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Introduction
Heat transfer by radiation is the main type of heat transfer in furnaces (Figure 1), 

fire boxes, combustion chambers and is 90-98% of the total heat transfer in steam 
boiler boxes, torch heating and melting furnaces [1-6], arc and plasma arc steelmaking 
furnaces [7-10]. 

Figure 1 shows the heating furnace of the forging shop (a), the oxy-fuel burner 
(OFB) used to heat the products in the furnace (b), the vertical torch (c), the horizontal 
torch (d) formed by the OFB.

The torch is a geometrical body in the form of an ellipsoid of rotation in which a 
combustion reaction occurs (Figure 2). Fuel combustion is accompanied by transition 
of the atoms involved in the combustion reaction of substances from one stationary 
state to another with the emission of a quantum of heat radiation. The emission of 
a quantum of heat radiation occurs during the transition of an electron from a more 
distant orbit from the nucleus to a closer one (Bohr’s second postulate). Combustion 
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Abstract
 Heat transfer by radiation is the main type of heat transfer in electric arc steelmaking and 

torch furnaces, fire boxes, combustion chambers and is 90-98 % of the total heat transfer 
in furnaces, fire boxes, and combustion chambers. The geometrical, physical models of 
electric arcs and torches of furnaces, fire boxes, combustion chambers are developed. The 
results of calculation of heat transfer in furnaces using the developed model of the torch 
are presented. The error of calculations does not exceed 10 %. The performed calculations 
using established model of the torch allowed to reveal uneven heating of products and 
to develop innovative torch furnaces, in which the heat flows are aligned on the heating 
surfaces, the heating time and fuel consumption are reduced.

Keywords: Heat transfer, Torch, Gas radiating volume, Furnace, Heating, Scientific 
discovery.  
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Figure 1 Heating furnace (а), burner (b), vertical torch (c), horizontal torches (d).
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products 3 are displaced by new portions of the reacting fuel 
from the active volume 2 and occupy the entire free volume of the 
furnace, fire box (Figure 2).

Numerical and zonal methods for calculating heat 
transfer in torch and heating furnaces

Throughout the twentieth century the calculations of heat 
transfer in torch furnaces were carried out by numerical, zonal 
and other methods [11, 12] before the laws of heat radiation 
from gas volumes of the torches by the author of this article were 
discovered. In numerical or zonal methods the furnace volume is 
divided into a number of isothermal volumes (Figure 3a) or one 
isothermal volume (Figure 3b).

When using the zonal method, the resulting flux to the i –th 
zone of the system from n calculated zones, separated by a gas 
medium with the temperature Tg is determined by the following 
expression [2]

          (1)

Where εi, Ti, εk, Тk are radiation coefficients and temperatures 
of the i-th and k-th zones, respectively; ψik is the resolving angular 
radiation coefficient of the i – Th zone to the k-th zone, 

which is determined by the expression:
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where  φjk, φjj are average angular coefficients of radiation 
from the  i–th to the k-th zone and the i-th to the j-th zone, 
respectively; εj is the emissivity factor of the j–th zone; ψik is the 
resolving generalized angular coefficient of radiation from the 
j-th to the k-th zone.

In the zonal and numerical methods of calculation, the active 
volume, the torch is not separated from the products of combustion. 
However, the source of heat energy in the furnace is the torch; the 
products and lining of the walls, arch, hearth are warmed by it. 
The calculations performed with separate calculation of the heat 

radiation from the torch and the combustion products showed, 
that the radiation from combustion products filled the furnace on 
the heating surface is little compared to the radiation from the 
torch [13].

Currently, a lot of facts have been accumulated for proving 
the need to adjust the existing zonal and numerical methods for 
calculating heat transfer by radiation in torch furnaces, fire boxes, 
combustion chambers. The radiation from carbon dioxide and 
water vapor, the main components of the gas volume of the torch, 
is characterized by a weaker dependence on temperature than 
the radiation from gray solids. The radiation from carbon dioxide 
vapors is proportional to the temperature in the degree of 3, 5 
and the radiation from the water vapor to the temperature in the 
degree of 3 [4]. In practical calculations, in order to simplify the 
calculation methods, it is conditionally assumed that the radiation 
from gases is proportional to their temperature in the fourth 
degree, temperature corrections are amended to the emissivity 
factor of these gases [4]. However, such a simplification leads to 
gross errors in the calculations.

