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Abstract
As a result of research, the conditions for the effective use of the volume of heat accumulator based on solid materials 

were determined. In the course of research, various schemes of the device of tubular heating elements for charging the channel 
elements of the heat accumulator were considered. Fire clay was used as a heat-accumulating material, capable of operating in 
a wide temperature range (up to 600 °С). Mathematical modeling of temperature change in the process of discharge over the 
cross section of the heat-accumulating unit has been carried out. Mathematical modeling was carried out using an application 
package that allows to obtain the temperature distribution over the cross section of the heat accumulator at key points of its 
work. The obtained simulation results were tested on an experimental setup consisting of four heat-accumulating units during 
the charging process and during the discharge of the heat accumulator. According to the research results, the most effective 
layout of the heating elements was determined, which allows to make the most of the volume of the heat-accumulating material. 
The dependencies to determine the exponent and the averaging coefficient of the heat flux are also found, which allow a more 
rational use of the volume of the accumulating nozzle.

The research results can be used to reconstruct decentralized heat supply systems for both residential buildings and 
public buildings. This will significantly align the schedule of electricity consumption during the day and reduce the consump-
tion of hydrocarbon fuels.
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1. Introduction
The urgency of the problem of energy saving is associated with a shortage of fuel and energy 

resources and man-made pollution of the environment. At the same time, the current state of Ukraine’s 
energy sector requires a deep modernization of the existing energy blocks. Separately, it is worth 
noting the problem of uneven electricity consumption during the day with a pronounced failure of the 
load at night. This problem is not only in Ukraine, but also in several European countries. To reduce 
the need for building generating capacity, it is necessary to stimulate not only the conservation of 
electricity, but also the equalization of the load curve. This requires strengthening the differentiation 
of electricity tariffs for the end user by the time of day and encouraging the reduction of electricity 
consumption during peak consumption due to the transfer of consumption to another time of day [1, 2].

One of the ways to solve this issue may be the use of electricity at night rate for the needs 
of heating the house through the use of heat accumulators. Unlike electric accumulators, thermal 
accumulators have a much longer service life.

The rational choice of heat-accumulating materials and design parameters of the heat ac-
cumulator allows to increase the energy efficiency and reliability of the heat supply system [3, 4].

The process of charging the accumulator is mainly influenced by the thickness of the accu-
mulating layer S of the nozzle and the location of the heating elements [5]. During seasonal heat 
accumulation, for example, from heliosystems, water [6] or soil [3] is usually used as a heat-ac-
cumulating material. And in the case of intermittent heating, provided by a combined heat supply 
system, when the temperature of the coolant is not more than 90 °C, it is recommended to use water 
heat accumulators [7, 8].

The use of solid materials significantly reduces the amount of heat accumulator due to high 
operating temperatures and simplicity of design. And with a low power of the heat accumulator, it 
becomes possible to use it directly in a heated room [9].

To determine the rational design parameters of a solid-state accumulator, a mathematical 
model of thermal processes in the packing is needed. Currently, there are a number of analytical 
methods for solving heat conduction problems [10]. However, the obtained solutions are complex 
and have a rather cumbersome look. At the same time, in some cases, strict analytical solutions 
of problems cannot be obtained at all. For engineering calculations, simpler equations are needed, 
even at the expense of loss of solution accuracy.

In the case when the accumulating nozzle is a plate with a uniformly distributed heat flow, 
it is advisable to use the Semikin heat diagram method, which is the most common engineering 
method for calculating the heating of bodies outside with a constant heat flow [11]. When the heat-
ers are located in the storage material, the heating occurs from the inside. For this case, under the 
boundary conditions of the second kind, this method does not allow determining the temperature 
distribution in the body correctly and is therefore subject to refinement.

To calculate the cooling process of the accumulating nozzle, it is advisable to use the theory 
of the Kondratiev regular thermal regime, which also needs to be refined for the case of cooling the 
material from the inside.

The aim of research is increasing the efficiency of heat accumulator based on solid materials 
for heat supply systems of buildings under various operating modes.

