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Parameters Affecting Turbulent Film Cooling—
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Film cooling of surfaces appears in many applications. For instance, it is one of the most effective methods
to improve the efficiency of gas turbines. As a fundamental study, two different types of film cooling (slot and
discrete holes injections) are numerically simulated here. A flat surface is used to model a small portion of a gas
turbine blade. Incompressible, stationary, viscous, turbulent flow is assumed using the STAR-CD software with
the standard k—e model and a cell-centered finite volume method on a nonuniform structured grid. The jet flow
Reynolds number, based on the jet’s hydraulic diameter, is 4.7 X 103. The study of the injection angle and the
velocity ratio shows that the optimum film cooling occurs at jet angle of about 30 deg. However, the optimal velocity
ratios of about 1.5 for slot injection and about 0.5 for discrete holes injection have been obtained. On the other
hand, the study of jet-exit aspect ratio in discrete holes injection shows that stretching the hole in spanwise direction
increases the film-cooling effectiveness. Also, the study of jet spacing in spanwise direction shows that decreasing
the jet spacing increases the film-cooling effectiveness, but not as much as the jet aspect ratio.

Nomenclature
Cie = constant
Cye = constant
D = side of the jet exit (0.0127 m)
Gy = generation of turbulent kinetic energy caused
by the mean velocity gradients
K = thermal conductivity
k = turbulent kinetic energy
L = length scale
R = velocity ratio (Vje/ Vcg)
r = blowing ratio (poyeViet/ PcrVer)
U = velocity in X direction
u;,u; = velocityini and j directions
g = rate of dissipation
n = film-cooling effectiveness [(Taw — Tcr)/(Tier — Tcr)]
(% = cooling efficiency [(T — Tcg)/(Tyet — Tcr)]
I = absolute viscosity coefficient
Ut = eddy viscosity coefficient
P = density
O = turbulent Prandtl number for &
o, = turbulent Prandtl number for
Tij = Reynolds-stress tensor
()aw = designates adiabatic wall
()crk = designates crossflow
()jee = designates jet
I. Introduction

ILM cooling is used in various applications including combus-
tion chambers’ walls, the blades of gas turbines, etc. On the

Received 18 November 2004; revision received 17 March 2005; accepted
for publication 24 March 2005. Copyright © 2005 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0887-8722/06
$10.00 in correspondence with the CCC.

*Senior Research Engineer, Havafaza Alley, Mahestan Street, Iranzamin
Street, Shahrak Ghods and Faculty Member Aerospace Research Institute,
Ministry of Sciences, Research, and Technology, 14665-834 Tehran, Iran;
shmahjoob@ari.ac.ir.

T Associate Professor, Aerospace Engineering Department, Azadi Avenue
and Faculty Member Aerospace Research Institute; taeibi @sharif.edu.

92

other hand, one of the most useful methods to improve jet engine
efficiency is to increase the turbine entrance temperature. However,
the inlet temperature is limited by the potential structural failure
of the engine components, especially, the first stage of the turbine
blades. The cooling air reduces the capacity of the turbine to drive
the compressor because of the lower temperature at which it enters
the turbine. Furthermore, the cooling air mixes with the mainstream
turbine air and causes aerodynamic losses. Both of these effects are
so strong that vigorous steps are taken to minimize them.!

In general, a hot surface can be cooled either internally or exter-
nally. The external cooling is usually performed by creating a film
of cool air near the surface, which is called film cooling. Because
internal cooling of the blades is not always efficient, film cooling
is used in more modern applications. In film cooling, cool air is
injected into the crossflow very near the surface through some rows
of slot or discrete holes. Because, in slot injection film cooling, the
cooling jet is injected all along the span, it results in a better per-
formance. However, because of structural considerations, rows of
discrete film cooling holes are usually used. However, film cool-
ing with discrete holes has problems like nonuniformity of cooling
in spanwise direction and excessive penetration of the cooling jets
into the mainstream. To overcome these difficulties, rows of rect-
angular or expanded-shape holes are mostly used in more recent
years.?

Gartshore et al.? studied the effects of two different hole shapes
(circular and squared). Their results show that the squared holes
are slightly superior (from cooling point of view) only very close
to the injection point and only at low velocity ratios, for example,
R =0.5. Note, many people have compared expanded-shape and
circular cross-sectional film-cooling holes, whereas only a few have
compared squared and rectangular film-cooling holes.

