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Modelling of Heat Transfer and Fluid Flow in the Hot Section of Gas Turbines Used 
in Power Generation: A Comprehensive Survey 

T. Samarasinghe, C. Abeykoon, A. Turan 
 
Abstract— Power generation is one of the major industries or 
businesses globally. Although, at present, a major attention has 
been paid towards the sustainable energy technologies, both gas 
and steam turbines are still heavily used in the power generation 
sector worldwide. Usually, gas turbines are used to drive an 
electrical power generator in simple systems or they are used in 
combined cycle plants together with steam turbines. This paper 
presents a comprehensive review on modelling of heat transfer 
and fluid flow in hot section of gas turbines used in the power 
generation sector. Visibly, heat transfer and fluid flow 
characteristics directly affect the thermal efficiency and the 
overall performance of the gas turbines. Hence, existing models 
relating to heat transfer and fluid flow inside gas turbines are 
discussed in detail. Primarily ,  methods relating to the first 
principle modelling, empirical modelling and finite element 
modelling are reviewed comprehensively and then a discussion is 
provided together with a comparison among models in terms of 
their advantages and disadvantages. Moreover, some existing 
issues such as the environmental impact are discussed which  
still remain as challenges to the power generation industry 
together with some of the possible future directions for 
improvements. 

 

Keywords— Gas turbine, Heat transfer, Fluid flow, Heat 
transfer modelling, Power generation 

I. INTRODUCTION  

Gas turbines are one of the most widely used power 
generating technologies at present. A gas turbine is a type of 
continuous internal combustion (IC) engine in which an air 
fuel mixture is burnt. This produces hot gases which rotate a 
turbine to generate power (or to generate thrust in aerospace 
applications). Gas turbines utilise numerous types of fuels 
including synthetic fuels, fuel oils, and natural gases. 
Compared to typical reciprocating IC engines which are 
based on intermittent combustion, combustion in gas 
turbines occurs continuously in an isobaric manner. In power 
generating gas turbines, rotation of the shaft drives the 
compressor to draw in and compress air to sustain 
continuous combustion. The remaining shaft power is used 
to drive a generator to produce electricity [1].  

The basic thermodynamic process/cycle used in gas 
turbines is the Joule/Brayton cycle. Currently, industrial 
(heavy frame) and aero-derivative turbine designs are widely 
used in the power generation sector. While industrial gas 
turbines are designed for stationary applications with low 
pressure ratios, aero-derivative turbines are designed for 
situations where high compression ratios are required. [1]. 

As a proportion of the power generated by the gas turbine is 
used to drive a compressor, energy conversion efficiency of 
a simple cycle gas turbine power plant is approximately 
30%, while an optimum design can have an efficiency of up 
to 40%. This means a large amount of heat energy can be 
transferred to the surroundings without being used 
effectively, for example the exhaust gas which leaves the 
turbine at a temperature of around 600 ◦C [2]. Although gas 
turbine power plants can achieve thermal efficiencies of up 
to 55-60% through waste heat recovery, particularly with a 
combined cycle configuration, they may not operate as 
desired due to operational limitations. These include the 
ramp-up rate to full load, long start-up times, and purge 
requirements to prevent fires [3]. However, most gas 
turbines used in power generation include heat recovery 
technology. They can be identified as advanced cycles [4].  

Two types of exhaust heat recovery arrangements 
(recuperation and bottoming cycles) are used to improve 
the thermodynamic cycle efficiency of gas turbines. In the 
recuperative configuration, recovered heat is used in the 
same gas turbine cycle. Gas-to-gas recuperation is a 
combination of an inter-cooler and a recuperator. The 
cycle efficiency can be improved more effectively by 
using a generator instead of a recuperator.  The generator 
uses the energy of the exhaust gases to preheat the air 
entering the combustion chamber. Gas turbine 
regenerators are usually constructed as shell and tube 
type heat exchangers using very small diameter tubes, 
with high pressure inside the tubes and low pressure 
exhaust gas in multiple passes outside the tubes.  Steam 
injection, evaporative cycles, and chemical recuperation 
are other recuperative systems. The steam injection 
method overcomes the fundamental heat transfer 
problems which are associated with gas to gas 
recuperation [5]. These methods include decreasing the 
turbine inlet temperature, heat loss due to conduction, 
convection and radiation, the problems related to the 
Prandtl number (Pr), Reynolds number (Re), and the 
convective heat transfer issues related to design 
considerations.  The steam injection system will work if 
the pressure of the steam is higher than at the compressor 
outlet of the gas turbine. The recovered thermal energy is 
transferred to an auxiliary fluid, which is then injected 
into the combustor. This increases the primary thermal 
energy required to keep the temperature at the turbine 
inlet constant and it increases the efficiency gain.  

At high pressure ratios, machines require a saturation 
steam temperature of less than 200 ◦C to maintain the 
turbine inlet temperature at a higher value. The GE LM-
500 gas turbine, belonging to the industrial class, is one 
of the best examples for steam injection. Before adopting 
the steam injection, the engine produced a power output 

H. D. T. G .Samarasinghe is with School of Engineering, University of 
Liverpool, Liverpool, L69 3BX, UK.  C Abeykoon  is  with  the  Aerospace Reach 
Institute, School of Materials, Faculty  of  Science  and Engineering,  University  
of  Manchester,  M13  9PL,  UK,  A Turan  is  with  the School of Mechanical, 

Aerospace and Civil Engineering, The University of Manchester, Manchester M60 
1QD, UK E-mail: tsamarasi@hotmail.com,chamil.abeykoon@manchester.ac.uk, 

a.turan@manchester.ac.uk 

. 



2 
 

of 30 MW with 36% of thermal efficiency. However, 
steam injection can raise its power output to 42 MW (A 
6% increment on the thermal efficiency). As mentioned in 
Chung et al [6], significant water consumption can be 
recognized as one of the main practical concerns 
regarding steam injection. According to Burke et al [7] a 
humid air turbine (HAT) or an integrated gasification 
humid air turbine is a well-known example of a gas 
turbine using evaporation cycles in power generation [2].  

However, for power plants using steam injection or humid 
air cycles, the water content in exhaust gases can be higher 
than power plants using other recuperative systems. Hence, a 
considerable portion of the heat recovered from the exhaust 
steam may eventually be transferred to the atmosphere as 
latent heat. Chemical recuperation is used in some gas 
turbine arrangements to tackle this problem [8]. In current 
power generation applications, the topping cycle is the most 
commonly used method of cogeneration where fuel is first 
used to produce electricity and then to produce heat [9]. 
Steam turbine topping cycles are commonly used in the pulp 
and paper industry, while heat recovery and combined cycle 
systems are mainly used in many chemical plants. In 
bottoming cycles fuel is first used to produce thermal 
energy, and the heat rejected from the plant/process is used 
to generate power through a heat-recovery boiler and a 
turbine generator in topping cycles. Bottoming cycle plants 
are much less common than topping cycle plants as 
producing electricity initially and then heat is much more 
convenient than vice versa. Bottoming cycles are suitable for 
manufacturing processes at high temperatures where large 
amount of heat is produced, typically in the cement, steel, 
ceramic, gas, and petrochemical industries. In bottoming 
cycles, the heat in the exhaust is used to produce steam to 
drive the gas turbine. The combined cycle is the most 
popular arrangement of gas turbine, with a steam turbine 
bottoming cycle fuelled mainly by natural gas [1]. Combined 
cycle arrangements have become the most dominant power 
generation systems worldwide. Even in India, where there 
are massive coal reserves, a 200 MW gas fired combined 
cycle plant has been installed [9]. Combined cycle systems 
are more preferable than conventional coal fired power 
plants fuelled to advantages such as the high thermal 
efficiency, the relatively low capital cost, short construction 
time, availability of a wide range of configurations and 
capacities, compatibility with a range of fuels and relatively 
low emissions [9]. The KALINA cycle is a recently 
developed bottoming cycle arrangement which overcomes 
some of the thermodynamic/heat transfer limitations (such as 
exhaust heat loss, pollutant emissions etc) of the waste heat 
recovery boiler efficiency of combined cycles. Azeotropic 
mixture of ammonia and water is used as the working fluid 
of KALINA cycle to mitigate the previously mentioned 
limitations [10]. A combined cycle power plant is a 
combination of gas and steam turbines, and hence is a 
combination of Brayton and Rankine cycles.  The new trend 
in global power generation is the use of combined power 
plants, with new advanced technology gas turbines. Due to 
developments such as improved thermal resistant materials, 
new coating techniques, new cooling schemes, and designs 
with improved flow dynamics, the technology behind gas 

turbines (hence for combined cycle power plants) has 
grown rapidly over the last few decades. For example, with 
the increase of cycle pressure ratio from 7:1 up to 45:1 and 
the increased firing temperature from 760◦C to 1482 ◦C, the 
simple cycle gas turbine thermal efficiency has increased 
from 15% to up to 45% [2].  

