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Summary

The present PhD thesis focuses on the modelling of alternative plasma facing components
in the form of liquid metals in order to circumvent problems generated by plasma-wall
interaction, namely handling the excessive heat and electric current loads generated in the
bulk of the reactor and directed towards the divertor. The self-cooling and self-annealing
properties of flowing liquids increase their life cycle as they interact with the scrape-off-
layer of the fusion reactor.

In particular, since the concept of employing a jet-drop curtain was among the first to be
investigated, a first-principle magnetohydrodynamic study was conducted for the purpose
of predicting the trajectory of a liquid metal jet travelling inside an electromagnetic field.
Thus, the effect of Lorentz forces, gravity and pressure drop were accounted for in a
unidirectional model that assumes a small jet radius in comparison with the trajectory
length. The effect of external electric potential gradients on jet deflection was ascertained
in conjunction with the importance of electric stresses in modulating the jet speed and
radius. Moreover, the trajectory of the ensuing droplets, by virtue of the jet break-up as a
capillary instability, was also modelled in the presence of Lorentz forces as a means to
capture and quantify the deflection process reported in the ISTTOK experiments under
the plasma influence. Droplets, due to their small size and spherical shape, experience a
stronger deflection as the analytical investigation indicated. The above picture conforms,
within the proper order of magnitude, to the findings of ISSTOK experiments.

The second concept that was studied seems to be the most mature path for liquid surface
plasma facing components, namely the Capillary Porous System (CPS). The CPS concept
is based on the use of a porous construction with a capillary-pore “pumping” system to
supply the liquid metal that coats and protects the divertor material, normally tungsten,
from corrosion and thermal stresses. As a first step the CPS is modelled as a thin
cylindrical disk being in contact with a reservoir that provides liquid lithium. The design
provides sufficient working pressure in the supply system without applying external
pressure by using solely capillary pressure as the driving force. Thus, capillarity, wetting
and surface forces on the porous substrate are expected to stabilize the liquid metal
against electromagnetic and thermal forces as well as drop ejection, which is a key issue
for the reliability of the concept itself. Until now, lithium seems to make this proposed
divertor concept highly efficient. However, liquid Ga, Sn and Sn-Li have also been
considered.

Nevertheless, thus far, CPS has not been the subject of extensive modelling activity partly
due to the complex flow arrangement of the limiter containing the liquid metal. In the
present dissertation, a first principle approach was employed concerning the
understanding of the operation of the CPS as plasma facing component. Initially, lithium
is in solid state at room temperature within the mesh. The wafer is in contact with the
surrounding medium via the top surface that is initially covered. Upon heating, the
lithium liquefies and as a result the top cover breaks by the expanding liquid and liquid
metal covers the top surface forming a protective coating. Performing a simple mass
balance on lithium, relating its initial solid state to its final liquid state, the film thickness
was estimated to be on the order of several microns. The numerical results, derived by
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fixing the mass of the contained liquid metal, the size of the wafer and the contact point
while satisfying the normal force balance confirm the above results.

The static arrangement is difficult to be achieved and more difficult to be maintained at
high enough heat fluxes. Hence, once the machine is “turned on”, a strong external heat
pulse is expected to deplete the ultra-thin film covering the top of the porous matrix via
the evaporation process. Initially, first principle heat transfer considerations were
conducted by taking into account heat exhaust via thermal conduction, convection and
evaporation and ignoring non-coronal radiation shielding. It was seen that an oncoming
heat flux of 10 MW/m? would evaporate the liquid lithium film from the top of the CPS
structure very quickly, thus, depleting it almost immediately. As a consequence,
conduction, convection and evaporation alone cannot exhaust the high heat fluxes
occurring in real experiments and some form of radiation shielding will be necessary to
this end.

Capillary driven replenishment of the liquid metal film is anticipated to take place by
pumping the liquid metal from the reservoir. Thus, the capillary flow of a liquid metal
within a single cylindrical pore was examined as a first attempt to provide an upper
bound of the convective effects within the CPS matrix. This simplified investigation
overestimates the permeability of the CPS but provides the framework for studying the
interplay between the different forces that act towards pushing liquid lithium out of the
porous matrix or resist its motion. In the present study, the hydrodynamic problem was
examined in the context of axisymmetry in order to obtain an understanding of the
operation principle of the capillary pump. The finite element methodology was employed
in order to assess how the pore radius affects the seepage velocity of liquid lithium. These
seepage velocities along with the time needed for the liquid metal to exit the pore are
going to give an estimation of the liquid metal replenishment which is of major
importance during plasma operation. The numerical results indicated that upon
decreasing the pore radius, the capillary rise velocity decreases linearly owing to the
emergence of viscous effects along the radial direction. Since the inertial effects are
insignificant for the relative small pore radius considered in this study, the numerical
results considering and neglecting inertia are approximately the same with a small
difference as the pore radius increases. These discrepancies occur because as the pore
radius increases inertia comes into the force interplay.

The current study focuses principally on the static arrangement of the liquid metal resting
onto the CPS top surface. More specifically, the effect on the static film arrangement of
the reservoir overpressure, electric stresses and, the more relevant to fusion applications,
JXB effects was investigated. Furthermore, since, according to the experiments, the film
thickness reduces down to micron or even submicron sizes, the nature of the micro-scale
liquid-solid interactions was also considered. Isothermal conditions were considered and
a liquid metal layer was assumed to have been established on top of the CPS and reached
an axisymmetric static arrangement. The finite element methodology was used to solve
the Young-Laplace equation, which incorporates surface tension, gravity, pressure and
surface forces. The layer thickness was predicted at static equilibrium as a function of the
imposed pressure drop across the wafer and the wetting properties of the liquid metal. It
was seen that at relatively large reservoir overpressures surface tension balances pressure
forces and the liquid metal assumes the form of an almost spherical-cap drop of small
radius. Gravity is out of the picture in this regime. As the pressure drop decreases the
drop assumes an oblate shape and a thin film is gradually formed that entirely covers the

Institutional Repository - Library & Information Centre - University of Thessaly
12/05/2024 03:57:40 EEST - 52.15.35.194



CPS. In this range, gravity balances pressure drop and surface tension and the film
thickness is on the millimeter range, which is relatively large and has negative
implications on the stability of the liquid metal layer. As the pressure drop was further
decreased, the contact length exceeds any reasonable wafer length and such a balance
could not be maintained for fixed contact angle. The film ends in a sharp edge, in which
case a fixed contact point condition was imposed rather than a fixed contact angle. In this
fashion, a static solution for even lower overpressures was obtained until AP almost
vanishes with the film achieving submicron-size thickness and near zero contact angle.
Such static arrangements have been reported in the literature and are favoured in terms of
stability of the CPS against electromagnetic effects.

The nature of surface forces between the liquid metal film and the solid substrate was
also considered. In this study, the classic partial wetting case, of liquid lithium with a dry
substrate beyond the contact point, cannot be assumed. The envisioned static
configuration at near vacuum conditions is characterized by full coverage of the CPS
outer surface with the reservoir overpressure being slightly positive or negative. This
consideration pertains to the situation after replenishment has taken place but without
taking into account the Lorentz forces. A purely repulsive potential and a long range
attractive short range repulsive potential were introduced into the previous numerical
model in order to simulate the effect of the topography of the porous substrate on the
static arrangement of the liquid metal.

Based on the investigation of a purely repulsive potential, no static solution was possible
for positive reservoir overpressures because this kind of interaction potential cannot
counterbalance a positive pressure drop across the interface. However, it is anticipated
that the presence of Lorentz forces may lead to positive and very large effective reservoir
overpressures, especially during off-normal events. Thus, a purely repulsive potential
cannot exert a stabilizing force and is considered inappropriate for the real case of CPS
static configuration.

Concerning the case of a long range attractive short range repulsive potential, since
gravity is insignificant in this regime, three main regions were observed, namely the
inner, the outer and the transition region with different dominant force balances.
Matching between the contact and transition regions provide an estimate of the static
contact angle during adhesion. For low overpressures the interface acquires a shape with
fixed contact point at the pore edge and a gradually increasing contact angle in that
region. Beyond a certain threshold in overpressure, corresponding to the formation of the
characteristic contact angle at the pore edge that is predicted based on the interaction
potential, a solution could not be obtained and a limit point was formed. The arc length
continuation was used instead of simple continuation which showed the existence of a
second branch of solutions which evolves towards lower overpressures and corresponds
to spherical-cap film shapes of the type captured in the parametric study for relatively
large overpressures. For larger overpressures than the critical one dynamic analysis is
required in order to study the response pattern, that will involve the onset of a dynamic
contact angle.

As a first attempt to capture the electromagnetic effects on the static arrangement, an
external electric field was applied. Using the static equilibrium obtained with the top of
the porous matrix fully covered and gradually increasing the electric field intensity while
keeping the mass of the liquid metal within the layer constant, a sequence of shapes was
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obtained. As a result of the electric stresses, the pole section of the layer is elongated in
the field direction while the contact angle at the equator decreases in order to maintain the
same amount of liquid lithium. The liquid layer thickness increases away from the
contact line and its curvature increases as well. Eventually, a conical angle forms at the
pole region, as a manifestation of the dominant balance between electric stresses and
capillarity that determines the size of the conical angle, and a solution could not be
obtained for stronger electric fields. Despite the simplified model employed here, this is a
valid description of the static equilibrium at extreme conditions. It has been observed in
the literature that jetting can be initiated at the pole region as a result of the dynamic
evolution of this singular behavior. This process is also known to generate small droplets
once the jet speed reaches a certain threshold.

Regarding the effect of the more relevant to fusion applications jxB effects, as long as the
liquid metal is within the pore, jxB effects generate an additional effective overpressure
that tends to pull liquid lithium out of the pore. This is called magnetic pressure whose
magnitude depends on the intensity of the magnetic field, the electric current that enters
the liquid metal layer and the pore radius. For small enough electric current densities the
Lorentz forces only affect the static arrangement and nearly static flow conditions prevail
in the porous system. In fact, the dimensionless magnetic Bond number, Bond, that
relates the Lorentz forces to the surface tension forces can be viewed as a dimensionless
magnetic pressure that controls this process. Based on the definition of Bond,, bigger
plasma currents can be tolerated by decreasing the pore radius, for fixed magnetic field
strength and the liquid metal that is used as the operating fluid of the CPS, a fact that
intensifies the reliability of CPS as plasma facing component. Furthermore, a critical
Bondy, can be found as a function of a given interaction potential which sets an upper
limit in the contact angle that can be achieved at the pore edge. Below this critical value
static solutions with a fixed contact point are obtained. Beyond this critical value of
Bond,, a new solution family was found that evolves towards lower values of Bondp,
with the liquid metal forming a drop outside the pore for fixed contact angle prescribed
by the micro-scale liquid-solid interactions and found via an asymptotic analysis. It
probably emerges after a limit point in the solution branch. Above the critical magnetic
Bond number static solutions with a fixed contact point were only possible whereas a
dynamic approach is required to capture the dynamic contact angle evolution in this
regime.
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Summary (In Greek)

210 TAOIG1I0L TOV TPOYPAUMUOTOS TG EAEYYOUEVNC BeppomupnviK)G oOVINENG, o¢ Kaiplo
Omuo  avadelkvoetor 1 teYvoAoyio. mov OyeTileTol UE TNV OAANAETIOPOOT TOL
TAACLOTOG KOL TOV TOYYMUATOV TOV OVTIOPAGTHPO. & cuVONKeES Asttovpyiog, Ot TUHEG
Tov Ogpuikoy @optiov avopévovtor TOAD VYNAELG, Kupimg kaTd TNV OldpKeElD TOV
actafeldv tov TAdopatog. ‘Etot, ta toyyopata epgaviCovv tpofAnuota mov oyetilovral
pe v odPpwon, tic Bepuikég taoelg K.o. o avtodg Toug AOYOLS, Lo OlOPOPETIKY
Tpocéyylon mov €xel mpotabel Kot diepevvatal, TOGO TEPAUATIKE OGO KOl GTO EMIMEIO
™G HovteAomoinomg, €ivol 1 OVTIKOTAOTOOT TMV CTEPEDV GTOLXEIMV TOV £PYOVTOL GE
eMOQEN e To TAdopa amd vypd pétaiia. H mapovoa didaktopikn dwatpifn oyetileton pe
TNV HOVTEAOTOINGN TV TPoavaPeEPPEVIOV EVIALIKTIKOV GTOEI®V TOL KAAOLVTOL VO
QVTILETOTICOVV TO TAAGLLO KoL T OOl VOl 6€ LOPPT VYPOV HETAAAOV.

Mia and 11 mpdTEG 10€EG MTOV 1| YPNOLUOTOINGT cLGoTOlYinG amd TCET 1 GTAYOVES VYPOV
petéArov. Etot, mpaypotonomOnke pio poryvntobopoduvakn LeAETn yio Ty TpoPAeym
™mG tpoyldg evog tlet kobBmg Ko piog otayovag mov  Kiveltow péca oe  €va
NAeKTPOLOYVNTIKO TEG(0. ZTO HOVOILAGTATO aptBuNTIKO HOVTELD TTOL dMoVPYNONKE Yo
10 (et ANPONKe vIOYN M emidpacn TV duvdpewv Lorentz, n Papdnta Kot n TTOOM
mieong kot BewpnOnke 0Tt N axtiva Tov TCeT givar mOAD HIKPOTEPN amd TO UNKOG TOVL.
Emumiéov, pekemnbnke n enidopaon g e&mtepikng Pabduidog tov niextpikod duvopkon
v oV POyl Tov KoBMG emiong Kot 0 POAOG mov Stadpapatilovy ot NAEKTPIKES
Tdoelc otV SUOPPMoN NG akTivag Tov TleT Ko TG TayvTNTAg Tov. Emmpocshitmc,
aVOUEVOVTOL VO ONULIOVPYNO0VY GTAYOVEG G ATOTEAEGUO TNG OMOGTOCNG TOVG and TO
tlet e&outiog Tpryocdmv actabeiwv. I't' avtd to AdYo, diepevviOnke avoAvTiKd 1 TPOYLA
plog otaydvag vypov petdAilov tapovsia duvdpemy Lorentz étor dote va tpocopotwet
N EKTPOTN NG OTAYOVOS 7OV TopaTnpeitol Ady®m NG EmPPONS TOV TAAGUATOS GE
nepdpata 6mwg avtd oto ISTTOK. e avt ) perétn, n otayova amd vypd HETAAAO,
Bewpodevn ®g GPAIPIKN CLVEXMDG, EIGEPYETOL GE IO TEPLOYT], TAPOUOLO LE VTN TOV
TEPLYPAPONKE TPONYOLUEVOS Yo TO TLET, OTOL LPICTOVTOL £VOL OLOWOLOPPO LOYVITIKO
nedto ko pio e€otepikd emPoairopevn Pabuido Tov MAEKTPIKOL SVVOUIKOD. TNV
nepintoon TV otaydvev, Omwg £0€15av T OVOAVTIKG OTOTEAEGHOTO, £E0UTIOG TOL
HIKPOL pHey€O0VG Kol TOL oEOPIKOD GYNUATOS TOVS ERPAVICOVY PEYOADTEPN OMOKAIOT
amod TV apyIKY| Toug mopeia og oxéon pe 1o téet. H mpoavapepbeica icova cuppovel o
té&N peyeboug pe Ta evpnuoata tov tepapdtov oto ISTTOK.

H de0tepm epguvntikn HeAéT, TOL KOADTTEL KOL TO PEYOADTEPO PEPOG TNG SOUKTOPIKNG
datpPng, oxetiCeton pe pion GAAN d1dtacn mov eovtdlel MG TV EMKPATESTEPT), AOY® TOV
TOAD LKpoD PEYEBOVG TNG KOl TV TEPAUOTIKOV gupnudtomv. Avti 1 ddtaln koieiton
CPS ka1 givor 10 akpwvoulo tov «Capillary Porous Systemy». H 16éa yia to CPS
Baciletar ot ypnowyomoinon piog mopm®OOVS KATAGKELNG, M omoia Aettovpyel ¢
«TPLYOEN AVTMOY DOTE VA TOPEYXEL TO VYPO UETOALO TTOV EMIKOAVTTEL KOl TPOGTOTEVEL
tov «divertory. H dudtoén eival Kataokevaspuévn €161 MOTE VoL TOPEXEL TNV OTAPOITNTY
Babuida mieong (LES® TPLYOEWDV SVVALE®YV) Yo TNV AVTANGT TOV LYPOL UETAAAOL OO
plo oeapevn yopig v emPorny emmAiéov eEwtepikng Pabuidag miconc. 'Etotr, ot
TPLYOEOEIS Ko 01 EMPAVELNKES dVVAUELS KOODS Kat 1 dtafpoyr| TOL VYPOL UETAAAOL GTO
TopMOES LVLOGTPOUA OVOUEVETAL VO oTABEPOTOOVV TO VYPO CTPAOUO EVAVTILL GTIC
NAEKTPOUOYVNTIKEG Ko Oepuikég OLVAUES KOODG Kol Vo OmoTPENEL TNV OMpiovpyia
oTayOVOV, Yeyovdg mov amotedel Koipla TOPAUETPO Yoo TNV aSl0mMOTiI OVTAG TNG
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Tpotevopuevnc ddtagng. Méypt otryung, to Aiblo eppaviletor og 10 emkpatéstepo vYpod
pEToAA0 Yoo va vrootnpiel avt) Vv odtaén. [apoia avtd, kot GAAo vYpd HETAAAQ
onwg 1o I'dAlo, o Kaooitepog ko kpdpata Adiov-Koaooitepov &xovv mpotabel kot
OlEPELVAOVTOL TELPULATIKAL.

Méypt otiyung, 1o CPS, 660 avagopd TV HOVIEAOTOINGCT TOV, OEV EXEL OMOTEAECEL
aVTIKEIUEVO €KTEVOVG HEAETNG Kupimg efoutiog NG TOAVTAOKOTNTOG TNHG TOPDIOVS
olataéng mov eUmEPLEXEL TO LYPO METAALO. XTNV TOPOLGO OBAKTOPIKY dtoTpipi,
TpaypatonomOnke pio mpoomdbeln dote va katovondel m Aettovpyia tov CPS wg
olatagn yo TNV aVIETOTION TOV TAAGLLOTOG.

Hekivovtag v avdivon yo to CPS, apyikd to pétarro (Bewpnbnke to Aibo g
QVTITPOCOTEVTIKO HETOAAO) Pploketol o€ oTePEN HOPON HEGOH OTO TAEYHO OEF
Beppokpacio dopotiov. H mopdong owdtaén eivar oe emapn pe to meptPpdAiov pevoto
pécm g e&mtepkng dve emedvelag 1 omola givar apyikd KoAvppévn. Kotomwv, n
dvodog g Beppokpaciog odnyel oe TEN TOL GTEPEOL A1Biov TTOL £)XEL MG AMOTEAEGLOL TO
onaco Tov e£mTePKoD TEPIPANUATOG amd TO dtacTteAldpuevo AiBlo kot v dnuovpyia
evOg moAD Aemtol vYpov vuéva oty e€mTepikn ave empdvela tov CPS. Epapuolovrog
éva 16000y10 palog HeTaEy TG apyKNG OTEPENG Kol TEMKNG VYPNS @dong tov Abiov
VROAOYIOTNKE TPOCEYYIGTIKA OTL TO TAYXOC TOv TPoavaPePBEVTOS VYPoL vuéva eival
thEewc  pkpopétpov.  Ta  oaplBuntikd  omoteAéopoTo MOV ATOKOUIGTNKAV,
otafepomoldvtog v pala Tov vypov vuéva, to péyebog g ddradng kol Bewpdvtag
otafepd 10 oNuElo EMOPTG, EVAO TOVTOYPOVO 1KOVOTOOVTAV TO KAOETO 160LVY1I0 TdoE®V,
emPeRaLOVOLYV T TPONYOVLEVA OTOTEAEGULATA.

H mpoavagpepbeica otatikn sopopemon eivor mold dbvokolo vo datnpndel 6e mwoA
peydio Oeppkd @optio. MOMG n unyovny «oavoiew ta eEmtepikd Bepuikd @optia
eEatpiCouv tov vypd vuéva mov PpiokeTar 6TV Ave empdvela tov CPS. TIpokepévou va
npocopolwfel n dadikacia g petapopdg Beppdmrog Bewpndnke Ot oV amaywyn
OepUOTNTOG CUUUETEYOLY T OY®YN, N CLVOY®OYN Kot M €EATIION, €vd ayvondnke m
enidopaon g aomidag aktwvoPorioag. I[Mapatnpndnke 6t1 M mpoomintovca Oepropon
(BepnOnke w¢ mapddstypa avt tov 10 MW/m?) 8a e€atpioet Tov vYPO VUV amd TNV
dvo emeavela tov CPS whpa modd ypryopa. Qg amotéleoua, 1 ay®yn, 1 CLVOY®YN Kot 1
e€dtyion amd HOVEG TOVG OV ETOPKOVV Y10l TNV OTOYM®YY| TOV LEYAA®V BEPLUKDV POPTiDV
OV OVOUEVOVTOL GE TPOYHOTIKA TEPAUATO. XVVETDG, KOl 1 EMOPACN TNG AOTIONG
axtvoPoAiag mpémel va AneBei vioym.

O avepodtaoudg Tov VYPOL VUV otV Gve emipdvela Tov CPS Aaupdver ydpa péom
TOV TPLYOEWDV SVVAUE®V AVIADVTOS TO LYPO PETOAAO amd pia de€apevn mov Ppioketon
o€ emapn pe v mopmon dwdtaln. I'a avtd to Adyo, e€etdobnke 1 TpLy0EONg pon TOv
VYPOL UETAALOL PEGH G Eva KOUAVOPIKO TOpo cav pia Tpdtn mpoomdBela va Ppebel va
Gvo 0plo TOV PAIVOUEVAOV GVVOY®OYNG HEca oto TAEYHo tov CPS. Avtiy n anlomompévn
peAETN vrepekTdeL TV domepatotnta Tov CPS, adAd mapéyel 10 mhaiclo mive oTo
omoio pmopet va dtepgvvn0el n aAAnAenidopact HeETAED TOV SUPOPETIKOV SVVALE®DY TOV
BonBobv oty dvtAnon Tov vypoL UETAALOL 1| EXPPASLVOLY TNV PON TOV. ZTNV TAPOVLGA
épevva depeuvinOnke t0 VOPodVVOUIKO TPOPANUA VIO AEOVIKN CLUUETPIO £TCL DOTE VA
katavondet 1 Aettovpyia tov CPS wg tpryoedng avtiio. H pébodoc tov menepacuévov
otoyElmV €QOPUOCTNKE PE OKOO Vo eKTIUNOEl TOC emOpA M aktiva Tov TOPOL TAV®
oTNV TaVTNTA dleppons Tov VYPoL petdriiov. H mpoavaeepbeica taydtmra pali pe to
xpOvo mov yperaletor Yo vo e£EABEL TO VYPO pETAAAO amd Tov TOpo divouv pio TPMOTN
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EKTIUNON NG OOIKAGIOG TOV AVEPOIIOGLOD TOV LYPOV LUEVE GTNV VM ETPAVELL TOV
CPS, k1t mov givor TOAD oNUOVTIKO KOTA TNV O1dpKeELn TNG AEITOVPYING TOL TAAGUATOC.
Ta apOuntikd omoteAéopata £0€1E0v OTL LELMVOVTOG TNV OKTIVOL TOL TOPOL M TOYLTNTO
™G PONG TOL LYPOV UETAALOV HEGO GE OVTOV UEIMVETOAL YPOUUKA EEALTIOG TNG ELPAVIONG
EOODOV QOVOUEVOV KATO PAKOG TNG OKTWVIKNAG Otevbuvong. E@ocov, ot adpavelakes
OLVAUELS OeV €lvOl CNUOVTIKES Y10 TIC OYETIKA HKPES dlaoTdoelg mTov Bempndnkov oty
TapoHoO HEAETN, TO OMOTEAEGUOTO OlATNPAOVINS KOl OYVODVTOG TOVG OOPOVELOKOVS
Opovg gival oyedov dpoto pe pio pikpn dtopopd Kabmg LEYOADVEL 1] S1AGTOCT) TOV TOPOVL.
Avty n Jdwpoponoinon cvpPaivet Adyw g €660V TG adpdvelng 6to 16olvYlo
duvape®V KaBmG 1 aKTivo TOV TOPOV HEYOADVEL.

H mapovoca d100kToptky] S1aTpiPn EMKEVIPOVETOL KUPI®MG GTN GTOTIKN SUOPPMOOT TOV
vpéva omd VYPO PETOAAO TOV SLOUOPPAOVETOL GTNV AVE® MPAvELR TG dtdtaéng tov CPS.
[Two ovykekpéva, peretnOnke n enidpacn TAve GTNV GTATIKY SLOUOPPDGT] TOL VYPOV
UETAALOL NG Sapopds Tieong petald tng de&opevig Kat Tov TePPAAAOVTOS pEVGTOD,
TOV NAEKTPIKAOV TACEMV KOL TOV MAEKTPOUAYVNTIKOV OLVAULE®YV, Ol omoies gival o
GYETIKEG Y1l TIG EQAPLOYES TG ovvinéne. EmmnpocBétwg, cdppova pe to mepdupata, to
mhyoc TOL VYPOL VUEVA OTAVEL OOTACES KPOUETpwV Ko  Aydtepo. ‘Etot,
dlepeuvninke Kot 1 ETIOPOACT] TOV EMPAVEINKDOV SVVAUEDY HETAED TOV VYPOV UETAAAOV
K0l TOV TOPMOOVS VITOGTPDLOTOC.

To CPS povtehomomOnke g £vag AemTOG KLAIVIPIKOG H1GKOG EVPICKOLEVOS GE ETOPT LLE
plo oegapevny mov mapéyel o vypd Aibo. Oswpnnkav 1cobeppikéc cuvOnkeg Kot Eva
Aento otpdpa vYpod ABiov BewpnOnke 0Tt £xetl dapopewBel otV dve empdvelo TOV
CPS kot €yet otatikny a&ovikn ovupetpio. H pébodog tov memepacuévov otoryeinv
ypnowomomdnke ywo. tnv emilvon g eficwong Young-Laplace omv dempdveia
aeplov-vypov peTGAAOV, M omoio TEPAAUPAVEL SLVAUELS ADY® EMPAVEINKNG TAOTG,
dpopdg mieons, PapdTag Kol EVOOLOPLOKAOV OAANAETIOPAGEWV. APYIKd, OyvOOVTOG
TIC EVOOUOPLOKES OUVAUELS, TO TAYOS TOL LYPOV VUEVOE EKTIUNONKE €VPICKOUEVO GE
GTOTIKY] 160opPOTia. WG cLVAPTNON NG emMParropevng Pabuidag mieong Katd unKog g
oldtaéng kot TV 1010TNTOV GYETILOLEVOVY HE TNV dffpoyn TOL VYPOV HETOAAOL GTO
oteped vrootpoua. [Hapatnpndnke 0t Yo oxetikd peydieg Tiéc g Pabpidag mieong,
01 OLVAUELG AOY® EMLPAVEINKNG TAONS £EIGOPPOTOVV OLTEG AOY® O0POPAG THESNC LE TO
VYPO UETOALO VO £XEL TNV HLOPOT HOG OXEOOV NUGPOPIKNG GTayOVaG LKkpng aktivag. H
Bapunta €dm dev mailel onpovtikd poro. Kabag, dpmc, n dwapopd micong erattdvetal,
N VYPN OTUYOVO TOUPVEL TETMAATUGUEVT] LOPON Kol dnuovpyeital €vag Aentdg vypog
VUEVOG TTOL GTAOIOKA KOADTTEL OAN TNV Ave emieavelr tov CPS. Xe autd 10 014d10, 1
Baputikéc dvvapelg e£lGoppomovv TG SVVALELS AdY® O0POPAEG THECTG KOl EMPAVELNKNG
Téong Kol TO TAY0G TOL LYPOL vuéva elvarl TAEemG YIAM0oTMOV, 1M omoio givol GYETIKA
HEYAAN KOl €XEL OPVNTIKEG EMNTMOGES OTNV €voTdleln Tov VYpoly vuéva. Kabog n
Olopopd TSNS EAATTMOVETOL TEPIGGOTEPO, TO UNKOG EMAPNG LIIepPaivel kaBe peaMoTiKO
UNKOG GYETIKO pe TNV O1dtadn Kot 1 6TaTikn wwoppomia dev pmopel va emttevydel yro pio
oEapopévn yovia emoens. ‘Etol, i&dpoviag 10 unkog emapng ovti yio v yovio
EMOPNG, M OTOTIKY tooppomicn umopel va emtevydel yioo akdpo pkpdtepeg Paduideg
TEONG OLYKPITIKA LE TNV TPONYOVUEVN] TPOGEYYIoN £mC OTOL 1 OWPOpd Tieomg
expndevifetar kol 0 vYpOg VuEvag €xel TAYOS TAEEMG UIKPOUETP®V KoLl YOVIO ETOPNG
oxedov unoevikn. Tétolov €idovg oTaTIKEG OAPOPEAOGES €xovv  avagepbel otnv
Broypapio kot mopovcidlovtal mo evoTtabeilc EVAVTIH OTIG MAEKTPOUOYVNTIKES
OLVALELC.
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Kotomy, diepevvinOnke n enidpacn TV EMOAVEINKOV JUVApE®V HETAED TOL VYPOL
UETAAAOL KOl TOV TOPMDOOVS VTOCTPOUOTOG. XTIV TOPOVCH  UEAETN, 1M KAOCIKY
epinToon PePIKNG S Poyng Tov VYPOV UETAALOL GTO GTEPED VIOGTPMLA OEV UTOPEL VOl
epapuootel. Exktipdrol 01t 1 otaTikn Slpdpe®oT TOV VYPOL UETOAAOL GE GLVONKEG
KevoL yapoktnpiletor amd mAnpn kdAovyn g dve empdvelag tov CPS pe v dtopopd
mieong petad g deCapevng kol tov TEPPAAAOVTOE TAAGUATOS Vo Elval Tdpo TOAD
LIKPT KO 0 TIHEG TNG OETIKES 1] apVNTIKES OVAAOYO LLE TIG OVVALELG TOV AGKOVVTOL AVTH
N neAétn oev AapPavel voOy”n TIG TESOKEG OLVANELS Kol oyeTiletal pe TNV edon otV
omoio. 0 AvEQOSIOGHOG TOV VYPOV UETAALOL TOV avaEEPONKE TPONYOLUEVOS €xel MOM
AaBel yopo. Avo €id1 duvapIKOV oAANAETidpaong peta&h Tov VYPOV UETAAAOL KOl TOV
TOPMOOVG VTOGTPMUATOG dEPELVNONKAV: OPYIKE £VOL AULYDG OTWOTIKO SOLVOUIKO KOl £V
ocvveyeia £vo SuVaUIKO To 0moio etvar EAKTIKO 1| apvnTikd avaAoya Le To av vrepPei 1 oyt
N T G eukAgidelng omdoTaonG HeTad TOL OTEPEOD VTOCTPAOUATOS Kol TNG
dtemeavelog vypoL HeTAAAOV-aepPiov KATOolo cvyKeEKPEVN Tun. O poAog TG PfapdtnTog
KOl GTIG OVO TEPITTAOGELG OEV EIVOL ONULOVTIKOC.

AvoQopikd pE TNV TEPITTOOT EVOC QYD ATMGTIKOD SUVOULKOD, LE TV Olapopd TECNG
petald degapevng kot TepBAAAovtog peuoTol va eivar undév, n yevikn eidva elvar o
€VOG OLOIOHOPPOV VTEPAENTTOL VYPOL VLUEVO TAEEMG AlYO WIKPOUETP®V GTNV OV
empdvern tov CPS pe pikpég ecoyég oty meproyr] tov moérov. Emiong, 6co n dmwon
HEYOAMVEL, TO o0 TOL VYPOL VUEVA avEdvetat. [a méoelg e delapevng peyardtepeg
amod TG TEGELS TOL TEPPAALOVTOC peLGTOV dev pmopel va enttevyBel otatikn woppomia,
EMEWN ALTOV TOL €id0VE TO JSVVOKO €ivol UOVO OTOOTIKO. X& TEPMTMOCELS OV
Aappavovtar vwoyn ot dvvapelg Lorentz to mapdv duvaptkd aAANAenidpacnc dev TPEmeL
va Bswpeitar kotdAANA0 Yoo THV TPOGoUoiwon TG dlepyasiag ool 1N mapovsio. TOLg
mBovov va odnynoet oe Betikn Pobuida micomng, wWwitepa KATA TNV EUPAVION TOV
actafeiov tov TAdcpatog. [apoia avtd, n xpNoonToinon avtod TOL SLVOUKOD LG
£0MGE KATOW0 TPATY EKOVO Y10 TV KAAVTEPT KATAVONOT| TG dlEPYOTIOG.

Oco avapopd v 0e0TeEPN TEPITTOON SVVAUIKOD OAANAETIOpaOTG, TOpATNPNONKAY TPELS
Baocwuéc vmomeployég pe dapopeTikd kvpiopya 1coldylo dvvape®v (N €COTEPIKY], M
eEmTEPIKN KO M HETAPATIKN TEPLOYN OV VEIGTATOL HETAED TV dVO TPONYOVUEVDV
neploy®v). O GLGYETICUOG TNG LETAPATIKNG TEPLOYNG LE TNV TTEPLOYN TNG EMOPNG UTOopEl
va ddoel pior extipmon g otatikng yoviog emagng. o oxetikd pkpéc Tipég e
dlpopdc mieong M olempdveln vypov-aepiov Aaupdver Eva oynuo pe EEAPIGUEVO
onueio emaeng oto XetAog Tov TOPOL Kot pio oTadlokd avovca ywvio ETaENS 6€ VTN
mv nepoyn. [lépa and kdmown oprokn tun g Pabuidag mieone, mov avtictolyel o
SLHOPPMOT HOG YOPOKTNPLOTIKNG YOVIOG ETAPTG 6TO YXEIAOG TOV TOPOL Kot TPOoPAETETAL
pe Bdéomn 10 SLVOIKO OAANAETIOPAOTC, TAPOVGLAGTNKE EVA OPLOKO CTUEIO KO 1) GTATIKN
Swpopemon dgv pmopovcoe vo emtevyfel. Xe avt TV TEPINTOON £PAPUOCTNKE pia
GAlov eidovg apBunTikh dadikacio avti yio TNy amin cuvéyeto (simple continuation),
arc length continuation mov £de1e v guedvion evdg devtePoL KAGOOL ADGEWV TOL
avTiotolyel o€ vypohg vPEVEG HE UEYOAVTEPO TAYOC. ALTOG 0 Oe0TEPOG KAADOG
eEedlooetanl mpog piKpOTEPEG Pabpideg g mieong Kot T0 GYNUO TOV LYPAOV LUEVOV
aVTIOTOLXEL 0E GYEOOV NUICEOPIKEG OTOYOVEG TOPOUOLES UE OVTEC TOV ANPONKAY oTNV
TOPOUETPIKY] UEAETN OV TPOOVOPEPONKE Kol UEAETO TNV EMIOPAON GYETIKA UEYOA®V
dapopmv ¢ mieonc. [Ma avtég T1g peydleg mEoelg, LEYOADTEPES TNG KPIGIUNG TYUNG TTOV
eppaviCetor oprokd onpeio, yperdletor va peret et duvapukd o TpdfAnua.
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Q¢ pio Tpotn Tpoomdbela vo mpocopolwbel n enidpacn twv dvvapewnv Lorentz oty
npoavapepbeica otatikn Opdpewon, peletnOnke mn  emidpacn evoc eEwTEPK
emParlopevoy NAEKTPIKOL 7ediov. XPNOHOTOIDOVINS TNV OTOTIKY OlpdpO®GCT TOV
VYPOV UETAALOV TOV VTTOAOYIGTNKE TPONYOLUEVMG Y10 TV TEPIMTOGT TOL OVTO KOAVTTEL
Tpog ™V ave emedveln tov CPS kot otadiokd ovEavoviag v €vtacTn Tov
niektpkol mediov, evd 1 palo Tov vypoL peETAAAOL dttnpnOnke otabepn, AeOnkav
plo ogpd and oyfUaTe TOV OmEKOVICOLV TO GYNUO TNG OTATIKNAG OLHOpP®oNG. g
GUVETELDL TNG EMOPOOTC TOV NAEKTPIK®OV TACEWV OTI OETPAVELN, N TEPLOYN TOV TOAOL
EMUNKOVETOL TNV KOTEVOVVOT TOL NAEKTPIKOD TEGIOV, EVAD M YOVIO ETAPNG LEUDVETOL
wote vo dttnpn et n 1010 tosdtTTa VYPOL ABiov. To mhyog Tov VYPOL VULV avEAveTIL
HOKPLE omd TNV YPOUUn €maQng Omwe kol 1 KopmvoAdtnta. Telkd, pio kovikn yovio
dNovpyeitar 6TV TEPLOYY TOL TOAOV Kol Koo GTATIKY AVoT dev umopel va. emtevydet
Y. 1oYVPATEPA MAEKTPIKG Tedia. Xe avtd 10 otdolo, 1 Papvnta e&lcopponel TIC
NAEKTPIKEG TAGELS Kot avTd TO 160L0Y10 dvvapre®my KabBopilel TNV T TS KOVIKNAG YOviog
otov moro. ITlapd to 7yeyovog OTL TO WHOVIEAO TOL avamTOYOnKe elvol OYETIKA
AmAOTOMUEVO, TO  OMOTEAEGUOTE TOL omokopiotnKav Oeompndnkav &ykvpa Kot
aVTIOTOLYOVV G€ akpaio oevdpla Katd T ddpkela TV actabeidv Tov TAdopatog. ‘Exet
naponpnOel oty Piproypaeio 6TL oV TTEPLOYN TOL TOAOL pmopel va dnurovpynOet
vypn Oéoun vyming toydtmroag (jet). Avt m digpyoocia, OTOC ovaQEPETAL OTNV
Broypapio, pmopel v OMpovpynoel PIKPEG OTAyOVEG UOAG 1 TOXDTNTO TNG VYPNS
déoung vymAng tavTNTag VIEPPEl KATO OPLOKT TILT.

Oco avagopd tnv emidpaon TOV 7O OCYETIKOV HE TIG E€PAPUOYEC TNG oOVINENG
NAekTpopayVNTIKOV duvapeny (exidpacn jXB), 660 t0 vypd pétodro Ppioketar vidc Tov
TOPOL Ol NAEKTPOUAYVNTIKES duvapelg dnpovpyodv pio Pabuida mieong mov teivel va
tpofr&et 10 vYpoO PETOAAO £E@ amd ToV TOPO. Avth N payvntikn mtieon e€aptdron and v
évtoon tov emTepkd emMPAALOUEVOL HOyVNTIKOD TEGIOV, TO MAEKTPIKO PEVLUO TOV
EIGEPYETAL OTO VYPO UETOAAO KOl TNV OKTIVAL TOL TOPOL. XtV TPAEN O Ao TATOS
apBudg Bondy, mov mpoékuye omd v adlaoTatikny avdAvon Kot oxetilel Tig SuVAUELS
Lorentz pe avtéc AOY® EMQOVEINKNG TAONG QOiveTor va eA&yyel v OAn dlepyacic.
Baoilopevotl oty oyéon yua tnv €0peon tov Bondy, eAattdvovtag v axtivo Tov Topov
peyolvtepa pedHOTO TAACUOTOS UTOPOOV va. avexBovv, yeYovog mov eVIoYVEL TNV
alomotio Tov CPS ®g otoyeio avtipetdmong tov mAdopatos. EmmpocHétme, pia
kpiown Tywn tov Bondn, pmopel va PBpeBel ®g ovvaptnon TOoL  SLVOUIKOV
aAAnAenmidopaong, 10 omoio €10ayEL Eva avVAOTOTO OPLO GTNV TIUN TNG YOVIOG ETAPNG TOL
umopei va. emtevydei 670 xeilog Tov TOpov. TTépa amd avth v kpioun tiun Tov Bondy
pio Kovovpyla okoyéveln, Aoemv, mov eEehooetal Tpog wkpodTepa Bondn, Bpédnke pe
10 VYPO pé€taAlo va oynuatilel pia otaydva €€m amd Tov mOPo pe PEAPIGUEVN YmVvia
enaeng mov kabopiletal amd T AAANAETOPACELS GTNV UIKPOKAILoKA HETAED TOV VYPOL
UETAALOL KOl TOL GTEPEOV LVITooTp®OUaToS. H mpoavapepbeica yovia enagng prnopet va
poPrepBel amd pio ACLUTTOTIKY AVAAVLON TOL TPAYUATOTOWONKE GTOL TAAICIO TNG
TapoHGOS O1OAKTOPIKNG daTpiPnc. H karvovpyla Avor icwg va epgoavileton petd ond v
EUQAVIOT] KATO0V 0plaKov GNUEIOL GTO ddypappa StokAddmong. Mia duvapikn peAéTn
oV mpoPAnuatog ypelaletal £tol dote vo exkTiunOel n e€EMEN TG SLVOIKNG YOViog
EMOLPNG GE QLTI TNV TEPLOYN.
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Novelty and scientific contribution of the PhD dissertation

The free surface plasma facing components constitute one of the most critical
technological challenges of future fusion reactors. As can be gleaned by the relevant
studies, this topic has been the subject of extensive ongoing R&D. Out of the proposed
liquid metal concepts, this PhD dissertation dealt with the jet/drop curtain and, primarily,
the Capillary Porous System (CPS) concepts.

