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Abstract

Phachanmgaet es{ IPLIM) ar &bipglgaeyri nfrgol e i n our daily
el ectribatveestri €p &icre ctrhad toRetseera rscpha oen. PCM me |l t i n¢
systpemf or mance has gasersalmiey hbatosasd whbraaso
pracltatcant heat ther mal ener gy staorrea gseu b(jLeHTt EeX
uncontrol |l abl e menc hiannsitcraul mevnitberda trieocntsangul ar L F
a heatedepleat ¢ ocdwopmladnuommsmau m t o t he heatedhel
remaining two plates were made of Pl exiglas t
PCM was held in the spBrcexsgias®deé hpetclaa odleu
ori ent edwiatshenmegeestpoda v heati odfawb feeéebkdof experi me

to (i) no mechanical vibrations and (ii) mech

For cases with no mechanical vi brations,
inclination angles of 90, 6Bor 46he30nahdnft de
degrees (horizontalexlpeaterdplmetl ¢ i ag wast @om)s.e
al umi num wanalvsy, -swohyjeurdeda(sh 8Ma)jsf gpaeesent i n {+ he Vvi
pl asniegni f yi ng pr esuennsctea bd fet d myre mamalol ywot ed t h:
di mensi onal istoyl iodf itshtep efiagcusitde@at contrary to ir
observation plane. Temperature recordings on
| ack of pl &Amse tdhyemmentcrlyi.nati on angl e was raise:
readings among the two DbFRadrc htelse wemrrcel icn aetairdny a
(vertical thheaversspgade) nterface was observed
al umi nuwh eprlea tae-utnhsetranball el yl .aAyneorn gi stshpew iecsaesneh o vi br

the melting rate based on the eshaismadrieoans eodi at



many as 45% wi t hveitbhrea tii nocni &f arseequdefanicryi. ng t he L SI
effect of the Rayleigh number on intensificat
bet ween the bottom heated al umi-sasaulmi d | ian tee rafnac

elucidated.

The unit was al so subj ant ead cted emkdd asnu ld jaedvcet
to 50 andt hie@| Hnat oon alng|lwi eoWw Of dgerge eeteesr. | e al

the unit, observing melting enhancement is pr
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Chaplelrntroducti on

This Chapter wild/l provide an overview of t
operation of sryesneewresbd ceu seinnreg goyn t her mal energy

phase change matemp haassi z(ePdCM) Twhiel Iscboepe of t hi s

1. Elnergy Storage

Wi dsepr ead availability and access to cl ean
address issues related to global warming, enyv
energy (i .e. solar, wind, oceam,elet,c.t)huasre | o

contributing to global drive tlhywartdidataohonof
forms of renewabl e energy is the toppig.qof ene
soliamr adaitatali ocrne r taaien i pd SEintms Gadtewseilggned and robust
energy storage units must letanapgetagrial oparasa
concentrating solarFphbanewb€é€s$R) the hbtusatnhdate
clearly identifiable. I n this system, ther ma
heat thermophysical property of al/l materi al s

temper adeclei wel dr ri se.
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Figure 1.1: CSP that converts solar irradiat:
energy vhe@B®gms abtnlade iTAdi j Anovil, 2019

1.2 Latent Heat Mo8Btooag@&her mal Energy

Phase change materials have |l ong been used
buil di ngt mantmali arhan ag e nteenxttsiplaecse,t.e aWittpm ertesc, e nt
of energy <€micsieasamg enaeket of fully electric
PCM has grow®CdM amatriec alell yase sizeabl e amount
constant tempersdluirdce ttrharmosigthi dn,q uagfanmeeoznilnyg k n o v
cyclTd&ns s thermophysical mode of energy storage

heat storage approach due to |l ack of temperat

11



1.3 Effect of MeaoVWalntiicmd Vi brati ons

Whidleot of research was already performed t
adopteesds welkge nrestab] gcbetdrmechbhecal vibration:
actual oper at i negl eccotnrdi ietipvaenhsi nlseusaly &s br ati ons,

the PCM unit wild/l be affected by the I mposed

14Scope of Thesi s

Starting with a simple PCM storage unit, a s
the role of the inclination anlgilgaudddt dt het ree If ta

