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Comparative Analysis of Energy Efficiency
of Thermal Operation of Rotary Kilns
with Different Heating Systems

Abstract. Analysis of the design features of known heating systems for large rotary kilns and
modern methods of influencing the formation of the flame and the distribution of the tempera-
ture profile is presented. It has been established that most of the known methods of forming
the flame and temperature profile of the working space of rotary kilns are based on methods
of influencing air flows, in particular secondary air, the share of which in the total volume of
combustion air is 70—100 %. On the basis of previous studies and observations, it is proposed
to form a flame using additional sideways gas jets from the burner. Examples of modernization
of heating systems of existing industrial rotary kilns for firing various materials, including
ferronickel ore, fireclay, and lime, are presented. After installing burners with controlled
flame parameters and changing the design of the combustion air supply system in the working
space of the kilns, an optimal temperature distribution along their length was obtained. It
was determined that the required temperature at about half the length of the kilns is almost
constant, without significant fluctuations, differing at the beginning and end of the firing
zone by 30—70 °C. The decrease in the temperature of the exhaust gases from the kilns after
the modernization of the heating systems indicates an intensification of heat exchange in the
workspace, which leads to a decrease in specific fuel consumption by 7-15 %, as well as an
improvement in the quality of the final material. A comparative analysis of the thermal effi-
ciency of operating rotary kilns depending on the design features of the heating system is
presented. Bibl. 24, Fig. 4.

Keywords: rotary kilns, shape and parameters of the flame, temperature profile, gas and air
flows, heat transfer, thermal efficiency.

Introduction

The high cost of fossil fuels, in particular natu-
ral gas, and the unacceptable dependence on indi-
vidual countries for their supplies from the point
of view of energy security, makes the international
community look for different ways to save such
fuels. This is usually achieved by increasing the
efficiency of their use or replacing them with al-
ternative fuels (biogas, liquid fuels, waste pyroly-
sis and gasification products, etc.) and waste com-
bustible gases (coke and blast furnace gases, ferro-
and ore-thermal gases, oil refining gases). For ro-
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tary kilns with high heat capacity (> 20.0 MW),
the replacement of fossil fuels is particularly rele-
vant and makes a significant impact on their savings.

In [1], it was proposed to partially replace natu-
ral gas with synthetic gas obtained in the process
of cooling the material and its combustion in the
working space with the addition of air directly into
the high-temperature zone of the kiln for calcining
carbon-containing raw materials (coke). It is shown
that this minimizes fossil fuel consumption and re-
duces the energy intensity of the process.

In [2], based on numerical studies, it was
proved that the thermal efficiency of a rotary kiln
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can be increased by introducing an insulating ma-
terial with a lower thermal conductivity into the
lining.

In recent decades, the world has developed a
wide range of experience in the development and
use of multi-fuel (multi-channel) burners for ro-
tary kilns for various purposes. Such burners allow
burning different fuels simultaneously or sepa-
rately, providing full or partial replacement of fos-
sil fuels [3-9].

For example, Dynamis [10] claims that solid
fuels can be more efficient than gas and oil. Ac-
cording to this company, when replacing natural
gas with coal, the productivity of kilns increases
by 2-3 percent. This is mainly due to the higher
emissivity of the coal flame, as radiation is the
main mechanism of heat transfer inside a rotary
kiln [10]. The emissivity of coal flames is approx-
imately 0.85, while the emissivity of oil and gas
flames is approximately 0.5 and 0.3, respectively.
It is also known that a large contribution to the
flame radiation is caused by particles of coal, pe-
troleum coke and fly ash suspended in the stream,
as well as from soot generated during the combus-
tion process.

However, there are also negative aspects of us-
ing alternative fuels in industrial kilns. Some al-
ternative fuels can introduce substances into the
burners and the kiln that result in overgrowth of
nozzles, pipelines, gas valves, and draft devices,
thus causing damage and deterioration of the oper-
ation of individual kiln components. In [11], at-
tention is also drawn to the impact of alternative
fuels on the formation of the temperature profile
of rotary kilns. For example, some fuels are charac-
terized by an extended flame, which changes the
quality of heat treatment, in particular the mine-
ralogy and reactivity of clinker or lime by reducing
heat transfer in the firing zone. Alternative fuels
also introduce more air, moisture and ash into the
kiln, which reduces the thermal efficiency and ca-
pacity of the kiln.