Muldoon and Acharya* and Licu et al.’ investigated flow charac-
teristics and film-cooling performance downstream of rectangular
holes, using numerical and experimental methods, respectively. Cho
et al.? studied film cooling using jet injection of 90 deg with squared
and rectangular holes. They investigated local heat-transfer charac-
teristics inside the holes with variations of the blowing ratio and the
jet Reynolds number.

Although film cooling offers an excellent compromise between
the protection of the walls and the aerodynamic efficiency, it can
even be ineffective if the related parameters are not chosen properly.
Some of the most important factors that have gained much of the
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researchers’ attention are cooling jet injection angle, compound
injection angle,”® blowing ratio,>!* spanwise and streamwise hole
spacing,'""!? length of the cooling jet channel,'3~!® boundary-layer
thickness,'® wall curvature,'® and turbulence.!>20-22

In the present work, two different methods of film cooling,
namely, slot injection and discrete holes injection, were numeri-
cally simulated. Because both methods are investigated at nearly
the same conditions, their related results can be easily compared. In
each method, velocity ratios of 0.5, 1, and 1.5 and jet injection an-
gles of 30 and 90 deg were studied, and the optimum velocity ratio
and the optimum jet injection angle were obtained. Then, to study
the effects of the aspect ratio of the jet-exit cross section and the
spanwise spacing of the jets, five different rectangular and squared
sections were compared at the optimum velocity ratio and optimum
injection angle. Note, most of the work of researchers on jet cross-
section shape has been done at the jet angle of 90 deg, which is not
the optimum case.

/\
45D

II. Computational Geometric Modeling

Two different geometries were used in this study. The basic ge-
ometry, which is similar to the one used by Ajersch et al.,? is
shown in Fig. 1a. The effects of jet injection angle and velocity
ratio were studied using this geometry in both cases of slot injection
and hole injection film cooling. The computational domain used was
a45D x 25D x 3D cube witha 1D x 1D jet channel. In slot injec-
tion film cooling, the jet channel is stretched all along the spanwise
direction. In both jet injection angles of 30 and 90 deg, the depth of
the jet channel was taken to be 5D.

The second geometry used is for studying the jet cross-section
aspect ratio. In this geometry, which is 45D x 25D x 4.5D, five
different cases of jet-exit cross sections were used (Fig. 1b). These
dimensions were chosen such that the jet Reynolds number stayed
the same as in the first geometry (4.7 x 10%). Note, in both geome-
tries we were using a spanwise jet spacing of three times the biggest
width of jet cross section (3 x D in basic geometry and 3 x 3/2D
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Fig. 1 Geometric modeling and the boundary conditions used: a) basic geometry, b) different jet aspect ratios (AR: ratio of spanwise to streamwise

lengths), and c) grid.
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in second geometry). In addition, to study the jet spacing effects
the results of the squared hole injection with jet spacing of 3D is
compared with that of 4.5D. Note, in all cases studied the distance
between the main inflow boundary to the beginning of the jet is set
to4.5D.

III. Flow Characteristics

The turbulent flow considered here was incompressible and sta-
tionary with the following conditions. The cooling jet velocity was
taken to be 5.5 m/s, and the jet flow Reynolds number, based on
the jet’s hydraulic diameter, was 4.7 x 10°. The crossflow veloc-
ity was calculated based on the velocity ratio R. The thickness of
the boundary layer was estimated from the experimental results of
Ajersch et al.?® and was about 2D. The temperature of the cross
and the jet flows were 1000 and 300 K, respectively. The density
and the viscosity coefficient were 1.204 kg/m> and 1.7894 x 107>,
respectively.

IV. Governing Equations

In this study, the following forms of the governing equations
including continuity, momentum, and energy, were used:
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The standard k— model was used in this study. The turbulent
kinetic energy k and its rate of dissipation ¢ are obtained from the
following transport equations, proposed by Launder and Spalding®*:
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In addition, the standard wall functions, based on the work of
Launder and Spalding® were used.

