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Abstract

With the integration of latent-heat thermal energy storage (LHTES) in building services, solar energy and the coldness of ambient air can be
efficiently used to reduce the energy used for heating and cooling and to improve the level of living comfort. For this purpose, a cylindrical LHTES
containing spheres filled with paraffin was developed. For the proper modelling of the LHTES thermal response the thermal properties of the phase
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hange material (PCM) must be accurately known. This article presents the influence of the accuracy of thermal property data of the P
esult of the prediction of the LHTES’s thermal response. A packed bed numerical model was adapted to take into account the non-unifo
CM’s porosity and the fluid’s velocity. Both are the consequence of a small tube-to-sphere diameter ratio, which is characteristic of the
HTES. The numerical model can also take into account the PCM’s temperature-dependent thermal properties. The temperature di

he latent heat of the paraffin (RT20) used in the experiment in the form of apparent heat capacity was determined using a differenti
alorimeter (DSC) at different heating and cooling rates. A comparison of the numerical and experimental results confirmed our hypothe
o the important role that the PCM’s thermal properties play, especially during slow running processes, which are characteristic for our a
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. Introduction

The fact that in Europe more than 40% of end energy is used
n buildings has, in recent years, stimulated numerous activities,
olitical and professional, in the area of sustainable develop-
ent. In the first group of activities one can place the EU Direc-

ive on the Energy Performance of Buildings, which encourages
nergy-efficient building design and the greater use of natural
nd renewable energy sources for heating, ventilation and cool-

ng. The second group includes R&D on advanced materials,
echnologies and systems, which includes latent-heat thermal
nergy storage (LHTES) in building services. The advantages
f LHTES in comparison with sensible storage are a greater
ensity of stored energy and a narrow operational temperature
ange. Recently, the performance of LHTES in systems for build-
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ing heating using solar energy or for natural cooling of build
has been studied by several authors[1–7].

In these studies, different Phase change materials (P
were used. PCM selection depends on many factors, of w
the most important are the PCM’s useful life and the long-t
stability, because LHTES in mentioned applications opera
daily cycles. Selection also depends on the phase chang
perature, which must be suitable for the application. The
most important parameter is the price, which has an influen
the economics of the system. Commercially available mate
with acceptable prices are mostly paraffins and salt hydr
A list of commercially available materials can be found in
review article of Zalba et al.[8].

A characteristic of most paraffins and salt hydrates is tha
phase change occurs in a temperature range rather than at
stant temperature, as would be expected for pure substanc
assumption that the melting or solidification occurs at con
temperature leads to a great discrepancy between experim
and numerical results[9]. For the mathematical modelling o
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Nomenclature

ap superficial particle area per unit bed volume
(m−1)

Bi Biot number
capp apparent heat capacity of PCM (J/(kg K))
cp specific heat of heat transfer fluid (J/(kg K))
cps specific heat of liquid or solid PCM (J/(kg K))
d sphere diameter (m)
L LHTES length (m)
L latent heat of melting or solidification (J/kg)
mPCM mass of PCM in DSC instrument (kg)
p pressure (Pa)
q heat flow (W)
r radial coordinate (m)
R LHTES radius (m)
Re Reynolds number
t time (s)
T temperature (◦C)
Ta LHTES ambient temperature (◦C)
u velocity (m/s)
Uw overall wall heat transfer coefficient
x axial coordinate (m)

Greek letters
α heat transfer coefficient (W/(m2 K))
ε bed porosity
η dynamic viscosity (Pa s)
ρ density (kg/m3)
θ heating or cooling rate (K/min)
Θ PCM temperature (◦C)
λf effective thermal conductivity in the radial or axial

direction (W/(m K))
λPCM thermal conductivity of PCM (W/(m K))

LHTES thermal response, the enthalpy function or the appar
ent heat capacity of the PCM has to be known; this takes into
account the temperature range over which the phase transitio
occurs under real operating conditions.

For an apparent heat capacity representation, approximat
values are often used in the models describing experimentall
obtained values for the latent heat of melting or the solidification
of the PCM under investigation.

