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SUMMARY

Controlled ruclear fusion has the potentiallte a sustainable, largeale energy
source that casupportincreasingglobal energy demandy keveraging the same principle
that powers our Sun. Magnetic confinement fusion reactors are promising devices that
utilize magnetic fields and thermal enertgy initiate fusion reactions withifiburning
plasmd (i.e, a high temperature ionized gas) at temperatures in exces§ Kf 10he
divertor is a key component of magnetic confinement reactors that removes impurities and
fusion byproductgo help sustairfusion reactions. # one of the few plasnfacing
components (PFChowever, the divertor surfaces must withstand high stetatg
incident heat fluxes of at least 10 MWinMoreover, a significant fraction (~20%) of the
total fusion thermal power musé bemoved by the divertor.

Modular heliumcooled tungsten divertors deading candidatefer future power
producing fusion reactars Helium is chemically inert, and can be operated at high
temperatures and pressures in a power conversion cycle to eripewverall efficiency
of a reactor. Specificallyhe heliumcooled modular diwgor with multiple jets (HEMJ)
is a leading candidate fdhe international demotration power plant (DEMO). The
HEMJ use25 impinging jets of helium at inlet temperasirof 600°C and inlet pressures
of 10 MPa to cool the plasnrfacing tungsten tiles.

This dissertation focuses oexperinentally and numerically evaluating the
thermathydraulic performance of the HEMJEXxperiments were performed on a single
HEMJ modulego characterize its thermbldraulics at coolant inlet temperatures up to 425

°C, inlet pressures of 10 MPa, and ot heat fluxes up to 6.6 MW?#masing a helium

XiX



loop for mass flow rates up to 10 g/s. The effect of varying the jets impingement distance
from 0.5 mm to 1.5 mm was investigated. The data were used to develop correlations for
the average Nusselt number over the cooled surface and loss coefficient, which were then
used to develop parametric design charts that predict performance at pcaloiyieit
temperatures of 600 °C and hélakes of 10 MW/n3.

A numerical model was developed using commercial software, and validated by
experimental data. The model was used to study the thexecbanical performance of
the HEMJ at prototypical condbins, and estimate thermaliyduced stresses and
deformation. The results suggest tha tHEMJ can accommodate 10 MW/mwhile
keeping pumping power requirements within reasonable limits. Numerical simulations
were also performed to optimize the diverigeometry; based on these numerical
optimizations, a simplified design, which could reduce manufacturing costs for the large
number O(10F)) of modules required, was fabricated and tested in the helium loop. This

variant can accommodat® MW/n? at protdypical conditions.

XX



CHAPTER 1: INTRODUCTION

1.1. Background and Motivation

In the nextcentury major advances ianvironmentally sustainable energgyurces
arerequired to meet thenergy consumptiodemands of growing world population.
Anthropogenic onsumptionof finite resourcegor energy production ha®sulted inan
unprecedentedhcrease of greenhouse gas emissions, such as carbon dioxigea(@O
methane,since the prendustrial era[l]. In the past70 years,the concentration of
aimospheriacCO, (Figure 11) hasgrownto record levelsemerging as a leadirmguse for
an incea®d averageEarthtemperéure [2, 3]. A variety of clean energyechnologies
including nucleafission, fusion, and renewables must therefore be developeadtisfy a

greaterdemand for electricityithout adversely affecting the climate

CURRENT +—»
380
5 340
£ HIGHEST HISTORICAL CO, LEVEL
— 300 2
2 1950 +—»
[a]
= 260
=
O 220
O
180
400 350 300 250 200 150 100 50 0

Thousands of Years before today (0 = 1950)
Figure 11. AtmosphericCO levels during the last three glacial cycl8k



Nuclear fission will make a notable contribution to electricity production but faces
challenges in public acceptance, safety, and waste disposal. The vast majority of renewable
sources are inherentiptermittent, and considerable advances are needed to integrate
energy storage systems into the current grid and provide constant baseload electricity.

Nuclear fusion offerscarbonfree largescale energy with several important
advantages oveonventionasystems.Fusion does not emit harmful toxins or greenhouse
gases into the atmosphere since its majopriogluct is nortoxic, inert helium gas.
Controlled fusion reaction®leasenearly four million times more energy than a chemical
reactionsuch as brning coal. Thistypeof energy density has the potential to provide the
baseload electricitpeeded to power cities and industri€sision fuels are typicallgmall
guantities ofhydrogen isotopes whictan be harvested or produced fratmundant and
nearly inexhaustibleourcesuch aghe oceans.There is no risk of a meltdown in fusion
devices sinceonly small amounts ofuel are present in the reaction zoaad any
disturbances will rapidly quench tipeocess Finally, fusion device precludehe use of
enrichedfissile materialsyeducingtherisk of nuclear proliferation.

The promise of harnessing fusion power has resulted in significant reseawh
ways to create fusion energiertial confinement fusion energy (IFE) and maetic
confinement fusion energy (MFE). Although IFE appeared to be a practical approach to
fusion power generatiowhen it was first proposed in the 1970s, ldviver efficiencies
have hindered its progress over the past few decades. In contrastt {herfoeshancen
terms of fusion power output, for examph@sbeen achieved in MFE reactors, whish

the subject of this dissertation.



Despite major strides imhdamentalusionscienceand predictive modelingnany
challenges in areasich aplasmaconfinementtritium sustainability, and plasrmaaterial
interactions (PMI) remain to be overcome before commercial fusion can become practical.
Over the past decade, the fusion community has identified PMI as a knowledge gap critical
to the pogress oftditure power plantg4]. To that end, this work focuses oharacterizing
the performance of a particulpfasmafacing componentPFC)in many modern MFE
designsnamelythe divertor. Althougla variety ofdivertor designs have been proposed,
the most promising advanced concept is the hetiooled modular tungsten divertor,
which is described in more detail in the forthcoming sestion

In order to understand thele of thedivertor in the context of MFEEesearchthe
remainder of this chapter will be dedicatedrtyoducingseveral important concepts of
fusion energy. First, the underlying principles of nuclear fusion will be briefly described.
Next, an overviewof the mostprevalentMFE designs suchsastellaratorsandtokamaks
will be provided Finally,details regardinghe divertor will beprovidedwith an emphasis

on heliumcooledtungsterdivertors.

1.2. Fundamentals of Nuclear Fusion

Energy generation from both fission and fusion nuclear reaammnsgs when there
is a change in the total mass of particles before and after a reafismmass difference

is converted into energya Eins t e i n -‘erseergymegusvalence

E= In¢ (1.1)



whereE is energymis mass, and is the speed of lightEvenvery small changes in the
mass of nuclear fuelan therefore release a large amount of enefgyachieve a release

of energy in a fusion reaction, smaller, less stable nacdgoined together to form a more
stable nucleus The amount of energy releaseddirectly related tothe difference in
nuclear binding energies of the initial and final components. The relationship between

binding energy and massimberis shown inFigure 12.
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Figure 12. The relationship between binding energy and mass nujraper

The most promising fusioreactions occur when two very light nuclei.d, hydrogen)
“fuse” t tHefsotopalanccadargabinding energy yield. In nuclear fission, heavy

nuclei such ag*®U canbe split into two lighter nuclei to release energy. However, the
binding energy yield from fusion can be much larger than that of fissgpgcially with

hydrogenbased fuels.



In a fusion devicepositively charged atomic nuclei regch other with atrong
electrostatic force known as the Coulomb forc&he Coulomb force is inversely
proportional to the distance between two nuclei, iaedeases as the nuclei are brought
closer together until a threshold called the Coulomb barrier is reathe@dFE reactors,
this is achieved by confininfyiel particles and injectingxternalenergywhich separates
el ectrons and ions into a *“ Enoughthermal energyt e o f
must then besupplied such that the nuclgain enough kinetic energy to collidend
overcome the Coulomb barrier. The force then becomes attractivaratsdtie nuclei
together, triggering aeactionuponcontact Thelowest Coulomibarrierthresholds are
associated with hydrogen isotopes, making them an attractive option for fusion fuel.

The amount of thermal energy required to initiate fusion dependhe specific
type of reaction. Although several different reactions are possitte, grobability of
overcoming the Coulomb barriex greater foexothermicreactions with twdow atomic
numberreactants antivo or more products.In particular, thefusion of deuterium and
tritium (D-T) is favorablefor both MFE and IFE reactgrand yields a 14.1 MeV neutron
and 3.5 MeV helium iofi.e.,“ a s ha*particle)

ID+3T - jHe +n 7.6 Me\ (1.2)

The effectiveness of a fusion fuel is characterized bye#stion probability, or

reactivity < & . Figure 13 shows reactivityas a function otemperatureor several
reactionsincluding D-T, deuteium-deuterium (BD), and deuteriurmelium-3 (D -*He).

The D-T reactionhas the largest reactivity for temperatures below 400 keV. At2M

keV, for instance, it is 100 times larger than that of any other reaction.
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Figure 13. Reactivityvs temperature foseverafusion reaction$6].

The maximum reactivity for the{D reaction occurs at a relatively modest temperature of
64 keV, which is favorable for producing a net energy déin Most of the generated
energy is carried by neutrons that can escape magnetic confinement fields and transfer
kinetic energy towrrounding structures in the form of heat. This therenalrgy can then
be extracted by a power conversion cycle to produce electricity.

A major advantage of fusiqgroweris its large energy densityOne kilogram of B
T fuel can provide as much eneray 10 kg fossil fuel[7]. Deuterium can be produced
from ordinary water by mature technologies such as distillatiaglectrolysis and since
most of the Earth is comprised of watire fuelis abundah On the other hand, there is
little, if any naturally occurring tritium due to its short hdé. Tritium can, however, be
“bred” i n awhdntheneutrans produged tn the-Dreactioninteractwith a

lithium isotope, namelyjLi and ILi. Natural lithium reserves are estimated to be



approximately 9 million tons in ore deposits ar@l76 billion tors in seawaterwhich
suggests thdtision fuelresourcegan last for millions of yearsssumingechnologies for

lithium extractionfrom seawatebecome more economically competitj& 9].

1.3. Magnetic Confinement Fusion Energy

Nuclear fusions the process that powers stars suchasour®int hi n t he Su
core, massive gravitational forces confine hydrogeio a highly denseplasma at
temperatures of 0K, resulting ina chain ofprotonproton reactios with a yield of
approximately 26.2 Me\[10]. However, without the mass require® tsustain a large
gravitational fieldor materials that can withstarglich extreme plasma temperatures
terrestrialfusion must be contrad by other meansuch asnagretic confinement. The
most feasible magnetic approach involeesfining plasma withow particle dasities at
the expense of higlemperature requiremerdad long confinement times.

There are twanaintypes of MFE reactors: stellarators and tokam&igufe 14).

Both usemultiple magnetic fieldsto confine plasma that moves around a tor0e
stellarator concept was first developed by Lyman Spitzer958 at what would later
become the Princeton Plasma Physics Laborgidijy Unlike tokamaks, stellarators have

an asymmetric magnetic field and utilize owlge set of modular coils with a complex
geometry, and are therefore difficult to manufacture. Stellarators were popular for two
decades before interest largely shifted to improved tokamak designs with performance
superior to stellarators. More recenttyellarators have garnered renewed interest and a

number of new experimental devices, such as the German Wendelteimave been



built. However, tokamaks remain more highly developed and future electricity producing

reactors such as DEMO withost likely be advanced tokamak machines.

Figure 14. Rendering of a stellarator (left) and tokamak (right) degigh

The tokamak concept was invented by Ifamm and Andrei Sakharov in 1980
the Kurchatov Institute ithe former Soviet Unior{13]. In the subsequentleades, the
conceptwas refinedand improvedthrough many international collaborationswvhich
helped establish tokamskas a promising candidate for fusion power production
Tokamaks feature a simple torus geometry with an axisymmetric-sectisn that
improvesconfinementime and simplifies manufacturingh combination of toradal and
poloidal magnetidields confires the plasma in the horizontal and vertical directions such
thatcharged particles mowaong field linesin a helcal shape and avoiddirect contact
with thesurrounding vesse&lalls. The poloidal fieldalsoinduces an electric currewithin
theplasma itself. Theurrent travels through the plasma and increases collisions between
electrons and ions to create helis phenomenon is known as ohmic heating and reaches
a threshold as the plasma temperature riSédse remaining thermal energequired to

sustain fusion reactions providedby radio frequency (RF) heating and neutral beam



injection. With RF heatinggxternal coilsupply highfrequency waves at several different
plasma resonant frequencies to increase temperatdegitral beamrijection involves
dischargingnheutral atoms into the plasma at high velocities, where all of the kinetic energy

is transferredo heatas the atomare decelerated by plasmall three methods will be

used simultaneously to maintain the conditions requiref o r ignition
reactions canccurperpetually Figure 15 shows an example of an advanced experimental
tokamak called ITER, which is designed to desteate a teffiold energy gain and provide

the technological insight required to develop DEMO and a commercial fusion power plant.

Figure 15. Rendering of ITER, currently under constructiorFnance{14].

1.4. Divertors and Plasma Facing Components

The intens@lasmaemperatures and neutron fluengeatokamaknecessitate the
use ofrobust PFCs. Mosthodern tokamaks contain two types of PFCs: the first wall and

the divertor. The first waknd attached b | a migsettarisfer the thermal energy from



the 14.1 MeV neutront a coolant that will ultimately drive turesin a conventional
power convelign cycleto generate electricityThese energetic neutrerwill also be used
to breed tritium by reacting wita coolant that contains lithiumMagnetic confinement
prevents direct contact between the plasma anfirghevall resulting inrelativelymodest
thermal load®nthe largewall surface areaThe average neutron wall losfbr ITER and
DEMO, for exampleareon the order 00.5 MW/m? and1 MW/m?, respectiveljj15, 16].
This allows for simplecoolingdesignswhere &luid such as helium deadlithium (PbLi)
maybe used effectivelwithout additionalheat transfer enhancement techniques
The divertoris another important PFC that remobwetium“ as h” peroded uct s
wall particles and unburned fudtom the plasma in order to prolong the fusion reaction
and maintain high plasma temperaturéghe ITER and DEMOreactorswill utilize a
divertor comprised of 54 and 4fentical®* cas s et t e s Vacuunmpumpsamnt ai n
actively cooled target platéBigure 16). Approximately 20% of the thermal energy from
the fusion reaction must be absorbed byrtiatively smalldivertor surfacearea which

will erode the plasma facing materials over time

Target plates

Figure 16. The ITERdivertor(left) and a single divertor cassette (righitJ].
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The divertor cassettes must be replaced periodically to avoid excessive damage and
minimize potential contamination of the target plates from tritium tieten A modular
design is therefore used to enable remote replacement of individual cassettes over the
lifetime of a reactor.

Most tokamaks have a singhell divertor configuration(Figure 17) where
magnetic fields are used #&dterthe outer edgef theplasma, creating a singularity called
the X-point This point defines two new regions: the scraffelayer (SOL) and the
“privatef | u x private plastmia  z [A#. eThe SOL is located immediately outside of
the last closed flux surface (LCFS), or separatrix, and directly intersects the divertor.
Charged particles in the SOL follow open magnetic field lines until they impinge on the
divertor target plates. Lower energy particles scatter into the relativalgroeate plasma
where they are removed by vacuum pumps. Higher energy particles transfer kinetic energy
to thedivertor target plates, resulting in extremely high steathteheatfluxes. This
thermal energy must be removed by a cookmd incorported intothe main power

conversion cycle to improve the overall system efficiency and balance of plant.

Closed magnetic
surfaces

Open
magnetic
surfaces

/ \&,&
Scrape-off layer
Strike points X-point

Divertor plates Private plasma

Figure 17. lllustration of a singlenull divertorconfiguration[18].
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The divertor target plates therefore face significantly hig¢frenmal loads than the
firstwall. The design limits for DEMO are typically considered to be 10 Mysirsteady
state and 15 20 MW/ for short transient evenf46, 19]. Several alternative divtor
configurations such as the Supéand Snowflake divertors have been proposed to reduce
the high heat fluxes expected during continuous operation. StiperX configuration
involves extending the distance of one target plate to increase the najsr sathe %
point and reduce heat fl§i®0]. The Snowflake divertor utilizgsloidal field coils situated
outside of the toroidal coils to create a secordkr nullwith a wide, hexagonal separatrix
that spreads the heat flurto several brancheand increases radiative coolifgl].
Although both concepts are promisimggjor challenges remain before they can be widely
adoptel in tokamak reactors.t is uncleay for examplehow a more complex SOL will
affectthe plasma physics and stability. Significant changes in coil desighesomponent
integrationare also required to accommodate these advanced concepts. Furthermore, the
performance otheseconcepts must be experimentatiigaracterizedindera variety of
conditions includingteadystate transient andshortun-controlleddisruptionevens. For
these reasongjost divertor research has bdmsed on the singlaull configuration with
an emphasien heatremovaland materials development

The number of materials suitable for a divertor target plate is severely limited.
Solid materials must béoke to survive extremely high temperatua@sineutron irradiation
for long periods of time withut significant physical or chemical erosiom.( sputtering).
They must also have good thermal conductivity and tialum retentionrates. These
criteria have restricted the selection of divertor PFC materiatsvétomajor candidates:

carbon fiber composites (CF@nd tungsten.Modern divertorswere largely based on

12



CFCs due tdaheir favorable thermal shock resistance, plasma compatibility, and inability
to melt. However, CFCs exhibit high tritium retention rates and excessive etioaion
shortenperatingimes and raises concerns about radioactiiyance, for exampldas
imposed anaximumtritium limit of 700 g in ITER to ensure safe operatji@f]. Although
the ITER divertor was originally intended to be built with both CFCs and tieimgscent
experiments performed ithhe Joint European Torimve showrhattritium retention rates
in full carbon PFCsare 10 times higher agpared to full tungsten PFC#&lthough CFCs
offer many advarages minimizing tritium retention rates has becoangical, especially
as heat fluxes and neutron fluenoemtinue to increasim new MFE reactor concepts
Tungsten has therefore emerge@asore viable PFC material

Tungsten has several advantadges fusion applications ampared toother
candidate materialsuch as beryllium, CFCs, or molybdenufirst, it hassignificantly
lower sputteringrates for the ions present in a plasnmjuding tritium which extends the
reactor operating time and reduces the number of replacement inf@Blal# also has a
high melting point, high strength and good thermal cetigity, which dlows for better
thermal performance, even with large heat fluxésnally, it has a low activation and
coefficient of thermal expansion (CTE) Unfortunately, tungsten loses ductility at
relativelylow temperatures, armeutron irradiatbn may cause transmutation and material
swelling[24]. Exposure to He ions ay also result isignificant neassurface morphology
changes such as bubble growth, pitting, &madril (i.e., “ f u zZfaniadion [25, 26].
Despite its drawbacks, tungsten has emerged as a prehaigefor PFC materialsn

advanced divertor designs.
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The divertor coolant criteria for DEMO and future commercial fusion reactors
differ significantly fromthoseof ITER. Specifically, high coolant outlet temperatusze
needed because the reagbower conversion systemust include both the blanket and
divertor to reachmaximum efficiency. Helium has been widely studied as a coolant for
the blanket and divertor, and has several advantagesvate27]. Helium is chemically
inert and has a lower neutron cr@estion, making it less likely to react adversely with
large neutron fluense Furthermore, it has a goapecific heatamong gases and is
compatible with other coolants in the blanket such as Li or Pb, which simplifies the reactor
design. It is also very straightforward to separate tritium from Hinally, it is a single
pha® coolantwhich allows the temperature dfractory metal PFCs to be kept above the
ductileto-brittle transition temperatur®BTT) without the need to operate at excessively
high pressures.

Over the past decade, numerous divertor cooling systenesbiegn proposed for
nearterm and advancekamakconceptual studies. The two most pertinent studies are
the BJ Power Plant Conceptual Studpd the ARIESAdvanced Conservative Tokamak
study[28, 29]. Nearly all of the divertor configurations in these studieslve He-cooled
W- or W-alloy target plags that are divided intolaar ge number of ypedi vi ¢
modules as opposed to a large plate. This approach reduces thermal stresses an the PFC
andallows forparallel flow paths that redu@®olant pumping powerAlthough several
cooling mechanisms have been proposkd, most promising divertor designs involve
arrays of rectangular or circular impinging jets duehi® high heat transfer coefficients

(HTC) that can be produced from intense turbulent mixiFigs research will focus on the
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thermathydraulic performane of a specific fingetype divertor called the Heooled
modular divertor with multiple jets (HEMJyvhich is the leading candidate for DEMO.

Although Hecooled divertors have been studied by multiple groups in the past,
nearly all of the work has bebased on numerical simulations. Recergyerabifferent
He-cooled divertor conceptsave beemexperimentally evaluated using dynamic similarity,
and the results were extrapolated to determine the thdrydahulic performance at fully
prototypical caditions[30-32]. The extrapolated results are derived from correlations
based on experimental datéth different coolantsand can be incorporated into system
codes to examine tradeoffs and determine operating conditiohgture fusion reactors.
However, these data were obtaineulerconditions that differ significantly from that of
an actual reactor. Moreover, the effect of varying geometric parameters such as jet
diameter has not been studied experimentally. Aaldit experiments are therefore
required to improve confidence in the extrapolation to fully prototypical conditions and
evaluate the effect of geometric changes on the divertor performance.

To this end, this work focuses on experimentally evaluating thermal
performance of the HEMJ design at nearly prototypical conditionchadacterizing the
effects of geometric changes using experiments and numerical simulgfipesifically,

a closed helium loop is used to conduct experiments on a single divertiule that is
geometrically similar to the HEMJ, and the effect of varying the jet carttimgeoled
surface separation distance is investigat€édmperatures measured using thermocouples
embedded within the divertor module are used to estimate tthedcsurface temperature

and determine Nusselt number correlations over a range of Reynolds numbers. The
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measured pressure drop across the module is used to develop loss coefficient correlations
that can also be used to predict pumping power requireraeptetotypical conditions.

Numerical simulations are performed using the commercially available software
packageANSYSS Workbench 17.0 to develop a computational fluid dynamics (CFD)
and finite element method (FEM) model with emay coupling. The model is validated
against experimental data and used to predict the thermal performance of the divertor under
fully prototypical conditios. The model is used to perform a parametric study in which
the jet arrays parameteise(, jet diameter, separation distance, and jet pitch) are varied to
determine an optimal design that may simplify manufacturing and reduce Easadly,
the thermkhydraulic performance of the improved design is experimentally evaluated and
compared with the performance of the HEMJ divertor.

The remainder of this thesis is organized as follows: Chapter 2 consists of a
literature review of jet impingement heat tséar, modular heliurtooled divertor designs,
and previousexperimental and numerical studies fingertype divertors. Chapter 3
presents experimental results of the HEIM@ divertor obtained at nearly prototypical
conditions. This includes resultstamed at higher coolant inlet temperatures and incident
heat fluxes than previously reported. The effect of varying the separation distance on the
thermathydraulic performance is also reported. Chapter 4 describes the development of a
oneway coupled ED/FEM model of the divertor module used in the experiments, and the
results obtained at fully prototypical conditions. Chapter 5 details a parametric
optimization study of various jet arrays performed based on the numerical model developed
in Chapter 4.Finally, Chapter 6 summarizes the conclusions of this research and makes

recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW

A robust and reliable cooling system design for the target plates of the divertor is
an important aspect of MFE re¢ac engineering. However, advanced divertor cooling
concepts are needed to address the technological challenges associated with the extreme
conditions within a commercial fusion reactor. To that end, experimental and numerical
studies have been performiey various research groups over the past decade to improve
the knowledge of divertor performance for both Aeam and advanced reactor$he
majority ofcurrentadvanced divertor designs are based on the modweaoéled tungsten
divertor concept withet impingement cooling. This section summarizes the underlying
physics and previous research related to these promisiogdled divertor designs.

Among the several different modular{deoled divertor concepts, notable progress
has been made on thnearticular designs: the HEMJ, the ddeoled modular divertor with
integrated pin array (HEMP), and the-El@oled flat plate divertor (HCFP). As part of the
ARI ES study, aft ypiefit edgrvaetrda dr p It antad combi ne
concepts was proged to reduce the number of overall modules while maintaining good
thermal performance. Limited research was also done on an earlier candidate caled the T
Tube divertor, which is currently under investigation to cool target materials in a new
experimenthlinear plasma device at Oak Ridge National LaboratOgNL).

Given that all of these divemtaesigns rely on turbulent jehpingement cooling,
it is important to understand the fundamental fluid mechanics and heat transfer aspects of
this type of cobng. This chapter therefore first presents a brief overview of the governing

conservation laws for the fluid dynamics, heat transfer, and turbulence models commonly
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used by commercially availab®D software packages used here to study divertors. Next,
the fundamental characteristics of-jepingement heat transfer will be discussed and
previous studies of divertaelevant geometries will be reviewed. The last section
describes prior experimental and numerical investigations of the performanceéookvar

divertor designs.
2.1  Turbulent Flows and Heat Transfer
2.1.1 Conservation Laws

The flow of a Newtonianfluid in a continuum is described likiree governing
equations: the conservation of mass (continuity), conservation of momeiatan
conservation oknergy The continuityequation $ shown below using Cadan index

notation

| PR,
m + n(ru') (2.1)

where r is the fluid density andu, is the velocitycomponent in thex, direction

Conservatiorof momentums described by the Navi€dtokesequationg N e wg secord

law)

u(ru)
Mt
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wherep is the fluid pressure is the fluid dynamic viscosityg; is the strain rate tensor,

d, is the Krorecker deltaand 7 g; is the gravitational body forceThe strain rate tensor

is defined as

_15‘ MY
BT ~alam 23)
L

which accounts for additional fluid stressagised byluid motion. Theleft-hand sideof
Eq. 22represents theonvective acceleration affluid elementue to inertial forcg while
the righthand side describes contributions to momentum change gwessureyiscous
and body forces.The conservation of energy equation (first law of thermodynamics) is

given by

M 8, Wug) =M ) W
B = L) =, e (2.4)

whereE is the total energy per unit mags, is the stress tensor, art is the heat flux

vector. HereE is definedas

2

E=h P & (2.5)
r 2

whereh is the specific fluid enthalpyFor a Newtonianldiid, the viscous stress tensor is

2 ;
L= P if/?rqmg-(nmp”( (2.6)
The heat flux is described by Fourier’s
T
q= k= (2.7)
X

wherek is the thermal conductivity andis the temperature.
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Many engineering applications involve n@othermal turbulent flows, which are
characterized by randomr stochastic fluctuating quantitiesThe ReynoldsAveraged
NavierStokes (RANS) equatiorare therefore often used to obtain approximate-time

averagedolutionsto the NavietStokes equations

v, H ru) 2
T H( ) (28)
ru _ D § &y uu, n 9 3
d I)+£(ruiuj) - f g W, 2 ) % iy lf“ (29
T woxg ey w0 e

whereu_i is the timeaveragd componenof U, (based on the Reynolds decomposition of

the NavierStokes equations) and giu is the Reynolds stress tensor. The Reynolds

stress tensor ia seconebrder, symmetrictensor thaticcounts for turbulent fluctuations

and introduces sirew unknownsA total of ten unknowns (the pressure, the three velocity
components, and the six Reynolds stresges)e t her ef ore required t
problem.Numerous' t ur bul ence c¢cl osure” model s have b
to madel the Reynolds stress tensor for different types of flolss work will focus on

the RANS turbulence models implemented in the commercial software package ANSYS

Fluen®, which was used for the nunal simulations in this thesis.

2.1.2 Turbulence Modeland Heat Transfer

The high temperatures and pressures within a divertor system make experimental
characterization of turbulent flow impractical in many cases. As a result, several groups

have used commercial CFD software packages such as ANS¥X° or Fluent to
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model fluid flow and heat transfer within various divertor designs. This section focuses on
the six different turbulence models available in ANSYSuen#, including the Spalart
Allmaras (SA), k-emodels, andk-w models.

All of the mode$ above relate the Reynolds stress tensor to the mean velocity

gradients based on the eddy viscosity concept introduced by Boussinesq:

by 02
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where m is the turbulentor Boussinesq eddyjscosity andk is the turbulence kinetic

energy{33]. In this sectionk is mathematically defined as

1
k== .
quq (2.1)

and represents the kinetic energy per unit mass of the fluctuationshis approach has

the advantage of a relatively low computational cost associated with evaluating the

Boussinesq eddyiscosityandkinetic energy One caveaits that /77 is assumed to be an

isotropic scalar quantity, which is not strictly trugéowever, this assumption is reasonable
for shear flows where the turbulent shear stress is only significant in one direction, which
applies to mny flows includingvall boundary layers and jef33].

The SpalarAllmaras model is a orequation model that neglects the turbulence
kinetic energyk andcloses the RANS equatiohyg solving the followindgransport equation

for a modified turbulent kinmatic viscosity V:

M0 () o K g
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where G, is the production of kimadic viscosity, Y, is the destruction of kimeatic

viscosity in the neawall region, §, is a source termgnd s, and C,, are constantsThe

Boussinesq eddyiscosity can then be related to the transported varialg

= K = —(V/V)s
/7? val ' fvl (\7/V)3 + le (213)

where C,, is another constant.A total of twelve empirical constants deduced from

experimental data are used to compute the terms on thehagttside oEqg. 212 and
hence m andthe Reynolds stress tensor to close the problem

The SA model was designed for wadlounded flows with boundary layers subject
to adverse pressure gradients. Although a fine, or spatiallyresslved, mesh near the
wall was originally required to pperly resolve the boundary layer, ANSYHuen? uses
Enhanced Wall Treatment (EWT) instead to decouple thartdel from these neavall
spatial resolution requirements. The low computational cost associated with the one
equation approach is a key adtaege of the $\ model, but it is not a very accurate model
for turbulent shear flows.

Two-equation models are a more complex class of models that use two additional
transport equations to comput. In addition tok, two-equation models also account for
the turbulent kinetic energy dissipation ragewhich represents the rate at whiclis
converted into thermal kinetic energy due to viscous streséest industrial applications
rely on one of the three types of what are knowrk-a@amodels: standardé-e (SKE),
renormalization group-e(RNGKE), orrealizablek-e(RKE). These models determine a

turbulent length scale and a time scale by solvingsprart equations fdcande[33]. The
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transport equation fok was derived fom the NavieiStokes equations while empirical
resultswere used to develop thansport equation foe The transport equatiors the

SKE modelare

K)oy = PSR m Oku o & -
r + M(r u) ng’fm;,: Kuaeﬁ G+ r-& -% (2.14
H(r g, by gy = KR Senl P,
i el B e oG (G G18) Gay S (219

where G, is the production of turbulence kinetic energy due to mean velocity gradients,
G, is the production ok due to buoyancyy, is the contribution of compressible

turbulence toe, C_, C,,, C,, are constants, and, and s, are the turbulent Prandtl
numbers fok and e, respectively. The turbulence dynamic viscosity can then be related
tokand e by

m= £, LS (2.16)
e

whereC  is a value obtained from experiments and depends on the turbulence Fardel

the simulations performed in this wor&, was assumed to be 0.09 based on the results of
Launder and Spaldingg4]. This definitionis also valid for the RNGKE model (at high
flow rateg and the RKE modg¢B3].

