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Abstract

This study investigates both experimental and computational fluid dynamics analyses of a rectangular S
bendductwith diffusion, incorporating effusion cooling at three different locations along the duct. The goal
was to explore an alternative CFD simulation method for effustmbted surfaces and to predftiw
properties antbackpressureat the duct inletA novelmodellingapproach, known as tisot method, was
examined and compared against experimental data. In this method, effusion holes are replaced with a
specific number of slots to simulate the impactfbfision air mass flow othe mainductflow.

The first phasdéocused on investigating theot methodwith Reynolds Averaged NavieStokes(RANS)
modelsover a range oReynoldsnumbersfrom 2.5x 1to 4.5» mtand constangffusioncoolant mass

flow rate with validation against experimental tests. Blut methodproduced acceptable results for the
outlet axial velocies wall static pressures along the dughd other general characteristics of the flow
such as vortices and flow separatiBho wever , f or the diffusediffeentpr essu
numbes of slots led tovaryingresults, with differences ranging from 1®percentor all three Reynolds
numbers

Experimentsvere performed on the-l$end ductvith effusion cooling at three distinct locations: the first

and second convex sections, and the full surface of the left wall. Both cold and hexflesimentsvere
conductedwith hot flow temperatures ranging from 120 to 180°C. Two effusioncoolant mass flow

rates were examined at each location: 0.024 kg/s (minimum) 888 Rg/s (maximum). The highest
coolant mass flow rate resulted in severe haelssure penalties, while moderate penalties wera\ause

at the lowest rateSevere bw separation wasbservedor the second convex caseen at the lowest mass

flow rates.

In the third phaseCFD simulations using thdot approach captured flow characteristics like outlet
temperatureand axial velocitieat the lowest coolant mass flow rateewever, it struggleavith pressure
recoveryperformanceand wall static pressure predictions at higher mass flows sitee changing the

number of slots led tachange in the coolant plenum presaypeo 30 percent.
ii
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Symbol

AR

>

=~

Ls

Nomenclature

Description Units
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Chapter 1

| ntroducti on

1.1 Background and motivation

This research examines therformanceof an S-bend diffusingductwith effusion cooling The
duct design is similar to what might be used igaa turbine engine exhaust system for infrared

(IR) signature suppression

An Sbend duct is commonly used to redirect flow in various engineering applications. In gas
turbine engines,-Bends with diffusing passages play a crucial role ih bticking directine-of-

sight tothe engineand pressure recovery, typically found in intake, interconnecting ducts, and
exhaust systems. The complexity eb&dduct with a diffusethas led to extensive studies in

literature driven by the need for optimized designs to enhance turbomachinery performance

Film cooling is a surface cooling technique that involves injectdadair to form a protectiveold

gas layerinto high-temperature primary floneffusion cooling is a specific type of film cooling

where coolant is delivered through a network of discrete holes across the entire Hudased

in devices such as gas turbine combustors or exhaust ejectors because it is a very effective cooling
method. Effusion cooling is a combination of convection cooling and film codlimg application

of thermalbarriers, whether through film or effusion cooling, is critical for gas turbine components,
such as combustor linetsirbine bladesand highpressure turbines, which operate at temperatures
exceeding their metallurgical melting pointée effectiveness of effusion cooling can be enhanced

using thermal barrier coatings (TBC).

Integrating film cooling into $end diffusing passages is sometimes required for applications such
as mitigating hot spots, providing structural cooling, reducing flow temperature, and infrared

signaturg(IR) suppression. For IR suppression, abeBd passage also helps block direct optical
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access to the engine's hot section. Theatoibspheric conditions within the diffusing passage
facilitate passive coolant injection, eliminating the need for active cooling sys@oatant
injections, although effective, can introduce certain drawbacks. The injected flows may disrupt
flow field uniformity and impair the pressure recovery performance of a diffusing passage. This,
in turn, affects the power output of gas turbine ergyiaa effect commonly referred to as a back

pressure penalty in exhaugstem design

CFD simulation of effusion cooling isften usedor the design of devices with effusion cooling.
CFD facilitates understanding the interaction between the main hot gas flow (primary flow) and
the effusion cooling air mass flow. itisufficient effusion cooling air is introduced then cooling
effectiveness may be poor. If too much cooling air is introduced then the primary flow may be
affected and this couldeterioratehe pressure recoveperformanceSecondary flows and flow
separation can be triggerey éffusion cooling flows. It is important that the designer can predict

how the effusion air flow affects the primary flow.

A sample CFD simulation of a gas turbimith an Sshapedxhaust systets shown in Figure 1.1.

Hot section engine exhaust
Flow direction ‘ ‘\ ;

-

Effect of surface cooling on the surfaeenperature

Figure 1.1 CFD simulation of an Sshaped exhaust system with surface cooling\{.R. Davis
Engineering brochure, 2013



Simulating effusiorcooled surfaces using CFD can be challenddegauseimulating each hole
individual is impractical due to high computational costs. Instead, alternative CFD methods, such
as periodic boundary conditions porousjump approaches, are commonised. However,hie
interactions betweethme primaryflow and multiple discrete injections complicate the prediction of
flow distributions in an $endduct Excessive injection can lead to flow separation, which impairs
pressure recovery. Additially, designing effusion cooling is challenging due to the potential for
streamline curvaturend flow separation to cause 4dff and dispersion of discrete coolant

injections.

These limitations highlight the need for new CFD alternatives or modifications to existing methods,
though there is limited literature on adapting CFD techniques for surfaces with full effusion
cooling. Most studies focus on a limited number of holes & geometries, with less emphasis

on the impact oéffusion cooling air flowon the primary flow in gas turbine engines. This research
focuses ora novelCFD approactralled thesot method.In this method rows of individual holes

are replaced by slots in the CFD moddie slots are intended mimic the flow behavior through

effusion holes and its effect on the main gas flow

1.2 Objectives and scope

This research focused on developargl evaluating novel CFD approach to predict the pressure
recovery performance and other flow characteristics in-bard duct wittdiffuserthat includes
effusion coolingatvarious locationsThe ultimate goal was to simulate the effectsfision mass
flow on the primary and secondary flows in the didc identify a more effective CFD method,

the project was structured into three distinct phases.

In the first phase, various alternatives for CFD simulations using the Radti®d including the

kU Realizable model, were explored. The-potent



shaped duct with passive effusion cooling was examined under different Reynolds numbers,
constant coolareffusionmass flow rates, and cold flow conditions. Simulations were performed
effusion holesat three key locations on the surface of thgugt: the first convex, second convex,

and the full surface area of the left wall. For all CAD and CFD simulat®MSY S-luent, ANSYS
Meshing Design Modelerand SpaceClaim(ANSYS2020R2 were utilized, whileTecplot2020

was employed for pogirocessing. The results were compared with previous experimental tests

conducted by Ng (2014).

In the second phase of the research, experimental studies were condihet€@dae e n 6 s Uni ver s
Hot Gas Wind Tunnel (HGWT) facilities. Anlgendduct with effusion holes on both walls and a

diffuser was designed and manufacturediaindustrial partne’WW.RDavis Engineerindg.imited

The effusion holes, laseirilled at a 96degree angle to the surface, had a 1 mm diameter and were

spaced 4 mm apart in a linear arrangemeérperimentsvere carried out for both hot and cold

flow with effusion holesatt hr ee | ocati ons on the ductdés surfa
and the left wall of the Bend ductA constanprimarymass flow rate was maintained, while two
differenteffusioncoolant mass flow rates wensed Theexperimentavere conducted first with

the lowest possible coolant mass flow rate and then with the highest, to capture the differences in
diffuser performancerlhe intent was to cause flow separation with the highest effusion mass flow.

The analysis focused on overall pressure regowe the duct outflow axial velocity and

temperature contours, and static pressure distribution along the duct

The final phase of the research focused on using CFD simulations withttheethod tovalidate
experimental data for the-d@uict. The effectiveness of tist method was examined under both
low and high coolant mass flow rates, with both hot and cold flow conditions. The RANS
withk-U Real i zabl e t wsedfonall simdatonsracrab®three witiesent locations

on the surface of the-@uct, resulting in a total of 3different CFD simulation cases.



The work scopéncludedthe following

1. RANSbased CFBsimulationswith ANSY Sluent

2. Single Sbend duct geometry for experiments

3. Three locations of effusion cooling in the device with constant hole number, diameter and

spacing

4. Limited hot and cold flow experimentand

5. CFD simulations wittvaried number of slotseplacing the effusion holes

The objectives of the work were:to

1. Obtain detailed experimental data on the subjdmi®1 duct with effusion air flow at three

different locations

2. Compare CFD simulations using tdet method to the experimental data

3. Determine if it is possible to predict the major effects of the effusion air flow on the overall

flow performance of the-8end duct including

a. Back pressure and pressure recovery

b. Flow separation

c. Mixing of the primary and effusion flow

4. Identify the strengths and weaknesses oslihiamethod and

5. Provide guidance to designéos usingCFD withthe slot method forcoolingdesign



1.3 Contributions to the field

The contributions of the present research are as follows:

1. Finding a cost effective alternative CFD metblodjy for simulation of effusion cooled

surfaces

2. Investigatingeffusion cooling effectivenesand flow separatioin an Sbend duct with

different coolant mass flow ratesnd

3. Generatingpenchmarkdatafor practical design oé&ffusion cooled surfaces based on the

experiments an@FD with slot approach.

1.4 Thesis structure

The thesis was organized in the followitttapters

Chapter 1: Introduces the motivation and objectives of the project

Chapter 2: Reviewselatedliterature on the $Sluct and effusion cooling

Chapter 3Describes the experimental setup of agh8ped exhaust system.

