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Abstract

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

The aim of this paper was to obtain physical validation of the numerical results produced using FEMLAB. This validation was obtained
through a comparison of experimental data and numerical results. The numerical methods studied were an enthalpy method and an effectiv
heat capacity method. An ensemble of experimental PCM storages, with and without heat transfer enhancement structures, was designed ar
constructed. The numerical predictions calculated with FEMLAB simulation software were compared to experimental data. Both numerical
methods gave good estimations for the temperature distribution of the storages in both the melting and freezing processes. However, the
effective heat capacity method, which used a narrower temperature rahge2dC, was the most precise numerical method when the
numerical results were compared to the experimental results.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction In current telecommunication electronics, both portable
and larger scale thermal transients that occur due to tem-

Phase change material (PCM) storages are used to paPorarily varying power dissipation are customary. The use of

ance temporary temperature alternations and to store energy ©M heat storage to compensate for temperature peaks that

in several practical application areas, from electronics to the M2y occur offer a significant savings in the time-dependent
automobile industry and also in buildings. PCM storage is thg_rmalhmar;]agehment IOLtT]e a}foremfer;]tmned produgs, pro-
preferable to sensible heat storage in applications with aVding that the thermal behaviour of the system Is known.

small temperature swing because of its nearly isothermalIn addition, the system has to be optimised in line with

sorng mechanism and Hgh storage densiy. When a e $1000 lemeratres het load, el duralons and lce
perature peak occurs, PCM absorbs the excessive energy by~ gnt, . - N
Since the conditions to be optimised may vary signifi-

going through a phase transition and releasing the absorbedCantl and chanae rapidlv in the course of the desidn process
energy later when the peak has passed off. The storage can y gerapicty anp ’

be dimensioned in such a way that the temperature of thea straightforward, reliable PCM model would enable para-

storage is kept under a specified temperature level whilst atmetric studies to be conducted at speed and would also
9 Kep P perat enable the comparison of several alternatives without hav-
the same time the excess external energy is stored.

ing to build large, time-consuming full-scale FEM models.
This would also preclude the need to build experimental plat-
*Corresponding author. forms for measurfaments. . . _
E-mail addresses)”a|amberg@hutf| (P Lamberg), Heat transfer n PCM Storage IS a tranSIent, non-llneal’
reijo.lehtiniemi@nokia.com (R. Lehtiniemi). phenomenon with a moving solid—liquid interface, gener-
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Nomenclature
D height of the storage ...................... m Greek symbols

acceleration of gravity . ............... g2 e -
f specific heat gravity gLk a thermal diffusivity . .................. s 1
kp - conducti.v.it.y. """""""" W-LK-1 B coefficient of the thermal expansion ... °C™1
he convection heat transfer > Lagran_ge _mult|pl|er 1.1

coefficient ..................... Wh—2.K1 H dynamic viscosity ... kg~ - 3
H eNthalPy . ...t J P gensn_y """"""""""""""" kg~
l length of the storage ...................... m £ omain .
L latent heat of fusion .. ................ ka1t 952 boundary of the domain
n outward unit normal Subscripts
p pressure............ EREREERRE R T T e Pa off effective
S thz_loc?mn of the solid—liquid interface in c convection
[ ty“-mlerec 0N . rr; ; initial

..................................... / liquid
T temperature ...l °C m rr?eltin
u solution " normagll
v VEIOCIEY .« oot wrl reference conditions
x,y,z dimensions and directions ©
p phase change

