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Abstract

This study examines Gas Path Analysis (GPA) as a method for the predictive maintenance of
the Honeywell 331-500 Auxiliary Power Unit (APU). The 331-500 is used on the Boeing 777 and
is susceptible to a sudden failure during operation due to the release of a first stage turbine
blade. Investigations found the failure mechanisms of the blade release to be hot corrosion
and thermal fatigue. Prolonged operation and the ingestion of environmental contaminants
cause corrosion and a loss of material of the first stage Nozzle Guide Vane (NGV) which
leads to a reduction in turbine performance. To counter this loss in performance, the APU
controller increases the fuel flow, hence Turbine Inlet Temperature (TIT), which leads to

under-platform crack growth of the first stage rotor and the eventual release of a blade.

A thermodynamic model of the 331-500 is created and validated using the Gas Turbine Simula-
tion Program. Test cell data is used to characterise the APU at its design point before historical
failure data comprising on-wing APU performance is analysed to assess the condition of the
turbine. GPA, in the form of adaptive modelling, is used to adjust the turbine efficiency to
match the model with the performance data thereby determining the deterioration of the

machine.

Analysis highlights a relationship between the gradient of turbine efficiency, the ratio of
the controller- to model-calculated TIT, and the condition of the first stage NGV. A larger
gradient and TIT ratio indicate significant material loss in the NGV and that the turbine
is heavily deteriorated. From the analysis, a rule functioning as a threshold on both the
turbine efficiency gradient and the TIT ratio is formulated and is capable of predicting the
historical first stage turbine blade failures up to 600-250 cycles before failure. This rule may
then be used for the monitoring of current and future 331-500s in operation with the aim of

preventing failure.
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1 Introduction

Maintenance is an expensive part of aircraft operation. In 2015, total civil aircraft Mainte-
nance, Repair and Overhaul (MRO) costs amounted to $50 billion with the value expected to
exceed $65 billion by 2020 [1]. For a typical civil airliner, 37% of its direct operating costs are a
result of engine and aircraft maintenance [2]. The Boeing 777, a moderate aircraft in terms of
maintenance expenses, has a cost of $1300 per flight hour dedicated to MRO services. It is
in the interest of both aircraft operators and Original Equipment Manufacturers (OEMS) to

lower these costs.

In the coming decades, the aviation industry is expected to invest heavily in lowering its
carbon footprint with the industry currently accounting for approximately 2% of Global
Greenhouse Emissions (GGE). By 2050, the Intergovernmental Panel on Climate Change
forecasts that GGE due to civil aviation could grow by a further 300-700% [3]. Improvements
in engine fuel consumption, aircraft design, and logistical operations are ways to reduce this
however, this will require major financial investment by airliners and OEMs in the industry.
A reduction in MRO costs will provide the aviation industry with more capital to invest in
these developments. Opportunities for reducing these costs include the use of predictive
maintenance tools for scheduling MRO services on an aircraft’s components. One such

component of relevance is the Auxiliary Power Unit (APU).

Almost every modern civil aircraft in operation today is fitted with an APU. Its function is to
provide electrical and air flow requirements to the aircraft. Like all machines operating at
high temperatures, the APU is prone to corrosion, fatigue, and creep and will eventually fail
rendering the aircraft inoperable until replacement. The cause of failure varies but it is usually
due to deterioration in the hot section of the machine. If this failure could be predicted, the
aircraft operator would have enhanced flexibility in scheduling the maintenance of the APU

thereby avoiding any unscheduled removals and reducing Aircraft on Ground (AOG) time.

The aim of this work is to develop a tool for condition monitoring and predictive mainte-
nance of the Honeywell 331-500 APU that is used on the Boeing 777. The focus will be on first
stage turbine (T1) blade failure which is a result of extended deterioration of the hot section
of the APU. Gas Path Analysis (GPA) will be used as a method of monitoring the real-time
performance of the APU and assessing the deterioration of the machine’s main components.

Historical failure data is analysed to determine trends in the deterioration data that indicate
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when T1 blade failure is likely to occur and by monitoring 331-500 APUs in operation, future

failures may be predicted.

This work has been completed in collaboration with European Pneumatic Component Over-
haul and Repair (EPCOR) B.V. in Schiphol, Netherlands. The following subsections outline an
APU in more detail and provide background information on EPCOR.

1.1 The Auxiliary Power Unit

An APU is a single-shaft, constant-speed, gas turbine. As shown in Figure 1.1, it is located
inside the tail of the aircraft and its function is to supply both bleed air and electrical power.
Bleed air is used to start the aircraft’s main engines and meet cabin air demand while electri-
cal power is used for flight controls. In the absence of ground power units and air starters,
the APU may be the only power source of the aircraft. Additionally, in the unlikely event of
in-flight engine shutdown or failure, the APU can supply both electrical power and air flow.

The main sections of a typical APU are shown below in Figure 1.2. The turbine, compressor
and combustion chamber form the power section of the machine. The turbine drives both a
load compressor and, via a gearbox, an electrical generator which both provide the air and

electrical supply to the aircraft.

The main reason for choosing the Honeywell 331-500 APU for this study is because, in the
event of a severe failure such as T1 blade failure, it is the most expensive to repair. As it is
the largest APU that EPCOR repairs, its components are more costly to purchase new and/or
repair after failure. Additionally, the 331-500 is the APU with the most frequent repairs at
the EPCOR workshop and the one with the most available data, both from the test cell and

on-wing. The specifics of the machine will be discussed in section 5.
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Figure 1.1: The tail of the Boeing 737-300 showing the APU and its exhaust outlet [4].

Generator

Combustion Chamber

Turbine

Fuel/Oil Pump

Power Compressor Gearbox

Load Compressor

Figure 1.2: Cutaway diagram of a typical APU showing the main components of the machine [5].

1.2 Maintenance, Repair and Overhaul Services at EPCOR

EPCOR is a MRO service provider for aircraft components and APUs. Founded in 1999, it
became entirely a subsidiary of Royal Dutch Airlines (KLM) in 2005. Initially providing MRO
services to aircraft components (valves, pumps, compressors), it extended its operations to

APUs in 2007. The shop floor at EPCOR is shown in Figure 1.3.
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Figure 1.3: Shop floor at EPCOR where APUs and aircraft components undergo repair and overhaul.

When an aircraft operator wishes to avail of the MRO services of a repair shop, such as EPCOR,
a cost is agreed by both parties. This cost is usually defined such that the aircraft operator
pays the MRO provider an amount based on how long the APU ran since its previous repair
rather than paying for the actual repair costs. In other words, the longer the time between two
successive repairs of an APU, the more revenue it generates for the MRO provider. Subtracting
the repair costs from the revenue leaves the MRO provider with a profit or, in the case of a
costly repair or short run time, a loss. As based on discussions with APU engineers at EPCOR,

the cost breakdown of a typical APU repair is shown in Figure 1.4 below.

As shown, 80% of a typical APU repair cost is associated with material costs for the machine
while labour costs account for the remainder. Of those material costs, 80% (or 64% of the total
repair cost) is due to purchasing new parts from the OEM rather than repairing the damaged
ones. The main reason for this is that certain parts of the APU are too severely damaged to be
repaired by the MRO provider. In the case of a damaged impeller or turbine disc, the MRO
provider will typically not have access to either the high-precision equipment or expertise to
repair or manufacture these components. This is particularly evident in the event of a failure
along the APU gas path, such as in a T1 blade failure. In this scenario, the power section of the
machine suffers extensive damage leading to unrepairable compressor and turbine stages
which in turn balloon the total material costs. If these failures could be avoided, both the



Introduction

material and the total cost for an APU repair would be reduced. Therefore, it is in the interest
of the MRO service provider to remove the APU for repair before severe deterioration occurs

while also not removing the machine too early and reducing the total revenue.

1 APU Removal
______________________ O T Ty
1 -
1
1
I
o I
35 1
c 1
g | New
ccg ! Materials (80%)
@) | Repair (80%)
m 1
s ! Cost
' Repaired
i (20%)
I [ S I, SN e A
! Labour
! R (20%)

Operating Hours

Figure 1.4: Breakdown of the cost of a typical APU repair.

1.3 Available Data Streams

The application of GPA relies on the input of various data streams. As this report will refer to

these data streams throughout, they are briefly defined and discussed here.

Trendsheet

Since December 2007, EPCOR have continuously stored the data of each APU shop visit
in a database known as the Trendsheet. Useful data such as the failure cause, number of
cycles since the previous repair, and the level of repair are recorded as well as less technical
information such as the cost of the repair. As will be discussed later, this data may be used
for ranking various APU failures in terms of cost and number of occurrences as a means of

accurately comparing the cost impact of each failure.

Test Cell Data

Prior to the completion of every APU repair at EPCOR, aircraft regulations require that the
machine undergoes a performance test under various conditions that represent the load
requirements of the APU. Through the use of multiple sensors, performance parameters
such as the Exhaust Gas Temperature (EGT), fuel flow, generator power and load compressor

outlet conditions are measured throughout the test. These parameters are measured for load
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conditions such as idle and Main Engine Start (MES), a high power condition. As detailed
later in section 5, this test cell data is used to determine the design point performance of the
Honeywell 331-500 APU. The preparation of a 331-500 for testing at EPCOR is shown below
in Figure 1.5.

y 31,500 AP TEST STAND

Figure 1.5: The preparation of a Honeywell 331-50 APU for testing at EPCOR.

On-wing Data

In September 2017, EPCOR launched Prognos for APU, an online tool for tracking various
measured performance parameters and non-technical data of an on-wing APU. When an
aircraft operator is using the online tool, sensor data from the APU is sent via the aircraft
condition monitoring system to a database operated by EPCOR. The data is then cleaned and

uploaded to Prognos for APU for visualisation.

During each cycle of a power condition, such as MES, on-wing measurements are taken from
the APU. These measurements consist of both snapshots during the cycle and the average
value of each measurement over the cycle. A screenshot of typical performance tracking for
an APU on Prognos for APU is shown below in Figure 1.6. The upper chart tracks the time
and number of cycles since the APUs previous repair while the lower chart tracks the average
EGT for every MES cycle. In September 2017, this APU was removed for repair resulting in a



Introduction

pause in on-wing data until February 2018.
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Figure 1.6: Typical performance tracking of an APU on the Prognos for APU system. The upper graph
tracks the time and number of cycles since both the previous repair and the first cycle (new) of the
APU while the lower chart tracks the EGT of the machine.

Inspection Data

During a typical APU repair at EPCOR, the machine passes through several stations located
across the shop floor. Each station represents a stage in the repair process including disassem-
bly, cleaning, part inspection, assembly and testing. The level of damage of each component
is assessed and photos are taken for future records. Many photos from the disassembly and
inspection of 331-500 APUs will be shown throughout this report.



2 Deterioration in Auxiliary Power Units

All operating APUs will eventually fail as a result of a variety of mechanisms (corrosion,
fatigue, creep etc). These failure mechanisms affect each component of the engine differently
and may be due to a variety of causes such as foreign object damage, harsh environmental
conditions or simply extended operation (high time). Rather than implementing a predictive
maintenance tool to monitor the condition of the entire Honeywell 331-500 APU, it was
decided to identify a single failure and analyse the mechanisms that lead to its occurrence.
This process is discussed below.

2.1 331-500 Failure Investigation

The criteria for identifying a single failure for this study is based on the financial cost it incurs
to EPCOR. Firstly, a list of 331-500 repairs was extracted from the aforementioned Trendsheet
with the cause for the APU removal and its number of occurrences noted. Some of these
repairs occur as a result of a scheduled removal of the APU, due to high time or life-limited
parts, or as a result of an unscheduled removal, such as a failure. To correctly compare each
repair, an average cost per repair C is calculated for each. Since the financial data of both
EPCOR and its customers may not be disclosed, C is normalised to that of high time repairs,
the most common cause for 331-500 removal. Each repair is then ranked in terms of its cost

per repair, as shown in Table 2.1.
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Table 2.1: Ranking of the top fifteen 331-500 repairs by cost per repair C when normalised to that of
high time repairs.

Removal Cause No. of C
Occurrences

T1 Blade Failure 22 1.81
High Time 74 1.00
Thrust/Ball Bearing Failure 32 0.71
Electric Starter Clutch Failure 8 0.68
Hot Section Deterioration 64 0.66
Anti-rotation Pin Failure 8 0.66
High-speed Pinion Gear Bearing Failure 10 0.66
Air Turbine Starter Clutch Failure 17 0.64
Foreign Object Damage 27 0.63
Compressor Carbon Seal Failure 26 0.54
Generator Failure 9 0.53
Tube Oil-in/Oil-out Failure 22 0.48
Turbine Carbon Seal Failure 22 0.41
Maintenance Error 10 0.32
Re-certification Test 52 0.04

Being 81% more expensive than a high time repair, it is clear that T1 blade failure is the most
costly failure for the 331-500. Further investigation shows that although only making up 4.4%
of all 331-500 failures since December 2007, it accounts for 12.4% of the total cost. Comparing
that to the percentage of total occurrences and total costs of the two most common causes of
331-500 removal, high time and hot section deterioration, the results are 13.5%/21.8% and

12.7%/13.1% respectively. This is presented in Table 2.2 below.

