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Abstract
In the present work, experimental and numerical study has been performed to investigate the effects of a novel film-cooling 
design with shaped multi-holes on the film-cooling effectiveness over a flat plate. A single cylindrical hole with 11.1 mm 
diameter has been replaced by multi-holes (14 holes with 2.97 mm diameter) with elliptical and fan-shaped configurations. 
The exit area, length to diameter ratio (L/D = 4.0) and injection angle (35°) of multi-holes are selected identical to the single 
cylindrical hole. The multi-holes were machined with a fixed spacing pitch (33.3 mm) between the centers of two adjacent 
holes. The surface temperature of the test plate was measured by an infrared camera. The experimental studies were per-
formed at blowing ratios of 0.5 and 2. The numerical results based on the steady RANS with realizable k–ε turbulence model 
and enhanced wall treatment were capable to predict the influence of the shape of multi-hole configurations on overall adi-
abatic film-cooling effectiveness. The experimental and numerical results showed that replacing a single hole with a shaped 
multi-hole leads to a considerable increase in film-cooling effectiveness in both axial and lateral directions. According to 
the results at blowing ratio of 2.0, the elliptical and fan-shaped configurations provide a higher area-averaged film-cooling 
effectiveness by 75% and 248.2% in comparison with the single hole, respectively.
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Abbreviations
M	� Blowing ratio = (�U)c∕(�U)∞
T	� Temperature (K)
Tu	� Turbulent intensity (%)
x/D	� Non-dimensional streamwise distance
DR	� Coolant to free-stream density ratio = �c∕�∞
D	� Diameter of the hole (mm)
k	� Turbulent kinetic energy (m2 s−2)
L	� Length of the hole (mm)
Re	� Reynolds number

Greek symbols
β	� Streamwise injection angle (°)
Θ	� Internal energy (J)
θ	� Heat flux (W m−2)
ε	� Dissipation rate of turbulent kinetic energy (m2 

s−3)

η (eta)	� Adiabatic film-cooling effectiveness; � =
Taw−T∞

Tj−T∞

ρ	� Density of the fluid (kg m−3)
τ w	� Wall shear stress (kg m−1 s−2)
μ	� Dynamic viscosity (kg m−1 s−1)
μt	� Turbulent dynamic viscosity (kg m−1 s−1)

Subscripts
j	� Jet
∞	� Free stream
aw	� Adiabatic wall

Introduction

One of the effective methods for enhancing the engine 
power and thermal efficiency of modern gas turbines is the 
increase of turbine inlet temperature, although, due to ther-
mal stresses, this method may lead to the failure of high-tem-
perature components. Hence, for the cooling of gas turbines 
external and internal cooling techniques are used. Among 
various techniques of cooling, film cooling is a common 
technique of external cooling which plays an important role 
for preventing the overheating of the hot section compo-
nents. In film cooling, the air is ejected through the holes 
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in the desired surface to generate a layer of insulation over 
the plate. This layer of insulation protects the downstream 
surfaces of the holes from the hot gasses, which helps in 
maintaining the surfaces at the desired temperature.

The process of manufacturing a cylindrical hole is con-
venient, so these holes are widely used in film-cooling tech-
niques. Many researches have been performed to investigate 
the effects of the geometrical parameters on cooling perfor-
mance of the cylindrical holes [1–5]. Lutum and Johnson 
[2] evaluated the film-cooling effectiveness on a range of 
the hole length to diameter ratios between 1.75 and 18. They 
concluded that effectiveness decreases with decreasing the 
injection length when the L/D ratio was less than 5.0, but 
the change of effectiveness was not significant for L/D > 5.0. 
Experimental and numerical study on the effects of injec-
tion angle [3–5] highlighted that lower stream-wise injection 
angles can produce a higher film-cooling effectiveness.

Due to the jet lift-off and the undesirable effects of the 
counter-rotating vortex pair (CRVP) of cylindrical holes, 
shaped holes have been considered to improve the film-
cooling effectiveness. Miao and Wu [6] and Leedom and 
Acharya [7] (by using cylindrical hole with 20 mm diam-
eter) considered the use of a trench including cylindrical 
and forward-diffused holes. They found that the trenching 
diffused hole significantly improves the lateral spreading of 
the film-cooling effectiveness by weakening the CRVP at 
the hole exit. Gandhi and Suresh [8] studied the effect of 
mist concentration on the cooling effectiveness of hole with 
diffusion angle of 10° and 15°. Many studies considered 
the effects of different fan-shaped holds geometric factors 
on cooling performance [9–14]. Sun et al. [15] concluded 
that the shaped holes improve the film-cooling effective-
ness through formation of a complex vortex structure which 
keeps the coolant jet attached to the wall.