Chapterd: Introdu@sthedot method and CFD simulations details

Chapters: Presentshe slot method and discussthe primary CFD results

Chapter6: Analyzesexperimental resultandthe secondphaseof CFD simulations with thelot

method

Chapter7: Summarizes conclusions and provides design guidelines for usidgtth@thod.



Chapter 2

Theor yi taenrdeetvu reew

2.1S-bend flow passage

2.1.1 Flow behavior in turning passages

Understanding the fundamentals of fluid flow behavior in curved geometries is essential. Miller
[1979 analyzed internal flow behavior across various geometries, revealing that simple diffusers
showstraightforward pressure distributions, whereas curved geometries introduce more complex

flow conditions.

In a curved diffuser with a turning beadshown in Figure 2 1the flow develops secondary flows

and experiences radial fluctuations in pressure and velocity throughout the bend. Within the
bending passage, total presstemainsnearly constant, but static pressure increases towards the
outer surface to counterbalance centrifugal forces, leading to a decrease in dynamic pressure from
the inner to outer radius. This creates a-foessure region along the convex surface of the bend,
with a favorable presse gradient that strengthens towards the &ximnversely, the concave
surface of the bend experiences a reversed flow distribution. Aphggsure zone with audverse
pressure gradient fornwhich turns favorable towards the outlBue to the adverse pressure
gradient, lowenergy neawall flow cannot penetrate the outer region and instead moves toward
the lowerpressure inner radius along the sidewall. Beisondary fluid motioformstwo pairs of

counterrotating secondary vorticéMiller, 1978), shown in Figure 2.2.

Adverse pressure gradient

Adverse pressure gradient

Figure 2.1 Radial pressure distribution in a turning bend (Miller, 1978)
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Inside of the bend Secondary flow

Figure 2.2 Secondary flowformation in a turning bend (Miller, 1978)

Also, as can be seen in Figure 2.3, the secondary flow motion causesdoyy fluid to build up
at the inner bendbds outfl ow and this area beco

moment um f | ow ancourttene@ unbaworalledpeesseregratlient.

Reversed flow

Figure 2.3 Separationformation in a turning bend (Miller, 1978)

2.12 Flow behavior in an Sbend and applications

The Sbend geometry is widely used in gas turbine (GT) engines for various applications, such as
infrared suppression in helicopter exhaust systems. In helicopters, positidmemglSdownstream
of the engines prevents a direct line of sight to the engimegancing stealth capabilities. However,

the complex flow behavior within -Bends can adversely affect engine performance Th



complexity impacts the pressure recovery performance of the engine and, in extreme cases, can

lead to a full diffuser stall.

The complexity of flow within an ®end arises primarily from the second bend. In the first bend,

the flow behaves similarly to that in a simple curved duct. However, upon entering the second bend,
which is oriented opposite to the first, the flow creaegariable wall pressure gradient. This
gradient, which shifts from the first convex to the second convex surface, and from the first concave

to the second concave, results in a severe adverse pressure gradient along the walls. These adverse

pressure gradits produce counteotating vortices in both bends.

At the first convex wall, flow with low momentum is redirected toward the second concave surface
area. Simultaneously, flow forms in the opposite wall, creating a region near the second bend outlet
that is dominated by secondary flow with reversed voyticithe counterotating vortices
generated in the first bend are deflected toward the outer wall in the second bend, moving further

toward the outlet in the same rotational direction, as shown imd=2c4.

Figure 2.4 Flow in an Sbend and side wall pressure distribution(Ng and Birk, 2014



Due to thevariousapplicationsof S-bend geometryn GT engines literature on the $end are

widely available Chandreaet al (2023), Scribbeet al (2006)and Zhanget al investigatel the S

bend at the intake of the GT engin@uptaet al. (2001)compared straight and-shaped wall
diffusers with rectangular and square cross sections. They observed that the straight passage had
better pressure recoveienzies(2001)explained that by travelling through the second curve, the
streamwise vorticity created by the first bend will be reinforced rather than diminished. The effect
of changing turning angles was reported by Anandl (2003) The results from the study of
15/1%, 22.5/22.5, and 30'30- of-turning anglesindicated that for higheturning angles, the
velocity profile is more uniform, and the pressure recovery coefficient shalesraasindgrend

with increasing the angle of turning, while the pressure loss shows approximately a constant trend.
There are some techniques to suppress the flow separation inside the passages by cureature. Ng
al. (201 tested using vortex generators, directional tangential blowing tubes, and vortex generator
jets to decrease the flow separation inside-ahaped diffuser. All the methods led to duetion

of the flow separation anttal pressure loss. However, they were not able to diminish the swirl

magnitude, in fact, they increased the swirl insidepghssage.

Different researchnvestigatedthe advantages of-I&ends nozzles for suppressing infrared (IR)
signatures emitted by the engine exhausts. eébah (2015)tested doublserpentine nozzéein a

GT engine exhaust and highlighted #ffectivenes®f the Sbends in reducing infrared emissions
and suggested proper design and centerline distribsitimeit has a significant effect on the air
acceleration inside the nozzidui et al (2021) experimentally compared a Serpentine nozzle with
an axisymmetric nozzle. The data showed thatwladl curvature significanthaffectedthe flow
coefficient and thrust coefficient while the infrared signature reduded.et al. (2022) showed
that using techniques such as air blowing and suction at the walls diendBlet can reduce the

flow separation at the wallé\n et al (2016) results showed that although theh8ped nozzke
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reduceinfrared signature in the axial direction, incresisethe signature on the left and right side

and below the nozzle were seen tlueurvature and aspect ratio.

2.1.3 Analyzing performance of the diffuser

The pressure recovery coefficiagtone of the main parameters in determining the perfornance

diffusers The pressure recovery of the exhaust system is analyzed by the presswery

coefficient ¢ ) which is determined by dividing the difference between the atmospheric pressure
0 and the diffuser inlet static pressute by the diffuser inlet dynamic pressure

The formula for pressure change coefficiaht ) is givenin Eg (2.1). The higher valueshow

better performance of the diffuser and lowatuesindicate high back pressure penalty for the

engine.

5 — (2-1)

Another parameter, which is based on the assumption of frictionless flthe idealpressure

recovery coefficienof the diffusershown in Eq(2-2).

6 p — (2-2)

Arearatio (AR) represents the diffuser area ratio (A) and is defined i(2E).

[ J— (2-3)

In designing diffusers with curvature different parameters should be considered. The first parameter
is the length of the diffuser. A longer diffuser causes excessive pressure losses. The second
parameter is the angles of the bends, since with highersangesflow separatioroccursin the

passage. Miller limited the area ratio to 1.5 because of the diffasimature flow interactions as
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more pressure losses are created by flow instabilities and separation in a flow with a severe adverse
pressure gradient. Millg1978)suggested a secomthge diffuser concentrated toward the outer

wall could provide higher flow diffusion with a high area ratio. White¢awal (1973) investigated

the area ratio of 1.4 and 1.5. They reported approximately the same pressure recovery coefficient
for both area ratios. Guptt al (2001 reported better flow uniformity at the duct outlet with a
higher aspedtatio. Their results indicated that while the turning angle is less than 30 degrees, the

pressure recovery coefficient will rise with an increase in the area ratio

2.2 Effusion cooling

The working temperature of modern gas turbines are well beyond the softening temperature of the
different metallic components in the hot gas passage, such as turbine blades, combustor liners, and
exhaust systems. This high temperature causes design gkallfam the new generation of gas
turbine engines. This necessitates the use of various cooling technigues in gas turbine engines.
There are different passive cooling techniques such as film cooling, effusion cooling, impingement
cooling, transpiration cdimg, and a combination of these methods that are applicable in gas turbine

engines, as shown in kige2.5.

In film cooling, cooling air flows ina large tangential slot, or discrete hadesl thecoolant flow
creates @oolingfilm layer over the surface to protect the integrity of the compon€hiscooling
film protects the surface by isolating it from the hot gas flole difference between film cooling
and effusion cooling is tHargenumber ofcoolingholes and themalldiameter of the holedVith
effusion cooling the ithole and baciside convection provides significant cooling of the surface.
The cooling exing the holes also provides some film cooling effe&tcombustor liner with
effusion holes on the surface isosm in Figure 2.6. In effusion cooling the diameter of the holes

can be lesshan one millimeter anthe numbeiof holes exceeds more than a thousand while in
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film cooling only a limited rows of holes are placed on the surface for cooling. One of the main
advantages of effusion cooling is that the jets from the holes influence each other and because of
lower impulse, it does not affect the main flow significarsthd the cold flow remains inside the
boundary layer. On the other hand, in film cookigcethe number of holes are lower than effusion
cooling more coolant is needed to protect the surface from hot gases, otherwise the cooling
effectiveness reduceggsificantly. This excessive need for coolant flow results in a reduction of
cooling effectiveness because of flow separation and mixing of the secondary flow and the main

flow.

(a)
Hot gas stream —-—/”_—

Film cooling ¢ TS F{“m
Coolant
(b} Hot gas stream  ——a= Eilm
Effusion cooling L A A
Coolant f/f '/

Hot gas Stream  ———— ___‘_—-——'“‘_'/Fi}m

Impingement

cooling }‘T:‘)‘:‘Hs‘/‘:

Coolant

(©)

(d) Haot gas stream —/"/,’,’_’—’
. Film
Impingement

Effusion cooling  __ i ir

I | .
YT g i

Coolant

(e)

Hot gas stream ———a — Porous wall

Film
Transpiration

Coolant

Figure 2.5 Various cooling methods in GT engine¢Zhang et al 2009, Cerriet al, 2006
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Effusion holes
with angle on

the surface

Figure 2.6 A combustor liner with effusion holes on the surfacéSavary et al 2017

In impingement coolinghere is a back plate with small holes and the coolant jets from these holes
impinge directly on the back side of the surface to be codled.advantage of impingement
cooling is that no mixing between the main and secondary flome can also combine
impingement with film or effusion coolingThe new generation of turbine blades have a
combination of film and impingement cooling to increase the cooling effectivdtesagver, the
combination of impingement and film cooling faces ofacturing challengesA turbine blade

with impingement walls, film hole, and pedestals for increasing the heat transfer are shown in

Figure2.7.

