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Abstract

We have studied a high temperature storage heater containing an inorganic salt
based composite phase change material (CPCM) for electrical load shift and opera-
tion cost reduction. The storage heater consists of CPCM modules with embedded
electrical elements for charging at off-peak hours and flow channels for discharging
the stored heat in a controlled manner when needed. The flow channels are for heat
transfer fluid (HTF, air in this work) to exchange heat with the CPCM modules and
transport the heat to the heating space. A series of experiments are carried out to
study the charging and discharging behavior of the storage heater. The effects of
the flow channel arrangements between the CPCM modules, and the heating ele-
ment arrangements inside the heater are studied. A mathematical model is also
developed to investigate the performance of the storage heater with a focus on the
performance comparison of the storage heater filled with the CPCM and that with
the ferric oxide bricks (the conventional sensible heat storage material), and the
evaluation of temperature control strategy for the CPCM based storage heater. The
results show that a charge of 8 hours of the storage heater during the off-peak
period is sufficient to supply heat for the whole day under the conditions of this
work. The flow channel arrangements have significant influences on the storage
heater performance in terms of temperature distribution of the CPCM modules and
HTF outlet temperature, and the efficiencies of the charging and discharging pro-
cesses. An interlaced arrangement of CPCM modules in the heater can effectively
reduce the temperature swing (eg, between 21.7°C and 22.5°C over a day) and
hence improve the room thermal comfort level. The results also show that the
CPCM based storage heater gives a superior performance than the ferric oxide
based storage heater. Given the storage volume, the power rating, and the amount
of stored heat, the mass of the ferric oxide based storage heater is more than 1.6
times that of the CPCM based storage heater. Given the mass and power rating, the

heat storage capacity of the CPCM based heater is nearly 68% higher than that of
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1 | INTRODUCTION

The inefficient utilization of traditional fossil energy related
combustion for winter heating has caused serious environ-
mental pollution in all over the world. It is reported that
nearly 10% of global total ambient PM, 5 (from both primary
PM emissions and secondary PM formation) comes from
residential heating stoves and boilers in which most of the
emissions are from household coal burning for space
heating.' Electricity, as a clean energy source especially
when produced from renewables such as wind, solar, and
tide energy has almost no additional emission and is envi-
ronmentally friendly, has been shown to be able to replace
coal burning stoves for space heating. However, the large-
scale consumption of electricity presents significant chal-
lenges to the energy networks, leading to the so-called peak
and off-peak periods of power grids. Significant efforts have
therefore been made to meet the peak load and narrow the
gap between the peak and off-peak energy demands.* One
approach that could address this challenge is the use of elec-
trical storage heaters to shift the load from the peak period to
the off-peak period.”® In such devices, electrical energy is
converted to thermal energy and stored in the device during
the off-peak period. During the peak period, the stored ther-
mal energy is extracted by a heat transfer fluid (HTF) by
both radiation and convection (natural and/or forced) using a
fan installed inside the devices. Due to the electricity cost
difference between the valley and peak periods, the utiliza-
tion of electrical storage heaters could also offer significant
economic benefits. This work concerns the design and inves-
tigation of a novel high temperature electrical storage heater
containing an inorganic salt based storage medium for elec-
trical load shift and operation cost reduction.

There are currently two practical technologies for storing
thermal energy in electrical storage heaters. One uses sensi-
ble heat storage materials, such as refractory bricks, struc-
tural cements and rocks, to name but a few, and another uses
phase change materials (PCMs).>"'® One of the merits of
the latter is that PCMs experience a phase transition by
absorbing and releasing heat under an approximately isother-
mal process.''™"® Due to high heat storage density of PCMs,

temperature control strategy

the ferric oxide based storage heater. It is also found that the heat storage perfor-
mance could be enhanced through a temperature control strategy with the tempera-
ture measurement located 15 mm away from the heating elements, for which the

heating elements only need two start-stops over the 8-hour charging period.

composite phase change material, high temperature, inorganic salt, latent heat storage, storage heater,

much smaller sizes and masses are required for a given heat
storage capacity than that uses a sensible storage material,
and hence, a more compact structure can be achieved. Farid
and Chen'* carried out a numerical study on an underfloor
electrical storage heater to evaluate the potential of utilizing
PCM to enhance the floor thermal mass, and they found that
the heater containing a 30 mm PCM layer with a melting
temperature of 40°C was able to provide uniform heating
over the peak period with charging for only 8 hours during
the off-peak period. It was demonstrated that almost
7.2 MJ/m? per day of electricity can be shifted by using such
PCM based electrical storage heater. Later, Farid and
Kong'? reported another underfloor electrical storage system
with encapsulated CaCl,.6H,O as the PCM, and their results
showed that the heat storage device was able to provide the
floor surface a desired temperature of 24°C throughout the
peak period after the heating was stopped. Wang et al.'®
developed a high temperature electrical storage heater using
an Al-Si alloy as the PCM. The alloy was encapsulated in a
clay and ceramic container to resolve the leakage problem.
During off-peak period, the PCM was heated by two electri-
cal heating components. During the peak period, air was
used to extract the heat of the alloy based PCM. Their results
indicated that the heater was able to provide a stable heat-
releasing rate and meet the thermal comfort demand. Due to
the high heat storage density of PCM and low operating
cost, the heater could be an economical option for domestic
space heating. Recently, Wang et al.” performed an experi-
mental study on a PCM based electrical storage heater using
flat micro-heat pipe arrays with a paraffin wax as PCM and
air as HTF. Electric power of a range of 0.2-2.04 kW was
supplied to the PCM based storage heater. They found that
the heater could shift electricity from peak to off-peak time
effectively with charging and discharging efficiencies of
97% and 98%, respectively.

