefficient

of a new machine; again, this will be discussed later.

4.4.3 Passage to Passage Flow Variation Results

This section presents the results from the second parameter, the passage to pas-
sage variation, (P2P,,., Eqn. 4.2), which looks at the flow behaviour of a par-
ticular blade passage relative to all the other blade passages. As in the previous
section, the emphasis is on how the parameter changes as the compressor is throt-
tled toward stall. This is first done by examining P2P,,, around the annulus and
from the leading edge to the trailing edge of the blade row. Then, the flow

variation of each individual passage is specifically examined using P2P,,,..

Changes in flow variation from passage to passage as the compressor is throttled
from design to near stall conditions is shown in Figure 4.22. P2P,,, is shown at
the leading edge position for seven positions equally spaced around the annulus.

Following the lines from the right to the left tracks the amount of flow variation as
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the compressor is throttled toward stall. This figure shows that the flow variation
among the passages generally increases as stall is approached. This means that
as blade loading is increased, the blade passages become more unique from one
another. This trend is not uniform at all circumferential positions, though. The
passage to passage flow variation at circumferential position 2 increases very little.
The flow variation at circumferential positions 3 to 5 increases almost constantly,
and at positions 6, 7 and 1 it increases most just before stall. This appears to
show something of a circumferential pattern to the results, which will be discussed

later.

A higher value of P2P,,, indicates the flow behaviour of the passages is less uni-
form, i.e., the blade passages are acting more uniquely from each other. Changes
in P2P,,, around the compressor annulus also indicate less uniform flow be-
haviour. In other words, the behaviour of the passages relative to each other
depends on the individual passage and the circumferential location of the pas-
sage when the behaviour is observed. Figure 4.22 shows the behaviour of the tip
clearance flow varies significantly among passages and around the circumference,

and this variation increases as stall is approached.

Figure 4.23 shows P2P,,, evaluated at all four axial positions for circumferential
location 1. At each axial position, P2P,,, increases just before stall, although
this effect is less significant at axial position 8. This behaviour (at circumferential
location 1) is very similar at circumferential locations 3, 6 and 7. The behaviour

at circumferential positions 2, 4 and 5 is discussed below.

At circumferential position 2, P2P,,, at all axial positions changes very little as

the compressor is throttled (as is seen for axial position one in Figure 4.22).

P2P,,, is very similar at circumferential positions 4 and 5, and is shown for
position 4 in Figure 4.24. Axial position 5 (green line) demonstrates the most
interesting behaviour. P2P,,, at axial position 5 increases as the compressor is
throttled from design and then decreases just before stall. The hump in P2P,,, at
axial position 5 can be explained by recalling that at this axial position (35% axial
chord), the tip leakage vortex passes at about mid-pitch and shifts toward the
neighbouring blade as the compressor is throttled. The results from the P2P,,,

parameter indicate that this change occurs in a non-uniform way among blade
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passages. Because this hump is not observed at every circumferential position, the
behaviour of a passage at one circumferential position is not necessarily indicative

of its behaviour at other positions around the annulus.

To examine how the blade passages vary from one another, the passage to passage
variation parameter for each blade passage, P2P,,,, is examined at the seven cir-
cumferential locations. The results discussed above looked at the mean value of
this parameter, and showed most generally that the leading edge position experi-
ences the biggest change to passage to passage flow variations as the compressor
approaches stall. For this reason, the following results will be presented for the

leading edge position.

Figure 4.25 shows P2P,,, for each of the 51 blade passages at the leading edge
and at seven circumferential locations. Solid lines indicate results at near stall
operating conditions, and dotted lines indicate the design condition. High peaks
in P2P,,, indicate the blade passages whose flow behaviour varies the most from
the other passages. While P2P,,, of most blade passages near stall has increased
modestly compared to that at design, about 20% of the blade passages have a
variation 5-12 times higher near stall than at design. This shows that as the
compressor is throttled, a minority of passages are behaving very differently from
the rest. Blade 43 has the highest variation at any circumferential position, and

passages surrounding blade 15 have the second highest variation.

This section showed as stall is approached, passages become more unique from
each other. Passage to passage flow variations are not uniform around the an-
nulus, but depend on passage geometry and the circumferential location of the
passage when observed. About 20% of the blade passages experience the biggest
change in passage to passage flow variations as the compressor approaches stall.
These results indicate the behaviour of the tip clearance flow varies significantly
from passage to passage around the circumference of the compressor. This is
particularly true near stall. The passages surrounding two blades in particular,
blades 43 and 15, vary the most from the other passages. These are the same two
blades associated in the previous section with higher passage unsteadiness. The
passages surrounding these blades vary the most from the norm and the variation

itself is unsteady.
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As with the BP,,, discussed in the previous section, the P2P,,, parameter high-
lights significant variation in the behaviour of tip clearance flows from passage
to passage, and around the compressor annulus. The following section discusses

physical causes of this behaviour.

4.4.4 Physical Origins of Non-Uniform Tip Clearance Flow

and Unsteadiness

The previous two sections showed that the behaviour of the flow in the blade
passages is not uniform - neither relative to each other nor around the circumfer-
ence of the compressor. While it is unlikely to find all origins for this behaviour,
the purpose of this section is to look at some of the possible physical causes
of the observed variations. First, annulus and blade irregularities are discussed
and compared to the unsteadiness and flow variation results. Then, the wider

implications of these observations are considered.

The tip clearance gap height at the rotor leading edge was measured with a feeler
gage around the compressor annulus. The clearance among the blades (at a fixed
circumferential location) is uniform, i.e., the rotor is perfectly circular and the

blades are all of the same height.

However, the clearance around the annulus varies as shown by the solid line
in Figure 4.26. This varies in a roughly sinusoidal pattern with the maximum
clearance at the bottom of the compressor (circumferential position 2) and the

minimum clearance near the top of the compressor (circumferential position 6).

The circumferential variation of the BP,,s and P2P,,. parameters (evaluated
here at the leading edge near stall) are shown in the same figures as dashed
and dotted lines, respectively. The two parameters show similar trends to one
another, and their values are high at the minimum clearance, and low at the
maximum clearance. (The trends at other flow coefficients from design to near

stall conditions are similar, with the pattern accentuated as stall is approached.)

It is well documented (Cumpsty (2004); Freeman (1985)) that the tip clearance
height affects the behaviour of the tip leakage flow, so it is likely that the varying

clearance height has had some influence in causing the observed non-uniform
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behaviour of the tip clearance flows. The precise influence of eccentricity on
unsteady flow behaviour is not yet clear, though. In a study on the effect of tip
clearance and eccentricity on compressor flow irregularity, Young et al. (2011)
found that maximum flow irregularity (similar to the BP,,, parameter) occurred
near the maximum tip clearance. In contrast, Figure 4.26 shows the opposite
trend: BP,,, is minimal at the maximum tip clearance. The contrast in these
results indicates the complexity involved in relating the cause of unsteadiness.
It is possible that different blade geometries alter the influence of eccentricity,
and that other factors (e.g., inlet flow distortions) can also cause circumferential

variations in unsteadiness.

Next, possible causes were explored for the increasingly irregular behaviour among
individual blade passages. The rotor blades were inspected to determine if any
physical irregularities could be found to account for the tip flow irregularity. Tip
stagger was confirmed to be uniform. Most blades appear in good condition and
no correlation was found between the physical appearance of the blade (presence
of chips or varying surface roughness) and its unsteadiness or passage to passage

flow variations.

The pitchwise spacing between all blades was measured and found to vary by up
to £1.5% of pitch at the blade tips. Neither of the BP,,, and P2P,,, parameters
correlate strongly with the absolute pitchwise spacing. From this pitchwise spac-
ing, however, a blade spacing parameter was derived to look at the relative spacing
between neighbouring passages. The blade spacing parameter is a measure of the
disparity between the spacing of neighbouring blade passages. Consider three
blades numbered 1, 2 and 3. These three blades form two passages, 1-2 and 2-3.
The pitchwise spacing of these passages is written as s;_» and ss_3. The blade

spacing parameter for blade 2 in this example is

BladeSpacingParameter(2) = (s1_o — 53_3)* (4.3)

This is calculated for each blade. A high blade spacing parameter value indicates

a greater disparity between the spacing of neighbouring blade passages.
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Figure 4.27 shows the blade spacing parameter (red line with crosses), and the
passage to passage variation parameter at the leading edge for circumferential
positions 1 (black line with circles). There is a high correlation between P2P,,,
and the blade spacing parameter. For most of the peaks in P2P,,., there is a
matching peak in the blade spacing parameter. This shows slightly uneven blade

spacing can give rise to significant variation in the passage to passage overtip flow
field.

The blade spacing parameter does not distinguish between which side of the blade
(pressure or suction side) has the wider or narrower spacing. For the two blades
with the highest unsteadiness and flow variation values, 15 and 43, it is interesting
to note that the spacing on the pressure side of blade 15 is slightly wider than
average and the spacing on the suction side of blade 15 is narrower than average.
The converse is true for blade 43. Although the statistical behaviour of the two

passages is similar, it is likely that the physical cause is different.

The peaks in the P2P,,. parameter in Figure 4.27 indicate the passages near
blades 15 and 43 vary significantly from the other passages (i.e., from the “mean”
passage). By overlaying the ensemble pressure traces for all blade passages, it is
possible to look at what physical variation in the passage flow is associated with
this non-uniform behaviour. The ensemble traces for all 51 blades are shown
in black in Figure 4.28. The mean trace is yellow and blades 15 and 43 are
highlighted in red and green, respectively. The traces for blades 15 and 43 are
the two most obvious outliers from the mean trace (yellow). This corresponds
to these passages having the highest peaks in passage to passage variation in
Figure 4.25. Figure 4.28 shows that the biggest variation among the passage flow
patterns is in the suction side pressure. Blade 15 has the lowest suction side
pressure, while blade 43 has the highest suction side pressure. This may explain
why the passage unsteadiness is highest near blade 15 (Figure 4.21). A low suction
side pressure, assuming a constant back pressure, faces a higher adverse pressure
gradient than a higher suction side pressure, and is therefore more likely to be

sensitive to fluctuations and small disturbances in the flow.

The non-uniform behaviour of the tip clearance flow, both around the annulus
and among passages, has been shown to increase steadily as stall is approached,

i.e., as the adverse pressure gradient encountered by the flow increases. Shear
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layers are expected to be more sensitive to fluctuations under these conditions,
Panton (1996). Any fluctuations in the flow (caused by physical irregularities,
noise, or turbulence in the incoming flow field) may be amplified to a greater
extent near stall than near design. The amplification of such flow irregularities in
physically different passages may explain the increasingly non-uniform behaviour

of the tip clearance flow as the rotor approaches stall.

4.4.5 Implications for Future Tip Clearance Flow Research

The increased sensitivity to physical irregularities of the tip clearance flow field
near stall discussed above may explain the difficulty in modelling and predicting
the flow field at near stall conditions. It may also explain the unreliability of
computational methods when it comes to predicting the absolute stability limit.
In CFD, blades are usually identical and the boundary conditions are uniform. In
reality, every machine will have its own unique physical blade and annular irreg-
ularities. This work shows that small physical irregularities may cause significant
variation to the tip clearance flow field. These variations are amplified as stall is

approached.

Hence, while uniform blades and boundary conditions may be adequate for mod-
elling the flow near design conditions, the present work suggests that more phys-
ical realism is needed for reliable CFD predictions near stall. Turbulence mod-
elling may increasingly affect the accuracy of calculations at lower flow coefficients
where viscous effects are shown to be most apparent. The accuracy of near stall
calculations may be improved by introducing the unsteady boundary conditions

and physical irregularities that are known to exist in a real machine.

It is not known if a better understanding of the non-uniform and unsteady effects
of tip clearance flows near stall will shed light on the stall inception mechanism.
A need thus exists for even more extensive unsteady measurements just before
and during the stall event to understand the role of tip clearance flows in the

inception process. The next chapter will look at this topic in greater detail.
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4.5 Conclusions

1) The results from the overtip flow studies, in particular those from the new
boundary layer hot-wire and unsteady total pressure probe, are thought to be the

most detailed experimental measurements in the tip clearance gap of their kind.

2) The tip clearance flow field has been shown to be very dynamic. The flow
direction at some axial locations was shown to change direction by a full 360°
from blade to blade. Two distinct regions of axially reversed flow were shown,
and these increase dramatically in magnitude and extent when the compressor is

throttled from design to stall.

3) The trajectory of the overtip leakage vortex has been shown to change di-
rection as stall is approached, but not by nearly as much as is required to bring
the trajectory of the vortex to the rotor leading edge plane. It was suggested
that forward spillage as a mechanism of spike stall inception is unlikely in this
compressor. The following chapter will describe measurements carried out during

the stall inception process and discuss this further.

4) A statistical analysis of unsteady pressure measurements indicates that the
flow field around the annulus and among passages becomes increasingly non-
uniform as stall is approached, in terms of both steady and unsteady flow varia-

tions.

5) The increase in passage unsteadiness and passage to passage flow variations as
stall is approached was shown to depend on the axial and circumferential location
of the measurements. The greatest unsteadiness is seen where the tip clearance
flow is most vigorous, i.e., at about 35% axial chord. The greatest passage to
passage flow variation is seen at the circumferential location where tip clearance

1S a minimum.

6) As the compressor is throttled toward stall, the tip clearance flows in a mi-
nority of blade passages were shown to behave differently from the norm. Static
pressure traces show that the tip clearance flows in these blade passages are the
most unique on average from all passages and the most unsteady. It was found

that small variations in blade to blade spacing near the tips was correlated to
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the variation observed in the tip clearance flow field of the most disturbed pas-
sages. The amplification of disturbances near small physical irregularities may
be explained by the increased sensitivity of shear layers as the adverse pressure

gradient encountered by the flow increases (which occurs as stall is approached).

7) These measurements highlight the level of flow irregularity near stall and
suggest that CFD predictions of stall onset will improve with greater physical
realism, e.g., by introducing the unsteady boundary conditions and machine im-

perfections which are known to be present in real compressors.
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Chapter 5

Stall Inception Investigation

5.1 Introduction

The mechanism of stall inception, which leads to surge in a jet engine, remains
a frontier in compressor research despite over half a century of investigation.
Moreover, the stability limit of a new compressor is not accurately predicted by
computational means. As a result, costly surge testing of a new aero-engine is
carried out to determine its operating limits. While it is unlikely that surge testing
will be eliminated, a better understanding of stall inception could eventually lead
to the ability to predict the stability limit. Designers could then more accurately

evaluate the influence of design changes on the stability limit.

Many stall inception patterns have been observed (Day et al. (1999)), and it is
still not possible to predict which stalling pattern a given compressor will exhibit
(Houghton (2010)). The goal of the present study is to improve the fundamental
physical understanding of stall inception. In particular, “spike” stall inception is

examined as this is the most commonly observed and least understood type.

Traditionally, stall inception is detected with six to eight probes (hot-wires or
flush mounted pressure transducers) evenly distributed around the annulus near
the rotor leading edge tips, Day (1993a). Fluctuations in pressure or velocity
at stall inception are tracked as they propagate around the machine annulus.

This method is commonly used to distinguish between different stalling patterns.
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From this it is known that spike stall inception is characterized by the growth
of a short length scale disturbance (a “spike” in the pressure or velocity signal
on the order of a few blade pitches) propagating at about 70-80% of rotor speed.
The transition from the onset of the spike disturbance to fully developed rotating

stall usually happens within three rotor revolutions.

What is not well understood is the flow mechanism that initially gives rise to
the spike disturbance. Published work on spike stall inception can generally
be categorized into three distinct mechanisms: rotor critical incidence (Camp
and Day (1998)), blockage growth (Khalid et al. (1999)), and forward/backflow
spillage (Vo (2001)). It is unknown whether, or how, these mechanisms might be

related.