Therefore, regardless of the fuel used, intensifi-
cation of heat transfer in the working space is one
of the most important areas for optimizing kiln ef-
ficiency.

Problem statement and literature review
It is known that one of the conditions for the

stable and efficient operation of thermal kilns is
the control of their temperature regime, in parti-

cular, ensuring the required temperature distribu-
tion for different technological conditions.

In [3], using CFD modeling, it was shown that
the highest temperature of flue gases formed as a
result of fuel combustion in a cement kiln without
special measures to regulate the burning zone or
length of the flame is formed near the burner out-
let, decreasing with increasing distance from it. It
has been shown that the formation of an exces-
sively long flame leads to deterioration of heat
transfer in the high-temperature firing zone, and
an increase in the temperature of the exhaust gases,
which reduces the efficiency of the furnace. A short
flame for rotary kilns generates excessive tempera-
tures in the combustion zone, which causes over-
burning of the material surface and a decrease in
its quality, and there is a risk of exceeding the fire
resistance of the lining [4].

When a flame is formed that is too long, heat
transfer in the high-temperature firing zone deteri-
orates, the temperature of the exhaust gases in-
creases, which reduces the efficiency of the kiln.
Therefore, the proper formation of the flame pa-
rameters in the rotary kiln plays an important role.

In [12], heat transfer along a rotary kiln was
modeled. It is shown that convective heat transfer
to the material is influential at low temperatures,
and with an increase in temperature above 950 °C
(in the firing or calcining zone), thermal radiation
is dominant. Therefore, the proper formation of the
temperature profile and flame parameters in the
kiln plays an important role.

In practice, the optimal heating conditions for
specific technological conditions, material proper-
ties, and the thermal operation of the kiln are set
using different designs of kiln heating systems.

For example, [4] shows that the quality of lime
depends on the characteristics of the flame: soft,
medium, or hard. That is, one of the main parame-
ters that affects the reactivity of lime and residual
carbonate is the shape, stability of the flame and
the corresponding temperature profile of the kiln.

The main factors affecting the regulation and
efficiency of the burner are indicated in [5]. These
are the impulse of individual fuel and air jets, tur-
bulence index, primary air coefficient, and vortex
number. It is shown that the control by involving
secondary air in the fuel flow with the help of pri-
mary air in D-Flame burners influences the for-
mation of recirculation zones and an increase in the
level of turbulence, which determines the intensity
of the processes of mixing fuel with an oxidizer.
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This fact is also confirmed in [13]. It is shown
that the parameters of the flame from the burner
depend on the structures of secondary and tertiary
air flows, given that up to 100 % of the combustion
air comes from these sources, and the impulse of
these large air flows dominates the combustion
area. It is noted in [14] that as a result of the une-
ven flow of secondary air into the rotary kiln, the
flow of which enters the working space from below
and moves upward along a curved path past the
burner, the flame also tends to rise upward to the
upper part of the working space (in the opposite
direction from the material to be heat treated).
This is also evidence of the influence of the secon-
dary air flow on flame formation, which is usually
highly dependent on the momentum and direction
of the secondary air.

Aerodynamic modeling of the rotary kiln using
Ansys Fluent and experimental indirect data of the
kiln temperature profile on the outside of the ro-
tary kiln steel shell [15] also showed a correlation
between the hot secondary air flow and the tem-
perature distribution along the kiln length. It is
pointed out that the recirculation zone is of pri-
mary importance when combustion is taken into
account, since the reverse flow improves the sta-
bility of the flame and affects combustion effi-
ciency. The control of the secondary air flow has a
significant impact on the temperature distribution,
especially in the combustion zone.

