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Abstract: Higher the turbine inlet temperature of a gas
turbine, higher will be the efficiency, however the
increase in the turbine inlet temperature is limited to
the materials and the cooling strategies employed. This
article presents a study on the effect of blowing ratio on
film cooling effectiveness for a cylindrical hole and a
diffused hole at different angles. The analysis was done
for blowing ratios of 0.5, 1.0, 1.5 and 2.0 while the angle
in the diffused hole was varied as 5°, 10° and 15°. A grid
independence study was performed and the simulation
was validated. The results of cylindrical and different
angles of diffused holes were compared. For a cylindrical
hole as well as diffused hole, a blowing ratio of 1.0 was
found to have an optimal effectiveness. The diffused hole
was found to improve the near hole and downstream
effectiveness at higher blowing ratios.
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effectiveness

PACS® (2010): 47.27.T-, 44.05.+e

Introduction

Gas turbines are most popularly used in marine and air
propulsion and power production. Gas turbines have the
advantage of producing high power to its size and weight
ratio. The gas turbine is required to operate at high
efficiency thereby reducing the fuel required and finan-
cial savings as well. The efficiency of a gas turbine is
increased by increasing the inlet temperature of the gas
entering the turbine. It has been reported that an increase
in the inlet temperature of 100 °F leads to an increase in
efficiency of about 0.5 to 1% and an increase in work

output by 10% [1]. The limiting factor of higher operating
temperature is the blade material. The first stage stator
and rotor of the turbine is exposed to the harsh environ-
ment. The turbine blade materials is limited to the avail-
ability and cost involved, hence cooling is required.
There are several different techniques that are adopted
for blade cooling such as internal cooling, impingement
cooling and film cooling [2]. Film cooling is the most
adopted method of blade cooling. Film cooling is a tech-
nique where bleed air from the compressor is injected
through discrete rows of holes present on the surface of
the turbine blades [2]. The coolant jet forms a film over
the blade material protecting it from the mainstream hot
gas flow.

The term film cooling is used interchangeably with
effusion cooling. Krewinkel [3] had presented a compre-
hensive review of the effusion cooling systems, he
defined effusion cooling when the cooling holes have a
diameter of less than 0.2mm. The performance of a film
cooled system is determined by the term adiabatic film
cooling effectiveness as given in eq. (1).

η=
Tg − Taw

Tg −Tc
(1)

Where Tg is the temperature of the hot mainstream gas,
Taw is the temperature of the wall and Tc is the cooling jet
temperature. The film cooling effectiveness is dependent
on three main parameters of coolant and mainstream
conditions, geometry and hole conditions and the air
foil geometry. Coolant and mainstream conditions
include blowing ratio, mainstream turbulence, coolant
density ratio, rotation, etc. [2, 4, and 5] Blowing ratio
(BR) is defined as the ratio of coolant mass flux to the
mainstream gas mass flux.

BR=
ρcuc
ρgug

(2)

A number of experimental and numerical analysis have
been done to study the effect of hole geometry and hole
conditions on film cooling effectiveness. Baldauf et al. [6]
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has analysed the film cooling effectiveness under adia-
batic conditions for a row of cylindrical holes. They have
presented a thorough study on the effect of blowing ratio,
density ratio, turbulence intensity along with the geo-
metrical parameters of hole spacing and ejection angle
on cooling effectiveness. The blowing ratio was varied
from 0.2 to 2.5 for an injection angle of 30° and hole
spacing of 3. They have reported that at low blowing
ratios, the cooling jets spread out close to the injection
holes and hence providing maximum effectiveness, how-
ever the low coolant ejection is diluted by the mainstream
gas and the effectiveness rapidly decreases downstream
from the injection hole. The optimum blowing ratio was
reported as BR = 1. At a BR of 1.7 the coolant jet was
found to detach at the hole exit. The angle of ejection was
studied for α = 60° and 90° for BR from 0.2 to 2.5 and at a
density ratio of 1.8, at low blowing ratios for 90° hole, the
effectiveness was found to decay sooner than for inclined
ejection.

