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ABSTRACT 

In recent years, the power generation industry has 
witnessed a growing demand for higher power, 
efficiency and flexibility of heavy-duty gas turbines. One 
of the areas considered highly essential for higher 
efficiency in gas turbines is the control of the clearances. 
Precise evaluation of running clearances is a key to 
designing durable, reliable and efficient gas turbines. To 
this end, an accurate thermo-mechanical analysis is 
essential to ensure a safe operation and tight clearances 
in steady condition. This paper presents thermo-
mechanical analysis of MAPNA MGT-70(3) heavy-duty 
gas turbine. The whole engine steady state coupled 
thermal and structural simulation is performed and the 
main procedure to obtain the clearances throughout the 
engine operation is discussed. The thermal study consists 
of a thermal-fluid model coupled with a 2D/3D FEM 
model. Different types of thermal boundaries are 
employed to ease the simulation of the engine thermal 
behaviour. In order to validate the numerical results, the 
field study of elongation is carried out. The axial 
elongation of rotor and casing in different engine 
conditions is obtained by means of proximity and LVDT 
sensors. Comparison of numerical and experimental 
results indicates a good accuracy of the results. 

INTRODUCTION 

The evaluation of running clearances is deemed as 
the critical part of designing modern heavy duty gas 
turbines. Moreover, a robust and flexible model is 
necessary to calculate and optimize engine’s thermo-
mechanical behaviour. Predicting the thermal map of 
whole engine represents a crucial point in the early 
stages of design process. The model should be capable of 
predicting temperature and displacement for transient 

and steady conditions as a result of pressure, thermal and 
mechanical loads. Such model is the key factor in 
reducing the risk of rubbing and also improving the 
secondary air system. High metal temperature of engine 
components reduces creep life and thereby number of 
allowable cycles. The thermal model helps to prevent the 
creation of hot spots in critical components, which is a 
basic element in increasing engine reliability. 

Simulation of whole engine thermo-mechanical 
behaviour can be achieved in several ways. As 
demonstrated throughout the literature (Bozzi et al., 
2012) and (Bordo et al., 2012), the accurate prediction of 
clearances has a considerable impact on engines 
reliability and efficiency. 

(Visser et al., 2015) investigated the thermal 
network model functionality in a gas turbine system 
simulation environment. It mainly focused on 1D 
estimations of heat transfer and its effect on performance 
map of turbine. (Meissonnier et al., 2006) modelled 
rotor-to-stator clearances and evaluated the compressor 
rubbing risk during Hot Restart. The coupled thermal 
behaviour of engine has not been considered in this 
study. 

Simplified shell models of engine have been 
employed by (Voutchkov et al., 2006). (Benito et al., 
2008) used a fully transient thermo-mechanical analysis 
of the whole engine to predict tip clearances. Contrarily, 
(Arkhipov et al., 2009) employed mathematical models 
merely based on measurement data. The models are 
restricted to the range of data being measured and 
therefore not adaptable to new conditions. Optimization 
of individual components has been carried out in some 
investigations based on coupled thermo-structural 
studies (Toal et al., 2008) and (Rey Villazón et al., 
2013). Recently, integrated approaches are being used in 
order to attack the problem of thermo-mechanical 
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modelling with more sophisticated boundaries 
(Contreras et al., 2011) and (Peschiulli et al., 2009). 

(Giuntini et al., 2017) has performed transient 
thermal modeling of a gas turbine engine with partly 
coupled FEM - fluid network. This study includes 
preliminary results of a simplified test case 
representative of real engine geometry. 

Whole engine transient thermo-mechanical analyses 
can be significantly expensive to perform. To make the 
application of such simulations feasible within the 
design stage, either the simulation needs to be as cheap 
as possible (including both the runtime and the setup 
time) or the number of such simulations performed needs 
to be minimized. 

