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Abstract

Phase change material (PCM) storages are used to balance temporary temperature alternations and to store energy in seve
application areas, from electronics to the automobile industry and also buildings. In current telecommunication electronics both
and larger scale thermal transients that occur due to temporarily varying power dissipation are customary. The use of PCM heat
compensate for temperature peaks that may occur offer significant savings in time-dependent thermal management in the afor
products.

The aim of this paper was to obtain physical validation of the numerical results produced using FEMLAB. This validation was o
through a comparison of experimental data and numerical results. The numerical methods studied were an enthalpy method and
heat capacity method. An ensemble of experimental PCM storages, with and without heat transfer enhancement structures, was d
constructed. The numerical predictions calculated with FEMLAB simulation software were compared to experimental data. Both n
methods gave good estimations for the temperature distribution of the storages in both the melting and freezing processes. Ho
effective heat capacity method, which used a narrower temperature range, dT = 2◦C, was the most precise numerical method when
numerical results were compared to the experimental results.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Phase change material (PCM) storages are used to
ance temporary temperature alternations and to store en
in several practical application areas, from electronics to
automobile industry and also in buildings. PCM storage
preferable to sensible heat storage in applications wi
small temperature swing because of its nearly isother
storing mechanism and high storage density. When a
perature peak occurs, PCM absorbs the excessive ener
going through a phase transition and releasing the abso
energy later when the peak has passed off. The storag
be dimensioned in such a way that the temperature of
storage is kept under a specified temperature level whil
the same time the excess external energy is stored.
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In current telecommunication electronics, both porta
and larger scale thermal transients that occur due to
porarily varying power dissipation are customary. The us
PCM heat storage to compensate for temperature peak
may occur offer a significant savings in the time-depend
thermal management of the aforementioned products,
viding that the thermal behaviour of the system is kno
In addition, the system has to be optimised in line w
allowed temperatures, heat loads, their durations and l
tions, weight, dimensions and other mechanical restricti

Since the conditions to be optimised may vary sign
cantly and change rapidly in the course of the design proc
a straightforward, reliable PCM model would enable pa
metric studies to be conducted at speed and would
enable the comparison of several alternatives without h
ing to build large, time-consuming full-scale FEM mode
This would also preclude the need to build experimental p
forms for measurements.

Heat transfer in PCM storage is a transient, non-lin
phenomenon with a moving solid–liquid interface, gen
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Nomenclature

D height of the storage . . . . . . . . . . . . . . . . . . . . . . m
g acceleration of gravity . . . . . . . . . . . . . . . . m·s−2

cp specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

k heat conductivity . . . . . . . . . . . . . . . W·m−1·K−1

hc convection heat transfer
coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

H enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
l length of the storage . . . . . . . . . . . . . . . . . . . . . . m
L latent heat of fusion . . . . . . . . . . . . . . . . . . J·kg−1

n outward unit normal
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
S the location of the solid–liquid interface in

y-direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
u solution
v velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

x, y, z dimensions and directions

PDE coefficient

da, F ,G, R, Γ , c, α, γ , g, q, h andr

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

β coefficient of the thermal expansion . . . . .◦C−1

λ Lagrange multiplier
µ dynamic viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Ω domain
∂Ω boundary of the domain

Subscripts

eff effective
c convection
i initial
l liquid
m melting
n normal
o reference conditions
p phase change
s solid
w wall
n-
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ally referred to as the “moving boundary” problem. No
linearity is the source of difficulties in moving bounda
problems [1,2] and, therefore, analytical solutions for ph
change problems are only known for a couple of phys
situations that have a simple geometry and simple bou
ary conditions. The most well-known precise analyti
solution for a one-dimensional moving boundary proble
called the Stefan problem, was originated by Neumann [1
Some analytical approximations for one-dimensional m
ing boundary problems with different boundary conditio
have been produced. These include the quasi-stationar
proximation, perturbation methods, the Megerlin meth
and the Heat-balance-integral method [1]. In these meth
it has been assumed that the melting or solidification t
perature is constant. However, technical grade paraffin
example, has a wide temperature range at the points w
melting and solidification occur. Also, the aforemention
methods are only suitable for calculating semi-infinite or
finite storage, however in reality storages are finite and h
to be handled three- or at least two-dimensionally so a
achieve a sufficiently accurate solution. Therefore, num
cal methods have to be used to achieve a sufficiently acc
solution for heat transfer in PCM storage.

