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Summary

The scope of the present Doctoral Thesis is to model and optimize novel energy storage systems operating
at high and ultrénigh temperatures (>86800°C) based on either (1) phase change materials (PCMs), or

(2) granular materials. The latter can be part of sensible heat storage fluidized bed systems or
thermochemical energy storage systems, such as the carbonate looping cycle. All three types of systems
(latent heat, sensible and thermochemical) can be used in applications of various scales (from experimental
facilities to industrial scale units) as stamldne technological options or in conjunction with other
conventional power generation units. In #ida, they are aimed at temperatures ald@600°C, without

excluding their operation at medium or low temperatures. However, the use of such systems on a large scale
requires indepth knowledge of various heat transfer mechanisms and various coriydexidw
phenomena taking place during their operation. The use of computational fluid dynamics (CFD) tools can
help to understand such mechanisms, as well as to optimize such systems, in terms of their operating
conditions, but also of their design. lretframework of this Thesis, the development of several CFD based
tools has been achieved by utilizing a commercial simulation platform (ANSYS Plyantd where it has

been deemed necessaryhmuse codes in C and FORTRAN programming language haveusednin

order to improve the accuracy of the developed models. Validation of the numerical models has been done
using experimental results, which have been retrieved either from the literature, or from cooperating
universities carrying out the experimedntampaigns of the studied systems in the context of the research
projects, during which the doctoral thesis has been prepared. Verification of the CFD models against
theoretical models has been also done in cases where there has been lack of expdatacheaien

chapters showcase the specific research effort that has been put during the PhD Thesis.

More specifically, in the First Chapter the general framework is set for the necessity of full decarbonization
and clean energy transition by 2050, whiatr@ases the need of using renewable energy sources, advanced
energy storage systems, as well as carbon capture systems. Reference is made to the energy storage
technologies that are widely being used currently and, then, the innovative systems exarntimed in
doctoral thesis are mentioned. These refer to a) a latent heat thermal energy storage system that contains
silicon as a phase change material and operates ahultrg h t emper atures (~1410
looping cycle, which operates at high teergtures (~65@00°C) and can be used for energy storage in the

form of chemical reaction and simultaneous capture of carbon dioxide and c) a sensible heat storage system
based on gasolid fluidized bed(~500-600 °C) and can operate either for energyrat®e or as a heat
exchanger in power plants.

The Second Chapter presents in detail the numerical methods and equations used in this PhD Thesis to
model the undestudied innovative technologies. More specifically, in the case of PCMs, the heat transfer
medanisms through conduction and convection, the development of dendritic formations during the PCM
solidification and their effect on system performance, as well as the PCM volume change during their phase
change are taken into account. The enthalpy pgrapjproach combined with the Volume of fluid (VOF)
method are used to simulate systems based on phase change materials. A critical parameter for the
optimization of these systems is the heat losses from the crucible sidewalls, which increase inversely to
their volume, while they also depend to a large extent on the shape of the storage container of the phase
change material. In the case of fluidized bed units, two main approaches can be applied to simulate the
multiphase flow (granular solid and gas), tlee EulerEuler (Two fluid model TFM), or the Euler
Lagrange (Dense discrete phase maedeDPM). In this doctoral thesis, the statkthe-art EulerEuler

TFM method is used. Accurate modeling of the interaction between solid particles and fluidetiease r
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heavily on the model used for the drag force, i.e. the force exerted on the solid particles by the gas phase.
For this reason, an innovative drag model is applied which approximates the flow heterogeneity (e.g.
particles clusters) at various scal@his model is called EMMS (Energy Minimization Mu$icale
Analysis) and tends to outperform conventional homogeneous drag models (such as that of Gidaspow). A
new version of this model, with the new cluster correlation that takes into account thedeacater, has

been validated for different reactors in the framework of this Thesis.

Chapter Three focuses on the latent heat energy storage system study and optimization. More specifically,

a transient CFD model has been developed based on the primgiésned in the Second Chapter for
modeling the threphase flow inside a container that contains a PCM that changes phase from solid to
liquid and vice versa and an inert gas that is inside the same container over the material. Two types of PCMs
aretestd (i) paraffin wax, which changes phase at (I
PCMs, such as boron/silicon alloys, which are characterized by a latent heat of the order oIl k g

(an order of magnitude greater than that of standartemsalts widely used today). Due to the high melting
point of such materials (for example pure silicon
in the system itself that need to be studied. A major problem is the high heat losses fresséhsidewalls.

The type of insulation (materials, thickness of materials), as well as the shape and volume of the container
itself can play a high role in the amount of lateral losses. Other parameters investigated in such a storage
system are its chhging-discharging rate, as well as the storage time (the time before it loses all of its stored
energy in the form of latent heat). Regarding the shapes, great emphasis has been placed on the optimization
of the shape of the truncated cone, as it preggatt flexibility in design in relation to, for example, the
spherical shape. Finally, a parametric analysis has been made regarding the effect of the material properties
(thermal conductivity, specific heat capacity, etc.) on the chadjsaharging ratef the system.

Regarding the mukphase flow simulations inside fluidized bed systems, several units have been modeled,
which can be used in the calcium looping cycle (Chapter Four) or for energy storage in the form of sensible
heat and in novel heat exangers (Chapter Five). Modeling the multiphase flow using the developed
EMMS model increases the accuracy of the results in terms of the overall pressure drop predictions, solids
recirculation flux and predicted flow patterns. Finally, other elementstigeted are the effect of radiative

heat transfer (this particular phenomenon is worth studying in cases of (i) dilute flow fluidized beds, where
the effect of radiative heat transfer can be significant in (ii) types of fluidized beds that store emargy fr

the sun etc.). In the last case (i.e. solar particle receiver) the effect of radiation is very important, as the
suspended particles absorb energy from the walls of the unit which are either permeable to solar radiation
(direct energy absorption) or irapmeable (indirect energy absorption). An important added value to the
scientific community is that the developed models have been validated against experimental results from
pilot units (300 kW,-1 MW4,) which can provide a more realistic view of laigmle flow phenomena.

More specifically the modeling carried out in Chapter Four includes, (a) Construction and validation of the
EMMS model in a 1 MW circulating fluidized bed carbonator, (b) Modeling of the carbonator reactor at
two scales (1 MW and 20MW) and optimizing its design through the study of various scenarios (c)
Modeling of a fluidized bed system that acts as calciner and receives heat either througkitthe in
combustion of solid fuel (oxfired CaL) or through indirect heat transfer directly heated calcium
looping). Chapter Five focuses on modeling a bubbling fluidized bed system that acts as a storage
vessel/heat exchangergbase flow) In this unit, there is a series of tube buddles, in which steam flows
and draws heat from thiufdized bed. Appropriate user defined functions (UDFser Defined Functions)

have been used to implicitly model the steam flow inside the pipelines. Added to this, a theoretical model
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has been used to carry out extra parametric studies on the eSewkodl parameters (e.g. fluidizing agent
type) on the overall heat transfer process inside the sensible heat storage system.

Finally, the Sixth Chapter sets a general framework for the application of the three main technologies
studied (energy storage $olid granular particles in the form of sensible heat (a) and chemical reaction (b),
as well as energy storage in the form of latent heat with change materials phase (c)). More specifically, a
theoretical comparison is set by comparing the different tgpégating and storing methods studied in

this Thesis in terms of charging rates and charging time.

Finally, general conclusions from the individual chapters are summarized in the Seventh Chapter, whereas
various themes are proposed for future developwiathe models based on the experience gained through
this doctoral thesis.

XiX



Fi 38yd
B Geae Ad Udd "~ UyeiaUd UuUstUaUs)seed uUsUUysbed U
U sdeaUgtdd UsyjoUsUd bUGsglyd@aey, oUB) Yil gdiadegs ¥ UJ =
heat thermal energy storage systems), ®© (2) 60 @&
soasflfui di zed beds). U UUaUgUUaU BbUGBase3UUs Ual
aUsdyYsaeguUd, Wil eipdUdeldecde Ghihgstiediddd ey Gy cdesoaed
6y diseas @891 30Ud 95U Uy YullsoklW eyxgUsUsdicaigdd dd i d!
UyGeUgiddd UseaUstasg WhaglU s dyalrald dlbipbelatglteic yeouldel)d.d |
Gg@GUeeUdiUs es@)6)dlises 8addeia GU Us¥Yley Ud UGUy ea2:
UoaUUUGBUYGUsd, eycy o e63Yuld "UjyUovyoed daUagUysidea
C U vyeaaUd °gstUsay@ssmﬁmm&®;ﬁ®pﬂ
d Us ¢ U506-6p@°C ,0 Uc d¥Ug @ e®d Y Ul addafe e U Ue -
alUs GU £U0GUaU0d e Usdoayd dUjeesoj UGalUd. quURGe d o)
Usd b¥Yded o3L0d s UafplUoede ez HlgUddieddsyavdihy -
GUsseeysvysa. ¢ cjeld Urxs UjyoUaUa¥ys g seacosltlUseed j
CFD tools) € 63Ua 30U beddelUs aUds oUUUshdad Uy U
Uy Usos¥vs vi@Bgl UdleesU UGiey ¥ Usd Ggasdeald aUsUegyoald
UsyY Ugasad UyUessxr3s UjoUaUaxrs yosd@BNSYSIFluentMy cpboeeh e
sy addal0 U Uy UaUdUe 63 dlosee 8oseddoalUs UosHRORBRAN,9 ol U5«
Lt 00U 30 Ue aegUstUsi 3 oaUs 3U bUaUsvydeias U' R Y eyd
Urxs UjsdedqUosoat 3 e€63Uyaxys yo93U0 U Ud cjeld ~Usy Us
U ' h Ud besbasesoy Ulal, Ua /U el Wagdgs Wy bl e heelWlhstile U Uh¥(s’
aUUY Uds uUsY);aUsU Uxs 6 c6ars¢ Ubs iBBaelifedjodde v wissliyUsebles
U 0y U oUWy Bge Bjaodgab¥scefggooaloyosecyad Uy UgsdqUsoece
Uoe Ggooloyob8gs3BUi¥&Eosaddy UadOUUs Us oUssafh ~alUals
U eeas0939Us 6adidd eyecys Us 2050 dq 6 6aU UgsysUs
"38doeys3rs GguUdevyUvys U edealUgtdd Usyj;oUsUd, oaUd
YaydUsU. @Ga3UUUs UsUlGey Y GUsd UUcsesascoalUd U sdealUg:i
deelUyp U oaUs 3 Gg3UecUaU U3 UlGy;e3UUs UU oaUs3z3eUfheU
toltUsaUsysae UeUU;ebe. JgUY Us UGy m3pe0iBsOd g ale e dy
Ushd oUsseUResg GgaUeeUUsd U edeoalgiadd Usyy oUsUd
Ue UyoayelUs "gyaUse GU3s gasefh UsalUoed GYOELYy,oBy a0
Usg oioeacg UUHUSDpIresmbetdsdaedg aUsUsgy) oUa -90UGC)gy daoyd
aUs € 6j)3Ua 30U 6ydlosee 6addUa 05U U edealUgtld Usy;oL
UydeUgid lUseaUslasg Uesg YsdyUsU oUs o) 6uwweg CGghUe
°c) Ue 6 6ae bUGaeUUUs GUJd jee osoasaLlUegd jeed g h

99U U sdealgld Usyj;oUsUd Uaa¥Y oaUs ¥vd Uz Usa¥Yaldd d

gea Ui U0ye 7TUGYaUsa, "Uyeglio¥YslUs UsUagUsoeay¥Y Usgd
6 daisessi 3UUs GUds "~ Uyei U totUoaUsyosoee UsUUjsbe 2:¢
"eg UsUUYse3UUs. HYosas GgosalUsyseysU, GUd "~ Ujya Uxidq
PCMs) @aUeb¥3e3UUs g hyd 65 ¢daUsUoiweoeea WhHU I GBg Yo
Usy Ugad tUstysUsoeat a3 eyt 3 alUUY Uds aUU;Us esadue
UssalUoe GYU0dd UgUis. ¢e6 e63Uyae enthalpy porosity

d
G
U

U
U

XX



(VOF) 63 dqlioce Gpeiisdtteydd Ul didd@de YU¥ys “~e6g bUGases U
Tiased “~UpyelOUyed 299U Uds bUaUstUes ecadtad Urs @
dU; e U0UqUUd U UU UesctLeUUY Usgd, 6s 6 salUd UgsaYs
UaUjlls 300 eUo¥Yae bHUdeh oaUs U Ues GeeelU "6g yaeUs
Gvyadd ZUds "~ Uja Uxydd Uxs ee3yvYirs J UgtUc 8sdeysc
"3 80eeegsoat 38g3 Udas “"eoagilUlsee j se (Eale@wafliidhpdeli U0 UHR
i TEM) , Ua UCLageatigd {DenBeudis@ate phase mod@IDP M) . EUds ~Upei U -
UsUU;abe 6)dioses eosUaUEuer TEM. ¢ ydelags beldlye B Wllers °
UaadaU atij Udd eU0U0U0Usi GU0U ada BU Weyr GO sstilhore go UU d elhg G
6yJdises 685U0alUs 25U Uds 6 slGdyessgtlU uiasUed, udeaU
aUUY Uds j3ee Uesgd eyaU aUe 3 UgualUfR. bGsU Ue ahoe Ugl

Ue 6 6as UgepB@eomelBs tioavicey Ud osaaecUald. ¢a e683Uys
Minimization Mult-Scal e Anal ysis) oaUs UUasUs 30U g Ujstci ¢
8 slGdyasasgulUd (h ¥vd UgUR Ueg Gidaspow).

¢ e ¢4003 TUGYaUsce U 90UsligdsU08yYpoliddedieplde®U8dY¥al
YUoa gere;ssysU UsU Ui Ga00Us y3U e€83U0Uyac eU Usgd
qu ee3UUas sadid Udd U;quL"Jeeeg’ jeed eyaU aU y3C
Yuo[ U gl UhUuai 003 Ua Uy e GU oaUs y3U Uuy Usyd Uyy s
tecUas “¥sr U Ue gesoah. K3UUYee3UUs uiae Ui 695 g
UaaYeUs GYlGd U cUet®dy do UbU(eho) o jglefisaalnp Ulsesodap,e gh Gvwdl d
9 YeUUU bejaeg/ gyoUaeg UU 6 eaU Uy UaUd) @#ecce3UUs
MIMgl(ealU Uy¥sad eUoydegd eUoUai UUyd UgUed Uxs Ug salt
deeUyp U). shoxr Ueg gydecssaldade Jael Uleabed UdyU ecary » 3
a913Us ~ Uy a®®g giUmgede glza4 006 a2y UUc3s98Y “~jebaeeUU0U ¢
eUalUUddei 3. O3U GdeUsUseafh "~y hbadeU UaszUs 85 eUo¥Ya
B Ui edldeffge®oayY, ~Yeaed gosats3), aUdid aUs Us alUsa
"Uaszcgs ;f]ae GUe eyoUded Uxrs U rvalUsi 3. o0eaalUd ~UyY
"edealgidd UasUBo@hy GalGdd lljci]g Ueasltﬂ@tegUgauLueg’ 8( 6G JGh 3he3

YyGUs fhoad Uds U'eddeUgsysq UsyyoUsU g Ud eeyiie
UoYad yedUl( bUa»UquG’eoo[uo[ Usg UGcGe:
UoYad UgUesszal 00343UUGLJGGLbUSSLIIﬁGSdh vy (V| eusGyquc{ UsU GG U39y 9:
Uy UeUOU) see Us¥Yoagld AOGes UGey Y Uds U atuy UGd Uxs s
Uyecgaery qUsahUqUU sa".) GUe3s jgdeh GhHy Ustdd Usaihy

MmO
[enq
=
o,
o
o
(@
Co
c
o
w

o
Co

G ,

Co
Co

Gdes3 UlGey ¥ GUsd quega;eU(’se;eosLdigf;yLksLUegea»eue;oug ¥ 0
i3 30U 6yJdlosee 8sddeia GU y3Us oi oo ab
e

C(O’J i
(0]
—
(0]

Ugtd UsyyoUsUd g ' fh Ud eay (e Usﬁdq[]eg’ dU0y g f
‘eagliUlseed jeed U Ud oej3eld Uesg UsU Ugoeyseg ¢
U eUUaUGe¥YUrys. ¢yoaced, YoalU GUssclUaU "e6g uUsUj; Ugsed
eyldr UesaUssebesoaald (Us GgooaUs)osecyse (iBs8h&lUsd 6P
yj UgtUe 6sdeys¥ys oas313 UjUsed jeed f]'eg d U aty U«
3U Uas3Us GdeUsUsoae aU (b) Ui 6gd ; UgtUc 85deys3rs
ZFUds UUaUgUUaU ~ Uy a 3ybiede add gU Umw;Ufb g d Gqug GWels Us o e
GreUUausU U 6 jetiegia UsyyoUsU i Usgd Usaecegd Ud:

XXi



UsUsszebsaal (YelOUGd U eyjyhiadad Usyy oUsUd) OaUUO U
Zde Us Umb@sdye Usd UzalU GUds U stUdesssoee o693 hU4UU
U segy¥vydUa y3UszUs "~ Usy UegUUsoat 3 U epldimm)ieerddye dld Byd
e 63e8ia3 3U “jellyjegs ealU “~se8 } UUas MU sessen clmdlhs s
dgooUoa)seyslU 69 e63U0Uac 6oellUsd "6g UsUsUjoeddal
TUUUGoaUge aUs U soeijvid Usg ec63Uyasg EMMS GU ai aU
MWt h, Ue @6 8ae aUebhy¥sUs g Ayb)Udz el U)can dldg G4
J UgtUs 6oadeysdd ooasdaUal U2uii MW oaae e Ugl¢ e gipwo Ua

aUs bUaUsGUs eadlidq Ueg GeUUsUGeasi Uesg eyly Udd =
dgtUeelUed jUgtlUc @ma]eayBalfe promBa gr PJeUBb UG Us 8adUeog
eylyr Udd UooUseid aUidUrgddiClILYeiladllgtydiacg yeaXyidd
(Indirectly heated calcium |looping). ¢e Yyaed Us TU
yJ UgtUe 6sdeysdd o2a3dd U GguUaatiUd Us 6 6ae ol
dU; e UqUUd (EZOQGdagwolPepepeysd e€63YulU g YyeUs ealU
e salUd jyyUs UUehd 6 6 s8aced Uy UsbUstidl,8gUgee Us§f

GUsd GyadstGUsd 6y dqlosee 8oseddalUs aUUYoaoadolsdg Ggs Uy |
Defined Functions).

gyaed Ues OaUs TUlGYaUse, dyUUs y3U oUssah ~aUaloasa
eUalUUed dae®0g@W sy oUsUd a0 aUU0y UY aeeatlid GreUUO
(U) o9Us cdesoeed UsUatljylUGdd (b), aUdid aUs U sdesU
d0gesoy¥Y UeoalUo®ge irdgaadUépddysU, oas3b)elkag de atils Wity L bss
Ui "egd eUdhu¥vs dyjelUsiddd aUs U esdeaUgilidgUdley ade
loUU) sbe AUe3 UlGey Y Usgd jJgdesid GhyUstdd aUs Us o
gyacd, GUes Obligxmy aeliemBeige Uy YExgPUBY JURO®BUSHU G
"Uy YobgaUOUase3UUs UsYiley Ud dUegUUseyd 95U eUsas3U
Ue UsjyalU "8g U egalUeddalU eyly Udd "~ Ujyei GUd utsuUsaUs

XXii



Preface

My name is Myrto Zeneli andHavestudied Mechanical Engineering in the National Technical University
of Athens (NTUA) during the period 20D11. Currently, | am a PhD candidate of NTUA. My major
field of expertise is the modelingf laminar, turbulent, singleor multi-phase flows withheat transfer,
phase change and/or chemical reaction.

My diploma thesis irNational Technical University of Athen8ITUA) was undertaken in collaboration
with CERTH (Centre for Research & Technology Hellas)wasfocused on thgassolid drag coefficiets
model investigation, which is necessary to be defined for the accurate simulation of a FB reactor.

In 2012, | started working as a reseaitsociatén the Centre for Research and Technology Hellas. More
especially, | was involved ia FET-OPEN actionH20H20 fundedprojectfor the proofof-concept of a
novel solidstate device with a silicebased latent heat thermal energy storage (LHTES) system
(AMADEUS Project).

Apart from this novel LHTES conceptwas also involved in several projects dealwith CO, capture
calcium looping proces$P7 SCARLET and ACT-ANICA Project9 and with fluidized bed type of heat
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Nomenclature

Symbol Explanation, units
ac acceleration of pa%ticles in dense
a acceleration of pa¥ticles in dilut
Anmush mushy zone parametef [
Ar pre-exponential factor in forward rate constant calculation, Elits
Ar Archimedes number;][
Arg Archimedes number for clusters] [
Bi Biot number, {]
C adsorption constan®a®®
Co adsorption constant pexponential factor?a’>
Cco> concentration of C@in the flue gasmo | 1 m
Ccozeq CO; equilibriumconcentration, main3
Co effective drag coefficient;]
Coo standard drag coefficient] [
Co specific heatKcapacity, JlLkg
een equivalent cell size, m
do clusterdiameter, m
De effective ash diffusivity, f: %
Doz Oxygen diffusivity, niL. -5
dp particle diameter, m
il dimensionless particle diametet], [
Dt column diameter, m
Dy void size, m
& particle porosity, |
Ea activation energy of adsorption constantc] Lo |
Ec activation energy of chemical reaction rate constard,L. o |
= activation energy of C®olatilesoxidation,J L. k ‘fno |
Ess restitution coefficient,
Ev activation energy of devolatilizatiok,J L k'mo |
f dense phase volume fraction® dense phasan cell
f1 dimensionless factor in reaction rate of char combustipn, [
fi factor that takes into account clusters permeability
Femms gassolid drag force calculated with sigoid EMMS scheme, N
Fwenvu gassolid drag force calculated with Wen & Yu model, N
Fec drag force in the dense phase, N
F+ drag force in the dilute phase, N
Fi drag force in the intephase, N
Fo Fourier number-]
incident r2adiation, WHm
g gravitationalacceleration, is?

o radial distribution function,-|




Gr Grashof number-]

oH heat of reaction] Lk g

h specific @&@nthalpy, JLkg

Hq heterogeneity index;][

| unit tensor, {]

Il 20 second invariant ahe deviatoric stress tensailg?

Ko pre-exponential factor of chemical reaction ratmstant  k mdts L m

ka ash |l ayer tesistance, skm

Ke chemical reactionf% ate constant, Kk
ks film reststance, skm

Ki r forward rate constant in a h%mageh
Kq Thermal conductivity of phase WL KL rh

Kr surface reaction resistance -'m

Ks rate constant for surface carbonatiofimol?L -5

Kt turbulent kinetic energy, fa s

Ky devolatilization rate prexponential factor,s

L latenthe at of Ffusion, JLkg

m mass, kg

MW molecular weightk g s p e c $pecie k mo |

n stoichiometric coefficient

Nca number of moles of Ca, kmol

Nst energy interchanged et ween flow p
Nu Nusselt number ;]

Pco2 CQ; partial pressure, Pa

Peq equilibrium CQ partial pressure, Pa

Py gas pressurd’a

Po2 O partial pressure, Pa

Pr Prandtl number of the fluid]

Ps granular pressure, Pa

Q heat stored in a storage mediuin

R universal gas constard, L k “t |

Ra Rayleigh number-]

lep ratio of core diameter to particle diamete}, [

Re Reynolds number;]

Roz Qi ndi vidual g¢gmE constant, JLkg

i mass transfer rate per unit volume from one phase ¢ to another, due to a phast
aa or a chemicalsreaction, kglkm

RR:arc calcinatiof:srate, kmolLm

RRcarb carbonatiorbty ate, kmol Lm

RRcrp numerically calculated value of reaction rate, Kbl

RRcomb char combustionl:feaction rate, kgt
RRaev devolatilizati®m® rate, kmol Vol Lm

RRevap

moistureevaporation rate, kmol 4@ L. #h 5




RRiomogeneous  €Action rate for homogeneous conditidnsnot Hs

RRyol(g) kinetic rate of volatiles oxidatiolk, mo I*d-are L s

Rin thermal resistancey@X A W

S initial surface area, fim?

Sc Schmidt number |

S specific surface area,’m

Sh Sherwood number;][

S Source term in momentum equation

Ste Stephan number;][

T temperature, K

Tcalc operating temperature of calciner tor reactor, K

Tcarb operating temperature orbonatoreactor, K

t time, s

taver time needed for averaging, s

Ug actual velocity of §p h as ¢, mHs

Ugg interphase velocity between two phages m™lL s

Uc superficial gas velbcity the de
Us superficial gas velbcity t he di
Unn minimumfluidization velocity, nis*

Us superficialsolidsv e | oc it y, mHs

Us superficialslip velocity in dense phasen Hs

Ust superficial slip vielocity dil ut
Usi superficial slip velocity inintep has e phase,

Usr slug velocity,m Hs

U terminal velocity of a single particle, st

0« dimensionless terminal velocity of a single particlg, [

Vi, stoichiometric coefficient for reactant i in reaction r

VO - stoichiometric coefficient for product j in reaction r

\Y volume,m?

