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ABSTRACT

Two new methods for the simulation of gas turbine fuel systems, one based on
an inter-component volume (ICV) method, and the other based on the iterative
Newton Raphson (NR) method, have been developed in this study. They are able
to simulate the performance behaviour of each of the hydraulic components such
as pumps, valves, metering unit of a fuel system, using physics-based models,
which potentially offer more accurate results compared with those using transfer
functions. A transient performance simulation system has been set up for gas
turbine engines based on an inter-component volume (ICV). A proportional-
integral (PI) control strategy is used for the simulation of engine control systems.
An integrated engine and its control and hydraulic fuel systems has been set up
to investigate their coupling effect during engine transient processes. The
developed simulation methods and the systems have been applied to a model
turbojet and a model turboshaft gas turbine engine to demonstrate the
effectiveness of both two methods. The comparison between the results of
engines with and without the ICV method simulated fuel system models shows
that the delay of the engine transient response due to the inclusion of the fuel
system components and introduced inter-component volumes is noticeable,
although relatively small. The comparison of two developed methods applied to
engine fuel system simulation demonstrate that both methods introduce delay
effect to the engine transient response but the NR method is ahead than the ICV
method due to the omission of inter-component volumes on engine fuel system
simulation. The developed simulation methods are generic and can be applied to
the performance simulation of any other gas turbines and their control and fuel

systems.

A sensitivity analysis of fuel system key parameters that may affect the engine
transient behaviours has also been achieved and represented in this thesis.
Three sets of fuel system key parameters have been introduced to investigate
their sensitivities, which are, the volumes introduced for ICV method applied to

fuel system simulation; the time constants introduced into those first order lags to



simulate the valve movements delay and fuel spray delay effect; and the fuel
system key performance and structural parameters.
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1 Introduction

Performance simulations have been widely used in modern gas turbine engine
designs in order to shorten design cycles and reduce development costs. Such
simulations can be classified into design point, off-design steady state, and
transient performance simulations depending on how the engines are operated.
Engine transient performance simulation is very useful in the initial stage of
engine development. For example, it will be able to assess the safety of transient
operations of new engines including acceleration and deceleration, and to
provide a numerical test-bed for the development of control systems including the
investigation of the control system dynamic behaviour and the coupling between
the engines and their control systems.

In recent years, the developed engine models based on system performance
simulations has drawn the interest of researchers or engineers to not only use
them on new system development, but also on the real engine operations in
recent years. Numerical engine models are capable of predicting some important
indirectly measured control variables which are required through engine
operations such as compressor stall margin (SM), turbine entry temperature
(TET), and engine net thrust. With the huge progress of modern Full Authority
Digital Electronic Control (FADEC) systems, researchers tried to integrate the
developed engine performance models into the Electronic Engine Controller
inside the FADEC to build a new generation of engine systems which were
named “Intelligent Engines”. This concept was first investigated in American
Versatile Affordable Advanced Turbine Engines (VAATE) program. [1]

An engine system, a controller, sensors, and a hydraulic fuel system are four
basic elements of a gas turbine propulsion system. Most currently developed
engine models only focus on the simulation of engine systems and their
controllers but ignore the sensors and actuators or treat them as first order
lags.[2] Such simplification ignores the non-linear effect of these physical
components and their impact on the whole systems and may cause noticeable
prediction errors. In the operation of gas turbine systems, the flow rate of fuel

injected into an engine combustion chamber is not only decided by the controller,



but also affected by the execution of fuel control actuators including pumps,
valves, and metering units. [3] Therefore, fuel output delay and fluctuation due to
fuel system response will directly affect engine combustion and engine

performance during transient processes.

To investigate the fuel system effect on engine transient performance simulation,
fuel system transient performance model are required to be established and
integrated into the engine system simulation. However, it is found in relevant
literature that no available method has been analysed. Thus, it is worthwhile to
develop a new method for the fuel system transient performance prediction to

investigate the fuel system effect on engine system transient simulation.

An inter-component volume (ICV) method has already been analysed and widely
applied to the transient performance prediction of a series of engine systems. To
an engine fuel system with highly incompressible working fluid fuel, this method
can be extended to establish the new method for the fuel system transient
performance prediction. The simulation results of an integrated model engine
coupled with its fuel and control systems will be compared with the model engine
only with its controller to estimate the effect of fuel system introduced into the

engine transient performance simulation.

In addition, as the ICV method has to introduce compressibility into a system
where the working fluid fuel oil is always considered incompressible, a Newton
Raphson method that ignores the fluid compression behaviour is also developed
as an alternative simulation method to compare with the ICV method simulation
results. In this thesis, both of these methods are introduced to establish the
engine with its fuel and control system models and the difference is estimated by

comparing the simulation results between these two models.



2 Literature Review

2.1 Engine Performance Analysis Technology Development

2.1.1 Engine Steady State Prediction

Engine performance calculations play an important role in the engine concept
stage and development program since they can shorten the design cycle and
reduce the development cost, and are even required throughout the system
operation. Before the 1960s, most of these calculations were implemented by
hand, although some computer programs had been developed for particular
engines calculations. The performances of individual components were first
predicted especially for the axial flow compressors such as Howell summarizes
in Refs. 4, 5.

After components’ performance prediction work had been completed, the engine
system steady state performance prediction was needed by the researchers and
engineers to determine the required component characteristics and understand
the components’ operation and interaction. Mallinson et al [6] and Goldstein et al
[7] presented good examples on how to implement such work manually, without
adequate computing facilities, in the early stage of engine performance
calculations. Component performances were represented through charts with all
the necessary parameters. Those charts are still indispensable tools of modern

engine system performance simulations.

In the late 1960s, digital computers became more and more popular to establish
computer engine models for the engine steady state performance calculation.
The advantages of using those computer models were speed, economy,
flexibility, reliability and extreme accuracy. [8] In the early stages, a computation
program was only written to a particular researched engine case. However, to
free the researchers and engineers so that they did not need to spend so much
time on writing similar programs when they would start new case studies,
flexibility became an important issue in designing the calculation programs.
Typical examples of the developed simulation programs applied to different

engine type simulations at that time were represented by Chappell and Cockshutt



et al [9-10], Palmer and Annand [11-12], McKinney [13-14], and Koenig and
Fishbach [15-16], Macmillan [17], etc.

References 9-12 introduced two design point (DP) programs including the NRC
programs and ‘TURBOCODE’ program. Engine DP is a particular operating
steady state point where the engineers decide the engine configuration and the
required components’ performance. This point calculation is undoubtedly the
starting point of each engine performance prediction study. Details of each
program have been sufficiently introduced in these references. The progress of
these programs were the introduction of a three-level building block approach into
the program development to improve the flexibility of these programs. The three
levels include the top level master control program, and two lower levels called
engine component subroutines and thermodynamic data generators. Through the
engine simulation, the master segment handles the calculation sequence and

calls the required subroutines from the bottom two levels.

In the NRC programs, as the computation sequences had been pre-described in
the system, each developed program could not be altered for other types of
engine simulation. This arrangement restricted the flexibility of programs and
soon was changed by the TURBOCODE program. In TURBOCODE program, the
three-level structure was inherited, but users were permitted to arrange
calculation sequences between the top level and the bottom two levels. This
design approach largely increased the flexibility of the program and such an
arrangement was still taken on some simulation programs in service. Another
feature of the TURBOCODE program is its “loop” ability on incrementing some
engine or component parameters each time. This can reduce re-input times when

the users want to study the important parameters’ effects with different values.

The DP program was only used for one specific point calculation. However, the
capability of simulating one point is not enough for those programs when
researchers need to perform off-design calculations. Engine off-design steady
state simulation aims to establish a “balanced” engine at each operating
condition. The calculation has to solve a series of non-linear aerodynamic and

thermodynamic equations using some iteration. Some constraints, like air flow



continuity, power balances, and some conservation laws, etc. have to be satisfied
and details of these constraints are illustrated in Ref. 17. As engine operation is
the co-operation of those constituent components such as compressors,
combustors, and turbines, these non-linear equations are expressed by the
component characteristics form instead of a linear algebraic form. The non-linear
nature of these characteristics requires a trial and error approach to obtain a final
solution of the performance simulation. Macmillan has illustrated the
development of this trial and error approach from a basic iteration technique to
the most widely applied Newton-Raphson method taken in SMOTE, GENENG,
TURBOCODE, etc. Detail descriptions of engine steady state calculation
procedure are exhibited by Walsh et al [18] and Pachidis [19] for different selected

engine configurations.

A great advantage of SMOTE, summarized by McKinney, was the component
map scaling method which had been widely adopted in most modern
performance programs. To a theoretical or hypothetical engine in the concept
design stage, those component maps used for engine simulation cannot be taken
from actual existing ones. This method provides the possibility to scale new maps
from old ones for the purpose of simulation. However, the SMOTE program was
only developed for turbofan engines and the illustrations were quite simple.
Macmillan inherited McKinney’s method and provided a more detailed and
generalized illustration of scaling method on each required component of engine
simulation. To improve the flexibility of a developed program, Palmer proposed a
modular design concept which tried to build a set of subroutines called “Bricks”
under the program master segment. These bricks can either be the engine
components or the connecting interface between those components. Users who
simulated their engines only needed to organize these bricks and the calculation
sequence of the program was decided by these arrangements. This largely
increased the flexibility of the program, so that users could analyse many
configurations of fixed and variable engines, as did Macmillan, and this idea was

referenced by many followers in developing their programs.



2.1.2 Engine Transient Performance Prediction

Engine transient performance simulation is used to estimate the engine dynamic
behaviour from one steady state condition to another, such as that during
acceleration or deceleration processes. Although the continuation of energy,
mass, and momentum is still satisfied, equilibrium of work, mass flow, and heat
transfer within an engine system will be broken during a transient process. It was
first carried out to fulfil the engine control requirement in the early 1950s. For this
purpose, engine behaviour was described as a first-order lag system with a time
constant. The real non-linear operation procedure such as acceleration was
simplified as a linear differential equation which is the function of engine fuel flow
and shaft speed near a steady state operating point. [20] Otto et al [21] first
fulfilled this research on both acceleration and deceleration analysis of a typical
single-spool turbojet engine with a centrifugal compressor. The simulation was
carried out on a set of inlet conditions but altitude was kept constant. The results
showed that such a linear approximation only provided good transient
characteristics near the steady state operating regions. Within a large transient
procedure, the author pointed out that there was only a fair agreement with
experimental results on acceleration but a poor level of agreement on
deceleration process. The reasons which produced such differences were the
linear model assumption and the constant burning efficiency assumed in the

simulation.

Similar research on the same engine type was taken by Heidmann [22] to analyse
engine time constant and turbine entry temperature (TET) overshoot due to the
effect of the variation of some independent variables such as compressor tip
Mach number, ram pressure ratio and component efficiency. Engine time
constant is a characteristic that measures the time of engine speed response to
the fuel flow change and TET overshoot is the result produced by the step change
of fuel flow. In this research, a corrected time constant was used by considering

the effects of engine size and operation altitude.

A series of transient behaviour researches based on the linear engine model were

carried out for different engine configuration applications like a turboprop engine,



an engine with afterburner and two shafts turbojet engine. Moreover, fuel control
systems were designed by using the developed linear engine models. It should
be noted that in Novik [23], a second order lag linear system instead of a first
order linear system was introduced to specify different spool speed responses of
multi-spool engines. More research work during this period by using linear engine
system simulation were described by Palidis [24].

Linear system models described by simple time constants and partial derivatives
are proved to be accurate only at small perturbations from steady state operating
points. To better represent the non-linear engine operation on a transient phase,
a non-linear system simulation method is required. Two main developed methods
have been fully researched and calculation processes are well established
including the “Mass Flow Continuity (MFC)” method and “Inter Component
Volume (ICV)” method. The first MFC method on transient research was carried
out with the analogue computer by Larrowe et al [25]. The researchers made use
of a number of special electro-mechanical “map-readers” and utilized dc
analogue voltages to represent practical variables of engine systems. By
connecting different analogue engine “components” to form the simulation model,

mass flow continuity was satisfied automatically.

Before the late 1960s, most engine performance predictions were investigated
based on an analogue simulation where the MFC method had been used. That
research exhibited that analogue simulation proved more powerful in exploratory
studies. However, due to the advantages of digital simulation, more emphases
were placed on digital simulation, by engineers such as Dennison [26], Mueller
[27], Durand [28], Bates [29], Bauerfeind [30], etc. Dennison and Mueller
established their models for control purposes but paid less attention to
representing the thermodynamic behaviour of engine systems. Durand’s
simulation of a one-spool turbojet engine exhibited a good match between the
simulation results and experimental tests. Bates and Bauerfeind both carried out
their research on two-spool turbofan engines. In Bates’ work, engine simulation
was fulfilled on two numerical platforms based on FORTRAN and MIMIC. The
comparison showed that the FORTRAN program was running much faster than



the MIMIC program. In Bauerfeind’s research, the heat soakage effect on an

engine system was introduced throughout the simulation.

In the early 1970s, Fawke and Saravanamuttoo [31-32] compared the relative
advantages of engine simulation on both analogue and digital computers. At the
same time, Fawke and Saravanamuttoo [33] first introduced the ICV method and
summarized both the two aforementioned simulation methods: i.e. the iterative
method (or MFC method) and the ICV method, on digital computer simulations.
The iterative method assumes the working fluid air/gas continuity through the
whole system and the entire operating time. This requires some parameters
which values are guessed such as compressor pressure ratio and non-
dimensional turbine flow, plus a series of iteration cycles to force the engine to
directly jump from one operating point to another. [34] In the ICV method,
assumed volumes are added between adjacent components to store or release
extra air produced by the imbalance of mass flow rates between two components
appertaining to the volume. A transient engine model developed by using this
method can estimate the system’s dynamic behaviour during each required

individual short period throughout the entire transient process.

To a specific engine study, computing time by using either of these two methods
is almost the same except for the large inertia of a high bypass turbofan’s low
pressure shaft which largely increases the calculation time of the ICV method.[35]
Unlike the MFC method, which only simulates engine dynamic behaviour due to
shaft rotational speed changes affected by the variation of the injected fuel flow
rate, the ICV method provides a more accurate description of transient processes
by considering the air/gas compression phenomenon between the connecting
components inside the system. However, both methods are proved to be
accurate in some applications. Li et al pointed out some suitable cases for each
method. [36]

Generally, the use of the ICV method was only adding assumed volumes
between connecting components like compressor, combustor, turbine and
nozzle. However, Seldner et al [37] not only used this method to simulate the

whole engine dynamic behaviour but also introduced it into the conjunction



volume calculation between each of the two neighbouring stages of both
compressor and turbine to consider the inter-stage gas dynamics. Generally,
these inter-stage gas dynamics were ignored by using the traditional component

characteristic map simulation method.

With more research being carried out to predict engine dynamic modes, the
mismatching between simulation and experimental results invoked the realization
of additional issues affecting on engine transient operation. These issues can be
summarised as heat storage effect, mass storage effect, combustion
inefficiencies effect and heat transfer. Research development about these
affecting issues on engine transient behaviour was introduced in Prof. Palidis [24]

Doctoral Thesis. In his research, various such issues were analysed, including:

a) component inefficiencies;

b) clearance movements including blade tip clearances and seal clearances;

c) heat transfer effects produced by the component heat capacities and
compressor characteristic variations;

d) engine reheat operation;

e) degree of mixing in a mixed nozzle configuration;

f) the pressure effect due to the value of air specific heat value; and

g) the selection of engine fuel schedule types, etc.

Particular research was focused on the tip clearance variation caused by the heat
transfer effect, however, the author also mentioned another issue which was that
the axial movements between the rotary and stationary components should be
specified in the future work. This research was implemented on the thermal and
mechanical model of one simplified stage. Similar research on more specified

whole engine model was carried out by Nylor [38].

Researches described above were mostly off-line simulations to investigate
engine transient behaviours. However, with the development of digital engine
controls, integrated flight-propulsion controls, and engine diagnostic systems,
Daniele [39] concluded that real-time engine simulations should be taken to

facilitate more advanced control technology development.



Simulations were first carried out successfully on hybrid computers such as
Szuch et al [40-41], for two low-bypass, twin spool, augmented turbofan engines
TF30-P-3 and F100-PW-100. Both results had proved that the requirements of
simulations had been satisfied and that the accuracies were maintained.
However, Richard et al [42] pointed out that the difficulty of programming, lack of
portability, and high costs were great considerations in restricting the
development of this kind of simulation. Another available method is to use
simplified process models (or called “piecewise linear models”) by linearizing the
non-linear models at some selected operating points. However, as linear models
are not accurate enough to describe the non-linear system operation, this type of
simulation is not an appropriate method for further application. Richard and
Daniele reported an acceptable simulation method at NASA Lewis Centre by
using high speed microprocessors and a parallel processing simulation
technique. DIGTEM, a digital real time simulation computer program for two spool

turbofan engines had been developed based on this method. [43]

Owing to the large enhancement of digital computer capability and maturity of
transient performance calculation methods, a variety of digital computer
simulation platforms have been developed and reported in the 215t century.
Typical examples are NPSS [44-46], C-MAPSS [47-48], GasTurb [49-50], GSP
[51], TERTS [52], etc. Users with these platforms can implement both engine
steady state and transient simulations and even engine control researches on
different engine applications. An object-oriented graphical user interface (GUI) of
each system is provided to ensure a quick understanding and easy operation of

the simulation environment.

Performance evaluation, controls design, engine test direction and analysis, and
engine health monitoring are the most important applications of engine
mathematical models development. [53] The conventional engine models for
performance evaluation can be referred to as Component Level Models (CLMs).
Most engine models in previous introductions belong to this type. The CLMs
consist of a number of individual components (like intake, compressor,

combustor, turbine and nozzle) and these components are arranged following the
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real installation of engine systems. Each component model is represented by a
series of aerodynamic and thermodynamic equations, maps, or tables, etc. By
giving the values of a number of input parameters, one component will generate
one or more output variables to the following components’ calculation. With the
calculation of engine components one by one and by use of the introduced steady
state or transient simulation method, the engine performance will be analysed. In
addition to the CLMs, Sun [54] has also summarized other developed engine
model types like state variable models, adaptive models, and intelligent models
for more advanced engine control and health monitoring technology
development.

2.2 Gas Turbine Engine Fuel and Control System Development

2.2.1 Control System Development from Hydro-mechanical System
to FADEC System

To ensure the optimum running of a gas turbine engine in given conditions, a
control system is required to control a series of actuators installed in the engine
system. The increased complexity of engine systems over the past several
decades leads to the development of control systems from original hydro-
mechanical fuel control systems to modern full authority digital electronic control
(FADEC) systems. The usage of fuel flow for engine shaft speed control,
developed in the first generation control system, is still the main control strategy

in most modern aircraft propulsion systems. [55]

Control systems can be manually or automatically operated to regulate engine
behaviour. The first to be developed was a throttle lever, to allow pilots to
manually control fuel flow into combustors of Whittle engines in the early
1940s.[56] In 1950s, the effects of flight altitude and speed change, and the
variations of air speed, temperature, and density, on engine systems, had been
recognized. These inputs had to be adjusted by the pilot manually at first. [57-58]
However, manual operations were soon found to be difficult and dangerous and
could cause a series of problems like compressor stalling, combustor lean die-

out or rich blow-out, turbine over-temperature. [59] In the early stages, control
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systems were simple mechanisms consisting of a number of cams and levers

and they were developed for specific applications.

In the 1960s, analogue computers were introduced into the hydro-mechanical
control systems of Rolls-Royce Conway, Spey, and RB211 engines with five
limited trimming control functions including the fuel flow of combustor and
augmenter, position of inlet guide vane (IGV) and variable stator vane (VSV),
bleed/cooling valve settings, exhaust nozzle position, and rotor speed feedback.
[60] The mechanical part was developed to be a combination of a number of
valves, springs, levers, cams, shafts, and seals like the Hamilton Standard JFC-
60 till 1970s. [61]

The fuel flow was regulated by a fuel metering unit (FMU) and a speed governor
which were the main parts of a hydro-mechanical control system. The pressure
difference between both ends of the FMU was always maintained at an even
value and, in that case, the metered fuel flow rate was only proportional to the
adjusted opening orifice area inside the FMU. This kind of fuel metering method
has been inherited by modern applications. The speed governor was initially
applied on a steam turbine engine control and employed in jet engines by
changing its material composition and miniaturizing the sizes. The centrifugal
force of rotating two bob weights which are the main parts of the speed governor
controls the cam displacement through a combination of springs and levers to
detect the engine shaft speed and adjust the pressure difference of the FMU.
According to the detected rotational speed, the required engine fuel flow rate can
be automatically measured and injected into combustion chamber.

