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1. Introduction
1. 1. The object of research
The object of research is the process of radiation heat transfer, taking into account a single 

reflection of rays in the IR device of food production.

1. 2. Problem description
One of the progressive methods of thermal processing of food products is thermal process-

ing with infrared (hereinafter IR) radiation. The use of infrared radiation intensifies the technolog-
ical processes of food production due to a significant increase in the density of the heat flux on the 
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The object of the research is the process of radiation heat transfer, taking into account a 
single reflection of rays in the IR device of food production.
Investigated problem – the work is devoted to solving the problem of irregularity of radi-
ation heat transfer during infrared roasting of food products.
Main scientific results. The inverse problem of heat transfer by radiation has been solved 
and a technique has been developed for determining the profiles of the ray flux reflectors 
for uniform irradiation of receivers of a convex section. Analytical modeling of all-round 
uniform irradiation of an elliptical receiver has been carried out. An experimental device 
with low-inertia temperature sensors for infrared roasting of semi-finished meat products 
has been developed, which makes it possible to use a reflector shaped according to the de-
veloped analytical technique. The verification of the created technique for determining the 
profiles of reflectors by means of a computer experiment using the TracePro and Mathcad 
software systems has been carried out.
The area of practical use of the research results: the use of an experimental device with 
a radiant flux reflector for roasting semi-finished meat products proves that the obtained 
technique for profiling reflectors of heat engineering systems is acceptable for the design 
of infrared equipment for food production and restaurant facilities. This technique allows 
simulating the profile of the radiant flux reflector depending on the shape of the receiver. 
Studies have shown that the use of a profiled reflector in the experimental device reduces 
the duration of roasting of natural portioned semi-finished beef products by 33 %.
Innovative technological product: a technique for determining the profiles of ray flux 
reflectors for uniform irradiation of receivers with a convex section. Device for infrared 
roasting of semi-finished meat products.
Scope of application of an innovative technological product. The study of an experi-
mental device with a designed radiant flux reflector for roasting semi-finished meat prod-
ucts proves that the obtained technique for profiling reflectors of heat engineering systems 
is acceptable for the design of infrared equipment for food production and restaurant facil-
ities. Using this approach allows to approach the solution of the problem of irregularity of 
irradiation of products during infrared roasting.
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surface of the product and the penetration of thermal energy into the material. The main advantage 
of infrared roasting is the shortening of the cooking time, which leads to a reduction in energy 
consumption and improves the quality of the product.

It should be noted that further intensification of IR roasting as an independent processing 
method has certain limitations. They are based on the fact that irregularities of IR irradiation can 
cause local overheating of the surface and the appearance of “burns”, which significantly impair 
the quality of finished products. Therefore, the main scientific and practical task in this direction 
is the creation of a local thermal zone at the heating object or in the working space of the techno-
logical process, minimizing heat losses for heating the environment and the surface outside the 
selected zone.

1. 3. Proposed solution of the problem
Scientists pay considerable attention to the use of reflective devices, with the help of which the 

necessary irradiation of the object is achieved [1, 2]. To obtain a directed radiation flux, reflectors of var-
ious shapes are used: spherical, parabolic, hyperbolic, elliptical, etc. [3]. However, the difficulty of using 
such reflectors is caused by optical aberrations and the finiteness of the radiation bodies of real sources, 
each surface element of which is a source of a diffuse radiation flux. In work [4], a deep analysis of the 
research of domestic and foreign researchers in the field of IR heating and geometric modeling of heat 
transfer by radiation in infrared installations during heat treatment of food products was carried out, the 
regularities of modeling of IR radiation in absorbing gaseous media were investigated. However, the au-
thor has not solved the problem of determining the profile of the reflector for uniform irradiation of the 
convex receiver. In work [5], researchers describe a combined method of processing food products with 
IR radiation and microwave influence, but also did not consider the problem of dissipation of thermal 
energy during exposure. In work [6], the authors described the computer simulation of the temperature 
field using induction and radiation heating, however, the resulting dependences on the determination of 
the temperature of the inner layers of the processed material is not correct. The authors of [7] propose an 
innovative solution for the development of a device for low-temperature processing of meat products by 
infrared radiation. A feature of the device is the possibility of using secondary heat, and coming from 
the working space of the device, by absorbing it by an absorbing screen. But the problem of uneven 
irradiation of products of various shapes has not been resolved either.

Therefore, solving the problem of irregularity of radiation heat transfer during infrared 
roasting of food products and determining the profile of the reflector with the subsequent design of 
the device is an urgent scientific problem.

