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ABSTRACT
This paper presents experimental and numerical investigations
of a multiple cooling holes. The investigations involved the aerodynamics and the thermal aspects of shallow hole angle at Reynolds number base on the cooling hole diameter, ReD = 6200 and a
single blowing ratio, BR = 2.0. Total of twenty cylindrical holes
have been arranged in-line to form a five times for matrix. The
experimental investigations involved the usage of IR camera for
capturing the surface temperature in the thermal investigations and
3D-LDV for capturing the flow field in the aerodynamics investigations. The CFD investigations are carried out by ANSYS CFX
ver.12 make used of unsteady Reynolds average Navier Stokes
analyses with the employment of shear stress transports turbulent
model. Comparison between the experimental and the CFD results
were made on the streamwise velocity distribution on YZ plane at
various x/D locations to validate the predicted results of CFD. In
addition, the present paper make exploit of the CFD results to
describe various of the aero-thermal phenomenon associated to
film cooling such as; formation of counter rotating vortex pairs,
entrainment of the mainstream air, the merging of vortex in the
TMA, the vortex deflection in the TMG and the development of
the thermal field throughout the cooling hole area.

available literatures (Goldstein et al., 1968, 1970), the paper highlights the superiority of inclined and shaped film cooling in comparison to perpendicular holes. As for the inclined film cooling
hole, the superiority is contributed by the ability of the secondary
air to remain attached to the surface downstream of the cooling
hole. On top of that, the shape film cooling hole provides better
film cooling effectiveness due to the lateral coolant diffusivity.
The same observation has been made by other researchers with
further reduction on the hole angle expected to produce better film
cooling performance. Jubran and Brown (1985) and Ligrani
(1994a, 1994b) presented film cooling effectiveness of a multiple
row cooling holes at different arrangement patterns. It was concluded that the two row cooling holes can significantly increase
the laterally average cooling effectiveness either arranged in-line
or staggered with the latter producing superior results. As for the
in-line arrangement, superposition effects result-in better film
cooling effectiveness downstream of the second row holes and
beyond. Meanwhile, wider film cooling coverage downstream of
the second row in staggered hole arrangement similarly led to the
improvement on the film cooling effectiveness. In addition, full
coverage film cooling effectiveness could be observed at small
cooling holes lateral pith distance.
Despite the vast available literatures on the thermal aspect of
film cooling, only little has been presented dealing with high resolution aerodynamics measurements. In the early investigations
by Andreopoulus and Rodi (1984), Subramaniam et al. (1992) and
Pietrzyk et al. (1989), the kidney vortices have been identified
empirically by through utilization of multiple holes probes. The
existence of the vortices as the prominent flow structure downstream of film cooling hole help to entrains the mainstream fluid
and transports it towards the surface which deters the film cooling
coverage downstream of the cooling holes. Later, laser base
measurement instruments namely Particle Image Velocimetry
(PIV) and Laser Doppler Velocimetry (LDV) have been utilized to
provide high resolution flowfield. To name few of available literatures utilizing the laser system are Thole et al. (1996), Wrigth
et al. (2010), Kampe et al. (2011) and Kamil et al. (2012). Kampe
et al. (2011) presented a complete study covering both the thermal
and the aerodynamics aspects of diffuser shape film cooling holes.
The thermal measurements have been made by IR camera while
both PIV and LDV have been used in the aerodynamics measurements. The paper also presented CFD results of the considered
experimental condition. The paper provides inclusive reviews of
the diffuser shape film cooling holes. Meanwhile, Kamil et al.
(2012) presented an experimental investigation on multiple shallow cooling holes; hole angle at 20°. Both the aerodynamics and
the thermal aspects have been presented. IR camera has been utilized to measure the film cooling effectiveness and 3D-LDV sys-

