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Abstract

A Pratt and Whitney Canada PT6/T400 turboshaft engine has been instrumented 

specifically to determine if measurable compressor aerodynamic behaviour can provide a 

warning of impending stall or surge, especially in a small (< 5 kg/s), service-exposed, 

axi-centrifugal compressor. The engine was instrumented with nine fast-response 

pressure transducers (monitored at 25 kHz) divided between the axial compressor first 

stage leading edge, the axial compressor exit, and the outlet of the centrifugal compressor 

diffuser. An automatic bleed valve was gradually disabled to cause compressor stall.

The engine response to this gradual change corresponded to the predictions of a simple 

engine surge model. A signal processing technique was developed to monitor the 

strength of individual blade flows with a sampling rate only 3 times the blade-passing 

rate. This technique proved that aerodynamic changes could be successfully detected 

before surge. The new technique compared favourably to conventional fast Fourier 

transform and wavelet processing techniques.

iii
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Nomenclature

Symbols 

A area

a speed of sound

B non-dimensional coefficient for characterising engine surge properties 

b dampening coefficient of a mass-spring-damper system

cp specific heat

c compressor slope (pressure / mass flow)

Fx forces in the axial-direction

/  turbine slope (pressure / mass flow)

h enthalpy

k spring coefficient in a mass-spring-damper system

L length

m mass flow rate, refers to Station 2.0 flow rate of air, unless noted by subscript,

also refers to the mass in a mass-spring-damper system 

N  engine rotation speed

P pressure, static unless otherwise noted

R specific gas constant

s entropy

T  temperature, static unless otherwise noted

U rotor tip velocity

xiv
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u air flow velocity

V volume

Wn work required between two stations (in this example, Stations 1 and 2)

Wf fuel flow rate

x  displacement in the axial direction

y ratio of specific heats

rj isentropic efficiency of a component, unless otherwise marked

rjao polytropic efficiency of a component

9  angle of rotation

p  density

O) angular velocity

Acronyms

FFT Fast Fourier Transform 

HP High-Pressure

LHV Lower Heating Value

LP Low-Pressure

SFC Specific Fuel Consumption

TIT Turbine Inlet Temperature for the low-pressure turbine nozzles, note: TIT
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Common Subscripts -refer to Figure 4 for illustration of station numbering 

a ambient conditions

b bleed air characteristic

c corrected

cmp compressor

comb combustor 

D Design point values

d diffuser duct

g gas generator

0 total pressure or total temperature

p power turbine

ref reference conditions, standard day, sea level

s result of an isentropic process

t turbine

1 inlet conditions

2.0 compressor inlet; immediately upstream of the first rotor of the axial compressor

2.5 axial compressor outlet and centrifugal compressor inlet

3 centrifugal compressor outlet and combustion chamber inlet

4 combustion chamber outlet and high-pressure turbine inlet

5 high-pressure turbine outlet and low-pressure turbine inlet

6 low-pressure turbine outlet and immediately before the outlet duct

7 exhaust conditions

xvi

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Additional Notation

The tick mark indicates a perturbation quantity: a small change from steady-state, for 

example P3 . The convention will be used that italics and subscripts will be used to 

indicate equations and parameters calculated from the engine model, for example: P 3 . 

Instrumentation will be in regular font and capitalised, for example PS1P3. Where there 

are multiple sensors, the circumferential position appears as a suffix indicating the 

circumferential position in degrees clockwise from top and centre, looking forward 

(pilot’s view), in degrees, for example PF30000, PF30120, PF30240 are evenly spaced 

circumferentially.

Table 1: Cross-reference table for instrumentation and variable names

Parameter Sensor name on the 

engine

Equivalent variable 

name in the model

Ambient pressure PAMB P  amb

Ambient temperature TAMB T amb

Inlet airmeter static PS00 Po

Inlet airmeter temperature TOO To

Mass flow WAREF m i

Total temperature at the inlet 

screen

T10 T o i

Static pressure at Station 2.0 PF20 P 2 .0

Static pressure at Station 2.5 PF25 P 2 .5

xvii
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Total temperature at Station 2.5 T25 T 02.5

Total pressure at Station 3 PS1P3 Po3

Static pressure at Station 3 PF30 P 3

Static temperature at Station 3 T30 t3

Total temperature at Station 5 PS 1 TIT Tos

Static pressure in the exhaust 

mixing pipe

PS70 no direct equivalent

Total temperature at the exhaust 

pipe

T7 To7

BOV exit temperature TBOV should be T25 if the valve 

is open, or Ti if it is closed

BOV chamber pressure PSBOV PoX

Pressure of shop air provided to 

BOV chamber

PINA1R PoX

Fuel Flow PS1WFM W f

Gas generator speed PS1NG Ng

Power turbine speed PS1NPT NP

Raw pulse signals used to 

determine gas generator speed

Ngraw, Nptraw no direct equivalents

xviii
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Chapter 1: Introduction

To be competitive, a modem aircraft engine must be efficient, durable, easy to maintain 

and repair, and must be brought to market quickly for a reasonable cost, without 

compromising safety and dependability. A reliable system to detect compressor stall and 

prevent engine surge would provide improvement in each of these areas. As a result, 

many groups have reported on a wide range of experiments and theoretical investigations 

in this area, especially with evolving instrumentation and digital signal processing 

technology. The availability of a service-exposed Pratt and Whitney Canada 

T400-CP-401 Twin-Pac® engine (twin PT6 turboshaft engines combined through a 

gearbox to power a helicopter) presented a unique opportunity to complete feasibility 

tests on a small, degraded engine.

Figure 1: Cut-away view of a T400 Twin-Pac® (United Turbine Corporation, 2005)
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Very few stall detection experiments have been attempted on a fully-assembled aircraft 

engine and none, to the author's knowledge, on an engine of this size. An experimental 

set-up and a testing procedure have been created that can provide stall and surge 

detection information that will be useful in determining the feasibility of these systems on 

service-exposed aircraft, and on future aircraft.

1.1 Background

A high compressor pressure ratio is a key factor in designing a high efficiency gas turbine 

engine. To improve the lift on an aeroplane wing, the angle of attack can be increased to 

a limit point where the flow separates from the wing. At this point, the wing stalls and 

looses lift. A compressor experiences the same behaviour. The requirement for a higher 

pressure ratio implies an increase in the rotational speed and angle of attack, until 

individual compressor blades begin to stall. Because these individual blades are working 

within a continuous system, the effect of an individual blade stall might be damped out, 

or amplified until it causes the entire compressor to lose effectiveness. The entire engine 

flow may be severely disrupted or reversed if the compressor performance deteriorates 

significantly, resulting in an engine surge. The severe safety and performance 

consequences are the ultimate motivation for the present work.

1.2 Economic Incentive

In addition to being unnerving to an aircraft operator and passengers, a surge is defined 

by a violent backward shift in airflow through the compressor. This violent shift can 

cause extensive damage throughout the engine: bearings are rattled, seals worn and
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3
cracked, and the blades of the compressor and turbine rub against their shrouds.

Damage can also occur to a lesser extent when just one section of the compressor rotor is 

stalled. Some engine stall conditions may not be noticeable to an operator, but over a 

long period of time the vibrations from the uneven airflow will cause accelerated 

degradation. Because of these severe penalties on durability and safety, engine designers 

need to sacrifice efficiency to avoid operating regimes that are at risk of stall.

Current engine control systems limit performance to ensure a large margin of stability

between the point that the compressor will stall and possibly cause engine surge (Figure

2, line a), and the normal operating conditions (Figure 2, lines b and c). This is called the

surge margin, and it needs to be large on a new engine so that it will be adequate after

years of service between overhauls, and in unusual conditions such as in a series of rapid

accelerations and decelerations. Brun et al. (2006) provide one common mathematical

definition of surge margin:

(corrected operating line mass flow - corrected surge line mass flow) 
corrected operating line mass flow

Brun et al. note that a typical design margin for the whole compressor on an industrial

gas turbine engine is 10% to 15%, and that any given stage of a compressor should

maintain greater than a 5% surge margin at all times. A larger design surge margin

(> 20 %) might be required for some types of aircraft, depending on the performance

requirements and on the time between engine overhauls.
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(b) Acceleration Line

(c) Steady 
Operating 
Line

Constant Speed Lines

(a) Surge Line (d) Degraded 
Surge Line

(e) Degraded
i Acceleration 
^  Line

Constant Speed Lines
* •

Corrected Mass Flow Corrected Mass Flow
Figure 2: Loss of surge margin on a sample compressor map
Stall prevention systems aim to reduce the need for this designed-in margin by detecting

when the engine is actually approaching the real, current surge line, and therefore 

allowing improved engine performance for normal operating conditions.

The actual location of the surge line can provide information on the health of the engine. 

As will be shown in the theory Section 3.1, the detection of the surge line gives an 

indication of the airflow through the turbines, in addition to indicating the compressor 

performance. This information could be used to determine when maintenance action is 

required, and to help diagnose problems in an engine on an aircraft, or even in the design 

and development process. For example, it can be difficult to predict what the airflow 

through a set of turbine vanes will be once they are installed in an engine. Currently in 

engine development, the surge line location is found by completing rapid accelerations or 

suddenly increasing the fuel flow (fuel spiking), until the acceleration line crosses the 

surge line, and an engine surge is observed. This can cause engine wear and loss of 

performance, which makes it difficult to prove that the engine design also meets customer
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efficiency requirements. If the amount of surge margin remaining can be detected 

without actually crossing the surge line, the location of the surge line can be established 

without the wear and tear. Although all these features are evidently desirable, the surge 

margin detector will naturally be an additional system needing design, testing, 

maintenance, and troubleshooting. Therefore the technology must be fully matured 

before it will be included in an actual aircraft engine.

1.3 Outline of the Work Completed

This document describes the work completed to date on a project to create a stall 

detection experiment using a T400-CP-401 Twin-Pac® engine. The scope of the work for 

the first phase of the project was to design and implement the experimental set-up, to 

complete some initial tests, and to verify that the results were suitable for:

• detecting stall and changes in the compressor aerodynamics that precede stall, and

• determining the expected surge margin from the engine performance conditions.

A broad survey of the literature available on this topic was conducted, with an eye for 

defining a reasonable and useful experiment design, and processing the resulting data. A 

basic engine model was prepared to determine the feasibility of various techniques for 

inducing engine stall. From these two resources, an experimental set-up was designed, 

and a series of engine tests was planned. A set of data processing techniques was 

prepared to analyse the data, and as results became available, the techniques were refined. 

The results that have been obtained to date are presented and discussed, and suggestions 

are provided for areas of further improvement, investigation and study.
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Chapter 2: Literature Survey

Stall detection systems have been studied over the past 15 years, but the majority of 

experiments employed simple compressor rigs (e.g., Culley et al. 2004, McDougall et al. 

1990, Gamier et al. 1991 and Tryfonidis et al. 1995). This approach allows a better 

understanding of the compressors as an isolated aerodynamic component, but does not 

account for the dynamic behaviour of the compressor in the context of an engine system. 

This review will discuss some of these compressor rig experiments, as well as the few 

engine stall control experiments that have been completed and published, with the 

specific goal of determining how to approach a number of aspects of the experimental 

design. These key aspects include types of stall and stall precursors that have been 

detected, stall control and induction methods that have been attempted, and methods for 

data acquisition and processing that have been successful.

2.1 Types of Stall

The vocabulary used in the field of stall and surge control can be ambiguous, so some 

attempt will be made to clarify the essential terms. Any stall is the separation of flow 

over an airfoil. In the case of a single airfoil, the result is dramatically reduced lift. In the 

case of the collection of blades in a compressor stage, the result is a reduction in the 

pressure ratio and mass flow. In a compressor, any radial section of any individual blade 

could be stalled. For example, a stall could form only at the portion of the blade closest 

to the tip. This is a part-span stall. A group of blades could be simultaneously stalled; 

this is referred to as a stall cell. A compressor can develop more than one stall cell 

simultaneously, up to the point that the entire circumference and span of the compressor
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7
stage is stalled. This would be considered to be a full-stage stall, although this is seldom 

seen in literature discussions. The reason for the lack of discussion is that the compressor 

will typically find a point of stable but degraded operation once one or more stall cells 

have formed. Often, these cells do not remain stationary with respect to either the 

compressor shroud or to the compressor rotor, but they will tend to rotate at some 

frequency on the same order as the rotor speed. One mechanism for this was first 

discussed in Emmons et al. (1955), and provides a good conceptual background.

Suction side 
Pressure side

Direction of 
blade rotation Direction of stall 

propagation

Angle of 
attack /

\ \  Direction of stall 
) propagation (opposite 
/  blade rotation)

Clockwise
blade
rotation

Figure 3: Basic concept of stall propagation
Figure 3 shows a cascade of airfoils to represent an axial compressor stage as viewed 

radially. When an axial compressor is operating at a high pressure ratio, the individual 

airfoils are approaching an angle of attack that will cause them to stall. Some disturbance 

in the flow can cause one airfoil to stall, creating a partial blockage of the passage 

between it and the next airfoil on its suction side, Figure 3. This blockage redirects the 

mass flow that would have entered that suction-side passage to the next available
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passages (towards the pressure side of the stalled blade, and towards the blade above the 

suction-side passage of the stalled blade). As a result, the angle of attack on the original 

stalled airfoil is reduced, and that airfoil may come out of stall. However, depending on 

the operating conditions, the next airfoil on the suction side of the stalled passage may 

itself become stalled before the original airfoil is restored to a smooth airflow. This 

propagates the stall from a small disturbance affecting a single blade to a “cell” of stalled 

passages that rotates around the rotor in a direction opposite the rotor revolution.

If the stall cells grow to include more rotor blades as they rotate, this is referred to as stall 

propagation. If an operating point is reached in which the fraction of the compressor that 

is stalled remains constant, then that is considered to be a stable rotating stall. The 

overall mass flow and pressure ratio for the compressor will be lower than they were at 

the initial condition, but relatively constant.

A surge occurs when the output pressure of the compressor drops off rapidly. The 

pressure inside the combustion chamber determines the mass flow out of the combustion 

chamber; the flow area of the turbine restricts the rate that the pressure in the combustion 

chamber can drop using that normal exit route. If the drop in the feed pressure exceeds 

the rate that chamber volume pressure can normally drop then the air must find another 

route, often back through the compressor. The equations to predict this behaviour are 

given in Section 3.1.
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2.2 Precursors and Stall Propagation

In a controlled environment, a stall is fairly visible in the trace of a pressure transducer or 

hot wire probe mounted near a compressor rotor (Day et al. 1999 give a few good 

examples) as it propagates and grows in amplitude. This is a blade stall or a stall cell that 

is a precursor to a full stall, a surge, or a stable rotating stall. A stall must be 

distinguished from a “stall precursor” which appears to be any signal that can be detected 

before a stall actually occurs. The line can blur and be subject to debate (McDougall 

et al. 1990), since it may not be clear if a signal represents a weak stall or a part-span 

stall. For the purposes of the present work, any precursors detected during partially 

degraded but safe operation are of great interest.

Day et al. (1999) provide a good review of some of the forms of stall formation that were 

observed on four different engines. Two forms that were understood fairly early in 

studies of compressor rigs (Day 1993) were:

• “Modal” inception: almost sinusoidal pressure waves develop in a multi-stage 

compressor and slowly grow in amplitude until a tipping point is reached and a stall 

cell forms and propagates.

• “Spike” inception: a small stall cell forms suddenly, and propagates immediately.

The sinusoidal waves were considered to be “precursors”. Spike-type inception had no 

precursors, only actual stall cells that were initially small. Day et al. (1999) discuss the 

theory that the method of stall inception can be predicted by the degree of stage matching 

in the compressor -  modal stall inception will only occur where the stages are relatively 

well matched, while spike-type inception will occur when a specific stage becomes
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highly loaded. Two other forms of stall signal were also discussed: non-rotating stall, 

seen as a slight rise in pressure on one transducer out of a circumferential set, and a high- 

frequency signal, which may have been a large number of small rotating stall cells. Day 

et al. concluded that due to the variety of stall patterns, stall control in a flight engine 

would remain a long way off.

2.3 Stall Detection and Control Experiments

This is the ultimate question -  how to make a reliable system for stall detection and 

control. The objective is to allow each individual engine to operate with a reduced, 

adaptive stall margin and higher performance, without the risk of stall or of a sudden loss 

of performance. There are a wide variety of approaches, which include:

1) Detecting and counteracting stall cells as they form using fast response pressure 

transducers and air injection (e.g., Day 1993, Owen et al. 1997)

2) Determining if it is possible to detect a consistent aerodynamic change in the engine 

(a precursor) early enough to take a corrective action (e.g., Baran and Dunn 1996)

3) Detecting deterioration of engine health that will cause loss of surge margin, such as 

blade damage (Dhingra et al. 2003)

4) Using models to understand the response of an engine to destabilising conditions 

(e.g., Mazzawy 1977, Chue et al. 1989, Colding-Jorgensen 1992)

A health-monitoring technology of the type described in items two and three seemed 

more feasible for short-term implementation in aircraft engines, and fit well with the 

scope of the project to create a detection experiment.
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2.4 Engine and Rig Types

As previously stated, the bulk of stall detection testing has been completed on compressor 

rigs. These rigs provide an experimental environment that is easy to control, and they are 

most likely to provide repeatable conditions and ready access for numerous sensors.

