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Abstract Great efforts are still put into the design process of advanced film-cooling

configurations. In particular, the vanes and blades of turbine front stages have to be cooled

extensively for a safe operation. The conjugate calculation technique is used for the three-

dimensional thermal load prediction of a film-cooled test blade of a modern gas turbine. Thus,

it becomes possible to take into account the interaction of internal flows, external flow, and

heat transfer without the prescription of heat transfer coefficients. The focus of the

investigation is laid on the leading edge part of the blade. The numerical model consists of

all internal flow passages and cooling hole rows at the leading edge. Furthermore, the radial

gap flow is also part of the model. The comparison with thermal pyrometer measurements

shows that with respect to regions with high thermal load a qualitatively and quantitatively

good agreement of the conjugate results and the measurements can be found. In particular, the

region in the vicinity of the mid-span section is exposed to a higher thermal load, which

requires further improvement of the cooling arrangement. Altogether the achieved results
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demonstrate that the conjugate calculation technique is applicable for reasonable prediction of

three-dimensional thermal load of complex cooling configurations for blades.

& 2013 National Laboratory for Aeronautics and Astronautics. Production and hosting by Elsevier B.V.

All rights reserved.
1. Introduction

The design process of advanced film-cooling config-
urations for blades of modern gas turbines is one major
task in the manufacture’s strategy for further improve-
ment of gas turbine efficiency. Precise heat transfer
analysis is essential in the design process in order to
reach a necessary reliability and availability of the
components. A design failure can lead to a malfunction
of the turbine in a very short time. Thus, further
development of modern numerical tools is required,
which are capable to detect possible deficiencies in the
cooling design, e.g. hot spots, as early as possible. In
particular, the leading edge cooling fluid ejection is of
great interest in the design task. Several authors [1–3]
have presented full 3-D numerical simulations of the
aerothermal flow conditions including leading edge
ejection. Bohn and Kusterer [4,5] have investigated the
3-D cooling jet phenomena for blade leading edge
ejection from non-lateral and radially inclined cooling
holes. They have shown the development of different
vortex systems in the cooling jets, which influence the
cooling fluid distribution in the case of leading edge
ejection.
With respect to numerical heat transfer calculations

based on full 3-D numerical simulations, several studies
can be found in the literature [6–8]. As an example,
numerical studies on the leading edge film-cooling
physics by York and Leylek [9,10] focus on the
determination of the adiabatic film-cooling effectiveness
and heat transfer coefficients.
Conventional thermal design processes rely on

empirical correlation for the internal and external heat
transfer mainly based on extensive experimental results
for standard flow situations. For real blade applications
this strategy includes various assumptions and uncer-
tainties. A numerical example is given by Bohn et al.
[11], where it has been shown that the vortex structures
in cooling jets are significantly affected by the heat
transfer. A large number of conjugate calculation
approaches have been published in recent years. With
respect to application of conjugate calculation methods
to blade film-cooling, the work of the following groups
can be mentioned as examples: Heidmann et al. [12]
have used the Glenn-HT code for calculation of con-
jugate heat transfer effects on a realistic film-cooled
turbine vane. Within this code, the boundary element
method (BEM) by Li and Kassab [13,14] has been
implemented. The BEM does not require meshing of the
solid region. As described by Rigby and Lepicovsky [15],
the Glenn-HT code has also been extended to solve the
conjugate heat transfer problems by gridding inside the
solid and setting the velocities there to zero. Adami et al.
[16] have upgraded a finite volume CFD solver by coupling
it to a routine solving the Fourier equation in the solid
domain. The code has been tested successfully for a
transonic NGV including film-cooling of the pressure side.

Numerous applications of other conjugate heat transfer
methods, including commercial codes, can be found in
literature. Facchini et al. [17] and Luo and Razinsky [18]
have analyzed the NASA C3X profile by application of
StarCD. A nozzle guide vane of a real engine has been
investigated with the same software by Mazur et al. [19].
Several application of the CFX solver to NASA Mark-II
case and C3X cases are also to be found in literature
[20,21]. Also more realistic or real, fully-cooled examples of
conjugate heat transfer analyses with different solvers can
be found (e.g. [20,22]).