The RNGKE and RKE models are variations of the SKE model that were developed
to provide more accuraggredictionsunder certain conditionsFor rapidly straned and
rotatingflows, the RNGKE model improves accuracy by including an additional term in

the e equation. In contrast, the RKE model involves a variaklg that depends on mean
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strain and rotation rates, aadnodifiede transport equatianThe RKE model has similar
applications as RNGKE, but may converge more easily.

Anothertype of two-equation models are thew models, which solve transport
equations fok and the specific dissipation rate(i.e., the ratio ofeto k). These include
the standardk-w (SKO) and sheastress transport (SSKw models. The transport

equations for the SKO model are given by

u(rk), u K _—__“é ku 0 Y-

o) TEGEE YOS e
u(r '/)’J,i(, ) _ feiiy 8, v, S (2.18
TN AT |

where G, is the production ofw, G, and G, is the effective diffusivity ok andw, and
Y, andY,, is the dissipation df andw, respectively. The turbulent viscosity is thggwen

by
= 4 ;li (2.19
m ” :

wherea’ is a damping coefficiergqual to 1 for higllow rates TheSKO modelaccounts
for compressibility and sheaeffects, but is very sensitive to and w values in the
freestream. The SST model combines the advantages of the SKE and SKO models by
blending the accurate neamll k-w formulations with the frestream indepndentk-e
model in thefar-field, but des not include compressibility effects.

The last RANS model available ANSYS® Fluen? is the Reynolds Stress model,

which does not rely on the assumption tiatis isotrgic. As a resultit is considered

more accuratdor flows with buoyancy and significant strain ratdmit it is also more
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computationally expensive and has not been used to date for divertor simulations. The
transport equations and additional details are thereforededfor brevity.
In addition to turbulent flow, modelingf thermal energyransportwithin both
solids and fluids is critical to prediatg the thermal performance of divertots. ANSY S’
Flueng, turbulent heat transport for a fluid is modeled usingRbgnolds analogy, where
the energy equation becomes

“- p-\ — é TU eff 6
E(rE)+—MQQ( /E +p) g-—x_}l(;‘?sﬁ _)ﬁ“ W tﬁ » (2.20

Here, k; =K, 4 is the effective thenal conductivity of the fluid Kk, is the thermal
conductivityof the fluid k, is the turbulent thermal conductivity;‘ff is the stress tensor

based o, (discussed belowpndS, is a source term. The first two terms on the right

hand side represent energy stam due to conduction and veaes dissipation, respectively.
With the exception of RNGKE, all of the RANS modeisANSYS?® Flueng, define the

turbulent thermal conducity as

o
=

(2.21)

wherec, is the constanpressure specific heat of the fluid, aRq is the turbulent Prandt|

number. For flows where convective heat transfer is significantly greater than conduction,

Pr. has been shown to be approximately (8%. The RNGKE model accounts iesd

for variations inPr, by defining the themal conductiviy as

k = €A« (2.22)
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where the effective viscosityrg; is the sum of the laminar and turbulent viscosities, and

a is obtainedby solving

0.6321 0.3679

a+2.3929 ""_  n (223)
Pri +2.3920  m, '

a-1.3929 |
Pri-1.3929

Finally, heattransfer within a solid material isogerned by the following energy

equation
ﬁ(rshs): Bk, TP S, (2.24)

where r,, h,, and k, are the density, enthalpy, and thermal conductivity of the solid,

respectively. All solids modeled in this work are assumed to have an isotropic thermal

conductivity.
2.1.3 The Empirical Approach

Divertor target plates require active cooling, or forced ection to withstand the
high heat fluxesupplied tahe plasméacing surfacesThe effectiveness of anvective

heat transfesystem is governéddy Newt on’ s Law of Cooling
qi5h(T -T) (229

where qi is the heat flux from the solid to the fluidy, is the convective heat transfer

coefficient (HTC), T, is the temperature of the solid boundary, dpds the temperature

of the bulkfluid. Any study of convection ultimately requires characterizing
Although the HTCis influenced by several factonscluding the boundary layer

conditions andsurface geometryit can bedetermined or estimatedith two main

26



approachestheoreticaland empirical The theoretical approach involvekeriving
analytical expressions of tHecal convection coefficienthrough dimensional analysis,
exact analysis of the boundary layer, or analogies between momentum and energy transfer
However, this is impractical for a complex geometry such as the HEMJ, which has different
surface curvatures and involves turbulent flolhe empirical approach is therefore used

in this work, which involves performing experiments under controlled itond and

correlating the data in terms of dimensionless parameters. Empirical correlations are often

developed for aaverage convection coefficieht based on the entire surface area of the
experimental setup.
The average heatransfer coefficient is typically given in terms of the

nondimensional average Nusselt number
Nu=— (2.26)

whereD is a length scale that characterizes the geometrkarsithe thermal conductivity

of the fuid. The Nusselt numbeepresents the ratio of thermal energy transfesedss
a solidffluid interface by convection i(e., both advection and diffusion) to that of
conduction, and depends geometry, flow velocity, and flow propertieslowever, for
forced convection with negligible viscous dissipatior.(moderate velocity gradients),
the average Nusselt number depends only on the Reynolds nRebed the Prandtl
numberPr for a given geometryThe Reynolds number may be expressed in terrtigeof
flow velocity as

rvD
Re=—— (2.27)
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whereV is a velocity scale that represetite flow. Thefluid massflow rate can be nen
dimensionalized into thReynoldsnumber, whichrepresents the ratio of inertial forces to

viscous forcesThe Prandtl number is given as
”ED
Pr=—- (2.28)

which represents the ratio of momentura.{viscous) diffusivity to thermal diffusivitpf
a fluid. Experimentdly estimatedNusselt numberfor the turbulent flow of given fluid,
and hence Prandtl number, often show a power law dependence on the Reynolds number.
GeneralizedNusselt number correlatiofgr different fluidsare therefore often assumex

be of the form

Nu= CRé& PF (2.29)
whereC, m, and n are constants thatre independent of the fluid choice and only depend
onthe nature of the surface geometry #melflow regime

The Biot numbeBi is another dimensionless parameter that can characterize the

relative importance of convection to cction

. hL,
Bi=—+= 2.30
. (2.30)
wherel,i s a characteristic |length typically

surface area ank, is the thermal conductivity of the solidUnlike Nuhowever the Biot

number represents the relative significance of temperature differevites a solid
compared to the temperature differences created by conveditos Nusselt number is

typically usedto determindocal and average HT Cahile the Bid number often serves as
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a criteron to justify the assumption of a unifortemperaturalistributionwithin a solid
with surface convection effecfse,a “ | u mp epproxdimatobiy ”

The pressure drop through a flow componenametherimportant pareeter that
affectsthe overall performanacaf an systemwvith internal forced convectionThepressure

dropcan be measured and expresseith@dimensionles$oss coefficient

K, = bp

1

1. (2.31)

N

For incompressible duct flow, the pressure drop can be used to estimate the power required

to move the fluide.g, by a pump or compressprThe thermahydraulic performances

thereforemost favorablevhen Nu is maximized andK, is minimized.

2.2  Jet ImpingementHeat Transfer

As mentioned previously, many km®oled divertor designs rely on jet
impingement as a heat transfer enhancement techniguenplegement cooling is a well
established method known for its high heat transfer coefficients, and is used in applications
thatinclude turbine blade cooling, glass annealing, and more recently, electronics cooling.
Although many jeimpingement studies exist in the literature, the design of such systems
is challenging since heat transfer characteristics are influenced by (athendactors) a
large number of geometric factors such as jet diameter, hole pitch, and j&- exit
impingement surface separation distance. In addition, there are few previous jet
impingement studies that are directly relevant to-gaded divertor gemetries. The

present reviewocuses orarrays of round impinging jets at small separation distances,
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which are mostelevantto the HEMJ divertostudied here We start, however, with a
review of the fluid mechanics and heat transfer phenomena relewvabasic jet

impingement systems.

2.2.1 Single Jet Impingement

The flow in a single jet is typically divided into three regions: the free jet,
stagnation, and wall jet regioifBigure 21). A round or 2D jet exits from a nozzle of
diameteD or rectangular slot of widtil, respectively, and develops in the free jet region
where the jet boundaries gradually broaden due taiaentent of the surrounding fluid.

This entrainment of the surrounding fluid, which is usually at rest, leads to an increase in
the jet diameter or width, and a decrease in the diameter or width of the potentiaégore (
the region of uniform flow at #hnozzle exit velocity) away from the nozzle. The length

of the potential core is typically 4 to 7 nozzle diamef86 37]. Farther downstream in

the developing zone, the potential core disappears amdakienum axial velocity begins

to decay until the flow is fully developedOncethe jet isfully developedbut remains

within the free jet region)the average velocity profile no longer changes with distance
from the nozzle and caaften be approximatedas a Gaussian function. Within the
stagnation region, the influence of the impingement plate becomes stronger, resulting in
curved streamlines where the flow is decelerated axially and accelerated laterally. After
striking and stagnating at the impingarhsurface, the flow then spreads parallel to the
surface in the wall jet region, spreading and decelerating with increasing distance from the

stagnation point, giving rise to a thin boundary layarthisregion, theouter edgef both
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thewall jet andthe boundary layer grow simultaneously until fully developed conditions
are reached and thall jet transitions from laminar to turbulen¥elocity profiles in this
regime are characterizég zero velocity at the impingement andll jet boundariesyith

a maximum value near the wall tiiEcreaseas the flow spreadsutward[38].
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Figure 21. Flow characteristics for a single round or slot impinging3ét.

2.2.2 Multiple Jet Impingement

Although multiple impinging jets havilow regions similar to those reported for
single jets, jet arrays have two fundamentally different flow interactions that must also be
considered.First, there is the possibility of interference between adjacenigstseam of

impingement.This type of interference is important for arrays with smatigget spacing

and large jeto-impingement surface spacingecond, the collien of adjacent wall jets
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may form recirculating fw r egi ons k n o"w(Rigura 22) that camnt ai n ¢
significantly affectheat transfer rateg.his fountain effect becomes increasingly important
for closely spaced jetsith large jet velocitieat small separation distanceBoth of these

effects can be amplified drossflow occurs between the jets after impingement.

Fountain flow

7 A starget plate /// S/ S

Figure 22. Flow regimes for an array ofhpingingjets[40Q]

The principal factors that influence heat transfer in single jet impingement systems
also apply to multiple jet arrays, and typically include the nozzle shape, jetb-exit
impingement surface separatidistanceH, and the fluid mass flow ratéh. However,
multiple jet arrays are more complex, and include additional factors such as the@enter
center jet spacing or pitch and the nozzle arrangement. The mass flow rate isatiyp
given in terms of the Reynolds numkiee while the jet diameter is used to define a

normalized separation distan¢¥D and pitchS/D. The thermal performance of jet

impingement systems is described by the average Nusselt nivnherhich generally

increases witliReif all other parameters remain constpsi].

32



2.2.3 Effect of Jeto-Surface Separation Distance

The effect of separation distance on thermal performance has been investigated in
numerous jet impingement studies. Sevetatiies suggeshatthe maximum locaNu
occurs aH/D = 1-3in jet arrays, compared YD = 6—8 for single jet§42-44]. Kercher
and Tabakoff experimentally studied square arrays of impinging air jeitffor 1—4.8
and observed higher stagnation pdotfor H/D = 2.7 at any giveRe[45]. Goldstein and
Timmers used liquid crystals to visualize the heat transfer coefficient distribution of single
and multiple jets impinging on a flat plate fdfD = 2 and6 atRe= 4x10* [46]. They
found that the local Nusselt numbers produced from a hexagonal array of seveH/jets at
= 2 were approximately&@b higher on average compared with thosé14D = 6 [46].
Garimella and &hroeder studied confined impinging air jets forO WD< 4 and r epor
greater lockand average HTC at smal/D, which was attributed to an increased
turbulence intensity due to mixing with the spent flow of neighboring[{ls This
increase was more pronounced at higRer where additional flow interactionfi.e.,
crossflow)shifted the maxima of local HTC distributions towards the centralketber
andViskanta also used a liquid crystathnique to show that surface heat transfer rates in
arrays with lage separation diahces may bdegraded by adjacent jet interactions that
entrain surrounding fluid priobtimpingement and decrease peevelocity, which is less

likely to occuratsmallH/D [48]. As shown inFigure 23, Huber andViskanta observed

the greatesﬂ\l_u for an array of round jets witH/D = 1 andjet-to-jet spacingSD = 4.
Thesestudiessuggest that maximum average heat transfer rates occurtfben add

this maximum value increases wie[39, 41, 42].
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Figure 23. Comparisorof average Nusselt numbers 8D (i.e., X, /D) =4, 6§ and 8
at H/D =1 and g48].

2.2.4 Effect ofJetto-Jet Spacing

The degree to which averalyel depend orH is also determined by the center

center hole spacing, or pit&hwhich may vary along different directiodepending upon

the arrangement of the jet arrajhe highest average heat transfer rates have been reported
for configurations witt5/DA 10[49]. For S/D> 10, the interaction betweadljacent jets

prior to impingement is negligible, and so the heat transfer charactersticsuch
configurations can be determined from sirgieimpingement data. However, arrays of
multiple interacting jets withS/D A 10 have better thermal performance than-non
interacting jets, and a number of studies suggest that the best thermahaed® is
achi ev &b a6 Reof ®10Y[39 47 50-52]. The influence 0§D on average

heat tansfer rates appears, however, to be minor compared with separation distance effects.

34



Attalla reported averagdu as great as ~170 f&/D = 6 andRe= 4.14x10* at separation
distances o2 A H/D A 4 for both square and hexagonal arrg§8. San and Lai found
maximum stagnation poiNu ¢ 90 using a hexagonal array wiiD= 8, H/D = 2 atRe
= 3x10*[54]. Saripalli visualized a pair of impinging round jetRat=2.38<10* andH/D

= 4 and found no interéion between the jets &D= 12[55].

Although a number of studidsave proposedcorrelations forNu in various jet
array configuration§43, 45, 47-49, 56|, it is unclear if these correlations are applicable to
different geometries, given the large number of studies that suggest {inapijggement
cooling is a strong function of the flow geometry, including the geometry of the
impingement surface. In most studies, the jet(s) impinge upon a flat surface and the wall
jet is normal to the free jet. Studies of jet impingement on curved surfacefiewhet
experimental or numerical, are limited. The results of the few studies that exist on multiple
jet impingement on concave surfaces suggest that the separation distance required for
maximum heat tranef differs from that for a flaplate configuratiorunder otherwise
identical conditiong57-59]. It is therefore uncleaf these correlations, and the findings
of previous studies of jempingement cooling, even at small separation distances, are
relevant to the complicated geometry of the HEN@rtor, which has an array of jets that
issue from a convex surface angpinge upon a concave surfacéhe thermahydraulics
of the specific HEMJ geometry should therefore be investigated experimentally and

numerically.
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2.3  Helium-Cooled Divertor Designs

Several modular heliurnooled divertor designs are discussed in this section
While certain designs have more favorable thetiyalraulic performance than others,
each design haspecificadvantages and drawbacki.is important to note that helium
cooled divertors remain an active area of research and the actual divertorfaieBIgMO

has not yet been finalized.

2.3.1 Helium-cooled Modular Divertor with Multiple Jets

One of the mosstudied designs to datetie heliumcooled modular divertor with
multiple jets (HEMJ), originallgleveloped at thEarlsruhe Institute oTechnology(KIT)
in 2004[60]. As shown inFigure 24, asingle HEMJ module is comprised of a pie
tile, W-alloy endap, ancoxide dispersiosstrengtheneddDS) Eurofersteel jets cartridge
The plasméacing surface consists of a 5 mm thick hexagonal W tile with a width (between
two parallel edges) of 18 mm. The tile is brazed to a 15 mm OD Q9% W, 1.0%
La>Oz) endcap(i.e., pressure boundaryyith a thickness of 1 mm that restricts potential
crack propagation to the interface. Tdracapis alsobrazed to aonical ODS Eurofer
steel sleeve with a copper(Coased alloy to reduce the coefficient of thermal expansion
(CTE) mismatch between WL18nd steel. Arrays of multiple finger modules are
assembled on a steel manifold, and the ring serves as a transition piece between the thimble

and manifold.
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Figure 24. (a) Explodedriew of the HEMJ divertor anfb) a crosssection ofa single
module[6]].

The WL10 endcap restricts the coolant temperature range to ~66A.300 °C
due to its estimated DBTT and recrystallization temperature (RCT), respectively.
Although theW tile has a high melting point of 3410 °C, a design limit of ~2500 °C was
assumeddr the HEMJ to account for temperature increases during short transients and
plasma disruptions. Moreover, the coolant pumping power should be kept below 10% of
the total incident thermal power in order to achieve a reasonable system eff{@€hcy
An analytical study of earlyHe-cooled divertor designs suggests that a He operating
pressure between-814 MPa is required to maintain an acceptable pumping pl@&er

Helium entering the 0.8 mm thick, 11.1 mm OD jets cartridge at 600 °C and 10
MPa is accelerated through twetitur ¢ 0.6 mm holes arranged in a ferow hexagonal
array surrounding a largerl.04 mm central holeTheHejetsthenimpinge upon andool
the pressure boundargnd exits at ~700 °C through the annular gap between the jets
cartridge and the endcafihe refeencedesign is designated as J1c, wherestqgaration
distance between the cartridge and thimble is 0.90 Bamy CFD studies concluded that

a nominal prototypicamass flow ratemn, = 6.8 g/s (corresponding to a prototypical
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Reyrolds numberRe, = 2.2x1d) could withstand a 10 MW/frheat fluxand satisfy the

pumping power requirement.

The finger modules are combined into a largé&n@er unit with one helium inlet

and outlet port. SeveraifOi nger units are assembtluend ti"n

Finally, the stripeunits are assembled in parallel to form divertor tapigtie. Each stage

of this assembly process is depictedrigure 25. This approach allows fondividual
testing of small units before assembly, which improvealgity. Arrays of small module
units also help reduce the overall thermal stresses on the target plavesver, this results

in a very large number of finger modulegquired for full divertor coverage
Approximately535,000 HEMJ modules, for exampéeneededo cover the target plates

in a tokamak with a 150n® divertor area. Scaling the production of lloys) and
improving the thimbldile brazing process will be major challenges in the design of future

commercial fusion reactors.

Figure 25. The HEMJ assembly procega) the 3finger unit, (b) the strip@nit, and
(c) the target platgs1].
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The HEMJ is an advanced divertor design that built on the knowledge gained from
the HEMP and heliurcooled modular divertor with integrated slot array (HEMS) design
(discussed irSection 2.3.2 It hasthereforebeenexperimentallystudiedby multiple
groupsto characterize its thermbldraulic performance under a variety operating
conditions The Gas Puffing Facility (GPF) was one of the first facilities created for the
testing of heliurrcooled divertors at nearly prototypical conditi¢8, 64].

In a collaboration betwedforschungszentrum Karlsruhe (FZK, now KAnd the
D.V. Efremov Irstitute, the GPF was constructed2003to validate preliminary CFD
simulations and evaluate the thermal performance of different divertoruopscin early
iteration of the facility, known as GPFlas used to measure pressure drops in various
mock-ups at nominal helium inlet conditions using short gas pulses on the order of
milliseconds. The facility wakaterexpanded into the GPF2, which consisted of a closed
helium loop operating at inlet pressures of 10 MPa and temperatures O &34onger
pulses of~100 seconds.

Heliumwas circulatedn the loop using diaphragm compressatmass flow rates
of 5—15 g/s. Theheliumheater consisteof a NiCr resistor jackeahatcontained 4 mm
steel ballsand flow ports. The gas cooler at the outlet hadsimilar design, except the
jacket was watecooled. The t her mal performance was eval
f 1l ux” pr i nancigehtteat flunaseeteeminedby cooling a test section heated
by helium. The thermglowertransferred frm hot helium at inlet/outlet temperatures of
~700°C/600°C wasdetermined using aenergy balance while the heated test seatias

cooled by a thin film(~0.1 mm)of pressurized watdtowing at 30— 50 kg/sat steady
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state Pressure drops and HTCs wareasured and computed over a range of helium mass
flow rates for several different divertor cartridges.

The HEMJ mockups for thdater GPF2 experiments were composed of L63 hrass
which has a thermal conductivity similartttat oftungsten at elevatedmperaturesThe
minimum distance between the top surface of the module and the pressure boundary was
only 2 mm (s 6 mm in the reference designjwo HEMJ variants were studied: the Jla
with D = 0.6 mm andd = 1.2 mm, and the J1e with = 0.85 mm andd = 0.9 mm. As
shown inFigure 26 andFigure 27, the J1a and Jle designsilcbwithstand heat fluxes of
12.5 MW/t and 10.5 MW/, respectivelyat the nominal mass flow rate. However, the

Jla had a larger pressure drop of ~100 kPa compared to ~45 kPa for[th 6%
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Figure 26. Maximum heat fluxvs mass flow rate derived frothe GPFexperiments
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Figure 27. Pressure drops mass flow rate measured in the GPF experiments for
HEMJ variants (blue and orange) and the HEMS ((i34))

From 2006 to 2010, the Efremov Institute and KIT continued experimental studies
of the HEMJ at fully prototypical conditions. A high heat flux (HHF) testing facility that
contained a closed helium loop and a 60 kW electron beam (EB) was constructed, which
allowed for helium pressures, inlet temperatures, and incident heat fluxes of 6620
°C, 10 MPa, and 5 14 MW/n? for mass flow rates between 7 and 13.5[6&; 67].
Several variations of the HEMJ were tested in this facility, including designs with
castellated tiles, different brazing materials, and different grades of W tiles. In all cases,
the J1c design was used for tleésjcartridge configuration. One megg of the HEMS
design was also testedinsteadof operating under steagyate conditions, the moalps
were thermally loaded in on/off cycles of 30 s/30 s, 60 s/60 s, and 30 s/60 s to evaluate
fatigue life and relikility.

Four series of HHF experiments were perform&dio of the six mockups tested

in the first seriesurvived 10 cycles at 11 MWAwithout damage, albeit at a higher flow
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rate of 13.5 g/s.While neither sudden brittle failure nor thimhiecrystallization was
observed in any moelp, destructive posgtxamination suggested that defeetg}(micro-
cracks) introduced during the fabrication process greatlycedhe lifetime of a divertor
module[68]. The pressure drop in the HEMJ ranged from ~KR®t0380 kPa compared
to~300-500 kPa in te HEMS. TheHEMS wasghereforedisregarded in subsequeHHF
testsdue to its high pressure drop and more complex design

Ten additional mockips were created for both the second and third series of tests
in 2007— 2008, where improved machining resulted in better thermal performance. Four
of the mockups sirvived 100 heatingcycles at 10 MW/rhand~13 g/s. One moekp
accommodated a maximum incident heat flux as great as 14 MWémsix cycles.
Following an upgrade to a 200 kW EB, the fourth test series was conducted on six existing
modules in 2010. Fivof these modules survived over 200 total cycles at over 10 MW/m
before failurewhile one module survivetil14total cycles

A 9-finger steel moclup wasfabricated in 20090 characterize pressure drop
within theunit without heating The gas puffing approach was used for He entering at 600
°C and 10 MPa, and mass flow rates between 200 g/s. The measured pressure drop
was ~170 kPa, whictvas consistent witlthe range predictedy CFD simulations. An
infrared (IR) camera showedwelatively uniform tile surface temperature distribution with
temperatures ranging from 500 to 550°C. The temperature distribution within theit
suggested that flow distributiamithin each fingemwasalso uniform.

After a long hiatus, a-finger W unit (Figure 28) was fabricated and tested in the
HHF facility in late2013[69, 70]. The He inlet temperatussnd pressure was 50C and

9.5-10 MPa. Theaw unit survived 25 cycles with an on/off interval of 20 sR@t 3
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MW/m? and 26 g/s. The mass flow rate was increased to 50 g/s, allowing the module to
sustain a maximum heat flux of 6 MWArior 3 cycles befee a helium leak was detected.
Infrared images taken at 6 MW?#nsuggest that while the surface tile temperature

distribution is mostly uniform, localized hot spots appear between the tiles.

1499.98

=] 3 43-s>ab
He out. t e
Figure 28. Picture of the ginger Wunit in the HHF facility(left) and IR image of the
unitat 6 MW/n¥ (right) [70].

A finger module with dimensions similar to the HEMJ has also been studied in
dynamically similar smalkcale experiments by our group at the Georgia Institute of
Technology (GT). Weatherset al [71, 72 and Crosattiet al [73, 74] performed
experiments on a single brass HEMJ finger motebktted with an electric cartridge heater
and cooled withair at ambient temperature and pressurarass flow rates and incident
heat fluxes up to 8 g/s and 1 MWimespectively. The Nusselt number results were
effectively independent of incident heat flux over the rangeasds flow ratestudied. A
numerical nodel of the module was developed in ANSYBluen? 6.2 and validated

against the experimental results in terms of pressure drop and HTCs.
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Raderet al [31, 75| performed additional experiments on this module with the goal
of developing parametric divertor performance curves. Experiments were conducted with
air, argon, orhelium at ambient temperature and pressures up to 1.4 MPa. An oxy
acetylene torch provided incident heat fluxes up to 3 M¥Measured temperatures and
pressures were used to calculate average Nusselt numbers and pressure loss coefficients.

In addition a newnondimensional parameteras introduced
Kk =kJK, (2.32
where Kk, is the thermal conductivity of theuter shellevaluated at the areeraged

cooled surface temperatu‘Fg andk, is the thermal conductivity of the fluevaluatedht

Toe= (Ti H’O)IZ. This term was required to account for changellindue to different

combinations of structural matesaind coolants.AlthoughBi was alsaconsideredas a

nondimensional parametero r R Al calculationspi is a function ofh, which was
unknown during his experiment&eneralized correlations for the Nusselt number and loss
coefficient were therefore developed based on experimental data by matchifRgeanty

k for multiple coolants and module materialEhe correlations were then extrapolated
prototypical conditionsfor different average pressure boundary temperatuT_Sesand
coolant pumping powsi(as a fraction of the incident thermal powér)

More recently, Millset al [32, 76] performed experiments on a WLHEMJ
modue at nearly prototypical conditions using a helium loop. A reciprocating compressor
provided He mass flow rates up to 10 g/s at 10 MPatvem@d kW electric cartridge heaters
provided inlet temperatures up to 3W. An induction heater was used to glypsteady

state incident heat fluxes up to 6.6 MW/nCorrelations developed based on these data
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wereagainextrapolated to fully prototypical conditionBigure 29 depicts the prototypical

design curves faa singleHEMJ modulewith T. =600°C.

25

Increasing?’,

1 2 3 4 5
R 4
© x 10
Figure 29. Maximum heat flux for a single HEMJ module with= 600 °C[32].

The extrapolated results reporteg Mills et al suggest that the HEMJ can

accommodate a maximum incident heat flux of 10.7 MW\, = 6.8 g/s wherll; =

600 °C and'ITS = 1200 °C. The mass flow rate corresponding to a maximum heat flux of

~10 MW/n? is significantly lower compared to those used in ktéF experiments for
similar heat fluxes and coolant inlet temperaturdsurther experiments are therefore
required to confirm the validity of theroposedorrelationsand extrapolationgespecially

athigher inlet temperates and incident heat fluxes.
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2.3.2 Helium-cooled Modular Divertor withntegratedPin/Slot Array

One of the earliest modular helivenoled tungsten divertor designs was the
heliumcooled modular divertor with integrated pin array (HEMP) proposed by Diegele
al. in 2003[77]. The HEMP design is shown Figure 210 and consists o square W
tile brazed to a 1 mm thick WL10 thimble. The inner surface of the thimble contains an
array ofcylindrical extended surfaces, or pin fins, that enhance heat transfel@ndta
divertor toaccommodate high heat fluxes. Helium enters the annulus created by the
thimble and ODS Eurofer steel tube at 6@and 10 MPa, flows through the pin fins to

remove heat, and exits through the inner tube at approximateRC700

(a) W Tile

WL10
Thimble

Dimensions in mm

Figure 210. (a) Exploded view of the HEMP module, (b) HEMP cresstion, and
(c) renderingof apin and slotarray[77, 7§].

Raderet al [79] and Millset al [80, 81] performed experiments on a singlEMP
divertormodulefor two types offlow configurations: forward and reverse flow, where the
He enters from the inner tube and annulus, respectitzglgh configuration was also tested
for designs with and without fins, resulting in a total of four different cases. The

experiments were conducted on steel and brass test sections cooled lairegingon, or
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helium at ambient temperature and pressures up to 700 kPa. The results were then
extrapolated to fully prototypical conditions. The cases with pin fins consistently allowed
for higher maximum heat fluxes, while the reverse flow casesteesul higher pressure
drops. Extrapolating these results to prototypical conditions suggested that the forward
flow configuration with pin fins provided the best therrhgbtraulic performance, with a
maximum incident heat flux of 20.6 MW/nand pumping pwer of 12.3% at a helium

mass flow rate of 4.8 g/s, coolant inlet temperature of ®)0and maximum thimble
temperature of 120TC.

Although the HEMP design was considered to be a leading candidate in the early
stages of divertor research, fabricatidh@ pin fin arrays proved to be a major challenge,
even for a single module. It was therefore abandoned in favor of simpler designs such as
the HEMS. As shown inFigure 210, the main difference between the HEMP and HEMS
is thefin array geometrywhich is somewhat simpler to manufacture in the latter design
As previously mentionedhe HEMS was only briefly studied before it was overshadowed
by the HEMJ.One HEMS mockup was tested during the first series of experiments at the
HHF facility, and survived 200 cycles at heat fluxes of 9 Miefore failing. However,
it was ultimatelyeliminatedas a potential divertor candidate due torékatively high

pressuraropand complex geometry.

2.3.3 T-Tube Divertor

Several additional modular Hmoled divertor designs have been proposed that

contain larger plasmtacing surfaces than fingéype divertors, such as the-Tlube
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divertor. The TTube concept was first proposied lhli et al [82] for the ARIES Compact
Stellaratorstudy, which has the sardesertor performanceriteria as tokamaksA cross

section of a single-Tube module is shown iFigure 211. Helium enters a central channel

at 600°C and 10 MPa and flows across a ~100 mm long perpendicular tube in two opposite
directions. The flow is acceldealthrough several 0.5 mm wide slots equally spaced along
the length of the \AAlloy inner tubecools the 0.3 mm thick W tile armor on the outer tube,
and travels though the annulus between the tubes before exiting parallel to the inlet channel.
A circular crosssection wasadoptedo allow for low radial temperature differersgeand
hence, thermal stressedlthough the FTube is simpler than fingdype units, maintaining

a uniform flow through such a long slot is a major idsu¢his design A tota of ~110,000
T-Tube modules would be required to cover a divertor area of 568ampared to the

535,000 fingettype units required for full plate coverage.