Film Holes
Quter SKin

Inner Skin

Pedestals

Impingement Walls

Figure 2.7 A turbine blade with impingement walls, film holes and pedestalg¢van de Noortand
Ireland 2022
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Another innovative cooling method is transpiration coqlimgwhich, a porous wall with high
density of micrescale cooling holes ireatedo cool the surface. The application of transpiration
cooling is limited in gas turbine engines due to the manufacturing difficulties. Also, thesoateo

holes are highly susceptible to clogging and ithiseaseshe cost of maintenance significantly.

2.2.1Performance offilm and effusion cooling

To evaluate the performance of the effusion cooling technique, it is essential to understand the
behavior of the coolant flow within the holes and downstream. As illustrated in Ri§utiee flow

can be divided into three zones:

a. Primary Zone: This is where the main flow and coolant flow first interact. Effective

attachment of the coolant flow to the surface is crugighis zone

b. Established Zone Here, achieving a uniform lateral distribution of the coolant flow is

essential to ensure complete coverage of the plate surface.

c. Recovery Zone In this zone the coolant flow forms a film layer downstream of the

cooling holes, which must remain attached to the surface.

Optimal performance of effusion cooling depends on a uniform lateral distribution of the coolant

flow, strong attachment to the surface, and minimal mixing with the hot gas in the recovery zone.

Incoring flow
(Boundary layer)

S Primary Established Recovery zong
| Zone zone

— o

— — | ) Film thickeness

—_— e ; -."PI‘ = ,-f-f'-":‘l F_F_f;.'-' rp-'

=

Figure 2.8 Structure of the cooling film layer (Ng and Birk 2013
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Effusion cooling involves various modes of heat transfer, including backside convectthe in
convection, conduction through the wall, and convection on the mainstream sideowsin
Figure2.9, distinct temperatures and velocities have been defined to characterize thesdmmodes.
Figure 2.9, the mainstream temperatié , coolant film temperature above the wall surface

“Y or"Y, wall temperaturéY , coolant temperature at the hole éxit ; , coolant flow

temperaturéY , and mainstream velocity are defined. Thesare essential for analyzirfigm

andeffusion cooling performance.

cool T T

cool, in

Figure 2.9 Different parameters in film and effusion cooling(Ng and Birk, 2013

One of the most important parametansanalyzing film coolingis that the adiabatic cooling
effectivenesg— ), which evaluates the cooling film's performamdgéh an adiabatic wallWith

an adiabatic walhssumptiorithere can be no convection or conduction codlingly film cooling
effects (assuming thermal radiati@an be ignored This parametergiven in Eq (2-4), is
especially useful in applications where the effectiveness of the cooling film layer is of high

importance.

s —2— (2-4)
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Due to the difficulty in measuring the coolant temperature at the injection hole exit, the upstream
coolant temperaturean be use@dnd name it asy instead of Y , and rewrite the equation as

thermal cooling effectiveness , asgivenin Eqg. (25).

S (2-5)

Another parameter introduced by Bogard and Thole (2006) is the net heat flux reduction to the wall

surface withfilm coolingasgivenin Eq. (26).

moop — (2-6)

In Eq. (26), ] is the net heat flux to the wall surface wilim cooling and igivenin Eq. (27),

RooQTY Y 2-7)

andr] is the net heat flux to the wall surface withéilmh cooling and igjivenin Eq. (28).

oY Y (2-9)

In Eq. (27) and (28), Q is the heat transfer coefficient for the case \ilth cooling, andQ is

the heat transfer coefficient for the case wittfilm cooling.

The advantage of effusion cooling compared to film coolinthésull coverageof discrete jets

with a low impulseeduceghe chance dhejetslifting off from the surfacandthe mixing of the
coolantflow with the primaryflow and consequently increasing the overall surface cooling
effectivenessThe effectiveness of effusionooling depends on various modes of heat transfer,
which vary based on the application. In scenarios with significant thermal radiation from the

mainstream, the contribution dfe film layer over the surface becomes negligible, and the cooling

17



effect is primarily governed by convective heat transfer within the holes and on the backside of the
plate.As shown in Figure 20, Legeret al (2003)categorized the cooling areiaso three zones.

The first zone (upstream) é®oledby wall heat conduction and exterior convection, after that the
multi holed zone whereooling happenwith theexternal convection areffusion effects, and the

third zone where a cooling layer is formed and protects the surface.

L0 oo ——— :

\ Muiltiholed A

I Zone |
5601 q) Convection

and conduction

5201 /

b) Exterior convection

600

c) Film cooling

480 1 i
Hole convection and
Conduction — ~____ Y ___
440 - ; . ;
-20 0 20 40 60 80 100
X [mm]
Cold flow
—_— 0 47
I ——————— Multiholed plate __|
e | T
Hot flow
Beginning of the End of the
multiholed zone multiholed zone

Figure 2.10 Different zones of cooling in effusion coolingLeger etal. 2006

Andrewset al. (1988) results showed that the role of convective heat transfer at the coolant side is
significant. They revealed that acceleration of the coatdathe multiholed region increases the
convective heat transfer significantly and proposed an ovewling effectiveness—

parameter based on the wall temperaturgiamin Eq. (29),
18



- — (2-9)

the wall temperature i8Y , the main flow temperature ¥ , and the secondary flow

temperature i8Y

Analyzing the performance of effusion cooling requires a comprehensive understanding of all
parameters influencing the interaction between the maineffudion cooling flows Various
factors can significantly impact the performance of effusion cooling, including the geometry and
configuration of the holeize, spacing, angle, shap#dw parameters, turbulence intensity in the

main flow, and the presence of adverse pressure gradients along the walls.

The following sections provide a brief description of these parameters and their roles in effusion

cooling performance.

2.2.1.1Effusion holes shape and configuration

Various studies have investigated the effects of hole shape, outlet geometry, inclination angle, and
cooling hole distribution on cooling effectiveness. Among these factors, the inclination angle and

shaped holes have received significant attention foramipg cooling performance.

The inclination angle in both the streamwise (
preventing coolant flow lifoff or detachment from the surface. Shaped holes, such-atdped

designs commonly used in many studies, further enhamtant@ttachment to the surface.

Cooling hole distribution is characterized by parameters such as the streamwise spacing (row
spacing to diameter), lateral spacing (pitch to diameter), and the number of holes per unit surface

area, all of which influence cooling effectiveness.

Paitichet al (2022) investigated the impact of inclination angles of 0°, 30°, 60°, and 90° on cooling
performance. Their findings revealed that angles of 30° and 90° provided the best cooling
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effectiveness, producing a uniform protective cooling layer. Additionally, the performance at 30°
was slightly higher compared to 60Gustafsson and Johansson (2001) compared cooling
effectiveness at two different (30° and 20°) injection angles. Their results showed that reducing the
injection angle from 30° to 20° led to only a negligible improvement in copknfiprmancel.i et

al (2023) revealed that smaller inclinatianglescould provide a higher cooling effectiveness,

however, the thermal stressncentration of the film hole increases as well.

Xie et.al (2020) experimentally tested an effusion/impingement flat plate and suggested that the
staggered arrangement of effusion holes improves the overall cooling effectiveness compared to
overlapped arrangements of hol&ogard and Thole (2006) investigated the effect of hole
distribution on cooling performance. They demonstrated that a lateral spacingibiit®ters

allows the coolant to behave as individual jets, whereas reducing the lateral spaaniltjioepers

results in the formation of a nbnuous film layerMurray et al (2018)tested two differentiat

plates with two differenhole pitcheg3 millimeters and 5.75 millimetresinder varying blowing

ratios. Their results indicated thiie flat plate with 3 millimeterpitch holes exhibit significant
spanwise jet interactions, forming an acceptable spanwise film layer at low blowing ratios. They
concluded that the optimal cooling effectiveness is achieved by combining a low number of pitch

rows with low blowing ratios.

Sunet al (2018) investigated foutifferenthole geometries: cylindrical, fashaped, double jet,

and holes with sister holes. Their findings confirmed that cylindrical holes exhibit poor film cooling
effectiveness at low blowing ratios. This is due to the interaction between the main flow and the
coolant flow, where counteptating vortices lift the coolant flow away from the wall, reducing its
effectiveness-anshaped holes and double jet holes showed better cooling performance compared
to the cylindrical holes, particularly at higher blowingaa. The best overall cooling effectiveness
across a range of blowing ratios was reported for the sister holes configuration, as shown in Figure

211
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a) cylindrical holes b) feshaped holes c) double jet holes d) sister holes

Figure 2.11 Four different hole shapes and configurationgSunet al, 2018

The combination of geometric configurations has been extensively studied, with Aretraivs

(1985, 1986, 1988, 1990fonducting some of the most important and comprehensive
investigations. These studies examined the effects of the number of holes, hole diameter, and hole
distribution on cooling effectiveness across a wide range of coolant flow rates. From their findings

a clear guideline for selecting the optimal configuration of effusion holes can be established.

