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ABSTRACT

Aircraft Environmental Control System (ECS) conditions hot bleed air and
regulates to the cockpit, cabin and avionics bay. It consists of multiple
subsystems which are prone to degradation and eventually failure. There has
been a number of incidents reported of sudden cabin pressure loss resulting in
emergency landing. Such incidents at high altitudes can be problematic.
Furthermore, the ECS has been reported to be a major driver for unscheduled
maintenance impacting the operating costs. The development of an accurate
diagnostic solution would identify the degradation early, hence, ensuring safety
and reduction in maintenance costs. Researchers in the past have adequately
studied model-based diagnostic techniques for the ECS at a component level.
However, the ECS being an integrated system, the interdependencies between
components makes the diagnosis difficult, particularly when the valves within the
ECS masks fault occurrences and the fault propagates through the system. For
this reason, IVHM centre has developed an ECS simulation model, SESAC,
which has the capability to perform healthy and component degradation
simulation. This PhD focuses on an experimental investigation on the ECS to
facilitate verification of SESAC. A novel ground test facility (GTF) is developed
on a Boeing 737-400 aircraft. The GTF is used to produce data under different
ambient and operating conditions, which is used for PACK performance analysis.
The importance of appropriate design of control system for ECS simulation model
has been highlighted in this research. Furthermore, aircraft data has been used
to provide understanding of the ECS control system. The control logic within
SESAC has been fine-tuned to support heat exchanger degradation and valve
malfunction simulation studies have been conducted. The ability of the 737-GTF

to capture fault occurrence has also been demonstrated using experimental data.
Keywords:

Air Conditioning System; Condition Monitoring; Verification and Validation; Fault
Detection; Control System
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1 Introduction
“Once you have tasted flight, you will forever walk the earth with your eyes

turned skyward, for there you have been, and there you will always long to
return.”

- Leonardo Da Vinci

1.1 Motivation behind this research

The aviation industry is constantly evolving with the advancement in technology.
One of the greatest dreams of mankind was the ability to fly. Since the Wright
brother made four brief flights with the first powered aircraft in 1903, the aviation
industry has come a long way in the last hundred years [1]. According to an article
published by the Civil Aviation Authority (CAA) [2], the air transportation mode is
considered to be safer than any others. To maintain this level of safety assurance,
the aviation industry is focusing a lot more on their maintenance, repair, and
overhaul business sector. In doing so, the maintenance cost per year has been
reported to be 31 billion US dollars [3]. Integrated Vehicle Health Management
(IVHM) technology has been introduced to minimise the maintenance cost, whilst
ensuring safety of the fleet, allowing fault detection and isolation through

condition monitoring of multiple components within a system [4].

The Boeing Company, funding body of this study, has reported the aircraft
Environmental Control System (ECS) of the legacy aircraft Boeing 737 to be a
major driver for maintenance [5]. The aircraft ECS conditions bleed air to be
distributed in the cockpit, cabin, and avionics bay. Within the Passenger Air
Conditioner (PACK), a sub-system of the ECS, the temperature, pressure and
the humidity of the air is regulated to desired levels. To deliver these requirements
the PACK is made up of multiple components which are all prone to degradation
through its life cycle, and eventually failure. There have been multiple incidents

reported [6-9], where a sudden loss of cabin pressure resulted in an emergency



landing of the aircraft. The root cause analysis suggested that the PACK

protection system ceased PACK functionality due to fault occurrence.

The legacy aircraft such the Boeing 737, are not well instrumented with
sensors that can generate data to be used for diagnostic purposes. The lack of
sensors, and also unavailability of data, hinders the study of health indicating
parameters of the critical components such as the heat exchangers (HX), valves,
air-cycle machine (ACM) and water separator (WS). Analysis of the health
indicating parameters could provide early warning of system failure, hence help
in preventing incidents mentioned earlier. Research suggests there is a
compelling need to acquire comprehensive set of data from the ECS to perform
system performance characteristics analysis and verification and validation
(V&V) of the IVHM technology to be used for fault detection and isolation [10]. In
light of that, this PhD focuses on developing a 737 Ground Test Facility (GTF) to
enable PACK performance analysis using acquired experimental data.

1.2 Environmental Control System (ECS)

The ECS of an aircraft provides conditioned air to the cockpit, cabin and avionics
bay. It maintains the cabin pressurisation and regulates air temperature and
humidity [11]. The ECS consists of 3 primary subsystems that helps achieving
the target conditions: (i) Bleed Air System (BAS), (i) PACK and (iii) Air
Distribution System (ADS). Figure 1-1 shows a generic ECS architecture which
shows the links between the subsystems within the ECS.

The BAS provides the pressurised air to the PACK for conditioning. Part
of the bleed mass flow, before entering the PACK, is taken out to drive the ram
turbofan to drive cold ambient air over the heat exchangers in the PACK to enable
pre-cooling of the bleed air. After conditioning of the bleed air in the PACK, the
air is mixed with trim and recirculating air from the cabin in the mixing manifold
before it is distributed to different zones of the aircraft. The subsystems are briefly

discussed below; however, the PhD is focused on the PACK.
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1.2.1 Bleed Air System (BAS)

The BAS provides pressurised air to the ECS system. It also drives the ram
turbofan and provides hot bleed air to the anti-ice system. Figure 1-2 shows a
typical engine BAS schematic. The BAS uses valves and ducts to bleed air from
the compressor section of the engine and Auxiliary Power Unit (APU). The
extracted air is usually at a temperature of approximately 200°C and a pressure
of approximately 275kPa depending on the engine type and compressor stage at
which the air is bled from [13]. The hot bleed air is used for a number of reasons

including, air conditioning, engine start (APU bleed air), and wing and engine anti-

ice systems.
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Figure 1-2 Example of a Bleed Air System [14]

1.2.2 Passenger Air Conditioner

The PACK is the primary system for conditioning the airflow within the ECS.
Figure 1-3 illustrates the schematic of a single PACK with High-Pressure Water
Separator (HPWS) in a B737-400 aircraft. It consists of Valves, Heat Exchangers,
an ACM and a HPWS. There are other ECS systems, such as electrically driven
ECS (used in modern aircraft) [15, p.3], pneumatic ECS with low-pressure water
separator (LPWS) (generally used in older generation aircraft) [16], vapour cycle
ECS (used for light turboprop aircraft application) [17] and membrane-based

dehumidifier (used in spacecraft) [18].
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Following the sequence shown in Figure 1-3, the PACK receives bleed air
at high temperature and pressure, primary cooling takes place in the Primary
Heat Exchanger (PHX), and secondary cooling takes place in the Secondary
Heat Exchanger (SHX), after the flow is compressed. Cold Ram air, which
originates from outside the aircraft, flows through the Ram air duct and, after
being used as a heat sink for PHX and SHX, is deposited back into the aircraft’s
airstream. After the SHX the temperature of the bleed air has been substantially
reduced and the high pressure flow is expanded through a turbine, after passing
through the HPWS to control humidity. At the outlet of the turbine the air
temperature can potentially drop below freezing and, if this occurs, it is addressed
by mixing in part of the bypass hot bleed flow through the Temperature Control
Valve (TCV). The mixing of this air is controlled in order to match the PACK outlet

temperature against the cabin demand.



1.2.3 Air Distribution System

As illustrated in Figure 1-4, the function of the trim system is to ensure the supply
of hot air to the cabin air distribution ducts. This allows the adjustment in the
temperature supplied to each cabin compartment. For example, both forward and
aft can be set to meet 24°C temperature demand, however, depending on the
heat load of each compartment, the required temperature supply can vary in order
to meet the demanded temperature. In Boeing 737-400 a small proportion of the
mass flow going into the PACK core is used to fulfil the function of the trim valve.
Switching on the trim system would therefore allow the PACK-zone controller to
regulate (open or close) the trim valve based on the cabin temperature sensor
feedback. The amount of mass flow going through the core of the PACK is
therefore strongly dependant on the status of the trim valve, which can
consequently affect the performance characteristics of the components mounted
within the core of the PACK i.e. PHX, SHX, ACM, HPWS. The trim flow is mixed
at the mixing manifold with the conditioned air from the PACK and recirculating
air from the cabin. The trim system and its impact on PACK performance has

been identified during this PhD study and is discussed in detail in Chapter 4.
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Figure 1-4 ECS schematic with Air Distribution System highlighted in red
dotted box [19]

1.3 Aim and Objectives

Aim

To conduct a comprehensive experimental investigation of a Boeing 737-400
ECS. The results will be used to calibrate, and adjust accordingly, the IVHM

Centre’s in-house model-based simulation platform, SESAC, and investigate the

role of humidity in ECS.

Objectives

i. Perform a Literature Review on model-based diagnostics and full-scale
simulation study on the ECS including experimental investigation.
ii. Build a GTF to support research on civil aircraft diagnostics and

prognostics.



iii.  Conduct shakedown test of the GTF and acquire experimental data for the
Boeing 737-400 ECS PACK to support comparison between experimental
and simulation data.

iv. Develop a clear understanding of the control system governing the

functionality of the system and implement within SESAC.

1.4 Methodology

To address the aim and objectives of this PhD, a methodological approach is
constructed, which consists of 4 phases: Literature review, Experimentation,
Simulation V&V and Thesis. The C1-C4 highlighted in Figure 1-5, are

contributions planned to be achieved during the PhD.

Contribution _1: Literature review on diagnostic methodologies that can be
applicable to the ECS.

Contribution 2: World’s first-ever GTF on a Boeing 737-400 to be constructed. A

comprehensive set of experimental data will be collected from the ECS.

Contribution 3: Experimental data analysis and comparison against SESAC.

Contribution 4: A study on the control system governing the PACK will be

conducted. PACK Valve (PV) and TCV malfunction simulation study will also be

conducted.
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1.5 Layout of the Thesis

The PhD journey is captured in this paper-based thesis which consists of six
chapters. This thesis is a compilation of papers that are written to publish the
contribution made during this PhD study, except Chapter 1 (introduction) and
Chapter 6 (Summary and Future Works). Chapter 2, 3, 4 and 5 are research
articles consisting of specific introduction, literature review, methodology, results,
and discussion related to respective research contributions. Therefore, key
research findings from the literature review (chapter 2) are repeated in the
introduction and literature review sections of subsequent chapters. A few minor

changes were made to the papers to incorporate as chapters within the thesis.

Table 1-1 presents the list of chapters and their link to each contribution
highlighted in Section 1.4. The following sections provide summaries of the

chapters listed in

Table 1-1.



Table 1-1 List of thesis chapters

Chapter Topic Contribution Publication status
Submitted to the Journal of
2 Literature review C1 Thermal Science and
Engineering Applications
Research aim Published in an Annual
objective, conference of Prognostic
3 methodology and cl and Health Management
overview 2019 [20]
Submitted to the Journal of
4 Ground Test Facility C2 and C3 Thermal Science and
Engineering Applications
Published in Journal of
Thermal Science and
5 Control System c4 Engineering Applications
[21]
] Summary and ]

Future Work

1.5.1 Chapter 2: Recent Advances in the Diagnostics of the Aircraft
Environmental Control System

In this chapter a literature review on diagnostic methodologies applicable to the

aircraft ECS PACK system is presented. It also investigates the existing system-

level simulation models and experimental activities previously conducted on the

ECS system. The outcome of this chapter includes:

Finding 1: A list of existing diagnostic methodologies that can be used on the

aircraft ECS system.

Finding 2: The open literature lacks a comprehensive investigation on the civil
aircraft WS within the PACK.
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Finding 3: A comprehensive list of full-scale ECS simulation platform developed
are identified. It has been noted that most of these models have been developed
primarily for design and analysis purposes, except for SESAC which has been
purposefully developed for diagnostics with the capability to perform fault

simulation investigation.

Finding 4: A need for a 737 GTF for experimental investigation on civil aircraft
PACK performance at ground operation and to support V&V of SESAC.

Finding 5: There is a lack of emphasis on the study and impact of control system

on PACK performance.

1.5.2 Chapter 3: A Methodology for the Experimental Validation of an
Aircraft ECS Digital Twin Targeting System Level Diagnhostics
The methodology presented in Section 1.4 is the revised version of the one
presented in Chapter 3. Based on the gaps identified in Chapter 2, a
methodological approach and experimental plan for full-scale experimental
investigation on the ECS PACK performance is proposed. The GTF will be used
for in-situ PACK performance analysis and V&V of SESAC. This chapter also
contains some simulation results which are a baseline for understanding the
aircraft data. Note that, due to time restraint, the diagnostic and humidity study is
omitted from the thesis and proposed as the future work at the end of this thesis.

1.5.3 Chapter 4: A Novel Boeing 737 Ground Test Facility for the
Experimental Investigation of a Civil Aircraft ECS

In this chapter the development of the 737 GTF is systematically reported. A
discussion on the employed sensors and the uncertainty associated to the
measurement is outlined based on laboratory tests. The aircraft data collected
under different operating conditions, i.e, trim on-off and hot-cold demand is
presented and the effect of trim system on the overall PACK performance is
discussed. The overall investigation suggests a reasonably good match between
experimental (aircraft) and simulation data (SESAC), the maximum average
relative difference between the data and simulation in terms of Temperature,

Pressure and Mass flow is found to be 2%, 8% and 6%, respectively. From this
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study it has been identified that the control system plays a significant role in
impacting the PACK performance, for which an end-to-end ECS instrumentation
(BAS to cabin) and experimental analysis is deemed to be necessary for
supporting accurate simulation and diagnostics of the ECS.

1.5.4 Chapter 5: Boeing 737-400 Passenger Air Conditioner Control
System Model for Accurate Fault Simulation

Chapter 4 suggested the control system to be a key player in dictating the overall
PACK performance and that there is very limited research on the PACK control
system. In light of that, this chapter provides a comprehensive explanation of the
PACK control system elements (principally valves) and verifies their operation
based on experimental test data acquired from the 737 GTF. This chapter also
presents the fault capturing capability of the GTF, by presenting data that has

been used to identify Ram door malfunction.

A discussion of the control system used in the simulation is then given,
resulting in the correct temperature, pressure and flow being delivered to the
cabin. The overall simulation results are then presented to demonstrate the
importance of employing a systematically derived control logic. They are then

further used to assess the impact of degradation in the main PACK valves [21].

1.5.5 Chapter 6: Summary and Future Works

In this chapter, a summary of the PhD is provided highlighting the contributions
that have been made. Based on the remaining gaps that are yet to be addressed
and the capability of the 737 GTF, future work is recommended in this final

chapter of the thesis.
1.6 List of Publications
Published:

Journal:

i.  Chowdhury, S. H., Ali, F., and Jennions, I. K. (March 8, 2022). "Boeing

737-400 Passenger Air Conditioner Control System Model for Accurate

12



Fault Simulation."” ASME. J. Thermal Sci. Eng. Appl. September 2022;
14(9): 091008. https://doi.org/10.1115/1.4053740

Conference:

Chowdhury, S. H., Ali, F., & Jennions, I. K. (2019). A Methodology for the
Experimental Validation of an Aircraft ECS Digital Twin Targeting System
Level Diagnostics. Annual Conference of the PHM Society, 11(1).
https://doi.org/10.36001/phmconf.2019.v11i1.888

Submitted:

Chowdhury, S. H., Ali, F., and Jennions, I. K. (2022). " A Novel Boeing 737
Ground Test Facility for the Experimental Investigation of a Civil Aircraft
ECS."

— In review for publication in the ASME. J. Thermal Sci. Eng. Appl.
Chowdhury, S. H., Ali, F., and Jennions, I. K. (2022). “Recent Advances in
the Diagnostics of the Aircraft Environmental Control System”

— In review for publication in the ASME. J. Thermal Sci. Eng. Appl.
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2 Recent Advances in the Diagnostics of the Aircraft
Environmental Control System

‘Education is not the learning of facts, but the training of the mind to think.”
- Albert Einstein

This chapter discusses the diagnostic approaches applicable to fault detection
and isolation of the aircraft air conditioning unit, as well as its predictive
maintenance (PM). The PM approach allows a reduction in downtime, lowering
the Maintenance, Repair and Overhaul (MRO) costs through condition monitoring
and diagnostics. In this chapter, the diagnostic methodologies applicable to the
aircraft Environmental Control System (ECS) are studied to construct a taxonomy
of diagnostic techniques. A review of the literature suggests model-based and
data-driven methods are effective on fault detection and isolation (FDI) for air-
conditioning systems. However, findings from this chapter indicate that the
model-based diagnostic approach is extensively used on the ECS as it is not
dependent on large quantities of data. The model-based approach predominantly
relies on the accuracy of the model for which the models to be used for diagnostic
purposes requires experimental verification and validation. Although a substantial
amount of work has been conducted on developing simulation models and
diagnostic strategies for the ECS, this literature review suggests that there is a
compelling need for a verified and validated ECS model to allow system-level
diagnostics. It has also been identified that a comprehensive study on the
humidity regulation and the effect of control system on the PACK performance is

missing from the open literature.

Table 2-1, shows the table of content for this chapter. This chapter is

currently in process of submission to a journal for publication.
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Table 2-1 Overview of Chapter 2

21 Introduction

2.2 | Diagnostic Methodologies

2.3 | System-Level Simulation of ECS

2.4 | Experimental Work on the ECS Diagnostics

2.5 Conclusions

2.1 Introduction

2.1.1 Background

The ECS of an aircraft provides conditioned air to pressurise the cabin and
regulate the temperature and humidity. It also supplies the cooling air into the
avionics bay to prevent the electronic equipment from overheating. It contains
two Passenger Air Conditioners (PACK), which are the primary system for
conditioning the airflow within the ECS. It is well designed, with minor, and
occasionally major, faults not instantaneously affecting the output of the system
[1]. Although the system is quite robust, there have been a few incidents reported
due to system failure.

A simple ECS component fault occurrence can escalate and result in
system failure. For example, a Ram air actuator failure can result in reduction of
cold mass flow over the heat exchanger causing an instant PACK shutdown due
to overheating [2]. Overheating can also occur due to a change of the bleed air
source at the PACK input [3]. These incidents of PACK failure affect the
pressurisation of the cabin. The PACK functionality is also crucial for maintaining
humidity level in the cabin as overheating of excess moisture can cause misting

in the cockpit, and the cabin, which can hinder the safety of passengers and crew
[4].

The safety of the crew and operational cost was a major concern when
NASA began human space flight [5]. After the Apollo success the concept of
Integrated Vehicle Health Management (IVHM) began to surface in the 70s to
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address the safety and cost factors. In 1992, NASA defined the IVHM goals and
objectives in a report [6]. These objectives can be summarised as the capability
to facilitate optimised maintenance actions, operational cost reduction, improved

readiness of the fleet and enhanced safety [7].

Zhang et al. [8] suggested that 31 billion USD in a year is spent by airliners
for maintenance of their fleet. This motivates airliners to take the IVHM concept
developed by NASA further by integrating health monitoring technologies into
their asset [9]. It helps in monitoring the critical components of a system of their
asset and cuts down on unscheduled maintenance and downtime [10]. Thus, the
use of IVHM toolsets is enabling a shift from preventive maintenance over to the

predictive maintenance.

The data collected from the aircraft is instrumental in conducting
diagnostics and prognostics using the model-based or data-driven technique.
Then a vehicle level reasoning system can be used to identify faults considering
the interaction between different systems [11]. In order to understand
interdependencies between components, and to enable accurate diagnostics
there is a need to develop system-level simulation models. The fault detection
and prediction analysis can dictate the supply-chain and logistics to best prepare
for scheduled maintenance, creating the new manufacturing paradigm supporting

predictive maintenance [12, p.4].

2.1.2 Environmental Control System

Air conditioning systems are designed to provide conditioned air ensuring human
comfort. They are applicable in aircraft, automobile, offices, industries and
various other places. During the mid-1940s, the pioneering Boeing 307
Stratoliner was the first aircraft equipped with air conditioning system, ECS, for
cabin pressurisation. This enabled high altitude flights within thin air and sub-zero
temperature regions above the weather and turbulence [13,14].

Figure 2-1 shows a typical ECS architecture. The ECS uses multiple
subsystems (i.e. BAS, PACK and ADS) including a control system regulating flow
across the system to meet temperature and pressure requirements in cockpit,

cabin and avionics bay. The bleed system provides the pressurised air to the
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PACK for conditioning. Part of the bleed mass flow before entering the PACK is
taken out to drive the Ram turbofan to drive cold ambient air over the heat
exchangers in the PACK to enable pre-cooling of the bleed air. After conditioning
of the bleed air in the PACK, the air is mixed with trim and recirculating air from

the cabin in the mixing manifold before it is distributed to different zones of the

aircraft.
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Figure 2-1 ECS schematic [15]

The PACK is the primary system for conditioning the airflow within the
ECS. Figure 2-2 illustrates the schematic of a single PACK with HPWS in a B737-
400 aircraft. It consists of Valves, Heat Exchangers, an Air-Cycle Machine (ACM)
and a High-Pressure Water Separator (HPWS). There are other ECS systems,
such as electrically driven ECS (used in modern aircraft) [16, p.3], pneumatic
ECS with low-pressure water separator (LPWS) (generally used in older
generation aircraft) [17], vapour cycle ECS (used for light turboprop aircraft

application) [18] and membrane-based dehumidifier (used in spacecraft) [19].
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Figure 2-2 Schematic of the 737-400 ECS PACK with HPWS

The PACK consists of a PACK valve (PV) and Temperature Control Valves
(TCV) which regulate the hot mass flow through the system and the core. The
Primary Heat Exchanger (PHX) and Secondary Heat Exchanger (SHX) use the
cold Ram air as a heat sink. In between the heat exchangers sits the refrigeration
unit of the PACK. The ACM drives the air through the core and contributes to
cabin pressurisation. Towards the end of the PACK sits the HPWS consisting of
Reheater (RHX), Condenser (CHX) and Water Separator (WS) which regulates
air temperature to enable condensation and extraction of water from the air to
regulate humidity. The PACK has a control system that governs the opening of
the valve by using temperature sensors at the WS outlet (to regulate the TCV
opening) and Compressor outlet (to regulate the Ram air mass flow modulating
door) to meet cabin demand temperature. In addition to that, there are three
temperature switches: at the compressor outlet, WS outlet and PACK outlet,
which shut down the PV to prevent any damage to the system in the case of

overheating.
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2.1.3 Integrated Vehicle Health Management

After the introduction of IVHM by NASA, the aviation industry started utilising it in
accordance with the new Product Service System (PSS) business model. It helps
in monitoring the critical components of a system of an asset and cuts down on
unscheduled maintenance and downtime, defining the company’s profit margin
[10]. Unscheduled maintenance plays a key role in increasing operating costs.
Deploying IVHM tools on expensive assets such as the aircraft, raises the profit
margin through the reduction in downtime during maintenance and as a result

enhancing fleet availability.

Figure 2-3 distinguishes between preventive and predictive maintenance.
The manufacturing sector of the aviation industry typically follows the preventive
maintenance approach where the aircraft is grounded frequently for routine
maintenance regardless of fault occurrences. This increases downtime as all
critical components go through thorough inspection. The idea of IVHM is to
monitor the health condition of the critical systems using sensor technology to
detect and predict fault occurrences. At the fault prognostics stage shown in
Figure 2-3, the remaining useful life of components is estimated, based on that
maintenance actions are planned. The early detection of failure and prognostics
helps cut down on unscheduled maintenance and also ensures the safety of

passengers and crew.

Scheduled q

Maintenance Maintenance Mgﬂzgggf ce Fault

Actions and Fault : Monitoring

Actions
Report
. Ground .

Malnten.ance Analysis and Malnten_ance Fault _

Planning Diagnostics Planning Prognostics

Figure 2-3 Maintenance flow chart: Preventive (left) & Predictive (right)
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The sensor data collected from the aircraft is instrumental in conducting
diagnostics and prognostics using a model-based or data-driven technique. In
order to understand interdependencies between components to enable accurate
diagnostics it requires development of system-level simulation model. Then a
vehicle level reasoning system is used to identify faults considering the interaction
between different systems [11]. This use of vehicle level reasoning proposed by
Cordelia et al. [11], is a novel way of using reasoning to enable condition-based
maintenance. The overall analysis of aircraft health condition and
interdependencies between major systems can then be used to well prepare the

maintenance actions [12, p.4].