Farid et al.[10] compared several different simple functions
for apparent heat capacity to describe the variation of the PCM’s
specific heat with temperature. A simple symmetrical and asym
metrical piecewise linear function and a step function were used
The starting and ending temperatures were slightly different in
each case, but the peak temperature remained the same. The a
of the triangle or rectangle was equal to the latent heat of the
PCM. The best agreement in the prediction of the solid/liquid
interface motion in a test cell filled with paraffin was achieved
when the asymmetrical triangular shape of an apparent hea
capacity function was used.

The same approach, using a step function for the apparent
heat capacity of a PCM, was used by Beasley et al.[11] in a
numerical calculation for a packed bed LHTES. Goncalves and
Probert[12], for example, used a symmetrical rational function
for the specific heat approximation.

The shape of the apparent heat capacity function depends
significantly on the heating and cooling rates used in the mea-
surements. Frequently, the enthalpy function or the apparent heat
capacity of the PCM is determined on the basis of DSC mea-
surements made at too high heating/cooling rates.

Nagano et al.[13] used an approximate mean value of the
enthalpy function of melting and solidification determined with
DSC measurements at heating/cooling rates of 5 and 1 K/min
for mathematical modelling of a packed bed heat storage with
paraffin granules.

Lamberg et al.[14] used commercially available paraffin
in their experiments. The material properties were determined
using differential scanning calorimeter (DSC) measurements
with a heating/cooling rate of 2 K/min. In mathematical sim-
ulations, the apparent heat capacity function with a rectangular
shape and a large and narrow temperature range were used. The
wider interval was 7 K during melting and 5 K during PCM solid-
ification, with different starting and ending temperatures. The
second function was 2 K wide, with the same starting and end-
ing temperatures. From their results they conclude that the best
agreement for the measured and modelled data is obtained when
u ange.
T CM
s rate
r ents
f ty and
t t that
t from
t

by
F eat-
i the
a /min.
F ignif-
i iffer-
e DSC
c each
p

eri-
c d
b eters
i on the
h ppar-
e ring
m e in
t of the
a ors,
t nt or
t ated
i ial
f ined
w

-

n

e
y

-
.

rea

t

sing an apparent heat capacity with a narrow temperature r
hey also conclude that the material properties of the P
hould be well known in order to obtain sufficiently accu
esults with numerical methods. From the figure that pres
rom DSC measurement calculated apparent heat capaci
he approximations used in the simulations, it is also eviden
he temperature range of the narrower function was shifted
he peak temperature of the DSC measurement.

Latent heat storage in building materials was studied
eldman and Banu[15] using DSC measurements at a h

ng/cooling rate of 2 K/min and at a rate that is closer to
ctually experienced rate during measurements of 0.2 K
rom the obtained results they conclude that there is no s

cant difference between each test. There is actually no d
nce in the overall latent heat, but one can see from the
urves that the peak temperatures differ by roughly 1 K for
rocess.

Based on our previous work on the agreement of the num
al model with experiments[2,9], which we made with a packe
ed LHTES, we found that one of the most influential param

s the apparent heat capacity, the shape of which depends
eating/cooling rate. This includes the real shape of the a
nt heat capacity function, the use of different functions du
elting and solidification as well as considering the chang

he shape and the shift of the peak temperature in terms
ctual melting/solidification rate. In the works of other auth

he actual heating or cooling rates were not taken into accou
hey used simplified functions. Based on this, we incorpor
nto a numerical model of LHTES with spheres a polynom
unction for the apparent heat capacity, which was determ
ith least-squares fits to data from DSC measurements.
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2. Apparent heat capacity of the PCM

Among possible inorganic and organic materials, paraffins
were used in many applications. They are chemically and ther-
mally stable, they are not corrosive and they show a negligi-
ble supercooling effect[8]. Their main disadvantages are their
flammability and low thermal conductivity. Commercially avail-
able paraffins are mostly mixtures of different alkanes. They are
cheap and available with different melting temperatures, which
mean they can meet the requirements of the desired application.
For our packed bed LHTES used for natural heating and cooling
in a low-energy house we used RT20 paraffin from Rubitherm
GmbH.

