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with a commercial finite volume package FLUENT 6.2.26. The analysis has been carried
out with Reynolds-averaged Navier-Stokes turbulence model (RANS) 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 of cooling holes, the
application of row trenched hole near the endwall surface doubled the performance
of film-cooling effectiveness.
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1. Introduction

Advanced gas turbine industries are striving for higher engine efficiencies, and Brayton cycle is a
key to achieve this purpose. According to this cycle (Figure 1), the turbine inlet temperature should
increase to obtain more efficiency. However, the turbine inlet temperature increment formed an
extremely harsh environment for critical downstream components such as combustor end wall
surface and turbine vanes. Therefore, it is necessary to design a cooling technique in this area. Film
cooling is the usual way used. In this system, a thin thermal boundary layer is formed by cooling holes
and attached on the protected surface. Cylindrical and trenched cooling holes are two arrangements
of the holes. However, to obtain a better film-cooling effectiveness, it is needed to increase blowing
ratio because the blowing ratio has a significant effect on the heat transfer, especially in the hole
region.
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Fig. 1. V-velocity profile along vertical centerline by SIMPLE algorithm at
Re =100

Due to the importance of this research, a broad literature survey was conducted to collect the
related information. By using large scale, low speed experiments, Rowbury et al. [1, 2] detected the
effects of flow interaction under the use of annular cascade. They studied the effects of hole
geometry, pressure ratio across the hole, and Reynolds number and Mach number on discharge
coefficient of coolant. The findings declared that adjacent the end of an injection hole with external
cross flow, the static pressure loss relative to the assumed value led to the discharge coefficient
enhancement. Vakil and Thole [3] and Barringer et al. [4] presented the experimental results of the
combustor simulator. They applied a real scale combustor, and the coolant flow and high momentum
of dilution jets were injected into the main flow. They found that a high temperature gradient was
developed upstream of the dilution holes. Furthermore, the results indicated that the dilution jets
reduced the total pressure and velocity fields, and the turbulence level at the end of the combustor
reached to 24%. This quantity is a little bit lower compared to the findings of Colban et al. [5], which
predicted the turbulence level between 25 and 30%. Kianpour et al. [6-8] simulated the same model
using k-g and RNG k-€ turbulent models to solve the 3-D Navier-Stokes equation. They claimed that
the RNG k-£ turbulent model was a good choice to detect the variation of temperature in the
combustor simulator. This finding was later confirmed by Colban et al. [9], Patil et al. [10], and
Scheepers and Morris [11]. They demonstrated the consistency of the results between experimental
and numerical approaches by using the RNG k-¢ turbulent model.

In another study, Sundaram and Thole [12] and Baheri et al. [13] investigated the effects of
modified trench depth in order to increase the film cooling effectiveness. The study was conducted
with various individual and row trench depths. They reported that maximum cooling effectiveness
can be obtained when the trench depth was d= 0.8D (d is the trench depth and D is the diameter of
the cooling hole). However, Lawson and Thole [14] found different results, suggesting that this trench
depth gives negative effect on the cooling performance downstream the cooling hole. Later, Lu et al.
[15] and Maikell et al. [16] found that the trench depth of d=0.75D gave the optimum efficiency and
it was validated by CFD studies. In another study, Barigozzi et al. [17] suggested that high efficiency
can be obtained when d/D=1.0 but it is restricted to low blowing ratio condition. The effect of blowing
ratio on the film cooling efficiency has also attracted few studies.