The proposed stall inception mechanisms are based on the observation of trends
leading up to stall, and the structure of the emerging stall cell. Experimental
studies focus on how the flow field changes as stall is approached (e.g., Khalid
et al. (1999)) or on the structure of the spike the first time it passed over special
instrumentation (e.g., Deppe et al. (2005)). The scope of these approaches is
limited, as the formation of the spike disturbance is not directly observed. In
the latter case, the spike disturbance may occur at some other circumferential

position where instrumentation is not available.

There is a clear need for a better understanding of stall inception. The aim
of the present experimental investigation is to study the formation of the spike
disturbance by direct observation. This requires a higher concentration of instru-
mentation than has been used in the past. It is not feasible, however, to place
a high concentration of instrumentation around the entire annulus. The instru-
mentation only needs to cover a region of the annulus sufficient enough to observe
the emergence of the spike disturbance. In this regard, the greatest difficulty lies
in not knowing where the spike formation will occur around the annulus for any
given stall event. To overcome this, the present study first seeks to establish if
a preferred circumferential location exists where stall inception is most likely to
occur. It is possible that the steady and unsteady flow variations discussed in the
previous chapter give rise to such a preferred location. If the spike is observed to

form most often at a certain annular position, then a concentration of probes set
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at this location will increase the likelihood of consistently capturing the formation

of the spike.
This chapter is set out as follows:

1) The traditional method of spike detection is used to investigate the idea of a

statistically preferred location for stall inception.

2) Instrumentation is then concentrated where the spike is first detected. NB:
the spike is already formed at this stage because it has grown to such a size as to

be detected by instrumentation ahead of the blade row.

3) Additional instrumentation is then used to track the spike back in reverse

chronological order to the earliest detectable origins of the disturbance.

4) Overtip instrumentation is then concentrated at this location to examine the

emergence of the embryonic spike.

This is a new method of experimental investigation which allows more detail of the
stall event to be captured than previously possible. This method is made possible
by advances in computer power that allow simultaneous data acquisition of many
channels at high processing speeds. As the experimental method is key to, and
often inseparable from, the results, each section begins with an explanation of

the relevant methodology before presenting the results.

5.2 Statistical Preference in the Stall Inception

Location

For any particular stall inception event, it is unknown where the spike will form
around the circumference of the compressor. In the past, the physical location of
stall inception has sometimes been set by artificial means, such as by introducing
an artificial flow blockage. This procedure is not favoured, as this might distort
the very flow event that is being investigated. Instead, a circumferential location
is sought where the compressor is “most likely” to stall naturally. The existence

of such a location would be helpful in placing a concentration of instrumentation

81



5. STALL INCEPTION INVESTIGATION

at a location at which the likelihood of capturing the formation of the spike is in-
creased. Although not every stall event would occur at this location, statistically,

a larger number might occur in the region of highest instrument density.

5.2.1 Traditional Stall Inception Detection Methodology

The spike is a disturbance local to a few blade passages and it grows quickly to
fully developed rotating stall in only a few rotor revolutions. Stall inception is
traditionally detected with six to eight unsteady pressure transducers positioned
upstream of the rotor leading edge, evenly distributed around the annulus. The
traces are usually low pass filtered to remove the blade passing frequency. “Stall
inception” is then deemed to have occurred at the instant when a small distur-
bance is seen propagating (at less than rotor speed) from one probe position to
the next. This traditional way of locating stall inception is used here as the

starting point in this investigation.

In the Deverson compressor, pressure transducers are placed flush with the outer
casing wall at the leading edge (axial position 1) at each of seven equally spaced

circumferential locations*. This configuration is shown at the top of Figure 5.1.

The compressor is stalled 100 times using the method described in Section 3.8;
that is, the compressor is slowly brought near the stalling point and then left to
stall naturally. The pressure transducers are recorded according to the procedures
of Section 3.3; sampling frequencies are sufficiently high to resolve the flow details
within the blade passage (sampling at 30 kHz, with low-pass filtering at 10 kHz
to avoid aliasing). In order to produce the traditional stall inception traces, the
signals are post-processed with a digital low-pass filter at half of blade frequency
(200 Hz). The stall inception traces without the additional digital low-pass filter

will be discussed in a later section.

The traces for a typical stall inception event are shown in Figure 5.1. Each trace

*As discussed earlier, seven locations are chosen as a multiple of the number of stator
blades. Placing each probe at the same location relative to the corresponding downstream
stator blade eliminates spurious variations caused by the potential effect of the stationary blade.

The potential effect of the stator blades is clearly detectable upstream of the rotor blades.
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corresponds to a transducer placed at the corresponding circumferential location.
The first four revolutions shown in the figure are of relatively undisturbed flow
prior to spike formation. The solid line labelled “blade” tracks the same physical
blade at each circumferential location. The dashed line in the next revolution
tracks the propagation of the emerging spike. It is observed that the dashed line
tracking the spike is at a different angle than the solid line tracking a blade. The
speed of the spike propagation is determined in this case to be 77% of rotor speed,

which is representative of the propagation speed spikes exhibit in this compressor.

In Figure 5.1 the first sign of the spike is at circumferential location C. Each of the
100 stall inception events was similarly examined to record the circumferential

location of the first sign of the spike.

5.2.2 Statistical Location of First Clearly Visible Sign of
a Spike

The results indicate the first sign of the spike, as detected in the traditional way,
occurs at circumferential location C in 73 out of 100 events. In a further 21 out
of 100 events, the first sign of the spike was observed at circumferential locations
A and G. In the remaining 6 stall inception cases, the first sign of the spike was

observed at the remaining four locations B, D, E, and F.

These results establish that, in the Deverson compressor, the spike has a statistical
preference to form at a certain circumferential location. This preference allows
for the possibility of a statistically repeatable “stall event”. It also means that
the inception process can be studied in detail by stalling the compressor multiple
times and only analyzing those stall events that form consistently at the same

circumferential location.

The following section will describe a concentration of instrumentation which is
placed near circumferential location C. Results will show what the spike looks

like at the location where the disturbance is detected in the traditional way.
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5.3 Study of Spike at the Stage of Traditional

Detection

This section focuses on detailed tip clearance measurements of the spike at the
phase of its development when it is traditionally detected and at the location in

the present compressor where this is most likely to occur.

The section is presented in two parts. First, the distribution of measuring in-
struments is described, and second, the results are presented to show the spike

at this stage in its development.

5.3.1 Probe Set-up at Circumferential Location C

The set-up described in this section consists of 40 fast response pressure trans-
ducers. The majority of transducers are arranged in four arrays at circumferential
location C. A schematic of the complete set-up is shown in Figure 5.2 which will

be explained below.

One pressure transducer is placed at each of the seven circumferential locations,
A through G. These probes are used to confirm the location of spike formation
using the traditional approach (as performed in the previous section). Only cases
where the spike is first clearly observed at circumferential location C will be used

in the present study.

In the compressor casing over the rotor blade tips, there are six arrays of probe
holes between circumferential locations C and D, each array one rotor pitch apart.
The first array of holes following C is identified as C.1, the second C.2, and so
on. See Figure 5.2.

At four of the measuring stations (C.2, C.3, C.4, and C.5), seven pressure trans-
ducers have been installed extending from just upstream of the leading edge to
the trailing edge. The measurements from these arrays of probes will be used to
produce static pressure contour maps at stations C.2, C.3, C.4, and C.5. The
contour maps will provide four progressive views of the spike as it passes from

one station to the next.
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At stations C.1 and C.6, there is a partial array of transducers. At station C.1,
probes have been placed at axial locations +1 and 3. At station C.6, the probes
are at axial locations +1, 3, and 5. These probes were used to help identify the
spike and confirm its propagation beyond the narrow range of the central four

stations.

The compressor is stalled using the method described in Section 3.8. Pressure

measurements are recorded according to the procedures of Section 3.3 as before.

The results were examined and compared in detail to determine what features of
the spike are consistently repeatable. One case has been chosen to represent the

common features of a spike at this phase of its development.

5.3.2 Static Pressure Contours of an Established Spike

A representative spike at the phase of development when it is normally detected
by the traditional approach is shown in Figure 5.3. Each of the four static pressure
contour plots are from the arrays of transducers at stations C.2 to C.5 (Figure 5.2).
The top contour plot represents the flow field at station C.2. The stations are
spaced one pitch apart, so each subsequent contour plot represents the flow field
after the rotor has turned by one blade pitch. All of the contour plots are on
the same absolute scale of static pressure, with red being the highest pressure
and blue the lowest. The blades travel from right to left in Figure 5.3, and the
axial direction is downward. The blade numbers are marked in the vicinity of the
spike. The passages are identified by their adjacent blades (so passage 13-14 is
the passage between blades 13 and 14). Looking at the same blade passage from
the top frame to the bottom shows the change in flow conditions in that blade
passage over a time period of four rotor blade pitches. The following discussion

will look at the flow field in sequence from station C.2 to C.5.

At station C.2, the spike, or stall cell, is located in passages 13-14 and 12-13. The
stall cell is identified by the lower pressure pattern observed in these passages,

which is not normal at stable operating conditions.

The size of the disturbance in passage 12-13 (the extent of depressed pressure)

increases in size from station C.2 to C.3. At station C.3, a distinct low pressure
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spot is observed just over midway in passage 12-13, as labelled. This low pressure
spot is, in fact, the “spike”, or sharp dip in the static pressure traces that is so
characteristic of this form of stall inception; see Figure 5.1. Such a well defined
low pressure spot could represent a radial vortex attached to the casing. Radial
vortices of this type were first reported by Inoue et al. (2000) in an experimental
and computational study of the propagation of stall cells. Inoue et al. proposed
that the radial vortex is shed from the suction side when circulation is lost as a
result of the blade stalling.

Moving to station C.4, the stall cell appears to have propagated to the right.
The boundary of the stall cell on the left side appears to recede, i.e., pressure is
recovering to a more normal level in passage 13-14. The stall cell has expanded
on the right side; the space between blades 11 and 12 is now affected by a low
pressure spot in mid-passage. The low pressure spot (radial vortex) travels slower
than the blades, and has propagated to the neighbouring passage (11-12) by C.4.
Inoue et al. (2000) also suggest that the propagation of the spike is driven by
the tangential movement of the radial vortex, which increases incidence on the

neighbouring blade, causing it to separate and so producing a new vortex.

Finally, at station C.5, the stall cell appears to have shifted completely to passages
12-13 and 11-12, thereby propagating relative to the rotor by 1 pitch movement

over the observed region from station C.2 to C.5.

The right hand edge of the stall cell was observed to expand, or propagate, to
the neighbouring passage, thus, the right hand edge of the stall cell is referred
to as the “propagating edge” of the stall cell (as labelled at C.5). The flow in
the passages to the left of the stall cell recover as the stall cell propagates, hence
the left hand edge of the stall cell is referred to as the “receding edge” of the
disturbance. Recalling from Figure 5.1 in the previous section, the spike was
shown to propagate at 77% of rotor speed. At 77% rotational speed, the stall cell
should move the space of three rotor pitch movements in the time the rotor moves
four pitches (in the absolute reference frame). In the rotor reference frame, this
means the stall cell would lag the rotor by one pitch after the rotor has moved

four pitches, which is exactly what is observed in Figure 5.3.

The static pressure contours discussed above suggest the presence of a radial
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vortex within the stall cell. As an aside, further evidence for this feature from
hot-wire measurements is examined more closely below before moving on to the

next section.

5.3.3 Radial Vortex in Stall Cell

A miniature hot-wire was used to investigate the radial vortex. The hot-wire is
placed just upstream of the leading edges adjacent to the leading edge pressure
transducer at station C.3. The hot-wire is oriented perpendicular to the incoming
flow direction, and the prong height is 5.5 mm, just over three times the tip

clearance gap height.

The hot-wire results to be presented here are part of the same stall event that was
discussed in the previous section and shown in Figure 5.3. The static pressure
contours from station C.3 in Figure 5.3 are reproduced in Figure 5.4. As before,
the stall cell observed in the static pressure contours at station C.3 spans from
blades 12 to 14, and the low pressure spot is observed in passage 12-13. A scaled
view of the hot-wire relative to the blade and tip clearance gap is shown in the

upper right hand corner.

The black line above the static pressure contours in Figure 5.4 represents the
ensemble average of the hot-wire at stable conditions very near to stall. This is
used as a reference for the red line, which is the instantaneous hot-wire signal
at the stall event acquired simultaneously with the instantaneous static pressure
measurements. It is to be expected that the instantaneous hot-wire signal (red)
is very unsteady compared to the ensemble averaged trace (black). The instan-
taneous hot-wire signal at the center of blade passage 13-14 has an unusually low
magnitude, though, indicating a redirection and/or reduction in flow through

that passage.

At passage 12-13, there is a very distinct double trough/peak pattern in the
instantaneous signal. The peaks are labelled “A” and “B”. The first two troughs
(indicated by dashed lines) align with the low pressure spot observed in that
passage. Based on the extensive experience of looking at raw hot-wire signals

when analyzing the flow direction in the tip clearance gap for the previous chapter,
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each sharp trough indicated by the dashed lines is indicative of a change in flow
direction by about 180°. The magnitude decreases as the flow aligns with the
hot-wire (making a trough in the signal), and increases to a peak as it crosses
at right angles to the wire. The peak in the signal, marked A, is therefore most
likely reversed flow. The peak marked B indicates the flow has turned to again

cross the hot-wire, but in the through flow direction.

The sharp double trough/peak in the hot-wire signal observed here is therefore
virtually assured of being caused by a vortex because the flow has turned by 180°
twice in a very short physical space. This conclusion is congruent with the low

pressure spot observed at the same position in the static pressure traces.

One may ask why the troughs in the hot-wire signal are not as low as the troughs
that indicate the blade passing. At the blade passing, the trough is due to the flow
velocity reaching a very low magnitude as a result of the flow directing around
a physical obstruction. In the case of a vortex, the trough is due to the flow
aligning parallel with the hot-wire. Ideally, the hot-wire signal would approach
zero magnitude when the flow aligns with the wire. However, in reality the flow
still cools the hot-wire, thus increasing the magnitude of the signal at the trough.
It is also likely that a radial component of velocity increases the hot-wire signal

in this case.

This is strong experimental evidence, both from static pressure and hot-wire
measurements, of the presence of a radial vortex forming part of the stall cell, or
spike. The presence of the tight vortex near the leading edge explains why the
most clear sign of the spike is detected near the leading edge by a sharp “spike”
in pressure (e.g., as in Figure 5.1). It is therefore likely that the vortex observed
here is of the same structure as the radial vortex reported by Inoue et al. (2000)

in a study of the propagation of an early stall cell.

5.3.4 Summary of Established Spike Study
The results of this section show that the spike, as detected with the traditional

approach, is already established as a propagating stall cell. This demonstrates the

limitation of the traditional method of detecting stall inception. The approach
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of using 6 to 8 probes equally spaced around the circumference at or upstream
of the rotor leading edges does not provide adequate spatial resolution to study
stall cell formation. The sparse probe distribution, and filtering out the blade

passing signal, makes it impossible to resolve the origins of the spike disturbance.

It is thus clear that better temporal and spatial resolution is needed to investigate
stall inception. In the following section, additional instrumentation is used to

track the spike disturbance backwards in time to find its true origins.

5.4 Study of Nascent Spike Propagation

In the previous section, concentrated instrumentation was placed where conven-
tional traces indicate the first sign of the spike disturbance. It was then de-
termined that the spike at this location was already established as a stall cell.
In this section, the true origin of the spike is sought. The established spike is
tracked back in reverse chronological order to find its first detectable origins.
Going backwards in time is done by tracking a spike back anti-clockwise around
the compressor. For this purpose, a higher temporal and spatial resolution of

circumferentially spaced probes will be required.

