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Abstract Determination of reference temperature and heat transfer coefficient in
case of three temperature problems such as film cooling is one of the fundamental
tasks in the design of gas turbines. In the present work, a two-dimensional numerical
simulation is carried out for flat surfacewith 35° angle of injection from slot in case of
filmcooling problem.The reference temperature,which is represented as filmcooling
effectiveness, and heat transfer coefficient on the flat surface for different blowing
ratio are studied. Heat transfer coefficient obtained from the present simulation is
compared with the experimental results from the literature and found to be matching
at lower blowing ratios. Turbulence intensity is found to a major contributor in
enhancing the heat transfer coefficient. There is an increase in heat transfer with the
blowing ratio due to increased turbulence intensity is observed.
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1 Introduction

The efficiencyof gas turbine enginesmainly depends upon the temperature of the inlet
hot gas. But there is a limitation on the inlet temperature due to the thermal stresses
developed in turbine blades. So blades are cooled by taking a part of compressed air
and passing them from inside of the blade surface and ejecting out through small
holes into the mainstream. The coolant air coming out from the blade surface will
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create a layer of low-temperature fluid which is a well-established technique known
as film cooling.

Major parameters which affect the performance of film cooling are blowing ratio,
density ratio, injection angle, hole geometry, turbulence intensity, and mainstream
Reynolds number. These parameters are studied on flat surfaces with jet injecting at
certain angles to the surface. The experimental work on flat surface film cooling was
done by many researchers. Experiments on film cooling have been conducted by [1]
from circular holes and later [2] reported heat transfer study. Effect of boundary layer
thickness, Reynolds number and free stream turbulence intensity on film cooling is
reported by [3, 4] conducted experiment and numerical study.

With the development of different computational techniques and turbulence mod-
els, the effort involved in the analysis of the film cooling has reduced. A three-
dimensional numerical studies on film cooling was conducted by [5].

Studies are reported on slot jet film cooling by [6, 7], where the secondary air was
injected at different angles through a rectangular slot on a flat surface.A2Dnumerical
simulation of film cooling was carried out by [8, 9]. Numerical and experimental
work with various slot angles was performed by [10] and they found that for jet
angle larger than 40°, the formation of a recirculation bubble in the downstream
of jet. They concluded that the optimum value for the injection angle lies between
30° and 40° to the mainstream. Recently the study of [8] was extended by [11] and
conducted numerical investigation for two different Reynolds number with density
ratio varying from 1.1 to 5 and blowing ratios of 1–3. They suggested a relation that
yields an optimum film cooling effectiveness based on velocity ratio which is nearly
equal to sine of the angle of injection.

Even though there are numerouswork in the area of film cooling still there is a lack
of fundamental understanding on the physics of the fluid behaviour.Many researchers
reported on film cooling effectiveness but a few study have been conducted on the
heat transfer between the fluid and the surface.

In the present work, a two-dimensional numerical study on a flat surface film
cooling is conducted using a commercial simulation software,ANSYSFLUENT.The
film cooling effectiveness and the heat transfer coefficient is computed for different
blowing ratios. Heat transfer coefficient is compared with the experimental results
available in the literature. Effect of turbulence level on the variation of heat transfer
coefficient is discussed.

2 Problem Formulation and Boundary Conditions

The domain for computational study in the present work is shown in Fig. 1. The
geometrical dimensions for the domain are considered based on the work of [5]. The
secondary fluid is made to enter through the slot of widthD, into themainstreamwith
an angle of 35° to the surface. The value of D is considered as 5 mm in the present
study. The grid required for the computational domain is generated using ANSYS
ICEM with non-uniform structured grid, as shown in Fig. 2. Capturing the turbulent
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Fig. 1 Geometry of the flow domain considered for the present study

Fig. 2 A structured mesh generated with zoomed view near the mixing region of fluids

boundary layer needs very fine grid size near the wall with a y+ value close to unity.
The zoomed view in Fig. 2 shows the formation of very fine grid near the wall.

Air is used as working fluid in the present simulation and the solution domain is
considered as a 2D, steady, incompressible and turbulent flow. The governing equa-
tions solved for continuity, momentum and energy conservation and the Reynolds
stress for turbulence are modeled by using Realizable k-ε turbulence model. Second-
order upwind interpolation scheme is used for the discretization and equations are
solved by using SIMPLE algorithm procedure.