Cartridge

W-Tube
He
Figure 211. Crosssection (left) and end viegight) of the T-Tube diverto[82].

The thermal performance of theTube divertor was experimentally investigated
by Crosattet al. [73]. The dynamically similar experiments were performed with an open
flow loop containing air at room temperature and a pressure of 414 kPa for mass flow rates

up to 20 g/s. Eledc cartridge heaters embedded @w@heater block were used to provide
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steadystate heat fluxes as great as 0.85 MWimsident on a C36000 brass test section
with dimensions similar to the-Tube divertor. The experimental results obtained from
thermaouple measurements showed good agreement with numerical simulations
performed with ANSYS Fluenf over a wide range of Reynolds numbers.

More recently, Burkeet al [83] performed numerical simulationsing ANSYS
CFX® 12.0to evaluate and optimize the thermal performance of thelie divertor at
prototypical conditionsas part of the ARIES study Five designs were considered
including configurations where the W tile thickness was either 1 mm or 5 mm, and the
inner tube was either taperednontapered. The simulation results suggested that all five
designs could acocomodate heat fluxes greater than 10 M\Awhile remaining within a
maximum alloy temperature of 130C and stress limit of 450 MPaThe maximum
allowable heat flux for the -Tube divertor caralsobe increased by decreasing certain
dimensions such as tloaiter tube diameter outer wall thickness. An incident heat flux
of 20 MW/n¥, for example, would require a tube diameter of 7.5 mm and outer wall
thickness of 0.25 mrB2]. Howe\er, the outer wall thicknesa the original desigmns
already small (3 mm), andany further reduction in size may lead to faation and

reliability issues.

2.3.4 Heliumcooled Flat Plate Divertor

The heliumcooled flat plate (HCFP) diverttias the largest plasrfiacing surface

areafor a givenmodule among the different divertor designghe HCFPwas originally

proposed by FZK in 200grior to the development of modul@nger-type divertord 78].
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Recentiteratioso f t h itsy p'ep | abnsestefplanar jetdmpinging onrelatively
largetile areain order to maintain a uniform surface temperature distribution aedtce
thermal stressd84]. Thelatestiteration of theHCFP design proposed by the ARIES team
is depicted inFigure 212. The plate consists of a 5 mm thick castellated W tile and an
array of nine 1 m long channels with a total width-B0 cm. Themain advantage of the
HCFP divertor is that thesarger individual modulesignificantlyreduce the total number

of units required in a target plat&inceeachmodule can cover an area of ~200F comly

~750 plate units are needed to cover a divertor area of 150 m

ODS steel i
vl ~20 @ Ta ring
He .
\\ :

W front plate

W side plate

W back plate

ODS steel cartridge

<22 mm>

Figure 212. A crosssection of a single HCFP module (left) and the ARIES gigte
divertor (right)[85, 86].

The ARIES team has performed several design studies and numerical simulations
to characterize thinermalperformance of various versions of the HCKPanget al. [86]
performed thermanechanical simulations on the HCFP using ANSY8orkbench "
assuming a He opating pressure of 10 MPa and iafet temperature of ~700C (based

on a higher DBTT expectddom neutron irradation effecty. The results suggested that
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thermal stress limits could only be methe maximum allowable heat flux for the HCFP
wasrestricted to-9 MW/n?, which is much lower than the ~14 MW/timit predicted for
the HEMJ divertor undesimilar condtions.

In contrast, Hagemaet al [30] performed dynamically similar experiments on a
brasstest section based on a singl€FP module using air at room tearpture and an
inlet pressuraup to 700 kPa. His results suggested that a single HCFP module could
accommodate heat fluxes of 13 MW/mand 18 MW/m at prototypical conditiongor
configurations with and without pin fins, respectiveljhe most favorable configuration
involved a jet exitingrom a 2 mm wide slot impinging upon a surface with pin fin arrays
although the pin fins also increased the pressure drop by-483% compared tocases
without fins Further experiments are required to characterize the thermal performance of

the HCFP gspecially at prototypical conditions with He and W.

2.3.5 Combinedivertor Concepts

While many heliurrcooled divertorstudieshaveoperated under the assumption
that thenominal incident steadsgtate heat flux is a constant 10 Mw/ distributed
uniformly over the surface of a single tile, the actual heat flux profile in furaetors is
currently unknownand transient heat flux values could be as great as 50 K\&7n For
DEMO, the steadtate heat flux distribution for an outboare ( radialy furthestfrom
the tokamak centetarget plate is assumed to have a Gaussian profile with a peak of 10
MW/m? that varies in the poloidal directidi28, 60]. As depicted irFigure 213, the

location of the actugleak is assumed to lie between-0A.5 m from the bottom edge. To
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reduce the overall pressure drop, the plate is divided into two 0.5 m long zones, where He
enters at ~600C and ~634C in the first and second zonespectively. Sincenly part

of the plate will be subjected to a 10 MWimeat flux, it may be advantageous to use
simpler divertor designs with lower thermal performance in conjunction wahH&EMJ
divertor to reduce costs. This type of configuration is known dsombined or

i ndatega” divertor design.

He
flow

rad.
tor.

G MWm]

Figure 213. Poloidal surface heat flux distribution assumed for an outboard target
of the DEMO reactof2§].

An example of a combined divertor design for a -zeme target plate is a
configuration in which arrasof T-TubeandHCFPmodules cover the higlnd lowheat
flux regions, respectivelp88]. For a 19.2 cm wide target plate with a 25 cm long high
heat flux region (in the poloidal direction), this combined divertor configuration would

reduce the numberf ainits to ~27,500 ITube modules and 562 plate unitd. unique
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manifold layoutthat attacheto a common support structure would be required to provide
the appropriate flow paths for the two different module arrays.

The integrated plate/finger concdpigure 214) is anotherpromising example of
a combinedlivertor design proposed by Waagal [88] in 2009 This design utilizes the
HCFP concept in regions where the heat flux remains bele® BIW/m? while HEMJ
like finger modules are used in regions where the heat flux excee@MW/n?. An
important advantage of this approach is that urtlieeoriginal HEMJ design, brazing is
only required between the thimble atogh plate which are both compasef a Walloy.
This may simplify manufacture and improve reliabildye toreducedCTE mismatch
between the thimble and the supporting structier a 25 cm long high heat flux zone,

the integratediivertor significantly reduces the numbereduiredfinger units to ~87,820.

ad.
Tor.
Pol.

q<6-8 MW/m? l q>6-8 MW/m? l

Figure 214. Rendering ofinintegrated plate/fingetype divertor (left) and dimension
of the finger units (right)88§].
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2.4 Numerical Simulations of the HEMJ Design

Experimental studies of divertor modules are both challenging and costly due to the
high pressures, temperatures, and incident heat fluxes expected in fusion reactors. The few
experiments that have been conducted at fust@vant conditions have only msidered
a single module, or a few modules, of a specific geometry. New test sections must be
fabricated to account for even minor geometric changes, which requires additional time
and resources, and fabrication of W andalldy components imposes even m@o
challenges. Moreover, the extreme conditions within a reactor make it impractical to obtain
certain measurements such as local temperature distributions and thermal stresses.
Numerical simulations are therefore a rapid and-efisttive alternativedr evaluating
various divertor designs over a range of conditions.

Most numerical simulations of the HEMJ design have been performed with
modules available in the commercial software package ANS¥® validated by
experimental measurements from Efremdhe thermahydraulics of a complex divertor
finger such as the HEMJ is often simulated using a stetadg RANS turbulence model
available inANSYS® CFX¢ or Fluent. More recently, several groups have performed
thermemechanical simulations that cdapthe CFD results with a structural FEM
simulation usingANSYS® Mechanical "or ABAQUS®. This section summarizes the
numerical simulations performed on HENKe divertor modules using commercial

software packages.
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2.4.1 Early Thermofluid Simulations

A parametric study of the HEMJ divertor was performed by Kruesstzai{ 89|
at FZK in 2008 usingANSYS® CFX?¢. Eight different jet arrays were studigdluding
cases wherel ranged from 0.6 mm to 1.2 mamd the number of jet holeanged from 7
to 25 (while keeping the total jet area constant). Stssatg simulabns were performed
using the RNGKE modekith boundary conditions that includeuniform incident heat
flux of 10 MW/n?, inlet mass flow rate of 6.8 g/s, coolant inlet pressure of 10 MPa, and
inlet temperature of 634C. The results showed that varyirigand the number of jet holes
had relatively little effect on the maximum thimble temperature and pressure drop. The
results also suggested that all of the designs with 25 jet holes could remove a heat flux of
10 MW/n? at a mass flow rate of 6.8 g/s. Asifgn with24 ¢ 0.4 mm holes gave slightly
higher HTCs but also significantly increased pressure drop. The desig@Awgith6 mm
diameter holes surroundinggal mm central hole atl = 0.9 mm was selected as the
reference design due ta@asonabléalanceof thermal performance and pressure drop.

Crosattiet al [73] developed a halinodel of an HEMdike brassdivertor module
that included thecartridge heater, insulation, and manifold used in the corresponding
dynamically similar experimental setup. T$imulations were performed using the SKE
model inANSYS? Fluen® with standard wall functions and boundary conditions that were
chosen to match the expaental measurements. The predicted temperatures showed good
agreement with measurente from embedded thermocouplédoreover, the temperature
distribution within thesolid (Figure 215) was shown to be fairly uniform due to the

relatively good thermal conductivity of brass’he local HTCs at each thermocouple
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location also agreed well with the simulations predictions over a wide range of Reynolds

numbers. No simations were performed, however, for fully prototypical conditions.

Figure 215. Temperature distribution [°C] of the brass HEMJ test section (left) ar
a closeup of theimpingementegion (right)[73].

2.4.2 Thermoemechanical Simulations

Several groups haveecently extended the numerical therfhod analysis of
divertor modules to include structural analysis. This is typically achieved by supplying the
HTC and pressure results from CFD simulations to an FEM maddl applying
appropriate boundary conditisn Norajitra et al [28] appliedthis oneway coupling
technique to the model developed by Kruessnedrat to creatdile designs withreducel
stresses in the divertor module. Several different W tile shapes were simulateshand
Mises stresses weoempared to the original HEMJ dgsi The results of theseneway
coupledCFD/FEM simulations suggested that a tile with a concave chamfered shoulder
(Figure 216) could reducenaximumvon Misesstresses at the expense of slightly higher

maximum tile and thimble temperatureghile alsoremaining below the thimble RCT
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This tile design was further improved by incorporatilggonalcastellations, resulting in

the W divertor designs ultimately ted at Efremov.

Von Mises
stress [Pa]

Von Mises

stress [Pa]
3,4493e8Max
3,21288
2,856888
2,500828
2,1946e8
1,7888e8
1,4328¢8
1,076828
7,2084e7
3,6485¢7
8,8512e5 Min

3,686e8 Max
3,2781e8
2,8701e8
2,462228
2,0542e8
1,6463e8
1,2383e8
B,3034e7
4,203867
1,4427eb Min

Figure 216. Calculated von Mises stress distributions for the original (left) anc
optimized (right) HEMJ tile desigr28].

More recently,Wang et al [90] performed thermanechanical simulations of a
single HEMJlike finger module forthe irtegrated plate/finger concept at prototypical
conditions using the SKE modiel ANSYS® CFX® with EWT. Unlike thebasedesign,
thethimble diameter antlle width was enlarged to 20 mm and 23 mm, respectively. The
tile wasalsocastellated with small trianglgand vacuurrmetallizedw was chosen for the
thimble material The mechanical simulations were performed usingvweag coupling
between the CFD results and a finite element model. Thermal stresses were calculated by
applyng the HTCs and temperatures at the He/W interfaces as boundary condtions.
this designthe simulations predicted a maximum von Mises stres$8afMPa at the

thimble and a maximum thimble temperatafe-1295°C (Figure 217).
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5.4547e7

Figure 217. The ARIES modular finger unit (left) and thelculated von Mises stres
distribution in the Walloy thimble (right)[90].

Many heliumcooled divertor concepts have been proposed and studied
numerically. Fingertype divertors are promising because they have HTCs large enough
to effectivelyremove the heat fluxes incident on the W tiles. Specifically, the HEMJ is the
only modular heliurrcooled divertor designhat has been experimentally shown to
withstand heat fluxes of at least 10 MW/nHowever, the few experimental studies of the
HEMJ at prototypical conditions were performed for a limited rangmofantmass flow
ratesand helium inlet temperatures. Atdiled experimental investigation of the HEMJ
design that spans a wider range of operating condgiowmill therefore improve

understanding of divertor performarioe future longpulse fusion reactors
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CHAPTER 3: HEMJ DIVERTOR EXPERIMENTS

This chaptedescribes the setuprocedurgeandresults for experiments performed
at nearly prototypical conditions on a-&lloy divertor test module that closely resembles
the HEMJ design Steadystate experiments were performed\mnl185 (97% W, 1% Fe,
2% Ni) andWL10 test sectiomat coolant inlet temperatures ranging fromarly ambient
(~30 °C) to 425 °Qvs.a prototypical value of 60QC) over a range dReynolds numbers

(spanning Re,). A closed helium loop and an induction heating system provided

prototypical inlet pressures of ~10 MPa and incident heat floassd on a coolant energy
balance as great &6 MW/n¥ (vs.a prototypical value of 10 MW/ Average Nusselt
numbers andoss coefficients were calculated from experimental measurements of area
averaged cooled surface temperatures and pressure drop, respectively, and compared with
previous results obtaindxy Mills [32] at lower inlet temperatures and incident heat fluxes

The effect of varying the separation distahtéetween about 0.5 mm and 1.5 nwas

also investigated

3.1. Experimental Apparatus

3.1.1 HEMJ Test Section

The HEMJ test sectiomsed in this work consists of an AISI 304 stainless steel jets
cartridge confined by a Vélloy outer shelbind a AISI 304 stainless steel manifold that
contains the inlet and outlet flow port&s shown inFigure 31, the outer shelland jets

cartridge are geometrically similar to td&c design of thélEMJ divertor proposed by
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KIT. However, the outer shell is composedad§inglematerial(vs. W and WL10 in the
J1c design) andas a simpler design that only models the pressure bourvdaayttiimble
brazed to théexagonaplasmafacing tile).

(@) (b)

Figure 31. Pictures ofa) the W-alloy outer sheland(b) the steel jetgsartridge. (CA
crosssection of theHEMJ test sectiofdimensionsn mm).

The outer shell is a 27.8 mm tall cylinder with a 17 mm OD and a 12.9 mm ID
cavity thatmodelsthe divertor module pressure boundary. The cooled surface has a 15
mm radius of curvature with a fillet with a radius of 2.3 mm at the edge; these dimensions
are identical to those of the J1c design of the HEMJ. The bottom of the outdrasizell
10.1mm thick flange with a 25.4 mm OD used to seal the test section to the manifold. The
top of the shell has a 1 mm thick ridge used to secure the workpignddotion heating

Two different Walloys were used in this wortT185 and WL1Qboth purchsed
from Midwest Tungsten Service. Eight thermocoufdl€) holes spaced azimuthalby
90°were machined by electrical discharge machining (EDM) into the side of the outer shell
at different axial locations and radial depths. Four#¢p€Cs with 0.5 mmOD probe
sheaths were embedded inteseholes which ended~0.5 mm away from the cooled

surface at radial distances=0 mm, 2.1 mm, 4.2 mm, and 6.4 nmeasuredrom the
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centerlingFigure 32). The temperatures measured by these TCs were used to estimate an
areaaveraged cooled surface temperature. Four additionalktyp€s with 1 mm OD
probes were silvesoldered into ~1 mm @@ holes within the sideall of the outer shell;
theseTC measurements were usadturn to estimate the heat transferred through the

sidewallsby conduction.
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Figure 32. Thermocouple hole locations at two orthogonal pfa(dimensions in mm)

The stainless steel jets cartridge used in this wbijufe 33) is geometrically
identical to the HEMJ J1c design. Tbartridge ends in a curved surface containing an
array of jet holes witl24 ¢ 0.6 mm holes surrounding a single 1.04 mm diameatral
hole in a hexagonal arrayThe 24 smaller holes are arranged in four rows of six equally
spaced holes, with a differe8tD for each row. The inner contour of this curved surface
has a 13.1 mm radii of curvature and a 1 mm fill¢tile the outecontourhas a 14.1 mm
radii of curvature and a 2 mm fillet.

The inlet tubeof the jets cartridgbas a 9.5 mm ID and 11.1 OD with a 16.3 mm

OD flange at the bottom. The inner surface of the flange is threaded, allowing it to be
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mounted onto a holder drfor H to be adjusted between experiments. A compression
spring was used to secure the position of the cartridge and maintain a cohshteing

the experiment. The maximum clearance between the outer flange surface and manifold
port was ~0.1 mm, whh ensured that the jet cartridge remained concentric with the test

section.

<« Jets
cartridge

«—_ Compression
Spring

<+—_ Cartridge
holder

Figure 33. Jets cartridge assembly (left) and end viewhefet nozzle (right). The
dashed lines indicate one row of equally spaced holes.

The test section was sealedthe manifold Figure 34) by compressing theuter
shellard a 1.02 mm thickcopper Cu) gasketusinga steel compression collar. The jet
cartridge assembly was secured within the vertical manifold(plofigure 33). Helium
(He) enters thénlet port at the bottom of the manifolertically, exits through the holes
in the jets cartridgéo form 25 jets which then impinge on and cool the inner surface of
the outer shell. The heated He then flows downward in the angajabetween the
cartridge and outer shell, finally eixig the test section horizontally through a 12.7 mm
OD outlet port. The inlet and outlet He temperatures were measured bwifeur

resistance temperature detectors (RTDs) (OMEGM-R-1/8-6-0-TS-8) with closed
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probedo preventirect contact between the fluid and the sensor element. The temperature
rating of these RTDs depend on both the element and cable selection. Although the
maximum temperature rating for these RTD elements was 450 °C,ttls m@ximum
temperature rating was limited to 250 °C by the temperature limit qfetfeioroalkoxy
insulated cables. The remaining three 6.4 mm OD portsthe manifold are
instrumentation ports, two of which are used for pressure measurements. aflte st
pressure of the coolant at the outlet was measured by a static pressure transducer (Dwyer
626-16-GH-P1-E2-S1) at the manifoldwhile the pressure drop across the test section was
measured by a differential pressure transducer (Rosemount 1151DP58#&)ted to the

inlet port and the manifold

Instrumentation
ports *‘“‘"

\ Compression

Steel jets collar

cartridge &

Inlet \/@ p

port , » Manifold
\ P .,/‘) Outlet/

/ port

Figure 34. Exploded viewof the test section assembly

Tungsten alloy

Copper outer shell

gasket

The entire assembly was supported by a Unfétrate and heavily insulated with

mineral wool to reduce thermal losses. The region around the outer shell is surrounded by
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a stack of Marinit€ plates, exceplor the ~10 mnthick portion near the heated surface
which is insulatednsteadwith Mariniteé® powder tomake it possible to insert tAe&Cs and
adjust their positions The support structure and Mariffitplates contain througholes
that were used to bolt the platiegiether and clamp the TCafter adjustmentt a fixed

location

3.1.2 Induction Heating

The pevious experimentsf the HEMJ test section by Millg32] used an oxy
acetylene flame that impinged upon the top surface of the outer shell to simulate a steady
state incident heat flux. Althougiuch a@lameshould be ble toprovide high heat fluxes,
the flame diameter was limited ta2~mm, which restricted the maximum heat flux to 2.8
MW/m?. The torch was therefore replaced in these experiments with an induction heating
system to achieve higher heat fluxes.

A 10 kW induction heater (Ambrell EasyHeat LI) on loan from the Safety and
Tritium Applied Researc(STAR) facility at Idaho National Laboratoriesas used for the
experiments performed in this work. This induction heater generates a rapidly alternating
magnetic field by passing high frequency AC current through an electromagnebfl).

Eddy currents are produced in an electrically condgatib j ect , or wor kpi e«
the center of the magnetic field, which results in rapid Joule heatithg oforkpiece. A
major advantage of induction heating is that there is no direct contact between the

workpiece and the coil. However, oxidatimimetal workpiecesan become an issoger

longerheating tims or if the workpiece is exposed to awer bng times
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Axial conduction from an inductively heated workpiece was used to simulate the
incident heat flux on the test section. A workpie€8MT185 or WL10 was heated by a
watercooled Cu coil and placed in contact with the top surface of the oulkresBel5
mm thick Cu shim between the workpiece and outer shell was used to improve heat
transfer. The workpieseconsisted of 30 mniong pieces oR5.4 mm ODrod with a
tapered end that fit inside the 15 mm ID rim of W&10 outer shell. Experimentsere
also performed on an MT185 outer shth an extended axial dimension of 62.4 mm (the
“integrated” outer shell) to enable direct
workpiece. Several different coils were tested to determine the opdiima&nsions
required to maximize the thermal energy generated within the work@madeacustom
helical coil made from 4.76 mm OD Cu tubing watimatelyused for these experiments.

The coil had a 38.1 mm diameter, 19 mm height, and three(figwse 35).

To reduce the effects of oxidation, a small enclosure was constructed around the
coil and workpiece, and supplied with a continuous flow of arfgure 35). The
enclosure consisted of three 25.4 mm thick Duralfosigte walls, one transparent pane of
6.35 mm thick Pyrocerafglass, and a jpDuraboarl cover. Argon (Ar), supplied at a
constant pressure of ~55 kPa from a 20.7 MPa source tank (Airgas AR300), entered the
enclosure via several 3.18 mm OD stainless steel tubes placed in the Diftabaissd
Although mineral wool insulation wassed to fill gaps between the walls, Ar continuously
flowed out from the enclosure and a significant portion of the workjiecameoxidized
over experiments lasting a total 6 h. Oxidized workpieces were replaced with new
workpieces over the coursd these experimentandsteadystate heat fluxes as great as

6.6 MW/n? were achieved withewer(i.e., less oxidizedyvorkpieces
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(b)

Figure 35. (a) Sketchof the induction heatingetup above the outehell and
(b) picture ofaheated workpiece inside thggonfilled enclosure.

Further experiments were conducted usisgaled chambetesigned to minimize
oxidation figure 36). Thechamberconsistedof two 304 stainless steel vessels made
from 30.48 cm (12 in.) Schedule 80 tubimgth a standard 35.56 cm diameter flange
weldedto the rim ofbothvessed. Thevessels were sealed to each othgusing 30bolts
to compress a silvgslated Cu gasket between flenges. The top vessel contains a 11.43
cm diameter viewport aligned with the top of the test section to allow visual inspection of

the workpiece during aexperiment
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Figure 36. Picture of the steel sealed chamber (and the lower and upper vess
designed to minimize oxidation of the inductively heated workpiece and test sec

All five feedthroughports for theinstrumentation wer@ the lower vessel so that
the test section could be accessediimpl/ removing the top vesseFour of these ports
with 6.98 cm diameter flangesre for the inlet flow tubing, pressure sensor tubing,
induction heater coil and a@ical wires. The fifth portwith a 15.24 cm diameter flange
is for theoutlet flow tubing. The three flanges used as tubing feedthroughs were directly
welded to the tubing to prevent leaks. The induction coil feedthrougpwrelsased from
Kurt J. Lesker Compan{FTT0823253)while the wire feedthrough was custom mage
Spectite, Inc. to contaid0 conductors for the thermocouples, RTDs, and pressure
transducers. The lower vessel also contains an inlet port for the inert gas supply and an
outlet pat connected to a relief valte keep the pressure inside the sealed chamber below

101 kP&(1 atm) to nmimize the risk of damage® theviewport and the vacuum pump.
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3.1.3 Helium Loop

The experiments reported here were conducted using the GT helium loop

constructed bylills in 2013[32]. A schematic of the loop is depictedFigure 37.

- Induction s Helium flow
Heater

—

Buffer tanks tank

o I Cooler
, % He source

Recuperator

Venturi
meter

Compressor

Vacuum

Pump

Figure 37. Schematic of the GT helium loop

The loop operates with He at inlet pressupe$ 10 MPa and inlet temperaturés¢ 425

°C for mass flow ratesh ¢ 10 g/s. Before an experimenipst of the loop (except for the
sectioncontainingt h e “ b u f) dreeevacuatadnukirgy’a vacuum pump (has GH

605B), then charged to ~5 psvith He from the downstream buffer tank; the loop is
evacuated and partially charged with He two more times to clean out the loop, then
evacuated one last tim&he buffer tanks are not evacuated becauséléheemainng in

these tanks from previous experiments is used to reduce the amount of gas required to

recharge the entire loop. Afteleaning the loopthe He remaining inthe buffer tankss
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usedto charge the loop to3-MPa,andadditionalHefrom a 41.4 MPa source tank (Airgas
HE HP6K) is used to increase the pressure to its nominal operating value of ~10 MPa

A singlestage reciprocating compressor (Hydtac C0.18).5-450LX) circulates
the He through the loop. Helium exits the compre¢Bimure 38) at room temperature
and ~10 MPa, and flows through two 8.5 compressegg as cyl i nders ( “ bu
that increase the inventory ofeHvithin the loop and reduce pulsations created by the
reciprocating motion of the compressor pistons. A static pressure transducer (OMEGA
PX3092KGI) and typeK TC measure the pressure and temperature, respectively, of the
He after it exits the second buf er t ank and fl ows through ¢

(Swagelok S88F140).

P > -
~- ‘&".

Figh 38. Pictres of the front (left) and back (right) of th riprocéting compre:

As depicted inFigure 39, a portion of the He f1l ows
particulate filter (Swagelok S8~7) in series with a main bypass valve (Swagelok SS

1RS4 used to control the helium mass flow rate and the pressure drop across the
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compressor. The compressor pressure drop is kept bietmvaximum value of ~1.24

MParecommendetly the manufacturer

AR To

Helium
return

To test
section

Figure 39. Picture of theoomtemperature section of the helium loop.

The remaining He flows through a venturi meter (Lambda SquarelUbhat
measures the mass flow ratiethe He downstream diie buffer tanks, whicehould then
bethe mass flow rate through the test sectlmarring any leaks A differential pressure
transducer (Rosemount 1151DP4E22) connected to the venturi meter measures the
pressure drop across the meter, which is then used to determine the mass flow rate. The
He then flows through a ceith-coil counterflow heat exchanger (Sentry Equipment DTC
SSBESD8-1-1 ) or “recuperator,” where the heat
through the outer coilpre-heating the roortemperature He flowing in the opposite
direction in the inner coil. This piteeatedHe is then further heated to the desiredtinle

temperaturdy two 4.5 kW cylindrical cartridge heaters (Tempco HDC01919) mounted
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inside a 1 in Schedule 80 316 stainless steel pipe. Each heater has 35.6 cm long electrical
leads with mica/glass insulation rated for temperatures up to 550 °C. Twocalec
feedthroughs (Conax P14-A2-G) are used to connect the leads inside the tubing to a
variable autotransformer that controls the power supplied to the cartridge heaters

After removing heat from the HEMJ test section, theH@tlows through either
the outer coil of the recuperator, or through a bypass line for experiments condacted
ambient temperatur@igure 39). Two needle valves (Swagelok-S88RS4G) are used
to control the flow path through the recuperator or bypass lines. Since the He flowing
through these valves is at elevated temperatures, the bypass line contains an additional ball

valve (Swagelok S$183PS4) used to isolate the hot He. This ball valve is closed when

experimentsareperformed atl, > 100 °C to reduce degradation of the high temperature

Grafoil sealant within the bypass needle valve. The He leaving the recuperhypass
lines merges with the flow through the main bypass, and flows through the inner coil of a
watercooled co#in-coil heat exchanger. The outer asilsupplied with coldvaterfrom
the building linedlowing at 1.26 n¥/s, which cools théle backdown tonearly ambient
temperature to meet the maximum temperature requirementh&compressor

Mostof the loop piping is 12.7 mm (0.5 in) 304 stainless steel tubing with 1.24 mm
(0.049 in) thick walls. Swagelok compression fittings made froms3diBless steel are
used for all pipe connections. The recuperator is heavily insulated with mineral wool and
encased within a rectangular housing composed of sheet metal. The tubing between the
test section and recuperator is also insulated with mimeyal. The heater assembly is

insulated with layers of Durabo&ttlocks bolted together to ensure good contairtally,
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the tubing outside of the recuperator and heated region is not insulated since the coolant is

at nearly room temperature in thosedtions
3.2. Experimental Methods and Results
3.2.1. ExperimentaMethods

In each single set of experiments with the helium |ataia vere obtainedat

multiple values ofm at a fixedH and T.. After setting he separation distan¢¢to its
desired value,exeral sets of experiments were conducted by heating the He to algiven

andincreasingm from ~3 g/s to ~8 g/sDetailedprocedurs for setting the separati
distance and operating the loop are providefigpendix A

In all cases, steaeltate is defined as a 5 min interval over which both the inlet and
outlet temperatures vary by less than 0.5 16 most cass,these temperatures vary by
less than 0.2 °C. Although the mass flow rate measurerhents oscillations athe
frequency of the reciprocating pistons in the compressor (~1 Hz), the amplitude of the
oscillations idess tharb% of the timeaveraged masflow rate. The measured quantities
(i.e., m, pressures, and temperatures) used in the subsequent calculations were all time
averaged over an interval of at least 180 s.

The He mass flow ratem is determined from th@ressure drop measured across

. 2r.Dp
=CA |[——*~v .
=N A Ay-1 (3-1)
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where 7, is the density of the coolant at the venturi meter i, is the pressure drop
between the smallest and largest inner diameters of the venturi ietet96.0 mni and

A, =26.3 mm arethe largerand smallecrosssectional ares respectivelyof the venturi

metr, andC = 0.8828 is the flow coefficient of the meter, according to the manufacturer
The mass flow rate igiven in terms of the dimensionleBeynolds number based
on the diameter of the central jet

rvD, _mD

0

m A

Re=

(3.2)

where D, = 1.04 mm is the central jet diameter of the HEMJ J1c dedigm; 7.64x10°
m? is the total crossectional area of the jets, ant is the dynamic viscositpf He

evaluated at the coolant inlet temperatldye The properties of Heover a range of

temperatureata pressure di0 MPa were obtained from the National Institute of Standard

and Technology (NIST])91].

The Reynolds numbeherefore depends dwoth m and T,. At the prototypical
mass flow raten, = 6.8 g/s, the corresponding Reynolds numbeRe, = 2.2G 10* for
T =600°C{e,di vertor modul es | ocated , seebectof€ool i n
235.For divertor modulRes 2410 baSed ol F834°CZone |

TheHeloop can provide a maximum mass flow rate= 10 g/s, which correspondse

< 6.72 10" for experiments conducted at room temperatdye=(27 °C) but onlyRe <

3.8810*for T. =400 °C
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The average incident heat flumcident onthe test section isstimated froman

energy balancen the He

G 4Me(%-T)

qi A (33

where c, is the constanpressure specific heat evaluated at the average coolant

temperaturel,, = (T, +T,)/2 and A, = 227 mntis the crossectional area of the outer

shell Thermal losses were assumed to be negligible in all cases, as detSietion 34

The temperature measurements fittin four TCneaest to the cooled surfaege

used to determine an areeighted average of the entire cooled surfEceThe readings
are firstextrapolated to théour temperatures on theetualcooledsurfaceT_, assuming

1D condudbn through ~0.5 mm of Vélloy

— CIIC#C
T.=T +——= 3.4
, K. (3.4)

whereT, is the TC reading (at the radial distance from the centerline inrjnm@,. is the
distance to the cooled surfacend K, is the thermal conductivity of the outer shell
evaluated at the average temperature Tof and T, , (which requiresiteration).

