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Abstract: This paper considers a thermal accumulator using phase transition materials as a way to
increase the energy efficiency and maneuverability of nuclear power plants. A low-power nuclear
power plant is the object of this study. Such nuclear power plants have a great potential for widespread
implementation as sources of thermal and electrical energy for facilities of mineral and raw material
as well as fuel and energy complexes located in distant regions. The main principles of development
of low-power nuclear power plants are revealed. So, in the development of low-power nuclear
power plants, experience in the creation and operation of shipboard nuclear power installations
is widely used. The problems of NPP operation in daily maneuvering modes within an isolated
power system are revealed. A method for improving the energy efficiency and maneuverability of
nuclear power plants is proposed, in particular, through the use of thermal accumulators with a phase
change material directly in the NPP circuit. A method of assessment of the dimensions of the heat
accumulator and the amount of heat accumulating material is presented. A method of assessment of
the efficiency of the accumulator application scheme is presented. The thermal scheme of a promising
low-power nuclear power plant with an RITM-200 reactor is compiled. A scheme for switching on a
heat accumulator with a phase change material to a scheme for regenerative heating of a turbine is
proposed. The heat storage material selection is made, the main elements and characteristics of such
an accumulator are determined, and the parameters of the heat transfer fluid’s movement through
the accumulator are determined. A mathematical model of the heat exchange in an accumulator
based on the finite difference method is compiled, and the simulation results are presented. The
results of the experimental verification of the model are presented. As a result of the calculation of
NPPs’ thermal schemes in the standard version and the version with a heat accumulator, the power
increase in the turbine plant due to the application of accumulated heat in the accumulator discharge
mode is determined.

Keywords: energy storage; phase change materials; isolated power system; low-power nuclear power
plant; finite difference method

1. Introduction

The development of fuel and energy as well as mineral and raw materials complexes
facilities in the Arctic zone of the Russian Federation [1,2], eastern Siberia [3-5], and the
Far East [6,7] has great potential and strategic importance for Russia. In these facilities, a
wide variety of mineral, raw materials, and fuel resources are mined, such as hydrocarbons,
minerals, precious and rare metals, etc. [8-10]. The development of these facilities should
be based on the principles of sustainable development [11,12], which should provide
indicators of energy supply such as environmental friendliness, reliability, safety, and
efficiency [13-15].

Energy consumers of such objects, in combination with connected networks and power
supply sources, are isolated energy systems [16]. In such energy systems, a very actual
problem is the balance of generated and consumed electric power in the conditions of
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uneven daily schedules of electricity consumption [16,17]. The problem of the balance
between generated and consumed power in the power system is the need to maintain
equality in generated and consumed power in the power system at every moment (taking
into account losses in the networks). Ignoring this creates significant risks for the operation
of the power system [18].

There are several ways to solve the problem of power balance in the power system:
flexibility of power supply sources, application of network energy storage devices, demand
response, and expansion of the power system (inclusion of several time zones and various
consumers in the power system) [19-21]. Each of these methods is characterized by advan-
tages and disadvantages. There is no one universal solution to the problem of the balance
between generated and consumed power in the power system.

Demand response for industrial enterprises has a wide potential [22]. However, today,
industrial consumers have little interest in participating in demand response. This is due
to the technical risks of disrupting the production process, costs, and low savings from
stimulating demand management [19].

The expansion of a distant power system seems to be hardly possible in conditions
of geographical distances from other large energy facilities and power systems [20]. At
least, if the goal is to manage load schedules in the power system, the investment in such a
solution is unreasonably high.

The application of network energy storage devices is a promising, actively devel-
oping direction. It has many achievements and implementations. At the same time,
the application of network energy storage devices also has several disadvantages and
limitations: (1) electro-chemical accumulators: the problem of utilization [23], and cost;
(2) pumped storage power plants: problems related to building (flooding of territories,
capital investments) [23,24]; (3) low efficiency, limited capabilities, or low availability of
technology—hydrogen storage technologies, condenser batteries, mechanical accumulators,
compressed air storage, gravity storage, etc., [23,25,26].

The use of maneuverable capabilities of energy sources in power systems is most
widespread today [27,28]. So, today in the Russian energy system, traditional fossil fuel
power plants fulfill most of the requirements for regulating the frequency of current and
power, and most of these power plants operate in semi-peak mode [29]. The obvious
advantage of this method is the simplicity of the organization in comparison with other
methods (central regulation, in which one or some sources adapt to the needs of the
power system due to technical maneuvering capabilities). This method is limited by the
technical capabilities of maneuvering the power plant [30]. In addition, the operation of
most conventional power plants in maneuverable modes is associated with a decrease in
the capacity factor, increased wear, reduced efficiency, and increased risks of premature
equipment failure [31]. If renewable energy sources are used as a power supply source,
load regulation is not possible in principle due to dependence on weather conditions [32].

One of the most promising and actively developing areas in the energy supply of
mineral and raw materials objects as well as fuel and energy complexes in isolated energy
systems is stationary low-power nuclear power plants (NPP) [33,34]. This direction of
energy supply for remote consumers has several advantages—long fuel overload cycles, a
large amount of energy per fuel unit, efficient cogeneration of heat and electricity, and zero
CO; and CO emissions [35,36]. In the future, small-power NPPs may become a serious
alternative to diesel piston and gas turbine power plants in isolated power systems [35].

Leading countries of the world are developing low-power reactors: water-water
reactors (PWR), fast-neutron reactors, and gas-cooled reactors [33]. Water-to-water reactors
are currently the most common and technically mature technology in this industry. In
Russia, this direction of nuclear energy development is based on the experience of creating
and operating shipboard nuclear power installations, such as RITM-200 and KLT-40 of
the PWR type [14,37,38]. The floating NPP on the icebreaker “Akademik Lomonosov” is
operated in Russia, in the city of Pevek, with two nuclear reactors (KLT-40S) and an installed
capacity of 70 MW [39]. A ground-based low-power nuclear power plant with two RITM-



Appl. Sci. 2023,13, 13130

30f29

200 reactors is now being studied as part of a rough makeup design [40]. One of the trends
in the development of stationary low-power NPPs is an increase in the initial parameters of
working fluid [33]. So, a low-power NPP based on the RITM 200 reactor will operate on
an overheated steam. Each RITM-200 reactor has a built-in steam generator, which can be
thermally connected to one or more turbo-generating units [41]. Slightly superheated steam
is supplied to the turbine [41]. The turbine is a single-cylinder assembly with intermediate
steam separation and consists of oppositely directed high- and low-pressure parts [37].
The regeneration system of a steam turbine plant has low-pressure heaters, a deaerator,
and high-pressure heaters [37]. The planned fresh steam pressure is 3.5 MPa, and the
temperature is 295 °C [37]. Thus, conceptually, a stationary low-power NPP is a two-circuit
NPP with a water-water reactor on light water, a steam generator, and a steam turbine
with a regenerative system. In general, this is very similar to a stationary nuclear power
plant of high power (for example, with VVER-1200 reactors). The differences are in scale,
another reactor design (ship reactor), the presence of steam overheating (turbines of Russian
stationary nuclear power plants operate on wet steam), and reduced fresh steam pressure
(3.5 MPa at low-power NPPs vs. 7 MPa at high-power nuclear power plants).