In this study, the velocity and temperature are specified at the inlet of mainstream
and outlet is considered as constant zero gauge pressure. The secondary flow is
introduced as mass flow inlet into the plenum. A uniform velocity of 20 m/s with a
temperature of 300 K is mentioned at the inlet of both primary and the secondary.
Turbulence intensity is given 2% with length scale as 1/10th of the inlet extent as
mentioned in [5]. Other boundaries are considered as wall and the turbulence scalars
are solved by using enhanced wall treatment near wall boundaries.
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3 Result and Discussions

3.1 Heat Transfer Coefficient

The heat transfer coefficient is calculated as

h � q ′′

(Tw − T∞)
(1)

where q′′ is the heat flux applied on the wall surface and Tw is the computed wall
temperature. While calculating the heat transfer coefficient, the temperature of the
mainstream and the secondary fluid is maintained equal and is denoted as T∞. In
the case where temperature of primary and secondary flows are different, the fluid
temperature has to be replaced by the corresponding reference temperature.

Heat transfer coefficient is represented in terms of ratio of heat transfer coefficient
with film cooling to the without film cooling. Figure 3a, b shows the distribution of
heat transfer coefficient for flat surface in the downstream direction of injection for
blowing ratios of 0.5 and 1.0, respectively. Also, the results are compared with the
experimental results of [2] for the case of film cooling through circular holes. When
the blowing ratio is very low, the heat transfer is not greatly affected due to the
secondary injection. As shown in Fig. 3a, the heat transfer coefficient is nearly equal
to with that of without film cooling. The comparison of the present simulation with
the experimental result of three-dimensional film cooling shows similar behaviour.
In the region immediately downstream of injection, there is a slight decrease in the
heat transfer can be observed in both experimental as well as numerical results. The
addition of mass flux into the boundary layer results in decreasing the heat transfer
near to the injection region, but in the far downstream this effect will disappear
making the ratio equal to 1.

In Fig. 3b, a slight decrease in the heat transfer can be observed near the jet exit
in the experimental result of [2], but in the present simulation, there is an increase
in heat transfer to 1.3 times that of without injection. The reason may be attributed
to the spreading of the jet in lateral direction will reduce the velocity of the jet and
hence heat transfer would be less.

A comparison of heat transfer coefficient obtained from the present simulation for
blowing ratio from 0.5 to 2.0 is shown in Fig. 4. When the blowing ratio is below 1.0,
there is a small increase in heat transfer coefficient in the immediate downstream of
injection is observed. But at higher blowing ratio, there is significant increase in the
heat transfer coefficient is noted compared to the case without injection. Not only
near the jet exit but in the far downstream but also heat transfer has increased to
almost 1.6–1.8 times higher than that of without injection.
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Fig. 3 Heat transfer
coefficient distribution along
the flat surface form the
injection point
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Fig. 4 Comparison of heat
transfer coefficient for
different blowing ratios
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3.2 Turbulence Intensity

One of the major reasons behind the increase in heat transfer coefficient is due to
turbulence created at the mixing region. Increase in the blowing ratio will increase
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(a) M= 0.5

(b) M= 1.0

(c) M= 1.5

(d) M= 2.0

Fig. 5 Turbulence level in the region of interaction of two streams for different blowing ratios

the turbulence due to increased velocity of secondary fluid. And hence heat transfer
increases. Figure 5a–d shows the distribution of turbulence intensity in the region of
interaction of the two fluid streams for blowing ratios of 0.5, 1.0, 1.5 and 2.0. The
turbulence intensity at the free stream is given as 2%. Increased turbulence level is
observed at the jet exit and in the immediate downstream region of the flow near the
surface.

When the blowing ratio is at 0.5, a slight increase in the turbulence level of
12–14% is observed and it has covered a very small region as shown in Fig. 5a.
Since the addition of coolant fluid will reduce the temperature of the boundary layer,
at lower blowing ratio, there is a decrease in heat transfer coefficient is identified as
shown in Fig. 3a. As the blowing ratio is increased to 1.0, turbulence intensity is also
increased to 20–22%. When the blowing ratio is increased to 1.5 and 2.0, there is a
drastic increase in the turbulence level is identified and is greater than 30 and 40%,
respectively. When Figs. 4 and 5 are compared, it can be clearly observed that as
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the turbulence intensity is increased, there is an increase in heat transfer coefficient.
This increased turbulence level can be attributed to the increase in the blowing ratio.

4 Conclusion

A two-dimensional numerical simulation is carried out for film cooling on flat surface
with inclined slot of 35° angle of injection. The film cooling effectiveness and the heat
transfer coefficient are investigated for different blowing ratios and results for heat
transfer coefficient are compared with the experimental results from the literature.
Following conclusions were made from the present study,

• The heat transfer coefficient computed form two-dimensional analysis matches
with the experimental results only at lower blowing ratios.

• At higher blowing ratios there is a significant increase in heat transfer coefficient
than the experimental results.

• Primary reason behind the increase of heat transfer coefficient is due to increased
turbulence intensity at the mixing region of two fluids.

• Increase in the secondary flow velocity induces turbulence in the flow.
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