Thus, when the air is heated from 200С to 6000С in a torch 
heating furnace, the power of the torch increased by 17% from 
5 MW to 5.85 MW, and the temperature of the torch increased 
from 1300°C to 2000°C , that is 1.5 times [14]. According to 
the expression (1), the density of the resulting radiation flux to 
the calculated zone from the torch should increase 5 times; the 
heating rate should also increase 5 times, which contradicts the 
law of conservation of energy. Under actual operating conditions 
of the furnaces, when the air is heated and the power of the torch 
increases by 17%, the heat flux density and heating rate increase 
by 17%, that is, directly proportional to the increase in the power 
of the torch, and not the temperature in the fourth power [14].

The error in the calculation of heat transfer in torch furnaces 
by zonal and numerical methods using the Stefan-Boltzmann law 
is 100–400%, since the radiation from gas volume of the torch 
does not obey the Stefan-Boltzmann’s law of radiation from 
solids. The calculation error was compensated by long-term, 
expensive, time-consuming experimental studies of heat transfer 
in torch furnaces.

Laws of heat radiation from gas volumes.
The calculation of heat transfer in torch furnaces with high 

accuracy has become possible with the scientific discovery of the 
laws of heat radiation from gas volumes.  The second postulate 
of Bohr stated that each atom of the gas volume of the torch, 
including quadrillions ( 1020-1030 ), radiates to each calculated 
area of heating surface. Calculation of heat transfer based on 
the heat radiation from each atom to the calculated area is made 
possible by using the disclosed laws of heat radiation from 
cylindrical gas volumes (Figure 4), inscribed into the gas volume 
of the torch in accordance with the location of isotherms over the 
torch volume [15].

The laws of heat radiation from gas volumes of the torches, 
disclosed in 1996-2001, are named after their author, Makarov’s 
laws in the diploma for scientific discovery, articles, textbook with 
the objective of complying with the age-old scientific traditions 
and copyright, such as the laws of Stefan-Boltzmann, Planck, 
Wien, the laws of radiation from blackbody. 

 

Figure 2. Single ignition torch: 1 – burner, 2 – torch, 3 – combustion products.

 

Figure 3. Modeling of a torch with isothermal gas volumes (a) and a rectangular 
parallelepiped (b) in torch furnaces: Tli, Tgi, Tmi is the temperature of lining, gas, 
metal, respectively; еl, еg, еm is the coefficient of radiation from lining, gas, and 
metal, respectively.
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In 2011 the author of this article Makarov A. N. received a 
diploma for the scientific discovery [13]. According to the first 
law of heat radiation from cylindrical volumes, the heat radiation  
flux density of cylindrical gas volume to the calculated area  qFodF  
is directly proportional to the radiation power of the volume PF, 
the proportion of the radiation to the calculated area φFodF of the 
total radiation from the volume and inversely proportional to the 
site area F0, the absorption coefficient of the gaseous medium k, 
the average beam path length l from the atoms of the volume to 
the area.

The multidisciplinary approach to the laws of heat ra-
diation from gas volumes.

The laws of heat radiation from gas volumes are among the 
fundamental laws of physics, the laws of Stefan-Boltzmann, 
Planck, Wien, the postulates of Bohr. Planck, Wien, Bohr won Nobel 
prizes for the discovery of the fundamental laws. The laws of heat 
radiation from gas volumes of Makarov, as well as the laws of heat 
radiation from solids of Planck, Wien, Bohr’s postulates, have 
multidisciplinary nature and are used to calculate heat transfer 
in torch heating furnaces in various industries, metallurgy, steam 
boiler boxes and combustion chambers in the energy sector.

The disclosure of the laws of heat radiation from cylindrical 
gas volumes solved an extremely complex problem that existed 
throughout the twentieth century: researchers, engineers enable 
to calculate the heat radiation from furnace torches, fire boxes, 
combustion chambers on the heating surface, taking into account 
heat radiation from each atom of gas volume [15-18]. The 
complexity of the problem characterizes the number of radiating 
atoms in the torch. The boiler torch of 800 MW power unit burns 
180 tons of fuel oil per hour or, when the furnace is running on 
gas, the amount of gas equal to the calorific value of 180 tons of 
fuel oil. The number of torch atoms participating every second 
in the heat radiation on the heating surface is 1045, which is 
approximately equal to the number of grains of sand in the Sahara 
Desert.

