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Abstract

The heat-transfer characteristics of a latent-heat storage unit with a finned surface have been experimentally studied
in terms of the solidification and melting processes by comparing them with those of a heat-storage unit with a plain
surface. Paraffin with a melting point of 30 °C was used in the investigations because it is appropriate for thermal
storage applications in buildings. Time-based variations of the temperature distributions and heat flux are explained
from the results of observations of the melting and the solidification layers. The dimensionless Nusselt number was
calculated as a function of the Rayleigh number for natural convection in the paraffin for both the melting and the
solidification processes. The effectiveness of the fins was calculated from the quotient of the heat flux with fins and the

heat flux without fins.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal storage systems designed for the heating and
cooling of buildings (HVAC applications) and hot-water
preparation are becoming increasingly important due to
limited fossil-fuel reserves and the need to protect the
environment. Thermal storage for HVAC applications
can involve storage at various temperatures associated
with heating and cooling processes [1]. High-temperature
storage is typically associated with solar energy, waste-
heat utilization or heat-pump applications, whereas cool
storage is associated with air-conditioning, refrigeration,
or cryogenic-temperature processes.

A technology that can be used to store large amounts
of heat or cold in a defined volume has been the subject
of research for a long time. One of the possibilities is to
use a phase-change material (PCM) as the thermal
storage media. Phase-change materials were first used in
British trains to prevent them from becoming too cold.
The first reports of a PCM described in the literature
were applications for heating and cooling in buildings,
by Telkes in 1975 [2], and Lane in 1986 [3]. In 1978
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Telkes [4] published the idea of using PCMs in walls;
however, these are better known as Trombe walls.
Bordeau [5] tested a passive solar collector containing
CaCl, - 6H,0. He found that an 8.1-cm PCM wall has a
better thermal accumulation than a 40-cm concrete wall.
An interesting possibility in building applications is the
impregnation of PCMs into porous construction mate-
rials, e.g. plasterboard, to increase their thermal mass
[6-8].

PCMs have also been developed to store “coolness”
for air-conditioning applications: the “cold” is collected
and stored in the PCM during the night, and then the
PCM is used to cool the interior of a building during the
hottest hours of the day. This concept is known as free-
cooling [9-12].

Since the thermal conduction of PCMs is low, several
methods exist to enhance the transfer of the heat. The
use of finned tubes with different configurations has been
proposed by various researchers, these include: Abhat
et al. [13], Marcos [14], Sadusuke and Naokatsu [15],
Costa et al. [16], Padmanabhan and Krishna Murthy
[17], Velraj et al. [18,19] and Ismail et al. [20].

Several other heat-transfer enhancement techniques
have also been reported. Siegel [21] studied improve-
ments in the solidification rate for molten salt containing
a dispersion of high-conductivity particles. Another
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Nomenclature

temperature conductivity (m?/s)
Biot number(-)

specific heat at constant pressure (J/kg K)
distance between fins (m)
Fourier Number (-)

specific enthalpy (J/kg)

length (m)

paraffin depth (m)

mass (kg)

specific heat (J/kg)

fusion heat (J/kg)

heat (J)

Stefan number (-)

time (s)
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temperature (K)

volume (m?)

coordinate (m)
dimensionless coordinate (-)
coordinate (m)
dimensionless coordinate (-)
coordinate (m)

N e RN

Greek symbols

o thermal convection coefficient (W/m? K)
A thermal conductivity (W/m K)

p density (kg/m?)

¢ heat flux (W)

method was to embed the PCM in a metal-matrix
structure [22-26]. And the use of thin aluminium plates
filled with a PCM was developed by Bauer and Wirtz
[27].

Mehling and co-workers [28-31] and Py et al. [32]
proposed a graphite compound material, where the
PCM is embedded inside a graphite matrix. The main
advantage of such a material is the increased heat con-
ductivity in the PCM without much of a reduction in the
energy storage, but other advantages include a decrease
in the subcooling of salt hydrates and a decrease in the
volume change of the paraffins.

There are a lot of PCM applications where rectan-
gular thermal storage is needed. One of them is a solar
PCM storage wall for ventilating buildings [33]. The
experiments described in the rest of this paper will ex-
plain the physical process of heat transfer in this rect-
angular storage.

2. Experimental setup

An experimental setup for the analysis of heat
transfer was installed in the laboratory.

