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MATHEMATI CAL NGDEGELLOW GRANMAL THNEERRGY STORAGE
USI NG AN ENCAIF SWULAUIED MEDI UM

Lav Torres$lS&eanhl Radul ovic

ABSTRACT

I n the present study, we report the results obtain
Four different fluid encapsulated materials were teste
temperature theagael (€EBES8YgyThkis was done by analysing

reached per sphere for three different positions insid
right sphere. The infl mancerse afnlteitd omatl eerti ala ngkr apeesritgine
based on the results. The heat transfer fluid (HTF) wa

MDM and MD3M. These were heated sen®i BOACirdmeananaipise
the materials with the highest relevant properties do
the inlet greatly affects the heating dyagqiamalclsy odf ft ehcet
resul ts.

Keywo rTchse:r ma | En e rCgOyMSLo rMud ¢ Stpchryasd ec sMan £irbhla¢ Heat

I NTRODUCTI ON

The world is embarking into a fossil fuel free envi
and sustainabl e energies. Since renewabl e energy is us
al ways have ce badckuwnmpersgogu in times of need and demand. 7
the proposed solutions to aid in this mismatch in co
technol ogi es.

I n | ow grade energynowhémngthhenoemghmet @t umesicar @ phas
storage is consi der ed .t alnhke praecskeeadr cbhe dp,r owhai sickhs scgosnspeantgeide t
thermocline can reduce [l heaVitchsrtandg!| iampe,r olxd wneat erl ,y t3beo e |
is compromi sed, as stated by Ling et al., where in a t
5nM2. As opposed to a t heulmlocd-diimgegleahr gseidn gclyec [tea, n kwhweirteh tah
is used as hot storage, i s proposed.

Research on packed beds has been carried out extens:s
pebbles, rocks, [§4darce ecemmarlryamisesd eitrc.packed beds, whi
including | ow c otsd x iaa dfalmatnama bhl oes sneast, u rigo noWh itthee seet maalt.e riina
a packed bed arrangemenandavi Atrhgormarada oulde att oTragres fmart ek li wil
stofBpgdhey concluded that magnetite is a suitable choi
and | ow fractional v & reimgpteir aart {ilg fe Shi evantd @esd pygac iNt.y Mewedrens
suitability of a quartzite rock randomly pathkddsbedalwi
scale solar powedi plhadaet ecOPmeimi camésahtdsciost saving adva
ef fid8.enRcy Lugol ol e et al. suggests granite pebbles as
the HTF iGilsunTheiwerresults are in agreement with prev
due to high specific heat capacity and |l ow viscosity a
[9. Furthermore, Mawire A. published experimental resul

This paper was recommended for publ ikKaftiimonMimammad skldi form by Regi on
ISc hwd| Me c haanndi cDacEsniggd mebUni wngafsi Royr t,Bonotus mout h, United Kingdom

* Enai | address: jovana.pradulovic@port.ac. uk

Or ¢” @ 05080 6324 2443 8B 0 G000 6R3 7782 1 4

Manuscript Received 7 J u n e, A@dpted2 4Sept ember 2019



Journal of Thermal Engineering, Research Article, Vol. 6, No. 3, pp. 214-226, April, 2020

medi um and heat tranghfhetrtemperi aturepohai gigng hmaeshl ted i

heabss and | otpheat retenti on

Ot her solutions i-altdmugiendg hma tuesrei aolfs pbhnasdeosy st @ra.c k€
approach addresses the disadvantages of | atent heat sy
rates, and the advantages of sensible heat systems, su
P®&Ms are encapsul ated to help with |eaking issues and i
the effect of porosity, inlet velocity, feature size of
of a sk nwilteh tsaml i d brick manganese rod structures, ver:
D-Mannitol PCM capsules. Results indicated that dischar

by decreasingMporosiytyediucti ngl lP@les maidl fetatalre ismzestig
working fluid entry w empevredtiuraes drae ttreenpmasad ufrleo of wat
capsulee thatnhgephdés pliR@ | Thgeuy dc dmoc lgmded t hat the entry tet
a domi naahgcatafifmetphase c¢ heatngeael .bemwmeé roiuacdal Mg model | ed pa
paraffin wax reporting | onger phase chdarmgeatpdrriamd ffear c
[1].

