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Abstract. Heat accumulators are widely used to store and further utilize heat
energy from solar collectors, heat pumps and other renewable energy sources. In
this case, materials with phase or chemical transformations may be used. This
makes it possible to significantly increase the accumulation of heat energy per
unit mass of the heat storage material compared to the batteries on solid and
liquid materials. To increase the efficiency of materials with phase transfor-
mations, fillers are used in the form of nanoparticles having a high coefficient of
thermal conductivity. This paper presents the results of numerical modeling and
experimental study of the influence of nanoparticles on the processes of heat
energy accumulation in paraffin. The influence of geometric dimensions, con-
centration and thermophysical characteristics of nanomaterials on the processes
of heat energy accumulation during paraffin phase transformations is investi-
gated. Thermophysical properties of composite materials were investigated by
optical spectroscopy. In experimental and numerical studies, the dynamics of
melting processes of accumulating material with nanoparticles near cylindrical
heat sources have been studied. A comparative analysis of heat-accumulating
materials in the presence and absence of nanoparticles was carried out.

Keywords: Heat transfer - Phase transformations - Heat-accumulating
material + Nanoparticles - Numerical modeling + Optical spectroscopy methods

1 Introduction

The limitation of traditional fuel and energy resources (gaseous, liquid and solid fuels),
as well as the negative impact of their combustion products on the environment, testify
to the necessity of creation and practical using of combined power supply systems for
consumers, including alternative one’s sources of energy.

The problem of the transition from traditional to alternative sources of power
supply for industrial consumers and housing or communal services has been researched
in [1-3]. It is noted that the most universal for autonomous energy supply systems, in
terms of energy potential and the possibility of its public use is solar power. However,
as is known, the use of this energy is complicated by the stochastic nature of its receipt,
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which results in the need to ensure the continuity of these systems. The latter can be
achieved both by incorporating traditional power sources into them and using different
types of energy accumulators. Therefore, from all considered variants of schemes of
power supply of consumers, the most interesting is the variant of complex energy
supply of the consumer both from the external electrical network, and from the sources
of solar energy with the possibility of accumulation of thermal and electrical energy.

Of all types of existing designs of heat accumulators, heat storage accumulators
with phase or chemical transformations of accumulating material are the most
promising. They allow to provide high density of accumulated energy and stable
temperature at the exit from the heat accumulator.

A number of authors [4, 5] analyzed the different methods of heat accumulation,
which showed that one of the promising directions is the use of heat accumulators of
periodic action, based on phase or chemical transformations of accumulating material.
In accumulators of this type there per unit of mass and a stable temperature of the
coolant at the outlet of the heat accumulator. Detailed information on the processes of
heat and mass transfer occurring during phase transformations of the accumulating
material is given in sources [4—14]. The analysis of the conducted researches shows
that in order to increase the efficiency of heat accumulators, it is necessary to intensify
the processes of heat and mass transfer during ‘“charge” and “discharge” of these
accumulators, as well as to reduce heat losses when storing thermal energy [6—11]. One
of the most important directions for improving efficiency of the heat accumulators
based on the principle of phase transformation is to improve the thermal storage and
conductivity properties of the heat-accumulating materials. This in turn achieved by
using of nanoparticles [15-17]. But, notwithstanding this, a number of questions
regarding the thermophysical properties, concentration, type and size of nanoparticles
in the composite phase change material (PCM) remain insufficient investigated. Hence
one can important to carry out numerical and experimental studies of heat accumulation
processes in PCM contains a fillers in the form of nanoparticles with a high coefficient
of thermal conductivity.

2 Analysis and Methodology

The system of complex energy supply of consumers from the energy of traditional and
alternative sources with the use of electric and thermal accumulators is proposed. It is
based on the use of solar energy and/or electrical power with the possibility of accu-
mulation of its excess in accumulators of electric and thermal energy of the improved
design. The application of this system is envisaged in places where the solar energy
converters are the main source, and the electrical network is auxiliary. Figure 1 shows
the functional diagram of the proposed system of integrated energy supply of
consumers.
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Fig. 1. Block diagram of the system of integrated energy supply of consumers with energy
accumulators.

The system consists of three main units: PGU — power generation unit, AU —
accumulator unit and TEGU - thermal energy generation unit, which includes: pho-
tovoltaic converter panels (PCP) that convert solar energy into electrical energy for
load needs (L), the electrical network (EN), the connection of which occurs in periods
when the energy generated by the PCP is not sufficient for the needs of L, at the
conditions of full discharge of the accumulator unit (AU). The transformation of the
voltage of the PCP from a constant to a variable is carried out using the inverter (I), the
reverse — rectifier (R). When increasing the level of solar activity, in order to avoid
recharge of accumulators, the system provides a controller of charge (CC) from pho-
tovoltaic converter panels and a charge regulator (CR) from the electrical network. To
switch off/on the system from/to the electrical network in the system provides a
switching element (SE). Transmission of energy from generating sources to the con-
sumer is carried out through distribution equipment (DE). For the accumulation of
electric energy in the system, it is proposed to use two groups of electrochemical
storage accumulators. In this case, each accumulator unit is connected alternately to the
voltage rectifier of the electrical network or to a photovoltaic converter panel for
charging them and to the voltage inverter — for power supply to consumers in such a
way that one accumulator unit always has a maximum charge (=100%) and was ready
for the backup power of consumers. In a separate block, a group of consumers is
allocated (circulating pumps, heat storage backup heat sources), which constitute the
load of their own needs (LON) of the proposed system.

