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ABSTRACT
The objective of the present study is to investigate the aerothermal interaction of the secondary air injected from multiple
shallow angled film cooling holes. The focus is on the influence
of freestream turbulence on the film cooling effectiveness and
secondary flow field. For the experiments, infrared
thermography and Laser Doppler Velocimetry (LDV) were
employed. The experiments were conducted at a Reynolds
number based on the hole diameter, ReD = 6200 at blowing
ratio, BR = 1.0 and 2.0. Two flat plate test models; TMA and
TMG, have been considered, which involved twenty cylindrical
holes constituting a matrix composed of four rows with five
holes in each row. The cooling holes for both test models were
inclined at 20° in the streamwise direction with the lateral pitch,
Pz = 6D for TMA and 3D for TMG. Two different freestream
turbulence levels have been considered for both the
aerodynamic and thermal investigations. The results of LDV
show two distinct dynamics for each test model which
influence the flow field differently. Consequently, the thermal
field produced a distinctive film cooling effectiveness
distribution of each test model. Higher freestream turbulence
level enhances the mixing in the vicinity of the vortical
structure thus deterring the film cooling effectiveness just
downstream of the cooling hole but aids to lateral spreading of
the coolant further downstream of the cooling hole, providing
greater film effectiveness coverage.
NOMENCLATURE
BR
C.F
D
k
Px
Pz
ReD
t

Blowing Ratio [= (Uc ρc )/(U∞ ρ∞ )]
Correction Factor [-]
Hole Diameter [mm]
Thermal Conductivity [W/m.K]
Streamwise Pitch [mm]
Lateral Pitch [mm]
Reynolds Number Based on Hole Diameter [-]
Thickness [mm]

T∞
Tc
Tcab
TIR
TMA
TMG
Tu
Tw
u, v, w
U∞
Uc
x, y, z
η
θ
ρ∞
ρc

Mainstream Temperature [K]
Secondary Air Exit Temperature [K]
Calibration Temperature [K]
Measured IR Temperature [K]
Test Model A [ = 20°; Pz = 6D]
Test Model G [ = 20°; Pz = 3D]
Turbulence Intensity Level [%]
Wall Surface Temperature [K]
Velocity Components [m/s]
Mainstream Velocity [m/s]
Secondary Air Velocity [m/s]
Coordinates [mm]
Film Cooling Effectiveness [-]
Hole Inclination Angle [°]
Mainstream Air Density [kg/m-3]
Secondary Air Density [kg/m-3]

INTRODUCTION
Demand for higher thermal efficiency of a gas turbine
results in dramatic increase on the thermal load of gas turbine
components. Most of the modern gas turbines are now
operating with the turbine inlet temperature in the range of
1800K to 2000K, which far surpasses the melting temperature
of the turbine components material. Sophisticated cooling
scheme are required to help protect the turbine components
from thermal failure and film cooling technology is a vital one.
The employment of film cooling is intended to protect the
turbine component surface from direct contact with the hot
gases. It is achieved by injecting coolant fluid through the
component surface into the external boundary layer. The
injected coolant 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 film cooling technology
developments have been given by Bunker [1] covering almost
of all the available technologies on film cooling. The paper also
includes a suggestion on the future direction of the film cooling
technologies.
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based measurement instruments namely Particle Image
Velocimetry (PIV) and Laser Doppler Velocimetry (LDV) have
been utilized to provide high resolution flow field. To name a
few of the available literatures utilizing the laser system are
Thole et al. [12], Wright et al. [13], Kampe et al. [14], Abdullah
et al. [15] and Schulz et al. [16]. In the work of Schulz et al.
[16], the freestream turbulence effect on the anti-vortex cooling
hole configurations have been investigated. The study reveals
that although higher turbulence level hinders the local film
effectiveness values, on the other hand it also helps to improve
the lateral spreading of the coolant.
This paper, likewise in the efforts by Schulz et al. [16] aims
to investigate the effects of freestream turbulence on aerothermal interaction of the secondary air injected from multiple
shallow film cooling holes. This paper deals with two different
freestream turbulence levels focusing on it effect on the film
cooling effectiveness and secondary flow field. Two test models
have been considered namely TMA and TMG consisting of
similar hole geometries and arrangement at different lateral
pitch distance Pz = 6D and 3D respectively.

