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the future 

Yimin Yang *, Theoklis Nikolaidis, Soheil Jafari, Pericles Pilidis 
Centre for Propulsion and Thermal Power Engineering, School of Aerospace Transport and Manufacturing (SATM), Cranfield University, Cranfield, Bedfordshire MK43 
0AL, UK   

A R T I C L E  I N F O   

Keywords: 
Gas turbine engine 
Transient performance 
Heat soakage effect 
Tip clearance effect 
Component characteristic map 

A B S T R A C T   

Gas turbine transient simulation is an important tool in analysing engine performance during changes in oper
ating conditions. This paper provides a comprehensive review of the development of gas turbine transient 
simulation, heat transfer effect on transient performance and transient simulation platforms over the past 70 
years. The paper highlights the various methods used for gas turbine overall transient simulation, including 
white box approach, black box approach and numerical approach, and the development of models for heat 
transfer effects, including heat soakage, tip clearance, and component characteristic changes. Besides, the 
development of gas turbine transient simulation platforms has been included. Challenges that need to be 
addressed to achieve more accurate simulations are identified. For white and black box approaches, complex 
engine dynamics phenomena and heat transfer effects urge the development of methodologies. For the numerical 
approach, the high computational and geometry demand for the full-size gas turbine transient model slows the 
CFD application in gas turbine overall transient simulation. For heat transfer effect simulation, the increasing 
complexity of engine structures and cooling techniques urges the development of a more realistic heat soakage 
model. The paper suggests that the white box approach can benefit from a method that accurately models several 
thermal dynamics. The black box methodologies should consider the heat transfer effect during the modelling 
and training. And more attention should be paid to the full-size gas turbine transient model development. 
Additionally, the paper recommends the development of a more complete heat transfer model that includes axial 
clearance effects, detailed combustor heat transfer models, and advanced component maps.   

1. Introduction 

When the gas turbine works at steady-state conditions, all engine 
parameters are kept constant. However, when the engine needs to move 
from one working point to another, it will experience an alert in fuel 
flow, leading to a performance change [1]. This process is called the gas 
turbine transient process. This process can last a few seconds for an 
aeroengine or hours for a heavy-duty gas turbine. For aeroengines, 
especially civil aeroengines, transient performance is a critical safety 
index and an essential certification requirement (the Federal Aircraft 
Administration specifies a 5-second acceleration time from flight idle to 
95% thrust) [2]. For heavy-duty gas turbines, the transient performance 
is a key index related to the economic benefit, as it can take several hours 
to reach full load from a cold start due to its heavy casing and disc. 

Moreover, challenging targets have been set by the Advisory Council for 
Aviation Research and Innovation in Europe (ACARE) for civil aircraft 
emissions and noise in Flightpath 2050 initiative. These targets include 
reductions of 75% in CO2, 90% in NOx, and 65% in noise compared to 
the typical new aircraft in 2000 [3]. These ambitious targets cannot be 
achieved solely by novel component technology design, and advanced 
gas turbine transient performance analysis is a promising way to help 
achieve these targets. 

Many historical surveys have been published to provide a mature 
insight into gas turbine transient performance [4–8], and two main 
categories have been included in the engine transient analysis: (1) Gas 
turbine performance analysis during transient operation and (2) Heat 
transfer effects on transient performance. For transient performance 
analysis, researchers have focused on the methodology development 
and the establishment of the gas turbine engine model. Two domain 
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approaches are widely used: the white box approach and the black box 
approach [4,9]. The former refers to models that are physically based. 
The gas turbine is represented by several governing equations, and 
components such as the compressor and turbine are normally modelled 
as 0-D components. Those models can capture engine components pa
rameters, including mass flow and gas temperature at component inlet 
and outlet, spool rotational speed, net thrust, and exhaust gas temper
ature. The latter represents the use of artificial neural networks (ANN) to 
simulate the transient performance. In this approach, dynamic equa
tions, thermodynamic relationships, and energy balance are no longer 

the governing points. Instead, the focus is on input and output data. The 
numerical approach also plays an important role. However, compared 
with white and black box approach, the application on gas turbine 
transient performance is fewer. For the heat transfer effects, it was 
detected due to the mismatch between simulation results and experi
mental results [10]. These effects include the heat soakage effect, tip 
clearance effect and component characteristic change effect. They are 
caused by the heat exchange between the gas flow and the engine 
components and will lead to an impact on engine transient performance. 

This paper aims to provide a comprehensive review of recent 

Nomenclature: 

A Area / Aspect ratio of the blade 
a Speed of sound / Expansion coefficient / Blade shape 

constant 
ACARE Advisory council for aviation research and innovation in 

europe 
ANN Artificial neural networks 
ATEST Advanced turbine engine simulation technique 
b Hidden layer 
CFD Computational fluid dynamics 
CMF Constant mass flow 
CNN Convolutional neural networks 
Cp Specific heat 
CP Compressor power 
D Characteristic diameter 
E Material Young’s modulus 
F the ratio of the heat transferred from the air to the work 

transferred from the air 
FEM Finite element method 
GSP Gas turbine simulation program 
h Enthalpy / heat transfer coefficient 
HPC High pressure compressor 
HTC Heat transfer coefficient 
I Polar moment of inertia 
i Incidence angle 
ICV Inter-component volume 
IMF Imbalanced mass flow 
IRM Impulse response model 
k Dimensionless constant / Thermal conductivity 
L Characteristic length 
LES Large eddy simulation 
LHV Fuel lower heating values 
LPM Lumped parameter method 
m Mass 
mGT Micro gas turbine 
MLP Multi-layer perceptron 
N Engine spool rotational speed 
NARX Non-linear autoregressive exogenous 
NN Neural network 
NPSS Numerical propulsion system simulation 
P Pressure 
PCN Corrected rotational speed 
PROOSIS Propulsion object oriented simulation software 
PW Pressure waves 
PWV Pressure wave in volume 
Q Quantity of heat 
q Heat flow rate 
R Gas constant 
Rq Inlet/exit heat transfer ratio 
ΔR Change in radius 
r Radius 

RBF Radial basis function 
RMSE Root mean square relative error 
RNN Recurrent neural networks 
RSM Replacement structure model 
SP Surplus power 
SSM State-space model 
T Temperature 
TP Turbine power 
u Internal energy / Thermal growth 
V Velocity 
Vol Component volume 
W Mass flow 
w Connection weight 
X Distense 
x Input of neural network 
y Output of neural network 

Greek letters 
θ Altitude temperature ratio 
δ Altitude pressure ratio 
η Efficiency 
Δt Time interval 
γ Ratio of specific heats 
φ Real-valued function 
τ Time constant 
ρ Density 
ω Angular velocity 
ν Material Poisson’s ratio 
λ Nondimensionalized clearance 
β Mean air angle 
ψ Blade loading coefficient 
ϕ Flow coefficient 
ψZtip Zweifel loading coefficient 
Δa2 Deflection angle 
∊* Designed deflection 

Subscript 
ad Adiabatic 
DP Design Point 
f Fuel 
g gas 
i i th number 
in Inlet station 
m metal 
new Current time interval 
old Last time interval 
out outlet station 
s static 
t Time / Total 
Δt time interval 
0 undisturbed gas in front of the wave  
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progress and developments related to gas turbine overall transient per
formance simulation, transient simulation platforms, and heat transfer 
effects on transient performance. An overview is illustrated in Fig. 1. In 
Section 2, the development and application of the transient performance 
simulation methodology will be discussed. In Section 3, the develop
ment and comparison between gas turbine transient simulation plat
forms will be discussed. In Section 4, the heat transfer effects simulation 
methodologies for the heat soakage effect, tip clearance effect and 
component characteristic change effect will be discussed. In Section 5, 
the current status, challenges, and future for gas turbine transient 
simulation will be discussed. Finally, Section 6 will offer a conclusion of 
the transient performance analysis progress. 

2. Gas turbine transient performance simulation 

The change in engine performance as a result of altering the fuel flow 
is referred to as transient operation. This process can last anywhere from 
a few seconds in the case of aero engines to several hours for large in
dustrial gas turbines [2]. Since civil aero engines need to meet the cer
tification requirement and the starting time of a large industry turbine is 
a critical economic indicator, the transient performance plays a crucial 
role in gas turbine analysis. 

Over the past 70 years, extensive research has been conducted on the 
development and improvement of gas turbine transient performance 
prediction. Many comprehensive surveys of this research have been 
published, including those by Fawke and Saravanamuttoo, Szuch, Evans 
and Sanghi [4–7]. These surveys provide a broad overview of the 
development of transient simulation from 1950 to 2000. Based on the 
comprehensive review, the gas turbine overall transient methodology 
can be broadly classified into two categories: the white box and the black 
box approach [9]. The fundamental ideas of these two approaches are 
different. The white box approach involves using physics-based models, 
where the dynamic equations, thermodynamic relationships, and energy 
balance are considered. On the other hand, the black box approach in
volves the use of the ANN, machine learning, or deep learning tech
niques when direct access to the complex dynamic equations of the 
system is not feasible or when working with them is challenging [11]. 
Moreover, numerical approaches have also been applied in the gas 
turbine overall transient simulation. It offers a detailed insight into the 

flow field that cannot be provided by the white box and black box ap
proaches. In this section, the development of the white box, black box 
and numerical methodologies will be discussed. 

2.1. White box approach 

White box models usually represent the physics-based models or 
mathematical models that deal with coupled and complicated dynamic 
equations, thermodynamic relationships, energy balance, and lineari
zation methods [11]. According to the published resources, the white 
box method can be broken down into linear and non-linear methods. In 
this section, they will be discussed in chronological order, tracing the 
progression of its methodology development, as well as related transient 
investigation work. 

2.1.1. Linear method 
The analysis and experimental study of the dynamic characteristics 

of gas turbines began in the early 1950s [12] and aimed at meeting 
engine control needs. Researchers from National Advisory Committee 
for Aeronautics, Otto and Taylor, were the first to investigate the rotor 
speed response of a single-spool turbojet engine with a step change in 
fuel flow using a first-order system [13]. The equation used to describe 
the first-order lag system is shown in Eqs. (1): 

(I*
̅̅̅
θ

√
*d(ΔN))/(δ*b*dt) + ΔN = (a/b)*Δ(Wf *ηb) (1)  

where I is the polar moment of inertia of rotating parts, θ is the altitude 
temperature ratio, ΔN is the difference between transient shaft rota
tional speed and steady-state shaft rotational speed, δ is the altitude 
pressure ratio, b is partial of torque with respect to engine speed at 
constant values of either actual or effective fuel flow, a is partial of 
torque with respect to either effective or actual fuel flow at constant 
engine speed, Wf is the fuel flow, and ηb is the combustion efficiency. 
Because the accelerating torque can be represented as a function of fuel 
flow and spool rotational speed, they used a linear differential equation 
obtained from the steady state to represent the acceleration behaviour 
with a speed change range of less than 600 rpm. 

Then it was realized that the engine dynamic performance could be 
predicted from the steady state data, and the calculation of the rotor- 

Fig. 1. Overview of gas turbine transient simulation and heat soakage effect approaches.  
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speed time constant became the focal point of the research. Gold and 
Rosenzweig developed a method for estimating the rotor-speed time 
constant for both turbojet and turbine-propeller engines [14]. For 
turbojet engines, the method required the variation of steady-state air 
flow and steady-state compressor temperature rise with engine speed 
and the polar moment of inertia of an engine. For turbine-propeller 
engines, additional propeller torque data was needed. The results 
showed that the calculated values deviated from the mean experimental 
values by only slightly more than the spread of the experimental data. 
Similarly, Lawrence and Powell developed a good approximate method 
that assumed the turbine torque changes when fuel flow changes but 
zero change in compressor torque [15]. With this assumption, the time 
constant of a single-spool gas turbine can be expressed as Eq. (2): 

τ = k*I*N*
(

dWf

dN
*

ΔT
T

)−1

(2)  

where k is a dimensionless constant, N is the shaft rotational speed, ΔT is 
the temperature drop across the turbine, T is the turbine inlet temper
ature. All parameters used in the time constant could be readily obtained 
from steady-state data, making it easy and convenient to establish the 
time constant. 