2. Material and methods
The heat engineering system (Fig. 1) consists of a tubular radiator 1, a cylindrical reflec-

tor 2, and a heat receiver with a convex cross-sectional shape 3. A Cartesian coordinate system 
is connected to the system so that the Oz axis passes along the radiator, and the Ox, Oy axes are 
located as follows, as this is shown in the Fig. 1.

The following designations are used: h – distance from the axis of the emitter to the center of 
the receiver, m; α – half of the angle in which the rays propagate, do not hit the reflector; θ0 – half of 
the angle in which the rays propagate, falling on the receiver AB directly from the emitter.

As a heat receiver, a semi-ellipse was chosen with the lengths of the major and minor semi-
axes a and b, respectively, which shape is closest to the section of a portioned meat semi-finished 
product (beefsteak and steak). The semi-ellipse equations are compiled in relative polar coordi-
nates using the ratios of the absolute coordinates and dimensions of the heat engineering system to 
the semi-ellipse semi-major axis.

The beam has only one reflection from the reflector surface. When the point of reflection M 
moves along the surface of the reflector from N to P towards an increase in the polar angle φ, point 
K of the working medium, where the reflected beam hits, monotonously move its surface from A to 
B towards an increase in coordinate β (Fig. 2).

The direct flow from the emitter falls only on the CD section, limited by those attached to 
the ellipse (Fig. 1), and the AC and BD sections remain unheated by it – only the rays reflected from 
the reflector fall on them. Let’s introduce into the calculations the direct irradiation function, which 
is proportional to the irradiation density.
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Fig. 1. Diagram of the heating system
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Fig. 2. Diagram of beam movement

The value of the relative density of direct irradiation is maximum on the plumb axis of the 
heating system, decreasing from it to points C and D, and is zero in the so-called “shadow” in sec-
tions AC and BD.

The value of the relative density of the reflected radiation is maximum in the so-called 
“shadow” of the heat receiver, where the direct radiation flux does not fall.

The total energy that the semi-ellipse will receive consists of the energy of the direct radia-
tion and the energy reflected from the reflector. Taking into account the length of the semi-ellipse, 
this determines the equation of the relative density of the direct and reflected radiation.

Let’s compose the energy balance by equating the amount of heat per second from a radiator 
of a given power with the required parameters of the reflector R(φ) and φ to the relative density of 
the reflected radiation, integrated along the length of the semi-ellipse with the required parameters 
R1(β) and β. From the energy balance equation, let’s obtain an equation for determining the angular 
coordinate of the reflector section φ.

Let’s introduce into the calculation the relative radial coordinates of the reflector and the 
receiver, respectively, as the ratio of R(φ) and R1(β) to a, and obtain a differential equation for de-
termining the profile of the reflector, which describes the relationship between the relative radial 
coordinate of the reflector and the relative angular coordinate of the receiver. The differential equa-
tion obtained in the research is solved using the Mathсad computer algebra system by the universal 
hybrid Adams-BDF method, which also calculates and constructs a family of reflector profiles, 
one of which is subject to structural implementation in accordance with the selected process of 
IR-roasting of meat portioned semi-finished products.

2. 2. Experimental infrared roasting device
The aim of the experimental study was to evaluate the efficiency of using a profiled re-

flector by physical modeling and comparing the results with computer verification of the created 
technique.
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The experimental device implements a heat engineering system, the diagram of which is 
shown in Fig. 3. It consists of a linear radiator 1, a cylindrical reflector 2 and a heat receiver 3.

The experimental device uses one quartz emitter with a supply voltage of 220 V, a power of 
720 W, and the emitter length is 250 mm. The heat wavelength is 1.2 µm, so the angles of incidence 
of heat rays on the reflector are equal to the angles of reflection.

The reflector is made of letter-polished aluminum, providing a reflectivity of about 90 %. 
Note that the size of the sheet is 275×214 mm and the profile of the reflector is determined by the 
section of semi-finished meat products and calculation in Mathсad in accordance with the created 
method.

 x, mm 

y, mm 

-150

-100

-50

0

1

2

3

-100          -50              0              50           100

Fig. 3. Heat engineering system: 1 – emitter; 2 – reflector; 3 – receiver

A semi-ellipse with a width of 100 mm and a height of 20 … 25 mm (for computer mod-
eling – 22.5 mm) and a length of 200 mm is chosen as a receiver, which corresponded to the 
usual size and mass of steaks and splint. The distance between the centers of the emitter and the 
receiver is 90 mm. There should be a distance of 100 mm from the center of the product to the 
edge of the wire rack where it is located (Fig. 3).

