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Abstract :In this work, the effect of using inner longitudirfans in a rectangular encapsulation on
PCM (paraffin wax) melting process was studied micadly and experimentally. An enthal|
transformation method was used in the numericaltisol to transferthe equation of energy into
nonlinear equation with a single dependent variH (enthalpy) by using FORTRAN (F90) progra
The discretization of energy equation with phasange problem was solved in three dimension:
using the controlrolume finite-difference. A comparative study was satisfactorydendetween th
numerical results of the enthalpy method and thgeemental results with approximation ratio (1C
along the test time (90) minute. The experimerdallts indicated that when using ir longitudinal fins
in the same rectangular encapsulations led to dserabsorber surface temperature by’C. This is
because part of heat energy was injected deepilyeirparaffin wax by the fins. This led to accele
melting of PCM (paraffin waxby about 12 min in section A which is under theeeffof one fin, at .
distance 3 cm from the heat absorber surface. Wtilgection B, where two longitudinal fins havéeef,
melting is decelerated by about 12 n
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1. Introduction

Latent heat storage systems play important rolestlie purpose. One of the
examples about that is the solar heating systend useenvironmental and civil
engineering, where phase change materials (PCMyitdized to store thermal energy
from the sun irradiation during day and reuse tioeesl heat for heating air or water
supply in buildings or any applications that neleid heat energy. Due to latent heat of
fusion in which material undergoes phase change,Ltient heat storage has higher
heat storage density than sensible heat storagexample, a rock-based sensible heat
storage requires seven times the storage masschedws using paraffin 116 wax for
storing the same quantity of heat energy [1][2]obpeaching the PCM melting range,
the Latent heat storage system undergoes isotheopeadation, and the required
operation temperature and duration can be contrdiee through selection of the
respective PCM thermo-physical properties. Duehts high heat capacity capability,
this technique is utilized in cooling of electrordevices for thermal management of
these electronic devices [3].

There are various methods for thermal enhancemehtiraprovement of the heat
transfer performance of latent heat storage sysféiit§. These methods are: by using
fins (extended surface), using multiple PCM’s methmicro-encapsulation, and metal
matrix, and metallic fillers. The use of high thelnconductive fins in thermal storage
systems is one of the effective and simple methodsenhancement of the PCM
melting rate in the thermal energy storage. Howewuscreasing the metallic fins
number will improve the effective thermal conduit{ivof the system only and will not
improve the coefficient of heat transfer. This iscéuse; the smaller fin gap size
hampers the effect of natural convection heat tesins

The performance of a rectangular PCM device withzioatal fins on vertical walls
was investigated by Sezai and Gharebagi [6]. Tloemd that, a marginal increase in
heat transfer rate took place only with increasingnber of fins. Thus, they concluded
that, increasing number of fins will prevent thaéumal convection effect in the system,
and melting rate becomes a conduction-dominatedepso It is noted that only during
phase transition (melting), natural convection lnoees® dominant when in liquid state
and conduction heat transfer is possible in sa&tes

A numerical study of the melting process of phakange materials (PCM) in a
rectangular geometry by finite volume method wassented by Varol and Okcu [7].
The study was for melting in a rectangular contamighout fins and with 5 fins, when
the wall temperature is uniform. The numerical hssindicated that the transient phase
change process depends on the properties of PGvingh condition and geometrical
parameters of system. Numerical explorer of thetingeland solidification of paraffin
wax was done by Shatikian [8], using transient tioensional numerical simulations
by Fluent 6.0 software to study the heat transé¢e effect on the properties of the
system and on the PCM phase composition at vatiogs.

The aim of this work is to investigate numericadigd experimentally the melting
behaviors and thermal performance of inner longiaid fins in a rectangular
encapsulation by finding out the temperature distrons inside paraffin wax with the
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change of phase and the position of interface baiwlequid and solid with time
comparative without fins. Based on the literatunereasing number of convectional
straight fins does not improve the melting ratediry.