L9BNnd recorded thermocouple readlimgtshiusnder <co

connection, there are prior research against
Mechanical vibrations were then i mposed for
pertinent datlan wéirnes ddlelsecst,ed.he foll owing cha

a.Literature reviear pedtisAneapd ed o2t he study
b.Experi maptahdsetrocedur eGhawitlelr Be presented
c.Experi ment al resul ts wil/l be covered in Ch

d.Conclsassidomecommendati oiClsapd ¢ 1 be presented

12



Chap2elkiterature Review

This chapter will focus orne paotrstuetddmaeg!l at i pn
to effects of mechabnhieaal heabr aheomabyydrmhergy s
reseamtHowenvser, prior to that coverage, a few r

experi meptampkeyed in this study are discusse:

2.Qverview of Prior Work &elRsesctangular LHTES

Thexperi meptaempbkeyed in this study wil/ be
seutp that was employed has been studied by son

opportunity to compare our r eusmllt:ewd o their f

(av)ersatility in orientaabhonelwenatirespect t
(bvier satrielailpgzemmnce of thermally stabl e and
within the |iquid PCM

Henze and Humpaés atwbdidn®ed8nls)i on al heat conduct
predicting thleil gualldi idn @ ht #rda@dd PCM st orage de
val i e@ammoed ethhd e § h g nsetdu dainedd a|l i zed mel ting experim
finned rectangul ar Pl exiglas container of 1ins

which was filled with octadecane (Fig. 2.1).
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Figur®chRematic diagram of the experimental te

The research isnitmpoldiufcieesd amondoevie lt,hat predi c

PCM in finned systems. The experi e tvad | iddaattae,

the model's assumptions, such as neglecting h
focusing on | atent heat of fusion. This mode
critical influence of fitemgeometry and spacin

Il n essence, Henze and Humphrey's study unc
energy storage systems. By demonstrating how
heat transfer in PCM, this stuadytofmieerad-ival wdl
change energy storage devices. 't highlights
these systems, making it a significant refere

14



(a)

(b)

(¢)

(d)

Figurlent.&2nt aneous evoéexpeopshnmehtht hf e (nth&hdz dsuyrsitn
and Humphrey, 1981)

Il n general, tHhHe npr ssgmadd iafanmdtyalsuppressed
strongly enhanced conduction. It was argued
becomes more negligible and the proposed mode

The study by 1BDfBtdglelsdri gatt easl enhancing heat
systems using paraffin wax as a phase change
fins i Auadefisrenteud t o i nduce natural convection
becomeghly efficient AC€C. tEmpestudyes pbbmar $0
the i mpact of natur al consectdonnber haaet¢, tcan

| atent heédatkfegabumngeof the study is the experi

15



storage device with two parallel plates separ e

expansion of paraffin wax and allow flow visu

A significant result of 3t hwehisdhudshadves ptrhees e
l iquid produced as a function of time. This gr
transfer process, highlighting the effectiven:
resul ts edetnoantsttriaeé heat transfer coefficient
convection alone, attributable to the movement

enhancensshent tra

Fi guxXFl ®&2w vi sual i zat i enndoufc enda truercailr ccuol eatteoeriyi ovno
1984)

I n summaofEftekbdyl9@wpal des valuable insig

t her mal storage systems with PCM. By wusing

16



convection through fin arrangement s, the r ese

efficient heat tr abnassfeedr tnheecrhmaanii ssmisoriangeP GMW st en

Scammel (2011 expep osmeuwtihaebtn s smmbavaiyti it | telse
experiments of yHED&®R) andA Humptha g r aypp solf o wii ,sg e »
five Plexiglas wall and one aluminum end that

Figud e 2.

