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Abstract— The turbine entry temperature (TET) in gas turbine relates itself directly to the power output and the efficiency 
of the turbine. In present days gas turbines the TET exceed the melting temperature of the blade material. Advanced cooling 
technologies have resulted in high TET with acceptable material temperatures. At present an in house developed flow 
network code is used for cooling air mass flow distributions of the cooled blade based on internal flow elements pressure 
loss coefficients. In the present work, a typical stator blade with cooling techniques such as impingement, pin fins and film 
cooling are considered. Commercially available flow network software named Flowmaster is used to model the internal flow 
passage of blade and to estimate the flow distributions. Different types of flow elements in Flowmasterare used to model 
flow networks. Gas turbine module in Flowmaster is used for modelling the network. Blade is modelled into three sections to 
capture all internal flow geometries and the calculated flow rates are used to calculate the internal heat transfer coefficients 
and cooling air temperature rise due to heat transfer is estimated. Further 2-D FE model for five sections of the blade and a 
3-D FE model of the blade is generated using Hypermesh and thermal analysis is carried out in ANSYS using macros 
programming for ease of boundary conditions application. 
 
Keywords— Turbine Entry Temperature, Blade cooling, Impingement cooling, Pin-fin cooling, Stator Blade, Flow network 
and Film cooling. 
 
I. INTRODUCTION 
 
The heat transferred to the turbine blade increases as 
the turbine entry temperature increases. With increase 
in the turbine entry temperature, thermal efficiency 
and power output of thegas turbine increases. But 
increase in TET induces thermal stresses in the 
turbine blade and is limited by the maximum 
allowable blade temperature. Therefore, there is a 
critical need to cool the blade for safer operation [1]. 
The blades are cooled with extracted air from the 
compressor of the engine. Since this extraction brings 
upon a penalty on the thermal efficiency and the 
power output of the engine, it is important to 
understand and optimize the cooling technology for a 
given turbine blade geometry under engine 
conditions. 
The first patent for a combustion turbine was filed in 
England and granted to John Barber in 1791. Modern 
versions of this turbine were patented by Franz Stolze 
and Charles Curtis in the late nineteenth century [2]. 
However, these designs were not feasible from the 
perspective that the power needed to drive the 
compressor was more than the power output gained 
from the turbine.To overcome this problem, the 
turbine inlet temperature had to be increased, which 
was not feasible at the time due to melting point 
limitations of the blade material. The jet engine race 
was later fuelled by World War II with Germany’s 
Junker and Great Britain’s Rolls-Royce successfully 
starting production towards the end of the war. 
Although most turbine developments during the 
1950s and 1960s were made in aircraft industry, 
power generation soon followed suit with General 
Electric being able to transfer knowledge to the 
power generation industry [2].The 1960s marked a 

paradigm shift with the introduction of cooling 
technology within turbine blades and vanes. 
Increasing the blades material properties in turbine 
engines became just as important as cooling the 
blades and these two fields became complementary to 
each other. During the next four decades, 
advancement in cooling technology saw yielded 
turbine inlet temperature increases of up to 500k. 
 
II. INTERNAL COOLING GEOMETRY 
 
Typical cooling configuration of a Stator blade 
analyses is similar to the configuration shown in the 
Figure 1. The blade is divided into two circuits.  

 
Figure1: Typical Cooling Configuration. 

 
The air from the exit of high-pressure compressor 
passes through the combustor chamber inner and 
outer annulus. The cooling air enters the stator blade 
through the hub portion for leading edge and from tip 
portion for middle & trailing circuit.  
The stator blade inner cavity is split into two circuits 
namely, Front and Rear circuits. Front circuit cools 
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the leading edge region of the blade using 
impingement and film cooling. Cooling air enters the 
supply plenum from hub portion and flows through 
the impingement holes, impinges on the inner surface 
of the impingement plenum. Cooling air after 
impingement exits through the film cooling holes 
present at the leading edge. The middle circuit cools 
the mid portion of the blade. This circuit also has 
arrangement for impingement and film cooling. 
Cooling air enters the supply plenum from Tip 
portion and flows through the impingement holes, 
impinges on the inner surface of the impingement 
plenum. The cooling air exits through film cooling 
holes present on the mid & trailing  portion of the 
pressure and suction side of blade and the remaining 
air passes through the  Rear circuit to  cools the 
trailing edge region of the blade with help of pin fins 
and trailing edge slots. Pin fin bank provides rigidity 
and alsoacts as turbulators to increase the coolant side 
heat transfer.  
 