The disclosed laws of heat radiation from cylindrical 
coaxial gas volumes show, that radiation from any cylindrical 
gas volume of large diameter and any height in calculations of 

Figure 4.  Geometrical model of the torch in the form of cylindrical gas 
volumes: 1 - torch; 2 - combustion products; 3 - cylindrical gas volumes of 
different diameters.

Figure 5. Radiation from isothermal isochoric coaxial cylindrical gas volumes 
to the calculated area dF.

Law number Mathematical notation of the law Law formulation 

I

Heat radiation flux density incident on the calculated area from the cylindrical gas 
volume is directly proportional to its power, the angular radiation coefficient and is 
inversely proportional to the absorption coefficient, the average beam path length 
from the atoms of the volume to the site and the site area.

II The average beam path length from radiating atoms to   the calculated area is equal 
to the arithmetic mean distance from the symmetry axis to the calculated area.

III Angular coefficients of radiation from coaxial cylindrical gas volumes to   the calcu-
lated area are equal.   

IV Flux densities of radiation from coaxial cylindrical gas volumes to the calculated area 
are equal.

V
Flux densities of heat radiation from cylindrical gas volume of large diameter and its 
cylindrical axis of symmetry to the calculated area are equal when the heat capaci-
ties released  in them are equal.

Table 1. Mathematical notation and formulation of the laws of heat radiation from cylindrical gas volumes.

(Figure 5) shows the radiation from cylindrical gas volumes 
to the calculated area. Mathematical notation of the laws of heat 
radiation from cylindrical gas volumes of the torches is given in 
(Table 1) [16].

In (Table 1) the following symbols are used : q is the density 
of the heat flux incident on the calculated area (CA) from the 
cylindrical gas volume (CGV), kW/m2; φ is the angular radiation 
coefficient (a portion of the radiation) from the CGV to the CA; P is 
the radiation power of the CGV, kW; k is the absorption coefficient 
of the CGV; Ɩ is the average beam path length from all atoms of CGV 
to the  CA, m; F is the surface area of the CA, m2; indices denote the 
numbers of gas volumes from 1 to n.
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heat radiation can be equivalently replaced by radiation from 
cylindrical symmetry axis of the cylindrical gas volume, virtually 
concentrating all the radiating atoms of the gas volume of the 
torch on it. In this case, the heat radiation power of the cylindrical 
axis of symmetry will be equal to the heat radiation power of 
the cylindrical gas volume. When we concentrate all radiating 
atoms on the cylindrical axis of symmetry of the gas volume, it 
is possible to calculate the heat radiation from each atom and 
all atoms together on any calculated area using the formula, 
according to the first law of heat radiation from cylindrical gas 
volumes of small diameter.

The average beam path length from atoms to the calculated 
area, that applies to the formula of the first law, is determined 
by the second law, under which the average beam path length to 
the calculated area from all radiating atoms of a cylindrical gas 
volume of large diameter and height is equal to the average beam 
path length to the calculated area of all atoms concentrated on 
the cylindrical axis of symmetry of the gas volume. The average 
beam path length of all atoms of the gas volume concentrated on 
the cylindrical axis of symmetry of the volume is determined by 
a single mathematical calculation as an arithmetic mean distance 
from the axis of symmetry to the calculated area (Table 1).