The nuclear power plants used as a source of electricity exacerbate the problem
of balancing the generated and consumed power in the energy system. The reason for
this is the low maneuverability of nuclear power plants, which is related to the safety
issues of nuclear power plant operation due to the principles of operating nuclear reactors
and restrictions [34,42,43]. Traditionally, nuclear power plants are not considered as a
maneuverable source of energy supply [23,44]. So, a nuclear power plant has several
restrictions on the number and power changes in cycle speed. NPP operation in a maneuver
mode with fast increases and decreases in power does not provide 100% operational
safety [34,44]. The maneuverable modes of operation of NPPs hurt the operation of the
equipment in the reactor core [29]; this risks damage to fuel rods, damage to control rods,
and uneven fuel burnout. Working in such modes, the effective duration of operation for
a nuclear reactor without fuel overload decreases, and the amount of liquid radioactive
waste increases [42]. However, higher requirements are imposed on small-power nuclear
power plants compared to large nuclear power plants. So, to achieve development in
isolated power systems, NPPs of low power should be characterized by the following: the
maximum effective duration of operation for the nuclear reactor without fuel overload,
increased maneuverability and safety, and the absence or a low amount of radioactive
waste [33].

Thus, the low maneuverability of nuclear power plants is an obstacle to the widespread
integration of nuclear power plants in isolated power systems. One of the ways to increase
the maneuverability and safety of NPPs, and reduce the amount of radioactive waste
and the negative impact of maneuvering modes on the core elements, is by using heat
accumulators in NPP circuits [21,34,45]. The application of a heat accumulator allows for
one to store excess reactor heat and then use this heat to generate electricity during hours
of increased demand [36,46,47].

Considering the regions of the Far North, it is impossible not to discuss regional
features. So, the extreme conditions of the Arctic do not create direct problems for the
operation of the main equipment of the NPP. So, the NPP equipment is reliably protected
from environmental influences by the shells of buildings [37]. Therefore, the impact of
extreme conditions on the operation of storage equipment is not considered in this article.
The main regional feature is the work in an isolated power system.

One of the actively developing and promising areas in the field of heat storage is heat
accumulators with phase change material (PCM) [48]. Such accumulators are characterized
by a high density of stored energy and a stable temperature operating mode during charge
and discharge [48]. The peculiarity of such accumulators is the use of latent melting—
solidification heat, which ensures the storage of a large amount of heat without significant
volume changes [49]. Such accumulators are applied in solar energy [50], electronics [51],
building [52], and heat supply [53].
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PCMs are classified into three categories based on their chemical: organic (low tem-
perature), salts (medium temperature), and inorganic (high temperature) [54]. The main
factor in choosing a PCM is the temperature regime of the system in which the accumulator
is planned to be used. Among those suitable for the melting point of the PCM, the most
optimal is chosen based on the following: chemical compatibility of the container materials,
stable physical properties, higher density, higher heat of melting, thermal conductivity, and
heat capacity. The design of the accumulator is determined by the required heat exchange
power and the parameters of the hot and cold heat transfer fluids. In general, there are
two types of approaches to improving thermal performance, namely, extending the heating
surfaces or modifying phase change materials [55]. Heat accumulators with a PCM are
generally divided into two categories: capsule and shell-and-tube [56,57]. At the same time,
when it comes to high-power accumulators (industrial applications), shell-and-tube accu-
mulators are more often mentioned [58-60]. It is known that several pilot installations use
heat accumulators with a PCM for industrial use with a capacity of up to 1.6 MW [61-63].
These installations are used for heating heat transfer fluids, including steam generation,
and, in general, much is said about the operability of this technology. Thus, this direction
of heat storage is actively developing. So, it is fair to reason and evaluate the options for
using thermal accumulators with a PCM with a capacity of about several MW in various
industries, including nuclear power plants.

In this paper, we exactly consider accumulators with a PCM for application in NPPs.

As for the method of determining the design of t heat accumulator, there is no simple
universal technique. Due to the unsteadiness of the heat exchange processes occurring in
such accumulators, the variety of designs, sizes and heat storage materials, each application
is unique and should be considered separately. Simulation based on the finite difference
method has become widespread to simulate the heat exchange process in accumulators
with a PCM [64]. It is noted that it is necessary to divide the computational domain—the
volume of a PCM into the required number of cells to achieve a numerical solution of the
system of differential equations, which does not change with an increase in the number of
cells and is confirmed by experimental studies [64]. In addition, it is necessary to make sure
that the adopted separation does not have a significant error in terms of the temperature of
the heat transfer fluid. So, if the average temperature of the heat transfer fluid along the
length of one tube is approximated by the arithmetic mean of the temperatures at the inlet
and outlet of the tube, this can lead to significant errors with significant lengths in the heat
exchange surface [65]. Due to heat exchange by thermal conductivity and convection, it
is necessary to adequately take into account the effect of convection in the area of liquid
PCM [50,66].

At the same time, simulation of the finite difference method requires significant
computing power; therefore, a sufficiently simple and accurate model is necessary for
practical application [50].

Thus, to assess the effectiveness of projects for the application of heat accumulators
in NPPs, it is necessary to determine a method for calculating the approximate size of the
accumulator, its design, the amount of PCM, and the dynamics of heat exchange power
and heat transfer fluid parameters during accumulator operation. The development of this
method is the main goal of this work.

2. Materials and Methods
2.1. Development of a Thermal Scheme of a Low-Power Nuclear Power Plant with a
Thermal Accumulator

The first stage of this work is the development of a thermal scheme of a low-power
NPP and the inclusion of a heat accumulator with a phase transition in it. Subsequently,
the thermal calculation of this scheme in the standard version and the version with a
heat accumulator is used to determine the amount of electricity that can be generated by
accumulated heat.



Appl. Sci. 2023,13, 13130

50f29

Since the basis of the low-power NPP’s creation is an experience of creating shipboard
nuclear units, such as RITM-200 and KLT-40, it is advisable to use the characteristics of these
units as prototypes for drawing up and calculating the thermal scheme of a low-power NPP.
Steam turbine units operate in power units with such nuclear units. Turbine unit named
“K-35/38-3.4" is applied on the shipboard power plant “Akademik Lo-monosov” in a power
unit with a KLT40S reactor. This turbine unit is applied in high-speed reduction units (HSRU)
to dump steam into the condenser, bypassing the turbine. Similar devices are also applied in
the schemes of turbines of stationary nuclear power plants [44]. These systems operate during
a period of rapidly reduced load in the power system. It is expected that similar devices for
dumping excess steam will be applied at low-power nuclear power plants.

The main technical characteristics of the RITM—-200 were used to develop a thermal
scheme of a low-power NPP in this work. As a prototype of the thermal scheme small
power NPP, the scheme of the TK-35/38-3.4 turbine plant was used. It has a deaerator,
two low-pressure heaters (LPH), and two high-pressure heaters (HPH). The main nominal
technical characteristics of the RITM-200 are presented in Table 1.

Table 1. Nominal technical characteristics of the RITM-200 [37].