In [6, 10], the effect of various parameters on
the energy consumption and efficiency of rotary
kilns was studied using CFD modeling. By simu-
lating the combustion of gas and solid fuels and
radiation heat transfer using Ansys Fluent, the
temperature, velocity, and trajectory profiles of
gas flows and coal particles inside the kiln, includ-
ing the near burner area, were determined. The
studies were conducted for various heating system
parameters of a full-scale cement kiln. The results
showed that the calculated temperature in the
clinker layer area can vary by up to 200 °C de-
pending on the design of the heating system. In the
cases with a reduced air inlet area and a centralized
tertiary air inlet, the velocity vectors had slightly
deviated profiles, which in turn affected the tem-
perature and particle trajectory profiles. The case
where the burner is inserted 0.5 m into the kiln
working space improves the calculated velocity,
temperature, and particle trajectories, as the re-
sults show very homogeneous and symmetrically
distributed profiles for both the continuous and

dispersed phases. This system provides more secon-
dary air injection into the fuel injection area.

In [7], the aerodynamics and combustion of pul-
verized coal fuel were studied using CFD modeling
of a full-scale rotary cement kiln with a multichan-
nel swirl burner. A heat transfer model with a
zonal heat transfer coefficient is also presented,
which takes into account the heat transfer from the
flue gases to the reacting mass and the environ-
ment. Four different cases where the burner vane
angles were varied from 22.5° to 45° were studied
and their effect on the flame profile, temperature
distribution, and concentration of substances. The
results show that reducing the vane angle from 30°
to 22.5° leads to a radial reduction of the zone with
a higher temperature. With higher vane angles of
37.5° and 45°, the flame length decreases, and the
zone with a higher temperature extends radially to
the refractory wall. It was also found that alt-
hough the change in vane angles has a certain ef-
fect on the flame profile, it does not have a signif-
icant impact on the overall temperature distribu-
tion inside the rotary kiln.

In [16], a two-dimensional axisymmetric model
was developed using Ansys Fluent to understand
the main operational and geometric parameters of
rotary kilns that affect flame behavior, including
aerodynamics and heat transfer. In this study,
three fuels were used: methane (CHy), carbon
monoxide (CO), and biogas (50 % CH, and 50 %
CO»). The correlations of the limited jet plume
length depending on the operational and geometric
parameters of the rotary kiln were developed and
presented. It was found that such characteristics of
the flame as length, shape, and intensity are cru-
cial for improving the efficiency of the kiln. In ad-
dition, they have a strong influence on the heat
transfer rate, and thus on fuel consumption, pro-
duct quality, total reduced sulfur emissions, nitro-
gen oxide emissions, and refractory life.

The well-known flame control system for ce-
ment rotary kilns based on the Pillard Rotaflame
multi-channel burner ensures repeatable flame for-
mation, limits operational risks associated with in-
correct temperature settings in the kiln, and pro-
vides optimal flame impulse due to the reduced
pressure drop in the burner and the patented nozzle
design that allows for rapid suction of secondary
air [4]. The Pillard Rotaflame burner has adjusta-
ble tip cross-sections for axial, radial air and natu-
ral gas supply, and can accommodate tuyeres for
solid and liquid fuels, and also nozzles for gaseous
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fuels. It has been shown that gas of a certain pres-
sure can generate sufficient momentum to mix with
hot secondary air, and the low O, content in the
flame core helps to reduce the temperature in the
combustion zone and reduces harmful emissions
into the environment.

Based on the review of the above studies, it is
possible to conclude that it is possible to control
the flame parameters and temperature distribution
in the kiln using combustion air flows. However,
information on the length, shape, and direction of
the flame, and their impact on the final thermal
performance of operating rotary kilns is not fully
understood. There is no data on the distribution of
fuel in the burners and its impact on the formation
of the flame and temperature profile. In addition,
the above publications do not contain data on the
influence of the flame shape and temperature pro-
file of the working space on the quality of the fin-
ished material after heat treatment in industrial
kilns.

It is known that for the efficient operation of a
flame in a rotary kiln, it is necessary that the lo-
cation of its maximum heat transfer coincides with
the location of the required maximum heat con-
sumption.

Studies also show that the most intense heating
of the material surface is achieved when the flame
and the flow of combustion products are directed
directly at it [17]. However, such heating is justi-
fied only in cases where the quality of the material
to be heated or burned is not limited by the maxi-
mum temperature on its surface, or when the layer
of material to be heated evenly is thermally thin.