The temperature in the working chamber is determined using nine sensors with chro-
mel-alumel TCA thermocouples (measurement at 1100 °C), which are installed on a flat frame.

2. 3. Methods of computer simulation of exposure
Existing computer programs (COSMOSWorks, TracePro, SolidWorks, etc.) fundamentally 

solve exclusively direct problems of irradiation, that is, determine the heat density on the surface 
of the receiver with a known reflector profile. In addition, the required number of beams is deter-
mined experimentally, by approximating the results to theoretical conclusions, and an incorrect 
number of beams can lead to significant errors.

To obtain a numerical Solution in TracePro, set the amount of heat rays emanating from the 
source. The computer program randomly selects points on the emitters and the direction of move-
ment of the rays emanating from them, and automatically calculates their trajectories, but first it is 
necessary to set the profile of the cylindrical reflector.

The spatial distribution of the radiation flux density is modeled by calculating the trajecto-
ries of individual random rays, and the decoupling accuracy corresponds to their number. To obtain 
a realistic picture of the distribution of the radiant flux, it is necessary to take the number of rays 
at least a million.

3. Results
Let’s determine the shape of the fragmented reflector of the heat engineering system for all-

round uniform irradiation of the semi-elliptical receiver (with different values of the radiant flux 
density on the upper and lower surfaces).

Let’s consider a heat engineering system (Fig. 4), which consists of a tubular radiator 1, a 
cylindrical reflector 2, and a heat receiver with a semi-elliptical shape of the upper surface and a 
flat lower surface 3. Let’s associate the Cartesian coordinate system with the system so that the Oz 
axis passes along the radiator and the Ox axis, Oy positioned as shown in the Fig. 4.
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Fig. 4. Diagram of the heating system

Let’s use the following notation: h – distance from the axis of the emitter to the bottom surface 
of the receiver, m; α – half of the angle in which the rays propagate, do not hit the reflector; θ0 – half 
of the angle in which the rays propagate, falling on the receiver AB directly from the emitter.

To designate the polar coordinates of the reflector section surface, let’s use the symbols R(m) 
and φ, for the coordinates of the upper surface of the receiver – R1(β) (m) and β, and at the bottom – 
Cartesian coordinates x and y.

The technique for determining the profile of reflector 2 was presented. Therefore, let’s focus 
on determining the profiles of reflectors 4 (Fig. 4), that is, exactly those that will ensure uniform 
heating of the working fluid 3 from below. To do this, let’s use a heat flux that did not fall on the 
receiver either directly or from the reflector. This approach to the design of heating plants will 
allow the processing of food from all sides with a simultaneous reduction in energy consumption.

Obviously, the heat flux density on the upper surface will be several times higher than the 
density on the lower one, but this ratio can be adjusted by changing the geometric parameters of the 
working chamber (angles α, θ0).

Let’s assume that when the point of reflection of the heat ray along the surface of the reflector 
moves from N to P in the direction of increasing the polar angle φ, the point where the reflected ray 
hits will move by its lower surface from F to A in the direction of increasing coordinate ξ (Fig. 4).

Let’s design the device in such a way that the heat flux propagating in any of the corners
0µ = α − θ  (Fig. 4) is reflected only from one of the fragments of the reflector and uniformly illu-

minates the nearest half of the lower plane of the receiver.
Let’s denote by the Q the energy from one meter of the source (W/m). All the heat that falls 

on one linear meter of the lower half of the surface in one second is equal to

                                                       .
2

= µ
πZ

QQ     (1)

This heat is evenly distributed with a density (W/m2)

                                                ( ) .
2

ξ = = µ
π

Z
Z

Q Qq
a a

    (2)

Thus, the relative density of irradiation in the absence of direct irradiation is provided by 
the rays reflected from below:

                                            ( ) ( ) 1 .
2

ξ
ξ = = µ

π
Z

Z

q a
p

Q
   (3)

              

The product section of length ξ receives the following reflected energy (W/m):
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                                ( ) ( ) ( )
0 0 0

d d d .
ξ ξ ξ

ξ ξ = ξ ξ = ξ ξ∫ ∫ ∫Z Z Zq a Q p Q p    (4)