Notwithstanding that the hydro-mechanical control systems had reached a high
level of sophistication and reliability by the 1970s, the higher requirements for
engine system development like high thrust engines, high bypass-ratio engines,
or over-boost and over-temperature avoidance made the engineers realize the
shortcomings of hydro-mechanical control systems. In addition, the high weight,
large volumes, difficult operation, and high cost of maintenance were also

compelling reasons to force engineers to find a better solution for the coming
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problems. Digital electronic devices such as microprocessors, therefore, were
utilised to design the new generation of engine control systems. [62]

In the early 1970s, high level regulatory functions were introduced into the
American engines owing to the newly-designed digital electronic control units
(ECUs) such as the Digital Electronic Engine Control (DEEC) unit for P&W F100
engine. The purpose of its regulatory function is to calculate speed or temperature
set-points and provide sole control responsibilities for some non-critical controlled
variables.[20] In the early 1980s, a first flight investigation of DEEC system on an
F100 engine in a F15 military aircraft was carried out by NASA cooperating with
U.S. Air Force and Pratt & Whitney. [63] The success of system tests resulted in
the full production of F100 DEEC units before the end of the program.[64] The
application of DEEC unit on jet engine control was a milestone, representing the
transition of engine control systems from traditional hydro-mechanical types to
digital control. However, because of the high reliability of hydro-mechanical
control system, this type of control system has not been discarded but installed
on the propulsion system with a smaller size to be a “backup” safe guarantee.

Full authority digital electronic control (FADEC) system is a further improvement
of digital electronic control units. “Full Authority” which in an ECU is considered
to be its ability to control an entire engine operation from start-up to shutdown
according to the pilot’s throttle command. [20] It was first applied as a single
channel FADEC system but then changed to its modern appearance as a dual
channel FADEC system to improve the system redundancy and reliability. Joby
[65] mentioned that the first civil twin-channel FADEC system flight test was
carried out on Rolls-Royce Olympus engine in 1976. In Link et al [20] report, the
first dual-channel FADEC flight test on a military engine deployed F100 DEEC

system.

In the 1990s, Pratt & Whitney developed a FADEC system which eliminated the
back-up hydro-mechanical control system, since it was proved to provide enough
redundancy and reliability. [60] The FADEC system has been chosen to be the
only control system for air propulsion engines since that phase. Except for the

control functions on regulating engine operation at maximum efficiency for which
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control systems had been designed, more test functions were attempted to be
integrated into FADEC systems such as: a) the embedded mathematical engine
models to improve engine performance and diagnostic ability; b) the usage and
life tracking algorithms, and c) the improvement of microprocessor speeds and
memory technologies. Accessory actuation systems governed by the FADEC
displayed a great improvement by accepting more electro-mechanical
components. New sensors were developed and applied especially for engine

health management. [20]

In the last ten years, advanced electrical technology and new mathematical
control algorithms have been developed and are being used to achieve better
hardware and software for FADEC systems. Typical examples are multi-variable
control systems, intelligent control systems, and distributed engine control
systems. Control system for only one parameter control like speed control is
named as “single input single output” (SISO) system. However, the requirements
of more control signals and higher performance and functionality for more
complex engines promotes the development of “multi-input multi-output” (MIMO)
control systems for multi-variables control tasks. FADEC system provides the
availability for multivariable control of engine systems. Successful applications of
MIMO system developed by the industry were F414-GE-400 and F135 engines’
FADEC systems.[66]

Intelligent engine control (IEC) systems and distributed engine control (DEC)
systems are still in research, performing through lab tests but not in practice. The
concept of aircraft intelligent engine control was taken from aerospace reusable
propulsion engines to increase their reliability, durability, and maintainability.
Those in designed rocket control systems integrated a variety of control and
diagnostic functions including: life extending control; adaptive control; real-time
engine diagnostics and prognostics; component condition monitoring; real-time
identification, and sensors/actuators fault tolerances. [67] Owing to the
development of aero-propulsion FADEC systems, the benefits brought to rocket
engines were recognized and absorbed by the researchers and engineers to
further improve the capability of FADEC systems.
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The main feature of IEC systems is the integration of mathematical engine
models into the digital computers inside FADEC to represent the real engine
behaviour. With the feature, to describe engine operation mathematically, the
control and diagnostic functions mentioned on rocket IEC systems can be all
achieved to improve engine performance such as reducing the maintained safety
margins on traditional sensor-based control system and providing some indirect

measured variable control methods such as thrust or surge margin control.

The DEC system is also a research hotspot of the aircraft propulsion industry
currently. The traditional used control system is always centralized architecture
(Fig. 2.1(a)) which means that there exists only one FADEC system as a brain to
control other parts of the propulsion system like FMU, VSV, VBV, etc. However,
just as the name says, the centralized architecture has been attempted to be
changed as a distributed architecture described in Fig. 2.1(b). The integrated
FADEC system has been replaced by a number of “smart nodes” receiving digital
data from the controller through a robust data bus and controlling each specific
actuator by themselves. Great benefits are brought by using these DEC systems
described in Ref. 68 including increased engine performance, mission success

improvement and life cycle cost reduction.

(a) Centralized Architecture (b) Distributed Architecture

Figure 2.1 Schematics of traditional centralized architecture and distributed

architecture of engine control system [68]
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2.2.2 Simulation Methods for Engine Control and Fuel System
2.2.2.1 Engine Control and Fuel System Description

Control systems can be mainly divided into two categories including open-loop
(or feed-forward) and closed-loop (or feedback) systems, represented in Fig.
2.2.[2] Generally, open-loop control is faster than closed-loop control, however,
this type of control has to follow a prescribed schedule and control accuracy
cannot be guaranteed. In contrast, as closed-loop control is based on the
modification of error between desired output response from the command and
measured actual output value from the engine system, this control type is more

accurate and widely accepted to control gas turbine engines.

Open-loop Control System

Command Controller Actuator Engine
Desired ggsmzlét\e/atnj ee Change System
output for control » control » being — Output
response variable(s) variable(s) controlled

Closed-loop Control System

Command Controller Actuator Engine
Desired Compute the Change System
desired value _ N ; _
output for control » control » being » Output
response variable(s) variable(s) controlled
A
Measure
actual <
output(s)
Sensor

Figure 2.2 Block Diagrams of Open-loop and Closed-loop Control Systems [2]

An Engine, a controller, actuators, and sensors are four basic elements needed

to construct a gas turbine engine control system. An engine controller for the gas

16



turbine system can be compared to the brain in human beings. It receives
command orders to recognize operators’ requirements; processes Sensors’
monitored data to observe the current situation of the engine system; determines
the proper control orders from the embedded control algorithms and control laws;
and governs actuators with these orders to regulate engine’s next step operation.
In advanced control applications, engine embedded numerical models and
measured health data for diagnostics and prognostics are all stored in the

controllers.

Actuators are devices which execute orders from the controller to control engine
system operations. According to the roles which actuators play on engine system
control, they can be mainly divided into three categories: fuel control actuators
(e.g. fuel metering valves); position control actuators (e.g. VSVs, VGVs, and
thrust vectoring of military engines); and air/gas flow actuators (e.g. air bleed
valves). In addition, actuators can also be distinguished within their working
mediums including hydraulic actuators such as load-bearing actuators (or a
piston-rod-cylinder) and servo valve actuators, pneumatic actuators such as

bellow valves, and electric actuators such as torque motors and stepper motors.

Sensors are used to measure specific properties of engine systems. The
measured data values can be taken as the feedback for the control system or
used to estimate the health of engine systems. According to their functions, the
applied sensors can be divided into five categories including gas path sensors,
vibration sensors, oil and debris sensors, actuator feedback sensors, and
damage sensors. [2]

An engine fuel system meters the required fuel flow rates for engine combustors
and afterburners. It is a combination of a FMU and a number of accessory fuel
flow delivery components such as pumps, valves and filters. A typical FMU
consists of a fuel metering valve and a control mechanism combination to adjust
the metering valve opening position. This control mechanism can be designed to
be of different types according to the selection of the fuel metering valve. A rack
and pinion mechanism driven by a stepper motor is designed to adjust the

position of a needle valve for fuel metering. A linear variable differential

17



transformer (LVDT) combined with an electrohydraulic servo valve will
alternatively be applied to control the movement of a load-bearing type actuator

to meter fuel flow rate. [69]

The two mentioned types of FMUs are designed based on the principle that the
fuel flow rate is the function of both the valve opening area and the pressure
difference between the inlet and outlet ports of the valve. If the pressure
difference is kept constant, the metered fuel flow rate is proportional to the orifice
opening area. In addition to this basic fuel metering principle, Rowen [70] has
illustrated another type of FMU by adjusting the excess fuel given by the fuel
pump to achieve the fuel metering task. In this FMU, a bypass valve driven by
two LVDTs and a servo valve is allocated to recirculate the excess fuel back to
the inlet of the pump.

2.2.2.2 Simulation Methods of Control System

Simulation of control and fuel systems can be classified as digital simulation,
semi-physical simulation, or physical simulation. Due to the expense, difficulty of
modification, and long-term testing, semi-physical and physical simulations are
mostly used by the industry to test their products’ stability and reliability because
they use real components and can fully represent system behaviour in the
experiments. On the contrary, simulations based on digital computer can be much
cheaper and more easily modified. The mathematical representations of system
models and operating states provide researchers with a direct and easier
understanding. In this section, only the developed digital method for control and

fuel system simulation will be introduced.
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Figure 2.3 Block Diagram of a PID Controller

Proportional-Integral-Derivative (PID) control is by far the only accepted control
algorithm applied to control real engine operation and the most commonly used
method on controller simulation. A developed controller based on this method is
called a PID controller (see Fig. 2.3). It aims to minimize the error e(t) between
setpoint r(t) and engine output y(t) through three prescribed actions:
proportional (P), integral (1), and derivative (D) actions to be the input for engine

adjustment.

According to the mathematical expression shown in Fig. 2.3, output of
proportional (P) action is simply proportional to the control error. This action can
quickly eliminate the error but will produce a system residual error between the
system output and control set-point. The function of integral (I) action is to
accumulate the instantaneous error and offset the oscillations or the system
residual error. The derivative control action aims to speed up the system
response and improves the system stability by predicting the error change rate.
However, this action cannot eliminate the system residual error. This action is
mainly used in the systems which have an obvious time lag to the disturbance of
control variables. For most industry applications which have no obvious time lag
effect to the control variables, only Pl instead of PID has been applied. A

mathematical version of PID controller is described in Eq. 2-1. [71]
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de(t) (2-1)
dt

u(t) = K, Ie(t) + F—[;) e(t)dt+ T,

l

As shown in Eq. 2-1, controller gain K, integral time T;, and derivative time T,
are three corresponding adjustable parameters to a PID controller. [72] Tuning of
these parameters to find their optimum values for the desired control response is
very difficult. Several methods like Ziegler and Nichols’ tuning method [73] or IMC
tuning method [74] have been developed and applied on control parameters’
tuning. Manual tuning is the simplest of these methods. A great advantage of this
method is that it does not need any mathematical correlation of these three
parameters’ relationships on different controlled system applications but only
settles the value of each parameter and observe the system behaviour. However,

better tuning with this method requires vast experience and costs a lot of time.

With the development of modern control theory, more advanced control methods
have been applied to achieve better performance and add more functions to the
engine control systems. Linear quadratic regulator (LQR) is a time-domain
method which has been applied on aero-engine multivariable control (MVC)
method development to account for multi-loop interactions and to optimize engine
performance since the 1970s. [75] LQR is taken to derive the optimal control law
of a linear dynamic system at minimum cost described by a quadratic function.
The solution process of this method on a general time-varying linear system is
described in Ref. 76. In the F100 Multivariable Control Synthesis program
developed by Air Force Aero-Propulsion Laboratory (AFAPL) and NASA Lewis
Centre, LQR was applied to design and test a practical multivariable control of an
F100 engine based on a hybrid simulation. [77]

The Inverse Nyquist Array (INA) method is a frequency-domain method also used
for MVC of aero-engines. Frequency domain methods are very popular in the
control design because they are not sensitive to the model order and modelling
error. However, as computers always process calculations in the time-domain,
these frequency methods are not widely applied until some professional
programs such as MATLAB based programs have been developed for the

simulation. Traditionally used frequency domain methods such as root locus and
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Bode plot are not appropriate in the MVC design because MVC requires transfer
functions to synthesize the controller. INA was first developed by Rosenbrock [78]
for the multivariable control systems design application using inverse transfer
function matrix. It aims to achieve an approximate decoupled dynamic system by
using matrix transformation to allow those classical control methods applied on
each of the engine transfer functions. [2] McMarron [79] used this method on a
new low-order multivariable controller development of a 4th-order linearized aero-

engine model.

H,, control is also a frequency domain method in the optimization theory to
mitigate the effect of parameter uncertainty and stabilize the control system.[80]
It seeks to maintain the influence of exogenous inputs on a designer-defined
performance output below a prescribed value. [81] The strength of the input
influence is measured by infinity-norm. In the CMAPSS-40k program, Richter [81]
illustrated the H,, synthesis method used to obtain the control gains of a two-
spool turbofan engine to control the fan speed. Similarly, based on a CMAPSS-
40k two-spool turbofan engine model, Kolmanovsky et al [82] established an H,,
controller to track three set-point commands including engine pressure ratio
(EPR), VSV, VBV with three control inputs: the fuel flow rate, commanded VSV
and VBV positions.

A suitable controller designed to control a system requires an accurate model
established to represent the system behaviour. However, in some complex
systems such as aero-engines, mathematical descriptions of system models
cannot accurately be easily achieved. Fuzzy set theory proposed by Zadeh [83,84]
found that using linguistic variables and fuzzy algorithms could provide an
effective and more accurate description of such complex systems. By using this
theory, a fuzzy logic controller is designed and has been used on a variety of
applications such as a steam-engine boiler combination, a communication
satellite, a servomotor and an aircraft flight control. [85] Balakrishnan et al [85]
have reported a fuzzy computing algorithm developed to control a single spool
turbojet fuel flow rate based on the prescribed TET data logic. To further improve

the fuzzy control strategy, Balakrishnan et al [86] reported a rule-based fuzzy
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logic controller designed to control a two-spool turbofan engine under
development.

2.2.2.3 Simulation Methods of Fuel System

Previous simulations of engine fuel system mostly focused on the delay effect of
fuel metering actions on engine dynamic behaviour. In this case, typically, a used
fuel metering valve (actuator) was treated as a first order lag but other accessory
components were omitted. [2] Owing to the development of professional digital
simulation environments, fuel systems’ traditional physical simulations based on
real components are allowed to be replaced by numerical simulations with
mathematical component models. A typical example of such a simulation

environment is AMESIim.

AMESIim is a one-dimensional lumped time domain platform developed for
engineering systems simulation. It is made up of many sets of standard pictorial
symbols integrated into different libraries including mechanical, control, hydraulic,
pneumatic and thermal libraries. Simulation of researched systems first builds the
sketch of system models by adding those selected icons to a drawing area. The
icons are integrated with the mathematical descriptions of system components.
Components’ designed features and parameters can be set by clicking the icons.
After the system model has been established and parameters are set, a
simulation running is initiated. To test the accuracy of model establishment and
operational behaviour of simulated models, graphs are plotted to interpret the
results. Wang et al [87] has used this simulation platform to establish a servo
valve-controlled FMU model (Fig. 2.4) to investigate the temperature fluctuation
effect on FMU operation. The simulation results are compared with testing
experiments and a good level of correlation between numerical simulation and

experiment results has been presented.
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Figure 2.4 Block Diagram of a FMU Model in AMESIim [87]

As shown in Fig. 2.4, component models of a FMU such as metering valve,
constant pressure difference valve (CPDV) and constant outlet pressure valve
(COPV) are built with a set of mechanical sub-components to represent detailed
structures of each component. A PID controller receives commands to regulate
the metering valve orifice opening through an electrohydraulic servo valve.
Steady state and dynamic behaviours of FMU are simulated based on the

numerical calculation of each subcomponent.

2.2.3 Engine Control Laws

Previous sections have illustrated a variety of methods developed to build
numerical models of engines and their control and fuel systems. In addition to the
establishment of each individual system, a control strategy is required to be a
connecting bridge to ensure the cooperation of all three systems. Engine control
law is such a strategy which is the relationship between the control variable such
as fuel flow rate and measured engine parameters. In the controller, the sensor
measured current state engine parameter (e.g. engine pressure ratio, or shaft

speed) value is compared with the transferred parameter required value from the
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cockpit power level angle (PLA) command. The difference between the command
and engine current status is used to decide the required fuel flow rate ordered
into the engine combustor from those prescribed control laws. The controller then
transfers this fuel flow rate order into the opening movement order of the metering
valve of FMU. The operation of FMU components will meter the proper fuel flow
rate and inject it into the engine system. By using the new incoming fuel flow rate,

engine system will be adjusted, thus reaching another new state.

According to the engine operation conditions, control laws can be mainly divided
into two categories including set-point and transient control law. The set point
control (or steady state control) is to regulate the engine performance close to a
desired operating condition through the control of engine speed or pressure ratio.
Although most of engine manoeuvres are in a steady state operation, the control
law design for this phase only accounts for one quarter of total engine control law

design tasks.

Different from engine steady state control, which keeps maintaining a fixed power
or thrust production, engine transient control is always aiming to vary the engine
operation covering the speed range of different steady state points but not
exceeding its physical limitations. Therefore, most control law design and
development effort is required on the transient control. Some typical engine limits
include: maximum shaft speed, maximum TET, maximum burner pressure,
compressor and fan stall (or surge). The transient control law design is mainly to
establish a series of control strategies between the control variable fuel flow rate

and the measured command variables in order to fulfil the required manoeuvre.

A commonly used control strategy is to plot the fuel flow (or fuel ratio unit) versus
engine shaft speed, as shown in Fig. 2.5 below. A large transient operation from
the engine idle power to the maximum power is shown in the envelope. It should
be noted that if the large transient operation can be fulfilled safely by the control
system, a small transient operation within the safe operating region can be

achieved without worrying about the excess of engine limits.
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Figure 2.5 Fuel Control Schedule Fuel Flow Rate versus Engine Shaft Speed [20]

Two different control variables, i.e. the fuel flow rate or fuel ratio unit can be used
in this control law establishment. Fuel ratio unit (RU = W;./P;) is widely used
especially in traditional hydro-mechanical control units. Jaw et al [2] listed the
benefits of the utilization of fuel ratio unit instead of fuel flow rate. If the inlet air
conditions are maintained during the transient, the fuel-air-ratio can be directly
obtained as it is proportional to the fuel ratio unit. Thus, the turbine entry
temperature can be directly obtained from the fuel ratio unit. As P; is the
compressor exit pressure, when the compressor suffers surge, it provides a self-
recovery feature. In addition, the control law is also simplified due to the reduction
of control gain constants. In the modern electronic controller, this control method

is taken as a back-up of the N-dot type control.

N-dot control strategies are widely applied in the turbofan and turbojet engine
control. This control method uses the rotor acceleration rate (N) as the feedback
command variable. As no two existing manufactured engines are identical, due
to their manufactured variations, ages, and deteriorations, an optimal control law
fitted to one engine cannot provide the same operational behaviour in another
engine. However, by using this method, consistent transient performance can be

obtained for a given operating condition without worrying about the engine
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differences since the acceleration rates of different shafts can be kept the same.
This is favourable particularly to the control of twin-engine aircraft. Because the
rotor acceleration is directly measured, the transient response of the controller is
much faster than other command variable based controllers. In addition, by using
the N,,, control, higher-gain control laws are allowed due to the high stability of

the control loop. [2]

Although the N-dot control has many advantages and been widely applied in the
modern engine controller establishment, some limitations of this control schedule
should be noticed. The tendency to catastrophic engine situations like stall, surge,
or flame out is the most serious limitation of N-dot control. Therefore, limit
acceleration and deceleration protection schedules are also introduced if
choosing this control strategy. Fig. 2.6 shows the diagram of the limit protection

concept of a N,,, controller.