Some work has been done on gas generator rigs (Owen 1993, Nelson et al. 2000) and 

there have been a limited number of studies on gas turbine engines (some good examples 

include Baran and Dunn 1996, Le et al.1996, Freeman et al.1998 and Spakovsky et al. 

2000). The work by Freeman et al. was on a time-expired Rolls Royce Viper engine, 

where Baran and Dunn were reviewing data from freshly overhauled engines that were 

progressively deteriorated by exposure to dust. Spakovsky et al. specifically compared 

the visibility of stall indicators in a new engine and a deteriorated engine during 

accelerations. The engines that have been tested were mostly large engines (> 10 kg/s 

mass flow) and mostly axial compressors only. Notable exceptions include the gas 

generator rig (2 kg/s airflow, 8:1 pressure ratio, 1 axial stage, 1 centrifugal) tested by 

Nelson et al. (2000), and the large axi-centrifugal engine (12 kg/s airflow) tested by 

Owen, Le and their group (1996 and 1997). Most of the signal analysis by Owen and Le 

focused on the first axial stage of the engine, but Nelson and others that have studied 

centrifugal compressor rigs specifically (e.g., Chen et al. 1994), have found that the stall 

inception behaviour of the centrifugal stage should be comparable. Gravdahl and 

Egeland (1999) compared stall behaviour models in their work on modelling and control, 

and they showed that the form of the model for centrifugal compressor stall induction and 

in-stall behaviour is similar to that for axial compressors.
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The problems in designing a compressor test for a compressor that is a part of an 

engine include the question of how to induce stall, where to take measurements, and how 

to detect stall-related information among the many noise sources of an engine 

environment. It is clear that a PT6-type axial-centrifugal compressor core (the basis of 

many engines) has not been well studied in this area, and that it is useful to test a 

degraded or service-exposed engine.

2.5 Stall Induction

Methods used to induce stall in an engine require the reduction of the stable operating 

stall margin. This reduction is accomplished (as described by Freeman et al. 1998) in 

broad terms by lowering the stall line or by raising the operating line. Compressor rigs 

have downstream throttling valves that can be adjusted to raise the operating line and 

induce stall. This option is not easily available on the PT6, because the high-pressure 

turbine vanes provide the “throttle” behaviour, and they cannot be directly modified 

during testing. Baran and Dunn (1996) raised the operating line by exposing an engine to 

a dust-laden environment and completing a rapid acceleration and deceleration followed 

by a second acceleration. It was found that the dust clogged the turbine, which reduced 

the mass flow to the point that the repeated accelerations would push the compressor 

above the stall line.

Freeman et al. (1998) compared the effects of:

• using fuel spiking to reduce the turbine outflow;

• forcing air into the combustor case to provide a back pressure;
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• disturbing the inlet conditions with hot gas ingestion and inlet distortion.

Other tests have altered fuel control schedules and injected hot exhaust air to distort inlet 

flows. The choice of stall induction method will depend on the engine and facility 

involved in the test. For the PT6 selected, there is a bleed valve between the axial stages 

and the centrifugal stage that provides stall control. Modifying the scheduling of this 

valve is a straight forward, repeatable method to induce stall at certain speeds. No papers 

were found to discuss modifying the existing stall control devices on an engine, perhaps 

because it is only effective at low speeds (there is usually no control bleed at high 

speeds), or because the engines previously tested did not have an existing easily-accessed 

stall control device.

2.6 Instrumentation

There are many answers in literature to the question of where to take measurements. For 

the most part, flush-mounted pressure transducers upstream of the leading edge of the 

rotors are used, since this area will provide the cleanest baseline, while being close 

enough to pick up the disturbance from a stall cell directly. Dhingra et al. (2003) found 

mid-chord to be a preferred location for the specific purpose of detecting faults with 

individual blades in a single compressor stage. This location is impractical for 

development or production engines because the sensor will get damaged or blocked 

should the compressor blades contact the shroud during a stall or start-up. It seemed that 

the leading edge location should also allow investigation of the feasibility of a blade-fault 

detection approach.
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A working engine is a hostile place for pressure transducers: Owen et al. comment in 

their initial paper (1993) that eight pressure transducers were lost within a few surge 

cycles. For this test, the instrumentation has been selected with the aim of finding a 

compromise between transducer sensitivity and durability. Rather than a single 

sensitivity of pressure transducer, two levels have been selected: one that is close to the 

expected normal operating pressure range, and one that should be able to withstand the 

pressure range that could be expected in the case of a surge.

Although flush-mounted transducers are ideal, there are cases where they are not feasible. 

In the case of the PT6, the inlet transducers could not be flush-mounted readily because 

the local curvature of the compressor shroud would always leave a step somewhere 

around the face of the transducer. It also seemed inadvisable to expose the face of the 

pressure sensors at the diffuser exit directly to the air surrounding the combustion liner. 

As in the experiment described in Oakes et al. (2002), a short pressure tap was used to 

avoid direct exposure of the pressure transducer without losing frequency response. 

Methods for estimating the resulting signal lag are available and are discussed in 

Tidjeman (1975), Dibelius and Minten (1983), and Whitmore and Leondes (1990).

As to the number of sensors, compressor tests often had arrays of eight or more 

circumferentially spaced pressure transducers. These were usually for specific purposes, 

such as studying the usefulness of spatial Fourier transforms (Day et al. 1999) or 

attempting to control injection of air directly into rotating stall cells.
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2.7 Data Processing

Owen et al. (1993) and Oakes et al. (2002) specifically describe digital filtering 

techniques to improve the appearance of the pressure traces. The bulk of early studies 

essentially compared the pressure traces around the compressor circumference to visually 

pick out a pattern that repeated from one circumferential probe on the engine to the next 

(Day 1993). Over time, more data processing techniques have been proposed and 

evaluated. Day et al. (1999) comment on two of the methods that were initially popular -  

Spatial Fourier Decomposition (McDougall et al. 1990) and Travelling Wave Energy 

(Tryfonidis et al. 1995). Travelling wave energy showed the most promise of the two 

methods. In the past ten years, wavelet analysis has gained popularity (Le et al. 1997, 

Dremin et al 2002, and Dhingra et al. 2003) as it preserves some time domain 

information while separating out features into the wavelet scales. Analysis using a 

specific wavelet scale is analogous to computing a power level sum from a particular 

frequency band of an FFT decomposition. The challenge, in terms of data analysis, is 

that the wavelet preserves more information in the time and scale domains than a 

computer algorithm can readily identify, so statistical methods are suggested to condense 

this information into a readily understood form. Dremin et al. (2002) found some success 

in detecting a drop in the standard deviation of the Daubechies 8 wavelet coefficients, 

and Krishnappa and Bird (2003) examined several statistical techniques including the 

standard deviation and kurtosis of wavelet and Fourier transform coefficients.

Most studies (e.g., Owen et al. 1993 and Oakes et al. 2002) used data acquisition rates on 

the order of 5 to 20 times the rotor speed. To detect rotating stall cells and blade passage,
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the data was filtered and down-sampled to investigate signal frequencies on the order 

of two times rotor speed.

This chapter has reviewed a broad range of experiments in the field of stall detection. 

Concepts have been gathered to support the process of designing an experiment, as will 

be described in Chapter 4. It appears that a systematic program of stall precursor 

detection on a small, service-exposed PT6 could provide a useful contribution to the body 

of knowledge. The PT6 configuration is conducive to several of the stall induction 

techniques mentioned. These include some methods that are quasi-steady-state in nature, 

and some that require manoeuvres. Instrumentation locations that have allowed 

successful stall detection have been noted, as well as the accompanying data acquisition 

and signal processing methods, and any problems encountered. The research has also 

indicated that modelling would be an important tool in the design of the experiments, and 

in the understanding of the experimental work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Chapter 3: Engine Models

The literature survey and preparation for this work suggest that an analytical component 

to the experimental study would be both complementary and important. Two types of 

engine model were required for this project: a steady-state off-design model, and a 

dynamic model. These represent two ends of the modelling spectrum. The first assumes 

that:

• there is no change in any behaviour of the engine over time,

• all the mass flows are continuous,

• shaft power inputs and outputs are balanced, and

• the work into or out of a component is fully accounted for by the property change of 

the gases through it.

On the other hand, the dynamic model is essentially a set of differential equations (with 

respect to time) to determine how the engine system will respond to a disturbance. 

Thinking of a mass-spring-damper system, or a feedback circuit, the reaction to a 

displacement from the given initial condition could be that:

• the initial condition is restored without overshoot (damped)

• the initial condition is restored after some over-shoot oscillations (under damped)

• the oscillations actually increase (positive feedback or negatively damped)

Somewhere in between these two models would be a traditional transient engine model. 

To create a transient model, the component information from the steady-state model can 

be used to predict mass flow and shaft power imbalances; the magnitude of these 

imbalances will indicate the rate of change of any important parameters. This full
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dynamic implementation was not required for the current set of testing, as the approach 

to stall was very gradual, and quasi-steady-state.

For all modelling, the following station numbering scheme will be used:

F" tJDiffuser f
i v ^ ' r v . . .  3

ExhaustCombustor

P2.5 Plenum
tit n

Axial Centrifugal HP and LP
Turbines

Figure 4: PT6 cross-section with station numbering (engine cross section from 
United Aircraft, 1971)

3.1 Dynamic Model

Serious surge and stall modelling is considered to have started with the work by Greitzer 

in the late 1970s, when he introduced the B parameter, which can be used to characterise 

whether a compressor stall will cause a surge or not. This value is essentially the 

characteristic parameter of a second-order equation defining the mass flow through a one

dimensional model of a compressor-duct-plenum-throttle system (Greitzer, 1980). It is 

similar to the characteristic of a mass-spring-damper system. The general derivation will 

be given in Section 3.1.1. Moore and Greitzer (1986) improved the model to include the 

angular (circumferential) dimension for the purpose of understanding unrecoverable 

rotating stall. This model was able to successfully predict the post-stall behaviour of a
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compression system. Since then, there have been many variations made on the original 

theme. Areas of development stemming from this original model include:

• including compressibility and viscous effects in the model (e.g., Willems and de 

Jager, 1999);

• incorporating non-linear models of the compressor (Gravdahl and Egeland, 1999 

give a good overview);

• adding “forcing functions” to model background noise, inlet distortion, and water 

injection (e.g. Colding-Jorgensen, 1992 and Brun et al. 2006);

• incorporating the effects of tip clearances (e.g., Vo et al. 2005); and

• modelling the effects of degradation on the system components (e.g., Spakovszky, 

2000).

These types of models are recommended for future study. Since representative 

compressor maps were available for the PT6, and the experiment intent was to approach 

stall and not to observe surge behaviour, only a simple extension of the Greitzer model 

was attempted.

3.1.1 Basic Actuator-Disc Model

The concept in surge modelling is to find a point of dynamic instability: where the system 

will have a tendency, not only to drift away from the initial condition, but to enter 

oscillations. Greitzer accomplished this by reducing compression systems, in our case a 

PT6 gas generator, to a simple set of components: a compressor “disc”, a loss-less duct, a 

plenum, and a throttle (Figure 5). We will quickly review these calculations, as taken 

from a Sjolander’s (2005) very thorough step-by-step derivation of Greitzer’s work.
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Figure 5: Simplified model of the gas generator (engine cross section from United 
Aircraft, 1971)
The model assumes that:

• the initial condition is essentially steady,

• the relationship between the pressure difference across and the mass flow through the 

compressor and turbine can be approximated as a straight line (for a small 

perturbation),

• there are no significant inertial forces in the duct connecting the compressor to the 

plenum, and

• the compressor can be treated as “short” compared to the length of the duct.

Given this start, we examine the relationship between mass flow and pressure for each 

component. The relationship for the compressor (Equation 1) and turbine (Equation 2) 

are taken to be simply the slope of the component characteristic (the map, as discussed 

below, in Sections 3.2.3 and 3.2.7) at the initial conditions. The compressor inlet 

pressure and turbine outlet pressure are assumed to be independent of the mass flow, so 

that the perturbation equations are only a function of the compressor outlet and the 

turbine inlet conditions.
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P i= cm 3 1

P 4— f  m4 2

The tick marks are used to designate a perturbation value, and mass flows are shown 

without dots to avoid confusion. The duct is used to represent the space in which the flow 

has an opportunity to accelerate or decelerate. The inertial effects are considered minor 

compared to the load placed on the system by the throttle, so we can derive Equation 3 

from a force balance across the duct.

The plenum is treated as a pure mass storage component (small length relative to the 

volume). Conservation of mass gives:

The compression and expansion processes to accommodate the mass accumulation are 

calculated as for an isentropic, perfect gas to find a simple relationship, as given in 

Equation 4

X F , = i ( mu)

where La is constant and

m 3= m d= p dA dud

which gives (in perturbation notation)

3
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P—  = const 
Py

d p4 p 4 dP4 1 dP 4 1 dP4

dt P4y  dt y R T 4 dt a 24 dt4

V  comb d P  4
3 4 2 J ,a 4 ««

Now that all of the components are modelled, the set of Equations 1, 2, 3, and 4 are 

reduced to one second-order ordinary differential equation (refer to Sjolander 2005 for 

the full process):

f  Vcomb Ld d 2m3 

Ad dt2

Ld C f  V comb \ d  m3 + ( / —c)m3= 0
Ad a4 I dt

This model for mass flow is comparable to the model of the displacement of a mass- 

spring-damper system.

d 2 x dx m — x- + b—  + k x = 0 
dt2 dt

where 6
f  ^  comb Lj , I L j C f  V comj, \ l i t  \m =  — -T-, b=\  ---------- 5-----  , and k = { f - c )

a4 Ad \ A d a4 I

This gives us the conditions th a t/>  c for static stability (the tendency of the system to

respond to a disturbance with a reaction towards the initial condition). This will be true

for most of the compressor map, because the compressor map slope along a given speed

line is negative, and the turbine characteristic is generally positive. For example, a

choked flow through a constant area is considered to have a constant corrected mass

/ V7r \flow, so that: m4 — - = P 4
\ m4c I

7 /?Dynamic instability is approached as b becomes smaller. When b <2 (km) the system 

becomes under-damped, and will experience oscillations before returning to the initial
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condition, and when b < 0, the system becomes dynamically unstable. From this 

condition, we get the criterion for unstable compressor operation:

The smaller that the right-hand side of Relation 7 gets, the earlier that c will exceed it. 

To give a general idea of how susceptible an engine would be to surge at a given 

condition, Greitzer (1980) took a dimensionless form of the criteria to create the B 

parameter:

Where U is the compressor tip speed. The mass-spring-damper model also suggests that 

as the system tends towards the point that it is unstable, disturbances (such as engine 

noise, inlet distortion, and variability from one blade to another) will become 

under-damped and lead to more oscillations. This indicated that it should be possible to 

detect these oscillations, or precursors, especially near the natural frequency of the 

system (Equation 9), and inspired the wide range of tests described in the literature 

review.

3.1.2 Modified Actuator-Disc Model

The assumptions made in Section 3.1.1 are reasonable assumptions for a single-stage 

compressor test rig, but many, such as the assumption of no compressor length, and no

Lr,a
1c > -------------

^  comb f

8

9
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external or inertial forces in the ducting are questionable for an engine. The question 

of greatest concern for this study was the modelling of the turbine as a throttle that is 

affected by combustion temperature. No specific mention was made of it in any of the 

papers reviewed. It would seem that the turbine is modelled as a throttle with a constant 

corrected mass flow (Equation 10), as simply following a map line, or by making up a 

complete gas turbine model and testing perturbations to get a characteristic line. It 

seemed useful to consider the effect of the mass outflow on the turbine temperature as a 

correction that could be made to the turbine slope/

Equation 10 shows the typical choked-flow calculation, shown as it would appear in 

perturbation form it T4 is assumed to be constant.

If T4 is expressed as a function of the outlet mass flow, then based on conservation of 

energy, and assuming a constant fuel flow and 100 % combustion efficiency for a small 

perturbation, a new equation can be derived.

10

dT4 _  —wf LHV dm4
11dt m42 c p dt

d(m 4^ 4) dP4 
,dt 4C dt

dm4 ^  1 1  dT4 dP4
— -  V T 4+m4 -  - r=  ——=m4c — -— Vr 4+m4- - r = ——=m4c —  
dt 2 tJt 4 dt 4c dt 12
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Substituting Equation 11 into Equation 12 and changing d/dt into perturbation 

expressions:

or for the purpose of illustration,

-(f)H1?)-'.
The correction to Equation 10 is fairly significant: it will reduce the value/by about 25 

to 35 % for typical engine operating conditions. The effect will increase with the rate of 

fuel flow used for accelerations. The greater the initial temperature change across the 

combustor, the smaller our corrected/will be, which will allow the instability criteria 

(Equation 7) to be satisfied at an earlier point on the compressor line.

3.1.3 Inputs Required for the Dynamic Model

Table 2 lists the input values required to calculate the stability criteria in Equation 6.

