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Abstract

Effusion cooling represents the forefront of cooling technology for gas turbines,
particularly within the hot-gas path components. Traditionally, effusion cooling holes are
aligned with the combustor axis, resulting in a nominal zero compound angle, which is
defined as the angle between the direction of the effusion jet and the mainstream flow in
the lateral (transverse) plane. This alignment is based on the assumption that the swirling
nature of the main flow does not significantly affect the cooling effectiveness. However,
this study challenges this assumption by investigating the directional effects of effusion
cooling under the influence of a swirling main flow, particularly focusing on the adiabatic
film cooling effectiveness (AFE).

The research initially explores the isolated impacts of varying compound angles on AFE,
deliberately excluding the influences of changing effusion hole spacing called effusion hole
pitch. This approach facilitates a clearer understanding of how non-zero compound angles
alone affect AFE. Building on this foundation, the study then examines the combined
effects of varying pitch and compound angle, aiming to guide future designs of effusion
cooling under swirling flow conditions. To achieve this, a novel effusion cooling design
was proposed, featuring varying compound angles of 90, 60, and 30 degrees along the main
flow direction. This design was compared against conventional methods with fixed
compound angles.

Both experimental studies utilized Binary Pressure Sensitive Paint (PSP) and the heat/mass
transfer analogy to measure AFE. The results indicate that larger compound angles
facilitate quicker initial cooling film build-up, but optimal angles decrease downstream as
the cooling film develops. The new effusion cooling design with varying compound angles
demonstrated more uniform cooling film coverage and a slight enhancement in AFE
compared to traditional designs with fixed angles. These findings suggest that
reconsidering the standard alignment and angle of effusion cooling holes, particularly in
the context of swirling main flows, can lead to significant improvements in gas turbine

cooling efficiency.



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |iii

Acknowledgments

I extend my profound gratitude to my thesis supervisor, Professor Bertrand Jodoin, whose
guidance has been invaluable throughout the duration of this program. It has been a
privilege and an enriching experience to learn from and collaborate with him over these
years.

My sincere thanks are also due to Dr. Zekai Hong, Senior Research Officer at the National
Research Council of Canada, for his supervision and mentorship in this project. His
encouragement to delve deeper into my research has enabled me to reach heights
previously unimagined.

I am grateful to Dr. Patrick Richer, Assistant Professor, for granting me the opportunity to
pursue this project. His insightful suggestions and brilliant ideas have consistently guided
me towards the correct path in my research endeavors.

I would like to express my appreciation to all members of the Thermal Management Group
of the Zero Carbon Research Team in the Gas Turbine Laboratory at the National Research
Council of Canada, including Dr. Mohsen Broumand, Dr. Sean Yun, and Juchan Son, for
their valuable suggestions and contributions to this project.

I am thankful to the members of the Cold Spray Laboratory at the University of Ottawa,
comprising Dr. Daniel MacDonald, Dr. Aleksandra Nastic, Dr. Leon Guo, Parisa
Hasanpour Dastjerdi, Hamid Rahmati, Krutik Mistry, Mihai Stefan Stefanescu, and Juchan
Son. Their guidance in the laboratory and the advice provided throughout have been
immensely beneficial.

Lastly, but most importantly, [ extend my heartfelt gratitude to my parents and to my family,
Hanna, Ian, and Ena. Their unwavering love and support have been the cornerstone of my

achievements and instrumental in bringing me to this point in my academic career.



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |iv

Table of Contents
ABSTRACT ...uuuiiiiiiiinnninsnicnssicssssicssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssossssssssnssss I
ACKNOWLEDGMENTS ..cotiiiinnnnnnicsssssnnicssssssssssssssssssssssssasssssasssssssssssssssssssssssssassssssse I
LIST OF FIGURES ...cuuuiiiiiiniiiinnnnniccsssnnicsssssssicssssssssssssssssssssssssssssssassssssssssssssssssssssssans VI
LIST OF TABLES ....ottiiiinniicnnnnniecsssnsiesssssssesssssssssssssssssssssssssssssssasssssssssssssssssssssssssass IX
NOMENCLATURE ....uuuiiiiineiicinnnniccsssnsiesssssssisssssassssssssssssssssssssssssssssssssssassssssssssssssssasss X
1  INTRODUCTION...cciiiiirruriccsssnsecssssassesssssssssssssssssssssssssesssssssssssssasssssssssssssssssssasssssans 1
) I Y & T 50 1) 10 U 1
1.2 Research ODbjective..cociiiiiiiiiiiiiiiuiiiiiiiiiiiiiiiiiiiiiiiiecceierersesscacnsenes 6
1.3 Thesis OUtline c.cciieiiieiiiniiiiniiiiiieiiiecisaceisscessssessessssessssessssessssess 7
2  LITERATURE REVIEW ...uiiiiiiiinnnnniicnnnniicsnnsiissssssiessssssssssssssssssssssssssssssssass 8
2.1 Gas Turbine ENGINe ...cccoveiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiieiersesecacecercssnes 8
2.2 Gas Turbine Engine Coo0ling ...cccccevevviuiuiiiiiiiiiiniiiiiieiinececcnnnnes 10
2.2.1 Gas Turbine Engine Cooling Methods.......................oo. 12
2.3 Effusion Cooling ..cccociuiuiiiiiiuiniiiiiiiiiiniiiiiiiiiiiiciiieieesesecacesesesns 15
2.3.1 Critical Parameters of Effusion Cooling .................................... 16
2.3.1.1  HOle SHAPe ... 16
2.3.1.2 Inclination Angle (@) ..............cocoimiiii i 17
2.3.1.3  Hole PitCh (S) ... 17
2.3.1.4 Blowing Ratio (BR)...............cocoiiiiii i 18
2.3.1.5 Turbulence Intensity (TU) ...........ccooiiiiiiiiii e, 20
2.3.1.6 Compound Angle (B) ... 21
3  RESEARCH OBJECTIVES......iiiiiiinnnnniicsssnsicsssssssissssssssssssssssssssssssssssssass 23
3.1 Directional Effects of Compound Angles on AFE ...................... 23
3.2 Effects of Hole Pitch Variation on Effusion Cooling.................. 23
4  EXPERIMENTAL SETUP ..ucciiiinniiiinnnnnniccsssnniecsssnsscssssssssssssssssssssssssssssssssssssssass 24
4.1 Introduction of Experimental Setup...cccccceevriiiiiniiiiiiieiecninnnnnnes 24
4.2  Wind Tunnel ccccooieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieceisecersscersscessssessasessasesses 25

4.3 Co0lant RESEIVOIL voveieiieeeeiiereeiierereeeceresseesesscessssesssssosssssossnssossnne 26



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |v

4.4 Vent System for Boundary Layer Thickness Control................. 28
4.5 Turbulence Generator.....cccoceeiiiiiiiiiiieiiiiirieieieceiirereesesecacessesnes 31
4.6  TeSt COUPOMS.uiuiiieieiuiuiririeieiacurerertesssasasesessssssssssesessssssssssssesesses 34

4.6.1 Test Coupons for the Study of Swirling Flow Effects Near Liner
SU A o 34

4.6.2 Test Coupons for the Study of Optimizing AFE by Varying

Compound Angle ... 36
4.7  Pressure Sensitive Paint (PSP) cicciviiiiiiiiiiiiiiiiiiiiiiaciiieiiicnicecacnnes 39
4.7.1 Principle of PSP ... 39

4.7.2 Heat and Mass Transfer Analogy for Adiabatic Film Cooling

EfeCtivenmess . ..o 42
4.7.3 Application of PSP ... 44
4.7.4 Uncertainty of PSP Measurement......................coooiiiiiiiiiiinnnnnn.. 47
5 RESULTS iiiriiiinntinnsnnissssnisssstssssssssssssssssssssssssssssssossssssssssssssssssssssssssssssssssssssssssss 49

5.1 Investigation of the Swirling Flow Effects Near Liner Surface..49

5.2 Optimizing Adiabatic Film Cooling Effectiveness through

Varying Compound ANGLEsS ..ccciuiiiiiiiiuiniiiiiiiiiieiiiieiiinesecnccerersssscacenes 75
6 CONCLUSIONS AND FUTURE WORK ...ccctettterereeeneeeneeeseeesesesesesesesesssesesesesesees 87
179 R 0111 1 To 1) £ 1) 1 P 87
0.2, FULTUTE WOTK cirttiiiiiiiietetinetetreeeessecesssesesessssssssssssssessssscsssssossnscns 88
REFERENCES . ....ootetttettetteeeeeeeeeeeeeeeeeeseesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 89
APPENDIX — A: CFD SIMULATIONS OF VENT AND RESERVOIR SYSTEM
DESIGNS o oeeeeeeeeeeeeeeeeeeeeeeeeeseessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 93
A.1  ResServoir Simulation..cicceeiiieeeiieieiieeeeiiererenerereneeesesresssasesssscossnne 93
A.2  Vent System Simulation ....c.cceeveieiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinneccnes 96

APPENDIX — B uieiinienenteniinensninsncsnsssessssssssssnsssessssssesssssssssssssssssassssssassssssssssssssassasss 98



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |vi

List of Figures

Figure 1. Gravimetric and volumetric energy density chart of combustible materials and
DALLETTES [A]. oottt ettt ettt e et e e e ta e e e aae e ssaeesareeesaseeesareeens 2

Figure 2. Evolution of turbine inlet temperature (TIT), materials, and cooling technology
in the field of Gas tUFDINE [3]. .....ccccooveieiiiiiiieieee ettt ettt 3

Figure 3. Schematic of the effusion cooling holes with a detailed description. U, is the
speed of coolant flow and U is the speed of main flow. a is the inclination angle (measured
from the surface), and p is the compound angle (measured in the transverse plane, relative
to the main flow direction). 8xis the spanwise pitch and 8yis the streamwise pitch of holes.

............................................................................................................................................. 5
Figure 4. T-s diagram of the air-standard Brayton cycle [17]..........ccoovevevevveeceenieennnnn. 9
Figure 5. Basic components of a gas turbine jet engine [18].......ccccccovcvevvuvvvvavveecnnnnnen. 10
Figure 6. Example of the combustor and the path of the cooling air (adapted from [21])
........................................................................................................................................... 12
Figure 7. Examples of film cooling devices: (a) GE rolled ring, (b) P&W double-pass wing,
(c) RR Z ring (adapted from [16]) ........c.ccoovouieoiiniieiieieeieeeee ettt 13
Figure 8. Different cooling methods for combustor liner cooling [22]..............ccccue.n.... 13

Figure 9. Side, front and top view of the example designs of the effusion cooling holes [23]
........................................................................................................................................... 16

Figure 10. Examples of the swirling flows: (a) schematic of the example experimental setup
for generating the swirling flow by the swirler in the nozzle [30] and (b) the iso-
temperature 3D contour of CFD simulation results [31]. ......cccoovvevvienveniienienieeneenne 18

Figure 11. (a) Spatial average one-periodic 2D film cooling effectiveness and (b) spanwise
(lateral) average film cooling effectiveness [33].......couuuienieeiieniieeieenieeieenee e 19

Figure 12. Instantaneous contours of temperature through a column of effusion cooling
PLOLES [BA] .ot et ettt e e e et e e et e e eaa e e eaaeeerae s 20

Figure 13. 3D vortex structure around hole exit for (a) B = 0° and (b) f = 60° [23]...21
Figure 14. Schematic of the experimental setup and a sectional view of the test section. 25
Figure 15. 3D CAD model and it’s cutaway of the dual-core wind tunnel [37] .............. 25

Figure 16. The image of the reservoir installed with (a) the perforated plate and (b) the
honeycomb sheet, used in the current experimental setup. (c) The image of the final
installation of the reservoir into the current experimental SEtup. ...............cccoccueeeuveenene. 27

Figure 17. 3D CAD design of the test rig (a) without or (b) with the vent system. .......... 29

Figure 18. Schematic of the measurement system for the hot-wire anemometer [41]. .... 30



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |vii

Figure 19. The image of the hot-wire anemometer installed in the test rig...................... 30

Figure 20. The velocity profiles at the center point of the leading edge of the test coupons
in the test rig without and with the vent system, which validate CFD predictions as

indicated by the red dotted line in the plot. .............ccccoevvieviiiciinieeiieeieeie e 31
Figure 21. The image of (a) the design and (b) installed of TG#I(left), TG#2(middle), and
TGHB(TIGAL). oottt ettt et s ettt be st ebeenes 33

Figure 22. The turbulence intensity profiles are measured at the center of the leading edge
of the test coupon installed in the 1eSt Fig. .........ccceeveeecueeieeiiieiieecie ettt eaeens 33

Figure 23. Effusion cooling test configurations: (a) a single test coupon rotated at four
discrete angles relative to the main flow direction (f = 0°, 30°, 60°, and 90°). The co-linear
installation (f = 0°, first from the left) serves as the baseline case. Due to rotation, the
effective pitch changes as follows: for f = 30°, dx=4.5d and 6y= 15.2d; for f = 60°, 5x=
7.8d and 8y = 8.3d; and for p = 90°, 6x=4.5d and §y= 14d , and (b) three additional test
coupons that have three discrete compound angles (f = 0° 30° 60° and 90°) while
maintaining the same hole pitch as the baseline case in (a) such that 6x = 7d and 8y =
9d. All test coupons have a diameter of 123.8 mm and a thickness of 2.54 mm. The black
bold dashed box indicates the active effusion cooling area, which is consistent across all
test coupons and measures 49d X Q0. ............c.ccceeveeioueicienieeiieiieee e 35