Hu et al. [5] numerically analysed the influence of
three blowing ratios of 0.5, 1 and 2.0 on three different
blowing angles of 30°, 60° and 90°. The numerical study
was carried out at elevated temperatures where the main-
stream temperature was 1596 K and the coolant temper-
ature at 800K. They have reported an optimal cooling
effectiveness at an injection angle of 30° and the effec-
tiveness was reported to increase for x/d = 50 at
BR = 0.5. Injection angle of 90° was reported to be the
least effective. For the region from −36 ≤ x/d ≤ 124 and
the injection angles of 30° and 90°, the effectiveness
distribution was reported to be very close. At BR of 1.0
and 2.0 while α = 90° gave lower effectiveness.

Cerri et al. [7] presented a numerical model to design
and analyse the geometry of the effusion cooling systems
with a prospect of utilizing the poroform technology for
manufacturing cooling holes. The effect of hole diameter,
density and spacing on the adiabatic cooling effective-
ness was studied. They have found from the analysis that
the turbine blade can resist temperatures of 1200K with
the effusion cooling holes developed based on poroform
technology.

Hemyari et al. [8] performed a numerical analysis of
slot film cooling effectiveness. They have analysed a
simplified 2D film cooling hole with different blowing
ratio in the range from 0.5 to 2. Validation was done for
BR of 0.3 and the simulation was in good agreement with
the experimental results. They have reported that a BR of
0.8 has presented the best cooling performance.

Ren et al. [9] investigated the conjugate heat transfer
characteristics of film cooled blade coated with thermal
barrier coat under syngas atmosphere. The investigation

was carried out experimentally and numerically for a row
of 7 cooling holes and 8mm diameter, the plate was
made of nickel super alloy. The mainstream temperature
was 800 °C and the cooling side temperature was 400 °C.
They have reported that the thermal radiation signifi-
cantly affects the cooling effectiveness. The film cooling
performance is reduced due to radiation. The thermal
barrier coating was found to give even temperature
distribution.

Baheri et al. [10] has presented a numerical analysis
for a row of simple and compound holes with an injection
angle of 35° for a flat plate. Four hole configurations of
cylindrical hole, trenched cylindrical hole, 15° forward
diffused hole and 15° trenched forward diffused hole.
The blowing and density ratio was fixed at 1.25 and 1.6
respectively. This simulation included a plenum at the
coolant jet entry. They have shown that the coolant jets
tends to lift off for cylindrical holes at BR = 1.25 and it
was reduced for slotted hole under the same conditions.
For shaped hole the coolant attachment was found to be
much better. The coolant lift off was significantly reduced
for shaped and trenched hole at high blowing ratio. The
centreline effectiveness was shown to rapidly decrease
for cylindrical hole whereas for the shaped-trenched
hole the reduction in effectiveness was gradual and sig-
nificantly better than cylindrical hole.

Lei Zhao et al. [11] presented a comprehensive study
on the determination of heat flux for a flat plate under
adiabatic and conjugate conditions for a 2D hole with
injection angle of 35° and BR of 1.3. The computational
domain had 48,000 cells, the analysis was carried out for
internal cooled conjugate wall with and without film
cooling, adiabatic conditions, conjugate wall at different
temperatures and uniformly heated and cooled walls.
From their analysis they have presented a modified equa-
tion for the determination of heat flux ratio. Wall con-
duction played an important role in the temperature
distribution.

Rao et al. [12] presented a computational study on
film cooling with added mist. The numerical analysis
was carried out for different droplet sizes of 5 μm, 10 μm
and 15 μm with the ratio of mass flow rate of mist varied
at 2 %, 4% and 6%. The mainstream air set at 400K and
the cooling air temperature was varied at 275 K, 300K and
325 K. A maximum enhancement of 64% was reported for
6% mist with droplets of 5 μm. They have proposed a
modified expression for mist-air cooling effectiveness
since the water droplets vaporize thus resulting in
reduced temperature thereby reducing the Tg value at
the ejection site and causing the value of effectiveness
to be greater than unity.
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Azzi et al. [13] had presented a numerical analysis of
a converging slot hole. The computational domain was
similar to Sinha et al. [14]. The shaped hole had a 15
degree angle. Two blowing ratios of 0.5 and 1.0 was
used in the analysis. They have utilized a two layer DNS
based model, in order to effectively capture the flow near
the injection hole, the most widely used κ -ε model tends
to under predict the lateral spread of the jet. They have
reported that the DNS model can predict with good accu-
racy the spanwise coolant spread for the cylindrical hole.
The shaped hole plays a better role at higher blowing
ratios near the coolant injection point.

