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Usually, turbine blades operate under a harsh environmental condition. The inlet temperature of gas turbines
increases with an improvement of the engine efficiency. Some cooling schemes are adopted to prevent the
blades from thermal erosion of the hot mainstream. Film cooling technology is used widely and effectively in
the blade cooling. In this paper, a comparison of hole blockage configurations was conducted by
computational fluid dynamics. The results show that the film cooling effectiveness for a tetrahedral blockage
case is higher than for other cases with various hemispherical blockages.

1. Introduction

With rapid development of the aerospace industry, initial temperature of gas turbines has been improved
continually. In order to ensure the safe and efficient operation of gas turbines in the harsh environment, the
cooling problem of the turbine blades has been paid more attention. Bogard and Thole (2012) compared the
cooling efficiency of different hole configurations. They found that the fan-shaped hole has a higher averaged
film effectiveness than that for the cylindrical hole. Moreover, the fly ash always deposits on the blade surface
and inside the film hole, which impacts on the film cooling effectiveness. Bons et al. (2008) investigated the
deposition of the turbine coupon. They found that the roughness size of the deposit experience a temporary
lull in growth during the deposit evolution. Crosby (2007) investigated the effect of the particle size on
deposition by using an accelerated deposition test facility.

In addition, fly ash can also deposit nearby the film cooling holes, even block them. Sundaram and Thole
(2006) studied the effect of partial film-cooling hole blockage. They found that partially blocked holes will
reduce film-cooling effectiveness. Ai et al. (2012) explored the particle deposition nearby the film cooling holes
with the variation blowing ratios. And they found that increasing the blowing ratio will have a low deposition in
the coolant path.

The purpose of this study is to investigate the effect of hemispherical and tetrahedral blockages on the film
cooling effectiveness. Different blockage diameters and blocking positions are also analysed in this paper.

2. Description of Geometry

A three-dimensional (3D) geometry is used to coolant path investigate film cooling effectiveness by
considering the effect of the hemispherical and tetrahedral blockage as shown in Figure 1. The diameter (d) of
the film hole is 6 mm, and the hole with an inclination angle of 35° is located at x = 8d. The dimensions of the
computational domain are 33dx10dx2d. The blockage configurations are located at the sidewall of the film
hole.

Dimensions of blocking configuration are given in Table 1. It shows three diameters (d) of the hemispherical
blockage configurations and the blocking ratios (BR). And there are three distances (e) from the outlet of the
film hole listed in the table. And the blockage ratio is calculated by dividing the maximum cross-sectional area
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of the blockage configuration by the section area of the round hole. Case-7 is tetrahedral blockage with a
similar blockage ratio with Case-2.
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Figure 1: Sketch of computational domain

Table 1: Dimensions of blocking configuration

Item Diameter (d), mm Distance (e), mm Blockage ratio (BR)
Case-0 No blockage No blockage 0 %

Case-1 2 / Hemisphere: 5 %
Case-2 4 / Hemisphere: 20 %
Case-3 6 / Hemisphere: 37 %
Case-4 / 1 Hemisphere: 5 %
Case-5 / 2 Hemisphere: 5 %
Case-6 / 6 Hemisphere: 5 %
Case-7 / / Tetrahedron: 21 %

3. Governing equations

For this paper, the governing equations of mass, momentum, energy, the turbulent kinetic energy and the
turbulent dissipation rate are shown as follows:
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More details can be found in (Wilcox, 2006).

4. Boundary conditions

Boundary conditions are shown in Table 2. Both the mainstream and the coolant flow are assumed to be air
and the temperature values of the inlets are 338 K and 300 K. The mainstream velocity is 25 m/s. The coolant
air velocity is 13.3 m/s and the corresponding blowing ratio (M) is 0.53. The blowing ratio is defined as
M=(pu)c/(pu)q, where the subscript ¢c and g are represent the coolant flow and the mainstream gas.

Table 2: Boundary conditions

Zone Type Value
Mainstream Velocity-inlet 25 m/s, 338 K
Coolant air Velocity-inlet M =0.53, 300 K
Outlet Pressure-outlet 101325 Pa
Side walls Symmetry /

Other walls No-slip /

5. Meshes

Both structured and unstructured grids are used by a multi-block topology as shown in Figure 2. The nearest
wall cell had a value of y+ = 2.6.

Figure 2: Grid meshes

6. Convergence and Model validation

Three different meshes (0.32M, 0.84 M and 1.20M) were used to investigate the grid independence as shown
in Figure 3. There is a big difference between the simulated results for 0.32 and 0.84 M cells. However, the
cooling effectiveness for the case with the 1.20 M cells has a similar trend with for the case with the 0.84
million cells. Therefore, the case with the 0.84 M cells was used in this study. Typically, in order to achieve
stable convergences, 2,000 — 3,000 iterations are needed, which takes about 6 h on a computer with an E5-
2680 processor of 2.7 GHz.