Regarding the jet/drop concept pertaining to the ISTTOK experiments, the simplified
model developed in the context of the present study provided a proof of principle
explanation for the observed deflection from the original trajectory in a Tokamak
environment. As a consequence, the results obtained corroborate the belief that
employment of liquid metal drops/jets cannot be regarded as an optimal alternative
plasma facing component mainly due to their strong deflection as they interact with the
surrounding plasma. In addition, the results based on this first principle study reasonably
conform to the findings of ISSTOK experiments.

The second concept that was investigated in the present thesis, namely the CPS concept,
is the most mature path for liquid surface plasma facing components as can be deduced
from the relevant literature. In this concept, capillary action is of central importance for
renewing the liquid metal which is in contact with plasma. Thus far, CPS has been the
subject of extensive experimental activity with encouraging findings. Nevertheless the
CPS, until now, has not been the subject of extensive modelling activity partly due to the
complex flow arrangement of the limiter containing the liquid metal.

This is the first time, in our knowledge, that such an in-depth theoretical analysis is
presented concerning the CPS concept. As a matter of fact, this PhD dissertation tries,
through first-principles studies, to deal with the major phases of the CPS operation. More
specifically, it models-explains what happens during the preparation phase, that is to say
before the machine is “turned on”. Furthermore, a heat balance is performed pertaining to
the power exhaust capabilities of the CPS configuration ignoring the non-coronal
radiation shielding. Subsequently, it delves into how the replenishment occurs identifying
the interplay between the different forces that act towards pushing liquid lithium out of
the porous matrix or resist its motion. Finally, the current PhD dissertation studies
extensively the static arrangement of the ultra-thin liquid metal film that rests onto the
CPS outer surface, as a function of the reservoir overpressure, external field forces and
wetting properties of the working liquid metal on the substrate.

Focusing on the vented lamp concept for a capillary porous system with capillary wicking
channels for the supply of liquid metal from an internal reservoir, an extensive parametric
study is performed on the effect of reservoir overpressure on the static film thickness. For
large overpressures the size of the liquid meal layer decreases and the balance between
surface tension and pressure drop determines the shape of the interface. Subject to nearly
vacuum conditions the thickness of the protective layer was found to be on the order of
micron or submicron meters in agreement with experimental observations. In this regime,
the shape of the interface depends on the substrate nature and topography and assumes
the form of a protrusion series, when the interpore distance is much larger than the pore
radius. As the reservoir overpressure increases the liquid metal layer that coats the pore
assumes a static arrangement with a fixed contact point at the pore’s edge. When the
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contact angle at the pore edge reaches a critical value predicted by the interaction
potential between the liquid metal and substrate a limit point arises and the solution
family turns to lower overpressures. The coating assumes the shape of a drop that has
escaped the pore and coats the substrate with the above critical contact angle. Beyond the
overpressure corresponding to the critical contact angle, the threshold value depends on
the strength of the interaction potential, a static arrangement does not exist and a transient
analysis is necessary to describe the spreading process of the operating fluid on the CPS
response, possibly introducing the concept of dynamic contact angle.

The importance of the above analysis becomes evident when the effect of Lorentz forces
on the static arrangement is investigated. More specifically, when an electric current
enters the liquid metal layer from the surrounding plasma then, in the presence of an
azimuthal magnetic field component, a Lorentz force arises whose effect is incorporated
in the Maxwell stresses. The latter is decomposed in the magnetic pressure and a
rotational part and the relative strength of Lorentz forces with respect to capillarity is
determined by a magnetic Bond number, Bondy, that acts as a dimensionless magnetic
pressure. For relatively small values of Bond,, the rotational part of the stresses is
negligible and the effect of the magnetic pressure on the static arrangement is similar to
the situation described above for the same overpressure. In particular, for small values of
Bond,, shapes with fixed contact point are obtained at the pore’s edge with increasing
contact angle and increasing length of protrusion into the plasma. Provided the interaction
potential with the substrate is known, in the presence of Lorentz forces, a critical contact
angle can be derived in the manner shown for the case of a general overpressure.

Upon reaching the critical value for the contact angle at the pore’s edge the onset of
shapes with fixed contact angle is anticipated for Bond, values lower than the
corresponding critical value, Bondy, as a result of a limit point in the parameter space of
overpressure for fixed strength of the interaction potential. Static solutions with a fixed
contact angle do not exist for larger magnetic pressures and a dynamic analysis is
required in order to investigate the response at large electric currents or larger magnetic
Bond,,. More specifically, dynamic contact angle effects should be investigated during
the spreading process of the liquid metal on the substrate, in order to investigate different
dynamic patterns that occur at large magnetic Bond numbers. To this end, the proper
interaction potential pertaining to the liquid metal and substrate has to be introduced. The
above critical Bondy,, number is a first threshold for the establishment of a static
arrangement. For fixed operating medium, e.g. liquid lithium, magnetic field intensity
and strength of the interaction potential, the above critical value is achieved for larger
electric current densities as the pore size decreases. In this fashion, the critical magnetic
Bond number, derived via the above analysis, can be used as a control parameter in order
to interpret experimental observations of capillary porous systems.
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Outline of the PhD Thesis

The PhD Thesis is divided into seven chapters. More specifically: Chapter 1 presents the
motivation of the current study and the basic principles of Controlled Thermonuclear
Fusion as well as the approaches to achieve it on Earth. Besides, the governing concepts,
concerning the use of liquid metal as free surface plasma facing components, are
presented with more details on Capillary Porous System (CPS). In Chapter 2 the basic
aspects of wetting phenomena along with the surface forces due to the micro-scale liquid-
solid interactions are discussed. In Chapter 3 the deflection of a liquid metal jet/drop in a
tokamak environment is investigated with the modelling section and the main results
being assembled within the same chapter since the next Chapters (4-6) are referred to the
CPS configuration. In Chapter 4, the step-by-step effort is described concerning the
analysis of the operation of the CPS as plasma facing component. Moreover, the
modelling as well as its mathematical formulation of CPS is analyzed for all the cases
considered. Chapter 5 contains the finite element methodology, the basis functions and
the discretized equations which were used. In Chapter 5, the Newton-Raphson method is
presented along with continuation techniques. At the end of the chapter, a subsection
exists focusing on benchmark calculations and comparison with available results from the
literature. The main results are demonstrated in Chapter 6 while the main conclusions
based on this work are drawn in Chapter 7 along with recommendations for future work.
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Chapter 1: Introduction

In this chapter, a literature survey is presented concerning the case of thermonuclear
fusion in a Tokamak with an emphasis on liquid surfaces for fusion plasma facing
components and the progress which has been achieved so far. The Capillary Porous
System (CPS) is analyzed mostly because it is the subject of the current PhD dissertation.
Besides, it seems to be the most mature path for liquid surface PFCs. Finally, since this
work has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research a brief description of the program's main
objectives is presented.

1.1 The European fusion program

The European fusion program is based on the Roadmap to the realization of fusion
energy. EUROfusion funds the Research Units in accordance with their participation to
the mission-oriented Work Packages outlined in the Consortium Work Plan [1].

In general the program has two aims: Preparing for ITER experiments and developing
concepts for the fusion power demonstration plant DEMO.

ITER

The objectives of the EUROfusion ITER Physics Program for ITER lie in the
development of plasma regimes of operation for ITER and in investigating solutions to
manage the plasma’s heat exhaust. The second issue is connected with concepts for the
divertor, which is the area of the reactor wall that experiences the highest heat and
particle fluxes. ITER Physics also studies divertor configurations that could reduce this
heat loads.

DEMO

Laying the foundation for a Demonstration Fusion Power Reactor (DEMO) to follow
ITER by 2050 is the objective of the EUROfusion Plant Physics and Technology Work
Program. The central requirements for DEMO lie in its capability to generate several 100
Megawatt of net electricity to the grid and to operate with a closed fuel-cycle (i.e. to
produce and burn tritium in a closed cycle). A number of outstanding technology and
physics integration issues must be resolved before a DEMO plant concept selection is
made. Each of them has very strong interdependencies. One is the selection of the
concept for the breeding blanket. Blankets are the internal components of the reactor wall
that absorb the energy from the fusion reaction, ensure the tritium breeding process and
shield the components outside the reaction chamber from the fast fusion neutrons. The
choice of cooling fluid flowing through the blanket is closely connected to the selection
of the Balance of Plant. The latter denotes the sum of all systems that transform the
fusion energy into electricity — mainly cooling fluid, turbine and generator. Another
matter is the selection of the divertor concept and its layout configuration. The design of
the first-wall (i.e. the innermost lining of the reactor wall) and its integration into the
blanket is a further issue, since it must take into account that the first-wall might see
higher heat loads than assumed in previous studies. Furthermore, there is the selection of
the minimum pulse duration of DEMO and of the corresponding mix of plasma heating
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systems (i.e. heating and current-drive systems). DEMO must be designed in a way that
all maintenance work can be carried out remotely via manipulators and therefore reliable
and fast maintenance schemes must be selected. The impact of the various system design
options on the overall plant reliability and availability are analyzed in an integrated
approach. The development of DEMO requires many technological advances and
innovations in several areas. One example is structural materials that withstand both
extreme heat loads and the bombardment with neutrons of unprecedented energy.
Another issue is the heat load — not only on the divertor, but also on areas of the reactor
wall.

24

Institutional Repository - Library & Information Centre - University of Thessaly
12/05/2024 03:57:40 EEST - 52.15.35.194



1.2 Motivation

It is widely known that the world economy runs on fossil fuel. However, the world
resources of oil, coal and gas are diminishing. If no action is taken, an energy crisis is
imminent in the next couple of centuries, maybe decades. Apart from the inevitable fact
that we will run out of fuel, the burning coal, oil and gas also has an impact on the
environment. The signs of global warming due to carbon dioxide and the accompanying
climate change become increasingly more alarming.

Nevertheless, mankind will not give up the present standard of living, so the energy
consumption is not expected to be reduced, it will rather be increased. Sources of energy,
other than fossils, are therefore needed. Those that are presently available, however, are
of very low energy density (solar, wind and bio-energy) or produce long term radioactive
waste (nuclear fission). Thermonuclear fusion holds the promise of an abundant supply of
energy, without affecting the climate and with minimal short-term radioactive waste.

Nuclear fusion is the reaction in which two or more nuclei combine together in order to
form a new element with higher atomic number (more protons in the nucleus). The
energy released in fusion is related to E = mc? (Einstein’s famous energy-mass equation).
On Earth, the most likely fusion reaction is Deuterium-Tritium reaction. Deuterium and
Tritium are both isotopes of Hydrogen.

D+T — He +n + 17.6 Mev (1.2

In this reaction two Hydrogen isotopes, Deuterium and Tritium, fuse resulting in a
Helium nucleus and a neutron. The produced energy is divided over the fusion products:
the neutron receives kinetic energy of 14.1 MeV, the helium nucleus (also called a-
particle) has energy of 3.5 MeV. Deuterium is largely available in the oceans of the
Earth. Tritium is not freely available, but can be produced by a nuclear reaction of
Lithium — also widely available — and an energetic neutron. The ‘waste’ of this fusion
reaction is Helium: a non-toxic, non-radioactive gas.

In order to achieve fusion on the Earth, some serious matters should be taken into
account. First of all, the nuclei of Deuterium and Tritium do not fuse spontaneously.
Since they both have a positive charge, the repelling Coulomb force prevents their fusion.
A sufficiently high kinetic energy of the nuclei is needed to overcome the Coulomb force,
see Fig. 1.1. This high kinetic energy is achieved in a gas with temperature T of about
100 million degrees centigrade. At this level of temperature gases are ionized. We do no
longer call them gas, but “plasma”. It is common to express temperatures in a plasma
with eV, where 1 eV=12000°C.
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Fig. 1.1 A sufficiently high kinetic energy of the nuclei is needed to overcome the Coulomb force

Unfortunately, a high temperature is not all that is needed to achieve the fusion of nuclei.
In order to have enough collisions between the highly energetic nuclei, the density, n, of
the particles should be also high enough. A third important parameter is the energy loss.
If fusion plasma loses its energy to the outside world faster than it can gain energy from
fusion reactions and/or from external heating, then the process will die out. The rate at
which plasma loses its energy is given by /g, where ¢ is the energy confinement time.
A fusion reaction will be self-sustained if the product of the above three parameters -
temperature T, density n and confinement time t¢ is sufficiently high. For the Deuterium
— Tritium fusion reaction the following relationship has been proposed:

nTz. > 5 x 10**keVs/m® (1.2)

The above inequality is the so-called “Lawson criterion”. The triple product nTtg IS a
figure-of-merit for a fusion reactor: the higher it is the better.

To produce energy from fusion, scientists must control the temperature, density and
lifespan of the plasma fuel. Since all deuterium/tritium fueled fusion takes place at 150
million degrees Celsius, the two variables that can be controlled to produce fusion are
plasma density and lifespan. There are three different lines of research that deal with this
problem.

At one end of the spectrum is low density, long lifespan fusion, in which the low density
produces a relatively small number of energy producing collisions, but the plasma is long
lived enough to achieve sufficient interactions to generate energy. Because the plasma is
held stable (confined) for these long periods using magnetic fields, this technique is
referred to as Magnetic Confinement Fusion (MCF). Some commonly studied
configurations for magnetic confinement are the magnetic mirror, the z-pinch, the
stellarator and the Tokamak, Figs. 1.2-1.5, respectively.

At the other end of the spectrum is very high density plasma with very short lifespans,
referred to as Inertial Confinement Fusion (ICF). Using extremely rapid compression to
heat a capsule of fuel to fusion temperatures, inertial confinement fusion takes place in a
matter of nanoseconds and produces a short lived burst of energy. The National Ignition
Facility (NIF) is the world’s largest inertial confinement fusion research facility, and uses
the world’s most powerful laser to compress and heat a fuel capsule.
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In the mid-ground between these two approaches is Magnetized Target Fusion (MTF).
Magnetized target fusion starts with medium density plasma and compresses it to fusion
conditions. The compression phase takes place in microseconds (a thousand times slower
than in Inertial Confinement Fusion), allowing for more conventional compression
methods such as pistons to be employed. General Fusion and Helion Energy are
companies that use this approach in order to develop the world’s first commercially
viable fusion power plant, [2,3].

Finally, the most important accomplishments concerning the above three different lines
of research, namely MCF, ICF and MTF, are shown in Fig. 1.6a-d.

Fig. 1.2 Gas dynamic trap (GDT) magnetic mirror configuration, [4]

Fig. 1.3 Schematic illustrating the formation of a flow Z-pinch in the ZaP experiment, [5]
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Fig. 1.4 Stellarator configuration, [6]

Fig. 1.5 Tokamak configuration, [6]

(@)

(b)
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(d)
Fig. 1.6 The most important accomplishments concerning the three different lines of research regarding
fusion, namely (a) MCF (JET Tokamak), (b) ICF (National Ignition Facility) and (c, d) MTF (General
Fusion and Helion Energy)

1.2.1 Magnetic Confinement: The Tokamak

The Tokamak is the most widely studied magnetic confinement configuration. The term
“Tokamak” comes to us from a Russian acronym that stands for “toroidal chamber with
magnetic coils". For toroidal plasma confinement, both poloidal and toroidal fields are
necessary. The poloidal field is provided by external coils and the plasma current. Fig.
1.5 shows the basic principles of magnetic confinement in a tokamak.

The movement of a charged particle parallel to the magnetic field is not restricted.
Therefore, in order to confine plasma effectively, the field lines should close in
themselves and, hence, they form a toroidal geometry. However, just a torus shaped
vacuum vessel with a toroidal magnetic field is insufficient to confine the plasma. The
curvature of the magnetic field causes electrons and ions to drift to the bottom and top of
the torus, respectively, resulting in an electric field. This electric field in its turn leads to
an outward drift of all particles and, thus, to a loss of confinement. To neutralize this
electric field, particles that drifted to the top of the machine should be brought to the
bottom and vice versa. This can be achieved by adding a poloidal component to the
magnetic field. In a tokamak configuration the poloidal magnetic field is generated by
toroidal plasma current. This plasma current is induced by a transformer, using the
plasma as the secondary winding. On top of these poloidal and toroidal field components
radial and vertical components are added to the magnetic field by external positioning
and shaping coils.
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1.3 Literature review on the present status of liquid metal research for a
fusion reactor

The highest loaded element of a tokamak fusion reactor is its divertor. While the neutron
load in the divertor zone is lower than on the first blanket wall, its specific thermal loads
are many times higher; their values incorporate flows of high-energy particles carried out
of the plasma zone. Thus, high power magnetically confined fusion devices have very
high heat and particle loads on the walls that face their plasmas. Handling this heat is a
big challenge, in present and future devices, e.g., DEMO. Based on available data from
fusion reactors that are in operation, e.g. JET, divertor walls made of tungsten can
withstand heat loads up to 20 MW/m?. Beyond this level the plasma-wall interaction that
is generated by such events is seen to cause problems such as erosion, thermal stresses,
thermal fatigue and plasma contamination which may irreversibly impair the operation of
the reactor.

Designs using realistic materials capable of tolerating such high stationary and especially
pulsed heat flows without mechanical damage and sputtering under the influence of
particle flows during an extended period of time do not exist [7]. In order to circumvent
the above problems liquid metals are considered as alternative plasma facing components
(PFCs) [8-10].

The self-cooling and self-annealing properties of flowing liquids increase their life cycle
as they interact with the scrape-off-layer of the fusion reactor. The suggested solutions
include the following concepts:

Organization of liquid-metal films quickly flowing along a cooled substrate
Creation of a “screen” by a liquid-metal flow

Creation of drops for a liquid-metal screen

Creation of a screen of dropping solid balls

Placement of rotating cylinders in the divertor

Capillary Porous System (CPS)

These ideas seem simple and convincing since they are based on well-known principles
of divertor target plate cooling. Nevertheless, it turns out to be difficult to implement
them due to the necessity to combine, in one device, a number of new technical
approaches that have not been demonstrated separately. Like solid PFCs, the support
structure in a liquid surface PFC will be damaged by neutrons, while proper attention to
tritium retention, removal and handling is a requirement for any fusion system.
Furthermore, it requires the use of diverse constructional materials, various heat-carriers
and coolers and a combination of static and dynamic conditions involving instabilities in
the working zone. Besides, the flow pattern of liquid metals employed for protection of
the divertor region is characterized by the formation of a free surface that is subjected to
the electromagnetic field and heat load generated by the plasma. As a consequence, a
basic problem persists. Liquid metal magneto-hydrodynamics (MHD) severely constrains
solutions that use flowing liquid metals. The related issues have in large part driven the
directions for R&D with liquid surface PFCs. Table 1.1 lists confinement devices using
liquid surfaces. Moreover, International Symposia on Lithium Applications in Fusion
have extensive information on Li R&D [11-14]. Jaworski [15,16] and Nygren and
Tabarés [17] have provided reviews of liquid surfaces with an emphasis on Li, as have
Lyublinski et al. [18] but with a focus on capillary pore systems. In addition, Coenen
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summarized considerations for several liquid metals for power exhaust systems in future
fusion devices [19]. A more recent paper by Jaworski et al. [20] focused on issues related
to flowing Li divertor targets and their integration into NSTX-U.

Table 1.1
Confinement devices using liquid surfaces, [17]
Device Type Location
NSTX-U spherical tokamak United States
NSTX spherical tokamak United States
LTX tokamak United States
CDXU tokamak United States
DIII-D tokamak United States
T-11 spherical tokamak Russia
T-10 spherical tokamak Russia
T3-M spherical tokamak Russia
TJ-11 stellerator Spain
RFX-mod tokamak Italy
FTU tokamak Italy
EAST tokamak China
HT-7 tokamak China
ISSTOK reverse field pinch Portugal
KTM tokamak Kazakhstan
Aditya tokamak India

The basic areas of research on liquid surfaces performed in confinement devices
presented in Table 1.1 are briefly described below.

e LTX, the only device with a full liquid Li wall, has extremely encouraging results
on confinement [21].

e HT-7 deployed 2 flowing Li modules developed by US researchers plus other
ways to expose liquid Li to plasmas. Free Li surfaces produced high Li emission
and many shots were conjectured to be disrupted from JxB forces dislodging Li
[22].

e NSTX operated with the Liquid Li Divertor (LLD) and coated it using two
previously developed LITER Li evaporators. The upgraded NSTX-U is starting
operation in 2015-16 [23].

e CDXU is the 1st tokamak with a large area of liquid Li which used heated SS
trays as a floor limiter filled from an injector nozzle. Earlier experiments had a
mesh-covered rail limiter fed with Li by a tube [24].

e T-3 and T-11 used liquid Ga early in the Russian program. Researchers used
flowing Ga limiters, attempted a flowing sheet of Ga, and successful tests in T-3
M compared the impurity influx of a Ga droplet limiter with that from a graphite
limiter [25].

e ISTTOK, with a free surface jet of Ga, showed trapping of H and saturation of the
effect, but also hydrocarbons and hydroxides in the near surface region [26].

e T-11M and T-10 operated with CPS-LLLs (liquid Li limiters), extracted H and D
and Li with cryogenic targets without venting chamber, and collected ~60 mg Li
in 200 regular shots. T-15 plans [27].

e FTU had improved plasma performance with a rail type CPS-LLL built in a
Russian collaboration with ENEA-Frascati [28].

e HT-7 operation with modular CPS-LLL, developed by Russian researchers,
improved the retention of Li on its surface [29].
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e TJ-II utilized a CPS-LLL with positive or negative bias and had devoted
experiments on recycling, and also exposed Sn-Li [30].

e KTM has an uncooled module. Tests on a CPS module with Na-K confirmed
reliable operation over temperature range of 20-200 °C [31].

e Lipellets and Li spray in DIII-D resulted in enhanced confinement correlated with
recycling. Motion of liquid Li was observed using the DII1-D DiMES probe [32].

e Researchers at EAST used Li injection for ELM control and various methods to
expose liquid Li to the plasma [33].

e Researchers at TJ-1I studied the combined effects of Li evaporated onto walls and
boronization. Lithitization enabled routine operation using 2 neutral beams, clear
transitions to H-mode and doubled confinement times [30].

e Experiments in TJ-Il and in ISSTOK also exposed SnL.i [34].

e The extensive Russian program on liquid surfaces has included analysis of Li
droplet deformation, lab experiments with Ga waterfalls, testing of droplet flow
and a flowing Ga sheet, and measuring the sputtering of Ga. R&D in Latvia tested
the suppression of splashing in a 1T magnetic field. Li dust injected in T-10 [35].

1.3.1 Critical issues for liquid metals PFCs

The goal is to address the following question: What is the potential of liquid surfaces?
The approach is to identify critical issues that need to be solved. To do this, several
further questions are posed below, and the answers used to deduce key issues and how
the present status of R&D permits an assessment.

Can these provide viable solutions for PFCs for a fusion reactor, or at least for a fusion
component test facility? The path forward for Li PFCs may differ from that for other
metals or a molten salt. Also, a fusion component test facility must have a high duty
factor but could have lower temperatures for the structure than a reactor.

What must a liquid surface PFCs do? Fusion reactor PFCs receive power from the
plasma, transfer heat to a coolant that connects to the power conversion system, maintain
structural integrity and minimize tritium retention. The plasma configuration and
feedback into the plasma from the PFCs must permit sustained confinement and adequate
power production in the core plasma. Concepts with full liquid walls (and divertor) have
been developed. Systems with a mix of liquid and solid surfaces are also possible.

Surface stability and MHD

The surface of any liquid PFC must remain stable when exposed to the plasma and must
accommodate or recover rapidly from conditions that could destabilize the surface, e.g.,
gross motion that would compromise its function or ejection of droplets. Electrical
currents in a PFC can arise from currents in the scrape-off-layer, eddy currents induced
by plasma disruptions, or thermionic emission when the surface temperature is high
enough. These currents and the Lorentz force from the toroidal field can produce body
forces that can be destabilizing.

Rayleigh-Taylor instabilities, which arise when a body force directs a dense material into
a less dense material, can promote the ejection of droplets, as can Kelvin Helmholtz
instabilities, Jaworski et al. [20]. Reference [41] explains Kelvin Helmholtz instabilities
in the ejection of droplets from melted layers of tungsten in tests in the plasma gun
QSPA-T. Other papers describe experiments on surface motion of liquids in ASDEX-U
[37] and ISSTOK. In particular, Gomes and coworkers at ISSTOK performed extensive
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studies of Ga jets [26,38,39] with various nozzle sizes and flow rates in preparation for
tests in ISSTOK with a Ga jet and a graphite limiter. They noted the minimum time to
equilibrate flow increased with the nozzle size and that stability was lost for nozzles with
diameter larger than 2.5mm. Fig. 1.7 is given below, in order to illustrate an image of the
phenomena existing in ISSTOK. More specifically, Fig. 1.7 depicts a sequence of frames
showing the evolution of the gallium droplets position when both negative and positive
shifts are present [26].

Fig. 1.7 Frames sequence from a movie showing the dynamic behavior of gallium droplets due to the
influence of an ISTTOK discharge, [26]

In a nutshell, open films are subject to interfacial and shear instabilities at the speed and
thickness required, namely few cms, to exhaust large heat fluxes at DEMO relevant
conditions. Besides, liquid metal drops and jets have size on the order of mms which
results in their deflection as they interact with the surrounding plasma. Finally, the
thickness of the liquid metal film resting on top of the CPS wafer is anticipated to be on
the order of pums at near vacuum conditions. Generally speaking, the smaller the
thicknesses of the liquid metal arrangement the smaller effect of MHD instabilities are
expected.

1.3.2 Protection of tokamak plasma facing components by a Capillary Porous
System

The examples above demonstrated the complexity that arises from MHD concerns even
in nominally static liquid metal systems. Such concerns in their long history of R&D on
liquid metal PFCs led Russian researchers to develop and prefer the CPS as the path
forward for liquid surface PFCs.

The CPS concept is based on the use of evaporation cooling for eliminating high thermal
loads. Evaporation-condensation devices with liquid metals as the heat carrier are known
to be the most effective means of power/energy removal in high temperature facilities.

If the design of the target substrate is done properly, such a way of eliminating thermal
loads can provide very good performance, which achieves hundreds of MW/m? [40]. To
supply the evaporation surface with liquid metal, a porous construction of the target plate
with a capillary-pore “pumping” system for the liquid metal is used. The characteristics
of the capillary pore system (changing porosity, permeation anisotropy, working surface
geometry, etc.) are maintained in broad ranges by using appropriate manufacturing
technologies.

The design provides sufficient working pressure in the supply system without applying
external pressure by using only capillary force pressure. This system is self-sustaining
and self-regulating because the pressure distribution of the liquid-metal coolant in the
capillary-pore structure reacts to local changes of the thermal load distribution on its
surface.
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The use of such a technological approach satisfies all of the critical requirements that
designers might have when selecting materials and ITER divertor design and construction
approaches.

The CPS seems to be the most mature path for liquid surface PFCs and the result of
extensive prior and ongoing R&D [41-43]. Excerpts are paraphrased here to acknowledge
the continuing contributions from the Russian program.

e Surface tension suppressed splashing of Li splashing, and regenerated the surface
during the long experimental campaign [44].

e Erosion of liquid Li from the PFC is a strong function of Li temperature with a
rate nearly the same as ion beam sputtering of liquid Li [44].

e Li non-coronal radiation cools the edge plasma, can protect the PFC structure
from high power loads in quasi-steady state and from disruptions [45].

e Hydrogen isotopes implanted in liquid Li by the plasma can be recovered at
temperatures of 320-500 °C with the range of Tritium being 400-500 °C [25].

Lyublinski, Vertkov, Mirnov, Evtikhin and other scientists have summarized the ongoing
program. For example, the reference [44] has useful discussions of the reaction of Li with
various gases and capillary forces and deployments of Li CPS applications. The more
recent reference [17] includes a set of questions and related criteria by which the progress
and readiness of liquid surface PFCs are judged.

In the development of liquid surface PFCs, new ideas are emerging and some concepts
are being deployed in early trials. The CPS development is more mature, with continuing
development and many deployments targeted at resolving specific issues. Studies in
plasma confinement devices began with a Li CPS limiter experiments on T-11M in 1998
with the goals of a) testing of how well the CPS stabilized the liquid Li stabilization and
b) investigating the mechanisms of Li influx into the plasma chamber. While much of the
recent CPS applications are with Li, examples with Sn are also included below.

The CPS is a liquid delivery system with an architecture engineered to stabilize liquid
surfaces on PFCs. The capillary forces in a CPS depend on the wetting properties of the
liquid and size of the pores in the host structure. These must be matched for the chosen
liquid. Capillarity is expected to provide the necessary driving force to replenish the
depleted liquid metal/plasma interface, as a result of evaporation, by drawing liquid from
a reservoir. Tabarés [46] noted that the pore size for flow in the supply passages is not
always the same as that for retaining the liquid on the surface of the PFC, which further
complicates modelling of the CPS arrangement.

In 2005-2006, CPS limiters were deployed in the Italian tokamak FTU at Frascati and in
the Russian T-10 tokamak [47]. Fig. 1.8 and Fig. 1.9 illustrate upgraded versions of the
FTU CPS. The original CPS liquid Li limiter (LLL) in FTU successfully delivered Li to
host mesh at the plasma-wetted surface (Fig. 1.10) even to the point of depleting the Li in
the reservoir at the bottom of the module. The LLL was initially vacuum-canned. Its thin
SS seal was peeled away under vacuum in the port with the LLL in its retracted position.
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Fig. 1.8 CPS system deployed in the upgraded liquid Li limiter in FTU, [17]

Fig. 1.9 View of complete assembled LLL before installation in FTU, [17]

Q-

Fig. 1.10 SS mesh wetted by Li as in CPS for first LLL in the Frascati tokamak, [17]

Lyublinski et al. [18] indicated the possibility of PFC protection from the high power
load related to cooling of the tokamak boundary plasma by radiation of non-fully stripped
lithium ions, an effect supported by experimental results. This approach demonstrated in
scheme of closed loops of Li circulation in the tokamak vacuum chamber and realized in
a series of design of tokamak in-vessel elements. Fig. 1.11 depicts a view of targets
irradiated in MK-200UG with a) V alloy, b) CPS without Li and ¢) CPS with Li.
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Fig. 1.11 View of targets irradiated in MK-200UG: (a) V alloy after 1 plasma pulse, (b)
CPS without Li after 1 plasma pulse, (¢) CPS with Li at 250 °C after 17 plasma pulses, [18]

Power exhaust capabilities of CPS

High power density is a design goal for fusion reactors that implies a smaller fusion core
and lower capital cost, but also that more power goes into PFCs with a smaller area.
Power handling is a challenge.

The highest heat and particle loads flow along magnetic field lines into the divertor.
There, flux expansion and the inclined target spread the heat load, and some power in the
charged particles converts to radiation. lons (and electrons) approach the divertor surface
at small angles, so protruding edges have unacceptably high heat loads. The presence of
hot spots, e.g., protruding diver or tiles, with much higher local heating is a common and
well- recognized issue that is exacerbated with higher power density.

Heat fluxes to the first walls are typically lower than the divertor, but we now understand
that significant convected power reaches some locations on the first walls. This brings
two important changes for the first walls. The first is higher power and particle loads.
Second, the hot spot issue well known in divertors now applies also the first walls. Solid
close-fitting walls must now have tight requirements for alignment and shaping, a
requirement that was not recognized in past design studies [17].

Evaporation and relocating the heat, as with a flowing stream or droplet curtain, are ways
liquid surfaces can transfer locally from a heated area. In most cases, and certainly for
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PFCs with a slow moving liquid surface, the PFC must conduct heat through the liquid
and its host structure, and through a portion of the underlying support structure to the
primary coolant. The surface temperature depends on the coolant temperature and the
temperature gradients in the materials along this path. In this conduction dominated
scheme, the upper temperature limit is controlled by the allowable heat flux to the PFC.
The thermal conductance in the layer with the host structure and liquid itself is a non-
trivial analysis. The recent paper by Coenen [19] has a discussion of the heat removal
challenge for liquid surface PFCs.

In the case of a Li PFC, with its relatively high evaporation rate at temperatures of
interest for PFCs and without a process that stems the influx of Li, the limits for the
surface temperature appear to be rather low. For example, early edge modeling by
Rognlien and Rensink [48] to find limits for a Li wall using UEDGE and a simple
expression for Li evaporation found very low values and computational issues. Later,
with further study, base limits of ~400 °C and ~450 °C for low and high recycling were
obtained and ~490 °C in the divertor with better screening. The hope is that vapor
shielding may increase the allowable limit for Li. Rates for Sn and Ga are much higher.

Non-coronal discharge and vapor shielding are ways the plasma edge, under some
circumstances, can dissipate and transfer power from local areas otherwise subject to
overheating. Unless evaporation rates are high, as in those associated with vapor
shielding, evaporation itself provides relatively little cooling compared to the incoming
power from the plasma [17].

Non-coronal radiation

Historically, the long standing research program in Russia provided the largest body of
early experimental work on liquid surfaces for fusion applications and included the
introduction of Li into both the T-11M and T-10 tokamaks. In T-11, researchers observed
non-coronal radiation in a prolonged circulation of Li ions between the plasma and wall
that dissipated almost 80% of the total ohmic heating power to the wall by Li UV
radiation [25].

Evaporative cooling, conduction to substructure, and physical relocation in fast-flowing
systems, including droplets, are all processes that remove heat from where it was
deposited. Evaporation and ionization are important in determining the limits for Sn or
Ga as moderate-Z plasma impurities. And the main issue is how to maintain operation
with a tolerable amount in the plasma edge.

For liquid Li PFCs, non-coronal radiation (and vapor shielding) in the plasma edge can
improve plasma performance and enhance heat transfer. The objective in exploiting Li
non-coronal radiation (Li* or Li** not Li*") is to cool the boundary plasma and protect the
PFC during quasi-steady state and disruption events. Here the issue is whether robust
operational regimes are possible to exploit these processes.

Fig. 1.12 shows an example by Mirnov and collaborators [25,45] proposing sets of
limiters that separately emit and collect Li. Li non-coronal radiation cools the plasma
edge and protects the PFC itself from high transient power loads. The objective is
continuous circulation of Li* and Li** between the plasma and PFC that produces much
enhanced power dissipation through non-coronal radiation.
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More specifically, the cooled horizontal lithium rod touches the plasma column. The
plasma contact area of the limiter (hot spot) is the main source of the Li atom influx (Li
emitter) into plasma. Sputtering and evaporated Li atoms are ionized and excited by
electron impact and are diffused as ions (Li* or Li** not Li**) into the SOL and hot plasma
column. Some parts of the outward ion flux can go back to the cold ends of the Li rod and
collect there (Li collector). The capillary forces return this amount of lithium to the hot
spot again. As a result the Li ions travelling in a SOL can recycle. If the travelling (or
life) time t of lithium ions is lower compared with their transient time to stationary
ionized coronal balance, the total lithium radiation can significantly surpass the coronal
limit and play a role as the main coolant of the plasma SOL. In this model the main
radiated power flux goes to the broad area of the tokamak vessel surface (first wall) and
spreads the limiter heat load. Secondary limiters should work as additional collectors of
lithium atoms and as a secondary emitter, which can multiply the lithium non-coronal
radiation due to a decrease in lithium confinement time 1. In the particular case of one Li-
limiter (Li emitter) the vessel wall plays the role of the lithium and hydrogen flux
collector (first wall lithization).

Fig. 1.12 A principal scheme of lithium-limiter interaction with a tokamak plasma, [44]

Vapor shielding

Vapor shielding is a general term not specific to Li. Modelers of high power disruptions
on solid surfaces (e.g., W and Be in ITER) described vapor shielding over melt layers as
the initial evaporation producing a dense cloud of neutrals that interact with the incoming
plasma and reduced the erosion of the surface [49].

The formation of Li vapor-clouds has some rich underlying physics in its PSI.
Researchers at FTU noted a highly radiating Li cloud over the CPS liquid Li limiter
during its operation in 2006-2007.

Finally, in a recent experimental investigation, utilized in DIFFER [50], a steady-state
high-flux H or He plasma beam was balanced against the pressure of a Sn vapor cloud for
the first time, resulting in a self-regulated heat flux intensity near the liquid surface. The
plasma heat flux impinging on the target was found to be mitigated, as heat was partially
dissipated by volumetric processes in the vapor cloud rather than wholly by surface
effects.
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1.3.3 Lithium CPS

The work for the ITER reactor showed that conventional design solutions of divertor and
divertor plates for plasma burning practically in steady state in a tokamak of such a scale,
meet with serious difficulties. At the same time, high Z materials were rejected in
classical tokamaks because of plasma contamination by dust resulting from limiter
erosion in MHD-unstable discharge conditions. There is a principal possibility to move
lower in the low Z range, namely, to develop a lithium divertor where dust and
contamination problems would be solved naturally.

It is known that the most efficient means of heat transfer in high temperature machines
for energy conversion are evaporation—condensation elements with liquid metal as a
coolant. This method of heat removal provides the highest performance with an
appropriate choice of the working fluid; for lithium it is hundreds of MWm? at
temperatures below the boiling point. The second efficient mechanism to decrease local
heat loads is lithium radiation. While puffing of (heavy) gases is envisaged in the gas
target concept, in a lithium divertor such a target is formed naturally by appropriate
temperature control. Thus, energy is redistributed over a larger area by radiation, and the
heat flux to the divertor plate is decreased. Finally, power removal from the divertor is
carried out by thermal conductivity and convective effects to cooling loops and further to
energy conversion system without overheating.

Lithium makes the proposed divertor concept highly efficient and it has a number of
principally new features. The concept is feasible for the following reasons, as described
in [45]:

e Lithium has a low Z that determines its minimal effect on the main plasma in
comparison with any other materials.

e High latent heat of lithium evaporation, radiation and ionization of lithium vapour
lead to redistribution of the important part of incoming energy, thus decreasing
power load density on the divertor.

e Lithium fits well the reactor design with self-cooled lithium—lithium blanket;
service systems could be used both for the blanket and the divertor; tritium
extraction technology can be the same for both components; the same structure
material can be used in those systems - low activated vanadium alloys that are
well compatible with lithium at temperatures below 700°C.

e Helium and other noble gases do not interact with lithium in ordinary conditions.

e For low melting metals, lithium has the best physical and thermal properties for
application in a liquid metal reactor.

On the other hand, the use of liquid lithium causes some other problems as presented in

[42]:
e Mechanical stability of liquid lithium films.
e lon sputtering and evaporation (thermal emission) of lithium.
e Accumulation of lithium in plasma column.
e Lithium deposition on the surface of vacuum chamber.

Research and development on plasma surface interactions and liquid surface plasma
facing components has included liquid gallium (Ga), tin (Sn), lithium (Li) and Sn-Li. The
use of liquid tin as both a first wall PFC and in the divertor looks promising so far from
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an erosion/redeposition and plasma contamination standpoint. The primary advantage of
liquid Sn over other liquid metals is the tremendous drop in evaporative flux and the
subsequent increase in the evaporation-limited.
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Chapter 2: Basic aspects of wetting
phenomena

In this chapter, a brief description is given concerning the theory of the action of surface
forces, i.e. forces needed to account for phenomena occurring near surfaces, very thin
layers, corners, borders, contact lines, etc. All forces do originate at the microscopic
level, but the phenomenological, macroscopic manifestations of those forces are
accentuated. In particular, the role of the so-called disjoining pressure is emphasized,
which is considered to be the manifestation of the surface forces. The disjoining pressure
acts in the vicinity of the three-phase contact line, and its action becomes dominant as a
liquid profile approaches a solid substrate.

2.1 Wetting and Young's equation

Droplets of different liquids deposited on identical solid substrates behave differently.
For example, the mercury layer immediately forms a droplet on a glass surface, which is a
spherical cap with the contact angle bigger than 90° (Nonwetting case: Fig. 2.1).
However, it is easy to make an oil layer on the same glass surface; for this purpose an oil
droplet can be deposited on the same glass substrate, and it will spread out completely. In
this case, the contact angle decreases with time down to a zero value (Complete wetting
case: Fig. 2.2). Finally, a water droplet deposited on the same glass substrate spreads out
only partially down to some contact angle, 6, which is in between 0 and 90° (Partial
wetting case: Fig. 2.3). Thus, an aqueous droplet on a glass surface behaves in a way that
is intermediate between the behavior of the mercury and oil. In broader terms, complete
wetting, partial wetting, and nonwetting behavior are determined by the nature of both the
liquid and the solid substrate.