Zhai et al. [15] experimentally investigated the per-
formance of diffuser shaped holes, at different injection
angles. The laidback hole and laidback fan shaped hole
was investigated at two different injection angle of 30°
and 60° with the diffuser angle at 15°. They have reported
that at large blowing ratios, higher injection angles
reduced the cooling effectiveness for both laidback and
laidback fan shaped hole.

From the literature above and the other numerous
numerical and experimental literature available, it is
clear that, there are many parameters that could influence
the cooling effectiveness. The results of a particular con-
dition, like the case where the blowing ratios for a partic-
ular injection angle, might be different for different hole
diameters, hole shape, hole angle, etc. The cooling per-
formance have to be analysed on a parameter by param-
eter basis. This numerical study is a study on the effect of
blowing ratio on different angles of forward diffused holes.
There are several parameters which influence the effective-
ness in forward diffused holes, mainly the angle and the
distance from the coolant inlet at which the angle is made
[3]. In this analysis the diffusion angle is made at the
midpoint between the coolant inlet and the injection
point. In most of the laidback hole cases, the diffusion
angle is made very close to the exit of the injection hole.
The effects radiation is not considered in this study due to
the computational power availability, the simulation was
carried out was carried out under adiabatic conditions.

Governing equations

The steady state Navier Stokes equation are solved for the
2D case. The governing equations for mass, momentum
and energy are given below [16].

∂
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ρuið Þ =0 (3)
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Boussinesq hypothesis and eddy diffusivity model is used
to model the time averaged component of momentum
and energy equations.

ρu′iu
′
j = μt

∂ui
∂xj

+
∂uj
∂xi

� �
−
2
3
ρkδij (6)
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′
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μt
Prt

∂T
∂xj

� �
(7)

In order to account for the turbulence, and close the
Navier Stokes equation, the standard κ-ε model was
used in this simulation. This model has two more trans-
port equations to model the turbulent flow field.

In this model, the parameters κ represents the turbu-
lent kinetic energy and ε is the turbulent dissipation. The
equations for κ and ε is as follows,

κ=
1
2
uiui (8)

And

ε= ν
∂ui∂ui
∂xk∂xk

(9)

Where ν is the kinematic viscosity of the fluid. The two
transport equations are modelled as follows

∂
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And
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(11)

In the above equations, C1ε, C2ε, and C3ε are model con-
stants, σk is the turbulent Prandtl number for κ and σε is
the turbulent Prandtl number for ε.
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Computational domain

The simulations were carried out in the commercially
available Ansys Fluent. The solutions from the software
were found to be in better agreement with the experimen-
tal data reported from many literature and hence the
same was adopted for this study. The computational
domain chosen is similar to the studies done by Li et al.
[17] and Zhao et al. [11], this ensures that the model can
be validated and the results compared. The model is
shown in Figure 1. A simplified 2D case of a flat plate
under adiabatic conditions was chosen for this analysis.
The hole diameter is 4mm and the injection angle is fixed
at 35°. The computational domain is shown in the figure.
Four cases were studied i. e. cylindrical hole and diffused
hole with angle of 5°, 10° and 15°.

Operating parameters

Air was considered as mainstream gas and as the coolant.
The mainstream air temperature and the coolant temper-
ature was maintained at 400K and 300K respectively.
The operating pressure at the inlet was set to 101,325
Pascal and the outlet pressure was set as 0 Pascal. The
mainstream velocity of the air was maintained at 10m/s
and the coolant was injected with a velocity of 10m/s, for
a blowing ratio BR of 1.3 for validation purposes. The
turbulent kinetic energy and the turbulent dissipation
rate was set to 1m2/s2 and 1m2/s3 respectively. For other

studies, four different blowing ratios of 0.5, 1, 1.5 and 2
were analysed.

SIMPLE scheme was selected for the pressure-veloc-
ity coupling and for spatial discretization the second
order upwind scheme was selected for momentum, tur-
bulent kinetic energy and turbulent dissipation rate. The
y + value was maintained within the bounds of the vis-
cous sublayer throughout the simulations.