Figure 24. (a) Spanwise (8x) and streamwise (8y) pitches are denoted for an example
effusion cooling configuration (= 0°). The black dash-line box means an active effusion
cooling area which is the same for all test coupons as 70.83mm X 38.56mm, or 90d X49d,
where d represents the diameter of the effusion cooling holes. (b) effusion cooling test
configurations. effusion holes co-linear with the main flow direction (f= 0°) and three
non-zero compound angle cases 8 = 30° [ = 60° and 8 = 90°.......cccoeeeeveeeciesuennnn. 37

Figure 25. Schematic of test designs using three discrete compound angles. the bottom of
the measurement area represents the upstream Side. ................ccoevevevevceeeceeesieeeceeenneenn, 38

Figure 26. The installed location of the static pressure transducers at the test section and
the reservoir to measure the pressure drop through the test COUPORS..............cccccuveueenn.. 38

Figure 27. The percentage pressure drop across effusion cooling test coupons were
maintained as a fixed function of Blowing Ratio for all test configurations. ................... 39

Figure 28. Spectra of UV excitation illumination together with the resulting fluorescence
peaks near 650 nm as the pressure-sensitive signal and 560 nm as the reference signal for
BinaryFIB PSP from Innovative Scientific Solutions Inc. The plot is reproduced from [51]

Figure 29. (a) The schematic of the image doubler which represents how the device works.
(b) The image of the image doubler installed with the CCD camera in the test setup. (c)
The image of the bandpass filters for the PSP utilization. ...............cccecoeevveeeveveneencneennnn. 45



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING | viii

Figure 30. Schematic of the calibration shroud being placed in the test section for isolating
the effusion test coupon from the rest of the wind tunnel in the current study. ................ 46

Figure 31. Comparisons of calibration curves. The x-axis is the inverse of normalized
ratios of fluorescence intensities as defined by Equation 4-4 while the y-axis is the oxygen
partial pressure normalized by Standard Qir. .................cccoecveeoeeecieniiieiieiieeeeeee e 47

Figure A.1. The 2D and 3D domains of the numerical simulation: (a) the cooling hole
distribution, (b) the geometry of the design without the perforated plate in the reservoir,
and (c) the geometry of the design with the perforated plate in the reservoir. The 3D
domain is SHOWR AS A CFOSS-SECHION VIEW. ........cc.coueruerieerieniieientenieeie sttt nieeee e 93

Figure A.2. The side-view of the velocity contour and streamlines for the case (a) without
the perforated plate and (b) with the perforated plate. .................cccooevevceevcienieeecraneanne, 94

Figure A.3. The velocity profiles at the exit of each cooling hole for the case (a) without
the perforated plate and (b) with the perforated plate. .................cccoeevevceevciinieeacrannnanne. 95

Figure A.4. The 2D contour of the velocity profile at the cross-section of the test rig
INCIUAING e VERE SYSTEM. ......oocuveeiiiiieeiieeiie ettt ettt et et esaaeesee e 96

Figure A.5. Comparison of boundary layer velocity profiles for three mesh densities:
coarse (black), medium (ved), and fine (blue). The results confirm mesh independence as
the medium and fine mesh curves overlap closely. ...........ccccccoecvevvencieniiniiiiieeceeeenne, 97



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |ix

List of Tables
Table 1 Summary of test conditions. The coolant flow velocity is calculated at the effusion
hole exit based on mass flow rate MEASUFEMENLS. .............cceeeueeeueeeiueeneeeiieenieesieenieeseeens 24

Table 2 Operating conditions of the calibration gas for the PSP calibration.................. 46



UNIVERSITY OF OTTAWA FACULTY OF J:'NGINEERING‘X

Nomenclature

Latin Letters:

AFE Adiabatic film cooling effectiveness

BR Blowing ratio

PSP Pressure sensitive paint
C Polynomial constants
d Effusion cooling hole diameter
1 Luminescent intensity
r Light intensity ratio
p Static pressure
S Henry’s law coefficient
K Stern-Volmer constant

X Mole fraction of oxygen in air
T Temperature
U Velocity
X Concentration
Greek Letters:
a Inclination angle

)i Compound angle

n Film cooling effectiveness
6 Hole pitch or distance
Subscripts:

ad Adiabatic state

aw Adiabatic wall




UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING|Xi

c Coolant
dark ~ Camera reading without UV excitation

g Main gas flow

PT Pressure signal fluorescence peak near 650 nm
T Pressure signal fluorescence peak near 560 nm

raw Raw PSP fluorescence intensity

ref Standard air condition as the reference point

0: Oxygen




UNIVERSITY OF OTTAWA FACULTY OF J:'NGINEERING‘I

1 INTRODUCTION
1.1 Background

The basic theory and development of gas turbine engines were proposed by John Barber in
England in 1791, and the first practical turbojet engine was developed by Frank Whittle in
England in 1937, with the first successful engine run taking place that year [1]. Since then,
with the continuous development of industry, gas turbine engines have become not only
the main power source for aircraft but also play a crucial role as a power source for

industrial development.

However, with increase in concern over global warming, emissions regulations for aviation
gas turbine engines are being strengthened. To comply with these emissions regulations,
the use of alternative energy is being explored in the aviation industry. Nevertheless, the
aviation sector, which operates powerful air-breathing gas turbine engines on jet fuel to
generate the thrust needed for flight, is an area that takes more time to transition from fossil
fuels to alternative energy sources according to the development of science. As can be seen
in Figure 1, the energy density of kerosene, a fossil fuel commonly used in aircraft, shows
about a 40-fold difference from that of Lithium-ion batteries, which can generally be
considered in the aviation sector [2-4]. To compensate for this energy gap, installing more
batteries would increase the weight, requiring more lift for the airplane to take off and
maintain the same speed, thus more thrust. As a result, with the current technology, there
is a limit to the maximum size that electric airplanes can reach. Therefore, improving the
combustion efficiency of aircraft engines is the best solution to economic and
environmental problems because greenhouse gas emissions can be reduced by increasing
the efficiency of the engine. Consequently, there is an ongoing interest in gas turbine

combustors for aviation with high combustion efficiency that satisfy emissions regulations.



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |2

90 T T T T T T T T SS T T
@ Aluminium
80y Silicon 1
[ ]
(]

&y 70r Anthracite T
by
h
2
b 60' 7
7
5
< 50r 1
gﬁ Magnesium Polystyrene Borohydride
5 Iron Y P ([}
q_c:) 40r bed Fat Metabolism Po'lyethylene .
Q Z.' Polyester@ g
‘B inc @ Gasoline
L | Sugar Butanol Kerosene |
g 30 Metabolism Gasohol @ ® LPG Butane
G Glucose .. E8ES | :.l P o [;PG Propane
> thano Ao Liquid Natural Gas

20r Hydrazine @ g ~ Lithium q -

Methanole itumimnous
10 _Sodlum. ®|Liquid Ammonia| Natural Gas (250 bar) Liquid l; droge i
. . ® [Hydrogen Gas (700 bar
Zinc-Air Battery g_.
0 Lithipm Ion Battery : Natlur'a] G?S ; : Hydlro‘gen (I}as
)
0 20 40 60 80’7140 160

Gravimetric energy density (MJ/kg)

Figure 1. Gravimetric and volumetric energy density chart of combustible materials and
batteries [4].

One of the most effective approaches for improving gas turbine efficiency is to reduce the
use of cooling air, as the cooling air for components in the hot gas path has to be
compressed to the highest-pressure point of the entire engine. Over the years, there has
been a constant drive for higher Turbine Inlet Temperatures (TIT) to improve engine power
and efficiency. As illustrated in Figure 2, the TIT has significantly increased from the
1960s to the present day, driven by advancements in materials and cooling technologies.
This evolution has necessitated greater thermal management needs. Initially, convective
cooling techniques were sufficient to handle the temperatures [5]. However, as TITs
continued to rise, film cooling and thermal barrier coatings (TBC) became necessary to
protect engine components. More recently, the introduction of advanced cooling methods,
combined with TBCs and Ceramic Matrix Composites (CMC), has been critical in

managing the extreme temperatures associated with modern gas turbines. Furthermore,
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rising pressure ratios in modern gas turbine engines make the cooling of components in the
hot gas path more challenging because the compressor air is discharged at higher
temperatures, making it a less effective coolant for combustor liners and first-stage nozzles.
This is because, in a compression process, increasing the pressure ratio across the
compressor inherently raises the temperature of the discharge air due to the thermodynamic
relationship governed by the ideal gas law and isentropic compression. As such, the
development of more efficient gas turbine engines is closely tied to advancements in high-
temperature materials, such as nickel-based superalloys and single-crystal alloys, as well
as enhanced cooling technologies. These innovations are essential for maintaining the
structural integrity and performance of engine components under increasingly demanding

conditions.
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Figure 2. Evolution of turbine inlet temperature (TIT), materials, and cooling technology
in the field of gas turbine [5].

Inadequate cooling available for combustor liners leads to reduced combustor life
expectancies and premature engine failures [6]. To reduce the metal temperature of
combustor liners and to improve the longevity of components in the hot gas path, previous

effusion cooling studies have focused on the shape of effusion cooling holes and the
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spacing (pitch) of effusion cooling holes [6][7][8]. Effusion cooling is a technique in which
coolant air is passed through a dense array of small holes distributed over the surface,
creating a thin protective film that insulates the surface from the hot combustion gases. In
addition, new ceramic materials are being developed as thermal barrier coatings to protect
against high temperatures inside the gas turbine, especially turbine blades [8].

Multi-hole effusion cooling provides thermal protection to combustor liners by forcing air
at a higher pressure through a series of pinholes, absorbing heat from the liner while
forming a protective fluid film layer to insulate heat on the exposed surface [9]. The portion
of air that acts as coolant emanates from the inner surface of the liner through discrete
effusion cooling holes as three-dimensional jet columns [10]. Effusion cooling primarily
provides thermal protection downstream of the injection location, as the coolant forms a
film that travels along the surface after exiting the holes [10]. Effusion cooling holes are
typically designed to be in the co-linear direction with the hot main flow.

It is well established that the effusion cooling efficiency is highly dependent on the pattern
and diameter of the effusion cooling holes, which govern the formation of protective films
over the combustor liner. While studies on the pattern or the shape of effusion cooling holes
[8][9][10][11] and coolant blowing ratios [12][13][14] are continuously being conducted,
the directional effects of effusion cooling on adiabatic film cooling effectiveness (AFE, or
Nqa) have not received much attention in past studies. In this thesis, the author asserts the
critical importance of comprehending the directional characteristics of effusion cooling
within authentic gas turbine combustor environments, underpinned by two primary
rationales: Firstly, effusion cooling involves diminutive jets exhibiting pronounced
directional properties, whereas the principal combustion flow within gas turbine
combustors exhibits a swirling motion essential for flame stabilization. Secondly,
contemporary designs of effusion cooling predominantly align the cooling holes with the
axis of the combustor. Understanding the directional interaction between effusion cooling
jets and the swirling main flow is imperative for optimizing effusion cooling performance
and ultimately enhancing the efficiency and durability of gas turbine systems. The swirling
main flow including the combustion products induces an angular difference between
effusion cooling jets and the swirling main flow. Here compound angle (f) is defined as

the angular difference between the main flow and the coolant jets as shown in Figure 3.
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Figure 3. Schematic of the effusion cooling holes with a detailed description. U, is the
speed of coolant flow and U is the speed of main flow. a. is the inclination angle
(measured from the surface), and p is the compound angle (measured in the transverse
plane, relative to the main flow direction). &yis the spanwise pitch and &, is the
streamwise pitch of holes.

The swirling main flow not only induces a non-zero compound angle for effusion cooling,
but it also alters the effective pitch of effusion cooling holes. The hole pitch refers to the
spacing between adjacent cooling holes, both in the streamwise and spanwise directions.
Figure 3 illustrates the definition of pitch for an effusion cooling configuration. In the

example effusion cooling configuration shown in Figure 3, the effusion cooling holes are
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staggered with prescribed spanwise separation between effusion hole columns (§,) and
streamwise separation between effusion hole rows (6,). However, the design pitch is only
valid under the condition that the main flow is strictly co-linear with effusion cooling jets,
as indicated by the red arrow in the figure. Under swirling main flow conditions, the
effective pitch is varied. To illustrate this point, an extreme scenario can be considered: if
the main flow is introduced at 90° to the direction of the effusion cooling jets, then the
effective pitch would be altered such that the streamwise and spanwise pitches would be
swapped. In fact, when a swirling main flow induces any non-zero angle between effusion
cooling jets and the main flow, the hole pitch is effectively altered.

When the swirling main flow sweeps on the surface of an effusion cooling plate, both
compound angle and effective pitch are altered concurrently. A recent study [15] evaluated
the two combined effects on AFE from swirling main flow as it is most relevant to practical
engine operations. However, it is not clear how a non-zero compound angle and a varied

pitch contribute separately to the combined directional effects of effusion cooling.