The next major contribution was made by Novik, who extended the 
current linear single-spool turbojet engine into a two-spool engine by 
applying a second-order linear system [16]. The relation between spool 
speed and turbine inlet temperature was estimated experimentally, and 
the method was able to specify different spool speed responses. 

The linear system is capable of representing the gas turbine transient 
performance. However, it could only simulate engine transient oper
ating points with minor changes [13]. Therefore, it was impossible to 
obtain the compressor’s operating trajectories. The development and 
implementation of a non-linear system were necessary to obtain more 
accurate results. 

2.1.2. Non-linear method 
The non-linear approach was initially introduced by Dugan and 

Fillipi [17,18]. Their research focused on investigating the acceleration 
performance of a twin-spool turbojet engine, by determining a set of 
operating points that satisfied flow compatibility. 

The constant Mass Flow (CMF) method, also known as the iterative 
method, was developed by Larrowe et al. using an analogue computer 
[19]. This method assumed that flow compatibility was always main
tained, even during the transient condition. The simulation process was 
carried out in three steps. Firstly, the initial engine component outlet 
pressure and shaft rotational speed were obtained based on the starting 
condition of the transient process. Next, the engine parameters, such as 
the compressor pressure ratios and turbine non-dimensional flows, were 
estimated and iterated while keeping the rotational speed constant and 
ensuring that flow compatibility was satisfied after a step change in fuel 
flow. Finally, with the new component working condition, the 
compressor power (CP) and turbine power (TP) could be calculated, and 
the rotor angular acceleration could be determined based on the surplus 
power (SP). The new rotational speed after a one-time step could then be 
obtained. The governing equations used in this process are listed in Eqs. 
(3)–(5), 

SP = TP − CP (3)  

dN/dt = SP/(4*π2*I*PCNold*NDP) (4)  

PCNnew = (PCNold*NDP + (dN/dt)*Δt)/NDP (5)  

where dN/dt is the rotational change rate, PCNold is the corrected rota
tional speed at the last time interval, NDP is the design point rotational 
speed, PCNnew is the corrected rotational speed at this time interval, and 
Δt is the time interval. The complete engine computer assembly was 
composed of engine components assemblies. Due to the equations 

concluded in each component assembly, the flow compatibility was 
satisfied automatically. Fig. 2 shows the process of CMF calculation, 
where 1–4 subscripts mean compressor inlet, compressor outlet, 
combustor outlet and turbine outlet. 

Several gas turbine studies have been investigated based on the 
utilization of the CMF method. Kong et al. analyzed the steady state and 
transient performance of a 200 kW class small turboshaft engine with a 
free power turbine [20]. It was found that the turbine inlet temperature 
exceeded the limit temperature by 0.3 s with the step change in fuel 
flow. Compared with experimental data, the maximum range of error 
was within 5.56%. The transient performance of a geared turbofan en
gine was investigated by Wanjun and Shijian by using the CMF method 
[21]. The outcome was compared with the result calculated from Gas
Turb 10, and the maximum difference was within 1.5%. However, they 
didn’t fully explain the benefit coming from the application of gearbox 
in their paper. The transient performance of hybrid propulsion systems 
was investigated by Wortmann et al. [22]. Two types of gas turbine 
engines had been examined with the design parameters from GasTurb 
12. The outcome showed that the acceleration time of the hybrid gas 
turbine can be reduced by 50% when the motor shares 25% of the shaft 
power. The transient performance of the T100 micro gas turbine (mGT) 
in the wet mode for critical surge conditions was investigated by Carrero 
et al. [23]. This study simulated the engine performance under certain 
conditions and assessed the potential effect on power output. It was 
found that the wet mode will decrease the surge margin during the 
transient process, and the acceleration and deceleration speed should be 
limited. Further investigation on the effect of fuel composition change 
on T100 mGT transient performance was done by Raggio et al. [24]. It 
was found that sudden injection of hydrogen led to an excessive tem
perature peak, while in the case of ammonia, high temperatures were 
not reached. An in-house program, especially for the mGT transient 
simulation, was developed by Kim et al. [25]. The CMF method was used 
during the transient simulation. Besides, a quasi-2D recuperator model 
was established to offer a realistic counter-flow compact heat exchanger. 

Fig. 2. Flow chart of the CMF method.  
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The transient performance of a solid oxide fuel cell and mGT hybrid 
system has been investigated by Mueller et al. by CMF method [26]. It 
was showed that SOFC/mGT hybrid systems could have a rapid transient 
load following capability that is faster than that of recuperated mGTs. 
Singh et al. [27] investigated the transient behaviour of an industrial gas 

turbine operating on low-calorific fuels based on the CMF method. En
gine transient behaviour during a load shed and engine trip with varying 
fuel LHV was investigated. It was found that lower LHV fuels tend to 
result in higher rotor over-speeds in case of a load shed and require a 
shorter valve closing time. 

Fig. 3. ICV method illustration.  
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The next major advancement in gas turbine simulation was the Inter- 
Component Volume (ICV) method developed by Saravanamuttoo and 
Fawke, which considered the volume dynamics in its calculation [28]. 
Fig. 3 (a) shows the process of ICV calculation. In this method, the flow 
was treated as discontinuous. The gas turbine model was composed of a 
series of discrete components, each consisting of two parts: an actuator 
disk and a lumped volume, as shown in Fig. 3 (b). The calculation 
process is shown in Fig. 3 (c). The component thermal dynamic block 
was used for component performance calculation without considering 
volume dynamics, resulting in the same mass flow at positions A and B1 
(WB1 = WA). The volume dynamics block only considered the effect of 
volume, leading to a difference in the mass flow at positions B1 and B 
(WB ∕= WB1). At each time interval, the component flow mismatch was 
used to calculate the change rate of component inlet/outlet parameters, 
as listed in Eqs. (6)–(9), 

mt = Pst/(R*Tst)*Vol (6)  

mt+Δt = mt + (Win − Wout)*Δt (7)  

Tst+Δt =
(W*Cp*Δt*Tst)in + (mt − Wout*Δt)*Cp*Tst

(W*Cp*Δt)in + mt*Cp − Wout*Δt*Cp
(8)  

Pst+Δt = (R*Tst+Δt*mt+Δt)/Vol (9)  

where mt is the mass stored in component volume at time t, Pst is the 
static pressure at time t, R is the gas constant, Tst is the static temperature 
at time t, Vol is the component volume, W is the mass flow rate, Cp is the 
specific heat. The new mass flow was then used for component work 
calculation and rotor acceleration rate calculation. 

The volume packing effect had been extended from the main 
component volume to additional secondary air systems that include 
rotating pump components (such as rotating cavities between 
compressor or turbine disks), pressure loss components (such as pipes, 
labyrinth finned seals, orifices), and volume packing components (such 
as ducts and cavities) by Chuankai et al. [29]. Similar to the ICV method, 
the method modified the component outlet mass flow and the enthalpy 
based on the change in volume parameters. The continuous equation 
and energy equation are listed in Eqs. (10)–(11). After the simulation on 
a turbofan engine during the acceleration and deceleration process, it is 
found that the disk cavities will significantly reduce the coolant flow for 
the turbines and might lead to potential adverse transient thermal load 
on the engine. 

Wout = Win −
Vol

γ*R*Ts
*

dPs

dt
(10)  

hout =

[

Win*hin − (Win − Wout)*u −
Ps *Vol
R*Ts

du
dt

]/

Wout (11)  

where γ is the ratio of specific heats, h is the enthalpy, and u is internal 
energy. 

Several studies have examined the choice of the ICV method. Chung 
et al. developed a dynamic model based on governing equations to 
investigate the compressor stall effect on aero-engine transient perfor
mance and the effectiveness of stall recovery control strategies [30]. The 
model consisted of various components represented by 1-D and 2-D 
control volumes. According to the authors, the developed model was 
capable of simulating in-stall transients induced by inlet temperature 
ramping, main burner fuel pulse, and inflow bleed. However, the au
thors also noted that the heat transfer effect, transonic effect, and start 
stall effect should be included in further analysis. The immediate effects 
of water ingestion on the transient performance were investigated by 
Haykin and Murthy by establishing a generic, high bypass ratio engine 
model that was based on the ICV method [31]. The mass fraction of the 
water varied from 0% to 8%, and effects on the air compression system 
and burner were considered. A non-linear relation between the change 

in compression subsystem performance and the amount of water is 
found, and this change in compression subsystem performance will have 
an unmanageable effect on engine transient performance, especially 
during engine deceleration when water mass fraction is high. The 
steady-state and transient performance of a twin-spool mixed-flow 
turbofan engine was investigated by Yadav et al. [32]. The method used 
was a modified version of the ICV method. Different from the other re
searchers who validated their data with experimental data, the valida
tion was against the result from the Gas turbine Simulation Program 
(GSP). The transient performance of externally fired mGTs was inves
tigated by Traverso et al. based on the TRANSEO platform [33,34]. The 
ICV method was implemented with the consideration of interconnecting 
volume between two consequent components. The simulation outcome 
was compared with experimental data and showed good accuracy. Wang 
et al. investigated the gas turbine fuel system based on the ICV method 
[35]. The simulation outcome showed that the fuel system would delay 
the transient performance for 0.5 s. Shamekhi et al investigated the 
transient performance of a concentrated solar power mGT during the 
start-up phase based on the ICV method [36]. Validation was provided 
for both sub-element (solar receiver and recuperator) performance and 
overall transient performance, and a good agreement with errors less 
than 0.6% was achieved. 

CMF and ICV methods have their advantages and disadvantages and 
will lead to a different component transient working line. Sar
avanamuttoo and Fawke noted a significant difference between these 
two methods on the compressor working line when there was a rapid 
change in fuel flow. In Fig. 4, an instantaneous move from 0 to 0′ then up 
the line 0′1 (line A) can be found when using the iterative method. 
However, the working line by using the ICV method would follow line B 
[37]. It was also mentioned that the CMF method required more 
calculation time per point due to the iterative process but could take a 
larger time step, while the ICV method required less calculation time per 
point, but a smaller time step was necessary. The CMF method was 
suitable for long-term transient simulation due to its larger time step 
tolerance, while the ICV method was more suitable for short-term 
transient simulation. Nishi and Sawada mentioned that when the 
complexity of the engine increases, the convergence in the CMF method 
would become more difficult to meet and would lead to a longer 

Fig. 4. The comparison of operating trajectories for CMF and ICV method [4].  
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calculation time [38]. Pilidis also highlighted the strengths and weak
nesses of each method [39]. He mentioned that convergence in the ICV 
method was occasionally difficult and depended on the choice of time 
step length. With an unsuitable time-step length, the convergence time 
of the model was longer and may even slightly oscillate [21]. Naylor 
pointed out that the ICV method was more suitable for fast transient 
simulation, while the CMF method was more suitable for slow transient 
simulation, where the assumption of zero mass flow accumulation 
within components was more justifiable [40]. Additionally, Rahman and 
Whidborne reported that the CMF method was slightly more accurate 
than the ICV method [41]. However, the calculation speed and suit
ability for complex gas turbine models made the ICV method more 
appropriate for real-time transient simulation [21]. 