Figure 1: Schematic on the Freestream Turbulent Generation
and Measurement
Table 1: Experimental Matrix of the Present Study
Targeted
ReD BR

Actual
No Grid
Grid A
(Tu=0.13%)

(Tu=3.42%)

No Grid

Grid A
(Tu=3.62%)

A
=20º; Pz=6D

A

1.0 ~ 2.0

G

=20º; Pz=3D

6200
1.

Thermal

Test Model

Aero

Vast numbers of experimental investigations dealing with
both the aerodynamics and the thermal aspect of film cooling
have been made available and only a brief review will be
provided in this paper. A general review on flat plate surface
film cooling studies prior to 1971 has been given by Goldstein
[2]. Presented in the paper were the effects of various hole
geometries and flow parameters that dictate the film cooling
performance summarized from the prior available literature [3,
4]. Among the highlights of the paper are the superiority of
inclined and shaped film cooling holes compared to
perpendicular holes. The wider hole exit area in the inclined
and shaped holes contributes to momentum reduction which
allows more coolant to remain attached to the surface, leading
to better film cooling effectiveness. In addition, the shaped
cooling hole also help to laterally diffuse the coolant to provide
better lateral film cooling coverage. The same observation has
been made by other researchers with further reduction on the
hole angle expecting to produce better film cooling
performance. Jubran and Brown [5] and Ligrani et al. [6, 7]
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 averaged film cooling effectiveness either arranged inline or staggered, with the latter producing superior results. In
the in-line arrangement, superposition effects result in better
film cooling effectiveness downstream of the second row holes
and beyond. The wider film cooling coverage downstream of
the second row in staggered hole arrangement led to the same
consequences.
In addition to the hole geometries and arrangements, the
amount of air injected through the cooling hole is also an
important variable that decides the film cooling performance as
a function of blowing ratio. Many investigations have been
done to clarify the effects of blowing ratio to film cooling
performance. One of the recent relevant studies is by Rabekah
et al. [8]. The paper presented the effect of various blowing
ratios on the film cooling performance with the wall
temperature data obtained by using temperature and pressure
sensitive paints. The study shows the film cooling effectiveness
is significantly influenced by the blowing ratio which generally
agreed with the previous available findings [3, 4]. Based on the
available observations and interpretations, film cooling
performance of a given hole geometry, arrangement and flow
condition is closely related to the flow structure of the given
case; therefore investigation on the flow structure in film
cooling configuration deserved to be addressed.
Despite the vast available literature available on the thermal
aspect of film cooling, only a little has been presented dealing
with high resolution aerodynamic measurements. In the early
investigations by Andreopoulus and Rodi [9], Subramaniam et
al. [10] and Pietrzyk et al. [11], the kidney vortices have been
empirically identified through the utilization of multiple-hole
probes. Kidneys vortices as the prominent flow structure
downstream of cooling hole helps to entrain the mainstream
fluid and transport it towards the surface which deters the film
cooling coverage downstream the cooling holes. Later, laser

(Tu=0.15%)

=20º; Pz=6D

G
=20º; Pz=3D
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1. Although the turbulent levels of the thermal and aerodynamic
investigations do not match each other, nevertheless the
increase in the same order of magnitude should provide a
general idea on the freestream turbulent effect on the film
cooling effectiveness and secondary flow field in the present
study.

Figure 2: Details of the Test Model
Table 2: Geometric Details of the Test Model
(Aero; D = 10.0mm, Thermal; D = 7.0mm)

TMA
TMG

 [°]
20
20

Px
10D
10D

Pz
6D
3D

t
1.3D
1.3D

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. Although
the use of separate experimental setups for the thermal and
aerodynamic investigation of the present study will add to the
uncertainty between these two results, such arrangement has
been made based on the availability of the instrumentation at
the time this work was carried out. As both of these setups
involved two different wind tunnels, two different test
apparatus have been constructed. To make these thermal and
aerodynamic results complementary to each other, the test
models 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 based on the hole diameter, ReD = 6200 at blowing
ratio, BR = 1.0 and 2.0 for the thermal and only the afore
mentioned BR for the aerodynamics experiments. Table 1
shows the experimental matrix involved in the present study.
Two different freestream turbulence levels have been
considered for both the aerodynamic and thermal
investigations. Figure 1 shows the schematic diagram for the
turbulent generation and measurement involved in the present
study. The freestream turbulent is generated by the placement
of a square turbulent grid upstream in the mainstream flow
path. The turbulence intensity levels are measured by a hot wire
probe at location of x/D = 10 upstream of the first row cooling
hole. As the result of the turbulent grid, the freestream
turbulence intensity for the thermal investigation increases from
0.13% to 3.42%; meanwhile for the aerodynamics
investigation, the freestream turbulence intensity increases from
0.15% to 3.62%. Both of the experimental setups are occupied
with the same turbulence grid configuration as shown in Figure

