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Abstract. In heating systems of residential and public buildings, the sectional radiators are widely used as heating
devices, where its heat transfer efficiency critically decreases, when the heat-carrying agent’s temperature lowered.
At the same time, in order to increase the heat transfer efficiency of heat-exchange equipment, the positive
experience of using the pulse flows is known. The heat supply method proposed in the process of the work
performing, which consists in periodic supply of hot and cold heat-carrying agent through the sectional radiators.
Thermal tests of 12 sectional radiators Rifar BASE 500 type at the temperatures from 42 °C to 67 °C and pulsation
frequencies of the heat-carrying agent from 0.52 Hz to 0.62 Hz, showed an increase in their efficiency at the nominal
flow rate of 1.8-2.2. With an increase in the flow rate and temperature of the heat-carrying agent, the SR efficiency
decreases in a pulsating mode. The study of the SR efficiency from the parameters of the heating system and their
switching circuit was carried out on a mathematical model in the form of energy chain that takes into account the
mass and storage capacity of the heat-carrying agent. For a parallel connection up to 10 SR, the optimal circular
frequency of the heat-carrying agent pulsations was 3 rad/s, and for a serial connection it was 4.2 rad/s, which is
consistent with the results of thermal tests at the level of 7 %.

1. Introduction

Modern global trends in the development of heat supply systems are aimed for reducing irrational costs and
heat-carrying agent losses, while improving the quality of maintaining the temperature regime in buildings. Such
trends are observed almost in all programs related to the integrated development of the cities. With the development
of the heat supply systems in Russia the priority is given to the district heat supply systems from combined sources
of electric and thermal energy. Experience in developing of promising urban heat supply schemes shows that the
quality, efficiency and reliability of the operation of heat supply systems is associated with the new technologies and
tools, which are used to create individual heating plants (IHP) at the inputs to the buildings. The mass introduction of
IHP instead of the traditional heating units will not only improve the temperature regime in buildings but also it will
solve the problem of ensuring a given pressure at the inputs to the buildings, while increasing the degree of
centralization of heat supply systems from combined sources. However, the IHP is successfully implemented only
in areas of new development, where in heating systems the panel radiators are mainly used and they are connected
independently to the heating networks. At the same time, in the areas of old building development the building heating
systems (heating and ventilation) are still connected to the heating networks in a dependent way through the elevator
and sectional radiators (SR) are mainly used as the heating devices. As for the last ones the effectiveness of the SR
(the ratio of actually achieved thermal capacity to the design one) with a decrease in the heat-carrying agent
temperature of 50 °C decreases to 30 %. It has been repeatedly proved as the result of numerous energy inspections
of buildings. According to the fact, that with the new construction they have recently switched to the plate radiators
of the PURMO type [1]. That is why the hydraulic mode of heating networks in cities is built taking into account the
transformation of thermal energy, and each heating unit has the throttling device at the input [2]. At each heating unit
appeared the energy losses, for instance, in Moscow there are more than 9500 of them only in the system of OJSC
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"MOEK". The total value of these losses is equivalent to hundreds MW of electric energy which is necessary for the
city economy. Nowadays, they are trying to solve the problem of ensuring the given thermal regime of the building
with optimization of the hydraulic regime of the heating network by using a mixing pump in the heating units at the
inputs of the buildings, which almost increases the speed of the heat-carrying agent through the heating devices in
two times, but the achieved SR efficiency has not reached the design capacity. From the 7 academic buildings of
National Research Ogarev Mordovia State University in which this method was implemented, the achieved
effectiveness of the SR in 2018 was at the level of 60 % of the design capacity. It did not give the expected effect, as
far as an increase in the speed of the heat-carrying agent through the heating devices changes the mixing coefficient
of the hot and return heat-carrying agent, therefore it reduces the power of the heating device. In addition to that, the
installation of mixing pumps increased the consumption of an electric energy in academic buildings for 6 %. This
situation has appeared due to the lack of reliable and inexpensive technologies for supplying the heat-carrying agent,
which should be based on the research and best practices in the field of new heat supply strategies, taking into
account the characteristics of hydrodynamics and heat transfer of specific heating devices.