V. Boundary Conditions

In all cases studied, four different boundary conditions were used
(Fig. 1c), namely, inflow, outflow, periodic, and no slip. Also, adia-
batic wall condition was used in the energy equation. At the cross-
flow inflow boundary, up to 2D from the wall, the 1/7 power law
was used, while uniform flow was considered for the rest of the
flow there. The square root of turbulent kinetic energy at the inflow
boundaries was based on Ajersch et al.?* experimental data. For
R =1 or 1.5, they assumed it to be 0.02Vg, whereas for R =0.5
they used 0.012V(g, while ¢ was calculated from the following
relation:

e=Cik/D ®)
1 =0.07L )
C, =0.09 (10)

Table 1 Number of grid cells for five different grids studied

Main domain Jet channel

Number

of cells Nx Ny NZ Nx Ny NZ
17,000 63 27 10 4 14 4
30,000 84 35 10 4 19 4
68,000 100 45 15 5 25 5
120,000 126 55 17 7 30 7
200,000 150 63 21 9 35 9

VI. Computational Methodology

In this work, an implicit cell-centered finite volume method was
used. Also, the SIMPLE algorithm (with underrelaxation coeffi-
cients) was implemented in the overall discretization of the equa-
tions. Note, all of the schemes used were second order. However,
in order to reduce the dispersion errors (and also to increase the
speed of the computations), the multigrid approach has also been
used.”® Also, in all cases studied, a nonuniform structured grid was
used (Fig. 1c).

VII. Code Validation and Grid-Resolution Study

To validate the code, velocity and kinetic turbulent energy re-
sults obtained from our simulation were compared with those of
the available experimental and computational data of Ajersh et al.??
for velocity ratio of 0.5 at the jet injection angle of 90 deg. The
comparison of the computational-fluid-dynamics results with the
experimental data shows relatively high accuracy of our simula-
tions (Figs. 2 and 3). Note, the quality and the accuracy of our
results are better than those of the computational results of Ajersch
et al.?® Of course, turbulent kinetic energy (Fig. 3) is a very sensitive
parameter, and thus its prediction is not always easy, especially for
flows such as the ones simulated here, with excessive rate of strain
(e.g., flows with high streamline curvature, highly vortical flows),
and with multiple length scales. Of course, jet-crossflow interactions
are complicated at high jet injection angles, for example, 90 deg.
Thus, this shortcoming is not noticeable at low injection angles, for
example, 30 deg.

Note, because the Reynolds number of the main flow is high
and the adiabatic wall assumption is used, the effects of the con-
vection heat transfer are much stronger than those of the diffusion
heat transfer. Therefore, validation of the flow hydrodynamics can
pretty much ensure that the film-cooling effectiveness results are
also accurate enough.

The grid independency of the squared jet cross section for the
basic geometry (with the jet spacing of 3D) was studied using five
different grids (Table 1). Because the flow complexity and the jet
into crossflow interactions occur mostly near the wall (especially
over and behind the jet), the grid was clustered there in ¥ direction,
as well as at the jet exit in X and Z directions. In Fig. 4, the results
related to different grids used are compared. This figure indicates
that, by increasing the cell numbers from 120,000 to 200,000, the
adiabatic film-cooling effectiveness 7, which is the major parameter
studied in this work, almost remains constant. However, further de-
crease of the number of cells changes the film-cooling effectiveness
considerably. Therefore, a 120,000-cells grid was used, whose dis-
tribution (especially in the sensitive regions, e.g., near the wall and
the jet channel) is the same as that of the previous works (Refs. 21
and 23). A similar study (not shown here) indicated that for the sec-
ond geometry (with the jet spacing of 4.5D) 210,000-cells grid was
more suitable.

VIII. Results

In this work, the physics of the flow and the film-cooling effec-
tiveness of two kinds of flat-plate film cooling (slot and discrete
holes injections) for different velocity ratios and jet injection angles
have been studied. The film-cooling results of these two cases have
also been compared. For the discrete holes, the effects of the jet
aspect ratio and the jet spacing have also been investigated.
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Fig. 2 Comparison of streamwise velocity (U/Vje) for Z/D =0, with velocity ratio of 0.5 and jet injection angle of 90 deg: a) X/D =5.0, b) X/D =6.0,

¢) X/D =8.0, d) X/D=10.0, and e) X/D =13.0.

A. Slot Injection Film Cooling

As part of our study, flat-plate slot injection film cooling has been
simulated in six different situations, namely, jet injection angles of
30 and 90 deg with velocity ratios of 0.5, 1, and 1.5. The results
indicate that, for all of these velocity ratios, for jet injection angle
of 30 deg the penetration of the jet into the main flow is minimal
because in this case the cooled flow stays adjacent to the wall. How-
ever, by changing the jet injection angle to 90 deg, the cooling jet
influences the main flow, considerably. Therefore, the height of the
jetincreases, and the region over and far from the wall becomes cool,
rather than the wall itself. Also, flow separation occurs downstream
of the jet (Fig. 5).