LY=mi m mass fraction of aspecieoftfenihas e, k¢"phapeeci el kg
Yash ash mass fralgasi on, kg ashlLkg

JL=|=v| Il nitial valwue of algggs mass fraction
Yc cartboomass fractigasn, kg ClLkg

lLF initial valueof car bon massdgaraction, kg C
Yco2 CO; mass fraction, kg Cfkg™ gas

Xco2 CO, mole fraction, mol C@mol gas

Xcarb actual carbonation conversianpl CaCQlmol* Ca

Greek letters

volume fraction, {] (Used in VOF method)

liquid fraction, []

momentum exchange coefficidmtween two phases k& m




b volumetric thermal expansion coefficierf [

s collisional dissipation of energy, g s

G volume fraction off"phasem®p h a s®eelt m

Cht minimumfluidization voidage,

Ugr friction limit, [-]

G max particles packing limit,]

V] rate of turbulent kinetic energy dissipatiorfl:n$

d temperature’C

dcoz fraction of active sites occupied by Q]

Us granular temperatureyls?

= granul ar bul k viscosity, PaAs
€g gas viscosityk g Bl

€s granul ar shear viscosity of a sol
€s.col collisional vi scosity, PaAs
Esir frictional vi scosity, PaAs
€skin kinetic viscosity, PaAs

H, mesescale viscosity of phase B,a A s

Iq density of phasg, kglm™

Z mesess cal e density of phase q, kglLm
] scattering coefficient, rh

Qg dense phase voidage standard deviatidn, [

wW Stress tensor, Pa

a specularity coefficient,-]

Un hydrodynamic factor,-|

G angle ofinternal friction, f]

Us sphericity, f]

Indices

Symbol Explanation, units

c dense phase (for EMMS model)

cell refers to computational cell

f dilute phase (for EMMS model)

fl film

g gas

i inter-phase (for EMMS model)

I liquid

max maximum

mf minimum fluidization

min minimum

p particle

P product

R reactant




S solid
w wall
b ambient
Acronyms
Acronym Explanation
ANN Artificial Neural Network
BC Boundary condition
BFB Bubbling fluidized bed
CaL Calcium looping
CCuUs Carboncaptureutilization andstorage
CFB Circulating fluidized bed
CFD Computational fluid dynamics
CGSM Changing grain size model
COP26 UN Climate Change Conference
CPFD Computational particle fluid dynamics
CPU Central processing unit
CsP Concentrated solgrower
DAS Dendrites arm spacing
DEM Discrete elements method
DFB Dual fluidized bed
DPM Discrete phase method
Ells Energyintensiveindustries
EMMS Energyminimization multi-scalescheme
FB Fluidized bed
FBHE Fluidized bed heat exchanger
FDM Finite difference method
FEM Finite element method
FSB Fumed silica board
FT Front tracking
FVM Finite volume method
GFM Graphite fiber
GHGs Greenhousgass
GPU Graphics processing unit
HTC Heat transfer coefficient
HTF Heat transfer fluid
IHCaL Indirectly heated calcium looping
INTREX ™ Integratedecycleheat &changer
ITP Inverted truncategyyramid
KPI Key performance indicator
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KTGF Kinetic theory of granular flows
MFM Multi-fluid model

MP-PIC Multi-phase particle in cell

NZE Netzero emissions

N-S NavierStokes

LHTES Latent heat thermal energy storage
P2H2P Powerto-heatto-power

PCM Phase change material

PETE Photorenhanced thermionic emission
PF Pulverized fuel

PSD Particles size distribution

RBF Radial basis function

RE/RES Renewable energy/ Renewable energy sourt
ROM Reduced order model

S2H2P Solarto-heatto-power

SCM Shrinking core model

SHS Sensible heat storage

SPSR Solid particles solar receiver
ST™M Source term method

TCES Thermochemical energy storage
TES Thermal energy storage

TFM Two-fluid model

TIPV Thermioniephotovoltaic

TPV Thermaphotovoltaic

TR Tapering ratio

UDF Userdefined function

UHT Ultra-high temperature

URF Under relaxation factor

VOF Volume of fluid

1D Onedimensional

2D Two-dimensional

3D Threedimensional
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1.1 Current status of energy mix
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Figure 1. Annual change in C&emissions from energy combustion and industrial processes; .
2021[1].

Coal has been the largest source of electricity generation all over the world for several decades. In 2020 the
share of coafired power generation reached a value of 35.RpoHowever, coal combustion results in

the production of hazards emissions for the environment and the human health, including sulfur dioxide
(SO, nitrogen oxides (NQ), particulate matter and carbon dioxide @O

Before, 2019 the ANet ZNEZH),Ii.cEtheiscemioofdmppibgrelasitdrd 6 Sc e n
dioxide emissions to net zero by 2050 by building an energy economy that relies on renewables instead of
fossil fuels, required a worldwide plunge in coal consumpifn During the UN Climate Change
Conference (COP26), 45 countrleesd signed the Global Coal to Clean Power Transition Statdhedijt

a pact that includes a range of decisions, including coal utilizatioradf,oj limit the global tempature

rise of 1.5 degree§’ heCovid-19 pandemic had a plasmatic negative impact on energy demand in 2020,

and, thus, on fossil fuels consumption, reducing globalé€@ssions by 5.2%igure 1). However, Post

Covid-19 era pushes the world economy to rely heavily on-comlbustion, due to an unprecedented

increase in the energy demamadsituatiorieading once more to an increase in the GHG emissions.

More specifically, globaknergyrelated CQ emissions from energy consumption and heavy industries

(e.g. cement, lime, iron& steel) experienced an increase by 6% in 2021 to 36.3 gigatonnes (Gt), their highest
ever level. C@Qemissions in 2021 rose to around b8&gatongMt) aboe the prepandemic level of 2019.

This amount is expected to increase, since the use of coal intensified owing to increasing natural gas prices

in Europe and US and an increased energy consumption in China. Coal accounted for over 40% of the
overall growthin global CQ emissions in 2021, reaching an-@he high of 15.3 billiortones[4]. This

rebound of global C&emissiondar gel y dri ven by Qasiedtaad sicrease of GO mi ¢ g
emissions 1§ 750 Mt between 2019 and 2021. Finally, gascoal switching pushed up global €O

emissions from electricity generation by well over 100 mili@mes notably in the US and Europe where
competition between gas and coal is tightest, especially aftbreébking out of the Rusddkrainian war.
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1.2 Decarbonization actions RES and the role of energy storage

A thoroughgoing transformation of the energy system by applying decarbonization actions comes as a
necessity to fulfill the EU ambitious targeet be a carbon neutral economy by 2@5@ comply with the

current global situatianSuch decarbonization taans should be appliedcross the whole spectrum of
society and economic sectoEnergy intensive industrig&lls) and the power sectare at the forefront

in this longterm vision. The Ells ecosystem includes a wide range of sectors, includifigrrmmns metals,

steel, aluminum, chemicals, ferilizers, cement, ceramics, lime, glass, and paper and pulp. These sectors are
characterized by high energy intensity and are responsible for a large share of greenhouse gas emissions
(GHG) produced mainly due to the fuel combustion, the electricity production, and, the process emissions.
The power sector is also a major GHG contribuBmveral dearbonization actions can be applied for all
these sectors, such earbon capture utilization and storaggCUS of theinevitable process emissions,

use ofrenewable energy sourcd®HS), such as wind, solar, hydropower, geothermal and biorfadhe
production of electricity instead of fossil fuels, and, increase of carbon neutral fuels in the fuel mix. The
zeracarbon transition of Ells by embracing climate friendly practices will be beneficial for the
environment, but also will ensure the individwalo mp a n i ¢eandcompetitivgness. Nevertheless,
many sectors have already picked to their efforts of reducing their GHG emiasidrisiproving their

energy efficiencywithout fulfilling their targets. In this regard, innovative technological solutimes
necessary tmove towards a carbameutral future

- —_ 2 w s wn = =
= = = = = = =

qZN
2030 |

o BRI A B i

Hydropower ® Wind © Solar PV ®Bioenergy Other

Figure 2. Renewables share of power genera Figure 3. Renewable power generation

in the Net Zero Scenario, 20:P030[5]. technology in the Net Zero Scenario, 2€UB0[5].

Adoption of RES is a key poirfior a clean energy transition experiencing a rapid grown in recent years
(Figure 2). The power sector is the frontrunner of renewables with a 28 % of the global electricity
generation relying in RES in 202@]. Neverthelessglectricity accounts for only a fifth of global energy
consumption, and the role of renewables in other sectors as well remains critical to the energy transition.
Among the prominerRESalternatives, solar and wind power are one of the fewdason techologies

that can grow into large scale, exhibiting, thus, high potential to meet the global energy requifégments
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(Figure 3) and promote a clean energy transitiSolar energy, in specifiseems as an attractive option,
due to its low cost, armbundanceompared to the other F8]. However, the energy that can be extracted
from the sun varies in both space and t[8le Most forms of RE must be transformed into electricity and
consumed instantaneously. Thiakas the current econorbg stilldependent on fossil fuels.

1.3 State-of-the-art of thermal energy storage systems

Energy storage is a game chanteshnology, essentidbr optimizing the use of the scaremergetic
resources int odayos e n dang differeny energystorage solutions areurrently under
development covering atindsof technological optionsge(ectrochemicalmechanical, electricathemical

and thermadl Pumpeestorage hydropower is the most widelgplied storage technology (withtatal
installed capacity [H} whareas haitedes 4s@& orm@iélectrocheinidal stojage
are the most scalabtgpe of gid-scale storage with a growing marketrecent years. Otheatternatives
include compressed air and gravity storage, but they play a comparatively small role in current power
systems. Additionally, hydrogdy ;) is an emerging technology that has potdritir the seasonal storage

of RE. While progress is being made, projected growth in-ggile storage capacity is not currently on
track with theNZE Scenario and requires greater eff¢it8]. Thus the development and use of efficient
and innovativeenergy storage systems and devices are necessary to inRig&itethe electricity or the
heating/cooling grids and eliminate discrepancies éetwsupply and demand.

Among the abovementioned energy storage optibegyial energy storage (TE&E. the storage of excess
thermal energypy heating or cooling a storage medifonlater usecan play an important role to achieve
these targetand eliminate the mismatch between supply and depmagicily due to its modularity andeh
number othedifferent te¢inological options availabl&enerally, TES systems can be classified into three
categorieslatentheat(LHTES), sensibleheat(SHS) and thermahemicalheat(TCES)storage systems
[11]. Among these options, SHS is the mosture technological optiaiue to its simple principle and low
cost followed byLHTES systemand thernby TCESsystemsboth of whichare characterized by higher
storage densitiethan SHSTES can be used in different possible applications, sudivexs solar energy
storage (in CSRconcentrated solar powesystems), electricity storage and cogeneration in domestic
electrical/heating networkand,energy storageniwaste heat recovery systeats

TES systems differ in the amount of heat that castbred per unit volume of storage medidine key

aspects irsuchsystems is the energy density, the charging/dischargingthatesedstorage mediand,

the operatingtemperatureln general termsthe storage media propertidefinethe energy density, the
chaging/discharging rate and the overall performance of a sysidrareas the higher the operating
temperature the higher the storage poterfRabarding the storage media, a wide variety exists depending

on the operating tempduaie range and the targeted applicatipart for the nature of storage type

described above, TES are also classified according to the operating temperature tetoderature (<100

AC), meedmipuenmt at udOe 001 CAGE )eAnCpdeir galt u r eOPBOD (AXO highh@  ul t
temperature (>906C). A comparison of the different TES methddsgeneral termss reported inTable

1, whereas the statd-the-art TES options are discussed below.

Table 1. Comparison of TES methods in terms of capacity, power, efficiency, storage afit2ost

TESmethodCapaci ty *)Power(MW) Efficiency (%) Storage TimeCost (‘i

SHS 10i 50 0.007'10 50i 90 d/m 0.1110
LHTES 501 150 0.0011 75 90 h/m 10r 50
TCES 1201250 0011 75100 h/d 8i 100
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1.3.1.1 Sensible heat storad8HS)

A SHSsystem involvesieating or coolin®f a storage medium and, thus, changingiisrnal energyThe
amount of heat stored (or rejected) in (or from) the system depends on the specific heat (cgpaciy
mass(m) of the storage material, and, on its temperature differ@dewith the heating/cooling medium.

0 a0 D

Additional, propertiesimportant for designing of a SHS system inclyddermal conductivity and
diffusivity, vaporpressure, compatibility among materials stability, heat loss coefficient as a function of
the surface areas to volume ratio, and I3}

The storage medium in a SHS system casdlid (sand, packed beds, bricks)liquid (water, molten salts,
mineral oils and synthetic oilshut also gaseous, or on a supercritical staddid mediaare usually used

in packed beds, requiring a fluig.g. air)to exchangewith the storage mediunDuring the system
charging, lot fluid passes through spaces between g@liticles causingheir temperature to rise during
the day. Duringtie night (discharging loophe quantity of sensible heat stored inside the tank is recovered
Examples of integrating SHS into a domestic application for cooling/heating are preserigarénd,
whereas thermeghysical properties and average cost of several storage media can be fd4fd in

a) b)
A
22X A
yO'g 203
pvq ‘ p@« LI(][ 'tlil' l
Solar oding

collector Solar
collector
Pump
~—
)

-
!

J Cold air

!

Charging loop Discharging loop

Charging loop Discharging loop

Figure 4. Exampes of integrating SHS, such &5 packed bed storage tank and (b) sb&ged wate!
heating devicénto domestic cooling/heating applicatiodsgapted fronj13].

1.3.1.2 Latent heathermal energwgtorage(LHTES)

Phase change materials (PCMshichexploit latent hea&reconsidered as an efficient option for energy
storage that is emerging rapidly. Their principal advantage is that they can store significant amounts of
energy, both as latent and sensible heat, within in a narrow temperatur¢l&ngéile requiring at the

same time less energy volume or mass per gtenergy compared to sensible heat systdis The

amount of heat stored in rejected in a LHTES system is the sum of sensible heat of the solid phase, latent
heat of fusionl(), and sensible heat of the liquid phase:
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PCMs are used in a wide range of applications, from electronic devices dad@ljng thermal storagin
buildings[18], clothing'textile design19] and for energy production in CSP plarfsgre 5), the latter

being one the major applications of PCN#owever, their utilization has beeestricted to lowZ0 A €

100A T[20], medium L00A €50A T[21] or high (250A @00A L[22] temperatures, so far. Added to

this, most commercial PCMs are based on materials like salt hydrates, paraffin, and eutectaltvater
solutions[23], which have low thermal conductivities and, as a equeice, low charge/discharge rates
[24]. This fact has limited so fahdr commercial application as an alternative to sensible heat transfer.
This fact reveals the necessity of utilizing novel LHTES concepts that will unlock higher storage densities.

| ] Receiver tower
XA/ Grid s Air-cooled (
A .condenser

- generator L~ 259C |
< B0
@‘l. ~Turbine j ",)X\\/'S

TR B

Generator Yy, ~500°C

{ LHTES/HTF

(molten salt) JThermaI energy
storage tanks

£ |

“ 1 Mirrors

Figure 5. Integration of LHTES (two-storagetank)in a CSP plantTakenfrom [25].

1.3.1.3 Thermotiemicalenergystorage(TCES)

TCES involves thestoring of energythrough thesimultaneousexploitation of reversible chemicair
sorptionreactions being, thus, aa nal ogous AAmaeng thedavallablé TES options, TCES is
considered to have the highest heat density potential, but also the highest technical challenges, at the same
time. The most basic TCES system is comprised of a working pair of two chemicals (A, Bage stk

for each of these chemicals, andhemicalreactor. When energy is required from the system, these two
chemicalgeacttogether, releasing energy in tleerh of heat. When energy is to be stoedernalenergy

Q (again in the form of heatlue to solachemicalreaction or waste h@ats added to the reacted chemicals

to chemically or physically separate them.

¢ 66 0PE & & O ©)

, wheren is thestoichiometriccoefficient
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TCES has a wide range of applications at different temperafooes 50°C up to 1000C). Some of the
most known chemical reactions involved in TCES incldéaydration of salt hydrates, dehydration of
metal hydroxides, dehydrogenation of taiehydrides, decarboxylation of metal carbonates and redox
reactions of oxides enable a very wide range of applications at different temperatures.

Concluding, TES offers a strong potential for cresstoral decarbonization, especially for heating and
cooling buildings, providing heat for industrial processes and other applicaleasall, current statef-

the-art TES systems are limited to temperatures b&6®600 U Ge.g. molten salt basedue to high
temperature thermal instability of currentiyaglable materials and devicdde benefit of working at high

and ultrahigh temperatures is particularly relevant fdATES systems, where heat is stored or released
during the phase change of a matdrialtilizing metallic PCMs Novel SHS and TCES stems based on
granular materials suspensions operating at high temperature$q@0%C) can also offer a high storage
potential. Hbwever no attention has been paid so far to this kind of systems due to lack of proper materials
and devices able to op#gaatsuch high temperatures.

1.4 Beyond the stateof-the-art of thermal energy storage systems

Moving beyond the current TES storage solutions, several new trends for TES integration may be observed:

() coupled TES technologies for possible higher operdtnperaturde.g. SHSwith TCES, (i) TES

systems with novel materials compact tanksand, (iii) circulation of granular particleBesign of such

systems requires extensive research by using a combination of theoretical studies, experimentakgcampaign
and, simplified and advanced numerical models. Computational fluid dynamics (CFD) tools can help speed

up on the design process of such systems, especi al
design optimization and scalg.

1.4.1 Use oflatent heat thermal energy storage systamstrahigh temperatures

In order toestablish more efficient LHTES systems, than the current-ctdate-art moltensalt based,
ultra-high temperature (UHT) storage comes as a neceSsidgage at ultrdigh temperatures (>90(C)

[26] with the utilization of metallic PCMs characterized by high thermal conductivities and heat of fusion,
such as Si, AIB, would unlock greater energy densitie®re than 2@imes higherthan the ones achieved

in conventional moltesalt based systeni27]. Therefore, metallic PCMs have a high potential for
increasing the energy and exergy efficiency in conventional steam Rankine cycles. Especially, silicon, one
of the most abundant elements on Earth, has an energy demsitgler of magnitude larger and a thermal
conductivity -at its phase transition temperatur@o orders of magnitude highéman salt hydrates and
paraffin[28]. On top of that, the silicon melting temperat(ir&414°C) matches well the band gap of state
of-the-art thermophotovoltaic cells, allowing, thus, its integration into compact-teleatto-power
(S2H2P) conversion technologi@®]. The same applies for boron, which has a melting temperature above
2000°C.

Figure6s howcases the storage p?9Yt emtdi ablorofn3),sha®lEi8dco nk Wh1
latent heats an order of magnitude greater than that of typical salts used in storage appsoahoss,

NaNG;( 110 K)WwidKNQ( 156 KE)Whfadmsilicon and boron PCMs provide higher storage

energy densities than most forms of energy storage, including electrochemical batteries and pressurized H
Furthermorefigure 7 shows a novel concept of coupling a UHHATES system with soligtate device

in a compact design and how this concept can be integrated into a CSP plant for elecidaityion.
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the energy density of other storage technologies.

|
Si-based LHTES coupled with a solid-state device

4»‘ PCM

TIPV, TPV ~
converter

A

Figure 7. UHT-LHTES coupled with a solidtatedevice in a compact design and its possible integre
is a CSP plant3Q].

Nevertheless, it is worth mentioning that there is a high necessity to deal with several challenges before
moving towarddJHT-TES systemsFirst, therds excessivéheat loss from the vessel walls, due to ultra

high temperatures, which are difficult toraihate. Adlitionally, radiation phenomenghich have not been
explored yet, might occur inside possible gas voids in the solid BIMaffecting, thus, the thermal
performance of such systems. Other challenges lay on how a commercial 1Sy3tE® might be
configured for different operating staios and which is the optimum vessel design that enables quick
charge/ discharge rates. Finally, not all of the metallic materials are recommended for PCMs, because of
some drawbacks of their therrsbemical properties, such as high vapour pressure,ichleimstability,
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and high flammability{32]. This implies that such PCMs should be thorougitplored, before being
utilized inUHT-LHTES systems.

An in-depth research would allow developing effective methods of eliminating such problems and move
towards more efficient LHTES systems. Many analytical, experimental and numerical researches have paid
attention since the 80s to evaluate the thermal padioce of PCMs, as that of paraffin wax, inside various
geometric configurations, such as spherical, cylindrical or rectangular contfi&®rsConcerning
analytical models, the lubrication theory of viscous flow in thin films, which neglects natural convection in
the liquid PCM, has been mostly used to solve unconstrained melting heat transfer in spherical capsules
[34]. However, such a hypothesis induces severe errors. Melting experiments found in the literature have
established that beyond conduction, buoyashtyen natural convection in the liquid phase affects
significantly the heat transf@rocess inside the PCM casif®p]. Apart from this, phenomena, such as a)

the PCM volumetric change, b) the motion of the solid in the [88&]f and c) the motion of the liquid in

the gap between the solid and the wall ofghell have been explored experiment§B¥]. During recent

years, numerical simulations of the PCM solidification/melting process have been used to gain a better
understanding of the heat transfer process. The main advantage of CFD modelling compared to experiments
is that the container size drshape, PCM thermophysical properties, PCM solidification/melting rate,
lateral heat losses etc. can be easily quantified and optimized for various operating conditions and
applications, without substantial research expef&is

Up to now, in recent literature, two basic numerical methodssarally followed, to model the conductive
convective heat transfer mechanisms controlling the PCM solidification/melting process; i.e. the moving
(front tracking)[37] and fixed (front capturing) grid methgd8]. The first ond39] gives more accurate
results in the solidiquid interface, however, it is more complicated for complex and 4thireensional

(3D) domains or interface undergoing large deformatif8®. The second one, which includes both
equivalent heat capacity and enthalpy methods, is a simpler one. The latter developed by Vdik] et al.

is more widely used, especially in commercial software packages, duettvitstage of describing the
phasechange with a unique equation for the two phases saving, thus, computatiof#]cdstis method

has been used to simulate several different problems including melting in one adichewngional2D)
casings of various shapes, mostly in cylindr[dd]], rectangulaf42] and spherica)43] ones. However,
numerical diffusion can be induced in the sdigliid interface, which is strongly dependent on the grid
size used. Therefore, application of a method capable of combining the advantages of both the fixed and
moving grid method would be a real benefit for any type of solidification/melting simulation.

Another apect that needs further attention and has not been explored yet thoroughly from a numerical point
of view, is the PCM volume expansion/contraction during the phase change process. Such phenomenon
occurs actually, due to the large density difference bettteesolid and liquid phases of the PCM. Moore

and Bayazitoglj36]were t he first to explore the 66unconstrai
in the liquid phase, due to its higher (lower) density and the subsequent PCM volume increase. Lamberg et
al. [44] studied numerically the solidification/melting process of paraffin at low temperatures by means of
both the enthalpporosity and effective heat capacity methods. In his work he took in took account the
PCM volume changes and proved that when the natural camvechot modelled there is a high numerical

error. Sattari et a[45] have investigated through CFD modelling a PCM melting inside a spherical capsule

at low temperatures and the effect of different operating and design parameters, i.e. capsule sizesparameter
on the process evolution. However, in fhiesishe PCM volume change is not taken into account. Several
similar works in which the density variations between the solid and liquid PCM are neglected, usually
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referred to as constrained PCM melting, carfdund in the literaturfl6]. However, taking into aount
such a phenomenon is of high importance for the accurate prediction of the melting process.

Nonetheless, as can be seen, during the last decades a considerable amount of numerical simulations has
mainly focused on medium and low temperature PCMs, pirraffin wax. Very few reports are available

for studies on PCMs with phase change temperature exceedifg.18&hibold et al[47] in their work

analysed the melting and solidification processes of NalND306.8°C, inside a spherical geometry.
Elmozughi et al[48] in their analysis used the enthalpgrosity approach coupled with the volume of fluid

(VOF) model to simulate the unconstructed NaM@lting insde spherical and cylindrical shells up to

500°C. Pirasaci et a[49] worked on the same temperature range as Elmozughi et al. to study the melting
process of an encapstddNa,SO, i KCl eutectic mixtureHowever, it is obvious that these studies centre

on temperatures below 90C. Taking all into consideration, there still remains a gap of knowledge for a
systematic attempt to explore high temperature PCMs and, in getheranal energy storage processes

[50], by means of an efficient and accurate numerical analysis that will take into account PCM volumetric
change, buoyanegriven natural convection and PCM structuseb-section Phase change problems
presents briefly the used methods adopted in LHTES systems and the applied methods in the current Thesis.

1.4.2 Use ofSHS and TCES based granular particles

Gassdid fluidized bed(FB) systems, ranging from fixed bed to circulating fluidized b&eisB) and
downer reactors, have been use@d wide range of industrial applications, such as biomass gasification,
pyrolysis, combustion and fluid catalytic cracking, just to name a%éJv Moving beyond thestateof-
the-art, during recent years FB systearg beingested for energy storage in no@iSandTCESstorage
conceptsRegarding operating principles, a gaid fluidized bed system obegeneratules, for the solid
particles flow hydrodynamics (e.g. flow leebgeneityand flow regime under specified operating
conditiong, heat transfer mechanisms etc. as describ&dimi and Levenspigl52]. However, depending

on the targeted application, the gadid-medium properties and the scale of thebfgm (lab, pilot or
industrial),there arainique spatiotemporal flow characteristics that need to be explored by using advanced
numerical tools. When validation of suctodels becomes available from both experimental results and
industrial knowledge, design optimization and segleof novel FBTES systems can be achieved.