2. Numerical Formulations

Heat conduction problems with phase change wenmesepted by Stefan problems.
This problem is treated by the enthalpy transfogmrethod; this method was proposed
to convert the energy equation into a non-lineanatign with a single dependent
variable enthalpy (H). The advantage of the enthahyethod is that the problem is
formulated in a fixed region to be solved. In aiddhitto temperature, this method treats
the enthalpy as a dependent variable and discsetige energy equation into a set of
equations that contain both temperature and enthalp

2.1 Assumption

The analysis assumptions are:

1. Neglecting viscous dissipation,

2. Neglecting convection and radiation terms.

3. For each phase the specific heats are consthete the phase change occurs at a
single temperature. The analysis of the model mneetfdimensions is related to Cao
[9].The energy equation is:

0(,0T 0 oT 0 oT) —_ OH
kS [ ko | r o ko | +a= o ®
ox\ ox/) o0y\ 0y) 0z\ o0z ot
and the state equation,
dH
—=C 2
dT P @)

At constant specific heat case for each phasetl@g@hase change occurs at a single
temperature [10],

T.+HI/IC,  H<O0 (Solid phase)
T= T, O<H<L (Phase change) (3
T +(H- L)/Cpl H>L (Liquid phase)

For the above relatiorsl =0 was selected corresponding to phase change niateria
(PCM) in their solid state to temperatiife

The "Kirchhoff" temperature is introduced as [11]:
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k(T-T,), T <T,

* T

T =] k(pdp={ O T =T, 4)
k(T-T,), T >T,

Transforming Equation (3), with the definition givén equation (4) results in next equation:

kH /C . H <0
T = 0, O<H <L (5)
k((H-L)/C, H=L

Now, introducing an enthalpy function as:
T =A(H)H +S(H) 6) (

For the phase change in a single temperature,

ki/Ch, H<O
AH) = 0 O<H<L ) (7
k/C, H=L
and,
0, H<O0
S(H) = 0, O<H<L (8)

-Lk /C, H=L

In terms of Kirchhoff temperature, Transforming atjon (1) and substituting equation (6),
gives:

0H _ 3 (9(AH)), 3 (0(AH)) . 8 (9(AH)
P ot _6x( ox j+0y( ay JJ’az( oz j+p+q ®)
with
o2 ()-2(2) () @
ox \ox) odylady ) o0z\oz

For the liquid region away from the moving frongjuation (9) is reduced to the normal linear
energy equation:

pa_H:i(kl a_Tj+i kla_T +i(kl a_Tj+q (11)
ot  ox 0X oy oy 0z 0z

142



Journal of Engi ing and S inable Develop Vol.20, No.03, May 2016 www.jeasd.org (ISSN 2520-0917)

and in the solid region, Equation (9) is reduced to

ot 0X 0Xx oy ay az * 0z

Without convection term in the phase change regigoation (9) is reduced:to

2 2 2 2 2 2
oH _ 0 (/1|—|)+aS + 9 ()IH)+aS + 9 (AH)+682+q (13)

x?  oy? ay? 922

And forA =A(H) and S=S(H), the above equation employs the control-volume

finite-difference. In this methodology the discration equation is obtained by using
conservation laws over finite size control volumarrsunding the grid nodes.
Integrating the equation over the control volum&s a

[ % = [ 222 v [ 22000 |y o1 2 24y
Pompe g o o

Using an explicit scheme, the time variation teendmes,
H -H p
H p—AV pav| —E—t (15)

For x-direction from right hand side of equatiod)becomes

(122 < (202) {200) by

?giz(/l He—AH,)- (Ag)gvzv(/l H,~A, Hy) (16)
5ol =|(52) (5], e = G- 55200 =0

Fory-direction from right hand side of equation (14ytmes
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“}__aaaﬂ )Iagy{l_{agtﬂlexAz

) Amz(

_Lxdz AHo —AH,) (18)

=——(AHy —AH
Oy, " T (O

oo =[50 (3] e

- XAZ(S _S)_AXAZ(
@y, " 7 (3,

>

S, - S5) (19)

and for z-direction from right hand side of Equat{@4) becomes

ol PP 55 o

_AXAy B AXAyY

=73, (AH; —AH,)- &2, ——2(AHp = AeHs) (20)
a(as).,_[(as) (os _Axa AXDY (o

LIVIE(EJAV‘KEJt (azum G2, &%) 5y 8 s)

(21)
The last term from right hand side of equation (iddomes

quV =qAV, (22)
AV

Now, the coefficient oHy, Hs, He Hw, HrandHgasay , as, as , aw, ar and ag , respectively.
Writing equation (15) in the familiar standard form

aPHPzaNHN+aSHS+aEHE+a\NHW+aTHT+aBHB+b (23)
with, H gdenoting the old value ¢ at grid point P, the values of coefficients are:
a,=ay tag+a, ta ta; +a,