1.2  Research Objective

The primary aim of this study is to delineate the directional effects on Adiabatic Film
Cooling Effectiveness (AFE) attributable to two distinct factors: the non-zero compound
angle and the variability of pitch. To isolate the impact of the compound angle, the first
phase of the study involves maintaining a constant hole pitch while systematically varying
the compound angle in experimental tests. This allows for a clear assessment of how non-
zero compound angles influence the performance of the cooling film. Subsequently, the
second phase of the study explores the effect of pitch variation on AFE, based on the
hypothesis that hole pitch plays a significant role in film development and cooling
performance.

Building upon these findings, the secondary objective of this research is to conceptualize,
design, and assess an innovative effusion cooling paradigm. This design integrates variable
compound angles along the direction of the main flow, a strategy informed by insights
gleaned from the initial phase of the study. It is postulated that this novel design will

enhance both the uniformity and overall effectiveness of the cooling film on the test surface,
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thereby contributing significantly to the advancement of effusion cooling technologies in

gas turbine applications.
1.3  Thesis Outline

This thesis is structured into six comprehensive chapters, each of which is briefly
summarized in the ensuing subsection.

Chapter 1 serves as an introductory overview, elucidating the central theme of this thesis
and delineating the motivating factors that have guided the research presented in the
subsequent chapters.

Chapter 2 offers a critical review of existing research in gas turbine cooling technologies,
with a focus on effusion cooling. This chapter contextualizes the current study within the
broader field of gas turbine engine cooling methods and advancements.

Chapter 3 details the specific aims of the research, elaborating on the intended investigation
of compound angles and pitch variation effects on AFE within gas turbine combustor liners.
Chapter 4 describes the comprehensive experimental framework designed to evaluate
effusion cooling technologies. This includes a detailed account of the wind tunnel system,
coolant reservoir, vent system for boundary layer thickness control, turbulence generator,
test coupons, and the use of Pressure Sensitive Paint (PSP) for thermal effectiveness
measurement.

Chapter 5 presents the findings from the experimental studies, focusing on the impact of
swirling flow and the assessment of a new effusion cooling design employing varying
compound angles. This chapter is integral to understanding the practical implications of
the research findings.

Following these chapters, the thesis presents the major conclusions of the work, and then
includes references and appendices, providing extensive resources for readers to explore

the research in greater depth.
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2 LITERATURE REVIEW
2.1 Gas Turbine Engine

Gas turbine engines, a cornerstone of modern propulsion and power generation, transform
fuel's chemical energy into mechanical energy. This transformation is achieved through a
process that involves compressing air, mixing it with fuel, igniting the mixture for
combustion, and then expanding the hot gases through a turbine to produce work. Since
their inception in the early 20th century, gas turbines have revolutionized industries by
providing a reliable source of power for aircraft, ships, electric power plants, and more. In
addition, gas turbines' versatility allows their use across numerous applications, from the
skies in jet engines to ground-based power generation plants. Their high efficiency,
reliability, and ability to operate on a range of fuels make them indispensable in today's
energy and transportation sectors [16].

Recent developments in gas turbine technology focus on increasing efficiency, reducing
emissions, and enabling the use of alternative fuels. Advances in materials science have
led to the creation of superalloys and ceramic matrix composites that withstand higher
temperatures, improving efficiency. In addition, to achieve higher efficiency over time,
turbine inlet temperature (TIT) has also increased, requiring cooling technology to also
evolve in parallel. In other words, cooling technologies, such as film cooling and advanced
internal cooling channels, further enhance the durability and performance of the
combustion chamber or turbine. The industry is also exploring the use of sustainable fuels,
including biofuels and hydrogen, to reduce the environmental impact of gas turbines
[5][16].

The operational principle of gas turbine engines is governed by the idealized Brayton cycle,
which involves four key processes: intake of air, compression, combustion, and expansion
through a turbine as shown in a T-s diagram in Figure 4 [17]. Initially, ambient air is drawn
into the engine and compressed, significantly increasing its pressure as in the evolution
from 1-2 in Figure 4. This compressed air is then introduced into the combustion chamber,
where it is mixed with fuel and ignited as the evolution from 2-3 in Figure 4. The high-
pressure, high-temperature gases produced during combustion expand through the turbine
as the evolution from 3-4 in Figure 4, generating mechanical power. This expansion cools

the gases, which are then expelled through the exhaust system. The turbine not only powers
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the compressor but also provides the excess energy for external work, such as propelling
an aircraft or driving an electric generator.

5

Figure 4. T-s diagram of the air-standard Brayton cycle [17].

Figure 5 shows a gas turbine jet engine and key components: the compressor, combustion
chamber, turbine, and exhaust system [16, 17]. The compressor is the first component in
the engine's airflow path, and it increases the pressure of the incoming airThe compressors
can be axial, centrifugal, or a combination of both, each with its own set of advantages in
terms of efficiency, complexity, and suitability for different engine sizes and applications.
The combustion chamber is where the compressed air mixes with fuel and is ignited, and
the design of the combustion chamber aims to achieve stable and complete combustion,
maximizing energy release while minimizing emissions. For this combustion chamber, the
challenges include managing high temperatures and avoiding hot spots that could damage
the engine. The turbine extracts thermal energy from the combustion gases to drive the
compressor and perform external work, and it must withstand extreme temperatures and
pressures, necessitating advanced materials and cooling technologies. The efficiency
improvements of the gas turbine often focus on turbine blade design and materials that can
endure higher temperatures. The exhaust system expels the expanded combustion gases
from the engine. In jet engines, the exhaust system's design significantly influences thrust
and overall engine performance. In power generation, exhaust heat can be recuperated to

improve system efficiency [16].
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Figure 5. Basic components of a gas turbine jet engine [18].

2.2 Gas Turbine Engine Cooling

In contemporary combustor designs, the temperature of gases resulting from combustion
can exceed 2100°C, far surpassing the melting points of materials used in combustor flame
tubes and turbine blades [16]. This scenario necessitates the implementation of effective
cooling strategies to protect these critical components, ensuring their structural integrity
and extending their operational lifespan. Additionally, it's imperative to optimize the use
of cooling air to preserve as much air as possible for emissions control. This is because a
significant portion of the compressor air is required for complete combustion and dilution,
which directly influences the formation of pollutants such as NOx. f the amount of
available air for combustion is limited, the local flame temperature increases, which
promotes thermal NOy formation. Conversely, sufficient air helps maintain leaner
combustion, reducing peak temperatures and thereby suppressing NOy generation.
Efficient use of cooling air allows more air to be directed toward cleaner and more
complete combustion, thereby supporting compliance with increasingly strict
environmental regulations.

Although not subjected to the same mechanical stresses as other engine components, the
combustor liner must endure extreme temperatures and sharp temperature gradients that
could compromise its structural integrity. Achieving a balance to maintain temperatures

and temperature gradients within safe limits is crucial. The materials typically used, such



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |11

as nickel- or cobalt-based alloys are known to lose significantly mechanical strength at

temperatures beyond 1100 K [16]. Traditionally, cooling was facilitated by directing a

stream of cool air along the liner's inner surface to carry away heat primarily via radiation

and convection [16][19].

Since the 1960s, the push for more advanced cooling solutions for the combustor liner has

been driven by several key factors [16][20]:

Y

2)

3)

4)

Enhanced engine efficiency through higher pressure ratios and turbine inlet
temperatures, — along with the adoption of higher bypass ratios in aircraft engines
— has resulted in greater thermal loads on the combustor liner. One consequence
is increased radiative heat transfer from the flame to the liner walls. At the same
time, the rise in combustor inlet temperatures reduces the temperature difference
between the liner and the cooling air flowing through the annular region (annulus),
thereby lowering the convective cooling effectiveness. Together, these factors have
made it more challenging to maintain liner temperatures within safe limits.
Stricter regulations on pollutant emissions over the last two decades have
necessitated a shift in air allocation towards combustion to reduce nitric oxide
levels. This shift has reduced the volume of air available for cooling, underscoring
the need for more air-efficient cooling techniques.

The need for improved combustor pattern factors, which refers to the uniformity of
the temperature distribution of the hot gases at the exit of the combustor, to
safeguard the turbine's hot sections has emerged with rising turbine inlet
temperatures. Since film cooling does not contribute to mixing air within the
combustor, optimizing cooling air usage directly enhances the pattern factor,
facilitating better air mixing in dilution zones.

The operational durability of combustor liners has become a more critical
expectation among users. Where early engine designs anticipated a few hundred
hours between maintenance, the current expectation extends to several thousand

hours, reflecting significant advances in material science and cooling technology.

Addressing these challenges calls for not only enhancing the efficiency of existing cooling

mechanisms but also inventing new methods that economize the use of cooling air without

compromising engine performance or environmental compliance. This approach ensures
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that gas turbine engines can meet the dual demands of high efficiency and low emissions,
marking a critical area of development in aerospace and power generation industries.

The following sub-section delves into the general approaches to cooling in gas turbine
engines, with a specific emphasis on combustor liner cooling, a key area where advanced

cooling techniques like effusion cooling play a pivotal role.

2.2.1 Gas Turbine Engine Cooling Methods

Figure 6 shows an example of the combustor liner and the path of the cooling air, the latter
coming from the compressor exit. The combustor liner, tasked with containing the
combustion process within gas turbines, is subjected to extreme thermal conditions that can
significantly impair its lifespan and performance. To mitigate these challenges, several
cooling methods have been developed and refined over the years, each tailored to balance
cooling effectiveness with the overall efficiency of the engine. This section explores the
primary cooling techniques, including film cooling, convective cooling, and effusion
cooling, employed for combustor liners, emphasizing their operational principles,

advantages, and areas for future advancements [16][20][22].

Nozzle

Figure 6. Example of the combustor and the path of the cooling air (adapted from [21]:
Reprinted by permission from American Society of Mechanical Engineers ASME: “Numerical and
Experimental Investigation on an Effusion-Cooled Lean Burn Aeronautical Combustor.: Aerothermal
Field and Emissions” Journal of engineering for gas turbines and power, Copyright 2018. All rights
reserved)

As shown in Figure 7 and Figure 8(a), film cooling is a widely used technique where cool

air is bled from the compressor stage and injected through small holes or slots in the
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combustor liner's surface. This creates a protective film of cooler air that shields the liner
from the hot combustion gases. Film cooling effectively lowers the surface temperature of
the liner, protecting it from thermal stresses and extending its service life. Achieving
uniform coverage and preventing the cooling air from mixing too quickly with the hot gases
are ongoing challenges. Additionally, excessive reliance on film cooling can lead to a
decrease in engine efficiency due to the diversion of air from the combustion process.

()

Figure 7. Examples of film cooling devices: (a) GE rolled ring, (b) P&W double-pass wing,
(c) RR Z ring (adapted from [16]: Reprinted by permission from American Society of Mechanical
Engineers ASME: “Gas Turbine Combustion: Alternative Fuels and Emissions,” CRC Press, Boca
Raton, FL, Copyright 2010. All rights reserved)

Hot gas
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Cooling air

(a) Convection cooling and
film cooling

Hot gas

Cooling air

(c) Effusion cooling.

Figure 8. Different cooling methods for combustor liner cooling [22]
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Figure 8(a) shows the convective cooling that involves passing cooling air through internal
channels within the combustor liner. As the air moves through these channels, it absorbs
heat from the liner, carrying it away before being ejected or utilized in another cooling
process. This method offers efficient heat transfer and can be particularly effective in areas
subjected to the highest temperatures. Designing and manufacturing combustor liners with
intricate internal cooling passages is complex and costly. Moreover, ensuring an even flow
distribution within these channels to avoid hot spots remains a technical challenge.

The pursuit of effective combustor liner cooling strategies stands at the forefront of
advancements in gas turbine technology. The challenge of managing the extreme thermal
environment within the combustor necessitates a multifaceted approach, employing a
combination of traditional and innovative cooling techniques. Among these, film cooling
and convective cooling, which are referred to in previous paragraphs, have laid the
foundational principles for thermal management. However, as gas turbines evolve to meet
stricter efficiency and emission standards, the limitations of these methods have catalyzed
the search for more advanced solutions.

As shown in Figures 8(b), (c), and (d), one such pioneering advancement is effusion
cooling, a technique that epitomizes the intersection of innovation and practicality in
thermal management. Effusion cooling differs significantly from traditional film and
convective cooling methods by utilizing multiple small holes distributed uniformly over
the surface of the combustor liner. These holes allow a fine, consistent layer of cooling air
to be injected directly onto the liner's surface. Unlike film cooling, which relies on larger,
less uniformly distributed holes to create a protective air layer, effusion cooling provides a
more evenly distributed cooling effect. This uniformity enhances the overall cooling
efficiency and ensures a more consistent temperature profile across the liner. Additionally,
compared to convective cooling, which primarily uses air directed along the liner's inner
surface, effusion cooling achieves better heat dissipation by directly addressing localized
hot spots. Consequently, effusion cooling represents a significant leap forward in our
ability to extend component lifespan while enhancing engine performance. This method
not only addresses the inherent challenges posed by traditional cooling techniques but also
aligns with the overarching goal of achieving higher efficiency and reduced environmental

impact in gas turbine operation.



UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |15

As this thesis delves deeper into the specifics of effusion cooling in the following section,
it is essential to appreciate the context in which this technology has emerged. By building
upon the principles of film and convective cooling, effusion cooling embodies the
culmination of decades of research and development in gas turbine thermal management.
It exemplifies how continuous innovation drives the gas turbine industry toward achieving
the delicate balance between operational demands and sustainability goals. The ensuing
discussion will explain the mechanisms, benefits, and challenges of effusion cooling,

highlighting its critical role in shaping the future of combustor liner cooling strategies.

