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Abstract

This study was carried out in order to extend database knowledge about the flow field characteristics and
define the various flow field contours inside a combustor simulator. The modern gas turbine industries try
to get higher engine efficiencies. Brayton cycle is a key to achieve this purpose. According to this cycle
industries should increase the turbine inlet temperature to get more engine efficiency and power. However
the turbine inlet temperature increasing creates an extremely harsh environment for the downstream
critical components such as turbine vanes. In this research a three-dimensional representation of a true
Pratt and Whitney aero-engine which studied before in Virginia University was simulated and analyzed to
collect essential data. This combustor simulator combined the interaction of two rows of dilution jets,
which were staggered in the stream wise direction and aligned in the span wise direction, with that of film-
cooling along the combustor liner walls. The overall findings of the study indicate that three-component
velocity measurements showed the dilution jet-mainstream interaction produced shear forces and as a
result a counter-rotating vortex pair was created. The highest turbulent kinetic energy was found at the top
of recirculating region due to the interaction of the second row of dilution jets and mainstream flow.
Furthermore, the centers of the counter-rotating vortex pair were spread relatively far apart due to the
opposing dilution jets. Along the dilution jet centerline, negative stream wise velocities were measured
indicating the recirculation region just downstream of the jet. Into the combustor exit, the acceleration of

the flow increased and thereby the uniformity of the velocity profile enhancement was found as well.
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1.0 INTRODUCTION

The modern gas turbine industries try to construct new engines
with higher efficiencies. Brayton cycle is a key to afford this
purpose. As seen from this cycle, the turbine inlet temperature
should increase to access more efficiency. Nevertheless the
turbine inlet temperature increasing creates an extremely harsh
environment for the downstream components. Fuel must be
thoroughly mixed with air, completely burned and made uniform
before turbine. However poor mixing leads to non-uniformities
such as hot streaks and allow non-combusted fuel to exit the
combustor. Hot streaks can harm wear prematurely and failure
turbine components. According to the importance of this research,
a broad literature search was conducted to collect the information
and specify the combustor characteristics.

Harrington, McWaters, Bogard, Lemmon and Thole [i]
presented a study which was a computational and experimental
one aiming at investigating a full coverage of adiabatic film
cooling effectiveness. The results declare that maximum adiabatic
film cooling effectiveness is achieved within four to eight rows of
cooling holes.

Barringer, Richard, Walter, Stitzel and Thole [ii] studied the
flow field at the inlet of turbine vanes. This test section contained
four different cooling panels. Two rows of high momentum

dilution jets were designed in the second and third cooling panels.
They confirmed the Li, Liu and Peng [iii] and Scrittore [iv] results
that how dilution jets affect cooling.

By using the multiple jets placed inside cross flow, Peterson
and Plesniak [v] analysed the effects of velocity, blowing ratio,
injection angle and the plenum flow direction. Consistent with the
study of Plesniak [vi], the results declare that a light and less
integrated CRVP is created due to the vortices spawn inside
injection hole and opposite rotation direction which is opposite
the rotational sense of the CRVP by using the counter-flow
plenum.

The results indicate that the usage of air and carbon dioxide
as a coolant influence the effects of blowing ratio on the heat
transfer coefficient and also it is in consistent with Mehendale,
Han, Ou and Lee [vii,viii]. For carbon dioxide, heat transfer
coefficient is increased at first and then decreased with blowing
ratio enhancement, while for the air injection, heat transfer
coefficient has fluctuations. In addition, the density ratio affected
the distributions of the streamwise heat transfer coefficient
significantly.

Tarchi, Facchini, Maiuolo and Coutandin [ix] were able to
identify the effects of large dilution hole which place within
penetrating slot and effusion array. In this study, the local heat
transfer coefficient and adiabatic film cooling effectiveness were
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measured at three different blowing ratios. In concurred with
Tarchi, Facchini, Maiuolo and Coutandin [x] and Milanes, Kirk,
Fidkowski and Waitz [xi], it is found that with using backward
step, at downstream the dilution hole the adiabatic film cooling
effectiveness reached to m,,=0.65.

Baldauf, Schulz and Wittig [xii] determined test results of
coolant injected from cylindrical holes with d=5mm. In particular,
blowing angle, hole pitch, blowing rate and density ratio
variations were investigated. Experimental results show that the
heat transfer coefficient extremely away from the situation
without coolant ejection is highly relating to the blowing
situation. Heat transfer coefficient increased by 120% over the
great downstream distances compared to unblown baseline case.