In the world practice the attention has been focused on the intermittent heating of buildings [3] strategy, which
is aimed to reduce the heat energy consumption during working hours by predicting the rational power of heating
equipment, depending on the type of buildings. By mixing the period of heating and cooling, there we can see the
economy for 20 % of the heat energy, due to its limitation in non-working hours. The usage of such strategy
increases the power of heating equipment by 1.1-1.3 times and requires the additional costs. Among the continuous
heating strategies the technologies with pulsating (pulsed) heat-carrying agent circulation and the features for their
creation deserves attention, which are described in details in publications [4,5]. In these works the positive
experience of oscillating flows in heat exchange equipment extends to the heat supply systems with independent
connection to the heating networks, without the heating devices. Recommendations are given for the construction
of such schemes; however, the quantitative estimates of the achieved efficiency of such heat supply systems are
not given. The influence of the pulse flow for the energy consumption of panel radiators was studied in the works
[6-8], which are contain the quantitative estimates of the increasing efficiency about 20 % with fluctuations in the
pulse flow in the frequency range from 0.027 m/s to 0.051 m/s and the frequency of 0.0523 rad/s to 0.209 rad/s is
obtained by modeling methods of two panel emitters while maintaining the temperature on the surface of the
radiator 50 °C. It is unclear, how the panel emitters efficiency changes, while changing the amplitude consumption
of the heat-carrying agent. In the work [9], which is devoted to increasing the capacity of a heating system by
replacing a constant flow of a supplied heat-carrying agent with a pulsed one, using the Similink/Matlab software,
a mathematical model of the recreation room with one radiator was implemented. The pulse flow with amplitude
from 0.024 kg/s to 0.048 kg/s and a frequency from 0.0017 rad/s to 0.017 Hz allows saving 22 % of thermal energy
due to more uniform temperature distribution in the recreation room. The model takes into account the flow
hydrodynamics, the heat transfer does not take into account the features of the channels. More detailed studies of
hydrodynamics and heat transfer were performed on heat exchange equipment to specific heat transfer surfaces
at the higher frequencies.In the work [10], the heat transfer enhancement for finned tube heat exchangers was
studied using a pulsating air flow. The research was conducted on an experimental installation at the frequencies
from 10 Hz to 50 Hz with a change in the amplitude of the air flow from 13.33 % to 15.35 %, while an increase in
the heat transfer coefficient was noted within 12.3 %. For the liquid medium the heat transfer is also enhanced at
the lower frequencies. The work [11] presents the results of experimental studies for a horizontally located coil for
heating cold water in a reservoir. The average temperature of the heated water was maintained at 60 °C; the flow
was interrupted both at the input and outputof the coil with a frequency from 0 to 20 Hz at Reynolds numbers from
6220 to 16300, the average heat transfer coefficient was increased to 26 % mainly due to the fluctuations in the
coil.

The intensification of heat transfer depends on the time of interruption of the heat-carrying agent flow.
When the flow interruption time is reduced to a few milliseconds, the pulsating mode becomes pulsed (impulse),
which is accompanied by a hydraulic shock, which energy can be successfully used, for example, for the drive
of a membrane pump [5]. The experimental study of the heat exchange with a pulsating flow in a plate heat
exchanger at the frequency about 1 Hz is presented in [12]. The increase in heat transfer is fixed at 25 %. A
significant increase in the heat transfer in the pulsed mode at the level of 40 % has been experimentally proved
by cooling powerful semiconductor converters at the frequency about 1 Hz [13].

More in-depth studies on the heat transfer enhancement using a pulsating mode for a laminar flow of
the heat-carrying agent in specific channels were carried out at the Moscow Power Engineering Institute. In
the works [14—-16], the influence of the thermal conductivity of a liquid along the axis of the channel, the thermal
resistance of the wall for a pulsating laminar flow of the heat-carrying agent was studied. A significant increase
in heat transfer from heat transfer surfaces of heat exchangers is associated with flow turbulence, which is
especially important for creating new designs of microchannel heat exchangers.

It is applicable for heating devices which are operate in transient conditions with Reynolds numbers
from 2000 to 6000, an increase in their efficiency is also observed with pulsating and pulsed heat-carrying
agent flow, depending on the frequency and amplitude. A significant increase in the efficiency of SR heating
at the level of 40 % was obtained using the membrane pumps at the frequency of 0.5 Hz to 1 Hz on the IHP
experimental installation are explained by a more uniform temperature distribution on the surface. It should be
noted that the calculated efficiency parameters were not achieved due to the limitations of the experimental
installation of the IHP [17-19].
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In this regard, the aim of this work was to increase the efficiency of heat transfer of SR in building
heating systems, based on pulsating supply and mixing of the heat-carrying agent due to the inclusion of a
double-flow membrane pump in the IHP scheme. For realization this goal, the following tasks were solved: the
choice of a method for increasing the heat transfer efficiency of SR heating based on pulsating supply and
mixing of the heat-carrying agent; development of a IHP design of a building with a double-flow membrane
pump and the implementation of its experimental sample; conducting hydrodynamic and thermal tests of the
experimental model of IHP; simulation of the effectiveness of the SR from the parameters of the heating system
and their inclusion on a mathematical model.