The angular coefficient of radiation from gas volume to the 
calculated area that applies to the formula of the first law of heat 
radiation is determined by the third law, under which the angular 
coefficients of radiation (radiation fractions) of cylindrical gas 
volumes of large diameter and its cylindrical axis of symmetry 
to the calculated area are equal. It should be understood that all 
the radiation of the cylindrical gas volume into the environment, 
on the surfaces, surrounding gas volume are equal to one. When 
calculating the Radiative heat transfer r in torch furnaces, fire 
boxes, combustion chambers according to the first law of heat 
radiation from gas volumes (Table 1), we use the absorption 
coefficient of the gas medium characteristic of the real dispersed 
arrangement of all radiating and absorbing atoms in the gas 
volume, that is, we use the calculated or experimental absorption 
coefficient of the gas volume. Since, according to the 4th and 
5th laws (Table 1) heat radiations from a cylindrical gas volume 
of a large diameter and its cylindrical axis of symmetry to the 
calculated area are equal, the heat radiation from a cylindrical gas 
volume of a large diameter in the calculations can be equivalently 
replaced by heat radiation from its cylindrical axis of symmetry 
with a concentrated arrangement in it of all atoms of a cylindrical 
gas volume of a large diameter and, accordingly, equal to the heat 
radiation from a cylindrical gas volume of a large diameter and its 
cylindrical axis of symmetry.

Thus, according to the disclosed five laws (Table 1), heat 
radiation from gas volume of any form can be equivalently 
replaced by heat radiation from cylindrical gas volumes, 
inscribing them in gas volumes of torches of furnaces, fire 
boxes, combustion chambers and modeling in calculations heat 
radiation of cylindrical gas volumes by heat radiation from their 
cylindrical axes of symmetry. The disclosed laws allow for a 
single integration of trigonometric functions when replacing the 
heat radiation from a cylindrical gas volume of large diameter by 
heat radiation from cylindrical volume of small diameter in the 
calculations of angular radiation coefficients from the cylindrical 
volume to the calculated areas in their arbitrary position to each 
other in the working space of furnaces, fire boxes, combustion 

chambers, which was done by the author of scientific discovery. 
With the use of single integration of trigonometric functions, 
characterizing the mutual arrangement of the cylindrical axis 
of symmetry and calculated area we received 14 formulas for 
calculating angular radiation coefficients of the cylindrical gas 
volume to the calculated area when they are parallel, orthogonal 
and arbitrary to each other [19].

Torches in furnaces, fire boxes, combustion chambers, formed 
by single burners, are ellipsoids of rotation (Figures 1, 2, 4 and 
6), by inscribing cylindrical gas volumes in the torches (Figure 
4), we create the conditions for calculating heat transfer in torch 
furnaces, fire boxes, combustion chambers, taking into account 
the heat radiation from all atoms involved in the heat radiation 
from the torch. In the calculations, the length of the torch is equal 
to the length of the ellipsoid of rotation, inside which burns at 
least 97 % of the fuel [20-21].

On the basis of the disclosed laws of heat radiation from 
cylindrical gas volume, the author of the discovery developed 
the modern theory of heat transfer in electric arc and torch 
furnaces, fire boxes, combustion chambers and the method for 
calculating heat transfer in electric arc and torch furnaces, fire 
boxes, combustion chambers [19]. The results of the calculation 
performed by the method for calculating heat transfer in electric 
arc and torch furnaces, fire boxes, combustion chambers based 
on the disclosed laws of heat radiation from ionized and non-
ionized cylindrical gas volumes are confirmed by numerous 
experimental studies of the scientific groups of the author of 
the scientific discovery, as well as research teams of research 
institutes, universities on operating electric arc and torch 
furnaces, fire boxes, combustion chambers [22-28]. The author 
of the scientific discovery and textbook [19] was awarded 
Silver medals at International exhibitions “Metal-EXPO 2018”, 
“EXPROPRIORY2013”.

The disclosed laws of heat radiation from gas volumes and their 
practical use in the calculation of heat transfer in torch furnaces 
allowed to determine with high accuracy the distribution of the 
radiation fluxes from the torch along the perimeter and height of 