2.3 Effusion Cooling

Effusion cooling, also known as full-coverage film cooling, stands at the cutting edge of
thermal management technologies for gas turbine combustor liners [20][22]. This
advanced cooling approach involves the ejection of cooling air through a dense array of
micro-perforations spread uniformly over the combustor liner surface. The method is
indicated for its superior ability to maintain optimal material temperatures under extreme
thermal loads, directly addressing the challenges inherent in modern high-efficiency, low-
emission gas turbines.

As shown in Figure 6, the essence of effusion cooling lies in its operational mechanism,
where cooling air, bled from the compressor, is diffused through thousands of tiny holes
on the combustor liner. This creates a thin, protective layer of cooler air that insulates the
liner from the hot gases produced during combustion. The key to its effectiveness lies in
both the even distribution of perforations—ensuring a uniform cooling effect across the
liner—and in promoting the formation of a stable coolant film that resists rapid mixing
with the hot mainstream gases. This sustained separation between coolant and combustion
flow helps to reduce thermal gradients, prevent hot spots, and maintain material
temperatures within safe limits.

Its sophistication and efficacy stem from meticulous control over several key parameters,
including hole shape, inclination angle, hole pitch, blowing ratio, turbulence intensity, and
compound angle. These factors collectively influence the cooling performance,

highlighting the intricate balance required to optimize effusion cooling systems.
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2.3.1 Critical Parameters of Effusion Cooling
2.3.1.1  Hole shape

The geometry of the cooling holes significantly influences the trajectory and dispersion of
cooling air as it exits into the hot environment of the combustor. Traditional round holes,
while simpler to manufacture, offer limited control over the air's spread. Advances in
manufacturing technologies have enabled the adoption of complex hole shapes, such as
diffuser-shaped and fan-shaped holes as shown in Figure9 [23][24][27]. These
configurations expand the cooling air's footprint on the combustor liner, providing a
broader and more uniform cooling effect.

Crafting these intricate shapes demands precision engineering and advanced
manufacturing techniques, such as laser drilling and electron beam machining. The design
process often involves computational fluid dynamics (CFD) simulations to predict the
performance of various hole shapes under operational conditions, enabling the

optimization of cooling effectiveness and air usage efficiency [23][27].

Side view: "0 Side view: "0

Front view:
L,
Q Top view:
Top view: 1
L[ O b :JD
Ly S—L —
D Ly
(a) Cylinder (b) GFS [25]
Ly
— L
Side view: //\r\ (@)

Side view: / 0

Front view:
Ly

—

(c) GLBFS [25] (d) S&T777 [26]

Figure 9. Side, front and top view of the example designs of the effusion cooling holes
[23] (Reprinted by permission from Elsevier: “Boundary-condition models of film-cooling holes for
large-eddy simulation of turbine vanes,” International Journal of Heat and Mass Transfer, Volume

166, 2021, 120763, ISSN 0017-9310. Copyright 2021. All rights reserved)
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2.3.1.2  Inclination Angle («)

The inclination angle («) of the holes—defined as the angle between the cooling air's
ejection path and the liner surface as shown in Figure9—affects how effectively the cooling
air adheres to the liner, forming a protective layer against the combustion gases. Angles
are typically chosen within a range that ensures the ejected air remains close to the surface,
enhancing its cooling capability while minimizing the air mixture into the combustion
process [27][28].

Selecting the optimal inclination angle requires a delicate balance, considering both the
desired cooling impact and the physical constraints of the combustor's design. This balance
is achieved through extensive testing and simulation, ensuring that the cooling air provides
maximum protective coverage without adversely affecting combustion dynamics [27].

2.3.1.3  Hole Pitch (S)

The spacing or pitch between adjacent cooling holes, as described in Figure2, is critical for
ensuring even cooling distribution across the combustor liner. Incorrect spacing can lead
to uneven cooling, resulting in hot spots, or excessive cooling air consumption without
proportional benefits [29]. The determination of optimal pitch involves a comprehensive
analysis of thermal patterns across the liner, aiming for uniform temperature distribution
with minimal cooling air usage [5][6]. This parameter becomes even more crucial when
considering the effects of swirling flow within the combustor, as it can dramatically affect
the distribution and effectiveness of the cooling air [30][31].

The optimal hole pitch is determined by a complex interplay between the cooling air's
volume flow rate, the thermal load on the combustor liner, and the physical constraints of
the liner design. A pitch that is too narrow may result in excessive cooling and wasted air,
while a pitch that is too wide could leave areas of the liner insufficiently cooled, leading to
hot spots and potential damage.

Engineers must consider the liner's geometry, the expected thermal loads, and the desired
cooling air velocity when determining the hole pitch. Computational fluid dynamics (CFD)
simulations often accompany experimental testing to model the thermal and flow dynamics
accurately and to predict the cooling performance under various operating conditions [31].
Swirling flows, intentionally introduced into combustors to enhance mixing and

combustion efficiency as shown in Figure 10, significantly impact the cooling air's
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trajectory and heat transfer characteristics. The centrifugal forces generated by the swirl
can push the cooling air against the liner's surface more forcefully, potentially enhancing
the cooling effect but also altering the optimal configuration of the hole pitch.

The presence of swirling flows requires a re-evaluation of hole pitch to ensure that the
cooling air effectively counters the thermal effects of the hot gases. The swirling motion
can lead to uneven cooling distribution if not properly accounted for in the design of the
effusion cooling system [30]. Adjusting the hole pitch, in conjunction with the inclination
and compound angles of the holes, can mitigate these effects and maintain uniform liner

temperatures [32].

300

(b)

Figure 10. Examples of the swirling flows: (a) schematic of the example experimental
setup for generating the swirling flow by the swirler in the nozzle [30] and (b) the iso-
temperature 3D contour of CFD simulation results [31]. (Reprinted by permission from
Elsevier:[30] “Swirling main flow effects on film cooling: Time resolved adiabatic effectiveness
measurements in a gas turbine combustor model, ” International Journal of Heat and Mass Transfer,
Vol. 200, Copyright 2023. [31] “Analysis of effusion cooling under realistic swirl reacting flow in gas
turbine combustor,” Applied Thermal Engineering, Vol. 216, Copyright 2022. All rights reserved).

2.3.1.4  Blowing Ratio (BR)
The blowing ratio (BR), is a key non-dimensional parameter in effusion cooling
representing the momentum ratio between the cooling air and the main hot main gas. An

optimal blowing ratio ensures that cooling air effectively shields the liner from heat without
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significantly diluting the combustion gases, which could detract from engine performance
and efficiency. The blowing ratio is expressed as

pcVe (2-1)

BR =
PooVoo

where p is density, V is velocity, subscript ¢ is the coolant and oo is the main hot gas.

Achieving the ideal blowing ratio involves adapting to the gas turbine's operational
conditions and the available cooling air supply. This adaptability is crucial for maintaining
engine efficiency across various load conditions, making the blowing ratio a dynamic
component of the effusion cooling strategy. As shown in Figure 11, Wang et al [33]
evaluated the cooling performance of each blowing ratio by measuring the surface film
cooling effectiveness. The interaction between the coolant jet and the mainstream flow is
strongly influenced by BR, as illustrated in Figure 11. At low BR, the coolant has lower
momentum and stays closer to the surface, forming a well-attached cooling film. However,
at excessively low BRs, the coolant may not spread sufficiently to provide full coverage,
resulting in incomplete surface protection. At high BR, the coolant jet has higher
momentum, causing it to penetrate further into the main flow. If BR is too high, the jet may
lift off from the surface, reducing its effectiveness in cooling the liner. This behavior
highlights the importance of selecting an appropriate BR based on turbine conditions,
ensuring that the coolant remains attached to the surface while providing maximum thermal

protection.
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Figure 11. (a) Spatial average one-periodic 2D film cooling effectiveness and (b)
spanwise (lateral) average film cooling effectiveness [33] (Reprinted by permission from
American Society of Mechanical Engineers ASME: “Experimental Study of Effusion Cooling with

Pressure-Sensitive Paint,” Journal of Engineering for Gas Turbines and Power, vol. 139, no. 5,
Copyright 2017. All rights reserved))
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2.3.1.5 Turbulence Intensity (Tu)

Turbulence intensity, a measure of the fluctuations in velocity within a gas flow, plays a
critical role in the thermal management strategies of gas turbine combustors. In the context
of effusion cooling, the turbulence intensity of the main hot gas flow significantly
influences the mixing and heat transfer processes between the hot gases and the cooling air
[34]. Figure 12 shows the difference in temperature distribution for two different
turbulence intensities (5% and 20%), which illustrates how turbulence intensity has a
significant impact on cooling performance as higher turbulence intensity makes the initial

film attached to the liner surface easier than the lower turbulence intensity case.
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Figure 12. Instantaneous contours of temperature through a column of effusion cooling
holes [34]. (Reprinted by permission from Elsevier: “Study of an effusion-cooled plate with high
level of upstream fluctuation,” Applied Thermal Engineering, Vol. 184, Copyright 2021. All rights

reserved).

The challenge lies in balancing the turbulence intensity to optimize cooling without
adversely affecting the combustion process or increasing cooling air consumption
unnecessarily. Engine designers often leverage turbulence-generating features within the
cooling holes or channels to control the turbulence intensity of the cooling air, tailoring it
to the specific needs of the combustor liner and the overall engine performance objectives.
The incorporation of compound angle and turbulence intensity into the effusion cooling

strategy allows for more sophisticated control over the cooling air's behavior as it interacts
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with the hot gases and the combustor liner surface. By fine-tuning these parameters,
engineers can achieve a delicate balance between cooling effectiveness, engine efficiency,
and emissions performance.

2.3.1.6 Compound Angle ()

The concept of compound angles in effusion cooling systems introduces a critical
dimension to the directional control of cooling air, as shown in Figure2 as expressed as 3,
adding a lateral component that extends beyond the inclination angle. This lateral
orientation, determined by the compound angle, significantly enhances the engineer's
ability to dictate the dispersion pattern of the cooling air as it exits the effusion holes. In
addition, the flow structure by this compound angle would be changed as shown in Figure
13, which implies that the cooling film structure can be a difference between zero and non-

zero compound angles [32][35][36].

(b) B = 60°

Figure 13. 3D vortex structure around hole exit for (a) B = 0° and (b) f = 60° [23].

(Reprinted by permission from Elsevier: “Boundary-condition models of film-cooling holes for large-
eddy simulation of turbine vanes,” International Journal of Heat and Mass Transfer, Volume 166,
2021, 120763, ISSN 0017-9310. Copyright 2021. All rights reserved)

The application of compound angles allows for a strategic deployment of cooling air,
channeling it precisely to regions where thermal loads peak. This approach is especially
advantageous in combustors characterized by intricate geometries or variable airflow
dynamics that induce non-uniform temperature fields. Leveraging compound angles
facilitates a nuanced cooling strategy, grounded in detailed flow simulations and thermal
analyses, to effectively neutralize the detrimental impacts of uneven heat distribution.

The introduction of compound angles as a variable in effusion cooling system design
significantly broadens the scope of testing and optimization required. Engineers are tasked

with extensive computational modeling and empirical testing to pinpoint the compound
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angles that best suit specific combustor configurations. This endeavor, while resource-
intensive, is crucial for harnessing the full potential of compound angles in enhancing
effusion cooling effectiveness.

The significance of compound angles in effusion cooling has been underscored by
pioneering research [35]. Furthermore, the current author's contributions through
publications such as [32] and [36] delve into the nuanced impacts of compound angles,
offering a foundation for this thesis. Despite the acknowledged importance of compound
angles, detailed studies specifically focusing on their effects remain scarce, largely due to
the natural occurrence of compound angles in swirling flow scenarios where cooling holes
are typically aligned with the combustor's longitudinal axis. This research gap highlights
the innovative focus of the current thesis, aiming to isolate and analyze the compound
angle's role in optimizing effusion cooling performance within gas turbine combustors.
The exploration of compound angles in effusion cooling represents a frontier in thermal
management research, promising enhanced cooling strategies for gas turbine combustors.
Through meticulous design, advanced manufacturing, and rigorous testing, the potential of
compound angles to significantly improve cooling efficiency is being progressively
unlocked, marking a pivotal advancement in the quest for more effective and efficient gas

turbine cooling solutions.
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3 RESEARCH OBJECTIVES

The primary objective of this research is to elucidate the nuanced effects of effusion cooling
technologies on adiabatic film cooling effectiveness (AFE) within gas turbine combustor
liners, with a focus on the roles of compound angles and pitch variation. This exploration
is motivated by the imperative to optimize gas turbine efficiency amidst the escalating
demands for reduced emissions and enhanced durability of components in the hot gas path.
Given the intricate dynamics of effusion cooling, influenced by the angular orientation and
spatial arrangement of cooling holes, this study seeks to dissect these factors in isolation

and in combination, underpinning the development of advanced effusion cooling strategies.

3.1 Directional Effects of Compound Angles on AFE

The first segment of this investigation aims to isolate and analyze the impact of compound
angles on AFE. Compound angle, defined as the angle between the coolant jets and the
main flow, emerges as a critical variable under the swirling conditions typical of gas turbine
operations. Preliminary findings, as discussed in [32] and [36], suggest that varying
compound angles along the flow direction can significantly influence the formation and
stability of the cooling film. This segment will build upon these insights to establish a
comprehensive understanding of how compound angles can be optimized across different

sections of the combustor liner to enhance cooling performance.