The purpose of this work is to describe a 
methodology and fully characterize the thermo-
mechanical performance of the heavy-duty gas turbines. 
This paper presents a coupled model aimed to predict 
thermal state of different gas turbine components. The 
model is coupled with the whole engine structural 
solution in a partially integrated approach. This study is 
specially focused on MAPNA heavy-duty gas turbine 
MGT-70(3). An overall view of MGT-70(3) engine is 
shown in Fig.1. The Fluid characteristics in terms of 
mass flow rate, pressure and temperature are provided to 
thermo-mechanical simulation. Impact of different flow 
phenomena on thermal state of engine and structural 
strain are integrated together. The integrated approach 
eliminates time consuming and buggy data transfers. 
This would allow the calculation of heat transfer 
coefficient (HTC) and the effect of transient clearances 
from run time variables. The proposed procedure gives 
results in good agreement with the measured data.  

 

Figure 1 Schematic of MAPNA MGT-70(3) 

 
MODELING PROCEDURE 

The computational approach is based on a 
combination of 2D and 3D analysis for the clearance 
calculation during engine operation. Particular care has 
been put in the definition of the boundary conditions 
which are: centrifugal loads, tie-rod pretension, 
structural constrains and the thermal boundaries on all 
surfaces. FEM simulation results have been compared 

and validated with the field operation data in terms of 
displacement. 

Heat transfer mechanisms around the solid 
component are reduced to different thermal boundary 
conditions. Additionally, the main stream properties are 
loaded in the model. The definition of the cycle 
performance data is part of boundary data in the thermal 
model. The properties input to the model comprise the 
mass flow rate, temperatures, pressure and speed. The 
time steps are defined by time-matching operation 
between two steady conditions. Another necessary 
component of thermal model is the secondary air system 
data. This data set is associated to the cycle data. It 
contains the results of the SAS network model, such as 
pressures, mass flow rate, and temperatures. 

The material properties have a dependency with the 
temperature, and the thermal boundary conditions 
usually include sophisticated functions of the Nusselt 
number. These functions basically depend on 
temperature thus thermo-mechanical solution is non-
linear. The convection correlations are linearized by the 
temperatures of the last step and heat transfer 
coefficients are solved with Newton's law of cooling. 
Total temperature effects have been considered in 
thermal boundaries. Fluid exchanges heat at its relative 
temperature with rotor surfaces. The local relative total 
temperature has been calculated automatically by means 
of swirl ratio and stationary total temperature. 

The thermal map of solid is used to assess the 
distribution of mechanical stresses and strains. These 
data are useful to determine rotor-stator clearances. 
Additionally, the temperatures of different boundaries 
are fed-back to the SAS network to improve its accuracy. 
The flowchart of overall process of whole engine 
thermo-mechanical modeling is illustrated in Fig. 2. 

 

Figure 2 Thermo-mechanical modeling overall 
procedure 

3D ANALYSIS 

2D axisymmetric simulation does not consider 
twisting and ovalization. Ideally, 3D transient analysis of 
the whole engine could be solved but it is very labor-



3 

intensive in the engineering practice. With the intention 
of overcoming these limitations, combination of 2D/3D 
analysis has been used for the clearance assessment. As 
mentioned above, 3D airfoil models of the compressor 
and turbine blades and stator vanes are not included in 
the 2D FE model. To consider the impact of the 3D 
airfoil deformation on clearances, these 3D elements 
have been separately analyzed. The last Blade has the 
biggest deformation because of its size. Contour of 
normalized temperature distribution and radial 
deformation for 4th disk and blade of MGT-70(3) are 
presented in Fig. 3. Main heat source for turbine disks is 
the main stream hot gas. Turbine disks are being cooled 
my coolant provided by secondary air system.   

Turbine carrier radial displacement is illustrated in 
Fig. 4. Running clearances get influenced by different 
thermal response of rotary and stator parts. Additionally 
thermal non-uniformity of components affects the 
clearances. Nevertheless, even when temperature is 
uniformly distributed, uneven distribution of mass 
usually causes ovalization of the engine components. As 
it is illustrated in Fig. 4, there is circumferential variation 
in radial deformation mainly in flange area. These 
displacement variations are a result of the 3D shape of 
the carrier. This is primarily due to the flange, which 
cause non-uniformity in mass distribution. 