To achieve this aim it is necessary to solve the following objectives:
– supply the existing methods for calculating non-stationary heat transfer (Semikin meth-

od and the theory of the Kondratiev regular thermal regime) for the case of heat exchange inside 
the material;

– conduct experimental studies of the accumulator heat to confirm theoretical studies.

2. Materials and methods of research
According to the Semikin thermal diagram method, the whole process of heating and cool-

ing the body is divided into two stages:
– the first (inertial period) corresponds to the penetration of heat into the thickness of the body;
– the second takes into account the change in the distribution of body temperature through-

out the volume simultaneously.
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In both cases, the temperature distribution curve in the accumulating nozzle is described 
by an nth order parabola. The type of the parabola equation does not depend on the direction of the 
heat flow, i.e. true for cases of heating and cooling the body.

It has been established that, in accordance with the principle of heat flow stability, the shape 
of the heating surface affects the temperature distribution in the body only near this surface [11]. 
At a sufficient distance from the surface, the shape of the temperature field will depend on the di-
rection of propagation of the heat flux in the body.

For the first stage of the heating process, the parabola equation is:

                                                ( )
n

n o o

y
t t t t ,

X
 = − ⋅ +  

		   	 (1)

where t – the current body temperature, °С; tn – the temperature on the inner surface of the body, °С;  
t0 – the initial temperature of the body at a distance X from the surface, °С; y – coordinate, mea-
sured in the direction from the surface of the body to a point located at a distance X, m.

If the body from the outside is limited to a cylindrical surface and is thermally insulated, 
then for the second heating stage, the equation for the temperature curve is written as follows:

                                               ( )
n

n o s o s
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t t t t ,

X
 = − ⋅ +  

,		   	 (2)

where tos – the temperature of the outer surface of the body, °С; z – coordinate, measured from the 
outer surface of the body, m.

The end of the first and the beginning of the second stage begins at the moment when the 
depth of the layer warm-up becomes equal to the layer thickness.

Of particular importance in equations (1) and (2) is the exponent n. Using this value, it is 
possible in each specific case to ensure that the solution obtained has a given accuracy.

Equation (1) can be represented in a dimensionless form:
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In view of the notation nt tϑ = −  and 0 n 0t t ,ϑ = −  let’s obtain:
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				    (4)

If in equation (1) the coordinate y, which is measured from the top of the parabola, is re-
placed by the coordinate x, which is measured from the surface of the body, then the equation of 
the temperature curve will be:

                                             ( )
n
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 = − ⋅ − +  

	  		  (5)

Equation (5) can be represented in the criterial form:

                                            ( )
n
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	  	  (6)

where 0Х – the characteristic size of the body – the radius of the heating surface; 
0

х
Х

δ =  – relative  
 coordinate of a point; 

0

Х
Х

D =  – relative thickness of the layer accumulating nozzles.
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Under the boundary conditions of the second kind (with a stable heat flux to the surface), the 
equation of the Fourier law has the form [12]:

                                    n o
s

n

t tt
q k const ,

y X

− ∂
= −λ = λ ⋅ =  ∂ 

	  		  (7)

where sq  – the specific heat flux to the body surface, W/m2; λ  – coefficient of thermal conductiv-
ity of the material, W/(mK); k  – coefficient of proportionality.

The temperature difference ( )n 0t t ,−  which is included in equation (7), can be represented as:

                                                       n o 

1 q
t t . X.

k
− =

λ
			   (8)

After substituting equation (7) into equation (8), let’s obtain the relation for calculating the 
current temperature of the layer of the accumulating nozzle:

                                                     
n

0n 1
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t t
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 		  (9)

or
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After conversion, let’s obtain the equation for finding the temperature in the cross section of 
the cylindrical nozzle layer at a distance x from the surface:

                                                 
n
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In the criterial form, the relation (11) looks as follows:
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where ( )
o
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qX
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 – Kirpichev criterion.