Li qui dasl |tyy phiacve hi gher specific heat capacity than

t her mal performance in sensible heat applications. Ma w
tank ther mal storaiglei nyetremwperat due Itiomitast ibon. They a
filled of ther mal oi l as a heat storage materi al wo u l

packed bed is proposed, whiathowasnf ohedsiys ealmzei it hre dna
degr afdd@ti on

Current |l iterature focuses on the use of solid mat
analfyeredl at ent heat absorption. Little is known about
This paper aims to assess the suitability of packed s

al so presemal amoma¢ehematgquantitative describe dynamics

METHODOL OGY
The system analysed consists of a cylindrical t ank
storage materials and water aisn tThaebl TFL. The main param

Table 1. Parameters for the TES simulations

Parameters Val ues

Initial tempespature ofl20AC
I nl et temper)ture of H90AC

I nl et vMeplocity (u 0.1 m/s
Tank radius 0.25m
Tank height 0.5m

Tank thickness: 0.025m
Sphere outer radius: 0.030m
Sphere inner radius: 0.025m

Four materials were consDider gt yHeOs)r,e IMDENEDf®E madda: w
MD3 M 1(:®4Sd . Ther mal storage chvaearae teewa lsua tcesd offo rt hfesuer nth
shown in Figure 1. AlIl tankaxdiess.i gns were symmetrical a
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1 Design 1: centrally placed inlet (width 0.12m) and outlet equal to the tank diameter 0.5m

=a

Design 2: centrally placed inlet andtlet (width 0.12m)

1 Design 3: centrally placed inlet (width 0.12m) on the top of trapezoidal dome (height 0.1m,
approxi mately
1 Design 4: centrally placed inlet and outlet (width 0.12m) at the tofattoim of the trapezoidal domes

21A angl e)

il

and

|

outl et

equal t

1

o t
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Figure 1. Four tank designs
The heating dynamics of the system and temperature
t he tank, as shown in Figure 2: the centre sphyre, an
observing thesd heeglmadt e@d ogodiet iacmrow,ss the tank can be
whil st capturing thbechanglngedpramtaoasefl2kached and h
al | materials and all dersmigme .t Resaflftasctwesfe tamel tysreld itr
of the materi al properties and to quantify the dynamic
. . . . .—Top Right Sphere
. . .—.—.— Centre Sphere
. . . . .— Bottom Right Sphere
Figure 2. Three different positions for heating dynamics analysis
The HITéctsed was water, due to its desirable fluid
aluminium and the void capsules in which the storage me

properties

for
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Table22.Rel evant properties of the tested Mdferials tak

Speci fi Dens Dy nami Ki nema Ther ma Ther ma
Mat e Capaci K Vi~scos Viscos| Conduct Di f fus

(Jiwg | (K9] (omy (O®9 (_c*ns ) (fhs)
Wat e 4.1830 985. 503. 6 0.0051 646. 02 0.0015
Gl yc 2.42621239] 108740 0.8774 284. 70 0.0946
MD M 1.8721 785. 575. 7 0.00783 93.66 0. 0006
MD3 M 1.7633 841. 1178. 0.01140 107.65 0.0007

Assumptions include the foll owing:
() No heat transfers or losses related to radiation.
(i) Theoutside of the tank is perfectly insulated.

(iii) The HTF (water) is laminar and incompressible.
(iv) The properties of the materials are homogeneous and isotropic.
(v) The spheres are perfectly circular and do not deform.

The syan eanpérs frhodve [shDsdueiingn g8 adf t ware COMSOL Mul ti phy
model s O6heat transfer in Vadluiidistdti @amdofol mameé nphy $il osvdmwe
on the sygitpemThepmedskedi s a fine, free triangular mesh v
than the r@dgt Aonf etxhaemptleenkof t he mesh for the design (2
considered are a velocity boundary at thdlisnlaeate amd sd

condition and the fluid is weakly c-amfdfessi ble. The sy

The simulation is set .to Irnuint ifaolrl y4,0 ht hien whnotleer vsayl sst eo
ofsyd At time  Andwavbet safl dwing from the inlet, across
encapsul ated material throughout the selected timefram

The heat transfer process for a single sphere can |
QY Y Y
Qo T P

with the exact solution expressed as:

0
Y'Y Y 'Y Qw ﬁT C

wheNies the initial t¥mpemmatadr ¢ rafnstf leefi Sphuedee meimptei
constant, defined as:

A

" w
@ o

wheries demsi speci fi & hemhechepatcitydasdaerre ctored fd a@ritea
area and volume of the spfhierrset. aFpoprr otxh emagii wenn gy®t ecno,nv
calcul ated using Whitd®Perds correlation for a sphere

(0]0) LT
56 — ¢ mYd mwyd 0id — 1

val iadh fY&r x@pnmxp 0i oganmp — of&Reynol ds, Prandt | E

number s cavl. culhet esd ngtl e sphere corret@atpaoaokeadsbdeiear rsan

2D
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Figure 3. System mesh for design (2) in COMSOL Multiphysics

RESULTS AND DNSCUSSI

As héat tr ansnfterroidfutcopidtttkeedl t begr eads aamtdhes hhealhettr amls

commences. Sp hetr edi fafbdseoprébh dhiremagte s n t he posi.Thepheames t he
cl osest to the inlet benefiThe hkeotnmoosm sfprhoent et hfi osl | hoenast
significantly steep gradient. However, the centre sph
fl owing quickly, straight from inl ete thoe aotuttlreatn s faenrd tnoo

