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Abstract

Transpiration cooling as potential replacement of rhdte effusion cooling for gas turbine
engines combustion liner application is investigated by compatieg cooling film
effectivenessased on the mass transfer anal@@lyEv). Pressure sensitive paint was used to
measureCFBy over PM surfacesvhich wasfound to be on averag% highe than multt
hole effusion coolingHigh porosityPM with low resistance to flow movement weraifal to
offer uneven distribution oéxiting coolant, with large amousteaving the trailing edge,
leading tolopsided CFEv. Design of anisotropicPM based onPM properties(porosity,
permeability, and inertia coefficient)ere investigatedsing numerical modets obtain more
uniform CFEu. Heat transfer analysis of differdAM showedhatanisotropicsamples offered
better thermal protection oveasotropic PM for the same porosityComparison between
cooling film effectveness obtained from temperatures €lgainst CFR revealed large
differences in the predicted protection. This is attributed to the assungpti@de to apply
CFBEuv, nonetheless, CrEremains a good proxy to study and improve transpiration cooling.
A methal for creatinga CAD model of designedPM is proposed based on critical

characteristics of transpiration coolifay future use in 3D printing manufacturing
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t Dynamic viscosity—.t. G Surface porosity
- Coolingfilm effectiveness zZ CFE uniformity ratio
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1 Introduction

1.1 Background

The environmental crisurrentlyfacinghumanity is likely to be one of the defining features
of the 2% centuy. The road to changing the course of history lies in the reduction
greenhouse gasnissionsuch as methane and carbon dioxide, to name the main culprits. Most
of the legwork will come from transitioning our energy soufo@® coal, gasoline, anthtural
gast o fewl e aspurcgsuch as: wind, hydroelectric, nuclear, satydrogen fuel cells
andfission,if science advances enough. Of course, virtuallindlistries and sectqrsuch as
our modes of transportatiowjll alsohave to transion to electricity.Electric cars are already
commercially available and readificcessibleand it remains a question of time before a full
transition occursThese transitionare inevitableput therate at whichthey do is crucial.
Ultimately, the sped at which we transcend intosastainable future falh the hands of
societies around the wortd put pressure oine leaders they elect, or inherit.

One transition which is likely to take much more timensthe aviation sectorwhere
powerful air-breathing gas turbine engines runjenfuel (such as Kerosene) to produce the

thrust required to fly. Kerosene is considered to have a relatively highyatesrgjity, with a

specific energy oft a— [1]. In comparison, he best batteries currently available have

specific energy oapproximatelyg ¢ -+ or 1@ =, far lower than keroser@]. Installing

more batteries to compensate for the energy gap increases the weight of thehpkne,
requiring even more thrust to be generated to lift the plane. Practically, this irgosg®n

the maximum size an electric placmuldreach Consequentlythe best way the aviation sector
cancurrentlyreduce i$ greenhouse gas emissions is by increasing the efficiency of the planes.
Furthermore from an economicstandpoint the increase in efficiency decreases the specific
fuel consumpbn, and therefore the operational cost of the plane.

Raising overall pressure ratios (OPR) and turbine inlet temperatures (TIT) enable modern
gas turbine engines to achieve thermodynamic efficiency gains, thus reducing specific fuel
consumptions. However c ool i ng g aaspath (HGB)icampahentshéronts
particularly challenging due to high OPR and high thermal loads caused by elevated TIT.




Effective cooling strategies are therefore essential to pidt@Btcomponents from premature
thermal damges.

Multi-hole effusion cooling is widely adopted to protect the gas turbine combustion liner. A
portion of the compressor discharge air is blown through spanwise slits or rows of holes,
forming a protective cooling film over the inner part of the combnsthamber linef3]7[8],
as shown irFigure1.1. Although effusion cooling is a simple and reliable technique, it is not
ideal as it does not provide uniform cooling film protection aralsslimited by the amount
of coolant that can batroducedexcessive coolant flow rates and velocities through the holes

can produce lifoff of the coolant jet§9], reducing overall cooling film protection.

.;-_%ﬁ |
Effusion - Machined
cooling cooling ring

Figure 1.1 Schematic of effusion cooling in gas turbine combusts [10].2

The ideal scenario is a method that would provide a constant and uniforimgctioh.
Transpiration cooling, where cooling is achieved by passing a fluid through a porous medium
and creating a protective film over it when exiting, could potentially offer this type of

protection A schematic is presentedkiigurel.2.

! Reprinted fronElsevier BooksSecond Eition ,C. Soaresii Ga s T i A lmndhoeksof Air, Land and Sea
Appl i c,A%3254 Gapyright2015 with permission from Elsevier.
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Figure 1.2 Schematic of transpiration cooling[11]. 2

This work aims to study the potential benefits of transpiration cooling psiraus media
(PM) and earlier preliminary experimentaldata to védate a numerical model The
experimental approadl part ofearlier workcarried outby Mr. Kivanc Yildiz as part of an
undergraduate Thesis submitted in April 201 9hich | assisted faomeof the experimental
setup and data acquisiti¢h2]. It is summarizedn Chapter 4 due to its importance for the
development and validation of the numerical mModée experiments involve visualization
of the cooling film over thePM surface: pressure sensitive paint (PSR applied to
determine cooling film effectiveness of transpiration cooling by using the heat/mass transfer
analogy (CFEv). The PSP responds to the partial pressure of molecular oxygen over the
painted surface, modifying iftuorescencentensity uponultraviolet UV) excitation. Once
calibrated, the changefluorescencantensity from PSP alloeddetermining the main stream
air fraction being replaced by nitrogen, whichealads a proxy for cooling air passing through
thePM and forning a protective film over its surte.

The numerical modetlevelopedin this work uses a commercially available CFD tool
(Ansys Fluent) to simulate a 2D representation of the experimentap setith the aim of
gaining insights into transpiration cooling by replicatihg v a expedirsenal results.PM
are then designed by profiling the porosity, permeability, and inertia coefficient using a square

root function to achieve ide&lFEy, i.e., an evemand uniformconcentration of coolant over

2 Reprinted by permission from Springer Nature: Springer Natieaf and Mass Transfgfl1], Copyright ©
2018 Sspringer Nature. All rights reserved.




the wholePM surface. Numerical heat transfer grsid of theseéPM is later performed to
comparehe CFEy to the cooling film effectivenessbtainedrom temperature (CFE).

Finally, a method for creating CABhodelsof profiled PM for manufacturing using 3D
printing is made based on important characterigiosh asstructural integrity, high specific
surface area, limited possibility of foulinggpeatabilityand ease of manufacturinthis work
was performed in collaboration with the Gas Turbine Laboratory oN#tenal Research
Council of Canada (NRC), Ottawa, Ontario.

1.2 ResearchAims

Investigation and observation tfe cooling film in transpiration cooling has not been
widely reported. The aim of this thesis was to gamdamentainsight of the cooling film over
PM and investigate possible improvemenkie influenae of PM properties, i.e., porosity,
permeability, andhertia coefficient orthe CFEv, was investigateth ascertain if designgeiv
can improveCFEv over nondesigned samples

1.3 Thesis Content

The following thesis isarrangedinto ten chapters. The content of each chapter is

summarizedn this subsection.

Chater 1 is an introductionn the subject matter of this thesis and presents the motivations

for the work covered in subsequent chapters.

Chapter 2 reviews the literature for previous and relevant work surrounding the transpiration

cooling method and thesa ofPM.
Chapter 3 establishes the research objestiadertaken to achieve the research aims.
Chapterd contains the experimental wablg Mr.Kivanc Yildiz in his undergraduate thesis

theCFBEv of aluminum metal foamgerformed at the NR{1.2]. Resultsare compared multi-

hole effusion cooling from the literature which demonsttake superiorprotectionof the




transpiration coolingnethod It is included due to its importance in developing the numerical

model used for the rest of the present thesis.

Chapter5 presents the numerical setup using Ansys Fluent to simulate the flow of a fluid
through a channel andPM. The chapter includaletails on the domaigoverningequations,

discretization methods, turbulence model, and mesh analysis.

Chapter6 compares the results between the numerical simulations and experirents
sensitivity analysis oPM propertiesi.e., permeability and inertia coefficient is performed,

indicatinga relation between théFEv and the aforementioned properties.

Chapter7 uses the findings on the effects BM properties on th€FEv to designsamples
which offeruniform film protection. More specifically, these properties are profilesing a

square root functioto redistribute coolant exiting thieM.

Chaptei8 establishes the numerical heat transfer maddlvalidates ibased orexperimental
datafound in the literature. Adaptation of this model to the problems and conditions of this

project is outlined, allowingomparison betweeGFEr to CFEu obtained inprior chapters.

Chapter9 presents a CAD model created in SolidWorks of a profibtifor use in additive

manufacturing based on important design crit@ri@anspiration cooling

Chapterl0concludes the fidings of this thesis, followed by recommendagion future work
that should be performed to further the development and understanding of transpiration

cooling. A list of references and the appendices follow this chapter.




2 Literature Review

2.1 GasTurbine Engine

Gas turbine engines are a type of internal combustion engieee chemical energy from
the combustion of fuel is converted into kinetic energy to rotate a shaft and/or produce thrust
from the exhaust gases. The shaft can be attached tchamman and make use of this energy,
for example: turning an electric motor (turboshaft), powering helicopter blades (turboprop),

powering a giant fafor propulsion(turbofan).

The theoretical efficiency of gas turbine engiredetermined by thaleal Brayton cycle
which isshown on a I8 diagram irFigure2.1 for an open cycleEvolution from %2 is the
compres®n of the air by the compressd-3 the combustiorof fuel in the combustion
chamberand 34 the extraction of work through the turbifiéwe efficiency is calculated using
Eq.(2-1) [13].

P2 >P1

S

Figure 2.1 Temperature-entropy diagram of the Brayton cyclein an open cycle




(2-1)

wheres s the theoretical thermodynamic efficiency of the enginés pressurer is the
specific heat ratio of thair, o the net work produced by the engine, andthe heat energy
added to thesystemfrom combustionTherefore the theoretical efficiency is determined by
the OPR of the engine.

The amount of work extracted by the turbine can be calculatEiBhy

W ony "y (2-2)

where @ is the work extracted by the turbirmad 6 nthe specific heat of the gas
Maximizing the TITof Y allows the maximum amount of work to &etracted. However, this
leads to high thermal loads on components in the HGP such as the combustion liner and turbine
blades, thereby requiring active cooling.

The net work extracted by the engine equals the work produced by the turbine minus the

work used by the compress@m [13]:
W W W (2-3)

Therefore, by improving the cooling method used, lower ansmfrdoolant may be used
to protect the liner resulting in highef temperaturedue to reduced dilutiobetween hot gas
and coolant Reduction in coolant usage lowers the amount of work required by the

compressor, leading to higher efficiency.




2.2 Gas Turbine Engine Cooling

In this section, an overview of the evolution of cooling techniques of gas turbine engines
HGP components is presented. Such examples of HGP components include, but are not limited
to: highpressure turbine, combustor, heat exchangesings, bores, compressor and turbine
disks, bearings and gears, exhaust nozzleginig, and fire suppressioA schematic othese
components arpresented irFigure 2.2 [14]. Most of thereseach has gone into cooling of
high-pressure turbirgg summarized ifil4], and combusta thelatterbeingof concern for the

presenthesis.

Turbine

cooling
|

Nacelle/cowling fire suppression ¥, Ty S

e S ST ﬁ. : 1“_:1. cooling
. ! Heat exchangers

Fan Bypass

Casing thermal
distortion control

- Fuel heating; |
Combustion \

Bearing lube system / Bore cooling  Tyrbine disk Exhaust
Oil heating/cooling cooling nozzle
Compressor cooling

dizk thermals

Figure 2.2 Crosssection ofGas turbine engine component§l4].

The motivations for advancements in cooling technologiegas turbine engines HGP
components stem from the thermodynamic Brayton cycle which describes the workings of
airbreathing jet engineendwasdescribed in the previous subsection

Advances in coolingnd accompanying manufacturing methods have led to insrigase
thermalcooling film effectiveness@FEr) from 0.1 to 0.7 over the past 50 years of1s4.

The CFEr defined in this case as the abiliby the coolantto bring the temperature of a
componentloser to thecooling fluid temperaturerersus the hot gas temperat{té], more

on theCFEr in subsectior?.2.2 These increases OFEr over time have been achieved in




conjunction to reductions in coolant usages by up to, ®3%n thogh TIT have also increased

[14], as presentedh Figure 2.3. This figure is quite outdated now but does show the

i mprovements made since the 194006s to 2000.
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Figure 2.3 Evolution of turbine inlet temperature over time with introduction of new technologieq15].

2.2.1 Main cooling methods

Current cooling technolegs employed ingas turbine engines use a form of film cooling

consisting of injecting a cool fluid over the surface of the component to be protected, creating

a protectivefilm, andreducingheat transfer from hot gas streaSeveral

methods exist to

achieve film cooling, with varyingrotectionandcomplexity. the main onesrepresented in

Figure2.4.
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Figure 2.4 Main cooling methods for gas turbine engine§l6].3

Film cooling is the simplest method, utilizing large slits to introduce codtaistequiing
large amount of coolant to achieve adequate codiingingement coolinglows high velocity
jets of coolant on the back side of a surface, creating high heat transfer, and cooling the wall
in the process. It, however, does not make use of film protection on the wall surface in contact
with the hot gas stream. Effusion coolirggthe main cooling scheme used in modern gas
turbines Coolingis achievedy use of a perforated wall which distributes coolant more evenly
than basic film cooling, thumaking better use of coolamultiple variationsveredeveloped
over the years suas Transpl§ and Lamilloy® in the eighties, and lat®oroforn®, seeFigure
2.5. More information on such techniques can be fourjd6h

3 Reprinted fromJournal of Applied Thermal Engineering, V@7, Cerri, G Giovannelli, A Battisti, L,
Fedrizzi RAIAdvances in effusive c oo IR 6098698, Eapyright200d evith of gas
permission from Elsevier.
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Figure 2.5 Variations in effusion cooling methodq16].4

Finally, transpiration cooling makes use d?M to create a uniform protective filon the
surfaceand offes large heat transfer inside tRé. More details on transpiration cooling are
presented in thiollowing subsectioa

Cooling methods in gas turbine engines have typically been limited by the following

factors pressure losses, material temperatures, component stresses, geometry and volume,

aerodynamics, fouling, and coolant conditiofigl]. These engineering problems have
determined which coolg method wereused historicallyAs more problems were solved, the
complexity of methods utilized increakefrom film cooling to effusion coolingand
transpiration coolingprojected as thenext leap forward Component stresses and
manufacturing methahave been the major holdbacks of transpiration codsgiscussed

further insubsectior?2.3.4

4 Reprinted fromJournal of Applied Thermal Engineering, V@7, Cerri, G Giovannelli, A Battisti, L,
Fedrizzi RMIAdvances in effusive c oo IR 608698, Eapyright200d evith o f
permission from Elsevier.
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2.2.2 Film cooling parameters

Various methodsare used to quantify the effectiveness of film cooling techniques.
Important ones are presented here. First, to enable comparison between different experiments
with varied channel and cooling surface dimensiansl cooling methods, the blowing ratio
(6 Y, or sometimes called injection ratio, is used. It is defined as the ratio of coolant mass flux

to hot gas mass flux, such iag. (2-4).

M6
Mm 6 (2-4)

"2

wheremis densitywis velocity, subscript ¢ the coolant and H@ the hot gas.

CFEr denoted by variablg, defines the effectiveness of the coolemtbring the wall
temperature closer to the coolant inlet temperature. A value of one indicates the highest
possible cooling as the wakmperatureequals the inlet coolant temperature and a value of
zero indicate the poorest possible cooling as the vestiperature equals the hot gas
temperatureCFEr is calculated b¥eq. (2-5) [14], [17].

Y
TN Y (2-5)

where T is the temperature, subscript watidacePM wall andci theinlet coolant.The CFhy,

which is the CFEmeasured from mass analogy is presented in chdpt€éhe thermal

effectiveness , defines the effectiveness at which the coolants heat capacity is uthized

value of one indicates the coolant has absorbed the maximum amount of heat it can as the wall

and exiting coolant have the same temperature. A value closer to zero indicates the coolant

was unable to absorb much heat as the exiting coolant has a much loperatene than the

wall. The thermal effectivenessas presented iBg. (2-6) [17].

N oy
TN Y @9

where subscripteedenotes theoolant exiting the PM
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2.3 Transpiration Cooling

Transpiration cooling is the process of passing a fluid throug to create a protective
film on the surfa®, reduéng convective heat transfesf a passing warmer gasyhile
simultaneously cooling the interior structufiéne reduction in convective heat transfer from
the hot gas occurs due to the thermal blowing effect when coolant is injected in the boundary
layer. SeeFigurel.1 or Figure2.4 for schematis of transgration cooling

A background on some of the first studies on transpiration codimgesented first;
followed by the mechanisms of transpiration cooling; a review of recent numerical,
experimentaland analytical studies; additive manufacturing (AMjhesfuture manufacturing
method of PM for transpiration coolingand finally, PM characterizationand general

relationships

2.3.1 Early Development

Transpiration cooling is not a new concept, with research going as far back as@h@ 49
such afckert et AlL[18] (1954) which showed transpiration cooling to be more effective than
film cooling methods like effusion coolingdost early research into transpiration cooling
appeared to be mivated bythe cold war andthe ensuing space racas supportedy the
following papers.Luikov et Al. (1962 in thelate USSR[19], investigatd the reduction in
convective coefficient between a zdstowing condition of coolant to transpiration coolioi
capillary-porous bodiedlLibrizzi et Al. (1964)[20] experimentallyinvestigaed transpiration
cooling of a turbulent boundary layer in an axisymmetric noatiewng a decrease in heat
transfer with an increase in mass injection, helium being more effectiveefeathe mass flow
rate than nitrogenValton et Al.(1964)[21] performed fredlight investigations of subliming
ablators and transpiratioaling at hypersonic velocity, evidently for atmospheremty of
spacecrafts.