Parameter Unit of Measurement Number
Thermal power of the reactor MW 175
Steam generator performance in nominal mode t/h 261
Steam pressure from steam the generator MPa 3.8
Steam temperature from steam the generator °C 295

Several works [67-69] contain proposals for including heat accumulators in the NPP
scheme. As a result of the analysis of these works, it was revealed that the most effective and
simple way to apply a heat accumulator is to include the accumulator in the regenerative
heating circuit in parallel with HPHI. In this paper, we consider this scheme. The scheme that
is described is shown in Figure 1. According to this scheme, the accumulator was applied to
heat the feed water (in the process of discharge of the accumulator). To charge the accumulator,
one is suggested to apply excess waste steam from high-speed reduction units.

When working according to the presented scheme, the power of the turbine plant
might be increased in the process of accumulator discharge without changing the reactor
power. If it is necessary to sharply increase the power of the turbine plant (during a period
of increased demand for electricity in the power system), the regenerative bleed-off 1 at
HPH]1 is shut down, and due to this the power generated by the turbine increases. In this
process, the heat accumulator temporarily replaces the HPH1 to heat the feed water.

A heat accumulator was selected (designed) in such a way that the accumulator outlet
temperature was equal (at least) to the nominal temperature of the feed water at the outlet
of HPH1 during the entire shutdown time of the regenerative bleed-off to HPH1.

The calculation of the thermal scheme for calculating the power generated by the
turbine plant was carried out according to standard methods for calculating the thermal
circuits of TPPs and NPPs.

2.2. PCM Selection

The second stage of this work is PCM selection.

A PCM was selected based on the required thermophysical properties. The main
parameter was the melting point of the PCM [70,71]. In this way, the melting temperature
of the selected PCM should be in the range between the temperatures of a hot heat transfer
fluid and a cold heat transfer fluid. Visually, the temperature regimes of a hot heat transfer
fluid, a cold heat transfer fluid, and the PCM in the charge and discharge modes (when
superheated steam is used as a hot heat transfer fluid and water as a cold heat transfer
fluid) are shown in Figure 2.
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high-pressure cylinder, LPC—low-pressure cylinder, ACC—heat accumulator; D—deaerator, HPH—
high-pressure heat-er; LPH—low-pressure heater; S—separator; SH—superheater; C—condenser;
FP—feed pump; CP—condensate pump; EG—electric generator; h is the enthalpy; o is the proportion
of the flow rate (from the steam flow rate from the steam generator); indices: 0—live steam; sg—
steam generator; 1—on HPH 1; 2—on HPH 2; d—to the deaerator; 3—on LPH 3; 4—on LPH 4,
5—to condenser; s—from the separator; sh—to/from superheater; c—condensate; acc—to the heat
accumulator, waste—waste steam.
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Figure 2. Temperature regimes of the hot and cold heat transfer fluids; PCM in the modes of charge
and discharge of the heat accumulator with a PCM.

In this paper, a PCM was selected based on the following parameters of the hot and
cold heat transfer fluid (according to the parameters of the nuclear power plant RITM—-200
and the steam turbine unit TK-35/38-3.4):
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e  The hot heat transfer fluid is superheated steam with a temperature of 295 °C and a
pressure of 3.8 MPa;

e  The cold heat transfer fluid is feed water with pressure of 3.8 MPa with nominal
temperatures at the inlet and outlet of the accumulator: Tinp =140 °C, Iout = 170 °C
(nominal temperatures of feed water at the inlet of HPH1). Consumption of the heated
heat transfer fluid: 261 t/h (100% of the steam generator’s capacity in nominal mode).
The accumulator time in the discharge mode is assumed to be 1600 s.

Among the PCMs that correspond to the required temperature regime, it is advisable
to select a PCM with the following characteristics [71,72]:

e  High heat of phase transition;

e  High heat capacity;

e High thermal conductivity (in solid and liquid phases);

e  High density;

e  Stability of thermophysical properties during multiple heating—cooling cycles, melting,
and solidification cycles;

e  Chemical stability and neutrality with structural materials of container construction;
Low coefficient of thermal expansion and density change during the phase transition;

e Low cost and availability.
As a heat storage PCM, the following are used depending on the melting temperature:

e  Metals (most widely available metals have melting points of 400...1100 °C) [73,74];

e  Salts and their eutectic mixtures (melting points 200...1000 °C) [70,75,76];

e  Salt hydrates (melting points 5...120 °C) [77-79];

e  Organic compounds: paraffins, fatty acids, etc. (melting points 5. ..120 °C [70,75].
Some of the applied heat storage PCMs with thermophysical characteristics are pre-

sented in Table 2.

Table 2. Heat storage PCMs.

Name/Composition Type Melting Point, °C Melting Heat, K]J/kg Source
ZnCl,-3H,0 Salt hydrate 4 109 [76]
Formic acid fg;’;ﬁfﬁ 8 277 [75]

LiClO3-3H,0 Salt hydrate 8 155-253 [78]
CaCly-6H,0O Salt hydrate 29 191 [76,78]
Paraffins ﬁ?ﬁlﬁ 0...90 150-250 [75,80,81]
Palmitic acid lzgg;fg 61 22 [75]
Beeswax Organic 60...68 145...395 [82,83]
LiNO3;-MgNO;-(H,0) Salt hydrate 72 180 [75]
MgCl,-6H,0 Salt hydrate 117 167 [76,78]
KNO,-NaNO3 Eutectic salt 149 124 [75]
LiNO3-KCl Eutectic salt 160 272 [75]
Hydroquinone Hydrocarbon 172 258 [75]
Li Metal 180 432 [73]
LiOH-LiNO; Eutectic salt 183 352 [84]

LiNO3;-NaNO; Eutectic salt 194 262 [84]
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Table 2. Cont.

Name/Composition Type Melting Point, °C Melting Heat, KJ/kg Source
LiNO3-NaCl Eutectic salt 208 369 [84]
KNO3;-KOH Eutectic salt 214 83 [75]

NaNO;-KNO; Eutectic salt 220...222 100...110 [75,85]
LiBr-LiNO3 Eutectic salt 228 79 [84]
LiOH-NaNO3;-NaOH Eutectic salt 230 184 [84]
ZnCl,-KC1 Eutectic salt 235 198 [85]
NaNO3;-NaOH Eutectic salt 250 160 [75]
Zn Metal 420 112 [73]
Al Metal 660 397 [73]
Cu Metal 1085 207 [73]

In this work, the most attention was paid to salts and their eutectic compounds due to
the suitability of their melting points to the present case, as well as their relatively low cost
and availability.

The choice of a PCM was made based on the weighted sum method (WSM). We
considered PCMs (Table 2) with melting temperatures from 180 to 235 °C. The lower limit
of this range was determined by the maximum temperature of the cold heat transfer fluid
(feed water temperature at the outlet of the high-pressure heater = 170 °C) + 10 °C. The
upper limit of this range was determined by the minimum temperature of the hot heat
transfer fluid (condensation temperature of fresh steam = 245 °C) — 10 °C.

Each PCM was evaluated using the following criteria: melting point, melting heat,
heat capacity, thermal conductivity, density, and cost. Each criterion was evaluated on a
scale from 0 to 5. Each criterion was assigned weighting coefficients, and the sum of the
all-weighting factors is 1. The optimal PCM was determined using the integral criterion:

F=) yx o)

where y; is the weighting coefficient; x; is the value of the criterion.