PDE coefficient s solid
dy, F,G,R, I",c,a,y, g, q,handr w wall

ally referred to as the “moving boundary” problem. Non- wide phase change temperature range. The enthalpy method
linearity is the source of difficulties in moving boundary is introduced in many references as a numerical method for
problems [1,2] and, therefore, analytical solutions for phase solving phase change problems [1,3,4]. The method is based
change problems are only known for a couple of physical on the weak solution of partial different equations.
situations that have a simple geometry and simple bound- \oller et al. have presented a simple development of
ary conditions. The most well-known precise analytical the conventional enthalpy formulation which leads to very
solution for a one-dimensional moving boundary problem, accurate solutions. The extension of this technique to two-
called the Stefan problem, was originated by Neumann [1,3]. dimensional problems is demonstrated by using an explicit
Some analytical approximations for one-dimensional mov- method. A relative accuracy of 0.1% has been obtained
ing boundary problems with different boundary conditions in the comparison between numerical results achieved by
have been produced. These include the quasi-stationary apether authors and the results achieved with the developed
proximation, perturbation methods, the Megerlin method method [5].
and the Heat-balance-integral method [1]. In these methods, Costa et al. have used the enthalpy formulation with a
it has been assumed that the melting or solidification tem- fully implicit finite difference method to analyse numerically
perature is constant. However, technical grade paraffin, for the thermal performance of latent heat storage. The method
example, has a wide temperature range at the points wherdakes into account both conduction and convection heat
melting and solidification occur. Also, the aforementioned transfer in a one-dimensional model and conduction in a
methods are only suitable for calculating semi-infinite or in- two-dimensional model. The method used was validated by
finite storage, however in reality storages are finite and havecomparing the results with other analytical and numerical
to be handled three- or at least two-dimensionally so as to results found from the literature. The conclusion is that the
achieve a sufficiently accurate solution. Therefore, numeri- method is useful for designing a thermal energy storage [6].
cal methods have to be used to achieve a sufficiently accurate In the effective heat capacity method the latent heat effect
solution for heat transfer in PCM storage. is expressed as a finite temperature dependent specific heat
Phase change problems are usually solved with finite which occurs over a temperature range.
difference or finite element methods in accordance with  Bonacina et al. have presented the one-dimensional three-
the numerical approach. The phase change phenomenomime level difference method in which the latent heat effect
has to be modelled separately due the non-linear nature ofis defined by a large heat capacity over a small temperature
the problem. A wide range of different kinds of numerical range. The phase change was assumed to take place in a
methods for solving PCM problems exist. The most common temperature range interval of @6. The numerical results
methods used are the enthalpy method and the effective heabbtained are satisfactory when compared with the available
capacity method. These methods are able to use PCMs with analytical solutions. The conclusion of the paper is that an
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accuracy of 3% for the numerical results when compared to
the analytical results is well within the limits imposed for
engineering calculations [7].

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

The aim of this paper was to obtain a physical valida-
tion of the numerical results produced using FEMLAB [9].
This validation was obtained through a comparison of exper-
imental data and numerical results. Two experimental PCM
storages, with and without heat transfer enhancement struc-
tures, were designed and constructed. The numerical results
calculated with two different kinds of numerical methods
were compared with the experiment results achieved by us-
ing thermocouples mounted inside the storage.

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

2. Theory

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

In the melting process, heat transfers from the walls
to the phase change material first by conduction and later
by natural convection. Natural convection speeds up the
melting process. With Rayleigh’s nhumber it is possible to
determine when the dominant heat transfer mode turns from
conduction to convection. WheRa> 10°, the liquid PCM
starts to flow up along the vertical hot wall surface and
then falls down along the cold solid—liquid interface causing
natural convection [10]. The effect of natural convection in
the molten PCM causes a higher rate of melting near the top
of the enclosure. In the early stage of melting, the velocity
of the liquid PCM due to the buoyancy force is small. It
increases and convection in the melt becomes dominant until
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7 1562 5899
8 17.26 6432

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

the magnitude of the velocity begins to decrease due to thesolid interface due to the temperature difference in the liquid
temperature difference in the liquid PCM becoming more PCM. But even a very strong natural convection in the solid—
uniform [11]. liquid interface has a negligible effect on the solid-liquid
The main heat transfer mode is conduction during the so- interface position compared to the effect of heat conduction
lidification process. Natural convection exists in the liquid— in solid PCM [12].
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15 14629 53647
16 16531 55821

Fig. 2. Storage 2. The storage with fins.