In general, increasing the velocity ratio enhances the jet penetra-
tion, and thus the centerpoint of the reverse flow region (the most

cooled region) will be situated farther away from the wall, as the
velocity ratio increases.

Figure 6 shows the film-cooling effectiveness for different in-
jection angles and different velocity ratios. Note, at velocity ratios
of 1 and 1.5 the increase in the jet injection angle decreases the
effectiveness of film cooling. This is because the reverse flow is
generated behind the jet such that the cool air penetrates into the
region far from the wall, rather than staying adjacent to the wall.
At velocity ratio of 0.5 however, the film-cooling effectiveness n
for both the jet injection angles of 30 and 90 deg is very close,
while being small. Also, in both jet injection angles the increase
in the velocity ratio enhances the film-cooling effectiveness, espe-
cially at low angle of 30 deg. Therefore, the optimum film cooling,
using slot injection, occurs at the jet injection angle of 30 deg and



96

MAHJOOB AND TAEIBI-RAHNI

R=0.5 R=0.5
. X/D=5.0 Z/D=20.0 4 X/D=8.0 Z/D=20.0
o EXP.[23] -[23]
Present Work snt Work|
. CFD [23] [23]
3 3
o [=}
-~ 2 -~ 2
> >
10 o 1
L D.
L h..ﬂp 3
L U..
H sec o Soe ®
0 .\’\ 1 L L L L 1 L L L 0 P S TR S N S T T
0 0.2 0.4 0.6 0 0.2 0.4 0.6
a) Nk I V,,, o Nk IV,
R=0.5
4XID=10.0 Z/D =0.0
[ o EXP.[23]
L Present Work
- . CFD [23]
3
o :0
;2—..
[ ®o
L (3
T o
L L ]
| [ ]
L . .Ii
L 1 979 91 | TR TR R L L
% 2 0.4 0.6 % 02 0.4 0.6
b) Nk I V,,, d) Nk IV,
R 0.5
4_XID=13.0 Z/D =0.0
I EXP.[23]
e Present Work
H CFD [23]
3_
a
= 2}
> L
1L
ol Seal . T R
0 0.2 0.4 0.6
e) \]k/V_,n

Fig. 3 Comparison of the square root of turbulence kinetic energy (1/k/Vye) for Z/D =0, with velocity ratio of 0.5 and jet injection angle of 90 deg:

a) X/D =5.0, b) X/D =6.0, ¢) X/D =8.0, d) X/D =10.0, and e) X/D =13.0.

at the velocity ratio of 1.5, while the worst case is the velocity ratio
of 0.5.

B. Discrete Holes Injection Film Cooling

Similar to the slot injection technique, for injection angle of about
30 deg (for all three velocity ratios studied) the flow moves close to
the wall. As expected, by increasing the jet angle to 90 deg the height
of the jet increases considerably. However, because of the existence
of a third dimension in discrete holes injection the physics of the
flow is quite different from that of the slot injection jet (Fig. 7). Now,
the cold fluid behind the jet traps in one of the two symmetrical
spirals, which are moving along the wall downstream (instead of
being trapped in the reverse flow region mentioned in the slot film

cooling). However, there is a small reverse flow just behind the jet
and below the spiral flow, which creates a wake region at the wall
(Fig. 8).

While avoiding the cooling of the fluid far from the wall, we stud-
ied the dimensionless temperature variations in the region over and
far from the wall, namely, the cooling efficiency 6 for the first time
to the authors’” knowledge. Figure 9 shows the cooling efficiency at
Z =0and X =6.5D (1D after the jet) along the axes normal to the
wall (Y). Note from this figure that for both 30- and 90-deg injection
angles, by increasing the velocity ratio, the height of cooled flow in-
creases, and thus the region above the wall is more influenced by the
cooling flow. In other words, at the jet injection angle of 90 deg, the
reverse flow becomes larger and occurs farther away from the wall.
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Fig. 7 Different vortices generated for the jet injection angle of 90 deg
(Ref. 27).

Fig. 5 Reverse flow generated in the slot film cooling for jet injection
angle of 90 deg and velocity ratio of 1.5.
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Fig. 6 Film-cooling effectiveness at the jet centerline (Y =0 and Z =0)
at different jet angles and velocity ratios, using slot injection.