Melting point was the most significant criterion because it is this value that determines
the normal operation of the heat accumulator in charge and discharge modes. The weight
coefficient of this criterion was taken to be 0.3. The value of this criterion was determined
by its proximity to the ideal value. The optimal value of the PCM melting point was deter-
mined based on the charge and discharge time of the accumulator. Thus, the accumulator
operating in discharge mode for one cycle charge/discharge is 1600 s. If we assume that the
accumulator is used twice a day to work in daily peaks of the load, then the accumulator
charge time will be several hours during the minimums of the load. Thus, the heat transfer
power in the discharge mode should be several times higher than the power in the charge
mode. In turn, the heat exchanger power was determined by the temperature difference
between the PCM and heat transfer fluid. Thus, the temperature difference between the hot
heat transfer fluid and the PCM should be lower than that between the cold heat transfer
fluid and the PCM. The optimal ratio of these values is taken to be 1/3 in this work. Thus,
the optimal melting point of the PCM is 221.25 °C. If the PCM melting point = 221.25 °C,
then this criterion = 5; alternatively, if the PCM melting point is equal to the boundaries of
the considered range (180 and 235 °C), then this criterion = 0.

Melting heat is an important parameter that has the most significant effect on the
density of stored energy. The weight coefficient of this criterion is taken to be 0.2. The value
of this criterion was determined, represented as:

_ M
Mmax

5 @)

Xi
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where M, is the value of a physical property of the PCM; M,y is the maximum value of a
physical property among PCMs considered as candidates.
The weight coefficient is taken to be 0.1 for the next criteria: «heat capacity», «thermal
conductivity», and «density». The value of this criterion is determined by Equation (2).
The weight coefficient is taken to be 0.2 for the criterion «cost». The value of this
criterion was determined, represented as:

Mmin

YT
1

5 3)

where M,; is the cost of the PCM; M,;;, is the minimum value of cost among the PCM
considered as candidates.

2.3. Preliminary Characteristics of the Heat Exchange Elements

The third stage of the work was to determine the preliminary parameters of heat
exchange surfaces and their numbers.

A shell and tube heat accumulator with a PCM is a container that is filled with the
heat storage PCM [74,75]. Inside the container, there are tubes for the movement of the
heat transfer fluids [72,85]. Heat exchange between heat transfer fluids and heat storage
material occurs through the metallic walls. In the absence of the need for the simultaneous
movement of the hot and cold heat transfer fluids through the accumulator, as well as their
compatibility, it is permissible and expedient to apply the same sections (tubes) for the
alternate movement of both heat transfer fluids.

The accumulator might consist of one heat exchange element or might be assembled
from several parallel heat exchange elements, depending on the required capacity, power,
charge/discharge time, and the required parameters of heat transfer fluids. The heat
exchange element is a tube made in the form of a tube coil with a certain number of
straight sections. A schematic image of one heat exchange element is shown in Figure 3. A
schematic image of one straight section of the heat exchange element is shown in Figure 4.

Phase change

. Container
material \

N

PARS

N
N

N \

One straight
section of heat
exchange
element

I
,

I B
N

Heat transfer Heat exchange Heat transfer
fluid inlet element fluid outlet

Figure 3. A schematic image of one heat exchange element.
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Figure 4. A schematic image of one straight section of the heat exchange element.

The preliminary diameter and number of tubes for the heat transfer fluids were
determined based on the calculated speed of the heat transfer fluids. The movement speed
was determined according to the expression:

_ 4GC
Ve = —bnd%,m/s 4)

where G, is the volumetric flow rate of the heat transfer fluids, m3/s; b is the number of
heat exchange elements (tubes) for the heat transfer fluids, and d. is internal diameter of
tubes for heat transfer fluid.

The required thermal power of one heat exchange element throughout the estimated
time of a discharge:

o inp outp
N = Geco(Trpo — Trno ) kKW ©)

where T;?fo and Tf_}%—required heat transfer fluid temperatures at the inlet and outlet of
the accumulator, respectively, °C; c,—volumetric heat capacity of the heat transfer fluid in
one heat exchange element, kJ/ (m3-°C).

Estimated time of a discharge—the time during which the calculated parameters of
the heat transfer fluid at the outlet of the accumulator must be provided.

We propose to determine the preliminary length of the heat exchange surface based
on the expression (5) and the heat transfer between the heat transfer fluid and the tube:

t
N = appoLmnd;, (Ttube - nguzg)kn.stat.h.exc. kW (6)
where T;,,,—tube wall temperature = melting point of the PCM; ngg—required heat

transfer fluid temperature at the outlet of the accumulator, °C; L—length of the heat
exchange surface, m, d;, is the inner diameter of the tube, m, k;; t4¢ 1. exc. —the coefficient that
takes into account the non-stationarity of heat exchange = 2. ..5, agyo is the heat transfer
coefficient between the tube wall and the water, which is determined according to the
expressions (14)—(16).

At the next stage, the heat exchange between the PCM and the heat transfer fluid was
simulated during the discharge time. Based on the simulation results, it was determined
whether the required power (heating of the heat transfer fluid) was provided during
the entire discharge time. If the power was insufficient or excessive, adjustments to the
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dimensions of the heat exchange surface were made, and repeated simulations were
performed.

Thus, the accumulator design was determined by a method of successive approxima-
tions based on the simulation results of the accumulator discharge process.

2.4. Mathematical Model of PCM Melting and Solidification Processes

A mathematical model of heat exchange in the accumulator with the PCM was com-
piled. The mathematical model was used to determine the PCM parameters (temperature
and fraction) and outlet temperature of heat transfer fluid at every moment in the processes
of charge. The objective functions are the values of T(7)—PCM and heat transfer fluid
temperature, f(T)—fraction of liquid phase of the PCM. Simulation was performed by the
finite difference method. This method is widely used for modeling non-stationary thermal
processes. It is the basis of software products for modeling, for example, ANSYS [86]. The
objective functions were determined by the linear programming method. Using iterative
calculation, adjusted values were determined at each iteration step.

The following assumptions were accepted in the modeling process:

e  Heat transfer is carried out only by thermal conductivity (adjusted for convection

using the effective thermal conductivity coefficient for the liquid phase);

The properties of the PCM are isotropic throughout the considered volume;

The phase transition occurs at a constant temperature (isothermal phase transition);

The upper, lower, and right boundary of the computational domain—adiabatic walls;

The density of the PCM remains constant with changes in temperature and during the

melt-solidification process.

e  The physical features of the melting process of various PCMs are not taken into account.
In the process of simulation, the studied area of space was considered as a grid of

elementary cells. Each cell was assigned a coordinate: j—in height and i—in radius. The

scheme of partitioning the studied area of space into elementary cells is shown in Figure 5.

Adiabatic wall
FK:
ijtl =
i =
- o
=5 i-13] ij i+l =
£ o _E
A 3 S —:
ij-1 <
F
=
L ]
z=0
=0
=1, Adiabatic wall =
i=0
- I

Figure 5. Grid of the calculation area.
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The studied area was the space around one straight section of one heat exchange element.

Because the problem of non-stationary heat exchange was being considered, the values
of the objective functions had to be determined at each time step. For each time step k, a
finite difference grid was constructed with the values of the objective functions accordingly.

