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A new microencapsulated phase change material slurry based on microencapsulated Rubitherm RT6 at
high concentration (45% w/w) was tested. Some heat storage properties and heat transfer characteristics
have been experimentally investigated in order to assess its suitability for the integration into a low tem-
perature heat storage system for solar air conditioning applications. DSC tests were conducted to evaluate
the cold storage capacity and phase change temperature range. A phase change interval of approximately
3 °C and a hysteresis behaviour of the enthalpy were identified. An experimental set-up was built in order
to quantify the natural convection heat transfer occurring from a vertical helically coiled tube immersed
in the phase change material slurry. First, tests were carried out using water in order to obtain natural
convection heat transfer correlations. Then a comparison was conducted with the results obtained for
the phase change material slurry. It was found that the values of the heat transfer coefficient for the phase
change material slurry were higher than for water, under identical temperature conditions inside the
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1. Introduction

Thermal energy storage is a relatively new technology with
growing interest for a large number of thermal applications,
including cooling in buildings. Systems using phase change mate-
rials (PCMs) are interesting due to the advantage of a high ratio be-
tween the amount of heat stored and temperature variation.
Microencapsulated PCMs consisting of polymer shell capsules con-
taining phase change material are used to enhance the surface area
to volume ratio, thus improving the heat exchange performance in
comparison with direct use of phase change materials. The phase
change temperature range depends on the nature of the phase
change material, which normally consists of a binary system of
straight chain (normal) n-alkanes CH3-(CH,),~CHs.

Implementation of heat storage systems based on microencap-
sulated PCMs poses a series of problems such as supercooling,
chemical stability, increased pressure drop, limited heat transfer
rate and complex thermophysical properties. Understanding the
complex nature of the thermophysical properties and estimating
the heat transfer characteristics are essential for an appropriate
design.
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The phase change temperature range and the enthalpy change
are the key thermal properties of phase change slurries, since these
parameters determine the heat storage capacity and their potential
application. Compared to conventional fluids, phase change slur-
ries exhibit high values of the apparent specific heat capacity dur-
ing the phase change process that enhance the heat transfer rate
between the fluid and the wall [1].

Only a few theoretical investigations have been carried out for
modelling the phase change temperature range of binary mixtures.
A summary of the available models can be found in He et al. [2]. In
the same paper it was shown that for a given binary mixture of
tetradecane and hexadecane, the phase change temperature range
decreased as the mole percentage of tetradecane was either close
to 0 or close to 1 (solution purity increased).

An important difficulty in modelling the heat storage properties
of phase change material slurries is the hysteresis-like behaviour of
the thermal properties. A typical PCM slurry has different values of
enthalpy for the same temperature value, depending on whether
the temperature value in question was reached by cooling or by
heating. It is a complex phenomenon that depends mostly on
supercooling effects. Other factors are the scanning rate and sam-
ple size. Little information is available in the literature. Lazaro et al.
[3] reported supercooling data for a few PCMs. The values of tem-
perature difference corresponding to the same value of enthalpy
during heating and cooling inside the phase change temperature
range are listed in Table 1.
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Nomenclature

heat transfer surface area (m?)

baseline of the DSC curve

specific heat capacity (J/(kg °C))

helix diameter (m)

tube diameter (m)

flow rate (kg/s)

specific enthalpy (J/kg)

heat transfer coefficient (W/(m? °C))
thermal conductivity (W/(m °C))

tube length (m)

logarithmic mean temperature difference (°C)
DSC sample mass (kg)

Nusselt number, Nu = hl/k

Prandtl number, Pr = v/a

heat flow in the DSC sample (mW)

heat flow exchanged in the heat transfer system (W)
DSC scanning rate (°C/min)

Rayleigh number, Ra = gf(t., — t») L3/(var)
Reynolds number, Re = wd/v

differential signal recorded by the DSC
temperature (°C)

overall heat transfer coefficient (W/(m? °C))
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w velocity (m/s)
X phase change progress parameter

Greek symbols

o thermal diffusivity (m?/s)

B thermal expansion coefficient (K1)
T time (s)

