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Buxonano excnepumenmanvii 0ocaioxncen-
HSl 6nAUBY CMYNeHs Po36UMKY KAaoKu (2eo-
Mmempii) i aepoOunHamixu mMmonKoeux xamep
(cxemu esaxyauii npodyxmie 3zopanns) na
eHepP20mexHOJ102iMHI NOKA3HUKU NPOUECi8 8 CUC-
memi 2az-meepoe mijio (8 MONKOGUX KAMeEPAX).
Ha npomucnosomy eeaurxomacumaonomy eoe-
HeeoMYy Ccmenoi npoeedeni excnepumenmasivii
docaidicenns enausy zeomempii i aepoounami-
KU mMONnK060i Kamepu HA eHeP2OMexXHO02iuHi
NOKA3HUKU 8 CUCmeMi 2a3-meepoe mijo.

Hoxaszano, wo 3menwenns eucomu poodo-
4020 NPoOCcmMoOpy Kamepu 3zopanmns, ooaiaoHa-
HOT NJIOCKONOTIYM ’AHUX NATGHUKAMU, BNAUBAE
Ha NATUBOBUKOPUCTMAHHA 34 PAXYHOK THMEH-
cuixauii menaioodMiny, 6 momy uUcai npsa-
Mitl KoHeeKuii. 3aelcnicmo 00ymosena Imen-
WeHHs empam menaa 3 GUXIOHUMU 2a3aMu,
a maxojc 3a Paxymox 3MeHueHHs empam
menaomu uepe3 K1a0Ky.

Bcmanosaeno, wo npu eéucomi pooouo-
20 npocmopy 800+1000 mm xamepu 3eopsn-
HA 3 NAOCKONOAYM SAHUMU NATLHUKAMU 610-
0YysaecmovCs CKOPOUEHHsT sumpam naaueéa Ha
20+30 %.

Pospobneno xoncmpyxuyiro monxkoeozo npo-
cmopy neui Gesnepepenozo pexcumy pooomu.
Biominnoto ocobausicmio neuwi pospooéaenoi
KoHCMpyKuyii € ixeidauis ouckpemmnocmi i pea-
nizayis cmaodinviozo 0esnepepenozo pejcumy
pobomu mennoazpezamy. Ha 6iunux noeepx-
HAX 6a20HemMOK i neyi Oyu 6uKoHani no 6cii
006xcuni Kanaau, wo 00360J€ peanizysea-
mu Oesnepepenuil 6i00ip NPooYKmMie 320pAHHs
3 niMH020 NPOCMopyY uepe3 KaAHANI308aHU Ni0
sazonemox. Ilpu 6yov-saxii weuodxocmi nepe-
Miwenns eazonemox 3abesnewyemvcsa dooam-
Koge aepoounamivnuil ywiivHenns pooo10zo
npocmopy neui.

Enepzomexnonoziuna epexmusnicmo npu
€600080MY ONANEHHI NATUBHUX dAzpe2amis 3
NNOCKONOAYM ’THUMU NATLHUKAMU | edaKya-
uiero npooyxmis 3z20pAHHA Ni0 3az20misJielo
euwe 6 cepeonvomy 6 1,3 pasu, nisxc npu 6iuno-
MY OUMOBUOATIEHH]T 8 DitOHUX Neuax.

Poszpooneno xoncmpyxuiro i nywena 6 exc-
nayamauilo mymeavHa niv 0 XiMiko-mep-
Miunoi 00poOKu Memaneeux i Hememanesux
Mamepianie i eupo6ie npu ix nazpieanni 3a
3adanum epaixom

Kmouoei crosa: monxosa xamepa, aepoou-
HamiKka, n10CKONOJYM AHUX NATITbHUK, MYHelb-
Ha niv, memnepamypa npooyKmie 320PAHH
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not always meet modern requirements for ecology, energy
efficiency and ensuring proper quality of the parameters

The technical level of the operating and newly crea- demanded by technology. Only a small amount of modern
ted energy-technological units for chemical industries does  technological equipment of chemical industry is based on




the use of energy efficient synergetic reactive mass exchange
processes [1].