The repair data shows that the occurrence of T1 blade failure drastically increased since the
start of 2016. During the period from January 2016 to January 2018, 50% of the total cases
of T1 blade failure have occurred since December 2007. The reason for this is unclear and
has yet to be investigated. The percentage of total occurrences and total costs for the three
removal causes mentioned above is recalculated for this specific period and summarised in
Table 2.3. Here the results are even more extreme with T1 blade failure occurrences making

up just 8.5% of total failures but accounting for 19.5% of the total cost.
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Table 2.2: Percentage of total occurrences and total cost as a result of repairs caused by T1 blade
failure, high time, and hot section deterioration between December 2007 and January 2018.

Removal Reason % Occurrence | % Cost
T1 Blade Failure 4.4 12.4
High Time 13.5 21.8
Hot Section Deterioration 12.7 13.1

Table 2.3: Percentage of total occurrences and total cost as a result of repairs caused by T1 blade
failure, high time, and hot section deterioration between January 2016 and January 2018.

Removal Reason % Occurrence | % Cost
T1 Blade Failure 8.5 19.5
High Time 23.1 29.2
Hot Section Deterioration 5.1 7.8

From the above, it is clear that T1 blade failures result in a large financial expense on MRO
operations at EPCOR. The reason for this is that the failure leads to a large section of the 331-

500 to be irreparable meaning most components must be purchased as new from Honeywell.

2.2 Failure Mechanisms of First Stage Turbine Blade Failure

The main failure mechanisms of T1 blade failure are hot corrosion and thermal fatigue. Dur-
ing APU operation, the machine undergoes a series of MES cycles with each cycle consisting
of a startup, steady state and shutdown phase. Over the course of these three phases, the
turbine blades are subjected to a thermal fatigue cycle. In addition to this, corrosion due to
large temperatures and flue gas contaminants degrade the material of the first stage Nozzle
Guide Vanes (NGVs) and blades. The potential causes and their effects on T1 blade failure are

summarised below in Figure 2.1.

Thermal barrier coatings, along with blade cooling holes in the first stage NGVs and rotor
blades, are utilised to reduce the blade metal temperatures and mitigate the effects of cor-
rosion and fatigue. However, after an extensive amount of cycles, the effectiveness of these
measures are reduced. Thermal barrier coatings wear off and, depending on the region
in which the APU operates in, ingestion of environmental dust and contaminants such as
sulphur will lead to the accelerated corrosion of the blade platform and shank. Additionally,

the continual ingestion of environmental dust will result in the obstruction of blade cooling

10
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passages which leads to an increase in the blade metal temperatures thereby strengthening
the effects of corrosion and fatigue. As shown in Figure 2.3, this leads to elevated tempera-
tures at the blade shanks which intensifies corrosion and fatigue crack growth in the region.
In addition to this, poor performance by the fuel atomiser can lead to hot streaking across the
NGVs which results in material loss (Figure 2.2). This in turn affects the turbine flow charac-
teristics and will lead to poor turbine performance. To counter this loss in performance, the
fuel flow will increase thereby leading to a higher TIT and further fatiguing of the blade shank.
A combination of these self-reinforcing effects will result in under-platform crack growth and

the subsequent release of a first stage blade.

Hot Corrosion

Oxidation of

Middle East, Asia and
Surface Metal

Western Pacific Operation

Loss of Thermal Environmental
Barrier Coating Contaminants
Large Surface Metal S
Temperatures
» T1 Blade Release
Poor Turbine Loss of NGV

Performance Material

Large Turbine Inlet
Temperature

Obstruction of Blade
Cooling Holes

Thermal Fatigue

Figure 2.1: Cause-and-effect diagram of the potential factors that lead to a first stage turbine blade
release on the Honeywell 331-500.
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Figure 2.2: The first stage NGV assembly of the turbine of a 331-500 showing extensive corrosion and

damage.
Blade Shank Platform Edge
Surface Corrosion Material Loss

Under-Platform
Blade Separation

Figure 2.3: First stage turbine blades after extensive under-platform corrosion and crack growth [6].

Since the 331-500 runs at 39000 RPM, a release of a turbine blade during operation will lead
to extreme downstream damage of the APU with high-speed material flowing through the
second and third stages of the turbine. Additionally, upstream components such as both

compressors are also damaged due to the subsequent shaft imbalance as a result of a T1 blade

12
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release. This imbalance causes blade tip/casing rub and accelerated wear of the compressor

impellers. Photos of various components after T1 blade failure are shown below in Figures
241t02.7.

damage.

Figure 2.5: Second stage turbine rotor of a 331-500 after T1 blade failure showing extensive impact
damage.

13
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Figure 2.6: Third stage turbine rotor of a 331-500 after T1 blade failure showing extensive impact
damage.

Figure 2.7: Second stage compressor impeller of the 331-500 after T1 blade failure showing heavy
abrasion of the contours.

The above images highlight the severity of a T1 blade failure on the 331-500. Typically, T1
blade failure occurs with little or no warning and leads to the sudden shutdown of the APU.
Aircraft operator’s have 10 days to replace the APU before the aircraft is grounded and it’s
revenue generation is stalled. Therefore, it is in the interest of both the MRO service provider
and their customers to reduce the number of unscheduled APU removals. This is the reason

why T1 blade failure has been chosen for this study.
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3 Review of Current Gas Path Analysis
Methods

GPA has been used as a method for gas turbine diagnostics since the early 1970s [7]. The
underlying principle to the method is to relate the deterioration in the performance of the
machine (temperatures and pressures) to the deterioration in the condition of the main
components along the gas path (efficiencies and mass flows). This is done by making use
of the aero-thermodynamic relations that exist between the conditional and performance
parameters of the machine. Any deviation in the condition of a gas turbine component,
which may not be directly measurable, will have a corresponding deviation in performance,
which is easier to measure. These deviations are from a known reference state which is usually
that of a healthy engine i.e. as shipped by the OEM or directly after repair. At this state, the
performance and condition parameters of the gas turbine are known and any deviation from
these reference values is considered to be a result of deterioration. Therefore, GPA may be
used to identify and isolate a faulty component of a gas turbine whose deterioration may not

be easily visible in the raw measurement data.

Several versions of GPA exist and many incorporate statistical and machine learning methods
to improve the overall accuracy. The most notable ones will be discussed below and the

method used for this study will be outlined.

3.1 Linear GPA

Excluding measurement uncertainty, a gas turbine may be described as followed [7]:

p=g(c.0) (1)

Where p is a vector of measured performance parameters, c is a vector of calculated condition
parameters and o represents operating condition parameters such as ambient conditions
and power requirements. g is a non-linear function that represents the aero-thermodynamic
equations mentioned above and relates the gas turbine performance, condition, and opera-
tion parameters to each other. To simplify, these relations may be linearised about a single
operating point with the assumption that both the deviation from this operating point and

the deterioration of the gas turbine is small. This results in the following system of equations:
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AD=GAT )

Where G is known as a the Influence Coefficient Matrix (ICM). Rearranging this equation for

¢, the conditional parameters of the gas turbine, results in the following:

Ac=G' Ap 3)

Where G/, the inverse of the ICM, is known as the Fault Coefficient Matrix (FCM) and can
only be determined if the number of performance parameters is equal to the number of
measurements i.e. if G is a square matrix and invertible. A visual representation of this

linearisation is shown in Figure 3.1 below.

Non-linear model:
p = g(c,u)

Condition delta (Ac)
«——o—» +

Performance delta (Ap)

Figure 3.1: Effect of linearising the non-linear performance of a gas turbine about a single operating
point [8].

In reality, sensor noise and inlet effects lead to significant variance in the measured perfor-
mance of a gas turbine. Additionally, after extensive operation of a gas turbine, significant
deterioration of the hot section of the machine will occur leading to large deviations in per-
formance from the operating point to which the aero-thermodynamic relations are linearised
about. As this study focuses on extensive deterioration of the 331-500 APU, the underlying

assumption of linear GPA will therefore be invalid and non-linear effects must be considered.
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3.2 Non-linear GPA

Fundamentally, non-linear GPA is the same as linear GPA in that it relates performance dete-
rioration to component deterioration. However, at larger deviations from the operating point
of the reference engine, non-linear GPA is more accurate. One such method of non-linear
GPA is known as adaptive modelling [9]. In this method, the deviation in performance be-
tween an unhealthy and healthy engine is reduced by adjusting, or adapting, the conditional
parameters of the gas turbine’s components until the healthy performance matches that of
the unhealthy engine. The amount by which the conditional parameters are adapted is the
deterioration in the engine. For example, at a certain operating point, a healthy reference
engine may have a measured EGT of 1000K whereas an unhealthy one may have an EGT
of 1100K. To calculate the deterioration in the unhealthy engine’s components, such as the
the turbine, various conditional parameters of the healthy engine are adapted until the EGT
matches that of the unhealthy one. In the case of the turbine, the adapted conditional param-
eter may be the turbine efficiency. The subsequent difference in the turbine efficiency ,Any,
is that component’s deterioration. This is shown in (4) below, where 7, ;7 is the efficiency of

the reference engine and 1, 4., is that of the deteriorated machine.

Anl‘zlnt,ref_nt,det| 4

Adaptive modelling differs from alternative, empirical GPA methods as it is primarily a
physics-based approach. Rather than making use of data-driven optimisation methods, such
as genetic algorithms and neural networks, it requires a thermodynamic model of the gas
turbine to be built and the adapting to measured performance data results in deterioration
data for the machine. This deterioration data may be analysed to identify trends or other
measures that may prove useful for the monitoring of gas turbines in operation. Furthermore,
any observed deterioration should be explained through the known failure mechanisms of

the components of a gas turbine.

To adapt the conditional parameters of a GPA model, the model must be capable of adjusting
the parameters in such a way as to reduce the deviation between the healthy and unhealthy
performance. Various ways of achieving this include a Newton-Raphson iterative scheme
as is done on the Gas Turbine Simulation Program (GSP) [10]. Another method is to define
an error function as the summation of the squares of the various calculated and measured
performance deltas and then minimise that function [11]. As the minimisation of the error

function may involve adapting several parameters, a stable method should be chosen for
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minimisation. One suitable method is known as gradient descent which is primarily used
today in training machine learning models for data science applications. Since gradient
descent is stable and relatively simple to implement, it is chosen as the minimisation method
to be used with adaptive modelling. Further information on gradient descent is discussed

below.

3.3 Gradient Descent

As mentioned above, one example of the application of GPA is to adapt the turbine effi-
ciency of a gas turbine model until the EGT is equal in value to that of the corresponding
measurement on the real engine. This is the simplest case, where the error in the model’s
EGT prediction is minimised by the varying of a single variable. It may also be the case that
the compressor efficiency of a gas turbine is an unknown variable. As with the turbine effi-
ciency and the EGT, the compressor efficiency is also adapted until the error between another
measurement and its model-predicted value are minimised, such as the compressor outlet
temperature. However, as the compressor efficiency will also have an effect on the EGT, it too
will affect the final value of the turbine efficiency. Therefore, a certain compressor efficiency
that minimises the error in the compressor outlet temperature may not necessarily result in a
minimised error in the EGT. In this multivariable case, the adapting of both variables must
be done such as the minimise the total error of the model. This process is outlined in detail

below.

3.3.1 Cost Function

Firstly, a function is defined as the summation of the deltas between the predicted and
measured performance parameters in the model. As the deltas may be positive or negative,
each one is also squared. To account for the difference in magnitude of the calculated
performance parameters, each value is scaled with its corresponding measured value. This is
to enable different parameters to be used in the function, such as pressures and temperatures.
This function, referred to as the cost function, is defined in (5) below. The unknown variables

that are adapted to minimise the cost function are represented in a vector as defined in (6).

J:iai(l—]]fi)z (5)
i=1 L,m
B= [ﬁl B2 ... Pn (6)
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Where the subscripts ¢ and m denote the calculated and measured values of each perfor-
mance parameter and » is the number of terms in the cost function. a is defined as the

weights used to prioritise certain terms over others.

