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Abstract. The profile gear grinding modes definition technique is developed to provide the uniform residual tem-

peratures after heating and subsequent cooling which predetermine uniform thermal deformations on periphery of a 

cogwheel when grinding. The initial basis for this is a possibility to determine the gear grinding temperature both on 

the heating and cooling stages and, besides, it is may be also a choice of the operation cycle structure with and with-

out the working stroke omission. In the interval of the profile gear grinding modes, two variants of the gear grinding 

working cycle structure with reciprocating displacement of the grinding wheel are considered using the simulation 

method with an omission and without one of the working stroke. Certain combinations of mode parameters are found 

in the range of their possible values at which the combination of heating and cooling leads to the lowest residual sur-

face temperature both during and after working stroke. 

Keywords: profile gear grinding, gear grinding temperature, heating stage, cooling stage, cycle structure, working 

stroke, temperature. 

1 Introduction 

Typically grinding modes are selected according to 

reference statistical tables [1]. The choice of them is not 

substantiated by any criterion, for example, a criterion of 

the absence of grinding burns, a criterion of the grinding 

wheel life, a criterion for uniform heating of the machin-

ing cogwheel on its periphery, etc. 

It is known the method of determining the modes of 

profile grinding in the three successive stages of this op-

eration according to the system-wide principle of stage 

theory for any technical process. These stages are rough, 

semifinish, and finish ones and each of them depends on 

grinding temperature [2]. A peculiarity of the third grind-

ing stage is the need to equalize the temperature heating 

along the periphery of a cogwheel. There is a rule that at 

the finishing stage, the infeed value should be such that it 

would be possible to grind all the cogwheel teeth without 

dressing the profile grinding wheel [3]. This is due to the 

fact that after the dressing, the grinding wheel changes its 

cutting capacity and the position line of the cutting edge. 

The infeed value at the finishing stage is reduced as the 

grinding stock for this stage decreases, and at the last 

grinding working stroke it is not recommended to apply 

the infeed values less than 0.010...0.015 mm [2]. Howev-

er, these data are also not substantiated by any objective 

criterion and are more likely to be the result of practice.  

In the paper [4] the three staged structure of the gear 

grinding operation is analyzed and consists of rough, 

semifinish and finish stages. Moreover, modes for each 

stage are selected based on the parameters of the specific 

material removal rate in mm
3
/(s·mm) and the specific 

material removal in mm
3
/mm. However, these are formal 

indicators which are not related, for example, to the 

grinding temperature and the grinding wheel wear. 

The purpose of the paper is to improve the method of 

determining the grinding modes on the last finish (third) 

stage of the machining cycle by establishing a connection 

between formal indicators mentioned and the grinding 

temperature. 

2 Research Methodology 

2.1 Initial equations 

One of the requirements for the finish (third) stage of 

machining is to ensure a uniform heating of a cogwheel 

by eliminating the heat accumulation on the periphery of 

the cogwheel. Thus, the criterion for optimizing the 

grinding operation at this stage may be the temperature of 

the grinding as one of the reasons that determine the 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).a1
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cogwheel heat content. The temperature field at the heat-

ing stage is described by a mathematical dependence, 

which is a solution of a one-dimensional differential 

equation of heat conductivity. To determine the tempera-

ture ( , )H HT x   at the heating stage, we can use the equa-

tion [5] 

 0

2
( , ) ierfc

2
H H H

H

q x
T x a T

a
 

 
  , (1) 

in which by denoting 
2 H

x

a



 , we remind the 

well-known relations 

 21
ierfc exp( ) erfc   


 

   
 

; erfc 1 erf   ; 

 
2

0

2
erf exp( )d



  


   

In the formula (1) q  is the heat flux density (W/m
2
), 

a  stands for the temperature conductivity (m
2
/s), λ for 

the heat conductivity (W/(m·K)), x  for the dimensional 

coordinate along the depth of the surface layer (m), 

 =2 /ɇ ɇ fh V  for the maximum dimensional heating 

time at the heating stage (s), fV for the velocity of the 

source in the direction of the z  axis (axial feed or veloci-

ty of the part, m/s), Hh  for the maximum value of the 

provisional value h  ( 0 Hh h  ) at the heating stage, 

that is, the actual half-width of the real heat source (m), 

0T  is the initial temperature of the machining workpiece 

(room temperature, constant value).  

The density of the heat flux q  is obtained by averag-

ing the instantaneous value of this parameter ( )xq r , and 

taking into account for each point of the involute profile 

with an instant radius vector [6] 

 
( )

( ) ψ ψ
( )

f n x

x c
c f cc v x

V t rdQ P
q r e

dS V S Dt r
  , (2) 

where ce  and Q  are the specific grinding energy and 

material removal rate (in J/mm
3
 and mm

3
/s), cS  stands 

for the contact area (m
2
), Ɋ for the grinding power (W), 

cсS  for the cross-section area in the grinding wheel 

movement direction (m
2
), ψ  for the share of heat into the 

workpiece, ( )n xt r  and ( )v xt r are the normal and vertical 

depths of cutting at an involute profile separate point (m), 

D  is the instant diameter of the grinding wheel in the 

considered cross-section of its profile (m). 

To determine the temperature at the cooling stage, 

which follows immediately after heating, with the initial 

conditions obtained during the heating stage, the follow-

ing equation can be used [5]: 

   2 2
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4 42
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
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               

 

where  =2 /ɇ ɇ fh V  stands for the maximum heating time at the heating stage (s), ɋt  for cooling time (s); 

hA



 for the reduced heat transfer coefficient, h  for heat transfer coefficient (W/(m

2∙K)),  ɋ   for the starting 

temperature of the lubricoolant (°C), which can vary over the cooling time interval ɋ , and 0 ɋ ɋt  .                        
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2.2 Technique for decision making 

Thus, with a known type and a method of supplying 

the lubricoolant, for controlling the temperature at the 

cooling time interval it is possible to control the h  

coefficient value (convection coefficient), the magnitude 

of the output temperature of the lubricoolant  ɋ  , and 

the grinding modes, that is, to regulate the vertical cutting 

depth vt and the axial feed fV . Moreover, the value of vt  

affects the maximum heating temperature as well as the 

value of fV  determines the time of heating and cooling, 

which affects both on the ɇɌ  and the achieved tempera-

ture level ( , )ɋɌ x t  at the end of the cooling stage in the 

“heating-coolin” cycle on each working stroke. Thus, 

under otherwise identical conditions (cutting speed, 

grinding wheel characteristics, lubricoolant kind, etc.), 

the control and optimization parameters may include 

elements of cutting modes: vt  and fV . 

The cooling time 0 ɋt    is counted from the heat-

ing interval end. The task is to determine such mode pa-

rameters vt  and fV , under which the heating stage with 

the surface temperature max (0,τ )HT T  (Figure 1, 

line 1) will be changed by a cooling stage at which the 

temperature will change in the required manner (Figure 1, 

line 2). The control is to choose the grinding modes vt  

and fV which will result in the absence of heat accumula-

tion (Figure 1, line 2): TC1, TC2, TC3 and T'C1, T'C2, and 

T'C3 are necessary (completely cooled surface) and actual 

(not completely cooled surface) surface temperature de-

pendence on time in the first, second and third working 

passes, respectively. 

 

 
 

Figure 1– Grinding temperature changing with accumulation heat energy (line 1) and without it (line 2) 

 

With a local increase in the temperature of individual 

grinded sections of the toothed surface, the temperature 

field is asymmetric in the symmetric body of the work-

piece. This will lead to temperature ununiformed defor-

mations of the heated sections, and, in consequence, to 

the cogwheel accuracy parameters deviations after the 

cogwheel cooling.  

3 Results 

3.1 Gear grinding with and without working stroke 

omission  

There are two structures of the “heating-cooling” cy-

cle: the up–and-down grinding without working stroke 

omission (Figure 2 a) and the only up grinding with the 

omission (Figure 2 b). In the cycle structure without 

working stroke omission the grinding wheel makes a 

working stroke with the length of 1l + B + 2l  ( B  is the 

width of the tooth rim, 1l  and 2l are the grinding wheel 

approach and overtravel lengths), i.e. consistently passes 

the points 1-2-3 (up grinding), which are located in the 

beginning, middle and end of the length of the tooth rim 

(Figure 2 a). On the reverse working stroke, the grinding 

wheel makes reverse displacement (down grinding), i.e. 

consistently passes the points 3-2-1. In this case, the 

greatest amount of heating gets the point 3, because at 

this point, the cooling time is the smallest and is equal to 

 2
1

2

f

l
t

V
  .(4) 

 
Figure 2 – The grinding cycle structures, in which GW  

is a grinding wheel; IP, IS and WS are the initial position, 

single and working strokes respectively 

 

When repeating the “heating-cooling” cycle, the 

point 1 gets the greatest heating amount, because at this 

point, the cooling time is the smallest and is equal to 
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 1
2

2

f

l
t

V
 . (5) 

In the structure of the cycle with the working stroke 

omission, the grinding wheel makes a working stroke 

1l + В + 2l  consistently passing the points 1-2-3 (up 

grinding), which belong to the beginning, middle and end 

of the tooth rim length (Figure 2 b). Before the reverse 

stroke the grinding wheel does not move radially to the 

cutting depth vt  that is this reverse stroke is idle and the 

grinding wheel makes idle stroke with the length of  

2l + В + 1l  (points 3-2-1 without heating) getting to the 

initial position. When repeating the “heating-cooling” 

cycle, heating at the up grinding receives the point 1, that 

is at this point, the cooling time is the smallest and is 

equal to 

 1 2
3

2 2 2

f

l l В
t

V

 
 . (6) 

3.2 Reduction and equalization of temperature 

Assuming 1l = 2l  = l  for the structure with the working 

stroke omission we can see that cooling time according to 

formula (6) increases more than twice because the ratio of 

3t / 1t  is equal to the 3t / 2t  and is 2(2 ) / 2 2 /l В l В l   .  

Next, we introduce the following symbols for the sur-

face temperature (i.e. x = 0) for heating and cooling: 

(0, )H HT  = HT  and (0, )ɋ ɋɌ t = ɋɌ , respectively. For 

both structures of the cycle the influence of the axial feed 

fV  and the vertical depth of cutting vt  on the heating 

time τɇ  and the heating temperature ɇɌ  by the formula 

(1) and the cooling temperature ɋɌ  by the formula (3) 

are established with the following initial data: x = 0 (on 

surface); ce = 50 J/mm
3
; ψ = 0,8; profile angle α = 20° or 

α π
180о

 rad; D  = 400 mm; а = 5.68·10
-6

 m
2
/s;  

λ  = 24 W/(m·K); h  = 10 000 W/(m
2∙K); hA




 = 

= 416,67 m
–1

; 0Ɍ = 0 °ɋ;  ɋ   = 15 °ɋ;  

1l = 2l = 7.86 mm; В =24 mm. The axial feed fV  varies 

in the range of 500...7000 mm/min, and the vertical depth 

of grinding vt  takes the following fixed values:  

vt  = 0.015 mm (Tables 1, 3) and vt = 0.074 mm (Ta-

bles 2, 4). With increasing fV  for vt  = const (Ta-

bles 1, 2), the heating time τɇ  decreases and the heating 

temperature ɇɌ  increases. With the increasing vt  at the 

same values for fV  (pairs of Tables 1, 2, as well as Ta-

bles 3, 4), the heating time τɇ and heating temperature 

ɇɌ  increase. 

For the cycle with the working stroke omission (Ta-

bles 3, 4), the heating time τɇ  and the heating tempera-

ture ɇɌ  did not change compared with the previous struc-

ture (without working stroke omission), therefore, 

τɇ and ɇɌ in Table. 3 and Table 4 are not given. There 

are both cooling time ɋt  and cooling temperature ɋɌ  
changing at vt = 0.015 mm (Table 3) and vt = 0.074 mm 

(Table 4). The reason for the difference between the pa-

rameters ɋt  and ɋɌ  in cycles with and without working 

stroke omission is the only one - the increase in cooling 

time ɋt  in the cycle structure with working stroke omis-

sion. 

 

Table 1 – Influence the fV  on the τɇ , ɇɌ , ɋt , and ɋɌ  for the cycle structure without working stroke omission  

at vt = 0.015 mm 

fV , mm/min 500 1000 1500 2000 2500 3000 3500 

τɇ , s 0.2939 0.1469 0.09798 0.07348 0.05879 0.04899 0.04199 

ɇɌ , °ɋ 42.42 59.99 73.47 84.84 94.86 103.91 112.24 

ɋt , s 1.8868 0.9434 0.6289 0.4717 0.3774 0.3145 0.2695 

ɋɌ ,°ɋ 11.598 12.002 12.789 13.903 14.906 15.606 16.556 

fV , mm/min 4000 4500 5000 5500 6000 6500 7000 

τɇ , s 0.03674 0.03266 0.02939 0.02672 0.02449 0.02261 0.021 

ɇɌ , °ɋ 119.986 127.268 134.143 140.696 146.956 152.957 158.731 

ɋt , s 0.23585 0.20964 0.18868 0.17153 0.15723 0.14514 0.13477 

ɋɌ ,°ɋ 17.494 18.416 19.317 20.205 21.072 21.922 22.755 
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Table 2 – Influence of fV  on τɇ , ɇɌ , ɋt , ɋɌ  for cycle structure without working stroke omission at vt = 0.074 mm 

fV , mm/min 500 1000 1500 2000 2500 3000 3500 

τɇ , ɫ 0.65287 0.32644 0.21762 0.16322 0.13057 0.10881 0.09327 

ɇɌ , °ɋ 140.428 198.595 243.228 280.856 314.006 343.977 371.537 

ɋt , ɫ 1.88678 0.94339 0.62893 0.4717 0.37736 0.31446 0.26954 

ɋɌ  ,°ɋ 18.61 26.35 33.541 40.264 46.604 52.618 58.348 

fV , mm/min 4000 4500 5000 5500 6000 6500 7000 

τɇ , ɫ 0.08161 0.07254 0.06529 0.05935 0.05441 0.05022 0.04663 

ɇɌ , °ɋ 397.19 421.284 444.072 465.747 486.456 506.32 525.433 

ɋt , ɫ 0.23585 0.20964 0.18868 0.17153 0.15723 0.14514 0.13477 

ɋɌ  ,°ɋ 63.832 69.097 74.168 79.065 83.805 88.402 92.869 

 

Table 3 – Influence the fV  on the ɋt  and ɋɌ  for the cycle structure with working stroke omission at vt = 0.015 mm 

fV , mm/min 500 1000 1500 2000 2500 3000 3500 

ɋt , ɫ 9.53357 4.76678 3.17786 2.38339 1.90671 1.58893 1.36194 

ɋɌ , °ɋ 12.604 11.976 11.657 11.494 11.426 11.42 11.458 

fV , mm/min 4000 4500 5000 5500 6000 6500 7000 

ɋt , ɫ 1.1917 1.05929 0.95336 0.86669 0.79446 0.73335 0.68097 

ɋɌ , °ɋ 11.529 11.624 11.738 11.867 12.008 12.158 12.317 

 

Table 4 – The same as Table 3 at vt = 0.074 mm 

fV , mm/min 500 1000 1500 2000 2500 3000 3500 

ɋt , ɫ 9.53357 4.76678 3.17786 2.38339 1.90671 1.58893 1.36194 

ɋɌ , °ɋ 13.57 14.342 15.457 16.726 18.078 19.477 20.902 

fV , mm/min 4000 4500 5000 5500 6000 6500 7000 

ɋt , ɫ 1.1917 1.05929 0.95336 0.86669 0.79446 0.73335 0.68097 

ɋɌ , °ɋ 22.339 23.78 25.218 26.651 28.074 29.487 30.889 

 

Let’s perform a comparison of the cooling tempera-

tures for two grinding cycle structures at vt = 0.015 mm 

(Fig. 3, a) and vt = 0,074 mm (Fig. 3, b). There are three 

ways to achieve the lowest cooling temperature ɋɌ = 

11.6°C for vt = 0,015 mm (Fig. 3, a): 1) when grinding 

without working stroke omission with axial feed fV = 0.5 

m/min (point A), 2) when grinding with working stroke 

omission with axial feed fV =1.8308 m/min (point B, 

and 3) the latter at fV = 4226.9 mm/min (point C). 

There are two ways to achieve the lowest cooling tem-

perature ɋɌ = 18.6 °C for vt = 0.074 mm (Figure 3 b) 

when grinding without working stroke omission with 

axial feed fV = 0.5 m/min (point D; 2) when grinding 

with working stroke omission with an axial feed  

fV = 2.6444 m/min (point E). 

The time to machine by gear grinding both without 

and with working stroke omission can be determined by 

the following formulas, respectively 

 max1 2

60

IND
M

f v

z ɌВ l l
T z

V t

  
   
 

; (7) 

 max1 2 2
60

IND
Ɉ

f v

z ɌВ l l
T z

V t

  
   
 

, (8) 

where B stands for the  width of the tooth rim  

(B =24 mm), z  for the number of cogwheel teeth  

( z  = 40), l1 = l2 = 7.86 mm, maxz for the grinding stock 

for machining a cogwheel in the finish (third) stage 

( maxz = 0,1 mm), INDɌ for the indexing time (cogwheel 

angular turning for one tooth, INDɌ = 4 s). 

To ensure the lowest cooling temperature  

ɋɌ = 11.6 °C, the minimum time to machine is equal to 

7.632 min (Table 5) which is obtained in the with work-

ing stroke omission cycle structure at vt = 0.015 mm and 

fV = 4226.9 mm / min. 
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a b 

Figure 3 – Cooling temperature ɋɌ vs axial feed fV for different grinding cycle structures  

at vt = 0.015 mm (a) and vt = 0.074 mm (b) 

 

Table 5 – Determining the time to machine in gear grinding 
Grinding cycle struc-

ture of the  

Without working 

 stroke omission  

With working  stroke omission  

The lowest cooling temperature ɋɌ = 11.6 ° ɋ at vt = 0.015 mm  

Grinding conditions fV =500 mm/min 

(point А) 

fV =1830.8 mm/min 

(point B) 

fV = 4226.9 mm/min 

(point C) 

Time to machine, min 23.852 14.238 7.632 

The lowest cooling temperature ɋɌ = 18.6 °ɋ at vt = 0.074 mm  

Grinding conditions 
fV =500 mm/min 

(point D) 

fV = 2644.9 mm/min  

(point E) 

Time to machine, min 6.961 4.29 

 

To provide the cooling temperature ɋɌ = 18.6 °C 

(more than 11.6 °C), the minimum time to machine  

MT  = 4.29 min (Table 5) is obtained in the cycle struc-

ture with working stroke omission at vt = 0.074 mm and 

fV  = 2644.9 mm/min. From these five variants (points A, 

B, C, D, and E in Figure 3) we choose the variant with the 

minimum value ɋɌ  = 11.6 °C (points A, B, C), since the 

theoretical value is ɋɌ = 0. It can be seen (Table 5) that 

the minimum time to machine MT = 7.632 min is ob-

tained in the cycle structure with working stroke omission 

at vt  = 0.015 mm and fV  = 4226.9 mm/min  

( ɋɌ = 11.6 °C). 

Thus, the study of the gear grinding temperature mod-

els (1) and (3) both at the heating (1) and cooling (3) 

stages allowed to recommend the working stroke omis-

sion in the structure of this operation and to assign the 

appropriate gear grinding modes for the finish (third) gear 

grinding stage both for vt  = 0.015 mm (points A, B, C in 

Figure 3) and vt  = 0.074 mm (points D, E). 

4 Conclusions 

As the depth of gear grinding vt increases the maxi-

mum cooling temperature ɋɌ  increases as well. In the 

gear grinding cycle structure with working stroke omis-

sion cooling time ɋt  is greater than that without working 

stroke omission. As the axial feed fV increases the cool-

ing temperature ɋɌ  for the cycle structure with working 

stroke omission at vt  = 0.015 mm and vt  = 0.074 mm 

does not practically change, while for the cycle structure 

without working stroke omission the cooling temperature 

ɋɌ  increases. The smallest cooling temperature ɋɌ  is 

reached at vt  = 0,015 mm, so it is expedient to accept the 

minimum possible vertical depth of grinding vt  on the 

finishing (third) gear grinding stage, for example, for the 

finishing stage we take vt  = 0,015 mm. 