Clearly, the conventional solid-liquid PCM based electri-
cal storage heaters require encapsulation to avoid leakage
issues, which has been shown to be able to extend the
lifespan of the PCMs in storage devices. However, there are
other issues such as low thermal conductivity PCM, shape
stabilization, corrosion, and increased cost due to the
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encapsulation. These challenges largely limit their large-
scale commercial and industrial utilization. Recent investiga-
tions have demonstrated that the utilization of form-stable
composite phase change material (CPCM) is able to address
the PCMs related problems.'”'® A CPCM usually consists
of a PCM for heat storage, a ceramic skeleton material
(CSM) for shape stabilization and a thermal conductivity
enhancement material (TCEM) for heat transfer enhance-
ment. Such an approach has been shown to give an outstand-
ing combination of thermophysical and mechanical
properties.'** However, little work has been found on the
use of the CPCM in the design of electrical storage heaters.
Lin et al.>*** proposed an underfloor electrical storage sys-
tem containing a shape-stabilized CPCM made of paraffin
(PCM) and polyethylene (CSM) with a mass ratio of 75:25.
Their results showed that the electrical storage heater could
provide a uniform indoor temperature while shifting over
50% of the total electricity consumption from the peak
period to the off-peak period. Zhou et al.?® numerically stud-
ied a shape-stabilized CPCM based hybrid heating system.
Using the same materials to Lin et al.,” a direct gain passive
solar house with CPCM plates as the inner linings of walls
and the ceiling was built and evaluated. Their results showed
that the employment of CPCM apparently enhanced the
indoor thermal comfort level and nearly 12% of total elec-
tricity consumption can be saved throughout the winter
period.

In the present work, a novel high temperature electrical
storage heater containing an inorganic salt based CPCM is
proposed and investigated. The storage heater is designed to
consist of CPCM modules with embedded electrical ele-
ments for charging at off-peak hours and flow channels for
discharging the stored heat in a controlled manner. The flow
channels are for HTF to exchange heat with the CPCM mod-
ules and transport the heat to the heating space. A series of
experiments are carried out to study the charging and dis-
charging behavior of the storage heater. The effects of the
flow channel arrangements between the CPCM modules,
and the heating element arrangements inside the heater are
studied. A mathematical model is also developed to investi-
gate the performance of the storage heater with a focus on
performance comparison of the storage heater filled with the
CPCM modules and that with the ferric oxide bricks (the
conventional sensible heat storage materials), and the evalu-
ation of temperature control strategy for the CPCM based
storage heater. The paper is organized in the following form.
First, the design of electrical storage heater, and experimen-
tal methods and procedure are presented in Section 2. The
experimental results including the effects of the CPCM mod-
ule arrangement on the temperature distribution and thermal
cycling performance as well as charging and discharging
efficiency of the heater are discussed in Section 3, followed
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by numerical modeling description on the CPCM based stor-
age heater in Section 4. Focuses are then on the comparison
between the CPCM based heater and the conventional stor-
age heater, and also the temperature control strategy within
the heater in Section 5. Finally, concluding remarks are
given in Section 6. The results presented in this work show
that the new electrical storage heater containing high temper-
ature CPCM exhibits good performance and is sufficient to
provide reasonably wuniform heating throughout the
whole day.

2 | DESIGN OF CPCM BASED
ELECTRICAL STORAGE HEATER
AND EXPERIMENTAL PROCEDURE

The design of the electrical storage heater is based on a mod-
ule configuration of the CPCM. Figure 1 shows schemati-
cally the CPCM modules and their arrangement within the
heater. Two rectangular CPCM modules are used as shown
respectively in Figure 1 (a) and (b). The width and height of
the two modules are respectively ~118 and ~45 mm;
whereas the length of the module (a) is ~233 mm, which is
two times that of the module (b). Both the modules have a
recessed horizontal rectangular channel which defines the
HTF flow passages and heating elements locations. In addi-
tion, there is a cylindrical HTF flow channel across the two
modules. The CPCM modules are stacked into three vertical
columns inside the heater so that the HTF can flow through
the modules via the cylindrical channels, absorbing or
releasing heat as illustrated in Figure 1. The thermophysical
properties of the CPCM are characterized for density
(Dilatometer, DIL 806, TA Instruments, UK), thermal conduc-
tivity (LFA 427, NETZSCH, Germany), and phase change
point, specific heat capacity and latent heat (DSC, QMS 403D,
NETZSCH, Germany). Table 1 summarizes the results.

There is an important criterion that should be considered
when designing the electrical storage heater the amount of
the CPCM modules should be sufficient so that the heat
stored during the off-peak period (~8 hours) is able to keep
the indoors temperature above or close to the desired tem-
perature of ~18°C during the rest of ~16 hours. Hence,
according to the heat storage density of the CPCM given
above, the total mass of CPCM required is ~50 kg, which
corresponds to ~20 pieces of module (a) and ~10 pieces of
module (b) in total within the heater as showed in Figure 1.
The detailed structure of the electrical storage heater is illus-
trated in Figure 2. The enclosure had outside dimensions of
~860 mm in length, ~620 mm in height and ~200 mm in
width. Five sets of U-type electrical heating elements with
the diameter of ~5 mm and total power of ~2.4 kW are
placed in the recessed horizontal cuboid channels which are
used to heat the CPCM modules and HTF. These heating
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TABLE 1 Thermophysical properties of CPCM and insulating materials
Carbonate Ceramic Graphite Vermiculate Nano-materials

Thermal-properties salt material material plate plate

Density (kg/m?) 2000 3580 1800 2400 2200

Thermal conductivity (W m~' °C™") 2 3 129 0.035 0.032

Heat capacity (k] kg™! °C™") 1.35 0.88 0.66 1.08 0.8

Melting heat (kJ/kg) 340 - - > -

Melting point (°C) 620 - - - -

elements come not directly into contact with the CPCM
modules and heat the modules through thermal radiation. A
blower and controller are located at the left corner of the
heater for controlling the convective flow of the air through
the internal passages formed by the stacked CPCM modules.
For reducing heat loss and ensuring safety two insulating
layers, each 30 mm thick, consisting of, a vermiculate
plate, and a nano-materials plate (see Figure 2). The
thermophysical properties of these two insulating materials
are listed in Table 1.