_ N AA N AA N AA
= pV Ox, 'aW_,oAV OX, 'aN_,oAV oy,
A /‘sAya_ M AA N AA
PN Sy, " pN 5z " ° pIV Jz,

as= (24)
A, = AyAz, A, =AXAz, A, = AxAy, AV =AxAyAz
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And,

b=-a, +a, +a. +a, +a +a, ~1H; +bS, +bsS +.S +1, S, +b S +
mg—m&+$¢w (25)

in which,

b, =b. +h,, +b, +b,, +b; +b,

_ At A _ At A A A At A
bE_ 'bw - 'bN - 'bs_
PAV O X, PAV OX, PAV Oy, PAV Oy,

(26)

The last procedure is similar for liquid and sakgions for equations 11 and 12. The
Cartesian mesh is 31*11*11 in X, y, z directionsd &me step is 1 minute. Grid
independence was tested by using finer mesh wherdifference in temperature results
is less than fC.

3. Experimental Part

The system was constructed to show the effect iofube internal finned flat plate
absorber of rectangular encapsulation on the PCNingebehaviors and thermal
performance, compared with another flat plate diEomwithout fins at the same
operation condition. The present work is to prethe melting behavior of PCM with
and without longitudinal fins in rectangular enaalpion numerically.

3.1 System Configuration

The experimental test module shown in Figure lasists of 30 cm x 20 cm of
aluminum flat plate absorber with thickness of B coated by matte black paint to
absorb large amount of irradiation. The first absomwas with three internal fins (4 cm
depth x 30 cm length) placed at a distance 5 crwdmt them. The second absorber
was without fins. The 4 cm space after the absonaer filled with paraffin wax; the
specifications of paraffin wax are shown in TableA130 cm x 20 cm sun simulator
placed at distance 70 cm from the absorber surface.

The sun simulator was seated to give irradiation1a80 W/ni. Eight K-type
thermocouples were used in this module as showrFigure 1b. The first two
thermocouples in sections A and B was placed ingsige at a distance 1 cm from the
absorber surface. The second two thermocouplssdtion A and B were placed inside
at a distance 3 cm from the absorber surface. fiing two thermocouples were placed
at the end of fins, and the fourth two thermocosiplere placed at the absorber surface.
Figure 2 shows the system schematic diagram.
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Table 1 Physical properties of paraffin wax [12]

Specification Value
Paraffin type C8H18
Melting temperature 56.8C
Specific heat of solid 2.0 kJ/kg.!
Specific heat of liquid 2.15 kJ/kg.
Latent heat of melting 190 kJ/k
Thermal conductivity of solid 0.24 W/m.k
Thermal conductivity of liquid 0.22 W/m.k
Density of solid at 1% 910 k¢®
Density of liquid at 76C 790 kg®
jreretngl et
. First Absorber (rectangular
encapsulation)

Second Absorber | (a)
(rectangular encapsulation)

— e R

Sun Simulator

—

At 3cm from absorber

(b)

Fig. 1, (a) Experimental module, (b) Thermocouples locations
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---------------
...............

' 1

Bl

1- Sun simulator @ @ I e i
1-Rectangular encapsulation | i L
3-Rigid support frame 2 '
4- Absorber @ E I '
5-Solar radiation sensor = i
6- Solar radiation sensor " :
recorder Ll :
7- Temperature recorder —a| b '
3-PC & " '
9_Infrared Camera . '
10- Thermocouples fixed at 1, [ L !
3 cm at absorber @ s '
11, fived at : 1" t
i

absorber @ | E i i
i

Fig. 2 Schematic diagram of the system

3.2 Experimental Measurements

The eight K-type thermocouples with accuracy (x0.4%as connected to
temperature recorder type (BTM-4208SD). The reaoeteuracy is (+0.01%) andset
with 5 minutes as interval time. To show the change behavior of paraffin wax
experimentally, the infrared camera type (Fluke@DiBwith accuracy (x2%) was used
in this experiment. The irradiation value was meaduby (Protek/DM 301) with
accuracy (+4%)

4. Results and Discussions

The numerical results are taken from a program viené by using FORTRAN
(F90) to simulate the behavior of paraffin wax wattd without longitudinal fins inside
the rectangular encapsulation. Figures 3 and 4 ghewransient comparison between
numerical results as shown in graphs (3a and #a) eaperimental results as shown in
graphs (3b and 4b) were taken by the infrared caroerectangular encapsulation with
and without longitudinal fins. The numerical resuthow good agreement with the
experimental ones approximately (10%) along thette® (90) minute.