III. METHODOLOGY 
 
3.1 One Dimensional Flow Network 
Flowmaster software is used to model 1D flow 
network. Figure 2 shows the schematic representation 
of the one dimensional flow network.  
 

 

 
Figure 2: Schematic representation of one dimensional flow 

network. 

The front circuit consists of leading edge which is 
modelled as three sections each sections consists of 
impingement and film cooling holes, Cd discrete loss 
is used to model this holes. Internal duct is used to 
model main and annular passages. The rear (Aft) 
circuit consists of mid-chord and trailing edge which 
is modelled as three sections.Each section consists of 
impingement and film cooling holes, Cd discrete loss 
is used to model this holes. Internal duct is used to 
model main, annular and pin fin passages.  
 
3.2 Estimation of Heat Transfer Parameters 
3.2.1 Friction factor and heat transfer coefficients. 
Friction factor for pressure drop across a smooth duct 
is calculated using Colebrook-White [7] correlation 
provided in Flowmaster. Smooth duct is used to 
model the inlets of all the sections. Pressure drop 
across the passage is calculated using correlation 
mentioned below. 
푓 = 	 .

	( .
.

. )
                  (1.1)  

∆푃 = 4푓 ∗ ∗ 휌 ∗                (1.2) 
Heat transfer in a smooth duct is calculated using 
default correlation i.e., Dittus-Boelter correlation 
available in Flowmaster. [8] 

푁푢 = 0.023 ∗ 푅푒 . ∗ 푃푟 		,	 

ℎ = 		
푁푢 ∗ 푘
퐷 																																			(1.3) 

Coolant heat transfer coefficients. 
(a) Impingement Cooling 
Impingement type of cooling gives the maximum 
heat transfer between target surface and coolant 
hence they are generally used in the leading edge 
where the thermal loads are maximum. Chupp’s [3] 
correlation for leading edge impingement heat 
transfer is used. 

Nu = 0.44 ∗ Re .
.

e .
.

(2) 
 
(b) In a jet impingement arrangement, jets get 
deflected away from the target surface by the cross 
flow, and therefore cross flow effects are mostly 
detrimental for impingement cooling. The 
impingement heat-transfer correlation for both inline 
and staggered arrays is used. Florschuetz et al. [4] 

 
 
(c) Pin-fin Cooling 

The coolant flow across the pin-fins creates 
accelerated flow between the pins and generates 
highly disturbed wake regions behind each pin. This 
type of flow produces significant increase in the 
convective heat transfer coefficient. Metzger[5] 
correlation for heat transfer in pin-fin channels is 
used. 
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Nu = 0.135Re .
.

(4) 

3.2.2 External heat transfer coefficients 
Estimation of heat transfer from external hot gas to 
blade is very important as it determines the heat load 
on the rotor blade. Heat transfer from gas to blade is 
estimated for different locations of the blade namely 
leading edge, mid chord and trailing edge. 
(a) Leading edge heat transfer 
The heat transfer on the leading edge depends mainly 
on the mainstream condition such as Reynolds 
number and turbulence intensity. Leading edge heat 
transfer can be considered as a flow past the cylinder 
hence Lowery and Vachon correlation is used[6]. The 
Reynolds number is based on leading edge diameter 
and Turbulence intensity is taken as 5%. 
Nu

√Re
=1.01+2.624 Tu√Re

100
-3.07 Tu√Re

100

2
(5) 

 
(b) Mid chord and Trailing edge heat transfer 
Heat transfer in this region is considered as heat 
transfer over a flat plate. The Reynolds number is 
based on the chord length. Average heat transfer 
coefficient correlation is used [1]. 

 
Nu = 0.0317 × Re . Pr . (6) 
The external heat transfer coefficients obtained from 
the correlations (5) and (6) are as shown in the table 
1.1, 1.2 and 1.3.  
The gas side external heat transfer coefficients 
obtained are as follows, 

 
Table 1.1: External Heat Transfer Coefficients for 

Hub section. 

 
 

Table 1.2: External Heat Transfer Coefficients for 
Meansection. 

 
 

Table 1.3: External Heat Transfer Coefficients for 
Tip section. 