Improvements to the thermal efficiency of a gas turbine 
are crucial for its overall performance. Heat transfer and 
fluid flow characteristics (which are coupled in nature) are 
the main factors directly affecting thermal efficiency. The 
current availability of powerful computational tools to 
analyse fluid flow dynamics and heat transfer 
characteristics in gas turbine units has aided research in 
exploring methods to improve their thermal and mechanical 
efficiencies. Meanwhile, environmental regulations have 
generated pressure on gas turbine manufactures to reduce 
the carbon footprint and hence the need to explore new 
technological improvements. This paper presents a 
comprehensive review on modelling of heat transfer and 
fluid flow of gas turbines used in power generation as it is 
of current importance. Section II describes the previous 
researches which are relevant to the heat transfer and fluid 
flow characteristics of hot section of gas turbines and 
systems.  In Section III, modelling of heat transfer and fluid 
flow is discussed. The generated results from each model 
are discussed in Section IV. Finally, in Section V, a 
discussion is provided on the issues still challenging the gas 
turbine and power generation industry. 

II. FUNDAMENTALS OF HEAT TRANSFER IN GAS TURBINES 

Numerous studies have been performed on heat 
transfer in gas turbines over the past 15 years. Initial studies 
focused on quantifying the effects of steady flow gas stands 
by comparing the transfer of work. The heat transfer was 
measured based on temperature changes for different turbine 
inlet temperatures. For example, extreme temperature 
changes were tested by Cormerais et al [11] by varying the 
turbine inlet temperatures from 50 ◦C to 500 ◦C with a 
thermally insulated turbine. [11]. Figure.1 shows a typical 
heat flux distribution on the surface of a turbine vane [2]. 
Turbine stator vanes and turbine rotor blades are identified as 
hot-gas components. Turbine first-stage vanes are exposed to 
high temperatures of highly turbulent hot gases which are 
generated in the combustor to produce the power. The hot gas 
moves into the first stage rotor blades after accelerating through 
the first stage vanes. Although the inlet velocity of the first stage 
vanes is 2-3 times higher than the inlet velocity of the first stage 
blades, the temperature and turbulence are lower at the inlet of 
the first stage vanes than that of the first stage blades. 
Furthermore, the first stage blades receive unsteady wake flows 
from the upstream vane’s trailing edge. Due to the rotation of 
blades, hot gas may leak from the pressure side to the suction 
side through the tip gap. This can cause damage to the blade tip 
near the pressure side trailing edge region. Heat transfer 
distribution can be identified near the tip region of the blade [2].  

Local hot-spot overheating can be prevented using an 
accurate estimation of heat transfer distribution to design an 
efficient cooling system [12]. Factors such as the exit Mach 
number and Reynolds number, boundary layer transitional 
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behaviour, aerofoil surface roughness, free stream turbulence, 
film coolant injection location, flow separation, and 
reattachment have a major impact on heat transfer distribution 
characteristics [2]. Furthermore, the gas to aerofoil heat 
transfer can vary due to the effects of the above-mentioned 
factors.  

 

Fig. 1. The typical heat flux distribution on the surface of a turbine vane 
[2] 

A. Heat Transfer through Turbine Rotor Blades  

In order to extract energy from the high temperature and 
pressure gases produced by the combustor, turbine blades are 
generally exposed to high temperature [12] .Hot gases move 
into the first stage rotor blades to produce power output [13].   
Figure 2 shows the average radial temperature profile at the 
inlet of the stage 1 turbine rotor blade [14]. Due to rotational 
movement, there is a variation of peak temperature from the 
blade pitch line to the tip region. In addition to the radial 
temperature profile, accurate prediction of the associated 
unsteady velocity profile and the level turbulence are also 
important. If the blade temperature prediction is inaccurate 
only by 10 oC (or 50 oF), the blade life may be reduced by half 
[13]. This is due to the unsteady high turbulence and highly 3-
D complex flow field. Therefore, it is crucial to accurately 
predict the local heat transfer coefficient as well as the local 
blade temperature to prevent local hot spots and to increase the 
life time of turbine blades. Furthermore, to survive within 
strenuous environments (e.g. high temperature, high stress, 
and high levels of vibration) blades are often manufactured 
from exotic materials including super-alloys incorporating 
numerous methods of blade cooling. Internal air channels, 
boundary layer cooling, and thermal barrier coatings are the 
most common cooling methods associated with modern gas 
turbine blades [15]. Convection and impingement cooling are 
also used as internal air-cooling methods. In these systems 
heat is mainly transferred by conduction through the blades 
and convection to the air flowing inside the blade core. In 
convection cooling methods, cooling is achieved by passing 
air through internal passages of the blade core from the hub 
towards the blade tip [16]. In gas turbines, cooling air comes 
from the air compressor. The fluid outside is relatively hot and 
passes through the cooling passages to mix with the main 
stream at the blade tip.  Impingement cooling occurs by hitting 
the inner surface of the blade with a high velocity air flow.  
Comparison to conventional convection cooling methods, the 
impingement cooling method has a high heat transfer rate. 
Furthermore, film cooling methods are widely used as the 
external cooling mechanism of gas turbine blades. Pin-fin 

technology, cooling effusion, and transpiration cooling are 
other external cooling methods of gas turbine blades [18], 
[19].  

 
Fig. 2. Average radial temperature profile at the inlet of the stage 1 turbine 
rotor blade [14] 

In film cooling mechanisms, cooling air is pumped out of the 
blade via multiple small holes in the structure. A thin layer (a 
film) of cooling air is created on the external surface of the 
blade, reducing heat transfer from main flow (which is at a 
higher temperature than the melting point of the blade 
material) [16]. The first stationary vane of high temperature 
gas turbines should be integrated with an efficient cooling 
system by implementing a film cooling method or an 
effective convective cooling method. However, this cooling 
system should cover both vane surface and endwall [17]. 
Although the air holes are mainly located along the leading 
edge of the blade, they can be located anywhere along the 
blade. Gas turbine cooling has a major impact on the 
efficiency, durability and maintenance of the turbine. 
Previous work by Al-Zurfi and Turan [18] has assessed the 
development of a novel cooling technology based on “anti-
vortex” concepts to significantly increase the cooling 
effectiveness. This has been achieved by employing advanced 
fluid mechanics concepts incorporating boundary layer 
management methodologies [19]. Large Eddy Simulation 
(LES) based predictive methods are employed to delineate the 
underlying aero physics in order to derive rational design 
methodologies for film cooling [20].  The rotational speed is 
the dominant factor in determining cooling effectiveness, 
while the anti-vortex concept reduces the mixing of the main 
stream and the coolant jets via reverse vortices.  

Complex flow phenomenon associated with a gas turbine 
rotor hot gas passage (including the secondary flows, 
horseshoe vortex, end wall passage vortex, film cooling, tip 
flows, waves, and rotation flows) are depicted in Figure 3. 
Generally, this passage flow is characterised by boundary 
layer effects [22]. The secondary flows are generated due to 
the passage pressure gradients and vertical flow structures 
(such as leading-edge horseshoe vortices, tip-leakage flow 
vortices and corner vortices) [23]. Horseshoe vortices develop 
due to the turbine blade-hub junction [24]. They can cause 
local heat transfer rates and thermal gradients across the blade 
[25]. Thermal gradients are one of most important parameters 
in determining the blade life. Thermal gradients (along with 
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centrifugal stresses, gas pressure forces, and thermal cycling) 
have an adverse impact on the age of the blade. 

Compared to film-cooled blades, non-film-cooled blades 
have a more uniform heat transfer distribution at the same 
engine flow conditions. However, the heat transfer distribution 
can differ according to engine flow conditions. Hence it is 
critical for a designer to accurately predict the heat transfer 
distributions (for both film-cooled and non-film-cooled blades) 
in order to design an efficient cooling scheme [26].   

 
Fig. 3. The typical heat flux distribution on the surface of a turbine vane [2] 

B. Heat Transfer through Turbine Stator Vane 

     In conventional nozzle guide vane (NGV) designs, the 
heat transfer coefficient on the pressure surface decreases 
rapidly from the leading edge to about 20% of surface 
distance. Thereafter the heat transfer coefficient gradually 
increases towards to the trailing edge [27]. In such vanes, 
the exit Mach numbers can vary from 0.75 to 1.05. 
However, the heat transfer distribution on the pressure 
surface does not vary with the exit Mach number. In such 
flow conditions, laminar boundary layer separation, 
transition, and turbulent reattachment at about 25% of the 
surface distance are denoted by heat transfer coefficients at 
the suction surface. As the exit Mach number decreases, the 
location of the laminar boundary layer transition moves 
upstream, while the heat transfer coefficient downstream 
increases. However, prior to the transition, there is no 
appreciable effect shown in the exit Mach numbers [2]. The 
boundary layer remains attached as before the transition [28].  

Furthermore, the transition location on the suction surface 
moves closer to the leading edge with an increase in the exit 
Reynolds number (Re).  Reynolds numbers vary in the range 
of 1×106-1.5×106. According to Al-Zurfi et al, heat transfer 
coefficients over the entire aerofoil surface show a significant 
increase when the exit Reynolds numbers are increased [18]. 