3.2 Effects of Hole Pitch Variation on Effusion Cooling

Building upon the foundational analysis of compound angles, the second objective delves
into the implications of pitch variation on effusion cooling efficiency. The pitch, or spatial
arrangement of cooling holes, directly influences the distribution and efficacy of the
cooling film. The research in [32] indicates that the effective pitch — altered by the
swirling main flow — significantly impacts AFE. This study segment will experimentally
and analytically evaluate pitch configurations, striving to decouple the intertwined effects
of compound angle variations and pitch alterations. The goal is to delineate their respective
contributions to cooling performance, paving the way for effusion cooling designs that are

robust against the dynamic conditions within gas turbine combustors.
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4 EXPERIMENTAL SETUP

This section delineates the experimental framework devised to investigate advanced
effusion cooling technologies for gas turbine combustor liners. The setup's design is
established on a holistic approach to simulate operational conditions accurately, enabling

a detailed examination of effusion cooling's effectiveness under various configurations.
4.1 Introduction of Experimental Setup

The experimental apparatus is anchored by a state-of-the-art wind tunnel system,
facilitating controlled air flow to emulate the environment within a gas turbine combustor
accurately. Accompanying this primary system is an array of auxiliary components,
including a coolant reservoir, boundary layer thickness control vents, and a turbulence
generator, all integral to the setup's functionality. Central to the investigation is the
application of Pressure-Sensitive Paint (PSP) technology, providing an innovative method
for thermal effectiveness measurement across the test samples. An illustrative schematic
of the experimental setup is presented in Figure 14, detailing the integration of these
components within the operational framework. The test section has a transparent
polycarbonate top panel with a 127-mm square cross-section. To measure the main air flow
velocity, the Pitot tube is used. The Pitot tube is located 228.6 mm from the inlet of the
square test section after the wind tunnel transition piece that connects the round wind tunnel
outlet to the square test section. The reservoir is mounted on the bottom panel of the test
section with an inner diameter of 101.6 mm and an internal height of 44.45 mm. This
reservoir supplies the cooling gas with a uniform flow distribution using the perforated
plate to all the effusion cooling holes. The center of the reservoir is located 406.4 mm from

the inlet of the test section. The operating conditions for all cases are shown in Table 1.

Table 1 Summary of test conditions. The coolant flow velocity is calculated at the effusion
hole exit based on mass flow rate measurements.

Blowing ratios, - Main air flow velocity, m/s Coolant.(Nz) flow
velocity, m/s
0.6 33.0 20.5
1.0 33.0 34.1
1.4 33.0 47.8
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Figure 14. Schematic of the experimental setup and a sectional view of the test section.

4.2 Wind Tunnel

The cornerstone of the experimental investigation is a sophisticated co-annular, low-speed,
open circuit wind tunnel, depicted in Figure 15, situated within the Gas Turbine Laboratory
at the National Research Council of Canada. This unique setup employs two separate
variable-speed radial blowers designed to supply air at room temperature, accommodating

the nuanced requirements of gas turbine combustor simulation.

@ Bypass flow diffuser
(2) Core flow diffuser

@ Settling chamber

@ Bypass flow contraction

@ Core flow contraction

Figure 15. 3D CAD model and it’s cutaway of the dual-core wind tunnel [37]
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The core flow, essential for replicating the primary airstream within a combustor, is
propelled by a 30 kW AC motor-driven blower. This component is adept at delivering
airflow up to a maximum of 2.5 kg/s, achieving a total pressure rise of 5 kPa.
Complementing this, the bypass flow blower, powered by a 45 kW AC motor, supplies an
additional airflow stream, capable of reaching flow rates up to 5.6 kg/s with a pressure rise
of 5.6 kPa. The dual-blower system ensures a versatile simulation environment, capable of
mimicking various operational conditions encountered in actual turbine operations.

To achieve superior flow uniformity and diminish turbulence length scales, the setup
includes meticulously arranged fine wire screens—five in each diffuser and an additional
six within the common co-annular settling chamber. This strategic placement of screens,
coupled with honeycomb flow straighteners at the settling chamber's inlet, effectively
neutralizes any swirl, rendering the airflow exceptionally laminar as it advances through
the system.

Following the settling chamber, the conditioned airflows are funneled through two
concentric contractions, discharging coaxial air jets at differential velocities into the test
section. The core and bypass flows undergo contraction ratios of 10.5:1 and 10:1,
respectively, culminating in outlet diameters of 203 mm for the core flow and 320 mm for
the bypass flow. This design criterion ensures a +£1% velocity uniformity at the contraction
exits for both streams

This wind tunnel arrangement facilitates a well-controlled experimental environment and
also mimics the complex airflow dynamics characteristic of gas turbine engines, ensuring

the fidelity and relevance of our effusion cooling studies.

4.3 Coolant Reservoir

The coolant reservoir is situated beneath the test section. Its primary function is to deliver
pure nitrogen, serving as a coolant proxy, through the porous test samples in a manner that
is both controlled and uniform. This ensures that the conditions simulated during the
experiments closely replicate those encountered in real-world gas turbine operations.

The reservoir incorporates a honeycomb screen and a perforated plate to condition the

coolant flow effectively. This design facilitates an even distribution of nitrogen across the
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active area of the test coupons, crucial for accurate simulation and analysis of cooling
performance.

The design and performance of the reservoir were initially evaluated through
Computational Fluid Dynamics (CFD) simulations using COMSOL Multiphysics 6.0. A
detailed description of the simulation setup, mesh design, and flow validation is provided
in Appendix A.l1. Based on these CFD results, the final reservoir configuration was
fabricated and integrated into the experimental test rig. The installed design is shown in

Figure 16.

Figure 16. The image of the reservoir installed with (a) the perforated plate and (b) the
honeycomb sheet, used in the current experimental setup. (c) The image of the final
installation of the reservoir into the current experimental setup.

The dimensions of the coolant reservoir were selected to minimize flux variation across the
test surface, thereby enhancing the reliability and accuracy of experimental observations.
The internal diameter of the reservoir measures 101.6 mm, with a height of 44.5 mm,
dimensions that were found to effectively balance flow distribution and coolant delivery
efficiency.

By achieving a uniform distribution of coolant flow, the setup allows for precise simulation
of effusion cooling performance, mirroring the operational conditions within gas turbine

combustors and minimizing potential measurement errors.
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4.4 Vent System for Boundary Layer Thickness Control

The precise regulation of boundary layer thickness within the test section is crucial for
simulating real-world gas turbine conditions and accurately assessing effusion cooling
performance. In gas turbine applications, the incoming boundary layer directly influences
the effectiveness of film cooling and effusion cooling, as it affects coolant jet interactions,
coverage, and cooling efficiency. A boundary layer that is too thick may suppress coolant
jet penetration, reducing lateral spreading, while an excessively thin boundary layer may
lead to increased mixing and coolant dissipation.

To achieve the desired boundary layer conditions, an innovative adjustable vent system
was integrated near the leading edge of the test coupon. The vent consists of an opening
near the bottom surface of the main flow channel, as seen in Figure 19b, allowing part of
the flow to be vented out of the wind tunnel and resetting the boundary layer development
(and thickness) in the vicinity of the test sample. This adjustment ensures that the boundary
layer thickness at the test section is within the range observed in real gas turbine
environments. In this study, the target Reynolds number based on hydraulic diameter was
256,000, which is typical of flow conditions in actual gas turbine combustors. The vent
system was specifically designed and positioned to develop a turbulent boundary layer
consistent with these conditions, ensuring a representative momentum thickness Reynolds
number (Reg) and realistic flow development upstream of the test sample. Under this flow
regime, the momentum thickness Reynolds number was estimated to fall within the range
of 1000-1500, aligning with values reported in the literatures [38][39][40] for combustor
liner surfaces.

This subsystem's design and strategic placement allow for dynamic airflow regulation,
ensuring that the boundary layer over the test sample closely resembles that in actual gas
turbine operation. By maintaining a representative boundary layer profile, the experiment
provides realistic cooling performance data, improving the applicability of the results to
real-world turbine conditions.

The vent system's effectiveness in controlling the boundary layer thickness was validated
against configurations lacking this feature. Comparative analyses highlighted the system's

critical role in achieving desired aerodynamic conditions, with Figure 17 illustrating the
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vent system's configuration (Figure 17(b)) alongside a setup devoid of the vent mechanism

(Figure 17(a)).

Inlet of the
test rig

(a) (b)
Figure 17. 3D CAD design of the test rig (a) without or (b) with the vent system.

A hot-wire anemometer from Dantec Dynamics [37] was used to measure flow velocity
across the main flow channel to obtain precise measurements of boundary layer thickness.
The anemometer was positioned as depicted in Figure 18 and arranged as shown in Figure
19, allowing for velocity measurements up to 63.5 mm above the test rig floor.

To accurately capture the boundary layer profile, velocity measurements were conducted
at eight or nine discrete heights from the bottom surface of the test section to the centerline
of the rig. These measurement points were chosen to provide sufficient resolution of the
velocity gradient near the wall, where boundary layer development is most significant. The
anemometer probe was incrementally adjusted in height using a precision-controlled
traverse system to ensure consistent positioning.

At each measurement height, the mean velocity was recorded over a duration of 30 seconds,
with data sampled at a rate of 10 kHz to ensure high temporal resolution and minimize
random fluctuations. The collected data was then processed to compute the boundary layer
thickness using the conventional definition, where the thickness is determined at the height
where the velocity reaches 99% of the freestream velocity.

This measurement approach ensured repeatability and accuracy, allowing for a well-
resolved boundary layer velocity profile, which was subsequently used for comparison

with CFD predictions and validation of the vent system’s effect on boundary layer control.
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A detailed description of the simulation setup, meshing strategy, solver selection, and

validation results is provided in Appendix A.2.
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Figure 18. Schematic of the measurement system for the hot-wire anemometer [41].

Figure 19. The image of the hot-wire anemometer installed in the test rig.

The comparison results, as plotted in Figure 20, demonstrate that the vent system
successfully adjusts the boundary layer thickness to 10 mm, confirming its effectiveness.
A comparison between the vented and unvented configurations further highlights the vent
system’s significant impact on boundary layer development, ensuring the experimental

setup closely mimics real-world gas turbine conditions.
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Figure 20. The velocity profiles at the center point of the leading edge of the test coupons
in the test rig without and with the vent system, which validate CFD predictions as
indicated by the red dotted line in the plot.

The incorporation of the vent system into the experimental setup marks an improvement in
replicating the thermal and fluid dynamics characteristic of gas turbine environments. By
enabling precise control over the boundary layer thickness, the system significantly
enhances the reliability and relevance of the effusion cooling studies. This approach not
only aligns the experimental conditions more closely with operational realities but also
bolsters the integrity of the data collected, ensuring that subsequent analyses and

conclusions are firmly rooted in accurately simulated environments.

4.5 Turbulence Generator

Achieving an accurate representation of the turbulent conditions characteristic of gas
turbine operations is pivotal for the meaningful evaluation of effusion cooling technologies.
To this end, a turbulence generator, positioned upstream of the vent system, plays an
instrumental role in the experimental setup by introducing controlled disturbances into the
airflow. For the boundary layer development and vent system validation discussed in the
previous section, the turbulence intensity was maintained at approximately 2%, reflecting
the undisturbed baseline condition without the turbulence generator.

In operational gas turbines, turbulence intensities can surge up to 35% at the combustor

outlet [41][42], with a minimum presence of 10% noted across the board and a typical
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intensity of 20% near the combustor walls [43][44]. These conditions, especially the
elevated turbulence near the combustor walls, have significant implications for the cooling
performance of combustor liners. The turbulence generator employed in this study,
therefore, seeks to replicate these conditions to generate a realistic simulation environment
for assessing effusion cooling efficacy under varied turbulence intensities.

The selected turbulence generators (which consist of coarse wire mesh screens and round
bars, as shown in Figure 21(a)), were designed and strategically positioned to generate
turbulence intensities of 5%, 10%, and 20% within the experimental rig as shown in Figure
22, aligning with the range observed in real gas turbine conditions. As depicted in Figure
21(b), the configuration includes two distinct grids—Grid 1 and Grid 2—situated 152 mm
and 76 mm from the hot-wire anemometer measurement location, respectively. A
composite design, referred to as Design 3, is also placed 76 mm away, effectively
replicating the desired turbulence intensities. The hot-wire anemometer, previously
introduced in Figure 18 and positioned as per Figure 19, was used to measure velocity
fluctuations at multiple heights, extending its measurement capabilities up to 63.5 mm from
the test rig floor. Turbulence intensity (7u) was determined from the velocity

measurements using the following equation:

! (4-1)
Tu = U X 100%

where u' is the root-mean-square (RMS) value of velocity fluctuations, calculated as

N
I __ 1 IT -
W= NZ(ui—U)Z (4-2)

with u; representing instantaneous velocity measurement and U being the mean velocity
over the sampling period, and U is the time-averaged velocity.