3.3.2 Cost Function Gradient

To determine the direction and magnitude by which to vary the unknown variables to min-
imise the cost function, the gradient of the function with respect to each variable is computed.
In trivial cases, an analytical solution for the cost function derivative will exist but in reality it

is usually more complex and computed numerically.

First, a sensible initial value (f,) is assigned to each of the unknown variables and the cost
function is computed as above. Each variable is then increased by a small delta and the cost
function computed thereby enabling the individual gradients to be determined. As shown in
(7) below, these gradients are defined as a vector of partial derivatives of the cost function
with respect to each variable. The numerical definition of the partial derivative is defined

directly after in (8).

o
o LoB1 9B T 9P

o AB AB

As was the case with the cost function parameters, the unknown variables should be scaled

Q)

such that ApS reflects the same relative increment to all variables. One such way of doing
this is to non-dimensionalise each variable with its initial value as is defined in (9) below. In
this case, a common delta may be used for all variables during the partial derivative vector
calculation. The updated vector of unknown variables is defined in (10).

B

B=4 9)

A
= A

B=|P1 B2 ... Pn (10)
Once the gradient vector is computed, the vector of variables is updated from the initial
values as determined by the size and sign of the individual gradients. However, the gradient
vector can be such that it is either too weak to significantly vary the variables, leading to a

long run time, or too strong such that it is unstable and unable to find a solution. To account
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for this, a factor known as the learning rate (¢) is applied to the gradient vector. The learning
rate’s value is model-specific and depends on the number of unknown variables, the number

of terms in the cost function, and their sensitivity. It is usually determined by trial and error.

The updating of the vector of variables is shown below in (11). This process is known as

gradient descent and continues until the cost function is minimised.

o o7
:Bnew:ﬁold_(p — (11)
WBora

3.3.3 Limitations of Gradient Descent

The process of adjusting a set of unknown variables to minimise some dependent function
becomes increasingly more complex with the addition of more unknown variables. In the
case of a gas turbine, where the unknown variables tend to be component efficiencies or pres-
sure ratios, extreme and non-physical values may be required to minimise the cost function
and thus match calculated and measured parameters. The matching of these parameters

may also cause energy or mass balances to not be satisfied [12].

In addition to this, it may be the case that multiple unknowns exist but there are only a
handful of measurements available for matching. This will be a problem, particularly if
any of the measurements are sensitive to more than one variable. This occurs in the case
where the compressor and turbine efficiency of a gas turbine are unknown and the only
available measurement is the EGT. Both the compressor and turbine efficiency will affect
the EGT with the turbine efficiency being the most sensitive of the two. To account for this,
more measurements, such as the compressor outlet temperature, are required to adapt both
variables in a stable manner. As a general rule, the number of unknown variables should
equal the number of terms in the cost function with each term being dependent on only
one variable [12]. In the case of multiple cost function terms, weights can be applied to each
term to prioritise certain measurements over others. This can be useful when one variable is
particularly more sensitive to altering the cost function than the other or more confidence is

given to one measurement over another.
These limitations of adaptive modelling and gradient descent will become apparent in the

application of these methods and will be discussed further in the recommendations section

of this report.
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4 Thermodynamic Model of a Single-shaft

Gas Turbine

A schematic of a simple, single-shaft gas turbine with labelled states is shown below in Figure
4.1. At State 1, air at ambient conditions enters the compressor and is compressed to the
conditions at State 2. After combustion, the temperature and pressure of the gas are raised to
that of State 3 before being expanded in a turbine to State 4. This schematic is representative
to the power section of an APU with the mechanical load from the load compressor and
generator combined as a total shaft load W;, 4. The performance of the gas turbine below is
simulated using a thermodynamic model while the specifics of the Honeywell 331-500 APU
are added later in section 5. The following subsections will detail the fundamentals of this

thermodynamic model including assumptions, equations, fluid properties and calculation
|
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Vi/load T/
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Figure 4.1: Schematic of the main components along the gas path of a single-shaft gas turbine.

4.1 Assumptions

Before outlining the equations used in the thermodynamic model, the assumptions made
are outlined as follows:

* The gas turbine is analysed as a zero-dimensional (0-D) model. The internal workings
of each component are not considered i.e. number of stages, combustion chamber

length etc.
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4.2

The compressor and turbine outlet conditions are calculated based on the isentropic

relations for the compression/expansion of a gas.
The inlet of the turbine is choked during both on- and off-design operation.

The ambient temperature and pressure are equal to that of the compressor inlet i.e. no

heat pick-up or pressure loss.
The turbine exit pressure is equal to that of ambient pressure.
The mechanical efficiency of the shaft and bearings is 100%.

Chemical equilibrium is not accounted for in the combustion process. The heat addi-

tion is treated as an enthalpy rise in the working fluid.

The combustion chamber operates with an efficiency of 100% and with no pressure

loss.

The effects of relative humidity are considered to be small and not accounted for in the
model [13].

Thermodynamic Equations

The equations used for the compression, combustion, choking and expansion processes of

the gas turbine components are defined below in Figures 4.2 and 4.3. During the compression

and expansion processes, the specific heat ratio (y) of the gas will change with the varying

pressure and temperature. To account for this, the compression and expansion processes are

discretised into n pressure deltas with the specific heat ratio recalculated for each delta in the

gas temperature and pressure. The two resulting equations are included in the figures below.
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T;, P; T, P,
—_— —
me m, + Thf

e P,=P;,PR. o Qc=msLHV;
& Tl rchi+Q
. To:Ti"'kgiTi,k[(PRc)"yk_l o h,,:#mfcc
o Wczmc(ho,is_hi) e P,=P;
Ne
W,
o ho=hi+—=

c

Figure 4.2: Equations used for the compression and combustion processes of the thermodynamic

model.
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Figure 4.3: Equations used for the choking and expansion processes of the thermodynamic model.

4.3 Choked Turbine Inlet

The turbine inlet is assumed to be choked meaning, for a given air and fuel flow, the throat
area determines the Pressure Ratio (PR) of the machine. The throat area of a turbine is defined
as the minimum flow area of the first stage stator, or NGV assembly. Between two stator vanes,
aline is drawn perpendicular to the trailing edge of one vane until it intersects the adjacent

vane, as shown in Figure 4.4. The length of this line is the turbine throat. In two dimensions,
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this line forms a plane that intersects both the shroud and the base of the vane and the area
of this plane is defined as the throat area between two vanes. Finally, the summation of this
area for each set of vanes across the circumference of the first stage stator is the throat area of
the turbine.

Figure 4.4: Definition of the throat as the distance O between two adjacent turbine stator vanes [14].

4.4 Air and Flue Gas Data

Both the air and flue gas data are taken from RefProp. The required fluid properties for the
APU model are the enthalpies and specific heat ratios at various pressures and temperatures.
Standard air is used for the air properties while the flue gas composition is determined from
the reaction in (12) below. The reference state for both the flue gas and air data is chosen as
500 K at 1 bar. This is to ensure that the H»O component of the flue gas is in a gaseous state
and the latent heat of vaporisation is not included in enthalpy calculations. Lastly, the fuel
used for the combustion chamber of the 331-500 is Jet-Al with a lower heating value of 43.2
MJ/kg.

1
EC12H24 + 15(0.8N2 + 0.202) ——2C072 +2H>0 + 12N, (12)

4.5 Calculation Process

The calculation process of the thermodynamic model varies between on- and off-design
operation. Here, the general process for both is outlined with the specific APU behaviour

added later in the following section.
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4.5.1 On-design

At the design point of a gas turbine, the input parameters (ambient conditions, mass/fuel
flows, shaft load requirements and component efficiencies) are assumed to be known. As the
turbine is choked, the PR is determined by the turbine throat area and mass flow although

some iteration is required. The process is outlined below in Figure 4.5.

Each block represents a component/process of the gas turbine while the arrows represent
the flow of inputs and outputs of each block. The calculation process starts at the top with
the inputs for the compressor calculations: the ambient conditions, compressor mass flow,
efficiency, and initial choice for the PR. The process then proceeds from top to bottom
through each calculation block until the equation for the choked turbine inlet results in an
updated (new) compressor PR. The initial (old) value for the PR is then updated with this new
value. After, the calculation loops back to the compressor calculations until the difference
between the new and old PR is within a chosen tolerance. Lastly, the turbine calculations are

completed to determine the EGT and net work on the shaft.
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Figure 4.5: Calculation process for the on-design operation of a single-shaft gas turbine with a choked
turbine inlet.
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4.5.2 Off-design

During off-design operation, the variance in ambient conditions, shaft load and fuel flow lead
to a corresponding variance in compressor mass flow, PR and efficiency. The relationship
between the compressor parameters and the ambient/operating conditions is quantified in a
compressor map. Again, the turbine is assumed to be choked and its efficiency is constant
(unless deterioration is considered). The process, outlined in Figure 4.6 below, is almost
identical to on-design operation except for the addition of the compressor map calculations

to update the compressor efficiency and mass flow.
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Figure 4.6: Calculation process for the off-design operation of a single-shaft gas turbine with a
choked turbine inlet.

4.6 Model Validation

Before applying GPA to the thermodynamic model, and analysing deterioration, the model is
validated. This is done by building and running an almost identical model using GSP and

comparing results. The thermodynamic model itself is written in the MATLAB environment.
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Arbitrary design point parameters for the thermodynamic model are described below in Table
4.1. In GSP, there is no option for inputting a turbine inlet throat area and the compressor
PR must be directly assigned. Therefore the MATLAB model is first run to determine the PR
before entering the result into the Design function of GSP. GSP will then scale a specified
sample compressor map to the design point PR, efficiency and corrected mass flow. This
compressor map is also exported from GSP and used in the MATLAB model. Unfortunately,
only the default map data may be outputted and the scaling must be rewritten in MATLAB. To
compare the off-design performance between both models, the Fuel-Air Ratio (FAR) is varied
between 0.016 and 0.024. Important outputs are compared for both models in Figure 4.7 to
Figure 4.12. The error in the MATLAB model is defined as the ratio of the absolute difference
between the MATLAB and GSP values to the MATLAB-calculated value.

As is shown, the error in the model is <0.5% with respect to the compressor mass flow, pressure
ratio and efficiency. A low error in these parameters is expected as the same compressor map
is used in both models. The TIT has an error ranging between 2-4% with the GSP-determined
value always higher than the value determined by the MATLAB model. It is expected that the
TIT would be higher in the MATLAB model as it assumes complete combustion whereas the
combustion process in GSP is modelled using the equations for chemical equilibrium which
take into account the composition change of the flue gas throughout the process. A possible
cause for this error could be the difference in flue gas properties between both models. As
mentioned, the composition of the flue gas from reacting Jet-A1 with air is taken from RefProp

whereas GSP has its own built-in property data.

The error range for both the EGT and net work are 0-1% and 4-10% respectively. The error in
the EGT is expected to be low as the PR across the turbine in both models is approximately
the same. The larger error in the net work is due to the nature of the equations used in its
calculation. Since the compressor and turbine work are computed from the product of their
respective mass flow and enthalpy changes, any error in the inlet and/or outlet temperatures
between both models will be magnified in the work calculation. As the compressor PR, mass
flow and efficiency are almost identical between both models, the error in the compressor
work calculation is negligible meaning any error in the net work is mainly due to the turbine
work calculation. Since the turbine work is computed from the TIT and EGT, the error in this

calculation will be the result of a combination of error in both of these temperatures.
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WC (kg’s)

2.03

2.02

2.01

1.99

1.98

Table 4.1: Design point parameters for the validation of the thermodynamic model.

Parameter | Unit Value
To1 K 288.15
P01 bar 1.01
¢ kg/s 2.00
PR, - 9.16
FAR - 0.02
A; mm? | 2000
Ne¢ % 84.00
ur; % 88.00
T T 0.18
<—GSP 0.16
0.14
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Figure 4.7: Comparison in corrected compressor mass flow between the MATLAB and GSP models.
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Figure 4.9: Comparison in compressor isentropic efficiency between the MATLAB and GSP models.
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5 Thermodynamic Model of the Honeywell
331-500

The Honeywell 331-500, the APU for the Boeing 777, is shown below in Figure 5.1. The power
section of this APU has a two stage centrifugal compressor, a reverse flow annular combustion
chamber and a three stage axial turbine. On a common shaft, the turbine drives a single stage
centrifugal load compressor and an accessory gearbox. The gearbox drives the electrical
generator as well as oil and fuel pumps. Cooling air is bled from the compressor outlet for
cooling of the combustion chamber and the first stage of the turbine. A simplified diagram of

the internals of the machine is shown below in Figure 5.2.