Somawardhana and Bogard [18] investigated the effects of shallow trenched holes on the turbine
vane cascade in the presence of obstructions. The adiabatic effectiveness was calculated for blowing
ratios from 0.4 to 1.6. The results indicated that while upstream obstructions reduced the
effectiveness by 50%, the downstream obstructions increased the performance of film cooling for all
blowing ratios. Furthermore, a combination of both obstructions slightly affected the performance
of film cooling and the results were close to the case of upstream obstructions. They also concluded
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that the adiabatic effectiveness with the narrow trench was relatively constant across this range of
blowing ratios. However, these results were inconsistent with Harrison et al. [19], Shuping [20],
Baheri Islami and Jurban [21], and Lu and Ekkad [22], which stated that when the blowing ratio
increased from 0.6 to 1.4, the performance of the trench was three times greater than that for
baseline cylindrical holes. Recently, Ai et al. [23] proved that trenching reduced the coolant
momentum ratio and impaired the effectiveness while traditional cooling holes performance was
better at low blowing ratios.

It appears from the aforementioned investigations that numerous investigations have been
conducted on the effects of internal cooling holes. However, no attempt was made to investigate the
effects of trenching the cooling holes near the combustor end wall surface on the film cooling
effectiveness. The primary zone which senses this high temperature gas is the combustor end wall
surface. Developing more effective cooling that covers the area adjacent to the wall is important
because without this layer, the outlet combustion temperature increment is not reasonable. It
threatens the life of the end wall surface of the combustor and imposes high costing services to the
customers. Furthermore, the improvement of film cooling layer adjacent to the combustor end wall
surface assists the designers to make better operable condition for the engine, as well as increasing
the efficiency. Therefore, the objective of the present study was to investigate the changes of film
cooling effectiveness with different arrangements of cooling holes as the baseline case and trenched
holes. Also, in order to determine the validity of the results, a comparison between the data gained
from this investigation and Vakil and Thole [3] and Stitzel and Thole [24] was made.

2. Research Methodology

In the current research, a 3D representation of a true Pratt and Whitney gas turbine engine was
simulated and analysed to obtain fundamental data. Within an actual combustor, the purpose of the
film-cooling jets is to provide a cool layer of air that protects the material of the combustor’s inner
and outer casing. Without this film cooling, the material would surely begin to melt, eventually
leading to catastrophic failure. Figure 2 shows the schematic view of the combustor.
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Fig. 2. Schematics of the combustor
simulator: (a) top view and (b) side view

The combustor simulator length, width, and inlet height was 156.9 cm, 111.8 cm, and 99.1 cm,
respectively. The contraction angle was 15.8 degrees and it began at x = 79.8 cm. While, the inlet



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 30, Issue 1 (2017) 1-11

cross-sectional area was 1.11m2, the exit cross-sectional area was 0.62m2. The combustor contained
four streamwise film-cooling panels. The combustor simulator consisted of a streamwise series of
four film-cooled panels, which were symmetric on the top and bottom of the combustor simulator.
These panels began approximately 1.57 m upstream of the turbine test section. The first two panels
were flat. They were 39 and 41 cm in length. While the third and fourth panels were 37 cm and 43
cm. The panels were 1.27 cm in thickness. Theses panels were made from low thermal conductivity
(k=0.037 W/mk) of combustor panels allowed for adiabatic surface temperature measurements. The
second and third cooling panels contained two different rows of dilution holes. These dilution rows
were located at 0.67m and 0.90m downstream of the beginning of the combustor liner panels. The
first and second row of dilution holes diameter was 8.5 cm and 11.9 cm, respectively. The centerline
of the second row was staggered with respect to those of the first row. In the present research, the
combustor simulator included three configurations of cooling holes. For the verification of findings,
the first arrangement (baseline or case 1) was planned similar to the Vakil and Thole [3] combustor
simulator. For all cases, the cooling holes were located in equilateral triangles. The diameter of the
cooling holes was 0.76 cm and drilled at an angle of 30 degrees from the horizontal surface. The
length of each cooling holes in the baseline case was 2.5 cm. For the second and third cases shown
in Figure 3, the cooling holes were placed within a row trench with alignment angle of +60 degrees
(case 2) and -60 degrees (case 3).