INTRODUCTION
Gas turbine engines have advanced tremendously over the past
half century. Most of the modern gas turbines are now operating at
extremely high turbine inlet temperature (TIT) which far surpasses
the melting temperature of the turbine components material.
Higher TIT can unswervingly improve the thermal efficiency of a
gas turbine. Sophisticated cooling scheme is required to help protecting the turbine components from thermal failure including film
cooling. “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,” (Goldstein et al., 1971). The injected cold air will form a
buffer layer of relatively cool air between the surface and the hot
gases contained within the turbine flow path. Latest reviews on the
film cooling technology developments have been made by Bunker
(2009); covering almost of all the available technologies on film
cooling. The paper also includes suggestion on the future direction
of the film cooling technologies.
A large number of experimental investigations dealing with
both the aerodynamics and the thermal aspects of film cooling
were published in past half century but only few will be highlighted here. In relation to the thermal aspects of film cooling,
general review on flat plate surface film cooling studies prior to
1971 has been given by Goldstein et al. (1971). Base on the prior
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tem has been use to provides the flow characteristics downstream
of the cooling holes. Comprehensive aerodynamics characteristics
downstream of the cooling holes were presented by Kamil et al.
(2011) including contours of all velocities components, velocities
root mean square and Reynolds stress tensors which are very
valuable to validate the CFD predictions.
The study presented in this paper focuses on extending the
understanding of the aero-thermal interaction presented by Kamil
et al. (2012) through the usage of computational fluid dynamics
(CFD). This paper deals with multiple cooling holes with two
types of in-line configurations having a very shallow hole angle at
20 degree. Comparison between the experimental results and CFD
results are made for validation before further explorations of the
CFD domains were made to improve the understanding of the
aero-thermal interactions of the present study.

Test Model
Two test models have been considered in this paper namely
Test Model A, and Test Model G which will later referred as TMA,
and TMG respectively in the writing of this paper. The test models
have twenty cooling holes arranged in five times four matrix as
shown in Figure 1. The figure also shows the common
non-dimensional configuration of the hole for both, thermal and
aerodynamics studies. The cooling hole applied was a cylindrical
hole with inclination to the main flow direction at hole angle, θ =
20˚. The cooling hole is separated in lateral direction, Pz = 6D
distance for TMA and at Pz = 3D distance for TMG. The hole
diameters for the thermal and aerodynamics studies are set to be at
7mm and 10mm, respectively. The thickness of the test plate was
designed to provide the hole length to diameter ratio, l/D = 6. The
test models were made from acrylic plate with the manufacturing
precision of ±0.1mm. The inner surface of the test models were
coated with black paint to emulate a black body in the thermal
measurements and to reduce the surrounding noise during the
aerodynamics measurements caused by laser reflection.

EXPERIMENTAL SETUP
The experiments discussed in this paper involve two different
experimental setups at Iwate University, Japan with each for the
thermal and aerodynamic measurements. As both of these setups
involved two different wind tunnels, two different experimental
setups have been constructed. To make these thermal and aerodynamics results complementary to each other, the test model have
been designed to have the same non-dimensional configuration,
which will be further discussed in the next section. Experiments
were conducted at targeted Reynolds number base on the hole
diameter, ReD = 6200 at blowing ratio, BR = 2.0. Details of the
experimental condition are given in Table 1.
Table 1: Details on the experimental conditions
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Figure 2: The thermal experimental setup
Figure 2 shows the experimental setup for thermal investigation involved in the present study. The facility consists of a wind
tunnel supplying the mainstream air with separate blower to for
the secondary air. 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. The test models
were made from acrylic plate with thermal conductivity of 0.19
W.m-1K-1 with the cooling hole diameter of 7mm. Insulation
layer of polyurethane foam with thermal conductivity, k = 0.03
[W.m-1.K-1] have been fix at 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 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 (2009). More details discussion
on the thermography can be found in Tropea et al. (2007) and
Sargent et al. (1998). The corrected temperature is use to determine the film cooling effectiveness. To further improve the adia-
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Figure 1: Details of the test model
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batic 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 by the experiments.
The performance of a film cooling technique was evaluated by
means of adiabatic film cooling effectiveness as been given by Eq.
(1). Tw, T∞ and Tc are the corrected wall temperature, mainstream
temperature and secondary air temperature respectively. T∞ and Tc
were measured by thermocouples during the measurement while
the initial wall temperature, Tw was measured by infrared camera.
Thermocouple has been placed on the wall surface to provide the
actual surface temperatures during the measurements period. These temperatures are used to determine the temperature correction
factor for each frame of the wall temperature captured by the infrared camera [25]. The corrected temperature is use to determine
the film cooling effectiveness. To further improve the measured
film cooling effectiveness, finite analyses have been carried out to
predict the heat conduction effects on the measurement surface
which later eliminated from the data. The measurement lasted for
three minutes to enable steady state analyses of film cooling effectiveness.