Test Model
Two test models have been considered in this paper, namely
Test Model A and Test Model G. For the purpose of brevity, the
considered test models will henceforth be referred to as TMA
and TMG respectively in this paper. All test models have
twenty cooling holes arranged in five times four matrix. Figure
2 associated with Table 2 described the details on the geometry
of the test models. The cooling hole applied was a conventional
cylindrical hole with inclination to the main flow direction atan
angle of θ = 20˚. The cooling hole is separated in lateral
direction at 6D and 3D distance for TMA and TMG
respectively. The hole diameter for the thermal and
aerodynamics investigations are set to be at 7mm and 10mm
respectively. The thickness of the test plate was fixed at t =
1.3D. The test models were made from acrylic plate with the
manufacturing precision of ±0.1mm. The inner surface of the
test models was coated with black paint to emulate a black
body in the thermal measurements and to reduce the
surrounding noise during the aerodynamic measurements
caused by laser reflection.

Figure 3: Thermal Experimental Setup
Thermal Investigation
Figure 3 shows the experimental setup for thermal
investigation involved in the present study. The facility consists
of a wind tunnel used to supply the mainstream air with
separate blower for the secondary air. The test duct cross
section is designed to have 450mm width and 280mm height
with a sharp upstream edge to restart the boundary layer inside
the test section. The test models are made from acrylic plate
with thermal conductivity, k = 0.19 W/m.K with the cooling
hole diameter of 7mm. Insulation layer made of poly-urethane
has been fixed at the back of the test model to avoid heat
conduction 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 is covered
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with a glass made of zinc selenide (ZnSe) to allow the
transmission of the infrared wavelength emitted by the test
model during the measurement. Similar to the previous studies
of Ekkad et al. [17], thermocouples are placed on the test model
to provide temperature data for calibration purpose. More
detailed discussion on the thermography technique can be
found in Tropea et al. [18] and Sargent et al. [19]. Location of
the IR camera and the measurement window involved in the
experimental setup is shown in Figure 3. During the
measurements the secondary air is set to have the temperature
20K higher than the main stream temperature. The IR camera
engaged was a NEC/Avio H2640 with maximum recording
capability of 30 frames per second and operating in a longwavelength infrared band with spectral range from 8 to 13μm.
The performance of the film cooling technique was
evaluated by means of adiabatic film cooling effectiveness as
given by Eq. (1).
η=

T∞ − Tw
T∞ − Tc

Aerodynamic Investigations
The aerodynamic investigations presented in this paper have
been done in the large-scale closed-loop wind tunnel at Iwate
University, Japan. The mainstream air was supplied to the test
duct via flow straighteners, contraction nozzle and transition
duct. The test duct size is 620mm x 260mm inlet dimension
with 1550mm length. The view of the test duct together with
the position of the laser probes used in the measurement is
shown in Figure 5. The secondary air was supplied through a
separate blower equipped with a laminar flow meter. After
passing the laminar flow meter, the secondary air enters a
secondary air chamber before being introduced into the
mainstream flow through the cooling holes.

(1)

where, Tw, T∞ and Tc are wall temperature, mainstream
temperature and secondary air temperature respectively. Figure
4 shows the arrangement involved during the temperature
measurement. T∞ and Tc are measured directly by
thermocouples during the measurement while the wall
temperature is initially measured by the infrared camera.
Calibration temperature, Tcab is measured on the wall surface
using the thermocouple to provide the actual surface
temperatures during the measurements period. Tcab is used to
determine the temperature correction factor for each frame of
the wall temperature captured by the infrared camera [18] as
given by Eq. (2). The correction factor is applied to all IR wall
temperatures, TIR which determine the corrected wall
temperature, Tw expressed as in Eq. (3).
C. F =

Tcab
TIR

T𝑤 = C. F × TIR

Figure 5: The Aerodynamics Experimental Setup

(2)
(3)

