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Abstract: The major effects of cylindrical and trenched cooling holes with angles of a = 30°,
B =0° a=40°L =0°and a = 50° 8 = 0° at BR = 3.18 on the film cooling effectiveness near
the combustor end wall surface is an important subject to study in detail. In the current study, the
researchers used a FLUENT package 16/11 to simulate a 3-D model of a Pratt and Whitney gas
turbine engine. In this research, an RNG K-¢ turbulence model was used to analyze the flow
behavior on the passage ways of internal cooling. In the combustor simulator, the dilution jets and
the cooling flow staggered in the streamwise direction and it aligned in the spanwise direction, as
well. In comparison with the baseline case of cooling holes, the application of trenched holes near
the end wall surface increased the effectiveness of film cooling up to 100% for different cases.

Keywords: gas turbine engine, film-cooling, combustor simulator, trench hole, dilution hole

1. INTRODUCTION

Advanced gas turbine industries are aiming for
higher engine efficiencies. The Brayton cycle is a key
to achieve this purpose. In this cycle, to have a higher
gas turbine engine efficiency, the combustor’s outlet
temperature must increase [1]. But such hot flows cause
non-uniformities at the end of the combustor and the
inlet of the turbine and damage the critical parts. Film
cooling is the most well-known method of preservation.
In this technique, a low temperature thin layer attaches
on a surface and protects it against hot streams. To
obtain a better film cooling performance, it is needed to
increase the blowing ratio. The blowing ratio increment
has an intense effect on the heat transfer, particularly in
the hole region. According to the importance of this
study, a broad literature survey was done to obtain
fundamental data. Anderson et al. [2] investigated the
separate effects of the Mach and Reynolds numbers,
and the boundary layer thickness on the effectiveness of
the cooling holes shaped. In this study, a parametric
study of these effects was performed. This study was
performed using cooling hole diameters of D=4.0 mm

and 9.0 mm, the flow rate Mach number of 0.03 to 0.15
and the Reynolds number of 5.500 to 15.500. The effect
of the boundary layer properties, including the layered
and turbulent boundary layer properties as well as
different boundary layer thicknesses, was also
investigated. The results showed that at high freestream
turbulence conditions, the performance increased with
an increasing thickness of the approach boundary layer
in contrast to the decrease in performance seen
previously for cylindrical holes. In line with this study,
Abdullah and Funazaki [3] analyzed the effects of hole
angle geometries on film cooling. They considered four
different rows of inclined holes with angles of
20 degrees and 35 degrees. They made ready the
contours which showed the laterally averaged film
cooling distribution and cooling performance at x/D
equal to 3, 13, 23 and 33. The results demonstrate that
at a higher blowing ratio (BR=3.0 and 4.0), the
interaction between the neighboring secondary airs
leads to a full coverage film cooling effectiveness
downstream of the fourth row, which was confirmed by
the temperature field captured at x’D=33 and BR=4.0.
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In addition, Nasir et al. [4], Shine et al. [5] and Zhang
and Wang. [6] simulated a flat plate with cylindrical
cooling holes to study the effects of the injection angle
on the effectiveness of film cooling. They highlighted
that lower streamwise injection angles perform better to
obtain a higher film cooling effectiveness. Tarchi et al.
[7] investigated the effects of large dilution holes.
These holes were placed within the injecting slot and
eruption array. The flat plate cross section duct
contained 270 cooling holes located in 29 staggered
rows. The holes were 1.65 mm in diameter and had
a length to diameter ratio of 5.5 and a stream-wise angle
of 30 degrees. The dilution hole was 18.75 mm in
diameter. It was located at the 14th row of cooling
holes. Tarchi et al., Milanes et al. [8], Dai et al. [9] and
Li et al. [10] showed that with using a backward step,
at downstream the dilution holes the adiabatic film
cooling effectiveness reached to #=0.65. Vakil and
Thole [11] presented experimental results of the study
of the temperature distribution inside a combustor
simulator. In this study, a real large scale of the
combustor was modelled. This model contained four
different cooling panels with many cooling holes. Two
rows of dilution jets could be seen in the second and
third cooling panels. The first row had three dilution jets
and the second one had two jets. While the first and
second panels were flat, two other panels angled with
an angle of 15.8 degrees. The results indicated that high
temperature gradient was developed upstream of the
dilution holes. Kianpour et al. [12] re-simulated the
Vakil and Thole’s combustor. They offered various
geometries of the cooling holes. The temperatures near
the wall and among the jets were higher for the baseline
cooling whereas the central part of the jets was cooler
in trenched cases. By using the control volume
technique and the RNG k—¢ turbulence model, Zhang
etal. [13] investigated the flow and heat transfer
behavior on a flat plate film cooling from the cone-
shaped and round-shaped cooling holes. The results
showed that at the same blowing ratio, the film cooling
effectiveness for the cone-shaped holes is better than
for the round-shaped holes. At last, for cone-shaped
jets, the jet to the cross flow blowing ratio reaches the
optimum condition of 1.0 to yield the best film cooling
effectiveness (Gao et al. [14]; Colban et al. [15]). In
addition, Cao et al. [16], Saumweber and Schulz [17]
and Barigozzi et al. [18] indicated that better thermal
protection is attained at higher blowing ratios. Hou
et al. [19] studied the film cooling effectiveness with
different compound angles and coolant inlet directions
at blowing ratio BR=1.0 by Large Eddy Simulation
(LES). The compound angle was 0 and 90 degrees,
which is commonly used in the real program. The
results show that the combined angle of 90 degrees
creates an asymmetric downstream vortex and it
increases the complexity of the flow characteristics.
The trench hole combined angle of 0° narrows the

