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Abstract

A two-dimensional compressible flow analysis of high speed multistage axial
compression system stabiliry has been developed. This includes a mean flow prediction
model, a linearized stability analysis for both rotating stall and surge-like perturbations, as
well as a travelling wave prediction model for flow regimes prior to the instability.
Computational implementation of this model allows prediction and investigation of
neutral stability operating conditions and instability precursors in a wide range of low and
high speed multistage compressors.

Several effects of compressibility of the unsteady flow and stability for the
compressor were investigated, including the axial distribution of the stall and pre-stall
perturbations. For long compressors at part speed, an (axial) lobed pattern is predicted to
occur within the compressor in the neutral stability regime. For the compressors
examined, the effects of compressibility on the unsteady perturbations had a stronger
influence on the instability onset point than did the mean flow stage mismatching,
although the latter was still important.

Inclusion of a simple model of unsteady losses and deviations tended to have a
modest stabilizing effect, and reduced the stall frequency as did the inclusion of inter-
blade row gaps.
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Nomenclature

u velocity in the relative frame

c velocity in the absolute frame

Vi axial velocity in the relative frame

Vo tangential velocity in the relative frame

w velocity in the blade passage

U mean blade velocity

o absolute flow angle

B relatve flow angle

T temperature

P pressure

a local sound velocity

R perfect gas constant

Y adiabatic coefficient

P density

o viscosity

m mass flow

MNa¢ adiabatic efficiency

8 ral_io of the compressor inlet total pressure to standard pressure of 14.7
psia

0 ratio of the compressor inlet total tempature to standard temperature of
518.7°R

N design rotational speed
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engine frequency

flow coefficient

total to static pressure rise
Sutherland’s constant

blade relative Reynolds Number
frequency

time

harmonic number

Greitzer’s B parameter

inertia parameters

time lag for losses and deviations
axial position

angular position

generic flow quantity

mean flow quantity

perturbation of the flow quantity
loss

blade chord

pitch

blade stagger

camber

radius of camber

throat

throat angle

blade thickness
solidity = 3
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crit

loss

leading edge blade metal angle
trailing edge blade metal angle
blade height

area

plenum volume

relative toial (stagnation) quantity

relative quantity

absclute quantity

critical value

loss quantity

non-dimensionalized quantity

leading edge of the blade
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quantity in the blade passage

blade quantity

minimum loss quantity

quantity from which the proximity to stall starts to be sensitive
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Chapter 1

Introduction

1.1 DESCRIPTION OF THE PROBLEM

In most aircraft gas turbine engines, the compression system is composed of
several aerodynamically coupled axial flow multistage compressors. Without stable
aerodynamic operating conditions, the compression system cannot deliver to the
combustion chamber the desired pressure and density rise. Unfortunately, flow field
instabilities occur where the pressure and the efficiency of the compressor are close to
maximum (figure 1.1). Hence, the motivation for the past forty years to understand the
physics involved in these instabilities with the underlying objective to prevent their
appearance.

There are two kinds of instabilities in axial flow multistage compressors. The
most violent of these instabilities is called surge. It is a global one-dimensional
instability that includes the whole compression system, i.e. the compressor, the exit duct,

the plenum (which represents the combustion chamber) and the throttle. The mass flow
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undergoes large amplitude oscillations where the entire compression system
depressurizes and repressurizes, forming the surge cycle (figure 1.2). A typical
frequency range for surge is 5 to 15 Hz in a large gas turbine. In high speed machines,
these pressure perturbations induce high mechanical stresses and can damage the engine.
These flow perturbations can also disturb the combustion chamber operation.

Emmons et al [1] showed that for low speed machines (i.e. machines in which
the flow can be assumed to be incompressibie), surge can be considered as a Helmhoitz
resonator kind of oscillation where the neck and the volume of the resonator are
respectively the compressor and the plenum.

The second kind of instability is called rotating stall. It is a less violent instability
but can be very damaging to the engine operation. It is a local two or three-dimensional
instability that is local to the compressor blades.

The physics of this phenomenon has been identified by Emmons et al [1]: when a
portion of the circumferential compressor annulus is stalled by some destabilizing effects
(local inlet low-pressure region, local inlet change of angle of attack...), the flow
separation at the leading edge of the cell causes the angle of attack of the adjacent blades
to increase and therefore stalls them. However, since the initial stalled cell creates a
significant flow blockage, the streamlines redistribute and reduce the exit flow angle at the
exit of the stalled cell, causing it to unstall. The stall cells therefore propagate from one
blade passage to the other, in the direction of the rotor typically at 1/4 to 1/2 of the rotor
speed. We now understand that end wall boundary layers play an important part in this
process.

Unlike surge, rotating stall is a steady phenomenon in a sense that the globally
averaged flow field quantities are constant in time. However, operating conditions are
much lower than the normal pre-stall ones. Consequently, an engine cannot operate for a

long time in the stall regime: the engine thrust is highly reduced, the blades experience
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cyclical mechanical stress, acoustic resonance and stall flutter may occur, the combustion
chamber can go off, and the turbine inlet temperature increases dramatically due to lower
mass flow.

Rotating stall can be very difficult to recover from a large hysteresis (figure 1.3).
On a compressor test rig, recovery can be easily obtained by opening the throttle. On an
engine, this is not longer possible. Moreover, the combustion effects reduce the turbine
flow, which appears as a throttle to the compressor. Therefore, stall is often called
"nonrecoverable" and the only way to recover from it is to stop and restart the engine.

Depending on the compressor, either rotating stall or surge can develop first, or
both can occur together. Rotating stall may "trigger" surge after a few cycles.

Therefore, aero-engine are operated away from regions where these flow
instabilities exist. A limiting operating range beyond which it is considered safe to
operate the engine is set. This is often referred to as "surge margin" or "stall margin".
Since these instabilities tend to develop near maximum efficiency and pressure rise, this
threshold is a balance between security and power.

Recently, precursors to the onset of instability have been identified. Advanced
warning of the incipient instability enables the operator to move the operating point away
from the unstable operating condition, and therefore allow to safely operate closer to the
stall line. This precursor information can also be used as an input to an active control
device (Epstein et al [2], Ffowcs Williams et al [3]) : the compressor could then be
artificially operated in naturally unstable regions, where the efficiency and the pressure are
optimal.

The goal of the present investigation is to identify the stmcture of flow field
instabilities in high-speed multistage compressors, especially in their incipient stages.
This is fundamental to the understanding of aero-engine stability, as well as required for

the study of active control of their flow instabilities.

20



1.2 PREVIOUS MODELLING WORK
The majority of both the experimental and the theoretical work carried out on the

onset of instability as well as in-stall performance prediction has been done on low-speed,
low-pressure ratio compression systems. We designate by low-speed compression
systems machines where the blade Mach number is less than 0.3. The emphasis on the
low-speed machines is due to two reasons: (i) experience has shown that simple low-
speed compressor models capture much of the essence of the onset of instability, and (ii)
the proper inclusion of the compressibility effects greatly increases the complexity of the

analysis. Also, the testing of low-speed axial compressors is much less complex and

expensive than the testing in high speed machines.

Currently, rotating stall models are two dimensional and incompressible. They
typically consist of three components:
(i) Aninlet flow field model:

The inlet flow field is most often considered as being in a two-dimensional,
constant annulus area, infinite upstream duct (Dunham [4] proposed however a three
dimensional perturbation model). The flow is inviscid, incompressible, irrotational. This
latter assumption is true when there is uniform flow coming into the compressor and no
backflow. The inlet boundary condition used is the disappearance of the disturbances far
upstream.

(ii) A downstream flow ficld model:

The downstream flow field is most often considered as a two dimensional

inviscid, incompressible flow field convecting the vorticity originating in the compressor.

The downstream boundary conditions most often used are a constant exit flow angle with
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pressure perturbations decaying downstream. The downstream flow is then linearized
which leads to a Laplace equation for the static pressure in the downstream duct.
(i) A compressor blade row model:

This region is where most models differ. Blade rows are most often modelled as
actuator disk or semi-actuator disks. The boundary conditions linking the upstream and
the downstream flow field across the compressor are usually the following:

— mass conservation,
— an exit flow angle relation,
—~ a momentum relation in one of the following forms:
— static pressure rise coefficient as a function of the inlet flow angle
(Dunham [4], Wood [5], Stenning [6])
— total pressure loss coefficient as a function of the inlet flow angle
(Tanaka and Nagano [7])
— vorticity equation with friction losses as a function of the inlet flow angle
(Nenni [8])
In any of these models, the unsteady behavior of the bladerow must be determined. In
the early works, the local bladerow performance was assurned to be quasi-steady. Later,
inertia models were introduced as a correction to the performance of a compressor to
account for the acceleration and the deceleration of the fluid in the blade passage, therefore
recognizing a finite time response of the blade rows to the flow field. These inertia

models take the form:

T % = Xsteady state- X

where: Xsteady state 18 the steady value of the flow field quantity,
X is the instantaneous value of the flow field quantity,

7 is a time constant associated to the process.
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1.2.1.2 Surge

Surge is essentially an unsteady axisymmetric flow disturbance in the
compression system as a whole. The compression system must be modelled with a
downstream plenum and an exit throttle regulating the mass flow through the system.
An original one-dimensional "lumped parameter” model was developed by Greitzer [9].
More recently Moore and Greitzer [10,11] have developed a more elaborate model which
combines rotating stall and surge and show how the two phenomena are linked.

Once the set of equations modelling the fluid mechanics of the problem are
established, they must to solved. One approach is a linearization of these equations
where a small perturbation is added to the mean quantity. This has been performed by
Stenning [6], Nenni and Ludwig [8], Moore and Greitzer (10,11]. Hynes and Greitzer
[12] and Longley [13] used this kind of model for distorted flow stability calculations.
The solution of this linearized set of equations corresponds, for rotating stall, to waves
travelling around the compressor annulus in the rotor direction. These waves have an
exponential decay with axial distance as well as an exponential growth or decay with
time. A condition at which these waves are neutrally stable (neither growing nor
decaying) can be established, as well as a disturbance travelling speed. This linearized
theory gives a good insight of the stall inception phenomenon: a small amplitude wave
travelling around the annulus growing in time and with little negative damping.

The instability onset was typically found to be either at the peak of the pressure
rise versus mass flow function characteristic of the compressor or at a pressure rise
corresponding to a positive slope of this characteristic.

However, this class of linearized model cannot provide any information on the
behavior of the once developed stall (propagation speed, number, size) due to the non-
linearity of their propagation.

Experimental work supporting the existence of such travelling waves has been
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done by McDougall [14] and Garnier [15,21]

An other way to look at this problem is to compute a numerical solution of the
fully non-linear problem. This was done by Takata and Nagano [7], Gmer [16], Pandolfi
and Colusardo [17], Greitzer [9]. They predicted the inception, the stail cell growth

(limited by the nonlinear nature of the total pressure losses), the final stall cell size and

speed, as well as the hysteresis of the inception point.

The modelling work described in the previous section was based on the
fundamental assumption of incompressible flow. Experimental work on high speed
compression systems however show that instability occurs at a mass flow where the
pressure ratio characteristic is still negatively sloped (figure 1.1). Classical low-speed
stability calculations failed to explain this type of system instability. Instability features
appear to be therefore totally different for high-speed compressors.

Only few experimental studies in the open literature have been carried out on the
investigation of rotating stall and surge on high speed compressors: Smali and Lewis
[18], Hosney and Steenken [19], Newman [20].

Stall transient experiments on a three stage machine performed by Pratt &
Whitney Government Engines Business, West Palm Beach, Florida and analyzed by
Garnier {21] showed that the stall inception process appears to be qualitatively the same
as in low-speed machines, i.e. a small amplitude wave growth. However, these waves
behavior were somewhat different to the one observed in the low-speed case. Indeed,
both the first and the second harmonics were of significant importance. Moreover, the
travelling waves observed appeared to propagate in different directions, depending on the
harmonic and the axial location along the compressor axis.

Tesh and Steenken [22], Elder and Gill [23], Davis and O'Brien [24] developed
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one-dimensional "lumped parameters" models of high speed surge and rotating stall.
Each stage of the compressor were modelled in order to allow accurate interaction
between all the elements of the compression system. These models permitted
disturbances a finite time to propagate along the compressor axis as well as a strong
mismatching of the stages. Hosny et al [44] very recently used the model developed by
Tesh and Steenken [22] to study analytically the active control of high-speed axial
compressor surge. Modelling an eight-stage compressor, they found out that active
control was much more effective on a mismatched compressor than on a matched
compressor. Experimental testing is yet to be performed in order to validate these
analytical results.

Mazzawy [25] and Cargill and Freeman [26] modelled high speed surge with the
concern that some experimental observations indicated that surge might begin with a high
amplitude wave travelling down the compressor. In such a case, "lumped parameters”
do not adequately describe the initial stages of high-speed surge. The models proposed
rather present the initial stages of surge as a "blast wave" or as a forward propagating
shock wave.

Mc Kenzie [27] suggested that the point of maximum static density ratio seems to
give a good approximation of the experimentally determined surge point. Lavrich [28]
investigated quantitatively this suggestion, using a simple one-dimensional model: a
positive density slope indeed reduced the amount the total pressure ratio slope must be
positive to turn the system unstable. However, Lavrich points out that high-speed
compressors are not able to provide a positive density slope large enough to move the
instability point on the negative sloped side of the characteristic as observed in actual high

speed, high pressure ratio compressors.

25



The key fluid dynamical features of low-speed multistage compressor stability
and stability precursors seem to have been so far relatvely well captured in existing two-
dimensional incompressible models.

The same does not apply to high-speed multistage compressors: neither neutral
stability operating conditions assessments nor precursor predictions have been so far
successful. Moreover, little has been done so far to evaluate the differences between the
high-speed and the low-speed machines. To what extent is a low-speed axial-flow
compressor different from a high-speed one? An analytical model including
compressibility effects could be a very useful tool in studying this question. Moreover,
in the long run scope of active control of high-speed multistage compressor instabilities, a
model of such high-speed instability inceptions will be of some considerable use.

Described here is the development of a two-dimensional compressible model of
the entire high speed compression system - inlet duct, blade rows, inter blade gaps, exit
duct, plenum, throttle. A linear stability analysis as well as a travelling wave prediction
technique will then be proposed.

Using this theoretical model, an investigation of the compressibility effects on the
stability margin and on the neutral stability propagation frequency will be conducted. The
effects of unsteady losses, unsteady deviations and inter blade row gaps will be also
evaluated in high speed compressors. The key point to the implementation of active
control on high speed machines being an adequate location of sensors in the compressor,
the axial distribution of the flow field perturbations at and around the neutral stability
operating condition will then be investigated.

The model will also be tested and used as a prediction tool on existing low-speed

and high-speed compressors operating around their instable regime.
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Chapter 2

Meanflow Prediction

2.1 INTRODUCTION

A necessary part of the design of any aero-engine is the estimation of its
compressor characteristics. For the current investigation of the high-speed multistage
compressor stability, the knowledge of the meanflow quantities at the considered
operating point is essential. Both experimental or analytical programs can be used to
provide this infermation.

The most accurate source of information is of course experimental data.
However, as will be seen in Chapter 3, considerable meanflow information is required by
the extensive model developed in this thesis. Such data is seldom available in sufficient
detail for high speed multistage axial compressors because of the difficulty and expense
of a high-speed rig. Also, the computational algorithm requires such extensive meanflow
information for many operating points. Moreover, most of the meanflow data is required

near the neutral stability operating point: this includes unstable flows as well as flows on
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the verge of instability. As seen in Chapter 1, this region is very difticult to both measure
and model. At last, the data will only be valid for one particular compressor
configuration operating at one particular speed.

Since the purpose of this thesis is to get a physical understanding of the general
fluid mechanics phenomena involved with high-speed compressors instability, one
cannot restrict oneself to a particular set of observations.

Consequently, since the detailed steady mean flow quantities in the blade rows
and in the inter blade row gaps are required for the stability analysis later performed, an
analytical meanflow calculation needs to be performed. This internal flow modelling and
the accurate estimation of the off-design compressor characteristics is an issue for any
gas turbine engines company. However, for the purpose of this work, only the level of
sophistication required to capture the flow phenomenon essential for the stability
investigated is included in order to minimize the complexity of the fluid equations and to
get the best computational efficiency.

For this purpose, we develop here a mean line off-design prediction model using
a stage-stacking method [30]. This involves constructing loss and deviation models
applicable to high speed axial compresser blade rows. Such models rely on empirical
correlations from experimental data. The method develope<i will be tested on a range of
compressors and it is our belief that the degree of accuracy acnieved will be adequate >
capture the main meanflow phenomena that are important in actual high-speed multistage
axial flow compressors. The purpose is not to design an extremely accurate speed.ine
generator, but rather to get a general and adequate mean flow prediction. This trade-off
will be discussed often in this thesis.

The accuracy clearly depends on the correlation used: thus, the more experimental
data used to derive the correlations, the better the prediction will be ([30] versus [32]).

Improved predictions of the compressor characteristic can often be done by tuning the
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empirical parameters of the model. Actually, most of today's compressor performance
prediction tools are developed for one particular set of compressors, and the performance

of similar compressors is exirapolated from it.

Another way of looking at this method is to consider that it generates a fictitious
compressor map, that is realistic enough to behave like a real compressor.

The computerized method developed here requires as inputs the compressor blade
geometries at meanline, as well as the design rotational speed, Reynolds Number and
inlet flow angle [29]. This chapter will discuss the highlights of the method developed

for the mean flow prediction.

2.2 COMPRESSOR GEOMETRY

The compressor is modelled as a succession of blade rows and inter-blade row
gaps, where the inter-blade row gaps have a constant area and where the compressor area
changes only take place within the blade passages. This assumption is adopted for
consistency with the compressor stability analysis model. Also, the compressor is
assumed to have a constant meanline. The entire compressor model is shown in figures

(2.1.a) and (2.1.b).

2.2.1 Sign convention adopted

Angles and tangential velocities are positive in the direction of the rotor speed.

The velocity triangles used are shown on Diagram (2.1):
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rotor stator

Diagram (2.1): Velocity triangles

Camber is therefore positive for a rotor and negative for a stator, whereas stagger is

negative for a rotor and positive for a stator.