First, the traditional circumferentially spaced traces are revisited in high fre-
quency resolution (not applying the additional low-pass filter used in Section 5.2
which filtered out the blade passing frequency). After this, the spike is tracked
back toward its origins with more closely spaced transducers set a rotor pitch
apart. The general idea is to first use the conventional seven circumferential
transducers to identify a spike where it is obvious, and then to use extra probes
to track it back in time until the disturbance is no longer identifiable. This cir-
cumferential position will then be used in a later section (5.5) to study the origins

of the embryonic spike.
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5.4.1 High Frequency Resolution of the Traditional Stall

Inception Traces

When searching for the first detectable origins of the spike, it is necessary to im-
prove both the spatial resolution of the measurements (i.e., more instrumentation
circumferentially) and the temporal resolution (i.e., higher frequency resolution).
In Section 5.2, the pressure traces were low-pass filtered to provide clarity in

Figure 5.1, but this entailed the loss of higher frequency information.

Figure 5.5 shows the same stall inception event but without the additional low-
pass filter applied to remove the blade passing frequency. As before, the first clear
sign of the spike is observed at circumferential position C. However, by zooming
in on this location, Figure 5.6 reveals there is some sign of instability at a still

earlier position, i.e., at position B.

On its own, the instability at circumferential position B is barely significant, but
as it occurs in line with the expected propagation rate of the spike, it is possibly
a nascent form of the spike. More spatial resolution is needed to examine this
and to track the spike back still further to its origin. This will be done in the

following section.

5.4.2 Tracking the Spike Back in Time

To increase the spatial resolution of the stall inception traces, pressure transducers
are now placed a pitch apart in the region spanning circumferential positions G,
A, B, and C. This is shown in Figure 5.7. At each of the red dashes, a transducer is
placed at axial position 41, i.e., near the blade leading edges. This makes a total
of 19 transducers, each spaced a pitch apart. These transducers are identified
by their circumferential position. The first transducer following circumferential
location G is G.1, the second G.2, and so on, moving in the direction of blade

rotation.

As before, the original seven evenly spaced circumferential probes (marked by

crosses in Figure 5.7) are used to detect the first sign of the spike in the traditional
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manner; only cases where the spike is first clearly observed at circumferential

location C are used for further analysis in the present study.

The pressure traces from the pitch apart transducers (from G.1 to B.5 in Fig-
ure 5.7) are examined by plotting each trace one above the other and tracking
the spike from where it is clearly observed back to its origins. The position of
the pitch apart traces relative to the traditionally spaced traces is shown in Fig-
ure 5.8. The red box indicates the region which will now be used to present the

results from the pitch apart traces.

A typical stall event is shown in Figure 5.9. Each horizontal line of data is the
signal from one transducer, labelled on the left-hand side to correspond with its
circumferential location (Figure 5.7). Vertical dotted lines indicate rotor revolu-
tions. First, a description is given of how to track the same physical blade through
these traces. This makes it easier to then discuss how the spike disturbance is

tracked backwards in time.

Two solid parallel lines have been drawn in Figure 5.9 to represent the location of
the same physical blade (blade 15) as it passes each transducer in turn. To follow
one blade passage (timewise), start at the red circle in the lower left hand corner
of Figure 5.9. This represents blade 15 at circumferential location G. Follow
the solid line up and to the right to track blade 15 to the top trace (station
B.5). The blade then travels around the circumference of the compressor and
reappears at location G.1 as indicated by the black dot. Alternatively, blade 15
can be tracked backwards in time by starting at the square (at the top of the

solid line) and tracking in the other direction, down and to the left.

The path of a spike can easily be seen near rotor revolution 6. With the help of
the seven circumferential probes in Figure 5.8, however, it is clear that the same
disturbance was in existence one revolution earlier. Its signature is well defined
at the top of Figure 5.9 near revolution 5. Two dashed lines have been drawn
in Figure 5.9 to help identify the spike disturbance. The arrows point in the
timewise direction. The distance between the lines tracking the spike is greater
than the distance between the solid lines tracking a particular blade. Therefore,
in the absolute reference frame, the spike travels slower, propagating at 77% of

rotor speed.
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The main interest is the origin of the spike disturbance, i.e., the first appearance
of a disruption to the normal blade passing pattern. More detail of the spike is
needed, so Figure 5.10 zooms in on the blade passages surrounding revolution
5 where the spike first appears. Starting from the top (B.5) of the dashed line
in Figure 5.10, the spike can be tracked backwards by following the dashed line
down and to the left. The dashed line is slightly to the right of the disturbance (at
the propagating edge) so as not to obstruct the view of the disturbed passages.
Physical blade numbers are labelled at convenient intervals under the blade suc-
tion side trough to assist the discussion. Tracking back from station B.5, where
the disturbance is observed most clearly in passage 11-12, the disturbance is eas-
ily recognizable until station A.7 (where passage 12-13 is most affected). The
disruption to the normal blade passing pattern continues to track to station A.5
in passage 13-14. Finally, the disturbance can be tracked back only very faintly

to its earliest sign at station A.2 in passage 14-15.

In Figure 5.10, evidence for the earliest, or “embryonic”, spike formation was
observed in the region from stations A.2 to A.5. This same pattern was observed
in dozens of cases. The development of the spike is very repeatable in this region.
Not only is the spike very likely to form at this location of the compressor (in
about three quarters of cases, as discussed earlier), but the spike also almost
always forms from the same blade (in 91% of cases, the spike forms in the region
of blade 15). Hence, these results show the formation of the spike can be reliably
investigated in the region of stations A.2 to A.5. These stations will be at the
centre of a region of highly concentrated instrumentation between stations G.7
and A.6 (marked by a red line on the axis in Figure 5.10) to be used in the
following section to investigate the formation of the embryonic spike in great
detail.

Before moving on to the next section, it is worth discussing the propagation of
the spike disturbance observed in Figure 5.10. It is interesting that the spike dis-
turbance appears to propagate from the moment it forms, as opposed to reaching
a critical size before propagating. At the earliest stages where only one to two
passages are affected, Figure 5.10 shows a trajectory drawn from the disturbance
at station A.2 to station B.5. From this trajectory, the speed of propagation is
found to be 77% of rotor speed. This speed is consistent with the propagation of
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the spike at a later stage in its development as noted earlier (the two revolutions
of the spike shown in Figure 5.6 show propagation at 77% of rotor speed) where
the size of the spike disturbance has grown to six passages. The growth of the
stall cell from one passage to six passages has not affected its propagation speed.
One might have expected the speed of propagation to slow down as the size of
the stall cell increases, as it is known to do as the state of fully developed rotating

stall is reached.

More detail is needed in order to better understand the nature of the embryonic

spike formation, which will be presented in the following section.

5.5 Study of Embryonic Spike Formation

In the previous section, a region of the compressor was identified where there is a
good possibility of capturing the formation of an embryonic spike. In this section,
a high concentration of unsteady pressure transducers and hot-wire probes are
used to investigate the formation of the spike. The objective is to record a
sufficient number of similar stall events so as to produce instantaneous (pressure)
and ensemble averaged (velocity) pictures of the stall inception event. First, the
set-up of the instrumentation and new hot-wire methods will be discussed; then,

detailed flow maps of the stall event will be discussed.

5.5.1 Methodology to Investigate Spike Formation

A total of 40 fast response pressure transducers and 3 miniature hot-wires were
used to investigate the spike formation. The methodology is described according
to the instrumentation and its purpose in three parts: (1) the configuration of
the pressure transducers; (2) the configuration of the hot-wire probes; (3) the
methods used to obtain flow direction during the stall event from the hot-wire

measurements.
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5.5.1.1 Pressure Transducer Configuration

The majority of pressure transducers are concentrated in the area identified in
the previous section as being the most likely region for the formation of the
embryonic spike. In addition, some probes must be reserved for placement around

the annulus in order to select suitable stall events.

The placement of the pressure transducers is described in three groups: probes
spaced around the annulus used to detect suitable stall inception cases, con-
centrated probes used to track selected spikes back to their earliest detectable
origins, and highly concentrated arrays of probes used to study the embryonic

spike formation in this region.

Detection of suitable stall inception events. It was found that three probes
spaced around the annulus are sufficient to detect and select the suitable stall
events. These probes are placed near the rotor leading edge at positions B.5, E
and G (marked with stars in Figure 5.11). Using these probes, only those cases
were selected for further study where the first clearly detectable spike is observed
at circumferential location B.5. For the stall events selected, care was taken to
ensure the spike continued around the annulus and led to fully developed rotating
stall. This is a necessary requirement to eliminate the possibility of studying pre-

stall disturbances that do not lead to stall inception.

Tracking the nascent spike to the concentrated probe region. The stall
events selected with the three circumferential probes described above provide a
rough basis for finding those stall events most likely to have originated where the
measuring probes are concentrated. However, three probes are not sufficient to

determine if the spike actually originated in this region.

Additional probes were placed near the leading edge at stations B.5, B, A.6, A .4,
A.2, G.7 and G, as shown in Figure 5.11. The spike identified at position B.5 (for
selected cases as described above) is then tracked backwards to its origins in a
similar method as was described in Section 5.4.2. Stall events were selected where
the earliest detectable sign of a disturbance occurred at station A.2. Signals from

stations G.7 and G were carefully analyzed to check if a disturbance was visible
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prior to station A.2, in which case that stall event was discarded (as this indicates

the formation of the spike occurred before the concentrated probe region).

Arrays of concentrated probes in the region of spike formation. The con-
centrated probe region is located from stations G.7 to A.6 shown in Figure 5.11.
Pressure transducers are mounted flush with the casing wall in arrays at stations
G.7, A2, A4, and A.6. All probe arrays are shown in Figure 5.11, bottom. As
can be seen, each pressure transducer array is separated by an array with hot-wire
access holes. Note: it is not feasible to place instrumentation further upstream
than position +2 due to the presence of a structural flange upstream of the rotor

blade row.

5.5.1.2 Hot-wire Configuration

Miniature hot-wires were used to obtain velocity information in the concentrated
probe region. This section discusses how the hot-wires are set-up. The miniature
hot-wire design was described in Section 3.6. For this investigation, the height
of the hot-wire from the casing was set at 50% of the tip clearance gap unless

specified otherwise.

The hot-wire configuration is illustrated in Figure 5.11. Three hot-wires are in-
stalled, one each at stations A.1, A.3, and A.5, in the same relative axial position.
One such configuration is shown in Figure 5.11, bottom. The hot-wire positions
are indicated by the filled green circles to show they are located at axial position
+1 at each respective station. The other (unfilled) access holes are plugged flush
with the casing. For each configuration, the hot-wires are turned to four different
orientations, each 45° apart. When all four orientations have been tested for one
configuration, the hot-wires are then moved to the next axial position to make
a new configuration. This process is repeated for the axial positions shown in
Figure 5.11.

The hot-wires are recorded simultaneously with the fast response pressure trans-
ducers. For each of the four hot-wire orientations at each configuration, the
compressor was stalled at least 10 times according to the methods described in
Section 3.8.
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5.5.1.3 Hot-Wire Analysis: Obtaining Flow Vectors at Stall Inception

This section describes the methodology used to produce maps of instantaneous

velocity vectors covering the process of stall cell formation.

The formation of the stall cell is a transitory event, so hot-wire data must be
analyzed differently from the way it was to produce the ensemble averaged flow
vectors presented in Chapter 4. The hot-wire vector algorithm is described in
Section 3.6.3. For flow measurements of a transitory event such as stall inception,
the ensemble average input to the algorithm must be composed of data from
repeated instances of the stall event (rather than successive revolutions of the
rotor at a constant flow coefficient). Data from multiple stall events build an
ensemble for each hot-wire orientation, and multiple orientations are then used
in the algorithm to determine flow vectors. It is thus necessary to carefully
select repeatable stall events to obtain the best accuracy of the flow vectors.
The selected stall events must start at the same circumferential location in the
compressor (where the instrumentation is situated), from the same blade (to
avoid error from small differences among passages), and at the same phase of

development.

Suitably repeatable stall events are selected in the following manner. The pressure
transducer configuration described in the previous section is used to select the
stall events where the first sign of a disturbance is observed in the concentrated
probe region; this occurs in at least 70 out of 100 events as discussed earlier. The
raw pressure and hot-wire traces of these selected events were then examined and
compared. It was found that of the stall events selected, not all were at precisely
the same stage of development. In roughly half of the selected cases, the earliest
sign of the spike disturbance was observed to affect the same blade passages with
the same magnitude disturbance as it passed over the concentrated probe region.
The disturbance at this stage is referred to as a “repeatable stall event” in the
remainder of this chapter. A collection of repeatable, similarly sized stall events is
thus built up and used to produce the velocity maps of the stall inception process

which are presented in the next section.

Before moving on to the results, it is important to note that the level of uncer-

tainty in the stall inception velocity vectors is inherently larger than for those
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produced at a constant flow coefficient because the selection criteria limit the
number of stall events available for ensemble averaging. Section 3.6.3 discusses
how the uncertainty was examined, and steps taken to establish confidence in the
results. The accuracy of the vectors is £9° at the leading edge and +4.5° at the
trailing edge. Considering that the flow vectors change by more than 180° within

a blade pitch at the leading edge, this level of uncertainty is reasonable.

The flow maps presented in the following section are the product of recording
more than a thousand stall inception events. Of those, a few hundred events were
directly used in the production of the flow maps. Although each stall inception

event is slightly different, consistent patterns do emerge.

5.5.2 Spike Formation Results

The early development of a spike over the course of seven pitches is described
in this section. Static pressure contours and velocity vectors are used to show
the emergence of a disturbance and its development into a stall cell. The static

pressure measurements are examined first.

Static Pressure Contours in the Concentrated Probe Region

The pressure transducer arrays, at stations G.7, A.2, A4, and A.6 from Fig-
ure 5.11, are used to make static pressure contour plots of the flow as the blades
pass by. A typical result is shown in Figure 5.12. The top contour plot represents
the information from array G.7. The next contour frame is located at A.2 where
the rotor has travelled two blade pitches. Similarly, the next two contour maps
are each two blade pitches apart. In each contour plot, the blades travel from
right to left, and the axial direction is downwards (one blade is shown at the
top left). The contours of static pressure are on the same absolute scale for each
array, with red being the highest pressure and blue the lowest pressure. Three
blades are labelled. Looking at the same blade passage from the top frame to the
bottom represents the change in flow conditions in that blade passage over the
course of seven pitches. What is shown is a progression from a stable state to the

earliest form of a stall cell (which is referred to as the formation of an embryonic
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spike). This progression will be discussed here in chronological order, starting

from station G.7.

At station G.7, the behaviour in the passages surrounding blade 15 is visually
different. The tip leakage vortex of passage 15-16 is recognized by a thin trace of
lower pressure aligned with the blade (marked with an arrow). The tip leakage
vortex in passage 14-15 is broader and has a different trajectory (NB: both vortices
are very firmly within the blade passage). How significant to stall inception is
the unique behaviour in these passages? By observing these passages at stable
conditions near stall, the different character in the two passages was found to be
a manifestation of what makes these passages different from the norm. Higher
flow unsteadiness and passage to passage flow variations were found in these
passages as was discussed in the previous chapter, Section 4.4. It was shown in
the previous chapter that the higher steady and unsteady flow variations in these
passages are linked to a local irregularity in blade spacing. It is possible that the
unique character of these passages increases the likelihood that a new disturbance
will form here; this will be explored in a later section. At present, it is simply
important to note that the unique behaviour observed in passages 15-16 and 14-
15 is also observed intermittently at stable conditions. Hence, at this location

(G.7 in Figure 5.12) there is no sign yet of the emerging spike disturbance.