The governing equations for transient analyses of the
melting of the phase change material includes the Navier—
Stokes (momentum) equations, the continuity equation,
and the energy equation. The Boussinesg approximation is
used to model the buoyancy forces. The equations are the
following, given in tensor notation [13,14]:

-

v N N 2- -
v +p(V-V)o==Vp+uVi+pgBT —T,) ()

V.5=0 ?)
a7 N
Plel(a—tl +U‘VT1> =V (kVT) (3

where p; is the densityp the velocity of the liquid PCM,
p the pressuregy the dynamic viscosityg the gravity vector,
B the coefficient of thermal expansioff, the reference
temperatureg; the specific heak; the heat conductivity and
T; the temperature of the liquid PCM.

For the solid PCM and the enclosure the Egs. (1), (2)
can be ignored because there is no convection effect on the
materials. The energy equation is given the form

daT;
Ps%s(ﬁ) = V(K;VTy) (4)

where subscript denotes the solid PCM or the enclosure.
The energy balance for the solid-liquid interface in the
melting process is given the form [3]:

0T, 07, ds,
ks—| —ki—| =psL—— (5)
an ls on

s S dr
where S is the solid-liquid phase change interfagethe
normal of the solid-liquid interface anid the latent heat of
the PCM fusion. In the solidification process the subscripts
ands are interchanged and the latent heat of fusloms
replaced with—L in Eq. (5).

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

T =T (6)

n

3. Experimental configuration and procedure
3.1. Phase change material used in the experiments

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

To find out the behaviour of the PCM during the melting
and freezing process the DSC measurements are performed
with Mettler TA4000 thermoanalysis equipment with a lig-
uid nitrogen cooling system. The measurement is performed
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27.7°C. At the peak temperature the material stores or re-

curve for the melting and freezing processes of the paraffin leases the greatest amount of energy. Solidification starts

is shown in Fig. 3.
The material starts melting when it achieves a temper- peak temperature of the solidification is 3. The latent

ature of 20—22C. The peak temperature of the melting is heat energy is released completely when the temperature of

Table 1
The material properties of technical grade paraffin

Density solid/liquid 15/76C (p) kg-m‘3

Heat conductivity solid/liquidi) W-m—1.K—1

Heat capacity solid/liquidd,) KJ-kg~2-K~1

Volume expansion aAT = 20°C, %

Heat storage capacity meltingT = 30°C, Jkg~1
Heat storage capacity solidificatian?” = 30°C, .Jkg‘l

0.18/0.19

Heat flow, mW/mg

041

-0.8

DSC-curve

0.8

A

Temperature,°C

| —— Melting — Solidification |

Fig. 3. The DSC-curve of the paraffin.
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PCM Container

when the material achieves a temperature of 26.8nd the

the material approaches 2C.
3.2. Experimental set-up

In order to provide a well-controlled environment for
the evaluation of the simulation results, two specific PCM
storages were manufactured: one simple container (Fig. 1),
and one equipped with internal fins to enhance heat transfer
from the walls to the PCM (Fig. 2).

The heat storages for the measurements were fabricated
from solid Aluminium (AISiIMgT6,k = 174 Wm~1.K~1)
blocks by machining the interior off using the electro-
discharge method to ensure flawless heat transfer in the
aluminium without any additional contact resistances due to
joints.

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

The supports were fabricated from a 300 um thick
FR4 epoxy-glass fibre composite, the heat conductivity of
which is as low as 0.3 Wh~1.K~1, Due to their thinness
and low conductivity, the effect of the supports on the
PCM behaviour was neglected. The as-thin-as convenient
thermocouple wires were guided out of the storage in the

Thermocouple
Recording

Cold /
Plates [

uonensu|

—/

/8 or 16/ J

Fig. 4. The measurement set-up.
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direction of the isotherms to minimise their disturbance to of the calculation it is advantageous that the problem is
the system. reformulated in such a way that the Stefan condition is

The bottom of the container was sealed with chemically implicitly bound up in a new form of the equations and that
inert nitrile rubber mounted between the container and the the equations are applied over the whole fixed domain. This
bottom block to prevent leakage. The bottom block was can be done by determining what is known as the enthalpy
made of a Tufnol phenolic fabric with a low through-plane function H(T') for the material. This determines the sum of
thermal conductivity of 0.37 Wh—1.K—1, The measurement  the sensible heat and the latent heat required for the phase
set-up is schematically shown in Fig. 4. change [4].