Research on transpiration cooling for gas turlginginesd at e f r onsudhhse 19606
a publication by Lombardo et Al(1967) [22] performing experimental investigation of
transpiration cooled turbine blades in a gas turbine engiheTIT of 2500P for 150 hours.
Throughout the experiment, no structural failures of the blades were encouniteyed
established some characteristics of transpiration cooled blades, notably: high cooling

effectiveness and very high cycle temperatagability.
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2.3.2 Mechanisns of transpiration cooling

Direct numerical simulation®NS)was performed by Christopher et /23], wherethey
investigated the boundary layer in tsgiration cooling for a turbulent flalate. Two
mechanisms are determined to be responsible for the reduction of heat transfer from the hot
gas to the wallFirstis the reduction in average fluid temperature in the boundary layer due to
the injection ofcoolant.The second mechanism is heat advecawayfrom the wall, which
theysuggesbeingthe dominant hedtransfer mechanisnsometheoreticaimodels have been
proposed to predict this effedt7], [24]i [26], they will be discussed later subsectior8.1.3
These references are from the 195006s to 197

mechanism have been found by the author, indicating a potential area of research.

2.3.3 Investigatiors of transpiration cooling

Analyses of heat transfer ®M has been extensively performed in the literature, however,
simulationsand experimentsf transpiration cooling in the condition of combustion chambers
areuncommonMost paperivolving researctof heat transfer i?M focus on theipotential
asheat exchangerdut do not usually investigate the transpiration cooling effeesearch
paperson transpiration cooling can be put into two categories based anptimaary aimof
study: heat transfanr fluid flow. Referencesn heat transfeare presented first, followed by
fluid flow.
2.3.3.1Heat transferin transpiration cooling

Andoh et. Al[27] performed a simplified 1D numerical prediction of porous watider
transpiration coolindpased on an analytical modél is the earliest numerical simulation of
transpiration cooling found by the author in the literatWimn Wolfersdorf{28] studieddouble
layeredPM with abottom metaPM layer acting as good mechanical strength and a top ceramic
PM acting as a thermal barriéfhe influence of volumetric heat transfer coefficient and the
thermal conductivitypn thetop ceramic layewas investigated, indicating this structure can be
applied to the cooling of gas turbine combustor linghs et.Al [29] used an intelligent genetic
algorithm to optimize a two layd?M for transpiration cooling angroposedoptimization
factors such athe composition, porosity and thickness of each layer for the salidesign.

However, the last two references used analytical solutions of a simplifipdoblzm which
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ignores the important effecdf thermal dissipation inside the solid matrix and the complexity
of the boundary condition&iu et. Al [30] modeledin FLUENT 6.3a two layered structural

PM in 2D and analyzed the wall temperature distribution for transpiration cooling under
various porosities and thermal conductivities. Their results indicate both the porosity and
thermal conductivity vaations have substantial effect on the temperature distribuTios.
effects of an obstruction due to fouling was also modeled, creating a large increase in surface
temperature due to the blockage. However, their model did not simulate the hot gagh®w in
channel above thPM, therefore heat flux due to the interaction between the hot gas and
coolant was not modelethstead, a constant heat flux was appl@dhmen etAl [31][32]
developed a coupled 2D CFD caofehe PM and the channéb solve the heat transfer BV

for rocket combustion linersThey performed experiments and compared the temperature
distributions of the samples with simulations, achieving decent prediction of the temperature
distribution inside the samples but slighdverpredicting at lowp "Yand more significantlyat
larger 6 'Y Kilic [11] performed experimental and numerical investigationgrasfspiration
cooling using water as coolafithe RNG'Q Xturbulence modejave good approximation to

the experimental temperature profile of the surface of the porousIplates determined that
increasing the Reynolds number causes an increase aceteinperature and decrease on
CFEr. Huang et Al[33] performed numerical heat transfer simulations using Ansys Fluent on
bio-inspired porous structures, notably eastbrms skin. The standai@ Xturbulence model

was found to achieve good agreement with experimental ddteir study showed
improvement usig bioinspired norsmooth surfaces over smooth surface transpiration
cooling. AM is a technologpeing consideretb manufacture and study more of these bio
inspiredPM.

The studiessummarizedabove present various approaches to predict temperature
distributions of transpiration cooling. Ansys Fluent has shown its ability to fulfill this task.
However,there seems to be a lack of studies simuggttianspiration coolingilong withthe
convection caused by tlehannel hot gas stream. This thesis will attetopsimulate such

conditions.
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2.3.3.2Fluid flow in transpiration cooling

Xiao. et Al [34] performed large ety simulations (LES) of fluid flow in the case of
transpiration cooling. They simulated flow inside a channel and iRPkewhich sat at the
bottom, the surface flush with theain channelvall. This constitutes the typical setup used to
perform experiments on transpiration cooling. The Dd&aghheimer momentum equation
was used to describe the flow inside M. The periodic appearance of a thuegtex system
for 'Y T8t pwas obtained, matahg experimental results. It was found that the mass flux
inside thePM fluctuates periodicallyEfstathiou et Al.[35] performed measurements of
turbulent boundary layer over opeall porous foams with varying pore siaedthickness,
but constant porosityk(~ 97%). They found theirbulentboundary layestructuretransitions
from asmoothwall to thePM rapidly, approximatly <10, 1 being the film thickness. Slip
velocitesare observedhe slipvelocitiesbeing>0.3Y where™Y is the free stream velocity.
Ali et Al. [36] performed experimental measurements of turbulent boundaey @ayer
permeable walls for use as passive treatments for flow control and suppression of aerodynamic
noise. The study has shown penetration of the boundary layer flow into the highly permeable
PM, which can generate an internal hydrodynamic field.

Out of the studies presented, none attempted to investigate the concentration of coolant
(mass analogydn the surface of thBM as a mean of studying the CFE. This presents an

opportunity in this thesis to add to the literature.

2.3.3.3Analytical solutions

Analytical models have been developed by various autioorthe purpose oberforming
numerical simulations asnentioned in subsectior2.3.3.1 However they gnerally
oversimplify the problemtherebylosing accuracy Typically, analytical models need to be
solved in 1D or very simplified 2D problems to be solvable. For this reason, CFD modeling is
required for problems with more complexity such as the onegving the channel angM

flow, with the associated heaanhsfer interaction

2.3.4 Transpiration cooling manufacturing and structural integrity
Even though transpiration cooling has been studied for many years and demoitstrated

applicability forhigh cooling efficiency problems occur when the components have to cope
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with both thermal and mechanical stressgs mentioned in subsecti@?2.1 which have
limited theapplication of transpiration cooling to the turbomachinery fi@&]. In addition
manufactuing difficulties and modelling complexitie®sulted in the adoption @&ffusion
coolingas the preferred cooling methwmdcombustion chambgbof gas turbine enging&3].

2.3.4.1Additive manufacturing

With recent advances in additive manufactuiiaiyl), a renewed interest in the potential
application of transpiration cooling for gas turbine engines has faenmoto et Al.[37]
manufactured an injectiemouldng die as aPM by use of selectivéaser metakintering
(SLMS): a form of AM. They investigated the permeability and strength of the samples which
had very small porosities and permeabilities, approximately36%, andp m & ,
respectively. More oM properties such as porosity and permeability in se@idnTensile
tests revead gradual decrease in porous strucsusnsile strength when porpgiexceeded
6%, attaining one third of the tensile strength of a-porous structurenade using SLM&t
a porosity of 25%This islargely attributed to the reduction in mass density caused by an
increase in pore volum&xperimentaheat transfer testsyliMin et Al. [38] of three porous
structures produced by SLMS were compared to effusion cooling withdiffeyent hole
diameters and pitch parameters. The porous structures porositfgsyJuagtween 10.73%
23.89%showed highethermalCFEr atd "Yof 2.4% and 3.6%, and all except for one at 1.2%.
LargerCFEr of transpiration cooling over effusion cooliaghigher6Y may be explained by
film lift -off in effusion cooling The peak in cooling effectiveness on the surface was found at
the center area. This studiiowed thathe superiority of transpiration cooling over effusion
cooling remainedtrue for manufactuiePM using AM. CFEr of porous plates and sintered
PM produced by AM were numerically and experimentally investigayelduang et Al[39].
Good prediction ofCFEs was achieved numerically using ANSYS FLUENT compared to
their experiments. Strain tests were performed on the sanMolesis plates with the least
numberof holeswithstood the highest stress while the sinté®twas the weakest by a factor
of ten compared to a solidconelpiece made by selective laser melting method.

Porous media structures have also been investigated in other fitddgarch in
chromatographya laboratory technique for the separation of a mixture, have for the first time

successfully 3D printed packed beds, and monoliths with internal channels from CAD models
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[40]. They found 3D printing manufacturing enables the creatioRPMfwith precision,
scalability, and versatility at low costs. Various other shapes have been investigated and
produced usin@D printing such as more packed bed shdpeblawada et Al[41], silicon

PM based on 3D printed ABS maby Munro et Al.[42], and structured metal for pool boiling

by Wong et Al.[43]. Comparison between CAD theoretical porosities and actual 3D printed
sanples porosities were compared[#2] which revealed variation percentages of 2.6% to
4.14%, i.e. achieving a porosity of 61.56% when expecting 60%, indidaegngossibility of

good transfer from CAD to 3D printed samples.
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2.4 Porous Media

In this section,PM are defined and the governing equations for flow movement are

presented

2.4.1 Background

A PMis defined as a material consisting of a solid matrix with aréothnected voif#4].
The interconnection of the void, typicallgferred as pores, all@the flow of fluid through
the material.PM occur naturally in nature, common exampéee beach sand, sandstone,
limestone, bregdand wood They tendto have irregular pore sizes and shapdan-made
examplesreceramics, composite materials, and high porosity metal fdaiguge2.6 shows
different kinds of porous media.
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Figure 2.6 Different kinds of PM [45].5

Onthescaleof the poresthe flow quantities i.evelocity, pressure, density, eteary in
anirregular manner, however, over multiple pore lengths, fluid behaviors become predictable
therefore predictions through mathematical mode¢s possibleThe ratioof the volume of

void to thetotal volumeof the porous mediurs defined as the porosity and calculated

with Eq. (2-7). Thusp Xdefines the ratio of solid volume to total volume.

5 Reproduced fronH.J. Xu Analytical considerations of local thermal nequilibrium conditions for thermal
transport in netal foamsinternational Journal of Thermal Scien¢@915; Vol. 95: Pg. 787. Copyright © 2015

Elsevier Masson SAS. All rights reserved.
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W
e (2-7)
For naturalPM, X does not typically exceed 0[84]. ManrmadePM on the other hand can
have porosities as high as >97%, such as rfeais[46].

2.4.2 Momentum equations

The momentum equations of flow insié#, which are th&M analog forms of the Navier
Stokes equatias) are presented in this subsecti@mly the equations relevant to the flow
regimes investigated in this study are presenthd.body forces such as gravity are neglected

here as they can be easily added later.

2421Dar clawd s

Breakthrough work by Henry Dardp 1856 on the water supply of Dijon enabled the
development of the first relation between flow rate and the applied pressure difference, shown
in EQ. (2-8), for an isotropic mediunDar cy 6 s e qu at seepage vekcitiespapdl i e d

represents the surface drag due to friction on particles or fibgrs

X L.
v oY (2-9)

wheret is the dynamic viscosity of the fluid, the velocity of the fluidn 0 is thepressure
gradien, andu a geometric characteristic of tF with dimensions) called permeability
for singlephase flowj44]. For some perspective,can vary enormously, i ]: clean gravel
ptmm prT1,cleansangp Tt p 1T , with otherPM in betweenup to unweathered clay
p T p 1t [44]. Permeability of mn-madePM can also vargignificantly. high porosity
metal foams X > 90%) aroundp 1t [47], compressed metal foams {thP X Yymp

p T p 1t [48], andcompositecarboricarbonmaterialPM (XX p 1t Paroundp 1 [31].
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2422Quadratic drag: Forchhei mer s equai

Dar cy 6 s (28)pisvalid onty for sufficiently smallv. The transition to nonlinear

drag is smoothdefined by theReynolds numbelQ of the flowin the range of 410, with a
characteristic lengtlbasedon an average particle or pore diamet& & [44]. YQis
cdculated usind=q. (2-9).

, MQ
Q= (2-9)

This transition is not one from laminar to turbulentagthese small Reynolds number the
flow in poresremaindaminar[44]. In fact, the transition to turbulent flow insi&/ typically
occusaroundYQ of 300[31] to 375[49]. The break down in linearity is justified by the form
drag around particlesr fibers becoming similar in magnitutie surface drag due to frictio
In this inertial regimeEq. (2-10) is used to describe the flow througPP i, and is called the

Darcy-Forchheimer equatio@4].

wo Lo Mg
o ¥ (2-10)

whereQis a dimensionless fordrag constant, called the inertia coefficiandvaries with
the structure and properties of tA®. This equation is typically usesk a source term to the
momentum equatioto simulate the fluid flow throughRM in investigatims of transpiration

cooling.
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3 Research Objectives

The motivation for this study stems on the possible improvemktite cooling film
offeredby transpiration cooling in the thermal protection of gas turbHiG® components such
as the combustion liner. The following steps were taken to complete this objective:

1. Inspect the coolant flow inside theM using numerical simulations based on
experimeats.

2. Determine theelationshipbetween the&CFEv andgoverning variablesf the Darcy
Forchheimer momentum equatjor., porosity, permeability, and inertia coefficient.

3. DesignPM to improve the uniformity of th€FBEu by redistributing exiting coolant
based on the understanding of ttationship betweel€CFEy and thegoverning
variablesof the DarcyForchheimer momentum equation

4. Propose a heat transfer modeid validate using experimental data found in the
literatureandcomparethe CFEr to theCFEy of designed®M andnondesigned®PM.

5. Propose a method for assembling a Cbdelof designed®M for future production

employing AM.
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4 Experimental Investigation

Experimentalmvestigation of CFi over high porosity?M was performed at the National
Research Council of Canada and compargdRBv of multi-hole effusion cooling from the
literatureusing the samenethodology It should be noted that the experinmswere carried
out by Mr. Kivanc Yildiz as part of an undeagluate Thesis submitted in April ZDih which
| assisted for part dboththe experimental setup and data acquisifid]. All other aspects
presented in this chapter e.grpject preparation, data analysis, and figureseperformed
exclusively by Mr. Kivanc Yildiz.

As part of an ongoing research effort, the results from these experimental trials have been
used extensively throughout the current work to facilitate mogletldpment and validation.

Given the direct relevance and importance of these results to the present thesis, key findings
have been included in this chapter for completeness. Furthermore, the work presented in
Chapterst to 6 has been piblished in [50] as part of the proceedingstbe AIAA Propulsion

and Energyonference in August 202h which | was the primary author

The goal of the experiments was to investigat€XhBy of high porosity aluminum metal
foams using PSP and compare the results to effusion cooling using the same technique. The

experimental setup is described first, followed by the results and discussion.
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4.1 Experimental Setup

4.1.1 Wind tunnel and test section

Theexperimental setuponsists of a wind tunnel introducing air into a channel in which the
PM to be studied is inserted with its top surface flush with the bottom wall. A reservoir beneath
the PMintroducepureni t r ogen as fAcool an htbepprousmegiaand i ¢ h
into the channel. Pressure sensitive pait$H, which responds to the partial pressure of
molecular oxygen with varying fluorescence intensities upon excitation from UV illumination,
was applied to the samples surface. The PSRadiin this study was a singleminophore
compound from Innovative Scientific Solutions, Inc., which is well suited for isothermal
environments. The paint response time (#&) is sufficiently fast for steaestate
measurement&oth the main stream aand pure nitrogen as coolant proxy were kept at room
temperature. When the cooling film is present, nitrogen replaces the main stream air on the
sample surface, thus significantly reducing the oxygen partial pressure which is detected
through PSP responsEhe experimental setup shown schematically iRigure4.1.

The main stream ais delivered to the 10 cm x 10 dest section at a velocity of 38/s
(Reynolds number of approximately 256,000) by an dpep wind tunnel, located at the Gas
Turbines Laboratory of the National Research Council of Canada. Details on the wind tunnel
can be found if51]. Pure nitrogen passésrough the porous samples to form a protective
film over the top surface of the sampldfeasuring the PSP response to UV excitation allows
air partial pressures to be determined, that is between 100% on the surface (no coolant flow
present) to 0% (air completely replaced by nitrogen/coolant). The PSP excitation is provided
by a UV LEDIight source (model type LM2XOM) from ISSland captured by a CCD camera
(LaVision ImagerProX 2M)The compressed air canister is only used duringredilon tests.

Main flow provided by the wind tunnel is 100% air.
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Figure 4.1 Schematic of the experimental setup for studying transpiration cooling using PSP30].

4.1.2 Porous media PSP application and calibration

Aluminum foams Duocef) were machined to 7dm x 2.5cm x 1.3 cm test coupons. Three
samples of different pore sizes, 10, 20 and 40 PPI (pores per inch) were used to examine the
effects of pore size on th&FEy. Despite differences in pore sizes, the samples are of almost
identical porosity between 924%.PSP was applied to the surface of the samples by applying
a thin layer of paint to #at piece ofrubber, and then stamping tR&1, thus minimizing the
penetrationthough some penetration to a maximum ofm#th was observedrigure4.2 shows

the samples with PSP paint applied on their surface, which appears in pink.
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Figure 4.2 DuoceP porous aluminum materialsused in the experimental studywith applied PSPappearing
in pink [50].