uniformity of the seeding particle distribution was ensured
through the data rate distribution on the measurement plane during
the preliminary measurement. The plane size was also decided
base on the preliminary measurement results with intention of
avoiding insignificant area to be involved in the actual measurement. The numbers of counts involved during the measurement
was set to be at minimum 750 counts, while almost all the considered measurement points recorded the counts value above 1000
counts. The measurement grid size applied on the plane was set to
be at 2mm times 2mm which been proved to be small enough to
capture the flow details through the preliminary measurement.
Four measurement plane have been considered at x/D = 07, 17, 27
and 37 as been shown in Figure 4.
Measurement Uncertainties
The mainstream temperature uncertainty of the thermal measurement was recorded to be at 0.25% or ±2.1K with the secondary
air temperature uncertainty recorded to be at 0.17% equivalent to
±1K. The wall temperature is recorded by the IR camera with the
uncertainty of 0.38% equivalent to ±2K. Base on Moffat et. al.
(1982), the film cooling effectiveness uncertainty is predicted at
10%.
For the aerodynamics measurements, the measurement uncertainties are mainly on the LDV velocity measurement itself. Based
on 95% confidence interval, the uncertainty of the freestream velocity is calculated to be at 1.4 %, while the maximum velocity
uncertainty inside the shear layer is recorded to be at 5.6%. Elsewhere, the positioning uncertainty of the LDV probe volume with
respect to the hole position for all axis were at Δx = ±0.01 mm, Δy
= ±0.01 mm and Δz = ±0.01 mm.

(1)
Aerodynamics Investigation

Figure 3: The aerodynamics experimental setup

Figure 4: Aerodynamics measurement planes

The aerodynamics investigations presented in this paper have
been done in large-scale wind tunnel. The mainstream air was
supplied to the test duct via flow straighteners, contraction nozzle
and transition duct. The test duct size at 620mm x 260mm inlet
dimension with 1550mm length. The inlet turbulent intensity of
the experimental setup was determine by hot wire measurement at
0.59% with the boundary layer thickness approaching first film
cooling row at y/D = 1. The view of the test duct together with the
position of the laser probe involved in the measurement is shown
in Figure 3. The secondary air was supplied through a separate
blower equipped with a laminar flow meter before entering the
secondary air chamber and being introduced into the mainstream
flow through the cooling hole.
A three-component Laser Doppler Velocimeter (LDV) with
coincident measurement method was used to capture the velocity
fields. The LDV system engaged includes 85mm fiber optic probe,
Dantec’s BS F60 Processor and 3-D Traversing System supply by
Dantec. Both the mainstream and the secondary air were seeded
with particles produced by the SAFEX Fog Generator with average droplet size diameter of 1.545µm. A fog tank was used to
enable continuous supply of the fog during the experiments. The

CFD SETUP

Figure 5: Computational Domain for CFD Analysis

-3-

on YZ Plane for TMA
Figure 5 shows the computational domain involved in the
present study together with the designated boundary conditions.
The computational domain involves in-line holes representing the
center line holes of the experimental test model. The width of the
computational domain is set to matched lateral hole pitch, Pz = 6D
and 3D for TMA and TMG respectively. The mesh involved is
unstructured meshes generated through ANSYS ICEM CFD ver.
12. Mesh dependency test has been carried out with the final mesh
configuration of TMA and TMG consists of approximately 12
million and 8 million elements respectively with prism layers were
applied at the near wall region. The first node distance from the
wall is set to meet y+ value of unity at 0.001mm.
All the walls were treated as adiabatic, no slips walls. The inlet temperatures (mainstream and secondary air), velocity and
turbulent intensity were set as the experimental value. The mass
flowrate of the secondary air were taken from adjusted experimental value to represent the given blowing ratio of four holes
employed on the computational models. A low turbulent intensity
of 1% was assumed for the flow at the plenum inlet. The simulations were carried out by ANSYS CFX ver. 12 involving unsteady
Reynolds Average Navier Stokes (u-RANS) analyses with the
employment of shear stress transport (SST) turbulent model. Solution were considered converge when root mean square (RMS)
residuals of each transport quantity (mass, momentum, turbulent
kinetic energy and heat transfer) had decreased by at least four
order of magnitude and remained approximately constants for at
least 1000 iterations.
RESULTS AND DISCUSSIONS
In this section a comparison of experimental results with
computational simulations is presented for TMA and TMG. Both
geometries feature a shallow hole angle, θ = 20° with lateral pitch
distance, Pz = 6D and 3D for TMA and TMG respectively. All
experiments and the corresponding simulations were performed at
targeted ReD = 6,200 and BR = 2.0.