Temperaturaelependent values ok, for the WL10 test seitin are based onlinear
interpolation ofdataobtainedby Roediget al [92] using the expression

Kowo(T) =(3-372210°) 7 01143 206 (3.5)

whereT is the temperature in KThe thermal conductivity of the MT185 test sectisn

linearly interpolated from
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Kowries(T) =(5.325210°) T° (-1.261 20)T* 04106 58 (3.6)

based ommeasurements taken at ORNL using the Kssh method for temperatures
ranging from ~25 °C to ~727 °[32].
An expression forT, is derived based on the extrapolated cooled surface

temperatures using a CAD moaslthe WL10 outer shell

T w1o=0.0169,, +0.1428,, +0.31€1,, 0.5277,, 3.7

The TC atr = 6.4 mm has the greataseight in this area average because the 2.3 mm
radius fillet at the edge tfie cooled surface results in a larger cooled aredhat for the
central regiop The TC locations in the extended MT185 outer shell were slightly different
from those in the WL10 thimbles due to imperfections caused®DW during the

fabrication proess. Hence, a separate angaghted average cooled surface temperature

expressionT, .4 Was derived after reneasuring the TC locatisn

T \ris =0.0258T, +0.158T,,, +0.317G,, -0.498,, 3.9
The average HTQ is then

= a iﬁ
h_(i-Ti)At (39

where A, = 184.2 mm. Theareaaveragd Nusselt nmber over the cooled surface is

Nu e
K. (3.10

wherek, is the thermal conductivity of the fluid evaluatedTg),. Eq. 33 assumes that

all of the heat supplied at the heated surface is removed by convedthtiercabled surface.

However, previous experimental studies of finggre divertors have shown theameof
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the heat is removed by conduction along the divertor sidef{&f]s As mentioned in
Chapter 2, the correlations developed fau are therefore assumed to i@y a function

of Reand the thermal conductivity ratio. Theeffects ofPr on Nu wereneglectedince
thePr for Hevaries by less than 2% for temperatures ranging from 30 °C to 1200 °C

The nondimensional pressure dremiven by the loss coefficient

K =P

L 1 —
—-nV
2

(3.12)

where r_ is theHe density andV is the average velocity over all the jets. Fredensity

is evaluated af; and p, because numerical simulations of finggpe divertor modules
suggest that most of the pressure drop ocasrthe He exits the jet holes before
impingement, and the fluid properties at these locations are best approxinread
evaluated athe inlet tenperature and outlet pressuréhe loss coefficient represents the
ratio of the static pressudeopacross the jet holes to the dynamic pressure at the jet exit.
If the dynamic pressuiis evaluated at the inlet potEq. 3.11 would beequivalentto a

pressure coefficien€ | typically used teexpress the pressuaéany poinin the flow.

3.2.2. ExperimentaResuls

The results summarized here are frovo sets of experimentovering 95 steady
state cases performed with different test sections and separations distambesfirstset

of experiments were performed at nominal valuesl @f 0.50 mm, 0.90 mm, and 1.50

mm at T. <300 °Cusinga single4 kW electric heaterSubsequent measurements with
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air-dry clay showed, however, thdhe actual separation distances of these three
configurations wereH = 0.44 + 0.03 mm, 0.90 = 0.02 mm, and 1.49 £ 0.03 mm,
respectively. The extended MT185 test section was used for the experinténrtdat4

mm, while the shorter WL10 outer shell was usedHor 0.09 mm and 1.49 mm

The seconaet of experiments waonducted after realibrating the differential

pressure transducentheextended WL10 test sectionfér< 425 ° C wi th the

heateratH = 0.90 mm. Theest section was enclosed within the sealeaimber used to

minimize oxidation and thermal lossesnd experiments were performed at relatively low
incident heat fluxeﬁ ¢ 2.2 MW/n? compared with the earlier experiments.

The experimental parameters for eaalue ofH are summarized ifable 31. In
all cases, the mass flow rate varied from ~3.0 g/s to 8.0 g/s, which spans the prototypical

valuerm, =6.8 g/s. TheorrespondingReynolds numbers ranged from 212’ to 5.4X10%,

vs.the prototypical valueRe, = 2.2x10%at T, = 600 °C.

Table 31. Summary of experimentpharameters in this work.

W-alloy | H | H/D; T i
[mm] [°C] | [MW/m?]
MT185 | 0.44 | 0.73| 30-300] 2.7-4.0
WL10 | 0.90 | 1.50]/ 30—300| 4.6—6.6
WL10 | 1.49 | 2.48|30—200| 3.3-5.2

WL10 | 0.90 | 1.50|30—-425| 0.7-2.2

Figure 310 shows the results for the average HfGor three different separation
distances inthe first set of eperiments. The error bars represent the experimental

uncertainty forh (details regarding the uncertainty calculations are givéyppendix D.
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As expected,h increases wittRein all cases, with Vaes ranging fromh = 1.6x10*

W/(m?K) atRe= 1.2x10%to h =3.1x10* W/(m?&K) atRe= 5.3x10%. Interestingly, varying
H has a negligible effect on heat transfer for the rande wdluesconsidered hereThe

h results at a givemn are comparable for all fouf since the He density (and heriRe

decreases at highiret temperature

x 10
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Figure 310. Average HTCh for threeseparation distance$i = 0.44 mm (open
symbols), 0.90 mm (black symbols), and 1.49 mm (gray symbols)

Figure 311 shows the corresponding results for the average Nusselt number. At a
givenReandH, the variations inNu are within the experimental uncertainty fir<s 3 0 0

°C, which suggests th#éttermal losses through the insulation was small compared to the

incident thermal power and that most of the supplied thermal power is removed at the
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cooled surface. Neverthelesise Nu results afT. = 300 °Calsoappear to be consistently

lower than those obtained §t < 300 °C, especially fdd = 0.90 mm andd = 1.49 mm.
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Re % 10%

Figure 311 Average Nusselt numbeu for three different separation distancesing
the same legend &s$gure 310.

These data agreeith the results obtained by Millg32] who used a thermal
conductivity ratiok to account for this discrepancy with the following correlation:
Nu=0.085R&% (3.12)

which is valid for:

.5 10 Re 6.3 10

Pro 0.7 (3.13)
347¢ k €908

(@ PNONON
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Inclusion of the thermal conductivity ratio in the Nusselt nundeerelation accounts for
conduction effects (vis-vis convection) and is equivalent to inclusion of a Biot number

as an independent variable in the correlationhe exponent fork is based on the
experimental results obtained Byader[31] on an HEMJ module tested using coolants at
room temperature and | ow pressures. Since
range ofk (kK = 3-47000), theNu correlationproposed by Millds also assumed to

have the formNu =~ £ °%°. Figure 312 compares Mills’' seorrel.

experimental data fdd = 0.44 mm, 0.90 mm, and 1.49 mm

70

20r .30
p 100
10 - A 200 |
E 300
0 L L L
] 2 3 4 5 6
Re % 10%

Figure 312. Comparison of the experimental data féuk °*° as a function oReand
the correlation 08.12 The dashed lines dendfd0% bounds on the correlatiofthe
legend is identical t&igure 310.

The experimental data fol, < 3 0 @ndtheSe threéd arewithin 10% of the

correlation, which enhances confidence that this correlation can be used to predict the
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thermal performance of the HEMJ at prototypical conditionscluding & in the
correlation forNu reduces the variation iNu at a giverReby ~20%. Again, varying
within this range appears to have a negligible effecNon

The results for the loss coefficient are showRigure 313 as a function oRe In
all cases K, is effectively constant and independentRe&fover the rangeof Re studied
here The experimental results fét = 0.44 mm, 0.90 mm, and 1.49 mm give an average
K, of 3.12, 2.43, and 2.34, respectively. As expeckedwas significantly higher for the

cases ad = 0.44 mm
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Figure 313. Loss coefficientK, for three different separation distancesng the same
legend ag-igure 310.

The scatter atl = 0.44 mm, where th&, increase withl, is likely caused by a

stronger influence of variations khdue to differential thermal expansion of the outer shell
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and jets cartridge. However,the Nu resultsfor this separation distance showed no
enhaacementompared withthe results foH = 0.90 mm or 1.49 mm, which suggests that
reducingH within this rangewill result in largerpressure drag and hence coolant
pumping powerbut will not improve heat transfeates

After completing the firstset of experiments, additional experiments were
conductedwith a focus orurther investigahg thedecrease irNu observedat T. > 300
°C forH = 0.90 mm. These experiments were performed using the sdalatbeffilled
with Ar (as described isection 31.2) to minimize oxidation and thermal losses. These

experiments were also conducted aftecakbrating the differential pressure transducer

used to measure the pressure drop across thettists

Figure 314 compares theNu results forthis second set axperiments af. = 30
—425 °C with tlose obtained in thiérst set of experimentsThe effect ofl, appears to be
negligible for both sets of experimeiigthin a given setgxcept for the cases &t = 300
°Cin the first set, and, = 425 °C in the second séh other words, at the highest inlet

temperature studied for both sets of experiments. Specifically, the resljlts 425°C in

the second set of experimeatg consistently lowdsy 12% on averageompared to those

at T. <400 °C althoughthese results are within the experimental uncertainty in all cases.

Interestingly, theNu resultsfor the second set of experiments are on average 18% higher
compared to the results dfe first setalthough the heat fluxes are lower than those used
for the earlier set of experiments. This discrepanay be due toeduced thermal losses

at the outlet.
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Figure 314. Comparison of the average Nusselt numNerfor the first (black
symbols) and secondraysymbols)set of experimentat H = 0.90 mm

Given that the results for the second set of experiments are consistently higher

compared to those of the first satnew correlation was developed based on the data

obtained at all afl., including the results at. = 4 0 0Sintenly one test section

material and coolant was studied helej was again assumed to be proportionakd’.
A curvefit of these data using MATLAB R2017a yields ledowing correlation:

Nu = 0.045R&%7 0 (3.14)

which is valid for:

.12 10 Re @.9 10
Pro 0.65 (3.15)
488¢ k ¢1031

(DD~ (D~ D~
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Figure 315 compares thisewcorrelation withEq. 312 The new HEMJ correlation gives

a Nu that is 10% higher &e= 1x10*, 15% higher aRe,, and 26% higher d&e= 5x10".

Figure 315. The Nu results and the new HEMJ correlatidmackline) compared with
the correlation 08.12(dashed line) The vertical dotted line denotdzs, .

Figure 316 shows the results for the loss coefficient as a functidteat H = 0.90
mm for the experiments performed befoa@d after recalibration of the differential

pressure transducer.
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Figure 316. Loss coefficientK, obtained beforéblacksymbols) and
after @raysymbols) recalibration of the differential pressure transducer.

In all casesK, is effectively independent &g though he K, results after realibration
aresignificantlylower, and in good agreement with the numersialulatiors as discussed
in Chapter 4.Hence K, for the HEMJ divertowas averaged over the entire rang&ef

for the second set of experimeatsd assumed to be constant

K, =1.68 (3.16)

3.3. Prototypical Performance

The new correlatiofEq. 314) was used to estimate the thermal performance of the

HEMJ at typical operating conditions expected ddongpulse magnetic fusion energy
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reactor, such aEMO. For a fixedRe the maximum allowble heat flux at the pressure

boundary was calculated from

Qi = —TsérT‘ whereR, = % +dE—S (3.17)

Where'?S is theaveragemaximum temperature ofi¢ W-alloy pressure boundaryg; is
the total thermal resistancd, = 1 mm is the thicknessf the pressure boundary, akd
is the thermal conductity of the W-alloy evaluated afT, +T,)/2. The HEMJ thermal

performance was investigated for two inlet temperatiires 600 °Cand 700°C because

the Wralloy DBTT is expected to increase with neutron irradiation effddisteover, the

maximum heat flux was calculated fibree maximum \A&lloy temperatured, = 1100

°C, 1200 °C, and 1300 °(Ce., the recrystallization temperatufe) Revarying from1x10*

to 5x10% in intervals of 500.

SinceT_C andT, wereinitially unknown, & wasfirst calculated usin&q. 232with
estimated values for these temperaturBise HEMJ correlatiowasthen used to calculate
Nu from Eq. 314 at a fixedRe Next, h wasdetermined fronEq. 310 which allowed
@ to be determined frofaqg. 317. Finally, T_C andT, werecalculated frontqg. 39 and
Eq. 33, respectively, and compared with the initial estimat@s.iterativeproceduravas
used to achievaconvergencef 1x10° for thefinal values ofT_ and T, .

The coolant pumping power required at prototypical conditions was determined
with a similar method. First, the average loss coefficient from the experiments was used

to predict the pressure drop frdag. 311 The pressure drop was calculated iteratively
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since 7, depends onp,. The converged value ddp was then used to calculate the
pumping power:

W = m(Dp)

7

(3.18)

where 7 is the average of the He densitie§ aandT,. The pumping power is normalized
by thetotal incident thermal power:
W
Al A

b=

(3.19)

wheregj_j was calculated fotb = 5%, 10%, 15%, and 20%.

Figure 317 shows@ as a function oRefor a single HEMJ module at (d) =
600°C and (b)T. = 700°C. For a hexagonal tile with a flat to flat dimension of 18 mm,
the ratio of the tile area to the heated surface aréa ish = 1.23. The maximum heat
flux for the HEMJ test section must therefore be divided by this ratio to detetmaitrié
maximum heat flux thag can be absorbed by the tilét Re =2.2x10% T = 600°C,
and T, = 1200°C, the HEMJ module can accommodate a maximum heat flugiof =
13.8 MW/m? (gj = 112 MW/m?) with b = 5%. Although hese results are consistent
with previous studies that suggest the HEMJ can accommmﬂatelo MW/n? while

keeping b < 10%[65, 76], the new correlation suggests that the tile can accommodate a

~0.7 MWI/n? higher heat flux with a 2% lower pumping power at these conditions

compared to the results obtained by MiBg].
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Figure 317. Maximum heat flux that can be absorbed by a single HEMJ madide
function ofReat(a) T. = 600 °C and (b}, = 700 °C
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If a highercoolant inlet temperatuiis requiredto avoid embrittlement of the W

alloy pressure boundary, it may be necessary to increase the mass flow rate to achieve the

same thermal performance. Increasihdo 700°C, for example, reduces;,j to 12.0

MW/m? (gi =9.72 MW/m?) with b = 9%, primarily due to a deceese in the He density.
Table 32 summarizes the maximuheat flux limitsand pumping power requiremeras

Re, for T, = 600°C —700°C andT, = 1100°C — 1300°C.

Table 32. Summary of the HEMJ thermperformance aRs, .

T [°Cl | T,I°Cl | Ojui [MW/M? | gj [MW/m? | b [%]
1100 11.5 9.35 7
600 1200 13.8 112 5
1300 16.1 13.0 4.5
1100 9.65 7.81 11
700 1200 12.0 9.72 9
1300 14.4 11.7 8

3.4. Thermal Lossesand Radiation

To investigate the discrepancies in fKe results at elevated temperatures, thermal
losses from the test sectirereestimated using analytical, experimental, and numerical
methods. The losses were first estimated analytically assumirdjroeasional, steady
state radial conductionsing the thermal resistance metho@he insulated test section
assembly wamodeled athe outer shell surrounded by twoncentric cylinderexposed
to ambientair. The cylindersepresent the Mariniteand mineral wooinsulation layers

with effective radibased on the equivalent rectangular acé#ise actual test sectiohe
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areaaveragd temperature of the outevall of the thimble 'I'_W was determined using

simulation results based @mumerical mdel (discussed i€hapter 4 that includes the
insulation The geometry used for the analytical model and the corresponding thermal

resistance network is depictedrigure 318.

Outer shell

—>
—>
—>

Marinite® T R R R h

Mineral
wool

P!

Figure 318. Thermal resistance network agdometry used for the
thermal loss estimate

The thernal energy due to lossésrough the insulatiors then

T.-T
I%otal

Qoss = (3.20)

Where'l'_W is the areaaveragd temperature of the outevall of thethimble T, is the

ambient temperature assumed to bé@%andR ,, = R, tR,, ., is the total thermal

resistance from thévlarinite®, mineral wool, and natural convection. THeertmal

resistances are given by
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_' %, (321)

ar,

Inge?
R - na{z | (322)
" 2pk L

1
2pr,Lh

Rionv = (323

wherer, =0.85cm is the radius of the outer shel],= 8.6 cm is the effective radius of the

Marinite®, r, = 13.6 cm is the effective radius of the mineral wdql, andk_, are the

thermal conductivitie®f the Marinit€ and mineral wooldssumed to b8.12 W/(mg)
and 0.1 W/(nK)), respectivelyL = 27.8 mm is the length of the outer shell, &ng a

uniform natural convective HTE€onservativelyassumed to be 15 W/{eK).
A typical high inlet temperature case witke( T, qi) values of 2.5 10%, 300 °C,

5.2 MW/n?) was first considered since thermal losses are presumably highesat the

conditions. The ondimensional conduction analysis results in a heat loss of ~2.9 W
through the insulation, whiclvasless than 1% of the total incident pow@r= 1173 W

for this case. A detailed CFD model that includes ketars of insulation and convection
to the environment was then developed and used to simulate the same case. The resulting
heat loss was 2.7 W, whiggreesvith the analyticabstimate.

The thermal resistance network approach was also used to estimate thermal losses
based on experimentally measured temperatures. Two TCs were placed at the outer surface

of the Marinite® to determine an average temperature for an experioogmtucted with

(Re T, gi) valuesof (2.4 10, 250 °C, 4.0 MW/rf). A CFD model that simulated the
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same flow conditions was used to determT_we The heat loss was then estimated using a

thermal resistance network through Marinite® insulation layetbased on the following

equation
2pkmarL(T_w _-I_-mar)
QOSS - R o r2 6 (324)
0
ot 2
whereT = 1 5 B the a@erage temperature of Marinite® measured by TCs. The

resulting heat loss based on the-diteensional conduction analysis was ~2.4 W for this

case, which waagainless than the total incident thermal poWgr= 9 0 Moreédver,

this value agrees with25 W heat loss predicted by tsenulations These results suggest

that thermal lossethirough the insulatioare negligible, includingxperimentst highT. .
Thermal losses at the outlet port have a greater effedmor?.,inceTo is directly

proportional toa (from a coolant energy balance). The discrepancy iMthebetween

the first and second set of experiments is theedfkely due to reduced thermal losses at
the outlet from the use of the sealed Ar chamber. The chamber effectively eliminated any
convection to the ambient environment, resulting in only conduction through the low
thermal conductivity insulation.

The fraction of the thermal energy leaving the cooled surface due to radiation was
also analytically estimatedr two cases: thermal emission solely from the cooled surface,
and radiation exchange between the cooled surface and jet nozzle. In the firgtecase,

total emissive power from the cooled surface was calculated using:

Qui = Ae &' (3.25)
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where e is the total, normal emissivitgf pure Wevaluated aff, and s = 5.6710°
W/(m?&?) is the StefarBoltzmann constantTempeaturedependent values fa@ were

obtained fronj93]. The lagestT, observed in the HEMJ experiments was ~8Z/which
corresponded tRe T, i) values of {.152 10%, 400 °C, 2.9 MW/rf) andU = 0.11. The

resultingemissive poweQ,, = 0.77 W is ~0.1% of the total incident pow@f = 655 W

for this case, which suggests that thermal emission from the cooled surface is negligible.
Radiation exchange between the cooleda®e and the jet nozzle was also

estimated assumingadiation between two diffuse surfacgesan enclosure, which is a

conservativeassumptionsince radiation from the cooled surface reaches additional

surfaces in the impingement region. The thermalgndue to radiation was calculated

from:
Q, = s(T'-T,)
12_1-¢91+ 1 1-¢ (3.26)
A AR, &

where the subscripts 1 and 2 denote the cooled surface and jet nozzle, respdutively,

view factor F,, was assumed to be &, = 129mn¥ is the area of the jet nozzle, aad=
0.4 was obtained frorf@3]. A high heat flux experiment witfRe T, a) values of
(1.96 104, 30 °C, 5.5 MW/m) was considered whef® = 411 °C was the average cooled
surface temperature arnld = 61 °C was the areaveraged temperature of the jet nozzle

obtained from a corresponding simulation. Solving for the radiative exchange @eglds

= 0.12 W, which is a negligible amount of the total inctq@ower. This thermal energy

is actually removed by the incoming helium and is therefore included in the energy balance.
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In summary, the thermal performance of the HEdM&rtor was experimentally

investigatedfor p, = 10 T™MPa 4?2 5and°qiCs 6.6 MW/n? at three different

separation distance<Correlations were developed fodu and K., and extrapolated to

predict the thermal performance at prototypical conditions. These results were then used
to validate a numerical CFD model developed in ANSY$®orkbench ' The numerical

modeland simulation results are discusgedetailin the next chapter.
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CHAPTER 4: NUMERICAL SIMULATIONS

A numerical model was developed to complement the experimental studies of the
HEMU3like divertor performed at nearly prototypical conditions. Stestdte CFD and
FEM numerical simulations with ongay coupling were performed on a three
dimensional modedf the HEMJ test section. Given that the experiments can only measure
a limited set of thermédtydraulic parameters, this numerical model can, with appropriate
experimental validation, provide insight into physical parameters that are inaccessible in
the experiments. Moreover, this validated model can be used to predict the thermal
performance of the divertor at fully prototypical conditions, which is not possible with the
current facility. It can also be used to optimize the geometry of the divertauandfy
the sensitivity of divertor performance to manufacturing tolerances and changes in
dimensions. These coupled simulations can also provide estimates of dimensional changes
due to differential thermal expansion, which are important for the rahd¢ \@alues

considered in the HEMJ divertor

4.1. HEMJ Model

The 3D numerical modaif the HEMJ test sectior-{gure 41) was created with
ANSYS?® Workbench "17.0. The model geometry consisted of 4 88edgé of the W-
alloy outer shellthejets cartridgeand the H confined within this regionThe validity of

modeling a wedgevé a full model) is discussed Bection 42. The WL10 thimble was

assumed to have a constant dengity,, = 1.98 10* kg/m?®, a temperaturdependent
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WL10
C

specific heatC; " estimated by linear interpolation of tabulated values in the ITER

Materials Properties Handbo@4], and thermal conductivity given l3g. 35. Thesteel
cartridge was assumed to have a constant demgity= 8 10° kg/m® and temperature

steel

0 obtained from linear

dependent thermal conductivitKk,,.,, and specific heatc

interpolation of tabulated valu¢g5]. Finally, the helium was assumed to be an ideal gas
with properties at 10 MPa obtained frodiST [91].

Steadystate simulations were performed with boundary conditions based on
expeimentally measured values. A constaartid uniform mass flux and coolant

temperature were specified at the inlet basedxperimentally determined values i,

T , and the crossectional area of the inlet port. The He pressure and temperature at the

I
outlet were specified asp, and T, while a constant heat fluxﬂ was specified at the

heated surfaceSymmetry boundary conditions were imposedmafaces on the two sides

of the wedgewhile adiabatic boundary conditions were imposetherotherouter walls

(@)

Heated (b)
Surface

Outer
Shell

Jets
Cartridge

Outlet 4
He Inlet

Figure 41. (a) Geometry of theHEMJ-like numerical model, an(b) end view of the
jets cartridge projected along the axis of symmetry.
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Mesh @nvergence studies were perforntgdreducing the maximum element size
in the fluidto ensure that the numerical mesh was fine enough for the predictions to be
essentiallyindependent of mesh dimension. A structured hexahedral mesh was created
using ANSY® ICEM® with grid refinement at the solid/fluid interface such that the mesh
dimension normal to the surfacasvless thannewall unit alongthe inner surface of the

thimble (Figure 42). Mesh convergence studigvere performed for numericalodels
rangingfrom ~4x10° to ~8x1G elements for a case witlRg, T, qi) values of 2.¢ 10,

100°C,3.6 MW/m?) usingthestandardk-Cturbulence modekith enhanced wall treatment

available inANSYS® Fluen®.

Figure 42. Picture of the-6x1® elementmesh at one plane (left) and a closer view
the impingement region (right)

For the standardk-U model, the turbulence kinetic enerdgyand turbulence

dissipation raté&jweredefined at the inlet and outlet using the following equations:

k=2(Vyl) (4.1)
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3/2
e= Cf,ﬁ“ktl— (4.2)

whereV,,, is the average velocity,is the turbulence intensity, arids the turbulence

length scale defined dsllows:

m

Vg =
o= (4.3)
1=0.16Re, ) (4.4)
| = 0.0D, (4.5)

Here the inlet and outlet areas the HEMJ test sectiody = 71.5 mnf and A, = 102.4
mn?, respectively,r is theHe density éterminedrom the ideal gas lavgnd Re, isthe

Reynolds number based on the hydraulic diarsetethe inlet (9.54 mm) and the outlet

(4.81 mm) Asdiscussedn Chapter 2C, is anempirical constant assumed to be 0.09

As metrics for mesh convergendae thumericapredictions for the local aratea
averaged cooled surface temperatwvese compared to the experimentsults Given
that the local cooled surface temperature distion is noruniform, the simulation results

for the nodal temperatures over the cooled surface were fitted to a sixth order polynomial

for three different meshesrigure 43, which compared,(r) for eachmesh shows that
the local cooled surface temperature distributieesientially the sanfer the ~6<1(P and

~8x1(® elementmeshes.The predictedﬁ waswithin ~3 C of the experimental valuef

T, = 314°C for all threemodels. The ~6x16 element meskvasthereforeused h the rest
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of these simulationbecauseof its more rapid convergence, with a typical convergence

timeless than 3 h.

350 . . | : : \
# Elements

- ~4x10

325
) ¢
2. 300
&O
\
275+ 1
Re= 2.0x10%, T =100°C,qi = 3.6 MW/n?
250 ' ' ' ' ' ‘
0 1 2 3 4 5 6

r [mm]
Figure 43. Radial profiles of the cooled surface temperatamparing the

experimental measurements) with numerical predictions for three meshes using
standardk-e model

To determine an appropriate turbulence model for the HEMJ div@ndations
six of theturbulencemodels avdable as standard options in the software, namely Spalart
Allmaras, standari-¥, shear stress transport (S&y, standarc-U realizablek-U) and
renormalization group (RNG)}Uwere evaluated. The Spalddimaras, standark-y, and
SSTk-¥ models require specifying various parameterhatinlet and outlet boundaries
For the SpalarAlimaras model, thenodified turbulent kinematic viscosity wasdefined

as
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__[3
V=[5 Vou (4.6)

For thestandard-y, andSSTk-¥ models, the specific dissipation ratevas defined from
the relationship:

kl/2
= o 4.7)
These models were tested focaseawith (Re, T, E) valuesof (2.0x1d, 100°C,
4.3MW/m?) at p, °© 10 MPa. TheTC temperaturegxtrapolated to the cooled surface

were directly comparetb the numericalpredictions for a radial profile of the cooled
surface temperatures fitted tesixth-order polynomial. Figure 44 compareghe cooled

surfaceTC measurements with the predictiaisdained using the six turbulence models

400 T T T :
3800
— 360
&
~ 340t
320}
Re= 2.0x10%, T =100°C, qi = 4.3MW/m? A\
300 ' . . ‘ ‘ n
0 1 2 3 4 5 6
r [mm]

Figure 44. Radial profiles of the cooled surface temperatamparing the
experimental measurements) (vith numerical predictions usirmgmestof ~6x1¢
elementdor six turbulence models
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All six turbulence modelgive similar cooled surface temperature distributionas
expected, e region near the stagnation points of thmepinging jets have lower

temperatureswhile the regions between the jets hhigher temperatures

The experimentakesults forthe aresaveraged cooled surface temperafﬁre 358°C
was then compared with thapredicted bythe sk different turbulence models.The
difference between the numerical and experimental vdbre§, were DT = 14 °C, 11

°C, 12 °C, 1.3 °C, 11 °C and 24 °C for thASstandard and SSK¥, and standard,
realizable and RN®&-Umodels, respectively (where the numerical values ves® than
the experimental values in all caseSince the predictions from the stand&rdmodel

had the smallesDT , this model was usefor the rest of the simulations presented here

4.2. Symmetry Considerdions

Given that the flow distribution in the impingement region may not be symmetric
despite the sikfold symmetry of the actual HEMJ geometry, simulatioese performed
to verify the accuracy adhetemperatures predicted by a numerical model based on a 60°

symmetric wedge. To this end, a full model of the HEMJ test section was developed and
used to simulate a case witRe, T, qi) values of (2.810%, 30 °C, 5.9 MW/m?) based

on the experiments. Mesh convergence studies were perfarsiragl the standark-U

model onmeshes containingz= 1, ~15¢<10°, and~20x1C° tetrahedral elements with grid

refinement near the solid/fluid boundarieghe ~1510f and~20x1(f meshes gav@&, =

364 °G a valuewithin 8 °C ofthe measured valug& = 372 °C andwithin 5 °C ofthe

101



value predicted by the simulation of the 60° weCTge: 369 °C. Additional simulations

were performed with the wedge for six cases where 371 °If; < 423 °C, givingf

predictions wih anaverage deviation of 4 °C compared to the experiméltis suggests
that the wedgéased model can provide accurate cooled surface temperature predictions
with fewer elements and hence, less computational thae a full model.

The outer shell taperature distributions were then compared to further investigate
any possible discrepancies between the two modédgire 45 shows contour plots of the
temperature distribution in the outer shell for the same case described above. The
maximum and minimum temperatures in the outer shell differ by only 6 °C and 4 °C,
respectively, between the two models. Moreover, the temperature distributions are
gualitaively similar for both models, which provides additional confidence that the 60°
wedge can accurately simulate the thermal performance of the HEMJ test section, even if

the flow distribution may not be symmetric.

(a Temperature . (b) Temperature “\
| ¥ : . 4

669
625
580

Figure 45. Temperature contours in the outer shell for(#)é0° wedgeand (b) the
full HEMJ modelat Re = 2.6x1d, T =30 °C,and gi =5.9MW/m?.
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The full model can, however, provide insight into the amount of temperature
variations in the azimuthal directiorkigure 46 shows a contour plot of tHecal coolel
surface temperature distributioand the radial temperatureprofiles spacedby 15° in
azimuth(g). Thesetemperatureprofiles shouldbe similar alongadii aligned with jet

holes that have periodic symmetry.