FiguhdEp2zri mendeda@athf d ®c £nmell)

Octadecane was the PCM utilized in this st
presence of @awuwm auvuend f wAMMEe PICMs of photograph:e

progression of the LSI with and ®ithout al umi

17



Fi guhTei lBear yi ng progression of the LSI away fr

(a) without metal foam and (b) with met

On the | eft.5sipdreo gorfe skFsiigour eo f2 pr efuemrnted smel t
clearly similar to those repofrardt adoweddyofHel
systTehne expanding | iquid region is dominated b

l iquid that sinks along the colder curved LSI

Having outlinedetllkeahe¢at ercsymsntgdunhda nsetLuHdliEeSd t
that have similarities to the current experim

mechanical vibrations on phase change systems
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22Chronol ogi cal Re v ioenw Mefc hRarniiocra |ReVsi ébarracthh ons Al

Research on phasand hlatHhTgEeS (styrsatnesmst i lobans) b e en
years due to attractiveness of storing sizeab
in this modHoweivest ovageg few research articl es

mechani cal vi brations of performance of such

Vadasz et alinya®dighyea teifmeedc tatof vi bration o
sol i difiodateinocnaprsautleat ed phBspechmeges maeeei dbs
wakRT 35 oiregsli de holl ow plastic spheres of 40 n
Thel astic sphepareafcidmwasanximg ti ally in a | iqui
temper at’Gwats hbdn 6l0ubmer ged .i ntTdchia thkadcchmaliaasmaten
temper at’@rwhiodh 1was a¥pbexiomwmat edhley mz@ersaoboburdif
of t hehevaxpheres were then subjected to vertic
(Figer.ehe. ex mereismentdti cat ed a decrease in soli
increase in heat transfer) during thedaosdlhiedi f
experi ment process that Tdoes reesul towhai mbgieb
vi bration fredhendeycafy 100tHe. i ncreased rate
coul d al sos bset usdeye.n Tihne tdheicay shown by the decr

down to 2% suggests a possible oscillatory de

19



101 .
Rigid Frame Cantilever Beam

Fi g26GEex per igmeatpt af Vadasz et al. (2016) for sol

plastic spheres subjected to vertic

Joshy et al. (2020) reported findings of a
of mechani cal vb absread | pans soinv ea tFhGM ma l manageme
el ectric vemRudligsh.er nT 3ebyHQs sPeCdM wi t h a goal to
within theC rtadCgZeb eofsi2mmul at ed btadatl eamii emsi marce | fina
containing ceramic cartridge heateirist hatant heir
batteries. A serivwesc arfr ieexap doaidmea mtga It etnepsetrsat ur
cylindessudy the transient thermal field beha
rat edi5@@i.. eT.h,e ranges of applied fr equ(efmicgyuraend
27 ar ei5020Hz and 30 mm/ s to 50 mm/ s, respiercti vel

hybrid electrid¢hweehlmioaldesufPHEBWN dcoomald Mpkambatuir@

20



at t he baetxtheirlyiitseudnggracc ewi t h i ncreasing frequenc
However, the transient temper atewrfe tvhar ibattitoerr y

wad slightly different than the batteries in t

Data Acqquixition
Device

I Type
thermocouples

Ceramic Heaters

Vibration meter

probe

Portable vibration

meter

FigureC®Pmponents of -utphe fe xXJperhiymertt all .s €t2

Lee and Han (20 22)eanmkeroirmendt (i Midg &t P gat i «
effect w9ofbrsomdarme melting behavior of a phas:¢
per f or man chea soefd ahlePa@NMdsoimm kv.i br ati on from 2 to 1
ranogfle5 to 2000 Hz was applied t @ gaarraefcftiann gwalxar
the heat ®dAsbshhlnt heat fl ux was i mposed on the
dur aftaront he temperature of VYvaludeceetaseidnlk st d hrei
of random vibration | rear etahsee dv,i b5 .a% i toinmeosf [106n

vi bration.
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featur es

Table 2.1 Summary of the operating
above
Aut h¢Exper.i PCM |Fr eque|l Amp | i | Observat
cel |l
Vadas| Spher RT35 | 1800 7.95 |[Faster soli
al . 0.15
Joshy RectanRubit|] 260HZ30mm/isiTemper atur €
al . ( 35HC 50 mnthe surface
of freque
ampl i tud
Lee ¢gRectan Sigm 182000 2G16dTemperatur ¢
Han Al dr | rms rise with
(202 ASTM random Vi
87 i ntensi t
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Chapter 3 &egdpmidhrecdedur es

I n this chapter, detupi, | 9 trseldaetse @y nt, o febp e rcia

are outlined.