The thermal properties of RT20 paraffin were determined
using DSC measurements for a heating and cooling cycle at dif-
ferent heating and cooling rates (5, 1 and 0.1 K/min).Fig. 1
shows an example of a DSC measurement at a heating rate
of 5 K/min. The measured heat flow signal represents the dif-
ference between the heat flows of the reference calorimeter
and the measured sample of PCM. From the heat flow sig-
nal five characteristic temperatures can be determined[16,17].
The onset,Ton, and endset,Tend, temperatures are the tem-
peratures where the DSC heat flow curve separates from the
base line. The extrapolated starting temperature,Ts, and the
extrapolated ending temperature,Te, are the temperatures at
the intersection of the base line and the tangents at the inflec-
t tem-
p the
D

city is
c

c

w
h

Fig. 2. Apparent heat capacity of the solidification process determined from
DSC measurements at different cooling rates.

Fig. 3. Apparent heat capacity of the melting process determined from DSC
measurements at different heating rates.

te of 5 K/min (the characteristic temperatures are indicated in the figure).
ion points of the DSC curve on both sides of the peak
erature,Tp, which is the temperature at the peak of
SC curve.
From the measured heat flow, the apparent heat capa

alculated using the following equation:

app(T ) = q(T )

mPCMθ
+ cps (1)

here mPCM is the mass of PCM used in the DSC,θ the
eating or cooling rate of the DSC measurement andcps is

Fig. 1. DSC melting curve of RT20 paraffin at a heating ra
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Table 1
Characteristic values determined from DSC measurements: (a) during solidifi-
cation and (b) during melting

L (kJ/kg) Ton (◦C) Ts (◦C) Tp (◦C) Te (◦C) Tend (◦C)

(a) Cooling rate (K/min)
5 144.3 22.0 21.6 18.1 115 −2.0
1 144.6 21.3 20.6 19.7 15.9 −3.0
0.1 143.4 21.8 21.7 21.5 21.1 2.9

(b) Heating rate (K/min)
5 139.6 5.9 17.3 22.6 25.0 26.5
1 138.2 2.8 16.3 21.1 22.4 23.1
0.1 138.3 6.8 17.9 21.8 23.0 23.4

the specific heat of the solid or liquid PCM. The enthalpy
of a phase change transition is obtained by integrating the
first part of Eq. (1) over the transition temperature range.
Figs. 2 and 3show apparent heat capacity of RT20 paraffin
obtained from the DSC measurements at heating and cooling
rates of 5, 1 and 0.1 K/min.Table 1gives the corresponding
phase transition temperatures and the latent heat of melting and
solidification.

From the results presented inTable 1, it can be seen that the
latent heat of solidification or melting does not depend on the
DSC heating/cooling rate; however, the shapes of the apparent
heat capacity curves differ considerably. As observed also by
other authors the shape of the DSC curve depends significant
on the heating/cooling rate and the size (mass) of the sampl
used in DSC[17,18]. In particular during solidification, it can
be seen that the peak temperature,Tp, shifts towards the higher
temperatures at lower cooling rates and the peak becomes na
rower and higher as well, which shows that the greatest part of th
latent heat evolves in a narrow temperature range. Also, the shi
of the peak temperatures for both processes becomes smaller
lower heating/cooling rates. The difference between the pea
temperatures of the melting and solidification processes is 3.8

1.4 and 0.3◦C at heating/cooling rates of 5, 1 and 0.1 K/min,
respectively.

3. Mathematical model of packed bed LHTES

Living comfort and energy use in buildings can be efficiently
improved by using solar energy in the winter time and natural
cooling in the summer time. Because of the periodic nature of
solar radiation and the ambient temperature, natural heating and
cooling is more effective if daily heat storage is introduced into
the system to enable the accumulation of excess energy and a
shift in the time of accumulated energy use. A building venti-
lation system with integrated, cylindrical LHTES with spheres
with encapsulated paraffin has been developed for these pur-
poses. The LHTES accumulates heat from a large-panel air solar
system[19,20]during the day or the cold of ambient air during
the night. Characteristically for the system’s operation is the
large temperature range of heat transfer fluid, and because the
storage is integrated into the ducting system also a small storage
to sphere diameter ratio, which results in a coupled non-uniform
flow distribution over the storage cross-section.