To enhance cooling effectiveness while maintaining a constant number of holes per unit area, the
focus should be on the hole diameter. Increasing the hole diameter helps prevent coolant flow lift
off. Conversely, when operating under a fixed coolant flate rand surface area, cooling
effectiveness improves by decreasing hole spacing and diameter while increasing the number of

holes

2.2.1.2Flow parameters

In effusion coolingunderstanding the interaction between the main flow and the secondary flow
plays a crucial role for an optimized design. Different flow parameters are involved in designing

effusioncooled surfaces. One of the main parameters is the blowindvgtiasgivenin Eq. (2
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10),"Y and” are the velocity and density of the secondary flow, respectivelyYandgnd

" are the velocity and density of the primary flow, respectively.

| J— (2-10)

Rozati and Taft{2008)investigated three different blowing ratios, ranging from 0.4 to 1.2. Their
results demonstrated that as the blowing ratio increased, the transition to turbbfilenolant jet
occurred earlier, and the flow structures exhibited lower coherency. They also confirmed that
higher blowing ratios resulted in increased mixing between the coolant and the mainstream flow.
Wanget al (2018)investigated five different blowing ratios in a flat plate with inclined holes,
testing values of 0,4.6, 0.8, 1, and 2. Their results followed a similar trend to previous studies.
For blowing ratios less than 0.8, film cooling effectiveness increased with the blowing ratio.
However, once the blowing ratio exceeded 0.8, the effectiveness began teaadtbafurther

increases in blowing ratio.

Two other parameters atfee momentunilux ratio (1) and density ratigDR) givenin Eq. (211)

and (212), respectivelyThe momentum flux ratio is a good parameteiidentifying the cooling

film separation from the surface by scaling thainstreandynamics force to coolant jet. The
density ratio is used for scaling the temperature difference between the coolant and main flow.
These two parameters have not been the primary focus of many studies in effusion cooling, and

some literature suggests that no general trend could be identified for them.

0o — (2-11)

oY — (2-12)

One of the comprehensive studies on momentum flux ratio was conducted by Bogard and Thole

(2006). They suggested that for momentum flux ratios less than 0.4, the film layer remains attached
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to the surface, providing good film cooling effectiveness. However, for higher momentum flux
ratios greater than 0.8, the film layer completely lifts off, resulting in poor cooling performance.
Their findings also revealed that for momentum flux ratiosveet 0.4 and 0.8, the film layer

undergoes fluctuations, initially detaching from the cooling surface before reattaching.

Andreiet al (2014) indicated that the effect of density ratio is more significant in the mixing region,
while it can be neglected in the penetration area. Another study by Aretrein012) confirmed

that the density ratio has a negligible effect within the penetration regime. Their findings also
suggested that at a constant blowing ratio, heat transfer decreases as the density ratio increases.
Additionally, the velocity ratio plays a arial role in scaling the density ratio within the jet's
penetréion zone.Yao et al (2019) investigated the effect of changing density on various hole
geometries, examining blowing ratios between 0.5 and 2, and density ratios of 1, 1.5, and 2.5 across
five different hole geometries. Their results showed that, at a constant blowingigitEr density

ratios correspond to lower coolant velocity at the hole exit. As a result, the likelihood ofqgét lift
decreases, and the lateral distribution improves due to the higher density of the coolant. However,
cooling effetiveness in the downstream zone decreased. They concluded that higher density ratios
generally improve film layer cooling effectiveness for most hole geometries, except-&irdiped

holes at low blowing ratios.

2.2.1.3Turbulence intensity of the primary flow

Turbulence intensityf the primary flowhas both advantageous and disadvantageous effects on
effusion cooling performance. In the mixing zone, increased turbulence enhances the lateral
distribution of the film layer, improving uniformity. However, in the downstream zone, higher

turbulence sigtiicantly reduces adiabatic cooling effectiveness.

In a study by Saumewebet al (2003) three different hole shapes were investigated: cylindrical,
fan-shaped, and laidback famaped, under varying turbulence intensities. The results showed that
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for cylindrical holes, increased turbulence at high blowing ratios resulted in a slight improvement
in cooling effectiveness. However, for the fsimped and laidback fashaped holes, even at the
highest blowing ratios, increased turbulence had a detrainefifect on cooling performandghen

et al (2021) conducted experimental and numerical studies on a flat plate under turbulence
intensities of 5% and 20% and blowing ratios ranging from 1.8 to 4.1. Their findings revealed that
at high turbulence inteitg (20%), the cooling performance improved by up to 4% with increasing
blowing ratio, compared to only a 2% improvement at low turbulence intensity (5%). The
simulations further confirmed the overall trend of turbulence effects on cooling performance.
Kakadeet al (2013) investigated the effect of mainstream turbulence on the adiabatic cooling
effectiveness. The data revealed that increasing the mainstream turbulence at low blowing ratios
results in an increased lateral spreading of the coolant adjaci injection points, however a
faster decay in the downstream zone. A minimal increase in cooling effectiveness was seen with

increasing the blowing ratio.

2.2.1.4CFD simulation of film and effusion cooling

Numerical simulation of film and effusion cooling has been the subject of extensive research. With
advancements in computer science and emerging CFD techniques, the role of CFD simulations is
expanding significantly. However, despite these advancemegtificgint challenges remain in
accurately modeling effusion and film coolingpractical devicesldentifying the most effective
method to predict flow behavior within cooling holes while maintaining computational efficiency
has led researchers to expleagious CFD approaches, including Laiffgeédy Simulation (LES),

Direct Numerical Simulation (DNS), and Reynoligeraged NavielStokes (RANS) simulations.

Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are more advanced tools,
providing detailed insights into jet interactions. However, in practical gas turbine (GT) engines,
where tens of thousands of cooling holes are required, the computational cost of these methods

becomes unmanageable. Consequently, alternative approaches with loywatatmnal demands
24



are necessary. The Reynoléigeraged NavieStokes (RANS) method, commonly used in
industrial applications, offers a feasible solution for simulating effusion and film cooling. Despite
its limitations in accurately predicting certain flow behaviors, RA&I8ains a suitable and widely

applied technique for these simulations.

The majority of the CFD simulations of film cooling aimedifatimizethe shape of a single hole
and its effect on the cooling performanicefigure 212, Burdetet al.(2005) showed the formation
of counterrotating secondary flow at the trailing edge of the film hole. This couatating

secondary flow increases distribution of the film layer over the surface.

Jet
mixing

Walke zone

Figure 2.12 Formation of counter-rotating vortex at the exit of the hole(Burdet et al, 2005

Sunget al (2016) conducted LES of 52 cooling holes at two different blowing ratios to analyze the
detailed interactions between the jets. The simulations revealed that at low blowing ratios, the initial
cooling performance is higher, aligning well with experimbed&da.Jin et al (2022) simulated a

flat plate with a single row of film cooling using three approaches: novel-Nagye Eddy
Simulation (VLES), a RANS.ES hybrid method, and the classic Large Eddy Simulation (LES)

method. Their results inditad that at low momentum flux ratios, the three methods produced
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significantly different outcomes. However, at higher momentum flux ratios, all methods yielded

similar performance.

Studies on the simulation of film cooling using different RANS models, sukkHasndk-¥, are

widely available due to the low computational cost and acceptable accuracy of these models.
Yuewenet al (2022) specifically investigated the effect of mesh sensitivity on film cooling
performance using RANS modek. cylindrical and a famshaped holes with different blowing
rations and number of grjgbintswere comparedis shown in Figure 23, for a cylindrical hole

and fanshaped hole, increasing the numbsrnodes around the hole revealed significant
discrepancies between experimental and CFD data. With a lower number of nodes and low blowing
ratios M), incorrect features such as jet-liftf were observed. Even among the three finest grids,
discrepancies remained evident near the injection location. The data indicated that achieving grid
convergence becomes increasingly challenging at higher bloatias M). In these cases, the
laterally averaged cooling effectiveness was slightly wpdedicted, even with a high number of

grid points. Additionally, convergence proved to be particularly challenging in scenarios involving
flow separationMiao et al. (2009) employed the RAN%-¥ turbulence model to simulate two

rows of effusion holes in a curved geometry. The coolant flow was modeled in two configurations:
(1) blowing from a crosslower plenum and (2) blowing from a straigitbower plenum, each at

different blowing ratios.
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Figure 2.13 Comparison of lateally averaged cooling effectiveness for cylindrical and farshaped
holes with different node numbers and blowing ratiosi) (Yuewenet al, 2Q22)

The results demonstrated that ¥8model effectively captured the countetating vortex pas.
Additionally, the lateral film cooling performance in tbencave zone was moderately improved

when injection was conducted from the straigluwer plenum compared to the crdsewer
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plenum.Li et al (2018)investigated the effects of curvature in two distinct pasgagekent
passage and a straight pasgagseing various RANS turbulence models. The models included the
RealizableE& model, the Standar@® model, the Shear Stress Transport (SST) model, and the
Transitional SST model, aiming to identify the most accurate model for predicting film cooling
performance. At low blowing ratiod = 0.5), the results revealed an overestimation of laterally
averaged cooling effectiveness compared to experimental data, although the overall trend matched
well. Among the models, the Realizaled model demonstrated the closest agreement with
experimental resultsAt higher blowing ratiofM =1.0), two distinct behaviors were observed:
cooling effectiveness was underestimated in the upstream region and overestimated in the
downstream region. Despite these discrepancies, the ReallZabi®del ag outperformed the

other turbulence models in predictive accuraxs/shown in Figure 241

0,4\1\' I\\\\I\\l lIII\l‘ 0,4III I\IIIIIl\ I\\\IIII
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Figure 2.14 Laterally averaged adiabatic film cooling effectiveness with different turbulence models
(Li et al, 2018)
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Yao et al (2021) simulated a combined impingement and film cooling plate using various
turbulence models, incIudiﬂgCReaIizabIek—x Standard, SST, Transition SST, and a novel model

referred to a&)-"Q-¥. The temperature and velocity contours for these models are presented in
Figure 25. The contours revealed that turbulence mo
cool ant jet spreading compared to those with
core of the wall jet in thEZ& model were distinct from those in tker models. Flow separation,

observed in simulations using tker model, showed better agreement with experimental results,

highlighting its potential for capturing critical flow features.