3.Elxper iApemratr at us

ThEeCMont ainer i s verreyp ofgipHeidlzaerd tHa mpihe egné 1
Two2 i nchiesedbyaldupniiantuvem t h  a t hii cdkimneesses noafc O hn2e5d
screw hol es drd Onlee do ff rtohmest bnueid isa | seigfdleeagg® t o t he |
t he c oanctcao nmneotdweot eadi r v e ni thiadt aderiioenk eldal ecsoomptah e
bottomhmliat ehave itnisrepfth®mnend Foavel € 5) hol es on
ni Meho(l es on atl ueni hnautmte prd a dHeasll d seddwielrleed on t he p
pieces which ghceosntoare aZ.rscCen @d es toriige steh ea rhew adsoe r  p |
machi ne@ .ibudh n‘e ha *r ac ti abddwd ka,rhhesiat er att ached t
and fill ed wietnhh atnhceer mhér mabt eonducti vity. With

the first step is to glue the thermocoupl es i

The unit omad hpel daddtperéecd gimoeta sBe@arf ace
sure our test beads omogitthetr mec,mondeyes apphi edt

the other end of ttkhlkept ihenr pdcacwepl e wires to

As t her swoecto@iipn g gl ued i ns @@Rlceex @ltbhen n@lcepaars)

sustapid to 930 to 20Mas applthd side of WYUpivon me

connecting thewet BHluexeingulnma sp,| atthees same phecedurt

heater plate
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Wi tticeont ai ner compl C#¥l vy hfei eheddpWwWiekxhgs alsisd p
The whol e cdrteani neenrc | wtolh mavtpdallgist e t he cont ai
insul ation dusjnghéeheasxperimealtated but r emo\

on the front Plexiglas plate to allow visual

The varioudocommo rse letugpetair me sthown F ghemat i

3,1 whar phsetiosgrdaipshp| ab gdurlee I3av2 as

"
..

Heater

Thermocouple

Test Unit

Camera

Figure 3. 1: Schematpiea i dnegpgrad mseft t he
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Figure 3.2: Phet ogenxappehreidnte ptthach disett s measur em
components

3. 12nstrumentati on

Ttype ther mocodpgsLlLeEs) (Wkinmdegpacsmadf tused for tem
measur ement peuxrppeor si ens¢ it nt htBhuiéesi mi t ati on of our
( Nati onal FOMRs1t3r) yu mematxs mNilm of 16 t her AMldboa u prihees
configuration of thermocouples that were pl ac:é
in Figlhreeae3.al3e B tot al of 14 thermocouple wir
whi ch-TCBXrpdel aced on the t-4p)aond 9het bets omMTEY
ther moCcDbQ®) ethelas ua mlriecempter at the adabdoltasbdrpyvyne (

was glued to the heater platplbaabemeasure the

27



Figure 3. 3:Lochrdfimonsseumbeching of the vert,]

thermocoupke&pajrd4,& 9, 5 & 11)

A variable transfB&Nma6C) Swpsr iusredt yapgse:our
supply to power thel®Omep@& fAemulhttiametren( KHAP 3
was used to measure the AC voltage and a cl am
measur e t he oauwrhr ente haita aohe ¢hszat hien @ o we hheevahtiecrh
i s drawing. Our datheadlNgui sn & FONNsdnaastnad t Bwa Ntl h
LabVIEW 2089f (%3areamddatisea oring wadea iLofgort m:

1080P webcam.

The vi bsewetrtemmduetsed via a nwmehdetri odl i 8ak en
Dynamic System LTD (LDS), mo d el number V465),
Dynamic Signal Analyzetr h@ddreewl putt tPagdialar 85 6

3. 4
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Figure 3.4: MWUpbration Tabl e Set

3.E3xperafeontedure
Thexpersi meenrte biynistetattiendga ntuhéeb Ippom®erV fr om a

t rans,fwhrimer starting the recording software a
mi nut es, the f warst rfeandomepdad oc@avederowexcitsdhk ac
poweasurned off tdtme3 0 nmit mwtceosod o weevmreprer at ur e d

contifmuednot her 5 minutes.

