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Abstract

This work presents a comparative study of the flow over a gas turbine blade aimed at enhancing turbine performance. The
study focuses on determining the optimal angle of attack of the fluid and implementing internal turbine blade cooling.
Computational Fluid Dynamics (CFD) was employed under varying parameters, including fixed and rotating turbine blade
conditions. Precise analysis of temperature and pressure coefficient distributions, as well as torque, enthalpy,
thermodynamic power, flow velocity, and mass flow rate were conducted for each setup. Results indicate that the optimal
flow attack angle is 60°. Subsequently, mist cooling was simulated as an internal cooling method at the optimum attack
angle to examine its effect on blade temperature distribution. Simulation outcomes suggest that implementing mist cooling
enhances temperature distribution over the blade and improves turbine performance.
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1. Introduction

The Brayton cycle has been broadly used due to its dependability
and durability as a significant power source for a long time.
Increasing the efficiency of gas turbines that operate on Brayton
cycles has always been a desirable topic for engineers. In this
study, two methods will be investigated in order to increase the
gas turbine’s performance. Firstly, finding the best fluid attack
angle. Secondly, integrating the blade cooling method will allow
the increase of the cycle’s limit temperature. Where according
to the Carnot efficiency, the maximum theoretical efficiency of
gas cycles (upper limit of the efficiency) is dependent on the
ratio of the lowest temperature in the cycle to the highest
temperature in the cycle, as shown in Equation 1 [1]. However,
the turbine’s safety should also be taken into consideration to
protect the turbine blades from high-temperature streaks, and,
consequently, thermal stresses, high oxidation rates, and short
creep life, which might occur if the highest cycle temperature
increases beyond a specific range [1]. The progress of enhancing
the energy output of blades owes much to developments in
metallurgical science, particularly in the materials employed
within gas turbines [2]. Turbines can take a maximum
temperature of approximately 1500°C — 1700°C. Hence, the
local temperature of a turbine blade must be reduced. Moreover,
Reyhani et al. [3] explored the impact of hot section component
durability on the operational costs of modern gas turbines. They
highlighted that certain defects may arise, which have the
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potential to reduce the lifespan of turbine blades within the hot
section. Hence, they presented methods used for calculating

blade temperature and life. A well-known effective method that
will be tested to do so is the Closed Loop Misting. Closed loop
misting is simply injecting mist into the fluid flow before
entering the turbine [4]. Mist consists mainly of droplets of water
that play the role of a heat sink, whereas the droplets tend to
evaporate by scavenging and on the high temperature thermal
streak for their latent heat and reducing its temperature before
reaching the turbine blades [4]. The water droplets travel for
some distance through the fluid before vaporizing completely.
When using closed loop misting cooling, the process can be
controlled by adjusting the size (diameter) of the droplets that
are being injected into the fluid flow [4]. That is because the
temperature decreases not only by the droplets’ evaporation but
also because of the specific heat of the injected water, which is
larger for droplets with larger diameters [4]. Li and Wang [5]
proposed that a small amount of mist injection could enhance
the results of power generated and increase the adiabatic film
cooling efficiency by around 30% to 50%. In addition, 2% of the
coolant mass flow rate is enough to enhance efficiency [5].
Moreover, they found that mist cooling was less efficient for
cases of low pressure and temperature conditions [6].
Dhanasekaran et al. [7] successfully improved the efficiency of
turbine blades computationally by simulating misting behavior.
Moreover, other simulations done by Jiang et al. [8] found that
mist cooling effectively reduces the temperature of the boundary
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layer without affecting the temperature of the mainstream flow
or the thickness of the boundary layer. Additionally, they noted
that laboratory experiments have demonstrated that injecting
mist into the cooling fluid can enhance cooling effectiveness by
50% to 800%.

Another method related to misting is the injection of high-
pressure inlet fogging, which is a method that converts the
demineralized water into fog droplets as a cooling method of the
inlet air in the blades [9]. Chaker et al. [11] presented
comprehensive experimental and theoretical research, with
insights gained from implementing over 400 inlet fogging
systems on gas turbines. Previous research has proven that the
effectiveness of such a cooling system can be influenced by
other factors, such as the rotation of a rotating gas turbine, where
the effectiveness of the cooling system decreases with increasing
rotation [1]. Barakat et al. [12] introduced new hybrid cooling
systems and compared it with other configurations of gas turbine
systems. They developed three models: one predicted fogging
system cooling potential, another analyzed earth-air heat
exchanger thermal behavior, and a third combined both systems
into a hybrid cooling setup. Comparing these techniques at the
New Damietta power plant in Egypt, the hybrid system proved
superior, boosting average annual energy by 9.8% compared to
8% and 6.6% for fogging and earth-air heat exchanger systems,
respectively. Another research found this closed-loop cooling
method to successfully increase the efficiency of a gas cycle by
up to 60% [1].