 
Figure 6. Torch brick furnace.
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the furnaces, to identify the causes of burnout of burner units in 
furnaces, uneven deposits inside the pipes along the perimeter 
and height of the pipes and to develop innovative steam boiler 
boxes, which eliminate the above shortcomings. The practical use 
of the laws of heat radiation from gas volumes in the calculations 
of heat transfer in torch heating furnaces allowed to calculate the 
distribution of the radiation fluxes from torches on  the heating 
surfaces, to find out the reasons for the uneven distribution of 
heat fluxes on the surfaces of heated products and to develop 
innovative torch furnaces with a rational arrangement of burners 
and torches in the furnaces, which aligns the distribution of 
heat fluxes on the heated products, reduces the heating time of 
products, fuel consumption, increases the productivity of the 
furnaces. Use of the disclosed laws and these laws-based method 
of calculating heat transfer in the combustion chambers of gas 
turbine plants allows to determine the location of the torch 
radiation fluxes on the flame tube surface at the design stage of 
combustion chambers, to organize effective cooling of the flame 
tube surface onto which the maximum heat flux of the flame 
falls, to exclude burnout of a flame tube, increase its service life, 
reduce the cost of experimental studies of combustion chambers 
and to create conditions for long-term reliable operation of the 
combustion chambers at the stage of design.

Methods of calculating heat transfer in torch heating 
furnaces based on the laws of heat radiation from gas 
volumes.

The methodology for calculating heat transfer in torch 
furnaces, fire boxes, combustion chambers derived from the 
disclosed laws of heat radiation from cylindrical gas volumes is 
as follows. The power released in the torch Рt, is defined by the 
formula:

                                                                                      (3)

Where Qi
r, Вk are the heat of combustion and the fuel 

consumption, accordingly. 

A share of the power released in each cylindrical gas volume, 
inscribed in the torch, we determine by the following proportion:

3 3 3
1 2 1 1 2 2: : ... : : : ... :n n nP P P T V T V T V=                                      (4)

where Т1, Т2, …, Тn is the temperature of the cylindrical gas 
volume; we assume, that the radiation from the main components 
of the gas volume is proportional to the temperature in the 
third degree [4,19]; V1, V2, …, Vn is the volume of gas divided 
by isotherms and into which radiating cylindrical volumes are 
inscribed. 

Since the power released in the cylindrical gas volume 
is proportional to the volume of gas into which the cylinder 
is inscribed, and the temperature in the third degree, then 
making the proportion (4) we determine the share of the power 
released in any of the inscribed cylindrical gas volumes from all 
power of the torch (3). Multiplying the share of power released 
in a cylindrical gas volume by the power of the torch, we will 
determine the power of any cylindrical volume constituting the 
torch.

Since after heating the refractory lining of the furnace by 
torches and combustion products of the wall, the arch, the 

hearth radiate heat flux on the heated products, therefore, in the 
torch furnace, a separate calculation of the heat radiation on the 
products of the torch, the heated surfaces of the walls, the arch, 
the hearth and the combustion products is required. Calculations 
of heat transfer in the torch furnace is carried out taking into 
account multiple reflections of radiation fluxes from the furnace 
surfaces and the absorption of radiation by combustion products. 
Since the fluxes of heat radiation caused by multiple reflections 
of the gas volume of the torch from the surfaces of the walls, the 
arch, the hearth are evenly distributed over the calculated heating 
surfaces, similarly,  each of the radiation is evenly distributed 
over the heating surfaces, and the heat radiation from  the 
torch and the heat radiation from the walls, the arch, the hearth 
are unevenly distributed over the calculated heating surfaces, 
therefore, they require  separate calculation [19].

In accordance with the developed theory and the proposed 
method, the total heat fluxes are calculated, consisting of the 
radiation fluxes falling on the heating surface from the torch, the 
lining of the walls, the arch, the hearth and the convective fluxes 
of the combustion products.

The density of the heat flux incident on the i-th elemental area 
on the heating surface is determined from the expression:

,
int s con icpin inrt in inrs i

q q q q q q q+= + + + +        (5)

where qint  is the density of the heat radiation flux incident on 
the i-th area from the torch, taking into account the absorption of 
the torch radiation; qinrt is the density of the heat radiation flux 
incident on the i-th area, caused by the reflection of the torch 
radiation from the walls, arch, hearth, products; qins is the density 
of the heat radiation flux incident on the i-th area from the 
radiating walls, arch, hearth, taking into account the reflection 
and absorption of radiation; qinrs is the density of the heat 
radiation flux incident on the i-th area, caused by the reflection 
of radiation surfaces from the walls, hearth, cover, ingots; qicon is 
the density of the convective flow from the torch and combustion 
products on the i-th area; qicp  is the density of the radiation flux 
from combustion products to the i-th area. 