Within the present paper, numerical investigations on
a test configuration for the first stage turbine blade of
an industrial gas turbine have been performed. The
CHTflow solver [23] has been used and the calculations
have been executed before the testing of the configura-
tion started. Based on the numerical results of the initial
cooling design an improvement of the leading edge film-
cooling configuration has been performed. The compar-
ison of experimental results of this design and the
numerical results shows that the conjugate calculation
technology implemented to the CHTflow solver is
applicable to predict the thermal loading with the
necessary accuracy.
2. Test configuration

Kawasaki Heavy Industries (KHI), LTD., has developed
an experimental test configuration of a first stage blade of
an industrial gas turbine. At the blade leading edge, the
configuration consists of three rows of radially inclined
cooling holes (indicated as ‘‘P1’’, ‘‘LE’’ and ‘‘S1’’ in
Figure 1), which are supplied with cooling air by a single
channel. Furthermore, the test configuration includes two
rows of shaped holes, the row ‘‘S2’’ on the suction side and
‘‘P2’’ on the pressure side. They are supplied by further
internal, serpentine shaped cooling channels, indicated as
‘‘II’’ and ‘‘III’’ in Figure 1. For augmentation of the
convective heat transfer, the internal walls of the passages
are equipped with small square ribs. Furthermore, a large
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Ma Mach number

Re Reynolds number

T temperature (unit: K)

Greek letters

Z cooling effectiveness

l thermal conductivity (unit: W/(m �K))

Subscripts

c cooling fluid

h hot gas

in inlet

fl fluid

o stagnation

s solid

w wall
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number of pin-fins are applied to the trailing edge chamber.
The configuration has been analyzed experimentally under
hot gas conditions by KHI at Akashi R&D Center.
Measurement data of the thermal load were obtained by
pyrometer experiments. The conjugate calculations for
the test configuration were done in a blind test case and
the experimental results had not been presented before the
simulation results had been submitted to KHI.
3. Numerical method and models

3.1. Conjugate heat transfer and flow solver
(CHTflow)

For the numerical simulation, the conjugate calculation
technique used in the CHTflow code [23] offers the
opportunity to avoid the use of the film-cooling heat
transfer boundary conditions and allows a direct calcula-
tion of the heat transfer and the wall temperatures. The
code has been developed in the 1990s at the Institute of
Steam and Gas Turbines at RWTH Aachen University,
Figure 1 Film-cooled test blade.
focusing on providing a most sophisticated approach for
the coupled calculation of fluid flows and heat transfer
especially for hot gas components in gas turbines. The
numerical group of the institute developed the homoge-
neous method for the conjugate calculation technique
(CCT). The method involves the direct coupling of the
fluid flow and the solid body using the same discretization
and numerical principle for both zones. This makes it
possible to have an interpolation-free crossing of the heat
fluxes between the neighboring cell faces. Thus, additional
information on the boundary conditions at the blade walls,
such as the distribution of the heat transfer coefficient,
becomes redundant, and the wall temperatures as well as
the temperatures in the blade walls are a direct result of this
simulation.

Basic validation of the code has been published by Bohn
et al. [24,25]. The numerical scheme for the simulation of
the fluid flow and heat transfer works on the basis of an
implicit finite volume method combined with a multi-block
technique. The physical domain is divided into separate
blocks for the fluid and solid body regions. Full, compres-
sible, two- or three-dimensional Navier–Stokes equations
are solved in the fluid blocks. The closure of the Reynolds
averaged equations (RANS) is provided by the Baldwin–
Lomax algebraic eddy-viscosity turbulence [26]. This tur-
bulence model is very robust and calculations also of very
complex geometry usually run very stable. Despite of its
simplicity, the authors have very good experience with the
application of the Baldwin–Lomax turbulence model. The
solver CHTflow has been used for different film-cooling
geometries, which are documented in several publications
(e.g. [27,28]), and the comparison to experimental results
has shown, which phenomena are predicted with reliable
accuracy and which deviations are calculated, if this
turbulence model is applied.

The Fourier equation is solved in the solid body bocks.
Coupling of fluid blocks and solid blocks is achieved via a
common wall temperature, which is determined every
iteration, resulting from the equality of the local heat fluxes
passing through the contacting cell faces:

Tw ¼
ls=lfl
� �

Ts þ Tfl

1þ ls=lfl
� � ð1Þ



Figure 3 Illustration of the blade leading edge model.

Figure 4 Radial distribution of non-dimensional relative total

pressure and temperature at inlet and static pressure at outlet.
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This means that no heat transfer boundary conditions
have to be stipulated on the solid surfaces. This method of
calculating the heat fluxes requires a very high grid
resolution normal to solid body surfaces. In particular,
the numerical grid for the fluid flow calculation should
allow an adequate resolution of the laminar sub layer. The
use of a principally identical formulation and solution of
the energy equation in the solid body blocks as in the fluid
blocks is advantageous for the implementation and stability
of the coupling procedure (homogeneous method).