Rectangular thermal storage is used when it is pos-
sible to transfer heat via a water heat exchanger on one
wall of the thermal storage, as shown in Fig. 1. The heat
storage (1) has dimensions of 650x500x 120 mm. On
one wall there is a heat exchanger (2) where heat can be
transferred from the water to the PCM (melting) or vice
versa (solidification). The outlet (3) and the inlet (4) for
the water are connected with pipes. The water flows
from an aqueduct (7) through a rotameter (6) into the
electric heater (5) or directly into the experimental device
(2). The thermal storage is insulated with polystyrene
that has a thermal conductivity of 1 = 0.038 W/m K.

By measuring the volume flow of the water together
with the inlet and outlet temperatures it is possible to
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Fig. 1. Rectangular thermal storage with experimental setup.
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analyse the heat in to (and out of) the heat store. The
signals from the thermocouples marked in Fig. 1 with
Ay (8) are fed to the ADAM module (9) and stored in a
PC (10).

The experiments were conducted in such a way that
the melting and solidification were carried out once with
fins and once without fins, in order to determine the
enhancement effect of the fins. RUBITHERM RT 30
paraffin was used for the tests. Fig. 2 shows a DSC
analysis of this paraffin.

The fins for the heat-transfer enhancement were made
of steel with a thermal conductivity A = 20 W/m K. The
32 fins were rectangular, and had the following dimen-
sions: height 0.5 m, length 0.12 m, thickness 1 mm.

A panel with fins is presented in Fig. 3:

The temperatures were measured with type-K ther-
mocouples (NiCr—Ni). These thermocouples were thin
(0.6x 1.0 mm) because the temperatures were measured
in the paraffin. The measurement uncertainty, as de-
scribed by the standard TEC 584-2, was +0.5 °C.

The temperatures of the inlet and the outlet water
were also measured. Using this data the heat flux was
calculated with the following equation:

DSC diagram for PCM
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Fig. 2. DSC diagram for analysed PCM Rubitherm RT 30.

Fig. 3. Fins for heat-transfer enhancement analysis.

¢ = mic, AT (1)

The measurement uncertainty of the heat flux is as fol-
lows:
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o6 712
" ((a M>MM) ] @

where
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By combining Eq. (3) with (2) we obtain:
My = (¢, ATMy,)* + (mATM,,)* + (mc,Mar))* 4)

and dividing Eq. (4) by Eq. (1) gives us:
M M, \> M, \> Mo\ 2
Y = - + [ —= + AT
¢ m ¢y AT

M,
f =1/0.01252 4 0.0052 = 0.0135 (6)

The measurement uncertainty of the testing line was
+1.35%.

1/2

3. Results and discussion
The experiments were made for the following reasons:

e to determine the temperature distribution in the heat
storage,

e to test the changing interface position between the so-
lid and the liquid,

e to analyse the process of heat transfer in the heat
storage,

e to determine the process of charging and discharging
of the heat storage.

Heat transfer in latent-heat storage is very complex.
The process is non-stationary, there is also a phase-
change problem, and the process is non-homogeneous
because of the fins. Time-dependent charging and dis-
charging of the process is the most important for solar-
energy applications.

The results are presented in two parts: first, the re-
sults of the melting; and second, the results of the
solidification.

3.1. Melting

The melting of the paraffin without fins is presented
first. The measurements began with the temperature of
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Fig. 4. Melting of the paraffin without fins.
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Fig. 5. Phase-change interface position.

thermal storage at room temperature. Next, hot water at
65 °C was fed into the heat exchanger. Temperatures
were measured at five main points, and the results are
presented in Fig. 4. From the results we can see that the
phase transformation takes place at points where the
line is no longer smooth.

Fig. 5 shows the comparison of the measured phase-
change interface position with the analytical results
(conduction). From the results we can see that the data
can only be compared at the beginning of the process.
The reason for this is natural convection, which in-
creases the heat transfer.

The measured heat flux into the heat storage can be
calculated from the inlet and outlet temperatures of the
water, and is presented in Fig. 6. From the integration of
this heat flow we could obtain a value for the heat that
was stored in the paraffin.

Heat transfer is described with the Nusselt number,
which is a function of various parameters. During nat-
ural convection the Rayleigh number (Ra = Gr x Pr) is
the main parameter. On the basis of the experimental

Time (min)

Fig. 6. Heat flux at heating without fins.

data, a correlation for the heat transfer in the heat
storage can be written as:

Nu =8 x 10> Ra" " (7)
where the following equations have been used [34].
ol
Nu=—
u=- (8)
I S T OL o)
AT, =Tt ATy —T))
3T, — T,
Ra=Grrpr= ST 1) v (10)
v a

The melting of the paraffin with and without fins under
the same conditions is presented in Fig. 7, which shows
the temperature variations.