Summands in the expression (5) are determined by the 
formulas:

 t t
t

1

n ji j kl
in

i

P
q e

F

φ
−= ∑                                 (6)

where k is the absorption coefficient of the gas medium; l is the 
average beam path length from radiating atoms to the calculated 
area; φtji is the local angular coefficient of radiation from the j-th 
cylindrical source on the i-th area (calculated according to the 
formulas set out in [19]; Рtj is the power of j-th cylindrical source; 
Fi is the area of the i-th elemental area;

                                                   (7)

Where ψtjk is the generalized angular coefficient of radiation 
from the j-th volume zone (the j-th cylindrical source) on the k-th 
surface; φtjk is the average angular coefficient of radiation from 
the j-th cylindrical source on the k-th surface;

s
1

n ji jc kl
in

i

Q
q e

F

φ
−= ∑                                                                  (8)

 r
t i rP Q В=
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Where φji is the local angular coefficient of radiation from the 
j-th surface on the i-th area (calculated by formulas [2, 5]); Qjs is 
the self-radiating flux from the j-th surface;

1

( )kl
n js jk jk

inrs
k

Q e
q

F

ψ φ −
−= ∑   (9)

Where ψjk and φjk are generalized and average angular 
coefficients of radiation from the j-th surface on the k-th surface; 

con con gav
( )

i pq t tα= −
(10)

Where tp = 200С is the temperature of products; tgav = 14000С 
is the average temperature of combustion products, gas; αcon is 
the heat transfer coefficient by convection, with free convection 
αcon= 11,6 W/(m2·0С) [2]; at the beginning of heating qicon = 16,2 
kW/m2, convective fluxes are evenly distributed over the 
heating surfaces of the furnace, fire box;

(11)

Where φcpji is local angular coefficient of radiation from the 
j-th volume of combustion products on the i-th area; Рcpj  is the 
power of the j-th volume of combustion products.

Self-radiating flux from the j-th surface 
4( /100)js j s j jQ c T Fε=    (12)

Where εj is the coefficient of radiation from the j-th surface; 

cs is the emissivity of the blackbody; Tj is the temperature of the 
surface; Fj is the area of the j-th surface.

Let we combine the formulas for calculating heat transfer in 
torch furnaces, fire boxes, combustion chambers in the (Table 2).

We use the model of the torch in the form of radiating 
cylindrical gas volumes to calculate heat transfer in the heating 
torch furnace. Calculate the heat transfer in the recuperative 
heating pit with one upper burner and ejection of air from the 
recuperators [19].

The results of calculating heat transfer in torch heat-
ing furnaces under the laws of heat radiation from gas 
volumes

Chamber 1 of the pit is a straight parallelepiped, 8 m in length, 
3 m in width,4 m in height (Figure 7). The camera is equipped 
with 14 bars, 7 tons, 2.4 height each. Power of the torch is 4.1 MW.

The results of the calculation by the formulas in (Table 2) are 
shown in (Figure 8) in the form of graphs of the distribution of 
falling heat fluxes on the lateral surfaces of the ingots. As shown 
in Fig. 8, the heat fluxes are distributed unevenly both along the 
height of the ingots and the different faces of the ingots, which 
leads to an increase in fuel consumption and heating time to 
equalize the temperature on all faces and the volume of the ingots.

Calculation under the laws of heat radiation from gas volumes 
made it possible to obtain for the first time complete information 
about the fluxes of heat radiation from the torch, heated walls, 
arch, hearth, combustion products falling on all faces of ingots 
and other heated products, taking into account the rereflection 

№ Name of formula, equation Equation, formula Measure  unit 

1 The density of the total heat flux incident on the calculated area ,
int s con icpin inrt in inrs i

q q q q q q q+= + + + + kW/m2

2 The share of the power emitted on the calculated area 3 3 3
1 2 1 1 2 2: : ... : : : ... :n n nP P P T V T V T V= -

3
The density of the heat flux of radiation incident on the calculated 
area from the torch (the first law of heat radiation from cylindrical gas 
volumes)

t t
t

1

n ji j kl
in

i

P
q e

F

φ
−= ∑ kW/m2

4 The density of the heat flux of radiation caused by the reflection of the 
torch radiation from the surfaces to the calculated area kW/m2