1.4.2.1 SHS: FB with a diverse role of heat exchargel storage

FB systems are currently being studied flmrage concepts in several applications from CSP plants to
industrial processem CSPapplicationssolar particlesolidreceiver{SPSRs)yeactors are gainirigterest

as nexigeneration TES optionsincesolid particles can work as bdtleat transfefluid (HTF) in thesolar
receiver, heat transfer and storage med&8h [54] (Figure 8). Theoperating temperatumd such systems
canexceedd00-900°C depending on th#uid particles and relevant operating conditipapening, thus,

the way of achieving conversion efficieasigreater than 50 %, with the supercritical carbon dioxidezlsCO
Brayton cyclg55]. Finally, combined with fluidized bed technology, SPSRs can be used fooéliction,
coal/biomass gasification and e€apture concep{®4], [56].

Most of the effort paid by the research community has focused on the strdesigals and the overall

thermal performance of various SPSRs, whereas other critical aspects, such as selection of appropriate solid
particles, receiver system structures optimization, flow hydrodynamics, and heat transfer phenomena have
not been meticulaly studied. The use of advanced numerical models can help assist in such a process,
however, numerical works dealing with SPSRs are quite limited.
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Figure 8. Thermal CSP plant concept with a receiver using particles as HTRaadesmediuns7].

In industrialapplicationsexternalfluidized bedheat exchangdFBHE) systems that comprisdabbling

fluidized bed(BFB) chamber and immersed tube bundles (horizontal or verticahdar recoveryare

often employed, as superheaters or rehedfeB$ This is mainly done, because in traditional
superheating/reheating systems that are placed at the upper part of the furnace, there is a difficulty in
reaching the desirable steam temper adadnedensultrd 6 05/ 6 2
supercritical CFB boiler in Chin®9]), especially under low load conditions. Such a difficulty arises from

the low temperature operation (8000 °C) of a CFB boiler, in @antrast to conventional pulverized fuel

(PF) boilerg[60]. Thus, based on the piomegw idea of ®i-FW, an Integrated Recycle Heat Exchanger
(INTREX™) can be placed near the bottom part of chmbustion chambeBy this way, heat can be
recoveredirom both the recirculating salé from the cyclone and the hot solids from the combustion
chamber(Figure 9). Due to the high heat transfer coefficient in the INTREXKeat exchanger, the heat
trarsfer surfaces are considerably smaller than the superheaters or reheaters in conventional PF boilers.
Such type of HE includes several advantages. First of all, the heat transfer surfaces are located away from
the hightemperature flue gases that are hygtdrrosive for the involved materials, whilst air is used as a
fluidizing medium. Secondly, installation of INTREX allows extracting heat from the hot particles that

are captured by the cyclone (external circulation) and, in addition, from solidgehderéved from the

bottom part of furnace (internal circulation). This internal solid circulation allows superheater heat
absorption even at low loads when the external solids circulation is low. A continuous movement of
granular material prevents formati of deposits and ensures high heat transfer rate. The level of heat
transfer can be controlled by the rate of air flow that applied for returning solids to the lower furnace. In
general, this leads to reduced maintenance needs and increased opeetibitiyf {61]. This novel type

of heat exchanger can be used as wellnasrmediatesensible type of storage system as it has been
studied by using a dynamic process miadg62]. The solid particles in this type of storage system serve

as well as both HTF and storage medium and they are indirectly heated by the heat pipes containing the gas
medium (air or steam).

24


https://www.sciencedirect.com/topics/engineering/fluidized-beds
https://www.sciencedirect.com/topics/engineering/heat-exchanger
https://www.sciencedirect.com/topics/engineering/bubbling-fluidized-bed
https://www.sciencedirect.com/topics/engineering/bubbling-fluidized-bed
https://www.sciencedirect.com/topics/engineering/heat-recovery
https://www.sciencedirect.com/topics/engineering/combustion-chamber

__t Solids return

l leg

Air flow

Internal :
circulation \ ; ! 'Extern.al |
opening \/ (_J A cnrcula'tnon E
. 4 opening |

Furnace | 3 & . E
bottom Air flow |
Solid return INTREX :
channel ‘I’ |
EMEE ;

Figure 9. Use of Internal heat exchanger (INTRE for internal heat recovery and heat storf&#3.

The knowledge about heat transfer proce®HBsis essential to properly design BFB heat exchangers. A
BFB systemis advantageous in a sense thiatombines uniform temperature, higjeat trasfer rate
betweenthe gas/solids mixture and heat transfer surfaces, controlled steam temperature, continuous
operation, excellent behavior even at the partial loadeahdncement of heat transtapacity, due to the
intensive mixing of bed material by the motiongafs bubblesin this context, desigwsof BFB systems

should consider the followingh4]: (i) continuous recycling solid particles back to the main furnace, (ii)
ensuring enough heat transfer exchange from the hot bed particles to the heat transfer medium (steam of
water), (iii) elimination of corrosioand erosion related problems, (iv) protecting heat transfer surface from
slagging and agglomerates of ashes that are contained in the circulating inventeontrolling the

solid mass flow rateso the HE or loop sealThus, design of a system as a BFB storage system/HE,
especially at a large scakequires both an accurate numerical prediction,cgoeatational experience

There is wide number of studies concerning the heat transfer behadbBisystems targeted for heat
exchange. However, most of theame limited to experimental investigations and theoretical models,
especially for single horizontal tubes immersed in BFBm et al[65] have calculated experimentally the
local and average heat transfer coefficigtit C) between horizontal submged tubes and BFB heat
exchanger with silica sand as fluidized particlBisey also used theoretical models to describe the heat
transfer process and they suatee in getting similar results. Blaszczuk ef@RB] have followedlhe same
approach of comparing measurements with theoretical modeds imdustrialscale integrated heat
exchanger. The most we&thown heat transfer model for carrying out theoretical analysis in such type of
systems it the mechanistic model of Mickletyak [66]. However, theoretical models cannot captin

detail the spatidemporal flow characteristics around complex heat transfer surfaces.

Advanced nmerical nodels used to describe the heat transfgassolid bubbling fluidized bed systems,
especially the ones involving heat transfer with anattetium through immersed tubésye been scarce.

The numerical cost of conducting simulatieegpeciallyfor large commerciatcale heat exchangers are

the cause for such a lack of publications. However, carrying out detailed studies are importarheto set t
grounds to establish the optimal heat exchange conddimtislesigns (e.g. tube buddles arrangement)
correlation with the bed hydrodynamics. This can lead subsequently to the optimization of such systems.
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1.4.2.2 TCES: The CaL concept

The calcium loopingancept (CaL), the second most mature fposhbustion capture technology following
amine scrubbing67], comes at the forefront farCESby ensuring at the same an effective@@pture
[68]. First proposed b{69] this process is performed through a dual fluidized bed facility (DFB), which
comprises two reactors, named as calciner and carbonator. Inside these reactqisasmilgasolid
heterogeneous reactions, one endothermic (calciner) and one exothermic (carbonator) are taking place. The
carbonatarusually operating in a circulating modsg,the heart oftie process; inside threactor CQis
captured by calcium oxide particles (Cafd)ming calcium carbonate (CaGOThe CaO particles are
regenerated in the calcinersually operating in a bubbling moded transported back to the carbonator,
while a lean C@stream is released almost ready for storage.heat for the endothermmeaction can be
provided by three options: (ipurning auxiliary fuel in the calciner in an efying mode(Figure 10) [70],

(if) providing the heat through heat pip@sgure 11) [71] or the calciner sidewallg2]or through direct
heat transfer by means of heat carri@3] and (iii) by exploiting solar energy durirgpytime from a

heliostat field(Figure 12) [74].
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Figure 10. Schematic diagram afxy-fired CaL proces$75].
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Figure 11. Indirectly heated CaL (IHCal) process with heat pi7&3.

Over the last decades, the CaL concept has been tested successfully on the lab and pilot scale ranging from
3 kWi up to 1.7 MW, [77]. The labscale activities in facilities, such as 8@ kWthCFB-CFB at INCAR-

CSIC [78], the 75 kW, CFB-BFB at CANMET [79], and the 10 kW CFB-BFB at the University of
Stuttgart[80], [81], have proven that the calcium looping could be feasible and achieve higta@re
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efficiencies. In a Ewpean level three pilot scale CaL plants have been constrtioged;7 MW, at La
Peredd82] in Spain, the 1 MW at TU Darmstad{83], and the 200 kW at the University of Stuttgart
[84]. Followingthese successful experimental campaigns, attempts are being made, during the recent years,

to test the calcium looping concept on the lesgale[85], [86].
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During the recent years, the CalL concept has been proposed as a TCES option, espeCBityhieat
storage, owing to its numerous advantages. This concept has a comparatively high efficiency and energy
density (338wthrredpastitordther TCES solutiori@able 2), whereas the storage medium can

be purchased at a low cost being +toxic at the same time. Added to this, the equilibrium calcination
reaction i s near:parta p@® of A&m) thatfits ia the desirabl®range of high

SR

temperatures potentially attainable in CSP tower plants. This would allow for a more e#fleritity
generatiorfrom stored energy, to overcortiee current limitation oD5 5 0

of molten salt®mployed as HTFs in staté-the-art CSP plant$87].

Table 2. Comparison of CaL concept with other TCES systems in terms of energy density and turning

temperaturg88, 89]

Ac

TCES Turning temperature (°C) Ener gy den$
NHy/N 195 131
CH4/H20 688 223

SOy/SO; 782 459
| CaO/H,0 479 1967

Li 20/H-0 731 2216
NH/HSO4/NH3 467 3082
[ cao/CO;, 895 3226
SrO/CO; 1108 3948

Theconceptof Call CES st or age d a[f0¢ Hdowdvercul until tecenthhithastubnédsout
to be a promising technological option for heat storage at high temperatumesimize the global plant

i mp o®catbn by
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efficiency [91]. The CalTCES differs from the oxfired CalL process, where the heat from the
endothermic reaction is provided through a clean type of energy (i.e. solar) in an eithevdivaceific
heating) or indirect form (heat from the sidewal@3]. The latter concept resembles more taititkrectly
heatedcalcium looping HCal) concept, where heat provided as well indirectly through the reactor
sidewalls or by immersed heat pipes. Botimceptanay have an important effect on the multicycle CaO
activity owing to the absence of a fossil fuel inside the reactor, as done in thieedx@al concept.

The CalL technology is close to iteramercializationhowever, the involved reactors still need to be
optimized in terms of design and operatiGoncerning its application for TCES with solar energy storage,
ongoing projects are withifRL5 and will reach a demo scale within the negty®2argd93]. In the context

of up-scaling, apart from the experienaatained through the operation of DFB systems on a bench or pilot
scale, modelling tools can play a significant role, as well, towards their optimum and effective deBign. CF
models have a strong ability to deliver detailed information concerning theliadiow hydrodynamics
occurring inside a fluidized bed unit. Parameters, such as inert material distribution in the bed, particles
residence time, reactants mixing efficiency and temperature distribution, can be more easily quantified at
any point of theeactor, with a relatively lower cogts], when compared to the experiments.

1.5 Scope of the current PhD thesis

In recent years, low/medium/higamperature SHS, LHTES afAdES technologies have been a cutting
edge research topistudied in detail from different perspectives, including suitable heat storage media,
heat carriers, containers and overall system performance. Advanced numerical tosteddae the core

of collective actions that have aimed bring forward novel TES conceptd optimized design and
operating performance. In this regattk main motivation of the present Thesis iddgelop, validate and
implementfor design/operation optimizatioat a compnent level, advancedransient CFD mods|
accurate yet computationally efficietw,simulatenovel sensible, chemical and latent heat thermal energy
storage systenmapplicable in high and ultfaigh temperaturedn this regard, three types of systems a
mainly simulated and optimized: (i) a novel UWLHTES system that uses silicon as a PCM, (ii) a sensible
gassolid bubbling HEthat can be used for sensible storagd (iii) the carbonate looping cycle that can
be potentially used foFCES Suchconcepts can be used as individual technical solufmgs utilization

of CaL cycle for postombustion C@capture) or a combination of them can lmplementedowards an
enhanced operation (e.g. TES andita CQ capture.

As regards the novelHT-LHTES systenthe threephase flow (gatiquid-solid) and complex conductive
convective heat transfer mechanisare studiednside a ga$®CM containeroperating at ultrdnigh
temperaturesThe applied model combines advantages of i) the fixed grid based enthalpy porosity method
that implicitly models the solid/liquid PCM interface, ii) t®lume of fluid ¥OF) method that models

the gasPCM flow and iii) an adaptive local grid refinemaathniquefor enhanced numerical accuracy
The latter, which is based on the wor{@4], is able track and smoothen a moving interface, between t
immiscible fluids, offering the advantage of limiting interface numerical diffusion, without substantial
increase in the computational cdsttially, the developed model is validated against available experimental
data and numerical results taken frtme work of Assis et a[43] for the case of paraffin wax melting at
lower temperatures (~2C). During model validation, an insight is given on numerical parameters that
affect the PCM melting ratée.the mushy zone parametetich is dependent on the seconddendrites

arm spacing (DAS) of the dendrites formed in the mushg doming solidification process. This parameter

is dependent on the PCM structure and affects, in essence, the PChgmeiéi. Added to thisthe
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advantages of the local refinement technique compared to fixed mesh methods are unveiled. Later on, the
CFD model is applied for the numerical simulation ofg¢bédification/melting process of pure silicon as

a phase change material (PCM) inside a sealed container operating-highittemperatures (~144D00

°C). The effect of different design and operating paramesach athe container size/shape, and surface
temperatre, respectively, on the PCM melting rate are investigatee effect of lateral heat losses on the
system charging/discharging rates is also addressed, a parameter that is critical especially for such high
operating temperatures. Finally, a sensitigitalysis on the PCM thernphysical properties effect on the
LHTES performance is carried olihe concept tested is a conceptual one for P2H2P (pioweratto-

power) applications and is based on the work of Datas ¢R4l. This concept can be alternatively
implemented to S2H2P (solso-heatto-power) applicationsFor the first time, an adaptive locgtid
refinement technique is coupled with the VOF/enthgdpyosity method, to obtain a sharp selialid,

PCM-gas interface, by simultaneously taking into account density differences between the PCM solid and
liquid phasesThe work of the adaptive locadfinement techniquieased oin-housingcoding development
hasoriginated fromthe works of Nikolopoulos et gl95, 96] and Malgarinos et a[94, 97, 98]to track
deformable interfacesvhich was mainly focused idroplet dynamics (collision, brealp) applications

The whole research effoiin this Thesis is going one step beyond to a different application of droplet
dynamics to that of phase change problandieads to the development of an effective and accurate CFD
model that can be utilized fordlsimulation of low to ultrdoigh temperatureHTES systems

As regards the gasolid TCESFB systemthe novel conept of carbonate looping cyder CO; capture

that can be potentially utilized for TCHESinvestigated. Validation of stinodels is carrig out by dilizing

data from experimentabmpaigns in pilot scale units (i&&l MW, carbonatara 1MW oxy-fired calciner

and a 300 kW indirectly heated calcineall unitsinstalled at the premises of TUDA). Both reactors obey

in general terms in the same principles ofgal&d fluidization ranging from bubbling to circulating mode.
The developed CFD model is based on the pure Euletiderian approachn specific, the wmte-of-the-

art TwoFluid Model (TFM) is utilized for theéwo-phase(gassorbent) flow of the carbonator and the
indirectly heated calciner and the stafe¢he-art Multi-Fluid (MFM) for thethreephasdlow (gassorbent

fuel) of the oxyfired calciner.However, several numerical advancements are utilized to enhance the
individual models validity. Thesenclude development of the sudyid drag coefficients Energy
Minimization Multi-Scale scheme (EMMS), use of appropriateswiels for the heat transfer angpthe
gassolid fluidized bed and heat pipes in the cases of the calciner, investigation of the turbulence effect on
the overall heat transfand application of appropriate reaction kinetidse engproduct from this analysis,

is an advanced transientutti-phase model that can simulate -ga$id fluidized bed systems with and
without heat transfer and with and withatliemical reaction (the calciuoarbonate looping cycle in the
specific Thesis)This model has been exploited in this Thesis, to optithizénvolved reactors in terms of
design and operating conditions and studysc@ing scenariogip to 20 MW, for the carbonator casej

their optimum designs.

Concerning the SHEB system, the advanced numerical model develapdd/alidatedor the TCESFB
system has been utilized to study an indusstalle internaBFB heat exchanger that can be potentially
used for sensible heat storage. An important@udf this analysis is a reduced order model integrated into
the CFD model that implicitly simulates the heat tranff@m the fluidized bedowards aheat transfer
medium (i.e. steanfjowing inside the tube buddleResults of this model, e.g. solids volume fraction can
be used to feed a theoretical heat transfer model, in order to carry out-parathietric analysisf several
operating aspects (e.gffect of tenperature, fluidizing medium on the overall heat transfer coefficient)
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This numerical approach can lead to esfétctive model that takes as well into account the flow
hydrodynamics by utilizing a more advanced numerical model developed in this Thesis.

Finally, thedifferent concepts studied in this Thesise. (i) Stbased LHTES, (iigassolid SHSBHB

heated by means of steam filled tubes, (iii) TGEEBwith sodium filled tubesire compared in terms of
severalKey Performance Indicator&PIs) for the sme sytem scale. These include storage capacity,
heating time, heating rate (technical aspects calculated by utilizing the CFD models developed in this
Thesis) along with technical bottlenecks, maturity level, and solid medium properties (averageniogt, tu
temperature and environmental effect).

The overall target of this Thesis, is to provide the research community with advanced transient CFD models
that can be exploited for the numerical simulation @esign/operatiooptimization of novel multphas
systemgat a component leveljargeted primarily for thermal energy storage, but also for heat exchange
andoxy-combustion an€O; capture Such models caact as standlone tools, but they can aleedwith

their resultseduced order models (ROM),g. thermodynamic models for process engineetingbtain
calculations of a specific process with a higher level of accuracy.

1.6 Numerical modelling: general definitions, methodology, contribution

The most appropriate way to assess the potentiatspatemmercialization and erection of advanced heat
exchanger and storage systems at a component leaeéd on either PCMs or granular flevgsby means

of using advanced numerical tools. The seglegprocess of advanced heat transfer systems is a complex
procedure that involves various physical phenomena affected by the scale of the system, mainly the flow
hydrodynamics, the heat and mass transfer and any possible reaction kinetics. There are four steps for the
development and scalg of a new procesf®9]: i) determination of the new process at lab scale, ii)
selection of a mathematical model and determination of the hydrodynamics, kinetics etc., iii) construction
of a continuous pilot plant, and, iv) construction of a demo or commeiaial

Various modelling techniques can be used to simulate Huludtse flow processes and therefore assist in
their scaleup process. The most important ones are the computational fluid dynamics (CFD) models, the
artificial neural network (ANN) and th@érmodynamic equilibrium models. The CFD and thermodynamic
models are good candidates to be used as tools to derive guidelines for the scale up of-gtadieder
processes, especially when they are enhanced bysdbls or intetinked for a higher lesl of accuracy.

The basic advantage of CFD tools in contrast to Thermodynamic models is that, in general terms, the
calculated results can give insights on the underlying physics at a local level with a high level of accuracy.
Another advantage is that challenging aspest&h as the design optimization andsgpling at a
component level, can be most appropriately addressed by means of CFBitadlg, CFD tools can be
adjusted from more simplified to more advanced approaches depending on the cituahéy whereas

they can deliver results that can fdemim stressstrain analysis tooleo ROMs, such as thermodynamic

tools being the core of a mulievel analysis approackigure 13).

The simulation tool thahas beemainly used in this Thesis is ANSYS Fluent commercial platform and
ANSYS Workbench. The main features of t&iED simulation software are summarized below:

1 Design component famodification andclearrup of a studied geometry to be tailored for a CFD
simulation.
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1 Meshing component with appropriate algorithms for constructing the computational grid. Use of
custombuilt codes in C programming language and/oitbniFluent codes for local refinement,
when necessary to improve accuracy and avoid diffusion related problems.

1 Advanced numerical solver, by which transient calculatiang been performed

9 Postprocess capabilities of extracting of both local and global variables for further exploitation of
results fromROMSs such as process modets theoretical 0D models

Apart from the main simulating software additional -add have been developed:

1 Extensive coding inFORTRAN to extract irhouse models (e.g. drag coefficient correction,
(Figure 14) in order to increase the accuracy of the usedel.

1 Extensive coding in C programming language to includensoblels needed for the simulations,
such as material properties, boundary conditiogaction kinetics

Multi-level analysis

Heat source

Energy storage block
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Figure 13. Example of numerical advancement in a LHTES system and possible coupling witt
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Figure 14. Example of numerical advancement in a FB system; Theatrefficients EMMS scheme.
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1.7 Summary of the used models

In all types ofsystemsit will be showcased that the developed numerical models are applicable for both
two-phase and threghase flow conditions and for a wide spectrum of operating condifiasismmary of
the numerical advancements undertaken in this Thesisheir possible applications is givenTable 3.

Table 3. Summary of used models for each system studied in this Thesis, numerical advancements and
possible applications.

System | Modelling approach Advancements Appli cations
Eulerian VOF approach | Possible cracking of the PCM From low (paraffin wax)
coupled with solidification| vessel, due to PCM voluneihange; | to ultrahigh
melting model and excess heat losses due to uliigh | temperatures PCMs

Q adaptive local grid temperature operatidiChapter 3)

% refinement for an enhance

accuracy; implicit

inclusion of dendritic

formation inside the PCM

EulerianEulerian TFM In-house code of the gaslid drag CFB systems; carbonat

5 coupled with inhouse force exerted on the solid particle reactors from pilot tc
§ EMMS drag force model Design  optimization of  th( demo scale; simulation ¢
S inclusion of carbonatiol carbonator reactor and G©@apture Geldart A/B particles
§ reaction; monosizec efficiency enhancement; study | with the EMMS model
m approach carbonator in different scales fro
O pilot (1 MWy) to demo (20 MW)

scale(Chapter 4)

EulerianEulerian MFM (3 Use of coal combustion along wi Oxy-fired calciners; Oxy
phase flow); inclusion o calcination reaction. Modelling ¢ fired FB systems
energy equation, turbulen( the recarbonation of CaO inside tt

effect; calcinatiorreaction; reactor(Chapter 4)

recarbonation of CaC

inclusion of insitu

combustion of coal

Oxy-fired BGB
calciner

EulerianEulerian  TFM;| Use of radiation model. Inclusion ( Solar TCES, BFE

_ o inclusion of heat transfe turbulence effect in heat transi calciners. Granula
8 (_% mechanisms (includin| process. Design optimization of tl systems including
g radiation); calcinatior heat pipes arrangemei@hapter 4) | radiation heat transfer
reaction; turbulence effect
EulerianEulerian In-house code in C language tt HEs and TES includin

TFM/MFM coupled with| implicitly simulates the steam flui hea pipes/ tube buddles
in-house EMMS drag forc medium inside the tubéuddles;
model heat transfer explicit simulation of the demandir

arrangement in an industrial BFB F

that can act a sensible heat stor

system(Chapter 5)

SHSBFB
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CHAPTER 2
Numerical methods for mutti
phase systems
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2.1 Preface

Many industrial processes in chemical and metallurgical, environmesmtiapower engineering employ
multi-phase systems that are often designed to bring about heat and mass transfer acttapbase
phenomena. A multiphase flow system is one characterized by the simultaneous presence of several phases,
such as gasolid, sold-liquid, and or gagiquid, the twephase system being the simplest case. From a
design point of view, the development of general models, capable of predicting the flow fields of all
involved phases and their presence rates in the studied domainsestohtgrest for the design, control

and improvement of such mufthase systems. From a scientific point of view, the study of -pidtse

flows raises a number of challenging questions that still require theoretical advances and new experimental
investigations. Operation/design optimization, mydérametric analysis and construction of generalized
scalingup rules is also a necessity for such type of systems.

Multi-phase flows can be encounteredtiro main forms; theseparatedind thedispersed multphase

flows. The former includes two or more phases separated by interfaces, such as slugging flows in FB
systems, channeling flows or phase change materials. The latter consists of finite particles, solids or bubbles
distributed within a continuous phaseck as in bubble columns, gsglid fluidized bed reactors and
cyclones.

For the design andptimizationof such multiphase systems, a detailed understanding of the interfacial
transport phenomena is essential. For siplase flows CFD tools already lave a long history and
nowadayshey stand out as th&andardapproachin the developments for aeronautical and automotive
industries using different commercially availaplatforms For multi-phase flowg, the application of CFD

toolsis rather young (mbably 30 40 years)owing to the complex physics involved Thus, there is room

for development and further improvement of swft¢he-art CFD models for muliphase flows across
several applications. Currently there are two main approaches for the numerical calculation of multiphase
flows: the EulefLagrange apach and the Euletuler approachThis Section goes through the most
appropriate models to modeluitiphase flows with a specific emphasis of Euleri&@ulerian models
applied for TES systems

2.2 Granular flows

Fluidization has been widely used in indudteapplications due to its continuous powder handling ability
and its good heat andass transfer characteristi€uantitative understanding of the hydrodynamics of
fluidization is needed for design and seafeof efficient new reactorsiovel energy stage systemand
gassolid or solidsolid heat exchangers that can be utililedeveral energy intensive sectors, such as
petroleum, cement, lime, chemical and electric power industries.