The experimental research aimed at creating highly
effective energy-technological units and systems that meet
modern requirements of chemical enterprises should be con-
sidered relevant.

The basis for modern tendencies of designing and con-
struction of highly effective energy-technological systems
and equipment is the unit-modular principle [2]. Its essence
is the unity of the methods of apparatus-structural (AS) and
mode-technological (MT) organization of the process [3].
In this case, there is no clear boundary between the methods.
The MT methods are a set of techniques for intensification of
heat and mass exchange processes, each of which can be used
in a particular case. In practice, the use of the MT method
when designing technological equipment involves certain
structural changes and using the AS methods.

2. Literature review and problem statement

In the modern industry, the problem of choosing an effi-
cient heating system of combustion chambers of energy-tech-
nological units for chemical production in the face of a wide
range of proposed technologies and thermal engineering
equipment is weakly structured and highly relevant [4, 5].
This is due to the lack of a common approach to the assess-
ment of effectiveness of energy-technological units and direct
methods of control over effectiveness parameters.

The main part of the thermal system of the combustion
chamber of an energy-technological unit is a heat generation
source — a burner device (a burner), an electric generator.
A flat flame burner, developed at the Institute of Gas of the
NAS of Ukraine, is a specific device, which makes it possible
to organize an open torch (opening angle is 180 °C). The
phenomenon of breaking the torch is the organization of
the Coanda effect, the nature of which is determined by the
existence of the pressure gradient across the asymmetric flow
with gas leaks to the jet from the side of the surfaces, limiting
the operation space.

Along with high aerodynamic perfection, the design
of the burner ensured a wide range of steady operation in
the open flame mode in the range of 1:10. In this case, the
nominal gas pressure is in the range of 3-70 kN/m?, the
composition of flue products of gas combustion is characte-
rized by the low content of NO, at the level of 50-70 mg/m?
in flue gases [7].

The listed merits of flat flame burners testify to the con-
vincing prospects of their use as the AS method of designing
MT process of heating materials in the thermal technological
units. Flat flame burners have already been successfully used
in several thermal devices, such as: composite type reac-
tors [7], devices of submersible burning (DSB) [8], refractory
chambers, plants of thermal disposal of liquid toxic wastes [9].

Papers [7, 8] show the influence of the structural circuit
of the design of the combustion space of the furnace on po-
wer efficiency of the process and its technological parameters
(uniformity of a temperature field) on the proposed mass ex-
change models, taking into consideration the aerodynamics
of a combustion chamber. Aerodynamics of a combustion
chamber with strengthening the heat and mass transfer com-
ponent and the arrangement of the burners are so great that
it determines integral heat transfer and power efficiency of
technological process in general [10, 11].

Article [12] describes the design of the combustion
chamber with a jet burner. However, this furnace can only be
used under laboratory conditions and the use in the chemical
technology requires significant changes in the design.

The authors of [13, 14] studied the efficiency of a com-
bustion chamber when using different types of fuel: methane,
hydrogen and gas mixtures in various concentrations. In
paper [15], the mathematical model of the kinetic mecha-
nism of combustion in the operating chamber was explored.
Paper [14] also takes into consideration the geometry of the
combustion chamber, but the authors do not provide the data
on the structure of real energy-technological units.

In study [16], with the use of 3D-modeling based on
the solution of differential equations of turbulent reactive
streams, the dependences of the velocity vector on the
height of the combustion chamber, temperature profiles and
their distribution at the height of the combustion chamber
were obtained.

Paper [17] deals with modeling the combustion cham-
ber of the industrial unit, however, the study has theoret-
ical character and does not contain any recommendations
for practical implementation or design of a thermal-tech-
nical unit.

Despite a great variety of studies [7—17], related to the
exploration of combustion chambers, the papers are theo-
retical in nature and focus on highly specialized industry
(heating equipment, production of silicate materials, etc.).
The data, technical proposals, structures of highly efficient
combustion chambers for energy-technological units with
the possibility of their using in various chemical technologies
were not found. The lack of such information forces profes-
sionals to find non-standard solutions to design problems
in every specific case. The consequence of such an approach
during designing energy-technological units is their exces-
sive structural complexity.

