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Abstract: Solar energy 1s a renewable energy source that can generate electricity, provide hot water, heat for
houses and lighting for buildings. Paraffin wax 1s cheap and has moderate thermal energy storage density.
Commercial paraffin wax grade A was used as Latent Heat Storage (LHS) is placed in a vertical cylindrical Heat
Storage Container (H3C) and a central single pipe through which cooling water is passed for heat exchange
from down to up of the HSC. Heater resistance tape placed outside the contamer used for supply the heating
to wax. In this setup, the phase change characteristics of wax during solidification are measured by momtoring
the radial and axial temperature profiles within the container, the effect of using finned heat exchange pipes is
also examined. Tn an attempt to gain extra heat storage, a sensible heat material consisted of an open-ended wire
mesh cylinder made out of steel 13 embedded in the sample, this enabled to find its effect on the speed of
solidification of wax. Expenimental results are presented to show the variation of solidification speed along radial
sections. Comparison with theoretical predictions derived from freezing model of ice is given. The results of this
research also show the advantages of finned heat transfer pipes.
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INTRODUCTION

Renewable energy supplies are steadily gamung
increasing importance in all the countries. Tn particular,
solar energy, being non-polluting, clean and inexhaustible
has received wide attention among scientists and
engineers. Though there are many advantages an
unportant factor 1s that solar energy is tume dependent
energy source with an intermittent character. Hence, some
form of Thermal Energy Storage (TES) 1s necessary for the
most effective utilization of this energy source. Most of
the TES systems in use rely on the specific heat or
sensible heat of the storage material such as water, soil
and rock beds and they are known as Sensible Heat
Storage (SHS) systems. The main disadvantage of SHS
systems is low heat storage capacity per unit volume of
the storage medium (Saleh and Salman, 1992). On the
other hand, Latent Heat Storage (LHS) concept which
mvolves storing and recovering heat through the sohd-
liquid phase change process has advantages of high heat
storage capacity and isothermal behavior during charging
(heat storage) and discharging (heat release) processes.
Though the LHS systems have desirable characteristics,
they are not in commercial use as much as SHS systems
because of the poor heat transfer rate during heat storage

and recovery process (Saleh and Salman, 1992; Regin
et al., 2006, Gowtham ef al., 2011). The main reason 1s that
during phase change, the solid-liquid interface moves
away from the convective heat transfer surface (during
charging in cool storage process and discharging in hot
storage process) due to which the thermal resistance of
the growing layer of solidified PCM increases, resulting in
poor heat transfer rate. The combmed sensible and latent
heat storage system difficulties
experienced mn the SHS and LHS systems to a certain
extend and posses the advantages of both the
systems (Gowtham et al, 2011, Demirbas, 2006;
Regin et al., 2009; Khudhair and Farid, 2004).

Interest in solar energy has developed during the last
decade as a result of increasing costs of energy from
conventional resources and due to the problems of
environmental pollution. Solar energy is not utilized
although, 1t 1s plentiful and available throughout the year.
At present, research 1s gomg on and geared i the
direction of making full use of solar energy. The intention
is to utilize this source of energy in certain applications
such as domestic and agricultural applications. Solar
thermal applications require some means of thermal
energy storage to permit system operation even in
momentary interruptions of insulation and during night