Temperature contours Velocity contours

(a) Realizable k-¢ (d) Realizable k-¢

(b) Transition SST k-w (e) Transition SST k-w

() ki-ky-w (f) ki-k-w

__InnmEmr g s B

300 310 320 330 340 350 360 370 380 390 400 0 51015202530 35404550

Figure 2.15 Temperature andvelocity contours of a single hole simulatiomwith different turbulence
models (Yao et al, 2@R1)
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The investigation of film and effusion cooling using both LES and RANS models has been widely
explored in the field. From earlier studies, such as those by Walter and Leylek (2000) and
Cccheriniget al (2008), to more recent works by Murrat/al. (2018), Fenget al (2024), and Li

et al. (2024), a common trend emerges: most simulations and experiments are conducted with a
single hole or one to two rows of effusion holes. Rarely do studies investigate surfaces with full
coverage of effusion holes, as ipigal in realworld applications where the number of holes often
exceeds ten thousanthe case study in our research features over five thousand effusion holes,

making it highly relevant and applicable to readrld effusion cooling designs.

2.3 CFD fundamentals

Numerical methods are an effective alternative to experimental approaches, offering significant
cost and time savings while providing more detailed data compared to experimental results
(Versteeg and Malalasekera, 2007). Despite recent advances, chakangiesin using numerical
methods, including the complexity of grid generation for intricate geometries, computational power
limitations, and the validation of CFD simulations. A solid understanding of the fundamentals of
numerical methods is essential faterpreting CFD simulation results more thoroughly and for

generating grids more efficiently, leading to improved accuracy.

This section discusses the core principles of numerical methods employ®dNS8 CFD

simulations, offering deeper insights into the processes and results of these simulations.
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2.3.1 Governing equations

The numerical methods and simulations of fluid motions are based on solving -Stokes
equations which is one of the fundamental equations in fluid mechanics science-duzkasr
equationsinclude continuity equation, momentum equations in different directions, and energy

equationfl Fox and Mc Ddheselare shewn beto@.1 1) .
Continuityequation

—., 10”6 m (2-13)
Momentum equation

— o o (2-14)

In momentum equatioliQ phgho which represents x, y, and z directions, respectively. Also,
are viscous stresses proportional viscosity ©° and strain rate’Y - — — for

incompressible flows.

Energy equation

"— nt®» oY B (2-15)

In energy equatiand 6 H'Y8— is the material derivative operator ands the thermal

conductivity. The viscouslissipation term appears in the energy equatid fms incompressible

flows (ANSYStheory guide, 2024).
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2.32 Introduction to the CFD models

Turbulence causes fluctuations in transported quantities by fluctuating the flow parameters such as
temperature and pressure within turbulent flows, necessitating the development of specific models
to account for these fluctuations and their effects ofidiae Different CFD methodsuch as DNS,

LES, and RANS were developed to account for tflestuations

DNS resolve all turbulence scales directly by solving the NaaxBéokes equations without any
turbulence models. In this method, very fine grds neededo capture the Kolmogorov scales
(Wendt, 1995)In LES, theCFD software resolved the largeale turbulent structures direciipd
models only the smaller, subgrédale eddies. Similar to the DNS, a fine grid is necessarythvgth
LES method. However, the RANS mod#décomposethe flow filed into mean components and
fluctuatingcomponentsnd the turblent fluctuations are not directly solved; instead, their effect
are modeledising turbulence models liK& or k-¥. The RANS models do not require figeds,

and they reveal aacceptabléevel of detailand have accuracy acceptable for many engineering
applications RANS models are widely used in industrial applications du#hé¢olow cost of
simulations(Versteeg, 200, Anderson and Wendt, 1995) summary of different methods

shown in Table 2.1.

In this research, RANS models were usadall simulations and a summary ofarious RANS

turbulencemodels will be discussed in the following sections.
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Table 2-1 Comparison of different CFD methods

DNS LES RANS
Method Fully resolved Large eddies resolvec Modeled entirely
Computational Very high Moderate to high Low to moderate
cost
Accuracy Very high High Moderate to low
Application Fundamental Unsteady flows, Industrial design, stead
research large-scale turbulence flows

2.32.1RANS turbulence models

In RANS turbulence models, tharbulent flowhasinstantaneous quantities such as velocity and
pressure that vary in time and space. These quantities are decomposed into two components: time
averaged mean componénf and fluctuatinggomponent . By Applying these components into
Navier-Stokes equations, for an incompressible flow, the RANS equations for momentum and

continuity are as follows:

— n74 T (2-13
'|'_o ,too6 mr , 106 ]
5 -~ C o no T (2-14)



Theo 6 term, known as the Reynolds stress, in the continuity and momentum equation reperesents

the effect of turbulence on the flow. Introducing the Reynolds stress term in the equations creates
closure problem for the equations, anavribe number of unknowns is more than the total of four
equations (one continuity and three momentum equations). The turbulence models are used to

provide additional equations.

Different approaches were proposed to address this problem. Prandtl mixing length was the first
approach and expressed the eddy scales in a linear relation to wall déstdrtbe wall reduce the
size of the eddiesvan Driest model dampdtie eddy scales near the wall, reducing mixing by

accounting for viscosity (Zawislak, 2019).

In 1877 Boussinesq hypothesized that the momentum transfer caused by turbulent eddies can be
modeled with an eddy viscosif@chmitt, 2007)Boussinesq relates the Reynolds stress with mean
velocity gradient through turbulent viscosity and turbulent kinetic energy and proposed the

Boussinesq eddy viscosi&pproximation

Boussinesq hypothesis

" 1 (2-15)

aln

turbulent kinetic energy

Q -06. (2-16)

and is the Kronecker delta.
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2.32.2 Category of RANS models

RANS models can be organized basedhe number of equations. The first model is called-zero
equation in which the turbulent viscosity depends on a mixing length and the mean velocity

gradient. This model can be used for sinfldes, but it is not reliable for the complex geometries.

A one equatiomodel is SpalafAlimaras(ANSY Stheory guide, 208 which solve one transport
equation for turbulent viscositgiven in Equation (2-17). This model balances simplicity and

robustness for walbounded flows

— 60— 6 Y 6 — T— — (2-17)

>
@
E

A E O OG'D & AA A
"MYoi ®QDHQ
0 ,0 ,,. model constants

Other models such &sHandk-¥ modelsareknown as two equatiomodek. There are common
turbulence models for industrial amdost types of engineering simulatio(Bredberg, 2000)
4 EBX model was proposed by Jones and Lauder (1972)itaindludes two extra transport

equations foturbulent kinetic energiand turbulent dissipation rgteto find turbulent viscosity

g — (2-18)

and transport equation frin the™@ model is

C-
—n
<

—— n27’6™ n* —nQ 0 (2-19)
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in which

——: time rate of change

n 0”6 "Q: convection term

n ¢ —n"Q: diffusion term and

0 0 "7 “Ydsourcsandsinksterm(0 due to mean velocity shear, due to buoyancyY

is a userdefined sourcéerm).

It should be noted that for the standard, RNG, and RealiZgbl@odels the transport equation for

kis the same.

Thetransport equation frin the standard¥ modelis

— n274f ot —nf §-0 80 6'— Y (220

in which

——: time rate of change

nO"06f :convectionterm

n ‘ —nj :diffusionternt and

6-0 60 6 "Y: sources andsinks term @ h6 hd & & coefficients varying

between different models)

The standard¥ model used the numbers from Lauder and Spalding (1974) for the coefficients of

6,06,06,06,, ,and, in the transport equationg.o account for the near wall damping
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introduced by the Van Driest mixing length model injtregjuation the damping functions 6}

"Q, and’'Qwere applied basezh the cell turbulent Reynolds numher

YO — (2-21)

The standard@¥ model is suggested for the flows with swirling, recirculating, however not for the
flows with strong adverse pressure gradient (Nallasamy, 1987). Yakhot and Orszag (1986) added
an additional term for strain rates in the turbulence dissipation equatiocréase the accuracy

for the flows with rotation and swirlingn Realizabl€Gj model theeddy viscosity equation
constant) replacego a function ofQf , mean stress and rotation rat®s the other hand, the

RNG model added an additional tefm the dissipation equation. Theswdificationsto the
standard® models increase the capability of RNG in simulation of swirling flows and Realizable

model in simulation of flow with flow separation and strong adverse pressure gradients.

The othettwo equations turbulence models suclstdark-¥ and SSTk-¥ solvesonetransport
equation for turbulent kinetic energk) (and another for specific dissipation rawd.(TheED
turbulence models are highly effective in capturing the-mnedireffects, and they widely used for
boundary layer analysislowever, these models require fine grid resolution near walls, leading to
significantly higher computational costs comparedkto turbulence modelsDue to the
computational costs amtbmputing power limitations, the Realizaf#® turbulence model was
used forthis study. Also, the Realizabl& model hagyoodaccuracy for the flows with strong

adverse pressure gradient and flow separation.