Since a compressor map has been supplied, the slope of the map in the neighbourhood of 

the surge line can be used directly. Gravdahl and Egeland (1999) go into the process of 

deriving a compressor characteristic in detail -  calculating the Euler equations and 

including typical loss corrections. These techniques may be used in the future to find the 

compressor behaviour beyond the surge line for the purpose of post-stall and post-surge 

modelling.

Table 2: Input values required to determine engine stability
c The compressor map slope for a constant speed line in the neighbourhood of the

steady condition
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/  The turbine map slope, or the slope of the choked mass flow calculation,

corrected according to Equation 13, with constant LHV, and m4, Wf, and cp 

calculated for the steady condition.

T4 Calculated from the full combustion model and air model, see Section 3.2.6 for

details.

Ld The approximate diffuser length, measured

Ad The centrifugal outlet area, measured

Vcomb The combustor volume, estimated from diagrams and measurements

a.4 The speed of sound at the turbine inlet, since the bulk of the “plenum” volume

is inside the combustor liner 

With this minimum list in mind, an attempt was made to create a steady-state model of a 

PT6 power section from a T400 engine that could be used to plan and evaluate a series of 

stall detection tests. The development of this model is described in the next section.

3.2 Engine Component-Based Performance Model

There was a desire to use the model of individual components to verify the performance 

data from the engine. The preparation of the steady-state model to support this work 

involved several decisions. There were several requirements that led to the decision to 

write an independent engine model instead of using an off-the-shelf product. These 

included the need to model the interstage bleed dump valve, and then to model disabling 

that valve. Also, looking ahead, there was the anticipation of needing to simulate other 

methods of inducing stall, such as blocking the inlet or introducing air to the combustion 

case to reduce the airflow through the compressor. The dynamic model requires a 

reasonable prediction of the compressor behaviour, including the amount of bleed air
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taken at the interstage point, the turbine inlet temperature and pressure, and the torque 

balance on the shaft connecting the two.

3.2.1 Engine Configuration

The PT6-T400 will be modelled as a series of components (Figure 6). On the high-speed 

shaft, there is a compressor made up of an axial section and a centrifugal section.

Between the two, there is a bleed valve (BOV), which can dump up to around 20 % of the 

mass flow overboard according to the information provided by Pratt and Whitney 

Canada. In the installation configuration that was used, the bleed air recirculates to the 

compressor inlet, causing some temperature increase. From the centrifugal compressor, 

the air enters the combustion chamber, and is directed through the high-pressure (HP) 

turbine stage. The HP turbine provides power for both sections of the compressor, with 

some losses to the bearing and power section gearbox. The low-pressure (LP) turbine 

provides power to the combining gearbox, which combines the power from both engines 

and drives the dynamometer (in the test cell), or the helicopter rotor.

Bleed CombustorInlet

^  Axial
Compressor Compressor TurbineTurbine

Centrifugal HP LP Power out

Figure 6: PT6 power section as a series of components
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Figure 7: Mainline flowchart for off-design performance estimation
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Figure 7 is an overall flow-chart of a basic engine straight-through calculation. The 

model was rarely used in this form, due to some problems with modelling various 

components, but instead it was used:

• as individual components that could be used to check the experimental results for 

reasonableness from some data inputs; or

• as a set of components in series up to the combustor to predict the HP turbine inlet 

temperature To4.

Also, several different orders of calculations were used with a solver to attempt to 

estimate reasonable component parameters from the available engine data. These 

included calculating conditions from the inlet to the compressor outlet, and solving 

backward for component inlet calculations from the exhaust to the HP turbine inlet, and 

then trying to find a combustor efficiency and pressure drop that would satisfy the 

constraints for a given fuel flow.

3.2.2 Air Model

A set of programs was developed to provide the properties of mixes of common dry gases 

at different temperatures. These were based on the polynomial terms provided by 

McBride (2002), as used in the NASA Glenn “Chemical Equilibrium with Applications” 

program. The programs can calculate the gas constant and molar weight for any mix of 

common gases, and the local specific heat capacity, the total enthalpy or entropy (relative 

to 298 K), and the ratio of specific heats (y) for any given temperature. A solver based on 

the secant-method is used to determine a temperature based on a given total enthalpy. To 

create the solver, a function created for FORTRAN by Burkardt (2000) was converted
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into MATLAB script. The script was then extended to be able to solve for any single 

variable input to a MATLAB function. The function to be solved can require several 

inputs, provided that all but one are fixed. A second solver was made using the same 

structure, but using the bisection search solving method, to be able to solve problems 

with strict upper and lower limits. The mixing calculations were verified using a set of 

coefficients provided by McBride for a standard “Air” mixture, and the overall 

calculations were found to be in good agreement (within 0.1 kJ/kg for the full range) with 

the air tables provided by Moran and Shapiro (1999). For processes involving changes in 

air temperature, the simplification of using constant properties was used, to avoid a 

computationally expensive integration.

3.2.3 Compressor Mapping

Pratt and Whitney Canada provided the National Research Council of Canada with a set 

of compressor data to represent the overall T400 compressor in a computer model in 

1997. At the time, a computer model and compressor map were prepared from the data, 

but these are no longer available, so the model was rebuilt using essentially the same 

principles. The methods are essentially as described in Hattie (1997), which was, in turn 

based on Kurzke (1992). The Pratt and Whitney Canada data allowed the look-up of a 

mass flow and efficiency, from a given engine speed and pressure ratio, but not the other 

way around. To allow easy location of a point on the map, and compatibility with 

commercial component map formats, new data points were interpolated along sets of 

imaginary lines (see Figure 8) called beta lines. These lines are chosen to be essentially 

orthogonal to the speed lines. The beta lines and speed lines can be thought of as a set of
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dimensions or a co-ordinate system that can be translated into the pressure ratio and 

mass flow co-ordinate system. The map defines the relationship between the two 

systems, and therefore the four parameters.

Pressure
ratio

Beta
lines

Speed lines

Mass flow

Pressure
ratio

+ + +
+ + + + +

+ + + + ++ :  :+ + +  + + +

X  |  :  +

++*++ ¥ -f*-++
+ v ++ 
+ +S

Mass flow 
 ►

Figure 8: Definition of beta lines on a sample compressor map
The beta lines are defined as straight lines (y = mx + b, where y is pressure ratio and x  is

mass flow), spaced at even angles. The top beta line is selected to connect one low speed 

data point and one high speed data point, and to plot above all the remaining data points. 

The bottom beta line is similarly selected to plot below all the remaining data points. The 

intermediate beta lines all pass through the intersection of the top and bottom beta lines, 

which will be at some arbitrary value of pressure and mass flow. To create a beta-speed 

line grid point (as shown in Figure 8), an algorithm iterates through the points provided 

for the speed lines to determine which segment of the speed line intersects with the beta 

line within its own range of pressure ratios (as opposed to intersecting along an 

extrapolation). This intersection is the grid point.

Translating between any point in the beta-speed co-ordinate system and the pressure ratio 

vs. mass flow co-ordinate system is a matter of finding the set of nodes (line 

intersections) that surrounds the point, and completing a two-dimensional interpolation.
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Within limits, the same method can be used to find all the map values from any two of 

the four parameters.

A major challenge in the compressor modelling was that the provided compressor data 

only describes the overall compressor behaviour, and not the individual components. 

Previous models were only concerned with approximating the energy lost at the bleed 

port, and not the behaviour of the axial compressor as a separate component from the full 

axial-centrifugal compressor. For the purpose of energy balancing, it was assumed that 

the temperature increase across the axial compressor would be one third of the total 

temperature increase across the full compressor, and that the polytropic efficiency would 

be constant across the axial and centrifugal compressor. The experimental results that 

were previously available did not have any Station 2.5 data, so the accuracy of these 

assumptions could not be verified before the current set of experiments. For this reason, 

the compressor maps were constructed from the available information and the 

assumptions listed above.

A significant unresolved question with the compressor map is whether or not the map 

includes the loss of bleed flow at Station 2.5, and if it does include bleed flow, whether 

this bleed flow was dumped overboard, or recirculated to the inlet. If the bleed flow is 

not considered, then the map splitting calculation is straightforward, and the equations are 

listed in Appendix A. If the bleed flow must be considered, then the question arises as to 

how accurately it must be modelled. The compressor data provided the bleed flow as a 

simple percentage of the mass flow for any given corrected rotor speed. This is evidently

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 3
a simplification. To test the accuracy of this simple function requires either specific 

bleed flow data, which was unavailable, or a separate model of the bleed flow system. 

Since the bleed model could not be validated before the experiment, two versions of the 

compressor map split were prepared. The first was completed assuming that the provided 

data did not include any bleed. The second was prepared assuming that the bleed was 

dumped overboard at the exit of the axial compressor, according to given values of bleed 

as a simple function of rotor speed. Temperature feedback to the inlet was neglected, 

since the map was assumed to be based on the compressor itself, independent of the 

installation configuration.

3.2.4 Compressor Model Calculations

Given the existence of a good compressor map, the processes for finding the outlet 

conditions from the inlet conditions is as follows:

• Choose a point on the compressor map, defined by any two of: corrected mass flow, 

pressure ratio, corrected rotor speed, or beta value

• In the function mappointfrom (Appendix F)

• Find which set of speed line points and beta line points contains the point.

• Use interpolation programs to calculate the specific location of that point in all 

dimensions of the compressor map values

• From the corrected rotor speed and beta value, use two-dimensional linear 

interpolation to find the isentropic efficiency
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Use the pressure ratio and isentropic efficiency, with the inlet conditions to find the 

exit temperature and pressure, as shown in Figure 9, using the air model described in 

Section 3.2.2 to calculate entropy and enthalpy for a given temperature.

Inputs: T̂ 2 P  2 air mix Input 2 of:

l

o2
1

A
Find the map point from

the 2 inputs

o3

o2

Solve to find the T03s that satisfies: 

s( r j+ t f ta |^ |= j ( 7 ’oSf)

Solve to find the T  that satisfies:

(h(To3s) - h ( T o2))o3 s‘ V o2> 

h2,3
■ + h ( T j = h ( T j

n 2,3

Calculate Work Output

W23= ( H T j - h ( T j ) m2cPo2
VUn

TO'2c

Output: Tg3 Po} Nc m2 W 2j

Figure 9: Flowchart of the calculations to find the compressor outlet conditions

The interpolation functions were first validated using simple known sets of numbers, and 

checking that the exact answer was always given. The sequence of isentropic property
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calculations was validated against GasTurb 10 (Kurzke, 2006). As an example, for the 

standard engine (Pressure Ratio = 12, compressor efficiency = 0.85, T02 = 288.15 K, P„2  

=100.312 kPa), GasTurb returned T03 = 630.42 K and the MATLAB code returned T03 = 

630.60 K, a difference of 0.05 % on the temperature change.

3.2.5 Bleed Valve Model

The modelling information provided only gave the Station 2.5 bleed valve (BOV) 

behaviour as a function of engine speed. Since the BOV is used to prevent surge at low 

powers, it was of interest to see if introducing an external air pressure (from the shop air 

compressors) could disable it. To answer this question, an attempt was made to model 

the BOV behaviour. Appendix B describes the calculations to determine the pressure 

inside the BOV control chamber from the ratio of the inlet and outlet orifices.

Inlet
airmeter

Inlet
plenum

BO

Combustor

Axial Centrifugal HP and LP Turbines

Figure 10: Bleed valve location and airflow on an engine diagram
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Tap to measure P0x or to 
introduce shop air

Free sliding pisLon

P2.5 (approximately)

Figure 11: Bleed valve diagram
As the pressure inside this chamber increases above the pressure at Station 2.5, the BOV 

slowly closes. The mechanism for this gradual closing is a bit mysterious, as the valve 

piston is completely free floating. This was verified by removing the BOV assembly 

from the engine, and testing it by hand. This means that the mass flow through the valve 

is entirely actuated by the pressure difference between one side of the valve piston and 

another. From the available compressor data, it appeared that the mass flow would start 

to diminish when the static pressure at the axial compressor exit (P25S) was still slightly 

higher than the BOV chamber pressure (Pox)• It would continue to close while Pox was 

between P25S and P025, and close completely around the point that Pox was greater than 

Po25- This was later confirmed by experiment. The mechanism of this relationship 

appeared to be that in the presence of an outward airflow, the pressure in the P2.5 plenum
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chamber would be lower than the total pressure at Station 2.5 by some amount. The 

static pressure at Station 2.5 was taken as a first approximation.

3.2.6 Combustor Model and Mass Flows

The treatment of the combustion chamber was straightforward. The mass flow into the 

chamber was reduced by the amount of cooling flow required for the turbine blades, and 

the exit mass flow was increased by the amount of fuel burned. The bleed mass flow was 

re-introduced at the inlet to the high-pressure turbine inlet vanes, and to the two rotor 

discs. Where the bleed flow is introduced, the total temperature is considered to drop, but 

the additional mass flow is not considered to contribute to the turbine work output for the 

stage that it is introduced. In this engine design, the cooling flow is not introduced along 

the blade airfoils, so no correction was made to the blade efficiencies. The lower heating 

value of the fuel was used directly, and the mixture of gases after combustion is 

calculated. The combustion module can allow either fuel flow or the outlet temperature 

as a function input. In the latter case, the ratio of fuel burned to air exiting the 

combustion chamber was calculated from the inlet and outlet enthalpies and the change in 

mass flow. The pressure drop across the combustion chamber was initially estimated as 

7 % of the total inlet pressure at the design point, as suggested by Oates (1997) for an 

aircraft engine. The combustion efficiency was allowed to drop as low as 0.9 to achieve 

a reasonable performance match, since some of the fuel nozzles in the test engine were in 

poor condition. From the combustion efficiency and the inlet conditions, the outlet 

temperature and air mixture are calculated as follows, using the air model described in 

Section 3.2.2
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• The inputs taken are T03, P03, the air mixture, fuel flow, air flow and the design 

point characteristics of the combustion chamber.

• Assuming that a fuel flow is given, the molar fuel flow ratio is calculated, and based 

on the balance of hydrogens and carbons in the fuel, the ratios of the component gases 

of air are adjusted to give air mix 4.

• The mass flow of the fuel is added to the mass flow of air to give the exit mass flow

m4.

and To4 is found by solving to find the temperature that gives h04 using air mix 4.

The combustion calculations were validated against GasTurb 10. As an example, for the 

standard engine (combustion efficiency = 1.0, T03 = 630.42 K, standard stoichiometry for 

dry air, and JP-4 fuel), GasTurb returned T04 = 1450 K and the MATLAB code returned 

T04 = 1443 K, a difference of 0.85 % on the temperature change. The same error is found 

for the reverse-solved calculation of finding the fuel flow from the outlet temperature. 

The difference is probably due to a lack of emissions calculations in the MATLAB code.

In off-design conditions, the combustion chamber efficiency is kept constant for 

simplicity. This could be improved in future versions to include some change in 

combustion behaviour at different fuel-to-air ratios. The pressure drop is allowed to vary 

in direct proportion to the inlet dynamic pressure, but future versions will include some

The exit pressure is calculated from

P o4\ c

P  o 3 / D  m 4cD t

/ Wf
• The exit enthalpy is calculated as: ho4 = \ho3+LHV —-  rj comh
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correction factors as presented by Saravanamuttoo (2001) to account for the gas 

dynamics.

3.2.7 Turbines

Data points were provided for the component behaviour of both turbines, and these data 

points were converted into standard component map format, in the same style as the 

compressor map. This conversion was easier than the compressor conversion, because the 

standard turbine format used by Kurzke (1992) does not use beta lines, so no 

interpolation was required. Pulling data from the turbine map also follows essentially the 

same procedure as given in Appendix F, and will not be repeated. From the turbine 

efficiency, pressure ratio and the inlet conditions, the outlet temperature is calculated 

using essentially the same procedure as shown in Figure 9, using the air model described 

in Section 3.2.2 with the air mix taking the combustion products into consideration. The 

only calculation difference occurs where efficiency is considered, to find the outlet 

enthalpy:

h (T o5)= h(To4 ) - (h (T o4 ) - h ( T o5s))nt

The turbine calculations were validated against GasTurb 10. As an example, for the 

standard engine (Pressure ratio = 2.835, To4 = 1450 K, isentropic efficiency = air 

stoichiometry retained from combustor calculation, pressure ratio), GasTurb returned 

To4 = 1172.81 K and the MATLAB code returned To4 = 1173.6 K, a difference of 0.2 % 

on the temperature change.
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The turbine maps could not be easily reconciled to the rest of the model -  the map 

relations constrained the model to the point that the calculations would have to be 

completed almost in the exact same way as the original Pratt and Whitney Canada model 

to obtain a reasonable result.

For this reason the turbine was modelled as a throttle for a starting point. For the purpose 

of determining the susceptibility to surge of the engine, it is adequate to estimate the mass 

flow out of the turbine as a function of pressure and temperature. The engine spool 

probably has enough inertia, and the change in the turbine behaviour with respect to 

speed is small enough that the effects of engine speed on the “throttle” portion of the 

dynamic model can be neglected for a first approximation. The behaviour of the low- 

pressure turbine is not of great concern for stall prevention, provided that the high- 

pressure turbine is operating in choked flow conditions.