Accel schedule,
Wy (accel)

Freeze integrator when active

N-dot C°"t_’°| law, Select the smaller, Select the larger,
K, + "“i/ﬁ (or “Low Wins") (or “High Wins")

YA

> Wi

Freeze integrator when active

Decel schedule,
Wff(det'el)

Figure 2.6 Limit Protection of Accel and Decel Schedules on N Controller [28]

As shown in Fig. 2.6 above, two limit protection bricks (“Low-Wins” and “High-
Wins”) are allocated to regulate the required fuel supply. “Low-Wins” (select the
smaller control variable value) works for the engine acceleration and “High-Wins”
(select the larger control variable value) works for the engine deceleration. The
“Accel schedule” and “Decel schedule” are the prescribed optimal fuel schedules.
N,,, (Speed Error) given to the “N-dot control law” brick is used to decide how

much fuel should be supplied by the fuel system. However, due to the engine
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restriction, the calculated fuel flow from N,,.. has to be compared with the optimal
fuel supply from the prescribed schedules. For example, in the engine
acceleration, if the required engine fuel supply calculated from the Ny,; error is
larger than the prescribed maximum fuel flow rate, the actual fuel quantity will be
decided by the “Accel Schedules” which is the smaller of the two compared

values.

Thrust management is another type of engine control mode. As the thrust
produced by the aero-propulsion system is the function of the shaft speed and
the engine pressure ratio, this kind of fuel schedule measures these two
parameters to control the engine thrust. Taking a two shaft turbofan engine as an
example, fan speed and the overall pressure ratio which is the ratio between
compression process inlet and the outlet are handled. As the thrust is proportional
to the air flow through the engine, these two parameters can directly measure the
engine thrust since they both affect the quantity of air flow.

The idea of thrust control is to establish the linear relationship between the throttle
position and thrust. Thus, if this relationship can be implemented by the controller,
the pilot can alter the throttle position to find the required thrust settings within the
flight envelope. Spang et al [88] has listed the typical required thrust settings
including take-off thrust, maximum continuous thrust, maximum climb rating,

flight idle, and ground idle.

A new method called Model-based control mentioned in section 2.2.1 is another
way to control the engine thrust. From the thrust control point of view, unlike the
previously mentioned thrust control method to establish a check-up table
containing all the throttle position versus demanded shaft speed or engine overall
pressure ratio, the new system is designed to be more intelligent as the controller
can offer the required thrust at any point within the flight envelope. In the new
controller, a real time, numerical, simulated, on-board engine model is running to
represent the physical engine operation behaviour. As this model is running in
the computer, all the required parameters like thrust and compressor surge
margins can be directly calculated and predicted. With these calculated control

variables, the engine operation can be easily regulated.
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The three, previously indicated engine control types are mainly fulfilled by a single
closed fuel control loop. These SISO control loops are adequate to meet the
control requirements of most commercial aircraft engines. However, traditional
SISO approach is not suitable to the control of military engines when the after-
burner is working. As a result of the after-burner working to add more thrust
through engine take-off, climb or acceleration from subsonic to supersonic, both
the combustion at main combustor and after-burner will affect the thermal
variation at each engine state position. The interaction between these
simultaneously occurring combustions leads to the ambiguity of fuel injection at
each injector. Therefore, a multivariable approach (also called MIMO multi-
input/multi-output approach) is introduced to allow two control loops established
with approximately the same response time. Another application using MIMO
control is the variable cycle engine (VCE) which has a variable area bypass

injector (VABI) to vary the engine behaviour between turbojet and turbofan type.

Multivariable control (MVC) is based on an optimization approach which achieves
a closed-loop control design that maximizes (or minimizes) an objective function
of key performance indices of the engine. [2] The research of this approach
application is based on the linear engine models valid for small signal analysis
and avoid the limit protection problem. For most engine operating regimes, a 3 X
3 controller shown in table 2-1 is taken and a 2 x 2 controller is used for low
power settings when the IGVs are fully closed. Moreover, the controller may
expand to a 4 x 4 controller during the transition and hover to regulate the ejector

and ventral thrust using the ejector and ventral area actuators. [88]

Table 2-1 Sensors and Actuators of Multivariable Engine Controller [88]

Sensors Actuators

Fan Speed or Engine Pressure Ratio Fuel Flow
Compressor Speed Inlet Guide Vanes
Bypass Duct Mach Number Ag Nozzle Areas
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2.2.4 Accessory Components of FMU
2.2.4.1 Pumps

Pumps are playing an essential part in the gas turbine industry. Oil is provided
through these components to operate landing gear, control surfaces, flaps,
steering mechanisms, and wheel brakes in the aircraft system. From the engine
perspective, the pumps are mainly used as fuel pumps, lubricant pumps, and

hydraulic pumps.

The working fluid of a fuel pump is fuel oil. This type of pump is used to provide
oil for combustion in the combustor and afterburner. The lubricant pump can
provide lubricating oil to the engine’s rotary component such as engine bearings
to reduce the friction between contacting surfaces. A hydraulic pump is mainly
used to power the actuator to control the engine nozzle or change the angle of

variable stator vanes.

Pumps installed in the engine control system are mainly driven by the gas turbine
engine. These power driven pumps can be distinguished according to their
operating principle as positive displacement pumps and non-positive
displacement pumps. Positive displacement pumps can be further classified as
fixed displacement pumps or variable displacement pumps. Due to the difference
of the pump action, positive displacement pumps can be specified as a gear type
pump, a vane type pump or a piston type pump. Non-positive displacement
pumps can also be specified such as centrifugal pumps, vapour core pumps, and
axial flow pumps. [89]

Generally, non-positive displacement pumps are defined as the devices
producing successive flow. The rotary component of the pump forces the fluid
from the inlet port to the outlet and transfers the mechanical energy of the
component to the kinetic and pressure energy of the fluid. On the contrary, if the
discharging period is discontinuous, this kind of pump is referred to as a positive
displacement pump. From the amount of output fluid perspective, the fixed
displacement pump discharges the same fluid quantity on each cycle, however,
in the variable displacement pump, the displacement for each cycle can be

varied.
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The pressure of the flow out of the pump is produced by the restriction or
obstruction at the outlet flow path of the pump. This restriction is normally the
work accomplished by the system such as fuel spray at the combustor fuel nozzle
or is provided by the lines, fittings, and valves installed in the system. If no

restriction is provided, fluid pressure will not be produced.

Engine pump types are selected according to their applications. Piston and gear
type pumps are generally applied to supply fuel oil to the combustor and low-
thrust afterburner. For the afterburner producing large thrust, centrifugal or
vapour core pumps are chosen to pump the required large quantity of fuel oil.
Lubrication pumps are also gear type pumps but have lower pressure and
quantity compared to the fuel gear pumps. In order to move engine actuators
more efficiently, hydraulic pumps have to be piston pumps or gear pumps with

low fuel flow but could produce high pressures of hydraulic oil. [89]

2.2.4.2 Valves

Valves are the devices to regulate the quantity, direction, or pressure of working
fluid through the system. When a valve is open, the fluid is forced to flow from the
high pressure side of the valve to the low pressure side. The flow quantity is
decided by the opening area of the valve. When it is closed, the incoming fluid is
blocked. The blocked fluid then has to flow another way or the fluid pressure is
increased if no other access can be found. The feature of the valve makes it
widely used in multi-domain fields to adjust the system fluid flow quantity or to
alter the direction of flow. Unlike the pumps which are only used to pressurize the

fuel oil, the installed valves have different purposes.

According to their applications, they can mainly be divided into pressure control
valves, quantity control valves, and direction control valves. Typically used
pressure control valves are overflow valves, safety valves, sequence valves,
reducing valves and pressure regulators. The flow quantity control valves include
throttle valves and speed control valves. Reversing valves, check valves, bypass
valves, block valves, and pressure regulators, etc. can be used to control the

direction of system fluid. In an engine fuel delivery system, the generally used
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valves are constant pressure differential valves, constant outlet pressure valve

and fuel metering valves. [87]

2.2.4.3 Stepper Motor

Unlike the generally used dc (digital current) or brushless dc motor, a stepper
motor is an electromechanical device which converts electrical comment pulses
into discrete mechanical movements. [90] The operation of the stepper motor is
directly decided by the applied input pulses, for example, the motor shaft rotation
direction is decided by the sequence of the pulses, rotation speed is controlled
by the pulses’ frequency, and rotation length is related to the number of applied

pulses.

Ref. 90 has listed the advantages and disadvantages of this device. The feature
of this component makes it quite a good choice when the system requires control
of the rotation angle, speed, position, and synchronism. In the aircraft fuel
metering unit devices, if the fuel supply quantity, which is directly affected by the
open area of the orifice is controlled by a needle valve, the stepper motor is
introduced to control the position of the needle valve from the pulse order given
by the controller.

Stepper motors can be classified according to their motor construction, drive
topology, and stepping pattern. [91] Distinguished by their construction, typical
stepper motors are variable reluctance (VR) stepper motor, permanent magnet

(PM) stepper motor, and hybrid stepper.

2.2.4.4 Fuel Filter

The oil flowing through the fuel system always contains some contaminations like
dust, impurities, and metal particulates produced by the abrading caused by the
hydraulic components operation. These impurities will lead to the blockage of the
valves, ducts, or some small orifices. Some physical impurities like metal particles
can also diminish the lubrication of the relative slip surfaces which reduces the
service life of broken components. To ensure the proper function and increase
the system components’ service life, a fuel filter is necessarily introduced to clean

the oil before it flows into the fuel system.
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3 Transient Performance Simulation Methodology of
Engine and its Fuel and Control System

3.1 Engine Performance Simulation

3.1.1 Engine Design Point Simulation

Engine “Design Point (DP)” is defined as a particular point in the operating range
of a gas turbine to design engine components. At this point, the engine is running
at a particular speed, pressure ratio and mass flow rate. Generally, this point is

selected at sea level ISA condition where relative rotational speedis 1.0, altitude

is 0, and Mach number is 0. At this condition, inlet air pressure is 101.325 kPa

and temperature is 288.15 °C.

Figs. 3.1 and 3.2 show the diagrams of a typical single-spool turbojet model
engine and a turboshaft model engine addressed in this study. The turbojet
engine consists of an intake, a compressor, a splitter which extracts an air stream
at the compressor outlet for turbine blade cooling, a combustor, a mixer to
simulate the thermodynamic cooling effect, a turbine driving the compressor, and
a nozzle. In the turboshaft engine, a free turbine driving a propeller is introduced
after the gas generator turbine to produce the required power driving the propeller.
In both types of engines, the working fluid is assumed to be air in cold sections

and gas in hot sections of the model engines.
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Figure 3.1 Schematic of Single-Spool Turbojet Model Engine Configuration
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Figure 3.2 Schematic of Two-Spool Turboshaft Model Engine Configuration

DP simulation aims to specify some overall performance parameters’
requirements such as thrust and specific heat consumption (SFC) on each of the
constituent component performance requirements. Components’ performances
are represented by eight performance and structure parameters including fuel air
ration (FAR), mass flow rate, static pressure, total pressure, static temperature,
total temperature, area, and air speed on both inlet and outlet of the components.
For some of the system components, only several parameters’ values are
required. To obtain these values for each component, inlet mass flow rate,
compressor pressure ratio (PR), combustor exit temperature, and each

component’s efficiencies, etc. are required to be first specified.

Characteristic map scaling of turbomachinery (compressor and turbine) is the
second task in the design point calculation for the following steady state and
transient simulation. For a newly designed engine system under development or
on the concept stage, no existing characteristic maps are available to be used.
To solve this problem and to provide designers with cogent maps to implement
the design, Koening et al introduced the map scaling method to obtain new

required maps from existing ones. [15]
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Figure 3.4 Turbine Efficiency and Mass Flow Rate Characteristic Maps [92]

Mass flow rate and efficiency maps are two characteristic maps used for both
compressor and turbine simulation. Compressor maps plotted in Fig. 3.3 are
represented by four parameters: PCN (shaft relative rotational speed), PR
(pressure ratio), NDMF (non-dimensional mass flow), n (isentropic efficiency).
Turbine maps in Fig. 3.4 are also represented by four parameters: CNT
(corrected rotational speed relative to design point value), PR (pressure ratio) or

DH (enthalpy drop ratio), NDMF (non-dimensional mass flow), n (isentropic
efficiency).

To scale new characteristic maps, the same working condition should be selected
for both the original and the new engine characteristic maps. As the working

condition for a newly designed system is chosen at ISA SLS condition and PCN
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is 1.0, the eight parameter values for the original maps should be provided based
on the same condition. Scaling factors of each compressor and turbine

parameters are calculated from Egs. 3-1 to 3-9.
Compressor:

Pressure Ratio Scaling Factor (PRSF)

PRpp — 1 (3-1)

PRSF = —
PRDP,Map -1

Non-Dimensional Mass Flow Scaling Factor (NDMFCSF)

NDMFpp (3-2)

NDMFCSF = ————
NDMFDP,Map

Isentropic Efficiency Scaling Factor (ETACSF)

Npp (3-3)

Npp,Map

ETACSF =

Turbine:
Work Function Scaling Factor (DHSF)

DH 3-4
DHSF = —2X (3-4)
DHDP,Map
Non-Dimensional Mass Flow Scaling Factor (NDMFTSF)

NDMFpp (3-5)

NDMFTSF = —————
NDMFDP,Map

Isentropic Efficiency Scaling Factor (ETATSF)

Ipp (3-6)

Npp,Map

ETATSF =
Compressor PCN (Eq. 3-7) is considered to be 1.0 at design point condition.

Therefore, PCN scaling factor PCNSF is 1.0. Turbine rotational speed CNT (Eqg.

3-8) is a corrected speed relative to the design value.
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PCN = N/Npp (3-7)

N ;< N ) (3-8)
Tin . \/m

DP

CNT =

To both compressor and turbine installed on the same shaft sharing the same
rotational speed, compressor PCN has to be transformed to CNT used on turbine

map interpolation. Scaling factor of turbine CNT is given by Eq. 3-9.

Non-dimensional Rotational Speed CNT Scaling Factor (CNTSF)

CNTppmap X y/Tin,pp (3-9)

CNTSF =
PCNDP,Map

3.1.2 Engine Transient Performance Simulation Inter-Component
Volume (ICV) Method

Engine transient performance simulation is used to investigate the engine
dynamic behaviour from one steady state condition to another, such as that
during the acceleration or deceleration processes. The simulation of this process
has to be divided into two steps: first is the starting steady state point calculation
and second is to calculate those following transient points. Both these

calculations use the same ICV method but follow different fuel schedules.

Steady state points (also including design point) are the points where not only the
continuation of energy, mass and momentum is satisfied but also where
equilibrium of work, mass flow, and heat transfer within an engine system is kept.
Before the simulation environment recognises transient starting order, only the
engine system has been “established” from design point but is not “running” at
specified starting steady state point. Therefore, the engine model has first to
reach its aimed starting steady state point before the transient simulation is

processed.

After the simulation is starting, the current engine situation is determined by the
design point and the system is in equilibrium. To break this balance for ICV

method simulation, a fuel flow rate relating to the desired steady state point is
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provided. This given fuel flow rate will result in a power imbalance between
compressor and turbine power on the same shaft. As a result, shaft rotational
speed will be altered. The fuel schedule through this process is to keep the given
fuel flow rate constant. Over a period of calculation using transient ICV method
(introduced below), the model engine will realign to its new balance situation and
its performance parameters and rotational speed will remain at specific steady

state values relating to the given fuel flow rate.

Transient simulation still retains the continuation of energy, mass and momentum
but breaks the equilibriums of work, mass flow, and heat transfer within the
engine system, which is different from that at the steady state engine operating
conditions. Two different transient performance simulation methods are available,
one is the Mass Flow Continuity (MFC) method [25] and the other is the Inter-
Component Volume (ICV) method [33]. In this study, the ICV method is used to

simulate the transient behaviour of gas turbine engines.

ICV method is introduced into engine transient simulation because of the
existence of mass flow imbalance between connecting components. The
assumed volumes added between adjacent components can absorb this flow
mismatch by releasing or storing the extra air flow. As the working fluid keeps
flowing through the engine system, it is assumed that the volumes are filled with
air during the whole transient process. Therefore, the change of air mass inside
the volume will generate a new volume pressure at each calculation time step.
Since the work and mass flow equilibriums cannot be kept during transient
simulation, the PCN is affected by work imbalance and the volume pressure
affected by mass flow mismatch keeps changing until the system reaches a new
steady state operating condition. After that, work and mass flow are restored to
new equilibriums. The system’s situation will not cause any changes of the
rotational speed and volume pressure until another transient process is

introduced.

Volume position selection is a very important issue when the ICV method is
applied. Theoretically, it can be allocated between any two different components

installed on the engine system. According to its principle, volume pressure

38



variation is produced by the mismatch between the mass flow rates entering and
exiting the volume. Some of the engine components could calculate air or gas
flow rate from these characteristics. To facilitate system simulation, those
assumed volumes should be introduced between these components such as
compressor, turbine, and nozzle. For example, in the turbojet engine shown in
Fig. 3.1, one is between the compressor and the turbine (Volume A) and the other

is between the turbine and the nozzle (Volume B).

After the volume positions have been selected, the following three important
factors have to be considered in transient performance simulation processes
using the ICV method.

The first is the imbalance of work between the components on the same shaft.
For example, if the work produced by a turbine is more than the work consumed
by a compressor, the engine will be driven into an acceleration process based on
the rotordynamic equation represented by Eq. 3-10.

dN 3600 SP (3-10)

dt 4nm?IN

where N is the shaft rotational speed, | the shaft inertia and SP the surplus power

which is the difference between the generated and consumed power.

The second is the consideration of volume dynamics in a volume between
adjacent components where the mass flow going into the volume may be different
from that going out of the volume causing accumulation or dispersion of mass in
the volume. As the temperature variation within a gas turbine engine is mainly
caused by the compression, expansion or combustor in key gas path components,
the minor temperature variation in inter-component volumes may be ignored.
Therefore, by assuming a constant temperature in the inter-component volumes
during a tiny calculation time step [33, 93], the volume dynamics may be
represented by Eq. 3-11 where the change of volume pressure is mainly affected
by the change of volume storage mass based on the perfect gas state equation.
[33, 94]
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RT 3-11
dP = 7 dm ( )

where P is the volume pressure, T the volume temperature, V the volume, m the

air mass and R the universal gas constant.

The third factor is the fuel schedule provided by fuel control and fuel delivery

systems. This will be discussed in more details in section 3.2.

3.1.3 Engine Components Calculation

Intake:

The purpose of the engine intake is to transform the inlet freestream flow
conditions into the required air conditions at the entrance to the engine fan or
compressor. [95] In the gas turbine performance simulation, this component is
assumed to be a duct which only considers the pressure recovery of the intake
outlet pressure. Total temperature at the intake outlet is assumed to be equal to
the inlet air temperature. The input and output parameters and main calculation

eqguations for this component are listed below.

Input:

Ma Flight Mach Number

pPA Inlet Static Pressure

ta Inlet Static Temperature

Ws Outlet Mass Flow Rate

€ Intake Pressure Recovery Coefficient
Output:

Pa Inlet Total Pressure

Ps Outlet Total Pressure

Ta Inlet Total Temperature
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Te Outlet Total Temperature
Vsa Flight Speed
Wa Inlet Mass Flow Rate

Inlet air static pressure and temperature are equal to the ambient condition air
pressure and temperature. At design point at ISA SLS condition, ambient
pressure is 101.325 kPa and ambient temperature is 288.15 K. In the transient
process, the new ambient condition corrected by the flight condition (like Altitude
1000 m, Mach 0.5) can be calculated from Egs. 3-12 to 3-17.

