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ABSTRACT: A two-dimensional numerical model wasthermal conductivity depends on particle size,iplertvolume
developed to analyze heat transfer behavior of P@séth heat fraction and temperature as well as propertiehefiase PCM
sink using Copper nano enhanced PCM. It found that thand the particle is subject to Brownian motion. Tgsical
presence of CuO nanoparticles accelerates the m@fiRPCM  properties of the materials, except thermal coridiigt are
and the heat source can be cooled efficiently. Hewethe constant at the temperature range under studyBbhigsinesq
period of safe operation of heat source decreasgs wapproximation is used in the momentum equation tfoe

increasing nanopatrticles fractions. vertical direction.
Keywords: Nanoparticles, PCM, Latent heat storage, Thermal
control, Natural convection, Heat source. > Ly >

1. INTRODUCTION
Solid PCM
Phase Change Materials (PCMs) are used to absonzl@ade
thermal energy during transient heating and coolithen

phase change process occurs, the melting front snavey

from the heat transfer surface. The surface heatdecreases
with respect to time, due to the increasing thenmsistance of
the growing layer of molten medium, as the thermal 0X L.
conductivity of the ordinary PCM is low. Dispersimgetallic Fig. 1: The physical model

nanoparticles in PCM can contribute to the improvetht

transfer between the heat sink and the sourceABjouzi and - Governing equations

Farhadi [1] investigated mixed convection in a tavilled The general equation governing heat, mass gaasfd flow
with Cu—water nanofluid using a cubical heater ledainside in the studied configuration is as follows:

the cavity in different positions. They found arhancement in A p2) . a(pug) . a(pvg) 02(/-9) . 32(/-_0)

heat transfer with the increase of nanoparticleiv@ fraction. ot X dy = o2 a2 +S, (1)
Eastman et al. [2] showed that an increase in thlerm ) ) y
conductivity of approximately 60 % can be obtaifed a  'erms of Eq. (1) are summarized in the Table 1.
nanofluid consisting of water and 5 % Cu nanopasicThis is ]
attributed to the increase in surface area dubecdstispension Table1: Terms of the general equation
of nanoparticles. The present study simulates tle#img of Yo, s S
Nano enhanced CuO PCM, heated from bellow by pratgudi °Q
heat source mounted on not isothermal plate. Theviliem 1 0 0
motion is taken into account to estimate the thérma op
conductivity of the mixture. The cooling capabiligf nano U H _&J'SU
PCM and melting dependency on nanoparticles fractice P
analyzed. \VJ H 9Py, S,

oy
2. MATHEMATICAL MODELING H k/c, S

Fig. 1 presents the physical model. It congi§ta horizontal

rectangular enclosure containing a copper nanoreeaaP CM T
(CuO, n-eicosaneT,= 47 °C), heated with protruding heat H =J°PdT+h(Tm)
source attached to the conducting plate (bottom)wa&he " 192
height and thickness of heat sourcelare 3 cm andX, = 0.5 here, |5 -c $3 2, @
cm, respectively. The height and width of the esate are, (f+b)
Hm= 10 cm, andlL,= 10 cm, respectively. The thickness of the g =-cld=1)2 @B ) 9(T- T, )

conducting plate isX<~ 0.5 cm. Heat source generates heat at ’ (f2+b)
constant and uniform rat€)’= 80 W/m, and dissipates that
heat through their exposed faces to the plate a@ill.PAll
enclosure boundaries are adiabatic. Nano PCM inojudi
nanoparticles and base fluid as continuous medievgtonian,
incompressible, and assumed to be in thermal équith as
well as no slip condition is imposed between thefhe
momentum field is subjected to no-slip boundaryditions at
the solid walls. The flow is two-dimensional, laminEffective

of '
S = 51[-(1-52 Yo dH fEJsz X?.LC)
S, andS, are source terms for the velocity suppressiomén t
solid regions using a Darcy-like term [4]C €107 kg m°s*?
andb = 0.005). The conductivitk and the step function)
are as follows:
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4

The governing equations are discretized usingitefivolume
method [8] and an optimized 120X60 mesh was uséd T
resulting algebraic equations are solved, for evang step,
using the Tri-Diagonal Matrix iterative method. Theessure
and velocity coupling is treated by SOR algorithrhe Todel
was implemented in a personal code using C++ largguag

