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Statement of the problem. Heat and gas supply equipment (heat networks and boiler rooms) in
the Russian Federation is generally worn-out. An important element of the heat and gas supply
system is shell-and-tube and lamellar heat exchangers that are employed in thermal electric sta-
tions and atomic electric stations, boiler rooms, etc. The use of these tools is a more viable engi-
neering solution than lamellar ones due to a number of operational and economic factors. The
methods of enhancing heat exchange of shell-and-tube tools are discussed.

Results and conclusions. It was found that the most promising method of enhancing heat ex-
change is to change the geometry of a heat exchanger surface: longitudinally ribbed heat exchang-
er tubes, tubes with a hole on the outside surface, etc. The theoretical aspects of increasing heat
emission of the heated solid surface using liquid turbulization. An original structure of the shell-
and-tube heat exchanger with special heat exchange tubes fitted with plates with cylindrical ribs.
According to the natural experiment, the heat exchange coefficient of the resulting shell-and-tube
heat exchanger with the modified geometry of the heat exchanger surface and on average 20 %

higher turbulization than that of the mass production one.

Keywords: heat exchanger, turbulization, heat exchanger surface, heat exchange coefficient.

Introduction. The heat supply system of the Russian Federation is the largest in the world

with the heat energy consumption of around 35 % of the total one [3].
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However, these days a heat supply system is faced with technological challenges during produc-
tion, transfer and distribution of heat energy: the proportion of boiler rooms with completely worn
out equipment is around 60 %, the average percentage of worn out thermal and steam networks
is estimated at 60—70 %, worn out equipment in heat supply system is reported to be 60 %.

In the Russian Federation the communal household system is one of the most crucial indus-
tries in the public sector. Reconstruction as well as construction of new residential homes, ener-
gy modernization of the country’s heat supply infrastructure is a top priority in the social policy.
The annual proportion of residential construction is about 2 % of the housing fund [11].

A significant part of the Russian Federation is located in sharply and moderately continental
climate zones. The heating season might last from 72 to 365 days. In order to create favourable
work and leisure conditions heat supply systems are employed. Currently over 500 large heat
energy sources are being employed in the Russian Federation (atomic power plants, thermal
electric power plants, boiler rooms with the power capacity of over 58 MWatt) [17]. In the cal-
endar year of 2017 according to the data from the Ministry of Energy, the Russian Federation
produced 4,94-10° Geal of thermal energy, which is 13 % more than in the previous year [14].
The main type of heat exchange equipment for thermal energy production is shell-and-tube
and lamellar heat exchange tools (Fig. 1). This equipment is employed in thermal electric

power plants and atomic power plants, boiler rooms, central and individual thermal spots.

a) b)
Fig. 1. Shell-and-tube (a) and lamellar (b) heat exchange tools

The use of lamellar heat exchangers is associated with operation and maintenance challenges.
First of all, heat exchange surfaces experience skulling. A limescale layer with the thickness
0.3 mm causes a 2.5 time decrease in the heat transfer coefficient compared to the calculation
data [2, 8]. A scaling inhibitor, i.e. oxyethylidenediphosphonic acid, can be added into a hot

water supply system in order to prevent skulling [9].
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Heat exchanger plates should be disassembled or assembled by a team of no less than 2 pro-
fessionals with use of special equipment. Rubber gaskets (EPDM material) of a complex
shape are damaged which require replacement if a tool is frequently (3 or more times) disas-
sembled. The cost of gaskets should be 30—70 % of that of a new tool with actual service life
of rubber gaskets of around 3—35 years. Therefore EPDM-compactions have to be replaced
1—2 times after 5 years of operation.

Traditionally in heat supply systems in the Russian Federation shell-and-tube heat exchange
tools are more widely used which typically have a relatively low hydraulic resistance and can
use operating environments with various aggregate states (steam in the heating contour, water
in the heated one and the other way round). These tools can operate on water with extreme
rigidity (over 700 mkg-equiv/l), temperature (up to 550°) and high pressure (up to 14 MPa).
It should be noted that for shell-and-tube heat exchangers the skulling thickness of 0.3 mm
only causes a 10 % reduction in the heat transfer coefficient.