Thus, development of highly efficient design of a com-
bustion chamber for energy-technological units of chemical
technology is a promising aspect of the implementation of
modern power-efficient technologies in the industry.

3. The aim and objectives of the study

The aim of the present research is to develop and re-
search a high-performance design of a combustion chamber
in terms of ensuring precise heating of the treated material at
minimum fuel consumption for energy-technological units of
chemical technology.

To achieve the set aim, the following tasks have been
solved:

— under conditions of unilateral fuel input using an arch
flat flame burner, to explore the influence of the mutual
orientation of the receiver and masonry (combustion space
aerodynamics), the degree of development of masonry (geo-
metry of combustion space) on energy-technical charac-
teristics;

—to determine the optimal geometry of the operation
space of a combustion chamber;

— based on the obtained experimental data, to develop
recommendations on apparatus-structural design of the com-
bustion space of energy-technological units and integrate the
research results in the design of energy-technological units
for chemical and thermal treatment of metallic and non-me-
tallic materials.



4. Description of experimental research into a fire bench

4.1. Research into aerodynamics of the combustion
chamber in a fire bench

Solution of the problems in line with the set goals was car-
ried out with the help of a large-scale fire bench. Under indus-
trial conditions, we constructed a large-scale fire bench with
the dimensions of the working space BxL 1,500x 1,500 mm
with the changing geometry (the height of the workspace)
and aerodynamics (the circuit of removal of combustion
products from the combustion space). The height of the ope-
ration space was varied with the help of a removable arch with
a built-in flat fire burner TPPC-4 with performance of 40 m®/h
of natural gas, which was mounted at the selected level. The
circuit of evacuation of combustion products from the com-
bustion space was changed by the lines of combustion pro-
ducts flowing with the help of the specially made channels in
the hearth and the side walls of the combustion space (Fig. 1).

The accepted location of the channels in combination
with heating by a flat flame burner made it possible to create
different schemes of motions of combustion products in the
workspace.

At heating the material and the evacuation of combus-
tion products through the channels in the central part of the
hearth, the bilateral heating of a product at the unilateral fuel
introduction is implemented (Fig. 1, a).

The unilateral heating is implemented by removal of
combustion products through the channels in the side walls
of the combustion space (Fig. 1, b). In this case, a refractory
wall, preventing the gas motion under material, was built from
the hearth to the heated sheet on the perimeter of the latter.

The product during heating was a sheet of steel St3 of
dimensions of 1,500x1,270x30 mm and weight of 0.449 t.
Chromel-alumel thermocouples 1-5 (Fig. 2) were mounted
on the surfaces of the sheet at the depth of 5-7 mm.

To decrease the measurement errors, associated with
waste of metal and change in its thickness, two identical
sheets of metal were alternately used in the study.
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Fig. 2. Schematic of location and conditional thermocouples
on the control sheet workpiece

In order to maintain the constant of blackness degree of
the heated sheet in experimental heating, especially in the
initial period, the surface of the product was covered on both
sides with the special suspension of the following composi-
tion (in weight part) [7]:

— water — 100;

— soot technical DF-100-10-15;

— oxyethylized alkyl-phenol — 0.01.

Suspension of such composition makes it possible to ob-
tain the maximum blackness degree ¢=0.95 and good wetting
with the surface of the heated product [7].

The constancy of blackness degree of the internal surface
of the working chamber in the control experiments was en-
sured by burning natural gas with excess oxidizer coefficient
a=0.8, in this case, the temperature in the working space
reached the value of 1,273 K.
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Fig. 1. The lines of the combustion products flow in the workspace of the experimental bench:
a — evacuation of combustion products through the channels in the central part of the feed with organization of bilateral
heating; b — evacuation of combustion products through the lateral channels with organization of unilateral heating:
1 — removable input with a flat flame burner; 2 — furnace space; 3 — heated product; 4 — channels; 5 — refractory wall



In the experiments, the heated product was introduced
into the workspace of the bench after reaching inside its sta-
tionary thermal state.