Alignment angle of +60 deg Alignment angle of -60 deg

Fig. 3. Arrangements of trenched cooling holes with different
alignment angles

According to the Yiping et al. [25], Lawson and Thole [14], and Sundaram and Thole [12] findings, the
trench depth and width was considered equal to 0.75D and 1.0 D, respectively. These researchers
showed that the optimum film-cooling effectiveness for the trenched cases was obtained among the
narrower trench and the depth of d=0.75D. Furthermore, a coolant blowing ratios of BR=3.18 was
considered. A global coordinate system (x, y, and z) was also selected. In comparing the results, a
number of non-dimensional parameters were needed to be made. The dimensionless variables were
defined for both the coolant and the dilution flow. Table 1 gives a complete description of the
operating conditions for the main flow and table 2 shows non-dimensional parameters of the dilution
jets and coolant, respectively. In addition, the coolant and dilution jets temperature was considered
equal to 295.5 K. The distribution of film-cooling effectiveness inside the combustor simulator was
measured along the specific observation planes.

The observation planes are shown in Figures 4(a) (baseline), 4(b) (case 2), and 4(c) (case 3). The
flow field observation planes of Op, 1p, 2p, and 3p were located in pitchwise direction and the
observation plane of Os was placed in the streamwise direction. Plane Op was placed exactly
downstream of the first panel of cooling holes and at x=35.1 cm. The momentum distribution of film
cooling was determined along this panel. This observation plane covered half of the combustor
simulator in the spanwise direction. The height of the observation plane covered 0 cm<z<10 cm.
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Plane 1p was placed downstream of the first row of dilution jet at x=74.85 cm. This plane was
expanded from z=0 cm to z=10 cm and covered the half width of the combustor simulator. This plane
was used to detect the effects of film cooling on the dilution flow. This plane was also used to
determine the effects of horseshoe, half-wake, and counter rotating vortexes. Plane 2p was located
downstream of the trailing edge of the second row of dilution holes. This plane was embedded at
x=1.1 cm and was expanded along the vertical axis from z=0.09 cm to 0.22 cm. The effects of the
cooling holes located in this section on the thermal behaviour were identified by this plane using.
Plane 3p was set at the end of combustor simulator. The usage of this plane enabled the researcher
to detect the exit flow behaviour and the varying temperature of the combustor. Plane Os was located
directly at the central point of the first row of dilution jet at y=9.3 cm and covered from x=39.2 cm to
x=78.45 cm. This plane was used to analyse the interaction of flow along the first row of dilution jets.

Table 1
Typical operating condition for main flow
Parameter Quantity
Main Flow Pressure 98.82
(Kilo Pascal)
Main Flow 332

Temperature (K)

Main Flow Velocity 1.62
(m/s)
Main Flow Density 1.0
(kg/m?)
Table 2
Dimensional flow parameters for coolant and dilution jets
Parameter Location Combustor simulator

Main Flow 1

Dilution row 1 1.12
Density (kg/m3

ensity (kg/m’) Dilution row 2 1.12
Cooling panels 1.12
Main Flow 1.62
. Dilution row 1 17.36
velocity (m/s) Dilution row 2 8.68
Cooling panels 4.6

Main Flow 332
Temperature (K) Dilution row 1 295.5
P Dilution row 2 295.5
Cooling panels 295.5
Pressure (kPa) Main Flow 98.82

About 8x10° tetrahedral meshes were needed to solve the combustor simulator problem and to
get more accurate data in inappropriate time. The usage of this number of meshes allowed adequate
convergence for refined meshing. The precision of the number of meshes used in this research was
in agreement with a study by Stitzel and Thole [24]. The meshes were denser around the cooling and
dilution holes as well as wall surfaces (Figure 5).