Figure 3 shows a schematic diagram of the experimental
system that used in this work, which consists mainly of
a temperature controller, the electrical storage heater and a
data acquisition unit. The data acquisition unit has 10 K-type
thermocouples (TC Direct, UK), a compact DAQ chassis
(cDAQ-9172, National Instruments, UK), and a temperature
module (NI-9211, National Instruments, UK) interfaced to a
PC with a LabView programme (see Figure 3A). Eight ther-
mocouples of T1-T8 are used to monitor the temperature of
the CPCM modules which are inserted 20 mm into the mod-
ules from their sidewalls along the x-axis direction. The ther-
mocouple T9 is for measuring the temperature of the

electrical heating element. Another thermocouple (T10) is
used to monitor the outlet temperature of the heater (see
Figure 3B). In a typical experiment, the velocity of the air is
kept at 0.01 m/s for both the charging and discharging pro-
cesses. Prior to the test, the heater is warmed up until the
inside average temperature reaching to around 100°C. The
heater is first electrically charged for 8 hours in the evening.
Then, the power is turned off automatically and the heater
starts the discharging process during the day. The whole
charging and discharging processes are continued for
24 hours in order to simulate the practical peak and off-peak
space heating process. Note that the discharging process sus-
tains the whole process so that the heater can meet the
heating requirements not only in the peak period but also for
the off-peak period. The experiments are repeated to ensure
the reliability of the results.

3 | EXPERIMENTAL RESULTS AND
DISCUSSION

The arrangements of the CPCM modules inside the heater
affect the performance of CPCM based electrical storage
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FIGURE 2 Scheme of structure of the electrical storage heater. (1) flow blower; (2) electrical heating element; (3) vermiculate insulation plate;
(4) nano-materials insulation plate; (5) CPCM module; (6) air layer; (7) air outlet bail; (8) bracket; (9) shell

(A)

Temperature controller

PC Data collector

Nano-material plate Vermiculite plate

¥

FIGURE 3 Schematic diagram of the experimental system (A) and the temperature measuring locations (B)

heater as different stacking of the CPCM modules gives a
different HTF flow fields and hence different temperature
distributions within the heater. As a result, the effects of dif-
ferent CPCM module arrangements on the thermal perfor-
mance of the heater are discussed in this section. Here three
cases are experimentally tested as shown in Figure 4.

3.1 | Effects of CPCM module arrangements
on the temperature distributions

Figure 5 shows the temperature evolution of the CPCM
modules within the heater for the three different cases both
during the charging and discharging processes. In this set of
studies, the power of the heating elements and the airflow
rate are respectively kept at 2.4 kW and 0.01 m/s. One can
see clear inhomogeneity in the temperature distributions of
the CPCM modules for all three cases, demonstrating that
the CPCM module arrangements presents a big effect on the

temperature distribution. The measured highest temperature
in the third configuration is the highest among the three
cases, whereas that the first configuration gives the lowest
maximum temperature, leading to the maximum tempera-
ture difference over ~150°C under this set of charging con-
dition. Look at Figure 5A for the case 1 first, the top
regions heat up faster than the bottom regions and the tem-
perature difference of them increases with time during the
charging process as the temperature rises, and tends to be
lower during the discharging process. At the end of charg-
ing process, only the temperature of the modules at the top
regions (point 1, point 4, and point 6) exceeds the phase
change temperature of ~620°C, indicating a small portion
of phase transition occurred and the heat storage inside the
heater mainly in the form of sensible heat. For the second
configuration, a similar temperature distribution is
observed with the highest temperature in the heater appe-
aring at the top-middle region. The left side of the heater
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FIGURE 4 Three cases of CPCM module arrangements in the heater. (A) case 1, parallel arrangement, (B) case 2, parallel arrangement and

(C) case 3, interlaced arrangement

exhibits a higher temperature than the right side, indicating
a nonsymmetric temperature distribution inside the heater
both during the charging and discharging processes. In the
third configuration, however, it is observed that T1 and T6,
and T2 and T7 all give similar readings throughout the
charging period. This implies that, although the tempera-
ture is unevenly distributed, the interlaced arrangement of
CPCM modules within the third configuration gives a bet-
ter temperature distribution symmetry in the heater. Such
an arrangement leads to the highest maximum temperature
of the CPCM modules inside the heater. As shown in
Figure 5C, the CPCM temperatures at all the measured
points are above the melting temperature and experience
the phase transition except for points 5 and 8 located at the
HTF inlet, indicating that much more heat is stored during
the off-peak period.