To achieve accurate readings of the ratio betwaitrogen coolant to air over the sample
surfaces, calibrations were performed using captured images for a rangedefegwreined
ratios.An exampleset of PSP calibration data for the 20 PPI porous material s@ésrghlewn
in Figure 4.3, with the test sample fully immersed in blends of air and pure nitrogen with
specified nitrogen enrichment percentages between 0% (100% air) to 100% (pure nitrogen: air
is fully replaced by nitrogen as coolant proxyuorescencéntensity maps at varying levels
of nitrogen enrichment allow calibrations of PSP responses for each pixel for a particular test
sampleThe wind tunnel wasot operatedluring calibratiorstefs to ensure fultoverage of

known mixture ratio®ver the samples.
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Figure 4.3 Using calibration data sets, second order polynomial ggession of2D PSP fluorescence intensity
mapsfor calibrating a 20 PPI porous samplewvas performed The Nz percentage indicated at the top of the
figures is the volumetric percentage of blin the calibration gas blends, with air as the balancgs0].

Regressios were performed on every pixel for all sampks example of the regression

the calibration gas is shovim Figure4.4 for the porous sample shownkigure4.3.

Figure 4.4 Second order polynomial regression performed on the calibration data sets for the Bl porous
sample shown inFigure 4.3 [50].




Figure4.4 showsthe regressiorcoefficients and the comput®¥ values. Open pores and
aluminum ligaments can be distinguished inRAenap by 0 and 1, respectively, which is used

for filtering and determining crossection area , defined as the open surface area oPthke

4.1.3 Cooling film effectiveness measurmt by mass analogy
Figure 4.5 shows a set of typical experimental data from PSP transpiration cooling
measurements. It was obtained using the 20 PPI sample, shéwguia4.3 andFigure4.4.
N2 was supplied to the tesbapon at a flow rate of 2&tandard liters per minu{SLPM).
Figure4.5a) is a 2D map of th€FBEv inferred from the PSRuorescence image of the
porous sample using the pix@lse calibration curveswhere theCFE (/) is defined in
temperature terms bigq. (2-5). By applying heat/mass transfer analogy, @€E can be re
written usingEq. (4-1) by asserting moleculaoxygen concentration in the coolant proxy
® f,to zero, whichisthe casesincepuremas used as ficool anto.

P W j W (4-1)

where® j is the oxygen concentration in the film, adjacent to the PSP paint with the
presence of foreign gas as coojait ; is the oxygen concentration in aid ;  the
concentration of coolant in the film in contact with the w&llibstitutingd ;  with the
product of® iy and® f , it can be shown thahe CFEr can be directly linked to the

concentration (by volume) of the oxygénee coolant near the test sample suwfag;
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Figure 4.5 a) Shows the measured 2D distribution oCFEwm t with blue being high CFEm and red low
CFEwm, b) is the spanwise CFEwm average including open pore areas, and c) shows the spaise CFEwm
average excluding open pore areas. Experimental results for the 20 PPI, 20 SLPM c§se].

The heat/mass transfer analogy was accepted by mékiimdundamental assumptions
[52], [53]:

1

Assumption 1: analogous boundary conditions: surfaces are considered adiabatic in
heat transfer whereas they are impenetrable in mass transfer.

1 Assumption 2: flow fieldiswél t ur bul ent . Reyn di286M@) numbe

show that flows are highly turbulent and satisfy this requirement.
Assumption 3: the wall temperature is equal to the film temperature.

Assumption 4: the heat transfer case waddlectradiative heat transfer

For Assumption 1, it was apparent from the PSP application procedure that the paint was
largely applied to the ligaments of the porous sample, where surface is impenetrable to mass

transfer. Therefore, the given PSP measuremenitdwesult in adiabatic cooling efficiencies
over the paint surface.
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Assumption 3 causes theFEu reported to be the minimurpossibleCFEr value In
effusion coolingthe film temperature equals the wall temperataseno other heat transfer
mechanisra than convectionsignificantly influencethe wall temperatureassuming no
radiative heat transfeHowever, in transpiration cooling conductiomio the porous media
combined with convective heat transfaside the PM would reduce the wall temperature
below the film temperature, increasing the €FE

Even though a discrepancy exists betw€é andCFEr, CFEu is expected to ba good
proxy to theCFEr and improvement iFEv is anticipatedo provide improvement i€FE.

A 2D map of measure@FBEy is presented ifrigure4.5a) for the 20 PPl 20 SLPM case.
A common color mapping was applied to all 2D maps presantehis study, with blue
representing higEFEwv close to unity and red representing IGWEy close to zeroThe span
wise CFBy averages with open pore areas included and excluded over the main flow direction
are shown irFigure4.5b) andFigure4.5c) respectively. Open pore areas have UGy by
definition as they represent no heat deposited on a solid surfaceRWtAdereforethe span
wise CFEv averages with open pore areas included are very high due to the high porosity of
porous materials. Both curves are of interest asGRBy average with opn pore areas
included represents reduction in total Heasferdeposited othePM compared to a flat plate
with no cooling. Wiile the average with open pore areas excluded reprakerntsoling film
protectionon solid ligaments of theM.

CFBEu for combinations of coolant flow rates and test sample pore sizes are summarized in
Figure4.6. As the coolant flowate was increased, ti@FEyv increased for all the cases. For
the sample size investigated in this work, @fegy for the first threequarters of the samples
are relatively uniform but increase rapidly towards the trailing edge, indicatirgmfomm

CFBv and coolant mass flow rate distribution.
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Figure 4.6 A summary of measured 2D distributions ofCFEwm for a range of combinations of different pore
sizes and coolant flow rate50].
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4.2 Results and Dscussion

The parameter for characterizing the momeni
flow can be adapted from the standard blowing ratio (BR) defined for conventionahoialti
effusion cooling using the cooling gas méleg & as shown in Eq2-4).

In conventional effusion cooling, the cooling passage esestion area is defined as the
sum of the surface area of all the effusion coolingfiand is typically smatelativeto the
cooled surfaceas seen iffrigure4.7b). The coolant exits the effusion cooling surface from
these discrete cooling holes. Howeer of the porous materials used in transpiration cooling
is much larger relative to multiole effusion coolindor asimilar cooled surfacareaas seen
in Figure4.7a).

As discussed earlied, was determined using?Rhap as shown iRigure4.4. A modified
nortdimensional parameter was proposed to compare porous material transpiration cooling
with multi-hole effusion cooling at comparable coolant consumption rates. Defined as the BR
normalized over the full surface of asteoupon BR:s); BRvalues can be converted B&-s
usingEq. (4-2):

oY OY‘c‘)_ ovY , (4-2)

Table 4-1 lists the conditions of all the transpiration cooling tests performed in the
experimental study. For each porous test san
ratio of open pore area at the test coupon sudacand the total surface arefithe coupon

5
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Transpiration Cooling Multi-Hole Effusion Cooling

Full Surface Area Agg Full Surface Area Agg

Cooling passage cross-section area A,  Cooling passage cross-section area A,
a) b)

Figure 4.7 Schematic of full surface area=, ” and cooling passage crossection area=y for transpiration
cooling (panel a) and multihole effusion cooling (panel b).

With surface porosity determined for each porous material coupon from calibrating runs,
both BR and BR-s can be calculated for all coolant flow rates using equations given in this

section and are reportedTiable4-1.
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Table 4-1 Matrix of test conditions of all PSP cooling tests performedb0].

PPl SLPM d(%) | 4 (N
10  73.69 3.40E03 2.51E03
20 7369 6.81E03 5.02E03
0 30 7369 1.02E02 7.53E03
48  73.69 1.63E02 1.20E02
10  68.97 3.63E03 2.50E03
20 68.97 7.26E03 5.01E03
20 30 6897 1.09802 7.51E03
48  68.97 1.74E02 1.20E02
10 52.86 4.78E03 2.53E03
20 52.86 9.56E03 5.05E03
0 30 52.86 1.43E02 7.58E03
48  52.86 2.29E02 1.21E02

For comparison, th&R values reported in a multiole effusion cooling study can be
converted t@BRrsusing cooling hole diameter and streamwisespahwiséhole array pitches
[52], [53], as summarized ihable4-2. CFBy from transpiration coolingsing all three porous
samplesare compared to those wiulti-hole effusion coolingat comparable specific coolant

consumption$54], as shown irrigure4.8.
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Table 4-2 BR from a multi-hole effusion cooling study54] and corresponding || 4, 4[50].

I I 4

0.4 3.52E03
0.6 5.29E03
0.8 7.05E03
1.0 8.81E03
2.0 1.76E02

By comparingTable 4-1 and Table 4-2, two sets of data havemparableBR:s values
(within 10%o0f each other) and are presente&igure4.8: (a) effusion cooling witrBR= 0.6
(BR=s = 5.29E03) vs. transpiratiorrooling at 20 SLPM coolant flow ra{8R-s = 5.01E03),

(b) effusion cooling withBR = 0.8 (BR-s = 7.05E03) vs. transpiration cooling at 3BLPM
coolant flow ratgBR-s = 7.51E03). Figure4.8c) compares miti-hole effusion cooling with
aBR=2.0(BR-s=1.76E02) to transpiration cooling with a mass flow rate of 48 BL{BR-s

= 1.21E-02), (approximately 30% lowdBRes). The xaxis is the distance along the main flow
direction.

Spanwise CFEy averages with open pore areas included and excluded are presented in
Figure4.8 by thin and thickines,respectively. The significance 6FEv with open pore areas
included are twofold: (1) the spavise averages for mulhole effusion cooling are reported
in the literaturd54] including cooling hole§2], [53], and (2) spawise averages including
open pore areas represent the reduaifdntal heat transfedeposited on the samples surface
compared to a flat plate with no coolingrom the comparisons, a threefold enhancement in
porous medium transpiian coolingCFEy over that of the conventional effusion cooling is
observed with the cooling holes or open pore areas included. It should be noted that the
diameter of effusion cooling holes is not reported in the literafb#i¢, therefore two
representative effusion cooling hole diameters, 20 mil and 30 mil were assumed for
comparison purposealso, CFEv curves without cooling holes for muhiole effusion cooling
are not included ifrigure4.8 asdata forCFEv without cooling holes of effusion cooling were

not available

36



----- Wang et al. 2017 (assuming d = 20 mil)

Wang et al. 2017 (assuming d = 30 mil)
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Figure 4.8 Comparisons of average spamwise CFEm over main flow direction between multihole effusion
cooling from Wang et Al.[54] and transpiration cooling for three coolant flow rates a) (BR = 0.6 orBRrs
=5.29E03) and 20 SLPM BRrs=5.01E03), b) BR=0.8 orBRrs = 7.05E03) and 30 SLPM BRrs=7.51E
03), ¢) BR=2.0 orBRrs = 1.76E-02) and 48 SLPM BRrs = 1.21E02) [50].

Furthermore, a more relevant criteria for assessing a film cooling technique is its ability in
producing a cooling film that shields solid surfaces from hot main stream flow so that
excessively highmaterialtemperatures can be avoided. Theref@ERy averajes without
open pore areas are calculated and are subsequently compared to those represettiolg multi
effusion cooling. As the averages for miiltle effusion cooling include cooling holes, it is
more accurate to ignore the spikes in mitile effuson cooling when comparing to
transpiration cooling without open pore areas iasteado look at the valleys.

Transpiration cooling with open pore areas offer significantly higltirdt, than multihole
effusion cooling, meaning less total inwalgatwould have to be removed by coolaAs
shown inFigure 4.8, when the cooling holes/open pore areas are excluttadspiration
cooling offers approxintaly 40% highelCFEs compaed to multi-hole effusion coolingat
low BRes= 5.29E03. The advantages of transpiration cooling are more pronounced at higher
coolant flow rates: the enhancementCiBby is over 200% at higlBR-s = 1.21E02 (Figure
4.8 panel C)
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The experiments suggest thH@FEy values for transpiration cooling start off high at the
leading edge of test coupons whereas tlodsrulti-hole effusion cooling gradually increase
before reaching their respective maximum values.

The boundary layer on the channel wall prior to the leading edge of the samples is turbulent
due to a high Reynolds number of approximately 224,000. Uperagiton with thd®M and
transpired coolant, the raip condition is no longer valid as a substantial slip velocity (>0.3

"Y) occurs,’Y being the freestream velocity35]. This is largely due to open pores breaking
the contact with solid surfaces. It is therefore expected with esfreem velocity 06 & in

the experimenftor the viscous sublayer to disappear during the transition from the channel
wall boundary layer to theM boundary layer. Nonetheless, very thin viscous sublayers remain
on ligaments but their influence on the surrounding flow is expected to be miimnbatn,
the nitrogen concentration captured by the experiment surrounding the paint is likely to be in
the buffer layer, where mixing between nitrogen and air is expected due to small eddies. As a
result, a gradual concentration gradient is expectedomtrary, a laminar sublayer would
produce a sharp concentration gradient and higher measkigdwould be anticipated.

Transpiring coolant with low momentum into the boundary layer over the samplesayield
steeper velocity gradient compared to the ckamall boundary laye[55]. The transition
between flat plate turbulent boundary layers BiMiboundary layers ensue over a length of
approximately <19 [35], 1 being the thickness of the boundary layer oveiRkk

Mixing over the length of the samples will reduce the conaéintr of coolant directly
surrounding the PSP unless a constant flow of coolant transpires. However, as the boundary
layer grows and coolant accumulates, a lower mass flux of coolant is required to maintain a
constant concentration level. From this reasgnit can be deduced that a slightly larger
amount of coolant exits the leading edge than the center of the samples in the experiments as
the CFBu remains relatively constant or even reduces in the cases of 48 SLPM. This
phenomenon is also observed arstdssed itChapter6.

Overall, the addition of coolant into the turbulent boundary layer results in a thickening of
the boundary layesverthe length of thé& M.

It should be noted thah¢ twoBR-s in Figure4.8c) do not matchexactly, however itis
interesting to compare as tlweoling film of multi-hole effusion coolings less effective

compaed to the ones inFigure 4.8a) and Figure 4.8b) despite there being more coolant
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consumed in the last scenarithis reduction inCFBEy in the effusion cooling case can be
explainedby thelifting-off of cooling film from the wal] where Iigh BRs lead to coolant jets
overshootingand induce vortices that considerably reduceGREv [7], only the far fieldis
properly protected aftehe cooling film reattaches to the surf8g

In contrast,micro coolant streams exiting theanspiration coolingsurfacesdo not
oversoot into the main flow but remain within the boundary layer because of their lower
momentum This allows transpiration cooling to reduce inward heat flux to combustor liners
by more than two times compalto an effusiorcooled plate as evidenced by a smaniform
CFBEu. Therefore, increasing cooling flow rdta transpiration coolingvithin theBRwindow
investigated by this wortoes not result in cooling film IHbff. Instead, it improve€FEu by
thickening the filmdespite marginal enhancements, asv& in Figure 4.9. The figure
compares spawise CFEy averages without open pore areas for the 20 PPl sample at a range
of coolant flow rates along the direction of the main flow, because averages excluding ope
pore areas show a clear trend of cooling film thickening as more coolant is supplied to the test
coupons.

Small peaks ofrigure4.9 curves can be obsesd near the leading edge, followed by slight
reductions inCFBEy as most pronounced in the 48SLPM case. The curves stay relatively
constant before rapid increases and peaks towards the trailing edge of the samples, indicating
a lessideal, uneven coolinfim coverage on the surfaces of the porous materials. A uniform
CFBv would indicate the most effective utilization of coolant for providing thermal protection

over the entire surface of a test sample.
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Figure 4.9 Spanwise CFEwm average without open pores along the direction of main flow over a range of
coolant flow rates. The porous material coupon has a pore size 20 PPI[50].

Effects of pore size of porous materials ©REv are studied by comparing spaise
CFEv averages with and without open pore areas for samples of differensizes at an
identical cooling flow rate of 20 SLPM, as showrFigure4.10. Due to the stochastic nature
of the porous materials studied, the cunmesluding open pore areas show higher el
fluctuation, masking the true differences among them. However, the curves excluding open
pore areas clearly show that pore size has negligible effe@&Bn, which can be attributed
to the distributedhatue of transpiration coolingrhis is becaussample are covered under
continuous cooling film with minimal sensitivity to pore sizes as long as the pores are not too
big to disrupt the continuity of cooling films. Good agreement among curves for samples of
different pore sizes also highlights the good accuracy and repeatability of the experimental
methodology. Matching results were observed at other coolant flow rates studied in this work.
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Figure 4.10 Comparison of spanwise averages o€FEw with and without open poresfor porous samples
of all three pore sizes: 10 PPI, 20 PPI and 40 PPI. The coolant flow rate was fixed at 20 SLPBR{s =

5.01E03)[50].

It should be noted that differences among averages including open pore areas can be largely

attributed to variations in porosity amg porous sampdeaturing dfferent pore sizes (see

Table4-1). Larger PPI introduces a slight source of error as some paint penetration during

application is inevitable as smallaverage pore

diameters result in more interior surface

painted, reducing the percentage of open pores to solid surface thus reduchvgsspan

averageCFBEv with open pores.
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5 Numerical Model

In this Chapter the numericamodel used tgimulae the experimenteeportedn Chapter
4is presented. This includes: the domain; boundary conditions; physical models of the channel
andPM, such as thgoverning equations, discretization, and turbulence models; convergence

criteria; and mesh validation.