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 30, Issue 1 (2017) 1-11

(@) Planc Os (b) Plane Os
\ 1
z X \
) f
Symmetry Line
& B & & &
2 - 2 2 g
= = = = |

Plane

(c) Plane 0s

Plane p

o
H
-

Planc ]

£

Fig. 4. Location of the observation planes: (a) baseline, (b) case 2, and (c)
case 3

Fig. 5. 3D meshes of combustor simulator (a) baseline case (b) Case 2 (c) case

According to the specific blowing ratio at the inlet of volume control, inlet mass flow boundary
condition was considered at the inlet. Wall boundary condition and slip-less boundary condition were
used to limit the interaction zone between fluid and solid layer. In addition, to compare the outcomes
of the present research with the previous findings as reported [3,24,26], the inlet flow boundary was
set as uniform flow and pressure outlet at the exit. Totally, according to the symmetries of the Pratt
and Whitney gas turbine engine combustor, symmetry boundary condition was used. By using the
Gambit software, the combustor simulator was meshed and data were simulated and analysed by
using Fluent 6.2.26 software. The results were gathered in the form of charts and different contours.
The results were cross-checked with the findings obtained by Vakil and Thole [3] and Stitzel and Thole
[24] researches to calculate the validity of the findings.

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
Jt

P P op o —
5 (pui) +6_X]-= (puju;) = _6_)(i+6_xi]+pgi +F, (1)

Momentum equation

o | 9dx dpdy  9pdz_ _
at+axdt+aydt+azdt_ p(V.V) (2)
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The first-order upwind and central differencing scheme were used to approximate the convective

and diffusion terms in the differential equation, respectively. To check the convergence, the mass

residue of each control volume has been calculated and the maximum value has been used to check

for the convergence. The convergence criterion has been set to 107*. Film-cooling effectiveness is

defined as below:

N = (6)

T Te-Te

In the above equation, T is the local temperature, T- is main stream temperature, and Tc is the
temperature of coolant.

3. Results and discussion

The comparison was done between the current study results and the experimental results
collected by Vakil and Thole [3] and numerical findings gathered by Stitzel and Thole [24]. Figure 6
shows the comparison of film-cooling effectiveness for plane 1p and 2p at y/W=0.4. Deviations
between the current computation and benchmarks were calculated as follows:

n Xi~Xjbenchmark

OpDiff = —“ibenchmark 100 (7)
n

According to this equation, the deviation estimation was 9.76% and 8.34% compared to Ref [3] and
Ref [24] for plane 1p and equal to 13.36% and 11.96% in comparison with Ref [3] and Ref [24] for
plane 2p.

Figure 7 shows the findings of the film cooling effectiveness made for plane Op. The observation
plane was located at x/L=0.24, which was two film-cooling hole diameters (2d) downstream of the
trailing edge of the last row of the cooling holes in panel one. A major difference between these
figures is the film-cooling layer thickness. While, for the trenched cooling holes with alignment angle
of +60 degrees, the thickness of this layer reached to z=50mm, for the baseline and trenched holes
with alignment angle of -60 degrees, it reached to z=10 mm and z=4mm respectively. However, for
this measurement plane, the thicker film-cooling layer for the trenched hole does not automatically
suggested that it is desirable. As seen in the figure, by increasing the blowing ratio led to a better
protection over the end wall surface. Of course, for the trenched case with alignment angle of +60
degrees and at a position of 28cm<y<42cm, the temperature level was higher (0.2<n<0.25) near the
end wall surface.
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The distribution of film-cooling effectiveness for plane 1p is shown in Figure 8. Plane 1p was taken
directly downstream of the first row of the dilution jets. This particular hole is centrally located right
at the mid pitch within the combustor simulator. Note that, the film-cooling effectiveness was
significantly increased for the trench cases, especially for the trenched holes with alignment angle of
+60 degrees. On the right side (50 cm<y<54 cm) of thermal field contours and for the trenched cases,
film cooling was being entrained by the upward motion of dilution jet. Furthermore, at the positions
of 18cm<y<40cm and 8cm<z<10cm were slightly hotter (0<n<0.05) for the case 2 as well as
44cm<y<49cm and 8cm<z<10cm for the baseline case.