Moreover, in this stage, the axial feed fV  is chosen 

not only from the condition of maximum productivity 

(maximum fV ), but also from the condition of surface 

roughness (in the interval of fV  from 1830.8 to  

4226.9 mm/min) and the smallest elastic deformation in 

the gear grinding system. 
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Ɂɧɢɠɟɧɧɹ ɬɚ ɜɢɪіɜɧɸɜɚɧɧɹ ɬɟɦɩɟɪɚɬɭɪɢ ɩɪɨɮіɥьɧɨɝɨ ɡɭɛɨɲɥіɮɭɜɚɧɧɹ 

Ʌɿɳɟɧɤɨ ɇ. В.1, Ʌɚɪɲɢɧ В. ɉ.2 

1 Ɉɞɟɫьɤɚ ɧɚɰɿɨɧɚɥьɧɚ ɚɤɚɞɟɦɿɹ ɯɚɪɱɨɜɢɯ ɬɟɯɧɨɥɨɝɿɣ, ɜɭɥ. Ʉɚɧɚɬɧɚ, 112, ɦ. Ɉɞɟɫɚ, 65039, ɍɤɪɚʀɧɚ;  
2 Ɉɞɟɫьɤɢɣ ɧɚɰɿɨɧɚɥьɧɢɣ ɩɨɥɿɬɟɯɧɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ, ɩɪɨɫɩ. ɒɟɜɱɟɧɤɚ, 1, ɦ. Ɉɞɟɫɚ, 65044, ɍɤɪɚʀɧɚ 

Аɧɨɬɚɰіɹ. Ɋɨɡɪɨɛɥɟɧɨ ɦɟɬɨɞɢɤɭ ɜɢɡɧɚɱɟɧɧɹ ɪɟɠɢɦɿɜ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹ ɧɚ ɬɪɟɬьɨɦɭ ɡɚɜɟɪɲɚɥьɧɨɦɭ ɟɬɚɩɿ 
ɩɪɨɮɿɥьɧɨɝɨ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹ ɧɚ ɜɟɪɫɬɚɬɿ ɡ ɑɉɄ, ɜɢɯɨɞɹɱɢ ɿɡ ɡɚɛɟɡɩɟɱɟɧɧɹ ɜɢɪɿɜɧɸɜɚɧɧɹ ɬɟɦɩɟɪɚɬɭɪɢ ɩɨ 
ɩɟɪɢɮɟɪɿʀ ɿ ɧɚɣɦɟɧɲɨɝɨ ɧɚɝɪɿɜɚɧɧɹ ɡɭɛɱɚɫɬɨɝɨ ɤɨɥɟɫɚ. Дɥɹ ɰьɨɝɨ ɜɢɤɨɪɢɫɬɚɧɨ ɮɨɪɦɭɥɢ ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ 
ɬɟɦɩɟɪɚɬɭɪɢ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹ ɧɚ ɟɬɚɩɿ ɧɚɝɪɿɜɚɧɧɹ ɬɚ ɨɯɨɥɨɞɠɟɧɧɹ ɨɛɪɨɛɥɸɜɚɧɨʀ ɩɨɜɟɪɯɧɿ. ɇɚ ɟɬɚɩɿ ɧɚɝɪɿɜɭ 
ɬɟɦɩɟɪɚɬɭɪɧɟ ɩɨɥɟ ɩɨɲɢɪɸєɬьɫɹ ɩɨ ɝɥɢɛɢɧɿ ɩɨɜɟɪɯɧɟɜɨɝɨ ɲɚɪɭ ɿ ɡɦɿɧɸєɬьɫɹ ɜ ɱɚɫɿ. ɍ ɦɨɦɟɧɬ ɡɚɤɿɧɱɟɧɧɹ 
ɟɬɚɩɭ ɧɚɝɪɿɜɭ, ɦɢɬɬєɜɟ ɬɟɦɩɟɪɚɬɭɪɧɟ ɩɨɥɟ, ɹɤɟ ɡɚɝɚɫɚє ɩɨ ɝɥɢɛɢɧɿ ɩɨɜɟɪɯɧɟɜɨɝɨ ɲɚɪɭ, є ɩɨɱɚɬɤɨɜɨɸ ɭɦɨɜɨɸ 
ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ ɬɟɦɩɟɪɚɬɭɪɢ ɧɚ ɟɬɚɩɿ ɨɯɨɥɨɞɠɟɧɧɹ. Ɍɨɦɭ ɬɟɦɩɟɪɚɬɭɪɚ ɨɯɨɥɨɞɠɭɜɚɥьɧɨʀ ɩɨɜɟɪɯɧɿ ɡɚɥɟɠɢɬь ɧɟ 
ɬɿɥьɤɢ ɜɿɞ ɪɟɝɭɥьɨɜɚɧɨɝɨ ɱɚɫɭ ɨɯɨɥɨɞɠɟɧɧɹ, ɚɥɟ ɬɚɤɨɠ ɜɿɞ ɦɢɬɬєɜɨɝɨ ɪɨɡɩɨɞɿɥɭ ɬɟɦɩɟɪɚɬɭɪɢ ɜ ɩɨɜɟɪɯɧɟɜɨɦɭ 
ɲɚɪɿ, ɹɤɟ ɜɪɚɯɨɜɭєɬьɫɹ ɹɤ ɩɨɱɚɬɤɨɜɚ ɭɦɨɜɚ ɩɪɢ ɦɨɞɟɥɸɜɚɧɧɿ ɧɚ ɟɬɚɩɿ ɨɯɨɥɨɞɠɟɧɧɹ. Зɧɚɣɞɟɧɨ ɨɩɬɢɦɚɥьɧɿ 
ɭɦɨɜɢ ɨɯɨɥɨɞɠɟɧɧɹ, ɜ ɬɨɦɭ ɱɢɫɥɿ ɡɚ ɪɚɯɭɧɨɤ ɩɪɨɩɭɫɤɿɜ ɪɨɛɨɱɢɯ ɯɨɞɿɜ, ɹɤɿ ɪɟɚɥɿɡɨɜɚɧɿ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹɦ ɛɟɡ 
ɭɫɬɚɧɨɜɤɢ ɝɥɢɛɢɧɢ ɪɿɡɚɧɧɹ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɩɪɨɮɿɥьɧɟ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹ, ɬɟɦɩɟɪɚɬɭɪɚ ɡɭɛɨɲɥɿɮɭɜɚɧɧɹ, ɟɬɚɩ ɧɚɝɪɿɜɭ, ɟɬɚɩ ɨɯɨɥɨɞɠɟɧɧɹ, 
ɫɬɪɭɤɬɭɪɚ ɰɢɤɥɭ, ɩɪɨɩɭɫɤ ɪɨɛɨɱɨɝɨ ɯɨɞɭ, ɜɢɪɿɜɧɸɜɚɧɧɹ ɬɟɦɩɟɪɚɬɭɪɢ. 
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Abstract. The high requirements as to accuracy of the wall thickness are due not only to necessity of assuring the 

reliability and serviceability of equipment, but also to the trend towards the continuous decrease of metal capacity. In 

this situation assuring observing of the given parameter is the most difficult affair. The cross wall thickness deviation 

can be presented in the form of two components: eccentric and symmetric deviation. In the given work authors pre-

sent the research of the influence of the tube wall thickness on the share of eccentric component of the wall thickness 

deviation of the tubes rolled on the TRP with the continuous mill. Analysis of research results allowed concluding 

that with increase of the tube wall thickness the share of wall thickness deviation induced with the eccentricity de-

creases. On the whole, it is to be noted that for the giving plant, characteristically the influence of methods of longi-

tudinal flaring (in continuous mill with mandrel and multistand mills of rolling without mandrel) on the tube accuracy 

is greater. In two first cases while reducing tubes to the finish dimension, the share of the number of faces, which de-

pends on the summary reduction through the diameter and the value of tension, increases substantially. 

Keywords: tube rolling plant with continuous mill, wall thickness, cross wall thickness deviation, eccentric compo-

nent. 

1 Introduction 

Accuracy of the tube wall thickness is one of the most 

important characteristics of the given kind of metal prod-

ucts. The value of this characteristic’s scattering is strictly 

regulated by the up-to-date standards. The high require-

ments as to precision of the wall thickness are condi-

tioned not only by the necessity of assuring the reliability 

and efficiency of equipment, but also by the trend of con-

tinuous decreasing the metal capacity (content) [2, 3]. In 

these conditions the most complicated task is to ensure 

the maintenance of the mentioned parameter of the tube 

accuracy [1, 2]. 

2 Literature Review 

Precision of finished tubes is a result of shaping 

(changing the shape) of a tube on all the stages of de-

forming the latter. In this situation the special attention 

should be given to the aggregate (mill), where the proper 

geometrical sign is formed [1]. In the general form the 

cross wall thickness deviation can be presented as two 

components [1, 4]: eccentric wall thickness deviation and 

deviation  occasioned by the “cut” of internal and exter-

nal surfaces. The “eccentricity” of tubes rolled on the 

TRA with continuous mill averages 55 %; tubes rolled on 

the TRP with plug automatic mill have the average value 

of wall thickness deviation within the limits of 26 % [1]. 

From the practice of the pipe and tube production it is 

known that for all the tubes, which were not subjected to 

considerable degree of reducing, independently of meth-

od of production, the share of eccentricity makes the 

greater part in the scattering of the wall thickness in the 

cross tube section [4]. 

The wall thickness is formed in the process of piercing 

and decreases in the course of rolling out (Figures 1, 2) 

[1, 2], but the main influence on accuracy of the wall is 

exerted exactly by the process of piercing [1]. 

As a whole, the relative wall thickness deviation of 

tubes rolled on TRA with continuous mill decreases with 

increase of the tube wall thickness [1] (Figure 3). 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).a2


 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. A 8–A 11 A 9 

 

4

10

14

1
7
,9
0
7

2

6

8

12

16

1
8
,0
3
4

1
8
,1
6
1

1
7
,7
8

1
8
,2
8
8

1
8
,4
1
5

1
8
,5
4
2

1
8
,6
6
9

1
8
,7
9
6

1
8
,9
2
3

1
9
,0
5

1
9
,1
7
7

1
9
,3
0
4

1
9
,4
3
1

2

12
13

11

14

10

6

13

3

5
4

6

F
re

q
u

en
cy

 o
f 

ca
se

s

Shell wall thickness , мм  

10

20

30

40

50

60

70

7
,4
9
3

7
,6
2

7
,7
4
7

7
,8
7
4

8
,0
0
1

8
,1
2
8

8
,2
5
5

8
,3
2
8

8
,5
0
9

8
,6
3
6

8
,7
6
3

8
,8
9

9
,0
1
7

1

7

16

45
51

59

36

22

8
5 3 1

, ммShell wall thickness

F
re

q
u
en

cy
 o

f 
ca

se
s

 

Figure 1 – The statistic distribution of the shell wall thickness [2] Figure 2 – The statistic distribution  

of the rough tube wall thickness 

 
a b 

Figure 3 – Change of the average values of the wall thickness (1) and the cross wall thickness deviation (2)  

along the length of a finished tube with dimensions: 45×3.5 mm (a); 76×3.5 mm (b) [1] 

Tubes rolled on the TRA with continuous mill have 

strongly pronounced bulges on their ends (Figure 4). 

Wall thickness deviation of a tube on the thickened ends 

is on the average greater than the deviation in the middle 

part of a tube. 
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Figure 4 – The scheme of measurement of the wall thickness  

in the cross section of a tube 

Precision of tubes as to wall thickness is an important 

and difficult to achieve factor of the quality of the given 

kind of rolled products. It depends on many factors. The 

degree of importance of majority of these factors is not 

completely specified. One of the questions, which are not 

enough taken up – is the investigation of the influence of 

the wall thickness on the eccentric wall thickness devia-

tion of the cross section of tubes rolled on the TRP with 

continuous mill, and any investigations taking up this 

theme are actual. 

3 Research Methodology 

The following positions of assortment of the TRP with 

continuous mill have been chosen for investigation of the 

influence of the wall thickness on the eccentric wall 

thickness deviation of the cross tube section: 

– 73×5.5 mm (D/S = 13.3); 

– 32×3 mm (D/S = 10.7); 

– 93×13 mm (D/S = 7.2). 

After cutting the thickened ends, the pipe sockets have 

been cut from the tubes, marked and measured in 12 sec-

tions (Figure 4). Results of measurements are shown in 

the Table 1 and the Figure 5. The character of the change 

of the wall thickness deviation in cross section of the 

tubes rolled on TRP with continuous mill is shown in the 

Table 2. 
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Figure 5 – Change of the wall thickness in the cross section of 

tubes rolled on the TRP with continuous mill 
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Table 1 – The change of the wall thickness in the cross section of tubes rolled on the TRP with continuous mill 

Dt×St 
Number of the point of measurement and value of the wall thickness deviation, mm 

1 2 3 4 5 6 7 8 9 10 11 12 

32×3 2.8 2.9 3.3 3.2 3.1 2.9 3 3.1 2.6 2.8 3 2.7 

73×5. 5.1 5.25 5.65 5.4 5.25 5.35 5.55 5.2 4.8 5.1 5.35 5 

93×13 13.15 13.75 13.9 14.2 13.1 12.4 12.75 13,55 13 13.1 12.8 13 

Table 2 – Change of wall thickness deviation in the cross section of tubes rolled on the TRP with continuous mill 

Dt×St  Number of the point of measurement and value of the wall thickness deviation, % 

1 2 3 4 5 6 7 8 9 10 11 12 

32×3 –5.08 –1.69 11.86 8.47 5.08 –1.69 1.69 5.08 –11.86 –5.08 1.69 –8.47 

73×5.5 –2.86 0.00 7.62 2.86 0.00 1.90 5.71 –0.95 –8.57 –2.86 1.90 –4.76 

93×13 –0.57 3.97 5.10 7.37 –0.95 –6.24 –3.59 2.46 –1.70 –0.95 –3.21 –1.70 

 

As a whole, the cross wall thickness deviation can be 

presented as two components: eccentric and symmetric 

wall thickness deviation. To pick out these parts, let us 

use the approach, set forth in [1]. 

The main point of the given method consists in the fol-

lowing. On the first stage it is necessary to put in order 

the experimental data as to measurements of the tube wall 

thickness in the cross section in the following way. Let us 

choose the greatest value of the wall thickness in the 

given cross section and confer the index “1” to it. The 

rest of values of the given excerpt will be numbered one 

after another from left to right. 

For example, for a tube 73x5.5 mm we have the meas-

urements in the form of a set of the wall thickness values, 

presented in the table 1. After putting in order the values 

of wall thickness, the massif will look as following: 5.65; 

5.40; 5.25; 5.35; 5.55; 5.2; 4.8; 5.1; 5.35; 5.0; 5.1; 5.25  

Further let us determine the average wall thickness of 

the tube Sav  in the given cross section, eccentricity e, the 

part of dispersion σe
2 

, stipulated by eccentric component 

of the wall thickness deviation, the summary dispersion 

of the wall thickness σΣ
 2
. Let us find the share (part) ae , 

brought into deviation of the tube wall thickness by ec-

centricity according to the formula: 

         .         (1) 

Let us calculate the value of the absolute cross wall 

thickness deviation ΔSd, supposing that the probability of 

finding in the given cross section such value of ΔSφ, 

which ΔSφ  > ΔSd for P = 0.05: 

  . (2) 

where n is the number of measurements of the wall 

thickness in given section; σΣ  is the meansquare devia-

tion; Ψ is the coefficient binding the share of wall thick-

ness deviation ae, caused by eccentricity in the total dis-

persion of the wall thickness: 

 (3) 

At the discrete measurements of the wall thickness the 

formula (2) allows calculating with more accuracy the 

value of the real swing (scattering) of the wall thickness 

values in the given section, since because of measure-

ments discreteness there is the probability of finding the 

actual maximum (minimum) between the points of meas-

urement. 

Results of experimental data treatment are shown in 

the Table 3. 

Table 3 – Results of treatment of the wall thickness experimental measurements in cross sections of a tube 

Dt×St, mm Sav, mm e, mm σΣ
2
, mm

2
 Σ ,mm

2
 ae % ΔSr, mm ΔS, mm 

32×3 2.92 0.137 0.039 0.009 24.0 0.7 0.72 

73×5.5 5.25 0.146 0.050 0.011 21.2 0.085 0.815 

93×13 13.2 0.290 0.318 0.042 13.2 2.2 2.03 

 

4 Conclusions 

Analysis of data in the Table 3 allows making the fol-

lowing conclusions. The share of the tube wall thickness 

deviation  caused by eccentricity is decreasing with in-

crease of the tube wall thickness. As a whole, it is to note 

that the characteristic feature for given unit is the greater 

influence of the process of the lengthwise rolling-off on 

accuracy of tubes, namely, rolling-off in continuous roll-

ing mill with mandrel and in multistand mills for rolling 

without mandrel. In the first two cases, while reducing 

tubes to the final dimension, the share of cutting depend-

ing on summary reduction as to diameter and the value of 

tension, is substantially increased. 
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Ⱦɨɫɥіɞɠɟɧɧɹ ɜɩɥɢɜɭ ɜɟɥɢɱɢɧɢ ɬɨɜщɢɧɢ ɫɬіɧɤɢ ɧɚ ɩɨɩɟɪɟɱɧɭ ɪіɡɧɨɫɬіɧɧіɫɬь ɬɪɭɛ,  
ɩɪɨɤɚɬɚɧɢɯ ɧɚ ɌɉА ɡ ɛɟɡɩɟɪɟɪɜɧɢɦ ɫɬɚɧɨɦ 

Пɢɥɢɩɟɧɤɨ ɋ. ȼ., Ⱦɪɨɠɚ П. ȼ., Лɢɦɨɧɱɟɧɤɨ ȿ. А. 

Нɚɰɿɨɧɚɥьɧɚ ɦɟɬɚɥɭɪɝɿɣɧɚ ɚɤɚɞɟɦɿɹ ɍɤɪɚʀɧɢ, ɩɪɨɫɩ. Ƚɚɝɚɪɿɧɚ, 4, ɦ. Ⱦɧɿɩɪɨ, 49600, ɍɤɪɚʀɧɚ 

Аɧɨɬɚɰіɹ. ȼɢɫɨɤɿ ɜɢɦɨɝɢ ɞɨ ɬɨɱɧɨɫɬɿ ɬɨɜɳɢɧɢ ɫɬɿɧɤɢ ɨɛɭɦɨɜɥɸɸɬьɫɹ ɧɟ ɬɿɥьɤɢ ɧɟɨɛɯɿɞɧɿɫɬɸ 
ɡɚɛɟɡɩɟɱɟɧɧɹ ɧɚɞɿɣɧɨɫɬɿ ɿ ɩɪɚɰɟɡɞɚɬɧɨɫɬɿ (ɪɨɛɨɬɨɫɩɪɨɦɨɠɧɨɫɬɿ) ɨɛɥɚɞɧɚɧɧɹ, ɚɥɟ ɣ ɬɟɧɞɟɧɰɿєɸ ɞɨ ɩɨɫɬɿɣɧɨɝɨ 
ɡɧɢɠɟɧɧɹ ɣɨɝɨ ɦɟɬɚɥɨєɦɧɨɫɬɿ. Пɪɢ ɰьɨɦɭ ɡɚɛɟɡɩɟɱɢɬɢ ɞɨɬɪɢɦɚɧɧɹ ɞɚɧɨɝɨ ɩɚɪɚɦɟɬɪɚ ɬɨɱɧɨɫɬɿ ɬɪɭɛɢ 
ɧɚɣɛɿɥьɲ ɫɤɥɚɞɧɨ. Пɨɩɟɪɟɱɧɭ ɪɿɡɧɨɫɬɿɧɧɿɫɬь ɦɨɠɧɚ ɩɪɟɞɫɬɚɜɢɬɢ ɭ ɜɢɝɥɹɞɿ ɞɜɨɯ ɫɤɥɚɞɨɜɢɯ: ɟɤɫɰɟɧɬɪɢɱɧɨʀ ɬɚ 
ɫɢɦɟɬɪɢɱɧɨʀ ɪɿɡɧɨɫɬɿɧɧɿɫɬɿ. ɍ ɫɬɚɬɬɿ ɩɪɟɞɫɬɚɜɥɟɧɨ ɞɨɫɥɿɞɠɟɧɧɹ ɜɩɥɢɜɭ ɜɟɥɢɱɢɧɢ ɬɨɜɳɢɧɢ ɫɬɿɧɤɢ ɬɪɭɛɢ ɧɚ 
ɱɚɫɬɤɭ ɟɤɫɰɟɧɬɪɢɱɧɨʀ ɫɤɥɚɞɨɜɨʀ ɩɨɩɟɪɟɱɧɨʀ ɪɿɡɧɨɫɬɿɧɧɨɫɬɿ ɬɪɭɛ, ɩɪɨɤɚɬɚɧɢɯ ɧɚ ɌПА ɡ ɛɟɡɩɟɪɟɪɜɧɢɦ ɫɬɚɧɨɦ. 
Аɧɚɥɿɡ ɪɟɡɭɥьɬɚɬɿɜ ɞɨɫɥɿɞɠɟɧь ɞɨɡɜɨɥɢɜ ɡɪɨɛɢɬɢ ɜɢɫɧɨɜɤɢ, ɳɨ ɡɿ ɡɛɿɥьɲɟɧɧɹɦ ɬɨɜɳɢɧɢ ɫɬɿɧɤɢ ɬɪɭɛɢ 
ɡɧɢɠɭєɬьɫɹ ɱɚɫɬɤɚ ɪɿɡɧɨɫɬɿɧɧɨɫɬɿ, ɜɢɤɥɢɤɚɧɨʀ ɟɤɫɰɟɧɬɪɢɱɧɿɫɬɸ. ȼ ɰɿɥɨɦɭ, ɫɥɿɞ ɡɚɡɧɚɱɢɬɢ, ɳɨ ɞɥɹ ɞɚɧɨɝɨ 
ɚɝɪɟɝɚɬɭ є ɯɚɪɚɤɬɟɪɧɢɦ ɛɿɥьɲɢɣ ɜɩɥɢɜ ɧɚ ɬɨɱɧɿɫɬь ɬɪɭɛ ɫɩɨɫɨɛɿɜ ɩɨɡɞɨɜɠɧьɨʀ ɪɨɡɤɚɬɤɢ: ɜ ɛɟɡɩɟɪɟɪɜɧɨɦɭ 
ɨɩɪɚɜɨɱɧɨɦɭ ɫɬɚɧɿ ɿ ɛɚɝɚɬɨɤɥɿɬьɨɜɢɯ ɫɬɚɧɚɯ ɛɟɡɨɩɪɚɜɨɱɧɨʀ ɩɪɨɤɚɬɤɢ. ɍ ɩɟɪɲɢɯ ɞɜɨɯ ɜɢɩɚɞɤɚɯ, ɩɪɢ 
ɪɟɞɭɤɭɜɚɧɧɿ ɬɪɭɛ ɧɚ ɝɨɬɨɜɢɣ ɪɨɡɦɿɪ, ɿɫɬɨɬɧɨ ɡɪɨɫɬɚє ɱɚɫɬɤɚ ɝɪɚɧɱɚɫɬɨɫɬɿ, ɳɨ ɡɚɥɟɠɢɬь ɜɿɞ ɫɭɦɚɪɧɨɝɨ ɨɛɬɢɫɤɭ 
ɩɨ ɞɿɚɦɟɬɪɭ ɿ ɜɟɥɢɱɢɧɢ ɧɚɬɹɝɭ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɌПА ɡ ɛɟɡɩɟɪɟɪɜɧɢɦ ɫɬɚɧɨɦ, ɬɨɜɳɢɧɚ ɫɬɿɧɤɢ, ɩɨɩɟɪɟɱɧɚ ɪɿɡɧɨɫɬɿɧɧɿɫɬь, ɟɤɰɟɧɬɪɢɱɧɚ 
ɫɤɥɚɞɨɜɚ. 
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Abstract. The influence of the machining regime was experimentally investigated on the output indexes of the di-
amond grinding the ceramic balls from silicon carbide, such as the rate of the material removal and the rate of chang-
ing (decreasing or increasing) the deviation from sphericity of the ball's surface. To distinguish a particle of these in-
dexes as caused by the actual influence of the machining regime was applied a method of graphical approximation of 
the time-varying ball’s diameter and deviation from sphericity. The separated particles of the process indexes can 
vary both as growing and as decreasing depending on the values of the parameters of the machining regime, such as: 
the discrete feeding of the diamond wheel to the cutting, the time of grinding between feedings of the wheel and the 
rotation speed of the table with the balls. For further determining the influence of the machining regime was applied a 
method of a complete factor-type experiment of type 23, in which the factors of the above parameters were specified. 
As a result, the most effective way to reduce the deviation from the sphericity of the ball’s surface is to combine these 
parameters. 