5.1 Domain

A 2D planar simplification of the experimental seta@dopted for numerical simulations
as illustrated ifrigure5.1, with thePM (blue) separating the main flow channel (red and green)
at the top and a coolant plenum (gray) at the botfdra.modeled channel domain has a height
of 10cm and legth of 80cm. The center of thBM sits at 58m from the entrance of the
channel, as in the experimental setup. PMeis 7.5cm x 1.3cm x 2.5cm (L x t x W) and the
plenum is approximated to 17c¢tn x 10 cm (W x H). The applied mesh contains a total of
486,107 elements, largely quadrilaterals, with the highest resolution arouR§ithad the
bottom wall of the channddaving element sizes of Omdim. The bottom wall of the channel

has elements sizes of Orim for a2 mm thickness, before transitioning tonin elements size.

Note that all zones are solved together, meaning all zones are part of the same domain.
Channel

Velocity

Inlet (air) Pressure Outlet

, Porous Media High Resolution
| ) Plenum Mesh Zone
Mass Flux Inlet (N2)

Figure 5.1 Simulation domain of the 2D version of the exp@gmental setup [50].
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5.2 Boundary Conditions

Main stream air is introduced into the simulation domain at a velocity aff83rom the
channel inlet (left) whereas the channel outlet (right) is at ambient preAsomeding to an
online resource on CFD, highrbulence cases inside complex geometries typically have
turbulence intensity between 5% and 2[B%]. Mediumturbulence cases with flow in red
complex geometries such as large pipes typically have turbulence intensity between 1% and
5% [56]. A turbulence intensity of 15% was used for the main stream air inlet due to high
turbulence of the flow but the nreb complex geometry of the problem niewe warranted a
lower turbulence intensitfCFEy of simulations performed at 5% turbulence intensity and 15%
turbulence intensity were compared and no difference was observed, thus the 15% turbulence
intensity was kepfThe hydraulic diameter of the inleias set to 0.in. The plenum boundary
condition is defined as an incoming mass flux of pure nitrogen at the bottom, matching the
experimental coolant flow rate. Wall condition is applied to the rest of the boundaries. Both
the mainstream air and nitrogenlets are set at ambieptessure and 3. The coolant mass
flow rate andBR:s are presented ihable5-1 with BR:s calculated using Eq4-2).

Table 5-1 Cooling inlet nitrogen mass flow rate andBRrs per SLPM flow rate [50].

SLPM Mass Flow Rate%I BRes
10 2.08E04 2.86E03
20 4.17E04 5.73E03
30 6.25E04 8.58E03
48 1.0E03 1.37E02
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5.3 Numerical Method

Ansys RLUENT 2020 AcademiwersionR2wasused to simulate the steady 2D planar flow
problem whee a pressurbasedfinite-volume (FV)solver using the Coupled algorithwas
adoptedSpecies transpotvas solvedo computeconcentration®f air and coolant nitrogen
for determiningCFBEu. The gasses are treated as ideaégas

5.3.1 Channelflow solver
The numerical method used to solve thewfinside the channdk presented in this
subsection, beginning with the governing equations, followed by the discretization methods

and turbulence model.

5.3.1.1Governing equations
Fluent solves the conservation equations for mass, momentum, eaadgpecies

transportin the channelith the following equations, respectivdly7].

) i
-F_(‘) MD Tt 5-1)
AMD v v 00 iz M@ O
=3 Z (5-2)
O . - . . — = "
? nt MO U nt Q nY QP Z_tlﬂ) Y (5-3)
L nt mi nt® Y °Y
= N MW
(5-4)
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wheremis the density of the fluid, t is timéjis the velocity vecton) is the static pressurg,
is the dynamic viscosity of the fluit}s the unit tensoffis the directional gravitational force

or other body acceleratiori®,is the energy termiQ2 is the effective conductivity, "Vis the

temperature gradienf is the enthalpytPrepresents the diffusion flux of speCT@andif ')

is the viscous dissipation term. Since the equations are solved in-statgythe terms with
time variation are zeradComparison ofCFEy from simulations with gravity and without
gravity showed noitference, thus gravity was neglected. This is supported by large velocities

and buoyancy forces that are expected to be sit@l energy tern®is shown herg¢s7]:

V

~ o O
0 0 o < (55)

where'Qis thesensibleenthalpy of the fluidThe diffusion flux of specie&is calculated for
turbulent flows as follow§7]:
ny

, 0 . '

where"Y is the turbulent Schmidt number wheret is the turbulent viscosity ari@ is

the turbulent diffusivity) which measures the relative diffusion of momentum and mass due

to turbulence™Y is keptto the default value 00.7. Fluent claims that due to the Schmidt

number being an empirical constant that is relatively insensitive to the molecular fluid

properties, there are little reason to alter the default value for any sfadjies

5.3.1.2Discretization

The pressureelocity coupling scheme used wihe Couplal algorithm enforced when
using species transpoithis solves the conservation equatiam a pseuddransient mode.
The Coupled algorithm offers a robust and efficient sipil@aseémplementation for steady
stateflows, and better performance over the segregatedi@o schemes such as PISO or
SIMPLE [57]. The momentum and pressdrased continuity equatisrare solve together,

resulting in full implicit coufing.
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The leastsquaresell-based methodias used to discretize the gradient between deits.
comparable to the nodmasedgreengauss gradient and superior to the -balbedmethod
however it is less expensive to compute than the-badednethodand was thus usd4é7].
Pressure was solved by second order central difesmineme. Density, momentum, turbulent
kinetic energy, turbulent dissifian rate, species transport and energy are all discretizad by
second order upwind scheme. The rataon factor for the flow variablas kept at the default

0.25.The discretization schemes and the Coupled algorithm are also used”RM.the

5.3.1.3Turbulencemodel

A comparison ofQ X Standard, Realizable, and RNGbulence modelss shown in
Figure5.2. TheQ X Realizableurbulence model with standard wall functions for real
treatment was adopted for the channel and plenum dontaga.semiempirical modebased
on the transport equations of the turbulence kinetic en&ggnd turbulence dissipation rate
(X) [57]. It has the benefit of more accudgteredicting both planar and round jets, which is
relevant with the injection of coolant into the chan®él]. The Realizable model is like the
RNG in the first half but closer to the experimental results in the second half, thus acting as a
good compromisbetween Standard and RNG.

The 'Q 5 turbulence modelvas tested but wasinable to converge, and thus, not

considered aanoption.
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Figure 5.2 Turbulence model comparison betweefi ' Standard, Realizable, and RNG, for the 30 SLPM
20 PPI casg50].

5.3.2 Porous mediasolver
The aluminum foam is described by the poro
porosity, inertia coefficient, and permeability, which are taken from aluminum foams of similar

porosity and PPU6] and summarized ifable5-2.

Table 5-2 List of sample porosity, permeability, and inertia coefficient values used in the numerical
simulations of Chapter 6. The properties are based on similar aluminum metal foams used in the
experiments ofChapter 4 [46][50].

Sample ID PPI Porosity’  Permeabilityll (0 ) Inertia coefficienfl]
10 0.949 1.49 0.099
20 0.9245 1.1 0.104
40 0.9272 0.61 0.089
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5.3.2.1Porous media governing equations

The conservation equations for thHeM are the continuity and Dardyorhheimer
(momentum) equation$he continuity equation is the same as (5g.1) except we must take
into consideration the effect of porosity on the average velocity of fluid in a control volume
The Darcy velocity or superficial velocity i.e., the average velocity vasipect to a volume
elemento comprising of both solid and fluid is related to the physical velocity of fluid in the
void space byp  X@ Thus Eq. (5- 1) becomes Eq5- 7).

X_F—b nt Mo Tt (5-7)

The momentum equation is solvby addingthe DarcyForchheimer equatioas source
term toEq. (5-2) as shown in E((5-8) [44], [46], [47], [59] TheDarcy-Forchheimer source
term”Y can be calculated using E&-9) [60].

ol

é) rl . " rl - r‘l . 'F yoo o
xTe "ty UotthoR &9
Y t+ Oto t+ o E/vaoso (5-9)

wheresis the magnitude of theuperficialvelocity, O and0 are predetermined coefficient
matricesandi is the fluid dynamic viscosity. The first term on tiight-handside represents

the Darcy viscous loss and the second term the Forchheimer inertia loss. In the case of a
homogeneouPM as in the simulations, the equation reduces to a simplified forowiolg:

. t, P .
Y -—0 o — -
5 c NOD (5-10)
whereu is the permeabilityd is the inertia resistance fact@andmis the fluid density. &r a
steadystateNewtonian incompressible floim a homogeneous, uniform, and isotropic porous
mediumwith unidirectional pressure drofine DarcyForchheimer source teroan be further
simplified [46]:
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Y L.)—O |7|_0_0 (5-11)

Where™Qis the inertia coefficient and in Eq. (5-10) can be related tiby correlation
0 = Parameters summarizéa Table 5-2 are usedor the porous zone properties of

Fluent

5.3.2.2Porous mediaurbulencemodel

By default, Fluent solves the standard conservation equations for turbulence quantities in
the porous mediumand it is treated as if the sollM had no effect on the turbulence
generation or dissipation ratekhis implies thatluent solves the turbulence as if it was an
open space. However, the flow within 1M is assessed to be laminar. A laminar zone aptio
was enabled for thBM, effectively setting turbulence viscosity to be zero, suppressing
turbulence generation and dissipation raié® assumption can be justified by estimating the
Reynolds number inside the porous medium by two characteristjthiepore diameteiYQ ,
and permeabilityyQ , following literature{44], [61]:

MYQ

YQ N (5-12)

where the mean pore diameter of the porous maRrial given in literaturg46] and,"Yis the

coolant velocity.

YQ [— (5-13

The pore Reynolds number is calculated to be below the critical Y&lue o 11 j81] and

the permeability Reynolds number below the critical vatue p 1t [#4] for safely assuming

laminar flow insidePM.

5.3.3 Convergence criteria

Numerical solutions were accepted once the residuals passed@iovl hese residuals

include the continuity, ¥elocity, y-velocity, energy QY, andspecies.
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5.4 Mesh validation

Since an academic version of FLUENT was usedjriagimum number of elemenigas
limited to 512,000.However, this is not expected to be an issue as the simulations are
performed in 2D with a small area of interest where mesh concentration was applied. The cells
in the channehnd the plenurmverel mmin size except for thénigh-resolutionarea above the
PM andup to 2mm above the bottom wall of the chanmélich were the same size as the cells
inside the PMIn the mesh validation, the cells of interests in and abovEBNhare varied in
three sizes0.5 mm, 0.3mm, and 0.Imm, the numberof elementdeing107,198; 143365
and486,107, respectively

A mesh for the 0.Inm element size using the bias feature is also presented. This feature
adjusts the spacing ratio of nodes on an edge, allowing the concentration of elements around
the surface of thBM in contact with the channeA bias factor of 100 was applied beloveth
PM and 10 in théhigh-resolutionmesh zone aboyevhich allows a higher definition of the
transition between the PM and the chanBgquationg5-14) and(5-15), are used by Ansys for
the bias featurf2].

where0 is the edge length, is the growth rateg is the number of divisions, arid is the
length of the first element. The bias factor is related to the growth rate and number of divisions
with Eq. (5-15).

~

WwQi (5-15)

where® "3 the bias factofThe growth rate is set at the default value of Eigure5.3 shows

the mesh including the bias feature, for element sizes ahl1
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Channel
Interface between channel
and porous media

Figure 5.3 Mesh surrounding the surface of the®M in contact with the channelfor element sizes of 0.inm
with a bias factor of 100 applied in thePM and bias factor of 10in the high resolution zone of the channel

Figureb.4a) shows th€FEy results of théour mestescompared to the experimefigure
5.4b) shows the mass flux distributi¢mO) for Lmm below the surfacef the PM using only
the yvelocity to prevent the inclusion of penetrated air. The mass flux distributions are similar
with slightly higher peaks at the trailing edfye finer meshesittributedto mesh refinement.
This indicates theoolant flow distributions convergedor all meshesThus, the different
CFEv observed irFigure5.4a) cannot be attributed to different distribution of exiting coolant.
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Figure 5.4 Mesh validation for three element sizes of 0.6om, 0.3mm, 0.1 mm, and 0.1 mm with bias for
the 20 PPl 30 SLPM casea) shows theCFEm and b) shows the mass flux distribution Imm below the
surface.

CFEu curvesof the differenimeshedgliffer significantly, however this can be explained by
the method usetb obtain theCFBEy value The surface of theM in contact with the channel
is at the intersection of two elementsie in thePM and one in the channel, segure5.5
where the mole fraction of nitrogéGFEv) is plottedup to2 mm above and below the surface
at 3.5cm after the leading edge of the PM for the four meshesnthigreen curve), 0.8m
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(purple curve)p.1mm (blue curve), and Orhm with bias (red curveRepresentatioto scale
of the elements is also showhhe CFEy value at tle interface isobtained by thewverage
between the twelementsvhere values are saved at theenter[63]. Thus, he smaller the
element size, themaller theareafor the reported valuend therefore differepaind in this case
lower, CFEu values And the values ardifferent because of the ndineaity of the steep

transition between the mole concentration of nitrogen inside the PM to the channel.

2.0

-0.5mm
15 4 Channel -03mm
Elements +0.1mm
10 —(.1mm bias
0.5
/] Y
\‘1%\\&“1th [ 4

Yy, mm

0.000 0100 0200 0300 0400 0560
0.5

00 ————————=p=
*Vf&}:m:g

-1.0 A

1.5 Porous media

-2.0

Nitrogen Mole Fraction

Figure 5.5 Cell values at 0.58n from the channel inlet (35mm from start of the PM) for 2 mm above and
below of the PMs surface for the 20 PPI 30 SLPM case at element sizes ofr@rd (green curve), 0.3nm
(purple curve), 0.1mm (blue curve), and 0.1mm with bias factor (red). Element sizes shown for all three
non-biased meshes.

It is assumed the mesh size of éhin with biasto be thecorrect CFEu curve for the
transition from the PM to the channiel Figure 5.5. With this assumpbn, comparisos
between the different element mesh sizes can be made againstrima Quith bias mesh for

the same contrarea as shown irFigure5.6. For example, the 0.Bsm mesh provides the

average€CFEy value for aareaup to 0.5mm above and below the surface of the PM in contact

with the channel, this can be compared toaherageCFeEw valueof the 0.1mmmeshwith

biasfor the samarea The comparisons result in similar values, supporting the argument that

the CFBv does not change with mesh size due to dependence on the mesh but rather because
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the areas measurdd approximate the siace value changd-rom these comparisorike
CFEu curves inFigure5.4a) can be better interpretad the range dfFEv of differentarea
around the surface of M in contact with the channel.

From the understanding that t6&Ey measured represents a value fromette=of the two
cells above and below the surface of the PMisiobserved that theumerical curves
encapsulate the experimental resulFigure5.4a), meaning that th€FEw of thelarge area
of the 0.5mm meshoverestimateshe CFEv and the smalbreaof the 0.1mm with bias
underestimatethe CFEu. It is alsoobserved that th€FEy curves of the different meshal
follow reasonablyhe shape of the experimental curve.

Thus, it can be reasoned that ®EEy measured in the experiment can be approximated
reasonably for a certain area around the surface of th& R&/D.1mm mesh with no bias was
used for further simulations as it allows reasonable approximation of experimental results
while retainingadequatelefinition of the transition from the PM to the chanwdthough a
case could have been made for using the mesh size ofr.& the 0.1mm with bias and

approximating to an appropriate area
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Figure 5.6 CFEwm around the surface of the PM for differentareas. A) compares theCFEm from 0.5 mm

above the surface of the PM to 0.5n1m below the surface of the PM from a mesh size of OBm with no

bias to the mesh size of 0.hm with biases B) compares theCFEm from 0.3 mm above to 0.3nm below

the surface of the PM from a mesh size of 0/8m with no bias tothe mesh size of 0.inm with biases C)

compares theCFEwm from 0.1 mm above to 0.1mm below the surface of the PM from a mesh size ofD.
mm with no bias tothe mesh size of 0.inm with biases.
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6 Results and Discussion

In thischapter the numerical results based on the experiad@ainditionsusedin Chapter
4 are presented. First, a look at an example of typical numerical results and the flow inside the
PM reveals the effect of high porosity @frEu. Followed by comparison olumerical results
to the experiments, and finally, a sensiyvanalysis is performed to understand the effects of

permeability and inertia coefficient @FEv.

6.1 A Representative Case

A simulated case that is typical to this study is presented first, with a 20 PPI porous material
sample at a flow rate of 48 SLPM ®&BR-s of 1.20E02 as defined isection4.2

Figure 6.1 presents the steadyate mole fraction of coolant proxy (nitrogen) and main
stream air with red representing 100% air a
nitrogen layer (cooling film) builds over the length of the sample with varying degrees of
mixing with the main stream air. The most interesting part of thisfigse a A bubbl ed ¢
nitrogen located at the trailing edge of the sample, a phenomenon also observed in the
experimentsKigure4.9). This indicates that a substantial amount of nitrogen exits towards the
trailing edge of the sample, highlighting the aarformity of cooling flow exiting the surface
of thePM.

Figure 6.1 Simulated nole fraction of nitrogen inside and over the 20 PPI porous sample with a coolant
flow rate of 48 SLPM - BRrs of 1.37E02[50].
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Mass flux distribution of coolant exiting thHM clearly demonstrates the nonuniformity,
as presented ifrigure 6.2. This phenomenon was mentioned irct&m 4.2 and observed
experimentHy: slightly more coolant exits the leading edge than the center section with an
overwhelming amount exiting at timeiling edge.
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Figure 6.2 Simulation coolant mass flux distributionat 1 mm below the surfaceof the 20 PPl sample at30
SLPM - BRers of 8.58-02[50].