Phase change problems are usually solved with fi
difference or finite element methods in accordance w
the numerical approach. The phase change phenom
has to be modelled separately due the non-linear natu
the problem. A wide range of different kinds of numeric
methods for solving PCM problems exist. The most comm
methods used are the enthalpy method and the effective
capacity method. These methods are able to use PCMs w
-

,

n
f

t

wide phase change temperature range. The enthalpy me
is introduced in many references as a numerical method
solving phase change problems [1,3,4]. The method is b
on the weak solution of partial different equations.

Voller et al. have presented a simple developmen
the conventional enthalpy formulation which leads to v
accurate solutions. The extension of this technique to t
dimensional problems is demonstrated by using an exp
method. A relative accuracy of 0.1% has been obtai
in the comparison between numerical results achieved
other authors and the results achieved with the develo
method [5].

Costa et al. have used the enthalpy formulation wit
fully implicit finite difference method to analyse numerica
the thermal performance of latent heat storage. The me
takes into account both conduction and convection h
transfer in a one-dimensional model and conduction i
two-dimensional model. The method used was validate
comparing the results with other analytical and numer
results found from the literature. The conclusion is that
method is useful for designing a thermal energy storage

In the effective heat capacity method the latent heat e
is expressed as a finite temperature dependent specific
which occurs over a temperature range.

Bonacina et al. have presented the one-dimensional th
time level difference method in which the latent heat eff
is defined by a large heat capacity over a small tempera
range. The phase change was assumed to take place
temperature range interval of 0.5◦C. The numerical result
obtained are satisfactory when compared with the avail
analytical solutions. The conclusion of the paper is tha
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accuracy of 3% for the numerical results when compare
the analytical results is well within the limits imposed f
engineering calculations [7].

The multidimensional numerical solution based on
large heat capacity over the phase change temperature
is presented by Rabin et al. [8]. The phase change prob
is solved using the finite difference method. The com
tation technique is able to consider all kinds of bound
conditions, i.e., conduction, convection and radiation, ei
alone or in combination. The proposed method is veri
against two exact solutions and against two numerical s
tions available from the literature. The comparison show
a good agreement with different boundary conditions [8]

The aim of this paper was to obtain a physical vali
tion of the numerical results produced using FEMLAB [
This validation was obtained through a comparison of ex
imental data and numerical results. Two experimental P
storages, with and without heat transfer enhancement s
tures, were designed and constructed. The numerical re
calculated with two different kinds of numerical metho
were compared with the experiment results achieved by
ing thermocouples mounted inside the storage.

Usually the computational models for a two- or thre
dimensional PCM storage are complicated to develop
modelling different kinds of geometry or dimensions m
cause problems. The use of the FEMLAB programme wo
save time and energy in routine engineering work.

2. Theory

The melting and solidification processes in two differ
kinds of PCM storage is studied numerically and experim
tally (see Figs. 1 and 2). In storage 1, there is no heat tran
enhancement structure but in storage 2 there are two fin
side the storage. The storages are filled with PCM. Two
walls are imposed onto the temperature change. The tw
maining walls are insulated.