2.1.4 Scope of Present Work

This chapter provides a literature survey on the ECS towards its diagnosis which

includes:

l. Identification of diagnostic methodologies applicable for the ECS
Il. A review on system-level simulation models for the ECS

Il. Experimental investigation on PACK performance

2.2 Diagnostic Methodologies

Heat exchangers within the PACK has been extensively investigated by
researchers [20—-23]. The aircraft ECS heat exchangers are made of fin and plate
assemblies as shown in Figure 2-4, which uses cold Ram air as a heat sink to
cool the hot bleed air. The Ram air often contains debris which accumulates at
the cold-side of the heat exchanger resulting in a drop in heat exchanger
effectiveness [24]. Due to drop in effectiveness the heat transfer across the hot
and cold side will be impacted and the system will overheat imposing a risk of
immediate PACK shutdown. Therefore, the heat exchangers were considered to
be critical components of the aircraft ECS system which requires appropriate
diagnostic rules [25]. The diagnostic methodology that has been implemented
can be classified as: i) Model-based method [26], (ii) Data-Driven method [9] and
(iii) Hybrid method [27]. The hybrid method is a combination of both model-based
and data-driven methods.
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Figure 2-4 Typical fin-and-plate type cross-flow heat exchanger [25]

2.2.1 Model-based Method

The model-based method relies on a system model with the mathematical
equations defining the input/output conditions [28]. This technique involves
installing sensors at the optimised locations to acquire health defining parameters
and comparing them against the model output. This sensor set is unique for each
system and can be established by studying the thermodynamic PACK
performance characteristics. This study of PACK performance characteristic
under heat exchanger fouling is demonstrated by Jennions and Ali [29]. The heat
exchanger fouling has been simulated in the model by manipulating the heat
exchanger effectiveness. Their results suggests that the PACK performance
under PHX and SHX degradation are very different to each other. The deviation
between the model data (healthy baseline under given operating conditions) and
test data can then be used as an indication of fault occurrences [30, p.19]. Figure
2-5 demonstrates a typical model-based approach that relies on residual
evaluation. The difference, or residual, is usually generated by one of three
different methods: (i) Parameter Estimation, (ii) State-observer and (iii) Parity
Space [31].

24



process inputs process output

—P{ DProcess

1

Fault

>

5

| |

Process - | residual | residual decision |

~ | |> processing I logic |
| I
| |
- |

model

Lre&sidual generation !_rosidua] evaluation

Model based fault diagnostic system

Figure 2-5 Concept of model-based diagnostic approach [30, p.19]

2.2.1.1 Parameter Estimation and State-Observer

Fouling in heat exchanger is due to particulate accumulation. This can occur in
both the hot and cold side. Research indicates the parameters that needs to be
monitored for diagnosing heat exchanger fouling are the heat transfer coefficient,
the pressure drop, the mass flow rates, the temperature variation and the weight
of the plates [32]. Deviation in the estimated parameters over time is used as an
indication of fault occurrences. To estimate the values of model parameters using
parameter estimation method a dynamic model of the system is required. An
example of such dynamic model in the form of physical state space model
representation of a heat exchanger is illustrated in Eq. 2-1 [32], where the hot
inlet temperature (T} 1), hot outlet temperature (T}, ;), cold inlet temperature (T, ;)
and cold outlet temperature (T, ;) are the model state. The model parameters are
a, B, T, and 7. A detailed discussion of the derivation and parameterisation can
be found in the reference article [20]. Shah et al. [33] and Jonsson et al. [32] used
extended kalman filter (EKF) on such state space model of heat exchanger to
estimate the required parameters. The EKF is most commonly used to diagnose

heat exchanger fouling using the model-based technique [32-35].
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The traditional EKF used to estimate the state parameters for detecting
degradation or fouling can potentially lose its monitoring capability in case of
abrupt changes in the process states. This problem was resolved using two
Kalman filters, simultaneously forming a double model filter [23] which is used to
trace fault-free and faulty state of a non-linear system. For both the methods, the
selection of the initialisation value for the parameter can be difficult, for which an
adaptive filter such as strong tracking filter (STF) is developed by Ma et al. [34],
to improve the existing EKF that can be used to estimate the fault parameters.
The STF is an extension of the EKF which has the capability to perform online
state estimation regardless of the system reaching steady-state [36]. The authors

also used a modified bayes classification algorithm to detect and isolate fault [34].

Similarly, the state-observer method uses model input data to estimate
state variables, based on suitable estimation method. Once the system output is
reconstructed using the estimated state variables, error between the simulation
and actual output is to be calculated which will be zero if the system is fault free,
and vice versa [30]. For these two methods to be effective, it is essential to
understand the input-output behaviour of the system [37]. For this, experimental

component performance analysis is required.

The heat exchanger fouling can also be detected by analysing the PACK
control system. The PV and TCV regulate mass flow through the system to match
cabin demand temperature. The variation in hot and cold mass flow affects the

heat transfer coefficient. The valves are regulated by a control signal which drives
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the motor to rotate a butterfly valve. Given the Ram mass flow is constant,
estimating the deviation of valve command from fault free condition can also help
identify heat exchanger fault occurrence. Shang and Liu [25] proposed that the
fault detection of the heat exchanger can be monitored by estimating the
deviation of valve control command using Kalman filter. The proposed
methodology as shown in Figure 2-6 is based on the error (g) between the output
temperature (T,,qq) and simulated output temperature (T,,.4) and control

command ( tpypass)-

{ fouling

Up ypass . T
- bleed air system o

" reference
ubypn,\'.\'
@ >| system model |

(no fouling)

l!oad

Aﬂhypnss Extended
Kalman Filter

Figure 2-6 Heat exchanger fouling detection method based on TCV control
command [25]

The valves regulating the mass flows in the PACK are regulated using
series of temperature sensors installed at various locations across the ECS.
These sensors can be faulty which can affect mass flow through the core of the
PACK. Wang and Wang [38] developed a fault diagnosis strategy by employing
a genetic algorithm technique for parameter estimation which can be used to
detect sensor faults.

Another approach to heat exchanger fouling detection was proposed and
experimentally validated by Palmer et al. [22], where a manually initiated built-in-
test (iBIT) method was used. Within parameter estimation method Rajarman.S et
al. [39], used Kharitonov’s theory instead of the EKF, due to its suitability in
handling multiplicative fault detection [31]. Furthermore, Matthew D. et al. [40,41],
developed a physics-based approach in estimating RUL, where patrticle filter
based on the parameter estimation method was implemented for predicting the

life-cycle of a pneumatic valve with limited sensing conditions.
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2.2.1.2 Parity-space

As opposed to the parameter estimation and state-space observer approach, the
parity space approach works with the state-space representation of dynamic
systems. Without requiring detailed knowledge in advanced control theory of the
system, the parity-space diagnostic method works by developing a simple
mathematical algorithm equating the input-output state vector and the past state
vector [37, p.17]. Due to the use of simple algebraic equations with state-space
equations the parity space is deemed to be simpler compared to observer
approach in a study by Yu et al. [42].

Mostofi et al. [43] used this parity-space method to develop a diagnostic
algorithm to isolate the actuator and sensor faults in an automobile engine. The
throttle angle has been taken as an input and engine revolutions, manifold air-
pressure and temperature as the state variables as outputs. To avoid the
complexity of a nonlinear state-space model, the Jacobian Method was used for
linearization, and a parity matrix was formed which was then used to design a
weight matrix satisfying the residual matrix. The proposed diagnostic method has
been validated using real engine data. Similarly, Varrier et al. [44], conducted
fault detection within a linear parameter varying systems where parity space

approach was used, including the time-varying parameters in the parity matrix.

The parity-space approach has the capability to detect additive faults and
to check the sensor deviations effectively, however, it is sensitive to noise. Hwang
and Huh [45], developed a diagnostic method coupling the parity-space and
observer approaches to achieve effective diagnostic capability. Numerous other
studies exist that used parity-space for detecting faults when noise has been
injected into the system. These include using the parity-space approach for
handling nonlinear systems and system behavioural indicative matrix for power
trains [46-48].

2.2.2 Data-driven Method

The data-driven method for diagnostics can be fundamentally categorised into:

(i) Statistical, and (ii) Artificial-Intelligence.
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2.2.2.1 Statistical

The data-driven method is solely dependent on the quality and quantity of the
data being collected from the model without having prior domain knowledge on
the physics governing the functionality of the system. The output of systems such
as the ECS is influenced by more than one parameter, which necessitates
multivariate statistical analysis (MSA). The Principal Component Analysis (PCA)
approach within the MSA framework is popular due to its efficiency in minimising
mean squared distance between high dimensional and complex data points to
analyse data variability (i.e. deviation between the healthy case and faulty data
sets) [49,50].

The heat exchanger of the ECS is a complex system in which the output
is dependent on both the inlet temperature on the hot-side and the mass-flow rate
and temperature of the Ram air in the cold-side. Najjar et al. [51] adapted PCA
technique for extracting features to analyse the output temperature of the heat
exchanger. From the extracted principal components of the heat exchanger,
faults were classified using Support Vector Machine (SVM) and k-Nearest
Neighbor (k-NN) methods to recognise the pattern within the data set. Similarly,
the PCA approach has been proven to enhance FDI capability through automatic

identification of the diagnostic signals obtained [52,53].

2.2.2.2 Artificial-Intelligence

Expert system

An expert system is a rule-based decision-making technigue which is often used
in the realm of data-driven diagnostics. It first emerged in the 1970s and was one
of the successful forms of Al techniques [54]. Bruton et al. [55] in their literature
review suggested the expert system to be relatively easy to develop, however,
the disadvantage it that it requires complex rules for complex systems. It is also
suggested that rule-based expert systems FDI method have excellent potential

for market deployment due to its relatively straightforward development process.
Fuzzy logic

Fuzzy logic, first introduced in 1965, works by defining partial truth values ranging

between 0 and 1 [56]. These fuzzy sets help to represent imprecise information
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in terms of numerical values. Once fuzzy variables are obtained, if-then rules can

be developed for fault classification [57].

The fuzzy-model-based control scheme was developed to predict
performance for the control system of a building air conditioning system with
existing water-side and air-side fouling on a heat exchanger [58]. Fuzzy model
and rule-based methodologies have limitations after a certain point of accuracy.
As highlighted by Najafi et al. [59], as the complexity of the system develops, it
requires substantial effort in adjusting and tuning fuzzy sets either manually or
through complex algorithms. Subsequently, the complexity in the rule-based
method increases with the rise in complexity of the system failure (to the point
when there is a higher level of uncertainties and measurement errors). For those
circumstances, the machine learning approach was taken where a behavioural
pattern was to be generated from previous fault knowledge and comparing that
with the observed behaviour of the system [59]. This method heavily depends on
the amount of data available for developing a base-line behavioural pattern for

the system.
Artificial Neural Network (ANN)

The ANN is a branch of the machine learning technique in diagnostics of system
failure. The ANN method was developed by depicting biological neural networks
with neurons and the connection between them. The ANN model consists of three
layers - input, hidden, and output — of which the weights and biases need to be
parameterised to fit the data set [60]. This method does not require domain
knowledge of the system, but it requires data sets to train the algorithm [61]. It
can be used to conduct behavioural analysis to develop patterns which are then
used for FDI [62]. The ANN technique was applied in the ECS for system-level
fault detection and isolation by developing diagnostic tree defining the entire
system as the input node with the components as the branches [63]. The neural
network model and algorithm was constructed to isolate faults in a top-down

fashion.

Allen et al. [64] combined the fuzzy model and ANN pattern recognition

techniques to perform fault detection and classification. This method was
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suggested to be effective due to its capability of solving complicated nonlinear
systems. To further improve the fault detection capability, a dual-neural network
structure coupled with subtractive clustering analysis technique was developed
[65]. Another approach to machine learning is to implement Deep Neural Network
(DNN), which uses hidden layers between the input and output layers [66]. Data-
driven techniques are now prevalent in the industry and academia; however, the
model-based approach for fault detection has been popular in the past and still
used by researchers [67-69].

2.2.3 Hybrid Method

A model can either be static or dynamic [70]. The dynamic models are deemed
to be more robust, as it can reduce the difference between the model and the
actual system output by taking into consideration the degradation of the
component through time [28]. These types of models are mostly a set of
differential equations. The static models are developed using polynomial
equations, which depends on the physical process constraints (i.e. effectiveness,
resistance and flow rate). These parameters can be partially known or unknown
and need to be estimated and converged to eliminate noise from the residual
outcome. Yang X. et al. [71], suggested further research on using a hybrid model
combining both model-based and data-driven methods which are predicted to be

able to isolate fault under noise conditions.

The variation of the physical process constraints such as the heat
exchanger effectiveness, resistance and flow rate, giving a converged residual
value from model data and actual system data can indicate the faulty component
[70]. However, this method is difficult to implement on dynamic models in which

the fault propagates with time.

Finding 1: The FDI capability can be fundamentally obtained through either
model-based or data-driven or both techniques combined. It is noticed that for the
aircraft ECS system, the model-based approach is more popular than the data-
driven approach. This is due to the scarcity of data available from the aircraft. The
classification of the FDI methods and their advantages/disadvantages which are
deemed applicable to the aircraft ECS system is highlighted in Table 2-2.

31



Table 2-2 Classification of Diagnostic methodologies

E Iea fr

multiplicative/dynamic fault
(i.e. fault propagating through

advantages

B equires accurate modelling

of the system

Parameter estimation time)
- Does not require historical
data
- Can deal with - Requires prior knowledge of
modelling/parametric the system
uncertainties - Sensitive to modelling errors
Kalman |. yse of two filters has been
filter  |proven to have the capability
State- to withstand abrupt changes
observer in the system
- Can reduce approximation |- Fault detection capability can
Extended | o be hindered due to abrupt
Kalman degradation or fouling (i.e.
filter change in state)
- Effective on non-linear - Sensitive to noise
system - Requires accurate modelling
Parity-space - Detail knowledge on of the system
advanced control theory of
the system is not required
. - Can work on complicated |- Requires historical data to
Artificial | jinear system develop a pattern
neural  |. poes not require system
network | odel
- Easily understandable - Requires substantial effort in
Artificial structure tuning fuzzy sets after the
intelligenc .|+ Ideal for handling system fault becomes complex
e Fuzzy logic |\ ncertainties in the system as|- Dependant on assumption due
it does not require precise to its rule-based decision-
inputs making functionality
- Relatively easier - Less effective on complex
Expert :
systems development process system as they have higher
uncertainty
Principal |" Effective on complex - Dependent on the quality of
Statistical | component |System with multidimensional |data to be analysed
analysis |data set

Finding 2: The open literature lacks comprehensive study on the ACM and the

HPWS. The ACM can impact the overall performance of the PACK functionality

as demonstrated by Santos et al. [72] where the authors conducted a

thermodynamic analysis on a 3 wheel bootstrap ACM. This study validates the

need for investigating the ACM in greater depth. Furthermore, an in-depth study

on the humidity regulation and the diagnostic of HPWS is missing in the open

literature.
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2.3 System-Level Simulation of ECS

Complex systems such as the ECS requires system-level analysis, as there are
components such as valves which can mask any fault occurrence and fault can
also propagate through the system. There are only a few full-scale simulation
models available for the ECS. They were mostly developed for assisting in
designing a new component. These simulation models are cost-effective ways of
testing a model before it goes into manufacturing and tests. As these simulation
models provide a detailed understanding of the system, they can be used for
diagnostic purposes. This section discusses the existing models of the ECS and

their functionality.

2.3.1 FLECS: Functional Model Library of the Environmental Control
System

FLECS is an ECS modelling library programmed using MATLAB/Simulink
software packages [73]. It is a project conducted by Airbus, Hamburg University
of Applied Science and CeBeNetwork GmbH to construct a system-level model
for the ECS. The library contains healthy models of different component blocks
from BAS, PACK, valves, mixing manifold and cabin. Each of the subcomponents
were taken as an individual module and were designed based on one

dimensional thermodynamic equations and control system [74].

A simulation model of the ECS system was built within FLECS consisting of
ducts and cabin model. After performing a comparison study with other existing
simulation data, the model was verified based on temperature data collected at
the supply duct inlet, PACK outlet and cabin inlet, during a test flight of Airbus
A340-600. The acquired temperature data from the cabin inlet demonstrated

good match [74]. The verification did not include pressure and mass flow data.

2.3.2 Flowmaster

Flowmaster software is commonly used in the aerospace industry for modelling.
It is a 1-D thermo-fluid systems simulation that linearises model coefficients to
achieve good convergence properties. Tu, Y. and Lin, G. P. [75] developed an
ECS model using FlowmasterV7, which is programmed in C++ language, and the

sub-block parameter method was used for mathematical modelling of the
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components. The work focused mostly on developing the cabin temperature
control system using expert Proportional-Integral-Derivative (PID) controller,
which uses the fuzzy algorithm to adjust the PID parameters [1]. The effect of the
specific humidity of the flow to model the heat exchanger (wet and dry) and ACM
was considered. Both steady-state and dynamic analysis was validated
experimentally with a maximum and minimum deviation of 4.3°C and 0.2°C [75].
It is to be noted that the verification did not involve pressure and mass flow

readings.

Although the simulation models were primarily for design and development
purposes rather than fault detection and isolation, Flowmaster simulation
software has been used for fault detection for another system. Lang X. et al. [76]
researched to detect pipe leakage based on the feature extracted from the
pressure signal. Wavelet analysis was conducted for noise removal, and Least
Square Twin Support Vector Machine (LSTSVM) method was used for leakage

detection.

2.3.3 Easy5

Back in 1976, The Boeing Company developed Easy4 which later became Easyb5.
This software was developed for the need of having one single simulation
modelling platform that can be used to create both nonlinear and linearised
analysis of dynamic systems. The library was developed based on the SysteMMS
a modular modelling system. Easy5 also supports additional components created
using Fortran. It is only required for the user to organise the components to be
placed according to the desired model and the interconnection between the
components are formed by the built-in Model Generation Program [15]. This
includes defining the physical driving quantities such as forces, flow rates,
velocities and other variables depending on the input parameters defined by the
user. It also includes an Analysis Program which permits dynamic, static, linear
and nonlinear analysis of the model after all the required input parameters are
set. This software can run frequency response analysis, steady-state analysis

and optimal controller synthesis [77].
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Easy5 was later used by Boeing for developing an aircraft ECS model for
simulation analysis. Following that, Hoffman [15, 78] reported the use of Easy5
for simulation of F-14 fighter aircraft ECS. In another study Gulfstream Aerospace
used this software for developing the ECS model for G500 and G550 passenger
jets [15, 79]. SAAB Group collaborated with Linkdping Institute of Technology to
model ECS for their fighter jet JAS39 Gripen. Fault modes identified from the
historical data focusing mostly on the valve jamming was used to develop a state-
observer model-based diagnostic method [15, 80].

2.3.4 Dymola

SAAB Group later migrated to Dymola as the ECS required major modifications.
S-ECS system was modelled using the Modelica modelling language, which is
then simulated in the simulation platform Dymola [81]. As suggested by
Steinkellner [82] in a study, the model requires experimental verification and

validation.

2.3.5 MATLAB/Simulink

For more than a decade, simulation modelling was based on arithmetic
operations, integrators and transfer functions [83, p.7]. After Easy5 simulation
platform, Mathworks developed the simulation environment called Simulink
around 1991, which was a major shift to the paradigm of using ordinary differential
equation (ODE).

Romani R. and De Goes L. programmed a cabin temperature control model
using ODEs. The model has been validated by cabin temperature recorded under
three different conditions: aircraft cooling in flight, aircraft heating in flight and pull-
down scenarios [84]. The verification did not include Pressure and Mass flow
readings. Although their results matched well with the data, their study lacks the
modelling of the dynamic behaviour of the valves that have the potential to mask
fault symptoms [15]. Furthermore, humidity has not been considered for

simulation modelling.
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2.3.6 SESAC: Simscape ECS Simulation for All Conditions

Cranfield University IVHM Centre on a funded project by the Boeing Company
developed a computationally efficient and robust simulation framework for the
ECS called - Simscape ECS Simulation for All Condition (SESAC) [15]. The
components were constructed with simple algebraic equations based on their
thermodynamic properties. SESAC is a component library which enables drag-
and-drop component list that can be used to construct ECS models. This model
can be used for analysing PACK performance characteristics under different
operating conditions (i.e. in flight and on ground). It also supports both dry and
wet simulation analysis. In comparison to Boeing’s previous simulation model
Easy5, SESAC can be used for fault simulation analysis. This model has been

validated against Easy5 data provided by Boeing [85].

This ECS simulation model can be used for diagnostic purposes using
model-based method by comparing model data and test data. The fault simulation
analysis will provide knowledge of PACK performance under faulty condition
which will subsequently support identification of optimised sensor location for
fault detection. Diego [86], has used the SESAC and Thermodynamic model to
propose five sensor location shown in Table 2-3 for identifying eight fault modes,

as shown in Table 2-4.

Table 2-3 Optimal sensor set [86]

Variable Sensor Name

Temperature Temperature at the Primary Heat

Exchanger Outlet

Temperature Temperature at the Secondary Heat

Exchanger Outlet

Temperature Temperature at the Turbine Outlet

Pressure Pressure at the Temperature Control

Valve Marge Outlet

Pressure Pressure at the Turbine Inlet
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Table 2-4 List of faults in the ECS PACK provided by the industrial partner [86]

Name Failure Mode
PACK Valve Incorrect Valve Position
Temperature Control Valve Incorrect Valve Position
Primary Heat Exchanger Fouling or Blockage
Secondary Heat Exchanger Fouling or Blockage
Reheater Fouling
Condenser Blockage Cold Side
Water Separator Malfunction
Air Cycle Machine Compressor or Turbine Malfunction
Ram Air Inlet Deflector Door Malfunction

Finding 3: The list of models identified above is summarised in Figure 2-7. With
the exception of SESAC, the simulation models have been primarily used for
design and analysis purposes. Also, in order to be used for diagnostic purposes
the models require experimental verification and validation at a system level [87].
It is noted that the verification and validation of the models have not been done

comprehensively.
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Figure 2-7 Existing ECS simulation models

Finding 4: The emphasis on the impact of control system failure (including valve
malfunction) on PACK performance at a system level is missing in the open

literature.

2.4 Experimental Work on the ECS Diagnostics

The simulation models used for developing diagnostic rules need to be
experimentally verified and validated. In addition, the sensors used for condition
monitoring also require appropriate calibration and validation. A faulty model and
a misplaced sensor can produce a wrong diagnostic result, which can lead
towards wrong maintenance action resulting in accidents and increased

maintenance costs.

Honeywell-SECAN conducted an experimental investigation to validate
the performance characteristics of a new LPWS design [88]. In contrast to the

classical single stage water separator, a new two stage system with a coalescer
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followed by water separating device was designed and tested. For experimental
testing, a rig was developed with a compressor air inlet, water injection nozzle,
turbine, diffuser and the coalescer under test. The rig set-up is shown in Figure
2-8. During the experimentation, the air flow rate was set, water injected to vary
the humidity value and drop size distribution and pressure drop at coalescer outlet
was measured. While this was to test the coalescer, for testing the separating
device, an additional aspiration system was added to the rig to collect the
separated water. The amount of water recovered at the WS outlet, in the turbine
and in the air stream was measured. Data collected were used to calculate the

overall efficiency of the WS for design validation [88].

e

Figure 2-8 Rig set-up for LPWS Coalescer testing [88]

Childs et al. [89] developed a rig for testing BAE Systems fast-jet Hawk
military aircraft ECS at Loughborough University. The two-wheel bootstrap cycle
with LPWS ECS was set up in a lab environment. The rig was instrumented with
temperature and pressure sensor, at the input and output of each component.
The data collected from the rig was used to validate the 1D thermodynamic model
by comparing the ECS coefficient of performance and system heat rejection. To
test the diagnostic capabilities, Ram air inlet (to the SHX) was blocked, and the
data collected was analysed. It was highlighted that a reduced Ram mass flow

predominantly reduces the coefficient of performance of the ECS.

This rig was used to simulate faults and to conduct diagnoses at a system-

level. The first failure mode analysis was on the blockage in the bleed air duct. It
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was identified from the research that the blockage does not drastically affect its
performance until cycle mass flow falls below 75% of its unblocked state. The
TCV position testing showed that TCVs would comfortably mask any failure within
the system [90]. Similarly, the rig was used to analyse the effect of humidity on
system performance [90]. The results indicated that humid air impacts the ECS

performance characteristics particularly at the ACM [91].

In collaboration with Boeing, Esperon-Miguez et al. [92] developed a
thermodynamic model for the ECS capable of simulating faults in heat
exchangers, valves and WS. The model has been validated using test data
collected from a ground-based B737-200 aircraft which has a LPWS in the ECS.
The ECS PACK was instrumented with thermocouples. The valve angles were
measured using potentiometers. The rig set-up is shown in Figure 2-9. Two
different types of experiments were conducted: healthy conditions and fault
injected cases. Heat exchanger inlets were blocked using aluminium plates to
reduce the effectiveness of the heat exchangers. Valves were regulated with
potentiometer to fully open and fully closed scenarios. The coalescer bag was
clogged without exceeding pressure differential. Using the healthy and fault

injected temperature data collected the thermodynamic model was verified [92].

Figure 2-9 Experimental set-up on the B737-200 [92]

Finding 5 There is a need to develop a civil aircraft in-situ ECS GTF targeting

temperature, pressure, mass flow and humidity data collection.
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2.5 Conclusion

The necessity of having sophisticated health monitoring technology is rising as
aircraft manufacturers are shifting towards a PSS type business strategy. The
ECS failure resulting in sudden cabin depressurisation has caused many aircraft
to make emergency landing. Furthermore, it has been reported that the ECS to
be a major driver for maintenance. Thus, it is an area of interest for the
manufacturers to investigate diagnostic approaches for detecting and isolating

faults within the ECS system.