 

Figure 3 MGT-70(3) Turbine 4th blade 
normalized temperature and radial 

displacement contour 

 

Figure 4 Normalized radial deformation contour 
of MGT-70(3) carrier 

2D MODEL 
It is ideal to solve the fully 3D coupled fluid and 

thermal model of the whole engine. However, there are 
several drawbacks to that such as computational cost and 
simulation setup which make it inefficient and 
unaffordable. The general view of the heavy duty gas 
turbine 2D meshed model is illustrated in Fig. 5. There is 
only one model for both thermal and structural analysis. 
Geometry has been discretized using axisymmetric 
parabolic triangle elements. Mesh independence 
sensitivity study is performed by monitoring 
displacement on a number of nodes with different 
resolutions. The 2D whole engine model composed of 
axisymmetric, plane stress and chocking elements. The 
vane and blades are thin relative to their lateral 
dimensions, therefore two-dimensional vane and blades 
are meshed using plane stress. Plane stress elements are 
elements with membrane stiffness and near zero stress in 
the thickness direction. The non-axisymmetric area like 
exhaust casing struts or vane and blades are modelled by 
plane stress parabolic triangle elements keeping their 
total thickness. The discrete shrouding segment that 
surrounds the periphery of turbine vane and blades 
modelled using the chocking elements. If the gap 
between these segments closes during the operating 
conditions, the chocking elements can sustain the 
compressive hoop stress; otherwise they act like plane 
stress elements. 

 

Figure 5 MGT-70(3) 2D axisymmetric whole 
engine mesh 

The primary issue in modelling process is to define 
the appropriate boundary conditions including static 
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pressure, stream temperature and heat transfer 
coefficient (HTC). To calculate the HTC, geometrical 
parameters and fluid flow characteristics are needed. The 
outcome of the thermal analysis is the thermal state of 
components. This lays the foundation for structural 
analysis that yields the stresses and clearances. The 
boundary conditions for the thermal analysis were 
derived from base load, steady state numerical analyses 
to obtain non-dimensional flow conditions for different 
regions. These non-dimensional parameters are based 
upon fundamental fluid flow parameters. The non-
dimensional flow parameters then have been used to 
characterize the flow in transient conditions and they 
considered to be constant throughout engine operation. 
With support of non-dimensional parameter typical and 
enhanced heat transfer correlations have been used to 
best match the local flow dynamics. 

The 1D thermo-fluid network is constructed around 
the 2D solid components. In this approach considerable 
attention is devoted to the calculation of heat transfer 
coefficients. Concerning the action of rotation on the 
fluid flow, windage affect flows along passage and 
cavities and it have been considered providing heat 
fluxes on the fluid elements involved in the 
phenomenon. The effect of windage has not been 
underestimated in the analysis, since it has contribution 
to the temperature rise in secondary air system. Solid 
surfaces have been broken into different zones according 
to different flow characteristics. Thermal boundaries on 
part of compressor section are illustrated in Figure 6. 
Thermal boundary conditions have been applied to each 
of the zones to represent the convective and radiative 
heat transfer. Heat transfer coefficients are calculated by 
relatively complex models depending on the 
temperatures, pressure and other parameters, using 
theory from lecture. The correlations for specific zones 
were adjusted to resemble the different characteristics of 
the flow. The lines and arrows along the edges of the 2D 
geometry characterize different boundary condition 
types like stream, void and convection zone. These 
boundaries contain the fluid flow characteristics, i.e. 
swirl velocity, inlet temperature, inlet pressure and mass 
flow as well as windage and heat transfer correlations. 
Alongside these variables, there are geometrical 
parameters namely, radial position to centre of rotation, 
cavity height, cavity width and clearances. Different 
types of thermal boundaries are employed in order to 
ease the modelling process. Here some of these thermal 
boundaries are briefly discussed. 

Convection zone 
Convection zone represent thermal boundary that its 

temperature is unaffected by heat transfer. This boundary 
acts like a medium with huge thermal capacity, so the 
stationary total temperature is constant throughout the 
boundary.  