In the melting process, heat transfers from the w
to the phase change material first by conduction and
by natural convection. Natural convection speeds up
melting process. With Rayleigh’s number it is possible
determine when the dominant heat transfer mode turns
conduction to convection. WhenRa� 103, the liquid PCM
starts to flow up along the vertical hot wall surface a
then falls down along the cold solid–liquid interface caus
natural convection [10]. The effect of natural convection
the molten PCM causes a higher rate of melting near the
of the enclosure. In the early stage of melting, the velo
of the liquid PCM due to the buoyancy force is small.
increases and convection in the melt becomes dominant
the magnitude of the velocity begins to decrease due to
temperature difference in the liquid PCM becoming m
uniform [11].

The main heat transfer mode is conduction during the
lidification process. Natural convection exists in the liqu
e

-
s
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-
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Storage 1 x y

Thermocouple [mm] [mm]

1 1.191 25.4
2 3.92 31.02
3 6.38 36.16
4 8.73 42.17
5 11.28 47.3
6 13.47 53.13
7 15.62 58.99
8 17.26 64.32

Fig. 1. Storage 1. The storage without fins.

solid interface due to the temperature difference in the liq
PCM. But even a very strong natural convection in the so
liquid interface has a negligible effect on the solid–liqu
interface position compared to the effect of heat conduc
in solid PCM [12].



280 P. Lamberg et al. / International Journal of Thermal Sciences 43 (2004) 277–287

the
ier–
ion,
n is
the

d

(2)
n the

.
the

f
ts

are

ts is
ally
ses
and
The
ase
the

ng
rmed
iq-
med
Storage 2 x y

Thermocouple [mm] [mm]

1 2.238 8.123
2 4.598 11.185
3 6.382 14.16
4 8.577 18.16
5 11.312 21.261
6 13.663 23.961
7 15.579 27.75
8 17.12 31.844
9 1.956 40.238

10 4.599 41.731
11 6.536 44.198
12 8.565 46.391
13 9.693 48.342
14 12.078 51.444
15 14.629 53.647
16 16.531 55.821

Fig. 2. Storage 2. The storage with fins.
The governing equations for transient analyses of
melting of the phase change material includes the Nav
Stokes (momentum) equations, the continuity equat
and the energy equation. The Boussinesq approximatio
used to model the buoyancy forces. The equations are
following, given in tensor notation [13,14]:

ρ
∂ �v
∂t

+ ρ
(�v · ∇)�v = −∇p+µ∇2�v + ρ �gβ(T − To) (1)

∇ · �v = 0 (2)

ρlcpl

(
∂T1

∂t
+ �v · ∇Tl

)
= ∇(kl∇Tl) (3)

whereρl is the density,̄v the velocity of the liquid PCM,
p the pressure,µ the dynamic viscosity,�g the gravity vector,
β the coefficient of thermal expansion,To the reference
temperature,cl the specific heat,kl the heat conductivity an
Tl the temperature of the liquid PCM.

For the solid PCM and the enclosure the Eqs. (1),
can be ignored because there is no convection effect o
materials. The energy equation is given the form

ρscps

(
∂Ts

∂t

)
= ∇(Ks∇Ts) (4)

where subscripts denotes the solid PCM or the enclosure
The energy balance for the solid–liquid interface in

melting process is given the form [3]:

ks
∂Ts

∂n

∣∣∣
s
− kl

∂Ts

∂n

∣∣∣
s
= ρsL

dSn
dt

(5)

whereS is the solid–liquid phase change interface,n the
normal of the solid–liquid interface andL the latent heat o
the PCM fusion. In the solidification process the subscripl
and s are interchanged and the latent heat of fusionL is
replaced with−L in Eq. (5).

The temperatures of the solid and the liquid PCM
equal in the solid–liquid interface.

Tl = Ts (6)

3. Experimental configuration and procedure

3.1. Phase change material used in the experiments

The phase change material used in the experimen
technical grade paraffin. The material is both an ecologic
and environmentally friendly material that utilises proces
between the solid and liquid phase change to store
release energy within the small temperature range.
volume change is minor between the solid and liquid ph
and it is also 100% recyclable. The material properties of
PCM are presented in Table 1.