\J kinematic viscosity (m?/s)
Subscripts

av arithmetic average

b bulk

e external

end end of phase change process

i internal

in inside

on onset of phase change process
out outside

w wall

water ~ water

DSC analysis is the most widely used instrument in investigat-
ing the thermal properties of PCMs. However, DSC analysis only
gives relative results and not absolute, depending on the scanning
rate. Using a low scanning rate provides a better resolution, but on
the other hand the influence of noise on the DSC signal increases.
Arkar and Medved [4] investigated the thermal properties of
RT20 paraffin by DSC measurements for a heating - cooling cycle
at different scanning rates (5, 1 and 0.1 °C/min), identifying signif-
icant differences between the temperature values corresponding to
the onset and end of the phase change process. Alvarado et al. [5]
investigated methods of supercooling suppression of micro-encap-
sulated phase change materials. He et al. [6] investigated the ther-
mal properties of a binary mixture C;4Hsg and CygH3z4 with 22%
mole fraction of Ci4H3q using DSC. Three values of the scanning
rate, 5, 2 and 0.5 °C/min were applied. Significant differences were
found both in phase change characteristic temperatures (phase
change onset and end temperatures) and the DSC profile. The
DSC curve at a scanning rate of 0.5 °C/min resulted in two peaks in-
stead of one peak like in the case of 5 and 2 °C/min. The phase
change temperature range was significantly different in the three
cases, showing a decrease with decreasing scanning rate. Yang
et al. [7] investigated the thermal properties of four different slurry
types with tetradecane as PCM and various shells. A significant
influence of the shell material on the phase change characteristics
(melting and freezing point, melting and freezing enthalpy) was re-
ported. In addition, the super-cooling effect was present in all
types of slurry.

Table 1
Supercooling magnitude and phase change temperature for a few PCMs, Lazaro et al.
31

Material Heating up-cooling down Phase change
temperature shift (°C) temperature (°C)

Gallium 2.5 29.8

Hexadecane 1.3 17.5

RT27 1.1 27

Sodium acetate 2.0 59

trihydrate + graphite

Proper design of cold/heat storage applications with phase
change slurries requires a good understanding of the heat transfer
properties. Most studies available in the literature refer to forced
convective heat transfer in tubes and micro-channels. Inaba et al.
[8] described a numerical solution and an experimental validation
procedure for the natural convection heat transfer occurring in a
rectangular enclosure heated from below and cooled from above.
A significant increase of the natural convection heat transfer coef-
ficient during the phase change was found. It was explained by a
larger value of the temperature difference between wall and the
phase change slurry during the phase change process that in-
creased the heat flow as compared to a fluid without phase change.
It was also found that increasing the PCM mass concentration re-
duced the effect of heat transfer enhancement, due to the signifi-
cant increase in viscosity. Taking into account both heat storage
and heat transfer issues, Inaba’s conclusions suggest the existence
of an optimum value of PCM concentration. Inaba et al. [9] investi-
gated natural convection heat transfer in rectangular enclosures
filled with phase change slurry. Generalised correlations for the
natural convection coefficient for three regions (PCM in solid
phase, in phase change region and in liquid phase) were derived.
An increase of the natural convection heat transfer coefficient up
to 30% was predicted in comparison to a fluid without phase
change, depending on the pseudoplasticity index of the fluid. Inaba
et al. [10] conducted a numerical simulation of Rayleigh-Bénard
convection of non-Newtonian phase-change-slurries in an enclo-
sure with isothermal horizontal plates and adiabatic lateral walls.
It was concluded that phase change slurries could enhance the nat-
ural convection heat transfer in enclosures up to 30%, compared to
a fluid without phase change.

Zhang et al. [1] developed a theoretical model of forced convec-
tion heat transfer in laminar flow for a phase change slurry in a
tube with constant wall temperature. The Stefan number and the
concentration of PCM microcapsules were found to be the most
important parameters influencing heat transfer. An increase of h
as high as 4.5 times the value of a single phase fluid was calculated.

Alvarado [11] experimentally investigated the forced convec-
tion heat transfer of a phase change slurry (microencapsulated
99% n-tetradecane) under turbulent flow. In contrast to [8-10] it
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