80.0815
77.1847
5 742879
71.3811
68 4942
65.5974
o 62.7006
B 59.8038

1 56.907
54.0101

51.1133
48.2165
45.3197
42.4229
39.5261

a1
After 50 minute

@)
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— 43

After 90 minute

(b)

Fig. 3 Transient comparison between numerical and experimental graphs for rectangular encapsulation
without longitudinal fins (a) Numerical graph (b) Experimental graph

733616
70.8248
68 288
657512
632144
B0.ETTE
- 58.1408
= 55604
| 530672
50.5304
479935
45 4568
42 92

40,3832
37 8464

0 0.05 b1 0.15 02

1] 0.05 0.1 0.15 02
Aftar 90 minute

(@)

—54
-52.5
C

After 90 minute

(b)
Fig. 4 Transient comparison between numerical and experimental graphs for rectangular encapsulation
with longitudinal fins (a) Numerical graph (b) Experimental graph
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The experimental data from thermocouples for bettangular encapsulations (w
and without longitudinal fins) are shown in Figufesnd 6, respectively, to show 1
effect of fins on the behavior of paraffin waxmtst discuss and compare each c of
thermocouples at the same locations in Figures 8 @nfor both rectangul:
encapsulations. Figure 7 indicates that the absatméace temperature for rectangt
encapsulation without longitudinal fins is highéan others by about 1°C. This is
because the heat was injected deep in the para#finby the fins and this leads to di
the absorber surface temperat

105
=f==ngbsorbersec A

95
=f—3absorbersec.B
B5
=—sdr—at 1 cmsec.A
75

i gt 3CM SEC.A
65

=gt 1l cm sec.B
55

—@—at 3cm secB

Temperatureideg.C)

45

35

25

0 5 1015202530354045505560 6570758085 80

Time{minute)

Fig. 5 Experimental thermocouples results for rectangular encapsulation without longitudinal fins

95
=$=—absorber sec.A

85 =@—zabsorbersec B
"-{75 =—dr—at1lcm sec A
="}
:ﬂ e gt 3CmM s2CA
] 65
= =gt 1 cm sec.B
Ess
2 =§=—at Icm sec B
E
o 45

W
()

=]
L

0 5 101520253035404550556065 7075808500

Time({minute)

Fig. 6 Experimental thermocouples results for rectangular encapsulation with longitudinal fins

==f==3zhsorbersec.i
W without fins
a5 =f=3bsorbersec.A

/I' with fins

75 /-
65 /r
oAl ¥
45

35 #
25 | — T

T T
0 5 10152025 303540455055 60657075 808590

95

Temperature(deg.C)

Time(minute)

Fig 7 Experimental comparison between absorber surface temperature with and without longitudinal
fins
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Figure 8 shows the experimental thermocouples tresside a paraffin wax at
distancel cm from the absorber surface for both rectangeeapsulations (with ar
without longitudinal fins). The results indicateatithe temperatures in the rectangi
encapsulation without fins at a distance of 1 cenlagher than the others because
temperature of this absorber is highest. But inrtbet rectangular encapsulation w
fins, the temperature at the same distance isrdiftefor different sections. It can
seen that, the temperature at section B is highan tsection A. The physil
explanation for this case is that the paraffin waxsection B was affected by tv
longitudinal fins in addition to absorber surfabef in section A, the paraffin wax w
heated by one longitudinal fin in addition to aliearsurface. This is cleatom Figure
9 at a distance of 3cm inside paraffin wax. Butaih be seen from this figure that,
temperature at this distance 3cm in rectangulaagdation without fins is less th
the others, despite it has the higher absorber @eatyre. This ibecause of the lo
thermal conductivity of paraffin wax which givesetladvantage of using fins to inje
the heat deeply inside the paraffin wax to accedetfae melting time of PCM (paraff
wax) by about 12 min in section A at the distant& @m fron the absorber surfac
compared with rectangular encapsulation withou.fBut, section B is affected by t
longitudinal fins, hence the melting time is inged by about 12 min compared w
section A which is affected by one longitudinal. firigures10, 11 and 12 show tt
comparison between experimental thermocouples mgadhd numerical predictionr
They show a satisfactory agreement with error sdfliactuated between 6 to 8 % alc
the time test (90) minute.