Therefore, for the efficient operation of the ro-
tary kiln and the high quality of the material it
produces, the following conditions must be created
in the working space:

— to ensure a temperature distribution that
meets the technological requirements for heating

the material. In particular, in the zone of minera-
logical transformations of the material (firing
zone), to ensure the required temperature along all
or most of its length without significant exceeding
the level of required temperatures;

— to ensure efficient heat exchange with mini-
mization of the temperature of the exhaust gases;

— to reduce the uniformity of heating of the
material layer along its thickness.

Results and discussion

The main difference of rotary kilns derives from
their design and material movement. The inner sur-
face of the lining of the rotating part of the rotary
kiln is in alternating contact with the heating gases
and the material to be heated. In other words, in
rotary kilns, a complex heat exchange takes place:
from the flame and combustion products by radia-
tion and convection to the free surface of the ma-
terial and to the internal free surface of the lining,
which re-radiates heat to the material through
transparent or translucent combustion products.
Heat is additionally transferred to the material by
contact of the internal layers with the lining,
which is heated by the flame and then releases heat
to the material upon contact with it at each kiln
turnover. In other words, complex heat transfer
(contact heat transfer, convection and radiation)
takes place.

The heating rate of the material in such kilns
depends on the optimal temperature distribution
along the length of the kiln. And the quality of
heat treatment determines the degree of asymmetry
of heat supply to the free surface and internal layers
of the material.

Many rotary kilns in Ukraine operate according
to the classical scheme, when fuel is supplied to
the kiln by one or two burners installed at the end
of the retractable head (Fig. 1). When two burners

Figure 1. Scheme of burner installation on the front side of the retractable kiln head before modernization: 1 —
burners; 2 — auxiliary burner near the surface of the material; 3 — air pipe; 4 — material to be heated.
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are used, both can be installed at an equidistant
distance from the kiln axis, which means that there
is an evenly distributed heating mode in ac-
cordance with the classification in [18]. In another
case, one burner is installed along the axis of the
furnace cylinder, and an auxiliary side burner is
installed near the surface of the bulk material to
create a flame that radiates along the surface of the
material.

Combustion air can be supplied in three ways,
conditionally divided into 3 groups.

1. All the air required for fuel combustion in
the cold state is forced into the burner devices.
This method of air input is used in kilns where the
fired material is directly fed for further processing,
for example, in ferronickel ore firing kilns before
it is fed to smelting kilns. In terms of energy saving,
this organization of air input for combustion in ro-
tary kilns is the least efficient.

2. All the combustion air heated in the cooler
of the finished material is supplied to the kiln by
a smoke exhauster behind the kiln and a fan in
front of the cooler. In this case, the thermal effi-
ciency of the kiln is somewhat higher than in the
previous case. However, the supply of air in an
unorganized flow into the kiln working space does
not create optimal conditions for its mixing with
the fuel, and therefore the combustion process is
uncontrolled, the distribution of the kiln into tech-
nological zones is disturbed, which reduces the
thermal efficiency of the kiln.

3. Part of the air, called primary air, is supplied
directly to the burner for the initial formation of
the flame. The rest of the secondary air, heated in
the material cooler, is fed directly into the work-
space by the draft behind the kiln and the pressure
of the fan in front of the cooler and is disorganized.
The heating air temperature can range from 400 °C
to 800 °C.

The most perspective and effective direction is
a reasonable combination of two trends in the sup-
ply of air for combustion in kilns: its heating and
organized supply, which provide the best condi-
tions for the formation of the flame and the tem-
perature field in the working space.

This paper presents a comparative analysis of
the thermal performance of rotary kilns for firing
oxidized nickel ores, kaolin to fireclay, and lime-
stone to lime, whose heating systems are schemat-
ically shown in Figure 1.

In the rotary kiln for firing oxidized nickel ores,
a fuel oil burner was installed along the kiln axis

(Fig. 1, a), which was supplied with cold air in
the amount necessary for combustion. Single pipe
burners were installed in the retractable head of
the chamotte rotary kiln in accordance with the
scheme in Fig. 1, b. Primary cold air in the amount
of 25-30 % of the total required was supplied to
the air pipe located above the burners, secondary
hot air from a drum-type cooler was supplied from
below to the tumbling head and then to the kiln.
In lime kilns (Fig. 1, ¢), all the air required for
combustion was supplied hot to the kiln from the
bottom of the shaft-type cooler.