y (m) y (m)

y (m)

Fig. 8. Film-cooling effectiveness of plane Op (a) baseline (b) case 2 (c) case 3
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Figure 9 shows the film-cooling effectiveness distribution for plane 2p for three different
configurations of baseline case and row trenched cooling holes with alignment angles of +60 degrees.
It is declared from the analysis of contours that the rotating flow is seen on the left side of the figure.
It is entrained along the spanwise direction. However, with trenching cooling holes, this rotating flow
is growing; especially in the trenched case with alignment an angle of +60 degrees. Overwhelmingly
apparent, however, is the lack of uniformity within the combustor exiting profile at this point. At the
right side of Figure 9(a), the hot gases also covered more extended area in comparison with trenched
cases as well as at the right side of the temperature distribution contour of trenched holes with an
alignment angle of +60 degrees. Lastly, these figures showed the v and w velocity vectors
superimposed on the thermal field contours of this measurement plane. The sweeping of the coolant
toward the second row of dilution jet is visible in all cases.
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Fig. 9. Film-cooling effectiveness in plane 2p (a) baseline (b) case 2 (c)
case 3

Figure 10 indicates the film-cooling effectiveness distribution of plane 3p. The results showed
that with trenching the cooling holes, the baseline case showed a better performance and film-
cooling effectiveness is higher (0.6<n<0.75) than others.
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Fig. 10. Film-cooling effectiveness in plane 2p (a) baseline (b) case 2 (c)
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Furthermore, for the row trenched hole with alignment angle of +60 degrees, the hot gases were
spread from the corners of contours to the central part and affect the cooling. This figure also shows
case 3 (trench holes with alignment angle of -60 degrees) has better effect on the film cooling
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effectiveness than case 2 and also the temperature variation of flow is more uniform in this case. The
velocity vectors of v and w overlying on the thermal field contours in plane 3p. A dominant vortex,
rotating in the counter-clockwise direction at 48<y<54 cm was clearly illustrated within this figure.
The clockwise rotating vortex is only found at 7 cm<y<20 cm in all cases. Of course, the rotating of
the vortex is more turbulent for the trenched cases because the coolant was injected further and the
interaction of the film-coolant flow was entrained by the shear forces created by the main flow.

4. Conclusion

The purpose of this research was to analyse the effects of different holes arrangements as
baseline and row trench cases with alignment angles of 60 degrees on the film-cooling effectiveness
at the end of combustor simulator and near the end wall surface. In the present study, a three-
dimensional representation of a true Pratt and Whitney gas turbine engine was analysed with a
commercial finite volume package Fluent 6.2.26. As a summary for all schemes, the film-cooling layer
is growing at elevated blowing ratio; it was thinned by using the cylindrical holes for plane 2p. In
addition, the central section of the plane 2p declared severe penetration of the cooling jets and a
thick film-cooling layer creation for the trenched layouts, especially for the trenched hole with
alignment angle of +60 degrees. On the other hand, blowing ratio increase led to a cooler region near
the wall and between the jets. The thermal field outcomes indicated a recirculation area extended at
exactly downstream of the jet where the entrainment of film cooling was occurred by the dilution
jet. The streamwise thermal field contours indicated a strong effect of trenched cooling holes and
dilution injection downstream the dilution jet, especially for the trenched holes. For the
measurement plane of Op, 1p and 2p, the film-cooling effectiveness enhancement happened with
using row trench cooling holes. While, for the plane 3p, the film-cooling performance decreased for
the trench cases. Based on the results and conclusions of the study, there are several
recommendations to notice. In later researches within this field of study, it is strongly recommended
to use the trenched holes for the second and third cooling panels because trenching cooling holes
have a better effect on film-cooling performance at higher blowing ratios.
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