This leads to a decrease in the effects of the reverse flow at the wall
and thus smaller wake region at the wall. Figure 9 also shows that,
at the jet injection angle of 90 deg, the maximum cooling efficiency
6 is about 0.8 occurring relatively far from the wall, whereas, at the
injection angle of 30 deg, it is about one occurring much closer to
the wall. In other words, at 30-deg jet injection angle the cold fluid
has cooled the wall more efficiently without influencing the flow far
from the wall considerably.

On the other hand, Fig. 10 shows the film-cooling effectiveness
n at the jet centerline along the streamwise direction. Note from
this figure that, starting with the velocity ratio of 0.5 and injection
angle of 30 deg, as the injection angle or the velocity ratio increases

[ U O Y -

‘W‘r b=
Fig. 8 Wall wake for the jet injection of 90 deg and the velocity ratio
of 0.5, using discrete holes injection.
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Fig. 9 Cooling efficiency at X =6.5D and Z =0 for different jet angles
and velocity ratios, using discrete holes injection.

the film-cooling effectiveness in the region just downstream of the
hole decreases. Therefore, the optimum film cooling occurs at the jet
injection angle of 30 deg and at the velocity ratio of 0.5, whereas the
worst case is the jet injection angle of 90 deg with the high velocity
ratio of 1.5. Note, using a jet injection angle less than 30 deg or
velocity ratio less than 0.5 decreases the efficiency.?! Another point
in this figure is that, at velocity ratios of 0.5 and 1, the jet angle of
30 deg has alonger (in streamwise direction) and thus more effective
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Fig. 10 Film-cooling effectiveness at the jet centerline (Y =0and Z =0),
for different jet injection angles and velocity ratios, using discrete holes
injection.
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Fig. 11 Film-cooling effectiveness at X =6.5D and Y =0, for different
jet injection angles and velocity ratios, using discrete holes injection.

film cooling than those of 90 deg. However, it can be seen that at all
velocity ratios, at far downstream (x > 27D), the jet angle of 90 deg
has better film-cooling effectiveness. However, it is important that,
in this region, the cooling effectiveness is less than 0.2 and it is thus
inappropriate.

In spite of the disadvantages of using 90-deg injection angle, it
has some advantages. Beside the fact that it is simpler for manu-
facturing purposes, it generates a wider distribution of film cooling
in spanwise direction (Fig. 11), but because its value is small this
advantage is not so important. Note also from Fig. 11 that, at the
jet injection angle of 30 deg, as the velocity ratio is increased the
distribution of the film cooling in spanwise direction decreases.

To investigate the effects of the jet cross-section’s aspect ratio,
the results of a squared cross section and four different rectangular
cross sections have been compared at the optimum velocity ratio
of 0.5 and the jet injection angle of 30 deg. Figure 12a shows that
changing the jet cross section from spanwise rectangle (cases A and
B) to square (case C) and also from square to streamwise rectangle
(cases E and D) decreases the effective film-cooling length along the
wall. Another point is that, in spanwise rectangular jets (cases A and
B), film-cooling effectiveness is reduced from unity, just as the cold
fluid crosses the jet (Fig. 12b), while, the streamwise rectangular jets
(cases D and E) can sustain film-cooling effectiveness of unity at
longer distances. However, after that, the film-cooling effectiveness
of the streamwise rectangular jets (cases D and E) decreases quickly,
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Fig. 12 Film-cooling effectiveness at the jet centerline (Y =0 and Z =0)
for the jet angle of 30 deg and the velocity ratio of 0.5, using discrete
holes injections with different aspect ratios: a) the whole graph and
b) a part of graph a enlarged.

whereas the rate of decrease in spanwise rectangular jets (cases A
and B) is much lower.

Furthermore, by changing the jet cross section from spanwise
rectangle (case A) to streamwise rectangle (case E) the height of
cooled flow behind the jet is increased, and thus the fluid far from
the wall also cools down (Fig. 13). In other words, the film cooling
affects mostly the main flow rather than the fluid adjacent to the
wall.

Figure 14 compares the film-cooling effectiveness of different jets
in spanwise direction, at X =7D and ¥ = 0. As expected, because
of their geometries the spanwise rectangular jets (cases A and B)
have wider distributions of film cooling in comparison with other
jets.

Another important point noticed in Figs. 12—14 is that, although
the length and the width of both spanwise and streamwise rectan-
gular jets (e.g. cases A and E) are the same, the difference between
the results of the spanwise rectangular jet (case A) and the squared
one (case C) is more than the difference between the results of the
streamwise rectangular jet (case E) and the squared one (case C).
In fact, the more the rectangular section stretches in the spanwise
direction, the more rapidly the efficiency increases.