3.2. Conjugate model for film-cooling configuration

For the conjugate calculation of the leading edge region
of the test blade, a 3-D numerical grid consisting of
approximately 7.0 million hexahedral cells in 255 blocks
has been generated for both investigated configurations.
The numerical grid comprises the complete blade passage,
the radial gap at blade tip with a simplification of the sur-
face inside the squealer, all cooling holes of the three rows
at the leading edge (in total 54 holes), and the leading edge
supply channel. Each cooling hole is discretized with one
H-type block consisting of 1024 cells (16 cells on the
circumference and 16 cells along the hole axis). In radial
direction, the squealer is represented by 14 cells and the
radial gap with 6 cells. This discretization leads to 522
radial cells in the blade passage. All geometry data
represent the hot conditions of the turbine. The ribbed
walls have been modeled as smooth walls.
The two rear cooling channels (supplies II and III in

Figure 2) have been removed in the numerical model
and the solid region is meshed between the leading edge
supply channel (supply I) and the blade passage and
in the vicinity of the supply channel in downstream
direction. Figure 3 shows the meshed region in a cutting
plane close to mid-span of the blade passage.
Figure 2 Internal cooling system of test configuration.
3.3. Boundary conditions

The boundary conditions for the blade passage have
been derived from 2-D streamline curvature calculations.
At the inlet, the relative total pressure, the relative total
temperature and the relative swirl angle have been pre-
scribed. The boundary condition for the outlet is the static
pressure. The radial distributions of the non-dimensional
values are shown in Figure 4. The mass averaged relative
Mach number at the inlet is Main¼0.3779. The inlet
Reynolds number, calculated with the channel height and
the mass averaged axial velocity, is Rein¼581,902. The
ratio of the mean inlet relative total pressure at passage inlet
and supply channel I is 1.27, the ratio of the relative total
temperatures is 0.54.
4. Results

4.1. Leading edge flow structures

From the conjugate calculation results, the cooling
effectiveness distribution and velocity distribution have



Figure 5 Comparison of cooling effectiveness distribution and flow vectors.
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been extracted as an aero-thermal result. Within this
scope, the cooling effectiveness Z is calculated with
stagnation quantities for the hot gas and cooling fluid
temperature. Thus, it is defined as

Z¼
To;h�T

To;h�To;c
ð2Þ

with T as the local (static) temperature, To,h as the mass
averaged stagnation temperature of the main flow in
front of the blade, and To,c as stagnation temperature of
the cooling fluid.

The flow structures in the vicinity of the leading are
analyzed in sections of constant radius at positions of
44% and 75% of the blade passage channel height. In
Figure 5, the cooling effectiveness distribution and the
flow vectors in these sections are shown for the initial
(left-hand side) and the improved (right-hand side)
leading edge cooling configuration. The large arrows
named ‘‘P1’’, ‘‘LE’’ and ‘‘S1’’ indicate the positions and
directions of the radially inclined cooling holes, which
are intersected by the cutting planes.

Regarding the initial configuration, it can be seen that
the positioning especially of the rows ‘‘LE’’ and ‘‘P1’’
has not been fully correct with respect to the stagnation
point at the leading. Due to the high turning of the flow,
the stagnation point has been moved further to the
pressure side than it has been estimated during the
design process. The result of this mismatching of cool-
ing hole positions and stagnation point positions is, that
nearly the entire cooling air leaving from row ‘‘P1’’ is
distributed to the suction side. Thus, in the vicinity of
the leading edge the suction side surface has been cooled
extensively due to the cooling jets from all three holes
protecting the blade surface from hot gas contact,
whereas the pressure side lacks of cooling.

On basis of these numerical results, the positions and
directions of the cooling holes have been rearranged, so
that for the improved configuration the rows ‘‘LE’’ and
‘‘P1’’ are located on both sides of the stagnation point.
However, it also can be seen that the rearrangement of the
row positions leads to a change of the stagnation point
positions. Thus, during the design of leading edge film-
cooling configurations the interaction of cooling flow and
main flow has to be taken into account to find the correct
positions of cooling hole rows. The positions and directions
of the holes of row ‘‘S1’’ have also been changed, so that
the cooling air leaving this row and the row ‘‘LE’’ should
interact to protect the blade surface from hot gas contact.

4.2. Leading edge cooling for improved design

The results of the improved leading edge cooling
design are shown in Figure 6 at six sections of constant
radii at 10%, 26%, 42%, 58%, 74% and 90% of the
channel height. It can be seen that in the sections close
to mid-span (42% and 58%), which is the region with
the highest temperatures in the main flow; the material
is not cooled as efficient as in the other sections. This



Figure 6 Cooling effectiveness distribution in fluid and solid and flow vectors for improved cooling configuration.
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result is also to be found in the experimental results (see
Section 4.4). Although the temperatures do not exceed
the maximum allowable material temperature, a reduc-
tion of the temperature gradient would be preferred.
Thus, an improvement of the cooling design in this
region would be advantageous with respect to the live
time of the blade.
4.3. Interaction of cooling jets for improved design