Sea Level to 11000m: [18]

P —101325 (288_15/Tamb)—5.2588 (3-12)
Tomp = 288.15 — 0.0065 x Alt (3-13)

11000 m to 24994m:
Pamb — 22.63253/e0.000157689X(Alt—10998.1) (3-]_4)
Toamp = 216.65 (3-15)

24994m to 30000m:
Pomp = 2.5237 * (216.65/Tgpmp) 18 (3-16)
Tamp = 216.65 + 0.0029892 * (Alt — 24994) (3-17)

where Alt is aircraft flight altitude.

Inlet air total pressure and temperature are given from formulae 3-18 and 3-19

by knowing the static pressure pa( = Pamb) and temperature ta( = Tamb).

vy -
P, y—1_ 71 (3-18)
—=(1+ xMa)
Pa 2
T - 3-19
A1+ T me? (3-19)
ta
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where v is the ratio of specific heats.
The outlet pressure and temperature are obtained from formulae 3-20 and 3-21.
Pg =Py Xe (3-20)
Ty =Ty (3-21)
Here, the pressure recovery coefficient € can be calculated by using the US
military standard.[96]

e=10ifM<1 (3-22)
e=10-0.075x[(M —1)35] ifM > 1 (3-23)

Air mass flow rate at the intake inlet is equal to the outlet mass flow rate. At design
point calculation, the inlet air flow rate is initially specified. In the transient phase,
the mass flow rate through the intake is determined by the subsequent
compressor flowing capacity. Thus, the inlet and outlet mass flow rate (Wa and

Wg) are obtained from the compressor calculation.

The flight speed calculation should first establish the local sonic speed a (Eq. 3-
24) and use the flight Mach number and local sonic speed to calculate the value
(Eq. 3-26).

a=.yxRxt, (3-24)

Vs 3-25

Ma =—2 (3-25)
a

Vs, =a X Ma (3-26)

Compressor:

The purpose of the compressor is to pressurize the air stream to the required total
pressure of the gas turbine cycle. This action is implemented through a set of
compressor stage rotations. Each individual stage shares the responsibility to
partially increase the air pressure. If the pressure increase provided by the

compressor stages on one shaft is not enough, more compressor stages can be
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introduced on other shafts to further pressurize the air stream. In the performance
simulation, compressor simulation introduces the characteristic map to represent
this component operation. Therefore, the multi-compressor stages on the same
shaft are integrated into one component. A total pressure ratio which is the
product of all the compressor stages pressure ratios on one shaft is used to
represent the rise in pressure of the air passing through this component.

Input:
Pa Inlet Total Pressure

Ps Outlet Total Pressure

PCN Shaft Rotational Speed Relative to the Design Point Value
Ta Inlet Total Temperature

Output:

CwW Compressor Work

Ts Outlet Total Temperature

Wa Inlet Mass Flow Rate

Ws Outlet Mass Flow Rate

In the design point calculation, compressor pressure ratio (PR) is first given to
design the system cycle and scale the characteristic maps. In the transient
simulation, compressor outlet total pressure is calculated from its concomitant

volume. Thus, the pressure ratio of this component is known from Eq. 3-27.
PRComp = PB/PA (3-27)

For the transient process in the engine flight envelope, corrected values of

pressure and temperature (6 & 6) from Eqgs. 3-28 and 3-29 are introduced as

follows to consider the air flow rate affected by the flight altitude and Mach
number.[18]
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(3-28)

-1 v-1
8 = Pyyp/101.325 x (1 +7 -— X Ma2>

(3-29)

According to the definitions of & and 6 from Egs. 3-28 and 3-29, both these two
parameters have to consider the local Mach number effect. However, for the
multi-compressors on multi-shaft engines, it is difficult to determine the local
Mach number of each compressor. This is because the engine internal structure
and local air static temperature are unknown. Therefore, Egs. 3-30 and 3-31 can
be used to redefine & and 8 by introducing the component inlet total pressure and

temperature into the definition equations.[18]

§ = P,/101.325 (3-30)
0 =T,/288.15 (3-31)

To interpolate the compressor rotational speed in the compressor, the
compressor’s real shaft speed has to be corrected from Eq. 3-32 by eliminating

the effect of altitude and flight Mach number.
CN =N/V6 (3-32)
where, CN is the corrected shaft rotational speed.

The corrected shaft rotational speed relative to design point rotational speed used
on compressor map interpolation CNC is represented in Eq. 3-33.

3-33
Tapp ( )

CNC = PCN x
T

With the values of PR and CNC, the non-dimensional mass flow rate (NDMF,y,y,)

and isentropic efficiency ( Mis comp ) can be interpolated from the scaled

compressor characteristic map shown in Fig. 3.3.

The compressor mass flow rate is then corrected from the interpolated NDMFcomp.
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B (3-34)
Wcomp = NDMFComp X ﬁ

Using PRcomp and the interpolated Niscomp » [€MPerature ratio (TR) can be

calculated from formulae 3-35 and 3-36. Compressor outlet total temperature Ts

is obtained by knowing TR and Ta.

, , y=1 (3-35)
_hp—hy Tp—Ts (PReomp) ¥ —1

niscomp - hg — hy - Tg — Ty B TRComp -1

(PR )u . (3-36)
TReomp = 1+~
niSComp
Tg = Ty X TRcomp (3-37)

Compressor work (CW) is calculated from the enthalpy increase between the inlet
and outlet (Eq. 3-38). The value is used to compare with turbine generated work

to vary engine rotational speed during transient process.

W = WComp X [h(Tg) — h(Ty)] (3-38)

Splitter:

Splitter aims to divide the incoming air stream into two flow streams. In the gas
turbine engine model, hot devices which are cooling (like combustor and turbine),
compressor bleed, bypass duct, or jet pipe will all need to separate a stream of
air flow from the main air flow. In the single spool turbojet and two-spool
turboshaft engine model shown in Fig. 3.1 and 3.2, this component is taken to
separate a stream of the compressed air flow from the compressor outlet for the

turbine blade cooling.

Input:
Pa Splitter Inlet Air Total Pressure
Ta Splitter Inlet Air Total Temperature

45



Wa Splitter Inlet Air Mass Flow Rate

AP Pressure Loss after Separation

AW Mass Flow Rate Loss after Separation

Ap Remained Main Air Flow Pressure Coefficient after the Separation
Aw Remained Main Air Flow Rate Coefficient after Separation
Output:

Pe1 Main Flow Total Pressure through the Core Generator

Ps2 Cooling Air Total Pressure

Te1 Main Flow Total Temperature through the Core Generator
Te2 Cooling Air Total Temperature

We1 Main Flow Air Mass Flow Rate through the Core Generator
We2 Cooling Air Mass Flow Rate

The coefficients of main air flow rate and pressure (Aw & Ap) are defined from
formulae 3-39 and 3-40.

A = Wg4 (3-39)
w _WA
Ppq (3-40)
AP =
Py

The outlet air mass flow rates (Ws1 & Wa2) are then calculated from Eqgs. 3-41
and 3-42.

W31 = AW X WA - AW (3-41)
Wpy = Wy — Wpy (3-42)

The same holds true with the main air flow rate calculation from Eq. 3-41, and so
the main flow total pressure is given from Eqg. 3-43. The split cooling air pressure
is equal to this value. (Eq. 3-44)
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PBlzlppr_AP (3-43)
Pgy = Ppy (3-44)

It is assumed that the flow separation in the splitter is an adiabatic process, thus,
no temperature loss has been considered. Both the outlet temperatures (Ts1 &

Te2) are equal to the inlet total temperature.

Ty, =Tg =Ty (3-45)

Combustor:

A combustor is the device which burns the injected fuel to provide enough energy
for the exit gas expansion in the turbines. Through the combustion, the fuel oil
chemical energy is transformed into component exit gas thermal energy. Fuel
burning is assumed to be an isentropic process. Mass and energy conservation
laws are adhered to in order to calculate the outlet gas mass flow rate and total
temperature. The component outlet total pressure calculation has to consider an

actual 5% pressure loss from the inlet air to the exit gas.

Input:
Pa Inlet Total Pressure

Ta Inlet Total Temperature

Wa Inlet Mass Flow Rate

Wi Fuel Flow Rate

JAY Pressure Loss Coefficient, = 5%
NBurn Combustion Efficiency

Output:

Ps Outlet Total Pressure

Ts Outlet Total Temperature
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Ws Outlet Mass Flow Rate

Outlet gas mass flow rate and fuel air ratio (FAR) are calculated from Eqgs. 3-46
and 3-47.

W, (3-47)
Irf
FAR = —
Wy

Outlet total temperature calculation using the energy conservation law shown in
Eq. 3-48.

h(T,) + FAR x (LHV X Ngurn + A(T; f)) (3-48)

h(T) = 1+ FAR

where LHV is the low heating value of jet fuel.

Outlet total temperature is:

h(Ts) (3-49)
TB ==
Cp
Outlet total pressure is:
Pz = P, x (1 — Ag) (3-50)

Mixer:

Mixer is an assumed component which aims to mix the separated cooling air from
the compressor outlet with the combustor hot exit gas. On the contrary, with the
flow separation process in the splitter, the mixer is combining the two flow
streams to be a flow stream passing through the following components. This
mixing process is assumed to be an adiabatic process and the mass and enthalpy

conservation laws are followed.

Input:
Pa1 Inlet Total Pressure from the Combustor Exit Gas
Ta1 Inlet Total Temperature from the Combustor Exit Gas
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Ta2 Inlet Total Temperature of the Separated Cooling Air

Wa1 Inlet Mass Flow Rate from the Combustor Exit Gas
Wa2 Inlet Mass Flow Rate of the Separated Cooling Air
Output:

Ps Outlet Total Pressure

Ts Outlet Total Temperature

Ws Outlet Mass Flow Rate

As no mass flow rate loss is considered and the mass conservation law has to be

followed, the mixer outlet mass flow rate is given from Eq. 3-51.

WB = WAl + WAZ (3'51)

By assuming that the mixer is large enough to avoid the two flow streams mixing
in this component not be pressurized, the outlet total pressure is equal to the inlet
pressure. Compared with the main flow from the combustor exit, the cooling air
stream is relatively small. Therefore, it is assumed that the mixer outlet total

pressure is equal to the main flow total pressure from the combustor outlet.
Pp = Py (3-52)

The outlet total temperature is based on the enthalpy conservation law (Eq. 3-53)
and calculated from Eq. 3-49.

h(Tg) = h(T41) + h(T42) (3-53)

Turbine:

The purpose of a turbine is to allow gas expansion to generate required turbine
work. The high speed and high pressure and temperature exhaust gas from the
combustion chamber flows through the gas path formed by a set of turbine stages.
Meanwhile, it drives every turbine stage to rotate. When the gas passes through
these stages, the thermal energy of hot gas is mainly converted to mechanical

energy within the turbine. This mechanical energy is then utilised to drive the
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compressor on the same shaft with the turbine, and to power other accessory
components such as fuel pumps. In addition, the electrical power of the aircraft
is mainly derived from turbine work. As with the compressor, turbine multi-stages
are integrated as one component in the performance simulation. Gas expansion
through this component is considered to be an isentropic process. The input and

output parameters and main calculation equations of this component are listed

below.

Input:

AW Auxiliary Work Consumed by other Connecting Components

CwW Compressor Work

Npp Shaft Rotational Speed at Design Point

Pa Inlet Total Pressure

Ps Outlet Total Pressure

PCNi Previous Step Calculated Shaft Rotational Speed Relative to
Design Point Value

Ta Inlet Total Temperature

At Calculation Time Step

Ni Previous Step Turbine Isentropic Efficiency

Nm Mechanical Efficiency

Output:

PCNi+1 Shaft Rotational Speed Relative to the Design Point Value for Next
Step Calculation

Ts Outlet Total Temperature

Wa Inlet Mass Flow Rate

We Outlet Mass Flow Rate
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As with the compressor calculation, turbine PR is first obtained (Eq. 3-27) by
knowing the inlet and outlet total pressure. Gas expansion in the turbine is
assumed to be an isentropic process. Thus, the turbine isentropic efficiency

(Mis 1) 1S introduced to calculate the turbine temperature ratio (Egs. 3-54 and 3-

55).

Ty (3-54)
Sturb T p,—pL T T, —Th y-1
A B A B
1-()
A
y-1 3-55
- Py (3-55)
T_A_ 1- 1_<P_A) X Nisturp

Here, the isentropic efficiency has to be interpolated from the turbine efficiency

map using the work function DH (Eq. 3-45).

_ b _ h(Tg) = h(Ty) (3-56)

DH
Ty Ty

As shown in formula 3-45, DH has to be calculated from the turbine inlet and
outlet temperatures. In the engine design point simulation, shaft power balance
between compressor and turbine work on the same shaft is maintained. Thus,
the turbine outlet temperature can be obtained by knowing the compressor’'s
consumed power. However, in the transient phase, this shaft power balance is
broken. In that case, an isentropic efficiency from the previous step calculation is
used to first calculate the outlet total temperature. With the value of outlet total
temperature, DH is known to interpolate a new efficiency from the turbine map.
Through a series of iterations, both the calculations of used efficiency and
interpolated efficiency will finally converge into a quite close value which is taken
in this step calculation. If the turbine temperature ratio is obtained, then the outlet

total temperature can be calculated from Eq. 3-57.

Tg = Ty X TRryrp (3-57)
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To interpolate turbine characteristic maps, non-dimensional rotational speed CNT
is also required. The value of this parameter for interpolation comes from PCN
and CNTSF.

_ PCN; X CNTSF (3-58)

T

The turbine mass flow rate can be calculated from the non-dimensional mass flow

CNT

rate (NDMF) interpolated from the mass flow characteristic map by using Eq. 3-
59.

NDMF x P, (3-59)

Wturb = \/FA

In the ICV method transient simulation, as the turbine produced work is not equal
to the compressor consumed work, this work imbalance will lead to a speed
variation at each time step. This is because the surplus power SP (Eq. 3-60) on
one shaft produces an imbalance in torque as shown in Eq. 3-61.

SP=TW — CW — AW (3-60)

P =0 Xw=lax2 ><N_dea)X2n><N_47r2><1><N><dN (3-61)
= QX0 =lax2n X o = X e X = 300 x dt

N; = PCN; X Npp (3-62)

where | is shaft inertia, N; is the previous step shaft real rotational speed.
Thus, the rotational speed increment is derived from Eq. 3-63.

dN _ SP x 3600 (3-63)
dt 4m2 xIxN;

Shaft rotational speed relative to the design point value (PCNi+1) for next step

calculation is given from Eq. 3-64.
N; + ‘31—1;’ x DT (3-64)

PCNyq = N
DP

Nozzle:
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Two types of nozzles are used in the aircraft engine system including the
convergent nozzle and convergent-divergent nozzle. In this case, only the
convergent nozzle is required. Simulation of this component treats it as a duct.
Therefore, outlet gas mass flow rate, total pressure, and total temperature are

equal to the inlet values.

Input:

App Nozzle Area

Pa Inlet Total Pressure

Ta Inlet Total Temperature
VStlight Flight Speed

Wi Combustor Injected Fuel Flow Rate
Output:

NT Net Thrust

pB Outlet Static Pressure

Ps Outlet Total Pressure

SFC Specific Fuel Consumption
ts Outlet Static Temperature
Ts Outlet Total Temperature
Vss Outlet Exhaust Gas Velocity
Wa Inlet Mass Flow Rate

Ws Outlet Mass Flow Rate

As a constant area component, the flow capacity of this component has a
maximum value to restrict the nozzle performance. Through the engine operation,
two working conditions may exist which are the choked condition and the un-

choked condition. If the nozzle operates under the former condition, pressure and

53



temperature ratios across the nozzle remain at their critical values. If, however,
the nozzle is not choked, exhaust gas will fully expand and outlet static pressure

will be equal to the ambient value. [97]

The critical values of the pressure and temperature ratios are calculated from
formulae 3-65 and 3-66 by keeping the nozzle outlet Mach number (Mag) is 1.0.

Y -
()~ (369
PB/ crit 2
(T_B) 4=t (3-66)
tp crit 2

If the nozzle is choked 22— > (P—B) , formulae 3-67 to 3-68 are taken to

amb PB/ crit

calculate the nozzle outlet static pressure and temperature.

1 (3-67)
pg = Pp X P
(52)
PB/ crit
y—1 -
Tg _ (PB)T (3-68)
tp PB

If the nozzle is unchoked —2— < (P—B) , formulae 3-68 and 3-69 are used.

amb crit
Ps = Pamp (3-69)

The nozzle outlet velocity calculation is also different under the choked and

unchoked conditions.

To a choked nozzle, the local air speed equation is used because the flow

gquantity passing through the nozzle is constant.

Vsg =¥y XR X tg (3-70)

To an unchoked nozzle, the exhaust gas is assumed fully expanded to the
ambient. Thus, the speed (Eqg. 3-71) is calculated by considering the heat
energy of exhaust gas being transformed into kinetic energy.
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Vsg =+/2 X Cp X (T, — tg) (3-71)

In this simulation, a fixed area nozzle is selected. To calculate the nozzle area,
Eq. 3-72 is applied in the design point simulation. In the steady state and transient
simulation, this area is kept constant to calculate the gas mass flow rate through
the nozzle (Eq. 3-73).

. WB,DP X R X tB,DP (3'72)
App =
Pe,pp X VSgpp
App X pgp X Vsp (3-73)
WB ==
R X tg

The engine net thrust (NT) is then calculated after all the forementioned
parameter values are known. Eq.3-74 is used for choked condition and Eq. 3-75

is used for the unchoked condition.
NT = WA X (VSB - stlight) + AB X (pB - Pamb) (3'74)
NT =W, X (VSB - V'Sflight) (3-75)

Specific fuel consumption is then calculated by knowing the combustor burned
fuel flow rate and the generated engine net thrust.

w, (3-76)
fr
SFCc =L
NT

Volume:

Volume is an assumed component introduced into the engine transient simulation
using the traditional ICV method. During the transient operation, the equilibrium
of mass inside the engine system is broken. The purpose of this component is to
absorb this mass flow rate mismatch from its connecting components and
produce a new volume pressure to finally eliminate the mismatch. The ideal gas
equation will be taken for the volume pressure calculation will be taken from the

volume air/gas mass storage or release.

Input:
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Pi Volume Pressure at Previous Step

Ta Volume Inlet Total Temperature at Current Step
Ti Volume Temperature at Previous Step

Vv Volume of the Volume Chamber

Wa Inlet Mass Flow Rate

Ws Outlet Mass Flow Rate

Output:

Pa Volume Inlet Total Pressure

Ps Volume Outlet Total Pressure

Ts Volume Outlet Total Temperature

Volume of stored gas has to be first calculated (Eq. 3-77) by following the mass
conservation law inside the component. The previous step stored gas Mi is given

from Eq. 3-78 by knowing the previous step volume pressure and temperature.

Mi+1 = Mi + WA - WB (3-77)
P, xV (3-78)
M; =
' RXT;

The current volume pressure Pi+1 for next step calculation can be obtained from
the ideal equation (Eq. 3-79). Pis1 is taken as the inlet and outlet total pressure
provided for the connecting components calculation in the next step.

Miy1 X R X Tiyq (3-79)
%4

Py =

In the formula 3-79, volume current temperature Ti+1 (EQ. 3-67) is the mean value
of previous step temperature Ti and volume inlet total temperature Ta. This value
is taken as the volume outlet temperature.

T, + Ty (3-80)

Tg =Ty = 2
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3.2 Engine Control System Simulation

The engine fuel control is a two-step process where three fuel schedules are
designed: for steady state; acceleration; and deceleration. These fuel schedules
schematically shown in Fig. 3.5 provide the required fuel flow rate Wy, signal to
the fuel system based on the demand and measured engine shaft relative
rotational speed PCN that is the handle of the engine.

Wff

Fuel System Response
P & | Control Gains

/ . :
 Acceleraton 7 /
— - Deceleration .

