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Abstract

The major effects of cylindrical and spherical
trenched cooling holes with distance between the
hole surface and the combustion chamber panel and
the filler diameter on the spherical hole contact
surface and the panel surface H=0.2,R=D/2=0.2,
H=0.3, R=D/2=0.2 and H=0.4, R=D/2=0.2 cm at
BR=3.18 on the film cooling effectiveness near the
combustor end wall surface is an important subject
to study in detail. This research included a three-
dimensional representation of a Pratt and Whitney
gas turbine engine was simulated and analyzed with
a commercial finite volume package FLUENT 6.2.26.
This analyze was done with RANS turbulence model
on internal cooling passages. This combustor
simulator was combined with the interaction of two
rows of dilution jets, which were staggered in the
streamwise direction and aligned in the spanwise
direction. In comparison with the baseline case, the
application of trenched holes increased the
effectiveness of film cooling up to 47% near the wall
surface and an average of 35% in depth of combustor
simulator.
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Introduction

Advanced gas turbine industries are trying hard for
higher engine efficiencies. Brayton cycle is a key to
achieve this purpose. In this cycle, to have higher gas
turbine engine efficiency, the combustors 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 get better film cooling
performance, it is needed to increase blowing ratio.
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 get the Fundamental
data. Harrington et al. [2] presented a simulated flat
plate. The research was a computational and
experimental one aimed at investigating a full
coverage of adiabatic film cooling effectiveness. The
focus of the findings was on the effects of ten rows of
normal short cooling holes with a length of /D = 1.0
at large density coolant jets and high mainstream

turbulence intensity. The test results indicated that
considering the blowing ratio, the maximum
adiabatic film cooling effectiveness was attained
near the area, which covered four to eight rows of
cooling holes. Furthermore, the interaction of
injected flows sprayed from the cooling rows limits
the maximum effectiveness. On the other hand, film
cooling effectiveness on the curved surface was
investigated numerically by Koc et al. [3]. They
highlighted that the curvature of the surface and the
blowing ratio affect the film cooling effectiveness. In
another study, Azzi and Jurban [4] forecasted the
film cooling thermal fields for a simulated cylindrical
cooling row with the following ratios: extended
range of length to diameter = 1.75/8, and fixed pitch
to diameter = 3.0. The inclination angle was 35
degrees and the film hole was 12.7 mm in diameter.
Another finding by Bernsdorf et al., [5] showed that
in short cooling injection holes, effectiveness of film
cooling is related to the injection hole length and
angle. Tarchi et al. [6] 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
14w row of cooling holes. They showed that with
using backward step, at downstream the dilution
hole the adiabatic film cooling effectiveness reached
to mMaw=0.65. Vakil and Thole [7] presented
experimental results of the study of temperature
distribution inside a combustor simulator. In this
study, a real large scale of 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. In this study, a real large scale of
combustor was simulated and high momentum
dilution jets and the coolant flow were injected into
the main flow. The results indicated that high
temperature gradient was developed upstream of
the dilution holes. Kianpour et al. [8,9] re-simulated
the Vakil and Thole’s combustor. They offered
various geometries of cooling holes. The
temperatures near the wall and among the jets were
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higher for the baseline cooling whereas the central
part of the jets was cooler in trench cases. In one
study, Schuchkin et al. [10] investigated film cooling
effectiveness in ultrasonic flow. The results showed
that with Mach number increasing, shell friction
coefficient, diffusion ratio, and turbulence intensity
at the boundary film cooling decreased. Porosity
reduces shell friction and mixing and thus improving
the cooling effectiveness of the layer. In 2018, Li et al.
[11] numerically studied the film cooling
effectiveness of a layer with shaped holes during the
end cross-flows of the end wall. They found that
despite the creation of negative vortices and jet
vortices in the internal crossover flow resulting from
the simulation of the flow in the turbine blade
environment, the reuse of these end wall currents
affects the film cooling effectiveness. Fraas et al. [12]
experimentally studied the film cooling performance
improvement by using an optimized cooling hole
inlet geometry. The results showed that the cooling
hole inlet geometry tremendously affects cooling
performance. Diffuser aerodynamics are altered for
all investigated geometries with a modified inlet.
This leads to a more symmetrical pattern of the film
cooling jet for two of the investigated geometries.
Chen et al. [13] studied film cooling effectiveness
distribution for a gas turbine blade under the effects
of unsteady wakes and oncoming free-stream
turbulence intensities using pressure sensitive paint
(PSP) technique. Results showed that the effect of the
mass flux ratio on the film cooling effectiveness
decreases under the high turbulence intensity and
unsteady wake conditions. Kim et al. [14]
experimentally studied the effects of a protrusion
installed at the slot exit on the film cooling
effectiveness of inclined slots. Injection angles of 30°
and 45° were considered for the slot, and a
protrusion that induces the effects of free jet
emerges close to a surface was installed at the slot
exit. The film cooling effectiveness of the 45° inclined
slot was improved by about 6.6% by installing a
protrusion immediately after the slot exit.