(@) F\q‘ (b) 420
Temperature i i / 400 -
403
395
388 380
| 380 o
| 372 2. 360
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[ as0 340}
| 342
335
297 320
319
312 300 L
304 -8 6 4 2 0 2 4 6 8
[C]

_300
400 t 15001
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Figure 46. (a) Cooled surfee temperature distribution f&re = 2.6x10%, T = 30°C,

andgj =5.9MW/m? using the full HEMJ modelThe black lines represent the rad

where local temperatures were extracted at different azimuthal anglesced 15°
apart. (b)(d) Radial temperature profilésr g = 0—180°.
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The local maximum and minimum temperatures forrémdi aligned with the jet holes
located atg = 0°, 60°, and 120°, for example, differ by less than 2Fi@ure 46). The
temperature distributi@for g=30°, 90°, and 150° are also nearly indistinguishakith
maximum nodal temperature differences of less than 3 °C and an average temperature
deviation of 1 °C. These resutisggesthat azimuthal temperature variations at the cooled
surface are effectively negligible for lattons with periodic symmetrySince the full

model required significantly more mesh elements (and computational time) to achieve
convergence, the weddmsednodel was used for all of the subsequent HEMJ simulations

in this work.

4.3. Incident Heat Flux Uniformity

In the experimentst is impractical to measutée incident heat flux distribution
on the heated surface of the test section. The numerical simulations were therefore used to
investigatehow nonuniform incident heat fluxemay affectthe thermal performance of
the HEMJ test section using the samsecdescribed above. Four differaattuniform

incident heat flux profilesvere investigated. In all cases, a Gaussian distribution was used

with the same total thermal pow€, with differentpeakto-averagéeheat fluxratios:

_ Qi
F== 48
0 (48)
Here,F is the ratio of the peak heat fluy to the average heat flua (ie," peaking
factor ” ) ; H maueayF wvlad, 3 e 4 wevefevaluatedhe incident heat flux

spatial distribution is given as a function of radial posibarthe heated surfacdy
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(4.9)

ai(n=q —=e e
z42p
where a and z area spreading coefficient argtaling factor to ensure the sar@e,
respectively.The parameters chosen for the four different cases considered hgireeare
in Table 41 andthefour corresponding radiahcident heat flux profiles normalized @

on the heated surfaeee shown irFigure 47.

Table 41. Parameters for incident heat flux uniformitydy.

a 4

0.02370

0.00473

0.02672

0.00355

AIWIN|IFL] T

0.03022

0.00301

AN
¥
H
i

A WN PP
I

N
m T T T

(98]
!
]
1
/
7
1

S}
I
i
|

I

Heat Flux Peaking Factor

'/
’
]

O 1 I I I
0 2 4

7 [mm]
Figure 47. Normalized incident heat flux profiles the heated surface along one
radial plangfor Re =2.6x1(%, T = 30°C,and gi =5.9MW/mZ,
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The resulting cooled surface temperatures for the four heat flux profiles are shown
in Figure 48. The cooled surface temperatures are very similar for all four cases, even for
the case a = 4. The maximum temperature differencel3°C, which occursearthe
stagnation point. However, the temperature distribution becomes nearly idéntical
3.5 mm for all four cases. MoreoveT_rC, for the cases with a namiform incident heat
flux differed by less than 1 °C comparetth the casewith a uniform incident heat flux.
The thickness of the solid “tip” region (w
for enough conductiosuchthatevena highly nonuniform incident heat flux profile has

a negligible effect otthe cooledsurface temperatures

-----
‘‘‘‘‘‘‘‘
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Figure 48. Cooled surface temperaturgemparing the experimental measuremenjs
with the simulations predictiorfsr four different incident heat flux profilest

Re =2.6x10%, T =30°C,and gi =5.9MW/m>,
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Given that the incident heat flux in the experiments is likely more uniform t@aussian
profile with a peaking factor of four, these simulation results suggest that a uniform average
incident heat flux is a reasonable assumption for the numerical anodighat theffect of

a nonuniform incident heat flux on the experimental valdies areaaveraged cooled

surface temperaturég is negligible.

4.4. Simulation Results

The simulations were validated ymulating the second set oéxperiments

conductedising the metathamberand recalibrated pressure transdue¢f.1x10* < Re

<4.%104,30° C Tx 4°¢,8.75MW/m?< qi <2.2MW/m?, andH = 0.90 mm.The
areaaveraged cooled surface temperatu'Eesextracted from the simulation results were

used to calculatér and Nu based orEq. 39 andEq. 310, respectively The average

deviation inT, between the expetiments and simulation predictions was 3.4 °CDThe
was less than 7 °C in all cases, except for a single cdse=at25 °Cthat had aD'E =11
°C for 'FC = 468 °C Thesimulation predictions foDp were used to calculat, using

Eq. 311 Figure 49 comparsthe experimental values and numerical predictions\ar

and K, for 36 cases.
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Figure 49. Conparison of theNu (top)and K, (bottom)results obtained from the
experiments (filled symbols) and the simulations (opgnbols) atH = 0.90 mm
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The numerical predictions foNu and K, arein good agreement with the

expeimental results, with maximum difference$ 6.2% and 6.7%respectivelywhen

averaged over this range Be Moreover, the simulation results aabso effectively
independent ofl. and a suggesting that the model can be extrapolated to predict the

divertor performance girototypical condibns with reasonable accuracy.

The simulations enable access to local parameters that are difficult to measure
experimentally, such as the amount of thermal enesgoved at the cooled surfages.
the amount conducted along the walBigure 410 shows the fraction of thermal energy
removed by convection at the cooled surface as a functiBefof the 36 cases described
above. The inlettemperature has a weak effect on the amount of convection at the cooled

surface, which is gnificantly less than 100%.
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Figure 410. Fraction of total incident thermal power that is removed at the cool
surface by conveain for the HEMJ test section & = 0.90 mm
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However, these results suggest that the fraction of heat convected to the coolant at the

cooled surface is effectively independenRefand accounts for ~74% of the total incident
thermalenergywhen averaged over this rangeR#for all six T.. The remaining thermal

energy is removed by conduction through the sidewalls. As descrip&d] ,ithe thermal
conductivity ratiok is used to account fohé¢ remaining fraction of thermal energy in the
test section.

The numerical model was nextsed to simulate the HEMJ arototypical
conditions. Simulations were performeidr T = 600°C and gi = 10 MW/n? for Re
ranging from k10* to 5x10% in intervals of 5000an additional case was simulatedat
prototypical valueRe,. The inletm boundary conditiomwas calculated usingq. 32, and
theoutlet pressurep, was set to 10 MPa.

Figure 411 shows contour plots of the local cooled surface temperature distribution
and static pressuie the Hefor p, = 10 MPa, T. = 600°C andqgj = 10 MW/n? at Re,.
The maximum temperaturk, ., = 1597 °C occurs at theuter edge of the heated surface
and exceeds the RCT of WL1But remains within the 2500 °C design limithearea
averaged cooled surface temperaturd HTC are'?C =945 °Cand h = 35.7 kW/m?K),
respectively The combination of Hewhich has very highc, for a gas) and multiple

impingingjets enables cooleslirfaceHTCsthat rival values typically produced by forced
convection with liquids or convection with phase changé¢ steadystate, nost of the
pressure drop occurs as the He enters theojes due to the vena contradffect, wiere

the flow velocity rapidly increasemd the pressure decreases.
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Figure 411. End viewof the (a) cooled surface temperature distribution anthé)
static pressuref the Hein theimpingementegionat one radial plane for

p= 10 TMBE0,°Gandqi =10 MW/nfat Re,.

At eachRe averageNusselt numbers and loss coefficients were then calculated

based on the numerical results fﬁrand p,, respectively.Numerical predictions fok
were also calculated using theutts for T, and T, to determine the values ®uk °*°,

Figure 412 compares the simulatiguredictionfor Nuk~%*° with the new correlatio(Eq.
3.14). The two curves are nearly indistinguishable, with a maximum difference of 1%.

The simulation predictions foK, were nearly constant and gave an averdge= 1.79,
whichis within 6.7% ofthe experimentalalue These results enhancenfidence that the
correlation ofEq. 314 can be extrapolated to high&rand a with reasonable accuracy.

It should be noted, however, that these simulation results do not yet account for differential

thermal expansion at elevated temperatures, whidiscussed in the nextcen.
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Figure 412. Average Nusselt numbers based on experimental (solid line) anc
numerical (dashed line) result¥he dotted lines represent +10% bounds on the
correlationof 3.14 Theverticaldashdotted line denoteRe, .

Given that the space available for TC probes within the outer shell is limited, only
a fewtemperature measurements can be obtained within the outer shell in the experiments.
Hence, thesimulation results were used to investigate the maximum temperature in the test
section, and the local maximum and minimum temperatures on the cooled sueface (

pressure boundary)Figure 413 showsthese temperature predictiofts the HEMJ test
section atT, = 600°C, p, = 10 MPa, andgi = 10 MW/n? as a function oRe The
maximum and minimum cooled surface temperatures fall between the DBTT and RCT of
WL10, which satisfies the requirements of the HEMJ J1c design. Althdwggmaximum

IS

temperature of the outer shell is above the RCT for all oR#éneonsidered herel

ax

well below the 2500C design limit The greatest maximum temperatdfg, = 1837°C

occurs aRe= 1x10* while the lowesfl .. = 1438°C atRe=5x10"*. Recent tests of both

max
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W and WL10 suggest that exceeding RE€T may result in aignificantloss ofstrength
even without neutron irradiatiof®6, 97]. Nevertheless, these results suggest that the

HEMJ design can remain within all expected temperature limits over a wide raRge of

3000
2500
AT
max
2000 ¢ Tt

— -‘- TC ]
U S, Min
° 1500 -

Re %10

Figure 413. Simulation predictions for theaximum temperature in the HEMJ oute
shell, and the maximum and minimum temperatures on the cooled surface
prototypical conditions The linesrepresenthe WL10DBTT (dotted and RCT
(dashey, and the design limit for the W tile (solid).

45. Thermo-Mechanical Evaluation

The extremely high heat fluxes incident on the divertor target plates result in
elevated W/WL10 temperatures, and hence significant thestnesises Although several
groups have performed thermaechanical simulations of the HEMJdaother fingeitype
divertorsto characterize these stres$és, 90, 98], the effects of thermal empson,

specifically differential expansion due to the different materials comprising the HEMJ,
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havenot yet been reportedlhe numerical model of the HEMJ test section was therefore
extended to include a structural analysis usingsteadystateFEM solver in ANSYS
Workbench "17.0.

For the structural analysis, the fluid domain was suppressed while the solid domains
were modeled and meshed using *1@ tetrahedral elements. The nodal temperatures
and pressures predicted by the CFD simulations were interpolated onto the new mesh in
the outer shell and jets cartridge, and at the solid/fluid intesfaespectively. Fixed and
frictionless constraints we appliedoverthe bottom surface of the jets cartridge, and the
top and bottom faces of the flange based upon the physical constraints on the actual HEMJ
model tested in our helium loop. Finally, cyclic symmetry was applied to the periodic faces
to competely define the model.

The FEM analysisproduced a deformed mesh theds used to create aipdated
version of the HEMJ geometry withNSYS® SpaceClaifi. This geometry was then-re
meshed and aecond CFD analysis was performed to account for the etiettermal
expansionon the fluid flow The full simulation workflowfor the CFD/FEM modeis

shown inFigure 414.

Create I\C/Slgts)rr]netry AN Initial CFD Analysis £ 3  FEM Analysis

3
Final CFD Analysis € C[r)eeafgem':/'eoddf\f/'lé;%m

Figure 414. Workflow for the thermemechanical numerical model with caay
CFD/FEM coupling
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Figure 415shows the local von Mises stress distributionoverthe cooled surface
and the thermallnduced expansion of tHeEMJ test sectiomt prototypical conditions
and Reg,. The highestocal stresses occun the curved regionsear the stagnation points
of the outer row ofimpinging jets The maximum local stress was compared to the 3S
criterion of Sec. Il of the ASME Boiler and Pressure Cei#, whereSy is the design

stress intensity. The 3% value at'?c is ~387 MPa based on linear interpolation of

temperaturalependent valudsy reported by Norajitr§28]. Although the stresses over
the majority of the cooled surface are well below the, 88it, the locations with

maximum stresses ™ nearly excee@Sy, which suggests that the reliability of divertor

modules may biessthanoriginally expectedat prototypical conditions
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Figure 415. Diametriccrosssectionf the (a) cooled surfac®n Misesstress
distribution and (bjhermal expansion of the HEMJ test secfionp, = 10 M

T =600 °Gand gi =10 MW/n? at Re, .

The FEM simulations also suggest that the gap between the jets cartridge and the

cooled surfacél is reduced by ~02mm due to the difference in the thermal expansions

115



of the AISI 304 stainless steel and thé.Jl. Thesteel expands by ~0.38m (due to a
higher coefficient of thermal expansion, CTE) compared to an expansion of ~0.09 mm by
the WL10. While these dimensional changes are negligible in many engineering
applications, this reduction iRl is significant for Hecooled fingettype divertors that
typically have separation distances@(fL. mm). For the HEMJ desighi is reduced by
~25% compared to its initial value at ambient temperature
A second series of CFD simulations were performed on the deformed HEMJ

geoméry at prototypical conditions fdReranging from k10*to 5x10*(including the case

at Re,) using the same flow boundary conditions as the initial set of simulatfégare

4.16 shows the simulation predictions fddu based orthe undeformedind deformed

HEMJ geometry (due to thermally induced expansion)

200

150

=100 |
50
— Undeforme1
== Deformed
0 L L
1 2 3 4 5

Re ><104

Figure 416. Simulation predictions oNu for the undeformetHEMJ and the
deformed geometry due to thermal expansion at prototypical condifl¢tneszertical
dashdotted line denoteRe, .
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The deformed geometry givééu that are consistently lower by 2.8% when averaged over
this range oRe which may be due to a decrease in the average velocity through the slightly
enlarged inner diametef the jets cartridge. At prototypical conditions, the simulations
suggest that the ID of the jets cartridge expands by ~0.1 mm.

The loss coefficients averaged over this rangeeoK, = 1.62, which differs from
the experimentaValue by 3.6%. The results from the thermechanical simulations
suggest that geometric changes due to differential thermal expansion have a small effect

on both Nu and K_, which further enhances confidentiet the correlation can be

accurately extrapolated to prototypical conditions.
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CHAPTER 5: JET ARRAY OPTIMIZATION

Although the HEMJ divertor has been shown to provide superior thérydeulic
performance compared the HEMP and HEdMh&ertors[28], the complex geometry of the
cooled surface and jabzzle make accurate manufacturing a challenge, especially in pure
W and Walloys. Thermemechanical simulations were therefore performed on different
variants of the HEMJ using the numerical model described in Chapter 4 to determine if
comparable, or e@n superior, thermdlydraulic performance was possible with a simpler,
more optimal, design. The variant with the best performance was then fabricated and tested

in the helium loop to verify its thermdlydraulic performance.

5.1 Jet Configurations

Parameic studies were performed on the baseline HEMJ design by systematically
varying the number of jet holes from 1 to 25 and the number of jet rows from 1 to 4 for
differentH. This jet array parameterization was
thej et s i ssued from a flat surface with only
between the sides of the jet cartridge and this surface. In all cases, the total area of the jet
holes was equal to the total area of the jet holes on the HEMtatiof 7.83 mr The
coolant mass flow rate, and hence the average velocity, was also kept constant, with the
mass flow rate equal to the prototypical value of 6.8 g/s in all c&3sgare 51 shows the

crosssectionadimensions of the HEMJ test section and the flat design.
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(b)

Figure 51. Crosssections of théa) HEMJ test section and (b) the flat design. Th
dimensions are given in mm.

To determine how the configuration of, and hence spacing between, the jets
affected cooling performance, the jets were arranged on a hexagonal grid over 1 to 4 rows,
with thejets evenly spaced over each row, surrounding a central jet. The actual number of
jets was 1, 7, 13, 19 or 25. In these configurations, the normalized row sSdziagd
the normalized jets spacing within a rp® varied by at leasine The simplestase of a
single central jet was also considered. Based on these crdigiiadifferent jetarray
configurations as well asthe HEMJ with its jets of two different diametersyere
considered, all with a curved surface identical to that of the HEMJaMnajor radius of
curvature of 15 mm and a “fillet?” (Fggre t he e
52,A-1 ) . Four more configurations with a f1l .
the edge with a radius of curvature of 1 mware also considere(Figure 52, JM).

Finally, smulations were performed for two additional configurations, both with a flat
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surfacewhereone hal 25 jets with diameters identical to the HEMJ over 4 rokigyre
5.2, N) and the other having 37 jets over 3 rowgy(re 52, O). Thirteen of the fifteen
geometries studied (all except feigure 52, | and N) featured jets with the same For
the arrays where all the jets have the same diante¢evas defined to be the Reynolds
number based on the jet diameter and average velaeitythat commonly used in jet

impingement studieEq. 227).

Figure 52-. CAD models of the 15 jet array geometries, where | is the HEMJ des
(dashed box) and K is the “opt

Table 51 summaizesthe number of rows and jets, as well Bs §, j) for each geometry
considered Note that the values f@were identical to the projected radii of the HEMJ for

the curved cases, while the rows were spaced equally over the 12.9 mm diameter of the
cooled surface for the flat cases. The area of the curved sarfabkedSD to vary from

2.13t0 10.4 while thelat designsad 1.24 <S/D< 9.45.
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Table 51. Summary of parameters for all 15 jet array geometries

Jet | Number of D S j
Surface DesignRows, Hole: [mm] [mm] [mjm]
A 0,1 3.11 N/A N/A
B 1,7 1.18 4.15 4.02
C 1,13 0.865 4.15 2.08
D 2,7 1.18 3.52, 6.49 4.37,6.43
Curved| E 2,13 0.865 3.52, 6.49 3.43,5.13
F 3,19 0.715 2.22,4.15, 6.49 2.19,3.3,4.4
G 3,25 0.624 2.22,4.15, 6.49 1.68, 2.45, 3.28
H 4,25 0.624 2.22,3.52,4.77 6.4 2.19, 2.81, 3.81, 4.
I 4, 25 0.60,1.04 centejet  2.22, 3.52,4.77 6.4 2.19, 2.81, 3.81, 4.
J 0,1 3.11 N/A N/A
K 1,7 1.18 3.24 3.24
Flat L 2,19 0.715 2.16, 4.31 2.16, 2.23
M 4,25 0.624 1.29, 2.59, 3.88, 5.11.29, 2.59, 3.88, 5.1
N 4, 25 0.60,1.04 centejet |1.29, 2.59, 3.88, 5.11.29, 2.59, 3.88, 5.1
@) 3,37 0.513 1.62, 3.23, 4.85 1.62,1.67,1.4

Simulations were performed on each of the 15 array geometries for 5 values of the
separation distance, namély= 0.50 mm, 0.75 mm, 0.90 mm, 1.25 mm and 1.5 mm, giving
a total of 75 different cases. Numerical models for all 75 cases were generated using
ANSYS® ICEM® consisting of a structured hexahedral mesh with grid refinement at the
solid/fluid interfaces witha mesh dimension of less than one wall unit along the inner

pressure boundary of the outer shell. In all cases, the simulations were performed under

prototypical conditions: He mass flow rate = 6.8 g/s, inlet temperaturé = 600°C,

outlet pressurep, = 10 MPa, and uniform steadyate heat fluxgi = 10 MW/n?.

Adiabatic boundary conditions were imposed on the outer walls, while symmetry boundary

conditiors were imposed upon the symmetry plan€be standard-eturbulence model
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was used in these simulations on numerical models consisting of as many 8s 7x10

hexahedral elements.

5.2  Optimization Results

Several metrics were used to evaluate the theperdbrmance of the 75 designs.

Spedfically, the areaaveraged HTCh, the pressure drop across the divertor modide

the maximum temperature in the modulg,, the maximum and aresveraged
temperatures over the cooled surfage, ., and T_, respectively, and the maximum von

Mises stress over the cooled surfacg™ were compared with the results obtained for the

HEMJ module. Based on these criteria, the simulation results suggest that several jet
designs, including design O with 37 total jets, provide similar or superior thermal
performance compared to the HEMJHowever, given that the objective ofigh
optimization study was to find a simpler geometry, onlyftaedesigns with fewer jets
and favorable thermal performanaere considered for further evaluatiohe thermal
performance of all 75 cases are sumaetiinAppendixB.

The best performing flat designs with fewer holes correspond to desighl k at
0.75 mm, 0.90 mm, 1.25 mm, and 1.5 mirable 52 compares the thermal performance

of these four cases with the results for the HBEWMI = 0.90 mm Note thatRep =2.5x1d

for the flat design ath = 6.8 g/s. All four cases have highér than that of the HEMJ,

although this igartly due to the smaller cooled surface area of the flat design compared to
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the curved surfaceA, = 154 mn? for the flat surfaces 184 mn? for the curved surface),

sinceh ~ 1/ A.

Table 52. Summary ofet designs with favorable thermal performance

Jet R, H T T T, h Dp | sm™ Ma@H

max Cs, max c

Desi[d0o] [ mm [°C [°C[°C[ kW&Km[ kKkP[ MP [ mm]

HEM, 2. 0. 9 1597 992 94¢%t 357 128 = 381 0.235
0. 71585 105 100 363 125 = 388 0.223

K 5 0.91556 105 9971 371 122 @ 391 0.223
1.2157/0 104 99¢« 373 120 @ 379 0.22

1.51578 105 100 36.5 122 374 0.217

However, these four cases have higliethan the HEMJ, although the increaseTjnis
relatively small. In this work, the maximum temperature of the outer shell was considered
the most important measure thiermal performance, and all four cases give loweyf

compared with the HEMJThe simulations also suggest that $kdéour cases also have
lower Dp than the HEMJ, and should therefore have lower He pumping power

requirements.It should be noted, however, that the casdd at0.50 mm andd = 0.75

mm have slightly highebp than the cases witd > 0.90 mm. TheH = 1.25 mm cas has

the lowestT ., a 4.7% higheh, and a 7% loweDp compared with the HEMJ.

max?
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Figure 53. Cooled surfacéemperature distribution faheHEMJat H =0.90 mm
(left) andjets design K aH = 1.25 mm(right) at prototypical conditions

Figure 53 compares the cooled surface temperature distributions for the HEMJ at
H = 0.90 mm and jets geometry Kldt= 1.25 mm. The local maximum and minimum
cooled surface temperatures for the flat configuration are both higher than the HEMJ
because K has ffewer i mpinging jets, resul

temperature variations over the cooled sw@fableverthelessl,,, is 27°C lower for this

case than that of the HEMJ, which suggests that higher cooled surface temperatures do not
necessarily lead to higher maximum temperatures ovekddidifying the shape of the
impingementsurface slightly reduced the volume of the divertor module by 1.6%, from
6544 mni for the HEMJ to 6441 m#rfor the flat configurations, which resulted in lower

maximum thimble temperatures due to the large temperature gradients within the thimble.
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Figure 54. Diametriccrosssectionsof the cooled surface von Mises stresses an
thermal expansion dhe HEMJ atH = 0.90 mm(top row)and design K aH =1.25
mm (bottom row) at prototypical conditions

Figure 54 shows diametric slices of the cooled surface von Mises stress
distributions and thermaHinduced expansion for théEMJ and design K.In both cases,
the highest local von Mises stressesw at the impingement locations near the outer row
of jets. The flat configuration, however, has lower local and maximum stresses in the outer
shell compared with the HEMJn all cases, the highest local stresses on the cooled surface

occurred near #h curved regions, with values ranging from 330 to 464 MPa. The

maximum von Mises stress ™ = 379 for design K aH = 1.25 mm, which slightly

exceeds the corresponding3&ilue of ~373 MPa af_. The reliability of both the HEMJ
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and flat designs should therefore be verified to ensure that the divertor target plates have
operational lifetimes of ~4 2 years.

In all 75 cases, the separation distahtés reduced by ~02mm due to the
difference n thermal expansion coefficients of steel and Mgyre 54). Differential
thermallyinduced expansion therefore appears to be independent of variations in jet array
geometry, at least for a giveatal jets area. It seems likely, however, that differential
thermal expansion wilhave a greater effect on the fluid fldar smallerH if the reduction
in H becomes comparable to the initial value-Hbat ambient tempenate €.g, for H <

0.50 mm).

5.3  Experimental Verification of the Optimized Design

Il n order to verify the thermal perfor mar
in the previous section, a test section based on jets design K was fabricated and tested in
the helium loop using the same experimental apparatus and procedures used for the HEMJ
test section. The external dimensions of the WL10 thimble were identical to the 37.9 mm
tall outer shell described ®ection 3.11. The inner contours of the thimble and the AlSI
304 stainless steel jets cartridge were fabricated using EDM and a custom reamer,
respectively.Figure 55 shows the actual test sectiommponents for design KThe four
co-planar TC holes were located ~0.5 mm away from the cooled surface and sgaced 90

apart at radial distances= 0, 2.1, 4.2, and.8 mm from the centerline.
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Figure 55. Pictures of the WL10 outer shell (left) and steel jets cartridge (right) fo
optimized flat design

The induction heater was used to heat a WL10 workpiece placed at the top of the
outer shell; a thin Cu disk between the workpiece and the top of the outer shell was used
to improve thermal contact. The separation dist&hsel.25 mm based on the simutati
results; airdry clay was used to check the gap distance with two independent sets of
measurements before the experiments. The flat design was tested usingfitleel Ar
chamber at low incident heat fluxes to minimize oxidation of the outer shell@kgiece.

The thermahydraulic performance of the flat design was evaluated with the same

approach used in the HEMJ experiments. However, the flat design has a #naltEs4

mn? (vs. 184 mn? for the HEMJ), so a new ar@aerag@d cooled surface temperature

expression was derived for the flat design using a CAD model:
T =0.0221, +0.186,, +0.400, #©.39], (5.1

The remaining thermdlydraulic parameters were calculated using the methods described

in Section 3.1, whereD, = 1.18 mmifor the flat design
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Experiments fothe flat design were conductedla4x10*<Re< 6101 x3 0 ° C

T< 425 RIMWMagis 2. 9 2 MEve, Re, =2.5¢10* at h = 6.8 g/s for

the flat design.Figure 56 compares theNu resultsfrom 34 steadistate casefor the flat

design with the results from the second set of HEMJ experiments. In both cases, the effect

of T and gj is negligiblefor all of the inlet temperatures studied here, suggesting that

these results can be extrapolatedlto= 600°C. The Nu resultsfor both designs are
similar for T. < 425°C andRe< 4.0x10%, which suggests that the simpler flat design has

a thermal performance comparable to the HEMJ divexter a large range of coolant flow

rates, including that at protqtical conditions
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Figure 56. Average Nusselt numbers for the HEMJ desatH = 0.90 mm (filled
symbols) and the flat design Bt = 1.25 mm (open symbols) as a function of
Reynolds numbeRe.
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The loss coefficient¥, for the two designs are shownhkigure 57. In both cases
K, is effectively constant over the entire rangeRefstudied here, withK, = 1.68 and
2.29 for the HEMJ and flat design, respectivelpterestingly, theexperiments suggest
that theflat designhas a K, significantly higher tharthat predicted by the simulatigns

which may be due to impextions in themachining process or the accuracy of the
available turbulence models. Previous simulations of fityges divertors have shown
that smallO(1 mm) geometric differences in the jet port geometry can significantly affect

the discrepancies ibp between the numerical predictions and experimental vgBZs

s KEAD @Q%}@Q@@G QG% =

voPa PomBy iy 3° o 2 °
T, [°C]
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Figure 57. Loss coefficients for thelEMJ (filled symbols) and the flat design
(open symbols) as a function of Reynolds numBer
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The Nu results for the flat design was then compared tonie correlation
proposed for thelEMJ divertor Eq. 314). A correlation for the flat design was developed
assumingNu~ 4°*° and fitted tothe results forall 34 casesgiving the following
expression:

Nu=0.216R&% °1° (5.2

which is valid for:

.4 10 Re 6.1 10
Pr° 0.65 (5.3
480¢ k ¢974

MDD~ D~ (D

Figure 58 compares th@ew correlations for the HEME(Q. 3.14 and flat designEq.
5.2). The correlation for the flat design predicts a nearly identiéal at Re= 1x1¢
compared witheq. 3.14but gives aNu that is 18% lower than that for the HEMJRx=
5x10f. Although thisNu difference between the HEMJ and flat design increasesReith

theflat designNu is only 6%lower than that for the HEMJ &e, .
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Figure 58. Comparison of theNu correlation for the flat design (solid line}q. 52)
and the HEMJ (dashed linegq. 314). Thevertical dotted line denoteRe, for the

HEMJ design

5.4  Prototypical Performance of the OptimizedDesign

The thermal performance of the flat design at prototypical conditions was estimated
using a procedure similar to that describe@attion 33 for the HEMJ test s¢ion. Two
He inlet temperaturesl( = 600°C and 700°C) that correspond to the prototypical value
and an elevated value based on the estimated increase in the DBTT under neutron

irradiation were considered Three average pressulmundary temperatures were

considered(T_s = 1100 °C, 1200°C, and 1300°C) to quantify changes in thermal
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performance a3, approaches the RCT of 1300, since the actual material temperature
limits, especially for W irradiated by fusierelevant neutrons, are currently unknown

For a fixedRe the maximum allowable hefitix gj_j is calculatedrom Eq. 317

where h is obtained from theNu correlation for the flat desigrEQ. 52). Initial values

for the unknown parametefg, andT, are then updated using an iterative procedure. The
process igepeated untilgi_j, T., and T, converge with an error of less than 0.01%.
Similarly, @ is calculated for a fixed from Eg. 318andEq. 319based on the average

loss coefficient for the flat desigd, = 2.29.

Figure5.9 shavs @ as over a range dtethat spanRe, for the flat design at
inlet temperatures of (a) 600 °C and (b) 700 °C.R&, T, = 600 °C, andE =1200 °C,
a single module of the flat design can accommo«ﬁ@: 10.2 MW/nt with b = 6.5%.

Accounting for the larger area of the hexagonal tile giggs= 8.25 MW/n?, which

suggests that the flat design could be a viable alternative to the HEMJ in regions where the

incident heat flux on the divertor target plates is less than ~8.25 MIW/m
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Figure5.9. Maximum heat fluxcurves for the flat desigas a function oRe at
(@) T. =600 °C and (b). =700 °C.
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Increasing T. to 700 °C, however, has a significant impact on the thermal
performance for the flat design due to a decrease in the He density and an increase in its

viscosity. In this casegqj,j is reduced to 8.85 MW/Mn(gj = 7.2 MW/n?) with b
increases td1.8% at Re, and'ITS = 1200 °C The thermaperformancef the flat design

for all six casesiregivenin Table 53.

Table 53. Summary of the thermakerformance for the flat design RE, .