eliminates  the
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hours, the energy may be absorbed and stored by means
of physical or chemical processes. The latter usually
consist of reversible high enthalpy chemical reactions.
The former may be classified into two main groups: these
which store sensible heat by means of temperature
increase and others which store latent heat of constant
temperature by means of a phase change. At present
formidable problems concerning mainly the non-total
reversibility of the processes limit the practical extensive
application of the chemical systems on the other hand
usually the physical processes are totally reversible but
mvolve less energy per umt weight of device than
chemical reactions. From this point of view latent heat
storage systems have the advantages of compactness in
comparison with sensible heat systems because the heat
of transition of most materials 15 very much larger than
their specific heat apart from operational (advantage of
the nearly constant storage temperature). Thus latent heat
storage suitable for solar thermal energy storage 1s quite
suitable for solar thermal energy storage. There are
several relations between system operating conditions
and storage material characteristics. For instance, the
operation temperature required for the system must fit the
temperature of fusion of the storage material, the
temperature of fusion is one of the most important storage
material properties as well as the latent heat a further
consideration with phase-change materials lies in the
possibility of super cooling on energy recovery if the
material supercool. The latent heat of fusion may not be
recovered or it may be recovered at a temperature
significantly below the melting point. Identified over 50
substances as promising latent heat storage materials
these cover a freezing point rang of 10-90°C of this group
about 30 substances have been found to resist super
cooling, paraffin waxes one of these substances listed as
promusing material for latent heat storage. Paraffin wax has
amelting point within the range of 46-65°C shows little or
no super cooling and requires no seeding, paraffin wax
has other desirable properties perfect reversibility of the
transition, nontoxic, chemically stable, non corrosive,
cheap and available for bulk. Storage paraffin wax is
perhaps the best material than others (Saleh and Salman,
1992; Demirbas, 2006, Regin et af., 2009). The selection of
the heat storage material as a PCM 1n the latent heat
thermal energy storage LHTES method plays an important
role from the points of view of thermal efficiency
(Regm et af., 2009; Denton and Afgan, 1976). Solar energy
applications require an efficient thermal storage. The
latent heat of melting is the large quantity of energy that
needs to be absorbed or released when a material changes
phase from a solid state to a liquid state or vice versa (Sari
et al., 2004). The present research deals with the study of

combined sensible and latent heat storage system on
heat transfer in a storage unit using paraffin wax as
phase change material for solar thermal applications.

MATERIALS AND METHODS

Phase change materials: Materials to be used for phase
change thermal energy storage must have a large latent
heat and high thermal conductivity. Depending on the
applications, the PCMSs should first be selected based on
their melting temperature. Materials that melt below 15°C
are used for storing coolness in air conditioning
applications while materials that melt above 90°C are used
for absorption refrigeration. Materials that melt between
15-90°C can be applied in solar heating and for heat load
leveling applications (Farid and Husian, 1990). These
materials represent the class of materials that has been
studied most. Commercial paraffin waxes are cheap with
moderate thermal storage densities and a wide range of
melting temperatures. The latent heat storage medium 1s
paraffin wax grade a supplied by Al Dora refinery
(Baghdad) (Keumnam and Cho1, 2000). Its melting point
and thermal stability have been examined elsewhere and
its principal properties are listed in Table 1.

Experimental equipment and procedure: The laboratory
apparatus  for this research consists of a wvertical
cylindrical heat storage container made of copper with an
inside diameter of 83 mm wall thickness of 2 mm and
length of 200 mm. A copper tube (outside diameter =12.6
mm and wall thickness =1 mm) positioned centrally along
the axis of the contamer acts as a heat exchanger a tube
length of 1200 mm is used to ensure fully developed flow
of coolant fluid and to mimimize end effects own stream
the temperature distribution in the heat storage medium is
recorded for 4 radial sections of the container using
sheathed copper-consisting thermocouples connected to
a multi-channel recorder (Type TR -2721 Tekada Riken
Co., Tapan) a total of 20 thermocouples are set up in the
test umit so that each radial plane 1s monitored by 5
thermocouples mounted symmetrically along five radial
directions and their distances from the container wall are
d = 36, 30, 24, 18 and 12 mm. Two additional thermo
couples are used for measuring the nlet and outlet
temperature of coolant fluid passing through the heat
exchanger tube. Melting of the heat storage medium 1s
affected by a resistance heating coil through the external
wall of the container this consists of a 2340 mm long
resistance wire capable of generating (500 W) of heating
power. A variable resistance 13 used to regulate the
amount of power required for melting to prevent heat
losses the entire umt 1s well msulated with layers, of glass
wool. Cooling water 1s supplied to the umt in controllable
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Table 1: Thermal properties of paraffin wax supplied by Al Dora Refinery,

BRaghdad
Melting Specific heat Tatent Thermal cond.
point (°C)  kIkg (°C) heat (kJ’kg) Density (kg/m*) W/m (°C)
63 3.5 173.6 780 0.17

quantities by a system of constant level tank, centrifugal
pump a by-pass, regulating valves and a rot meter. The
experiments were made during discharging only. The test
unit was first heated up to about 5°C above the melting
temperature. the maximum height of the heat-storage
medium when melted was 190 mm, after allowing 20 min,
melted wax to the umform temperature, the heater was
shut off and subsequently cooling water was made to
flow mside the heat-exchange tube at constant flow rate
which was regulated to 100, 400 and 700 L/h. for each run
by a regulating valve, during each run, the temperatures
of the thermocouples were measured by the digital record
every 10 min.