The surface roughness effect is another heat transfer 
enhancement factor of NGVs. Due to combustion deposits, 
the vane surface might become rough after a few hours of the 
operation. Such rough surfaces will change the flow 
dynamics and affect the heat transfer performance of the unit. 
Therefore, surface roughness is a detrimental factor affecting 

the life time of a vane. Heat transfer coefficients on the 
pressure surface could be enhanced since the high free 
stream turbulence is unaffected by the surface roughness. 
However, the high free stream turbulence conditions can 
significantly affect the suction surface. The free stream 
turbulence with surface roughness is around 10%. The 
turbulent conditions generated from the combustor also 
result in enhanced heat transfer within the passages.  

 

Fig. 4. Clearance gap between the blade tip and stationary casting or shroud 
[25] 

Turbulence strongly impacts the heat transfer in the 
stagnation region, pressure surface, transition region, and the 
turbulent boundary layer.  

C. Heat Transfer through the Turbine Blade Tip 

Within gas turbines, blade tips are the main regions 
exposed to high temperature gases and to varying thermal 
loads. Usually, there is a clearance between the blade tip and 
the stationary casting or shroud, as shown in Figure 4 [25]. 
This clearance is an essential geometrical feature to enable 
possible thermal and mechanical expansions [28]. It also 
allows rotational movement of the blades without contacting 
the stationary casing [29]. Due to the pressure difference 
between the pressure and suction sides, hot gas leaks can 
occur through the gap. This is known as the tip leakage flow 
[30]. The leakage flow accelerates due to the pressure 
difference between the pressure and suction sides of the 
blade, resulting in thin boundary layers. Leakage flow results 
in decreased work done and a decreased overall energy 
efficiency and hence it is undesirable [31]. The reduction in 
the work output occurs due to the association of the leakage 
flow with the generated secondary flow. Furthermore, 
leakage flow can result in high temperatures at the high 
pressure tip corner from mid-chord to the trailing edge. A hot 
leakage flow increases the thermal loads on the blade tip. It is 
therefore crucial to accurately predict the local heat transfer 
and local blade temperatures to prevent hot spots (hence 
increasing the turbine blade’s lifetime) [32]. According to 
Kwak et al [33], tip leakage flow is a source of unsteadiness 
and three-dimensionality of the flow in turbo-machines. 
Moreover, it is mentioned [34] that leakage flow tends to 
roll, creating a vortex and interacting with the secondary 
flow.  In order to design efficient cooling schemes to protect 
blades, it is important that gas turbine designers are aware of 
the effects of increased heat load in areas exposed to hot 
gases.  Detailed studies of heat transfer and flow around the 
blade tips should provide a better understanding (and 
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prediction) of the heat loads [35]. Using a recessed tip is the 
most popular technique to reduce the tip leakage flow. This is 
known as a squealer tip. In a squealer tip, the clearance gap is 
very small .Hence there is no risk of catastrophic failure 
around the blade tip. Furthermore, it acts as a labyrinth seal to 
increase the flow resistance.  

    Ameri et al. [28], Azad et al. [36], Bunker et al. [37], and 
Dunn and Haldeman [38] have performed numerous studies 
analysing the heat transfer performance of gas turbines with 
squealer tips blades. Their results show different regions of 
high and low heat transfer coefficients on the tip surfaces. As 
mentioned by these authors, heat transfer coefficients increase 
with tip clearance and turbulence intensity. Furthermore, 
Kwak et al [33], investigated heat transfer on several different 
squealer geometries. They found that the suction side squealer 
tips gave the lowest heat transfer coefficient among all the tip 
geometries tested. A comparison of the squealer and plane tip 
geometries was conducted by Azad et al [39]. They concluded 
that the overall heat transfer coefficients were lower with 
squealer tips. A typical gas turbine blade squealer tip cooling 
configuration is shown in Figure 5 [2]. Mohamad et al [40] 
performed an experimental analysis on gas turbine blades’ 
cooling where they have pre-defined the boundary conditions 
of inlet coolant air temperature as 300 K with a Reynolds 
number of 7901. The considered temperature for surrounding 
hot air was 673 K. The results showed that a duct with all 
pitch ribs with middle fins was the better case and it will leads 
to increase the coolant air temperature by approximately 10% 
and furthermore, it will decrease the inner wall temperature by 
6%.   

Further, the use of vascularised smart materials in gas turbine 
blades can be identified as an emerging technique to achieve 
improved performance in blades’ cooling. The vascularization 
will enhance the self-cooling ability of a material and smart 
vascularized materials can be developed based on the 
constructal law [41].  Generally, a turbine blade is subjected 
to an intense heat flux from one side and hence its temperature 
is controlled by pumping a coolant from the other side. Due to 
the vascularization, the coolant flows through parallel 
channels traverse the turbine blade by enhancing the heat 
transfer performance [42].  

    

Fig. 5. The gas turbine blade squealer tip cooling configuration [2] 

D. Heat Transfer through Turbine End Wall  

The end wall surfaces experience convective and 
conductive heating from combustion gases. They also 
experience convective cooling from air supplied by the 
compressor that has bypassed the combustor. Eliminating 
the formation of a horseshoe vortex at the leading edge of a 
turbine blade will positively impact on the performance of 
the engine. This is because formation of a vortices results in 
energy loss. According to Sauer et al. [43], adding a fillet at 
the junction of the aerofoil and platform can eliminate the 
development of vortex conditions at the leading edge. The 
elimination of the horseshoe vortex conditions reduces 
aerodynamic losses and has a major impact on the end wall 
heat transfer. According to Shih and Lin [44], it also reduces 
surface heat transfer by more than 10% on the aerofoil 
surfaces and more than 30% on the vane end wall. There are 
numerous end wall flow field and heat transfer studies. 
Radomski et al [45] investigated the effect of high 
turbulence on end wall heat transfer. They found that the 
highest heat transfer is at the junction between the leading 
edge and the end wall. They conducted 3D flow field 
measurements at the junction region. The comparison was 
also made on the mean and turbulent flow fields with low 
and high free steam turbulence cases [46].   

Gregory-Smith and Cleak [47] addressed high free stream 
turbulence effects at an end wall region and determined 
changes to the flow field in a rotor blade cascaded with a 
passive grid placed upstream.  The passive grid generated an 
inlet turbulence level of 5%.  They concluded that the mean 
flow was significantly affected by elevated turbulence levels 
and there was a net increase in turbulence due to the flow 
progress through the channel. They combined this net 
increase to produce a form of the Reynold shear stress. 
Some other studies have also analysed the end wall heat 
transfer measurements at elevated turbulence levels [47].  

Spencer et al [48] made end wall heat transfer 
measurements at an inlet free stream turbulence level of 9%, 
but were unable to compare to the lower turbulence levels 
due to lack of relevant data. Khalatov et al [49] analysed the 
augmentation of heat transfer due to high free stream 
turbulence along the end wall. The high free stream 
turbulence level along the end wall continually increased up 
to 16%. However, there were insufficient details regarding 
the flow parameters for their experiments [50].  

E. Heat Transfer through the Turbine Combustor  

     Historically, the design of gas turbine combustors was 
based on relationships between experimental methods and 
their overall performance. Overall performance is dependent 
upon a few global parameters including the air/fuel ratio, 
chamber volume, and inlet air conditions [51]. However, the 
design constraints of gas turbines are now more complex 
due to several factors including energy resources, 
regulations on pollutant emissions, and the requirements to 
optimise the design of combustion equipment. Gas turbine 
combustors should achieve a high combustion efficiency, 
uniformity of the outlet gas temperature to maximize the 
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lifetime of turbine blades, low pressure loss, and smooth 
ignition conditions [51]. Achieving the aforementioned 
performance criteria is quite difficult with traditional 
methods. This is because with traditional methods there is 
little or no consideration given to variations in changing 
parameters such as temperature and velocity. Modern 
methods of improving gas turbine combustor efficiency are 
based on analysis of heat transfer and flow characteristics 
with advanced computational tools [52]. Combustion in a gas 
turbine occurs inside a combustor which operates under high 
temperatures and a high level of thermal stress. During the 
engine operation, a high pressure flow of air is generated by 
the compressor and then fuel is sprayed into the air flow 
which will be converted to a high pressure/temperature flow 
with combustion. Heat transfer during combustion mainly 
takes place by radiation and convection of combustion gases 
within the combustor. The distance between the flame and 
the walls and absorption of the cold combustion gases affects 
the radiative heat exchange [53]. In modern gas turbines, heat 
transfer is very low due to a high bulk flow velocity and 
short residence times [54]. Waitz et al [55] proposed to use 
refractory ceramics in gas turbine engines to achieve both 
lean conditions during combustion and also an effective 
cooling on combustor walls, simultaneously. However, any 
combustor used in gas turbines are expected to meet the 
following main requirements: a high combustion efficiency, 
uniformity of outlet gases, a suitable temperature level to 
maximise the life of turbine blades and nozzle guide vanes, 
wider stability limits, low pressure losses and a smooth 
ignition [56]. 