Figure6.3 displays a vector plot illustrating the flow field inside the porous sample. This
figure reveals the surge in nitrogen near the trailing edge of the porous sample. As the main
stream air moveat 33x i over the sampkesurface, the coolant is entrained by viscous effect,
inducing lateral flow motion inside the sample, similar to thellidgen cavity problem[64].

Lateral motion being along thedirection of the coordinate systemhkigure5.1, or fromthe

left of the figureto rightof the figurein Figure6.3. The lateral movement of coolant ihs the

porous medium is stopped by the end wall at the trailing edge of the sample and is redirected
upwards into the channel. The lateral flow motion insidePWealso creates a loywressure

zone near the leading edge that is indicated by the revevseficoolantAn occurrence also

seen in the liedriven cavity problem on PNB4].
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Figure 6.3 Velocity vector field inside thePM for a 20 PPI sample and 48 SLPM BRrs of 1.37E-02 coolant
flow rate [50].

The fow field inside thePM is predominately controlled by pressure gradient and
momentum loss as described by the Ddfoychheimer term in Eq5-11). Properties of
porous samples, including porosity, permeability, and inertia coefficient, determine the
magnitude of momentum sink termalso known aglow resistance of th@M. This flow
resistance is relatively small for a material of high porosity, high permeability, and low inertia
coefficient, allowing fluid to flow through the sample with small pressure dkigh.porosity
aluminum metal foams, as thees investigated in this study, are such examplesrnatively,
porous samples featuring low porosity, low permeability, and high inertia coefficient are
associated with a dominant DarEprchheimer ternand high resistance to flow movement
Assuming istropic porous samples featuring relatively small Dafoychheimer term, the
lateral motioni.e., in the direction parallel to the main stream/hot gas ftdveoolant flow
inside the porous sample is induced by the main stream due to viscosity. Thextplen
supported by the lack of lateral flow motion in comparison simulations where porous materials
are assigned high flovesistanceand demonstrated later @hapter7.

Lateralmotion of coolant inside porous samples is not ideal for transpiration cooling as
one of the effects of lateral motion is a aamform concentratiorof coolant(CFEv) over the
surface of the porous samples. If a material of high porosity is used for transpiration cooling,
more coolant should be supplied to the leading edge of the samples to generate a more uniform
and effective cooling film. Alternatively, a more uniform cooling fitmuld be achieved by
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suppressing the lateral flow motion inside the porous sample material with an anisotropic

porous medium featuring high flow resistances.
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6.2 Cooling film effectiveness as a function of coolant mass flow
rate

A comparison of simulategitrogen mole fraction at the surface of the 20 PPl porous sample
at all four coolant flow rates is shownkigure6.4. It has been shown i@hapter4 that the
nitrogen mole fraction is identical tine minimum theoreticaCFEr by the design of the
experiment. For each simulated caS&Ev decrease initially before rising and finishing at
close to 100%. Similar to experimental results showrigire4.9, higher coolant flow rates
result in enhanced over&@lFBy, although the trend is more pronouncethasimulations.

SimulatedCFEu curves for all coolant flow rates have the same initial value. A plausible
explanation is that the coolant flow near tleading edge of the porous sample is
predominantly controlled by the identical main stream flow which pulls the same mass flow
rate of coolant whereas the differences in coolant flow rates are pronounced downstream.
However, it is assumed to be a numergabr as the initiaCFEy does not change when the
blow ratio is changed in the experiments.

It was noticed that the initiadCFEu value changes based on the mesh size, which was
explained in sectiob.4, or by the resistance to flow movement of the PM. The latter is

explained by a redistribution of coolant due to the change in PM properties.
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Figure 6.4 Simulated nitrogen mole fraction over the 20 PPI porous sample for all coolant flow rates, where
nitrogen mole fraction is identical totheoretical minimum CFEr by the design of the experimenf50].
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6.3 Comparison of experimental and numerical results

The comparisons between experimental measurements and sinitH&gsifor the 20 PPI
porous sample at all four cooling flow rates are presentéigjure6.5. The comparisons show
reasonable agreement between experimental data and numerical simulations, with
discrepancies for the 48LPM and 10 SLPM cases.

The material properties of porous samples reportéukiliterature are adopted as inputs to
the smulations[46]. The lack of exact values of the permeability and inertia coefficiethieof
utilized samples introduces errors in simulating the coolant flside the porous samples,
moreover the averaging mhed of numerical simulations does not represent the effects and
randomness of varying pore size and internal structure insidePMalin addition, the
boundary conditions in the numerical simulations may not accurately capture the physical
realities in he experiments; for example, the peripherals of the porous samples may not be
perfectly sealed and the leakages are not quantified and simulated. Motlees@mples may
not have been perfectly flush with the channel wall, causing small discrepancéssilis.
However, the aforementioned leakage is unlikely to be solely responsible foFEyespike
near the trailing edge of the samples, as the leakage does not generate a similaCsjtie in

at the leading edge of the samples.
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Figure 6.5 Comparisons of CFEm values between experimental measurements and simulations for the 20
PPI sample at coolant flow rates of a) 48LPM or BRrs = 1.37E02, b) 30SLPM or BRrs = 8.58E-03, c) 20
SLPM or BRrs = 5.73E03and d) 10SLPM or BRrs = 2.86E-03 [50].
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6.4 Sensitivity Analyseson Cooling Film Effectiveness

To quantify the propagation of the uncertainties in porous material properties to-stream
wise CFEv profiles, sensitivity analyses are performed by varying permeahiljtpi( inertia
coefficient {Q using values close to those found in the literaturelevholding all other
parameters constant. The 20 PPI sample with coolant flow rate of 30 SLPM is chosen as the
baseline case due to the good agreement between numerical simulations and experimental
measurements.

The analysis of permeability sensitivity pgesented irFigure 6.6, where CFEu curves
representing reduced permeability are illustrated by -daséd lines and increased
permeability by dashednes. It is apparent th@FEu curves with reduced permeability depart
from the experimental measurements, which can be attributed to higher flow resistance
distributing coolant more evenly. In addition, the lateral motion of coolant flow inside the
porous medium is inhibited with decreasing permeabil{ipcreased resistance to flow
movement)and the reverse flow near the samples leading edge is suppressed. The trends
support the hypothesis that low interior flow resistance is responsible for the reverses fl
described earlier inection6.1
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Figure 6.6 CFEw sensitivity on porous medium permeabilitylt, with Kx denoting a multiplication (decrease
in flow resistance) and K/ denoting a division (increase in flow resistance). The analysis was performed on
the baseline case of 20 PPI porous sample with a cooldlow rate of 30 SLPM, or BRrs = 8.58E03 [50].
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Effects of the inertia coefficient o8FEv are presented ifigure 6.7, with suppressed
inertia coefficien{reduced resistance to flow movemehitistrated by dastdoted curves and
augmented inertia coefficie(increased resistance to flow movenéntlarge, dashetines.

The sensitivity analysis suggests that increasing the inertia coefficient has a similar effect to

decreasing the permeability and wigersa.
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Figure 6.7 CFEwm sensitivity on porous medium inertia coefficienl fx denoting a multiplication (increase
in flow resistance) and f/ denoting a division (decrease in flow resistance). The analysis is performed on the
baseline case of 20 PPI porous sample with a cooldtdw rate of 30 SLPM, or BRrs = 8.58E03[50].

Assuming isotropicporous materialsjt is revealed by the sensitivity analyses that
adjustmentsa the material property inputs to the simulations can result in better agreement
between numerical simulations and experimental measurements. This is explained by either
increasing the permeability oeducing the inertia coefficiefeading to less resistive samples.

A comparison of) and™Qfrom different experimental studies using aluminum metal foams,
showed) varying by up to four times between samples of porosities within 1% of each other
and identical PRIWhereas'Qvaried on average by two, with the exception of one study
showing two orders of magnitude smaller for thi@iralues[48]. This supports the hypothesis
thatin our simulations the inertia coefficient may be too large compared to the real samples.
In [48], the differences between values of different stutbegistified by the multifactor

determining permeability and inertia coefficient, they are compared on the basis of porosity
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and PPJhowever, they depend on other geometrical parameters such as fiber diameter and
pore size.

Another revealing aspect tiiese sensitivity analyss are the results from reducing the
inertia coefficientwhich effectively suppressethe Forchheimer term in E¢p-11), resuting
in the source term of the original Darcy equation. The Darcy regime is typically said to be
present between™dQ of 1-10[44] and'YQ < 25[49], see Eq(5-12) and(5-13). Using both

equationsfor the 20 PPI case witha PP O Y-, t PR wp T Ui andQ

3T Tt C0w[46], results in velocity ranges of approximateigt 1 ¢m@ ¢ & for 'YQ and
T o & for 'YQ, for the onset of the inertial regime and Forchheimer inertial évss tb be
applicable The mnimum superficialvelocities for the 10 SLPM case are aromdd x—, and

T x— for the 48 SLPM caseThus, depending on where the transition lies within these

aluminum metal foams, it is possibeusedis accurate but a significant part of the domain
lies in the Darcy regimehere the Forchheimer term should not be used

Solving the simulations with oplthe Darcy loss term results in better agreement with the
experiments, similar to dividingy 100 inFigure6.7. Simulations of all four flow ratefor
the 20 PPIsample such as the comparison presentdeguare 6.5, is shown inFigure 6.8,
using Darcy momentum equation instead of Ddfoychheimer momentum equation. Better
agreement is obtained, except for the 10 SLPM case, where recirculattmthe PMoccurs
at the trailing edgddowever the DarcyForchheimer momentum equation was kept for further
simulations presented @Dhaptes 7 and8, as it is not confirmed if the flows are predominantly
in the Darcy or inertial regime
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Figure 6.8 Comparisons of CFEwm values between experimental measurements and simulationsing Darcy
equation for the 20 PPI sample at coolant flow rates of a) 48LPM or BRrs = 1.37E02, b) 30 SLPM or
BRrs = 8.58E03, ¢) 20SLPM or BRrs = 5.73E03 and d) 10SLPM or BRrs = 2.86E-03.

67



7 Porous Media Design

With the sensitivity analysis performedsection6.4 showing the effects of permeability
and inertia coefficient o€FBEv, PM designs are explored in thhapteraiming to achieve
ideal CFEv. This can be defined asconstantoncentration of coolant over the surface of the
samplelt is hypothesizedhis CFEs would produce areven heatransferto thePM over the
length of the saple as the fluid temperature in contact with the surface would be roughly
equivalentNeverthelesst is unlikely to produce an even temperature distribution inside the
PM as other factors such as: coolant mass flux distributihars, local fluid heatapacity and
convective heat transfer coefficiemindlocal conductivity coefficient in anisotropic samples
haveinfluence Theseinfluence the propagation and removal of heat througthe PM to
different extents.The designs presented, howevamn only at achievingeven coolant

concentration.

7.1 PorousMedia Properties

First, the sample properties of real metal foams used to pradecewdesigned samples
are presentedThese properties were taken fromluminum metal foams and compressed
aluminummetal foams found in the literatuj48]. Compressedluminummetal foams have
lower porosity and greater resistanadlow movementvhich allow for greatedesignrange
as the main factor in designed samples presented later is the resistance to flow movement
Their usealso permitscomparison to regulaaluminum metal foamsstudied in chapted.
Sample properties used in the simulations are present@alate 7-1. All samples are from
real aluminum metal foams properties except for sample 8 which is an interpolation of two

foams.
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Table 7-1 Aluminum metal foams physical propertied48].

Sample
g PPl Porosity L m |
ID
Not
4 20 0.924 054 0.065
Compressec

5 Compressec 40 0.6 0.00924 0.383
6 Compressec 40 0.44 0.00175 0.413
7 Compressec 40 0.58 0.00606 0.471
8 Compressec 40 0.8 0.02 0.2

Aluminum would never be used as gl material in a combustion chamber due to its low
melting point However, t is justifiable to usat as reference in this study as it aims to
determine ideal surfac€FEv which is controlled by thgeometricalproperties of thd®M:
porosity, PPI, permealiy, and inertia coefficientTheseare uncorrelated to the thermal
propertiesof the material.

Anisotropic profiled PM are used later in thehapter to characterize the different
combinations fromTable 7-1. Ratios of porosity, permeability and inertia coefficierare
calculated usingq. (7-1-(7-3) with the profiles presented ifable 72.

X
v (7-1)
- (7-2)

-

_ (7-3)
L5

With 0 ‘Gndicating the leading edge aihdQhe trailing edge} was selected arbitrarily as
variable. Likewisethe resistance ratio between trailing and leading sadge be calculated
usingEq. (7-4). It was derived by dividing the trailing edge source term (&d.1)) by the
leading edge source terfad. (5-11)).
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11 i (7-4)

Resistance rat®were calculatedfollowing the simulations aseading and trailing edge

velocitiesareunknownbeforehand

Table 7-2 Property ratios of profiled PM.

Profile  Leading Trailing Porosity Permeability Inertia Resistance
ID Edge Edge Ratio Ratiopo L  coefficient Ratiq 4
SampldD  SampldD Ratio, g
1 4 5 1.54 59.52 5.89 60.09
2 4 7 1.59 90.76 7.25 112.54
3 4 6 2.1 314.29 6.35 739.54
4 8 7 1.38 3.3 2.36 4.27

These ratios help compardifferent profiles however, two profiles with the same
resistance ratibutwith different permeabilities would not give the sa@teby curves because
the flow path and distribution are also dependent on absolute resistarcgrofile IDs are
used to redr to designedPM from Table 7-2. Profiled PM are discussed in more details in
subsectiory.2.1.1
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7.2 Porous Media Design

Before investigating methods to impra@€Ew, examples ofiigh porosityand compressed
aluminum foams are presentedrigure?7.1. As mentionegreviously,low resistance to flow
movementfrom high porosity samplesause a large amount of coolant to exit at the trailing
edge, leaving the rest of the sample with little coal&stsuch, uneve@FEu occurs with low
protection in the first half and very high protection in the second half. Simulation results of
compressed foams with larger resistance to flow movement impigniécantly on thehigh
porosityaluminum foars by distributingcoolant moreevenly.

To help quantify and compa@FEv results of two differenPM, theaverage and standard
deviation are computeéor the high porosity metal foam presente&igure?.1, the average
CFBEv is 0.38 and the standard deviation 0.19. The compressed foam has an G¥F&age

0.54 and a standard deviation of 0.14, an imprargraver the high porosity metal foam.
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Figure 7.1 High porosity (Sample ID 4)and compressedSample ID 5)aluminum metal foamsCFEm and
mass fluxdistribution for mass flow rate of 30 SLPMor BRers of 8.58E3.

The compressed foa@FEy results are bettdrecase high resistance to flow movement
has a higher impact on the magnitudéhefpressure drop across Bid relative toincremental
change irvelocity of the coolant, thusvening out the distribution of exiting coolalteaning,

for every increase in velocity, the pressure gradient require to support this velocity is higher
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for high resistance PM, thus encouraging more flow to digilkevenly.This meanghe
coolant will no longer overwhelmingly exit at the trailing edgherefore, even distribution of
exiting coolant is achievable by using very hippw resistancd®M. However, they result in
higher pressure drop which may provedesirable depending on the combustion chamber
designandoffer unevenCFEv as an even distribution of mass flow results in an un€\¥Fdy.
Note that mass flux values are takemrh below the surface of tH&M to prevent the capture

of air present at the surface.

7.2.1 Anisotropic porous media

To achieve unifornrCFBEy, morecoolantneeds to exit the leadingdgeof the PM. This
could be achieved by increasing resistance to flow movement in the second halPf the
and/or reducing the resistance to flow movement in the first half oPtfiethus,requiring an
anisotropicPM. The following subsections investigate various methods to achieve a uniform
CFBEwu using anisotropi®M.

7.2.1.1Profiled porous media

This sulsection proposetsining the porous media properties (porosity, permeability, and
inertia coefficient) to redistribute coolant towards the leading edlges is achieved by
designing a porous media with low resistat@céow movemenat the leading edge drhigh
resistancdo flow movementat the trailing edge, then connecting by some function (linear,
polynomial, square root, etcthe two edges to define the resistance to flow movement in
between

Thetunedporous media property values are only a fumctib the strearwise direction
(x direction) and are constant along the throughflow direction (y directienjhey-direction
(permeability porosity, and inertia coefficien equal tahe xdirectionpermeabilityat any
given point.Theporous meth properties at +dx edx from that point are going to be different
according to the function used, but will be the same at +dghyoiTheedgevalues are taken
from Table7-1 andresultingprofiled (tuned)porous media are shown Trable7-2.

Examples of the linear and square root function of the inverse of permeability over the
length of the porous media for profile IDfrbm Table7-2 is shown inFigure7.2. Notice low

inverse of permeability at the leading edge and high sevef permeability at the trailing edge.
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The inverse of permeability is a representation of the resistance offered by the Darcy term in
Eq.(5-11).
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Figure 7.2 Inverse of permeability following a square root and linear function for profile ID 1, connecting
the inverse of permeability of sample ID 1 a® and sample ID 2 ate < over the length of the sample.

Figure 7.3 compares two profile@®M with different shape functiondinear, and square
root) to the isotropic compressed foani sample ID5 for reference. In theseases low
resistance fronsamplelD 4 to high resistance fromamplelD 5 which represents profile ID
1 were used, giving a resistance ratio of 60.09. Both prafésslt ina more uniform and
higher initial CFEu than the compressed foaswverage and standard deviatiare 054 and
0.19, 056 and 0105, and 056 and 0115 for the compressedoam squared rogprofile, and
linear profile, respectively Quantitative values indicatequal averag&€FEy between the
linear and square root profeand slightly better standard deviationtfoelatter.