This process was repeavtvedrotngsat tdhief teome mti ne

i ncl iannagtiAdodn dat a waend® Ipli €edtue ke sf or further analy
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For mebdavni cradnéssttd e ivi 6bdfat € ggweamc be entered f
the instrument but not the acceleration. l nst
wi || not fully represent final outcome, so0 a
actual vibratedlllevetlheonn wiheh tae sntuinmbgerc of cal ¢
acceleration can be determined that way. The
thewaY ue is the actual signal sensor by the eq

byethaser.
Assuming a harmonic sine xave:vibration, t
® i 0 (3.1)
where t hveelaicg utyark at edf) twi dor equency (
T ¢ f (3.2)
Upon differentiating Equation (3.1) twice,
O MOQN QA0 O E|f (3.3)
I n ordethéeoaknowl odeesgpdnYavcaelfuee t r ms ) fr om t he

dynamic signtbheadiasplzacememM) measur ement
OQi Mo QOdaw dizd Qodi 61 ako (3. 4)

Equal3iéngi vetspdaadk waelake bet ween sthhagk esropt andeboao

ampl i(tmummde equation 3.5 is needed:
0anNaQUQUQ——— (3.5)

Upoknnowiengamphl i tude and fr &quwioltly o wtqluesita gcne |3e. r6
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0 OOQU QB 0-Qe+——: . (3.6)

With the equatG-loenv e3l. 6¢c,ant hbee pfrooupred wi th t he
out from t.hebThes3r3amegintes t h@l saelpl waslabhae o f

determined for this experiment.

TC 0 (Ambient)

TC 15
TC 14
TC 13
TC 12
.......... TC 11
TC 10
__________ TC9

TCS8

__________ TC7

TC 1 (Heater Plate)
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Tab3ld.8ampl e cal culngtitdie a@afccgeéter ati on

Read of I nstrume Cal cul ati on

Runl nput (IFrequenRunl nput (IFrequenRunl nput (
50 50 50

Hz Hz Hz

1G 175 50 1G 175 50 1G 175

10 ( 10 ( 10 (

Hz Hz Hz

1G 270 100 1G 270 100 1G 270
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Chap4aeExperRengwnlt as

Detailed findings of the experiimewndatli gdtuidc

wi || beapdesdeéeistc a@hmipd e r .

Two sets of exper cmeod®iS) cnoor rvelsbproantdiionngs taon d
were cofmdectedul ts forechhwi cadesowst hraoprese

4.1 for the inclinations damegl ¢eesof caBes6dord®e

under mechanical visbctaitoFnonds.a2h.t ecdsesusepdrited
power | evels were mahmenrmi newleetveedlst d ecbhet ant .
system are discussed in section 4.5,

4. 1 Exupeaelr iDeetnat f or VCédsas i wint h No

I n thissmeseéecnigowof the PCMnwiltmian itomes taemgt ec
45, 30 anad [0 dbeeg FdeesEtilleegedsee, t he heated pl ate
horizontal ©plane of the test cell and the hot
vertical al Tubmi sn uamo mpfliagwersat i on has great si mil &
et al .At( 1t9h8e4 )o.t h e rOdeexgtcreeeme , tfher htelaeg ed pl at e i

the, l@f¢donfiguration that has great similarit)

4.1.1 Results for the Orientation Angle of 90

Corresponeditwigt gtoout f wtirhber adriioennt a°tiinesnt aann galnee oau
photographebsesér wiaedodfw d mte e x puepr ionbetnatianle ds eatt v at

inst amt.S70b01XR,.1%1,7 292,2 2%, 2a/n.d5 30 mi nuitres ar e st
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Fi gsvira&nd. 4. Zhe t e mpootrearhp evraatiartasoncsorresponding
are present3dedwher &itgaameperdat ures registering tt
and the two heated plates (left and Theght in
| owest and highest registered temperatures co
embedded in the heatedThhd umelIntuimn g | tad mmp e Ir &tsypree
al so drawn aBhfee ada sihnepdu tl iinmnet.o t he unit was sto
mi nutes, however the temp&32atmirneutreesa dtiinnges iarr set
Formation of a wavy LSI at the ti memiinnustteant o
time instant are cl ear |l y o busnesrtvaebd.e Ilany etrhisse pta

hotter heater plate at thkeebbtgomdaBR@Mcibsder e.