Two passages later, at station A.2, the tip leakage vortex in passage 15-16 has
changed and appears to have broken up or been influenced by a new disturbance.
Trails of lower pressure (yellow regions, circled) extend from where the leakage

vortex was previously found. The aft pressure in passage 15-16 is also depressed.

Two passages later, at A.4, the tip leakage vortex to the right of blade 16 is
unrecognizable. The pressure on the suction side of blade 16 is even lower near
the trailing edge, an indication that the flow on the blade is possibly separated.
The aft pressure in passage 14-15 is now also slightly lower. The tip leakage

vortex leaving blade 15 is unsteady; two tails are seen instead of one.

Finally, two passages later at A.6, there is still evidence of a suction side sepa-
ration on blade 16 (a spot of yellow at 70% chord) and blade passage 14-15 is
fully disturbed. A low pressure spot (labelled “A”) is observed in passage 14-15

near the pressure side of blade 14 and wisps of low pressure (yellow) are shedding
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from the blade. This low pressure spot is reminiscent of the low pressure spot
seen in Figure 5.3 which was observed when the spike was at a later phase of its
development (Section 5.3). Again, the possibility of a radial vortex exists (Inoue
et al. (2000)).

What has been observed in Figure 5.12 is a very subtle disturbance which has
formed in passage 15-16 near station A.2. The disturbance propagates by one
blade passage over the course of four rotor pitches, leading to a more distinct
disturbance in passage 14-15 at station A.6. It is also interesting to observe that
the disturbance begins to propagate right from the outset and that an Inoue-type

vortex is involved in the process.

The following section presents three vector flow maps corresponding to the tip
clearance flow field at the stations in between the static pressure contours shown

in Figure 5.12.

Tip Clearance Velocity Vectors of Embryonic Spike Formation

This section looks at the formation of the embryonic spike by examining velocity
vectors in the absolute reference frame at three stations. The stations, A.1, A.3,
and A.5 (Figure 5.11), alternate between the stations of static pressure arrays that
were discussed in the previous section (Figure 5.12). The vector flow maps are
shown in Figures 5.13, 5.14 and 5.15. The vector plots are sandwiched between
the static pressure contours from Figure 5.12 that occur one pitch before and one
pitch after each vector plot so the contour plots can be referenced easily. The

vector plots are also presented in greater detail in Figures 5.16 to 5.18.

Figure 5.13 shows the earliest vector flow map, at station A.1. The first signs of
a disturbance to the vectors in Figure 5.13 are circled in passage 15-16 at about
10-25% axial chord. These disturbances are in the region of the interface between
the through and reversed flow, at the axial location where it is most vigorous.
For reference, the steady-state interface is illustrated as a dashed line in passage
14-15 which is still stable. In passage 15-16, however, a similar interface line
cannot be drawn because there are new regions of reversed flow (circled). The

balance between the reversed and incoming flow, in the form of the tip leakage

99



5. STALL INCEPTION INVESTIGATION

vortex, is no longer present. This agrees with the observations made previously
in connection with the static pressure contours. The circled disturbances seen
in the vector field are in the same region in passage 15-16 as the first sign of a
disturbance seen in the static pressure contours at station A.2. From the pressure
contours it was observed that the tip leakage vortex broke down or was affected by
a new disturbance in such a way as to make it unrecognizable. Taken together,
the velocity and static pressure results show the onset of the embryonic spike
occurs when the boundary between the reversed and incoming flow has been
destabilized.

Figure 5.14 shows the vector field two pitches later, at station A.3. Again, the
vector field is sandwiched between the contour plots one pitch earlier (A.2) and
later (A.4). At station A.3, the vectors in passage 15-16 show almost no incoming
flow beyond 10% axial chord and an expansion in the extent of the reversed flow
at 25% axial chord. The tip clearance flow in passage 15-16 is thus significantly
altered and a three-dimensional disturbance with some radial inflow is the only
way to balance the flow vectors. The vectors in passage 15-16 clearly show the
tip leakage vortex cannot exist in its traditional form; some other flow structure
must be present to cause the unusual flow pattern in this passage. This obser-
vation is in agreement with the surrounding contour plots. At station A.2, the
tip leakage vortex appeared to break down in passage 15-16, and later at A.4
the pressure contours show no recognizable sign of the vortex. In addition, low
pressure wisps (yellow) in passage 15-16 at stations A.2 and A.4 are indicative
of a more complicated flow structure. As a final observation at this stage, the
vectors in passage 14-15 show an increase in reversed flow between 25 and 50%

axial chord, but this passage still appears to be stable.

Figure 5.15 shows the vector field two pitches later, at station A.5. There is now
almost no through flow entering passage 15-16. Reversed flow from the rear of the
passage continues up to and beyond the leading edge. There is a fan of reversed
flow just upstream of blade 15, indicating the movement of flow from passage 15-
16 to passage 14-15 within the tip clearance gap. Passage 14-15 now has a similar
disturbance at 10-25% axial chord (circled) as passage 15-16 had at station A.1.
The disturbance has propagated by one pitch, from passage 15-16 at station A.1,
to passage 14-15 at station A.5. The disturbance circled at 10% axial chord in
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passage 14-15 at station A.5 lines up with the low pressure spot “A” seen in the
same passage in the static pressure contour plot at station A.6. The low pressure
spot, attributed to an Inoue-type radial vortex, is at the propagating edge of the
newly formed stall cell. These results indicate that the radial vortex forms when

the embryonic spike disturbance propagates for the first time.

5.5.3 Summary of Embryonic Spike Formation

The static pressure contours and vector maps presented in this section (5.5) show
the formation of the embryonic spike in previously unseen detail. The stall cell
has been shown to form as the result of a transition in the balance between
incoming and reversed flow. Before stall inception, the tip leakage vortex provides
a relatively stable boundary between the reverse tip leakage flow and the incoming
flow. In each passage, the reversed flow is swept radially inwards into the tip
leakage vortex such that incoming flow can pass through inboard of the vortex
and the reversed flow. The onset of the embryonic spike disturbance occurs when
this boundary between the incoming and reversed flow is destabilized. The spike
disturbance appears at about 25% axial chord when the tip leakage vortex no

longer forms a clear boundary between the reversed flow and the incoming flow.

What causes the boundary between the reversed flow and incoming flow to desta-
bilize? One possible explanation is that the disturbance to the boundary is the
breakdown of the vortex itself due to the amplification of some minor incoming
disturbance. The disappearance of the vortex coincides with the formation of the

embryonic spike in that passage.

After the onset of the embryonic disturbance, reversed flow increasingly pene-
trates forward into the passage. Reversed flow from the disturbed passage was
then observed to leak into the neighbouring passage near the leading edge. This
step is accompanied by the appearance of a radial vortex and marks the initial
propagation of the spike. The disturbance at this stage is no longer embryonic.
The growth of the disturbance to this extent would alter the inflow, outflow and

tip clearance flow of the neighbouring passages. A stall cell has been formed.
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The time from the onset of the disturbance to its propagation into the neighbour-
ing passage is about four or five pitches. This is a propagation speed of 75-80%,

and is consistent with the observations in Section 5.4.

5.6 Discussion

This chapter has presented an experimental investigation of stall inception start-
ing from a clearly detectable spike disturbance and tracking it back to its earliest
origins. This section discusses these observations and their wider implications;
suggestions for future research are also made. The discussion is in three parts:
(1) the role of steady and unsteady flow variations in stall inception; (2) the
propagation or decay of the embryonic spike; and (3) discussion of existing stall

inception models in light of the current findings.

5.6.1 Role of Steady and Unsteady Flow Variations in
Stall Inception

This section discusses a possible link between the steady and unsteady flow vari-

ations observed near stall and the formation of the embryonic spike.

It was shown in Section 4.4 that values for two parameters quantifying unsteadi-
ness and passage to passage flow variations increase as stall is approached. The
passage unsteadiness parameter quantified the unsteadiness of the flow in a pas-
sage relative to its own average behaviour, each time the rotor passed the same
circumferential position. The passage to passage variation parameter quantified
the flow variation for each of the 51 blade passages relative to the average flow
behaviour in all of the passages. A high value indicates a particular passage is

more unique than the other passages.

Although these parameters increase generally as stall is approached, the behaviour
of all passages does not change uniformly. The tip clearance flow in a minority
of passages is more unsteady and unique than in most other passages. The

increase in unique and unsteady behaviour in these passages as stall is approached
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was associated with the amplification of disturbances in the shear layers due to
small physical irregularities. Flow disturbances in the region of these physical
irregularities are amplified more near stall than at design conditions because the
adverse pressure gradient is higher, which causes shear layers to be more sensitive

to small flow variations; this was discussed in Section 4.4.

In the present chapter, it was found that the embryonic spike originates most
often (more than 70% of the time) in the region of the circumference where
unsteadiness was found to be highest. In addition, the embryonic spike was found
to originate about 90% of the time from the blade associated with high values
of the unsteadiness and passage to passage variation parameters (i.e., the blade
passage with more unique and unsteady tip clearance flow behaviour compared
to all other passages). The unique and unsteady behaviour in this passage prior
to stall may explain why the embryonic spike is most likely to form in this region.
The first sign of the embryonic spike was observed at the interface between the
incoming and axially reversed flow in the tip clearance gap, one of the most

vigorous shear layers in the rotor flow field.

This suggests a possible link between stall inception, physical irregularities, and
steady and unsteady flow variations. Such a link is difficult to prove, though. Stall
inception is most likely to, but does not always, occur in the regions identified
to have the highest unsteadiness and unique flow behaviour. All shear layers
around the annulus amplify disturbances to some extent, depending on the local
and instantaneous flow field. There is also an inherent degree of uncertainty
introduced by other factors, such as inlet turbulence and machine vibrations,

which were not controlled in this study.

Despite the uncertainty, it has been established that machine imperfections and
the unsteady and non-uniform behaviour of the tip clearance flow (discussed above
and in Section 4.4) are important factors in spike type stall inception. Further
investigations into unsteady boundary conditions (such as inlet turbulence and
various machine imperfections) would be valuable in determining which unsteady
conditions have the greatest impact on the near stall flow field and stall incep-
tion. It is now clear, however, the physical location of most interest in terms of
stall inception studies is located in the blade passage at about 20 to 30% axial

chord downstream of the rotor leading edge plane. This observation explains

103



5. STALL INCEPTION INVESTIGATION

why the traditional approach to stall inception detection (with probes ahead of
the rotor face) only detects established stall cells instead of the embryonic spike

disturbance.

5.6.2 Stall Cell Propagation and Decay

In this chapter three terms were used to broadly describe three phases of the
spike development. “Embryonic spike” refers to the earliest development of the
spike, its first appearance and growth within a single passage. The term “nascent
spike” refers to the early growth or decay in magnitude of the propagating spike,
or stall cell, at a phase in its development before it was normally detected with
the traditional approach of placing instrumentation upstream of the blade row.
If the spike continues to grow in magnitude, it becomes an “established spike”,

by which is meant the spike leads irreversibly to fully developed rotating stall.

Not all spikes that form become established. In the nascent form, the spike
disturbance can grow or decay. In Section 5.4 the speed of the propagating edge
of the stall cell was shown to be constant. The growth or decay in the magnitude
of the spike (in terms of the number of passages encompassed by the disturbance)
is therefore determined by the rate of recovery of the receding passages. A nascent
spike will lead to an established form that goes on to fully developed rotating stall
if the spike propagates faster than the recovery of the receding edge of the spike
disturbance. On the other hand, if the passages at the receding edge of the
spike recover faster than the speed of propagation, then the stall cell shrinks and

disappears as it moves around the annulus.

These observations of the embryonic spike formation and growth suggest two

strategies which might be employed to delay stall inception:

(1) by preventing the formation of an embryonic spike in the first place. Casing
treatment could accomplish this by entraining reversed tip leakage flow and/or
injecting flow near the casing wall in the downstream direction. This might
prevent the destabilization of the boundary between the incoming and reversed

flow in the tip clearance gap.
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(2) by speeding the recover of the receding passages of a spike disturbance to stop
its progression to an established spike. This might be accomplished by injecting
flow near the casing wall in the downstream direction in order to convect the

disturbance out of the passage as quickly as possible.

It would be interesting to investigate if these suggested stall delay mechanisms are
actually responsible for the successful functioning of existing casing treatments

such as slots, grooves and re-injection systems.

5.6.3 Implications of Embryonic Spike Observations

In the present work, the formation of the spike disturbance has been shown to be
a very subtle process. The initial spike disturbance occurred within the passage
and grew in magnitude. At a later phase in the development of the spike, tip
leakage flow (not formed as a vortex) was observed to extend forward and enter the
neighbouring passage. In other words, the forward movement of the tip leakage
flow is an effect of a maturing spike rather than the origin of it. In addition to
the studies described in this chapter, further instrumentation was placed ahead
of and behind the blade row in a range of radial positions in the outer 5% of
span. No evidence could be found for forward or rearward spillage of the tip
leakage flow or vortex into the neighbouring passage during the formation of the

embryonic spike.

These observations are relevant to the current discussion in the published liter-
ature about the role of forward spillage in spike stall inception. The forward
spillage hypothesis suggests that the alignment of the interface between the in-
coming flow and the reversed tip leakage flow with the rotor leading edge plane
is the unstable flow condition which leads to spike stall inception (when the tip
leakage flow spills forward of the leading edge of the neighbouring blade). Vo et al.
(2008) set out a criteria for spike stall inception stating that forward spillage of

tip leakage flow is one of two events necessary to initiate stall.

The present study does not agree with forward spillage as a criteria for spike
stall inception for two reasons. First, the interface between the incoming flow

and the reversed tip leakage flow does not align with the rotor leading edge plane
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just before or at stall inception. Second, forward spillage of tip leakage flow
was not observed to occur during the formation of the initial spike disturbance.
Therefore, it is concluded that if forward spillage occurs in this compressor, it is

a consequence of the formation of the spike, not the cause of it.

The following discussion will briefly review past stall inception investigation
methodology in light of the new observations made in the present study. As
was discussed in Section 2.3.2 of the Literature Review, most previous experi-
mental work has relied on measurements taken upstream (or downstream) of the
blade row to locate the point of stall inception. Apart from a few overtip pres-
sure measurements, there are almost no measurements in the path of the rotor
blades. The current work shows that the inception process grows from a small
disturbance inside the blade passage and that sparse instrumentation upstream
of the blade row is unlikely to detect the very first signs of flow breakdown. In
most cases, upstream instrumentation would only detect the stall cell after it has
propagated some distance and grown in size. CFD studies also seem to suffer
from the same problem in that the stall event is often analyzed where the spike

is first clearly observed rather than where it is embryonic and difficult to detect.

Experimental and computational investigations supporting the forward spillage
hypothesis (e.g., Deppe et al. (2005) and Chen et al. (2008)) provide the spatial
or temporal resolution equivalent to observing the spike formation at one circum-
ferential location or on a once per rotor revolution basis. This resolution is too
low to observe the progression of spike formation described in the current work.
Instead, the spike examined in these and other past studies was likely already an

established stall cell.

It can thus be concluded that the observations leading to the forward spillage
hypothesis were actually observations of the effect, rather than the cause, of the
embryonic spike. The observations were attributed to the mechanism of spike
stall inception because the subtleties of spike formation have not previously been
appreciated. Similarly, studies supporting the critical incidence and blockage
growth hypotheses as stall inception mechanisms have not been investigated by
direct observation. Rather, they are based on trends in the flow field as stall is

approached.
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Studying the spike after (rather than during) its initial formation may be the
underlying cause for the wider uncertainty about the stall inception mechanism.
The present work shows the importance of sufficient instrumentation to observe
the spike formation process. In order to further test existing hypotheses, it would
be valuable to investigate the flow within the blade passage (radial measurements)
at the formation of the spike, in particular the role of suction side separations
and other three-dimensional structures that could not be observed with the tip
clearance gap measurements presented here. Such studies might also provide
insight into the preference of a compressor to stall by means of a modal or spike

type disturbance.