As previously mentioned, the gas turbine model from section 4 represents the power section
of a typical APU. That model must now be modified to represent the specifics of the 331-500
including the load compressor and generator. Additionally, several unknowns such as the
real component efficiencies of the machine must be determined. This modified model, with
its unknowns, is referred to as the Black Box Model (BBM). This section will outline the new
calculation process for the BBM as well as the resulting design point performance parameters
of the 331-500.

A

Figure 5.1: The Honeywell 331-500 APU in a stand at the shop floor of EPCOR B.V.
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Figure 5.2: Diagram of basic components of the Honeywell 331-500 APU [15].

5.1 331-500 Schematic and Unknown Parameters

The schematic for the thermodynamic model of the 331-500 is shown below in Figure 5.3.
The load compressor takes air from the same inlet as the power section compressor and
compresses it to ambient conditions at State I to conditions at State b. As with the gas turbine
model in section 4.1, the shaft mechanical efficiency is assumed to be 100% meaning the
gearbox is not included in the model. The generator is simply modelled as a mechanical
load on the shaft. Test cell data is used to calculate the design point of the machine but,
due to a limited number of measurements, there are multiple unknowns present. These
include the compressor mass flow and PR, combustion chamber and turbine cooling flows,

and the compressor and turbine efficiencies. The methods for determining these unknowns
|

Ty, Py T2 Poz @ To3, Po3
MNe

are outlined below.

Wyer e ne 1y
my ‘ me e + my
To1, Po1 To4, Pos

Figure 5.3: Schematic of the Honeywell 331-500 APU.
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5.1.1 Compressor Mass Flow and Pressure Ratio

The compressor mass flow is estimated by taking an energy balance over the power section of
the machine as defined in (13) and Figure 5.4 below. This energy balance assumes that the
total work supplied by the turbine is equal to the sum of the load compressor, compressor
and generator loads. In other words, it is assumed that there is a net-zero work balance on the

shaft. Similarly, mechanical work for driving the fuel and oil pumps is considered negligible.

To determine the PR of the machine, the turbine throat is measured. As mentioned previously,
the throat area is the summation of the minimum area between each stator vane, or NGV.
The first stage NGV assembly of the 331-500 turbine, consisting of 20 nozzle segments that
are joined together, is shown below in Figure 5.5. A 3-D scan of one of the nozzle segments
is completed and the throat area computed through the use of the CATIA computer-aided
design program. As shown in Figure 5.6, the surface of each nozzle is curved thereby making
it difficult to calculate the throat area. With an estimated error of +5%, the value of the throat

area was determined to be approximately 4000 mm?.

Qcc - ch - Wgen - mfh04

(13)
hos — ho1

mC:

Figure 5.4: Definition of the system around the APU power section from which an energy balance is
taken for estimating the compressor mass flow.
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Figure 5.6: 3-D scan of a single nozzle segment from the first stage NGV of the Honeywell 331-500.

5.1.2 Component Efficiencies and Remaining Unknowns

Modelling of the first stage cooling flow was attempted but, due to the EGT being highly
sensitive to its value, it was decided not to include it in this study. As was outlined previously,
the gradient descent algorithm will become highly unstable if variables are used which
are very sensitive to one or more of the cost function terms. Regarding the compressor
efficiency, it is not possible to calculate it with the limited test cell data and instead a value is
assumed. The effect of this will be discussed later in section 6.4. Lastly, the turbine efficiency

is determined using the gradient descent algorithm.
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5.2 Fitting the Black Box Model to the Test Cell Data

The calculation process for the fitting of the BBM to the test cell data is shown below in Figure
5.7. To calculate the turbine efficiency, the gradient descent algorithm determines a value
that will minimise the error between the measured and calculated EGT. This error in the EGT
is represented in the cost function which is defined in (14) below. As the energy balance in
(13) is used to estimate the compressor mass flow, a net-zero shaft work balance is enforced
and there is no need to include an extra term in the cost function to minimise any error as it

will already be negligible.

Tos |2
J=(1-22) (14)
EGT
To1, Po1 my, Ty, Pp,
Load Compressor
vy | WIC . I
‘ Energy Balance [ Wyen, EGT, mg
m,
Lt PRC, olds e
‘ Compressor ‘4——
1 T{)Z; P{)Z; ”JC
Combustion Chamber me | ©
| E
1 T{]3: P{]3 ZI
m
‘ Choked Turbine Inlet ‘4— A | =
PRy f=n
‘ PR-:. new PR-:'.cia'| < tol }7
False
True
‘ Turbine }47 Nt
T04r P04, Wt Bnew
‘ Cost Function ‘
J
J < tol }—»{ Gradient Descent }—
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Figure 5.7: Calculation process for fitting the BBM to the on-design operation of the 331-500. The
turbine efficiency is adapted until the error between the calculated and measured EGT is minimised.
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5.3 Design Point Results

The design point of the 331-500 is considered to be at MES operating conditions. At this
condition, the machine supplies 180 HP (134 kW) of mechanical work to the generator and
approximately 2.6 kg/s of bleed air at 4.2 bar. The compressor efficiency is assumed to be
75% at an ambient temperature and pressure of approximately 290K and 1.01 bar respectively.
As the load compressor outlet temperature and pressure are measured, the load compressor
efficiency may be calculated. The eight measurements that are recorded from each test cell

run and used in the model are:

1. Ambient temperature

Ambient pressure

Fuel flow

Load compressor air flow

Load compressor outlet temperature
Load compressor outlet pressure
Generator mechanical load

EGT

® N o g ke w D

MES data from a total of fourteen APUs is used to characterise the design point performance
of the 331-500. Mean results and the Coefficient of Variation (COV), defined as the standard
deviation divided by the mean, are tabulated below in Table 5.1. The measured parameters
with the most variance are the fuel flow, EGT, ambient temperature, load compressor PR
and load compressor mass flow. As the compressor mass flow is determined from an energy
balance comprising a variety of these parameters, it also shows a significant level of variance.
A value of 75% was chosen for the compressor efficiency to ensure that the subsequent fitting
of the BBM would result in a turbine efficiency that is slightly larger than that of the com-
pressor. As will be discussed later in a sensitivity analysis of the model in 6.4, increasing the
compressor efficiency results in a lower turbine efficiency and vice versa. In most gas turbines,
the turbine efficiency is slightly larger than that of the compressor therefore, a compressor

efficiency of 75% was chosen which resulted in a turbine efficiency of approximately 76%.
The magnitude of the residual error between both the measured and calculated EGT, along
with that of the shaft work balance, is plotted in Figure 5.8. For all fourteen APUs, the error is

negligible.
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Table 5.1: Mean, maximum and minimum performance parameters from fourteen Honeywell
331-500 test cell runs when operating at the MES power condition.

Parameter | Unit Max Min Mean COV (%)
To1 K 297.93 281.59 290.00 1.82
Py bar 1.03 0.98 1.01 1.18
1l kg/s 5.10 4.69 4.88 2.61
PR, - 11.45 10.67 11.10 2.00
My kg/s | 0.089 0.082 0.085 2.53
ity kg/s 2.78 2.49 2.61 2.62
PR;. - 4.38 4.10 4.21 1.84
Wgen kW | 136.69 131.01 134.00 1.15
To3 K 1257.79 | 1210.04 | 1238.65 1.26
EGT K 862.59 | 818.15 | 841.96 1.70
Nic % 79.00 76.11 77.61 1.04
Ne¢ % 75.00 75.00 75.00 0.00
n¢ % 77.57 75.08 76.22 0.77
0.055 T »1_H& T T a
0.05 - “ TN
0.045
7 Toa
S 004r Hlf 5GT i
bl < Shaft Work Balance
2 EGT
w 0.035
0.03 | H1 -t .Wf . i
VVC + W[c + Wgen
0.025 o
002 Il Il 1 .\ Il
2 4 6 8 10 12 14
APU No.

Figure 5.8: Residual error between both the measured and calculated EGT as well as that of the
net-zero shaft power balance for the fourteen Honeywell 331-500 test runs at MES power condition.
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6 Deterioration Modelling of the
Honeywell 331-500

Once the BBM has been fitted to the test cell data of the 331-500, a thermodynamic model
that is representative of the performance of the APU during design point operation is now
available for use. To avoid confusion, this model is referred to as the 331-500 Thermodynamic
Model (500TM) for the remainder of this report. The next step is to further develop the 500TM
such that it is capable of representing the off-design, or on-wing, performance of the machine.
Since it has been assumed that the turbine remains choked and the combustion chamber
performance is unchanged for off-design operation, the only requirement is to provide a
compressor map for the off-design operation of the compressor. Once completed, the 500TM

is then capable of analysing deterioration data.

In analysing the deterioration of the 331-500, it was decided to use the turbine efficiency as
the single variable for GPA. As discussed in section 2.2, the failure mechanisms leading to T1
blade failure are a result of the deterioration in the condition of the machine’s turbine. This
deterioration will lead to a reduction in the performance of the turbine which is physically
quantified as its efficiency. Adaptive modelling is used to adjust the turbine efficiency until
the EGT of the BBM matches that which is measured on-wing. It was considered to also
include the compressor efficiency and/or turbine throat area as adaptive variables however

insufficient on-wing measurements prevent this.

Before analysing the real 331-500 APU on-wing data, it is desirable to first artificially generate
and analyse deterioration data. This allows the sensitivity of the adaptive modelling process
to various input parameters, including the compressor efficiency and turbine throat area, to
be tested. The process for doing this, along with the subsequent analysis is discussed in the

following subsections.

6.1 Off-design Operation of the Honeywell 331-500

To simulate the off-design operation of the 331-500, the process is similar to what was done
with the off-design operation of the gas turbine model in section 4.5.2. A sample compressor
map from GSP is scaled to the design point of both compressors to vary their efficiency, mass

flow and PR with ambient conditions. The design point conditions are taken as the mean
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value of the parameters from Table 5.1 that were determined from the test cell analysis of the

machine.

The maps are shown in Figures 6.1 and 6.2. Black and blue lines denote the corrected speed
curves and efficiency contours respectively while marked in red is the design point of the
machine as determined from the MES test cell analysis. The mass flow is corrected to standard
sea level conditions with an ambient temperature and pressure of 288.15 K and 1.013 bar

respectively.

14

12

10

Pressure Ratio
[0s]

N, =093

60%

1 1 1

2 | | 1 1 1
42 44 46 4.8 5 5.2 54 56 5.8

Corrected Mass Flow (kg/s)

Figure 6.1: Assumed compressor map for the compressor of the Honeywell 331-500 APU as scaled
from the smallhpc map from GSP.
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Figure 6.2: Assumed compressor map for the load compressor of the Honeywell 331-500 APU as
scaled from the smallhpc map from GSP.

6.2 Generating Artificial Deterioration Data

To generate deterioration data, the 500TM, which at this stage is capable of off-design op-
eration, is modified such that it reflects the characteristic behaviour of a deteriorating APU.
This new model, which may be used to generate performance data that is representative
of an unhealthy on-wing 331-500, will be referred to as the White Box Model (WBM) for
the remainder of this report. The generated performance data from the WBM may then be
used as an input to the 500TM which will then calculate the deteriorating turbine efficiency

through adaptive modelling.

The process of using the WBM to generate deterioration data is shown below in Figure 6.3. To
mimic the behaviour of a 331-500 in operation, the fuel flow varies such as to ensure that the
work supplied by the turbine is always equal to the total load on the shaft. For example, if the
turbine efficiency is artificially lowered to simulate deterioration, the fuel flow will increase
to raise the TIT and ensure the turbine meets the required load. One such way of achieving
this is to again make use of the gradient descent algorithm. Rather than varying the turbine
efficiency to reduce the error in the calculated and measured EGT, as was done in fitting the

BBM to the test cell data, gradient descent may be used to continuously vary the fuel flow
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such that a net-zero work balance on the shaft is maintained. This error is quantified in a

cost function as defined in (15) below. By varying the fuel flow to minimise this function,

the desired effect of generating performance data that is characteristic of a 331-500 with a

deteriorating turbine is achieved.

W, 2
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Figure 6.3: Calculation process for generating deterioration data using the WBM. The fuel flow is
adjusted until a net-zero work balance on the shaft is achieved.