All the experiments were carried out at gas flow to the
bench of 43 m3/h=idem# /(7).

In the course of studying, the temperatures of the surface
of the masonry of the upper and lower zones of workspace at
the height of 200 and 900 mm from the arch were controlled
with the help of chromel-alumel thermocouples.

The temperature of combustion products at the surface
of the heated metal, as well as underneath, was controlled
using the vibration-rod temperature converters [18]. The
temperature control system of the working space included
16 control points, 5 of which ensure the control of uniformity
of heating the surface of material. Other control points of
the temperature field in a volume of the combustion space
make it possible to implement the control of temperature of
combustion products throughout the whole volume of the
working space of the bench (near the arch and on its lateral
surfaces directly above and below the heated product). Data
filtering was implemented programmatically using the Kal-
man adaptive filter [19].

Gas flow to the bench was controlled by the gas
flow meter RG-40 and the rotameter RMF-V1 by standard
techniques.

Natural gas and combustion products were analyzed in
order to maintain equal air surplus in compared experiments.
The analysis of combustion products was performed on the
portable chromatographer «Gazochrom «Soyuz-3101» (Rus-
sia) and the gas analyzer «Testo-34» (Germany).

The composition of natural gas was controlled using the
chromatograph LHN-72. In the control experiments, the
heat of natural gas combustion remained on average at the
level of 37.2 MJ/m?, the gas flow was maintained equal to
43 m>/h, air excess air coefficient o.=1.05+1.1. In each expe-
riment, thermal losses through the masonry of the arch and
the walls were measured using device ETP-6.

We selected the parameters as the criteria for evaluation
of the energy-technological effectiveness of the design of the
combustion chamber, which characterize:

— intensity and power efficiency of heating: heating
rate (a differential value), duration of heating to the fixed
temperature (an integral value) of the workpiece along the
thickness and the value of the energy efficiency of heating;

— quality of heating: uniformity of temperature field on
the surface and the thickness of the workpiece during and at
the end of the heating process.

In a series of the conducted experiments, the same
height of the working space was set in each thermocouple,
the scheme of the evacuation of combustion products was
changed (Table 1).

Averaged indicators of heating duration at various circuits of smoke removal
in the variable range of studied heights

Table 1 shows the averaged results of research, from
which it follows:

— heating rate in the variable range of heights of
800—1,500 mm at lower smoke evacuation (bilateral heating,
Fig. 1, a) is higher than at the lateral smoke evacuation (uni-
lateral heating, Fig. 1, b);

— the heat exchange intensity increases with a decrease
in the height of the working space, that is, with a decrease in
the degree of development of masonry in the variable range
of the studied heights.

Relative reduction of heating duration (in relation of the
time of bilateral heating to the time of unilateral heating) in
the studied range of heights of 800—500 mm is attributable to
the increased total thermal flow, falling on the receiver from
the top of warmed-up surfaces of the arch and the side walls,
as well as from the lower surfaces of the hearth. During the
combustion products motion in the direction of the smoke
removal channels, located in the hearth (Fig. 1, @), the sur-
face of the latter heats up and becomes a source of radiation.
In addition, the role of convective component of heat transfer
increases.

In this case, the temperature, recorded by the suction
thermocouple mounted under the heated metal is in all ex-
periments close to the gas temperature above the surface of
the heated metal and differs from it by an average of 25-50 K
(Fig. 3). In this case, the absolute level of the temperatures
of combustion products noticeably decreases. This suggests
an increase in the degree of heat transfer from the gas to the
product, which characterizes the intensive heat exchange.

At the lateral smoke removal, metal takes the heat flow,
falling only form above of the heated surfaces of the arch and
the side walls. Difference in the temperatures of combustion
products AT=T"—-T" above and below the metal, recorded in
this case, reaches 80—115 K. Absolute values of temperatures
of flue combustion products in these experiments exceeded
those at bilateral heating on average by 40-75 K.