Void 
Void boundary is employed in closed fluid zones. 

Closed areas between disks with no or very small 
amount of fluid flow are considered as voids. The 
Equilibrium temperature of the fluid obtains from the 

result of energy balance between surrounding solid and 
fluid. Additionally the void boundary imposes a thermal 
inertia according to its mass in transient solutions. 

Stream 
Stream boundary is mainly a 1D thermo-fluid 

element which its downstream temperature is governed 
by the balance of energy between fluid and its 
corresponding solid surfaces. These boundaries are 
associated with appropriate HTC which is function of 
fluid characteristics and geometrical parameters. Stream 
element behaves quasi-steadily because of large 
difference between the fluid convection and solid 
diffusion time scales.  

The rotor and stator 2D geometries are divided into 
different zones that account for various thermal 
boundaries. The radial distribution of fluid temperature 
within the main air path at each stage has been used 
provided from aerodynamic calculations. Proper thermal 
conductance has been assigned to represent the thermal 
resistance between disks and different component 
interfaces. Thermal boundary conditions are generated 
by the in-house code imbedded in the FEM solver. 
Figure 6 shows simplified thermal boundaries of the 
typical compressor disks. These boundaries contain the 
properties like, inlet temperature, inlet pressure, windage 
heat pick up, heat transfer coefficient, swirl ratio and 
mass flow rate. To be able to simulate the flow field 
around the solid parts, thermal boundary conditions have 
to be applied to the model. In this manner, the simulation 
provides the deformations of the whole 2D engine 
components required for further clearance calculation. 

 

Figure 6 Typical thermal boundaries on the 
compressor section 

Radiative heat transfer has a significant contribution 
to temperature distribution at high temperatures. When 
the solid temperature is adequately large, radiation play 
an important role. The main stream gas is practically 
transparent since the internal diameter is orders of 
magnitude smaller than the radiation free path length in 
the gas. So, the walls simply exchange heat with the 
opposite sides without any exchanges with the gas in-
between. Inside walls exchange radiation with the 
opposite sides and radiative heat transfer with the gas in-
between is neglected. Appropriate emissivity is assigned 
for each radiative surface to match its surface quality. 
The radiation temperature is calculated based on the 
interaction of the surface at stake with all other surfaces.  
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The thermo-mechanical analysis is done at the 
steady-state full-load condition. A temperature contour 
of MGT-70(3) engines is illustrated in Fig. 7. Knowing 
the solid temperature, correlations also allow for 
iterations in the recovery temperatures, used in HTC 
calculation. Standard heat transfer equations were used 
in standard and modified ways to best match the local 
physics. To analyse off-design conditions, these 
boundaries were normalized using obtained flow path 
characteristics. The resulted normalized parameters are 
then assumed to remain constant throughout the engine’s 
operation. To analyse the part-load conditions, reference 
temperature, pressure and mass flow rates were 
normalized using maximum and minimum temperatures 
as follows: 

𝑇 = (𝑇 − 𝑇 )/(𝑇 − 𝑇 ) (1) 

𝑃 = 𝑃 /𝑃  (2) 

 

Figure 7 MGT-70(3) whole engine thermal map 

The temperature map of components is not the end 
product of this study. More important is the effect of 
temperature distribution on the deflection of the machine 
elements. Once the thermal state of model is obtained for 
one time step, it triggers the start of structural solution 
for corresponding time step. Structural boundaries such 
as centrifugal force and tie-rod pretension are assigned. 
Free radial movement of disks between hirth serrations is 
also considered in modelling. The equation below 
describes the clearance calculation from radial and axial 
displacements. The calculated clearances are then used 
in the SAS and aerodynamic models, which at first 
assumed the cold clearances, to see the effect on the 
thermal boundaries. The schematic of evaluated 
clearances is shown is Fig 10. 