velocity distribution difference at the trench outlet due
to the redistribution of the coolant in the trench. Song
et al. [20] studied the effects of three trench height
configurations, the distance from the hole exit to the
down-stream side wall and the radius of the curvature
of the downstream side wall on the film cooling
effectiveness of the fan-shaped hole experimentally.
The film cooling effectiveness was measured using
pressure sensitive paint (PSP) and the experiments were
performed with the blowing ratios of 1.0, 1.5, 2.0, and
2.5 and the density ratios of 1.0 and 2.0. The results
showed that the cooling effect of the film inside the
trench is generally greater for cases with a larger trench
height. In agreement with the study background, several
authors motivate the Author to conduct this research.
The end wall of the combustor can be damaged by the
hot gases which flow inside a combustor simulator and
increasing the film cooling effectiveness above these
surfaces is an important issue which attracts less
attention till now. In addition, most of the studies paid
attention on the use of trenched holes at the leading
edge of the turbine blades, and in most of them the
application of these holes at the end wall of the
combustor is not considered.

2. MATERIALS AND METHODS

In the present study, the combustor simulator was
a 3-D representation of a Prat and Whitney gas turbine
engine. As seen in Fig. 1, the combustor was a three-
dimensional container. The width, height and length of
this container was 111.8 cm, 99.1 cm and 156.9 cm
respectively. The container converged from x/L=0.51
and the contraction angle was 15.8 degrees. The inlet
and outlet cross-sectional area of the combustor
simulator was 1.11 m? and 0.62 m2. The test section
contained two symmetric surfaces on the top and
bottom of the combustor but the fluid only flowed
through the bottom passage. The lengths of the panels
were 39 cm, 41 cm, 37 cm and 43 cm respectively. In
addition, the first two panels were flat and possessed
a constant sectional area. However, the last two panels
were inclined at the contraction angle. The panels were
1.27 cm thick, and due to the low thermal conductivity
(k = 0.037 WImkK), adiabatic surface temperature
measurements were possible. Two different dilution
rows were considered within the second and third
panels of cooling panels. The dilution flow injected into
the mainstream flow vertically, while the dilution hole
in the third panel was angled at 15.8° from the vertical
axis. The first row of the dilution jets included three
holes and it was placed at 0.67 m downstream of the
combustor simulator inlet. These holes were 8.5 cm in
diameter. The second row contained two dilution holes
and it was located at 0.23 m downstream of the first row
of the dilution holes center. These holes diameter was
12.1 cm. The centerline of the second row was
staggered with respect to those of the first row. The
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length of these cooling holes was 2.5 cm and they were
drilled at an angle of 30° from the horizontal surface.
The film-cooling holes were 0.76 cm in diameter.
Except for the baseline case which was introduced,
trenched cooling holes with angles of a = 30°, 8 = 0°,
a =40° = 0°nd a = 50° 8 = 0° were considered
(Fig. 2).

