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Abstract 

 Turbine blade cooling has been 
a topic of significant interest, as 
increasing turbine entry 
temperatures result in higher 
cooling requirements. The present 
numerical method divides the blade 
into a finite number of elements in 
the span and peripheral directions 
and solves the heat transfer 
fundamental equations for convection 
and conduction in both directions. 
As inputs, the span and chord gas 
temperature and heat transfer 
coefficient distributions are 
required. The results include high 
resolution temperature prediction 
for the blade and coolant, at all 
span and chord positions. The 
advantages of the method include the 
capturing of blade temperature 
variation in all directions, while 
considering the thermal diffusion 
due to conduction. Mach number 
effects to the resulted blade and 
coolant temperature are highlighted, 
as local distribution of the gas 
static temperature can have a 
dominant role. The effect of 
averaging the input parameters to 
the predicted blade temperature is 
discussed and finally, different 
values for the material conductivity 
are simulated and the results are 
analysed. 
 

Nomenclature 
 
A  area 
αh  empty blade cross-sectional 

area upon chord squared 
c  blade chord 

Cp  specific heat capacity at 
constant pressure 

d  cooling channel hydraulic 
diameter 

Eh   turbulators influence factor 
h  heat transfer coefficient 
m  mass flow rate 
nc  cooling efficiency 
np  cooling channel passages 
NTU  number of transfer units 
S  perimeter 
T  temperature 
Z  internal geometry technology 

parameter 
λ  conductivity 
Ψi  adjacent cooling channels heat 

transfer factor 
 

 
Subscripts 

b  blade 
cl  coolant 
g  gas 
in  inlet 
m  metal 
out  outlet 
 

Abbreviations 
 

CFD  computational fluid dynamics 
HPT  high pressure turbine 
LE  leading edge 
NGV  nozzle guide vane 
TE  trailing edge 
TET  turbine entry temperature 
 
 

 
Introduction 

 In recent years, increased 
Turbine Entry Temperatures (TET) 
have made the effective blade 
cooling essential. This is because 
the proportion of bleed air for 
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cooling reasons has increased as 
well and reached a point where the 
benefit from higher TET is 
counterbalanced by the penalty in 
thermal efficiency due to mass flow 
extraction from the cycle 1. This 
trend made the need for more 
efficient cooling important, as the 
amount of air used for this purpose 
should contribute to a higher extent 
to the cooling process. 
 
 The accurate determination of 
cooling requirements has a number of 
benefits in different areas: First, 
by predicting the gas state at the 
time that reenters the main cycle, 
more accurate turbine performance 
calculations can be made 2. Second, 
the overall engine performance can 
be predicted more accurately with 
having a better simulation of the 
turbine operation. Third, the 
prediction of blade metal 
temperature is essential, as 
different kinds of thermo-mechanical 
studies can be achieved with using 
this input. 
  
 Numerous methods have been 
developed throughout the years for 
the prediction of cooling 
requirements, having different kinds 
of approaches and degrees of 
fidelity. The manufacturers are 
based on empirical, analytical and 
numerical methods 3 for the 
development of new components, a 
costly procedure in time and money. 
For preliminary estimations, all 
sorts of methods are used as well, 
with different limitations and 
assumptions each time. 
 
 The base for the present work 
is the analytical approach 
undertaken by a number of 
researchers, where the turbine blade 
is treated principally as a heat 
exchanger between the main gas flow 
and the internal cooling flow. The 
existing methods have been expanded, 
in order to include the effects of 
conductivity within the blade 
material. In addition, a second 
driver was the prediction of the 
blade metal temperature for thermo-

mechanical studies. In order to 
achieve such a target, a 2D approach 
has been developed, in a way that 
accommodates spatially variable 
boundary conditions, in terms of gas 
temperature and external heat 
transfer coefficient. In this way, 
the non-uniform flow patterns 
delivered by the combustion chamber 
or the previous blade row are 
accounted in the radial direction, 
while the non-uniform flow profile 
due to the expansion process in the 
chord direction is accounted as 
well. 
 

 
Turbine Blade Heat Transfer Method 

 The basis for this analysis is 
the work has been a number of 
successive methods that start with 
Ainley and continue with Holland and 
Thake, Horlock, Consonni and 
Torbidoni 4-8. 
 
 Principally, a part of the 
enthalpy contained in the external 
gas flow is passed to the coolant, 
through the blade, while another 
part remains into the blade and it 
is diffused to areas of lower 
temperature, making the blade 
temperature distribution more 
uniform. Overall, the method splits 
the blade and the coolant into a 
user-defined number of nodes, in 
both span and chord directions and 
calculates the elementary heat 
balance in each of them. 
 