After mounting and filling the storages to halfway with In this paper the natural convection effect is simulated
technical grade paraffin, the positions of the thermocouple through a heat transfer coefficient. The tetpe,v - VT;)
sensors were determined optically with 0.01 mm accuracy is replaced with the terntz.VT) in Eg. (3), and Egs. (1)
and the filling was continued. Due to a volume expansion of and (2) are ignored. The enthalpy form for energy equation
about 5%, the corresponding container space at the top of(Eqg. (3)) with initial and boundary conditions is given the

the container was left empty after PCM solidification. form
Two identical Aavid 6063-T5 Aluminium cold plates oH
with an optimal coolant current of 4mhin~! were mounted £~ T/ VT = V(kVT) (7)

on opposite sides of the container to provide symmetry
in the direction of the heat transfer. The cold plates and
the remaining walls of the storage were isolated from the T(0,y,z,t) =Ty, y,z,t) = Ty (1) (9)
room temperature environment with Styrqfoam: The cool_ant OT(x,0,2.1) T (x.ly.2.1)

liquid was water, the temperature and circulation of which 5 = 5 =
was controlled by a Lauda RM6 liquid circulation chiller, Y Y

which produces a preset temperature liquid flow (nominally 97 (x,y,0,) 9T (x,y,l;.1) 0
0.15 Is™1) and keeps the liquid temperature steady at 9z N 0z N

0.1°C accuracy by employing its own thermostatically \hereH is the enthalpyi is the length of the storage. The
controlled cooler and heater, or alternatively, it measures thegypscripti denotes initial,w the wall, x the x-direction,

T(x,y,2,00=T; (8)

0 (10)

(11)

temperature of the liquid used in circulation. y the y-direction and; the z-direction.
Lamberg et al. [15] have performed this equation to estab-
3.3. Measurements lish the convection heat transfer coefficient in a rectangular

store containing paraffin in accordance with studies by Mar-

~In the measurements, the liquid circulation chiller was ghg)| [16,17] and Eftekhar et al. [18]. The convection heat
first set to cool the cold plates t910°C. When a steady  {ransfer coefficient during the melting process is

state was reached, the cooling water temperature was set 2 L 2p113
to +40°C and the system was allowed to develop towards , _ 74 [8((Tw — Tim)/2) pj cpiki B]
the new equilibrium. The up ramp stage for the cold plates m

typically took about 15 minutes. AZter all the PCM had 1 great advantage of the enthalpy method is that it can
melted and the system was in4e40°C steady state, the o \;5ed with any material and not just with phase change

cooling water temperature was then set#d0°C. The | erials. For the phase change material it is possible to
cooling phase of the cycle typically lasted about 80 minutes. determine the enthalpy functioH (T) by considering the
The entire 10C-40°C-10°C cycle took about 2.5-3 results of the DSC-measurements.

hours and it was repeated at least five times for each mea-
surement case. For each cycle, the temperature responseg 5 Esfactive heat capacity method
were for either eight (storage 1) or 16 (storage 2) thermo-
couples (see Figs. 1 and 2).

(12)

With effective heat capacity it is also possible to describe
the non-isothermal phase change in the PCM. The effective
heat capacity of the materialg) is directly proportional to
the stored and released energy during the phase change and
the specific heat. However, it is inversely proportional to the
width of the melting or solidification temperature range [19].

o N During the phase change the effective heat capacity of the
In reality in phase change situations more than one phasel;,(:,vI is

change interface may occur or the interfaces may disappear

entirely. Furthermore, the phase change usually happens incgff = ———— +¢,
a non-isothermal temperature range, such as in the case of (T2 =T
paraffin. In such cases tracking the solid—liquid interface whereT; is the temperature where melting or solidification
may be difficult or even impossible. From the point of view begins andl; the temperature where the material is totally

