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KEYWORDS Abstract In order to study the effect of cross-flow directions of an internal coolant on
film cooling performance, the discharge coefficients and film cooling effectiveness with

Aerospace propulsion . L . .
PRI one inlet and double outlet hole injections were simulated. The numerical results show

system;

Turbine blade: that two different cross-flow directions of the coolant cause the same decrease in the
Film cooling; discharge coefficients as that in the case of supplying coolant by a plenum. The different
Cross-flow; proportion of the mass flow out of the two outlets of the film hole results in different
Numerical simulation values of the film cooling effectiveness for three different cases of coolant supplies. The

film cooling effectiveness is the highest for the case of supplying coolant by the plenum.
At a lower blowing ratio of 1.0, the film cooling effectiveness with coolant injection from
the right entrance of the passage is higher than that from the left entrance of the passage.
At a higher blowing ratio of 2.0, the opposite result is found.
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1. Introduction

The temperature of a gas turbine inlet is increased
year by year in order to output larger power, and it has
become higher than the melting point of the material.
The blade must be effectively cooled to ensure that the
engine works normally. Film cooling of an engine is one
means of effective cooling, and the shapes of film holes

¢ ] significantly affect the film cooling effectiveness. Interest
ELseviER | Production and hosting by Elsevier in the film cooling characteristics of different shaped
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hole injections has increased since the beginning of the
1990s. In the case of the same blowing ratios, the lower
velocity of coolant in film hole outlets can decrease the
miscibility between the coolant and the gas, thereby
increasing the film cooling effectiveness. Thus, the film
hole outlets are expanded into different shapes such as
cones, fans, and dust-pans [1-3]. However, these shaped
holes are difficult to machine. The design of film holes
based on a cylindrical hole has recently been developed,
including the addition of an axon ridge at the upstream
of the film hole [4] and a transverse slot on the film hole
outlet [5]. The structures of the shaped holes can be
easily machined, and the film cooling characteristics are
improved compared to the cylindrical hole injections
because of the weaker mixing and the better spanwise
diffusion. A more effective cooling areca was achieved
when injecting through a compound angle because of
the good spanwise diffusion of the coolant [6,7].

The injections from the two adjacent film holes
interact with each other to change the structure of
the vortex outside of the film hole, resulting in better
coverage of the coolant on the surface [§8]. Heidmann
and Ekkad [9] designed a hole with an anti-vortex film
cooling concept by injecting coolant through two small
symmetrical holes to mitigate the effect of the counter-
vortex pair. The various orientations of the small holes
have a significant effect on film performance. However,
the orientation angles of the small holes are limited by
the hole pitch. When the orientation angle is large, the
hole pitch must be increased to ensure that the neigh-
bouring small holes do not intersect. The symmetry of
the two small holes also reduces the effect of the
compound angle injection. The trunk-branch hole has
only one branch hole injection, which improves the
effect of the compound angle injection.

This paper focuses on the effect of cross-flow direc-
tions of the coolant on the characteristics of film cooling
with one inlet and double outlet holes. The branch hole
of one inlet and two outlet holes play a role in the fixed
values of the compound angle. The relative directions of
the cross-flow of the internal coolant and the branch
hole angle cause various vortices in and out of the film
hole, resulting in a marked effect on the proportion of
the mass flow rate out of the two outlets. Therefore, the
film cooling effectiveness has different characteristics
[10].

2. Numerical simulation method [11]
2.1. Computational domain and the grids

Figure 1 shows the computational domain including
the gas passage, film hole, and internal passage of the
coolant. The film hole consists of the trunk hole with
injection into the mainstream direction and the branch
hole with injection into the compound angle. The
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Figure 1 Grids and the geometric model. (a) Computational
domain and the grids and (b) relative location angle of the film
hole and the coolant passage entrance.

periodic condition was used for the gas passage in
the radial direction. The coordinate origin is located
in the centre of the film hole outlet. Figure 1(b) shows
the directions of the x-axis and z-axis. The y-axis is
perpendicular to the x—z section. The relative directions
of the coolant cross-flow and positive z-axis are also
shown in Figure 1(b). The injection from the branch
hole deflects to the left entrance of the internal cooling
passage.

The grids of the mainstream tunnel are generated as
three separate regions in the stream-wise direction. The
unstructured grids are generated in the middle domain
neighbouring the film cooling holes, and the structured
grids are generated in the other two domains. The grids
lengthen in the positive y-axis direction. The first layer
grids close to the cooled surface are 0.1 mm in the
positive y-axis direction, resulting in the corresponding
v+ from 1 to 10 depending on the various locations of
the computational domain. The grids of the film cooling
holes and the plenum are generated respectively. The
grid number of the entire domain is approximately
1.2 x 10°.