RESULTS AND DISCUSSION

The solidification process: The experimental results from
studies of the solidification of paraffin wax are illustrated.
they show temperature history of the storage material at
several pomts for each of the radial section examimed. It
can be seen that a radial temperature gradient does appear
n a liquid state due to natural convection, however, once
solidification starts, the temperature near the heat transfer
surface (at d = 36 mm) quickly drops resulting in a large
temperature gradient. Theoretically the temperature must
go down radial as wax freezes with time, however it is
noticed that the region in the vicinity of the container all
(atd =12 and 18 mm) cools at a faster rate than that in the
mterior of the storage umt these observations indicate
that the unit is losing heat through the external surface
despite the action. Heat through thermal msulation has
been requirement is considered loses through thermal
msulation have been reported by various researchers. The
effect seems to be unavoidable with practice systems and
1n fact insulation requirement 18 considered as one of the
disadvantages storage
systems.

The radial temperature gradient is considered to be
determined from a balance of heat transferred to cooling
water and heat conducting in the storage material. The
dominating heat resistance is that of the solid phase and
thus increases with the latter s thickness. Therefore, the

assoclated with latent heat

cause of the observed temperature drop must be low
thermal conductivity of solid wax. Although, axial
temperature profiles are not shown here, the axial
temperature gradient was noticed to be smaller than the

radial temperature gradient, however, axial temperature
profiles next to container wall also revealed the effect of
heat losses through insulation.

Freezing time as faction of radial distance: Freezing time
of wax in the direction of increasing radius for the tested
cross sections the results were obtained by noting. The
time at which a phase change occurs and from knowledge
of positions of thermocouples, the corresponding freezing
radial was estimated. It 15 seen that at the bottom of the
container, freezing occurs almost simultaneously at all
points apart from areas next to the water tube which show
a faster rate of solidification further up the plots assume
a bell-shaped profile with a clear maximum existing at a
mid- point between the tube and the container wall. The
maximum 18 much more apparent at the top of the umt, the
observed variations in local speed of solidification along
radial planes suggests that the core of solidified wax was
evolving into a conical shape rather than cylindrical. This
has been reported before (Anonymous, 1981; Selvidge
and Mioulls, 1990). However, in the present research some
visual observations were attempted to confirm the
existence of such cone.

Total heat released during phase change: At the onset of
solidification, a freezing front emanating at the tube
surface interludes the phase change material until some
finite time where it 1s completely solidified. The layer of
solidified material offers a resistance to heat transfer
which is a function of time. The amount of heat released
to coolant fluid when the phase boundary moves a radial
distance R, 1s given by Eq. 1 and 2:

Q, = Q+Q, (1)
or
Q, = M, (A +C, AT) (2)

Q; = Heatreleased due to phase change (k7)

Q, = Heatreleased due to sensible heat of phase change
material (kT)

M, = Mass of solidified core which is a function of R,
(kg)

A = Latent heat of fusion of phase change material,
(173.6 kl/kg for paraffin wax)

C, = Specific heat (3.5 kl/kg for wax)

AT = Difference between melting and final steady state
temperance of solidified mass, i.e., AT = 65-25 =
40°C

Where:

Q. = A function of M, only

M, = A function of R, on increases from zero at the
onset of solidification
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Table 2: Latent and sensible heat for different systems in this research

System Phase change only
With wire Tube with  Tube with

R, (mm) M, (kg) Q, kI mesh 7 fins 14 fins
8.2 014.5 004.6 005.3 005.2 005.8
14.5 076.0 024.1 024.9 024.8 025.4
20.5 171.0 053.9 054.7 054.6 055.2
26.5 299.5 093.9 094.1 094.5 095.2
32.5 459.6 144.1 144.9 144.7 1454
38.5 650.0 203.8 204.9 204.5 2051
41.4 755.0 263.0 2343 2333 236.8

where, R, = R, (the outside radius of immer tube) to a full
value at the end of the solidification process
where R, = R, (the mside radius of the heat storage
container). If heat losses through insulation is ignored
Eq. 2 provides the theoretical amount of heat that can be
stored and subsequently released in an 1deal systems.