Many investigators worldwide have considered as a crucial isswthieate and efficient simulation of
FB reactors, aiming to their tgzaling for industrial use€oncerning CFB regimes, imost of the cases
the simulation only of the riser is preferred over the full Idd}®, 101] This stratgy is in general preferred
due to its lower computational cq$02] as long as the appropriate boundary conditions for the solids inlet
and the riser exit are appli¢t03]. On the other hand, only fe8D studies are available in the literature
for a full loop simulation, and these are mainly concentrated tedale units in the range of 100 kW
This lies on the facthat even if such an approach is consdesis the most accurate and valuable for an
optimal fluidized bed design and operatj@4], it is at the same time computationally very expensive.
The most recent work is that [df05] who has applied th€omputational Particle Fluid DynamicSRFD
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methodology in a CFB simulation with a loop seal. Previol&06] conducted a 3D CFB full loop
simulation usinghe discrete particle method (DPM).07] applied the EuleriafzulerianTFM approach
combined with the EMMSchemeo study the hydrodynamics of a seimilustrial CFB reactor and two
years later implemented their work in a 150 MWFB boiler simulatiorf108]. Finally, [109, 110]Jused
the coupled Eulerian approach with the EMMS mdadethe simulation of a CFB carbonator cold model.

In any case, the galid flow characteristics insideflaidized bed systerare really complex and difficult

to quantify. Neverthelesslueto parallel computing availability, and rapid upgradeeftral processing

unit (CPU) andgraphics processing uniGPU) hardware that allow for a considerable acceleration of the
calculations, the numerical methods and algorithms of CFD have become a powerful tool towards achieving
this target. In this contextwo approaches have been proposed for the solution of the multiphase flow in a
fluidized bed reactor; i.e. the Euleri&ulerian and ii) the Euleriabagrangian approach. The Euleran
EulerianTFM approachtreats the gas and the solid phase as intetaeing continug111], [112]. This

model has been extensively employed in many areas, especially indimetitbed simulationslue to its

low computational cost compared to Eulerlaagrangian models that explicitly model the irparticle
interactions, such as that of Discrete Elements Method (DEM3-115]. Alternatively, multi-phase
particlein-cell (MP-PIC) methods[116-118], which implicitly simulate those interactions allows for a
reduction of the associated CPU cost. This approach has gained popularity recently and seems promising.
Some of its advantages dtd 9]: (a) the inclusion of partictesize distribution (PSD) with @omparatively

low computational cost, (b) the track of a great amount of particle parcels, athé @)yaightforward
simulation of wall boundary condition®onetheless, this approach has not been in depth investigated
compared to the Eulerian TFM, whistill remains to be the most mature methodology for the modeling

of fluidized bed reactors. However, even in the case of the TFM, further resmadchumerical
advancements arequired to accurately simulate the demanding mpliase flows inside theB reactors

A parameter of crucial importance in TMF is the drag coefficient between the gas and the particulate phase.
Up to present, several models that predict the jpibeise drag coefficient have been proposed in the
literature. Conventional drag layas the ones given by Wen and[Y¥20], Gidaspowj112] and Syamlal
O'Brien[121] overpredict the drag force induced on the solid partidly the gas phase, especially in cases

where a coarse grid is usgd2, 123] This isbecasethe solid particles inside a fluidized bed reactor are
heterogeneously dispersed, forming dynamic ngestbe structures, such as clusters, bubbles, streamers
[124] etc. These heterogeneous formations have a strong effect on the momentwandheass transfer

and the achievable conversion rates of a fluidized sy{§t2®), [125]. For their quantification and accurate
prediction either an extremely fine grid, which would increase the computational cost comgjdarab

proper subgrid model that takes into account such mesale structures should be usgi®6], [127]).

Several research groups have addressed the impodfasudegrid modelling In Princeton group a filtered

drag coefficient has been presented for Geldart A particles in a periodic Jag&ir5i moni nds gr oup
proposed a drag correlation $ian to Princetongroup with the main difference that the filter length is
dimensionalised with the bed diameter instead of the terminal settling particle v|l@6it30] Kui per 6s
group presented a drag force model applicable to Geldart B and D patrticles in bubbling fluidized beds using
coarse mesfiL31]. Finally, a subgrid model that has been implemented the last decades in fluidized bed
simulations is th&MMS scheme

The EMMS model is a sulgrid scale model that tak into account the effect of the heterogeneous
formations on the determination of the momentum exchange coefficient, avoiding the application of a dense
grid. This model was first introduced [32] for the steady flow inside@FB reactor.Several researchers
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[102, 122]developed an improved version of the model taking into account particle acceleration and the
effective interphase interactiorResearchers if133] proposed an EMMS model for Geldart B particles in

a cold dens€FB. All of the abovementioned studies use as a key parameter for the EMMS model, i.e. the
cluster size. This is not always the case; some researchers, apply the EMMS themyploydting in the

model the bubble siZ@34]. This is the so called bubbsed EMMS model, which was first proposed by
[135]. The latter model is more theoretically soundd8BB reactors. For a CFB reactor though, the accurate
guantification of the cluster size is considered as a key parameter for an accurate EMMS model.

The precise prediction of the cluster size has been a major issue that hagmaiolved/et The main

reason ishat clusters are spatiemporal structures that change size, effective density and shape constantly
[136]. Several empirical and semmpirical models have been propog&82, 137139], reflecting the
necessity for its accurate predictidncorrelation proposed Hy32], based on the work ¢£40], assumes

that the cluster diameter is inversely proportional to the energy used for suspension and transportation. This
approach has been widely used by many resear¢h@?s 141, 142] However, in some cases those
correlations result in an owprediction of the cluster diameter. Gu and Chen correldti88] has been
implemented for the full loop simulation of a carbonator cold model unit in the wddOej. All the
aforementioned approaches share the importirawback that the riser diameter is not been taken into
consideration. Nonetheless, this parameter should be incorporated in the EMMS model, so that the
calculated cluster size should take values lower than the reactor diameter. A correlation idtiotluee

work of [143] takes into account the effect of the riser diameter, but it has not been extensadebnad
validated especially for CFB reactors.

Reaction kinetics is also a major aspect that should be cautiselglgted especially for multphase
systems including chemical reactjsuch as the calcium looping process studied in the current Thesis
Contrary to the flow hydrodynamics simulations, the understanding of the sorbent regenkastioeen

the subject of many experimentildieg144]. Unfortunately quantification of the calcination kinetics is

a really complicated issue, lzse the reaction itself is highly dependent on the ga@ial pressure and

the particle size, whilst it can be inhibited by impurities, such as flj1a], [146]. Degradation of the
sorbent material can be caused as well, due to consecutive carbdnatitmination cycles within the
calciner in aeas where the fearbonation of CaO is favoreAs regards the calcination kinetj@series

of reaction rates have been presented in the literature. The dominant models proposed regarding the specific
surface area quantification are the Shrinking Core@ll¢(SCM)[147], [148] and the Changing GraiSize

Model (CGSM)[144]. Garcia Labiano based on these models proposed a particle model for the most usual
calcium basegorbents for a wide range of operating conditifb$4]. Apart from these models the
homogeneous reactioate model has been also proposed, which assumes a homogeneous reaction thought
the sorbent, however, is applied mainly on particle sizes less thean.90

Finally, achieving validation of the used models against experimental etacially at a pilot sde- is a

major asset in such type of developed tools, in a sense that the derived results become reliable enough to
draw safe conclusions about a systems design and operation. By using such ualidistibe up-scaling

of such systems at an industrial scale can be potentially achieved. The followssertobs (2.1-2.1.5)

present the numerical methodology that has been used for the simulation of thstudiger FB systems.
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2.2.1 Multi-phase model
2.2.1.1 Multi-fluid model

The MFM approachis an expansion of the stadéthe-art TFM that was initially developed for the
simulation of twephase flows. The MFMises a generalized form of the Nav&okes equations, with

each phase having its own propertiesidcity, temperature)n the MFM frame, the inclusion of closure
equations for the solid phase is necessary in order to solve the model. These equations are based on the
kinetic theory of granular flowK({TGF), which was first applied by149] and later byj112], for the case

of a twophase flowand concern the calculatiafithe granular stress tensor and pressure. The governing
equations and constitutive closures of thEM for a binary (fuelsorbent) mixturere the followingthe
subscriptsy, s1, ands2stand for gas, sorbent and fuel phase, respectively)

Massconservation for gas phase

—-" n0-" 6 i (4)

! . . .

J— - ” rl. - ”

o 0] ® [ | )
Massconservation for solid phase Zfuel)

! , ‘ ‘ (6)
— - ” fl O _ ” G) l l

T o

, Whererqq ( k g3L#denotes for the mass transfer rate per unit volume from one phase to anc
due to a phase change or a chemical reaction. Additionghysrsig rgs=-r's2g@ndrsiss=-rszsi

Gas phase momentum conservation equation

— -7 ® nO-" ®® - N -"Q e 6

I ® @ 1 ® 1 @ i ® 1 @ (7
Solid phasel momentum conservation equation

T , ”

—- " ® nJ- ® o - o -7
T o (8)

rF®e & f e ® 1 e 1 e i e i 6

® ® 1 6 ® 16 16 i 6 i 6 ©)
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» WhereUgg, Ugy ,Uge ,Ugg, Ugs and Uy are interphase velocities.

If, for instancerygs>0 (mass from the gas phase is being tranferred to the sorbent phasuki,stﬁ&\fa
; if 14<0 (mass from the sorbent phase is being tranferred to the gas phasé}s Fhé?n In a similar

. |\ |9 . o o
way, if rsg>0, thenusg =Ugand ifrsg<0, thenusg = Ug
Gas phase stregstrain tensor
tee e - 3 m D (10

Solid phasel stress strain tensor

T - ¢ e e - %‘ ndp 0O (11)
Solid phase 2 stredgsstrain tensor
t - e e - Soongp B

= 0 (12

It should be noted that in the case of a single granular flow the above equations are solved by taking into
account one solid phase, whereas the KTGF model for a single granulaispdygsieed. In the case of a
bi-dispersed flow, the KTGF model for multiple granular phase is used.

2.2.1.2 KTGF fora single granulaphase

Based on the KTGF theory tlgganular shear viscosity of a solid phasg,consists of three parts: the
collisional, kinetic and frictional part:

h h h (13
Collisional viscosity[150], [151]

‘R TG "QMQp Q 3 (14
Kinetic viscosity [152]

pftQ 0O° T. '
"R e p © g P P Q (19

Frictional viscosity
The solids frictional viscosity is included in the model in cases where the solids volume frac
higher than the friction limi¢l+>0.51). The correlation of Johnson and Jack$68] is applied:
‘ n i '«
" ¢ 00 (16)
Frictional pressure [153
p [153] (17)
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nooe
, wheren=2 andp=5

Solids pressurg149]
R -70 ¢ p Q-"Q0 (18)

Granular bulk viscosity [149]
(19

T . 0
Granular temperature

Thefollowing algebraic form of the granular temperature transport equation is applied:

T N0t @ (20)
, Whereogs is the energy dissipation, due to inelastic parjaeticle collisions, whgt the term(igs
represents the kinetic energy exchange between the fluid or solid phase dhsbtlteghase

Radial distribution function [154]:

- h (21)

All the abovementioned equations are solved using the AN&W@nt platform. It should be underlined
that the study of the solid stress tensoansimportant issue for the TFM model. However, ihdd the
subject of the presemtesis due to the fact thdtis effect on a FB e a ¢ hydradydamics is less imparit
than that induced by the intphase drag forcg22].

2.2.1.3 KTGF for multiple granular phases

In the case of more than one solid phases, #weigase of the oxfjred calcinersimulatedin this Thesis

there are complexities in the proper formulation of the stress tensor of multiple granular phases. The kinetic
theory should be applied for particigparticle interactions for particles of different size and densities
resulting in correlations for prag®, shear and bulk viscosity that sum the effect of all Eulerian solid
phasesMathiesen[155] developed such correlations for palispersed systems in their novel wo#k.

generic group of User Defined Functions (UEhatsolves and extension of the KTGF model for poly
dispersed flow$has been formulatedr om CERTHO s [i56]sardasrapphed asrwellunpthis
Thesis for theévi-dispersed flovof the oxyfired calciner

The granular pressucd a phase sk calculated using the next two correlations:

I:] _ ” ‘O rll F] (22)
n : P Q Q Q¢ £ a °0° W
h - h
o =—0 70

(23)
aja 0o
0O & ja O O ©

, Where the followingcalar quantities are used for the calculation of the above equations:
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) kT

The granular temperatures of the separate phakesand Us; are calculated according to algebraic
correlation(20). It should be underlined thatis2is the restitution coefficient for collisions between
particles of phasesl ands2 in contrast taess which is the restitution coefficient for collisions between
identical particles of phaseand is used in the KTGF approach for a single solidghas

The radial distribution for two solid phaseg {is) can be calculated by the following correlation reported

by [155]. The radial distribution of the granular materig) (s calculated by the correlation devetopby

[149]. This correlation should encounter for all the granular material in a control volume and for this reason
the total volume fraction of solids is used in it.

. 8
"Q gpi_ - - FQ  p _p ﬁ - h (25)
The frictional pressure is calculated based on equé®rproposed by156]:
T Qe 4 @
f W —— [Q¢d @ 9

As concerns the bulk and shear stresses based on the kinetic theory the following correlations are applied:

y Q o a o G
- —Nh — 2
B 0 a “0 0 O g 0 (27)
‘ i Q - a o G
—Nn ra— 28
- U G “ ‘O ‘O ‘O g ‘O ( )
¢ n L :
‘ _ - 29
—H o o P Q p Q (29

The shear viscosity under dilute conditions and the average granular temperaasrioboevs:

p @ )
6 ©O
o S (30)
¢ Q 4@ ja O @ ja 00
) O & j&a O ©O & ja O O ©

Finally, the respective frictional shedgscosity is calculated based on &tf).
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2.2.2 Drag Force Model

This section presentikag force models usedinulti-phase flowsimulations, both homogeneous ones i.e.
the Gidaspowmode| and heterogeneous ones as the-guld EMMS sheme. Such models ansedfor
the calculation of the intgzhase drag coefficient between the-gakd phases in equatiofig) and(8).

Apart from the gasolid drag force, in mulphase flow systems that incle more than one solid phases
(e.g. oxyfired calciner) there is a necessity to include as well the sabiid drag force exchange
coefficient that calculates the drag force between digtinct solid phases of different properties (e.g.
density, partia size etc.). The mostell-knownmodel for calculating the soligolid exchange coefficient
istheg aml al O6Brien symmetric model

2.2.2.1 Gidaspow Model

The conventional drag law proposed [ijt2] is a combination of th&/enYu [120] and Ergun [157]
equations and is formulated as follows:

WenYu equation:

i —6 --" 6p Op- B8 for3O0. 80

(31)
Ergun equation:
I puUF— P UL—— for (3<0.80 (32

This model assumes homogeneous conditions in each computational cell, failing thus to predict correctly
the heterogeneodsrmationsinside agassolidfluidized bed reactor.

2.2.2.2 EMMS Modein-housedevelopment

Unlike the conventional Gidaspow model, the EMBtBemetakes into account the mescale structural
effect on the calculation of the drag coefficient in each computationdlL22l]. It is based on theulti-
scale modeling strategy, in which the phenomena occurring at higher écmlessscale) can be
formulated by investigating the controlling mechanisms at smaller d&l8k The fluid field is divided

into three sullomains that are homogeneous, i.e. the dilute, the dense and the interacti¢h3ahd<2]
Figure 15. The dilute phase is controlled by a-gsninated mechanism and the dense phase by a patrticle
controlled mechanism.

The flow heterogeneity induced by the cluster formation is taken inmuatthrough a dimensionless
factor, which is called heterogeneity indél, and is defined as

O o (33)

(O]
o)

TheFeuwmsforce calculated using the EMMS scheme and subsequenthy th@ameter arderivedfrom

the solution of the following set of analytical, empirical and sempirical equations. A stability criterion

is introduced that minimizes the total energy consumed for suspension and transportation of the particles
per unit mass of particles. Addinhally, several closure terms for the dilute, dense and interaction phases
are added to the ndimear system.
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Figure 15. Multi-scale resolution of structure and gadid interaction in the EMMS modEl59].

2.2.2.2.1 Analytical equations
Forcebalance for the dense phase:

o, Qp - . o, Q . . o~ (39
— ” !Y — _" !Y Q - ” ” Q w
0 T 0 ° 9 P

Force balance for the dilute phase:

o, p Qp - . . wm e (39
;o o) Y p Qp - Q

Pressure drop balance between the clusters and the dilute phase:

Py -6 5 Ly

0 - , - .
Q p Q Q Q (36)

Fluid massconservation equation:

Y OOy p QY (37
Particle mass conservation equation:
Yoy p QY (39

Mean voidage definition:

St (39

- - P (40)



2.2.2.2.2 Semiempirical/empirical correlations

The cluster sizeis an important parameter in the EMMS model that strongly affects the value of the
heterogeneity indeKy. However, it cannot be easily measured as clusters are-sgafioral structures
[122] that breakup, coalesce and behave differently in the core and annulugtd§ioAccording to the
literature, near wall moving particles tend to coalesce and fall in-a@atterns, which subsequently
break up to form clusters of smaller size wheteeng the core region. The latter mechanism is enhanced,
dueto the high slip gas velocities exhibiting in the riser core zdhe.variables involved in the EMMS
model are expressed per control volume in the form of dimensionless variables, #madsuery useful

since the heterogeneity index should not depend on the size of the control volume. Howresaaming

the clusters diameter, most arithmetical correlations calculate this value either as an absolute dimensional
number (m) or in best case #he ratio of clusters diameter to particle diameter. Additionally, such
correlations neglect the effect of the masoale on the size of clusters. A good example of that is the
neglect of a limitation that the riser diameter poses to the growth ofgters.

In this light and to account for such type of limitations, the cugrgmbposed EMMS model combines two
cluster correlations, the one given[iy 3] and the other developed based on the wolfk82]. The final
cluster diameten,, is calculated as the smaller between the two expres@i@nand(42) given below.

The correlation for t h[@32¢slthe®mlilowingds di ameter propos
Q Yjp - Y - YTp - Q

~.

U ” J ” ” lY _ 'F’YJ p _ “Q (41)

Q5o

This expression incorporates important parameters that govern the flow, such as a) the energy which is
consumed for the suspension and transport of the solid paitiglds the superficial solids velocitys,

mls? and ¢) the minimum fluidization veldgiUms, m s This has been used with succesmanyCFD
simulationg[142, 160] However, its main drawback lies on the fact that it does netitd& account the
geometrical restriction that the riser diameter poses on the clusters size. Such a geometric restriction is
considered in the following correlation.

Following the work 0f143] a correlation for the cluster diameter is proposed:

Q (0] —Q Q (42
p Q
, Wheref is the cluster volume fraction andis the particle diameteDy is the void size in the bed. In this
Thesis the ratio of cluster to void surface in a cross section is preferred over the respective volumetric ratio.
Thereforethe 1/2 and not the 1/3 exponent is used in the right hand side of eqdajionhis reasoning
is adopted since the limitation that the diametehefriser poses to the cluster diameter is correlated with
their area coverage at a cragsction, and not with their volume.

The void size in the bedy, is expressed as:
(43

, co
o =2, 2
o P &
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Equation(43) is the result of the combination of two asymptotic equations for the void size. The first
equation takes into account the formation of voids witise velocity equal to the terminal velocity of a

single particle and the second one is for cases where the void size expands so that it is almost equal to the
column diameter (slugging flow), and the rise velocity is almost equal to the slug vddpiEtthe column

diameter and is related to the slug velocity as:

6 T UMD (44)

The terminal velocity of a single frdalling particle is taken from the work 2], for particles with a
sphericity in the range of 0.5i<1.:

6 0 ———— (49)

, Whereu, is a dimensionless gas velocity amdis the dimensionlegsarticle size given by the following
correlations respectively:

'z PY CHOoOULPE TeT
o 5 5 @ (46)
” ” ” "Q_
g Q —— BT (47)
Subbarao in his work follows th&@mplification thatp - "Q- - taking- p. However, e

voidage in the dilute phase should not exdbedsalue of 0.9997, an assumption that has been followed in
many workg136, 160,161] Thus, this Subbaraobs si mkhésisfi cati on

Concluding, the value of the modified cluster diameter is taken as:

Q 0 QA ; Q 0 (48
For the voidage in the dense phdsgea correlation proposed j¥22] is adopted:

- - g, (49

, wheren is taken equal to 3, as in the work[©62]. The latter parameter and subsequedthffects the
effective density of the dense phase, however there is not an analytical expression for its value. In other
works a value oh=1[163], [164], n=2[165-167], or n=2.5[138] is proposed.

The dense phase voidage standard deviatiosed in equatio(49) is calculated by adopting the Poisson
distribution[122],

i P~ (50)
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Minimization of the energy needed for the solid particles suspension and transportation is used as a stability
condition for the EMMS model. This energy is the sum of individual phases and their interface energies:

6 —F2 _«OY &0y adTYp Qo4& (51)

p -

2.2.2.2.3 Constraints and closure equations

The constraints for the acceleration and the gas voidage in battutigeand the dense phase are:
Qo T (52
- . and - - (53

The constraintén (53) have been applied also in other wofk§0], [161], [168] and[136]. Constraints
concerning the superficial slip velocity for the dilute, dense andpitase aras follows

YHRYRY n (54)

A constraint for the superficial velocity in the dilute phase is applied as in the Wad6df This constraint
is set to describe the fact thhetvelocity of a freenoving particle in the dilute phase cannot exceed the
value of the particle's terminal velocity.

YF Y (59

Finally, some closure equations for the dense, dilute andphtese, which are necessary for the solution
of the modelre summarized imable 4. These closure terms, except for the effeetikay coefficient in
the interphase, are the same as in the wor422, 136]

Table 4. EMMS closure equations.

Dense Phase Dilute Phase Inter -phase
Effective drag coefficient 6 ¢ - 8 6 6 - 8 6 6 p Q°®
Standard drag coefficient 5 GrT oD 5 GrT o® O dCorrelation(56)
YQ Y YQ Y@
Characteristic Reynolds ..o "QY o QY 'Y ‘QdNot used in this
number ‘ ‘ model
. . . . » 5 _ 'TY B B _ 'r'Y B N _ TY
Superficial slip velocity "y v "y "y "y Y p Q
p - p - p -
Drag force per particle/ o 8 QY v o 4 “Q TY 0 B “Q "t y
0 —— 0 —— 0 ——
cluster T ¢ T_c T <
Numbers of particles or |, Qp - . p Qp - . Q
clusters in unit volume | @ “Qj o o Q] o Qe

Regarding the intephase effective drag coefficient a correlation by the wofi43] is implemented:
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Argis the Archimedes number for clusters given byftilewing expression:
L ,Q “Q" z wZ nz (57)
01l —
, Wwhere””, ”* and‘ * are the messcale fluid and solid densities and the gas viscosity that are given
correspondingly by the following equatiofi$0]:
.t p - (59)
oLt p - (59
o Z ‘ p c& p - (60)

Correlation(56) is considered as more suitable than the one proposed in the wirR2,af69] in as much

as it takes into account both the permeability of clusters for the calculation of the drag coefficient and the
effect of the Archimedes numbédrhe permeability of clusters is incorporated in the model through the
paramete which is chosen with a small degree of arbitrariness. In the work of Subbarao a value of 3 is
choser[143]. In the present study only the effect of Archimedes number is taken into considdratipn (

This set of equations is solved through a cushoiit FORTRAN code for specific values of the gadid
slip velocityusip (0.5, 1, 2, 3, 4, 5) and forstirete values of the gas volume fractipwithin the range of
Uheto Ghax The calculated heterogeneity indexriterpolated using polynomials for three areakjod) (=
[0.65, 0.82], b)3= [0.82, 0.96], and clj= [0.96, (ha]. The resulted polynomialsreincorporated to the
TFM model through UDFand theyhave the following general form:

0 h- B- h- H- O- H- 6 (62)

It is underlined that the interpolatigmmocedure is only followed for the specific slip velocities that were
chosen to solve the EMMS model. For other values of the slip velocity a linear interpolation method is
adopted, using the expressions below:

"0 6 P O 6 WO 0 (62
, wheregy ——— (63

At this point, it should be noted that for a specific set of equations the value of the heterogeneity index is
only dependent on the slip velocity, between the gas and the solid phase, and the ga§jvoidage
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This concept has also been adopted in the wo[k38] and[107]. A detailed description of the custem
built FORTRAN code algorithm can be foundhkigure 16. Finally, any additional information on the
EMMS model can be found i136], [122]. It should be underlined that the results of the EMMS scheme
presented for each simulated casgrespond to the operating conditions of the $jaanit modeled.

y 4 @
START — i
r=f_. +iAf
Operating parameters =012 n e (4 Te)/(1-f) H If Efgt.ﬁgg);) t;“e” end
Up Us &5 Emp Py Py Af=(f__ . )/n
B, 4
\ U,=U, ;,HAUJ=0,1,...m
AU= (Uc_ max~ Uc_ mm) /m
Search for a point Calculationof U__,U i
) per o Subroutine for U U, Subroutine for
(f,Uc), where Ny—min Usi_max, Us Nep Fos a, a_calculation d. calculation
Constraints Verification Re_,Re.Re,Cd_Cd,Cd, through Gauss-Seidel el

The code developed is far more accurate than conventional
End of Programe programs that solve non-liner systems. Moreover, with
some computational tricks can run with an adequate speed

In the algorithm, two loops (A and B) are used to calculate the parameters f and U, within the range of
[0, 1] and [0, U,] respectively. The EMMS model equations are solved for all the possible values of f,
U.. The solution point is the point (f, U,), where the minimum value of N, is detected.