Keywords: ceramic balls from silicon carbide, diamond grinding, rate of the material removal, rate of changing the 
ball’s shape, machining regime, discrete feeding of the diamond wheel to the cutting, time of grinding between feed-
ings of the wheel, rotation speed of the table. 

1 Introduction 

Many branches of industry exploit a large number of 
rolling bearings, pumps, hydromotors and other mecha-
nisms, the resource and reliability of which depend on the 
efficiency and quality of parts such as “ball”. Now balls 
are mainly made of steel and they are relatively quickly 
failured in conditions of high loads, temperatures, as well 
as intense abrasive, corrosion, chemical and other types 

of wear. Replacing steel balls on ceramic in many cases 
allows you to achieve higher performance and extend the 
range of functionality of the devices in which they are 
used. Thus, in hybrid ball bearings combination of rolling 
ceramic bodies and high quality of surface of steel rings 
(Figure 1) gives the advantages for longer service life and 
better performance at high speeds. 

 

 

 

 

 

Figure 1 – Comparison of characteristics of hybrid and steel ball bearings [1] 

http://jes.sumdu.edu.ua/
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2 Literature Review 

In the 1990s, the leading organizations of the National 
Academy of Sciences of Ukraine contributed to the crea-
tion of effective ceramic and composite materials based 
on boron and silicon carbides, as well as technologies for 
manufacturing precision products of the “ball” type [2, 3] 
that work in difficult operating conditions. Firstly, it con-
cerns materials based on boron carbide – it is the third 
according to the hardness of a material after diamond and 
cubic boron nitride, and one of the most inert chemical 
compounds. It has high hardness, durability and unique 
wear resistance under acting aggressive environments and 
abrasive wear. 

An important incentive for the development of modern 
technical ceramics is the desire to develop a gas turbine 
engine with a high efficiency for the aerospace industry. 
The conditions of the bearings of the main shaft of such 
engines – the shaft speed more than 30 000 rpm and tem-
peratures above 650 °C. At temperatures above 1 100 °C, 
only ceramic materials are used because their higher 
hardness than those of bearing steel or even cobalt alloys 
and high-speed steels with high content of tungsten. 

The most difficult in the manufacture of any ball bear-
ings is the abrasive machining the balls. The operational 
properties of the bearings depend, first, on the perfo-
mance of their working surfaces, such as the precision of 
machining, roughness and microstructure. The group 
abrasive finishing of balls between rotating discs is the 
most versatile operation of making balls and up to this 
time attracts the attention of researchers [4–6]. At dia-
mond grinding or finishing ceramic balls are rolled along 
the tracks of the lower disk without their mixing unlike 
elevator abrasive machining the steel balls in mass pro-
duction when their mixing. Becouse of it is limited the 
number of simultaneously machined ceramic balls by 
their placement on the tracks of the lower disk and to 
achive high accuracy the ball’s shape is difficult. 

3 Research Methodology 

3.1 Features of surface layer forming in 

ceramic products from silicon carbide by 

diamond grinding 

As well as for any brittle nonmetallic material, the di-
amond grinding of ceramic products, in particular from 
silicon carbide, is radically different from the abrasive 
grinding of metals [7–9]. When the diamond grinding 
brittle nonmetallic materials, there are an elastic-plastic 
deformation without breaking, as well dispersing the 
machining allowance at plastic deformation and brittle 
breaking the material with particle chipping. The proba-
bility of one or another mechanism of the destruction of 
the machining allowance is determined both by the phys-
ical and mechanical properties of the material and the 
load on the diamond grain (depending on the machining 
regime). A characteristic result of material removing 
during diamond grinding are lateral breakaways and clus-

ter breaking on the surface layer, which are watched in 
the form of cells of destruction, which most influence the 
formation of the surface roughness [10]. In theoretical 
study of interaction between grains of abrasive powder 
and machined surface from brittle nonmetallic materials 
is used the cluster model of formation and removal of 
slime particles [11, 12]. 

The nature of the destruction of such brittle nonmetal-
lic material, which is a silicon carbide, depends mainly on 
the magnitude of the normal force on diamond grains. 
When the normal force achieves own critical value, 
which is required for the formation of lateral cracks, the 
destruction results by scraping. The critical force that 
forms lateral cracks is determined by the dependence 
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where kp – constant coefficient; К1С – stress intensity 
factor of the first type (critical intensity of cracking);  
H – microhardness [13]. 

Proceeding from the physical and mechanical proper-
ties of the materials under consideration (Table 1), the 
critical force that forms lateral cracks in the surface layer 
of the hot-pressed silicon nitride is more than 2.3 times 
for the reaction-bonded silicon carbide. Therefore, when 
grinding carbide ceramics, the critical cross-sectional area 
of the material on the diamond grain [10], which takes 
place the breakaways, is smaller and, accordingly, several 
times smaller than for nitride ceramics is required for the 
cutting depth to appear the breakaways. 

On the other hand, the critical size of the median frac-
ture, in which it begins to develop in a steady manner 
during infusion, is inversely proportional to the square of 
the material fragility index 
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where kM – constant coefficient [13]. Experimentally 
proved during diamond machining [10] that the magni-
tude of the maximum half-length of defects in the surface 
layer of ceramics is linearly dependent on the critical size 
of the median fracture during the indentation, in which 
the crack develops. If the the index of fragility of the 
material is smaller, and consequently, the magnitude of 
the critical median fracture is greater when indenting, 
than the higher the value should be expected both the 
half-length of the maximum crack from the machining, 
and the depth of the cracked layer. Therefore, based on 
the data of the Table 1 under the same conditions of 
grinding, the breakaways on the machined surface of 
carbide ceramics should be larger, and the depth of the 
cracked layer – on the contrary, less than that of the sur-
face of the nitride ceramics. At the same time, it should 
be noted that the comparative analysis taken into account 
only the physical and mechanical properties of the mate-
rials, but not the actual conditions of diamond grinding 
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(machining regime, etc.), which determine the depth of 
the cracked layer. 

Taking into account the predisposition of the SiC-
ceramics to cracking, as well as the peculiarities of the 
diamond grinding ceramic balls from silicon carbide, the 

purpose of the work was to determine the influence of the 
machining regime on the output indixes, such as the rate 
rate of the material removal and the rate of changing the 
deviation from sphericity. 

Table 1 – Results of treatment of the wall thickness experimental measurements in cross sections of a tube 

Indicator 
Si3N4-ceramics  

(hot-pressed) [10] 

SiC-ceramics  
(reaction-

bonded) [14] 

Density, g/sm3 3.1 3.12 

Young's module, GPa 310 413 

Microhardness H, GPa 13.9 20 

Bending strength з, MPa 690 370 

Index of fragility H/K1C 3.23 4.35 

Critical stress intensity factor of the first type K1C, MPa/m0.5 4.3 4.6 

 

3.2 Experimental research 

Investigation of the influence of the machining regime 
on the output indixes of diamond grinding ceramic balls 
from reaction-bonded silicon carbide carried out on a 
modernized ball-grinding machine VS-D204M (Figure 2) 
with the technological device for a placement of the balls 
on its desktop, the scheme of which shown in Fig. 3 

As can see from the machining scheme shown in Fig-
ure 3, the device separates the kinematic chains on that, 
which realizes directly shaping, and on that, which realiz-
es portable movements from the chain for the grinding 
process. Thanks to the device machining balls is carryed 
out at optimal grinding speeds of 25–30 m/s and the 
speed of moving balls of 0.15–0.30 m/s. In the experi-
ments, a diamond grinding wheel of 6A2T form was 
applied with diamonds of grade ȺS32 with a grain size 
250/200 of relative concentration of 100. The number of 
balls in the batch, which was simultaneously machined, 
was eight pcs. 

The output indixes were the rate of the material re-
moval vd = d / t (rate of reducing ball’s diameter) and 
the rate of changing of the ball shape v =  / t (rate of 
decrease or increase of deviation from sphericity). There 
was studied the influence of such regime parameters as 
discrete feeding of the wheel to the cutting sw, the time 
of grinding between feedings tɨ and the rotation speed of 
the table with balls st. The output indixes of machining 
process were counted after direct measurement on each 
ball of its diameter and deviation from sphericity before 
and after each experiment. 

Measurement of the diameter of the ball was carried 
out on a longitudinal vertical type of IZV-2 with division 
value of measurement scale of 1 μm. The diameter of the 
ball was measured in 3 mutually perpendicular directions, 
with the direction chosen arbitrarily. On the basis of 
measurements, it was calculated the average diameter of 
each ball and the average diameter of the balls in the 
batch before and after each experiment. 

 

 
 

 

Figure 2 – The location of ceramic balls in the device  
on the ball-grinding machine VS-D204M 
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Figure 3 – Scheme of grinding of ceramic balls in a device  
with kinematically connected upper and lower disks 
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Measurement of deviation from the sphericity of ball 
surface was carried out by the indicating gage type  
MIG-1 with division value of measurement scale of 
1 μm. The indicating gage was fixed on a magnetic tri-
pod. The measured bɚll was located on the base ring with 
the outer and inner chambers, in order to get as close as 
possible to the conditions of contact of the ball and the 
ring around the circle. The base diameter of the ring was 
chosen as the diameter of the circle inscribed in an equi-
lateral triangle, which in turn is inscribed in a circle with 
a maximum ball diameter. As a result of measurements 
when turning the ball on the base ring found the maxi-
mum and minimum value of deviation from the sphericity 
of the ball surface. On the basis of measurements, the 
average deviation on each ball was calculated as well as 
the average deviation of the ball surface in the batch be-
fore and after each experiment. 

Further, the actual influence was separated out of the 
machining regime in the indicators of diamond grinding 
of balls (the rate of reducing ball’s diameter and the rate 
of changing ball’s shape), which occurs on the back-
ground of the general tendency to monotonically nonline-
ar decline of these indexes from its original value to the 
level of the minimum possible value for this grinding 
scheme and this processing time. This tendency is due to 
our view, firstly, by the gradual transition from the ma-
chining of the weakened surface layer as a two-layer 
combination of relief and cracked layers to the machining 
of the material itself and the associated increase in the 
physical and mechanical properties of the material being 
processed, which leads to a decrease in the circumferen-
tial feed of grinding (i.e. speed of run-off on a wheel of 
removed material) due to the self-regulation of the angu-

lar velocity of ball’s rolling under the action of friction-
coupling and cutting forces. Secondly, this trend is due to 
the simultaneous monotonous increase in the proportion 
of the machining time of the main material in the overall 
time of the experiment. 

To separate out the influence of the machining regime, 
there was used method of graphical approximation using 
a monotonous continuous time function of the mean val-
ues of the ball's diameter dm and the deviation from the 
sphericity of the ball's surface m both before and after 
each experiment. The effect of the treatment mode was 
considered to be the difference between the mean dm or 
m after each experiment and the value of the approxima-
tion function at this point of the total processing time. 
The rate of reducing ball’s diameter and the rate of 
change in the shape of their surface (in general, after 
approximation and under the action of the machining 
regime itself) were counted in μm/min after each experi-
ment, taking into account the time of the experiment. 

As a method for further determining the influence of 
machining regime on the indexes of diamond grinding 
ceramic balls, a complete factor experiment of type 23 
was chose, since there was no quantitative assessment of 
the degree of influence of factors. The experiment plan 
envisaged the variation of all factors on two levels: the 
discrete feeding of the wheel to the cutting sw – 50 and 
70 μm, time of grinding between feedings tɨ 10 and 
20 min, the rotation speed of the table with balls st –  
35 and 85 rpm. The time for each experiment was 
40 minutes. The matrix of experiment planning is given 
in Table 2. It takes into account the interaction of factors. 

Table 2 – Experiment planning matrix type 23 in relative values 

Exp. no. х1 х2 х3 х1 х2 х1 х3 х2 х3 х1 х2 х3 Alphanumeric characters у 
1 –1 –1 –1 +1 +1 +1 –1 (1) у1 

2 +1 –1 –1 –1 –1 +1 +1 a у2 

3 –1 +1 –1 –1 +1 –1 +1 b у3 

4 +1 +1 –1 +1 –1 –1 –1 c у4 

5 –1 –1 +1 +1 –1 –1 +1 ab у5 

6 +1 –1 +1 –1 +1 –1 –1 ac у6 

7 –1 +1 +1 –1 –1 +1 –1 bc у7 

8 +1 +1 +1 +1 +1 +1 +1 abc у8 

 

Based on the results of experiments, linear models of 
the output variables were constructed, taking into account 
the interaction of factors in the form 

 у = b0 + b1x1 + … + bkхk + bk+1х1х2 + … + b2k хk-1хk, 

in which coefficients of the linear model are calculated 
by the formulas: 
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4 Results 

According to the recommendations of statistical data 
processing [15], in the calculation of the average values 
of measured parameters – the ball’s diameter and the 
deviation from the sphericity of ball’s surface, the results 
were not found with a confidence probability of 0.95, 
which are sharply distinguished among others. The vali-
dation of samples dispersion according to the Cochran 
criterion showed that they are homogeneous – in Table 3 
the results are given after calculating the samples disper-
sion in the measurements of 8 balls in each of the 8 ex-
periments, as well as before the start of measurements, 
and in addition the results of their verification for homo-
geneity according to the Cochran criteria. If G ≤ Gtabl, 
then the samples dispersions are homogeneous. 
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Table 3. Samples dispersion in 8 measurements for each of the 8 experiments, and before the start of measurements, their verification 
for homogeneity according to the Cochran criterion 

E
x

p
er

im
en

t 
n

u
m

b
er

 Dispersion of measurements on 8 balls Sample’s 
dispersion 

in the 
experi-
ment Si

2 

G = Smax
2/ 

Si
2 

G0,95tabl 
at k = 

8, v = 1 1 2 3 4 5 6 7 8 

Measuring the ball’s diameter, m2 

init. 0.07877 0.01702 0.00977 0.12377 0.00002 0.14102 0.02627 0.00827 0.000058 0.3483 0.6798 
1 0.14400 0.02500 0.04900 0.25600 0.19600 0.03600 0.00900 0.02500 0.000106 0.3460 0.6798 
2 0.00306 0.03906 0.01406 0.06006 0.03306 0.00006 0.01056 0.08556 0.000035 0.3485 0.6798 
3 0.04727 0.17227 0.11827 0.00977 0.22877 0.01502 0.08327 0.35627 0.000147 0.3456 0.6798 
4 0.00977 0.08327 0.00127 0.01702 0.00827 0.01702 0.19252 0.02377 0.000050 0.5456 0.6798 
5 0.05077 0.00352 0.02377 0.00827 0.05077 0.00077 0.00077 0.00827 0.000021 0.0052 0.6798 
6 0.01502 0.11827 0.06202 0.03752 0.12377 0.02627 0.06202 0.06602 0.000073 0.0514 0.6798 
7 0.00002 0.02627 0.00002 0.06602 0.00827 0.00977 0.03752 0.39502 0.000078 0.0180 0.6798 
8 0.00025 0.04225 0.01225 0.00225 0.05625 0.00025 0.00225 0.00625 0.000017 0.0020 0.6798 

Measuring deviation from sphericity, m2 

init. 63.57 24.30 58.14 0.23 14.37 3.12 0.14 27.18 27.29 0.3327 0.6798 
1 1.00 30.84 61.19 22.02 123.64 0.04 6.03 54.93 42.81 0.4126 0.6798 
2 11.50 0.52 3.75 3.28 0.01 16.58 0.35 2.78 5.54 0.4276 0.6798 
3 0.01 8.33 1.11 0.80 1.35 0.61 4.39 25.84 6.06 0.6090 0.6798 
4 0.12 0.28 2.84 6.85 1.83 22.88 6.52 0.86 6.02 0.5426 0.6798 
5 24.96 4.90 2.92 16.38 13.92 0.36 5.93 1.16 10.08 0.3539 0.6798 
6 0.76 2.88 0.66 11.58 0.21 10.28 0.01 17.26 62.35 0.3955 0.6798 
7 2.84 3.51 0.64 9.07 2.58 6.85 2.38 2.58 4.35 0.2981 0.6798 
8 1.41 0.09 1.26 7.66 9.31 1.81 0.55 2.97 3.58 0.3717 0.6798 

 
Since the output variables of the grinding process are 

estimated values based on each time on the measurement 
of the geometric indices mentioned in the research meth-
odology, the dispersion of reproduction in each experi-
ment was counted as the average samples dispersion in 
the current and previous experiments: 
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and the weighted average variance in the 8 experi-
ments is 
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at degrees of freedom frepr = N (m – 1), where N – number 
of experiments, m – the number of measurements in each 
experiment. 

The dispersion of the reproduction is calculated: for 
the average diameter of the balls – 6.8452·10–2 and for 
deviation from sphericity – 12.0663. 

To determine the component of ball’s diameter and 
deviation from sphericity whose change does not depend 
on the influence of the machining regime is used the 
method of graphical approximation for time changing 
these indices (Figure 3). 

 

 

Figure 3 – Dependence of the ball diameter d and the deviation 
from the sphericity  from the time of grinding t 

In Table 4 the calculated values of the rate of material 
removal and the rate of changing ball’s shape are shown 
under the action only the machining regime in the 8 ex-
periments. 

Based on the results, linear models of the output varia-
bles in the normalized form are constructed taking into 
account the interaction of the factors: 

vd = 0.0488 + 0.6426x1 – 0.2113x2 + 0.0363x3 –  
– 0.4129x1x2 + 0.0895x1x3 + 0.0359x2x3 + 0.0105x1x2x3; 

v = –0.0207 + 1.3241x1 – 0.6757x2 – 0.019x3 +  
+ 0.3691x1x2 – 1.9998x1x3 + 0.7676x2x3 – 0.117x1x2x3. 
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Table 4 – Matrix of changing the factors in absolute values, the value of output variables 

Exp. no. 