2.2.2 Blade row geomefry
It is essentially described on Diagram (2.2). The blade metal angles are
classically derived by:
e#
Bl =t+7 @1
e#
B =7 22)

B1 gas= B,* + incidence angle

B, gas= BZ" + deviation angle (negative for a rotor and positive for a stator)
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Diagram (2.2): Blade row geometry

If the blade camber is not zero, the curvature radius, the throat, and the throat turning are

defined in the following way:
R_ 1
cT T (% (2.3)
‘ 2 sin (%—’
4 =\ (3P + R +2(8)R)oos e+ &) ) -1 () X
y=Mcsin(E§Esin(§+%:)) (2.5)

and: throat turning= throat angle - leading edge metal angle
= 'Y - Bl* (2'6)

If the blade camber is zero, we get:
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¥=§
d - (8) cost-1 (3]

and: throat turning= 0
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(2.8)

(2.9)

We therefore get expressions for the throat area, the throat height and the mean radius

(figure 2.1.b):
Xihroat * Mleading edge 5 4 1) 2.10)
Aleading edge
Ad\mat=(d)- Xthroat - Xleading ed
ST 1+ ( Atrailing edge” Aleading edgd xuailirza;dgc'e;ém (2.11)
huwoat 1 4+ 1(d) sin Y ( Riipirailing edge” Rhubirailing edge_ ) @12)
hicading edge 2 o5 (9")\ RtiPleading edgé Ribleading edge '
R? . +RE, .
Rmean= constant = { hubieading edge __ °d3°2 UPleading edge
2 )
i} vihummmg cige ™+ Fipuaiing cage @13)
2
The B parameter is classically defined as:
_ U [ _Vplenum
B =2a Y Aduct Lol (2.14)



2.3 NON-DIMENSIONALIZATION

The reference quantities used to non-dimensionalize the flow quantities are the

inlet stagnation quantities:
P inlet stagnation pressure
T® inlet stagnation temperature

Vo= \] YRTY inlet stagnation speed of sound

RZ . +RZ.
1°= ’\/j'—ubz—-——ul'- mean radius

2.4 MODEL OUTLINE

2.4.1 Model assumptions
Raw and Weir [30] showed that the shape and the slope of a speed line can be

reproduced quite accurately - for the cases they considered - by only looking at the
velocity triangles at the inlet and at the exit of the blades at their mean-radius, i.e. the
triangles along the streamline that divides the flow into two equal halves. Therefore, for
the purpose of the analysis, a one-dimensional compressible flow is considered along the
meanline assumed to be of constant radius. The compressor geometry has been
described in section 2.2. Losses are assumed to take place within the blade row passages
only and rio meanflow redistribution is assumed to take place with the inter-blade row
passages.

It is important to note that empirical loss and deviation models are being used in
this model and that they do not claim to capture every meanflow phenomenon ir the

compressor. Also, they are highly dependent on the blade geometry used in the
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compressor. The models used {30,31,32] were chosen because they are the simplest
ones available in the open literature that consider a large range of compressor
configurations and parameters.

Furthermore, the losses and deviations that are associated with the meanline in
this model represent some average over the blade span. This will be of considerable

interest to the current investigation.

2.4.2 Sfage-stacking method

The individual blade rows are represented by velocity triangles at their inlet and
outlet which are simply stacked in series down the compressor flow path. Once the
overall compressor inlet flow conditions are known, they are used as the inlet flow
conditions for the first blade. The corresponding loss coefficient and deviation are
specified at the considered speed for the incident Mach Number, and incident relative
flow angle. This determines, with the mass conservation, the exit flow quantities.
Because no change is assumed to take place between the blades, these exit flow quantities
are used as inlet flow quantities for the following blade row.

The performance of each stage (mass flow, pressure ratio, adiabatic efficiency)
are therefore determined and stacked to get the whole compressor characteristics. As
pointed out by Steinke [33], the meanflow quantities obtained do not represent just the
blade performance at the meanflow radius, but the performance integrated along the

bladespan and therefore the overall compressor performance.

2.4.3 Semi-actuator mean flow guaniities
For the purpose of the investigation of high speed compressor stability, the blade

rows are modelled as semi-actuator disks (see figure 3.2). In this model [34], the blade
passages are replaced by straight channels inclined to the axis at the stagger angle. It will

be of some use to know the mean flow quantities satisfying the semi-actuator disk
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assumptions within the blade passage at the leading and trailing edges of the blades. As
will be justified in Chapter 3, the assumption is made that the losses are incurred at the
leading edge of the blade. Continuity and the knowledge of the total pressure within the
blade therefore provides the required meanflow information within the blade passages.

2.5 EMPIRICAL CORRELATIONS USED
2.5.1 Basic assumptions

The empirical correlations used to develop this flow field prediction tool are
mainly derived from Raw and Weir [30] and NASA SP-36 [31,32]. They rely on the
following assumptions:

a) The mean total pressure losses at minimum loss incidence, namely the cascade
losses and the secondary losses, are lumped together and are assumed to depend
on the diffusion factor and on the blade chord Reynolds number.

The empirical correlation between total pressure loss parameter and
diffusion factor developed by Raw and Weir [30] is an extension of that of
Lieblein et al [31] to diffusion related losses and secendary losses. Besides, it has
been extended to large diffusion factors where the cascade would be fully stalled
even at minimum loss incidence. It is shown on figure 2.2. Figure 2.2 actually

shows:

“"stcos B, =f(DFAC) @.15)
[

where @y, represents the losses at minimum loss incidence and where DFAC

represents the diffusion factor.

DFAC = 1 g2 + 5L (sin By ~ 32 sin o) (2.16)

This total pressure loss parameter is modified as a function of the blade chord

Reynolds number. It is shown on figure 2.3. The viscosity is taken from the
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Sutherland law:
B (Tyn (TotS
L (B (3

for air: To=491.6°R
S = Sutheriand’s constant= 129 R
Mo=0.1716 mP

b) The shock losses are a function of the incident Mach number and of the total
turning of the flow on the suction surface of the blade up to the throat. It is
interesting to notice that the shock losses have been interpolated to high subsonic
inlet Mach number. It is shown on figure 2.4.

c) The deviation correlations are derived from Carter's rule for an airfoil with circular
arc camber lines. These deviations are function of the diffusion factor as well as
the camber of the airfoil, as shown on figure 2.5. It indeed shows the rapid rise
of the deviation as the cascade starts to stall {diffusion factor above 0.55). Figure
2.5 actually gives F; and F; such that:

B2=|m, . .1 T +Fi+ Fp .9‘+B; for an inlet guide vane (2.18)
Vsohdxty.(l-c)

=(mg —— ] 7 +Fi+ P2 .9.+B; for a rotor or a stator  (2.19)
solidity . (1 -C)

m, is the Carter parameter defined on figure 2.6. This distinction between rotor,

stator and IGV was not made by Raw and Weir.
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d) The blades considered are originally double circular arc ( D.C.A. ) airfoils or sc
called 'T blades that are straight on a length J then followed by a double circular
arc section. However, for non-standard camber line shape, an equivalent 'J' blade

is calculated from:
E- (ﬁ; ; BE))
(]

where is & the actual stagger and Bl* and [32"l the actual inlet and exit metal angles

sin
1 (
C (2.20)

of the blade.

2.5.2 Construction of the loss-bucket model

The loss-bucket model represents the variation of the loss parameter with
incidence angle as a function of the incidence Mach number. It is therefore the essential
basis for the off-design performance prediction of the axial flow compressor.

The loss bucket is obtained from five basic lines shown on figure 2.7. A loss
bucket model can be expressed in terms of incidence flow angle and incidence Mach
number, or in terms of area ratio (up to throat) and incidence Mach number [30]. The
area ratio is used to evaluate the amount of acceleration of the incidence flow area

Aeading edge UP 10 the cascade throat area Aoy Indeed:

_Aproar d hyhroat 2.21)
Aleading edge $ Dieading edg&0S B1
The incidence flow angle B will be the quantity used for the loss bucket

construction. A typical loss bucket is shown on figure 2.7:

(@) Line 1 corresponds to the relative inlet flow angle (on the stall side) By, where
the loss coefficient starts to increase because of the separation of the flow due to

positive incidence and the proximity to full stall. It is to be noted that, as the
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(ii)

(iii)

Mach number increases, this increase of loss arises closer to the minimum loss
incidence because of the effects of the shock-induced separation on the suction
surface of the blade row. The onset of blade stall (originally suggested by
Lieblein [31]) is commonly taken at a diffusion loading level characterized by a
diffusion factor of 0.55.

Line 2 corresponds to the relative inlet flow angle for minimum loss By It has
been previously referred to as the minimum loss incidence angle.

It is defined from NASA SP-36 [31,32] as:

Bimi = (ic-igp) + By +K;.ip+n.6° (2.22)

ic - ipp is referenced as the reference incidence angle- 2D cascade rule
incidence. It is a function of the relative inlet Mach Number and the percentage of
the blade height from compressor tip as shown on figure 2.8.

K; is referenced as the correction factor. It is a function of blade
maximum thickness ratio as shown on figure 2.9.

iy is referenced as the zero camber incidence angle. It is a function of the
solidity and of the relative inlet flow angle as shown in figure 2.10.

n is referenced as the slope factor. It is a function of the solidity and of the
relative inlet flow angle as shown on figure 2.11.
Line 3 corresponds to the relative inlet flow angle (on the choke side) Bymic
where the loss coefficient starts to increase because of the proximity to choke.
This line exists only up to the critical Mach number where the blade can no longer
operate at a previously defined minimum loss. In other words, at and beyond the
critical Mach number, stall induced losses or shock induced losses become
significant at the same incidence. The current investigation showed that a relevant

position of this line can be determined by a interpolated choke margin between
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@iv}

1.02 (at critical Mach number) and the choke margin at Mach 0.4 (see Appendix
35).

Line 4 corresponds to the relative inlet flow angle By for "minimum" loss for a
Relative Mach Number greater than the critical Mach Number. According the
assumptions of Raw and weir [30], it occurs at a constant choke margin of 1.02,
ie. f‘—ﬁ?ﬂ = 1.02.

(v)  Line 5 corresponds to the relative inlet flow angle B, necessary to choke
the blade row. It is a unique function of the Mach number for isentropic flow,
determining by the analytical choking condition. For Mach number higher than
the critical Mach number, the flow is no longer isentropic and the shock losses

modify this choked line as shown on figure 2.7. These shock losses are assumed
to take place just behind the leading edge of the blade. We get:

Ql(l) hm; d 1 P Lhroat
Cos = = 2.23
Blc Q(Ml) hleading edgcc (%) P tieading edge )

P
where P—i—“—“—‘??—‘— represents the shock losses
tieading edge

The numerical implementation of these five lines is described in Appendix 5. It

has to be stressed that this is an empirically based model dependent on data such as the

critical Mach number, the minimum loss choke margin for incident Mach Number

greater than the critical Mach number, and the entire position of lines 1,2,3 on figure 2.7.

The current model uses a construction technique for all these parameters, somewhat

generalizing the prediction technique. This generalization of course can somewhat reduce

the accuracy of the predictions (less experimental inputs), but the inputs of the model are

now just the compressor geometry and the inlet flow conditions.

In Chapter 4 will be seen that using this self-consistent model, the main flow field
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phenomena are well captured and the predicted characteristics are still relevant. The

numerical implementation of this meanflow model will be discussed in Chapter 4.

As shown on figure 2.7, once these five lines have been positioned, three

expressions are needed: the minimum loss coefficient, the shape of the loss rise due to

stall, and the shape of the loss rise due to choke.

@

(id)

(i)

Mini I ficient:
It is determined by the empirical corielation defined at the beginning of section
25.1.
I . l {1 side of mini loss:
Raw and Weir found a good agreement with test data achieved by modelling this
loss rise as:
N
K (1 - Bimis ) (2.25)

where K=0.007, N=1.27, and B, in degrees

This value of K might need to be increased when the meanline incident Mach
number exceed 1.0.

I . he choke side of mini loss:
Raw and Weir found a good agreement with test data achieved by modelling this

( Bimic— B1 )
Bimic— Bic
An interpolation of their data showed that :

0.05
f(x)=0.1 ( —l—) -1 ) 2.26)
1-x

gave some relevant value for this loss rise.

loss rise by:



As a summary, the complete loss in each blade row is expressed as:

(i) a minimum loss (defined in Equation 2.15 and Equation 2.22)

(i) a multiplicative factor due to the blade Reynolds number (defined on Figure 2.3)

(iii) an additional loss due to the proximity of choke or stall (defined in Equation 2.25
and Equation 2.26)

(iv) a shock loss (defined on Figure 2.4)

2.6 SPEEDLINE GENERATION TECHNIQUE

2.6.1 Unchoked case
The choking mass flow is first established for the considered rotational speed and

inlet operating conditions. The speedline is then generated as a series of operating points
from a specified percentage of the calculated choked mass flow. The calculation stops

when the pressure ratio falls below one.

2.6.2 Choked case

When one blade row is choked, the calculation cannot proceed by incrementing
the mass flow since it is fixed. However, once a blade passage is choked, the exit static
pressure must be specified, since the choking condition only defines an upper bound for
the exit static pressure.

In order to calculate the flow on the choked part of the characteristic, the static
pressure at the exit of a choked blade is decreased from this critical static pressure. This
is equivalent to adding an expansion loss to this choked blade row. The blade row is now
operating in a "more choked" regime. However, adding this expansion loss changes the
inlet conditions to the downstream blade rows. One consequence might be to unchoke
the choked blades downstream of the calculated blade row. However, because of the
nature of choking, the aerodynamic conditions of the rows upstream of the choked row

remain constant during these calculations.
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This provides more calculation points to the speedline and more insight on the
vertical part of the characteristic where the mass flow is fixed because of a choked blade
somewhere in the compressor.

These incremental steps in expansion loss are applied progressively starting from
the choked blades at the rear of the compressor in moving towards the front. The choked
blades downstream of the choked blade being calculated are progressively unchcked by
incrementing the expansion losses of this blade. Then, the closest upstream choked blade
expansion loss is increased, which reduces its exit static pressure and might unchoke the

blade.

42



Chapter 3

Compression System Model

3.1 INTRODUCTION

A number of incompressible models have been developed to study the internal
unsteady flow of axial compressors. The current investigation however requires a
accurate model that captures the nature of the unsteady, compressible flow field in the
whole compression system, in order to address the stability issue of high-speed
multistage compressors.

Cumpsty and Marble [35] developed a two dimensional compressor model, with
blade rows replaced by compressible actuator disks, to trace the passage of total pressure
perturbation through high hub-to-tip ratio machines. The problem with the use of
actuator disks is, however, that the fluid mechanics inside the blade passage are not
captured. Moreover, modelling the capacitance and inertia effects accurately lead to a

somewhat unrealistic represer.tation of the circumferential cross flow as discussed by

Hynes [36].



Kaji and Okazaki [37] developed an interesting analysis based on the semi-actuator
disk theory to study the propagation of sound waves through a blade row. However,
they did not included entropy perturbations.

Hynes [36] addressed the issue of the use of actuator and semi-actuator disk
models in the study of inlet distortion, showing through examples how disturbances
interact with the system components.

The model developed in this chapter is based on a similar approach of the flow field
modelling as Hynes. A compressible semi-actuator disk model is developed with a
corresponding set of boundary conditions. From this model, the issue of stability in
high-speed multistage compression systems is addressed, both in the choked and the

unchoked case.

3.1.1 Compressor geometry

The compression system is modelled as a series of an inlet duct, a compressor, an
exit duct, a plenum (considered to model a combustion chamber) and a throttle, as shown
on figure 3.1.

The inlet duct of the compressor is taken as the first volume and the compressor
itself has one volume to represent each of the inter blade row gaps as well as one volume
to represent the fluid in the blade row. The final volume represents the exit duct of the
compressor. These volumes have a constant area (straight cylindrical channels) with the
compressor area changing only within the blade passages. The compressor is assumed to
have a constant meanline. The compressor geometry and the nomenclature are shown on
figure 2.1.

The blade passages are assumed to be straight channels, inclined to the axis at

stagger angle &, as shown in figure 3.2.
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3.1.2 Assumptions
(i) The model developed is actually specific to the geometrical assumptions

developed in the previous section.

(ii) The compressor is of high hub-to tip ratio so that radial variations of the flow
quantities are insignificant. The only significant radial variation assumed to take place is
actually the one in the mean pressure, in order to just balance the mean radial equilibrium
equation. However, all the perturbations are assumed to be independent of the radius.

It has to be pointed out that this certainly is the most serious limitation of this
model. Hawthorne et al [42] showed that in steady, incompressible, distorted flow two-
dimensional disturbances will develop into three-dimensional ones if there is a specific
distance in which the flow is allowed to swirl.

(iii) Viscosity and heat transfer are considered of little influence on the dynamics of
the compressor. These are not currently but could be included in the boundary conditions
in the compressor and some heat addition could be added in the plenum.

(iv) The amplitude of the perturbations of the flow quantities is assumed to be
sufficiently small so that the flow equations can be linearized around their mean uniform
and steady values. These values can be from design program (Chapter 2) or from

experimental data. We therefore get:

X=X+

3.2 OVERALL DESCRIPTION OF THE MODEL ISSUES

In order to address the stability issues associated with the compression system, a
stability analysis is conducted in a similar way to the usual hydrodynamic stability
analysis where a most general unsteady disturbance is added to the mean quantity. The
flow equations of the compression system are then linearized so that the stability issue

involves the examination of the growth of such disturbances. By expressing these
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unsteady disturbances as a harmonic series in time, the governing equation yields a
dispersion relation between the steady state compressor characteristics, the geometry, the
harmonic and the growth rate. This dispersion equation is then solved for the growth
rate: if it is positive, then the system is unstable, if it is negative, then the system is
stable. A neutral stability operating point can then be determined, as a growth rate of
zero. Moreover, the governing equations can be integrated, giving the transient behavior
of the flow field instability phenomena. They can also be integrated at operating regions
close to this neutral stability point, giving the behavior of the onset of these instability

phenomena.

3.3 INTER-BLADE ROW ANALYSIS
Under these assumptions described in section 3.1.2, the linearized equations

determining the two-dimensional flow field in the inter-blade row gaps and in the inlet

and exit ducts, can be expressed in the following way:

M ity
3p a5V, . dp 1. oVe . p. _
N p 3 +vx-§;'+}—(pg+ve—a-é—')—0 (3.1)
Axi n
38V, BV, . 1y 98V, _ 0P
P + p v B0 vpLyp O - S0 62
38Ve Ve . 1. 96Ve 1 00P
R A M A R (33)
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For a perfect gas, this equation becomes:

o8P\, AP Vo8 _ ., 3p . 3Bp v,
a:*v"ax*rae‘“at*v"ax*rae]

3.4)

These equations apply separately to each inter-blade row volume and to the region
upstream and downstream of the compressor (inlet and exit duct).

These equations are first solved for the static pressure. Differentiating equation (3.1)
with respect to x and equation (3.2) with respect to 0, and using equation (3.3), we
obtain:

Pop PP _1 .2 .y Veld pgp (3.5)

ox2 12 592 a2 ot ox T 59

The solution of this equation is of the form:

8P=ZA(x)ei‘°“‘i“9
n

Indeed, equation (3.5) is a wave equation which is solved using a spectral method for a
time dependence of disturbances of the form: e i Each spatial harmonic can be solved
independently and the general time dependence is obtained by Fourier superposition since
the problem is linear.