6.3 Adapting the Turbine Efficiency to the Deterioration Data

The process of adapting the turbine efficiency to minimise the error between the 500TM

and the generated performance data is shown below in Figure 6.4. As a compressor map is

now used to determine the compressor mass flow, rather than the energy balance equation

)
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a net-zero work balance on the shaft should be enforced to ensure the model is behaving
as a real 331-500 in operation. As was done in the WBM cost function above, a term that
represents the error between the turbine work and total load on the shaft is added to the cost
function of the 500TM. By minimising the cost function, defined in (16) below, the gradient
descent algorithm will minimise both the error between the measured and calculated EGT

and the error in the shaft work balance.
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Figure 6.4: Calculation process for adapting the turbine efficiency to minimise the error between the
500TM and the generated performance data.
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6.4 Sensitivity Analysis on Model Inputs

Now that a model is available to generate deterioration data for the 331-500, it may be used to
conduct a sensitivity analysis on the adaptive modelling process of the 500TM. In generating
the deterioration data, the turbine efficiency is varied arbitrarily from its healthy value of
approximately 76% to a value of 72%. This decrease is done over a course of 3000 discrete
data points with each point representing a MES cycle. As shown in Figure 6.5, the ambient
temperature is varied sinusoidally between 278-298 K to further enforce off-design behaviour
of the compressor. If there is no input noise in the model, or error in the compressor efficiency
and turbine throat area, the adaptive modelling process will compute the turbine efficiency
exactly. This is shown in Figure 6.6 below along with the gradient descent’s increase of the
fuel flow to counter the reduction in turbine efficiency and maintain a net-zero work balance
on the shaft. The effect of sensor noise in the input data on the adaptive modelling process,
as well as the effect of any error in the compressor efficiency or throat area, is discussed in

the following subsections.

298
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Figure 6.5: Variance of the ambient temperature between 298K and 278K for the generated
deterioration data.
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Figure 6.6: Actual (WBM) and predicted (500TM) turbine efficiency using the gradient descent
algorithm with no input noise and exact compressor efficiency and turbine throat area.

6.4.1 Compressor Efficiency

Assuming a constant efficiency for off-design analysis, such as the value for the design effi-
ciency, will lead to fluctuations in the predicted turbine efficiency. These fluctuations will
correspond to the fluctuating ambient conditions. Additionally, any error in the constant
value chosen for the compressor efficiency will shift the predicted turbine efficiency away
from its actual value. A lower-than-actual compressor efficiency will result in a higher-than-

actual turbine efficiency, and vice versa.

In the generated data, the design point compressor efficiency is 75% and its value is varied
with off-design operation using a compressor map while the adaptive modelling of the 500TM
is done with constant efficiencies of 70%, 75% and 80%. The resulting effect is shown in Figure
6.7 below. As expected, the fluctuations in turbine efficiency are present and an incorrect
compressor efficiency causes the predicted value to shift away from its actual value. However,

the trend in turbine deterioration is the same across all cases.
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Figure 6.7: Actual (WBM) and predicted (500TM) turbine efficiency using the gradient descent
algorithm when various constant compressor efficiencies are assumed for the 500TM. The actual
WBM data has a design point efficiency of 75% and varies via a compressor map.

6.4.2 Turbine Throat Area

As with the compressor efficiency, the effect of an error in the turbine throat area calculation
is shown below in Figure 6.8. The actual value for the performance data is 4000 mm? while
values of £10% are also analysed. A lower-than-actual throat area results in a lower-than-
actual turbine efficiency and vice versa. Again, the trend in deterioration is similar across all

cases.

As the turbine deteriorates, the first stage NGV will lose material. This loss in material will
lead to a reduction in the turbine inlet pressure, as defined in the choked turbine inlet
equation, thereby causing an increase in compressor mass flow and a reduction in turbine
performance. To counter this loss in PR, the controller on the APU will increase the fuel
flow to further raise the TIT thereby accelerating turbine deterioration. Since the 500TM
assumes a constant throat area of 4000 mm?, this will lead to an error in the turbine efficiency
prediction. To investigate the effect, the WBM was modified such that the turbine throat
area linearly increases by 25%, from 4000 mm? to 5000 mm?, over the course of the turbine

deterioration. As shown in Figure 6.9, there is a significant error between the predicted and
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actual turbine efficiency. By assuming a constant throat area, the deterioration in the NGV

will lead to an under-prediction of the NGV. At the final data point, a 25% error in the throat

area leads to a 6% error in the turbine efficiency prediction.
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Figure 6.8: Actual (WBM) and predicted (500TM) turbine efficiency using the gradient descent
algorithm when various constant throat areas are assumed for the 500TM.
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Figure 6.9: Actual (WBM) and predicted (500TM) turbine efficiency using the gradient descent
algorithm when a constant throat area is assumed in the 500TM yet it is increasing in the WBM due to
deterioration.
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6.4.3 Input Parameters

With the remaining six input parameters for the thermodynamic model, artificial noise of
+2% is added to each and the individual effect on the turbine efficiency prediction is deter-
mined. The effect of the combination of noise from all six parameters is also determined.
Based on a discussion with Mr. Kaj Rook, an APU engineer at EPCOR, the on-wing sensors for
measuring the performance of the 331-500 are expected to have an error of +1% however
+2% is used to provide a margin of safety. Results are shown in Figures 6.10 to 6.13.

It is evident that the most sensitive parameters to the adaptive modelling process are the
ambient temperature and the EGT with a resultant error range in the turbine efficiency of
+1.03% and +0.74% respectively. This is to be expected as the ambient temperature has a
large effect on the performance of a gas turbine which is represented numerically through its
use in computing the efficiency, mass flow and PR of both compressors as well as in the load
calculation of both of these components. The EGT is directly used as one of the terms in the
cost function as well as affecting the load output of the turbine hence it will also have a major

effect on determining the adapted turbine efficiency.

The generator load makes up approximately 5% of the total load on the shaft therefore it has a
marginal effect on the turbine efficiency calculation. On the other hand, the load compressor
contributes to approximately 20% of the total load therefore the outlet (bleed) pressure will

have a larger impact.
The results of this sensitivity analysis suggest that the major contributors to any noise that

is present in the results of the on-wing analysis will be the ambient temperature and EGT

measurements.
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Figure 6.10: Actual (WBM) and predicted (500TM) turbine efficiency using the gradient descent
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7 Analysis of Historical On-wing Data

Once the adaptive modelling process has been tested on the generated deterioration data,
it may now be used to conduct GPA on the real performance data of on-wing APUs. As
mentioned, the hypothesis of this study is to investigate whether or not GPA can be used as an
effective measure to predict first stage turbine blade failure of the 331-500. But, to effectively
predict the future failure of an APU, historical failure and deterioration data must first be
analysed so that identifiers, in the form of trends in the output data, can be determined and

then utilised to monitor APUs in operation.

In the analysis of the historical data, inputs in the form of on-wing sensor measurements are
fed into the 500TM before the turbine efficiency is adapted to reduce the error between the
model and reality. It was originally planned that the calculation process of the model would
be identical to that used in the analysis of the WBM-generated data (Figure 6.4) however, due
to the non-physical behaviour of the model when using the compressor map to estimate the
compressor mass flow, the process had to be changed. This is described in section 7.3 below.
Before that, limitations in the amount of available data including the number of APUs and

on-wing parameters are discussed.

7.1 Number of APUs and the Timescale of the Data

It is advantageous to analyse historical failure data over the entire life cycle of an APU i.e.
from its repair to its failure. Having the full life cycle performance data for a 331-500, which
can include up to 10000 MES cycles, allows the entire deterioration history of the machine’s

turbine to be analysed which makes it more easy to identify any trends.

Of the twenty-three APUs that have sufferred T1 blade failures since EPCOR began its MRO
services on APUs, historical data for analysis is available for only four. Of these four APUs,
the maximum number of MES cycles before failure of which data is available is 1979. As this
data is insufficient for forming the entire deterioration history of the turbine, performance
data at other conditions is also required. These include the performance of healthy APUs and
the performance of APUs that have undergone significant deterioration but are not yet at
risk of T1 blade failure. Again, due to the limited number of data, only a handful of APUs fit
these conditions. These are summarised below in Table 7.1 along with the total number of
MES cycles available for each data set. The work order is also included as a reference for the

disassembly photos.
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To capture the healthy performance of the 331-500, data from five APUs directly after their
repair is analysed. For the deteriorated performance, data from six APUs in the lead-up to a
removal due to extended run time, known as high time, is analysed. This results in a total of

fifteen APUs which are used for the analysis of historical data in this study.

Table 7.1: Number of APUs with available historical performance data in the lead-up to T1 blade
failure, high time removal, or directly after repair.

APU No. | Work Order Data Set Data Range No. MES Cycles
1308 102379 T1 Blade Failure | 25/03/14 - 07/01/18 1979
1602 102323 T1 Blade Failure | 26/03/14 - 27/08/17 1903
1552 102208 T1 Blade Failure | 23/03/14 -17/06/17 1384
1608 102312 T1 Blade Failure | 25/03/14 - 10/10/17 1888
1590 101711 High Time Removal | 27/03/14 - 15/08/18 1884
1465 102258 High Time Removal | 26/03/14 - 12/08/18 1685
1466 102374 High Time Removal | 27/03/14 - 17/12/17 1676
1835 102295 High Time Removal | 27/03/14 - 17/08/17 1399
1925 102377 High Time Removal | 25/03/14 - 21/01/18 1851
1710 102412 High Time Removal | 25/03/14 - 18/02/18 1940
1664 101166 Post-repair 16/05/14 - 15/08/18 2083
1642 101585 Post-repair 29/10/15-14/08/18 1289
1801 101654 Post-repair 07/11/15 - 14/08/18 1487
1390 101363 Post-repair 09/01/15-07/08/18 1530
1509 101183 Post-repair 05/07/14 - 14/08/18 1453

Comparing the performance of different APUs at different conditions, rather than analysing
the entire life cycle performance of each APU that has undergone T1 blade failure, will have its
limitations. As outlined in equation (4), GPA is designed to relate the performance of a healthy,
reference engine to its corresponding unhealthy data by adapting the conditional parameters
of the machine. The subsequent delta in the conditional parameter is the deterioration of
that component. Since each APU will have different, initial conditions, such as turbine and
compressor efficiencies, this delta may be used as a more accurate method for comparing
the deterioration of multiple machines. However, the initial turbine efficiency of each of the
four T1 blade failures and six high time removals is not known therefore this delta may not

be computed. Instead, the results of turbine efficiency in section 8 plot only the absolute
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turbine efficiency over the course of the data.

7.2 Number of On-wing Measurements

The on-wing MES measurements used in the 500TM model are listed below. Although not
used as an input in the thermodynamic model, another parameter of importance is the TIT
that is estimated using the APU controller (APUC). As outlined later, this may be used to
compare to the TIT that is predicted by the model.

1. Ambient temperature

Ambient Pressure

Fuel Flow

Load compressor outlet pressure
Generator electrical load

EGT

SR T

Unlike in the test cell, the load compressor outlet temperature and mass flow are not mea-
sured on-wing yet both are required for determining the mechanical load of the load com-
pressor. To account for this, a scaled compressor map is used to determine the component’s
efficiency which, with the known PR, is used to calculate the outlet temperature of the
machine. As for the mass flow of the load compressor, a 331-500 test manual supplied by
Honeywell states that the component should supply a discharge corrected air flow of 104-108
Ib/min (0.786-0.816 kg/s) during MES [16]. The discharge corrected air flow W is defined in
(17) below and, from the MES test cell results, a mean value of 106 Ib/min was determined.
By assuming that the corrected flow is also 106 Ib/min for every on-wing MES cycle, the real

load compressor mass flow may then be determined.

17)
1.01325

Another limitation in the availability of on-wing measurements is that the generator electrical
load, and not the mechanical load, is measured on-wing. To determine the mechanical load,
the component’s power factor and mechanical efficiency are required. In the test manual,
multiple generator electrical loads are listed with their corresponding shaft mechanical loads
thereby allowing a relation between the efficiency and loading to be determined. But, the

turbine efficiency is relatively unaffected by the generator load therefore it was decided to
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use an average mechanical efficiency of 87.8% for the component. The power factor of the

generator is listed as 1.0 in the manual.

7.3 Determining the On-wing Compressor Mass Flow

During the test cell analysis, the compressor mass flow was estimated using a power section
energy balance as defined in (13). The objective of this analysis was to use the mean mass
flow, PR and efficiency as the design point conditions to which the compressor map from
GSP would be scaled to. Then, during the on-wing analysis, it was aimed to solely use the
compressor map to determine the mass flow rather than relying on the energy balance equa-

tion which was expected to be sensitive to on-wing sensor noise.