5.7 Conclusions

1) A high concentration of instrumentation was used to investigate spike stall
inception. This investigation has shown the importance of concentrated instru-
mentation and of the necessity of observing the flow within the blade row and in

blade to blade detail during the stall inception process.

2) Detailed measurements of the tip clearance flow field show the physical location
of most interest in terms of stall inception studies is situated in the blade passage
at about 20 to 30% axial chord downstream of the rotor leading edge plane. For
early detection, instrumentation thus needs to be in or over the tip region, not

upstream or downstream of the blade row.

3) It was found that the formation of the embryonic spike occurs when the inter-
face between the incoming flow and the reversed tip leakage flow is destabilized.
A breakdown of the tip leakage vortex itself due to the amplification of a minor

incoming disturbance is the final result of this process.

4) After the onset of the embryonic disturbance, reversed flow increasingly dom-
inates the passage. The disturbance grows with the increase in reversed flow,
and is accompanied by flow separation from the suction side surface within the
affected passage. This initial development of the disturbance occurs in the time

it takes the rotor to turn three blade pitches.
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5) Following the initial growth, the embryonic disturbance propagates to the
neighbouring passage when tip leakage flow spills forward of the blade leading
edge. At the same time, a well defined low pressure spot is observed near the ro-
tor inlet face at this first propagation of the spike disturbance. The low pressure
spot is thought to be similar to an Inoue-type radial vortex. Inoue et al. (2000)
suggested that a radial vortex is attached to the blade suction side and casing
within the stalled passages. The vortex is hypothesized to form when circulation
is lost as a result of flow separation. The present study provides the first exper-
imental evidence that the formation of a radial vortex does indeed occur when

the embryonic disturbance propagates for the first time.

6) It has been shown that the initial embryonic disturbance itself is not associated
with the forward movement of the tip leakage vortex nor triggered by the forward
spillage of tip leakage flow. The forward spillage of tip leakage flow occurs after
the development of the embryonic disturbance. Therefore, the forward spillage
hypothesis discussed in recent literature is not a universal mechanism for spike

stall inception, but rather a feature of the spike after its initial formation.

7) The measurements have shown that many observations of stall inception
reported in the literature could not possibly have resolved the embryonic spike
formation because this occurs inside the blade passage. It was found that the
traditional method of detecting stall inception (using filtered traces from sparsely
spaced probes upstream of the rotor face) does not detect the spike disturbance
until about 1/4 of a rotor turn after its true origin. Most observations of stall
inception reported in the literature are thus of an established disturbance which
has already propagated by 2 or 3 passages from its origin. Investigations based
on the study of an established spike, instead of the embryonic disturbance, have

contributed to the confusion surrounding the mechanism of spike stall inception.

8) Statistical measurements have shown the embryonic spike originates 70% of
the time from the same circumferential region of the annulus and 90% of the
time from the same blade passage. The most critical circumferential region, and
the most critical blade, are the same as those that were found to have high
unsteadiness and the most unique tip clearance flow behaviour in the previous
chapter. It has been suggested that this unique and unsteady behaviour is linked

to machine imperfections.
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9) It has been shown for the first time that the embryonic spike propagates from
inception and continues to propagate at 77% of rotor speed even as the spike
grows in size (the number of disturbed passages increases from 1 to 6 passages

over the course of less than a 1/3 turn of the rotor).

10) Not every embryonic spike that forms will become established and complete
the stall inception process. If the passages at the receding edge of the distur-
bance recover faster than the speed of propagation, the stall cell shrinks and
disappears as it moves around the annulus. The repeated formation, healing and
disappearance of embryonic disturbances is a commonly observed feature of stall

onset.
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Chapter 6

Extraction/Re-Injection Casing

Treatment

6.1 Introduction

Stall is avoided by restricting the compressor operating point to a safe distance
from the stability limit. In some cases the application of casing treatment to the
outer wall of the compressor annulus over the rotor tips may be used to regain
a part of the restricted operating range. This gain in surge margin may be used
to allow engine operation at higher efficiencies or to reduce engine weight by
removing a bulkier technology that provided the same stall margin improvement,
such as variable stator blades. The benefits of the increased stall margin provided
by the casing treatment must, of course, outweigh any efficiency penalty which

the casing treatment might introduce.

One possible way of regaining operating range is with the application of a casing
treatment which extracts air from a high pressure location in the compressor and
re-injects it through discrete loops into the rotor tip region. The air may be
injected passively (steady injection driven by the prevailing pressure difference)

or actively (pulsed injection controlled by measurements taken in the flow field).

Steady injection has been shown to provide adequate stall margin. Strazisar et al.

(2004) and Suder et al. (2001), for example, report 6% stall margin improvement
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for 1.3% and 2% of annulus flow re-circulated. Both studies indicate that an
increase in mass averaged axial velocity in the tip region is correlated to stall

margin improvement.

Active control is usually tailored to a specific stalling mechanism (see, for exam-
ple, Gysling and Greitzer (1995) and Weigl et al. (1998)) or applied to remedy a
restricted operating range due to inlet distortion (see Spakovsky et al. (1999a,b)).
These studies show that active control can achieve at least the same stall margin
improvement as steady injection, but with a lower volume of injected air. This is
advantageous: less worked flow is extracted for re-circulation, and so the impact
on efficiency is lower. However, as axial compressors often exhibit a wide range
of stalling mechanisms other than spikes and modes (Day et al. (1999)), a general
purpose passive treatment is a better option - provided, of course, the problem

of efficiency loss can be overcome.

These and other published re-circulating designs rely on air extracted from ports
downstream of the rotor row in question, or from even further back in the com-
pressor. In such cases the downstream pressure driving the re-circulated flow is
relatively constant, and hence flow is re-circulated at all operating flow rates -
including at design where loss of efficiency can least be tolerated. Re-circulation
is really only needed near stall where it fulfils its objective of delaying stall onset.
Air re-circulation near design operating conditions can be controlled with valves;

however, this increases the weight and risk of the system.

The present study aims to passively self-regulate the extracted flow by seeking a
better air extraction location, one that will selectively re-circulate a small amount
of air at design conditions and a larger amount near stall. Minimizing the re-

circulated flow at design will reduce the efficiency penalty of the system.

A similar, strategically placed re-circulation system is often used in centrifugal
compressors; see, for example, Hunziker et al. (2001). In a centrifugal machine,
the result of flow re-circulation is to improve the operating range by re-matching
flow volumes, much as is done by handling bleed in axial compressors. The
similarity in the re-circulation system between centrifugal and axial compressors

is limited, however, because the amount of air re-circulated is different (5% in the
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centrifugal case as opposed to 0.25% in the current axial case) and stall margin

gain is achieved by flow re-matching rather than delaying stall inception.

A sketch of the system is shown in Figure 6.1. The casing treatment proposed
here has three principal components: an extraction hole, an injection nozzle and a
connecting loop. The extraction hole (1) bleeds flow from over the rotor tips. The
flow passes through the connecting loop (2) and is then directed by the injection
nozzle (3) toward the leading edge tips of the same blade row. The pressure
difference between the extraction hole and the injection nozzle drives the flow
through the loop. The approach adopted here is to self-regulate the re-circulated
air by making use of the changes in the overtip pressure field that occur as the

compressor is throttled toward stall.

The objective of the new overtip re-circulation system is to provide a low weight
and low complexity system for the first stage of a high pressure compressor. The
proposed design is evaluated based on its ability to provide useful stall margin
improvements (2 to 4%) coupled with little (< 0.5%) or no loss of efficiency at
design conditions. The present study includes efficiency measurements (not often
reported in the literature), and a direct comparison with another form of casing

treatment evaluated in the same machine.
This work will be presented in six steps.

1) The pressure and velocity maps presented in Chapter 4 form the basis of
the present work. These results are used in a simple model to explain the self-
regulating capability of the new casing treatment and to predict the best extrac-

tion hole location.

2) The optimization of the extraction hole is presented. The overtip location and
shape are tuned to changes in the tip clearance flow field as the compressor is
throttled from design to near stall conditions. The location and shape of the hole
are chosen such that re-circulation through the loop is minimized near design
conditions, and maximized as stall is approached. This should give rise to a
casing treatment which will maintain compressor efficiency and will extend the

operating range of the machine.

3) The injection nozzle is optimized and the complete casing treatment is tested
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in full annular form using 12 or 24 discrete re-circulation loops. Three injection
nozzle geometries are considered, and the optimal angle and position of injection

are investigated.

4) The effectiveness of the casing treatment is examined when the mechanism of

stall inception in the compressor is changed.

5) The optimized extraction/re-injection design is compared to a single circum-
ferential casing groove. This allows a rare comparison of two casing treatment
designs in the same machine. A variation of the casing treatment design is inves-
tigated where the extraction/re-injection system is integrated with the circum-

ferential groove.

6) The viability of the design is considered in a high-speed compressor and design

recommendations are made.

6.2 Simple Model based on Rotor Overtip Flow
Field Results

The investigation presented in Chapter 4 yielded pressure and velocity maps of
the flow in the tip gap region that formed the basis of the present work. From
the changes observed in the flow field as the compressor is throttled toward stall,
the possibility arises of a new casing treatment design that will tune itself to
the prevailing compressor operating conditions. This concept is first described
with the assistance of the overtip results. Then, a simple model based on these
experimental results is used to test the self-regulating hypothesis which forms the

basis of the new casing treatment design.

Figure 4.2 shows the casing static pressure map at compressor design conditions.
It can be seen that the maximum pressure difference across the blade (pressure

side to suction side) occurs at about 25% axial chord.

In contrast, the static pressure field at the near stall condition is shown in Fig-
ure 4.3. The maximum pressure difference across the blade has increased in

magnitude and has moved toward the leading edge, to about 10% axial chord.
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As a result, the velocity vectors near design in Figure 4.8 have changed size and

direction compared those near stall shown in Figure 4.9.

An appropriately placed air extraction hole would take advantage of the above
changes in pressure and flow direction to produce a self-regulating extraction
system. The static pressure fields in Figures 4.2 and 4.3 will be used to estimate

the best position for the extraction hole using the simple model described below.

Flow through the re-circulation loop will primarily be driven by the pitchwise
averaged static pressure difference between the extraction hole and the injection
port, AP = Pgx — Piny, ie., the pressure difference between positions 1 and 3
in Figure 6.1. The best extraction hole location will be one that maximizes flow
re-circulation at near stall conditions (maximize APyg) and to minimize flow
re-circulation at design conditions (minimize APp). If there is an optimum
location for an extraction hole, based on more re-circulation near stall
and less re-circulation at design, it will show up as a maximum of the
function APyg — APp.

To evaluate AP, the pitchwise averaged static pressure at each of ten chordwise
positions (from the leading edge to the trailing edge in Figures 4.2 and 4.3) is
used for Prx. The pressure for the injection location, Piny, is taken from the
static pressure at 10% axial chord upstream of the rotor leading edges. The
pressure difference AP is evaluated at near stall and design conditions and used
to produce the function APyg — APp. This is shown in non-dimensional form
in Figure 6.2. The maximum of the function suggests the best axial location for

the extraction hole will occur at 35% axial chord.

It is clear that having the extraction hole at a part-chord position will produce
less driving pressure for the re-circulating flow than if the hole were further down-
stream, at the exit of the blade row for example. This disadvantage is, however,
outweighed by having a self-regulating system that minimizes re-circulated flow
at design conditions. Figure 6.3 shows the difference between a re-circulation
loop using an extraction hole at 100% chord and one using a hole at 35% chord.
At 100% chord, the pressure difference driving the re-circulation is more or less
constant from design to stall. At 35% chord there is a clear rise in the driving

pressure as the flow coefficient is reduced toward stall. This rise is a natural
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consequence of the forward shift in blade loading which occurs as the flow rate is

reduced.

Having used a simple model to find the best position for the extraction hole, it
now remains to check that this position is in fact the best and to find the optimal

shape and orientation of the hole.

6.3 Extraction Hole Optimization

It is not sufficient to rely on a model based on the pitchwise averaged static pres-
sure measurements to choose the location of the extraction hole. The changing
velocity field also plays a part and so the only real measure of merit is the flow

rate through the re-circulation loop.

The extraction hole optimization was carried out on the large Deverson compres-
sor. Past experience (Hathaway (2006)) indicates that casing treatment function
is not sensitive to compressibility effects; i.e., the function in a low-speed com-

pressor is indicative of high-speed performance.

A single extraction /re-injection loop was used to optimize the extraction hole, as
shown schematically in Figure 6.4. A composite block was fitted to the compressor
casing over the rotor tips and extraction holes were cut through the block at
various axial locations and angles as shown in Figure 6.5. There are many holes
in this block but only one is open for testing at a time; the others are blocked

with the green modelling clay seen in the photo.

The flow is extracted through the block at the compressor casing surface, di-
rected around the outside of the compressor via a piece of plastic tubing, and
re-injected upstream of the rotor row through a round hole 70% axial chord up-
stream of the blade leading edge. The location of the injection hole was influenced
by constraints of the rig; however, its position is not important at this stage pro-
vided it gives a representative static pressure level against which to optimize the

extraction hole.

The extraction holes were produced by drilling through the composite block with
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no rounding of the break-through edges. The resulting surface profile of the hole
is an ellipse. The angular orientation of the extraction hole is defined in two
planes: the surface offtake angle and the tangential offtake angle. The surface
offtake angle is the angle of the extraction hole relative to a plane tangent to the
surface of the casing wall; a surface offtake angle of 30° is shown in Figure 6.4.
(This angle is used in all test cases presented here as smaller angles were found
to create a hole with an edge of material too thin for reliable production.) The
tangential offtake angle, on the other hand, is defined relative to a line tangential

to the casing surface in the direction of blade rotation as shown in Figure 6.6.

The flow rate passing through the loop is measured using a miniature Venturi
meter as shown in Figure 6.4. A hot-wire probe is also shown in Figure 6.4. This
probe was used to measure the pulsation amplitude in the re-circulation loop
caused by the blade passing over the extraction hole. The mass flow through
the loop oscillates about + 20% of the averaged value. Although this oscillation
is significant, it does not in itself turn the injection on and off, and is a lower
magnitude than that needed to be considered a pulsed jet. The results presented
in the following sections quote the average mass flow through the re-circulation
loop. For each parameter variation discussed below, the mass flow rate through
the re-circulation loop was measured at three flow coefficients: one near stall,
¢ = 0.43, one mid-range, ¢ = 0.465, and the other near design, ¢ = 0.50.

6.3.1 Axial Location of Extraction Hole

The axial location of the extraction hole was optimized using a 0° tangential angle
as defined in Figure 6.6. The location of the hole was varied from 10% to 90%
axial chord. The results are shown in Figure 6.7, reporting the percentage of the
total incoming flow which is extracted and re-circulated through the loop. At
all operating conditions, the figure shows a general increase in re-circulated mass
flow as the hole location is moved rearward. This is expected, as the circulation
is driven by the average pressure difference between the extraction and injection
holes. This pressure difference increases with axial location because of the general

pressure rise through the blade row.
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The trend of the re-circulated mass flow versus the axial position of the extrac-
tion hole is different at compressor design and near stall conditions (Figure 6.7).
At design conditions, the blue line shows the re-circulated mass flow increases
continuously in a parabolic manner as the extraction hole moves downstream. At
near stall operating conditions, the green line shows the re-circulated mass flow

increases rapidly at first and then levels off.