From the figure, it can also be seen that the tempera-
ture profiles of the CPCM modules at the bottom region
(points 5 and 7) particularly in the second and third con-
figurations show a clear different trend compared to other
regions. During the charging process, the temperature of
these bricks increases slowly and the heat is stored
mainly by sensible heat, while it decreases quickly as
sensible heat is released due to the forced convection dur-
ing the discharging process. The above observations can
be explained as follows. In the initial stage of charging,
the temperature of heating elements increases rapidly and
transfers the heat to the CPCM modules and the HTF
through thermal radiation and forced convection, respec-
tively. During this period, heat storage occurs mainly in
the form of sensible heat. Due to the large temperature
difference between the modules and the heating elements,
the thermal radiation transfer is more significant than the
convection and hence, dominates the heat transfer. As a
result, the temperature of the modules increases much
quicker than that of the HTF. With the process of the
charging process, the thermal radiation transfer between
the modules and the heating elements is steadily eroded
as the temperature differences decreases. The HTF

temperature keeps increase and starts to transfer the heat
to modules. Over this period, natural convection becomes
more vigorous due to hot air rising and, consequently, the
maximum temperature inside the heater appears at the top
region. At the HTF entrance, the cold air entering the
heater keeps absorbing the heat from the bricks closed to
the fan, leading to the temperature there increases slowly.
This in turn gives a low temperature increase rate of the
CPCM modules near the fan and hence the heat is mainly
stored in the sensible form. During discharge, the power
of heating elements is switched off and the heat transfer
inside the heater is mainly through the forced convection.
Due to the large temperature difference between the
CPCM modules and the entering cold HTF, the module
temperature decreases quickly compared to other regions.

From a practical point of view, the large temperature
swing occurred within the first and second configurations
are not acceptable as it results in the nonuniform heating
inside the heater and hence inadequate utilization of the
latent heat of CPCM modules, whereas the third configura-
tion exhibits relatively uniform temperature distribution and
is considered to be the best option among all the CPCM
arrangements studied in this work.

To quantitatively compare the performance of these three
configurations, a parameter called heat storage efficiency,
defined as the ratio of the stored heat during the charging
process to the total supplied electrical power, is introduced:

é — QCPCM + Qinsulation + Qshell =1- f(;f(TOMI)dt (1)
Pyt Pt

where Qcpcas Qinsutarions and Qgpe are respectively the heat
stored by the CPCM modules, the insulation layers and the
shell. Py is the supplied electrical power and ¢ is the charging
time. Figure 6 shows the variations of the heat stored in the
CPCM modules and heat storage efficiency with time for the
three configurations. It can be seen that both the Qcpcys and
¢ increase with time for the three cases. During the off-peak
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FIGURE 5 Time evolution of temperature distributions with the
different CPCM module arrangements during charging and
discharging. (A) case 1, (B) case 2, and (C) case 3

period, the Qcpcyy in the case 3 is the highest, which can be
as high as ~42.5 MJ, followed by the case 2 at ~38.6 MJ and
case 1 at ~29.8 MJ. The amount of heat stored within the
heater corresponds to the heat storage efficiency for a given

the heating power and airflow rate are kept the same, which
are respectively ~2.4 kW and ~0.01 m/s. One can see that
the first and second configurations show an undesirable
large variation in the temperature distributions and the
heating process has not reached a stable condition even after
an operation for 10 days, suggesting the insufficient heat
storage and varied HTF outlet temperature. This is clearly
shown by the average temperature variation of the CPCM
modules, which results in the CPCM to store the sensible
form of heat for a large part of storage period of 8 hours, as
shown in Figure 7A,B. This can lead to undesirable rise in
both the heater and the indoor temperatures. Figure 7 also
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FIGURE 7 Transient behavior of the heater over the
10 consecutive days of operation at different CPCM arrangements.
(A) case 1, (B) case 2, and (C) case 3

shows that the temperature variation inside the heater can be
reduced significantly by using the third configuration. The
maximum temperature variations in the first and second con-
figurations during the 10 successive days of tests are respec-
tively ~100°C and ~135°C, whereas the corresponding
variation of the third configuration is only ~40°C, as shown
in Figure 7C. During the first charging/discharging cycle,
the maximum temperature in the third configuration is
~860°C since its initial temperature is the ambient tempera-
ture. From the second day, the temperature distributions
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FIGURE 8 The outlet HTF temperature and the heat release ratio
for different CPCM module arrangements

reach a periodic steady state with the maximum temperature
at ~900°C. The slight fluctuation in the maximum tempera-
ture with the third configuration over the 10 days is likely
due to the following two reasons. One is the increased ambi-
ent temperature, especially after the second day, and the
other is the possibility of superheating due to incomplete dis-
charge of the CPCM modules at the end of discharging pro-
cess of each day.

3.3 | Effects of CPCM module arrangements
on the HTF outlet temperature and room
temperature

The time variation of the HTF outlet temperature for these
three configurations is depicted in Figure 8. In all cases,
the heat supplied is fixed at ~2.4 kW and the initial tem-
perature of the CPCM modules is kept at ~100°C. One
can see that the CPCM module arrangements have a great
impact on the HTF outlet temperature of the heater. The
second configuration gives the highest maximum outlet
temperature of ~355°C, which is respectively ~15°C and
~72°C higher than that of the first and third configurations.
Although the HTF temperature during charging with the
third configuration is the lowest, it gives the most closest
heat release ratio during a charging/discharging cycle; see
the inset in Figure 8 where the heat release ratio is defined
as the ratio of the heat released during charing to the total
heat release of the heater:

- (;Fhf(TL»h)dl‘
BT g )de+ [F (T )dt

ten

Nais = 1 —Nen (3)
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where 7., is the charging time; ;4 is the discharging time;
T, is the outlet temperature during the charging process;
T, 1s the outlet temperature during the discharging process.
The above equations indicate that the area under the curves
represents the heat released from the heater, as illustrated
in Figure 8. One can see that, first, the heat release ratio
during the charging process is the highest in case 1, whereas
that in case 3 is the lowest. Second, the first configuration
shows the largest heat release ratio variation during a charg-
ing/discharging cycle compared to other two configurations.
Third, the third configuration gives the closest heat release
ratio among the three configurations. The main reasons for
these observations lie in the arrangement of the CPCM mod-
ules and the locations of HTF flow passage. During charge,
the CPCM modules are mainly heated through radiation by
the heating elements. When flowing in and the cold HTF
first absorbs the heat from the CPCM modules located at the
entrance, followed by heat transfer with the heating elements
and CPCM modules in other regions. Due to natural convec-
tion, hot air rises, leading to the temperature of CPCM mod-
ules at the bottom region lower than that at the top region.
Thus, the heated HTF will transfer the heat to the bottom
CPCM modules before going out, leading to a reduced tem-
perature decreases during process. As a result, before the
bottom region modules are fully charged, the temperature of
HTF at the outlet is always lower than that of CPCM at the
bottom region. During discharge, the heating power is
switched off and the heat released is through force convec-
tion from the modules to the HTF. Among the three cases,
the interlaced arrangement of the CPCM modules in the
third case gives the longest residence time of the HTF
in the heater and hence the largest heat transfer area
between the HTF and the modules for a given HTF veloc-
ity. Thus, the highest heat transfer rate could be achieved
inside the heater, leading to the most heat stored/released
during charging/discharging.