 As illustrated in figure 9, the 
blade is modelled with having a 
single internal cooling channel and 
uniform external and internal 
circumference in the span direction. 
It may be twisted span-wise though, 
since the external shape will affect 
the gas state, something accounted 
as boundary condition. 
 
 The code treats the geometry as 
pipe a of finite thickness, where 
the external surface is subjected to 
non-uniform gas flow in all 
directions, while internally the 
coolant flows, removing heat with a 
constant rate and keeps the 
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temperature of all nodes constant. 
For steady state conditions then, 
the amount of energy transferred 
through every node should be equal 
to zero. The equations a and b, 
controlling the processes that take 
place in the span direction follow: 

2

2 ( ) ( ) 0b
m my g b g g cl b cl cl

d TA T T h dx T T h dx
dy

λ + − − − =

 

, ( ) 0cl cl
p cl cl cl b cl cl

cl

m dTC dx T T h dx
S dy

− − =


 
 
For the chord direction, equation a 
is transformed into equation c: 
 

2

2 ( ) ( ) 0b
m mx g b g g cl b cl cl

d TA T T h dx T T h dx
dx

λ + − − − =

 
The two differential equations form 
a 2x2 system, where the two unknown 
temperatures, for the blade and the 
coolant can be calculated. It should 
be noted that the first set drives 
the thermal diffusion only in the 
span (y-direction), while the second 
only in the peripheral (x-direction) 
direction. The solving process then, 
alternates in every pseudo-time step 
between the two sets of equations, 
making each intermediate solution to 
be based on the other direction 
intermediate solution. 
 
 The equations are discretised 
with central and backward schemes 
for second and first order, 
respectively. Elementary lengths are 
introduced as well, denoted as Δy 
for the span and Δx for the 
peripheral direction. The blade 
thickness temperature profile is 
solved in the same pseudo-time step, 
as the node temperature values for 
the gas, the blade and the coolant 
are all in the same direction and 
temperature profile is linear for 
steady state conditions 9. By 
introducing a certain thickness, the 
local temperature can be calculated 
with using interpolation methods. 
 
 Passing to the domain boundary 
conditions, the model needs to take 

care of four different boundaries: 
At the blade hub, at the blade tip 
and at the two edges of the 
peripheral direction. 
 

 
Figure 1: Method boundary conditions 

 
  
 At the blade hub, the computer 
code calculates the blade 
temperature just with the convective 
terms, giving a gradient between the 
gas temperature and the coolant 
entry temperature, known from the 
compressor bleed gas state. These 
conditions stay constant throughout 
the whole calculation, as the gas 
and coolant entry temperature 
remains constant. Having fixed 
values, they are Dirichlet Boundary 
Conditions. Coming to the tip blade 
elements, the second order central 
difference conductive term is 
applicable. This means that equation 
a need to be modified into equation 
d, in order to account just the 
convection terms, capture the 
physics and provide results, as 
illustrated in figure 1.  
 

( ) ( )g b g g cl b cl clT T h dx T T h dx− = −
 

 
By having a fixed value for the 
first derivative of the heat 
transfer equations, they are Neumann 
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Boundary Conditions. At the edges of 
the peripheral domain, periodic 
boundary conditions are implemented. 
As the blade is cut in the span 
direction for the calculation, the 
two edges need to be interconnected, 
allowing energy to be diffused 
peripherally. 

 
 A simplified program flow, 
indicating the set of equations and 
boundary conditions used, according 
to the topology of the blade 
elements is illustrated in figure 2. 
 

 
Figure 2: Equations used according to the blade topology

 
 
 Passing to the internal 
geometry modelling, the Z technology 
parameter is used for the 
determination of the mean internal 
flow heat transfer coefficient. 
According to Horlock 6, the 
parameter is an indication of the 
technology level used internally and 
it can be calculated as following: 
 

1.2
0.2 0.8
hi p h

cZ a n E
d

 = Ψ ⋅ ⋅ ⋅ ⋅ 
   

 
The Z parameter is analogous to the 
Number of Transfer Units and a 
linear function of the mean coolant 
heat transfer coefficient hcl. The 
cooling efficiency nc is a function 
of the NTU: 
 
 
 

 

1 NTU
cn e−= −

 
 
At the same time nc is associated 
with the coolant outlet temperature: 
 

, ,

,

cl out cl in
c

g cl in

T T
n

T T
−

=
−

 
 
By adjusting the mean internal heat 
transfer coefficient, the internal 
cooling performance of the blade is 
changing as well and can be assigned 
to a certain cooling efficiency, 
coolant outlet temperature and 
internal channel configuration.  
 