2. Methods

The research of the efficiency of heat transfer of SR in the heating building systems from the parameters
of the heat-carrying agent, the mixing coefficient of a hot and cold flow, the amount of SR and the scheme of
their inclusion, as well as the parameters of the device that creates the pulsating mode was performed using
the methods:

— a complex analysis when analyzing a problem and searching for optimal design solutions for finding
a method of pulsating supply and mixing of the heat-carrying agent;

— physical modeling of hydrodynamics and heat transfer in the SR at the different frequencies and
amplitudes of the flow pulsations, the mixing coefficient of the heat-carrying agents in the experimental IHP
installation with pulsating flow and mixing of the heat-carrying agent and automated data collection;

—the method of mathematical modeling of the heat transfer efficiency of the SR at the different
frequencies of flow pulsations, mixing coefficients of the heat-carrying agents, the number of the SR and their
switching schemes based on the energy chain that allow studying the processes of the different physical nature
based on their analogy (heat, mechanics, electricity, hydraulics) in the frequency area;

— Mathematical statistics for processing arrays of experimental data and establishing dependencies.

The starting point for conducting the complex analysis of technologies and features for implementing
pulsating supply and mixing of the heat-carrying agent was the early experimental studies of heat transfer and
hydrodynamics of SR heating, carried out at the Chair of heat and power engineering at the National Research
Ogarev Mordovia State University which revealed the potential for increasing their effectiveness. Studies of the
effectiveness of SR were carried out using various schemes for switching the membrane pumps. According to
that, it was possible only partially to realize the potential for increasing the efficiency of the SR due to the
limitations of the experimental IHP installation [17-19]. In a point of a fact, the fluctuations in the flow rate of the
heat-carrying agent in the early studies were not purely harmonic and there was a constant component in the
total flow rate of the heat-carrying agent. In addition, there were difficulties with mixing hot and cold heat-carrying
agent flows in the SR and electric energy was partially used for the drive of the membrane pump.

In this work, the realization of the potential of heat transfer efficiency of SR heating was realized through
the use of a double-flow membrane pump with a pulsed heat-carrying agent flow distributor in the design of
the IHP experimental installation, which generates a hydraulic shock and additionally uses it for the drive of
the membrane pump [20]. Figure 1 shows a diagram of an experimental individual heating plant with a
membrane pump. The scheme allows you to create the two independent circuits.

IHP with double-flow membrane pump (Figure 1) consists of feeding and return pipeline and with the left
and right section of membrane pump. Both sections of the membrane pump are controlled from a pulsed flow
distributor 5, connected with an electric motor drive 6. A feed pipe 1 is connected to the input of the pulsed flow
distributor 5, and its outputs are connected to the chambers 3 and 4. The left section of the membrane pump 3
and the right section of the membrane pump 4 are rigidly connected to the link rod 7. The switching mechanism
of the shock valves 8 is connected to the one side of a link rod 9 and on the other side to the left 10 and right 11
shock valves. Radiant space heater of the right section is connected in parallel with the hot-water calorifier 13.
The left section is connected in the same way, but it has not been used in this installation.

When you turn on the electric motor drive 6 and establish the required pulsation frequency of the pulsed
flow distributor 5, the heat-carrying agent is alternately supplied from the supply pipe 1 to the internal (working)
parts of sections 3 and 4, where it performs the work. In the final positions of the link rod 9 the shock valves
10 and 11 are switched with the help of the mechanism of switching the shock valves 8 and the external
(pumping) sections intake the heat-carrying agent through SR 12 and the hot-water calorifier 13. At the next
cycle the cooled heat-carrying agent goes repeatedly through the SR 12 and hot-water calorifier 13 and
pushed into the return pipeline 2. Cooled water regulating temperature is conducted by the changing the load
of the hot-water calorifier. Through this process, we can see that for the one period of double-flow membrane
pump work the hot or cooled heat-carrying agent goes through the SR.

