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Abstract Latent thermai energy storage is one of the favorable kinds of thermal
energy storage methods considered for renewable energy source utilization, as in solar
photothermal systems. Heat is stored mastly by means of the latent heat of phase
change of the medium. The temperature of the medium remains more or less
constant during the phase transition. A large number of materials have been
identified for low, intermediate. and high operating temperatures for application as
latentt thermal erergy storage media. In the present paper & method for charactenza-
tion of atkanes (C,~C ,,,,) and paraffin waxes for application as the low-temperaiure
(298-323 K) phase change energy storage medium is introduced. A computational
technigue is intraduced by which the alkanes and paraffin waxes mu{d be eraluated,
and possiblv upgraded. s the phase change energy storage media, It is den_rmnsm_:ted
that the familv of n-atkanes has a large spectrum of latent heats, melting poins.
denstries. and specific heats so that the heat storage designer has a good choice of
nealkanes oy Sturage moterials for any parmicular low-temperature thermal energy

siorage application. Ay an example of the proposed method. a particular paraffin

of the analvsts are prosented.

Keywords ulkancs, puraffin waxes. energy storage medium

Introdudtion

For unin
the solar
thermal
(sengibie
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errupted utilization of the intermittent renewable energy sources. such as
energy, it is necessary to develop a storage medium. Phase change {iatent)
energy storage is one of the three kinds of thermal energy storage methods
heat, latent thermul cnergy, and chemical energy) used for this purpose.
change thermal ¢nergy storage, heat is stored by means of the latent hgat
change of the medium. The temperature of the phase change material
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wax for which appropriate experimental daa are avaitable is analvzed and the resutts
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(PCM) remains more or less canstant during the phase transformation (Abhat
1983; Batlet et al. 1979: Garg et al, 1985; Gomez and Mansoori 1983: Mansoori
1976: Mansoori and Patel 1979). Heat storage through phase change materials has
the advantage of compactness because the heat of fusion (melting) of PCMs is very
much larger than their specific (sensible) heats. PCMs such as #n-alkanes and
paraffin waxes appear to have some attractive features as a medium for storage of
thermal energy, especially in direct photothermal solar energy utilization through
flat-plate collectors.

For application of a material as a phase change thermal energy siorage
medium, information about its latent heat of phase transition as well as densities
and specific heats is necessary. High latent heat is required to provide a higher
thermal storage per unit weight. High density is desirable to aliow a smaller size of
storage container, and higher specific heat is preferred to provide for better
sensible heat storage. In selecting a PCM for a particular application, the operating
temperature of the heating and cooling systems must be matched with the meiting
temperature of the PCM. The PCM melting point range must be chosen at a
temperature interval above the operating temperature. This range must be large

enough to provide a sufficient temperature gradient for a satisfactory heat with-
drawal rate. But the lempETALure rangc should not be excessive, since the heat loss
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will increase and the system efficiency will decrease. Generally. for PCMs the
higher the thermal conductivity the more efficient is the rate of heat transfer, and
the higher the density the larger is the heat of melting per unit volume.

There are four possibilities in changes of phase: solid-gas, liguid-gas, solid-solid,
and solid-liquid. The absolute value of latent heat of phase change for a solid-solid
transition is usuaily less than that of solid-liquid conversion. Solid-gas and liquid-gas
transitions are generaily not cmployed for energy storage, in spite of their high
latent heat. bacause gases oceupy large volumes, requiring a big space for storage.
Solid-liquid transition has comparatively smaller latent heat than solid-gas; how-
ever, solid-liquid transition involves only a small change in voiume and therefore it
Is quite promising for phase change energy storage. The candidate PCMs are
generally divided into two groups: organic and inorganic compeunds. Inorganic
compeounds show a volumctric latent thermal energy storage capacity twice that of
organic compounds. But the organic substances couid serve as important heat
storage media because of their several advantages, including their ability to meit
congruently, their self-nucieation, and the noncorrosiveness of the conventional
materials of construction, Alkanes and paraffin waxes are in the latter category.

[n comparison to inorganic PCMs, paraffin wax PCMs have no problems of
phasc separation on meliing and have good self-nucleating properties on freezing,
so that nucleating agents are not required. They also do not have corrosion
problems of the conventional materials of construction, so that they have long-term
periormance.

A Iarge number of PCMs have been identified for low, intermediate, and high
operating temperatures for application as latent thermal energy storage (Batlet
et al. 1979; Abhat 1983). The present report is intended to discuss the characteriza-
tion of alkanes and paraffin waxes for application as low-temperature phase change
energy storage medium. A low-temperature PCM should operate in the 273-393 K
temperature range.