4. Numerical methods

4.1. Enthalpy method

(13)
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Table 2
The coefficient terms
The method dy r F
Enthalpy method pi”Lg(tT) = pep(1) 3L r=k(3L + %—}T,) F=he(5L + %—}T,)
Effective heat capacity method pcp 8L r=k9L + %) F=he(3E + %)
70000
melted or solidified. The effective heat capacity of the
paraffin can be defined separately for the melting and 60000 e
freezing processes by using DSC-measurements. 50000 —
The energy equation (Eq. (3)) with initial and boundary = 40000 N
conditions is g : ]\
aTl é‘% 30000 /: \
Plcpy +h VT =V (kVT1) (14) £ 20000 :
T(x,y,z.0)=T; (15) ,‘ /;; '; 3\%
TO,y,2,0)=T(x,y,2,) =Ty (t) (16) 0 ' T '

10 15 20 25 30 35 40

oT X,O,Z,t oT x,lv,Z,t emperature,”
( ) — ( y ) — 0 (17) Temperature,°C
dy dy | Enthalpy Eff. dT=7°C ------- Eff dT=2°C |
oT (x,y,0,t) 0T (x,y,l;, 1)
3 = 3 =0 (18) Fig. 5. The specific heat capacities in the melting process in enthalpy
< < and heat capacity methods. Enthalpy denotes the enthalpy method, Eff
where dT = 7°C the effective heat capacity method with a large temperature
Cps T<T1 range and Eff @ = 2°C the effective heat capacity method with a narrow
temperature range.
cp=1{ mEm +ep TSTLT (19) P 9
Cpl, T > T2 - .
The general form of the PDEs and boundary conditions is
4.3. Numerical calculations with FEMLAB defined as
ou
. . d,— V.-'=F in$ 20
The calculations are done for the same melting and so- ¢ 3¢ + (20)
lidification cycles as would be the case in experiments, and ;(¢Vu + au — y) + qu=g—> 0Nndf (21)
the temperature of the wall sand the boundary conditions
P y hu=r onag 22)

Egs. (7)—(12) are defined in accordance with these experi-
ments. whereu is the solution and™ and F coefficient terms which
In numerical calculations several assumptions are made.can be functions of the space, time, the solutiar its gra-
It has been assumed that the heat conductivity and den-dient. £2 is the observed domains2 the boundary of the
sity of the phase change material and the enclosure aredomain,n the outward unit normali an unknown vector-
constant. The values for the PCM are chosen as averagevalued function called the Lagrance multiplier. This multi-
values of the solid and liquid material properties, & plier is only calculated in scenarios where mixed boundary
0.185 Wm~1.K~! and p, = 770 kgm=3). The prob-  conditions exist. The coefficients, ¢, «, v, g, ¢, h andr
lem is handled two-dimensionally. The heat transfer in the are scalars, vectors, matrices or tensors. Their components
z-direction is assumed to be negligible. It is also assumed can be functions of space, time, and the solution
that the convection heat transfer coefficient in the liquid In Table 2 the coefficient terms of the general form
PCM during the solidification process is negligible. (Eq. (20)) of the enthalpy method and the effective heat
The numerical calculation is performed with FEMLAB capacity method are presented. In the boundaries which
software. This is designed to simulate systems of coupledare insulated, the coefficient terms y, g, ¢, A, h and
non-linear and time dependent partial differential equations » are given the value zero in both methods. The two side
(PDE) in one-, two- or three-dimensions. The programme walls which are heated or cooled according to the coefficient
can be used to simulate any system of coupled PDEstermsc, «, y, g, ¢ andx are given the values zerbis given
in the areas of heat transfer, electromagnetism, structuralvalues 1 and valueT, (¢).
mechanics and fluid dynamics. The FEMLAB software In the melting process when the PCM is solii, (< T1)
operates in the MatLab environment [20]. and during the solidification process the tefims given the
The geometry of the storage is defined. The equationsvalue zero ¢ = 0) because the convective heat transfer is
for the metal housing and the PCM are written in partial only taken into account in the melting process when the
differential form in line with programme definitions, and PCM is in a liquid state. The numerical calculations are
initial and boundary conditions are determined. performed using an enthalpy method and with the effective
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Table 3
The specific heat and convective heat transfer coefficient of the paraffin in numerical calculations
Paraffinc, (T) Melting Solidification
Enthalpy method 24T2 + 515T + 3606 3272 — 671T + 4548
10°C< T < 20°C 10°C< T <19°C
14673 — 91237 + 191658 320872 — 124 27& + 1207500
e (Ty=1 20°C<T<27°C 19°C< T < 23°C
b 1128572 — 652T + 9424 ep(T) = —115432 + 536878 — 6197600
27°C< T <29°C P 23°C < T < 25°C
240Q —7374T + 194125
T >29°C 25°C < T £26°C
2 - 240Q
— 1 2. 1 o
he =75 W-m~4.K~*whenT > 20°C T = 26°C