e —#—atlcm

without fins

l
un

==t 1 crn sec.A
with fins

=]
L

atlcm sec.B
with fins

B
L

Temperature{deg.C)
L
(%]

0 5 10152025303540455055 6065 7075808590

Time(minute)

Fig 8 Experimental result for thermocouples inside paraffin wax

(=}=]
—p gt FCM
without fins

(]
(=]

L
|

el at 3cm sec A
with fins

un un
[=]

at 3cm sec.B
with fins

wu

FR
[=]

Temperature(deg.C)

w
un

w
[=]
i

P

ha
u

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 BO 85 90

Time{minute)

Fig. 9 Experimental result for thermocouples inside paraffin wax
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gt lcm
experimentaly
75 ==t 3cm
(w2 /*4—" experimentaly
% 65 s g5t 1cm
= 55 _ |, =—e—t3 cm
= > .
e ; ) numericaly
-
£ 45
=

35. -

25

Time({minute)

T
0 5 10152025 30354045505560657075 808550

Fig. 10 Experimental and numerical comparisons for thermocouples data inside rectangular

encapsulation without longitudinal fins

gt 1cm
65 -— experimentaly
=f—at 3cm
o 60 ; experimentaly
5 55 ~" —e—at 1cm
= numericaly
§ at i gt 3CM
E 45 numericaly
-1
£ 40
ok
35
30

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Time{minute)

Fig. 11 Experimental and numerical comparison for thermocouples data inside rectangular

encapsulation with longitudinal fins at section A

e 5 1 CN

experimentaly

=73t 3Icm
experimentaly

=r=at 1cm
numericaly

it 3Cm

numericaly

Temperatureideg.C)

0 5 101520 25 30 35 40 45 5055 6065 70 75 80 85 90

Time(minute)

Fig. 12 Experimental and numerical comparisons for thermocouples data inside rectangular

encapsulation with longitudinal fins at section B
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5. Conclusions

The main important conclusions extracted from tresent research can be summarized
in the following:

1. The present work predicts the melting behavior P€M with and without
longitudinal fins in rectangular encapsulation nucadly.

2. The using of longitudinal fins led to increake melting time of the PCM material
(paraffin wax) in the deep locations.

3. Comparison between numerical and experimentaultee gives satisfactory
agreement, showing that the present model can girgdoperly the phase change
processes.

Nomenclature:

A = Area (nf)

a, b = coefficient in the discretization equation
B='bottom' neighbor of grid P
b=Control-volume face between P and B
C, = specific heat (kJ/kg °C)

Co =specific heat of liquid phase (kJ/kg °C)
Cps =specific heat of solid phase (kJ/kg °C)
H =Enthalpy (kJ/kg)

e= Control-volume face between P and E
E='east' neighbor of grid P

L=Ilatent heat (kJ/kg)

I, J, k=Unit vector

k =thermal conductivity (W/ m °C)

ki =liquid thermal conductivity (W/m °C)

ks =solid thermal conductivity (W/m °C)
I=Liquid

N=‘north’ neighbor of grid P
n=Control-volume face between P and N
P=Grid point

g=Heat generation (W/H

q = Average heat generation

S='south’ neighbor of grid P
s=Control-volume face between P and S
s=Solid

T =Temperature (°C)

t =Time(s)

T* =Kirchhoff temperature (°C)

T='Top’ neighbor of grid P
t=Control-volume face between P and T
Tm =melting temperature (°C)
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V= Volume (n)

W=west’ neighbor of grid P

w=Control-volume face between P and W

X, Y, z =Cartesian coordinates( m)

o=Density (kg/m)

A X, Ay,Az=x,Yy, z - Direction width of the control volume
Jx,dy,0Z=x,y, z -direction distance between two adjaceiut goints

A = Diffusion coefficient
A\ =Difference

0 =Partial derivative
AT =Temperature range (°C)
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