Fig. 2.1 Nonwetting case: contact angle is bigger than 90°

Fig. 2.2 Complete wetting case: the contact angle decreases with time down to a zero value
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Fig. 2.3 Partial wetting case: contact angle is smaller than 90°

Liquid Li partially wets the solid substrate as will be discussed later in the PhD Thesis.
As a consequence, let us consider the picture presented in Fig. 2.3. In the processes of
wetting three phases (air, liquid and solid) meet along a line, which is referred to as a
three-phase contact line. Consideration of forces in the tangential direction at the three-
phase contact line results in the well-known Young’s equation, Eg. 2.1, which connects
three interfacial tensions, vy, ysv and y with the value of the equilibrium contact angle, 6,
where yg, vsv and y stand for solid-liquid, solid—vapor, and liquid—vapor interfacial
tensions, respectively:

COSQZ(]/SV—7/5|)/7 (21)

According to Fig. 2.2, the complete wetting case corresponds to the case when all forces
cannot be compensated in the tangential direction at any contact angle, that is, if ysy, > ys
+ y. Partial wetting case, according to Eq. 1.1, corresponds to 0 < cos 6 < 1. That is, Eq.
2.1 reduces complete wettability, partial wettability, and nonwettability cases to the
determination of the three aforementioned interfacial tensions.

At equilibrium, the following three equilibrium considerations should be held:

1. Liquid in the droplet must be in equilibrium with its own vapor.
2. Liquid in the droplet must be in equilibrium with the solid.
3. Vapor must be in equilibrium with the solid substrate.

The first requirement in the list above results in the equality of chemical potentials of the
liquid molecules in vapor and inside the droplet. This results that the droplets can be at
equilibrium only with oversaturated vapor.

As far as the second requirement is concerned, it is unavoidable as the liquid molecule
adsorption on the solid substrate and the presence of liquid molecules on the surface
changes the initial surface tension. This means that the liquid molecules from the vapor
must be adsorbed on the solid substrate outside the liquid droplet under consideration.
The latter consideration results in the formation of an adsorption liquid film on the
surface as can be depicted in Fig. 2.4a.

Let us consider the third requirement. In Fig. 2.4a, an equilibrium liquid droplet is
presented in contact with an equilibrium-adsorbed liquid film on the solid surface.
However, the situation presented in Fig. 2.4a is not possible since such sharp transition
from the liquid droplet to the liquid film is impossible. On the line shown by the arrow,
the capillary pressure will be infinite. Hence, it should be a smooth transition from the flat
equilibrium liquid film on the solid surfaces to the spherical droplet, as shown in Fig.
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2.4b, where this smooth transition is shown. The arrow in Fig. 2.4b shows the point to
the right where the liquid profile is concave and to the left where the profile is convex.

(@)

(b)
Fig. 2.4 (a) Cross section of an equilibrium liquid droplet (at oversaturation) in contact with an equilibrium-
adsorbed liquid film on the solid substrate and (b) Transition zone from the flat equilibrium liquid film on a

solid surface to the liquid droplet

In the case of partial wetting, as have already been seen, liquid droplets cannot be in
equilibrium with a bare solid surface. They should always be at equilibrium with an
adsorption layer of the liquid molecules on the solid substrate in front of the droplet on
the bare solid surface. If the liquid is volatile, then this layer is created by means of
evaporation and adsorption. However, if the liquid is nonvolatile, the same layer should
be created by means of flow from the droplet edge onto the solid substrate. As a result, at
equilibrium the solid substrate is covered by an equilibrium liquid layer of thickness, h.
The thickness of the equilibrium liquid film, h, is determined by the potential of action of
some special forces, referred to as surface forces. The characteristic time scale of this
process is hours, because it is determined by the flow in the thinnest part in the vicinity of
the apparent three-phase contact line, where the viscose resistance is very high.
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2.2 Surface forces and disjoining pressure

It looks like the profile presented in Fig. 2.4b cannot be in equilibrium because capillary
pressure should change the sign inside the transition zone, and it is in contradiction with
the requirement of the constancy of the capillary pressure everywhere inside the droplet.
Some additional forces are missing. The mentioned problem was under consideration by
a number of scientists for more than a century. Their efforts resulted in considerable
reconsideration of the nature of wetting phenomena and the introduction of surface
phenomena, which are determined by the special forces acting in thin liquid films or
layers in the vicinity of the apparent three-phase contact line. They determine the stability
and behavior of colloidal suspensions and emulsions. The theory which was developed is
widely referred to as the DLVO theory [51] after the names of the four scientists:
Derjaguin, Landau, Vervey, and Overbeek.

It has been established that the range of action of surface forces is usually of the order of
0.1 pm [51]. As Middleman [52] and, in more detail, Starov et al. [53] analyzed, in the
vicinity of a three-phase contact line, the thickness of the liquid film becomes very thin
tending to zero. This thickness means that close to the three-phase contact line, surface
forces come into play and their influence cannot be ignored. These forces can depend on
the thickness, h, in a very peculiar way. A manifestation of the action of surface forces is
the disjoining pressure [53]. Note that this term is a bit misleading, because the
mentioned force can be both disjoining (repulsion between surfaces) and conjoining
(attraction between surfaces).

Let us consider the liquid-air interface of Fig. 2.5. It is obvious that the physical
properties of the very first layer on the interface are substantially different from the
properties of the liquid (in bulk) far from the interface. It is understandable that the
physical properties do not change by jumping from the very first layer on the interface to
the subsequent layers, but the change proceeds in a continuous way. This continuous
change results in the formation of a special layer, which is referred to as the boundary
layer, where all properties differ from corresponding bulk properties. Such boundary
layers exist in proximity to any interface: solid-liquid, solid-air, or liquid—air. In the
vicinity of the apparent three-phase contact line, these boundary layers overlap. The
overlapping of boundary layers is the physical phenomenon that results in existence of
surface forces. The surface force per unit area has a dimension of pressure and is referred
to as disjoining pressure, as we have already mentioned in the preceding section. Let the
thickness of the boundary layers be 8. In the vicinity of the three-phase contact line, the
thickness of a droplet, h, is small enough, that is, h ~ 3, and hence boundary layers
overlap, Fig. 2.5, which results in the creation of disjoining pressure. The above
mentioned characteristic scale, 5, determines the characteristic thickness where the
disjoining pressure acts. In Fig. 2.5 region 1 represents the bulk liquid and region 2 the
boundary layer in the vicinity liquid-air and liquid-solid interfaces where, in both cases,
boundary layers do not overlap. In region 3 the boundary layers overlap while region 4
represents a flat thin equilibrium film. The latter two are the regions where disjoining
pressure acts. Thus, the main conclusion is that the pressure in thin layers close to the
three-phase contact line is different from the pressure in the bulk liquid, and it depends on
the thickness of the layer, h, and also varies with the thickness, h.
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Fig. 2.5 The liquid profile in the vicinity of the apparent three-phase contact line

Fig. 2.5 will aid our definition of terms relevant to the forces acting on and within
ultrathin films. When a planar liquid film intervenes between a solid and a vapor, there is
a free energy per unit of interfacial surface area, the magnitude of which is a sum of
contributions from the solid-liquid surface tension, vy, and the liquid-vapor surface
tension, y. We may write this in the form:

Since the energies involved are those of the interfaces, the free energy F does not depend
upon the film thickness itself. This is a macroscopic view. It treats the boundaries of the
liquid film as mathematical interfaces. In fact, as it has already been mentioned these
boundaries separate physical interphases within which the liquid molecules exhibit
variations in density and orientation as one moves from each interface into the liquid
phase. If the film thickness h is small enough, these interphases overlap in the sense that
there can be molecular interactions between the molecules in these interphases.

2.2.1 Molecular Component

Calculation of the molecular contribution to disjoining pressure, I, has been approached
in two ways; from the approximation of interactions as a pairwise additive, and from a
field theory of many-body interactions in condensed matter [53].

In ultra-thin films, F can be a function of the film thickness, and we can define a
contribution to the free energy due to these molecular interactions by adding a term to Eq.
2.2:

F=yq+r+W(h) (2.3)

The form taken by the function W depends upon the nature of the liquid. The simpler
and, historically, earlier approach followed a theory based on summing individual
London—van der Waals interactions between molecules pair-by-pair, undertaken by
Hamaker [51]. One of the commonest representations of the function W is:

W (h) :ﬁ (2.4)

The constant A is the so-called Hamaker constant, and it depends upon the properties of

the three phases shown in Fig. 2.5. The constant A can be either positive indicating a
purely repulsive potential or negative, thus, indicating a purely attractive potential. A
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detailed discussion of the various types of molecular interactions of interest is given by
Teletzke et al. [54].

The corresponding disjoining pressure, IT, can be calculated from:

_dw(h) A (2.5)
I === ~&zme

The potential W is the free energy of a film of thickness h relative to that of the bulk
liquid on that surface, that is, relative to that of a very thick film such that II—0. For
films that satisfy such an expression, and for A > 0, IT increases as the film thickness
grows small. This corresponds to an increase in the free energy, and so very thin films
(i.e., of nearly atomic dimensions) of this liquid are energetically disfavored. Thus, van
der Waals forces could support a finite film thickness under conditions that classical
continuum physics would not permit.

2.2.2 Other components of the disjoining pressure
The overlapping of the boundary layers results in the existence of surface forces
originated not only from the intermolecular interactions but from other reasons as well.

The electrostatic component of the disjoining pressure can be explained as follows. Let us
examine two charged surfaces (not necessarily of the same nature) as illustrated in Fig.
2.6. The surfaces are assumed to have equal charges or opposite charges, i.e., there are
electrical double layers near each of them. The sign of the charge of the diffusive part of
each electrical double layer is opposite to the sign of the charge of the corresponding
surface. If the width of clearance between surfaces is h >> Ry, where Ry stands for the
Debye length, the electrical double layers of surfaces do not overlap, Fig. 2.6a, and there
is no electrostatic interaction of surfaces. However, if the thickness of the clearance, h, is
comparable with the thickness of the electrical double layer, then electrical double layers
overlap, Fig. 2.6b, and this results in an interaction between the surfaces. In Fig. 2.6 {;
and {, represent the electrical potentials of the charged surfaces.

If the surfaces are equally charged, their diffusive layers are equally charged as well, i.e.,
the repulsion appears as a result of their overlapping (the electrostatic component of the
disjoining pressure, I, is positive in this case). If the surfaces have opposite charges, an
attraction would ensue as a result of the overlapping of opposite charges (The
electrostatic component of the disjoining pressure, I, is negative in this case). There are
a number of approximate expressions for the electrostatic component of the disjoining
pressure [53] which are beyond the scope of this Thesis.
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Fig. 2.6 (a) The electrical double layers of surfaces do not overlap (no electrostatic interaction of surfaces)
and (b) The electrical double layers of surfaces overlap (electrostatic interaction of surfaces)

As a reminder, the layer, where the concentration of cations and anions differ from their
bulk values, is referred to as a diffusive part of the electrical double layer. The
characteristic thickness of the diffusive part of electrical double layer is the Debye length,
Rq. The characteristic value of the Debye length is

_310° (2.6)

c

where C is the electrolyte concentration.

R,

The theory for the calculation of the disjoining pressure based on the two indicated
components, i.e., molecular and electrostatic is referred to as the DLVO theory.
According to the DLVO theory, the total disjoining pressure is the sum of the two
components. The DLVO theory made possible the explanation of a range of experimental
data on the stability of colloidal suspensions/emulsions as well as the static and the
kinetics of wetting. However, it has been understood later that only these two components
are insufficient for explaining the phenomena in thin liquid films, layers and in colloidal
dispersions. There is a requirement of a third important component of disjoining pressure,
which becomes equally important in aqueous electrolyte solutions.

This component of the disjoining pressure is caused by the orientation of water molecules
in a vicinity of aqueous solution—solid interface or aqueous solution—air interface. If two
interfaces with hydration layers are close to each other, then at a close separation,
comparable with the thickness of the hydration layer, these surfaces “feel each other,”
that is, hydration layers overlap, Fig. 2.7. This overlapping results either in attraction or
repulsion of these two surfaces. This is the structural component of the disjoining
pressure for which, until now, there is no firm theoretical background [53]. There is only
a semi-empirical expression which gives the dependence of the structural component of
disjoining pressure on the thickness of the liquid film:

IL,(h=K.e" 2.7)
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where K and A are constants. There is a clear physical meaning of the parameter 1/A,
which is the correlation length of water molecules in aqueous solutions. This parameter
further gives 1/A ~ 10-15 A, which is the characteristic thickness of the hydration layer.
However, we are still far from a complete understanding of the pre-exponential factor K,
which can be extracted on the current stage only from experimental measurements of the
disjoining pressure.

Currently, it is assumed, as referred in [53], that the disjoining pressure of thin aqueous
films is equal to the sum of the three components:

[1(h) =11, (h) + I, (h) + 1, (h) (2.8)

where Il Ile and Il represent the molecular, the electrostatic and the structural
components of the disjoining pressure, respectively.

Fig. 2.7 Formation of a hydration layer of water dipoles in the vicinity of a negatively charged interface.
The darker part of water dipoles is positively charged, whereas the lighter part is negatively charged, [53]

Apart from DLVO theory and the more general form described via Eq. 2.8, other forms
of the micro-scale liquid-solid interaction potential have been also proposed such as the
modified embedded-atom potential [55] and N-body potential [56].

2.2.3 Disjoining pressure terms used in the current PhD dissertation

For the purpose of the PhD dissertation only the aforementioned intermolecular
interactions and the forces originated from overlapping of the electrical double layers
were assembled in a disjoining pressure term. Two different simplified kinds of potentials
were investigated, namely, a purely repulsive potential and a long range attractive short
range repulsive potential.

Purely repulsive potential
As far as the purely repulsive potential is concerned, it is described via Eq. 2.9:

A 2.9
W=t @9

Besides, only positive values of the Hamaker constant were selected. As a consequence,
only repulsion between the liquid and solid interfaces exists, if the thickness of the
boundary layers is less than a critical value.
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Long range attractive short range repulsive potential

The idea is to use a Lennard-Jones type potential as a simple way to approximate strong
repulsion at short distances between the liquid and the solid phases, and attraction at
intermediate distances [57-62]. The action of the potential is taken into account only
along the interface and its range is small compared to both droplet radius and the scale of
solid structures.

Thus, micro-scale liquid-solid interactions result in a disjoining pressure for the purpose
of stabilizing an intermediate thin layer between the liquid and solid phases. The
aforementioned potential is given by the following equation:

ooul5] 4]

Eqg. 2.10 provides a standard form of such an interaction potential [57,58] with W
signifying the wetting parameter, which is directly related with the solid wettability (an
increase of Wy indicates stronger liquid-solid interaction) and 5, denoting a characteristic
length scale for which the energy is minimized and the interaction force vanishes.
Constants 4 and 2, were selected so that the disjoining pressure IT is positive at distances
d < 84, indicating repulsion, and negative at distances 6 from the substrate that are larger
than the characteristic scale 84, indicating attraction. The constants 4 and 2 are typical
selections that can be modified based on the nature of the interacting materials. For
relatively small 8, Eq. 2.10 models the overlapping of the electrical double layers while it
models the van der Waals interactions for relatively large 8. The interaction potential W
Is not affected by displacements parallel to the substrate and becomes negligibly small at
distances that are significantly larger than d4.
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2.3 Augmented Young-Laplace equation

The usual Young-Laplace equation, which relates the pressure difference to the shape of
the interface, is given by:

1. 1 (2.11)
A :P'n_Pout: 2km: s'n: —_—+—=
p=FK /4 W y[Rl sz
where Ap is the pressure gradient across the fluid-gas interface, vy is the surface tension, n
is the unit normal vector pointing out of the surface, ky is the mean curvature, in the
manner shown in Fig. 2.5, while Ry and R, signify the principal radii of curvature.

In the absence of an external field force, the normal force balance, which is described by
Eqg. 2.11, is augmented with microscale interactions between the solid and the liquid
phases using a disjoining pressure term, IT:

oW (2.12)

out R1 ?2

where the disjoining pressure terms, which were used in the present study, have already
been mentioned in subsection 2.2.3. It should be stressed that the disjoining pressure acts
so that it minimizes energy due to interaction between the liquid and substrate.
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2.4 Wetting properties of liquid lithium on several fusion relevant
materials

When implementing a Capillary Porous System, it should be guaranteed that the CPS is
actually wetted by the lithium. The experiments, conducted in Illinois by Filfis et al. [63],
investigated the wetting behavior of liquid lithium on several fusion relevant surfaces,
namely stainless steel, Tungsten, Molybdenum, TZM (99.4% Mo, 0.5% Ti, 0.08% Zr),
and Tantalum.

Lithium droplets were injected via a lithium injector onto the material to be tested. The
lithium injector consisted of a reservoir, tube and nozzle. To inject lithium, lithium is
placed in the reservoir, the chamber is pumped to vacuum, the injector is heated past the
melting point of the lithium and a pressure of Argon is applied to the backside of the
lithium reservoir, forcing it down the tube and out the nozzle. The material to be
investigated is placed on a moveable stainless steel stage, actuated by a stainless steel rod
welded to the stage which passes through an Ultra-Torr vacuum feedthrough. The
temperature of the stage is variable and can be adjusted via a plate heater situated below
the stage. A photo and schematic of the experimental setup can be seen in Figs. 2.8a and
2.8b, respectively. The procedure utilized was to place a drop, record images of the
droplet, and heat the sample while taking still frames at various temperatures. Though the
oxidation rate is suppressed by the vacuum, it is still significant at the temperatures
investigated. To combat this, at set intervals, the stage was moved and a new droplet was
placed to ensure that the surface of the lithium would be fresh. A diagram of this process
is shown in Figs 2.9. The still frames were then analyzed to determine the contact angle.
This was done via a program which employed image processing. Thus, when a droplet is
placed, the contact angle is measured optically and registered in a plot such as this
illustrated in Fig. 2.10. The surface is considered wetted when the contact angle is below
90°. As can be gleaned from the latter figure there is a distinct drop in the contact angle,
or increase in substrate wettability, with rising temperature. This effect warrants closer
attention to the possibility for Marangoni convection to arise at more realistic conditions
of operation of the CPS, [63].

(@)
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(b)
Fig. 2.8 (a) Photo and (b) schematic of experimental setup, [63]

Fig. 2.9 Experimental procedure, [63]

Fig. 2.10 Contact angle of lithium on stainless steel, [63]
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Chapter 3: Deflection of a liquid metal jet/drop
in a tokamak environment

In this chapter, the steady flow of a liquid metal jet is modelled inside an electromagnetic
field in the presence of inertia and capillary forces. Due to the jet break-up as a capillary
instability, also the trajectory of the ensuing droplets is modelled in the presence of
Lorentz forces. The aforementioned proof of principle studies were performed in
reference to experimental observations of jet and drop, deflection because of jxB effects
in the ISTTOK tokamak.

3.1 Introduction

As analyzed in detail in the first chapter, in large size tokamaks plasma facing
components (PFC) are going to be submitted to high power loads that could even reach
the GW/m? range during off-normal events in the divertor region. The free surface plasma
facing components, which have initially been proposed by Christofilos [8], offer the
potential to solve the lifetime issues limiting current solid surface designs by eliminating
the problems of erosion and thermal stresses accompanying solid surfaces.

The concept of employing a jet or a drop curtain was among the first to be investigated in
order to assist power exhaust from fusion reactors. The drop motion was employed as a
means to minimize ponderomotive forces arising due to spatial and time variations of the
electric field. Moreover, experimental studies focusing on the magnetic field induction
effect [64] showed that even a mild intensity magnetic field could suppress spraying of
the liquid metal flow. A representative drop curtain configuration is that of T3-M which
was tested with a gallium alloy [65], with encouraging preliminary results in terms of
plasma contamination. However, especially when a liquid metal sheet was employed in a
plasma environment, the reactor’s chamber walls were sprayed by small drops.

The interaction of free flying, fully formed liquid gallium jets with the plasma was
studied in ISTTOK tokamak [26,38,39,66], in Portugal. These experiments indicated that
gallium not only has high heat removal capacity, but it has negligible effect on plasma
operation as well. Beyond a certain length, the jet decomposes into droplets due to
Rayleigh instability [67,68]. Once plasma was turned on jet break-up was seen to be
postponed over a longer distance, possibly as a result of magnetic braking and, more
importantly, the emerging drops were deflected from their original trajectory as a result
of their interaction with the surrounding plasma. The deflection increased with increasing
magnetic field intensity and drops were observed to hit the collector walls. Several
interpretations of this effect were considered in relevance to (a) the mechanical stress on
the injector due to chamber compression, which was ruled out, (b) the shift due to
magnetic induction and the 3-D magnetic field gradient along the jet length which was
also ruled out and (c) the plasma kinetic pressure change along the jet width which was
also negligible. Consequently, the interaction between electric currents generated along
the advancing jet, in response to electric potential gradients within different plasma
regions, and the toroidal magnetic field, identified as jxB effect in the literature, seems to
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be the most plausible explanation for the observed deflection of both the jet and drop
considerations.

Finally, the results obtained in this study corroborated the belief that employment of
liquid metal drops/jets cannot be regarded as an optimal alternative plasma facing
component mainly due to their strong deflection as they interact with the surrounding
plasma, see also [115].
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3.2 Brief description of the liquid metal loop experimental setup and
operating conditions in ISTTOK

ISTTOK is a small size tokamak (major radius R = 0.46 m and minor radius a = 0.085
m), with typical plasma parameters: toroidal magnetic field B; = 0.45 T, electron
temperature at the center T¢(0) = 150 eV, center chord-average electron density ne(0) =
5x10'm™2, plasma current I, ~ 6 kA and loop voltage V, ~ 3 V. The ohmic power
deposition in the plasma is within the 9-18 kW range. This feature can be taken as a
benefit, since it allows a controlled power deposition in jets and subsequently controlled
gallium evaporation. Fig. 3.1 presents a schematic of the liquid metal loop that has been
installed in ISTTOK to perform the injection of liquid gallium jets at the plasma edge.
The design of the setup had to obey to some restrictions, due to gallium specific physical
properties and compatibility with tokamak operation which were described in [38].

The most critical issue for tokamak operation is to avoid currents in the jet that would
lead to perturbation owing to Lorentz forces. The entire injector part of the setup was
designed to float at the plasma potential, while the isolation from tokamak vessel and
other grounds is ensured by ceramic isolators located at suitable places. Due to its high
density, gallium flows have typically high Weber number (We = pu?d/ly, where p is the
fluid density, u the flow velocity, d a characteristic length and vy is the surface tension).
One of the consequences of this effect is the reflection of gallium droplets scattered from
the bottom of the collector. This effect can be seen from movies like the one depicted in
Figs. 3.2 and 3.3.

Since the jet crosses plasma regions with different electric potentials and gallium is a
good electrical conductor, a net current will be generated along the jet with the plasma
acting as an electron source. The interaction of this current with the toroidal magnetic
field provides a force along the radial direction that is believed to explain the observed
shift [38,115].
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Fig 3.2 Frames sequence from a movie showing the dynamic behavior of gallium droplets due to the
influence of an ISTTOK discharge, [39]
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2704 ms
Fig 3.3 Gallium droplets appearing during plasma-liquid metal interaction, [36]

Several nozzle sizes (1.45, 1.80, 2.09 and 2.30 mm diameter) have been tested to
determine the best choice for ISTTOK application. These have been characterized by
measuring the jet break-up length parameter, flow rate curves and jet flow velocity. Fig.
3.4 shows a picture of a typical jet, produced in this experiment for the 2.30 mm nozzle.
Besides in Fig. 3.5 it is possible to observe the break-up length (L), as a function of the
jet diameter, measured using a fast frame camera, for all the tested nozzles. The observed
increase in break-up-length is almost linear with jet diameter. The stability of a viscous
jet in vacuum has been theoretically investigated by Rayleigh [67] and, later, by Weber

[69].
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Fig 3.4 Picture of the jet produced using the 2.3 mm nozzle, [38]
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Fig 3.5 Break-up length (L) for several nozzles sizes and also L/d as a function of Weber
number, [38]
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3.3 Prediction of jet propagation

Initially, an investigation, concerning the prediction of the trajectory of a jet travelling
inside an electromagnetic field, was conducted in order to capture and, possibly, quantify
the effect of the observed deflection due to jxB effects in ISTTOK experiments.

3.3.1 Modelling and mathematical formulation

This study assumes a cylindrical liquid metal jet that is moving at speed of up = -Uge;
entering a region, z < 0, where a uniform magnetic field, By = Bgex, exists along with an
externally imposed electric potential gradient, Vo, =d¢, / dze, =—ae, , where up> 0, Bo>

0, a > 0 and subscript “p” stands for plasma i.e. the surrounding medium, as illustrated in
Fig. 3.6.

J/ E=—Vp, =—ae,

T
%
1| »

U, = —u,€,

N

Fig 3.6 Schematic of cylindrical liquid metal jet

The jet cross-section is taken to be circular as a first approximation. Due to the small size
of the jet, the magnetic Reynolds is quite small and consequently we can neglect
magnetic induction.

Once the jet enters a region, where fluctuations of the electric potential are present due to
the surrounding plasma, the electromagnetic forces induce displacement in the horizontal
plane and the electric stresses developed on the interface result in deforming the jet.

Before the tackling of the aforementioned flow problem, the electric potential in the jet
should be established. To a first approximation, both the jet and the surrounding medium
can be treated as perfect dielectrics, i.e. no bulk or surface electric charges. As a
consequence, the following conditions hold on their interface:

) o9 (3.1)

with e and ¢ representing the electric permittivity of Ga and the electric potential,
respectively. For a sufficiently thin jet the flow inside it can be assumed to remain
unidirectional and electric potential variations can be neglected in the direction normal to
the interface, d¢/dn<<dg/ds, with s signifying the arc length along the jet trajectory

and n the unit normal vector pointing out of the surface. Thus, electric potential
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variations along the jet passively follow variations in the surrounding medium based on
its trajectory, with e, its unit vector:

35" 8s - sl ds o T as©

vp=0e %, _ dz[dy dz J (32)

As it has already been mentioned, the jet cross-section is assumed to remain circular with
its center of mass inscribing a trajectory within the yz plane with z(s), y(s) constituting its
parametric representation as can be illustrated in Fig. 3.7a.

Y
cosﬁ:@, cosy:—g
ds ds
e, = cos fe_ —cosye, =@e‘_ +—e,

Fig 3.7 Schematic diagram of: (a) Liquid metal jet trajectory and (b)
Trajectory of the center of mass of jet

The currents induced within the liquid Gallium are in the following form:

j=o(-V¢+uxB) (3.3)

As a consequence, the resulting Lorentz force is of the form:
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FL=ij=aaBo%(—d—ye +Eey]—auBge (3.4)

In the above analysis, u-ex = 0 at all times. In other words, the trajectory of the jet center
of mass lies entirely within yz plane at the base state. Besides, Fig. 3.7b helps
understanding Eq. 3.4 better.

The second term in the Eq. 3.4 stands for the jet deceleration due to the part of the
Lorentz force that arises because of the induced electric currents in the jet, whereas the
first term corresponds to the part of the Lorentz force that arises due to the interaction
between the external magnetic and electric fields. Obviously, the latter term is
responsible for the deflection of the jet. Thus, based on the constant volumetric flow rate
Q and assuming a circular cross section of radius R, mass and momentum conservation
within the jet read for unidirectional flow:

V-.u=0—-Q=(fu-e, dA=uzR’ (3.5)
du_ ou_ &p ) a__0p ) . (3.6)
pa_pug_ E-i_pg es-i_l:L es_ E-i_pg es-i_l:L es

where Fi_represents the Lorentz forces estimated via Eq. 3.4.

When the radius of curvature of the trajectory is much larger than the jet radius pressure
variations within the jet cross-section can be neglected and pressure in the jet is
determined by the following interfacial stress balance:

[—Ap!+(;—gj)}n+2ych=O at r=r(s,n,) (3.7)

where the viscous stresses have been neglected. In the above equations o, y and p
represent the electrical conductivity, the surface tension and the density of Ga,
respectively, Hc the mean curvature, Ap the pressure difference, | the unit tensor. Finally,

7, v are the electric stress tensors of Ga and plasma, respectively:

=e

1 (3.8)

venen{vond-repo-< (332G

Averaging around the periphery of the jet cross-section and accounting for capillary and
electric stresses, electric potential variations along the tangential, ¢, and normal, n,
direction cancel out and the pressure drop across the interface reads:
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(-4 () (2] e

l+lj+(e —€)
R SR P 2nR (3-10)

Combining equations 3.5-3.7 with the velocity decomposition along the y and z

directions:

u=2e,+ye, U=,y +2° (3.11)
_ds . _dy . _dz

“Sat YTt Tae

provides the time evolution of the jet radius, R, pressure, p, and y, z coordinates of its
trajectory. Upon introducing dimensionless quantities, using the jet length, L, and initial
jet radius, Ry, as characteristic length scales, and the balance between the Lorentz force

and inertia for the characteristic velocity (

caB L
P

TEt/(L/O =t/$@ p=p/[caBL], 9=u,/d

the dimensionless formulation for unidirectional jet motion can be derived. Thus,
dropping bars for simplicity:

— _Boz- quz—WiRu Bo,z 24=20 (3.13)
—Bo—ﬂ—sz—i&—Boe,M (3.14)
u? We 2 u®
y=5—Z—me—Wie% Boeézuu;azu (3.15)
R= ¢ (3.16)

u

with equations 3.13-3.15 corresponding to the s, z, y momentum equations and Eq. 3.16
to continuity. The first term on the right hand side of equation 3.15 represents the Lorentz
force component responsible for jet deflection perpendicular to its original trajectory,
provided it has acquired a certain longitudinal velocity. The dimensionless variables that
arise in the above formulation and determine the jet trajectory are:

L oBZL L _yrR
B Eg Fm= 0 Wel=4L20
0= TMELa Y E (3.17)
a‘(e, —e
BOEIE ( pf\z )1 195&
pQ Q
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The above dimensionless numbers provide the relative strength of the different forces
affecting the jet development and can be estimated from values that are available in the
literature and from the geometry of the particular experimental setup. More specifically,
Bo relates gravitational to inertial forces, Fm magnetic to inertial forces, We inertial to
surface tension forces and Bog electric stresses to inertia.

3.3.2 Results
According to the ISTTOK experiment, Bp=0.4 T, Ro=2.3 mm, L=13 cm, Up= 2.5 m/s,

whereas Gallium properties are set to p=6.1 g/cm3, 6=4.0x10° Ohm™ m™. Besides, the
surface tension, y, of Ga is approximately equal to 0.661 N/m for a temperature of 100
°C. The value L=13 cm was selected as characteristic for jet length since it was observed
in [38] that a gallium jet with radius and speed as those above prescribed, breaks-up to
drops at a distance of 13 cm from the nozzle when plasma activity is off. Moreover, the
electric permittivity of plasma and gallium are estimated to, €,=590 and €=16.2,
respectively. Finally, two cases were considered with a=0.13V/m and 1100V/m.

Based on the time integration of the model equations (3.13-3.16) the jet trajectory may
exhibit a significant shift and is progressively accelerated along the y direction due to the
action of the electric potential gradient part of the Lorentz force, —oV ¢xB. Clearly, the

terms of Eqs. 3.14 and 3.15 are mainly responsible for the relative motion in the z and y
directions, respectively, and the resulting jet deflection. The latter intensifies as the
electric potential gradient increases. The deflection of the jet trajectory is illustrated in
Fig. 3.8a and 3.8b, when the parameter a is set to 0.13 and 1100 V/m respectively, for a
jet that is initially aligned with the negative z axis and travels at a velocity uy=2.5m/s,
along the z direction.

When plasma is absent no deflection is observed since there are no disturbances of the
external electric potential that can generate currents within the jet. When the magnetic
field is only present the length required for capillary break-up to take place increases due
to the retardation of the flow induced by the Lorentz force. These effects were verified in
the experiments presented in [38,39] and conform with Weber’s theory for capillary jet
break-up [70].

The jet trajectory was calculated based on the above model for a flight time of 30 ms for

two different values of electric potential gradient. Thus, it was seen that jet deflection
commences earlier as the magnetic field intensity increases, as illustrated in Figs. 3.8.
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(@)

(b)

Fig. 3.8 Trajectories for a jet that is initially aligned with the negative z axis, for a range of magnetic field
intensities while the electric potential gradient set to (a) 0.13 V/m and (b) 1100 VV/m.

This is a result of the intensification of the Lorentz force that causes deflection mainly in
the y direction, ~caB,. In addition, the amount of deflection increases as the electric
potential gradient increases, as can be gleaned by the comparison between Figs 3.8a and
3.8b.

The importance of electric stresses is indicated by the magnitude Bog. As the electric
potential gradient, a, increases Bog increases as well and affects pressure drop in the jet
via the interfacial force balance. As can be inferred by examining Eq. 3.18 and illustrated
in Fig 3.9b, a=1100 V/m, the electric stresses generate a pressure gradient in the jet that
accelerates it while at the same time suppressing its radius due to incompressibility. This
IS a result of the gradual subsidence of the z-component of the jet velocity in favor of the
deflected y component:

(3.18)

N — 1 i Boe|z_2 BOE.>>1 d_p
PP =WeR" 2 & dz>>1

However, as the jet velocity builds up in both directions, the part of the Lorentz force that
retards the jet motion dominates, ~ouBg?, thereby decelerating the jet to the point of
almost arresting its motion. Consequently, the jet speed starts decreasing and this reflects
in the gradual increase of the radius. This is a rather extreme case of a very large gradient,
a=1100 V/m, that generates unrealistic deflections and jet speeds on the order of meters,
Fig. 3.8b, and hundreds of meters per second, Fig. 3.9b, respectively.
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When a more realistic value of the electric potential gradient is used, a=0.13 V/m, the
electric stresses at the interface are not as important. A certain small amount of jet
deflection is captured, Fig. 3.8a, whereas magnetic damping dominates, Fm=7, right from
the outset of the jet motion. As a result, the jet speed decreases in the simulations
throughout the jet motion, Fig. 3.10, and this effect is intensified as the magnetic field
intensity increases.

At the same time, the jet radius inflates in order to accommodate mass balance, Fig. 3.9a.
The extent of deflection is realistically small, ~5 mm for a jet length of 25 mm. However,
the jet development length remains relatively small in comparison with the 7.5 cm of jet
length that were reported in the experimental measurements presented in [38,39]. This
discrepancy can be attributed to the unidirectional nature of the flow arrangement studied
here.

(@)

(b)
Fig. 3.9 Evolution of jet velocity and radius when B;=0.42 T and (a) a=0.13 VV/m and (b) a=1100 V/m
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Fig. 3.10 Evolution of the jet velocity as a function of the magnetic field intensity for the first 30 ms;
a=0.13 V/m

As the jet radius increases in order to accommodate continuity, since the jet decelerates
due to magnetic damping, a point is reached where, due to capillary action, shape
undulations will appear at the jet/plasma interface. This has been observed in the
ISTTOK experiments [38,39]. In this context, it should be pointed out that, based on
Weber’s theory the jet break-up length scales like L/Ro ~ (We?)%#% in the laminar
regime[70]. Consequently, since the jet radius and speed vary in such a way as to satisfy
mass conservation, jet inflation results in shortening the break-up length thus accelerating
drop formation. Once the jet interface starts deforming, growth of its radius is arrested
along with the process of deceleration. This probably explains the fact that in our
simulations the jet does not reach a comparable length with the experiments after a flight
time of 30 ms. Therefore, in order to accurately recover the jet break-up length shape
oscillations of the jet have to be accounted for. Nevertheless, the above presented model
serves as a first principle illustration of the mechanism behind the observed jet deflection,
as a result of the interaction between the magnetic and electric fields, i.e. the jxB effect,
that the jet encounters as it interacts with plasma.
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3.4 Prediction of drop propagation

As was discussed above, it is certain that beyond a certain length, depending on the jet
speed, drop formation will take place. Thus, as an alternative flow arrangement the
motion of a drop is examined in a similar environment as that described above for the
case of a jet.

3.4.1 Modelling and mathematical formulation

In this consideration we are interested in studying the trajectory of a droplet regarded as
spherical all the time. The droplet enters a region, similar to the previous one, z <0, at a
speed of up = -Uge;, where a uniform magnetic field By = Bgex exists along with an
externally imposed electric potential gradient, Vo =d¢, /dze, =—ae,, where up> 0, Bo >
0, a > 0 and subscript “p” stands for plasma i.e. the surrounding medium, as illustrated in
Fig. 3.11.

Fig. 3.11 Schematic of the droplet trajectory. The thick circle depicts the drop outline and the small dark
circles the trajectory of its center of mass

Once a droplet enters the area where fluctuations of the electric potential are present due
to the surrounding plasma, the Lorentz force induces displacement in the horizontal
plane. In order to obtain the magnitude of this force a calculation of the electric potential
distribution inside the drop and the surrounding medium is needed, taking them both as
perfect dielectrics, to a first approximation, assuming a spherical drop in one dimensional
irrotational motion. We solve the Laplacian in both media using spherical coordinates,
with the interfacial conditions provided in Eq. 3.1 and the far field condition:

r—oco: ¢ ~—arcosd (3.19)

This is a standard problem in electrodynamics [72]. The derivation of the mathematical
form concerning the electrical potential inside and outside the drop is presented in
Appendix A. Thus, according to equations A.10 and A.11:

. 3a
e/ep+2

(3.20)

Q= rcosé
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ele,-1aR*cosd (3.21)

ele, +2 r?

@,, =—arcoséd+

Based on the above distribution and due to spherical symmetry the electric stresses cancel
out at the drop interface leaving gravity, inertia and the Lorentz force as the main factors

of the drop motion. Moreover, the inertia is %ERS/)? and gravity is—gnRﬂogez .

The Lorentz force is:

F :ijza(—Vq{H—UxB)xB:

—O'V(pXB+G(U><B)><B
FlLa Fo

(3.22)

op 10¢p
F,=—oVpxB=—-0c| —e, +———¢, |[xBe, =
L1 % (8[‘ ‘T o0 ej 0®x

—a{g—(p(sin g cosge, +sindsinpe, +cos€ez)
r

+%2—Z(c039005¢ex +cosdsinge, —sin eez)}x Be, = (3.23)

=—-0B, (a—wcose—la—(psinejey—(a—(asiné'sinqﬁla—(pcosesin(pjeZ
or roo or roo

and

FL,z =ou, BO2 (es Xe, ) Xe, =

d dz

oy (_yey +_er _ (3.24)
ds

=—0B;’ (e, +12e,)

In order to find the total Lorentz force that is eventually applied, an integration of the
electromagnetic forces around the droplet should be done on each component:
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0 p

F ,=-0B, ﬁz __ = cos’ 0 - 32 sin® @ |r’sin @drd@d pe
’ % 2+¢le, 2+¢le !

Rrz2x 3a 3a
—“J' [— cos@sin@sin ¢ + cos@sin dsin (erzsin 6drdadge, |+ =
000

2+£/5p 2+g/¢9p
3a S (3.25)
= B cos“ @+sin“@)r-singddrdddpe, =
ez ovan e anssasis,
3a 47R?
= oB, y
2+g/(9p 3
Similarly,
3 3.26
F, =—aBOZ(yey+2ez)4”R (3.26)
Thus, by adding Egs.(3.25, 3.26),
47R? 3a . .
FL — FL,l + FL,2 = Tl:(JBO m—O—Bozyjey —O'BOZZEZ:| (327)

The first term represents the force due to interaction between the external electromagnetic
fields that is responsible for the drop deflection, whereas the last two terms represent the
force that retards the drop motion as a result of the induced electric currents inside it.
Assuming that

r=xe,+Yye, +ze, (3.28)

the force balances in y and z directions, respectively read as:

47R? 3 (329)
—pj-0B2y+oB,—2  |=0=

3 pY=oB Y 0-02+8/8p

. oB?.  oB, 3
= y=- V+

P p 2+ele,

A7R?

d [—p'z'—pg—O'BOZZ']:0:>
:z:_GBOZ ; (3.30)

2-g
P

Upon introducing the dimensionless length scale via the drop radius R and time scale via
the balance between the deflective part of the Lorentz force and inertia:
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(3.31)

Rp 2+5/5
3&08
=R/

and dropping the bars for simplicity the equations describing the drop trajectory on the
y,z plane are derived:

Cz

EY—_EO-BOZ y+E:>

to2 t, p to2

= y=-Fmy+1 (3.32)
R. RoB/

—Z=—— 1-9=

L t, p

=7=-FmZ-Bo (3.33)

where the two dimensionless numbers:

oB,’ oty 2 gR
Fm=—21t, Bo= =
p S (3.34)

provide the relative strength of electromagnetic to inertial forces and the gravitational to
inertial forces, respectively.

The part of the Lorentz force that arises as a result of the interaction between the external
electric and magnetic fields appears as unity in the above dimensionless formulation,
because it is through the balance between this force and inertia that we make things
dimensionless. It is this term that is responsible for drop deflection.

The electric potential gradient, a, is set to 0.13 V/m in the present study. The latter
variable may vary significantly inside the reactor chamber. Here we use an indicative
value in an effort to capture the experimentally obtained drop deflection as close as
possible, based on this qualitative model. In particular, parameter a was determined so
that the deflection of 10 mm that was observed after a flight time of 30 ms for the
droplets emerging after jet break-up in the presence of a magnetic field with intensity
Bo=0.42 T [38,39], is recovered. In order to examine the effect of electric potential
variations also the value of a=1100 V/m was used in the parametric study that follows.