The ICV method, while considering volume dynamics, assumed that 
pressure propagates immediately throughout the volume, which could 
lead to inaccuracies when the volume is large. To address this issue, the 
Pressure Wave in Volume (PWV) method was developed by Li et al in 
2001 [42]. The PWV method considered four types of pressure waves 
(PW): PW from the turbine, PW reflection from the nozzle, PW reflection 
from the turbine, and PW passing through one another. The calculation 
process of velocity V, which was used to modify temperature and 
pressure, is shown in Eqs. (12), 

V = V0 +
2*a0

γ − 1

[
(Ps/Ps0)

(γ−1)/2γ
− 1

]
(12)  

where V is the velocity, a is the speed of sound and subscript 0 means 
undisturbed gas in front of the wave. A comparison between the PWV 
and ICV methods was illustrated based on the simulation outcome of a 
two-spool turbojet engine. The author stated that the PWV method re
flected better gas turbine transient performance. Although the differ
ence between the two methods was small, it could be bigger when 
considering large volumes such as a bypass duct. However, due to a lack 
of testing programs and data, the accuracy of the predicted pressure 
wave effect on the gas turbine transient performance is difficult to 
validate. The calculation time was also significantly increased, taking 8 
min compared to 5 s for the ICV method. 

A hybrid approach that combined ICV and CMF methods was 
developed by Rahman and Whidborne [41] to alleviate the weaknesses 
of CMF and ICV methods (slow calculation speed for the former and 
lower accuracy for the latter). The idea was to use the ICV method to 
calculate the mass flow accumulation inside the component volume and 
then utilize the CMF method to solve the thermodynamic algebraic 
equations associated with each component. A three-spool turbofan en
gine was selected, and a deceleration transient process was simulated in 
the hybrid and CMF methods. Results showed that the hybrid approach 
provided results close to those of the CMF method but with significantly 
faster calculation speed. However, the turbine map used by the CMF 
method was based on the enthalpy work function, while the hybrid 
method was based on the pressure ratio. This difference in the turbine 
map resulted in offsets in compressor working lines, especially for the 
high-pressure compressor (HPC) working line. Nevertheless, the hybrid 
approach had the potential to improve accuracy compared to the ICV 
method [43]. 

Apart from the PW problem mentioned above, the ICV method was 
prone to slow convergence because it required interaction with the 
components’ map. This was observed under certain conditions, such as 
when the compressor speed line was nearly horizontal and one pressure 
ratio corresponded to different mass flow values. To address this issue, Li 
proposed the imbalanced mass flow (IMF) method in 2019 [44]. The 
IMF term was calculated using volume dynamics and was added to the 
corresponding component to rebalance mass flow during the iteration 
process, which is illustrated by Eqs. (13)–(14). This method combined 
the advantages of the traditional ICV and CMF methods, presenting the 
effect of mass storage and having no limitations on map reading due to 
its iterative matching procedure. However, when comparing the 

outcome with the CMF and ICV methods, a maximum difference of 9.8% 
was found, higher than other researchers’ outcomes. Also, the author 
didn’t mention the time step and calculation speed of the methodology. 

IMF =
dm
dt

=
dP
dt

*
Vol

R*Tt
(13)  

IMF = Win − Wout (14)  

2.2. Black box approach 

The black box approach, also known as a data-driven based model, 
differs from the white box approach in that it relies on operational data 
from system performance measurements or data generated through 
physics-based models. Instead of focusing on dynamic equations, ther
modynamic relationships, and energy balances, the black box approach 
focuses on the relationship between input and output data. One of the 
most significant methods in the black box approach is the use of ANN. 
ANNs are computing systems comprised of simple, highly inter
connected processing elements (neurons) with linear or non-linear 
transfer functions. These elements process information by dynamically 
responding to external inputs [45]. The use of the ANN models in gas 
turbine transient simulation emerged much later than the white box 
approach, and a limited number of studies focused on transient analysis 
because most of the ANN models were mainly used for static perfor
mance analysis [46]. However, despite limited research, the black box 
approach is still worth discussing as it may be one of the main devel
opment directions. Chiras et al. reviewed the initial development of 
black box methodologies [47]. While Asgari and Chen’s book on ANN 
application for gas turbine modelling simulation and control also in
cludes a brief review of black box approach development [45]. There are 
different types of ANN, including (but not limited to) multi-layer per
ceptron (MLP), radial basis function neural networks (RBF), convolu
tional neural networks (CNN), modular neural networks, and recurrent 
neural networks (RNN). These ANN models can be split into two cate
gories: static (feedforward) neural networks (including MLP, RBF) and 
dynamic (feedback) neural networks (including RNN). This section will 
cover static networks, dynamic networks, and other black box ap
proaches. However, only directly linked ANN based gas turbine tran
sient performance models will be described in detail. 

2.2.1. Static network (Feedforward) 
Static neural networks are the simplest neural networks and are 

characterized by memory-free non-linear equations, which means that 
there is no feedback element and no delay in the network. Therefore, the 
output parameters of the static neural network only depend on the 
current values of the input parameters. 

The MLP neural network (NN) is the best-known type of static 
network model [45]. The MLP NN is composed of an input layer, one or 
more hidden layers, and an output layer. Dot products are applied be
tween inputs and weights. And sigmoidal activation functions are nor
mally applied to the hidden layer. A simple structure of an MLP NN 
model is illustrated in Fig. 5, where the blue dots represent the input 
layer, the orange dots symbolize the hidden layer where the estimation 
takes place, and the green dots depict the output layer. The output of the 
MLP NN can be described by Eq. (15). 

y = f

(
∑n

i=1
wi*xi + b

)

(15)  

where y is the output of the NN, f is the function, wi is the i th connection 
weight, xi is the i th input of the NN, and b is the hidden layer. All 
connection weights and the hidden layer will be trained during the 
learning process to minimize the forecasting error of the NN. 

This kind of model was simple and easy to train and had been used by 
Ruano et al. to analyze the shaft speed dynamic of the Rolls-Royce Spey 
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engine [48]. Two topologies of MLP NNs, with one and two hidden 
layers, were experimented with. It was concluded that MLP NN can 
provide a promising outcome, and MLP NN with two hidden layers can 
provide a more accurate outcome. Gambarotta et al. used MLP NNs to 
simulate the transient performance of mGT [49]. Instead of applying the 
black box approach to the whole system, only the compressor and tur
bine were considered. It was reported that using MLP NNs could reduce 
the calculation time and make the simulation suitable for real-time 
simulation. A lack of a methodology that can generate a good set of 
training data for the whole operating range and the flight envelope was 
mentioned by Rezvani et al. [50]. To fulfil this area, the MLP NN was 
used with the combination of the design of experiments methodology. 
The input data for the NN were altitude, Mach number, ambient tem
perature and fuel flow profile, and the net thrust, turbine entry tem
perature, and compressor corrected mass flow were the outputs of the 
NN. The simulation outcomes had been compared with the physically 
based model, and the differences in outputs were controlled within 2%. 
Rahnama et al. also used the MLP NN model to predict the performance 
of the GE 9001EA heavy-duty gas turbine [51]. Air temperature, shaft 
rotational speed, fuel stroke reference and inlet guide vane position 
were the input of the MLP NN and were used to predict the electrical 
output power and exhaust temperature of the gas turbine. The mean 
squared error for output power and exhaust temperature is 0.355 and 
17.708, separately. It was mentioned that the MLP NN has the potential 
to offer a more accurate outcome than conventional non-linear models. 
Khalili and Karrari compared the MLP NN based gas turbine model with 
the white box based model and the outcome showed that the MLP NN 
based model could offer better accuracy on predicted power output and 
exhaust gas temperature [52]. Koleini et al. investigated the effect of 
hidden layer number on MLP NN prediction accuracy for gas turbine 
exhaust gas temperature prediction during transient [53]. It was 
concluded that the model with more hidden layers had a better 
capability. 

Another feedforward network is the RBF NN. Like the MLP NN, RBF 
NN also has the input, hidden, and output layers. A simple structure of 
an RBF NN model is illustrated in Fig. 6. However, between the input 
and hidden layers, a non-linear transformation containing radial basis 
activation functions is utilized. Besides, a Gaussian function is used in 
the hidden layer as the transfer function in computational units. The 
output of the RBF NN can be described by Eqs. (16) 

y =
∑n

i=1
wi*φ(‖x − xi‖) (16)  

where φ is a real-valued function to represent the distance from an 
origin, and x is the origin. Compared with MLP NN, RBF NN needs a 
smaller number of hidden layers (one hidden layer is quite enough). 
Networks of this type can speed up and simplify data processing. 
Depending on the case, it is typically observed that the RBF NN requires 
less time to reach the end of training than MLP NN. However, RBF NN 
needs more training requirements due to the radial basis functions be
tween the hidden layer and output layer. 

Kim et al. utilized an RBF NN to calculate the performance of a gas 
turbine for aircraft engines during transient operations [54]. The input 
parameters used for training the RBF NN were the altitude, flight Mach 
number, fuel mass flow rate and additional power due to the moments of 
inertia of the rotating parts. The output parameters in the data-driven 
model were engine net thrust, shaft rotating speeds, the pressure and 
temperature at each station and efficiencies. Two types of RBF NNs were 
investigated. One was the conventional structure with no iterative 
process. The other was a proposed model with an iterative calculation. It 
is mentioned by the author that the latter RBF NN that includes an 
iterative calculation can offer a better similarity with the first principal 
model based on NPSS. Wu also applied an RBF NN to estimate the 
transient performance of a split-shaft gas turbine [55]. The model was 
first used for predicting the characteristic curve of the compressor and 
then for the transient performance prediction. It was mentioned by the 
author that the RBF model had higher training speed and better time 
control performance and it was suitable for dynamic simulation which 
has a higher time requirement. 

2.2.2. Dynamic network (Feedback) 
A dynamic neural network is a type of neural network that can 

change its structure or topology during runtime based on the input data 
it receives. In other words, the network can adjust its architecture to best 
fit the input it is currently processing. This is in contrast to a static neural 
network, which has a fixed structure and cannot change its architecture 
during runtime. A comparison between the static neural network and 
the dynamic neural network has been investigated by Ibrahem et al. 
[56]. There are several types of dynamic neural networks, such as RNN, 
which have a “memory” that allows them to process sequences of vari
able length, and transformers, which use a self-attention mechanism to 
weigh the importance of different parts of the input sequence. Based on 
the comprehensive review, non-linear autoregressive exogenous 
(NARX) models, which is a type of RNN, are commonly used by re
searchers [57]. In this section, research related to the application of the 
NARX model on gas turbine transient simulation will be focused on. 

NARX is a non-linear autoregressive network with exogenous inputs 

Fig. 5. A simple structure of an MLP NN with input, hidden, and output layers.  
Fig. 6. A simple structure of an RBF NN with input, hidden, radial basis 
function and output layers. 
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[58]. It has a recurrent dynamic nature and is commonly used in time- 
series modelling. The NARX model is defined by Eq. (17): 

y(t) = f
[
x(t − 1), x(t − 2), ⋯, x(t − nx), y(t − 1), y(t − 2), ⋯, y

(
t − ny

) ]

(17)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
nd

∑nd

i=1

(
y − ym

y

)2
√

(18)  

where y(t) is the output of the NARX model, f is a non-linear function 
based on y(t) and x(t), x(t) is the input of the NARX model, and nx and ny 

are the number of past output and input terms. During the training 
process, the root mean square relative error (RMSE) is commonly used to 
determine the goodness of the training outcome. The definition of RMSE 
is shown in Eqs. (18), where nd is the number of datasets, y is the 
available (simulated) data, and ym is the prediction of the NARX model. 
The structure of a typical NARX network is shown in Fig. 7. The blue dots 
represent the input layer, the purple dots represent the recurrence layer, 
the orange rectangle symbolizes the NARX hidden layer where the 
estimation takes place, and the green dots depict the output layer. 