However, when analysing the on-wing performance data using the compressor map, the
results were largely non-physical. For all of the APUs that were analysed, the turbine efficiency
was very noisy. Furthermore, the turbine efficiency was increasing in some of the high time
removal data. When the analysis was repeated with the energy balance used to estimate the
compressor mass flow, the results were physical and far smoother. For example, Figures 7.1
and 7.2 below show the deterioration in turbine efficiency for APUs 1308 and 1608, two of
the T1 blade failures, as well as 1466 and 1925, two of the high time removals. When the
compressor mass flow is estimated using the compressor map, the behaviour is far noisier
than that of the energy balance. Furthermore, the efficiency is increasing in the lead-up to
removal in APUs 1466 and 1925.
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Figure 7.1: Comparison in the turbine efficiency prediction when either the compressor map or
power section energy balance is used to estimate the compressor mass flow for APUs 1308 and 1608.
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Figure 7.2: Comparison in the turbine efficiency prediction when either the compressor map or
power section energy balance is used to estimate the compressor mass flow for APUs 1466 and 1925.

From further investigation, it appears that the reason for this non-physical behaviour is due
to the mismatch between both estimated compressor mass flows. As shown in Figure 7.3
below, differences in the values of the mass flow between both the compressor map and
energy balance are present in all four of these APUs. Initially, both estimated mass flows
match reasonably well yet, in the lead-up to either failure or removal, both estimations begin
to deviate from each other. For APUs 1466 and 1925, the energy balance estimates a mass
flow that is lower than that of the compressor map while the opposite is true for the two T1
blade failures.

In the two high time removals, the energy balance mass flow is decreasing whereas the
compressor map value tends to increase or remain relatively flat. This decrease is to be
expected as the compressor will most likely experience fouling thereby leading to a reduction
in the energy balance mass flow. However, this is not true of the two T1 blade failures which
show an increasing mass flow in both compressor map and energy balance estimations. As
discussed in the sensitivity analysis in section 6.4, an increase in the turbine inlet throat
area due to deterioration will lead to an increase in the compressor mass flow therefore any

fouling effects will be difficult to observe in the the T1 blade failure performance data.

54



Analysis of Historical On-wing Data

1308 1608
5.2 T T T 5 T T
Compressor Map Compressor Map
51+ Energy Balance s“\/\i‘w 1 49| ‘ﬁ(l‘ Energy Balance | |
. N s il I
g m M Bas) \
3 “”ﬂM ‘}'\w i = \ J”/M ‘\ If | ‘M\
5 49 | I e} [ I |
T U T L A I T T W
Sas M W \‘ by A L‘:J‘»‘u o M“ﬂw = L) 'W’Wﬁ i KM I\l fJ V'lw | '
=0 e PV I LIS A
5 4 NW\W [ "“ I "/‘M Iy h I w‘,“‘» ‘u‘ G 46 ‘HJ\! If | V\ WM h U I ‘ ‘N R
g47 p ‘“"M‘”‘ HH ’U\‘ \"“‘ “H‘w q\ MN “'y‘\ \A}J\‘y« ﬂ ‘\\ ‘ | g ‘\ " L“’b WM \ w\ W w \‘“\W | f “ ‘ H‘” (. y
§ 46 \M‘ P LI U (R £% | AR \' \J M Wl fM K
O \wj\w m 'y.‘ f‘b ‘1“‘», Jw )ﬂLn Ff.u" (6] H\ w‘r \r !l‘ M h \ il v | “
45 ‘V"."‘wju vy ‘#‘1( M‘r‘w 44r / ‘ | MJ N % ,/ W ‘ \‘md ]
i 1
44 : : ‘ 43 w : f w
2000 1500 1000 500 0 2000 1500 1000 500 0
Cycles Before Failure Cycles Before Failure
1466 1925
5.1 T T 5
I
Compressor Map n pr ICE)ompr'eEs;s‘or Map
5+ Energy Balance | ’ | ﬂ nergy Balance n |
I ‘ 49+
Al . M ‘ ‘
% Ml i) 1 % -, ( A K}
O R R TR I 2 M C i M e
Bast I\ M\fﬁ A ”\Jv 0 Wl Vr\ " ‘ 3 " M 1 N N W W ‘4
A PO L 1L VR T N -2 T11 TW WY, iy b}"“?{
A TR WAV TR PR T
= ! j«\\ i I | ]w Y f = ! | m’” W | \ " 1’\’ I
5 w,w‘\nf;"‘ r\\ Y Mo ql‘ Al 1“1] W f 546 ¢ aty I ‘W\ ¥ ‘M, ‘\I“ M Vw‘ Al
g 4o L W FLA' [ w v AN L
§as| w W‘ A (I y\“\ | §45 : M I w‘/"’\;ﬂ‘\’\
© \1‘(’ I\ | Ly vl ° "y L“J”‘“
WowW |
43 : . : : . - . . 43 ‘ ‘ :
1800 1600 1400 1200 1000 800 600 400 200 0 2000 1500 1000 500 0
Cycles Before Removal Cycles Before Removal

Figure 7.3: Comparison in the compressor mass flow when either the compressor map or power
section energy balance is used to estimate its value.

Since the gradient descent algorithm is attempting to minimise both the error between the
measured and calculated EGT, as well as maintaining a net-zero shaft work balance, any
error between both mass flow estimations is problematic. Looking at Figure 7.4, it is evident
that the algorithm is unable to maintain a net-zero work balance on the APU shaft when the
compressor map is used to estimate the compressor mass flow. Initially, the error is relatively
low in all cases yet begins to increase in the lead-up to either failure or removal. As expected,
the point at which the increase in error takes place is at the same point as which the both
mass flow estimates begin to deviate. Since the algorithm is also attempting to minimise
the second term in the cost function defined in (16), which represents the error between the
measured and calculated EGT, it will not be able to do so when the compressor map is used

to estimate the mass flow. This is shown in Figure 7.5. On the other hand, since the power
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section energy balance automatically enforces a net-zero work balance on the shaft, the EGT
may be minimised with ease.
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Figure 7.4: Comparison in the error in the net-zero work balance on the shaft when either the
compressor map or power section energy balance is used to estimate the compressor mass flow.
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Figure 7.5: Comparison in the error between the measured and calculated EGT when either the
compressor map or power section energy balance is used to estimate the compressor mass flow.

This exact behaviour is observed in all of the remaining APUs. In all six of the high time
removals, there is a reduction in the mass flow that is determined by the energy balance
which leads to a deviation from the compressor map estimation. This deviation is potentially
a result of compressor fouling. In the T1 blade failures, both mass flow estimations either
increase or stay flat which may be a result of a deteriorating first stage NGV. In either scenario,
this deviation results in the gradient descent algorithm being unable to minimise the error in
the measured and calculated EGT while also maintaining a net-zero work balance on the shaft.
This leads to a non-physical prediction of the turbine efficiency along with significant noise.
Therefore, it was decided to continue using the energy balance to estimate the compressor
mass flow during on-wing analysis while the compressor map is used to determine only the

component’s efficiency. The updated calculation process for adapting the turbine efficiency
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of the 500TM to the on-wing deterioration data is shown below in Figure 7.6.
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Figure 7.6: Calculation process for adapting the turbine efficiency of the BBM to the 331-500

deterioration data when the power section energy balance is used to estimate the compressor mass

flow.
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8 Results

The results from the analysis of the performance data of all fifteen APUs are detailed below.
As outlined in Table 7.1, these comprise four T1 blade failures, six high time removals and the
post-repair performance of another five APUs. In an attempt to smooth the noise of the data,
each of the seven inputs are read into the BBM as a twenty-cycle moving average. After testing
several numbers for the moving average, twenty was chosen as it was an acceptable balance
between removing noise while not smoothing out any visible trends in the deterioration. At

the end of this section, a summary of the analysis is included.

8.1 First Stage Turbine Blade Failure Data

The deterioration in the turbine efficiency of the four T1 blade failure APUs, with each APU
denoted by its serial number, is plotted in Figure 8.1 below. Directly after, the EGT and fuel
flow data of each APU are plotted in Figure 8.2.
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Figure 8.1: Deterioration in turbine efficiency for four 331-500 APUs in the lead-up to failure.
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Figure 8.2: Measured EGT and fuel flow data for the four 331-500 APUs in the lead-up to T1 blade
failure.

As expected, the turbine efficiency is deteriorating in all four APUs. However, in APUs 1308,
1602, and 1552, the turbine efficiency begins to rapidly deteriorate in the lead-up to failure.
In these three APUs, the slope first appears constant and then, ranging between 800-1300
cycles before failure, it becomes increasingly negative which suggests that the performance
of the turbine tends to drop off before failure. Contrastingly, this behaviour is not observed in

APU 1608 which maintains a relatively constant deterioration rate.

By observing the EGT and fuel flow data, it can seen that it is more difficult to identify any
clear trends. Sensor noise and periodic fluctuations, which are due to seasonal ambient con-
ditions, are present. However, it is clear that both the EGT and fuel flow are increasing in the
lead-up to failure. This behaviour is expected since any deterioration in turbine performance
will result in an increase in fuel flow, hence EGT, to counter the loss in performance and meet
the required shaft load. The APU with the lowest turbine efficiency, 1308, is also the APU
with the highest fuel flow and EGT. The opposite is true for APU 1608 which has the highest
efficiency and lowest values of fuel flow and EGT.

The TIT of the 331-500 is estimated using a controller on the machine (TIT,p,.). Itis also of
interest to compare its value to the TIT that is calculated by the model (7y3). This is shown in
Figure 8.3. As expected, APU 1308 experiences the largest TIT while 1608 the lowest which is
what is expected for the turbines with the lowest and highest efficiencies respectively. The
thermodynamic model determines the TIT using an energy balance over the combustion

chamber whereas, as listed in the Honeywell training manual, the controller determines the

60



Results

TIT based only on temperature and pressure sensor measurements with no mention of the
fuel flow or generator load [15]. Despite this, the behaviour of both the model and controller
estimations are very similar with the shapes of both curves almost identical for each of the
APUs below.
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Figure 8.3: Comparison between model- and controller-calculated TIT data for APUs 1308, 1602 1552
and 1608 in the lead-up to T1 blade failure.

Although the shapes of both TIT calculations are very similar, there is a significant delta be-
tween both TIT calculations which may be due to a variety of reasons. As many assumptions
are made in the building of the 500TM, including both compressor efficiencies and flue gas
properties, a mismatch between both TIT calculations is expected. But, it appears that this
delta tends to increase as T1 failure approaches. In Figure 8.4 below, the ratio of the controller-
to the model-calculated TIT is plotted for all four APUs. With the exception of APU 1602, the
ratio tends to increase rapidly in the lead-up to failure. APU 1308, again the APU with both
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the lowest value of and most significant drop off in turbine efficiency, has the largest ratio

with a value of 1.14, or 14% difference in both TIT estimations, at failure.
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Figure 8.4: Ratio of controller- to model-calculated TIT for the four 331-500 APUs in the lead-up to T1
blade failure.

The cause(s) of the sharp increase in the difference between both TIT measurements in
the lead-up to failure is unclear. It is possible that, as the first stage NGV deteriorates, the
deviation from the typical turbine performance of the machine will lead to an error in the
controller calculation of the TIT. Since the controller most probably determines the TIT based
on a relation between the sensor measurements mentioned above, this relation would have
been programmed by Honeywell as based on data from healthy 331-500s in operation. As the
turbine deteriorates, its performance will also deviate from this typical healthy behaviour
thereby weakening any correlation between the sensor measurements and the TIT. A more
detailed correlation analysis of the controller and the sensor inputs is conducted in section
8.4.

The loss of NGV material may also be a cause of the sharp decrease in the gradient of the
turbine efficiency in the lead-up to failure. As highlighted in Figure 6.9 from the sensitivity
analysis, an increase in the turbine inlet throat area will lead to a reduction in PR and a corre-

sponding increase in fuel flow. By assuming a constant throat area of 4000 mm?, this increase
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in throat area will lead to a under-prediction in the turbine efficiency and it may be a cause
of the observed behaviour in the gradient. In Figure 8.5 below, the extent of deterioration of
the first stage NGV after T1 blade failure is shown.

As mentioned when discussing the failure mechanisms of T1 blade failure in section 2.2,
any loss in material in the NGV will result in a reduction in turbine performance and a
corresponding increase in fuel flow and TIT. Eventually, a blade will release from the first

stage rotor leading to extensive damage.

Figure 8.5: Deterioration in the first stage NGV after T1 blade failure for APUs 1602 (left) and 1552
(right).

Figure 8.6: Deterioration in the first stage NGV after T1 blade failure for APUs 1608 (left) and 1308
(right).

8.2 High Time Removal Data

For five out of the six high time removals, the turbine efficiency and TIT ratio are plotted in
the lead-up to removal in Figures 8.7 and 8.8 respectively.
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Figure 8.7: Deterioration in turbine efficiency for five 331-500 APUs in the lead-up to removal due to
high time.
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removal due to high time.