3.4.2 Results

The droplet trajectory can be found analytically by integrating the nonhomogeneous
differential equations 3.32 and 3.33:
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y(0)=0

y+Fmy=1 =
e—Fm~t 1 y(0)=0
y(t)=— +— =
YO == Em (3.35)
e—Fm~t t 1
t) = +—- 3.36
v Fm> Fm Fm?® (3.36)
2(0)=-1
7+Fmz=-Bo =
— z(0)=0
Z(t) — BO Fm e—FmAt _E — (337)
Fm Fm
_ _ (3.38)
2(t) = Fm 2Bo o Fmt _ Bo - Bo |2:m
Fm Fm Fm

Thus, the parametric form of the aforementioned trajectory can be described via the
system of Egs. 3.36 and 3.38.

Since, in this investigation, gallium is considered to be dielectric, when the droplet travels
through regions with different electrical potentials, because of the existence of plasma, an
electric field with variable strength will be generated in the drop. This field in
conjunction with the magnetic field, which corresponds to the toroidal one in the
ISTTOK experiments, is expected to generate drop deflection, in the manner discussed
above for the jet consideration. Based on the analytical solution of the model equations
(Egs 3.36 and 3.38.) and the parameter values when a=0.13 V/m and By=0.42 T,
Fm=0.76 and B0=0.18, the deflection is more intense as the magnetic field increases, as
can be depicted in Fig 3.12. In fact, it is more severe in comparison with the one
predicted, and observed in experiments [38,39], in the case of jet motion. This is a result
of the dominating action of the gradient of the electric potential which, owing to the small
drop size in comparison with the length of the jet, generates a force that acts solely along
the y direction. This action is intensified as the magnitude of the magnetic field increases,
Fig. 3.12. It should also be stressed that the experimentally observed [38,39] drop
deflection of 10 mm after a flight time of 30 ms subject to a field intensity of 0.42 T, is
recovered in the simulations, as expected, since the gradient, a, was selected to match that
value.

"""" B =1T
“ \

-25 T T T 5
00 25 50 75 100

y(mm)

Fig. 3.12 Gallium droplet trajectories during the first 30 ms, for a droplet that its center of mass is
initially aligned with the negative z axis; a=0.13 V/m

z(mm)
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The important effect of the magnetic field intensity is also illustrated via the magnetic
damping on the drop velocity over the same time interval, as shown in Fig. 3.13 below;
Fm=0.8. Eventually, the droplet motion is almost arrested due to the retarding effect of
the magnetic field, which dominates owing to the relatively small value of the electric
potential gradient, and its trajectory is shifted entirely towards the y axis.

25,
. B=04T
20400\ B,=0.6T
N BT
[ N
15400 N\
@ AN
E LN
S5 104 N
.
. . —
0,54 \\‘ —_—
0,0 T T T T T T T T T T 1
0 5 10 15 20 25 30
t(ms)

Fig. 3.13 Evolution of the gallium droplet velocity during the first 30 ms; a=0.13 V/m

As can be gleaned from Figs. 3.8a and 3.12 deflection is much stronger on the same time
scale for the case of a drop, when By=0.4 T and a=0.13 V/M. Similarly, based on Figs
3.10 and 3.13, the drop acquires a much larger velocity than the jet over the same time
scale. The significant difference in deflection and speed perhaps explains events of drop
spraying in the walls of fusion reactors when liquid metal limiters in the form of a jet-
drop curtain are employed.

It should also be pointed out that during the experiments the radius of the droplet will not
be constant at all times but it must be determined by a stability analysis of both the jet
and the emerging droplets. Finally, if the shape of the droplet is not spherical, electric
stresses must then be taken into account since they might affect the acceleration of the
gallium droplet. It is known from the literature of free surfaces [73] that accelerating
drops generate shape modes in the direction of the interface facing away from that of the
acceleration. Subsequently, they may generate the translational mode via nonlinear
interaction of pulsating shape modes. The latter effect has been well documented for
pulsating bubbles [74]. It may then be possible, based on the dynamic response of
specific shape modes [75], to dynamically excite drops, perhaps by vibrating the nozzle
that introduces the liquid metal with the proper frequency, which will follow the desired
trajectory.

Concluding, it was seen by a proof of principle study that when a jet moves inside an
electromagnetic field deflection arises due to the jxB~-oV¢xB, interaction between
the external electric potential gradients and the magnetic field. As a result the jet
accelerates and eventually decays into drops. The latter, due to their small size and
spherical shape, experience a stronger deflection. Jet and drop stability to shape
oscillations, subject to jxB effects and electric stresses, is essential in capturing realistic
dynamics of the jet/drop motion. The above picture conforms, within the proper order of
magnitude, with the findings at ISSTOK [26,38,39]. Improved modeling of the jet/drop
motion is required in order to obtain a quantitative comparison.
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Chapter 4: Capillary Porous System (CPS):
Modelling and mathematical formulation

In this chapter, the step-by-step effort is described concerning the analysis of the
operation of the CPS as plasma facing component. In particular, the modelling as well as
its mathematical formulation of CPS is analyzed for both the preparation and static
configuration phases. The latter phase arises after liquid metal depletion has taken place
due to a large external heat flux, and the replenishment of the evaporated liquid metal
film at the CPS/plasma interface has completed as a result of capillary activity within the
porous matrix. The current study focuses principally on the static arrangement of the
liqguid metal resting onto the CPS top surface. More specifically, the effects of the
reservoir overpressure, electric stresses and, the more relevant to fusion applications,
JxB effects are investigated on the static film arrangement. Moreover, since, according to
the experiments, the film thickness reduces down to micron or even submicron sizes, the
nature of the micro-scale liquid-solid interactions is taken into account. In addition, the
capillary fluid motion within a single pore is investigated providing the framework for
studying the interplay between the different forces that act towards pushing liquid lithium
out of the porous matrix or resist its motion. Finally, a first-principles study is performed
pertaining to the power exhaust capabilities of the CPS configuration.

4.1 Introduction

As detailed in the Chapter 1, CPS is a capillary pumping system engineered to stabilize a
protective liquid metal film against electromagnetic and thermal forces as well as drop
ejection which is a key issue concerning the reliability of a free surface plasma facing
component.

Thus, in order to allow for stable operation, the liquid metal should be confined within a
mesh or porous structure as already demonstrated in devices such as T11, T10 [76], FTU
[77] and NSTX [78]. The CPS and its potential application under tokamak relevant
conditions as well as its heat-exhaust capabilities with respective liquid metal choices has
been the subject of extensive experimental research during the last two decades. In
addition, experiments related to material compatibility [50] and wetting [63] as well as
plasma impact [19] have been performed. Up to now, Lithium seems to make the
proposed concept highly efficient. However, due to some problems accompanied
Lithium, described in 1.3.3, also the use of Ga, Sn and Sn-L.i has been investigated. Table
4.1 lists their properties and also those ones for solid tungsten (W), often used in DEMO
designs.
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Table 4.1
Properties of fusion liquid metals and W, [17]

Symbol (units) Li Sn Ga W
Atomic no. Z 3 50 31 74
Atomic weight 6.94 118.7 69.72 183.84
Density, p (g/cm®) 0.512 6.99 6.095 17.6
Melting point, T, (°C) 180.5 231.9 29.8 3695
Heat of melting, Hyei: (3/9) 0.021 0.83 0.39 6.49
Boiling point, T, (°C) 1347 2270 2403 5828
Latent heat of vaporization, 1.02 35.15 17.86 1429
Huap (J/9)

Dynamic viscosity, 1 (10 ° Pa- 0.25 1.85 0.95

s)at T,

Surface tension, 6 (N/m) at T, 0.4 0.55 0.69

Thermal conductivity, k 0.045 0.030 0.051 0.072
(W/mm-K) at T,

Heat capacity, C, (J/g-K) 4.30 0.250 0.380 0.140
Volumetric heat capacity, p 2.30 1.83 2.25 2.70
Cp (MI/Im3-K)

lonization energy, 1st (10° J/g) 3.61 84.1 40.4 141.6
lonization energy, 2nd (10° 50.6 167.6 138.0 312.5
J/g)

lonization energy, 3rd (10° 82.0 349.3 206.6

J/g)

Thus far, CPS has not been the subject of extensive modelling activity partly due to the
complex flow arrangement of the limiter containing the liquid metal. Available studies
[40,79,80] focus on the importance of the capillary forces to supply a mass flow rate of
lithium through the CPS system via a balance between pressure drop and resistance to
flow [80], while qualitatively emphasizing the relative merits of the arrangement [79,81].
Modelling of the power exhaust capabilities of such a system requires knowledge of the
flow arrangement, if at all present.

For a better understanding of the process and before presenting the CPS modelling, some
images of an example of a tokamak with a CPS installed in it, namely the FTU tokamak,
are depicted. First of all, the whole configuration, located in Frascati, is shown, Fig. 4.1.
During the FTU operation, a radiative cloud, limiting the power load on the surface of
liquid lithium limiter, was also observed, Fig. 4.2. More specifically, when the heat load
is increased, a radiative cloud of lithium is formed all around the limiter produced by
enhanced evaporation due to the increase of surface temperature. This self-protecting
mechanism is considered to be useful for solving the problem of heat removal in a future
reactor and, at the same time, to give a limit to lithium production by evaporation [47].
Finally, in Fig. 4.3 an image is given shown the liquid lithium limiter taken after the last
experimental campaign.
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Fig. 4.1 Top view of FTU, [82]

Fig. 4.2 Image taken in FTU: Evidence of a radiative cloud, [47]

Fig. 4.3 Image of the three units after exposition on FTU at more than hundred discharges, [47]
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4.2 Outline of the envisioned CPS operation

This section deals with the step-by-step effort in order to understand the CPS
configuration as plasma facing component. As a consequence, it focuses on the
qualitative analysis of the different concepts underpinning operation of the CPS
configuration.

4.2.1 Preparation Phase

Firstly, the CPS configuration during the preparation phase, in the absence of thermal and
Lorentz forces, is investigated. In the preparation phase lithium, or some other material
such as those presented in Table 4.1, is in solid state which, for simplicity, is represented
in the form of cylindrical rods with density ps, placed within the porous wafer as shown
in Fig. 4.4. The wafer is in contact with the surrounding medium via the top surface that
is initially covered (green layer in Fig. 4.4). Initially, it is assumed that there is no
additional reservoir of lithium for simplicity, h=0. If there was additional reservoir of
lithium, it would also liquefy, thus, offering additional mass that would end up at the top
of the wafer. The porous matrix thickness hg is taken to be on the order of 1 mm.
Moreover, to a first order, the volume of the wafer is considered not to change
significantly in the process of heating and expansion of the liquid metal. Upon heating,
the lithium liquefies at density p; < ps, with the subscripts “1” and “s” standing for the
liquid and the solid state, respectively. Consequently, the top cover breaks by the
expanding liquid and liquid metal covers the top surface forming a protective coating. In
the schematic provided below, Fig. 4.5, the thickness of the liquid metal film is drawn out
of scale. In qualitative Figs. 4.4 and 4.5 red colour represents the solid state of Lithium
while the blue one its liquid phase.

Fig. 4.4 Schematic arrangement of CPS in the preparation phase before heating and melting of lithium
takes place

Fig. 4.5 Schematic of the liquid lithium film that covers the CPS once melting has taken place; the
thickness of the liquid metal film is sketched out of scale

4.2.2 Depletion and replenishment

A more relevant to plasma operation situation is described below. In particular, a
qualitative description is provided of the depletion process of liquid metal covering the
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CPS, due to an external heat flux, followed by the replenishment process that is
dominated by capillary activity. The final static arrangement is difficult to be achieved
and more difficult to be maintained at high enough heat fluxes. Nevertheless an attempt
was made in the present Thesis to obtain the basic characteristics of such a static
configuration.

Heat transfer considerations

Once the machine is “turned on”, an external heat pulse depletes the ultra-thin film
existing on top of the porous matrix due to the evaporation process. Depending on the
intensity and duration of the oncoming heat load, part of the liquid metal located within
the porous structure also evaporates as illustrated in Fig. 4.6. Finally, capillary driven
replenishment of the liquid metal film will take place, Fig. 4.7, by pumping the liquid
metal from the reservoir. In this fashion, the CPS concept can provide sufficient working
pressure in the supply system without applying external pressure, by means of the
capillary pressure. This system is self-sustaining and self-regulating as mentioned in
Chapter 1.

Once the liquid metal layer on the top of the wafer evaporates, a different operating
regime emerges, i.e. transpiration cooling. The oncoming heat flux will be balanced by
(a) evaporation of Li captured within the pores, (b) heat conduction within the porous
matrix but also (c) by convective heat transfer due to the preheating of liquid lithium,
from the reservoir temperature up to the temperature of the interface, that is drawn out of
the reservoir by capillary forces once the top of the CPS is depleted of liquid metal. In
view of the above, convective heat transfer is not to be excluded from a comprehensive
analysis of CPS.

Fig. 4.6 Schematic of the depletion and replenishment process of the liquid metal film during plasma
operation
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Fig. 4.7 Reestablishment of static arrangement via capillary driven motion, after depletion

Capillary fluid motion within a pore

As a first attempt to provide an upper bound of the convective effects within the CPS
matrix, the flow within a cylindrical pore is also examined. This simplified geometry,
shown in Fig. 4.8, overestimates the permeability of the CPS, but provides the framework
for studying the interplay between the different forces that act towards pushing liquid
lithium out of the porous matrix or resist its motion. As a first approximation, the pore is
considered to be isothermal and evaporation effects are neglected. Emphasis is placed in
studying the potential of the CPS system to act as a capillary pump against gravity and
viscosity.

The static configuration is sought for fixed height, h, of the liquid metal column. The
volumetric flow rate of liquid lithium is obtained, along with the meniscus shape at the
interface, for known interfacial tension and contact angle, known pressure drop and
material properties. The hydrodynamic problem is examined in the context of
axisymmetry in order to obtain an understanding of the operation principle of the
capillary pump.

pout

r

Fig. 4.8 Schematic arrangement of the flow arrangement within a single pore via capillary action

In a more general situation the window of CPS proper operation is determined by the
following inequality:

P.> AR +AP; +AP. + AP, 5 (4.2)
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where P, represents the CPS capillary pressure, AP, the hydraulic pressure drop in CPS,
APg the hydrostatic pressure drop, APk the pressure drop on the evaporating surface due
to liquid-vapor phase transition, APypp the pressure drop due to the MHD effect on
flowing Li in a magnetic field. P. values for reasonable pore sizes can reach the values of
0.2 - 0.3 MPa and exceeds the sum of pressure drops estimated as 10 kPa for the tokamak
with a magnetic field of about 6 T, [18]. Finally, APmup can push liquid lithium out of the
porous matrix or resist its motion depending on the direction of the externally applied
magnetic field.

4.2.3 Static arrangement of the CPS after depletion and replenishment

Once the liquid metal reaches the pore's “mouth”, driven mainly due to capillary action,
it is anticipated to coat the top surface of the CPS matrix forming a static ultra-thin film.
It is of major interest to investigate the static arrangement of the protective liquid metal
layer and identify the important forces that participate in the equilibrium.

The static film thickness established after depletion has taken place is a more relevant
situation to plasma operation. This is a different process from the one that takes place
during the preparation phase and will be drastically affected by the overpressure between
the reservoir and the surrounding medium, as explained below.

Keeping in mind that when the reservoir is in contact with the surrounding medium the
respective pressures are more or less equal [83,84] and consequently capillary activity
acts on its own in order to replenish the liquid metal. The kind of force helping the liquid
layer adhere onto the porous matrix is very important in establishing the static
equilibrium but also in stabilizing the film against jxB effects and drop ejection.

Effect of reservoir overpressure

In this fashion, the static arrangement of CPS is studied as a function of the overpressure,
P-Pout, between the reservoir and the surrounding medium and the physical properties of
the employed liquid metal. The flow arrangement resembles the experimental study
performed in DIFFER by Rindt [83,84]. In particular, it is similar to the “vented oil
lamp” concept, as mentioned in [83] and illustrated in Fig 4.9, which works like an oil
lamp. Briefly, the liquid lithium rests in a reservoir of arbitrary shape and is transported
to the surface through a channel. As a result of the vent, the pressure of the gas in the
reservoir is equal to the outside pressure. As the meniscus of liquid metal in the reservoir
descents, different cases of reservoir overpressures take place reflecting the height
difference between the top and bottom menisci. The scope of the present study was not to
model the process occurring in DIFFER. However, the latter experimental set-up was
useful in developing the modeling concepts employed herein and is mentioned because it
Is a similar instrumental in visualizing the flow arrangement examined.
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Fig. 4.9 Schematic of the “vented oil lamp” concept design. A wick provides lithium from the reservoir to
the textured surface, which faces the plasma. Space for heaters is provided so the lithium can be liquified
beforehand. A T-shaped slot is available for fastening. The slot is electrically and thermally insulated on the
inside, [84]

In the present investigation a more simplified model was used, as will be elaborated in
the modelling section below. The porous system is considered to be a circular disk of
small thickness ho, on the order of 1 mm. In addition, it is in contact with a reservoir that
provides the liquid metal via a thin wick. Static arrangements are obtained with partial or
full coverage of the top surface of the porous structure, depending on the reservoir
overpressure, Fig. 4.10a and b, respectively.

Effect of an externally applied electric field

As a first step to assess the impact of field forces on the liquid metal layer that covers the
porous system, the effect of an external electric field is taken into account that is aligned
with the axis of symmetry of the porous wafer in the far field, Fig. 4.10c. The evolution
of the shape of the interface is of interest as the intensity of the electric field increases,
aiming at identifying conditions for which electric stresses overwhelm adhesion forces
and conical angle formation is obtained [85].

(@)
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(b)

(c)
Fig. 4.10 Schematic of the present studied geometry and the anticipated static configurations for (a) partial
and (b) full coverage of the top surface depending on the reservoir overpressure and (c) anticipated static
configuration in the presence of an external electric field

Effect of Lorentz forces

The impact of the more relevant Lorentz forces was also investigated in the present study.
The so-called “jxB effects” are anticipated to generate an additional effective
overpressure leading to similar or even more deformed static configurations, depending
on the magnitude of the magnetic field and the electric currents that enter the liquid metal
layer. Thus, an externally applied constant magnetic field is added, B. In general, the
liqguid metal is anticipated to occupy the region within the pore, Fig. 4.11a, and,
depending on the intensity of the Lorentz force, extend over a certain portion of the
substrate, Fig. 4.11b. As a first approximation, the precursor layer and the surface forces,
which were discussed in Chapter 1, are neglected. However, as will be detailed below,
the latter are implicitly taken into account by fixing the contact angle rather than the
contact point when the liquid metal exits from the pore and forms a thin “drop” on top of
the CPS matrix.

(@)
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(b)
Fig. 4.11 Schematic of the anticipated static configurations for the liquid metal (a) trapped in the pore and
(b) extended over the pore

Effect of the topography of the porous substrate

At near vacuum conditions, the film thickness reduces down to micron or even submicron
sizes. In this regime, the interfaces overlap and, as a consequence, the nature of micro-
scale interactions between the liquid metal film and the solid substrate cannot be ignored
and needs to be considered. To this end, different forms of the interaction potential have
to be tested in order to accommodate different types of surface forces. This kind of
interactions has already been discussed in Chapter 2 which deals with wetting
phenomena.

Hence, the envisioned static configuration is characterized by an almost uniform
coverage of the CPS outer surface, Fig. 4.12, with the reservoir overpressure being
slightly negative or positive. In the first consideration, i.e. when the overpressure is
slightly negative, small indentations are expected near the pore region, while small
swellings are anticipated for the second case as can be shown in Figs. 4.13a and 4.13b,
respectively. Such effects have been registered in experimental observations [86]. In this
investigation, the distance between the pores is considered to be much greater than the
pore radius. As a consequence, the static arrangement of the liquid metal can be studied
in the vicinity of a single pore, Fig. 4.14.

CPS MATRIX

Fig. 4.12 Anticipated schematic arrangement of the CPS static configuration with an almost uniform
coverage of the CPS outer surface
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(@)

(b)
Fig. 4.13 Blow up of the region near the pores' “mouth” for (a) slightly negative or (b) slightly positive
reservoir overpressures

Pout
t r>
r

(@)

z
Pout

(b)
Fig. 4.14 Static arrangement of the liquid metal in the vicinity of a single pore for (a) slightly negative and
(b) slightly positive reservoir overpressures
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4.3 Modelling and mathematical formulation of the Replenishment
Process

This section deals with the modelling as well as the mathematical formulation of the
study of the flow in a single pore as a first attempt to provide an upper bound of the
convective effects within the CPS matrix.

Liquids in general provided that they wet the material, of which the capillary is made,
will be spontaneously and rapidly drawn into small-diameter tubes upon contact of one
end of the open tube with the liquid. The driving force for this phenomenon is the surface
tension, and the term “capillarity” as a synonym for surface tension effects was born of
this observation, [70].

"Wicking" is the term that is used in literature for the spontaneous penetration of a liquid
into a capillary under the action of surface tension. The simplest model of wicking is
based upon flow into a long straight capillary, as depicted in Fig. 4.15a. The meniscus of
the liquid-gas interface is a section of a sphere of radius Rs which is related to the
capillary radius R, and the contact angle, 8y, as shown in Fig. 4.15b. A number of models
of the wicking process are available in literature such as [87-90].

(a) (b)

Fig 4.15 (a) Schematic of wicking into a single capillary and (b) The meniscus of the liquid-gas interface

The driving force for wicking is the capillary pressure P, which, for a small diameter
capillary, is well approximated by using the Young-Laplace equation, namely the normal
stress balance that holds on the liquid-gas interface. Assuming, as mentioned above, that
the meniscus is a section of a spherical surface that intersects the capillary at a finite
contact angle 6y:

__2r
P _—R—cosé?d (4.2)

c
P

where v is the surface tension of the liquid. Note the sign on the pressure. The pressure is
reduced by the (negative) curvature of this meniscus as one passes from the ambient
medium just above the meniscus into the liquid. The dynamic contact angle 64 may be
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different from the equilibrium contact angle 6.. Joos et al. [90] presented an experimental
relationship between the dynamic contact angle and the equilibrium one. Besides, it is
known that the dynamic contact angle depends upon the rate of flow of the liquid through
the capillary, [90]. An elaborated literature review concerning capillary penetration
dynamics can be found in [70].

Assuming that the capillary is vertical, as in Fig. 4.15a, and that the flow is opposed by
gravity, the net pressure driving force is given by:

__ %
AP = —R—cos 6, + pgh (4.3)

p

Returning to the problem under investigation, a steady delivery of liquid metal via the
porous matrix is investigated in this section. The pore is considered to be a long straight
cylindrical capillary and in contact with a reservoir that provides the liquid metal, as
shown in Fig. 4.15a. In this fashion, no external field forces are taken into account
besides gravity. As mentioned above, this first principle analysis overestimates the
permeability of the CPS. Nevertheless, it provides the framework for studying the
interplay between the different forces that act towards pushing liquid lithium out of the
porous matrix or resist its motion. Besides, it provides the replenishment speed on top of
the porous structure which is considered to be in contact with plasma.

The pore is considered to be isothermal and evaporation effects are neglected. Emphasis
is placed in studying the potential of the CPS system to act as a capillary pump against
gravity and viscosity. A steady state configuration is sought for fixed height of the liquid
metal column. The volumetric flow rate of liquid lithium is obtained along with the
meniscus shape at the interface, for known interfacial tension, y, and equilibrium contact
angle, 0., known pressure drop and material properties. Hence, the hydrodynamic
problem is examined in the context of axisymmetry in order to obtain an understanding of
the operation principle of the capillary pump.

To this end the momentum equation is solved by neglecting the transient terms, assuming
a quasi-steady pattern with the dynamics of the rising fluid passively following the time
evolution of the meniscus:

p(UV)u==VP+ pg+ 4V 1, (4.4)

along with continuity equation:

1
i 20
r ar(rur)+ 0z (4.5)

the kinematic condition stating that the normal velocity of the interface is the same as the
normal fluid velocity evaluated at the interface:

of
u,—u —
z r 4.6
ﬁizq.ﬁ:—arjiﬂjrg:uz (4.6)
ot f1+z 1+7° o 0
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and the normal stress balance on the liquid-gas interface:

IDinL_ﬂTv_Poutl:Ws'n (47)

In the above system of EqQs.4.4-4.7, p, u and y denote the fluid density, the dynamic
viscosity and the surface tension of liquid lithium. Moreover, u is the vector of fluid
velocity with uy, u, being its radial and axial components. Besides g represents the vector
of gravity acceleration, f stands for the axial distance between the bottom of the capillary

and the liquid-gas interface and 7, the viscous stress tensor. This mathematical

formulation incorporates the cylindrical coordinates due to the cylindrical geometry of
the capillary. Thus, r and z denote the radial and axial coordinates, respectively. Note that

ﬂzo due to the axial symmetry around z axis. Thus, the flow arrangement is

op
unchanged if rotated around z axis.

The dimensionless quantities are introduced:

R T (4.83)
iR
uhy (4.8¢)
ord= e
PR,

Eqgs. 4.8b,c regarding d are derived via a force balance between surface tension forces and
viscous or inertial forces, respectively. Besides, U derived via Eq. 4.8b is used when no
inertial effects are taken into account while Eq. 4.8c when inertia forces dominate. The
use of this discrimination is related to the dominant forces acting to the liquid metal
capillary rise and is going to be discussed in detail in subsection 6.3.

Dropping bars for simplicity, the governing system of equations reads:

We(uV)u=-V(P+Bond-z)+CaV-z, (4.9)

along with continuity equation:

19 )+ Qe o (4.10)
ror oz

and kinematic condition:

o o (4.11)
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and the normal stress balance on the liquid-gas interface:

P.1-Caz,-R,1 =V -n (4.12)
n2 2
U°R G R

where We :u, Ca:ﬂ—, Bond _L9% are the Webber, Capillary and Bond
4 4 /4

numbers representing the relative strength of inertial, viscous and gravitational forces to

surface tension forces, respectively.

Multiplying both legs of Eq. 4.12 by n and using the following geometrical relationship
in order to decrease the order of differentiation:

2Hn=ﬁ—£=—(v ‘n)n (4.13)
os R,
Eq. 4.12 results in:
(4.14)

(Pinl —CarV—PoutI)n: a_n

= = = os R,
where:

_-fe+e, e +fe r,/1+1‘2 (4.15)

J1+ 2 1/1+ f2
which have been derived in Appendix B.

The pressure in the reservoir is set to P, while symmetry conditions prevail at the axis of
symmetry:

u (r=0,z)=0, ou,/or(r=0,z)=0 (4.16)

Finally the transverse velocity is set to zero at the pore entrance, u, (z =0,r) =0, whereas

at the pore wall a slip length, ¢, is allowed near the meniscus tip in order to
accommodate the rise velocity of the liquid metal:

Lx 4.17
Ur(r=1,2;t)=O, uz(r:]_,z’t) gtf(r 1t)e 2 g:RL ( )

p

The above relationship ensures that the no-slip condition pertaining to the axial velocity
at the wall is reinstated after a very small slip length ¢ . Variable x is introduced in order
to fix the size of the mesh in the r, x plane within 0 and 1, as will be discussed in Chapter
5.
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4.4 Static arrangement of the CPS: Modelling and mathematical
formulation

This section deals with the modelling and the mathematical formulation of the static
arrangement of the liquid metal in the context of CPS configuration. Each study,
pertaining to the effects of reservoir overpressure, external field forces and topography of
the porous substrate is modelled in a different subsection for a better understanding.

4.4.1 Effect of reservoir overpressure

First of all, the static arrangement of CPS is investigated as a function of the pressure
difference between the reservoir and the surrounding medium and the physical properties
of the employed liquid metal. In this study, a porous system is considered, shaped as a
circular disk of small thickness, hg, on the order of 1 mm. It is in contact with a reservoir
that provides the liquid metal via a thin wick. Furthermore, isothermal conditions are
considered and a liquid metal layer is assumed to have been established on top of the
CPS, while the entire configuration has reached an axisymmetric static arrangement. As a
first approximation, the CPS top surface is assumed to be flat. Nevertheless, in real
experiments the topography of the top of the porous wafer is going to play an important
role in the accomplishment of the static arrangement, as will be discussed later.

In the present study, the possibility is investigated for a static arrangement to be
established with the liquid metal covering the top of the porous wafer. Moreover, the
prediction of the thickness of the film which is formed on top of the porous structure, at
static equilibrium, as well as the extent of its coverage, constitutes the scope of this
analysis.

Fig. 4.16 illustrates the anticipated static arrangement as well as the interplay of the
different forces acting on the liquid metal “drop”. The surface tension forces, in the
vicinity of the three phase contact line, tend to “pin” the liquid metal onto the solid
substrate and, thus, stabilize it against pressure forces. In this context, the prevailing static
arrangement will be a function of reservoir overpressure. In particular, for very large
overpressures, or small liquid metal “drops”, gravity is out of the picture. However, as the
size of the “drop” increases, gravity becomes significant.

Fig. 4.16 Schematic of the anticipated static arrangement and depiction of the governing forces

As depicted in Fig. 4.16, the porous layer is assumed to be saturated with liquid metal
before the liquid metal “drop” spreads to reach static equilibrium. This assumption is
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corroborated by previous studies accounting for the spreading dynamics of a liquid drop
on a saturated porous substrate [91] where the spreading process is shown to take place in
a fashion similar to spreading on a dry solid. Moreover, for a thin enough porous
substrate, the saturation process of the substrate takes place much faster than drop
spreading, owing to the much larger capillary pressure inside a partly filled porous matrix
in comparison with the drop; v / R, >> v /Rys; since Rp << Rf with v, R, Rf denoting the
surface tension of the liquid metal, the pore radius and the radial extent of the liquid film,
respectively. As a consequence, it can be safely assumed that static equilibrium will be
achieved over a saturated substrate. Once the static arrangement is achieved, the pore size
and the number of the pores do not affect the shape of the liquid metal layer, provided the
thickness remains larger than a characteristic length 3, determining the range of the
interaction potential with the porous substrate.

The normal stress balance holds on the interface between the liquid metal and the
surrounding medium at equilibrium:

n(pin_Pout)|=+n2Hc7/:O (418)

where n is the normal unit vector of the interface in cylindrical coordinates obtained in
Appendix B:

e -ze (4.19)

Y4 r-r
nN=—"F—

J1+ 72

He signifies the mean curvature and | the unit tensor. Finally, Py represents the pressure
at the surrounding medium and

R, =R—pg9z, R, =P —pgh, (4.20)

with P, standing for the reservoir pressure and P the pressure at top of the porous wafer,
as shown in Fig. 4.16, whereas p signifies the fluid density of the liquid metal and g is the
gravitational acceleration.

The governing boundary conditions concerning the shape of the interface z = z(r) for
cylindrical coordinates read:

r=0:z=0 (4.21)
r=R,:z=0 (4.22)

As long as the liquid metal “drop” partially covers the top of the porous substrate the
contact angle is fixed to 30° an angle in the range of those presented in [63]. As a
consequence, partial wetting has been considered between the liquid metal and the
substrate. This contact angle is set at the three phase contact line which has the form of
circle in the present case due to axisymmetry. However, when the liquid metal covers the
entire top surface a fixed contact point is imposed at r = R, with R denoting the CPS
radius, rather than a fixed contact angle.
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The normal stress balance, Eq. 4.18, and the corresponding boundary conditions, EQs.
4.21 and 4.22, constitute the problem formulation. The z coordinate of the interface and
the radial position of the contact point, R, are the unknowns of the problem that are
obtained as a function of the imposed overpressure. Once the liquid metal covers the
entire top surface of the wafer a fixed contact point condition is imposed and the z
coordinate of the interface is the only unknown of the problem.

4.4.2 Effect of an externally applied electric field

As a first approach to assess the impact of field forces on the liquid metal layer covering
the porous system, the effect of an external electric field is also considered that is aligned
with the axis of symmetry of the porous wafer in the far field, Fig. 4.10c:

E=—V®, E(F >x)=Ege, (4.23)

with ® denoting the electric potential. The evolution of the shape of the interface is of
interest as the intensity of the electric field increases, aiming at identifying conditions for
which electric stresses overwhelm adhesion forces and conical angle formation is
obtained, [85,92].

The liquid metal is treated as a very electrically conducting material in comparison with
the external medium, in which case the electric potential is constant inside it and we set
e=¢,, / €,<<1, with €, €,,, representing the electric permittivity of the liquid metal and

in? out ?
surrounding medium, respectively.

The normal stress balance on the interface between the liquid metal layer and the
surrounding medium which holds at equilibrium, Eq. 4.18, is augmented with the electric
stresses term, z_:

n[(Pin—Pom)l +(r°”t—£ie"|):|+n2Hc;/:0 (4.24)

=el

where the terms “in” and “out” stand for the liquid metal and the surrounding medium,
respectively.

The electric stresses can be expressed via the following relationship:

), =€, (VO VO, —%chi -V, -)n=

2 2 (4.25)
1(5@) 1(6@) oD, 00,
=c N-¢g —| — | N+¢g t

2o 2\ os o5 on

with the index “i” representing the “in” and “out” cases mentioned above. When an
external electric field is applied, taking the “drop” to be very thin, i.e. z/ Rf << 1:

o _do_ w0 _dod (426)
on dz ° &s  dz ds
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The above assumption loses validity in the vicinity of the “drop” equator where the
normal potential gradient,od/6n, is much smaller than its value at the pole, E,. For
comparable film thickness and length the boundary element method may be used to
calculate the electric potential inside and outside the film [92-94] more accurately.

Upon the subtraction gzlm—gier: the tangential component becomes zero. Finally, in
agreement with previous studies [85,92], the electric stresses term reads as:
1 1 E? (4.27)

nr =n-(r°“‘—r‘”)=n—E2zn—
= \&= =/ ‘8r " 8rl+7

Once the static arrangement is obtained, then the mass of the liquid metal that is pinned
onto the substrate, m, is estimated via:

Ry (4.28)
m= anj z(r)rdr
0

Then, the effect of the electric field on the static configuration is captured by setting the
contact point at r = Rf while leaving the contact angle as an unknown. The latter is
calculated in the post-processing phase of the numerical solution. In this fashion, the
pressure difference is treated as an unknown and is obtained as part of the solution, for a
given mass m of the adhered drop.

As mentioned before, via this investigation, a first attempt is made to capture the effect of
external electromagnetic field forces on the liquid metal layer and, possibly, obtain
plausible conjectures regarding its stability once plasma activity is “turned on” [95].

4.4.3 Effect of Lorentz forces

As mentioned in Chapter 1, the surface of any liquid metal PFC must remain stable when
exposed to the plasma. Electrical currents in a PFC can arise from currents in the scrape-
off-layer, eddy currents induced by plasma disruptions, or thermionic emission when the
surface temperature is high enough.

Thus, in a tokamak environment, Lorentz forces arise due to the interaction of the
currents entering into the liquid metal layer, with the magnetic field, which are referred as
“jxB effects” in the literature. The CPS configuration aims to stabilize the liquid metal
film, resting on top of the wafer, against these body forces mainly due to the surface
tension forces mentioned before and illustrated in Fig. 4.16. CPS static film thickness is
very small, on the order of um’s, thus, decreasing the effects of electromagnetic forces in
favor of film stability.

In order to incorporate the jxB effects in the formulation, an externally applied constant
magnetic field is added in the azimuthal direction, B=Bgey, along with currents which
“hit” on the liquid-plasma interface, as can be illustrated in Fig. 4.17. The magnetic field
was added in the azimuthal direction as a first effort to capture and understand the
mechanism via which even more deformed static configurations can be obtained leading
to destabilization of the static liquid metal film or even drop ejection. Finally, at near
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vacuum conditions the pressure in the reservoir is anticipated to be approximately equal
to the pressure in the surrounding medium, thus, Py = Pyt

Fig. 4.17 Schematic of the studied geometry and the resulting anticipated static configuration in the
presence of an externally applied magnetic field

According to Maxwell there are no magnetic monopoles. Consequently, and assuming
also that the constant magnetic field is in the azimuthal direction:

42
V-B=0:>V-(Boe9)=%%=o (4.29)

However, the curl of the vector field B is nonzero:

4.
VxB:lg(rBo)eZ:§ez¢0 (4.30)
ror r

This may pose problems in the formulation by introducing fictitious currents. In order to
circumvent this issue, following the analysis of Gao and Morley [96-97] the magnetic
field can be decomposed into an applied and an induced magnetic field By and B;,
respectively:

B=B, +B, (4.31)
Using the Ampere’s Law in order to determine the electric current we get:

_V><Bi _
Hin

(4.32)

J VxH

where H serves as a stream function for the emerging electric current, so that we can
avoid any spurious currents associated with a rotational applied magnetic field.
Moreover, unm stands for the magnetic permeability of the liquid metal.

The Lorentz force then reads:
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F.=JxB=(VxH)xB, (4.33)

Both H and Bo are considered to lie along e¢. Then, H = He, and

aH 10(rH
FLI(VXH)XBOI[ 62 e, F%ezijoeaz
_ OH B, 8(rH)
FL__EBOZ r o o (4.34)

The above form of the Lorentz forces can be viewed as a manifestation of the Maxwell
stresses [98] decomposed in the magnetic pressure and rotational parts. Equating the
electric currents provided by Ampere’s and Ohm'’s Law:

J=VxH=0(uxB)=
:>V><(V><H)=GV><(U><B):>

I
i VGH {V BJ B(V-u]+(BV)u—(uV)B:> (4.35)
=M (uv)B-(8V)0

where o is a material-dependent parameter called electrical conductivity.

For static equilibrium u=0. As a consequence:

6 rH
Vi H=0= {&ﬁ } }e9:0:>

O°H 10H o°H _ H_
o’ ror o072 r’ (4.36)

= V’H :ﬂ2
.

When there is motion:

2

—[ue, +ue,|=

B, +u,H 0
)= Y

- j[B+ym ]+u [B+ymHe

o(B, + u,H o(B, +u,H
= (V*H —iz)e—ﬂzur—( 0™ M )e9+uz (B )ee—B"ﬂlmH u.e, = (437)
r-o or 0z r

:>£(V2H —ﬂz):ur a(’umH)+uZ a('umH)— By + 4y H u,
o r or 0z r
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However, if B, > 1 H then:

i(v2|_| _i) __B, (4.38)
o r r

r

Lithium is a paramagnetic material. Paramagnetic materials are slightly attracted by a
magnetic field and the material does not retain the magnetic properties when the external
field is removed. Finally, they have a small, positive susceptibility to magnetic
field (ymLi=1.4 -10™). Thus, pm = po (mi +1)= 4.0000567-10"" N/A?, where i, poare the
magnetic permeabilities of liquid lithium and free space, respectively. In view of the
above very small value of the magnetic permeability of lithium, the assumption of small
magnetic induction is validated for a magnetic field intensity, By, on the order of several
Tesla.

Returning to the flow arrangement that is the subject of this consideration, as a first
approach the rotational part of the magnetic stress is neglected so that emphasis can be
placed on the effect of Lorentz forces on the static arrangement. It should be stressed,
however, that this static arrangement is not strictly valid as it suffers from the drawback
that it does not account for the recirculation triggered by the rotational part of the Lorentz
force. Clearly, as the external electric current increases the importance of convective
effects and the resulting rotational motion increases and has to be taken into
consideration. Nevertheless, it is anticipated that the location of the interface predicted in
this fashion will not be significantly different from the one obtained by incorporating the
equations of motion within the pore in the model. In fact, for relatively small electric
current intensities the emerging rotational motion will be very weak to affect the final
result which will be determined by the magnetic pressure component of the Maxwell
stresses.

In this context, the interfacial normal stress balance reads:
B —Rx=»V,-n (4.39)

where P, is the pressure on the liquid-gas interface and P, the external pressure, as can
be shown in Fig. 4.17.

In the bulk of the liquid metal a Poisson-type equation holds, Eq. 4.36, while the Navier-
Stokes equations augmented with the Lorentz Forces, estimated in Eq. 4.34 are:

o(rH
0=-VP+pg+ —Boa—Hez—&(—)er
0z r or

F

B.H
=0=-V(P+pgz)-V(BH)- ‘; e = (4.40)

= V(P+pgz+BH)=- B‘;H

e

r
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Hence, upon neglecting the rotational part of the Lorentz force we obtain in the z
direction:

aﬁ(P +p9z+BH)=0= P, +pgz+BH,, =P_,+BH, ;=
Z

= P( = PZ:O _pgz + BO (HZ:O _Hint) (441)
where p_, represents the pressure on z = 0 plane and H,_, and H,, denote the value of H

on z=0 plane and on the liquid-gas interface, respectively.
Eventually, the normal stress balance at the interface reads:

Pz=O —pY9z+ BO (Hz=0 _Hint)_ Pout = Ws -n (442)
where B, (H,_, —H,, ) is an extra pressure related to Lorentz forces.

Davidson [98] gives one other aspect of Lorentz forces via Maxwell stresses
representation. In his analysis he expresses Lorentz forces as:

FL=3xB=(B-V)(B/u,)-V(B*/2u,) (4.43)

The second term on the right of Eq. 4.43 acts on the fluid in exactly the same way as the
pressure force. If the magnetic field is irrotational, it makes no contribution to the
vorticity equation. In flows without a free surface its role is simply to augment the fluid
pressure. Its absence from the vorticity equation implies that it cannot influence the flow
field. For this reason, B?/24, is called the magnetic pressure and in many, if not most,

problems it is of no dynamical significance.