The calculation of heat exchange processes in a heat accumulator with the PCM was
based on the solution to a Stefan problem of a phase transition. Therefore, the main equation
in the mathematical model was the enthalpy formulation of a Stefan problem in cylindrical
coordinates (in partial derivatives):

oh 0 oT 10 oT of
TR (Aaz>+r8r ()‘ar)Jr rn @
where p—density of a PCM kg/m?3, c—mass heat capacity of a PCM, k] /(kg°C), t—time
step, s; h—enthalpy of a PCM, kJ/kg; z—coordinates of the height, m r—coordinate of the
radius; A—thermal conductivity of a PCM, W/(m-K); T—temperature, °C; f—liquid phase
of the PCM, relative units; v—PCM melting heat, k] /kg.
Based on Equation (7), the parameters of all cells of the computational domain were
calculated at each time step. As a result of approximation by finite differences, Equation (7)
was transformed to the form:

(Tk+1 >+7p(fk+1 Ifj

1 [yk+1 k+1 k+1 k+1 k+1 k+1
_Trhz [)‘i+051(T1+1J T )+/\1 05](T 1; T } ®)
k+1 k+1 k+1 k+1 k+1 k+1
+T {A1]+05(T1]+17T1] )+/\1] OS(Tl] 1 Ti,j )

where indexes by the j = 0.5 type denote the average value of the parameter between the

cell with coordinates 7, j, and the adjacent cell (an example is shown in Figure 5); index k

denotes the value calculated at the previous time step; index k + 1 denotes the value at the

current time step; h, is the radius step, m; /1, is the height step, m; 7 is the time step, s.
Equation (8) is restricted by

fij=140...1if Tjj = Ty, relative units )
< Tm.p lff,] =0
Tij :Tmp lffl‘]‘:O...l,OC (10)

where Ty;y—melting point of the PCM, °C.
Boundary conditions:

Ttubei lfl =0
_ ) Tijifi=Kg
Ty=0 g i i— Ky € (11)
Tijv1ifj=0

where T},,,—temperature of the tube wall, °C.

System (10) sets the temperature or conditions at the boundaries of the computational
domain: the left boundary is the wall temperature; the right, lower, and upper boundaries
are adiabatic walls.

The values of Tj; and fj; at step k are the initial values for calculating the values of T
and f;; at a step k + 1. Values Tj; and fj; at step k = 0 are the initial data of the simulation.
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Adjustment for heat exchange by convection inside the PCM was made using the
coefficient of effective thermal conductivity:

Aeff = Ne/Ra™, W/ (m K) (12)

where A; is the thermal conductivity of the PCM in the liquid state, W/(m-K); ¢’ = 0.15 and
n’ = 0.25 are empirical dimensionless coefficients; Ra is the dimensionless Rayleigh number.
This kind of estimation has been used successfully in several works [87-89].

In Article [87], to determine the Nusselt number (characterizing the ratio between heat
transfer due to convection and thermal conductivity) for a vertical cylinder, the following
values were described: ¢ = 0.1 and n = 1/3 for Ra = 10°...10'3; ¢ = 0.53 and n = 1/4 for
Ra =10%...10°. Article [88] gives the values c = 0.05; n = 0.25; the range of Rayleigh numbers
is not specified. In Article [89], the values for the vertical cylinder are as follows: ¢ = 0.15
and n = 0.34 for Ra = 102...10%; ¢ = 0.15 and n = 0.25 for Ra = 10%...107; ¢ = 0.28 and 1 = 0.25
for Ra = 10°...10'2.

In our case, the Ra is in the range 106...107.

Indicator n should be taken equal to 0.25—this statement can be considered unam-
biguous for all ranges of Rayleigh numbers because all the authors of the listed works
converge in it (the exception is the range of Ra numbers equal to 10°...10'3 in Article [87]).
This situation is ambiguous about the value of indicator ¢, about which the listed authors
offer various options. It was decided to use ¢ = 0.15 for the Ra = 102...10° and 10?...107,
according to the authors of the paper [89]. This paper most accurately describes a case
similar to our study, namely, the natural convection in the PCM around a vertical pipe with
a heat transfer fluid.

Heat exchange between the wall and the heat transfer fluid was determined using the
heat transfer coefficient from the tube wall to water (expressions (13) and (14))

9= (T ype — Tw)amo (13)

where T},,,—tube wall temperature, °C; T,,—water temperature, °C; appo—coefficient of
heat transfer from the tube wall to water, W/ (m?-K).

NuA
Ao = % (14)
m

where Nu is the dimensionless Nusselt number; Apg is the thermal conductivity of water,
W/(m-K); d;, is the inner diameter of the tube, m.

Nu = ¢"Re"”’ (15)

where ¢’ = 0.023 and n” = 0.8 are dimensionless empirical coefficients [90]; Re is the
dimensionless Reynolds number.
d.
Re = 2%id (16)
v
where v—kinematic viscosity of water, m?/s; w is water speed in a tube, m/s.
The model was checked for convergence before carrying out the main stages of model-

ing. Convergence was provided ath, =h, =1mmand T =1s.

2.5. Model Optimization

To calculate the heat exchange along the entire length of the heat exchange surface
(tube in the form of tube coils), it is necessary to simulate all the straight sections of the
heat exchange surface at once. This method is labor-intensive due to the large number
of calculations. For this reason, we propose to simplify the modeling methodology. We
propose to consider each straight section of the heat exchange surface and the area with
the PCM around it separately and without affecting adjacent straight sections. According
to this simplified methodology, it was necessary to build a grid of the calculation area for
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each straight section of the heat exchange element separately. The temperature of the heat
transfer fluid at the outlet of the straight section with the number n is the temperature of
the heat transfer fluid at the inlet for the straight section with the number n + 1.

To simplify and speed up calculations, it is suggested that the area around each straight
section of the heat exchange element can be considered as a one-dimensional area. The
scheme of the described method is shown in Figure 6.

=
)

Adiabatic wall

- Tho. =
= .
= out,n+1 =
o =2
n+l & B g : . . . =
E itlj | wall | i=0 | L, i-1 i i+l =
= - =
= bs
— P
< Tizo. =g o =K, =
e Adiabatic wall
i, n+1
h~=L ﬁ
Tuzo. Adiabatic wall
= =
< out, n <
= =
n 2 e . . . . §2)
g i+1 | wall | 1=0 hy, -1 1 i+1 g
s —r K. B
= T2, =Ty 1=K, -
in. n Adiabatic wall
T

Figure 6. Schematic of a simplified calculation using a one-dimensional model.

To verify the acceptability of using a one-dimensional model, the data obtained using
a one- and two-dimensional model were compared (results in Section 3.3). The simulation
of the heat exchange process was carried out under the following conditions:

e  The area around the heat exchange tube was filled with the PCM, the outer diameter
of the tube was 56 mm, the inner diameter of the tube was 50 mm;
The heat transfer fluid moved inside the heat exchange tube;
Physical properties of the PCM were set according to the selected PCM;
Calculation area with the PCM had the following coordinates: zp = 0, K, = 1000; ry = 28;
K, =58; h, =h, =1 mm.
The heat transfer fluid was water with a flow rate of 2.175 m3/h, which provides a
speed of 0.3 m/s. The initial water temperature was 140 °C.