There is an experimental model of IHP with a double-flow membrane pump with a capacity of 3000 I/h
was implemented at the Chair of heat and power engineering of Federal State Budgetary Institution of Higher
Education Ogarev Mordovia State University. The main components of the plant is shown in Figure 2, 3.
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Figure 1. Scheme of experimental plant (installation) of Individual Heating Plant on the basis
of double-flow membrane pump: 1 — feeding pipe line; 2 —return pipe line; 3 —the left section
of membrane pump; 4 —the right section of membrane pump; 5 — pulsed flow distributor;

6 — electric motor drive; 7 —link rod; 8 — switching shock valves mechanism; 9 —link rod,;

10 —the left shock valve; 11 —the right shock valve; 12 — heating device; 13 — hot-water calorifier;
14 — flow nozzle; 15 — temperature sensor.
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Figure 2. Physical form of experimental unit of IHP on the basis of double-flow membrane pump:
3 — Membrane pump left section; 4 — Membrane pump right section; 8 — Switching shock valves

mechanism; 9 — Link rod; 10 — Left shock valve; 11 — Right shock valve.

Figure 3. Pulsed flow distributor.
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3. Results and Discussion

Hydraulic tests of IHP with a double-flow membrane pump with a capacity of 3000 I/h showed that the
flow rate of a double-flow membrane pump depends on the frequency of interruption of the heat-carrying agent
flow. It was found that when the frequency of interruption of the heat-carrying agent flow changes from 0.5 Hz
to 0.8 Hz, the flow rate (consumption) of the heat-carrying agent changes from 2000 I/h to 3000 I/h. In this
case the pressure at the pump input varied within 0.536 kPa to 0.635 kPa with the same available head
between the supply and return pipelines (dependencies 2-5 Figure 4). The calculated dependence of the flow
rate of a double-flow membrane pump on the frequency of interruption of the heat-carrying agent flow is
somewhat higher and differs from the experimental average within the limits of 4 %. The calculated
dependence of the flow rate of a double-flow membrane pump on the frequency of interruption of the heat-
carrying agent flow is calculated in the plugflow mode. By the least square method we obtained a regression
equation for the dependence of the flow rate of a double-flow membrane pump on the frequency of interruption
of the heat-carrying agent flow:

G =177.46+3541.99f. (1)

Later on, the thermal tests were carried out according to the results of which the effectiveness of the
SR was evaluated in various modes. During thermal tests of IHP with a double-flow membrane pump with a
capacity of 3000 I/h, temperature parameters 15 and flow rate 14 of the heat-carrying agent at the input and
output of 12 SR Rifar BASE 500 type were recorded. Hereinafter, by the temperature differences at the input
and output of the SR, its efficiency was calculated depending on the flow rate of the heat-carrying agent at the
certain frequency. The results of calculating the efficiency of SR at four averaged temperatures of the heat-
carrying agent (42 °C, 50 °C, 58 °C, and 67 °C) are presented in the form of graphs (Figure 5). In this case
the heat-carrying agent’s flow through the SR varied from 60 I/h to 360 I/h. Nominal heat-carrying agent flow
through the SR is 120 I/h. With an averaged temperature of the heat-carrying agent of 42 °C and nominal flow
rate (Figure 5, a), the highest SR efficiency is 0.54 at the heat-carrying agent pulsation frequency of 0.62 Hz.
With an increase in the flow rate of the heat-carrying agent through the SR, the efficiency decreases and at
the flow rate of 300 I/h it becomes equal to the stationary mode. In a stationary mode the efficiency with
increasing flow rate also increases from 0.25 to 0.32. At the averaged heat-carrying agent/s temperature of
50 °C (Figure 5, b), the SR efficiency is 0.52 at the nominal flow rate and frequency of 0.57 Hz. In the stationary
mode the efficiency with increasing flow rate also increases from 0.28 to 0.42. At the averaged heat-carrying
agent’s temperature of 58 °C (Figure 5, ¢), the highest SR efficiency is 1.03 at the frequency of 0.62 Hz, which
decreases with increasing heat-carrying agent’s flow rate, and at the flow rate of 240 I/h it becomes equal to
the stationary mode. In the stationary mode the efficiency with increasing flow rate also increases from 0.53
to 0.67. With the averaged temperature of the heat-carrying agent at the inlet to the SR equal to 67 °C (Figure
5, d), the greatest efficiency of the SR is 1.28 at the frequency of 0.57 Hz, which decreases with increasing
flow rate and with the rate of 180 | / h is approaches to the stationary mode. In the stationary mode the
efficiency with increasing flow rate also increases from 0.72 to 0.85. Thus, the SR efficiency at the nominal
flow rate of the heat-carrying agent in a pulsating mode, depending on the temperature at the inlet and the
pulsations frequency increases by 1.8 — 2.2 times. Moreover, with increasing temperature at the inlet to the
SR, the relative value of the efficiency decreases. The frequency of pulsations of the heat-carrying agent has
a significant impact on achieving maximum SR efficiency and is determined by its design capacities. With an
increase in the heat-carrying agent’'s flow rate, the efficiency of the SR in the pulsating mode decreases
intensively with the high average temperature of the heat-carrying agent.
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Figure 4. Hydraulic characteristics of IHP on the basis of double-flow membrane pump
with different pressure at the input of pump chambers: 1 — calculated; 2 — P3=568 kPa;
3 — P,=536 kPa; 4 — P1=635 kPa; 5 — according to the least square method.
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The efficiency of the SR depends on both parameters of the heat-carrying agent and the thermophysical
properties of the device itself. The last we can include the mass of the heat-carrying agent, thermal and capacitive
resistance. For obtaining the equations describing the movement of heat flows, it is convenient to represent them
in the form of an energy chain of SR with a section of the heating network (Figure 6) [21].