Considering the first term on the right of Eq. 4.33 the ith component of this force is:

0

(B-V)(B,/ ) =87(£j (4.44)

Hi,

where there is an implied summation over the index j. From this, according to Davidson,
it can be shown that the effect of the body force in Eq. 4.44 is exactly equivalent to a
distributed set of fictitious stresses, BB, /4, , acting on the surface of fluid elements.

One approach is simply to compare Eq. 4.44 with the viscous forces, oz, /ox, in

momentum balance equation. Davidson deduces that Lorentz forces can be replaced by
an imaginary set of stresses:

BB.) ( B? (4.453)
o= — |- 9
Hr 24y,

where &;; denotes that if i = j then &;; = 1 while if i # j then §;; = 0. These stresses,
describing by Eq. 4.44, are called the Maxwell stresses and their utility lies in the fact that
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we can represent the integrated effect of a distributed body force via stresses exerted on
the surface of fluid elements.

A more general form of Maxwell stress tensor, in S.I. units, including also electric
stresses, Is given by:

4.45b
7, :(EiEj—%@jEsz{BiBj—%@szj (4.430)

However, when the Maxwell stresses include a rotational part, as in our case, Eq. 4.34,
the resulting Lorentz force may drive a recirculating flow preventing static configuration
to be established. As a matter of fact, this recirculating flow can act in favor of power
exhaust in the divertor region via the convection heat transfer mechanism.

Returning to the static problem under investigation, as mentioned above, the liquid metal
layer is anticipated to occupy the region within the pore and, depending on the intensity
of the external magnetic field, By, and the electric currents entering the liquid metal layer
from the surrounding plasma, extend over a certain portion of the substrate, as depicted in
Fig. 4.11. In both considerations, i.e. static configuration for the liquid metal (a) being
trapped within the pore and (b) extended over the pore, the system of equations to be
solved are formed by the Poison-type Eq. 4.36 and the normal stress balance equation,
Eq. 4.42, along with the boundary conditions which are going to be discussed below.

(a) Static configuration for the liquid metal trapped in the pore

In this context, the axisymmetric static arrangement of the liquid metal being “trapped”
within the pore, Fig. 4.11a, is investigated imposing a fixed contact point at the pore’s
edge. The cylindrical coordinates are used in order to conform with the geometry of the
problem. The line, surface and volume elements, the del operator as well as the derivation
of the unit vectors and curvatures concerning cylindrical coordinates are elaborated in
Appendix B.

The boundary conditions concerning the current density J are summarized below. As a
first approximation, insulated walls are considered:

r=R,, —h,<z<0:J,=0 (4.468)
Also, due to symmetry at r = 0:

r=0:J =0 (4.46b)
Finally, on the interface z = z(r) a known current density exists:

J=Je +Je, (4.46¢)
At z = -hy J can be calculated based on the conservation of the electric current:

R

2{(3,-3,2,)rdr (4.46d)
0

IJ'ndA=Z_[hOJ-ndA:>J= Rﬁ Int

int
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Assuming a very large pore length compared to its radius, at z = - hg:

H=H(),J, =0
J,=J
_1o(m)”
r or
2
a(rH):>u+c:rH:>
or 2

rJ
=H== (4.472)

J

c=0

=r)=

Hence, at r = Rpand -hg< z < 0 we have that:

LR (4.47D)
2

while atr = 0:

H=0 (4.47¢)
Finally, a Robin-type boundary condition holds on the interface:

oH oH [ ; _H )
-7 4+ - -z =J
: z e 4.47

oH _ VH-n= _oOr oz _ r (4.47d)

on 1+ 27 1+2°

The boundary conditions described by Eqgs. 4.47a-4.47d along with the depiction of the
fixed contact point discussed above are illustrated in Fig. 4.18. As was above mentioned
this simplified study is a first attempt to obtain the effect of the Lorentz forces on the

liquid metal/plasma interface.

cH cH H
—CTfrJrcT _[Jf__Jf’_“ff
cr cz r

/ on N N

r

fixed contact point

symmetry
H=0 S insulation
™~ R
2
N
very large pore length
="

2
Fig. 4.18 Schematic of the studied geometry with the liquid metal being trapped in the pore along with the
boundary conditions pertaining to H
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(b) Static configuration for the liquid metal covering the pore

Secondly, the axisymmetric static arrangement of the liquid metal extended over the pore,
Fig. 4.11Db, is investigated imposing a fixed contact angle rather than a fixed contact
point. As a matter of fact, the value of this contact angle is prescribed by the interaction
potential between the liquid metal and the solid substrate as will be discussed in detail in
the results section. Hence, the micro-scale surface forces are implicitly taken into account
by fixing the contact angle. The spherical coordinates are used due to the geometry of the
problem. The line, surface and volume elements, the del operator as well as the derivation
of the unit vectors and curvatures concerning the spherical coordinate system are
described in Appendix C.

The studied geometry along with the boundary conditions pertaining to H are illustrated
in Fig. 4.19.

Fig. 4.19 Schematic of the studied geometry with the liquid metal extended over the pore along with the
boundary conditions pertaining to H

4.4.4 Effect of the topography of the porous substrate

In this study, we do not assume the classic partial wetting case, i.e. liquid lithium with a
dry substrate beyond the contact point, as presented in Chapter 2. The classic partial
wetting case cannot be assumed, because it is not possible to obtain such a static solution
at near vacuum conditions (P; = Pqyt) for a CPS thickness of 1mm, a pore size on the
order of 30 um and a contact angle 6 = 30°. Such a static configuration would require an
unrealistically tall liquid metal column of, roughly, h=2ycos@/(pgR,)~4.5m that

would not be useful, in terms of stability, in protecting the CPS structure and the divertor
below.

As mentioned above, the envisioned static configuration is characterized by full coverage
of the CPS outer surface whether the pressure difference AP= Py-Py is slightly positive
or slightly negative. The latter case pertains to the situation after replenishment has taken
place but without considering the Lorentz forces. In this regime, coatings rather than
films should be considered covering the entire CPS wafer and, thus, micro-scale liquid-
solid interactions, known as surface forces, need to be accounted for as analyzed in
Chapter 2. In particular, in terms of finding a proper interaction potential fitting with the
current study, firstly a purely repulsive potential was incorporated, which was found not
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to be compatible with the current investigation, and secondly a long range attractive short
range repulsive potential.

A manifestation of the action of surface forces is the disjoining pressure, IT [53,54,57].
Although this term is a bit misleading, since the surface force can be either disjoining
(repulsion between surfaces) or conjoining (attraction between surfaces), it is used for
historical reasons.

Purely repulsive potential
The aforementioned purely repulsive potential, based on summing individual London-
van der Waals interactions between molecules pair-by-pair, is described via:

A (4.48)
W(9)= 127652

The constant A is the so-called Hamaker constant and it depends upon the properties of
the three phases. The constant A can be positive indicating a purely repulsive potential,
incorporated in this study, or negative, thus, indicating a purely attractive potential.

The corresponding disjoining pressure, IT, can be calculated from:

dW(©) A (4.49)
ds  6mo°

I1(5) =

For films satisfying such an expression, and for A > 0, IT increases as the film thickness
grows small. Thus, van der Waals forces could support a finite film thickness under
conditions that classical continuum physics would not permit.

The interaction potential along with the corresponding disjoining pressure as a function
of the film thichness, for the case of a perfectly flat solid surface, are illustrated in Fig.
4.20 for a typical Hammaker constant value, A = 10¥ Nm :

Fig 4.20 Case of purely repulsive potential: Interaction potential, W, and the corresponding disjoining
pressure, I1, as a function of the film thickness for A=10"® Nm

Long range attractive short range repulsive potential

A Lennard-Jones type potential, as a simple way to approximate strong repulsion at short
distances between the liquid and the solid phases, and attraction at intermediate distances,
is considered in this subsection. This consideration seems to give more realistic results
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comparing to the previous one. However, certainly better forms of the potential of the
liquid-solid interactions may be incorporated based on the available literature.

Hence, this kind of micro-scale liquid-solid interactions results in a disjoining pressure
for the purpose of stabilizing a thin liquid metal layer upon the porous wafer. This
interaction potential is described via:

vl 5]

with Wy signifying the wetting parameter, which is directly related with the solid
wettability (an increase of W, indicates stronger liquid-solid interaction) and o4
representing a characteristic length scale for which the energy is minimized and the
interaction force vanishes. Constants 4 and 2, were selected so that the disjoining pressure
IT is positive at distances 6 < 84, indicating repulsion, and negative at distances ¢ from the
substrate that are larger than the characteristic scale 65, indicating attraction. The
constants 4 and 2 are typical selections that can be modified based on the nature of the
interacting materials. The interaction potential W becomes insignificant at distances that
are significantly larger than o,.

The corresponding disjoining pressure, IT, can be calculated from:

n((s):—%%’v_fl[%f {%ﬂ (451)

The interaction potential of this kind along with the corresponding disjoining pressure as
a function of the film thichness, for the case of a perfectly flat solid surface, are
illustrated in Fig. 4.21 for Wy = 0.05 N/m and 84 =50 nm.

Fig 4.21 Case of long range attractive short range repulsive potential: Interaction potential, W, and the
corresponding disjoining pressure, II, as a function of the film thickness for W, = 0.05 N/m and 6, = 50 nm

In the case of a perfectly flat solid surface, the distance & is defined as the vertical
distance of the liquid surface from the solid boundary, see also the configuration depicted
in Fig 2.5. For non-flat, rough, solid surfaces, the definition of distance, 6, requires
special consideration. Here, & represents the Euclidean distance between the liquid-
plasma interface and the solid substrate. As mentioned in Chapter 2, this quantity can also
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be obtained via the solution of the Eikonal equation, as proposed by studies such as
[60,62].
The disjoining pressure term in both cases investigated in this study (purely repulsive
potential and a long range attractive short range repulsive potential) was calculated via
Eq. 4.52:

oW _ OW 35 _ oW

__OW __Wao5__ W (4.52)
on oS on 45

Vé-n

where n represents the normal unit vector pointing out of the liquid-gas interface and
away from the solid substrate, see also Fig 2.5, in such a way that 6d/on =1for a flat
substrate. As deduced in Appendix B, for cylindrical coordinates and Eulerian
representation for the liquid-gas interface the normal vector assumes the form:

ne_4%t& (4.53)
J1+27

Hence, in the absence of an external field forces, the surface forces enter the normal force
balance on the interface in the form of a disjoining pressure IT:

F)()_ng+H_F>f)ut:_(7+W0)2Hc (4'54)
Note that if the case of Lorentz forces is to be considered, the left hand side of Eq. 4.54

can be augmented with the magnetic pressure term, B,(H, ,—H,,). Moreover, if the
case of electric stresses is to be taken into account the left hand side of Eq. 4.54 can be
2

augmented with the electric stresses term, — —>.
87 1+72;

Using Lagrangian rather than Eulerian representation for the liquid-gas interface the
normal unit vector reads:

- (4.55)
_ E¥r &-z _ 2 2
n=————+ S.=\r}+2
£

Furthermore, H¢ in Eq. 4.54 is the mean curvature which is, according to Appendix B,
defined by:

T O (4.56)

The system of the governing equations of the problem comprises the Eq. 4.54 along with
the condition for generating an equidistant mesh along the interface. The boundary
conditions imposed in this problem are going to be elaborated in subsection 5.4.5.
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Chapter 5: Numerical Analysis

In this chapter, a brief description is given concerning the numerical methodology that
was employed in order to solve selected problems related to the CPS static and dynamic
configuration as modelled in Chapter 4. In particular, the Finite Element Methodology is
used for the purpose of discretizing the governing nonlinear differential equations, while
the resulting set of algebraic equations is solved via the Newton-Raphson method until
convergence. Simple or arc-length continuation is utilized depending on the existence or
not of a limit point in the emerging solution family. Finally, benchmark calculations are
conducted in order to investigate the validity of the above numerical models.

5.1 Finite Element Methodology

The Finite Element Method is a technique in which a given domain is represented as a
collection of simple domains, called finite elements, so that it is possible to systematically
construct the approximation functions needed in a variational or weighted-residual
approximation of the solution of a problem over each element. For a typical problem,
according to Reddy [99], the basic steps involved in the finite element analysis of a
problem are the following ones:

1. Discretization of the given domain into a collection of preselected finite elements.
a. Construct the finite element mesh of preselected elements.
b. Number the nodes and elements.
c. Generate the geometric properties (e.g., coordinates and cross-sectional
areas) needed for the problem.
2. Derivation of element equations for all typical elements in the mesh.
a. Construct the variational formulation of the given differential equation
over the typical element.
b. Assume that a typical dependent variable u is of the form = > uy,

and substitute it into Step 2a to obtain element equations in the form

LK () =(F*)

c. Derive or select element interpolation functions y; and compute the
element matrices.

3. Assembly of element equations to obtain the equations of the whole problem.

a. ldentify the interelernent continuity conditions among the primary
variables by relating element nodes to global nodes. Construct the
variational formulation of the given differential equation over the typical
element.

b. Identify the "equilibrium" conditions among the secondary variables.

c. Assemble element equations using Steps 3a and 3b.

4. Imposition of the boundary conditions of the problem.
a. ldentify the specified global primary degrees of freedom.
b. Identify the specified global secondary degrees of freedom.
5. Solution of the assembled equations.
6. Post-processing of the results.
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5.2 Approximation of the solution - Basis Functions

The approximation solution u® should fulfill certain requirements in order to be
convergent to the actual solution u as the number of elements is increased. These are:

1. The approximate solution should be continuous over the element, and
differentiable, as required by the weak form.

2. It should be a complete polynomial, i.e., include all lower-order terms up to the
highest order used.

3. It should be an interpolant of the primary variables at the nodes of the finite
element.

5.2.1 The Lagrangian quadratic shape functions
A quadratic approximation is of the form:

e e e ey2
U, =C; +CX+C5X (5.1)

where h, stands for the length of the element, e, which requires three nodes. Two of the
nodes are identified as the endpoints of the element to define the geometry, and the third
node is taken interior to the element. In this study, the midpoint of the element, being
equidistant from the end nodes, was selected. In terms of the three nodal values, (u;, us,

u3) we have:

u =¢ +C2X1+C3X12 (52)
U, =C, +C,X, +C X2 (5.3)
Uy =C, +C, X +Cy X5 (5.4)

Solving the algebraic system of Eqs. 5.2-5.4 ci, ¢, ¢; can be found. Hence, uy can be

written as:
3 55
uﬁe = Zuibi ( )
i=1
where
X—X, X—X
bl (X) — 2 3
X, =X X — X5
X—X X=X
b, (x)=—= : (5.6)
Xy =X X3 =X )
X— X—X
b, (X) _ X X=X
X3 Xil. X3 X2

The reference element can be converted from the global to the local coordinate system, as
depicted in Fig. 5.1, using the formula:
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g

Xy =Xy

N—"

- (5.7)
:>X_§e Xa+Xb

2 2

Xp

|

£:'1 E:O E:]_
Fig. 5.1 Typical 3-node finite element and its conversion from the global to the local coordinate system

Thus, the Lagrangian quadratic shape functions in terms of § (0 <& < 1) are:

b (§)= 65(652_1)
b,(£)=1-¢° (5.8)
by (&)= §(§2+1)

and can be illustrated in Fig. 5.2:

10 b3
b oel / bz
{.-"'
/';'
0.8 i
W
i
7
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i //’
0.2k w
7
[ . N 1 L --"'#.’ N . N 1 1
1~ -0E - \\\_n.f _/_/"1’:1
—— [ £

Fig. 5.2 The Lagrangian quadratic shape functions

5.2.2 The 4-node rectangular element and bilinear basis functions

In this study rectangular elements are used for the discretization of the domain. The
bilinear basis functions can easily be derived by multiplying the linear basis functions,
depicted in Fig. 5.3 for one direction, in local &- and n- directions (0 < &< 1,0<n<1):

1- 1
l//l(‘f):Té"//z(é):-’_Tg
(5.9)
1- 1
wl(n)=7",wz(n)=¥
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Fig. 5.3 The Lagrangian linear shape functions

Hence, u; can be written as:

Uﬁe :Z“'\P' (5.10)

Tl(f!ﬂ)zl//l('f)'l//l(n):

Y, (&m)=v, (&) wi(n)=—"—

4
¥ (&m)=vi(&)w, (n)=w (5.11)
\P4(§’”)=V/2(§)-1//2(U):w

The 4-node rectangular element and its conversion from the global to the local coordinate
system are illustrated in Fig. 5.4.

Fig. 5.4 The 4-node rectangular element and its conversion from the global (right) to the local (left)
coordinate system
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5.2.3 The 9-node rectangular element and biquadratic basis functions
Similarly, the biquadratic basis functions can easily be derived by multiplying the 1D
quadratic basis functions (Egs. 5.8) in local &- and n- directions (0 <§<1,0<n<1):

(&2-¢)(n*-n)

Bl(f,ry)=b1(§)-b1(77)=

2
B, (&) =bs(£)-by(n)= (§2+§41(772_n)
B, (£.7)=h,(£) by () = (52‘92(’72*’7)
B, (£,7) =b, (&)-by () = (¢ +5L(772+77)
B, (£7)=b,(£) bl(n)=(l‘§2)2’72"7)
Be(f1ﬂ)=b1(§)-bz(f7)=(952_5)2(1_"2) (5.12)

oS
—_
U
S
~
Il
=
—
SN
~
RS2
—~~
S
~
Il
.
N—
—_—

up => uB, (6.13)

The 9-node rectangular element and its conversion from the global to the local coordinate
system are illustrated in Fig. 5.5.

Fig. 5.5 The 9-node rectangular element and its conversion from the global (right) to the local (left)
coordinate system
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5.2.4 Spline representation

The b-cubic splines are used for the investigation concerning the effect of the porous
topography on the static arrangement. This kind of basis functions are cubic curves which
guarantee continuity of the function and its first and second derivatives [100,101]. For the
interpolation of a function, which is known in N+1 nodes, two extra fictitious nodes are
demanded outside the domain. As a consequence, if we use N elements, we have N+3
unknown coefficients, u ,, which is also the total number of the nodes. Thus, we have to

calculate all these coefficients of the variable corresponding to the nodes of the
computational mesh. A basic difference between the b splines and the usual Lagrangian
basis functions is that in the former case, the unknowns are not the actual nodal values of
the function they represent. The b-cubic splines basis functions have the following form:

(f_é:i—z)sa Seldi, &l

LR G R (RN G SR 5.14)
(Di (51) = F h3 +3h2(§i+l _5) +3h(§i+l _58)2 _3(§i+1 _§)3’ 5 € [‘; ) §i+1]

(S -&)7, ¢ €[S 6ol

0, Seld, &l

with h representing the element thickness. As can be illustrated in Fig. 5.6a a spline
polynomial is a non-zero function on the inside of four continuous elements and therefore
the Kronecker delta identity is not satisfied. More specifically:

11 j :1

@,(&)=11/4, j=izxl (5.15)
Finally, the value of a variable at & can be computed via:

3 (5.16)
U(f) = Z uch)j (5)

j=1

(@)
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(b)
Fig. 5.6 (a) Schematic representation of b spline and (b) Spline representation into one element
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5.3 Replenishment of the CPS: Weak form and Newton-Raphson method

As mentioned in Chapter 4, the replenishment process of the CPS following depletion of
the liquid metal layer due to an intense external heat load, can be studied by considering
the flow of a liquid metal in a single cylindrical pore. A variable x =z /f(r) is introduced
in order to fix the size of the mesh in the z direction within 0 and 1. In this fashion, the
shape of the interface, z=f(r), is introduced in the problem formulation that now becomes
more complicated, but the process of following the dynamic evolution in the shape of the
interface is facilitated [102,103], Fig. 5.7.

(@)

(b)

Fig. 5.7 (a) Computational mesh and (b) real mesh, at the same time instant

The axial and radial velocities, uy, Uy, respectively and pressure field P along with the
shape of the interface f constitute the unknown parameters of the problem as a function of
the cylindrical coordinates (r, x = z / h) and time t. The finite element representation is
employed for the discretization of the unknowns:

nnx-nnr (Mer +1)-(Mrey +1) nnr
u.,u )= u.,u.)B, P= PY =Y fb (5.17)
( X f) Z ( xi rl) i Z i T

i=1 i=1 i=1
with the biquadratic, B;, bilinear, W; and quadratic b; basis functions used for the velocity,

pressure field and the shape of the interface, respectively, in the standard staggered mesh
approach. Besides, ny and ny are the number of elements used in x and r directions of
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the computational mesh, Fig. 5.7a, and nnr and nnx are the total number of the nodes
used in the horizontal and axial direction, respectively.

In this fashion, the weak form and the corresponding residuals of the momentum equation
are obtained:

R :.UJ.Bi €, -[—We-uVu—V(P+Bond ~z)+Ca-Vi}dV =

\ 1

:J’”[—W&UVU-Bi -, +(P+Bond-z)-V(B,-e,)-Ca-z,:V(B, -ek)JdV

+<ﬂ>[—Bi-ek(P+Bond-z)+Ca'Bi-r_v~ek]-ndA (5.18a)
) -

with k=1, 2 standing for the z and r components of momentum. V(B -e,) and
7, :V(B; -e, ) are calculated in Appendix D.

The second term of Eqg. 5.18a, namely the boundary integral term for the liquid-gas
interface, can be estimated via the following calculations where the dynamic boundary
condition is incorporated:

<J’:.[>[—Bi ¢, (P+Bond-h)+Ca-B, -7, € ]-ndA=

A

=—<]f]5 B, -ek(P—Ca-rv)-ndA—@Bi -e,-Bond -h-ndA=
= A

—gﬁ)B [___] dA— <J';j'>|3 e, P, -ndA— <ﬁ>B -, -Bond -h-ndA (5.18h)

Taking into account that dA = rdsd¢ = ry/1 + f,2drde, and after the elimination of de:

ot n i
I(Bi -ekrg—Bi -ekrR—st—J.Bi -e,-(Bond-h+P.

out
2

)-nryl+ f2dr =

S

:J'a(B";'S"r't)ds j' 9B ek dr IB e, I —1/1+f dr

0

)-nryfl+ fdr =

out

1
—J.Bi -e,-(Bond-h+P.
0

=e, -(cosd.e, +sinbe,)

j' (B € +@ e -rjdr
e ‘
1
f’e
—_[Bi-ek %d —.[B e, -(Bond -h+P,, )-nryL+ f2dr (5.18¢)
0 1

The weak form of the z and r components of momentum balance are recovered:
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: ¢t 0B,
Sln9c|r:l—j r (Bﬁamjdr

1 f 1
+jBi- e j -(Bond -h+P,, )-rdr =
o JLHfT 0 (5.18d)
=sing,| - I 1+ff2 ar -rdr — IB (Bond-h+P,, )-rdr
01 B
cosé?c|rl—_|‘ Z(Bi+6—‘-rjdr
01+ f ' (5.18¢)

1 BfZ 1
—I'—rdr+jBf -(Bond -h+P,, )-rdr

out

Furthermore, the weak forms of the continuity equation and the kinematic condition are:

Ry = H‘P [ %r jrdrdz (5.19)

nl n n+l
j b, { f umt 4y Zf }ds (5.20)
r

The latter is discretized in time using a fully implicit scheme.

In addition, as mentioned in subsection 4.3, symmetry conditions are imposed at the axis
of symmetryu, (r=0,z) =0, &u,/ér(r=0,z) =0, while the transverse velocity is set to
zero at the pore entrance u, (z =0,r) =0, Whereas at the pore wall we impose u_ =0 with
a slip length allowed near the meniscus tip in order to accommodate the rise velocity of
o of — ‘. N
the liquid metal u, (r :1,z;t):5(r =Lt)e ©, £=o This relationship ensures that
0
the no-slip condition pertaining to the axial velocity at the wall is reinstated after a very
small slip length ¢ .

Finally, the known pressure P, in the reservoir is incorporated in the z component of Eq.
5.18b. In particular, the external pressure Py in 5.18b is really AP=Py,-P, so that the
major forces driving the motion of the meniscus explicitly appear in the boundary term of
the weak form of the z-momentum balance.

The Jacobian matrix of the coordinate’s transformation reads:

ﬂ ﬂ (5.21)
or ox|] [ 0 :
bl=|7 )= =1 (1)
oz az| Xt (r) f(r)
or ox
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Thus using,

_0
or

0

v =
, oz

o [0 ¥ O\, 10,
) z ar f GX r faX z (522)

and Eq. 5.17, 5.21, Egs. 5.18-5.20 and the boundary conditions are transformed into r, X
coordinate system.

The final system of equations to be solved has the following form:
R(X) =0 (5.23)

where X represents the unknown vector and F?()”() the residual vector. Seeking for

solutions of the Egs. 5.18-5.20 the Newton-Raphson method is used and Eq. 5.23 can be
written in the form:

[A]- 6% =-R (5.24)

where [A] stands for the Jacobian matrix that contains the derivatives of all the residuals
with respect to each unknown vectorxand sx =%, —%,, IS the correction of the unknown

new

vector, X, during each iteration. The new potential solution is updated via:
Xnew = Xold + 52 (525)
and the whole process is iterated until convergence.

If nyer and Ny are the number of elements used in x and r directions of the computational
mesh, respectively, depicted in Fig. 5.7a, then the total nodes in these directions are:

nnx =2n,, +1, nnr =2n,, +1 (5.26)

rel

Thus, the total nodes are:

N = NNX-NNK (5.27)

As a consequence, the total number of equations required for both the axial and radial
velocity, ux and u, respectively, is 2.n__ while for the pressure field, P,

total

xel rel

(ne +1)-(n,, +1)equations are needed. Finally, we used nnrequations for the shape of

the interface, f. Hence, if we definen,, , =2-n . +(ne +1)-(n,, +1), the total number
of equations is:

neqtotal = nband +nnr (528)
The aforementioned system of equations produces a set of nonlinear equations with the

Jacobian matrix, A, being in the form of an arrowhead matrix, [104]. An arrow matrix has
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nonzero elements only in a narrow band centered on the main diagonal and in the last few
columns and rows. Hence, A matrix can be divided into four sub-matrices:

1. A banded Jacobian matrix (J) of dimensionn_ xn_, With derivative entries of

the residuals relating to momentum balances (in both directions) and continuity
equation with respect to uy;, U, and P,
2. A matrix in the form of a column (COL) of dimension n__, xnnr with derivative

entries of the residuals relating to momentum balances (in both directions) and
continuity equation with respect to f;,

3. A matrix in the form of a row (ROW) of dimension nnrxn,_, with derivative

entries of the residual relating to the kinematic condition with respect to Ui, Usi
and P and

4. A matrix in the square arrowhead at the bottom right (HEAD) of dimension
nnr=nnr  With derivative entries of the residual relating to the kinematic
condition with respect to f;.

A schematic illustration of the arrowhead matrix used in this study can be shown in
Fig. 5.8:

A= J coL
(”band X Pyong ) ( Py > 12007 )
ROW HEAD
(nnrxny,,) (mnr xnnr)

Fig. 5.8 Schematic illustration of the arrowhead matrix

After storing the equations in the above form, A matrix is inversed by a standard routine,
written for arrow matrices. Consequently, the unknown vector is calculated via the
Newton-Rapson, as discussed above.

Concerning this problem, a previously converged solution is used as initial guess for a

new solution corresponding to a new value of the control parameter. Thus, simple
continuation is performed since the solutions are smooth and without limit points.
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5.4 Static arrangement of the CPS: Weak forms

5.4.1 Effect of reservoir overpressure
The normal stress balance on the liquid-gas interface described via:

n(R,—P

n out

)l +n2H =0 (5.29a)

IDin = I:)r _prO —p9z (529b)

Is discretized using the finite element methodology, with the unknown z coordinate of the
liquid metal layer interface with the surrounding medium described via a number of
quadratic Lagrangian basis functions b;:

Mhota
2= 7
i=L

(5.30)

where z; represent the axial position of the nodes. The total interfacial nodes, with ng
denoting the total number of elements, are:

ntotal = 2 . I’]el +l (531)

Multiplying Eqg. 5.29a by the quadratic basis functions while employing Eq. 5.30, the
weak form is obtained:
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jjb[n P )+n2H.y |dA=0=

:>Hb P ) 2 rdsdg + jjyb {g—%}rdsd(p:O:

out [1+ Zr )
2 2
= j b,rdr (P, out)(Znez -7, | erd(oj+ | ydqo(birtii:)f) _
0 0

—jAjybiR—rdsdgo:o:

b )ds]

= 27e, [ b,(P, P )rdr+T deb,rt] —2” AL PLILY PN
z i i out 07/ (oi S(r=Ry) ) v S R2

= 2re Ibi(P Py ) rdr =27, ysin 6,6, Ry

z0 in out
Ry
ome, [ pir 22| a(bf) 1 b |4 —om (5.32)
0 \/l+z \/1+z R \/1+ 7’
R; Ry
:Jbi(Rn—Pout)rdr—jy L (br) br(z) dr—yR;sing.5,, =0=
0 0 \/1+zf or y\/1+z
p Tozr ob,
= | b,(P. - pgh,—p9z-P,, )rdr— — —Ldr-yR;sing,6,, =0
! ( ’ ) 'c[ 1+2° OF o

In the above calculations it has been taken into account that:

oH N — oa n - e,—ze, t_ze+e
© 8 R, [
2 1+2; 1+ 27 (5.33)
t| . =cos(6—x/2)e,+sin(0-rx/ Ie dp=0
_ 1 for the ny,, node
ds = 1+ z7dr, R T .

R2 r«1+ 22 " Mot 0 elsewhere
Y, r

Eg. 5.32 is made dimensionless by using the radial position of the liquid metal, Rs as a
characteristic length scale. Thus, upon dividing both legs of Eq. 5.32 by y-R¢:

Ry zr
R =Bond b,rdr —Bond b,rzdr Ldr —sin 6,5, e (5.34)
{5 oo ) frf S
where:

Bond, _ R —poh — Ry Bond=&ho (5.35)
y1h, y1h,
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are the dimensionless numbers relating the relative strength of pressure and gravitational
forces to surface tension forces, respectively. Furthermore, we impose zr|r:O =0, z(r=1)

= 0, while the contact angle is implicitly fixed via the last term of Eq. 5.34. It should be
stressed that 0. is the angle of the liquid metal drop that rests on the CPS surface and is
equal to the negative of the angle between the tangent vector and the r axis at the contact
point.

The resulting set of nonlinear algebraic equations is solved in an iterative fashion via the
Newton-Raphson method until convergence, as described in the previous subsection.
Each iteration involves an inversion of a banded matrix. The banded Jacobian matrix (J)
has dimension n__, xn,, With derivative entries of the residuals relating to Eq. 5.34 with

respect to z; and R¢/hy for fixed reservoir over or under pressure, AP=P,-Pyy. Finally,
simple continuation is used as in the previous study.

5.4.2 Preparation phase: Estimation of the static film arrangement

As mentioned in Chapter 4, in the preparation phase lithium is in a solid state with
density ps, placed within the porous wafer. Upon heating the lithium it liquefies at density
p1 < ps, the top cover breaks by the expanding liquid and the liquid metal covers the top
surface forming a protective coating, Fig. 4.5.

Performing a simple mass balance on lithium, relating its initial solid state to its final
liquid state, it turns out that, for a given porosity, a, and CPS radius, R, the total mass is:

M =(ahy+h ) zRZp, =(ah, +h ) 7R p + My, =

film
=My, =(ahy+h ) 2R (o, —p) = (5.36)
= Viiim :(aho +hr)”Rc2 (ps _P|)/P|

where hy and h, denote the thickness of the porous wafer and that of the reservoir,
respectively. If no additional reservoir of lithium is considered h, = 0. Besides, Msiim and
Viim represent the mass and the volume of the liquid metal film that rests on top of the
porous substrate upon heating the CPS. The final static arrangement is a result of the
pressure driven flow due to density change of heated lithium. Adhesive forces are needed
in order to pin the film onto the substrate and are implicitly incorporated in the model by
fixing the contact point.

The static calculations pertaining to this study need to satisfy the normal stress balance on
the liquid-gas interface, Eq. 5.29a. In this investigation, the contact point is fixed, Ri= R,
rather than the contact angle and the pressure on the porous top surface Py = P, - pghg in
now an extra unknown parameter. Hence, the resulting residual concerning the interfacial
normal stress balance reads:

R, R, R, %t
R, = | b;Rrdr— | b,Prdr— | b,pgzrdr — r_ —idr (5.37)
! ’ ! t ! ! L2 or

where the unknown z coordinate of the liquid metal layer interface with the surrounding
medium is described via a number of quadratic Lagrangian basis functions, Eq. 5.30.
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Consequently, Eq. 5.37 is made dimensionless by using the fixed radial position of the
liquid metal, R as a characteristic length scale and y/R. as a characteristic pressure:

1 h h ¢ zr ob
R, = jbi Ryrdr — Pout.[ b,rdr — Bondjbizrdr —j ——Ldr (5.38)
0 0 0 041+ Zr2 or
All the variables in the residual Ry; are dimensionless and no bars or other symbols are
used for simplicity. The boundary term that arises in Eq. 5.34 describing the interfacial
shape subject to an imposed reservoir overpressure, does not appear in this case since the
contact point is fixed and the contact angle is calculated once the shape of the interface is
known. Also, the Bond number here is:

song _ P9R. (5.39)
7 IR,

and relates the relative strength of gravitational to surface tension forces.

Residuals described via Eq. 5.38 are used along with the dimensionless fixed volume of
- M. :
the liquid metal, V :L?:Zﬂ_[rzdr

C 0

film

If ng is the total number of elements, then the total nodes are:

Nt = Npang = 2 Ny +1 (5.40)
As a consequence, the total number of equations required is:

N€G = Nerar +1 (5.41)

i.e. n__ equations for z and one equation for Po.

total

The aforementioned system of equations produces a set of nonlinear equations with the
matrix, A, similar to Fig. 5.8. Hence, A matrix can be divided into four sub-matrices:

1. A banded Jacobian matrix (J) of dimensionn_, xn, With derivative entries of

the residuals relating to Eq. 5.38 with respect to z;,
2. A matrix in the form of a column (COL) of dimension n

entries of the residuals relating to Eq. 5.38 with respect to Py,

3. A matrix in the form of a row (ROW) of dimension n__, with derivative entries
of the residual relating to the fixed volume of the liquid metal with respect to z;
and

4. A matrix in the square arrowhead at the bottom right (HEAD) of dimension 1x1
with derivative entries of the residual relating to the fixed volume of the liquid
metal with respect to Py.

bana With derivative
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After storing the equations in the above form, A matrix is inversed by a standard routine,
written for arrow matrices. Consequently, the unknown vector is calculated via the
Newton-Rapson, as discussed above.

A previously converged solution is used again, as in the previous study, as initial guess
for a new solution corresponding to a new value of the control parameter.

5.4.3 Effect of an externally applied electric field

As mentioned in Chapter 4 in order to assess the impact of field forces on the liquid metal
layer covering the porous system, the effect of an external electric field was firstly
considered that is aligned with the axis of symmetry of the porous wafer in the far field,
Fig. 4.10c.

Hence, once the static arrangement is obtained, via the investigation presented in 5.4.1,
then the mass of the liquid metal that is pinned onto the substrate, m, is known via:

Ry

m=2zp I rdr (5.42)

The interfacial normal stress balance which was used in this Chapter, Eq. 5.29a, is
augmented with the electrostatic part of the Maxwell stresses [98] z_, Eq. 4.27:

n|:(Pin_Pout)l+£e|:|+n2HC]/=0 (543)

In this investigation, the contact point is fixed, R¢= R, rather than the contact angle and
the pressure on the porous top surface Py = P, - pghp in now an extra unknown parameter.
Hence, the resulting residual concerning the interfacial normal stress balance reads:

Re R; 2 R
jbprdr Ib,Poutrdr [ b pgzrdr - [ L1 a—bio|r+5jiizolr (5.44)
0 0 AJ1+ Zr2 or 8 0 1+ Z

where again the unknown z coordinate of the liquid metal layer interface is described via
Eqg. 5.30. Consequently, Eq. 5.44 is made dimensionless by using the fixed radial position
of the liquid metal, R, as a characteristic length scale and y/R. as a characteristic
pressure:

jb rdr—BondIb zrdr j b, dr+Bond I L dr (5.45)

1+22 O 8t +1+7°

out

1
R, =IbiPOrdr
0

All the variables of the residual R;; are now dimensionless and no bars or other symbols
are used for simplicity. The contact angle is not prescribed in this calculation. Rather the
contact point is fixed at the edge R, of the CPS surface, while the contact angle 6. is
recovered in the post processing phase of the calculation as shown below. Thus, the
relevant dimensionless numbers here are:
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2 5.46
Bond =&R°, Bond,, = E, (5.40)
yIR, yIR,

relating the gravitational and electric forces to surface tension forces, respectively, and
identifying the contact angle of the drop.

The numerical procedure followed here is exactly the same as that discussed in

R
Bond, j i‘zdr added in Ry; expressing the electric
o 1+,
stresses on the interface. One more difference is that in the preparation phase the volume
of the liquid film resting upon the porous substrate is derived analytically via Eq. 5.36,
while in this investigation it is calculated numerically from the study pertaining to
subsection 5.4.1.

subsection 5.4.2 with the extra term 3
JT

5.4.4 Effect of Lorentz forces

Static configuration for the liquid metal trapped in the pore

In this study, which was modelled in subsection 4.4.3, cylindrical coordinates are used,
Appendix B, due to the cylindrical shape of the capillary. Besides, a variable x is
introduced in order to fix the size of the mesh in the r, x plane within 0 and 1 similar to
the investigation pertaining to the fluid motion within a single pore, which was analyzed
in subsection 5.3. The resulting form of the computational mesh can be shown in Fig.
5.7a.

The stream function of current, H(r,x), along with the shape of the interface f(r) constitute
the unknown parameters of the problem as a function of the cylindrical coordinates (r, x =

z 1 f(r)).

The finite element representation is employed for the discretization of the unknown
parameters:

H = le H,B;, f :Zl:fibi (5.47a)

with the biquadratic, B;, and quadratic, b, basis functions used for H and the shape of the
interface, f, respectively, in the standard staggered mesh approach. Besides, nnr and nnx
are the total number of the nodes used in the horizontal and axial direction, respectively.

Finally, an extra unknown parameter of the problem is the current density, J, existing on
the bottom of the pore, which according to Eq. 4.46d is given by:

R

2[(3,-3,2,)rdr (5.47b)
0

RZ

p

J=

In this fashion, the weak form, and the corresponding residuals corresponding to the
Poisson-type Eq. 4.36 are obtained:
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IJjBi(VzH _;)dvzo
-mvsi -VHdV —HIBi ﬂzdv +§p Bn-VHdA=0

ﬂ VB, - VHdV+ﬂjB —dv—qp, B—dA 0 (5.48)

:”(GB oH aB oH

e azjdd +”B—drd —gSB—rds

Substituting Egs. 5.21 and 5.22 into Eq. 5.48:

f. 0B \(oH xf oH 1 0B, oH
SR R e 1 R e

(5.49)
+]| B, —fdrdx— B —rds
” ‘r (]E ' on
The final term is going to be written only at the liquid-gas interface. Thus:
(5.50)
—L]SB —rds_ _[B —r 1+ f2dr
Hence, substituting Eq. 4.47d into 5.50:
R _ﬁf +ﬁ R
—cj) B, ﬁrds:—j B, Mr 1+ f2dr =I B, KJZ —ij f, +J,} rdr (5.51)
. on 0 1+ f? 0 r
The normal stress balance on the liquid-gas interface is described via:
5.52a
P.—paf (+B, (?‘]—Hj P.+72H.=0 ( )
Multiplying by n each leg of Eq. 5.52a:
rJ ot n (5.52b)
P — pdf B, —-H |-P ———1=0
[ - paf (N + ( > ) out}w(as RJ

where the identity from Eq. 4.13 has been used.

The weak form, and the corresponding residuals corresponding to normal stress balance
can be obtained similar to the derivation described when Eqg. 5.32 was obtained:
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2

an{P gt (1) + B, (?‘]—Hj Out} rdsdwﬁby(g—R—j rdsde = 0

g fr ob,
[7 —tdr (5.53)

] rJ
=|b| P —pof (N+B, (——Hj » }rdr
! { 2 t 0 1+ frz or

Consequently, Ry and Ry, described via Egs. 5.49 and 5.53, respectively, are made
dimensionless by using the pore radius, Ry, y/Rp, Jr and Ji-Rp as a characteristic length
scale, pressure, current density and stream function of current, respectively. Hence:

”( j[%—':—%%—';'}rd rex [ 22 %, aH < rardx

(5.54)
H
B, —fdrdx+ | B, (J, f,r+J.r—Hf )dr
+jj ! r +_([ |( zr + r r)
1 1 1 1 1
R, =(P—P,, Ibirdr_BondIbifrd”EBondmjbiJrzdr—BondmjbiHrdr
1 (5.55)
I fr o dr
01+ f2 6[‘
Also, the dimensionless numbers here are:
R B,J.R 5.56
Bond =9 Bond =" (5.56)
VIR, 7IR,

relating the gravitational and magnetic forces to surface tension forces, respectively.