promot i ngdrbiuwemancoynvecti on. These natural <cor
wavy interface .of the thawing PCM
Due to the geometrical symmetry of the sys

accel grhet imeed ti ng patterns should also be symnm
same heights shoul,d tthee inedntiinggalp.at tltawevienrsi de
unsymmet (The causes of thpgresemcepwdeédi eannrdc bub o |
|l ealodgd he | iquid.PB8MIothest tCbel dnihaunsde tthhee u
t her moc ougall es orddpandeivikegnunke tErdyr sy ntsd ramac®p uah @ 7

that are at the same vewntiintcanhgl evelectilly tahi € a
hei gwhatxhi bmotrieng han 9 degr.eesThGest bsauugsgt edsetfsf e f & n
right side of thmarPiCldnpeeatxyperdeh€éieengnce whi

wil hobeadaddlee ence on the melting pattern.
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Figar® | nstpamigarcescuns 0l dt heatlerdqaiced on t he |
wi ndow eufp tdhoee i sheagti dwvo bt dtoiron he incl idegtriee@es an
(hori zomti &Inlt yd htehbebe dom) at e at

A sl anted view oUdp tihe ekepwen i ane nFiadheaset 4 a2y wbi
the ass-dmmdnswonal mel ttihnegr el ni s$iunvam kaehda was Ih @ m,
inside the test cell. I n effect, the uneven

observation window of Figure 4. 1.
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Figure 4.2: Slanted-DVimewsi on at h®e Emii dgtneg ) o
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76 — T

T
——TC 0 Ambient = T2
— 1C1heater  INClination: 90
72 TC 2 Top
~——TC 3 Top
———TC 4 Top
TC 5 Top
68 ——TC 6 Top
TC 7 Bottom
_|=—TC 8 Bottom - |
64 ——TC 9 Bottom
~==TC 10 Bottom
——TC 11 Bottom
60 TC 12 Bottom
~——TC 13 Bottom
TC 14 Bottom
56 -|——1c 15 Bottom

[¢)]
N

Temperature (°C)
B B
H [o]
| \

40

Melting Point

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)

FiguxTeemper ature vari aMeilotnisngwiWih htoiume Kdewrrian (
i nclination a(nhgdrei zoorniteadltidyd g htehheb € d om) at e at

4. 1.2 Results for the Orientation Angle of 60

The system described in the previous secti
Il nstantaneous photographstbgt €hkeetfuipmetbtteab sneeedV .
2.5 mtnmaeeservals from star t300fmihneuahteishi @sa md een
no vibration case with inclinati onTeampgolrealo fv abrC

of 't empceorrarteusrpeosn d a 8 g dafr eFipgruerseendhed i n Figure

Banding of the thaearhrmodovwp pald apie Geatnad | TeGls o7n
15a9dr e clearly obwlean edo mma rF8.d) utgoa i Migg urheat4 .near |

heat conduction fremotihd htee atl axdni pluanti @ Hearctasres t
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more markednamébakeecei o on thatal smidrowmspl &t

ri sing hot | iquid emerging from the heated pl
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27 .
mi o

30
mi o

O~ o LR £

Fig4|4rlenstanta'oﬁs p‘r-s;gifieetsiimhemfad:daeomiqludad
wi ndow eufp tdhuer isnégi tMeolutti Aivg rb rtalte oinncl i nati on an
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76 - — \
~—TC 0 Ambient . .
—Tc1Heater | INClination: 60°
72 TC 2 Top
——TC 3 Top
——TC 4 Top
68 - ~TC 5 Top
——TC 6 Top
TC 7 Bottom
_|=—TC 8 Bottom o |
64 ——TC 9 Bottom
~==TC 10 Bottom
= TC 11 Bottom
60 TC 12 Bottom
~——TC 13 Bottom
TC 14 Bottom
56 —TC 15 Bottom

]
N

Temperature (°C)
H D
BN o]
| I
y | o

40
36 -
32

g Melting Point
28 —- o e e e B e B S s s SaEEs

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)

Fi guxTeep.er ature variations with time duri ng¢
inclination angle of 60 degrees

4. 1.3 Results for the Orientation Angle of 45

|l nstantaneous photographs of the fupont obs

obt aiz.ed mithutes intervals from start of heat.i
for the no vibration case with i1 ncBlindaheon an
corresponding temporal variataoespoéséremeedr iah
47.