/

—

Steady State Fuel Line

Min. Flow
Limit

Idle Max. PCN
Power

Figure 3.5 Fuel Schedule of Model Engine

As shown in Fig. 3.5, the steady state fuel line is represented by the dash line. In
order to keep an engine transient process swift and safe, a minimum fuel
selection logic called “Low Win Logic” and a maximum fuel selection logic called
“High Win Logic” are embedded into the controller. For example, at an initial
phase of the acceleration process, the controller may predict a required fuel flow
rate based on cockpit shaft speed command and the measured shaft speed. This
predicted fuel flow rate may be larger than the value limited by the fuel selection
logic. Therefore, fuel flow rate will be regulated by the fuel selection logic. When
the engine approaches the desired target point of the transient process, fuel flow

rate signal provided by the fuel schedule will become smaller than that estimated
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by the fuel selection logic. If that happens, the control process enters its second
step and the controller will take over the fuel control until the engine reaches its
desired steady state. The deceleration process is operated in a reverse process
to the acceleration. The idea of the coupled two-step engine control and the fuel

selection logic is represented in Fig. 3.6.

As shown in Fig. 3.6, the controller calculated control input for the current time
step ( Wff_cal) is first obtained, which is transferred from the speed error
between engine current state and target steady state rotational speed difference,
and the fuel flow rate given from the transient starting steady state point.
Meanwhile, the engine current relative rotational speed, PCN, is used to
interpolate both the acceleration and deceleration fuel schedule regulated fuel
flow rates (Wff_afs for acceleration and Wff_dfs for deceleration). Afterwards,
the introduced fuel selection logic is used to find a proper fuel flow given to the
engine system to ensure its operational safety throughout the whole manoeuvre.
The principle of fuel selection logic is to select the smaller value out of the
controller calculated fuel flow rate and the fuel flow rate given from the fuel
schedule for acceleration. For deceleration, a similar process is followed but a
larger value will be obtained. The selected fuel flow rate will then be treated as
the controller calculated required engine fuel flow rate. If the fuel delivery system
exists in the simulated model, this fuel flow order will be transferred to the
metering unit movement order for the fuel system to meter the engine required
fuel flow. If not, this order will be regarded as the injected fuel flow rate into the
engine combustor. With the given fuel flow rate from either the fuel system or the
controller, the engine simulation will calculate a new rotational speed for next step

simulation.
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Figure 3.6 Diagram of Coupled Engine Controller and Fuel Selection Logic

A proportional-integral-derivative controller (PID controller), or its simplified form,
may be used in the second step of the fuel control process. It is a closed loop
feedback control widely used in industrial control systems. It historically has been
considered to be the most useful controller [98]. PID Controller aims to minimise

the error value as the difference between the desired and monitored system
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variable by transferring the error into a controlled signal to govern the system
operation. For a certain incoming error signal, the PID control algorithm involved
three actions: P (proportional) action is proportional to the present error, | (integral)
action depends on the accumulation of past errors and D (derivative) action is a
prediction of future errors, based on current rate of change [99]. In this study, only
PI controller is used and the derivative action has been omitted because the
command variable shaft rotational speed has no obvious time lag to the control

variable fuel flow rate.
Eq. 3-81 is the mathematical representation of the PI control algorithm [71].

w (3-81)
u(t) = Kp e(t) + K; Ff e(t) dt
'0

where u(t) is the control signal, e(t) is the control error, Kp and K; are the control
gains of the proportional action and the integral action respectively, and T; is a

time constant of the integral action.

Wff_cmd .
» Engine
Select
Low PCN
Select
High
- N
Decel FS [

Figure 3.7 Diagram of Coupled Engine Controller and Fuel Selection Logic
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The PI control algorithm can also be shown graphically in Fig. 3.7 where integral
action is represented by a Laplace transfer function % To implement a
continuous-time control law in a simulation programme, the Laplace
transformation of integral action may be approximated through Z-Transform

discretization. Therefore, the Pl algorithm in Fig. 3.7 may be more conveniently

represented by Eq. 3-82.

; +1 3-82
u(j) = Kp xe(j) + K; X =X x e(j) (3-82)
2 z-—1
where T; is equal to the calculation time step At, j is the j sampling point.
3.3 Engine Fuel System Simulation
3.3.1 Engine Fuel System Description
Reservoir PP HPEF CPDY AL Injector Engine
! ! o1 1% ! ' !
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Figure 3.8 Schematic of Engine Fuel System

A fuel system is typically a hydraulic system and its function is to deliver the
required fuel flow to the engine combustion chamber to maintain the propulsion
system operation. A typical fuel system is shown in Fig. 3.8, which consists of a
low pressure pump (LPP), a high pressure pump (HPP), a metering unit (MU), a
constant pressure differential valve (CPDV), an injector, and tubes connecting

these components.

In the fuel system shown in Fig. 3.8, three tubes connect different fuel system

components. Fuel sucked from an oil reservoir is firstly pumped through the LPP
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that delivers the fuel to the HPP with a proper fuel pressure to avoid fuel
vaporization. The high pressure pump is used to pressurize the fuel further to
ensure it has sufficient pressure to be injected into the engine combustion
chamber. The fuel flow rate metered at an MU is the function of both the opening
area and the pressure drop across the MU. If the pressure drop across the MU is
maintained at a constant value, the fuel flow rate becomes proportional only to

the MU orifice opening area that can be adjusted by the controller.

3.3.2 Engine Fuel System Performance Simulation Inter-Component
Volume (ICV) Method

e —————————————————
|
|
' s = i+ Am | 07,
1 | : :
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|
I Tiwr < T |
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Figure 3.9 Schematic of Inter-Component Volume

Fuel system components are connected by tubes or ducts, named as inter-
component volumes, filled with pressurized fuel fluid. During a transient process,
the pressure inside the volume may vary due to the inconsistent fuel flow entering
and leaving the volume. The ICV method [33] is based on such a phenomenon
and has been effectively developed and used in gas turbine transient
performance simulations where the working fluid is either air or gas being
compressible and a perfect gas. In this study, it is the first time that the ICV
method is introduced into the performance simulation of a hydraulic fuel system
where the working fluid is fuel being highly incompressible. To assist the
understanding of the ICV method, a typical inter-component volume may be

schematically represented by Fig. 3.9.
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It is assumed that the system running time is first divided into a series of
calculation time steps. The varying system state is then calculated at each small
time step during which the system is regarded as pseudo-steady and the transient
process is calculated from one step to the other until the system reaches its aimed

steady state.

Volume state variation is governed by the conservation of mass, energy and

momentum. The conservation of mass is represented by Eq. 3-83.

3-83
miy, =m; + (Z Wiin — z Wiout) X At ( )

where m is the mass inside the volume, W is the fuel mass flow rate, At is the
time step, subscript i represents current time moment, i+1 represents the next
time moment, in is the volume inlet flow, and out is the volume outlet flow. In the
fuel system, volumetric flow rate Q instead of mass flow rate W is normally used
to represent the fuel flow rate because the metering unit only meters fuel
volumetric flow. The fuel mass flow rate W can be calculated by Eq. 3-84.

W=px0Q (3-84)

where p is the fuel density. The conservation of energy is represented by Eq. 3-
85.

YE, +Ei—XYE;,, — %mivsi2+1 (3-85)

lout

Mi11CPisq

Tiy1 =

where T is the volume temperature, E the fuel flow energy and Vs the fuel flow
velocity. The energy item E in Eqg. 3-85 includes static and dynamic energy of the

fuel flow that can be calculated by Eq. 3-86.

1 ) (3-86)
E=m><Cp><T+Em><Vs

In each volume, both inlet and outlet flow velocity can be calculated by Eq. 3-87.

Vs=0Q/A (3-87)
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where A is the volume cross area. The conservation of momentum is represented
by Eq. 3-88.

X(MmiVs)im + (mVsy) — X(miVs) our (3-88)
VSip1 = .
i+1

To ensure these conservation laws are used correctly, the following three

assumptions are made :

e The fuel entering the volume will be fully mixed immediately with the fuel

already in the volume;
e The status of the fuel within a volume is kept unchanged within a time step;
e The fuel flow within a volume experiences an isentropic process.

The isothermal compressibility xt shown in Eq. 3-89 is introduced in Ref. 99 in

this study.

1 (6V)T (3-89)

o =-7\5p

where «7 is a pressure coefficient to measure fluid volume variation due to
pressure change under constant temperature. Eq. 3-90 based on the equation of
state for highly incompressible flow is used to represent the pressure variation

within a volume affected by both temperature and volume change.

1 3-90
AP = 4T — —av (3-90)
KT Vkr

where a is a temperature coefficient to measure how the fluid volume is affected
by the temperature change under constant pressure. As both a and «r are derived
from the same equation of state of fluid, it is not easy to specify these two
coefficients’ values accurately at the same time when the pressure variation
needs to be calculated. To simplify the calculation, the temperature variation due
to the fuel fluid compression or expansion in each calculation step is ignored

since its effect on fuel volume change is very small compared to the flow
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mismatch effect. Therefore the pressure variation within a volume is only affected

by the fluid volume variation.

In addition, “bulk modulus” B is introduced to measure the resistance of a fluid to
compression or expansion and it is defined as the ratio of pressure stress to
volumetric strain. The “bulk modulus” is the function of fluid pressure at certain
temperature in Ref. 101 shown in Eq. 3-91 [100].

1 P (3-91)
__V< )T 3-91

B=—=-V(=
Ky av

Therefore the volume pressure change dP produced by the fluid volume change

dV can be estimated by Eqg. 3-92 when the temperature variation is ignored.

B (3-92)
dP:—VXdV

where V is the volume chamber volume, and dV is given by Eq. 3-93.

aV = Q=) Qoue (3:99

The new volume pressure produced at next time step Pi+1 is then calculated by
Eq. 3-94.

Piy1 =P, +dP (3-94)

3.3.3 Engine Fuel System Performance Simulation Newton Raphson
(NR) Method

The previous section has illustrated the newly developed ICV method used in
engine fuel system simulations. This method introduces the liquid fuel oil
compression phenomenon inside the connecting ducts between conjunct
components to implement the transient process operation. However, since liquid
fuel oil is generally considered highly incompressible, this method used on fuel
system simulation may be not as well accepted as that used for engine system
simulation with compressible working fluid air/gas. In this section, a newly
developed Newton-Raphson (NR) method applicable to engine fuel system

transient simulation will be described. In this method, the ducts only transmit the
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performance parameters from the previous outlet to the following component inlet

but do not allow fuel compression inside it.

The Newton-Raphson method named after Isaac Newton and Joseph Raphson
is a root-finding method to discover successively approximating roots (or zeros)
of a real-valued function. [102] As shown in Fig. 3.10, the curve y = f(x) meets
the x-axis at point (Xn, 0). The tangent line at (Xo, f (Xo0)) is described by Eq. 3-
95.

y = f(Xo) + (x — Xo)f'(Xo) (3-95)

Geometrically, (X1, f (X1)) is the intersection point between the tangent line and

x-axis. The value of X1 is,

f(Xo) (3-96)

H= T Gy

y =f(x)

v

Figure 3.10 Newton Raphson Method on Finding X, from Initial Value Xo

Compared to Xo, X1 is closer to the x-intercept Xn of the curve line. Thus, if
repeated the process reported with Eq. 3-97, the value of Xn will finally be

obtained.

X 3-97
Xk+1:Xk_f( k) (3-97)

f'(X)
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In the gas turbine engine system simulation, Macmillan [17] successfully
employed this method on engine off-design steady state points’ calculation.
When the off-design (OD) is running, the system is not balanced because the
equilibriums of work, mass flow rates, etc. are broken, given the disturbances
between the target steady state point and the beginning steady state point. Errors
produced by these imbalances are referred to as Base Errors (BESs). [17] These
BEs are related to some engine variables such as turbomachinery outlet
pressures and engine shaft speeds. NR method is applied to eliminate these
errors by adjusting the variables’ values through a series of iterations. If all the
errors become zero, the system equilibriums are restored. Thus, the system
reaches a new steady state operating point. In the fuel system transient phase,
system equilibriums are also broken. In this case, the NR method is available on

the fuel system transient simulation.

Just as in the ICV method, the system running time is divided into a series of
calculation time steps. During each time step, the system is regarded as pseudo-
steady to calculate the system state with NR method. By calculating the system
state from one step to the other until the system reaches its aimed steady state,

transient process simulation of fuel system will be implemented.

When the system equilibriums are broken under transient operation, the BEs
produced by the fuel system imbalances form a system of equations named
Residual Equation Set (RES) (Eg. 3-98).

(BE, = BEy(x1,X3, -+, %) = Fy (3-98)
BEZ - BEz(xlprF .“Ixn) = F2
\BE, = BE,(x1, %, %) = Fy

where X1, X2, ..., Xn are the selected independent variables relating to the BEs. As
shown in Eq. 3-98, the number of the selected variables is equal to the number
of BEs. The vector form of Eq. 3-98 is represented by Egs. 3-99 and 3-100.

BE=f(X)=0 (3-99)
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X€ER" (3-100)

The calculation of the system pseudo-steady state in one time step is intended to
solve all the variables X at BE = 0 condition. With these calculated variables’
values, each system error becomes zero. In that case, system imbalances are

eliminated and the system remains at a pseudo-steady state.

To illustrate the NR method applied on the system transient simulation, a system
state at time step k is specified. To the system with n selected variables, the RES

at initial variables’ values Xo is,

(BE, = BE;(xq,%3,+++, %) = Fyq (3-101)
BEZ = BEz(xl;xZ) '“ﬂxn) = sz
LBEn = BEn(xlﬂ xZJ .”)xn) = Fkn

If a slight increment of system variables AX is provided, the variation of BE is

represented by Eq. 3-102.

r dBE, dBE, 0BE, (3-102)
ABEl = a—Xlel + a—szxz + -+ axn Axn
0BE, 0BE, 0BE,
) ABE, =a—szX1+a—szX2+"'+ axn Axn
dBE, dBE, dBE,
LABEn = ax1 Axq + a—szXZ + et axn Axn

If it assumes that the system can reach its pseudo-steady state with this
increment, Eq. 3-103 and Eq. 3-104 are obtained.

BE(X;) = BE(X,) + ABE = 0 (3-103)

ABE = —BE(X,) = —F, (3-104)

The vector form of Eqg. 3-104 can be represented by a matrix form shown in Eq.
3-105.
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r0BE, O0BE;
dxq dx,

0BE, O0BE,
0x4 0x,

0BE, O0BE,
[ 0x; dx,

0BE; T
0xy, Axy
0BE, 7]
0x, Ax,
0BE, lenJ
d0x, |

Eq. 3-105 can be simplified as,

J(BE ,X)[X; — Xo] = —F

(3-105)

(3-106)

where J(BE, X) is the Jacobian matrix which is the first-order partial differentials

of Eq. 3-101.

J(BE ,X) =

r0BE, OBE;
dxq dx,

J0BE, OBE,
dxq dx,

0BE, O0BE,
[ 0x;4 dx,

dBE, T

dx,
0BE,

dx,

0BE,

dx, |

(3-107)

According to Eg. 3-106, the equation used on each iteration in one time step is

concluded as Eq. 3-108 to obtain the values of selected system independent

variables.

]

X;41=X; +J'(BE,X) - BE(X;)

(3-108)

The previous process introduces the principle of the NR method applied to non-

linear system simulations. For the engine fuel system during transient, three flow

equilibriums are selected to be the BE equations. The first is the equilibrium
between LPP and HPP; the second is that between the HPP and MU; and the

third is between MU and injector. According to the BE equations, three

independent variables relating to these BEs are also selected. These three

variables are the fuel pressure at each connecting tube between conjunct

components. Calculation steps of the NR method applied to engine fuel system

simulation in one time step are listed as follows:
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1. Select the independent variables X.
X =[Py, Py, ,PV3]T (3-109)

2. Establish the 3 x 3 Jacobian matrix J(BE, X) (Eq. 3-110) at X1 point. To the
non-linear system consisting of many components, it is hard to find the
system first-order partial derivatives at point X1. An alternative method is to
use the difference in quotients instead of differentials to find the Jacobian
matrix at each calculation step. This is achieved by provide a slight
increment of each system independent variable Axi, i=1, 2, ..., n. To each
given variable increment Axi, fuel system (Fig. 3.8) state will be varied to
find the mass flow rates’ variations relating to each flow equilibrium
equation. (Egs. 3-111 to 3-113)

'0BE, O0BE, 0BE;] (3-110)

0BE, OBE, OBE,

BE X) =
0BE, OBE, OBE,

0Py, 0Py, 9Py, dPy,
aBEl_aWLPP OWeppy  OWhpp

= + —
O0BE;  0Wipp  OWeppy _ OWypp

\0Py;  0Py3 0Py3 0Py;

oP,, 9P, 0P, 0P,
0BE, _ OWhpp _ Wny _ OWeppy
oP,, 9P,, 0Py, 0P,
0BE, _ OWhpp _ Wny _ OWeppy
\dP,s  0P,s  0Pys 0P,
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(OBE; _ oWy _ al/ijector (3-113)
aPVl aPV1 aPVl
0BE; _ oWyy _ Winjector

P, 0Py, Py,
aBE3 _ aVVMU _ al/Vlnjector

3. Establish the system RES of BEs (Eg. 3-114) from the Xi values and
system state values. Initially, the system is performed at a DP simulation.
All the system state variables are kept at DP values at the beginning of
transient simulation. In addition, as the fuel system state is decided by the
engine system and its controller, pump rotational speed ratio and injector
outlet fuel pressure are provided by the engine system current operating
state. Engine required fuel flow rate at current state is also transferred to
the metering unit opening area by the controller. By using these parameters’
values, fuel system RES at X1 can be established to calculate each BE from

the fuel volumetric flow imbalances.

BEy; = Wypp + Weppy — Whpp (3-114)
BE; = Wypp — Wyy — Weppy
BE; = Wyy — WInjector

4. After the Jacobian matrix J(BE, X) has been found, the inverse matrix of

Jacobian matrix J'* (BE, X) (Eg. 3-115) can be calculated.
J"'(BE,X) =[J(BE,X)]™! (3-115)

5. Find point X2 with Eq. 3-108 by using NR method.

6. Repeat the steps 3 to 5 until the BES’ norm at point Xj+1 is less than the
prescribed convergence value &.(Eg. 3-116) Xj+1 is the solution of RES.
With this solution, a system pseudo-steady state at this time step will be

obtained.

|BEj.1|| = VBE} + BE} + -+ BE: < § (3-116)

where ¢ is the convergence precision. The convergence value ¢ instead of

0 is used because the base errors relating to the selected multi-
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independent variables cannot be easily eliminated to zero from the NR
iterations. In addition, when the calculated BES' norm approaches to
virtually zero, the calculated independent variables’ change AX become
very small to alter the variable values during each iteration. This will largely

increase the consumption time of computer simulation.

7. Repeat the steps 2-6, a series of fuel system pseudo-steady states will be

calculated until the system reaches its target steady state.

In practice, the system only converges to its pseudo-steady state when the
selected beginning X1 point is very close to the pseudo-steady state Xj+1 point at
each time step. However, in the transient simulation with hundreds of thousands
of pseudo-steady state points to be calculated, it cannot be ensured that the
system could be converged at each time step. If it is not, the system may not be
converged and the transient simulation cannot be implemented. A technical
solution to this problem is to introduce relaxation factors w, into the NR method.
(Eq. 3-117)

X;s1 =X; —wy -] '(BE,X) - BE(X;) (3-117)

According to the Eq. 3-117, w; is able to control the amount of variation in the
independent variable value Xj during each iteration. If the variation on one
iteration is too large, the system cannot reach its pseudo-steady state. On the
contrary, if the variation is too small, the convergence process may consume a
large amount of time. Therefore, a good value of w, will lead to a fast and
converged solution of NR method simulation. To the engine fuel system transient
simulation with millions of pseudo-steady states to be calculated, it is hard to find
a proper w; for the whole transient simulation. A tried and trusted method is to
govern each independent variable (duct pressure) variation between 0.1 kPa to

10 kPa with w;, in one iteration.

3.3.4 Engine Fuel System Components Calculation

Pumps:
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Pumps are used to pressurize fuel flow in order that it can be transported and
injected into the engine combustion system. Two types of pumps, i.e. centrifugal
pumps as low pressure pumps and gear pumps as high pressure pimps are
normally used in hydraulic fuel systems and the schematics are represented in

Figs. 3.11 and 3.12 respectively.