The thermophysical properties of air (k, Cp, ρ and ʋ)
used in the numerical simulation was obtained from the
standard properties of air reported at 1atm [18]. Since the
thermophysical properties of air are not constant across
the simulated temperature range, the property data was
converted into 7th degree polynomial as a function of
temperature by curve fitting. The polynomial equations
chosen were ensured that the coefficient of determina-
tion (r2) was about 0.999 for all cases. The property data
are reported in Table 1 for various thermophysical
properties.

The 7th degree polynomial is given by eq. (12) where
x temperature in Kelvin.

y = a+ bx + cx2 + dx3 + ex4 + fx5 + gx6 + hx7 (12)

Convergence criteria

The residuals for mass was set to 10–5, energy, momen-
tum and turbulence kinetic energy residuals was set to

Figure 1: Model for simulation.
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10–6. The simulations were set to run for 5000 iterations
or until convergence is attained.

Grid dependence study

A mesh independence study was performed, two different
mesh sizes were chosen such that the total elements were
about 400,000 and 100,000. It was seen that that centre-
line difference cooling effectiveness for the two meshes
were less than 0.5 %.

The velocity in x direction at a location of x/2d = 2.5
is shown in Figure 2 for the two mesh sizes. It can be seen
that there is very little change in the velocity data and
hence no further refinement was performed. A similar
trend is seen the temperature data as shown in
Figure 3. Since there is no significant change in the
analysed data for the two sizes, all the simulations were
carried out with 100,000 elements in order to reduce
computational effort.

Validation

The results of the numerical simulation was validated with
the data reported from other literature. Figure 4 shows the
effectiveness data of the simulation compared with the
results reported by Li et al. [17]. It is observed that the
results are in close agreement. The temperature data was
from the simulation is also in agreement with Zhao et al.
[11], the deviation was less than 1.5%. The x distance from
the coolant injection hole is converted to x/2d in order to
make non-dimensional for analysis purposes. x/2d is set to
zero at the centre of the coolant injection hole.

Results and discussions

The Figure 5 shows the effect of blowing ratio for a cylin-
drical hole. The results show that the lowest effectiveness is
obtained for BR of 0.5. BR of 1.0 is seen to be the most

Table 1: Thermophysical properties of air.

Coefficient Density ρ
(kg/m)

Specific heat Cp
(J/kg K)

Thermal Conductivity
kair (W/m k)

Kinematic Viscosity
ʋ (m/s)

a . . . −.
b −. −. −. .e-
c .e- . .e- −.e-
d −.e- −. −.e- .e-
e .e- .e- .e- −.e-
f .e- −.e- −.e- .e-
g −.e- .e- .e- −.e-
h .e- −.e- −.e- .e-

Figure 2: Velocity distribution for two mesh sizes with 100,000 and
400,000 elements.

Figure 3: Temperature distribution for two mesh sizes of 100,000
and 400,000 elements.
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effective, this is in agreement with the results reported from
various literature [3, 8, 15]. It can also be seen with an
increase in blowing ratio, the rate of effectiveness decrease
downstream of the injection hole increases. This phenom-
enon is observed in the experimental results reported by
Sinha et al. [14]. The higher effectiveness near the injection
wall for higher blowing ratio indicates that the coolant jet
has detached and has reattached downstream. However at
the downstream section, for higher BR the effectiveness is
lower since the coolant jet does not fully come into contact
with the wall.

The effectiveness at BR of 0.5 rapidly decreases down-
stream from the injection hole, this is due to the high heat
load of themainstream gas and lower available energy flux.

The Figures 6 and 7, indicates the effect of diffusion
angle at blowing ratio of 0.5 and 1. At blowing ratio of 0.5
and at a distance x/2d = 5, the effectiveness is higher at

higher diffusion angles compared to cylindrical hole, this
local increase in effectiveness is due to the better attach-
ment of the jet to the wall. At BR = 1, the effect of hole
diffusion angle is negligible. There is very little change in
effectiveness at near the coolant injection hole. This phe-
nomenon can be observed in Figure 8 below.