 A combustor liner is heated by convection and radiation 
from the exhaust gas inside the unit [57]. It is cooled by 
radiation to the outer casing and convection to the casing air 
passage. However, in gas turbine combustion chambers, a 
large proportion of the total heat flux to the liner walls is by 
radiation from the flame. The radiant heating has a 
significant impact on the liner durability. In order to 
maximise liner life, it is essential to maintain the prevailing 
temperature and temperature gradients below a certain level. 
In order to remove heat from the liner, there is a film of cold 
air on the inner surface of a liner [58]. Cooling of the walls 
by convection and the increase in pressure increases the 
amount of radiative heat transferred to the inner walls. 
Cooling will be less effective due to the high temperature of 
the inlet combustion air [59]. 

Turan et al [57] were the first to attempt to apply the 
Computational Fluid Dynamics (CFD) tools to predict the 
three-dimensional reacting flow aero thermochemical 
profiles in a typical industrial combustor configuration. Work 
by Jones and Priddin [60], Jones and McGuirk [61], 
Coupland and Priddin [62] and Jones et al [63] investigated 
the gas turbine combustor heat transfer. However, these 
studies did not analyse the radiative heat transfer.  

Boysan et al [64] used a flux model to account for the 
effects of radiation in a gas turbine combustor. They solved 
three 2nd order linear differential equations for the fluxes in the 
radial, axial, and tangential directions. In their flux model, the 
radiation contribution was considered in the enthalpy equation 
via a source term calculated from the fluxes. However, the 
authors did not specify the boundary conditions used for the 

calculation of the radiation heat transfer. Sampath et al [65] 
used the same flux model which is discussed above to 
compute radiation heat transfer in a gas turbine. Because their 
aim was different, the predictions related to heat fluxes were 
not presented in their paper. 

Lockwood et al [66] used discrete ordinate transfer 
models to predict radiation. They assumed an adiabatic 
flame. However, they did not employ an enthalpy equation 
and the temperature distribution was determined as a 
function of the instantaneous mixture fraction using an 
equilibrium method developed by Gordon et al [67]. As the 
equilibrium model did not consider the effects of radiative 
heat transfer on the flow, temperature field, and chemical 
reaction, the research failed to satisfy the desired objectives. 

III. MODELING  

A. First Principal Modelling  

Conjugate heat transfer model: When considering the 
current state-of-the art, heat transfer simulation models can 
be divided into two types: the conjugate heat transfer (CHT) 
method and the loosely coupled method. The conjugate heat 
transfer method solves the governing equations relating to 
fluid flow and the heat conduction equations associated with 
the solid part. It uses the same discretization simultaneously 
[68]. In the loosely coupled method, different solvers are 
used for the fluid and solid regions. The heat flux at the 
blade and the fluid-solid interface is established through an 
iterative exchange of the solution variables [69]. Currently, 
both methods are used to simulate heat transfer within 
turbine components [70].  

Most existing studies [71] compare a CHT simulation for 
a turbine cascaded to an uncoupled approach. These studies 
concluded that [72], for complex geometries and regions of 
low velocity or flow separation, there is negligible coupling 
between the flow field and thermal field of a solid leading to 
incorrect results [73]. A comparison between a coupled and 
an uncoupled heat transfer simulation of a turbine blade 
(cooled via convection) was presented by Heselhaus [74]. It 
reported a significant difference in the material temperatures 
with a wall temperature gradient. In the study, Heselhaus [74] 
developed a coupling scheme using convective boundary 
conditions with virtual values for the heat transfer coefficient 
on the solid side and the wall temperature at the fluid side. 
Montenay [75] used this method to investigate heat transfer in 
an engine internal cavity. The importance of accurate flow 
modelling was highlighted in another study where the turbine 
nozzle gas vanes were simulated in a CHT analysis [75]. 
Work by Sun et al [76] assumed a “Frozen Flow” as a 
coupling option and the energy equation was solved while the 
flow remained frozen in CFD simulations. CFD simulation 
was employed during the thermal coupling process for 
specified time intervals. An in-house code was used for the 
finite element analysis and two different CFD solvers were 
implemented for the coupling. Both a commercial code and 
an in-house code were used. Their research investigated two 
case studies: an industrial low pressure turbine and a high 
pressure compressor. The simulation results showed good 
agreement of wall temperatures with the industrial test rig 
data. Based on their results, it can be concluded that coupled 
solutions can be obtained in sufficiently short turnaround 
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times for use in design. On the other hand, to achieve a 
reduction in computational times by 3-5% (compared to other 
studies) a modified coupling scheme was developed by Wang 
[68] (based on the previous work by Heselhaus [74]).  

As mentioned in Section II, one of the most important 
factors in determining the life of a blade is its temperature 
distribution. To calculate the blade temperatures accurately, 
conditions of external hot gases, metal conduction, and 
internal coolant should be calculated simultaneously (using the 
conjugate heat transfer method) [77]. Bohn et al [78], Luo et al 
[79], Ledezma et al [80] and Wang et al [81] performed the 
heat transfer modelling on C3X and Mark-II Vane profiles in a 
single solver. The C3X vane profile has an arrangement of 10 
cooling holes and a circular trailing edge. The Mark-II vane 
profile consists of a high pressure turbine nozzle guide vane 
which is convectively cooled by 10 cooling channels supplied 
with atmospheric air. Both used ASTM 310 stainless steel 
[29]. In Bohn’s studies [78], an investigation was performed 
regarding the applications of CHT methods relating the 
aerodynamics and aerothermodynamics of transonic turbine 
guide vanes cooled by convection. Their codes used heat 
transfer data at the initial stage. The generated numerical 
results for uncoated vanes agreed with the experimental data 
up to 80%. Therefore, the numerical investigations were 
extended to include coated vanes. To get a smooth temperature 
distribution across the blade, a parametric study of the cooling 
fluid mass flow was performed for the coated configuration. 
Bohn investigated configurations consisting of atmospheric 
plasma layers. Other studies [82] used three dimensional 
solvers and CHT methods to calculate the temperature 
distribution of vanes and blades which have more complex 
internal cooling passages. However, 3D modelling of vanes 
and blades with complex cooling passages is a time-
consuming task [82]. According to Kusterer’s studies [82], 
there is good agreement between the conjugate results and 
experimental measurements of temperature distribution across 
the blade geometry (even though the experimental results did 
not agree with the numerical results). CHT and coupled flow 
calculation techniques were applied to 3D cooling 
configurations[83]. It was concluded that since conjugate 
calculation codes are associated with 3D cooling 
configurations, they can be employed as a useful tool to 
support the thermal design process regarding gas turbine blade 
cooling. In order to provide thermal load data for comparison 
with the results of conjugate blade analysis, thermal index 
paint measurements were performed. In Mangani’s studies 
[84], conjugate numerical methodology was employed to 
predict the metal temperature of a 3D first stage gas turbine 
blade, under normal operating conditions. Numerical and 
experimental results were justified in terms of pressure and 
temperature distribution on the blade wall at mid span and heat 
transfer coefficient profiles. 

In addition to the aforementioned studies, Wan et al [86] 
and Takahashi et al [87] have also performed some research 
work on the conjugate heat transfer method. They used 1D 
simulation approaches to investigate internal cooling passages. 
An advantage of 1D modelling is that it is less time consuming 
compared to 3D modelling [88]. One may use 1D modelling if 
they are not too strict on the accuracy of the results but 
expecting to have some general understanding on the heat 
transfer behaviour [89].  

Unsteady convective heat transfer model: Most research 
conducted under unsteady flow conditions focused on the 

combustor exit flow field and its influence on the aerothermal 
turbine performance [90]. Kerrebrock and Mikolajczak [91] 
described the positive/negative jet effects generated by the 
non-uniform turbine inlet pressures, temperature fields and 
the relative motion of the stator and rotor blades. Ong and 
Miller [92] and Sipatov et al [83] observed the mechanism of 
redistribution of hot and cold gas regions in the rotor passage. 
This redistribution occurs due to the periodically altered 
incidence angle for a rotor blade. Due to circumferential 
temperature variation, the incidence angle changes 
periodically which results in gas redistribution. A limitation 
of this study is that it assumed an isothermal wall. This is 
quite problematic because in the region of the secondary flow 
boundaries, there is an increase in wall temperature. 
Furthermore, there are some regions with reduced 
temperatures. 

Unsteady convective heat transfer model with time average 
and time dependent parameters: The development of an 
unsteady heat transfer convective model was done by 
Schmidt and Starke [93] and they developed it by covering 
the time averaged and time-dependent heat transfer 
approaches and hence the solutions were derived by using an 
integral method. According to Newton’s law of cooling, the 
heat flux q in a convective heat transfer under study 
conditions can be given by Eq. (1). 

q = h (Tref − T∞)  (1) 
 
where, h is the convective heat transfer coefficient Tref and 
T∞ are the reference temperatures (e.g.: wall surface 
temperature) and the free stream temperature, respectively.  
According to Schmidt and Starke [93], the parameters 
included in the right side of the equation can be regarded as 
time dependent parameters and therefore to describe this time 
dependent behaviour, Eq. (1) should be decomposed to 
include a mean part and a harmonic oscillation part as shown 
in Eq. (2). 
 