The film-cooling performance of a converged-inlet shape 
with a cylindrical exit shape has been considered by Hee 
and Kwang [16]. They reported that applying a converged 
inlet on the cooling hole leads to an enhancement of the 
span-wise film-cooling effectiveness. Azzi and Jubran [17] 
(diameter was 12.7 mm) and Sargison et al. [18] (the cylin-
drical hole diameter was 20 mm) studied on convergent slot 
(console) geometry and found that the aerodynamic loss of 
console hole was reduced compared to a fan-shaped hole.

Although the shaped holes provide the higher film-cool-
ing effectiveness compared to a common cylindrical hole, 
the shaped holes are difficult to make and expensive [19]. 
In recent years, the researchers developed new novel ideas 
to optimize the film-cooling effectiveness without using 
holes by shaped exits. Abdala and Elwekeel [20] used novel 
upstream steps with curved shapes to improve the film-cool-
ing performance of a rectangular film hole (Dh = 10 mm). 
Lin Ye et al. [21] performed an experimental and numerical 
study to investigate the effects of inclined ribs on cooling 

performance, Feng Zhang et al. [22]. The hydraulic diameter 
of holes in their study was 10 mm, and they reported the 
influence of upstream steps on the film-cooling effectiveness 
with unevenly spanwise distributed height.

Ely and Jubran [23] introduced a new design in film-
cooling hole by applying the sister holes. Heidmann and 
Ekkad [24] presented anti-vortex holes to produce inverse 
vorticity versus the detrimental kidney vortices from stand-
ard circular film-cooling holes, which leads to better cooling 
performance. Dhungel et al. [25] and Leblanc et al. [26] 
considered the effects of orientations, geometry and pitch-
to-diameter ratio of anti-vortex holes. Singh et al. [27] exam-
ined experimentally and numerically the effects of reverse 
injection cylindrical holes on creation of kidney vortices.

Reduction of the momentum of coolant injection is 
an effective way to weakened counter-rotating vortices, 
which achieved by employing a larger sectional zone at the 
hole exit, as the shaped holes. Under high blowing ratio, 
the shaped and novel ideas of film-cooling holes in com-
parison with the cylindrical holes have a better cooling 
performance, but the manufacturing cost of these holes is 
significantly higher [19]. Therefore, introducing a novel 
film-cooling designs using the common cylindrical holes 
can be worthwhile.

Although the effectiveness of film cooling can be 
improved by shaped holes, the manufacturing process of 
shaped hole can be very challenging in turbine blades. The 
present study introduces a novel fan-shaped film cooling by 
multi-cylindrical holes for increasing the film-cooling effec-
tiveness. The flow structure and adiabatic cooling effective-
ness of the multi-holes have been compared with a single 
cylindrical hole. Experimental and numerical results of the 
present study confirm that applying the multi-holes with 
shaped arrangement in comparison with a single cylindrical 
hole significantly increases the film-cooling effectiveness.

Experimental

Figure 1 shows a schematic sketch of the experimental 
setup. The mainstream air is supplied by a high-pressure 
centrifugal fan. In the secondary flow, an axial fan supplies 
the air which passes through a small tank. According to 
the figure, an electric heater is employed for heating the 
air which passes through a plenum. The secondary flow 
is controlled by a ball valve to adjust the desired veloc-
ity. The test section with 0.2 m * 0.4 m area is made up 
of Plexiglass material. As illustrated in Fig. 2, a row of 
multi-cylindrical holes with 2.97 mm diameter at the same 
inclination angle (α = 35°) and constant length to diam-
eter ratio (L/D = 4.0) has been prepared. Every multi-holes 
consist of 14 cylindrical holes with a fixed spacing pitch of 
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33.3 mm between centers of adjacent multi-holes. Multi-
holes geometries with fan and elliptical shaped are tested 
(Fig. 3).

Figure  3 shows the fan-shaped and elliptical-shaped 
arrangements of the multi-holes. These holes were machined 
by milling on the aluminum plate. In order to achieve a uni-
form surface inside the holes, grinding has been performed 
with milling. This plate is assembled on top of the plenum. 
The bottom wall of the plate had been insulated with a thin 
glass-wool layer to reduce heat loss from the surface. Also 
all walls of the plenum were covered by a glass wool lay-
ers. The mainstream and secondary flow velocities were 

measured by calibrated Pitot tube located at a center of the 
stream.