2.6. Experimental Verification of a Mathematical Model

The verification of the compiled two-dimensional model (described in Section 2.4) by
experiment was carried out (results in Section 3.2). The process of paraffin solidification
around a tube with a cold heat transfer fluid was studied. The experiment was recreated
using the model presented above. The results of the model and experiment were compared.
A comparison was made between the temperatures at individual PCM points measured
at the experimental setup and the temperatures at the same points obtained by the simu-
lation. A comparison was made between the outlet water temperature measured at the
experimental facility and the outlet water temperature obtained by the simulation.

The scheme of the experimental installation is shown in Figure 7.
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Figure 7. The scheme of the experimental installation.

The main part of the experimental installation was a container filled with paraffin,
height—1000 mm, width and thickness: 150 x 150 mm. A vertical metal tube with a
nominal diameter of 50 mm was placed in the container. Four temperature sensors were
located inside the container: T1—at a height of 750 mm, at a distance of 5 mm from the
tube; T2—at a height of 700 mm, at a distance of 15 mm from the tube; T3—at a height of
350 mm, at a distance of 5 mm from the tube; T4—at a height of 300 mm, at a distance of
15 mm from the tube. Temperature sensors T5 and T6 were located at the inlet and outlet
of the heat transfer fluid. The container with paraffin was thermally insulated.

Before the experiment began, the paraffin melted due to the supply of steam through
an internal metal tube. Steam was produced by an atmospheric pressure steam generator
set. The paraffin in the container was completely melted and had an average temperature
of about 80 °C at the start of the experiment. In the experiment, the water from the “cold”
tank was pumped by a pump into a metal tube located inside the paraffin tank. In the tube,
the water heated up and flowed into a “hot” tank. The water flow rate was determined
using a flow meter. The water flow rate was regulated by changing the rotation speed on
the pump and partially closing the valve. During the experiment, temperature sensors’
readings and readings on the flow meter were recorded at intervals of 15 s. The water
flow rate was 16.4-17.3 L/min, and the temperature of “cold water” at the inlet to the
experimental installation was 19.5-20.3 °C (an average value of 20 °C is accepted).

Food paraffin P-2 was used as the PCM in the experimental setup. The physical prop-
erties of this paraffin (according to the characteristics of the manufacturer) are presented in
Table 3.

Table 3. Thermophysical properties of paraffin P-2.

Thermal
Conductivity,
W/(m-K)

60 198 25 0.24 800

Melting Heat, Heat Capacity,
kJ/kg kJ/(kg-K)

Density,

Melting Point, °C kg/m?




Appl. Sci. 2023,13, 13130

16 of 29

3. Results
3.1. Selected PCM

The PCMs considered as candidates and their characteristics are presented in Table 4.

Table 4. The PCMs considered as candidates and their characteristics.

Thermal

Compound Melting Point Melting Heat Heat Capacity Conductivity Density Cost
°C kJ/kg J/(kg-K) W/(m-K) Kg/m~1 $/kg
LiOH-LiNOj3 183 352 2000 690 2124 24
LiNO3;-NaNO; 194 262 1720 590 2317 1.3
LiNO3;-NaCl 208 369 1560 630 2350 22
KNO3;-KOH 214 83 1350 540 1905 0.3
KNO3-NaNOj3; 222 110 1490 510 2028 0.2
LiBr-LiNOj 228 279 1380 570 2603 24
LiOH-NaNO3;-NaOH 230 184 2000 670 2154 0.2
ZnCl,-KCl 235 198 656 800 2480 0.4
The PCMs considered as candidates and their criteria, weight coefficients, and integral
criteria are presented in Table 5.
Table 5. The PCMs considered as candidates and their criteria, weight coefficients, and integral
criteria.
Criterion
ey N et Tl o et
Compound pacity onductivity erio
Weight Coefficient
0.3 0.2 0.1 0.1 0.1 0.2 -
LiOH-LiNO3 0.4 4.8 5.0 4.3 4.1 0.5 2.5
LiNO3;-NaNOj3 1.7 3.6 4.3 3.7 45 0.9 2.6
LiNO3;-NaCl 34 5.0 3.9 39 4.5 0.5 34
KNO3;-KOH 4.1 1.1 34 34 3.7 3.7 3.2
KNO3-NaNO3 47 1.5 37 3.2 39 5.0 3.8
LiBr-LiNO3 2.5 3.8 35 3.6 5.0 0.5 2.8
LiOH-NaNO3-NaOH 1.8 2.5 5.0 4.2 41 4.8 3.3
ZnCl,-KCl 0.0 2.7 1.6 5.0 4.8 3.0 2.3

The eutectic salt mixture KNO3;—NaNOj3 named «solar salt» has the largest integral
coefficient; therefore, this eutectic compound was chosen as the PCM this work. Other
PCMs that were also of interest for this work were LiNO3—NaCl and LIOH-NaNO3;-NaOH.
LiNO3z-NaCl is better than solar salt in its physical properties but is significantly worse in
cost. LIOH-NaNO3;-NaOH has good physical properties and cost, but its relatively high
melting point can make the charging process difficult.

The solution strongly depends on the chosen weighting coefficients. In future work, we
plan to check the selected coefficients by simulating operation of the thermal accumulator
using various PCMs, as well as technical and economic calculations.

The thermophysical properties of Eutectic salt KNO3-NaNOj are presented in Table 6.
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Table 6. Thermophysical properties of eutectic salt KNO3-NaNOj,

. . Thermal .

?(trNu(c)t;;'\?;ll\\I/[ SS Melting Point, °C Mel:gl/i;leat, Helillt/(CkagI?;C)lty, Co‘lr\l;/:l(llll:.tiz') ity, ?(egl/lzgyl Source
50/50 221 100.7 1.35 (liquid) 0.56 1920 [85]
55/45 223 110 o ((lsigﬁg) Pl ((ligﬁid‘? 2028 [75]
60/40 222 - 1.53 (liquid) 0.53 1774 [91,92]
60/40 - - 1.54 (liquid) 0.47 1940 [93]

To determine the characteristics of the accumulator and simulate the processes of
discharge, the average thermophysical characteristics of solar salt were used, among those
presented in the literature (Table 6):

Melting point: 222 °C;

Melting heat, 105.3 k] /kg;

Heat capacity of the solid phase: 1.01 kJ /(kg-K);

Heat capacity of the liquid phase: 1.46 kJ/(kg-K);

Thermal conductivity of the solid phase: 0.73 W/ (m-K);

Thermal conductivity of the liquid phase: 0.53 W /(m-K);

Density: 1950 kg/ m3.

An important factor when choosing a PCM, which we have not yet considered, is the
chemical compatibility of the PCM with the container materials and the heat exchange
surface. So, this is maybe a big issue. A study, [94], says that corrosion of high-temperature
alloys in solar salt at temperatures of 500 °C and below is low for all the studied alloys
investigated. Thus, solar salt is acceptable for operation at the temperatures considered in
the current study (up to 250 °C).

3.2. Results of Experimental Verification of a Mathematical Model

The results of the experimental study and the simulation study of the two-dimensional
model (Section 2.4) are shown in Figures 8 and 9. Figure 8 shows (1) the dynamics of water
temperature at the outlet of a straight section of a vertical tube with a length of 1 m, the
area around which is filled with the PCM; (2) temperatures at individual PCM points (PCM
temperature designations correspond to the thermometers in Figure 7). The experimental
conditions and the temperature measurement points of the PCM are described in detail
in Section 2.6. Figure 9 shows the distribution of the temperature of the PCM in the study
area in different periods.