Detailed modelling of the heat transfer and the fluid flow
for individual heat storage element (for example, with CFD) in
such a complex configuration would be difficult and especially
because of the process dynamics also impracticable. Transient
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Fig. 4. Schematic representation of numerical grid and system boundaries.

Eqs.(2)–(4) were solved numerically using a finite-difference
approximation[24] and the Mathematica software package. The
explicit method was used. Mesh-refining techniques were used
to optimise the number of mesh divisions in the axial and radial
directions. In the numerical calculations, we used 40 divisions
in the axial direction, 25 divisions in the radial direction and a
time step of 30 s.

The distribution of the spheres in the LHTES is defined by the
porosity,ε, which varies with the radial distance from the wall,
in particular for a smaller tube-to-particle diameter ratio (D/d).
A non-uniform radial distribution of bed porosity also influences
the radial distribution of the axial fluid velocity. A monotonic
exponential expression was used to represent the radial distribu-
tion of the bed porosity:

ε(r) = ε∞
[
1 +

(
0.87

ε∞
− 1

)
exp

(
−5

R − r

d

)]
(5)

whereε∞ was selected so that the average porosity of the LHTES
matched the experimentally determined porosity. The radial dis
tribution of the axial fluid velocity was calculated using the
extended Brinkman equation:
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made use of the relations presented by Bauer and Schlunder
[26], considering the actual ratioD/d for theλer calculation, and
the recommended relations from Wakao and Kaguei[27] for
λex. The heat transfer coefficient between the heat transfer fluid
and the solid particles in the LHTES was determined using the
well-known and often used empirical correlation presented by
Gnielinski [28]. Readers are referred to these articles for more
details. Because of the low thermal conductivity of the PCM
in the spheres, the intra-particle conduction in the spheres is
considered by using the effective heat transfer coefficient[29]:

αeff(r) = α(r)

1 + 0.2Bi
. (9)

The density and the specific heat of the heat transfer fluid
and the density of the PCM are assumed to be constant. For the
specific heat of the PCM an apparent heat capacity approach
was used to take into account the latent heat of the PCM, as
described in the previous section.

4. Experimental verification

The numerical model was verified on the experimental
LHTES shown inFig. 5. The heat storage was cylindrical, with
a diameter of 0.34 m; it had 35 rows of spheres structured with
rhombic packing. Hollow, polyethylene spheres with a diameter
of 50 mm and a wall thickness of 1 mm were filled with RT20
p as
1

e air
fl The
fl rmal
a 0 and
2 g or
r tered
t inlet
w cross-
s only
a ed in
t t the
L nged
o row
( ere
e ht for
m

5

apac-
i sults
a are
s tion
p pera-
t and
7
f a 3-
c wn
i

r ∂r ∂r

he coefficientsA andB were obtained from fitting experime
al data. The values obtained were 310 and 0.92. The ve
radient near the wall, as a result of wall friction, is a functio

he effective viscosity, which depends on the fluid velocity.
ffective viscosity is described by relations presented by G
t al.[25]:

ηeff

η
= a exp(bRe) (7)

here for the packing of spheresa = 2. The coefficientb was se
o 0.0018 to fit the experimental data for higher Reynolds n
ers. Eq.(6) is solved using the following boundary conditio

r = 0,
∂u
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r = R, u = 0
(8)

Expressions for the effective thermal conductivities in
adial and axial directions were chosen from the literature
-

y

e

araffin from Rubitherm GmbH. The height of the LHTES w
.52 m. The packed bed’s average porosity was 0.388.

Fig. 6 shows the scheme of the experimental setup. Th
ow rate was measured using an orifice plate flow meter.
ow rates used in the experiments for which the basic the
nd flow characteristics were determined were between 5
20 m3/h, which correspond to the flow rates used for buildin
oom ventilation. The air was heated or cooled before it en
he mixing chamber. The air temperature at the LHTES
as determined using thermocouples disposed over the
ection. The temperature and air velocity at the inlet differ
little from the average value, so average values were us

he numerical calculations. The temperature of the air a
HTES outlet was measured using 12 thermocouples arra
ver the storage diameter. Two spheres, one in the 16th
approximately 1/2L) and one in the last, 35th, row (L) w
quipped with three thermocouples over the sphere heig
easurements of the paraffin temperature, as shown inFig. 5.