Discrete 
feeding the 

wheel to  
the cutting  

sw, m 

The time of 
grinding 

balls between 
feedings  
tо, min 

Rotation 
speed of 
the table  
st, rpm 

The rate of reducing the ball’s 
diameter vd, m/min* 

The rate of changing the ball’s 
shape v, m/min** 

total 
approxi-
mated 

under 
effect of 

machining 
regime 

total 
approxi-
mated 

under 
effect of 

machining 
regime 

1 50 10 35 4.7 5.2 –0.5 –3.3 –2.0 –1.3 
2 70 10 35 6.2 4.7 1.5 2.8 –1.5 4.3 
3 50 20 35 3.8 4.4 –0.6 –6.6 –1.4 –5.2 
4 70 20 35 3.8 4.2 –0.4 1.2 –1.2 2.4 
5 50 10 85 2.8 3.9 –1.1 –0.2 –1.0 0.8 
6 70 10 85 4.8 3.7 1.1 –1.9 –0.9 –1.0 
7 50 20 85 3.3 3.4 –0.1 –0.2 –0.7 0.5 
8 70 20 85 3.7 3.2 0.5 –0.9 –0.5 –0.4 

* the negative value means that the effect of machining regime leads to a decrease in productivity; 
** the negative value means that the deviation from sphericity decreases. 
 
The statistical significance of the coefficients of the 

regression equations was checked by Student's criterion 
on the basis of the inequality 
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in which S(bj) = S( y ) / N  – mean square deviation 

of coefficients, )( ft p
 – table value of Student's criterion 

at p = 0.95 for vd, and at p = 0.80 for v at the number of 
degrees of freedom f = N (m – 1). 

If the inequality is fairly then the coefficient differs 
significantly from zero. 

Median deviation of regression coefficients: for medi-
um balls – 3.2704·10–2, for deviation from sphericity – 
0.4343. 

The result of checking the statistical significance of the 
coefficients of the regression equations in real values 
(Table 5): index vd – 5 statistically significant coefficients 
(b1, b2, b4, b5 and b6) from 7, and index v – 4 coefficients 
(b1, b2, b5 and b6). 

Table 5 – Calculated and tabular values of Student’s criterion from checking  
the statistical significance of the coefficients of the regression equations 

tсj=|bj|/S(bj) tctabl  
for p = 0.95 
and f = 56 

tctabl  
for p = 0.80 
and f = 56 b1 b2 b3 b4 b5 b6 b7 

vd 

19,8 –6,5 1,1 –12,6 2,7 9,4 0,3 2,0031 – 

v 

3,0 –1,6 0,0 0,9 -4,6 1,8 –0,3 – 1,2969 
 
To verify the adequacy of the obtained regression 

equations according to the Fisher criterion, the variance 
of the adequacy of the calculation results was firstly cal-
culated according to the model’s experimental results 
(Table 6) 
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in which yi – the result of calculating the value of the 
model; l – number of significant coefficients of regres-
sion equations. 

Regression equations are adequate to experimental re-
sults if the condition is fulfilled 
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in which ,),(1 repradp ffF   – tabular value of Fisher’s 
criterion at p = 0.05 and numbers of degrees of freedom 
fad = (N – l); frepr = N(m – 1). 

Since for the obtained regression equations the above 
condition is satisfied by Fisher’s criterion, we conclude 
that the regression equations are adequate for experi-
mental results. 
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Table 6 – Calculation of statistical variables for checking the adequacy of regression equations to experimental results 

Indicator vd v 

Dispersion of reproduction Srepr
 2 6.8452·10–2 12.0663 

Dispersion of adequacy Sad
 2 0.0188 4.950 0 

Calculated Fischer's F-criterion f = Sad
 2 / Srepr

 2 0.669 0.133 

Tabular value of F-criterion at p = 0,05 and numbers of degrees of 
freedom fad = (N – l), frepr = N(m – 1) 

2.774  
(fad = 3, frepr = 56) 

2.536  
fad = 4, frepr = 56) 

 
Taking into account the results of the adequacy check-

ing, the models of output variables in the normalized 
form have been constructed: 

vd = 0.0488 + 0.6426x1 – 0.2113x2 – 0.4129x1x2 +  
+ 0.0895x1x3 + 0.0359x2x3; 

v = -0.0207 + 1.3241x1 – 0.6757x2 – 1.9998x1x3 +  
+ 0.7676x2x3. 

The same models in real sizes have the form: 

vd = 0.04883 + 0.01071sw – 0.01409tо – 0.00046swtо +  
+ 0.00002swst + 0.00034tоst; 

v = –0.0207 + 0.0221sw – 0.045tо – 0.0006swst +  
+ 0.0009tоst. 

On the basis of the obtained models, graphs of func-
tion are constructed vd(sw,tо), vd(sw,st), vd(st,tо) and 
v(tо,sw), v(st,sw), v(st,tо) (Figures 4, 5). 

 

 
   a              b                c 

Figure 4 – Dependencies of the index vd from the value of feeding the wheel to the cutting sw and the time of grinding tо (ɚ)  
at the rotation speed of the table st 35 rpm (1) and 85 rpm (2); from sw and st (b) at tо 10 min (1) and 20 min (2);  

from tо and st (c) at sw 50 (1) and 70 μm (2) 

 
   a              b                c 

Figure 5 – Dependencies of the index v from the value of feeding the wheel to the cutting sw and the time of grinding tо (ɚ)  
at the rotation speed of the table st 35 rpm (1) and 85 rpm (2); from sw and st (b) at tо 10 min (1) and 20 min (2);  

from tо and st (c) at sw 50 (1) and 70 μm (2) 



 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. A 12–A 20 A 19 

 

5 Conclusions 

As can be seen from the graphs in Figures 3 and 5, and 
Table 4, for the diamond grinding ceramic balls the effect 
of the machining regime on the rate of changing the devi-
ation from sphericity (which estimated by the negative 
value of the index v) should be considered in two ranges 
of variance of deviation from sphericity. If the range is 
above 300 μm then the effect of the machining regime is 
more significant. If the range is below one the effect is 
less significant. To reduce the deviation in the first range 
is possible by the simultaneous decreasing the feeding of 
the wheel to the cutting sw up to 50 μm and the rotation 
speed of the table st up to 35 rpm with increasing the time 
of grinding tо up to 20 min. This machining regime will 
ensure changing v in the range from –1.3 to  
–5.2 μm/min. In the second range, on the contrary, the 
simultaneous increase of the specified parameters within 
the studied range will be effective at increasing sw up to 

70 μm and st up to 85 rpm and decreasing tо up to 10 min, 
that will provide changing v in the range from –0.4 to  
–1.0 μm/min. 

At the same time, the growth of the productivity 
(which estimated by increasing the index vd) should be 
expected at increasing the feeding of the wheel to the 
cutting sw within the studied range, so long as the rotation 
speed of the table st and the time of grinding tо are re-
duced (Figure 3, 4, and Table 4). Since the strategic goal 
of the diamond grinding ceramic balls is primarily to 
achieve the maximum possible rate of decreasing the 
deviation from the sphericity and only in the second place 
the acceptable process productivity, the current value of 
this deviation should be taken into account. Depending 
on it, it is also necessary to choose the recommendations 
for choice of the machining regime: more the deviation 
from sphericity – lower the machining parameters so long 
as the time of grinding between the feedings increases, 
and vice versa. 
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Аɥɦɚɡɧɟ ɲɥіɮɭɜɚɧɧɹ ɤɟɪɚɦіɱɧɢɯ ɤɭɥь ɡ ɤɚɪɛіɞɭ ɤɪɟɦɧіɸ 

Сɨɯɚɧь С. ȼ., Ɇɚɣɫɬɪɟɧɤɨ Ⱥ.Ʌ., Ʉɭɥɢɱ ȼ. Ƚ., Сɨɪɨɱɟɧɤɨ ȼ. Ƚ., ȼɨɡɧɢɣ ȼ. ȼ., Ƚɚɦɚɧɸɤ Ɇ. П., Зɭɛɚɧєɜ Є. Ɇ. 

Іɧɫɬɢɬɭɬ ɧɚɞɬɜɟɪɞɢɯ ɦɚɬɟɪɿɚɥɿɜ ɿɦ. ȼ. Ɇ. Ȼɚɤɭɥɹ ɇȺɇ Уɤɪɚʀɧɢ, ɜɭɥ. Ⱥɜɬɨɡɚɜɨɞɫьɤɚ, 2, ɦ. Ʉɢʀɜ, 04074, Уɤɪɚʀɧɚ 

Аɧɨɬɚɰіɹ. Ⱦɨɫɥɿɞɠɟɧɨ ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɨ ɜɩɥɢɜ ɪɟɠɢɦɭ ɨɛɪɨɛɤɢ ɧɚ ɩɨɤɚɡɧɢɤɢ ɩɪɨɰɟɫɭ ɚɥɦɚɡɧɨɝɨ 
ɲɥɿɮɭɜɚɧɧɹ ɤɟɪɚɦɿɱɧɢɯ ɤɭɥь ɡ ɤɚɪɛɿɞɭ ɤɪɟɦɧɿɸ: ɲɜɢɞɤɿɫɬь ɡɧɿɦɚɧɧɹ ɩɪɢɩɭɫɤɭ ɿ ɲɜɢɞɤɿɫɬь 
ɡɦɟɧɲɟɧɧɹ/ɡɛɿɥьɲɟɧɧɹ ɜɿɞɯɢɥɟɧɧɹ ɜɿɞ ɫɮɟɪɢɱɧɨɫɬɿ ɩɨɜɟɪɯɧɿ ɤɭɥь. Зɚɩɪɨɩɨɧɨɜɚɧɨ ɦɟɬɨɞɢɤɭ ɜɢɨɤɪɟɦɥɟɧɧɹ ɡ 
ɰɢɯ ɩɨɤɚɡɧɢɤɿɜ ɱɚɫɬɤɢ, ɨɛɭɦɨɜɥɟɧɨʀ ɜɥɚɫɧɟ ɜɩɥɢɜɨɦ ɪɟɠɢɦɭ ɨɛɪɨɛɤɢ. Ⱦɥɹ ɰьɨɝɨ ɡɚɫɬɨɫɨɜɚɧɨ ɦɟɬɨɞ ɝɪɚɮɿɱɧɨʀ 
ɚɩɪɨɤɫɢɦɚɰɿʀ ɡɦɿɧɸɜɚɧɧɹ ɭ ɱɚɫɿ ɞɿɚɦɟɬɪɭ ɤɭɥɿ ɿ ɜɿɞɯɢɥɟɧɧɹ ɜɿɞ ɫɮɟɪɢɱɧɨɫɬɿ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɜɢɨɤɪɟɦɥɟɧɿ 
ɱɚɫɬɤɢ ɩɨɤɚɡɧɢɤɿɜ ɩɪɨɰɟɫɭ ɦɨɠɭɬь ɡɦɿɧɸɜɚɬɢɫɹ ɹɤ ɭ ɛɿɤ ɡɪɨɫɬɚɧɧɹ, ɬɚɤ ɿ ɛɿɤ ɡɧɢɠɟɧɧɹ ɜ ɡɚɥɟɠɧɨɫɬɿ ɜɿɞ 
ɡɧɚɱɟɧь ɩɚɪɚɦɟɬɪɿɜ ɪɟɠɢɦɭ ɨɛɪɨɛɤɢ, ɹɤ-ɨɬ: ɞɢɫɤɪɟɬɧɨʀ ɩɨɞɚɱɿ ɚɥɦɚɡɧɨɝɨ ɤɪɭɝɚ ɧɚ ɜɪɿɡɚɧɧɹ, ɱɚɫɬɨɬɢ ɩɨɞɚɱɿ 
ɤɪɭɝɚ ɿ ɲɜɢɞɤɨɫɬɿ ɨɛɟɪɬɚɧɧɹ ɫɬɨɥɚ ɡ ɤɭɥɹɦɢ. əɤ ɦɟɬɨɞ ɩɨɞɚɥьɲɨɝɨ ɜɢɡɧɚɱɟɧɧɹ ɜɩɥɢɜɭ ɪɟɠɢɦɭ ɨɛɪɨɛɤɢ 
ɨɛɪɚɧɨ ɩɨɜɧɢɣ ɮɚɤɬɨɪɧɢɣ ɟɤɫɩɟɪɢɦɟɧɬ ɬɢɩɭ 23, ɜ ɹɤɨɦɭ ɮɚɤɬɨɪɚɦɢ ɛɭɥɢ ɜɤɚɡɚɧɿ ɜɢɳɟ ɩɚɪɚɦɟɬɪɢ ɪɟɠɢɦɭ 
ɨɛɪɨɛɤɢ. Зɧɚɣɞɟɧɨ ɧɚɣɛɿɥьɲ ɟɮɟɤɬɢɜɧɟ ɞɥɹ ɡɦɟɧɲɟɧɧɹ ɜɿɞɯɢɥɟɧɧɹ ɜɿɞ ɫɮɟɪɢɱɧɨɫɬɿ ɩɨɜɟɪɯɧɿ ɤɭɥь ɩɨєɞɧɚɧɧɹ 
ɰɢɯ ɩɚɪɚɦɟɬɪɿɜ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɤɟɪɚɦɿɱɧɿ ɤɭɥɿ ɡ ɤɚɪɛɿɞɭ ɤɪɟɦɧɿɸ, ɚɥɦɚɡɧɟ ɲɥɿɮɭɜɚɧɧɹ, ɩɚɪɚɦɟɬɪɢ ɪɟɠɢɦɭ ɨɛɪɨɛɤɢ, 
ɲɜɢɞɤɿɫɬь ɡɧɿɦɚɧɧɹ ɩɪɢɩɭɫɤɭ ɿ ɲɜɢɞɤɿɫɬь ɡɦɿɧɸɜɚɧɧɹ ɮɨɪɦɢ ɩɨɜɟɪɯɧɿ ɤɭɥь. 
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Abstract. Proper assessment of enterprise performance quality expands opportunities of those enterprises proven 

by reputation, and creates favourable environment for investment. However, scientific literature does not present any 

research of enterprises’ performance or functioning quality models from the perspective of all possible results. The 

article defines, in accordance with the requirements of the international management system standards, functioning 

efficiency – that is, resources turning into immediate results, immediate results transforming into direct ultimate re-

sults; sustained success – direct ultimate results turning into indirect ultimate results. Indirect ultimate results high-

light strategic effect of an enterprise’s sustained success. Ways of assessing functioning quality are classified, on the 

basis of which a system of information and analysis for collecting and processing of management information is de-

veloped for automation of assessment procedure. 
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1 Introduction 

Quality assessment is a special type of the control 

function aimed at the formation of value judgments about 

the enterprise as an evaluated object. In accordance with 

ISO 9000:2015, quality is an independent characteristic 

of the object’s essence for which a level (degree) of the 

required quality is existed. This level is assessed in rela-

tionship to the quality standard. This definition of quality 

makes it possible to provide a quantity assessment by the 

degree of compliance. 

Quality appears “outside” through its properties. The 

property is an external demonstration of quality as the 

inner essence of the object [1]. A characteristic is the 

distinguishing feature, which can be own or assigned, 

qualitative or quantitative. The characteristic of quality is 

own characteristics of the enterprise arising from the 

requirements. The state of an enterprise is a set of charac-

teristics that it possesses at the operating moment. Each 

characteristic has its assessment and can be determined. 

The determination of quantitative characteristics of the 

quality of the work of enterprises is metrology, while not 

joint these characteristics with the justification of man-

agement decisions, as is customary in qualimetry. In 

qualimetry, the property (attribute) is the quality of the 

evaluation of measured object; value is the quantitative 

characteristic of a measure. An indicator is the numerical 

value of a measure by which one can indicate the state, 

change or development of the enterprise’s processes. In 

the broadest sense of the word, an indicator is the trans-

mitter of information. In the narrow sense, indicators are 

those characteristics that connect the object and the sub-

ject of evaluation [2]. The term “indicator” is also defined 

as a quantitative characteristic of one or several proper-

ties of objects considered under certain parameters [3]. In 

this case, the terms “indicator” and “parameter” are dif-

ferent. The parameter characterizes the state of an enter-

prise and its structure, but the indicator characterizes 

properties. Hence, the parameter is a relatively constant 

characteristic, which changes only when the enterprise 

changes itself. Parameters indicate how the enterprise 

differs from others. Thus, we will consider as indicators 

variables describing the properties reflecting the target, 

and parameters – the characteristics of the state, reflecting 

the quality of the functioning of the enterprise. Interna-

tional process-oriented management standards suggest the 

following parameters: efficiency, effectiveness, sustained 

success. Wherein, functioning is the behavior of the en-

terprise in time, the successive change of its state. At the 

same time, activity includes a system of processes carried 

out by an enterprise for the purpose of producing prod-

ucts, providing services or supporting them. 

In order to express the state, it is necessary to deter-

mine the values accepted by the parameters at the consid-

ered moment, namely the values of efficiency, effective-

ness, and sustainable success. The nomenclature of indi-

cators evaluated in determining the properties and state of 

the enterprise should adequately reflect the actual level of 

parameters. Therefore, the choice of indicators is based 

on the study and modeling of the properties and condi-

http://jes.sumdu.edu.ua/
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tions of the enterprise. Establishing the range of indica-

tors is not a one-time, even if operation justified by scien-

tific methods, but the process of constant adjustment. It 

depends on the enterprise development strategy [4]. 

Requirements of the standard ISO 9001:2015 concern 

the measurement of processes both for assessing the level 

of their effectiveness, and for maintaining in the managed 

state. In the first case, the results of the process are evalu-

ated. In the second one, the indicators of its state at dif-

ferent stages are determined. The system of process quali-

ty indicators is divided into two groups. The first includes 

the implementation of the outputs of the process, and the 

second one – the characteristics of the dynamics of the 

process [5]. The first group of indicators fixes where the 

process comes as a result of control, and the second one – 

how it gets to the final state. Thus, it is necessary to con-

sider both indicators of quality of activity, and indicators 

of quality of functioning of the enterprise. The need to 

assess a sustained success also requires consideration and 

operationalization of concepts as a final results of the 

enterprise’s activities, as well as the quality of function-

ing. Operationalization consists in the fact that investigat-

ed concepts are determined through the description of 

special measuring operations. 

The purpose of this article is to analyze the models  

of the quality of activity and the functioning (A&F) of the 

enterprise under the point of view of all possible out-

comes and the development of operational definitions of 

these results in the context of requirements and recom-

mendations of the standards ISO 9000. 

2 Research Methodology 

Quality assessment A&F is the formation of value 

judgments about the enterprise, including an assessment 

of its properties and states using a set of indicators de-

fined for each of the aspects (directions) of activity, e.g., 

resources, infrastructure, internal processes, financials, 

consumers, potential, and development. 

The evaluation of the performance of activities is car-

ried out based on direct results as a cost saving in obtain-

ing these results. Evaluation of performance and sustain-

able success is carried out on the basis of final results 

(Fig. 1). Immediate results are what we have done, and 

the outcomes are what happened. Consequently, effec-

tiveness is a characteristic of immediate results, produc-

tivity is a characteristic of direct outcomes, sustained 

success is a characteristic of indirect outcomes. In con-

trast to the traditional social notion of influence, it estab-

lished as a strategic effect, correlated with indirect out-

comes – quality of operation management, and estimated 

with the help of assessments of sustainable success in the 

long term. 

 

 
Figure 1 – The relationship between efficiency, effectiveness, sustained success  

and the quality of management in terms of immediate and final results 

Figure 2 shows a diagram describing the company’s 

A&F hierarchy. It includes the company’s embedded 

resources, processes, immediate results (produced goods 

and services), as well as final results and impact (strategic 

effect). 

Immediate results should be presented in vector form 

 ( ) ( ) ( )( )Tnxxxx ,..,., 21= , (1) 

where x(j) – indicators characterizing various properties 

of the enterprise. 

The final results should be presented as a complex in-

dicator. Steady success is as a forecast, through the eval-

uation of the sequence of complex indicators. The effec-

tiveness of the activity is determined by the evaluation of 

the resources spent on achieving the multivariate indica-

tor (1). Alternatively, this indicator should contain private 

resource indicators, for example, as it is provided in the 

popular balanced scorecard including various aspects of 

the enterprise, resource and financial [6]. 
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Figure 2 – A flowchart of the hierarchical presentation of the enterprise’s operation 

To identify possible ways of assessing the quality of A 
& F, providing for appropriate decision-making proce-
dures, consider the following. For any object of evalua-
tion (the state of the enterprise), the set of its estimates 
for all indicators is a vector. It contains complete infor-
mation about the object. If the estimated objects are com-
parable in the sense of domination, one can specify by 
binary relations in the space of estimations of indicators 
that determine the selection rule for each pair of objects 
of the best: 
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Substantially, this means that the object er no worse 
than the object ek on any of the main aspect indicators, 
and, at least, one of them er is better than ek. Firstly, the 
evaluated objects will be compared by the indicators of 
the most important aspect, then – by the indications of the 
next important aspect, etc. 

If the objects of evaluation are incomparable with the 
private aspect indicators of all aspects of activity, it is 
advisable to resort to the scalarization of the aspect indi-
cators by building the complex indicators of aspects 
(CIA). When constructing a CIA, it is advisable to com-
pare by advantage only homogeneous indicators that 
measure the intensity of properties of the same nature. To 
do this, the normalizing functions for the transformation 

( ) ( )  1,0 jj yx  is used 

As CIA a weighted sum of indicators is applied, which 
for s-th aspect of i-th object of evaluation has the follow-
ing form: 
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i miywz  

where ns – number of indicators of s-th aspect;  
yi

(j) – normalized value of j-th indicator for i-th object;  
ws – weights of partial indicators for s-th aspect of  
activity. The decisive rule has the following form: 
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This means that er object is no worse than ek for any of 
CIA and at least one of CIA er is better than ek. 