It has been identified that heat exchanger degradation has been
extensively researched and model-based diagnostic technique has been widely
used. There is very limited research available on the ACM and HPWS component
degradation. This chapter has identified different diagnostic methodologies that
are applicable to the ECS system. A taxonomy of the diagnostic methodologies,

including its advantages and disadvantages, are demonstrated in Table 2-2.

In an integrated and complex system like the ECS fault propagates
through the system and diagnosing fault requires knowledge on component
interdependencies. To study the interdependencies between components within
a system, a system- level simulation model is required. Furthermore, the control
system governing the valves needs to be well designed as they can lead to
misleading PACK performance simulation analysis. The emphasis on control

system is missing in the open literature.

Finally, it was found that the models available for performing ECS
simulation were used primarily for design and analysis purposes. These models
have been verified with very limited data and have been mostly dependant on
only temperature measurements. Therefore, it is deduced that there is a
compelling need for a full-scale experimental facility to perform ECS analysis
under different operating conditions and to use temperature, pressure and mass

flow data to verify the models.
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3 A Methodology for the Experimental Validation of an
Aircraft ECS Digital Twin Targeting System Level
Diagnostics

‘There are many ways of going forward, but only one way of standing still.”

- Franklin D. Roosevelt

The Environmental Control System (ECS) of an aircraft is responsible for
regulating and conditioning the airflow into the cockpit, cabin and avionics bay.
The ECS is composed of several complex sub-systems and components that are
reported as key unscheduled maintenance drivers for legacy aircraft by aircraft
operators. Furthermore, the incorporated temperature and flow control valves in
these sub-systems have the capability to mask potential faults at the component
level, making the diagnostic process very challenging. To overcome this
challenge, the aviation industry is currently proactively exploring the predictive
maintenance approach that allows real-time monitoring of the key systems, sub-
systems and components. In the context of the ECS, this necessitates the
requirement to equip the system with appropriate condition monitoring
capabilities. To do this, the performance characteristics of the ECS at sub-system
and component level needs to be well understood under a wide-range of aircraft
operating scenarios. Existing literature provides component level and system
level analyses of the ECS. However, it lacks an experimentally verified and
validated ECS sub-system and component level simulation tool (ECS Digital
Twin), capable of simulating the thermodynamic performance and component
health state parameters under wide-ranging aircraft operational scenarios. The
ECS Digital Twin (DT) developed by the Cranfield University IVHM Centre offers
the capability to simulate healthy and faulty cases of the Passenger Air
Conditioner (PACK). This chapter proposes a methodology for full-scale
experimental Verification & Validation (V&V) of the developed ECS DT, to enable
component level simulation, and enabling accurate diagnostics, of the civil aircraft
ECS.
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Note that, the methodology highlighted in section 3.4 has evolved as the
PhD progressed and the final version of the methodology is highlighted in Section
1.4. The fault injection experimental investigation plans have also been replaced
with the plan to study humidity at the later stage of the PhD. All these changes

are highlighted as footnote within the text.

Table 3-1, shows the table of content of this chapter. This chapter has
been published as a conference paper in the annual conference of the
Prognostics and Health Management Society 2019 (see list of publications in

section 1.6).

Table 3-1 Overview of Chapter 3

3.1 Introduction

3.2 Aircraft Maintenance

3.3 | Environmental Control System

34 Verification & Validation Process

3.5 | Experimental Setup

3.6 Simulation Results

3.7 Conclusion

3.1 Introduction

The ECS of an aircraft regulates the supply of conditioned airflow throughout the
cabin. The overall ECS is composed of several complex subsystems that are
prone to degradation and can, therefore, lead to failure, compromising the system
functionality and increased unscheduled maintenance activity. This leads to the
ECS being a major driver for maintenance and necessitates the requirement for
identifying and developing a condition-based monitoring approach, enabling
systematic diagnostics to minimise unscheduled maintenance as well as

maximising system safety.
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In this study, an experimentation plan has been designed and proposed to
facilitate a comprehensive step-by-step V&V. The successful implementation of
the proposed methodology ensures the acquisition of a robust experimental data
set that is vital for enabling the development of a sophisticated diagnostic
algorithm for fault detection and isolation of the ECS under a wide range of aircraft
operational scenarios. Furthermore, the instrumentation set identified through the
proposed methodology in terms of temperature, pressure, mass flow and
humidity sensors allow a systematic understanding of the ECS performance
characteristics and quantification of the ECS failure modes. This is necessary for

the development of an effective model-based diagnostic rule for the ECS.

3.2 Aircraft Maintenance

In the aviation industry, manufacturers are required to ensure the continuing
airworthiness of the aircraft, which includes maintenance, repair and overhaul, to
maximise aircraft operational availability. The preventive maintenance process
starts with regular checks, or in some cases with a fault report. As shown in Figure
3-1, after a certain number of flight hours, or once a fault is reported, the aircraft
is grounded, and data is collected for diagnostic purposes. Based on the
diagnostic results, maintenance plans are prepared. Once the desired
maintenance activity is successfully implemented and verified, the aircraft is
authorised to fly again. This type of approach generally leads to unnecessary
downtime, impacting the aircraft availability, and therefore, leads to an increase

in operating costs.
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Figure 3-1 Preventive maintenance flow chart

To eliminate unnecessary maintenance costs, the aerospace industry is
proactively exploring the shift towards predictive maintenance. This approach
aims to replace the ‘Regular Checks’ step in Figure 3-1 with continuous condition
monitoring to enable diagnosis based on the acquired real-time data. The data is
further used to project estimation of the Remaining Useful Life (RUL) of the key
sub-system; this information allows the determination of time between failures
and therefore enables systematic and efficient planning of the required
maintenance actions, necessary for achieving maximum aircraft operational
availability and safety. Through this study, optimal sensor sets, and diagnostic
rules will be explored.

3.2.1 Fault Detection and Isolation Approaches

In the past, different fault detection and isolation (FDI) capabilities have been
extensively researched. These can be broadly categorised in three approaches:
(i) Data-Driven [1], (i) Model-based [2] and (iii) Hybrid [3]. Data-driven methods
require a vast amount of data for extracting features and training FDI algorithms,
as highlighted in research [4,5]. Researchers like Saxena and Saad [6] suggested
the model-based approach to be ideal for complex systems such as the ECS with
multiple fault modes. The model-based approach uses system dynamics and
mathematical modelling to generate a residual outcome from the actual system
and the simulation model output, providing a better understanding of the failure

modes [7]. In the case of the ECS, fouling detection in the heat exchanger using
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a model-based approach is reported using: extended Kalman filter [8] and double
model filter [9]. Thus, based on the literature review, model-based diagnostic

approach to detect fault occurrences in the ECS is targeted in this project.

3.2.2 ECS Digital Twin

Although the component-level condition monitoring has been widely researched,
the open literature lacks exhaustive research work on a system-level approach.
FLECS [10,11] is a system-level simulation platform for an ECS and contains
healthy models of different ECS components. Test data (temperature readings)
at the PACK outlet and the cabin were used to verify the model. Flowmaster
[12,13] is another simulation package, verified against temperature readings that
are collected through experimentation. Boeing’s Easy5 [14] was used to model
the ECS for both Civil and Military aircraft. However, systematic validation of the
employed ECS model against experimentally acquired pressure, temperature
and mass flow data has not been reported. With inspiration from Easy5, the
Modelica programming language has been used to model an ECS in Dymola
[15,16].

Amongst all these approaches, it has been identified that the experimental
validation was not comprehensive and was dependent mostly on temperature
readings collected at specific locations. To address this, the IVHM Centre has
recently developed a digital twin for condition monitoring and diagnosis of the
ECS [17], which will be validated based on the methodology proposed in this
study. The salient features of the developed DT are:

i. It provides a generic ECS component library, allowing the capability to

simulate a wide-range of ECS design architectures.
ii. Itincorporates the ability to model degradation at the component level.

iii. It allows the assessment of component-level design characteristics,

system thermodynamics parameters, and humidity.
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3.3 Environmental Control System

The ECS of an aircraft consists of three different complex subsystems to provide
conditioned air with the correct temperature, pressure and humidity: (i) Bleed Air
System (BAS), (i) PACK and (iii) Air Distribution System (ADS). While the aircraft
is in the air, bleed air from the engine compressor is used to power the ECS. On
the ground, the ECS is driven by the Auxiliary Power Unit (APU). In both cases,
the PACK regulates the thermodynamic parameters of the air. The airflow is then

filtered and distributed to the cockpit, cabin and the avionics bay.

3.3.1 Passenger Air Conditioner

The PACK is the primary system for conditioning the flow within the ECS, which
makes it the primary focus of this study. Figure 3-2 illustrates the schematic of a
single PACK in the B737-400. It consists of Valves, Heat Exchangers, an Air-
Cycle Machine (ACM) and a High-Pressure Water Separator (HPWS).

At the beginning of the PACK is the PACK valve (PV) that regulates airflow
through the system. The PV controls airflow towards the Temperature Control
Valves (TCV) and the core. The airflow splits into two streams: one enters the
core through the Primary Heat Exchanger (PHX), and the other enters into the
TCVs. The PHX allows for heat exchange between the hot compressed air from
the engine compressor and the surrounding cold Ram air. The air then goes into
the compressor of the ACM where the air is compressed, creating the pressure
difference to drive the air through the system. The air further goes through the
Secondary Heat Exchanger (SHX) which enables further heat exchange with the
Ram air. The air then flows through the Reheater (RHX) and the Condenser
(CHX). This drops the temperature further and initiates condensation of water
droplets which are then drained out from the two Water Separators (WS). This
part of the core is known as the HPWS. The RHX and CHX work as heat
exchangers: the cold air from the WS outlet travels through the RHX, then further
into the turbine. Energy is extracted from the air within the turbine to drive the
compressor. As the temperature in the turbine outlet drops significantly, the two
TCVs open and allow the hot bleed air to mix at the turbine-TCV merge. The cold
air then flows through the CHX and out of the PACK.
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The turbine inlet, compressor discharge and PACK discharge overheat
switches controls the opening and closing of the valves. The PACK temperature
sensor located at the outlet of the WS and the Ram air temperature sensor data
is used by the aircraft zone temperature controller to regulate the PACK outlet

temperature by varying the degree of valve opening.
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Figure 3-2 B737-400 PACK schematic with sensor installation

3.4 Verification & Validation Process

There is a compelling need to acquire comprehensive sets of data from the ECS
systems for V&V of the DT developed at the IVHM Centre. Cranfield University’s
B737-400 will be used in this experiment to heavily instrument the ECS with
sensors. This will allow a complete understanding of different fault modes within
the ECS, which is essential for model-based FDI. Furthermore, the

interdependencies between the components will also be analysed.

3.4.1 Methodology

This research work consists of 4 phases: literature review, experimental data,
SESAC V&V, and write-up, as shown in Figure 3-3. To develop a ground test
facility (GTF), the left-hand side PACK was removed from Cranfield’'s B737-400

aircraft. Sensors were selected, tested and installed. The sensor installation
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locations are shown in Figure 3-2. With all the sensors installed, the PACK was
refitted back in the aircraft. The sensors were all connected to a data acquisition
unit (DAQ) inside the ECS bay.

Literature Review \ |

C1 - Literature review on diagnostics of ECS and its experimental validation

Experimental Data

C2 - Develop Conduct shake Collect healthy data

Ground Test —— down test including —— under different operating

Facility (GTF) uncertainty analysis condition

SESAC v&Vv l ‘ ‘
Adjust the control C3 - Compare C4 - Study PACK

system deployed in —— experimental & — Control System & Fault

SESAC simulation data Simulation
[ Write Up

Write a paper- Submit thesis for the
based thesis award of PhD

Figure 3-3 Research methodology

A simulation model for the designated ECS will be formed using the
component library developed at the IVHM Centre. The sensor readings at the PV
inlet (i.e. PACK inlet temperature, pressure, humidity and mass flow rate) will be
treated as healthy and used as input parameters to the DT. The experimental
data set, and simulation result will then be compared for V&V of the digital twin.
The optimal sensor set for fault detection and diagnostic rules [18] will also be
verified. If necessary, alterations will be made to the component library and ECS
model. The control system governing PACK functionality will then be studied
using experimental data. Finally, thermodynamic analysis of fault occurrences will

be studied using simulation data collected from verified SESAC.
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3.4.2 Simulation

The B737-400 model developed was initially calibrated by using the test cases
provided by industrial partner The Boeing Company. Data collected from the
model will include temperature, pressure, mass flow, valve angle and efficiency
of the components (i.e. ACM, RHX, CHX, PHX, SHX). Once the healthy case
results are achieved, fault simulation results will be analysed, starting with PHX
degradation. Component degradation and failure modes are simulated as
deviations in the health indicating parameters (e.g., decrease in heat exchanger
effectiveness). Once the experimental data is collected, the model library will be
calibrated to achieve an accurate model. Finally, the specific humidity and water
content analysis capability will be incorporated in the model, which is a novel

approach in investigating aircraft ECS.

3.4.3 Experimentation

As mentioned at the beginning of this section, all experimental work will be
performed on Cranfield’s B737-400 aircraft. All the experiments will be repeated
under 2 different cabin zone temperature control setting (i.e. the individual
temperature selectors at the cockpit, forward cabin and aft cabin will be set for
the given cabin demand): (i) 18°C (cold) and (ii) 24°C (hot). The PACK consists
of a trim valve which takes part of bleed mass flow from in between the two TCVs
and mixes the hot air with the conditioned air at the mixing manifold. As the
opening of trim valve can impact the PACK performance, the experimental data
collection will include data that represents trim on and off conditions. Additionally

data collected for Ram door scenario will be presented and discussed.

The average duration of each test has been estimated to be 10 minutes.
This includes the time necessary to reach steady-state conditions, capture data,
and the time necessary to start and shut down all the necessary systems of the
aircraft. Within this time frame, thermodynamic parameters (pressure,

temperature and mass flow), humidity and valve angular position will be recorded.
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3.5 Experimental Setup

The left-hand side PACK from the B737-400 was removed from the aircraft. The
ducts were dismantled and taken out, including the PV and TCVs. The ACM and

HPWS came out as single units. The disassembled PACK is shown in Figure 3-4.

~FPrFPrFIICELEE

Figure 3-4 B737-400 Left-hand side PACK

Sensor bosses were then manufactured and welded onto the selected locations
on the PACK. One of the restrictions with sensor selection was the availability of
space for sensor installation. This means the angle at which the sensors are
installed significantly impacts the final assembly process of the PACK. To
accurately install the sensors, the locations were identified by referring to the
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right-hand side PACK of the aircraft. Figure 3-5 shows the SHX inlet duct with a

pressure transducer, thermocouple and total pressure head installed.

Figure 3-5 SHX inlet duct with sensors installed

3.5.1 Sensor Selection

Based on the previous studies on the ECS [18], operating temperature and
pressure range throughout the system is estimated to be -33.15 °C to +186.85 °C
and 100 KPa to 350 KPa. However, no previous data on the humidity was
available. Thus, this experiment will be contributing directly to understanding the
change in humidity within the HPWS. A total of 56 sensors have been installed,
which will provide a clear understanding of the system performance

characteristics.

Due to the high temperature in specific locations on the PACK, the sensors
were carefully selected with a higher operating temperature range. For pressure
sensors with a maximum functional limit at 125°C, temperature isolation coils
were used to match the sensor installation temperature requirements. The k-type
thermocouple was selected with a maximum temperature rating of +400°C to
allow temperature measurements at the upper bound of the PACK operation.
However, due to the design constraints associated with the humidity sensors for

operating in higher temperature regions, the selection of installation locations was
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carefully identified to comply with the sensor operating temperature range. Table

3-2 shows the breakdown of the number of sensors installed in the PACK.

Table 3-2 List of sensors installed in the PACK

Sensors Quantity Operating Temperature Range
Pressure 16 40 to +125 °C
Transducer
Intrusive 15 -100 to +400 °C
Thermocouple
Non-intrusive 8 -195.556 to +287.778 °C
thermocouple
Humidity
6 -40 to +85 °C
Sensor
Rotary Sensor 3 +150 °C
Pitot-tube 8 -

3.5.2 Sensor Locations on the PACK

The sensors, selected in the previous section, were fitted at the inlet and the
outlet of each component within the PACK. Due to the high temperature at the
PACK inlet, humidity sensor could not be fitted in this region. They were also
excluded from the RHX outlet (hot side) due to the spacing constraint. Therefore,
the humidity sensors were only fitted at six locations from the HPWS inlet
(through the RHX) to the PACK outlet.

Pressure and temperature sensors were installed throughout the PACK at
the input and output of each component. In order to measure the mass flow
through the system, pitot-tubes were fitted at eight different locations. These
includes the PACK inlet, the PACK valve outlet (at the first split for the mass flow
rate through TCV 1) and the Compressor outlet (for the mass flow rate through
the core). The mass flow rate through the TCV 2 will be calculated by the mass
flow readings from the existing pitot-tubes. The flow rate at the Ram air inlet door
and the inlet and outlet through both PHX and SHX will also be recorded from the
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pitot-tube fitted on these locations. The rotary sensors were installed on three
valves: the PV and the two TCVs.

3.5.3 Sensor Tests

In order to avoid a non-functioning sensor being inadvertently fitted to the aircratft,
all sensors were tested prior to installation. The pressure transducers were
connected to a power supply of 5 VDC and grounded to test the electric
connection and functionality of the sensors. The sensors were verified by
measuring atmospheric pressure. The rotary sensors used to measure the valve
angle were explicitly manufactured to measure a maximum of 90° clockwise
rotation. With regards to the mass flow measurements, specifically tailored pitot-
static tubes, were manufactured and tested using in-house capabilities at

Cranfield’s Gas Turbine Engineering Laboratory.

As shown in Figure 3-6, the humidity sensor was connected to a power
supply. About 32% relative humidity was obtained at room temperature. The
sensor was then held on top of steam (boiling water in the mug shown) to
measure relative humidity. A reading of 98% relative humidity was obtained, thus

verifying that the sensor is working.

Figure 3-6 An experimental test for relative humidity measurement of steam
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The humidity sensor required a compression fitting, which uses a ferrule
to seal the space between the sensor and the boss welded on the designated
installation location. Figure 3-7 demonstrates the pressure test conducted on the

humidity sensor to verify it’s fitting.

Figure 3-7 Experimental setup for compression fitting test on the humidity

sensor

3.5.4 Ground Test Facility

The PACK was re-installed into the aircraft with all the sensors fitted in position.
The ECS was powered by the APU for 10 minutes to conduct functionality test.
The PACK was further tested for leakages, especially where sensor bosses were

welded.

The cables from the sensors were connected into the DAQ and power
supply to the sensors which were securely installed inside the ECS bay on a DIN
rail. An ethernet cable from the DAQ was taken out and routed to the cabin
through the landing gear inspection window, situated in the cabin floor. This way
of connecting the sensors allows the ECS bay door to be closed and to have a
lab environment inside the cabin to facilitate this research work and for future

projects ensuring repeatability of the experiments, making this a unique GTF.
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The DAQ includes voltage input modules (for pressure transducers, rotary
sensors and humidity sensors) and temperature input modules (for
thermocouples). As the experimental data will be collected at steady-state and at
1Hz, the voltage input modules and temperature input modules were selected
with a minimum rating of 10 kHz and 50 Hz/ch respectively. The NI LabVIEW
software package will be used for data acquisition and visual representation of

the data being collected.

3.6 Simulation Results

In this section, the healthy and degraded case simulation results are presented
and discussed, including a possible approach towards the development of the
model-based diagnostic rule.

3.6.1 Healthy Case Simulation

An initial test run of the DT developed at the IVHM Centre was conducted at the
ground condition. Table 3-3 shows the input parameters used to obtain simulation
results. In the first simulation, the components (i.e. heat exchangers, ACM, CHX

and RHX) were modelled to be in a healthy state.

Table 3-3 Input parameters for running simulation at ground level

Altitude Ground
Mach 0

Bleed air temperature 188.1°C
Bleed air pressure 305.024 kPa
Cabin target pressure 101.325 kPA

Cabin target temperature 15°C

Cabin target mass flow 0.52 kg/s

Ram air temperature 23.889°C

Ram air mass flow 0.706 kg/s

The outputs — temperature, pressure and mass flow — across the PACK
are graphically represented in Figure 3-8. The results represents the obtained
simulated value at each output of the individual component of the system, and

the dashed lines are added to obtain a visual representation of the temperature-
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pressure profile throughout the PACK sub-systems. The model was not designed
for any leakages in the ducts or the sub-systems of the PACK, and so this led to

a constant mass flow rate through the system.
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Figure 3-8 (a) Temperature profile, (b) Pressure profile and (c) Mass flow for

healthy case
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3.6.2 Fault Condition Simulation

In this section, the PHX degradation and its effect on the temperature and
pressure profile are shown. For the input parameters as shown in Table 3-3, ten
simulations were conducted with the PHX degradation severity level from O to
90% degraded with a increment of 10%. The temperature, pressure and mass
flow profile obtained from the simulations are shown in Figure 3-9. In Figure
3-9(a), a gradual decrease in heat transfer across the PHX is noticed as the PHX
was gradually degraded. Since the effectiveness of the PHX has dropped, the
heat transfer rate was affected. The air then goes through the compressor, where
a rise in temperature was noticed due to the compression of hot air. However,
the SHX was noticed to work as an efficient heat sink to drastically drop the air
temperature close to the target temperature. The SHX is observed to compensate
for the effect of degradation in the PHX and is seen to maintain similar
temperature at the SHXy, ,. Also, in Figure 3-9(c), it is noticed that the core mass
flow drops and mass flow through the TCV increases as level of degradation
increases. This suggests that the control system is gradually opening the valve
to increase hot flow at the merge and subsequently dropping the core mass flow
to meet the target temperature. This phenomenon, makes it evident that the
control logic to drive the PV and TCV to regulate the temperature and pressure
across the system is fundamental in achieving the target conditions. A detailed
analysis of the fault occurrences are to be provided in this thesis for the heat

exchangers and the valves.
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3.6.3 PACK Control System

The PACK control system utilises, a Pack Valve (PV), Temperature Control Valve
(TCV) and a Trim valve to regulate the air across the system to achieve the target
temperature. The valves opens and closes based on a number of temperature
sensors and switches installed across the ECS. The regulations of the mass flow
across the core of the PACK impacts the PACK performance. As highlighted the
previous section, the PACK controls the valves in cases of a fault occurrence to
main target temperature at the cabin. Therefore, it is understood that the control
system plays a significant role in the PACK performance and requires to be
studied. The experimental data collected will be used to understand the control
system functional behaviour of the PACK and if necessary, the control login
deployed within SESAC will be fine-tuned. Furthermore, PV and TCV fault

occurrence will be analysed and discussed using simulation data.

3.7 Conclusion

This chapter proposes a methodology targeting the full-scale cost-effective
experimental testing and V&V of a civil aircraft ECS DT at the component level.
Although the experimental work will be on the ground, as the DT is physics-
based, the successful implementation of the devised methodology is seen as an
essential first step in the development of a robust ECS DT, capable of performing
a comprehensive evaluation of the ECS performance. This will also enable the
development of fault detection and isolation capability for the ECS PACK. The
experimental plan for acquiring the system thermodynamic performance data in
terms of pressure, temperature, mass flow under a wide-range of ECS healthy
and faulty operational scenarios has been identified and elaborated. The
selection of the required instrumentation set for experimental rig setup in terms
of pressure, temperature, mass flow and humidity sensors has been described.
The requirements for the sensor installation, calibration and test have also been
discussed and illustrated. An initial ground test case was simulated for both
healthy and PHX degraded cases are shown in this chapter. It is identified that
by simulating and experimentally verifying the simulation results can be used to

develop a model-based diagnostic rule to detect and isolate faults in the ECS
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PACK. This combination of the GTF and a verified DT will open doors to

numerous possibilities of formulating innovative IVHM technologies, enabling

cost-effective maintainability of civil aircraft ECS systems.
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4 A Novel Boeing 737 Ground Test Facility for the Experimental
Investigation of a Civil Aircraft ECS

‘It is the weight, not numbers of experiments that is to be regarded.”