3. RESULTSAND DISCUSSION

The effective thermal conductivity of the nanofluld, for

spherical nanopatrticles, subject to Brownian motamtording
to Maxwell [5,6] is:

_k,+2k, - 20 (k,— k)

eff — km+
ff kp+2km+<D(kn;kp) 5)
BT
5x108 dp,, G. F(®,
ppdp
where B is Boltzmann constant 1.3813DK, and
B = 8.4407(10@ )7
F(T @)= (2.8217x10p+ 3.917 xI0 ?'5_+ ©

{ 3.0669xTQ- aAP3x10°

The second part of Eq. 5 accounts for Brownian engtivhich

Fig. 2 shows the time wise evolution of maximineat
source temperaturel ., and total liquid fraction.f, for
various nanoparticles fraction®=0%, 0 %, 1%, 2 % and 3%.
Numerical investigations were performed using T&ble

Table2: Physical properties [2,9]

Heat source
p.= 3260 kg/mi

Cy,.= 740 J/kg K

p.c

k.= 170 W/m K ,T, = 80 °C

Conducting Plate
ps= 1188 kg/n?
Cps= 1445 J/kg K

k. =0.193 W/m K

Nanoparticles
(CuO-Copper)

p,= 8933 kg/n

PCM (n-eicosane)
B=8510'K?
AH = 2.47x105 J/k(

T, =47 °C

causes the temperature dependence of the effetttarenal Cp,p= 385 Jkg K Cpm=2460 J/kg K
conductivity. Note that liquid fractior, is used as correction k, =400 W/m K km=0.1505 W/m K
factor in the Brownian motion term, since there dtiche no d,=60 nm D= 769 kg/rﬁ
Brownian motion in the solid phase. —41506 K

The dynamic viscosity of the nanofluid, forahparticles = 22X gm
fraction, @, given by Einstein [7]: o0 .

Hy =(14250 ) 1, ) ; S
Different physical properties of materials are essed as gor olatea VA & 09
follows [8]: 70k 7 % /7408
(PB)y =@ (PB), +(1-@) (0B), . sob~ =7 Hoz
(PG ) =@ (pS, )+ (1-@) (pg,), . B os
s r 1 f
kk @, +0.) N . Jos

=@ +(1-@ , k=—rt— =7 EnE ey % -

pnf pp ( ),Om K kﬁ_ +|(_5+ [ 40; /,/ '//‘// g;ﬁT Joa

N Ly — = — - 05%-T ]

d and d are distances separating the interface to the firs ~ >°f L A [V
neighboring nodes, ‘+' and .k and K are the thermal FL N — wa Joz
conductivities at nodes ‘+' and ‘-, respectively. 10f ) '/17 R 5;{ Jos

I 4 e - 3%t
- Boundary conditions 0g~ 7200 14400, 51600 28600  36000"

At the interfaces between two different materidly énd (2)
(plate, PCM or heat source):
oT —k oT

kl_ e

an 26/7 , Ti=T, (7 O interface) (8)

interface

interface

At the adiabatic walls:

LIS (©)
a”\l\dl
No slip and no permeability at the solid interfaaes walls:
u=v=0 (10)

The local liquid fractionf is determined iteratively from the
solution of the enthalpy equation as:

f=1 it T>T,
f=0 if T<T (12)
O<f<l ifT=T,
- Initial conditions
u=v=f=0 , T=T, (12)

Time(s)

Fig. 22 Maximum heat source temperaturB,,, and total
liquid fraction,f, for various nanoparticles fractions,

Analysis of Fig. 2 shows that heat source teatpee vary
within 3 stages whatever the nanoparticles fracisomt the
first stage, heat source starts the melting ofia tayer of
PCM. Temperature difference between the sourcesfacel
the melting front is still weak that heat transfeccurs
essentially by heat conduction in liquid PCM. Witime
progress, heat source evacuates more energy mityi€lCM
and the maximum temperature rises rapidly due éowhak
value of thermal conductivity of PCMk{ = 0.1505 W/mK
@=0). Note that, during the first stage of melting pracdseat

source maximum temperature rises rapidly to 67 °€C fo

ordinary PCM but increases only to 56 °C for PCM vito
of copper nanoparticles. As time elapses, the digeavity
enlarges, (because of space limitation figure e poesented),
and the driven temperature between the melting fimoving
cold wall) and the bottom hot wall increases aritaites the
liquid motion within the liquid phase and the hegtnsfer
turns into natural convection. Hot and light liquides over
the heat source and returns along the cold meftomny, the
liquid release it heat and becomes cooled and éeavi
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descends and turns over to the bottom wall andoseras