Fig. 1. Schematic view of cylindrical cooling hole
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Fig. 2. Schematic view of combustor simulator

Furthermore, coolant blowing ratios were equal to
BR = 3.18. The cartesian coordinate system (x, y and z)
was selected. The temperature of the coolant and
dilution jets was equal to 295.5 K. The temperature of
the mainstream was 332 K. In Fig. 3, the observation
planes which are used to measure the film cooling
effectiveness distribution for the baseline case and four
different configurations of trenched cooling holes were

shown. The observation planes of Op, 1p, 2p, and 3p and
1s were placed in pitch wise and streamwise directions
respectively. Plane Op was located at x = 35.1 cm. The
distribution of the film cooling momentum was
computed along this panel. Plane 1p was located at the
trailing edge of the first row of dilution jet. It was used
to identify the effects of film cooling and the dilution
jets interaction, the horseshoe, half-wake and counter
rotating vortexes effects. Plane 2p was placed at the
trailing edge of the second row of dilution jets. The
interaction between the first and second rows of
dilution jets was distinguished by the plane usage. Plane
3p was located at the combustor simulator exit. It was
applied to determine the behavior of the outlet flow and
the varying combustor temperature.
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Fig. 3. Location of observation planes
About 8x10° tetrahedral meshes were selected

(Fig. 4). The meshes were denser around the cooling
and dilution holes as well as the wall surfaces.

Fig. 4. Meshes of combustor simulator

According to the blowing ratio considered at the
inlet of control volume, the boundary condition of the
inlet mass flow was considered at the inlet to limit the
interaction region between the fluid and combustor
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wall, the slip-less boundary condition and the wall
boundary condition were considered. In addition, two
different boundary conditions of the uniform flow and
the pressure outlet were selected at the inlet and outlet
of the combustor respectively. Totally, according to the
symmetries of the Pratt and Whitney gas turbine engine
combustor, the symmetry boundary condition was used.
The numerical method considered a transient and
incompressible turbulent flow by means of the k—¢
turbulent model of the Navier—Stokes equations
expressed as follows:

Continuity equation
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To investigate the convergence limit, the control
volume mass residue was estimated and the maximum
value was used. For this research, the criterion of
convergence was chosen of 10% The following
equation is to determine the effectiveness of film-
cooling.

®)

T-T
= = 6
U (6)

ere, T, T, and T, is the local temperature, the
temperature mainstream and coolant respectively.

3. FINDINGS AND DISCUSSION

The findings of the current research were compared
with the experimental results collected, which was done
by Vakil and Thole [11], and the numerical findings
obtained by Stitzel and Thole [21]. The effectiveness of
film-cooling was compared in plane 1p and 2p at

y/w=0.4 (Fig. 5). The deviations between the results of
the current research and the benchmarks were
computed using the following equation:

%Diff :[[Z" 1X_Xb“mk] /n]xlOO. @)
= Xi,benchmark

The deviation was equal to 9.76% and 8.34%
compared to the Vakil and Thole measurements [11]
and the Stitzel and Thole [21] estimation for plane 1p
and 13.36% and 11.96% in comparison with Ref [11]
and Ref [21] for plane 2p.
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g.5. Film cooling effectiveness comparison of (a) plane
1p and (b) plane 2p along y/W=0.4

Much of the film cooling effectiveness data in this
study was collected on the assumption that symmetry
could be applied within the combustor simulator.
A vertical film cooling effectiveness distribution taken
at the intersection of panels Op which extended over
approximately 10% of the total inlet height at the
blowing ratio of 3.18 is shown in Fig. 6. The jets closest
to the observation plane had their coolest region near
the wall with a secondary cool region directly above it.
This secondary cool region was a remnant of the
upstream film cooling jet that exited from the aligned
cooling hole. The results also showed that the
penetration depth for the simulated combustion
chamber for the holes with angles @ = 30°, 8 = 0° and
a = 50° 8 = 0° was greater than the baseline model.
The film cooling effectiveness in plane 1p was taken
directly downstream of the first row of the dilution jets
and itis shown in Fig. 7. This particular hole is centrally
located right at the mid pitch within the combustor
simulator. The results illustrate that the center of the
dilution jet is reasonably cantered about the corners of
this observation plane as the dilution jet surges up.
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Fig. 7. Film cooling effectiveness for plane 1p (a) baseline
case (b) a = 30°,8 = 0°, (c) @ = 40°,8 = 0°(d)
a=50%p8=0°