Figure 6: Normalized Streamwise Velocity
on YZ Plane for TMG
Test Model A (θ = 20°, Pz = 6D)
Figure 6 shows the distribution of streamwise velocity on YZ
plane at x/D = 03, 13, 23, 30, and 37 for TMA at BR = 2.0. The left
column and the right column represent the experimental and
computational results respectively. The contour shows the normalized streamwise velocity which referred to the freestream velocity measured during the experiments. The comparison between
the experimental results (left column) and the experimental results
(right column) shows a good qualitative agreement. However, the
heterogeneous of the velocity field which can be observed in the
experimental results could not be modeled perfectly by the CFD.
The higher velocity region shown in Figure 6 should represent the
secondary air exiting the cooling hole in comparison to the mainstream velocity which can also be associated to the high shear
region. It can be observed in Figure 6, the higher velocity region
captured in the experiment is concentrated at the plane center for
the experimental results in comparison to the CFD results. The
velocity distribution of the CFD shows a wider lateral and vertical
expansion of the secondary air which suggest that the CFD cannot
over predicting the dissipation and the expansion of the jet exiting
the cooling hole. However, the CFD can still predict the superposition effect of the inline holes arrangement found in TMA. The
higher dissipation rate of the secondary air into the mainstream air
also been shown in the velocity distribution at x/D = 30. The CFD
result shows the mixing of the incoming upstream secondary air
with the one introduced by the downstream cooling hole which is
contradict with the experimental result where the entity of the
incoming and the newly introduced secondary still can be clearly
observed in the result.
Test Model G (θ = 20°, Pz = 6D)
Figure 7 shows the distribution of streamwise velocity for
TMG at BR = 2.0. Similarly, the left column and the right column
represent the experimental and computational results respectively
with the normalized streamwise velocity were referred to the

Figure 6: Normalized Streamwise Velocity
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freestream velocity. The same discussions on the heterogeneous of
the velocity field and the secondary air dissipation and expansions
can be made as for the case of TMA. In comparison between TMA
and TMG, high shear layer associated by the high velocity region
in TMG is wider in the lateral direction and closer to the wall.
Laterally wider high shear layer region indicates better lateral
spread of the secondary flow in TMG compare to TMA. The high
shear layer region which is nearer to the wall in TMG also indicates a weaker lift-off effect which can physical interpreted as the
effect of having smaller Pz = 3D compared to Pz = 6D for TMG
and TMA respectively.
Kamil, et al., 2012 suggested that the neighboring holes will
generate similar flow structure consisting kidney vortices which
will grow further downstream after the hole exit which at some
distance, the size of these vortices will be wide enough to induce
interaction with other vortices created by the neighboring holes.
This interaction tends to weaken the lift-off effects of the secondary air which help to give better lateral spread of the secondary
air. Further discussions on the neighboring hole effects on the
flow structure will be further discuss in the future section of this
writing.

Figure 8: Normalized Velocity Distribution Inside
the Cooling Hole

Counter-Rotating Vortex Pair
Counter-rotating vortex pair which often referred as CRVP is
the dominant flow structure for inclined cylindrical holes which
consistently reported by the work of Thole et al. (1996), Wrigth et
al. (2010), Kampe et al (2011) and Kamil et al. (2012). Kampe et
al. (2010) described that the CRVP is originates from the deflection of the coolant entering the hole and typically persists
throughout the hole and downstream of the hole exit. Figure 8
shows the normalized velocity contour at three different plane
(bottom, middle and top) inside the cooling hole for the case hole
angle, θ = 35° at BR = 2.0. The figures show the development of
CRVP inside the cooling hole which can be clearly observed at the
top plane velocity contour. The low velocity region accommodating the downstream wall shown in the bottom plane figure explains the occurrence of the separation bubble cause by the immediate sharp turn at the cooling hole entrance. The separation bubble causes an acceleration of the secondary air at both side of the
downstream wall which will induce the formation of the CRVP.
The formation of CRVP distorted the flowfield creates two recognizable velocity regions, the high and low velocity region as
shown in the top plane figure. Once the secondary airs were introduced into the mainstream, the high velocity region (accommodating the upstream wall) will be acting as a blockage and deflecting the mainstream air to both lateral side and the vertical
direction. The low velocity region will allow the entrainment of
the mainstream air beneath the coolant jet which will negatively
affects the overall cooling effectiveness. The overall phenomenon
discussed above also known as “jetting effects”. Figure 9 shows
the normalize velocity predicted by the CFD at the exit of the
cooling holes. The contours plot clearly shows the establishment
of the CRVP from the hole exit into the mainstream flow.