The substitution of this form of 8P into equation (3.5) leads to a second order linear

differential equation in A(x):

(1-m2) %Z—X% - 2iMc(LL+nMp |44 + [(@renmf-n2]a=0 @&
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MG A

This equation is then solved for 3P. Having 8P, basic algebra yields expressions for the
other perturbations.
We get, as a solution for a disturbance with time dependence € o

Static pressure:
P _ - AV \Y/ . V., \/ i
%‘E‘o[Y(‘%‘““%*“%)Bn°‘°+Y(‘%‘“B'a"+“’§)Cn°“"] 3.7
Density:
3p_ % oY v, - Ve, .V e
i ;O“ n-afe-)Bne'¢+{§%l+rB—éK+n—59—) C,,c\l'+1':,,eix](3.8)
5%’&= Y, [-aanei‘P-BrCneW-fE;-V‘Dneix] (3.9)
nz0
Tangenti locity:
No_ ¥ [-nByeie-nCyeiv+ (@2+22) Dot ] (3.10)
nz0
Total pressure:
Y OIp eies— ' QLG eV 7
o PRLALRY) L
oP _ v 2 2
Po %0 +——71 V2%+(m—+_\£‘ XaQ Dneix*'——'l—‘mﬂx elx
|1 LMZ a l+—'!---lM2 2
2 _
(3.11)
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ﬂt____i 1+—-2—I\/12 1+—2——NF'
T e +__7___[,,Y§,+(m+ )yg]Dne.x — LR
Y lpl a2 2 a 1+ 1p (3.12)
L 2 2 i
Flow angle:
Stanq _ ”[ na sz_a ip iy 4 QLD eix
tan o lgo ( + )B e'vY+ A € +Ven,e (3.13)
with:
P=0t+nO+oax (3.14)
y=0t+n0+pBx (3.15)
Ve
w+n-2
Y=wt+n@-——I x (3.16)
Vx
and:
1
‘mvx +“vxv0)-i _(.(Q+_"__‘.’Q)2+ﬁ(-223_--.1)
\ 92 2 a ra 2 2
o=-% ra 2 (3.17)
1.
a2
®V Vy V Vi 2, V2 1
n : W, NVey n% .
( B ) [ (248702 410 ;;-+1)F
(3.18)
1.3
a2

The perturbed flow quantities in the inter-blade row gaps have been set as a function

of the four complex coefficients By, C;, D, and E, which will be determined through

boundary conditions at the edges of the control volumes defining the inter-blade row
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gaps. These complex coefficients are constants which are determined partly by the inlet
amplitude of disturbance and partly by the interaction with the other system components.
Any change in these two seitings will result only in a change in By, Cy, Dy and E;,. In
other words, these four coefficients univoquely characterize both the perturbations in the

inter-blade row gaps of the compressor and the compressor setting.

Physical interpretation can be associated with the above four coefficients. B, and
C, represent the potential modes. They are also referred to as the pressure modes. By is
the upstream decaying mode and C, the upstream growing mode. They are found in the
incompressible models. The terms associated with them indeed reduce to the
incompressible form when the Mach number is low enough (Appendix 3). These
terms are the only ones that can have an influence in the upstream direction, and in
particular that can be felt upstream of the compressor. These terms strongly effect the
way in which the blade rows are coupled. Indeed, the strength of any coupling is
influenced by the rate at which these decay with axial distance. In particular, in the
upstream and downstream ducts, these terms directly determine the coupling with
upstream and dowastream components that might eventually be included in the
compressor system (dual spool compressors, etc.). At some critical distance (which
depends on the frequency, the harmonic and the operating condition), the influence of the
compressor can be neglected.

D, represents the vortical mode. The terms involving Dy, are also found in
incompressible versions of this model and are unaltered by the inclusion of
compressibility. They can be interpreted as vorticity terms which are convected with the
mean flow. Unlike, B, and C,, D, only exert an influence in the downstream direction,
since it is of convective nature.

E, represents the entropy mode. It is also referred to as the density mode. The

terms associated with E;, are absent from incompressible models. They indeed represent
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density inhomogeneities which again are convected with the mean flow. They alone of
the four coefficients contribute to a perturbation in entropy and do not contribute to any
perturbation in static pressure or axial velocity. Unlike, B, and C;, E,, only exert an

influence in the downstream direction, since it is of convective nature.

In summary, we get:

A, eind eikax giot| ____, Potential mode

+ B, ¢ind eikpx eiwt| ____, Potential mode
|+ Cp €in® eikcx ei0t| ____, Vortical mode
+ D, eind eikpx eiot| ____, Entropy mode

$X = (3.19)
where ©, ka, kg, kc, kp are complex numbers functions of @ and of the operating point.

Therefore, if we consider each spatial harmonic and each mode, we get:

8 X = A exp| - Im(kAlw)) x - Im(w)t] . exp[in9+iRe(kA((o))x+iRc(0))t] (3.20)

axial damping damping  harmonic wave frequency

The second exponential represents a travelling wave whereas the first exponential
actuaily represents the wave amplitude, axially growing or decaying. This relates to the
observations of Garnier et al [15].

If the Mach number is chosen to be small enough, the compressible flow solutions
reduce to the incompressible ones. which are derived in Appendix 3.

The case ®=0 reduces to the steady-state case, very clearly derived by Ham and
Williams [39]. It should however be pointed out that, at steady state, the potential modes

no longer contribute to perturbations in total pressure and total temperature.

3.4 BLADE ROW ANALYSIS

The blade passages are assumed to be straight channels, inclined to the axis at
stagger angle &, as shown in figure 3.2. The effects due to the thickness of the blades and
their camber are neglected. This is the semi-actuator disk_modelling technique [34]. The
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model of a blade row is similar to the one developed by Kaji and Okazaki [37]. The flow
in the blade relative reference frame is considered one-dimensional. This insures that
blade rows inhibit crossflow. Therefore, circumferential flow redistribution is only
possible in the inter-blade row spaces.

Similarly to section 3.3, the following equations determining the one-dimensional

flow in the blade row space are derived in blade reference frame:

Mass continuity:
8p Idp _ odw
oem— + W———=- ——
3 " P (3.21)
Momentum:
oow odw _ 1 0&P
+w =-
X E P 3.22)
Energy equation:
0P _ odP adp 3%
——t+w—=a (—+w—) .
ot ot ot 3 (3.23)

A solution for a disturbance with time dependence e i0t js obtained in a similar way
to section 3.3, the general time dependence being obtained by Fourier superposition since
the problem is linear. It has to be pointed out that, in the blade reference frame, for the

circumferential harmonic n, the disturbance frequency will now be ® + n Q, where Q is

the blade revolution frequency.
9. d. d25P
( —+w—)28P=a2 —

with &‘=E A(E)ei(w+nQ)t Q- engine rotation frequency
n

We get, solving for A(), the following flow quantities:
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B= 3 [(1B.c?+1Gaei¥]

Density:
§pﬂ= Y (Biei®+Caci¥+Epeix]
Yelociy:
by ; [-Baei®+Creiv]
Total pressure:
— Y (1-M)B, %+
o9 1
®_ 5 1+ oM 14120
'onsee Y M%“E"neix
14X g 2
I 7 M
Total temperature:
___7'1__(1 Mg)Bnc"P‘l-—:Yy—-
o 1+———M§ 1+——M§
ST _ 2
Te n;,, -_IT__Ecix
_ 1+ M

_Y——-(ng)c,,e:w

(1+M§)Cne“i’

(3.25)

(3.26)

3.27)

(3.28)

(3.29)

These solutions are expressed in the relative frame. To simplify the maiching

problem at the each boundary of each control volume, expressions (3.4) to (3.8) can be

expressed in stationary coordinates:

®+n) x

$=mt+n9-ntan§1rﬁ—(
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W-a cos &

(3.30)




©+nQ) (3.31)

\F=mt+ne-ntan§§-(

W+a cos &
§=mt+ne-nmn§§-‘—"”—'@l—8— (3.32)
W cost

In these expressions, the term n tan 5(2:-) represents a shift opposite te the rotation

direction because the staggering of the blade. The term Wfi :s E represents a shift in the

rotation direction due to the movement of the blade. Therefore, the sign convention
adopted in Chapter 2, where angle are measured positive in the direction of the rotor
rotation, now becomes clear (rotor stagger are thus usually negative).

The perturbed flow field quantities within the blade passage depend o three
coefficients Bn. Co, i-"Tn Ba and Cn correspond to the potential modes and are similar to
B, and C, in the inter-blade row gaps. Similarly, En is the entropy mode. Due to the
one-dimensionality of the model within the blade passage, there is no vortical mode.
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As seen previously, the Fourier coefficients defined in the bladed and unbladed
regions are coupled via boundary conditions. Two sets of boundary conditions need to
be specified: one at the leading edge of the blade, one at the trailing edge, in order to track

these Fourier coefficient from the inlet of the compression system to the exit.

In the upstream gap, four Fourier coefficients are specified. Three boundary
conditions are therefore required to define the three Fourier coefficients within the blade

passage. These conditions are to be applied in the blade reference frame.
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volumei+ 1

plane 2i plane 2i + 1
Diagram (3.1): Leading edge boundary conditions notations

(i) Continuity

8p1 + 8VX1 =spz + SVXz
P1 vxl P2 vxz

(3.33)

The subscript 1 denotes quantity at the leading edge to be evaluated in the upstream
volume and subscript 2 quantity at the leading edge to be evaluated in the blade passage,
as shown in Diagram (3.1).

(ii) Relative total temperature conservation

8T, = 8Ty, (3.34)
(iii) Total pressure losses

They are assumed to occur at the leading edge of the blade. Indeed, the influence of
the blade curvature is important at the leading edge. Also, this is relevant to the mean

flow calculation (Chapter 2).

In order to capture the loss characteristic of the blade row in unsteady flow, the

model originally suggested by Emmons et al [1] for unsteady losses is applied:

qmsd{ﬁss = Quasi-steady Loss - Loss (3.35)
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where Ty o4 is a boundary layer delay time, which is typically of the order of magnitude
of the time it takes to an eddy to convect down through the blade passage.
Thesefore, for a disturbance with time dependence e i, we get:

Quasx swady Loss (3.36)

Loss =
141i0T0ss

where the loss is defined by the loss coefficient oy

OLoss = - D2 P = gy oo (tan By, Mn ) (3.37)
Pu - Ps1

We get, in terms of the perturbed quantities:
[’(&)l] ’8P81 )Ol.oss

d )
l (Py - Psl)[ OlLoss Stan oy +aﬁ3138MRl

6P(2=&;1 + T 1

141070 (3.38)

In equation (3.37) and (3.38), ® represents the frequency of the perturbation whereas

O s TEpresents the loss coefficient. Here again, it must be pointed out that in case of a

rotor, this boundary condition has to be applied in the relative frameso that w is replaced

by (@ + n Q).
3.5.2 Trailing edge boundary conditions

In the upstream blade row, three Fourier coefficients are specified. Four boundary
conditions are therefore required to define the four Fourier coefficients in the downstream
volume. These conditions are, here again, to be applied in the blade reference frame.

(i) Continuity

8p1 + svxl - spz svx;
P1 Vx, P2 sz

(3.39)

The subscript 1 denotes quantity at the trailing edge to be evaluated in the upstream blade
row and subscript 2 quantity at the trailing edge to be evaluated in the blade passage, as

shown in Diagram (3.2).
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volume i 2 volumei + 1

plane 2i plane 2i + 1
Diagram (32): Trailing edge boundary conditions notations

(ii) Relative total temperature conservation

8Ty, = 8T, (3.40)

(iii) Relative total pressure conscrvation
All the losses are assumed to take place at the leading edge.

oP,, = &P, (3.41)

(iv) Deviation condition
Here again, in order to capture the deviation characteristic of the blade row in

unsteady situation, a similar model to the unsteady losses is applied to the unsteady

deviations :

d B2
TDCVi?.lion d_Bt = stmady-s[a[c - Bz (3'42)

WNeEre Tpeyiation Nas the same physical features as Ty .

Therefore, for a disturbance with time dependence e 1@, we get:
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Quasi-steady Deviation (3.43)
1+i @ TDeviation o

Deviation=

Since By = B (B1 intet » Mr inley)» We get, in terms of the perturbed quantities:

‘n _ 1 9B, 9Pz
o2 = 1 +i O Tpeviation [aﬁ, % +3Mm SMR‘] (3.44)

Here again, it has to be pointed out that in case of a rotor, since this boundary condition

has to be applied in the relative frame,  has to be replaced by ® +n €.

3.6 STACKING METHOD

Since we are only interested in the undistorted flow case, there is no coupling
between each spatial harmonic. We will therefore restrict our consideration to a particular
n.

As discussed in secticn 3.5, there are four unknown constants in the description of
the flow field in each of the control volumes upstream and downstream of the blade row
and three in the description of the flows within the blade row itself. If the upstream flow
constants are known, then the leading edge boundary conditions are just sufficient to

determine the blade row flow and the four trailing edge determine the downstream flow

constants.
This is expressed analytically as:
-
M Vy D,,‘ =MBy |G, (3.45)
i ~
En, En,
(leading edge boundary conditions)
By, g“iﬂ I By,
M B2i+1| Gy, |=M Vaiy D:‘*: +MVCaiy IC),,nl (3.46)
~ 1+ 1
Eni Eﬂi+l \ Eﬂi
(trailing edge boundary conditions)
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where:

— MVy; is the 3*4 matrix associated with the modes of volume i at the leading edge of
blade i

— MBy; is the 3*3 matrix associated with the modes of blade i at the leading edge of
blade i

— MBy;, is the 4*3 matrix associated with the modes of blade i at the trailing edge of
blade i

—  MVy;, is the 4*4 matrix associated with the modes of volume i+1 at the trailing edge of
blade i

— MVCy;,; is the 4*4 matrix associated with the modes of volume i at the trailing edge of
blade i

The expression of the above matrices is defined is Appendix 4.

Some elementary algebra leads to:
anm \ By
. R Ca:
&‘“ =M V3,1 (- M VCis1 + MBaiss MB3i MVg;) | ™ (3.47)
i+1 Dy
\Engyy En
fgniu \ g"i
it = Aj(o) | | 3.48
Dﬂi+1 l( ) Dl‘l| ( )
lEﬂiﬂ J Eﬁl
Finally,
B"‘N-i-l \ Bnl B"l
CnN+l Cﬂl Ca
= AN(0) AN-1(®)--- A} () =A (@M 3.49
Digsy Di, Dy, G4)
EﬂN+l Eﬂl Eﬂ1

3.7 STABILITY ANALYSIS FORMULATION

The inlet flow field of the compression system is assumed to be clean and

59



undistorted. Neither vorticity nor entropy perturbations are convected down the inlet
duct. An upstream growing pressure mode is physically non-existent. Therefore, the
only mode present at the inlet of the compressor is an upstream decaying one.

In terms of vector modes, we get, for am arbitrary amplitude:

1
G | (8) (3.50)
0

The exit duct cannot physically contain any upstream growing pressure mode.

In terms of vector mode, this means:

B“N+l 0
CﬂN+1 X
= (3.51)
Dnnyi y
E“N+l z
Therefore, the compression system operating conditions is determined by:
0 1
X1=A () (G) (3.52)
y 0
z 6
where A (w) is the combination of matrices defined in Equation 3.46
This leads to the dispersion equation:
A@@an=0 (3.53)

This, of course, is a function of the operating point, of the compressor geometry
and of the disturbance frequency. This formulation of the compression system operating
conditions defines a non-standard eigenvalue problem.

It should be pointed out that the downstream components do not interfere with this

matching condition. Indeed, the flow field in the plenum and downstream is
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axisymmetric.

This matching condition concerns only the compressor for the non-zeroth harmonics.

This is not the case however for the zeroth harmonic.

The perturbations at the exit of the compressor must be matched with the

downstream components of the compression system. Further modelling is therefore

required:
(i) Plenum
The plenum is assumed to respond isentropically to its density changes:
5: plenum _ ¥ 6P}zlenum (3.54)
plenum Pplenum
(ii) Throttle

The throttle is assumed to act as a quasi -steady choked orifice. This will exist

from a one-dimensional point of view if:

¥
Pex < ( 1+1'—1-}?-1 = 1.893 (3.55.a)
P, 2

Since we are usually considering high-speed machines with pressure ratio greater than

two, this seems to be a reasonable assumption. We can therefore assume that the

corrected flow is censtant.
tighrottle Y Tpienum : / Y . .
=4/ — D (M) = constant if chokec 3.55.b
Pplenum Athrottle R M) ( )
Y+1
y-1._ 2%
where D(M)=M(1 +—2—M)2(Y-1) (3.56)

D (1)=0.5787 for ytakento be 1.4
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tivhrottle = VY D (M ) Ashrottle YPplenum Pplenum (3.57)

By linearizing, we get:
m - _1_( dPplenum + dpplenum ) (3.58)
Mgproule 2 \ Pplenum  Pplenum

The continuity equation for the plenum leads to:

. . d ppl
Mexit compressor duct Mthrottie = Vplcnum—ppd—‘;""“—''nl (3.59.a)
. . dd
&iyhroste = Othexit compressor duct Vplenum"Ji;%lllﬁ (3.59.b)

since e xit compressor duct_ 8 Pexit compressor duct L OV exit compressor duc |

Thexit compressor duct Pexit compressor duct Vx exit compresser duct

we get Equation 3.60:

SPexit compressor duct + dVx exit compressor duci
Pexit compressor duct VX exit compressor duct

—y Vplcnum Pexit compressor duct d 3P plenum

: _y+1 spplenum__:() (3.60)
a2 thegxit compressor duct dt{ Ppleaum

2y P picnuimn

This equation must be satisfied for the Oth harmonic. This leads to the matching condition

specific to the Oth harmonic:
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i ifa_1 1, ]
(!al_l)c (81_&. UCt)
a
Y By
*1-x : Y [T .
a +_YéLl:imvzvplcznu.mPexxtcompduct_‘Y;l]e (31-_-\1JL “c)
L a“ Mexit comp duct a i
[ i-o 1y ]
a
+%—L—17_ Cons
X X .
1+ a +Xa3-[i0)‘)’2 Vpleznu.m Pexit comp duct _'Y'; 1];(—%1 +yll"d“°‘)
5 a® Mexit comp duct a i
-i
+Eog, €y, dwet=0 (3.61)
In a more condensed form:
b (@) Boy,; +¢ (0) Coy,y + Eoyyy =0 (3.62)
We therefore get from:
ggNNH 1
+1 ___A (@) 0
Doy, 0 (8 (3.63)
E0N+l
b (@) Boy,,; +¢ (@) Coyyy + Eonyy =0 (3.64)

In other terms, we get a dispersion equation of the form:

b(@)Ag(0)(1,1)+c(0)Ag(0)(2,1)+Ag(0)(4,1)=0 (3.65)

This is a function of the operating point, of the compressor geometry and of the

disturbance frequency. This formulation of the compression system operating conditions

defines a non-standard eigenvalue problem, in a similar way to the non-zeroth harmonic

casc.
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Unfortunately, as can be seen, the dispersion equation f( ® , m )=0 cannot be solved
analytically for both the zeroth and non-zeroth harmonic cases. A specific numerical

approach will be exposed in Chapter 4.