1. The basis of the application of the method is the as-
sumption of the independence of the influence of the 
value of each individual indicator xi

(j) or zi
(j) on the esti-

mation of the preference of the object ei as a whole. In 
practice, this assumption is often not satisfied. In addi-
tion, the objects of estimation may not be comparable in 
the sense of the componentwise dominance of CIA, if 
each of the objects is preferable to the other for some 
particular indicator. It is possible to clarify the problem, 
to attract some additional assumptions that determine the 
method of estimation. 

2. Additional assumptions may be related to a kind of 
binary relation as the lexicographic selection rule. It is 
used in the case of a ranking CIA according to the rank-
ing of aspects of activity. Then, if the object er is prefera-
ble to ek object by CIA of the most important aspect, 
then, independently of the CIA of other aspects of er,  
ek is preferable. If the objects are incomparable with CIA 
of the most important aspect, then they are compared 
according to CIA of the next most important aspect, and 
so on. 
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3. Recognition of the enterprise’s state is carried out 

using the data matrix ( ) n

m

j

iyY = . 

Two classes of states Cg, g = {1, 2} are considered, 

where C1 – values of indicators correspond to the annual 

planning assignments; C2 – already achieved values of 

the indicators for the previous year. Distance measure 

Lg(y, yg*) of the vector y to reference vectors yg* of these 

classes can be taken in the following form: 

 ( ) ( ) ( )( ) ,,
2

1 1

2 j

g

j
N

s

n

j

sgg yywyyL
s



= =

 −=  (4) 

where N – number of identified aspects of activity. 

The decisive rule takes the form: 

 ( )  .2,1,min == gLLCy ggg
 (5) 

4. An integral comparative evaluation characterizes the 

degree of similarity between two different enterprises. It 

can be presented by an integral measure – a linear dis-

tance δrk between column vectors yr
(j) and yk

(j) of of the 

transpose matrix Y T 
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where yr
(j), yk

(j) – values of j-th indicator for r-th and  

k-th enterprises. 

Columns of the matrices Y T correspond to enterprises, 

and rows – to theirs indicators. An element δrk is the 

measure of the difference between enterprises r and k. 

The matrix m

mrk=Δ  specifies the dual relations “to be 

predominant” or “equal”, or “to be no worse”, because its 

components are measures of the difference between en-

terprises r and k. Such information is interest when con-

clusions based on numerical indicators include ranking. 

Particularly, the purpose of a comparative study of enter-

prises is ranking by the data combination. 

5. in general, calculation of the global quality assess-

ment of enterprise’s A&F consists in building the expo-

nents of the scalar function yi
o in the space of indicators, 

which relates each object to an estimate of its “general-

ized quality”: 
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where y(j)
max – components of the vector characterizing 

the enterprise, chosen as a reference for comparison. 

For convenience of comparison for various variants of 

objects, estimation limiting values of indicators ymax 

should correspond to the initial state – the given (norma-

tive) values from the point of view of the long-term stra-

tegic objectives of the enterprise. To solve the forecasting 

problem, it is necessary to check periodically the selected 

set of indicators. Thus, complex factors yi
o(t0), yi

o(t1), … 

are obtained, the forecasting of which changes in sustain-

able success can be predicted. 

To automate the evaluation procedure (including the 

abovementioned method), a block diagram of the algo-

rithm for the corresponding information and analytical 

system (IAS) (Fig. 3). The technology of estimation 

based on the estimation methods given by formulas  

(2)–(7). 

IAS is devoted to improve the efficiency and quality of 

management decisions by automating the information and 

analytical activities of the enterprise. The object of auto-

mation is the procedure for assessing the quality of enter-

prise’s A&F based on the balanced set of indicators (in 

terms of activities). 

All the AIS data are located in the central repository 

and contain the following levels: collection and primary 

data processing; extracting, transforming and loading 

data; data storage; presentation in data marts; data analy-

sis. 

Data marts are organized in the form of multidimen-

sional databases, where reference information is present-

ed by indicators and output – by quality parameters of 

enterprise’s A&F summarizing these indicators. Infor-

mation in a multidimensional data mart is presented in 

terms of business in the form most accessible to users, 

which allows significantly reducing time for obtaining 

information necessary for decision-making. The use of 

multidimensional data marts and corresponding program 

for data analysis allows transforming data into useful 

information based on which effective decisions are made. 

The program for data analysis is used to access to infor-

mation, visualize it, as well for the multivariate analysis, 

form and compose reports. An input data for the analysis 

is the preprocessed data from the repository or presented 

in a data mart. 

Part of the quality of enterprise’s A&F is the quality of 

management characterizing some ability of the enterprise. 

It is one of the types of competitiveness. In terms of pro-

cess-oriented standards, the quality of management char-

acterizes the steady success of an enterprise. 
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Figure 3 – A flowchart of algorithm of information-analytical system 

Management of enterprises is realized by the imple-
mentation of interrelated management functions. The 
quality of management is characterized by a stable inter-
action of managerial functions, as well as a stable interac-
tion of processes is a characteristic of the quality of oper-
ating activities (the transformation of materials and in-
formation into a final product and delivery of the product 
to the consumer). Therefore, management functions 
should be identified for each enterprise. This fact does 
not exclude their repeatability, especially in the industry 
context. At the level of the interrelationships of functions, 
the differentiation of enterprises should be more signifi-
cant, because the differentiation is a field of competitive 
advantages that distinguishes one enterprise from another 
one. Innovative sustainable relationships of established 
management functions are the part of intangible assets as 
an area for creating competitive advantages. 

The quality of management is the subject of enterprise 
strategy, and the criterion of good governance is success-
ful implementation of the strategy. If suppose that an 
enterprise firstly proposes the quality management func-
tions within the standard ISO 9000: 2015 (quality plan-
ning, assurance, control and improvement), then to im-
plement the strategy it can concentrate efforts on detailed 
quality planning, neglecting, and control: there are goals, 
tasks, resources. So, the fulfillment of quality require-
ments is delegated to units. There is another situation 
where documentation and close monitoring are carried 
out, particularly statistical control of operating activities. 
Perhaps, priorities to ensure consumer loyalty, create a 
brand will be chosen, or the path for resource investments 

and improvements will be proposed (e.g. new develop-
ments and technological innovations). Knowing the capa-
bilities of the enterprise and identified strategies deter-
mine the ways to achieve success. If success is achieved, 
the quality of management is high. If the success is unsuf-
ficient, then with the unchanged profile of organizational 
capabilities and the chosen strategy, the enterprise can 
change the management functions, their resource supply, 
introduce new functions, and so on. 

So, if control is carried out with the help of a set of in-
terrelated functions, then the functions express an essen-
tial determinateness inherent in management, due to 
which the management is precisely such.. Thus, the quali-
ty of management is the degree of correspondence of the 
inherent characteristics (functions) of management to the 
established requirements. Particularly, this means that the 
identification of management functions should be based 
on the identified requirements of interested parties. The 
quality of management and the competitive advantage of 
the enterprise will consist in the extent to which the re-
quirements and needs are investigated, as well as func-
tions are adequately identified and implemented. A cer-
tain set of management functions of the enterprise for the 
market condirions is assessed in their relationships, which 
allows judging the quality of management as a whole. 

Assessment of the quality of management can be ap-
proximately realized using the expert assessments based 
on a number of evaluation categories, if it is possible to 
correctly select experts and organize an evaluation proce-
dure. The field of managerial quality is dynamic and 
individual as “know-how”, until it becomes a common 
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property. Enterprises can find and implement unique 
functions. How an enterprise works is a consequence of a 
combination of individual characteristics of its internal 
and external environments. Consequently, management 
functions can also be individual. 

Finally, the quality of management reflects a stable re-
lationship between the constituent elements of A&F 
(managerial functions) characterizing the specific man-
agement, which allows distinguish management ap-
proaches. 

3 Conclusions 

In this paper, ways for the determination of the enter-
prise’s A&F quality is proposed by the parameters of its 
condition: efficiency, effectiveness, and sustained suc-
cess. The traditional presentation of operational results 
are immediate and final results, as well as the impact. The 
new approach is in the fact, that efficiency reflects the 
transition of resources and processes to immediate re-
sults, as well as effectiveness reflects the transition of 
direct results to outcomes, and sustained success reflects 
the transition of direct outcomes to indirect ones. 

In contrast to the presentation of non-productive (non-
commercial) impact of the final result (e.g., social), a 
strategic effect of the sustainable success of the enterprise 
is established. If a causal relationship is established be-

tween the final (remote) results and the effect of sustained 
success, the outcomes are indirect evidences of it. The 
trend of a change in sustainable success can be assessed 
by periodic monitoring of the complex indicator of quali-
ty A&F (7) including the identified set of the most in-
formative indicators. 

Methods for assessing the quality A&F are defined and 
corresponding IAS is developed considering the proposed 
approach, which allows realizing new ways of informati-
zation, and intellectualization of management processes. 

The quality of management of functioning is defined 
as a characteristic of the effectiveness of functioning in 
the long term. In the standard ISO 9004:2012 it is called 
as a steady success. This approach is reliable, if it is as-
sumed that enterprises fulfill the adopted restrictions 
when achieving the goals. However, it is better if the 
satisfaction of constraints (the achievement of efficiency) 
is included into the set of vector’s indicators (1). If the 
enterprise uses such indicators (e.g., balanced containing 
resource (financial) components), the quality A&F (direct 
results and outcomes) can characterized by joint assess-
ments of efficiency and effectiveness. Additionally, the 
quality of performance management (indirect outcomes) 
is assessments of efficiency and effectiveness in a long 
term: Permanent monitoring of the complex indicator (7) 
provides a tool for predicting sustainable success. 
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Як оцінити якість роботи підприємства 
Ковальов О. І. 

ПАТ «Хмельницькобленерго», вул. Храновського, 29016, м. Хмельницький, Україна 

Анотація. Адекватне оцінювання якості роботи підприємств розширює їх можливості, які 
підтверджуються репутацією, і створює сприятливі умови для залучення інвестицій. Однак у науковій 
літературі не представлені дослідження моделей якості діяльності та функціонування підприємств з точки 
зору всіх можливих результатів. У статті визначено відповідно до вимог міжнародних стандартів на системи 
управління ефективність діяльності, результативність функціонування, стійкий успіх підприємства і якість 
управління (стратегічний ефект сталого успіху) згідно логічної послідовності «ресурси – безпосередні 
результати – прямі і непрямі кінцеві результати». Представлена класифікація способів оцінювання якості 
діяльності / функціонування, на основі якої розроблена інформаційно-аналітична система збору та обробки 
управлінської інформації для автоматизації процедури оцінювання. 

Ключові слова: ефективність, результативність, стійкий успіх, діяльність, функціонування, автоматизація. 
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Abstract. In this paper, the influence of the parameters of the technological process of mechanical activation on 

the physical characteristics of the polytetrafluoroethylene (PTFE) matrix is investigated. The paper presents a math-

ematical model of the dependence of breaking strength on the time of activation and rotating speed of working organs 

of a mill. Mathematical modeling is performed by the method of orthogonal experiment planning. The result of the 

study was a mathematical relation that explains the connection between the technical characteristics of the process of 

manufacturing a fluoroplastic composite and the mechanical characteristics of the material.  
The statistical analysis of the experimental results is performed and the adequacy of the mathematical relations ob-

tained is estimated. On the basis of the analysis of the obtained data, it can be concluded that the theoretical model 
obtained is adequate and suitable for performing the corresponding technological calculations. On the basis of the 
performed calculations, the conclusion is reached on the optimal technological mode of preparing the PTFE-matrix. 
The analysis shows that theoretical calculations confirm the experimental value of technological indicators under op-
timal operating conditions of the mill. Thus, the obtained dependence of breaking strength from the technological pa-
rameters of the activation process can be embedded in the algorithm for selecting the technological mode that ensures 
the output of products with specified quality indicators. 

Keywords: polytetrafluoroethylene matrix, mechanical activation, mathematical modeling, breaking strength, param-
eters.

1 Introduction 

Modern polymers and composite materials based on 
them are widely used in engineering as compositions 
exceeding in some of their characteristics structural steels 
and alloys [1–4]. A characteristic feature of these materi-
als is the dependence of their mechanical characteristics 
on the conditions and modes of production of such struc-
tures. The question of determining the optimal parameters 
of the technological process for fabrication of fluoro-
plastic composites remains a topical issue [5–6].  

The basis of any scientific approach for the optimiza-
tion of technological processes is the application of 
methods of mathematical modelling with subsequent use 
of the obtained models for analysis of the influence of the 
main technological factors and the calculation of the op-
timal conditions for the performance of the technological 
process. 

2 Literature Review 

As shown by the practice of polymer material science 
[7–8], the physical, mechanical and tribotechnical proper-
ties of polymer composite materials (PCM) based on 
polytetrafluoroethylene (PTFE) are equally dependent on 
individual modes of technological production operations 
and on their combination (interaction).  

The most acceptable in the case of PCM with a PTFE 
matrix is the technology of the energy effect on its struc-
ture and properties by mechanical activation [8]. 

A mathematical model of viscoelasticity of polymers 
was proposed in [9], combining the minimum number of 
possible parameters and a high degree of reliability in 
predicting of deformation processes. On the basis of the 
calculated deformation characteristics of polymers, de-
formation processes in the material were predicted. A 
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criterion for the optimality of the choice of such a math-
ematical model is formulated. 

In [10], using the linear differential equations of elastic 
deformation of a thin-walled cylindrical shell of variable 
thickness, an elastically deformed state of the fluoro-
plastic part was investigated. A calculation method for 
determining the value of the contact loading on the fluor-
oplastic element was developed. Recommendations to the 
designer of products from polytetrafluoroethylene at the 
stage of preliminary design of the unit are offered.  

In [11] a simplified approach to the quasilinear viscoe-
lastic modeling of PCM is formulated. It is based on a 
new principle of inclusion of nonlinearity and requires 
considerably fewer calculations when used in comparison 
with existing theories. 

At the same time, the question of the influence of the 
parameters of the technological production process on the 
mechanical characteristics of the obtained PTFE-
composite remains little studied. 

The aim of the paper is to study the results of the me-
chanical activation of PTFE by mathematical modeling 
and optimization. 

3 Research Methodology 

Planning the experiment allows you to vary simultane-
ously all the factors (parameters) of the technological 
process and obtain quantitative estimates of both the main 
factors and the effects of interaction between them. 

As a research material was chosen polytetrafluoroeth-
ylene grade F-4 “O” (GOST 10007-80). 

Testing for breaking strength was carried out on the 
ring samples Ø50×Ø40, height 10 mm, using rigid semi-
disks in accordance with GOST 25.603-82 at the tensile 
machine MP-05-1 at the rate of movement of grippers 10 
mm/min and the load of 100 kgf. Density ρ (kg/m3) of the 
samples was determined by the method of hydrostatic 
weighing in accordance with GOST 15139-69. 

 The influence of the features of the technological re-
gimes of mechanical activation on the properties of the 
composite material was investigated on a high-speed mill 
ɆɊɉ-1Ɇ with a maximum loading of 100 g/min. and a 
power of 1 kW. 

To determine the regularities of the results of the tech-
nological process, the initial plan of the full factor exper-
iment (FFE) type 22 was chosen. Investigation of the 
dependence of the strength characteristics of the matrix 
on the parameters of the activation process was per-
formed by the method of orthogonal experimental design 
[12]. 

4 Results and Discussion 

In studying this issue, as an optimization criterion (re-
sponse function) was chosen the mechanical characteris-
tic of fluoroplastic material – breaking strength  
(ıb, MPa). The dominant factors were: 

 X1 – rotating speed of working organs of a mill  

(n, min-1); 

 X2 – the time of activation (Ĳ, min). 

The task was solved with the help of two-factor re-
gression analysis, as a result of which the optimal levels 
of the main factors and their interactions were deter-
mined. 

The solution of the overall task of the study was divid-
ed into several stages: 

─ calculating the line average of the response function 

and the variance of the response at each point in the 

experiment plan; 

─ checking the homogeneity of line-by-line variances; 

─ determination of the coefficients of the mathematical 

model; 

─ determination of variance of reproducibility; 

─ the estimation of the statistical significance of the co-

efficients of the model; 

─ analysis of the adequacy of the model and experi-

mental data, forming conclusions about the possibility 

of applying the developed model; 

─ determination of optimal parameters optimization of 

mechanical activation using one of the optimization 

methods. 

For a two-factor experiment, the regression equation 
was considered as a complete quadratic polynomial of the 
form: 

 y = b0x0 + b1x + b2x2 + b12x1x2 + b11x1
2+ b22x2

2. (1) 

where bi – the coefficient of regression; x0 – a fictitious 
variable; y – the optimization parameter. 

In order to reduce the number of experiments, a com-
posite (sequential) plan was used [12]. 

The total number of experiments was calculated by the 
formula [13]: 

 N = N0 + 2k + n0. (2) 

The length of the “star shoulder” α was determined 

from the relation: 

 0 0

2

N N N



 . (3) 

Table 1 shows the parameters of the experiment plan-

ning. 

Table 1 – Planning an experiment 

Parameters of the plan FFE type 22 

The number of experiments in the matrix (N0) 4 

The number of star points (2k) 4 

Number of zero points (n0) 1 

Star shoulder 1 

 
Factor space region shown in Table 2. The upper and 

lower levels were established experimentally during pre-
liminary single-factor experiments.  
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Table 2 – The factor variation matrix 

Levels and intervals of variation Code value 
Factors 

X1 X2 

Upper level +1 9000 7 

Zero level 0 7000 5 

Lower level -1 5000 3 

Variation interval ε 2000 2 

 
Based on the values of these parameters, the centre of 

the plan and the variation step were determined. In the 
dimensionless coordinate system, the upper level was 
expressed as (+1), the lower level (–1), the coordinates of 
the centre of the plan were equated to zero. 

On the basis of the composed experimental planning 
matrix, a number of experiments were performed, the 
results of which made it possible to determine the coeffi-
cients of the corresponding dependence. To eliminate 
errors, randomization of experiments in time was used. 

The result of the simulation was the ratio (4) in the 
coded values of the factors. 

        y = 22,943 + 2,217Х1 + 2,167Х2 – 2,175Х1Х2 +  

                       + 0,8435Х1
2 – 7,9065Х2

2 (4) 

For convenience of practical use of the obtained de-
pendence by means of the encoding formulas by the re-
verse transition to natural variables, equation (5) is ob-
tained in the natural values of the factors. 

ıb (n, Ĳ) = –48,348 + 0,000875∙n + 24,656∙Ĳ –  

– 0,00054375∙n∙Ĳ + 0,0000002109∙n2 –– 1,976625∙Ĳ2. (5) 

In work the verification of the results of experiments 
on homogeneity was carried out, the significance of the 
model coefficients was investigated, the hypothesis of the 
adequacy of the model obtained was considered and the 
model was analyzed for informativeness. 

Some statistical results of this work are presented in 
Table 3. 

Table 3 – Results of statistical analysis of the mathematical model 

Statistical Analysis Parameters Symbol Value 

Checking the results  

of experiments  

on homogeneity 

Dispersion of reproducibility  
2
yS

 
0,4616 

Standard deviation  yS
 

4,1540 

Number of degrees of freedom for dispersion of reproducibility f 4,0000 

The experimental value of the G-criterion Gexper 0,2143 

The critical value of the G-criterion G 0,3518 

Level of significance α 0,0500 

Homogeneity of data homogeneous 

Checking the hypothesis  

of model adequacy 

Dispersion of adequacy Sad
2
 

1,8216 

The experimental value of the F- criterion Fexper 3,9500 

The critical value of the F-criterion for adequacy F 4,2800 

Number of degrees of freedom for adequacy f 6,0000 

Level of significance α 0,0500 

Adequacy of the model adequate 

 
The model has excellent information properties, good 

computational stability and satisfactory describing prop-
erties. The mathematical relation was adopted for use, 
since it allows us to predict with sufficient accuracy the 
value of the mechanical characteristic with the corre-
sponding parameters of the technological process. 

Fig. 1 shows the response surface and the level lines of 
dependence of the breaking strength (ıb, MPa) from rotat-
ing speed of working organs of a mill (n, min-1) and the 

time of activation of PTFE-matrix (Ĳ, min). The depend-
ence (5) was constructed using a graphical editor 
SIGMAPLOT 11.0. 

Using the second-order regression equation allows us 
to determine the coordinates of the optimum point of the 
response function. To determine the coordinates of the 
extremum points, the partial derivatives for each of the 
values of the factors were found [13].  
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          a                     b 

Figure 1 – The response surface (a) and the level lines (b) of dependence of the breaking strength (ıb, MPa) of PTFE-matrix from 

rotating speed of working organs of a mill (n, min-1) and the time of activation of PTFE-matrix (Ĳ, min). 

 
We considered a system of equations: 

 

1 2

1

1 2

2

( ; )
0,

( ; )
0.

