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h i g h l i g h t s

� A new performance simulation method for engine hydraulic fuel systems is introduced.
� Time delay of engine performance due to fuel system model is noticeable but small.
� The method provides details of fuel system behavior in engine transient processes.
� The method could be used to support engine and fuel system designs.
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a b s t r a c t

A new method for the simulation of gas turbine fuel systems based on an inter-component volume
method has been developed. It is able to simulate the performance of each of the hydraulic components
of a fuel system using physics-based models, which potentially offers 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) method. A proportional-integral (PI) con-
trol strategy is used for the simulation of engine controller. An integrated engine and its control and
hydraulic fuel systems has been set up to investigate their coupling effect during engine transient pro-
cesses. The developed simulation system has been applied to a model aero engine. The results show that
the delay of the engine transient response due to the inclusion of the fuel system model is noticeable
although relatively small. The developed method is generic and can be applied to any other gas turbines
and their control and fuel systems.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Performance simulations have been widely used in modern gas
turbine engine designs in order to shorten design cycles and reduce
development costs. Engine transient performance simulation is
very useful in the initial stage of engine development. For example,
it may be used to assess the safety of transient operations of new
engines and to provide a numerical test-bed for the development
of control systems. However, it is found in the literature that fuel
systems, as part of the fuel control and delivery systems have been
ignored in gas turbine transient performance simulations and rep-
resented by a transfer function.

An engine system, a controller, sensors, and a hydraulic fuel sys-
tem are four basic elements of a gas turbine propulsion system.
Most currently developed engine performance modeling systems,

such as NPSS [1–3], C-MAPSS [4,5], Turbomatch [6,7], GasTurb
[8,9], GSP [10], TERTS [11], and T-MATS [12] and performance
modeling such as [13] only focus on the simulation of engine sys-
tems and possibly their controllers but ignore the sensors and
actuators or treat them as first order lags [14]. Such simplification
may cause noticeable prediction errors. In the operation of gas tur-
bine propulsion systems, fuel flow injected into an engine combus-
tor is not only decided by the controller, but also affected by the
execution of fuel control actuators [15]. Therefore, fuel output
delay and fluctuation due to fuel system response will directly
affect engine combustion and engine performance.

An inter-component volume (ICV) method for gas turbine tran-
sient performance simulation was firstly introduced by Fawke and
Saravanamuttoo [16]. A comparison of ICV method and a constant
mass flow (CMF) method for engine transient simulation was also
provided in [16]. Further simulation capability and computer soft-
ware for both steady and transient performance simulations of gas
turbines, such as DYNGEM [17], HYDES [18] and GENENG [19]
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were also reported. At that time, both the ICV and the CMF meth-
ods were thoroughly analyzed and used for the steady and tran-
sient performance simulations of gas turbine engines.

In this paper, the ICV method [16] has been further developed
and used in the performance simulation of hydraulic fuel systems.
A gas turbine transient performance simulation system and a
hydraulic fuel system model based on the ICV method have been
developed. An integrated engine, controller and hydraulic fuel sys-
tem has been set up and used to simulate the performance of a
model turbojet engine to demonstrate the effectiveness of the
method. Results of the model engine with and without the hydrau-
lic fuel system model have been provided and compared with each
other to demonstrate the impact of the fuel system model on
engine transient performance. Relevant discussions and conclu-
sions are provided accordingly.

2. Methodology

2.1. Transient performance simulation with ICV method for gas turbine
engine

Engine transient performance simulation is used to investigate
the engine dynamic behavior 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, which is different from that at the engine
steady state conditions. Two different transient performance sim-
ulation methods are available, i.e. the Continuous Mass Flow
(CMF) method [20] and the Inter-Component Volume (ICV) method
[16]. In this study, the ICV method is used.

Fig. 1 shows a typical single-spool turbojet model engine used
in this study. It consists of an intake, a compressor, a splitter which
extracts an air stream for turbine cooling, a combustor, a mixer to
simulate cooling mixing, a turbine driving the compressor, and a
nozzle. Working fluid is assumed to be air in cold sections and
gas in hot sections.

The following are three most important factors in transient per-
formance simulations.

The first is the unbalance of work between the components on
the same shaft represented by Eq. (1)

dN
dt

¼ 3600 � SP
4p2IN

ð1Þ

The second is the consideration of volume dynamics in a vol-
ume between adjacent components where the mass flow going
into the volumemay be different from that going out of the volume
causing accumulation or dispersion of mass in the volume. Two
inter-component volumes (A and B) are shown in Fig. 1 for the
model engine. As the temperature variations within a gas turbine
engine are mainly caused by the compression, expansion or com-
bustion in key gas path components, the minor temperature vari-
ation in inter-component volumes may be ignored when the
variation of ICV pressure is estimated. Therefore, the volume
dynamics and also the variation of ICV pressure may be repre-
sented by Eq. (2) based on the equation of state for perfect gas
[16,21].

dP ¼ RT
V

dm ð2Þ

The third factor is the fuel flow rate provided by fuel control and
delivery systems to be discussed in details later. More details of the
ICV method can be found in [21].

2.2. Control system

The engine fuel control is a two-step process where three fuel
schedules are designed for steady state, acceleration and decelera-
tion respectively. These fuel schedules schematically shown in
Fig. 2 provide required fuel flow rate Wff signal to the fuel system
based on the demand and measured engine relative rotational
speed PCN that is the handle of the engine.

As shown in Fig. 2, the steady state fuel schedule is represented
by a dash line. In order to ensure a quick and safe engine transient

Nomenclature

A area (m2)
B bulk modulus (Pa)
Cd orifice discharge flow coefficient
Cp specific heat (J/kg K)
E energy (kJ)
e(t) controller input error
I shaft inertia (kg m2)
k valve opening area coefficient
KI integral gain
KP proportional gain
m mass (kg)
N shaft rotational speed (rpm)
P total pressure (kPa)
PCN relative rotational speed
PI proportion-integral
PR pressure ratio
PSP pump shaft power (W)
Q fuel volumetric flow rate (m3/s)
R gas constant (J/kg K)
SP engine shaft surplus power (W)
t Time (s)
T total temperature (K)
Ti time constant of integral action (s)

Tm time constant of CPDV and MU moving distance varia-
tion delay (s)

Tf time constant of injector fuel spray delay (s)
Ts time constant of sensor delay (s)
u(t) controller output signal
v specific volume (m3/kg)
V volume (m3)
Vs fuel flow speed (m/s)
W fuel mass flow rate (kg/s); power (W)
DXd orifice moving distance (m)

Greek letters
g pump efficiency (%)
q density (kg/m3)
/ thermal energy (J)
D difference

Subscripts
c compressor
ff fuel flow
in component inlet
out component outlet
t turbine
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