The average temperature of the heated layer:
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where ( )0d 2 X X y l dyυ = p + −  – the elementary volume; l – body length, m
Then the average body temperature:
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Thus, to describe the temperature field in the cylindrical layer of the accumulating nozzle 
when heated with a constant heat flux from the inside, the equation is used:

                                                  
n
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x
t t t 1 .
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The magnitude of the temperature difference can be calculated by the equation:

                                                           s .
q X

t
k

⋅
D =

⋅ λ
				    (16)

In equations (15) and (16), the determining factors are the exponent n and the coefficient of 
averaging of the heat flux k. In the Semikin thermal diagram method, their value is determined 
only for the case of heating the material outside. Therefore, for the case of heating from the inside, 
a numerical simulation of the nozzle heating over the cross section was performed using a spe-
cialized software package that uses well-known methods for the numerical solution of unsteady 
heat conduction problems [13–15]. As a result, for the first time, dependence has been established 
for determining the averaging coefficient of the heat flux k for the case of heating from inside the 
cylindrical nozzle layer under boundary conditions of the second kind.

The model is a cylinder with an outer radius R, in the center of which there is a cylindrical 
cavity with radius r. On the surface of the cylindrical cavity receives a constant heat flow Q (Fig. 1).

The material of the cylinder is chromomagnesite. The outer radius of the cylinder changed 
and was R=15; 20; thirty; 50; 100; and 150 mm. The radius of the internal cylindrical cavity was 
constant and equal to r=5 mm. The simulation was carried out for cases with different specific heat 
flux to the surface.

Fig. 1. General view of the model

The value of the coefficient of the shape of the body averaging heat flux is determined from 
the resulting temperature difference

                                                           
q X

k .
t

⋅
=

λ ⋅ D
				     (17)

For the interval of the ratio of the outer radius to the inner 4 R / r 30≤ <  dependence 
( )k f R / r=  is a regression equation of the form k 0,262 R / r 2= ⋅ + . The plot of the averaging 

coefficient of the heat flux as a function of the relative radius (R/r) is shown in Fig. 2.

Fig. 2. Graph of the dependence of averaging coefficient of the heat flux on the relative radius
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In a similar way, the dependence ( )n f= D  presented in Fig. 3.

Fig. 3. Graph of the dependence of the exponent n on the relative thickness of the heating

An experimental study of the processes of charging and discharging the heat of the accu-
mulator was performed on a pilot plant. The heat accumulator consists of two channels formed by 
solid-state nozzles (Fig. 4, 5). The study of the dynamics of the processes of heating and cooling of 
a solid-state accumulating nozzle was performed using chromel-copel and chromel-alumel thermo-
couples installed at characteristic points of the heat accumulator. Thermocouples 1–7 are located 
in the central section of the accumulating nozzle, thermocouple 8 – at a distance of 345 mm from 
thermocouple 5 along the air path. Data from thermocouples are recorded and recorded on a com-
puter using a universal eight-channel meter-regulator TPM 138 of the OWEN company and special 
software Owen Process Manager.

Fig. 4. Heat accumulator cross-section: 1 – fireclay brick; 2 – magnesite plate; 3 – mineral wool; 
4 – channel for the passage of air; 5 – thermocouple locations; 6 – heating elements

Fig. 5. The location of thermocouples in the accumulating material: 1 – thermocouple 1 (CA(K)); 
2 – thermocouple 2 (CC(L)); 3 – thermocouple 3 (CA(K)); 4 – thermocouple 4 (CA(K));  
5 – thermocouple 5 (CA(K)); 6 – thermocouple 6 (CA(K)); 7 – thermocouple 7 (CA(K));  

8 – thermocouple 8 (CC(L))
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For heating the accumulating nozzle, direct heating elements of stainless steel 12X18H10T 
are used. Power of 1 heating element makes 625 W, total power – 5 kW. To adjust the power of the 
heating elements, thyristor controllers are installed (one controller for two heating elements). The 
five main modes of charging and discharging heat from the accumulator with natural and forced 
convection are considered. For each of these modes, a series of five experiments was performed.