∑ ́ cos ∑ cos

∅ , ∑ , cos	 ∅ ,  (2) 

 
Since both temperature oscillations are allowed to be phase 
shifted relative to the heat transfer coefficient, ɸ ref,i and ɸ w,i 
can be denoted as phase shifts. 

 
By focusing on one frequency for convective oscillations, 
Eq. (2) can be simplified as illustrated in Eq. (3). 
 

cos cos	 ∅

cos ∅ 		 3  
 

Hence, as the focus is on the time average data, the 
integration of Equation 3 over one period leads to the overall 
heat flux and can be considered as a periodic unsteady 
convection. 
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The first term of the equation represents the steady part. The 
interaction of the heat transfer coefficient and the reference 
temperature (i.e. the fluid interaction) is represented by the 
second term. The third term expresses the fluid-solid 
interaction which takes place due to the unsteadiness of fluid 
and solid. Throughout their work, Schmidt and Starke [93] 
have assumed that the wall temperature is constant for 
simplicity. 

 
Fig. 6. The simplified schematic diagram of the lumped capacitance model 
[66] 

B. Reduced Order Lumped Capacitance Thermal Network 
Method 

 

     A reduced order lumped capacitance thermal network 
method is less computationally intensive than the conjugate 
heat transfer method. However, a high degree of accuracy is 
needed for the results generated by the method. The network 
includes heat transfer in the turbine and compressor rotors, the 
shaft, the stator, the combustion chamber, and the housing. 
Furthermore, it calculates the non-adiabatic flow in the radial 
compressor and the turbine. Work presented by Verstraete and 
Bowkett [73], incorporating a lumped capacitance network 
consisting of conventional correlations, was employed 
extensively in turbocharger heat transfer research. This study 
focused on predicting the flow and heat transfer inside micro 
turbines of different sizes, materials, and configurations. A 
reduced order one dimensional lumped capacitance model was 
developed by simplifying a micro turbine as an assembly of 
bodies with a known geometry. Heat fluxes between the 
different bodies, as well as between working fluids and bodies 
were considered. A simplified schematic diagram of the 
lumped capacitance model is shown in Figure 6 [66]. 
     According to Dries and Carlos [62], fresh air taken in the 
compressor (Tc), combustion gases in the combustion 
chamber (Tcc), hot gases expanding through the turbine (TT), 
and ambient air (Tamb) can all be identified as different types 
of working fluids. Due to the complicated geometry, the 
housing has been separated into four different bodies. These 
are denoted from H1 to H4 respectively as shown in Figure 6 
[66]. Each body was introduced into the model as one or more 
metal nodes representing its surface temperature. A uniform 
wall thickness was measured. The turbine (T) and compressor 
(C) impellers are shown as single nodes. However, to capture 
the effect of reheating on the required compressor power, 
these two components are split into three nodes. Each 
compressor and turbine impeller node has a corresponding 
fluid node. Housing nodes are also added before the fluid 
enters the respective fluid node. Additional nodes are included 

in the cavities between the impellers and the housing body. 
Conduction along the rotor shaft is accounted through the 
addition of a solid node representing the shaft (S). 
Furthermore, metal of solid conductance is connected with 
working fluids via the means of convective conduction. 
Based on the Sieder-Daast [73] correlation given in Eq. (5), 
forced convection coefficients for the compressor and 
turbines are determined. 
 

/ /            (5) 
 

where Nu, Pr and Re represent the Nusselt number, Prandtl 
number and Reynolds number, respectively. For the 
combustion gases entering the turbine, it is assumed that 
there is no conversion of boundary layer thickness at the exit 
of the combustion chamber. According to Park et al [90], the 
coefficient C is denoted from the conjugate heat transfer 
simulation. The coefficient was found to be 0.0695 for both 
the compressors and the turbines. Convection coefficients for 
the rotor and stator cavities were determined using a similar 
method to the above and calculations were performed 
through Fourier’s law of conduction.  Natural convection for 
housing was also considered in this study. 
 

C. Empirical Modelling 

 
    In most previous studies, empirical modelling of the heat 
transfer and flow characteristics of gas turbines in power 
generation has been conducted in a very broad manner for 
the various sections of a gas turbine. As mentioned in 
Section II, turbine blades can be damaged under high 
temperatures. Hence, overall heat transfer conditions on the 
inner surface of a blade are deemed as a reference for the 
blade design. Furthermore, the trailing edge has a narrow 
internal space and can be easily eroded by high temperature 
gases. Hence, most previous studies focused on the 
experimental investigations on heat transfer characteristics in 
the trailing edge cavity and cooling techniques. 
    Chyu et al [95] experimentally investigated the effects of 
pin fin shape in staggered arrays on heat transfer 
enhancement. The results revealed that at the same Reynolds 
number the cubic and diamond pin fin arrays performed 
better in heat transfer than circular ones did. This is because 
the diamond pin fin arrays increase the cross-sectional area 
[96]. However, it was mentioned [97] that the arrangement of 
pin fins cannot sufficiently meet the heat transfer demands of 
a trailing edge duct. Therefore, blockages with holes often 
appear in the cooling layout design to increase the heat 
transfer coefficient further. Abeykoon [98] also studied the 
number of ways to enhance the heat transfer in fluid flows. 
However, this study [99] involved heat exchangers and is 
therefore not discussed in this review. Lau et al [9] 
investigated the heat transfer of blockages with holes in an 
internal cooling passage near the blade trailing edge. 
Naphthalene sublimation experiments were performed, the 
results of which demonstrated that heat transfer was higher in 
the downstream part of the second blockage than in the first. 
    Taslim and Nangsaeng [16] measured the local and 
average heat transfer coefficients in a trailing edge cavity by 
a steady-state liquid crystal technique. Conjugate heat 
transfer in a blade channel near the trailing edge was 
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measured experimentally (by Coletti and Scialanga [97]) at a 
Reynolds number of 67,500. They obtained the relevant 
Nusselt number and non-dimensional temperature distribution 
using infrared and finite element analysis. These methods 
have been widely used in other studies. Thurman and 
Poinsatte [100] obtained heat transfer and mainstream 
temperature distributions in a simple three pass serpentine 
channel. This was done to investigate the influence of the 
interaction between ribs and different bleed conditions [97]. In 
addition, local heat transfer distribution in a two pass 
trapezoidal channel with an 180◦ bend, was studied 
experimentally by Lee et al [15]. Furthermore, Metzger and 
Sahm [101] measured the heat transfer coefficient inside a 
smooth rectangular channel with an 180◦ bend. For this 
experiment, nine models were considered. Two main factors 
were found to affect the ratio of inlet to outlet channel widths 
and clearance between the divider and the top wall. The 
geometry factor was also considered in trailing edge. It was 
found that the flow acceleration in a wedge-shaped cavity 
reduced the effects of Reynolds and Nusselt numbers, hence 
reducing the rate of heat transfer. 
    Eifel et al [102] conducted a flow analysis experimentally 
through a flow visualisation method which involved injecting 
dye into water. Flow and heat transfer behaviour were 
simulated using a shear stress transport turbulence (SST) 
model. The Reynolds number was set at a baseline model inlet 
value of 50,000. 
     Hong et al [103] conducted an experimental investigation 
to obtain the heat transfer data of the integral trailing edge 
cavity of a turbine blade. A simulation study was also 
performed to explore heat transfer characteristics of the 
internal cooling passage in a new turbine blade design with 
bleed holes. In this experiment, local heat transfer was 
measured on both the suction and pressure surfaces by a 
transient liquid crystal technique. Pressures at six random 
positions were recorded by pressure calibrators. The flow 
characteristic and effect on heat transfer were analysed for 
different conditions, with and without a bleed flow. The 
experimental results showed that local heat transfer on the 
pressure side exceeds that on the suction side in the first and 
second channels with a bleed flow. However, when there is no 
bleed flow the local heat transfer on the suction side decreased 
whilst increasing significantly on the pressure side of the first 
and third channels. For the second channel, the non-bleed 
condition leads to a more balanced heat transfer distribution 
between the upstream and downstream channel. Upon 
blocking the bleed holes, heat transfer in the first bend region 
on the suction side declines sharply, while heat transfer 
increases in the second bend region on the pressure side. 
Furthermore, experiments could be performed for higher 
Reynolds numbers. 
        Empirical modelling on heat transfer and flow field 
characteristics relevant to the turbine blade tip region can be 
found in literature. Bunker et al. [28] reported results of an 
experimental study investigating the convective heat transfer 
coefficient on the flat tip blade surface of the sharp and round 
edges of large power generation turbines. This experimental 
model was later simulated by Ameri and Bunker [28]. Their 
simulation results showed good agreement with results 
reported by Bunker et al. Figure 7 shows the experimental and 

computational profiles of tip heat transfer coefficients for 
sharp and rounded edge tips [24]. 
 