The detailed definitions of the geometric parameters
are shown in Figure 2, and the relative values of these
parameters are listed in Table 1. The trunk hole angle
with respect to the surface in the mainstream direction is
30°. The branch hole is similar to the compound angle
injection. The angle of the branch hole with respect to
the surface is 60°. The branch hole also has an orienta-
tion angle of 45°. The ratio of the branch hole diameter
to the trunk hole diameter is 0.9. The smaller branch
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hole diameter is easily machinable considering the
manufacturing error. The axis lines of the two holes
intersect at the location of one trunk hole diameter from
the hole inlet.

2.2. Parameter definitions and computation
conditions

The blowing ratio is defined as

M= Pt (1)
poouloa

The discharge coefficient is defined as
m, m,

Cp=—= (2
mi (n X d2/4) 2p, (P;—Pe)

The cross-flow velocity ratio is defined as

er — uCI’()S.\‘ (3)

U,

here p. is the secondary flow density; u., the average
velocity of the secondary flow through the cylindrical
section in the film hole inlet; p., the mainstream
density; uy,., the velocity of the mainstream in the film
hole outlet without the film flow; m,, the mass flow rate
through the film hole and m;, the ideal mass flow rate
through the film hole. The parameter d is the diameter

N

Figure 2 Definition of geometric parameters.

of the trunk hole; P3, the total pressure of the film hole
inlet; P,, the static pressure of the film hole outlet; and
Ueross> the velocity of the coolant in the internal cooling
passage.

The cooling effectiveness is defined as

Taw_ Too

=t 4
=T 1. “4)

The dimensionless temperature is defined as
HZ(T_TOO)/(Tc_Too) (5)

here, 7,, is the adiabatic temperature; 7T, the tem-
perature of the mainstream; and T, the temperature of
the secondary flow set on the entrance of the coolant.

The spanwise-averaged film cooling effectiveness is
calculated as

Nave = %Z ni (6)

i=1
here, n is the number of the spanwise grids at the same
location of x/d and #; is the film cooling effectiveness of
the local spanwise grid.

The velocity at the gas inlet is 15m/s, and the
Reynolds number based on the diameter of the film
hole inlet and the gas velocity is 9600. The velocity at
the internal cooling passage inlet is 15 m/s. The blowing
ratios are 1.0, 1.5, and 2.0. The velocity ratios are 1.0,
0.67, and 0.5, depending on the different blowing ratios.
Table 2 lists the three cross-flow directions of the
internal coolant. Case 1 is the baseline.

The temperature of the coolant was maintained at 30 K
above the mainstream according to the test conditions.
The relative density ratio of the coolant to the mainstream
was 0.91. The cooled surface was treated as the isothermal
surface, so the temperature of the cooling surface is the
adiabatic temperature 7. The periodic condition was
used for the gas passage in the radial direction.

2.3. Computation method and turbulence model

The film cooling problem was modelled by the
compressible Navier—Stokes equation and the energy
equations that are valid for a thermally and calorically
perfect gas. The effects of turbulence were modelled

Table 1 Detailed parameters of the film cooling hole.

o/(deg.) The angle of the trunk hole in the mainstream direction 30
p/(deg.) The angle of the branch hole with respect to the surface 60
y/(deg.) The orientation angle of the branch hole 45
L/d The ratio of the length of the trunk to the diameter of the hole 6
L;,/d The ratio of the entry length of the trunk to the diameter of the hole L.5
Pld The ratio of the distance of the neighbouring holes to the diameter of the hole 3
Py/d The ratio of the distance of the mainstream direction between the two outlets to the diameter of the hole 3

P>/d The ratio of the spanwise distance between the two outlets to the diameter of the hole 0.9
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Figure 3 Comparison of experimental data and numerical
results.

using the two-equation realizable k—¢ model. Solutions
to the governing equations were obtained using Version
6.3.26 of the Fluent code. Since only steady-state
solutions were of interest, the SIMPLE algorithm was
used. The fluxes at the cell faces representing advection
and diffusion were interpolated using second-order
upwind differences. For all computations, iterations
were continued until all residuals for all equations
plateaued to ensure that convergence to steady state
was reached. At convergence, the normalized residuals
were always less than 107° for the continuity equation
and the three components of the velocity, less than 10~%
for the energy, and less than 107> for the turbulence
quantities.