3.8 CHOKED CASE
A choked blade row aliows all the periurbations to travel downstream, but none can

travel upstream. Indeed, for a choked nozzle, perturbations in the inlet total pressure are
still found downstream, but no downstream perturbations can propagate upstream.

The choking condition implies that the mass flow function at the leading edge of the

choked blade remains constant:
1 Y+ 1
——L-— '\/ M(1+Y MZ)Z(Y 1) = constant (3.66)
A Picos o

This actually specifies an additional constraint to the previously defined set of
equations. Since such a constraint is to be applied at each choked blade row, this
specified the allowed perturbations. This set of equation is sufficient to conduct a stability
analysis for the blade rows upstream of and including the choked blade: here, the
compressor actually decouples.

Since at the choked row all perturbations pass frecly downstream, the problem is to
choose the additional perturbations to be added at the exit the choked blade (inlet of the
sub-compressor) in order to conduct a sub-stability analysis. However, as will be seen in
Chapter 6, as one operates closer and closer to a choked operating point, the perturbations
in static pressure become larger and larger. Moreover, when one operates on the chokea
part of the speedline, an additional expansion loss is defined (Chapter 2) specifing the exit
static pressure of the blade row. It seems therefore reasonable to add at the exit of the
choked blade rows an additional perturbation in static pressure (potential perturbation) to

the ones corning from upstream of this blade, to conduct a sub-stability analysis of the
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sub-compressor downstream of this blade.

It should be pointed that the perturbation in static pressure at the trailing edge of a
choked blade can be large enough to unchoke the blade. This case will not be considered
in this study, for the main reason that the linearization is not valid any more - the
perturbated quantity is now large enough to change the operating mean quantity which
violates the approach of this study. However, this limitation does not change the validity

of the formulation of the next sections.

3.8.1 Zoundary conditions

Boundary conditions across an unchoked blade row within a choked compressor

are obviously unchanged.

+ Vs, (3.67)

(ii) Relative tofal temperature conservation

OT,, = 3T, (3.68)
(i) Total pressure losses
The expansion loss, as defined in Chapter 2, is not to be included in these losses. It

actually takes place within the blade passage, between the throat and the trailing edge.

8Ptg_&)l + 1 '(&,tl'apsl)%ss
= &Py, -

i RUS Y Pt +%GIM§T M) e

These three boundary conditions are exactly similar to the one applied in the unchoked

case. However, as pointed out previously, since the blade is choked, an extra boundary
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condition arises at the leading edge:

(iv) Choking condition
p VX{T_
Pt 05 O = constant (3.70)
9p 8V 18T & &osa.g G.71)

P Vx 2Ty Py cosa

In terms of vector modes, we get:

PRALEY: S M
Y-1
w(M2o1)| —2—ori(pYainYe) Ll eiv
1+ ¥ 1m2 ® y
2

2
e 1-M [nv"+—Q(rm+nVe)]Dnc'X
M2‘1+7'1M2, 82 a
2

1- M2 Epeit=0 (3.72)
2(1+ M2)
or: 0 (@)Bn+PB(0)Ca+Y(0)Dy+8(0)Ey=0 (3.73)

(3.74)
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oT,, =0T, (3.75)

(iii) Total pressurz losses
The expansion loss, occuring within the throat and the trailing edge, is assumed to

take place at the trailing edge.

‘(aptl‘apsl)mExpansioan

OWExpansion Loss O®@Expansion Loss
- - tan M
(Py -Ps, )[ dtan a dtan &y + OMR, Mg,

(3.76)

(iv) Deviati gt
This is still valid in the choked case: a change in the inlet flow angle can move the
shock position and still affect the exit flow angle.

- 1 9Bz 9Pz
Rk v —— [aﬁl 51 *‘MSMR;] (3.77)

Conditions (i), (ii), (iv) are similar to the ones in the unchoked case.

3.8.2 Stabilit Rysis £ lati

As seen above, the compressor actually decouples at the choked blades. However,
an extra constraint as well as a new variable corresponding to the exit static pressure must
be introduced. Since the problem is linear, we will investigate the actions of the inlet
potential perturbations and of the additional static pressure perturbations at the exit of each

choked blade.
In the following formulation, ic,, represents the number of the mth choked blade

row, whereas a;, represents the amplitude of the static pressure perturbation at the exit of
the ic,, ,th blade. This is illustrated on Diagram 3.3.
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In this section, the formulation will be explicitely done for the first choked blade
row. The extension to r choked blade rows is relatively simple but requires some

algebra. The overall result will however be presented.

(i) Eirst choked blade row

First choked blade (#1)

al
amplitude of
potential perturbations

Leading edge shock
r'n! 'yE '{3 _
4!"1\ cosol 0
Diagram (3.3): First choked blade

We get up to the first choked blade:

B“icn . 1 1
Coiey | _'H 0 0
DniCl = A (). (0)-31 =A (('))i-—)iCl-l . (O) 4 (3.78)
Eﬂim k=1 0 0
a
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The additiopal choking condition of this choked blade can be written, using the same
conventions as in section (3.8.1.1):
Putting together the previous expressions leads to:
[aiCl(m)A @) > icy - 1D + Bicy(@) A @ 5 i -1 @D *] a;=0 (3.80)
1= .
Yiey @ A (@); 55 iy - 16D + Bigy (@) A (@) 5 iy - 1 4D
Fi1(w).a;=0 (3.81)

At the exit of the first blade row, an additional static pressure perturbation of amplitude a;
is added:

B“ic1 +1 B"ic1 1
C“ic1 +1 Cﬂi 0

=Aigy (@)| e [+181). 2 82
D“im +1 IC1 D"ic1 8 (3.82)
E“"icl +1 Eﬂicx

(iii) Last choked row (ic,))

After some algebra, we have similarly:

Fni(®)ay+...+ Fppn(@)ap=0 (3.83)

And the additional static pressure perturbation:

BnN+l 1 1
Con 0 0
Dy =A((!))1..)NO .a1+A(m)iC1+1_,No Lapt. ..
N+1 0 0
EnN+l 1
e+ A (@), +1 5N 8 - 41 (3.84)
0

In summary, we get:
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Fi1(w@)a
F21 (@) a; +Fn (0)a =0 (3.55)
Fai(w)a; + . +Fun(®)a,=0
where:
Fpq(0) =aic, (0) A (@) +1ic,- (LD
+Bic, (0).A (@)ic, +1-5ic, - 12D
+46, (0).A ()i, +15ic,- 13D
+8c, (0).A ()¢ +15i¢,-141) (3.86)
(3.87)

B
with: A (©)g-p= [] Ak (0)
k=a
This latter expression now needs to be linked with an exit stability condition (surge/stall),
in order to fully define the stability analysis formulation.

1) n#0 (rotating siall)

As seen previously, we need for the non-zeroth harmonic to get:

BnN+l
0
CﬂN+1 = [
DI"NH (3.88)
F‘“N+l
This can be expressed in terms of matrices as:
A(o)y N1, 1)+ A (0 +15N(1, 1) g+
o+ A (0 +15N (1, 1). 254 =0 3.89)
or: Fae11(®)a +--- +Fpe1ns1 (@) a4 =0 (3.90)
nz0 (3.91)

with: Fre1 (@)= A (@), +15n (1, 1)
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2) n=0 (surge)

As seei previously, we need for the zeroth harmonic to get:

b(®@)BN+1 +¢ (@) CNet +Ene1 =0 (3.92)

This can be expressed in terms of matrices as:

Fper1(@)ay+--- +Fpyine1 (0) 8541 =0 (3.93)
where:
Fra1q(@)=b{@)A (0)ic_ +15N(1,1)
+e(@)A (@) +15N(2,1)
+A (@) +15N(4,1) (3.94)
3) Conclusion
We get, for both the surge-like and the stall-like stability analysis, the following
formulation:
F1 1(w) 0 0 0 0 a) 0
Fi1(@)  F22(w) 0 0 0 a
: : . 0 0 : =| (395
Fpn 1(w) Fp 2(w) e Fp n(w) 0 an :
Fn+1 1(0)  Fns1 2(0) e o+ Fprrne1(@) ] Lapy 0]
which can be written as:
a 0
az :
[M(w)] . = (3.96)
an :
An+1 0

The stability analysis therefore consists of solving the following dispersion equation for o :

Det[M(w)] =0 3.97)
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Chapter 4

Computational Description of the Model

4.1 INTRODUCTION

A computational tool [29] has been developed to solve the compression system
flow fields in order to predict the steady compressor performance, as well as the neutral
stability operating conditions and the operating conditions around this neutrally stable
point. The calculation consists of three parts. The first part solves the governing
equations for a undistorted steady flow. The second and third parts add a most general
unsteady disturbance to the previously calculated solution of the mean flow. They
determine the growth rate of the perturbations, indicating the stability of the compression
system. The second part determines the stability operating point, whereas the third part
solves for the structure of the travelling waves about this operating point. This chapter

dicusses detatils of each of these calculations.
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4.2 MEANFLOW CALCULATION

The meanflow calculation uses a classical stage-stacking method explained in
Chapter 2. An empirical model for losses and deviations have been deferred in this
chapter. However, the major computational problems come from the fact that most of
the correlations used to the meanline performance deviation and losses prediction are
defined through implicit relations, as stated in Chapter 2. Most computational algorithms
are therefore iterative schemes with some adaptative relaxation included.

In the stacking process, when all the conditions at the inlet of a blade are known,
an iteration is performed on the density ratio across the blade. Once the exit density is
assumed, the exit axial velocity and the diffusion factor are specified. An iteration is done
for get the exit flow angle from the diffusion factor. Then, the minimum loss operating
conditions are determined and the loss bucket is constructed, which leads to the loss
coefficient, and to a new density. An original construction of the loss bucket is developed
in Appendix 5.

Some zpeedlines generated by this model are shown on figures 4.1.a to 4.1.e. for
low speed machines, and on figures 4.2.a to 4.2.f for high speed machines. Both
pressure characteristics and adiabatic efficiencies can be evaluated. In both cases,
predictions and experimental data are in reasonable agreement. The geometry inputted to

these mean flow calculations are included in Appendix 1.

4.3 NEUTRAL STABILITY CALCULATION
In Chapter 3, the formulation of the unsteady compression system operating
conditions was set. Basically, for a given geometry, the only valid disturbances are

determined in order for both their frequency and the operating point to meet the

dispersion equation:

flw,m)=0 4.1
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The above formulation defines a non-standard eigenvalue problem, where the
eigenmodes of the compressor are determined by the values of @ for which there exists a
flowfield perturbation at the specified operating point m.

If the operating point is fixed, we get:

f(®, mfixed) =g(@)=0 4.2)

From Equation (4.2), the neutral stability point is obtained for a zero growth rate

of the disturbances, i.e. Im { @) = 0. A positive imaginary part would indicate a stable

mode and a negative imaginary part an unstable mode. This condition on w defines the

operating point at neutral stability. Therefore, the stability analysis consists of solving

Equation (4.1) with the stability condition Im ( ® ) = 0. This determines a specific

neutral stability operating point and a corresponding specific eigenvalue of the system, @,

the neutral stability frequency. From these values, the modes and the perturbed flow field

quantities can be determined everywhere in the compressor, as stated in Chapter 3. This
leads to the transient behavior of the flow field instabilities at neutral stability.

A convenient way o solve this problem is to use the Nyquist criterion.

4.3.1 Nyquist criterion

Let g ( ® ) be some single-valued function analytic in a given region of the
complex plane except at a finite number of points. According to this criterion [38], given
a closed contour C (C oriented anticlockwise) in the complex plane so that g ( ® ) is

analytic at every point on C, we get:

511? AcArg ( g(@) ) =Nzeros- Npoles (4.3)

where AcArg ( g(@) )represents the change in argument of g ® ) around C and
where Npgles and Nzerosare the number of poles and zeros inside the contour C
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This criterion is illustrated in Figures 4.3.a and 4.3.b. This criterion is very
efficient in a sense that the evaluation of g ( ® ) around a contour gives insight on the
behavior of this function inside this contour: instead of scanning through the whole

complex plane, one only needs to evaluate g ( ® ) around a contour.

4.3.2 Neutral stability algorithm
For the neutral stability analysis, since the bouandary is setby Im (@ ) =0, a

Nyquist contour of a shape similar to the one on Diagram (4.1) is used (see section
4.3.3).

For a fixed mass flow, the function considered is the dispersion function g ( @)
as defined in equation (4.2) and the Nyquist criterion leads to the number of zeros minus
the number of poles within the above contour. The zeros of g( ® ) cannot be determined
analytically, but its poles can. Indeed, if one looks at the stacked matrices shown in
section 3.6, two matrices must be inverted at each blade:

(i) MB,; which is always invertible
(i) MV,;, which is not invertible, but of which we can analytically compute the
determinant:
det (MV2i41) = A(r2m2+2nrvem+n2(V2-a2)) (r2(o2+2nrvea)+n2V2)
(4.4.a)
where A is a constant depending on the mean flow.

This yields to the following poles for each blade row:
%%2: -MgtV1-M2 (4.4.b)

These poles actually correspond to Im (& ) =Im (p ) = 0, where o and B are
defined in section 3.3. This corresponds to a pure oscillatory mode in the inter-blade

row gaps.
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Diagram (4.1): Nyquist contour (Neutral stability prediction)

The poles of the dispersion function g ( @ ) are therefore known and their number
within the Nyquist contour specified. By evaluating g ( @ ) along this contour, the
number of unstable zeros at this operating point is determined. An iteration can be
conducted on the mass flow in order to determine the neutral stability mass flow at which
the zeros lie exactly on the real axis. Once this mass flow is determined, the eigenvalues
are set such that Equation (4.2) is satisfied. This sets the neutral stability frequencies.

At this operating point and at this neutral stability frequency, the modes as well as
the perturbed flowfield quantities are predicted along the compressor axis.

A reasonable investigation width for the Nyquist contour is set for the harmonic
considered, in order tc improve the computational efficiency. For non-zeroth harmonic,

the zeros are excepted to lay between -n and +n. For the zeroth harmonic, a reasonable
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width is half of the Helmholtz frequency of the compression system:

U
WHelmholtz = 2. B (4.6)

A reasonable depth for the Nyquist is to be chosen too, for practical numerical
consideration.

As stated in section 4.3.2, the peles of g ( ® ) corresponding to the oscillatory
modes lay on the real axis and are therefore most likely to be on the Nyquist contour. In
order to meet the hypothesis of the Nyquist criterion that g ( ® ) must be analytic at every
point of the contour, the Nyquist contour must adapted in order to circle these poles. A
similar check is done for the other poles so that they do not lay on the contour.

As seen in Chapter 3, the dispersion function is deﬁved from the expressions of
the pertubations of the flow field quantities within the blade rows and within the inter-
blade rows passages. However, the two potential modes in the inter-blade gaps are

expressed as a function of two coefficients o and B of the form:
a=o(0)=u(w)-i(v(w))2 (4.7)

B=B(@)=u(w)+i(v(w))? 4.8)
where u (® ) and v { ® ) are complex functions of the complex frequency @ and of the
operaling point (see section 3.3). o is indeed set so that Im ( @ ) is negative in order io
characterize the upstream decaying potential mode. [ similarly characterizes the
upstream growing mode. The usual way the complex square root function s172 is defined
leads to a discontinuity where the argument of s is &. If we map the square root function
where the values of s scan different contours of the complex plane, we get the patterns on

Diagram 4.2:
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Diagram (4.2): Square root function discontinuity

In order to apply the Nyquist criterion, o (® ) and  ( ® ) need to be continuous and
single-valued along the contour C. This means that the square root funciion must be
appropriately defined in order not to present the discontinuity where the argument of v(w)
is . A "flip" of the usual square root function is specified by inspection of the
neighbouring values of v ( @) along the contour. This is shown on Diagram (4.2).
Another way of performing this calculation would be to adapt the Nyquist
contour such that the image of the contour through v ( ® ) does not include the
discontinuity point of argument %. In other words, this means indenting the Nyquist

contour so that frequencies such that:

2 2 .
-(ﬂ+nle. +ﬁ -VL+1 = Rel®
a Ta 1'2 a2

or rather
2 1
m=_9_vﬂi[ﬁ(1_!§_)_ Reiﬂl2 (4.9)
T 2\ a2

do not belong to the contour. We get Diagram 4.3:
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Diagram (4.3): Possible Modified Nyquist Contour

Looking back to Equation (4.1), it is of considerable interest to be able to
determine, for some specified mass flow, the flow field perturbations along the
compressor axis. More specifically, what do these travelling waves look like, what do
their frequency and damping look like? The operating point must be close to the neutral
stability point in order to such travelling waves be observed, because of the damping
term.

Since the operating point is fixed, the eigenvalues of the compression system are
now fixed. The Nyquist Criterion is again used to determine them. The same
computational techniques as described in section 4.3.3 are used. However, in this case,
instead of iterating on the mass flow, an iteration can be performed on the ‘upper bound’
of the Nyquist Contour to determine the position of the eigenvalues in the complex plane,

as shown on Diagram 4.4.
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Diagram (4.4): Nyquist contour (travelling wave prediction)

Once the eigenvalues of the system are obtained, the damping, the wave
frequency, and the axial damping are known. The travelling waves are consequently fully
determined for the considered spatial harmonic. At this point, the global perturbations

(including several harmonics) can be iracked along the compressor axis.
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Chapter 5

Prediction of low speed compression system stabilily
and comparison between low and high speed model
predictions

S.1 INTRODUCTION

The objective of this chapter is to validate the compressible model developed in
this thesis with calculations on low-speed compressors. Indeed, (i) experimental results
are available and (ii) results can be compared to the ones obtained from simple
incompressible models. In low speed machines, the flow is pretty much incompressible
so that the incompressible models presented in Chapter 1 capture relatively well the main
flow field phenomena. Moreover, such incompressible models lead to an analytical
solution for the stability margin. Once the compressible medel validated, it would
therefore be of considerable interest to assess the range of validity of such incompressible
models.

Once these effects quantified, an investigation of the stability margin and of the

rotating stall precursors using this detailed compressible model will be conducted.
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An incompressible stability analysis has been performed in Appendix 3 for a low
speed axial flow compression system operating with clean inlet flow. It is an extension
of the Hynes-Greitzer model to compressors whose pressure rise coefficient and exit
flow angle are sensitive to the inlet swirl and that are operating with non-axial inlet mean
flow. This extended incompressible model includes a number of compressor features in
order to be as close as possible to the actual behavior of axial low speed compressor.
However, a analytical solution to the stability analysis can still be obtained.

Such an analysis can be used for (i) testing the validity of the compressible model
developed in this thesis on simple low speed incompressible cases, and (ii) comparing
the incompressible features of stability margin with the compressible ones.