Scrittore, Thole and Burd [xiii] measured the flow
characteristics inside a combustor simulator. For uncertainty
analysis, they used Moffat [xiv] partial derivative and sequential
perturbation methods. The results showed that the penetration
height of coolant is not dependent to the mass blowing ratios, at
least among the specific range. Like previous studies as
Bernsdorf, Rose and Abhari [xv], film cooling effectiveness
enhancement for the film layer occurred with blowing ratios,
especially at high blowing ratios.

Using a two dimensional particle image velocimetry, Wright,
McClain and Clemenson [xvi] measured the effects of cooling jet
turbulence intensities and blowing ratios of cylindrical and simple
angle holes. The results indicate that for both turbulent intensities,
flow attached to the surface at lowest blowing ratio of 0.5. Also,
Tehrani and Mahmoodi [xvii] stated that at blowing ratio of
M=0.50 and inclination angle of 35deg, the film cooling
effectiveness reached to the optimum value. The horse shoe
vortex and counter rotating vortices were formed around jets as
well.

Stitzel and Thole [xviii] indicated that dilution jet injection is
dominant feature at the combustor exit, while, with no dilution,
the exit profile was relatively uniform with a high temperature
and low total pressure flow in the mainstream. Furthermore
Scrittore [xix] mentioned that dilution jet velocity increase has
adverse effect on surface cooling performance downstream of
dilution jets.

According to the importance of issue, the cooling of
combustor exit flow requires further study and numerical
analyses. There are questions to be answered: What is the effect
of changing the cooling holes area on combustor exit profiles?
What is the effect of cooling holes configuration variations on exit
flow?

This numerical study was done in order to optimize the combustor
exit and cooling holes geometries. In this study, the effects of

(@

various combustor holes geometries were analysed as well. Also
in order to measure the validity of the results, a comparison
between the data gained from this study and Vakil and Thole [xx]
project was made.

2.0 METHODS AND MATERIALS

In this study, a three-dimensional representation of a true Pratt
and Whitney aero-engine was simulated and analysed to gain
essential data. The combustor is a container with a width and
height of 111.8cm and 99.1cm respectively. The length of the
combustor was 156.9 cm and the contraction angle was 15.8
degrees. While the inlet cross-sectional area was 1.11 square
meter, the exit cross-sectional area was 0.62 square meter. The
contraction angle began at X=79.8 cm. The combustor simulator
included a stream wise series of four film-cooled panels. The
starting point of these panels was approximately at 1.6 m
upstream of the turbine vanes. The lengths of the first two panels
are 39cm and 41 cm respectively. However the third and fourth
panels are 37 and 43 centimetre in length. The panels were 1.27
cm in thick. At the result of using the material with low thermal
conductivity (k = 0.037 W/mk), adiabatic surface temperature
measurements were possible. Within the second and third panels
were two rows of dilution holes. The first row was embedded at
0.67 m downstream of the beginning of the combustor liner
panels. The diameter of the first row and second row of dilution
holes was 8.5 cm and 11.9 cm respectively. The first row was
located at 0.90 m downstream of the start of the combustor
simulator. The centreline of the second row was staggered with
respect to those of the first row. To verify the purpose of this
study, a three-dimensional representation of a true Pratt and
Whitney aero-engine which studied before in Virginia University
was simulated [20], however, the combustor with various
configurations of cooling holes, were simulated. While, the first
arrangement was similar to the Vakil and Thole [20] model, the
second case was completely different. The film-cooling holes
were placed in equilateral triangles. The film-cooling holes
diameter of the first model (Case 1) was 0.76 cm and drilled at an
angle of 30 degrees from the horizontal surface. The length of
each film-cooling hole was 2.5 cm. The film-cooling holes of the
second combustor simulator (Case 2) were 1.70 cm in diameter
and drilled at an angle of 30 degrees from the horizontal surface.
Figures 1a (Case 1) and 1b (Case 2) show the schematic view of
the combustor simulator. To have a similar criterion between both
arrangements, a global coordinate system (X, Y, and Z) was
selected.

(b)

Figure 1 Schematic view of the combustor simulator (a) Case 1 (b) Case 2
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The flow field measurement planes in the combustor simulator
illustrated in Figure 2a (Case 1) and 2b (Case 2). Plane Op, was
placed exactly downstream of the first panel of cooling holes to
determine the momentum distribution of film cooling along the
mentioned panel. Plane 1p covered half of the combustor
simulator was selected to capture the horseshoe, half-wake, and
counter-rotating vortex.