The chosen turbulence model significantly affects the
numerical results. The realizable k—¢ turbulence model
and the enhanced wall function were used to solve the
Navier—Stokes equation. The film cooling effectiveness
from the realizable k—e turbulence model agrees well
with the experimental results in Ref. [12]. The spanwise-
averaged film cooling effectiveness with a standard cylind-
rical hole calculated in this study is consistent with the
experimental data for the same flow cases and geometries
in the literature [13], as shown in Figure 3. The largest
difference between the experimental data and the numer-
ical results is less than 10%. This indicates that the
realizable k— turbulence model and the generated grids
can be used for calculating the film cooling effectiveness.

3. Results and discussion

3.1. Effect of cross-flow direction on the flow
performance

Figure 4 shows a comparison of the discharge coeffi-
cients for the cases of three different cross-flow directions
of the internal coolant. The discharge coefficients of the
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Figure 4 Effect of the cross-flow direction on the discharge
coefficients.

film hole for the case of supplying the coolant by the
plenum are more than those of the film hole with the
internal coolant cross-flow from 15% to 20%.

The additive flow loss is found at the film hole inlet in
the presence of the cross-flow because the flow vector
turns 90°, resulting in the small discharge coefficients as
compared to the case of the plenum. A pressure lift is
also found across the hole inlet in the tunnel because of
the coolant bleed, but it insufficiently overcomes the
flow loss caused by the turning of the coolant. The value
of the pressure lift increases with an increase in the
blowing ratios, resulting in a decrease in the difference
among the discharge coefficients for the three different
coolant supplies.

The effect of the cross-flow directions on the dis-
charge coefficient is less than 3%. In Ref. [14], although
the discharge coefficients are significantly decreased by
the cross-flow, the increasing compound angle of the
film hole results in a small change in the flow loss of
the film hole outlet and an increase in the flow loss
of the film hole inlet. In this paper, the film hole inlets in
the two different cross-flow directions have the same
cross-flow angle of 90°, which explains the similar
discharge coefficients.

Figure 5 shows the ratios of the mass flow through
the trunk hole to the total mass flow through the film
hole entrance. There is a weak dependence of the
proportion of the mass flow on the blowing ratios, but
a strong dependence on the coolant cross-flow direc-
tions. In the absence of the cross-flow, the proportions
of the mass flow out of the two outlets only differ by
20%, and the ratio of the mass flow is 0.4. In the
presence of the cross-flow, the proportion of the mass
flow out of the two outlets is significantly different. The
coolant is mainly injected into the gas through the
branch hole, and the ratio of the mass flow is less than
0.2 when the coolant enters the internal cooling passage
from the left entrance. However, the coolant is mainly
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injected into the gas through the trunk hole, and
the mass flow ratio is 0.7 when the coolant enters
the internal cooling passage from the right entrance.
The results of the discharge coefficients and discharge
proportion show that the internal coolant cross-flow
directions have a significant effect on the discharge
proportion of the two outlets but a weak effect on the
discharge coefficients of the film hole.

Figure 6 shows the vector downstream of the film
hole vertical to the direction of the mainstream at a
blowing ratio of 1.0. Geometries of the vortices similar
to those from the compound angle injection are found
when supplying the coolant from the left entrance into
the passage, as shown in Figure 6(a). The vortices are
lifted off the surface and entrain the gas into the sub-
layer of the coolant, resulting in a low film cooling
effectiveness. A better attachment of the vortex on the
surface is found when supplying the coolant from the
right entrance and the plenum, as shown in Figure 6(b
and c). The scales of the vortices are smallest when
supplying the coolant from the right entrance.

Figure 6 also shows the contour of the dimensionless
temperature downstream of the film hole vertical to the
direction of the mainstream at a blowing ratio of 1.0. A
high and uniform dimensionless temperature of the fluid
close to the surface is found when supplying the coolant by
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Figure 5 Effect of the internal cross-flow directions on the ratios
of the mass flow out of the two outlets.

the plenum. A narrow band of high dimensionless tem-
perature is found when supplying the coolant from the right
entrance into the passage compared to the case of supplying
the coolant by the plenum. The narrowest band of the high
dimensionless temperature is found when supplying the
coolant from the left entrance into the passage.

Figure 7 shows the vector downstream of the film
hole vertical to the gas mainstream direction at a
blowing ratio of 2.0. The scales of the vortices increase
when supplying the coolant from the left entrance into
the passage and by the plenum compared to the case of
a blowing ratio of 1.0. However, similar scales of the
vortices are found when supplying the coolant from the
right entrance into the passage.