Such heating systems for the kiln working space
create conditions for non-uniform gas and air ve-
locity flows across the cylinder, which means that
the flame burning zone (high temperature zone)
does not always meet the technological require-
ments for the temperature profile.

Thus, in the case of equidistant location of the
burners and the supply of primary air above the
burners through the air pipe, and secondary air
from below through the neck of the cooler, an ir-
regular temperature distribution in the working
space is formed in most parts of the kiln. The CFD
modeling of the velocity and concentration charac-
teristics of gas and air flows [19] showed that the
beginning of fuel mixing with air occurs at some
distance from the burner and continues along the
parallel movement of gases and air along the kiln
cylinder. This results in combustion stretching and
flame shifting to the discharge end of the flow. In
addition, the flame develops in the upper part of
the working space opposite to the material. That
is, the location of the flame is remote from the sur-
face of the material and separated from it by gases
with a lower temperature, which, according to
[20], reduces the intensity of heat transfer.

In cases where the auxiliary burner is located
near the surface of the charge, significant tempera-
ture gradients occur in the material layer with in-
sufficient heating of its inner layers. This approach
does not ensure sufficient uniformity of material
heating. All of the above reduces the productivity
of the kilns and the quality of the final product.

The Gas Institute of the National Academy of
Sciences of Ukraine has developed three types of
burners with adjustable flame parameters for 3
types of combustion air supply organization, which
operate on natural gas:

— PG-35 for supplying 100 % cold air to the
burner [21];

— PG-35M for supplying a part of the combus-
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Figure 2. Scheme of flame formation in the absence (@)
and presence (b) of auxiliary side air jets.

tion air to the burner from the total combustion air;

— GURF-30 without air supply to the burner
for operation in kilns with all combustion air sup-
plied through the cooler of the finished material
directly to the kiln.

The design of these burners is different in that
they provide for the adjustment of the flame pa-
rameters due to the variable flow of natural gas
through the axial and lateral gas nozzles evenly
spaced around the perimeter of the burner. With
an increase in fuel consumption through the lateral
nozzles, the flame expands, approaching the sur-
faces of the material and lining. This, according to
[20], creates conditions for the integration of heat
transfer in the firing zone.

Previous observations, studies, and analysis of
the conditions of flame formation, it was deter-
mined that the side gas jets directed at an angle of
45-90° to the burner axis partially screen the air
flow to the central flow of flushing gas from the
axial nozzle (Fig. 2). Therefore, at first, part of
the air is used to mix with the gas from the side
nozzles and combust it, and then at a certain dis-
tance from the burner’s outlet axial nozzle, the rest
of the air gradually mixes with the axial gas jet.
Thus, a wide, extended diffusion flame is formed,
and its combustion occurs almost along the entire
length of the firing zone. This shape of the flame
and its combustion conditions result in intensive
heat transfer over the maximum length.

Description of rotary kiln
heating systems after modernization

During the modernization of the kilns described
in this article, the heating system was changed
with the installation of appropriate burners with
adjustable flame parameters along the kiln axis.
When replacing fuel oil with natural gas, a PG-35
burner was installed in the nickel ore firing kiln
[22]; a PG-35M burner was installed in the
chamotte firing kiln; and a GURF-30 burner was
installed in the lime firing kiln.

The distribution of combustion air into primary
and secondary air in the chamotte kiln remained
without change. The primary cold air was supplied
to the PG-35M burner at 25-30 %, and the secon-
dary hot air at 70-75 % of the required amount. In
the lime kilns, a GURF-30 burner was used, which
is fed only with fuel gas.

In the retractable head an air collector in the
form of a cylinder with a length not less than the
length of the retractable head (Fig. 3, @) and with a
diameter that covers the air supply holes (Fig. 3, b)
was also proposed and installed in the lime kiln.
The cylindrical air collector restricts the air jets,
preventing them from rising to the top of the kiln
retractable head and ensures air movement around
the fuel flow [23].