3.2.8 Accessories

These are some additions to the basic gas turbine cycle that were considered:

• Both the gas generator shaft and the power turbine shaft have mechanical losses and 

some amount of accessory loading.

• There may be some airflow leaks along the gas path, not accounted for in the normal 

model.

These could be adjusted to improve the match between the gas turbine model and the 

experimental results, but the model and results were in close enough agreement for the 

requirements of the project.
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3.2.9 Improvements

For future tests, this model may be modified to include some of the following features:

• Consider non-dry air to model the effect of humidity or water injection

• Accurately model transient behaviour

• Improve the compressor split by using basic principles

• Incorporate stage performance estimation to assess changes in matching

• Include fuel governor behaviour

• Automatically identify unrealistic data

• Automatically adjust the component characteristics to match the engine behaviour

The first two items will allow the consideration of different surge induction methods. 

Water injection to the inlet could be used to provide some amount of inlet distortion and 

surge margin reduction (as determined by Bran et al. 2006). Rapids manoeuvres, 

especially combined with another stall inducing method (such as increased backpressure), 

can help to drive the engine into a surge. Since manoeuvres are difficult to control, 

avoiding surge will be especially important, and so transient surge induction should only 

be attempted once a good transient model exists.

Improving the compressor maps and characterising the fuel control should help to remove 

the level of data intervention required in the modelling -  essentially get the model to the 

point that a PLA setting can be entered rather than a specified fuel flow. This may help 

identify any feedback features in the combustion case pressure and fuel flow data. The
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last two items are a wish list for convenience. Some the calculations that could be 

used to accomplish these goals were tested during data verification, such as calculating an 

approximate mass flow from the temperature difference across the power turbine 

(power section output power in Watts divided by the enthalpy change across the LP 

turbine in Joules per kilogram).

In this chapter, an overview was given of the dynamic models that have been developed 

to understand compressor stall and surge in compressors and engines. A basic dynamic 

model derivation was presented, and a simple equation was derived to give a turbine 

characteristic that varies with the amount of fuel being consumed by the engine. An 

outline was given of a steady-state model of the components of the PT6. The dynamic 

and steady-state models served well for the purposes of designing and determining the 

feasibility of the experiment, verifying the instrumentation, and providing some 

understanding of the experiment results. As will be seen in Section 6.2, the model 

components provided reasonable agreement to the experimental results, and it should be 

possible to bring the full model into alignment with the results with iterative adjustment 

of parameters such as component efficiencies, pressure drops, mechanical losses, and 

accessory loads.
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Chapter 4: Experimental Design

The T400 service-exposed engine was made available for this work through the co

operation of the National Research Council of Canada Gas Turbine Laboratory and the 

Department of National Defence. The T400 consists of two PT6 engines combined 

through a common reducing gearbox. Each engine provides power to the reducing 

gearbox from a power turbine, which spins independently of the gas generator shaft. The 

gas generator turbine drives the compressor, which is made up of two sections: the axial 

compressor and the centrifugal compressor. Refer to Figure 4 for station numbers.

4.1 Planned Methods for Stall Induction

Approaching the surge conditions in these different ways will help to determine which 

pre-surge features from the current data set are the most useful to monitor for surge 

avoidance in general running. Several methods of approaching compressor stall were 

selected for investigation.

• closing the bleed valve slowly at a steady speed by introducing shop air into the 

chamber (see Figure 11 and Appendix B for the diagram and theory)

• creating inlet distortion by blowing external (shop) air into the inlet -  through the 

compressor wash ring and through a single hose

• setting the BOV chamber to a given pressure so that it closes completely at a lower 

speed, and doing accelerations and decelerations

• introducing external (shop) air to P3 to change the back-pressure on the compressor

• modifying the air intake screen to create inlet distortion
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• testing a series of fuel spikes or manoeuvres with modified fuel scheduling

4.2 Engine Condition and Preparation

The engine is in a severe state of wear after approximately 4000 hours of service since 

overhaul (typical overhaul period is 6000 hours). The first stage rotor has several impact 

damage locations, measuring about 2 mm across and 0.5 mm deep (Figure 12). In 

addition, leading edge radius sharpening and hub chord reduction were noted. The choice 

was made not to dress these out, so as to test an as-flown engine. The engine was 

stripped down to the compressor assembly for instrumentation. The air system was 

severely clogged with sand from operating in desert conditions, although most of this was 

cleaned out during disassembly. The turbine tip clearances were measured at an average 

of 0.2 mm (by slipping a 0.008 inch gauge under the blade tip) at both disassembly and 

re-assembly. The compressor rotor was not disassembled.

Figure 12: First stage rotor condition 

4.3 Data Acquisition Systems

From the literature review, it was apparent that a sampling frequency of about ten times 

the rotor frequency would be adequate for standard signal processing methods, and that 

some useful information could be gained from higher data acquisition rates. It was 

desirable to have a system that had built-in on-line data processing, especially FFT
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spectrograms. At least two fast-response pressure sensors would be required at any 

given axial location to be able to conclude that any pressure pulse was rotating around the 

compressor annulus. The choice to use three sensors at each location was made so that as 

long as two sensors were working, stall rotation from one station to another could be 

visualised. If the only sensors available were directly opposite each other, then it could 

be difficult to determine the speed and number of stall cells. With three sensors, the angle 

between sensors could be consistent without having sensors directly opposite each other. 

The dynamic probes were placed as shown in Figure 13 and (more details and 

photographs are available in Appendix D).

PF30

CombustorPF25PF20

Axial Centrifugal HP and LP Turbines

Figure 13: Cross section of PT6 with probe locations
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Figure 14: Photograph of compressor case and rotor with mounting blocks (engine 
cross section from United Aircraft, 1971)

Based on the literature review results (Section 2.7), a data acquisition rate of 25 kHz was 

used for the fast-response sensors. Since the maximum engine speed is 38000 RPM, this 

allowed reasonable detection of signals up to about twenty times the maximum rotor 

speed. An anti-aliasing filter removed signals above this frequency. Since the inlet rotor 

and inducer on the PT6 have 16 blades, the passage of individual blades is just within the 

detectable range of signal frequencies.

The dynamic signals were recorded on an ED AS high-speed Data Acquisition System 

with ED AS software for controlling the data acquisition and viewing the results. The 

ED AS system stores data in blocks for analysis, and the size of these blocks was set to 

2048 samples. The engine speeds were recorded once per block for reference during data
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processing. The standard engine instrumentation and other instrumentation identified 

as useful for engine modelling were recorded at 20 Hz on an Industrial Pentium 4 

connected to a VXI Chassis. These data channels were controlled and monitored through 

LabView software and scripts prepare in the LabView environment.

4.4 Instrumentation

From the literature survey, it was evident that it would be useful to have fast response 

probes at the inlet and outlet of the two main sections of the compressor. There was no 

reasonable access to install a transducer before the diffuser pipes, so the transducer was 

installed at the exit of the diffuser pipes. Appendix D has a full list of challenges that 

were addressed in the probe selection and acquisition process for each of the locations 

shown in Figure 13. In summary, the probes to be installed on the engine had to be able 

to sense fluctuations into the 20 kHz range, without picking up vibrations. They had to 

be resistant to exposure to high temperatures, be sensitive in the normal engine operating 

range, but resistant to bursting if exposed to a surge. Finally they had to have a 

mechanism to allow them to be securely mounted on the engine, they had to fit in the 

space available, and they needed to be obtained within the budget and time constraints for 

the project. The result was that 3 probes were acquired for each engine station that met 

the constraints.

To relate the results from the fast-response probes to the engine behaviour, a standard set 

of engine instrumentation was prepared. This included the normal instrumentation 

required to operate the engine (e.g., total pressure at Station 3, fuel flow), as well as 

instrumentation intended to give specific information about the compressor operation.
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This compressor instrumentation included a temperature at Station 2.5, an airmeter to 

measure the inlet mass flow, and a pressure tap on the bleed valve chamber. Figure 15 

gives a visual overview of the relevant instrumentation, and a full list is provided in 

Appendix C.

air meter:
PSOO, TOO, 
WAREF

PSBOV/PINAIR PS70

PS1P3 T30 PS1TIT
T10

T7
TBOV?

T25

PS1NG
Figure 15: Summary of instrumentation recorded at 20 Hz

4.5 Planned Engine Running

It was apparent from the literature review that the pre-stall behaviour of a compressor 

changes with the engine speed, so a wide range of engine speeds would need to be tested. 

From a review of data from another stall induction test, it became apparent that it could 

be difficult to distinguish changes in the compressor behaviour due specifically to a 

reduction in stall margin from those changes due to normal stabilisation after a throttle 

movement. Another point of concern was that the stall induction methods themselves 

could cause changes in the signal characteristics that were not related to the engine 

performance. For example, hot air ingestion will obviously affect the readings on inlet
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pressure taps, but these changes will mostly reflect an increase in noise from the

amount of hot air. Overall, the following elements were considered important for the test

plan:

• to use multiple distinct, repeatable stall induction methods;

• to test the stall induction method at several rotor speeds, after a reasonable engine 

stabilisation time;

• to obtain at least two similar data sets for statistical analysis purposes;

• to develop a complete set of baseline performance data and signal characteristics for 

comparison with pre-stall behaviour;

• to capture the progression of stall processes during quasi-steady-state operation; and

• to be able to distinguish this progression from ramping of the stall induction 

technique.

Based on the literature review and available equipment, the following test plan was

developed:

• Install all required instrumentation with calibrated internal transducers.

• Assemble the engine according to conventional work instructions.

• Shakedown of the test facility to ensure proper integration of test cell and engine 

systems.

• Run Health Checks and power assurance checks to ensure proper engine functionality 

and to identify baseline engine performance.

• Complete baseline manoeuvres, steady-state performance checks, and record high

speed baseline data.

• Review the data to ensure reasonableness, and estimate stall points.
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• Induce instability using various techniques and record the results.

• Repeat the baseline tests to determine if the engine performance has been altered.

4.5.1 Baseline Running

A standard stabilisation period of 3 minutes was planned. This was to be verified as a 

part of the data review, based on temperature stabilisation during testing. In the future a 

statistical measurement such as a change in the mean of less than one standard deviation 

between one second samples (Bird and Schwartz, 1994) may be used during the test.

In general, during stabilisation periods where recording was requested, the 20 Hz system 

recorded continuously, while the 25 kHz recording was continued for 20 seconds after 

stabilisation, and then additional records were taken for taken for 1 second out of every 5 

to 10 seconds of run time.

Steady-State:

Stabilise 3 minutes at the specified power, and then take five samples of two seconds of 

baseline high-speed data every 5 seconds at each point:

1. Ground Idle (GI, PS 1NG = 24000 RPM)

2. 25 % Power (PS 1NG = 31420 RPM)

3. 50 % Power (PS1NG = 33535 RPM)

4. 75 % Power (PS1NG = 35250 RPM)

5. Past BOV closing point (watching for an inlet temperature drop as BOV closes) 

Higher powers, were deferred to a later test date to preserve instrumentation

a) 90%  Power (PS1NG = 36730 RPM)
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b) Maximum (PS 1NG = 36850 RPM)

c) Intermediate (PS1NG = 37800 RPM)

Baseline Manoeuvres: Stabilise at GI for 3 minutes, then record a 2 second high-speed 

sample of stable data, wait 10 seconds, then start recording high-speed data 2 seconds 

before starting the manoeuvre:

a) Slow: Accel 60 seconds from GI to past BOV closing point, stabilise 60 seconds, 

Decel 60 seconds

b) Medium: Accel 30 seconds from GI to past BOV closing point, stabilise 

60 seconds, Decel 30 seconds

c) Short: Accel 10 seconds from GI to past BOV closing point, stabilise 60 seconds, 

Decel 10 seconds

Deferred to a later test date:

d) Slam: Slam Accel from GI to past BOV closing point, stabilise 60 seconds, slam 

Decel

4.5.2 Data Review

This step of the test process was included to ensure data quality. The engine model 

components were used to determine the reasonableness of instrumentation results, and the 

result plotting process was somewhat automated. After the first few baseline runs, a few 

minor instrumentation errors were quickly identified and corrected (reversed 

thermocouples, for example). Some data points were repeated, and the remainder of the 

baseline testing was completed.
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4.5.3 Induced Instability

The following methods of approaching compressor stall were investigated in the first 

phase of testing. Surge was to be avoided except at one moderate speed, in the interest of 

protecting the instrumentation. It was of interest to get at least one surge event on record 

to determine the limit point of the pre-stall behaviour.

a) Air flow introduced through the compressor wash ring

Shop air was introduced to the compressor inlet through the compressor wash ring, but no 

significant change was seen in the engine running, most likely due to the mass flow 

through the wash ring simply causing a reduction in the regular inlet mass flow, without 

causing any significant flow disturbance. The feed pressure was increased in 10 psi (68 

kPa) increments to 100 psig (kPa g), and the expected mass flow through the wash ring 

was expected to be about 0.15 kg/s, compared to a total mass flow on the order of

2.5 kg/s.

b) Override P25 Bleed

Shop air introduced into the BOV chamber was able to slowly close the P25 bleed valve 

(see Figure 11 and Appendix B for the diagram and theory). The running instructions 

were as follows:

• Complete the following test at PS 1NG = 24000 RPM, PS 1NG = 26000 RPM,

PS1NG = 28000 RPM, PS1NG = 30000 RPM, PS1NG = 32000 RPM,

PS1NG = 34000 RPM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 3

• While monitoring PF25000, PF30000, PSBOV, and T10060 on the monitor, start a 

transient recording.

• Start ED AS, and increase shop air pressure to the BOV chamber in one-psi (6.8 kPa) 

increments. After each increment, pause while the pressure readings stabilise.

Do not increase the shop air pressure to the BOV more than 10 psi (68 kPa) above the 

baseline value, unless otherwise instructed. If no stall indicators are seen, the 

pressure increments may be continued until near-stall conditions are achieved.

• Once limit point is reached (surge, 10 psi, BOV closed, or instructions), shut off the 

shop air, and continue recording for 5 seconds.

After all testing has been completed, including the additional stall induction methods 

mentioned in Section 4.1, the engine will be returned to normal operation for a final 

baseline run to ensure that any surges have not significantly modified the engine 

behaviour.

4.6 Data Processing

MATLAB (MathWorks, 2001) was chosen for data analysis to make use of the existing 

signal processing and wavelet function libraries. The 20 Hz system was set up to provide 

output in a comma separated table format, so this was easily read into MATLAB. The 

ED AS system came with a data reviewing program, with several built-in functions, but 

no easy ability to compare two files, or to input new processing functions, so a C program 

was written to complete batch conversions of the raw data files into a MATLAB readable 

format. Any files over 2048000 samples long were split.
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Here are some examples of tasks that were written into MATLAB functions:

• Convert all data into SI units after it has been loaded into MATLAB

• Plot all data from instrumentation of a specified type

• Load the data for a set of instrumentation from all of the files in a given list

• Find files from both data system file sets for a given run

• Calculate model predictions for comparison with the actual results

Converting the large amounts of data into easily reviewed information was probably one 

of the main challenges of this experimental program. For future tests, a suite of functions 

will be assembled, and a graphical user interface will be prepared to streamline this task, 

leaving the users free to easily explore the use of different signal processing methods to 

identify engine instability.

This chapter has given an overview of the planned methods for stall induction for use on 

the PT6 engine. Some of the rationale in the design of the instrumentation set-up and the 

selection of the data acquisition speed has been discussed, and the resulting 

instrumentation layout has been presented. A list of planned engine test points was 

provided, with an emphasis on creating a logical, well-documented, and thorough 

investigation of PT6 stall and surge behaviour. A brief list was given of the post

processing that is required to prepare the data for the use of signal processing techniques.
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Chapter 5: Signal Processing

An interesting article by Hans Christian von Bayer (“Wave of the Future”, Discover 

Magazine, 1995), aptly compares signal processing to the “Magic Eye” pictures that were 

popular for a time. The picture appears to be random noise until your eyes find the right 

way to overlap the pixels, which causes a picture to seem to pop out of the page. Another 

example is trying to detect a musical note played from across a noisy street. If you know 

the right way to overlap the pixels, or the frequency of the note that you are searching for, 

the structured information pops out easily from the noise.

Some of the methods used to find the structured information in the time series data 

include:

• Examining the filtered time-series data visually

• Time series overlapping of rotor passes (virtual key phasor)

• Windowed FFT spectrograms

• Wavelet transforms

Each of these provides a useful understanding of the engine behaviour, and possible 

methods of identifying stalls or stall precursors.

5.1 Visual Examination of the Time Series Data

A popular proof that a stall detection experiment has had a reasonable amount of success 

is to include a trace of a stall wave growing into an engine surge. The start of this stall 

wave is the last point at which a surge prevention mechanism can be initiated. This stall 

wave is usually visible for about two to twenty rotor revolutions as it grows (Day et al.
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1999). This is not much time for a system to record enough of a signal to be able to 

identify this travelling wave, process the signal, determine the required corrective action 

and execute it, so no effort was made in this project to mathematically identify this stall 

cell. However, these plots are popular because they have a visual impact, and can 

provide information about the rotation speed (characteristic frequency) of the stall cells. 