Figure 6: Aerodynamic Measurement
Planes and Grids

Figure 4: Temperature Measurement Arrangement

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 3D Traversing
System supplied by Dantec. The probes were set to be inclined
towards each other at 25°. As a result of the alignment, the
measured velocities need to be transformed to represent the
velocity components of the actual experimental axis which is
done through the BSA Flow Software. Both the mainstream and
the secondary air were seeded with particles produced by the
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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 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 based 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 of 750 counts, while almost all the considered
measurement points recorded counts values above 1000 counts.
The measurement grid size applied on the plane was set to be
2mm x 2mm which proved to be small enough to capture the
flow details through the preliminary measurement. Four
measurement planes have been considered at x/D = 7, 17, 27
and 37 as shown in Figure 6.
Measurement Uncertainties
The mainstream temperature uncertainty of the thermal
measurement was recorded to be 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. Based
on Moffat et al. [20], the film cooling effectiveness uncertainty
is predicted at ±10%. For the aerodynamic measurements, the
uncertainties are mainly on the LDV velocity measurement
itself. Based on 95% confidence interval, the uncertainty of the
freestream velocity is calculated to be 1.4 %, while the
maximum velocity uncertainty inside the shear layer is
recorded to be 5.6%. Elsewhere, the positioning uncertainty of
the LDV probe volume with respect to the hole position for all
axis were at Δx = ±0.1 mm, Δy = ±0.1 mm and Δz = ±0.1 mm.

Figure 7: Normalized u for TMA at BR = 1.0

RESULTS AND DISCUSSION
Test Model A (TMA;  = 20°, Px = 10D, Pz = 6D)
In the following section the results of LDV measurement as
well as the film cooling effectiveness distribution for the TMA
are presented. Figure 7 and 8 demonstrate the effects of
increasing freestream turbulence intensity from Tu = 0.15% to
3.62% on the secondary flow field at four distinct locations,
x/D = 7, 17, 27 and 37. Meanwhile, Figure 9 presents the
effects of increasing freestream turbulence intensity from Tu =
0.13%, to 3.42% on the film cooling effectiveness at BR = 1.0
and 2.0.
Figure 7 shows at low freestream turbulence intensity, the
presence of the cooling jets with rather undefined counter
rotating vortex pair can be discerned at x/D = 7 as compared to
at x/D = 17, 27, and 37. The counter rotating vortex cores can
be distinguished based on the vector plots in the figure. The
vortical structures at each further downstream location are
elevated from the surface in comparison with the preceding
measurement planes. At x/D = 37 the vortex cores can be
distinguished approximately at y/D = 1.0.

Figure 8: Normalized u for TMA at BR = 1.0
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In addition, the vortical structures have also expanded in the
vertical and lateral direction of the flow field. Figure 7 also
shows that the film cooling jets penetrates the boundary layer to
y/D = 1.0 at x/D = 7. Further downstream (x/D = 17, 27, 37),
further penetration of the secondary jets can be observed
corresponding to the vortical structure growth. The elevation
and growth of the vortical structure is contributed by the
superposition effect provided by the in-line holes configuration
of the present study. The superposition effect amplifies the
downstream vortical structure and thus widens the flow field
affected by the secondary flow.
The results of the high freestream turbulence intensity in
Figure 8 display similar behavior as the flow shown in Figure
7. However, the immediate interaction with the highly
perturbed boundary layer at x/D = 7 appears to cause the
vortical structure to scatter in both the upward and spanwise
direction. In addition to that, the intervention of the mainstream
air into the secondary flow field seems to increase. This could
be observed from the lower secondary flow field value shown
in Figure 8 in comparison to those in Figure 7. Nevertheless,
the counter rotating vortex cores linger at about the same
position as the case of low freestream turbulence intensity.