. Results and discussion

To show the influence of the shape of the apparent heat c
ty function on the agreement between the experimental re
nd the results of the numerical model, four experiments
hown: two for the melting process and two for the solidifica
rocess, with a step or ramp change in the air inlet tem

ure. Experiments were made at different flow rates: 166
6 m3/h for the solidification processes, and 108 and 215 m3/h
or the melting processes. The LHTES was isolated with
m-thick thermal isolation layer in all experiments (not sho
n Figs. 5 and 6).
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Fig. 5. Experimental LHTES; left—non-isolated cylindrical LHTES (D = 340 mm,L = 1.52 m) with PCM encapsulated in spheres (d = 50 mm), mixing chamber and
data-acquisition unit; right—a part of the storage with PCM in spheres and a sketch of thermocouples’ positions in the sphere.

5.1. Heating and cooling rates of the paraffin during
experiments

The rate of PCM temperature change in the LHTES depends
on the air flow rate and the temperature conditions at the stor-
age inlet and the temperature difference between the air and the
paraffin, respectively. This rate is important during the selec-
tion of an apparent heat capacity function, which should be
determined based on measurements at approximately the same
heating or cooling rate.Fig. 7 presents the rate of paraffin
temperature change at the centre of both spheres fitted with ther-
mocouples for the selected solidification process, which is also
shown inFig. 9A. Similarly, Fig. 8 shows the rate of paraffin
temperature change for the melting process shown inFig. 11B.
The sphere in the 16th row is situated on the centreline of the Fig. 6. Scheme of the experimental setup.



198 C. Arkar, S. Medved / Thermochimica Acta 438 (2005) 192–201

Fig. 7. Cooling rate of the PCM in spheres during the solidification process (the
air flow rate is 76 m3/h).

Fig. 8. Heating rate of the PCM in spheres during the melting process (the air
flow rate is 215 m3/h).

Fig. 9. Comparison of measured and modelled air temperatures at the LHTES outlet during the solidification process, thecapp for the solidification process is
according toFig. 2, in (A) the air flow rate is 76 m3/h and in (B) the air flow rate is 166 m3/h.

Fig. 10. Measured and modelled PCM temperatures in the solidification process: (1A) sphere in the centre of the 16th row; (2A) sphere at storage wall in the 35th
row, air flow rate 76 m3/h; (1B) sphere in the centre of the 16th row; (2B) sphere in the centre of the 35th row, air flow rate is 166 m3/h.
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Fig. 10. (Continued).

bed, while the sphere in the last row is placed at the storage
wall.

From Figs. 7 and 8, the shift in the start and the end of the
solidification and melting processes in the monitored spheres
can be observed. During the solidification process inFig. 7, the
first peak represents the sensible cooling of liquid paraffin. Then
follows a period of almost constant temperature, which is close
to the peak temperature. Another increase in the rate of tem-
perature change appears when the temperature of the paraffin
drops below the peak temperature and begins to approach the
air temperature. During the melting process shown inFig. 8,
the first peak represents the heating of solid PCM. The rate of
temperature change drops when the temperature approaches the
peak temperature. A peak higher than 0.5 K/min represents the
moment when the solid phase separates from the thermocou-
ple. Because of the difference in the density of solid and liquid

paraffin, the solid phase sinks to the bottom of the sphere during
melting, so that the melting process is similar to the process of
contact melting. The smaller peak beforehand could be described
as an invasion of liquid paraffin in a pore of solid paraffin. The
peak after the thermocouple separation represents the heating of
liquid paraffin.

From the presented figures, it can be concluded that also at
higher flow rates the rates of paraffin temperature change only
slightly and for a short time exceed a value of 0.1 K/min, and
that higher rates of temperature change are achieved in the rows
at the LHTES inlet.