Also, the results show the effect of increasing the
coolant momentum flux relative to the interaction with
the mainstream. It is to be noted that when film cooling
significantly increased, the dilution jet injection
remained the same. This figure also shows slightly
higher levels near the wall for the trenched cases
relative to the baseline, especially for « = 30°,8 = 0°
case. Moreover, the temperature was slightly higher
(0<n<0.1) for the base line, @« = 30°,8 = 0°and a =
50° B8 = 0° cases at the position of 18 cm<y<28 cm
and 38 cm<y<50 cm. The contours of film cooling
effectiveness in plane 2p at BR=3.18 located one
dilution hole diameter (1D2) downstream of the trailing
edge of a two hole dilution were shown in Fig. 8. As it
can be seen to the right of the contours, the mushroom
shaped temperature profiles got mixed and a warmer
region near the mid-span emerged.
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Fig. 8. Film cooling effectiveness in plane 2p (a) baseline
case (b) a = 30°,8 = 0°, (c) a = 40°,8 = 0°(d)
a=50%p=0°0
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There is a probability that the warm region is
formed as a result of the flow of an unmixed warmer
fluid around the stagnation region caused by the impact
of opposing dilution jets in the first row. Fig. 9 shows
the film cooling effectiveness distribution for plane 3p
and illustrates the behavior of the flow at the end of the
combustor simulator where x/L is equal to 1.0. For these
cases, the mushroom shaped temperature profiles have
mixed together and a warmer region on the corners has
emerged.
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Fig. 9. Film cooling effectiveness in plane 3p (a) baseline
case (b) a = 30°, 8 = 0°, (c) a = 40°,8 = 0°(d)
a=50%8=0°

This warmth results from the unmixed warmer
flowing around the stagnation region which was created
by the dilution jets inter-action in the second row. The
velocity vectors show a strong downward and mid-
ground current due to contraction in the combustion
chamber. A dominant anti-clockwise vortex is clearly
shown in this figure. Fig. 10 shows the temperature
contour on a transverse plane 1s.
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Fig. 10. Film cooling effectiveness for plane 1s (a) baseline
case (b) a = 30°,8 = 0°, (c) a = 40°,8 = 0°(d)
a=50%B=0°

The shear forces effects downstream the dilution jet
is shown in this figure. As it can be seen, a thinner layer
of a low temperature film is formed immediately
downstream the dilution jets and it is entrained into the
jet. Since the effects of entrainment became weaker
further from the dilution jets, the reverse flow occurred
and the vectors followed the temperature contours,
whereas the vectors thickened under the effects of
downstream turbulence growing. For these cases, the
mushroom shaped temperature profiles mixed together
and a warmer region on the corners emerged. This
warmth is the result of the unmixed warmer flow
around the stagnation region which was created by the
dilution jets inter-action in the second row. In the model
a =30°p8 =0° the emission of the second-row
diluent jet is much better than for the other models.

The changes of the film cooling effectiveness of
different configurations for the observation plane of 1p
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and 2p at the blowing ratio of BR = 3.18 can be
observed in Fig. 11. The results obtained were plotted
at the center of span-wise direction and along the
vertical axis downstream the edge of the second and
third cooling panels with different alignment angles
a=30°B=0° a=40°p=0°%nd a=50°p8=
0°. This was done to quantitatively analyze the findings
associated with the data collected throughout our
computational study using the FLUENT software. At
this blowing ratio, the cooling holes with an angle of
a =40° 8 = 0°degrees  performed the  most
effectively. This was 35 percent as much the film
cooling effectiveness of the cooling holes with the
angles of @ = 50°,8 = 0°.
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Fig. 11. Effect of different cooling cases in planes 1p and 2p
on film cooling effectiveness distribution with
blowing ratios of BR=3.18

4. CONCLUSIONS

In this research, a numerical study was conducted
in order to have a better understanding of the film
cooling effectiveness and the effects of cooling holes
with different angles of a =30°8 =0° a = 40°
B =0°and a =50° 8 = 0° from the combustor exit
of a gas turbine engine. An optimized design of the
cooling holes will help to maximize the effectiveness of
cooling along the combustor end wall surface and to
prevent premature wear in this area. A three-
dimensional representation of a gas turbine engine was
simulated in order to analyze the effects of trenched
cooling holes. The combustor simulator combined the
effects of two rows of streamwise staggered and span-
wise aligned dilution jets. The commercial FLUENT
software and RNG k-¢ turbulence model were
employed to run the computations on the thermal fields
within a combustor simulator under the blowing ratio

of 3.18. Compared to the baseline method, the cooling
holes with different angles, the coolant remained closer
to the end wall surface and it did not allow main
entrainment. It also provided significant lateral
spreading and stronger coverage. It appears that cooling
holes with different angles of a =30°8 =0°,
a =40°p =0° and a =50°8 = 0° increase film
cooling effectiveness, especially for the case of
a = 30° B8 = 0°. Film cooling was also explored at the
blowing ratio of 3.18 and the observation plane of Op
and 2p, using cooling holes with the angles of
a = 30° 8 = 0°. However, for plane 1p, i.e., at the
trailing edge of the second cooling panel, the cooling
holes with the angles of « = 50°, 8 = 0°increased film
cooling effectiveness by 75%, which is much higher
than for the other configurations.
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