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ABSTRACT - One way to achieve high performance in the gas turbine is to increase the inlet QZ:T;S:;E: I;;T /SEYZOZO
temperature of the turbine. Different cooling techniques have been carried out in order to protect Revised: 215t Jan 2021
the turbine blades which have been exposed to such high temperatures. Film cooling as an Accepted: 17t Feb 2021
essential cooling method needs to be enhanced to meet the challenging demand. The purpose of

the present research is to analyze the film cooling performance over a NACA 0012 gas turbine KEYWORDS

blade using six different injection holes with and without opening angles, separately through Film cooling;
Computational Fluid Dynamics (CFD). 2D Reynolds-Averaged Navier-Stokes (RANS) equations CFD; .

are implemented to consider the heat transfer and flow characteristics by using CFD code Ansys IC‘.’OI’t’.'g e,ff’?’e’.'cy ’
Fluent v16. The flow is considered as steady, turbulent, and incompressible. The RANS equation IG{:(C: //\ogoées,

is solved with the finite-volume method for obtaining solutions. The simulation results revealed that
the k-w SST turbulence model is suitable for simulating the flow characteristics and analyzing the
performance of film cooling over the blade. Also, the opening angle has a significant effect on
increasing the cooling efficiency for the upper blade surface. The highest value of cooling efficiency
is obtained by the injection hole with an opening angle of 15° and height of D. In this configuration,
the coolant injected from hole provides better cooling coverage for the entire blade which increases
the cooling effectiveness.

INTRODUCTION

Nowadays, due to the increasing use of gas turbine applications in power plants and aerospace industries, more
attention has been paid to improve the performance and eliminating the shortcomings of this equipment. One way to
achieve high performance in gas turbines is the increment of the turbine inlet temperature. Thus, methods for cooling
components that are damaged from heat, have been investigated by researchers. The gas turbine engine utilizes cooling
methods for keeping metal components within allowable operational temperature ranges because of exceptionally high
turbine inlet temperature. Film cooling as one of the capable cooling techniques is implemented for the gas turbine blade
[1]. The turbine inlet temperatures become higher for improving the efficiency of turbine engines that makes it far higher
than the melting point of the turbine blade. Hence, it is essential for decreasing the heat load and ensuring the safe
operation of the blades by cooling the blade of the gas turbine [2]. The effect of film cooling on the performance of blades
is becoming significantly important when the temperature of the gas turbine is raised to enhance its performance [3-5].
Computational Fluid Dynamics (CFD) has now found its place among experimental and analytical methods for analyzing
fluid flow, heat transfer [6-13], and diverse problems [14-16], and the use of this method for engineering analysis has
become more common [17-20].

Several numerical and experimental works have been done to analyze the influence of film cooling on gas turbine
performance. Nowadays, the CFD prediction of the film cooling method is a valuable part of designing the process of the
cooling scheme for gas turbines [21,22]. The infrared thermography was utilized in the study of Kim et al. [23] to analyze
the impact of different injection holes over a gas turbine blade for film cooling. They noted that the shaped holes can
significantly enhance the performance of film cooling. Li et al. [24,25] experimentally measured the effects of Reynolds
number and blowing on a blade of the turbine. They stated that the average film cooling efficiency improved by increasing
Reynolds number (at a fixed blowing ratio). Lanzillotta et al. [3] studied the effect of the blowing ratio on the aerodynamic
performance of the turbine blade. They concluded that the separation point moves upstream (low blowing ratios), and the
coolant energizes the flow and postponed the flow separation (high blowing ratios). Cao et al. [26] experimentally and
numerically analyzed four different film holes to consider the impact of hole geometry and blowing ratio on the efficiency
of film cooling. The results indicated that the sister hole shows the best cooling performance. Han et al. [27] measured
the impacts of the hole pitch and the blowing ratio on the film cooling characteristics of a gas turbine blade. They
demonstrated that both the hole pitch and the blowing ratio play a major role to determine the film cooling efficiency.
Zhou et al. [28] studied the heat transfer performances of the sister holes cooling schemes using a numerical method.
They concluded that the best performance of film cooling for sister holes cooling cases was achieved with the smallest
diameter ratio. Yang et al. [29] numerically evaluated the overall efficiency of the cooling film for the adiabatic efficiency
of the film cooling and the heat transfer coefficient. By increasing the blowing ratios, the three holes provide better
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cooling efficiency. Meanwhile, bean-shaped holes indicated maximum efficiency among the other shapes. Garcia et al.
[30] optimized the performance of film cooling over the leading edge of a gas turbine blade using differential evolution.
They showed that the coolant flow rate was decreased by about 66% and the cooling efficiency was enhanced by about
36% after optimizing the cooling holes. Dickhoff et al. [31] numerically simulated the film cooling process using different
holes and compared two different isotropic and anisotropic eddy viscosity, models. In their study, in addition to the
conventional shape of the hole, nekomimi holes were implemented.