Fig. 3 shows selectively the thermograms of heating
and changes over time of the main characteristics (hea-
ting rates dT/dt, temperature differences across the sec-
tion of the sheet and on its surface), calculated by them
for two cases that are the limits by heating duration (expe-
riments 2 and 5).

The thermogram of control heating in experiments 2
and 5 (Fig. 3) shows that after the end of the initial mo-
ment after loading the metal, some parts of heating can
be approximated by the regular mode of second kind. The
mode is characterized by continuity over time of heating
rate of any point and the metal sheet dT/dt=const. It can
be argued that the specified rate is constant not only at the
final time sections, but also in the cross section of the sheet
dT,/dt=dT, [dt=dT,/dt, where indices n and c refer to the
upper surface and the middle of
the sheet, respectively.

It is known that the mode
that meets these conditions can

Table 1

be set at:
No. of ex- | Height of working | Smoke | Implemented Heating Relative reduction of
periment space, H, mm removal heating duration 1, min | heating duration, At, % ot
1 1,500 Lower Bilateral 31 244 x
2 1,500 Lateral Unilateral 41 ’
3 1,150 Lower Bilateral 23 234 In the appropriate time sec-
4 1,150 Lateral | Unilateral 30 ’ . o . :
’ tions, it is possible to consider
5 800 Lower Bilateral 21 299 that heating occurs at the cons-
6 800 Lateral Unilateral 27 ' :
atera nilatera tant heat flow. In this case, the




temperature distribution on the cross section of the sheet
obeys the law of parabola of second order.
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Fig. 3. Thermograms of heating the sheet workpiece:
a — in experiments 2; b — in experiments 5 (designation
of points in Fig. 2); 1, 2 — temperature of working space

of the upper and lower zones, respectively

Comparison of uniformity of
the heat duct across the width of
the sheet shows that in all cases the
points, located closer to the edge of
the sheet (points 4, 5), were heated

period of heating, non-uniformity on the surface decreases by
15-20 K, by the end of the heating period, non-uniformity
disappears regardless of the height.

Thus, the circuit of smoke removal and the height of the
working space in general do not influence the heating unifor-
mity on the sheet surface.

A comparative analysis of energy efficiency was per-
formed based on the calculation of heat balances for all con-
trol experiments:

QJS
BQy’

n:

where Qs is the useful heat taking, a change of enthalpy in
the process of heating; B is the fuel consumption; Q}, is the
heat of fuel combustion. Since the initial (308 K) and final
(1.358 K) temperatures of heating in the experiments are
the same and temperature differences across the width of the
list is practically absent, such comparison can be considered
correct for the evaluation of fuel usage efficiency.

Tables 2, 3 shows the results of calculation of the articles
of thermal balance and energy efficiency of the experimen-
tal heating.

Table 2

Results of calculation of articles of thermal balance and
energy efficiency of experimental heating. Credit

Credit
No. of . 1
experi- Chemical heat of Oxidation Quient Qs
ment the fuel Quem heat Q.. ’
kW % kW % kW %
1 444.3 96.8 14.8 3.2 469.1 100
2 444.3 96.6 15.8 3.4 460.1 100
3 444.3 971 13.3 29 457.6 100
4 444.3 96.8 14.6 3.2 458.9 100
5 444.3 97.2 12.6 2.8 456.9 100
6 444.3 97.0 14.0 3.0 458.3 100
Table 3