T[°Cl | T.[°C] | gi.i[MW/MY | g [MW/m?] | b [%]
1100 8.45 6.87 7.5
600 1200 10.2 8.25 6.5
1300 11.8 9.59 55
1100 7.10 577 14

700 1200 8.85 7.19 11.5
1300 10.6 8.62 9.5
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the results presented in the previous chapters, discusses
the contributions of this research to the fusion community, and provides recommendations
for future work. In this work, the HEMdivertor was experimentally and numerically
studied in order to optimize its therrtaydraulic performance. Specifically, the objectives
of this research were to:
1 perform experiments at nearly prototypical conditions, specifically at inlet
temperatures as great @54 C (vs. prototypical values of ~600C) and heat
fluxes as great as 6.6 MW#n(vs. prototypical values of ~10 MW/fj for a
range of separation distandévarying from 0.5 mm to 1.5 mm

1 conduct coupled CFD and FEM numerical simulations to parametrically
evaluate the effect of differential thermal expansion and geometric changes
using a experimentallyalidated model

1 examine the effect of various geomettigarameters (number and arrangement

of the jets, jet diametgr and separation distance) to optimize the divertor
design and

1 develop generalized design chaitsat allow designers to estimate the

maximum heat flux and pressure drop corresponding toreliffecoolant

temperatures and maximum allowable wall temperatures.
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6.1 Summary of Research Finding

The thermal performance of a single HEMJ module was experimentally evaluated
using a closed He loop constructed in 20B3new electrical heater was usedtie He
loop to increasethe range of coolant inlet temperatures. A sealedilldd chamber
enclosing the induction heater and test seattar fabricated and installédl the loopto
minimize degradation of the test section and obtain reliable measusewigenusingan
induction heater as a heat source. These experiments were conducted at prototypical
coolant inlet pressures of ~10 MPa, inlet temperatures ranging from 30 °C to 425 °C, and

incident heat fluxes as great as 6.6 MWifor coolant mass flowates up to 10 g/sA
total of 95 experiments were conductebrrelations were developed fdtu( Rek) and
K, (Re thatwere within 10% of thexperimental measurements for all but two steady
state cases. The experimental results for-avesaged cooled surface temperatures
suggest thatNu is effectively independent of and gi , andcan be written in terms &f

powerlaw correlation in terms dReand A. The measured pressure drops suggest that

K, is essentially constant and independeriRef These correlations were udedoredict

the maximum allowable heat flux at prototypical conditions. The resulting parametric

design charts suggest that the HEMJ divertor can accommodate a maximum heat flux of
0i.i = 13.8 MW/nf on the heated surfacej( = 11.2 MW/nf on a hexagonal tile) with

coolant pumping power fraction (compared with the total incident thermal pdwer}%

at Rg =2.2x10, T, = 600 °C and T, = 1200 °C. The HEMJ design can therefore

withstand thea =10 MW/n? heat fluxes expected for DEMO while keepifig< 10%.
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The effect of varyingd from ~0.5 mm to 1.5 mm waaxperimentallyinvestigated

for H = 0.44 mm, 0.90 mm, and 1.49 nimthe HEMJ divertar The effect ofT and i

on Nu was negligible for all threll. Moreover,Nu was effectively independent biffor

the range oH studied hereReducingH to 0.44 mmhowever,jncreasedK, by 33% and

28% compared with the results Ht= 0.90 mm andd = 1.49 mm, respectivelyHence,

the optimalvalueofappears to be i mM<s<tBheS0Oammpe 0. 90
Threedimensional numerical CFD simulations of the HEMJ geometry were

performed using ANSYSFluenf and validated against the experimental measurements.

Six turbulence models were evaluated and the stalkelndodelgavepredictions in best
agreementwithin 7% on averagdor Nu and K,) with the experimetal results The

areaaveraged cooled surface temperature was found to be insensitive to both flow

asymmetry and neaniform incident heat fluxes with Gaussian profiléd.p = 10 MPa,
T =600 °C,qi =10 MW/n? and Re,, the average HTC for the HEMJ fs = 35.7

kW/(m?-K) which corresponds to maximumtile temperatureT,

max

= 1597 °C Although

T, €xceeds the RCT of WL1( satisfies the 2500 °C design limit of the W til€he

maximum and minimum cooled surface temperatures also satisfy the temperature limits
imposed by the WL10 DBTT and RCTA thermemechanical model veadeveloped by

coupling the initial CFD simulation results to an FEM model. The maximum \acal

Mises stresses over the cooled surfagé™ = 381 MPa, which nearljatcheshe ASME

3Sn value of 387 MPa for the correspondifig. The operational lifetime of a single

HEMJ module may therefore be shorter than expected due to damage from thermal

stresses. At prototypical conditions, the simulation results suggestduced by ~02
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mm due to differential thermal expansiowhich does not significantly affect thermal
performance foH > 0.50 mm, but may increase pressure dropifar0.50 mm.

Finally, the coupled CFD/FEM model was used to evaluate the thermal
performance of¥di f f er ent HEMJ wvariant s, including
and jet nozzle geometries more favorable for fabricatiah.the variants had the same
total jets area, and included jet configurations with 1 to 37 holes equally spaced over 1 to

4 rows. A flat design with one row of six holes surrounding one central hole (all 1.18 mm

in diameter) aH = 1.25 mm had a 27 °C lowdr,,, a 4.7% higheh , and 7% lowerDp
compared with the HEMJ at prototypical conditions. This design also had &#@but

hi gher | ocal <cooled surface temperatures.
tested in the He loop foF =30 °C to 425 °C, andji = 1.1 MW/n? to 2.9 MW/n? over a

range ofRe The Nu results were similar to that of the HEMJ Re< 4x1¢, andK, was

again effectively constant over the entire rangB@fhowever, the averagé, was 36%

higher compared with that of the HEMJ. Nevertheless, the parametric design curves
developed for the flat design suggest that a single taaxun accommodat@,j =10.2

MW/m? on the heated surfacej( = 8.25 MW/nt on a hexagonal tile) with = 6.5% at

Re,, T, = 600 °C, andi = 1200 °C. These results suggest that the flat design cannot

withstand the 10 MW/fmheat fluxes expected at the strike points of the divertor target

plates atRe, and T, = 1200 °C. However, the flat variant could potentially be used in

locations where the incident heat fluxes are less that ~8 Mv@/simplify manufacturing

and reduce costs associated with the fabrication of these modular target plates.
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6.2 Contributions

The thermahydraulic performance of the HEMJ divertor was experimentally
investigated over a wide range of coolant flow rates, inlet temperatures, and incident heat
fluxes in this work. Given the challenges in fabricating such complex geometries and
reproducing fusiofrelevant operating conditions, there have been few experimental
studies of modular fingetlype gascooled divertor designsThe research findings in this
work therefore provide valuable empirical data that will inform the design of future divertor
cooling systems. The contributions of the experimental work include:

1 characterization of the effects ldfon thermal performance

1 new correlations for thaverageNusselt number and loss coefficielits a

widerrange of coolant inlet temperature and incident heaefux

1 evaluation and verification of the thermal performancea dimplified flat

HEMJ variantthat can withstand sliglytlower heat fluxes than the HEMJ at
prototypical conditions, but should be easier to manufacture

1 new parametric design charts that predict the maximum allowable heat flux that

can be accommodated by a single divertor module for different material
tempeature limits and coolant mass flow rate constraints.
These correlations can be implemented into system codes and used by designers to quickly
examine performance traadfs to improve the overall efficiency of future commercial
fusion reactors.
The expennentally validated numerical model was used to provide estimates of

thermal expansion effects and their effect on thermal performance, which has not been
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previously reported in the literatureThese thermemechanical simulations provide
additional insightinto the divertor thermal performance in terms of thermiaidiuced
stresses. These simulations therefore provide a more comprehassdgsmerdf the

performancef fingertype divertors.

6.3 Recommendations for Future Work

The following recommendationgould complement and extend the work presented
in this dissertation:
1 Experimental studies of the divertor modules that extend the range of coolant

inlet temperatures and incident heat fluxes to fully prototypical conditi@ns (
p, = 10 MPa,T. = 600 °C andgi = 10 MWSinoe it is impractical in

many cases to achieve such high incident heat fluxes, especially over larger
areas, t he “r ever[64may leaadeful faltermatvfor appr o
removng large amounts of thermal power from divertor modules based on a
coolant energy balance. Such studieswill not however, provide any
information on materials behavior at prototypical conditions.

1 Other divertor designs, such as th@dbe orHCFP, should be experimentally
studied at fusiomelevant operating conditions. Although such designs have
been previously studied using dynamic similarity and numerical simulations
[30, 71, 1004, there are to date no experimental studies at prototypical, or even

nearprototypical, conditions
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1 Thermoemechanical simailtions should be performed on thdtlibe and HCFP
designs to investigate the effects of thermal deformation on divertor
performance. Although Tillack et al [85] performed thermanechanical
simulations of the both designs for the ARIES study, the effects of deformed
geometry on the fluid flow have not been reported for either design.

1 Numerical simulations should be dge optimize the HCFP geometrhile
the ARIES study used thermmechanical simulations to improve the HCFP
design [86], there are few numerical and no experimental studies of this
improved design, to our knowledge. A parametric numerical study should be
performed to examine a wider range of geometric variations such asgvimy
slot width and sleto-impingement surface distanc€hethermal performance
of thisoptimized design should then be experimentally evaluated.

1 The effect of surface roughness on the cooled surface should be investigated.
Greater surface roughnes®uld generally improve heat transfer rates at the
expense of increased pressure drop. Detailed measurements of the surface
roughness in the existing test sections should be taken to determine if surface
roughness has a significant effect on thermalqueréance.

1 The effects of neutron irradiatioshould be considered when evaluating the
thermal performance of Wased divertor modules. The few studies of neutron
irradiation effects on W suggest that its thermal conductivity will decrease
while its DBTT wil increasg92, 101]. The impact of these material property

changes on thermal performaramild be investigated numerically.
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APPENDIX A: DETAILED EXPERIMENTAL PROCEDURE

A.1l. Separation Distance

The nozzle exito-impingement surface separation distahtes an important
geometric parameter for jet impingement lgog designs such as the HEMJ.ivén that
the values ofH considered herare quite small(i.e., O(1 mm)), it is importanthat the
procedure for setting theeparation distancgive anaccurate and repeatablalue ofH.
Numerous measurementstbhit room temperature were therefore performed usindyrgir
clay based orthe procedte described below:

1. Prepare the test section by compressing clay on the inner surface of the jets
cartridge to prevent clay in the impingement region from falling through the
cartridge and into the manifold tubing. Thread the cartridge onto compression
spring and cartridge holder in the manifold to an arbitrary depth.

2. Set the separation distance. First, finggten an aluminum bracket to the
manifold. Next,use the depth micrometer to set the jets cartridge depth relative
to the inner surface of thep of the bracket, as shown kigure A1l. The
stagnation point is defined as the nozzle location that produces the lowest
reading on the micrometer.

3. Remove thenicrometer and bracket, and place a gasket in the sealing surface.

4. Place a dimesized amount of clay on the tip of the jets cartridge nozzle.
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- - & Micrometer
-- T depth

Figure A.1. Picture of the separation distance adjustmentgss forH = 0.90 mm.

5.

6.

7.

Cover the cooled surface of the outer shell with a lubrieagt yegetable oil)

to enable smootherlay separatiorafterit has been compressed

Assemble the outer shell to the manifold and comptiessclay inside the
impingement region. Bolt the compression collar onto the outer shell using a
star pattern. Use a thin gage block to ensure that the gap between the collar and
manifold is azimuthally even. The collar should be tightened until tlissga

less than the smallest gage block size (0.305 mm).

Allow the clay to dry for at least 24 h. Slowly remove the outer shell and
separate the clay from the test section, ensuring that the clay does not bend or
tear. If necessary, direct a low flow rafecompressed air at the inner and outer
surfaces of the clay, allowing it to dry further until both surfaces are stiff.
Measure the thickness of the clay around the central jet using a digital height
gage with a fine tip and a smooth, flat surface. @ate a mean value and

standard deviation based on ten measurements with the gage. The separation
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distance is assumed to be equal to the average clay thickness around the central
jet hole.

9. Remove the remaining clay from the inner surface of the jetsdcpr, and

clean both the cartridge and outer shell using a solvent.

This procedure wasised to obtain independent measurements for nominal
separations! = 0.50 mm, 0.90 mm, and 1.50 mMBachmeasurement was repeated three
times for eactH to verify therequired micrometer depth settings. The corresponding
average depths for these separation distances and their standard deviations (SD) are

summarized iMable A1l.

Table A1. Summary of micrometer depths threeH values

Micrometer Depth [mm]| MeanH £ SD [mm]

8.86 0.50 £ 0.03
9.31 0.90 + 0.03
9.99 1.50 £ 0.02

A.2. Helium Loop Operation

Before performing an experiment, the HEMJ test section was first fitted with
thermocouples, sealed, and insulated. The Ar enclosure aabyMvorkpiece were then
installed above the test sectioRor the sake oéfficiency, the experiments on the HEMJ
test section were performed in sets that consisted of several individual-statdgases.
Specifically, the coolant inlet temperature and incident thermal power were increased to

the desired value at a given mass flow rate until stsgatg conditions/ere reached. After
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acquiring the data for that specific case, the mass flow rate and electric heatewpswer
then changed (without adjusting the induction heaaed data were acquired at each flow
rate. The following procedure is an example offacal experiment performed at high He
inlet temperatures:

1. Fully open all of the valves in the loop except the buffer tank ball valves, and
the bypass ball valve. For experiments at room temperature, open the bypass
ball and needle valve, and close theuggerator needle valve.

2. Evacuate this portion of the loop with the vacuum pump. Slowly open the
downstream buffer tank valve until atmospheric pressure is reached. Repeat
this step two more times.

3. Slowly open the downstream buffer tank valve (to avhidi hammer) until
the valve is fully open. Open the upstream buffer tank valve in the same
manner.

4. Turn on the cooling water supply for the induction heater, waieled heat
exchanger, and compressor.

5. Open the oxygen tank that controls the pneumatiees on the compressor.

6. Turn onthe compressor in manual mode, and press the right arrow twice. Select
the “Start Cooling” option followed by

7. Slowly open the inlet and discharge ball valves on the compressor lines.

8. Open the He source taniSlowly open the source tank needle valve to charge
the loop to a pressure slightly less than 10 MPg, (1420 psig), then close the

valve and the tank. The He in the loop will reach 10 MPa after being heated.
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9. On the compressor, ssSeloepctti otnhe fOoCIl @we
Co o | iSwighithe compressor to automatic mode. Start the data acquisition
Ssystem. Press “Start?”.

10.Begin closing the main bypass valve and recuperator valve. Closing the main
bypass valve will increase both the mass ftate and pressure drop across the
compressor. Closing the recuperator valve will decrease the mass flow rate and
increase the compressor pressure drop. Adjust the valves until the desired mass
flow rate is reached and the compressor pressure drop i3 ~=1.24 MPa
(~150- 180 psig).

11.Begin the heating process. Open the argon tank and flow Ar at ~55 kPa (8 psig).
Turn on the induction heater and apply a low amount of power. Turn on the
electric heater and begin heating the coolant. Gradually incteag®iver to
both heaters until the desired coolant inlet temperature and incident heat flux
are achieved, which may take-2 h.

12.Allow the experiment to reach steadtate. This may take up to 1.5 h for a
single case. Save the data and begin samatia@.

13.Change the mass flow rate by adjusting the main bypass valve and recuperator
valve while remaining within the same compressor pressure drop range. Also
adjust the electric heater to achieve the proper coolant inlet temperature at the
new mass flowate.

14.Repeat steps 11 and 12 until steathte data are acquired at every desired mass

flow rate. A set of highl, experiments may take ~45 h.
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15.Begin the cool down process. Gradually decrease power to the electric heater
and induction heater. Open slightly the main bypass valve to lower the
compressor pressure drop. Open the recuperator valve until the mass flow rate
is ~8 g/s to allow for faster cooling. Once the thimble temperatures fall below
~250°C, open the bypass Ibaind needle valves while closing the recuperator
valve. This process may take =2 h.

16.When the coolant inlet and outlet temperatures have reached room temperature,
turn off the induction and electric heaters.

17.Stop the compressor and immediately clibsebuffer tank valves.
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APPENDIX B: EXPERIMENTAL AND NUMERICAL DATA

This appendipresents althe experimental and numerical data for the HEMJ and
flat designs.Section Bl givesthetime-averaged experimental measurements for all of the
cases presented in this woskhere ach row corresponds to a single steathte case.
Section B2 providesthe simulation results for comparison with the experiments, the
thermemechanicalsimulationresults at fully prototypical conditiongnd thejet array

optimization results
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B.1.

Experimental Data

Table B1. HEMJ Experimerdl ResultsatH = 0.44 mm

m Re a T T, Tc,s Tc,e Tc,4 Tc,z T, P, Dp h Nu Kk K.
[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

3.18| 21181| 4018696, 31.0 | 86.3 | 364 | 355 | 353 | 308 | 331 | 10027769 16265 | 16473 | 98.88 | 503 | 3.009
4.04| 26908| 3990026/ 31.0 | 74.2 | 322 | 312 | 311 | 269 | 291 | 10015116 26379 | 18921 | 114.96| 507 | 3.021
4,70| 31345| 3976591 30.9 | 67.8 | 297 | 287 | 287 | 246 | 267 | 9987853 | 35781 | 20712 | 126.66| 508 | 3.014
6.25| 41658| 3926819 30.7 | 58.2 | 255 | 246 | 247 | 210 | 229 | 9931199 | 63163 | 24432 |150.92| 509 | 3.000
7.01| 46856| 3945609 29.3 | 54.0 | 242 | 234 | 235 | 198 | 216 | 9895119 | 79189 | 25965 |161.30| 511 | 2.992
3.12| 18172| 3664723 99.0 | 150 | 397 | 388 | 386 | 347 | 367 | 10024710 19213 | 16823 | 89.59 | 448 | 3.017
4.02| 23348| 3666406/ 100 | 140 | 361 | 353 | 352 | 313 | 333 | 9966933 | 32223 | 19380 | 103.99| 450 | 3.024
5.22| 30346| 3683188 100 | 131 | 327 | 319 | 320 | 283 | 301 | 9933834 | 54701 | 22522 |121.83| 452 | 3.032
5.94| 34535| 3720024, 100 | 127 | 315 | 307 | 308 | 271 | 290 | 9951932 | 70536 | 24164 |131.10| 452 | 3.024
6.77| 39273| 3748996| 102 | 126 | 304 | 296 | 297 | 261 | 279 | 9908095| 91942 | 25961 | 140.86| 452 | 3.006
3.00| 14839| 3274036 200 | 248 | 460 | 453 | 452 | 417 | 435 | 9959796 | 23577 | 17175 | 78.79| 388 | 3.130
3.99| 19760| 3276787 200 | 236 | 422 | 415 | 415 | 382 | 399 | 9900624 | 42260 | 20279 | 93.83| 391 | 3.151
4.87| 24114| 3290858/ 200 | 230 | 401 | 394 | 395 | 362 | 379 | 9927378 | 63510 | 22664 | 105.30| 392 | 3.186
5.90| 29163| 3311237 201 | 225 | 384 | 378 | 378 | 347 | 363 | 9899926 | 94297 | 25139 |117.07| 392 | 3.213
6.91| 34247| 3331392 199 | 220 | 369 | 363 | 364 | 333 | 349 | 9810217 | 129639 27466 |128.49| 393 | 3.198
7.95| 39377| 3377073 200 | 219 | 364 | 357 | 358 | 327 | 343 | 9841757 | 172781 29189 |136.62| 393 | 3.220
2.83| 12328| 2879495 299 | 343 | 535 | 528 | 528 | 496 | 512 | 10224085 25714 | 16579 | 67.45| 346 | 3.243
3.98| 17269| 2847264) 300 | 331 | 494 | 487 | 488 | 459 | 473 | 10164617 50954 | 20207 | 82.69 | 347 | 3.237
4,93 | 21423| 2809624 299 | 324 | 469 | 462 | 464 | 436 | 450 | 10109215 78925 | 22883 | 94.10 | 348 | 3.255
5.89| 25583| 2752465 300 | 320 | 450 | 444 | 445 | 420 | 433 | 10053972 114309 25443 | 104.83| 349 | 3.279
6.71| 29073| 2717784 302 | 320 | 440 | 434 | 435 | 412 | 423 | 9997739 | 149630, 27525 |113.28| 348 | 3.273
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Table B2. HEMJ Experimeral ResultsatH = 0.90mm

m Re a T T, Tc,s Tc,e Tc,4 Tc,z T, P, Dp h Nu K K.
[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

2.94| 19587| 5473207 31.3 | 113 | 410 | 418 | 427 | 398 | 410 | 10222097 10685 | 17770 | 103.95| 813 | 2.351
3.43| 22911| 5165241 30.6 | 96.3 | 352 | 361 | 369 | 353 | 359 | 10009008 14581 | 19360 | 115.12| 847 | 2.309
3.95| 26403| 5893333 30.0 | 95.2 | 378 | 385| 388 | 361 | 373 | 10091133 19290 | 21143 | 125.92| 842 | 2.328
4.94 | 32965| 6053098 30.6 | 84.2 | 343 | 348 | 354 | 330 | 340 | 10075212 30161 | 24068 |144.82| 865 | 2.321
5.33| 35543| 5648783 30.9 | 77.2 | 305| 313 | 323 | 308 | 314 | 10193050 35174 | 24579 | 148.89| 882 | 2.350
5.92|39387| 6577790 31.4 | 80.0 | 337 | 339 | 351 | 320 | 333 | 9974242 | 43417 | 26858 | 162.17| 871 | 2.304
5.96 | 39843| 6080893 29.7 | 74.3 | 314 | 317 | 324 | 302 | 311 | 10059445 43821 | 26565 | 161.59| 886 | 2.322
6.89| 45945| 6194638 31.0 | 70.2 | 292 | 295 | 304 | 285 | 292 | 10031162 58685 | 29169 | 177.92| 897 | 2.309
7.93| 52801| 6265711 31.2 | 65.8 | 275 | 276 | 287 | 269 | 276 | 9999298 | 77106 | 31534 | 193.16| 909 | 2.285
2.93|17029| 5372291| 101 | 181 | 462 | 473 | 481 | 450 | 463 | 10255155 12895 | 18250 | 94.61 | 703 | 2.327
4.01| 23348| 5683640, 100 | 162 | 423 | 430 | 434 | 410 | 421 | 10033645 24137 | 21802 |114.96| 729 | 2.287
4.99| 28978| 5693395/ 101 | 151 | 386 | 393 | 399 | 377 | 387 | 10012239 37640 | 24534 |130.40| 747 | 2.293
5.95| 34588| 5670379 101 | 142 | 357 | 365 | 371 | 352 | 360 | 9970857 | 53732 | 26915 | 144.13| 762 | 2.293
6.50| 37764| 5656311 100 | 139 | 337 | 343 | 357 | 338 | 345 | 10010493 64015 | 28532 | 153.27| 770 | 2.302
6.96 | 40459| 5891497, 100 | 138 | 342 | 347 | 355 | 337 | 344 | 9928214 | 73360 | 29790 |160.17| 771 | 2.280
3.98 | 19655| 5024795 202 | 257 | 480 | 490 | 494 | 469 | 480 | 10109984 29735 | 22223 | 101.19| 612 | 2.263
4.95| 24417| 5423933 202 | 250 | 468 | 478 | 483 | 460 | 470 | 10084055 46348 | 24925 |114.04| 618 | 2.279
5.94 | 29375| 5449598 201 | 241 | 442 | 453 | 459 | 438 | 447 | 10016812 67182 | 27313 | 125.81| 629 | 2.280
6.98 | 34558| 5538225 200 | 235 | 422 | 433 | 438 | 419 | 427 | 9995810| 92245 | 30012 | 138.95| 638 | 2.268
8.29|41076| 5091126/ 199 | 226 | 375 | 381 | 399 | 383 | 388 | 9898902 | 130764| 33254 | 154.91| 654 | 2.261
4.92| 21368| 4566808 300 | 340 | 517 | 530 | 542 | 515 | 526 | 10060073 55233 | 24898 | 101.36| 537 | 2.269
6.14 | 26556| 4582800 303 | 336 | 495 | 508 | 521 | 496 | 506 | 9948381 | 87063 | 27837 | 113.45| 542 | 2.262
6.98 | 30255| 4656554) 301 | 330 | 483 | 496 | 510 | 487 | 495 | 9901105| 112627 29541 | 120.86| 547 | 2.259
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Table B3. HEMJExperimentaResultsatH = 1.49mm

m Re a T T, Tc,s Tc,e Tc,4 Tc,z T, P, Dp h Nu K K.
[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

3.55| 23845| 4807513 27.4 | 86.6 | 336 | 322 | 328 | 336 | 331 | 9984175| 15794 | 19461 | 117.21| 869 | 2.361
3.98| 26752| 4831912 27.5| 80.5| 318 | 304 | 309 | 321 | 315 | 9969496 | 20003 | 20685 | 125.32| 881 | 2.369
4.41| 29647 4817778 27.1 | 74.9 | 300 | 287 | 292 | 306 | 299 | 9961991 | 24592 | 21822 | 133.00| 894 | 2.377
5.17| 34711| 4812174 27.4 | 68.1 | 277 | 264 | 269 | 287 | 278 | 9957724 | 33807 | 23644 | 145.06| 909 | 2.378
5.95| 39952| 4814671 27.4 | 62.8 | 259 | 246 | 251 | 271 | 261 | 9941254 | 44769 | 25390 | 156.60| 922 | 2.372
6.89| 46290| 4838758 27.5 | 58.2 | 242 | 229 | 235 | 256 | 245 | 9915793 | 59904 | 27363 | 169.57| 933 | 2.357
8.03 | 53945| 4860710 27.5| 53.9 | 224 | 212 | 218 | 241 | 229 | 9878258 | 80507 | 29624 | 184.39| 945 | 2.324
4.91| 28486| 5091537 102 | 147 | 373 | 353 | 368 | 354 | 359 | 10005247 37778 | 24397 |129.98| 759 | 2.367
5.92 | 34420| 5097553 101 | 138 | 347 | 327 | 342 | 330 | 334 | 9978797 | 54799 | 26908 | 144.58| 774 | 2.363
6.95| 40442| 5178564 99.4 | 132 | 330 | 310 | 326 | 314 | 318 | 9922808 | 74908 | 29182 | 157.79| 785 | 2.345
7.98| 46387| 5164522 100 | 129 | 316 | 296 | 312 | 300 | 303 | 9916264 | 98070 | 31305 | 169.63| 793 | 2.318
3.43| 16982| 3294381 200 | 242 | 424 | 405 | 395 | 431 | 416 | 10047807 22107 | 18756 | 86.45| 639 | 2.267
4.05] 19999| 3492291| 201 | 239 | 421 | 400 | 393 | 422 | 409 | 10044320 31437 | 20662 | 95.30| 641 | 2.306
5.01| 24794| 3691362 200 | 233 | 410 | 392 | 381 | 405 | 396 | 10037085 48822 | 23279 | 107.90| 648 | 2.337
5.89| 29144| 3805347 200 | 229 | 400 | 385 | 371 | 393 | 385 | 10015149 68084 | 25394 | 118.01| 653 | 2.353
6.83| 33854| 3910144, 200 | 225 | 389 | 377 | 361 | 381 | 375 | 9978435| 91903 | 27532 |128.37| 659 | 2.354
8.05| 39802| 3953852 201 | 223 | 378 | 371 | 350 | 369 | 364 | 9930589 | 127339| 30011 | 139.95| 662 | 2.330

151




Table B4. HEMJ Experimenal ResultsatH = 0.90 mm with the Sealed Chamber

m Re a T T, Tc,s Tc,e Tc,4 Tc,z T, P, Dp h Nu K K.

[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

3.02| 20128| 1450477 31.5| 52.4 | 126 | 136 | 124 | 115 | 121 | 9864062 | 8399 19957 | 123.90| 997 | 1.687
3.82| 25411| 1393502| 31.8 | 47.7 | 111 | 121 | 109 | 101 | 107 | 9850328 | 13747 | 22912 | 142.89| 1009| 1.726
5.41| 36015| 1326148| 31.7 | 42.4 | 92.9| 104 | 91.5| 84.2| 89.4| 9754864 | 28327 | 28265 | 177.28| 1024 | 1.754
6.16 | 40950( 1306487 32.3 | 41.5|87.7{98.5| 86.4| 79.7| 84.6| 9716967 | 36955 | 30712 |192.68| 1027 | 1.756
6.94 | 46060( 1293455 32.6 | 40.7 | 83.4|94.0| 82.2| 75.9| 80.6| 9693123 | 47029 | 33159 | 208.15| 1030| 1.758
7.45| 49463| 1288710 32.7 | 40.2 | 80.8|91.4| 79.7| 73.7| 78.2| 9732932 | 54468 | 34802 |218.55| 1032|1.771
2.97|17246| 1442429 101 | 122 | 194 | 199 | 193 | 183 | 189 | 9781905| 9689 20209 |110.09| 845 | 1.631
4.02| 23416| 1402201 99.1 | 114 | 175|180 | 174 | 165 | 170 | 9736415| 18090 | 24379 | 133.86/ 860 | 1.660
5.01(29113| 1378131 100 | 112 | 165| 170 | 164 | 156 | 161 | 9678169 | 28516 | 27958 | 153.63| 864 | 1.671
5.92 | 34436| 1361903/ 100 | 110 | 157 | 163 | 157 | 149 | 154 | 9616066 | 40165 | 31120 |171.47| 870 | 1.677
6.90| 40136| 1355646, 100 | 109 | 152 | 157 | 151 | 144 | 148 | 9558557 | 55068 | 34515 |190.37| 873 | 1.681
7.91| 45925| 1357442 101 | 108 | 148 | 153 | 147 | 141 | 145 | 9537682 | 72301 | 38015 |209.54| 874 | 1.673
3.22| 15923| 1459986/ 200 | 220 | 291 | 296 | 290 | 276 | 284 | 9756713 | 14860 | 21582 | 100.89| 691 | 1.677
3.94| 19541| 1449499| 199 | 215 | 279 | 284 | 277 | 265 | 272 | 9664213 | 22440 | 24680 | 115.86| 698 | 1.675
4.97| 24623| 1439949| 200 | 213 | 268 | 273 | 267 | 255 | 261 | 9590104 | 36279 | 28822 |135.52| 702 | 1.688
5.94 | 29438| 1439205/ 200 | 210 | 260 | 265 | 259 | 247 | 254 | 9564937 | 52094 | 32618 | 153.66| 706 | 1.694
6.92 | 34228| 1444492, 200 | 210 | 255 | 261 | 254 | 243 | 249 | 9519401 | 70947 | 36404 |171.47| 708 | 1.691
7.86| 38961 | 1459113 200 | 208 | 250 | 255 | 249 | 238 | 244 | 9489628 | 90049 | 40203 | 189.66| 711 | 1.657
3.12|13539| 2081167 300 | 329 | 432 | 437 | 430 | 411 | 421 | 9525691 | 16725 | 21180 | 86.78 | 566 | 1.621
3.92(17041| 2091170 299 | 323 | 413 | 420 | 412 | 393 | 404 | 9503019 | 26817 | 24691 | 101.59| 573 | 1.642
4.90| 21269| 2111559] 300 | 318 | 399 | 405 | 398 | 380 | 390 | 9489245| 42023 | 28842 |118.94| 578 | 1.647
5.91| 25693| 2123397 299 | 314 | 387 | 393 | 386 | 369 | 378 | 9548644 | 61332 | 32904 | 136.10| 583 | 1.664
6.84 | 29729 2145028 299 | 313 | 380 | 386 | 379 | 362 | 371 | 9470131 | 82608 | 36636 | 151.62| 586 | 1.657
7.87|34178| 2182815 300 | 312 | 373 | 380 | 373 | 357 | 365 | 9406468 | 109057 41032 | 169.86| 588 | 1.640
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Table B4 (continued)HEMJ Experimenal ResultsatH = 0.90 mm with the Sealed Chamber

m Re a T T, Tc,s Tc,e Tc,4 Tc,z T, P, Dp h Nu K K.
[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]
3.00(11680| 735094 | 399 | 410 | 455 | 455 | 465 | 438 | 449 | 9890993 | 17509 | 17987 | 66.91| 507 | 1.619
3.99|15498| 818025 | 400 | 409 | 447 | 448 | 458 | 431 | 442 | 9856709 | 31691 | 23724 | 88.24 | 509 | 1.653
4.98| 19341 888905| 400 | 408 | 442 | 442 | 452 | 426 | 437 | 9792324 | 49876 | 29865 | 111.13| 511 | 1.658
5.82| 22630| 1266769 399 | 408 | 450 | 450 | 462 | 432 | 445 | 9786752 | 68254 | 34151 |127.12| 509 | 1.664
6.91| 26844 | 1337514) 399 | 408 | 446 | 445 | 457 | 428 | 440 | 9736255 | 96608 | 40304 | 150.03| 510 | 1.662
7.84| 30467| 1385375 399 | 407 | 442 | 442 | 452 | 425 | 437 | 9663454 | 124553| 45897 |170.91| 511 | 1.651
3.08| 11654 757181 | 424 | 435 | 487 | 486 | 486 | 472 | 479 | 9802410| 19358 | 17032 | 61.79 | 488 | 1.632
4.07| 15420| 843791 | 425 | 434 | 478 | 478 | 478 | 465 | 471 | 9783847 | 34718 | 22642 | 82.15| 490 | 1.664
5.08|19222| 938572 | 425 | 433 | 472 | 472 | 472 | 459 | 465 | 9754186 | 54530 | 29013 | 105.28| 491 | 1.674
5.89 | 22315| 904177 | 425 | 432 | 469 | 468 | 469 | 456 | 462 | 9730167 | 73766 | 30047 |109.13| 493 | 1.678
6.87 | 26034 937860 | 424 | 430 | 465 | 464 | 465 | 453 | 458 | 9676896 | 100267 34092 | 123.94| 494 | 1.670
7.55| 28611 952320 | 424 | 430 | 462 | 462 | 463 | 450 | 456 | 9633602 | 120976 36574 | 133.05| 495 | 1.664

153




Table B5. Flat Design Experiment&esultsatH = 1.25 mm with the Sealed Chamber

m Re a T T, Tc,a Tc,6 Tc,4 Tc,z T, P, Dp h Nu K K.