In this study, an attempt is made to numerically consider the effect of film cooling on the NACA 0012 gas turbine
blade. For this purpose, six different injection holes with and without opening angles are considered, separately. Six
different cases of film cooling are analyzed to find the appropriate injection hole with favorable geometry for the film
cooling process. Several numerical simulations are conducted through the CFD method to provide a comprehensive
performance of film cooling of new cooling hole shapes with opening angles.

COMPUTATIONAL DOMAIN

Figure 1 depicts the two-dimensional computational domain for the present research. The chord (c) length of the
NACA 0012 airfoil is 1000 mm and the diameter of the injection hole is 20 mm which is denoted by D. The computational
domain is extended from 5c¢ upstream to 15¢ downstream and the upper boundary and lower boundary are extended 5¢
from the airfoil. No-slip wall condition is set over the airfoil surface. The velocity inlet boundary condition is applied at
the inlet, the upper boundary, and the lower boundary, while the pressure outlet boundary condition is imposed at the
outlet. A C-type structured grid is implemented for the computational domain as illustrated in Figure 1. Two injection
angles of 15° and 20° are used for the injection holes with opening angles. More details of injection holes are presented
in Table 1. The schematic views of six different cases of film cooling holes are demonstrated in Figure 2.
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Figure 1. Computational domain and boundary conditions
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Figure 2. Schematic views of injection holes, namely: (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5 and
(f) Case 6

Table 1. Different cases of injection holes

Case Width Height Angle (°)
1 D D 0
2 D D 15
3 D D 20
4 D 2D 0
5 D 2D 15
6 D 2D 20

MATHEMATICAL FORMULATION

In the present study, the steady-state incompressible RANS equation is solved by a commercial CFD solver, Ansys
Fluent v16. The RANS equation is solved with a finite-volume method for obtaining solutions [32-34]. The continuity,
momentum, and energy equations are solved. The SST k- turbulence model is employed to simulate the turbulent flow
which is more accurate for the considered flow. This model can be written as [35]:

7639 journal.ump.edu.my/jmes <«



E. Hosseini | Journal of Mechanical Engineering and Sciences | Vol. 15, Issue 1 (2021)

o 0 0 ok
L (pk) +—(pku,) =—| T, — |+ G, -V 1
at(Pk) ox (oku;) 8Xj { K 6Xj K K 1)
Pl 0 0 ow
L +—(pot,) =—| T, — |+G,-Y, +D 2

where T’k and T, indicate the effective diffusivity of k and o, respectively. Gk and G, show the generation of k and ®
due to mean velocity gradients, respectively. Y and Y, denote the dissipation of k and o, respectively. Dy, is the cross-
diffusion term of ® [36,37].

The operating fluid, as well as the cooling fluid, are both considered as the air. Due to the low-temperature difference
(20° C) between the main flow and injection flow, the ratio of cold and hot air densities is assumed to be equal. Hence,
the assumption of the blowing ratio is described as the ratio of the injection velocity to the free stream velocity [21]:

Br= PV _ Vo @)

N, V

where V. denotes the injection velocity, V. denotes the free stream velocity and p represents the density. The inlet

flow velocity is 70 m/s in the x-direction and T.. = 300 k. For the injection coolant air, the velocity is assumed to be 70

m/s at T. = 280 k, by considering the blowing ratio equal to 1. The outlet pressure is equal to atmospheric pressure 101325

Pa. The upwind second-order method is implemented for the discretization of equations. Also, The SIMPLE algorithm is

used for pressure-velocity coupling. For all equations, the convergence criteria are considered to be less than 105, The
boundary layer regions for all walls are refined to ensure values of y* less than 1.

©

CODE VALIDATION

The grid specifications and y* distribution at a = 10° are presented in Table 2. Besides, y* distribution over NACA
0012 airfoil at o = 10° is illustrated in Figure 3. The value of y* is kept at less than 1 by considering that the distance of
the nearest node from the airfoil surface is 1x10° (m) [38]. The grid independence study is carried out to calculate the
drag coefficient (Cp) of the NACA 0012 airfoil at o = 10° and o= 16°. Different grids with cell numbers of 35144, 43980,
52200, and 65347 are generated to investigate the grid independence (Figure 4). There is a negligible difference between
the results of the smallest grid and the grid with 52200 cells. Hence, 52200 cells have a grid-independent result with
reasonable accuracy. Three different computational domains are generated to consider the drag coefficient (Cp) for the
domain extent independence test, as shown in Table 3. It is observed that the second domain is appropriate for the present
simulation.