In the first part of this report we present and characterize the peculiar
thermophysical properties of paraffin hydrocarbons (alkanes). which comprise the
paraffin waxes. {n the second part of this report we introduce a method to analyze
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and characterize paraffin waxes from the point of view of their use as PCMs. Then
we introduce a compurational technique by which the paraffin waxes can be
evaluated. and possibly upgraded. as PCMs. As an example of the proposed
method. a particular paraffin wax for which appropriate cxperimental data are
available is analyzed and the results of the analysis are presented.

Paraffin Hydrocarbons (Alkanes)

Paraffins are mineral oil (petroleum) products, consisting mostly of the organic
family of heavy hydrocarbons cailed alkanes, with the chemical formuia C.H,, .,
with n = 16. Presence of paraffins in crude oil could cause plugging problems due
to wax buildup inside conduits (well, pipeline. etc.) during production, transporta-
tion, and storage of petroleum crude (Kawanaka et al. 1991), However, paraffin
and microcrystailing waxes are important petroleum refinery products. According
to the statistics published by the petroleum industry, demand for these products
continues to increasc (International Petroleum Encvclopedia 1993). As a result,
paraffin hydrocarbons can be a primary product rather than a by-product of a
refinery. Pure paraffins contain only alkanes. The first four alkanes of the seties
(from methane. CH,, up to butane, C,H ,} are gaseous at room temperature and
atmospheric pressure. The compounds between C:H,, and C;H,, are liquids and
compounds with more than 17 carbon atoms per moiecule are waxy solids at room
temperature. The melting points and the heats of fusion of alkanes increase with
their number of carbon atoms. In Table 1 we have compiled the data on molecular
weights. melting points. latent heats of fusion. densities (at 20°C), specific heats in
solid and liguid states. and boiling points of the normal alkanes from C,to C,,, all
at atmospheric conditions. Most of the property data in this table are from
Domalsky et ai. (1984). Garge et al. (1985), Lane (1986), Marsh et al. (1988), and
Timmermans {1965). For alkanes for which these experimentai data were not
available, they were estimated using cstimation techniques (Chorn and Mansoori
1988). discussion of which is beyond the scope of the present report.

Because of “steric” cffects. caused by the arrangement of atoms in the
molecule. there is a difference between alkanes with odd and even numbers of
carbon atoms. The even-numbered homologs have higher latent heat than the
odd-numbered homoiogs. Humphries (1974) showed that alkanes with an even
number of carbon aloms (berween 20 and 32) and alkanes with odd number of
carbon atoms (higher than 7) exhibit a lattice transition in the solid state. The
even-numbered carbon atom alkanes exhibit this transition closer to their melting
point than the odd-numbered alkanes as demonstrated in Figure 1. Also shown in
Figure 1 is the boiling point of normal alkanes for the temperature range of the
figure. :

The latice transition in alkanes is accompanied by the release of heat of
transition. Generally. lattice tramsition occurs in the solid state at about 2-5 K
below the melting point. The difference between the transition temperature and
melting temperature becomes smaller with increasing molecular weight and finaily
disappears for alkanes with more than 36 carbon atoms (Mozes 1982), as demon-
strated in Figure 1. The heat associated with this solid-solid transition is subtracted
from the latent heat of melting.

Figures 2 and 3 show variations of the latent heat of meiting, meitng point,
and density of normal alkanes versus increasing number of carbon atoms in their
structures. According 1o these figures. while the meliting point and density versus
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Figure 1. Vanation of meiting point (MP), transition temperature (TrT). and boiling point
{(BP) of normal alkanes with their number of carbon atoms.

the number of carbon atoms have a smooth variations. the latent heat of melting
goes through fluctuations, Because of the steric effects (the solid-solid phase
transitions mentioned above) the latent heats of melting of two consecutive alkanes
do not always increase with increasing number of carbon atoms. as demonstrated
in Figure 2. Each cven-numbered alkane (with 8 carbon atoms or higher) exhibits a
lower latent heat than the odd-numbered alkane having one carbon less than it
This floctuation of latent heat of melting vanishes as the number of carbon atoms
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Figure 2. Variation of the latent heat of melting of normal alkanes with the number of
carbon aloms in atkancs and exhibition of the steric effect,
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approaches 40, and after that the Jatent heat of meiting increases with increase of
the number of carbon atoms.