NARX models had been used to estimate gas turbine transient per
formance in many studies. The transient performance of mGT in non- 
isolated mode was investigated by Jurado based on the NARX model 
[59]. Intentionally tripping one generator was simulated, and it was 
found that the whole system needed 5 s to return stability. Asgari et al. 
developed a NARX model to simulate the start-up simulation of a heavy- 
duty gas turbine [58,60]. The simulation outcome compared with the 
experimental data is illustrated in Fig. 8. The model consisted of three 
input variables and four output variables. The inputs were compressor 
inlet temperature, compressor inlet stagnation pressure, and fuel flow 
rate. The outputs were compressor outlet temperature, turbine outlet 
temperature, compressor pressure ratio, and rotational speed. After 
training, the RMSE for the four outputs was limited to 12%. To verify the 
models, they were tested against three other available experimental data 
sets. The results showed that the NARX models can effectively capture 
and predict GT dynamics during the start-up process. The deviations 
between measured and simulated values were generally acceptable, 
with compressor and turbine outlet temperatures having a maximum 
deviation of approximately 3.5%. However, deviations could be higher 
for compressor pressure ratio and rotational speed, with maximum de
viations of 7.4% and 7.1%, respectively. A further comparison between 
the open-loop NARX model and the close-loop NARX model was 

investigated by Asgari et al in 2021 [61]. It was concluded that the open- 
loop NARX model had a better performance with higher accuracy 
compared to the closed-loop NARX model. Yu et al. [62] employed 
fuel–air-ratio and ambient conditions, including flight altitude and 
Mach number, as input values of a NARX model to simulate the transient 
performance of a turbofan engine. Among the four established NARX 
models, the best one could have a fitting degree of 96.43% on LP shaft 
rotational speed and 96.95% on HP shaft rotational speed. Bahlawan et 
al developed a NARX model for a heavy-duty single-shaft gas turbine to 
investigate the cold, warm and hot start-up transient performance [63]. 
14 measured time series (6 for cold start-up, 6 for warm start-up, 2 for 
hot start-up) were selected to train the NARX model. However, the 
author did not give detailed information on the input data series. The 
RMSE values for the estimated compressor outlet temperature, turbine 
outlet temperature and rotational speed were controlled within 2% 
when the value is within 2.5% for the compressor pressure ratio. To 
address the single neural model’s limitations (low accuracy when the 
model operates outside the field in which it was trained and long 
training time), an ensemble of multiple-input single-output NARX 
models had been developed by Ibrahem et al. [57]. This model used 
different configurations to represent each output parameter with the 
same input parameters. According to the author, the novel model could 
represent the transient performance of a three-spool aero-derivative gas 
turbine engine during the full operating range with good accuracy, even 
with different input scenarios from different operation conditions. 

Except for the NARX models, the ability of deep learning and ma
chine learning techniques to predict gas turbine transient performance 
had been investigated by researchers. A machine learning-based model 
of a single-shaft gas turbine was developed by Asgari and Ory in 2021 
[64]. RNN was employed to train the datasets of the GT variables. The 
results demonstrated that the RNN models were capable of performance 
prediction of the system with high reliability and accuracy. A deep 
learning convolutional neural network was developed by Alsarayreh et 
al to predict the transient performance of a duel-fuel gas turbine [65]. 
The inputs for the model were the natural gas, control valve, pilot gas 
control valve and compressor variables, whereas the outputs for the 
model are output power, the exhaust temperature and the turbine speed 
or system frequency. However, the comparison with a NARX model 
showed a slight inferiority in the accuracy of the deep learning model. 

2.3. Numerical approaches 

Except for the white box and black box approaches, the computa
tional fluid dynamics (CFD) method also plays an essential role in the 
aerodynamic design of turbomachinery. It can shorten the design cycles 
to better performance and reduce design costs. 

CFD simulations involve several key steps: geometry creation, mesh 
generation, boundary condition setting up, physics modelling, and nu
merical solving. During the geometry creation, the geometry of the 
targeted turbomachinery is created or imported to capture the features 
of the flow field, including solid objects, boundaries, and fluid regions. 
During mesh generation, a computational mesh is generated over the 
geometry, dividing the domain into discrete cells or elements. The mesh 
captures the spatial resolution and discretizes the equations for nu
merical solutions. The boundary condition of the flow field was then set 
up. During the physics modelling, various physical phenomena such as 
turbulence, heat transfer, and multiphase flow are considered. Different 
turbulence models can be employed. In the last step, the Navier-Stokes 
equations and any additional models and boundary conditions are 
solved using numerical techniques, such as finite volume or finite 
element methods. 

Nowadays, modern compressor and turbine design would face great 
difficulty without the help of CFD. CFD method can be divided into two 
categories. One is the steady-state CFD method, and the other is the 
transient CFD method. The steady-state CFD method refers to the use of 
methods like Reynolds averaged Navier Stokes. In this type of CFD Fig. 7. A schematic of a typical NARX network.  
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method, time-averaged outcomes will be calculated. The transient CFD 
method refers to the use of methods like large eddy simulation (LES) and 
direct numerical simulation. Different from the steady state CFD 
method, transient CFD methods provide time-dependent information 
and are suitable for studying unsteady flow phenomena, such as vortex 
shedding, flow instabilities, and turbulent mixing. Since this review 
paper aims to illustrate the full picture of the gas turbine transient 
simulation, only the transient CFD method will be included. Moreover, 
this section is concerned with the application of CFD and does not 
describe the numerical methods or turbulence modelling in any detail. 

Since CFD predictions became central in the design process of tur
bomachines, many investigations had been launched in this area [66]. 
Denton and Dawes reviewed the development of the CFD method for 
turbomachinery design from the 1940s to 1998s [67]. However, due to 
the limitation of CFD method development, only a very limited transient 
CFD method was introduced. Tyacke et al. offer a more recent review on 
this topic up to the 2020s [68]. The LES method was focused on. 

Based on the review, it was found that CFD was mainly applied at the 
component level in the gas turbine transient performance field. Blu
menthal et al. investigated the transient performance of NASA Rotor 35/ 
Stator 37 stage transonic compressor stage by using both steady and 
transient CFD methods [69]. The simulation outcome was compared 
with experimental data, and it was reported that the transient CFD 
method could offer a slightly better outcome. Qizar et al. also investi
gated the transient performance of NASA Rotor 35/Stator 37 stage [70]. 
The aerodynamic performance of a high-pressure turbine was investi
gated by Murari et al. by five types of CFD methods, including mixing 
plane approach, frozen rotor approach, scale adaptive simulation, de
tached eddy simulation, and LES [66]. The outcome showed the ad
vantages of LES in vortex shedding prediction. Roclawski et al. 
investigated the transient performance of a radial turbine during load 
step operation conditions [71]. The turbine CFD model was integrated 
into the transient loop, where the CFD model would directly estimate the 

turbine power instead of using conservation equations. Instead of the 
dynamic performance of the component, CFD is also capable of gener
ating the component off-design characteristic map, which can be used 
during the gas turbine overall transient performance simulation. Cor
nelius et al. investigated the off-design performance of a multistage axial 
compressor [72]. Both steady and transient CFD methods were used. The 
performance of a multistage compressor equipped with a variable inlet 
guide vane was investigated by Kim et al. by using both steady and 
transient CFD methods [73]. The generated component map could offer 
a good agreement when comparing with the experiment data. Moham
madian et al. investigated the startup transient performance of an in
dustrial gas turbine with the aid of CFD [74]. The component 
characteristic maps were generated by CFD based on the real component 
geometry instead of using a general map. 

However, it was found that CFD is not used extensively for predicting 
the gas turbine overall transient performance due to the extremely high 
computational cost [75,76]. Marsilio developed a CFD-based turbojet 
engine transient performance model [77], where the engine was divided 
into five modules: inlet, compressor, combustor turbine and nozzle. The 
modular architecture separated the engine and made it easier to run 
simulations. The fluid dynamic field in each module was determined 
numerically using a CFD 1D method and the boundary conditions were 
based on the engine operating points. The governing equation is the 
time-dependent Euler equations written in their integral form as in Eq. 
(19): 

∂
∂t

∫

v
W→dv +

∫

S
FI
→⋅ n→dS = 0 (19)  

where v is an arbitrary volume enclosed in a surface S, W→ is the hyper- 
vector of conservative variables and FI

→ is a combination of inviscid 
fluxes. Ferlauto improved Marsilio’s work to a high bypass turbofan 
engine [78,79]. Compared with the engine model developed by Marsi
lio, the module number was increased from 5 to 10. The flow field 

Fig. 8. Gas turbine transient performance comparison between the NARX model and experimental data [46].  
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around the engine was simulated by a standard CFD technique (2-D 
grid), as shown in Fig. 9 (a), while the engine core was represented by 
the 1D CFD model based on Marsilio’s method, Fig. 9 (b). That was 
required to alleviate the extremely high computational cost and required 
geometry data for a full 2D engine simulation. Each compressor and 
turbine blading was simplified as a discontinuity surface with its left and 
right boundaries based on the actuator disc theory [80]. The boundary 
conditions of the inlet and outlet area depended on engine’s operating 
conditions. For the subsonic inlets and outlets, total and static pressure, 
total temperature and the flow angle were needed. For the supersonic 
inlets and outlets, all the flow variables were necessary. An acceleration 
process from idle to maximum throttle was simulated. The simulation 
outcome of the Mach number contours of the external flow during en
gine transient is shown in Fig. 10. 

In conclusion, the numerical method (CFD) has the potential in 
predicting the gas turbine transient performance. However, due to the 
extremely high computational cost on 2D or 3D CFD models and the 
need of detailed geometry data, this method has not been widely applied 
in gas turbine transient performance prediction. 

2.4. Section summary 

This section discusses the development of white box, black box 
methodology and numerical methodology for transient performance 
analysis. The related research work has also been discussed. Table 1 
summarizes the advantages and disadvantages of different methodolo
gies. Since the linear model for the white box approach is no longer 
focused, they are not taken into comparison. 

3. Gas turbine transient simulation platform development 

The development and application of gas turbine transient simulation, 
as well as the heat transfer effect, are crucial, but the complexity of the 
system makes it challenging for researchers to use these methodologies 
easily. Moreover, launching each simulation from scratch every time is 
unrealistic. Therefore, easy-to-use software that can simulate gas turbine 
transient processes is necessary. The development of transient simula
tion platforms involved three domain techniques: analogue, digital, and 
hybrid computing. MacIsaac and Saravanamuttoo offered a parallel 
comparison of these three technologies [83], concluding that all three 
simulations were complementary to each other and had their place. 
Analogue simulations can provide actual time-based results of complex 
engines but lack accuracy due to presenting non-linear component 
characteristics. Digital simulations are most suitable for detailed studies, 
but obtaining real-time results was hard due to slow computer speeds at 
the time. Hybrid simulation combined the ease of integration of 
analogue simulation with the logic and stored program capability of 
digital simulation, but the system was too complex. The development of 
gas turbine transient simulation platforms will be discussed in this 
section. 

NASA has made significant contributions to the gas turbine perfor
mance simulation field by developing several codes, including HYDES, 
DYNGEN, DIGTEM, DEAN, and others [84–87]. HYDES was a hybrid 
computer program that investigated the dynamics of one-spool and two- 
spool turbojet and two-spool turbofan engines using the ICV method. 
DYNGEN, based on the GENENG method, was the first digital computer 
program for steady state and transient performance simulation, 
achieving better accuracy using the modified Euler method [88]. DIG
TEM, an advanced version of DYNGEN, was the digital version of 
HYDES. DEAN improved DYNGEN by implementing pre- and post- 
processing features [89]. In addition to these codes, NASA has devel
oped Onyx, a Java-based simulation framework that enables direct ac
cess to CAD geometry for mesh generation and visualization software 
tools [90,91]. Onyx was developed as part of NASA’s Numerical Pro
pulsion System Simulation (NPSS) project, which integrates various 
disciplines to enable numerical zooming between 0-dimensional to 1-, 2- 
, and 3-dimensional component codes [92,93]. In NPSS transient 
simulation, the Predictor-Corrector method was used. The basic idea of 
the Predictor-Corrector method is to form a loop. The predictor equation 
was used to estimate the initial predictor variable, and then the esti
mated variables were used to calculate the dependent derivative term, 
which will be used in a corrector equation to form a corrector estimate. 
The equation converged if the difference between the predictor variable 
and corrector estimate was small enough. Moreover, the volume dy
namic was added to NPSS which filled the gap [94]. 