A summary of different RANS models and their applications are shown in Table 2.2.
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Table 2-2 Comparison of different RANS models

Turbulence Number of
Advantages Disadvantages
model equations
Spalart Large errors for some free she
Good accuracy for wabhounded flows One
Allmaras flows
Not accurate for the flows with
B Good accuracy for attached flow ang
StandardG strong adverse pressure Two
turbulent jets
gradients
Large errors for the flows with
RNGG Good accuracy for swirling flows strong adverse pressure Two
gradient
Realizable High accuracy for the flow with
Not suitable for rapidly straine
separation, circulation, arsirong Two
o flows
adverse pressure gradient
Standard . High computation costs, not
High accuracy near walls, good flow
accurate for the free stream Two
kv separation prediction
simulations circulation, swirl
High accuracy near walls, good flow
High computation costsot
SST . -
separation prediction, better
accurate for the simulations o Two
k- performance in free stream conditjon

aerodynamic applications

swirls
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2.32.3Near wall treatment

For modellingwall-bounded flows such as airfoils it is of high importance thegrid be able to
accurately predict the viscous dissipation across the boundary layer. The boundary layer region can

be divided into three layers

1. Viscous sublayer: close to the wall, viscous forceglanginant.

2. Buffer layer: transition zone betwethe viscous sublayer and the fully turbulent region

3. Law of the wall region: where the turbulence is dominant and far from the wall

In turbulence modelling, the ideal scenario is that the first cell from thdi@gaNithin the viscous
sublayer, however the requirements for a grid with high resolin@aasehe computational costs
significantly. To address this problem, wall functiongreintroduced by Lauder and Spalding
(1974) to capture the distancithe wall and fully turbulent region with lower computational costs

shown in Figure 24
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Figure 2.16 Difference in the velocity profile with« (ANSY Stheory guide, 2024)
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A dimensionless distance from the wall to the first node from thedwallas defined to categorize

the near wall behavior,

(2-21)

in whicha is the distance to the walBased on thé& , the different regions of the turbulent
boundary layer can be defingtie viscous sublayeto v , bufferlaye v @ o 1 rand

the loglayer or turbulent layerco o 1 (ANSYStheory guide, 2024)

For thestandardwall function, the first cell cannot be placed within the viscous sublayigs in

the log layer region. The for the standard wall function should be between 30 and 300. For
complex flows in which flow separation and adverse pressure gradiestisd the nomquilibrium

wall function is needed for a prediction with better accuracy. Similar to the standard wall function

@ should be between 30 and 300. In the cases where the viscous sublayer needs to be captured the
first cell has to be placed within the viscous sublayer. In this case, the recommiensldess
thanunity, howeverup to5 is acceptabldor the more complicated geometries. A summary of

different wall functionss shown in Table 2.3
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Table 2-3 Comparison of different near-wall treatments methods(Zawislak, 2019, ANSY Stheory

guide, 2024, Hou, 2024)

Method

Strengths

Weaknesses

Standard

Low-computational costs

Limited accuracy in complex flow:

(APG), low Re numbers

Non-

equilibrium

Moderate computational costs

Not accurate for the flows with larg

flow separation

Relies on assumptions and empiric

constants

Enhanced

Capturing details neawall physics,

separation, reattachment

High computational costs fo

complex geometries
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Chapter 3

Experamentctedur e

This chapter covers th&bend duct apparatugeometry and experimental setufll the
experimental work was conductesh the Queen's University Hot Gas Wind Tunnel (HGWT)

facility in Kingston,Ontarig Canada.

Experiments were conductedth effusion cooling applied at three distinct locations on the!sd
Experiments were conducted using both cold and hot flows, during which flow characteristics such
as wall static pressure distributions, outflow temperature, and velocity contours were measured.

Thediffuserperformance was evaluated based on the pressure recovery coefficient.

3.1Hot Gas Wind Tunnel (HGWT)

The HGWT consists of the following
i) A 30-kW centrifugal blower, which is controlled by using orifice plates at its;inlet
i) A natural gas burner rated H800kW heating
iii) A conicaldiffuser,
iv) A settling chamber
V) A conical nozzleand
Vi) A straight section for mounting the apparatus

The Sbhend apparatus was connected to the straggiion using: roundto-rectangular transition.
Themost downstrearaf device was a diffuser. Details of the wind tunnel are summairiZeable
3.1,the schematiof the hot gas wind tunnel with the exhaust system is shown in Figuretld.,

Figure 3.2 shows the HGWT.
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Table 3-1 Hot gas wind tunnel details

Centrifugal blower Burner Settling duct
T 40-hp (30 kW) T 1600kwW q Circular
| Velocity up to 100 m/s 1 Temperatureip to 600C i Inner diameter of 8 inches

Flow direction
0
Centrifugal Diffuser BT Setting  getling Transition Ditt
urner iffuser
blower chamber chamber duct duct S-duct

Figure 3.1 Hot Gas Wind Tunnel (HGWT) schematic

Figure 3.2 Hot Gas Wind Tunnel (HGWT)
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3.2 Test section

3.2.1 S-bend

Thetest section included three parts. The first part after the settling ducts is the guide duct, which
is a round to rectangular duct and cons#ut settling duct to the-Bend followed by a diffuser.
In Figure 3.3, threparts of the exhaust systeare shownBolt was used for connecting different

sections of the exhaust system.

& | e

M

Figure 3.3 Test section transition round -to-rectangular duct (guide duct), S-bend with effusion
holes,and diffuser

The Sbendwas made of two bends with 4%®-45 turning angle and astraight sectiorconnects

thetwo bends. The detaitsf the geometry are shown in Figure 3.4 and Table 3.2.

44



Table 3-2 Test section specification

Total lenght of thetest sectiord- 7 - ; 100 cm

Centerline offset (OS) 10 cm
S-bend centerline turning radius (R) 20 cm
S-bend turing angle | 45 o
Distance between two bends, 10 cm
Diffuser angle [  (both walls) 48 o
Height (b) 30cm
Outlet width (55 ) 15cm
S-bend total length 36 cm
S-bend width 10 cm
Guide duct lenght 30cm
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Figure 3.4 Test section details (Ng, 2014)

All the parts were made from dfuage SS316 stainless steel sheet métab, graphite heat
insulation sheeta/ereused betweageach part, as shown in Figure 3he plans of each paate

providedin the AppendixA.

Figure 3.5 Heat resistant sealant at the connections
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3.2.2 Cooling Plena

To provide coolangir flow to the effusion holesof the Sbend, a separate cooling plenum was
required for each side. One of the primary design challenges for the test sedmmstructing
functional cooling pleafor both walls of the $end. The geometry of thetind and the presence

of bolt edges at the connection points of the coolinggeade sealing the gaps between the S
bend walls and the plenum edges particularly difficult. Additionally, the use of graphite sealant was
not feasible due to the curvature of the geom@&tyaddress this, twwcooling plemawith the lenghs

of 84 cm and height of thel$nd one for each side wall, were designed and fabricated from sheet
metal at Queen's University's machine shop. The cooling pkenshown in Figur8.6.

Three adjustable latches were welded onto the surfaces of the cooliagaptethe Send to
ensure a secure attachment. The latches on bothltkadsand the cooling plarare shown in
Figure 3.7. Small gaps between thbehd and the plerwere sealed with a layer of flexible, heat
resistant sealant, followed by an additional layer of-hesistant wax to prevent any leaks from
the cooling plea. Also, two holewith a diameter of 5 crwere drilled at the end of each plenum

for thesupply ofcoolant air

Figure 3.6 Cooling plena for both side wallsat the machine shop
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Latches on the

cooling plenum

; J‘
Latches connecto LN
onthe Sbend [

Figure 3.7 Welded latches on the cooling plenum and-8end duct

The coolant air was supplied using twovariable speadeaf blowers.Also, two venturimeters
(HYSPANdianeterof 1.25 inch) were used for the flow measurenoémiheair entering the plem

The blowerand venturare shown in Figure 3.8he venturi was connecte the plenum with
adding a straight pipe with the length of the 10 cm, and the leaf blower wasteahioehe venturi

with a hoseThe final setup of the cooling plenum, venturi, and the blower connection is shown in

Figure 3.9.

Toroleaf blower Venturi

Figure 3.8 Leaf blower and venturi
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Figure 3.9 Cooling air supply setup

3.2.3 Effusion holes

Effusion holes with a 1 mm diameter and a linear spacing of 4 mm wereadtdst on both
sidewalls of the $end, as shown in Figurel®. Due to the manufacturingnitations,the holes
were drilledperpendicular to the surfacA. total of 4947 effusion holes were drilled on each
sidewall of the $end, andnargirs of 15 mm from the side edges and 52 mm from the top and
bottom edges was maintained to provide space for attaching the cooliagTieriully perforated
surfacehada total cooling area of 200 mm x 384 mm, watfusionholes covering approximately
5% of the total surface area as open spHoe.Sbend was sprayed wiftat black painto achieve
high emissivityfor IR thermography purposeshis paintcaused minofup to 10%)blockage in
some of theeffusionholes.The details of the effusion holésr each segment of theti&ndare

summarized in Table 3.8ide walldesign drawings are providedAppendixA.
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Figure 3.10 Laser-drilled effusion holes on the Sbend wall

Table 3-3 Details of the effusion holes on the-Bend surface area

Segment Number of holes Cooling holesarea 0O O Cooling surface area 0 O
Convex 1377 1081 20,600
Spacer 1224 961 20,000
concave 2346 1843 26,200
Total surface area 4947 3885 76,800
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3.2.4 Cooling injection configuration

Three different locations on thel&nd passage were considered for cooling: the first convex
surface, the second convex surface, and the left wall with full coverage of effusion holes, as shown

in Figure 3.11

[Second convexj

[Flow directio@_p

(First convex
Left wall full
coverage

Figure 3.11 Cooling hole locations on the Shend duct

As previously discussed, the walls of thé&hd had full surface coverage with effusion holes. For
each test location, the effusion holes at the other locations needda@ckesl so no effusion flow
would take place in those locatiori&o achieve thisself-adhesivendustrial aluminum foil was
used. Four layers of aluminum foil were appledthe duct outside &nsure durability, preventing
burning or detachment of the first layer from the surface. As shown in Fig&g@.the second
convex confguration, the effusion holes on the remaining surfaces of #hen8 passage were

covered with aluminum foil.
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/ > L BT, il
Second convex

effusion coolingarea

Figure 3.12 Second convex effusion cooling age

3.3 Instrumentation

Various measurement instruments were used for inflow and outflow measurement including:

I.  Atwo-axis traverse system equipped withlaole probe was installed at the diffuser outlet

to measure the outflow temperatypeessurgand velocity.

Il. Pressure transduceasd duct surfacepressure tapfr measuring pressures at different

locationsin the duct.