The third dimensionless residual is given by:

1 5.57
R,=J-2[(3, - f,)rdr (5:57)
0

Besides, if ny and ng are the number of elements used in x and r directions of the
computational mesh depicted in Fig. 5.7a, then the total nodes in these directions are:

+1, nnr=2n_, +1 (5.58)

rel

nnx =2n

xel

Thus, the total nodes are:

Ny = NNX-NNr (5.59)

As a consequence, the total number of equations required for H is n, while nnr

equations are required for the shape of the interface, f and one equation for J. Hence, if
we define n_, =n,,, the total number of equations is:
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neqtotal = nband +nnr +1 (560)

The aforementioned system of equations produces a set of nonlinear equations with a
matrix, A, similar to Fig. 5.8.

After storing the equations in the above form, A matrix is inversed by a standard routine,
written for arrow matrices. Consequently, the unknown vector is calculated via the
Newton-Rapson, as discussed in subsection 5.3.

A previously converged solution is used as initial guess for a new solution corresponding
to a new value of the control parameter.

Static configuration for the liquid metal extended over the pore

In this study, which was modelled in subsection 4.4.3, spherical coordinates are used in
order to mathematically formulate the problem of a liquid metal layer fully covering
while extending beyond a cylindrical pore, see Fig 4.19 for a schematic diagram of the
arrangement and Appendix C for a short description of vectorial quantities in spherical
coordinates. We assume that the induced magnetic field H is negligible within the pore
and consequently there is no motion in it, an assumption that is expected to be more or
less valid as the liquid metal is pushed out of the pore with increasing magnitude of the
electric current density. Consequently, variable n = r/f(0) is introduced in order to fix the
size of the mesh in the n, 6 plane within 0 and 1. In this fashion, the shape of the
interface, f(0), is introduced throughout the problem formulation. Hence, the spine
method is used in order to generate the present computational mesh, Fig. 5.9a from the
real one, Fig. 5.9b. The natural boundaries S;, Sy, Sz and S, of Fig. 5.9b have been
transformed to the simple computational boundaries depicted in Fig. 5.9a.

(@)
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(b)
Fig. 5.9 (a) Computational and (b) real mesh

The stream function of current, H, along with the shape of the interface, f, constitute the
unknown parameters of the problem as a function of the spherical coordinates (6, n =r/
(6)). The finite element representation is employed for the discretization of the unknown

parameters:
nng-nnn nné 561
= S HB. =Y fh (5.61)
i=1 i=1

with the biquadratic, B;, and quadratic, b, basis functions used for H and the shape of the
interface, f, respectively, in the standard staggered mesh approach. Besides, nn6 and nnn
are the total number of the nodes used in the horizontal and vertical direction of the
computational mesh, respectively.

In this fashion, the weak form, and the corresponding residuals corresponding to the
Poisson-type Eq. 4.36 are obtained:

H
jvjjBi EVZH - rzsinzejdv =0

_mvs -VHdV - mB g 9dV+g€j‘> B.VH -ndA=0 (562)

”(88 aH 1 0B, aH BH

or or r? 06 06 rsm9

jr sin@drd @ — qSB —rsm@ds 0

where H stands for the azimuthal component of H.

The Jacobian matrix of the coordinate’s transformation reads:

86’ 06
00 on| It 0 (5.63)
o=y o 10y
nfy (0) f(6)
ae on
Thus using,
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9
20

0

V= €y +—
r ar@

O Mo, 1o,
0 fon) fon " (5.64)

and Egs. 5.61 and 5.63, Eq. 5.62 is transformed into the (6, ) coordinate system:

0B, oH .y OB. OB. \( oH 77f oH
f—L—npf, — || —— sin@dndo
”{077 on" ( 50 779077](59 f anﬂ § (569
oH ]
+|| —/—— fdnpd@—-pB, —n fsin@ds =0
J‘Ism gS ' an"
Moreover,
raH r, oH
A r A 5.66
H _ o (aHe 1oH jre o r oo (5.66)
on or r 89 r +r r2+r02

The final term is going to be written only at the liquid-gas interface, thus, n = 1. In order
to find the Robin-type boundary condition holding on the interface we should firstly

estimate v x H . Hence, taking into account that H = H, and ai = 0 (axisymmetry):
®

VxH:J:Jrer+J9e9=1(ﬁ+Hcot9jer—(H +ﬁje -
r\ o6 r or

L/ oH H oM (5.67)
=J, == a—+Hcot6’j J, 8 ]
r\ o6 r ar
Substituting Eq. 5.67 to Eq. 5.66:
H H-f1,—f,J +f, D coto
oH —H—rJg—I’ng+I’HTCOt9 A=y =Td + HTCO (5.68)
on Jr ) JF2+ 7
the boundary integral term of Eq. 5.62 becomes:
—¢ Bi%—':rsinads:”fzsi(Hf +3,f%+ 3, ff, —Hcotof,)sinodo (5.69)
S 0
Thus, the first residual is:
” dB, oH n?f f@_n%% oH nf, oH sin@dndo
on 677 00 on)\od f on (5.70)
B dpd6+ T B (HF +3,£2+3 f,—H cotof, )sin6de |
+| = + [ B + + —Hco sin
J-J.siné? n .(‘; |( 0 r o 9)
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As far as the normal stress balance on the liquid-gas interface is concerned, it is described

via:
—pgrcos@+B,(H, ,—H)—P,,+»2H_ =0 (5.71)
Multiplying by n each leg of Eq. 5.71:
ot n (5.72)
n[ R, —pgrcosd+B,(H, ,—H)- °“t]+7{£_R_2j =0

where the identity in Eq. 4.13 has been used. Then, multiplying by e, each leg of Eq. 5.72
we obtain:

rcosé+r,sind

[Po—pgrcose+ BO(szo—H)—Pout]

\/rZ +r?
: (5.73)
ot rcos@+r,singd 1
+ye, ——y —=0
s \/rz +r7 R

Multiplying Eq. 5.73 by the quadratic basis functions, b;, while employing Eq. 5.61 the
weak form is derived:

0 ind
_U p, 108 rz++r0r;m

+gbiy%ezrsin9dsﬂq)—”‘b7

[P, —pgrcosf+B,(H,,—H)-P,, |rsinddsdp

r +rg2
/2
= _[ b, (rcos@+1,sin0)[ B, - pgreosd+B, (H,, -

0

~P,, |rsinodo
/2

+_[bya—e r sin 6ds — Iby (rcos@+r, sm&)—rsm&d@ 0=

72

_[ rcos@+r smH [P —pgrcosé+B, (

out

]rsmﬁde

72 e, =constant
+.[y [bit-e rsm@] - R')ds Iyt— (be,rsin@)ds - Iby (rcos@+r, s1n9)—l’sm:9dl9 0 =
2
7l2

=R, = .[ b, (rcos@+r,sind)[ B, — pgrcosd+B, (H,, —~H)-P,, |rsinodd
0
7l2
—7SINO,R; 6, poien — ij 0 (b;rsing)dé— Ib«{ (rcos@+r, s1no9)—rs1n9d9 (5.74)
s r+r,

Consequently, R;; and Ry, described via Eqgs. 5.70 and 5.74, respectively, are made
dimensionless by using the pore radius, Ry, y/Rp and J;-R;, as a characteristic length scale,
pressure and stream function of current, respectively while 6 is getting dimensionless by
dividing by n/2. Again, no bars or other symbols are used for simplicity:
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_J-J- oB, oH 1t fa_B_nfg% oH _nf, oH singdndé
577 577 00 on)\og f 677

(5.75)
101 BH 1 2 .
+j0 Osi—fdnd9+jBi(Hf+J9f +1, ff, — H cot &, )sinodo
0
1
I[ P,..)+Bond, (H,,—H)—Bond f cosé b, ( f cos@ + f,sin @) f sinode
0
_Il f,cos0—fsing 0 9 (b,fsin6)
0 s, 20
L : 1 f,cotd), . o Ry
—[b,(f cos+ f,sin 0)| ———-—= | singd@sin O 5 Ginoses (5.76)
0 0 0 p

where S, =./r*+r7 ; the last term in the above equation fixes the contact angle at the
edge of the liquid metal drop. Also, the dimensionless numbers here are:
POR, BJ.R, (5.77)

, Bond , =
7R, 7R,

Bond =

relating the gravitational and magnetic forces to surface tension forces, respectively.

The aforementioned system of equations, Egs. 5.75 and 5.76, produces a set of nonlinear
equations with the matrix, A, to be inversed being in the form of an arrowhead matrix,
similar to Fig. 5.8.

After storing the equations in the above form, A matrix is inversed by a standard routine,
written for arrow matrices. Consequently, the unknown vector is calculated via the
Newton-Rapson, as discussed in subsection 5.3. Simple continuation is used in order to
capture the evolution of the solution in the parameter space defined by the contact angle
and the magnetic Bond number.

5.4.5 Effect of the topography of the porous substrate and arc-length
continuation

Assuming that Ry >> 64 (Re= 1000 3, in the present study), analysis of the topography in
the vicinity of a single pore is performed in order to estimate the Euclidean distance
between the liquid-gas interface and the solid substrate. In this investigation, which was
modelled in subsection 4.4.4, the domain is divided into three main regions, depending on
the evaluation of the minimum distance, 8, from a point on the interface and the pore
wall, as depicted in Fig. 5.10:

regioni: (r=R,2>0): 6=z, 2—5
z

O
or

=0->Vs=e, (5.78a)

r z
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r ZZ+(r—Rp)2

region ii: (r <R, 2> 0): 5=,/7° +(r—Rp)2, 2—5
z

r-R r-R, e, +ze, (5.78b)
o =—"2_>v5=(P)—2
orl, 2’ +(r-R,) 2’ +(r-R,)
5.78¢c
regioniii: (r<R ), z<0):6=R -, 2—5 =0, (2—5 =-1->Vo=—e, ( )
Z r r z

Fig 5.10 Pore geometry along with the division of the main domain into three subregions

In general, according to Eq. 4.52:

o W _ w5
on 06 on (5.79)
:H:—%V&n .
00

o5 6z o, |\s) s

long range attractive short range repulsive potential, respectively, described in Chapter 2
and also in subsection 4.4.4.

3 5
where W __A or W Kij —(i) }for the case of a purely repulsive potential or a

Using the Lagrangian representetion for the liquid-gas interface, the normal unit vector
reads:

—7.6 +r.€ (5.80)
n =§rs—§z, where S, = [r? + 2]
g
Thus, in region i the disjoining pressure, considering Eg. 5.78a, assumes the form:
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5.81
05 S, 58D

and the normal stress balance reads in this region:

II;
oW T
P-pgz-P, ————==
0 pg out 85 S[:
(5.823)
= (y+W,) 2 Telsp Vel
"\ rs. S;

Similarly, in region ii the normal stress balance, considering Eq.5.78b, assumes the form:

..

oW —(r—Rp)z§+zr§ )

I:)O —p9L— Pout - -
00 S.4/7° +(r- Rp)2
(5.82b)
:—(7/+W0)( 2y | Teloe rﬁ,ézéj
3
rS; S;
Finally, in region iii the normal stress balance, considering Eq.5.78c, reads:
I
oW Z
P-pgz—P, ———=
0 ,09 out 65 Sg
(5.82c)
——(y+W, )( 2 | Teles _réngj
0 3
rsS; S;
-2, r.z,.-r..2z
_ _ O -
—2H,=2k,=V,-n= s, - S;f’ (5.82d)
The system of the governing equations of the problem consists of Egs. 5.82a-5.82c along
with:
ds
@ = Smax = r§2 + 242‘ - Smax =0 (583)
and the following boundary conditions:
r(é=0)=0, r(é=1)=r,,, Zé‘.f:o =z, =0, r§\§=0 = ré‘ézl =S__ (5.84)
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Eq. 5.83 essentially fixes the nodes along the interface so that they form an equidistant
mesh. The boundary condition r(&=1)=r,, constitutes the third residual as will be

shown below with Spax representing the total length of the generator of the axisymmetric
liquid-gas interface; rnax IS set to a multiple of the pore radius in order to signify a large
distance from the axis of symmetry.

Egs. 5.82-5.84 are discretized using the finite element methodology, with the unknown z
and r coordinates described via:

I ) @, (5.85)

ci?

where z_,r, are the unknown coefficients of the spline representation and niota is the total

number of nodes. The coefficients that correspond to the fictitious nodes outside the
domain, i.e. z, (), r,@ and z,(n,, +2), r,(n,, +2) are calculated by the boundary

conditions as will be discussed next. Also, b cubic splines, @, , maintain smoothness and
continuity of higher order derivatives, as mentioned in subsection 5.2.4.

The total interfacial nodes, with ne denoting the total number of elements, are:

ntotal = nel +1 (586)

From now on, only the case of the long range attractive short range repulsive potential is
going to be considered for the mathematical formulation. However, the same procedure
was followed also for the case of purely repulsive potential. Next, the final equations in
their weak form are written for each equation:

R¢
Rli - ,[(Di(PO_pgz_Pout+H_(7+W0)2km)rdr (587)
0
Converting Eq. 5.87 into Lagrangian representation we get:
1 AN, | (8, (8,) |66
Rli =jq)i [Pr _Pgho —ng— Pout ——0|:(_AJ _(_Aj j|_:|rr§d§
0 on [0 Lo Jon (5.88)
h ., rz..-r. .z
+H D (v+W. )| =425 <<€ pr d
.!. |(7/ 0)(r8§ S; & K:

Consequently, Eq. 5.88 is made dimensionless by using the pore radius, R, as a
characteristic length scale and y/R,, as a characteristic pressure:
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1 1
Ry = (P, — Py ) [ @rr,d& — Bond [ @,zrr,d¢ (5.89)
0 0

{2
v )y 6|\ 8 s ) |on

1 . rz,.-r..z
+ 1+% J'q)i e et 35,55 rm,dg
7V )% rs; S;

All the variables in the residual R3; are dimensionless and no bars or other symbols are
used for simplicity. The dimensionless numbers that control the problem are:

song =25, Y 690

yIR, ¥

relating the relative strength of gravitational and surface forces to surface tension forces.

Finally, Z—(Sdepends on the sub-region, Egs. 5.78a-5.78c.
n

The second and third residuals read as:

R, :ch>i («/r; + 2 —smax)dg (5.91)
Ry=r(&=1)—r, (5.92)

If ng is the total number of elements, then the total nodes are:

ntotal + 2 (593)

with “+2” corresponding to the two fictitious nodes outside the domain. As a
consequence, the total number of equations required is:

neqtotal =2 ( ntotal + 2) +1 (594)

i.e. n,, + 2 equations for z(§), n ., + 2 equations for r(£) and one equation for Spax.

The aforementioned system of equations produces a set of nonlinear equations with the
matrix, A, similar to Fig. 5.8. Hence, if n,,, =2(n, +2), A matrix can be divided into

four sub-matrices:

1. A banded Jacobian matrix (J) of dimensionn,__, xn, ., With derivative entries of

the residuals Rj; and Ry with respect to z; and rg;. This part of the matrix has non-
zero entries in a zone with bandwidth 15,
2. A matrix in the form of a column (COL) of dimension n___, with derivative of the

residuals Ry; and Ry; with respect to Spax,
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3. A matrix in the form of a row (ROW) of dimension n__ with derivative entries

of the residual R3 to z; and r¢; and
4. A matrix in the square arrowhead at the bottom right (HEAD) of dimension 1x1
with derivative entries of the residual Rz with respect to Syax.

Next, for a better understanding of how the boundary conditions are imposed on the
fictitious nodes and how the arc length continuation technique is tackled, which is going
to be elaborated below, the matrix form of the present problem is given in Fig. 5.11:

9] [COL] [SOL]  [RHS)
"oR, VoR, ] [eR, | [z. 1 [R,]
azc.-f aiVc.-:' aSmax rg -Rz
ale aRE,f ale _
A] || &z, or, | | 0S| -
R, R, | [ oR, || |Sm R,
ach arci aSmax
L% [ PBwa || L] L

[ROW]  [HEAD]

Fig. 5.11 Schematic illustration of the matrix form of the present problem

The matrices [J], [ROW], [COL] and [HEAD] constitute the A matrix to be inversed
while [SOL] being the matrix which contains the solutions of the problem, with
dimension negq,,,,and [RHS] containing the aforementioned residuals, with dimension

also neq,,,, - The boundary conditions are incorporated in the [RHS] matrix as follows:

First fictitious node for z— | z,

First fictitious node for r —

by

First real node for z—

First real node for r —

ol
|
(5]

[

= =

RZ r ”ethaF

Last real node forr — |7, =S

Last fictitious node for z— | Z;

Last fictitious node forr — | 7,

Ry— |7 =T

Fig. 5.12 Schematic illustration of the [RHS] matrix augmented with the boundary conditions
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In this problem, solutions are derived for different values of the control parameter,
namely p=P,—P_. Thus, a previously converged solution can be used as initial guess

out

for a new solution corresponding to a new value of the parameter. This idea can be
illustrated in the Fig. 5.13a. Simple continuation is performed when the solution is
smooth and without limit points, as in the previous presented studies. In this case the
control parameter, p, changes independently by a step Ap:

p™t=p"+ Ap (5.95)

However, if the solution has a limit point, Fig. 5.13b, a solution in the direction that Ap
predicts does not exist, especially near the limit point. As a matter of fact, at the limit
point the Jacobian matrix becomes singular and the simulation breaks. As a consequence,
the simple continuation is not appropriate to proceed along the solution family. In order
to overcome this problem the arc-length continuation was used which is a standard
technique for detection of instabilities in shells and drops [105-107]. In this
consideration, one more equation is added in the mathematical formulation and the
control parameter, p, is now part of the solution. The extra Residual to be taken into

account is:
Ro= S (22 ) o S (o (s s, Y+ (p - pr) —azr (5.96)
i=1 i=1

with i standing for the corresponding node of the computational mesh and n denoting the
old converged solution for the parameter p"*and n+1 the current solution. Besides, A/ is

a constant parameter representing the arc-length of the solution branch. In order to
estimate the value of the arc-length A4, as a first step simple continuation is performed

before the limit point for a relative small value of Ap starting from the solution vector X°
and moving to solution vector X'as depicted in Fig. 5.13c.

X X X
=i ol =0
X |- X' |- B
fl ..... é :-NZ’
J—C'z'+l ______ X-‘H'l ..........
! | B
: I | |
| limit point i i
n » n n+l 1 0
p"p p"p” Pp
Fig. 5.13 (a) Simple and (b) Arc-length continuation around a limit point and (c) estimation of the arc-

length AL
Consequently, by adding Eg. 5.96 in A matrix, it has one more row and one more column

corresponding to the unknown parameter p. The augmented A matrix has the following
form:
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Fig. 5.14 Schematic illustration of the matrix form of the present problem including the augmented A
matrix

It should be stressed that even if [A] becomes singular, the augmented matrix [A] remains
non-singular and therefore the simulation continues around limit point.

After solving the system of equations described in Fig. 5.14 with the Newton-Rapson
method, the initial guess for the next solution is made by solving the following set of

equations:

Fig. 5.15 Schematic illustration of the matrix form of the present problem required to be solved for the
initial guess of the next solution

Note that 2y _ Ny =%=oand aai“ =—2AA . Subsequently, the initial guess for the
next solution is:
n 5.97
Xin+1 = Xin + % . Aﬂ ( )
oA

and the corresponding parameter is:

n 5.98
+% A ( )

oA

n+l _ \n
=p
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where for the first continuation, the initial guess of the derivatives is

%
oA

AL ' OA

AL

2_x.1—x.0 @‘2_ [ (5.99)

Finally, the steps in terms of an algorithm are outlined in Fig. 5.16.

Input: Geometry, external
fields and material
properties

n=0

Read: Initial guess )
pri=p+Ap N

- / Build [A],ﬁ and solve /

Update
Error <
tolerance

solution,8%
true

L false
]

Post-processing

Fig. 5.16 Flow chart of the numerical procedure

[ ]
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5.5 Benchmark case studies

In order to validate the numerical model pertaining to the static arrangement of the liquid
metal arrangement, a parametric study was conducted on the static arrangement as a
function of the reservoir overpressure. For relatively large overpressure in favor of the

reservoir, i.e AP=P —P,, ~500Pa and larger the drop size decreases, the dominant

out

balance is  between the pressure drop and the surface tension,
AP=PF-P,~2y/R, P, =P —pgh, and gravity is of minor importance in achieving
static equilibrium. In this context an 1 mm thick porous matrix is considered with hy =
1mm, Py = P, - 5 Pa, lithium density p ~ 500 kg/m? y = 0.4 N/m, g=10 m/s?, while the
contact angle is set to 30° and AP = 500 Pa. In Fig. 5.17 below the drop shape that rests
on the CPS surface is calculated numerically by solving the problem formulation
provided in section 5.4.1 for fixed contact angle 6=30°. The shape obtained is that of a
spherical cap with radius Ry, ~ 2y/AP, that is pinned onto the substrate with a contact
angle of 30° and contact length of Rysin® ~ 0.8 mm and whose center of curvature lies
below the CPS surface. As illustrated by Fig 5.17 shown below the numerically obtained
static shape confirms the above prediction, resembling part of the aforementioned circle
whose center of curvature lies below the z =0 line.

Fig. 5.17 Comparison of the current static numerical model against the circle of radius Ryn= Rt numericai/Sin6.

In order to validate the model presented in section 5.3 regarding the capillary rise of a
liquid within a single cylindrical pore, it was tested for the case of a pore with a radius of
1mm that is gradually filled with water from a reservoir held at atmospheric pressure,
solely via capillary forces. The simulation was performed until either a static arrangement
within the pore is established or the liquid has risen to the top of pore. More specifically,
when Ap=0 Pa, R, = 1mm, y = 0.073 N/m, p = 1000 Kg/m® and g = 9.81m/s”. Fig. 5.18a
provides a sequence of shapes for the rising water meniscus during the process of
capillary rise. As can be gleaned from the final stages of capillary rise, and more clearly
in Fig.5.18b, the meniscus shape, obtained with and without inertial effects (We = 0 and
We # 0, respectively), is in good agreement with the static arrangement of liquid water
within a cylindrical pore with a radius of 1 mm obtained independently via solution of the
Young Laplace equation at static equilibrium without the viscous terms, i.e. via the above
static numerical code. Our numerical results were also tested against the Washburn
equation as will be discussed in subsection 6.3.
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(@)

(b)
Fig. 5.18 (a) Time evolution of the meniscus shapes during the process of capillary rise and (b) Comparison
of the numerical model concerning the capillary flow within a single cylindrical pore (with and without
inertial terms) against the static arrangement of liquid water within a pore

As far as the electrostatic model is concerned, comparison of the present numerical
approach for the static arrangement of a polymeric droplet that rests on a solid surface
with a fixed contact angle 6. = 60°, Bonde = 5.06 and Bond = 0.33, against the boundary
element solution obtained by Reznik et al., [92], indicates that our results agree with the
maximum and minimum values of z and r, respectively, for the case of negligible electric
stress [108], Fig 5.19. However, partial agreement is observed, when the case with an
external electric field is studied. This is caused by our modelling assumption, that for a
very thin film on top of the porous substrate, electrical potential variations at the interface

) ) D o [} d az .. )
can be estimated via a—z—d , a—z—d d—,where normal derivatives are estimated
on dz 0s dz ds

based on longitudinal variations.
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Hence, for comparable film thickness and length, the electric potential in the region
surrounding the film can be calculated with the boundary element method [106].
Nevertheless, this simplified model gives the qualitatively correct trend of the process
which captures the gradual deformation of an initial droplet under the action of the
electric stresses. In particular, when a fixed contact point is assumed rather than a fixed
contact angle, formation of a conical angle is captured in the pole region at large Bondg
indicating possible jetting originated from this region. In Fig. 5.19 the initial and final
static arrangements are portrayed, in the parameter range slightly before the conical angle
formation. t stands for the dimensionless time, which was made dimensionless upon
dividing the real time by uRy/y that uses as a characteristic time scale, R, represents the
capillary radius while p and y are the dynamic viscosity and the surface tension of the
working fluid, respectively [92].

Fig. 5.19 Comparison of the current electrostatic numerical model against the droplet evolution
corresponding to contact angle 6. = 60°, Bond,, = 5.06, Bond = 0.33 derived by Reznik et al., [92]

Conical angle formation as an effect of the electrostatic part of the Maxwell stress on the
static arrangement and the implied impact on the dynamic response of the droplet, will be
extended in Chapter 6 to include the magnetic part of the Maxwell stress in an effort to
provide a plausible mechanism for drop ejection during operation of the CPS.

The problem formulation, regarding the effects of the Lorentz forces ignores the
rotational part of the Maxwell stress for simplicity in these calculations. Thus, for the
comparison, the case of the liquid lithium was chosen again with fixed contact point at
the pore’s edge. In this context, the computational solution that accounts for magnetic
induction H was tested against a simplified analytical solution, which was derived in
Appendix E. In particular, the analytical solution for dimensionless H is compared with
the computational one, where the interface approaches a line segment at the pore’s mouth
for the case of Bondy, = 1.44-10°° and Bond = 1.11:10° and H = 0 at the bottom of the
pore, at the wall and at the left boundary, see also Fig. 4.18. The analytical results are in
quite good agreement with the numerical ones, as can be seen in Fig. 5.20. The small
discrepancies exist because the shape of the aforementioned computationally obtained
interface is not a perfect line segment.
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Fig. 5.20 Comparison of dimensionless H derived analytically for a rectangular domain with the
computational solution, for Bond,, = 1.44-10° and Bond = 1.1-10”°, when J,=0

Finally, regarding the static analysis augmented with the interaction potential, for
relatively small positive overpressures, the liquid metal was seen not to escape the pore.
As AP increases it forms a drop that protrudes from the pore and meets the pore at a fixed
contact point, i.e. the pore radius Rp, with a macroscopic angle estimated via sin® =
Ry/Rm, where Ry, is the radius of curvature of the drop and is given by the relation R, ~
2y/IAP. For Wy = 0.05 N/m the angle at the contact point is seen to gradually increase as
AP increases until a limit point arises when AP =~ 11500 Pa and 6 = 27°. It was shown by
an asymptotic analysis of the above regions that, especially when W, << v, the angle at
which the transition layer leaves the substrate matches the solution from the pore region
and is given by the relation cos® = 1-Wy/y. Thus, for the case considered above, namely
when W,=0.05 N/m, 0 is equal to 29° which is very close to 27° obtained via the
numerical analysis. The derivation of the asymptotic solution along with the
aforementioned comparison is presented in subsection 6.4.2.
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Chapter 6: Results

In this chapter, the results are presented related to the simulations of the numerical
models described in Chapter 5. First, results pertaining to the preparation phase of the
CPS are presented. Then, a first principles heat transfer analysis is presented,
introducing the various factors affecting the response of the CPS to an external heat load.
Subsequently, numerical results of the study of capillary flow within a single cylindrical
pore are presented and discussed in the context of the replenishment problem. Finally,
the results of the parametric study on the static arrangement of the CPS are presented,
under the influence of the reservoir overpressure, external field forces, namely the
electric and Lorentz forces, and the topography of the porous substrate at near vacuum
conditions.

6.1 Preparation Phase

The numerical methodology, which was described in subsection 5.4.2, was implemented
in order to perform a parametric study on the effect of the additional reservoir of lithium,
hr, on the shape and thickness of the liquid metal layer that coats the porous layer at static
equilibrium. Liquid lithium was used as the operating fluid. Molten Li physical properties
at 300°C were used according to [109]. More specifically, the density of liquid and solid
lithium is set to p; = 504.419 and ps = 535 Kg/m® while surface tension y = 0.314 N/m.
Furthermore, the CPS wafer thickness and width are set to hp = 1mm and R; = 10cm,
respectively and g = 9.81 m/s%. Finally, 300 quadratic Lagrangian elements were tested
with sufficient accuracy for these calculations.

The eventual static arrangement is a result of the pressure driven flow due to density
change of heated lithium. The static film thickness can be approximated as:

Vim
N = ﬁf_F\I)CZ =(ahy+h)(p.=p) ! p 6.1)

Thus, when no additional reservoir of lithium exists, i.e. for hy = 0 mm, and for CPS
porosity o = 0.3 and 0.5 the static film thickness is estimated to be approximately equal to
21.5 um and 35.8 um, respectively.

Static calculations fixing the mass of the liquid metal film, via Eq. 5.36, the size of the

wafer, ho = 1mm and the contact point at r = R, while satisfying the normal force balance
confirm this picture as can be gleaned from Fig. 6.1.
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Fig. 6.1 Numerical prediction of the static film arrangement for a. = 0.3 and 0.5 with no additional reservoir
of lithium existing

On the other hand, if there is additional reservoir of lithium it is also expected to liquefy,
thus offering additional mass that would end up at the top of the wafer. For o = 0.5 and
for hy = Imm, 4mm, 7mm and 10 mm, the static film thicknesses are estimated via Eq.
6.1, to be approximately equal to 107 um, 322 um, 537 um and 751 pum, respectively.
Static calculations fixing the mass of the liquid metal film, via Eq. 5.36, the size of the
wafer, ho = Imm and the contact point at r = R; while satisfying the normal force balance,
confirm this picture as the reservoir thickness varies, see also Fig. 6.2. Based on the
above simulations, in the absence of a reservoir a micron size initial film thickness is
anticipated, which is a correct order of magnitude estimate based on preliminary
experimental observations.

Fig. 6.2 Numerical prediction of the static film thickness arrangement for o. = 0.5 and with an additional
reservoir of lithium equal to h, = Imm, 4mm, 7mm and 10 mm
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6.2 Depletion and replenishment - Proof of principle study of heat
transfer mechanisms in the CPS

6.2.1 Heat exhaust via thermal conduction and evaporation

As emphasized in subsection 4.2.2, the static arrangement is difficult to be achieved and
more difficult to be maintained at high enough heat fluxes. Once the machine is “turned
on” an external heat pulse is expected to “hit” the CPS configuration. In such a situation,
especially for the near vacuum conditions that prevail in the divertor region, a certain
amount of the protective lithium layer is expected to evaporate. Provided that the liquid
metal film is still intact and covers the CPS surface while no external field forces are
considered, the extent of convection is limited and a quasi-static arrangement exists in the

CPS. As a first approximation, upon subtracting the amount of heat, ¢ , that is radiated

back due to non-coronal radiation shielding, the amount of heat that impinges at the CPS
surfaceis g =q —q , Fig. 6.3.

Fig. 6.3 Simplified model of heat transfer problem assuming static arrangement

As a consequence, only conduction (within the CPS mesh and liquid metal film) and
evaporation participate in heat exhaust. Thus,

T -T
ok T (6.2)

where ¢ is the oncoming heat flux, k the thermal conductivity, T;, Tou the temperature of
liquid lithium within the reservoir and at the outer surface of the wafer, h is the
summation of the CPS height, hcps, and the film thickness formed upon the solid
substrate, hy, L is the lithium latent heat of evaporation and W the rate of evaporation.

We assume that T, = 200°C, Tou: = 500°C, heps = hs= 1mm while k, L are estimated as the
average of their values at T, and T,y according to [40]. Equilibrium is assumed with the
near vacuum conditions of the surrounding medium, P,(500°C) = 0.4 Pa. Thus,
considering the oncoming heat flux to be equal to 10 MW/m? the rate of evaporation can
be found:
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T Tl 1020°_48,0722007200
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L 22.6:10° m?s

(6.3)

Hence, an oncoming heat flux of 10 MW/m? would evaporate the liquid lithium film from
the top of the CPS structure at a rate of:

oh, W
E:—z0.25mmls (6.4)

0

thus depleting it almost at once. As a consequence, conduction alone cannot exhaust the
high enough heat fluxes occurring in real experiments. As mentioned in Chapter 1, JET
divertor walls made of tungsten can withstand heat loads up to 20 MW/m?. Beyond this
level the plasma-wall interaction is seen to cause problems such as erosion, thermal
stresses, thermal fatigue and plasma contamination which may irreversibly impair the
operation of the reactor.

6.2.2 Heat exhaust via transpiration cooling

As stressed in the previous sub-section the liquid metal layer on the top of wafer will
soon evaporate leading to a different operating regime, namely the transpiration cooling,
Fig. 6.4. In this process the oncoming heat flux is going to be balanced by (a) evaporation
of Li captured within the pores, (b) heat conduction within the porous matrix but also (c)
by convective heat transfer due to the preheating of liquid lithium, from the reservoir
temperature up to the temperature of the interface. The latter volumetric flow rate is
drawn out of the reservoir by capillary forces once the top of the CPS is depleted of liquid
metal.

Fig. 6.4 Simplified model of the transpiration cooling mode

Taking the height of the CPS to be much smaller than its width, steady one dimensional
heat transfer can be assumed within the CPS structure and a steady heat balance can be
established where the above mechanisms balance each other. At the interface with
plasma, evaporation takes place while inside the porous matrix conduction and
convection co-exist. In this fashion, a steady state can be established producing the
necessary liquid metal elevation H within the CPS structure in order to balance the
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oncoming heat flux g. Thus, energy balances are used at liquid-plasma interface and
across the portion of the CPS which contains the liquid metal. At the liquid plasma
interface the oncoming heat flux is equal to the convection/diffusion heat flux from the
liquid side of the interface plus the convection heat flux that enters the plasma as a result
of evaporation at the interface:

oT
44 =4 =q+pC uT| -k%|  =pC.uT
4+0, =0, =44 pCT| Khyen TP loxen 7
o oT T 65)
k%] =pC uT _pC uT =k L (6.
=4 OX |x=H P pU ‘g,x:H P pU ‘|,X=H =4 OX |y + pU|I =H

Establishing an energy balance across the portion of the CPS that contains the liquid
metal, ranging from the reservoir located at x=0 up to the plasma interface located at
X=H, gives:

Eg. 6.5
oT oT
pC uT —k — =| pC uT —k — =
P X P X
x=0 x=H
= pC uT —(g+Lpu >
P x=H
=L C u(T,-T,)+k il
x=0

It is obvious, via Eq. 6.6, that the main heat transfer mechanisms governing this process
are evaporation, convection and conduction, which are represented by the first, second
and third term, respectively. As a matter of fact, the conduction and convection terms are
known from the analytical solution of the advection-diffusion equation and read as:

1
| = — S 6.7
g=Lpu+ pCpu (TH TO)[:HepCpuH/kj (6.7)

where Ty, Ty are the temperatures at x = 0 and x = H, C,, is the specific heat capacity and
H the height of the liquid metal column within the mesh. Finally, indices I, g represent the
liquid and gas phase of lithium, respectively.

As a first approximation, the seepage velocity, u, of the liquid metal through the CPS is

obtained via Darcy’s law where capillarity is considered to be the only driving force
through the porous matrix:

2y
———pgh, (6.8)
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where ¢p, Kp, ho, Rp denote the porosity, the permeability, the height and the average pore
radius of the porous structure, p, p, y the dynamic viscosity, the fluid density and the
surface tension of lithium and g the gravitational acceleration. We assume y ~ 0.4 N/m, Kk,
~ 10™ m? ¢, = 0.3, Ry ~ 10um while k, L, p, C, are estimated as the average of their
values at T, and T,y according to [40].

Solving the heat and momentum balances, Eqgs. 6.7 and 6.8, respectively, provides the
liquid metal thickness required to exhaust an increasing amount of heat flux as a function
of the properties of the porous matrix. Fig. 6.5 shows how the thickness of the film
decreases in response to the increasing amount of the external heat flux. In this operation
mode, evaporation is the main mechanism of heat exhaust. As can be illustrated in Fig.
6.6 large heat fluxes can be accommodated at the cost of large evaporation rates. The
properties of the porous matrix are essential in delivering the amount of liquid metal that
is required for exhausting large amounts of heat flux. Beyond, a certain heat flux, the
thickness decreases significantly and the integrity of the reservoir itself is an issue.

Fig. 6.5 Liquid metal thickness as a function of the external heat flux

Fig. 6.6 Evaporation rate as a function of the external heat flux

As a result of the above heat balance, and for the anticipated external heat flux levels,
very large lithium vapor concentration levels are anticipated in the SOL with possible
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reactor lithization. Therefore, a threshold in evaporation rate should be established in
order to avoid plasma contamination.

According to Van Eden et al., [50], who took into account the case of Sn as a PFC, an
approximately steady-state surface temperature was reached after ~0.5s on the liquid
surface. Besides, the temperature ramp in the Sn case did not follow a conduction-based
cooling curve, where the temperature increases following Newton’s law of cooling until
the conducted heat equals the received plasma heating. As a result, they concluded that
the steady-state temperature of liquid metal reduces significantly, due to vapor shielding
and also that other power-loss processes are important.

Hence, as stated in [50], the plasma heat flux is dissipated via a number of processes.
Firstly, power is dissipated by vaporization if evaporated neutrals do not return to the
surface. Secondly, power is lost by radiation of Sn neutrals and ions in the vapor cloud
and mass transport from the plasma as a result of recombination processes. The
remaining heat is transferred to the Mo cup (and, subsequently, cooling water) via
conduction and convection of the liquid Sn.
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6.3 Replenishment of the CPS: Capillary flow of a liquid metal within a
single cylindrical pore

As analyzed in detail in subsection 4.3, the flow within a cylindrical pore is examined as
a first attempt to provide an upper bound of the convective effects within the CPS matrix.
This simplified investigation overestimates the permeability of the CPS but provides the
framework for studying the interplay between the different forces that act towards
pushing liquid lithium out of the porous matrix or resist its motion. In the present study
the hydrodynamic problem is examined in the context of axisymmetry in order to obtain
an understanding of the operation principle of the capillary pump.

The numerical methodology, which was described in subsection 5.3, is employed in order
to assess how the pore radius affects the seepage velocity of liquid lithium, whose
properties derived via [40,109], for a cylindrical pore of ho = 1mm in height. These
seepage velocities along with the time needed for the liquid metal to exit the pore are
going to give an estimation of the liquid metal replenishment speed which is of major
importance during plasma operation.

When a capillary is brought into contact with a liquid surface existing within the
reservoir, the liquid spontaneously wets the interior part of the capillary. The driving
force for this phenomenon in a vertical capillary is given by AP =2y /R cosd, — pgh, as

mentioned in subsection 5.3, with h denoting the height of the liquid column in the
capillary. In this study, the contact angle, 6q, is considered to be invariable from the
beginning and equal to its equilibrium value, 6, = 30°, similar to studies such as [87]. The
liquid reaches an equilibrium height, he, where the capillary pressure equals the
hydrostatic pressure. Thus, considering for example a pore radius R,= 30um, the
equilibrium height is heg = 6.28m >> hy and therefore the equilibrium arrangement is far
from being accomplished. Hence, the seepage velocities are expected to be relatively high
giving an overestimation of the replenishment speed, since the rambling geometry of the
porous matrix is not taken into account.

If the case of a Newtonian liquid is to be considered and the flow is very slow then
according to [52] the average velocity of liquid rising in the capillary can be expressed
via Poiseuille’s law as:

_dx _RJAP _yR, cos§, R;pg

v T dt T 8ux 4 ux 8u (6.9)

Thus, regarding the dynamic contact angle as a constant parameter and independent of
velocity, the dynamic equation for capillary rise can be solved analytically with a
dimensionless relation:

T=—H2[§+In(l—éﬂ (6.10)

where the following parameters and variables have been defined:
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T=gt " 4ycos6,’
X=4_X] H= 4h,, h. = 2y cos o, (6.11)
Rp Rp “ png

Eq. 6.10 is often called the WRL equation, which is an acronym standing for Washburn,
Rideal and Lucas who derived this equation, [87]. Besides, many authors refer to this
simply as the Washburn equation. If gravity is negligible, a simpler relation is obtained
according to [52]:

X =(2T)" (6.12)

Hence, the liquid column height increases continuously with time until the static
equilibrium is established. Furthermore, Egs. 6.10-6.12 have been tested against data on
the rate of capillary rise into single capillaries. The data reveal a number of discrepancies
relative to this simple model. One problem is that the dynamic contact angle is an
unknown function of the rate of rise itself. Another is that the results depend upon
whether the capillary has been preweted with the liquid, or instead is dry prior to the
intrusion of the liquid into the capillary, [110].

Our numerical results obtained in this context, indicate that upon decreasing the pore
radius the capillary rise velocity, us, is seen to decrease linearly owing to the dominating
effect of viscous dissipation along the radial direction, Fig. 6.7. This scaling qualitatively
agrees with the viscous scale employed for making the velocity dimensionless. It
corresponds to a balance between the axial pressure drop, generated due to capillary
wetting of the interface, and radial momentum diffusion via viscosity:

o0  oP_ ud yIR, . IR, (6.13)
Horr a2 TRZT N, T uhy

Since the inertial effects are insignificant for the relative small pore radius considered in
this study, [52], the numerical results both considering and neglecting inertia are
approximately the same with a small difference as the pore radius increases. These
discrepancies occur because as R, increases inertia enters the dominant force balance:

puvu~Vp= pRu ~%:>0= pg (6.14)
p p

p

When the balance between inertia and capillarity dominates, a reduction in the pore
radius leads to an increase of the characteristic velocity. Hence, the simulations with
inertial effects tend to reduce the seepage velocity as R, increases in comparison with the
simulations assuming purely Stokes flow (We = 0). As a consequence, the time needed
for the liquid metal to exit the pore tents to be slightly bigger for the case where the
inertial terms are taken into account, Fig. 6.8. The importance of transient effects at the
pore level seems to play an important role at relatively large pore sizes. Relatively large
pore sizes are not employed in the literature of CPS, however this transition from (0 ~R,
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N
\]Rp
Furthermore, as illustrated by Fig. 6.8 the dimensionless time required to reach the pore

exit, for fixed height of the capillary, decreases with Rpl’2 in agreement with the
dimensional form of Eq. 6.12.

tol ~ qualitative dependence can be used as a design parameter for future concepts.