Y X X

X

Y X X

X

  
 
 

 (6) 

The solutions of the resulting system (6) of equations 
represent the coordinates of the extremum points of the 
function being studied for a given area of investigation. 

Based on the optimization results, the theoretical value 
of the maximum breaking strength of the activated PTFE-
matrix was calculated (Table 4). 

The relative error in determining the breaking strength 
did not exceed 5 %, which indicates the reliability of the 
results of mathematical modeling. 

 

Table 4 – Optimal modes of equipment operation during mechanical activation of the PTFE-matrix 

Parameter Model Experiment 

Breaking strength, MPa 26,0035 24,8000 

Rotating speed of working organs of a mill (n, min-1) 9000 9000 

Time of activation (Ĳ, min) 4,999 5,000 

 

5  Conclusions 

As a result of the experiment, was obtained a two-
factor mathematical model that allows predicting the 
strength characteristics of the PTFE-matrix and optimally 
design it depending on the indicators of the technological 
process.  

Thus, the performed researches and the obtained de-
pendences allow theoretically predict the breaking 
strength of the PTFE-matrix in dependence on the tech-
nological characteristics of the mechanical activation (the 

time of activation and rotating speed of working organs 
of a mill). 

The conducted practical studies show that theoretical 
calculations confirm the experimental value under opti-
mal operating conditions of a mill.  

In addition, the obtained dependence of the value of 
breaking strength from the technological parameters of 
the activation process can be embedded in the algorithm 
for selecting the technological regime that ensures the 
output of products with given quality indicators, and at 
the same time achieving an extreme value of a certain 
efficiency criterion. 
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ɉɌɎȿ-ɦаɬɪиɰɿ ɧа ɨɫɧɨвɿ ɦɟɬɨɞɭ ɩɥаɧɭваɧɧɹ ɟɤɫɩɟɪиɦɟɧɬɭ 

Ȼɿɥɨɭɫ Ɉ. Ⱥ.1, Ƚɨɜɨɪɭɧ Ɍ. ɉ.1, Ȼɟɪɥɚɞɿɪ ɏ. ȼ.1*, ȼɨɪɨɛɣɨɜ ɋ. І.2, ɋɿɦɤɭɥɟɬ ȼ. ȼ.3 

1 ɋɭɦɫьɤɢɣ ɞɟɪɠɚɜɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ, ɜɭɥ. Ɋɢɦɫьɤɨɝɨ-Ʉɨɪɫɚɤɨɜɚ, 2, 40007, ɦ. ɋɭɦɢ, ɍɤɪɚʀɧɚ;  
2 Іɧɫɬɢɬɭɬ ɮɿɡɢɤɢ, ɍɧɿɜɟɪɫɢɬɟɬ ɿɦ. ɉ. Ƀ. Шɚɮɚɪɢɤɚ ɭ ɦ. Ʉɨɲɢɰɟ, ɜɭɥ. Шɪɨɛɚɪɨɜɚ, 2, 041 54, ɦ. Ʉɨɲɢɰɟ, ɋɥɨɜɚɱɱɢɧɚ;  

3 Ɍɟɯɧɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɦ. Ʉɨɲɢɰɟ, ɜɭɥ. Ȼɚєɪɨɜɚ, 1, 080 01, ɦ. ɉɪɟɲɨɜ, ɋɥɨɜɚɱɱɢɧɚ 

Аɧɨɬаɰɿɹ. Ⱦɨɫɥɿɞɠɟɧɨ ɜɩɥɢɜ ɩɚɪɚɦɟɬɪɿɜ ɬɟɯɧɨɥɨɝɿɱɧɨɝɨ ɩɪɨɰɟɫɭ ɦɟɯɚɧɿɱɧɨʀ ɚɤɬɢɜɚɰɿʀ ɧɚ ɮɿɡɢɱɧɿ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɿɬɟɬɪɚɮɬɨɪɟɬɢɥɟɧɨɜɨʀ (ɉɌɎȿ) ɦɚɬɪɢɰɿ.ȼ ɪɨɛɨɬɿ ɩɪɟɞɫɬɚɜɥɟɧɚ ɦɚɬɟɦɚɬɢɱɧɚ ɦɨɞɟɥь 
ɡɚɥɟɠɧɨɫɬɿ ɦɿɰɧɨɫɬɿ ɩɪɢ ɪɨɡɪɢɜɿ ɜɿɞ ɱɚɫɭ ɚɤɬɢɜɚɰɿʀ ɬɚ ɱɢɫɥɚ ɨɛɟɪɬɿɜ ɪɨɛɨɱɢɯ ɨɪɝɚɧɿɜ ɩɨɞɪɿɛɧɸɜɚɱɚ. 
Ɇɚɬɟɦɚɬɢɱɧɟ ɦɨɞɟɥɸɜɚɧɧɹ ɡɞɿɣɫɧɸєɬьɫɹ ɦɟɬɨɞɨɦ ɨɪɬɨɝɨɧɚɥьɧɨɝɨ ɩɥɚɧɭɜɚɧɧɹ ɟɤɫɩɟɪɢɦɟɧɬɭ. Ɋɟɡɭɥьɬɚɬɨɦ 
ɞɨɫɥɿɞɠɟɧɧɹ є ɦɚɬɟɦɚɬɢɱɧɟ ɫɩɿɜɜɿɞɧɨɲɟɧɧɹ, ɹɤɟ ɩɨɹɫɧɸє ɡɜ'ɹɡɨɤ ɦɿɠ ɬɟɯɧɿɱɧɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɩɪɨɰɟɫɭ 
ɜɢɝɨɬɨɜɥɟɧɧɹ ɮɬɨɪɨɩɥɚɫɬɨɜɨɝɨ ɤɨɦɩɨɡɢɬɭ ɬɚ ɦɟɯɚɧɿɱɧɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɦɚɬɟɪɿɚɥɭ. 

ȼɢɤɨɧɚɧɨ ɫɬɚɬɢɫɬɢɱɧɢɣ ɚɧɚɥɿɡ ɪɟɡɭɥьɬɚɬɿɜ ɟɤɫɩɟɪɢɦɟɧɬɭ ɿ ɩɪɨɜɟɞɟɧɨ ɨɰɿɧɤɭ ɚɞɟɤɜɚɬɧɨɫɬɿ ɩɨɛɭɞɨɜɚɧɢɯ 
ɦɚɬɟɦɚɬɢɱɧɢɯ ɫɩɿɜɜɿɞɧɨɲɟɧь. ɇɚ ɩɿɞɫɬɚɜɿ ɚɧɚɥɿɡɭ ɞɚɧɢɯ ɡɪɨɛɥɟɧɨ ɜɢɫɧɨɜɨɤ, ɳɨ ɨɬɪɢɦɚɧɚ ɬɟɨɪɟɬɢɱɧɚ ɦɨɞɟɥь 
ɚɞɟɤɜɚɬɧɚ ɬɚ ɩɪɢɞɚɬɧɚ ɞɥɹ ɜɢɤɨɧɚɧɧɹ ɜɿɞɩɨɜɿɞɧɢɯ ɬɟɯɧɨɥɨɝɿɱɧɢɯ ɪɨɡɪɚɯɭɧɤɿɜ.ɇɚ ɩɿɞɫɬɚɜɿ ɩɪɨɜɟɞɟɧɢɯ 
ɪɨɡɪɚɯɭɧɤɿɜ ɡɪɨɛɥɟɧɨ ɜɢɫɧɨɜɨɤ ɳɨɞɨ ɨɩɬɢɦɚɥьɧɨɝɨ ɬɟɯɧɨɥɨɝɿɱɧɨɝɨ ɪɟɠɢɦɭ ɩɿɞɝɨɬɨɜɤɢ ɉɌɎȿ-ɦɚɬɪɢɰɿ. 
Ⱥɧɚɥɿɡɢ ɩɨɤɚɡɚɥɢ, ɳɨ ɬɟɨɪɟɬɢɱɧɿ ɪɨɡɪɚɯɭɧɤɢ ɩɿɞɬɜɟɪɞɠɭɸɬь ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɟ ɡɧɚɱɟɧɧɹ ɩɪɢ ɨɩɬɢɦɚɥьɧɢɯ 
ɪɟɠɢɦɚɯ ɪɨɛɨɬɢ ɩɨɞɪɿɛɧɸɜɚɱɚ.Ɍɚɤɢɦ ɱɢɧɨɦ, ɨɬɪɢɦɚɧɚ ɡɚɥɟɠɧɿɫɬь ɦɿɰɧɨɫɬɿ ɩɪɢ ɪɨɡɪɢɜɿ ɜɿɞ ɬɟɯɧɨɥɨɝɿɱɧɢɯ 
ɩɚɪɚɦɟɬɪɿɜ ɩɪɨɰɟɫɭ ɚɤɬɢɜɚɰɿʀ ɦɨɠɟ ɛɭɬɢ ɡɚɤɥɚɞɟɧɚ ɜ ɚɥɝɨɪɢɬɦ ɜɢɛɨɪɭ ɬɟɯɧɨɥɨɝɿɱɧɨɝɨ ɪɟɠɢɦɭ, ɳɨ ɡɚɛɟɡɩɟɱɭє 
ɜɢɩɭɫɤ ɩɪɨɞɭɤɰɿʀ ɡ ɡɚɞɚɧɢɦɢ ɹɤɿɫɧɢɦɢ ɩɨɤɚɡɧɢɤɚɦɢ. 

Ʉɥɸɱɨвɿ ɫɥɨва: ɩɨɥɿɬɟɬɪɚɮɬɨɪɟɬɢɥɟɧɨɜɚ ɦɚɬɪɢɰɹ, ɦɟɯɚɧɿɱɧɚ ɚɤɬɢɜɚɰɿɹ, ɦɚɬɟɦɚɬɢɱɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɦɿɰɧɿɫɬь 
ɩɪɢ ɪɨɡɪɢɜɿ, ɩɚɪɚɦɟɬɪɢ. 
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Abstract. Important direction in the development of technologies for the recycling of wastes of industrial produc-

tions is inclination on the use energy saving technologies. The article deals with general aspects of methods of utiliza-

tion of industrial wastes by methods of powder metallurgy. One of the same methods, which is highly effective and 

technologically, is the method of utilization of dross by using it as the main component of exothermic mixtures. On 

the basis of experimental research composition of exothermic charge based on the scale of steel was developed and 

proposed that can be used for surfacing the details of responsible designation. The choice of main and alloying com-

ponents of charge was conducted on the analysis of literature data and the calculation of the required chemical char-

acteristics of the material. According to the chemical composition, the termite material can be attributed to qualitative 

structural steels. Important characteristic of this material is the lack of content of harm fulimpurities, such as sulfur 

and phosphorus. Research of mechanical properties showed that material has a high resilient deformationon a com-

pression and durability. The analysis of diagram deformation allows to assert that plastic decomposition prevails up-

on the destruction of the material. The hardness of material at different depths of sampling is different, which indic-

tates the impact of the technological parameters of combustion of exothermic mixtures on the properties of the mate-

rial. Investigation of impact strength showed that the change in the temperature of the test does not significantly af-

fect its change, which indictates the suitability of the developed termite steel for the surfacing of parts working under 

reverse friction and shock loads. 

Keywords: exothermic mixture, dross, SVS, aluminothermy, material, mechanical description.

1 Introduction 

One of important tasks for the further development of 

Ukrainian industry is the complex use wastes of industrial 

productions. Wastes of metallurgical and metal-working 

enterprises of Ukraine are distributed as follows: slags – 

57–63; mineral wastes (scrap of refractory materialsand  

inlet components) – 4–6; scrap metal – 15–17; dust, 

waste products; dross – 9–13; others – 2–4. A significant 

amount of waste products in the wastes of metallurgical 

and metal-working enterprises contains from 45 % to 

72 % of iron, 6.0–9.5 % of carbon and 0.5–4 % of 

zinc [1]. This raw material can be used for an agglomera-

tion and in a converter steel production, manufacturing 

products on their basis and other. However, 90 % of the 

wastes after different metallurgical and technological 

processes together folding in some waste products storage 

units where they are preserved. The burial and folding of 

them in the deposits waste products to perform unusual 

influence on quality of surface and underground waters in 

general the ecological situation. The methods of powder 

metallurgy allow the use of such wastes in the technolog-

ical processes of manufacturing products, which allows 

them to reduce substantially their cost and non-waste 

production provides practically. 

2 Literature Review 

Efficiency of wastes using of metallurgical enterprises, 

namely domain slags and waste products, in the manufac-

ture of building materials proved in works [2, 3]. Howev-

er, despite the economic efficiency, such technologies are 

rarely used in practice. While scrap metal and metals scab 

are convert practically fully by using them as the basic 

raw material for the manufacture of products. 

A separate point is to allocate dross and sludge, the use 

of which is insignificant enough due to the high content 

of impurities such as abrasive, lubricating and cooling 

liquids. For the use of sludge requires expensive and 

costly technologies on their renewal [4–6], while a dross, 

as a rule, only needs to be crushed and sift. 

At present existent the file of utilization proposed 

technologies or processing of dross, as oiled so dry. Most 

of the proposed technologies are reduced to its briquette 

http://jes.sumdu.edu.ua/
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with the further use in agglomeration processes [7,8]. 

Known methods for using dross for the manufacture of 

porous products are presented in the works [9, 10]. Such 

application of dross is conditioned by high maintenance 

in it iron oxides, that in combination with more easy met-

als e high content of iron oxides in it, which, in combina-

tion with lighter metals are capable of recovery with the 

release of high temperatures (SVS synthesis). 

Application of dross in SVS processes allows one only 

sintered powder mixtures due to a heat that is distin-

guished, but also fully to proceed in iron from his oxides, 

is dross. Efficiency of such technologies is practically and 

theoretically proven and sometimes applied in industry 

[11–13]. The dross of steel often serves as the basic com-

ponent of exothermic mixtures, that used for heating of 

the gate systems, manufacture of thermite steel, metals 

welding and component manufacturing by exothermic 

melting. However, without regard to plenty of researches 

and theoretical calculations of alumetermic processes 

with the use dross of steel very small attention is spared 

to the study of properties the materials obtained. Research 

of the physical, mechanical and chemical properties of 

thermite steels and conformities to law of their change 

will allow to have a close idea about the processes of 

relation of material at the exothermic burning, to get de-

pendences of mechanical and physical properties on 

composition, dispersion and technological parameters of 

burning of charge. Such knowledge will allow forecasting 

properties of exothermic steel on the stage of develop-

ment. 

The results of researches the temperature indexes 

burning of exothermic mixtures, given in work [14], al-

low us to derive the relationship between the specific 

surface of the pyrophoric powder and the oxides to mini-

mize the activation energy of the SVS reaction. It has 

been proved that reducing the size of powder contributes 

to uniformity of reaction. These data are useful in devel-

oping the composition of exothermic mixtures. Research 

of the phase separation of intermetallic of the Fe-Al sys-

tem obtained in the mode of SVS and its kinetics, de-

scribed in [15], shows the mechanism of their formation 

during the rapid heating that occurs in burning exother-

mic and cooling below the crystallization temperature. 

During slow heating the formation of intermetallic com-

pounds ofFe2Al5 and FeAl2 begins below the melting 

point of aluminium. When the heating speed is high, 

intermetallic is formed after the aluminium is cured. 

These data are key at an idea about the structure and 

phase formation of thermite metals. 

The research aim is determination of the mechanical 

descriptions of new material which received by metal 

thermite method. 

3 Research Methodology 

Exothermic waste products was prepared on the basis 

of dross steel of 18Ch2N4MA of forging and stamping 

production of LLC “Kovelsilmash”. The chemical prop-

erties of thermite steel directly depends on the composi-

tion of the charge. As known [16], the content of alumin-

ium in thermite steel in an amount 0.15–0.20 % leads to 

deterioration of it plastic and mechanical properties. For 

saturated and improvement of mechanical properties of 

thermite steel in composition of exothermic charge enter 

a ferromanganese and ferrosilicon [17–18]. Introduction 

to the charge of copper in an amount 3–5 % leads to a 

uniform passage of the reaction and allows to increase the 

combustion temperature by 100–150 °ɋ. In addition, 

copper increases pirofornist charges and assists the best 

dissociating of liquid metal from a slag [19]. Established 

that the oxygen balance of 18Ch2N4MA of dross steel 

forging-stamping production is 22.5–25.0 % Ɉ2, which is 

lower than that required for stable reaction passage and 

full blown out of the charge. Introduction to the exother-

mic charge powder of saltpetre potassium in an amount  

7–9 % provides stable combustion due to the uniform 

distribution of the oxygen balance of the charge. An addi-

tion of saltpetre potassium allows bringing down a tem-

perature of ignition of the charge and increase its caloric 

content. 

Therefore, proceeding from the foregoing and using 

data [20] next composition of exothermic waste products 

was select (Table 1). 

Table 1 – Mass particle of components of exothermic  

waste products, the masses %: 

Dross of steel 18Ch2N4MA 68–72 

Aluminium powder PА-3 GOST 6058-73 16–20 

Copper powder PMS-1 GOST 4960-75 3–5 

Potassium saltpetre GOST 19790-74 7–9 

Ferromanganese FMn75А 0.5–0.8 

Ferrosilicon FS 45 1.5–2.2 

 

Granulometric composition of the exothermic mixture 

in mm: iron-aluminum termite; 0.3-0.5 dross; 0.3 powder 

of aluminum; 0.1 copper powder; 0.4–0,5 powder of 

potassium saltpetre; 0.1 powder of ferrosilicon and fer-

romanganese. 

As a result of the exothermic reaction a monolithic 

sample was obtained, the chemical composition of which 

is given in Table 1. 

Correlation of part of metal and slag 63:37. 

Table 1 – The chemical composition of the material obtained 

Test 
Chemical composition, % 

C Si Cr Fe Mo Mn Ni 

1 0.43 0.21 0.22 98.79 0.07 0.17 0.05 

2 0.38 0.2 0.25 98.83 0.05 0.19 0.10 

 

The presence of high content of aluminium is ex-

plained by division incomplete of metal and slag at pass-

ing of exothermic reaction. Identified vanadium probably 

formed from iron oxides as it is geochemically close to 

Fe, Mn, Cr, Al, Ti. The presence of vanadium in the 

amount of 0.2 % and more increases the stability of steel 

release. 
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Researches of the obtained steel strength at compres-

sion conducted on a machine MT 120-40. With the aim of 

reduction of force of friction that may break the uniaxial 

elastic-deformed state, on the butt-end surfaces of stand-

ard inflicted a paraffin layer. A standard was executed in 

cube form  with sizes a (5 ± 0.5) mm.  Pressure of tests of 

40 MPɚ. Researches conducted on a monolithic sample 

(Fig. 1 a) and a sample with defect (Fig. 1 b). 
 

    
a            b 

Figure 1 – Samples for strength tests:  

a – monolithic sample; b – sample with defect 

Depth of pore on sample with defect 0.7–0.9 mm, vol-

ume 26 mm
3
. The sample with the defect was placed so 

that the defect axis was parallel to the load axis. The 

loading speed was determined from the formula [21]: 

 .min),3...01.0( 1-
dt

d
 (1) 

Figure 2 shows that the deformation curve is character-

istic for plastic destruction. Section AB is the plane of 

flow. On this area is displacement of atomic layers in 

relation to each other. On the ВС section there is 

strengthening of material by changing the internal struc-

ture of the sample, as a result of what a standard shows 

resistance to deformation. Section СD is theplastic de-

formation. On this section increases the cross-section of 

the sample. Section DЕ is the discharge curve and shows 

the zone of elastic deformation of the sample and residual 

deformation. This deformation curve is characteristic for 

the dependence of Ss(ɛl). For such deformation curves 

intensity of strengthening at insignificant degrees of de-

formation and then sharply increases [21]. 

The deformation curve for a defective sample is shown 

ɨn Figure 3. 

As evidently on Figures 2–3, the change in linear de-

formation for a defect sample is practically no different 

from the deformation for a monolithic sample. It testifies 

to strong interatomic connections and low speed of crack 

propagation.Border of strength material, that was deter-

mined by hardness dynamic of TD-42M presents 870–
920 MPa. 

Hardness measuring  conducted on a hardness of  

HR-150A according to GOST 9013-59. Hardness for a 

raw sample is given on the HRA scale. As an indenter 

used a diamond tip with a corner at the top of a 120°, 

loading 590 N. Measuring of hardness conducted on dif-

ferent depths of the sample. 

 

Figure 2 – Dependence of linear deformation  

on the applied force for a monolithic sample 

 

Figure 3 – Dependence of linear deformation  

on the applied force for a defective sample 

 

Figure 4 – Hardness of the raw sample  

depending on sample depth 

The change in hardness depending to taking on sample 

depth is explained change in the chemical composition of 

the resulting exothermic mixture combustion. The trend 

of change in hardness suggests the effect of the techno-

logical parameters of combustion of exothermic mixtures 

on the properties of the materials obtained. The change in 

the granulometric composition of the mixture toward the 

consolidation of the powders allow increase the hardness. 

This happened to a lower fill density, which in turn leads 

to a better passage of gases and, as a consequence, reduc-

es the consolidation of the alloying elements in the upper 

part of the material. 