Figure 9 shows the time evolutions of the room tempera-
ture for the three different CPCM arrangements during a
charging/discharging cycle. The room area is ~16.56 m* for
case 1, ~20.16 m? for case 2, and ~20 m? for case 3. The
power of the three cases is set as ~2.4 kW, for charging
8 hours from 10 pm to 6 aM. This provides a total heat of
~19.2 kWh, which should be sufficient to provide reason-
ably uniform heating over the whole day and keep the room
temperature above ~18°C. One can see, however, that the
room temperature of the case 1 shows a significant variation
with the temperature varying between ~13.8°C and ~18.1°C.
Such a large temperature swing is not acceptable. With the
second configuration, the temperature variation is still high,
although the room temperature can be maintained in the
desired range for most of the time. The use of the third con-
figuration can reduce the temperature swing and enhance the

Case 3 (Tm=22.23°C)
~

b

Case 2 (Tm=19.44°C)
o
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Case 1 (Tm=15.63°C)
.
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12 ! 1 ! 1 1 1 1 1
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FIGURE 9 Variations of the room temperature with time for
different CPCM module arrangements during a charging/discharging
cycle

room thermal comfort level as illustrated in Figure 9, which
shows that the room temperature varies between ~21.7°C
and ~22.5°C over a day. Comparing the results illustrated in
Figures 5 and 9, one could conclude that large variations in
the room temperature are often accompanied by a large tem-
perature variation inside the heater. Therefore, one needs to
avoid such a variation to achieve uniform heating and effi-
cient utilization of the latent heat storage of the CPCM
modules.

4 | MATHEMATICAL MODEL FOR
THE ELECTRICAL STORAGE
HEATER

Due to the limitation and long period of the experimental proce-
dure, it is difficult to monitor the temperature evolution of every
point and moment, and evaluate the heater performance under
every desired condition. Therefore, this section presents a com-
plementary numerical study using a mathematical model that
describes the transient heat transfer behaviour of the heater. The
data form the modeling can be used to assess the performance
of the heater. The third configuration with the interlaced
arrangement of the CPCM modules is selected for the model-
ling, which has been demonstrated to be the optimal case stud-
ied in this work. The mathematical model is first validated with
experimental data, followed by further modeling to compare the
storage heater filled with CPCM and that of ferric oxide
(FO) modules. The modelling results are also used to develop a
temperature control strategy for the heater.

4.1 | Physical model and numerical modeling

Shown in Figure 10A is the schematic diagram of the compu-
tational model for the electrical storage heater, where the outer
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FIGURE 10 The physical model (A) and computational mesh (B) of the electrical storage heater
steel shell is not considered for simplification of the model. Momentum equation:
Due to the symmetry of the computational domain, only half
of the geometry is modelled. The dimensions of the heater I purrunrr) < OPurr )
used in the modelling are the same as the experimental work ot + V-V ourpurr) = = ox T HHTF Viunrr
for relevance, and the thermoproperties of storage and insula- (5)
tion materials used in the modelling can be found in the previ-
ous section. a( P
PHTFVHTF) | Purr
The enthalpy-porosity approach is employed to model the % +V-Vpurevure) = — 8—y + eV virr
phase transition process in the heater. For further simplifying (6)
the mathematic model, the following assumptions are made:
1. The volume change of the CPCM module during phase M +V
transition is neglected due to the stabilization of the Jt IP
27,28 N pprwarr) = — —F 4 Vwirr — ( —po)
structure. PHTFWHTF Iz HuTF HTF — \PHTF —P0)8
2. The CPCM module is considered as homogeneous and (7)
isotropic.
3. The heating element and CPCM module surfaces are E .
o ; o . nergy equation:
treated gray and diffusive with emissivity and absorptiv-
ity independent of the wavelength. According to P T
Kirchoff's law,*® the emissivity is assumed to be equal to (Prrrre C”(’QH 1T r) +V
the absorptivity. !
rpUvLty “V(purrcp,nrrTurr) = V2 (kure Trrr) (8)

4. The HTF is regarded as transparent and its thermal radia-
tion is not taken into consideration.”**

According to the above assumptions, a three-dimension
numerical model is established with the phase transition of
the CPCM modules coupled with HTF heat transfer inside
the heater. The governing equations including continuity,
momentum, and energy equations for both the HTF and
CPCM are given as follows.

For the HTF:

Continuity equation:

IPpurr AN
o +V- (pHTFV> =0 (4)

where u, v, and w stand for the HTF velocities along the x,
v, and z axes, respectively. ¢ is the time, Pyry is the HTF
pressure. ugrr is the HTF viscosity. pgrr is the HTF density.
po is the reference density. ¢, g7 and kyry are respectively
the HTF heat capacity and thermal conductivity.