Figure 16. Solution algorithm of EMMS model.
2223 Syamlal OO6Brien symmetric model

If the number of solid phases simulated is more than one, as for instance in the cases of explicitly simulating
the full PSD of a solid sample, or the bed inventory consists of more than one solid materials, then a solid
solid drag force model should becinded into the CFD modelccording to Syamlal Obrien symmetric
model[170] the momentum exchange coefficient between two solid phases (denatedratks2 in the

present Thesis) is given by the following expression

Gp Q —- " -" Q Q Q;
C ’ ’ 6
T c“ ” ’Q ” ’Q 3) D O w (5)

It is stressed out that the sekdlid exchange coefficient could have a mesale dependence likewise to

the gassorbent momentum exchange coefficient, which is calculated according to tgedsHEMMS

scheme. To formulate such a model, one shouldlzd&the percentage of the different solid phases within

the dilute and the dense phase and the respective interactiongaidsigdvel. However, it is neglected in

this Thesis, as there is not a suitable model for that in the literature to thetodsteof aut hor 6 s know
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2.2.3 Reactive multiphase flows

The reactors modelled in the present Thesis are a CFB carbonator, an indirectly heated BFB calciner and a
BFB oxy-fired calciner. It the first two reactors, carbonatmfnthe regenerated limand calcingon of
limestoneoccur, respectively. In the case of the efksed calciner,where the heat for the limestone
calcination is provided through the eggmbustion of a solid fuel (coal in the specific case studiaed),

series of homogeneous and heterogenssardions occur simultaneously.

For the accurate simulation of the coal conversion mechanisms, three heterogeneous reactions, i.e.,
evaporation, devolatilization, char combustion, and two homogeneous reactions, i.e. volatiles and CO
combustion, arenodeled The heterogeneous reaction rates are incorporated into ANSYS through-custom
built UDFs, while the homogeneous reactions are already available in the ANSYS Fluent Platform.

The heatgH) of each chemical reaction described below is calculated as:

w0 WO £ Q00O KWO0I QOGO GE o (66)

,wherew 'O fj 1 € Qoisthd sum of the standard state enthalpies of the products in a chemical reaction
andw0O1 QO ® o6 the stirh of the standard state enthalpies of the reactants. The standard state enthalpies
of the different species that take part in the simulated chemical reactions are prestalde 5n

Table 5. Species Standard State enthalpies.

Specie DH(k J L kn | SPecie DH(k J L kYn

CaO | -6.351003e+bB O 0

CaCQ | -1.206934e+6 CO -1.105396e+05
Char | -0.10127 CO; -3.935324e+b6
Vol -5.165e+05 Volg | -5.165e+05
Ash -0.10127 N2 0

H,Opn | -2.858412e+05 = SO, | -2.968612e+05
H.Oq | -2.418379e+05

2.2.3.1 Sorbent reactions

2.2.3.1.1 Carbonation

The carbonation of calcium oxid€aO) to calcium carbonate (Cag@ an exothermiteterogeneous

reaction occurring approximately at a temperature BIPC and is described by the following equation
00 60 © 0w (67)

The rate of this reaction equalg[101], [172]:

Y'Y y Y @ ® 0 0 i (68)
U 0 Q R
, Whereks (m*Irhol*'ld?) is the rate constant for surface carbonat®&(m?md) is the initial surface area of
CaO per unit volume of solid CaO aed-) is the particle porosity. These three parameters depend on the
type of the limestone. The constants values are retrieved from the WbBbfThe value of the maximum
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conversionXmax(mol %)is taken equal to 04nd isbased on the measured sorbent activity in the DFB loop
[174]. The Xcan (Mol CaCQlrhol! Ca) is the actual carbonation conversion and is calculated for each
computational cell of the discretized domain. Concerning the last term in the right hand side of equation
(68), Ccoz (molr3) is the concentration of Gan the flue gas and is calculated locally in each ceXeas

while Ccoz, dS the equilibrium C@concentration at the specific operating temperature of the redgtor.
According to [171] the Ccoz.eqiS equal to:

) P& Qup T pwpoT
P o Ao By (69)
2.2.3.1.2 Calcination
The calcination of CaC£0 CaO is an endothermieterogeneousaction describeds
OB © 0wl 060 (70

The model applied for the calculation of the calcination rate is based on-Galbt#no's approadi44]:

vooove — b @

In the above expression the assumption $&% has been followed for reasons of simpliditp]. The
parametedco, represents the fraction of active sites occupie€ O, given by an adsorption isotherm:

— & ~ and & QOO (72)
The kinetic rate constark;, and the isotherm adsorption constanére calculateds follows:

0 0o (73)
The equilibrium decomposition pressture is calculated as:

n PoPnQ (74)

The partial pressure gf is calculated in each cell of the computational grid

Table 6. Values for the calcination reaction paramefé#i].

Parameter Value Units

ko 2544t 1k mo PS5
E. 131 kJ LMol
Co 3. 71 1 Pa®s

Ea -90 kJ LMol
S 0. 5% 1m?

The supplementary variables used for the calculation of the calcination rate are dependent on the sorbent
material used. Their values presentedable 6 are retrieved through the literatfet4], since there are

no data available for the specific limestone ufedn any of the experimental campaignsed for
validation of the D models of the current Thesis
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2.2.3.2 Coal combustion
2.2.3.2.1 Evaporation

The moisture evaporation is a heterogeneous reaction described by the following equation:
‘O0 ° 00 (75

When the fuel phase contains moisture and reaches the evaporation point,%&.drd@vaporation rate
is applied based on the classic model of a boiling droplet, for which the moisture content is supposed to
form a liquid film around the particle it$e[175]. The rate is described by the following equafibre]:

Ny o) ‘0 L. Q0 Y Y 76
— ; 0 =—0Q ¢ T e—
“rQ LW v w P p U

, Wherems; is the mass of fuel in a computational c&hus, the first term within brackets in the right hand
side of the equation represents the number of fuel particles dothe| volume.

The Nusselt numbeaf fuel phase (denoted as s@jplied in the above equation is equal to:
06 ¢ mMYQ? (77
2.2.3.2.2 Devolatilization

Devolatilization is a nomeversible intermediate process of combustjimen by the following equation:
W a% we a (78)

The characteristics of the devolatilization process are dependent on the type of fuel and operating conditions
(temperature, heating rate and devolatilization atmosphere). However, due to lack of experimental data a
reaction rate retrieved from the recétgrature is appliefll77]. One of the simplest approaches is the use

of Arrhenius type expressions that correlate the rates of weight loss with tempéeature,

d) _ ”
YY ——00Q (79
(VY

, whereK, is the preexponential factor, the activation energy and. andMW,the mass fraction and
molecular weight of the volatiles in the fyghase(denoted as s2jespectivelyThe values of the above
parameters are retrieved from the worf1af7] and are summarized rable 7:

Table 7. Kinetic values for the devolatilization reaction rate.

Parameter | Value Units
Ky 4.68e+10 | st
E, 155.9e+3 |k J L K'me

2.2.3.2.3 Char combustion

Char oxidation is the slowest step of the combustion process, which includes a series of heterogeneous gas
solid reactions that lead to the production of both CO ang[C@@]. At high temperatures (>110CQ) and
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high O, percentage in the air, G& the most dominant product, whilst in low temperatures &)@ O

is the dominant one. For the specific conditisimsulated, where temperature liesbetween, one should
calculate the ratio of CO/G@roduced as a function of temperature and set that using a more sophisticated
model. However, in order to save computational cost, and for reasons of simplicity tcerobastion is
assumed to follow a shrinking core mechanism and take place in two steps, which are i) combustion of char
into CO and ii) further oxidation of the CO into @@dditionally, the wategasshift reaction is not of

high importance for the spiic oxy-fired conditiong179] and, thus, is not taken into account.

The char combustion towards CO is described by the following equation:
cO 0 9 qou (80)
The reaction rate of char combustion into CO is taken by the w¢ti80f, [181], [182]:

>0
VY ¢ n

" P P P
Q 5 a9 7 (81)

, Wherepoz is the partial pressure of oxygen dnib a factor calculated as:

Q — (82
G pTm

The latter factor is used in line with the work{®81], to allow for the rate equation to behave linearly for
small values of the carbon mass fraction vaigl€l his allows to eliminate numerical instabilities that arise,
when reactants mass fractions apprdactero. As a consequence, at valuetcaqual to 1¢a numerical
error is introduced in the rate equal to 1%, which decreases for higher valees of

The shrinking core mechanism considers in physical terms, three resistances; i) external filamdiffusi
diffusion through the ash layer and iii) reaction at the surface of the unreacted core.

The film resistance is given by:

. 0 YQ

oW (83
, whereDo; is the Q diffusivity:

VR

0O 1’ @eTH TR 0 (89
, with Py the absolute gas pressure in atm.

Ro2 is the individual gas constant for oxygen:

v o (89

0w
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Ty is the average film temperature, which is equal to:

Ny
Y (86)
C
The Sherwood numbegh, is taken a$183]:
"Q X pE u- p TWYPVYw Py o c&- p&- YPFYh (87)
The Schmidt number is defined as:
The ash layer resistance is calculated as:
2rD
ka - df “e (89)
(1- rg)d Ry, T
, Whererpis the ratio of core tparticle diameter
i = 90

According to the work of182] this ratio can be related to the carbon and ass mass fractions as:

o bb ©
W
,where®d andd® are the initial value of the ash and carbon mass fractions.
D.is an effective ash diffusivity given:
0o O -8 (92)
The ash porosity is equal {b34]:
- MU T Up O (93
Finally, the surface reaction resistance equl&5]:
0 cocic Qb A" (94)
oCli —_—
580 yY

2.2.3.2.4 CO oxidation

The CO oxidation to C&s a homogeneous volumetric reaction and is described by the following equation:
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The rate of the reaction is calculated according to the Hrate/EddyDissipation mode]186], which is
dependent both on an Arrhenius kinetic rate and on the turbulence fluctuations. More speadifieati,

cell of the discretized domain both the kinetic rate and the turbulent (mixing) rate are calculated, taking as
rate of the reaction the minimum of them.

The turbulent kinetic rate is proportional to the ratio of the turbulent dissipatioty tat¢he turbulent
kinetic energyk andis calculated according as the minimum of the following two values:

lYlY' U “U (.00" ~—C( !QE = 96
n h Q 00 @ (96)
NY 0D OB - B w
V0 WO e
n h QB 050 w 97

, WwhereA andB are empirical constants equal to 4.0 and 0.5, respecfh@&b}.

Yp andYris the mass fraction of any product species and reactant respedilugihe molecular weight
of a particular reactant Rjw, the molecular weight of any product species i kg the molecular weight
of any product species j. Finally; is the stoichiometric coefficient for species i in reaction (equal to 1 for

CO and 0.5 for g andu§; the stoichiometric coefficient for produdj reaction (equal to 1 for G

The kinetic rate of CO oxidation, is calculated according to the folloaxpgession:
YY Q6 026 8 06 8 (99)

It should be noted that the catalytic effect of steam is taken into account in CO oxidation by applying a rate
exponent for the steam specie equal td1085].

The forward rate constarktf,r for areaction r is calculated according to Arrhenius law:

Q60 (99

, WwhereA is preexponential factoandE; the activation energy. Their values are presentdcioie 8:

Table 8. Kinetic values for the reaction rate of CO oxidatjb&7].

Parameter Value Units
A 2.239e+12 | k g Blrs
E 1.7e+08 JL kmol

2.2.3.2.5 Volatiles combustion

The volatiles combustion is a homogeneous-rewersible reactianThevolatiles (Volg) in the specific
Thesisare described by the.H.S,OqN: chemical formula and are oxidized by the general form:
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The stoichiometric coefficients in the above equation are derived by following some simple calculations
based on the ultimate and proximate analysis of the specific fuel given and assuming that char represents
the actual pure carbon content of the fuely &hemical bond of carbon with additional species as those of
N, S, H and/or O are represented by the chemical composition of volatiles introduced in the numerical
model. More specifically, thie, n, p, q, fractions of the C, H, S, O, N chemical compdsearan be easily
defined by calculating the weight percentage of each chemical component in the volatiles matter and
dividing it with its atomic mass.

It should be stressed out that according to experiments the devolatilized gases contain a largenmportio
CO,, as well[188], and the simulation approach undertaken maybe underestimates locally AlgasCO
content since volatiles in the models should be firstly oxidized to produge Kisvever, this oxidation is

quite fast and the simplified approach follower in order to save computational cost is assumed to have
negligible effect on results accuracy.

The rate of the reaction is calculated according to the HRate/EddyDissipation mode[186], already
presented in the CO oxidati@ection. The rate exponent of gadatiles and @are set to 0.2 and 1.3,
respectively. The rate exponent of the product species are set all equal to zero.

Thus, the kinetic rate of volatiles combustion is set equal to:

YY Qh 6 806 © (101

Finally, the values of the pmexponential factor and activati@mergy of the volatiles combustion kinetic
rate are presented Trable Table 9.

Table 9. Kinetic values for the reaction rate of volatiles combusti@7].

Parameter | Value Units
A 2.119e+11 | k g Btk
E, 2.027e+08 | J L ko |

2.2.4 Heattransfer at highemperatures (radiation phenomena)

The heat transfeamechanismsn a fluidized bed systermoperating at high/ultrhigh temperaturesare
radiation (particlewall, particleparticle, and fluieparticle), convective (particldluid), and conduction
(particle-particle or particlevall).

2.2.4.1 Conservation equation

Conservation of energy

For each phase included into the model a separate enthalpy equation isl8wvgeheral case of solving
a threephase flow is presented in this Ssdction. wever, in the case of a twahase flow only the
equation for the gas and solid phase 1 are included into the model.
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, Wherehg, hs1 andhs; are the enthalpies of gas, sorbent and fuel phase, respective, SnéandS;;are
source terms that include sources of enthalpy, due to the homogeneous and heterogeneoss aadcti
radiative sources. Thus, each heat source term of'thkase is equal to:

, Where o gomogeneoudS the heat due to a homogeneous reaction cageterogencoudhe heat, due to a
heterogeneous reaction. The negative sign in fromb §bmogencoudS inserted, because the homogeneous
reactions taking part in the specific rector are exothermic.

The volumetric rate of energy transfer between two pt0ses, calculated as a function of the
temperaturelifference between the two phases tralinterfacial aread.

As concerns the energy transfer between the gas and each solid phase the [0 iac&®iated as being
equal to:

0 CGOY Y iphg (105
, where'(. is the volumetric heagxchange coefficient between thasand theq™ solid phaseThe heat
exchange coefficient is given by the following expression:

he =ARSC 870 (106

, whereA is thespecific interfacial exchange area ¢ is the heat transfer coefficient between
two phases equal to:

C 006 10
C 5 (109

Thus, the heat exchange coefficient is equal to:

0- - 56
C 3—5——— (109

, Wherekgis the thermal conductivity of the gas phase g is the Nusselt number of tiog¥ solid phase.
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For the calculation of the Nusselt number, a model developed by [&88his applied. This model is
already available in the Ansys Fluent platform for the sorastinteraction.

06 X pTF UL- p TYWEOI p® ¢ c&- p&- YPOI (109

2.2.4.2 Inclusion of radiation model
In the current Thesis, the P1 mofis89, 190]is used for the simulation of radiative heat transfer inside the
FB reactorsThe following equation isolved when the P1 model is enabled in Fluent solver to calculate
the local radiation intensity:

n OO T6E Y (110

, whereG is the incident radiation the temperature at each computational ¢ethe StefarBoltzmann
constantJthe absorption coefficient of the cell anthe cell refractive index.
The transport equation of the incident radiation is:

nOYM0 WO T Y ™ (111
In the above equation tiparameteril is defined as follows:

_h
O-l ”

(112

The absorptiom and scattering coefficielit of the particles can be calculated as follghg1, 192]

o Q
T ca (113
op Q
" T T 8 (119

, wherel is the volume fraction of particles at each computational celbatie particles emissivity.

In the absence of measured data concerning the radiative properties of the p&tideset at 0.9
(approximate values for sand and limestone particles particles).

Regarding the gaseous mixture, the absorption coefficient is given from the weigimted-gray-gases
model (WSGGM), applying a cellased computation of the mean beam length, while the scattering is
neglected, since gases in general do not scatter much radibiglh especially for the applications
simulated in the current Thesis.

2.2.4.3 Heattransfer between fluidized bed and a surface
The overall heat t rLakhbetiveen a fluidized bédiotparcies and asurfacei.em
wall, immersed tubes etc.) is defined%3]:

R 0 ESY 119
, Whereq is the heat transfer rate [WAw is the heat exchange area apds the temperature difference
between the bed and heat transfer area.
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The heat transfer between a surface, such as heat pipes, angdidydlsidized bed is a complex
phenomenon dependent on several design and operating variables. Some of these can be summarized in the
following Table 10.

Table 10. Summary of operating properties/design specifications needed hipat transfer process
involving a FB with heat piped93].

Operating properties

Properties of the fluid }, cpgk U, 0
Properties of the granular solid material O ls G ks Us, M, €
Fluidization conditions uo, U
Bed properties Hbed Msolids

Design specifications
Geometric variables of the FB Dy, Lt

Geometric variables of the heatransfer surface | D, A, arrangement
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2.3 Phase change problems

Advanced numerical tootsapable of modellindJHT-LHTES systemsare necessary tmove beyond the
stateof-the-art LHTES systemswhich are limitedto 767 °C [194]. Before UHTLHTES systems are
considered as a solution for commeraahle CSP plants and other solar technologies, further research is
required to understand the complex heat transfer mechanisms occurring at such demanding temperatures.

Solidificationmeling problems are part of a wide category of heat transfer problems involving phase
change, such as casting processes, production of alloys of improved properties and enerdi $5¢rage
Such problems ar@ccompanied by a phase transformation of a medium and by either absorption or release
of thermal energy in an interface area (phatsgnge front). The dominant mechanism of energy absorption

or release is usually conduction or convection, whilst at hight@ehigh temperatures, radiation can also
play a significant role. Systems undergoing stitidid phasechange share a common feature: two phases

of different thermophysical properties separated by the interface area, which is moving as tobaigse
proceeds. This moving front results in a generation of a local flow near the interface and a negligible flow
in the bulk of the melt, away from the boundary. Du¢hte moving boundary not known a priori, such
problems are generally ndinear and, hus, more difficult to solve with respect to singlese
problemg196]. This poses significant theoretical difficulties thangelly requires a numerical solution.

During phase change, there are different phenomena that affect the PCM melting/solidification rate and
subsequently the methodology that should be followed. These are 1) budyeecynatural convection,

2) PCM volumetric change, 3) dendrites formation, 4) moving skidjdid front and 5) effect of radiation

at high temperatures. Furthermore, several additional factors must be taken into account, such as lateral
heat losses, container shape, and mechanical praparig reactivity between the involved materials.
These factors can become more or less important depending on the scale of the system.dr@ét are
packaged in specially designed containers, such asistabe or radiafinned tubes, with or without a
presence of a HTF, or encapsulated as capsules at (sam®1l mm)[197, 198] micro (size ~1 1000

em) [199, 200]and nano scal§01, 202] Evidently, solidliquid phase change problems vary over
multiple scales, but for UHLHTES systems, a mactevel modelling is adequate.

A successful study of the fluid flow in a twahase heat transfer problem depends upon the capability of

the developed models to accurately and efficiently represent the flow mechanisms for each phase and their
interactions. Inhreephase systems, e.g. PCM (solid/liquid) and inert gas inside a vessel, the complexity
of the used algorithms increases dramatically. Analytical solutions of phase change problems can be subject
to several simplifications. They are usually based onddmensional1D) analysis, they do not include
convection mechanisms, and consider constant PCM thermophysical properties. Such simplifications make
any attempt for a thorough analysis incomplete; however, they are usually unavoidable. On the other hand,
numerical models can simulate complex phenomena occurring duringgteasge at different scales. This

has resulted in an increasing interest for numerical models to describe a LHTES system behavior.

In terms of numerical modelling, there is a wide vgridtmethodologies able to study seliduid phase

change. Those include approaches based on enthalpy, effective heat capacity, front tracking, adaptive grid
etc. However, to accurately studysystem in question, the specific numerical approach shoutdsen
carefully. This requires a solid knowledge about the different phenomena occurring duringharage

The aim of thisSectionis to provide a comprehensive overviewtiod numerical models that have been
developed so far for the simulation of thaidificationmelting process, address the challenges that are
involved at ultrahigh temperatures, and, give a briefing on the models used in the current Thesis.
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2.3.1 Moving boundary problem: Stefan problem

A Stefan problem is a moving boundary problemthie context of solidification/melting problems, other
terminologies for the moving boundary are the free boundary, f@s®e boundary, melting front,
freezing front or phasehange fronf203], [204]. In its simplest formulation, a Stefan problem is a linear

1D problem, where conduction is the predominant heat transfer mechanism. Since convection is neglected,
there is no need to solve Navigtokes (NS) equations for the fluid flow motion.

The governing energy equation, which is solved separately for the solid and liquid phases, is the following:
"H — ooy i=liquid, sdid phase 119

In eq. (L16) the specific heat capacitg,, the thermal conductivityk, and the density, are assumed
constant during the phasbange.

The general form of the heat balance on the digjidd interface, i.e. the Stefan condition, is as follows:
Y = Y = " 0h 117

, Wwheren andv are the unit normal angklocity vector of the moving interface ahdhe latent heat per unit
mass. This equation assumes that no additional heat sources/sinks are present at the interface.

In 1D form, the Stefan condition is defined as follows:

R A 2NN e 4
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2.3.1.1 Nonlinear conditions in a Stefan problem

Several phenomena induce Horear characteristics in the Stefan problem: (i) variation of the PCM
thermophysical properties with temperature and space, (ii) presence of a heat source/sink on the moving
front and(iii) spatial and temporal temperature variation at the f{@d4]. The second condition entails

that there will not be a sharp change between$olidqui d phases, but rather a t
regiono. Numerical treatment of -gsettions. case wil |l be

2.3.1.2 Density variation and natural convection

The assumption & conductiordominated problem is a rough simplification. In reality, natural convection

in the molten PCM effects the propagation and the shape of the moving boundary, especially during melting
process[205] [40, 206209]. Gau and Viskant§210], have proven througkxperiments that natural
convection affects the heat transfer process, even in the case of a metallic PCM (gallium) that has high
thermal conductivity. Convection in the melt and in the slidjdid boundary influences the phase
changing process in two ftérent contradictory ways. During melting, convection acts as a beneficial
mechanism, by increasing the growth rate of the liquid phase. During solidification, convection decreases
the growth of the solid phase and affects the morphology of thelisplid interface adverselj210].

In terms of satlification/melting rates solely, convection affects more the PCM melting with respect to
solidification phase. Muhammad et §P11] confirmed this argument, whilst they pointed out that
convection plays a small role at the first stages of the system discharging. This rather small eféect of th
convective motion during solidification has been also highlighted by Formanelli g1al. Finally,
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Kroeger et al[196] noticed that during solidification, the effect of natural convection is stran@rimshof

numbers within the range of 2QC°. It is noted that in order to the take into account the natural convection
effect, the NS equations should be solved and a convection term should be included in the energy equation
(116). The Stefan problem has attracted large interest for an analytical/numerical prediction and has been
mostly solved by means of 1D or 2D approackégre 17. An overview of different approaches, can be

found in the works of Gupt03] and Cran204]. Some of them will be briefly discussed below. Prior

to this, some parameters of interest and dimensionless numbers involved in such problems are presented.

a) b)
liquid phase solid phase
moving boundary
|
0 x(t) L

BC: Dirichlet, Neumann, Robin

Figure 17. Schematigepresentation of the a) 1D and b) 2D Stefan problem.
The most important parameters to study in a LHTES are the following:

i.  Charge/discharge rateshis is key parameter in a solidification/melting problem to evaluate the

thermal performance of a LHTES.

i.  Dendritic formation(crystal growth) during solidification that might affect the thermal performance
of a LHTES system.

iii. PCM propertieswhich effect on charging/discharging rates is important and has been widely
studied in[16, 213-215].

iv.  Wetting phenomenduring melting of PCM. Some researchers have studied this[BE61e217]
however, it is out of sipe of thisThesis

v.  Vessel geometryThe vessel design has a high effect on the ptlagege rat§202, 218] Various
designs have been suggested for LHTES systd@asle 11, Figure 18. Amongst them, the
inversedtruncated cone (or trapezoidal cavity) is a good choice for a LHTES system, due to its
high flexibility T its height can be easily modified, to improve charging/discharging[&it8k

Table 11. Studies on different enclosure designs found in the recent literature.