 
Fig. 7. Experimental and computed tip heat transfer coefficients for sharp 
and rounded edge tips [24] 
 

Experimental measurements of time mean heat transfer and 
static pressure on the over-tip casing of a transonic axial flow 
turbine were conducted by Thorpe et al [104]. The authors 
concluded that the rate of heat transfer to the casing wall, and 
the wall temperature varied strongly with the axial position 
through the rotor. The effects of vane exit flow features were 
small in this case. Furthermore, by applying different time 
means to the casing heat load distribution, they presented that 
up to half of the casing heat load was associated with the tip 
leakage flow. They also performed experimental studies on 
the blade tip heat transfer and aerodynamics in a transonic 
turbine stage, in which high levels of heat transfer rates were 
observed near to the nose of the blade tip [104].    
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Chana and Jones [105] performed detailed experimental 
measurements of heat transfer on the shroud-less rotor blade 
tip and casing with and without non-uniform inlet 
temperatures. Camci [106] investigated the aerodynamic 
characteristics of partial and full-length squealer rims (shown 
in Figure 8 [97]) in an axial turbine. As shown in Figure 8 
[97], this was conducted in suction side type aerofoil shapes 
and channel type aerofoil shapes. Rhee and Cho [105] also 
measured the local heat transfer characteristics around turbine 
blade tips, the shroud, and the near-tip surface of a rotary 
blade in a low speed annular cascade. They examined the 
effects of rotation and the incoming flow incidence angle on 
heat transfer performance. 

 
Fig. 8. The studied squealer rims [97] 

 
Radomski et al [45] found that high free stream turbulence 
along a gas turbine aerofoil and strong secondary flows along 
the end wall significantly increased convective heat transfer. 
In this experiment, flow field and heat transfer data were 
measured and compared with low free stream turbulence 
levels of 0.6%. Furthermore, a simulation was performed for a 
combustor with a turbulence level of 19.5%, using an active 
grid. These experiments were conducted using a scaled-up 
first stage stator vane geometry. Surface temperatures on a 
constant heat flux plate, placed on the end wall surface, were 
measured using infrared thermography. A Laser Doppler 
Velocimeter (LDV) was also used to measure all three 
components (film cooling holes, tip cap cooling holes, and the 
squealer tip) and the mean and fluctuating velocities of the 
leading edge horseshoe vortex. The results indicated that the 
mean flow fields for the leading edge horseshoe vortex were 
similar for low and high free stream turbulence cases. 
According to this experiment, it can be concluded that the 
high free stream turbulence increased the end wall heat 
transfer. However, due to the low number of measurements 
made for the most intense vortex motions, this study did not 
succeed in matching the regions of most intense vortex and 
end wall heat transfer. 

D. Finite Element Modelling 

When analysing the heat transfer and flow characteristics 
of a complex component/device partial differential equations 
and empirical modelling play an important role. Powerful 
algorithms and data structures are required to solve them and 
validate the physics-based and/or empirical modelling in an 
effective manner. Finite Element Modelling (FEM) deals with 
a large number of unknowns and reduces the initial problem 
complexity. Therefore, many studies have been performed 
using finite element modelling to evaluate heat transfer and 
flow characteristics.  

Ameri and Bunker [28] investigated the convective heat 
transfer coefficient across the first stage blade tip surface of 
large scale power generation turbines. Simulations were 
performed using a multi-block computer code. The code was 
known as LeRC-HT and is used as a solver of flow 
simulations relating to complex geometries. As mentioned by 
the authors, this code was designed following the previous 
work reported by Arnone [107]. In another study by Ameri et 
al [32], the same code was used to solve a fully compressible 
Reynolds-averaged, Navier-Strokes equation through a multi-
stage Runga-Kutta based multi-grid method. To discretize the 
equations, the algorithm uses the finite volume method. The 
discretization of convective terms was carried out using 
central differencing together with an artificial dissipation. 
According to Rigby’s research [108], the present version of 
code employs the k-ω turbulence model. This model can be 
integrated with walls and no wall functions. Values for the 
Prandtl number (0.9 and 0.72) were used to determine the 
turbulent and other conditions respectively. Viscosity is a 
function of temperature and based on the power law was 
given a value of 0.7, while Cp was assumed constant. Two 
different modelling approaches were considered based on 
geometry and grids. Grids were generated using a computer 
program called GridPro and models related to the heat 
transfer analysis of sharp edge and radiused edge cases. A 
model with a side wall was used to study the sharp edge case 
under slip and non-slip boundary conditions. Moreover, slip 
boundary conditions with side walls were used for the 
radiused edge case to conserve the computation time [109]. 

Kim et al [110] conducted an analysis to obtain the 
conjugate heat transfer data in a gas turbine blade. The study 
involved analysis of thermal and mechanical characteristics, 
using a commercial code (CFX-11) under standard operating 
conditions. Furthermore, thermal stress was calculated using 
a commercial code developed by ANSYS. The study focused 
on the hot component of a blade in the second row. The blade 
consists of 10 conventional ribbed and smooth cooling 
passages (a complete row has 92 rotating blades). In order to 
form a continuous ring at full operating speed, these blades 
rely on an integral shroud. Some key characteristics of the hot 
gas side of a turbine are: firing temperature of 1327◦C, 
exhaust temperature of 601◦C, exhaust flow rate of 438.8kg/s, 
inlet total pressure of 1.531 MPa, and the exit static pressure 
of 0.104 MPa. Zuckerman and Lior [111] have chosen 
Computational Fluid Dynamics (CFD) code for modelling to 
solve Navier-Strokes equations using an explicit finite 
volume method. The grids of computational domain (mainly 
consisting of flow domain and structure domain) were created 
using GAMBIT solid modelling. Geometries developed for 
conjugate analysis of internal and external heat transfer are 
shown in Figure 9. Grids were created regarding the external 
flow domain, internal passage domain, and blade material 
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domain to calculate the heat transfer distribution of the wall. 
Effects of materials were also considered to obtain the local 
heat transfer distributions. The SST low-Re turbulence model 
was used. 

Dewey and Hulshof [86] used a combination of through-
flow (BLADE-CT) and computational fluid dynamics 
(FLOTRAN) to analyse external gas flow by ensuring the 
accuracy of both temperatures and stresses. They used ANSYS 
to calculate the distribution of temperatures and to analyse heat 
conduction.  

 
Fig. 9. The developed geometries for conjugate analysis of internal and 
external heat transfer [103] 

Based on the principles of conjugate heat transfer and 1D 
solver techniques, Zecchi et al [88] presented a simulation to 
analyse heat transfer of a gas turbine cooling system by 
coupling energy, mass flow, and momentum conservation 
equations. These equations were integrated with experimental 
estimates for pressure losses and heat transfer. This tool was 
validated with experimental data regarding conjugate heat 
transfer. 

Takahashi et al [87] proposed a 3D steady-state numerical 
analysis of thermal conjugation for inside and outside flow 
fields of the blades. This study considered convective heat 
transfer around the blade and thermal conduction in the blade 
material combined with one dimensional thermo-flow 
calculation for internal blade cooling rib roughed passages. 
This 1D calculation was associated with a correlation of 
friction and heat transfer in the rib-roughened cooling passages 
which is derived from a large eddy simulation in ribbed 
rectangular channels. Moreover, Takahashi [87] has 
investigated on the effects of inlet temperature profiles and 
temperature of internal cooling air on the blade local 
temperature and mass flow rate.  

Coutandin et al [89] utilized an iterative process involving 
external fluid dynamic simulations. An internal flow network 
code and a finite element conductive model were used to 
design an advanced double wall cooling system. The results 
were then validated with a set of unseen experimental data. 

Chung et al [6], measured heat transfer in the end wall 
region of a first stage gas turbine nozzle with a platform 
misalignment at combustor turbine interface via a CFD 
simulation. The CFD simulation predicted the two legs of the 
vortex (referred to as a step-induced vortex). The step-induced 
vortex was created by the step flowing through the nozzle 
passage. Furthermore, heat transfer measurements 
demonstrated the effects of the step-induced vortex on the end 
wall and the vane surface (i.e. indicated by locally increased 

heat transfer coefficients). These locally increased heat 
transfer coefficients were related to the locus of the vortex 
and were found up to the vane trailing edge. Commercial 
CFD software (ANSYS) was used to solve the Reynolds-
averaged Navier-Stokes equations using a turbulence model. 
The density of the working fluid was determined according to 
ideal gas law conditions. Negligible temperature variation 
was also assumed throughout the study. Constant values were 
used for viscosity and conductivity. Viscous effects were 
included in the model to predict heat transfer accurately by 
solving the energy equations. Due to turbulence transition in 
the boundary layer flow and on the vane surface, the 
boundary layer changes from laminar flow to turbulent flow. 
This was considered in this study. Due to limited resources, 
only a single passage was modelled using periodic boundary 
conditions.  Unstructured tetrahedral grids were used in 
analysing the free stream region. To obtain the heat transfer 
coefficient, a temperature boundary condition was imposed 
on the wall and the inlet.  A pressure of 3200 kPa, 
temperature of 330 K, and turbulence intensity of 5% were 
used as the boundary conditions for the inlet [107]. The 
atmospheric pressure was taken to be equal to the static 
pressure of the outlet [111]. 