To find out the behaviour of the PCM during the melti
and freezing process the DSC measurements are perfo
with Mettler TA4000 thermoanalysis equipment with a l
uid nitrogen cooling system. The measurement is perfor
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with a heating and cooling speed of 2◦C·min−1. The DSC-
curve for the melting and freezing processes of the par
is shown in Fig. 3.

The material starts melting when it achieves a temp
ature of 20–21◦C. The peak temperature of the melting

Table 1
The material properties of technical grade paraffin

Paraffin

Density solid/liquid 15/70◦C (ρ) kg·m−3 789/750
Heat conductivity solid/liquid (k) W·m−1·K−1 0.18/0.19
Heat capacity solid/liquid (cp) KJ·kg−1·K−1 1.8/2.4
Volume expansion at-T = 20◦C, % 4.9
Heat storage capacity melting-T = 30◦C, J·kg−1 175 066
Heat storage capacity solidification-T = 30◦C, J·kg−1 187 698

Fig. 3. The DSC-curve of the paraffin.
27.7◦C. At the peak temperature the material stores or
leases the greatest amount of energy. Solidification s
when the material achieves a temperature of 26.5◦C and the
peak temperature of the solidification is 23◦C. The latent
heat energy is released completely when the temperatu
the material approaches 21◦C.

3.2. Experimental set-up

In order to provide a well-controlled environment f
the evaluation of the simulation results, two specific PC
storages were manufactured: one simple container (Fig
and one equipped with internal fins to enhance heat tran
from the walls to the PCM (Fig. 2).

The heat storages for the measurements were fabric
from solid Aluminium (AlSi1MgT6,k = 174 W·m−1·K−1)
blocks by machining the interior off using the electr
discharge method to ensure flawless heat transfer in
aluminium without any additional contact resistances du
joints.

The storages were equipped with Watlow GordonK-type
thermocouples of 40 AWG (approximately 0.08 mm)
ameter that were arranged as shown in Figs. 1 and 2.
measurement points were set at about 2 mm intervals in
direction of the heat transfer on special comb-like suppo

The supports were fabricated from a 300 µm th
FR4 epoxy-glass fibre composite, the heat conductivity
which is as low as 0.3 W·m−1·K−1. Due to their thinness
and low conductivity, the effect of the supports on t
PCM behaviour was neglected. The as-thin-as conven
thermocouple wires were guided out of the storage in
Fig. 4. The measurement set-up.
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direction of the isotherms to minimise their disturbance
the system.

The bottom of the container was sealed with chemic
inert nitrile rubber mounted between the container and
bottom block to prevent leakage. The bottom block w
made of a Tufnol phenolic fabric with a low through-pla
thermal conductivity of 0.37 W·m−1·K−1. The measuremen
set-up is schematically shown in Fig. 4.

After mounting and filling the storages to halfway wi
technical grade paraffin, the positions of the thermocou
sensors were determined optically with 0.01 mm accur
and the filling was continued. Due to a volume expansio
about 5%, the corresponding container space at the to
the container was left empty after PCM solidification.

Two identical Aavid 6063-T5 Aluminium cold plate
with an optimal coolant current of 4 l·min−1 were mounted
on opposite sides of the container to provide symm
in the direction of the heat transfer. The cold plates
the remaining walls of the storage were isolated from
room temperature environment with Styrofoam. The coo
liquid was water, the temperature and circulation of wh
was controlled by a Lauda RM6 liquid circulation chille
which produces a preset temperature liquid flow (nomin
0.15 l·s−1) and keeps the liquid temperature steady
0.1◦C accuracy by employing its own thermostatica
controlled cooler and heater, or alternatively, it measures
temperature of the liquid used in circulation.