Geometry References

Spherical [43, 219] [220]

Cylindrical [221], [222], [223], [224], [225]
Shelland-tube [226], [227], [228]

Cubic [202]

Rectangular [210], [229], [227], [230]
Inversed truncated cone| [231], [202, 218] [232]
Cut-off sphere [202]

Fins [159], [220]
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| b) C)

| j | l
Figure 18. Shapes tested in moving boundary problems a) 203, b) cutoff sphere[202], ¢) sphere
[202], d) cylinder[202] and €) truncated cori202].

2.3.1.3 Characteristic (dimensionless) numbers

Rayleigh numberRa): The Rayleigh number is defined as the product of the Grashof nuanber
determines whether the buoyardryven natural convection plags important role in the heat transfer:

" Y YD " w
Y @ P = 119

Prandtl numberThe Prandlt numbefP{) is the ratio of momentum diffusivity to thermal diffusivity:

0 @ 120
0 i o

Stefan numberThe Stefan numbeBS(8 is the ratio of sensible to latent heat:
YO Q——,with Y ——M 1217)

Biot number The Biot numberBi) is the ratio of heat transfegsistance in the interior of the system to the
resistance between the surroundings and the system surface:

0Q
., ) 12
60 —5 2

, WhereL. is the characteristic length of the bodly=V bodyAsurfacd.-

Grashof numbefGr): It is the ration ofouoyantto viscous forces within a fluid:

T VIVEP
o Q 123

Fourier numbe(Fo): It is the ratio of diffusive or conductive transport to thermal energy storage rate:

QQQQOA I"QDED INE A D QO
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2.3.2 Numerical methods of LHTES systems

| rmiing | Froe ] — ol doma

| | Enthalpy/ enthalpy
porosity method

Heat capacity
method

— Level set method

— Phase field method

Volume of fluid
method

Figure 19. Common methods to simulate a phase change problem.

The possible strategies to simulate a Stefan problem with solidifieaéding include the moving (front
tracking) method with fixed or adaptive gfigi7] and the fixed domain meth¢88], Figure 19. The first
one[39] produces more accurate results in the dadjdid interface, howewg it is more complicated for
complex and 3D domains or for saliquid interfaces subjected to large deformati{@®&]. The second

one is a simpler one, since a single energy equation is solved for both phases and th&ranétiogjtion

is tracked implicitly. The front capturing method includes the heat capacity and the enthalpy method.
Among these two the enthalpy method developed by Voller tGlis the most popular in phase change
simulations, especially in commercial software packages, such as ANSYS Fluent, and will be mostly
analyzed in thiSection, since it is adopted in the current Thesis

2.3.2.1 Front-tracking methods

Front tracking (FT) methods, track the moving boundary in an explicit m&23&] i.e.they compte at

the beginning of each time step the location of the phase change boundary. This induces a complexity in
their programming and solution. Other problems arise from the interaction of the interface grid with the
stationary grid, or with other moving fnts present in the domain. Usuadlychproblems are overcome

with a numerical model that dynamically reconstructs the interface grid as thechhagge proceeds and
merges double interfaces into a single interf@84]. Numerical solution of FT methods can be achieved

with finite difference methodFDM) [235-239], finite element methodFEM) [228, 240, 241]finite

volume methodFVM) [242, 243] boundary element meth@tl95, 244] [245], [246] [247], [248] and

mesh free methoj249], [250].

2.3.2.2  Front fixing Methods

Front fixing (or interface fitting) methods fix the moving front by introducing a new space variable, by
changing the coordine$ of the problem. Along with front tracking methods, they track the moving
boundary explicitly. The difference from them is that the moving boundary is dynamically tracked at each
time step and the mesh boundary is setup to be attached to the moviranpftdatfollow its movement.

This method is recommended for simple geometries, due to its complexity. As regards spatial discretization,
current schemes for moving boundary problems employ FEM, FDM, Chebyshev and Legendre spectral
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collocation mestbased m#ods or radial basis function (RBF) collocation technique as high order
meshless method. The difference of collocation methods from FE and FD methods is that they yield the
approximate solution of a boundary value problem in the form of a function, amdth@ set of discrete

points. The Chebyshev and Legendre are high order-beesdd techniqug249]. More specificallywith

the Legendre methdte computational domain is divided into (curved) quadrilateral elements izade
applicable to multdimensional moving boundary problems. The numerical solution, data and geometry
are expanded within each macroelement by means of tprauct Lagrangian interpolan@51].

2.3.2.3 Fixed Domain methods

Fixed domain methods are simple and #dendly for numerical simulations of Stefan problems. The
enthalpy/enthalpy porosityEM) approach, the heat capacity, level $&M), volume of fluid(VOF) and
phasefield methodgPFM) arethe main fixed domain methods.

Table 12 summarizes these methods used for the simulation of phase change prabtems.themthe
enthalpy porosity approach is a simple and effective method that can be used for the simulatididi Gf a
LHTES system. This method has been used to simulate different problems including melting in one and 2D
casings of various shapg6, 43, 252] However, numerical diffusion can be induced in the digiid
interface, which is strongly dependent on the grid size used. Applicatiohydfrigd method capable of
combining the advantages of both the fixed and moving grid method would be a real benefit for any type
of solidification/melting simulation. Suchreybrid methodis followed in the current Thesis.

Table 12. Summary of numerical methods used for the solution of different types of Stefan problems.
Additional references: PFNR53, 254], EM[220] [211] [212, 225, 255) LSM[256, 257]and FTM[258, 259]

Numerical Method Phenomenon Domain Reference
VOF Solidification 2D [260]
VOF Solidification 3D [261]
PFM Solidification 2D [262]
EM Melting 2D axisymmetric [226]
LSM Melting, Solidification | 2D, axisymmetric [263]

2.3.2.3.1 Enthalpy method

A simple and widely applicable fixedomain method for solving the convection/diffusion phase change
problem is the enthalpy method proposed by Voller and Ci264]. The essential feature of this
formulation is that it tracks the moving front in an implicit manner, by isolating the latent heat effects in a
source/sink term. Therefore, a difficulty arises in accounting for mass and heat transfer conditions near the
interface. A common approach to overcome this is to define appropriate volume source terms in the
governing equationgR29]. More specificallyjn the energy equation the latent heat is taken into account,

by assigning a latent heat value to each computational cell according to the temperature ofTthe cell.
governing energy equation of the enthalpy method is the following:

Tl veo 1Y 129
To Cie o e

, WhereH is the specific enthalpy, which is defined in each control volume as the sum of the sensible
enthalpy ) and the latent head(H:
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The sensible enthalgdyis equal to:
Q Q wQ"yY 127)

, Wherehi is the enthalpy at the reference temperattirg £ 25°C).
Eq. (125 contains the source ter& used in the basic formulation of enthalpy method defined as:
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In the enthalpy method, the latent heat is a function of temperature:
we QY 129

This method includes several advantages: (1) it is valid for a wide range of cases where the PCM melts,
either in a single temperature point or over a temperature range, (2) the enthalpy formulation and velocity
correction schemes are independent of tleel msimerical technique (FEM, FDM, FVM), (3) the governing
energy equation is similar to the singlease equation, and (4) there is no condition to be satisfied at the
solidi liquid interface as it automatically obeys tinéerface condition. On top of that is a simple and
accurate method; it has been validated by many researchers against experimejdta] 24 225] Due

to its numerous advantages, it is one of the most popular methods for solidification/melting problems.
Solution of the flowfield is done by either using the8lequations or by means of the Lattice Boltzmann
method. As concerns the first approach, the following equations are :solved

Continuity equation

% x 130

Momentum equation
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‘ L 131)
0 Tw w T O

—a

Regarding the solution of the flow field with Lattice Boltzmann method, and its coupling with enthalpy
method details can be found in the work of Fuentes. {£265].

2.3.2.3.2 Enthalpyporosity method

The enthalpyporosity method has been widely used to investigate the solidification/meting process inside
containers, in which natural convection is significafithe main advantages of this method include fast
convergence and high accuracy. It is one of the leading tools today for modeliAggsidigghase change
processes. Assis et §.3, 219]successfully validated this method against experimental predictions.
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Analytical equations

In the enthalpyporosity modelthe governing energy equation is taken as in the enthalpy method, whereas
thelatent heat is giveasgpg¢ = b L

, Whereb is the liquid fraction defined as:

i T if T<Ts

Y if T<T<T|
I Ny 132
1 p if T>T,

Thus,the latent heat varies between zero (solid phase) and L (liquid phase). Two important issues that need
special attention in this method is the density variation and solids velocity handling. Additionally,
depending on the grid resolution, numerical diffunstan occur in the soliiquid interface Such a problem

can be overcome, by coupling this methodology with more advanced numerical techniques, such as
adaptive grid refinement techniques.

PCM density variation and natural convection

The presence of density changes between phases might affect the PCM structure, but not so much the heat
transfer procesp31]. Situations where density differences are present between phases or where density
variations occur in the liquid are handiadhis Thesisdy the twodifferent approactsdescribed below

Boussinesq approximatiorWith the Boussinesq approximation, the density change in the PCM is
considered only in the buoyancy term of the momentum equdtih (

el w 133
, Wheread is the difference between the cell temperature and the reference tempgyaatinghich the
reference density (usually 26), | o, is measured.

The Boussinesq approximation with the enthalpy porosity approach has been widely used in the literature
to simulate the effect of natural convection in the thermal performance of various[BQM229].

Density change during phase chanigiest of the mmerical methods found in the literature for solving

solidi liquid phase change assume a constant density upon melting or solidification, or in best cases, a

density variation with Boussinesq approximation. However, those methods are not efficient whesh appl

to phase change with volume expansion or shrinkage. A more accurate approach is to consider the density
change amongst the two different phases, and a linear interpolation in the mushy zone to avoid numerical

instabilities.

" aQE Wi QOoMQee Y Y Y 134
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This approach has been followed by different researchers, s{@204443], [202, 218]

Dumping of velocity at the solid region

In a solidificationmelting problem with a fixedomain method, solution of the momentum equation
requiresamodification in order to consider the transition friiquid to solid phase and ensure zero velocity
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values.A common approach ihe Source term method (STMJjhe STM uses a high source ter§) o
the momentum equation to set the solid velocities equal to zero, when the material Ia gsligriginal
form this method suffers from discontinuity at the phalsange boundary. A variation of STM developed
by Voller et al[264] and Brent et a[229] is the DarcySTM, used in this Thesis

With the DarcySTM method, a source term is added to the momentum eq@aidn

Ty 1l ougs 1N 10
T o Tw w Tow
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The sourceternsi s der i ved f[40b his @einecsy that theé momentum equations are
forced to mimic Carmaozeny equations for flow in a porous media:

Y o8 ——0 136

, wherelis a small constant)=0.001) used to avoid division by zerBmusnis the mushy zone parameter,

a sink term that takes into account the damping effect within the mushy region and is dependent on the
dendrites formed during solidification process, the material density and viscosity, parameters that reflect in
turn the PCMpermeability. This parameter takes values frorfi 1@ and in most studies availadé3,

266] a default value of Fds used. Irthe workof [202, 267]thefollowing equation has been used:

‘
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The validity of equation136) in describing the flow in a dendritic mushy region has been proven
experimenally [268] and has a physical meaning for substances, such as metal alloys. When the heat
transfer direction is parallel to the primary dendrite arms, the gitas®ge rate is affealeby the liquid

volume fraction and the primary dendrite arm spacing. When the flow is normal to them, the rate depends
upon the primary and secondary dendrite arms spacing and the volume fraction. Combination of equation
(136) and (L37) can correlate th®AS and b with the melting rate, however, there is not available an
equation that correlates all three variables in common numerical methodologies.

In an isothermal phase aihge system, the flow inside computational cells that experience solidification or
melting cannot follow the classic&armanKozeny equationin this case, a linear function can be used:

Y 0 p 1o 1398
Another possible approach is to consider a small temperature integral, without a physical meaning,
especially for pure metalsut necessary from a numerical point of view, in which the phase change occurs.
Numerical solution

The numerical solution of thiroblem entails selection of a suitable discretization scheme of the governing
equations. Finiteelement, finitedifference schemes or a mefsee method can be appligb9, 270] The
most usual approach in PCM simulations is the control volbased formulatiof242], [229].
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2.3.3 Challenges in phase change simulations
2.3.3.1 Inclusion of radiation

Inclusion of radiation in a UHTHTES is a necessity especially for ultragh temperature devices, where
radiation absorption can be one of the dominant mesimasnn the liquid PCM. However, the literature is
limited as regards the inclusion of rigorous radiation models, coupled with the abovementioned numerical
methods. Such a difficulty arises from the fact that common radiation models found in commereia] sol

such as P1 or Discrete ordinates (DO), use a series of settings and simplifications that for the specific
application of a LHTES need further improvement. Additionally, due to lack of experimental data it is
difficult to validate their accuracy. Somimformation can be found irff265, 271, 272] where
solidification/melting modls are coupled with DO method to model natural convection and radiation inside
the PCM.

2.3.3.2 PCM volume change

Generally, during the phase change of the majority of materials found in the nature there is a change of their
volume, due to their density changégure 20. Most metals and alloys have a lower density in the liquid

than in the solid phase (e.g. aluminum, nickel, tin, boron and titanium). Thi®ke® the PCM
compression during solidification that leads, in turn, the melt to move upwards. This flow can lead to
formation of cavities and change the shape of the final product, cause porosity, change the species
concentrations in alloys, and consedlelead to poor mechanical properti@61]. On the other hand, in

cases where the PCM has lower density in the solid phase and thereforglsestpang solidification

process (e.g. silicon, gallium and bismuth) the melt has a downward movement. Moreover, in this case
mechanical stresses induced by the volume expansion during solidification can harm the vessel/container.
In both cases, densityakiations occur in both phases due to changes in temperature, known as solid or
liquid contraction. Liquid contraction can also drive convective motion in the melt, while solid contraction
can induce thermal strain in the solid phase, leading to higlsesresthe PCM container.

Figure 20. Paraffin wax volume increase during its melting

This PCM density change accompanied by its volume change needs a special numerical treatment. First of
all the density change should be explicitly taken into account. Secondly, if the PCM shrinks/expands inside
a sealed rigid shell during its phase chamg®ther materidlinert gas, in specificshould be included in

the computational domain, in order to avoid the exertion of high pressure values and as a consequence
divergence of the numerical solution. Such a practice has been followed in the {#fR,d*18]

68



2.3.3.3 Presence of air/inert gas in the vessel

Assis et al[43] modeled the melting of a PCM in a spherical shell, by the presence of air in the upper patrt.
They used the enthalgorosity approach to account for the seéigliid phase change and the volume of
fluid (VOF) method to account for the two immiscible fleidPCM, air). They evaluated their methodology

for the case of paraffin wax meltifg3] and solidification[219].

In this gasPCM system, the continuity equation is reformulated as:

W %)
I 139

—n

o
\

, Where the air is the primary phase and PCM the secondary phase. Following Ass[d3tather
researcherf220, 221]have followed this approach to take into account compressibility effects.

2.3.3.4 Crystal growth (dendritic formation) during solidification

The simulation of crystalrgwth in the mushy region, during the PCM solidification, is of importance in
terms of the thermal performance of the LHTES system, because it determines the PCM permeaubility,
which in turn effects the PCM melting rate. Smooth solidification fronts ae@ oftstable and develop a

wide variety of microstructures (dendrites) that modify the material properties of the solid PCM. Simulation
of such demanding flows has been performed with fi@uking method$235], BEM methodg[273],

LSM and Phaséield methods, briefly described in previous sdgztions.

2.3.3.5 Constrained vs. unconstrained melting

There are two types of solidificatitmelting process inside a container; the constrained and unconstrained
problem[274]. In the first one, the solid PCM is fixed and the effect of natural convection should be
considered, whilst in the second one the solid PCM &strenove inside the melt, and thus, this movement
should be also taken into account. The main disadvantage of implicit methods, such as the enthalpy method,
is that the PCM solid velocities are set to zero. This means that any solid motion insidedHeQisfuis

not explicitly modelled. In the numerical context, the solid phase shape and position inside the PCM are
implicitly shaped as a result of the liquid motion. When the liquid phase is lighter (heavier) than the solid
one, it moves upwards (downwaldcnhancing the heat transfer process from the PCM upper (lower) part,
Figure 21. There are several works found in the recent literature that inhptilte into account the solid
movement through the movement of the liquid pjd8e202, 21820].
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Figure 21. Velocity field of the flow motion in unconstrained melting of silicon inside a cubic c§2@g].
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2.3.3.6 Need for a sharp interface at tpbase change front

The stateof the art CFD models utilizing the enthalpgrosity approach aracking the solidiquid
interface using fixed grid methed40, 264] This results in cases, where the grid density should be
cautiously selected in order to avoid numerical diffusion that might atfecticcuracy of the derived
results. More specifically, in coarse grid cases, the4iglidd front (i.e. mushy zone region) is represented

by an artificially larger area than what occurs in rgaffigure 25). This consequently leads to an
overestimation of the solidification/melting time. On the other hand applying of a dense grid that should
lead to a sharper interfaead, thus, more accurate numerical predictjonight increase considerably the
induced computational cost. An effective grid method that combines advantages of both coarse (efficiency)
and densegrids (sharp interface) is the adaptive local refinement technique. This technigue has been mostly
utilized in droplet dynamics simulations [$4-96, 98] The current Thesis uses this techniquentmlel

phase change problems by achieving a sharp lspiid interface.
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CHAPTER 3
Modelling of storage applications
using PCMs
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3.1 Preface

The aim of this section is to present thenericalmethodology and results of the full cycle of dHT-
LHTESsystem part of a novel electdi®ES concepf27]. Overall, ths concept couples in a singlempact

device the UHTLHTES block with a thermatio-electric energyhybrid thermioniecphotovoltaic (TIPV)
convertel[275]. The first onei.e. the TES storage bloc#turing the system charging period, can store any
kind of energy (heat, electricity, or solar) in the form of latent heat. The second one, during discharging
period, converts the stored thermal energy intotetaty.

More specifically, the TIPV converter includes two parts, i.e. a metallic cathode (referred to as emitter),
which is in direct contact with the PCM vessel bottom part and emits phelertsons, when is heated,

and a GaAs anode coupled with aofgvoltaic (PV) cell. Its operation is similar to a photenhanced
thermionic emissior(PETE) device [276], with the main difference that the seomiductor used for
electricity production is placed in the anode and not in the cathode as usually done is suchAddfiees.

rear side on the TIPV converter, i.e. B¢ cell, a cooling system is patched fomyexcess heat collection.

The PCM containerlepicted inFigure 22, duringthe chargephasejs heated either from the sidewalls
and/or the top in a P2H2P (powterheatto-power) application or only from the top in a S2H2P (star
heatto-power) application, reaching ulttagh temperature@bove 900C). If the temperature inside the
vesselexceeds the PCM melting point, i.e. 14CAfor pure silicon, the material starts to melt. During this
stage, i.e. melting of the contained PCM, the TIPV anode is disconnected from the system and the LHTES
is insulated from the emitter side to prevent egdeeat losses. During the system discharging, the TIPV
anode is connected to the system, and converts the emitted from the cathodé glectoon flux into
electricity.

a) b)

TES
Qluss

anss Qloss

anss
Figure 22. Novel LHTESTIPV system during a) charge/ discharge and b) TES period.

This novel LHTESTIPV concept, has been described theoretically in the wo[R7&] anda prototype

has been constructénd the framework of AMADEUS Projed277]. Part of the numerical work done in

this Thesis, has been used for the design study and optimization of this novel system. Its novelty as
aforementionedijes in its operation at ultrhigh temperatures that can potentially unlock storage energy
densities as high as 1230 kWth?®, which are considerably higher than the stdtthe-art molten salt based
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TES systems. This increase in the storage deptity the high electrical power density tiet TIPV
converter (s e viecampotentalydesablethe fabridblion of compact S2H2P or P2H2P
systems that integrate thermal energy storage and power generation in the sfa3Juievertheless,

proper design and optimization of the LHTES device and better understanding of the PCM phase change at
such unprecedented temperatures are key aspects that need-tiepthianalysed, before this complex
system being manufactured and tdstea labscale.

For thestudy and optimization of the LHTES systeam advanced axisymmetric 2D CFD modsl
implemented in ANSYS Fluent platform (v17][2)8]. The CFD model is based on the enthapyosity
approach264], which is presented iBub-section2.3.2.3.2 Enthalpy-porosity method, coupled with the
Volume of fluid (VOF) mode[279]. Initially, the models validated against experimental dé&sand in the
literature[43, 219]for paraffin wax solidificationhelting at low temperaturgs30 °C). Then, the model

is verified against a.D analytical modefor silicon solidificationinside a sealed crucibl ultrahigh
temperature$>1000°C) [232]. Model validation at such temperatures is not possible, owing to atack
experimental datalhe effect of complex phenomena are incorporated, as those of natural convection in
the PCM liquid phase and volumetric expansion/compresgimto PCM solidification/melting process.

In this system, the PCM occupies part of the veasel abovethe PCMa nonreacting gas fills the rest of

the domain. For a more accurate representation of th€® @k and solidiquid PCM interfaces, ra
adapive localgrid refinementtechniqueg94] is appliedby using codes in C programing languageboth

the PCMgas and solidiquid interfaces. Thisechnique is used to enhance the numerical accuracy and the
efficiency of he model in terms of CPU cost. As a further stigsign optimization of the silicdnased
storage tank is carried out by taking into account lateral thermal losses. The ovarailgydormance is
assessed during its charging, discharging and storage periods. Finally, a sensitivity analysis is presented to
investigate the effect of the PCM thermal properties on the system charging/dischargirratgtine

of the modelling adtities is presented iRigure 23.

Input:

Validation: « Thermal Sensitivity study:
paraffin wax low Juctivi =  Melting point
temperature cl({)n uctivity = Thermal
(against . gn) ati conductivity (k)
experiments) . ation = Specific  heat
» Solidification Meltin, * (hickness » Ceal L)
. g Heat losses * Latent heat (L)
Q.. Qioss during:
= Solidification
(‘E‘, &n = Melting

= Storage period

W

2 layers

Qloss

Verification: Si
solidification
(against analytical
model)

PSM (Si)
GFM

Figure 23. UHT-LHTES system studied during a) charge/ discharge and b) TES [i&riod
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3.2 Numerical methodology

The current numerical model, is based on the enthadpysity method by Volldd0], already incorporated

in Fluent, to model the PClansition from solid to liquid phase. In this method, the PCM liquid fraction

is calculated based on the energy equdti@h). Thus, the meltinfront (phase change transition) is almost

linearly dependent on the temperature distribution. A mushy zone is defined, which represents the liquid
solid transition and is treated as a O6pseudod po
gradually from 0 (solid) to 1 (liquid) as the PCM medtsd vice versa during its solidification, as described

in equation 132. In reality, the mushy z@nis a porous layer of partially solidified regions, usually
resembling to dendritic crystalsijth liquid among their interstices. Such structures are formed during the

PCM solidification and areriented along the direction of the strongest thermal graff180].

Apart from the enthalpporosity method, the multiphase VOF approg#®]is applied for the simulation
of the PCMair moving interface tracking, without intpenetration of the two medi&he conservation
equationof masss calculated as follows

T 10O

— — 14

To To 0
, whereas the momentum equation contains the Darcy STM mg#fedto eq(135-(137)).

In this mode]the volume fractiort, of the primary phasigas in the specific case studiéslequal to unity

if the computational cell is occupied only by it, and the value of zero if the cell is completely occupied by

the secondary phase (PCM). IfQk< 1 t he <cel | @dntraign o nt the t dvieretne 1t tha
Thus, the physical properties in any givamputationatell are either corresponding to one of the phases,

or are calculated based on the media mixture in the interface region, depending Ujhoaliles.

Finally, theVOF modelincludescompressibility effects of the inert gas, enclosed inside the PCM casing.
The latter can be either compressed (expanded) inside a sealed rigid shell, or exit (enter) the container
through a small opening, during the PCM expansion (cctidrg, in order to avoid the exertion of high
stresses in the PCM casiife mainassumptions adoptea the modellingactivitiesareas follows[232]:

1. Transient fluid flow and heat transfer mechanisms;

2D axisymmetric domain;

Inclusion ofgravitational force;

The flow islaminar, due to low Reynolds numbers;

Themolten PCM is anincompressible Newtonian fluid

ot h s ol i dhommogetheousmdisbtromcr e

The PCM thermophysical properties and insulation/vessel materials thermal propertieare

dependent on temperature variations;

ThePCM density changeduring its transition from solid to liquid phase and vice versa;

The inert gas is treated as a compressihid [R78];

10. Radiative heat transfer within theessel is neglected, when the PCM is heated from the sidewalls;

11. Contact thermal resistancedetween solid/liquid PCM and walls are considaredligible;

12. The PCM crucible walls and insulation layers can be either modelled as thin walls, by solving an
1D heat conduction equatioj278], or implicitly madelled for a more accurate description of the
temperature field. If the heat losses aremotielled the sidewallsareconsidereddiabatic

13. Surface tensioneffect between the different phases is aetfd; and.

No gk owd

© ®©
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14. Animplicit formulation is adoptefibr theVOF solutionwith a sharp gaPCM interface modelling.