he =0W-m—2.K~1

Effective heat capacity method 180Q T <21 180Q T <20
cp(T):=18067, 21<T <28 cp(T)=12674Q0 20<T <25
240Q T > 28 240Q T >25
he = 7503 Wm—2.K~lwhenT > 21°C 1800 T <25

180Q T <25 cp(T) 127698 25<T <27

ep(T) = 116866 25< T <27 2408 T
2400 T 27 he =0 W-m—2.K—

=69 Wm~2.K~1 whenT > 25°C

heat capacity method with two different temperature ranges Eff_7 the numerical results calculated using an effective

(T> — T1). The temperature ranges are method with a wide temperature rang&' (g 7 °C).
During the melting process all the numerical methods
e narrow temperature range, melting e= 7, — 7h = 27— give almost the same results for the temperature of the PCM
25°C, solidification d” = 7> — Ty = 25-27°C and when the PCM is in a solid state. First of all the PCM
e wide temperature range, melting'c= 7 — T1 = 28— starts to melt when the effective heat capacity method with a

21°C, solidification> — 71 = 20-25°C. wide temperature range is used. The melting starts a€20

However, quite soon after the effect of natural convection
uniforms the temperature development of the PCM in all
the numerical methods. The PCM melts a little too quickly

Table 3 presents the specific heat capacities and the
convective heat transfer coefficients for the paraffin used in
the numerical calculations in the temperature range of 10— . . .
40°C in both the melting and freezing processes. In these at points 2 and 7 when the expenm.ental and numerical
calculations the specific heat is assumed to be continuous. "€Sults are compared. All the numerical results compare

Fig. 5 presents the specific heat in the function of the quite well to the experimental results of the temperature of

temperature in different numerical methods in the melting the PCM.

process. The effect of the natural convection in the liquid PCM
The total storage capacity of the PCM in the temperature seems to be modelled quite well in the numerical methods
range 10-40C is the same in all the given methods. despite the value of the convective heat transfer coefficient

being estimated according to the melting temperature and
the maximum coldplate temperature during the process.
5. Comparison between numerical model predictions During the solidification process all the numerical meth-
and experimental data ods give uniform results for the temperature of the PCM in a
liquid state. When solidification begins the effective heat ca-
pacity method with a wide temperature range gives almost

. . the same results as the enthalpy method but differs from
The temperature of the PCM is calculated numerically ) : . .

at eight measurement points in the storage without the fins.th_e results achieved with the effective heat capacity meth_od
The points are presented in Figs. 1 and 2. The numericalWith @ narrow phase change range. However, the effective
and experimental results of the temperature of the PCM at "€at capacity method with a narrow temperature range best
points 2, 4, 5 and 7 and the wall temperature of the coldplatesfollows the experimental results when the phase change oc-
are presented in Fig. 6. Exp denotes experimental results, En€urs.

the numerical results calculated using the enthalpy method, ~The error when the numerical and experimental results

Eff_2 the numerical results calculated using the effective are compared is small. The most precise numerical method is
method with a narrow temperature rang& (¢ 2°C) and the effective heat capacity method with a narrow temperature

5.1. Storage 1. The storage without fins
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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.

range for the technical grade paraffin used in these experi-6. Discussion
ments in storage 1.