Dutlet

Suction

Figure 3.11 Schematic of Centrifugal Pump

Suction

Figure 3.12 Schematic of Gear Pump
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Figure 3.13 Typical Centrifugal Pump Characteristic Map
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Figure 3.14 Typical Gear Pump Characteristic Map

In this study, empirical pump characteristic maps are used to describe the

performance behaviour of the pumps. Four characteristic parameters including
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shaft speed ratio PCN, volumetric flow rate Q, efficiency n, and pressure increase
AP are used to describe the pump characteristics in the maps. Generally, the
shaft speed ratio PCN and pressure increase AP are known, in order to obtain
the required pump volumetric flow rate Q and efficiency n in the transient
simulation. Figs. 3.13 and 3.14 show typical characteristic maps for centrifugal
pumps and gear pumps, respectively.

As pumps are directly connected to engine shaft and are driven by an engine,
pump shaft rotational speed is assumed to be equal to the engine shaft speed
and there is no time delay between engine and pump shaft speeds during engine
transient processes. The input and output parameters and main calculation

equations of pumps are listed below.

Input:

Pa Inlet Fuel Total Pressure

Ps Outlet Fuel Total Pressure

PCN Shaft Relative Rotational Speed (from Turbine)
Ta Inlet Fuel Total Temperature

Output:

PSP Pump Shaft Power

Qa Inlet Fuel Volumetric Flow Rate

Qs Outlet Fuel Volumetric Flow Rate

Ts Outlet Fuel Total Temperature

Pump outlet total pressure Ps is calculated from its following volume (with ICV
method) or duct (with NR method). Pressure increase AP is the difference

between Pg and Pa.

AP = Py — P, (3-118)
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Pump volumetric fuel flow rate Q and efficiency n are then interpolated from the
scaled characteristic maps with AP and PCN. The scaled pump maps are
obtained from pump design point calculation by specifying the pump pressure
increase (APpp), volumetric flow rate (Qop), and efficiency (nor) of newly designed
fuel systems at design point condition. The scaling factor of each parameter is
then given from Eq. 3-119 to 3-121.

AP, 3-119

APSF = DP ( )
APDP,Map

3-120

osi — %o (3-120)

QDP,Map

EtaSF = Tpp (3-121)

Npp.Map

The energy transformed to the fuel flow through a pump can be divided into two
parts: one is used to pressurise the fuel flow and the other is to increase fuel
temperature by assuming the pump is an adiabatic system. In other words, pump
shaft power (PSP) can be obtained by Eq. 3-122 [89].

AP X Q (3-122)
n

PSP =

The thermal energy ® absorbed by the fuel flow can be calculated by Eq. 3-123
[103].

¢ =PSPx(1—n) (3-123)
Therefore, the temperature rise AT of the fuel flow can be then calculated by Eq.
3-124.

¢ (3-124)
W X Cp

AT =

where Cp is the specific heat of the fuel at constant pressure.

Valves:
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Valves are the devices to regulate the quantity and pressure, and control the
direction of fuel flow rate in the system. By controlling the opening and closing of

a valve, the fuel flow rate can be controlled.

Constant Pressure Differential Valve:

A
~ ~
@
o Tt
HFF Y
Inlet O
. | | |
lTI v lT
HPP Cwutlet AL
O, P Outlet P

Figure 3.15 Schematic of Constant Pressure Differential Valve

A constant pressure differential valve (CPDV), a schematic of it shown in Fig.
3.15, is a device to maintain a constant pressure drop across a fuel metering unit
(MU). It has two inlet ports, one connecting the HPP outlet and the MU inlet and
the other connecting the MU outlet. It has an exit port where fuel will be bypassed
from the inlet of the MU to the entry of HPP via a cone valve in order to keep a
constant pressure drop. Inside the CPDV, a film connecting with a pressurized
spring is installed to separate the CPDV into two independent chambers where
pressure difference can be transferred but fuel cannot be. The pressure drop is

balanced by the spring whose movement adjusts the opening area of valve orifice.

Input:

Pa1 Inlet Fuel Total Pressure from HPP Outlet
Pa2 Inlet Fuel Total Pressure from MU Outlet
Ps Outlet Fuel Total Pressure from HPP Outlet
Ta Inlet Fuel Total Temperature
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Tm Valve Mechanism Movement Delay Time Constant

Xdi Cone Valve Opening Displacement at Previous Calculation Step
Output:

Q Return Fuel Volumetric Flow Rate from HPP Outlet to HPP Inlet
Ts Outlet Fuel Total Temperature

Xdis1 Cone Valve Opening Displacement at Current Step

CPDV is designed to adjust the returned fuel flow rate from HPP outlet to the HPP
inlet port to maintain the constant pressure drop across the MU. The fuel

volumetric flow rate Q passing through a valve can be calculated from Eq. 3-125.

[89]
\/ﬁ (3-125)
Q =Cd X AX T

where Cd is the valve orifice discharge flow coefficient, p is the fuel density and

AP is the pressure difference across the valve orifice.

According to Eq. 3-125, the CPDV exit fuel flow rate is the function of the pressure
drop APcppv and the opening area Ac of the cone valve. APcpov (EQ. 3-126) is the
pressure difference between Pa1 and Ps. Ac calculated from Eq. 3-127 is
considered as the lateral area of a conical frustum formed by the cone gate and

the valve orifice.
APcppy = Py — Pp (3-126)
A, =m XdXXd;q Xsina (3-127)

where, d is the diameter of the valve orifice, Xdi+1 is the moving distance of the

cone gate at current step calculation, and a is the angle of the cone.

The moving distance Xd is governed by the CPDV film and its connecting spring.
(Fig. 3.15) To maintain a pressure drop APwu (EqQ. 3-128) between HPP and MU
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outlet, the spring has to be pre-pressurized. The spring force (SF) produced by
the pressurized spring is given by Eq. 3-129.

APMU = PAl - PAZ (3'128)
SF =K x (t — Xd,) (3-129)

where K is the spring stiffness, t is the pre-pressurized distance of the spring.

The pressure drop APmu on the film also produces a pressure force (PF)
estimated by Eq. 3-130.

PF = APyy X A; (3-130)

where At is the area of the film.

The valve moving distance variation AXd produced by imbalance between the

pressure force and spring force can be obtained from Eq. 3-115. Thus,

AXd = (PF — TF)/K (3-131)

A first order lag represented by a Laplace transfer function ﬁ is added to

'mS
represent the delay time (4Tm) of the mechanical movement corresponding to the
moving distance variation AXd. The Laplace transform of the first order lag may
be approximated through Z-Transform discretization. Therefore, the moving

distance of the cone valve Xdi+1 in one time step can be calculated by Eq. 3-132.

At (3-132)

—eTm

Xdi+1 :Xdl+AXdX AL

z—e Tm
where, Ts the time constant of first order lag, At the calculation time step.

The thermal energy ® absorbed by the fuel flow passing through the orifice may
be estimated by Eq. 3-133 [89].

d =Kk XAP XQ (3-133)
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where « is the heat producing coefficient of the valve. By using Eq. 3-124, the fuel

flow temperature rise across valve orifice can be calculated.

Metering Unit:

Inlet Flow

‘ CPDV

Orifice

If\vn 1} :{l f._

MU Meedle {

Combustor

Figure 3.16 Schematic of Metering Unit Valve

A metering unit is the device to meter the engine required fuel flow rate based on
the controller order. A typical metering unit consists of a stepper motor, a rack
and pinion mechanism, and a metering valve. A schematic of a metering unit
valve is represented in Fig. 3.16. A needle valve is selected as the metering valve
which comprises a needle and an orifice. During the engine operation, the stepper
motor drives the rack and pinion mechanism to open a discrete distance of the
needle valve based on the controller order. The area formed by the needle and
orifice is taken to measure the fuel pressurized by the HPP. The measured fuel
flows through the injector and is burned in the engine combustor. The extra fuel
from the HPP outlet will flow back to the HPP inlet through the CPDV to maintain

the required pressure drop across the metering valve.

Input:

Pa Inlet Fuel Total Pressure

Pe Outlet Fuel Total Pressure
Ta Inlet Fuel Total Temperature
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Tm Valve Mechanism Movement Delay Time Constant

Xdi Previous Step Metering Valve Opening Displacement

Xdorder Metering Valve Opening Displacement Ordered by the Controller
APi Previous Step Metering Valve Pressure Drop

Output:

Q MU Metered Fuel Flow Rate

Ts Outlet Fuel Total Temperature

Xdi+1 Current Step Metering Valve Opening Displacement

The MU metered fuel volumetric flow rate is also calculated from Eq. 3-125 if the
pressure drop APwmu (EQ. 3-134) and opening area Avu (Eq. 3-135) of the metering

valve orifice are known.

APMU = PA - PB (3'134)

The opening area Awu of the metering valve is assumed to be proportional to the

moving distance of

AMU =k X Xdi+1 (3_135)

where k is the opening coefficient of the metering valve.

The valve opening distance Xdorder is governed by the controller calculated
required metering fuel volumetric flow rate order Qorder based on the engine speed

error e(PCN) and fuel density p.

Qoraer = fle(PCN), p] (3-136)

rder 3-137

Xdorder = QOZdAeP' ( )
Cd x TL X k
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The valve moving distance variation AXd at the current step is calculated from
Eq. 3-138 if the moving distance Xdi at the previous step and the required opening

distance Xdorder are known.
AXd = Xdypger — Xd; (3-138)

To represent the mechanical delay effect of the stepper motor and rack and pinion

mechanism to vary the distance, a first order lag ﬁ is also introduced. Thus,

the current step metering valve opening distance can be obtained from Eq. 3-132.

Metering unit outlet total temperature is calculated from the thermal energy

equation (Eq. 3-133) and temperature rise equation (Eg. 3-124).

Injector:

Air

Liquid —>»

Figure 3.17 Schematic of Metering Unit Valve [104]

An injector is to deliver the metered fuel into the engine combustor. To ensure
the fuel is burned efficiently, liquid fuel is mixed with air inside the injector and the
fuel/air mixture is injected into the engine combustor. A schematic of an injector
is shown in Fig. 3.17. This component is assumed to be a fixed area orifice in the
simulation. The fuel and air mixing process and fuel mixture spray effect are

considered as a first order lag added in the simulation.

Input:
A Injector Fixed Area
Pa Inlet Fuel Total Pressure
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Ps Outlet Fuel Total Pressure (Combustor Back Pressure)

Ta Inlet Fuel Total Temperature

Tt Fuel Spray Delay Time Constant

Output:

Te Outlet Fuel Total Temperature

Wi Injected Fuel Flow Rate into Engine Combustor

As a fixed area orifice in the simulation, the injector orifice area is known from its
DP calculation (Eq. 3-139) by knowing the fuel pressure drop and designed fuel

volumetric flow rate through this component.

Qpp (3-139)
Cd X /—ZAPDP
p

The injector pressure drop APor is the pressure difference between MU outlet

A=

total pressure and combustor back pressure (inlet total pressure) at design point

operating condition.

In the transient process, the fuel volumetric flow rate Qi+1 through the injector at
the current time step is also calculated from Eq. 3-125 by knowing its pressure

drop and area. The fuel spray delay effect in the injector is also considered as a

first order lag represented by a Laplace transfer function # The injected fuel
f

flow rate into the engine combustor is then calculated by Eq. 3-140. Ouitlet total

temperature is calculated from the thermal energy equation (Eq. 3-133) and

temperature rise equation (Eq. 3-124).

At (3-140)
1—e Tr
Werivr = Qigr X — & XP
z—e Ir
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3.4 Integrated Engine, Control and Fuel System

With the models of all the system components becoming available, the engine
and its fuel and control system can be separately built by using the previous
introduced methods. The flow charts of each individual system are listed in
Appendix A. The integrated engine, fuel and control system has been established
and shown in Fig. 3.18.

Engine shaft speed is measured by a speed sensor and the measured signal is

1
Tss+1'

transmitted to the engine controller with a first order lag In this research,

two different engine types: a turbojet engine and a turboshaft engine are
examined to test the applicability of newly developed fuel system simulation
methods. For the turbojet engine with a single shaft, there is only one shaft where
its speed is measured. However, in the case of the turboshaft engine with a free

turbine, the free turbine shaft speed is measured to regulate the required fuel flow

rate.
Engine Sensor Controller
Icv PCN | AFirst PCN .| PI Control PCN

> > —

Method Order Lag Strategy Command

4
Wi
Qy
ICVorNR | MU AXd
» Method
Pburm PCN

Fuel System

Figure 3.18 Schematic of Integrated Engine, Control and Fuel System

The controller receives the measured speed signal and speed demand indicated
by a cockpit power level angle (PLA) to calculate the required fuel flow rate Qs
using the PI control schedule. Q# is then turns into the movement AXd of the

mechanism in the fuel system to adjust the orifice opening area of the metering
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unit. The metered fuel flow rate Wi from the fuel system will then be injected into

the engine combustion chamber to maintain the engine transient operation.
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4 Application, Results, and Analysis

4.1 Application of Engine and its Control and Fuel Systems

4.1.1 Model Engine System

The developed integrated engine, control and fuel system transient performance
simulation method has first been applied to a model turbojet gas turbine engine
shown in Fig. 3.1. Two inter-component volumes are included in the transient
engine performance model, one located between the compressor and the turbine
and the other between the turbine and the nozzle. Spool percentage corrected
rotational speed PCN is chosen as the handle and is controlled by the controller
to determine the operating condition of the engine. Table 4-1 lists the turbojet
engine performance specification at ISA sea level static condition and the key

performance parameters used in the performance modelling.

Table 4-1 Turbojet Model Engine Performance Specification at Design Point and

Key Parameters

Parameters Value
Air Flow Rate (kg/s) 77.2
Compressor Pressure Ratio 8.8
Compressor Isentropic Efficiency 0.84
Splitter Remained Flow Coefficient 0.9
Combustion Efficiency 0.99
Burner Exit Temperature (K) 1141
Volume A (m3) 0.4
Turbine Isentropic Efficiency 0.87
Volume B (m3) 0.2
Thrust (kN) 47.29
SFC (g/kN-s) 22.36
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To validate the flexibility of the newly developed method on engine fuel system
transient simulation, the turboshaft engine shown in Fig. 3.2 has also been
selected as a model. Compared with the turbojet engine, this turboshaft engine
introduces an additional free turbine between the core generator turbine and
engine nozzle. An external loading (EL) is driven by this free turbine through a
connecting shatft. In this simulation, the external loading (Eq. 4-1) is assumed to

be proportional to the cube of the free turbine shaft speed.
EL = 0 X PCN}; (4-1)

Table 4-2 Turboshaft Model Engine Performance Specification at Design Point
and Key Parameters

Parameters Value
Air Flow Rate (kg/s) 65
Compressor Pressure Ratio 18.4
Compressor Isentropic Efficiency 0.92
Splitter Remained Flow Coefficient 0.9
Combustion Efficiency 0.99
Burner Exit Temperature (K) 1443
Volume A (m3) 04
Core Turbine Isentropic Efficiency 0.9
Volume B (m3) 0.2
External Loading (MW) 21.8
Free Turbine Isentropic Efficiency 0.89
Fuel Flow Rate (kg/s) 1.269

Two inter-component volumes also exist in the turboshaft transient model, where

one volume is introduced between compressor and turbine and the other between
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the core gas generator turbine and free turbine. In this engine model, the handled
speed is not the core shaft speed, but the free turbine speed. The performance
specification at ISA SLS condition and the key performance parameters of this

turboshaft engine are listed in Table 4-2.

4.1.2 Model Fuel System
4.1.2.1 Model Fuel System Simulated with ICV Method

The model fuel system used in this study for both the turbojet and turboshaft
engine is shown in Fig. 3.8. The developed ICV method illustrated in section 3.3.2
has been applied for the fuel system simulation. Table 4-3 lists key parameters
of the turbojet model fuel system. Table 4-4 lists key parameters of the turboshaft

model fuel system.

Table 4-3 Fuel System Parameters at Design Point for Turbojet Model

Component Value

Low Fuel Flow Rate (L/h) 4759.7
Pressure

Pressure Rise (kPa) 600
Pump

Efficiency 0.6
Volume A | Volume (m?) 0.0001
High Fuel Flow Rate (L/h) 7615.4
Pressure

Pressure Rise (kPa) 3500
Pump

Efficiency 0.8
Volume B | Volume (m3) 0.00003
Metering Fuel Flow Rate (L/h) 4759.7
Unit

Pressure Drop (kPa) 1000

Opening Coefficient 0.009
Volume C | Volume (m3) 0.00003
Injector Fuel Flow Rate (L/h) 4759.7
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Area (mm?2) 28.5
Constant Spring Stiffness (N/m) 9000
Pressure B .
. . Valve Orifice Diameter (m) 0.0087
Differential
Valve Cone Angle (°) 225
Film Area (m?) 0.0005
Pre-pressurized Spring Distance (m) 0.055

Table 4-4 Fuel System Parameters at Design Point for Turboshaft Model

Component Value

Low Fuel Flow Rate (L/h) 5706
Pressure

Pressure Rise (kPa) 600
Pump

Efficiency 0.6
Volume A | Volume (m3) 0.0001
High Fuel Flow Rate (L/h) 9130
Pressure

Pressure Rise (kPa) 3500
Pump

Efficiency 0.8
Volume B | Volume (m3) 0.00003
Metering Fuel Flow Rate (L/h) 5706
Unit

Pressure Drop (kPa) 1000

Opening Coefficient 0.009
Volume C | Volume (m3) 0.00003
Injector Fuel Flow Rate (L/h) 5706

Area (mm?) 43.7

Spring Stiffness (N/m) 9000
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Constant Valve Orifice Diameter (m) 0.0087
Pressure
. ) Cone Angle (°) 225
Differential
Valve Film Area (m?) 0.0005
Pre-pressurized Spring Distance (m) 0.055
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Figure 4.2 High Pressure Pump Volumetric Flow Rate Map
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Figure 4.4 High Pressure Pump Efficiency Map

The typical volumetric flow characteristic map shown in Fig. 4.1 is for the
centrifugal pump and the map shown in Fig. 4.2 is for the gear pump. The
efficiency maps of these two pumps are shown in Fig. 4.3 and Fig. 4.4. These
pumps’ characteristic maps can be scaled for different model simulations. The
developed ICV method and NR method described in an earlier part of the thesis
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were applied to the fuel system for its transient performance simulation. In
practice, the determination of the fuel schedule should consider keeping a large
enough safety margin for compressor surge, turbine over-heating, shaft over-
speeding, combustor blow out, and other similar eventualities, which are not

rigorously considered in this study.

4.1.2.2 Model Fuel System Simulated with NR Methods

Previous section has illustrated the key fuel system input data and pump
characteristic maps used for ICV method simulation. The input data and
characteristic maps given for the model fuel system simulated with NR method
are the same as the fuel system using ICV method, except the introduced inter-
component volumes between system conjunct components. Those assumed
volumes are used to calculate the connecting ducts’ (volumes shown in Fig. 3.8)
pressures to consider the flow mismatch through the system transient operation.
In contrast, the NR method used for fuel system transient simulation also
considers the flow mismatch, but eliminates this mismatch through a series of

iterations instead of the volume dynamics calculation.

A general principle for fuel system simulation using the NR method has been
described in the section 3.3.3. To the model fuel system used for research shown
in Fig. 3.8, the three connecting ducts’ pressures are the selected independent
parameters (X) whose values are calculated through the NR method iterations
during each time step. The system flow mismatch at each connecting duct is
calculated and the value of this flow mismatch is referred to as the mentioned
Base Error (BE). The NR method aims to eliminate the values of these BEs to
virtually zero which means the system reaches its pseudo steady state at current
time step and can move to the calculation for the next step. After the selected
variables X (ducts’ pressures) and the function value (BEs calculated from Eq.
3-114) have been obtained, an inverse of the system BEs Jacobian matrix which
can be regarded as the f'(Xk) shown in Eq. 3-97, is needed. This inverse matrix
can be calculated from the Eqgs. 3-110 to 3-113 and 3-115. By plugging these
three arrays into the Eqg. 3-108, the new variables’ values which are the ducts’

pressures are known for the next iteration. These ducts’ pressures are given to
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the fuel system to simulate the new system BEs. By comparing the norm of the
BEs with the prescribed small value epsilon which is given by 0.0007 kg per time
step in this research, the system pseudo steady state at this time step may be
achieved or not achieved. If the system reaches its pseudo steady state at current
time step, it moves to the next step calculation to obtain new ducts’ pressures

and system BEs until the system reaches its target steady state.