Іmportant characteristic of the structural strength of 
materials is the impact strength. It depends both on the 
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strength and on the plasticity of the material. Research 

impact strength on the pendulum copier Mɋ-30. 

 

 

Figure 5 – Design scheme of sample and geometric parameters 

For research of ɿmpact strength took away sample that 
no apparent external defects (shells, cracks) and complied 

with the requirements of GOST 10708-82. 

The sample was mounted on the supports of the cow 

so that the incision was on the opposite side of the im-

pact. Researches conducted at a temperature 60, 40, 20, 0, 

and –20 °ɋ. 
KCU for the raw material at different temperatures is 

shown ɨn Figure 6. 

According to the results of tests samples with  U simi-

lar incision, the minimum impact strength of the material 

at a temperature -20 °ɋ, that presents 150 J/ɫm2
, that is 

sufficient for materials that work in the conditions of 

reversible friction and temperatures 40-60 °ɋ. 
 

 

Figure 6 – Impact strength of raw sample 

4  Conclusions 

The composition of the exothermic charge with the 

production of steels has been developed. The research 

results of mechanical properties of steel allow thermite 

hypothesis about influence of technological parameters of 

the combustion mixture on the mechanical properties of 

the material shown by changing the hardness of the sam-

ple depending on the depth of sampling. The experi-

mental data obtained show strong interatomic bonds and 

a low speed of crack propagation. Border of material 

strength presents 870–920 MPa. Impact strength of raw 

standard presents 170–220 KCU and is sufficient for 

material work in the conditions of the dynamic loading 

and reversible. 
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Ⱦɨɫɥіɞɠɟɧɧɹ ɦɟɯаɧіɱɧɢɯ ɜɥаɫɬɢɜɨɫɬɟɣ ɬɟɪɦіɬɧɨɝɨ ɦаɬɟɪіаɥɭ ɧа ɨɫɧɨɜі ɨɤаɥɢɧɢ ɫɬаɥі 
Ɋɭɞь В., ɋɚɜɸɤ І., ɋɚɦɱɭɤ Л., ɉɨɜɫɬɹɧɚ Ю. 

Лɭɰьɤɢɣ ɧɚɰɿɨɧɚɥьɧɢɣ ɬɟɯɧɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ, ɜɭɥ. Льɜɿɜɫьɤɚ, 75, 43018, ɦ. Лɭɰьɤ, ɍɤɪɚʀɧɚ 

Аɧɨɬаɰіɹ. Вɚɠɥɢɜɢɦ ɧɚɩɪɹɦɨɦ ɭ ɪɨɡɪɨɛɰɿ ɬɟɯɧɨɥɨɝɿɣ ɭɬɢɥɿɡɚɰɿʀ ɜɿɞɯɨɞɿɜ ɩɪɨɦɢɫɥɨɜɢɯ ɜɢɪɨɛɧɢɰɬɜ є 
ɧɚɯɢɥ ɧɚ ɜɢɤɨɪɢɫɬɚɧɧɹ ɟɧɟɪɝɨɡɛɟɪɿɝɚɸɱɢɯ ɬɟɯɧɨɥɨɝɿɣ. ɍ ɫɬɚɬɬɿ ɪɨɡɝɥɹɞɚɸɬьɫɹ ɡɚɝɚɥьɧɿ ɚɫɩɟɤɬɢ ɫɩɨɫɨɛɿɜ 
ɭɬɢɥɿɡɚɰɿʀ ɩɪɨɦɢɫɥɨɜɢɯ ɜɿɞɯɨɞɿɜ ɦɟɬɨɞɚɦɢ ɩɨɪɨɲɤɨɜɨʀ ɦɟɬɚɥɭɪɝɿʀ. Ɉɞɧɢɦ ɡ ɬɚɤɢɯ ɦɟɬɨɞɿɜ, ɳɨ є 
ɜɢɫɨɤɨɟɮɟɤɬɢɜɧɢɦ ɬɚ ɬɟɯɧɨɥɨɝɿɱɧɢɦ, є ɦɟɬɨɞ ɭɬɢɥɿɡɚɰɿʀ ɲɥɚɤɭ, ɹɤɢɣ ɜɢɤɨɪɢɫɬɨɜɭєɬьɫɹ ɹɤ ɨɫɧɨɜɧɚ ɫɤɥɚɞɨɜɚ 

ɟɤɡɨɬɟɪɦɿɱɧɢɯ ɫɭɦɿɲɟɣ. Вɢɛɿɪ ɨɫɧɨɜɧɢɯ ɿ ɥɟɝɭɸɱɢɯ ɤɨɦɩɨɧɟɧɬɿɜ ɦɚɬɟɪɿɚɥɭ ɩɪɨɜɨɞɢɜɫɹ ɧɚ ɨɫɧɨɜɿ ɚɧɚɥɿɡɭ 
ɥɿɬɟɪɚɬɭɪɧɢɯ ɞɚɧɢɯ ɬɚ ɪɨɡɪɚɯɭɧɤɭ ɧɟɨɛɯɿɞɧɢɯ ɯɿɦɿɱɧɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɦɚɬɟɪɿɚɥɭ. Вɿɞɩɨɜɿɞɧɨ ɞɨ ɯɿɦɿɱɧɨɝɨ 
ɫɤɥɚɞɭ ɬɟɪɦɿɬɧɢɣ ɦɚɬɟɪɿɚɥ ɦɨɠɧɚ ɜɿɞɧɟɫɬɢ ɞɨ ɹɤɿɫɧɢɯ ɤɨɧɫɬɪɭɤɰɿɣɧɢɯ ɫɬɚɥɟɣ. Вɚɠɥɢɜɨɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɸ 
ɰьɨɝɨ ɦɚɬɟɪɿɚɥɭ є ɛɪɚɤ ɜɦɿɫɬɭ ɲɤɿɞɥɢɜɢɯ ɞɨɦɿɲɨɤ, ɬɚɤɢɯ ɹɤ ɫɿɪɤɚ ɬɚ ɮɨɫɮɨɪ. Дɨɫɥɿɞɠɟɧɧɹ ɦɟɯɚɧɿɱɧɢɯ 
ɜɥɚɫɬɢɜɨɫɬɟɣ ɩɨɤɚɡɚɥɨ, ɳɨ ɦɚɬɟɪɿɚɥ ɦɚє ɡɧɚɱɧɿ ɩɪɭɠɧɿ ɞɟɮɨɪɦɚɰɿʀ ɩɪɢ ɫɬɢɫɤɚɧɧɿ ɬɚ ɞɨɜɝɨɜɿɱɧɿɫɬь. Аɧɚɥɿɡ 
ɞɿɚɝɪɚɦɢ ɞɟɮɨɪɦɚɰɿʀ ɞɨɡɜɨɥɹє ɫɬɜɟɪɞɠɭɜɚɬɢ, ɳɨ ɩɪɢ ɪɭɣɧɭɜɚɧɧɿ ɦɚɬɟɪɿɚɥɭ ɩɟɪɟɜɚɠɚɸɬь ɩɥɚɫɬɢɱɧɿ 
ɞɟɮɨɪɦɚɰɿʀ. Ɍɜɟɪɞɿɫɬь ɦɚɬɟɪɿɚɥɭ ɧɚ ɪɿɡɧɢɯ ɝɥɢɛɢɧɚɯ ɜɿɞɛɨɪɭ ɩɪɨɛ є ɪɿɡɧɨɸ, ɳɨ ɨɛɭɦɨɜɥɸє ɜɩɥɢɜ 
ɬɟɯɧɨɥɨɝɿɱɧɢɯ ɩɚɪɚɦɟɬɪɿɜ ɝɨɪɿɧɧɹ ɟɤɡɨɬɟɪɦɿɱɧɢɯ ɫɭɦɿɲɟɣ ɧɚ ɜɥɚɫɬɢɜɨɫɬɿ ɦɚɬɟɪɿɚɥɭ. Дɨɫɥɿɞɠɟɧɧɹ ɭɞɚɪɧɨʀ 
ɜ’ɹɡɤɨɫɬɿ ɩɨɤɚɡɚɥɢ, ɳɨ ɡɦɿɧɚ ɬɟɦɩɟɪɚɬɭɪɢ ɜɢɩɪɨɛɭɜɚɧь ɿɫɬɨɬɧɨ ɧɟ ɜɩɥɢɜɚє ɧɚ ʀʀ ɡɦɿɧɭ, ɳɨ ɫɜɿɞɱɢɬь ɩɪɨ 
ɩɪɢɞɚɬɧɿɫɬь ɪɨɡɪɨɛɥɟɧɨʀ ɬɟɪɦɿɬɧɨʀ ɫɬɚɥɿ ɞɥɹ ɧɚɩɥɚɜɥɟɧɧɹ ɞɟɬɚɥɟɣ, ɳɨ ɩɪɚɰɸɸɬь ɡɚ ɭɦɨɜ ɪɟɜɟɪɫɢɜɧɨɝɨ ɬɟɪɬɹ 
ɬɚ ɭɞɚɪɧɢɯ ɧɚɜɚɧɬɚɠɟɧь. 
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Abstract. The peculiarities of the structure formation of alloys of the system AlCrFeCoNiCuɯ (where x = 0, 0.5, 1, 

2, and 3 moles) were studied. Microstructure of alloys and its phase composition, as the amount of copper increases, 

undergo significant changes. In all of the investigated concentration interval of change in the content of copper there 

is a different phase morphology. Confirmed that with increasing of Cu concentration the nature of crystallization of 

alloys and their phase composition change. Durometric studies of alloys of this system were carried out. Established 

that an alloy AlCrFeCoNiCu0.5 has the highest microhardness 6.1 GPa. Heat resistance tests showed that AlCrFeCoNi 

and AlCrFeCoNiCu have the highest heat resistance. The connection between the scale composition after the test and 

the mechanism of oxidation of this alloys revealed. The results of X-ray fluorescence analysis indicate a high content 

of aluminum in scale. Consequently, the high heat resistance of alloys can be explained by the formation of the Al2O3 

protective film on the surface. 

Keywords: high-entropy alloys, microstructure, microhardness, heat resistance.

1 Introduction 

Contemporary development of technology puts for-

ward new requirements for the details of machines and 

mechanisms operating in extreme conditions. One of the 

effective methods for improving the physical-mechanical 

and operational properties of parts is the replacement of 

traditional structural materials (steels and alloys) with 

new promising materials. These materials include high-

entropy alloys (HEAs). High-entropy alloys are alloys 

containing in their composition five or more metal ele-

ments (usually from five to thirteen) in equimolar or al-

most equimolar proportions (i. e., the concentration of 

each element is in the range of 5 to 35 atomic percent-

ages). HEAs are characterized by high entropy of mixing 

in the initial and liquid (melted) state (Smix > 1.61R, 

where R = 8.314 J/(mol·K) – gas constant). The principal 

difference between HEAs from traditional alloys contain-

ing a solvent and a dissolved substance is the formation 

of a disordered solid solution in which the atoms of the 

constituent elements have equal probability to occupy any 

node of the crystalline lattice. Significant distortion of the 

crystal lattice arising from the presence of  heterogeneous 

atoms of elements with different electronic structures, 

sizes and thermodynamic properties affects both the 

structure and the properties of the resulting alloy. The 

growth of the number of components of the alloy increas-

es the level of its solid solution hardening. HEAs can be 

applied in conditions of shock and dynamic loads, fric-

tion, elevated temperatures, since disordered solid solu-

tions are more plastic than intermetallics that are formed 

in high-alloy steels and alloys. From high-entropy alloys 

can be made both volumetric materials and coatings for 

application in various spheres.  

Over the past few years (mainly in foreign publica-

tions), a significant number of articles describing the 

properties of HEAs [1–4]. In these works the thermody-

namics of high-entropy alloys is described, their micro-

structures are modeled, and methods of obtaining are 

offered. During the study of HEAs, it was found that they 

have high mechanical properties, such as high hardness, 

wear resistance, high temperature strength, corrosion 

resistance, ductility at low temperatures, and superplastic 

properties [5]. However, some properties of HEAs are not 

studied enough. 

http://jes.sumdu.edu.ua/
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For HEAs of the AlCrFeCoNiCu system already been 

investigated the influence of Fe on the microstructure and 

mechanical properties [6], features of structure formation 

[7]. In [8] the properties of AlCrFeCoNiCu0.5 alloy coat-

ings deposited on the silicon plate by radiofrequency 

sputtering were considered. However, in general, the 

properties of AlCrFeCoNiCu system alloys remain insuf-

ficiently investigated. 

The purpose of this work was to study the structure of 

high-entropy alloys of the AlCrFeCoNiCux system and 

the relationship between their chemical composition and 

physical and mechanical properties. 

2 Research Methodology 

The investigated samples of alloys of the  

AlCrFeCoNiCux system were made by the method of 

argon-arc melting in the furnace MIFI-9-3. As charge 

materials used: Cr – hydrogen refined in the form of bits; 

Ni – cathode in the form of plates 10 mm thick; Co – 

pressed granules; Cu – vacuum-fused in the form of 

granules; Fe – carbonyl in the form of granules. Cr, Co, 

Ni, Cu had a purity of not less than 99.95 % wt, Fe – not 

less than 99.8 % wt. Melting occurred with a tungsten 

non-consumable electrode, on a copper water-cooled 

subunit. After completion of the smelting, the chemical 

composition was controlled by the loss of mass in the 

smelt, which in most cases was small and did not exceed 

0.3 % wt. 

The study of microstructure was carried out on a 

metallographic microscope MIM-7 at different magnifi-

cations on etched materialographic specimen. Dyrometric 

studies were performed on the microhardness tester  

PMT-3 in at least 10–15 fields of view at a load of 0.49–

0.98 N. As an indenter, a diamond pyramid with a square 

base and a two-cornered apex with an apex of 136° was 

used. Measurement accuracy of microhardness 

±250 MPa.  

The heat resistance test was carried out using a weight 

method for increasing the mass of samples after exposure 

to the furnace for 100 hours at a temperature of 1000 °C. 

Samples for determining the heat resistance of investigat-

ed alloys of the same size were carved from cast billets 

by the method of spark cutting. The surface of the sam-

ples was sanded with fine sandpaper and degreased be-

fore the test. Before the test, the samples were dried and 

weighed on analytical weights to within ± 0.1 mg. Also, 

their surface area was measured. After that, samples in 

separate crucibles of aluminum oxide were placed in an 

electric furnace. The furnace was heated to a temperature 

of 1000 °C, the exposure was 100 hours. Samples were 

weighed after every 3-7 hours of the test. The chemical 

composition of the scale was determined by the desktop 

energy-dispersive X-ray fluorescence spectrometer  

ElvaX Light SDD. 

3 Results and discussions 

Fig. 1 shows the microstructures of the  

AlCrFeCoNiCux alloys obtained with an optical micro-

scope. Microstructure of alloys and its phase composi-

tion, as the amount of copper increases, undergo signifi-

cant changes. In all of the investigated concentration 

interval of change in the content of copper there is a dif-

ferent phase morphology. 

 

 

 
a 

 
 b 

       
                              c                                                         d                                                            e 

Figure 1 – Microstructures of AlCrFeCoNiCux cast high-entropy alloys  in a light microscope:  

х = 0 (a); х = 0.5 (b); х = 1 (c); х = 2 (d); ɯ = 3 (e) 
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The microstructural analysis of the AlCrFeCoNi alloy 

showed (Fig. 1 a) that the microstructure is homogeneous 

with a structure consisting of equilibrium grains. Their 

average grain size is 320 μm. 
The microstructures of alloys in which x = 0.5 and  

1 mol Cu are added have a similar structure, except that 

they have the grain boundaries of the light phase layer 

(Fig. 1 b–c). In [7] argues that the dark phase has a BCC 

structure, and the light phase has a FCC structure. In 

addition, with an increase of Cu content from 0 to 1 mole, 

the grains are refined: its size is 150 μm for  
the AlCrFeCoNiCu0.5 alloy, and 30–40 μm for the  
AlCrFeCoNiCu alloy. 

When adding 2 moles of copper (Fig. 1 d), there is a 

dendritic nature of crystallization. As shown in [7], den-

drite is associated with a solid solution based on the 

phase with the bcc structure, and the interdendrite area is 

a solid solution based on the phase with the fcc structure.  

When copper content x = 3 mole, the nature of crystal-

lization does not change. 

Consequently, the content of Cu greatly affects the 

structure and phase composition of alloys of the  

AlCrFeCoNiCux system. With the increase in the concen-

tration of copper, the nature of crystallization changes, in 

addition, according to earlier studies, the phase composi-

tion also changes. 

Dyrometric analysis showed that the highest micro-

hardness (6.1 GPa) has an AlCrFeCoNiCu0.5 alloy  

(Fig. 2). In other alloys, the microhardness is proportional 

to the volume fraction of a solid solution based on the 

phase with the bcc structure, which in turn is inversely 

proportional to the amount of copper in the alloy. The 

high microhardness of the AlCrFeCoNiCu0.5 alloy can be 

explained by the presence of fine-grained structure, since 

copper in an amount equal to half of the aviation volume 

is a good modifier of the second kind, which, according 

to the law of Hall-Petch, leads to strengthening. The 

mechanism of reducing the size of the grain is as follows: 

copper or its compounds adsorbed on the surface of 

growing crystals and inhibit their growth. This leads to an 

increase in the amount of supercooled melt before the 

crystallization front and creates favorable conditions for 

the emergence of new centers of nucleation of crystals, 

which leads to grain refinement. 

As you know, some HEAs have a high corrosion re-

sistance and heat resistance. The author of [9] explains 

the behaviour of the aggressive medium at elevated tem-

perature by the structure of HEAs, which consists of a 

homogeneous solid solution. The authors of [10] believe 

that the increased values of heat resistance are character-

istic of HEAs based on refractory metals.  In this regard, 

the task of studying the heat resistance of alloys of the 

AlCrFeCoNiCu system and the influence of Cu on the 

parameters of heat resistance is relevant. 

The heat resistance tests conducted in an air atmos-

phere at a temperature of 1 000 °C for 100 hours showed 

(Fig. 3) that the investigated alloys are characterized by 

high heat resistance (Δg – mass loss per unit of surface 

area of tested samples, mg/cm
2
). Fig. 3 shows that 

AlCrFeCoNi and AlCrFeCoNiCu have the highest heat 

resistance, the heat resistance of AlCrFeCoNiCu2 alloy is 

slightly lower, and the highest mass loss per unit of sur-

face area (and therefore the lowest heat resistance) have 

AlCrFeCoNiCu3 alloy. 

 

 

Figure 2 - Concentration dependence of microhardness for 

alloys of the AlCrFeCoNiCuɯ system 

 

Figure 3 – Curves of AlCrFeCoNiCuɯ system alloys during the 

heat resistance tests (air, 1 000 °C, 100 hours):  

1 – AlCrFeCoNiCu3; 2 – AlCrFeCoNiCu2; 3 – AlCrFeCoNi;  

4 – AlCrFeCoNiCu 

In [11] it was suggested that the mechanism of oxida-

tion of this HEAs can be described on the basis of the 

Higgins-Pettit's theory of Ni-Cr-Al alloys oxidation. This 

is an empirical theory that divides Ni-Cr-Al alloys into 3 

groups, based on the scheme of their oxidation [12]. 

Group I corresponds to dilute alloys in which Cr and Al 

concentrations are too low to establish continuous Cr2O3 

or Al2O3 scales. Instead, the external scales consist of 

NiO plus Ni2Cr2O4 and Ni2Al2O4 spinel phases coupled 

with internal oxidation of Al. Group II corresponds to 

alloys with large enough Cr concentrations, but relatively 

low Al concentrations, that results in selective oxidation 

of Cr, which forms external Cr2O3 scale. The formation 

of internal Al2O3 subscale proceeds as a result of internal 

oxidation. Group III corresponds to alloys containing 

large enough Al concentration to promote the selective 

oxidation of Al, that results in formation of external 

Al2O3 scale. 
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The results of X-ray fluorescence analysis (Table 1) 

showed a high Al content in scale as compared to an un-

oxidized alloy, which confirms the above-mentioned 

assumptions. This fact confirms Al diffusion on the sur-

face of the alloy during oxidation and, accordingly, the 

formation of an Al2O3 oxide film. Thus, the  

AlCrFeCoNiCux system HEAs are characterized by high 

heat resistance due to the relatively high content of Al in 

oxide. AlCrFeCoNi and AlCrFeCoNiCu alloys have the 

highest thermal resistance, and when the copper content 

is high, the hardness of the alloys is deteriorating. Previ-

ously it was shown [7] that copper at concentrations more 

than half the equio-atom leads to the digestion, the for-

mation of several FCC phases instead of one initial BCC 

of a solid solution. It is obvious that such an effect of Cu 

on the microstructure and phase composition worsens the 

characteristics of heat resistance at its high content due to 

the fact that the Cu enriched interdendritic area is fusible. 