Figure 9: Normalized Velocity Exiting the
Cooling Hole on Various Plane

Figure 10: Mainstream Air Entrainment on TMG
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Figure 12: Vortex Core Generated for First Row
Cooling Hole for TMA
Figure 11: Normalized Streamwise Velocity on ZX Plane
at y/D = 0.5 for TMA, TMB and TMG
Mainstream Air Entrainment
Figure 10 shows the mainstream air entrainment phenomenon
for the case of TMG at BR = 2.0. The figure illustrates an
iso-surface of dimensionless temperature at the value of 0.5 exiting the cooling hole together with the velocity streamline which
originated from the inlet. The figure shows the deflection of the
mainstream air due to the blockage created by the introduction of
the secondary jet into the mainstream air presented by the velocity
streamline. In addition, the temperature change of the streamline
has also been shown in the figure with the streamline colors are
base on its dimensionless temperature. The streamlines show how
the mainstream air is entrained beneath the secondary jet while
picking up the heat due in the process.
Figure 11 shows normalize streamwise velocity predicted by
CFD between –3.0 ≤ x/D ≤ 10 for the case of TMA, TMB and
TMG on XZ plane at z/D = 0.45. The “jetting effects” which has
been discussed in the previous section creates a low velocity air
pocket beneath the secondary jet (see Figure 11) causing the deflected mainstream air to travel beneath the secondary jet. Larger
low velocity air pocket can be observed for the case of TMB in
comparison to the cases of TMA and TMG which is closely related
to the hole angle which are at θ = 35° for TMB and θ = 20° for the
case of TMA and TMG. Shallow hole angle will allow the exiting
jet to remain attached to the wall after exiting the cooling holes
thus provide less penetration into the mainstream air. Figure 11
also could be used to explain the blockage effect created by the
“jetting effects”. A low velocity region upstream of the hole exit
should correspond to the strength of blockage created by the exiting jet. The blockage is noticeable for the case of TMB given by
the low velocity region spotted at the upstream of the hole location
which cannot be observed clearly for the case of the TMA and
TMG.

Figure 13: Vortex Core Generated for First Row
Cooling Hole for TMG
Figures 12 and 13 show the vortex core generated at the
swirling strength equal to 200 [s-1] for TMA and TMG at BR = 2.0
respectively. The illustration of the figures were focuses on the
vortex generation for the first row cooling with the color of the
vortex core is representing the vorticity, ζ valued within the range
of 1000 [s-1] and –1000 [s-1]. In general, both figures show the
generation of three vortex core associated to the first row cooling
hole. A vortex core can be observed at the upstream edge of the
cooling hole which label as V-C1 in Figures 12 and 13. The V-C1
vortex is generated due to the deflection of the mainstream air by
the introduction of the secondary jet into the mainstream air. The
vortex core has a half ring shape covering the vicinity of the secondary jet with a relatively low vorticity in comparison with the
counter rotating vortex pair core as shown on the figures. The
vortex core pair labeled as CRVP-C1 in the Figures 12 and 13
represents the formation of the counter rotating vortex pair
(CRVP) which have been discussed in the earlier section. The
figures clearly show the CRVP-C1 is generated from inside the
cooling hole with a high vorticity value exiting the cooling hole
before losing its swirling energy as the CRVP travels away from
the cooling hole.
The generation V-C1 as shown in both figures is highly influence by the cooling hole lateral pitch distance. In the case of TMA
where Pz = 6D, the size of the vortex core gradually decreased as
it travel at the vicinity of the secondary jet suggesting the vortex
created by the deflected mainstream air is dissipated due to its
interaction with the mainstream air. Unlikely, in the case of TMG;
Pz = 3D, the size of the vortex core generated by the deflected
mainstream air is greater and persevere through the vicinity of the
secondary air jet. The perseverance of the vortex core could be
explain by the low streamwise velocity at the hole vicinity as
shown together in Figure 13. The normalized streamwise velocity
distribution shown together in Figures 12 and 13 are captured at
x/D = –1.0. At the same location, relatively low streamwise veloc-

