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Abstract. This paper presents the investigation on the effects of the blowing ratio of multiple shallow
angle film cooling holes. Multiple film cooling holes having a shallow hole angle (θ = 20°), arranged
to perform in-line hole configuration has been considered in the present study. The investigation
focuses on the effects of high blowing ratio of the film cooling effectiveness which have been carried
out at ReD = 3100 and BR = 2.0, 3.0 and 4.0. The experiments make use of the IR camera in capturing
the surface temperature to determine the film cooling effectiveness. The contours of the film cooling
effectiveness distribution together with plots on laterally average film cooling effectiveness along the
x/D are presented. The discussions have been made with a support of the temperature field captured at
x/D = 3, 13, 23, and 33. The results clearly show the benefit of the employment of shallow hole angle
(θ = 20°) at high blowing ratio which is much more superior in comparison to the common hole
configuration (θ = 35°).
Introduction
Film cooling is the introduction of secondary fluid (coolant) at one or more discrete locations along
a surface exposed to a high temperature environment to protect that surface not only in the immediate
region of injection but also in the downstream region [1]. The secondary fluids protect the surface by
performing a coolant buffer layer avoiding the surface to have direct contact with the hot gases;
reducing the heat load to the turbine surfaces. The technologies have been the primary focus of turbine
cooling research for the past half century with enormous researches have been which can be found in
Han et al. [2] and Bunker [3]. Alternation either on the cooling hole geometries or arrangements can
be made to improve film cooling effectiveness. Early investigation [4, 5] indicates having inclined
cooling hole provide better film cooling effectiveness coverage in comparison to the wall
perpendicular cooling hole with the expectation of better film cooling effectiveness coverage can be
achieved at a shallower hole angle. Ligrani et. al [5] and Gustafsson et. al [6] also highlighted the
benefit of having multiple film cooling holes arranged in staggered and in-line pattern respectively.
Recently, Kamil et. al [7] have reported the benefit of having shallow hole angle (θ = 20°) in a
multiple cooling hole configuration. It has been observed that shallow hole angle provide superior
film cooling effectiveness coverage at high blowing ratio, BR = 1.0 and 2.0 in comparison to the
common film cooling hole configuration having θ = 35°. In the other paper, Kamil et. al [8] have also
made a comparison on the flowfield downstream of the cooling hole between the θ = 20° and 35° at
BR = 1.0 and 2.0. The presented flow field shows that the lift-off effect prompted by the formation of
the kidney vortices is superior in the case of 35° hole angle in comparison to the 20° case. The lift-off
effect will enhance the entrainment of the mainstream air which will be transported to the wall and
blend together with the nearest wall secondary air deterring the film cooling effect on the surface.
Previous research [12] concluded that higher jet momentum exiting the cooling hole at a higher
blowing ratio will lead to deeper penetration of the secondary air into the mainstream air thus causing
the kidney vortices to be lifted away from the wall. The lifted kidney vortices will create a low
velocity air pocket which will enhance the transportation of the entrained mainstream air to the wall
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which will further deter the film cooling effectiveness. In comparison with the 20° hole angle, the
penetration of the secondary air has been retarded by the hole angle itself creating smaller low velocity
air pocket and disallow excessive entrained mainstream air to be transported to the wall thus allowing
better film cooling effectiveness even at a higher blowing ratio.
Relatively few studies have been made on film cooling involving blowing ratio higher than 2.0
because in terms of industrial practice, the lower the blowing ratio is the better. However, there are
several parts in the gas turbine where the employment of higher blowing ratio is necessary, for
example inside the combustion liner. Practically, combustion liner will be operated at relatively very
low velocity in comparison to the turbine but still having relatively the same operating temperature. In
such cases, excessive amount of secondary air is required to ensure the part sustainability during the
operation. This paper aims to investigate the effects of blowing ratio on the multiple shallow angle
film cooling holes at higher blowing ratios as an extension of the efforts of Kamil et. al [7, 8]. For this
purpose, this study adopts multiple shallow hole angle, 20° performing in-line hole configuration. The
investigation is carried out at the single Reynolds number base on the hole diameter involving three
blowing ratios, BR = 2.0, 3.0 and 4.0. The heat transfer characteristics are presented in terms of film
cooling effectiveness on the wall and a dimensionless temperature field downstream of the cooling
holes.
Experimental Facilities and Procedures
The experiments presented in this paper have been carried out at Iwate University, Japan. Fig. 1
shows the experimental setup involved in the present study. The facility consists of a wind tunnel used
to supply the mainstream air with a separate blower to supply the secondary flows which are heated to
provide the cooling effect during the measurements. The test duct cross section was designed to have
450mm width and 280mm height with a sharp upstream edge to recreate the boundary layer inside the
test section. Test model that has been considered will be referred to as TMA later on this paper. Total
of twenty cooling holes arranged to perform a five times four matrix as shown in Fig. 2. The figure
also shows the non-dimensional configuration of the test model with the cooling holes applied is a
conventional cylindrical hole with an inclination to the main flow direction at hole angle, θ = 20˚. The
cooling holes are separated in lateral direction at Pz = 6D and in the streamwise direction at Px = 10D
with a hole diameter set to be at D = 7mm. The thickness of the test model was designed to provide the
hole length to diameter ratio, l/D = 6 with the hole diameter set to be at D = 7mm. The inner surface of
the test model was coated with black paint to emulate a black body for the purpose of IR camera
measurements.