Il Digital handheld manometer for the inflow measurments at the inlet of the test section

IV. A venturi for measuing of thetotal effusioncoolant mass flow rate
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3.3.1 Two-axis traverseand pressure transducers

A two-axis traverse (XY) system with a fhole probe mounted on a frame was used to map the
outflow velocity and temperature distribution. To measure temperaturesy@eKhermocouple

wire was added to the tip of thehtle probe shown in Figure 33 For thecold tests, the probe

was positioned.5cm from the edge of the diffuser.

During the hot tests, the test section expanded due to thermal effects, with the expanséoh reach
up to 14 cm. Consequently, the distance of the probe from the edge of the diffuser varied between
1 cm and3 cm, depending on the thermal expansion of the test section. The probe was intentionally

kept at a safe distance from the edges to prevent damage to the tip-bbieeiobe.

7 hole
probe tip

'IU’*I | !l-ruv = |

Stepper motor

(Y-axis)

Figure 3.13 Placement of the tweaxis traverse and the 7hole probe

The *hole probe was driven by two stepper motors, enabling movement in the X and Y directions.
It was connected to a 48t analogto-digital data acquisition (DAQ) system.-house MATLAB

codes wereisedfor DAQ, processing, and controlling the stepper motors.

To map the temperature and velocity distribution at the diffuser outlet, the probe was programmed

to collect data at 1620 points, as illustrated in Figurd.3hta collection began at the tigdt
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corner of the outlet, moving horizontally to the right to complete each row. Afterward, the probe
returned to the left side to start the next row. The step size was 6 mm irdttexion and 5 mm

in the Y-direction.To study the effect of the data point density on the results one test with the step
size of 4 in the Xdirection and 4 mm in the-direction was conducted, and no significant change
wasobservable

To ensure full coverage of the outlet area, the traverse was programmed to collect data over a
slightly larger area than the diffuser outlet, with excess data trimmed duringrposssing. The

outlet mass flow rate was calculated by integrating theatdlected at these points.

Data | < End of one
collection row of data
starting point collection
y End of data
collection

X

D — points

Figure 3.14 7-hole probe data collection map at the outlet of the diffuser

3.3.2 Wall pressure taps

To measure pressure on the walls of the test section, pressu(&daps/alveTUBN-040-L2)
were welded along the centerlioé the both side walls of the test sectioA total of 27 were
installed, including 2 on the guide duct, 19 on tHee8d duct, and 6 on the diffusasshown in

Figure 3.5. Additionally, 4 pressure taps were welded onto the walls of the cooling plenum to
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measure static pressure within the plenum. Hesistant tubes were used to connect the pressure
taps to the pressure transducersd a small hole asdrilled on the cooling plenum to connect the

tubes to the pressure transducers.

The welding process caused some irregularities in the diffuser segment due to exposure to high
heat, resulting in slight deformation of the side walls at the centerline. Furthermore;tiywe K

thermocouples were attached to the surface to measure thtemadrature.

Pressurg
taps

S-bend duct Diffuser

Figure 3.15Welded pressure taps on the Bend and diffuser

To measure pressure®mega(PX139 +1 ps) straingauge sensors were used. The pressure
transducers were grouped into boxes, each containing 8 sensors. Based on the available transducers,
a total of 6 pressure transducer boxes were assembled, as shown in Fyubetailled calibration
procedures for the-fiole probe and the pressure transducers are providedAppeadixB.1 and

B.2
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OMEGA ENGINEERING
MODEL PX139
PX139-00104V

1C20-03

X!

Single pressure transduc Assembled box of pressure transduce:

Figure 3.16 Pressure transducers

3.3.3 Inflow measurement

A Dwyer digital handheld manometer-@D inches of water) as shown in Figure73ahd wall
mounted static pressure taps were used for measurement the inlet parameters of the flow. The
measurments location was 130 cm upstream of the test section. The inlet of the guide duct is
considered as the the beginning of the test section. Tidhal manometer was used to manually
linear traverse at the centerline of the settling duct to the wall. Aldgp&thermocoupleD=1

mm) were used for temperature measoeats. Thealetails andocation of thanstrumentatiorare

shown in Figure 34

The inlet mass flow ratea and outlet mass flow ratex a a were
calculated by integrating the velocity profiles at the inlet and outlet locations. The mass balance
results showed that the differences between the inlet and outlet mass flow rates for the first convex
case second convegase and left wallcasewith low coolant mass flow rates were 4%, 3%, and

4%, respectivelyFor the cases with high coolant mass flow rates, the differencesc¥e &0,

and 8% for the first convex surface, second convex surface, and left wall, respectively. The 8%

difference for the left wall with high coolant mass flow rates was attributed to drilling a third hole
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and modifying the surface of the cooling plenum to accommodate a third béoveetywo blowers
wereinsufficient to achieve the high coolant mass flow rate required for full surface coverage of
the left wall. A summary of the mass balances for different cassisown in Table 3.4ndTable

3.5.

| Access for Nhk i
linear travers

SERIES 475 MARK Il
DIGITAL MANOMETER

Location of themeasurements

Figure 3.17 Inlet flow measurement
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Table 3-4 Flow mass balances for differentooling locations and low coolant mass flow rates (LCM)

Outlet mass flow _
Difference between
_ _ Inlet mass flow rate rate _
Cooling location inlet and outlet ( ae
O (ka/s) Oeo o « U 0 <«
(%)
O, . wt(kgls)
First convex 2.35 2.2 +0.034 4
Second convex 2.38 2.27+0.032
Left wall 2.32 2.2+0.024 4

Table 3-5 Flow mass balances for different cooling locations ankligh coolant mass flow ratesiCM)

Outlet mass flow _
Difference between
_ _ Inlet mass flow rate rate _
Cooling location inlet and outlet ( &
(%)
Ou. . .+(kg/s)
First convex 2.11 1.9+ 0.075 6
Second convex 2.22 2.05+ 0.059
Left wall 2.31 2.04+0.083

3.3.4 Coolant mass flow rate measurement

To measure the coolant mass flow rate, a venturi was installed at the inlet of the cooling plenum.
For cases with low coolant mass flow rates, only one venturi and one blower were used. For the
first convex and second convex cases with high coolant nagsrdites, two venturis and two
blowers were employed. For the full surface coverage of the left wall at high coolant mass flow

rates, three venturis and three blowers wsed.

A HYSPANventuri with athroatdiameter ofL.25 inch pipe IDandthroat 0.725 x IDnches was
used, and thetaticpressures at the ventumiet and throatvere measured by connecting tubes to

pressure transducers linked to a DAQ system.
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To calculate the mass flow rdta each venturé (kals)
a 0 & 8¢ Y0 (3-1)
Where:

0 : discharge coefficient (dimensionless) of the venturi and accounts for differeftiesin
conditions like friction and turbulence. The range value is typically from 0.95 to 0.99 faor well
calibrated venturis. Based on the model number and manufactummmendations of the

HYSPAN venturi the considered value for the calculations were 0.96.

0 : Throat cosssectional area of the ventudi ()
o — (3-2)
andQ is the throat diamter.
" : Fluid density
Y0: Differential pressure (Pa), measured between the inlet and throat of the venturi.
Yoo 0 0 (3-3)
And U is the static pressure at the inlet @ndks the static pressure at the throat.

3.4 Experimental procedure

The schematic of the experimental facility and the all measurments equipment with the cooling

plenum at the left wall are shown in Figure&.1
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Computer, | ]
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g |:| (Connection for pressure taps)

Traverse
i ) controller
Flow direction
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Figure 3.18 Schematic of experiments setupith effusion cooling at the left wall (not to scalg

The experimenat procedure was as follows:

An orifice plate was selected at the blower intake that gave the desireahypritass flow. Then

the primaryHGWT blower was turned on.

The effusion air blower was turned on to deliver the air to the plenum. The blower speed was set

to the desired flow ratecorded bythe venturi meter.

Once the blowers were operational, the measureryst¢ém vas started The Zhole probe was
connected to a pressure transducer box, which was further linked to the data acquisition (DAQ)
system and computer 2. Inlgrimary flow measurements were conducted using a digital

manometer positioned at the designated upstream location of the test section.

Duct wall pressure distributions were measured by connecting the pressure tap tubes to multiple
pressure transducer boxes, which were linked to another DAQ system, with data recorded on
computer 1. Additionallyeffusion airventuri pressures were measured using a separate pressure

transducer box and DAQ system.
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It should be noted that the wall pressures were measured multiple times duriegpaanento

account for any variations in the data caused by the extended duration of each test.

For the hot tests, the temperature of the primary flow varied by approxingd@lyrom the
beginning to the end of each test. Each test lasted about 4 hours for the hot tests and 2.5 hours for

the cold tests.

For eacheffusion holdocation, two different coolant mass flow rateish constant primary mass

flow rate were testedhe lowest mass flow rate that provided effective cooling on the surface and
the highest achievable coolant mass flow rate. Teggerimentsnvestigate the effect of varying
coolant mass flow rates on the pressure recovery performance of the diffussgexperiments

were categorized as low coolant mass flow rate (LCM) and high coolant mass flow rate (HCM).
The S-bend ductsystemwas tested without any effusion cooling at the wallsa baseline for

investigating the effect of the effusion cooling.