3.3. Measurements

In the measurements, the liquid circulation chiller w
first set to cool the cold plates to+10◦C. When a steady
state was reached, the cooling water temperature wa
to +40◦C and the system was allowed to develop towa
the new equilibrium. The up ramp stage for the cold pla
typically took about 15 minutes. After all the PCM ha
melted and the system was in a+40◦C steady state, th
cooling water temperature was then set to+10◦C. The
cooling phase of the cycle typically lasted about 80 minu

The entire 10◦C–40◦C–10◦C cycle took about 2.5–
hours and it was repeated at least five times for each m
surement case. For each cycle, the temperature resp
were for either eight (storage 1) or 16 (storage 2) ther
couples (see Figs. 1 and 2).

4. Numerical methods

4.1. Enthalpy method

In reality in phase change situations more than one p
change interface may occur or the interfaces may disap
entirely. Furthermore, the phase change usually happe
a non-isothermal temperature range, such as in the ca
paraffin. In such cases tracking the solid–liquid interf
may be difficult or even impossible. From the point of vie
f

t

-
s

r

f

of the calculation it is advantageous that the problem
reformulated in such a way that the Stefan condition
implicitly bound up in a new form of the equations and th
the equations are applied over the whole fixed domain. T
can be done by determining what is known as the enth
functionH(T ) for the material. This determines the sum
the sensible heat and the latent heat required for the p
change [4].

In this paper the natural convection effect is simula
through a heat transfer coefficient. The term(ρcp �v · ∇Tl)
is replaced with the term(hc∇T ) in Eq. (3), and Eqs. (1
and (2) are ignored. The enthalpy form for energy equa
(Eq. (3)) with initial and boundary conditions is given t
form

ρ
∂H

∂t
+ hc∇T = ∇(k∇T ) (7)

T (x, y, z,0)= Ti (8)

T (0, y, z, t)= T (lx, y, z, t)= Tw(t) (9)

∂T (x,0, z, t)

∂y
= ∂T (x, ly, z, t)

∂y
= 0 (10)

∂T (x, y,0, t)

∂z
= ∂T (x, y, lz, t)

∂z
= 0 (11)

whereH is the enthalpy,l is the length of the storage. Th
subscripti denotes initial,w the wall, x the x-direction,
y they-direction andz thez-direction.

Lamberg et al. [15] have performed this equation to es
lish the convection heat transfer coefficient in a rectang
store containing paraffin in accordance with studies by M
shall [16,17] and Eftekhar et al. [18]. The convection h
transfer coefficient during the melting process is

hc = 0.072

[[g((Tw − Tm)/2)ρ2
l cplk

2
l β]

µ

]1/3

(12)

The great advantage of the enthalpy method is that it
be used with any material and not just with phase cha
materials. For the phase change material it is possibl
determine the enthalpy functionH(T ) by considering the
results of the DSC-measurements.

4.2. Effective heat capacity method

With effective heat capacity it is also possible to descr
the non-isothermal phase change in the PCM. The effec
heat capacity of the material (ceff) is directly proportional to
the stored and released energy during the phase chang
the specific heat. However, it is inversely proportional to
width of the melting or solidification temperature range [1
During the phase change the effective heat capacity o
PCM is

ceff = L

(T2 − T1)
+ cp (13)

whereT1 is the temperature where melting or solidificati
begins andT2 the temperature where the material is tota
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Table 2
The coefficient terms

The method da Γ F

Enthalpy method ρ
∂H(T )
∂t

= ρcp(T )
∂T
∂t

Γ = k
(
∂T
∂x

+ ∂T
∂y

)
F = hc

(
∂T
∂x

+ ∂T
∂y

)
Effective heat capacity method ρcp

∂T
∂t

Γ = k
(
∂T
∂x

+ ∂T
∂y

)
F = hc

(
∂T
∂x

+ ∂T
∂y

)
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melted or solidified. The effective heat capacity of t
paraffin can be defined separately for the melting
freezing processes by using DSC-measurements.