3. The results of experimental studies of the cooling dynamics of the accumulating nozzle
An analysis of the experimental results allows to obtain data on the nature of the distribution 

and the characteristics of the temperature change at various points of the accumulating nozzle.
Based on the experimental data, it is established:
– natural logarithms of the excess temperature when heated and the cooled material of the 

nozzle change according to a linear law (Fig. 6);
– process of cooling and heating of the accumulating nozzle can be divided in time into two 

stages: the stage of the disordered (irregular) process and the stage of the regular mode.
Such a character of temperature change in the body is characteristic of processes tradition-

ally described by the theory of the Kondratiev regular thermal regime.

Fig. 6. Graph of changes in the logarithm of the excess temperature during the cooling of  
the nozzle: 1–6 – thermocouple numbers

According to the third Kondratiev theorem, at an increase in the heat transfer coefficient, the 
cooling rate tends to a finite limit:

                                                         lim m m ,∞
a→∞

=  			   (18)

which is proportional to the coefficient of thermal diffusivity:

                                                           a Km ,∞= 			    (19)

where the coefficient of proportionality K depends only on the shape and size of the body, has the 
dimension of the area and therefore is called the coefficient of the shape of the body. The cooling 
rate, in this case, is determined by the equation:

                                                     
ln ' ln ''

m ,
'' '

ϑ − ϑ
=

τ − τ
				    (20)

where θ’ and θ’’ – excess body temperatures at arbitrary times τ’ and τ’’.
Thus, the obtained experimental results allow to conclude that the Kondratiev theory of 

the regular thermal regime can be used to describe the accumulation and return of heat from 
the accumulator. On the basis of experimental data, the numerical value of the body shape 

τ, s 
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coefficient K was calculated, which is used in this theory to determine the rate of cooling and 
heating of bodies.

4. Discussion of the research results of the effectiveness of the heat-accumulating nozzle
Theoretical and experimental studies of unsteady heat conduction make it possible to sup-

plement the Semikin method for the case of heating from within under boundary conditions of the 
second kind. The dependences for determining the exponent n (15) and the averaging coefficient of 
the heat flux k (16) are found.

Previously it was assumed that the temperature distribution in the body is described by a 
parabola (i. e., n=2). However, as is shown, for the case of heating from the inside this is not the 
case (Fig. 3). The obtained data, as a result, make it possible to more accurately determine the dis-
tribution of heat in the accumulating nozzle, which is very important when choosing the distance 
between the heating elements.

However, the found value for determining the coefficient of averaging the heat flux k (16), 
which is used in calculating the temperature difference over the cross section of the accumulating 
nozzle during heating for heating conditions from the inside by a constant heat flux, is of funda-
mental importance in the obtained results. Previously, its definition was possible only for the case 
of heating by heat flow from outside.

Based on experimental data, it is shown that to describe the dynamics of the process of 
heating and cooling the accumulating nozzle, it is permissible to use the well-known and proven 
theory of the Kondratiev regular thermal regime. It is supplemented with a shape factor for the case 
of forced convection in the channels inside the body.

It should be noted that in the work processes of charging and discharging the accumulator 
are considered separately from each other. However, in this mode, storage devices do not always 
work. There are cases when the supply and removal of heat occur simultaneously. These questions 
require further detailed research.

5. Conclusions
According to the research results of non-stationary heat conduction, the Semikin method 

was supplemented for the case of heating from the inside under the boundary conditions of the 
second kind. The dependences for determining the exponent n (15) are found, as well as the rela-
tionship for determining the averaging coefficient of heat flux k (16), which is used in calculating 
the temperature difference over the cross section of the accumulating nozzle during heating for 
heating conditions from the inside by constant heat flux.

On the basis of the obtained data, the theory of the Kondratiev regular thermal regime is 
supplemented by the shape factor for the case of forced convection in the channels inside the body.

The obtained data, as a result, make it possible to more accurately determine the distribution 
of heat in the accumulating nozzle, which is very important when choosing the distance between 
the heating elements.
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