- Isaac Newton

The aircraft Environmental Control System (ECS) is a highly integrated and
complex system. The passenger air conditioner (PACK) is the heart of the ECS
that conditions bleed air prior to supplying it to the cabin and avionics bay. The
PACKs capability to mask fault occurrences has resulted in increased
unscheduled maintenance of the system. As such it has been a key research
topic to understand PACK performance characteristics in order to support an
accurate diagnostic solution. It has been identified from the literature review that
the existing literature lacks a comprehensive experimental investigation of the
ECS PACK performance characteristics and verification of an existing simulation
model that can be used for developing model-based diagnostic solution. The
development of such accurate diagnostic solution would identify the degradation
early and hence support effective maintenance and reduce cost. This chapter is
a continuation of the authors’ work on the development of a systematically
derived PACK simulation model (SESAC) where the development of a Boeing
737 Ground Test Facility (GTF) is reported for performing experimental analysis
on PACK performance under various PACK operating and ambient conditions. A
discussion on the employed sensors uncertainty is outlined based on laboratory
tests. The data collected under different temperature demands and operating
modes are compared against simulation. The overall investigation suggests a
reasonably good match between experimental and simulation data. It has been
identified that the control system plays a significant role in impacting the PACK
performance, for which an end-to-end ECS instrumentation and experimental
analysis is deemed to be necessary for supporting accurate simulation and

diagnostics of the ECS.
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Table 4-1 shows the table of content of this chapter. This chapter is
submitted to the Journal of Applied Thermal Engineering and is currently under

review process.

Table 4-1 Overview of Chapter 4

4.1 Introduction

4.2 | Background - Overview of PACK Operation and SESAC

4.3 | Development of the B737-400 Ground Test Facility

4.4 | Uncertainty Analysis

4.5 | GTF Experimental Validation

4.6 | Comparison of SESAC Against the SESAC Simulation

4.7 | Summary and Conclusions

4.1 Introduction

The Environmental Control System (ECS) provides pressurised air to the anti-ice
system and regulates cabin temperature (T), pressure (P) and humidity (RH). To
serve its purpose, it utilises: (i) Bleed Air System (BAS), (ii) Passenger Air
Conditioner (PACK) and (iii) Air Distribution System (ADS). The PACK is the core
module of the ECS and consists of various components which are prone to

degradation [1].

To maximise aircraft operational availability by providing fleet care, the
original equipment manufacturers are actively working on improving diagnostic
tools to help minimise maintenance costs. The Boeing company has reported the
Environmental Control System (ECS) of legacy aircraft such as the Boeing 737
to be one of the major drivers for maintenance which demands cost-effective and
accurate diagnostic solutions [1]. The diagnostics of such ECS systems becomes
challenging due to the lack of data that can be used to study fault occurrences

and their propagation. In addition to that, the capability of the flow control valves
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to mask fault occurrences makes the diagnostic process even more challenging.
It is necessary to understand PACK performance under different operating
conditions, including the fault occurrences and, consequently, its impact on the
overall PACK performance characteristics. This knowledge will allow
identification of component health state indicating parameters that can support

the development of effective diagnostic tools.

Analysing PACK performance has led to a number of research initiatives
[2—7]. The literature suggests that component level performance assessment has
been mostly targeted towards heat exchangers, as they were deemed to be a key
component to match cabin temperature demand. It is of paramount importance
to also study the interdependencies of the components within the system to
understand the behavioural characteristics of fault occurrence and its
propagation. This leads to identification of appropriate sensor installation
locations to perform accurate diagnostics.

Based on the literature review, there is an evident gap in the open literature
with regards to in-depth system-level analysis of the ECS. In the last four decades
a handful of ECS simulation models have emerged in the literature, including: (i)
Easy5 [8,9], (i) FLECS [10,11], (iii) Flowmaster [12,13], (iv) Dymola [9,14] and
(v) SESAC [15,16]. Among these models SESAC was purposefully developed by
Cranfield University’s IVHM Centre to support condition-based monitoring and
diagnostics of civil aircraft ECS with the capability to introduce degradation in the
simulation. It is interesting to note that these models have not been
comprehensively verified using test data across each component, because there

is very limited data coming from these legacy systems due to a lack of sensors.

To attain reliability on the model’s capability to accurately estimate PACK
performance under healthy and degraded scenarios, a systematic verification
and validation (V&V) is necessary. As reported by Childs et al, an experimental
rig was developed using a Hawk ECS to perform ECS model verification [17].
Similarly, an experimental investigation was conducted on a Boeing 737-200

aircraft to collect temperature, pressure and valve position to support verification
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of an ECS thermodynamic model [18]. These two ECS cases are similar in terms

of their architecture, and both have a low-pressure water separator system.

However, as reported in October 2020, there are only 60 Boeing 737-200
aircraft in service. This is significantly fewer than the 6393 next generations (NG)
variant, the -600, -700, -800, and -900 [19]. Based on the sheer number of NGs
still in service, and that the latest variant Boeing 737 MAX uses a pneumatic ECS
with a high-pressure water separator (HPWS), there is a need for a 737 ECS
Ground Test Facility (GTF) to be used for studying system performance in terms
of temperature (T), pressure (P), mass flow (mm) and relative humidity (RH). Such
a facility would also play a significant role in supporting future research on sensor

optimisation and fault simulation analysis.

In the light of the aforementioned literature, there exist a gap in terms of
the availability of experimental ECS data in order to support the development of
a robust simulation framework for ECS fault diagnostics at system level. This
chapter reports the development and qualification of a GTF for the in-situ
experimental investigation of a B737-400 aircraft ECS. The data acquired through
the successful testing of the developed GTF is used to conduct the V&V of the
Cranfield University’s in-house ECS simulation framework (SESAC) under a wide
range of operating conditions. Figure 4-1 highlights the key steps deployed for
the successful development and qualification of the B737 GTF and SESAC V&V
and forms the core of this chapter. Firstly, some background on how the PACK

operates and the SESAC simulation is given in Section 4.2.

Section 3 Section 4 Section 5 Section 6

eDevise an eUncertainty eData eComparison
appropriate analysis of collection & of GTF test
experimental the installed Shakedown data against

plan for ECS sensors. test. SESAC -
ground simulation.
operation

Figure 4-1 Employed steps for the GTF development, qualification and SESAC
V&V.
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4.2 Background - Overview of PACK Operation and SESAC

The ECS uses multiple subsystems (i.e. BAS, PACK and ADS) including a control
system regulating flow across the system to meet temperature and pressure
requirements in cockpit, cabin and avionics bay. The bleed system provides the
pressurised air to the PACK for conditioning. Part of the bleed mass flow before
entering the PACK is taken out to drive the Ram turbo-fan to drive cold ambient
air over the heat exchangers in the PACK to enable pre-cooling of the bleed air.
After conditioning of the bleed air in the PACK, the air is mixed with trim and
recirculating air from the cabin in the mixing manifold before it is distributed in

different zones of the aircratft.

The PACK is the primary system for conditioning the flow within the ECS,
which makes it the focus of this study. Figure 4-2 shows a schematic of a single
PACK in the B737-400. It consists of valves, heat exchangers, an air-cycle
machine (ACM) and HPWS. Following the sequence shown in Figure 4-2, the
PACK receives bleed air at high temperature and pressure, primary cooling takes
place in the PHX, and secondary cooling takes place in the SHX, after the flow is
compressed. Cold Ram air, which originates from outside the aircraft, flows
through the Ram air duct and, after being used as a heat sink for PHX and SHX,
is deposited back into the aircraft’s airstream. After the SHX the temperature of
the bleed air has been substantially reduced and the high pressure flow is
expanded through a turbine, after passing through the HPWS to control humidity.
At the outlet of the turbine the air temperature can potentially drop below freezing
and, if this occurs, it is addressed by mixing in part of the bypass hot bleed flow
through the TCV. The mixing of this air is controlled in order to match the PACK
outlet temperature against the cabin demand.
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Figure 4-2 B737-400 PACK schematic with sensor installation locations

4.2.1 PACK Temperature Control

The cabin temperature demand can be regulated through the input dials mounted
on the P5 overhead panel within the cockpit [20]. On the B737-400 aircraft, the
cabin temperature demand can be regulated within the range of 18°C to 30°C.
The PACK zone controller unit receives input from the P5 overhead panel,
sensors listed in Table 4-24-3, and temperature sensors located inside the cabin,
to meet target temperature in the cabin.

The PACK temperature control primarily acts in two ways: (i) by controlling
the cold Ram air supply by regulating the Ram air inlet modulating flap, and (ii)
by controlling the PACK outlet temperature through the hot bypass stream by
regulating the TCV, see Figure 4-2. It is necessary to regulate the PHX, SHX and
turbine outlet temperature to meet the lowest cabin demand (out of the three
zones) using the temperature sensors listed in Table 4-24-3. These two inbuilt
temperature sensors, at the CMP, and WS, support the control system with
necessary feedback to control the temperature throughout the PACK, and its

compliance against the demanded cabin temperature.
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Table 4-24-3 Inbuilt Temperature sensors for PACK temperature control

Temperature Sensor Location Threshold

Regulates Ram mass flow

to maintain the

Ram air temperature Compressor outlet duct
Compressor outlet
sensor (CMP,)
temperature to as near

110 °C as possible
Regulates TCV opening to

Water extractor outlet duct maintain the lowest

PACK temperature sensor
(WS,) temperature demand from
the zone

4.2.2 Trim System

In addition to PACK temperature control, the P5 panel also provides control over
the trim system main valve, which can be switched on and off. As illustrated in
Figure 4-3, the function of the trim system is to ensure the supply of hot air to the
cabin air distribution ducts, this allows the adjustment in the temperature supplied
to each cabin compartment. For example, both forward and aft can be set to meet
24°C temperature demand, however, depending on the heat load of each
compartment, the required temperature supply can vary in order to meet the
demanded temperature. As shown in Figure 4-3, a small proportion of the mass
flow going into the PACK core is used to fulfil the function of the trim valve.
Switching on the trim system would therefore allow the PACK-zone controller to
regulate (open or close) the trim valve based on the cabin temperature sensor
feedback. The amount of mass flow going through the core of the PACK is
therefore strongly dependant on the status of the trim valve, which can
consequently affect the performance characteristics of the components mounted
within the core of the PACK i.e. PHX, SHX, ACM, HPWS.
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and conditioned air respectively), adopted and reproduced from Boeing 737-400
AMM [21]

4.2.3 ECS Simulation Framework — SESAC

SESAC is a MATLAB based ECS component library developed by Jennions et
al. [15], enabling by a drag-and-drop interface. The authors have reported
detailed analysis of PACK performance at cruise using data provided by Boeing.
Figure 4-4 shows the SESAC PACK simulation model of a B737-800 developed
at IVHM centre [15]. The model configuration of the B737-800 in terms of the
architecture and flow sequence mirrors the B737-400 schematic presented in

Figure 4-2.

The PACK receives input bleed air at high temperature and pressure from
the engine (via the BAS), the quantity of which is controlled by the PACK valve
(PV). The overall model is comprised of many different modules, and virtual
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sensors for the control logic. Immediately downstream of the PV, the flow is split
into two streams. Part of the air flow passes through the cold stream of the PACK,
part of it is bypassed through the TCV and mixed at the TRB, In the cold stream,
the flow proceeds through the heat exchangers, which use the Ram air as a heat
sink to drop the temperature. The compressor, positioned between the heat
exchangers, increases the air pressure in order to maximise the expansion
through the turbine. The HPWS is composed of a reheater, condenser and water
extractor, allowing the extraction of water content prior to the expansion of the air

in the turbine.

Figure 4-4 SESAC Simulation Model for B737-800 [15]

There are two control loops in the system, one for temperature and one
for flow (Figure 4-4). A (virtual) temperature sensor placed at the outlet of the
merge provides a feedback signal to the controller of the TCV, which regulates
the TCV valve angle to deliver the required hot mass flow. Downstream of this is
a (virtual) mass flow sensor, placed immediately downstream of the merge
component providing a feedback signal to the PV mass flow controller, which

regulates the overall mass flow.

4.3 Development of the B737-400 Ground Test Facility

Cranfield University owns a Boeing 737, which is used for education and
research. The research emphasis is to turn the plane into a GTF for a number of
aircraft systems. In the current work the emphasis is on the ECS, and the left-

hand side PACK was selected for experimental work. In this section the selection
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of sensors is summarised for completeness (previously reported by the authors
[22]), along with the operational envelope of the experiments and the

classification of data collection.

4.3.1 Sensor Selection and Installation

The PACK functionality is to condition the bleed air supplied by the
Engines/APU which is generally at a very high temperature and pressure.
Therefore, one of the key requirements for the sensor selection is to comply with

the operating temperature and pressure at various locations.
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Table 4-4 provides the list and the specifications of the selected sensors
for measuring T, P, RH and valve angles. The maximum operating temperature
of the pressure transducers (125°C) falls well below the expected temperature
(approximately 180°C) at the PV;, PV, and PHXj; stations [15]. Therefore, to
protect the transducers from overheating at these stations, temperature isolation
coils [23] were used. These coils are tube (0.635cm of diameter) made of
stainless steel and specification suggests that a tube length of 7.62cm can drop
the source temperature from 200°C to approximately 93°C through heat transfer

into ambient air of temperature 38°C [24].
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Table 4-4 List of sensors and their specifications defined by manufacturer

Manufacturin Tvoe | Range Temperatu | Accu O;IS E?rtgl Referenc
g P/N yp 9 re Range | racy e
error | Band
. 0.2
Honeywell Re:aatlv 1%1f3 ° -40 to o% | +1% +2% of
PX2EN1XX10 pressu | 689 +125°C BFS of _FSS [25]
OPSAAX e KkPa Lof | FSS
FSS
0.2
Honeywell AthOIU Oto 40 to 5% | +1% +204 of
PX2EF1XX05 pressu 344 +125°C BFS of £SS [25]
OPAAAX e kPa Lof | FSS
FSS
Omega, K-
type Temp o
Thermocouple | eratur 48(;[°0C ilés - - [26]
K-L-1-6-40- e
G1/8-T-2
T Releatlv 0to 4ot
Connectivity Humid 100% +85°C +5% - - [27]
HTM2500LF ity RH
Calibratio
n test
Active Sensor | Rotati 0to +0.1 report
MHR5210 CV- | onal 90° 0 to +150°C ‘10) - - provided
090 angle 0 by
manufact
urer

Monarch Engineering Services LTD conducted the disassembly of the left-
side PACK, from which the PV, TCV, HXs, ACM and HPWS came out as a single
unit. Appropriate safety measures were taken, such as pulling out circuit brakers,
and covering and labelling ducts. The sensor bosses were manufactured in a
laboratory and welded on the target site. Sensors were mostly installed on the
ducts, and locations were selected based on the space available. The existing
sensor boss available on the HPWS was utilised for humidity sensor installation
by designing appropriate T-junctions and using compression fittings. The

compression fittings were tested in the lab for suitability [22]. Sensor installation
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plates were manufactured and welded on the HX inlet (Ram side) and Ram air
outlet duct. The rotary sensors were installed on the PV, Primary TCV and
Standby TCV. Removable rigs were designed and manufactured to connect the
sensors with the pivotal point of the butterfly valves. After reassembling the PACK
with all the sensors installed, the data acquisition unit (DAQ) was installed with
all the sensors connected, as shown in Figure 4-5. An ethernet cable and a power
supply cable were taken out from the bay, completing the hardware assembly of
the B737 GTF.

The ECS was tested in a systematic approach for functionality. The APU
was powered and allowed to reach steady-state (5 minutes time allowance).
Electrical components were turned on to put a 100amp load on the APU. The
ECS left-side PACK was then powered on for 5 minutes, after which ducts, and

the replaced seals, were manually tested for leakages [22].

Figure 4-5 Ground test facility of the Boeing 737-400, Left-side PACK data
collection

4.3.2 Definition of the Operational Envelope for Experimentation

The GTF is developed to conduct experimental testing of the PACK, with the

aircraft on the ground, under various operating conditions and functional
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scenarios. The scope of this chapter covers the experimental testing of the PACK
under a wide range of operating conditions, i.e. hot and cold demand, trim on and
off. The overall experimental tests were conducted over a number of different
days with varying ambient conditions. The start-up sequence starts with powering
up the APU. Once steady exhaust gas temperature is obtained from the APU, the
bleed valve is energised from the P5 overhead panel in the cockpit.
Subsequently, the left-side PACK is turned on and operated for 5 minutes, similar
to the functionality test, then data collection begins in order to capture the steady-
state operating data. Table 4-5 shows the operating conditions of the seven sets
of data, labelled as reference cases (RCs), taken during the experimental
program. These RCs account for data collected under different ambient and
PACK operating scenarios and will be used in Sections 4.5 and 4.6 to support
GTF qualification and V&V of SESAC respectively.

Table 4-5 Experimental test reference case classification

Recfzzrseeréce Trim Status | Cabin Demand Cabi n(?ce)m and T 4mp(°C)
RC1 on Hot 24 11.5
RC2 On Hot 24 >0
RC3 on Hot 24 .5
RC4 On Cold 18 6.5
RCS Off Cold 18 6.5
RC6 on Hot 24 5.5
RC7 Off Hot 24 5.5

4.4 Uncertainty Analysis

In experimentation, every measurement is subjected to error as nothing is 100%

perfect. Mathematically this phenomenon can be represented as:

Measured Value = True Value =+ Total Error (4-1)
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The total error can manifest itself in one of two ways: (i) Accuracy and (ii)
Precision [28, p.36]. Accuracy error shows how far away the measured value is
from the true value, and precision error represents the total spread of data in a
given population. The following section presents the calibration tests conducted

to quantify the errors associated with the sensors.

4.4.1 Accuracy

The accuracy error based on the worst-case scenario of the pressure transducers

and thermocouple are given by the manufacturer as shown in
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Table 4-4. To deduce the typical accuracy error associated with the sensor,
laboratory tests were conducted on both the pressure transducers and
thermocouples. The accuracy error is calculated as the difference between a

known reading and measured data.

4.4.1.1 Pressure Transducers

The pressure acting on any surface is defined as the force acting per unit area of
the surface. Based on this principle, pressure transducers are manufactured with
a constant area diaphragm that undergoes deflection due to the force acting upon
it. This deflection is measured and converted into an electrical output measured,
in this experiment it's in volts [29]. Processing this electrical output provides an
indication of the applied pressure. Inevitably the sensor readings are subject to
offset, pressure non-linearity, hysteresis, non-repeatability, thermal effect on
offset and thermal hysteresis errors [25].

The offset error refers to the start of the measuring range and can be
higher or lower than actual [30]. The contributing factors in causing this error are
pressure change frequency and amplitude, temperature fluctuations, material
responses and environmental changes [31]. Before starting the APU and ECS all
transducers should measure atmospheric pressure, any deviation from this being
the offset. This offset, for all the pressure transducer locations, over a five day
period, is shown in Table 4. It can be seen that the offset on each day varies
across the transducers, and across the days, the maximum offset observed being
5.77 kPa. As per the specification provided by the manufacturer (Table 2), the
maximum offset quoted for the relative pressure, at 25°C, was 6.89 kPa. The
measured offset, as shown in Table 4, is recorded and used on each
experimental data collection following the procedure suggested by the

manufacturer [32].
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Table 4-6 Offset error variation across each pressure transducer (kPa)

PV; | pTCV | PHX;, | CMP, | RHX,, | CHX;, | WS, | RHX., | Merge, | PCK,
Day
1 235 | 164 3.63 4.4 5.42 3.69 | 4.14 1.29 3.91 231
Day
) 145 | 0.71 2064 3.59 4.51 2.83 3.31 0.26 3.06 1.39
Day
3 0.52 | -0.84 1.19 1.25 1.67 1.59 1.05 1.49 0.19 0.49
Day
4 1.33 | -0.69 | -0.49 1.36 0.47 2.29 1.40 | -0.13 1.38 131
Day
5 1.89 | 1.75 3.23 5.58 5.77 3.6 3.72 1.06 2.32 2.29

Referring to
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Table 4-4, the manufacturer has given the accuracy of the absolute and
relative pressure transducers to be about 0.86kPa (0.25% of 345kPa) and
1.72kPa (0.25% of 689kPa) respectively, which includes pressure hysteresis,
non-linearity, and non-repeatability errors. The pressure hysteresis, non-linearity
and repeatability corresponds to the maximum deviation of the sensor reading

from the actual value, total error in Eq. 4-1.

To investigate accuracy further, a reference pressure kit [31] was used to
apply a known pressure to the pressure transducer at room temperature of 20°C.
The sensor data was recorded using the same data acquisition unit as on the
aircraft. Figure 4-6 shows the load condition (LC) on the x-axis, applied pressure
and measured pressure on the primary y-axis, and the difference between
applied and measured pressure on the secondary y-axis. A maximum difference
of approximately 0.58kPa and 0.6kPa pressure was observed in this test for both

the absolute (50 psi) and relative (100 psi) pressure transducer respectively.
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Figure 4-6 (a) Absolute pressure transducer and (b) relative pressure transducer

error in pressure reading recorded under ambient temperature of 20°C.

In addition to conducting tests under room temperature, oven tests were
conducted on the relative pressure transducer as they are installed at the high
temperature stations across the PACK. As highlighted in section 4.3.1, due to the
use of temperature isolation coil the temperature of the source is dropped to
approximately 100°C, therefore, the transducer was tested under 53°C (midpoint)
and 100°C (maximum expected temperature at the transducer). Table 4-7 shows
the tests result highlighting the applied load (true pressure), pressure readings
(measured pressure) and the maximum AP between the true and measured
value. The maximum AP, which can be attributed to the pressure non-linearity,

hysteresis, and non-repeatability, is observed to be around -0.6kPa.
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Table 4-7 Thermal control chamber pressure (kPa) test result with increased

load at 53°C and 100°C operating temperatures

53°C 100°C
True Measured True Measured
AP AP

Pressure | Pressure Pressure | Pressure
Test 1 212.10 212.70 -0.6 212.10 211.97 0.13
Test 2 234.10 234.36 -0.26 234.10 234.56 -0.46
Test 3 289.10 288.90 0.20 289.10 288.84 0.26
Test 4 304.10 303.51 0.59 304.10 303.55 0.55

From the test results it has been deduced that the pressure transducers
are far more accurate in comparison to the maximum accuracy specified by the
manufacturer. The uncertainty (maximum error observed) for the absolute and
relative pressure transducer is deduced to be +0.58kPa and +0.6kPa. The
absolute pressure transducers are installed at the CHXy, ,, RHX,,, Merge,, PCK,
and Ram inlet-outlet and relative pressure transducers are installed across the
rest of the stations across the PACK. As the uncertainty for both the transducers
are seen to be almost identical, therefore +0.6kPa of accuracy error will be used

in rest of the chapter.

4.4.1.2 Thermocouples

With the K-type thermocouple used here the technical specification suggests the
accuracy to be within £1.5°C [26]. In order to verify the accuracy of the
thermocouple, an ice and boiling water test was conducted. Data was collected
for 1 minute at 10Hz while the thermocouple was dipped in ice and then boiling
water. It was noticed that the total accuracy error in measuring the temperature
of ice and boiling water was 0.14% and 0.04% respectively. The maximum
difference between expected and thermocouple measurement is found to be -
0.38K. This indicates that the thermocouples used in the experimentation are

significantly more accurate than the pressure transducers.
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4.4.2 Precision

The precision error of the sensor readings highlights the spread of a data sample.
This error can occur due to unknown and unpredictable changes in the
experiment or the environment, and it is unbiased and cannot be eliminated.
Calculating the mean (u) of the data collected at a steady state is used in
experimentation to account for such unbiased error. Peters, C [33], mentioned in
a book chapter that this error typically falls within one standard deviation or
Std.Dev (o) with a 68% confidence interval. This is true if the data set is normally

distributed at which case mean, median and mode are equal [34, p.101].

To verify if the data sample is distributed normally, a histogram plot for
different sample sizes was plotted, and is shown in Figure 4-7. Measured values
are shown in blue, over three data collection times (30s, 1min, 2mins), and the
best fit normal distribution from SPSS is shown as the bell curve. Overall there is
only a very small change in pressure statistics across the three measuring times

with the thermocouple readings showing more of a change (but again very small).
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Figure 4-7 Histogram plots: (a) Pressure transducer and (b) Thermocouple

To verify normality of the data, the calculated mean, median and skewness
value of the data samples are used, see Table 4-8. The skewness value is used
to quantify the asymmetric nature of the distribution and is O for standard normal
distribution [35]. Mishra et al. suggested that skewness value between +1 and -1
can be used as an indicator for the normality of the data [36]. As shown in Table
4-8, the skewness value for both T and P is found to be within +0.39 and -0.3. It
is also noted that the mean and median are approximately the same for all cases,
corroborating normality of the data. Furthermore, it has been observed that the
mean value and the standard deviation do not significantly change with increased

sample size. Thus, 600 samples for estimation are chosen for data analysis in
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this experimentation and the precision error of the pressure transducers and

thermocouples are calculated to be 0.01kPa and 0.02K respectively.