Thus, the formation of an organized and evenly
distributed air flow in the working space of the
cylinder in the combustion zone is ensured. The di-
rection of the flow of air heated in the cooler
around the gas flow supplied through the burner
contributes to their uniform mixing and controlled

Figure 3. The design of the modernized discharge end of
a rotary kiln with an air collector: 1 — rotary part of
kiln; 2 — retractable (discharging) kiln head; 3 — air
collector; 4 — burner; 5 — cooler neck; 6 — air pipes;
7 — cooler.
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combustion. This makes it possible to increase the
level of rigidity and stability of the flame, increase
the intensity of heat transfer in the kiln, improve
the quality of heat treatment of the material and
fuel efficiency [24].

An example of the temperature distribution on
the outside of the steel shell of an existing lime
kiln at Azovstal before and after the heating sys-
tem modernization is shown in Fig. 4.

The temperatures shown on the graph should be
understood as averaged over the perimeter of the
steel shell in the section marked with a point.

The figure shows that after the modernization

of the rotary kiln heating system, the tempera-
ture distribution over approximately half the
length of the kiln is stable, has no peaks, differing
at the beginning and end of the firing zone by 30—
70°. This is confirmed by the temperature profile
on the steel shell of the rotary kiln cylinder in the
firing zone. The decrease in the temperature at the
kiln outlet, which decreased from 170—-180 °C to
100—-150 °C after the heating system moderniza-
tion, indicates an increase in the heat transfer in-
tensity.

Below are the main parameters of the thermal
operation of the kilns mentioned in the article.

Table 1. Comparative analysis of the thermal performance of rotary kilns

Rotary kiln for the firing of
nickel ores

Rotary kiln for firing
kaolin into fireclay

Rotary kiln for limestone cal-
cination into lime

Indicators -
before mod- | after moderniza- | before mod- |after moderniza-| before mod- |after moderniza-
ernization tion ernization tion ernization tion
The size of the cylin-
der, D x L, m 3.6 x 80 3.6 x75 3.6 x75
Heating system Fig.1, a burner with ad- Fig.1, b  burner with ad- Fig. 1, ¢ burner with ad-

justable flame pa-
rameters PG-35

Type of fuel fuel oil natural gas

Natural gas consump-
tion, m® /h

Capacity, tons,/hour

40 MBr* 3500

30 35

Primary air

consumption, % 100 (cold)

100 (cold)

Secondary air
consumption, %

Secondary air
temperature, °C

Excess air

coefficient 1.2-1.4

1.05-1.18

Temperature in the

firing zone, °C 1000—1100

1000—-1100

Quality of firing - _

Temperature before
the filters, °C

Specific fuel con-
sumption for obtain-
ing the final mate-
rial, kg of fuel equiv-
alent /'t

400-500 100-200

109.11 87.2

natural gas

justable flame justable flame

parameters PG- parameters
35M GURF-30; air
collector

natural gas natural gas natural gas

3100 2200 3242 3238
19-23 18-23 15.8 16.8
25-30 (cold) 25-30 (cold) 0 0
70-75 70-75 100 100
500-700 500-700 600-700 600-700
1.1-1.3 1.05-1.1 1.2-1.3 1.15-1.21
1450—1500 1450—1500 1250 1250
2 class 1 class 96.94 % 98.0 %
250—-280 180—190 170—180 90-150
155.9-188.8 111.9-141.8 257.4 212.6-242.0

Notes: * — heat output when the kiln operates on fuel oil.
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Conclusions

The analysis of the thermal operation of rotary
kilns with different heating systems showed that
the design features of heating systems, which im-
prove the conditions for mixing fuel with air and
regulate the shape and direction of the flame, con-
tribute to a significant increase in the energy effi-
ciency of the kilns.

Controlling the air and fuel jets in the kiln and
burner allows for an optimal temperature profile in
the working space.

On the example of the rotary kilns presented in
this article, it is shown that the control of the
flame parameters in them allowed us to obtain the
following results:

— ensuring a uniform temperature distribution
along the entire length of the high-temperature
zone, which makes it possible to improve the quali-
ty of heat treatment of the material and the final
product;

— reducing the temperature on the outer sur-
face of the rotating cylinder at its loading end,
which indicates the intensification of heat ex-
change in the working space;

— ensuring stable operation of the kilns with a
minimum air consumption coefficient;

— due to the wide flare, providing intensified
heating of the lining, which plays an important
role in heating the material.