The energy equation (Eq. (3)) with initial and bounda
conditions is

ρlcp
∂T1

∂t
+ hc∇T = ∇(kl∇T1) (14)

T (x, y, z,0)= Ti (15)

T (0, y, z, t)= T (lx, y, z, t)= Tw(t) (16)

∂T (x,0, z, t)

∂y
= ∂T (x, ly, z, t)

∂y
= 0 (17)

∂T (x, y,0, t)

∂z
= ∂T (x, y, lz, t)

∂z
= 0 (18)

where

cp =


cps, T < T1

L
(T2−T1)

+ cp, T1 � T � T2
cpl, T > T2

(19)

4.3. Numerical calculations with FEMLAB

The calculations are done for the same melting and
lidification cycles as would be the case in experiments,
the temperature of the wall sand the boundary condit
Eqs. (7)–(12) are defined in accordance with these ex
ments.

In numerical calculations several assumptions are m
It has been assumed that the heat conductivity and
sity of the phase change material and the enclosure
constant. The values for the PCM are chosen as ave
values of the solid and liquid material properties, (kp =
0.185 W·m−1·K−1 and ρp = 770 kg·m−3). The prob-
lem is handled two-dimensionally. The heat transfer in
z-direction is assumed to be negligible. It is also assum
that the convection heat transfer coefficient in the liq
PCM during the solidification process is negligible.

The numerical calculation is performed with FEMLA
software. This is designed to simulate systems of cou
non-linear and time dependent partial differential equati
(PDE) in one-, two- or three-dimensions. The program
can be used to simulate any system of coupled P
in the areas of heat transfer, electromagnetism, struc
mechanics and fluid dynamics. The FEMLAB softwa
operates in the MatLab environment [20].

The geometry of the storage is defined. The equat
for the metal housing and the PCM are written in par
differential form in line with programme definitions, an
initial and boundary conditions are determined.
.
-

l

Fig. 5. The specific heat capacities in the melting process in enth
and heat capacity methods. Enthalpy denotes the enthalpy method
dT = 7 ◦C the effective heat capacity method with a large tempera
range and Eff dT = 2 ◦C the effective heat capacity method with a narr
temperature range.

The general form of the PDEs and boundary condition
defined as

da
∂u

∂t
+ ∇ · Γ = F in Ω (20)

n(c∇u+ αu− γ )+ qu= g − λ on∂Ω (21)

hu= r on∂Ω (22)

whereu is the solution andΓ andF coefficient terms which
can be functions of the space, time, the solutionu or its gra-
dient.Ω is the observed domain,∂Ω the boundary of the
domain,n the outward unit normal,λ an unknown vector
valued function called the Lagrance multiplier. This mu
plier is only calculated in scenarios where mixed bound
conditions exist. The coefficientsda , c, α, γ , g, q , h andr
are scalars, vectors, matrices or tensors. Their compon
can be functions of space, time, and the solutionu.

In Table 2 the coefficient terms of the general fo
(Eq. (20)) of the enthalpy method and the effective h
capacity method are presented. In the boundaries w
are insulated, the coefficient termsα, γ , g, q , λ, h and
r are given the value zero in both methods. The two s
walls which are heated or cooled according to the coeffic
termsc, α, γ , g, q andλ are given the values zero.h is given
values 1 andr valueTw(t).

In the melting process when the PCM is solid (Tp < T1)
and during the solidification process the termF is given the
value zero (F = 0) because the convective heat transfe
only taken into account in the melting process when
PCM is in a liquid state. The numerical calculations
performed using an enthalpy method and with the effec
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Table 3
The specific heat and convective heat transfer coefficient of the paraffin in numerical calculations

Paraffincp(T ) Melting Solidification

Enthalpy method

cp(T )=




24T 2 + 515T + 3606,
10◦C� T < 20◦C

146T 3 − 9123T + 191658,
20◦C� T � 27◦C

11285T 2 − 652T + 9424,
27◦C� T � 29◦C

2400,
T > 29◦C

hc = 75 W·m−2·K−1 whenT > 20◦C

cp(T )=




32T 2 − 671T + 4548,
10◦C� T < 19◦C

3205T 2 − 124276T + 1207500,
19◦C� T � 23◦C

−11543T 2 + 536878T − 6197600,
23◦C< T � 25◦C

−7374T + 194125,
25◦C< T � 26◦C

2400,
T > 26◦C

hc = 0 W·m−2·K−1

Effective heat capacity method
cp(T )=

{1800, T < 21
18067, 21� T � 28
2400, T > 28

hc = 75.03 W·m−2·K−1whenT > 21◦C

cp(T )