Fig. 6.7 Seepage velocity at the exit of the pore as a function of the pore radius both with and without the
inertial terms included

Fig. 6.8 Time needed for the liquid metal to exit the pore as a function of the pore radius both with and
without the inertial terms included

Focusing on the case of a pore radius R, = 30um, as a reference study, the dimensional
height of the rising liquid metal column at the axis of symmetry, namely z, in this
investigation, increases like t2, as illustrated in Fig. 6.9a, in agreement with the
simplified WRL equation Eq. 6.12, as expected, based on the impact of viscous effects
and the small height of the column. As a result, the rise velocity is relatively large at the
beginning of the process while being reduced as the height of the column increases, Fig.
6.9b. However, as illustrated in Fig. 6.10, the numerical values tend to be smaller than
the prediction of Eq. 6.12, due to the impact of inertia effects that are accounted for in the
numerical simulation. However, the observed deviation was never significant indicating
the reliability of the WRL model in estimating the time required to achieve wicking into a
capillary in the absence of inertial effects.
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(@)

(b)
Fig. 6.9 (a) Height of the liquid metal column and (b) Seepage velocity at the exit of the pore as a function
of time for the case of R, = 30 pm

Fig. 6.10 Comparison of the numerical results with the approximate WRL equation (Eg. 6.12) for the case

of R, =30 um
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A similar deviation between simulations and experimental observations was captured in
the experimental investigation presented in [90]. In the latter study silicone oils of
varying viscosities were used and the measurements also consistently lied below the
prediction of WRL equation. This tendency was attributed to the fact that the contact
angle that arises dynamically will not be constant all the time, in the manner assumed in
the simulations and the WRL theory. Rather it is going to change with time depending on
the velocity of the liquid column. Joos et al [90] provided an experimentally fitted
relationship  for  the  dynamic  contact angle in the form  of
cosé, =cos6, —2(1+cosh,)Ca”?, where Ca=upuly represents the capillary number

presented above with the characteristic velocity u being the average velocity of the liquid
meniscus rising in the capillary. Based on the above relationship, the dynamic contact
angle, 64, is much larger than the equilibrium contact angle, 6., at the beginning of the
process while being decreased until the static arrangement is reached and the equilibrium
contact angle is established. The modified theory fits the experimental rise data better at
short times than does the WRL theory due to the smaller rise velocity it predicts as a
result of the smaller capillary pressure. Furthermore, experimental relationships for the
estimation of the dynamic contact angle have also been introduced by other studies
indicating the importance of short range forces in establishing the variation described by
empirical formulas, see also the relevant analysis presented in [52].

Finally, entrance and exit effects may be significant in our investigation since the
capillary height is very small compare to the equilibrium height. As a matter of fact, most
of the viscous friction would lie within the region where the parabolic velocity profile is
being developed from the entrance condition and in the pore’s mouth where the liquid
exits to cover the top surface. Moreover, Rillaerts and Joos, [110], demonstrated the
importance of prewetting of the capillary on the dynamic contact angle. During real CPS
operation the porous matrix is going to be pre-wetted since the liquid metal layer is
already present and evaporates due to the external heat flux. In the following section
6.4.2, an effort will be made to account for the effect of wetting and adhesion in the final
static arrangement of the liquid metal layer covering the pore.
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6.4 Static arrangement of the CPS

6.4.1 Effect of reservoir overpressure

The numerical methodology, which was analyzed in subsection 5.4.1, was implemented
in order to perform a parametric study on the effect of external overpressure on the shape
and thickness of the liquid metal layer that coats the porous substrate at static
equilibrium. Liquid lithium was used as the operating fluid. The fluid density, p, is set
equal to 500kg/m® while its surface tension y = 0.4N/m. The contact angle 6. is set to 30°
and the gravity acceleration g=10 m/s®. The geometric configuration envisioned is the one
depicted in Figs. 4.10a,b. A porous disk of 10 cm radius and 1 mm thickness is assumed.
The reservoir overpressures considered in this study are expected to be relatively small
and positive, however for the sake of completeness a parametric study is conducted in
this section of the static arrangement, by varying the reservoir overpressure, AP=P-Po,
over a wide range of values starting from large positive overpressures until small negative
pressure differences. Pyt signifies the pressure exerted on the liquid metal film by the
surrounding plasma in the divertor region and is not expected to be large since almost
vacuum conditions prevail in this region. The reservoir pressure is reduced by the
hydrostatic pressure pgho = 5 Pa based on the thickness of the porous layer, hg, plus the
additional pressure drop, pgz, due to the local thickness, z, of the liquid metal layer that
rests on top of the porous wafer. For relatively large overpressures the contact angle of
the liquid metal drop on the porous matrix is fixed and the contact length emerges as part
of the numerical solution. Converged solutions of the drop shape were obtained with a
finite element mesh ranging between 500 and 4000 quadratic elements in order to capture
abrupt changes in the curvature of the interface.

In this fashion, it was seen that as the reservoir overpressure (AP = P, - Pqyt) increases, AP
> 500 Pa, the “drop” size decreases. In this regime, gravity is of minor importance and
the dominant force balance in achieving static equilibrium is between pressure drop and
surface tension, B, —P,, =2y /R, . Ry is the radius of the circular arc which constitutes

out

the interface between the liquid metal and plasma, Fig. 6.11, and decreases with
increasing reservoir overpressure. The liquid metal “drop” arrangement that rests on the
outer CPS surface is calculated numerically as a function of the reservoir overpressure.
Due to axisymmetry and the geometry of the static arrangement, the shape obtained is
that of a spherical cap with a contact angle of 30° on the solid substrate that constitutes
the porous matrix, and a contact length of Ry = Rpsinf.. The center of curvature of this
“drop” that protrudes from the porous matrix lies below the CPS surface, and the position
of its center is equal to RycosO; while the contact length is Rf = Rpsin6.. Finally, the
thickness of the liquid metal film at the axis of symmetry is zo = Ry - RmcosO: = Rp(1-
cost;).
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Fig. 6.11 Schematic of the center and radius of curvature, O and R, respectively, the radial extent of liquid
metal “drop” (depicted by the blue region), Rs and contact angle, 6

As illustrated in Fig. 6.12, as the overpressure decreases, the “drop” spreads out while
more or less retaining its spherical cap shape. Fig. 6.13 provides a comparison between
the numerically obtained contact length and the above prediction based on the assumption
of a spherical cap shape, that confirms the validity of the relation Ry = Rmsin6, for large
overpressures, where Ry 4 IS the approximate value of contact length. For example, when
the case of AP =500 Pa is taken into account Ry apr = 2y/APsinf; = 0.8mm = R, With Ry
representing the computational obtained contact length.

Fig. 6.12 Liquid metal drop shape evolution with decreasing pressure drop

Fig. 6.13 The approximate values estimated via Ry 4, = Rnsind, agree with the computational ones as the
pressure drop increases
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As pressure drop is further decreased, a liquid metal film forms that almost entirely
covers a 10 cm long disk when AP=~30Pa, in which case the spherical cap shape
assumption does not hold any more and significant deviations are registered in Fig. 6.13.
Fig. 6.14 illustrates the gradual formation of a thin film as the reservoir overpressure
decreases. In this regime, the structure of the solution is different since gravity becomes
important in the region around the axis of symmetry, while a very thin boundary layer is
generated near the contact point. As a result, a very large number of elements is required,
on the order of 4000, in order to capture this transition.

Fig. 6.14 Liquid metal film shape as the overpressure decreases

In fact, upon further decreasing the reservoir overpressure, the contact length increases
extremely and exceeds any reasonable wafer length, Fig. 6.15. As mentioned above, the
importance of gravity increases and forms the dominant force balance along with
pressure drop, especially away from the contact point which determines the liquid metal
layer thickness in the pole region. For example, when P, - Po = 28.2 Pa in the region near
the pole the balance between gravity and pressure forces provides the maximum film
thickness zo, see also Fig. 6.16a:

P-P,~pg(h+2,)=2z,~4.6mm (6.16)
On the contrary, near the contact point it is the surface tension that balances pressure
drop. The shape is almost part of a sphere, see also Fig. 6.16b. As a consequence, for a
given contact angle the critical pressure drop beyond which a solution cannot be obtained
can be predicted:

sing, 6.-0

P.—pgh, —P,, =2k, ~ )
r pg 0 out m 7/( rc AS ]
0 =xl6 As~— 20 -1957,

12(1-cosé, )
PO :Pr_pghol AI:)O :PO_Pout’

1 dr (6.17)
I~ , <0 :
© 2AR, 7 pg dAP,
o 31,95AP,

In the above analysis, the mean curvature at the contact point is decomposed in the
azimuthal and polar components with two distinct radii of curvature equal to R¢ and zo/(1-
cos6.), respectively. As AP, decreases the contact length r. = Rt increases abruptly until it
becomes infinite for a critical pressure drop, APy = 17 = Pr-pghy, in which case a static
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solution cannot be obtained when P, = 22 Pa since capillarity cannot balance pressure
drop anymore due to the large film size.

Fig. 6.15 Liquid metal film shape as the overpressure decreases approaching a threshold value

(@)

(b)
Fig 6.16 Film shape for a small pressure drop, P,-P,,=28.2 Pa, (a) near the pole and (b) near the contact
point

Static simulations conform with this pattern and fail to provide a solution for a reservoir
pressure P~ 28 Pa, Fig. 6.16. The film size in this process exceeds any reasonable wafer
length, e.g. ~10 cm, and consequently it ends in a sharp edge, the wafer’s edge, in which
case we have to impose a fixed contact point rather than a fixed contact angle in order to
proceed with the parametric study. In this fashion, a static solution can be obtained for
even lower overpressures until AP almost vanishes with the film achieving micron-size
thickness and near zero contact angles as can be shown in Fig. 6.17.
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Fig. 6.17 Evolution of film with decreasing overpressure, AP=P-P, and fixed contact point at R=10 cm;
when AP=5 Pa the pressure drop between the top of the CPS and the plasma is almost zero

In this process gravity gradually gets out of the picture and micron or even sub-micron
film thicknesses are obtained. The contact length is fixed at the wafer’s length and the
contact angle gradually decreases to accommodate the continuous reduction of the film
thickness. Furthermore, film formation subject to negative overpressures as well as the
effect of the substrate topography, e.g. pore radius, cannot be captured. However such
effects have been registered in experimental observations [81,86,111], especially as the
pressure drop between the liquid lithium reservoir and the surrounding plasma is
expected to be negligible in the actual application of the CPS. Therefore, as the film
thickness reduces down to submicron sizes, i.e. for very small positive or negative
overpressures, the nature of intermolecular or surface adhesion forces between the liquid
metal film and the solid substrate needs to be considered. The numerical results
concerning the effect of negative overpressures and also the substrate topography on the
static arrangement are presented in the following subsection 6.4.2.

6.4.2 Effect of the topography of the porous substrate

At the end of subsection 6.4.1 it was stressed that at near vacuum conditions, namely
considering slightly positive or negative reservoir overpressures, the film thickness
reduces down to micron or even submicron sizes. In this regime, the surface forces
developed between the liquid metal film and the solid substrate should be considered.

In the following we do not assume the classic partial wetting case, of liquid lithium with a
dry substrate beyond the contact point, illustrated in Fig. 2.3. As emphasized in
subsection 6.4.1, it is not possible to obtain such a solution at static equilibrium for P, =
Pout, @ CPS thickness of 1mm, a pore size on the order of 30 um and a contact angle 0. =
30°. Such a static configuration would require a liquid metal column of, roughly:

h=2ycosd, /(pgR,) ~4.6m (6.18)

A size of liquid metal column of this order would not be useful in protecting the CPS
structure and the divertor below since it would be unstable and susceptible to MHD
instabilities. The envisioned static configuration is characterized by full coverage of the
CPS outer surface whether the pressure difference, AP = Pg - Poy, is slightly positive or
negative. The latter case pertains to the situation after replenishment has taken place but
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without taking into account the Lorentz forces. In this fashion, we are dealing with
coatings rather than films and micro-scale liquid-solid interactions need to be accounted
for. In particular, the cases with a purely repulsive and a long range attractive short range
repulsive potential are investigated in order to model the effect of the topography and
nature of the porous substrate on the static arrangement of the liquid metal. As pointed
out above these surface, or intermolecular, forces enter the normal force balance in the
form of a disjoining pressure, I, which arises by differentiating the aforementioned
potentials with respect to the local Euclidean distance between the liquid metal-gas
interface and the solid substrate.

Asymptotic analysis of the film shape barely existing the pore

The analysis here, as R, >> 8,4, assumes the splitting of the film interface in the inner (r >
Rp), outer (r < Rp) and the transition (among inner and outer regimes) regions as can be
depicted in Fig. 6.18. In this subsection we are looking for solutions whose thickness is
on the order of 84 in the inner region and 2y/AP in the outer region. Gravity is
insignificant while the pressure differences are considered to be on the order of AP =Py -
Pout ~ 1 in which case an almost flat precursor layer is developed.

Fig. 6.18 Schematic of the anticipated static configuration with the film barely existing the pore and
illustration of the main subregions

In general, the normal stress balance holds on the interface:

out

P, —P,, +TT+(y+W,)2H, =0 (6.19)

Taking into account the case of a long range attractive short range repulsive potential,
analyzed in the subsection 2.2.3, and also the relationships concerning curvature and
normal unit vector derived in Appendix B, Eq. 6.19 results in:

aw,[(s.7 (8.5, 25,11
i P°“‘+5_AK3J (5”{&@ arzf}s

4

+(7+WO)(r525,5S_3rg,525 +%J:0’ S,; _ ’I’;+Z§ (620)
13 ¢

Inner region

In this region the dominant force balance is between pressure forces and intermolecular
forces. Besides, regarding the thickness of the inner region, z,, to be on the order of a4,
and also r~R,, 6,<R,, S.~R,. By defining a new dimensionless parameter

2, = 0/0, the normal stress balance reads at the interface:
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AW, -, _ APS R R
I:)O I:)out_b‘_olizl3 I5:| 4WA I: |3_ I5]:>
A 0
_APs, [22-1 (6.21)
4w, 2,°

. AP :
Assuming O <1, weset 2 =1+¢. Thus, Eq. 6.21 results in:

0

ap__(t+e) -1 Ap _Z+2e-1
AW, /8, (L+e)’  4W,/8,  1+5¢
very small

A oe(1-5e)= P _ps 1062 =

4W, /5, AW, /5,
_ A (6.22)
8W,/d,
Thus
6.23
7, =1+ Ap (6.23)
8W,/d,

The intermolecular potential W in the inner region results in:

516,=1,

W=WO[(%T—2[%H = W,[2,*-227"]=

B -4 -2
SRTVR Y G- )
8W, /5, 8W, /5,
W, |1-4—2P __of1_p AP ||y (6.24)
T TBW,/s, 8W, /5,

Ap _
The above eq. Eq. 6.24 is valid provided that ———— 8W./5. —exl.

Transition region
In this region the dominant force balance is between the surface tension forces and the
intermolecular forces. Moreover,

z2~0,, I,=r-R;, r, 15<<Rf,r_Rf,r_f, 5AW Wo_z, 22, (6.25)

where ¢ is the length of the transition region and R¢ = RyySin6. = (2y/AP)sin6..
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Consequently, assuming that the transition takes place entirely on top of the substrate
rather than the pore:

2H :_Z‘f + TeZee —VeZs _ Opl; + (6,f:2;, — L6, -2, (6.26)
c 1/2 /2
rS, S R, T (%77 + 5722 (e°¢2 +5§”§)

and the normal stress balance reads at the interface:

MW . s . (f,
B—Put— [Z —1 3] 2 a2 ngz vz
O (6202 + 5722
Oz IR <l
-0,1 6,82, .—1(6,f
:(y+W) — zAzA §2A2 T Aiéé ) jf/f é
R (772 +5522) " (02 +0520)
if (=5, p_p W f .2..—f. .2
T ) B
7/a y (§+z§) Y (§+z§)

H_/
not necessarily small

Upon recognizing that:

oo cosh. — r2..-T..2, _ _dcosf 1 dw _ _4(275 _273) (6.28)
N A ! /2 A ! N ’
JEE+22 (2 +22 )3 ¢z, dz
Eq. 6.27 is recast in the form:
P,-P d (HWOW] dcos¢ 1
0" Tout _ 7 cose{1+ w} C5¢ > _0=
¥/0n dz y dé 2,
=2, i —iHH%WJcosH} 0=
y/6h  d& y
_ 4 u2<<1
:ﬂi? [1+V1chose — L C0s0, = 1+%W( 2,)=>
y/6n y . y
:%(22[2 —2[4) =1-cosé, (6.29)
4
Setting again Z, =1+¢ Eq. 6.29 results in:
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=

2(2(1-2¢)-1+4¢)=1-cosb),

¢ =1-cosé, (6.30)

<= <

Eqg. 6.30 is similar to the equation produced by Starov et al. [112,113] for a partially
wetting fluid resting on a substrate where a precursor layer is formed, and predicts the
equilibrium contact angle established at the edge of the coating when the limit point
occurs in the above calculations.

Outer region
In this region pressure forces balance surface tension forces. Hence, the normal stress
balance reads at interface:

R—P.="V,n (6.31)
2y

F)0 o Pout

transition layer at an angle according to Eq. 6.30. In this fashion, thicker coatings are

obtained with thickness R, (1-cos6,), and radial length R, sing, . As W approaches vy, the

contact angle, 0., approaches n/2. Beyond this value a contact angle 0 < 6. < n/2 cannot
be obtained. This is a result of the form of the interaction potential employed in the
present study. Thus, a more realistic form should be introduced. Furthermore, it is
important to verify that the above presented static configurations will persist in the
presence of dynamic effects and other field forces such as Lorentz forces. To this end,
careful stability analysis is required.

with an almost spherical shape to be formed with radius R ~ that meets the

It should also be stressed that the above relation Eqg. 6.30 is different from the relation

%:1+ cos @, derived for a closed volume of liquid resting on top of an otherwise dry
4
substrate.

The reason for this discrepancy is that for the case of poor wetting, Eq. 6.30 is recovered
with the supplementary angle of contact angle in place of the contact angle.
Consequently, upon substitution of the above consideration in Eq. 6.30 we recover the

well known formula Wo =1+cos @, . On the contrary, when partial wetting is considered
4

a gas layer underneath the contact region cannot be envisioned, since it would be

incompatible with the concept of good wetting. Furthermore, carrying out analysis

generates problems with asymptotic matching when 6 < /2, [114].
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Numerical Results
Case of Pure Repulsion
As a first attempt to capture the effect of surface forces and the topography of the porous
substrate on the static arrangement, a repulsive interaction potential in the form of
A
W(o)= 127657
film that establishes full contact with the solid substrate, see also Fig. 2.2. This,
corresponds to the case when all forces cannot be compensated in the tangential direction
at any contact angle, that is, if ys, > ys + v, Where vs,,vs1, Y denote the interfacial tensions
between the solid, liquid and gas phases. Assuming the case of liquid lithium again and
focusing in the vicinity of a single pore since we have considered that the interpore
distance is much larger than the pore radius, useful conclusions can be drawn by the
numerical model described in subsection 5.4.5. Assuming that P, = Pgy Which
corresponds to Po~ 5 Pa and therefore AP= Py - Py = -5 Pa, the general picture for a CPS
thickness of Imm and a pore size on the order of 30 um is that of an almost uniform
coating of size on the order of submicron’s over the substrate, with an indentation in the
pore region as can be gleaned from Fig. 6.19. In addition, as the strength of the repulsion
increases, that is to say that as A increases, the liquid metal film thickness increases as
well. Similarly, as the external overpressure increases the coating thickness decreases as
well, Fig. 6.20. For relatively large values of external overpressures the liquid metal-gas
interface enters the pore region and the indentation seems to be bigger.

was investigated, illustrated in Fig. 4.20, corresponding to a liquid metal

Fig. 6.19 Evolution of the shape of the interface for Hammaker constants A = 10 and 10™® Nm for fixed
external overpressure AP= Py - P,y = -5 Pa and a pore size of 30 pym
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Fig. 6.20 Evolution of the shape of the interface for Hammaker constants A = 10 Nm for various external
overpressure AP= P, - Py and a pore size of 30 pm

As far as the investigation of purely repulsive potential is concerned, no static solution is
possible for positive reservoir overpressures, Py > Py because this kind of interaction
potential cannot counterbalance a positive pressure drop across the interface. However, it
is anticipated that the presence of Lorentz forces may lead to positive and very large
effective reservoir overpressures, in the form of magnetic pressure, especially during off-
normal events such as edge-localized modes and disruptions. In such a situation a purely
repulsive potential cannot exert a stabilizing attractive force that would pin the film onto
the substrate and is considered inappropriate for the real case of CPS static configuration.
This type of material and the resulting interaction can only sustain a dynamic coating
process with the liquid metal gradually spreading over the substrate. Nevertheless, it gave
us beneficial results in order to understand the process of coating over dry or prewetted
surfaces.

Case of a long range attractive short range repulsive potential

As was shown in the context of the analysis on the evolution of the film thickness as a
function of the external overpressure, when near vacuum conditions prevail the film
thickness decreases significantly and the details of the substrate topography and
interaction with the liquid film emerge as determining factors for predicting the static
configuration. The envisioned static arrangement of the CPS, in the absence of
electromagnetic field forces, is shown in Fig. 6.21 where an undulated interface forms
following the topography of the porous structure.

(a) (b) (©)
Fig. 6.21 (a) Anticipated schematic arrangement of the CPS static configuration with an almost uniform
coverage of the CPS outer surface, Blow up: (b) of the CPS outer surface and (c) in the vicinity of a single
pore
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Assuming that the interpore distance is much larger than the pore radius, the analysis can
focus on the static arrangement in the pore level, Figs. 6.21b,c. The effect of a long range

4 2
attractive short range repulsive potential in the form of W =W, H%} —2(%} } that is
depicted in Fig. 4.21 was also investigated, corresponding to a liquid metal film that
establishes partial wetting with the solid substrate, Fig. 2.3. This, corresponds to the case
when vs, < s + v, Where ysy, vs1, ¥ denoting the interfacial tensions between the solid,
liquid and gas phases.

The numerical analysis described in subsection 5.4.5 provides the shape of the interface
as a function of Po_Pout, M, png,iA, namely the dimensionless pressure drop,
yIR, "y yIR 'R
wetting parameter, gravitational Bond number, and the ratio between the characteristic
scale for surface forces and pore radius, the former is the length for which the interaction
force changes sign becoming repulsive as the distance between the liquid metal interface
and the solid substrate decreases, respectively. In real experiments Pg - Py IS anticipated
to be very small since the operation takes place at near vacuum conditions. Besides,

gravitational effects are negligible compared to surface tension forces in this context,

'0?2" <1, due to the small pore radius and film thickness. Finally, W,/y ~1 since Li
VA

exhibits partial wetting. In the absence of any reliable data an estimation of the
interaction potential W, can be obtained by employing the formula provided by the
analysis of the static configuration of a drop that partially wets a dry substrate, see also
the relevant subsection below concerning the asymptotic analysis, in conjunction with the
contact angle of 30° reported in the literature for lithium:

W, —30° W, .
—0=:|_+COS(9C %)—021.866 (6 32)
7/ 0= sv ™ /sl 7/

However, the above value is not entirely appropriate in the context of the present problem
where a precursor layer exists that proceeds the adhered drop, as illustrated in Fig. 2.4
and elaborated in Chapter 2. Hence, a parametric study is conducted in order to assess the
effect of pressure drop and adhesion forces on the shape and thickness of the coating
layer. We want to establish conditions for an almost uniform coating to be developed.

As a general trend, as Wy increases the attraction between the liquid metal and the pore
increases as well and the pore, without the imposition of an extra overpressure, tends to
drag the liquid metal inside it and, thus, a small indentation is noted in the vicinity of
pore's “mouth”, as can be shown in Fig. 6.22.
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Fig. 6.22 Evolution of the shape of the interface as a function of the interaction potential when AP = Pg-Pyy
=0, R;=30 um and 3,=50 nm

The static solution consists of the following regions, with the corresponding dominant
balances. It should also be stressed that gravity remains subdominant in this regime
owing to the very small film thickness. The region with r > R, constitutes the “inner
region” where the intermolecular forces balance pressure forces, and is characterized by
the formation of a precursor layer of almost constant thickness. The region with r < R,
constitutes the “outer region” where the pressure forces balance the surface tension
forces. The precursor layer is smoothly matched with the outer region via an intermediate
regime, namely the transition region. The latter intermediate regime is characterized by
the dominant force balance between intrmolecular forces and surface tension forces and
has to appropriately match with both the outer and inner regimes. It was shown by the
asymptotic analysis of the above regions, in the subsection above, that the angle at which
the transition layer leaves the substrate to match the solution from the outer region is
given by the relationship:

0050 =1 Nier (0) :1—%[2[8—’*) —(8—’*) } (6.33)
Y Y 0 0

Eq. 6.33 constitutes a relationship that is more pertinent than Eq. 6.32 which corresponds
to cases of partial wetting on a dry substrate. Eq. 6.33 applies for the case of liquid
lithium resting on a prewet CPS for which a precursor layer is formed on the substrate
surface that is prewet during the preparation process. Furthermore, when the liquid metal
layer has not escaped the pore, the contact length is expected to be on the order of the
pore radius. In this case, either a negative overpressure exists, in which case the outer
region of the interface points its concave part towards the surrounding medium, or a small
positive overpressure exists with its concave part pointing towards the interior of the
pore.

For the case of a weak interaction potential such as the one depicted in Fig. 6.22
corresponding to Wy = 0.01 N/m, when the liquid metal arrangement is subject to zero
overpressure an almost flat film is produced based on the static model presented in
section 4.4.4 and the numerical simulations with the methodology outlined in section
5.4.5. Performing a parametric study, by varying the reservoir overpressure, it was seen
that for negative and non-zero values of AP in the pore region the prevailing force
balance in the bulk of the film is between surface tension and pressure forces and this
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determines the curvature in that region via 2y/AP = Rp,. For a relatively weak interaction
potential Wy = 0.05 N/m and R, = 30um, 54 = 150um it can be clearly seen that over a
wide range of negative and positive overpressures the liquid metal has not escaped the
pore, Figs. 6.23a,b and 6.24a,b, and the contact point is nearly fixed at the pore “mouth”
atr = Ry. Fig. 6.23b focuses on the transition region of Fig. 6.23a, illustrating the smooth
transition from the outer region in the vicinity of the axis of symmetry to the contact
region where the film thickness acquires a length determined by the balance between
overpressure and the attractive disjoining pressure,

W AW [(8,.Y (5,Y
P-P —p0d=—=—19||2A | _| ZA 6.34
0 out pg an 8A |:[ 8) (SJ:I ( )

i.e. the film thickness & in the contact region remains constant and larger than the
characteristic length 4.

(@)

(b)
Fig. 6.23 (a) Film shape as a function of relative small overpressures, AP = Pg-Pg, for Wy=0.05 N/m,
R,=30 um, 5,=150 nm and (b) Blow up of the transition and contact regions

As AP increases the liquid metal film forms a drop, Fig. 6.24a,b, that protrudes from the
pore meeting the pore side walls with a macroscopic angle estimated via sin® = Ry/Rm. In
Fig. 6.25 that focuses on the transition region merging the drop with the precursor layer
in the contact region, the angle at the contact point is seen to gradually increase as AP
increases until a limit point arises when AP=11500 Pa and 6=27°. It was shown by
asymptotic analysis of the above regions that, especially when W, << vy, the angle at
which the transition layer leaves the substrate to match the solution from the pore region
is given by the relation cos6 =1-W,/y. Thus, for the case considered above, namely when
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W,=0.05 N/m, 0 is equal to 29°, which is very close to 27° obtained via the numerical
analysis. It should also be stressed that the critical overpressure for which the solution
family obtained with increasing overpressure exhibits a limit point is the one for which
the above angle 6 at which the liquid metal drop contacts the substrate is equal to the
angle at which the drop shape leaves the pore mouth to match the drop in the bulk of the
film. The latter angle is given by the following relationship:

Sin6=R, /R, =R,AP/(2y). (6.35)

(@)

(b)
Fig. 6.24 (a) Film shape as a function of relative big overpressures, AP = Py-Pg,, for Wy=0.05 N/m, R,=30
um, 6,=150 nm and (b) Blow up of the transition region

Fig. 6.25 Film shape as a function of overpressures, AP = Py -Pq;, for Wy=0.05 N/m, R;=30 um, 5,=150
nm; blow up of the transition region

As was mentioned in the above analysis, no static solution was obtained for larger values
of the interaction potential or larger overpressures than the critical one. A similar result
has been reached by Starov [112,113] where it was seen that the static arrangement is
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stable as long as z—g < 0. In the present study the limit point occurs earlier for a value of

& smaller than the one coresponding to maximum IT as the distance from the wall &
varies. In order to provide better understanding an asymptotic analysis was conducted and
shown above, on the structure of the static solution when the drop is in contact with a dry
solid or with a precursor layer. It describes the structure of the solution right at the point
for which, in terms of overpressure, the film starts escaping the pore and the solution
branch turns to the classical spherical cap. In fact, this is also very close to the film shape
at the limit point which occurs right at the point for which the pore ceases to bear an
influence on it. In this fashion Eq. 6.33 was recovered as a necessary condition for the
solution in the contact region to match the one in the transition region, in agreement with
the analysis presented in [112,113] in a slightly different context. It should also be
pointed out that to obtain such a result the form of the interaction potential should be
such, i.e. one that prescribes good adhesive properties of the liquid metal, that supports
the structure of a coating with a precurson layer covering the substrate. Such a functional
relationship is not always available for the studied system of liquid-vapour-substrate and
requires additional effort in establishing the type of interaction that adequatrely decsribes
the interaction of the specific materials involved in the design of the CPS.

Beyond this critical overpressure, a static solution could not be obtained and the solution
family turned to lower values with the film establishing an almost spherical shape with
contact length larger than then pore radius and the contact angle fixed at the above critical
value. These are shapes that have escaped the pore and cover the entire porous structure.
The overall shape is that of a spherical cap and the solution family merges with the one
obtained for relatively large overpressures in section 6.4.1. The critical point essentially
reveals the change from a fixed contact point to a fixed contact angle behavior of the
adhered liquid metal layer as a certain angle is reached. For larger overpressures, a static
solution could not be obtained and it is conjectured that a dynamic analysis may provide
the response of the CPS in this parameter range, in the same fashion that inclusion of the
disjoining pressure provides the dynamic contact angle of a drop spreading over a dry
substrate that is fully wet by it. Nevertheless, further research is required in order to
verify this conjecture and is left for a suggestion for a future study.

The above type of static response persists until Wy ~ vy, see also Figs. 6.26a,b, in which
case a limit point arises with the contact angle 0~ 45° which is very close to the angle
provided via relationship sin® = Ry/Rm = RpAP/2y, when the overpressure approaches the
critical value, AP=AP. Consequently, the numerical calculations fail to provide static
solutions for interaction potentials that are quite larger than surface tension. It should be
stressed in this point that as the interaction potential increases the level of overpressure
required to “force” the liquid metal out the pore increases and this attests to the
stabilization that the CPS structure provides against drop ejection and splashing in the
presence of Lorentz forces. To first order the effect of Lorentz forces can be incorporated
in the static arrangement in the form of a magnetic pressure that effectively increases the
apparent reservoir overpressure.
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(@)

(b)
Fig. 6.26 (a) Film shape as a function of overpressures, AP = Pq-Pq;, for Wy~ v, R;=30 um, §,=150 nm
and (b) blow up of the transition region

As stressed above for relatively large values of Ap, the numerical solution exhibits a limit
point. In order to continue the solution, the Arc Length Continuation was used instead of
Simple Continuation in the manner described in subsection 5.4.5. This kind of
continuation revealed the existence of a second branch of solutions, for the same
overpressure range as the original branch, characterized by a fixed contact angle. In Fig.
6.27 a bifurcation diagram is presented for R,=30pum and 5,=50nm, where z, represents
the maximum height of the liquid metal drop at r = 0 while AP = Pg - Poy. In this graph,
the position of the limit point is seen to be displaced to lower values of zoand AP as W,y
decreases. Fig. 6.27 also includes graphs depicting the evolution of the shape of the
interface around the limit point. As an illustrative example the case of Wy = 0.05 N/m is
depicted in Fig. 6.28. The numerical solution corresponding to the first branch is
represented via the black solid line, while the solution corresponding to the second
branch is represented via the purple solid line. Finally, the black dotted line corresponds
to the solution at the limit point. As a general trend solutions past the limit point
correspond to thicker films with spherical cap shapes identical to those obtained in the
standard analysis of a drop that adheres on a solid substrate at fixed contact angle and
relatively large pressure difference between the drop interior and the surrounding
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medium, see also the discussion in section 6.4.1. Furthermore, the drop shape and
thickness as a function of overpressure in a bifurcation diagram of this kind is more or
less independent of 5. Moreover, the position of the limit point has weak dependence of
da with a small shift backwards as da increases, see also Fig. 6.29. Hence, the fact that
Fig 6.27 was drawn for a different value of 6,, namely 50nm as opposed to 150 nm that
was used in the previous graphs of this subsection, does not play a role in the calculated
response pattern. The extended blue line in Fig. 6.27 corresponds to the case where W ~
v for which no limit point was observed for the range of AP values that was investigated.
Finally, no static numerical solution was obtained for larger values of the interaction
potential.

Fig. 6.27 Bifurcation diagram for R;=30pm and 5,=50nm and evolution of the shape of the interface
around the limit point

——1stbranch AP=11500Pa
—— 2nd branch AP=11500Pa
— — Limit Point AP=11630Pa

z{pm)

O RS0 O

r(um)

Fig. 6.28 Bifurcation diagram for Wy = 0.05 N/m, R;=30pm and 5,=50nm and evolution of the shape of the
interface around the limit point
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Fig. 6.29 Bifurcation diagram for R;=30pm and 5,=50, 100 and 150nm

As mentioned above, the solutions past the limit point correspond to thicker films with
longer contact lengths and fixed contact angle. They essentially constitute a continuation
of the spherical shapes obtained for relatively large overpressures, shown in subsection
6.4.1, and they are obtained once the pore influence on the static arrangement weakens. It
is of interest to study the relative stability of such shapes in order to ascertain the static
arrangement that will eventually prevail. Suffice to say at this point that the Jacobian
matrix obtained for thicker films contains no unstable eigenvalues, whereas the shapes
with pore influence contain an unstable eigenvalue. Perhaps this is associated with the
value adopted for the interaction potential Wy < y and corresponds to a liquid with not
very strong adhesion properties on the particular substrate. Dynamic analysis of the above
obtained static arrangement, one that couples transient effects and fluid motion with
surface and capillary and pressure forces, is necessary to verify its stability.

6.4.3 Effect of an externally applied electric field

Despite the relatively small thickness of the coating film that was obtained in the
previous subsection, it may still be subject to instabilities and drop ejection in the
presence of large enough electromagnetic forces, the mechanism of which strongly
depends on the size of the original layer and its adhesion properties. As a first
approximation towards assessing the effect of external field forces on the static
arrangement of the liquid metal layer that covers the porous system, an external electric
field is introduced that is aligned with the axis of symmetry of the porous wafer, Fig.
4.10c, in the far field; E=-V®, E(r >o)=Eg, with ® denoting the electric

potential. In order to compare with similar studies from the literature [92] the contact
point and the volume of the adhered liquid metal layer is fixed to the values calculated in
the absence of an electric field, and the contact angle is calculated as part of the post-
processing of the numerical solution.

Upon introduction of electric stresses in the normal stress balance due to the external
electric field, the effective internal pressure is affected, thus, rearranging the shape of the

drop. This is better illustrated when, e/ <1 in which case a perfectly conducting

liquid metal can be assumed. Using the static equilibrium obtained in Fig. 6.14 with the
top of the porous matrix fully covered, i.e. R = 10 cm and contact angle 6,=30° and
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gradually increasing the electric field intensity while keeping the mass of the liquid metal
within the layer constant, the sequence of the shapes shown in Fig. 6.30 is captured. As a
result of the electric stresses, the pole section of the layer is elongated in the field
direction while the contact angle at the equator decreases in order to maintain the same
amount of liquid lithium. The liquid metal layer thickness increases away from the
contact line and its curvature increases as well. Eventually, a conical angle tends to form
at the pole with angle 6,~75° and a solution could not be obtained for stronger electric
fields. In this limit capillarity balances the electric stresses in the pole region and this
determines the size of the conical angle at the pole. Gravity cannot participate in the
dominant balance in the pole region as the intensity of the electric field increases, because
it would lead to excessively large axial displacements in this region that would violate the
mass balance. As a result, when Bonde increases, beyond a certain point, the layer
thickness at the pole is not affected. Rather the curvature increases until a conical angle
forms. When the initial size of the lithium layer decreases, e.g. when Ry = 5 mm and
Bond=0.33, while the contact angle in the absence of electric forces is set to 60°, beyond
a certain range of electric field intensities, Bond > 500, the solution does not change
significantly except for the curvature in the pole region where eventually a conical angle
of 0. ~ 47° is formed, Fig. 6.31. The above angle is very close to the angle of 49°
predicted by Taylor [85] for conductive cylinders elongated by the action of electric
stresses. Overall, it is the interaction between capillarity that pins the drop onto the
substrate and electric stresses that determines the coherence and stability of the adhered
drop.

Fig. 6.30 Evolution of the shape of the interface with the porous layer fully covered, with increasing
electric field intensity and €,, / €,,>>1, Bond=134

out

Fig. 6.31 Evolution of the shape of the interface with the liquid metal drop pinned at 5mm, with increasing
electric field intensity and <, / €,,,>>1, Bond=0.33

out
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This pattern is verified by more recent studies in the literature [93], where the dynamics
of this process was also studied and was seen to alter the value of the eventual conical
angle. It was thus predicted that the contact angle that is formed dynamically is smaller
than the Taylor angle. Moreover, Reznik et al. [92] stated that depending on the static
contact angle and the field intensity, along with the appearance of the dynamic conical
angle, jetting is initiated at the pole region. This process is known to generate small
droplets once the jet speed reaches a certain threshold. In the same study it was observed
that, depending on the static contact angle and the extent of wetting, dislocation of the
entire layer may take place instead of jetting. The electric field strength required for such
instabilities to arise increases with decreasing thickness of the liquid metal layer. In
particular, as the size of the layer increases the intensity of the electric field required for
the formation of the conical angle decreases, as suggested by Bond, = ogR?/y since the

critical Bondg for conical angle formation is fixed for fixed static contact angle and
electric permittivity ratio. Clearly, this places a limit in the thickness of the liquid metal
layer that can be placed on a certain substrate, if unwanted instabilities are to be avoided.

The above mechanism of destabilization of a drop that adheres onto a solid substrate, via
the onset of electric stresses provides a plausible analogy for the stability of the capillary
porous system. In the latter arrangement, however, it is the Lorentz forces (jxB effects)
that will be responsible for the destabilization of the CPS, or equivalently the magnetic
part of the Maxwell stresses. As a consequence, it is of central importance concerning the
feasibility of capillary porous systems in power exhaust of fusion reactors, to ascertain
the actual static arrangement of the structure and perform dynamic studies where the
more relevant Lorentz forces are incorporated in the analysis, along with the surface
forces that act so as to pin the liquid metal layer onto the substrate. The results of this
investigation are presented below in the following subsection. The dynamic interaction of
these forces will determine the stability window of such an arrangement.

6.4.4 Effect of Lorentz forces

As analyzed in subsection 4.4.3 the film is going to occupy the region within the pore
and, depending on the intensity of the Lorentz force and the micro-scale solid-liquid
interactions, extend over a certain portion of the substrate.

If the Lorentz force is not very large, then the film remains within the pore and we can
focus on the region in the pore,0<r <R, while fixing the contact point to the top of the

pore at position, r = R, and z = 0. Furthermore, in the same regime of relatively weak
Lorentz force in comparison with capillarity (i.e. small Bondn,), we can neglect the
rotational part of the Maxwell stress and concentrate on the effect imposed by the
magnetic pressure on the location of the interface between the liquid metal and plasma. In
this context, a static arrangement can be obtained where the magnetic pressure plays the
role of reservoir overpressure postulated in subsection 6.4.2, where the static arrangement
was investigated in the pore level as a function of the strength of the interaction potential
relatively to capillarity and pressure forces.

As long as the liquid metal is within the pore, the above mentioned effective overpressure
tends to pull liquid Li out of the pore. The analysis in section 4.4.3 showed that this kind
of effective pressure is depended on the magnitude of the magnetic field, the electric
current that enters the liquid metal layer and the pore radius. As a result the magnetic
pressure scales like B, =B,J,R . Since no extra overpressure exists, considering vacuum
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conditions, surface tension balances the magnetic pressure while gravity remains
insignificant in this regime. Hence, the whole process is controlled via the dimensionless
number Bond, =B,J,R?/y which correlates the relative strength of magnetic pressure

forces comparing to surface tension forces.