5 The density of the heat flux of radiation incident on the calculated area 
from the radiating surfaces s

1

n ji js kl
in

i

Q
q e

F

φ
−= ∑ kW/m2

6 The density of the heat flux of radiation caused by the reflection of 
radiation from the surfaces and incident on the calculated area

1

( )kl
n js jk jk

inrs
k

Q e
q

F

ψ φ −
−= ∑ kW/m2

7 The density of the convective flux from the torch and products of 
combustion on the calculated area con con gav

( )
i pq t tα= − kW/m2

8 The density of radiation fluxes from products of combustion on the 
calculated area kW/m2

9 The flux of the corresponding surface radiation 4( /100)js j s j jQ c T Fε= kW

Table 2. Equations, formulas for calculating heat transfer in torch furnaces, fire boxes, and combustion chambers.
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Figure 7. Scheme of the working space of the heating pit and placement 
of ingots in it: I – VII – the number of ingot rows, 1 – camera; 2 – torch; 3 
– burner; 4 – frontal wall; 5 – arch; 6 – back wall; 7 – ingots; 8 – channels.

 
a 

  
b c 

Figure 8. Graph of the distribution of total heat fluxes along the height of the side surface of the ingots facing the walls surface (a) and to the О1О2  axis (b); а: 
1 – by the height of the  I, II, IV rows; 2 - by the height of the III – V, VII ingots; b: 1 – by the height of ingots of  the  I, II, VI, VII rows ; 2 – by the height of ingots of 
the III – V rows; c –temperature change by the height of ingots at a distance of 80 mm from the surface during heating .

and absorption, to identify the causes of uneven heating, 
develop methods and devices for heating, which increases the 
uniformity of heating products, reduces the heating time and fuel 
consumption, increases the productivity of furnaces (patents for 
inventions) [8-13]. The design of a heating pit has not changed for 
80 years. Patents for inventions of torch furnaces are received: I – 
with 2 burners; II – with 6 burners; III – with 12 burners.

(Figure 9) shows the scheme of the recuperative heating pit 
with two torches and the distribution of heat fluxes along the 
height of the ingots.

(Figure 10) shows a recuperative heating pit with 6 torches 
[23].

The proposed devices and methods of heating allow aligning 
the distribution of heat fluxes by the heating surfaces, reducing 
heating time, fuel consumption, and improving the performance 
of furnaces.

Similarly, the calculation of heat transfer in the regenerative 
heating pit (Figure 11).

(Figure 11) uses the following designations: 1 – combustion 
products; 2 – cover, 3 – ingots; 4, 5 – air and gas regenerator, 
respectively; 6-8 – rear, side, front walls, respectively, ; 10 – pit 
chambers; I-IV – ingot numbers along the length of the pit.

The results of calculating heat transfer in the recuperative 
pit showed a significant unevenness of the distribution of heat 
fluxes along the height and faces of the ingots (Figure 11 a, b, 
c, d). The correctness of the calculation, the correspondence of 
the calculation results to the real heat transfer in the furnace is 
confirmed by experimental measurements of the temperature 
along the height of ingots (Figure 5b). The design of the heating 
pit has not changed for 80 years. Calculations based on the 
disclosed laws of heat radiation from gas volumes allow to obtain 
a complete picture of heat transfer in the regenerative heating pit 
and any other torch furnace  and to develop new design of the pit 
(Figure 12) and torch heating furnaces and methods of heating 
products in them (Figure 13). Patents for new structural design 
for torch furnaces and ways of heating products in them were 
awarded. 

(Figure 12) uses the following designations:1 – camera; 2 – 
cover; 3-5 back, side, front walls ; 6 – regenerator units, respectively; 
7,8 – air and gas regenerators, respectively; 9 – mixing chamber; 10 
– technological opening ; 11 – ingots; 12 – torch.

Patents for inventions of torch furnaces were obtained: I – 
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a b 

  

c d 
Figure 9. Scheme of the recuperative heating pit with two torches (a) and the distribution of the average heat fluxes along the height of the ingots when 
the upper burner works (b), the lower burner works (c), the upper and lower burners  work together (d):1 – camera, 2 – frontal wall, 3 – side wall, 4 – back 
wall, 5 – moving cover, 6 – arch, 7 – burner, 8 – ingots, 9 – upper torch, 10 – burner, 11 – lower torch, 12 –air supply holes.

 
a b 

Figure 10. Recuperative pit, side views (a), top view (b), designations similar to those shown in Fig. 9.