{1800, T < 25
116866, 25� T � 27
2400, T > 27

hc = 69 W·m−2·K−1 whenT > 25◦C

cp(T )=
{1800, T < 20

26740, 20� T � 25
2400, T > 25

cp(T )

{1800, T < 25
127698, 25� T � 27
2400, T > 27

hc = 0 W·m−2·K−1
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heat capacity method with two different temperature ran
(T2 − T1). The temperature ranges are

• narrow temperature range, melting dT = T2 − T1 = 27–
25◦C, solidification dT = T2 − T1 = 25–27◦C and

• wide temperature range, melting dT = T2 − T1 = 28–
21◦C, solidificationT2 − T1 = 20–25◦C.

Table 3 presents the specific heat capacities and
convective heat transfer coefficients for the paraffin use
the numerical calculations in the temperature range of
40◦C in both the melting and freezing processes. In th
calculations the specific heat is assumed to be continuo

Fig. 5 presents the specific heat in the function of
temperature in different numerical methods in the melt
process.

The total storage capacity of the PCM in the tempera
range 10–40◦C is the same in all the given methods.

5. Comparison between numerical model predictions
and experimental data

5.1. Storage 1. The storage without fins

The temperature of the PCM is calculated numeric
at eight measurement points in the storage without the
The points are presented in Figs. 1 and 2. The nume
and experimental results of the temperature of the PCM
points 2, 4, 5 and 7 and the wall temperature of the coldpl
are presented in Fig. 6. Exp denotes experimental results
the numerical results calculated using the enthalpy met
Eff_2 the numerical results calculated using the effec
method with a narrow temperature range (dT = 2 ◦C) and
t

Eff_7 the numerical results calculated using an effec
method with a wide temperature range (dT = 7 ◦C).

During the melting process all the numerical metho
give almost the same results for the temperature of the P
when the PCM is in a solid state. First of all the PC
starts to melt when the effective heat capacity method w
wide temperature range is used. The melting starts at 20◦C.
However, quite soon after the effect of natural convec
uniforms the temperature development of the PCM in
the numerical methods. The PCM melts a little too quic
at points 2 and 7 when the experimental and numer
results are compared. All the numerical results comp
quite well to the experimental results of the temperatur
the PCM.

The effect of the natural convection in the liquid PC
seems to be modelled quite well in the numerical meth
despite the value of the convective heat transfer coeffic
being estimated according to the melting temperature
the maximum coldplate temperature during the process.

During the solidification process all the numerical me
ods give uniform results for the temperature of the PCM
liquid state. When solidification begins the effective heat
pacity method with a wide temperature range gives alm
the same results as the enthalpy method but differs f
the results achieved with the effective heat capacity me
with a narrow phase change range. However, the effec
heat capacity method with a narrow temperature range
follows the experimental results when the phase change
curs.

The error when the numerical and experimental res
are compared is small. The most precise numerical meth
the effective heat capacity method with a narrow tempera
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Fig. 6. The temperature of the PCM at measurement points 2, 4, 5 and 7 in the PCM storage without internal fins, storage 1.
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range for the technical grade paraffin used in these ex
ments in storage 1.

5.2. Storage 2. The PCM storage with two fins

Fig. 7 shows the temperature of the PCM at points 2
6, 10, 12 and 14 in the PCM storage with two fins. E
denotes the experimental results, Ent the numerical re
calculated with the enthalpy method, Eff_2 the numer
results calculated with the effective method (dT = 2 ◦C)
and Eff_7 the numerical results calculated with the effec
method (dT = 7 ◦C).