For the simplicity for the calculations performed in this investigation, an axial

inlet mean flow has been assumed. We get, from Equations (A.3.22) and (A.3.23) with
o1 =0, a neutrally stable flow coefficient ¢ns defined by:

) [ 1
(a¢)¢Ns aal)dms cosZ o s G-

It has to be pointed out that all harmonics become unstable at the same flow coefficient.

The corresponding frequency wys is therefore:

2 - (a"’\ 1 (9a os
roNg dag ’¢Ns [n| dns 00 Jons In| cos2 ap
nUu 2

()

Calculations have been performed on the C106 single-stage compressor described

(5.2)

by Longley [13] and whose geometry is shown in section (A.1.3). In order to compare
the incompressible analytic solution to the compressible stability analysis calculation

developed in the previous chapters, the compressor geometry was adjusted in order to
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have no inter-blade row gaps. Neither unsteady losses nor deviations were assumed.

Figure 5.1 shows the neutral stability frequencies obtained from both the
compressible calculation and the incompressible analytical solution for the first four
harmonics for the range of blade Mach number varying from 0.04 to 0.3. As can be
seen, the compressible calculation results match exactly the analytical solutions for
sufficiently low Mach numbers. The flow coefficients were very similar too (0.5% in
relative error at M=0.2).

Shown in figure 5.2 is the relative difference on the neutral stability frequencies
obtained from the compressible and incompressible models. It has however to be
pointed out that the lower the harmonic is, the higher the relative error is. For blade Mach
number up to 0.35, the error is less than 2%. A interpolation using the least square
method performed for values obtained for blade Mach numbers of 0.04 to 0.3 shows a
very good fit such that:

Ocompressible  _ o 1 . g (5.3)

Wincompressible 1/ 1 "M%la de

where A and B are obtained by the least square method for each harmonic. The form of

Equation (5.3) is classical and might be expected by the form of the equations derived in
Chapter 3 and Appendix 4. An expansion of Equation (5.3) leads to the classical form:

0.)compress1l.)le = A M%la e+ B (5.4
Mincompressible

However, for blade Mach numbers above 0.35, the neutral stability frequency
behavior starts to deviate from this interpolation, as shown in figure 5.2. The non-
linearities due to the compressibility are becoming significant. Besides, the harmonic

behavior is not captured anymore by the interpolation.

5.3)

The compressible model results being in excellent agreement with the theoretical
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ones for sufficienily low Mach numbers and for hypothetical compressor geometries, the
next step is to investigate the validity of this model on an actual multistage low speed
compressor. Apart from the incompressibility assumption relaxed in this medel, some
other flow features previously not included in stability calculations (unsteady losses,
unsteady deviations, inter blade row gaps, finite length blades, etc.) are now taken into
account. The current issue is now to evaluate the effec’iveness of this model in predicting
the stability margin. Calculations on low-speed machines where many experimental
observations are available will therefore bring some meaningful insights.

Calculations have been performed on a 3 stage axial compressor at MIT described
by Garnier [21] and whose geometry is shown in Section (A.1.2). The staggering is
referenced as the build #2. The actual compressor geometry was included in this stability
analysis and unsteady losses and deviations were taken into account. Different IGV
staggers were tested.

Figure 5.3 shows the experimental speedlines obtained for a range of inlet guide
vanes settings varying from -16.9 degrees to +68.1 degrees. Figure 5.4 shows the
predicted speedlines as well as the predicted stall point. It has to be pointed out that these
speedlines have been obtained through the one-dimensional meanflow prediction
algorithm described in Chapter 2 and Chapter 4, using the empirical correlations
described in Chapter 2 and Appendix 5. These latter correlations were originally high
speed correlations.

The superposition of the predicted and the experimental speedlines shows a very
good agreement. The only discrepancy consists in the flow coefficient range: the
predicted speedlines reflect the actuai compressor behavior but at a flow coefficient of
0.05 to 0.1 higher. This can be seen on figure 5.5 for an IGV se:ting of + 8.1 degrees.
Considering the relative simplicity of the meanflow gencration technique and of the

generic correlations used, the shape of the characteristic is very satisfying.
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Figure 5.6 shows the predicted and the measured stall flow coefficient for the
different IGV staggers. The above discrepancy in the mean flow coefficient range can be
observed. However, the trends of the stall operating point are well captured by the
calculation.

Shown on figure 5.7 is the predicted slope of the pressure rise coefficien: at
neuiral stability. Rotating stall is predicted to happen at a slightly positive slope. As
developed in Appendix 3, the slope of the compressor characteristic appears to be a
determining factor for the rotating stall inception point. However, the experimental
determination of this slope is very inaccurate as can be observed on figure 5.3. This is
mainly due to the finite amount of discrete measurements in the immediate proximity of
the stall point. However, positive slopes can be seen at neutral stability on figure 5.3 for
some IGV settings (+3.1°, +8.1°, +13.1°, +25.1°, +33.1°). As the IGV stagger
increases, the slope of the measured pressure rise characteristic at neutral ".cability appears
to be decreasing, which is in agreement with the trend of figure 5.8. Without risking
ourselves to plot the measured slopes of the compressor characteristic, it seems as if the
neutral stability slopes are somewhat captured by the calculation.

Figure 5.8 shows the predicted rotating stall frequencies for the different IGVY
settings. A rotating stall (first harmonic-like) frequency of 13.3 Hz was measured for an
IGV setting of +8.1° on the actual compressor. The predicted frequency of 14.5 Hz is in

very good agreement.

5.4 INVESTIGATION OF TRAVELLING WAVES
5.4.1 Introduction

The good prediction trends of the neutral stability operating conditions for low
speed compressor leads us to the investigation of the compressor operating conditions

prior to the stall inception. Travelling waves have been quite extensively observed in
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such regimes [15, 21]. A good physical understanding as well as an efficient prediction

tool can be of considerable interest in the design of an active control device. The

modelling of such travelling waves have been exposed in Chapter 3 and 5.

The calculations in this section were performed using the MIT single-stage
compressor geometry [21). Garnier [15,21] measured travelling waves in this
compressor over a large range of flow coefficient. The rotor blades were highly loaded in
order to promote stall there (a diffusion factor of 0.6 was chosen). The geometry used
can be found ir section A.1.1. The strange behavior of this compressor design , and
especially the kink in its speedline was somewhat captured by the meanflow calculations,
as shown in figures 5.9 and 5.13.

Figure 5.9 shows the measured speedline as well as the predicted one. The
speedline is allowed to go beyond the predicted stall point. As can be seen, the prediction
is not very good. However, travelling wave calculations will still be performed based on
this meanflow prediction referred to as “case 1". Figure 5.10 indicates the corresponding
static pressure pattern along the compressor axis at neutral stability.

Figure 5.11 shows the measured and the predicted travelling wave frequencies as
the flow coefficient is increased from its neutral stability value. The predicted pattern is
very similar to the measured one, indicating that the correct fluid mechanics of such
travelling waves are indeed captured by the model. However, the stall points differ by
10%. The frequencies range also differ by approximately 15%.

The measured and predicted damping is shown on figure 5.12. The discrepancy
in flow coefficient is still present. Moreover, the predicted damping increases faster than

the measured one. However, close enough to stall, both behaviors are very similar.
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In order to assess the influence of the mean flow on this prediction, the empirical
correlations used to predict the meanflow have been reset in order to achieve a better fit
with the experimental measurements. This mean flow prediction, referred to as "case 2",
is shown on figure 5.13. The corresponding static pressure pattern along the compressor
axis at neutrtal stability is shown on figure 5.14. The comparison of figure 5.9 to figure
5.13 shows an increased static pressure rise across the rotor and the stator.

However, the travelling wave frequencies and damping piedicted with this mean
flow do not differ significantly from case 1. This is shown on figures 5.15 and 5.16.

The discrepancy of the damping prediction can be accounted for by the relatively
poor meanflow prediction. The losses and deviations correlations used were: derived
from high speed machines, and may not perform ve:y well on a low speed cornpressor.
The analytical incompressible stability analysis can however give some insight on the

departure of the prediction. From Equation (A.3.22), the damping frequency is

determined by:
AR aaz) 1
ray _ (3¢) 921 | "cos? oy 5.5)
’ [ii+*)

Once the neutral stability point is predicted, the slope of the predicted characteristic
remains very small, and fails to capture the strong negative slope at the kink of the
experimental characteristic shortly after stall. Thercfore, the measured damping sharply
increases. Once the predicted slope gets a value close to the experimental one, the

predicted damping starts tc increase, but the damping rates are still very different. As the

L . oo 1
flow coefficient increases, the damping is expected to increase as (Baf) ) cotar .

However, the predicted slope remains constant, which is characteristic of low turning and

o
therefore of a low (55%) This term is much lower in the prediction than it is in the
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actual compressor, which explains the discrepancy in the damping prediction, even when
the value of the slope of the characteristic is in agreement. This latter term is usually very
small for multistage compressors but might be quite important for a single stage
COmpressor.

The accuracy of the characteristic shape prediction appears to be the keystone for
an accurate stability calculation. Since "case 1" and "case 2" characteristics have very
similar shapes, and since the behavior of this single stage.compressor is unusual, the
above calculations did not capture well the precursor behavior, but this does not
necessarily question the validity of the stability model. The mean flow prediction
requires improvement .

One reason for running this case was the availability of data, even though it was

known that the behavior of single stage compressors (and especially of this one) is

generally more difficult to predict than that of multistage compressors.

In high speed machines, as indicated by Gamier {21] and by Cargill and Freeman
[26], the axial position of the sensors is very important for the precursor wave detection.
Figures 5.17 and 5.18 show the amplitude of the first harmonic of the siatic pressure and
axial velocity perturbations at 0.1% of the stall point. These perturbations actually
correspond to a travelling wave observable in the machine, since the damping is low.
The static pressure perturbations cover a wide range (+20% to -80% of the inlet
perturbation) and their amplitude is m2ximum in the IGV-rotor gap. The axial velocity
perturbations cover a smaller range and are mostly seen at the stator inlet. |

Figure 5.19 is of some interest since it shows the perturbations in mass flow
along the compressor axis. An incompressible model would not allow such a

perturbation to vary along the compressor. Here, the perturbation amplitude grows as the
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Mach number rises, increasing up to 4.5% of its inlet value at the compressor exit. This
range makes sense since the mean blade Mach number is 0.23.

Garnier [21] measured the mean amplitude of the fizst harmonic of the velocity
peturbations at six stations along the compressor axis. This is shown on figure 5.19.b
along with the model predictions. The trend of the velocity perturbations is well captured.
It must be pointed out that this calculation was made very close of stall so that the
predicted travelling wave frequency and damping are close to the actual one. Besides,
"case 2" was used to get a better approximation of the mean flow quantities. However,
as pointed out by Garnier, this distribution might not be the best to consider for active
control of actual compressors, but rather the signal to noise ratio. No noise model has
been implemented so far on this model to assess the effects of noise on the quality of

travelling wave measurements.

54.3 MIT three stage compressor

Calculations have been done on the MIT three-stage compressor used by Garnier
[21]. This is actually the same compressor as the one used in section 5.3. A inlet guide
van= setting of +8.1° was chosen.

As shown on figure 5.20, the travelling wave frequency decreases from 14.5 Hz
at stall to 3 Hz at 110% of the stall flow coefficient and then increases back. This
behavior differs from the one observed on the single stage compressor where the
frequency would remain approximately constant over a large range of flow coefficient.
However, for higher flow coefficients, the frequency would similarly start to drop.

As shown on figure 5.21, the damping sharply increases as we move away from
stall, which is expected. Its behavior is however similar to the one found in the single
stage case.

Experimental measurements of such travelling waves characteristics in this
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compressor are currently being performed at the MIT Gas Turbine Laboratory.

5.4.4 Summary

The travelling wave predictions performed on both single stage and multistage
compressors show that the key fluid mechanics are well captured by the model.
However, the fidelity of the meanflow prediction (slopes, deviations) appears to be a key
point in the accuracy of the calculation. More experimental data, especially on multistage
compressors, are therefore required in order to assess the validity of the model in

predicting rotating stall precursors.

5.5 CONCLUSIONS

The effect of relieving the assumption of incompressibility in previous stability
models has been investigated. For blade Mach numbers up to 0.35, the error is less than
2 % and is classically a function of the square of the Mach number. For higher Mach
numbers, the departure of this square interpolation is significant, and the incompressible
models fail to capture adequaiely the stability features of axial compressors.

The two-dimensional model developed in this thesis has then been used to
efficiently predict the stability margin of different low speed compressor configurations.

The travelling wave behavior prediction has been less satisfactory, although all the
fluid mechanics trends are correctly predicted. However, the only comparison done so
far has been on one singular low-speed compressor. The key point appeais to be the
effectiveness of the mean flow calculation. More test calculations will have to be
conducted, as soon as experimental measurements are available, in order to make a

adequate statement of the validity of this prediction tool.



Chapter 6

Investigation into compressibility effecis and prediction
of high speed compression system stability

6.1 INTRODUCTION

The model developed in this thesis has been so far evzluated in low speed
compressors, where a lot of information is available, both theoretically and
experimentally.

The purpose of this chapter is to investigate the stability attributes of high speed
multistage compressors as well to give some insight on how, where and when the
instability occurs. This is quite challenging since very little information is available on
such machines to compare the predictions with. Since it is very difficult to
experimentally investigate high speed compressor stability for reasons previously
presented, the model developed is all the more useful in understanding the key features of
rotating stall and surge in such machines.

Two phenomena, due to the compressibility of the flow going through the
machine, seem to affect the stability margin of high speed compressors. The first effect

is the stage mismatching - this could be qualified as a static compr~ssible effect. The
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second effect of compressibility is that the perturbations leading to the instability are of
compressible nature - this could be qualified as a dynamic compressible effect. The main
objective of this chapter is to assess the role these two phenomena play in the
determination of the stability margin. The accuracy of the mean flow calculation will also
be adressed in terms of the effectiveness of the stability attributes.

Pre-stall travelling waves behavior will then be investigated. The effects of
unsteady losses, unsteady deviations and inter blade row gaps will finally be assessed.

Calculations using the compressible model developed in this thesis were done on
the NACA 8 stage high speed compressor, which is described in Appendix 1. As can be
seen on figure 6.1, the predicted and the experimental characteristics as well as the
instability points are in reasonable agreement (5% to 10 % error for the stall point). For
the 50%, 60% and 70% speedlines, the instability occur at approximately zero slope.
However, at 90% speed, both the predicted and the experimental stall points occur at a
strongly negative slope.

The second harmonic is predicted to stall first, as stated in tables 6.1 to 6.3. The
range of frequency at neutral stability varies between 43% and 53% of the rotor
frequency. However, the higher the harmonic is, the higher the stall frequency is.

At 50% speed, the mean blade Mach number is 0.56. The flow field is therefore

definitely compressible. The compressibility of the perturbations can therefore be

assessed by:
Stijocal  _ OUxiocal PlocalAlocal 8P local A localllx local 6.1
5(Exﬁ)inlet 6(axu_x_)inlet 8(bﬂi&ﬁ;)inlct
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It must be pointed out that, in the low speed case, the mass flow perturbations are the
same everywhere along the compressor axis and therefore equation (6.1) is constant and
equates to one everywhere in the compressor.

The amplitude of each of the above terms along the compressor axis at neutral
stability for the first three harmonics are shown at 50% speed on figures 6.2.a to 6.2.c
and at 90% speed on figures 6.3.a to 6.3.c. As can be seen, the perturbation in axial
velocity is the preponderant term. However, the mass flow perturbation is no longer
constant afong the compressor axis. For the first harmonic (figures 6.2.a and 6.3.a), the
perturbations are smaller inside the compressor than they are at the inlet, proving a
storage of the perturbations within the compressor. This is no longer the case for the
higher harmorics, for which the mass flow perturbations oscillate around their inlet
values. Besides, the amplitude of these perturbations increases with the Mach number.
At 90% speed, they reach four timres their inlet value at the third stage.

Shown on figures 6.4.a to 6.4.c are the amplitudes of the perturbations along the
compressor axis at neutral stability for each harmonic at 50% speed. These amplitudes
are scaled with their value at the inlet of the compressor. These data are of considerable
importance for the design of active control devices. Indeed, if one know: where the
instability is expected to develop, sensors and actuators can be located consequently.

Dernsities and static pressures (shown in figures 6.5.a to 6.5.c) behave similarly
and are out of phase with the axial velocities and mass flows. Moreover, a lobed pattern
can clearly be seen along the compressor axis, the number of lobes being set by the
number of the harmonic considered. This could already be observed on figures 6.2.a to
6.2.c. This standing wave phenomenon within the compressor was observed for
rotational speeds varying from 50% to 70% of the design speed, but is much harder to
capture at higher speeds. Besides, it was not observed for shorter compressors (see

section 6.3). It therefore appears that instability appears at some resonance mode for
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sufficiently long compressors.

Figures 6.5.a to 6.6.c are an effort to quantify the relative amplitude of the
perturbations of the various flow quantities with one another. The inlet static pressure
perturbation was chosen as a reference quantity. Indeed, measuring velocities is not easy
in high-speed compressors, whereas static pressure is a much easier quantity to obtain in
such machines with instruments such as Kulite high response pressure transducers.
Density and axial velocity perturbations were classically scaled with the static pressure
perturbations, as indicated on the figures.

Figures 6.5.a to 6.5.c show the same lobed pattern as in figures 6.4.a to 6.4.c.
However, the static pressure perturbations appear to be the most important quantities in
terms of relative amplitude. It must be pointed out that the pressure and the density
perturbations amplitude are, here again, very much in phase, but the axial velocity
perturbations clearly peaks when these two perturbations are decreasing (figure 6.5.b).

This is also observed at 90% speed in figures 6.6.a to 6.6.c.

6.2.2 NASA three-stage compressor (74 A)
Calculations have been performed on the first three stages of a NASA five-stage

high speed compressor referred to as 74 A. Three compressor geometries were tested at
80% design rotational speed: (i) at the design setting, (ii) at "reset 1", (iii) at reset 2" for
maximum adiabatic efficiency at 80% speed. Details of these geometries are given in
Appendix 1.

The predicted and the experimental characteristics as well as the stall points for
several harmonics are shown on figures 6.7 to 6.9 for these three geometries. The first
harmonic stalls first but the second and higher harmonics stall points are quite different.
The agreement between the experimental and the predicted stall points is good. Details of

the operating conditions at neutral stability for each harmonic is given on tables 6.4 10 6.6.
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It must be pointed out that the neutral stability frequencies are much higher for the design
setting than for the other two. Besides, the neutrally stable operating conditions for the
two resets are very close, although their mean characteristics differ significantly.

As seen on the NACA 8 stage compressor, the neutral stability frequencies
appear to be very much proportional to the harmonic number. This result is consistent
with the low speed analytical results developed in Appendix 3.