Special feature for IHP with double-flow membrane pump is the pulsating regime i.e. flow enthalpy h,
J/kg and the mass rate (consumption) g, kg/s, which is periodically changes in time.

The energy chain of the SR with the participation of heat engineering devices includes three links: the
first is thermal — it takes into account the decrease in enthalpy due to the mass m, kg and the heat-carrying
agent; the second link-is transformative, it is converts an enthalpy h, J/kg, in temperature t, °C, and the mass
flow rate g, kg/s, to the specific heat flow rate g, W/°C, through the heat capacity C; the third link is heat, which
takes into account the SR temperature dropwith the help of thermal true resistances Ri1, Rz, Rs, °C2/Ww,
corresponding from the heat-carrying agent to the area of heating surface, thermal conductivity of the wall and
from the wall to the air and also with accumulating ability of water with ductility |1, W/s, and accumulating ability
of the wall ductility |2, W/s.
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Figure 5. The efficiency of bimetallic sectional radiators which are connected
to double-flow membrane pump: 1 —0.623 Hz; 2 — 0.572 Hz; 3 — 0.523 Hz; 4 — stationary.
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Figure 6. SR’s energy chain with the section of heating network.
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Chain components equation:

1st 2nd 3rd
. =ct,
h:mg+h1, hl t:R1q+R2q1+R3q2+t3’
q . . (2)
g=q. g=— q:|1t1+|2t2+q2-

c
During the modeling process it was necessary to find out how the output of SR temperature will change

t3, °C, depending of its removal from the source (IHP with double-flow membrane pump), and also what kind
of effect has the parallel and compounding connection of SR.

Let's imagine the SR output temperature t, =t,) +1, and specific heat flow rate 0, = 0,, +T, in the
form of a constant component and deviation.

g, W/°C equation:
gq= Ilelstﬁz + |1R2|2E + (Ile + |1R3 + IzRa)q;z +(I1 + Iz )fa + qz +0Qy =
= aﬁz + azaz +0,+ 0y + blE + b2f3'
There are expressions for coefficients:

a, =LRLR;; a, =R, +LR,+LR;; b =1 R,L,; b, =1 +1..

®)

t, °C equation:
t = R, + Ra,d, + Rd, + Rq, + RbE +Rb,L +
+R LR, + Ryb,T, + Ry, + Ry, + RyGyy + RO, + 1, + T = (4)
= a0, +a,d, +a.d, + a0, + bt +b,T +T +t,,.
There are expressions for coefficients:
a,=Ra; a,=Ra,+RLR;; a.=R+R,+R,; a,=R +R,; b,=Rb; b,=Rb,+R)I,.
h, J/kg equation:

c c

+ agcj q, + (% + aﬁlc)q*2 +a.Cq, +

+8,C0,, + m—b1§ + b3cﬁ + ( mb,
c Cc

+ b4cjﬁ +Ct +ctyy = ©®)

= a7%].2 + asﬁz + agjz + 8,0, + 8,0, + bsg + beE + b7§ + Cg + Cty,.
There are coefficient values:

_ma . _Ma,
c ’

m
a, +a,C; & :?+a4c, A = a0, a; =34Cqy,

bszmel; b6:b3C; b7:m:2+b4C; b8:C+1'

Image equation:
(2,5° +a,5" +,5 +a, +1)Q, () = —(bss° +bes” +b,s+C+1) T, (). 6)
The complex resistance of the chain output:

Z(s)= T,(s) as’+as’+as+a,+l
T Q,(s) -bs’-bs’-bs-c-1’

()
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Chain frequency function:

_ a2+ (ah, +ab;) j2° +(agh; —asb, —agh, ) ©Q* .