 
𝑇𝐵𝐶 = 𝑇𝐵𝐶 + (𝐷 − 𝐷 ) cos 𝛼

+ (𝐷 − 𝐷 ) sin 𝛼 
(3) 

Figure 8 Calculated clearances schematic 

Rotation affects both solid and the fluid flow, 
regarding the solid domain; prevailing deformation is 
caused ultimately by centrifugal forces due to rotation 
alongside the thermal expansion. Results of structural 
solution in term of clearances are validated against 
different simulation and models. 

Fig. 9 illustrate the radial deformation contour, 
generally exhaust casing and 4th blade of turbine 
experience highest deformations. Contact boundary has 
been assigned between disks in order to provide radial 
degree of freedom. In real engine hirth serrations makes 
it possible for disks to move independently in radial 
direction. The axial displacement of whole engine is 
shown in Fig. 10. Due to high temperature of exhaust 
casing overall axial displacement of casing is higher than 
rotor.  

A summary of the tip clearances of the entire 
compressor blades in base load condition are shown in 
Fig. 11. Compressor carriers are generally in contact 
with extracted air from earlier stages. This means there is 
normally a temperature difference between compressor 
blades and their corresponding carrier which results in 
decreased clearances in steady state condition.  

Turbine hot clearances against nominal clearances 
in base load condition are depicted in Fig. 12. As the 
slop of main stream annulus is higher compared to 
compressor. Turbine clearances are more heavily 
affected by axial elongation of rotor and casing. Higher 
elongation from rotor increases the turbine tip 
clearances; that reduces the aerodynamic performance of 
engine. 

 

Figure 9 MGT-70(3) whole engine radial 
displacement contour 

 

Figure 10 MGT-70(3) whole engine axial 
displacement contour 
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Figure 11 MGT-70(3) compressor blade tip 
clearances 

 

Figure 12 MGT-70(3) turbine blade tip 
clearances 

Fig 13 depicts the turbine rotor-stator cavity 
clearances. The clearance in rotor–stator cavity is 
affected from axial displacement of rotor relative to 
stator. Another parameter that influences the rotor-stator 
clearance is deflection of vane in axial direction; this 
necessitates the presence of 3D deflection data. The 2d 
model clearances have been modified with 3D analysis 
data. The turbine labyrinth seal calculated clearances are 
shown in Fig. 14. The calculated clearances are fed back 
to the SAS model to update the fluid flow characteristics. 

 

Figure 13 MGT-70 rotor-stator cavity clearances 

 

Figure 14 MGT-70 labyrinth seal clearances 

DISPLACEMENT MEASUREMENT 

In order to validate the modelling and improving the 
methodology, the numerical results were compared with 
experimental measurements taken during the operating 
cycle of the gas turbine. Each of rotary and stationary 
components of a gas turbine has their independent axial 
displacement. The absolute expansion of stationary 
components can be measured at the bottom of the turbine 
casing. The relative expansion of rotor relative to stator 
is measurable at the bearing housing. By combining 
these two measured values the absolute expansion of 
rotor can be calculated. The validation of calculated 
displacements is by-product of this measurement. The 
approximate position of each of these measurements is 
illustrated in Figure 15. Figure 16 and 17 show the 
mounted sensors on turbine. The measured displacement 
can be used in estimating the clearances. Continuous 
measurements of engine axial expansion can also deepen 
our knowledge in the transient behaviour of machine 
which can be used in clearance optimization and active 
clearance control.  

 

 

Figure 15 Position of proximity and LVDT 
sensors on bearing housing and exhaust casing 
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Figure 16 Mounted LVDT sensor on exhaust 
casing 

 

Figure 17 Mounted proximity sensor in bearing 
housing 

There are two main area of interest in engine axial 
expansion measurement, the absolute stator expansion 
which can be measured at the bottom of the turbine; and 
the relative expansion of rotor against stator that is 
measureable at the bearing housing. By the Simultaneous 
measurement of these two displacements the absolute 
expansion of rotor is obtained. The most suitable 
technique for relative linear displacement measurement 
concerning this study is the proximity measurement. 
Proximity sensors have an advantage of non-contact 
precise measurement. Eddy current proximity sensor is 
mounted on a fixture which is screwed to the stationary 
bearing housing (Figure 16). Fixture is extends in radial 
direction to be axially in line with the tie rod nut. LVDT 
sensor is used for absolute displacement measurement 
(Figure 17). A structure is manufactured and bolted to 
the foundation in order to hold the LVDT sensor aligned 
with the exhaust casing.  