In addition to NASA, many other efforts are also being made to 
develop simulation systems. 

Hirst created a program called SYSTRAN, which might be the first 
analogue computer program [95]. The program improved the unstable 
regimes in the lumped thermodynamic model created by Sar
avanamutto. The basic idea was to find equilibrium conditions inde
pendently of dynamic stability by programming the model differential 
equations. Merson’s 4th-order Runge-Kutta integration procedure was 
used to solve the equations. 

Cranfield University has also contributed to the development of 
transient simulation platforms. In 1982, Palmer and Chengzhong 
developed TURBOTRANS, which enabled transient calculations [96]. 
The program used Euler’s method to replace differential equations with 
finite difference equations, similar to the method used in DYNGEN. 
TURBOTRANS introduced “Thermodynamic Bricks” to make the pro
gram suitable for different types of gas turbines. Today, TURBOTRANS 
has been developed into TURBOMATCH, which is suitable for all types 
of gas turbine transient simulations. TURBOMATCH allows users to 
choose between ICV and CMF methods for simulation. In TURBO
MATCH 3.0, a user-friendly interface has been developed, making it 
convenient for users to build their gas turbine model. Recently, the heat 
transfer effect and tip clearance effect has been added to the software. 

TRANSEO code was developed by the Thermochemical Power Group 
at the University of Genoa based on the MATLAB-Simulink environment 
[97]. TRANSEO code has the capacity to simulate the transient perfor
mance of aircraft engines and heavy-duty gas turbines, and in 2000 it 
had been extended to the microturbine transient cycles. The modularity 
and flexibility of TRANSEO code enable the simulation of various engine 
models and the transition of a stationary microturbine to a complete 
hybrid fuel cell system. The volume dynamic effect is included in the 
TRANSEO code with the consideration of intercomponent volume. 

Chappell and Blevins developed the Advanced Turbine Engine 
Simulation Technique (ATEST) [98], which is based on a modular 
approach and is suitable for building arbitrary cycles ATEST uses the 
CMF method (an iterative method) during the transient simulation and 
provides capabilities such as multiple interstage bleed and modelling of 
second effects during transient, such as tip clearance change and low 
Reynolds number effects. ATEST 3.0 improved on previous versions 
with better modelling techniques, component map representations, and 
other capabilities [99]. 

Kurzke developed the GasTurb simulator, a commercial gas turbine 
Fig. 9. Computational external and internal grids of the whole engine sys
tem [79]. 
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simulator that has been updated to version 14 [100]. It includes several 
engine models, such as jet engines, gas turbines, propulsion systems, and 
power generation. In version 14, electric system simulation and after
burner transient were added. Transient simulation offers a choice be
tween a simplified model and an enhanced model. The simplified model 
uses the CMF method, while the enhanced model includes the heat 
soakage and tip clearance effects. However, components with heat ex
change are simplified to a zero-dimensional model with infinite thermal 
conductivity and uniform temperature distribution. Transient simula
tion is only possible after the off-design performance simulation, and the 
engine model in the library cannot be easily modified. 

The GSP, developed by Visser & Broomhead [101], is a user-friendly 
program designed to improve upon the weaknesses of DYNGEN. It en
hances stability, the speed of numerical iteration processes, and the user 
interface. In GSP transient simulation, conservation equations are solved 
by a modified Euler Equation. The detailed transient simulation meth
odology was not illustrated, but the author mentioned that the simula
tion was calculated iteratively. So, the CMF method might be applied. 
Different from GasTurb, GSP consists of several component modules or 
subroutines that allow the user to invoke a single component and make 
some changes as needed. This provides greater flexibility and a more 
advanced program architecture. Moreover, heat soakage was taken into 

consideration in GSP 11. 
Alexiou and Mathioudakis described the use of a generic object- 

oriented simulation tool called EcosimPro [102]. This tool was then 
used to develop the Propulsion Object Oriented Simulation Software 
(PROOSIS) [103]. Due to the fully developed friendly interface, this 
program was suitable for four levels of users ranging from core library 
developers to less experienced users who only run simulations using pre- 
generated customer decks. 

Siemens also developed its own gas turbine performance software 
Simcenter Amesim [104]. However, not much detailed information 
related to its transient methodology can be found. Based on some re
searchers’ work, the ICV method can be used in Amesim and the 
component thermal and materials library can be utilized for heat soak
age analysis when relevant data is available[105]. 

4. Heat transfer effects on transient performance 

The large temperature difference between the engine metal and the 
main gas path during the transient process produces a large heat flow, 
significantly affecting engine performance during and after transient 
control [40]. As research on gas turbine transient performance predic
tion continues, discrepancies between simulation and experimental 

Fig. 10. Mach number contours of the external flow during engine transient [79].  
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results have led to the identification of heat transfer effects that affect 
the transient operation of engines. Heat transfer effects refer to the ef
fects coming from the heat exchange during the gas turbine transient 
process, including the heat soakage effect, tip clearance effect, and 
component characteristic change effect. Heat soakage is the process of 
heat transfer between the working fluid and the engine component, 
while the tip clearance effect results from changes in clearance due to 
temperature, centrifugal force, and pressure difference. Component 
characteristics are described by the component map, which can be 
affected by changes in working flow physics. An illustration of the heat 
transfer effects on the performance of the components is shown in 
Fig. 11. A brief introduction to the heat transfer effect was provided by 

Hashmi et al. [8]. MacCallum used the term ’thermal soak’ to summarize 
the effects, which refer to the performance difference from the equilib
rium performance after rapid acceleration and deceleration [10]. These 
effects significantly influence the engine acceleration or deceleration 
time and the rate of change of aerothermodynamic parameters [106]. 

This section will discuss the heat soakage, tip clearance, and 
component characteristic change effects separately. The methodology 
development and application will also be included. 

4.1. Heat soakage effect 

When investigating gas turbine steady-state performance, it is 
reasonable to assume that the compression and expansion process occurs 
adiabatically because the heat flows are exceedingly small compared to 
engine component powers [40]. However, during the transient 
manoeuvre, the heat transfer between the primary gas path and engine 
components is too big to ignore and will affect component performance. 
The large temperature leads to a large heat flux, which can lead to non- 
adiabatic expansion and compression both during and after a transient 
manoeuvre [10]. Also, some engines can consume a typical additional 
30% energy excess to reach a new higher steady state operating tem
perature due to the thermal soakage [1]. According to the research 
findings, it was discovered that heat soakage causes a delay in the 
transient response of gas turbines. Specifically, during the acceleration 
phase, there is a reduction in the rate of increase of engine thrust and 
shaft PCN. Conversely, during deceleration, the rate of decrease is 
reduced. In this section, the methodology development of heat soakage 
analysis and the effect of heat soakage on gas turbine performance will 
be discussed. 

The significance of the heat soakage effect was first mentioned in 
1968 by Bauerfeind [107], who simulated a two-spool turbofan engine 
to introduce the heat soakage effect. Additionally, MacCallum identified 
the transient factors that may impact the performance of a simple jet 
engine after rapid acceleration [10]. To analyse the effect of heat ab
sorption, he utilized the F parameter as a correction factor for the pol
ytropic efficiency. The F parameter was determined as the ratio of the 
heat transferred from the air to the work transferred from the air. The 
impact of the F parameter on the adiabatic compression and expansion 
equation is shown in Eq. (20), 

P2

P1
=

(
T2

T1

)X/(1−F)

(20)  

Table 1 
Comparison between different transient simulation methodologies.   

Method Advantage Disadvantage 

White box 
approach 

CMF [19]  • Suitable for long 
time step 

Suitable for long- 
term transient 
simulation  

• Higher accuracy  

• Only considering the 
shaft dynamic 

Unsuitable for 
complex gas turbine 
model 

Long calculation time 
for complex engine 
models 

ICV [28]  • Suitable for 
complex gas turbine 
model 

Considering the 
volume dynamic 
effect  

• Faster calculation 
speed per point 

Suitable for real- 
time transient  

• High requirement on 
time step choice 

Map reading problem 
Lower accuracy 

compared with CMF 
Method 

Hybrid  
[41]  

• Faster calculation 
speed than CMF 
method  

• Comparable 
accuracy compared 
with CMF method 

Easy to be 
implemented  

• Offset in compressor 
working line 

PWV [42]  • Consideration of 
PW effect  

• Significantly increased 
calculation time 

IMF [44]  • No map reading 
problem  

• Relative lower accurate 
Unknown time step 

choice and calculation 
speed 

Advanced  
[81,82]  

• Capability of 
estimating rotating 
stall and surge 

Higher accuracy  

• Unknown time step 
choice and calculation 
speed 

Black box 
approach 

MLP [48]  • Simple and easy to 
train  

• Long training time 
compared with RBF 

RBF [54]  • Relatively higher 
accuracy compared 
with MLP 

Low requirement 
on the number of 
hidden layers 

Short training 
time  

• Higher training 
requirement 

NARX  
[58,60]  

• High capability 
More suitable for 

dynamic condition 
Higher 

generalization 
capability  

• Longer training time 
and more complex 
structure compared 
with static network 

Numerical 
Approach 

CFD [78 
79]  

• 2D external flow 
field demonstration 

Direct flow field 
estimation 

No map reading 
problem  

• Lower-order model for 
the core engine 

High computational 
cost  

• High geometry 
information 
requirement  

Fig. 11. Heat transfer effects on the performance of the components.  
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where P1 and P2 are the total pressures at the start and end of the pro
cess. T1 and T2 are the total temperature at the start and end of the 
process, X is the polytropic index of compression or expansion, and F is 
the ratio of the heat transferred from the air to the work transferred from 
the air. 

The F parameter method can predict the heat absorption effect, but it 
is more of an empirical formula for polytropic efficiency modification. 
To improve the simulation, the lumped parameter method (LPM) for 
heat soakage calculation was introduced to gas turbine transient simu
lation by Fawke and Saravanamuttoo [108]. The mean temperature 
based on the component inlet and outlet temperature is used to deter
mine the values of the Prandtl number, thermal conductivity, and vis
cosity for the gas to calculate the heat transfer coefficient (HTC). 
However, for each component, only one HTC value is applied, making 
the investigation of the heat soakage affect an approximation. Based on 
the simulation outcomes for acceleration and deceleration, it was found 
that the operating path of compressor characteristics had not been 
significantly affected. Khalid and Hearne provided a full description of 
the LPM in their transient performance heat soakage model, which was 
used to investigate the heat absorption effect on a two-spool turbofan 
engine. [109]. Eqs. (21)–(24) illustrated the process of the LPM, 

τ = m*Cp/(h*A) (21)  

Tt+Δt
m = Tt

g −
(

Tt
g − Tt

m

)
*e−Δt

τ (22)  

q = − h*A*
(

Tt+Δt
m − Tt+Δt

g

)
(23)  

Tout = Tout,ad −
q

m*Cp
(24)  

where τ is the time constant, m is the mass of the metal, h is the HTC, A is 
the wetted area, Tm is the metal temperature, Tg is the main gas tem
perature, q is the heat flow rate, Tout is the component exit total tem
perature, and Tout,ad is the component exit total temperature under the 
adiabatic condition. The basic idea of LPM is that the interior temper
atures of bodies remain essentially uniform at all times during a heat 
transfer process. During the process, the heat absorption of compressors 
and turbines was taken into consideration, except for the combustor. 
They also considered the effect of turbine cooling flow variations, con
trol temperature sensor response and tip clearance variations, which will 
be discussed in subsequent sections. 

To make LPM more realistic, Kim raised a “heat transfer correction 
factor (HTCF)” to modify the heat soakage effect during transient [110]. 
The equation of heat transfer correction factor A is shown in Eq. (25), 
where a and c are constant in equation, D is characteristic diameter, k is 
thermal conductivity, L is characteristic length. 

HTCF = a*DC*
k
L
*

A
m*Cp

= Constant (25)  

where a and c are constant in equation, D is characteristic diameter, k is 
thermal conductivity, L is characteristic length, and A is the wetted area. 