3.2.1 Domain discretization
In order to increase accuracy in the sdiighid and gad?CM interfaces an adaptive local grid refinement
technique is applied, based on the worl9#f]. This results in a coarse static grid and a dense adaptive
grid at the moving frontsThe dense mesh is created by refining the coarséd tyvial or more levels of
refinemant- in ANSYS Fluent platform through the adapt region {@8I1]. Then, the refined grid follows
the position of the moving interfaces, by means of proper UDFs.

3.2.2 Boundary conditions
The most common wall boundary condition, which is usually imposed in the classical formulation of the
Stefan problem, is @onstant heating or cooling temperature (Dirichlet BC). Such a coniditonsidered
during thesolidification/melting phase of paraffin wax at low temperatures and the melting phase of silicon
During thesolidification of silicon, where there is a hextraction from the container bottom by the TIPV
converterjt is more realistic to impose a heat flux boundary condition (Neumann BC).

3.2.3 Underrelaxation factors
The under relaxation factors (URFs) values should be chosen carefully in terms of model robustness and
CPU efficiency.The usedJRFs to rurthe numerical caseare presented ifiable 13.

Table 13. URFs used in a solidificatiemelting problem based on the enthalpy porosity approach.

Pressure 0.3
Momentum 0.1-0.3
Density 0.7
Volume fraction 0.5
Liquid fraction 0.95
Energy 0.95

3.2.4 Numerical solution
3.2.4.1 Discretization schemes

Time and spatial discretization schemes should be used to obtain numerical solution of this problem. Some
of the recommended schemes are present€dtle 14.

Table 14. Discretization schemes used in solidificatimelting simulations.

Transient formulation Bounded second order implicit
Pressurevelocity coupling PI1SO/Coupled
Spatial discretization
Gradient Least squares cell based
Pressure PRESTO!
Density QUICK
Momentum QUICK
Volume fraction Compressive
Energy QUICK

3.2.4.2 Time step

A variable time step with a courant number equal to 0.2 is used, contrary to the constant time step methods
adopted in other works utilizing the enthalpy porosity metf&] 219] However, further research is

needé to impose a variable tirgep size depending on parameters, such as the thermal diffusivity,
derivative of the temperature in space etc.
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3.3 Model validation (Paraffin wax solidification/melting: Low temperatures)

Initially, the CFD model is validated against experimental data fosahdification/ meltingprocess of
paraffin wax, RT27, at low temperatures, i.e. 2<3Qinside a spherical casing open from the top. Such data
along with the appropriate boundary awgkrating conditions are obtained from the work of Assis et al.
[43], [282]. During melting (solidification) process, the vessel is heated (cooled) from its walls, almost 10
°C above (20C below) its meihg point.

During model validation, a parametric study is conducted as concerda@arameter effect on the

PCM solidification/ melting rate. A set 8fwshvalues equalto [f) Sl @ aRd {10, 1¢F and 16]

are tested during melting asdlidification phase, respectively. Additionally, the effect of the grid density

on the numerical results is also investigated by taking as a reference the PCM melting Phhecdssided

applied grid methodology follows the local grid refinement methiti two refinement levels. This results

in a maxi mum number of quadril ateral cell*m equal

3.3.1 Geometry and Mesh layout
a) b)

Air flows infout of the domain
during PCM expansion (melting)/
contraction (solidification)

) Loy d B s e g B gy
Deontaine=0.040m 0 002 004 006 008 01 012

X (m)
Figure 24. a) 2D scheme of the PCM container and discretized damsaigthe b) coarse and ¢) mediu
fixed grid density method and d) the adaptive local grid refinement technique (2 Levels of refine

The spherical container, depictedHigure 24a, is made of glass and has an inner diameter equal to 0.040
m. Initially, the PCM fills 85% of the coainer for the melting study and 96 % of the domain for the
solidification study At the top of it a norreactivegasi air in the specific case studidills the rest of the
domain and can flow in and out of it through a small opening, during the PCM expansion/contraction. A
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uniform temperature is set at the walls, equal t6GQL0 degrees above paraffin wax mmdtipoint)for

the melting study and to 1T for the solidification study20 degrees below paraffin wax solidification

point). This is because the container is submerged inside water, whose temperature is kept at a constant
level inside the tank with areetric heater.

For the CFD model validation, a fixed coarse grid, consisting of 3,858 quadrilateral cells, is used. Then, a
grid independence study is performeding a medium and a dense sized grid density, comprising 15,432

(4 times the coarse gridpd 61,728 quadrilateral cef$6 times the coarse gridespectively. The coarse

mesh is constructed in ANSYS Meshing component, whilst the medium and dense meshes are created by
refining the coarse gritlwith one and two levels of refinement, respedsivéen ANSYS Fluent v17.0

through the adapt region td@l78]. Such type of analysis is of high importance in CFD modelling to ensure

that the numerical results do not depend on the grid used.

Finally, for a sharp representation of the-§&M and solidiquid PCM interfaces, the adaptive local grid
refinement technique with two refinement levels (referred to as 2Lev. ref.) is applied, by means of several
in-houseUDFsin C programming language, based on the woil@4f. In this technique, the coarse mesh

is used as the basis and is dynamically refined at a prescribed distance fromRgassd solidiquid

interfaces throughout theelting procesdg;igure 24d. The adaptive local grid refinement method is applied

to enhance the numerical results accuracy without substantial increase of the associated computational cost.

3.3.2 Boundary and ograting conditions

In order to solve the CFD problem several boundary conditions are apptiedhe melting process,
boundary conditions ataken by the work g 3], Table 15. Initially, the temperature of the whole system
is set equal to 2%, i.e. the PCM is slightly sutooled.

Table 15. Air-paraffin wax problem boundary conditions (melting process).

BC type Parameters Units Values

Wall Wall Tw °C 40
bw m 0.002
Kw W mtK? 0.81

Shear condition: No slip

Outlet Pressure Outlet Po bar 1.013*
To °C 40

AXis Symmetry

* Parameter of typical ambient conditions
For the solidification process, boundary conditions are taken[&88]j, Table 16:

Table 16. Air-paraffin wax problem boundary conditions (solidification process).

BC type Parameters Units Values

Wall Wall Tw °C 10
bw m 0.002
Kw W mtK? 0.81

Shear condition: No slip

Outlet Pressure Outlet Po bar 1.013
To °C 10

AXis Symmetry

78



The most important thermophysical properties of the air and the P@mffin wax)are summarized
in Table 17. It should be noted that the PCM properties (density, theromaluctivity, specific heat) are
assumed to vary linearly within the fimushy zoneo.

Table 17. Gassolid pioperties (gas: air, PCM: paraffin wg43].

Property Gas PCM-solid | PCM-liquid
), kg " D& pT TBIppOTO8 wy 870 730760
Kk W‘IFh-LH{-l 0.0242 0.24 0.15
C.IKg K™ 1006.43 2400 1800
pl
e, kgrh 1. 78%9A10 - 3.4240°
Tsolidus’ °C 28
o 0C 30
liquidus
-1 .
L, JKg 1.79L10
* A temperature dependent density relation is used for the PCM liquid phase:
Xem
VY TT p

3.3.3 Studied cases

Several cases (Casedlare simulated in order to validate the model and test the effect of the grid density

on the numerical results, by taking as a reference the PCM melting process. The melting fraction values
obtained by the CFD model are comparedirsgjahe ones presented in Assis et[48] work T both
numerical results and experimental data. In this initial set of studied cases, the mushy zone parameter has
the same value, i.e. 1As afurther step, a parametric study for the effect of the mushy zone parameter on
the meltingsolidification process is conducted (Case8)4 The parametric study is carried out by using

one of the four grid densities tested in Casds\hich is chosen @he most accurate and efficient.

Transient calculations are performed in Fluent v.170 solver. A variable timgissepsed with a courant
number equal to 0.Z,able 18. The time and discretization schemes used during numerical calculations are
the ones mentioned fable 14. For the pressureelocity coupling, the Coupled Scheme is used.

Table 18 summarizes the simulated cases, during model validation.
Table 18. List of cases simulated, during model validation.

Case Grid Process | Amush[-]  DAS[m]  ot, max[s]  ot, min[s] | Courant [-]
L10 ~21?1(C ~1. &L

©

Casel  Coarse Melting 10

Case 2| Medium Melting 10° 9L10 ~51%1( ~2L1°%1(

Case 3 Dense Melting 10 9L10 ~11L13%1( ~51L*¢(

Case 4 2 Lev. ref. Melting 100 9L10

Case 5 2 Lev.ref. Melting 5L1C 4L10 0.2
Case 6 2 Lev. ref. Melting 2L9C 2110 61°1( ~3. 5L

Case 7| 2 Lev. ref. | Solidification 10 9L10 '

Case 8| 2 Lev. ref. | Solidification 10° 3L10

Case 9| 2 Lev. ref. | Solidification 10° 9110
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3.3.4 Results

Figure 25a compares the melting fraction results as a function of time of the CFD model with the ones
obtained from Assis et g#3], both numerical model arekperimentsThe model of Assis, which is based

on the VOF method with the enthalpy porosity approattizes a grid of 3,520 cells araconstant time

step size equal tp+0.002 sThe melting fractioparameter used for corpsonis calculated as the ratio
betweertheliquid PCM mass over the total PCM mad8RR= miquis/Mecwm), at a given moment.
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Figure 25. Comparison of the experimental, reference paper CFD model and developed CFLC
a) melt fraction values at different time instants and b) melt fraction contaerBEleand 20 min.

From the graph, it is provahat for most of the simulation time, the results of the present mtielly

coincide with that of the reference paper and are close enough to the experimentasdhetth deviation

of approximately equal to 6 %, betwettie two models noticed, can be primarily, attributed to the-time

step size method followed; in thihesisa variable time step with a courant number equal to 0.2 is used,
contrary to the constant time step method adopted in Assid43Jainodel. Furthermore, in the reference

paper, there are not any details available concerning the spatial and time discretization schemes and VOF
formulation (implicit or explicit), the selection of which can affect the numerical results.

Additionally, a qialitative comparison is conducted, basedsionple observations, by comparing liquid
fraction contours for two time instants; 10 and 20 min, of the presértiesis with the experimental and
numerical results of Assis et §3]. As can be noticetfom Figure 25b, similar liquid fraction patterns
are obtained between the present model and the reference @apeand above thatvith the currently
applied CFD modelk limited numerical diffusion is achievedhilst the melting fraction patterrizear a
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greater resmblanceto theexperimental visualizations thassis et al[43] model This can be evidently
noticed, from the melting front shape, at a time instant equall®omin, depicted ifrigure 25b.
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Figure 26. Temperature and velocity contours at different time instants.

Figure 26illustrates the temperature and velocity profiles obtaingdratustime instants by the numerical
problem. As can be clearly seenfew minutes after the beginning of the melting proeetsn layer of
molten PCM forms around the solid phase. During this period of liele@M meltingoccursfaster at the
proximity of thePCM-gas interfacenear the wallsjue to the induced gdisjuid vortex. This is because,
there are two fluid motionsccurring simultaneously inside the container that accelerate the heat transfer
through convection. On the one harttk inoltenparaffin wax is lightethan its solid phasand, for this
reason, moves upwards due to buoyadidyen natural convection, entging thus, the melting process
near the ga®PCM interfaceOn the other hand, there is the hot air movement, which promotes as well the
heat transfer near that area. Similar observations can be fo[4®).in

The heat transfer ra@[ WL?pat the sphere wall determines the energy transferred to the container interior

over time. Results dD as a function ofi (angle measured with its vertex placed at the centre of the circle
1x=0.04 m and its beginmg at x=0.08 mobtained through the CFD model for two time instats#&,(10

min), are shown ifrigure 27. Based on the numerical results it is proven that in the mushy zone the PCM
absorbs the highest amounts of heat. For instance, at a time instant @g@ahto, the highest amounts

of heatabsorbed can be noticed in the sphere circumferential areé fange inbetween 60 deg. This

area, based on graph (c) is the mushy region. Thu
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mushy zone region, due to humerical diffusimmght cause overestimation of the amounts of heat absorbed

by the PCM and, as a consequence, lead to inaccurate numerical results.
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Figure 27. a, b) Wall heat transfer rate and c, d) species melting fraction values over sphere pe
for t=2, 10 min, respectively.

3.3.5 Grid independence study

This section presents numerical results derived from the grid independencedstinty which four grid
resolutions have been tested, i.e. three fixed grids of coarse, medium and dense resolutipmesmnid aly
refined grid with two levels of refinemenA key parameter important for the objective of this analysis is
the PCM liquid fraction as a functiaf time, which in turn reflects the PCM melting rate.

FromFigure 28ait is evidentthat the medium, dense and refined grid almost coincide in their numerical
results, revealing that a grid independency has been achieved. On the other hand, the coarse grid results in
a slower PCM melting procesalmost two minutes slowecompared to #rest of the cases studied. Such

a difference does not seem of high importance for the specific vessel design and operation. However, for

other vessel designs and operating conditions, which could lead to lower PCM melting rates, this difference
in the PG/ melting rates might be more apparent.
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Another conclusion drawn from this analysis is that the dynamically refined grid gives results of almost the
same accuracy as the medium and dense grids. This fact can be attributed to the limited numeraral diffusi
induced, due to the shagasPCM and solidiquid PCM interface treatment achieved by the adaptive grid
refinement method, as if a dense grid was applied. The medium grid leads to a sharper interface compared
to the coarse, eliminating numerical difias, but not on the desirable level, as the one achieved with the
refined or dense gridiigure 28b.
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Figure 28. Comparison of the coarse, medium and dense fixed grid and adaptétéfidement levels)
a) melt fraction values at different time instants anahalgasPCM volume fractiorrontours at=0 min.

Table 19 gives insight into the numerical cost needed to reach 30 minutes of simulation timeffarthe
grid resolutions tested. It should be noted that in order to calculate the computational &dair basis,
additional tests were run in serial processinfja 64bit operating system with a 16 GB installed RAM
memory and with the same fixed time step equad @02 s Additionally, details are presented concerning
the number of computatiohaells and grid resolution, i.e. minimum cell size, for each grid used. It is
obvious that Case (Coarse grid)s the least computational expensive, while being the one that introduces
the highest numerical diffusion. On the other hand, Cq&®fse gu) is the most accurate, but the least
efficient. Finally, Case 42 Levels. Ref.yequires a relative low computational gastnsiderably lower

than Case Balmost 85%and it is far more accurate than Casé terms of numerical diffusion

Taking allinto account, the gridefinedwith the adaptive local refinement technique (Case 4) should be
preferred over the rest, as it presents the advantages of batedhenand dense fixed mesh, in terms of
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efficiency and accuracy, respectivelyaple 19 andFigure 28). Therefore, the latter has been used in the
CFD analysis of the silicon solidification/melting process at 4iigh temperatures.

Table 19. Computational cost required to simulate the paraffin wax melting pras&srfin simulation
time) for the four grid densities investigated.

* Varying from 5,664 (number of cells at the beginning of the calculation) to 11y&88ndum number of celighich
is reached during the calculation)

Case Grid Actual time (using 1 CPU core) (d) Number of cells | Minimum cell size (m)
Case 1 Coarse 2.55 3,858 5.5440%
Case 2 |Medium 125 15,432 2.3940*
Case 3 Dense 62.5 61,728 1.07A0*
Case 4 2 Levels Ref 9.61 * 1.07A0*

3.3.6 Mushy zone parameter effect

Figure 29 compares the melting fraction results as a function of time of the applied CFD model with the
ones obtained from Assis et 3], both numerical model and experiments. The motlaksis, utilizes a

grid of 3,520 cell in contrast to the current model that uses the adajtival grid refinement method.

The graph showthat for most of the simulation time, the numerical results of the CFD model virtually
coincide with that of the reference paper angl close emugh to the experimental datas/all deviation,

almost equal to 6 %, between the two models, can be primarily attributed to the different meshing methods
usedi coarse fixed grid in the reference paper and an adaptive local grid refinemead rimethe current

model. Furthermore, in the reference paper, there are not any details available concerning the spatial and
time discretization schemes and VOF formulation (implicit or explicit), the selection of which can affect
the numerical results.
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Figure 29. a) Paraffin melt fraction values versus time and b) liquid fraction contotsslanin.
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In the same graph, quantitate results ofAh@nparameter versus time are depicted. It can be deduced that

this parameter affects significantly the PCM melting rateAArw a | u e e g°wdith cdrrespabids 1 0

to a DAS=0.4 g&m, gives the most acc uific@CMstudieds ul t s
i.e. paraffin wax. Thus, the values of this parameter should not be chosen arbitrariésisiselependent

on the solid PCM morphology, which in turn is highly affected by the imposed cooling2&8¢

Numerically, the dendrites presence in the solid PCM and subsequently the PCM pesnagalmiindelled

implicitly. Decrease in th&mnushparameter, which considers higher DAS values and, subsequently, higher
permeability, increases the velocity values in the mushy zone, allowing significant flow motion in that
region. This in turn acceleratd®e heat transfer, through convection, at the vicinity of that area.

As can be noticed ifrigure 2%, vi sual i zat i orasembling t6 dendritasant baroughdy 6

obtained through thdynamicallyrefined grid, withtwo levels of refinementthe cell size at the area of
refinementish most equal tthe DASKDBALS-Di.s Shipnpcreo x i mately 1 &€ m,
that thedendrites representation can be possibly achiexpticitly, if a quite higher local grid resolution

is adoptedThis is an important outcome, since for fhist time it is suggested that the enthalpy porosity
approach coupled with an adaptive local grid method can potentially reproduce the mushy structure.
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Figure 30. a) Paraffin melt fraction values vs. time and b) liquid fraction contours®t10 min.

Figure 30a shows numericalesults of the PCM melt fraction as a function of time obtained for different
values of thédmusnparameter. Those results are compared with the ones of Assis et al[28aHie\s can

be noticed, numerical results of the current CFD model agree welhgitieference paper, as long as high
values of theAmush parameter (~19 are usedOver and above that, for this case, a limited numerical
diffusion is achieved, whilst the melting fraction patterns bear a greater resemblance to the experimental
visualizations of Assis et a]282], than the cases Witlinus=1C° andAmusi=1C°, Figure 30b. Therefore, in

order to avoid excess numerical diffusion, during solidification phase, such high values are recommended.
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It should be stressed out that with such a high value d&thgthe solid phase velocities are set equal to
zero artificially and thus, the floating of the solid in the liquid silicon cannot be represented, because the
solid PCM does not move. Additionally, in contrast to melting phaseAtheparameter value does not

play such a significant role on the PCM solidification tirhesnce during solidification phase, heat transfer
through conduction is the dominant mechanibat mostly on the induced numerical diffusion.

3.4 Model verification (Silicon solidification: Ultra -high temperatures)

As a further step, the advanced CFD solidification/melting model developed in the framework of this Thesis
is verified against other modeiCFD in another solveand 1D analytical onedor the solidification
process of pure silicon. Tistudied vessel, inside which the PCM is contained, has the shape of an inverted
truncatedpyramid (ITP) The ITPis sealedat the topjnstead of the open sphericasselpreviously used
during validation process,and it operates at ultrhigh temperatures. Such a case study is more
representative of the final prototype design and operation that will contain giliconalloys, solidifying

and melting at ultrdnigh temperatures. It should be noted that validation agexp&rimental data would

be preferable, however, is not attainable, dueatk bf such a set of data for ulthéigh temperatures.
Additionally, by modelling thepure silicon as a PClthevolume expansion phenomena that occur during
the silicon solidificion phaseare taken into accouthat subsequently cause high pressure values inside
the vesseblnd a possible crackin@his comes into contrast with a silictiron alloybehaviourthat is
expected not to expand, at least to that extend of sili€@m safety reasons, and due to the fact that the
vessel will be sealed, an inert gas is placed above the PCM to accommodate the PCM eixpaarsiton

the case of silicoboron alloy where a small expansion is expected.

In the currensubsection, the resultd a simplified version of the currently appliaijorousCFD mode]
which does not include the PCM expansion/contrattesignated as FluentlPhasedel are compared
against the ones obtained from the respecsiveplified model developed by284] in OpenFoam
(meltFoam) solvef285] i called as Operdam model Comparisonbetwea the FluentlPhase and
OpenFoam models is undertaken in ordeassesshe enthalpyporosity model validity against different
solvers i.e. Fluent vs. OpenFoamoth models use similar settings (mesh, PCM properties, and operating
conditions).Finally, the advancedCFD model developedh this Thesis designated as Fluent2Phaise,
applied and results of all models are compaFécklly, all 3D models, i.e. Fluent2Phase, FluentlPhase
and OpenFoam model, atempared against an 1D analytical model develdpebatas et al[286] in

terms of temperature profiles and the dimensionless-kglial PCM inteface at different time instants

3.4.1 Geometry and mesh layout

The geometry and mesh layout used in the FluentlPhase and Fluent2Phase models are dégiotd in

3la andFigure 31b, respectively. In both models, the ITP geometry is placed vertically. Additionally, the
emitter, which is fixed at the lowest part of the vessel, radiates heat during the discbeegs,ausing

the PCM solidification. The radiated heat is more or less dependent on the emitter temperature according
to a study conducted by Datas ef286]. For this reason, a custddDF is applied to calculatiteratively

for each time step the temperature dependent heaQfhi¥ (T), equation(141), at the emitter surface.
Finally, the upper and sidalls of the tank are considered adiabatic during the model verification process.
However, in real conditions, heat losses through theaower walls must be assessed in order to determine

the validity of these idealistic results. Such an analysis is presented below.
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Apart from the similarities, some small differences are traced between FluentlPhase and Fluent2Phase
models as regards theageetry and mesh layout. First of all, in the Fluent1Phase model the sealed crucible
contains only the PCM and has a height equal to 0.1 m, whilst in the Fluent2Phase model, the molten PCM
fills 85% of the vessel and the rest of the domain is filled witinart gas. For this reason, in the latter
model the crucible is extended up to a height of 0.021 m to contain the inert gas, as well. Finally, in the
FluentlPhase model a uniform 3D coarse grid of 4356 hexahedral cells is used, as in the OpenFoam model.
In the Fluent2Phase model, the problem is solved as axisymmetric and the adaptive local refinement
technique-2 levels of refinementis implemented, which results in a maximum grid size of almost 7000
cells. Based on preliminary calculations conducted#igymmetric problem leads to almost equal results

as the 3D, in terms of solidification/melting rates. Therefore, in order to save computational cost the
axisymmetric problem is preferred over the 3D for the specific heat transfer problem.
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Figure 31 Geometry and computational domain of the a) FluentlPhase (3D) and b) Fluent
(axisymmetric) models. Purple: emitter surface, green: axis, red: absorber, black: walls.

It should be stressed out that in all of the applied models, the floating ofithenghe liquid silicon cannot

be represented, because the solid PCM does not move. In a future model formulation the natural
phenomenon of floating or sinking of the solid material inside the liqguid PCM due to buoyancy forces,
should be also taken intxcount, for an even more realistic representation.
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3.4.2 Boundary and operating conditions

The boundary conditions assigned for both the FluentlPhase and Fluent2Phase problems are presented in
Table 20. The equation of the heat flux at the emitter surface is the following:

0 op X MTY T QP @& odprcY  p@ O Yhou 147)

, WhereTemis the emitter temperature.

It should be noted that this equation is%o8der fit to a more complex radiative model that describes the
radiative exchange, between an emitting surface and a TPR2ell

Table 20. CFD verification problem boundary conditions used in FluentlPhase and Fluent2Phase models.

BC type Parameters Units Values
Wall Wall Q WA 1 0
Absorber Wall Q WA #h 0
Emitter Wall Q WA th Qe (T)

Shear condition: No slip

The PCMgas thermophysical properties are listed @ble 21. The silicon properties are retrieved from

the literaturg287]. In the Fluent2Phase model, a melting interval of 18681 K is $ed, for numerical

reasons, in order to avoid the sharp transition of the PCM properties, between iligjsiolighases. In

real ity, in pure metal s, | i k 288). Addidionadlyi, ih theliPimse t her e
model the silicon thermal conductivity has a sharp transition around its melting point, whilst in the Fluent
2Phasenodel there is a small transition owing to the presence of the mushy zone.

Initially, the temperature is set equal to 1680 K at the emitter and equal to 1960 K at the upper part of the
tank. For the rest of the domain a linear interpolation of these &lwew is used to patch the temperature
profile. Transient calculations are performed, with a fixed time step set equetl0t®5 s in the Fluent
1Phase model and a variable time step (Courant number=0.2¢ph@01 s) in the Fluent 2Phase model.

Table 21. Gassolid properties (gas: air, PCM: silicon) used in FluentlPhase and Fluent2Phase model.