Plane 2p was intended to show the interaction of the
counter-rotating vortex pairs from the first and the second
dilution. Plane 3p was intended to show the flow field behaviour

PLANE 18 S
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\ /
- /
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SYMMETRIC LINE

PLANE 0P PLANEIP PLANEIP PLANE 3P

(2)

at the end of combustor and inlet of turbine. Plane 1s was
selected at Y=22.83 cm and would depict the lip, half-wake, or
half-wall vortices.

In order to solve the combustor simulator and to get more
correct data and reasonable time consumption, about 1x10°
tetrahedral meshes were required. The accuracy of the quantity
of meshes which used in this study was in concurred with Stitzel
and Thole investigation [18]. As seen in these figures, the
meshes were denser around the cooling and dilution jets as well
as wall surfaces (Figure 3).
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Figure 2 Location of the measured planes (a) Case 1 (b) Case 2
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Figure 3 Three-dimensional meshes of combustor simulator (a) Case 1 (b) Case 2

According to the specific flow rate at the inlet of volume
control, inlet mass flow boundary layer was defined at the inlet.
Wall boundary layer and slip less boundary layer were applied
to limit the interaction zone between fluid and solid layer.
Furthermore at the inlet of combustion simulator the uniform
flow boundary layer was selected. Also at the end of volume
control the constant pressure boundary layer was used. Finally,
according to the symmetries of the Pratt and Whitney aero-
engine combustor along X-Y and X-Z planes, symmetry

boundary layer % =0 was applied. In addition the governing

equations were used.
Continuity equation
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The difference between the last results with new data is defined
by converge magnitude and this measure reduction means
access to the more exact data. According to the iteration chart of
solution, converge quantity of this solution was about 10>, Also
to solve this question, unsteady condition was applied. This
condition led to different iterations. While large iteration shows
the time step variations and beginning the new step, small
variations were completely related to the physics of the question
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and they continued to get the new time step. The combustor
simulator was meshed by Gambit software and the collected
data were analysed by using fluent software and the
corresponding results were presented in the form of charts and
different contours. Although there were several ways to
investigate the validation of the numerical findings, the best way
to valid the results of this study was comparing the results with
those of other related studies. This method was too cheaper and
easier compared to other methods such as experimental tests and
computational programming, while the results were not more
reliable.

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

[terations

Figure 4 The remnant chart of the solution of this problem

3.0 RESULTS AND DISCUSSION

Figures 4a and 4b show the three-component velocity
measurements of plane 1p for both arrangements. This
measurement plane included one entire pitch with one dilution
jet centred at Y=12cm and the other at Y=48cm. The counter-
rotating vortex of the middle dilution jet pair, seen in detail was

u(m/s)

6.829
6.110
5392
4.673
3955
3236
2517
1.799
1.080
8 0.362
-0.357
-1.075
-1.794
-2.513
-3231

the distinctive part of these figures. The shear produced due to
the dilution jet-mainstream interaction led to these vortexes. In
addition, due to the impacts between the opposing rows of
dilution jets, the centres of the counter rotating vortex pair
spread further far. The size of the counter-rotating vortex pair
was quite large. Also these vortexes extended over most of the
vertical cross-sectional area within the measurement plane.

(b)

Figure 4 Three-component velocity of plane 1p (a) Case 1 (b) Case 2
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Figures 5a and 5b indicate the contour plots of the combustor
turbulent kinetic energy in plane 1p for two different
configurations. As it can be seen from this chart, the highest
turbulent kinetic energies were found slightly to the right side of
the centre of the counter-rotating vortex. In this area, the
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Figures 6a and 6b declare the vectors of u and w for plane 1s.
Between 84cm < X < 94cm the ejection of flow among the
dilution hole was obvious. In addition at Z=30 cm the core of
the dilution jet began to deflect sharply by the combustor
mainstream. At the leading edge, the flow was angled
downward due to the impacts of the dilution jets. The most
important reason for this behaviour was the deflection of the
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impacts between the two opposed dilution jets caused to the
lowest stream wise velocity components. In general, for the first
configuration, the highest magnitude of turbulent kinetic energy
was found near the centre of the counter-rotating vortex and
among the impact region.
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Figure 5 Contours of the combustor turbulent kinetic energy for plane 1p (a) Case 1 (b) Case 2

flow under the stagnation region created at the midspan by the
first row of dilution jets. In a word, with the flow acceleration,
the uniformity of the velocity profiles increased towards the
combustor exit. However, at the combustor exit, traces of the
faster film-cooling and midspan regions were still visible in the
streamwise velocity profiles.