LPM offers a convenient way to simulate the heat transfer between 
the solid and fluid. However, it assumes that the fluid temperature keeps 
constant during the heat transfer process, leading to overestimating the 
heat flux. Naylor moved the LPM a step further by considering the fluid 
temperature change during the heat transfer process [40]. The improved 
LPM is shown by Eqs. (26)–(30). 

Q = U
((

Tf0 − Tm0
)/

Z
)(

eZ⋅Δt − 1
)

(26)  

U = 1/(1/(h*A) + 1/(k*A/X) ) (27)  

G = Wf *Δt*Cpf (28)  

M = Ms*Cps (29)  

Z = − (U/G + U/M) (30) 

where Q is the quantity of heat transferred during the time interval, 
Tf0 and Tm0 are temperatures of fluid and solid at the start of the time 
interval, U, G, M, Z are the thermal characteristics of the system, X is the 
distance from wetted area to solid centre of mass, Wf is the working fluid 
mass flow rate, and Ms is the material mass. This method could modify 
the fluid temperature during the heat transfer process and offer a much 
more accurate outcome. Besides, Naylor also developed the stream 
method. Components were divided into several discrete solids to apply 
the stream method, each with their own wetted surface, as shown in 
Fig. 12. The temperature of the fluid leaving the current surface was 
used as the temperature of the fluid entering the next surface, and so on, 
until the fluid left the solid completely. Compared with the original LPM, 
the stream method was more stable and could handle the calculation 
when neither fluid nor solid could be assumed to be a temperature 
reservoir and where conduction is significant. 

The stream method improved the original LPM. But it needed a 
specific gas turbine component structure to build the model. So, a 
thermal network model was developed by Visser and Dountchev to offer 
a more generic heat soakage estimation [111]. In the thermal network, 
several heat sinks represented the components. Each heat sink was 
calculated by the LPM method and then connected using Non-linear 
Differential Equations. With the link among each heat sink, the orig
inal 0-D thermal recuperator model can be seen as a quasi-1D model (in 
radius direction). However, this method had the same limitation as the 
original LPM. It could not represent the heat transfer process inside 
parts, and there would still be errors for complex heat transfer patterns. 

The stream method and the thermal network improved the LPM. 
However, the heat calculation between the surface to surface is still 
discontinuous. A real 1D method is still needed. Zhuojun fulfilled this 
gap by extending the original 0D method in the axial direction [44]. In 
the 1D method, each solid component was no longer treated as one point 
located at the centre of mass. By using the integral method, the tem
perature distribution along the component could be simulated with 
much more accuracy. However, temperature profile, area, and mass 
distribution along the length of turbomachinery were considered linear, 
which was inconsistent with the fact. 

The finite element method (FEM) was introduced by Chapman et al. 
to estimate the heat transfer rate between the HPT shroud, as well as the 
disc, and the working fluid [112,113]. Compared to the LPM, the finite 
element method provides a more detailed representation of the internal 
temperature distribution and can be applied more easily to components 
that consist of two materials. The heat equation is described by Eq. (31) 

ρ*Cp

k
*
∂T
∂t

=
∂2T
∂X2 (31) 

The central forward finite difference method was utilized when 
solving partial differential equations. 

Both the LPM and FEM have their advantage. Progress had been 
made by creating a quasi-one-dimensional heat transfer model that 
combined both LPM and FEM by Chen et al. [114]. In this new model, 
the internal nodes in FEM had been replaced with lumped engine 
components, such as a lumped compressor stage or a lumped combustor. 
This allowed for the consideration of all engine components with proper 
settings. Additionally, the new internal nodes could account for heat 
conduction and radiation, whereas the original LPM only considers heat 
convection. 

The methodology mentioned above can be concluded as the 
replacement structure model (RSM) [115] because the idea is to use 
mathematical equations to represent the components in the gas turbine. 
However, there are two other models: the impulse response model (IRM) 
and the state-space model (SSM). The idea of IRM is to calculate the 
impulse response g(t) when subjected to a unit impulse input. For the 
SSM, the idea is to calculate the temperature change using the state 
equation. Riegler proposed an IRM-based method whereby primary gas 
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path heat soakage is calculated non-dimensionally using Biot and 
Fourier numbers[116]. The governing equation can be described by Eq. 
(32), 

q/(k*ΔT*L) = f (Fo, Bi, shape) (32) 

The method describing heat transfer phenomena depends linearly on 
temperature. Therefore, steady-state and transient phenomena might be 
modelled separately, and the effects might be superimposed. However, 
Naylor pointed out that the workings of the method presented were still 
based on Nusselt numbers for flow through tubes, mean component inlet 
and outlet temperatures, and mean component temperatures [40]. 
Merkler et al. developed an SSM-based model for disc temperature 
calculation [115]. The governing equation is shown in Eqs. (33)–(35) 

Tm,new = A*Tm,old + B*Tg (33)  

u = C*Tm,old + D*N (34)  

σ = E*Tm,old + F*N (35)  

Where A to F are matrices, and u and σ are functions of time. Both IRM 
and SSM have their advantage. However, after a comprehensive review, 
it shows that the RSM is the best popular model since it directly indicates 
the physical process during the heat transfer process. 

After discussing the heat soakage calculation, it is necessary to 
discuss the heat soakage effect on component performance. A common 
way was to assume that the compressor and turbine were still working at 
the adiabatic condition [117]. Part of the heat transfer occurred before 
the adiabatic component process, and the rest occurred after the adia
batic component process. This would only affect the component inlet 
and outlet temperature instead of modifying the component power 
[118]. However, some researchers believe that the heat transfer process 
will affect the compressor and turbine power [111,119]. And a modi
fication of the component power should be included. The corrected 
component power and component outlet enthalpy are estimated by Eqs. 
(36)–(38) 

PWcorr compre =

(
hout

hin
− 1

)

*
q
ηis

*Rq (36)  

PWcorr turbin =

(
hout

hin
− 1

)

⋅q*ηis*Rq (37)  

hout = (hin*Win + Q + PW + PWcorr)/Wout (38)  

where PW is the correct power for the compressor and turbine, ηis is the 
isentropic efficiency of the compressor and turbine, Rq is the inlet/exit 
heat transfer ratio, and Q is the quantity of heat. Based on these equa
tions, the modified outlet enthalpy can be estimated and used to modify 
the transient component performance. 

The above discussion illustrates the development in heat soakage 
methodology development. Significant progress had been made to 

improve the accuracy during the heat transfer calculation. However, 
since the LPM offers a convenient way to simulate the heat transfer 
between the solid and fluid, it has been used in extensive research. Zhili 
and Kuo developed an unstable heat exchange model being used in gas 
turbine transients [120]. The difference between their work and Khalid 
and Hearne’s work was the choice of HTC. In Khalid and Hearne’s 
investigation, only turbulent flow was considered. But both the laminar 
flow and turbulence flow were considered in Zhili and Kuo’s work. 
Unfortunately, they didn’t compare their outcome with the experiment 
data. In 2001, Stamatis and Mathioudakis also included the heat transfer 
effect in their real-time engine model [121]. LPM was being used, but 
the choice of HTC was different. However, the LPM was only applied to 
the compressor and turbine blades and casings for simplification. Hu and 
Xiaochun applied Khalid and Hearne’s on a different gas turbine engine 
[122]. With the same simulation environment, they compared their 
outcome with Maccallum’s work, and it showed that the LPM had a 
better prediction than the F parameter method. Tagade developed a gas 
turbine simulation model for the startup to shutdown process of a twin- 
spool turbofan engine [123]. The model takes into account thermal 
transients, shaft transients and gas dynamic transients. In the thermal 
transient simulation, LPM is used. Alves and Barbosa built a 
regenerative-cycle gas turbine model that considered friction and non- 
adiabatic volumes [124]. The importance of the heat soakage effect in 
the micro-turbine engine was mentioned by Davison and Birk 
[125,126]. The engine model was validated against the experimental 
data. Although there were overestimations in the transient performance, 
the correlations were good. The heat soakage model was closer to the 
experimental data compared with the CMF model. Qiuye used the 
lumped parameter method to analyze a two-spool engine transient 
performance [118]. Their work was similar to Zhili’s, but they moved 
one step further to compare the simulation results with experimental 
data. Besides, they correct the Nusselt number of compressor blades by 
taking both laminar flow and turbulence flow into consideration. 
Vieweg introduced the transient heat soakage code within the DLR’s in- 
house gas turbine simulation framework GTlab and compared the 
outcome with the engine data [117]. The code uses the lumped 
parameter method but improves the method by using a scaling process 
to avoid manually updating the HTC. With that, only the design point 
needs to be estimated by the user. Then, the heat soakage code was 
extended to allow for heat transfer among different components, bleed 
flows, and the environment [127]. Ferrand investigated the turboshaft 
engine power losses caused by heat soakage in the combustion chamber 
[128]. However, with the method developed, there is only a maximum 
correction of 0.55% of the design speed, which shows that it is not 
sufficient to correct the heat soakage effect only considering the com
bustion chamber. Kim et al. developed a simulation tool for the dynamic 
behaviour during the start-up of heavy-duty gas turbines [129]. They 
adopted a multi-segment model instead of using a single control volume 
model where the compressor was calculated group by group and the 
turbine was calculated stage by stage. Besides, they used iterative cal
culations at each control volume to have a more accurate outcome. 

Fig. 12. Illustration of a streams method model of a multistage disc cavity [40].  
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In conclusion, the heat transfer calculation between components and 
the working fluid has evolved from a 0D to a quasi-1D model. However, 
the LPM remains popular due to its simplicity. Further analysis of the 
heat transfer effects on component performance is still necessary, as 
different researchers hold differing opinions. Table 2 concludes the ad
vantages and disadvantages of the different heat transfer estimation 
methodologies mentioned above. 

4.2. Tip clearance effect 

During transient manoeuvres, gas turbines are expected to experi
ence varying thermal and mechanical loading that can lead to small 
changes in the axial and radial dimensions of the components. These 
changes are caused by three main reasons: (1) The thermal growth due 
to the change in component temperature; (2) The centrifugal stresses on 
the rotating components; (3) The pressure stresses on the static com
ponents. An illustration is shown in Fig. 13. In this section, progress in 
tip clearance prediction and component performance modification will 
be discussed. 

When estimating thermal growth, it is strongly linked with the heat 
transfer calculation that was discussed in Section 4.1. Based on the 
discussed LPM, each component was treated as a node with the mass at 
the centre of it, and the component temperature was known at each time 
interval [40]. It is easy to apply the thermal expansion equation to the 
lumped component. The thermal expansion equation is shown in Eq. 
(39), 

u = a*L*
(
Tm − Tref

)
(39)  

where u is the thermal growth, a is the expansion coefficient, and Tref is 
the temperature of components at the reference point. With the setting 
of the reference point, the deflection due to the temperature change can 
be estimated [130]. Progress had been focused on the development of a 
more accurate mean temperature prediction method. Kypuros et al. 
established a 1-D analytical method to have a better mean temperature 
prediction on the temperature distribution along the rotor width direc
tion and the casing radius direction [131,132]. FEM was used by Pilidis 
and MacCallum to develope a model for blade tip movement as well as 
seal clearance change [133]. The model represented a deep disc rotor 
with three elements: a thick hub, a thin diaphragm and an outer section 
or rim. Naylor applied the same idea to his ring method when calcu
lating the disc radius change [40]. In the ring method, the disc was 
divided into small rings (typically 5 to 6 rings), and the overall radius 
change was the sum of the displacement of all the small rings. Mac
Callum developed a 2D disc temperature distribution model [134]. The 
geometry of the disc has been divided in the radial into 20 increments 
and then in the axial direction into 10 elements. The effect on the choice 

of the number of elements had also been studied, and it was found that 
the change in the average temperature was under 1 K when increasing 
the axial elements to 14. Chapman et al. established a 1-D FEM model to 
predict the thermal displacement of the turbine shroud (along the radius 
direction) and rotor (along the thickness direction) [112,135]. Sheng 
et al. improved the thermal expansion model by considering the 
temperature-dependent heat expansion coefficient and made the simu
lation time suitable for real-time transient simulation [136]. 