The temperature of the secondary air is measured by a 
K-type thermocouple that is placed inside the plenum. There 
is a thermocouple upstream of the holes position to meas-
ure the mainstream flow temperature. The test plate used 
for these experimental setups is a stainless-steel sheet with 
2 mm thickness which for minimizing the heat loss the back 
surface of the test plate is covered by glass wool insula-
tion. The wall temperature distributions on the test plate 
have been measured by an infrared thermometer camera 
(EXTECH VIR50). The test plate is sprayed with identical 
black paint to provide a background for temperature meas-
urement by an infrared thermometer camera. The calibration 
of the IR camera has been performed by a K-type thermo-
couple placed on the black-painted test surface to set up the 
emissivity of IR camera.

Analyzing the uncertainty of the experimental results 
in the present study can be estimated by identifying the 
main sources of the errors, such as uncertainty in keeping 
the velocity in constant value and setting the blowing ratio, 
accuracy of the temperature measuring instruments (K-type 
thermocouple and infrared camera) and accuracy of Pitot 
tube. Table 1 presents the measurement uncertainties of the 
directly measured parameters. Uncertainty has been done 
by the procedure proposed by Kline and McClintock [28]. 
The true value of the experimental data can be calculated 

Fig. 1   Schematic of the experi-
ment setup
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Fig. 2   A view of test surface

Fig. 3   Multi-holes configurations with a fan and b elliptical shaped

Table 1   Uncertainties of measuring equipment

Equipment Measuring errors

Infrared camera ± (1.2 + 2.5% rdg)

K-type thermocouple ± 0.4|T|

Pitot tube ± 0.3%F.S

Power supply ± 1.5%F.S
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as the estimated value with its uncertainties multiplied by 
t distribution:

where S(x ̅) is variance of x̅. The uncertainties of the cooling 
effectiveness can be determined with confidence of 95% (for 
ta/2 (n − 1) = 2.78). In the present study, the cooling effec-
tiveness can be written as:

The measurements errors of experimental data are 
assumed to be independent. So the true value of η can be 
expressed as:

The percent errors are calculated as:

Based on this methodology, the maximum computed 
uncertainty along the centerline of the holes was determined 
about 12%. In order to carry out better evaluation of multi-
hole film cooling, numerical simulation is also performed 

(1)𝜇 = x̄ ± S(x̄).t𝛼∕2(n − 1)

(2)𝜂 = 𝜂
(
T̄w, T̄c, T̄h

)

(3)𝜂true = 𝜂 ± S(𝜂̄).t𝛼∕2(n − 1)

(4)�� =
S(�).t�∕2(n − 1)

�

with consideration of test plate thickness and conduction 
heat transfer. So in numerical simulation, rather than adi-
abatic surface without thickness, test plate with stainless 
steel material and 2 mm thickness has been considered. The 
radiative losses can be neglected because the maximum 
temperature difference between the test plate and the main-
stream flow is not significant and the emissivity coefficient 
of the test plate is very low (ε < 0.2).

Numerical methodology

The computational domains in the present study include the 
plenum, film hole and mainstream duct. A single cylindrical 
hole with 11.1 mm diameter is utilized as the reference case for 
further comparisons with multi-cylindrical holes (see Fig. 4). 
The hole geometry has an injection angle and length to diam-
eter ratio of 35° and 4.0, respectively. The plenum is 0.0508 m 
high and 0.1016 m length. As shown in Fig. 5, the computa-
tional domain of the multi-hole is obtained by replacing the 
area of the single cylindrical with 14 cylindrical holes with 
the same diameter of 2.97 mm. Multi-holes were arranged in 
elliptical- and fan-shaped configurations. These configurations 
are shown in Fig. 5. The center-to-center spacing of adjacent 
holes in these configurations was set to 1.5 D.
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Fig. 4   Computational domain and boundary conditions (not drawn to scale)

Fig. 5   Film-cooling configura-
tions a single hole, b fan-shaped 
multi-holes, c elliptical-shaped 
multi-holes
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The Navier–Stokes equations have been solved by an ele-
ment-based finite volume method with spatial discretization 
of the governing equations by using ANSYS FLUENT 16.0.0 
[29].

In the present study the turbulent heat convection and the 
Reynolds stress are modeled with realizable k–ε model with 
enhanced wall treatment.