To ensure reliable turbulence intensity measurements, data was recorded at a sampling rate
of 10 kHz for 30 seconds per measurement location, providing sufficient temporal
resolution to capture turbulence fluctuations accurately. This approach enabled the
evaluation of turbulence levels at different grid configurations and validated the

effectiveness of the turbulence generators in achieving the desired conditions.
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Figure 21. The image of (a) the design and (b) installed of TG#lI (left), TG#2(middle), and
TG#3(right).
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Figure 22. The turbulence intensity profiles are measured at the center of the leading
edge of the test coupon installed in the test rig.
The meticulous design, strategic positioning, and rigorous validation of the turbulence
generator underscore its indispensability in the experimental setup. By emulating the

complex airflow dynamics characteristic of turbine operations, this component not only
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enhances the realism of the testing environment but also ensures that conclusions from the

study are directly translatable to industrial applications.

4.6 Test Coupons

All test coupons were constructed using stereolithography (SLA) 3D printing with High
Temp Resin (Formlabs) to ensure precise fabrication of complex effusion cooling hole
geometries. Printing was performed using a Form 3+ printer (Formlabs), chosen for its high
resolution and thermal stability suitable for aerodynamic testing. The test coupons were
designed to investigate the effects of compound angles on adiabatic film cooling

effectiveness (AFE) under different flow conditions.

4.6.1 Test Coupons for the Study of Swirling Flow Effects Near Liner Surface

In a previous study [15], an aluminum test coupon fabricated via conventional machining
was used to investigate the directional effects of effusion cooling. The experimental setup,
depicted in Figure 14, involved a single circular test coupon that was rotated between tests
to align the main flow at different compound angles relative to the effusion cooling jets.
This setup aimed to simulate realistic swirling main flow conditions, which are common
in gas turbine combustors for flame stabilization.

To verify whether similar results could be reproduced with an SLA 3D-printed test coupon,
four configurations—shown in Figure 23(a)—were tested. Each of these configurations
used the same single test coupon, but it was installed at discrete rotational angles to achieve
compound angles of 0°, 30°, 60°, and 90° relative to the main flow. The 0° compound angle
configuration served as the baseline case for comparison.

A key observation from Figure 23(a) is that a swirling main flow not only introduces a
nonzero compound angle between the coolant jets and the main flow but also alters the
effective pitch of the effusion cooling holes. This occurs because rotating the test coupon
changes the projected spacing between holes in the direction of the main flow. To help
visualize this, Figure 23(a) includes a zoomed-in schematic of the hole layout and
numerical values quantifying the change in effective pitch as a function of compound angle.
These changes impact the coolant distribution and film overlap, influencing the measured

AFE. To decouple these two effects and study the influence of compound angle in isolation,
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Figure 23. Effusion cooling test configurations: (a) a single test coupon rotated at four
discrete angles relative to the main flow direction (f = 0°, 30°, 60°, and 90°). The co-
linear installation (B = 0°, first from the left) serves as the baseline case. Due to rotation,
the effective pitch changes as follows: for p = 30°, 6= 4.5d and §,,= 15.2d; for p = 60°,
6,=7.8d and b, = 8.3d; and for B = 90°, 6x= 4.5d and §,,= 14d , and (b) three
additional test coupons that have three discrete compound angles (f = 0°, 30°, 60°, and
90°) while maintaining the same hole pitch as the baseline case in (a) such that 6, = 7d
and &, = 9d. All test coupons have a diameter of 123.8 mm and a thickness of 2.54 mm.
The black bold dashed box indicates the active effusion cooling area, which is consistent

across all test coupons and measures 49d X 90d.
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anew set of SLA 3D-printed test coupons was developed. As shown in Figure 23(b), these
coupons were designed with fixed hole pitches and compound angles of 0°, 30°, 60°, and
90°, allowing for direct comparisons without the confounding influence of changing hole
spacing. This approach eliminates geometric variability and ensures that any differences in
adiabatic film cooling effectiveness (AFE) can be attributed solely to the compound angle.
To ensure consistency in film cooling comparisons, only the central region of each test
coupon—excluding the left and right edges—was considered in the analysis. This approach
minimizes uncertainties related to lateral film development and focuses solely on the effect

of compound angles on AFE.

4.6.2 Test Coupons for the Study of Optimizing AFE by Varying Compound Angle

A limitation of the previous study was that each test coupon featured a uniform compound
angle across its entire surface, which did not reflect the spatial variations in cooling
performance observed under realistic swirling flow conditions. As presented in Chapter 5-
1, the results indicated that different regions along the flow direction responded differently
to compound angle configurations. Specifically, higher compound angles such as 90° were
more effective near the leading edge, while lower angles like 30° performed better
downstream. These observations led to the hypothesis that a spatially varying compound
angle design—tailored to the cooling needs of each region—might further enhance the
adiabatic film cooling effectiveness (AFE).

To test this hypothesis, a new set of SLA 3D-printed test coupons was designed with non-
uniform compound angles, where the compound angle varies along the mainstream
direction to optimize cooling performance. Figure 24 presents a consolidated schematic of
the baseline configurations from Figure 23, restructured for visual clarity for the pitch and
the active cooling area. This figure serves to summarize the previous test configurations
before introducing the new designs, and incorporates visual improvements based on
feedback received for Figure 23. Figure 24 shows the baseline designs to compare with the
new designed test coupons as shown in Figure 25. This design approach was informed by
findings from the author’s previous work [32], which demonstrated that compound angles
have region-specific cooling benefits—specifically, 90° compound angles enhance cooling

near the leading edge, while 30° angles perform better downstream. Based on these insights,
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the new test coupons were divided into three longitudinal sections with assigned compound
angles of 90°, 60°, and 30°, distributed across the upstream, central, and downstream
regions, respectively. As shown in Figure 25, the compound angle distribution was set as
follows: 20% of the coupon length for 90° (upstream), 60% for 60° (central), and 20% for
30° (downstream), providing a spatial variation designed to optimize adiabatic film cooling

effectiveness (AFE).
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Figure 24. (a) Spanwise (8,) and streamwise (8,,) pitches are denoted for an example
effusion cooling configuration (= 0°). The black dash-line box means an active effusion
cooling area which is the same for all test coupons as 70.83mm X 38.56mm, or 90d
X49d, where d represents the diameter of the effusion cooling holes. (b) effusion cooling
test configurations: effusion holes co-linear with the main flow direction (= 0°) and
three non-zero compound angle cases B = 30°, [ = 60°, and B = 90°.
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Figure 25. Schematic of test designs using three discrete compound angles. the bottom of
the measurement area represents the upstream side.

The longitudinal length of each region for the compound angle of 90, 60, or 30 degrees is

inferred from the current author’s study [32].

To accurately assess the pressure losses across the effusion cooling test coupons,

differential pressure measurements were conducted using static pressure transducers

installed in both the test section and the reservoir, as shown in Figure 26.

Reservoir pitot tube

Figure 26. The installed location of the static pressure transducers at the test section and
the reservoir to measure the pressure drop through the test coupons.
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The pressure drop values were determined to be 0.8%, 1.9%, and 3.8% for blowing ratios
(BR) of 0.6, 1.0, and 1.4, respectively, as shown in Figure 27. These values indicate that
pressure losses increase with higher blowing ratios, consistent with previous studies on
effusion cooling systems. During all experiments, the ambient temperature was maintained

at 293 K to ensure consistency in thermal measurements.
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Figure 27. The percentage pressure drop across effusion cooling test coupons were
maintained as a fixed function of Blowing Ratio for all test configurations.

4.7 Pressure Sensitive Paint (PSP)

4.7.1 Principle of PSP

In this research, Pressure Sensitive Paint (PSP) has been utilized as a tool for examining
aerodynamic behavior and heat/mass transfer mechanisms [45][46], particularly in the
realm of effusion cooling [33][47][48][49]. PSP technology is established in the
incorporation of oxygen-sensitive molecules within a polymer matrix that is permeable to
oxygen. This composition allows for the accurate measurement of oxygen partial pressures
across the coated surfaces. Upon UV light activation, these molecules exhibit fluorescence
that varies according to the ambient oxygen partial pressures [49]. For the purposes of this
study, nitrogen with a purity of 99.99%, serving as a coolant proxy, was chosen due to its
negligible oxygen content. This film acts as a barrier or significantly dilutes the main
airflow near the cooling surface, enabling a direct correlation between PSP fluorescence
intensities and the adiabatic film cooling effectiveness (AFE). The fluorescence intensity

and oxygen concentration can be expressed by the Stern-Volmer equation as
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Imax (T)
I(T)

=1+K(T)-S(T,p) x"p (4-3)

where [ is the measured PSP fluorescence intensity, /n. is the maximum fluorescence
intensity in the absence of oxygen, K is the Stern-Volmer constant depending on
temperature, S is Henry’s law coefficient that is a function both of temperature and pressure,
x is the mole fraction of oxygen in the gas immediately adjacent to the paint, and p is the
air pressure at the measurement surface. For calibration of PSP fluorescence intensities, a
second-order polynomial equation is employed as:

p (4-4)
Drer

— e (f) o () + cm

where

I _ Lraw — laark (4-5)

Iref Iref, raw Idark

and the subscript ref indicates the standard air condition as the reference point, and L. is
the corrected PSP fluorescence intensity when the paint is surrounded by the standard air.
On the other hand, the subscript dark denotes the camera reading without UV excitation,
which may include some background light. In Equation (4-4), very weak temperature
dependency of C;, C,, and C; is ignored and the polynomial coefficients are treated as
constants. Equation (4-5) is for correcting background light leak, where the raw PSP
fluorescence intensity I,,,, is discounted by the recorded camera reading without UV
excitation I, to get corrected PSP fluorescence intensity 1.

However, factors such as fluctuations in the illumination intensity and temperature
variations during calibration and data collection can impact the accuracy of deriving local
oxygen partial pressures from PSP fluorescence. In addition, errors can also arise from
temperature variations on the PSP surface due to the fact that the main air (ambient air)
could be at a different temperature than that of the coolant proxy (nitrogen), which was
discharged from compressed gas bottles. To mitigate these uncertainties, Binary PSP is
utilized, featuring a reference molecule for temperature error correction. Unlike single-
component PSP, the Binary PSP includes a reference molecule component that enables
correction for errors in PSP temperature. Fluorescence intensities can be acquired from

both the oxygen-sensitive and reference molecule components allowing the errors induced
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by variations in PSP temperature and UV excitation illumination intensities be
compensated [49][50]. Figure 28 represents the spectra of UV excitation illumination near
the wavelength of 400 nm together with the resulting Binary PSP fluorescence peaks near
the wavelength of 650 nm as the pressure-sensitive signal and the wavelength of 560 nm

as the reference signal.
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Figure 28. Spectra of UV excitation illumination together with the resulting fluorescence
peaks near 650 nm as the pressure-sensitive signal and 560 nm as the reference signal
for BinaryFIB PSP from Innovative Scientific Solutions Inc. The plot is reproduced from

[51]
The fluorescence emissions at two distinct peaks demonstrate comparable responses to
changes in PSP temperature. By computing the ratio between the fluorescence related to
pressure sensitivity and the reference fluorescence, it is possible to adjust for errors caused
by PSP temperature shifts and variations in the intensity of UV excitation light. McLean
[52] highlighted the challenge of accurately accounting for the inhomogeneity of
luminophore blending through a straightforward intensity ratio of the two peaks.
Consequently, Liu et al. [53] suggested normalizing the fluorescence intensity ratios to the
reference condition, specifically the standard ambient air, to correct for uneven
luminophore distribution and disparities in paint application thickness. This normalization
process, depicted as
ro (I = laari)pr/ (I = lyari)t (4-6)
Tref (Lrey — Idark)PT/(Iref - Idark)T
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where 7/r., the normalized ratio of fluorescence intensities, replaces /I, normalized
pressure signal fluorescence intensity introduced in Equation (4-4). The subscript PT
indicates the pressure signal fluorescence peak near 650 nm which is both pressure and
temperature-dependent, while the subscript 7 represents the reference fluorescence peak
near 560 nm which is temperature-dependent only.

Building on Equation (4-4), a second-order polynomial formula is employed to calibrate
and ascertain the local oxygen partial pressures based on Binary PSP surfaces, as expressed
in Equation (4-7):

(4-7)

pOZ rref 2 rref
= C,(T) + C,(T) + C5(T
po =G (FZ) + e (FL) + e

In this scenario, nitrogen, devoid of molecular oxygen, serves as the coolant proxy, while
ambient air constitutes the main flow. This setup enables the direct derivation of AFE from
the local oxygen partial pressures identified through Binary PSP, as per Equation (4-7),
leveraging the heat/mass transfer analogy. This analogy's applicability is contingent upon
a turbulent flow scenario, characterized by a turbulent Lewis number nearing unity. Given
the high Reynolds numbers typical in gas turbine combustor environments (256,000 in this
study), this analogy remains valid across the combustor liner surface [54]. Consequently,
AFE, or 1,4, can be precisely calculated from the oxygen partial pressures gauged through
the normalized fluorescence intensity ratios, as delineated in Equation (4-8):

Ty —Taw _Xo,9 — Xo,aw (4-8)
Tg - Tc XOZ,g - XOZ,C

Naa =

where T represents temperature and X denotes the mole fraction of molecular oxygen,
respectively. In addition, the subscripts g, aw, and ¢ denote main air flow, adiabatic wall,

and coolant, respectively.