The redistribution of coolant is apparent in the mass flux curvegyafe7.3, where more
coolant exits théirst half of the profiled samples compared to the compressed Besad on

this comparison, future profiles in this study disesquared root function.
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Figure 7.3 CFEwm a), and mass flux b), for a linear and square root profile of profile ID 1 (sample ID 4 to
sampled ID 5) compared to a compressed foam (sample ID a}.30 SLPM coolant flow rate

Square roofunctiond s s m&IBEy bverithe linear function comes from e rapid
increase in resistance to flow movement at the leading edge that transitions into a more gradual
increase further down tHeM. This dlows massflow to reduce slowly over the length of the

PM, sinceless coolant is needfurther down the samplas discussed in sectidi2
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Using various compressed aluminum foams of high flow resistance for profile IDs 1 to 3 shown
in Table7-2 resulted in significantly differel€FEv, as seen ifrigure7.4. From observation,

profile ID 2 offers the smoothest protection, however, profile ID 1 and 2 lack leading edge
protection which is offered by profile ID 3. Quantitative values doerageand standard
deviationare 056 and 0105 0575and 007 and, 0591 and 005 for profile ID 1, 2 and, 3,
respectivelyThese values/ould indicate profile ID 2 and 3 to offer superior protection than
profile ID 1. Of importance remains the lack of protection at the leading.dtige further
desigrs were to be implemented, profile ID 3 would the recommended profile as it offers
protection at the leading edgdowever, ifimprovedprotection to the leading edge can be
achieved, profile ID 2 would be recommended as even protection is achieved past the first
quarter of thd®M, whereas profile IC8 has a declining curvélthough, due to other cooling
effects such as conduction in the PM and convection between the coolant and the PM, the
lower concentration of coolant at the leading edge of profile ID 3 may not translate to an
unacceptable temperatuighe differences ifCFEBy curves is directly correlated to the mass

flux distribution, as shown iRigure7.4.
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Figure 7.4 CFEwm (panel a) andmass flux distribution (panel b) for profile IDs 1 to 3 where profile ID 1
offers the lowest resistance ratio and profile ID 3 the highest resistance rat& a coolant mass flow rate of
30 SLPM or BREs of 8.58E3.
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7.3 Leading EdgeCooling Film Effectivenes Solution

Low leading edgeCFEy indicates a lack of coolant flow rate at the leading edge of the
samplesincreasingt requires creating an incentive for the coolant to exit at the leading edge
Three potential solutions are investigatée involves using a lip on the wall before the
leading edge of th®M, forcing main air over the leading edge and creatit@yvapressure
zone which pulls in coolant.The £cond proposed solution uses a small open slit before the
PM which injects coolant into the channel, much like effusion coolirge hird solution
removes oreplaces witha high porosityPM a small sectiomf the leading edge and uses a
high resistance profileBM afterwardsThe three solutions are shown schematicallyigure
7.5, note that the lip presentedkigure7.5a) andFigure7.5b) is exagerated in size for easier

visualization
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Figure 7.5 Isometric and side views ofleading edge solutions investigated: using a rectangular lip
(exaggerated size for easier visualizatign(panels a and b), using a slit 2nm prior to the leading edge of
the porous media with a 30 exiting angle to the surface wall (panels ¢ and d), and meoving a part of the

leading edge (2nm shown) (panels e and f).




7.3.1 Leading edgewall lip

Adding a lip will preventthemain airfrom coming in contact with portion of the leading
edgedue tobeing redirected awagnd above the PMhis creates a loypressue zone after
the lip which willpull in morecoolantthan it would otherwise in a case without the lip, creating
a high concentration of coolant and thus HiZff&u. No recirculation is expected tiwcur,as
a constant flow of coolant from th&M will push any fluid in this lowpressure zone into the
channel. The lip investigated was square shaped and positioned directly before the leading
edgeof thePM. Multiple sizes were tested with results from three lip sizes showigure
7.6. The modification of adding a lip to the wall was testedPoafile ID 1as theemployed
porous mediaas it required the largest improvement in leading &cigigy.

Improvements in initialCFEy is observedin Figure 7.6a) when increasing lip s&
howeverusing a lip &e larger than half millimeterresulted irexcessivénitial CFEv relative
to theCFEv over he rest of th&M, whichis undesirablas it indicates inefficient distribution
of coolant This is explained by the larger amount of coolant pulled and gxiti& leading
edge as thdifference between the mass flux distributimiweerprofile ID 1 without a lipto
thel mm lip size demonstragel arger lips cause a largérw a k e low-@esdlire area after
the lip which pulls in more coolant, thus the higher exiting mass flux of coolant at the leading
edge. A lip size of half amillimeter offered the best surfac&FEv out of the three sizes with
high initial protection for first calact with main flow and constant protection for the rest of
the PM.

The optimal size of the lip will depend on the required amount of coolant needed at the
leading edges.g.,a smaller lip would be required for profile ID 2 adétsdingedgeprotection
already transpires more coolant than profile IDQuantitative values are not presented as

observations of th€FEu was judged sufficient.
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Figure 7.6 Leading edge wall lip of1 mm, 0.5mm, 0.1 mm, and no lip CFEwm results for profile ID 1 and
coolant flow rate of 30 SLPM or BR:s of 8.58E3.

Some concerns with the feasibility of using a lip in a gas turbine chamber cannot be
ignored The lipwould be subject to the same high velocity, high temperature hot gas flow as
the PM, which it may not survive and become damaged or destroyed. Still, it remains
interesting to consider various solutions. The square shape of the lip is aldeah@nda

smooth transition lip would be preferred.
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7.3.2 Injection slit before porous media

Increasing leading eddeFEv could be achieved by using an injection slit before the start
of thePM and introducing a small amount of coolant, much like rhdte effusion coling.
Simulations were performed where coolant was introduceunin?before thd®M at 0.1 m/s
0.5m/s, 1m/s, and 2n/sata3(° anglefrom the channel wallvith a 2mm wide injection slit
Effusion cooling injection angles are usually betweeha2@ 30, thus the 30was selected
The distance of the injection slit from the leading edge of the&vB#/chosen arbitrarilyhough
it should not be too far as to dilute the coolant film too mé&ebfile ID 2 was chosen as the
PM as itoffered the most eve@FEv in Figure7.4. Results are presented fiigure7.7. In
these simulatiors the injectionslit does not sére coolant from the plenum.

Uniform CFBEu was achieved using this method at a velocity mf'4, proving theoretically
the feasibility of achieving a uniforl@FEy. As expected, increasing the velocity of coolant
exiting the slit increases the leading e@jebv as the faster the velocity, the larger the mass
flow rate. Surprisingly, increasing the slit velocity also increases the amount of coolant from
the PM exiting at the leading edge, as can be seEigume7.7b). This can be explained by
the lower pressure at the leading edge of the PM due to a faster flow at higher injection velocity,

as shown irFigure7.8.
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Figure 7.7 CFEwm (panel a) and mass flux (panel bjesults of profile ID 2 with a 2mm wide slit injecting
coolant atO.lD—v, 0.5D—v, 1 D—v and ZD—vforming a 3(° angle with the surface wall and located Znm before the

leading edge. @olant flow rate was30 SLPM or BRrs of 8.58E3.
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Figure 7.8 Pressure distribution on the surface of the PM for thecases with injection slit with velocities of
0.1m/s, 0.5m/s, 1m/s, and 2m/s. Profile ID 2 was the PM used and the coolant flow rate to the PM was 30
SLPM or BRrs of 8.58E3.

The CFBEv over the small 2nm section iFbetween the injection slit and PM ftire four
velocity casess presented ifrigure7.9. As the injection velocity increases t8&Ey of the
section increases. Over the length of the sectio@Ei& deceases as mixing with air dilutes
the coolant. The cooling of this section may be of concern in a real application, to improve its
protection the distance between the injection slit and PM could be reduced or even be zero
with the injection slit ending ahé leading edge of the PM.
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Figure 7.9 CFEwm over the 2mm section in between the injection slit and PM for the simulation cases with
injection slit at velocities of 0.1m/s, 0.5m/s, 1m/s, and 2m/s.

Due to the use of an injection slit, this method required more coolant, approximately 10%
morein the case of the limvelocityi.e., 33 SLPM vs 30 SLPMApplication of such method
in real gas turbines may prove difficult however, as the injedibandthe PM would share
the same coolant reservoirherefore, it may prove difficult to balance the ratio of coolant

exiting the slit ersusthe PM. Further study on this metheduld berequired.

7.3.3 Leading edge open section

A similar method where a small portion of 1AM at the leading is removed and kept open
or replaced by a low resistaned is simulated as an alternative to the injection slit method
This is similar to the previous subsectiémthe simulations perforngdethe PM used for the
section past the leading edgeprofile ID 4, a high resistance profiléeM but with a low

resistance ratidVleaning, thdeadingedgeresistance to flow movemeat this profileis high
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relative to the other profiles dfable7-2 but the ratio betweeits trailing edge resistance and
its leading edge resistance is smallethese simulations,i2m of the leading edge is removed
or replaced and the PM used as theaeginent for the leading edge is sample ID 4.

It washypothesizedhatthe initial section would allow enough coolant to exit and increase
the leading edg€FBEv while the high resistance profild®M sectionwould trickle enough
coolant to maintain a constaconcentrationThis isobserved from the resulfgesented in
Figure7.10. In this case both the removed section andPiieise the same reservoiragolant
from the plenum, removing the potential issue discussed in the prevlmection.

By observatiorof Figure7.10a), a steadyCFEu curvecan be seefor the great majority
of the length of thé®M with rapid increase iIlCFEv at the leading edge for both casas.
expected, the open section case transpires more coolant at the leading edge than the case with
a low resistance sectiofhe first 2mm of tre PM with leading edge solution are not shown
for the CFBEy figure as we are not concerned with their cooling, since if such a solution were
to be implemented, the top section would be open space where no heat transfer to the PM could
occur.

More simulatios were performed kere more or less of the leading edge was
removed/replaced, e.g.,ddm or 5mm, which increased the amount of coolant leaving at the

leading edge when a larger portion is removed/replaced andetisa.
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Figure 7.10 CFEwm (panel a) and mass flux (panel b) results of removed and replaced leading edge with
profile ID 4 for the high resistance PMfor coolant flow rate of 30 SLPM or BRes of 8.58E3.

86



7.4 Porous Media Dimension Effects on Cooling Film
Effectiveness

Thus far, all simulations have been performed &WVeof 13mm in thickness and #m
in length As one would expect, changing the dimensions may result in diffeFdst curves
which would indicatedependancen dimensions. Thiis investigated in #hcurrentsection
where dimension changésthe PMof the previous subsectio.8.3 are madedoubling the
length, doubling the thicknesa@ doubling both the length and the thickness. In cases where
the length of thé°M is doubled, theeoolantmass rate is increased to reflect the increase in
surface area, keepirtge BR:s constant

Profile ID 4 is used as good results were obtained ipteeioussub®ction. In the case
where the length is douldlethe open section is also doubled to reflect the same profile ratio

per nondimensional distanee Results for the foudimensioncases are presentedRigure

7.11

Casas where the length of theM was increased resulted in higher ove@fib curves,
largely attributed to argeraccumulation of coalnt thusthickeningof theboundary layeras
shown inFigure7.12. Case where the thicknesbthe PMwas increased saw a shift of mass
flux from the trailing edge tthe leading edge, causing an increase in leading @88 and
lower trailing edgeCFEv. This effect was expected as increasing the thickness increases the
required pressure drop for coolant to exit in the higher resistance @giom porous media
morethan the lower resistance regialiscouraging coolant from exiting closer to the trailing
edge.

Increasing the length of thH&M resulted in lower leading edge mass flux because a longer
PM creates more surface length resistance, encouraging more coolant to transpire closer to the
trailing edge. Increasing the thickness of Bid increases the resistance to flow movement
more at the trailing edge than it does at the leading edge, therafime coolant exits at the
leading edge. This results in significantly larger init@FEs and lower CFEy for the
remainder of thé&M.

It can thus be concluded that the profiles need to be adjusted when applied to different
dimensions: slightly larger restance ratio when increasing the length and smaller resistance

ratio when increasing the thickness.
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Figure 7.11 CFEwm (panel a) and mass flux (panel b) for double length, double thickness, and double
thickness and length based on profile ID 4. Double length simulations have avin open section versus the
regular length 2 mm. Flow rate was 30 SLPM or BR:s of 8.58E 3.
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8 Heat Transfer Analysis

In previous chapter§FE protectioomeasured using mass transfer analoifgred byPM
have beemade more uniform by modifying the PM propertiesl hanging the distribution
of coolant In this chapter comparisons athe surface temperature for differétl seen so far
such as high porosity aluminum foarof the experiments, compressed aluminum foams,
profiled porous media, and profiled porous maedgith leading edge solutioayeperformed
The heat transfer conditias simulatedwith the main flow at higher temperature than the
coolant.The goal is tcompareghe CFEy to theCFEr and determine if CRizis an appropriate
representation of CREThe heat transfer model is presented first, followed by a validation
analysis based on experimental data found in the literature and finally, the heat transfer

simulations of profiled®M are performed

8.1 Heat Transfer Model

The heat transfemodel is describetiere Two main heat transfer processieed to be
modeled heat transfemside the PM which includes convectibatween the solid ligaments
and coolanand conduction through the solid phadescribedn sub®ction8.1.2 andsecond,
heat transfer between thet gaflowandthePMé6 s sur f ace with cooling |
in subsectior.1.3 The radiative heat transfer inside k! is neglected as it is assumed the
temperature differences are to be small. Radiative heat transfer to the surfade\bfstadso
neglectedven though in real gas turbine combustion chambers the radiation has an effect. The
reason isto simplify the poblem and enable future comparisaf experiments This
assumption will result in lower overall heat transfer to the PM and lower PM surface

temperature

8.1.1 Calculation Domain

As mentioned irsection5.4, Fluent Academic version was used to perform numerical
simulations which imposes a limit on meshes to a maximum of 512,000 dellsolve the
heat transfer inside the PM, local mthrermal equilibriums assumed (LNTE). LNTE is the
assumption that the fluid and solid phesethe PM in a cell are not at the same temperature.
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This is usually tru@aroundthe surface of the PM when there is large heat transfer to the PM
and the convection from the cootda the solid of the PM is not large enough to reach thermal
equilibrium.The LNTE thus requires solving the first law for both the solid and fluid ghase
and they both carry their own equation. The mmasistreflect this by separating the PM into

two domains, one for the fluid phase and one for the solid phase. This causes the number of
cells in the PM to double and when using element sizes ahf1his brings the total count

of elements above the threshold of 512,000 cells. To return beloavtikabk limit, the
element sizevasincreased to 0.16m in the higher resolution zonésbias of 100was also
applied inside the porous media, more dainithe selected mesls presented in subsection

8.2.3

8.1.2 Heat transfer inside porous media

Heat transfer insideéM can bederived from the first law of thermodynami@svo different
models exist depending on the assumption that the p(sdeEl and fluid phases of the PM)
are either in thermal equilibrium, resulting in the loitedrmal equilibrium model (LTE or
that they are not in thermal equilibrium, thus the locattin@mmal equilibrium model (LNTE).
In the simulations performed later iretbhapter, it was assumed that the solid and fluid phases
are not in thermal equilibrium, thus the LNTE modelsused, requiring to solve the first law
for both phases. The assumption of #lbaermal equilibrium is justified by the large heat
transfer occrring at the surface of the Ptue to convection from the hot gas flow.

The first law for the solid phase is presented in ([Bell), the derivation can be found in
AppendixA - Heat Transfer Analysisr [65].

< AY o ey -
p X/\Aoo% nt QnYy Q7Y Y (8-1)

where® is thespecificheat capacity of the solid) the effective conductivity of the solid

“Ythe temperature of the solidk the temperature of the fluid affdtheinterfacialconvective
heat transfer coefficierietweenPM ligaments and coolanThe term on thdeft-handside
measures the rate of changeeokrgy in the element. The first term on the rigéd side
measures the conduction in and out of the element and the second termigimt-tieendside

is the convective heat transfer between the solid lardighases.
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The first law for the fluid phase is presented in @42), the derivation can be found in

AppendixA - Heat Transfer Analysisr [65].

-~ RAY p. . C A ey ey ey v
Wby = Jofvy ntnty oty vy 8-2)
wherey; is the specific heat capacity of the fluid at constant pressuréQarile effective
conductivityof the fluid. The second term on the léfand side of the equation representes the
convection of energy through the element, the other terms arentleeasaEq(8-2).

Both equations are coupled by the last term on the right hand side, representing\envecti
heat exchange between the sélid and the surrounding fluid.

When solving usindinite volumemethod(FVM) such as in Fluent, modifications to the
conductivity coefficient and heat transfer coefficient are made to represent the \aslerage
approximaton. For thermal conductivity, the heat flux througla PM can usually be
approximated by multiplying the mated@thermalconductivitywith theratio of solid volume

to total volume (1-X), as in the following equatigi30]:

Q P X0 (8-3)
whereQ is thethermal conductivityof the solid Accordingly, the effective fluidhermal
conductivity,’Q , is calculated as follows:

~
g

Q xtQ (8-4)

where'Q is thethermal conductivityf the fluid.

Heat transfer between the ligaments and the fluidpproximated by a volumetric
convective heat transfer coefficient which is calculated with equégi®h The temperature
difference between the solahd fluid in each cell ithenused tocalculatethe heat transfer
[30].