The axial distributions of the flow field perturbations a¢ the neutrally stable
operating conditions for the first four harmonics are shown on figures 6.10.a to 6.10.d. It
appears that the four harmonics behave similarly at their stability point. However, the
higher the harmonic is, the stronger the amplitude of the perturbations are. The static
pressure perturbations appear to be the more significant. This will be confirmed in
figures 6.26.a to 6.26.c. No standing wave within the compressor can be seen. It is

believed that the total length of the compressor is too short to allow such waves to

develop.

As seen in section 6.2.2, the frequency behavior at neutral stability for the two
resets of the 74 A compressor was very similar, although their mean characteristics were
different. We tried in this section to evaluate the influence of the restaggering of the
compressor on the stability attributes.

The total pressure losses and deviations for both IGV-stator settings are shown
on figures 6.11.a to 6.12.b. The distances are measured from the leading edge of the inlet
guide vane. For the first reset, the first rotor as well as thc stators are operating in a more
stailed regime than in the second reset. F.owever, the last rotor is close to choke in the

second reset. Actually, the mass flow is higher too.
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The amplitude of the flow perturbations for the first two harmonics at their neutral
stability points are shown on figures 6.13.a to 6.15.b for both resets. The static pressure
perturbations are very much alike. The axial velocity and mass flow perturbations are
larger and the harmonics are more separated for the second reset. Unlike reset 1, the first
harmonic has a larger amplitude than the second harmonic at their neutral siability point.

Nonetheless, the neutral stability unsteady perturbations are very similar although
the steady mean flow characteristics are quite diffcrent. It therefore appears that the
stability margin is mainly determined by the perturbed flow quantities - or rather by their
inner features (such as compressibility, inter-blade row redistribution, unsteady losses
and deviations) - rather than by the mean flow quantities. However, as was seen in
chapter 3, these perturbed flow quantities do depend on the mean flow, but the neutral
stability conditions are much more affected by the features of the perturbations than by
the steady effects of mismatching. This will be confirmed in section 6.5. However,
stage mismatching still affects the stability boundary (cf design setting of the 74 A
compressor).

As suggested by Tan [45], a effective way to prove this would be to perform a
similar calculation where the mean flow would be compressible but the perturbations
incompressible. However, as seen in figures 6.15.a and 6.15.b, *he stability margin
prediction would be affected by the assumption of incompressibility: the periurbations in
mass flow are found to be as high as 6 times their inlet values at some axial locations in

the compressor. Moreover. the validity of the expansion:

X=X + 38X
T T
compressible incompressibl

would be questionable.
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Calculations have been performed on the first three stages of a NASA five-stage
high speed compressor referred to as 74 B. Stability attributes for four different IGV-
stator settings are shown in this section. Details of the geometry for the different resets
are given in Appendix 1. This compressor is actually quite similar to the 74 A, but
results are presented because some experimental data were available. Assessing the
validity of the model developed in this thesis on different settings of an actual high speed
compressor is therefore the main objective of this section.

The predicted and the experimental pressure ratio and adiabatic efficiency
characteristics as well as the stall points are shown on figures 6.16.a-b, 6.17.a-b, 6.18.a-b,
6.19.a-b. The predictions are quite accurate. The individual stage characteristics obtained
were also in good agreement with unpublished NASA experimental results. The
frequency range varies between 35% and 57% of the rotor frequency for the different
resets. A comparison similar to the one in the previous section is not performec because
the rotational speeds are different for the four calculations.

Experimental measurements of the post-stall frequencies were available from
NASA and are shown on tables 6.7 and 6.8, along with the predicted at-stall frequencies.
It must be pointed out that the predicted and the measured frequencies are not exactly the
same: the measurements are post-stall unstable measurements, whereas the predictions
are neutral stability predictions. Even though the mass flow where the post-stall
measurements were made is very close to the neutrally stable mass flow, the fiequencies
are however expected to be somewhat different. The post-stall measurements were
obtained in an unstable regime where the non-linear effects are very large. Such regime
cannot be predicted with the linear model developed in this thesis.

The predicted instability frequencies are about 15% below the measured values.

We do not know at this time whether this trend is due to the difference between the
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operating points (stability onset versus posi stall) or a systematic problem in the

calculation.

Calculations of travelling wave structure have been performed on the iwo resets
of the NASA 74 A compressor at 80% design rotational speed. The first four harmonics
behavior wes investigated at 1% in mass flow function from the stall point for the first
reset, as well as the first iwo harmonics at 0.5% and 1% of the stall point for the second
reset. The corresponding flow perturbations - actually corresponding to a travelling wave
behavior - are shown in figures 6.20.a to 6.23.b. In both resets, the first harmonic would
stall first. Both resets present a similar precursor behavior. It can be seen that only the
first two harmonics are of significant magnitude. The first harmoenic amplitude is the
largest at the front of the compressor, as expected since it is the one that triggers the
instability. However, the second harmonic amplitude becomes clearly preponderant from
the third stage on.

The travelling wave amplitudes predicted for the second reset are stronger than for
t..¢ first reset. The first harmonic amplitude however is more affected by the restaggering
than the second one. The difference between the first two harmonics is also larger for the
second reset.

This second harmonic behavior, not expecied in low speed machines, was
experimentally observed in a Pratt & Whitney three-stage high-speed compressor [21].
The distribution of the travelling wave amplitudes for the first two harmonics are shown
for two settings of this compressor in figure 6.24 and 6.25. They are indeed of similar
amplitude, and their axial distribution is not in contradiction with the ones predicted for
the NASA 74 A compressor.

Showr on figures 6.26.a to 6.26.c are the relative amplitude of the perturbed flow
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quantitics at 1% of the stall point. Here again, it appears that the static pressure is the
flow quantity whose perturbations are comparatively the largest. At stall inception, static
pressure data for the second harmonic at the exit of compressor are indicators of the
proximity to stall. However, the best location to look at would be the exit of the inlet
guide vanes or the inlet of the first rotor where the static pressure perturbations are the
largest before stall for the first harmonic: the compressor physically stalls there.
Although no experimental measurements were available, the behavior of the
travelling waves damping and frequency was investigated. This is shown on figures 6.27
and 6.28 for mass flow functions up to 8% of the stall point. Calculations of travelling
wave at higher mass flow failed because of computational accuracy. The precursor
frequency decreases at 3% of the stall point and then rises again. This shape is similar to
the one obtained for the MIT three-stage low speed compressor (figure 5.20). The
damping sharply increases up to 3% of the stall point then decreases to finally sharply

increase again as expected.

6.5 EVALUATION OF THE EFFECTS OF UNSTEADY LOSSES, UNSTEADY

TATIONS A R

R B ABILIT V1A

As seen in section 6.3, the attributes of the flow field periurbations are
preponderant in the determination of the stability margin. The significant influence of the
compressible effects being demonstrated, the present model also accounts for the effects
of unsteady losses, unsteady deviations and inter blade row flow redistribution. The
purpose of the section is to evaluate the effects of these flow features on high speed
compressor stability margin.

This is shown on figures 6.29 and 6.30 for the first and second harmonics for the
second reset of the NASA 74 A compressor at 80% design rotational speed. The
unsteady losses, the unsteady deviations and the inter blade row gaps were varied from

their original value in the actual compressor down to a value of zero. The following
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conclusions can be drawn:

(i) The influence of the above features on the stability margin are much more sensitive
for the second harmonic than for the first harmonic.

(i) The inter-blade row gap inclusion appears to have a destabilizing effect, i.e.
increases the neutral stability mass flow. The redistribution of the perturbations
between the blades has a negative effect on the stability margin. Gaps tend also to
reduce the stall frequency. It must be pointed out that the current high speed
multistage compressor designs have their inter stage spacings kept as smail as
possible.

(iii) Both tke unsteady losses and the unsteady deviations have a stabilizing effect. But
the influence of the unsteady deviations can be felt only with the presence of the
unsteady deviations. Indeed, a stalled blade being highly loaded, the deviation
across this blade is very much constant and the unsteady part of this deviation is
minimal. However, if unsteady losses are taken into account, the unsteady
deviation has significant influence on the next blade, because of the large slope of
the loss bucket at this incidence: a small change in the (unsteady) incidence has a
large consequence on the (unsteady) loss of the next blade Another way to look at
this phenomenon is to consider deviations as a consequence of the total pressure
losses.

(iv) Unsteady losses tend to significantly reduce the stall frequency. A similar
statement cannot be made for the unsteady deviations.

The significance of such effects confirms the preponderance of the flow field
perturbations and of their attributes on the stability margin of high speed multistage

compressors. The mean flow effects appear to be sccondary, but still importani.
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6.6 CONCLUSIONS
The two-dimensional compressible model developed in this thesis has been used

to efficiently predict the stability margin of eight different high speed compressor
configurations. Axial distribution of the compressible flow field perturbations was
investigated. For sufficieatly long compressors, standing waves along the compressor
axis have been found at neutral stability operating conditions. An investigation of
travelling waves prior to stall also confirmed the observed importance of the second
harmonic.

The relaxation of the assumption of the incompressibility of the perturbations was
found to be fundamental for the understanding of high speed multistage compressor
stability. The influence of the compressible unsteady perturbations turned out to be more
important than the steady compressible meanflow mismatching effect on the stability
margin. The inclusion of unsteady losses, unsteady deviations and inter-blade row
redistributions was also investigated. All these effects tend to reduce the stall frequency,
but unsteady losses and unsteady deviations have a stabilizing effect on the stability
margin whereas inter blade row gaps tend to destabilize the compressor. It also confirms
the importance of the unsteady flow field perturbations on the stability of high speed
multistage compressors. This however does not mean that the mean stage mismatching

within a compressor has no influence on the stability boundary.

101



Chapter 7

Conclusions

7.1 SUMMARY

A two-dimensional compressible model for high speed multistage compressor
stability has been developed. This includes a mean flow prediction model, a linearized
stability analysis mudel for both rotating stall and surge-like perturbations as well as a
travelling wave prediction medel for flow regimes prior to the instability. Computational
implementation of this medel has allowed the investigation of neutral stability operating
conditions and instability precursors in a wide range of both low-speed and high-speed
multistage compressors. One particular focus of this analysis was the evaluation of the
compressibility effects on the stability margin of high speed machines.

As a result, a more accurate appreciation and prediction of the stability and of the

instability precursors in multistage compressors has been established.
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7.2 CONCLUSIONS
The proposed mean flow prediction model gives good results for a range of low-

speed and high-speed multistage compressors. The purpose of this calculation is not to
generate a highly accurate speedline generator, but rather to capture the correct trends of
the mean flow field in the actual compressor using a tool deliberately designed to be as
general as possible. It must be pointed out that this is a generic calculation, where the
losses and the deviations are evaluated from general high speed empirical correlations,
which therefore inherently contain some inaccuracy. However, the results obtained are
satisfactory.

The two-dimensional stability analysis developed in this thesis includes an
extensive range of fluid dynamic effects intrinsic to the compression system flow fields
(compressibility, inter blade row flow redistribution, blade row flow redistribution using
a semi-actuator disk method, unsteady losses, unsteady deviations, swirl sensitivity). In
simple cases, it reduces to classical stability models.

A computational implementation of this whole model has been used for the
investigation of stability and instability precursors attributes on low-speed and high-speed

Compressors.

7.2.1 Low-speed compressors investigations

The compressibility impacts on the stability margin have been evaluated via
comparison with simple analytical incompressible stability models. For blade Mach
numbers up to 0.35, simple incompressible models capture well the stability attributes
(less than 2% difference). The correction due to compressibility effects is a classical
function of the square root of the blade Mach number. For higher Mach numbers, the

compressibility influence becomes preponderant.
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The model was used to successfully capture the stability features of different
compressors. As far as travelling waves predictions are concerned, trends are adequately
captured. However, the accuracy of predictions are dependant on the accuracy of the
meanflow speedline shape.

In any cases, the accuracy of the mean flow calcuiation is a key factor to an
effective prediction of the stability margin and of the stall precursors. More experimentai
measurements - and corresponding test calculations - are still necessary to evaluate the
range of validity of the model, as well as to get more insight on all the fluid dynamic

phenomena that actually occur within the compressor in such regimes.

7.2.2 High-speed compressors investigations

The model reasonably captures the stability margin of different high speed
compressors. Axial distribution of the stall and pre-stall perturbations was investigated.
For long compressors, an (axial) lobed pattern is found within the compressor. Both the
first and the second harmonics have a dominant effect on the neutral stability and on the
precursors.

The influence of the compressible unsteady perturbations was found to be more
important to the stability margin than the effects of the steady compressible meanflow
mismatching. However, stage mismatching still influences the compressor stability. The
use of a fully compressible model is therefore a requirement for the investigation of high
speed multistage compressor stability.

Unsteady losses and deviations have a stabilizing impact on the compressor, but
tend to reduce the predicted stall frequency. Unsteady deviations effects seem to be a
consequence of the unsteady losses effects. Inter blade row gaps have a destabilizing

impact on the stability margin but similarly reduce the compressor stall frequency.
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The theoretical model and the associated computational method developed [29]
represent a preliminary step in the investigation of high speed multistage compressor

stability. Two directions should be considered fo future work:

(i) Imprevement of the model as a prediction tool:

The efficiency of the model as a prediction tool has been demonstrated.
However, the accuracy of the stability attributes clearly requires a improvement of the
mean flow prediction. In particular, most of the calculations predict slightly higher mass
flows than the ones observed in the actual compressors. A better calculation of the blade
passage blockage (boundary layer effects, endwall interactions) will certainly improve
significantly this calculation. Besides, better predictions can definitely be obtained with
the inclusion of correlation models specific to the compressor. The inclusion of noise in
the model would then enable a better understanding of the stall precursors in actual high
speed machines. Finally, the use of this model in an active control loop would be the first

step to an actual implementation of active control on high speed machines.

(ii) Use and development of the model for further investigations of the
Jfluid dynamic effects in high speed compression systemns:

Although improvements have been made in this research on the modelling and
the understanding of high speed compressor stability, additional work is required to get a
more thorough appreciation of the fluid mechanics involved in the present model. This is
in particular valid for the choked stability analysis, and for parametric studies on the
influence of the mean flow on the stability margin. Further understanding of standing
waves patterns within the compressor at neutral stability is required. An extension of this

model to inlet distorted flow would then be of significant interest.
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Finally, further comparisons and testing with experimental measurements on real
compressors are essential to assess the range of validity of the model (three-dimensional
effects..), as well as to get a better understanding of the actual fluid dynamics involved in

high speed multistage compressor stability.
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Appendix 1

Compressor Geometries

In the following compressor geometry files:
€ represents the stagger in degrees
0" represents the camber in degrees

© represents the solidity
%represents the thickness to chord ratio

¢ represents the non-dimensionalized chord length

RHLE represents the non-dimensionalized hub radius at the leading edge
RTLE represents the non-dimensionalized tip radius at the leading edge
RHTE represents the non-dimensionalized hub radius at the trailing edge
RTTE represents the non-dimensionalized tip radius at the trailing edge

A.1.1 MIT SINGLE STAGE COMPRESSOR [21]

t

Bladetype & 0 o c c
IGV 150 100 0.555 0.190 0.152
Rotor 1 279 251 0504 0.106 0.144

Stator 1 450 255 0.529 0.081 0.148

112



Blade type

IGV

Rotor 1
Stator 1
Rotor 2
Stator 2
Rotor 3
Stator 3

§(#1)

8.1

37.8
21.0
385
23.0
39.6
15.5

RHLE = RHTE = 22.38 cm

RTLE =RTTE =29.85cm

1* =26.38 cm

S* = 0.664

Re* = 16,600,080

Rotational Speed (non-dimensionalized) = 0.214

E#2) E@#3) §#4) 6° o c ©

81 181 131 110 1442 0.12 0.073
428 303 443 170 1353 0.12 0.157
11.0 310 260 270 1478 0.12 0.109
435 310 455 180 1336 0.12 0.156
120 330 28.0 250 1527 0.12 0.109
46 321 466 200 1377 0.12 0.177
55 255 205 530 1565 0.i2 0.109

RHLE = RHTE = 0.935

RTLE = RTTE = 1.062

1*=28.7cm

S* =0.664

Re* = 18,065,960

Rotational Speeds = 1170 rpm, 1800 rpm, 2400 rpm

A.1.3 C106 SINGLE STAGF. COMPRESSOR [131

Blade type

IGV
Rotor 1
Stator 1

§

13.5
38.5

28.0

t
* 1
0 c c c
170 1.197 0.112 0.129
250 1.158 0.108 0.11¢9

340 1.189 0.112 0.128

RHLE = RHTE = 0.849
RTLE =RTTE = 1.131
I*=22.4cm
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S* = 0.664
Re® = 14,127,060
Rotational Speed (non-dimensionalized) = 0.203

A.14 C106 THREE STAGE COMPRESSOR [131

— Matched build: The last two stages have the same geometry as the first stage of the

C106 one stage compressor

— Mismatched build: The staggers of the two last stages are increased by +10°

A.1.5 C106 FOUR STAGE COMPRESSOR [131

Bladetype & * o c c
IGV 0.5 17.0 1.197 0.112 0.124
Rotor 1 442 200 1470 0.110 0.158

Stator 1 232 400 1560 0.110 0.160
The last three stages are identical to the first one.