4.1.3 Model Control System

The PI control strategy has been applied to establish the model control system.
The block diagram of a Pl controller in co-operation with an acceleration and
deceleration fuel selection logic has been represented in Fig. 3.7. The control
gains of the PI controller for two model engines are given in Table 4-5 and Table
4-6. Two different integral gains are provided to the acceleration and deceleration
processes to eliminate the oscillation phenomenon around the target speed. The
control gains of two engine models are all obtained from manual adjustment. The
engine transient fuel schedules against steady state fuel lines of model turbojet

and turboshaft engines are represented in Fig. 4.5 and 4.6.

Table 4-5 Pl Controller Gains for Turbojet Engine Model

Acceleration Deceleration
Proportional Gain Kp 8 8
Integral Gain K| 2.8 1.03

Table 4-6 Pl Controller Gains for Turboshaft Engine Model

Acceleration Deceleration
Proportional Gain Kp 6 6
Integral Gain K 2.65 1.3
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4.2 Engine Model Validation

4.2.1 Off-Design Steady State Validation

The newly developed engine fuel system method has first been applied to the
simulation of a model single-spool turbojet aircraft engine co-operating with its
fuel and control system. To ensure the accuracy of this simulation, the simulated
model engine requires to be validated. Due to the lack of real experimental data
from rig tests, the simulated results from newly developed model engine are
compared with the same system established on both the sophisticated Cranfield
gas turbine performance software TurboMatch [17] and MTU commercial
software GasTurb [50].

As both the TurboMatch and GasTurb simulation platforms do not allow the fuel
and control systems simulation, only a single spool turbojet engine model has
been established on these two platforms, to prove the accuracy of the developed
numerical engine model used in this research. The new platform, for the engine
coupling its fuel and control systems simulation, is developed as a lumped
component level gas turbine engine performance software, the same as
TurboMatch. A similar format of the system input data file and the same
compressor and turbine characteristic maps, as with TurboMatch, are used in the

new platform to simulate the engine transient behaviours.

GasTurb is also a component level simulation platform but the engine structure
is fixed. In mark contrast to establish the engine model based on the provided
engine component bricks inside the input file of new system and TurboMatch.
Engine design point input data for the validation GasTurb model are the same
with the input data used for engine simulation on the newly developed platform
and TurboMatch. The compressor and turbine characteristic maps can be plotted

using the user required parameters’ values and manually input into the software.

The compressor map is consisted of the four functions of compressor non-
dimensional mass flow rate, shaft relative rotational speed, pressure ratio, and
isentropic efficiency. The compressor map used for GasTurb simulation is the

same with the map used for new software and TurboMatch. The turbine map for
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GasTurb shows the four functions of turbine corrected relative speed, non-
dimensional mass flow rate, pressure ratio (minimum and maximum) and
isentropic efficiency. The turbine map used for GasTurb uses the same non-
dimensional mass flow rate and isentropic efficiency with newly developed
system and TurboMatch. However, the corrected rotational speed and pressure
ratio use the GasTurb original map values. This is because the map for
TurboMatch uses the enthalpy drop instead of pressure ratio. For the turbine
corrected rotational speed, as GasTurb and TurboMatch use different scaling
method, the values of this parameter on different rotational speeds are also not
changed.

Engine compressor exit pressure (P3), turbine entry temperature (TET), net thrust
(NT) and specific fuel consumption (SFC) are selected to represent this validation.
All these parameters are calculated at five different steady state points inside the
transient simulation at sea level, ISA condition. The errors of engine key
performance parameters of newly simulated engine models against with
TurboMatch and GasTurb are represented at Fig. 4.7, 4.8 and Table 4-7, 4-8.

Engine design point is first calculated on each software simulation. The results
on Fig. 4.7 show less than 1% errors of the key performance parameters between
the new platform simulated results and TurboMatch results at the point PCN
equals to 1.0. In the comparison with GasTurb results, less than 2% errors of the

key parameters are also shown in Fig. 4.8.

When the shaft relative rotational speed decreases, the errors shown in Fig. 4.7
become larger. The reason produced such errors is mainly affected by a
prescribed constant relative pressure drop across the combustor in the newly
developed platform. This consideration reduces the turbine work at the given fuel
flow rate. It results in the increase of the air stream at lower rotational speed which
produces lower turbine entry temperature and engine net thrust but higher engine
SFC.
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Figure 4.8 Off-Design Steady State Results Comparison at Sea Level, ISA
Condition between GasTurb and Newly Simulated Engine Models
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The errors shown in Fig. 4.8 on low engine shaft speeds also become larger. In
addition to the combustor constant pressure drop mentioned in the comparison
with TurboMatch model, the different turbine maps used in the new system and
GasTurb model are also the reasons producing larger errors between the two

models at lower shaft relative rotational speeds.

A detailed illustration of the differences are represented in Tables 4-7 and 4-8
below, in percentages. Table 4-7 shows that the parameters’ differences with
TurboMatch results are less than 5%. The comparison with GasTurb model in
Table 4-8 shows the differences are less than 8%. Therefore, according to the
comparison of key performance parameters between the new model and
validation model of TurboMatch and GasTurb, the new engine model used for

engine integrated with its fuel and control system simulation is acceptable.

Table 4-7 Off-Design Key Performance Parameters Comparison between Newly
Simulated Engine Model and TurboMatch Simulated Engine Model (%)

Parameters | Compressor | Turbine Net Thrust | Specific Fuel

Outlet Entry (NT) Consumption
Pressure Temperature (SFC)

PCN (P3) (TET)

1.0 0.02% 0.08% 1.04% -0.93%

0.9 -1.35% -1.28% -0.76% 0.69%

0.8 -1.43% -1.70% -1.53% 2.44%

0.7 -0.36% -1.84% -2.00% 4.10%

0.6 0.92% -2.00% -1.85% 3.68%
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Table 4-8 Key Performance Parameters Comparison between Newly Simulated

Engine Model and GasTurb Simulated Engine Model (%)

Parameters | Compressor | Turbine Net Thrust | Specific Fuel

Outlet Entry (NT) Consumption
Pressure Temperature (SFC)

PCN (P3) (TET)

1.0 0.02% 0.16% 1.00% -0.89%

0.9 -1.41% -1.12% -0.96% 0.50%

0.8 -3.25% -1.91% -3.07% 1.03%

0.7 -6.27% -2.45% -6.34% 4.37%

0.6 -7.21% -0.49% -5.92% 7.57%

4.2.2 Transient Validation

Fig. 4.9 is the transient trajectories of engine key performance parameters: spool
PCN, Wff, TET, engine net thrust NT and compressor exit pressure responding
to the rotational speed command between GasTurb and newly simulated engine
models. It can be seen that through most of the transient process, the errors of
all the listed parameters are less than 10% against the GasTurb engine model.
However, there are several points where the errors do exceed 10%. The reason
produces such errors is the fuel trajectories used to regulate the engine transient
processes on the newly developed platform and GasTurb are different. In the new
software, the engine fuel schedule is given as the prescribed fuel flow rate against
the shaft relative rotational speed (shown in Fig. 4.5). The engine controller,
working in co-operation with the fuel selection logic, decides the proper engine
required fuel flow rate based on the engine current rotational speed and its
command speed. In contrast, the fuel schedule used for GasTurb platform
simulation is the engine required fuel flow rate against time. The differences

between two fuel schedules result in the errors, green dot line shown in Fig. 4.9,
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between the two engine actual fuel flow rate lines for both platforms simulated
models. The errors for other listed parameters which exceed 10% are all

happened at the points where the fuel flow rate errors are large.

Transient Simulation Results Comparison between
GasTurb and Newly Simulated Engine Models
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Figure 4.9 Transient Trajectories Comparison at Sea Level, ISA Condition

between GasTurb and Newly Simulated Engine Models

4.3 Engine Transient Performance Simulation Co-operating with
its Control and Fuel System

4.3.1 Turbojet Engine with Fuel System Developed Using ICV
Method

The transient performance of the model turbojet engine has been simulated using
the integrated engine, control and fuel system shown in Fig. 3.18. It is assumed
that the model engine is operating at sea level, ISA condition. It is also assumed
that the engine starts acceleration from its steady state condition at PCN of 0.6,
accelerates to its maximum power at PCN of 1.0, stays at the maximum condition

for about 16 seconds and then decelerates back to the PCN of 0.6.
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Fig. 4.10 shows the PCN command signal against the actual PCN variation during
the whole transient process of 60 seconds. Compared with the command signal
in this figure, the delay of the actual PCN response is due to the transient
response to the engine and its control and fuel systems. According to the
transient requirement of military engines at sea level condition in Ref. 18, typical
acceleration time from idle to 0.98 PCN should be less than 4s and deceleration
time from take off thrust to the 75% thrust change between take off and minimum
idle is about 4s. For civil engines, the transient time should be regulated a little
bit longer than the military engines. Typical acceleration time at sea level
condition is about 5s and deceleration time should be less than 4.5s.

In this turbojet engine model co-operating with its fuel and control system, in
which the fuel system is simulated with ICV method, it is assumed that the idle
speed at sea level condition is PCN 0.6. The acceleration time from PCN 0.6 to
PCN 0.98 (Thrust 95%) is registered at about 3.2s and deceleration time from
PCN 1.0 to PCN 0.65 (Thrust 75% change) at about 4.0s. By selecting different
fuel schedules and PI control gains, the transient time will be adjusted to fulfil the

requirements of different applications.

Fig. 4.11 shows a comparison between the fuel command signal provided by the
fuel selection logic and the actual fuel flow rate delivered by the control and fuel
system over time. It can be seen that during the acceleration process the
delivered fuel flow rate follows the fuel schedule initially and then deviates from
the fuel schedule at about 3.6s. This is because the fuel controller takes over the
fuel control task and controls the fuel flow rate based on the difference between
the desired and actual engine shaft speed PCN. A similar phenomenon can be
observed during the deceleration process where the fuel flow rate follows the fuel
schedule until at around 34.8s and then the controller takes over the fuel control
until the engine reaches its desired steady state end condition. It can be seen
that during the acceleration and deceleration processes, the actual injected fuel
flow rate into the combustor is delayed, compared to the fuel commend, when

the fuel schedule governs the fuel flow rate. This phenomenon is a result of the
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response of engine fuel system introduced into the system transient performance

simulation.
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Figure 4.10 Model Turbojet Engine PCN vs. Time at Sea Level, ISA Condition
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Figure 4.11 Model Turbojet Engine Wff vs. Time at Sea Level, ISA Condition
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Figure 4.12 Model Turbojet Engine Wff vs. PCN at Sea Level, ISA Condition

Fig. 4.12 above shows a comparison of the trajectory of actual fuel flow variation
against those from the fuel schedules for the acceleration and the deceleration
processes. It is also compared with the engine fuel flow rate at steady state
conditions. There appears to be a gap between fuel schedule regulated fuel line
and engine actual fuel line. This is produced by the delay response of the fuel
system to the controller fuel command. From Fig. 4.10 to 4.12, the applicability of

developed ICV method on engine fuel system transient simulation has been

proved.

4.3.2 Turbojet Engine with Fuel System Developed Using NR Method

The last section has represented the simulated transient process of a turbojet
model engine with its fuel and control system. In that model, the fuel system
transient performance is simulated using the recently developed ICV method.
However, as the liquid fuel oil is mostly considered highly incompressible, the fuel
system simulation using ICV method may not be convincing. In that case, a
freshly developed Newton Raphson method has been introduced to simulate the

fuel system of the same model engine with its control and fuel system. In this new
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model, it is also assumed that the model engine is running at sea level, ISA
condition. The same transient processes, including acceleration from PCN 0.6 to
1.0 and deceleration from PCN 1.0 to 0.6, are also applied in order to validate the

results.
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Figure 4.13 Model Turbojet Engine PCN vs. Time at Sea Level, ISA Condition

Fig. 4.13 above shows the variation of PCN command signal against the actual
PCN during the whole transient process of 60 seconds. A similar process shown
in Fig. 4.10 shows that the actual engine PCN lags behind the PCN command
because of the transient response of engine and its control and fuel systems. The
acceleration time from PCN 0.6 to PCN 0.98 (Thrust 95%) is registered at about
3.0s and deceleration time from PCN 1.0 to PCN 0.65 at about 3.9s. Compared
with the model fuel system simulation with ICV method, the transient time of this
model is faster. In addition, when the engine’s actual rotational speed approaches
its target speed commands in both acceleration and deceleration processes, less

overshoots appear.
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Figure 4.14 Model Turbojet Engine Wff vs. Time at Sea Level, ISA Condition

Fig. 4.14 above shows the comparison between fuel selection logic regulated fuel
command signal and the actual engine fuel of the model engine. As with the
previous model, the delivered fuel flow rate follows the fuel schedule initially and
then deviates from the fuel schedule at about 3.1 seconds. During deceleration,
the time when the controller takes over the fuel flow regulation task, based on the
speed error, is at about 34.8s. In the acceleration process after the engine speed
approaches its target, small oscillations of engine actual fuel flow keep appearing
to regulate the engine rotational speed. However, from the engine speed line
point of the view in Fig. 4.13, the engine speed line is very smooth approaching
its target command and stays at the target speed until the deceleration process
begins. Therefore, these small oscillations around target fuel command are

acceptable.
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Figure 4.15 Model Turbojet Engine Wff vs. PCN at Sea Level, ISA Condition

Fig. 4.15 above shows the comparison between actual fuel flow trajectories and
fuel schedules for the acceleration and deceleration processes of a turbojet
engine model for which the fuel system is simulated with NR method. The engine
steady state fuel line is also compared with the transient trajectories. From Figs.
4.13 to 4.15, the availability of a freshly developed NR method on engine fuel
system transient simulation has been proved. A more detailed illustration of the
comparison between the fuel system using both a newly developed ICV method
and NR method for the same model engine, coupled with its fuel and control

system, will be presented in section 4.3.4.

4.3.3 Turbojet Engine with and without Fuel System Transient
Simulation Results Comparison

To demonstrate the impact of the inclusion of the fuel system model in the engine
transient performance simulation, a comparison of the simulated transient
processes with and without the fuel system model is made in the following figures.
The represented fuel system involved in the transient process has been simulated
based on the developed ICV method. By applying the same transient processes

of acceleration and deceleration just described in Section 4.3.1, the fuel flow rate
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variations of the model engine are shown in Fig. 4.16 where the delayed transient
responses (by about 0.5 seconds during acceleration, and 0.3 seconds during
deceleration), clearly enable the engine to reach its target rotational speed due

to the inclusion of the fuel system model is obvious.
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Figure 4.16 Model Turbojet Engine Wff vs. Time Comparison at Sea Level, ISA

Condition between Engine with and without Fuel System Transient Simulation

The most significant delays happen at the points where the fuel flow control is
switched between the fuel schedule and the fuel controller. Through the
acceleration process, the delay time around the switching region shown in Fig.
4.16 point B is about 0.8s. The deceleration delay time around point C is about
0.5s. However, as the fuel system introduced into the model engine transient
simulation produces overshoots of the fuel selection logic ordered fuel line, the
model engine, in reaching its target acceleration speed PCN 0.98, has a 0.5s
delay. A similar phenomenon occurs during deceleration, so in reaching PCN
0.65, there is a 0.3s delay compared with the model engine without fuel system.
This phenomenon can be observed from the rotational speed comparison in Fig.

4.18.
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Another obvious difference between the model engine with and without fuel
system simulation is at the starting point of the transient simulation at Fig. 4.16
point A. In the engine without fuel system model, the actual fuel flow rate into the
engine combustor directly jumps to the fuel selection logic ordered fuel flow rate
and overlaps with the ordered fuel line until the controller takes over the regulation
task. However, in the engine with a fuel system model, the actual fuel flow rate
starts from the steady state point fuel flow rate. It is then smoothly varied
approaching the fuel selection logic ordered fuel line. This process takes about

0.3s shown in Fig. 4.16 point A.

In addition to the illustrated differences observed from Fig. 4.16, the inclusion of
the fuel system in the engine transient performance also extends the calculation
time of the whole transient process. For the engine without the fuel system
simulation, the actual computer calculation time is 19.3 seconds, whereas for the
engine with fuel system developed with ICV method, the simulation time takes
25.9 seconds.

Fig. 4.17 below is the actual engine fuel trajectories and fuel schedules
comparison between model turbojet engine with and without fuel system. As
shown in Fig. 4.17, the fuel schedules of two engine models are overlapped. It
demonstrates that both these models utilize the same transient fuel schedules
(Wff versus PCN). A slight extension of both the acceleration and deceleration
fuel selection logic ordered fuel line of the engine with fuel system model (Blue
Long Dash Line with one Dot) can be observed due to the overshoot
phenomenon of the engine actual fuel (Red Long Dash Line with two Dots). The
red long dash line which represents the model engine without fuel system actual
fuel line overlaps with the fuel schedule (Blue Solid Line). It can be also observed
that a gap between the engine actual fuel line (Red Long Dash Line with two Dots)
and fuel selection logic ordered fuel line (Blue Long Dash Line with one Dot)
exists. This is due to the delay caused by the action of the fuel system
components and the effect of the inter-component volumes introduced into the

fuel system simulation.
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Relative Rotational Speed vs. Time L 03
1.05 ——
£ — 1.01 Va = =
0.95 A 0.99 /
0.85 087 / A
= yi
o 0.95
* o7s 2 3 3 5
0.66
[
0.65 B 064 | S
—_— N
055 0.62 ~ B
0 10 20 30 40 50 60 g A
Time (s) _————
0.58

— Engine Relative Rotational Speed in Engine without Fuel System Model
= = Engine Relative Rotational Speed in Engine with Fuel System Model

Figure 4.18 Model Turbojet Engine PCN vs. Time Comparison at Sea Level, ISA

Condition between Engine with and without Fuel System Transient Simulation

More engine parameters, such as PCN, TET and compressor exit pressure P3
varying over time for the same transient process are also shown in Figs. 4.18 to

4.20. It can be seen from the figures that the predicted variations of these
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parameters with and without the inclusion of the fuel system model follow the
same pattern as that shown in Fig. 4.16 and that the differences are small.
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4.3.4 Turbojet Engine with Fuel System Transient Simulation Results
Comparison between the Developed ICV and NR Method Applied for

Fuel System Simulation

To demonstrate the impact of the developed two methods of fuel system
simulation, a comparison of the simulated transient processes with the fuel
system model developed, based on ICV and NR methods, is made in the
following. For the same transient process of acceleration and deceleration just

described above, the fuel flow rate variations of the model engine are shown in

Fig. 4.21.
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Figure 4.21 Model Turbojet Engine Wff vs. Time Comparison at Sea Level, ISA
Condition between the Developed ICV and NR Methods Applied on the Fuel

System Transient Simulation

In the last section, the comparison between the model engine without fuel system
and the model engine with fuel system developed with ICV method has
represented a 0.5s delay effect to the target speed due to the fuel system
included in the engine system. This phenomenon is produced by the action of the
fuel system components and the effect of the inter-component volumes. In the

fuel system model developed with NR method, the inter-component volumes
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have been omitted to ignore the fuel compression effect between the conjunct
fuel system components. Therefore, it can be observed that both the fuel
selection logic ordered fuel line (Blue Long Dash Line with two Dots) and fuel
actual fuel line (Red Long Dash Line with one Dot) of NR method simulated model
(Case Two) are in advance of the fuel lines of ICV method simulated fuel system
model (Case One). The most significant advance phenomenon also happens at
the points where the fuel flow control is switched between the fuel schedule and
the fuel controller. Through the acceleration process, the advance time around
the switching region shown in Fig. 4.21 point B is about 0.5s. The deceleration
advance time around point C is about 0.3s. This is due to the omission of inter-

component volumes introduced in the ICV method.
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Figure 4.22 Model Turbojet Engine Wff vs. PCN Comparison at Sea Level, ISA
Condition between the Developed ICV and NR Methods Applied on the Fuel

System Transient Simulation

Fig. 4.22 above is the comparison between the engine actual fuel and fuel

selection logic ordered fuel trajectories of two model cases. The overlap of the
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fuel trajectories proves that the same transient fuel schedule has been applied.
Compared with case one, the case two model (NR method) represents fewer
overshoots around both the acceleration and deceleration setpoint speed. The
actual fuel line of case two is also closer to the fuel selection logic ordered fuel

line. The phenomenon also follows the same rationale introduced in Fig. 4.21.