Fig. 1 Experimental setup film cooling
effectiveness measurement

Fig. 2 Details of the test model; TMA
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The test models were made from acrylic plates with thermal conductivity of 0.19 [W.m-1.K-1].
Insulation layer of polyurethane foam with thermal conductivity, k = 0.03 [W.m-1.K-1] have been
fixed on the back of the test model to reduce the heat transfer from secondary air chamber to the test
model. For the purpose of IR camera measurement, a window has been made on the front plate of the
test duct. The window was covered with a glass made of zinc selenide (ZnSe) to allow the
transmission of the infrared wavelength emitted by the test model during the measurement. The
secondary air was set to have 20K higher than that of the main stream temperature. The measurement
lasted for three minutes to enable steady state analyses of film cooling effectiveness. The IR camera
engaged was a NEC/Avio H2640 with maximum recording capability of 30 frames per second and
operated in a long-wavelength infrared band with a spectral range from 8 to 13µm. Thermocouple was
placed on the test model to provide temperature data for the calibration purpose which was used to
estimate the emissivity of the test surface similar to the previous studies conducted by Ekkad et. al [9].
More detail discussion on the thermography can be found in Tropea et al. [10] and Sargent et al. [11].
The corrected temperature is used to determine the film cooling effectiveness. To further improve the
adiabatic film cooling effectiveness prediction accuracy, finite element analyses have been conducted
to predict the heat conduction effects on the test model which later been eliminated from the measured
data from the experiments. For capturing the temperature field, a set of thermocouples has been
mounted to the traverse system to measure the temperature field at four locations, x/D = 3, 13, 23 and
33as be shown by Fig. 3. Experiments were conducted at targeted Reynolds number base on the hole
diameter, ReD = 3100 at three different blowing ratios, BR = 2.0, 3.0 and 4.0 for the film cooling
effectiveness and only at BR = 2.0 and 4.0 for the temperature field measurements. The defination of
BR is given by Eq. 1.
BR =

η=

ρ cU c
ρ ∞U ∞

T∞ − Tw
T∞ − Tc

(1)
(2)

Details of the experimental conditions are given in Table 1. The mainstream velocity is set
match the targeted ReD = 32,000 with uncertainaty of ±1.2m/s. The mainstream temperature
uncertainty was recorded to be at ±2.1K with the secondary air temperature uncertainty recorded to be
at ±1.0K while the wall temperature recorded by the IR camera is having the uncertainty of ±2.0K.
The film cooling effectiveness and the dimensionless temperature used to represent the of adiabatic
film cooling effectiveness and the temperature field presented is given by Eq. 2, where Tw, T∞ and Tc
are the wall temperature, mainstream temperature and secondary air temperature, respectively. T∞ and
Tc were measured directly by thermocouples while the wall temperature, Tw was measured by IR
camera.

Fig. 3 Details of temperature field
measurement locations

Fig. 4 Film cooling effectiveness distribution
at BR = 2.0, 3.0 and 4.0
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Table 1: Details on the experimental conditions