Figure 6 Vectors of u and w for plane 1s (a) Case 1 (b) Case 2

Figures 7a and 7b present the three-component velocity
measurements of plane 2p for both cases of cooling holes
schemes. The most immediate feature of figures 6 was the
recirculating region behind the dilution jet. At Z=24.8 cm, small
negative streamwise velocities were visible. The v and w

vectors determine a leftward sweeping motion along the film-
cooling panel. The stream wise non-uniform velocity
components state the non-uniformities at the end of combustor
profile.
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Figure 7 Three-component velocity for plane 2p (a) Case 1 (b) Case 2
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Figures 8a and 8b indicates the contours of the combustor recirculating region. However, the shear forces in this turning
turbulent kinetic energy for plane 2p. The largest values of region produced the highest turbulence among the flow.
turbulent kinetic energies were present at the top of the

0.5
K (m%/sh)
= 3.757
3.513
3.269
3.025
15
= 32
il 1.606
1.562
1.318
1.074
G 0.830
0.566
0.342
o wma mE W5 UF W=
& 4
(@ (b)
Figure 8 contours of turbulent kinetic energy in plane 2p (a) Case 1 (b) Case 2
Figure 9 shows the streamwise velocity components at the end vortex created because of the shear produced due to the first and
of combustor. According to this figure, the counter-rotating second row of dilution jet and mainstream interaction.
vortex increased with passing the time. This counter-rotating
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4 |
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0 0.5 1.0 1.5 2.0 25
Time (s)
Figure 9 the variations of streamwise velocity per time for plane 3p
Figures 10a and 10b show the contours of the streamwise Figure 12 shows that the uncertainty between computational
velocities which solved by the RNGK-¢ and K-g¢ turbulent outputs and experimental results for plane 2p was about 8

models. As it can be seen from these contours, the RNGK-¢ percent.
turbulent model prepared more uniform turbulence distribution
compared to turbulence kinetic energy contour obtained by
using K-¢ turbulent model.

Figure 11 shows a comparison of the velocity contours and

4.0 CONCLUSION AND RECOMMENDATION

v and w vectors measured experimentally and computationally. The purposes of this study were extending the database
According to the computational results, the dilution jet injection knowledge about the flow field characteristics inside a
led to flow entrainment near the surface. As a result, the combustor simulator and define the effects of number of cooling
entrainment of the flow to the left side was similar between holes and area variation on floe field. In this research a three-
experimental observations and computational findings. The dimensional presentation of a true Pratt and Whitney aero-
existence of three primary vortices in computational results was engine was simulated and analyzed to collect data. The
the clear difference between computational and experimental combustor was meshed by Gambit software and the collected
data. These vortices were the remnants of the first row of data were simulated and analyzed by using fluent software and
dilution jets with the mainstream and second row of dilution jets the corresponding results were presented in the form of charts

and different contours. To sum up, the film-cooling jets nearest
to the last row of measurement plane had their coolest region on

interaction.
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the wall. Also, these jets made a secondary cool region slightly
further off the wall. This secondary region was a remnant of the
upstream row of film-cooling jets that exited from an aligned
cooling hole. The shear which produced from the dilution jet-
mainstream interaction led to a counter-rotating vortex pair. The
centres of the counter-rotating vortex pair were spread relatively
far apart due to the opposing dilution jets. Along the dilution jet
centreline, the existence of negative stream wise velocities
indicate the recirculating region just downstream of the jet.
Comparisons between experimental and computational results
indicate similarities, as well as differences. The entrainment of

Nor Azwadi et al. / Jurnal Teknologi (Sciences & Engineering) 58 (2012) Suppl 2, 5-12

the flow to the left side was similar between experimental
observations and computational data. Despite this similarity, the
existence of three primary vortices in computational results was
the clear difference between computational and experimental
data. In the future research, additional flow field measurements
should be considered at the leading edge of the dilution jets.
This consideration could be useful to document the presence and
effects of a horse-shoe vortex. It is highly recommended that the
future research study the different cooling holes shapes.
Different cooling holes shapes affect the interaction between the
cooling flow and main flow.
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Figure 10 Comparison of u contours and v and w vectors for plane 2p
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Figure 11 Uncertainty analysis for plane 2p at Z/H;, = 0.27
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