For the CPCM:

Based on the above assumptions, the energy equation of
the entire CPCM region, where the thermal conduction is
regarded as the dominant heat transfer mode, can be formu-

lated as?”%%:

JH
Pcor =kcVPTc+S, 9)
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where pc and k¢ represent respectively the CPCM effective

density and thermal conductivity. H is the specific enthalpy
including the sensible enthalpy (%) and latent enthalpy (SL).
p is the liquid fraction determined by the following Equa-
tion (10), which is zero in the entire solid PCM zones, one
in the entire liquid zones, and between zero and one in the
mushy phase zones.

0if Tc<T,
TC_TS‘.
= ~if T, <Tc<T 10
B T,—T, ifT,<Tc<T, ( )
Lif Te>T,

The S, in the Equation (9) is an energy source related to
the thermal radiation. In this work, the surface-to-surface
(S2S) based radiation model?®%’ is adopted to estimate the
radiation in the heater with HTF assumed to be transparent.
Given a surface i, the leaving heat flux consisted of two
parts, directly emitted heat and reflected heat. The reflected
heat flux is associated with the incident heat flux coming
from the surroundings, and can be expressed in terms of
leaving heat flux from all other surfaces. The leaving heat
flux from the surface i can be written as:

out,i =80T} @i, (11)

where §; and ¢; stand for the emissivity and the reflectivity,

respectively. o is the Stefan-Boltzmann constant, T is the
temperature, and g;,_; is the incident heat flux on the surface
i coming from other surfaces.

The incident heat flux on a surface, i, from another sur-
face, j, is related to the S2S view factor, ¥;;. This factor is
the ratio of heat flux leaving surface j that is incident on sur-
face i. The incident heat flux, g;,, ; can be expressed by the
heat flux leaving all other surfaces as:

M
Aiini =Y Aillour, i (12)
i=1

where A; is the surface area of i. For multiple surfaces, M,
the following relationship can be used:

Aj‘Pji=Ai‘P,-j,forj=1,2,3, ...... M (13)

Combining Equations (13) and (12) yields:

M
qin,i = ZTU ('Iout, J (14)
i=1

ENERGY STORAGE ERVVA N SVl Bl

Using Equation (14), Equation (11) can be trans-
formed to:

M
qout,izéiGTi—i_q)iZlPij Dout, j (15)
j=1
The ¥;; can be determined by:
1 cos0; coso;
AiA;

where 6 stands for the angle between the normal and the

connecting center line of the two surfaces. r stands for the
distance between the two radiation surfaces. @;; can be deter-
mined by the visibility of dA; to dA;. ®;=1 for the case of
dA; is seeable to dA; and O otherwise. Solution to Equa-
tions (15) and (16) gives the radiation heat flux for each sur-
face in the computational domain.

4.2 | Correlations of effective
thermoproperties for the CPCM

As mentioned in Section 2, the CPCM is composed of three
ingredients of a PCM, a TCEM and a CSM. A number of
theoretical correlations have been developed to predict the
effective properties of this composite.”>** One commonly
used approach is to regard two of components as a new
material, which is then mixed with the third component.
Here, the PCM and TCEM mixture is treated as the new
material that is embedded into the micro-porous structure of
the third component (CSM). Therefore, the effective the-
rmoproperties can be determined as the properties of new
mixture material and CSM.

For the PCM and TCEM mixture, the effective specific
heat capacity, c,,, and density, p,,, can be respectively deter-
h’zs,zs and the effec-

tive thermal conductivity, k,,, can be evaluated by the

mined by the volume average approac

Maxwell model**:

ko _ krcem + 2kpem —2€(kpey — krcem) (17)
kpem  kreem + 2kpem + €(kpey — krcem)

where kpcys and kycgys represent the PCM and TCEM ther-
mal conductivity, respectively. € represents the volume ratio
of TCEM in the PCM and TCEM mixture.

The effective thermal conductivity of the CPCM can be
calculated by using the Zehner-Schlunder's model®'~:
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kCPCle_\/m_i_Zl(1—41)((1—6)Blnl_3+1 B—l)

kp —cB (1_03)2 cB 2 1-cB

(18)
where ¢ = k,,/kcsys, kesar stands for the thermal conductivity
of the CSM. B stands for the shape factor given by>*:

B=a<1;¢>d (19)

where a represents a constant and d is an exponent. In the
work, the following values are adopted: a=1.364 and
d=1055"

The effective density of the CPCM can be estimated by:

pPepem = (1=a)pcsy + ap,, (20)

The effective heat capacity of the CPCM can be deter-
mined by:

ccrem Pepem = (L=a)cesm pesy + ACmpy, (21)

where ccsys and pesyy stand for respectively the CSM heat
capacity and density. a is the volume ratio of the CSM in
the CPCM.

4.3 | Initial/boundary conditions and
numerical procedure

The whole calculation domain is set at a zero velocity and a
temperature of 7| initially, which is the same as the experi-
mental conditions:

Trrr =Tcpem =To.uprr = varr =wrarr =0 (1=0)  (22)

At the inlet of the heater, the HTF velocity and tempera-
ture can be given as:

Turr,in = THTF, exp» UHTF,in = WHTF,in = 0, VHTF, in

=VHTF,ep (1>0)  (23)

At the outlet of the heater, fully developed outflow condi-
tion is considered, and the outlet temperature and HTF
velocity can be given as:

T urr
dz

OWHTF

dz

=0,uprr =vurr =0, =0(t>0) (24)

out out

At the interfaces between the HTF and CPCM modules,
a coupled-wall boundary condition is used:

Tcpem |interface = THTF|interface (25)

Heat loss of the heater is taken into consideration
although it is covered by two insulation layers. Thus, the
boundary condition of the heater outer wall is given as:

aT

- kHTFa_ = hwall(Twall - Tamhient) (26)

wall

where n is outer normal direction of the wall of the heater
and T ,piens 1S the ambient temperature.