There are more methods for enhancing gas turbine efficiency,
that are divided into different categories such as: Evaporating
cooling [13], absorption chiller cooling [14], refrigeration
cooling [15], and thermal energy storage [16].

maximum theoretical ef ficiency =1 — :—: )
The simplest definition of the angle of attack (AoA) for a two-
dimensional blade, is the geometrical angle between the flow
direction and the cord line of the blade [10]. Changing of the
stator angle, which implies changing the AoA for turbine rotor
in complete turbine stage can lead to a significant effect on the
distribution of the pressure and the suction sides of the turbine’s
blades [17]. This adjustment of the AoA can affect directly the
power extracted from the flow by the turbine, particularly the
specific power (defined as the ratio of shaft power to the mass
flow rate). The tangential and radial flow velocities are modified
by changing the flow angle. The preceding discussion
underscores the significance of investigating flow angle
sensitivity to determine the optimal AoA for the rotor inlet, a
task facilitated by integrating stator blades. Furthermore, it
emphasizes the importance of attaining precise and varied flow
patterns necessary for implementing misting techniques to study
their impact on blade cooling.

The organization of this work is as follows: The methodology is
explained in the next section along with the geometry setup and
mesh sensitivity study. The results are presented in the following
section. Conclusions and recommendations are drawn up at the
end.

2. Methodology

Fig. 1 represents the turbine’s rotor geometry which is
developed using the Gambit Turbo tool. The turbine domain is
constructed by providing: (i) several cross-sections of the blades
(minimum two) starting from the hub at the root and ending near
the casing, (ii) additional to two lines representing the hub and
the casing axes around a specified coordinate reference

(typically the x-axis), and (iii) the number of the rotor blades.
Geometry is created by radial surface sweeping of the blade
cross-sections and the two surfaces of revolution made by the
hub and casing lines that divide the domain into equal rotational
periodic segments specified by the number of blades. This
creates one rotor segment domain/volume bounded by six
surfaces. These are the hub and casing wall surfaces, upstream
inlet, and downstream outlet regions normal to the turbine’s
axial planes, and two periodic surfaces of similar topography.
The blade’s surface walls are identified as pressure and suction
blade surfaces. The domain can be considered fixed or rotating
reference frame (RRF) simulating fixed or rotating rotor,
respectively. The RRF is governed by the fluid flow governing
equations that are for rotating frame (steadily) representing the
conservation of mass (Eq. 2a), momentum (Eq. 3a), and energy
(Eq. 4a). The flow is governed by the compressible Navier-
Stokes equations for turbulent flow regime representing the
conservations of mass (Eq. 2b), momentum (Eq. 3b), and energy
(Eq. 4b) as:

Lt (o) =0 (2a)
5 (09) + 5 OB +p(@; x ) = — L+ TU 4 F (3a)
52 (0e) + XD = L [KVT + 1] + 5, (4a)
Xt (pv) =0 (2b)
%(Pvi) +aix}_(p17ivj) = —:—;‘F%‘Fpgi (3b)
%(ﬂe) + a:%? =q+ f—z + % [(=pdy +Tj)vi]+pg,, (4b)

Turbomachinery equations that govern the energy extracted by
the turbine kinematically is written as:

P,
2= UV in = UsutVu out (5)

m

Eq. 5 can be further simplified by assuming a negligible value
for V., our, denoted as:

% =UnVuin (6)

a)

b)

Fig. 1: Construction of the model for a 50-blade rotor: (a) the entire
domain, and (b) the periodic domain segment
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Fig. 1(a) shows the constructed turbine rotor that comprises of
50 blades separated circumferentially at an angle of 5.0 degrees
between two consecutive blades. The extracted domain in Fig.
1(b) from the complete rotor in Fig. 1a extends in the x-direction
from -0.015 m to 0.042 m, in the y-direction from -0.035 m to
0.027 m, and in the z-direction 0.298 m to 0.330 m. It is
subjected to a total pressure, flow direction and prescribed
temperature at the inlet (blue arrows) while a prescribed static
pressure at the outlet. All walls are prescribed with no slip
kinetically and adiabatic thermally.