[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

3.06| 23103| 2884257 31.7 | 73.0| 196 | 222 | 261 | 288 | 263 | 9385286 | 11933 | 18341 |126.49| 907 | 2.225
4.02| 30377| 2846347 31.8 | 62.8 | 164 | 191 | 229 | 264 | 234 | 9401575| 21465 | 20699 | 144.21| 930 | 2.317
4.88| 36849| 2827345| 31.6 | 56.9 | 145 | 171 | 208 | 250 | 216 | 9393440 | 32082 | 22527 |157.92| 945 | 2.356
5.83| 44067| 2797335| 31.3 | 52.2 | 127 | 154 | 191 | 237 | 201 | 9384359 | 46717 | 24293 |171.19| 957 | 2.402
6.90| 52169| 2790888 31.3 | 49.0 | 113 | 139 | 176 | 227 | 188 | 9345970| 66177 | 26241 |185.52| 967 | 2.417
8.10| 61184| 2795597 31.5| 46.6 | 101 | 128 | 164 | 218 | 177 | 9302455| 91679 | 28223 | 200.02| 974 | 2.420
2.91(19217| 2114383 100 | 132 | 221 | 242 | 277 | 311 | 283 | 9734679 | 12473 | 17043 |104.46| 798 | 2.171
4.04| 26639| 2551420; 100 | 128 | 213 | 238 | 272 | 314 | 281 | 9607804 | 26005 | 20792 |127.92| 802 | 2.327
4.95| 32677| 2596579 100 | 123 | 198 | 223 | 257 | 300 | 266 | 9478973 | 39940 | 22952 |141.85| 812 | 2.348
5.91|38991| 2647913 100 | 119 | 186 | 211 | 246 | 291 | 256 | 9530098 | 58020 | 24967 | 154.78| 819 | 2.410
6.95| 45870( 2708582 100 | 117 | 175 | 201 | 236 | 282 | 246 | 9463931 | 81365 | 27144 |168.71| 825 | 2.429
8.03 | 53025| 2753221| 100 | 115 | 166 | 193 | 228 | 275 | 238 | 9395475| 108790 29182 | 181.67| 829 | 2.411
3.07|17261| 1696789 200 | 224 | 289 | 305 | 337 | 354 | 336 | 9779067 | 17528 | 18273 | 96.72 | 672 | 2.180
4.04| 22740| 1769369 199 | 218 | 273 | 289 | 320 | 336 | 320 | 9672876 | 31688 | 21547 |114.59| 680 | 2.256
4.96| 27895| 1808211 200 | 216 | 263 | 279 | 311 | 327 | 310 | 9607050 | 49136 | 24092 |128.26| 684 | 2.298
5.90| 33117| 1844613 200 | 214 | 256 | 272 | 303 | 319 | 303 | 9556708 | 70513 | 26559 |141.48| 687 | 2.320
7.03|39511| 1882796, 200 | 211 | 247 | 263 | 294 | 311 | 294 | 9467312 | 101791 29333 | 156.64| 692 | 2.340
7.89|44370( 1920377 200 | 210 | 242 | 259 | 289 | 306 | 289 | 9412006 | 128868, 31630 |169.01| 694 | 2.335
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Table B5 (continued)Flat DesignExperimenal ResultsatH = 1.25 mm with the Sealed Chamber

m Re a T T, Tc,a Tc,6 Tc,4 Tc,z T, P, Dp h Nu K K.

[ors] | [-] | [W/m?] [°C] [Pa] [W/m?K] [-]

4.95| 24392| 1898026| 300 | 316 | 365 | 383 | 413 | 406 | 403 | 9347301 | 59310 | 26891 |125.95| 575 | 2.240
5.92|29134| 1922868 300 | 314 | 356 | 373 | 403 | 399 | 395 | 9331310| 86379 | 29830 |139.87| 578 | 2.280
6.98 | 34369 1941374, 300 | 312 | 347 | 364 | 393 | 394 | 387 | 9349836 | 120212, 32860 |154.29| 581 | 2.286
7.73|38116( 1972598 300 | 311 | 342 | 359 | 387 | 390 | 382 | 9354603 | 147951, 35196 | 165.40| 583 | 2.291
3.14|13832| 1679365 399 | 422 | 491 | 509 | 541 | 519 | 525 | 9734566 | 25942 | 19596 | 82.17 | 487 | 2.166
3.94|17378| 1748458 400 | 419 | 477 | 495 | 526 | 507 | 512 | 9666171 | 42019 | 22940 | 96.33 | 491 | 2.203
4.67| 20572| 1796762 400 | 416 | 468 | 485 | 516 | 497 | 502 | 9613328 | 60272 | 25915 | 108.96| 494 | 2.243
5.90| 26016| 1865592 399 | 413 | 455 | 473 | 503 | 486 | 490 | 9521877 | 98989 | 30372 |127.92| 497 | 2.283
6.82| 30107| 1902420 398 | 411 | 448 | 466 | 495 | 478 | 482 | 9413509 | 134237, 33499 |141.36| 500 | 2.295
3.40| 14620| 1088054 424 | 438 | 489 | 502 | 522 | 511 | 513 | 9654654 | 32266 | 18007 | 73.99 | 480 | 2.189
4.21|18118| 1157924| 424 | 436 | 479 | 492 | 511 | 504 | 504 | 9670131 | 50252 | 21290 | 87.62 | 483 | 2.228
6.06 | 26023| 1283196 425 | 434 | 466 | 479 | 497 | 497 | 493 | 9620618 | 107041| 27704 |114.04| 485 | 2.281
6.97| 29917| 1342263 426 | 434 | 462 | 476 | 494 | 496 | 491 | 9610950 | 142318| 30487 |125.42| 485 | 2.284
7.38| 31749| 1363611 424 | 432 | 458 | 471 | 489 | 493 | 487 | 9600384 | 159538, 31924 | 131.60| 487 | 2.286
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B.2. Numerical Data

Table B6. HEMJ Simulation ResultatH = 0.90 mm Based on Experiments with the Sealed Chamber

m Re ai T | T P, h Nu K.
[ors] | [-] | Wim? [°C] [Pa] | [W/m* K [-]
3.02 | 20128| 1450477 31.5| 126 | 9971911| 18830 | 116.90| 1.777
3.82| 25411| 1393502| 31.8 | 110 | 9963564 | 21858 | 136.32| 1.787
5.41| 36015| 1326148| 31.7 | 91.3| 9883131| 27398 |171.84| 1.813
6.16 | 40950| 1306487| 32.3 | 86.1| 9854308 | 29861 | 187.34| 1.822
6.94 | 46060| 1293455/ 32.6 | 81.8| 9841003 | 32310 | 202.82| 1.827
7.45| 49463| 1288710| 32.7 | 79.4| 9888194 | 33922 | 213.03| 1.830
2.97| 17246| 1442429 101 | 193 | 9891417 | 19147 | 104.31| 1.770
4.02| 23416| 1402201 99 | 174 | 9854821 | 23184 |127.30|1.781
5.01| 29113| 1378131] 100 | 164 | 9807784 | 26700 | 146.72| 1.794
5.92| 34436| 1361903| 100 | 156 | 9758362 | 29752 | 163.93| 1.807
6.90| 40136| 1355646| 100 | 151 | 9717131 32948 | 181.72| 1.818
7.91| 45925| 1357442 101 | 147 | 9715541 | 36103 | 199.00| 1.824
3.22| 15923 1459986| 200 | 287 | 9871342 | 20797 97.22 | 1.764
3.94| 19541| 1449499| 199 | 275 | 9786927 | 23626 |110.91| 1.770
4.97| 24623| 1439949 200 | 265 | 9727385| 27383 |128.75|1.781
5.94| 29438| 1439205| 200 | 257 | 9719039| 30703 | 144.64| 1.792
6.92| 34228| 1444492 200 | 253 | 9694062 | 33907 | 159.71| 1.804
7.86| 38961| 1459113| 200 | 248 | 9687240| 36925 |174.20| 1.814
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Table B6 (continued)HEMJ Simulation ResultatH = 0.90 mm Based on Experiments with the Sealed Chamber

m Re ai T | T P, h Nu K.
[os] | [-] | [W/m?] [°C] [Pa] | [W/m* K [-]
3.12| 13539| 2081167 300 | 423 | 9642865| 20864 | 85.49| 1.761
3.92| 17041| 2091170] 299 | 406 | 9630867 | 24090 | 99.12 | 1.766
4.90| 21269| 2111559| 300 | 393 | 9633520| 27733 |114.37| 1.774
5.91| 25693| 2123397| 299 | 382 | 9713342 | 31273 | 129.35| 1.783
6.84| 29729| 2145028 299 | 376 | 9658418 | 34387 | 142.32| 1.791
7.87|34178| 2182815 300 | 371 | 9625327| 37702 | 156.07| 1.803
3.00| 11680, 735094 | 399 | 442 | 10008959 20959 77.96 | 1.754
3.99| 15498| 818025 | 400 | 440 | 9989430 25011 93.02 | 1.758
4.98| 19341| 888905 | 400 | 438 | 9944436| 28743 |106.95| 1.766
5.82| 22630| 1266769 399 | 448 | 9958511 | 31698 |117.99| 1.774
6.91| 26844 | 1337514| 399 | 446 | 9938810| 35381 | 131.71|1.782
7.84| 30467| 1385375 399 | 444 | 9897502 | 38412 | 143.03| 1.790
3.08| 11654| 757181 | 424 | 468 | 9922213 | 21367 77.52 | 1.753
4.07| 15420| 843791 | 425 | 466 | 9919530| 25449 92.34 | 1.758
5.08| 19222| 938572 | 425 | 465 | 9910686| 29233 | 106.08| 1.766
5.89| 22315| 904177 | 425 | 460 | 9907034 | 32135 | 116.71| 1.772
6.87| 26034| 937860 | 424 | 457 | 9882731| 35451 | 128.88| 1.780
7.55| 28611| 952320 | 424 | 455 | 9862395| 37666 | 137.02| 1.785
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TableB.7. Flat Design Simulation ResulééH = 1.25 mm Based on Experiments with the Sealed Chamber

m Re ai T | T P, h Nu K.
[o/s] | [-] | Wim? [°C] [Pa] | [W/m* K [-]
3.06| 23103| 2884257| 31.7 | 243 | 9493653| 20090 | 138.55| 1.746
4.02| 30377| 2846347 31.8 | 205 | 9516037 | 24136 |168.16| 1.669
4.88| 36849| 2827345| 31.6 | 184 | 9514727| 27345 |191.70| 1.636
5.83| 44067| 2797335| 31.3 | 164 | 9515844 | 30900 |217.75| 1.670
6.90| 52169| 2790888 31.3 | 149 | 9492570| 34738 | 245.60| 1.738
8.10| 61184| 2795597 31.5 | 137 | 9469677 | 38992 |276.34| 1.801
2.91|19217| 2114383 100 | 255 | 9843192| 20050 | 122.90| 1.656
4.04 | 26639| 2551420] 100 | 252 | 9725467 | 24709 |152.02|1.670
4.95| 32677| 2596579| 100 | 235 | 9605657 | 28329 |175.08| 1.628
5.91|38991| 2647913 100 | 222 | 9669598 | 31762 | 196.90| 1.682
6.95| 45870| 2708582 100 | 212 | 9618726| 35525 | 220.80| 1.665
8.03| 53025| 2753221| 100 | 203 | 9571668| 39295 |244.63|1.711
3.07| 17261| 1696789 200 | 317 | 9891397 | 21333 | 112.92| 1.658
4.04|22740| 1769369 199 | 301 | 9795968| 25407 |135.12|1.715
496| 27895| 1808211| 200 | 291 | 9741885| 29062 |154.71| 1.676
5.90| 33117| 1844613 200 | 283 | 9704147| 32739 |174.40| 1.594
7.03| 39511| 1882796/ 200 | 275 | 9639771| 36698 | 195.97| 1.689
7.89|44370| 1920377 200 | 271 | 9607267 | 39595 |211.58|1.744
3.21| 15814| 1844122 299 | 420 | 9386168| 22435 | 104.62| 1.649
4.22 | 20840| 1887124 298 | 402 | 9401854 | 26621 |124.71| 1.647
4.95| 24392| 1898026| 300 | 394 | 9492280| 29516 |138.25|1.737
5.92|29134| 1922868 300 | 385 | 9491747| 33345 | 156.35| 1.621
6.98 | 34369| 1941374 300 | 377 | 9534946| 37219 |174.76| 1.637
7.73| 38116| 1972598 300 | 372 | 9559480| 39871 | 187.38| 1.639
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Table B7 (continued)Flat Design SimulatioResultsatH = 1.25 mm Based on Experiments with the Sealed Chamber

m Re ai T | T P, h Nu K.
[o/s] | [-] | Wim? [°C] [Pa] | [W/m* K [-]
3.14| 13832| 1679365| 399 | 509 | 9853104 | 22453 94.15|1.631
3.94| 17378| 1748458 400 | 499 | 9796637 | 25935 | 108.91| 1.650
4.67| 20572| 1796762 400 | 491 | 9759283| 28835 |121.24|1.747
5.90| 26016| 1865592 399 | 481 | 9693930| 33660 | 141.77| 1.685
6.82| 30107| 1902420| 398 | 474 | 9620234 | 36863 | 155.56| 1.841
3.40| 14620| 1088054 424 | 492 | 9777331| 23831 97.92 | 1.606
4.21118118| 1157924 424 | 486 | 9806440| 27206 |111.96|1.654
6.06 | 26023| 1283196 425 | 480 | 9795061 | 34426 |141.72| 1.608
6.97| 29917| 1342263 426 | 478 | 9810831| 37917 | 155.99| 1.619
7.38| 31749| 1363611 424 | 475 | 9812211| 39261 | 161.85| 1.617
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Table B8. HEMJ Simulation Resultat Prototypical Conditions (Undeformed Geometry).

m Re Tmax -?C Tcs,max Tcs,min pi ﬁ m KL svmax MaX D_I
[ofs]| [-] [°C] [Pa] | [W/m* K [-] [MPa] | [mm]
3.09| 10000| 1838 | 1183| 1242 | 1078 | 10026847, 21128 | 62.55| 1.810| 342 0.225
4.63| 15000| 1703 | 1048| 1100 | 955 | 10059600 27531 | 82.97 | 1.786| 365 0.224
6.18| 20000| 1623 | 970 | 1018 | 886 | 10103092 33273 | 101.19| 1.738| 377 0.225
6.80| 22023| 1597 | 945 | 992 | 862 | 10128401 35740 | 108.96| 1.785| 381 0.234
7.72| 25000| 1569 | 919 | 964 | 842 | 10166550 38595 | 118.02| 1.797| 386 0.224
9.26| 30000| 1530 | 883 | 925 | 811 | 10240124 43539 | 133.63| 1.799| 393 0.224
10.8| 35000| 1500 | 855 | 895 | 787 | 10325209 48335 | 148.74| 1.790| 398 0.224
12.4] 40000| 1476| 833 | 871 | 768 | 10425059 52950 | 163.27| 1.792| 403 0.224
13.9| 45000| 1455| 814 | 852 | 753 | 10543736 57465 |177.47| 1.811| 406 0.224
15.4| 50000| 1438 | 799 | 835 | 740 | 10671333 61856 |191.27|1.811| 410 0.225
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Table B9. HEMJ Simulation Resultat Prototypical Conditions (Deformed Geometry).

m Re Tmax i Tcs,max Tcs,min pi ﬁ m KL

[o/s]| [-] [°C] [Pa] | [W/m* K [-]
3.09| 10000| 1858 | 1199| 1260 | 1100 | 10022942] 20579 | 60.86 | 1.547

4.63| 15000| 1741|1052| 1142 | 986 | 10054862 27247 | 81.80 | 1.644

6.18| 20000| 1712 | 976 | 1106 | 969 | 10091764 32767 | 99.46 | 1.547

6.80| 22023| 1613 | 957 | 1004 | 882 | 10116409 34534 | 105.09| 1.619

7.72| 25000| 1582 | 927 | 973 | 855 | 10147532 37669 | 115.03| 1.592

9.26| 30000| 1543 | 892 | 933 | 823 | 10219646/ 42234 | 129.52| 1.646

10.8| 35000| 1511 | 863 | 901 | 798 | 10296266/ 46875 | 144.15| 1.631

12.4| 40000| 1487 | 840 | 878 | 778 | 10403832] 51288 | 158.10| 1.702

13.9| 45000| 1467 | 822 | 858 | 763 | 10489964 55539 |171.47|1.632

15.4| 50000| 1450 | 806 | 842 | 750 | 10604379 59686 | 184.53| 1.630
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Table B10. Simulation Result$or the Flat Desigmt Prototypical Conditions (Undeformed Geometry).

m Re Tmax -?C Tcs,max Tcs,min pi ﬁ m KL svmax MaX D_I
[ofs]| [-] [°C] [Pa] | [W/m* K [-] [MPa] | [mm]
3.09| 11346| 1836 | 1265| 1321 | 1208 | 10024560 22126 | 74.44 | 1.656| 299 0.223
4.63| 17019| 1673| 1093| 1178 | 879 | 10053463 29829 | 102.07| 1.602| 384 0.215
6.18| 22692| 1597 | 1021| 1071 | 968 | 10106920 34936 | 120.61| 1.803| 372 0.220
6.80 | 25000 1570 | 994 | 1049 | 941 | 10119465 37311 |129.05/ 1.661| 379 0.222
7.72| 28365| 1540 | 965 | 1015| 912 | 10168473 40272 |139.76| 1.818| 388 0.220
9.26| 34038| 1495| 922 | 971 | 871 | 10228391] 45644 | 158.95/ 1.711| 401 0.221
10.8| 39712| 1461 | 891 | 939 | 840 | 10320418 50634 |176.81| 1.764| 411 0.220
12.4] 45385| 1434 | 865 | 912 | 815 | 10404396| 55606 | 194.54| 1.704| 421 0.221
13.9| 51058| 1411 | 844 | 891 | 795 | 10520662 60380 | 211.59|1.734| 428 0.221
15.4|56731| 1393 | 827 | 874 | 779 | 10614804 64942 | 227.89| 1.658| 435 0.222
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Table B11 Simulation Result$or the Flat Desigmt Prototypical Conditions (Bformed Geometry).

m Re Tmax i Tcs,max Tcs,min pi ﬁ m KL
[o/s]| [-] [°C] [Pa] | Wim* K [-]
3.09| 11346| 1836 | 1251| 1317 | 1153 | 10027646/ 22607 | 75.87 | 1.864
4.63|17019| 1675| 1088| 1147 | 1006 | 10059590 30172 | 103.11| 1.786
6.18| 22692| 1584 | 998 | 1059 | 917 | 10093074 36973 | 127.49| 1.569
6.80| 25000| 1549 | 964 | 1023 | 876 | 10110706/ 40434 | 139.79| 1.539
7.72| 28365| 1513 | 930 | 988 | 844 | 10150836/ 44581 | 154.60| 1.628
9.26| 34038| 1465| 884 | 943 | 803 | 10216959 51754 | 180.15| 1.626
10.8| 39712| 1435| 857 | 915 | 774 | 10324701 57363 |200.25| 1.787
12.4] 45385| 1408 | 831 | 891 | 752 | 10386773 63639 |222.57|1.630
13.9| 51058| 1386 | 811 | 871 | 734 | 10487287 69694 | 244.13| 1.623
15.4|56731| 1355| 784 | 834 | 716 | 10616596/ 80097 | 280.93| 1.663
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Table B12. Jet ArrayOptimization Results fod = 0.50 mm at Prototypical Conditians

: D | Toax | T P, h Nu K. | §,™ | Max DH
Jet Design

[mm] [°C] [MPa] | [W/m? K [—] [MPa] [mm]

A 3.120| 1668 | 943 | 10246571 35870 | 328.44|3.428| 418 0.229
B 1.178| 982 | 1720| 10145848 10977 | 37.96 | 2.028| 365 0.227
C 0.865| 1726 | 994 | 10131838 31234 | 79.27 | 1.833| 348 0.230
D 1.178| 1713 | 972 | 10138172] 33077 | 114.40| 1.921| 464 0.229
E 0.865| 1698 | 959 | 10121076 34224 | 86.85 | 1.683| 383 0.230
F 0.715| 1689 | 951 | 10124936 35025 | 73.53 | 1.737| 401 0.232
G 0.624| 1681 | 947 | 10121850 35414 | 64.81|1.694| 381 0.231
H 0.624| 1683 | 946 | 10127688 35555 | 65.07 | 1.775| 402 0.232
I 1.040| 1684 | 947 | 10130516| 35454 | 108.21| 1.815| 398 0.227
J 3.120| 1497 | 991 | 10216496 37607 | 344.35|3.010| 381 0.224
K 1.178 | 1480 | 979 | 10134930 38827 | 134.29| 1.876| 398 0.229
L 0.715| 1443 | 944 | 10162228 42727 | 89.69 | 2.256| 437 0.236
M 0.624| 1392 | 903 | 10122081 48561 | 88.87 | 1.697| 438 0.241
N 0.624| 1501 | 1005| 10132614 36307 | 66.44 | 1.844| 413 0.230
(@) 0.513| 1445| 946 | 10139378 42463 | 63.88 | 1.938| 397 0.230
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Table B13. Jet ArrayOptimization Results fod = 0.75mm at Prototypical Conditions.

: D | Toax | T P, h Nu K. | §,™ | Max DH
Jet Design

[mm] [°C] [MPa] | [W/m? K [—] [MPa] [mm]

A 3.120| 1745| 1013| 10167916 29760 | 272.50| 2.335| 361 0.217
B 1.178| 1713 | 975 | 10117408 32823 | 113.52| 1.632| 361 0.226
C 0.865| 1723 | 990 | 10123893 31546 | 80.06 | 1.723| 344 0.228
D 1.178| 1709 | 968 | 10118499 33413 | 115.56| 1.648| 460 0.226
E 0.865| 1701 | 962 | 10120366/ 33987 | 86.25 | 1.674| 386 0.229
F 0.715| 1690 | 952 | 10122171 34934 | 73.34 | 1.699| 402 0.227
G 0.624| 1687 | 952 | 10118311] 34916 | 63.90 | 1.645| 384 0.228
H 0.624| 1678 | 941 | 10127522 36061 | 65.99 | 1.773| 401 0.228
I 1.040| 1685 | 948 | 10126785 35370 | 107.95| 1.763| 390 0.228
J 3.120| 1532 | 1025| 10153389 34570 | 316.54| 2.133| 375 0.218
K 1.178| 1585 | 1005| 10125450, 36294 | 125.53| 1.744| 388 0.223
L 0.715| 1467 | 967 | 10147481 40114 | 84.21 | 2.051| 408 0.226
M 0.624 | 1453 | 958 | 10136853 41042 | 75.11|1.903| 431 0.229
N 0.624| 1450 | 957 | 10133804 41239 | 75.47 | 1.860| 430 0.228
(@) 0.513| 1441 | 943 | 10156294 42830 | 64.43 | 2.173| 403 0.229
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Table B14. Jet ArrayOptimization Results fod = 090 mm at Prototypical Conditions.

: D | Toax | T P, h Nu K. | §,™ | Max DH
Jet Design

[mm] [°C] [MPa] | [W/m? K [—] [MPa] [mm]

A 3.120| 1751 | 1019| 10142790 29370 | 268.92| 1.985| 354 0.215
B 1.178| 1710| 971 | 10112609 33120 | 114.55| 1.566| 357 0.225
C 0.865| 1723 | 990 | 10122693 31540 | 80.04 | 1.706| 343 0.225
D 1.178| 1647 | 910 | 10294884 39662 | 137.17| 4.100| 377 0.222
E 0.865| 1700| 960 | 10120795 34157 | 86.69 | 1.680| 385 0.228
F 0.715| 1690 | 951 | 10122220 35003 | 73.48 | 1.699| 400 0.225
G 0.624| 1688 | 953 | 10118326/ 34805 | 63.70 | 1.645| 379 0.226
H 0.624| 1680 | 942 | 10135265 35985 | 65.85|1.881| 395 0.226
I 1.040| 1597 | 945 | 10128401 35740 |108.96| 1.785| 381 0.235
J 3.120| 1540| 1035| 10137390 33830 | 309.76| 1.910| 351 0.222
K 1.178| 1575 | 997 | 10121958 37065 | 128.19| 1.696| 391 0.223
L 0.715| 1475| 976 | 10141567, 39123 | 82.13 | 1.968| 383 0.224
M 0.624| 1478 | 981 | 10125867, 38590 | 70.62 | 1.750| 435 0.224
N 0.624| 1490 | 993 | 10141000 37408 | 68.46 | 1.960| 426 0.230
(@) 0.513| 1462 | 963 | 10132552 40541 | 60.99 | 1.843| 395 0.225
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Table B15. Jet ArrayOptimization Results fod = 1.25mm at Prototypical Conditions.

: D | Toax | T P, h Nu K. | §,™ | Max DH
Jet Design

[mm] [°C] [MPa] | [W/m? K [—] [MPa] [mm]

A 3.120| 1728 | 995 | 10119429 31129 | 285.03| 1.661| 335 0.216
B 1.178| 1708 | 969 | 10113796 33306 | 115.19| 1.582| 357 0.222
C 0.865| 1728 | 994 | 10121720 31227 | 79.25|1.692| 342 0.221
D 1.178| 1708 | 968 | 10202400, 33450 | 115.69| 2.814| 357 0.220
E 0.865| 1705| 964 | 10122537, 33735 | 85.61 | 1.704| 380 0.224
F 0.715| 1699 | 959 | 10123920 34237 | 71.87 | 1.723| 390 0.221
G 0.624| 1696 | 960 | 10119234 34118 | 62.44 | 1.658| 370 0.223
H 0.624| 1695| 956 | 10133773 34539 | 63.21 |1.860| 388 0.222
I 1.040| 1684 | 947 | 10129154 35469 | 108.25| 1.796| 401 0.219
J 3.120| 1527 | 1025| 10124854, 34617 | 316.97| 1.736| 354 0.216
K 1.178| 1570 | 994 | 10119465 37311 |129.04| 1.661| 379 0.222
L 0.715| 1432 | 935 | 10161848 43880 | 92.11 | 2.250| 419 0.229
M 0.624| 1490 | 993 | 10128823 37401 | 68.45|1.791| 426 0.220
N 0.624| 1490| 991 | 10137000 37609 | 68.83 | 1.905| 421 0.220
(@) 0.513| 1447 | 948 | 10141276 42222 | 63.52 | 1.964| 398 0.221
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Table B16. Jet ArrayOptimization Results fod = 1.50mm at Prototypical Conditions.

: D | Toax | T P, h Nu K. | §,™ | Max DH
Jet Design

[mm] [°C] [MPa] | [W/m? K [—] [MPa] [mm]

A 3.120| 1729| 995 | 10112904 31103 | 284.79| 1.570| 330 0.215
B 1.178| 1708 | 970 | 10114274 33268 | 115.06| 1.589| 355 0.221
C 0.865| 1732 | 998 | 10121397, 30881 | 78.37 | 1.688| 341 0.217
D 1.178| 1726 | 984 | 10154820, 32029 | 110.77| 2.153| 446 0.216
E 0.865| 1710| 969 | 10123650 33305 | 84.52 |1.719| 376 0.221
F 0.715| 1704 | 964 | 10124991 33764 | 70.88 | 1.738| 385 0.219
G 0.624| 1704 | 968 | 10119740 33436 | 61.19 | 1.665| 362 0.220
H 0.624| 1707 | 967 | 10143373 33531 | 61.36 | 1.993| 379 0.219
I 1.040| 1699 | 960 | 10130958 34173 | 104.30| 1.821| 373 0.219
J 3.120| 1520| 1020| 10122638 35027 | 320.72| 1.705| 346 0.217
K 1.178 | 1578 | 1003| 10122340 36505 | 126.25|1.701| 374 0.217
L 0.715| 1502 | 1003| 10137473 36472 | 76.56 | 1.911| 366 0.216
M 0.624 | 1498 | 1002| 10129756 36609 | 67.00 | 1.804| 420 0.223
N 0.624| 1493 | 995 | 10127000 37256 | 68.18 | 1.766| 413 0.215
(@) 0.513| 1437 | 939 | 10137564 43367 | 65.24 | 1.913| 405 0.221
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APPENDIX C: MATERIAL PROPERTIES

Accurate material properties are required to enthweevalidity ofthe results and
conclusions drawn from experimental data and numerical simulatidiss section
summarizes the solid and coolant material propetti@s wereused to perform the
calculationspresented in this thesisThese properties were obtained from a number of

different sources, aneémperaturelependent properties wanieed whenesr possible.