Instead of using the mean temperature for thermal displacement 
estimation, it can be estimated directly based on the temperature field. 
Fang et al. derived the basic equation of the temperature field of uniform 
thickness and single rotor disk and then it was used to estimate the 
thermal expansion by integration [137]. The equation is shown in Eqs. 
(40)–(41), 

T = Ta + (T1 − Ta1)
K1(x0)I0(x) + I1(x0)K0(x)

K1(x0)I0(x1) + K0(x1)I1(x0)
(40)  

u = a*L*
∫

(
T − Tref

)
dx (41)  

where T is the disc temperature at different radii, Ta is the cooling flow 
temperature at different radii, T1 is the temperature at the rim, Ta1 is the 
cooling flow inlet temperature, K0(x) and I0(x) are two particular so
lutions of the zero-order Bessel equation. Compared with the original 
thermal expansion method, this method considered the temperature 
difference along the disc radius. However, the calculation process was 
much more complex since it needed to solve the Bessel equation. 

Another way is to express thermal displacement as an exponential 
function of time. It was known that the component temperature could be 
expressed as a function of time. Since the thermal growth of the 
component was directly proportional to the component temperature, it 
was able to express the thermal growth as an exponential function of 
time [109]. Khalid and Hearne then estimated the thermal growth of 
each component by using Eq. (42). 

ΔRj,trans,t+Δt = ΔRj,ss,t+Δt −
(
ΔRj,ss,t+Δt − ΔRj,trans,t

)
*e−Δt

τj (42)  

where ΔRj,trans,t+Δt is the transient changes in radius at the end of the 
time interval, ΔRj,ss,t+Δt is the steady state change in radius at the end of 
the time interval and ΔRj,trans,t is the transient changes in radius at the 
start of the time interval. With the estimated thermal expansion, the 
total tip clearance change can be estimated with the consideration of 
centrifugal stress and pressure stress. 

The displacement caused by centrifugal force is also important dur
ing the tip clearance estimation. Two components are considered. One is 
the rotor blade, and the other is the disc. For the blade, a common 
simplification was that the blade was assumed as a constant cross-area 
flat plate [39]. Fang et al. improved the estimation method by consid
ering a changing cross-section area blade [138]. Instead of the changing 
cross-section area, the effect coming from the shrouded turbine blade 
was taken into consideration by Naylor and Pilidis [39,40]. For the 
rotating disc, the centrifugal deformation will be affected by the disc’s 
mass and the centrifugal force from the blade mass. When considering 
the disc displacement due to its mass, it is commonly assumed that the 
disc has a unique thickness [137]. When applying this method during 
the disc displacement due to centrifugal force, it was suggested that the 
thickness of the disc should be equal to the minimum diaphragm 
thickness of the actual disc profile [39]. The displacement due to blade 
mass was not considered by Kypuros et al. and Chapman et al. and it was 
mentioned that this force would lead to a 15.9% difference when esti
mating the tip clearance movement [136]. 

The pressure forces will lead to a change in the casing radius [131]. 
However, pressure deformation is relatively small compared to the effect 
from thermal deformation and centrifugal deformation. In some cases it 
was assumed negligible and was not introduced to the calculation [119]. 

Research showed that the change in tip clearance will affect 

Table 2 
Comparison between different heat transfer estimation methodologies.  

Method Advantage Disadvantage 

F parameter  
[10]  

• Direct performance 
modification  

• Relative low accuracy 

LPM [109]  • Easy to be implemented  • Neglection of fluid 
temperature change 

Neglection of material 
internal thermal resistance 

Stream [40]  • Easy to be implemented 
Consideration of fluid 

temperature change  

• Neglection of thermal 
resistance 

FEM  
[112,113]  

• Consideration of the thermal 
resistance 

Suitable for complex 
structure  

• Long calculation time 
High requirement on 

calculation time step 

IRM [116]  • High accuracy  • Low Transparency 
Long calculation time 

during transient simulation 
SSM [115]  • Short calculation time  • High cost of modelling  
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component efficiency, mass flow, and surge margin [139]. Several re
searchers had investigated the relationships between tip clearance and 
component efficiency. The modification methodology on the tip clear
ance effect and be concluded in two ways. The first is the empirical 
correlation modification, and the second is the direct modification. 

The idea of the empirical correlation modification method is to use 
the empirical correlation and tip clearance value to modify the 
component performance. In 1970, Lakshminarayana derived an 
expression for the decrease in compressor efficiency due to the tip 
clearance change, which is expressed by Eqs. (43) [140]. 

Δη =
0.7λψ
cosβm

*

[

1 + 10

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϕ
ψ

λA
cosβm

√ ]

(43)  

where η is efficiency; λ is nondimensionalized clearance; ψ is blade 
loading coefficient; βm is mean air angle; ϕ is flow coefficient; A is the 
aspect ratio of the blades. The turbine efficiency modification method
ology was raised by Baskharone [141]. The correlation is shown in Eq. 
(44) 

s−EffTC = 1 − K*
(

TC − TCref

lb

)

*

(
rrotortip(

rrototip + rrotorhub
)/

2

)

(44) 

where s−EffTC is the turbine efficiency scaling factor, K is an index 

defined as K = 1 + 0.5
(

ψ3.36
Ztip

)
, TC is the tip clearance absolute value, 

TCref is the tip clearance reference value, r is the radius, and ψZtip is the 
Zweifel loading coefficient. This method had been used by several re
searchers. Hongmei and Zhili utilized Eq. (43) during the tip clearance 
change in their transient study [142]. Jiamei also investigated the tip 
clearance movement and its effect on engine transient performance 
using Eq. (43).[143]. But only the last stage of the compressor was 
considered during the performance modification. An irregular finite 
volume mesh method for the disc that has universality was developed by 
Ma [144]. Eq. (44) was used during the performance modification. 
However, this method was finally applied to a transient simulation as a 
post-modification, and it might lead to an error since the transient 
performance will be affected by tip clearance change during the process 

and might lead to a different working line. 
The empirical correlation can offer a relative accuracy modification. 

However, it is hard to use when a certain blade profile is missing. Direct 
modification method is then recommended under this condition. Mac
Callum found that the change in compressor tip clearance caused a 
reduction in efficiency of 0.4%, and the change in seal clearance caused 
an increase in the cooling flow of 0.2% [10]. Walsh and Fletcher sug
gested that a 1% increase in tip clearance will lead to a 1–2% reduction 
in efficiency and a 2–15% reduction in surge margin [1]. Hourmouziadis 
and Albrecht suggested that the exchange rate is in the range of 2% (a 
1% increase will result in a 2% decrease in efficiency) [145]. Shirzadi 
and Saeidi suggested that the exchange rate is in the range of 0.8% based 
on turbine polytropic efficiency [146]. This method is also applied in 
GasTurb, where the user can directly set the ratio between the change in 
clearance and the change in component performance [119]. 

4.3. Component characteristics change effect 

Changes in clearance and heat absorption can also affect the char
acteristics of engine components. The exchange of heat between the 
main gas path and the components changes the temperature of the gas 
path, leading to modifications in the development of the boundary layer 
and fluid density [147]. Furthermore, changes in tip clearance can 
impact component characteristics, including compressor efficiency and 
surge margin. 

The ‘bulk’ effect on compressor characteristics caused by density 
change was first investigated by MacCallum [148]. It was found that a 
reduction in air density at the compressor outlet led to a decrease in the 
compressor surge margin. Later, Grant reported that heat transfer from 
the wall to the boundary layer affects the development of the boundary 
layer, accelerating separation [149]. MacCallum and Grant developed a 
method to predict the effects of boundary layer changes due to heat 
transfer on the characteristics of an axial-flow compressor [150]. The 
method included a predicted mean line method for compressor char
acteristic map generation and an empirical correlation for modification. 
They found that the thickening of the heated compressor blade bound
ary layer was more significant on the suction surface than on the 

Fig. 13. Structure of tip clearance estimation during engine transient.  
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pressure surface, causing a blockage effect (shown in Fig. 14). They also 
proposed an empirical correlation for the change in flow outlet angle 
with respect to temperature change, as shown in Eq. (45). 

Δa2

∊* = ΔT*
(

0.0005 + 0.00084
i − i*

∊*

)

(45) 

where Δa2 is the deflection angle as shown in Fig. 10, ∊* is the 
designed deflection, ΔT is the temperature difference between the blade 
aerofoil temperature and adiabatic wall temperature, i is the incidence 
angle, and i* is the design incidence angle. Notably, the angle of de
parture had doubled compared to the adiabatic case due to the rapid 
growth of the suction surface boundary layer. The method provided a 
predicted output, but no experimental data was presented to confirm the 
theoretical predictions [151]. Also, they did not explain their predicted 
mean line method in detail, nor how Δa2 effect the performance map. 

Further work was done by Maccallum and Pilidis by developing 
compressor map modification empirical correlations for speed line and 
surge line modification [147,152,153]. Equations for the corrected 
speed of the compressor and the movements of the surge pressure ratio 
are expressed by Eqs. (46)–(47). 

ΔN
N

= C1
Tb − Tair

Tair
+ C2

Q
m*Cp*Tm

− C3
Δ(δ)

g
(46)  

Rht − 1
Rad − 1

= 1 + C4F − C5
Δ(δ)

g
(47)  

where the coefficients C1, C2, and C3 represent the changes due to 
movements of the aerofoil boundary layer, changes in the fluid density 
and changes in the blade tip clearances, respectively, δ is the tip clear
ance, g is the staggered gap between blades, R is the surge margin, co
efficients C4 and C5 represent the changes due to density changes of the 
fluid and the tip clearances, respectively. This program was then used to 
analyze the compressor surge margin movement of a two-spool bypass 
engine during transient [154]. For the LPC, the values for C1 and C3 
were select as −0.07, −0.07 and 0.3. For the HPC, the value for C1 and 
C3 were select as −0.1, −0.1 and 0.3. This similar method was then be 
used by Stamatis which allowing the evaluation of the effects related to 
heat transfer to the turbine blades on its performance characteristics 
[155]. In his research, he considered the effects of thermal dilatation and 
boundary layer development and then corrected the turbine map based 
on them. Besides, the blade temperature took the consideration of 
nonuniform temperature distribution which will offer a better outcome 
for the turbine blade. The movement of the compressor speed line is 
shown in Fig. 15. 

Larjola investigated the effects of heat transfer on both compressor 
surge margin and turbine mass flow blockage [156]. His work found that 
changes in the boundary layer and air density were responsible for 
66.2% of total surge margin reduction, while clearance change 
accounted for only 0.02%. Larjola’s prediction method had better ac
curacy than MacCallum and Grant’s, as it considered surge line move
ment. In the same year, Crawford and Burwell attempted to 
experimentally confirm MacCallum and Grant’s findings [151]. Using 
experimental data from several “Bodie” transient events, they calculated 
the total temperature and steady-state adiabatic efficiency of the un
steady compressor during the process from take-off power to rapid 

deceleration and immediate re-acceleration after idling. Although they 
found no statistical correlation between stall margin loss and heat flow, 
they observed that average heat flow was greater when the compressor 
stalled. 

Torella investigated the secondary transient effect (heat transfer, 
packing lag in the ducts, transient effect in the combustion) [157]. Ex
pressions were derived to evaluate the variation of the compressor and 
turbine efficiencies, shown in Eqs. (48)–(49). 

Compressor :
Δηc

ηc
=

Ton
To

− 1
Ton
To

− 1 − 0.5 ΔTon
To

ln Ton
To

(48)  

Turbine :
Δηt

ηt
=

ln Ton
To

2(Ton
To

− 1)

ΔTon

To
(49)  

where Ton is the component exit temperature, To is the component inlet 
temperature and ΔTon is the temperature drop due to the heat transfer. 
Since the change in components efficiency was determined by exit 
temperature while the exit temperature depended on the efficiency, an 
iterative procedure was necessary. 