N O tQ (8-5)

where® is the specific surface ardmetween solid and fluid phase, hence subsdérif®

calculated by
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8

© R (8-6)

whereo is the internal surface areatbk solid inthe PM, andw the volume occupied by the
PM. For high porositymetal foams, two empirical equations exist to determine the specific
surface ared7],[66]. Equation(8-7) from [47] is used to approximate samples from which

® was not available in the literature

onQ
m © (8-7)

whereQ is the average fiber diametéibers being the ligaments connecting the nodes inside

the PM.Correlations also exisb determine the interfacial convective coeffici&for high
porositymetal foamg47], [67]i [71]. Equation(8-8), from [47], was use@nd is shown below.
om 8

06 2 6 'YQB0i & & 0i 8 6 ™
o) N G (8-8)

where0 6 is the Nusselt numbdretween solid and fluid phase i the Prandlt number of

the fluid,and® an empirical coeffcient which was determined to be 0.52 for high porosity
aluminum metal foamgl7]. Equationg8-7) and(8-8) are used for high porosity metal foams,
i.e. >90% porosity. For samples witbwer porosities, the following correlations are used
[30][72].

& ¢op X
—g (8-9)
06 Moo T® TN T8rp eYQE {0~ (8-10)

Plottingdd multiplied by the polynomial of porosity in the pareggtbs of Eq(8-10) yields
the distribution shown iigure8.1. This offers a proxy of2 based on the correlations of Eq.
(8-9) and (8-10). A maximum volumetric heat transfer coefficient is reached at porosities

around 70%, and minimums at around 15% and approaching T0@forosity polynomial
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was determineth [72] for sintered microporous media with all experiment value falling within

35% of predicted values.
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800 +
[ —dp=10.0005m
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Nusselt*a
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0 0.1 0.2 0.3 04 05 0.6 07 038 0.9 1
Porosity

Figure 8.1 Distribution of =|=,Inultiplied by the polynomial of porosity in Eq. (8-10) for ®_ 8 . A
proxy for the volumetric heat transfer coefficient |o

8.1.3 Boundary conditions

Boundary conditions for the heat transfer problem are established here,ssttematic
of the problenpresentedn Figure8.2, wherew denotedoundaies The wallsw boundary
conditionsareassumed to badiabaticto simplify the problem, as any heat transfer coming
from the walls in a redife case is expected be negligible compared to the heat transfer from

the hot gas
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Figure 8.2 Schematic ofTranspiration cooling domain with heat transfer.

In Figure8.2, a boundary for the backde of thePM, wj , and one for the reservoiy ,
are shown. These represent two possibldant inletsdepending on whether the reservoir is
modeledor not In sectiorB.2, the validation model does not include the reservoir a3fgr
therefore the coolant inlet boundaryuis . In section8.3, where comparisons &M studied
in thisthesisare performed, the reservoirineluded therefore the coolant inlet is imposed on
boundaryw . Massflux and temperature of the coolasnriteringthe reservoior PM mustbe
knownand used as boundary conditamuw] or w

The heat transfer between tearface of thePM and surroundingfluid, wj , canbe

approximated by the following sets of equasifii/]:

n Q7YY (8-11

wherer] is the heat flux applied on the surface of B in contact with the channél is

the surface convective coefficient between the suRMteemperatur€Y andhot gasffective
temperaturéY . For relatively low hot gas flow velocitieflach numbex 0.3) the static
temperature of the hot gas can be used, however, for flows with Mach number larger than 0.3,

the recovenyr totaltemperature is to be used as effective temperatug
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Whensolving usingFVM, 1 is appliedto the boundary of theolid PM cells. Thus, the
solid phaseurface area of thHeM needs to be taken into consideratiSinceit is smaller than
the full surface area that includes the pores and solid ligamentdi, reduce theotal heat
transfer Thesolid phasesurface area of tHeM is approximated by thiall area multiplied by
the porosity[44]. Equation(8-11) becomes E(8-12), andr] is renamed| . It represents

the heat flux appliedbtthe cells on the boundany of the solid phase of the porous media
Since the units off are — , only the ratio of solid phase surface area to total surface area

p X is added.

N p XtQy Y (8-12)

To determinéQ, derivations found if17] and[18] for a simplified Couettélow model
of the turbulent boundary layer in the general case of transpiration cacinged.

The derivationgrom [17] and[18] relate the Stanton numberzdro blowingcondition a
condition with no transpiration coalj, to the condition withtranspirationcooling The
Stanton number of the condition without transpiration cooling can easily be foamd
empirical equationslhe Stanton number is a dimensionless number that measures the ratio of
heat transferred into féuid to the thermal capacity of fluid'he ratio of the Stanton number
with transpiration cooling the Stanton number with zero blowing condition is calcwéted

the following equationgl7]:

Yo %
v P (&3
a9 0
where"Y @s the Stanton number with subscript O indicating zero blowing conditiorigaad

correction factor calculated withq. (8-14) [17].
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where s is the thermal effectiveness calculateg Eq. (2-6). A full utilization of coolant

thermal capacity is obtained when equals 1 or’Y Y. Correction factor'® has

considerable importance for low values -ef and represents the effect of the thermal

effectiveness on the reduction in heat $fan between the hot gas aPil surface17].

The Stanton number ratio frojp8] usesa slightly modified equation:

0 Y,
Yo %!
E— (&-19
o) 0
where ris the ratio of temperature drop across the laminafi@ygr and the temperature drop
across the entireoundary layef23], and can be related to the velocity profjfied], and
calculated as follows:
L CPPp
@) SR8 (8-16)
where'Y Qs the Reynolds number over a flat pldteis unknown ifEq. (8-16) applies to
Reynolds number dfirbulentflows in pipes and clarificatiawerenot found However, it is

assumed to bapplicable and eeasonablapproximationbutmayintroduce a source @ifror.

The Stanton number for zero blowing condition can be determined by use of the empirical
eqguations foNusselt numbeof fully developed turbulent flown asmooth ducof appropriate
ranges of Pr andReynolds numbelrQ

MO

YQ N (8-17)

whereO  —“isthe hydraulic diameter withthe area and the perimeteof the channel

Two empirical equations are used to determine the Stanton number as two differeare
simulated in section8.2 and8.3, with correlations DittudBoetlerEq. (8-18) and Gnielinski
Eq.(8-19), respectively. The Reynolds number for pipe flow is calculated &EngB-17).
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where0 6 isthe Nusselt number for turbulent flow inside a pipe.

06 g pYQ® pmai 8 (8-19

The zeroblowing condition Stanton number is then determined with equ#820) and
used withthe correlations oEq. (8-13) and(8-14) or (8-15) and(8-16) to approximate the
convective heat transfer coefficie the surface of theM.

Q 0o
M®  YQ Ui (8-20)

B %

Zero-blowing condition convectivéneat transfercoefficiens were calculated priorto

simulatiors and are shown iAppendixA - Heat Transfer Analysis

As mentioned previously in subsecti@®.2 two mechanisms are responsible foe th
reductionof heat transfer from the hot gas flow to ¥kl surface advection away from the
wall and reduction in boundary layer temperat{28]. It is assumed the heat tsder
coefficient calculated using eithEq. (8-13) or (8-15) estimats the effects of advectiof23].
To approximate the effects in the reduction of boundary layer temperatune Eq. (8-12) is
replaced by the fluid tempature in the cell directly above the boundary separating’ke
and channelndlabeled’Y . ThereforeEq. (8-12) becomes:

n p xtQ 'y Y (8-21)

This method was also proposedid], whereY is presented d@%§as referencén Figure8.3. Of
course, using the temperature value in the cell directly above the wall is an approxihaition
is likely to be lower thari¥as reference It Was, however, nonetheless decided to apply this
approximationdue to thedifficulty of implementing an average boundary layer temperature
using Fluent user defined functe(UDF).
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Figure 8.3 Schematic of teat transfer from hot gas to wall using a reference gas temperature inside the
turbulent boundary layer [14].

To apply”Y in Fluent, a simple UDF was used. UDFs allow the user customizability of
the simulation, filling the needs not met by the CFD safevUDFs are written separately in
C++ using Fluent macros and can be implemented on boundary conditions or domains. The

UDF code is showim AppendixB - Heat Transfer Simulations UDF
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8.2 Validation of the Heat Transfer M odel

Comparisons between tllevelopecheat transfer modelndnumerical and experimental
resultsfrom [31] aremadein this subsection. The choice to compare results from this paper is
justified by the similarity of application of both modelsoth attemptto predict the solid and
fluid temperature offered by transgtion cooling in the application of a combustion chamber.
The geometry if31] is the samasFigure8.2, except the reservoir is not modelled[81].

In the referenced papdranspiration cooling is evaluated for applicatioma rocket thrust
chambey for this reasonthe velocity inside the chanines much larger than the one
experienced in gas turbine combustion chaml#args the only fluid present

8.2.1 Differences in heat transfer model

The model used ii31] differs from the one used in this paper, the differences and

modifications are detailed below.

8.2.1.1Domain

Modifications to the domain are implemented to reflect the experimenta[ZHse¢he
channel dimensions are 8t x 6¢cm x 9cm (L x H xW) and theé®M dimensions are 6.dm
x 1.5cm x 6.1cm (L x H x D) with thePM starting at 58&m downstream from the channel

entranceModifications to theeomputatbnaldomainwere madéo replicate these dimensions.

8.2.1.2Reservoir boundary conditios

Coolant flow inside the reservoir was not modeled3h] and was therefore also not
modeledduring the validation step\ different boundary conditiothusneeadto beapplied
In [31], the back side tempeature of thePM on wj is measured and set as a boundary
condition, therefore:

Y YhY  "Y; ony (822

where”Y is the measured back side temperature ofPthe and”Y} the fluid temperature

entering the PM is determined by K&:23). In [31], the inlet fluid temperature of the coolant
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on the interface between the reservoir and backside d?hes determined by the energy

balance:

pX Y tE Opm® Yy YO on u (8-23)

where w is the inflow velocity of the coolant normal to the bounddly,the coolant

temperature inside the reseryand¢ the normal vectorThe density of the inlet coolant can

be computed frorthe ideal gas law:

M — gW onuw (8-24)

where'Yis the ideal gas constant, alicthe pressure of the coolant in the reservoir.

It appears wrong to appthe measured solid temperature of blaeksideof thePM as a
boundary conditionThe solid temperature should be determined by the heat balance between
convection from the coolant entering from the reservoir and conduction coming through the
PM. As thefluid temperaturanside the reservoir is known, and no apparent heat transfer
mechanism is applied on the flyidior to enteing the PM, the resrvoir fluid temperature is
used as the boundary condition.

In the simulations, the back side temperaturdnefM is not imposegdinstead itis used
as reference to validate the results.the fluid temperature inside the reservoir is known, it is
applied as the fluid inlet temperature. The coolant mass flux is determined usgvémel

known density and Vecity of the main flow.

8.2.1.3Heat transfer from hot gas
The heat transfefirom the hot gas tthe PM onw is solved differentlyin [31] than

presented in subsecti@il.3 They used thdollowing equation:

Y (2 opmor Y Y QY e (8-25
werew  is the velocity of thdnotgasnormaland directly abovéhe boundaryt the normal

vector andQ the conductivity coefficient of thbot gas Overpredictiors of PM surface
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temperaturewas obtained if31], especially at higld "Ythus theneat transfer methaken in

subsectior8.1.3was used

8.2.2 Experimental conditions
Hot gas flow conditions inside the channel are present@dbte8-1. At aMach number

of 0.5 the static temperaturis 5000 and was calculated usinf* law applied to 1D

compressible flowseen below

]
C

vy )
~ P v (8-26)

where “Yis the fluid static temperatur€y the fluid total temperature, the specific heat

constant which for air is 1.4, aind the Mach number

Table 8-1 Hot gas flow conditions inside the channel ifi31].

Parameter Symbol Value
Mach Number 0 0.5
Density M 0.65 —
Total temperature “¥; 5250
Pressure M 95,600 Pa

A Mach numberof 0.5, defined byEg. (8-27) with a speed of soun@) of T T &p¢—

calculated usindeq. (8-28) results in a gas velocity af ¢@ p— which is implemented a&

velocity inletfor the hot gas

(8-27)

| ed

P
-
N
N

(8-29)
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where'Y is the gas constamqual to¢ X+ for air, and"Ythe static temperaturdhe PM
properties used if81] are presented ihable8-2.

Table 8-2 PM parametersfrom [31].

Parameter Symbol Value
; Carbon/Carbon (C/C)
Material :
ceramic
Porosity X 0.116
Density M 1.14 —
Specific heat capacity O 622—
Effective heatonductivity ko) 14 —
Permeability 0 1.196tp ™ a
Forchheimer coefficient 0 ydtp m &
Inertia coefficient Q 39.30
Heat transfer coefficient Q p T dw—l‘)

In the referenced paper they define the source term &@dhgrForchheimer momentum

eqguation as follows:

Yt 0 M DY (8-29)

where0 is the permeability, and the Forchheimer coefficient which can be related to

the inertia coefficient with the following relatiog® ——, from Eqg (5-11).

ThePM used in theeferencedtudy is very different from high porosity aluminum metal
foams seen so far in thithesis A Carbon/Carbon (C/C) ceramigatrix composite where both
fibers and matrix are made of carbeas studiedThe structuras definedby the layers of
fibers in the matrixand has a small porosity of 11.6% witkry high resistance to flow

movement.
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They mentiorthat™Q, from Eq. (8-1) and(8-2), cannot be measured, only estimaizak]
the value is given without further elaboration. This presents a source of error as the interfacial
convective coefficient drastically alters the temperature distribution insidRMlier the solid
and fluid phasesJnderpredicting the coefficient wilesult in higher temperature distribut®
and viceversa.Having a very high internal convective coefficient can cause the heat transfer
between solid and fluid phases to be so large, they become thermallyfegEhlent uses a
volumetric convective coefficient, and no specific surface area was provifd,ianw of
one is assumed as it is understood the heat transfer coefficient given is the volumetric heat
transfer coefficient.

As no relation was given for the value @}, it is assumed tbave been chosen to match
simulations to experimental results, and thus, the same method is applied in the simulations.
As mentioned ir8.2.1.2 the gplied boundary conditioon w with the reservoir if31]
artificially maintainsthe backside temperature, whereas it is determined by the balance of
convection from coolant and conduction fréine media in the simulations. Therefore, much
smaller values df2 areappliedto achieve reasonable agreement with experimezgalts and

varied per 'Yas it is expected to change with the mass flux of coolamassumedalue as

low asp trt m-A— is applied forthe 6 'Y 181 Tt pase compared to the constaif

p m—in [31]. Although there is no literature or experimental support confiritiiegalue

of 14,000for C/C, it is judged reasonable by the autlsorcethe C/C ceramic composite

sample with a porosity of 0.116 is expected to hasmallspecific surface area and a low

mass flux is expected to create only a low interfacial convectiviiaest Q. In fact,"Q for
PM peak at porosities around 0.7 and reach very low values arourah@\d/6en approaching
1, according td29], [30] andas discissed in subsectidhl.2

The densitygivenin the paper appears wrong and unclear to the author as the density of

C/C ceramic is betweerB20—-1800— and,whenmultiplied by the porosity, equatés a

sample density betweelil49.2—-1591.2— and not thep® t— reported[73]. It may be a

typo and the units are supposed te-be Howeveras the correct density of the sample is not

clear a materialdensity of 1606— was implemented in the moddlhe coolant parameters

are presented ihable8-3.
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Table 8-3 Coolant parameters (air) from [31].

Parameter Symbol Value
Specific heat capacity 0 R 1010—-
Effective heat conductivity o) 0'04T
Dynamic viscosity t 1.7%p L

The permeability of this C/C sample is approximately six orders of magnitude smaller than
aluminum metal foams, signifying a large pressure gradient is required to drive flow through
the PM, as seen inTable 8-4, where the four blowing ratios studied [B1] with their

parametersaretabulated.
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Table 8-4 PM boundary conditions for four blowing ratios from [31].

Blowing Ratio(|| 4

Symbol 0.001 0.002 0.003 0.01
Coolant
reservoir 0 326,400 Pa 448,400 Pa 544,400 Pa 1,093,400 Pa
pressure
Coolant
reservoir Y 336.3 K 319.1 K 311.7K 296.6 K
temperature
Solid
temperature, “Yi 403.3 K 363.4 K 342.6 K 304.1 K
reservoir
Volumetric . ) ) o)
convective Q p& p nc'xw_b ¢ Py % PMgg @ PTgy
coefficient
Hot gas surface - | ' ' '
convective 257'2% 219.866% 186.76(?.{0 49.59%

coefficient

The blowing ratio was defined previously in.E&-4) and reservoir solid temperatusmas

measured during their experimenhe heat transfer coefficient for theroblowing condition
was determined to be w§ o with thecalculations found id\ppendixA - Heat Transfer

Analysis

8.2.3 Resultsand discussion

Results from simulations usiri€g. (8-15), as described in subsecti8ri.3 arecompared
to experimentahndnumericalsimulaton data from[31] in Figure8.4. Full simulation curves
from [31] are not available and therefore only surface results are preseiat@dver they
give a good representation of thg@redictions. Experimental data points have known y
positions in the®M but unknown x positions, thereforine valuesdo notrepresent a linear
sequence of temperature painThe coordinates x and gre the same as ifrigure 5.1.