The most important aspect of Figure 6.7 is the vertical distance between the
blue and green lines, as this represents the change in the re-circulated mass flow
as the compressor is throttled from design to near stall conditions. To achieve
an effective self-regulating system, the objective is to find the maximum vertical
distance between the two lines. Figure 6.7 shows the greatest vertical distance is
in the region between 30% and 40% axial chord. For an extraction hole located
in this region, the re-circulated mass flow near design conditions is about half of
that re-circulated near stall. This location thus achieves the desired self-regulating
aspect of the new casing treatment design, and agrees with the optimum location

found by the simple model in Figure 6.2.

All further angle and shape optimization is completed with the extraction hole

set in the “sweet spot” region centred at 35% axial chord.

6.3.2 Tangential Offtake Angle

The tangential offtake angle, as defined in Figure 6.6, was varied from —30° to
+20°; the results are shown in Figure 6.8. The lines are nearly parallel, indicating
low sensitivity of the re-circulated mass flow to tangential angle. The re-circulated
mass flow near stall (green line) is maximized when the tangential offtake angle
is in the range —20° to 0°. For this range, the re-circulated mass flow near
design conditions (blue line) is lowest at a tangential offtake angle of —20°. An
offtake angle of —20° is thus chosen as the optimal angle for the self-regulating
extraction hole. At an axial location of 35% chord, and an offtake angle of —20°,
the extraction/re-injection loop re-circulates about twice the mass flow near stall

as it does near design.
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6.3 Extraction Hole Optimization

The optimum axial location (35% chord) and tangential offtake angle (—20°)
determined here are represented by the oval and trajectory vector sketched in
Figures 6.9 and 6.10. They show the casing static pressure contours with absolute
velocity vectors at 50% tip clearance height, for design and near stall conditions.
Figure 6.9 shows at design conditions, half of the flow vectors at the pitchwise
position of the extraction hole are misaligned with the trajectory. In contrast, at
the near stall condition shown in Figure 6.10, most of the flow vectors are aligned

with the trajectory of the extraction hole.

As can be seen, the optimization experiments have produced an extraction hole
which is misaligned with the flow vectors at design conditions (where minimum
flow extraction is required), and aligned with the prevailing flow direction near
stall (where maximum extraction is required). This orientation of the hole thus
aids flow extraction near stall because the favourable flow direction reduces entry

losses.

6.3.3 Extraction Hole Shape

With the optimal axial chord location and tangential offtake angle defined, the
geometrical shape of the extraction hole can be investigated. The extraction hole
shapes chosen for investigation are shown in Figure 6.11, their cut profiles being
viewed as on the casing surface. The casing surface area of each hole is the same.
The first shape is a simple hole drilled through the surface at an angle, hence the
elliptical profile on the surface. The second shape, the stretched ellipse, shows
a wider opening in the direction of the offtake trajectory; this shape was meant
to further minimize the entrainment of flow near design conditions. The third
shape, a slot, widens the opening of the extraction hole along a tangential line;
this was done in the hope of extracting as much axially reversed flow as possible at
conditions near stall. The latter two were produced using a 3D rapid prototyping

printer.

The results for the extraction hole shape optimization are shown in Figure 6.12.
It can be seen that changes to the extraction hole shape have little effect on the
re-circulated mass flow. Further, the effect of the individual shapes was to either

increase or decrease the re-circulated mass flow at all flow coefficients, not just
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near stall as is desired. In addition to the geometries shown in Figure 6.11, the
sensitivity of the extraction hole to profiling of the lip edges was also investigated.

None of the tested profiles produced any measurable advantage.

As none of the additional hole shapes enhanced the self-regulating feature of the
extraction system, the drilled hole (elliptical surface profile) was maintained for

ease of manufacture.

6.3.4 Extraction Hole Optimization Summary

It has been shown that it is possible to find an optimum flow extraction config-
uration which is self-regulating in its ability to re-circulate a minimum amount
of flow at compressor design conditions and a maximum amount of flow near
stall. An optimized loop will re-circulate about 0.01% of the annulus flow near
stall, and half that near compressor design conditions. This self-regulating fea-
ture is essential for an effective form of casing treatment which aims to maintain

compressor efficiency at design conditions and extend operating range near stall.

6.4 Injection Nozzle Design Optimization

The injection nozzle is the second component of the new extraction/re-injection
design that needs to be optimized. The objective of this section is to develop an
injection nozzle that will provide the greatest possible stall margin improvement
from the air provided by the extraction hole discussed in the previous section. In
addition, the nozzle design should minimize impact on the efficiency of the com-
pressor. The optimization of the nozzle will include the manner of air injection
(into the main stream or along the casing), the direction of injection (axial or

swirling) and the position of the nozzle relative to the rotor leading edge.

A single injection nozzle will not have a measurable effect on compressor perfor-
mance and therefore multiple injection nozzles (12 or 24) will be tested in full
annular form. For practical reasons, the full annular testing will be performed

in the smaller Mini-Deverson compressor. This single stage machine is a scaled
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down model of the larger Deverson compressor. Both compressors are nearly
identical in specifications and performance; details are shown in Table 3.1, Chap-
ter 3. The Reynolds number of the smaller rig is slightly lower; however, this does
not affect the similarities in performance of the two compressors. The pressure
and efficiency characteristics of the two machines are nearly identical, as is the

stalling behaviour (spikes).

The Mini-Deverson compressor is a vertical axis machine built up of multiple
aluminium rings. These rings are stacked one on top of the other and can be
recognized by the horizontal lines in Figure 6.13. In order to test the new casing
treatment, the aluminium casing ring that sits over the rotor tips has been re-
placed by a ring of rapid prototyped plastic segments. These segments can easily

be replaced and rearranged to create numerous experimental variations.

Pressure and efficiency characteristics were measured by continuously recording
the inlet and casing pressures as the compressor was slowly throttled into stall.
The efficiency and pressure rise characteristics for each test case were repeated
several times to ensure representative results. For each parameter studied, back-
to-back tests were performed and the smooth wall case was measured at the
beginning and end of each set of measurements. In this way, it was possible to
ensure results are reliably comparative. (The variables used in the performance

characteristics are defined in Section 3.7.)

6.4.1 Injection Nozzle Geometries

Three injection nozzle shapes were considered, as shown in Figure 6.14. All three

injection nozzles have the same exit area.

The round injector design is simply a hole drilled at an angle of 30° to the casing
surface; this would be the simplest design to manufacture. The injected flow
is meant to interact with the main flow like a vortex generator jet producing
a general increase in axial momentum in the tip region; see Hansen and Bons

(2006).

The slot and converging injector designs, on the other hand, inject the flow as

close to the casing surface as possible to minimize mixing between the injected jet
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and the main through flow. The intent of the two “shaped” designs is to energize
the casing boundary layer in the vicinity of the rotor tips. The slot injector design
has a straight section just before the exit which is intended to straighten the flow
before injection. The converging injector design is intended to accelerate the flow

continuously so as to reduce the build-up of boundary layer in the nozzle.

The difference in the design intent between the round and shaped injectors is
investigated first by comparing the round and slot injection nozzles using an
external air supply. The two shaped designs injecting the flow close to the casing
wall (the slot and converging injectors) are compared with each other as a final

step.

6.4.2 Injector Optimization with External Air Supply

The optimization of the injection nozzle is carried out in isolation from the
extraction /re-injection loop by supplying the injector with flow from an external
air supply. This approach makes it possible to regulate the amount of injected

air and simplifies the testing arrangement.

Special injection nozzle segments were produced for the compressor; see Fig-
ure 6.15. The leftmost piece shows a segment as viewed from outside the com-
pressor. This segment is made up of two pieces: a removable plug containing
the injection nozzle and a larger piece making up the body of the segment. The
second segment from the left shows the same piece but viewed from inside the
compressor. A slot design injection nozzle can be seen. To the right are two views
of the removable plug. The direction of injection can be changed by rotating the
plug using the protruding wings. A protractor printed into the outside of the
piece (seen far left) is used to set the angle of injection. The far left piece in
Figure 6.15 shows a round hole in the back of the plug. Tubing is inserted into
this hole and connected to a central manifold to which external air is supplied.
Twelve such injector segments are evenly distributed around the annulus. The
injection nozzle exit is located 50% axial chord upstream of the rotor leading
edge. When using the external air supply, the most convenient way of expressing
flow rate is to use a velocity ratio such as V;/V,, where V; is the injected flow

velocity, and V. is the average axial velocity through the stage.
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Injection Nozzle Design (Penetrating vs. Wall Jet)

The round and slot injector designs shown in Figure 6.14 were compared in order
to determine whether it is more beneficial for the injected flow to mix with the

main stream or to follow the casing wall with a minimum of mixing.

The injected flow is directed axially downstream in these tests. The injection
velocity is determined by the mass flow rate and the exit area of the injection
nozzle. The external air supply is controlled to provide three levels of injected
velocity ratio: V;/V, =1, V;/V, = 1.5, and V;/V, = 2. Figure 6.16 shows the
total-to-static pressure rise characteristics for the slot and round injector designs
at these velocity ratios. The black line in all plots is the original smooth wall
configuration of the compressor. The sharp peak of the characteristic is the lowest
stable flow coefficient before the compressor stalls. The results in Figure 6.16 show
the slot design injectors provide a stall margin improvement more than double
that of the round hole design. This is observed at each level of injected velocity.
This indicates the injected air is most effective when injected close to the casing
wall with minimal mixing. This conclusion is in line with others reported in the
literature, e.g., Strazisar et al. (2004) and Weigl et al. (1998).

Angle of Injection

Injection angle studies are reported in the literature but consensus is not achieved.
Suder et al. (2001) and Strazisar et al. (2004) showed axial injection is best (with
axial inflow). However, other studies with axial inflow show different results.
D’Andrea et al. (1997) indicated an injection angle of 30° in the direction of
rotation was optimal in a low speed compressor. Another injection study in a
low speed compressor by Deppe et al. (2005) indicated optimum injection was
achieved at 75° against the direction of rotation. Finally, Weigl et al. (1998)
reported that 15° against the direction of rotation was best (also with axial inflow)
in a transonic rig. Because of the apparent “compressor specific” nature of the

best injection angle, optimization is a necessary step in the current work.

The angle of injection was varied from —90° to +90° using the rotating plugs

shown in Figure 6.15. Axial injection is defined as 0°, and injection in the direction
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of blade rotation is defined as positive. The slot type injectors are used for this

work.

Figure 6.17 shows the results for V;/V, = 2. Again, the black characteristic
line indicates the smooth wall configuration. Each coloured characteristic line
indicates that all 12 injectors have been rotated to direct the flow to the angle
specified in the legend. The results in Figure 6.17 show axially injected flow
improves the stall margin the most. Results for other injected velocity ratios lead

to the same conclusion.

6.4.3 Injection Nozzle Integrated with Re-circulation Loop

The optimization process continues with the slot design injection nozzle as an
integrated part of the complete extraction/re-injection system. The axial position
of the nozzle is tested at two locations: 10% and 50% axial chord upstream of
the rotor leading edge. The best axial location is then used to compare the two
injection nozzle shapes which inject flow close to the casing wall: the slot and

converging design injectors (Figure 6.14).

A complete extraction/re-injection loop segment is shown in Figure 6.18, left.
The extraction hole is at the lower right hand corner of the segment. The hole
extends into a loop which leads to the slot injection nozzle, seen on the left side
of the segment. The injection nozzle is deliberately offset circumferentially from
the extraction hole; this is done to minimize the possibility of overheating due to

repeated re-circulation of the same flow.

All tests were conducted in full annular form with 12 or 24 loop segments evenly
distributed around the annulus, Figure 6.18, right. The optimized extraction hole
design from the previous section is used and the air is injected axially downstream.
The injected velocity ratio of the complete extraction/re-injection loops is just

above V;/V, = 1.
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Axial Location of Injection Nozzle

Figure 6.19 shows that with the injection nozzles at 10% and 50% axial chord up-
stream of the rotor face, the same improvement in stall margin (2.2%) is achieved.
The efficiency characteristics, on the other hand, are very different. The loops in-
jecting at 50% axial chord upstream of the rotor leading edges incur an efficiency
penalty of 1.5%. The loops injecting at 10% axial chord upstream of the rotor

leading edge fair better with a drop in maximum efficiency of only 0.4%.

The axial location influences the amount of spreading that occurs in the injected
jet before it reaches the rotor face. Although the results here show the spreading
has not affected the stall margin improvement, it has affected the efficiency of
the compressor. The lower efficiency in the case of the injectors located further

upstream may be due to the injected flow having more time to mix out.

Injection Nozzle Geometry (Slot vs. Converging Design)

The two injection nozzle designs which inject flow close to the casing wall are
now compared: the slot and converging design injectors (Figure 6.14). This
final optimization takes advantage of the previous results by injecting axially and

placing the injection nozzles 10% axial chord upstream of the rotor leading edge.

Figure 6.20 shows the performance results for the slot and converging designs.
The blue line shows a stall margin improvement of 2.2% relative to the smooth
wall case. The slot design injectors incur an efficiency penalty with a drop in
maximum efficiency of 0.2%. With 12 converging type injectors installed, the red
line shows an identical 2.2% improvement in the stall margin. The converging
injector outperforms the slot injector design, though, by having less impact on
the compressor efficiency. The maximum efficiency with the converging injection
nozzles is 0.4% higher than that of the smooth wall configuration. While this is
not a large gain in efficiency, it does demonstrate this casing treatment design
extends the stall margin without a negative impact on the work done by the

stage.

The converging injector design is different from the slot injector design in that it
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accelerates the flow continuously to the injection exit, and injects it smoothly on
the casing surface. It is possible the converging injector design is more efficient
for the same reason the axial injection closer to the rotor face (in the previous
section) was more efficient. Both affect the radial extent of the injected jet when
it reaches the rotor face. These results indicate the injector design is a critical

parameter influencing the efficiency of the extraction/re-injection system.

Finally, a total of 24 loops were installed and tested by combining 12 converging
design injector loops and 12 slot design injector loops. This combination of loop
designs is acceptable: both the slot and converging designs inject flow close to
the casing wall and both designs provided the same stall margin improvement
when tested separately. The stall margin improvement with 24 loops increases
to 3%, compared to 2.2% with 12 loops. This is a disappointingly low increase
for double the number of extraction/re-injection loops. The reasons for this are

investigated in the next section.

6.5 The Influence of Stalling Mechanism

The aim of this section is to investigate the influence of the compressor stall
inception mechanism on the effectiveness of the extraction/re-injection casing
treatment. A study published by Houghton and Day (2010) found the maximum
benefit of casing treatment is only achieved if the compressor stalls by means
of a spike stalling mechanism (where inception occurs near the casing). They
concluded that casing treatment becomes less effective the more modal the stall
inception mechanism becomes (where the spanwise extent of the inception process

is greater).

The Mini-Deverson compressor with a smooth wall stalls by means of a spike
mechanism. However, fast response pressure measurements indicate that the
stalling mechanism is modal with casing treatment installed. The study by
Houghton and Day (2010), using a different compressor, suggests that if the
rotor stagger is changed, the stall inception mechanism might also change. If the
stall inception mechanism changes, an improvement in the stall margin brought

about by the casing treatment might be expected.
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With the rotor stagger in the Mini-Deverson compressor increased by 2°, the
stalling mechanism of the compressor, with the casing treatment installed, did
in fact change from modes to spikes. The blue line in Figure 6.21 shows the 12
loops (with converging design injection nozzles) now provide 2.6% stall margin
improvement and no change in stage efficiency. The red line shows the stall
margin improvement has more than doubled to 6.1% with 24 loops. The drop in
maximum efficiency in this case is 0.8%. (Again, 12 of the loops are slot design
injection nozzles and 12 are the converging design.) Figure 6.20 shows that the
converging injector design is more efficient than the slot injector design. For this
reason, it is expected that the efficiency might improve if all 24 injection nozzles

were of the converging design.