Hence for analysis of the positive and negative aspects of heat exchange tools, intensification of
heat exchange in shell-and-tube tools for increasing their productivity is of particular importance.
1. Theoretical foundation of intensification of heat exchange in the geometry of a heat
exchange surface. The Russian Federation as well as other countries is engaged in studies of
intensification of heat exchange in shell-and-tube heat exchange tools.

Intensification of heat exchange is discussed in the paper by D. A. Alkhasova [1]. The effi-
ciency of the method of longitudinal ribbing of a heat exchange tube was investigated and a
4—>5 time increase in the heat flow was achieved compared to a bare surface. However, as the
number of longitudinal ribs raises so does the hydraulic resistance.

In [12] there is a discussion of a shell-and-tube heat exchange tool where a block of regular
support partitions (perpendicular to the tool axis) was replaced by a screw one. This contri-
butes to a 1.4 time increase in heat exchange compared to a serial tool manufactured in ac-
cordance with the GOST (I'OCT) 24590-2005. It is also essential to account for challenges
associated with manufacturing the tool as well as a relatively high hydraulic resistance at high
rates of the operating environment in tube space.

In the papers by G. A. Kruglov and V. V. Bakunin [6] it is suggested that a smooth pipe is
used which is bent like a spiral to increase heat emission from a heating heat carrier to a wall
pipe by 1.5 times.

Specialists in the Belarus State Technological University [7] conducted a series of experi-

mental studies on longitudinal flowing by a heat exchange pipe with notches on the outside
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surface. This enabled heat exchange to increase by 1.39 times with heat emission dropping
dramatically as the notches experienced skulling.

In a lot of countries (USA, Canada, Great Britain, Germany, France, India, China, Iraq) there
has been ongoing research effort to investigate the efficiency of shell-and-tube heat exchange
tools [18, 19]. Original technical solutions for improving turbulization of a liquid flow at the
heated as well as cooled surface (in the heating and heated contour).

Chinese specialists M. Jin, H. Liu, K. Wang performed a study of a shell-and-tube heat ex-
change tool with smooth pipes and modernized partitions which were a circle with alternating
60° sectors [16]. The sector angle was also 60 °. The goal of the experiment was to investigate
a coefficient of heat exchange and hydraulic resistance. According to the results, the heat co-
efficient using such partitions could be increase by 6,8 % (compared to regular partitions).
A drawback of this technical solution is challenging manufacturing of the tool.

In Iran Ashkan Alimoradi developed and examined a shell-and-tube heat exchange tool with
spiral heat exchange pipes. A heat exchange pipe was found to emit more heat, the smaller its
rolling radius is [20]. Hence the heat exchange coefficient of the tool with a spiral pipe can be
increased by 6 %. It should be noted that in this case the area of a longitudinal section of tube
space is a lot smaller than with straight pipes, which causes the tool size to increase.
Intensification of heat exchange of heated liquid in shell-and-tube heat exchange tools by
means of turbulization is also worth mentioning when the liquid turbulization, which is an
advantage of lamellar tools, is suggested being used for structures of shell-and-tube ones due
to cost efficiency, simplicity and convenience of their operation and maintenance.

The amount of heat energy that is transmitted from a heated solid body to a liquid of a cooler
temperature depends on liquid flowing of the body. According to the calculations by
A. A. Zhukauskas [5], in the Reynolds number area (for liquid surfaces) 2-10°—10* at the turbu-
lence of the heated liquid flow 7u = 10 % an increase in heat emission is 20—25 %. In the classi-
cal papers by A. A. Zhukauskas, G. Shlichting [5, 15] it was found that during flowing of the cyl-
inder liquid with a flow starting from Re = 60, behind the feeding part there is a swirling area. At
Re = 5000 and over behind the feeding part there is a liquid flow with a high turbulization.