 Concluding, the main features 
of the method follow: 
 
• A more realistic calculation of 

the cooling requirements for the 
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blade is provided, based on the 
heat transfer taking place 
 

• The method allows for higher 
resolution blade and coolant 
temperature results in both 
chord and span directions 
 

• The blade conductive heat 
transfer is accounted as well 
 

• The gas temperature variation 
may be neglected in any 
direction by setting uniform 
boundary conditions, making the 
problem simpler, if required 
 

• The predicted temperature 
distribution may act as input 
for thermo-mechanical integrity 
studies 
 

• Both rotors and stators can be 
simulated by adjusting the 
convection coefficient 
 

• The film cooling performance of 
the configuration can be 
predicted, by setting up an 
adiabatic wall temperature 
methodology and adjusting 
accordingly the boundary 
conditions 
 

• Different spatial resolution in 
the three different directions 
can be provided, according to 
the requirements of the specific 
problem 
 

• The results from the blade 
cooling requirements may act as 
a direct input to a high-
fidelity turbine performance 
simulation program 

 
The necessary method assumptions are 
the following: 
• The multi-dimensional prediction 

of the blade cooling performance 
requires detailed temperature 
and heat transfer coefficient 
distribution around the blade as 
inputs 
 

• There is no actual 
representation of the internal 
geometry, so the predicted 
internal metal temperatures are 
just an indication of reality 
 

• The internal channel cooling 
capability is described by the 
technology level factor Z, an 
assumption that averages the 
internal cooling performance and 
does not focuses on local heat 
transfer taking place 

 
• In the same way, the adiabatic 

wall temperature methodology for 
the prediction of film cooling 
performance does not focus on 
local temperature variations, 
but just on the average 
properties 

 
• The proposed method is 

numerical, making the solution 
more complex and time demanding, 
compared to an analytical method 

 
• The introduction of numerical 

schemes for the solution of the 
differential equations developed 
introduces a certain numerical 
error by neglecting the high 
order Taylor series terms 

 

 
Chord Heat Transfer Results 

 As previously mentioned, the 
method requires peripheral input 
data for the external gas 
temperature and heat transfer 
coefficient in order to be able to 
calculate the blade temperature in a 
high resolution. Alternatively, 
averaged values may act as inputs in 
any of the space directions, 
reducing the resolution by one 
dimension. 
 
 The gas input data may be 
derived from various sources, 
including experiments or numerical 
flow prediction methods. For the 
scopes of this work, a two-
dimensional CFD analysis was 
performed for the NGVs of the NASA 
E3 engine, as public domain data 
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Figure 3: CFD grid and computational domains  

Figure 4: CFD gas results
 
were available in 10 and 11 for the 
geometry and performance. The model 
developed includes both the stator 
and rotor of the HPT stage, as 
illustrated in figure 3. Although 
the present work is based on the 
stator flow analysis, this choice 
was made for two reasons: First, 
because the rotor downstream the 
stator introduces a more realistic 
boundary condition for the stator 
operation and second, because the 
rotor heat transfer analysis will be 
part of planned future work. 
 
 A structured grid was developed 
for the two domains with the pre-
processor ICEM CFD. Each of the 
domains simulated a single blade 
row, implementing periodic boundary 
conditions at the pitch direction, 
while the interface between the two 
was set as stage, resolving the flow 
at the stator side and implementing 
the solution as boundary condition 
at the rotor side. As CFD solver was  
 
 
 

 
selected the commercial package 
ANSYS CFX, which does not natively 
support two-dimensional problems. 
For this reason, the thickness of 
the domain was set as unity and 
periodic boundary conditions were 
selected at the span direction as 
well. The turbulence model used was 
k-ω SST, as detailed analysis of the 
boundary layer was essential. 
 
 The objective of the CFD 
analysis was to derive information 
for the gas temperature and the 
local rate of heat transfer on the 
blade surface. Since the blade 
surface temperature was needed as a 
boundary condition, an iterative 
process was utilised, in order to 
equalise the mean blade surface 
temperature predicted by the heat 
transfer module and the blade 
temperature input of the CFD 
analysis. The results provided, in 
terms of gas temperature and local 
heat transfer coefficient, are 
illustrated in figure 4.  
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Figure 5: Chord Tb distribution for three span positions

  
 Passing to the blade heat 
transfer module, the objective of 
this work is to investigate the 
results of the proposed method in 
the chord direction. For this 
reason, uniform gas temperature was 
selected as input in the span 
direction, maintaining the results 
provided by the CFD analysis at all 
positions. Simplicity and direct 
comparison of the results at 
different span stations were the 
main reasons for this choice. 
  