Heat release In the presence of sensible heat storage
materials: Two types release heat materials were
mvestigated: For the purpose of increasing heat removal,
annular fins (0.22 mm thickness and 61.5 mm in diameter)
cut from copper sheets were attached circumferentially,
equally spaced to the heat transfer tube. In this set up, the
effect of using 7 or 14 fins was mvestigated.

For the purpose of increasing heat storage capacity,
an open-ended wire mesh cylinder (52 mm in diameter and
180 mm i length) made out of steel was placed
concentrically. The amount of sensible heat stored by
these materials which is subsequently released to coolant
fluid is given by:

Q, = M,C,T (3)

Where:
M, = Mass of sensible heat material (kg)
Cy = Specific heat (klkg®C)

Introducing Q, into Eq. 3, the total heat released
during phase change in the presence of a sensible heat
storage material 1s:

Q. = M, +C, ATHMsC, AT (4)

Results derived from Eq. 4 are tabulated in the
Table 2 reflects the results of Eq. 2 and 3 for the systems
involved in this research. As can be seen Q. varies
nonlmearity with radial position but with neglgible
difference between each system. In other words, the
presence of sensible heat materials (fins and wire mesh)
makes only a minor contribution to the total heat gain.
The reason is that their thermal capacitance (M.C,,) is
small in comparison with the phase change matenal,
however, the heat storage capacity can be significantly

increased if the mass of added heat sensible material is
increased. For example, in one recent application (Selvidge
and Mioulls, 1990, Gross and pesotchinsk, 1981), a
massive metal honeycombs were used for extra heat
storage on the other hand, the rate of heat release is
found to be different for each system. As will be seen later
with finned systems the rate of heat flow 18 much higher
than those without fins.

Rate of heat release: The rate of heat release is much
higher at the bottom of the container than at the top, it
indicates that the storage material releases its heat most
quickly at the base where cooling water gets warmer is
introduced to the storage unit. As cooling water gets
warmer through upper sections, the heat transfer rate
drops due to reduced temperature difference between melt
and coolant. Consecuently, the difference in the rate of
heat release between the lower and upper sections of the
container leads to the imtial development of conical shape
of solidified material (Bailly, 1975).

The results obtained for the middle section of the
container in the presence of sensible heat materials. Tt is
evident that fins have pronounced effecting the rate of
heat release and speed of solidification. A finned tube
offers a larger heat exchange capacity than a bare tube
and consequently higher rate of heat flow and shorter
time for complete solidification are obtained with a finned
system. Contrary to fins, the use of an open-ended wire
mesh cylinder for extra storage leads to adverse effect, it
suppressed the rate of heat flow and increased the time
for complete solidification. The wire mesh is apparently
acting as a time log element, probably due to lack of
thermal bonding with the heat transfer tube. This time lag
1s generated due to thermal capacitance of wire mesh and
its resistance to heat transfer practical result is to make
the response of the and the process slower than that
without wire mesh.

Another sample of the experimental results is the
effect of coolant flow rate of heat release. It can be seen
that the rate of heat flow increases with coolant flow rate,
the increase is much more apparent with finned tube
system as water flow rate Tncreases from 100-700 L/h.
these results also reflect the advantages of using finned
tubes for heat exchange in a solar storage unit.

CONCLUSION

Heat release characteristics in a latent heat storage
unit for solar thermal application utilizing commercial
paraffin wax have been investigated experimentally and
the following are concluded: Temperature histories of the
storage material recorded at different positions reveal the
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existence of radial and axial temperature gradients. The
axial temperature gradient is found to be smaller than
radial temperature gradient. The temperature of the heat
exchange surface quickly drops scon after the
commencement of solidification due to lower thermal
conductivity of the storage material, thus, resulting in a
large temperature gradient near the tube surface.

The effect of heat losses through insulation has been
recognized, its effect seems to be unavoidable with
practical units.

Due to vanation of local speed of solidification
between radial sections the solidified core imtially
assumes a conical shape growing with time and them
eventually fills the container.

An attempt has been made to predict freezing rates of
wax based on freezing model of ice. Theory and
experiments show some correspondence to each other but
the deviation quite apparent. Qualitative explanation for
the deviation given.

For the systems investigated in this research, heat
transfer pipes equipped with fins are found to be very
effective for heat transfer and speed of solidification
contrary to fins, the use of cylindrical wire mesh
embedded concentrically within the concentrically within
the storage material leads to adverse effects lowering
speed of solidification and reducing rate of heat release.
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