This energy comes after reflection in the corner 02
π

φ + − θ  and is equal 0 .
2 2
Q π φ + − θ  π

 
Equating it to dependence (4), let’s obtain

                                        ( )0
0

d .
2 2

ξπ φ + − θ = ξ ξ  π ∫ Z
Q Q p    (5)

Taking into account (3), let’s obtain

                                  ( )0 0
0 0

2 d d .
2 2

ξ ξπ π
φ = θ − + π ξ ξ = θ − + µ ξ∫ ∫Zp    (6)

To determine the shape of the reflector, there is the following differential equation:

                                          
( )
( )

1

1

cosd d ,
d sin d

ρ − ρ φ + ξρ φ
= −ρ

ξ ρ + ρ φ − η ξ
   (7)

where ,η = −χ  ( ) ,φ = φ ξ  ( ) ( )2 2
1 cos sin ,Zρ = ρ φ − ξ + ρ φ − η  / .R aρ =

To determine the shape of the lower part of the reflector, eq. (7) was solved using Mathcad 
by the universal hybrid Adams-BDF method for pivelips with the ratio of the minor axis to the 

major axis 0.5 and such initial values ρ0 of the relative radial coordinate ρ beyond 0 :
2
π

φ = θ −   
 

01 MAX1.25 ,ρ = ρ  02 MAX1.5 ,ρ = ρ  where ρMAX –the relative distance from point O to point М1. For 
other variables, the following values were taken: χ=4, М1М2/а=6 (Fig. 4).

Based on these results, a number of fragmented reflectors were developed, shown in Fig. 5 
(the coordinate grid corresponds to the relative dimensions of the heating system). They provide a 
uniform heat flow on the lower plane of the heat sink.

Fig. 6 (the coordinate grid corresponds to the relative dimensions of the heat engineering 
system) shows a fragmented reflector for all-round uniform irradiation of a heat receiver with 
semi-elliptical upper and flat lower surfaces. For the upper part of the reflector, the previously 
described technique was used for semi-ellipse with the ratio of the minor axis to the large axis 
of 0.5 and such initial values ρ0of the relative radial coordinate ρ at :

2
π

φ = α −  01 MAX0.5 ,ρ = ρ  

02 MAX0.75 ,ρ = ρ  03 MAX .ρ = ρ  For the lower part, a fragmentary reflector with Fig. 5 is taken closer.

-2

-4

-6

-8
-4 -2 0 2 4

y 
1 

2 

Fig. 5. Uniform irradiation of the lower plane of the semi-axis: 1 – receiver; 2 – reflector

To use the Trace Pro software package, let’s take the following parameters: the emitter has 
a power of 720 W and a length of 1000 mm, the product has a cross-section in the form of a half 
ellipse 100 mm wide and 22.5 mm high, the product length is 1000 mm, which corresponds to the 
cross-section of a semi-finished product and the condition of considering a plane problem.
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Fig. 6. All-round uniform irradiation of semi-ellipse: 1 – emitter; 2 – fragmented reflector;  
3 – receiver

Let’s take the shape of the reflector from previous studies. At first, 500 beams were received. 
The distribution of rays in the working chamber, obtained under such conditions, is shown in Fig. 7.

 
a                                                                   b

Fig. 7. Distribution of rays in the working chamber: a – axial projection; b – isometric projection

To obtain a realistic picture of the distribution of the radiant flux, it is necessary to take the 
number of rays at least a million. How the receiver irradiation looks like is shown in Fig. 7, b. A 
change in the irradiation intensity is presented as a change in the surface color, but even a mono-
chrome image makes it possible to state that the heat flux density on the surface of the working 
fluid is a constant value (the presence of places with a slight color change in the figures is explained 
by the errors of the computer calculation method).

The general view of the developed device is shown in Fig. 8.
The uniform total irradiation of the product is provided by the polished reflector 3, the pro-

file of which is determined by the developed method [8] and calculated for the use of the created 
software product in the Mathсad complex.

During roasting of semi-finished beef products in device without a reflector, the product 
was ready in 10 minutes, with a reflector – in 7 minutes. Roasting stopped after reaching a tem-
perature of 75 °C inside the product was determined using a chromel-copel thermocouple.

The uniform total irradiation of the product is provided by a reflector, the profile of which, 
determined according to the developed method and calculated using the created software product 
in the Mathсad complex, is shown in Fig. 9 (the grid is in mm).