�t is computed as a function of k and ε as follows:

where C� is not a constant. Details of the transport equations 
for the turbulence kinetic energy (k), and its dissipation rate 
(ε), the model constants and Cμ definition can be found in 

(5)
�Ui
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(6)�Ui

�Ui
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Refs. [30, 31]. The pressure–velocity coupling algorithm is 
achieved by using the SIMPLEC algorithm. The residual 
error for convergence is set to 10–4 for continuity and 10–6 
for momentum and for energy equations.

The multi-block structural meshes with hexagonal 
shaped and 1,686,100 cells were constructed and grid 
nodes considerably refined in the near-wall region to make 
sure that Y+ values at the near wall cell are in the order of 
unity. Figure 6 shows the grids of these three blocks used 
for fan-shaped multi-holes. The domain over the flat plate 
is the first block, the coolant holes are the second, and the 
plenum is the third one. Also a Y+ value at the near wall 
cell for fan-shaped multi-holes is shown in Fig. 7.

Symmetry boundary condition was used for the lat-
eral planes in the main duct. The velocity inlet has been 
applied in the main stream and coolant air inlet. The out-
flow boundary condition has been considered in the outlet 
condition.

Fig. 6   Computational grid for 
fan-shaped multi-holes
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Fig. 7   Centerline Y+ value for fan shaped multi-holes
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Validation of numerical simulation

In the present study the single-hole experimental results of 
Schmidt et al. [32] were selected for an accurate consid-
eration of changes in the adiabatic performance of multi-
holes. The uniform inlet velocity was set in the plenum inlet 
to achieve Re = 18,700, and the uniform mainstream duct 
velocity was adjusted to achieve the desired blowing ratio 
conditions. As given in Table 2, the operating parameters of 
the present study are identical to the experimental study of 
Schmidt et al. for validating the numerical solution. Numeri-
cal simulation was performed at blowing ratios 0.5, 1.25 and 
2. Turbulence intensity of freestream and coolant is assumed 
0.2 and 0.1%, respectively. The bottom surface of the main-
stream duct, plenum and coolant hole was modeled as an 
adiabatic wall with no-slip condition. The grid independence 
for a single cylindrical hole is shown in Fig. 8.

Figure 9 compares the centerline adiabatic effective-
ness of a single cylindrical hole with the experimental data 
of Schmidt et al. [32] at blowing ratios 0.6 and 1.25. The 
results show a good agreement with the experimental data, 
especially at near region of the hole. At high blowing ratio 
(M = 1.25) the coolant air lifts off from the surface which 
results in the film-cooling effectiveness decreases.

In this study, the film-cooling effectiveness of the multi-
holes configuration is evaluated by both numerical and 
experimental studies. The results of the numerical simula-
tion have been validated by the experimental data for further 
numerical studies. All geometric characteristics in the com-
putation domain are identical to the experimental setup. In 
order to consider the conduction heat transfer, the stainless-
steel sheet with 2 mm thickness has been also modeled in 
numerical simulation. A fully developed turbulent profile 
(1/7th law) with turbulence intensity of 10% was enforced at 
the mainstream inlet. According to the experimental condi-
tions the mean temperature of mainstream and the hot flow 
(inside the plenum) are assumed to be 302.6 and 387.2 K, 
respectively. The experimental and numerical study (with 
test surface conduction) was performed at two blowing ratios 
0.5 and 2.

The predicted centerline effectiveness is obtained by 
Eq. (12) as shown in Eq. (13) to estimate the lateral averaged 
effectiveness values. Numerical integration is used.

where L in Eq. (13) is the lateral distance between the sym-
metry boundaries.

Figures 10 and 11 compare the centerline film-cooling 
effectiveness of multi-holes arrangements obtained from 
the experimental and the present numerical studies. It can 
be seen that replacing a single cylindrical hole with multi-
holes arrangement results to a considerable increase in film-
cooling effectiveness.

Figure 10 shows that the numerical and experimental 
results are in good agreement with near and downstream 
of the hole. This is due to considering the wall thickness 
and modeling the conduction heat transfer through the 
wall. It is observed that conduction of heat transfer and the 
wall thickness of test surface has a significant effect on the 

(12)� =
Taw − T∞

TC − T∞

(13)𝜂̄ =
1

L

L

∫
0

𝜂dz

Table 2   Operating parameters of Schmidt et al. [32]

Property Value

Freestream temperature 300 K
Blowing ratio 0.6 and 1.25
Density ratio 1.6
Coolant temperature 187.5 K
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film-cooling effectiveness near the hole region [33, 34]. The 
experimental tests are performed to ensure the accuracy 
of numerical simulations, so it can be concluded that the 

numerical simulation for single-hole and multi-holes con-
figurations utilized in the present study is validated.