All the numerical calculations are performed with the
use of the commercial CFD software of ANSYS Fluent.
A preprocessing software of Gambit is used for generating
mesh. The finite volume approach is adopted for the dis-
cretization of the governing equations. The pressure stag-
gering option (PRESTO) and second order upwind
schemes are respectively employed for solving the pres-
sure correction equation, and the momentum and energy
equations. The semi-implicit pressure-linked equation (SIMPLE)
algorithm is conducted to solve the coupling between the
pressure and velocity. The user define function (UDF) code
is used and interpreted to monitor the temperature and give
feedbacks for manipulating the heat element inside the
heater. Convergence is ensured for each time step with the
criterions being respectively set as 107*,107>, and 107 for
the continuity, momentum, and energy equations.

S | NUMERICAL RESULTS AND
DISCUSSION

The numerical results and discussion are presented in this
section with the grid independence validation being per-
formed first, then the model validation and finally the exten-
sive modelling on the comparison between the CPCM latent
heat based heater and FO sensible heat based heater, as well
as the temperature control strategy within the heater.

5.1 | Validation of numerical models

For the validation of the present numerical model, the grid
sizes and time steps are checked prior to the comparison
with the experimental results. In this work, the uniform
unstructured grid with tetrahedral cells is adopted for mesh
building as shown in Figure 10B. Four different grid sizes of
620 758, 1 050460, 1456 392, and 1902 524 are tested
and the results show that the cells of 1 456 392 is sufficient
to ensure accuracy and reliability of the model without con-
suming additionally computational resources, and hence, is
adopted for the subsequent simulations. Also, five different
time steps of 0.01, 0.02, 0.05, 0.1, and 0.5 second are
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compared and it has been demonstrated that 0.02 second is
enough to achieve the required calculation precision.

The numerical results are compared with experimental
data for model validation as illustrated in Figure 11, which
plot the variations of temperature at point 6 and outlet as a
function of the charging and discharging time. One can see
that a good agreement between the experimental data and
modelling results has been achieved with the maximum
deviation (defined as VT/T;, — Tiisia) X 100%) less than
10% and 12%, respectively for charging and discharging
processes. These results give our confidence in the model.
The deviation is likely associated with the nonuniform distri-
bution of the HTF flow cross all the modules, which is con-
sidered in the modelling. The other reasons may be due to
the prediction model for the effective thermal conductivity
of the PCM and TCEM mixture. The theoretical Maxwell
model present a lower prediction result than the actual value
as it is accurate for noninteracting spherical particles.*® But
in this work, the used TCEM in the CPCM is flake shaped.
In addition, the anisotropy influence on the effective thermal
conductivity induced by flake shaped graphite is not consid-
ered in the theoretical model, which could also introduce the
calculation errors. Besides that, the nonuniform distribution
of ingredients and heterogeneity within the composite may
also result in the deviation. Although every care has been
taken to ensure good during the module fabrication, perfect
mixing of ingredients at the CPCMs module level remains
an engineering challenge.* Such non-homogeneous distribu-
tion of ingredients inside the composite also brings about the
deviation between the modeling and experiments.

5.2 | Comparison between the CPCM based
heater and FO based heater

To illustrate the advantage of the CPCM based electrical
storage heater studied in this work, a comparison with the
sensible heat storage heater is carried out. The commonly
used FO is used for the comparison. The structural dimen-
sions and their arrangements inside the heater as well as the
modeling codes for the FO are the same as those for the
CPCM. The thermoproperties of the FO can be found else-
where.?® Figure 12 shows the comparison of the total heat
stored for the two heaters over the off-peak charging period.
One can see that, for the CPCM based heater, the heat stor-
age involves two main contributions with one coming from
the sensible heat due to the temperature increase and the
other the latent heat due to the phase change. At the begin-
ning of charge, the heat stored is mainly in the sensible form
and the process lasts around ~5 hours. After that, the CPCM
module temperature increases to above the PCM melting
point when the latent heat storage occurs. During the charg-
ing period, the sensible, latent and total heat storage within
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FIGURE 11
modeling results for thermocouple 6 and the outlet temperature as

Comparison between experimental data and

shown in Figure 3B

the CPCM based heater are respectively ~40 376.45,
~6241.16, and ~46 617.61 kJ. For the FO based heater, how-
ever, only sensible heat storage period is seen because of the
lack of phase transition process. The total storage heat
increases linearly with time and reaches ~46 406.82 kJ at the
end of the charging process. These observations clearly indi-
cates the advantages of the CPCM based electrical storage
heater: for a given storage volume, the same power rating
and the same amount of stored heat, the mass of the FO
based electrical storage heater exceeds ~1.6 times than that
of the CPCM based storage heater.

The comparison of the average module temperature and
HTF outlet temperature between these two different heaters
is presented in Figure 13. It can be seen that both the average
module temperature and HTF outlet temperature of the
heater with CPCM are higher than that of the heater with FO
over the entire charging process. This is because of the high
thermal conductivity of the composite PCM modules. Due
to the containment of the CSM and TCEM, the effective
thermal conductivity of the CPCM is largely improved, lead-
ing to a higher heat transfer rate and hence a higher tempera-
ture in the CPCM based storage heater in comparison with
the FO based storage heater. Based on temperature differ-
ence between the two heaters with different materials, it can
be concluded that for the same mass and the same power rat-
ing, the heat storage capacity of the CPCM based electrical
storage heater can be nearly ~68% higher than that of the FO
based heater.