They may also indicate the point that the stall cell originated. The time traces were 

prepared by digitally filtering out the low-frequency components (below 50 Hz), and the 

blade-passing-order frequencies (above 5000 Hz). Phase changes should be minimised 

by forward and reverse digital filtering (MATLAB help files, MathWorks, 2001), and for 

the most part the time traces shown were filtered as a continuous signal.

5.2 Time Series Overlapping of Rotor Passes (Virtual Key Phasor)

This technique was inspired by Dhingra 2003, who used the method of taking the 

correlation between multiple passes of a rotor to detect individual blade damage in a 

compressor rig. It is believed that he used a key phasor -  a device that indicates the angle 

of the rotor, usually by indicating that point A on the rotor passed point B on the case at a 

specific point in time. This is can be a magnetic, optical or capacitive device, but in 

every case it requires some access to the rotor. With the available sampling rate, and 

consistent results obtained on the PF25000 sensor, it was determined that the passage of 

individual blades could be detected, and therefore used to fill the function of a key phasor 

without installing a mechanical device. Appendix E describes the analysis process. The 

results are somewhat difficult to statistically analyse, due to the fact that although the 

data points are evenly spaced in time, the angular spacing changes from sample to sample 

with the rotor speed. In other words, the angle vector is irregular because of engine speed
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variations. Data smoothing can be accomplished by applying an averaging filter both 

to the rotor angle and the pressure trace, as shown in Figure 16.

Unfiltered

Result of average 
filtering

Angle
Figure 16: Data smoothing using averaging
The uniformity and power of the blade passes can be quantified by taking the covariance 

of the overlapped signal compared to a sine wave of equal frequency calculated from the 

angle vector. The sine wave is aligned to the pressure signal by finding the first upward 

slope (using the same technique as for the original overlapping method). There is some 

noise in the results caused by pressure signal sets that do not overlap well, or do not get 

properly aligned to the sine wave. This error could be removed with further development 

of the covariance technique. The result is sound overall, and since a proper alignment of 

the signal and sine wave will give the maximum covariance. Figure 17 shows that the 

random error is only in the downward direction from the data of interest. A simple way 

to reduce the noise is to pick the maximum value from a set of points, as shown in Figure 

18. For reference, this will be called an “angular correlation plot”, and a plot like Figure 

16 will be referred to as a “virtual key phasor plot”.
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Time
Figure 17: Raw results of covariance of overlapped data with a sinusoidal wave

Time
Figure 18: Covariance plot smoothed by maximum value selection
Wavelet and Fourier transforms can provide the same sort of information with a

somewhat reduced calculation time, essentially by making the comparison with the 

sample wave (in this case, a sine wave) in the original time domain.

5.3 Fast Fourier Transforms

Fourier transforms are one of the foundations of signal processing. The FFT transform of 

the time series data gives the frequency spectrum of a data sample, and any regular signal 

of reasonable power should stand out from the local noise. For the purposes of general 

data review, the MATLAB built-in function “specgram” was used. This splits the data 

into windowed segments and calculates the FFT on each segment. The function outputs 

the FFT coefficients, which contain amplitude and phase information. The standard 

output plot associated with this function is the power of the amplitude in decibels.
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Windowed segments of 2048 points were found to give a good resolution on the 

frequency spectrum, without blurring the variation in time.

As in the rotor overlapping technique, the FFT will show an especially high power for 

signals with good correlation to a sine wave. This makes the portions of the FFT 

spectrum that fall in the immediate neighbourhood of the rotor passing frequency and 

blade-passing frequency of specific interest, since we expect there to be strong periodic 

signals in these ranges. Stall cell rotation should appear in the frequency range around 

one-half to one times rotor speed for single cells, or higher for multiple cells, so the 

power in these portions of the spectrum is also of interest. To plot the power content of a 

portion of the spectrum, the FFT of a window of data is taken, and the sum of the 

amplitude of the coefficients within a given band is taken. The bands chosen to find stall 

cell and blade pass features were:

• from 0.55 to 0.95 times the rotor frequency

• from 0.98 to 1.02 times the rotor frequency

• from 1.05 to 1.5 times the rotor frequency

• from 15.9 to 16.1 times the rotor frequency

Unlike the angle-based correlation in the previous section, the FFT is not implicitly tuned 

to the rotor speed, so an approximate band must be used around the rotor frequency. This 

will probably introduce some noise.

To make use of the multiple sensors, the spectrogram function output can be transformed 

to correspond to the circumferential sensor location. This transformation is accomplished
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by multiplying the spectrogram results by e10, which changes the angle produced by the 

Fourier transform by the angle 6. This should improve the signal-to-noise ratio for 

signals that actually do rotate around the rotor at a regular rate, and reduce the impact of 

non-rotating signals, such as axial disturbances. This is the basic form of the travelling 

wave energy calculation. This technique was not used in the current study, but it will be 

assessed for use in future analysis.

5.4 Wavelet Transforms

The final class of data analysis techniques studied was the wavelet transform. The broad 

concepts of this family of analysis methods are eloquently described by von Bayer 

(1995). The essential concept is that portions of the data are compared to short wave 

shaped samples, called wavelets, and the correlation between the wavelet and the data 

sample is the output wavelet coefficient. A small-scale version of the wavelet will have a 

high degree of correlation to high frequency data, and a large-scale version of the wavelet 

will correlate well with low frequency components. The correlation coefficients will tend 

to resemble how the time-domain plot of the data would appear if it were filtered to 

within a specific frequency band. The standard deviation of a set of coefficients would 

be roughly equivalent to the amplitude associated with a given frequency in an FFT 

spectrum, but without the averaging over the sample window and the constraint that the 

signal must be regular and have a reasonable resemblance to a sine wave. The kurtosis of 

the set of coefficients (roughly a standard deviation of the standard deviations) gives a 

measure of how the coefficients are distributed -  whether large correlations appear only 

in small spikes, or in broader, more regular wave. For an initial comparison of wavelet
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with FFT methods, the “Daubechies 4” wavelet shape was used in a continuous 

wavelet transform (the function ‘cwt’ in the MATLAB Wavelet Toolbox, MathWorks, 

2001). Two scales were tested: one to correspond to the rotor speed, and the other to the 

blade-passing frequency. The wavelet transform results are expected to be similar to the 

FFT power sums, but wavelet techniques are expected to be more adaptable.

This chapter has provided an outline of four types of signal processing and plotting for 

the purpose of finding aerodynamic changes in the PT6 compressor before it stalls or 

surges. The first method was to plot the time series data and visually inspect it for signs 

of stall cell waves travelling around the compressor annulus. In a similar vein, the 

possibility of plotting the pressure traces of the rotor blades by overlapping data points 

from several revolutions of the rotor was presented. These traces were correlated with a 

sinusoid to measure their amplitude and regularity. This technique is conceptually 

similar to the two final signal processing techniques discussed: fast Fourier transforms, 

which decompose a signal into a set of sinusoidal waves, and wavelet transforms, which 

take the correlation between blocks of the signal and a given shape to decompose the 

signal into time and wavelet scales. This chapter, and those before it, have laid the 

groundwork for analysing the experimental results, with an understanding of:

• how they compare to studies documented in literature;

• how to mathematically determine what some expected results might be;

• how the experimental set-up was designed, and the experiments conducted; and

• how to use signal processing to determine the quality of the results for the purpose of 

stall detection.
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Chapter 6: Results and Discussion

The initial testing consisted of low power steady state recording, low speed accelerations 

and decelerations, testing to see if shop air fed through the compressor wash ring would 

induce any instability, and approaching instability at a range of powers by closing the 

bleed valve. This section will discuss the modelling validation and data analysis that was 

completed to show that the experiment was successfully designed. Most of the 

instrumentation worked very well, some needed minor corrections, and some failed or 

only provided intermittent signals.

Overall the experimental set-up provided an excellent data set. The compressor wash 

ring test did not provide any easily visible changes in the FFT spectrogram, and no 

noticeable change in any of the instrumentation. The exception was a drop in the inlet 

airmeter mass flow of about 0.02 kg/s, indicating that flow restrictions in the compressor 

wash ring piping were choking the air flow at a much lower flow rate than expected. 

Closing the bleed valve was very successful in inducing stall. Section 6.4 will discuss 

some of the significant signal changes that were observed as the bleed valve closed. Two 

surge events were recorded at a moderate engine speed to help set a limit point for the 

dynamic flow changes. Due to some inaccuracy in the bleed valve model predictions, the 

bleed valve was not completely closed at some of the lower speeds. At the speed used to 

surge the engine (30000 RPM), the bleed valve was not completely closed before the 

surge event. Since the engine did not surge at the higher speeds tested, even though the
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bleed valve was completely closed, it can be concluded that 30000 RPM is an 

operating point that is particularly susceptible to surge induction by bleed valve closure.

6.1 Steady-State Model Validation and Sensor Verification

As with any test, there were instrumentation difficulties, but for the most part, the results 

were reasonable, and the instrumentation at a given station tended to give consistent 

results. A summary of the instrumentation survival and agreement with the engine model 

is presented in Table 3 and Table 4. Some absolute values will not be presented to 

respect Pratt and Whitney Canada’s ownership of the compressor map information.

For the comparison of experimental data with simulation results, the following 

instrumentation data sets were used as inputs to the compressor model:

• The ambient conditions were taken from the standard test cell instrumentation.

• The experimental airmeter mass-flow WAREF and the gas generator speed PS 1NG 

were corrected to the inlet conditions for use as the inputs to the compressor map. 

Non-dimensional parameters calculated from these two results set the operating point 

and allowed verification of all of the compressor instrumentation.

• The HP turbine inlet temperature To4 was found using the modelled compressor exit 

conditions and the measured fuel flow PS1WFM as inputs to the combustion chamber 

module.

• The experimental HP turbine exit temperature PS 1 TIT was verified using the turbine- 

modelling module, with a solver for power output. The input conditions were taken
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from the combustion chamber output conditions estimated above, and the power 

required to drive the compressor according to the model.

• The experimental LP turbine exit temperature T7 was verified from the modelled T07 

using the turbine-modelling module, with a solver for power output. The input 

conditions were taken from the HP turbine output conditions estimated above, and the 

experimental dynamometer output. This was expected to only be an approximate 

value, since the dynamometer was also connected to the second power section of the 

Twin-Pac®, which was running at ground idle.
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Table 3: Consistency of non-standard instrumentation recorded at 20 Hz on a slow 
acceleration and deceleration (transient run number 121)

Sensor
Name

Results
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All four r 
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All four i 
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;e. The uniformity indicates good flow conditions in the test cell.
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, -------000
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T 1 0 -

000/060/

120/180/

240/300

000 and 300 agreed well with TOO (within 0.5 K). These were the 

thermocouples directly in the stream from the inlet airmeter. The remaining 

thermocouples reflected the presence of bleed air with increased 

temperatures, and some remained about 10 K high even with bleed air 

closed, possibly from the BOV control bleed and oil pipes in the 

neighbourhood of the thermocouples.

T10-
 000
 060
-— - 120 
—  180
 240

300

0 50 100 150 200
Time (seconds)

The shape of the inlet temperature T10060 can be modelled as a mixture of 

the bleed air and the inlet temperature. The figure below shows the 

theoretical average compressor inlet temperature 

To2 =  ( T01 + To2,5 m b/m ; )  / ( 1 + m h/ m i )

compared to T10060. The percent bleed flow is estimated from the 

corrected speed for simplicity. T10060 is higher than T02 because it sees 

significantly more bleed flow than inlet air flow.

W 330 

5 320
ed
fc 310 
s
S 300

0 50 100 150
Time (seconds)

T 10060

T 02
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T25 T25 appears to have been projecting enough into the gas path to measure 

the total temperature. The results were consistently reasonable and 

generally about 5 tolO K above the model temperature. In any “Arbitrary 

Scale” figure, zero is the ambient conditions.

1

T25
0.5

o2.S

0
0 50 100 150

Time (seconds)
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T30-

000/090/

180/270

000 and 090 gave reasonable results, but due to the failure of thermocouples 

180 and 270, there is no indication of which one is a “better” result. They 

may both be correct for the output of their nearest diffuser vanes. The 

model predicts a Mach number of approximately 0.14, so there should not 

be a large difference in static and total conditions.

0.5

100
Time (seconds)

150

T30- 
—000 
—090 
— 180 

270

The second figure shows that there is good agreement between the two 

working thermocouples and the model, although there are some differences 

due to transient thermal effects, even in between a slow acceleration and a 

slow deceleration.

T30000 

T30090

1500 50 100
Time (seconds)
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P S 1 P 3 All of the P3 pressures (PS1P3 and PF30XX0) showed a significant amount 

of noise at full power that has not yet been fully explained. It may be 

related to fluctuations in the fuel system. As shown in the figure, the model 

predicts the trend well, but is off from the actual value. Multiplying by the 

model pressure ratio by 0.9 brings P03 within 1% of the experimental results 

for the noise-free portion of the acceleration. This seems to reflect a 

consistent degradation of the engine performance. The model T03 and 

experimental T30 were a good match, so the compressor is drawing the 

same amount of power as predicted, but delivering a lower pressure rise.

Cj

QO

la o.5u

-S3 PS1P3
50 100

l im e  (seconds)
150

PS1WF

M

There is some erratic behaviour in the fuel flow, for example the drop at 

about 115 seconds, which needs to be reviewed from the data acquisition 

and fuel-control point of view.
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50 100
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150
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PS 1 TIT 

and T7

Validating the turbine exit temperatures calculated by the model against the 

PS 1 TIT and T7 data gives some confirmation of the combustion exit 

temperature estimate, which is important for the dynamic model. For 

PS 1 TIT, the model and the experimental results give a reasonable match 

(within 50 K) for the acceleration and dwell. The model registers a faster 

cool-down on the deceleration, which may reflect a metal heat soak-back on 

the thermocouple or the need for incorporation of bulk thermal processes in 

the model.

g  900

I  800  
£

700

PS 1 TIT

T o5
0 50 100 150

Time (seconds)

The calculated values for To7 are very noisy, since they draw from two other 

experimental results: the fuel flow and dynamometer power. The noise 

seems to be from the fuel flow. The To7 values are still an acceptable 

approximation to the measured temperature for the purpose of accepting 

that To4 has been calculated with a reasonable accuracy.

800

H 700
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Time (seconds)
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PS70-

000/090/

180/270

The pressure taps were within 25 Pa agreement, but there was only a

maximum 60 Pa dynamic pressure and the flow around the tailpipe is

known to be irregular. Since the results were so close to the ambient

conditions, these results were not used in any calculations.

PQ

0.9998

0.9996

100
Time (seconds)

TBOV There was an undiagnosed intermittent malfunction on this thermocouple, 

which may have been caused by the thermocouple making contact with the 

valve. The figure is not on an adjusted scale, so the results are obviously 

unreliable.

100
Time (seconds)
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PSBOV The model for finding the pressure inside the bleed valve chamber

(Appendix B) worked well. As shown in the figure, the pressure reading is

consistently within 6% of the model prediction for the acceleration and

dwell.

PSBOV00
oX0.5

100
Time (seconds)

150
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Table 4: Results from instrumentation recorded at 25 kHz

Sensor
Name

Status

PF20XX0 The 000 sensor provided a reliable signal, a reasonable mean value 

compared with PS0000 (as shown below), and consistent signal changes 

during stall induction. Sensors 120 and 240 seem to have survived 

testing, as they recorded continuously on the 20 Hz system, but because 

they are sealed gauge sensors, they reacted to the local change in 

temperature and the mean values dropped below the data acquisition 

range of the 25 kHz system. It may be possible to calibrate and correct 

for these variations.

1

”1
0.98

O h

0.96
O h

0.94

PF20000
PS00000

50 100
Time (seconds)

150
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PF25XX0 All three sensors survived and all provided consistent high-frequency 

results. Like PS1P3, PF25000 showed a large amount of noise in the 

recording, but this noise was at a low enough frequency that it generally 

did not affect the data processing techniques. The measured pressure for 

PF25000 was also low in comparison with the performance model, even 

once the static pressure was estimated, as shown in the figure below. 

This probably indicates that the axial compressor is responsible for a 

portion of the pressure ratio degradation from the map prediction. It 

could also indicate that the map splitting was not quite correct (since 

T25 shows a bias of 5 to 10 K), or that a greater gas path velocity needs 

to be used to calculate the static pressure. For example, changing the 

axial flow angle to 45° provides the required correction, but this is much 

greater than the measured outlet angle of the stators (-30°). The mean 

values for the 120 and 240 sensors drifted somewhat with the plenum 

temperature, which was expected, and this bias did not appear to have 

any effect on the high frequency results, which were the primary focus.

0.5

50 150100
Time (seconds)
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PF30XX0 120 survived, and compared well to PS1P3 (see figure), including the 

large-amplitude, low-frequency noise. Because of this noise, the 

PF30XX0 set of instrumentation has not yet been investigated for stall 

indicators. The 000 and 240 sensors failed after the first few days of 

testing, and heat soak is the suspected cause. These sensors are easily 

replaceable, but the reason for failure should be understood first, as 

external cooling could be added.