Furtéaredi mg of the t hetrhhewvebumihesmni ncsommédlulced negn e

more cl ear |l y obwsheernv ecdo mpna rFeidlg ntdee 4F4i.gur es 4.
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Anumldr oscill ations was captured by ther mo

bevolfvl wmigémobos i ngbonhht Bgpdmitreumsur f aces.

25
mi
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Fig&&lenstkaﬁta'neous pr-oghriedsioneofatbeohi gue d
wi ndow eufp tdhuer isneggt Mel t i hgr Wi hbouncVibaati oanan
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P —— T
—TC 0 Ambient = % L 5
—tc1Heater  INClination: 45
72 TC2Top
——TC3Top
~——TC 4 Top
68 |~ TC5Top
5 ——TC 6 Top
TC 7 Bottom
_|=——Tc 8 Bottom
64 ——TC 9 Bottom
~—TC 10 Bottom
——TC 11 Bottom
60 | TC 12 Bottom
~———TC 13 Bottom
~—TC 14 Bottom
56 -|—1c 15 Botom

[¢)]
N

Temperature (°C)
&
{

40

Melting Point

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)
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Fi gufTee Mp.ervaatrurag i ons wi th time duri

ng Mel ti
inclination angle of 45 de

grees

4. 1.4 Results for the Orientation Angle of 30

l nstantaneous photographs of the fupont obs

obtailh.ed mithutes intervals from start of heat.
for the no vibration case with inc8inaheon an
corresponding temporal variatBaoespoésérmedriah

49. Whereas the banding of temperature readings

exhibit | onger periods.
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Fi g4&lenst antaneous pr-9griedsionenfatctdeohi ghed
wi ndow eufp tdhuer isnégi tMeolutti AiVg rb rtalte oinncl i nati on an
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76

I
——TC 0 Ambient L s
— 1C1heater INClination: 30
72 TC 2 Top
——TC 3 Top
~———TC 4 Top
TC 5 Top
68 ——TC 6 Top
TC 7 Bottom
_|=—TC 8 Bottom o |
64 ——TC 9 Bottom
~—=TC 10 Bottom
——TC 11 Bottom
60 TC 12 Bottom
~—TC 13 Bottom - \\
TC 14 Bottom \ ™
56 -|——1c 15 Bottom o

[¢)]
N

Temperature (°C)
n B
BN [o]
| \
| !

S
o

w
(e}
|

| |
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (minutes)

FiguxTeemp.er ature variations with time duri ng
inclination angle of 30 degrees

4 5Resul t B@rficernt ati o°n Angl e of O

I n F9440r dndhst anghnteogirsaphebesér vateiofnowi nd
t he expetruipmerrbttaali nseedt at Ov,ar2i.05u s 5t,i nTe. 5i,n sltOa n t1s2 .
22.5, 25, 27abeastht®@mpo malltetsampariadtnses corr ¢
to case Iohr &€i puesedtlzdhen|l 6wgstreaAdd highest r
temperatures correspond to the | ab environmen
al umi num ¢ ldaghfetnan sti e , T hree slpaebcot ro avtre@ nyy. & revmiprer at
remained fairly constant, whereas thartieamgper a
the heatiThg melttodg temperature of tlhre PCM i s

bet ween these two extreme temperatures, bandi
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curves) and the bottom (8 culrvepégctal ugni mluant @d 1
taken at time instance of 5 and 10 minutes, d
during the early period of heatingsdlsi dl early
interface as a stopightthkertBtabhtl lLGemi Aut ehbe
vertical orientation suggests the sl ow domina
PCM with the | ower tbashéegtwdupdatesandewithop
During this time period of 10 minutes, meltin

bottom aluminum pl ated$i quied a4.so clearly obser

Pr esenscneo ®otiin fad oopf att menadteSMy bsoutrtfoanc e duri ng |
instants of meltiAdgiasraidlfearinceolbed weed. t he
top and bottom of the receding solid PCM is r
The convection field above the PCM in this co

i .ehothkeighter fluid is sitting at the top of

enl arging | iqui dvleayeire bbeoitntg nf carl merd naubm pl at e,
stable | ayer is being developed, i.e. the hot
toward the colder solid PCM. Thus, multicel!l

mel ti sgubpbdengbserved wavy patterns.
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