Model Fluent 1Phase Fluent 2Phase

Property PCM-solid PCM-liquid Gas PCM-solid PCM-liquid

 kgm® 2520 2520 Compressible 2330 2570
(Tait equation)

k, WK 1 20 60 0.0573 20 60

Cp, kg ™K1 1040 1040 1189 1040 1040

e, kgm st - 0.7484- 130 4.9605 - 0.7484- 130

Tsolidus, K - 1679

Tiiquidus, K 1680 - 1681

L, Jkg? 1.8:10 - 1.8%:10

b, 72 0.000143 - -
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3.4.3 Results

The model verification process has proven the accuracy of the Fluent2Phase model, for the simulation of
LHTES systems operating at ulinggh temperaturedMore specifically, from the CFD analysis it was
revealed that for most of the simulation time resuithe advanced Fluent2Phase model virtually coincide

with that of the Fluent 1Phase, OpenFoam and 1D model in terms of solidificatiorFigtee 32) and

melt fraction contoursHigure 33). At approximately 2 hours of simulation timtée temperature results
indicate that the solidification is terminated and afterwards the temperature decreases rapidly. Such a good
agreement enhances the applied models validity. More specifically, it is proven that during the silicon
solidification inste the closed shell, the dominant heat transfer mechanism is thermal conduction. A small
deviation, of almost 4%, between the 1Phase and 2Phase model is tracked as concerns the prediction of the
overall dischargéime. Such discrepandg mainly attributedo the fact that the solidification process in

the 2Phase model lasts more than in the 1Phase one, due to PCM expansion. Actually, the PCM
solidification lasts-2 hours based on the 2Phase model results, whilst in the 1Phase modé|$dstairs.
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Figure 32. Comparison of the four models in terms of (a) the dimensionlesslisplid interface location
(Xw/L) and b) the PCM temperaturexa®0 (upper part) ang=L (lower part) as a function of time.

It is worth noticingthat with the 1D and 1Phase CFD models any PCM volume changgmssitile
dendrites formation effect on the phenomenon temporal evolutionoareonsideredthe PCM volume

change during solidification is approximately 7%. Contrarthtt, the Fluent 2Pase model predicts the

PCM solidification process in a more realistic manner, since volume expansion is considered. By this way
the induced pressure field is also predicted more realisti€adjyre 34, since in the case of FluentlPhase
model, where volume expansion is not taken into account, minor increase in the induced pressure is
predicted. In a pure heat transfer problem, such an g@gisunris of minor importance, however, if the
stressstrain field should be modelled with high accuracy, volume expansion should be taken into account,
especially when density variations between solid and liquid phases are high enough (>15%).

Another condlision is that in the specific problem, the silicon is contained in a rigid casing in a shape of
truncated cone, where the direction of the smallest resistance to expansion is the axial. During the PCM
solidification a slightly higher expansion can be obsdrnear the PCM centreline than the one noticed
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near the wallsKigure 33). This is reasonable since the distance between the lateral walls oktet ve
increase with height and therefore tileseareas both axial and radial expansion is obserVéds
observation cannot be predicteith the 1Phase model, where the PCM volume change imodelled.

t=0 min t=30 min t =60 min t=120 min

OpenFoam
Melt Fraction [-]
1
0.75
Fluent
0.5
1Phase
0.25
:
Fluent
2Phase

Figure 33. Contous of thea) OpenFoam b) Fluent1Phase and c) FRIRmdse CFD model melt fractiol
(t=0, 30, 60 and 120 min). (Blue: solid phase, red: liguid PCM+ inert gas (Inghase model thes
two phases are distinguished through a line at the interface betwe€ s

Finally, it is observed irFigure 34 that in the closed PCM shell case the pressure profile is almost
homogeneous at each time instant. The induced pressure values increase as the PCM volume increases
during solidification process, almost up t&® $ar Therefore, it is suggested that agfanin the inert gas

above the PCM, a release valve should be also added in the final prototype design to ensure that no high
pressures are induced inside the vessel. Such pressures can be even higher in case of an uncontrollable
reaction of the PCM with therucible, due to ultrdigh temperatures. Similar observation for the pressure
increase during silicon solidification can be also founf@89].

a) b)

Pressure [Pa] Pressure [Pa]

Figure 34. Pressure field predicted inside the sealed vessel by a) the Fluent2Phase model
expansion of almost 7%), and b) fHeent1Phase model (volume expansion is neglected).

Concluding, many aspects of the real phenomenon are neglected in the 1D and 1Phase CFDhmodels.
1-D model can be considered a valuable tool for the PCM casing design, especially during the egrlier des
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stages, as it can quantify very fast important design parameters, without high error. On the other hand, the
advanced CFD 2Phase model should be applied for more complicated applications, characterized by high
gradients of different properties, and foe more realistic representation of the solidification process in the
case of more complex and promising designs. In addition, operating parameters that cannot be easily
predicted from 1D models, such as pressure distribution, thermal stresses, tbesmsldtc., can be
described ira moredetaied mannerThus, the 3D numerical solution of the transient P@hase change
process is more accurate than tiiesolution and can be used in different engineering conditions.

3.5 Parametric study A: Vessel shapssizeeffect

3.5.1 Geometry and mesh layout

Following its validation the CFD model is applied for the numerical study of Si solidification/ melting
process at ultriigh temperatures (~140Q) inside a novel electi€ES systemdescribed if27]. Five
different TES design concepts are studigdre 35), i.e. sphere, cuff sphere, cylinder, truncated cone
and cube, with the same volumédsei= 3.73: 130n% and emitter surfaceAé=2.251: 12@n?)i vessel
bottom area where the heat extraction occurs during dischafdjinge tested geometries are created in
ANSYS DesignModeIIer and they are sealed from the top.
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Figure 35. Physical models of the studied geometriés) cutoff sphere, (b) sphere, (c) cylinder, (
truncated cone and (e) cube. Red: emitter, green: axis, Blue: sidewalls.

The applied grid methodology follows the local grid refinement method with two refinement kevéts

the model validation cas&able 22 provides information on the number of cells required to achieve the
sharp ga$?CM and solid (PCM)iquid (PCM) interface by using either the local grid refinement technique
or an equivalent uniform dense grid of the same grid resolution near the interfaces

Table 22. Mesh details for the different geometries tested.

Design Grid # Cells # Cells of equivalent dense grid Problem
Cube 2 Lev. ref. ~7.8L ~31510 3D
Cylinder 2 Lev. ref. ~1.61L ~71410 Axisymmetric
Cone 2 Lev. ref. ~1. 1L ~41410 Axisymmetric
Cut-off sphere = 2 Leuv. ref. ~11#10 ~4.91:10 Axisymmetric
Sphere 2 Lev. ref. ~1. 1%L ~5. 91 Axisymmetric
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3.5.2 Boundary/Operating conditions

The problem boundary conditions imposed on the five tested geometries during Si melting are presented in
Table 23. More specifically, the container swalls are heated at a uniform temperature equal to°C707

The emitter is insulated during melting, as the
are considered there. Additionally, the contact resistRateset equal to zero, following the assumption

that there is not an additional air gap between the walls and the PCM and a no slip boundary condition is
set at the solid boundaries, as in the work of Assis @3]1.The wall thermal resistand&y,w, is considered

equal to the one used in the model validation case. However, irhiglrdemperature LHTES systems,
crucibles of loweRy (such as ceramic materials) are used.

Initially, the PCM occupig the 92% of the domain, which is stholed with a temperature 10 degrees
lower than the PCM melting point, i.e. 1413

Table 23. Boundary conditions imposed during the study of vessel shape effect on Si melting.

BC type Parameters Units Values
Sidewalls Tw °C 1707
Wall Rin,w m>KW-1 | 0.0025
R(h,c m2K W1 0
Emitter Wall Qem W2 0
Shear condition at walls: No slip
AXis Symmetry

The PCM solidification process is simulated shortly after its melting phase. In this case, heat is extracted
from the vessel bottom part, making the dominant heat transfer direction the vessel axis. A uniform
temperature is set at this surface equal to7 2@9 whilst zero heat losses are considered at the sidewalls,
Table 24. Initially, the molten PCM fills 86.2 % of the domain, due to its contraction aftsgting.
Additionally, the whole domain is patched with temperature 5 degrees greater than the PCM melting point.
In both phases, transient calculations are performed, with a variable time step size (courant number =0.2).
Information on the discretizatimchemes and trgassilicon properties can be found[232] and inSub-

section: Model verification (Silicon solidification: Ultrigh temperatures)

Table 24. Boundary conditions imposed during the study of vessel shape effect on Si solidification.

BC type Parameters Units Values
Emitter Tw °C 1097
Wall Rihw m>KMW-1 | 0.0025
Rine m™KW1 0
Sidewalls Wall Qw W2 0
Shear condition at walls: No slip
AXis Symmetry
3.5.3 Results

Figure 36 shows contours of silicon liquid fraction for the five geometries tested. As can be noticed, a
gradual melting of the PCM occurs from the side to the bottom region at each case. Additlumathyid
material is free to float in the PCHr interface, thus forcing the liquid silicon aside to a downward
movement and in return producing a more rapid melting due to natural convection. This phenomenon
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observed is the opposite of paraffin wax iehhsinks during melting process, whilst its melting is mainly
favored in its upper region, due to the molten PCM upward movement.

More specifically, in the beginning of the melting process, the solid silicon is in direct contact with the
container walls.During the first seconds of the PCM melting at t=1 min, a thin liquid region of
homogeneous shajpa shape similar to that of the heated sidewal®rmed around the solid phase. This
indicates that the dominant mechanism during the initial stageg ofielting process is the heat transfer

via conduction. Later on, as the liquid region grows more and more over time, natural convection becomes
more pronounced, influencing the melting shape of the PCM.

b) c) d) e)

a)
[ — —]

MFR [-]

Il

0.50

Figure 36. Melt fractions contours &t1, 20 min for the: a) cube, b) eoff sphere, c) sphere, d) cylinde
and e) truncatedone. (Green: axis, yellow: sidewalls and black: emitter).

The quantified evolution of the melting fraction with time for all designs tested is preseRigdria 37a.

It can be inferred that the melting process is the slowest in the sphere (~40 minutes) and the fastest in the
cube and truncated cone (~28 min), due to the smaller or larger heatedasaf which undermines or
enhances the heat transfer process, respectively. Actually, cube and cone are 25 % and 21 % quicker than
the sphere, respectively. It is highlighted that even if the cubic shape seems advantageous, it should be
noted that during didification and storage processes the PCM is expected to experience the highest thermal
losses, since it has the highest surface area per unit volume.

Figure 37b, shows theSi solidification ratedor the five studied geometrieShe solidification process is

the slowest in the cone (~280 minutes) and the fastest in toéf qpghere (~ 140 min), @uto its smaller

or higher heightFigure 35, which undermines or enhances the heat transfer process, accordingly. The
vessel height plays an importanle in this heat transfer problem in a sense that the heat is extracted from
the bottom of the vessel, making the dominant direction of the heat transfer the vessel axis. Actually, a
maximum difference of almost 50% can be observed in the solidifidahes, between the coff sphere

and the truncatedonei the truncateatone height is almost two times higher than that cbéiusphere. In
between these two geometries, lie the cube, sphere and cylinder, which almost have the same height.
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Figure 37. a) Melt and b) solid fraction values versus time for the different geometries tested.

Indicative values of the lateral heat losses during thermal energy storage period of the studied geometries
are also reported. In atlases ambient temperature conditions are considered, whilst insulation of small

t her mal r e s’ K Wais aoresidedefAt t600s all geometries are patched with a temperature
equal to 2000C. As can be noticed iMable 25 the dominant parameter that affects system heat losses
during storage periotfor a specific insulation metheds its exterior surface to volumatio. Therefore,

the spherical design, with the lowest surface to volume ratio, is the most favourable in terms of heat losses
and is followed by the cylinder and the truncated cone. The cubic design is the worst case, since it has the
highest lateral gtace to volume ratio, resulting in the highest lateral heat losses, accordingly.

Table 25. Indicative heat losses for the different shapes tested during storage period.

Design Outer Surface (nv) Lateral heat losses* (kW) | Qioss (kJ)*
Cube 0.135 ~86.5 ~ 5868
Cylinder 0.1248 ~ 80 ~ 5517
Truncated Cone 0.1296 ~ 84 ~ 5720
Cut-off sphere 0.1296 ~ 85 ~ 5756
Sphere 0.1088 ~73 ~ 4891

* At t=60 s after the start of simulation

Taking all into account, the cuoff sphere is the optimum shape among the ones tested, as concerns thermal
losses, and charge/discharge ratedle 26. Apart from this, such a design eliminates the structural tension

as it redirects the gravity force or compression forces, downwards in multiple directions. Additionally, its
lateral surface, from where heat losses are expected is rather moderate, ddamparaest of the cases

tested. The most advantageous, considering stresses and thermal losses, but not so much as regards charge
rates, is the sphere. Both geometries would be interesting to construct and test their performance in a
compact P2H2P conpt however, the vessel integration in the whole system might be difficult. An
alternative option to these and easier and more flexible to construct for such an application is the truncated
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cone, which also results in high melting rates and moderateassasl Its solidification rates even though
they are the lowest compared to the rest of the designs tested can be further reduced by altering its tapering
ratio (bottomto uppersurface ratio).

Table 26. Classification of the diffemt designs tested from the most to the least optimum in terms of a)
solidification and b) melting rate and c) heat losses during thermal energy storage period.

Solidification rate Melting rate Minimum Qissduring TES
5 © Cutoff sphere Cube Sphere
'§ = Sphere Truncated Cone Cylinder
© £ Cylinder Cut-off sphere Truncated Cone
n ° Cube Cylinder Cut-off sphere
Truncated Cone Sphere Cube

3.6 Parametric study B: Heat losses effect

Following the studyon the vessel shape effect on the P&Midification/melting process, under the
assumption of adiabatic conditions, the Fluent2Phase model is applied to study in a moirardetaith

the more realistic scenario of including heat los#esITC designThe reason for such a choisghat he
truncatedcone can be fabricated more easily compared to other novel designs suggested in this Thesis, such
as sphere and coff sphere. Another advantagetb&é ITCcompared to similar ones, such as the inversed
truncated pyramid, is thétdoes nothave sharp corners, reducjtigus the local stresses and any possible

risks of mechanical failure in these areas. An alternative solutibiCtdés the cylindrical design, which

will be alsostudied briefly. Several vessel geometries, volumes and iimgutaaterials are investigated.

3.6.1 Numerical cases examined

Regarding the vessel insulation, two methods have been tEgjace 38. In the first one, only graphite
fiber mat GFM (Case 1A Table 27) is used. In the second one, GFM is utilized as an inner layer and
fumed silica boardSB as an outer layer (Case -2A, Table 27). Data concerning materials thermal
properties are retrieved §290]. Their values have been calculated by taking into account both thermal
conduction and radiation through tmsulating materials. The geometry used in this Beages studied is

the ITC desigrwith a tapering ratigTR) T emitter to absorber surface rategual to 0.45 and a reference
volumeV equal to 8326e04 n? (Case 1BTable 28). The cases simulated are presentethinle 27.

Table 27. List of cases studied regarding the container insulating layers effect on system heat losses.

* Insulating materials thermal resistance at a temperateté80 K.

Case # Layers = beem[M] | bess[M] | Rinstotalieso [M?> K A W Phase studied
Case 1A 1 0.03 - 0.1179 Charge/ Discharge
Case 2A 2 0.03 0.06 1.88 Charge/ Discharge
Case 3A 2 0.06 0.09 2.88 Discharge
Case 4A 2 0.1 0.15 4.80 Discharge

As concerns the vessel geometry, the following cases haverivestigated:
A. During system charge/dischardeable 28:

l. Different vessel volume¥ (Case 1B)V/2 (Case 2B) anil/4 (Case 3B);
Il. Differentvessel tapering ratio§ R=1 (Case 58B), 0.45 (Case 1B), 0.225 (Case 4B)],
by keeping the latent heat storage system volume constant efual to
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Table 28. List of cases studied regarditige container design effect on LHTE®@stemperformance

Case V[mI A _[m7 | Aws[m? | Awa[m?  H[m]  Shape Phase studied

Case 1B = 0.0008326 0.0045 @ 0.01081 | 0.03456 & 0.1121 ITC Charge/ Discharge
Case 2B | 0.0004163| 0.0045 | 0.01081 | 0.01813 | 0.0560 ITC Charge/ Discharge
Case 3B | 0.0002081| 0.0045 | 0.01081 | 0.01058 | 0.0280 ITC Charge/ Discharge
Case 4B = 0.0008326 0.0045 @ 0.02054 0.03130 @ 0.0721 ITC Charge/ Discharge
Case 5B | 0.0008326| 0.0045 0.0045 0.0440 0.185 | Cylinder | Charge/ Discharge
Case 6B = 0.0008326 0.01081 0.01081 @ 0.02839 @ 0.077 | Cylinder | ChargeDischarge

B. During storage period

I. Different ITC volumesY, VI2,V/4, 2/ and 4/), Table 30. In this set of cases testéfable 28),
insulating method of two layers (Case Zmple 27) has been used.

3.6.2 Geometry and mesh layout

The vessel geometiwolumeV andTRratio equal to 0.45and discretised domain used during insulating

layers parametric study are depicted-igure 38a and Figure 38b, respectively. The ITC geometry is

placed vertically and contarsilicon as a PCM. At its bottom, the emitter of the TIPV converter is fixed,
coming into direct contact with the molten silicon. During system discharge, the TIPV anode, which
comprises a thermionic and a photovoltaic cell, is patched to the systesienadiiated by the emitter,
producing electricity. This radiated heat, which is more or less dependent on the emitter temperature
Q=Qen(T), €q.(141]) - causes the PCM solidification. During charge or TES period, the TIPV converter
anode is dispatched from the system, insulating materials are placed on the vessel bottom part and, as a
resut, the emitter stops radiating heat. Other surfaces in the vessel include lateral and upper walls,
designated in this analysis as walls and absorber, respectively.

a) | | b)
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Figure 38. a) Cases investigated during the insulating layers parametric study and b) compu
domain purple: emitter surfacegreen axis,red: absorberblack: walls).

Figure 39 depict the mesh layouts of the different geometries tested.adaptive grid local refinement
techniqug94] is appliedn order to capture the sharp gREM and solidiquid interfaces. This technique
results in a maximum grid size of almost 20,000 quadrilateral cells, in all cases. The refined grid comprises
elements of maximum andinimum cell volume equal ta:31’ & and10*' m?, respectively.
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Figure 39. Mesh layout of the studied geometries: a) CaselB, b) Case4B, ¢) Case5B and d) Ca:

3.6.3 Boundary and operating conditions

Solidification/ melting process

In Table 29 are presented the boundary conditions assigned during the system charge/discharge. More
specifically, during dischargingh¢ heat flux at the emitter surface follows the temperature dependent
equation (1). The rest of the surfaces (wall, absorber) are insulated, whilst a temperature equal to 300 K is
considered at the system exterior surface, assuming that the temperatuterttie to homogenize to the
ambient one (study of worst case scenario). During system charge, the temperature at the lateral walls,
where the heater is placed, is defined equal4@=2000 K. At the rest of the surfaces (emitter, absorber),

a temperatte equal to 300 K is considered at the system exterior surface.

The PCMgas thermephysical properties are retrieved fr¢232]. Its melting and solidification pois are

equal to 1681 K and 1679 K, respectively. During system discharge, the temperature is initially (t=0) set
equal to 1680 K at the emitter and equal to 1960 K at the absorber. For the rest of the domain a linear
interpolation of these two values isad to patch the temperature profile. The PCM melting process is
simulated shortly after its solidification phase. Initially, the solid PCM fills 92 % of the vessel, to avoid any
problems due to its expansion after melting. In this phase, the PCM subdenaétched with a
temperature 140 degrees lower than its melting point.

Table 29. CFD problem boundary conditions used during system charge/ discharge phase.

BC type Parameters Units Values
= Wall/ Absorber T K 300
8 Rjnsulation m2 K A W Varylng, (Tab|e 27)
T O Buessel _ m ; 0.01
6 kvessel WA ﬁﬁK'l 125
@ Emitter Wall Q WA® | Qem(T), €q. (41
Emitter/ Absorber Wall T K 300
2 Rinsulation m?K AW | Varying, (Table 27)
= Wall Wall Twai K 2000
= bvessel _ m _ 001
kvessel WA A1 12.5

Storage period

In order to study and estimate how much time will pass until the vessel loses completely its contained
energy in the form of latent heat during storage period the different concepts tested are patched at 2000 K.
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All the walls (including at the emitter) aiesulated following the insulating method presentetiahle 27

(Case 2A). Since the storage period lasts more time than charge/discharge phase/igticreoeadary
conditions have been imposed at the system outer surface. Therefore, an ambient temperature of 300 K has
been considered, whilst both convective and radiative heat losses to the environment are calculated. A value
of a convective heattrahse r coef f i ci et and exteradl emissivityZ2qual WA.Bare set

to the system exterior surfaces.

3.6.4 Results

3.6.4.1 Insulating layers effect
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Figure 40. Comparison of the melt fraction contourd=80, 60 and 90 min for a) Case 1A, b) Case
c) Case 3A and d) Case 4Rdd: gasPCM liquid phaseblue: PCM solid phaseajashed black line gas
PCM interface).

In Figure 40, are depicted contours of the silicon melting fraction inside the crucible for the different
insulating layers tested. As can be noticed, in all cases a gradual solidificatierR&EM occurs from the
bottom to the upper region of the vessel, owing to heat release from the emitter. What differentiates each
case is the heat losses from the vessel sidewalls and upper part, due to different insulating
materials/thicknesses applieghich can affect the system performance. More specifically, it has been
revealed that, for the specific operating conditions examined, in order to have an optimum system
performance, an insulation of a total mean thermal resisRnatleast equal to 2°A& A YWis needed to

avoid excess heat lossisany other case, it has been observed that the heat losses from the sidewalls are
considerably high, almost comparable to the heat flux coming out from the épait{om QosdQerd 6 . 5

% forRa 2 2AA WuptoQiosdQerd 6 5 A ® 02K Ariy. In this case, a discrete solid phase is formed
near the sidewalls, and a thin crust at the upper part of the PCM, near thm&Clhs interface. Due to

these formations, there is high risk of entrapping liquid PCM inside the solid PCM that camafpptent
cause high pressure values inside the cruciliies tendency can be observedrigure 40a, 30 minutes

after the initiation of solidification q@cess.In any other case, i.€0s<<Qem such formations are not
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observed, but rather a fAcrust | ikeod mushy region
only duringthe final stages of silicon solidificaticalmost 1 h after the initieon of solidification process
(Figure 40b,c andd).
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Figure 41. a) Solid fraction values and b) héatses vs. time for the different insulating layers testec

Finally, the high lateral heat losses, can affect negatively the total power output. This fact is proven in Case
1A, where the power output is lower than in the rest of the cases studied. Téhatefdotal heat released
during system discharge is considerably lower in Case 1A than in Caghb%s @h.a-2.3E+03 kJ in Case

1A, whilst Qen~-3.5E+03 kJ for the rest of the cases studiddevertheless, due to the decreasing
temperature difference bed&n the PCM and the environment, as the PCM solidifies, and the increasing
values forR as the temperature drops, the heat loss reduces as the time degsrigy1b. Such a fact is

more evident for Case 1A&jgure 41b.
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Figure 42. a) Melt fraction values and b) heat losses vs. time for the different insulating layers testt
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During system charge, a proper insulation must ensure quick melting rates, as the ones obtained under
adiabatic conditions, since in any other case the excess heat losses from the sidewalls might slow down the
melting process. During this phase, a mindeefon the system heat losses has been observed for values

of Requal or higher than 0.12& A WThe main reason behind that is that in this case the incoming heat
from the sidewallsQuwai, is considerably higher th&poss, Figure 450, maintaining the high charging rates

that would be achieved under adiabatic conditibiggjre 45a. More specifically, in Case 2A th@yai/Qioss

ratio is almost equal to i@t the beginning of the process and drops downzatt@e end of it. Similarly

in Case 1A, the th@ua/Qussratio takes values within the range of- 100%. However, it is expected that

for lower Quan Values, comparable to the lateral heat losses, the melting rate will decrease.

3.6.4.2 Vessel tapering ratio/ size effect
3.6.4.2.1 Charge/ discharge phase

From the analysis, ltas been revealed that the system performance during charge/ discharge phase highly
depends on key parameters, such as the vessel volume/ storage capacity, tapering ratio and emitter surface.
More specifically, for geometries of the same volume (Case4BBB), the solidification time increases,

when their height increases accordingly, since during discharging the dominant direction of heat transfer is
the vessel axis. For this reason, the quickest solidification is observed in Cdses8~10.72 h)and the

slowest in Case 5Btdschaig=2.56 h), which have the lowest and highest height, respectively, of all
geometries testedable 28. In particdar, in Case 6B the solidification time is almost 70 % quicker than

in Case 5B. Moderate solidification rates are noticed in Cases 1B and 4B (ITCTAt® 45 and 0.225).

By comparing these two, it is observed that the ITC wiltiR&qual to 0.225 (CastB) solidifies almost

17 % quicker than that withTBR=0.45.

a) b)

Figure 43. a) Solid fraction and b) melt fraction values for the different geometries tested.

The opposite trend is expected during the PCM melting pefigdre 43b, since the heat ithis concept

comes from the sidewalls. In this case, f& siame vessel volume, the higher the height, and therefore the
larger the sidewall surface, the quicker the PCM melts. This is the reason why Caséirsigr with a

side wall surface equal to 0.044,rmlmost 1.3 times bigger than the reference case ({®smelts quicker

than all cases tested. On the other hand, the slowest melting rate can be noticed in Case 6B, where the vessel
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