Regarding the nature of the proximity sensor based 
on which, the sensor output is inevitably depends on the 
target material, it is necessary to model the sensor 
voltage output versus the distance. This has been done in 
laboratory using a precise distance meter together with a 
prototype target with the same material as engine's 
material. The LVDT sensors are as well calibrated in 

laboratory. In this test the LVDT output was a resistor 
bridge which using a special conditioner the 4-20mA 
signal has been achieved. So the set of sensor plus 
conditioner has been calibrated in laboratory. A high 
precision multi-channel data acquisition system utilized 
for this test. Multiple sample rates have been chosen for 
various operation modes of engine in order to avoid 
oversampling. 

Fig. 18 illustrates the typical normalized measured 
data from start-up to shut-down. Total rotor 
displacement by some adjustment can be calculated from 
these data. Due to faster thermal response from rotor; 
relative displacement measured by proximity sensor 
experiences sharper variations. At turbine start-up 
relative displacement first has a rapid decline, this is due 
to the mechanical shift of rotor to intake direction. After 
the initial mechanical shift of rotor, because of the faster 
thermal response from rotor relative displacement 
decreases sharply at first but gradually casing begin to 
catch up; so the relative displacement increases steadily. 
Table 1 represents the measured data against the 
simulation results. The table 1 shows there is a good 
agreement between the current thermo-mechanical 
model and measurement data in base-load condition.   

 

Figure 18 Typical start-up to shut-down 
measured data  

Table 1 Axial displacement simulation results 
against experiment 

Data type 
Difference between numerical 

and experimental data [%] 

Casing absolute 
displacement 

2.9 

Rotor absolute 
displacement 

1.1 

CONCLUSION 

A reliable technique for whole-engine clearance 
evaluation has been developed. The new requirements in 
the product reliability together with the need for higher 
performance have driven the integrated thermo-
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mechanical analyses. The model was run thermo-
mechanically and displacements were calculated with 
thermal and pressure loads applied. A comparison 
between thermo-mechanical analysis and experimental 
measurements (axial elongation) has been reported. 
Elongation measurement data provided a valuable 
insight into engine thermal behaviour. The in-depth 
knowledge provided through experiment will be used to 
further investigate the thermal response of the engine. 

Current study was mainly focused on the thermal 
investigation and clearances assessment. The modelling 
procedure consisted of combination of 2D and 3D 
thermo-mechanical analyses. The results were obtained 
through simultaneous consideration of thermal and 
structural loads. 1D thermal fluid network have been 
implemented which captures the effects of heat transfer 
along the secondary air system and structural 
deformation on fluid flow. The 3D CFD results have 
been extensively used in order to enhance thermal 
boundaries to fully simulate the fluid flow 
characteristics. Boundaries by similar flow physics have 
been categorized into same thermal zone groups. The 
HTC of these boundaries is approximated by the 
identical correlations. The application of specific 
correlations was adjusted for the different flow 
characteristics of thermal zones. The Axisymmetric 2D 
model was very beneficial to predict the temperature 
distribution of a gas turbine. The structural boundaries 
have assigned on FEM model in order to simulate the 
operation condition of engine. The method has also been 
validated against field measurements. This study has 
therefore successfully illustrated the feasibility of 
employing whole-engine thermo-mechanical simulations 
for clearance calculation. 

NOMENCLATURE 

D displacement 
P pressure 
TBC turbine blade clearance 
T temperature 
TCC turbine cavity clearance 
TLC turbine labyrinth seal clearance 
α main stream annulus slope 

ABBREVIATIONS 

CFD            computational fluid dynamics 
LVDT linear variable differential transformer 
SAS secondary air system 

SUBSCRIPTS 

C cold 
max maximum 
min minimum 
norm normalized 

SUPERSCRIPTS 

TB turbine blade 

TS turbine shroud 
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