3.3. Results of Simulation Using One- and Two-Dimensional Models

The results of heat exchange simulation (PCM—solar salt) for one straight with a
length of 1 m obtained using one- and two-dimensional models were compared (detailed
description in Sections 2.4 and 2.5). The results are shown in Figures 10 and 11. Figure 10
shows the temperature distribution in the area with the PCM in different periods obtained
using one-dimensional and two-dimensional models. Figure 11 shows the dynamics of the
water temperature at the outlet.
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Figure 8. Results of the experimental and simulation study using a two-dimensional model (PCM
temperature designations correspond to the thermometers in Figure 7).
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Figure 9. Results of simulation study of the two-dimensional model. PCM temperature field.

3.4. Results of Heat Exchange Simulation in Accumulator Using 1—Dimensional Models

As a result of some iterations of the selection, the accumulator design was determined,
which provides the required heating of feed water. Namely, this was from 140 to 170 °C
with a flow rate of 261 t/h.

The parameters of the heat exchange surface are as follows. The number of parallel
heat exchange elements for the movement of the heat transfer fluid (heat exchange tubes,
the area around which is filled with the PCM) was 120 units. The inner and outer diameters
of the heat exchange tubes were 50 and 56 mm, respectively. The length of each heat
exchange element was 120 m, when executed in the form of tube coils, the height of each
straight section will be 4 m, and the number of straight sections will be n = 30 units. The
dimensions of the accumulator with a staggered arrangement of the heat exchange surfaces
were 6.63 X 5.76 x 4 m, excluding the wall of the accumulator container. The volume of the
heat accumulator (for the PCM and heat exchange surfaces) was 153.24 m3. The volume
of the area with the PCM was 116.7 m3, and the mass of the PCM was 222.6 tons. With
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the selected values, the speed of the heat transfer fluid (water) is 0.3 m/s at a flow rate of
261 t/h, the estimated discharge time is 1600 s.
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Figure 10. Results of heat exchange simulation (PCM—solar salt) for one straight section using one-
and two-dimensional models. Distribution of temperatures of PCM in different periods: (a)—one-
dimensional model, (b)—two-dimensional model.

A simulation of heat exchange with this design of the heat exchange surface was
carried out. The simulation was carried out according to the method described in Section 2.5.
The results of heat exchange simulation (PCM—solar salt) along the entire length of the heat
exchange element are shown in Figures 12 and 13 below. Figure 12 shows the temperature
distributions of the area filled with the PCM in different periods for different straight
sections of the heat exchange surface with the following sequence numbers: n = 1 (a),
n =15 (b), n = 30 (c). The sequence numbers of the straight sections were determined by
the direction of movement of the heat transfer fluid. Section n = 1 was the first, it received
feed water with an initial temperature; section n = 15 was the middle; section n = 30 was
the last, from which water with a final temperature comes out. Figure 13 shows the water
temperatures at the inlet and outlet in the sections with the following sequence numbers:
n=1,n=15n=30.
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Figure 11. Results of heat exchange simulation (PCM—solar salt) for one straight section using one-
and two-dimensional models. Outlet water temperature.
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Figure 12. Results of heat exchange simulation (PCM—solar salt) along the entire length of the heat
exchange element 1. Distribution of temperatures of PCM in different periods: (a) n = 1; (b) n = 15;
(c) n = 30.
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Figure 13. Results of heat exchange simulation (PCM—solar salt) along the entire length of the heat
exchange element. Inlet and outlet water temperatures for different straight sections of the heat
exchange surface at different periods. Dotted line: along the vertical axis—the required outlet water
temperature, along the horizontal axis—the required working time of accumulator.

3.5. Results of Calculation of NPP Thermal Scheme

The results of the calculation of the thermal scheme of a low-power NPP in a standard
version and a version with a heat accumulator in the discharge mode are presented in Table 7.

Table 7. Results of calculation of the NPP thermal scheme.

) . ) Number
Parameter Demgng}t:;:g,f nit of Scheme with Standard Note
Accumulator Scheme
Thermal power of the reactor Qreact, MW 164.1 164.1 -
Power of the turbine unit Nturbines MW 54.7 51.7 -
Thermodynamic efficiency of the cycle 1, % 33.4 31.5 -
«1, relative units 0.00 0.06 To HPH1
x, relative units 0.05 0.05 To HPH2
&y, relative units 0.01 0.02 To deaerator
Regenerative bleed-off - -
«3, relative units 0.03 0.03 To LPH1
o4, relative units 0.02 0.02 To LPH2
ogp, relative units 0.10 0.10 To SH
Condensate flow rate from the separator «s, relative units 0.06 0.05 -
Steam flow from the LPC to the condenser ¢, relative units 0.72 0.66 -
Gsg-0, kg/s 72.5 72.5 From SG
Go1, kg/s 65.1 65.6 HPC 0-1
Gio, kg/s 65.1 61.0 HPC 1-2
G4, kg/s 61.2 57.1 HPC 2-S
Steam flow by sections Ga.s, kg/s 60.1 55.9 D-S
Gesh, kg/s 55.9 52.0 S-SH
Gsh-Lrc 3, kg/s 55.9 52.0 SH-LPC 3
Go.1pc 34, kg/s 53.9 499 LPC 3-4

GZ—LPC 4-5-C, kg/s 52.1 48.1 LPC 4-5-C
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By shutting down regenerative bleed-off 1 from the HPC (high-pressure cylinder) to
HPH]1, the steam flow through the subsequent stages of the HPC and LPC (low-pressure
cylinder) increases, thereby increasing the power of the turbine plant. Heating of feed
water to the nominal value instead of HPH1 was carried out in a parallel-connected heat
accumulator with the PCM. The increase in the power of the turbine plant was 3 MW or
5.8% of the nominal power.

4. Discussion
4.1. Results of the Simulation Using a Two-Dimensional Model and an Experimental Study

The simulation results (Figure 9) reflect a typical solidification process of the substance
around the cooling tube. During the accumulator discharge process (for one straight section
with a length of 1 m), the heat exchange power decreases and the temperature of the heated
water at the outlet decreases. This fact is explained by the decreasing PCM temperature
and the increase in the proportion of the solid PCM during the discharge process. At
the beginning of the process, heat exchange is characterized for the most part by natural
convection inside the PCM. Next, when a solid PCM layer is formed, this layer plays the
role of thermal resistance. Heat exchange in this layer is carried out exclusively by thermal
conductivity. Thus, in the process of cooling and solidification of the PCM, the intensity of
heat exchange decreases.

The results of the two-dimensional simulation and experiment (for one straight section
with a length of 1 m) were compared. The distribution of PCM temperatures and the water
temperatures at the outlet of the heat exchange tube were compared for different periods of
time. The water temperatures at the outlet of the tube reflect the heat exchange power.

The two-dimensional model showed good convergence with the experimental results
(Figure 8). Deviations in the temperatures of the liquid phase at a distance of 15 mm from
the heat exchange tube in the readings of the model and experiment were observed.

The deviations can be explained by neglecting the change in the PCM density during
the temperature change and phase transition, as well as not using the equation of motion
in the compiled model. These deviations do not significantly affect the heating power of
the heat transfer fluid, which is expressed in the temperature of the water at the outlet of
the heat exchange tube.