The heat flux as a function of time was also measured
for the melting of the paraffin with fins. To compare the
heat transfer with and without fins a quotient of both
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Fig. 7. Melting of the paraffin with fins.
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Fig. 8. Fin effectiveness at melting of the paraffin.

heat fluxes was made. This is referred to as the fin
effectiveness (Eq. (11)):

I (n

{qwithout fin

This ratio is a function of time and is presented in Fig. 8
in dimensionless form (7): where dimensionless time is
written as a multiplication of the Stefan and Fourier
numbers, as in Eq. (12):

)Ts_T t
r:Mi:Ste*Fo (12)
qt H?

The approximation of the function is written in the
following equation (R> = 0.87):

ne =1 x 107  (Ste - Fo)* — 1719.4 - (Ste - Fo) +0.7813
(13)

From the results it can be seen that for a low Fourier
number the ratio is less than 1. The reason for this is that
natural convection, which is dominant because of the
melting, is reduced because of the fins.

3.2. Solidification

The solidification of the paraffin without the fins is
presented in Fig. 9. The experiment was made with the
cooling of the melted paraffin from Fig. 4. Cold water at
18 °C was fed through the storage and the result of the
temperature change of the paraffin shows us the inter-
face position.

Solidification is a process where natural convection
can be neglected in comparison with melting. This can
be seen from Fig. 10, where the measured data are
compared with the analytical data (conduction).

The comparison is good, and the conclusion could be
that solidification can be modelled only by conduction
(4). Similar results were also obtained by other authors,
and these can be found in the literature. This can also
confirm the dimensionless equation (14):

Nu =17 x 10713 Rg"%* (14)

A comparison of Eq. (14) with Eq. (7) shows that nat-
ural convection in the case of melting is more than 10
times higher than during solidification.
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g. 9. Temperature variations at solidification of the paraffin.
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Fig. 10. Phase-change interface position at solidification with-
out fins.
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Fig. 12. Fin effectiveness at solidification with fins.

The solidification of the paraffin with the fins is
presented in Fig. 11. The temperature variation shows a
typical solidification process. The lines are very steep at
the beginning, after which there is a change in the incline
because the heat is extracted as latent heat and not as
sensible heat (AT).

The fin effectiveness, which is presented in Fig. 12,
shows that the value increases up to 3.06 and then de-
creases. The same results were also obtained by other
authors [35]. It is obvious that the heat transfer during
solidification is greater if fins are included. In our case a
40% reduction in the solidification time was calculated.

The functional dependence of the fin efficiency is
presented with Eq. (15) (R*> = 0.787):

n = =2 x 10° - (Ste - Fo)* + 3000.4 - (Ste - Fo) + 1.0567
(15)

4. Conclusion

Melting and solidification are physical processes that
are used in different areas: in the food industry (the
freezing of food), in metallurgy and in heat-storage
processes.

There are many different ways to investigate these
processes. The oldest is the analytical principle, which

gives us an equation for the temperature distribution in
terms of place and time. Since ideal cases are not often
found in the nature, numerical methods that provide us
with temperature and velocity fields can also be used.
However, because of the complexity of systems, experi-
ments are usually one of the best ways in which we can
obtain a measure of the real performance of a process.

We analysed the heat-transfer enhancement in a
phase-change material in the Laboratory for Heating,
Sanitary and Solar Technology at the Faculty of
Mechanical Engineering in Ljubljana. The heat storage
with a phase-change material was made with a heat
exchanger where the heat could be transferred from the
heat-transfer media (water) to the phase-change mate-
rial.

Measurements were made on the melting and solid-
ification of paraffin, and the time-dependent storage of
heat in the PCM with and without fins for heat-transfer
enhancement was analysed. The results were presented
in terms of temperature and heat flux as a function of
time.

A new correlation between the dimensionless num-
bers (Nusselt number as a function of Rayleigh number)
was made. A comparison of the equations for melting
and freezing shows that natural convection is present
during melting and increases the heat transfer. During
solidification, conduction is the dominant form of heat
transfer. We can conclude that heat storage (melting) is
not a problem during thermal storage applications, and
that the extraction of heat (solidification) can be effec-
tively enhanced with fins.

The fin effectiveness was also investigated. It was
found that for a low Fourier number the ratio is less
than 1. The reason for this is that natural convection,
which is dominant during melting, is reduced because of
the fins. The fin effectiveness during solidification shows
that the value is increasing up to 3.06 and is then
decreasing. This shows that heat transfer during solidi-
fication is greater if the fins are included. In our
case a 40% reduction in the solidification time was cal-
culated.
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