The phenomena which were observed in the stor
without fins can also been seen in the results from the sto
with the fins. During the melting process the numeri
methods give the most precise results for the tempera
of the PCM in the middle of the storage at points 4 and
At the sides of the storage the PCM melts too quickly.

In the solidification process the numerical results for
temperature of the PCM follow the experimental results w
when the PCM is in a liquid state. The effective heat capa
method with a narrow temperature range gives the m
precise result for the temperature of the PCM compare
the numerical results.

In conclusion, all the numerical results give a go
estimation of the melting and freezing processes while
effective heat capacity method with a narrow tempera
range, dT = 2 ◦C, is the most precise method.
6. Discussion

When numerical methods are used, it seems that
biggest error is made when the material is solid. The m
evident reason for the difference between the numerical
experimental results may be in the thermal contact resist
between the coldplate and the PCM container. Thermal
tact resistance was not taken into account in the simulat
It was assumed that the walls of the PCM container ar
the same temperature as the circulated liquid. The abs
of thermal contact resistance may explain the deviations
tween the simulations and experiment results in the s
state.

One reason for the difference between the numer
and experimental results is in the material properties of
PCM. It is assumed that the density and heat conduct
of the PCM are constant. If the temperature depen
material properties are known, the numerical methods
give more precise results for the temperature of the PC
Thus, the material properties of the PCM should be w
known in order to obtain sufficiently accurate results w
the numerical methods.

Another reason for the differences between the nume
and experimental results may be in the placement of
thermocouple. The storage is filled with liquid PCM. T
placement of the thermocouple may have been slig
changed. After the storage is filled up it is impossible
check the placement of the thermocouple.

It seems that natural convection is well modelled
the numerical models. The natural convection in the liq
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Fig. 7. The temperature of the PCM at measurement points in the PCM storage with fins, storage 2.
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PCM is quite often assumed to be negligible in numer
calculations. Fig. 8 shows the experimental and nume
results of the temperature of the PCM at point 4 in
storage without the fins. The numerical results are calcul
using the effective heat capacity method with a narrow ph
change temperature range both with the natural convec
effect and without the natural convection effect.

From the results it is possible to see that the assump
used for the natural convection coefficient gives a fairly go
estimation for the behaviour of the PCM during the melt
process. When the effect of natural convection is negle
in the calculation, the PCM heats up to the maxim
coldplate temperature twice as slowly as it actually take
reality. The error made is considerable and the nume
model is not performing well if natural convection is n
occurring in the liquid PCM during the melting process.
Fig. 8. The numerical results with natural convection and without nat
convection and the experimental results for the temperature of the PC
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The FEMLAB software is used in numerical calculation
It seems that FEMLAB is well suited to solving differe
kinds of phase change problems in one, two or three dim
sions. The programme saves both time and energy. It m
it possible to change the geometry of the storage easily
example, different kinds of heat transfer enhancement s
tures such as fins and honeycombs can be modelled an
effect of the structure can be seen both quickly and easi

7. Conclusions

As can be seen from the results, both of the app
numerical algorithms seem to work reasonably well in
FEMLAB software environment. The ease that comes fr
being able to vary both the geometry and the parame
enables the faster design of tailored PCM storages
various electronics applications.

All the numerical predictions give a good estimation
the melting and freezing processes. However, the effec
heat capacity method with a narrow temperature ra
dT = 2 ◦C, is the most precise method when the results
compared to experimental results.

When the effect of natural convection is omitted in t
calculation, the PCM heats up to the maximum coldp
temperature twice as slowly as it actually takes in rea
The numerical model functions poorly if natural convect
is not involved in the liquid PCM during the melting proce
It is essential to model natural convection in the liquid PC
during the melting process.

In the next research phase, advanced structures su
honeycombs and PCM-filled foams as well as local, sepa
heat sources that emulate components on a printed w
board will be studied.
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