In accordance with the dimensions of the working chamber and the selected cross-section 
of the product 0.838;α =  0.521;θ =  118.017 mm.=L  For a radiator with a power of 1 kW and a 
length of 0.25 m, the radiant flux density is
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( ) 2
3

1,000 13.14 0.521 0.838 30.48 kW/m .
0.253.14 118.017 10 1−= + − × ≈

⋅ ⋅ ⋅
q   (8)

Fig. 8. General view of the ARZhM-0.07-1 device: 1 – body; 2 – emitter; 3 – reflector; 4 – lattice; 
5 – product; 6 – power regulator; 7 – timer; 8 – indicator; 9 – glass doors; 10 – door handle;  

11 – baking sheet; 12 – legs 13 – folding pallet; 14 – cover
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Fig. 9. Reflector profile

The analytical solution was obtained for a semi-elliptical product with a semi-major axis of 
50 mm, and less – 22.5 mm, which was determined by the recommended values of a semi-finished meat 
product thickness of 20 … 25 mm. That is, the ratio of the pivot axes of the receiver is 22.5/50=0.45.

The experimental distribution of the irradiation density for a flat arrangement of thermo-
couples has a concave semi-elliptical character with a value in the middle of 29.83 kW/m2, and at 
the edges of 49.75 kW/m2. Thus, the ratio of the axes of the semi-elliptical distribution of the irra-
diation density is (49.75–29.83)/50=19.92/50=0.4. Taking into account the errors in the manufacture 
and installation of the reflector, this result can be considered acceptable.

Thus, comparison of the obtained results of physical and analytical modeling of infrared radia-
tion of a convex product proves the effectiveness of the developed technique for determining the profile 
of the reflector of the ray flux. The device with a reflector for roasting semi-finished meat products AR-
ZhM-0.07-1 provides on the surface of the product a uniform radiant flux density of about 30 kW/m2.

4. Discussion of research results
A heat engineering installation is considered, in which it is permissible to investigate the 

distribution of heat rays in accordance with the plane problem [9]. A technique has been created 
for determining the profiles of reflectors for uniform irradiation of a receiver with a convex sec-
tion by solving the inverse problem of irradiation, that is, from the receiver to the shape of the 
reflector. The solution of the inverse problem allows to arrive at a rational form of the reflector. 
As a heat sink, a semi-ellipse was chosen with given lengths of semi-axes, which shape is closest 
to the section of a portioned meat semi-finished product (Fig. 3). As a result of analytical model-
ing, a differential equation was obtained to determine the shape of the reflector (formula 7). The 
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verification of the created technique for determining the profiles of reflectors was carried out by 
means of a computer experiment using the TracePro and Mathcad software systems, which proves 
its correctness [8, 10]. The developed technique for determining the profiles of reflectors was val-
idated by a physical experiment on the use of an experimental IR roasting device (Fig. 8), which 
made it possible to evaluate the efficiency of using an analytically profiled reflector and compare 
the results with computer verification of the created technique, proves its acceptability for design-
ing IR equipment for food production and restaurant facilities. When using the Mathcad software 
package, a software product was created to determine the shapes of reflectors, which will provide 
exactly the specified distribution of the radiant flux on the surface of the convex heat sink (Fig. 7). 
An industrial prototype of device with a reflector for roasting semi-finished meat products has 
been developed, which provides a uniform density of radiant flux on the surface of the product.

The limitation of this research is the geometry of the receiver, namely semi-ellipse, which is the 
closest to the shape of a semi-finished meat steak. The heat engineering system for modeling the reflec-
tor profile takes into account precisely the semi-ellipse geometry. That is, this technique is not general.

In this study, the shape of the receiver, namely the semi-ellipse, determined the profile of the 
simulated reflector. That is, further research involves the choice of a receiver of a different shape 
and, as a consequence, the calculation of a different geometry of the reflector profile.

5. Conclusions
A technique has been developed for determining the profile of a ray flux reflector during 

heat exchange by infrared radiation. Computer simulation of the propagation of heat rays in the 
working chambers of heat engineering systems using the TracePro software package proves that 
the obtained technique for profiling reflectors of heat engineering systems is correct.

The use of an experimental device with a radiant flux reflector for roasting semi-finished 
meat products proves that the obtained technique for profiling reflectors of heat engineering sys-
tems is acceptable for the design of infrared equipment for food production and restaurant facili-
ties. The use of a profiled reflector in the device reduces the roasting period of natural portioned 
semi-finished beef products by 33 %. An industrial prototype of device with a reflector for infrared 
roasting of semi-finished meat products has been developed, which provides a uniform radiant flux 
density of about 30 kW/m2 on the surface of the product.
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