IV. DISCUSSION 

 
The majority of previous works related to conjugate heat 

transfer (CHT) models (e.g.  Starke et al [88], Montenay et al 
[74], Ni et al [112], Heselhaus [69] and Sun et al [76]) has 
assumed steady flow conditions to study heat transfer and 
flow field characteristics. However, actual flow conditions 
inside turbines are often variable and unsteady. Such models 
based on steady conditions may therefore not be able to 
predict/measure the actual conditions accurately. 

In order to improve accuracy some studies [27], have 
considered unsteady flow conditions. However, this limits 
their ability to replicate the actual operating conditions [29]. 
It is important to consider the coupling effect with unsteady 
flow characteristics to be compatible with the actual flow 
inside a gas turbine. Schmidt and Starke [93] have proposed a 
coupled heat transfer model of typical design problems for 
gas turbines under unsteady state conditions. This approach 
was validated by comparing the analytical solution of the 
unsteady convective heat transfer for 1D example. An 
approximation of the unsteady wall temperature allows for a 
fast comparison of the convective heat transfer for situations 
with and without wall temperature oscillations. Furthermore, 
the material properties and convective conditions of gas 
turbines were considered in the development of the model. It 
has shown that the influence of the wall temperature 
unsteadiness on the time averaged heat load was low for 
typical frequencies relevant to gas turbines and they have 
compared the semi-unsteady coupling methods with steady 
and fully unsteady coupled approaches. The results showed 
that the maximum error for the semi-unsteady method is 
below 3 K in time averaged wall temperature for low 
frequencies of 10 Hz. For the frequencies on the order of the 
blade passing frequency, this error reduces to a value below 1 
K (a typical measurement of uncertainty). On the other hand, 
a semi-unsteady coupling process was presented to simulate 
the heat transfer on turbine aerofoil in order to analyse the 
unsteady flow effects. These results are in agreement with the 
previously published results [74]. Compared to a fully-
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unsteady heat transfer simulation, the semi-unsteady method 
reduces the computational time by a factor between 20 and 30. 

A 1D lumped capacitance model was developed and 
applied to micro gas turbines of different sizes, materials and 
configurations [113].  

 
Fig. 10. Heat transfer for the baseline configuration [106] 

 

According to Figure 10, the heat load conducted through the 
shaft represents only 4% of the total power output and this 
confirms that at high rotational speeds the effects of heat 
transfer on the compressor performance are relatively small. 
Furthermore, because of the high heat loss in the combustion 
chamber and the high conductivity of stainless steel compared 
to Inconel shafts, compressor heating through the housing is of 
greater magnitude. This implies that the effect of housing 
cannot be ignored when trying to reduce the impact of heat 
transfer on the compressor rotor. The heat rate of the 
compressor rotor also confirms that most of the heat 
generation of the air occurs at the compressor inlet (where the 
air temperature is low) and downstream thermal energy 
transfer occurs from the compressor to the housing. According 
to the results of the lumped capacitance model relating to 
material conductivity, materials with a greater thermal 
conductivity cool the turbine rotor, as they allow more heat to 
be transferred to the compressor and housing. Even if the 
higher conductive material cannot withstand high 
temperatures, cooling can increase the turbine inlet 
temperatures. Because of the increase in internal heat transfer, 
the performance of the compressor is reduced. It is mentioned 
that the impact of heat transfer increases while the flow value 
decreases more rapidly than the component of surface area due 
to the decrease in the size of the micro turbines. However, as 
reported in the literature, limiting the effect of inter-component 
heat transfer is crucial to achieve an acceptable thermal 
efficiency, especially when higher turbine inlet temperatures 
are adopted [113].  

An empirical approach proposed by Hong et al [102] 
investigated heat transfer on the inner surfaces of a novel 
turbine blade design. This study also investigated the pressure 
drop on the leading edge cavity. The study was performed 
with and without bleed flow for five different mass flow rates. 
It concluded that the local heat transfer on the pressure side is 
better than that on the suction side in the first and second 
passages with a bleed flow. Furthermore, a reduction in local 
heat transfer on the suction side of the first and third passages 
was noticed after the bleed holes were blocked. However, the 
maximum magnitude of local heat transfer did not change in 
the second passage due to the blockage of bleed holes. An ‘M’ 
shaped distribution was created of the average Nusselt 

numbers for six positions along the flow path in the trailing 
edge cavity (under all conditions of Reynolds number). There 
were limitations in this study due to instantaneous 
measurements in temperature, time and physical property 
parameters of the testing surfaces. Also, this research only 
focused on heat transfer in the trailing edge cavity of a gas 
turbine.  

 
   Fig. 11. The external heat transfer coefficient distribution on the blade   
surface [102] 

 

Fig. 12. 0.5  along different sections on the external blade surface[102] 

 
Ameri and Bunker [28] proposed an algebraic turbulence 

model to study heat transfer inside gas turbines. Upstream of 
the blade tip was recessed by the casing. Furthermore, they 
tested their turbulence model results against the experimental 
heat transfer data published by Metzger et al [101] and good 
agreement was achieved. In order to calculate the blade tip 
heat transfer of the model it was assumed that the flow is 
periodic in their computational model. However, based on 
the results that they got, it was mentioned that the 
assumption of a periodic flow was invalid and therefore the 
entire passage needs to be modelled. 

Kim et al. [110] performed finite element modelling on 
conjugate heat transfer in a gas turbine blade and found that 
the maximum heat transfer rate occurs on the stagnation 
point of the leading edge due to impingement of the main 
flow. The lowest heat transfer coefficients appear at the 
trailing edge adjacent to both the pressure and suction sides 
due to the development of the thermal boundary layer. The 
highest heat transfer coefficients are found on tip section 
among various cross sections. Heat transfer coefficient 
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values are higher on the pressure side than on the suction side. 
Figure 11 shows the external heat transfer coefficient 
distribution along the blade surface while Nu/Rec

0.5 along 
different sections on the external blade surface is shown in 
Figure 12. The internal heat transfer distribution in all the 
passages inside the turbine is shown in Figure 13 which is 
based on the Dittus and Boelter equation given in Eq. (6).  
[110].  

 
Fig. 13. The internal heat transfer distributions in all passages [102] 

 

Fig. 14. The heat transfer distribution on the end wall surface [6] 

The authors calculated the Nu ratio (Nu/Nuo) - Averaged 
Nusselt number normalized by Reynolds number), cross 
sectional diameter, flow temperature and the Nusselt number 
in a smooth circular pipe (Nuo).  

0.023 0.8 0.4		 (6) 
 

According to their results, the heat transfer coefficients 
ranged from 500 to 4500 W/m2 as shown in Figure 13. 
Moreover, work by Chung et al [6] reported the heat transfer 
coefficient distributions on the end wall and on the vane 
surface as shown in Figures 14 and 15, respectively. For the 
end wall section, it was found that the step inlet case has the 

highest heat transfer at the entrance region. However, the 
upstream step produces a new boundary layer near the vane 
leading edge and this was found to be an exception which 
occurred due to flow reattachment[111]. This thinning 
boundary layer enhances the overall heat transfer while 
weakening the horseshoe vortex formation. Hence, less heat 
transfer occurs near the pressure side.  

 

 
Fig. 15. The internal heat transfer coefficient distributions on the vane 
surface [6] 

A steep heat transfer gradient was formed in the region 
surrounding the nozzle throat due to the laminar to turbulent 
transition in the boundary layer. On the vane surface the 
leading edge heat transfer coefficient (related to the pressure 
side) is highest as the incoming flow impinges on the 
leading edge [112]. After impingement, the heat transfer 
decreases rapidly with boundary layer development and 
increases with flow acceleration [113]. However this model 
only focused on a specific section of the turbine and the case 
of misalignment of the end wall platform at the combustor-
turbine interface [114]. Continued investigation of fluid 
flow and heat transfer in each section of gas turbines is 
required [6]. 

A. Current Challenges to the gas turbine based power 
generation industry  

 

It has been predicted that the overall electrical energy 
usage will double globally by 2030, while it will triple in 
developing countries [115]. Hence, it is essential to search 
for new energy sources while improving the efficiency of 
the existing power generation techniques [116]. Some major 
challenges to the current power generation sector are 
discussed below. 