Software ANSYS FLUENT 16.2 was used in this study. In order to validate the calculation method, the
average cooling effectiveness based on two kinds of k-g turbulence models were compared to the results in
Huang et al. (2014). It has a similar trend with the results in the other results, so the Realizable k- € turbulence
model was used as shown in Figure 3.



232

v v > »
i v > v
0.40 v..__:'.>>>
e ¢ @ 4 4 e § = |
! MR
0.35 - 44 L, \
A 4
A 4
v . 4 a
2 @ B 1.20 million
= -
0307 = ®  0.84 million
A  0.32 million
0.25% > ¥ Huang et al. (2014)
4 Realizable k-g, present results
E
> Standard k-g, present results
0.20 T T T T T
5 10 15 20

x/d
Figure 3: Grid independence and model validation

7. Results and Discussion
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Figure 4: Wall film cooling effectiveness for different hemispherical blockage cases.

The film cooling effectiveness 7 is defined as 7=(Tq-Taw)/(Tg-Tc), and the dimensionless temperature 9 is
defined as 6=(Tg-Tia)/(Tg-Tc). Tg, Taw, Tc, and Tia are the mainstream gas temperature, the adiabatic wall
temperature, the coolant flow temperature and the local air temperature, respectively.

The film cooling distributions for different blockage cases are shown in Figure 4. The film cooling effectiveness
at various positions are quite different as shown in the dotted circles. With increasing the blockage ratio by
changing the diameters of the hemispherical blockage, the coverage area of the coolant air is reduced.
Therefore, the lateral film cooling effectiveness decreases significantly.

Figure 5 shows the dimensionless temperature along the centerline of the wall surface. The outlet area of the
film hole is reduced for the case with a large blockage ratio, and the coolant air is pushed into the wall. The
dimensionless temperature downstream the wall increases first and then decreases.

Film cooling effectiveness for both hemispherical and tetrahedral blockages is shown in Figure 6. It is found
that the tetrahedral configuration case shows a higher cooling effectiveness than the hemispherical case.
Although two different configurations have the approaching blockage ratios, the largest cross-sectional area of
the hemispherical blockage appears far away from the outlet of the film hole. Therefore, when the coolant flow
bypasses the hemispherical blockage, the coolant air occupies the space behind the blockage. The blockage
position weakens the adhesion force from the coolant to the wall. Compared with the hemispherical blockage
case, the tetrahedral configuration obtains a stronger adhesion force and the uplift of the coolant flow is
weakened. It is concluded that the tetrahedral blockage increases the film cooling effectiveness, while the
hemispherical blockage decreases the film cooling effectiveness.
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Figure 5: Dimensionless temperature on the middle section downstream the wall.
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Figure 6: Film cooling effectiveness for the hemispherical and tetrahedral blockage cases.

Figure 7 shows the film cooling effectiveness downstream the wall for different blockage cases. As described
earlier, the high blockage ratio case (BR = 37 %) has a high film cooling effectiveness nearby the hole, but it
decreases faster than the low blockage ratio case (BR =5 %). Distance has little influence on the film cooling
effectiveness, except the case tangent with the outlet of the gas film hole (d = 2 mm, e = 1 mm). When the
blockage nearby the outlet of the hole such as the Case-S1, the section area of the round hole will decrease.
For this reason, the film cooling effectiveness of the Case-S1 is lower than that of other two cases. In addition,
the film cooling effectiveness is enhanced when the tetrahedral blockage is located at the hole outlet.



234

094 , B No blockage
1 ® d=2 mm, BR=5 %, e=1 mm
0.8+ $ A  d=2 mm, BR=5 %, e=2 mm
074 v d=2mm, BR=5 %, e=6 mm
T o> <4 d=4 mm, BR=20 %
0.6- i 3 > d=6 mm, BR=37 %
1 <%, ¢ Tetrahedron, BR=21 %
=~ 0.5 PR |
) i1
0.4 1 "8 ¢ ‘ ; g
. » % 2o
- >, e tEge
’>>P“‘!.;”0
0.3 1 ’}}g":‘ 0"’
02- iiit'
T T T T T
) 5 10 4 15 20

Figure 7: Film cooling effectiveness downstream the wall for different hemisphere and tetrahedron blockage
cases.

8. Conclusions

Numerical simulations were performed to investigate the effects of different diameters, distances and blockage
configurations on film cooling characteristics. For the same hemispherical configurations, the results show that
the film cooling effectiveness decreases with increasing the diameter of the blockage configuration. For the
same blocking ratio, different distances from the outlet of the film hole have little influence on the film cooling
effectiveness. Finally, the case with a tetrahedral blockage configuration enhances the film cooling
effectiveness compared to the other cases with various hemispherical blockages.
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