4.7.2 Heat and Mass Transfer Analogy for Adiabatic Film Cooling Effectiveness

To accurately evaluate adiabatic film cooling effectiveness (AFE) in this study, the heat
and mass transfer analogy is employed, enabling temperature-based definitions of AFE to
be expressed in terms of concentration. This analogy is particularly valuable in experiments
where temperature measurement is difficult or where mass transfer techniques, such as

oxygen-based pressure-sensitive paint (PSP), offer higher sensitivity and spatial resolution.
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It begins with the classical definition of adiabatic film cooling effectiveness, written in
terms of temperature:

_Ty—Ty (4-9)
A -

where T, is the mainstream temperature, T,,, is the wall (surface) temperature, and T, is the
coolant temperature. This relation measures how effectively the coolant reduces the wall
temperature relative to the difference between the mainstream and coolant temperatures.
To derive a concentration-based analog of this equation, it invokes the heat and mass
transfer analogy, which relies on the Lewis number (Le) being approximately unity. The

Lewis number is defined as:

Le — a v/Pr Sc (4-10)
=0~ v/Sc  Pr

where a is thermal diffusivity, D is mass diffusivity, v is kinematic viscosity, Pr is the
Prandtl number, and Sc is the Schmidt number. The Prandtl number represents the ratio of
momentum diffusivity to thermal diffusivity, while the Schmidt number represents the ratio
of momentum diffusivity to mass diffusivity. When Le = Sc/Pr = 1, the governing
transport equations for heat and mass share the same form, allowing for analogous behavior
in boundary layer development.

In turbulent gas flows, such as the airflow and nitrogen mixture used in this study, both the
Prandtl and Schmidt numbers are typically close to 0.7 under standard temperature and
pressure conditions [55]. This similarity arises because turbulent transport is dominated by
eddy diffusivity rather than molecular diffusivity, and the turbulent Prandtl and Schmidt
numbers tend to converge in such flows. Therefore, it is well established in heat and mass
transfer literature [55] that for gases like air and nitrogen, the approximation Pr = Sc =
0.7 holds, which leads to Le = 1. This justifies the application of the analogy in the present
context.

To formalize this analogy, the governing equations for heat and mass transfer are non-
dimensionalized. The dimensionless temperature profile is expressed as:

L=TO) (4-11)

T, — T,

0(y) =

and the dimensionless concentration profile is:
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Cg—CWy) (4-12)

¢, - C,

) =

where T (y) and C(y) are the local temperature and concentration at a vertical distance y
from the wall, and C,, and C, are the oxygen concentrations in the mainstream and coolant,
respectively. When Le = 1, these profiles are similar, implying 6(y) = ¢(y).

Evaluating both expressions at the wall (y = 0) gives:

y= Tzl _Cy= Gy (4-13)
T,—T, C,—C,

In this experiment, the coolant used is nitrogen, which is devoid of oxygen, i.e., C, = 0.
Thus, with the assumption of the adiabatic wall on the test surface, the expression
simplifies further to:
Gy = Caw (4-14)

Naa ==+
where C,,, is the oxygen concentration at the adiabatic wall, and C,,is the concentration in
the freestream. Finally, recognizing that Bi-PSP detects oxygen mole fraction (or volume
concentration), the equation becomes:
Naa = X—Oz'gx_ Hon.a (1)

02.9

In conclusion, by non-dimensionalizing the governing equations for heat and mass transfer
and using the empirical and theoretical justification that in turbulent gas flows, the Lewis
number approaches unity. This justifies the use of the heat and mass transfer analogy,
allowing temperature-based AFE to be equivalently evaluated through oxygen
concentration measurements. The supporting relationship between the heat transfer

coefficient and mass transfer coefficient reinforces the equivalence, providing a solid

foundation for the PSP-based approach used in this thesis.

4.7.3 Application of PSP

In this research, the BinaryFIB PSP [51] provided by ISSI was utilized, characterized by
its UV excitation range of 380 to 520 nm and dual emission peaks. One emission peak,
sensitive to oxygen partial pressure, is observed near 650 nm, while a reference signal,

unaffected by oxygen levels but similarly responsive to temperature variations as the
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pressure signal, is detected near 556 nm. The UV excitation required for the Binary PSP,
specifically near 400 nm, was supplied by an ISSI LED light source (LM2X-DM). A
LaVision ImagerProX 2M camera, coupled with a LaVision Image Doubler, facilitated the
capture of both PSP fluorescence signals. This setup, depicted in Figure 29(a), utilizes the
image doubler to segregate two distinct wavelengths onto separate image sensors. Filtration
of the PSP fluorescence intensity images, as illustrated in Figure 29(c), employs bandpass
filters centered at 650 nm and 560 nm, with full-width at half-maximum (FWHM) values
of 20 nm and 10 nm, respectively. The filtered images are then juxtaposed by the image

doubler, allowing the LaVision camera to record the composite image.
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Figure 29. (a) The schematic of the image doubler which represents how the device
works. (b) The image of the image doubler installed with the CCD camera in the test
setup. (c) The image of the bandpass filters for the PSP utilization.

The calibration of the Binary PSP, tailored to the specific demands of our experimental
arrangement and each unique effusion cooling configuration, was conducted using
predefined mixtures of pure nitrogen and compressed air. This calibration procedure
involved individually regulating and metering the gas streams before their mixture in a
conduit. As detailed in Table 2, calibration points were established across a range of

volumetric fractions of compressed air, from 0% to 100%, with pure N2 serving as the
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balance gas. During this phase, the wind tunnel's operation ceased, and the test section was
isolated, with the calibration gases being introduced to the effusion cooling test coupon via
a calibration shroud, as shown in Figure 30, under atmospheric pressure conditions. This
process enabled precise pixel-wise calibrations by exposing the Binary PSP on the test
coupon surfaces to known oxygen partial pressures, thereby establishing correlations
between PSP fluorescence intensities and oxygen levels. Following the calibration for each
configuration, the calibration shroud was removed, and the test section reconnected for
subsequent experiments, utilizing N2 as the coolant proxy to facilitate PSP-based

visualization of cooling films on the effusion cooling test coupon surface.

Calibration gas

| Sample PSP

Calibration gas

Figure 30. Schematic of the calibration shroud being placed in the test section for
isolating the effusion test coupon from the rest of the wind tunnel in the current study.

Table 2 Operating conditions of the calibration gas for the PSP calibration

Overall flow rate, Oxygen(02) Coolant (N2)
SLPM concentration, % concentration, %
45 20.9 78.1
45 18.6 80.5
45 16.3 83.0
45 13.9 85.4
45 11.6 87.8
45 9.3 90.3
45 7.0 92.7
45 4.6 95.1
45 2.3 97.6
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Figure 31 presents a comparative analysis of the calibration curve obtained in this study
against those documented in the literature [49][50]. This comparison allows for the pixel-
wise determination of oxygen partial pressures, normalized by standard air, based on the
ratio of luminescent intensities. Notably, while individual calibration curves exhibit slight
variations across the test coupon's active area, the curve featured in Figure 31 represents
the averaged calibration curve for all pixels within the measurement zone. The congruence
of these calibration curves with those previously published validates the calibration

methodology employed in the current investigation.
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Figure 31. Comparisons of calibration curves. The x-axis is the inverse of normalized
ratios of fluorescence intensities as defined by Equation 4-4 while the y-axis is the oxygen
partial pressure normalized by standard air.

4.7.4 Uncertainty of PSP Measurement

Accurate quantification of adiabatic film cooling effectiveness (7,4) through Pressure
Sensitive Paint (PSP) technology is central to our experimental investigations. However,
the precision of PSP measurements can be influenced by various factors, making the
understanding and mitigation of associated uncertainties pivotal.

The estimation of the uncertainty for an adiabatic film cooling effectiveness is grounded in
the methodological framework established by Kline and McClintock [56], which

rigorously assesses the error propagation within experimental measurements. Specifically,
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the utilization of binary PSP significantly reduces errors attributed to temperature
fluctuations, thanks to pixel-wise calibration curves that tailor the PSP response to specific
experimental conditions. Liu and Sullivan [57] further delineated additional sources of
uncertainty inherent in PSP measurements, including the stability of illumination,
photodegradation of the paint, and spectral leakage. Notably, in the current study, the
adoption of a pixel-by-pixel calibration process effectively minimizes the errors stemming
from these factors, enhancing the accuracy of cooling film effectiveness measurements. In
addition, each PSP image's acquisition process, encompassing an average of 120 frames,
significantly diminishes random noise, thereby enhancing measurement fidelity. Moreover,
the binary PSP methodology's inherent temperature compensation capabilities, effective
across a temperature range of 5 °C to 45°C [57], further stabilize the measurement output.

The relative uncertainty of cooling film effectiveness has been meticulously evaluated,
revealing a variance of +4.5% at 1,4 = 0.1, which narrows to £1.8% as an adiabatic film
cooling effectiveness increases to 0.8. This variance underscores the precision attainable
through refined calibration and measurement techniques, affirming the reliability of PSP

as a diagnostic tool in effusion cooling studies.
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S  RESULTS

This chapter presents the results of two different experimental studies. The first study
focuses on the effect of the swirling flow by decoupling the influence of varying compound
angles and hole pitch during effusion cooling. The second study presents a proposed new
design with a non-uniform compound angle in different regions of the test coupon surface
along the main streamwise direction in order to improve film cooling performance. Each
study is written as a research article and published as a peer-reviewed journal paper, The
Aeronautical Journal, and a peer-reviewed technical paper, Proceedings of the ASME

Turbo Expo2024.

5.1 Investigation of the Swirling Flow Effects Near Liner Surface

This study addresses the complex interplay between compound angles and pitch variations
in effusion cooling configurations under swirling main flow conditions, which are
characteristic of gas turbine operations. The focus is on separating the effects of compound
angle variations on adiabatic film cooling effectiveness (7,4 ), distinct from the influences
of pitch variations. Through experimentation employing Binary Pressure Sensitive Paint
(PSP), the research elucidates the singular impact of non-zero compound angles on AFE,
offering insights into how pitch variations contribute to effusion cooling efficiency.

Key findings reveal that non-zero compound angles significantly influence AFE, with
swirling main flow conditions prompting a reconsideration of conventional effusion
cooling designs. The study demonstrates that by strategically adjusting compound angles
independent of pitch variations, enhanced cooling effectiveness can be achieved. This
nuanced understanding informs the development of more efficient effusion cooling

strategies, optimized for the swirling flow dynamics prevalent in gas turbine engines.
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Abstract

Effusion cooling is the state-of-the-art cooling technology for gas turbine hot-gas path components.
Typically, effusion cooling holes across the entire combustor liner are aligned with the combustor
axis, rendering a nominal zero compound angle between highly directional miniature effusion
cooling jets and the main flow direction. The pitch of effusion cooling holes is optimized
accordingly. However, the swirling main flow results in a non-zero compound angle and an
effectively different pitch from the design. The directional effect of effusion cooling as a result of
swirling main flow on the adiabatic film cooling effectiveness (AFE) is a combined effect of a non-
zero compound angle and a varied pitch. The current experimental study aims to investigate the
isolated effects of compound angle on AFE by excluding the influences of varying pitch. With an
improved understanding of the sole effects of non-zero compound angles on AFE, the roles that a
varied pitch plays in modifying AFE are further discussed to guide future effusion cooling designs
under swirling main flow conditions. Binary Pressure Sensitive Paint (PSP) was used to determine
AFE experimentally.

Nomenclature
AFE adiabatic film cooling effectiveness
BR blowing ratio
PSP pressure sensitive paint

polynomial constants

cooling hole diameter

luminescent intensity

light intensity ratio

air pressure

T Y NN


https://doi.org/10.1017/aer.2024.108
mailto:zekai.hong@nrc-cnrc.gc.ca

UNIVERSITY OF OTTAWA FACULTY OF ENGINEERING |51

S Henry’s law coefficient
K Stern-Volmer constant
X mole fraction of oxygen in air
T temperature
U velocity
X concentration
Symbols
a inclination angle
p compound angle
n film cooling effectiveness

1.0 Introduction

One of the most effective approaches for improving gas turbine efficiency is to reduce the use of
cooling air, as the cooling air for hot gas path components has to be compressed to the highest
pressure point of the entire engine. However, the developments of more efficient gas turbine
engines are typically associated with higher combustion temperatures, which in turn requires more
cooling air if cooling technology remains the same, in addition to the use of advanced high-
temperature materials. Furthermore, rising pressure ratios in modern gas turbine engines make the
cooling of hot gas path components more challenging because the compressor air is discharged at
higher temperatures, making it a less effective coolant for combustor liners and first-stage nozzles.
Inadequate cooling available for combustor liners leads to reduced combustor life expectancies and
premature engine failures, as reported in the literature [1]. To reduce the metal temperature of
combustor liners and to improve the longevity of hot gas path components, previous effusion
cooling studies have been focusing on the shape of effusion cooling holes and the pitch of effusion
cooling holes [1-4]. In addition, new ceramic materials are being developed as thermal barrier
coatings for improved cooling performance [3,4].

Multi-hole effusion cooling provides thermal protection to combustor liners by forcing air at a
higher pressure through a series of pinholes, absorbing heat from the liner while forming a
protective fluid film layer to insulate heat on the exposed surface [5]. The portion of air that acts as
coolant is emanated from the inner surface of the liner through discrete effusion cooling holes as
three-dimensional jet columns [6]. The effusion cooling does not affect the location where the
coolant is injected, but rather downstream of the cooling holes [6]. Thus, the effusion cooling holes
are typically designed to be in the co-linear direction with the hot main flow.