3.2. Effect of cross-flow directions on the film
cooling effectiveness

Figure 8 shows the local cooling effectiveness contour in
the three different coolant-flow cases at a blowing ratio
of 1.0. The local film cooling effectiveness contours in
two different cross-flow directions weakly skewed on the
negative z-axis. In the absence of the cross-flow, although
there is a compound angle injection, the film cooling
effectiveness contour hardly skewed on the z-axis. This
implies that the inclination of the contour is mainly
generated by the cross-flow, not the compound angle
injection. The injections from the branch hole of No. 1
and from the trunk hole of No. 2 give a band of high
cooling effectiveness in the two different cross-flow direc-
tions. The injections from the two outlets of the same hole
give a band of high cooling effectiveness, resulting in the
largest area covered with the coolant. As the scales of the
vortices increase as a result of supplying the coolant from
the left entrance, the bandwidth of the high film cooling
effectiveness quickly narrows in the mainstream direction
compared to the two other cases of coolant supply.

Figure 9 shows the local cooling effectiveness contour in
the three different coolant-flow cases at a blowing ratio of
2.0. The cooling effectiveness contour significantly skewed
to the negative z-axis compared to the contour at a blowing
ratio of 1.0. The high, continuous contours of the film
cooling effectiveness are found beyond x/d=>5 in the cases
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Figure 6 Vector vertical to the mainstream (x/d=5, M=1.0). (a) Coolant from the left entrance, (b) coolant from the right entrance and

(c) coolant from the plenum.
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Figure 7 Vector vertical to the mainstream (x/d=5, M =2.0). (a) Coolant from the left entrance, (b) coolant from the right entrance and
(c) coolant from the plenum.
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Figure 8 Effect of cross-flow directions on the contour of the local film cooling effectiveness at M=1.0. (a) Coolant from the left
entrance, (b) coolant from the right entrance and (c) coolant from the plenum.

S50 5 10 15 20 25 30 S0 5 10 15 20 25 30 -5 5 10 15 20 25 30
x/d x/d x/d

Figure 9 Effect of cross-flow directions on the contour of the local film cooling effectiveness at M=2.0. (a) Coolant from the left
entrance, (b) coolant from the right entrance and (c) coolant from the plenum.
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Figure 10 Effect of cross-flow directions on the spanwise average film cooling effectiveness. (a) M=1.0 and (b) M=2.0.

of supplying the coolant from the left entrance and the  cooling effectiveness from supplying the coolant by the
plenum. plenum is the highest at a blowing ratio of 1.0. The values

Figure 10 shows the effect of the three different cross- of cooling effectiveness of the two different cross flows have
flow directions on the spanwise average film cooling  a weak difference at the first measured point of x/d=2,
effectiveness at blowing ratios of 1.0 and 2.0. The film  but with an increase in x/d, the effect of the cross-flow
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directions on the cooling effectiveness becomes increasingly
significant. The cooling effectiveness of supplying the cool-
ant from the right entrance is higher by approximately 30%
than the cooling effectiveness of supplying the coolant from
the left entrance at x/d>5. Figure 6 shows the vector at
x/d=5 downstream of the hole outlet for the cases of the
three different coolant supplies at a low blowing ratio of
1.0. The vortices for the case of the entrance of the coolant
from the left are larger compared to the entrance of the
coolant from the right, resulting in entraining more coolant.
The vortex is broken into several small vortices in the case
of the entrance of the coolant from the right, resulting in
the short length of the coolant penetrating into the gas.

At a higher blowing ratio of 2.0, the cooling effec-
tiveness of the coolant from the right entrance is lower
than the cooling effectiveness of the coolant from the left
entrance at the region of x/d<4. But with an increase in
x/d, the effect of the cross-flow directions on the cooling
effectiveness decreases and equalizes at x/d=5. With an
increase in x/d, the differences in the values of film
cooling effectiveness in the cases of the two different
cross flows become significant. Figure 7 shows the vector
at x/d=5 downstream of the hole outlet for the cases of
the three different coolant supplies at a high blowing ratio
of 2.0. Several small vortices are found for the case of the
coolant from the right entrance, resulting in high film
cooling effectiveness compared to the case of the coolant
from the left entrance.

4. Conclusion

This paper reports the effect of the internal coolant
cross-flow direction on the film cooling performance by
numerical simulation, and the following conclusions are
drawn:

(1) Coolant cross-flow inflow directions significantly
affect the discharge proportion of two outlets from
one inlet and double outlet hole.

(2) When the coolant is supplied by the plenum, the
discharge coefficients of the film hole are greater
than that with the cross-flow of the internal cool-
ant. Two different coolant cross flows weakly
affect the discharge coefficients but significantly
affect the discharge proportion of the two outlets.

(3) The film cooling effectiveness is the highest when
the coolant is supplied by the plenum. At a lower
blowing ratio of 1.0, the film cooling effectiveness
with coolant injection from the right entrance of
the passage is higher than that from the left
entrance of the passage. At a higher blowing ratio
of 2.0, the opposite result is found.
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