Results and discussion

The following section aims to represent the results of numer-
ical simulations to explain the physical behavior of multi-
holes arrangement. As mentioned in Table 2, the geometry 
and boundary conditions of the numerical study are identical 
to the experimental study of Schmidt et al. [32].

Figure 12 shows the temperature distributions on the cen-
terline plane at blowing ratio of M = 2.0. The cooling air and 
main stream interaction cause the formation of a counter-
rotating vortices pair which consequences the coolant air to 
lift off from the surface. It can be seen in Fig. 12a that for 
single cylindrical a strong lift-off occurred that can be due 
to strong jet momentum and velocity gradient. As shown 
in Fig. 12b, c, for multi-holes configurations, the jet lift-off 
has been reduced, so the coolant remains in a close contact 
with the hot surface.

The velocity contours for cooling hole of a single and 
fan-shaped holes are displayed in Fig. 13. These contours are 
shown on the x–y plane at Z/D = 0. In the cooling hole, as the 
flow leaves the hole to the outlet, the flow velocity near the 
upper wall of the hole is increased, but for single cylindrical 
hole a large recirculating region appears on the lower wall 
and near the inlet of a hole.

Due to this jetting effect, at the upper exit of the hole, 
the coolant flow has locally high momentum [35]. Jetting 
effect increases the penetration of cooling fluid into the main 
stream, which results in separating of the cooling fluid from 
the surface and reducing the film-cooling effectiveness. 
However, according to Fig. 13b by applying the multi-holes 
configuration, the jetting effect is reduced, which causes the 
enhancement of the film-cooling effectiveness.
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Figure 14 shows the streamwise (x) and vertical (y) veloc-
ity of cooling air near the jet exit for cylindrical hole and 
fan-shaped multi-holes. According to the figure, high veloc-
ity gradient can be observed for the cylindrical hole near the 
jet exit. The fan-shaped multi-holes configuration provides 
more uniform injected velocity. The high velocity gradient 
near the exit hole can produce high vorticity region. The 
vorticity exiting the film hole is the main contributing source 
for the counter-rotating vortices.

Figure 15 shows the velocity vectors at X/D = 3 and tem-
perature contours under the blowing ratio of M = 2.0. The 
counter-rotating vortex pairs (CRVP) are the main reason of 

reducing the film-cooling effectiveness. The CRVP are pro-
duced through the interaction between the main stream and 
the cooling flow [36, 37]. As shown in Fig. 15a the single 
cylindrical hole produces strong CRVP which pulls the hot 
mainstream inside the coolant air. However, by applying the 
multi-holes, these vortexes are weakened and center of these 
vortexes is generated lower than that for the single hole. For 
the fan-shaped multi-holes, the separated streams completely 
attach to the surface, thus spreading the low-temperature 
region on the surface. Also increasing the lateral distance 
and separating of kidney vortices reduces the strength of 
the vortex pairs [38, 39], which results in the cooling air 
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and tends to remain near the surface, and helps significantly 
enhance the film-cooling effectiveness, so that higher effec-
tiveness is obtained.

The distribution of film-cooling effectiveness on the adi-
abatic wall at M = 2.0 is represented in Fig. 16. As discussed 
in Figs. 13–15, due to the jet lift-off and mixing the coolant 
with hot mainstream, the values of cooling effectiveness in 
both streamwise and spanwise directions are very low for the 
single hole. When the multi-holes film cooling is used, the 
mixing of coolant and mainstream air is reduced and conse-
quently the lateral and streamwise effectiveness is increased. 
It is notable that the configuration of multi-hole arrangement 
can significantly affect the distribution of the adiabatic film-
cooling effectiveness.

The surface can be cooled for a longer-distance down-
stream of the cooling hole when using the multi-holes con-
figuration. As shown in Fig. 16, the coverage of coolant for 
fan-shaped holes is better than elliptical-shaped holes in 
streamwise and spanwise directions.

The effects of blowing ratio on the film-cooling effective-
ness in axial and spanwise directions are shown in Figs. 17 
and 18. It can be observed that by increasing the blowing 
ratio from 0.5 to 2.0 the film-cooling effectiveness is reduced 
in both axial and spanwise directions. At high blowing ratio 
(M = 2.0), the counter-rotating vortex pairs (CRVP) are 
placed farther from the surface because of increasing the 
vertical momentum of the coolant jet [40]. The streamwise 
vorticity in this case is dissipated less rapidly and are appar-
ent much farther downstream. As illustrated in Fig. 15 by 
replacing the single hole with multi-holes the CRVP are 
moved near the wall.