Vortex Generation
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ity can be observed for TMG which help the vortex core to be
preserved along the vicinity of the secondary jet. Figure 13 also
indicates the interaction between the vortex core generated at the
neighboring hole.

at x/D = 9.0. The figure clearly justified the merging and the deflection of the CRVP in TMA and TMG respectively.

Figure 16: Streamwise Vorticity for TMA and TMG
on YZ plane at x/D = 9.0
Figure 14: Vortex Core Generated for Second Row
Cooling Hole for TMA

Figure 17: Overall View on the Thermal Field for TMA
Thermal Field and Film Cooling Effectiveness
Figures 17 and 18 show the thermal field captured by CFD for
TMA and TMG respectively. The figures show two iso-surface of
film cooling effectiveness valued at 0.2 and 0.7 representing the
thermal field development of the two models. Both of the figures
illustrate the growth of the thermal field towards x-axis direction
which is confirming the existent of superposition effects in the
in-line hole configuration. Figure 17 shows the development of
two fce iso-surface valued at 0.7 on TMA; Pz = 6D with the thermal fields of the neighboring cooling holes are totally detach with
each other. The separated thermal field is due to the lateral pitch
distance of TMA which is at Pz = 6D. As the distance is relatively
large, the secondary jet exiting the neighboring hole is not allowed
to interact with each other consequentially causing the formation
of in-line film cooling effectiveness as shown by the experimental
result in Figure 19. Figure 18 shows the fce iso-surface development on TMG. Contradict to the case of TMA the thermal field
generated by the neighboring hole interacting with each other
resulting a full coverage film cooling effectiveness starting after
x/D = 2.0. The phenomenon can be further clarified by the experimental results of TMG as shown in Figure 19.

Figure 15: Vortex Core Generated for First Row
Cooling Hole for TMG
Figures 14 and 15 show the vortex core generated from the
second row cooling hole. The figures also show the interaction
between the upcoming and newly generated vortex core. The upcoming vortex core in the TMA case can be observed to be fully
merged with the new vortex core of second row cooling hole.
Meanwhile for the TMG case as shown in Figure 15, the upcoming vortex core are laterally deflected while approaching the second row cooling hole. Both of the scenarios (merged and deflected
vortex core) are also observable at the vicinity of the third row
cooling hole. Figures 14 and 15 also shows the streamwise velocity profile captured at x/D = 9.0. The low streamwise velocity
shown for the case of TMG in comparison to the TMA should explain the deflected and merged vortex core for each case correspondingly. As the mainstream air at the second row hole vicinity
remain high, the blockage provided by the secondary air jet is not
strong enough to deflect the upcoming vortex core. The merged of
the vortices will increase the “jetting effect” of the second row
cooling holes thus lifting the secondary jet away from the wall.
Contradict for the case of TMG, the streamwise velocity as shown
in Figure 15 is low enough to allow the upcoming vortex core to
be deflected laterally before joining the second row downstream
of the cooling hole. In comparison to the TMA, the deflection will
not increase the “jetting effects” instead improving the lateral
spread of the secondary jet at the vicinity of the cooling hole. Figure 16 shows the vorticity contour of TMA and TMG on YZ plane
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merged together with the vortex core generated from second
row cooling hole. While in TMG, the vortex core generated
from the first cooling hole will directly approach the downstream cooling hole but will first be deflected laterally due to
the blockage of the exiting secondary jet from the second row
cooling hole.
5. The phenomena described above shows the effect of having
different lateral pitch distance at 6D and 3D for TMA and
TMG respectively. At Pz = 3D, the secondary air from neighboring hole were allowed to interact with each other creating a
combined blockage effects which effecting the mainstream air
approaching the cooling hole region.
6. The thermal field results clarify the interaction between the
neighboring hole with the results of TMG shows the merged of
the neighboring thermal field which could be exploit to clarify
the existent of the full coverage film cooling effectiveness region as been obtained in the experiment.

Figure 18: Overall View on the Thermal Field for TMG
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