PF30000
PS1P3

100
Time (seconds)

150

PZ30XX0 These experimental piezoelectric sensors picked up stray electrical 

signals with no mechanical equivalent (Ngraw, Nptraw), which 

indicates that the grounding of the circuit needs improvement. For a 

discussion, see Appendix D 

Ngraw The anti-aliasing filter on the 25 kHz system reduced the generated

square waveform to a sine wave. This signal was found to be unreliable 

for capturing real engine speed variation at any frequency greater than 

20 Hz. See Appendix E for a full discussion.
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A quick examination of this vibration pick-up (which is attached to a 

flange on the exterior of the engine, between the exhaust section and the 

combustor case) using the spectrogram function shows some change 

with the stall induction, but no serious analysis was conducted.

During the baseline testing, a one-minute stabilisation time was found to be the shortest 

recommended time for stabilisation after a moderate acceleration, and some of the 

stabilisation times were reduced accordingly to reduce the fuel consumed during testing. 

As shown in Figure 19, the temperatures have all stabilised by 60 seconds. 

Quantitatively, the drift in the mean at the end of one minute is less than the standard 

deviation (a criteria suggested by Bird and Schwartz, 1994). The results were the same 

on the signal processing side: after 60 seconds there were no significant changes in the 

spectrogram or the angular correlation plot. This allowed the reduction in the 

stabilisation time for some portions of the test, and improved the testing cost efficiency.

PS 1 TIT

%
fc* 0.503

T7

T30000

10 20 30 40 50 60 70 80
Time (seconds) 

Figure 19: Stabilisation of PS1TIT, T7, T3
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PS1NG

Angular
correlation

0 20 30 40 50 60 7010
Time (seconds)

Figure 20: Angular correlation for an acceleration (PS1NG plotted at a reduced 
scale for reference)

6.2 Stall Induction Model Validation

The internal pressure on the bleed valve chamber was modelled with a reasonable 

success, as discussed in Table 3. The relationship that Pratt and Whitney Canada 

provided between the bleed flow and the rotor speed is acceptable for normal running, 

since the relationship allowed the calculation of a good match to the observed 

temperature changes at the inlet. However, this relationship is not applicable when 

external (shop) air is forcing the bleed valve closed. Once experimental results were 

available, a concentrated effort was made to define an empirical relationship between the 

pressure difference ( P02.s - P0x ) and the percentage bleed flow. The “experimental” 

bleed was estimated from the rotor speed and the values of P02.s and P0x were determined 

by adjusting the compressor model to give a reasonable match to the actual pressures.

The fluctuation in the measured P2 5 prevented a good correlation. Figure 21 shows the 

compressor inlet temperature predicted by the model compared with T10060 to show that 

the trends are the same.
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330
3 320
§ 310 
&§300 T10060

20 40 60 80 100 120 140 160 180
Time (seconds)

Figure 21: Comparison of predicted average compressor inlet temperature with 
T10060

Since a good model was not available at the time of the experiment, the bleed valve mass 

flow was controlled by gradually increasing shop air pressure until a reduction was seen 

in the inlet temperatures T10060 to T10240. This reduction signalled that the Station 2.5 

bleed air was no longer being recirculated to the inlet. At this point, a FFT spectrogram 

was monitored on the 25 kHz data acquisition system until a certain amount of change 

was noted (as discussed in Section 4.5.3). Surge was intentionally allowed at 30000 

RPM. The shop air flow into the BOV chamber was somewhat constricted, so a much 

larger feed pressure was required to close the BOV than the P„x model suggests. The 

relationship between the measured shop air pressure and the pressure that was actually 

created in the BOV chamber has not yet been successfully modelled. Once this final link 

in the model is completed, the effect of shop air pressure on the BOV chamber can be 

simulated in advance of tests, so that a detailed test plan can be prepared.

6.3 Instability Model Validation

The turbine acts as a throttle for the centrifugal compressor, but the axial compressor can 

be considered as having two throttles: the turbine, and the bleed valve. When the bleed
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valve is open, the axial compressor has a greater mass flow than the rest of the engine. 

The effect of closing the bleed valve would be to decrease the mass flow through the 

axial compressor until it reaches the surge line. Figure 22 shows the simulated operating 

line on the axial compressor with the normal amount of bleed being taken and without 

any bleed being taken. If no bleed is taken, the operating line crosses the surge line.
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Figure 22: Illustration of the engine operating line crossing the surge line without 
bleed
At 30000 RPM, it was not necessary to completely shut the bleed valve to create the 

surge. This corresponds well to the criteria derived in Section 3.1.2. Figure 23 shows the 

calculated parameter c plotted against the engine speed. The plot is irregular because the 

fuel flow is taken from engine acceleration data, but the lowest point is between 30000 

RPM and 32000 RPM. This is logical, since Pratt and Whitney Canada tuned the bleed 

valve to vent the most mass flow in this range. With an engine model that is completely 

independent from engine data, it will be possible to see the real trend in the stability 

parameters. The calculated natural frequency of the system (from Equation 9) was about 

one third of the engine speed, which may correspond to some low-frequency noise seen 

in the FFT spectrograms. This was not studied further in the first pass of data processing
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because there were some noise spikes in the lower frequencies that made feature 

recognition difficult.
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Figure 23: Maximum stable compressor slope, calculated from acceleration data 

6.4 Signal Processing Results

To date, only the dynamic data leading up to the surge events have been extensively 

analysed. As a part of the data processing maturation process, any “detection” criteria 

developed will be applied to the entire set of running data in order to determine tolerance 

bands and to check for “false alarms”. Some of the analysis techniques were applied to 

the data from an acceleration for behaviour comparison. In general, calculations were 

completed on 2048 point samples from the data, and saved for plotting. This gives 

approximately 12 result points per second (25kHz divided by 2048 samples per result 

point). Recall that the low-speed data system had an acquisition rate of 20 Hz, so 12 Hz 

is reasonable for a value intended to be a type of performance parameter.
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6.4.1 Visual Examination o f Time Series Data

Figure 24 shows the pressure traces from Stations 2.0 and 2.5 as the engine approaches 

and enters surge, with the blade-passing signal filtered out. In “normal” operation, the 

rotor rotations are clearly visible as an uneven sine wave that repeats around the three 

sensor locations at Station 2.5. The Station 2.0 transducers are much noisier, but it is still 

clear on both sets of traces when a stall cell begins about eight rotations before the surge. 

The rate of rotation around the compressor annulus is around one half the rotor speed, as 

is commonly found in the literature (Freeman, 1998), and in the neighbourhood of the 

expected natural frequency for the one-dimensional model. Eight rotations is not enough 

time for a normal surge prevention system to react (16 ms), but it is worth noting that 

there are some slowly travelling pressure waves even earlier in the trace (about 18 

rotations before surge). This seems to conform to the concept that the system becomes 

under-damped before it becomes unstable. While it is still under-damped, stall cells can 

appear for brief periods of time. A longer warning period was desired than the search for 

clearly defined stall cells can provide. This prompted the review of the other signal 

processing methods, to determine if they could detect less clearly defined instabilities.
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Figure 24: Filtered time trace of pressure transducers

6.4.2 Angular Correlation and Virtual Key Phasor

Some typical rotor profiles are shown in Figure 25 to Figure 27, as determined by 

overlapping the data in phase with the “virtual key phasor” of blade passes on sensor 

PF25000. The blade-passing shape has been smoothed towards a sinusoidal form by the 

anti-aliasing filter on the data acquisition system, while the shape that Dhingra et al. 

(2003) found was more like a rectified sinusoid, with a somewhat flattened peak and a 

sharp through. The fact that the sensor is located upstream of the blades instead of at 

mid-chord probably also contributes to the smoothed effect. The plots prove that the 

pressure transducers at the axial compressor inlet and outlet can capture the blade-passing
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with a reasonable accuracy. The blade-passing has the highest frequency of any signal 

normally of interest. Some short studies may be completed in the future using higher 

data acquisition speeds to capture more detail of the individual blade pressure 

fluctuations. The virtual key phasor plots can therefore be used as a measure of sensor 

health -  a sensor is considered reliable as long as it generates a clean overlapped plot 

using angular positions generated from a second sensor, under normal operation (steady 

state or moderate manoeuvres without stall). PF25000 was usually used as the virtual 

key phasor, because the signal on PF20000 became too irregular at ground idle and as 

stall was approached.
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Figure 25: Overlapping results above BOV closing point (36000 RPM) in the 
rotating frame of reference
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Figure 27: Overlapping results just before stall (31000 RPM) in the rotating frame 
of reference

Figure 28 and Figure 29 show the plot of angular correlation of the sensors at Station 2.0 

and Station 2.5 for acceleration. The results for the angular correlation method are 

generally consistent within a stage. Figure 30 compares PF25000 and PF20000 during the
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same acceleration. The two stages correlate well at idle, and the correlation on 

PF20000 increases dramatically. These changes reflect the amplitude of the blade- 

passing signal, which indicates the variation of the airflow around each blade.

Comparing the amplitude of PF20000 in Figure 26 and Figure 25, there is a noticeable 

increase from 0.75 psi (5 kPa) at ground idle to 1.5 psi (10 kPa) at 36000 RPM. Figure 

31 shows an angular correlation plot of PF20000 and PF25000 as the bleed valve is 

closed to induce the surge at 30000 RPM. As surge is approached, the correlation at 

PF20000 drops proportionately. This behaviour appears consistently as the bleed valve is 

closed at high speeds.
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Figure 28: Angular correlation of PF20XX0 probes during acceleration
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Figure 29: Angular correlation of PF25XX0 probes during acceleration
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Figure 30: Comparison of angular correlation of Station 2.0 and 2.5 probes
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Figure 31: Comparison of angular correlation of Station 2.0 and 2.5 probes during 
BOV closing
The average pressure at PF25000 increases by 5% as the bleed valve closes, and the 

speed PS1NG increases by 0.5%, so the amplitude of the blade passing amplitude would 

be expected to increase with these parameters under normal circumstances. The drop in 

correlations at Stations 2.0 and 2.5 is probably due to an increase in the presence of lower 

frequency signals (e.g., stall cells). The FFT spectrograms in the next section (Section 

6.4.3) will be used to check this assumption.

This analysis technique shows a high degree of promise for surge detection, but it is 

computationally expensive. The time to process 3 million samples (144 seconds of data) 

is 96 seconds using an Intel Celeron 1.3 GHz processor. That is approximately twenty 

times longer than the time to calculate an FFT spectrogram on the same computer. 

Streamlining the code will certainly offer some improvement, and to develop a real-time 

version of the technique, smaller samples of data points can be taken (for example 500
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points every 0.2 seconds instead of 2048 points every 0.08 seconds). However, this

technique also requires a minimum data acquisition frequency over two times the blade-

passing rate, so it is worth investigating alternative signal processing methods.
Surge
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u*-t—* »̂  XI
3
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0
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Figure 32: Shop air pressure and T10060 as indicators of bleed valve closure
Figure 32 is given as a reference for Figures 31 to 40. It is the inlet temperature T10060,

as an indication of the closing of the bleed valve over time, and the pressure of shop air 

fed to the BOV chamber, shown on the same time scale as all of the signal processing 

plots. The surge event is marked on all plots with a dashed vertical line. Results are 

given after the surge to show that the return to the initial state of the bleed valve is 

reflected in the signals.

6.4.3 Fast Fourier Transforms

In general, the low-band frequency content on the spectrograms of both PF20000 and 

PF25000 increases with the closing of the bleed valve. This signal content will be 

referred to as “sound”. Please note that the decibels in Figure 33 and Figure 34 are not 

calculated with respect to the typical reference pressure for noise levels, if they were, the 

“volume” would be above 150 dB. For PF25000, the increase in sound power is centred 

on frequencies in the neighbourhood of 6 times the rotor speed. For PF20000, the sound
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covers a broader range of frequencies as its power increases. From Equation 9, this 

indicates that the natural frequency of the axial compressor section (and by extension, the 

“damping filter” cut-off frequency) of the system is increasing as the throttle (the bleed 

valve) is restricted.
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Figure 33: Spectrogram of PF25000 as bleed valve is closed
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Figure 34: Spectrogram of PF25000 as bleed valve is closed

The power sums in the FFT spectrum bands generally had a large amount of variation -  

to the extent that the noise prevented the discernment of trends in the results. A time- 

averaging-filter was able to pull out some detail that corresponded to the closing of the 

BOV. For the Station 2.5 sensors, the rotor frequency band picked up aerodynamics 

changes early on (at 20 seconds in Figure 35), but the lower band (0.55 to 0.95 times Ng) 

showed a larger increase as stall was approached (starting around 80 seconds). The lower 

band may therefore provide the more reliable indicator of an impending surge. For the 

Station 2.0 sensors, all of the lower frequency power bands showed an increase in 

magnitude with the BOV closing, as expected from the spectrogram. The blade-passing 

band (15.9 to 16.1 times Ng) corresponds in theoretical principles to the angular
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correlation plot (Figure 31), so it is not surprising to see the same trends repeated in 

Figure 37 and Figure 38.

Overall, the FFT processing gives more information on the whole spectrum of the 

aerodynamic behaviour, while the overlapping and angular correlation method filters out 

information that is not at the rotor speed or blade-passing frequency. The power sums are 

also more economical, in that the trends that the FFT detects in the lower frequencies will 

also be detectable with a reduced sampling rate. To determine how to use these results as 

a robust surge margin indicator, several modifications can be tested, including dividing 

the power sum by the standard deviation of the data, or by taking the ratio of the power 

sums along two different frequency bands.

1.05 to 
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0.55 to
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Figure 35: Power contained in low-frequency spectrum bands of PF25000 data as 
BOV is closed
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Figure 36: Power contained in low-frequency spectrum bands of PF20000 data as 
BOV is closed
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Figure 37: Power contained in blade-passing spectrum band of PF25000 data as 
BOV is closed
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Figure 38: Power contained in blade-passing spectrum band of PF20000 data as 
BOV is closed

6.4.4 Wavelet Transforms

Here, the wavelet transforms are treated as another method of analysing data for time and 

frequency information. As can be seen in Figure 39 and Figure 40, compared with Figure 

35 to Figure 38, the wavelet transform results have trends that are generally similar to the 

FFT methods, where both are used to filter for a frequency band. In Figure 40, the 

increase in the standard deviation and the inverse of the kurtosis at the blade-passing 

scale of sensor PF20000 indicates that the pressure fluctuations are growing in amplitude 

without becoming irregular. On the other hand, in Figure 39, the blade-passing frequency 

at PF25000 is becoming more irregular (smaller inverse of the kurtosis), probably due to 

narrow spikes in pressure.
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One advantage of the wavelet transform is that it has an easily used continuous form, 

which allows the specification of any frequency. This feature of wavelets could be used 

in the future in conjunction with the precise rotor speed information provided by the rotor 

overlapping calculations to determine the blade-passing amplitude with a more efficient 

calculation. The wavelet coefficients can also be spatially transformed to match the 

sensor location. The bulk of future signal processing work on this project will be directed 

to using wavelet transforms and other similar methods to combine the positive features of 

filtered time series visualisation, angular correlation and FFT spectrum analysis.

Analysis at several scale levels, including ratios of levels, will be helpful to link 

aerodynamic processes with observed signal features.
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Figure 39: Wavelet transform results - standard deviation (stdev) and kurtosis of 
coefficients at blade-passing frequency and rotor speed for PF25000
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Figure 40: Wavelet transform results - standard deviation (stdev) and kurtosis of 
coefficients at rotor speed and blade-passing frequency for PF20000
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Chapter 7: Conclusions and Future Work

This new experimental set-up has been proven to be a useful rig for testing stall induction 

techniques. The performance instrumentation is reliable, and the high-speed data 

acquisition from the fast-response pressure transducers is of a high enough quality to 

allow the detection of the stall cells that lead to surge, and for the detection of 

aerodynamic changes as the engine approaches a stall condition. The newly developed 

angular correlation method shows great promise as a standard forjudging the 

effectiveness of other techniques, such as those based on wavelet methods and fast 

Fourier transforms, since it provides a signal processing technique that is inherently 

co-ordinated with the rotor speed. A variety of features can be investigated with these 

methods to develop robust detection algorithms that will be able to detect pre-stall 

features several seconds before surge events. Although the virtual phasor and angular 

correlation methods are computationally expensive, and require a relatively high sensing 

frequency (25 kHz), they provide a wealth of information on the engine behaviour at the 

blade-flow level, without requiring extremely high acquisition frequencies ( > 100 kHz).

Some recommendations to improve the quality of the results for the remaining tests (as 

described in Section 4.1 include:

• Improve the understanding of the bleed valve behaviour by installing a temperature 

sensor in the PSBOV (P0x cavity), and modifying the inlet chamber to direct the 

bleed flow overboard rather than back into the compressor.
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• As an alternative to the above instrumentation, the BOV could be removed from 

the engine, and a controlled test rig could be constructed around the BOV to 

determine the valve performance map experimentally.