The differences from having an open outlet to a cl
bottom positions. This suggests that the inlet is the
i mpact on t hset ohreaagtei nnga toefr itanhe T h F B g ufdrecand i tsh ef ud it fhfeerr esnucpey
designs (3) and (4), where the extra dome added into t
From this data it ecadni fferdcetcer minnetde mpheatattuh es from t#F

approxi nfadreleyac3h®% mat eri al
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Figure 4. Temperature distribution at t = 30s for four considered tank degigsaults presented for water)
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Figure 5. Final temperatures for the selected positions for four considered tank designs (results presented for water)

360
355

350 o

w
>
a1

Temperature (K)
w w
w 5
(] o

330

325

320 | ] |
Water Glycerol

B Top Sphere OCentre Sphere & Bottom Sphere

Figure 6. Final temperatures for the selected positions for the fouiidemesl materials for design (1)
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Addi tionally, the maximum difference in fievaln t empe
though thkei marpr cp gmt.fhii ca mdtalt o d iafbf Bdpreewhter ¢ eine aTge di f f e
bet ween the temper dtour @ hef dropalalndt ook tdensispheres wer e

Tab3drRercentage di fference between Tf for all/l mat er

Percentage Difference (Top S

Mat e (2)7 T (1)1 T (1)1 T (2)1 T (2)i T (3)i T
(2) T (3) T (4) T (3) M (4) TN (4) T

Wat e 0. 00Y 2.919 3.26Y 2.92Y9 3.2609 0. 3509
Gl y c ¢ 0. 03Y 2.819 3.18Y 2.84Y 3.2109 0.3809
MD M 0. 019 2.679 3.01Y 2. 669 2.9909 0. 3409
MD3 M 0. 059 2.649 2. 999 2. 699 3.0409 0. 3609
Percentage Difference (Botton

Mat e (1)v T (1)v T (1)v T (2)7r T (2)r T (3)1 T
(2) T (¢3) 7 (4) T (3) M (4) TN (4) T

Wat e 0. 67Y 2.88%9 2. 949 2.929 3.2609 0.3509
Gl y c ¢ 0. 69Y 2.7909 2. 909 2. 849 3.2109 0. 3809
MD M 0. 559 2.729 2. 83Y 2. 669 2.999 0. 3409
MD3 M 0. 659 2.679 2. 809 2. 699 3.0409 0. 3609

Temperatures of the top sphere for designs 1 and 2

heat absorption as the central and bottom spheres reac
dome can beonapsasreisnsge dd ebsyi gcns 1 and 3. In all cases ~10AC
3. The effect is additionally emphasised for the middl
across the tank. The sBésrdédhaée dtime refductbd; hbahcéyran
comparison of design 3 and 4, shows further decrease i
that restricted inlet size, anddentcoe a ilnees sienr tehxet e matn ko uatsl
profiles in Figure 4. The central position of both inl
mi ddl e of the tank, resul ting i n | owemnm shpehaetr easb saotr ptthieo n
of the tank benefit from | aminar fl twemnegi mav&nphetehme r lee
Naturally, as the heat is transferred across the tank,
is lessened in spheres at the bottom of the tank.
Temperatur elss veenae mel gtrtagpd i n the software ORI GI N.
inside the tank are different, but each materi al follc
Figure 7, where design (&) orreagwel tnateaerrda adhown for water
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Figure 7. Temperature vs Time graph of water as storage material, for design (2), all positions

The highest temperature is always reached by MDM f
and | asWhil &a MBM. hasv erraatghee rs pleccwy fi t a&dksabd tepboiéey the |
selected materd ailmdi Aatnasuuvteh atn amytser i allsc )wi & lths d robw hed tur

Al t hough the final temperatures for all material s a
general shapes of the drienetshe ns aenaec.h Tohfi st hree ftlhercetes gorna ptht
although they can affect the final tlesmpreg aQRIr@l Noéesa cfhietd
exponenti al growth fits werwes atdidmel plootachheée nfdii tvti dug$

top and bottom positions of the tank, excluding the ce
W W oirzconb— v

wh eyies t he tyinmgp etrlag ufrienal € dMipse rtah al r@nsmigiptreodraah e o f
antdi s t hlet tiisnei. mpor Eqaumatt ddomdsn®Dt arda b&eémpand t heirrel @ad efdf i ci

For i nsithgoEa&conrel ates to t hEufaitmaln tHBetmEameaticlones t Tamien ¢
compared t oUcoheef fciacliceunta.t e d

Two graphs for all rmatpersiiali so,n famrd tdlees itgop (2Pphear e s
Figures 8 and 9. Figure 8 expresses the temperatures a
fits producTehde ifni nGRI GlaN.amet er s faonmd etawdh pmagietriians (ftoap
recorded. An example for Water is shown below in Tabl e
type for top and bottom positions was also added in Ta
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