Twork @and the secured working timBigeq, are correlated to the

more heat from heat source, The maximum temperatuneanoparticle fraction by equations Eq. 13 and E4. dith
decreases sharply from 67°C to 63°C for ordinary P@M a accuracy 8% and 5%, respectively.

from 56°C to 54°C for PCM with 3% copper nanopartickes
pseudo steady state regime takes place. Duringpldteau

region, heat source maximum temperature is keptn eve

constant, sensible heating disappears and all g&keenergy
by heat source is absorbed by the melting froriant heat
storage. Liquid fraction increases with time andes rapidly
with higher nanoparticles concentrations (Fig.T2)e melting
front (the cold wall) travels far from heat sour@aring the
plateau period, heat source is efficiency cooled aorks a

long period without using any forced convectionsfaAlso,

Fig. 2 shows that the plateau period length deeseatearly
with nanoparticule fraction. In fact, heat sourcerks safely

Twon=-29.2@ + 62.3 (°C), & @<0.03
tplaleau:' 7®+8.87 (hl’) y &‘DSOO3

(13)
(14)

4. CONCLUSION

In this study, the effect of copper nanopartidiestion on
cooling capability of protruding heat source emtetl®CM is
numerically investigated. Results reveal that therament of
volume fraction of nanoparticles causes more statof heat
source temperature during the plateau region. Anease in

during, tyaeau= 8 hours and 45 minutes for base PCM andnonoparticles from, 0% to 3%, leads to improved thea

tplateauz
particles. In fact, when adding more nanopartidiesbase

PCM, heat conduction is adorned, and the sourceuates it
heat easily to PCM, and provokes fast fusion. Teedtage of
the melting process sets up when heat source eHadfact,
thermal resistance of liquid cavity rises and lejphase near
heat source overheats to critical temperaflige depending on
nanoparticles fraction. During the third stage, twmplete
melting of PCM gives a situation of heat source withheat
sink (no cold boundaries) and heat source overhdtss
worthy to notice that, depending to the electrazdeponent
(heat source) working conditions and sensitivityere is a
duality between working with lowest temperature idgra
court plateau period for more concentrated nanoREMith
even high temperature during lager plateau perad|dw
particles fraction as can be seen in Fig. 2.

sofF 3 36000
r 4 35000
sE 4 34000
r —&—— Twork 4 33000
o — —v— — tplateau E
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Fig. 3: Maximum heat source temperature an

secured working time during the plateau stage.

Analysis of Fig. 3 substantiates the doubt eomiag the
effective enhancement in the PCM cooling performadige to
dispersing the nanoparticles, relative to the stnfpCM. The
effective thermal conductivity improvement
outweighed by the rise in the dynamic viscositysdil heat
sinking capability, for a given PCM enclosure sidepends
closely to the particles volumetric fractions. Theximum
amount of energy that can be dissipated in PCM dsesewith
the increase of the added particles. That reduresvolume

occupied by the base PCM. Also the increase in dima

viscosity will extinguish the role of natural comti@n with the
excess of nanoparticles across the melted regiomd As
mentioned above, the damping convection currenatesea
near isothermal homogeneous liquid. Therefore,ethisran
optimal volumetric fraction of nanopatricles, to laelded,
which exhibits lower working temperature with adatpu
working time. Based on Fig. 3 data, the working terafure,

6 hours and 40 minutes for PCM with 3% Cuospreading within the

could be

liquid phase, as is indicatbg
enhancement in working temperature that reduceah 83°C
to 55°C. However, the increase in particles fractiifts
convection currents, reducing the time it takesRE& to melt
completely and decreases the secured working time.

NOMENCLATURE
do nanoparticle diameter, m

F liquid fraction
h enthalpy, J kg
Hm height of the enclosure, m

Lc heat source length, m
width of the enclosure, m

m

Q heat source generation per unit length, W m
S source term

u,v  x, yvelocity, m$

Xe heat source thickness , m

Xs substrate (plate) thickness , m

Greek symbols

B volumetric thermal expansion factor of liquid PCKf*
v cinematic viscosity , m2’s

p density, kg/m

AH latent heat, J Ky
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