• Install the following additional sensors to help tune the engine model: a P2.5 plenum 

static pressure tap and thermocouple, as a back-up and verification to the PF25 

sensors and single T25 thermocouple, and to improve the bleed flow modelling

• Investigate the cause of the large pressure reading fluctuations at higher powers. This 

may require some tuning work on the fuel system; perhaps somehow separating the 

fuel control from the normal engine control loop, or dampening any fluctuations.

• Try a few repeat runs with a higher sampling speed, or a higher cut-off point on the 

anti-aliasing filter.

Now that it is possible to obtain all the required engine data to understand the compressor 

behaviour, the engine model should be tuned so that it can be used independently of 

recorded data. This independent use will allow the prediction of the results of 

manoeuvres that could pose a risk to the instrumentation and to the engine. With some 

work to set up reasonable limits on the defining characteristics of each component, it 

should be possible to create a program that can automatically tune those characteristics to 

match the data. The compressor maps and experimental data should be compared to a 

compressor model developed from basic principles and stage stacking to determine if the 

map shapes are reasonable, and to extend the map beyond the stall line in the interest of 

being able to model rotating stall and post-surge behaviour. The tuned, realistic
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components can then be incorporated into a transient model. Once the engine model is 

only dependent on inlet conditions and fuel flow, then it can be used to run dynamic 

simulations of the type described in Section 3.1. A two-dimensional model is 

recommended for the ability to capture rotating stall behaviour.

As was previously mentioned, the angular correlation provided some excellent results, so 

it is of great interest to try to reduce the computational cost of the calculation, and reduce 

the errors to avoid the need for the maximum filter. It is also of interest to see if the 

wavelet processing techniques can be used to create a data processing technique that 

automatically adjusts to the engine speed in a similar way to the angular correlation. 

Finally, using the dynamic model prediction of surge margin, a more systematic, and 

somewhat automated technique for finding signals that have a good correlation to surge 

margin and the predicted stall type can be developed.

It is clear that the completion of the planned tests using lessons learned from this first 

phase should result in an exciting set of data to contribute to the field of stall detection. 

By developing the instrumentation methods, modelling and signal processing techniques 

for installation in engines during certification testing, the cost and turnaround time of 

engine development can be reduced. As the stall detection technology improves, it will 

eventually become a part of the health monitoring systems that allow aircraft engines to 

work efficiently and safely.
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Appendix A Compressor Splitting Equations

Given the set of compressor data, for any given total pressure ratio and isentropic 

efficiency, an intermediate pressure and efficiency can be calculated, given the following 

assumptions (taken from Hattie 1997):

• That the axial compressor provides one third of the total temperature increase

From these assumptions, we get the following values across the axial compressor exit:

The inlet conditions of the axial section are assumed to be the same as the inlet conditions 

for the compressor as a whole, and therefore uses the original corrected mass flow and 

corrected speed. The mass flow would need to be adjusted if the compressor map 

includes the effects of bleed air recirculation, but in that case, we would also need to 

consider whether to include any correction for the inlet temperature change. The 

centrifugal compressor pressure rise and efficiency can be obtained using the calculations

• That all processes are approximated as for a perfect gas (constant y), so the

temperature rise can be approximated as:

• That the polytropic efficiency is constant across the entire compressor

y - l M P J P j
y I n i T J T , . . ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 0 4

shown above. Since we will want to simulate conditions where the amount of bleed, 

and therefore the centrifugal inlet conditions are being driven away from the operating 

line, we must calculate a corrected mass flow and rotor speed based on the estimated 

centrifugal inlet conditions (relative to standard-day conditions T re f  and P re f)-

(T oZ5lT rJ 12 M N
m 2.5c =  m 2.5 p  TIT  cZ5~ ( T  I T  )U2

o2.5 ref K1  o2.S>1 r e f )

This presents a specific challenge because the intersection of the “constant speed lines” 

with the imaginary beta lines forms the compressor map. The intersection calculation is 

unaffected by the change in the corrected mass flow or pressure ratio, but there are no 

longer any “constant speed lines” for the centrifugal compressor. MATLAB provides an 

easy solution to this: given a (x, y, z) set of data, the “contour” function will output a new 

set of x and y co-ordinates that fall exactly on a desired value of z. In other words the 

corrected mass flow and pressure ratios along a new constant speed line.

The remaining question is whether or not to adjust the mass flow to account for the bleed 

flow at the axial exit:

m 2.5 = ( m 2 ~ m b )

This can only be answered through comparison with reliable data.
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The splitting calculations are verified by checking the output of the two compressors 

in series against the output of the original compressor map. Verification of the 

assumptions will be required as experimental data becomes available. The error was 

found to be less than 0.2 % on the pressure ratio and on the temperature change for all of 

the speeds within the compressor map.
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Figure 41: Compressor map splitting error: temperature
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Appendix B Bleed Valve Modelling

The bleed valve operates based on a difference in pressure across a piston. The pressure 

on the inside is a function of the axial compressor exit pressure (the point at which the 

compressor probably becomes choked), and this is balanced against a pressure contained 

in a chamber in the valve housing. There are two orifices that control the pressure PoX- a 

plain orifice that connects to P03, and a convergent-divergent orifice that provides an 

outlet from the chamber to the surroundings. The orifice sizes were measured, and based 

on the relative areas, the behaviour of P0x relative to P03 and Pa could be predicted.

White (1999) gives the mass flow function for a choked flow (Equation 14) and an 

unchoked flow (Equation 15). The flow of the inlet orifice (P0? to PoX) is assumed to 

behave as a sudden expansion, and therefore becomes choked when P tJ3 / PoX is greater 

than the critical pressure ratio P*, as given in Equation 16.

m
A P„ \ y + 1

m VPP0_
A ~ p 7 ~ \ y ~ l \ p o,

i ( y - i )

1 - (y)

kL
P °  _ /  y + 1 \ ( y - D  

P* \ 2 I

14

15

16

The flow of the outlet orifice (PoX to Pa) can become choked at a lower ratio due to the 

converging-diverging design. Since it is difficult to measure the exact outlet area, a 

critical ratio was estimated.
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Given y = 1.4, the critical ratio Po3l P0x will be 1.89, and the design pressure ratio 

P 03 1 P o i is approximately 7, so in most cases the orifices will both be choked. Barring 

damage to the assembly, the mass flows into and out of the PoX cavity are equal at steady- 

state, and we assume that ToX = To3 (flow without work or heat transfer), which also 

means that y is constant. From this, we get Equation 17: that the ratio of pressures at the 

inlet of the two orifices is equal to the ratio of the areas.

PoX I Po3 =  A  inlet I Aoutlet

When either orifice is not choked, the equations cannot be simplified directly, but if a 

value of PoX is assumed, the calculation of the ratio of areas is direct. A simple iterating 

bisection solver was used to determine what value of PoX gave the actual area ratio.

During the baseline engine tests, PoX was measured and the measured ratio of PoXl P03 

was in reasonable agreement with the predictions, as nearly as could be determined with 

the large (> 20 %) fluctuations on Paj. Some improvement of the correlation might be 

achieved by modifying the assumption that ToX = To3, and adjusting the piston chamber 

temperature in some proportion to the ratio PoX/ P03• The temperature inside the piston 

chamber was not measured due to time constraints, but measurement of that parameter 

may provide an improvement of the calculation.
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Appendix C General Instrumentation Lists

Table 5: Non-standard instrumentation recorded at 20 Hz

1 0 9

Sensor
Name

Number
of
Sensors

Circumferential
Positions
(Degrees)

Sensor location

PS00 4 Evenly spaced 
around inlet 
stack

Inlet airmeter static

TOO 4 Evenly spaced 
around inlet 
stack

Inlet airmeter temperature

WAREF 1 Mass flow calculated from PS00 and TOO
T10 6 000/060/

120/180/
240/300

Total temperature attached to the inlet screen

T25 1 120 Projecting into gas path, just clockwise of 
PF25120

T30 4 000/090/
180/270

Attached to splitters at diffuser pipe exit

T7 1 000 Exit stack, single total temperature probe
PS70 4 N/A Exit mixing pipe, static taps
TBOV 1 N/A BOV exit (to see temperature increase when 

bleed valve is open)
PSBOV 1 N/A BOV chamber pressure
PINAIR 1 N/A Pressure from shop air provided to BOV 

chamber
Shopair 1 N/A Indicates Shop air to BOV is ON or OFF

Other Standard instrumentation referenced in discussion (recorded at 20 Hz)

PAMB, TAMB 
PS1P3

PS1WFM 
PS1NG 
PS1NPT 
Power 
PS 1 TIT

Ambient conditions
A single (total) pressure reading in combustor case, forward of the 
diffuser pipes 
Fuel flow
Gas generator speed 
Power turbine speed 
Load on the power turbine
Electrical average of the array of total temperature probes at the gas 
generator turbine exit
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Table 6: Instrumentation recorded at 25 kHz

Sensor
Name

Number of 
Sensors

Circumferential
Positions
(Degrees)

Sensor location

PF20 3 000/120/240 Before axial rotor leading edge
PF25 3 000/120/240 Before centrifugal compressor inlet
PF30 3 000/120/240 Diffuser pipe outlet, static pressure
PZ30 4 000/090/180/270 Diffuser pipe outlet, piezoelectric film
Hoop 1 N/A Outlet hoop capacitance sensor
Ngraw 1 N/A Raw gas generator signal
Nptraw 1 N/A Raw power turbine signal
Wfraw 1 N/A Raw fuel meter signal
Vpln6 1 N/A Vibration velocity sensor, at the top of 

the flange between the combustion 
case and the exhaust
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Appendix D Specific Details on Dynamic Pressure Sensors

Refer to Figure 13 for illustration of probe locations.

Station 2.0

Location: Compressor axial Stage 1 Inlet, just forward of the rotor leading edge

Challenges:

• Tight clearance between compressor wall (rotor tip) and P2.5 plenum case

• Static pressure will drop slightly below atmospheric pressure

• Pressure delta across wall will be up to -30 psi (~ 200 kPa)

• In surge, gas path pressure could spike to above 30 psi (~ 200 kPa)

• The plenum cavity temperature may reach 100°C

• Mechanical vibrations

Solutions:

• Purchased a set of Endevco 8510 (full scale 2 PS ID) transducers that were available 

on eBay, one was used in the TDC (000) location. The reference tube was bent to fit 

into the available space (Figure 43).

• Purchased two GS XPM5-002SG membrane pressure transducers, full-scale 2 bar. 

The sealed gauge (as opposed to sealed vacuum), seems to have caused drift in the 

internal pressure, and dramatically negative readings

• A mix of sensors to avoid a common failure point, and 2 different sensitivities to 

prevent a surge from blowing all of the sensors
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• Sensor face was butted up against a small hole through the compressor wall. Note 

that in Figure 43, the compressor is not in its installed axial location -  the blades will

be slightly below the tap hole.

Figure 43: PF20XX0 Instrumentation set-up: assembly diagram (courtesy Maurach 
2006), and photographs of compressor
Station 2.5

Location: Compressor Axial Exit/Centrifugal Inlet,

flush mounted through blocks in the P25 bleed slots

Challenges:

• The available space is somewhat than PF20000, but clearance is still a consideration.

• Prefer to measure from a surface that will have a reasonably tangential airflow.

• Lower pressure difference across transducer, but back end could be exposed to broad- 

spectrum noise from bleed airflow.

• Maximum steady pressure of approximately 30 psig (~ 200 kPa g)

• In surge, gas path pressure could spike to above 50 psig (~ 340 kPa)

• The plenum cavity temperature reaches > 100°C

• Mechanical vibrations
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Solutions:

• Three off-the-shelf Kulites, model XT-190, PF25000 is a 25A, PF25120 and PF25240 

are 50D, environmental conditions expected to be within specifications

• 2 different sensitivities to prevent a surge from blowing all of the sensors

• Reference tube on 50D transducers did not fit within space, and one was accidentally 

broken during attempt to bend it to fit. It was found that covering the reference side 

in shrink tubing (oven tested to 150°C) dampened out most noise generated with shop 

air (which should have more pressure fluctuation than the reference side will see).

• The sensor face was mounted flush to the surface of a block that was shaped to match 

the radius of the gas path.

• Due to physical constraints, the transducers were not mounted exactly 120° apart, but 

the exact angles were measured.

• Only three slots were blocked to minimise any effect on the surge control system.

Figure 44: PF25XX0 Instrumentation set-up: component illustration (courtesy 
Maurach 2006), photograph of assembly, photograph of sensor face as installed on 
the compressor
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Station 3 -  Combustion Case
Location: Centrifugal compressor diffuser pipe exits

Challenges:

• Mechanical vibrations

• High temperatures

• Large pressure difference across chamber wall that must be kept relatively sealed 

Solutions:

• Three off-the-shelf Kulites, model XT-190, one 100D, two 100A, environmental 

conditions expected to be within specifications

• Sensing face separated from gas path by a small tap hole

• Mounting block welded to case

• Easily replaceable

Figure 45: PF30XX0 Instrumentation set-up: combustion chamber interior wide 
view, photograph of pressure tap hole at diffuser pipe exit
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Figure 46: PF30XX0 Instrumentation set-up: combustion chamber exterior wide 
view, photograph of installed Kulite sensor.
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Combustion case piezoceramic sensors

Four experimental sensors were also installed at Station 3. These sensors were made up 

of a piezoceramic coating on a thin piece of metal. Electrically, these sensors provide a 

capacitance between two conductive surfaces that varies with the mechanical deformation 

of the ceramic coating. A slight voltage will be generated with the deformation, but this 

is quickly dissipated, which makes the sensor well suited for detecting vibrations or 

pressure fluctuations.

The sensors were installed on this engine to show that they could survive the temperature, 

vibration and airflow of an engine environment. The electrical lead-out from these 

sensors provided a challenge, since the sensor designers had previously only been using 

metal plates bolted together to provide the electrical wire connections. In a gas turbine 

engine, this defeats the purpose of having a “paint-on” thin sensor, especially in the gas 

path where foreign object damage becomes a concern. The gas-side of the sensor is 

connected to the data system using a thermocouple wire (to withstand the compressor exit 

temperature), attached to the gas-side conductive pad with a silver epoxy. The grounding 

side of the circuit was the metal sheet on which the piezoceramic was painted. This was 

tack welded to the engine case, and connecting the engine case to the data acquisition 

system completed the circuit.

PZ30090 did not return any signal. PZ30180 was dominated by a 60 Hz signal, but 

displayed similar characteristics to the other two values once the 60 Hz was filtered out. 

All three sensor lines seem to have picked up cross-signals from Ngraw and Nptraw.
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This is easy to identify, as the frequency of the raw signals does not correspond to 

any physical changes in the gas path. The spectrogram for PZ30000 does show some 

features that are physically reasonable, including a line that could correspond to a 

pressure change, as seen on the PF30 sensors, or a vibration response, as seen on the 

vibration velocity sensor VPln6.

In future runs of the engine, separate grounding connections will be made for every 

individual sensor by tacking a wire to the outside of the case, immediately above where 

the sensor is on the inside of the case. A dummy circuit may also be placed on the 

outside of the engine case to pick up the noise signals for the purpose of separating 

signals that have a mechanical reality from signals that are only echoes of other sensors 

and electrical currents.

Piezoceramic
Sensor

Therm ocouple Pressure tap

Figure 47: Installed piezoceramic sensor, thermocouple and pressure tap hole (far 
right)
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Appendix E Signal Overlapping

With a sampling rate of approximately three times the blade-passing frequency, it seemed 

that it would be possible to build up a profile of individual blades by overlapping and 

averaging multiple passes of the rotor. This technique is meant to give some physical 

understanding of the FFT power spectrum results, and to increase the signal to noise 

ratio.

21.6

21.4 
cl

I  21.2
CN
& 21.0 
f
| 20.8<Z>
a

CL, T 1
0 10 20 30 40 50

Sample number

Figure 48: Raw pressure tap data
To properly align separate passes of the rotor, it is necessary to know the exact rotor 

speed in terms of the rate that the angle (phase) of the rotor changes. One way to 

accomplish this in an experimental set-up is to include a key-phasor, a device to give a 

precise, once-per-revolution signal. There was no such device specifically installed on 

this engine; however, there are signals that can provide direct information about the rotor 

speed. These are:

• the calculated PS 1NG speed

• the raw NG digital pulse signal (Ngraw, used to calculate the speed)
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• the pressure signals themselves

The calculated PS1NG speed is only measured once every 2048 samples, and has a 

resolution to 14 RPM. This is a good precision (0.05 %) on the actual speed for normal 

performance purposes.

Overlapping based on a given rotor speed

The basic overlapping technique is to calculate, based on the rotor speed, what fraction of 

a rotation is completed between each sample. So just as every sample n has a location in 

time T(n), it is also assigned an angle.

6(n) = m o d ( n A 6 , 2 tt)

A 6 = c o l f  = ^ L  2 n I — 1-----
J 60 \ ,v ) 25000 Hz

Viewing the overlap is then as simple as plotting the pressure traces against 6(n), as in 

Figure 49.