 
 

  
 Figure 5 illustrates the 
different blade temperatures 
predicted at three different span 
positions, at 10%, 50% and 90% of 
the blade height. The metal 
temperature is a result of the 
energy balance between the 
convection process from the external 
and the internal streams, corrected 
by the conduction within the blade. 
The different results span-wise are 
explained by the heating of the 
coolant in this direction which 
makes the process gradually less 
effective. 
 

 
Figure 6: Averaged inputs and Tb, Tcl results, Mach number effects

  
 An important advantage of a 
two-dimensional cooling prediction 
method is that any Mach number 
effects of the expansion through the 
blade row are taken into 
consideration. As turbine blades are 
designed to accelerate the flow to 
transonic velocities or higher, the 
static temperature of the gas 
surrounding the blade drops  

 
significantly, affecting the local 
heat transfer rate. Figure 6 
illustrates the results of two 
different approaches. First, the gas 
temperature and heat transfer 
coefficient were calculated through 
CFD analysis and spatially averaged 
peripherally and second, the static 
gas temperature was calculated by 
using the inlet mass flow Mach 
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number. The averaged gas temperature 
difference between the two cases is 
45 K. The simulated gas temperature 
distribution is included as well for 
comparison. The remaining inputs are 
identical for both cases. By 
simulating the heat transfer process 
with the proposed method, blade 
temperatures were calculated. The 
difference for this specific set of 
inputs is significant, circa 30 K. 
Less heat is transferred to the 
coolant as well, which exits the  
 

blade and enters the main cycle at a 
lower temperature. 
 
 Passing to figure 7, two runs 
were performed, one with averaged 
values for Tg and hg and one with 
the actual values for each 
simulation point. The prediction for 
the coolant state is almost 
identical between the two, but the 
chart is indicative of the local hot 
spots that the high resolution 
method

 
Figure 7: Averaged Tg and Tb result

 
provides, affecting the blade life 
to a high extent. Carefully averaged 
inputs usually produce equally 
accurate results for the outlet 
coolant state, but they lack of 
detailed blade temperature  
 

 
information. Consequently, lower 
resolution in calculations is 
sufficient for the impact of cooling 
flows to the turbine performance, 
but not for accurate life 
prediction. 
 

 
Figure 8: Effects of different conductivity

  
 In order examine the effects of 
conductivity to be examined in the 
peripheral direction, three 
different cases were simulated  

 
[figure 8]: The first includes no 
conductivity, so no heat was allowed 
to be transferred in the peripheral 
direction. The second and the third 
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cases simulate materials with 
conductivity of 45 and 90 W/mK, 
respectively. It is worth mentioning 
that although conductivity is not 
included in previous models 
developed 4-8, in cases such as the 
present, where large gas temperature 
gradients are observed, it is 
essential to capture the diffusion 
process in the peripheral direction, 
as it tends to moderate those 
gradients. Again, in average the 
coolant outlet temperature does not 
differ notably among the three, so 
accurate performance calculations 
are possible with no conduction 
modelling, but there is significant 
difference in the resulted blade 
temperature. The predicted 
temperature gradients and local 
peaks in cases with no conduction 
accounted are usually not indicative 
and therefore, life prediction may 
be less accurate in such cases. 
 

 
Conclusions and Discussion 

 A numerical method for the 
prediction of temperature 
distribution for cooled blades was 
presented. The method includes 
individual treating of discrete 
blade elements in both span and 
chord directions and accounts the 
effects of conductivity in both 
directions. The importance of 
accurate gas temperature input is 
highlighted as well, as the vast gas 
acceleration in turbines has a 
significant effect on the gas static 
temperature, a process usually 
ignored when no flow simulation is 
performed. Continuing, averaged gas 
temperature and heat transfer 
coefficient are sufficient enough 
for performance calculations, but 
they provide an underestimation of 
the actual hot spots onto the blade 
surface. Finally, the effects of 
conductivity are of great importance 
in blades with large temperature 
gradients, where the thermal 
diffusion tends to moderate the 
extreme values of blade temperature 
and provide more accurate results.  
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Figure 9: Method Overview 
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