Paraffin Wax

Paraffin waxes consist of mixtures of mainly normal alkanes. The amount of
normal alkanes in a paraffin wax usually exceeds 75% (and may reach aimost
100%), with the rest consisting of mostly iso-alkanes, cyclo-alkanes. and alkyl
benzene (Turner et al. 1955). The molecutar weight of hydrocarbons in a paraffin
wax is in the range of about 280-560 {Cyy—Cyp), with cach specific wax having a
range of about 8 to 15 carbon numbers (Encyclopedia of Polymer Science and
Technology 1971). There exists a wealth of information on the thermophysical
properties of paratfin waxes (Haji-Sheikh et al. 1983; Melpolder et al. 1964: Mozes
1982; Timmermans 1965). As an exampie, a wax sampie produced by the Sun
Refining and Marketing Company (Suntech P116) which contains almost 100%
normal alkanes is used here for analysis. The thermophysical properties and
chemical composition (Haji-Sheikh et al. 1983) of Suntech P116 arc prescnted in
Tabie 2. Accotding to this tabie. the hydrocarbons with earbon ehain lengths of 20
to 32 constitute 99% of the mixture, The hydrocarbons with carbon chain length
longer than 32 constitute the remaining 1% with exponentially reducing fraction.

Paraifin waxes are generally polydisperse compounds for which polydisperse-
solution theories must be used for characterization (Mansoori et al. 1989). We have
constructed the distribution of n-alkanes in Suntech P116 paraffin wax as a
function of the number of ¢arbon atoms using the data of Table 2. This distribution
is shown in Figure 4, With knowledge about the thermophysical properties of pure

alkanes and paraffin waxes, it is possible to design a thermal energy storage
medium comprising these compounds.
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Table 2
(-hemical Composition and Thermophysical Properties of
suntech P116 Paraffin Wax

Hydrocarbon Weight (%)
n-(-20 2.0
n-C-21 33
n-(-22 14.0
n-C-23 23.0
n-C-24 220
n-C-25 14.0
n-C-26 6.5
n-C-27 30
n-C-28 2.5
n-C-29 2.0
n-C-30 17
n-C-31 1.5
n-C-32 1.3
Melting range 316-328 K
Heat of fusion 260 kI /kg
Liquid specific heat 23 kl/kg K
Solid specific heat 295kl /kgK
Liquid thermal conductivity 024 W/mK
Salid thermal conductivity 0.24 W/mK
Liquid density 760 kg /m*
Solid density 818 kg/m’
Liquid viscosity 1.90kg/ms
Molecular weight 332 g /moi

Latent Thermal Energy Storage

In latent Ther‘mni energy storage (1T TESY cver o Ty

HOIQge (i oo/ SYSIEMS, \.ﬂELE_y is SIGQCC oY
means of phase change in the storage medium (PCM). Two thermal processes
which are relevant to phase change storage are melting and freezing phenomena.
During the melting process, added heat is stored as Jatent heat of fusion, and
during the freezing process this lutent heat is liberated. In meiting and freezing
cycles. a circulating fluid, such as air or water, stores (and extracts) heat to {(and
from) the storage ynit. causing the storage medium to exhibit a change in phasc.

Aﬂu ' ' ':q CYETAyT rmitct #asnnane &b amorw e hmma b e o

ANY LIS SYSIem must possess tie following three components: (1) a heat storage
material {PCM), (2) a container for holding the PCM, and {3) a heat-exchanging
surface for transferring heat from the heat source to the PCM and from the PCM
to the required point of use. In storing heat. the LTES utilizes some sensible heat
storage below and above the PCM melting temperature. The total heat © stored by
materiai can be calculated from the following equation:

eyl
1

[ .7 T 1
Q= ml[r” C,dT + L + f;‘cp, drl / (1)

where m is the mass of the PCM: L is its latent heat of melting; 7, T.. and 7, are
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Figure 4. Distribution of n-alkanes in Suntech P116 paraffin wax as a funetion of the
number of carben atoms.
the mnitial. final. and melting absolute temperatures: and C,. and C, are the
specific heats of solid and liquid PCM phases, respectively. The first term of Eq. 1
represents the sensible hear of the solid PCM phase (below its melting point), the
second term is the PCM latent heat of melting, and the third term is the sensible

hept of the liquid PCM phase (ahove its meiting point). In practical LTES systems.
the latent-heat term predominates.