20.6 -

0 2 3 4
Angle (radians)

Figure 49: Pressure tap data, overlapped 48 times from calculated speed
This works well provided that the speed does not change dramatically within the sample

that is being evaluated. This can be accomplished by taking a small number of overlaps,
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or improving the speed estimate. The speed can appear to vary about 40 RPM within 

the 2048 point sampling period. Some of this variance is a result of noise and engine fuel 

control tolerances. This could translate approximately into the points from the last rotor 

pass in a data sample being assigned a calculated phase that is up to one blade pass 

different from the true phase, which is why Figure 49 has a smeared appearance.

Notes on the Ngraw signal

The Ngraw signal is provided by a proximity probe signal generator on one of the output 

shafts of the gearbox. The Ngraw pulse is not directly equivalent to the shaft rotation. 

There are approximately 13.236 Ngraw pulses per shaft rotation. Unfortunately, the 

signal was not captured in a completely raw format. The data acquisition system 

automatically filters signals to a cut-off frequency of one half the acquisition frequency to 

prevent aliasing. The effect is shown in Figure 50. This also indicates that the blade- 

passing signal will have been filtered down to closely resemble a sine wave at all 

operating speeds.

-  3.0
res
&  , a1.0
DC

- 1.0

Figure 50: Filtered Ngraw signal shape (a) 6000 RPM, (b) 8500 RPM, (c)
15000 RPM, (d) > 21500 RPM
Calculating speed from a regularly oscillating signal

The traces in Figure 50 were obtained from an engine deceleration. This was possible, in 

spite of the relatively quick changes in speed (about 5000 RPM/s, or up to
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500 RPM/block), by calculating intermediate changes in speed directly from the rotor 

speed signal. This was accomplished in a way that could accommodate any variation of 

the waveform. The speed signal only crosses the value of 2 volts once per cycle in the 

upward direction, and once in the downward direction. The number of samples between 

two upward slopes gives an approximate cycle period. This approximation can then be 

improved by:

• interpolating between the point just below the 2 Volt line, and the point just above 

the 2 Volt line to get the time that the line was crossed between the two samples (if 

the signal is almost sinusoidal)

• averaging the period between two upward slopes and two downward slopes

• forcing a smooth speed change by averaging a sequence of cycle period estimations 

Given a good time-history of the change in rotation period of the Ngraw signal generator 

(shown in Figure 51, line b), it was possible to create the high-resolution traces of the 

signal shown in Figure 50 by overlapping 20 or more periods of the signal. However, 

this clarity was not seen when this rotational speed was applied to the pressure traces. 

There was significant improvement shown in Figure 52 compared to Figure 49, but 

disappointing compared to the clarity of the overlapped Ngraw signal Figure 50).
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Figure 51: Comparison of speed estimates over a 0.1 second sample of deceleration 
(a) Given speed, (b) Speed calculated from Ngraw signal, (c) Speed from blade- 
passing
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Figure 52: Pressure tap data, overlapped 48 times based on Ngraw signal
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Choice o f source signal

Once the speed estimation algorithm was created for the Ngraw signal, it seemed 

reasonable to see if it could be applied to estimate a speed from the pressure tap signal 

itself. The only modification required was that an average pressure was used instead of 

the constant 2 Volt mid-point from the Ngraw signal. The result, shown in Figure 51, 

line c, was a much steadier and reasonable speed line. It is much more logical that the 

speed will decrease steadily during an engine shutdown. The reason for this discrepancy 

is unknown, possibly the sampling of the speed signal and associated averaging, or an 

irregularity in the gears connecting the shaft to the signal generator. Since the pressure 

tap signal can give the speed signal reliably and directly, there is no immediate need to 

calibrate for this error on the Ngraw signal. Figure 53 shows the pressure tap signal that 

was overlapped using its own periods for high-frequency speed calculation.

21.8
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Figure 53: Pressure tap data, overlapped 48 times based on its own period
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Results

The data was smoothed by taking mean values of both the time signal and the pressure 

signal every eight samples. The results were shifted to correspond to the physical angle 

between the pressure taps, for easy comparison of the blade-pass shapes that each tap 

recorded. This illustrated that there are differences in the pressure wave created by each 

blade that can be picked up as the blade passes each transducer. This characteristic could 

be used to detect blade damage over time.
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Appendix F Key Interpolation Programs

Find the slope and intercept o f a line from two co-ordinate pairs

function [m, b] = slopeint(xl, yl, x2, y2)
% [m, b] = slopeint(xl, y l, x2, y2)
%
% Prepared by Jennifer Chalmers, October 2005 from 
% standard equations
%
% Get the slope and intercept y = mx +b of a straight line from two points 
m = (yl - y2)/(xl-x2); 
b = (yl - y2)/(xl- x2) * (- x2) + y2;

Two-dimensional linear interpolation program
Find the value of dependant dimension y = f(xl,x2), given the actual value of two 
independent dimensions (xl, x2)

function y = bilinsquare(xla, x2a, ya, x l, x2)
%
% function y = bilinsquare(xla, x2a, ya, x l, x2)
%
%Translated to MATLAB by Jennifer Chalmers, October 2005 from 
%Press, William H., S. A. Teukolsky, W.T. Vetterling, B. P. Flannery (2002). 
%“Interpolation in Two or More Dimensions”. On-line excerpt from: Numerical Recipes 
%In C: The Art Of Scientific Computing. Cambridge University Press. 
%http://www.library.comell.edu/nr/bookcpdf/c3-6.pdf 
%
% x la  = two values in dim 1 
% x2a = two values in dim 2
% ya = 2X2 grid of the third dimension values corresponding to 
% ya = [ f(xla(l), x2a(l)) f(xla(l), x2a(2));
% f(xla(2), x2a(l)) f(xla(2), x2a(2))]
% x l, x2, the coordinates of the desired point 
% Ref: http://www.library.comell.edu/nr/bookcpdf/c3-6.pdf 
t = (xl- xla(l))/(xla(2)-xla(l)); 
u = (x2- x2a(l))/(x2a(2)-x2a(l));

yl = ya(l,l); 
y2 = ya(2,l); 
y4 = ya(2,2); 
y3 = ya(l,2);
y = (l-t)*(l-u)*yl+t*(l-u)*y2+(l-t)*u*y3+t*u*y4;
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1 2 6
Reverse solver for two-dimensional linear interpolation
Find the value of two independent dimensions x l, x2, given the actual value for two 
dependant dimension y = f(xl2,x2) and z = f(xl, x2)

function [xl,x2] = backsolvebilinsquare(xla, x2a, ya, za, y, z)
%
% function [xl,x2] = backsolvebilinsquare(xla, x2a, ya, za, y, z)
%
% Prepared by Jennifer Chalmers, October 2005 from 
% independently derived equations
%
% x la  = two values in dim 1 
% x2a = two values in dim 2
% ya = 2X2 grid of the thrid dimension values corresponding to 
% ya = [ f(xla(l), x2a(l)) f(xla(l), x2a(2));
% f(xla(2), x2a(l)) f(xla(2), x2a(2))]
% f(xla,x2a)
% za = 2X2 grid of the fourth dimension values, in the same format as ya 
% y, z - the values for y and z that correspond to a specific point in 
% xl-x2 space
%example format z= 1; y =0; ya = [0 1; 1 2]; za = [1 0; 2 1]

A = ya(l,l)-y;
B = -ya(l,l)+ya(l,2);
C = -ya(l,l)+ya(2,l);
D = ya( 1,1 )-ya(l ,2)-ya(2, l)+ya(2,2);
E = za(l,l)-z;
F = -za(l,l)+za(l,2);
G = -za(l,l)+za(2,l);
H = za(l, 1 )-za( 1,2)-za(2, l)+za(2,2);

ar = (D*G-C*H);
br = (E*D+G*B-F*C-A*H);
cr = (B*E-A*F);

%A, B, C, D, E, F, G, H 
%ar, br, cr 
err = le-7; 
if (abs(ar)<err) 

u = -cr/br;

elseif (((-br+(brA2-4*ar*cr)A.5)/2/ar)>=(0-err) & ((-br+(brA2- ...
... 4*ar*cr)A.5)/2/ar)<=(l+err)) 

u = (-br+(brA2-4*ar*cr)A.5)/2/ar;
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elseif ((-br-(brA2-4*ar*cr)A.5)/2/ar)>=(0-err) & ((-br-(brA2- 
4 * ar * cr)A. 5 )/2/ar) <=(1 +err) 

u = (-br-(brA2-4*ar*cr)A.5)/2/ar;

else
u = 'No Root'
(-br-(brA2-4*ar*cr)A.5)/2/ar 
((-br+(br A2-4 * ar* cr)A .5 )/2/ar) 

end

if (B+D*u~=0) 
t = -(A+C*u)/(B+D*u); 

else
t = -(E+G*u)/(F+H*u); 

end

xl = u*(xla(2)-xla(l))+xla(l); 
x2 = t*(x2a(2)-x2a(l))+x2a(l);
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Find the intersection o f the lines connecting two sets o f points

function xy = fourpointint (ax, ay, bx, by)
%
% xy = [x y test] = fourpointint (ax, ay, bx, by)
%
% Prepared by Jennifer Chalmers, October 2005 from 
% independently derived equations
%
% find the intersection (x,y), of two lines 'a' and 'b',
% which are each represented by two points (xl, y l) and (x2,y2) 
% test indicates if x,y was found on a limiting line, or interpolated

axl = ax(l); ax2 = ax(2); ayl = ay(1); ay2 = ay(2); 
bxl = bx(l); bx2 = bx(2); byl = by(l); by2 = by(2);

if axl == ax2 
x = axl;
mb = (by 1 -by2)/(bx 1 -bx2); 
y = mb*(x-bxl)+byl; 
test=3; 

elseif ayl == ay2 
y=ayl;
mb = (byl-by2)/(bxl-bx2); 
x = (y-byl)/mb +bxl; 
test=2; 

else 
test=l;
ma = (ayl-ay2)/(axl-ax2); 
mb = (byl-by2)/(bxl-bx2); 
x = (-ay2 + by2 + ax2*ma- bx2*mb)/(ma-mb); 
y = ma*(x-ax2)+ay2; 

end

xy=[ x y test];
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1 2 9
Find the values for all dimensions o f the compressor map by linear interpolation, 
given any two actual values and the compressor map in table format.

function [B, N, mass, pr, eta] = mappointfrom(intype, Bvec, Nvec, masssq, prsq, etasq, 
invals)
%
%function [B, N, mass, pr, eta] = mappointfrom(intype, Bvec, Nvec, masssq, prsq, etasq, 
invals)
%
% Prepared by Jennifer Chalmers, October 2005 from 
% independently derived equations
%
% intype 1 is B, N 
% intype 2 is mass, pr 
% intype 3 is N and mass 
% intype 4 is N and pr 
% intype 5 is B and mass 
% intype 6 is B and pr ***Not verified

if intype == 1 
B = invals(l);
N = invals(2); 
for bl = 2:length(Bvec) 

if B<Bvec(bl) 
break; 

end 
end
for si = 2:length(Nvec) 

if N<Nvec(sl) 
break; 

end 
end
Npair = Nvec(sl-l:sl);
Bpair = Bvec(bl-l:bl);
masscell = masssq(bl-l:bl,sl-l:sl);
prcell = prsq(bl-l:bl,sl-l:sl);
mass = bilinsquare(Bpair, Npair, masscell, B, N);
pr = bilinsquare(Bpair, Npair, prcell, B, N);
% Figures can be plotted for verification that the code is interpolating 
% properly, and that the points fall within reasonable limits 
% figure(20), plot(masssq,prsq,'-',masscell,prcell,'.',mass,pr,'.')
% figure(21), plot([Bpair; Bpair],[Npair Npair],'.',B,N,'.') 

elseif intype ==2 
mass = invals(l); 
pr = invals(2);
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1 3 0
for bl = 2:length(Bvec) %bl short ofr betaline

[mb] = slopeint(masssq(bl,l),prsq(bl,l), masssq(bl,2),prsq(bl,2));
% test each betaline 
if pr<(m*mass+b)

break %function exits at the first betaline that is above the coordinate 
end 

end

for si = 2:length(Nvec) %speedline 
if masssq(bl-l ,sl)~=masssq(bl,sl)

[mb] = slopeint(masssq(bl-l,sl),prsq(bl-l,sl), masssq(bl,sl),prsq(bl,sl)); 
prtest = (m*mass+b); 

else
prtest = prsq(bl,sl); 

end
%test each speedline,
%looking at the segments in the correct "beta slice" i.e. between bl and bl-1 
if pr<prtest

break %function exits at the first speedline segment that is above the coordinate 
end 

end

Npair = Nvec(sl-l:sl);
Bpair = Bvec(bl-l:bl); 
masscell = masssq(bl-l:bl,sl-l:sl); 
prcell = prsq(bl-l:bl,sl-l:sl);

[B, N] = backsolvebilinsquare(Bpair, Npair, masscell, prcell, mass, pr);
% figure(18), plot([Bpair; Bpair],[Npair Npair],'.',B,N,'.')
% figure(19), plot(masssq,prsq,'-',masscell,prcell,'.',mass,pr,'.')

% pause;
% Bpair, Npair

elseif intype == 3

N = invals(l); 
mass = invals(2);

for si = 2:length(Nvec) 
if N<Nvec(sl) 

break; 
end 

end
Npair = Nvec(sl-l:sl);
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131
for bl = 2:length(Bvec)

Bpair = Bvec(bl-l:bl); 
masscell = masssq(bl-l:bl,sl-l:sl);
testmass(l) = bilinsquare(Bpair, Npair, masscell, Bpair(l), N); 
testmass(2) = bilinsquare(Bpair, Npair, masscell, Bpair(2), N); 
if testmass(2)<mass &testmass(l)<mass

figure(19), plot(masssq,prsq,'-',mass,prsq(bl,si),'.', testmass,prsq(bl,sl),'+') 
'Error, speed line below mass flow' 
return; 

elseif testmass(2)>mass 
continue;

elseif testmass(2)<mass & testmass(l)>mass 
break; 

end 
end
Bby = fourpointint(Bpair, testmass, Bpair,mass.*[1 1]);
B = Bby(l);
prcell = prsq(bl-1 :bl,sl-1: si);
pr = bilinsquare(Bpair, Npair, prcell, B, N);

elseif intype == 4 
N = invals(l); 
pr = invals(2); 
for si = 2:length(Nvec) 

if N<Nvec(sl) 
break; 

end 
end
Npair = Nvec(sl-l:sl); 
for bl = 2:length(Bvec)

Bpair = Bvec(bl-l:bl); 
prcell = prsq(bl-l:bl,sl-l:sl);
testpr(l) = bilinsquare(Bpair, Npair, prcell, Bpair(l), N); 
testpr(2) = bilinsquare(Bpair, Npair, prcell, Bpair(2), N); 
if testpr(2)>pr 

break; 
elseif testpr(2)<pr 

continue; 
end 

end
Bby = fourpointint(Bpair, testpr, Bpair,pr.*[l 1]);
B = Bby(l);
masscell = masssq(bl-l:bl,sl-l:sl);
mass = bilinsquare(Bpair, Npair, masscell, B, N);
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elseif intype == 5 
B = invals(l); 
mass = invals(2); 
for bl = 2:length(Bvec) 

if B<Bvec(bl) 
break; 

end 
end
Bpair = Bvec(bl-l:bl); 
for si = 2:length(Nvec)

Npair = Nvec(sl-l:sl); 
masscell = masssq(bl-l:bl,sl-l:sl);
testmass(l) = bilinsquare(Bpair, Npair, masscell, B, Npair(l)); 
testmass(2) = bilinsquare(Bpair, Npair, masscell, B, Npair(2)); 
if testmass(2)<mass 

continue; 
elseif testmass(2)>mass 

break; 
end 

end
Bby = fourpointint(Npair, testmass, Npair,mass.*[l 1]);
N = Bby(l);
prcell = prsq(bl-l:bl,sl-l:sl);
pr = bilinsquare(Bpair, Npair, prcell, B, N);

elseif intype == 6 %Not verified 
B = invals(l); 
pr = invals(2); 
for bl = 2:length(Bvec) 

if B<Bvec(bl) 
break; 

end 
end
Bpair = Bvec(bl-l:bl); 
for si = 2:length(Nvec)

Npair = Nvec(sl-l:sl); 
prcell = prsq(bl-1 :bl,sl-1: si);
testpr(l) = bilinsquare(Bpair, Npair, prcell, B, Npair(l)); 
testpr(2) = bilinsquare(Bpair, Npair, prcell, B, Npair(2)); 
if testpr(2)>pr 

break; 
elseif testpr(2)<=pr 

continue; 
end 

end
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Bby = fouipointint(Npair, testpr, Npair,pr.*[l 1]);
N = Bby(l);
masscell = masssq(bl-l:bl,sl-l:sl); 
mass = bilinsquare(Bpair, Npair, masscell, B, N); 

end

% figure(19), plot(masssq,prsq,'-',masscell,prcell,'.',mass,pr,'.')
etacell = etasq(bl-l:bl,sl-l:sl);
eta = bilinsquare(Bpair, Npair, etacell, B, N);
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