The system also includes an automatically controlled ballast load (BL) designed to
dispose of the potential excess power generated by the PCP. As BL uses, in addition to
the accumulator unit, the system of additional heating of the heat exchange surface of
the heat accumulator (HA) of the improved design. The connection of the latter allows
both the intensification of the accumulation process and the accumulation of surplus
generated electricity in it, thereby turning it into heat. But, under conditions of high
cloudy, in the transition and heating periods there is no excess energy, then the sys-
tem’s operation goes into its consumption, not generation. In this case, the heat energy
deficit is covered by the inclusion of the solid-fuel boiler (SFB) system, and the electric
- from electrical network. Another one source of heat energy in TEGU can be solar
collector system (SCS) which connected with HA by buffer vessel (BV).



12 I. Antypov et al.

With a view to improving efficiency of the thermal energy generation unit, an
analysis of existing structures of heat storage devices [18—22] was carried out. Owing
to conducted analysis by using the package COMSOL Multiphysics 3.5a., a new
axonometric model of the accumulator (see Fig. 2a) proposed for the storage of heat
based on the phase transition of heat-accumulating material [23, 24]. Moreover,
numerical simulation and investigation of processes of hydrodynamics and heat
transfer in the experimental module of the developed heat accumulator (see Fig. 2b)
during phase transformations of accumulating material have been carried out. As a
result, the basic regularities of the investigated processes are found and recommen-
dations on the choice of the geometry of the location of heat sources inside volume of
the heat accumulator are given in source [24].

Fig. 2. Axonometric view of the model of heat accumulator (a): 1 — frame; 2 — end cap; 3 —
sealing; 4 — tube bundle; 5 — movable frame; 6 — sensors grid, and general view of the
experimental module (b): 1 — collapsible case; 2 — end cap; 3 — distribution collector; 4 — tube
bundle; 5 — thermal insulation panel

In the proposed design of the developed heat accumulator, the coolant moves in the
system of heating tubes which can emit or absorb the heat energy that is accumulated or
taken from the accumulating material. As the heat-accumulating material chose Paraffin
T3 with a phase transition temperature Ty = 54—56 °C which is wide spread applied
PCM with nontoxic and noncorrosive properties. Nevertheless, utilization of it limited
to its low conductivity. One of the perspective method to enhance the thermal con-
ductivity of paraffin based PCM is uses of high conductivity nanoparticles.

Researches of the influence of micro- and nanoparticles of metals on the intensity of
processes of phase changes of pure and composite paraffin was carried out on a
developed experimental installation (see Fig. 3). It consists of two identical experi-
mental modules, one of which is to be imbued with pure paraffin T3, and the second
one is to be filled with the same material and nanoparticles with a high coefficient of
thermal conductivity. As the example of that material, micro- and nanoparticles of
copper are proposed to be used. It must be italicized that the plant is additionally
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equipped with a cylindrical heat energy source having a power of 1.5 kW, a laboratory
autotransformer, a gauging set and equipment for temperature measuring purposes
using thermo-couples placed on the surface of the heat energy source and in the volume
of paraffine.

Fig. 3. General view of the experimental installation: (a) experimental modules with pure
paraffin T3, (b) experimental modules with composition of paraffin T3 and nanoparticles with a
high coefficient of thermal conductivity, (c) arrangement of thermocouples on a “temperature
grid” installed into experimental module

For the measuring temperature procedures, carried out on the surface of a cylin-
drical heat source, the K-type thermocouples are used. Furthermore, in the control
process of temperature fields directly in the PCM volume, 5-way thermocouples are
involved creating the so-called “temperature grid” (Fig. 3c). This “grid” was executed
in the form of a frame with fixed thermocouples on it and placed inside the modules.
This allowed us to trace the dynamics of temperature fields in the volume of PCM of
the experimental modules.

To determine the influence of temperature and impurities on the structural trans-
formations of PCM experimentally, a spectroscopy technique (Raman spectroscopy) is
utilised, which is a non-destructive method for the reflection of crystallization pro-
cesses for the analysis of thermodynamic properties. The thought is particularly being
given to using pure paraffin as an initial material.