RHLE = RHTE = 0.849

RTLE =RTTE = 1.131

1*=224cm

$* = 0.664

Re* = 14,127,060

Rotational Speed (non-dimensionalized) = 0.203
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A.1.6 NACA 8 STAGE COMPRESSOR [431

Blade type

Rotor 1
Stator 1
Rotor 2
Stator 2
Rotor 3
Stator 3
Rotor 4
Stator 4
Rotor §
Stator 5
Rotor 6
Stator 6
Rotor 7
Stator 7
Rotor 8
Stator 8

g

46.09
23.15
40.50
34.80
36.30
37.25
35.60
37.55
34.70
37.30
34.40
36.55
35.30
36.85
35.30
37.15

e#
11.77
22.00
15.44
20.50
26.00
32.50
29.00
35.50
32.50
38.50
37.00
41.50
38.00
41.50
39.00
41.50

)

1.446
1.036
1.405
1.200
1.134
0.897
1.275
0.898
1.294
0.948
1.232
0.979
1.205
1.000
1.184
1.014

*=223cm
S$* =1.623

Re* = 8,106,960

t

c
0.080
0.060
0.058
0.060
0.080
0.660
0.080
6.060
0.070
0.060
0.070
0.060
0.070
0.060
0.070
0.060

C

0.393
0.217
0.363
0.222
0.166
0.166
0.162
0.162
0.156
0.157
0.149
0.150
0.146
0.146
0.140
0.140

RHLE

0.547
0.657
0.720
0.746
0.775
0.808
0.840
0.869
0.895
0.921
0.944
0.963
0.980
0.996
1.008
1.018

Design Rotational Speed = 13,380 rpm
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RTLE

1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140

RHTE RTTE

0.657
0.720
0.746
0.775
0.808
0.840
0.869
0.895
0.921
0.944
0.963
0.980
0.996
1.008
1.018
1.022

1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140
1.140



Blade type

IGV

Rotor 1
Stator 1
Rotor 2
Stator 2
Rotor 3
Stator 3

§

00.29
47.48
14.70
45.36
1543
41.64
15.87

9*
00.00
14.52
49.55
16.39
51.09
20.10
53.68

2.000
1.619
1.459
1.468
1.417
1.423
1.417

1°=20.8cm
S* =1.243

Re* = 13,665,800
Design Rotational Speed = 16,042 rpm

-~ C

0.100 0.299
0.049 0.368
0.064 0.277
0.061 0.289
0.065 0.191

0.077 0.222
0.070 0.164

RHLE RTLE

0.689 1.233
0.689 1.233
0.721 1.211
0.789 1.194
0.851 1.179
0.888 1.173
0919 1.153

RHTE RTTE

0.689
0.721
0.789
0.851
0.888
0919
0.943

1.233
1.211
1.194
1.179
1.173
1.153
1.147

This compressor has two resets possible for optimum compressor adiabatic efficiency:

Reset 1:

Reset 2:

Speed
100%
95%
90%
85%
80%
70%
60%
50%

IGVY
+15°

IGV
+15°
+10°
+10°
+10°
+15°
+15°
+12°
+60

Stator 1
+10°

Stator 1
+10°
+8°
+6°

+7°
+60

+9°
+8°
+10°

Stator 2
+10°

Stator 2
+10°
+8°
+5°
+1°

2°

4°

-6°

20

Stator 3
+10°

Stator 3
+10°
+10°
+10°



e‘
00.00
16.37
49.57
19.26
51.09
26.34
53.33

1.252
1.633
1.472
1.481
1.431
1.436
1.428

1*=20.8 cm
S* =1.243

Re* = 13,665,800
Design Rotational Speed = 16,042 rpm

0.100 0.302
0.049 0371
0.064 0.279
0.060 0.292
0.065 0.193
0.076 0.227
0.072 0.165

0.689 1.233
0.689 1.233
0.721 1.211
0.789 1.194
0.851 1.179
0.888 1.173
0919 1.153

RTLE

RHTE RTTE

0.689
0.721
0.789
0.851
0.888
0919
0.943

1.233
1.211
1.194
1.179
1.173
1.153
1.147

This compressor has one reset possible for optimum compressor adiabatic efficiency:

Speed
100%
90%
80%
70%
50%

IGV
+00

+15°
+18°
+21°
+29°

Stator 1
+10°
+60
+10°
+10°
+10°
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Stator 2
+60
+2°
+00
+00
+2°

Stator 3

+10°
+OO



Appendix 2

Compressible Flow Relations

The stagnation quantities are defined from:
= V2
Cp T¢ Cp Ts + 2
where T, is the total temperature.

Ty Y-1
'rsle2

P _(,.1-1 };Ll
B (1 5 M2
ﬂ:(]-__Y'IM?-F—‘T
Ps 2

WJW-;=M(1-VT'IM2)’%

mVyRT; _ M(l-———-l—Nﬁ)Z_L

i
QM) = P PiAcosa L

(A2.1)

(A2.2)

(A23)

(A.2.4)

(A2.5)

(A.2.6)

Q; (M) is not a monotonic function but it reaches a maximum at M=1, i.e. at the choking

condition. In order to invert this relation and to get the subsonic case ( 0 < Q; (M) < Q;

(1) ), the following algorithm is to be used:
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Mo =1

Mpew = Q(Mold) 1 ( 1 '———Mgld) 2 ;Z—

The conversion of Mach number from the rotor relative reference frame is done as:

Mg = Moy + —1—( 2 Meet sin B VTspy Urownp *+ Udwip ) (A2

The adiabatic efficiency is classically:
-1
Pexit Y -1
Nad = & oL (A.2.8)
exit _ 1
Tintet
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Appendix 3

Incompressible Undistorted Flow Analytic Stability
Analysis of a Compressor

A linear stability is conducted in this appendix, for a low-speed axial-flow
compression system. It is actually an extension of the Hynes-Greitzer model. with an
non-axial mean flow, and with inlet swirl influence on the pressure rise coefficient and on
the exit flow angle.

This analysis consists of two parts: (i) solution and linearization of the 2-D
incompressible flow field, (ii) a classical hydrodynamic stability calcuiation.

The compression system is modelled as in Diagram (A.3.1).
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COMPpIESSOr  COMpressor Plenum

o =
- 7 e
B B

Diagram (A3.1): Compression system

A circumferentially unrolled piece of the flowfield in the upstream and

downstream volumes is shown on Diagram (A.3.2).

2%

Diagram (A.3.2): Unrolled flowfield
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A3l ]

The notations are defined on Diagram (A.3.2).

The equations of motion for inviscid incompressible fluid flow can be written in

the following way:
Vu=0
%af @.V)u =-%vps (A3.1)
We define a stream function \ such that:

VX = %‘a_w
20
Vo=-2¥ (A3.2)

ox
where the vorticity is defined as: § = - V?'\ll

After some algebra found in [13], we get the stream function or vorticity equation:

d o2 oY o o2 . OYq1 d 2
A UAY) +}%a—x(v V) —%%a—é(v v = (A3.3)

We consider the case where the steady mean flow has swirl. The stream function must

therefore be of the form:
y=rVx0-Vgx (A.3.9)
For small disturbances about this mean flow, we get:
Y =1Vx6-Vox+dy (A.3.5)
Linearizing (A.3.1), we get:
2 (Voy) +7; 2 (Vo) + 0 a—aé (VoY) =

72 . Y8 2 w2 -
+ V-t ae)(V oy) =0 (A.3.6)

e
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This wave equation indicates that there are one convective vortical mode which convects
with the meanflow aa well as two potential modes, one axially growing and the other

axially decaying. Moreover, the solution has the classical form:
v2oy =f(t+kx ,0) (A3.7)
Solving equation (A.3.2) in the Fourier space, we get:

= in0-idl (0+MV0) x4
Vz\l’=2 ancnno xW (o + . )x+iot (A.3.8)

n=--co

Integrating, we get equation (A.3.9):

+ oo . . .v_ .
. ing-i (0 +™M8)yx+int
Sy= % e
n=- (+n Y0y
S_(_o_n_Ll.an_
Ve r2
+ o0
. Mx .
+ Z Bnelne'T*‘lmt
n=-oo
nz0
4 oo
. nfx .
+ 2 Yne'"‘“ . +iot
n=-oo
nz0

+(E10+E20x+E3x+Eq)el0t

where E4=0and E2=0 (A.3.9)
&, has no physical meaning and is therefore ignored. &, is ignored too since it does not
affect the stream function. &; and &3 correspond to the zeroth harmonic.

Redefining the constants:
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m—’i+1mt

Sdy=rViAge +1rV,6 Bpei@t-xV, Coeiot

z EAn nne-—(m+n )x+iwt

n=-

nato

+ co

v . x| .

+ 2 _lranBnclne'——;—'l'l(Dt

Nn=-00

nz0

r Ve Iﬂl

2 —&C inb+—+iot (A.3.10)
Nn=-co

nz0

In terms of perturbations of the flow field quantities, we get expression (A.3.11) in a

matrix form:
8Vy | _
Vx 0 1 0 _ ) -
10X
S_YQ m 0 ) A()C V_x_ +10t
Vx| _ Vx .
- 0 Jiox g 0 Boel@t
P A _
PV | |i@lyng -L@X ne | L CoO
sp_ | LVx Vx
LPV:?_
1 1 1
o Bn -i'%l ill:- Agein0-ibaBE+iot
+ Z Bncine-m—-o-lmt
n=-o 0  Dify-1 -8
nz0 H Bn H pn Cneln0+|dr +iot
1+Batan o ire —mlnl
L Vx In| Ve
where Bn=tan o + L9
ﬂVx
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A3.2 CLEAN FLOW STABILITY ANALYSIS
The compressor geometry used is defined in Diagram (A.3.1). The most general

unsteady perturbation is of the form:

+ oo
5 o= Z apeind+iot (A.3.12)

n=-oo

Since the undistorted flow case is considered, all harmonics are decoupled, and the
stability analysis can be performed for each harmonic independently. We get, for

instance, for the nth harmonic:

(n20) Od¢=aseinbriot (A.3.13)

A.3.2.1 Upstream flow field:
Cn =

2e

dVx=3 Vg=0 as xgoesto-oe
Therefore, C, #0 and B, =0.
The upstream flow is potential, therefore no vortical mode can exist and An = 0.

We get:

0. 1 9 (5¢0) (A3.14)

A3.2.2 Across the compressor:
We get from Hynes - Greitzer [12]:

P, - P 90 rpaod
527y _ 2z - 9%

=y(¢,01)-A—- 3.
pu2 00 U ot (A.3.15)
whmhz__a&imm_md =z_a1_<.ial;_chgzd_

rotors r cos? (stagger) g all rows r cos? (stagger)
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Linearizing about the mean, we get:

&P, -6P, oy oy 0 reo .
__.__s.L_—tl..=__ PRS- — —. — tarios e
o2 a¢’(3¢1>1)+a0‘1(5011) lae(5¢1) Ua:(°¢')

with day=cos? oy 1__8(54" )_sinul_gosoq (6¢1)

¢, 96 3} (A.3.16)

A3.2.3 Compressor exit:

dVx=0Vg=G as xgoesto+oo

Therefore, Ch=0

_SEEL:!Li EE+LQT¢;+§£_-;Z2 Bpeind+iot (A3.17)

The problem is now to express B, as a function of a,. For this purpose, we use two

conditicns:

§)) o2 (41, 01)

therefore, & a2=(m)8¢1+(8ﬂ)8a1 (A.3.18)
o ooy

aaz=cos2a2[;r_-&_A,,-[tanag+iﬁ]Bn] einb+iot (4319
X2

@) 61=d2=¢

3¢1 =3¢, therefore, ap=¢(An+By)

System (i) and (ii) enables us to express By, as a function of a, which we put in the

expression of E&&, we get:
p U2
2
OPy o d) . ¥ (22,2 0,3, x D (54 (A320

pU2 | cosaz 3 98 9% 39
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A.3.2.4 Summary and conclusion
. ) 6P;, oPy,
From sections A.3.2.1 and A.3.2.3, we have the expressions of p U2 and p_ﬁi'

The Hynes-Greitzer model, described in section A.3.2.2 provides an expression for

3P, - &P
__;ZUTIL . We get:

i%L(2_+u)=(aW)_sinalcosa1 ( oy )_¢°0320'~l (8(12)

| oty ¢ 001 " cos2ap OO
v | r
9y \ ncos? oy ok o+ (P22 ¢
+i 001" ¢ a1 )ﬁcosz ol

o0 ¢ sin o cos o)
- ( 1R (A.3.21)
| 9oy Tl cos2 ap i

With ® = @, +1i ®; , we get by equaling real and imaginary parts:

a\lf)_(aaz )¢cosza1 - oy ysin 0 cos &y

(_
ray 39~ 1 “cos?ay O ¢ (damping) (A.3.22)

v (F+m)

A-( oy )3032(11 _(aaz ¢2 + oy . sin o] cos o1 ¢
roy_ 9% ko 3¢ Ilcos?ay 001 |nf cos? o

(A.3.23)
nU (lﬁ +1)

( propagation speed )

The denominator is always positive. Therefore, a positive damping implies:

oy 00 | ,cos2a; , OV | sin oy cos oy
——) - - O

The neutral stability operating point is obtained by equaling Equation A.3.24 to zero.

Equation A.3.23 leads to the neutral stability frequency for this neutrally stable flow

127



coefficient.
Some remarks can be made on these results:

(i) Foray =0, we get the same propagation speed as Longley [41).
(ii) Foroap=0and (%) = (), we get the same damping as Longley [13].

(iii) As suggested by Longley [41], the stability limit i< affected by a variation in the exit
flow angle due to changes in the inlet flow angle. Furthermore, it is altered by the

mean inlet swirl,
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Appendix 4

Boundary Conditions Matrices

In this appendix is included the analytical expressions of the boundary matrices of
Chapter 3. The notations used are the same as the one in that chapter. Subscript 'B' refers

to quantities within the blade passage at the leading edge or at the trailing edge.

Ad.1 LEADING EDGE MATRICES
As shown in Chapter 3, we have at the leading edge:

Bn, B,
Cn ~l
MV Dn‘ =MBzi|{C,, (A4.1)
i ~
En, En,
Where:
MV (1,1)=|QL 1oy V8 +n&)i- i
2i ’ ai 1 ai vXi 1 ai (A.4.2)
Ve @ Vo | .
. = QL A Yxi | G 0
Mv2,(1.2)-( il bl +n—a—;)c'% (A43)
MV (1,3)=nelu (A4d.4)
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MVy (1,4)=¢lu (A4.5)

MV (2,1)= —1 O (y-1)ein (A.4.6)
v-1 &
I+Tw

MVy(2,2)= —4 QL (y-1)eit (A4T)
vY-1 &
1+-—2--in2

MVz (2,3)= — | n Yy (er 8V ) Yo |y yan (aq)
el e
2

T;
v-1
L+ M

MVy(2,4)=- elu (A.4.9)

MV (3,1 )=___ﬁ‘_l_m_1:ei¢.

y-1 8
1+ >
i r r .VX' lO'L 'YPIl g)_r.“
OLoss Psy | T Hr i g n g |- Moss
+ el -~ 2 i
1+i(@+nQ) Toss a&lnss)mai _naj  oira;
dtan 0; Vo Vx
'(Pti‘PSi)
-_xLa‘r-ﬁn
d0L oss Vi Vi
N oMe, or
MR My i
2 prog s Ve
- - 8 aj /]l
(A.4.10)
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MVy(3,2)=—1 b Qe
v-1 8
1+5-M
Wioss Ps; Y m-i-rﬂiﬁl"'“&)'mss"—yp“ ar
& & a; ‘Y-l 2 8i
. 14+—M
N ¢iv i 2 _
1+i(w+nQ)Toss 30Loss’mai(_ﬂi+g_i_rﬂi)
(P - Ps,) otan aj Vg Vy
4 i &‘L Vg,
-y Bir-<on
aﬁ‘Loss’ Vi Vi
+ | 9SLoss @r
OMg; M; 8 ‘
DL v ay
+rp e 8
. b ai ai -
(A4.11)
2
MVy(3,3)= TP, (ﬂvxi +(%t+ﬂ)v?i‘!-)ei”
1+Y°TIM.-2 a AR
B AT % (m ﬂ’x)!ﬁ_
%Ssl_‘y_-_l_.(nai2+ai+ai 4
+ el 2 3 -
. WLoss .
1+i(0+nQ) Toss i_)—tan_(;{)ma'%ef (A4.12)
-(Py - Ps;) ’ k ...\_,ii.
aﬁ)l..oss) VVi aiV
oM, Or 4 5 Y8
i I i ‘-}--\-—zl a; +n a )| |
2 .
MVy (3,4)= — L% M ein
1+.u a 2
2 ]
P, 2
'(’JLoss""—_Y 4 M
. Y-1.2 2
+ el i +——2—Nl| (A4.13)
l+i(m+ng)%88 -(P -P )a(m.OSS___Mi_
] ti Si aNiRl 2~
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MByi (1,1)={1-38)ea

. {1488 \eith
MBz.(l,z)-(HWm)e'w
MBy; (1,3)=¢i%

MBy (2,1)= —B—(1-Mg)(y-1)eid

1+~

MBy (2,2)= — B —(1+Mg) (1-1)ei¥

1+5-

MBy (2,3)=- — & &

¥-1
1+2

MBzi(3,1)=—-%—-(1-M§)eia

MBz (3,2)= —L28—(1+ M)

2
MBzi(3,3)=——Y—P'"——-%ei'x;
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(A4.14)

(A.4.15)

(A4.16)

(A4.17)

(A4.18)

(A.4.19)

(A.4.20)

(A4.21)

(A.4.22)



A4.2 TRAILING EDGE MATRICES
As shown in Chapter 3, we have at the trailing edge:

ﬁm B B,
MBzis1 | Gy, |= M V2ini &“‘ +M VCyiyy gﬂn‘ (A.4.23)
~ 1] i
E“l Bnm Eﬂl
Where:
MBgi (1,1)=(1- &L)ei% (A4.24)
MBiy (1,2)=(1 + )e“lﬁ (A.4.25)
MBgiyy (1,3) =ik (A.4.26)
MBgi (2,1)=—18—(1-Mg) (1- 1) i@ (A4.27)
1 +—2- M
MB;i+l(2,2)=—;,£_'-vi——(1+M§)(y-1)ei?ﬁ (A.4.28)
L+ M
MBjis (2,3)=- —;r_‘zl—-—eii (A.4.29)
L+ M
MBo; (3,1)= —-l-’-n—( 1-Mg)yei® (A.4.30)
1 +-7~—Mé
2
M Bgia1 (3,2)_—1’—'L—-(1+M¢)ye-m (A.431)
1+ 1m0
p, M
MBgis (3,3)= — "9 yei% (A4.32)
1 +-Y—£Mé 2
2
MBgis (4,1)=0 (A.4.33)



MBy (4,2)=0 (A.4.34)

MBZi‘H (4’3)=0
(A4.35)
Mv2i+,(1,1)=(_w.+, ) (Vx.,._a,-ﬂ Vo \
Fii sl rea v “?ﬁ‘)"'m (A4.36)
Mv2i+l(1.2>=(mn - (_u"x 8 |4 Vo)
el ] TR A A A (A4.37)
M Vi1 (1,3)=neikm
(A.4.38)
M Va1 (1,4) =¢ilm
(A.4.39)
M Vg (2,1)= ——Her QT :
T3l e (DO (A.4.40)
TMHI
M Vi (2,2)= — QT |
' Ty d g wa (DY (A4.41)
_i—Mi2+1
MV (2,3)= T, (nvgm n V, Vi
’ + _(&I. —_— 60! 014 H
1+ 220 i+1 ad,, & am Ea )(Y- 1) el%a(2.4.42)
M Vi (2,4)=- —1 e
e et i (A.4.43)
2 +1
MVaiy (3,1)=— St OF yei
oAl Yot (A4.44)
2 +1
M Vi (3,2)= — b OF yei
-1 agy 1C (A.4.45
1+~ M, ‘
MV (3,3)= Py ( n v”l‘m n V, Vi
’ + or 0 0 9!0 i
a12+1 aj+1 + amm a; +l‘ )Yel Xiet (A.4.46)
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MV (3,4) = — P Mot ygin (A4.47)
b+ Ma
M Vais1 (4»1)=-(-—n—ai+1 +2&1_E§iﬂ.>cim_;‘3£94ﬂ_ (A.4.48)
Ve, Vxi 1 + tan? it
M Vo (4’2)=-(.J_8H1+M)eiwm___mﬁﬂ_ (A.4.49)
Ve Xin1 1 +tan? o
M Vi (4,3):-.(!11’.&%&01_%; (A.4.50)
V6 1+ tan? oy
MVyi4 (4,4)=0 (A.4.51)
[ [0atis1)  tan oy (-nai+airai)
i da; | 2.1 Vo Vi
MVCyint (4,1)= — & e
1+i(@+nQ) ey coron 8
+[8%it1 Vi Vi
OMr; [{ 0 ©x
+10f 4 n 0
- H a;
(A.4.52)
aotm) tan o (_nai+ﬁirai)
- aQ; 2q4:\ V Vx:
MV Gy (4,2)= ———¥i R D
1+i(@+nQ) ey Bir~di-n-a
+ Oli+1 Vi Vi
oMr; /{ . Qr
Raenl oy
| +1Bi & +n-a-i!-
(A.4.53)
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3ai+1) tanai_m
MVGCin (4,3)= ¢ i p +V Vx, Vi V
1+i(0+nQ)Dev| am( AL e (ar, _‘*L”
l

%(A.4.54)

iv; 0041 M
MV (4,4)= gl Xi ‘*) 4.
2 1+i(0+0Q) ey OMR; (A.4.55)
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Appendix 5

Computational Construction of the
Meanline Loss Bucket

A typical loss bucket is shown on figure (2.7), inspired from Raw and Weir [30].
The loss bucket used in the computational implementation of the model is constructed in

the following way:

AS.1 CRITICAL POINTS POSITIONING
In the proposed construction of the loss bucket, four critical points are needed, as

shown on Diagram (A.5.1):

BIA
+ glmis B i
+ B cr
t glml
+ glmlc
g M
04 M crit = 0.85

Diagram (AS5.1): Loss bucket construction: critical points
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() gim): minimum loss relative inlet flow angle at M=0.4.
This point is evaluated from this empirical correlations described in section 2.5.2,

where:

Bimi = (ig - i2D ) (Mpp) + B1* + K (é) .ip (G,B1) +n (6,8 . 0% (A5.D)

(i) gimis: relative inlet flow angle at which the loss coefficient starts to increase
from its minimum loss value due to the proximity of stail at M=0.4.