It should be noted that in a laminar sublayer heat is transmitted from the wall to the liquid
(or the other way round) there is heat conductivity. The thicker a laminar sublayer is, the less
heat is transmitted to the main flow. Thus a decrease in the thickness of the laminar sublayer
of the liquid near the plate contributes to an increase in the heat energy (an increase in the

heat emission coefficient) through this layer.
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The heat emission coefficient from the plate to the liquid a, Watt/(m?-°C) is known to be gi-

ven by the formula:
oa=—, (1)

where A is the heat conductivity coefficient of the body, Watt/(m-K); Nu is the Nusselt num-
ber; / is the defining geometric parameter of the surface (length for the plate, m, its diameter,
m, for the cylinder).

The Nusselt number Nu during liquid flowing of the plate is calculated for the turbulent mode

using the formula:

Nu,,,=0.037-Re’*,-Pr)(Pr,

el ane,l e, /c,l/Prcm )0'25’ (2)
where Re,,.; is the Reynolds number which goes up as turbulization of a liquid flow takes
place; Pr is the Prandtl number.

For the cylinder the number Nu depends on turbulization of the flowing liquid:

Nu, ,=0.43-Re’’-Pryy - Tu""® (Pr, ,/Pr, )**, (3)

where Tu is the coefficient of the turbulization of the liquid flowing the cylinder, %.

Based on (3), as the numbers Re,,.;, Pr increase as well as does turbulization a [4], the number
Nuye; goes up during liquid flowing of the plate. For the cylinder based on the dependence (4),
the number Nu increases as do the number 7u, Re and Pr. Then based on (2), as Nu increases, SO
does the heat emission coefficient a.. Hence in order to intensify heat exchange in the shell-and-
tube tool, turbulization of a liquid flow in the heat exchange surface should be increased.
Considering the results in [5, 15], we set forth a scheme of a heat exchange surface (Fig. 2)

which consists of a plate and a round semi-cylinder.
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Fig. 2. Development of movement behind a cylindrically shaped rib:
1 is an area of swirling and high turbulization; 2 is a plate; 3 is a cylindrically shaped rib;
W, 1s a tangential speed during flowing of the cylindrically shaped rib, m/sec;

W, is the rate of the main liquid flow, m/sec
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During transverse flowing of the round semi-cylinder there is an area of high liquid
turbulization. On the plate there is a decrease in the thickness of the laminar sublayer of the
liquid near the plate, which ultimately results in an increase in the heat energy transmission
through this layer.

2. Practical importance, results of the experimental studies. An original structure of a
shell-and-tube heat exchange tool was set forth with special heat exchange tubes fitted with
the plates 2 with the cylindrically shaped ribs 3 in them [13]. This allows an increase in the
heat exchange surface as well as extra turbulization of the flow of the heated liquid during

flowing of the ribs (Fig. 3).

Fig. 3. Element of the heat exchange surface of the original shell-and-tube heat exchange tool:

1 is a tube, 2 is a plate, 3 are cylindrically shaped ribs

Based on the theoretical studies, a semi-industrial setup was designed as well as an intense
shell-and-tube heat exchange tool (Fig. 4) [10].

The setup is divided into 2 contours:

I. The heating one: the heat energy source (11) — heat exchange tool (9) — heat supply
source (11);

II. The heated one: heat exchange tool (9) — consumer (7) — heat exchange tool (9).

For the experiment a natural semi-industrial shell-and-tube heat exchange tool was used.

The parameters of the tool are in Table 1.
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Fig. 4. Independent heating system of a multi-storey residential building:
1 is a feeding pipe of the heat supply source; 2 is a circulation pump; 3 is a controlling tool; 4 is a flow meter;
5 is a thermometer; 6 is a feeding pipe from the heat exchange tool;
7 are consumers; 8 is a reverse pipe of the heating system; 9 is an intense shell-and-tube heat exchange tool;
10 is a reverse pipe to the heat supply source; 11 is a heat supply source; 12 is a switching-off tool;