These results are summarized in the first two rows of Table 6.1 to compare the
performance of the casing treatment before the re-stagger (modal stalling mech-
anism) to the performance after the re-stagger (spike stalling mechanism). The
groove casing treatment results listed in the table will be discussed in the next

section.

The table shows that for each casing treatment, a greater stall margin improve-
ment is possible when the stalling mechanism is with spikes. Modal stall inception
curtails the effectiveness of casing treatment, as was suggested by Houghton and
Day (2010).

6.6 Single Circumferential Groove

The new extraction/re-injection design was compared to a circumferential groove
tested in the same compressor. The design of the single groove was based on a
parametric study reported by Houghton and Day (2011). The leading edge of the
groove was at 50% chord, with a width of 14% axial chord and a depth of 28%
axial chord. Figure 6.22 shows a photograph of the installed groove design.

The groove design was tested in the Mini-Deverson compressor both before the
re-stagger (modal stall inception) and after the re-stagger (spike stall inception).

The groove provided no stall margin improvement or efficiency penalty before the
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Stalling Mechanism Modal Spike
(w/treatment installed) | SMI | An SMI | Anp
Extraction/Re-injection
12 loops | 2.2% | +0.4% | 2.6% | 0%
24 loops | 3.0% | -0.6% || 6.1% | -0.8%
Circumferential Groove | 0% 0% 2.3% | +0.2%
Groove + 24 loops 2.0% | -0.2% | 5.0% | -0.4%

Table 6.1: Casing treatment performance summary: stall margin improvement

and change in maximum efficiency.

re-stagger and 2.3% stall margin improvement and a slightly favourable change

to efficiency when spikes were present after the re-staggering.

These results are included in Table 6.1. When comparing the performance of the
groove with the 12 loop extraction/re-injection casing treatment, for spike type
stall inception the performance is nearly identical. Considering the complexity
of the extraction/re-injection system, the circumferential groove may be more
advantageous when only the spike stalling mechanism is expected. However,
when stall occurs via modes, the extraction/re-injection system provides some
stall margin improvement (2.2%) whereas the groove provides none. In this case,
the added complexity of the extraction/re-injection system may be acceptable.
Changing the number of loops in the extraction/re-injection system may also be
used to adjust the SMI if more is needed.

6.7 Re-Circulating Groove

As an extension to the single groove casing treatment, the extraction/re-injection
casing treatment was incorporated into the circumferential groove design de-
scribed above. Discrete extraction holes integrated within the groove direct flow
through a loop to the injection nozzles. The nozzles inject axially from 10% ax-
ial chord upstream of the rotor leading edges and are of the converging design.

Figure 6.23 shows a photograph of the re-circulating groove design. As can be
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seen, the discrete loop segments are separated by groove only segments; 24 evenly

distributed loops were installed.

The re-circulating groove design was tested both before the re-stagger (modal
stall inception, Figure 6.24) and after the re-stagger (spike stall inception, Fig-
ure 6.25). The results are summarized in Table 6.1. The re-circulating groove
did not exhibit a combined benefit from having both the groove and tip injection.
Instead, the re-circulating groove (with 24 loops) provided a slightly lower stall
margin improvement (5%) than when 24 discrete extraction/re-injection loops
were installed (6.1%). This is surprising, as the re-circulating groove has a higher
driving pressure through each loop than its discrete counterpart because its ex-
traction point is further downstream (57% axial chord as opposed to 35% axial
chord). It is possible that the re-injected flow is entrained into the groove and

this limits its effectiveness downstream of the groove.

In the previous chapter, the first signs of the embryonic spike were observed in
the blade passage between 10 and 25% axial chord, and associated with axially
reversed flow in the tip gap. If the extraction/re-injection casing treatment func-
tions by preventing the embryonic spike from forming or developing, it is likely
the injected jet does so by reducing the amount of axially reversed flow coming
from the rear of the passage. Further tests are needed to judge the importance

of the axial extent of the injected jet.

6.8 Performance and Recommendations

The self-regulating extraction/re-injection design fulfilled the initial design ob-
jectives of providing a modest stall margin improvement (2 to 4%) with little
(< 0.5%) or no loss of efficiency at design conditions. As seen in Table 6.1,
with 12 loops, the initial aim has been met. When 24 loops are installed, a
higher stall margin improvement is achieved but with an unacceptable efficiency
penalty. Part of this may be due to using the less efficient slot design injectors
for 12 of the 24 loops. The efficiency is expected to improve if all 24 injectors

were of the converging design.
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The extraction/re-injection casing treatment design presented here was shown
to provide at least a 2% stall margin improvement with 12 loops (re-circulating
less than 0.13% of the inlet mass flow near stall and half that at design) and
up to 6% stall margin improvement with 24 loops (re-circulating 0.25% of the
inlet mass flow near stall and half that at design). This amount of re-circulated
mass flow compares favourably to previous work. Strazisar et al. (2004) report
4-6% stall margin improvement with 0.7 to 1.3% of annulus flow re-circulated,
and Suder et al. (2001) report 6% stall margin improvement with 2% of annulus

flow injected.

The results in Table 6.1 indicate the extraction/re-injection system proposed
in this paper may be an improvement on existing re-circulating casing treat-
ments. However, a true comparison cannot be made with other re-circulating
systems reported in the literature because efficiency measurements are rarely re-
ported. None are included in the following comparable studies: D’Andrea et al.
(1997); Deppe et al. (2005); Gysling and Greitzer (1995); Spakovsky et al. (1999b);
Strazisar et al. (2004); Suder et al. (2001); Weigl et al. (1998).

As a final step, CFD simulations were examined of the flow field in the tip gap
region of a six stage fixed geometry Trent-style high-pressure compressor®. The
first two rotor rows are transonic. The tip region calculations for the high speed
compressor showed similar changes in the pressure and velocity fields accom-
panying changes in compressor flow rate as were discussed in the introduction.
Using these calculations, an analysis of the casing pressure field was conducted
to find the optimum extraction hole location for the first rotor row, as was done
in Figure 6.2 for the Deverson compressor. The model applied to the high speed
machine (Figure 6.26) produced a well defined peak in the pressure difference
function at 30% chord. As the presence of a “sweet spot” is the main driver of
the self-regulating action, it is concluded that the new casing treatment design

might also be effective in a high speed machine.

In general, all axial flow compressors demonstrate a forward shift of blade loading
as the flow rate is reduced toward stall. This forward shift is sufficient to suggest

that all axial compressors will exhibit some self adaptability in terms of pressure

*Unpublished data made available through the European project NEWAC; see Rolt and
Kyprianidis (2010).
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driven re-circulation. It is thus possible that the new casing treatment may be

usefully applied in other compressors.

6.9 Conclusions

1) A new form of overtip re-circulating casing treatment for axial compressors
has been designed and tested. The system met design objectives and has the
ability to self-regulate the amount of air being re-circulated. A minimum amount
of air is re-circulated at compressor design conditions (thus minimizing any loss
of efficiency) and a maximum amount of air is re-circulated near the stability

limit (thus maximizing stall margin).

2) In a departure from previous re-circulating systems in axial compressors, the
new casing treatment makes use of air extraction from over the rotor tips, rather
than from downstream of the row or stage. The self-regulating capability of the
system functions by making use of changes in the overtip pressure and velocity
fields which accompany changes in compressor flow rate. New high resolution
pressure and velocity measurements in the tip clearance gap are used to explain

why the new treatment possesses self-regulating capabilities.

3) The measurements show that a reasonable level of stall margin improve-
ment, and a reasonable level of self-regulation, in terms of the amount of air
re-circulated, can be achieved by locating the extraction hole at about 35% chord
downstream of the rotor leading edges. The best chordwise location for the air
extraction hole will differ from compressor to compressor depending on the blade

loading profile.

4) Tt has been shown that the angular orientation of the extraction hole (relative
to the tangential direction of blade travel) is important in achieving the self-
regulating feature of the new design. This is explained in terms of entry losses

which depend on the prevailing tip clearance velocity field.

5) The injection nozzle design was shown to influence the effectiveness of the
extraction/re-injection system. The optimum injection nozzle confines the in-

jected flow as close to the casing wall as possible. Parameters which affect the
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spreading of the injected jet, such as axial location and injection geometry, were

important in this regard.

6) It was shown that the new extraction/re-injection design is preferable to a
single circumferential groove when both spike and modal stall inception can be
expected - or when more stall margin improvement is needed than a groove can

provide.

7) The type of stall inception mechanism (spikes or modes) in a given compressor
has recently been shown (Houghton and Day (2010)) to be important in deter-
mining the effectiveness of casing treatment. The current work, using a different
compressor, confirms this observation. The current work shows overtip casing
treatment is less effective if the compressor has a disposition to stall in modal

form.

8) Stall margin improvements between 2.2 and 6.0% were achieved depending
on the number of re-circulating loops and on the compressor stalling mechanism.
Efficiency penalties at the compressor design condition varied between 0 and 0.8%
for less than 0.25% of the inlet mass flow re-circulated near stall and half that at
design. In general, modest stall margin improvements (2%) were possible without

any loss of compressor efficiency at design conditions.

9) A simple model using casing static pressure measurements has been formulated
to predict the best location for the air extraction hole. The model maximizes the
difference in re-circulation driving pressure between design and near stall operat-
ing conditions. Application of the simple model using CFD derived pressure maps
for an aero-engine compressor suggests a similar self-regulating casing treatment

design will be effective in high speed machines.
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Chapter 7

Conclusions

Advances in aero-engine stability require a better understanding of compres-
sor rotor tip clearance flows. Tip clearance flows are central to discussions on
compressor efficiency, stall inception, and casing treatments. Stall inception, in
particular, is a topic of continued research. After more than half a century of
aero-engine stall and surge investigations, the mechanism for the onset of stall
is still debated. The consequences of this lack of fundamental understanding are
significant to both design and operating costs. The stability limit of a new com-
pressor cannot be accurately predicted by computational means, so the influence
of design changes must be assessed with costly surge testing. The design of cas-
ing treatments, which are used to delay stall, must therefore also be developed
experimentally. Finally, the need for a safety imposed stall margin often restricts
operation to regions of less than optimal efficiency. It is thus clear that successful
research on stall inception and tip leakage flows will have far reaching benefits

when new compressors are designed.

7.1 Tip Clearance Flow at Stable Conditions

Experiments to measure static pressure, total pressure, and velocity fields in the
rotor tip clearance gap were carried out at design and near stall low conditions.

Overtip flow maps were presented to show the flow field at three radial depths.
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The measurements from these overtip flow studies are thought to be the most
detailed experimental measurements available of their kind. Applications for
these results include a range of interests. In the present study, the overtip flow
maps form the foundation of the stall inception investigation and are used in
the development of a new casing treatment design. Experimental observation
of the tip clearance flow field may also be of interest for future research on loss

mechanisms and as validation for CFD simulations.

1) It was shown that the tip clearance flow field is very dynamic. The flow
direction at some axial locations was shown to change direction by a full 360°
from blade to blade. Two distinct regions of axially reversed flow were shown
- one near the maximum pressure difference across the blade tip, and the other
in the aft portion of the passage. The reversed flow in these regions increases
dramatically in magnitude and extent when the compressor is throttled from

design to stall.

2) The tip leakage vortex is generated by the interaction of the incoming flow
with the tip leakage flow. As stall is approached, the trajectory of the tip leakage
vortex was shown to change direction, but not by nearly as much as is required
to bring the trajectory of the vortex to the rotor leading edge plane. Forward
spillage of tip clearance flow into the neighbouring passage has been shown by
some researchers to coincide with the onset of stall and has been hypothesized
to be a criteria for the onset of spike stall inception. In the compressor used for
the present work, measurements just before stall indicate that forward spillage
is unlikely to occur. In the following section, measurements during the stall
inception process will be discussed which further conclude that forward spillage

as a mechanism of spike stall inception does not occur in this compressor.

3) The measurements show that unsteadiness and passage to passage flow varia-
tions increase in general as stall is approached, but that this change is not uniform
around the annulus or from one passage to the next. The greatest level of un-
steadiness is observed where the tip clearance flow is most vigorous, at about
35% axial chord.

4) At conditions near stall, it was found that the tip clearance flow behaviour in

a few blade passages was more unique, and was also the most unsteady, compared
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to the behaviour of all other passages. It was found that small variations in blade
to blade spacing near the tips was correlated to the variation observed in the
tip clearance flow field of the most disturbed passages. The amplification of flow
disturbances near physical irregularities in the blading may be explained by the
increased sensitivity of shear layers as the adverse pressure gradient encountered

by the flow increases (which occurs as stall is approached).

5) The sensitivity of the near stall flow field to physical irregularities and the
small disturbances they amplify may be of interest to CFD research. These
measurements highlight the level of flow irregularity in a real compressor and
suggest that CFD predictions of stall onset will improve in accuracy if small

physical details and imperfections are reflected in the meshing.

7.2 Spike Stall Inception

A high concentration of instrumentation was used to investigate spike stall in-
ception. This made detailed observations of the origins of the spike disturbance
possible. The traditional approach to studying stall inception has always made
use of sparse instrumentation placed upstream or downstream of the affected
blade row. The current study shows the importance of concentrated instrumen-
tation and of the necessity of observing the flow within the blade row and in blade

to blade detail during the stall inception process.

1) Detailed measurements of the tip clearance flow field show that the physical
location of most interest in terms of stall inception studies is situated in the
blade passage at about 20 to 30% axial chord downstream of the rotor leading
edge plane. The measurements show that the formation of the embryonic spike
occurs when the interface between the incoming flow and the reversed tip leakage
flow is destabilized. A breakdown of the tip leakage vortex itself due to the

amplification of a minor incoming disturbance is the final result of this process.

After the onset of the embryonic disturbance, reversed flow increasingly dominates
the passage. The disturbance grows with the increase in reversed flow, and is

accompanied by flow separation from the suction side surface within the affected
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passage. This initial development of the disturbance occurs in the time it takes

the rotor to turn three blade pitches.

2) Following the initial growth, the embryonic disturbance propagates to the
neighbouring passage when tip leakage flow spills forward of the blade leading
edge. At the same time, a well defined low pressure spot is observed near the
rotor inlet face at this first propagation of the spike disturbance. The low pressure

spot is thought to be similar to an Inoue-type radial vortex.

Inoue suggested that a radial vortex is attached to the blade suction side and
casing within the stalled passages. The vortex is hypothesized to form when
circulation is lost as a result of flow separation. The present study provides the
first experimental evidence that the formation of a radial vortex does indeed occur

when the embryonic disturbance propagates for the first time.

3) It has been shown that the initial embryonic disturbance itself is not associated
with the forward movement of the tip leakage vortex nor triggered by the forward
spillage of tip leakage flow. The forward spillage of tip leakage flow occurs after
the development of the embryonic disturbance. Therefore, the forward spillage
hypothesis discussed in recent literature may not be a universal mechanism for

spike stall inception, but rather a feature of the spike after its initial formation.

It was found that the traditional method of detecting stall inception (using filtered
traces from sparsely spaced probes upstream of the rotor face) does not detect the
spike disturbance until about 1/4 of a rotor turn after its true origin. It is now
clear that many observations of stall inception reported in the literature could
not possibly have resolved the embryonic spike formation because this occurs
inside the blade passage. In most cases, the spike has thus been detected when
it is already an established disturbance. Investigations based on the study of an
established spike, instead of the embryonic disturbance, have contributed to the
confusion surrounding the mechanism of spike stall inception. For early detection,
instrumentation needs to be in or over the tip region, not upstream or downstream
of the blade row.