The designed blade has a cord length of 1.6 cm, cord width of
0.32 cm, maximum width position near 30% of the cord, i.e.,
0.48 cm from the blade leading edge, and a maximum camber of
0.50 with nearly 250 twists from the root until the casing. Fig. 1
shows the domain segment where the oriented top and bottom
surfaces are designated with periodic boundaries, which means
that no flow passes through them. Also, since they are periodic
boundaries, they are connected, which means that a single point
on the top surface will correspond to the same point on the
bottom surface. The usage of this model enables one to study
the flow attack angle, and hence proper integration of the stator
to guide the flow as well inclusion of misting along with the
incoming flow to the rotor.

The mesh for this model is generated using Gambit, employing
a hexagonal mesh that incorporates surface boundary layers at
the blade, hub, and casing surfaces, with an initial cell height of
0.1mm, an inflation ratio of 1.2, and consisting of 10 rows. The
baseline mesh comprises 918,000 nodes, with Fig. 2 illustrating
the meshing depicting the boundary layer around the pressure
and suction surfaces of the blade. This approach ensures precise
capturing of the flow gradient, crucial for accurately evaluating
energy transfer and torque at the blade surface. The rotor is
considered firstly at zero rpm and then at 5,000 rpm.

Fig. 2: The mesh utilized in the simulations, with a close-up view
near the blade illustrating the inflation of the boundary layer

The fluid flowing around the blade is assumed to be hot air
behaving as an ideal gas, but with fixed specific heat, thermal
conductivity, viscosity, and molecular weight of 1006.43 J/kg K,
0.0242 W/m-K, 1.7894e-05 kg/m-s, and 28.966 kg/kg/kmol,
respectively. The blade is considered to be made of nickel
chrome alloy with a density of 2719 kg/m?, a specific heat of 871
J/kg-K, and thermal conductivity of 202.4 W/m-K. AoA is
changed by controlling the incoming axial and circumferential
components of the flow. These angles are set at 0° (axial), 40°,

50°, 60°, and 70°. The selection of these angles is due to the fact
that the guiding vanes in practical gas turbines usually guide the
flow at angles in the range of 35°-70°. For example, the angle of
40° was set by using the following calculation:

tan () = 40° - V;, = tan1(40) x V, =tan"*(40°) x 1 = 0.839099631 2

All angles were taken with respect to the positive x-axis.

Fig. 3: Flow crossing planes at the upstream and mist injection
points on the first plane

As for the misting integration, four vertical surface planes were
created at the front of the blade’s leading edge, as shown in Fig.
3. This is to observe the injection of the droplets and the
temperature distribution that will result from the injection. The
planes have a fixed distance of 0.003 m between each other,
where the first plane has an axial shift with coordinates (-
0.001,0,0), and the last plane has coordinates (-0.01,0,0). The
mist injection was done through five points on the first plane, as
shown in Fig. 3. The points have coordinates of (-0.001, 0,
0,315), (-0.001, 0, 0.325), (-0.001,0,0.305), (-0.001, -
0.01,0.315), and (-0.001,0,0).

Moreover, the flow rate of the liquid water droplets was
approximately 0.1% of the flow rate of the air, and the diameter
of the droplet and its temperature were set at 0.1 mm and 300 K,
respectively.

Table 1: Summary of reference values

Property Value
Area - A, (m?) 0.0009
Density - p,(kg/m®) 1.225
Enthalpy - h,(J/kg) 0
Length - L,(m) 0.03
Pressure - P, (bar) 0
Temperature - T, (K) 288.16
Viscosity - u,(kg/ms) 1.79E-05
Ratio Of Specific Heats 1.4