Research Methodology

In the present study, the combustor simulator
applied was a 3-D representation of a Prat and
Whitney gas turbine engine. In a real combustor, film
cooling jets are used to form a low temperature layer
of air that covers the combustor’s inner and outer
coating. Without effective cooling, this cover is going
to melt and cause disaster effects. The combustor
was a three-dimensional container. The width,
height and length of this container was 111.8cm,
99.1cm and 156.9cm respectively. The container
converged from X/L=0.51 and contraction angle was
15.8 degrees. Inlet and outlet cross-sectional area of
the combustor simulator was 1.11m? and 0.62m?2.
The test section contained two symmetric surfaces
on the top and bottom of the combustor but the fluid
only flowed through bottom passage. The lengths of
the panels were 39cm, 41cm, 37 and 43 centimeters
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respectively. In addition, the first two panels were
flat and have constant sectional area. However, the
lasttwo panels were inclined at the contraction angle
and yield the exit sectional area of the combustor
simulator. The panels were 1.27cm thick, and due to
the low thermal conductivity (k=0.037 W/mk),
adiabatic surface temperature measurements were
possible. Dilution flow injection is beneficial to
decline the temperature of the hot exit gases of the
combustor simulator and prevent the detrimental
effects of the critical components. Two different
dilution rows were considered within the second
and third panel of cooling panels. The dilution flow
injected into the mainstream flow vertically, while,
the dilution hole in the third panel was angled at
15.8degrees from the vertical axis. The first row of
dilution jets included three holes and it was placed at
0.67m downstream of the combustor simulator inlet.
These holes were 8.5cm in diameter. The second row
contained two dilution holes and was located at
0.23m downstream of the first row of dilution holes
center. These holes diameter was 1.4 times more
than the first one at 12.1cm. The centerline of the
second row was staggered with respect to those of
the first row. In the present research, the combustor
simulator contained four arrangements of cooling
holes. For the verification of findings, the first
arrangement (baseline or case 1) was designed
similar to the Vakil and Thole [7] combustor
simulator. As seen in Figure 1, The length of these
cooling holes was 2.5cm and they drilled at an angle
of 30° from the horizontal surface.
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Figure 1. (a) Schematic view of the combustor
simulator (b) film cooling holes arrangement

The film-cooling holes were 0.76cm in diameter.
Except the baseline case which introduced, to
investigate the effects of cooling holes trenching,
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trenched spherical holes were considered. These
holes have an elliptical cross section at the entrance
of the cooling holes and starts to expand at a certain
angle in a part of the hole path line and at the end of
the cooling hole reaches to a new cross section shape
(Figure 2). The distance between the hole surface
and the combustion chamber panel and the filler
diameter on the spherical hole contact surface and
the panel surface H=0.2,R=D/2=0.2, H=0.3,
R=D/2=0.2 and H=0.4, R=D/2=0.2 cm. Other
geometric parameters of cooling holes are shown in
Table 1.