Figure 9 shows effect of diffusion angle at a BR of 2.
Similar trends is observed for a BR of 1.5, hence only BR 2
is discussed here. At distance up to x/2d = 15, there is no
significant change in the effectiveness for all diffusion
angles. There is a slight decrease in effectiveness of about
2 % for all angles compared to cylindrical hole. However
this trend is reversed in the downstream section of the
injection hole. Form Figure 5 for BR greater than 1, the
effectiveness is reduced, for a cylindrical hole, whereas
for diffused angle holes here there is an improvement in
the effectiveness.

Figure 7: Effect of diffusion angle at BR = 1.

Figure 4: Results of the numerical study compared with the results of
Li et al. [17].

Figure 5: Effect of blowing ratio on cylindrical hole.

Figure 6: Effect of diffusion angle at BR = 0.5.
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The Figure 10 shows the effect of the angle at BR of
0.5, 1 and 2 at a distance of x/2d = 25 from the injec-
tion hole. The phenomenon explained earlier is more
evident now. The downstream performance at BR = 0.5
is lower than the cylindrical hole, and is explained in
earlier sections. At higher blowing ratios however this
is reversed. The hole angle increases the effectiveness
downstream due to higher attachment of cooling jet to
the wall in downstream sections as the blowing ratio
increases. In this case, an increase of 9.8 % at 15° angle
of the hole is observed compared to the cylindrical
hole.

Figure 11 shows the velocity data at x/2d = 5, for a
BR of 2. The effect of diffusion angle on the velocity can
be visualized. The plot indicated the velocity at x/2d = 5
for a height of 0.02m from the wall. At higher diffusion
angles, the velocity is reduced as compared to the

cylindrical hole, this is due to the better attachment of
the coolant jet to the wall. This reduction in velocity at
higher diffusion angles is observed for all blowing
ratios.

In summary, the effect of the angle can be effectively
discussed when the test sections can be split into three
sections i. e. I from x/2d = 0 to x/2d = 5.0, II from x/
2d = 5.1 to x/2d = 20.0 and III for x/2d above 20.1. In
section I, at low blowing ratio of 0.5, an increase in the
diffusion angle resulted in increased effectiveness, at
other blowing ratios of 1, 1.5 and 2, there is no significant
change. In section II, the diffusion angles did not have
any observable effect on the effectiveness. In section III,
at higher blowing ratios, the diffusion whole angles is
found to impact the effectiveness. Multiple rows of
angled holed at lower blowing ratios could offer better
cooling effectiveness.

Figure 8: Effect of angle at various blowing ratio at x/2d = 5.

Figure 9: Effect of diffusion angle at BR = 2.

Figure 10: Effect of angle at various blowing ratio at x/2d = 25.

Figure 11: Effect of angle on velocity at x/2d = 5.
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Conclusion

The effect of angle in a diffused hole film cooling at
various blowing ratios was studied numerically and the
following key observations were made.
– At lower blowing ratios, an increase in the hole angle

increased the cooling effectiveness near the injection
hole.

– At a blowing ratio of 1, increase in diffused hole
angle did not have any effect in the cooling
effectiveness.

– At higher blowing ratios, increase in hole angle
resulted in increase in cooling effectiveness down-
stream of the coolant injection hole. This is in contra-
diction to the results obtained at blowing ratio of 0.5.

In conclusion, the diffusion angle improves the cooling
effectiveness near the injection hole at lower blowing
ratio and at downstream sections at higher blowing
ratios. In actual practice, typically in a turbine blade
there are several rows of cooling holes. Therefore, hav-
ing holes with angles can be utilized at lower blowing
ratios, thereby improving the effectiveness and also
reducing the cooling air required resulting in better
efficiency.

There is a good scope of future work. The manufac-
turing feasibility, actual performance, strength of these
cooling holes can be studied in great detail.

Nomenclature

BR Blowing ratio
d Coolant hole diameter
Cp Specific heat (J/kg K)
T Temperature (K)
k Thermal Conductivity (W/mK)
u Velocity (m/s)
Subscripts
aw Adiabatic wall
c Coolant
g Mainstream gas
Greek Characters
α Injection angle (deg)
β diffusion angle (deg)
ρ Density (kg/m3)
κ Turbulent kinetic energy (m2/s2)
ε Turbulent dissipation (m2/s3)
υ Kinematic viscosity (m2/s)
η Cooling effectiveness
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