In total, 13 experiments were conducted

i) The baseline case without effusion cooling

1)) Experiments for the first convex, second convex, and left wall with both hot and cold
primary flow.

iii) For each configuration, experiments were conducted with both low coolant mass flow

rate (LCM) and high coolant mass flow rate (HCM).

iv) 50 supplementary experiments were performed to ensure repeatability and to address

potential issues in the measurementstaedHGWTsetup.
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3.5 Measurement and uncertainty analysis

The pressure transducers for the wall pressure taps were configured to record data for 10 seconds
per measurement, with a sampling rate of 250 Hz, following the guidelines provided by Zawislak
(2019) and Ng (2014). For thehble probe measurements durthg cold tests at the outlet, the
pressure transducers recorded data for 4.5 seconds at each data point, with a settling time of 1
second and a sampling rate of 300 Hz. During the tests with hot flow, the pressure transducers
recorded data for 3.5 seconukr data point, with a settling time of 3 seconds and a sampling rate

of 250 Hz. The longer settling time for the hot tests was necessary to accommodate the additional
temperature measurements at each data fdiatdetails of the sampling time and rate are provided

in the appendix C.2.2.

The total uncertainties in the experimental measurements were calculated by accounting for the
sensor errors and the standard deviation of individual readings using tfeimesguare (RSS)
approach. Other uncertainties, such as those for the mass feowr ra were evaluated through

error propagation methods.

A summary of overall uncertainties in the results and flow measurements for the low coolant mass
flow rate (LCM)for thefirst convex cas@and experimental test detaitsprovided in Tables 3.5

and 3.6, respectively. It should be noted that the uncertainties varied depending on the effusion
location and the coolant mass flow rate. The first and second convexhadsgproximately the

same uncertainty valuexcept for the pressure recovery performance with low coolant mass flow
rate. The first convex cashowed the uncertainty ofg 2%due to pressure values closeéra
Furthermore the pressure recovery coefficients showed the highest values of uncddrially
casesompared to other parametdrsother parameters, the left wall case with high coolant mass
flow rate had the highesihcertainty The details of each location uncertainty and calculations can

be found inAppendixC.
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Table 3-6 Uncertainties for the first convex case with LCM

Instrument/ Parameter Measurements Overall uncertainty

Thermocouples Temperature F+52%

Pressure tapsat the walls Staticpressures F+53%

7-hole probe Total Pressure F+34%
3-axisvelocity F+34%

Pressure coefficient( ) - 7%

Inlet mass flow rate - F+34%

Outlet mass flow rate 6%

Coolant mass flow rate 6%

Table 3-7 Experimental tests matrix

Cold test  Hot test LCM

HCM

Constant
primary
mass flow

rate

Varied primary flow

mass flow rate

No cooling

case

First

convex

Second

convex

Left wall
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Chapter 4

Sl mét hodCFabhdsi mul ati ons det ai |

In this chapter, the novedot method for simulating effusienooled surfaces is introduced,
followed by details of the CAD designs, grid generatsamsitivity studyturbulence modeknd

final CFD models.

4.1 Slot Method

Effusion-cooled surfaces with full coverage consist of thousands of small holes through which cool

air interacts with the main flow, significantly altering its behavior. Understanding this interaction
between the primary and secondary flows is crucialioamrmethods exist for simulating effusion
cooledsurfaces. One common approach igih®usjumpmethod, where effusieoooled surfaces

are modeled as porous media. While this method provides reasonably accurate results at a moderate
computational cosfts assumptions limit precision. Another approachdke-by-hole simulation

which offers the highest level of accuracy but comes with extremely high computational costs,

making it impractical for most designers.

In this research, a novel approach calledsthiemethodwasusedandinvestigated in detafbr the

first time. In thedot method, instead of simulating individual holes, a limited number of alets
used to model rows of effusion hol@hese slots mimic the interaction betweenetiasion flow

and primary flow, providingmapproximate representation of the effusion cooling proGsarly

this method does not account for the detailed flow structure of the individual jets from thétholes.
can be sedto model the main impact of the effusion mass flow and momentum on the primary

stream.

For using thismethod,the coolant mass flow rate through all the effusion hoksds to be

calculatedbased on the porosity of the surfaPerosity is calculated by dividing the opkale
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surface area by the totahll surface aredf the walls of the Sbendconsideredas a rectangular
array of round holes with a diameterdyfhole spacing oh, andn number of holeshe porosity

(PO) of the Sbend walls is as follows:

0/ —ZX#n (4-1)

For the first and second convex the porosity was calculated 5.23% and for the left wall was 5.12%.
By calculating the percentage of the open area on the sutiacgze and numbers of the slots for

each locatiorwere determinedBased on that, for each location 4 different number of slots were
considered to see the effect of the number of slots on different parameters. For the first and second
convex the 1377 effusion holegrereplaced by 3, 5, 9, and 14 slots for the CFD simulations. For

the left wall, 4947 effusion holes were replaced by 5, 9, 14, and 22 slots for the CFD simulations.
The details of the slots at different locations are summarized in Tablké ghbuld be noted that

sincethe Shend have curvature, the size of the slots at some locations had a tolerajg€.af

mm.
Table 4-1 Details of slots at different locations of the $end
Location on the S| Effusion holes | Description Number of | Size of the slots Distance betweer
duct slots [mm slots
[mm]
First and second| 1 mm diameter,| 1377 effusion 3 1.8 50.2
convex 4 mm linear holes 5 1.08 25.1
spacing 27 rowsand 9 0.6 125
51 columns 14 0.38 7.7
1 mm diameter, | 4947 effusion 5 3.83 914
Left wall 4 mm linear holes 9 2.13 45.7
spacing 97 rowsand 14 1.36 28.1
51 columns 22 0.87 17.4
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4.2 CFD procedures

The ANSYS020R2package was used for all simulations. Blegeometrymodels werelesigned
in SpaceClaimsoftware, grids were generatedANSYSMeshing and simulations wergiun in
ANSY S-luent Some data analysis was done ugiNgY S-luent'sbuilt-in data processing tools,
and the majority of the poegrocessing was done Trecplot3602021R2. All simulations weregun

at the Queends Center for Advanced Computing (

4.2.1 Geometry

For each location, four different slot configurations were designed, resulting in a total of 12 CAD
models for the three locations. The CAD models included the settling duct, guide -thacigl,S
diffuser, cooling plenum for both side walls, and an outlesgure plenum. The slots on the surface
were modeled as channels with a height of 1 matchingthe thickness of the-Bend walls. An

example of the CAD model for the first convex with the cooling plenum is shown in Figure 4.1.

Outlet Pressur

Plenum

Cooling
Plenum

6\&@0‘.‘0“

Y\O\ﬂ/

| Cold Gas Inlet] [ Diffuser |

Hot Gas

Inlet

Figure 4.1 CAD design for the first convex cooling locationrfot to scalg
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In Figure 4.2four different models with 3, 5, 9, and 14 slots for the first convex without the cooling

plenumareshown.

"
b) 5 slots

c) 9 slots

d) 14 slots

Figure 4.2 CAD designs of 3, 59, and 14 slots on the first convex surface
67



The outlet plenum was added so that the outlet ambient pressure boundary conduction could be
applied at the plenum outlet rather than at the diffuser olitietpressure at the exit of the diffuser

is not ambient pressure due to secondary flows in the diffuser.

The starting and ending points of the slots were defined based on the positions of the first and last
effusion holes, and these points remained fixed for all slot configurations. Also, Figure 4.3
illustrates the design configuration for the cooling plenum alots (3-slots) The slots are

connected to the cooling plenum with a height of 1 mm.

Figure 4.3 Connection of the cooling plenum through 3 slots to the-Bend

For the second convex as the number of the effusion holes and the dimensions wersaractly
as the first convex, thmodels are the same as the first convex. For the left wall, 5, 9, 14, and 22
slots wereused inthe simulationsThe CAD designs for the four different slot configurations on
the left wall with full surface effusion cooling are shown in Figure 4.4. As illustrated in Figure 4.5,
the cooling plenum for the left wall case is larger compared to those for the firstand senvex
cases. Thiss because the surface area of the left walé significantly larger, and the cooling

plenum must span the entire surface to connect both the first and last slots.
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a) 5 slots

b) 9 slots

c) 14 slots

d) 22 slots

Figure 4.4 CAD designs of 5, 9, 14, and 22 slots on the left wall surface
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Cooling Plenun

for the left wall

Figure 4.5 CAD design for the left wall case

4.2.2 Grid generation

ANSYSMeshingwas wsedto generate grids for alhe cases, with unstructured grids of varying
sizes applied to different parts of the model. Three bodies of influence were defined: one spanning
from the inlet to the ®end, another from the-I&nd to the outlet, anchautlet plenum athe

diffuser outlet with twice the length of the diffuser. In these regions, different grid sizes were

applied to balance computational cost with simulation accuracy.

The surface grids are illustrated in Figures A& shown in Figurd.7, 7 layers of inflation with

the thickness of 0.08 mm for the first layer and growth rate of 1.2 at the walls were generated. For
the cooling plenum walls only 3 layers of inflation were considered as the cooling plenum walls
were not the focus of the reseh.It should be noted that minor adjustments were made to the

number or size of the inflation layers to accommodate the different slotisidéferent cases
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This chapter focuses on one specific case, while the remaining cases are largely similar, with only

slight variations in the grid parameters.

Regions with low

density of grids

Figure 4.6 Generated grids for thefirst convex

Inflation layers a|

the walls

Figure 4.7 Inflation layers at the walls of the model
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One of the main challenges in grid generation was ensuring proper meshing at the outlet of each
slot. Given the small size of the slots and the need to agfation layers along allhewalls, very
fine grids were required at the slot outlets to avoid skewed cells. This challengeveasvident
for cases with a higher number of slots, as smaller slot sizes made it even more difficult to achieve

optimal grid configurations.

To address this issue, a body of influence with a height 3 mm greater than the height of each slot
was created for every slot. This additional height allowed for the generation of very fine grids at
the slot outlets, effectively resolving the skewness IprabThe average orthogonality quality of

the gridswas0.76 with the minimum of 86 for less than 50 grids in the whole domain and the

skewness had the maximum value of 0.89 for less than 30 grids in the whole domain.

Figure 4.8 Grids at the location of the slots
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