Results and Discussions
Fig. 4 shows contour plots of film cooling effectiveness for TMA at all blowing ratios. The results
shown three in-line holes covering –7.5 ≤ z/D ≤ 7.5 laterally and 0 ≤ x/D ≤ 50 in the main flow
direction. The figure shows the increase of the film cooling coverage along the x/D direction at all
blowing ratios; BR = 2.0, 3.0, and 4.0. The wider coverage of film cooling effectiveness downstream
of the cooling holes starting form the second row is due to the in-line hole arrangement employed in
the present study. The arrangement causing the superposition effects to take place downstream of the
second row cooling hole onwards. As the secondary air of the upstream row is not yet totally
dissipated into the mainstream, it will be combined with the newly introduced secondary air from the
downstream rows, thus having greater cooling capability. The same observation and interpretation of
the superposition effects were made by the previous researchers [6, 7]. Fig. 4 also shows that the
increase in the blowing ratio which commonly leads to the decrease of the film cooling effectiveness
[12, 13] cannot be observed in TMA. In the case of 35° hole angle, higher jet momentum exiting the
cooling hole at a higher blowing ratio will lead to deeper penetration of the secondary air into the
mainstream air thus causing the kidney vortices to be lifted away from the wall which will enhance the
transportation of the entrained mainstream air to the wall which will further deter the film cooling
effectiveness. In comparison with the 20° hole angle, the penetration of the secondary air has been
retarded by the hole angle itself avoiding the kidney vortices to be lifted away from the wall thus
disallow excessive entrained mainstream air to be transported to the wall resulting better film cooling
effectiveness even at high blowing ratio.
In comparison between the blowing ratios, better film cooling coverage can be observed after the
second row (x/D ≥ 20) at a higher blowing ratio. With regard to the superposition effect, greater
secondary mass flow at a higher blowing ratio is to add to the superposition effects producing wider
film cooling coverage. Such phenomenon can be addressed in the temperature field shown in Fig. 5
and Fig. 6. Wider area of dimensionless temperature at BR = 4.0 in comparison to BR = 2.0 at all
locations represent the effects of the blowing ratio on the temperature field downstream of the cooling
holes. The growth of the dimensionless temperature region at x/D = 13, 23, and 33 should explain the
existence of the superposition effects with the widest coverage of dimensionless temperature observe
in Fig. 4 should directly reflect the better film cooling effectiveness coverage observed in Fig. 4. Fig.
6 also indicates the occurrence of interaction between the neighboring secondary airs which have been
documented by Kamil et. al. [7], although such phenomenon has been reported in the case of cooling
hole lateral distance, Pz = 3D at BR = 2.0. As the present study involving high blowing ratio cases, the
interaction between the neighboring secondary airs could happen even at a hole lateral distance, Pz =
6D. The interaction between the neighboring secondary airs which can be observed clearly in Fig. 6 at
x/D = 33 should explain the development of the full coverage film cooling effectiveness region
downstream of row four (x/D ≥ 30) in Fig. 4, particularly in the case BR = 3.0 and 4.0.
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Fig. 5 Temperature field for BR = 2.0
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Fig. 6 Temperature field for BR = 4.0

Fig. 7 Laterally average film cooling effectiveness for TMA at BR = 2.0, 3.0 and 4.0.
Fig. 7 shows the comparison of laterally averaged film cooling effectiveness at BR = 2.0, 3.0 and
4.0 along the x/D distance. The average value is determined over one pitch distance –3.0 ≤ z/D ≤ 3.0.
The superposition effects can be observed from the increase of laterally average film cooling
effectiveness downstream of row two onwards (x/D ≥ 20) at all blowing ratios which is more
observable at BR = 3.0 and 4.0. The superposition effects can also be clarified from the results of
temperature field contour in Fig. 6. The phenomenon (interaction between the neighboring secondary
air flows) results in a full film cooling effectiveness coverage downstream of row 4 (x/D ≥ 30) which
is superior at BR = 4.0 in comparison with the lower blowing ratio cases. This superiority can be
directly related to the amount of secondary airs ejected at a given ratio which is higher at BR = 4.0.
Conclusion
Investigation focusing on high blowing ratios on multiple shallow angle film cooling holes has
been presented. A test model having multiple cylindrical cooling holes in the shallow hole angle (θ =
20°) have been considered. The cooling holes having the diameter, D = 7mm were arranged to
perform an in-line arrangement with lateral pitch distance, Pz = 6D and stream wise pitch distance, Px
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= 10D. The investigations have been carried out at ReD = 3100 at three different blowing ratios, BR =
2.0, 3.0 and 4.0. IR camera has been used in the determination of film cooling effectiveness which
supported by the temperature field captured downstream of each row of the cooling holes. The results
show the superior superposition effects at a higher blowing ratio which lead to a better film cooling
effectiveness downstream of the row two cooling holes onwards. The results also show that at a
higher blowing ratio (BR = 3.0 and 4.0), the interaction between the neighboring secondary airs lead
to a full coverage film cooling effectiveness downstream of the fourth row which confirmed by the
temperature field captured at x/D = 33 at BR = 4.0. In general, the present study has successfully
provided additional information on the shallow hole angle (θ = 20°) capability to perform at high
blowing ratio that is proving much more superior in comparison to the common hole angle (θ = 35°) .
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