Figure 2. (a) Schematic view of the combustor
simulator (b) film cooling holes arrangement

Table 1. Geometric parameters of cooling holes

parameter quantity
B 06a
0 o
L (cm) 25
L,/L 0.4
H 0.8D

The Cartesian coordinate system (%, y and z) was
selected. All coordinates were non-dimensionalized
by the combustor simulator height (Hi), length (L)
and width (W) respectively. The temperature of
coolant and dilution jets was equal to 295.5 K. The
temperature of mainstream was 332K. Figure 3
shows the observation planes which are used to
measure the film-cooling effectiveness distribution
for baseline case and three different configurations
of row trenched cooling holes. The observation
planes of PO, P1, P2, and P3 and SO were placed in
pitch wise and streamwise direction respectively.
Plane PO was located at x=35.1 cm. The distribution
of film cooling momentum was computed along this
panel. This plane lengthened within half of the
combustor in the spanwise direction. The
observation plane height extended from z=0cm to
z=10cm. Plane P1 was located at the trailing edge of
the first row of dilution jet. The importance of this
plane was to identify the stream-wise behavior of the
dilution jets first row. About 8x106 tetrahedral
meshes were selected (Figure 4). This quantity of
nodes allowed appropriate convergence for
corrected meshing; the thermal and flow characters
would have the similar variation as the higher
refinement mesh.
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Figure 4. Meshes of combustor simulator

According to the considered blowing ratio at the inlet
of control volume, the boundary condition of inlet
mass flow was considered at the inlet. to limit the
interaction region between fluid and combustor
wall, slip-less boundary condition and wall boundary
condition were considered. In addition, two different
boundary conditions of uniform flow and pressure
outlet was selected at the inlet and outlet of
combustor respectively. Totally, according to the
symmetries of the Pratt and Whitney gas turbine
engine combustor, symmetry boundary condition
was used. Gambit package was selected to mesh the
combustor simulator and the model was analyzed by
Fluent 6.2.26 software. It then makes a comparison
in regard to the thermal field between numerical
studies done by the finite difference method and the
computational analyses previously performed by
Vakil and Thole [13] and Stitzel and Thole [20]. The
numerical method considered a transient,
incompressible turbulent flow by means of the k-¢
turbulent model of the Navier-Stokes equations
expressed as follows:

Continuity equation

 (ou) + = (puay) =
at pU; axj = puiuj =
ari]-

Bxi

ap >
“om T TPITH (1)
Momentum equation

9p dpdx  Opdy  Opdz _ _
at  dxdt  dydt dzdt p(V.V) (2)

Energy equation
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The convective and diffusion terms were
approximated by the first-order upwind and central
differencing scheme. To investigate the convergence
limit, the control volume mass residue has been
estimated and the maximum value has been used.
For this research, the criterion of convergence has
chosen 10-%. The following equation is to determine

the effectiveness of film cooling.
N=T—-To/T, — Te (6)

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

Findings and Discussion

The findings of the current research were compared
with the experimental collected results which was
done by Vakil and Thole [7]. The effectiveness of
film-cooling was compared in plane P1 at y/w=0.25
(Figure 5). The deviations between the results of
currentresearch and benchmarks were computed by
the following equation.

n  Xi~Xibenchmark
=1%o
%Diff = <—’ Hbencumark ) x 100 (7)

The deviation was equal to 5% compared to Vakil
and Thole measurements [7] for plane P1.
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Figure 5. The film cooling effectiveness comparison
of plane P1 along y/W=0.25