This point is evaluated at a diffusion factor of 0.55:

= -u_2 ..._;__ 1 _2.2_ 1
DFAC=1-2+5—Lo (sm B1 - g2sin [32) (A5.2)

Knowing the diffusion factor, we can evaluate B, corresponding to g1mls. From
Raw &Weir, this deviation is a function of this DFAC. We need to get uj.

The iteration scheme is therefore:
. . .
initial guess: B1,,4 = B1
A
up = R T; Q|22 Prog 1 QM)

AgcosBy 140f1-Pu
8]

Py, Aj cos By

Py =Py +Q.(Py -Py) and Q = Q1+ Qi

_ . . 1 U [ 1 1 . q:
= Ar 2. solidity . —=. + ——tan - 2. solidity . 0.45
Blnew csm( sohidity u; ‘cos B 2 . solidity B2 sohidity
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(i) gymic: relative inlet flow angle at which the loss coefficient starts te increase
from its minimum loss value due to the proximity of choke at M=0.4.

It is computed with: E1mic £1ml = 2 £1mi lmls (A.5.3)
From g1mic, we get the choke margin at M=0.4: chkmrg.

Q(0.4) = i Ty
Plicading edge* S+ 1 -0s Pimic

Q)= mﬂg.h,
Piihroat - chkmrg

(iv) PBcric: relative inlet flow angle at Mcrit at which By s = Biml = Bimic
computed using a choke margin of 1.02.

=_Q) 51 1 Py
cos PBerit= .4 solidi AS54
Bcrl( Q&Mcrll) ty. 1 02 Ptleadmg edge ( )
A.5.2 CHOKING LINE
The maximum flow at throat is:
Q1) = (A.5.5)
P‘-throal d. hg
The flow at the leading edge is:
QM) = myyR
Plyeading edge+ S+ 1. €OS Bic
We therefore get:
Q1) hy Pt
cos Bl _Q§_t__
. Q(Ml) hl ( ) leading edge
P Pgeadi
P—t‘ML— =1-Qu{Mi, B1) [1 — leading edge ()
tleading edge lleading edge
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The iteraticn scheme is thercfore:
-
initial guess: P14 = B1

Ps;...1: . '
qumw=A1'c°S( ;_QQ_L h % 1 [ 1- QM ﬁlq,m) [1 _F-‘?Lea_d.m_s_e‘i( Ml)] ] )
teading edge

= Mp

Diagram (A5.2): Loss bucket construction

Once we have the four critical points, we deduce the lines of Diagram (A.5.2):
— Line (1): simple straight line
— Line (2): simple straight line

— Line (3): Its construction iz shown on Diagram (A.5.3)
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BIA

_/

A g My

|
0.4 Mcri

Diagram (A5.3): Interpolation to get Blpm:.

(i) First method:
Bimic is obtained using a choke margin interpolated between chkmrg and
1.02. This is represented by line (2) on Diagram (A.5.3). If Bymic <O,
then Bymic =0.
(ii) Second method:
Bimic is obtained through a straight line between Bcrig and B1c(0.4).
This is represented by line (1) on Diagram (A.5.3).
(iii) Interpolation:
Finally, we interpolate between these two ideas:
For high Mach Number, the actual Bimic is close to the result obtained from
the second method.
For low Mach Number, the actual Bimic is close to the result obtained from
the first method.
— Line (4) Computed using a constant choke margin of 1.02.
— Line (5) Computed in the section 2 of this appendix.
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Figure 1.1 Typical high-speed compressor performance map
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Pressure rise (y)

Unstalled flow

O

Surge limit cycle

Reverse flow

Compressor chlc ’

unstalled flow

Pressure rise (y)

Flow coefficient ()

Figure 1.2 Surge limit cycle

Stall transient

Rotatling stall

Compressar ch'ic

Compressor ch'lc unstalled flow

1n rotating stall

Flow coefficient (¢)

Figure 1.3  Rotating stall
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Figure 2.1.b Blade geometry
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Figure 3.2 Blade row model
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Figure 4.1.a  MIT 3 stage compressor (build 2) Total to static pressure characteristic
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Figure 4.1.b  MIT 3 stage compressor (build 3) Total to static pressure characteristic
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Figure 4.1.e  C106 4 stage compressor Total to stadc pressure characteristic
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Figure 5.3: MIT 3 stage compressor - Experimental pressure rise characieristics
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Figure 5.4: MIT 3 stage compressor - Predicted pressure rise characteristics and stall points
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NACA
Eight-stage high-speed compressor n=1 n=2 n=
Frequency at neutral stability
(non-dimensionalized) 0.82 1.75 2.43
Percentage of rotor frequency 25 % 53 % 74 %
Mass flow function at each harmonic
neutral stability operating conditions 0.146 0.185 0.123
(non-dimensionalized)

Measured Stall/Surge Point Mass flow function: 0.175
Rotor frequency: 111 Hz (50% design rotational speed)

Table 6.1: Predicted stall characteristics for the NACA 8 stage compressor (50%)

NACA
Eight-st«ge high-speed compressor n=1 n=2 n=
Frequency at neutral stability
(non-dimensionalized) 0.84 1.77 2.45
Percentage of rotor frequency 21 % 44 % 62 %
Mass flow function at each harmonic
neutral stability operating conditions 0.183 0.239 0.160
(non-dimensionalized)

W

Measured StalllSurge Point Mass flow function: 0.25

Rotor frequency: 133 Hz (60% design rotational speed)

Table 6.2: Predicted stall characteristics for the NACA 8 stage compressor (60%)
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NACA
Eight-stage high-speed compressor =1 n= n=
Frequency at neutral stability
(non-dimensionalized) 1.27 1.98 2.83
Percentage of rotor frequency 28 % 43 % 61 %
Mass flow function at each harmonic
neutral stability operating conditions 0.220 0.324 0.322
(non-dimensionalized)
e—_————eee e e @

Measured StalllSurge Point Mass flow function: 0.34
Rotor frequency: 156 Hz (70% design rotational speed)

Table 6.3: Predicted stall characteristics for the NACA 8 stage compressor (70 %)
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NASA 74 A Design Setting
Three-stage high-speed compressor n=1 n=

Frequency at neutral stability
(non-dimensionalized) 0.53 1.1

Percentage of rotor frequency 65 % 118 %

Mass flow function at each harmonic

neutral stability operating conditions 0.41 0.36
(non-dimensionalized) ‘
m —— .

Measured Stall Point Mass flow function: 0.375
Rotor frequency: 213 Hz (80% design rotational speed)

Table 6.4: Predicted stall characteristics for the 74A compressor at design setting

NASA 74 A Reset 1

Three-stage high-speed compressor n=1 n= n= =4
Frequency at neutral stability

(non-dimensionalized) 0.802 1.607 2.453 3.270

Percentage of rotor frequency 15 % 32% 48 % 64 %

Mass flow function at each harmonic
neutral stability operating conditions 0.327 0.273 0.247 0.249
(non-dimensionalized)

Measured Stall Point Mass flow function: 0.325
Rotor frequency: 213 Hz (80% design rotational speed)

Table 6.5: Predicted stall characteristics for the 74A compressor at Reset 1
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NASA 74 A Reset 2
Three-stage high-speed compressor n=1 n=2

Frequency at neutral stability
(non-dimensionalized) 0.815 1.622

Percentage of rotor frequency 16 % 32 %

Mass flow function at each harmonic
neutral stability operating conditions 0.348 0.267
(non-dimensionalized)

Measured Stall Point Mass flow function: 0.335
Rotor frequency: 213 Hz (80% design rotational speed)

Table 6.6: Predicted stall characteristics for the 74A compressor at Reset 2
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NASA £ Suge High Speed Cotnpressor (74 A) Resct |
gaps included, actual dy losscs and deviations included: Ty, = Tgeviation ™ §.3 (nOn-di ionalized)
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Figure 6.10.a NASA Three-stage compressor (74 A) (Reset 1) -
Static pressure perturbation distribution at each neuwral stability for the first four harmonics
NASA $ Stage High Speed Compressor (74 A) Reset |

g Actalinicr-bladerow gaps included, actual dy losses and deviations included: Tiogy = Tyewiauan = -3 (non-ditnensionalized)
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Figure 6.10.b NASA Three-stage compressor (74 A) (Reset 1) -
Axial velocity perturbation distribution at each neutral stability for the first four harmonics
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iNASA 5 Stage High Speed Coinpressor (74 A) Reset 1

2 Acuual inter-bladerow gaps included, sz:ual unsteady losscs and deviations included: Tige, ® Tyeviaion ™ 1.3 (non-di ionalized)
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Figure 6.10.c NASA Three-stage compressor (74 A) (Reset 1) -
Density perturbation distribution at each neutral stability for the first four harmonics
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Figure 6.10.d NASA Three-stage compressor (74 A) (Reset 1) -
Mass flow perturbation distribution at each neuwal stability for the first four harmonics
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NASA ¢ Siagz High Speed Compressor (74 A) Resct |

Acwual inter-bladerow gaps included. actual unsicady losses and deviatons included: Yoss = eviation = 1.3 (non-dinknsionalized)
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Figure 6.11.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Total pressure loss disaibution at 1 % of the stall point
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Figure 6.11.b NASA Three-stage comprcssor (74 A) ( Reset 2 80% speed) -
Toral pressure loss dismibution at 0.5% and 1 % of the stall point
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Figure 6.12.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Deviationangle distribution at 1 % of the stall point
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Figure 6.12.b NASA Three-stage compressor (74 A) ( Reset 2 80% speed) -
Deviaton angle distribution at 0.5% and 1 % of the stall point
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N:~52 5 Soge High Speed Comnpressor (74 A) Reset |
Actval inter-bladesow gaps included. aciuz unsicady losses and deviations included: Tiags * Tyeviavon = 1.3 (non-dimensionalized)

©
""“ o First hannemic
© Sccond harmonic

]

]

-

<

~

o

o

™

|

8P et
5 P’ aly
2550

S
]
n
=
=
o 4
Q
=
0.000 0.225 0.450 0675 0.800 1125 1.350 1575 1.800

Axial di along Uie p axis ( o PRNRTIN

Figure 6.13.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Static pressure perturbation distribution at each neuwral stability operating point for the first two harmonics
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Figure 6.13.b NASA Three-stage compressor (74 A) (Reset 2 80% speed) -
Static pressure perturbation diswibution at each neutral stability operating point for the first two harmonics
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154 ¢ Stage High Speed Compressor (74 A) Reset 1
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Figure 6.14.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Axial velocity perturbation distribution at each neutral stability operating point for the first two harmonics
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Figure 6.14.b NASA Three-stage compressor (74 A) (Reset 2 80% speed) -
Axialvelocity perturbation distribution at each neutral stability operating point for the first two harmonics

207



NASA S Siage High Specd Compressor (74 A) Reset |

8 Actual inter-bladerow paps included. aciuz unsieady losses and deviations included Tioss ™ Tyeviation = 1.3 ¢ li ionalized)
<]
™~ o First harmonic
© Second harmonic
L]
[
@
o -
~
©®
@
~
—_—
-
E|E W
wisw 71
~—
]
(2]
©
~
~
e
g
] v v ~
0.000 0.225 0.450 0575 0.900 1125 1.350 1575 1.800

Axial distance along the compressor axis (non-dimensionalized)

Figure 6.15.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Mass flowperturbation distribution at each neutral stability operating point for the first two harmonics
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Figure 6.15.b NASA Three-stage compressor (74 A) ( Reset2 80% speed) -
Mass flowperturbation distribution at each neutral stability operating point for the first two harmonics
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NASA Thrce-stapz compressor 74 B
Maxiinum elficiency 1GV-Sutor seiting angles for 80 % equivalent specd

Equivalem Mass Flow m -tg (Ib / sec)

Figure 6.16.b NASA Three-stage compressorf (74 B) ( 80/80) -
Predicted and experimental adiabatic efficiency characteristic
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Figure 6.16.a NASA Three-stage compressor (74 B) ( 80/80) -
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Figure 6.17.a NASA Three-stage compressor (74 B) (90/90) -
Predicted and experimental pressure ratio characteristic and stall points
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Figure 6.17.b NASA Three-stage compressor (74 B) ( 90/90 ) -
Predicted and experimental adiabatic efficiency characteristic
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Figure 6.18.a NASA Three-stage compressor (74 B) (70/100) -
Predicted pressure ratio characteristic and stall points
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Predicted and experimental adiabatic efficiency characteristic
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NASA 74 B 90 % speed 80 % speed
Three-stage high-speed compressor 90 % reset 80 % reset
Wrotating stall)

Wshaft measured (post-stall behavior) 0.40 0.55
Wrotating stall)
Wshaft predicted (at stall behavior) 0.35 0.49
Measured stall equivalent mass flow
(1b/sec) 54.5 43
Predicted stall equivalent mass flow
(Ib/sec) 55.5 42

Table 6.7:

Comparison of the measured and predicted stall characteristics for the 74B compressor

NASA 74 B 70 % speed 80 % speed
Three-stage high-speed compressor 100 % reset 100 % reset
Orotating stall

Wshaft )measured (post-stall behavior) 0.56 0.68
Orotating stall
WOshaft )predicted (at stall behavior) 0.44 0.57
Measured stall equivalent mass flow
(Ib/sec) 33 45
Predicted stall equivalent mass flow
(Ib/sec) 36 41

Table 6.8:

Comparison of the measured and predicted stall characteristics for the 74B compressor
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NASA 5 Siage High Speed Compicssor (74 A) Reset )
Actual inter-bladerow paps inchixleg, actual unsicady losses and deviations inclided: Tiias ® Tgeviation ® 1.3 (non-dimeusionalized)
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Figure 6.20.a NASA Three-stage compressor (74 A) ( Reset 1 80% speed) -
Static pressure perturbation distribution for the first four harmonics at 1% of the stall point
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Figure 6.20.b NASA Threc-stage compressor (74 A) ( Reset 2 80% speed) -
Static pressure perturbation distibuzon for the first two harmonics at 0.5% and 1% of the stall point
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NASA £ Sage High Speed Compressor (74 A) Reset |
Actual inter-bladerow paps included, azial unsieady losses and deviations inciud
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Figure 6.21.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Axial velocity perturbation distribution for the first four harmonics at 1% of the stall point
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Figure 6.21.b NASA Three-stage compressor (74 A) ( Reset 2 80% speed) -
Axialvelociry perturbation distribution for the first two harmonics at 0.5% and 1% of the stall point
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NASA 5 Swzc High Speed Coimpressor (74 A) Reset |
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Q
~ o First lannonic
o Secoud hannmonic
+ Third hannonic
¢ Fourh hannoaic
2]
m
«
o4
~
Q
©
< A
= 3o
23
€] €
wl w0
——
(2}
"
o 4
~
o
—
=] v -+ ~
0.000 0.225 0.450 0675 0.800 1125 1350 1575 1.800
Axiai di along the P axis (non-di ionalized)

- Figurz 6.22.a NASA Three-stage compressor (74 A) ( Reset 1 80% speed) -
Mass flow perturbation distribudion for the first four harmonics at 1% of the stall point
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Figure 6.22.b NASA Three-stage compressor (74 A) ( Reset2 80% speed) -
Mass fiowperturbation distribution for the first two harmonics at 0.5% and 1% of the stall point
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NASA S Siage High Specd Compressor (74 A) Reset |
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Figure 6.23.a NASA Three-stage compressor (74 A) ( Reset 1 80% speed) -
Density perturbation distribution for the first four harmonics at 1% of the stall point
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Figure 6.23.b NASA Three-stage compressor (74 A) ( Reset2 80% speed) -
Density perturbaton distribution for the first two harmonics at 0.5% and 1% of the stall point
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Praut & Whitney Uirce-stage high-speed compressor (Design sciting)
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Figure 6.24  Pratt & Whimey Three-stage compressor (Design setting) -
Experirnental travelling wave static pressure perturbation distribution
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Figure 6.25  Pratt & Whitmey Three-stage compressor (Optimal setting) -
Experimental travelling wave static pressure perturbation distribution
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NASA S suape compressor (74 A) Reset | First hanmonic 1 % swll point
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Figure 6.26.a NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Relative amplitude of the flow field perrurbations at 1% of the stall point (first harmonic)

0000

NASA 5 stage compressor (74 A) Reset | Second harmonic 1 % sall point
L
s
2 bl" inlet
© 4
3 _Bpiocat
3
< (ar. inlgt
$ o R Taintes
H
3
<
=y
o~ 4
Suy jocal
( 8Py iy
pV
) . — . . .
0.000 0228 0.450 0675 0.900 1128 1350 1575 1.800
Anial di along the p axis ( di ionalized)

Figure 6.26.b NASA Three-stage compressor (74 A) ( Reset 1 80% speed) -
Relative amplirude of the flow field perturbations at 1% of the stall point (secondharmonic)
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NASA § stage compressor (74 A) Reset | Tiird hannonic 1 % stall point
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Figure 6.26.c NASA Three-stage compressor (74 A) (Reset 1 80% speed) -
Relative amplitude of the flow field perturbatons at 1% of the stall point (third harmonic)
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