Table 1 outlines the reference values established for various
parameters, maintained consistently across all simulations to
ensure a fair and valid comparison between different runs. Table
2 provides a summary of the boundary conditions for each run,
encompassing inlet and outlet temperatures, velocity
components, pressures, and rotation speed. For each case, key
metrics such as pressure distribution, temperature distribution,
pressure  coefficient  distribution, torque, enthalpy,
thermodynamic power, energy, flow velocity, and mass flow
rate were calculated and analyzed. Additionally, simulations
were conducted at zero rotation to establish a baseline, crucial
for comparative analysis across different angles.
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Table 2: Summary of the boundary conditions

e VO Tin Tout in (total) out (static) ®

©) ms) | ®) (K) (bar) | (bar) | (tpm)
0 1 1500 1200 228 | 13.6 | 5000
40 259.3 | 1500 1200 228 | 13.6 | 5000
50 3344 | 1500 1200 228 | 13.6 | 5000
60 385.0 | 1500 1200 228 | 13.6 | 5000
70 468.9 | 1500 1200 228 | 13.6 | 5000

3. Results and Discussion

To determine the optimal AoA, the total torque generated by the
blade surface (comprising both suction and pressure sides) is
monitored, along with the mechanical power calculated as the
product of the total torque and rotor angular speed. The optimal
Angle of Attack (AoA) should result in the highest torque
exerted by both the suction and pressure sides of the blade. As
mentioned earlier, adjustments in the vertical velocity are
utilized to modify the attack angle of the flowing fluid. Fig. 4
and Fig. 5 illustrate the temperature and pressure coefficient
distributions obtained at the middle radial plane of the simulated
flow domain segments for input flow directions of 40 and 60
degrees. Additionally, metrics such as inlet mass flow rate, inlet
and outlet mass-averaged enthalpies, and blade torque (from
both suction and pressure sides) were recorded. Further analysis
included calculations of total power, thermodynamic power,
energy, mechanical power, and percentage error for each angle.
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Fig. 4: a) The distributions of total temperature b) and pressure
coefficient at an Angle of Attack (AoA) of 40°

At a flow angle of 40 degrees, as depicted in Fig. 4, it is evident
that the high temperature at the inlet extends to the leading edge
of the blade and remains elevated on the pressure side more than
on the suction side. This occurrence can be attributed to direct
exposure to the hot gas from the inlet section. The temperature
gradually decreases near the suction side, whereas it remains
relatively constant near the pressure side. Fig. 4 also illustrates
the pressure coefficient distribution, representing the ratio of
forces caused by pressure to those due to inertia. This

distribution closely mirrors the trend observed in the
temperature distribution. Notably, the pressure coefficient is
higher on the pressure side compared to the suction side, which
is advantageous as it facilitates easier blade rotation, leading to
increased power production. Additionally, it is observed that the
decrease in the pressure coefficient near the suction side is more
pronounced compared to the temperature distribution.
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Fig. 5: The distributions of a) total temperature b) and pressure
coefficient (bottom) at an Angle of Attack (AoA) of 60°
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Fig. 5 illustrates the temperature and pressure coefficient
distributions across the blade at an AoA of 60°. It exhibits
a similar trend to that observed at an AoA of 40°, albeit
with notably lower pressure coefficient values. As before,
the pressure coefficient on the suction side surpasses that
on the pressure side. Further analysis of the obtained flow
variables is conducted utilizing the power equations as
follows:

PowerThermudyanmics = Th(hin - hnut) (7)
Power pechanicar = torque total X w X 26—70[ (8)
Total power = Power per blade X number of blades (9)

Total mechanical power = Mechanical power per blade X
number of blades (10)
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Fig. 6: Variation of: a) total torque, b) torque at the suction
side, and c) torque at the pressure side, with respect to the
Angle of Attack (AoA)
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Fig. 7: Total Mechanical Power Output vs Angle of Attack

The results from the rotating model reveal a loss in mass flow
rate between the inlet and outlet, expected due to flow blockage
caused by blade curvature despite the system being closed. Fig.
6(a) depicts the trend of total torque, which increases until
reaching a peak at AoA=60° (-209.1 Nm) before decreasing.
Similarly, torque at the suction side, shown in Fig. 6(b),
decreases until reaching a minimum at AoA=60° (290.2 Nm)
before increasing again. Fig. 6(c) illustrates the behavior of
torque at the pressure side, increasing until reaching a peak at
A0A=50° (-583.3 Nm) before decreasing. Furthermore, Fig. 7
demonstrates that total mechanical power increases with
increasing AoA, reaching a maximum of -5472.7 kW at
Ao0A=60° before declining. Based on these observations, an
Ao0A of 60° is deemed optimal, as it yields the maximum
mechanical power output, the lowest torque on the suction side,
and the maximum total torque. Although the torque on the
pressure side is higher at AoA=50°, the marginal difference

between the two values pales in comparison to the advantages
offered by AoA=60° across other parameters. After determining
the best AoA, the mist cooling method is simulated with the
same model using 60° as an AoA.
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Fig. 8: Misted temperature distribution (AoA=60°)