More engine parameters, such as PCN, TET, and compressor exit pressure P3
varying over time for the same transient process are also shown in Figs. 4.23 to
4.25. It can be seen from the figures that the predicted variations of these
parameters of the fuel system model simulated with the developed ICV method
and NR method follow the same pattern as that shown in Fig. 4.21 and that the

differences are small.
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4.3.5 Turboshaft Engine with Fuel System Developed Using ICV
Method

The previous two models in Sections 4.3.1 and 4.3.2 have represented the
application of the developed ICV method and NR method on engine fuel system
simulation by simulating the same model turbojet engine coupled with its fuel and
control system. To investigate the flexibility of these two methods on the fuel
system simulation of other types of engines, a turboshaft engine is selected to be
modelled. The transient performance of the model turboshaft engine has also
been simulated using the integrated engine, control and fuel system shown in Fig.
3.18. However, in contrast to the turbojet engine to handle the gas generator shaft
speed, the rotational speed ratio of the free turbine shaft is measured to regulate
the transient required fuel flow rate. It is assumed that the model engine is running
at sea level, ISA condition. It is also assumed that the engine starts acceleration
from its free turbine speed at PCN of 0.6, accelerates to its maximum output
power at PCN of 1.0, stays at the maximum condition for about 20 seconds and
then decelerates back to the PCN of 0.6.
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Figure 4.26 Model Turboshaft Engine PCN vs. Time at Sea Level, ISA Condition

Fig. 4.26 shows the turboshaft engine free turbine PCN command signal against
the actual PCN variation during the whole transient process of 60 seconds. The

acceleration time from PCN 0.6 to PCN 0.98 is registered at about 3.26s and
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deceleration time from PCN 1.0 to PCN 0.65 is at about 2.88s. For the same
reason, the delay of engine PCN to command is due to the transient response of

the engine and its control and fuel systems.
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Figure 4.27 Model Turboshaft Engine Wff vs. Time at Sea Level, ISA Condition

Fig. 4.27 above shows the comparison between the fuel selection logic regulated
fuel order and the actual consumed fuel flow rate of a turboshaft engine. The
separation time when the controller handle adjusts the fuel regulation from the
speed error during acceleration is at about 3.55s. A similar phenomenon during

deceleration process is at about 33.2s.

Fig. 4.28 is the comparison between actual fuel flow trajectories and fuel
schedules for the acceleration and deceleration processes of a model turboshaft
engine coupled with its fuel and control system simulation. The engine steady
state fuel line is also represented in this figure in order to compare with the
transient trajectories. From the transient simulation results shown in Fig. 4.26 to
4.28, the flexibility of the ICV method used for a turboshaft engine fuel system

simulation has been proved.
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Figure 4.28 Model Turboshaft Engine Wff vs. PCN at Sea Level, ISA Condition

4.3.6 Turboshaft Engine with Fuel System Developed Using NR
Method

By using the same turboshaft engine model in conjunction with its fuel and control
systems represented in Section 4.3.5, the transient processes of model
turboshaft engine with the fuel system simulated using NR method will also be

represented in this section.
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Figure 4.29 Model Turboshaft Engine PCN vs. Time at Sea Level, ISA Condition
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Fig. 4.29 above shows the turboshaft engine free turbine PCN command signal
against the actual PCN variation during the whole transient process of 60
seconds. The acceleration time reaching PCN 0.98 is at about 3.08s and
deceleration time to PCN 0.65 is at about 2.72s. Compared with the turboshaft
engine with the fuel system modelled with ICV method in Fig. 4.26, the transient
time of NR method simulated model is faster. During the acceleration, a smaller
overshoot can be observed when the shaft rotational speed approaches its target

command.
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Figure 4.30 Model Turboshaft Engine Wff vs. Time at Sea Level, ISA Condition

Fig. 4.30 above is the comparison between the fuel selection logic ordered fuel
flow rate signal and the engine actual fuel flow rate. The separation time of
acceleration process from the fuel schedule regulated fuel to the controller
governed fuel from rotational speed error is at about 3.2s. During the deceleration
process, this separation time is at about 32.9s. Compared with the fuel system
modelled with the ICV method in Fig. 4.27, the fuel system modelled with NR
method does not represent any obvious delay phenomenon to the controller

command in Fig. 4.30.
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Figure 4.31 Model Turboshaft Engine Wff vs. PCN at Sea Level, ISA Condition

Fig. 4.31 above is the turboshaft actual fuel trajectories compared with the
transient fuel schedules and the engine steady state fuel line. Compared with Fig.
4.28 in which the turboshaft engine fuel system model is simulated with ICV
method, the engine actual fuel flow rate line in this model almost overlaps with
the transient fuel schedule line; the controller taking over the fuel regulation work
is faster; and a smaller overshoot at the acceleration target speed is also
demonstrated. From the transient simulation results shown in Figs. 4.29 to 4.31,
the flexibility of the NR method when applied to turboshaft engine fuel system

simulation has been proved.

4.4 Sensitivity Analysis of Key Fuel System Parameters on
Engine Transient Behaviour

In this research, physically based fuel system models have been established with
the newly developed methods and added into the engine transient models to
investigate the coupling effect of engine integrated with its fuel and control
systems. For the developed fuel system model, some selected key parameters

may have large effects on the engine transient behaviours. In this section,
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investigations of the sensitivities of those selected parameters, which are, the
volumes of the assumed volume chambers in ICV method; fuel system
components’ delay time constants; and some physical parameters of the fuel

system components have been achieved and discussed.

4.4.1 The Sensitivity of Selected Volume of Fuel System Volume
Chambers

In the fuel system model investigated in this project shown in Fig.3.8, three
assumed volumes are added by using the developed ICV method to simulate the
system transient behaviours. These volumes store or release the extra fuel
produced by the flow mismatch between system conjunct components. This
phenomenon causes a time delay effect on the fuel delivered to the engine
system, thereby, affects the engine transient performance. The amounts of the
volumes of those assumed volume chambers are main factors to produce such
delay effects. Therefore, the first investigation on fuel system parameters’
sensitivity focuses on the volume effect. For each assumed volume, a 100%
increase of the volume amount has been given. The engine actual fuel trajectory
of each simulated cases has been compared with the reference system model,
which has no increase on the selected parameters, to analysis the sensitivity of

the selected volumes.
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Fig. 4.32 shows the engine actual fuel trajectories comparison between the
reference model and three increased volume models. The four trajectories follow
the same trend through the whole transient manoeuvre. Relatively small but
obvious delay effects have been found at point A and B when the controller
handles the fuel regulation task from the fuel selection logic. For the scaling point
A, the gaps between the fuel trajectories for the first and second increased
volume models and the reference model are about 0.05s and 0.1s. For the third
increased volume case, the maximum fuel trajectory delay during acceleration is
about 0.5s. For deceleration process at the scaling point B, the first and second
increased volume models’ fuel lines are almost overlapped with the reference
model. The maximum delay time for the third increased volume model during this
period is about 0.35s. Therefore, it can be concluded that the first and second
volumes have less effect on the engine actual fuel line which will finally affect the
engine system transient performance. In contrast, the volume of the third
assumed volume chamber between the MU and injector has an obvious delay
effect on engine injected fuel. A 100% increase of the amount of volume produces

a 0.5s delay during acceleration and a 0.35s delay during deceleration.

The reason producing such phenomena is that the first and second volumes, HPP
and CPDV form a closed fuel delivery loop to return the excess fuel from HPP
outlet to its inlet. This fuel stream is not involved in the system fuel metering task
but only used to maintain the system operation safety. Therefore, the amounts of
the first and second volumes have less effect on the metered fuel injected into
the engine combustor. On the contrary, the MU metered fuel has to flow through
the third volume and the injector before it entering into the engine system. The
variation of the volume amount of the third volume chamber largely affects the

engine actual fuel trajectory.
4.4.2 The Sensitivity of Fuel System Components’ Delay Time
Constant

Except the assumed volumes introduces delay effects to the engine fuel
trajectories, the valve movement delay and fuel spray effects simulated as first

order lags for fuel system transient simulation also introduce delay effects into
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the engine consumed fuel. In the reference fuel system model, the metering valve
movement delay time constant is defined as 10ms meaning the movement delay
is 40ms, which is four times to the time constant. The CPDV valve movement
delay time constant is 5ms. The fuel spray delay time constant is 75ms. To
investigate the sensitivity of each time delay issue, a 5ms is added to each delay
time constant and the engine actual fuel trajectories comparison between the new
models with new time constants and the reference model has been shown in Fig.
4.33.
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The simulation results comparison shown in Fig. 4.33 represent that the fuel
trajectory of each investigated case follows the same trend with the reference
model. The differences appear at the scaling points A and B, although relatively
small. For the point A, the increased time constants for MU and CPDV valve
movement, and injector fuel spray effect cause the delay of engine actual
consumed fuel trajectories. Among these three delay issues during acceleration
process, a time constant increase on the injector fuel spray delay has a less effect
on the engine fuel trajectory. The increase of the time constant on the CPDV
valve movement delay has the largest effect. The maximum delay time for 5ms

increase on MU delay time constant through acceleration is about 0.07s; for
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CPDV valve movement delay time constant increase is about 0.09s; and for
injector is about 0.03s. For the scaling point B during deceleration process, the
increases of MU and CPDV valve movement delay time constants do not delay
the fuel trajectories but lead to them ahead of the reference model’s fuel trajectory.
Only the increase on fuel spray delay time constant still produces a further time
delay effect comparing with the reference model. The maximum ahead time for
MU movement delay time constant increase is about 0.06s and for CPDV valve
is about 0.04s. The delay time for injector delay time constant increase is about
0.02s.

4.4.3 The Sensitivity of Fuel System Components’ Performance and
Structural Key Parameters

Section 4.4.1 and 4.4.2 have investigated the sensitivity of the selected volumes
and components’ delay time constants which produce delay effect to the engine
actual fuel trajectories. In addition to these two considerations, the sensitivity of
the selected fuel system components’ key performance and structural
parameters are also required to be investigated. The selected parameters used
to represent the fuel system performance are the components’ volumetric flow
rate, pressure, and temperature. The input data for design point simulation shown
in Table 4-3 and 4-4 are each component’s fuel volumetric flow rate and pressure
increase or drop through the component. The temperature variation through each

component will then be calculated from the simulation.

The components’ volumetric flow rates are designed based on the engine system
fuel requirements. Therefore, the selected performance parameters used for the
sensitivity investigations are the components’ pressure increase or drop, that is
to say, the LPP pressure increase, HPP pressure increase and the MU pressure
drop. For the structural parameters, the MU valve opening coefficient and CPDV
spring elastic stiffness sensitivity on engine actual fuel trajectories have been
investigated. A 10% increase on each selected parameter has been given to
simulate the engine transient performance variation. The simulated results which
are the engine actual fuel trajectories are also compared with the reference model

result.
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Fig. 4.34 shows the engine actual fuel lines comparison between a 10% increase
on each selected fuel system performance and structural parameters and the
reference model fuel line. The results have shown that all the investigated fuel
trajectories are overlapped. For the scaling points A and B, only the increase of
HPP pressure increase results in a slight delay which is about 0.05s during
acceleration and 0.02s during deceleration. Therefore, it can be concluded that
the selected fuel system performance and structural parameters have no obvious

effect on engine transient behaviours.
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5 Conclusion

The research of gas turbine transient simulation integrated with its fuel and
control systems analysis has been concluded here. Two novel transient
performance simulation methods for engine hydraulic fuel systems have been

presented.

- Inter-Component Volume (ICV) Method
- Newton Raphson (NR) Method

The ICV method introduces assumed volumes into the system conjunct
components to consider the volume fluid storage or release due to the flow
mismatch between physical components during the transient process. This
causes the fluid compression or expansion inside the volume which will result in
the volume pressure variation. This phenomenon will change the volume
connected components’ operation until the system reaches its steady state
condition when the flow mismatch has disappeared. The ICV method was first
developed and applied to estimate gas turbine transient performance. In this
research, the ICV method has also been introduced into the engine fuel delivery

system transient simulation.

Now the NR method is an alternative method introduced into the fuel system
simulation. With the introduced volumes, the ICV considers the fluid
compressibility to implement the calculation. However, for the liquid oil in a fuel
delivery system - which is generally considered highly incompressible - the ICV
method based on fluid compressibility may not be stringent enough. In these
cases, the iterative NR method for engine hydraulic fuel system simulation has
been developed as an alternative simulation method. This method uses iterative
processes to modify the connecting ducts pressure to eliminate the flow mismatch

between conjunct components during transient operations.

Both the two developed methods allow physically-based simulation models to be
built up for gas turbine engines with the inclusion of control and fuel systems,
which are potentially more accurate than the methods using transfer functions.

The coupling effect between model gas turbine engines and their control and fuel
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system during engine transient processes have also been investigated. The
developed ICV-based and NR-based fuel system simulation methods have been
successfully applied to the performance simulations of the transient processes of
a model turbojet and a model turboshaft gas turbine engine where acceleration
and deceleration processes of the model engines are simulated and
demonstrated.

The validation results comparisons between a single spool turbojet engine model
simulated on newly developed simulation platform and validation platforms
(TurboMatch and GasTurb) show that the off-design results for engine key
performance parameters are less than 5% against TurboMatch model and less
than 8% against GasTurb model. The transient parameters’ trajectories against
GasTurb model also show small differences.

The simulated results comparison between a model turbojet engine with and
without its fuel system, which is developed based on the newly developed ICV
method shows that the fuel flow delay during the transient process due to the
inclusion of fuel system components and the effect of inter-component volumes
is around 0.5 seconds during acceleration (PCN 0.6 to 1.0) and 0.3 seconds
during deceleration (PCN 1.0 to 0.6). The maximum delay time during
acceleration is about 0.8s and is about 0.5s during deceleration, The comparison
between the two developed ICV and NR methods on fuel system simulation
shows that both the simulated fuel systems have a delay effect to the engine
transient simulation but the NR method is around 0.25 seconds during
acceleration and 0.1 seconds during deceleration, ahead of the ICV method
applied to an engine coupled with its fuel and control system transient processes.
The maximum ahead time is about 0.5s during acceleration and is about 0.3s
during deceleration. Both of the comparisons have shown that the noticeable
effects occur during the process when the fuel control is switched between the
fuel selection logic and the fuel controller, although such differences are relatively

small.

The sensitivity analysis on fuel system key parameters have been investigated

on three sets of parameters, that is to say, the amount of volume for each
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assumed volume used for fuel system ICV method simulation; time constants of
valve movement delay and injector fuel spray delay; and the fuel system key
performance and structural parameters. 100% increase on each volume case
comparison shows the volume between LPP and HPP and the volume between
HPP and MU have smaller effects on engine actual fuel trajectory which affects
the engine transient performance. The increase on the volume between MU and
injector introduces an obvious delay effect which is about 0.5s during deceleration

and 0.35s during deceleration.

On the sensitivity analysis of the defined time constants for the introduced first
order lags to simulate valve movements and injector fuel spray effects, a 5ms
time constant increase on MU movement delay provides a maximum 0.07s delay
during acceleration but 0.06s ahead on engine actual fuel trajectory during
deceleration. The CPDV valve delay time constant increased with 5ms also
introduces a 0.09s delay during acceleration but 0.04s ahead of the engine fuel
lines during deceleration. Only the time constant increase on injector fuel spray
introduces a 0.03s and 0.02s delay on both acceleration and deceleration

processes for the engine injected fuel trajectory.

For the fuel system performance and structural parameters’ sensitivities analysis,
10% increase on the LPP and HPP pressure increase, MU pressure drop, MU
valve opening coefficient and spring elastic stiffness have been analysed. The
results of engine actual fuel trajectory have shown no obvious delay effects
observed due to the increase of these listed parameters, except only the increase
of the HPP pressure rise produces a 0.05s delay during acceleration and 0.02s

delay during deceleration.
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6 Future Work

In this research, two developed engine fuel system simulation methods have
been introduced into the model engine coupled with its fuel and control systems
to predict the systems’ transient behaviour. The results have represented the
availability and flexibility of developed methods and the effects of fuel systems on
different methods of simulation. To improve the practicability and reliability of the
developed engine with its fuel and control systems models on real industry
applications, the following listed issues should be further addressed and

implemented.

6.1 Model Accuracy Verification

Model accuracy is an important issue which should be considered for the
numerical simulation of physical systems. In this research, the physical engine
and fuel system components have been modelled with experiential equations and
components’ characteristic maps. Those characteristic maps are scaled from
empirical, existing component maps. The accuracy of the developed engine
model has only been validated by comparing the steady state operating
parameters’ values against the numerical simulated models at TurboMatch and
GasTurb. To further validate the numerical simulation results, real system
parameters and component characteristic maps from rig tests should be

introduced into the simulations.

6.2 Engine Transient Model Improvement

There are a variety of engine transient phenomena which should be considered
in the numerical simulations. However, in this research, only shaft imbalances,
volume dynamics, fuel schedules, and fuel delivery components’ delay effects
have been simulated. Some other phenomena such as the effects of heat
soakage, turbomachinery tip clearance changes, and heat transfer between
compressor and turbine multi-stages should be considered in future engine

model development. [18]

128



6.3 Fuel Control Algorithms

Fuel schedules are very important issues when regulating engine transient
operations. In this research, it is assumed that the engine shaft speed is the only
command variable to schedule the engine actual fuel flow rates. Some other
specifications like turbine entry temperature, engine thrust, and specific fuel

consumption also can be introduced to fulfil different applications’ requirements.

6.4 Engine Limit Protection Control Logic

During engine transient operation, a series of limitations should be considered
such as compressor surge, turbine over-heating, shaft over-speeding and
combustor blow out. Limit protection control is to protect the engine from
experiencing such dangerous malfunctions during extreme conditions. A simple
fuel selection logic has been introduced in the model engine simulation to
regulate transient actual fuel flow in this study. By using researcher defined
protection fuel schedules, the model engine could be operated safely. However,
if the model engine has already fallen into a dangerous operating status, such
selection logic cannot provide solutions to get the engine out of the dangerous
situations. A limit protection control logic will monitor the engine operation margin
between current status and its limitations. If the margin is too small which is
considered unsafe, the new control logic will regulate the engine fuel flow to reach

an acceptable margin as soon as possible.

6.5 Dynamic Flight Parameters Introduced into Engine
Transient Performance Simulation

For the aero-engines which have to experience the whole flight envelope, the
ambient conditions and flight parameters may alter rapidly. Engine transient
simulation in this research only permits the alteration of flight dependent
parameters at the beginning from a user defined input parameter file. It would be
very useful for an aero-propulsion system application to allow flight dependent
parameters variation during the transient behaviour to consider an integral

aircraft/engine performance simulation.
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APPENDICES

A.1 Engine System Simulation Flow Chart Using Inter-
Component Volume (/CV) Method
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A.2 Flow Chart of Inter-Component Volume (/ICV)
Method on Fuel System Simulation

Input Component Output
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A.2 Flow Chart of Newton Raphson (NR) Method on
Fuel System Simulation
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8! Combustor_P; A out,
- Tout;
Duct B_Ps, Ts; Dict C_Pc; cPDV Qin, Qout, Tout, APmuU
Duct A_Pa; Last Step A Current Step
CPDV_Xd; CPDV_Xd;
AWTHfa, B, C
Create 3x1 Matrix
BE(Xk)
Calculate
IBE(XK)I
Y N
Create 3x1
Variable Matrix
Xk

Find 3x3 J(BE, Xk) =
f(BE(Xk1) /OXk1,
BE(Xk2) /OXk2,
BE(Xk3) /OXk3)

Modify Xk
Xi+1 =Xj-J *(BE, Xj)-BEj
to find Pa, P8, Pc

Obtain Current
Step Duct Pressure
Pa, P8, Pc
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