64



Results

The turbine efficiency curves for APUs 1465 and 1466 have the steepest gradient and tend to
decrease more rapidly in the final 1000 cycles before removal while the other three APUs have
arelatively constant gradient. As expected, the ratio of the controller- to model-calculated TIT
is also the largest for these two machines. APU 1710 has the least-steep gradient in its turbine
efficiency curve and also has a lower value of the TIT ratio which suggests its condition is
better than the other four APUs.

To assess the condition of each APU at removal, disassembly photos of each machine’s first
stage NGV are observed. These are shown in Figures 8.9 to 8.13 below. Despite some cracking
and corrosion, APU 1710 appears to have the best condition with its first stage NGV still
relatively intact. APU 1925, the one with the second best condition, shows a significant loss
of material in some of its vanes yet the leading edges of all vanes are still intact. This is not
the case for the three remaining APUs, particularly 1466 and 1465, which show extensive loss

of material with some of the cracks running through entire vanes.

Figure 8.9: Deterioration in the first stage NGV of APU 1710 after removal due to high time.

65



Results

Figure 8.10: Deterioration in the first stage NGV of APU 1925 after removal due to high time.

Figure 8.12: Deterioration in the first stage NGV of APU 1465 after removal due to high time
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Figure 8.13: Deterioration in the first stage NGV of APU 1466 after removal due to high time.

Comparing these photos to the graphs of turbine efficiency and TIT ratio, it is apparent
that there is a relationship between the condition of the first stage NGV, the gradient in
turbine efficiency and ratio of the controller- to model-calculated TIT for every MES cycle
of a 331-500. A steeper gradient and higher TIT ratio suggests that the turbine is more dete-
riorated than a machine with a flatter gradient and lower ratio. APUs 1465 and 1466 show
the steepest gradients in efficiency and the largest TIT ratio while also showing extensive
deterioration. The gradient in the turbine efficiency of APUs 1835 and 1925 are relatively
similar while the TIT ratio of 1835 is larger which may explain why its NGV is more deteri-
orated. In contrast, APU 1710 has the flattest gradient, lowest TIT ratio and the best condition.

Lastly, to show the effect of a repair on the turbine efficiency and TIT ratio, the performance
data from the sixth and final high time removal in the lead-up to removal and directly after

the subsequent repair is analysed. Results are plotted in Figures 8.14 and 8.15 below.

As expected, the turbine efficiency will increase directly after repair. Similarly, the TIT ratio
will decrease as the differences between the model and APUC become smaller as the turbine
is now operating as expected without any material loss in the first stage NGV. After repair, the
TIT ratio continues to drop before stabilising at a value below that of a deteriorated machine.
A similar effect is observed in the turbine efficiency and is also present in the results of the
five post-repair APUs in the following subsection.

It is also noteworthy that the TIT ratio is very large in the lead-up to the removal with an

almost 16% difference in both calculations of TIT at removal. Similarly, although difficult

to observe with the limited data points, the gradient in the turbine efficiency is also largely
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negative. Both of these observations suggest that the turbine is very deteriorated. Looking
at the disassembly photos of the first stage NGV in Figure 8.16, this component has indeed
undergone severe deterioration with much of the first stage NGV material missing. Again,
this suggests that there is a relationship between the TIT ratio and the gradient of the turbine

efficiency. This will be discussed in more detail in the summary at the end of this section.
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Figure 8.14: Deterioration in turbine efficiency for APU 1590 in the lead-up to removal and directly
after repair.
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Figure 8.16: Deterioration in the first stage NGV of APU 1590 after removal due to high time.

8.3 Post-repair Data

In Figures 8.17 and 8.18 below, the turbine efficiency and TIT ratio is plotted for five APUs
directly after repair. For the first 300-500 MES cycles, the efficiency tends to decrease rapidly
before stabilising and remaining relatively constant. A similar behaviour is observed in Figure

8.18 where the TIT ratio for each APU, with the exception of 1642, tends to decreases rapidly
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from a relatively large value. One possible reason for this is the wear-in of the machine. As
with any gas turbine, performance directly after manufacture or repair will be affected by
wear/rub-in of components such as the seals [8]. Since this behaviour is not accounted
for in the model, non-physical behaviour will occur until the machine begins to operate as
expected. After this, the gradient of the turbine efficiency begins to flatten which is what is
expected for the performance of a healthy APU. Similarly, the value of the TIT ratio for every
APU is below that of the deteriorated machines that were analysed previously.

However, once the gradient has flattened, there is a significant variance in the value of the
turbine efficiency for each APU. As calculated from the test cell analysis, an average healthy
turbine efficiency is expected to be approximately 76%. At the final data point, the efficiency
of these post-repair APUs ranges between 78.5% and 74.8%. As discussed in section 6.4.1, the
choice of compressor efficiency for the model will have an effect on the turbine efficiency.
Additionally, installation and build effects will also impact on this level of variance [8].
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Figure 8.17: Deterioration in turbine efficiency for five 331-500 APUs directly after repair
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Figure 8.18: Ratio of controller- to model-calculated TIT for five 331-500 APUs directly after repair.

8.4 TIT and Sensor Data Correlation

In the Honeywell training manual for the 331-500, it lists that the APUC determines the
TIT based only on sensor measurements of the EGT, load compressor outlet pressure, and
ambient temperature and pressure with no mention of the fuel flow or generator load. This
suggests that the controller estimates the TIT based on a preprogrammed relation between
itself and the input variables. To investigate this, a correlation coefficient (R) for each input
variable is calculated. This is done for all four T1 blade failures and the first five high time
removals that were analysed above. To investigate the effect of the heavily deteriorated T1
blade failure data on the correlation, the coefficients are calculated when the high time
removal and T1 blade failure data are analysed on their own as well as when both data sets
are included together for analysis. The results of the mean correlation coefficient are shown
in Table 8.1 below.
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Table 8.1: Range of determined correlation coefficients between each APUC input variable and the
controller-calculated TIT for the T1 blade failure and high time removal data sets.

Input Variable R (T1) | R (High Time) | R (T1 & High Time)
EGT 0.843 0.957 0.906
Ambient Temperature | 0.630 0.673 0.654
Ambient Pressure -0.369 -0.117 -0.229
Bleed Pressure -0.537 -0.487 -0.509

The EGT and ambient temperature are most strongly correlated to the controller-calculated
TIT while the load compressor pressure has almost no correlation. For the EGT and ambient
temperature, the T1 blade failure data has a lower level of correlation than the high time
removals which suggests that the heavy deterioration of the turbine results in an error in
the APUC calculation. This is not surprising since a rapid increase in the ratio of both the
controller- and model-calculated TIT was observed in the T1 failure data above indicating a

deviation between the model and controller which is most likely due to deterioration.

To determine a relation between the ambient temperature, EGT and TIT, a non-linear equa-
tion of the form defined in (18) is fitted to the data with coefficients provided in Table 8.2.
To further investigate the effect of the T1 blade failure on the correlation, this is completed
for both the T1 blade failure and high time removal data together as well as the high time
removal data on its own. When analysing only the high time removals, the resulting root mean
squared error and correlation between the equation and the data is 3% and 0.996 respectively.
When including the T1 blade failures in the data, the error and correlation worsens to 10%
and 0.906 respectively. Including the ambient and load compressor outlet pressures in the
equation adds further complexity yet does not reduce the error or improve the correlation.

b,

TITapuc: b0+b1(T04)b2 +b3(T01) (18)
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Table 8.2: Coefficients for the non-linear equation relating the measured EGT and ambient
temperature to the controller-calculated TIT.

Parameter | High Time | T1 & High Time
bg -462.23 -751.65
by 1.0772 1.0724
b, 1.0417 1.0491
bs 3865 5743
by -0.3287 -0.3395

To illustrate the effect of the T1 blade failure data on the non-linear fit, a comparison between
both the controller-calculated TIT and that of the relation in (18) is plotted in Figure 8.19
below using both sets of coefficients. The TIT is compared for APUs 1308 and 1608, two of the
T1 blade failures, and APUs 1465 and 1925, two of the high time removals.

For the two T1 blade failures, the relation is relatively accurate until approximately 600 cycles
before failure. After this point, the controller and relation curves begin to deviate from each
other. This point is in approximately the same location that the TIT ratio begins to increase
for both of these APUs in Figure 8.3. Again, this suggests that the heavy deterioration that
the 331-500 experiences in the lead-up to failure results in an observable error in the APUC
calculation of the TIT. For the two high time removals, the relation proves to be relatively
accurate in calculating the TIT and, if the coefficients for the equation are based only off the

high time removal data, the relation matches the controller-calculated TIT almost exactly.
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Figure 8.19: Comparison between the controller-calculated TIT and that determined by a non-linear
relation for APUs 1308, 1608, 1465 and 1925.

8.5 Summary

From the above results and disassembly photos, it is evident that there is a relationship
between the condition of the first stage NGV of a 331-500 and both the gradient in turbine effi-
ciency and ratio of the controller- to model-calculated TIT. A steeper gradient and higher TIT
ratio suggests that the turbine is more deteriorated than a machine with a flatter gradient and
lower ratio. Sensor measurements, such as the EGT and fuel flow, have identifiable trends but
are significantly noisy and fluctuate with ambient conditions. Unlike the turbine efficiency,
which is far smoother, this noise makes it difficult to use any of the sensor measurements for
failure prediction.

In Table 8.3 below, the gradient of the turbine efficiency ( ) and the ratio of controller- to
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model-calculated TIT for each of the fifteen APUs mentioned above are summarised. For
logistical reasons, an aircraft operator should be given notice to remove an APU at least
200 cycles before the requested removal date. For that reason, the gradient of the turbine
efficiency below is calculated at 200 cycles before failure/removal in the T1 failure/high time
removal data and at the last data point in the post-repair data. As the turbine efficiency
data contains some noise, the gradient is calculated by fitting a line through the data using
a least-squares approach and then calculating the slope. Similarly, as the TIT data for the
controller and model is also noisy and tends to fluctuate, the ratio is calculated by taking a
mean at 200 cycles before failure. The mean is calculated based on the previous 50 cycles
from this data point. Finally, to quantify the condition of the NGV, a value between 0 and 1 is
assigned to a variable Aygy. A value of 0 represents a NGV that is completely deteriorated
with no material left and a value of 1 represents a healthy NGV with full material. These are
not exact representations of the NGV damage but are estimated from the disassembly photos.

These results are also presented graphically in Figures 8.20 and 8.21 below.

Table 8.3: Tabulated data on the gradient of the turbine efficiency, ratio of controller- to
model-calculated TIT, and condition of the first stage NGV for all fifteen APUs from the study. APU
serial numbers highlighted in red, orange and green indicate T1 blade failures, high time removals,

and post-repair performance respectively.

APU No. | Angy | S1073) | Hlaeuc
1308 | 03 | -110 | 1.120
1602 | 03 | -1.00 | 1.097
1552 | 03 | -122 | 1.110
1608 | 03 | -035 | 1.110

03 | -120 | 1145
0.6 | -1.07 | 1.105
0.7 | -059 | 1107
0.7 | -044 | 1.088
0.8 | -031 | 1.087
09 | -015 | 1.084
1664 | 1.0 | -026 | 1.070
1642 | 1.0 | -023 | 1.084
1801 | 1.0 | -0.04 | 1.079
1390 | 1.0 | -0.19 | 1.091
1509 | 1.0 | -030 | 1.086
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Figure 8.20: Relationship between the area of the first stage NGV and the gradient of the turbine
efficiency for the Honeywell 331-500.
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Figure 8.21: Relationship between the area of the first stage NGV and the ratio of controller- to
model-calculated TIT for the Honeywell 331-500.
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The T1 blade failures, which have a heavily deteriorated NGV and are highlighted in red, tend
to have a more negative gradient in efficiency and a larger TIT ratio than the machines with a
healthier NGV. However, in certain APUs, a largely negative turbine efficiency gradient is not
matched with a large TIT ratio, and vice versa. For example, in APU 1608, the gradient is not
as steep as the other T1 failure APUs although its TIT ratio is large at failure. The opposite
is true of APU 1602 which has a relatively low value of TIT ratio yet also has a steep turbine
efficiency gradient in the lead-up to failure. This suggests that monitoring just one of these
parameters is not sufficient to predict a heavily deteriorated NGV and therefore predict a

potential T1 blade failure.