Table 4-8 Statistical data of pressure transducer and thermocouple

Pressure
30 second 1 minute 2 minutes
Sample size 300 600 1200
Mean, p (kPa) 103.30 103.30 103.29
Median (kPa) 103.30 103.30 103.29
Std. Deviation, o
(kPa) 0.01 0.01 0.01
Skewness 0.33 0.37 0.39
Temperature
30 second 1 minute 2 minutes
Sample size 300 600 1200
Mean, p (kPa) 291.53 291.52 291.51
Median (kPa) 291.53 291.52 291.51
Std. Deviation, o
(kPa) 0.02 0.02 0.02
Skewness 0.35 0.13 -0.30

Based on the above experiments, the root mean square error (RMSE) is

calculated for each sensor:

RMSE = i\/ (Accuracy error)? + (Precision error)? (4-2)
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As the sensors are proven to be precise, the errors are seen to be dominated by
the effect of the accuracy of the sensors. Thus, the total uncertainty error, using
Eq. 4-2, is deduced to be:

Measured pressure reading = True Value + 0.6 kPa (4-3)
Measured temperature reading = True Value + 0.38 K (4-4)

4.4.3 Error Propagation to Mass Flow

Figure 4-8 shows the instrumentation for flow measurement. Mass flow was

calculated as a product of the density (p), area (A) and velocity (v):
m = pAv (4-5)

A pressure transducer was installed on the duct wall and a thermocouple
inserted into the duct was used to measure to measure the static pressure (Ps)
and temperature (T) of the flow. These measurements were used to calculate

the density:

P=r (4-6)

where R is the universal gas constant, 287.05 JK/Kkg.

The velocity of the flow could not be measured directly. Thus, a total
pressure probe was manufactured and installed facing the direction of the flow;
the pressure transducer was mounted at the tip to measure the total pressure (P,)

of the flow. The measured P, and P; was used to calculate the dynamic pressure
(Pa):

Pg =P — P (4-7)

Subsequently the velocity was calculated as a function of P; and p:

v= |— (4-8)

98



Py
P, Thermocouple

Flow

Figure 4-8: Instrumentation for mass flow measurement

The steps for mass flow error calculation are adopted based on the method
described in [37]. The maximum accuracy error observed in testing of pressure
transducer (x0.6kPa) and thermocouple (+0.38K) are used to calculate the
maximum error propagation to mass flow. First, the error propagation to Py from

the P, and P; measurements is calculated.
8Py = /8P, 2 + 8P, 2 (4-9)

Similarly, the error propagation to density p is calculated as,

80 = p j (%)2 + (%T)Z (4-10)

Subsequently the error propagation to velocity is calculated using,

Sv=v j (%)2 + (%")2 (4-11)

Finally, the error propagation to mass flow is calculated:

o= () + (9 + ()

Using the above-mentioned equations, the error propagation to mass flow for the

experimental data is reported in Sections 4.5 and 4.6.

4.5 GTF Experimental Validation

In this section the validity of the T, P and m data collected from the GTF is

presented. To do this, the first step is to conduct a sensor continuity check which
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helps to identify the installed sensor locations throughout the PACK that
successfully generate data. Subsequently, the measurements acquired in terms
of T and P under various ambient conditions are presented and discussed based
on first principles and best engineering knowledge of the PACK operation. This
is done with the aim of verifying the repeatability of the GTF for producing the
PACK T and P data. Following that, based on the acquired T and P (static and
total) measurements, the derived mass flow values at various locations of the
PACK are discussed. Finally, the overall acquired data in terms of the T, P and
m, under various PACK operating modes including the effect of the trim system,
is presented and discussed in order to verify the consistency of the data

generation.

4.5.1 Sensor Continuity Check
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Table 4-9 provides an overview of the installed sensor locations throughout the
PACK. These locations are consistent with the stations illustrated in Figure 4-2.
The table shows the working status of the installed sensors for data collection.
Since the scope of this chapter is limited to verification of SESAC in terms of T,
P and m, the discussion on the RH and valve angle sensors is omitted, and only
the sensors related to the measurements of T, P and m are discussed. The
sensor continuity checks were first performed under ambient conditions, while
keeping the PACK switched off, and were found to be successfully generating
data. However, upon running the PACK, it was discovered that the PT1, PT4,
PT5, PT6 and PT7 sensors as illustrated in
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Table 4-9 were providing misleading data. At PT1 the total pressure probe was
broken when fitting the PACK into the aircraft and could not be replaced due to
limited access. With regards to PT4, PT5, PT6 and PT7 sensors, these represent
Ram total pressure sensors, and they failed to provide usable data due to the
positioning of their respective pitot-static tubes within the Ram duct. Therefore,
the data acquired from these sensors was excluded from the analysis. Since the
data measurements failed at these locations, alternative engineering based
approaches were devised in order to determine the mass flow at target locations,

and are outlined in Section 4.5.3.
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Table 4-9 Sensor working status

Locatio:ensor Temperature Prset:;ll(:re Humidity | Valve Angle P;Ztsal: re
Core

PV; T1 P1 Pt1

pTCV T2 P2 Pt2
PHXh,o T3 P3
CMP, T4 P4 Pt3
SHX, T5 RH1
RHX, o T6 P6
CHX, o T7 P7 RH2
RHX_ T8 P8 RH3
RHX. , T9 P9 RH4

TRB,
CHX., T10 P10 RH5
PACK, T11 P11 RH6

Cold Side (RAM)
PHX.; T12 P12 Pt4
PHX..o T13 P13 Pt5
SHX,i T14 P14 Pt6
SHX; o T15 P15 Pt7 Legend
Valve Successfully acquired data

PV Al Broken

TCV-Pri V2 Unable to generate usable data
TCV-Sec V3 Out of scope of this paper

4.5.2 Temperature and Pressure Measurements

Having successfully completed the continuity checks on the sensors, the next
step is to generate T and P data throughout the PACK under different ambient
conditions while operating the PACK under constant cabin demand. This process
will provide data that can be used to assess the repeatability of T and P data
acquisition using the GTF. Reference cases RC1, RC2 and RC3 were selected
from Table 3 as they all represent cabin demand of 24°C with the trim system on,

under varying ambient condition.

Figure 4-9 (a) and (b) present the acquired T and P data for the selected RCs.
Note that as determined in Section 4.4.2, the measured T and P values have an
uncertainly of +0.38K and +0.6 kPa respectively. The error bars could not be
incorporated in Figure 4-9 due to the relatively small variation in uncertainty
relative to the scale of the measurement. Referring to Figure 4-9(b), the station
pTCV represents the PV outlet condition, where a pressure drop is apparent with
respect to the station PV inlet (PV,). This pressure drop across the PV occurs due
to the pressure losses associated with the installed butterfly valve. In Figure
4-9(a), a small temperature drop of approximately 4K is also noticed across the

PV, which can be attributed to heat loss to the ambient air.
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Analysing both T and P downstream of the pTCV location, the flow travels
through the core section of the PACK (see Figure 4-2). Immediately downstream
of the pTCV is the PHX, which uses the Ram air as a heat sink to significantly
drop the temperature of the bleed air. As shown in Figure 4-9(b), a small pressure
drop across the PHX is observed which is due to the inherent pressure losses
associated with the PHX. After the PHX the air undergoes compression in the
ACM compressor which increases both the temperature and pressure of the air
as seen at location CMP, in Figure 4-9. Post compression, a temperature drop at
the SHX,, , is observed in which the SHX removes most of the heat added due to
compression. Beyond this stage, humidity is removed from the air in the HPWS,
which is composed of a series of heat exchangers acting as a reheater and a
condenser. As expected, as the air passes through these heat exchangers, the
temperature varies marginally to allow condensation and water extraction and the
pressure drop occurs due to the inherent pressure losses associated with the
heat exchangers. Once the air has humidity removed, it is supplied to the turbine

for expansion.

Due to the turbine expansion, both the pressure and the temperature of
the air drop substantially. In Figure 4-9(b), the effect of the pressure drop due to
expansion across the turbine can be seen at the Merge, location. The turbine
outlet temperature can often reach below freezing, which wasn’t captured in the
data as it was not possible to install a thermocouple directly after the turbine outlet
due to space limitation. At this point, the hot bleed flow from the TCV-Pri is mixed
at the merge component placed immediately downstream of the turbine in order
to prevent ice formation and match the demanded temperature. The aircraft
utilises a factory-installed thermal sensor at WS,, which dictates the opening and
closing of the TCV in order to match the demanded temperature. This broadly
explains the behaviour of the T and P across each component as the bleed air
goes through the PACK.

The overall variation observed in the RCs presented in Figure 4-9 can be
attributed to multiple factors such as:
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The APU provides the bleed air which according to the maintenance

manual [21] vary with respect to the ambient condition.

As the experiments were performed on different days, the cabin
temperature across different cabin zones cannot be practically maintained
at a constant temperature. This affects the temperature control loop of the
PACK-zone controller, which consequently has an impact on how the flow
control valves such as the TCV and trim are regulated in order to deliver
the demanded cabin temperature.

The variation in pressure across the ACM (CMP, through to RHX ,) can be
attributed to the differences in the mass flow through the core, regulated
by the PACK zone controller through the trim system mass flow extraction.
The variation observed in the temperature profile, see Figure 4-9(a), are
found to prominent across the HPWS (from SHXj , through to RHX,). As
the function of the HPWS is to regulate humidity and extract excess water
content from the air, the variation in temperature can be sensitive to the
RH in the bleed air on the test day [15].

At the WS, station the temperature should match the demanded
temperature according to the AMM, this is not found to be the true in all
cases. The exact reason why the PACK is not able to match the demanded
temperature at WS, cannot be pointed out due to the inherent highly
integrated nature of the PACK with the upstream bleed and the
downstream air distribution and trim system, as well as the intervention of

the PACK zone controller on the overall system.

Considering the aforementioned limitation associated with the

experimental testing on an actual aircraft, it can be safely said that the developed

GTF is capable of producing data for temperature and pressure which is found to

be repeatable in terms of the trend. This is in the sense that the acquired data is

coherent in terms of representing the physics of the PACK components. The

acquired data shown in Figure 4-9 is logical in terms of capturing the components

functional outputs, and that it follows the physics first principles of the system.

However, the engineering aspect of the data cannot be repeatedly reproduced

105



due to the limitation associated with the lack of knowledge and control over the
other sub-system i.e., bleed air, air distribution, trim system, and the PACK
control system. For example, without any insight of the employed PACK zone
control logic, it is not possible to reason why the WS, temperature can’t be
matched against the demanded temperature. Furthermore, the RC2 pressure rise
across the compressor is significantly lower relative to the RC1 and RC3, this is
due to the fact that for RC2 the trim system extracts higher mass flow, resulting
in reduction in the core mass flow which consequently affects the operating point
of the ACM for RC2. Without any detailed insights of the control logic employed
for the control of the trim system the engineering reason for why the trim system
decided to extract more mass flow for RC2 relative to RC1 and RC3 cannot be

systematically comprehended.
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Figure 4-9 GTF repeatability test data, (a) Temperature, (b) Pressure.

4.5.3 Mass Flow Measurements

Mass flow measurements were attempted at four locations throughout the PACK:
() Pv;, (ii) pTCV, (i) CMP,, and (iv) Ram. Out of the four, successful

measurements were attained at only two locations: (i) pTCV and (ii) CMP,.

With regards to the Ram mass flow, the total pressure transducers
installed at the PHX and SHX Ram inlet generated unusable data, and instead,
the measured temperature readings across the PHX and SHX, and the measured

CMP, mass flow values were used to determine the Ram mass flow. This was
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based on an energy balance matching the heat picked up by the Ram flow against

the heat absorbed by the flow through the heat exchanger:

. Memp,o * Cp * (Tpuxho — TPHX hi)
—_ (4-13)
Cp * (Teux,ci — TpHx,co)

The pitot-tube intended to measure PV; was found to be broken, when the
PACK was installed back into the aircraft, and an alternative approach was taken
to determine the PACK inlet mass flow. Upon switching on the PACK under a
given cabin temperature demand, the PV opens, and flow enters the system. As
stated in Section 4.2.1, there exists a control loop that regulates the opening of
the TCV-Pri valve based on the WS, temperature sensor feedback. At the
beginning of the PACK start-up sequence, the WS, temperature sensor will not
immediately see a rise in temperature, and hence the PACK controller (due to
lag) will not respond. Therefore, the TCV remains spring loaded closed and will
only open once the initial control loop between the PACK controller and the WS,

sensor is completed [20].

Figure 4-10(a) illustrates a simplified view of the station sequence from PV;
through to CMP,, and highlights the location of the pressure transducers and
thermocouples installed for supporting the mass flow measurement. A mass flow
reading is taken at the pTCV location immediately downstream of the TCV_pri
bypass, and at CMP,. Therefore, engineering judgement would suggest that, for
PACK operating conditions under which the TCV_pri bypass valve is closed (e.g.
during initial phase of the PACK start-up), the mass flow measured at pTCV
would represent the mass flow through the PV. This is because the PV regulates

a near constant mass flow for any given ambient condition [21].

As shown in Figure 4-10(b), when the PACK is switched on, the measured
pTCV mass flow peaks and then gradually reduces. From the preceding
discussion, the peak is due to the TCV-Pri being closed and all the bleed mass
flow fed through the pTCV station. Once the WS, sensor completes the initial
feedback loop with the PACK controller, the TCV-Pri opens and part of the mass
flow is fed through the TCV stream, accounting for the drop in pTCV mass flow

and the approach to steady state, around 10 seconds after the start. The mass
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flow characteristics presented in Figure 4-10 are found to be consistent for all the
RCs presented in Table 4-5.

m_pTCV m CMP_o

TCV, pri Ps Pt T Ps Pt T

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
(b) Time (s)

Figure 4-10: (a) Simplified schematic for mass flow measurements, (b) Measured
mass flow as a function of test time at pTCV and CMP,, stations, 0 = PACK off.

Based on the above engineering judgement it was assumed that the mass
flow peak observed at pTCV provides a good estimation of the mass flow at PV;.
The measured initial peak mass flow values at pTCV, as well as the
corresponding steady state values for pTCV, and CMP,, for RC1, RC2 and RC3,
are presented in Table 4-10. Also presented are the derived Ram mass flow
values based on the energy balance equation (Eq. 4-13). The TCV-Pri mass flow

is derived using:
Mrcy_pri = Minitial peak at pTcy — MpTCv (4-14)

In Figure 4-10(b), it is seen that the measured CMP, mass flow reaches a

peak and then gradually drops due to the opening of the trim valve before
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reaching a steady state. As the trim valve is placed between the pTCV and CMP,
location, the trim mass flow is derived as the difference between these two

measured mass flows:
My = rhpTCV — Mcmp_o (4-15)

Note that all three cases presented in Table 4-10. were tested on three
different days under same PACK demand of 24C. The ambient conditions are
11.5°C, 9°C and 5.5°C respectively for RC1, RC2 and RC3. Starting from the
initial peak measured at the pTCV which represents the bleed flow through the
PV (PV; mass flow), it can be seen that the PV inlet mass flow increases with
increase in ambient temperature, this is found to be consistent with the
performance characteristics of the APU prescribed in the AMM [21]. With regards
to the Ram mass flow, as per the AMM [21], during ground operations the Ram
door is fully open in order to allow maximum mass flow to flow through the PHX
and SHX. The acquired Ram mass flow values remain consistent across all three

cases.

The TCV and trim mass flows are regulated by the PACK zone controller
based on the thermal sensors installed at the PACK, mixing manifold and cabin.
The data suggests that relative to the inlet mass flow the controller extracts 24%,
50%, and 30% of the mass flow and bypasses it through the trim system for RC1,
RC2, and RC3 respectively. The controller characteristics for RC1 and RC3
concur reasonably, however, the extraction of as much as 50% of inlet mass flow
for RC2 is peculiar specifically when considering the fact that in all three cases
the PACK demand is maintained constant. Such behaviour of the control system
cannot be explained without detailed knowledge of the employed control logic.
The acquired pressure data, as shown in Figure 4-9 for all three RCs is consistent
with the mass flow data shown in Table 4-10. RC1 with highest mass flow through
the core corresponds to higher pressure rise across the compressor and likewise
for RC2 with lowest mass flow through the core corresponds to lowest pressure
rise across the compressor. It is clear that both the TCV and trim mass flow have
a direct impact on the mass flow through the core of the PACK and therefore on

the performance characteristics of the core components i.e. PHX, SHX, ACM,

110



HPWS. It can therefore be safely claimed that the developed GTF supports the
acquisition of T, P and m data that obeys the physics first principles of the PACK
system components operating under different ambient conditions. The
engineering aspect of the PACK i.e. the controller characteristics cannot be
adequately reproduced due to lack of access to the employed control logic and
the characteristics of the downstream systems i.e. mixing manifold, air

distribution, trim system.

Table 4-10 Measured and derived mass flows (kg/s) for RC1, RC2 and RC3.

Initial
Reference peak TCV-Pri pTCV Trim CMP, Ram
cases measured | (derived) | (measured) | (derived) | (measured) | (derived)
at pTCV
RC1 0.680 0.175 0.505 0.163 0.342 0.693
RC2 0.615 0.062 0.553 0.321 0.232 0.691
RC3 0.585 0.065 0.520 0.180 0.340 0.695

4.5.4 Consistency Test

Having demonstrated that the GTF can generate T, P and m data throughout the
PACK under different ambient conditions, the next step is to analyse the GTF’s
capability to capture the PACK performance characteristics under different
operating modes, i.e. hot and cold cabin demand with trim system on and off, as
given in Section 4.3.2 To do this, the RCs selected for the demonstration of this
activity are: (i) RC3 (hot demand-trim on), (ii) RC4 (cold demand-trim on), (iii)
RC5 (cold demand-trim off), and (iV) RC7 (hot demand-trim off). Note that hot
and cold refer to cabin temperature demands of 24°C and 18°C respectively
(Table 4-5). Figure 4-11 and

111






Table 4-11 represent the acquired T, P and r data for the selected RCs. The
overall analysis of the acquired data is presented in two parts, first the
corroboration for the PACK hot and cold operation with trim system off (RC5 and
RCY7) is presented, and then the discussion with regards to (RC3 and RC4) the

effect of trim system being on and off under hot and cold demand is given.

In terms of the PACK hot and cold demand with trim off operation, it is
expected that under the cold demand operation, the ACM must be operated as
such that it provides maximum expansion in order to attain maximum cooling
through the turbine. For a given cold demand operating condition this can be
accomplished by minimising the bypass flow through the TCV and trim, and
allowing maximum mass flow to flow through the core of the PACK in order to
maximise turbine expansion. Likewise, under the hot demand operating
condition, it would be favourable to minimise the expansion through the turbine

by allowing minimum mass flow to flow through core.

The acquired results for mass flow under cold demand and hot demand

with trim system off are presented in
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Table 4-11. First, as the RC5 and RC7 cases corresponds to the trim off
condition there is no flow expected to flow through the trim valve. As shown in
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Table 4-11, the trim mass flow value for RC5 is 0.044kg/s and for RC7 is
0.01kg/s, derived using Eq. 4-15. The respective values for the trim flow are
attributed due to the presence of uncertainty associated with the measured T and
P values and its propagation to mass flow measurements at pTCV and CMP, as
explained in Section 4.4.3. The corresponding uncertainty values for pTCV and

CMP, mass flows are tabulated in
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Table 4-11, and the resultant uncertainty propagated to the trim mass flow

is calculated using:

: . . (4-16)
Ot Tyim = \/ Stiprey” + Stiemp o”
This gives trim mass flow uncertainty values of +0.117 and +0.122kg/s for RC5
and RCY7 respectively. These uncertainty values clearly bound the trim flows
given in Table 9 and explain their near zero values in terms of experimental

uncertainty.

With regards to the TCV flow, it would be expected that the PACK
controller must bypass lower mass flow through the TCV for RC5 relative to RC7.
RC5 have a 19% lower mass flow through the TCV and with trim system off, this
leads to 28% higher mass flow through the core for RC5 relative to RC7. With
higher mass flow through the core, a higher expansion through the turbine is
attained, which translates to more power being transferred to the compressor
relative to the RC7. As a result, both the T and P at the compressor outlet are

found to be higher relative to the hot demand cases, shown in Figure 4-11(a) and

(b).

Note that at the stations PHXy, and SHXy, of Figure 4-11(a), the
temperature drop is marginally less in the cold temperature demand cases. The
cold Ram mass flow through the PHX and SHX remains constant throughout all
four cases. However, the increase in the core mass flow (i.e. hot mass flow for
PHX) has an effect on the heat transfer through the PHX and SHX, following Eq.
4-13. Downstream of the SHX, humidity is removed from the air in the HPWS
components. Discussion of humidity is not within the scope of this work and so

will be omitted.

As discussed in Section 4.2.2, if the trim system is switched on then the
PACK-zone controller dictates the status of the trim valve based on the cabin
temperature feedback and the imposed cabin demand. This has a consequent
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impact on the amount of mass flow that can be attained through the PACK core.
RC4 presents cold cabin demand with trim system on, however, despite of trim
system being on, no flow through the trim system is observed. The trim mass flow
value for RC4 is derived to be 0.035kg/s and is within the uncertainty error. The
likely reason why the PACKk-zone controller decided to close the trim valve is to
allow maximum mass flow to flow through the core in order to maximise
expansion through the turbine as desired in order to adhere with the cold demand.
Therefore, the observed PACK performance characteristics for RC4 coincide
closely with RC5 under which the trim system is kept off, Figure 4-11(a) and (b)
show that the T and P profile for these 2 cases are almost identical. Furthermore,
it can also be observed that the pressure rise across the compressor is
significantly higher for both of these cases, allowing maximum expansion through

the turbine.

With regards to the hot (24°C) cabin demand case with trim system on
(RC3), the PACK-zone controller opens the trim valve and maintains flow through
the trim system. This consequently reduces the overall flow through the core of
the PACK, as not as much cool air needs to be generated through the ACM as in
the previous cases discussed. The only distinction between the hot cases (RC3
and RC7) with trim system on and off is that in the latter case, due to closure of
the trim system, the hot bleed air is bypassed using the TCV stream instead of
the trim system, see Figure 4-10(a). It is to be noted that the experimental
investigation is only focussed on the PACK and at this stage the trim and TCV

control logic is not known. As shown in
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Table 4-11, the mass flow through the TCV for RC7 is significantly higher
(0.265) relative to RC3 with trim system on (0.065). In both cases, ultimately, the
flow through the PACK core is reduced in order to limit any unwanted cooling
through the ACM, allowing the PACK to comply with the imposed hot cabin

demand. The uncertainty error in Table 9 is estimated using:

51 . 2y a2 (4-17)
Mrcy pri =  |OMintial peak at pTcv T OMprcy
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Table 4-11 Mass flow (kg/s) variation for reference cases with different cabin demand and trim flow status

Reference Cabin _ TCV-Pri _ CMP, Trim )
Trim Status ] om, TCV-Pri ém, CMP, ) om, Trim
cases demand (derived) (measured) (derived)
RC3 H On 0.065 +0.095 0.340 +0.054 0.180 +0.089
RC4 C On 0.222 +0.128 0.405 +0.055 0.035 +0.114
RC5 C Off 0.222 +0.129 0.396 +0.057 0.044 +0.117
RC7 H Off 0.265 +0.125 0.310 +0.056 0.010 +0.122
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The GTF have captured the performance characteristics of the PACK under hot
and cold demand consistently. The acquired data suggest that under cold
demand PACK operation, irrespective of the status of the trim system (on or off),
the PACK controller permits maximum mass flow to flow through the core of the
PACK in order to maximise the expansion through the turbine. The PACK is found
to be operating at 28% higher core mass flow under cold demand compared to
the hot demand cases. Based on the acquired data, it can be safely said that
under PACK cold demand operation the trim system can be maintained off, as
the PACK-zone controller dictates the status of the trim flow, which is found to be
same under trim off and trim on condition. With regards to the hot demand PACK
operation the data suggest that the PACK-zone controller choses to bypass
maximum hot mass flow through the trim system in case if the trim system is on.
And in case if the trim system is off, the controller instead uses the TCV to bypass
the hot mass flow, in both cases however, the core mass flow is ultimately
minimised so that the undesired expansion through the turbine can be maintained

minimum.

In terms of capturing the data consistently, the only short fall that can be
observed from the data is associated with the WS, outlet temperature, this
temperature is expected to be matched against the imposed demanded
temperature as per the AMM [21]. As elaborated in the preceding section, the
reasoning for why the PACK controller is unable to match the WS, temperature
against the demanded temperature cannot be comprehended due to lack of
access to the employed PACK zone control logic for regulating the WS,
temperature as well as the lack of the performance characteristic of the
downstream systems i.e. mixing manifold, air distribution and trim system. Apart
from the regulation of the WS, temperature, the GTF consistently captures the
performance characteristics of the PACK components and are found to obey the
first principles of the components physics. Furthermore, the data is also able to
capture consistently the engineering aspect of the PACK operation in terms of
the regulation of the trim system. The acquired data from the consistency test can

be used to compare estimations of a physics first principles based simulation
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model i.e. SESAC to verify its capability to produce the performance

characteristics under various PACK operating conditions.

4.6 Comparison of SESAC Against the SESAC Simulation

Having successfully demonstrated the capability of the GTF to capture the PACK
performance characteristics in terms of T, P and m under different ambient and
operating conditions, in this section the estimation acquired from a simulation
model based on the first principles of the components physics are compared
against the data acquired through the GTF. The SESAC simulation framework
discussed under Section 4.2.3 has been used to develop a reference simulation
model for the B737-400 PACK. All the RCs have been simulated and compared
against data and RC4, RC5, RC6 and RC7 are selected for demonstration
purposes, as these RCs represent the PACK operation under hot and cold
demand with trim system on and off and are deemed suitable to test and
demonstrate SESAC’s capability. First, the employed simulation model and the
corresponding boundary conditions for the selected RCs are presented and
discussed. Subsequently the overall average relative difference between the test
data and simulation is discussed for the selected RCs. Finally, the T, P and m

test data is corroborated against the simulation at PACK component level.