13 is a manometer; 14 is a heat gauge

Table 1
Parameters of the shell-and-tube heat exchange tool

Ne Parameter Value
1 Tool length, m 1

2 Diameter of the tool shell, mm 32x2
3 Diameter of the heat exchange tube, mm 10 x 1
4 Height of the plate, mm 4

5 Diameter of the rib of the round section, mm 4

6 Area of the section of the tube space, m’ 0.00045
7 Number of ribs 23

8 Threaded pipe joint 3/4"

The objective of the experiment is

— to study the heat transmission coefficient of the tool K, Watt/(m? °C) with the changed ge-
ometry of the heat exchange surface during seasonal variations in the average temperature
pressure At.p;

— to compare the heat transmission coefficients: that of the tool with the changed geometry

of the heat exchange surface and the serial tool.
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The average temperature pressure according to the Guideline (CIT) 41-101-95 “Designing
Heat Spots™ is given by the formula

(tl _101) - (toz — tz)
¢ L —1y

2,31g

At , 4)

w~h

where ¢, is the temperature of water in the feeding pipe of the heating contour (at the inlet
of the tool), °C; t, is the temperature of water in the reverse pipe of the heated contour
(at the inlet of the tool), °C; fy; is the temperature of water in the feeding pipe of the heated
contour (at the outlet of the tool), °C; 7, is the temperature of the water in the reverse pipe of
the heating contour (at the outlet of the tool), °C.

It should be noted that the average temperature pressure is the main parameter for comparing
two tools — the serial and examined one. The experiment was planned according to the tem-
perature graphs of the heat energy source and consumer for low-temperature heat supply sys-
tems of the Belgorod region. In this area the start and end of the heating season corresponds
with the average daily temperature of the outside air #,, +8 °C and the temperature of the out-
side air during the coldest five days (for designing heat supply systems) is —23 °C. Hence it is
necessary to investigate the heat exchange tool at the temperatures in the feeding pipe of the
heat supply source corresponding with #,, +8 and —23 °C as well as some intermediate #,.
Based on the temperature graph of the heat energy source (95—70 °C at ¢,,=-23 °C) as well as
that of the internal heating system (80—60 °C at t,,=—23 °C) the average temperature pressure
for the serial tool is calculated and the liquid rate in this tool is also determined.
The same hydraulic modes and temperature pressures are employed for investigating the shell-
and-tube heat exchange tool with the changed geometry of the heat exchange surface. The cross
direction of the heat carrier flows in the heated and heating contours were chosen as the most ef-

fective one for the heat supply systems [5]. Therefore the experiment plan was designed (Table 2).

Table 2
Experiment plan for the semi-industrial setup
Temperature of the outside air, £,,, °C -17 | -15 |—-10 |-5 0 +5 +8
Temperature 71, °C 85 82.3 74.1 65.6 | 569 |47.7 |43.0
Average temperature pressure A, °C 1.0 (972 |797 |612 |[425 |3.11 |224
Liquid rate in the tool tube, m/sec 1.23
Liquid rate in the tube space, m/sec 0.16
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The results of the experiment are in the graph (Fig. 5).
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Fig. 5. Graph of the dependence of the heat transmission coefficient on the temperature pressure:
1 of the shell-and-tube heat exchange tool with the changed geometry of the heat exchange surface;
2 of the tool according to the GOST (I'OCT) 27590-2005

The graph shows that the heat transmission coefficient K, Watt/(m? °C) increases as does the
average temperature pressure and is on average 20 % larger than that of the serial heat ex-
change manufactured according to the GOST (I'OCT) 27590-2005.

Conclusions. As part of the experimental studies, it was proved that turbulization of the hea-
ted liquid in the shell-and-tube tool [13] with the cylindrically shaped rib causes intensifica-
tion of heat exchange. An increase in the heat transmission coefficient during a seasonal in-
crease in the temperature pressure (the lower is the temperature of the outside air, the higher is
the temperature pressure) is more intense in the investigated tool (Fig. 5) than in the serial one
(GOST (I'OCT) 27590-2005). A large heat transfer coefficient K, Watt/(m? °K), ultimately
results in a reduction in the standard size of a heat exchange tool.

The operation of a highly effective shell-and-tube tool with the changed geometry of the heat
exchange surface is believed to enable one to take advantage of the lamellar tool (high
turbulization) as well as to raise the reliability of heat supply systems and simplify as and cut

down current and routine maintenance costs.
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