For the improved leading edge cooling configuration,
the interaction of the cooling jets of the rows ‘‘LE’’ and
‘‘S1’’ is illustrated for the region at blade tip in Figure 7.
The mauve colored streamlines indicate the cooling
air from row ‘‘LE’’ and the cyan colored streamlines
indicate the cooling air from row ‘‘S1’’. The blade
surface in the region of the conjugate wall is colored
with the cooling effectiveness. It can be seen clearly that
the cooling jets from row ‘‘LE’’ cover the blade surface
in between the gaps of the hole exits from row ‘‘S1’’.
Thus, an effective protection of the blade surface from
hot gas contact is achieved.
Moreover, it can be seen that the cooling air leaving
the most top cooling hole from row ‘‘LE’’ is dragged
away from the blade surface. This effect is due to the
interaction with the tip clearance flow and the vortex
generated by this flow. With respect to the film-cooling
performance, it could be considered to move this hole
to a lower position or to remove it from row ‘‘LE’’.
However, the cooling effectiveness distribution at the
blade tip indicates that the convective cooling of this
hole is important to reduce the material temperatures in
this area, so that removing this hole should cause a high
thermal load at the leading edge tip.
4.4. Comparison of numerical and experimental
results

Figure 8 shows the surface cooling effectiveness
distribution of the conjugate calculation in comparison
to the experimental results for the improved leading
edge cooling configuration. In general, a qualitatively
and quantitatively good agreement of the numerical and
the experimental results can be seen.
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Quantitatively, the conjugate calculation results show
slightly higher temperatures than the experimental
results. The major reason for this deviation is the
temperature boundary condition, which is applied to
Figure 7 Cooling effectiveness distribution and streamlines of

rows ‘‘LE’’ and ‘‘S1’’ for the improved cooling configuration.

Figure 8 Surface cooling effectiveness distribution-co
the solid body inside the blade. The mean temperature
in the solid body and the level of the blade surface
temperature is surely affected by the chosen value.
Moreover, the neglecting of the ribs inside the supply
channel and the modeling of the smoothed walls has an
effect on the outer surface temperature distribution. In
comparison to ribbed walls, the smoothed walls show a
lower heat transfer potential. Therefore, the amount of
heat, which is transferred into to the leading edge
support channel, is lower for the conjugate calculation,
and, thus, the surface temperatures are increased in
comparison to the test conditions.

With respect to qualitative comparison, it can be seen
that the radial position of the higher temperature region
in the vicinity of the blade midsection is similar for
the conjugate calculation and the experimental results.
However, this region is located around row ‘‘S1’’ in
numerical results, whereas the measurements indicate
this region between row ‘‘LE’’ and ‘‘P1’’. Thus, com-
pared to experiments the numerical results show a shift
of the higher temperature region towards the suction
side. This deviation should be due to the difficulty to
precisely predict the swirl angle behind the first vane of
a gas turbine and, thus, the chosen inlet boundary
condition might deviate from the test engine conditions.
In the test facility the flow conditions in front of the first
stage blade cannot be analyzed at different radial
positions, so that a validation of the inflow boundary
conditions is not possible.
mparison of experimental and numerical results.
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Regarding the cooling effectiveness distribution at the
blade tip, it can be seen that the experimental results
and the conjugate calculation show a rise of thermal
load. This region usually is one of the critical point of a
cooled turbine blade. The radial gap flow increases the
heat transfer at the tip, the deceleration of the flow near
stagnation point increases the static temperatures of the
hot gas and, additionally, there is some distance to the
next cooling hole, which leads in combination to a
challenging cooling situation. It becomes clear, that due
to its convective cooling effect the tip hole of row ‘‘LE’’
cannot be removed, although the cooling air leaving this
hole is detached from the suction side surface due
to the interaction with the tip clearance flow and vortex.
It could be even advantageous to move it closer to the
blade tip.
5. Conclusions

A leading edge film-cooling configuration for a test
blade of a modern gas turbine has been investigated by
means of numerical conjugate calculation and pyrom-
eter measurement under hot gas conditions. During the
numerical investigation, a mismatching of the stagna-
tion point location and the positioning of the leading
edge cooling holes has been observed. Based on these
results, an improvement of the hole positions has been
performed. This improved configuration has been used
for the experiments.
The comparison of the conjugate calculation results

and the experimental results shows in general a good
agreement, so that it can be stated that the numerical
approach, which has been applied in this analysis, is
useful for the investigation and improvement of leading
edge cooling configurations. Especially, the radial distri-
bution of thermally high loaded regions is in good
agreement. The deviations in the thermal load are mainly
due to uncertainties in the inflow boundary conditions
and the application of a fixed temperature boundary
condition inside the blade. The later has been used, due to
the removing of the rear cooling channels.
The achieved results demonstrate that the conjugate

calculation technique is applicable for reasonable prediction
of three-dimensional thermal load of complex cooling
configurations for blades and that based on such analyses
an improvement of cooling configuration is possible.
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