Z(je2
(19) (0,422 b, ) +(b,j2° b, j2)
) ) 8
, (3by +agb, + 2y +a,by ) 12+ (3, + aghy +auby ) 2 —(ahy +aub, ) j2-ab,
(0,422 b, ) + (b, j2° b, j2)
Real part:
Re( J-Q) _ "517b5-06 +(agb5 _a7b7 _asbs)-Q4 +(a8b8 + a*ab7 + a11b6)-(22 B a1b8 . )
(0,22 b, ) —(b,2 —b,2*)’
Imaginary part:
5 3 _
im( j2) = B+ 3ls) 2 +(a7b82+ by + 3, +anb5):02 (3f +2,0) 2 )
(bs2* —b, )" —(b,22-b,2°)
Amplitude-frequency characteristics:
A(j€2) = Re(j2) +Im(j@) . (11)

The efficiency of sectional radiators, according to this model, was estimated by the value of the
temperature drop at the output of the device t3, °C, with the single input exposure (2, W/°C. It is specified that
the temperature 3, °C, will go up less, so the efficiency will be higher, comparing with the basic operation.

Thermal true resistances of the chain R1, Rz, R3, °C2/W, were selected based on the temperature drop
during the passing of the heat flow. Moreover, the same temperature drop according to the experimental
conditions was strictly maintained. The ratio between these resistances was taken in accordance with the
distribution of heat transfer coefficients. The value of ductility was chosen based on changes in the volume of
the heat-carrying agent and heat capacity depending on the material of the pipe and sectional radiators. The
mass of the heat-carrying agent was taken based on the diameter of the pipe and its length. Initial parameters
for predicting the switching modes of sectional radiators: basic; parallel and sequential connection (Table 1).

Table 1. Parameters for operation modeling.

E-Chain parameters Heat-carrying agent parameters
Ne Operation
m, kg Ri1, °czw Rz, °czw Rz, eczw 11, wis |2, wis th, °C g, kg/s
1 basic 6 0.774 0.04 36.13 0.01 0.2 48.6 0.0333
2 parallel 8.4 0.387 0.02 18.37 0.01 0.2 48.6 0.0333
3 sequential 9 15 0.08 72 0.01 0.1 48.6 0.0333
4 With increased mass 8 0.774 0.04 36.13 0.01 0.2 48.6 0.0666

Modeling results are given in amplitude-frequency characteristic in three modes of operation (Figure 7).

As we can see from the amplitude-frequencycharacteristics graphs in the basic operation mode the
greatest decrease in temperature at the output of the SR for a single surge in specific heat flow is observed at
the circular frequency of 3.6 rad/s and corresponds to 3.6 °C which completely coincides with the experimentally
obtained dependences of the SR efficiency at the given circular frequency (curve 2 of Figure 5). When the SR is
connected in parallel, the thermal true resistance is reduced due to the better mixing of the heat-carrying agent.
the circular frequency, which has the greatest decrease in temperature at the output of the SR is 3 rad/s, it
corresponds to 2.23 °C. It follows that in order to provide the improved SR efficiency, it is necessary to switch to
the angular frequency of 3 rad/s (0.47 Hz). With sequential SR connection the thermal true resistances are
increasing for 3 times. The heat-carrying agent mass increases to 2.4 kg. As for the last SR output temperature,
soitincreases to 6.7 °C and the circular frequency goes higher and it shows 4.2 rad/s. In this case, the flow rate
of the heat-carrying agent is not changing. According to this fact, it is necessary to increase the flow rate of SR
in two times with the sequential connection. The last operation mode corresponds to the basic parameters with
the increased mass. In this operation mode the circular frequency decreases to 3 rad/s and the minimum
temperature at the output of the last SR is 4.33 °C
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Figure 7. Amplitude-frequency characteristics of energy chain: 1 — basic powering SR;
2 —parallel connection SR; 3 — sequential connection of SR; 4 — with increasing the mass
of the heat-carrying agent to the basic operation.