Of the six high time removals, which are highlighted in orange, the machines which had a
more deteriorated NGV at removal also have a largely negative gradient in turbine efficiency
and a large TIT ratio. APU 1465, which had approximately 40% of its NGV remaining at
removal, has a gradient which is over seven times larger in magnitude than that of APU
1710 which had a largely intact NGV at approximately 80%. Similarly, all five post-repair
APUs, which are highlighted in green and assumed to have approximately all of their NGV
material remaining, have relatively small values of turbine efficiency gradient and TIT ratio

as compared to the more deteriorated machines.
From this analysis, it is evident that there are useful trends in the historical data which may

be used for the monitoring of APUs in operation. The formulation of a rule based on these

results is discussed in the following section.
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9 Future Failure Prediction of 331-500s in

Operation

When discussing the failure mechanisms of T1 blade failure, it was stated that the loss of
material in the first stage NGV will lead to a reduction in turbine performance and a sub-
sequent increase in fuel flow and TIT, which will lead to more corrosion of the T1 rotor
blades and the eventual release of a blade. It is therefore important to remove a 331-500
from operation once the first stage NGV starts to become significantly damaged, such as
the case with APU 1465 which had approximately 60% of the NGV material remaining at
repair. It is also important that an APU should not be removed too early, such as with APU
1710, as it may be capable of operating for up to a thousand or more cycles. Therefore, to
successfully monitor and predict T1 blade failure on current and future 331-500s in oper-
ation, the identified trends from the historical analysis should be used to formulate a rule

that signals a removal when the first stage NGV of an APU has 60% or less material remaining.

Due to the limited availability of historical data, it is not possible to say whether or not a
robust rule exists that can determine all future T1 blade failures. However, based on Table
8.3, thresholds can be defined which can signal a heavily deteriorated first stage NGV. Since a
relationship between the NGV health and the risk of a T1 blade release is now known, this
may be used to aid engineers at EPCOR to decide on whether or not to schedule an APU

removal. This process is discussed below.

9.1 Formulation of a Rule for Failure Prediction

From observing the results of both the turbine efficiency gradient and TIT ratio, it appears that
the latter is more helpful in identifying a deteriorating NGV. The turbine efficiency gradient ap-
pears to drop off in the final 200 cycles before failure leaving a short period of time to schedule
aremoval whereas the TIT ratio tends to increase towards a range of 1.100-1.145 in the final
600 cycles before failure. However, the gradient is still useful for indicating that the turbine is

in an unhealthy state and may be used to compare the condition of the NGV of multiple APUs.
Based on the results in Figure 8.20, a threshold of —0.8 x 1072 on the gradient would have

predicted three out of the four T1 blade failures within approximately 1300-400 cycles before
failure. Additionally, it would have signalled that APUs 1465 and 1590, which had 60% or
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less NGV material remaining at removal, should have been removed at an earlier time. Fur-
thermore, APUs 1710, 1925 would not have been removed as their gradient is far less steep
and their NGV is in a relatively healthy state. It is advised that the gradient be calculated by
fitting a line every 200-300 cycles otherwise, due to noise, the calculation will occasionally
return largely negative and positive gradients which are not representative of the actual

performance.

When using just this threshold on the gradient. the length of time from the signal for removal
to the actual T1 failure is 1300-400 cycles. As this is quite large, a threshold of 1.11 on the TIT
ratio should be added to the rule to improve the prediction. When used alone, this threshold
would have also missed one of the T1 blade failures but, in combination with the threshold on
the gradient, all T1 blade failures would have been predicted between 600-250 cycles before
failure. Figure 9.1 shows the definition of both of these thresholds on the two final graphs

from the previous section.
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Figure 9.1: Definition of the threshold of —0.8 x 103 and 1.11 on the turbine efficiency gradient and
TIT ratio to signal a heavily deteriorated turbine of the Honeywell 331-500.

However, this rule has some drawbacks. In the case of APU 1308, the TIT ratio will occa-
sionally pass above the threshold of 1.11 for a short number of cycles before dropping again.
As mentioned in the previous section, this may be resolved by calculating the ratio as a
mean every 50-100 cycles to further smooth the noise in the TIT data. It should also be
stated that, rather than directly removing an APU as soon as this threshold is surpassed, its
behaviour should be observed to ensure that the TIT ratio is consistently above 1.11 and has
not just breached above it due to noise or simply a faulty sensor or data processing error.

Similarly, in the post-repair data, both the turbine efficiency and TIT ratio thresholds would
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have signalled that all APUs should be removed in the cycles directly after their repair. As
explained previously, the steep gradients and large TIT ratio are most likely due to the wear-in
of components leading to a large error in the model. To account for this, any signals from

both thresholds should be suppressed for approximately the first 500 cycles after repair.

In summary, the formulated rule is one that functions as a Boolean OR (||) operator where
either the turbine efficiency gradient or TIT ratio exceeding a threshold of —0.8 x 10~ and
1.11 respectively will signal the removal of a 331-500 from operation. This is represented
in Figure 9.2 below as a flowchart. The rule would have predicted all four T1 blade failures
between 600-250 cycles before failure as well as signalling that APUs 1590 and 1465, the most
deteriorated high time removals, should have been removed at an earlier date. To avoid
unnecessary requests for removal during post-repair performance, any signals should be
suppressed for approximately the first 500 cycles.
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Figure 9.2: Visual representation of a rule functioning as a threshold on the turbine efficiency
gradient and TIT ratio to signal the removal of a 331-500.
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10 Conclusion

This study has focused on the development of a tool for the condition monitoring and predic-
tive maintenance of the Honeywell 331-500 APU. T1 blade failure was selected as the focus of
this study as it is a sudden and severe failure that leads to extensive damage of the hot section
of the machine. From investigation, hot corrosion and thermal fatigue have been identified
as the failure mechanisms leading to T1 blade failure. As a result of a loss in thermal barrier
coating, the material of the first stage NGV of the 331-500 degrades leading to a reduction in
turbine performance. This reduction in performance is countered by an increase in fuel flow,
hence TIT, by the APUC leading to further corrosion and fatigue crack growth. Additionally,
the ingestion of environmental contaminants both accelerates corrosion and obstructs blade
cooling passages. A combination of these self-reinforcing effects leads to the eventual release

of a first stage blade.

A thermodynamic model of the 331-500 was created and validated using GSP. Test cell data
of the 331-500 operating at MES, a high-power load condition, was used to characterise the
machine at its design point before analysing on-wing performance. GPA, in the form of
adaptive modelling with gradient descent, was the chosen method for the on-wing analysis.
Based on the failure mechanisms of T1 blade failure, the turbine efficiency was selected as
the adaptive variable for the analysis of historical failure data. As a result of a limited amount
of data, the analysis also had to be completed on the performance of 331-500s leading up to a
high time removal and also directly after repair. The reason for this is that the performance of
both healthy and unhealthy APUs should be analysed to identify any trends in deterioration

data that are characteristic of T1 blade failure.

Based on both the analysis and accompanying 331-500 disassembly photos, it was observed
that there is a relationship between the condition of the first stage NGV and the gradient
in turbine efficiency and the ratio of the controller- to model-predicted TIT. Both a largely
negative gradient and large TIT ratio indicate that the NGV is heavily deteriorated and has
lost significant material. In all T1 blade failures, the gradient in turbine efficiency rapidly
decreased in the lead-up to failure while the TIT ratio rapidly increased suggesting that the
deterioration rate of the NGV increases in the lead-up to failure. A sensitivity analysis on the
turbine throat area, along with a correlation analysis on the APU controller input, support
this finding.
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Conclusion

Since the condition of the first stage NGV has been shown to be related to the likelihood of
a first stage blade release, this relation may be used as a means of predicting future failure.
A rule has been formulated and functions as a Boolean OR operator in which a threshold
of —0.8 x 1073 and 1.11 has been defined for the turbine efficiency gradient and TIT ratio
respectively. If either of these thresholds are reached during on-wing 331-500 operation, the
APU should be removed for repair. Based on the analysis of historical data, a rule of this form
would have predicted all four T1 blade failures within 600-250 cycles before failure as well as
signalling the removal of any APUs which had a NGV with 60% or less material remaining.
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11 Recommendations for Future Work

Throughout the process of building the thermodynamic model of the Honeywell 331-500 and
analysing historical performance data, several sources of error were present. These errors
and any recommendations for future work on the predictive maintenance of APUs at EPCOR
will be discussed in this section.

11.1 Additional Test Cell Measurements

As mentioned in section 5.1, several unknowns exist when characterising the compressor of
the 331-500 at its design point. To estimate the compressor mass flow, a power section energy
balance was utilised while the PR is determined based on the assumption of a choked turbine

and the measuring of the throat area. The compressor efficiency had also to be assumed.

If the total compressor outlet pressure and temperature could be measured in the test cell, the
fitting of the BBM to the test cell data would be far more accurate. An accurate calculation of
the mass flow, PR and efficiency under MES conditions would provide a better representation
of the compressor and should lead to less spread in the design point results. But, unless an
accurate compressor map is available for off-design analysis, the energy balance will have to
continue to be used for on-wing analysis. This is problematic as this equation is sensitive
to the calculation of the load compressor and generator work as well as the combustion
chamber heat addition. Any error in these calculations, including the assumption of constant
mechanical and combustion efficiencies, will likely result in a large source of error in the
model. The prospect of building a probe that could be inserted into one of the outlet tubes
of the 331-500 compressor to determine the outlet conditions was discussed with test cell
operators at EPCOR but, due to time constraints and cost, this was not pursued. If GPA is to
be used as the main method for the future predictive maintenance of the 331-500, then it is
recommended that this be done.

Lastly, when building the 500TM, it was attempted to model the cooling flow but, due to
the sensitivity of the gradient descent algorithm to its value, it was removed. Originally, the
model was designed such that a fraction of the compressor air flow was subtracted before
the combustion process and then mixed with the flue gas during the turbine calculations.
However, the EGT and turbine efficiency were highly sensitive to this fraction of air flow and
since its value is unknown, it was decided to exclude it from the model. Perhaps information

from Honeywell on the cooling flow behaviour can be provided in the future.
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11.2 Availability of APUs with Sufficient Data

As mentioned in section 7.1, it is recommended to analyse the entire performance history
of each 331-500 APU, from repair to removal, to understand the deterioration behaviour of
the machine. Analysing the post-repair, moderate deterioration, and heavy deterioration
performance of separate APUs is not ideal. To minimise the error in build effects, particularly
in the compressor performance, it is better to use GPA to calculate a delta in the turbine
efficiency, from a healthy installation value to a value at failure, rather than calculating the

absolute values.

As EPCOR have only launched Prognos for APU in late 2017, it will take a number of years to
capture the full performance history of 331-500s in operation. Currently, with just four T1
blade failures and a small amount of high time removals, it is not possible to develop a rule
that will predict all future T1 blade failures with absolute certainty. But, as time progresses
and more data comes available, the accuracy of GPA and other data analysis techniques
for failure prediction will improve. Methods such as decision trees or neural networks can
be used with adaptive modelling to enhance the classification of failures as based on the

calculated deterioration data.

11.3 Effect of Deterioration on The Model

This study focuses primarily on the deterioration of the turbine of the 331-500 and does
not account for any worsening in performance of the two compressors and the combustion
chamber. As with the blade cooling flow, it was originally aimed to include mechanical and
combustion efficiencies in the model but the calculated turbine efficiency is sensitive to
their value. This is also true for the pressure loss in the combustion chamber. In an ideal
case, a map would be used for the combustion chamber and, as with both compressor maps,
calibration factors may be used to modify the maps to account for deterioration. However,
this would require more on-wing sensor measurements such as both compressor outlet
conditions. In reality, less measurements exist and the deterioration must either be estimated

or it be accepted that this will be an additional source of error in the model.

A potential research topic for future work would be to build a model of both compressors
of the 331-500 and include deterioration effects. As highlighted in Figure 6.7 during the
sensitivity analysis, any error in the compressor efficiency will significantly affect the cal-

culation of the turbine efficiency. If a model of both compressors was created, it could be
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Recommendations for Future Work

coupled with this thermodynamic model of the entire 331-500 to improve the overall accuracy
of the turbine health prediction. Both compressor models could also be used to identify
any compressor-specific failures such as bearing or seal failures. A similar study could be
undertaken on the off-design performance of the combustion chamber as it will also have a

large effect on the model.

However, this will require accurate component maps instead of using sample maps from GSP
that are scaled to the design point of the real component. As stated in the GSP user manual,
the difference between the design point mass flow, PR and efficiency between both the real
and sample compressor should be <25% otherwise there will be a significant difference in the
Reynolds number of both machines leading to large deviations from the actual performance
[17]. The design point PR and mass flow of the 331-500 is approximately 11 and 5 kg/s
respectively whereas the smallhpc sample map has corresponding values of 6.3 and 5.5 kg/s.
That large difference in PR will most likely lead to errors in the model. Again, by making use
of further test cell measurements, it may be possible to create a more accurate map of the

component for future analysis.
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