A 2-D finite element mesh consisting of 50 biquadratic rectangular elements in both the
horizontal and vertical direction was tested and seen to provide accurate results for the
model of static arrangement in the presence of Lorentz forces presented in section 5.4.4.
In Figs. 6.32a,b, the case of Lithium is studied with its standard physical properties that
were used in the present study, while the Bond and Bond,, were set to 1.13-10° and
3.96, respectively. As the computational mesh becomes finer, the numerical solution, in
terms of the shape of the interface f and the stream function H of the electric current, was
seen to converge. In particular, a mesh of 50x50 biquadratic elements was seen to provide
a converged and acceptable numerical solution upon comparing it with even finer
meshes.

(@)

(b)
Fig. 6.32 Grid independence study for (a) the shape of the interface with the liquid metal drop pinned at the
top of the pore and (b) the stream function of current, H, at the interface when Bond = 1.13-10 and Bond,,
=3.96

In this context, fixing the pore radius R, = 30 um, surface tension y = 0.4 N/m, and the
external magnetic field By = 0.8T, the shape of the interface as well as the stream
function of current, H, at the interface is captured for increasing J,, or , increasing Bondp,
as illustrated in Figs. 6.33a,b, respectively.
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(@)

(b)
Fig. 6.33 (a) Evolution of the shape of the interface and (b) the stream function of current, H, at the
interface with increasing electric current density, thus, increasing Bond,, while R, = 30 pum, y = 0.4 N/m, B,
=0.8T and Bond = 1.13-10"

The angle, 6, at which the interface approaches the wall is increased with increasing
electric current density, while the liquid metal interface registers positive excursions from
the pore entrance, albeit continuing to be pinned at the pore’s edge. This process evolves
until 0 reaches a critical value prescribed by the strength of the interaction potential of the
liquid metal with the substrate. For relatively weak interactions it is provided by the

following relation,—>=1-cosé,. The aforementioned relation is derived via an

asymptotic analysis which was presented in subsection 6.4.2 concerning the effect of the
topography of the porous substrate and the adhesive properties of the liquid metal on the
static arrangement. Fig. 6.34a illustrates the evolution of the shape of the interface with
increasing the electric current density until © = 29°, which is a critical angle obtained for
W; =~ 0.05 N/m and y = 0.4 N/m. This contact angle is obtained for the critical Bond,, =
3.96 and corresponds to the angle for which the liquid metal starts exiting the pore in the
manner explained in section 6.4.2. The corresponding values of stream function H along
the interface are shown for increasing Bondy, in Fig. 6.34b. Bond,, ranges from 1.8 to
3.96 corresponding to J; values from 1-10° A/m? to 2.2:10° A/m? for the case of R, = 30
um, v = 0.4 N/m and By = 0.8T that was mentioned above. Since a specific value for the
interaction potential is not known, calculations can proceed for larger electric current
densities keeping the contact point fixed at the pore entrance. In this fashion, the above
trend of expanding interfaces as a result of the magnetic pressure continues.
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(@)

(b)
Fig. 6.34 Evolution of (a) the shape of the interface and (b) H along the interface with increasing Bond,,
until 6 ~ 29° which is a critical angle obtained for Wy~ 0.05 N/m and y = 0.4 N/m while Bond = 1.13-107

Alternatively, based on the analysis presented in section 6.4.2 for the static arrangement,
as a function of overpressure and interaction potential, the contact angle may be fixed to

the above critical value via%:1—cosec. In this case, upon increasing the magnetic
Ve
Bond number, Bond,,, the liquid metal forms a drop with a contact length smaller than
the pore radius, R = 2y/Pm < Rp, which meets the precursor layer with the above
macroscopic contact angle 6.. Fig. 6.35 illustrates the evolution of the shape of the
interface in this process when Wy~ 0.05 N/m and y = 0.4 N/m. Moreover, Bond, ranges
from 1.8 to 9 corresponding to J, values from 1-10° A/m? to 5:10° A/m% Fig. 6.35
illustrates a process that is similar to the one presented in subsection 6.4.1 pertaining to
the effect of the reservoir overpressure. In this investigation, as the Bondy, increases
(similar to the reservoir overpressure regarded in 6.4.1), the drop is expected to shrink.
The main difference is that in the absence of reservoir overpressure (P. = Poy) only
magnetic pressure, P = BoJ:Rp, exists in order to balance the surface tension forces.
Hence, R¢roughly scales like 2 /P, and consequently as P, increases, the radial contact

length decreases. As a result, the drop shrinks and reenters the pore (R, < 30um) and the
solutions obtained via the numerical analysis (namely for Bond, = 9 in Fig. 6.35) give
unrealistic values in view of the existence of the pore. Thus, it can be concluded that no
static solution can be obtained by further increasing Bond,, while at the same time fixing
the contact angle.
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Fig. 6.35 Evolution of (a) the shape of the interface with increasing Bond,, until the radial contact length
becomes less than the pore radius

On the other hand, as the electric current density decreases, thus, reducing the magnetic
bond number, Bondy, a new solution is found with the liquid metal forming a drop
outside the pore for fixed contact angle 6. This solution probably emerges after a limit
point in the solution branch in the manner spherical cap shapes emerged beyond the limit
point towards smaller overpressures in the static analysis without Lorentz forces. In Fig.
6.35 the case of Bond,, = 3.96 represents the threshold value in Bond, corresponding to
the onset of the limit point leading to larger drops, as the magnetic Bond decreases, that
adhere on the substrate with a fixed contact angle.

In Fig. 6.36 the ratio of the contact length, R¢, over the maximum drop size, z,, namely
z(r = 0), is given as a function of Bondy,. The first branch of solutions, derived by fixing
the contact point at the pore's edge and depicted via black squares, corresponds to the
pore solution emerging as a result of increasing Bond,, and illustrated in Figs. 6.33a,
6.34a. Moreover, the second branch of solutions, depicted via red squares, corresponds
to the alternatively derived liquid metal drop forming outside the pore by fixing the
contact angle, 6., prescribed by the liquid metal-solid substrate interaction potential, Fig.
6.35. As far as the first branch solutions are concerned, the radial length is always fixed
and equal to the pore radius, Rf = Rp. As a consequence, as Bondy, increases, zo also
increases and therefore R¢/zo decreases, Fig. 6.36. On the other hand, regarding the
second branch of solutions, based on Fig. 6.35 zy increases by decreasing Bondp,
however the contact length Ry decreases as well and it is not constant as before. In

particular, in this considerationR; =R sin#, and z,=R, (1-coséd,), thus,

R siné . )
="  andsoRyzois expected to be constant and a function only of ..
z, 1l-cosé.
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Fig. 6.36 Bifurcation diagram showing the aspect ratio R¢/z, as a function of Bond,,

Based on the above analysis and for the solution family obtained for fixed contact point,
the evolution of contact angle 6 at the contact point can be obtained as a function of
Bond,, until the critical value Bondny is reached for which the contact angle 6. is
captured, prescribed by a given liquid-solid interaction potential Wo:

RP B,JR? (6.36)
sinf~ 1~ 2 » _ Bond,
2y 2y 2

For small values of Bondp, a linear dependence is expected between contact angle 6. and
Bondy, and this is validated by the numerical calculations of the contact angle as the
solution family with fixed contact point evolves with increasing Bondy, as illustrated in
Fig. 6.37.

Fig. 6.37 Critical Bond,,, Bondy,, as a function of 6
Moreover, the liquid metal which is going to be used as a plasma facing component is

going to play a key role in the static arrangement, since different Bond and Bond,
numbers are going to appear. For example, in Fig. 6.38 the shape of the interface is
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depicted for R, = 30um, By = 0.8T, J, = 2.2:10° A/m* and for the cases of Lithium (Li),
Tin (Sn) and Galium (Ga) with the properties of liquid metals derived via Table 4.1 in
Chapter 4. Consequently, for lithium Bond and Bond,, are set to 1.13-10® and 3.96,
respectively whereas for tin and galium Bond and Bond,, are set to 1.12:10™, 2.88 and
7.8-107, 2.3, respectively. Assuming a fixed contact point solution, Ga exhibits the lower
positive excursion out of the pore and smaller contact angle, owing to its larger surface
tension among the three materials.

Fig. 6.38 The shape of the interface for B, = 0.8T, J, = 2.2:10° A/m?, R, = 30pm concerning the liquid
metals proposed as PFCs, namely Li, Ga and Tin

Based on the above discussion, a first criterion for the stability of the static arrangement
of the CPS in the presence of Lorentz forces is obtained. As was discussed in the context
of Fig. 6.35, once the contact angle of the liquid metal layer is fixed, a static solution
cannot be calculated beyond a certain critical magnetic Bond number that depends on the
strength of the interaction potential. This critical value increases with increasing
interaction potential Wy, or equivalently with increasing contact angle 6.. Beyond the
later critical value, i.e. as the electric current density increases, dynamic considerations
should be introduced in the model and this might entail jet formation, break-up of the
protective layer and drop ejection. Hence, the dimensionless Bond,, controls the static
arrangement and can be used as a key factor for future applications; it can be expressed as
the relative strength of Lorentz and adhesion forces as follows:

. 2
_magnetic pressure forces  ByJ,R;
surface tension forces 14

Bond,, (6.37)

Thus, in terms of the CPS reliability as plasma facing component, for a given Bondm ¢
bigger plasma currents can be tolerated via decreasing the pore radius. Alternatively, for
fixed critical Bond,, number, the pore radius controls the maximum electric current for
which a static equilibrium can be established.
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Chapter 7: Concluding remarks and future
directions

In this chapter, the main results from the research concerning the PhD dissertation are
summarized. In particular, the current investigation pertaining to the jet/drop deflection
in a simplified Tokamak environment managed to give a reasonable explanation of the
experimentally observed trajectory shift. As a matter of fact, the numerical results
conform, within the proper order of magnitude, to the findings of ISSTOK experiments.
Besides, the novel research regarding the CPS static configuration accomplishes,
through first-principles studies, to deal with the major phases of the CPS operation. More
specifically, it models-explains what happens during the preparation phase, that is to say
before the machine is “turned on”. Furthermore, a heat balance is performed pertaining
to the power exhaust capabilities of the CPS configuration ignoring the non-coronal
radiation shielding. Subsequently, this thesis delves into how the replenishment occurs
identifying the interplay between the different forces that act towards pushing liquid
lithium out of the porous matrix or resist its motion. Besides, the current PhD
dissertation studies extensively the static arrangement of the ultra-thin liquid metal film
that rests onto the CPS outer surface, as a function of the reservoir overpressure and
wetting properties of the working liquid metal on the substrate. Finally, as a first attempt
to capture the electromagnetic effects on the static arrangement, an external electric field
was applied. Then, the more relevant to fusion applications jxB effects were incorporated
and interesting results were conducted that generated new scientific queries that are
going to constitute the main proposals for future directions of this PhD dissertation.

7.1 Deflection of a liquid metal jet/drop in a tokamak environment

In this analysis, the effect of Lorentz forces, gravity and pressure drop were accounted for
in a unidirectional model that assumes a small jet radius in comparison with the trajectory
length. The effect of external electric potential gradients on jet deflection was ascertained
in conjunction with the importance of electric stresses in modulating the jet speed and
radius. Moreover, the trajectory of the ensuing droplets, by virtue of the jet break-up as a
capillary instability, was also modelled in the presence of Lorentz forces as a means to
capture and quantify the deflection process reported in the ISTTOK experiments under
the plasma influence. Droplets, due to their small size and spherical shape, experience a
stronger deflection as the analytical investigation indicated.

The simplified model developed in the context of the present study provided a proof of
principle explanation for the observed jet/drop deflection from the original trajectory in a
simplified Tokamak environment. As a consequence, the results obtained corroborate the
belief that employment of liquid metal drops/jets cannot be regarded as an optimal
alternative plasma facing component mainly due to their strong deflection as they interact
with the surrounding plasma. In addition, the results based on this first principle study
reasonably conform to the findings of ISSTOK experiments, see also [115].
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7.2 Static arrangement of the CPS

The Capillary Porous System operates like a capillary pump replenishing the liquid metal
on the interface with plasma by utilizing the capillary pressure. The static film thickness
Is an important parameter that will definitely affect the reliability of the CPS during
plasma operation. In this PhD dissertation, estimation of the static configuration both at
preparation phase and after depletion and replenishment of the liquid metal was
accomplished using the finite element numerical methodology. More specifically,
parametric studies were performed regarding the effect of reservoir overpressure and
external field forces, namely the electric stresses and the Lorentz forces. Besides, the
effect of the topography of the porous substrate on the static configuration was also taken
into account, since the liquid metal film which is formed at near vacuum conditions is on
the order of micrometers and sub-micrometers. As a consequence, in the vicinity of the
three-phase contact line the film thickness approaches zero and thus the overlapping of
the boundary layers results in the existence of surface forces. Hence, the micro-scale
liquid-solid interactions were also considered.

7.2.1 Effect of reservoir overpressure
The parametric study pertaining to the effect of the reservoir overpressure on the static
arrangement gave the following results:

e For relatively large overpressures, very small almost hemispherical drops are
obtained and the governing force balance is between the pressure and surface
tension forces. Consequently, as the reservoir overpressure decreases, the drop
spreads out forming a liquid metal film.

e As the drop further spreads out, the liquid metal film gradually covers the entire
CPS outer surface, while the importance of gravity increases and balances
pressure forces in this regime. In the region near the contact point, capillary
pressure balances pressure drop.

e As the pressure drop is further decreased (below 29 Pa), the contact length
approaches exceed any reasonable wafer length and the numerical results
indicated that such a balance cannot be maintained for fixed contact angle.

e By imposing a fixed contact point rather than a fixed contact angle, static
solutions for even lower reservoir overpressures can be obtained until AP almost
vanishes with the film achieving micron-size thicknesses and near zero contact
angles.

7.2.2 Effect of the topography of the porous substrate

As was stressed above, at near vacuum conditions, namely considering slightly positive
or negative reservoir overpressures, the film thickness reduces down to micron or even
submicron sizes. We did not assume the classic partial wetting case, of liquid lithium
with a dry substrate beyond the contact point. In this fashion, we are dealing with
coatings rather than films and micro-scale liquid-solid interactions need to be accounted
for. In particular, the cases with a purely repulsive and a long range attractive short range
repulsive potential are investigated in order to model the effect of the topography and
nature of the porous substrate on the static arrangement of the liquid metal.

The repulsive interaction potential was in the form of W () =%. Assuming that P, =

Poutand a CPS thickness of Imm and a pore size on the order of 30 um:
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e An almost uniform coating of size on the order of submicron’s over the substrate,
with an indentation in the pore region is obtained.

e As the strength of the repulsion increases, the liquid metal film thickness
increases as well.

o Similarly, as the external overpressure increases the coating thickness decreases.

e For relative large external overpressures, the liquid metal-gas interface enters the
pore region and the indentation seems to be bigger.

e No static solution is possible for positive reservoir overpressures, because this
kind of interaction potential cannot counterbalance a positive pressure drop across
the interface.

e As anticipated in real experiments, the presence of Lorentz forces may lead to
positive and very large effective reservoir overpressures, in the form of magnetic
pressure, especially during off-normal events. In such a situation a purely
repulsive potential cannot exert a stabilizing attractive force that would pin the
film onto the substrate. Thus, a purely repulsive potential is considered
inappropriate for the real case of CPS static configuration.

On the other hand, in the absence of any reliable data, a long range attractive short range

o o

e As a general trend, as the interaction potential increases, the attraction between
the liquid metal and the pore increases as well and the pore tends to drag the
liquid metal inside it and, thus, a small indentation is noted in the vicinity of
pore’s “mouth”.

e Three main region are identified: the “inner region” (intermolecular forces
balance pressure forces and as a result a precursor layer is formed), “the outer
region” (surface tension forces balance pressure forces). Finally, the precursor
layer is smoothly matched with the outer region via an intermediate regime,
namely the “transition region” (intermolecular forces balance surface tension
forces).

e It was shown by an asymptotic analysis of the above regions, in the subsection
6.4.2, that the angle at which the transition layer leaves the substrate to match the
solution from the outer region is given by the relationship:

c0s0 =1 - Niwer (O) =1—%[2[8—Aj —(S—Aj } (7.1)

repulsive potential in the form of W =W, KQJ —Z(QJ }gave us more useful results.

Y Y o o)

e The above equation applies for the case of liquid lithium resting on a prewet CPS
for which a precursor layer is formed on the substrate surface that is prewet
during the preparation process.

e For negative and non-zero values of AP in the pore region the dominant force
balance between surface tension and pressure forces determines the curvature in
that region via 2y/AP = R,

e As the reservoir overpressure increases, the liquid metal layer that coats the pore
assumes a static arrangement with a fixed contact point at the pore’s edge.

e When the contact angle at the pore edge reaches a critical value predicted by the
interaction potential between the liquid metal and substrate, a limit point arises
and the solution family turns to lower overpressures. The coating assumes the
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shape of a drop that has escaped the pore and coats the substrate with the above
critical contact angle.

e Beyond the overpressure corresponding to the critical contact angle, depending on
the strength of the interaction potential, a static arrangement does not exist and a
transient analysis is necessary to describe the CPS response, possibly introducing
the concept of dynamic contact angle.

7.2.3 Effect of external field forces
(a) Effect of electric field

Although the film generated is thin enough, it may be subject to instabilities and drop
ejection in the presence of electromagnetic forces. As a first approach to capture the jxB
effects on the static arrangement, an external electric field was applied. Using the static
equilibrium obtained with the top of the porous matrix fully covered and gradually
increasing the electric field intensity while keeping the mass of the liquid metal within
the layer constant, a sequence of shapes was obtained. The main results related to this
study are summarized as follows:

e The pole section of the layer is elongated in the field direction, as a result of the
electric stresses while the contact angle at the equator decreases in order to
maintain the same amount of liquid lithium.

e The liquid layer thickness increases away from the contact line and its curvature
increases as well. Eventually, a conical angle tends to be formed at the pole and a
solution could not be obtained for stronger electric fields. In this limit, gravity is
balanced by electric stresses and this determines the size of the conical angle at
the pole.

e It has been seen in the literature that jetting can be initiated at the pole region.
This process is known to generate small droplets once the jet speed reaches a
certain threshold. Thus, the present study may give a reasonable explanation for
the experimentally observed drop ejection.

(b) Effect of Lorentz forces

In this consideration, the more relevant to fusion applications jxB effects are taking into
account. The Lorentz forces are anticipated to generate an additional overpressure,
depending on the magnitude and direction of the magnetic field and the electric current
that enters the liquid metal layer. In this study, the externally applied magnetic field was
considered to be in the azimuthal direction as a first attempt to find out under which
circumstances drop ejection can be provoked. The effect of Lorentz forces is incorporated
in the Maxwell stress that is decomposed in the magnetic pressure and the rotational part.
The relative strength of Lorentz forces with respect to capillarity is determined by a
magnetic Bond number, Bondp,,, which acts as a dimensionless magnetic pressure:

B,J,R’
y

Bond,, = (7.2)

As a first approximation, the micro-scale surface forces are not taken into account and as
a result the precursor layer is neglected. The key results are highlighted as follows:
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e For relatively small values of Bondy, the rotational part of the stress is negligible
and the effect of the magnetic pressure on the static arrangement is similar to the
situation described above for the same overpressure.

e For small values of Bond, shapes with fixed contact point are obtained at the
pore’s edge with increasing contact angle and increasing protrusion into the
plasma.

e Provided that the interaction potential with the substrate is known, in the presence
of Lorentz forces, the critical contact angle is also known. Upon reaching this
value for the contact angle at the pore’s edge, the onset of shapes with fixed
contact angle is anticipated for smaller values of Bondy, as a result of a limit point
in the parameter space that includes the interaction potential with the substrate.

e Static solutions with a fixed contact angle do not exist for larger magnetic
pressures and a dynamic analysis is required in order to investigate the response at
large electric currents or larger Bond,.

e The above critical Bondy, number is a first threshold for the establishment of a
static arrangement. For fixed operating medium, e.g. liquid lithium, magnetic field
intensity and strength of the interaction potential, the above critical value is
achieved for larger electric current densities as the pore size decreases.

e Solutions can be obtained for larger values of Bondy, but they require imposition
of the fixed contact point condition. The stability of such solutions is questionable
in the presence of transient effects.

e In order to investigate different dynamic patterns that occur at large Bondn, the
dynamic contact angle effects can be investigated during the spreading process of
the liquid metal on the substrate.

e To this end, the proper interaction potential pertaining to the liquid metal and
substrate has to be introduced.
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7.3 Directions for future work

In this section, the future perspectives of the present research are presented. These
perspectives are associated with the framework of the European fusion program [1]
analyzed in subsection 1.1. In a nutshell, the possibility for a modified steady state to
emerge in the pore level is intended to be investigated by Dr. Pelekasis and his
colleagues. This steady state is going to take into account an external heat load, where a
liquid metal flux out of the reservoir is established balancing evaporation at the interface
with plasma. The effect of Lorentz forces will also be investigated via an extensive
numerical study in the context of axisymmetry when the contact point between the liquid
metal and the substrate is fixed at the pore mouth. Capturing the dynamic evolution of the
interface, preliminary stability criteria for the loss of cohesion of the liquid metal
protective coating and drop ejection will be obtained. Furthermore, the onset of a three
dimensional swirling motion will be introduced, and its impact on the emerging steady
state and heat transfer will be investigated, when an appreciable axial component of the
magnetic field is present.

In order to assess the impact of adhesion in the dynamic response of a capillary porous
system, the effect of intermolecular forces is going to be introduced in the above studies,
in the context of axisymmetry. The onset of a dynamic contact angle will be examined
and its impact on the nature of the final steady state or dynamic response will be
captured. Pore replenishment will be examined on a more realistic basis and the range of
validity of the stability threshold for the collapse of the interface and drop ejection,
obtained assuming a fixed contact point, will be cross-checked and corrected.

More specifically, the proposed future work is focused mainly on three directions:

7.3.1 Axisymmetric analysis of flow and heat transfer in the pore level -
Criteria for stability and drop ejection

As a continuation of the above studies, the assumption of isothermal conditions is
intended to be relaxed. Instead, the introduction of an external heat load is intended to the
static arrangement obtained thus far or the steady state that emerges in the presence of
Lorentz and viscous forces, in the pore level. In this fashion, a modified steady state is
anticipated to emerge in which evaporation is going to be balanced by the liquid metal
being supplied from the reservoir. To this end, the assumption of fixed contact point and
contact angle will be explored. The dynamic evolution towards the steady flow
arrangement will also be investigated in order to assess criteria for destabilization and
drop ejection, in the presence of intense jxB effects. The finite element methodology will
be employed to this end with the spine method for mesh generation.

7.3.2 3-D analysis of flow and heat transfer in the pore level

The above steady flow arrangement and stability criteria will be obtained in the
framework of axisymmetry assuming a planar magnetic field for the estimation of
Lorentz forces. However, in the presence of an appreciable vertical magnetic field the
onset of a strong swirling motion is anticipated as a result of an appreciable azimuthal
force component that will consume a large portion of the kinetic energy of the liquid
metal. There are indications for such flow effects in experiments with linear devices.
Furthermore, assuming more realistic magnetic field arrangements will allow for a more
accurate evaluation of the induced magnetic field and the resulting Maxwell stresses.
Coupling, with heat transfer effects will assess the extent of temperature rise sustained by
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the CPS in response to large external heat loads in the effect of evaporation and
convection, at steady state conditions. This will require development of a three
dimensional methodology that will couple the finite element method with the spectral
method for capturing three dimensional variations of the unknown quantities.
Parallelization strategies will also be employed in order to optimize CPU time and storing
requirements.

7.3.3 Dynamic analysis of pore replenishment as a function of the overpressure and
interaction potential with the substrate

In order to assess the validity of the fixed contact point or contact angle boundary
condition and investigate the response pattern at large overpressures, dynamic
simulations will be performed based on the static arrangement obtained in the absence of
Lorentz forces or thermal loads. Introduction of the interaction potential will allow the
study of dynamic evolution of the liquid metal coating over a large range of
overpressures, and address the issue of different response patterns such as the stick-slip
type of flow out of the pore, as well as the possibility for a finite time singularity to
emerge that will destroy the coherence of the coating. In this context it is important to
select an interaction potential that provides the good adhesion properties in terms of
contact angle and allows for the formation coherent coatings. The finite element
methodology will be employed in order to develop a solver for the Navier Stokes
including the effects of intermolecular, viscous, capillary and pressure forces for
axisymmetric geometry, coupled with elliptic mesh generation techniques in order to
provide optimal domain decomposition pertaining to areas with varying intensity of the
intermolecular forces. Such techniques were originally developed for coating problems
and are appropriate for studying the dynamic evolution of the contact problem studied
herein.

Finally, the schematics of the flow arrangements described above are illustrated in Figs.
7.1-7.3.

Fig. 7.1 Schematic of the flow arrangement in the pore level in the presence of heat and momentum
transfer and Lorentz forces
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Fig. 7.2 Schematic of the onset of 3-D swirling motion for realistic magnetic fields

Fig. 7.3 Schematic of the spreading process in the pore level taking into account dynamic contact angle
effects
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Appendices

Appendix A: A dielectric sphere in a uniform electric field

A dielectric sphere of radius a and dielectric constant e is placed in an initially uniform
electric field which at large distances from the sphere is directed along the z axis and has
magnitude Eoas illustrated in Fig. A.1:

Fig. A.1 Schematic of a dielectric sphere placed in an initially uniform electric field

We take the solution to be of the form:

o, =n2A1r”Pn (cos9) (A1)
Do = nZ:;(Bnr” JrCr,r‘(”“))Pn (cos0) (A2)
At infinity:

p=—E,z (A.3)

Due to the boundary condition described via Eq. A3, the only non-vanishing B, is:
B, =-E, (A.4)

Forn=1Eqgs A.1, A.2 result in:

P = Z;, Arcosd (A.5)
— E Cl 6
(Dout ) r+ F Cos (AG)

The other coefficients are determined via the boundary conditions at r = a:
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Tangentiali (Ein )t = ( Eout )t

(A7)
10| _ 100w
aol|., a do|._
Normal: (D,,) =(D,), (A.8)
_E 0| __Ofu
e, or|._, or |,

p

Substituting Egs. (A.5, A.6) to Egs. (A.7, A.8) the following equations are derived:

C
A=—E+— (A7)
(S
P (A8)
C,=——E,°
€42
EP
Thus,
3
A=K (A.9)
—+2
S

p

As a consequence Egs. A.5 and A.6 describing the electric potentials inside and outside
the sphere result in:

@, :—e/ep - E,rcosd (A.10)
ele -1Ea®
— p 0
Dot = Eorcos¢9+—€/€ e cosé (A.11)
p

The potential inside the sphere describes a constant electric field parallel to the applied
one with magnitude:

3 (A12)
0

_e/ep +2

in

Outside the sphere the potential is equivalent to the applied field plus the field of an
electric dipole at the origin with dipole moment:

B ele, -1 . (A.13)

_e/ep+2 0
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oriented in the direction of the applied field. The dipole moment can be interpreted as the
volume integral of the polarization P:

P=€/€p_1E— 3 e/ep—lE (A.14)

A _Ee/ep+2 0

According to Jackson [72] an internal electric field is produced that is directed oppositely
to the applied field as can be depicted in Fig. A.2.

E, E,
—— — — ——
E, — E,
—— — — ——

Fig. A.2 Dielectric sphere in a uniform electric field Eo, showing the polarization on the left and the
polarization charge with its associated, opposing, electric field on the right
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Appendix B: Cylindrical coordinates: Derivation of unit vectors and
curvatures

/\

Fig. B.1 Cylindrical coordinate system

A cylindrical coordinate system is a three-dimensional coordinate system that specifies
point positions by the distance from a chosen reference axis, the direction from the axis
relative to a chosen reference direction, and the distance from a chosen reference plane
perpendicular to the axis. The origin of the system is the point where all three coordinates
can be given as zero. This is the intersection between the reference plane and the axis.
The distance from the axis is called radial distance or radius, while the angular coordinate
is sometimes referred to as the angular position or as the azimuth. The radius and the
azimuth are together called the polar coordinates, as they correspond to a two-
dimensional polar coordinate system in the plane through the point, parallel to the
reference plane. The third coordinate may be called the height axial position.

Relationship between Cylindrical and Cartesian coordinates

For the conversion between cylindrical and Cartesian coordinates, it is convenient to
assume that the reference plane of the former is the Cartesian xy-plane (with equation z =
0), and the cylindrical axis is the Cartesian z-axis. Then the z-coordinate is the same in
both systems, and the correspondence between cylindrical (r, ¢) and Cartesian (X, y) are
the same as for polar coordinates, namely:

X =TI COS @ (B.1)
y=rsing (B.2)

The line element is:

dr =dre, +rd&e, +dze, (B.3)

where:
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e, =cosge, +singe, (B.4)
e, =—singe, +cosge, (B.5)
e, =e, (B.6)

The surface element in a surface of constant radius is:

dA =rdgdz (B.7)
The surface element in a surface of constant azimuth @ is:

dA, = drdz (B.8)

Finally, the surface element in a surface of constant height z is:

dA =rdrde (B.9)
Moreover, the volume element is:
dV =rdrdedz (B.10)

Furthermore, the del operator in the cylindrical coordinate system leads to the following
expression for the gradient:

of  1eof  of (B.11)
+ +

Derivation of unit vectors and curvatures (Eulerian specification)

The covariant tangent vectors along r and ¢ directions are defined as:

0 (B.12)
ar:%: (rer+z(r)ez):er+zrez
or or
orR O(re,+z(r)e,)  ae, (B.13)
a,=—= —r—t=re
* Op o o ¢

The normal unit vector is:

a,xa, -ze +e,

n= =
a, xaq,‘ \/1+ 7 (B.14)
The tangent unit vector is:
o e +ze,
- \/“7 (B.15)
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In addition, the contravariant vectors along r and ¢ directions are defined as:

a = a‘PXn _er+zrez

a,-(a,xn)  1+z (B.16)
Qv — nxa, —le

a,-(a,xn) r”* (B.17)

Thus, the surface gradient operator is:

0 0
V.=a -—+a® —
° or o (B.18)

As a consequence:

V .n=— Zy Z,

) e 19

The mean curvature (Hc) of a surface is an extrinsic measure of curvature that comes
from differential geometry and that locally describes the curvature of an embedded
surface in some ambient space such as Euclidean space.

For a surface defined in 3D space, the total curvature is related to a unit normal of the
surface:

1
2HC=K1+K2=E+R—2:—VS'n (B.20)

The maximal curvature k; and minimal curvature «; are known as the principal curvatures
of the surface. Moreover, Ry and R; are the principal radii of curvature.

Therefore,

1 Z

— =K :—I‘I‘

R (1e2)” (B:21)
1 Z

=

R ®22)
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Lagrangian specification

Using Lagrangian representation for the interface:

r=r(g), z=2(5),

As a consequence:

dr =r.d¢&
oz
acor

The normal unit vector becomes:

Z:
——e, +e,
_-ze+e, L _ 28+,
2 2 2 2
\/1+ Z, Z, \/rg +2;
1+ —=
T
The tangent unit vector is:
z
e, + e
. .~ _Te tZ8,

2 2 2
J \/r‘f +2;

[y
+
R

\f\r—‘ ‘u\‘N

The total curvature using the Lagrangian representation is:

Z.1.—7.r z
_ byl L ¢
2H, =-V,-n= ey ==
z z
rg:" 1+( f} r.r 1+[5]
Te I
r.z..-r..z, 1z
oH o fee legte B g fo
c 5 PR ¢t
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(B.24)

(B.25)

(B.26)

(B.27)

(B.28)
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Appendix C: Spherical coordinates: Derivation of unit vectors and
curvatures

1 &
/ N €o
/ 7 W\
|III ] |/ ] '.IE{_] \
| L
Il /_ — |]| ':F
I'., ¥ I,II IIIIl'
‘\\ / /
A Zf

S

Fig. C.1 Spherical coordinate system

In mathematics, a spherical coordinate system is a coordinate system for three-
dimensional space where the position of a point is specified by three numbers: the radial
distance of that point from a fixed origin, its polar angle measured from a fixed zenith
direction, and the azimuth angle of its orthogonal projection on a reference plane that
passes through the origin and is orthogonal to the zenith, measured from a fixed reference
direction on that plane. It can be seen as the three-dimensional version of the polar
coordinate system. The radial distance is also called the radius or radial coordinate. The
polar angle may be called colatitude, zenith angle, normal angle, or inclination angle. In
the spherical coordinate system (r, 0, ¢) gives the radial distance, polar angle, and
azimuthal angle.

Relationship between Spherical and Cartesian coordinates

The spherical coordinates (r, 0, ¢) of a point can be obtained from its Cartesian
coordinates (X, y, z) by the formulae:

r— ’x2+y2+22 (C.1)

0= arccos[ﬁ} (C.2)
@ =arctan(y/x) (C.3)

Conversely, the Cartesian coordinates may be retrieved from the spherical coordinates:

X=rsin&cos (C.4)

y=rsingsing (C.5)

Z=rcosé (C.6)
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These formulae assume that the two systems have the same origin and same reference
plane, measure the azimuth angle ¢ in the same sense from the same axis, and that the
spherical angle 6 is inclination from the cylindrical z-axis.

The line element for an infinitesimal displacement from (r, 6, ¢) to (r + dr, 6 + dO, ¢ +

do) is:
dr =dre, +rd@e, +rsingpdge, (C.7)
where:
e, =sin&cos ge, +sin Hsin ge, +cos e, (C.8)
e, =Cosdcosge, +cosfsinge, —sinde, (C.9)
e, =—singe, +cosge, (C.10)

are the local orthogonal unit vectors in the directions of increasing r, 6, and o,
respectively, and ey, ey, and e, are the unit vectors in Cartesian coordinates.

The surface element spanning from 0 to 6 + d® and ¢ to ¢ + d¢ on a spherical surface at
(constant) radius r is:

dA=r?singdode (C.11)
Moreover, the volume element spanning from r to r + dr, 6 to 0 + d6, and ¢ to ¢ + do is:
dV =r?sin@drd@dd ¢ (C.12)

Furthermore, the del operator in the spherical coordinate system leads to the following
expressions for gradient, divergence and curl:

of Lot 1 o
or " ro0 ° rsin@ogp * (C.13)

:ia(rzA)+ 1 o(sinoA) 1 oA

V-A== - - (C.14)
r or rsin@ 00 rsind op
o(A,sind
VxA=—t (Asing)_on, e
rsino 00 op
LA 1 oa oA
risin@dp or |°
C.15
1(o(rA) oA (C.15)
+=| ————L e
r{ or 00 )°
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Derivation of unit vectors and curvatures (Eulerian specification)

The covariant tangent vectors along 6 and ¢ directions are defined as:
. R _o(r(9)e,)

=re +4+re C.16
" 00 00 o (C.16)
olr(0)e
a :a_R:M:raer:rsinee (C.17)
* op op op Y

The normal unit vector is:

d, Xa -re, +re
n=r——>*%H=—0—— (C.18)
‘aexaq,‘ Jr2+r?

The tangent unit vector is:

_ e tre, c 16
N (C.19)

In addition, the contravariant vectors along 6 and ¢ directions are defined as:

t

a0 = a,xn
~a,-(a,xn) (C.20)
S L1
3,-(a, xn) (C.21)
Thus, the surface gradient operator is:
0 0
V.=a’"-—+a® —
: 56" op (C.22)

The mean curvature (H;) of a surface is an extrinsic measure of curvature that comes
from differential geometry and that locally describes the curvature of an embedded
surface in some ambient space such as Euclidean space.

For a surface defined in 3D space, the mean curvature is related to a unit normal of the
surface:

1 1
2HC:K1+K2=€+R_2:_vs'n (C23)

The maximal curvature k; and minimal curvature «; are known as the principal curvatures
of the surface. Moreover, R; and R; are the principal radii of curvature.

Therefore,
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1

— =K = _

R \/r§+r2 r\/r§+r2 (C.24)
1 2

R2

(r;+r2)3/2 (r§+r2)3/2 \/I';TI’Z (C.25)
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Appendix D: Derivation of V(B; - ;) and 7v: V(B; - e;)

D.1 Derivation of V(B; - e},)
z component:

0 0 0 o
V(Bi.e) aB 682 i e_O%eZ-Fe—B%Bi"‘ zaB z Zﬁez i
" or r o0 r o0 oz oz
00 B
or
V(B,-e,)={00 0 on
00 B
L oz |
r component:
0 0 €y 0
V(B o) =e Tre ve, Trg e Pre 0 Bup e Frp e B,
sor “or ' rae " r oo oz P
@ 00
or
r
% 0 O
. Z _

D.2 Derivation of 7,:V(B; - e;)

z component:

o U o M Alr g
or or oz 00 —

U or
7,:V(B-e,)=| 0 2L 0 [:j00 0 |=
2 r

ou, ou ou 00 B
Ly 0 2 oz
| or oz oz |- -

_ 0B, (8u ou, jJrZ%%
Coarlor oz 0z 01 (D.3)
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r component:

2aur 0
or
u
7,:V(B,-e,)=| 0 ZTr
auz+% 0
| or oz

r

or o0z

=2—L
or ar az

du, 0B, aB (8u ou )+2u B.

o))
N

S
m © 2

1
o))
0o

-

o
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© |

(D.4)
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Appendix E: Analytical solution within the pore assuming a rectangular
geometry

In this subsection, a simplification is used for the pore problem described above and an
: : oy H H 16H H H . : R
analytical solution of V*H=—=-"—+>——+-—-=—is obtained. The simplified
r: - or* ror o0z r?
geometry is depicted in Fig. E.1 along with the boundary conditions pertaining to H
which were discussed in subsection 4.4.3.

Fig. E.1 Schematic of the studied rectangular geometry and the boundary conditions pertaining to H

First of all, the following assumptions are made:

J,,J, = constant (E.1)
oH _ 5y _19(H) (E.2)
oz TP or o or
Ry (E.3)
ZI(JZ —J,z,)rdr
Z_)_OO:H:H’ J= - 2 nt %0 ‘J=~]z||nt1
2 R
Thus,
Z——o0: H:%+F(r,z) (E4)
with F(r,z) satisfying:
°F 10F 0°F F
or ror oz r c
?*F 106F F  &°F (E.5)
=
or’ ror r? 0z°
Zzo:ﬁ:—\]r,Z:—oo:F:O (EG)
oz
r=0,r=R,:F=0 (E.7)
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F(r,z) can be expressed as:

F(r,z)=Z2(z)-R(r) (E.8)
Hence,
R” 1R 1 Z (E.9)
s =-2-
R rR r? z
Z-1Z=0 (E.10)
r’R"+ 1R +(Ar’ ~1)R =0 (E.11)
If A=K, A#0:
r°R'+ R+ (k) ~1|R=0, R(0)=R(R,) =0 (E12)
R,(r)=AJ, (kr)+BJ, (kr) (E.13)
R,(r=0)=0=B=0=R,(r)=AJ,(kr) (E.14)
R,(r=R,)=0=1J,(kR,)=0=kR, =X, =

N r (E.15)
klm :)él_p’ Rl(r): A‘]l{xlm R_p]
And
Z"—k,2Z=0=
=Z=ce " +de"’, Z(z—>-0)=0=c=0 (E.16)
Z =de"’

Thus, substituting Eqgs. E.15 and E.16 to Eq. E.8:

0 A,
F(rz)=) Ae™ Jl(xlm RLJ (E.17)
m=1

p

However,
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P (r,2=0)=-3, -, :iAﬂ'%Jl{xlmRLJ:
m=1 p

oz = b
JYR X 2 r - 1

= - P - Z Al X, " = Orthogonality of Bessel Functions

m =1 p

R R

¢(-J R 3

J.( ! pJJl[lererr J.Jl{xl"“r}rdr
A =i :"*“':[_ZJYJO -

Rpxlm ‘JZ (le)

2Jerl{X§mrerr .
Jr 0 p eRp Jl(ximrJ:
I3 (

H(r,z)=——-
( ) 2 m=1 leRp 22 le) Rp
IR !
H=H/(J,R,) J.Jl(ximf)fdf
0

" A A Jf = 2 X, 7 A
= H(f)=—--) —L—— "] (X, f
=37 2, 9k e0)

Based on the above solution, when J,=J=0 the magnetic pressure is:

1
g R EACRL
r o0
P = 807—80H|Im =ZBOJer21Xl——° )
m=. m 2 m

j J.(s)sds

1 .
Pm=ZBOJer21X3 'OJZ(xl_) 3, (%)
m=. im 2 m

: . A H : A
Plots of dimensionless H{H =F]and magnetic pressure Pp (sz

rp
provided in Figs. E.2a,b, respectively, when J = 0 for reference.
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(E.18)

Pm

B,J

(E.19)

r

(E.20)

R

] are
p
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(@)

(b)

Fig. E.2 (a) Dimensionless H and (b) M11lagnetic pressure for a rectangular domain when J,=0
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