Results of calculation of articles of thermal balance and energy efficiency

of experimental heating. Debit

more quickly than the point, loca- Debit

ted closer to the loading-unloading b

WlHdOW (point 3) (Fig. 2). Thls is | No.of | {7 fulheat | LOsSes | Losses with | Losses with Discrepan- QustQut -

due to increased heat losses in the |experi- O through | flue gases | radiation ¢y Qi +Qqust Qrag+ | Effi

direction of the loading-unloading | ment masonry Qn | Qgas Qrad ' *+Quis E;erj/

window. o KW | % |[kw | % |kw| % |kw| % [kWw| % [kw | % |
Maximum non-uniformity of

heating around the entire perime- 1 178 | 388 | 42.4 | 9.2 | 198 | 431 | 221 | 4.8 | 18.6 | 4.1 [459.1| 100 | 401

ter of the workpiece duringall con- | 2 | 136 [ 29.6 | 45.1 | 98 | 227 [ 49.3| 288 | 63 | 232 | 50 |[460.1| 100 | 30.6
1 heati : 10 K. 3 244 | 533274 | 59 | 195 | 426 | 7.4 | 1.6 |-15.9| 3.4 [457.6| 100 | 54.9

Kf theatmdgdlfdtr}ll()t}elxcf?dS 0 ) 4 [1853|40.4 | 208 | 65 [219.3)47.8 | 86 | 19 | 159 | 3.4 |4589] 100 | 41.7

¢ end of the heating period, 5 | 265 (580|201 | 44 | 183 | 40.0 | 59 | 1.3 [-17.1| -3.7 [4569| 100 | 59.6
non-uniformity of the heat feeder | 6 | 206 | 44.9 | 232 | 5.0 2217 484 | 59 | 1.3 | 1.5 | 0.4 |458.3| 100 | 464
in width virtually disappears in all

experiments.

4. 2. Determining the optimal geometry of the work-
space of the combustion chamber

A decrease in the height of the workspace from 1,500
to 1,150 mm has virtually no effect on non-uniformity of
heating on the surface, deviations are £5 K. With the change
of the height from 1,150 to 800 mm during the initial

Analysis of the thermal balance articles proves an in-
crease in heat exchange effectiveness at organization of
removal of combustion products under heated products [11].

In both smoke removal circuits, the change of the degree
of masonry development (a decrease in the height of working
space) from 1,500 to 1,150 mm in the experiments (1 and 3),
(2 and 4) leads to an increase in efficiency by 1.36—1.37 times.



At a subsequent decrease in H from 1,150 to 800 mm in experi-
ments B (3 and 5), (4 and 6), efficiency increased by 1.1 times.

4. 3. Designing combustion space of energy-techno-
logical devices and introduction in production

Based on the conducted research, the design was deve-
loped and the tunnel furnace was put into operation. It was
for chemical and thermal treatment of metallic and non-me-
tallic materials and products during their heating by the
assigned schedule from 300 to 2100 K, keeping and cooling
up to 350 K and above (Fig. 4). The process of annealing
granulated salts of manganese-zinc ferrites in gas medium
was implemented in the specified furnace.

Fig. 4. Structural diagram of tunnel furnace:
1 — operating channel; 2 — car; 3 — working hearth
of the car; 4 — side wall; 5 — longitudinal smoke channel;

6 — transverse smoke channels of the upper and lower levels;
7 — intermediate supports; 8 — a hole in the canalized hearth
of the car; 9 — longitudinal smoke channel; 10 — flat flame
burner; 11 — furnace arch; 12 — hearth of the furnace;

13 — smoke channel in the side wall

The principle of the combination of fuel input using flat
flame burners, located above the heated product dispersed
removal of combustion products under the heated product,
is implemented in the furnace. In this case, a directed heat
flow is formed under the heated product, which provides
a multiple contact of phases (gas — solid body) at the top and
at the bottom. This contributes to the intensification of heat
and mass exchange inside the working space of the furnace.

The productivity of the furnace by the powder of the
mixture of metal oxides is 500 t/year, the operating cycle is
24-26 h. The area of the furnace hearth is 26 m?, the width
of the operating space is 1.3 m. The furnace is equipped with
14 flat flame burners GPP-3 and GPP-4, minimum consump-
tion of natural gas by the furnace is 120 m3/h.

Compared with electric shaft and tunnel furnaces, Japanese
gas rotating furnaces, the universal unit makes it possible to im-
prove quality and ensure the 100 % output of suitable products
by increasing the uniformity of temperature field on the heated
material. At 1,500 K and above, the deviations are within
+5 K, at the temperature below 1,500 K, deviations are +10 K).
The thermal unit is characterized by compactness, low ope-
rating and capital costs, simplicity and ease of maintenance.