4.6.1 Reference SESAC Simulation Model

The theoretical and computational development of the SESAC PACK simulation
model for a B737-800 has been reported [15,16]. For the implementation of
simulation in this chapter, the reported model has been reproduced and is
implemented with some modifications in order to represent the B737-400 PACK
simulation. The developed B737-400 PACK model is presented in Figure 4-12.
In terms of the modifications, a dedicated integral controller has been
incorporated to account for the effect of the trim system [20], detailed in Section
2.2. The rest of the model configuration remains identical to the adopted

reference model, elaborated in Section 4.2.3.
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Figure 4-12 Simulation model of the B737-400.

In order to implement the developed simulation model for the selected
RCs, boundary conditions must be defined. The overall required boundary

conditions for the model simulation can be categorised in five parts, as shown in

Table 4-12. As all the experimental testing was conducted at sea level
static conditions, the aircraft state conditions were set to ground operations. The
measured ambient condition, and the Ram mass flow derived using energy
balance equation as outlined in Section 4.5.3, were defined in the model
accordingly for each RC. The bleed air properties (T and P) were taken from the
acquired experimental data. The humidity and water content were set to 0, as
analysis of the humidity is excluded from this study. To meet the cabin demand,
the target temperature was set as the measured WS, temperature as prescribed
in the AMM for the B737-400 PACK architecture [20]. The target mass flow was
set as the measured peak value obtained from the pTCV station, which is treated
as the inferred PV; mass flow, as explained in Section 4.5.3. Finally, the trim mass
flow derived using Eg. 4-15 is set as a trim flow in the model for each RC. All
SESAC simulation were performed with the assumption that the components are

free from degradation. Therefore, the DS level for each component was set to 0.
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Table 4-12 SESAC PACK simulation model boundary conditions

Parameters Description Units

?érr?;i];to:tate Selector (S) 0 (Ground operations) [-]
Ram Mram Heat-exchanger cold mass flow [kg/s]

(Sq[aﬁcr;) und Tamb Ambient temperature K]
Alt Altitude [m]

Ram Mach Mach number [-]
(2: In flight) Area Ram door opening area [m"2]
%Open Ram door percentage open [%6]

PV;-T Bleed temperature K]

Bleed Air PV; - P Bleed pressure [Pa]
properties PV; - SH Bleed humidity [ka/K]
PV; - CO Bleed water content [ka/K]

PCK, - P PACK outlet pressure [Pa]

Cabin demand/ WS outlet

Target WS, - T temperature <
Conditions PV - m Bleed mass flow [kg/s]
Mrim Trim mass flow [kag/s]

One important aspect with regards to the simulation worthy of noting at
this stage is that, as explained in Section 4.5.3, the PV; mass flow is inferred
based on the peak value measured at the pTCV, therefore any uncertainty
associated with the mass flow needs to be accounted for prior to incorporating it
in the model as a boundary condition. The method detailed in Section 4.4.3 for
uncertainty propagation to mass flow calculation was adopted to determine the
estimates for the associated uncertainty error. Figure 4-13(a) presents the
acquired peak value at the pTCV station for RC4, RC5, RC6 and RC7 and the
respective error bounds for the uncertainty. The estimated uncertainty error range
is found to be high and can be attributed due to the use of multiple sensors to
measure the acquired T and P for supporting the mass flow calculations. In
addition, as reported by the authors in their study dedicated to the evaluation of
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the control system of the PACK, it has been demonstrated that the PV maintains
a near constant mass flow due to its design dependency on the pressure drop
across the valve and the ambient pressure. Therefore, any sudden change in
ambient pressure can impose a marginal variation in the mass flow through the
PV [20]. The effect of this marginal change in PV; can also contribute to the overall
uncertainly associated with the PV; mass flow presented in Figure 4-13(a) in
addition to the employed instrumentation for measuring the mass flow. In a study
reported by Skliros et al. [38], the measurement of bleed mass flow using the two
pressure transducers in a Boeing 747 APU lead to a maximum error of around
7%. It was identified that the uncertainly error increased with a decrease in the
measured mass flow. Their findings therefore suggested the use of a differential

pressure transducer to improve the overall mas flow uncertainty error.

In the similar fashion to the PV; mass flow, there is uncertainty associated
with the measured Ram flow. As elaborated in Section 4.5.3, the Ram mass flow
is measured based on the measurements of the temperatures across the cold
and hot side of the PHX, and the measured CMP mass flow. The associated
uncertainly with these measured quantities will propagate to the Ram mass flow.
Using the same method adopted for the uncertainly calculation of the PV;, the
estimate of the uncertainly error associated with the Ram mass flow is calculated

for all RCs and is presented in Figure 4-13(b).

Figure 4-13(a) shows the PV; mass flow values for the simulation, labelled
as PV, (SESACQC). It is evident that the PV; values used for the simulation fall within
the overall uncertainty associated with the PV; mass flow as elaborated earlier.
Figure 4-13(b) shows that the Ram mass flow values for the simulation were
incorporated without making any alterations across all cases. Therefore, from the

overall boundary conditions tabulated in

Table 4-12 only the PV, mass flow was adjusted in order to attain a

consistent match against the overall data in terms of T, P and m. The pressure
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loss coefficients for the HXs (PHX, SHX, RHX, CHX) as well as the mechanical
efficiency of the ACM, were maintained fixed throughout the simulation for all
cases as reported in previous study on the B737-800 simulation[15]. Table 4-13

presents the incorporated boundary condition values corresponding to all RCS.
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Figure 4-13 PV inlet mass flow uncertainty error for selected RCs
Table 4-13 Boundary condition for the reference cases to run simulation
PV; - m (kg/s) ] )
Reference PV; - T (K) PV; — P (kPa) (inf g Myim (K9/S) Tamp (°C) Mg,m (Kg/S) WS, - T (K)
inferred +
Cases (measured (measured) (derived) (measured) (derived) (measured
corrected)
RC4 453.41 367.94 0.600 0.405 6.5 0.666 283.64
RC5 453.94 369.86 0.600 0.396 6.5 0.649 292.23
RC6 453.04 373.84 0.545 0.180 55 0.614 330.40
RC7 456.47 379.54 0.535 0.310 55 0.701 330.51
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4.6.2 Simulation Average Relative Differences

Prior to proceeding with the detailed analysis of the test data against the
simulation it is important to highlight that some discrepancies are inevitable
between the simulation and the test data, and can be attributed due to the
following reasons [15]:

I.  The intrinsic wear and tear of the system. The Boeing 737 being used is a
very old plane and its components are likely to be deteriorated from their

new condition.

ii. The RCs include PACK losses not accounted for in the SESAC, e.g.
component leakages and the losses associated with the interconnecting

duct sealings.

iii. Lack of accurate resolution of the system component performance map
characteristics incorporated in the SESAC components, i.e. compressor,

turbine, heat exchangers.

iv.  The test data may include some level of component fouling in the HXs, or
losses in the mechanical efficiency of the ACM. Such losses are extremely
difficult to account for in a physics based (theoretical) simulation unless
real engineering insight of the system is available. Lack of such
engineering knowledge of the system leads to inevitable discrepancies

when comparing the simulation predictions against the actual data [15].

Due to these reasons the simulation discrepancies in this work are referred
to as the difference rather than the error between the simulation and the test
data. Furthermore, with regards to the mass flow data, the mass flow data is
derived based on the measured T and P, and the differences in mass flow data
therefore also stem from the uncertainly error propagation associated with the T

and P measurement, as elaborated in Section 4.4.3.

The results for the simulation and the data for RC4, RC5, RC6 and RC7 in
terms of the T, P and m are presented in Figure 4-14 and Figure 4-15. These

cases present the PACK operation under hot and cold demand with trim system
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on and off. It can be seen that broadly the simulation captures the performance
characteristics throughout the PACK with good agreement against the data. As
observed in the results, in terms of the temperature comparison with the data the
Merge,, and PCK, present the highest discrepancies, and in terms of the pressure
the highest discrepancies occur across the ACM. The areas of discrepancies
between simulation and data are consistent across all cases, which indicates the
underlying reasons to be the same. This implies that the overall behaviour of the
simulation model against the data remains consistent under different PACK
operating conditions.
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Figure 4-14 (a) Temperature profile and (b) Pressure profile for RC4, RC5, RC6
and RC7
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Figure 4-15 Mass flow measurement and simulation data for (a) RC4 (b) RCS5, (c)
RC6 and (d) RC7

Prior to proceeding with the analysis at the component level between the
data and the simulation. it is deemed practical to first evaluate the average
relative difference for T, P and m. To do this, Eqg. 4-18 is applied to calculate the
relative difference for T, P and rm at each measurement location between the
simulation and the test data throughout the PACK. The measurement locations
are depicted in Figure 4-2. The sum of the difference for these variables is then
used to calculate the average relative difference for each parameter by using Eq.
4-19. Therefore, the average relative difference represents the overall difference
between the simulation and test data with respect to T, P and m for each

corresponding RC [15].

_ (Model — actual data) (4-18)
Rel. Difference = % 100 [%]
actual data
_ 2. Model Rel. Diff at each station (4-19)
Average Rel. Difference = %X 100 [%]

number of stations

Figure 4-16 presents the calculated average relative difference for all the
RCs selected (RC4, RC5, RC6 and RC7). The maximum average relative

difference between the simulation and data in terms of T, P and m across all RCs
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is found to be 2%, 8% and 6% respectively. These results show that the model
can capture the overall temperature variation across the PACK with higher
accuracy compared to pressure and mass flow variation. The higher model
accuracy for temperature can stem from the fact that the heat exchanger
effectiveness maps incorporated within SESAC are able to capture the
performance characteristics of the PACK operating under ground conditions. This
finding is consistent with the SESAC PACK 737-800 analysis carried out under
cruise conditions [15]. With regards to the differences associated with the
pressure and mass flow, these are evaluated in detail by assessing the
temperature, pressure and mass flow throughout the PACK in the following
section for one of the selected RCs, i.e. RC4
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Figure 4-16 Average relative difference calculated for RCs with respectto T, P

and m

4.6.3 Reference Case 4 Analysis and Discussion

Figure 4-17 presents the results for the simulation and the test data for T, P and
m corresponding to RC4 at component level throughout the PACK. In order to
systematically report the corroboration of the overall simulation estimates against
the test data, first the situation related to the incorporation of the PV inlet and
Ram mass flow needs to be clarified. As explained in Section 4.6.1, the model
requires PV inlet and Ram mass flow as boundary conditions. Ram mass flow

dictates the cold mass flow through the PHX and SHX, PHX and SHX, whereas
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the PV; mass flow dictates how the overall energy is distributed through the PACK
core in order to condition the flow against the demanded temperature. Depending
on the demanded temperature, the overall PV; mass flow is distributed through
the hot stream and cold stream of the PACK. Hot streams are represented by the
TCV and trim bypass channels, whereas the flow through the core of the PACK
represents the cold stream, as illustrated in Figure 4-2, and is responsible for the
conditioning of the flow.

In order to accomplish a reasonable agreement between the simulation
and the data, it is vital to match the overall distribution of the mass flow through
the hot and cold streams of the PACK as well as the Ram flow through the PHX
and SHX. The data provides measured mass flow through the core,
measurements at the CMP, station. With regards to the flow through the hot
stream, an estimation of the trim mass flow can be attained based on the
measured mass flow at pTCV and CMP, station, see Eq. 4-15. For the purpose of
simulation, an initial guess for the PV; mass flow was made based on the inferred
peak value measured at the pTCV station, and while keeping the measured Ram
mass flow value fixed through the PHX and SHX, the PV; value was iteratively
changed until a good match for the mass flow through the core of the PACK (at

CMP, station) was attained against the data.

Figure 4-17(c) shows the data and simulation mass flow values for RC4 at
measured, derived and inferred stations. It is evident that the PV; inferred value
was adjusted in order to match the measured core mass flow through the PACK.
The difference between the simulation and the data at CMP, is 3.9% and falls
within the uncertainly error range represented by the error bars. This was deemed
as best match between the simulation and the data, as it leads to a perfect
agreement for temperature throughout the core components of the PACK, as well
as a reasonably acceptable match for the pressure considering the limitations
associated with the resolution of the incorporated turbomachinery maps.

For the temperature profile shown in Figure 4-17(a), the simulation results
are in good agreement with the data throughout the PACK, except the merge and

PACK outlet stations. The overall average relative difference for the temperature
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is 1.84% and predominantly stems from the discrepancies occurring at the merge
and PACK outlet stations, highlighted as dotted red circle in Figure 4-17(a). At
the merge component (Figure 4-2), continuity and energy have to be satisfied.
Referring to the flow through the heat exchangers and ACM as ‘cold’, these

equations are:
r.nPV_i = Mcoq + rhTCV_pri + My, (4-20)
rhPV_i Ctharget = r.ncoldeTcold + rhTCVCpTTCV + mTrimeTTrim (4'21)

In addition, as there can be no pressure discontinuity at the merge, the
pressure at the turbine outlet, the TCV outlet, and merge outlet are the same. The
measured PACK outlet pressure, which is marginally lower than the merge outlet
is imposed as the PACK outlet boundary condition in the model. This imposes a
requirement on the turbine to produce the required expansion in order to match
the downstream pressure of the data. Note that, in terms of the inlet conditions of
the turbine, the temperature of the flow remains the same between the simulation
and data, however the simulation has a 7.4% and 3.9% higher pressure and mass
flow through the turbine relative to the data. This will inevitably result in higher
expansion through the turbine, and therefore higher temperature drop across the
turbine. With these temperature differences at the turbine outlet, the energy
balance between the data and the simulation lead to prominent discrepancies at
merge and PACK outlet stations.

The measured PACK inlet temperature is introduced as the inlet boundary
condition in the simulation model. The simulation provides the estimate for the
PV outlet temperature and suggests that the temperature remains constant
through the PV. Temperature data was not collected at PV outlet, instead, the
measurement of the temperature was taken at pTCV, which corresponds to the
location immediately downstream of the TCV bypass. Since the TCV flow
extraction has no impact on the temperature, the measurement at the pTCV
station represents the PV outlet temperature. The data suggests that as the flow
travels through the PV and approaches the pTCV station, it has a marginal (2K)
drop in its temperature, which can be attributed to heat loss. However, the
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simulation is based on the assumption that these losses are negligible and can

be safely omitted.

Downstream of the pTCV station, the flow enters the PHX, which
significantly cools the air by using the Ram flow as a heat sink. It can be seen
that the temperature drop across the PHX is well matched by the simulation.
Note, the Ram flow for the simulation is introduced in the model based on the
measured Ram mass flow data, and as shown Figure 4-13(b) the incorporated
Ram mass flow simulation values were maintained exactly the same as the ones
measured for the corresponding cases. This suggests that the effectiveness
maps incorporated in SESAC are a good representation of the performance
characteristics of the aircraft PHX. This trend remains for all the heat exchangers
throughout the PACK, i.e. SHX, RHX, and CHX, as the simulation estimates the
change in temperature across all heat exchangers quite accurately, as shown in
Figure 4-17(a). Figure 4-18 presents the acquired effectiveness values for all the
heat exchangers for the simulation against the data; good agreement between

experimental data and simulation is observed.

In terms of the pressure drop across the heat exchangers, Figure 4-19
presents the simulation estimates for the pressure drop across the heat
exchangers against the data. The measured value for the SHX is not included,
as the pressure is not measured there. The simulation reasonably captures the
pressure drop across the RHX and CHX, implying that the implemented pressure
loss coefficients are reasonable, and may require some fine tuning for the CHX.
With regards to the PHX, the simulation over predicts the pressure drop by 3.75%
relative to the data. Which implies that the employed friction coefficient may
require some fine tuning in order to match the pressure drop. Another reason for
the over prediction could also be due to the differences in the core mass flow
(simulation being 3.9% higher) between the simulation and the data. It is
interesting to note that, although the PHX and SHX are identical units in terms of
their design, size, and shape, the pressure drop across the SHX is significantly
lower relative to the PHX. This stems from the fact that the inlet conditions of the

SHX with significantly lower temperature and higher pressure relative to PHX
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leads to increased air density (see Eq. 4-6) which consequently reduces the
friction coefficient (see Eq. 4-22) and influences the loss coefficient (see Eq. 4-
23) resulting in lower pressure drop across the SHX [15,39]. This broadly explains
the pressure characteristics of the heat exchangers throughout the PACK.

f= 1TW (4'22)
2
2PV
L -
" (4-23)
Dy

With regards to the differences associated with the ACM, as already
established, the simulation has a 3.9% higher mass flow through the ACM. The
simulation incorporates the performance maps for the compressor and turbine,
which determine the ACM operating point in order to match the work balance
between the compressor and turbine that are mounted on the same shaft. The
maps corresponding to the B737-400 aircraft could not be attained due to
propriety reasons, therefore the simulations were conducted based on readily
available maps incorporated for the simulation of the B737-800 PACK [15]. This
can be one of the likely reason along with the differences in the mass flow through
ACM that the acquired performance characteristics of the ACM could not be
matched consistently against the data in terms of temperature and pressure. The
simulation over predicts the compressor pressure ratio, which stems from the fact
that due to higher mass flow through the turbine, the power produced by the
turbine to drive the compressor is significantly higher than required. Without
having representative maps for the AMC these differences in the mass flow and
pressure are inevitable from the simulation point of view. Note, a good agreement
is attained between the simulation and data in terms of the temperature rise
across the compressor. The engineering explanation behind why the over
prediction of the compressor pressure does not consistently lead to over
prediction of temperature rise through the compressor is not understood. The
differences in the pressure at the compressor outlet is found to propagate through
the high pressure HPWS i.e. RHX, CHX.
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Figure 4-17 (a) Temperature profile, (b) Pressure profile and (c) Mass flow for
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Figure 4-18 Effectiveness calculated using data and simulation for the heat
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4.7 Summary and Conclusions

In this chapter the development of a novel in-situ ground test facility for the
experimental investigation of a civil aircraft ECS has been reported. The Cranfield
University’s ground demonstrator aircraft B737-400 has been instrumented with
temperature, pressure, humidity, valve rotary sensors, and data acquisition unit.
The validation of the GTF for generating temperature, pressure and mass flow
data has been demonstrated based on the data repeatability and consistency
tests conducted under different ambient conditions and PACK operating modes.
The installed sensor measurement uncertainly and its propagation has been
thoroughly evaluated and incorporated as part of the overall data acquisition

process.

The outcome of the sensor uncertainly analysis suggests that the
temperature sensors have very low measurement uncertainly compared to the
pressure sensors. The error propagation from these pressure transducers results
in a higher uncertainty in mass flow measurement due to the use of multiple
sensors, and therefore it has been identified that differential pressure transducers
should be considered in order to enhance the overall measurement uncertainly.
Installation of the pitot probes for the Ram mass flow measurements failed to
provide usable data due to their installation at the inlet of the PHX, a pitot static

tube installed in the Ram duct is deemed to address this shortfall.
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The acquired data from the repeatability and consistency test suggest that
the GTF is able to generate data that captures PACK components functional
outputs under different ambient conditions and operating modes. The acquired
temperature, pressure and mass flow data is found to obey the first principles of
physics associated with the PACK components design and integration. The
engineering characteristics of the PACK operation in terms of the control system
logic for TCV and trim mass flow are found to be consistently captured by the
GTF under the consistency tests. However, the control of the WS, outlet
temperature could not be captured by the GTF under both repeatability and
consistency tests. The elaboration of acquired data for repeatability and
consistency therefore strongly emphasize that without insights on the inbuilt
control logic of the WS, temperature regulation and the performance
characteristics of the upstream and downstream systems (i.e. bleed air, mixing
manifold, air distribution, and trim system) a systematic repeatability and
consistency of the PACK control characterises cannot be attained.

From the PACK experimental investigation perspective, one of the key
learning resulted from this study is the realisation of the role of upstream,
downstream systems, and the PACK-zone controller on the PACK components
performance characteristics. The second key learning is towards the realisation
of the impact of trim system on the performance characteristics of the PACK core
components specifically the ACM. The trim system can substantially impact the
amount of compression and expansion through the ACM and therefore the
amount of cooling that can be attained under given PACK demand. The tests
conducted for trim system under various PACK demands suggest that the trim
system under cold demand have no practical implication on the PACK
performance and can therefore be maintained off. However, under the hot
demand cases, having the trim system on can influence the performance
characteristics of the PACK which favours the PACK ACM to operate compatibly
under hot demand.

The acquired data is further compared against the estimates of PACK

performance characteristics (i.e. temperature, pressure and mass flow) under
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various PACK operating modes derived based on a physics based simulation
model (SESAC). The estimates acquired from the simulation were found to be in
good agreement with the data in terms of the temperature throughout the PACK
except for the merge outlet and pack outlet temperature stations. With regards to
the pressure, the required results suggest that the pressure characteristics of the
components mounted upstream of the compressor are in reasonable agreement
with the data, however due to inevitable differences in the incorporated ACM
components performance maps, the compressor and the downstream
components pressure characteristics could not be well aligned against the data.
Overall, the maximum average relative difference between the simulation and
data in terms of T, P and m across all reference cases is found to be 2%, 8% and
6% respectively. This was deemed as best match between the simulation and the
data, as it leads to a perfect agreement for temperature throughout the core
components of the PACK, as well as a reasonably acceptable match for the
pressure considering the limitations associated with the resolution of the

incorporated turbomachinery maps.
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5 Boeing 737-400 Passenger Air Conditioner Control
System Model for Accurate Fault Simulation

‘An equation means nothing to me unless it expresses a thought of God.”

- Srinivasa Ramanujan

The aircraft environmental control system (ECS) is a highly integrated and
complex system. The passenger air conditioner (PACK) is the heart of the ECS
and has been reported as a key driver of unscheduled maintenance by aircraft
operators. This is principally due to the PACK’s ability to compensate for
degraded components, and hence mask their real condition, so that when failure
occurs it is a major event. The development of an accurate diagnostic solution
would identify the degradation early and hence focus effective maintenance and
reduce cost. This chapter is a continuation of the previous work on the
development of a systematically derived PACK simulation for accurate fault
diagnostics, utilising a model-based approach. In practise the PACK simulation
accuracy is dependent on a number of factors, which include the understanding
of its control system. This chapter addresses this by taking an in-depth look at
the factors controlling the operation of the PACK in order to enable the gap
between the theoretical understanding of the PACK and the engineering design
of the system to be bridged, and accurate simulations under healthy and
degraded scenarios obtained. The chapter provides a comprehensive
explanation of the PACK control system elements (principally valves) and verifies
their operation based on experimental test data acquired from a B737-400
aircraft. A discussion of the control used in the simulation is then given, resulting
in the correct temperature, pressure and flow being delivered to the cabin. The
overall simulation results are then presented to demonstrate the importance of
employing a systematically derived control logic. They are then further used to

assess the impact of degradation in the main PACK valves.
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Table 5-1 shows the table of content of this chapter. This chapter is
published in the Journal of Thermal Science and Engineering Applications (see

list of publications in section 1.6).

Table 5-1 Overview of Chapter 5

51 Introduction

5.2 | PACK Control System

53 PACK Simulation Model and Controller

5.4 Results & Discussion

55 Conclusions

5.1 Introduction

All commercial aircraft are equipped with an air conditioning system, commonly
known as the Environmental Control System (ECS). The ECS is responsible for
two key functions: (i) providing pressurised air to the anti-icing system, and: (ii)
regulating cabin temperature (T), pressure (P) and humidity. The heart of the ECS
is the Passenger Air Conditioner (PACK), whose components are prone to
degradation, with operators reporting the PACK to be one of the key drivers of
unscheduled maintenance. The overall functionality of the PACK is dependent on
the synergistic operation of various sub-systems - heat exchangers, valves, a
compressor and a turbine - making it a complicated system with maintenance
problems that may not have a clear root cause. Recent studies of the ECS have
reported strong interdependencies between the sub-systems of the PACK,
specifically when subjected to degradation [1,2]. Furthermore, the PACK control
system focusses the performance characteristics of the PACK sub-systems on
set targets, and therefore has the potential to mask degradation in its components
[1]. For these reasons the determination of accurate control logic is vital for

capturing the physics of the system operating in healthy and faulty scenarios.