When numerical methods are used, it seems that the
biggest error is made when the material is solid. The most
evident reason for the difference between the numerical and
experimental results may be in the thermal contact resistance

Fig. 7 shows the temperature of the PCM at points 2, 4 between the coldplate and the PCM container. Thermal con-
6, 10, 12 and 14 in the PCM storage with two fins. E;<p1 tact resistance was not taken into account in the simulations.
denotes the experimental results, Ent the numerical results't Was assumed that the walls C.)f the PCM qontalner are at
calculated with the enthalpy method, Eff 2 the numerical the same temperature as the circulated liquid. The absence
results calculated with the effective ’metﬁodr(d: 2°C) of thermal contact resistance may explain the deviations be-

and Eff_7 the numerical results calculated with the effective ;\{[vaet(:n the simulations and experiment results in the solid
method (d" =7°C). :

The phenomena which were observed in the stor One reason for the difference between the numerical
€ phenomena ch were observe € storage g experimental results is in the material properties of the

€CM. It is assumed that the density and heat conductivity

with the f|r_15. During the mgltmg process the numerical of the PCM are constant. If the temperature dependent
methods give the most precise results for the temperatureéy,asaria| properties are known, the numerical methods will

of the PCM in the middle of the storage at points 4 and 12. giye more precise results for the temperature of the PCM.
At the sides of the storage the PCM melts too quickly. Thus, the material properties of the PCM should be well
In the solidification process the numerical results for the nown in order to obtain sufficiently accurate results with
temperature of the PCM follow the experimental results well the numerical methods.
whenthe PCMis in a liquid state. The effective heat capacity  Another reason for the differences between the numerical
method with a narrow temperature range gives the mostand experimental results may be in the placement of the
precise result for the temperature of the PCM compared to thermocouple. The storage is filled with liquid PCM. The
the numerical results. placement of the thermocouple may have been slightly
In conclusion, all the numerical results give a good changed. After the storage is filled up it is impossible to
estimation of the melting and freezing processes while the check the placement of the thermocouple.
effective heat capacity method with a narrow temperature It seems that natural convection is well modelled in
range, d = 2°C, is the most precise method. the numerical models. The natural convection in the liquid

5.2. Storage 2. The PCM storage with two fins
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Fig. 7. The temperature of the PCM at measurement points in the PCM storage with fins, storage 2.

PCM is quite often assumed to be negligible in numerical
calculations. Fig. 8 shows the experimental and numerical
results of the temperature of the PCM at point 4 in the
storage without the fins. The numerical results are calculatedy
using the effective heat capacity method with a narrow phase§
change temperature range both with the natural convectiong
effect and without the natural convection effect.

From the results it is possible to see that the assumption
used for the natural convection coefficient gives a fairly good
estimation for the behaviour of the PCM during the melting
process. When the effect of natural convection is neglected
in the calculation, the PCM heats up to the maximum
coldplate temperature twice as slowly as it actually takes in
reality. The error made is considerable and the numerical
model is not performing well if natural convection is not
occurring in the liquid PCM during the melting process.
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Fig. 8. The numerical results with natural convection and without natural
convection and the experimental results for the temperature of the PCM.

10800



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

The FEMLAB software is used in numerical calculations. References
It seems that FEMLAB is well suited to solving different
kinds of phase change problems in one, two or three dimen- [1] V. Alexiades, A.D. Solomon, Mathematical Modelling of Melting and

sions. The programme saves both time and energy. It makes _ réezing Processes, Hemisphere, Washington, DC, 1993,
. . . [2] G.E. Myers, Analytical Methods in Conduction Heat Transfer,
it possible to change the geometry of the storage easily. For = \ccraw-Hill, New York, 1971.

example, different kinds of heat transfer enhancement struc- [3] G. Lane, in: Solar Heat Storage: Latent Hear Material, vol. 1, CRC
tures such as fins and honeycombs can be modelled and the Press, Boca Raton, FL, 1983.

effect of the structure can be seen both quickly and easily. [4] J. Crank, Free and Moving Boundary Problems, Oxford University
Press, Oxford, 1984.

[5] V. Voller, M. Cross, Accurate solutions of moving boundary problems
using the enthalpy method, Internat. J. Heat Mass Transfer 24 (1981)
545-556.