5.3 | Temperature control strategy within the
heater

As discussed in Section 3, although the interlaced arrange-
ment of the CPCM modules within the heater offers the
best performance in terms of heat storage ratio and
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charging/discharging efficiency, the maximum temperature
of the CPCM modules during the charging process can
reach ~890°C, which exceeds the maximum allowable
temperature of the carbonate salt based CPCM (~850°C),
leading to undesirable decomposition of the CPCM in long-
term applications. Therefore, in order to avoid the CPCM
modules from being overheated and decomposed, a tempera-
ture control strategy is essential through which the maxi-
mum temperature inside the heater can be controlled by
manipulating the start-stop of power of the heating ele-
ments. This means that, the heating elements will be
switched off to stop the heating of the CPCM modules when
the highest temperature of the modules exceeds a presetting
safe value (the upper bound), where the heat transfer in the
modules field is mainly dominated by the thermal conduc-
tion and convection with HTF. On the contrary, if the

o Ferrix oxide
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FIGURE 12 Comparison of the heat stored between the CPCM
based electrical storage heater and FO based electrical storage heater
over the charging period. CPCM, composite phase change material;
FO, ferric oxide

modules temperature falls below a lower presetting value
(the lower bound), the power will be switched on to reheat
the CPCM and to ensure the sufficient heat stored within the
heater. For doing so, the upper and lower bounds are respec-
tively set as ~750°C and ~650°C. Three monitoring points,
T1, T2 and T3 at the middle upper region of the heater
(Z = 405 mm) close to the heating elements, are selected for
the investigation since the highest temperature inside the
heater is found to be in this region (see Figure 4). T1 is
located at the surface of the HTF flow passage, and 72 and
T3 are respectively 15 and 35 mm from the HTF flow pas-
sage, as illustrated in Figure 14.

Figure 15 shows the time evolution of the temperature at
the monitor points and the heat flux of heating elements at
the different control cases. One can see clear variations
on the temperature and heat flux inside the heater. In the
case of the point T/ which is nearest to the heating element
is selected as the control position, the maximum temperature
and average temperature inside the heater are respectively
~700°C and ~655.3°C. Although both them are below the
CPCM decomposition temperature, the switch on and off
times of heating elements exceeds eight times within a
charging and discharging cycle. Such a frequent start-stop
could shorten the heating element lifespan. When the point
T3 is used for temperature control, it presents the highest
average temperature inside the heater and also only one
start-stop operation is needed, but the maximum tempera-
ture reaches ~760°C, exceeding the upper bound. For the
control position chosen to be ~15 mm away from the
heating elements (the point 72 illustrated in Figure 14),
both the average temperature (~667.61°C) and maximum
temperature (~721.2°C) within the heater can meet the
requirements with two start-stops observed over the 8-hour
charging period. Moreover, in such a case, the CPCM mod-
ule average temperature is around ~12°C higher than that
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| FIGURE 13 Comparison of the average
150 temperature and outlet temperature between the CPCM

based electrical storage heater and FO based electrical
storage heater over the charging period. CPCM,
composite phase change material; FO, ferric oxide
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figure (A)

of the case of selection of 7/ as the control point, indicat-
ing more heat can be stored at the same charging duration.
These observations suggest the importance of temperature
monitor point selection and the enhancement of the heat
storage performance within the electrical storage heater
could be achieved by regulating the temperature control
strategy.

6 | CONCLUSIONS

This work concerns a high temperature storage heater con-
taining an inorganic salt based CPCM for electrical load
shift and cost reduction. The storage heater consists of

T

CPCM modules with embedded electrical elements for
charging at off-peak hours and flow channels for discharging
the stored heat in a controlled manner when needed. The
flow channels are for HTF to exchange heat with the CPCM
modules and transport the heat to the heating space. A series
of experiments are carried out to study the charging and dis-
charging behavior of the storage heater. The effects of the
flow channel arrangements between the CPCM modules,
and the heating element arrangements inside the heater are
studied. A mathematical model is also developed to investi-
gate the performance of the storage heater with a focus on
performance comparison of the storage heater filled with the
CPCM and that with the ferric oxide bricks, and evaluation
of temperature control strategy for the CPCM based storage
heater. The conclusions are summarized as follows:

1. The CPCM module arrangements have a significant
influence on the storage heater performance in terms of
the temperature distribution of the CPCM modules and
HTF outlet temperature, and the heat storage and release
efficiencies during both the charging and discharging pro-
cesses. For a given working condition, the parallel
arrangements of the CPCM modules present a large tem-
perature swing and a nonuniform heating inside the
heater, and hence inadequate utilization of the latent heat
of CPCM modules, whereas the interlaced configuration
exhibits relevantly uniformed temperature distribution and
is showed the best option for CPCM modules
arrangement.

2. The interlaced arrangement of CPCM modules inside the
heater can effectively reduce the temperature swing and
enhance the room thermal comfort level, demonstrating the
heater operated for 8 hours during the off-peak period is
sufficient to achieve reasonably uniform heating in which
the room temperature keeps almost stable at temperatures
varying between 21.7°C and 22.5°C over a day.

3. The CPCM based storage heater gives a superior per-
formance than the ferric oxide based storage heater.
Given the storage volume, the power rating, and the
amount of stored heat, the mass of the ferric oxide
based storage heater is more than 1.6 times that of the
CPCM based storage heater. Given the mass and
power rating, the heat storage capacity of the heater
with CPCM is nearly 68% larger than that of the heater
with ferric oxide.

4. The enhancement of the heat storage performance in the elec-
trical storage heater could be achieved by regulating the
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temperature control strategy. It is found that the average tem- SUBSCRIPTS

perature and the maximum temperature inside the electrical .

) ch charging process
storage heater could meet the safe and heat storage require-
i ) S d Exponent constant
ments if the temperature monitor position is selected to be . . .
] dis discharging process

~15.mm away from the heating elements. In such a case, inlet value

heatm‘g elem.ents only needs two start-stops over the 8-hour interface  interface between the CPCM and the HTF

charging period. i,j surface number
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a constant value
B shape factor REFERENCES

Cp specific heat, (J/[kg-K])
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