C.1. Fluid Properties

All of the experiments in this work were conducted with a single coolant: high
purity (99.997%) helium at approximately 10 MPa. Calculations involving helium
properties were therefore performed assuming that the properties only changed with
temperature, rad obeyed the ideal gas law.able C1 shows the temperatutiependent

properties of helium at 10 MPa based on data available from [OBT

Table C1. Temperatur@lependent properties of He at 10 MP4.

T(K) | 7 (kgi?) | ¢, (Ikg:K) | M( uPa k (WmK)
250 18.23 5191 18.10 0.144
275 16.66 5189 19.19 0.153
300 15.34 5187 20.26 0.162
325 14.22 5186 21.36 0.171
350 13.24 5185 22.44 0.179
375 12.40 5185 23.50 0.188
400 11.65 5185 24.54 0.196
425 10.99 5185 2557 0.204
450 10.40 5185 26.58 0.212
475 9.866 5185 27.58 0.220
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Table C1 (continued). Temperatwgependent properties of He at 10 MP4].

T(K) | 7 (kai?) | ¢, (Ikg:K) | M( uPa k (WmK)
500 9.387 5185 28.56 0.228
525 8.953 5185 29.54 0.235
550 8.556 5185 30.50 0.243
575 8.194 5186 31.45 0.250
600 7.860 5186 32.38 0.257
625 7.553 5186 33.31 0.265
650 7.269 5186 34.23 0.272
675 7.005 5186 35.14 0.279
700 6.760 5187 36.04 0.286
725 6.531 5187 36.93 0.293
750 6.318 5187 37.81 0.300
775 6.118 5187 38.69 0.307
800 5.930 5187 39.56 0.313
825 5.753 5187 40.42 0.320
850 5.586 5188 41.27 0.327
875 5.429 5188 42.12 0.333
900 5.281 5188 42.96 0.340
925 5.140 5188 43.79 0.346
950 5.007 5188 44.62 0.352
975 4.880 5188 45.45 0.359
1000 | 4.760 5188 46.26 0.365

C.2. Solid Material Properties

The divertor modules used in this work were composed of two different tungsten
alloys: MT185andWL10. Since only steadstate conduction through the module was
studied here, the most important solid material propertythesteermal conductivity. The
thermal conductivity of WL10 was reported by Roedigal who performed laser flash
measurements at temperatures ranging froiftb 1400°C [92]. Table C2 shows the

discrete WL10 thermal conductivity values at seven different temperatures.
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Table C2. Temperatur@ependent thermal conductivity MWL10[92].

T (K) ks,WLlO (W/m-K)
297.07 176.50
373.15 170.83
673.15 139.03
1073.15 127.58
1273.15 115.92
1473.15 111.79
1673.15 108.99

These values were fitted with seconeorder polynomial Eq. 35) to obtain thermal
conductivity values between each discrete temperature.

The thermal conductivity of MT18&as based on laser flash measuresiahkien
at ORNLfor temperatures ranging from ~2C to ~727°C[32]. The thermal conductivity
at15 different temperatures are givernmiable C3. These data were fitted to arthorder

polynomial €q. 36) and used for the calculations in the experith@md simulations

Table C3. Temperatur@ependat thermal conductivity oMT185[32].

T (K) ks,MT185 (W/m:-K)
300 80.46
350 81.94
400 83.23
450 84.37
500 85.36
550 86.23
600 86.98
650 87.63
700 88.16
750 88.60
800 88.93
850 89.17
900 89.32
950 89.38
1000 89.34
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APPENDIX D: UNCERTAINTY ANALYSIS

This appendix summarizes the procedure used to estimat@dbgainties in the
experimental results. The total uncertainty for derived quanteigs Qeat flux,Nusselt
number, loss coefficient) was determined using a standardpopagation procedure that
includes uncertainty in thendependent variabled.€., measured quantities, material
properties, and geometric dimensipnsThe error propagatiorior a deived result

R= (X%, %,..., %) was calculated usintpe rootsumsquare technique

VRCIM LR (0.1)

where X is an independent variablél, is the uncertainty interval ok , andUy, is the

total uncertaintyof R [102. The partial derivative terms are known as sensitivity
coefficients, which provide a reasonable approximation of ther gropagation if

variations inx, are small.

D.1. Uncertainty in the Geometric Dimensions
The uncertainty in the geometric dimensions of the test sections used in this work

are summarized ifable D1. These uncertainties haveetBmallest contribution to the

total uncertainties of the derived results.

172



Table D1. Uncertainty in the geometric dimensions.

Dimension| Uncertainty | Units
D, 0.05 mm
D, 0.05 mm
a-. 0.10 mm
A 2.03 mmn?
A 1.33 mny
A 0.09 mny

D.2. Uncertainty in the Material Properties

The uncertainty in the material properties of the solids and coolant was either
assumed to be that specified by the supplier, or conservatiselymed to bas great as

10%. These uncertainties are summarize@lahle D2.

Table D2. Uncertainty in the material properties.

Material or Coolant| Property | Uncertainty (%)
CIO 5
Helium K 5
m 10
MT185 K, 5
WL10 K, 5
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D.3. Uncertainty in the Instruments

The uncertainties for athe measuremeimstrumenationused in this work were

available from the manufacturer. Each instrument and its associated uncertainty is listed

in Table D3.

Table D3. Uncertainty in théenstruments

Instrument Uncertainty Units
Dwyer 62616-GH-P1-E2-S1 25855 Pa

OMEGA KMQXL -020U-6 L1(<275°C) | o

0.004T (= 275°C)
OMEGA P-M-A-1/8-6-0-TS-8 0.15 + 0.007 °C
OMEGA PX3092KGl 34474 Pa
Rosemount 1151DP4E22 12 Pa
Rosemount 1192IP5S22 329 Pa

174



[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

REFERENCES

IPCC, "Climate Change 2014: Synthesis Report. Contribution of Working Groups
[, 1l and 1l to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change," IPCC, Geneva, Switzerland, 2014.

J. R. Petit, J. Jouzel, D. Raynaud, N. |. Barkov, J. M. Barnola, |. Basila,
"Climate and Atmospheric History of the Pd420,000 Years from the Vostok Ice
Core, Antarctica," ed, 1999.

NASA. (2016).Global Climate Change: Vital Signs of the Planet: Carbon Diaxide
Available: http://climate.nasa.gov/vitaigns/carbordioxide/

FESAC, "Report on Strategic Planning,"SJ Department of Energy Office of
Science, 2014.

T. E. Brown, H. E. LeMay, B. E. Bursten, C. Murphy, P. Woodward, and M. E.
Stoltzfus,Chemistry: The Central Sciend@earson Education, 2017.

S. Atzeni, J. Meyeter-Vehn, The Physics of Inertial d#sion: Beam Plasma
Interaction, Hydrodynamics, Hot Dense Matt€tarendon Pres®xford, 2004.

"Fusion- A Clean Future," ed. Culham Centre for Fusion Energy, 2012.

D. Bradley, Jaskula B., "Lithiumfor Harnessing Renewable Energy: U.S.
Geological sirvey Fact Sheet 2033035," 2014.

M. Steinberg and V. D. Dan@reliminary Design and Analysis of a Process for
the Extraction of Lithium from Seawat®&rookhaven National Lab, 1975.

E. BohmVitense, Introduction to Stellar Astrophysic<Cambridje University
Press, 1992.

L. Spitzer, "The Stellarator ConcepBhysics of Fluidsyol. 1, pp. 25364, 1958.

R. Wolf, "Fusion Research: On the Way to a New Primary Energy Source ", ed,
2013.

V. P. Smirnov, "Tokamak Foundation WSSRRussa 1956-1990.," Nuclear
Fusion,vol. 50, p. 014003, 2010.

175



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

ITEROrganization Available: https://www.iter.org/

M. Abdou, N. B. Morley, S. Smolentsev, A. Ying, S. Malang, A. Rowcliéfeal,
"Blanket/First Wall Challenges and Required R&D on the Pathway to Demo,"
Fusion Engineering and Desigmol. 100, pp. 243, 2015.

G. H. Neilson, G. Federici, J. Li, D. Maisonnier, and R. Wolf, "Summary of the
International Workshop on Magnetic Fusi&nergy MFE) Roadmapping in the
ITER Era,"Nuclear Fusionyol. 52, p. 047001, 2012.

P. C. StangebyThe Plasma Boundary of Magnetic Fusion Devigek 224:
Institute of Physics Publishing Bristol, 2000.

EUROfusion. (2016)Snowflake and th#&lultiple Divertor ConceptsAvailable:
https://www.eurefusion.org/newsletter/divertaroncepts/

Y. lgitkhanov, B. Bazylev, and R. Fetz8he Quantification of the Key Physics
Parameters for thdEMO Fusion Power Reactor and Analysis of the Reactor
Relevant Physics IssugsIT Scientific Publishing, 2015.

M. Kotschenreuther, P. Valanju, S. Mahajan, L. J. Zheng, L. D. Pearlstein, R. H.
Bulmer, et al, "The Super X Divertor §XD) and a Compact Fusion Neutron
Source CFNS)," Nuclear Fusionyol. 50,p. 035003, 2010.

D. D. Ryutov, R. H. Cohen, T. D. Rognlien, and M. V. Umansky, "A Snowflake
Divertor: A Possible Solution to the Power Exhaust Problem for Tokamaks,
Plasma Physics and Controlled Fusimo). 54, p. 124050, 2012.

T. Loarer, S. Bezinsek, V. Philipps, J. Bucalossi, D. Douai, H. G. EssEal,
"Comparison of Long Term Fuel RetentionJia T between Carbon and thEER-
Like Wall," Journal of Nuclear Materialsyol. 438, Supplement, pp. S:33.13,
2013.

R. Behrisch and W. Eckeain, Sputtering by Particle Bombardment: Experiments
and Computer Calculations from Threshold to Mev Energ&winger Berlin
Heidelberg, 2007.

M. R. Gilbert and JC. Sublet, "Neutrofinduced Transmutation Effects in W and
W-Alloys in a Fusion Enybnment,"Nuclear Fusionyol. 51, p. 043005, 2011.

F. W. Meyer, H. Hijazi, M. E. Bannister, P. S. Krstic, J. Dadras, |. H. M. Meyer
al., "He-lon and SeHAtom Induced Damage and Surfaderphology Changes of
a Hot W Target,’Physica Scriptayol. 2014, p. 014029, 2014.

176



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

D. Donovan, D. Buchenauer, J. Whaley, and R. Friddle, "Characterization of a
CompactECR Plasma Source and Its Applications to Studies of Helium lon
Damage to TungstenPhysica Scriptayol. 2016, p. 014040, 2016.

M. S. Tillack, P. W. Humrickhouse, S. Malang, and A. F. Rowcliffe, "The Use of
Water in a Fusion Power Cordsusion Engineering and Desigmol. 91, pp. 52
59, 2015.

P. Norajitra,Divertor Development for a Future Fusion Power Plaarisruhe
Institute ofTechnology, 2011.

C. E. Kessel, M. S. Tillack, F. Najmabadi, F. M. Poli, K. Ghantous, N. Gorelenkov
et al, "The ARIES Advanced and Conservative Tokamak Power Plant Study,”
Fusion Science and Technologg). 67, pp. 121, 2015.

M. Hageman, "Exerimental Investigation of the Thermal Performance of-Gas
Cooled Divertor Plate Concepts," M.S. Thesis, George W. Woodruff School of
Mechanical Engineering, Georgia Institute of Technology, 2010.

J. D. Rader, "Thermal Performance of Finrggpe GasCooled Divertors," Ph.D.
Dissertation, George W. Woodruff School of Mechanical Engineering, Georgia
Institute of Technology, 2013.

B. H. Mills, "On the Use of Dynamically Similar Experiments to Evaluate the
Thermal Performance of Heliv@ooled Tungsteivertors," Ph.D. Dissertation,
George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, 2014.

"ANSYS Fluent Theory Guide," ed. ANSYS, Inc., ANSYS Release 16.2.

B. E. Launder and D. B. Spalding, "The Numerical Comjmutaof Turbulent
Flows,"Computer Methods in Applied Mechanics and Engineeviolg 3, pp. 269
289, 1974.

W. M. Kays, "Turbulent Prandtl NumbeAVhere Are We?,'Journal of Heat
Transfer,vol. 116, pp. 28495, 1994.

J. N. B. Livingood, Hrycak, P "Impingement Heat Transfer from Turbulent Air
Stream Jets to Flat Plates," NASA, 1973.

D. Cooper, D. C. Jackson, B. E. Launder, and G. X. Liao, "Impinging Jet Studies
for Turbulence Model Assessmenl. Flow-Field Experiments,'International
Journalof Heat and Mass Transferol. 36, pp. 2672684, 1993.

177



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

F. P. IncroperaFundamentals of Heat and Mass Transféred. Hoboken, New
Jersey: Wiley, 2011.

L. F. G. Geers, "Multiple Impinging Jet Arrays: An Experimental Study on Flow
and Heat Trasfer," Ph.D. Dissertation, Delft University of Technology, 2004.

H. Glaser, "Untersuchungen an SchlitZnd Mehrdisenanordnungen Bei Der
Trocknung Feuchter Oberflachen Durch Warmluftstrahl€@hemie Ingenieur
Technikyol. 34, pp. 20207, 1962.

B. Weigand and S. Spring, "Multiple Jet ImpingemeAtReview,"Heat Transfer
Researchyol. 42, pp. 101142, 2011.

R. Viskanta, "Heat Transfer to Impinging Isothermal Gas and Flame Jets,"
Experimental Thermal and Fluid Scienwge). 6, pp. 111134,1993.

A. I. Behbahani and R. J. Goldstein, "Local Heat Transfer to Staggered Arrays of
Impinging Circular Air Jets,Journal of Engineering for Powevpl. 105, pp. 354
360, 1983.

B. Han and R. J. Goldstein, "Jdetpingement Heat Transfer in Gdsurbine
Systems,"Annals of the New York Academy of Scieneels,934, pp. 147161,
2001.

D. M. Kercher and W. Tabakoff, "Heat Transfer by a Square Array of Round Air
Jets Impinging Perpendicular to a Flat Surface Including the Effect of Spent Air,"
Journal of Engineering for Powevpl. 92, pp. 7382, 1970.

R. J. Goldstein and J. F. Timnse"Visualization of Heat Transfer from Arrays of
Impinging Jets,"International Journal of Heat and Mass Transfeol. 25, pp.
18571868, 1982.

S. V. Garimella and V. P. Schroeder, "Local Heat Transfer Distributions in
Confined Multiple Air Jet Immgement,"Journal of Electronic Packagingol.
123, pp. 165172, 2000.

A. M. Huber and R. Viskanta, "Effect of J&t Spacing on Convective Heat
Transfer to Confined, Impinging Arrays of Axisymmetric Air Jetstérnational
Journal of Heat and MasTransferyol. 37, pp. 2852869, 1994.

B. R. Hollworth and R. D. Berry, "Heat Transfer from Arrays of Impinging Jets
with Large Jeto-Jet Spacing,Journal of Heat Transfewol. 100, pp. 352357,
1978.

178



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

A. M. Huber and R. Viskanta, "Comparismf Convective Heat Transfer to
Perimeter and Center Jets in a Confined, Impinging Array of Axisymmetric Air
Jets,"International Journal of Heat and Mass Transfeol. 37, pp. 3025030,
1994.

B. R. Hollworth and G. H. Cole, "Heat Transfer to Asayf Impinging Jets in a
Crossflow,"J. Tubomachyol. 109, pp. 564671, 1987.

V. Katti and S. V. Prabhu, "Influence of Spanwise Pitch on Local Heat Transfer
Distribution for inLine Arrays of Circular Jets with Spent Air Flow in Two
Opposite Directions,Experimental Thermal and Fluid Scienge|. 33, pp. 8495,
2008.

M. A. M. Attalla, "Experimental Investigation of Heat Transfer Characteristics
from Arrays of Free Impinging Circular Jets and Hole Channels,” Ph.D.
Dissertation, Ottevon-Guericke University Magdeburg, 2005.

J-Y. San and MD. Lai, "Optimum Jeto-Jet Spacig of Heat Transfer for
Staggered Arrays of Impinging Air Jetdgiternational Journal of Heat and Mass
Transfer,vol. 44, pp. 3994007, 2001.

K. R. Saripalli, "Visualization of Flow Patterns Induced by an Impinging Jet Issuing
from a Circular Planfon,” AIAA Journalvol. 21, pp. 1764.766, 1983.

N. T. Obot and T. A. Trabold, "Impingement Heat Transfer within Arrays of
Circular Jets: Part-+Effects of Minimum, Intermediate, and Complete Crossflow
for Small and Large Spacingslburnal of Heat Tansfer,vol. 109, pp. 87879,
1987.

H. Thomann, "Effect of Streamwise Wall Curvature on Heat Transfer in a
Turbulent Boundary Layer,Journal of Fluid Mechanicsyol. 33, pp. 28392,
1968.

R. Ito, K. Takeishi, Y. Oda, and N. Yoshida, "Heat Tfan for Round Air Jets
Flowing Along a Concave Surface," ASME/JSME 2007 Thermal Engineering
Heat Transfer Summer Conference collocated with the ASME 2007 InterPACK
Conference2007, pp. 59605.

S. N. Yasaswy, V. V. Katti, and S. V. Prabhu, "H&aansfer Distribution of
Semicylindrical Concave Surface Impinged by Circular Jet Rodmirnal of
Thermophysics and Heat Transfeo|. 24, pp. 765/76, 2010.

179



[60] P. Norajira,et al, "Conceptual Design of a Heooled Divertor with Integrated
Flow and Heat Transfer PromotorsPPCS Subtask W3-TRP-001-D2),"
Forschungszentrum Karlsruhe, 2004.

[61] T. Ihli, S. Hermsmeyer, C. Kohly, and P. Norajitra, "Integration of an Advanced
He-Cooled Divertor in a DEMO-Relevant Tokamak Geometry,Fusion
Engineering and Bsign,vol. 81, pp. 121126, 2006.

[62] S. Hermsmeyer and K. Kleefeldt, "Review and Comparative Assessment of
Helium-Cooled Divertor Concepts," Forschungszentrum Karlsruhe, 2001.

[63] . Ovchinnikov, R. Giniyatulin, T. Ihli, G. Janeschitz, A. Komarov, Ru&ssmann
et al, "Experimental Study dbEMO Helium Cooled Divertor Target Moeldps
to Estimate Their Thermal and Pumping Efficiencigasion Engineering and
Design,vol. 73, pp. 181186, 2005.

[64] P. Norajira,et al, "Status of HeCooled Divertor Deelopment PPCSSubtask
TWA4-TRP-001-D2)," Forschungszentrum Karlsruhe, 2005.

[65] P. Norajitra, A. Gervash, R. Giniyatulin, T. Ihli, W. Krauss, R. Kruessmeinal,
"He-Cooled Divertor forDEMO: Experimental Verification of the Conceptual
Modular Desigr, Fusion Engineering and Desigwol. 81, pp. 344346, 2006.

[66] P. Norajitra, R. Giniyatulin, T. Ihli, G. Janeschitz, W. Krauss, R. Kruessp&nn
al., "He-Cooled Divertor Development foDEMO," Fusion Engineering and
Design,vol. 82, pp. 2742744, 2007

[67] P. Norajitra, R. Giniyatulin, V. Kuznetsov, I. V. Mazul, and G. Ritz, Eleoled
Divertor for DEMO: Status of Development amtHF Tests,"Fusion Engineering
and Designyol. 85, pp. 22592256, 2010.

[68] G. Ritz, T. Hirai, J. Linke, P. Norajitra, Rsiniyatulin, and L. Singheiser, "Pest
Examination of HeliurCooled Tungsten Components ExposeDEMO Specific
Cyclic Thermal Loads,Fusion Engineering and Desigmol. 84, pp. 1623627,
2009.

[69] P. Norajitra, W. W. Basuki, R. Giniyatulin, C. Hernaad V. Kuznetsov, I. V.
Mazoul et al, "Recent Progress in the Development of Hel@ooled Divertor
for DEMO," Fusion Science and Technologg|. 67, pp. 732744, 2015.

[70] P. Norajitraet al, "Status and Prospects of theg Bevelopment of the HEoded
Divertor for DEMO Power Plant,” iInSFNT 2013 Barcelona, 2013.

180



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

J. B. Weathers, "Thermal Performance of HelGuooled Divertors for Magnetic
Fusion Applications,” M.S. Thesis, George W. Woodruff School of Mechanical
Engineering, Georgia Institutd Technology, 2007.

J. B. Weathers, L. Crosatti, R. Kruessmann, D. L. Sadowski, and S. I.-Abdel
Khalik, "Development of Modular Heliur@ooled Divertor foDEMO Based on

the Multi-Jet ImpingementHEMJ) Concept: Experimental Validation of Thermal
Performance,Fusion Engineering and Desigwl. 83, pp. 11241125, 2008.

L. Crosatti, "Experimental and Numerical Investigation of the Thermal
Performance of GaSooled Divertor Modules,"” Ph.D. Dissertat, George W.
Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
2008.

L. Crosatti, J. B. Weathers, D. L. Sadowski, S. |. Abdealik, M. Yoda, R.
Kruessmannet al, "Experimental and Numerical Investigation of Prototypical
Multi-Jet Impingement HEMJ) Helium-Cooled Divertor Modules,"Fusion
Science and Technologxgl. 56, pp. 7674, 2009.

J. D. Rader, B. H. Mills, D. L. Sadowski, M. Yoda, and S. |. Altlehlik,
"Verification of Thermal Performance Predictions of Btgpbical Multi-Jet
Impingement HeliurCooled Divertor Module,Fusion Science and Technology,
vol. 64, pp. 28287, 2013.

B. H. Mills, B. Zhao, S. I. AbdeKhalik, and M. Yoda, "An Experimental Study of
the HeliumCooled Modular Divertor with Multiple Jets at Nearly Prototypical
Conditions,"Fusion Science and Technology|. 68, pp. 541545, 2015.

E. Diegele, R. Kruessann, S. Malang, P. Norajitra, and G. Rizzi, "Modular He
Cooled Divertor for Power Plant ApplicationFusion Engineering and Design,
vol. 66-68, pp. 383387, 2003.

P. Norajiraet al, "Assessment of the Integration of a-Beoled Divertor System
in the Power Conversion System for the DGalolant Blanket ConcepPPCS
Subtask TWZTRP-PPCS12[8)," Forschungszentrum Karlsruhe, 2002.

J. D. Rader, B. H. Mills, D. L. Sadowski, M. Yoda, and S. |. Addealik,
"Experimental and Numerical Investigatiamf Thermal Performance of Gas
Cooled Jeimpingement Fingefype Divertor Concept,'Fusion Science and
Technologyyol. 60, pp. 223227, 2011.

B. H. Mills, J. D. Rader, D. L. Sadowski, S. I. Abdéhalik, and M. Yoda,
"Experimental Investigation of & Enhancement for Gd&3ooled Divertor
Concepts,'Fusion Science and Technology|. 60, pp. 196196, 2011.

181



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

B. H. Mills, J. D. Rader, D. L. Sadowski, M. Yoda, and S. |. Aldedlik,
"Dynamically Similar Studies of the Thermal Performance of Hel@moled
FingerType Divertors with and without FinsFusion Science and Technology,
vol. 62, pp. 37888, 2012.

T. Ihli, A. R. Raffray, S. I. AbdeKhalik, and S. Shin, "Design and Performance
Study of the HeliurCooled FTube Divertor Concept,Fusion Engineering and
Design,vol. 82, pp. 24264, 2007.

J. A. Burke, X. R. Wang, and M. S. Tillack, "Optimization of RRIES T-Tube
Divertor Concept, Fusion Science and Technologg|. 60, pp. 213217, 2011.

X. R. Wang, S. Malang, and A. R. Rafjr, "Design Optimization of High
Performance HeliurCooled Divertor Plate Concept,Fusion Science and
Technologyyol. 56, pp. 1023027, 2009.

M. S. Tillack, A. R. Raffray, X. R. Wang, S. Malang, S. |. Abdélalik, M. Yodg
et al, "RecentJ.S.Activities on Advanced H€ooled WAIloy Divertor Concepts
for Fusion Power PlantsiFusion Engineering and Desigvpl. 86, pp. 7198, 2011.

X. R. Wang, S. Malang, M. S. Tillack, and J. Burke, "Recent Improvements of the
Helium-Cooled WBased Divertordr Fusion Power PlantsFFusion Engineering
and Designyol. 87, pp. 732736, 2012.

Y. Igitkhanov, R. Fetzer, and B. Bazylev, "Effect of Design Geometry of the
DEMO First Wall on the Plasma Heat Load\uclear Materials and Energyol.
9, pp. 566564 2016.

A. R. Raffray, S. Malang, and X. R. Wang, "Optimizing the Overall Configuration
of a HeCooled WAIloy Divertor for a Power Plant,Fusion Engineering and
Design,vol. 84, pp. 1553557, 2009.

R. Kruessmanngt al, "Overview of Thermohydulic Simulations for the
Development of a HeliurCooled Divertor," Forschungszentrum Karlsruhe, 2008.

X. R. Wang, S. Malang, M. S. Tillack, and the ARIES Team, "High Performance
Divertor Target Plate for a Power Plant. A Combination of Plate andeFin
Concepts,'Fusion Science and Technology|. 60, pp. 21822, 2011.

NISTChemistry Webbooldvailable: http://webbook.nist.gov

182



[92]

[93]

[94]
[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

M. Roedig, W. Kuehnlein, J. Linke, D. Pitzer, M. Merola, E. Rigdlal, "Post
Irradiation Testing of Samplesoim the Irradiation Experiments Paride 3 and Paride
4," Journal of Nuclear Materialsyol. 329-333, Part A, pp. 76870, 2004.

W. F. Gale and T. C. Totemeiegmithells Metals Reference Bodklsevier
Science, 2003.

ITERMaterials Properties Harlabok ITER Doc. G 74 MA 16 0405-07 RO.1.
P. D. HarveyEngineering Properties of Steéimerican Society for Metals, 1982.

X.-X. Zhang, QZ. Yan, C:T. Yang, T-N. Wang, M. Xia, and CC. Ge,
"Recrystallization Temperature of Tungsten with Biéint Deformation Degrees,"
Rare Metalsyol. 35, pp. 56670, 2016.

M. Rieth and B. Dafferner, "Limitations of W and ‘MolLa203 for Use as
Structural Materials,Journal of Nuclear Materialsyol. 342, pp. 225, 2005.

B. Koncar, Ind M. Briaksier,flofluende bf Multgle Jet Cooling on
the Heat Transfer and Thermal Stress&&MO Divertor Cooling Finger,Fusion
Engineering and Desigvol. 86, pp. 167173, 2011.

ASME, Boiler and Pressure Vessel Co@®11.

E. F. Gayton,"Experimental and Numerical Investigation of the Thermal

Performance of the GaSooled Divertor Plate Concept,” M.S. Thesis, George W.
Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
2008.

V. Barabash, G. Federici, J. Liekand C. H. Wu, "Material/Plasma Surface
Interaction Issues Following Neutron Damagkurnal of Nuclear Materialsyol.
313, pp. 4251, 2003/03/01/ 2003.

S. J. Kline and F. A. McClintock, "Describing Uncertainties in Sisggenple
Experiments,'Mechanical Engineeringvol. 75, 1953.

183



	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	NOMENCLATURE
	SUMMARY
	CHAPTER 1: INTRODUCTION
	1.1. Background and Motivation
	1.2. Fundamentals of Nuclear Fusion
	1.3. Magnetic Confinement Fusion Energy
	1.4. Divertors and Plasma Facing Components

	CHAPTER 2: LITERATURE REVIEW
	2.1 Turbulent Flows and Heat Transfer
	2.1.1 Conservation Laws
	2.1.2 Turbulence Models and Heat Transfer
	2.1.3 The Empirical Approach

	2.2 Jet Impingement Heat Transfer
	2.2.1 Single Jet Impingement
	2.2.2 Multiple Jet Impingement
	2.2.3 Effect of Jet-to-Surface Separation Distance
	2.2.4 Effect of Jet-to-Jet Spacing

	2.3 Helium-Cooled Divertor Designs
	2.3.1 Helium-cooled Modular Divertor with Multiple Jets
	2.3.2 Helium-cooled Modular Divertor with Integrated Pin/Slot Array
	2.3.3 T-Tube Divertor
	2.3.4 Helium-cooled Flat Plate Divertor
	2.3.5 Combined Divertor Concepts

	2.4 Numerical Simulations of the HEMJ Design
	2.4.1 Early Thermo-fluid Simulations
	2.4.2 Thermo-mechanical Simulations


	CHAPTER 3: HEMJ DIVERTOR EXPERIMENTS
	3.1. Experimental Apparatus
	3.1.1 HEMJ Test Section
	3.1.2 Induction Heating
	3.1.3 Helium Loop

	3.2. Experimental Methods and Results
	3.2.1. Experimental Methods
	3.2.2. Experimental Results

	3.3. Prototypical Performance
	3.4. Thermal Losses and Radiation

	CHAPTER 4: NUMERICAL SIMULATIONS
	4.1. HEMJ Model
	4.2. Symmetry Considerations
	4.3. Incident Heat Flux Uniformity
	4.4. Simulation Results
	4.5. Thermo-Mechanical Evaluation

	CHAPTER 5: JET ARRAY OPTIMIZATION
	5.1 Jet Configurations
	5.2 Optimization Results
	5.3 Experimental Verification of the Optimized Design
	5.4 Prototypical Performance of the Optimized Design

	CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
	6.1 Summary of Research Findings
	6.2 Contributions
	6.3 Recommendations for Future Work

	APPENDIX A: DETAILED EXPERIMENTAL PROCEDURE
	A.1. Separation Distance
	A.2. Helium Loop Operation

	APPENDIX B: EXPERIMENTAL AND NUMERICAL DATA
	B.1. Experimental Data
	B.2. Numerical Data

	APPENDIX C: MATERIAL PROPERTIES
	C.1. Fluid Properties
	C.2. Solid Material Properties

	APPENDIX D: UNCERTAINTY ANALYSIS
	D.1. Uncertainty in the Geometric Dimensions
	D.2. Uncertainty in the Material Properties
	D.3. Uncertainty in the Instruments

	REFERENCES