 
 

a b 

 
 

c d 

Figure 11. Scheme of the regenerative heating pit (a), the temperature change along the height of the side surface of the ingots facing the wall of the pit (1) and 
the longitudinal axis of symmetry of the pit (2) after 3 hours from the beginning of heating (b), the distribution of the height of the ingots of integral heat fluxes falling 
on the side surfaces facing the side wall of the pit (c) and the longitudinal axis of symmetry of the pit (d).
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with 2 tiers of regenerators; II – with the upper and lower torch; 
III – with the lower and 5 upper torches [24-28].

Conclusions
1. Existing methods for calculating heat transfer such as zonal, 

numerical, Pl - approximation, Monte Carlo, Schuster-
Schwarzschild, Eddington, Chandrasekhar, spherical 
harmonics and others use the Stefan-Boltzmann law of 
heat radiation from solids. However, the radiation from 
gas volumes of electric arcs and torches is not subject to 
the Stefan-Boltzmann law of radiation from solids and the 
calculation error is 70-90% or more.

2. In the twentieth century in articles, monographs, textbooks of 
Russian and foreign scientists, designers century there was 
no data on the causes of uneven wear and low resistance of 
the lining of the walls, the arch of electric arc steel melting 
furnaces, uneven melting of the charge, the temperature 
of the metal around the perimeter due to the lack of the 
laws of heat radiation from gas volumes and the inability to 
accurately calculate the heat transfer. There were no results 
of the calculation of the distribution of the heat radiation 
fluxes from the torch along the height and perimeter of the 
furnaces, the burner device, there was no explanation for the 
unevenness of vaporization and deposits in the pipes. There 
was no data on the distribution of heat fluxes on all surfaces, 
faces and height of heated products in torch furnaces. There 
were no calculated data on the distribution of the heat 

 
 

a b 

Figure 12. Scheme of the regenerative heating pit with a block of regenerators in two tiers (a) and the height distribution of ingots of integral heat flows 
falling on the side surfaces facing the longitudinal axis of symmetry of the pit (b) [24].

 
Figure 13. Scheme of the regenerative heating pit with the upper and lower 
torches, designations similar to those shown in Fig. 12.

radiation fluxes from the torch along the flame tube and the 
burner device of the combustion chambers.

3. The lack of accurate data of heat transfer calculations was 
compensated by the results of numerous, expensive, time-
consuming, long-term experimental studies of heat transfer 
and technical modes of operation of electric arc steelmaking 
and torch furnaces, fire boxes, combustion chambers.

4. At the end of the XX century, the laws of heat radiation from 
gas volumes, the laws of heat radiation from electric arcs 
of steel melting furnaces and torches of heating furnaces, 
fire boxes, and combustion chambers of gas turbine power 
plants were discovered. The disclosed laws of heat radiation 
from gas volumes, as well as the laws of heat radiation from 
solids of Planck, Wien, Stefan-Boltzmann belong among the 
fundamental laws of physics which have multidisciplinary 
and applicability in various fields of science and technology.

5. The discovery of the fundamental law of physics is an 
outstanding event in the history of mankind and takes place 
on average once in 50-80 years. Physics textbooks for schools 
and universities, which set out a little more than 30 laws 
discovered by humankind for three thousand years, since the 
third century BC from the law of Archimedes and to the last 
fundamental laws, postulates discovered by Bohr in 1913 are 
proof of this.

6. The scientific discovery and the calculation methods developed 
on its basis allow scientists, engineers, designers to calculate 
the heat transfer and improve the design of electric arc 
steelmaking and torch heating furnaces in metallurgy, in 
various industries, including various fields of mechanical 
engineering, the design of steam boiler boxes and combustion 
chambers of gas turbine plants in the energy sector, save 
millions of kW∙h of electricity and millions of tons of fuel, 
reduce emissions of pollutants, reduce the anthropogenic 
load on the environment.
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