It is concluded that the presented model is adequate for estimating the power and
dynamics of heat exchange for the presented application.

It is worth noting that the change in the PCM temperature in height does not sig-
nificantly affect the heat exchange power of the heat transfer fluid. For this reason, an
assumption is made about the admissibility of using a one-dimensional model.

4.2. Comparison of One and Two-Dimensional Models

A comparison of the temperature distribution of the PCM at different periods and wa-
ter temperatures at the outlet of the heat exchange tube was carried out (Figures 10 and 11).
The results did not reveal significant differences between the one- and two-dimensional
models. The discrepancy in water temperature at the outlet was less than 1% between the
one- and two-dimensional models during the simulation cycle (Figure 11). The temperature
distribution of the PCM in different periods also showed good convergence (Figure 10). This
indicates the acceptability of using a one-dimensional model. Thus, the method described
in Section 2.5 can be used to calculate the total heat transfer surface in the accumulator.

4.3. The Results of Heat Exchange Simulation along the Entire Length of the Heat
Exchange Element

The simulation results (Figure 13) say that the selected design of the heat exchange
elements (number, length, diameter) and the volume of space with a PCM allow for the
providing of the specified parameters of feed water (heating to 170 °C for 1600 s).
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The PCM temperatures at each time step at the ends of the calculated areas for adjacent
straight sections differ slightly. A conclusion was made about the non-significant influence
of adjacent straight sections on each other (Figure 12).

4.4. Non-Stationarity of Heat Exchange and Requirements for Feed Water Temperature at NPP

The results of heat exchange simulation processes showed a significant non-stationarity
(Figure 13), which is a negative factor for the application of such accumulators in industry.
At the same time, strict requirements are imposed on the parameters of the nuclear power
plant, including temperature, since the feed water temperature affects the temperature of
the primary heat transfer fluid, which determines the reactivity of the core.

It is necessary to apply a control system to maintain the temperature of the feed water
within the required range. A bypass line with a control valve/pump must be provided
in parallel with the accumulator. The degree of valve opening or pump power varies
depending on the water temperature at the outlet of the accumulator. With the introduction
of a such scheme, part of the heat transfer fluid will bypass the accumulator. It mixes
with heated water after the accumulator. Thus, the heat transfer fluid passing through
the bypass will cool the heat transfer fluid heated in the accumulator, which will ensure a
stable temperature of the feed water. The scheme of the heated water temperature control
system is shown in Figure 14.
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Figure 14. The scheme of the heated water temperature control system.

It is possible to reduce the uneven intensity of heat exchange over time by increasing
the thermal conductivity of the PCM (the use of metal nanoparticles or other additives in
the production of a PCM) or through the use of expanded heating surfaces (ribs of various
shapes and configurations on the outside of heat exchange tubes) [95]. To reduce the effect
of non-stationary in the operation of a heat accumulator with a PCM, a system of several
accumulators with different switching schemes and several types of PCMs with different
melting temperatures can be used. We plan to study this issue in a future study.

4.5. Efficiency of Accumulator Application

The calculation of a NPP thermal scheme with a heat accumulator indicates the
possibility of using the accumulated heat to increase the generation of electricity in an
NPP. The calculations indicate an increase in the generated power by 5.8% (3 MW) in the
accumulator discharge mode. This effect is observed when the accumulator is turned on
in parallel to the high-pressure heater, No. 1, in the regenerative heating circuit of the
turbine unit. The increase in power occurs due to the shutdown of regenerative selection at
high-pressure heater No. 1. In this case, the accumulator temporarily performs the function
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of high-pressure heater No. 1 and provides the nominal temperature of the feed water. The
turbine power is changed without changing the reactor power. Thus, the proposed solution
is a way to reduce the negative impact of maneuverable NPP modes on reactor operation.

5. Conclusions

The application of a heat accumulator in the NPP scheme makes it possible to use
the accumulated thermal energy of excess waste steam to increase electricity generation
during a sharp increase in demand for electricity in power systems. The increase in power
in the case under consideration is provided during the estimated time of operation of the
accumulator (1600 s) and can be carried out without involvement in the regulation of the
power of the active zone. The increase in power in the accumulator discharge mode for the
case under consideration was 3 MW or 5.8% of the nominal power of NPP.

For the considered small nuclear power plant with an electric capacity of 52 MW,
the characteristics of the accumulator are presented below. The number of heat exchange
elements (heat exchange tubes, the area around which is filled with the PCM) is 120 units.
The inner and outer diameters of the heat exchange tubes are 50 and 56 mm, respectively.
The length of each heat exchange element is 120 m, when executed in the form of tube coils,
the height of each straight section is 4 m, and the number of straight sections is n = 30 units.
The dimensions of the accumulator with a staggered arrangement of the heat exchange
surfaces are 6.63 x 5.76 x 4.0 m, excluding the wall of the accumulator container. The
volume of the heat accumulator (for the PCM and heat exchange surfaces) is 153.24 m3. The
volume of the area with the PCM is 116.7 m3, and the mass of the PCM is 222.6 tons. The
volume of the PCM is 76 percent of the accumulator. To increase this value, it is advisable
to use methods of heat exchange intensification from the PCM side.

This method of application of a heat accumulator considered in this work is a way to
reduce the negative impact of maneuvering modes on the equipment of the NPP core. This
method of application of the heat accumulator provides an increase in the maneuverability
and energy efficiency of the NPP source. This application of a heat accumulator is espe-
cially relevant for remote power systems, in which the problem of uneven daily energy
consumption is especially acute.

The process of accumulator discharge with a PCM is characterized by non-stationary
heat exchange. For this reason, the temperature of the heat transfer fluid at the outlet of the
accumulator is not a constant value (it decreases during the discharge of the accumulator).
Therefore, the accumulator must be selected (designed) in such a way that initially a power
reserve is provided, and at the end of the discharge process, the minimum required power
is provided. Changes in power during accumulator discharge must be adjusted by the
control system.

This paper presents a method for determining the approximate dimensions of an
accumulator with a PCM, the amount of the PCM, and the heat exchange power at each
time. An experimental verification of the model was carried out, and a good convergence
of the results was obtained. This method is iterative, that is, using the presented model, the
method of successive approximations is determined by: (1) the length of the heat exchange
elements; (2) the number of heat exchange elements for heating the required heat transfer
fluid flow; and (3) the area filled with the PCM around each direct section of the heat
exchange surface. This method can be used for economic justification, pre-design decisions
on the development of accumulators with a PCM, and evaluation of the effectiveness of the
application.

To determine the approximate dimensions of the accumulator with a PCM, the amount
of the PCM, and the heat exchange capacity at each moment, according to the proposed
method, it is necessary to use a model based on the finite difference method. It is necessary
to calculate heat exchange power along the entire length of the heat exchange surface. It
is acceptable to use a calculation in which each straight section (or part of each straight
section, for example, 1 m) is calculated sequentially one after another. It is acceptable to
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use a one-dimensional model. In such a model, it is permissible not to take into account the
influence of adjacent straight sections on each other.

In future work, we plan to study the following issues: (1) intensification of the heat
exchange process in a heat accumulator with a PCM; (2) correctness of weight criteria when
choosing a PCM.
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