4. Conclusion

1. In heating systems of residential and public buildings, SR are widely used as heating devices due to
their compactness. Resistance to pressure drops high corrosion resistance and good aesthetic qualities.
However, in practice they showed a low efficiency (power reduction) with a decrease in the heat-carrying agent
temperature which is typical for the spring-autumn period of the heating system work. This disadvantage is
compensated by installing an additional number of sections in the SR or using the electric energy for heating
purposes which is inefficient in the context of the implementation of the energy conservation policy. At the
level of implementation of urban energy-saving programs with the introduction of IHP based on traditional
technologies. they are trying to solve this problem, however. Nowadays it has been possible to realize the
potential for increasing the efficiency of heat supply systems with SR only partially. Among non-traditional
technologies and developments in world practice over the past ten years much attention has been focused on
the heating systems with pulsating (pulsed) heat-carrying agent circulation. This allows not only increasing the
heat transfer efficiency from the surfaces of heating devices up to 40 %, but to reduce the consumption of
thermal energy up to 20 % due to equalization of indoor temperature. However. the experience is still
insufficient for using these developments in the IHP schemes of buildings with SR. The researches of the heat
transfer and hydrodynamics of heat-exchange equipment in most of the works has the one-sided character
and were carried out by mathematical modeling methods for one heater at a constant temperature of the heat-
carrying agent at the input. According to the fact. increasing the efficiency of heat transfer of SR in building
heat supply systems based on pulsating supply and mixing of the heat-carrying agent due to the inclusion of
a non-volatile double-flow membrane pump in the IHP scheme has scientific and practical value.

2. Amethod is proposed for increasing the efficiency of heat supply systems of buildings with SR based
on pulsating supply and mixing of a heat carrying agent. The essence of the method consists in periodically
passing through SR heating of hot and cooled pulsating heat-carrying agent. The pulsating flow rate and
temperature of the heat-carrying agent with the frequency up to 1 Hz makes it possible to increase the
efficiency of SR about two times due to a more uniform temperature distribution on the heat transfer surface.
For realization, this method in the heating systems of buildings with SR. an IHP scheme was developed and
tested on the basis of a non-volatile dual-flow diaphragm pump, using up to 20 meters of the available pressure
of the heating network.

3. Hydraulic tests of the IHP on the basis of a non-volatile double-flow membrane pump with a capacity
of 3000 I’h showed that the flow rate of a dual-flow diaphragm pump from 2000 I/h to 3000 I/h is regulated by
the frequency of pulsations of the heat-carrying agent from 0.5 Hz to 0.8 Hz and has a linear relationship.The
calculated dependence of the flow rate of a double-flow membrane pump on the frequency of interruption of
the heat-caryying agent flow obtained using the least squares method in the form of a regression equation
differs from the experimental average within 4 %.The linear dependence of the flow rate on the frequency of
a double-flow membrane pump allows it to accurately keep track according to the number of cycles without
the use of expensive heat meters.

4. In the process of thermal tests of 12 SR Rifar BASE 500 type connected to IHP based on a double-
flow membrane pump, with the temperatures from 42 °C to 67 °C and pulsation frequencies of the heat-
carrying agent from 0.52 Hz to 0.62 Hz, was found its efficiency increase at the nominal flow rate of 1.8 — 2.2.
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Moreover, with temperature increase of the heat-carrying agent at the entrance to the SR, the relative value
of the efficiency decreases relative to the stationary mode. The frequency of the heat-carrying agent pulsations
has a significant impact on achieving maximum SR efficiency and determined by its design features. With an
increase in the flow rate of the heat-carrying agent, the SR efficiency in a pulsating mode decreases intensively
with the high temperature at the entrance.

5. The prediction of the heat transfer of several SR included in the building heating systems was carried
out with the mathematical model in the form of energy chain that takes into account the mass of the heat-
carrying agent in the pipelines of the heating network and SR. as well as thermal active and storage
resistances. The simulation results are presented in the form amplitude-frequencycharacteristics (temperature
increment at the output of the last SR in the heating system to the heat flow increment). The adequacy of the
model was tested in the basic mode for one SR at the circular frequency of 3.6 rad/s. while the decrease in
temperature at its output amounted 3.6 °C, which completely coincides with the experimentally obtained
dependences of the effectiveness of the SR at this frequency. For a parallel connection up to 10 SR the
optimum circular frequency of the pulsations of the heat-carrying agent was 3 rad/s. and for a sequential
connection — 4.2 rad/s. which is consistent with the thermal test results at the level of 7 %.