 
 
3.2.4Boundary Conditions: 
Boundary conditions for Front Circuit (Leading edge) 
are,  

 Source Pressure = 17.1 bar  
 Coolant temperature = 820 K 
 Gas Static Pressure = 9.1 bar                       

Boundary conditions for Aft Circuit (Mid-chord and 
Trailing edge) are, 

  Source Pressure = 17.1 bar 
 Coolant temperature = 820 K 

 Gas Static Pressure = 8.1 bar                       
 

3.3 Analysis and Results 
Two dimensional steady state thermal analysis is 
carried using ANSYS-14 to estimate the nodal 
temperature distribution across the above mean 
section of the blade. The 2D section is discretized 
using 3675 2D PLANE-55 elements. 
Iterative procedure: The analysis was carried for the 
set of boundary conditions mentioned in 3.2.4 is used 
in this analysis.Initially the flow network is 
converged for adiabatic conditions and internal heat 
transfer coefficient and coolant temperature values 
are obtained. These coolant temperatures and internal 
heat transfer coefficient are then given as input to the 
2D FE model to obtain metal temperature 
distribution.  
 

 
Figure 3: Non-dimensional temperature contours at Above 

Mean section  
 
Figure 3 showsthe temperature contours for Stator 
blade at above mean section. The maximum 
temperature of the turbine blade is at mean section is 
1340 K, and minimum temperature obtained at rib 
region is 764 K. The maximum allowable 
temperature of the blade material is 1393 k and the 
maximum temperature obtained is 1340 k. hence 
blade material temperature is 53 k less than maximum 
allowable temperature. 
The maximum temperature is observed on the Stator 
blade at trailing edge region in all the analysis. This 
is because of the thinner trailing edge. The node 
with minimum temperature is near the rib region 
where the coolant temperature always remains 
constant which leads to consistent cooling at this 
location. 

 

 
Figure 4: Stator blade metal temperature distribution plot at 

above mean section. 
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Figure 4 shows the outer skin temperature 
distribution of Stator blade at above mean section. 
The temperature distribution at pressure and suction 
surface along with surface length is plotted. Metal 
temperature is taken along Y-axis and surface length 
is taken along X-axis. The maximum temperature is 
observed at trailing edge region. The maximum 
temperature obtained is 1340 k. The minimum 
temperature is observed at rib region. The minimum 
temperature is obtained is 764 k. The minimum 
cooling effectiveness that is estimated for the above 
mean section is 0.59. 
Three dimensional steady state thermal analysis is 
carried using ANSYS-14 to estimate the nodal 
temperature distribution across the above mean 
section of the blade. The 3D section is discretized 
using solid70 960295 elements. 
 

 
Figure 5: Non-dimensionaltemperature contours at Pressure 

Surface vane 
 
Figures 5 shows the temperature contours for Stator 
blade at hub, below mean, mean, above mean and tip 
sections. The maximum temperature of the turbine 
blade is at mean and above mean section is 1346 K, 
and minimum temperature obtained at hub and below 
meansections is 755 K. The maximum temperature is 
observed at pressure surface trailing edge region in 
mean, above mean and tip sections and the minimum 
temperature observed at the rib region in all sections. 
The maximum allowable temperature of the blade 
material is 1393 k and the maximum temperature 
obtained is 1346 k. hence blade material temperature 
is 47 k less than maximum allowable temperature. 
The minimum cooling effectiveness that is estimated 
for the above mean section is 0.586. 
 
CONCLUSION 
 
A generalized 1D flow network that takes care of 
friction losses and heat transfer is developed using 
Flowmaster software. The flow network is used to 
analyse mass flow for given engine operating 
conditions.Coolant mass flow obtained from 1D 
analysis is within allowable limits. In 2-D the 
maximum temperature obtained is 1340 k. hence 
blade material temperature is 53 k less than maximum 
allowable temperature.The minimum cooling 

effectiveness that is estimated for the above mean 
section in two dimensional analysis is 0.59. In 3-D 
the maximum allowable temperature of theblade 
material is 1393 k and the maximum temperature 
obtained is 1346 k. hence blade material temperature 
is 47 k less than maximum allowable temperature.The 
minimum cooling effectiveness that is estimated for 
the above mean section in two dimensional analysis is 
0.586. 
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