C. Spanwise Jet Spacing Effects

Another important parameter affecting film cooling is the distance
between adjacent jets in spanwise direction. To study this effect, the
results of two different film-cooling cases, one having a jet spacing
of 3D (say case G) and the other having a jet spacing of 4.5D (case C)
with a jet injection angle of 30 deg and a velocity ratio of 0.5, have
been compared (Figs. 15 and 16). Note from Fig. 15 that increasing
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Fig. 13 Cooling efficiency at the position 1D behind the jet and atZ =0,
for the jet angle of 30 deg and velocity ratio of 0.5, using discrete holes
injections with different aspect ratios.
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Fig. 14 Film-cooling effectiveness at X =7D and Y =0, for the jet angle
of 30 deg and velocity ratio of 0.5, using discrete holes injections with
different aspect ratios.

the jet spacing decreases the film-cooling effectiveness marginally
in streamwise direction (especially up to about 6D downstream of
the jet). Also, from Fig. 16, which indicates the spanwise spread
of film cooling at X =6.5D, it can be seen that increasing the jet
spacing has a negligible effect on spanwise spread of film-cooling
effects.

D. Comparison of Slot and Discrete Holes Injection Techniques

Figure 17, indicating a direct comparison between two types of
film cooling, shows that the film-cooling efficiency of slot injection
case is obviously higher with smaller slope. In other words, the slot
injection has a steadier and longer film cooling even for the velocity
ratio of 0.5 (which causes the weakest film cooling for slot injection
and the strongest film cooling for the hole injection).

Another important difference between the two film-cooling ap-
proaches is the effect over the wall. At 90-deg jet injection angle, in
the slot injection film cooling the height of the cooled fluid is about
1.8 times that of the second approach. Therefore, the disadvantage
of influencing the cold fluid into the crossflow causes more damage
in the slot injection film cooling than in the discrete holes approach,
whereas for 30-deg jet injection angle the height of the jet in the
slot injection method is less than that of the other method. In fact, at
the jet injection angle of 30 deg, which is the optimal angle for both
approaches, the slot injection creates a lower jet height and thus
results in better film-cooling effectiveness at velocity ratios more
than unity.

Y=0,Z=0
T ——— Square (G): Spacing=3D
= — — — Square (C): Spacing=4.5D
0.8
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—
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0 1 1 L 1 1
0 10 20 30 40
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Fig. 15 Effects of jet spacing at the jet centerline (Y =0, Z =0) for the
jet injection angle of 30 deg and velocity ratio of 0.5, using discrete holes
injection.
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Fig. 16 Effects of jet spacing at X = 6.5D and Y =0, for the jet injection
angle of 30 deg and velocity ratio of 0.5, using discrete holes injection.
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Fig. 17 Comparison of the results of two different types of film cool-
ing, that is, slot and discrete holes injection (with spacing =3D) at the
centerline (Y =0,Z =0).

IX. Conclusions

In this work, two different methods of turbulent flat-plate film
cooling, namely, slot injection and discrete holes injection, have
been numerically studied. In each method, the effects of the velocity
ratio and the jet injection angle have been studied. The results show a
more efficient film cooling when slot injection is used. However, the
slot injection causes structural problems, and thus there are practical
limitations in its application. At the jet injection angle of 90 deg, the
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physics of the flow behind the jet in discrete holes method is con-
siderably different from that of the slot injection one. As a result,
at 90-deg injection angle, in the slot injection method, the jet pene-
trates deeper into the main flow. However, at 30-deg injection angle
the height of the jet in the slot injection case is less than that of the
discrete holes injection one. However, in both methods the optimum
film cooling occurs at the jet angle of 30 deg, with the velocity ratio
of 1.5 for the slot injection and 0.5 for discrete holes one.

In discrete holes injection, the effects of the jet cross-section’s as-
pect ratio was also investigated. The results show that changing the
jet cross section from spanwise rectangle to streamwise rectangle
decreases the effective film cooling along both streamwise and span-
wise of the wall. Also, it increases the height of the cooled flow be-
hind the jet. Thus, the flow far from the wall becomes cool resulting
in higher aerodynamic losses. In addition, the more the rectangular
section stretches in spanwise direction, the more rapidly the cooling
effectiveness increases. Also, the study of the jet spacing shows that
decreasing the jet spacing increases the cooling effectiveness, but
not as much as changing the jet aspect ratio.
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