5. Discussion of results of studying the fire bench

Conducted experimental research into the influence of
geometry and aerodynamics of the combustion chamber on
the energy-technological indicators shows that a decrease in
the height of a working space, equipped with flat flame burn-
ers, improves the fuel use. The effect occurs at the expense
of heat exchange intensification, including direct convection
and the resulting reduction in heat losses with flue gases and
due to a decrease in the losses through the masonry. With
aview to improving the technological energy efficiency of the
combustion units equipped with flat flame burners and to re-
ducing fuel consumption by 20+30 %, it is possible to recom-
mend setting the height of working space of 800+1,000 mm
(for structural reasons).

The distinctive feature of the furnace of the developed
design is the elimination of discreteness and implementation of
the stable continuous operation mode. The specified improve-
ment was obtained due to the fact that longitudinal channels
were made on the side surfaces of the cars and the furnace
along the entire length of the latter. Thanks to this solution,
the removal of combustion products from the furnace space
through the canalized hearth of the cars into the longitudinal
side channels, made in the walls of the furnace, goes on conti-
nuously. An additional aerodynamic compaction of the working
space of the furnace is ensured at any speed of the cars’ motion.

A significant advantage of the developed design of the
combustion furnace is the possibility of using it for high-preci-
sion chemical and heat treatment of metallic and non-metallic
materials. In addition, the energy technological effectiveness
at arch heating of combustion units by flat flame burners and
combustion products removal under the workpiece (lower
smoke evacuation) is on average 1.3 times higher than at
using the product removal circuit above the workpiece (late-
ral smoke removal), which is used in existing furnaces.

The scope of application of the tunnel furnace of the deve-
loped design is limited to the use for chemical and technolog-
ical treatment of metallic and non-metallic materials and pro-
ducts during their heating by the assigned schedule from 300
to 2,100 K. The obtained recommendations were developed
based on the studies carried out on the existing firing bench.

The prospect of subsequent studies is related to the search of
the possibilities of enhancing efficiency of the thermal furnaces
due to the changes in design characteristics of the combustion
chamber. The second relevant direction of the research can
be the problem of minimization of energy consumption in the
process of chemical-thermal treatment of various workpieces.

6. Conclusions

1. Using a large-scale fire bench, the influence of the de-
gree of masonry development (geometry) and aerodynamics
of combustion chambers (circuits of removal of combustion
products) on energy-technological indicators of the proces-
ses in the system gas-solid body was studied. It was found that
a decrease in the height of the working space in the combus-
tion chamber with flat flame burners improves fuel usage due
to the heat exchange intensification, including direct convec-
tion. Energy-technological efficiency at the arch heating of
the combustion furnace by flat flame burners and combustion
products removal under the workpiece (lower smoke removal)
is on average by 1.3 times higher than at the removal of pro-
ducts above the workpiece (lateral smoke removal).



2. It was found that a decrease in the height of the working
space of the combustion chamber up to 800+1,000 mm leads
to saving fuel consumption by 20+30 %.

3. The circuit of organization of aerodynamics of the
heating space and, based on it, the design of the tunnel
furnace for chemical and thermal treatment of metallic and
non-metallic materials and products at heating from 300 to
2,000 K by the assigned schedule were developed. The design
of the chamber enables continuous removal of combustion
products from the furnace space through the canalized hearth
of the cars into the longitudinal side channels in the walls of

the furnace. The proposed aerodynamics of the combustion
space ensures not only energy-technological advantages, but
also the additional aerodynamic compaction of the working
space of the furnace.

4. The rational mutual arrangement of flat flame burners
and the smoke removal systems with the optimal height of
the workspace can ensure high efficiency of the temperature
field due to the multiple circulations of combustion products
throughout the entire volume of the furnace. It determines
the modern concept of designing thermal units for chemical
and thermal treatment with heating by flat flame burners.
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