5.2. Heating and cooling of LHTES

Figs. 9 and 11show the thermal response of the packed bed
LHTES to a step or ramp change in the air inlet temperature. The

F HTES
i

ig. 11. Comparison of measured and modelled air temperature at the L
n (A) the air flow rate is 108 m3/h, and in (B) the air flow rate is 215 m3/h.
outlet during the melting process,capp for the melting process is according toFig. 3,
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measured air temperature at the storage inlet and at the centre of
the storage outlet (r= 0) are shown with data points, while the
numerically determined temperatures at the centre of the storage
outlet are represented by the line. Each line represents numer-
ical results for the same initial and boundary conditions but
for a different polynomial function of the apparent heat capac-
ity of paraffin determined at different heating or cooling rates.
Figs. 10 and 12show the measured and calculated temperatures
of the paraffin for locations where the temperatures of the paraf-
fin were measured. In the numerical calculations, the inlet air
temperature equals the measured inlet temperature. For the air
flow rate and the LHTES ambient temperature the average values
for the measurement period were used.

In the experimental tests, there are errors and uncertainties
associated with instrumentation and experimental procedures
that have an effect on numerical results. To investigate these
effects an error propagation analysis is included into numerical

results presented inFigs. 9–12. The analysis includes errors and
uncertainties of inlet air temperature and air flow rate. Com-
bined standard uncertainty of air inlet temperature is±0.3◦C
and includes uncertainty in thermocouples calibration proce-
dure and errors due to non-uniformity of inlet air temperature.
Combined standard uncertainty of air flow rate is estimated to
±3% of measured air flow rate and includes uncertainty of air
volume flow rate measurement and errors associated with non-
uniformity of air velocity at LHTES inlet cross-section. Error
bars are shown for three different temperatures of each numer-
ical calculation for the most infavourable combination of these
two uncertainties.

From the presented results, it can be seen that the best agree-
ment between the measured and numerical results is obtained
when the apparent heat capacity is calculated from DSC mea-
surements at a heating/cooling rate of 0.1 K/min, which is the
closest to the experimental conditions (as shown inFigs. 7 and 8).

F
fl

ig. 12. Measured and modelled PCM temperatures in the melting process: (
ow rate 108 m3/h; (1B) sphere in the centre of the 16th row; (2B) sphere at sto
1A) sphere in the centre of the 16th row; (2A) sphere in the centre of the 35th row, air
rage wall in the 35th row, air flow rate is 215 m3/h.
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FromFig. 9, which shows the solidification process, the influ-
ence of the peak temperature on the agreement between the
results can be seen. The air outlet temperature stays almost con-
stant during the solidification process. This is because the shape
of the apparent heat capacity function is markedly asymmetri-
cal. When the other two functions for the apparent heat capacity,
with different peak temperatures, are used, the deviation between
the experimental and the numerical results is greater, and also a
poorer agreement for the duration of the solidification process
is achieved. Similar conclusions can be drawn from a compari-
son of the paraffin temperatures. InFig. 10, all three measured
temperatures and the temperatures from the numerical results
for that location are shown. The best agreement is achieved
when using an apparent heat capacity determined at a cool-
ing rate of 0.1 K/min. During the melting process presented in
Figs. 11 and 12, the deviations are much smaller for the temper-
atures and also for the duration of the process.

Error propagation analysis shows that experimental errors
could not alter the conclusions drawn fromFigs. 9–12but further
improvement of apparent heat capacity function is necessary.
According to the measurement results, the accurate peak tem-
perature seems to be a bit higher (Figs. 9 and 10), aproximately
22.3◦C.

6. Conclusions
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cially important for applications similar to the one presented
here, where the rate of temperature change is small. The PCM’s
thermal properties should therefore be determined and quoted
for heating and cooling rates that are similar to the actual rates
of the temperature change in the application.

Unfortunately, our application does not enable an experimen-
tal verification at a higher rate of temperature change; therefore,
the validity of the established functioncapp(T, θ) could not be
proved for a wider range or to verify doubts about the DSC mea-
surements[17]. This will be the subject of our future research
activities.
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