It is well established that the effusion cooling efficiency is highly dependent on the pattern and
diameter of the effusion cooling holes, which govern the formation of protective films over the
combustor liner. While studies on the pattern or the shape of effusion cooling holes [4-7] and
coolant blowing ratios [8-10] are continuously being conducted, the directional effects of effusion
cooling on adiabatic film cooling effectiveness (AFE, or 1,4) have not received much attention in
past studies. The opinion of the authors of this paper is that it is of paramount important to
understand the directional effects of effusion cooling under realistic gas turbine combustor
conditions for two reasons: 1) the effusion cooling miniature jets are highly directional while the
main combustion flow inside gas turbine combustors swirls for flame stabilization; and 2) current
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effusion designs predominantly have the effusion cooling holes aligned with the combustor axis.
The swirling main flow induces an angular difference between effusion cooling jets and the
swirling main flow. Here compound angle (§) is defined as the angular difference between the main
flow and the coolant jets as shown in Figure 1.
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Figure 1. Diagram of a sample effusion cooling hole with the hole diameter (d), compound angle
(B) and inclination angle (a) denoted.
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Figure 2. Spanwise (8,) and streamwise (6,,) pitches are denoted for an example effusion cooling
configuration. The effusion cooling holes are staggered in this example.

The swirling main flow not only induces a non-zero compound angle for effusion cooling, it also
alters the effective pitch of effusion cooling holes. Figure 2 illustrates the definition of pitch for an
effusion cooling configuration. In the example effusion cooling configuration shown in the figure,
the effusion cooling holes are staggered with prescribed spanwise separation between effusion hole
columns (4,) and streamwise separation between effusion hole rows (6,). However, the design
pitch is only valid under the condition that the main flow is strictly co-linear with effusion cooling
jets, as indicated by the red arrow in the figure. Under swirling main flow conditions, the effective
pitch is varied. To see this point, an extreme case can be considered: the main flow is introduced
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at 90° to the direct of effusion cooling jet from left to right. In this extreme case, the effective pitch
has been altered such that the streamwise and spanwise pitches swapped. In fact, when a swirling
main flow induces any non-zero angle between effusion cooling jets and the main flow, the pitch
is effectively altered.

When the swirling main flow sweeps on the surface of an effusion cooling plate, both compound
angle and effective pitch are altered concurrently. A recent study from this group [11] studied the
two combined effects on AFE from swirling main flow as it is most relevant to practical engine
operations. However, it is not clear how a non-zero compound angle and a varied pitch contribute
separately to the combined directional effects of effusion cooling. The goal of this study is to
separate the direction effects on AFE from a non-zero compound angle and from a varied pitch.
The approach of this study is to exclude the effects of a varied pitch from the sole effects of non-
zero compound angles by fixing the pitch while varying only the compound angle in the
experiments. Once the isolated effects of non-zero compound angles are determined, the effects of
varying effective pitch will be evaluated to guide future effusion cooling designs under swirling
main flow conditions.

2.0 Methodology

Pressure Sensitive Paint (PSP) is a powerful experimental tool for aerodynamic and heat/mass
transfer studies [13,14], which was also adopted in previous studies for understanding effusion
cooling [15-18]. PSP was formulated by embedding oxygen-sensitive molecules in a polymer
binder permeable to oxygen, enabling the inference of localized oxygen partial pressures on the
paint surfaces. Upon excitation of a UV light source, the oxygen-sensitive molecules respond with
varying fluorescence intensities depending on the oxygen partial pressure [19]. In the current study,
nitrogen gas of 99.99% purity was used as the coolant proxy as it has effectively zero oxygen
content. If an effusion cooling design is effective in producing a cooling film on the surface of a
test article, the main air flow is shielded away or greatly diluted near the effusion cooling surface.
Oxygen partial pressures on the surface of a test coupon as revealed by PSP fluorescence intensities
can be directly correlated to adiabatic film cooling effectiveness (AFE). The fluorescence intensity
and oxygen concentration can be expressed by the Stern-Volmer equation as

Imax (T)

I(T)

where / is the measured PSP fluorescence intensity, /.. is the maximum fluorescence intensity in

=1+K(T)-S(T,p)-x-p .. 1)

the absence of oxygen, K is the Stern-Volmer constant depending on temperature, S is Henry’s law
coefficient that is a function both of temperature and pressure, x is the mole fraction of oxygen in
the gas immediately adjacent to the paint, and p is the air pressure at the measurement surface. A
second-order polynomial equation is adopted for calibrating PSP fluorescence intensities as
following:

p
Dre f

— C,(T) (Irlef)z + C,(T) (Irjf) + Cy(T) (2

where

1 _ Lraw = laark

L 3)

Iref - Iref, raw — Idark
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and the subscript ref indicates the standard air condition as the reference point, and I,..f is the
corrected PSP fluorescence intensity when the paint is surrounded by the standard air. On the other
hand, the subscript dark denotes the camera reading without UV excitation, which may include
some background light. In Equation (2), very weak temperature dependency of Cy, C,, and C3 is
ignored and the polynomial coefficients are treated as constants. Equation (3) is for correcting
background light leak, where the raw PSP fluorescence intensity /.4, is discounted by the recorded
camera reading without UV excitation 4, to get corrected PSP fluorescence intensity 1.
However, the accuracy of local oxygen partial pressures referred from PSP fluorescence intensities
can be affected by other factors, such as fluctuations in excitation illumination intensities and drifts
in ambient temperature during calibration and data collection processes. In addition, errors can also
arise from temperature variations on the PSP surface due to the fact that main air (ambient air)
could be at a different temperature than that of coolant proxy (nitrogen), which was discharged
from compressed gas bottles. To minimize uncertainties in oxygen partial pressure determinations
from PSP fluorescence intensities due to the aforementioned variations, a Binary PSP was used in
this study. Unlike single-component PSP, the Binary PSP includes a reference molecule component
that enables correction for errors in PSP temperature. Fluorescence intensities can be acquired from
both the oxygen-sensitive and reference molecule components allowing the errors induced by
variations in PSP temperature and UV excitation illumination intensities be compensated [18, 19].
Figure 3 shows the spectra of UV excitation illumination near 400 nm together with the resulting
Binary PSP fluorescence peaks near 650 nm as the pressure-sensitive signal and 560 nm as the
reference signal.
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Figure 3. Spectra of UV excitation illumination together with the resulting fluorescence peaks near
650 nm as the pressure-sensitive signal and 560 nm as the reference signal for BinaryFIB PSP
from Innovative Scientific Solutions Inc. The plot is reproduced from [19].

The two fluorescence peaks exhibit very similar sensitivities to PSP temperature. By taking the
ratio of the pressure-sensitive portion of fluorescence to the reference portion, the errors induced
by variations in PSP temperature and fluctuations in UV excitation illumination intensities can be
compensated. According to McLean [20], due to the imperfect mixing of two luminophores, a
simple ratio of the intensities of two fluorescence peaks are insufficient to fully account for
luminophore inhomogeneity. Liu et al [21] proposed to normalize ratios of fluorescence intensities
by the ratio of fluorescence intensities at the reference condition (i.e., the standard ambient air
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condition). The normalized ratio of fluorescence intensities corrects for non-homogeneous
luminophore concentrations and variations in paint thickness as

ro_ (I = laaridpr/( — laari) T
Tref (Iref - Idark)PT/(Iref - Idark)T
where /s, the normalized ratio of fluorescence intensities, replaces /I, normalized pressure
signal fluorescence intensity introduced in Equation 2. The subscript PT indicates the pressure

(4

signal fluorescence peak near 650 nm that is both pressure and temperature dependent, while the
subscript 7 represents the reference fluorescence peak near 560 nm that is temperature dependent
only.

Adapting Equation 2 for the normalized ratio of fluorescence intensities, a second order polynomial
expression is used for calibrating and determining local oxygen partial pressures on Binary PSP
surfaces as follows:

Tref\2 £
%:cl(r)(r:f) + 60 (PL) + 65y (5

Nitrogen is used as the coolant proxy, and ambient air is used as the main flow in this study. Since
the coolant proxy is free of molecular oxygen, the local oxygen partial pressures that are determined
by Binary PSP using Equation 5 can be used to directly infer AFE by adopting heat/mass transfer
analogy. The successful adoption of heat/mass transfer analogy requires a turbulent flow field,
which is defined as having a turbulent Lewis number close to unity [22]. Due to high Reynolds
numbers that are typical to gas turbine combustors (256,000 in this study), the heat/mass transfer
analogy is valid over the surface of gas turbine combustor liners [23]. By accepting the heat/mass
transfer analogy, AFE (7,4) can be further calculated using the oxygen partial pressures
determined from the normalized ratio of Binary PSP fluorescence intensities using the following

equation:

Tg — Taw - XOZ,g - XOZ,aw
Tg - TC on,g - XOZ,C

(6 )

Naa =

where T represents temperature and X denotes mole fraction of molecular oxygen, respectively. In
addition, the subscripts g, aw, and ¢ denote main air flow, adiabatic wall, and coolant, respectively.
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Figure 4. Schematic of the experimental setup and a sectional view of the test section.
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3.0 Experimental setup

A lab-scale cooling test rig shown in Figure 4 was used to evaluate the effectiveness of the current
effusion cooling designs for combustor liners. The present study used a low-speed wind tunnel to
accelerate ambient air as the main flow to 33 m/s in order to simulate the flow speed in a typical
gas turbine combustor. In the wind tunnel, the Reynolds number and the turbulence intensity are
approximately 256,000 and 3%, respectively. The wind tunnel has been described in a previous
publication [24]. The wind-tunnel was driven by a 30 kW AC motor that is capable of a maximum
mass flow rate of 2.5 kg/s at a pressure rise of 5 kPa.
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Figure 5. Effusion cooling test configurations: (a) an identical test coupon rotated at four discrete
angles relative to the main flow direction at 0°, 30°, 60°, and 90°; the co-linear installation (f =
0°, first from left) is the baseline case for all other configurations, and (b) three additional test
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coupons that have three discrete compound angles (f = 30°,60°, and 90°) while maintaining a
Jfixed pitch as the baseline case (6x = 7d and §,, = 9d) as shown in panel (c).

A transparent polycarbonate top panel covers the test section. After the wind tunnel transition piece
that connects the round wind tunnel outlet to the square test section, a Pitot tube is located at the
center of the test section and at a distance of 228 mm from the inlet of the test section. A reservoir
that has been modified by a perforated plate is used for supplying coolant proxy uniformly to all
effusion cooling holes in the test coupon. The reservoir has an inner diameter of 101 mm and an
internal height of 44 mm. The center of the reservoir is located 406 mm from the inlet of the test
section. Effusion cooling test coupons are installed at the bottom of the test section directly above
the reservoir with the inner surface flush with the bottom of the test section.

In consistent with a previous study [11], a single round effusion cooling test coupon was designed
and fabricated using stereolithography (SLA) 3D printing. The shrinkage of effusion cooling holes
from 3D printing was evaluated and was compensated by post-machining to ensure effusion holes
are of exact dimensions as in the previous study. The inclination angle () of the effusion holes is
20 degree and the diameter of effusion pinholes (d) is 0.787 mm, as illustrated in Figure 1. The
test coupon has staggered effusion cooling holes, with spanwise and streamwise separations
between adjacent effusion holes 7 and 9 times of the effusion hole diameter (8, = 7d and 6,, = 9d),
as illustrated in Figure 2.

In the previous study, a conventionally machined aluminum test coupon was installed in the test
rig shown in Figure 4 for studying the directional effects of effusion cooling. The circular test
coupon was rotated so that the main flow could be at an angle with the effusion cooling jets. The
arrangement mimics the realistic effusion cooling scenario in a gas turbine combustor as the
swirling main flow is common for flame stabilization. To verify that previous results can be
reliably reproduced by an SLLA 3D printed test coupon, four test configurations shown in Figure
5(a) were first evaluated. The four test configurations shared the same test coupon. By installing
the test coupon at discrete rotations, four angles, 0°, 30°, 60°, and 90°, between the effusion cooling
jets and the main flow were achieved. The co-linear effusion cooling configuration (f = 0°) was
taken as the baseline case for comparisons throughout this study. It becomes obvious from the
figure that a swirling main flow does not only induce a non-zero compound angle between effusion
cooling jets and the main flow, it also alters the pitch of effusion cooling holes in effect. The
change in effusion cooling AFE induced by a swirling main flow is a combined effect of varied
compound angles and altered pitches.

As discussed in the Introduction Section, the goal of the current work is to understand the isolated
effects of non-zero compound angles on effusion cooling AFE by excluding the influences of
varying pitch. Also taking the co-linear effusion cooling design (first configuration from left in
Figure 5(a)) as the baseline case, new effusion cooling test coupons were designed, featuring
identical effusion cooling hole pitch while the compound angle is varied as the only parameter.
Besides the single test coupon shown in Figure 5(a), three additional test coupons shown in Figure
5(b) were fabricated with SLA 3D printing. Altogether, the comparisons can be made among four
effusion cooling configurations of identical pitch and of four compound angles at 0°, 30°, 60°, and
90°. It should be pointed out that for all test configurations shown in Figure 5, only the area near
the centerline is chosen for comparisons. By excluding areas on both left and right edges of the
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test coupo