6. The results of this research can be used in the design of IHP with pulsed circulation and mixing of
the heat-carrying agent for heat buildings supply with dependent connection to the heating network which will
ensure the required temperature conditions in the recreation rooms throughout the heating period at the low
heat-carrying agent temperatures, also will reduce the heat energy consumption and simplify the heat carrying
agent accounting and eliminates the cost for circulation pumps drive.
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KnioueBble cnoBa: cnocob TennocHabxeHusl, pagnmatopbl oTonneHns, adeKTBHOCTb Tensonepeaayu,
nynbcaumst TENOHOCUTENs, MEMOPaHHbIN HAacoc, TeMNMOBOW MYHKT

AHHOTaumA. B cuctemax TennocHabXeHWs XUMbIX M OBLWECTBEHHbIX 34aHUMN B KayeCcTBe OTOMUTENbHbIX
NprnbopOoB LLUMPOKO UCMONMb3YITCH CeKUMOHHbIE paamaTopsl (CP), acdbdeKkTBHOCTL Tennonepeaayun KoTopbixX
Npy MNOHWXEHUN TemnepaTtypbl TennoHocuTensa cHuwkaeTtca 0o 30 %. Ha npaktuke Hu3kas adheKTUBHOCTb
CP komneHcupyeTcsa 3a cHET YyCTAaHOBKU AOMOMHUTENbHOrO YMcna CeKUUin U UCNOMb30BaHUS 3NEKTPUYECKON
3HEpPruu Ha HYXXbl OTOMMNEHMS, YTO B YCIIOBUSIX peannsaumm NonmMTuUKn aHeprocbepexeHnst HepaunoHansHo.
B npovecce BbiNnonHeHUst paboTbl NpeanoXxeH cnocob TennocHabxeHns, 3aknovatoLLMncs B nepuognyeckomn
nogade ropsi4ero M xornogHoro TennoHocutensi yepe3 CP, KOTopbI peanu3oBaH B cxeMe nabopaTopHown
yctaHoBku VTT Ha 6a3e aHeproadpdeKTUBHOIO ABYXNOTOYHOIO MEMBPaHHOro Hacoca NPOM3BOAUTENBHOCTBIO
3000 n/4, koTOopass uMeeT BO3MOXHOCTb W3MeHSATb Auana3oH 4actoT ot 0,3 go 1 lu. B pesynbrarte
rMAPaBNNYECKNX UCMbITAHUIA ABYXMOTOYHOrO MemMOpaHHOrO Hacoca YCTaHOBMEHA JIMHENHas 3aBMCMMOCTb
pacxoda OT YacToTbl NynbcaLmii TENIOHOCUTENS Ha YaToTax Ao 1Mu. Tennosble ncnbitanns 12 CP tuna Rifar
BASE 500 B nynbcupytowem pexume Ha yvactotax ot 0,5 Iy go 0,8 Iy, npu cpegHenm Temnepatype
TennoHocutens 48 °C n cpegHem pacxoge 120 n/d4 nokasanu, 4To 3dEKTMBHOCTL Tennonepegayn CP
3aBUCUT OT YacToTbl Nynbcauun TennoHocuTens. Hanbonbwasa addgektnBHocTb CP 3admkcnpoBaHa Ha
KpyroBon uvactoTte 3,6 pag/c u coctaBuna 53 %. WccneposaHue adpektuBHocT CP oT napameTpos
TENMOCETU N CXEMbI UX BKITHOYEHMWS BbINOMHANOCH HA MaTeMaTUYeCKOM MOLENMU B BUAE SHEPrETUYECKON Lienu,
KOTOpas yuyuTbiBaeT Maccy TennoHocuTenda B TpybonpoBogax TenmnoBon cetu u CP, Tepmudeckue
conpoTtueneHus Tennocet n CP, a Takke akkymyrnumpyoLLyto cnocobHOCTb BOAbI B TPy6onpoBoaax TeNnoBon
cetn n CP. [nsa napannenbHoro coeguHeHus o 10 CP onTtumanbHas KpyroBas 4actoTa nynbcauum
TennoHocuTens coctasuna 3 pag/c, a ona nocnegosaTtenbHoOro — 4,2 pag/c, Npu KOTOPbIX AOCTUraeTcs
HambonbLlas 3pdEKTUBHOCTL TEMMONepeLaYn.
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