Table 2. y* Distribution at o = 10° and grid specifications

Grid nuCrr?tl)ler Growth factor Height of the first cell (m) Maxy+ Miny+  Average y+
1 18000 11 2x10°3 14.11 3.41 8.12
2 32000 1.1 1x104 6.12 0.85 2.93
3 46000 1.1 1x10° 0.81 0.02 0.26
4 65000 1.1 3x10°® 0.63 0.01 0.21
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Figure 3. y* distribution over NACA 0012 airfoil at a = 10°
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Figure 4. Grid independence study
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Table 3. Domain independence test

Size Upstream Downstream Cob
1 4c 12¢ 0.0259
2 5c¢ 15¢ 0.0237
3 6¢ 18¢ 0.0235

As shown in Figure 5, the computational result of the pressure coefficient is compared with the experimental results
of Gregory and O’reilly [39] for a NACA 0012 airfoil at a Reynolds number of 5x10° and o = 18°. The numerical
validation is done with several turbulence models: k-¢, RNG k-¢, and SST k-w. Generally, the SST k- turbulence model
presents better agreement with the experimental results. Hence, it was found that the numerical method has acceptable
accuracy.
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Figure 5. Validation
RESULTS AND DISCUSSIONS

Figure 6 demonstrates the temperature distribution (k) over the blade for all cases. In this figure, six different cases
for the film cooling process are compared. For all cases, the high cooling effectiveness regions achieved just downstream
of the film hole exit. It can be seen, for an injection hole with a 15° opening angle (case 2), the coolant spread is much
better than the other cases. The coolant coverage is quite uniform on the upper side of the blade. This revealed that this
cooling hole has enough resistance to the impact of main flow acceleration and adverse pressure gradient produced by
concave curvature of the surface near the trailing edge. Using an injection hole with a 15° opening angle leads to minimize
the recirculation zone after the injection hole.

The velocity contours around the blade for different cases are illustrated in Figure 7. A similar effect of cooling air on
the velocity flow field is observed. The injection hole with an opening angle positively reduces the recirculation zone
after exiting of coolant. This causes to accelerate the flow over the blade surface and increase the momentum deficit in
the wake results in a reduction of the negative effect of the adverse pressure gradient. This is more evident in case 2 in
which the flow around the blade is energized caused by the momentum of injected coolant and so the flow stays attached
to the upper surface.
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Figure 6. Temperature distribution (k) over the blade: (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5 and (f)
Case 6
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Figure 7. Velocity contours (m/s) and flow pattern around the blade: (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4,
(e) Case 5 and (f) Case 6

Figure 8 illustrates the comparison of temperature distribution over the upper surface of the blade for different cases.
It was found that the injection hole with an opening angle performs better than without opening angle holes. The maximum
reduction of temperature is obtained by case 2 which indicates that more coolant is carried by the secondary flow to
concentrate over the upper surface of the blade. It is obvious that shaping the injection hole with an opening angle provides
better film cooling on the blade. Increasing the height of the injection hole is detrimental to the cooling process whereas
it reduces the exit momentum of the coolant and worsens the attachment to the blade surface. These seem to cause less
coolant to be entrained and carried to the leading edge by secondary flows.
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Figure 8. Temperature distribution over the blade for different cases

Figure 9 depicts the comparison of the cooling efficiency for different cases. The adiabatic film cooling efficiency (

77) can be written as [26]:
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where T denotes the mainstream temperature, Taw is the adiabatic wall temperature, and T represents the coolant
temperature. The process of film cooling generally depends on interactions between the injected coolant-streams and
passage secondary flows. The maximum film cooling effectiveness is observed at the leading edge of the airfoil and
decreases steadily downstream for all cases. It is clear that the injection holes with opening angles have a positive effect
on increasing the cooling efficiency. The maximum value of cooling efficiency is obtained for case 2. In this case, the
coolant injected from case 2 provides better cooling coverage for the entire blade which increases cooling effectiveness.
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Figure 9. The comparison of cooling efficiency of injection holes for different cases

CONCLUSIONS

The main purpose of the present work is to analyze the film cooling process on an asymmetric NACA 0012 gas turbine
blade using injection holes using CFD modeling. Also, the performance of injection holes with different geometries on
the effectiveness of film cooling has been numerically investigated. For this purpose, six different injection holes with
and without opening angles are considered, separately. By comparing the temperature distribution over the airfoil surface
for all cases, it was concluded that as the injection hole has a lower height, it has a better impact on the cooling efficiency
of the upper surface of the blade compared to other cases. Also, the lower opening angle has more effect on the film
cooling than the larger opening angle. Furthermore, the film cooling process commonly depends on interactions between
the injected coolant-streams and passage secondary flows. The injection hole with an opening angle positively reduces
the recirculation zone after exiting of coolant. In this way, the accelerated flow with higher momentum uniformly spread
over the blade which led to decrease the negative effect of the adverse pressure gradient.
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