When the multi-hole injection is used, the decrease in 
strength of kidney vortices and the mixing of coolant and 
mainstream, lead to a significant increase of the film-cooling 
effectiveness in comparison with single cylindrical hole. At 
higher blowing ratio, better cooling effectiveness in center-
line can be obtained with fan-shaped multi-holes.

Comparisons of the results show that under the blowing 
ratio of 2.0, the multi-holes arrangements provide much 
better coverage of effectiveness in both axial and spanwise 
directions. The centerline film-cooling effectiveness of 

Fig. 16   Comparison the film-
cooling effectiveness contours, 
M = 2, a single hole, b elliptical-
shaped holes, c fan-shaped 
holes
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fan-shaped multi-holes shown in Fig. 17, is approximately 
three times that of the single cylindrical hole for X/D < 15.

The advantage of multi-hole arrangement can also be 
observed at spanwise direction. Figure 18 shows the effects 
of multi-hole configurations on the lateral effectiveness. It 
is clear that the fan-shaped multi-holes tend to provide the 
highest lateral effectiveness at both blowing ratios. As the 
blowing ratio increases from 0.5 to 2.0, more differences 
between lateral adiabatic effectiveness of fan shaped and 
single hole can be observed.

A comparison of the laterally averaged film-cool-
ing effectiveness is presented in Fig. 19. It can be seen 
that the multi-holed arrangement provides much higher 
effectiveness at both blowing ratios of 0.5 and 2.0. With 
increasing blowing ratio, the differences of cooling effec-
tiveness between the multi-holes and single cylindrical 
hole become more pronounced. Figure 18 indicates that 
the fan-shaped multi-hole provides superior film-cooling 
effectiveness at both blowing ratios (M = 0.5, 2.0) in com-
parison with single cylindrical hole and elliptical-shaped 
multi-holes.

The values of area-averaged film-cooling effectiveness 
for studied cases are reported in Table 3. In the present 
study the area-averaged film-cooling effectiveness is cal-
culated by the following equation:

According to Table 3, by decreasing the blowing ratio, 
area-averaged film-cooling effectiveness increases. The 
elliptical- and fan-shaped multi-holes provide a higher 
area-averaged film-cooling effectiveness by 42.7%, 130% 
more than the single cylindrical hole at blowing ratios of 
1.25, respectively.

(14)�(x, z) =
1

3D ∗ 15D ∫
1.5D

−1.5D ∫
15D

0

�(x, z)dx.dz

Conclusions

Numerical and experimental investigation is performed to 
enhance the cooling effectiveness over a flat plate by apply-
ing shaped multi-hole. A single cylindrical film-cooling hole 
with 11.1 mm diameter has been replaced with 14 small holes 
with 2.97 mm diameter. The multi-holes (14 small holes) have 
been arranged in two fan- and elliptical-shaped configurations. 
Numerical simulations are performed at length to diameter of 
4, inclined angle of 35° and two blowing ratios of 0.6, 1.25 
and 2. The steady RANS simulations with realizable k–ε tur-
bulence model and enhanced wall treatment are conducted to 
validate the numerical simulation of the multi-holes arrange-
ments. Since experimental test plate is not an adiabatic sur-
face, numerical simulation with conduction boundary is also 
considered at blowing ratios 0.5 and 2.

The present study shows that the multi-hole configurations 
have a notable impact on the flow structure and heat transfer. 
The higher film effectiveness is achieved at low blowing ratio 
for single- and multi-holes configurations due to jets lift-off. 
Results of the present study indicate that the arrangement of 
multi-hole has a significant effect on the film-cooling effective-
ness in both axial and lateral directions. The multi-holes gen-
erate weaker anti-vortices and jetting effect as compared with 
the single cylindrical hole which consequences a lower mixing 
between the hot main stream and the coolant air. It has been 
observed that replacing a single hole with the shaped multi-
hole leads to a considerable increase in film-cooling effective-
ness in both axial and lateral directions. The multi-hole with 
fan-shaped arrangement provides a better film protection in 
comparison with the single and elliptical-shaped configuration. 
It is found that the multi-hole with fan-shaped arrangement 
provides a higher area-averaged film-cooling effectiveness by 
35.1%, 130% and 248.2% more than the single hole at blowing 
ratios of 0.5, 1.25 and 2, respectively.
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