Figures 6 and 7 show the averaged film cooling

effectiveness at different trench heights from 0.2 to
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0.4 and constant radius on observation planes P1
and P2. As can be seen, in the middle of the
combustor simulator and at a distance of
0.01cm<z<0.04cm, with H=0.3 and R=0.2 cm, a
spherical hole has the highest film cooling
effectiveness. At the end of the combustor simulator,
the film cooling effectiveness is similar for all three
types of trench spherical holes. This indicates an
increase in the penetration of the dilution jets into
the spherical hole with H=0.3 and R=0.2 cm, which
improves the film cooling effectiveness in the
combustor simulator. According to the results
obtained from numerical analyzes, the application of
spherical trenched holes with different heights will
increase the film cooling effectiveness and reduce
the temperature of the combustor simulator. On the
other hand, along the combustor, the spherical hole
with H=0.3 and R=0.2 cm has the highest film cooling

effectiveness.
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Figure 6. Averaged film cooling effectiveness
distribution for plane P1
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Figure 7. Averaged film cooling effectiveness
distribution of plane P2

The effectiveness of film cooling in observation plane
P2 at blowing ratio of 3.18 is shown in Figure 8. The
most important difference between these schemes is
the coolant injection into the main flow. Exactly
downstream the second row of dilution jets, more
effective coolant layer (10cm<y<50cm) was formed
by the trenched holes with H=0.3 and R=0.2 cm on
the critical surfaces downstream the combustor
simulator. The significant protective layer
(0.9<n<1.0) was seen for the row trenched holes
with H=0.3 and R=0.2 cm. Also, the results show that
at height of H=0.4 and H=0.2cm, the cooling
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absorption of the layer adjacent to the wall is
weaker. The reason for this is to reduce the
penetration of the cooling current due to the
reduction of the flow turbulence. This reduces heat
transfer and weakens the film cooling on the
combustion chamber panels. For the trenched holes
with H=0.3 and R=0.2 cm, the maximum height of the
layer was 20 cm, equal to 20% of the combustor inlet
height. This gave the highest cooling layer among all
the cases.
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Figure 8. Film cooling effectiveness in plane P2

In Figure 9, the film cooling effectiveness
distribution on the observation plane of S1 at
different heights from H=0.2cm to H=0.4cm and
constant radius R=0.2 cm is shown. As can be seen,
the spherical hole with H=0.2cm and R=0.2cm has
the lowest film cooling effectiveness throughout the
combustor simulator. As can be seen, the
temperature contours immediately behind the jet
show a thinner layer of film cooling when the flow is
entrained into the jet. Much of the film-coolant was
entrained and carried away by the dilution jet right
at the trailing edge, thus leaving behind a thinner
film of coolant. This entrainment, or recirculating
region behind the dilution jet, could also be seen
within observation plane of S1. In the first half of the
combustion chamber, at 0m<z<0.3m, the cooling
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efficiency of the cavity with H=0.4cm is higher and
has a higher cooling effectiveness. But in the second
half of the combustion chamber, at 0.3m<z<0.5m,
this procedure is reversed and the cooling
effectiveness of the hole with H=0.3cm is higher and
has a higher cooling effectiveness.
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Figure 9. Film cooling effectiveness of plane S1

Conclusions

In this research a computational study was
conducted in order to have a better understanding of
the film cooling effectiveness and the effects of
cylindrical and spherical trenched cooling holes with
surface H=0.2,R=D/2=0.2, H=0.3, R=D/2=0.2 and
H=0.4, R=D/2=0.2 from the combustor exit of a gas
turbine engine at BR=3.18. An optimize design
cooling holes will help to maximize the effectiveness
of cooling along the combustor end wall surface and
prevent premature wear in this area. A three-
dimensional representation of a gas turbine engine
was simulated in order to analyse the effects of
cylindrical spherical trenched cooling holes on film
cooling performance. The combustor simulator
combined the effects of two rows of stream-wise
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
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combustor simulator. Compared to baseline method,
in the trenched case, the coolant stayed closer to the
end wall surface and did not allow main entrainment.
Comparisons between the data computationally
predicted and those collected by Vakil and Thole [7]
indicate the existence of similarities and differences.
The results show that it is more desirable to use this
hole geometry so that the film cooling effectiveness
increase in about 48 percent on observation planes
of P1 and P2.
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