There is a compelling requirement from industry to identify innovative

retrofit Condition Based Maintenance (CBM) solutions for supporting a robust
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maintenance strategy on legacy aircraft [3]. Model-based approaches for
diagnosis have been predominantly used and purposed for CBM implementation,
due to their intuitive engineering approach. This includes identification of sensor
set optimisation, followed by calculation of the difference between sensor data
and model data to isolate fault occurrences at sub-system level [4-6]. A
simulation model that can accurately capture the physics and engineering of the
PACK at sub-system level, under a wide range of functional scenarios, is
required, both to focus maintenance activities and reduce cost. In collaboration
with Boeing, the IVHM Centre at Cranfield University is conducting research on
the ECS and has developed an ECS simulation model: Simscape ECS Simulation
under all Conditions (SESAC) [7]. Based on the successful implementation of
SESAC, the performance evaluation of the PACK under healthy, and some

degraded, operating scenarios have been studied by Jennions and Ali [1].

The thermodynamic performance characteristics of the PACK sub-
systems such as the Ram heat exchangers, the bleed flow control valve, the
Temperature Control Valve (TCV) as well as the Air-Cycle Machine (ACM) are
found to be strongly influenced by the control logic employed within the simulation
model, especially when components are exposed to degradation. In order to
implement accurate control over the PACK it is necessary to understand not only
the objective goals of the system but also the detailed operation of some of the

sub-systems, i.e. valves, thus providing the focus for this chapter. [1,7]

5.1.1 Scope of work

Previous papers on SESAC have detailed the construction of an ECS simulation
code, capable of replicating healthy flight conditions and some cases of
component degradation [1,7]. In practise this simulation is only as good as the
understanding of the control system allows, and the availability of experimental
data for validation. This chapter addresses the first of these, taking an in-depth

look at the factors controlling the operation of the PACK in order to have the
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highest possible confidence in the validity of the simulations, specifically when

simulating degradation at sub-system level.

In order to understand the PACK control system, it has proved necessary
to understand the engineering of the overall control logic and some of the PACK
elements, to enable the gap between the theoretical understanding of the PACK
and the original design of the system to be bridged. For the aircraft under study,
the Boeing 737-400 (B737-400), the PACK control logic is composed of the

following elements:

I.  Operation of the PACK bleed flow control valve, known as the PACK Valve
(PV)
ii. A built-in overheat protection system
iii.  Operation of the temperature control valves (TCV)

iv.  Control over the Ram air that provides cold air to the heat exchangers

All these topics are appropriately addressed in this chapter. The chapter
provides a comprehensive explanation of the PACK control system elements and
verifies their operation based on experimental test data acquired from the B737-
400 aircraft. PACK simulation results are presented to substantiate the
importance of employing systematically derived control logic to enable accurate
fault simulation. Finally, simulations are conducted to assess the degradation in

control system elements, i.e. PV and TCV.

5.1.2 Overview of the ECS and PACK Functionality

The ECS is powered by bleed air supplied by the main engines or the APU. The
PACK, a schematic of which is shown in Figure 5-1, is the core of the ECS; it
conditions the bleed air depending on aircraft cabin demand. Following the
PACK, the Air Distribution System (ADS) filters and distributes the conditioned
air to the cockpit, cabin and avionics bay. There are normally two PACKSs in most
narrow and wide-body civil aircraft, both PACKs are generally installed in parallel

on either side of the aircraft centreline, on the underside of the fuselage.

Following the sequence of the flow and station numbers shown in Figure

5-1, the PACK PV, receives bleed air at high temperature and pressure, primary
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cooling takes place in the PHX, and secondary cooling takes place in the SHX,
the flow is subsequently compressor in the compressor (CMP,). Cold Ram air
labelled as PHX.; and SHX.;, which originates from outside the aircraft, flows
through the Ram air duct and, after being used as a heat sink for PHX and SHX,
is deposited back into the aircraft’s airstream. After the SHX the temperature of
the bleed air has been substantially reduced and is passed through a series of
heat exchangers within the HPWS in order to treat the air for humidity.
Subsequent to that, the high pressure flow is expanded through a turbine. At the
outlet of the turbine (TRB,) the air temperature can potentially drop below freezing
and, if this occurs, it is addressed by mixing part of the bypass hot bleed flow
through the TCV-Pri. The mixing of this air is controlled in order to match the
PACK outlet temperature against the cabin demand, this temperature is generally

referred to as the target temperature (Tearget) [7]-

The PV and TCV in the PACK regulate the hot mass flow through the
system and the core in order to sufficiently support the overall functionality of the
PACK. This requires a number of control logic paths in order to regulate the valve

positions which will be investigated in this chapter.
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Figure 5-1 Component level schematic of the B737 PACK with the labelling of the

airflow sequence.

5.1.3 PACK Simulation Framework - SESAC

SESAC is a simulation framework that offers the implementation of an object-
oriented modelling approach, enabling a drag-and-drop interface, where each
component of the ECS is independently formulated. This approach allows the
flexibility to integrate components together to represent an overall ECS system,
allowing the acquisition of system performance parameters at each component’s
inlet and outlet. Furthermore, SESAC provides component sub-libraries, e.g. a
dedicated library is assigned to represent healthy and faulty components, and the
ability to input component design characteristic maps [7].

SESAC is capable of simulating the performance characteristics of the
ECS under a wide range of operating conditions and functional scenarios. Fault
severities can be introduced to each component, and multiple faults can be
simulated simultaneously. The theoretical and computational development of

SESAC has been previously reported by Jennions et al. [7].
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5.1.4 Boeing 737 Ground Test Facility

A full scale Boeing 737-400 aircraft ground test facility has been developed at
Cranfield University. The aircraft major sub-systems, such as the ECS and APU,
have been instrumented with various types of condition monitoring sensors [8].
These sensors allow the acquisition of system health state parameters at sub-

system level.

The left-side PACK of Cranfield’'s B737, as shown in Figure 5-2, has been
instrumented with sensors in order to measure pressure, temperature, mass flow
(T, P, m) and humidity (not discussed here) throughout the PACK, located as
shown in Figure 5-1. The aim of this experimental work is to support validation of
SESAC and, in a step towards this, to support the verification of the PACK control
system used in the simulation. The adopted scenarios used here represent: (i) a
fault free, healthy run and: (ii) a faulty run, having an abrupt PACK shutdown due

to a Ram air door failure.
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Figure 5-2 Ground test facility of the Boeing 737-400, Left-side PACK data

collection.

5.2 PACK Control System

The temperature demanded by the aircraft generally ranges between 18°C and
30°C [9]. The flight crew set the temperature demand using the temperature
controls mounted on the P5 overhead panel in the cockpit. This information is
then supplied to the PACK controller, which controls the operation of the PACK

accordingly. Figure 5-3 shows the elements of the control system, comprising:

i.  The PV to control the bleed mass flow into the PACK.
ii.  The in-build thermal switches for PACK overheat protection.
iii. The TCV and Ram air flow control to regulate the merge outlet

temperature.

Each of these is described below, in this order.
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5.2.1 Mass flow Control System

The PV is a butterfly valve with a venturi, a set of solenoids and air chambers,
servo valve, total pressure sensing ports, pressure regulator, control orifice and
a valve positioning indicator as shown in Figure 5-4. It is pneumatically controlled
and actuated and responds to a number of inputs to effectively deliver a constant
mass flow into the PACK. The servo valves are spring-loaded; opening and
closing based on the pressure difference between the upstream, venturi, and
downstream pressures. The air pressure in the chambers keeps adjusting until
the desired mass flow through the valve is achieved. There are 2 different options
available on the P5 overhead panel in the cockpit to run the pack — auto and high
setting. While the auto setting is used for nominal operating condition, the high
setting is used to power a single PACK in case of the other PACK failing. The
high setting is also used on the ground, with single PACK operation, to achieve
maximum cooling. As per the AMM [9], the overall PACK operation can be
divided into two key operational states: (i) ground operation, and (ii) in-flight
operation. During ground operations, since the aircraft main engines are switched

off, the on-board auxiliary power unit supplies the bleed flow to the left PACK
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only, which represents the maximum flow scenario compared to the in-flight
scenarios. During in-flight conditions, the main engines provide the required
bleed flow. In case of any in-flight PACK failure, the single PACK operation is
maintained under high mass flow settings in order to maintain required cabin
pressurisation and temperature. Under normal in-flight operation both PACK work
in unison to supply the demanded cabin conditions. A qualitative view of this is

presented in Fig. 4.

In-flight On ground

« APU bleed

« In case of a PACK failure, the other « Maximum flow through

_fli PACK automatically runs at high : ;
In ﬂlght setting to provide higher mass flow the PACK is achieved
. Engine bleed « Engine bleed

Auto setting (both PACK) Auto setting (single PACK) High setting (single PACK)

Figure 5-4 lllustration of the various PACK operational scenarios and their

corresponding relative magnitude of mass flow.

The PV starts operating as the open-close solenoid C, shown in Figure
5-5, is energised retracting the ball valve actuator allowing controlled air flow
through the control orifice to the actuator. This airflow is supplied by the upstream
sense port. As the pressure in chamber A increases the actuator opens the
butterfly valve and allows bleed air into the PACK. As mass flow through the valve
increases the velocity of the airflow in the venturi and the upstream pressure
increases. This results in pressure drop at chamber B and increase in pressure
at chamber C and D. As the differential pressure in between chamber B and C
increases the spring-loaded servo valve opens releasing pressure from chamber
A. This moves the valve towards its closed position. This increase and decrease

in pressure at chamber A continues until the valve reaches steady-state [9].
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Figure 5-5 Schematic of the PV, adopted and reproduced from Boeing 737-400

AMM [9].

5.2.2 Overheat Protection

The PACK can experience overheat for a number of reasons. Generally, the

PACK overheat can be caused due to: (i) malfunction of a component, e.g.
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sticking of PV, TCV or of the Ram air modulating door, or: (ii) degradation of
components, e.g. fouling or blockage of heat exchangers, or due to fouling or
mechanical damage of the ACM. An aircraft incident occurred due to PV
malfunction on a Boeing 737-700 flight to Melbourne in 2007 [10]. The aircraft
experienced a failure of the right hand engine bleed during take-off. The flight
was continued with only one PACK operational but, subsequently, during the
climb to Flight level 350 (35000ft), the left air conditioning PACK valve
malfunctioned. This resulted in the PACK shutting down and an emergency
descent followed with passenger oxygen masks deploying as the cabin altitude
exceeded 14000 feet [10].

To ensure the safety of the PACK system, three inbuilt thermal switches
have been included in the PACK at different locations, as shown in Table 5-2.
Each switch is prescribed with a temperature limit which, if exceeded, will activate
the corresponding switch and the PACK controller will process the signal to

immediately shut down the PACK by closing the PV.

Table 5-2 Locations of inbuilt thermal switches for overheat protection [9]

_ _ _ Activation temperature
Inbuilt Thermal Switch Location o
limit
Compressor outlet Compressor outlet duct
, 199°C
overheat switch (CMP,)
Turbine inlet overheat Reheater outlet duct 99°C
switch (RHXC,O)
Upstream of the check
PACK outlet overheat valve at the PACK outlet 121°C
switch
(PCK,)

The Ram air inlet supplies the required cold mass flow for the primary
(PHX) and secondary (SHX) cooling of the hot bleed air. In flight, air is readily

captured from the aircraft's motion, but on the ground a small turbo-fan is used
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to force air through the Ram duct. In case of the Ram air door or turbo-fan
malfunctioning the amount of cold mass flow supplied to both the PHX and SHX
is significantly influenced. Under these conditions, it has been established from
previous studies reported by authors [1] that the increase in the PHX outlet
temperature propagates through the compressor and results in an increased
compressor outlet temperature, possibly triggering the compressor outlet

overheat switch.

Figure 5-6(a) presents the test data for a healthy PACK run, having the
Ram air door open and the turbo-fan running. The temperature readings at
compressor outlet, turbine inlet and PACK outlet are shown against the test time.
Both PHX and SHX are supplied with the required cold mass flow and therefore
the temperatures approach a steady state value and remain below the thermal
switch activation thresholds tabulated in Table 5-2. Figure 5-6(b) shows the case
when the Ram turbo-fan malfunctions and both PHX and SHX receive no cooling
flow. Here much hotter than intended air passes through the compressor and
results in a dramatic increase in compressor outlet temperature, and activation of
the compressor outlet thermal switch at 199 °C. In response, the control system

immediately shuts the PACK valve in order to prevent overheating.
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Figure 5-6 Compressor outlet thermal switch activation (a) data during ground
run with the Ram turbofan switched on, (b) data during ground run with the Ram

turbofan switched off.

5.2.3 Temperature Control System
5.2.3.1 Temperature Control valve

There are two TCVs in the PACK — a primary temperature control valve and a
standby temperature control valve. The primary TCV is electrically controlled and
mechanically actuated. The standby TCV is pneumatically and electrically
controlled and pneumatically actuated. These valves are controlled through

162



sensing the WS outlet temperature. While both the TCVs regulate the PACK
outlet temperature by varying bleed air into the turbine merge, the standby
temperature control valve is only used to prevent ice formation at the turbine

outlet.

Both the TCVs are butterfly valves. Based on the error between the demand and
WS outlet temperature an electric motor drives a shaft rotating the butterfly valve
to the desired opening. To enable this the sensor data is processed in the PACK
control unit and the output signal controls the single-phase ac motor to achieve
the lowest cabin demand at the PACK outlet. There are other sensors in the
mixing manifold, and also inside the cabin, which are used to reach the desired

cabin temperatures.

The standby TCV presented in Figure 5-7 provides two different functions: (i) de-
icing and (ii) PACK outlet temperature control (when the primary TCV fails). In
contrast to the PV, the stand-by TCV has two parts — pneumatic and electrical.
The pneumatic side of the valve works similar to the PV. The chambers in the
TCV detect pressure differential across the CHX and based on the valve
upstream pressure it uses the pneumatic actuator to change the valve location.
This part of the valve is used for de-icing in the condenser. There is also a
dedicated chamber which has an electric torque motor and a flapper to isolate
the pneumatic system and use ambient vent for opening or closing the valve

using the pneumatic actuator.

163



C—
CONDENSER CONDITIONED _-_"

TLET DELTA P AIR CHECK VALVE
CONDENSER  (onnecrroN SERVO CONNECTION
INLET POPPET TURBINE MUFF
CONNECTION AMBIENT B COMNECTEoN
,/VENT VENT\ m
Do Boo 004 po W
Hoo. oo bo
o
Chamber F Chamber B PRESSURE
Chamber C DELTA P
HIGH PRESSURE REFERENCE SERVG
DELTA P SERVO PRESSURE TORQUE MOTOR
REGULATOR
FLAPPER M
), AMBIENT SUPPLY [
byl NOZZLE _| i
CHAMBER AN o o _— AMBIENT
2 2 - : VENT
FOPPET Chamber D
VALVE - == =
VENT
RESTRICTOR °
CHAMBER E
PNEUMATIC
actuator —_ N'o 5
A o N3 _, —AMBIENT
e = E—ﬂ VENT
INLET = DISK\% TURBINE MUFF
S CONNECTION
B\ VAN . < ~ ~ a = m < S vy h S ﬂ
§> VISUAL
TRAILING s POSITION
PROBE B INDICATOR
oP E"STST‘”’T TORQUE MOTOR PNEUMATIC
OFEN; @ ADJUSTMEN ACTUATOR
CLOSED ®

HIGH AND LOW

VISUAL POSITION PRESSURE

Legend DELTA P SERVO
[ Upstream pressure s
OUTLET
[C] CHX Inlet pressure (hot side) CONMECTION
REFERENCE CONDITIONED
. PRESSURE AIR CHECK VALVE
[] CHX Outlet pressure (hot side) REGULATOR CONNECTION

CONDENSER
INLET CONNECTION

[[] Upstream/Ambient pressure

[C] Ambient pressure

Figure 5-7 Standby temperature control valve, adopted and reproduced from
Boeing 737-400 AMM [9].

5.2.3.2 Temperature Control Limits

The PACK temperature control primarily acts in two ways: (i) by controlling the
cold Ram air supply by regulating the Ram air inlet modulating flap, and: (ii) by
controlling the PACK outlet temperature through the hot bypass stream by
regulating the TCV, see Figure 5-1.
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It is necessary to regulate the PHX, SHX and turbine outlet temperature to
meet the cabin demand using the temperature sensors listed in Table 5-3. These
two inbuilt temperature sensors, at compressor outlet and water separator outlet,
support the control system with necessary feedback to control the temperature
throughout the PACK, and its compliance against the demanded cabin
temperature. For the latter, the lowest temperature demand from the cabin is
matched as the PACK outlet.

As previously discussed, during aircraft ground operation a small turbofan pulls
in the air through the Ram air inlet. The Ram air inlet is maintained at maximum

opening to ensure maximum possible air flow supply to the PHX and SHX.

When the aircraft is operated at altitude with flaps fully retracted, the mass
flow that can be achieved through the Ram is dependent on the ambient
conditions, as well as the flight Mach number. The PACK controller utilises the
temperature sensor installed at the compressor outlet to control the supply of
Ram air flow through the PHX and SHX in order to maintain the compressor outlet
temperature to as near 110°C as possible. In cases where this temperature limit
exceeds 110°C, the Ram door fully opens, allowing maximum possible mass flow,
under this scenario the Ram door full open light will be on in the cockpit P5
overhead control panel. The overheat protection switch discussed in Section 2.2
will be triggered in case the compressor outlet temperature exceeds 199°C, and
under this scenario the control system will shut down the PACK valve to prevent

overheating.
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Table 5-3 Inbuilt Temperature sensors for PACK temperature control.

Temperature Sensor Location Threshold

Regulates Ram mass flow
Ram air temperature Compressor outlet duct maintain the Compressor
sensor (CMP,) outlet temperature to as

near 110 °C as possible

Regulates TCV opening to

Water extractor outlet duct maintain the lowest
PACK temperature sensor
(WSo) temperature demand from
the zone

To regulate the PACK outlet temperature, the TCV is set to mix hot bleed air with
the cold air coming out of the turbine. The temperature controller processes the
sensor signal from the WS outlet duct, which is then used to open or close the
TCV, to match the cabin temperature demand. A healthy ground run experiment,
with a cabin temperature demand set at auto settings (which represents around
24 °C), is shown in Figure 5-8. Both the WS outlet and the PACK outlet
temperatures approach steady-state at an average of 22°C. Note that the target
temperature for the WS outlet is set to maintain the lowest cabin demand at the
PACK outlet. As the TCV is working continuously to maintain a constant
temperature at the WS outlet by mixing hot air at the merge, the PACK outlet
temperature can oscillate, and can be different from the lowest cabin demand.
The air distribution system, which includes a mixing manifold, the trim system,
and the recirculation system, will then regulate air supply to each cabin zone to

match their individual temperature demands.
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Figure 5-8 Experimental data, WS outlet and PACK outlet temperature.

5.3 PACK Simulation Model and Controller

5.3.1 PACK Simulation Model

Figure 5-9 presents the B737 PACK model based on the SESAC library. The
model configuration in terms of the architecture and flow sequence naturally
mirrors the B737 schematic presented in Figure 5-1. The PACK receives input
bleed air at high temperature and pressure from the engine or APU. It conditions
this air to meet requirements from the cabin. The addition in Figure 5-9 is the two
feedback loops, one for temperature and one for mass flow. The temperature
loop monitors, via a virtual sensor, the merge outlet temperature and controls it
by adjusting the amount of hot air admitted to the merge by the TCV. The mass
flow loop begins with a virtual sensor at the PACK exit and feeds back to the

PACK valve to control the flow against a target value.

The simulation framework SESAC employed within the chapter has been
verified and validated (V&V) against the data provided by the sponsors. The
overall computational development of the framework and its V&V is reported by

Jennions et al. in reference [7].
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5.3.2 Boundary Conditions

In order to simulate the performance characteristics of the PACK, under given
aircraft operating conditions, boundary conditions for the PACK must be defined.
These can be categorised in four parts, as shown in
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Table 5-4: (i) Aircraft state condition. This allows the model to determine the Ram
mass flow, which serves as the input to the PHX and SHX cold streams. The Ram
mass flow is determined based on the aircraft operating conditions, i.e. Mach
number, ambient conditions, and Ram intake geometry. (ii) Bleed air properties,
in terms of T, P, specific humidity, and water content are required. (iii) Target
outlet conditions, i.e. T, P, and . (iv) Component health state, represented by
the degradation severity (DS) which varies from 0 (healthy) to 100 (fully
degraded) [7].
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Figure 5-9 SESAC PACK simulation model for Boeing 737-400, model mirrors the

schematic presented in Figure 5-1 [7].
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Table 5-4 SESAC PACK simulation model boundary conditions [7].

health state

Component Parameters Description Units
Aircraft State Selector (S) | Determines if the aircraft is in flight or )
condition operating at ground static conditions.
1=inflight, O = ground static.
Ram m Ram m is required if aircraft ()
operating at ground static.
(0: Ground
Static) Tamb Ambient temperature (K)
Ram Alt Aircraft Altitude (m)
(2: In flight) Mach Aircraft Mach number )
Area Ram door total area (m?)
%O0pen Ram door opening in % (%)
PV, -T Inlet temperature to PV (K)
Bleed Air PV, -P Inlet pressure to PV (Pa)
properties
PV; - SH Inlet specific humidity at PV (kg/k)
PV; - CO Inlet liquid water content at PV (kg/k)
Ptarget Target pressure (Pa)
Target Trarget Target temperature (K)
Conditions
Miarget Target mass flow (kgls)
Component DS Degradation severity level (%)

5.3.3 Controller for the PACK Simulation

The PACK fundamentally achieves the temperature control through the TCV and
regulates the mass flow through the pneumatic PV system. To ensure that the
target mass flow at the PACK outlet is attained, an appropriate control is required
to regulate the PV. Similarly, a separate controller is required for regulating the
TCV to achieve the target temperature, as shown in Figure 5-9. From the
Simscape library, the integral controller was selected for the control of the PV and

TCV. The schematic of the implemented PV and TCV integral controller are
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shown in Figure 5-10. The controller receives a signal from the virtual sensor and
calculates the error relative to the target value. A gain is used to amplify the error
which is then provided as an input to the integral block. The physical signal (PS)
integrator block outputs the integral of its input at the current time step. The
integral block requires an initial condition in order to determine the initial state at
the beginning of a simulation run (e.g. at time = 0). The following equation

represents the output of the integral block for the PV [11]:

t=1 (5-1)
Y(t) = f U(t)dt + vyo
to
Where, in the case of mass flow control:
u Amplified mass flow error
Y Output PV angle
Yo Initial condition for PV angle
t Simulation time
Where:
T,, — Sensory -
Error = — o (5-2)
T

The solver computes the output of the integrator block at the current time step,
using the current input value and the value of the state at the previous time step.
To support this, the integrator block saves its output at the current time step for
use by the solver to compute its output at the next time step. Iteratively, the

integrator block will continue to perform the computations until the error is zero
[12].
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Figure 5-10 Implemented PS integrator controller for the PV and TCV control in
the SESAC PACK model.

Figure 5-11 presents the response of the integral controller when
simulated for healthy and faulty conditions. The faulty condition represents a 50%
degradation in the PACK PHX. It can be observed that the response of the
controller is robust and time efficient. In both cases, an overshoot can be
observed which can be attributed to the initial condition provided to the integrator
in terms of the valve angle. For example, in the case of the mass flow, the
provided initial condition of the PV angle leads to a higher mass flow than the
target, hence the overshoot. The controller therefore reduces the angle through
the iterative process in order to match the mass flow. The model presented in
Figure 5-9 with the integral controller for PV and TCV can now be implemented

for the assessment of fault simulation of the PACK at component level.
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5.4 Results & Discussion

This section is presented in two main parts. In the first part, the PACK
performance characteristics in terms of temperature, pressure and mass flow are
presented for two reference aircraft cruise operating conditions. Degradation in
the PHX is simulated under both conditions, this is done with the view to assess
the robustness of the model under varying boundary conditions, and to
substantiate the importance of employing systematically derived control logic to
enable accurate fault simulation. In the second part, model simulations are
conducted to simulate malfunction in the PV and TCV, and their impact on the

PACK performance characteristics is discussed.

5.4.1 Integral Controller-Based PACK Fault Simulation

Table 5-5 presents the two reference cruise operating points considered for the
demonstration of the PACK fault simulation. The developed SESAC simulation
model presented in Figure 5-9 was implemented to simulate the degradation in
the PHX at various degradation severity levels for both references cases. The
PACK boundary conditions for both reference cases were provided by the project
industrial partner. In Table 5-5 the inlet, and the outlet target boundary conditions
are provided in terms of the PACK inlet pressure, PACK outlet mass flow and the
temperature (i.e. target mass flow and temperature). During cruise, the bleed air
is extracted from the main engines high pressure compressor, and generally
multiple bleed extraction stations are included in order to extract bleed flow at
different levels of pressure. It can be observed from Table 5-5 that, as the aircraft
altitude increases from 30000ft to 3500ft between RC1 and RC2. The higher RC2
altitude, having lower outside temperature relative to RC1, considering the heat
balance over the aircraft, the cabin temperature demand will rise, therefore
demanding relatively cooler flow. To allow the PACK to deliver cooler air flow, the
bleed pressure (PV; - P) is increased so that the air is supplied to the PACK at

higher pressure to allow higher expansion through the ACM turbine.
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Table 5-5 Reference cases implemented for fault simulation.