In 2007, Morini analysed the heat soakage effect on the compressor 
by using a simple method based on an equivalent variation of the 
compressor polytropic efficiency [158]. They concluded that the heat 
soakage has a high impact at low shaft speed and negligible impact close 
to nominal shaft speed. In the same year, Shah analysed the heat transfer 
effect on compressor performance [159]. He raised the idea of non- 
dimensional heat flux which was a heat transfer rate that had been 
normalized by the blade inlet stagnation enthalpy inflow rate. Then he 
concluded the correlation of total pressure change coefficient and 
change in flow angle deviation with the nondimensional heat flux, 
which is shown in Eqs. 50–51. 

Δδ =
q*

0.01
*ϛ, where

{
ϛ = 0.1◦ forM = 0.4
ϛ = 0.25◦ forM = 0.8 (50)  

Δω =
−ΔPt

Pt

Pt

Pt − Ps
=

1

1 −
(
1 + γ−1

2 M2
) γ

γ−1

γM2

2
q* (51) 

Fig. 14. Change in boundary layer development due to heat transfer [150].  

Fig. 15. Compressor speed line movement due to boundary layer effect and 
density change [147]. 
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where Δδ is the change in flow angle deviation, q* is the non- 
dimensional heat flux, M is the Mach number, Δω is the change in 
blade row total pressure loss. In 2015, Kiss and Spakovszky used Shah’s 
correlation to analyse the effect on compressor stall margin during a re- 
acceleration phase of a Bodie manoeuvre [160,161]. To illustrate the 
non-adiabatic transient, they develop the “composite compressor map” 
that includes the time-dependent speed line, stall line and working 
point. Fig. 16 illustrates a comparison between the original compressor 
map with the composite compressor map, where the map in black rep
resents the former and the map in colour represents the latter. τ in 
Fig. 16 represents the non-dimensional time, which equals t/tacc. Be
sides, the model they created also included stage re-matching and de
viation effects, which are not included in current software like NPSS. 
Compared with the NPSS, the new model captured an 8.0-point stall 
margin loss when NPSS is 1.2-point. However, this method calculates 
the heat transfer rate q* based on the component temperature (based on 
steady-state operating point) and the flow field temperature (based on 
adiabatic Bodie transient) in advance. So, the heat transfer rate is not 
calculated during the transient operation. This led to some errors in the 
calculations, but the magnitude has not been analyzed. 

Zhuojun also analysed the component characteristic change in his 
work [162]. The map update method was similar to the work of Pilidis 
and MacCallum. However, the new method enabled the characteristic 
map to be updated at each time interval with the updated scaling factor 
of mass flow, pressure ratio and efficiency. 

A brief description of the different methodologies described above 
and a comparison among them is shown in Table 3. 

4.4. Section summary 

In this section, various methodologies applied to simulate heat 
transfer effects on gas turbine transient performance are discussed. 
Three aspects are considered: heat soakage, tip clearance change, and 
component characteristic change. Heat soakage models have progressed 
from 0D to quasi-1D models, although the 0D model remains popular 
due to its convenience. For tip clearance change due to heat expansion, 
the calculation logic still relies on the simple thermal expansion equa
tion. In terms of component modification, there is no unified under
standing among researchers, and different opinions exist. 

5. The research current status, challenges and future for 
transient simulation analysis 

This paper provides a comprehensive review of the simulation of 
transients and heat transfer effects related to gas turbine engines. Over 
the past 70 years, significant progress has been made in improving the 
accuracy, fidelity, and speed of transient and heat transfer effect simu
lations. The article includes a detailed discussion of the development of 
methodologies and their application to gas turbine transient simulation, 
as well as the impact of heat transfer on transient performance. Through 
critical analysis, a comprehensive supporting document for future gas 
turbine transient and heat transfer effect simulation has been created. 
However, challenges still exist, and certain aspects require further 
consideration. This section will discuss the remaining challenges and 
potential future development in gas turbine engine transient simulation 
and heat transfer effect modelling. 

5.1. Transient performance simulation 

The challenges and possible solutions related to the transient simu
lation can be concluded in the next few points:  

1. Current white box approach lacks the capability of capturing several 
thermal dynamic phenomena. 

As concluded by Table 1, it is clear that different white box transient 
simulation methodologies have their shortage. The CMF method can 
offer a more accurate outcome. However, it neglects the volume dy
namic effect. For the ICV method, it considers the volume dynamic, but 
it has the map reading problem and the selection of time step need to be 
careful. For PWV, it includes the pressure wave phenomena but that 
extends the calculation time significantly. For the IMF method, it solves 
the map reading problem but leads to relatively lower accuracy. 
Therefore, an improved transient simulation methodology is probably 
still attainable. A method with the capability of capturing several dy
namic effects without losing accuracy and calculation speed is recom
mended. However, a detailed method cannot be raised now.  

2. Current black box training data lacks the consideration of the heat 
transfer effect. 

The black box approach is getting increased attention nowadays. 
More research has been focused on the use of the black box approach for 
gas turbine transient simulation, and promising outcomes have been 
produced. However, it is found that the training data for the black box 
models are usually the simulation outcome without considering the 
secondary effect coming from heat soakage, tip clearance moving and 
component characteristic change. To move one step ahead, researchers 
can consider these effects when they build and train the black box 
model. 

3. Current CFD simulation lacks the consideration of full-size gas tur
bine transient simulation. 

CFD plays an important role in gas turbine design. In the transient 
field, attention has been made to the component transient performance 
simulation [67,68]. However, due to the extremely high computational 
cost and demand of geometry information, only a limited number of 
research is found related to the gas turbine overall transient simulation 
[77,78,79]. Since CFD is suitable for 2D and 3D flow field simulations, it 
has the potential to reveal a more accurate gas turbine transient per
formance. So, the development of full-size gas turbine transient CFD 
models is recommended. 

Fig. 16. Example schematic diagram of a composite compressor map used to 
represent the unsteady properties of velocity and stall lines during transient 
with heat transfer [160]. 
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5.2. Heat transfer effect on transient performance 

The challenges and possible solutions related to the heat transfer 
effect simulation can be concluded in the next points:  

1. Current heat transfer effect analysis lacks the consideration of tip and 
axial clearance change coming from the axial movement of 
components. 

The component axial movements will affect the tip clearance [59]. 
Also, the component thermal displacement will affect the blade axial 
clearance. However, most of the critical investigations, such as Mac
Callum and Pilidis’s work, Khalid and Hearne’s work and Li’s work, 
neglect the horizontal expansion and contraction of blade casing and 
disc [38,62,80]. Several studies had reported that the variation of the 
temperature field in the compressor leads to the different thermal 
expansion of the casing and rotor, which leads to the deviation of the 
axial clearance between the rotor and rotor blades from the design point, 
thus affecting the performance of the compressor [163,164]. For a more 
accurate simulation of the heat transfer effect, an axial clearance model 
is recommended during the investigation.  

2. Current heat transfer effect analysis lacks the consideration of a 
detailed combustor heat transfer model. 

During the combustor heat soakage analysis, it was always estimated 
based on the mean temperature of inlet and outlet conditions or was 
even neglected during the heat transfer effect analysis 
[40,109,111,114,117,118,127,128,162]. However, the temperature 
distribution along the combustor is non-linear due to the different 
combustion processes in the primary, secondary, and dilution zones. A 
proper model should be established for a more realistic combustor heat 
soakage calculation. A heat transfer model based on 1-D or 2-D that can 
capture temperature distribution along the combustor, the radiative 
heat transfer, TBC and the film cooling, and secondary air flow is sug
gested for the combustor when investigating the combustor heat soak
age effect.  

3. Creating an advanced component map for individual engine 
components. 

Compared to the attention given to the heat soakage and tip clear
ance effects, the modification of component characteristic maps has 
received relatively little consideration. Only two novel methodologies 
have been proposed in the past 20 years. Naylor has highlighted that the 
most accurate, easiest, and quickest method for calculation is the 
component map look-up approach [40]. Current component perfor
mance maps are typically based on adiabatic conditions. One potential 
solution is to create diabatic component maps that include the heat 
soakage and tip clearance movement effects and use them during tran
sient simulations. Kiss’s method follows this idea, but each composite 

map can only be applied to a specific transient process. However, to 
capture the effects of heat soakage on the whole engine performance in a 
variety of transient operating conditions, advanced component maps 
should be implemented. These maps should contain diabatic informa
tion on the relationship between heat flux, tip clearance, rotational 
speed, and mass flow for engine components. Based on the advanced 
component map, extremely fast and accurate results under different gas 
turbine transient conditions can be obtained. Hence, it provides a po
tential future research horizon. 

6. Conclusion 

This paper aims to critically analyze the aspects of gas turbine 
transient simulation. A comprehensive review of the methodology 
development and application of gas turbine transient simulation and 
heat transfer effect simulation has been presented, covering its devel
opment since the 1950 s up to current state-of-the-art practices. More
over, the development of transient simulation platforms has been 
included because it assisted engineers and gas turbine operators during 
the gas turbine design phase. 

Fast and accurate simulation is always needed for the gas turbine 
transient simulation. The white box approach plays an important role in 
the development of transient simulation. Features such as shaft dy
namic, volume dynamic, and pressure wave effect are continuously 
investigated and added to the simulation to make it more accurate. Both 
static and dynamic NN approaches are discussed for the black box 
approach. The black box approach starts getting more attention because 
it can offer a relatively reliable outcome with a fast calculation speed 
when specific gas turbine data are missing. Besides, the numerical 
approach (CFD) is discussed due to its specific role in transient simula
tion development. Based on the in-depth discussion, challenges and 
possible solutions have been raised. A more accurate method that can 
capture several dynamic effects without losing accuracy and calculation 
speed is recommended for the white box approach, while black box 
building and training processes are suggested to include the heat 
transfer effects. For the CFD approach, the development of full-size gas 
turbine transient models is recommended. 

For the heat transfer effect, it is identified due to the mismatch be
tween the gas turbine transient simulation outcome and the experiment 
data. Three main parts are included: heat soakage effect, tip clearance 
effect and component characteristic change effect. These effects are 
negligible during the gas turbine steady state. However, during the 
transient, the large heat flow between the engine metal and the working 
gas will lead to a large heat transfer and, in addition, affect the 
component and whole engine performance. For heat soakage effect and 
tip clearance, efforts have been made to the establishment of more 
realistic heat transfer models. For component characteristics change 
effect, efforts have been made to the establishment of non-adiabatic 
component performance maps. Challenges and potential solutions 
have also been raised. The axial clearance movement and combustor 
axial temperature distribution are suggested to be considered for a more 

Table 3 
Comparison between different component characteristic modification methodologies.  

Author Basic Idea Advantage Disadvantage 

Pilidis and Maccallum 
(1986) [147,153] 

Obtaining new shaft rotational speed and 
surge margin based on the empirical 
correlation  

• Easy to be implemented  • Only suitable for certain compressorHigh cost of modelling 

Torella (1990) [157] Obtaining a new component efficiency based 
on the empirical correlation.  

• Easy to be implemented  • Without considering the flow dynamic change 

Kiss and Spakovszky 
(2015) [160,161] 

Using composite compressor map that 
includes heat transfer effect for a certain 
transient process.  

• High accuracyDirect use of map 
instead of modifying during transient  

• Only suitable for certain transient processHeat flow 
estimation based on adiabatic condition 

Li (2019) [162] Using scaling factor to modify the map at 
each time interval.  

• Considering the time-dependent heat 
transfer effect on the map  

• Low accuracy due to direct use of index value from Pilidis 
and Maccallum’s work when the type of gas turbine was 
different  
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accurate heat transfer estimation. The creation of an advanced compo
nent map is recommended since it will be accurate and fast. 
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