Fig. 8 displays the temperature distribution along the blade when
employing mist cooling. A comparison between Fig. 8 and Fig.
5 indicates the successful application of the cooling method in
safeguarding the turbine blade. Significantly, a large portion of
the blade is exposed to much lower temperatures compared to
the scenario without misting. Consequently, this reduction in
thermal stress contributes to less wear and tear on the blade.
Moreover, the total torque of the blade measures -220.5 Nm,
resulting in a total turbine power output of -5770.2 kW,
surpassing the turbine power output at the same AoA without
misting. This underscores the efficiency of the mist cooling
method in enhancing turbine performance.

An additional five simulations were conducted within the
baseline model to determine the optimal AoA that yields the
highest torque. As outlined in the methodology section, each
simulation aims to identify the most favorable AoA by assessing
the specified properties. Fig. 9(a) depicts the static temperature
distribution for the baseline model at an AoA of 40°. While the
static temperature distribution for the baseline model mirrors
that of the main model. There are notable distinctions, such as
the temperature at the trailing edge, which, in this case, exhibits
a lower temperature compared to the main model. This variance
can be attributed to the non-rotating feature applied in the
baseline model.

Furthermore, Fig. 9(b) illustrates the pressure coefficient
distribution on the pressure side, suction side, and within the
blade interior at an AoA of 40°. The pressure coefficient
distribution exhibits nearly identical behavior in both the
rotating and non-rotating cases. However, at the trailing edge,
the pressure coefficient is higher in the non-rotating case. On the
pressure side, the pressure coefficient surpasses that of the
suction side, attributed to the downward direction of the flow,
which is below horizontal.
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Fig. 9: The distributions of total a) temperature b) and pressure
coefficient at an Angle of Attack (AoA) of 40°
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Fig. 10: The distributions of total temperature (top) and pressure
coefficient (bottom) at an Angle of Attack (AoA) of 60°

Fig. 10(a) presents the total temperature on the baseline model.
Meanwhile, Fig. 10(b) displays the pressure coefficient
distribution at an AoA of 60°. Notably, this figure demonstrates
improved results on the pressure side, with a clear increase in
the pressure coefficient and a corresponding decrease on the
suction side. The findings from each angle are summarized in
Table 3. The analysis reveals some losses in mass flow rate,
calculated as a percentage by comparing the inlet and outlet
mass flow rates. At an AoA of 60°, the mass flow rate losses
were measured at 0.03019%, indicating negligible errors across

all simulations. Table 4 provides a comprehensive overview of
the simulation results for each angle.

Total Torque VS Angle
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Fig. 11: Total Torque vs Angle of Attack (Baseline model)

Upon examining the trend of total torque against the angle
depicted in Fig. 11, it becomes evident that the highest torque
occurs at 50 degrees, registering a total torque of -248.9 Nm.
Meanwhile, the simulation at 60 degrees yields a total torque of
-248.1 Nm, with a relatively small difference between the two
values. However, as illustrated in Fig. 6, the rotating model
identifies the optimal AoA as 60 degrees. Despite the baseline
model suggesting the highest torque at 50 degrees, the rotating
model indicates that the highest mechanical power is achieved
at 60 degrees. Therefore, misting was simulated at an Angle of
Attack of 60 degrees.
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Fig. 12: Misted temperature distribution for the baseline model
(AoA=60°)