Reference Case Altitude PVIP Mtarget (kg/s) Ttarget (K)
1 30000 ft 191 kPa 0.4434 295.54
2 35000 ft 230 kPa 0.4234 284.42

5.4.1.1 RC1 PHX Degradation

Figure 5-12 presents the simulation results under PHX degradation for RC1. For
the degradation of the PHX, the blockage in the PHX cold side intake is
considered. The sticking of relatively large dust particles, debris and/or random
foreign objects (e.g. a bird), ingested from outside the aircraft through the Ram
air intake, cause heat exchanger degradation due to blockage. This flow is not
filtered before it is supplied to the PHX, and therefore there is a risk of large dust

particles or foreign objects passing through the Ram air intake.

Blockage in the PHX cold side inlet will cause a drop in PHX effectiveness.
To simulate the blockage, the PHX effectiveness value acquired under healthy
conditions was gradually degraded (at 10% intervals) in order to simulate various
severity levels (e.g. a 10% degradation translates to 10% reduction in the PHX
healthy effectiveness value). The reduction in the PHX effectiveness
consequently reduces the heat transfer through the PHX and increases its outlet
temperature as presented in Figure 5-12(a). The PHX and SHX are identical units
in terms of their design, size, and shape. The large temperature difference at PHX
outlet is carried through the compressor unchanged and then the SHX removes
most of the excess heat, its outlet temperature only changing slightly. Effectively
the PHX and SHX are acting together as one large heat exchanger (Figure 5-1),
both using the Ram air to cool the main flow. They each receive 50% of the Ram
air but the SHX can use it more efficiently than the degraded PHX. The entire
temperature deficit is not recovered due to the cold Ram flow to the SHX being
limited. This results in the overall effect of the PHX fouling on the turbine outlet

temperature being minimal.
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Due to the increased temperature at the merge, the TCV gradually shuts
to allow more mass flow through the turbine in order to achieve maximum
expansion and cooling efficiency. The closure of the TCV creates a back pressure
on the PV outlet, creating a reduction in pressure across the PV (Figure 5-12b).
As the pressure differential across the valve decreases, the mass flow drops.
With increasing level of degradation, the mass flow controller opens the PV, as
shown in Figure 5-13, in order to attempt to match the target mass flow. Until the
point where the PV is fully open and cannot deliver any more flow. At this point,
under further degradation, the PACK inlet mass flow decreases in order to satisfy
the merge conditions, given the PV cannot open any more. The PV saturates at
90% degradation, which corresponds to the maximum back pressure on PV, as
the PV, - P approaches PV; - P (Figure 5-13), resulting in a marginal drop in PV
inlet mass flow (Figure 5-13c).
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Figure 5-12 PHX degradation simulation results for RC1.
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Figure 5-13 Variation in PVIP, PVOP, and PV angles, PHX degradation simulation
results for RC1.

5.4.1.2 RC2 PHX Degradation

The simulation results for the PACK performance characteristics under PHX
degradation are presented in Figure 5-14 for RC2. It is evident from Figure 5-14
that the performance characteristics remain similar to RC1, except the mass flow.
In terms of the mass flow it can be observed that, relative to the RC1, the mass
flow at the PV inlet remains constant for all the degraded cases, despite the
presence of back pressure on the PV. The PV is able to maintain the target mass
flow against the imposed back pressure caused due to the closure of the TCV.
This stems from the fact that even in the worse degraded scenario the PVOP
remains substantially lower than the PV; - P (Figure 5-15b), resulting in sufficient
pressure drop across the PV to maintain target mass flow. The PV under these
conditions is only required to marginally adjust its opening to match the target
mass flow as shown in Figure 5-15(c). Based on the results acquired for both
RCs, it can be claimed that the proposed PACK control logic in section 5.3.3
enables the acquisition of accurate engineering design and physics of the PACK
both under healthy and degraded functional scenarios. The model can now be
further used to assess malfunction in PV and TCV.
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Figure 5-14 PHX degradation simulation results for RC2.
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5.4.2 Malfunction of Control Valves

This section presents the results acquired based on the simulation of PV and
TCV malfunction for RC1. The malfunction for PV and TCV is simulated by
overshooting or undershooting the valve angle from the healthy baseline valve
angle presented in Table 5-6. The impact of PV and TCV valve malfunction on

the performance characteristics of the PACK is presented at various severities.

5.4.2.1 PV Malfunction

Table 5-6 presents the percentage overshoot and undershoot of the PV relative
to the baseline healthy valve angle. The simulations are conducted by changing
the PV controller saturation limit to the corresponding values of the
overshoot/undershoot, while making no changes to the TCV controller. The
acquired results in terms of temperature, pressure and mass flow are presented
in Figure 5-16. As shown in Figure 5-16 (c), the overshoot of the PV results in
increased mass flow through the PV. This is to be expected as the PV opening
increases, reducing the pressure drop across the PV and allowing more mass
flow. The increased mass flow through the core of the PACK increases the

expansion through the turbine, resulting in colder turbine outlet temperature
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relative to the baseline, as shown in Figure 5-16 (a). Under these conditions, the
TCV is required to increase the supply of hot mass flow in order to match the
target temperature. As tabulated in Table 5-6, the TCV valve opening increases

with increase in the severity of the overshoot.

Interestingly, as highlighted in Figure 5-16 (a), the PHX outlet temperature
increases as a result of the PV overshoot. This can be attributed to the fact that,
as more hot mass flow is fed through the hot side of the PHX, the Ram mass flow
on the PHX cold side remains unchanged. Therefore, the heat transfer across the

PHX drops, which results in the increased PHX outlet temperature.

With regards to the undershoot of the PV, exactly the opposite response in the
PACK performance characteristics can be observed. The closing of the PV
results in reduced overall mass flow relative to the healthy case, this reduces the
mass flow through the core, which reduces the expansion through the turbine,
resulting in warmer turbine outlet temperature relative to the healthy case. The

TCV must close in order to reduce the hot mass flow to match target temperature.

Table 5-6 TCV variation with PV malfunction.

% PV Overshoot/undershoot PV Angle (° TCV Angle (°)
40 56.0 22.5
30 52.0 22.2
20 48.0 21.9
Healthy 40.0 20.4
-20 32.0 18.9
-30 28.0 17.6
-40 24.0 15.7
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5.4.2.2 TCV Malfunction

Table 5-7 presents the percentage overshoot and undershoot of the TCV, relative
to the baseline healthy valve angle of RC1. The simulations are conducted by
changing the TCV controller saturation limit to the corresponding value of the
overshoot/undershoot, while making no changes to the PV controller. The
acquired results in terms of temperature, pressure and mass flow are presented
in Figure 5-17. In the case of overshoot, the increase in TCV opening relative to
the healthy case will alleviate the back pressure from the PV, which will increase
the pressure drop across it, resulting in reduced PACK inlet mass flow. In this
scenario, relative to baseline the core mass flow drops which consequently
results in warmer turbine outlet temperature, as the expansion through the turbine
reduces compared to baseline. With the TCV being stuck at increased opening
angle, the hot mass flow through the TCV increases, as a result the temperature
at the merge outlet overshoots the target temperature. It can be said that, in a
scenario where the TCV overshoot severity increases well beyond 30%, the
PACK outlet overheat thermal switch (see, Section 5.2.1, Table 5-2) which has
an activation threshold of (121°C/394 K) will be activated, and the PACK control
system will shut down the PV to prevent overheating. Lastly, due to the drop in
core mass flow, while cold mass flow through the Ram remains unchanged,

resulting in improved heat transfer across the PHX relative to healthy case.

In terms of the TCV undershoot, which represents the closing of the TCV relative
to the healthy case, due to the closing of the TCV, the back pressure on the PV
increases, reducing pressure drop across PV, against this back pressure, PV
opening increases, and so does the mass flow through the core. Due to increased
core mass flow, and turbine expansion, colder turbine outlet temperature results
when compared to the healthy case. As the TCV is undershooting and is stuck,
this leads to the lack of sufficient hot mass flow supply through the TCV, and as
a consequence the merge outlet temperature undershoots the target
temperature. For a fixed cold Ram mass flow, the increased core mass flow also

has a detrimental impact on heat transfer through the PHX.
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Table 5-7 Variation in PACK performance characteristics parameters under TCV

malfunction.
% TCV Overshoot/undershoot PV Angle () TCV Angle (%)
30 36.9 26.4
20 37.8 24.4
10 39.0 22.4
Healthy 40.0 20.4
-10 43.6 18.4
-20 47.1 16.4
-30 50.2 14.4
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5.5 Conclusions

In this chapter, the overall control system of the B737-400 PACK has been
investigated in order to support the implementation of an accurate simulation
model for fault diagnostics. The PACK control system elements, i.e. mass flow
and temperature control valves, Ram flow control, and overheat protection control
system, are discussed and their operation is verified against the actual data
acquired from the Cranfield B737-400 aircratft.

Based on the assessment and understanding of the PACK in-situ control
system improvements in the previously employed PACK control system are
proposed for accurate fault simulation. An integral controller for the control of the
TCV and PV are proposed, and implemented to simulate PHX degradation at
various severity levels at two reference aircraft cruise conditions. Based on the
acquired results it was verified that the proposed control logic accurately captures
the engineering and physics of the PACK under both health and degraded
functional scenarios. Finally, the simulations were further exercised to assess the
malfunction in the TCV and PV at various severities. The impact of TCV and PV
malfunction on the PACK performance characteristics in terms of temperature,

pressure and mass flow was presented and discussed.

The B737-400 PACK simulation proposed in this chapter enables the
accurate fault simulation of the sub-systems at various degradation severities,
which serves as a foundation for formulating accurate diagnostics. The
developed model application will be further extended to produce a robust
diagnostics solution for an aircraft PACK.
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6 Summary and Future Works

‘However life may seem, there is always something you can do and succeed

at.

- Stephen Hawking

This chapter summarises the key findings and highlights the contributions made
within this PhD. It concludes with a discussion on the potential areas for future
work associated with the 737 Ground Test Facility (GTF) developed during this
research.

6.1 Thesis Summary

Ensuring safety of the aircraft is the primary concern for both the manufacturers
and airliners. The routine maintenance of key systems of the aircraft to prevent
accidents or unplanned downtime is seen to increase the maintenance costs to
billions of US dollars per year [1]. The Boeing Company, funding body of this
study, has reported the aircraft Environmental Control System (ECS) of the
legacy aircraft Boeing 737 to be a major driver for maintenance [2]. A number of
incidents associated to the B737 ECS has also been highlighted in chapter 1 and
2 [3—6], regarding abrupt cabin pressure loss due to ECS failure. Researchers in
the past have focused on developing diagnostic methods dedicated towards the
ECS system. To contribute to the field of ECS diagnostics, the aim of this PhD
research was to conduct a comprehensive experimental investigation of a Boeing
737-400 ECS including humidity and to use the experimental data to compare

against the IVHM Centre’s in-house model-based simulation platform, SESAC.

A methodological approach highlighting the aim and objectives of this PhD
was published in the Annual Conference of the Prognostics and Health
Management Society 2019 [7]. The objectives and potential contribution sectors
evolved with the progression of the PhD and was highlighted in Chapter 1. The
methodology consists of 4 phases: Literature review, Experimentation,

Simulation V&V, Humidity analysis and Thesis. Through these phases, 4
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contribution sectors were set for this PhD C1-C5. Following are the summary of

the contributions made through this PhD research.

6.1.1 Contribution 1

A literature review on the diagnostic methodologies that can be applicable to the

ECS is presented in Chapter 2. This chapter is currently in the process of

submission to a journal for publication. Following are the summary of the findings

made from the literature review:

It has been found that the diagnostic work in the past has mostly focused
on the heat exchanger degradation. Model-based approach has been
seen to be widely used in the context of heat exchanger degradation
studies and it is primarily due to scarcity of data available from aircraft. A
taxonomy of different diagnostic methods available is presented in
Chapter 2.

Although one of the key functionalities of the ECS is to regulate humidity,
the failure mode and diagnostic study for the High Pressure Water
Separator (HPWS) is missing from the open literature.

The ECS consists of multiple subsystems and the mass flow around the
system is regulated by dedicated control logic and valves. These valves
have the capability to mask any fault occurrences. In addition to that, in an
integrated system like ECS the fault can propagate through the system,
making the diagnostic activity very difficult. Analysing ECS at a system
level provides knowledge of component interdependencies for which
system-level simulation models are required. It has been found that the
simulation model discussed in the past were primarily developed and used
for design purposes, except for SESAC. SESAC has the capability to
perform comprehensive healthy and degraded simulation studies.

The system-level simulation study on the ECS fault occurrence and the
model-based diagnostic methodologies are dependent on the accuracy of
the model, therefore, a comprehensive V&V of the model to be used is
crucial. In the past there has been a few experimental investigations

conducted on the ECS, but they were on the ECS with Low Pressure
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Water Separator System and the data collected was largely based only on
the temperature readings. Therefore, a need for a 737 GTF on a civil
aircraft ECS PACK with a HPWS system is deemed necessary.

v. As highlighted earlier, the control system and the valves regulating the flow
within the ECS to meet target conditions have potential to mask any fault
occurrences. From the literature review it has been identified that there is
a lack of emphasis on the study and impact of control system on the PACK

performance.

6.1.2 Contribution 2

A novel 737 GTF on a B737-400 aircraft was developed targeting the left-hand
side ECS PACK and is discussed in Chapter 4. This chapter is submitted to the
Journal of Applied Thermal Engineering and is currently under review process.

The sensors to be installed were selected based on the operating temperature
and pressure range of the PACK. The sensor lists included thermocouple,
pressure transducer, humidity, and rotary sensor. The mass flow at selected
locations has been measured using total-pressure head manufactured by the
Cranfield Gas Turbine Laboratory and the static pressure and temperature
readings measured at respective locations. Thorough laboratory tests have been
conducted on the pressure transducer and thermocouple to understand the level
of uncertainty in their measurements. Subsequently, the sensors were installed
and the PACK was assembled back in-situ with the data-acquisition unit sitting
inside the ECS bay. This setup allows a permanent base for experimental
research on the 737 ECS PACK as the bay door can be closed off with a power
supply and ethernet cable running out from the bay. Following that, a few tests

were conducted to verify the usability of the GTF.

I.  Functionality test: The ECS was powered on with APU bleed and all the
seals were manually tested for any leakages.

ii.  Sensor continuity test: The sensors installed were all checked for data
collection. The locations from which data collection failed were highlighted

and alternate routes were identified and discussed within Chapter 4.
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iii.  Temperature, pressure, and mass flow measurements: Three sets of data
under different ambient temperature with same target condition were
collected and discussed. The data was found to capture the first principles
physics of PACK at a component and system level.

iv.  Consistency test: Aircraft data was collected under different operating
conditions, i.e. hot-cold demand with trim on-off. As theorized, data
showed that for colder demand the mass flow through the core of the
PACK increases to maximise cooling. It was also noted that for cold
demand, regardless of the trim being on or off, the mass flow through the
core of the ECS PACK increases to maximise cooling. Overall, the GTF
captures well the first principles physics of the PACK performance under
different operating conditions.

6.1.3 Contribution 3

In Chapter 4, the comparison study between aircraft data and simulation was
presented and discussed. The PACK simulation model developed using SESAC
for Boeing 737-800 model presented by Jennions et al [8], has been modified to
replicate the Boeing 737-400 variant. As the turbomachinery and heat exchanger
maps are unavailable for the -400, the existing maps incorporated within the -800
model was used for running simulation. It was identified that the simulation
broadly captures the PACK performance except at the Merge,, and PCK,, in terms
of the temperature and at the ACM in terms of pressure. The maximum average
relative difference between the data and simulation in terms of Temperature,
Pressure and Mass flow was found to be 2%, 8% and 6%, respectively. These
discrepancies were found to be consistent across all reference cases (hot-cold
demand and trim on-off). The pressure difference at the ACM was suspected to
be due to the mismatch in performance characteristics maps incorporated for the
turbomachinery. Additionally, the mass flow variation between the data and
simulation across the bypass valves (TCV) and the core was also considered to
be another reason behind the higher discrepancies in terms of pressure and mass
flow at the ACM. The difference in mass flow at the merge consequently impacts
the energy balance where the hot and cold air is mixed, resulting in a difference
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in temperature between data and simulation at the Merge,,, and PCK,. Following

are a list of learnings attained from this study:

A perfect agreement for temperature throughout the core components of
the PACK, as well as a reasonably acceptable match for the pressure
considering the limitations associated with the resolution of the
incorporated turbomachinery maps.

The control system greatly impacts the overall PACK performance as it
directly impacts the mass flow split across the system.

Having the trim system on from the P5 overhead panel in the cockpit can
substantially impact the overall energy balance across the PACK. It
directly impacts the compression and expansion at the ACM affecting the
amount of cooling attained by the PACK.

The data collected at ground operation with single PACK running
suggested that under colder demand, the trim system had no practical

implication on the PACK performance and therefore can be maintained off.

6.1.4 Contribution 4

A comprehensive study on the control system (valves and PACK protection

system) and verification of their operation based on aircraft data from 737 GTF

was provided in Chapter 5. Aircraft data was also used to detect ram door fault

occurrence. This chapter was published in the Journal of Thermal Science and

Engineering Applications [9]. The list below gives a summary of different aspects

of learning associated to the control system:

The PACK is found to be governed by a control system which has three
different elements, mass flow control through PACK valve (PV),
temperature control through Temperature Control Valve (TCV) and ram air
modulating door, and PACK protection system.

The PV is pneumatically driven and pneumatically actuated, therefore it
does not have any dedicated electronic sensors. On the contrary the TCV
is electrically driven based on the thermal sensor and reading, and it is
pneumatically actuated. In Chapter 5 details on the working principle of

both the valves were discussed in detalil.
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iii. The PACK protection system prevents the system from overheating by
utilising three temperature switches as discussed in Chapter 5. Aircraft
data collected from the 737 GTF is used to demonstrate normal operating
condition across each thermal switches and the temperature control at the
WS, and PCK,.

iv.  The fault detection capability of the 737 GTF was demonstrated using data
collected for an abrupt PACK trip occurrence. The data suggested CMP,
temperature to reach threshold limit which caused the activation of the
PACK protection system. Based on CMP, and PHX,, temperature readings,
the root cause of the PACK trip was discovered to be due to closing of the
ram door. The ram door closure resulted in less cold mass flow through
the PHX cold side, consequently making the heat exchanger ineffective.

v. The integral controller embedded within SESAC was fine-tuned to achieve
temperature, pressure, and mass flow simulation data under healthy and
multiple level of component degradation. The PHX degradation simulation
results were presented and discussed in Chapter 5 to demonstrate that
the controller system can capture the engineering and physics of the
PACK under both health and degraded functional scenarios.

vi. Finally, the PV and TCV malfunction simulation study in terms of
temperature, pressure and mass flow was presented and discussed in
Chapter 5.

6.2 Future Work

The experimental work with the ECS does not end with the work conducted in
this PhD, rather, the GTF developed opens doors to numerous future research
activities. For which it is first necessary to address to the lessons learned and
assumptions taken during this research work and extend the sensor installation
to bleed air system, mixing manifold and cabin to complete the instrumentation
of the entire ECS. Following that the GTF can be used for humidity analysis and

fault mode studies.
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6.2.1 Improvement of existing Ground Test Facility

From the experimental data analysis demonstrated in chapter 4 it is evident that
the mass flow measurements are greatly influenced by the presence of
uncertainty. It also has been showed that the mass flow distribution across the
hot and cold side of the PACK impacts the overall PACK performance. Even
though the mass flows obtained for this research falls within the calculated
uncertainty limit based on the maximum error associated to the sensors used, the
results can be further improved by incorporating differential pressure transducers
for the mass flow measurements. Furthermore, the bleed mass flow at the inlet
of the PACK was estimated based on mass flow continuity theory using the
measured mass flow at the core and the pTCV location. The broken pitot-static
tube installed at the inlet of the PACK can be fixed to measure the actual bleed

mass flow.

Considering the lessons learned based on the experimental work and the
evaluation of test data carried out in this PhD, the following list of improvements

to the existing setup are recommended:

i. The pressure sensors used for the mass flow measurement can be
replaced with the pressure differential sensors. This will improve the
measurement uncertainty for mass flow as suggested by a sister project
in [10].

i. The PV inlet mass flow sensor in the current set-up is damaged, this can
be corrected with some efforts to dismantle the required section(s) of the
PACK, and its reinstallation post correction.

iii.  The ram mass flow has been assumed based on data provided by Boeing,
therefore, pitot static probe can be installed at the ram inlet, attached to a
pressure differential sensor for measurement of the ram mass flow.

iv. A non-intrusive sensor can be installed on the turbine outlet duct to

measure the turbine outlet temperature.

The existing set-up provides performance data of the PACK only. One of the
key learnings from this PhD is the realisation of the PACK performance

interdependencies with the upstream (bleed air system) and the downstream
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systems (i.e. mixing manifold, air distribution and trim). The installation of non-
intrusive temperature sensors on these systems will allow insights on how the
PACK-zone controller is regulating the temperature throughout the PACK under
imposed cabin demand. The acquisition of temperature data from the PACK
through to the cabin can allow insights on how the characteristics of the PACK
upstream and downstream systems influence the control of the TCV and trim
valves. This information can then allow systematic testing of the PACK with
traceable control system decision, allowing acquisition of robust PACK
performance data that obeys both the physics and engineering of the overall

system.

6.2.2 Humidity Data Analysis

One of the key aspects of the ECS is to regulate humidity, for which it uses a set
of heat exchangers (RHX and CHX) and a WS. To study the HPWS relative
humidity was measured across each component for all the reference cases.
However, due to time restriction it was not possible to analyse the humidity
variation across the HPWS. Based on the temperature, pressure and relative
humidity measurements, the thermodynamic properties of the gas-vapour
mixture can be evaluated. Assessment of air properties within the HPWS will help
understand fault occurrences and its implication on HPWS performance
characteristics. Furthermore, the specific humidity of the air within HPWS for the
reference cases can be obtained by using a psychometric chart and the
measured temperature, pressure, and relative humidity. It is also necessary to
perform tests on the humidity sensors installed on the GTF to estimate the level
of uncertainty associated with the measurments. This can support verification of
the humidity modelling within SESAC. Subsequently, the degradation simulation
study can be performed using SESAC on the HPWS components.

6.2.3 Experimental Degradation Simulation

The 737 GTF is heavily instrumented with temperature and pressure sensors at
the inlet-outlet of each component within the PACK. In this research the fault
capturing capability of the GTF was demonstrated using data from the aircraft in

Chapter 5 through identifying ram door malfunction. This GTF can also be used
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to perform other component degradation experimental investigation, tabulated in

Error! Reference source not found..

Table 6-1 Preliminary list of faults that will be experimentally tested

Fault modes Conditions

_ Between 0% open - 90% open in
Heat exchanger fouling (PHX and SHX) _
intervals of 10%

Between -30° to +30° at an increment of

Valves malfunctioning (PV and TCV)
10°

) o Between 0% open - 90% open in
Ram air door sticking _
intervals of 10%

With regards to the PHX and SHX degradation, the effectiveness (g) of the
heat exchanger depends on the mass flow and inlet temperature at the hot and
cold side as shown in Eq. 6-1. In SESAC, the e,y is estimated from a
performance map based on hot and cold mass flow across the heat exchanger
[11]. Based on this, the PHX and SHX cold (ram) side can be covered to simulate
blockage. The drop in cold mass flow due to blockage reduces the HX
effectiveness and hence increases the PHX; , temperature. The data collected
can then be used to verify the heat exchanger degradation analysis using SESAC

presented by Jennions and Ali in [11].

Tetixho = Tprxhi — Emaps(Tprxhi — Tram,i) (6-1)

The Ram air door sticking has similar impact as the PHX and SHX
degradation, as for this failure mode the mass flow in the cold side also
decreases, hence, impacting the HX effectiveness. The ram door malfunction
demonstrated in Chapter 5 demonstrates 100% blockage. For future work the
ram air inlet area can be covered at a percentage of the area to gradually
decrease the ram mass flow and collect data for ram air door sticking failure

mode.
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The mass flow across the core is regulated by the PV and TCV. The
functionalities of the valves are explained in Chapter 4. It is understood that the
opening of the primary TCV is regulated by an electric motor based on the
temperature readings. A potentiometer can be used to rotate the motor to obtain
desired opening of the valve. This will allow to manually regulate the valve
opening to simulate fault occurrence. In case of the stand-by TCV there is a built-
in manual override knob that can be used for adjusting the opening of the valve.
The data collected for TCV malfunction at different angle can help in
understanding the impact of the fault occurrence on the PACK performance and
can also be used for the verification of the fault simulation analysis presented in
Chapter 4. Finally, the findings from both the healthy and fault injection
experimental investigation using the 737 GTF will support development of the
ECS diagnostic solutions and identification of optimised sensor locations to

detect maximum fault occurrences.
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