Limitations of the materials in terms of the temperature: 
Thermal efficiency of power generation cycles can be 
improved by increasing the range of operating temperatures 
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(i.e. the lowest and highest temperatures of the 
thermodynamic cycle). However, it is practically difficult to 
decrease the lowest temperature to lower than the 
atmospheric temperature. Further, the maximum temperature 
depends on the nature of materials within the turbine. 
Therefore, it is necessary to develop advanced materials 
which can withstand high temperatures. There is ongoing 
research in this area [115]. However, turbines using these 
advanced materials will be expensive and hence end users 
might have to pay (or not) extra for using energy depending 
on the overall increase to the efficiency figures due to the 
new materials. Hence, the energy supplier may not find this 
as an economical option yet as they will not be able cover 
their expected profit margins. 

Blade cooling: The use of increased firing temperatures has 
led to the use of advanced blade cooling techniques dealing 
with high temperatures. Manufacturers have encountered 
problems with cooling techniques, ranging from failure of 
thermal barriers and their attachment systems, to insufficient 
blade cooling leading to thermal distress. Therefore, redesign 
and modifications have addressed such problems in many 
machines [116].Blade cooling is therefore another area that 
needs further improvements. 

Corrosion: Corrosion is one of the major issues in any type 
of power plant. Due to their potential to react with metal 
components, fuel and ambient air are mainly involved in 
corrosion. Many types of chemical reactions are possible 
and can lead to many different types of corrosion. The 
effects of corrosion can resemble both fouling and erosion. 
Some types of corrosion cause a build-up of corrosion 
products, while others cause metal to be stripped away. 
Oxidation is a chemical reaction between oxygen and metal 
components. Oxidation rates increase with temperature, 
which means it is of primary concern in areas such as the 
combustor or hot sections of blades. Hot corrosion is a 
specific type of oxidation that occurs at high temperature 
(generally above 50◦C) between metal components and salt 
deposited on them. This is a main concern for gas turbines 
[117] as it can cause cracking in areas under extreme stress 
such as the bases of turbine blades. Maintaining purity of 
both fuel and water used for injection is therefore of critical 
importance. Contaminants such as sodium and potassium 
chloride, sulphur, vanadium, and lead can all cause hot 
corrosion. Pitting is another type of corrosion that occurs in 
gas turbines. It results in localised formation of holes in 
metal surfaces. Pitting occurs when conductive impurities 
such as water, come into contact with microscopic cracks. 
Over time, the crack widens into a pit which can then lead 
to much larger cracks. The same process can occur in 
crevices between turbine components.  Pitting is a common 
problem in the compressor, where the blades come into 
contact with inlet air impurities [117]. 
Environmental regulations: Environmental impact of power 
generation has been closely monitored by environ-mental 
protection and emission regulatory agencies. It is now 
necessary to demonstrate the impact of new technologies 
and their compliance with environmental protection 
standards. New environmental protection regulations and 
directions regulate exhaust emission and air pollution. A 
high combustion temperature is associated with high 

efficiency and high levels of pollution. According to the 
US Environmental Protection Agencies (US EPA) [118], 
there are six identified air pollutants comprised of Nitrogen 
Dioxide (NO2), Carbon Monoxide (CO), Sulphur Dioxide 
(SO2), Lead (Pb), Ozone (O3) and particulates [119]. 
Generally, the air pollution produced by gas turbines can 
be divided into three categories: Local Pollution, Cross-
Border Pollution and Global Pollution. Local pollution is 
caused by particulate matter, dust, and heavy metals 
contained in exhaust gas. Due to fossil-fuel combustion 
exhaust, acid rain can occur and is considered as cross-
border pollution [120]. Global warming and climate 
change are classified under the global pollution. CO2, the 
main exhaust gas of gas turbines [121] is considered a 
global “greenhouse” pollutant. The large reductions in NOx 
and CO2 emissions are achievable with evaporative cooling 
and water and steam injection [122]. Inlet cooling using 
absorption refrigeration powered by gas turbine exhaust 
gas can also reduce emissions by increasing the thermal 
efficiency of gas turbines without resorting to increased 
combustion temperature responsible for major pollutants 
[123].  

B. New trends or opportunities for development of new 
thermodynamic cycles 

     Combining a variety of existing thermodynamic cycles to 
form more thermally optimised cycles is a focus of the 
current research by Winterbone and Turan [124]. 
Presently, there is applied and fundamental research 
underway in combining power generation practices 
utilising different cycles. This research highlights optimum 
performance attributes for specific thermodynamic 
environments and operational parameters.  Specifically, a 
variety of research has been undertaken in the area of 
hybrid cycles, aiming to integrate the use of fuel cells and 
gas turbines. This topic is comprehensively discussed in a 
research monogram by Turan et al [124], where a 
comprehensive guide to the modelling and design of solid 
oxide fuel cell (SOFC) hybrid power plants is provided. 
This covers all the technical aspects of solid oxide fuel cell 
hybrid systems and solutions are proposed to a range of 
technical problems arising from component integration 
[126]. The authors [127] focus on fuel cell technology, 
including the components required for operation with 
standard fuels. Micro-gas turbine (mGT) technology for 
hybrid systems is discussed, with special attention given to 
issues relating to the coupling of SOFCs with mGTs. 
Throughout the monogram, emphasis is placed on dynamic 
issues, including the control systems used to mitigate the 
high costs and risks incurred with building and use of 
prototype hybrid systems [128]. The authors demonstrate a 
proven, economically feasible, and implementable modern 
power generation practice [129]. 

           Specifically, gas turbine hybrid cycles integrating fuel 
cells (which can burn a large variety of hydrocarbon fuels 
following engineering modifications, including coal) can 
be used as an alternative energy source [130]. Hybrid 
technology, as discussed in a large number of research 
reports 126] and papers [131], is unlikely to be used as an 
important energy source in the future. Further research 
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regarding hybrid technology will contribute to solving the 
energy demand in remote areas and conserve our non-
renewable sources of energy. Most importantly, hybrid 
systems reduce environmental pollution due to use of fossil 
fuels. Manufacturers and researchers of this technology 
must decide whether to produce hybrid systems for a 
volume or a niche market [132]. Despite the importance of 
hybrid systems, they are not available on the market due to 
the high cost of materials used to produce the fuel cells 
[133]. Hence, it is necessary to provide theoretical 
investigations, with various simulation models for 
experimental support [134]. This is essential for a complete 
understanding of the phenomena involved in hybrid systems 
and for prototype development [135]. In order to study the 
complete thermodynamic and fluid-dynamic behaviour of 
fuel cell hybrid systems without using expensive test rigs, it 
is crucial to consider simplified emulators. These are 
capable of generating effects similar to a real system 
without high costs of a SOFC stack [136]. 

         One should also realise that at present, standalone fuel-
cell based power is costly and can only provide a limited 
amount of power compared to fossil fuels [137]. Fukuizumi 
[138], states “the combination of gas turbines with fuel cells 
uses the fuel remaining after most is chemically converted 
into electricity in a gas turbine combined cycle to increase 
the overall thermal efficiency”. Furthermore, Griffith [139] 
points out that hydrogen-fuelled gas turbine technology 
(coal-based hydrogen fuel power) can improve the 
combined cycle efficiency over the baseline while reducing 
CO2 and other emissions. In order to improve the 
environmental friendliness, some countries such as United 
Kingdom, Italy and Sweden exploring the possibility of 
integration of solar power to their combined power plants. 
Such integration would definitely be attractive because of 
the use of natural gas as an energy feedstock as well as the 
expected reduction of fossil fuel usage [140, 141]. 

V. CONCLUSIONS 

 
The present study deals with the heat transfer and fluid flow 
models of hot section technology relevant to gas turbines in 
power generation. Conjugate heat transfer models, unsteady 
convective models, unsteady convective models (with time 
averaged and time dependent parameters) and reduced order 
lumped capacitance thermal network method are discussed 
in detail under first principle modelling. Basically, first 
principle modelling is conducted by analysing the physical 
relationships of heat transfer and thermodynamics. Most of 
the literature compared the conjugate heat transfer 
simulations for a turbine cascade to an uncoupled approach. 
However, some previous works can be found which are 
related to a coupled approach as well. For the purpose of 
achieving a higher level of accuracy in comparison to 
unsteady convective heat transfer models with time 
averaged data, the unsteady heat transfer model is also 
built-up with the time dependent parameters. A reduced 
order lumped capacitance thermal network model is  used to 
evaluate the performance of micro gas turbines in the aspect 
of heat transfer and can conclude that at the high rotational 
speeds and the effects of heat transfer on the compressor are 

relatively small. Furthermore, empirical models of heat 
transfer are formulated for separate components of gas 
turbines including trailing edge cavity, turbine blades, and 
turbine blade tip components. Finite element models are 
created using the combination of Reynolds-averaged, 
Navier-Strokes equations and computational fluid dynamic 
techniques. Results generated from first principle models 
and empirical models are confirmed using the results of 
finite element models. Currently gas turbines have a 
satisfactory overall performance. However, the predicted 
energy crisis and strict environmental regulations mean 
that research in power generation is being undertaken to 
aid developments, with fluid flow and heat transfer being 
the focus of current research.  
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