Computer numerical simulation was performed for pure paraffin T3 and paraffin
with metal nanoparticles. The mathematical model of heat and mass transfer processes
in the phase transformations of the accumulation material includes the Navier-Stokes
equation and the convective heat transfer equation with the use of the package of
applications COMSOL Multiphysics 3.5a.

3 Results and Discussion

Experimental studies have shown that the distribution of metallic micro- and
nanoparticles in the volume of the main substance depends on the size of the particles.
In composite materials having fractions of nanoparticles of 0.2 mm or larger, the
particles were noticed to be settled on the bottom of the chamber after paraffin melting.
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As a result, this issue initiated their alleviation effect on the processes of heat accu-
mulation in accumulators. Therefore, in this work, experimental studies were carried
out on metallic nanoparticles that did not have a sedimentation effect.

For studying the melting processes and the dynamics of temperature distribution in
PCM, experimentally based studies (Fig. 2 and 3) were successfully performed. They
were carried out with more precision and certainty laboratory conditions for pure
paraffin and paraffin with copper filler with a fraction size of 0.07-0.1 mm (volume
ratio 20:1). As a result of the performed experimental studies of transfer processes
during phase transformations of pure and composite paraffin, dependences of tem-
perature indices of HAM on time were obtained. The data analysis process of the
obtained dependences indicates an increase in temperature throughout the volume in
the presence of copper fraction compared with pure paraffin, which averaged 4-6%.
This fact indicates an increase in the thermal conductivity of composite paraffin with
copper nanoparticles.

Result of numerical simulation, the temperature distributions in the volume of
accumulative material for pure paraffin and paraffin with copper filler can be visually
presented in Fig. 4. As shown by the analysis of the obtained distributions, the aver-
aged temperature indices in the composite PCM as being 6-9% higher than those in
pure paraffin, which correlates with the data obtained in experimental studies.
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Fig. 4. Temperature distributions in volume of PCM: a - pure paraffin; b - paraffin with copper
nanoparticles

In addition to numerical and experimental investigation of the processes of heat
accumulation mentioned earlier, proposed heat accumulator application analysis for the
system of integrated energy supply of consumers from the energy of traditional and
alternative sources with the use of electric and heat accumulators. The number of
photovoltaic converters (at a base power of one module of 100 W) is calculated, which
is necessary to cover the load of consumers from 500 to 10000 W depending on the
period of the year. Average duration of work lasting during the day 8—12 h. The results
of calculations are presented in Fig. 5.
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The probable duration of uninterrupted power supply of consumers is determined.
For example, from two 12-V groups of accumulators, at an active power of consumers
from 500 to 2000 W and the temperature of the electrolyte accumulator: +20... =20 °C.
The nominal capacity of one accumulator belonging to each group is 100 A-h. The time
of continuous supply of consumers (Fig. 6a), capacity consumption and the “discharge”
of the heat accumulator (Fig. 6b) are determined. These values are calculated depending
on the load capacity and the number of m heat accumulators in the group from 2 to 4 pcs.
In addition, the magnitude of the power “discharge” is determined depending on the
temperature of the electrolyte and the degree of “charge” of the heat accumulator.
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Fig. 6. The ratio of the duration of the discharge (a) and the coefficient of “discharge” (b) of the
accumulator unit depending on the power of consumers

It has been established that in order to ensure efficient operation of autonomous
power supply of consumers with a nominal electric power of 2000 W for 24 h and a
peak (up to 2 h) with a power of 5000 W, the system should consist of a photovoltaic
panel with an active area of heliopoles of 7,7-8,9 m? and 12 V accumulator of electric
power with a nominal capacity of 315-365 A-h, and with a thermal power of 700 W
load - from a solar collector area of 4.5-5.8 m? and one accumulator of heat of phase
transition with a power of 8 kW.
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4 Conclusion

1. The main variants of construction of existing systems of combined power supply
of consumers, among other things, from alternative sources of energy are analyzed.
The low efficiency of using their power and the high cost of the unit of energy
received is revealed. As a result, the system of complex energy supply of consumers
with the use of alternative sources and combined energy accumulators was pro-
posed. It is effective for use in various climatic zones.

2. Experimental and numerical investigations have proved the feasibility of using
metallic micro and nanoparticles of high thermal conductivity to intensify the
process of phase changes in pure paraffin and increase the efficiency of heat
accumulators.

3. For the proposed system of integrated energy supply of consumers, initial data on
the choice of effective parameters of its component composition is obtained,
depending on the climatic conditions of the accommodation and capacity of the
domestic consumer. It has been established that in order to ensure efficient operation
of autonomous power supply of consumers with a nominal electric power of
2000 W for 24 h and a peak (up to 2 h) with a power of 5000 W, the system should
consist of a photovoltaic panel with an active area of heliopoles of 7,7-8,9 m* and
12 V accumulator of electric power with a nominal capacity of 315-365 A-h, and
with a thermal power of 700 W load from a solar collector area of 4.5-5.8 m* and
one accumulator of heat of phase transition with a power of 8 kW.
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