Figure 9: Laterally Average Film Cooling
Effectiveness of TMA

Figure 10: Area Average Film Cooling Effectiveness
of TMA at BR = 1.0

Figure 11: Area Average Film Cooling Effectiveness
of TMA at BR = 2.0
Figure 9 shows the laterally average film cooling
effectiveness for TMA. Gradual deterioration of laterally
average film cooling effectiveness values downstream of each
row cooling hole can be observed. The laterally average film
cooling effectiveness at BR = 1.0 are lower for the case of high
turbulent level in comparison to the lower one. The observation
can be interpreted by the previous flow field investigation in
Figures 7 and 8. Higher freestream turbulence intensity allowed
more rigorous interaction between the mainstream and
secondary air. This will lead to more mainstream air
entrainment which lowers the film cooling effectiveness.
Although, high freestream turbulence intensity deteriorates the
film cooling effectiveness just downstream of the cooling hole,
it has a more compromising effect on the cooling ability further
downstream of the cooling holes. Similarly at BR = 2.0, lower
laterally average film cooling effectiveness can be observed at
higher freestream turbulent level. However the difference
between the two cases is marginal in comparison to the case of
BR = 1.0. The observation suggest that having a wider thermal
field at higher blowing ratio slow the dissipation of the thermal
field, thus minimizing the film cooling effectiveness
deterioration at higher freestream turbulent.
Figures 10 and 11 show the area average film cooling
effectiveness downstream of each row cooling holes for TMA
at BR = 1.0 and 2.0, respectively. At BR = 1.0 as shown in
Figure 10, the area average effectiveness value of lower
freestream turbulent are greater than the higher turbulent case
except at area coverage of 41.0 < x/D < 48.0. Higher freestream
turbulence at this location will enhance the mixing of the
secondary and mainstream air causing large thermal field
diffusion. The enlargement is expected to leave film cooling
effectiveness trails at the lateral space between the cooling
holes thus increasing it area average value. The increase in the
area average effectiveness value from 1.0 < x/D < 8.0 towards
21.0 < x/D < 28.0 is correspondingly attributed to the
superposition effects of the in-line holes configuration.
Arguably, as the jetting effects were amplified and more
penetration of the secondary air was caused by the
superposition effect (Figure 7 and 8), the increase in the area
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average film cooling effectiveness could not only be justified
by the previous flow field investigation. To justify the
phenomenon one should refer to the superposition effect on the
thermal field instead of the flow field as shown in Figure 12
and 13. The figure shows the development of the thermal field
contributed by the superposition effects at BR = 1.0 and 2.0
which can be directly associated with the film cooling
effectiveness distribution.
Dimensionless Temp. [-]
0.0

1.0

Figure 12: Thermal Field of TMA at BR = 1.0

be observed to be interacting with the neighboring vortical
structure. The interaction become more apparent further
downstream at x/D = 17, 27, and 37. At shorter lateral pitch of
TMG, the growth of the vortical structures is limited in
comparison to the case of TMA (Figure 7). The vector plot
shows the interaction between the neighboring vortical
structure at z/D = 1.5 and -1.5. At these locations, the vectors
are impinging each other subsequently producing a downward
movement towards the surface. As consequences of this
interaction, the lateral space will be dominated by the
secondary air instead of the mainstream air. The domination of
the secondary air at the lateral space can further clarified by the
velocity contour at x/D = 37 which shows minimum trace of the
mainstream air at the lateral space between the cooling hole
lines. In contrast to the TMA case, the growth of the vortical
structure in TMG is not elevating the vortex core away from the
surface. Figures 14 and 15 also show less lift-off effects and
penetration of the secondary air jet into the boundary layer in
comparison to Figures 7 and 8, respectively. In comparison
between the two turbulence intensity cases, Figure 15 shows
the intervention of the mainstream air into the secondary flow
field promoted by the intense flow movement at higher
turbulence intensity. Although, higher turbulence intensity
enhances the mixing, the vortex cores remain relatively
unmoved, emphasizing that the secondary air remains attached
to the surface.

Dimensionless Temp. [-]
0.0

1.0

Figure 13: Thermal Field of TMA at BR = 2.0
Test Model G (TMG;  = 20°, Px = 10D, Pz = 3D)
In the following section the LDV and film cooling
effectiveness results for the TMG are presented. Similar to the
previous test model, the hole configurations involved is a
shallow hole angle but at shorter lateral pitch, P z = 3D. Figures
14 and 15 show the normalized streamwise velocity contour
capture at four distinct locations; x/D = 7, 17, 27, and 37 for
freestream turbulence intensity of Tu = 0.15% and 3.62%,
respectively.
Figures 14 and 15 show different behaviors from those
witnessed for the case of TMA. Considering the low freestream
turbulence intensity case in Figure 14, the vortical structure can

Figure 14: Normalized u for TMG at BR = 1.0
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Similar observation can be made at BR = 2.0 where the
saturation can be observed to occur earlier at the downstream of
the cooling hole. Corresponding to the vortical structure of the
flow, higher blowing ratio will enhance the neighboring
interaction of the vortical structures, thus allowing early
merging of the film cooling effectiveness footprints.