However,the psitiors of points on the surface of tiM can be deduced by comparing their
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temperaturesThree temperature probes were placed just under the surface of the samples
therefore,the highest temperature point represents ldedingedge probe andthe lowest
temperature point the trailing edge probe as surface tempearataexpected to reduce over

the length of the sampl&he same comparison is made udtag(8-13) in AppendixA - Heat
Transfer AnalysisResults from this comparison were not as good as the oneHas(i@g15),

thereforat was not used for further simulations8r8.
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395 415 435 455 475 360 380 400 420 440 460
0 -, “ e 0 s * A .
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2 -2
-3 -3
-4 -4
-5 -5
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= g , < -8
-9 Dahmen et AL E.xpenmemal Data -9 Dahmen et Al. Experimental Data
® Dahmen et Al Sim Data - 0.581m R ® Dahmen et Al. Sim Data - 0.581m
10 . 10
A Dahmen et Al. Sim Data - 0.61m 4 Dahmen et AL Sim Data - 0.61m
11 ¢ Dahmen et Al. Sim Data - 0.64m -11 # Dahmen et Al Sim Data - 0.64m
12 —Fluent Sim - 0.581m -12 ——TFluent Sim - 0.581m
-13 ; -——giuen: :nn - g'gim -13 ¥ - - -Fluent Sim - 0.61m
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3 -3
-4 -4
-5 -5
-6 -6
T 7 T 7
. 9 Dahmen et Al. Experimental Data - 9 Dahmen et AL Experimental Data
10 ® Dahmen et Al. Sim Data - 0.581m ® Dahmen et AL Sim Data - 0.581m
. . 10 H _
1 A Dahmen et Al. Sim Data - 0.61m 1 : ga?men E} :{ :un ga:a g'gim
# Dahmen et Al Sim Data - 0.64m ) ajnen et A’ Bin Lata - 0.04m
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Figure 8.4 PM temperature distribution sbetweenthe model of this thesisand simulation and experimental
data from [31] at four different BR. Simulations of the current modelused equation(8-15) to estimate hot
gas convectiveheat transfer coefficient.
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Simulations show good agreement with experimental data for internal and surface
temperature distributian Small discrepancies are present at BR of 0.001 where internal
temperature distribution is underpredicted and at BRGdf @here surface temperature is also
slightly underpredicted. These differences carekglainedby an incomplete heat transfer
model fromEq. (8-15), where varying importance of advection and temperature distribution
may not be accurately captured. Another potential explanation is the film tempénature
measured by the cell directly above the surface of the samples. A realistic measure of this
temperature would depend on the boundary layer thickness, thus, a constant cell size can
overpredict’Y at low BR where boundary layer thickness is expected to be smaller, causing
larger heat transfer and vieersa. This helps explain the underprediti@ BRof 0.01 The
estimation ofQ is also a source of error.

Compared to the numerical simulations performe@3dy shown by red points iRkigure
8.4, the method employed in this study obtained bettgeement with experimental data
Investigating the surface heat transfer methd8Xjfas shown iEq. (8-25) reveals a potential
mistake. In the referenced papEqg. (8-25) was applied based 7], which describeshe
heat transfer to the wall to be atldéws:

N N N (8-30)

wherer] is the heat flux transferred from the free streann the energy transfer from

the mixing of coolant and hot gasa transition layecausing the change in temperat[iré].
A schematic of the analigsin[17] is shown inFigure8.5. 11 indicates the position at the edge

of the transition layer wher® 1 with @ T1being the surface of tHeM.
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Transition 'f - | | y=0
layer Teo —y=0
Figure 8.5 Simplified heat transfer model in the general case of transpiration coolinflL7].
The two heat equations are presented below
, o QY
n 00 (8-31)
r’] M h l‘) ﬁé r‘]"Y "Y (8-32)

These two equations are usedei). (8-25), howeverthey are added together as opposed
ton being subtracted from} in Eq. (8-30). No explanation is given if81] for this
change. Attempts were made in this study to apply(8-30), however, no convincing results
were reached &% is difficult to obtain since the transition lay#icknesss unknownand
likely very thin In turn,n wasmuch large than would be necessary to obta@sults
conclusive with experimental data frdB1].

The effect of nesh refinement around the surface ofRiby applyinga biasfactorwas
investigated. Two meshes with bias were compéed Y 8t ir,@newith a biasof 100

below the surface of the PM, atlte othemith biases ofLl00 belowthe surfaceind 10 above
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the surface of the PMI'he bias factor was discussed previously iice&.4. SeeAppendix

A - Heat Transfer Analysifor figures of the meshes. Resulor the three meshes for the
normalized temperature between coolant inlet temperature and hot gas tempamture
presented ifrigure8.6. Refinement around the surfackthe PMachievel betterdefinition of

the boundary layer, however, as the mesh is refined, the cell us&d fiorEq.(8-21), shown
schematicallyin Figure 8.3, delivers a lower temperature valas it is closer to th® M6 s
surface reducing the heat transfer to #kl. This effect is like sectioB.4where changing the
cel size changethe area for which the value is measlra this case temperatur€his is
more pronounced further down the surface of the porous media where the boundary layer is
thicker. The effect of lower heat transferan beseen inFigure 8.7, where the surface
temperature distribution of the PM is shown for the three me3hestwo meshes with no
refinement above the surface of the porous medidteesn the same temperature distribution.

This is becauséy is relatively constant between the two.

2
BR =0.003 no bias
1.5 +
BR =0.003 bias 100 below and 10 above
1 4
- BR =0.003 bias 100 below only
05 +
E 0 T T T T T
=
05 +
1+
-15 +
-2

00 0.1 0.2 0.3 0.4 0.5 0.6 07 08 09 1.0
Normalized Fluid Temperature

Figure 8.6 Normalized fluid temperature of [ 4 8 2 mm above and below thesurface of thePM at
° 8 0O with element size of 0.15nm and for three cases of mesh refinement: no bias, bias of 100
below, and bias of 100 below and 10 abové&he points correspond to the value at the center of cells.
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Observation oFigure8.6 shows higher fluid temperature just below the surface of the PM
when no bias is applied inside the PM. Thus, to retain a relatively filgh&ut more accurate
fluid temperature distributin inside the PM, the bias factor of 100 below the surface of the
PM and no bias factor above the surface of the PM was selected.

Ideally, a method for estimatingyak reference @S seen fronfrigure 8.3 would beusedand
finer meskescould be appliedvithout affecting the heat transfer to the PNbwever, for the
purpose of comparing tHeM seen in this thesis, it was deemed a reasonable approximation.

406

404

402
400 Bias of 100 below only

Bias of 100 below and 10 above

No Bias

398
396
394

Temperature, [K]

392

0.00 10.00 20.00 30.00 40.00 50.00 60.00
Distance, [mm)]

Figure 8.7 Surface PM temperature for meshes with elements size of 0.1Bm with no bias, a bias of 100
for inside the PM only, and a bias of 100 inside th®M and 10 above. The blow ratio used was 0.003, based
on the experimental data from[31].

From the comparison presented in this section, reasonable results against experimental data
from the literaure were obtainedt can be concludethatthe heat transfer method applied in
this studysatisfactorilypredicts the temperature insiB® for the general case of transpiration

coolingand is expected to be suitable for the comparison of,GiFid CFE.
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8.3 Porous Media Comparison

After developing and validatinthe numerical heat transfer model, comparison between
different PM investigatedn Chapter6 and7 can be performed to evaluate th€FEr. CFEv
andCFEr are also compared to datane the validity of the mass analoghePM are Sample
ID 2, the 20 PPIhigh porosityaluminum metal foam fronTable 5-2; Sample ID 5and 6
compressed foam frormiable 7-1; Profile ID 2 and 4, profiled PM without leading edge
solution;andProfile ID 4 with leading edge open section from sabea7.3.3 These samples

give a good representation of the different possilité&y of PM presented in this Thesis

8.3.1 Numerical conditions

Simulationsare performed at the 30 SLPd 'Y 78t 1t Y)ucdolant flow rate with main
flow temperature at 500K 0 keep the blow ratio constant, the main flow velocity is increased

from o a-tov & X as increasing the fluid temperature decreases the dddettgas flow

conditions are presented Trable8-5, coolant parameters ifable8-6 andPM parameters in
Table8-7.

Table 8-5 Hot gas flow conditions inside the channefor the heat transfer simulations of PM seen in
Chapters6 and 7.

Parameter Symbol Value
Mach Number 0 0.124
Density M 0.6969—
Temperature Y 5000
Velocity 0 L & )(c;L
Pressure 0 1000 0 &
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Table 8-6 Coolant parameters (Nitrogen)and inlet conditionsfor the heat transfer simulations ofPM seen
in Chapters6 and 7.

Parameter Symbol Value
Specific heat capacity 0 R 1038 —
Effective heat conductivity 0 O.OZGT.
Dynamic viscosity t 1.79%p 1 £
Inlet Temperature Y o Tt
Mass Flow Rate TBU T T @ T?Q;‘)QG
Blow Ratio 0'Y 0.00858
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Table 8-7 PM parametersfor the heat transfer simulations ofPM seen inChapters6 and 7.

High
J ) Compressed Compressed ]
Porosity Profile ID 4
Parameters Symbol Foam- Sample ID Foam- Sample
Foami and 5
ID 6
Sample ID 2
Porosity X 0.9245 0.6 0.44 SeeTable7-2
PPI 20 40 40 40
Aluminum BeXo)
: mh— 2719 2719 2719 2719
Density a
Specific Surface | _ &
W h— 956.13 1800 6720 30065000
Area a
SpecificHeat . . 0
; Wi N 871 871 871 871
Capacity Q'
Solid o
. Qh —— 202.4 202.4 202.4 202.4
Conductivity atu
Permeability 0 tp mha 11 0.00924 0.00175 SeeTable7-2
Inertia
o Q 0.104 0.383 0413 SeeTable7-2
Coefficient
Average Fiber o,
_ ha 0.00035 - - -
Diameter
Average pore .
ha - 0.0005 0.0005 0.0005

diameter

As opposed tsection8.2, the plenum is modelethus, coolant boundary conditions are
applied on theeservoirboundaryw as shown irFigure8.2. Profile IDs 2 and4 profile the
specific surface area using a squaret function like for the permeability andinertia
coefficient. Aluminum propertiesof conductivity, density and specific heat are applied by
Fluent by setting thBM material as aluminurandarepresentedh Table8-7 before the effect

of porosity. These values are alsot varied against temperatyasthe impact of temperature
variation in the®M is expected to be small
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8.3.2 Results and discussion

Resultsof the simulations withheat transfeiare presented her€irst, the surfacéM
temperature distribution is presentedrigure8.8. The effects of the unevedFEy of high
porosity foam, blue curve, is appatewith the highestPM surfacetemperature out of all
samplesThe high temperature can be explained by the lack of coolant exiting the first half of
the sampleresulting in a combination of lower fluid heat capacity and higher surface fluid
temperaturgas seen ifrigure8.9.

Large reduction in maximumsolid surface temperature is obtained when changin@the
from a high porosity foam tthe compressed foarmnf Sample ID 5,(orange curvan the
figures) The reduction in temperature can be explained by the reduction in average boundary
layer fluid temperaturdue to more evenly distributed coolabegtter utilization of fluid heat
capacity, and increased effective conductive heat transfer coefficient due to lower porosity

Both profile ID 2 and4, (gray andred curves in the figuresyespectivelypffered slight
improvement over the compressed foamsaimple ID 5, where both profiles achieved
relatively uniform temperature distributian This is largely attributable to the increase in
coolant to the leading edge, reducing the fluid surface temperahsered inFigure8.9.

The profiles where able to achieve their design goal of offergatively uniform
temperature distributianby intentionally redistributing coolantlt should be noted that by
using aluminum as material for ti®M with a large conductity diminishesthe benefits of
profiling thePM. This suggestprofiled PM may be better suited for use in lemeonductivity
samples, such astao-layer PM with a ceramic thermal barrier coating on the surface which

has a low conductivity.

115



——High Porosity Foam - Sample ID 2 Compressed Foam - Sample ID 5

—Profile ID 4 —Profile ID 2
Profile ID 4 with open first 2mm  ——Compressed Foam - Sample ID 6
330
325
%)
0320 —m0ouo
é' T — a————— —
21
D
=315
5
310 T p—
305 + : : : : : : :
0 10 20 30 40 50 60 70

Distance, [mm)]

Figure 8.8 Surface wall temperature distribution for different PM investigated in this study under heat
transfer conditionwith || 4 8

Profile ID 4with leading edge solution of an opem#n sectior{green curve in the figures)
performed worse than the sanmgphMithout the leadingedge solution. The difference is
attributable to the lower amount of heat capacity available ifPlMeas most of the coolant
exits the leading edge. It was able to achieve lower surface fluid temperature for the first half
of the sample as seen kigure 8.9, however, it was not enough to improve the temperature
distributionof the PM. The higher second half surface fluid temperatane be explained by
mixing in the boundary layer and low transpiration of codlerh thePM. This comparison
indicates that implementing l@adingedge solution for lowerCFEv with this methodis
inferior to the regular profiksample.

The temperature profiles obtained arevéo than the ones in the validation sect&g
even though the hot gas temperature and coolant inlet temperature are roughly equal. The
difference an be attributed to the difference Reynolds number, wittharger Reynolds

number resulting in larger convective heat transfer coeffiéeand the Reynolds number in
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the validation section being larger than the one in this seti@wger temperaturgrofiles due

to larger Reynolds numbers has also been obsenjéd]in

500
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<
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Compressed Foam - Sample ID 5

—Profile ID 4

—Profile ID 2

Profile ID 4 with open first 2mm

—— Compressed Foam - Sample ID 6
300 1 1 T T T T T T

0 10 20 30 40 50 60 70
Distance, [mm]

Temperature, [K]
L = =
=
=

Figure 8.9 Surface fluid temperature distribution for different PM investigated in this study under heat
transfer condition for |4 8

Finally, the compressed foam of Sample ID(téal in the figures) offered the lowest
surface temperature distribution out of all samples simulated by a significant margin. Initial
investigationof theproblem and equationgould suggest the opposite should be true as it has
the lowest porosity, thufgrgestsurfaceavailable forheat tranfer as per Eq(8-12). In fact, it
was determined by Liu et. Ab2] in their numerical simulations that decreasing the porosity
resulted in higer temperature distributions in tR&. However, they did not model the hot
gas flow and the heat transfer from convection. Instead, they applied a constant heat flux in all
cases, thus, as the porosity decreases, so did the volumetric heat transteemopér Eq.

(8-9) and (8-10) and demonstratkein Figure8.1. The surface heat flux boundary condition

applied in their simulations is also significantly larger, p m— versus approximately

4500— for a 1500 temperature differenda these simulationdMore on this subject in the

following subsection.
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The CFErs are presented iRigure 8.10 andobtained significantly largeraluesthan the
CFBEus as fiownin Figure8.11. From the comparison dfoth graph ican be concludethat
the mass analogy method does not predict accuratel@fke However, this was expected
as the mass analogy was adopteslibsectiod.1.2under the assumption that the surface wall
temperature equaled the cooling film temperature, therefore ignoring any cooling provided by
the conductionnto the PMfrom the surface wall and fronplumetric convection inside the
porous media. Trgj theCFEy acts as a lower bound to the poten@&lEr, as the surface
temperature of the porous media can never be lower than the temperature of the film it is in
contact with, assuming radiation to be zero.

The CFBEv, in addition of providing a lower bound, is a good proxy to the shape of the
CFEr and temperature distributi@urves, as best presented by the high porosity f¢sample
ID 2) in the graphs presented in this subsection. However, this comparison usd#éréne
importance of other variables in achieving higREr, such as the coolant flow heat capacity
for profile ID 4 with open first 2nm. And that achieving an ide@FEy is not the only

consideratiorio offer the most efficient thermal protection
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Figure 8.10 CFEr distribution for different PM investigated in this study under heat transfer condition for
148 4 tandf,, L
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Figure 8.11 CFEw distribution for different PM investigated in this study under heat transfer condition for
14 8 4 landd, L

8.3.3 Boundary layer penetration on heat transfer
Isolating the various varidds responsible for the heat transfer to Fi revealed that
reducing the porositalsoreduced the temperature distribution in B, contrary to what
was expected Investigating the variables affected by the porosity, it was foundtlleat
reduction involumetric convectivéeat transfecoefficient resulted ithelower temperatures.
A sensitivity analysis of Sample ID 6 for three differé&atwith all other conditios and
variables constant, shown ifigure8.12, demonstrates the effect. The low&tresulted in

the lowest temperature distribution and viegsa.
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Figure 8.12 PM surface temperature based o three different volumetric heat transfer coefficient for
sampleID6and | { 8

The boundary layer has been reported of penetrating below the surface P#Mthe
especially for low permeability samplg&6], [74], and seen ifrigure5.5. Thus,heat transfer
from the hot gasanoccur not onlyonthe surface of the sample but also in a thin region inside
thePM. The critical value is thei® as it ismuchlargerthan™Q.

Theair mole fractionand normalized fluid temperature based on the minimunkK3&ad
maximum 50K for two millimeters above andelow the surface @ 1@ yi is plottedin
Figure8.13 for the simulations oFigure8.8. This demonstrates air penetrating up to half a
millimeter below the surface of the samplesich significantly increasethe temperature of
the fluid in this region and causkarge heat transfeGample ID 2 has more penetration than
other samples due tow coolant mass flow rate at this location. However, the other samples

show approximately the same amount of air penetratibich is not what would be expected
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Figure 8.13 a) air mole fraction and b) narmalized fluid temperature based on minimum 300K and
maximum 500K for 2 mm above andbelow the surface of thesimulations from Figure 8.8 at e 8 O
for |4 8

It is uncleahow accuratelyhe simulations predict the penetration of air below the surface

of the PM, which casts doubts on the validity of the heat transfer resultse heat transfer
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