Using Eq. | and the data of Table 1, we have calculated the thermal energy

stgred per unit volume of the storage, Q/V, in the family of pure n-alkanes
(Q,=C,yy). The calculations reported are for three heating temperatures of 323,
348, and 373 K (with the reference temperature of 298 K).

raoiilke

The results of caleulation are presented in graphicai form in Figure 5. This
fig
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ure shows. for example. that at 323 X the n-alkanes in the range of C,, through

p store a higher amount of thermai energy (about 226 MJ/m") than the rest of

the n-alkanes. This is due to the fact that their melting transition occurs in the
temperature tange 298 K < 7, = 323 K. At 348 K the n-alkanes in the range of

g through C,; still store a larger amount of thermal energy than the rest of the
alkanes (about 279 MJ/m”). At the temperature of 373 K the series C s through
o Can store even tore thermal energy (about 231 MJ/m?). According to this
ure. every alkane hydrocarbon is useful as a PCM material for 2 rather narrow
nperature range. This figure also indicates that the amount of energy stored in
kanes (due to phase change and/or sensible heat) is a rather weak function of
kane molecutar weight.

fn order to caleulate the total heat stored in a paraffin wax. assuming that the

Kanes present in paraffin wax form an ideal solution. Eq. | will assume the
iowing form:

Trm Thﬁ
0= Zm,{fﬂ Coo dT+ L, + jT Cy dT} (2)

ny
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Figure 5. Varation of the thermal energy stored in n-alkanes with their number of carbon
dloms and temperature with a reference temperature of 298 K.

In this equation the summation is over the components of the paraffin wax and
every term with subscript i stands for properties of the ith component (alkanes) of
the paraffin wax.

An important thermal enetgy storage characteristic of a paraffin wax is its
“cumulative thermal encrgy storage.” Cumulative thermal energy is defined as the
thermal energy stored in a wax by raising its temperature from a reference
temperature (298 K in the present case) to a higher temperature, taking into
account the composition effects of all the hydrocarbons present in the wax. By
using Eg. I, the composition distribution data of P116 paraffin wax, and the
thermophysical properties of alkanes reported in Table 1, we have calculated the
cumulative latent heat, (1/v)Z m L, and the cumulative heat stored, Q/V, at
different emperatures in P116 paraffin wax, considering 298 K as the reference
temperature. The Tesuilts of these calculations are shown in Figure 6. At present,
no experimental data for cumulative thermal energy of paraffin wax are available
to compare with the theoretical values reported here. The difference between the
cumulative latent heat and cumulative heat stored in this figure is due to the
sensible heat stored in the wax. According to this figure, the sensible heat
contribution to the heat stored could reach as much as the 30% of the totai heat

stored in a paraffin wax and it must be taken into account for any design
calculation,

Discussion

In this report thermophysical properties. of n-alkanes (C,—C,4,) and paraffin waxes
are analyzed and characterized from the point of view of their use as low-tempera-
ture phase change energy storage media. It is demonstrated that the family of

'q...'.'!“r':lnp: hays o laoroa ocmomtevies o atante bapan o _dai o

aikanes have g iarge spectrutn of latent heats, Meiimg points, densiiies. and
specific heats 5o that the heat storage designer has a good choice of n-alkanes as
storage materials for any particular low-temperature (298-323 K) thermal energy
storage application.
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Although paraffin waxes exhibit desirable properiies as PCMs, they have
rather low thermat conductivity. This may reduce the rate of heat storage and
extraction during melting and solidification cycles. In order to compensate the low
thermal conductivity of an alkanc-based PCM, its container must be designed with
an adequale surface-to-volume ratio and container material must have a suitable
heat transfer coefficient. The paraffin wax low thermal conductivity can also be
enhanced by embedding a metal mairix structure in it. It is also possible to choose
the container and heat transfer system configuration to ensure more efficient
extraction (or addition} of heat from (or 1o} alkane / paraffin wax PCMs.

Another undesirable characieristic of atkane/paraffin wax material is their
potential hazard because of being flammable materials. However, a fire
bartier-rated container would be sufficient to remedy this problem.

Because the melting points of n-alkanes are higher than those of iso- and
cyclo-alkanes with the same carbon numbers, the melting point of waxes tends to
rise with the increase of n-alkane components in paraffin wax (Melpoider et al.
1964). The melung point of waxes can also be increased, even with a low content of
n-alkanes. if the iso- and cyclo-alkane components arc present in large amounts at
the higher carbon atom number,

The data. unalvsis. and characterization reported here are the basic informa-

i i i y fmr o Aagion ~F o DA
tion with regard to computational sources necessary for the design of a PCM

storage svstem based on paraffin wax and generally heavy alkane hydrocarbon
blends. Depending on the specific need for the Energy storage, the present

procedure cun be used for scleciing the appropriate composition of the
alkane,/ paraffin wax mixture to achieve a suitable PCM.
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