It has been shown that rotary kilns for various
purposes with modern heating systems based on
burners with adjustable flame parameters can save
fuel from 5 % to 30 %, increase the productivity of
kilns while maintaining or improving the quality
of the final product.
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IlopiBHsIIbHUIE aHATI3 eHeproedeKTUBHOCTI
TEIJIOBOi pOOOTH 00epPTOBUX Meyeit
3 PI3HMMH CHUCTE€MaMu ONaJeHHS

Awnoranisi. HaBeneno anamis KOHCTPYKTUBHHX OCOOJUBOCTEN BiIOMUX CHCTEM OTIAJIEHHS BeJIU-
KiX 06epPTOBUX I€Yeil BUMATY Ta Cy4yacHUX CIIOCO6iB BILIMBY HA hopMyBaHHs (dakKesa Ta PO3IO-
miny temneparypHoro npodinio. Bceranoiaeno, 1mo 6isblricTb BifioMux cnoco6iB ¢opMyBaHHS
(hakesa Ta TemmepaTypHoro mpodiso po60YOTO MPOCTOPY MAJUBHUX OOEPTOBHUX Teueil 3aCHO-
BAaHO Ha METOJaX BILJIMBY Ha IIOTOKM IOBITPSI, 30KpeMa BTOPUHHOIO, J10JS IKOIO Yy 3arajJbHOMY
06’emi moBiTps Ha ropinus ckiagae 70—100 %. Ha ocHoBi momepeaHix AOCTiKEHb Ta CIIocTepe-
JKEeHDb 3allpOIIOHOBAaHO (hopMyBaHHS (hakesa 3a JONOMOTOI0 J0JATKOBUX GOKOBUX CTPYMEHiB rasy
3 najibHuka. HaBejieHO pUKJIa U MOJIepHi3allii cucTeM orajieHHs JilounuX MPOMUCJIOBUX 06epTO-
BUX Tieuell /I BUTIAJMy Pi3HUX MaTepiasiB, 30KpeMa (epoHikesaeBOi pyau, MIAMOTY Ta BallHA.
[Ticsiss BcTaHOBJIEHHS TAJBHUKIB 3 PETYJIbOBAHUMU TTapaMeTpaMu (hakesa Ta 3MiHH KOHCTPYKITIT
CHCTeMH TI0/Iayi TOBITPsI Ha TOPiHHS B PO60OYOMY TIPOCTOPi Meyeil OTPIMAaHO ONTHMAJIbHHUN PO3-
MOJIiJI TeMIlepaTypH O iX JOBKHHI. BcranoBieno, mo Heo6xijHa Temieparypa MpubIu3HO Ha
MMOJIOBUHI JIOBXKWHU Tieuell € MaiizkKe He3MiHHOW0, 6e3 3HAUHWX KOJIMBaHb, BiAPI3HSIOUNCS HA ITO-
YyaTKy Ta Hanpukinii 30au Bunanay Ha 30—70 °C. 3Hu>KeHHd TeMnepaTypH BiJXiHUX Ta3iB 3 Te-
Yeil TicJIs MOZIepHi3allii CUCTeM OTaleHHs CBiAYUTD PO iHTeHCH(IKAIiIo TeNI006MiHY B pO60YO-
My TIPOCTOPI, IO MPU3BOAUTD JI0 3MEHIIEHHS IIUTOMUX BUTPAT nanuBa Ha 7—15 %, a Takox mo-
KpalaHHs SKOCTi KiHlleBoTO Marepiasy. HaBeleHO MOpiBHAIbHWI aHATI3 TEMJIOBOI e(heKTHB-
HOCTi POOOTH [iI0YMX 00EpTOBUX Tedell y 3aJe’KHOCTi BiJl KOHCTPYKTUBHUX OCOOJHUBOCTEN CH-

cremu onanenus. bi6a. 24, puc. 4.
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KuouoBi caoBa: o6eptoBi 1eui, popma ta mapamerpu dakemy, npodiab TeMIepaTyp, ra3osi Ta
MOBITPSAHI CTPyMeH], TeTI00OMiH, e(eKTUBHICTDh TETLJIOBOT POGOTH.
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