4) Statistical measurements have shown that in the compressor used for the
present work, the embryonic spike originates 70% of the time from the same

circumferential region of the annulus and 90% of the time from the same blade
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passage. The most critical circumferential region, and the most critical blade, are
the same as those that were found to have high unsteadiness and the most unique
tip clearance flow behaviour. It is thought that local physical irregularities give
rise to increased shear layer sensitivity, i.e., small disturbances are more readily
amplified. Due to the unpredictable nature of flow unsteadiness and its effect on
shear layers, a degree of uncertainty will always exist as to the precise location
of spike formation, i.e., the spike disturbance may not always originate from the

same physical location and the same blade.

5) It has been shown for the first time that the embryonic spike propagates from
inception and continues to propagate at 77% of rotor speed even as the spike
grows in size (the number of disturbed passages increases from 1 to 6 passages
over the course of less than a 1/3 turn of the rotor). One might have expected
the initial speed of propagation to slow down as the size of the stall cell increases,
but in the compressor used for the present work, the speed of propagation only
begins to slow down once multiple spikes have formed and they begin to coalesce

into fully developed rotating stall.

6) Not every embryonic spike that forms will become established and complete
the stall inception process. If the passages at the receding edge of the distur-
bance recover faster than the speed of propagation, the stall cell shrinks and
disappears as it moves around the annulus. The repeated formation, healing and
disappearance of embryonic disturbances is a commonly observed feature of stall

onset.

7.3 Casing Treatment

A new form of overtip injection casing treatment for axial compressors has been
proposed and tested. The casing treatment is local to the rotor blade row, and,
using discrete loops, air is extracted from over the rotor blade tips and re-injected
upstream of the same blade row near the leading edges at the casing. The novel
feature of the system is its ability to self-regulate the amount of air being re-
circulated. A minimum amount of air is re-circulated at compressor design con-

ditions (thus minimizing any loss of efficiency) and a maximum amount of air is
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re-circulated near the stability limit (thus maximizing stall margin). A paramet-

ric study was conducted to produce an effective working design.

1) It has been shown that the new self-regulating system ensures maximum
stall margin benefit with minimum loss of efficiency at design conditions. The
system achieved stall margin improvements between 2.2 and 6.0%. Efficiency
penalties at the compressor design condition varied between 0 and 0.8% for less
than 0.25% of the inlet mass flow re-circulated near stall and half that at design.
In general, modest stall margin improvements (2%) were possible without any

loss of compressor efficiency at design conditions.

2) The self-regulating capability of the new system is made possible by the unique
overtip location of air extraction. By placing the extraction hole over the rotor
tips, the system makes use of changes in the over-tip pressure and velocity fields,
which accompany changes in compressor flow rate, to regulate the amount of
re-circulated flow. The air extraction location over the rotor tips is a departure
from previous re-circulating systems in axial compressors, where air is usually

extracted from downstream of the row or even from a rearward stage.

3) The measurements show that a reasonable level of stall margin improvement,
and a reasonable level of self-regulation, in terms of the amount of re-circulated
air, can be achieved by locating the extraction hole at about 35% chord down-
stream of the rotor leading edges. The best chordwise location for the air ex-
traction hole will differ from compressor to compressor depending on the blade

loading profile.

4) A simple model using casing static pressure measurements has been formulated
to predict the best location for the air extraction hole. The model maximizes
the difference in re-circulation driving pressure between design and near stall
operating conditions. The model has been shown to work well using pressure
field measurements from the compressors used in the present work. Furthermore,
application of the simple model using CFD derived pressure maps for an aero-
engine compressor suggests that a similar self-regulating casing treatment will

also be effective in high speed machines.

5) It was shown that the angular orientation of the extraction hole (relative

to the tangential direction of blade travel) is also important in maximizing the
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self-regulating feature of the new design. The optimum angle of extraction cor-
responds to the prevailing flow direction at near stall conditions. This minimizes

entry losses at those conditions when maximum re-circulation is desired.

6) The injection nozzle design was shown to influence the effectiveness of the
extraction/re-injection system. The optimum injection nozzle induces the in-
jected flow to remain as close to the casing wall as possible. Parameters which
affect the spreading of the injected jet, such as axial location and injection geom-

etry, were important in this regard.

7) It was shown that the new extraction/re-injection design is preferable to a
single circumferential groove when both spike and modal stall inception can be
expected - or when more stall margin improvement is needed than a groove can
provide. In agreement with previously published studies, the current work showed
that overtip casing treatment is most effective when the compressor exhibits spike-

type, rather than modal, stall inception.

7.4 Recommendations for Future Work

The present work has highlighted the significance of machine imperfections in
exciting steady and unsteady flow variations. It would be interesting to examine
this in more detail. Experimental investigations on this topic might consider a
range of physical irregularities that realistically occur in aero-engine compressors.
What types of machine imperfections have the greatest effect on the near stall
flow field? Another question relating to machine imperfections concerns CFD
calculations where each blade is an exact copy of its neighbour. Can CFD calcu-
lations be improved by introducing unsteady boundary conditions and machine

imperfections that are known to exist in a real compressor?

The investigation of spike stall inception in this work is based on the results from
one machine. It would be interesting to perform a similar study of the embryonic
spike formation on other machines. In addition to the high concentration of
instrumentation in the tip clearance gap used in this work, rotating probes within

the blade passage where the spike is most likely to form would be useful.
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For computational studies which aim to simulate the formation of a stall cell,
it would be valuable if a higher temporal and spatial resolution of the actual
spike formation were reported in similar detail to that presented in the current
experimental work. It often appears that the finer details of stall inception are

overlooked in many CFD studies.

The extraction/re-injection casing treatment proposed in this work is a proof of
concept design and could not explore all possible avenues of optimization. It
would be interesting to investigate the pulse timing of the injected air. Although
air is continuously re-circulated through the loop, it pulses with each blade pass-
ing. The phase of the injected air relative to the pitchwise location of the passing
blade could be altered by varying the circumferential distance between the ex-

traction and injection ports.

It would also be interesting to further explore the optimization of the injection
nozzle, as this was shown in the present work to significantly influence the effec-
tiveness of the casing treatment. The mechanisms behind the optimal angle of
injection and the jet height may be important. In this regard, it would be useful
to make detailed tip clearance flow measurements in the presence of this casing
treatment to investigate how injected flow into the tip clearance gap changes the

flow structure.

Finally, it would be useful to measure the performance of the casing treatment
proposed in this work on a high speed machine to determine if stall suppression
can be achieved and if the self regulating capability also works in a transonic

environment.
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Figure 2.1: Generic high-speed compressor performance map.
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Figure 2.2: Generic performance characteristic.
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Figure 2.3: Rotating stall and surge schematics, from Day (2006b).

144



Interference zone

Through flow

Leakage vortex

Locus of
vortex center

Reverse flow

Main flow

Figure 2.4: Tip leakage vortex, adapted from Inoue and Kuroumaru (1989).
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Figure 2.5: Tip leakage flow over blade tip from Glanville (2001).
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Figure 2.7: Velocity vectors at rotor tip plane; at design conditions, left; and
stall, right; from Bennington et al. (2008).
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Figure 3.1: Deverson low-speed compressor rig.
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Figure 3.2: Deverson compressor rig schematic, adopted from Bolger (1999).
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Figure 3.3: Mini-Deverson compressor.
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Figure 3.4: Schematic of total pressure probe relative to tip clearance gap, left;
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Figure 4.1: Deverson overtip schematic; axial array at circumferential position 1.
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Figure 4.2: Static pressure contours at design flow coefficient.
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Figure 4.3: Static pressure contours at near stall flow coefficient.
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Figure 4.4: Total pressure contours at design flow coefficient.

158

Rotor Pitch



0.5

(Po-Po,IN)/(1/2pU§1id )

© Axial Chord -

Figure 4.5: Total pressure contours at near stall flow coefficient.
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Figure 4.6: Absolute frame velocity vectors at 25% tip gap
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Figure 4.12: Relative frame velocity vectors at 25% tip gap (near casing) and

static pressure contours at design flow coefficient, every fourth vector shown.
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Figure 4.13: Relative frame velocity vectors at 25% tip gap (near casing) and

static pressure contours at near stall flow coefficient, every fourth vector shown.
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Figure 4.14: Relative frame velocity vectors at 50% tip gap (mid-height) and

static pressure contours at design flow coefficient, every fourth vector shown.
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Figure 4.15: Relative frame velocity vectors at 50% tip gap (mid-height) and

static pressure contours at near stall flow coefficient, every fourth vector shown.
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Figure 4.16: Relative frame velocity vectors at 75% tip gap (near blade tip)

and static pressure contours at design flow coefficient, every fourth vector shown.

170



—~~~
k] o em
Y e 2
5 o
— —
< S
@]
=
/2 m
o
e
'
N
R — ~

© Axial Chord Al

Figure 4.17: Relative frame velocity vectors at 75% tip gap (near blade tip)
and static pressure contours at near stall flow coefficient, every fourth vector

shown.
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Figure 4.18: Axial array used for statistical analysis of tip clearance flow. Arrays

at seven equally spaced circumferential positions.
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Figure 4.19: Mean passage unsteadiness, BP,,s, at the leading edge for seven

circumferential positions.
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Figure 4.20: Mean passage unsteadiness, BP,,, at four axial positions from the

leading edge (Pos. 1) to the trailing edge (Pos. 11) at circumferential position 1.
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Figure 4.21: Passage unsteadiness, BP,,, at the leading edge for seven circum-
ferential positions at near stall conditions, and for circumferential position 1 at

design conditions (dashed line).
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Figure 4.22: Mean passage to passage variation, P2P,,,, at the leading edge for

seven circumferential positions.

35 T T T T T

Axial Position: | e 1

N
[6)]
T

var((l)design’1
N
T

/P2P
o

ar

P2P
Vi

0.5

0 | 1 1 1 1 1 1
0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5 0.51
¢

Figure 4.23: Mean passage to passage variation, P2P,,,., at four axial positions
from the leading edge (Pos. 1) to the trailing edge (Pos. 11) at circumferential

position 1.
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Figure 4.24: Mean passage to passage variation, P2P,,,, at four axial positions
from the leading edge (Pos. 1) to the trailing edge (Pos. 11) at circumferential

position 4.
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Figure 4.25: Passage to passage variation, P2P,,., at the leading edge for seven
circumferential positions at near stall conditions, and for circumferential position

1 at design conditions (dashed line).
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Figure 4.28: Ensemble leading edge static pressure traces for all 51 blades near
stall.
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Circumferential location of probes: Probe position relative to rotor:
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Figure 5.1: Traditional stall inception traces from leading edge pressure trans-

ducers at seven circumferential locations.
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Circumferential Locations: Detail: array at stations C.2 to C.5:
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Figure 5.2: Set-up schematic and detail of rotor overtip access for study of spike

at the stage of traditional detection.
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Figure 5.3: Static pressure contours of established spike over four rotor pitches.
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Figure 5.4: Hot-wire measurements just upstream of leading edges at station C.3.
Black: ensemble averaged hot-wire signal near stall. Red: instantaneous hot-wire

signal measured simultaneously with static pressure during the stall event.
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Figure 5.5: High frequency resolution stall inception traces.
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Figure 5.6: High frequency resolution stall inception traces; first sign of spike

circled.
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Circumferential location of probes:
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Probe position relative to rotor:
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Figure 5.7: Pitch apart probe set-up for study of nascent spike propagation.
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Figure 5.8: Position of pitch apart pressure transducers (red dashes) relative to

traditional stall inception traces and onset of spike (circled).
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Figure 5.9: Rotor pitch apart stall inception traces.
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Figure 5.10: Rotor pitch apart stall inception traces.
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Figure 5.11: Schematic of concentrated probe access for study of spike formation.

Pressure transducers, red; hot-wires, green (one configuration shown).
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Figure 5.12: Instantaneous static pressure contours of the embryonic spike for-

mation.
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Figure 5.13: Static pressure contours and absolute frame velocity vectors of the

embryonic spike formation (1 of 3).
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Figure 5.14: Static pressure contours and absolute frame velocity vectors of the

embryonic spike formation (2 of 3).
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Figure 5.15: Static pressure contours and absolute frame velocity vectors of the

embryonic spike formation (3 of 3).
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Figure 6.1: New extraction/re-injection casing treatment design.
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Figure 6.2: “Sweet spot” for extraction hole location predicted from re-circulation
loop driving pressure (AP = Prx — Py 7) at near stall and design conditions.

Driving pressure is based on over-tip static pressure measurements (Figures 4.2
and 4.3).
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Figure 6.3: Measured characteristics of driving pressure for injection hole at 10%
axial chord upstream of leading edge and for extraction holes at 100% chord and
35% chord.
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Figure 6.4: Instrumented extraction/re-injection loop.
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Figure 6.5: Compressor casing with composite block and extraction hole locations

viewed from upstream of the rotor.
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Figure 6.6: Tangential offtake angle imposed on the casing surface viewed from
the hub.
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Figure 6.7: Extraction hole optimization: axial chord location.
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Figure 6.8: Extraction hole orientation.
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tors at 50% tip clearance height. Oval and trajectory indicate optimized extrac-
tion hole location and offtake angle.
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Figure 6.10: Casing static pressure contours near stall with absolute velocity
vectors at 50% tip clearance height. Oval and trajectory indicate optimized
extraction hole location and offtake angle.
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Figure 6.12: Extraction hole geometry optimization.
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Figure 6.13: Photo of Mini-Deverson compressor with casing treatment (trans-

parent ring) installed.
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Figure 6.14: Injection Nozzle Designs.

Figure 6.15: Pieces for injection nozzle testing driven by an external air supply.
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Figure 6.16: Pressure rise characteristics for 12 injectors blowing axially down-

stream. Comparing round and slot design injectors for three blowing strengths.
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Figure 6.17: Pressure rise characteristic for various injection angles. Twelve slot

eay.
e;M\
\ —Smooth Wall
VIV =2
I X
Slot Injectors VIV =15
VIV =1
I X
..... VIV =
Round InjectorsI _____ VINX =15
i X )
L ----- VIV =
| 'X
0.35 0.4 0.45 0.5 0.55
¢

/N

L

— Smooth Wall

0.35

0.4

injectors with V;/V, = 2.

0.45

0.5
¢

203

0.55

0.6

0.6



Figure 6.18: Inner detail of printed casing treatment loop, left, and casing treat-

ment loops installed in Mini-Deverson, right.
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Figure 6.19: Efficiency and pressure rise characteristics for 12 extraction/re-

injection casing treatment loops. The injectors are placed at 10% and 50% axial

chord length upstream of the rotor leading edges. (The red line is dashed to show

overlapping data.)
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Figure 6.20: Efficiency and pressure rise characteristics for 12 extraction/re-

injection casing treatment loops with two different injection nozzle designs. (The

red line is dashed to show overlapping data.)
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Figure 6.21: Efficiency and pressure rise characteristics for extraction /re-injection

loops with rotor blades stagger increased 2°.
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Figure 6.22: Circumferential groove.

Figure 6.23: Re-circulating groove.
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Figure 6.24: Efficiency and pressure rise characteristics for single circumferential

groove and groove plus 24 extraction/re-injection loops (baseline rotor stagger).
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Figure 6.25: Efficiency and pressure rise characteristics for single circumferen-

tial groove and groove plus 24 extraction/re-injection loops (rotor blades stagger

increased 2° from baseline).
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Figure 6.26: “Sweet spot” for extraction hole location in a high speed compressor
predicted from re-circulation loop driving pressure (AP = Prx — Pin J) at near
stall and design conditions, as explained for Figure 6.2. Driving pressure is based

on CFD casing pressure calculations.
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