Fig. 12 illustrates the temperature distribution along the body
during the application of mist cooling. According to the
simulation results, the temperature at the pressure side of the
blade decreased to 1200 K. This successful cooling method
effectively lowers the temperature, fulfilling the primary
objective of the simulation, which is blade protection.
Remarkably, the temperature distribution remains consistent
between the rotation and non-rotation models. Additionally, it is
anticipated that as the radius of the droplets increases, the heat
transfer between the droplets and the blade intensifies, resulting
in further temperature reduction.
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Averag Inlet Outlet Thermo Th Mass Total
verage mass Torque Torque Torque Axial mass Enthalp Enthalp dynami ermo flow Mechan
AoA inlet dynami
0 loci flow total suction pressure velocity flow y inlet y outlet c }Il) rate ical
©) velocity rate (Nm) (Nm) (Nm) (m/s) rate (kikg) | Mikg) | energy | €OV error Power
(m/s) (KJ/s)
’ (kg/s) (kg/s) (MJ/kg) ’ (%) (KW)
0 259.3 1.68 -61.8 380.1 -442.7 259.3 1.7 11758 | 9812 980.0 16422 | 0.0048 | -1618.1
40 326.4 159 -189.7 326.8 -517.2 256.1 1.6 11536 | 1031.0 | 10200 | 16412 | 00100 | -4965.0
50 385.0 149 -196.0 32138 -583.3 247.5 1.5 11354 | 9999 998.8 14904 | 0.0066 | -5296.9
60 468.9 133 209.1 290.2 -499.8 235.1 13 1099.7 | 9962 995.1 13250 | 00029 | -5472.7
70 5384 0.98 -163.2 3273 -490.7 184.1 0.98 10643 | 966.9 965.9 9438 | 0.0054 | -42710
Table 4: Baseline model simulation results
Avera_ge ) )
aon [ ity | Maefon | Tome | Tome | Towe | | Mo v | iy | Enbaly | Thrmotmami | 1y oy s
80 (m/s) (ke/s) (Nm) (Nm) (Nm) (m/s) (ke/s) (kJ/kg) (kJ/kg) (k/kg) )
0 262.1 1.62 -214.9 279.1 -495.1 262.1 1.62 1175.1 1042.9 1323 0.0015
40 326.5 150 -234.0 313.1 -547.7 250.1 150 1156.1 999.4 156.7 0.0031
50 380.1 142 -248.9 3043 -553.2 2444 1.42 11369 977.2 159.7 0.0118
60 4336 120 248.1 316.1 -564.2 2163 120 11144 985.7 128.7 0.0302
70 477.8 0.88 2247 3245 -549.8 1634 0.88 1094.5 1031.4 63.0 0.0003
w Relative velocity, m/s
4. Conclusion U Tangential Velocity, m/s
P Shaft power, W
This study simulates the flow over a turbine blade to determine g Gravity, m/s?
the optimal Angle of Attack (AoA) and investigates the impact
of an internal blade cooling method: misting. Various AoA
. 5 5 . . . Greek Symbols
values ranging from 40° to 70° were simulated in both rotating Dynamic viscosity. Pa s
and stationary models. The stationary model serves as a baseline :)l M}:;s density, kg /i’ﬁ
for comparison with the more realistic rotating model. Results 0 Ancle. de re:’:s
indicate that the ideal AoA is 60°, yielding the highest total o Rowtin gpee 4. rpm
power and torque output (-5472.7 kW and -209.1 Nm, ?
respectively) in the rotating model, a crucial aspect for gas Subscripts
turbines. Additionally, a total torque of -248.1 Nm was observed X serip ‘x-com onent
in the non-rotating model. After determining the ideal AoA, mist -component
cooling was implemented to monitor its effect on temperature. Z Z—component
Five injection points were utilized for both models, with a i in dexp
droplet diameter of 0.1 mm and a droplet temperature of 300 K. . index
The mass flow rate of the droplets was set to 0.1% of the air's Jin inlet
flow rate (0.00133 kg/s for the rotating model). Results out outlet
demonstrate the success of the cooling method, with H high
temperatures on various blade areas decreasing from 1500 K to L Low
1200 K in both models. Furthermore, it is recommended to use u Tangential
a smaller interval for future AoA investigations and to increase
the diameter of droplets and the number of injection points for Notations
misting. This adjustment would enhance heat transfer efficiency dy ' Partial derivative
between the blade and the droplet, thereby improving mist Fp
cooling effectiveness. x
Non-dimensional Numbers
Nomenclature Re Reynolds number
P Pressure, bar References
T Temperature, K
h Enthalpy, J/kg [1] J.E. Shaw, “Comparing Carnot, Stirling, otto, brayton
L Length, m and diesel cycles,” Transactions of the Missouri
t Time, s Academy of Science, vol. 42, no. 2008, pp. 1-6, 2008,
m Mass flow rate, Kg/s doi: 10.30956/0544- 540x-42.2008.1.
174 Flow Velocity, m/s [2] U. Ali and M. S. Kamran, “Geometric optimization of

a gas turbine blade cooling passage using CFD,”
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