Figure 16: Laterally Average Film Cooling
Effectiveness of TMG

Figure 15: Normalized u for TMG at BR = 1.0
The laterally average film cooling effectiveness of TMG are
shown in Figure 16. Considering the result of low freestream
turbulent at BR =1.0, the effectiveness distribution downstream
of the first row is comparable to the results of TMA. However,
the effectiveness value of TMG started to show its superiority
downstream of the following cooling hole rows (x/D > 10).
Concurrent to the flow field investigation (Figures 14 and 15),
the domination of the secondary air at the lateral space
amplifies the superposition effects, thus bettering the film
cooling effectiveness. The dominations also help TMG to
produces better film protection downstream of the fourth row
cooling hole. The gradual deterioration of the film cooling
effectiveness downstream of the cooling holes becomes
saturated at some distance. The saturation is caused by the
merging of the film cooling effectiveness foot prints from the
neighboring cooling holes allowing the formation of full
coverage film cooling.
For the higher freestream turbulence intensity cases, the
film cooling effectiveness value experiences a similar droop as
in TMA just downstream of the cooling hole. However, the
lateral spread of the secondary air which is enhanced by higher
turbulence intensity level provides better film cooling coverage
as approaching the following row of cooling holes. Similar to
the case of TMA, high freestream turbulence intensity helps to
laterally disseminate the secondary air thus spreading the
cooling protection area. It contributes to the merging of the
adjacent low film cooling effectiveness footprints of the fluid
downstream of the fourth row cooling holes (x/D > 30.0).

Figure 17: Area Average Film Cooling Effectiveness
of TMG at BR = 1.0

Figure 18: Area Average Film Cooling Effectiveness
of TMG at BR = 2.0
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Figures 17 and 18 show the area average film cooling
effectiveness downstream of each row cooling holes for TMG.
The superposition effects can directly be observed through the
upward trend of the area average effectiveness values from
downstream 1st row towards downstream 4th row. At similar
locations, higher freestream turbulence intensity causes the
effectiveness value to drop, marginally though. Higher
freestream turbulence intensity correspondingly enhances the
interaction between the neighboring vortical structure, which
subsequently expands the thermal field so as to improve the
effectiveness value at 41.0 < x/D < 48.0. Figures 19 and 20
show the thermal field of TMG at BR 1.0 and 2.0, respectively.
The results further underlined the superposition effect which
has been described earlier in the discussion.

0.0

Dimensionless Temp. [-]
1.0

Figure 19: Thermal Field of TMG at BR = 1.0

0.0

Dimensionless Temp. [-]
1.0

TMA and TMG consisting of similar hole arrangement at
different lateral pitch Pz= 6D and 3D, respectively. The
investigations have been carried out at ReD = 6200 and BR =
1.0 and 2.0 involving two different freestream turbulence
intensity levels.
The LDV results reveal two different distinguished
dynamics for each test model. The results also confirmed
the existent of different superposition effect on the flow field
between the two test models. At wider lateral pitch, Pz= 6D
(TMA), the superposition effect amplifies the jetting effect of
the following cooling hole causing the upward and spanwise
growth of the vortical structure, thus elevating the vortex core
from the wall surface. The superposition effects on the thermal
field have also been investigated. The results correspondence
accordingly to the laterally and area average film cooling
effectiveness pattern found of TMA.
The similar vortical structure growth can be seen at P z= 3D
(TMG) but only to be limited by the narrow lateral pitch which
allows the interaction between the neighboring vortical
structures occurs at the lateral pitch distance. The interaction is
believed to have effects on the prevention of jet lift-off thus
limiting the upward growth of the vortices. These developments
cause the effectiveness results showing significant
improvements in film cooling performance over the
downstream of the second row onward compared to those of
TMA.
Higher turbulence intensity does aid to the growth of the
vertical structure thus reducing the near hole film performance.
However the enhanced mixing at higher turbulence level helps
to spread the film cooling laterally provides wider coverage of
the film particularly downstream of the fourth row cooling hole
in the case of TMA. In addition, the same spread caused by the
higher turbulence intensity level providing more significant
improvement on the film performance of TMG with the
merging of the adjacent film foot prints developing a full
coverage film cooling coverage.
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