[6] M. Costa, D. Buddhi, A. Oliva, Numerical simulation of latent heat
thermal energy storage system with enhanced heat conduction, Energy

: Convers. Mgmt. 39 (3/4) (1998) 319-330.
As can be seen from the results, both of the applied [7] C. Bonacina, G. Comini, A. Fasano, M. Primicerio, Numerical

numerical algorithms seem to work reasonably well in the solution of phase-change problems, Internat. J. Heat Mass Transfer 16
FEMLAB software environment. The ease that comes from (1973) 1825-1832.
being able to vary both the geometry and the parameters [8] Y. Rabin, E. Korin, An efficient numerical solution for the multidi-

enables the faster design of tailored PCM storages for mensional solidification (or melting) problem using a microcomputer,
. . Lo Internat. J. Heat Mass Transfer 36 (3) (1993) 673-683.
various eIeCtrom_CS appllc_atl_ons. . . . [9] Comsol AB, FEMLAB Version 2.3, Reference manual, 2002.
All the numerical predictions give a good estimation of [10] F. Incropera, D. De Witt, Fundamentals of Heat and Mass Transfer,
the melting and freezing processes. However, the effective  third ed., Wiley, New York, 1990.
heat Capacity method with a narrow temperature range,[ll] D. Pal, Y. Joshi, Melting in a side heated enclosure by uniformly

dT = 2°C, is the most precise method when the results are dissipating heat source, Internat. J. Heat Mass Transfer 44 (2001) 375—

7. Conclusions

. 387.
compared to experimental results. o . . [12] P.G. Kroeger, S. Ostrach, The solution of a two-dimensional freezing
When the effect of natural convection is omitted in the problem including convection effects in the liquid region, Internat. J.

calculation, the PCM heats up to the maximum coldplate Heat Mass Transfer 17 (1973) 1191-1207. _ o
temperature twice as slowly as it actually takes in reality. [13] K. Peippo, Faasimuutosvaraston termodynaamiset perusmekanismit

Th ical del f fi v if nat | ti ja energiasovellutukset. (The basic thermodynamic phenomenon in
€ numerical moael functions poorly It natural convection phase change material storage and energy applications), Report TKK-

is notinvolved in the liquid PCM during the melting process. F-B125, (1989), in finnish.
It is essential to model natural convection in the liquid PCM [14] R. Clarksean, Y. Chen, M. Marangiu, An analysis of heat flux limits
during the melting process. for electronic components on a finned substrate containing a PCM, in:

Advanced in Electronic Packaging 1999, vol. 2, in: EEP, vol. 26-2,
In the next research phase, advanced structures such as ) q\= “1999 op. 1611-1616.

honeycombs and PCM-filled foams as well as local, separate(is) p. Lamberg, K. Siren, Analytical model for melting in a semi-
heat sources that emulate components on a printed wiring  infinite PCM storage with an internal fin, Heat Mass Transfer (2002),

board will be studied. Published in electrical version.

[16] R. Marshall, Experimental determination of heat transfer coefficient
in a thermal storage containing a phase change material—The rectan-
gular cavity, in: International Conference on Future Energy Concept,

Acknowledgements 1979, pp. 216-220. , _

[17] R. Marshall, Natural convection effects in rectangular enclosures

containing phase change material, in: F. Kreith, R. Boehm, J. Mitchell,

The authors would like to thank Mr. C.-M. Fager for per- R. Bannerot (Eds.), Thermal heat transfer in solar energy systems,

. - ASME, 1978, pp. 61-69.
forming the measurements, Mr. J. Manner, Mr. K. Kuittinen [18] J. Eftekhar, A. Haji-Sheikh, D. Lou, Heat transfer enhancement

and Mr. M. Roos for valuable support in preparing the con- in a paraffin wax thermal energy storage system, J. Solar Energy
tainers, as well as Dr. J. Rantala for providing the working Engrg. 106 (1984) 299-306.
environment at The Nokia Research Center. | would like to [19] K. Peippo, P. Kauranen, P. Lund, A multicomponent PCM wall

. : : _ optimized for passive solar heating, Energy Buildings 17 (1991) 265.
Z)t()?;ecsosmr?nyeg:?gﬂ:ﬁg;?hzrgsgarigen at HUT for his valu [20] The Mathworks Inc., MatLab Manual, Version 6.1, 2002.