Table 1 – Results of the spectral analysis of scale after the heat resistance test 

Atomic number Element Series Intensity Concentration, % wt 

Alloy AlCrFeCoNi 

13 Al K 56124 16.4093 ± 0.1305 

24 Cr K 323339 29.2553 ± 0.1020 

26 Fe K 188479 21.1143 ± 0.0970 

27 Co K 228360 20.3330 ± 0.1021 

28 Ni K 142385 12.8881 ± 0.0860 

29 Cu K 0 < 0.0343 

Alloy AlCrFeCoNiCu 

13 Al K 210233 31.8171 ± 0.1130 

24 Cr K 175297 16.5350 ± 0.0819 

26 Fe K 163873 14.0406 ± 0.0720 

27 Co K 233312 15.8340 ± 0.0797 

28 Ni K 137857 9.9116 ± 0.0696 

29 Cu K 176183 11.8617 ± 0.0640 

Alloy AlCrFeCoNiCu2 

13 Al K 232208 33.0242 ± 0.1124 

24 Cr K 121213 13.1214 ± 0.0788 

26 Fe K 140157 12.2647 ± 0.0698 

27 Co K 184363 12.7072 ± 0.0757 

28 Ni K 116441 8.9282 ± 0.0678 

29 Cu K 282603 19.9544 ± 0.0800 

Alloy AlCrFeCoNiCu3 

13 Al K 257037 32.7679 ± 0.1070 

24 Cr K 96288 11.2138 ± 0.0754 

26 Fe K 114405 9.8994 ± 0.0637 

27 Co K 154714 10.5938 ± 0.0710 

28 Ni K 121810 9.4739 ± 0.0682 

29 Cu K 367425 26.0512 ± 0.0883 

 

4  Conclusions 

The influence of copper concentration on the  

phase composition and structure of alloys of the  

AlCrFeCoNiCux system has been investigated. Con-

firmed that with increasing of Cu concentration the nature 

of crystallization of alloys and their phase composition 

change. 

Durometric studies have shown that the highest micro-

hardness (6.1 GPa) of alloys of the AlCrFeCoNiCux sys-

tem has an AlCrFeCoNiCu0.5 alloy, which is due to the 

presence of fine-grained structure. With an increase in the 

concentration of Cu, the microhardness of alloys is re-

duced. 

Experimentally determined the heat resistance of the 

AlCrFeCoNiCux system HEAs, revealed a connection 

between their composition, structure and heat resistance. 

AlCrFeCoNi and AlCrFeCoNiCu alloys have the highest 

heat resistance. The high content of Cu in alloys contrib-

utes to the formation of several FCC phases instead of 

one initial solid solution with BCC structure. In addition, 

the Cu enriched interdendritic area is fusible, which 

worsens the heat resistance of investigated alloys. 

The mechanism of oxidation of alloys of the investi-

gated system at elevated temperature was found. The 

results of X-ray fluorescence analysis indicate a high 

content of aluminum in scale. Consequently, the high 

heat resistance of alloys can be explained by the for-

mation of a Al2O3 protective film on the surface. 
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Аɧɨɬаɰіɹ. Ⱦɨɫɥɿɞɠɟɧɿ ɨɫɨɛɥɢɜɨɫɬɿ ɫɬɪɭɤɬɭɪɨɭɬɜɨɪɟɧɧɹ ɫɩɥɚɜɿɜ ɫɢɫɬɟɦɢ AlCrFeCoNiCuɯ (ɞɟ x = 0; 0,5; 1; 2 

ɿ 3 ɦɨɥь). əɤ ɿ ɮɚɡɨɜɢɣ ɫɤɥɚɞ, ɦɿɤɪɨɫɬɪɭɤɬɭɪɢ ɫɩɥɚɜɿɜ ɩɨ ɦɿɪɿ ɡɛɿɥьɲɟɧɧɹ ɤɿɥьɤɨɫɬɿ ɦɿɞɿ ɡɚɡɧɚɸɬь ɿɫɬɨɬɧɢɯ 
ɡɦɿɧ. ȼ ɭɫьɨɦɭ ɞɨɫɥɿɞɠɭɜɚɧɨɦɭ ɤɨɧɰɟɧɬɪɚɰɿɣɧɨɦɭ ɿɧɬɟɪɜɚɥɿ ɡɦɿɧɢ ɜɦɿɫɬɭ ɦɿɞɿ ɫɩɨɫɬɟɪɿɝɚєɬьɫɹ ɪɿɡɧɚ 
ɦɨɪɮɨɥɨɝɿɹ ɮɚɡ. ɉɿɞɬɜɟɪɞɠɟɧɨ, ɳɨ ɩɪɢ ɡɛɿɥьɲɟɧɧɿ ɤɨɧɰɟɧɬɪɚɰɿʀ ɦɿɞɿ ɡɦɿɧɸɸɬьɫɹ ɯɚɪɚɤɬɟɪ ɤɪɢɫɬɚɥɿɡɚɰɿʀ 
ɫɩɥɚɜɿɜ ɞɚɧɨʀ ɫɢɫɬɟɦɢ. ɉɪɨɜɟɞɟɧɿ ɞɸɪɨɦɟɬɪɢɱɧɿ ɞɨɫɥɿɞɠɟɧɧɹ ɫɩɥɚɜɿɜ ɞɚɧɨʀ ɫɢɫɬɟɦɢ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ 
ɧɚɣɜɢɳɭ ɦɿɤɪɨɬɜɟɪɞɿɫɬь 6,1 Ƚɉɚ ɦɚє ɫɩɥɚɜ AlCrFeCoNiCu0,5. ȼɢɩɪɨɛɭɜɚɧɧɹ ɧɚ ɠɚɪɨɫɬɿɣɤɿɫɬь ɩɨɤɚɡɚɥɢ, ɳɨ 
ɧɚɣɜɢɳɭ ɠɚɪɨɫɬɿɣɤɿɫɬь ɦɚɸɬь ɫɩɥɚɜɢ AlCrFeCoNi ɬɚ AlCrFeCoNiCu. ȼɢɹɜɥɟɧɨ ɡɜ’ɹɡɨɤ ɦɿɠ ɫɤɥɚɞɨɦ ɨɤɚɥɢɧɢ 
ɩɿɫɥɹ ɜɢɩɪɨɛɭɜɚɧь ɿ ɦɟɯɚɧɿɡɦɨɦ ɨɤɢɫɥɟɧɧɹ ɞɚɧɢɯ ȼȿɋɿɜ. Ɋɟɡɭɥьɬɚɬɢ ɪɟɧɬɝɟɧɨɮɥɭɨɪɢɫɰɟɧɬɧɨɝɨ ɚɧɚɥɿɡɭ 
ɫɜɿɞɱɚɬь ɩɪɨ ɜɢɫɨɤɢɣ ɜɦɿɫɬ ɚɥɸɦɿɧɿɸ ɜ ɨɤɚɥɢɧɿ. Ɉɬɠɟ ɜɢɫɨɤɭ ɠɚɪɨɫɬɿɣɤɿɫɬь ɫɩɥɚɜɿɜ ɦɨɠɧɚ ɩɨɹɫɧɢɬɢ 
ɭɬɜɨɪɟɧɧɹɦ ɧɚ ɩɨɜɟɪɯɧɿ ɡɚɯɢɫɧɨʀ ɩɥɿɜɤɢ Al2O3. 

Ʉɥɸɱɨві ɫɥɨва: ɜɢɫɨɤɨɟɧɬɪɨɩɿɣɧɢɣ ɫɩɥɚɜ, ɦɿɤɪɨɫɬɪɭɤɬɭɪɚ, ɦɿɤɪɨɬɜɟɪɞɿɫɬь, ɠɚɪɨɫɬɿɣɤɿɫɬь. 
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Abstract. The present technical solution refers to the field of electrophysical and electrochemical processing of 

parts, in particular, to the electroerosion alloying (EEA) of the surfaces of steel parts with aluminum (aluminizing) 

and sulfur (sulfidizing), and it can be used to treat the surfaces of heat-treated steel parts in order to increase their 

hardness, wear resistance, to prevent frictional seizure and improve the resistance to atmospheric corrosion. When 

aluminizing steel parts with the use of  the method of electroerosion alloying  (EEA) by aluminum electrode at dis-

charge energy Wp = 0.52–6.8 J and productivity of 1.0–3.0 cm2 / min, before the EEA process by an aluminum elec-

trode, to the surface of the part to be aluminized, there is applied a consistency substance containing sulfur and alu-

minum powder, and thereafter, not having waited for drying of the consistency substance, the process of aluminizing 

by the EEL method with an aluminum electrode is carried out, and the consistency substance should have the alumi-

num powder content of  not more than 56 %. There have been carried out metallographic and durametric analyses of 

the features of the surface layers made of carbon steels after simultaneous aluminizing and sulfidizing them by the 

EEA method. It is shown that the structure of the layer consists of three portions, namely, a “white” layer, a diffusion 

zone and a base metal. Such qualitative surface layer parameters as thickness, “white” layer and transition zone mi-

crohardness values, and also roughness increase with increasing discharge energy. The “white” layer continuity for 

all the investigated discharge energies of Wp = 0.52, 2.60 and 6.80 J is 100 %. 

Keywords: electroerosion alloying, ecological compatibility, surface layer, aluminizing, sulfidizing, microstructure, 

microhardness. 

1 Introduction 

To date, chemical and thermal process (CTP) is one of 

the most effective methods for strengthening surfaces of 

parts to improve their durability. The main types of the 

CTP processes are: carburization, nitration, aluminizing, 

sulfidizing, cyanidation and others, which consist in sim-

ultaneously saturating a surface layer, respectively, with 

carbon, nitrogen, aluminum, sulfur, carbon and nitrogen, 

etc. 

Despite the fact that the CTP technology is one of the 

main processes aimed at improving quality of surface 

layers of machine parts, it also has a number of signifi-

cant drawbacks as follows:  volumetric heating of a part, 

which results in changing its structure and initial geomet-

ric parameters (metal deformation and warps); bulky and 

expensive processing equipment; long duration of the 

process and the need in using of energy-intensive equip-

ment, etc. 

In addition, certain CTP operations are dangerous for 

the environment. For example, the main disadvantage of 

a cyanidation process is toxicity of cyanide salts and, in 

this regard, there is a need in special measures to provide 

labor protection. 

In recent years, to improve the quality of machine 

parts surface layers, the method of electroerosion alloying 

(EEA), that is, the process of transferring material to a 

product surface by means of spark electric discharge has 

become increasingly important. It is characterized by the 

following specific features being attractive for technolo-

gists, namely: environmental safety, local action, low 

energy consumption, lack of volumetric material heating, 

strong bonding of applied material to substrate, ease of 

automation, and possibility of combining operations.  

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).c4
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In the course of the EEA process, while using different 

electrode materials and the environment, it is quite possi-

ble to implement the technologies being alternative to the 

CTP ones, but of significantly lower cost. Thus, on apply-

ing graphite electrode and saturating a surface of a part 

with carbon, it is possible to carry out the process of car-

burization; using the EEA method in nitrogen medium 

makes it possible to perform the nitriding process, and 

others. 

Thus, there is a very topical problem of developing en-

ergy-efficient, energy-saving and environmentally friend-

ly technologies to form surface layers of parts, which 

technologies being alternative to the CTP ones, suffi-

ciently retaining the advantages of the CTP technologies 

and having no their disadvantages. 

2 Literature Review 

There is known a sulfidizing method for enriching sur-

face layers of items with sulfur, which represents a ther-

mo chemical process for processing items made of iron-

based alloys. The effect of sulfidizing consists in creating 

a film of sulfides on a part surface. Sulfides increase the 

surface activity of metals and alloys and also provide 

wetting with surfactants and improve resistance to fric-

tional seizure. The sulphide film, which has less strength 

than the base metal, is easily broken down at friction and 

separated from the base without plastic deformation, 

preventing the friction surfaces from frictional seizure. 

The film of iron sulphide (FeS) increases the wear re-

sistance of rubbing surfaces and improves their running-

in ability. The ferrosulfide coating has rather high porosi-

ty and absorbs a large amount of lubricant, providing the 

material with self-lubricating properties [1]. 

There is known a method for aluminizing surfaces  of 

parts [2], which includes the procedures of applying an 

aluminum layer to a steel surface (usually by spraying), 

coating and annealing thereof. Spraying aluminum parti-

cles should be large, which fact accelerates the process of 

aluminum diffusion penetration into surface layer of met-

al in the course of annealing. The coating layer is contin-

uously applied to the surface in two to three passes, and 

in doing so, the process should strictly follow the condi-

tion of thermal diffusion treatment to preserve the coating 

layer.  

Having been aluminized and applied with a coating, 

the obtained surface layer of the part is saturated with the 

use of the thermal diffusion process, that is, it is annealed. 

The initial temperature is of 600 to 650 °C, followed by 

rapid heating up to of 900 to 950 °C with the hold time of 

2.5 to 3.5 hours, and thereafter the part is slowly cooled 

together with the furnace to the temperature of 500 to 

550 °C, and then it is cooled in the open air. The thick-

ness of the coating applied with the use of molten alumi-

num depends on the temperature of the part operation. 

Thus, for the operating temperature of 700 to 800 °C the 

coating thickness is of 0.2 to 0.3 mm, and for the operat-

ing temperature of 900 to 1 000 °C it is of 0.5 to 0.7 mm. 

Having been metalized with aluminum, the part is cov-

ered with 10 to 20 % aluminum chloride solution, and 

then it is coated with liquid glass, sprinkled with quartz 

sand, and dried at the temperature of 100 °C. The dried 

part is newly coated with liquid glass and dried again. At 

the temperature of 600 to 700 °C, the part is loaded into 

the furnace and heated up to the temperature of 1 200 to 

1 250 °C with the hold time of 14 to 40 minutes, after that 

it is slowly cooled first in the oven to 800 °C and then in 

the open air. 

Along with the above said positive results, the tech-

nology described has a number of drawbacks. Those are 

the followings:  high cost and labor intensity of the pro-

cess, the need in control at all the technology stages, in-

evitability of heating the entire part, and accordingly, the 

presence of structural changes in the metal, deformations 

and warps, the process duration is more than 8 hours, 

high power consumption, negative impact on the envi-

ronment, etc. 

In accordance with publication [3], using the method 

for providing electrospark depositions of titanium on 

aluminum and aluminum on titanium, there have been 

created coatings containing the intermetallics of Ti-Al. 

While applying the methods of electron microscopy,  

X-ray diffraction and micro-X-ray spectroscopy, there 

were analyzed the structure and composition of the coat-

ings obtained. It has been found out that, regardless of the 

duration and frequency of the discharge pulses, the sur-

face layer formed in argon basically contains α-TiAl3 

intermetallic. The phases of γ-TiAl and α2 -Ti3Al can be 

obtained by depositing aluminum on titanium followed 

by depositing a second layer of titanium. At creating 

electrospark coatings in the open air, there are additional-

ly formed alumina and titanium nitride. This technology 

is also performed in a protective environment, for exam-

ple, argon, and it can be used only for parts made of tita-

nium. 

The closest to the proposed method is a method for 

electroerosion alloying (EEA) by an aluminum electrode 

of steel parts at the discharge energy of Wp = 0.52 to 6.8 J 

and productivity of 1.0 to 3.0 cm
2
 / min. The method 

provides for the formation of a so-called “white” (alumi-

nized) layer, respectively, of 70 to 130 μm thick having 
microhardness of 5 000 to 7 500 MPa, roughness (Ra) of 

6 to 9 μm and continuity of 95 to 100 % [4]. 
It should be noted that with this treatment method, the 

maximum thickness values of the aluminized layers were 

obtained at the highest discharge energy of Wp = 6.8 J, 

and they were equal to 70 and 130 μm, respectively, on 
the substrates made of 20 steel and 40 steel. Such thick-

ness values are not always sufficient to protect steel part 

surfaces, which are exposed to high temperatures, against 

destructions thereof. In addition, with a dry (non-

lubricated) contact of a part surface aluminized in such a 

way, there is a possibility of occurrence of frictional sei-

zure, jamming, micro-welding and rupturing individual 

areas of the surface. 
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There is known a method for sulfo-carburizing surfac-

es of steel parts with applying a process of electroerosion 

alloying by graphite electrode, wherein a consistency 

sulfur-containing substance has been applied to the steel 

surface just before alloying with a graphite electrode [5]. 

The main disadvantage of this sulfo-carburizing process 

is the lack of possibility of protecting the part from oxida-

tion at high temperatures (700 to 900 °C and higher), as 

well as from atmospheric corrosion and seawater. 

Thus, the aim of the work is to create a process for 

aluminizing steel parts with the use of the method for 

electroerosion alloying by an aluminum electrode, which 

is devoid of the above mentioned drawbacks and which 

provides an increase in the hardness and wear resistance 

of parts preventing friction seizure and improving the 

resistance to atmospheric corrosion. 

3 Research Methodology 

To determine the effect of the EEA equipment energy 

parameters on the quality parameters of the coatings, 

there were made the specimens of 20 steel and 40 steel 

having a size of 15x15x8 mm, where on a consistency 

substance was applied in the form of a sulfuric ointment 

with sulfur content of 33.3 %. Before applying, the alu-

minum powder of the mark of PAD-0 (GOST 5494-95) 

had been added into the sulfuric ointment. The maximum 

amount of the powder was 56%. Further increasing the 

amount of the powder resulted in decreasing its adhesion 

to the surface to be aluminized. After that, without wait-

ing for drying the consistency substance, there was pro-

duced the EEA method by an aluminum electrode on the 

unit of “Elitron-52A” model with the use of various oper-

ating modes. Moreover, each EEL mode had its own 

value of discharge energy and productivity, that is, the 

area of the formed coating per unit of time (Table 1). 

Table 1 – EEA productivity dependence on discharge energy 

Discharge energy 

Wр, J 
0.52 1.3 2.6 4.6 6.8 

Productivity,  

ɫm2 / min 

1.0–

1.3 

1.3–

1.5 

1.5–

2.0 

2.0–

2.5 

2.5–

3.0 

 

It should be noted that decreasing the EEA method 

productivity results in decreasing the qualitative parame-

ters of the surface layer (the appearance of burns, and the 

most importantly, the destruction of the formed layer), 

which event especially occurs on ‘harder’ modes at dis-

charge energy Wp > 1 J. Increase in the productivity re-

sults in decrease in the continuity of a coating. As a tool 

electrode, there was used a  4 rod with length of 45 mm 

made of aluminum wire of SvA99 GOST 7871-75 mark. 

The metallographic analysis of the coatings was car-

ried out using an optical microscope of ɆɂɆ-7 (MIM-7) 

model, the durametric studies were carried out with the 

use of the instrument of ɉɆɌ-3 (PMT-3) model. 

The surface roughness after EEA method was deter-

mined with the use of the profilograph-profilometer of 

203 model of the Ʉɚɥɢɛɪ (Caliber) plant production by 

taking off and processing the profilograms. 

To study the sulfur distribution over the depth of the 

layer, a local micro-X-ray spectral analysis was per-

formed, based on recording the characteristic X-ray radia-

tion excited by the electron beam of the chemical ele-

ments, which were present in the microvolume. For this 

purpose, there was used an electron microscope equipped 

with an X-ray spectral micro-analyzer, ISIS 300 Oxford 

instruments. 

4 Results and discussions 

Fig. 1 shows the microstructure of the surface layer 

formed on the specimen made of 20 steel coated with a 

consistency substance containing sulfur in the amount of 

33.3 % and aluminum powder in the amount of 56 % 

while performing the EEA process by an aluminum elec-

trode at the discharge energy value of Wp = 6.8 J (a), as 

well as the microhardness distribution while deepening 

from the surface (b). 

The characteristic feature of the structure is a massive 

“white” layer, the thickness values of which in some 

portions are of 160 to 200 μm (Fig. 1 a). The microhard-

ness on the surface is about 5 000 MPa. While deepening, 

the microhardness gradually decreases and at the depth of 

170 μm it transfers into the microhardness of the sub-

strate (1 700 MPa). 

Figure 2 represents the profilograms of a portion of the 

20 steel specimen surface sulfo-aluminized with the use 

of the EEA method performed by an aluminum electrode 

at the discharge energy of Wp = 6.8 J. 

In Table 2, there are shown the qualitative parameters 

of the surface layers of 20 steel and 40 steel at performing 

the sulfo-aluminizing process using the EEA method at 

the discharge energy values of 0.52, 2.60, and 6.80 J. 

The presence of sulfur in the consistency substance 

contributes to the sulfidizing process. In Table 3, there is 

shown the sulfur content while deepening from the sur-

face in the course of sulfo-aluminizing 20 steel with the 

use of the EEA method at the discharge energy of 6.80 J. 

Thus, as a result of investigation of the surface layer of 

the specimen made of 20 steel after sulfo-aluminizing 

thereof, it has been found out the coating continuity 

makes up 100 %, the layer thickness is up to 200 μm, and 
the microhardness is up to 5 000 MPa. 
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a 

 
         b 

Figure 1 – Microstructure (a) and microhardness distribution in the surface layer (b) 

 

Figure 2 – Profilogram of the surface layer of the specimen made of 20 steel 

Table 2 – Qualitative parameters of the surface layers of 20 steel and 40 steel at sulfo-aluminizing them using the EEA method 

Discharge energy, J 
Thickness of white  

layer, μm 

Micrihardness  

of white layer, MPa 

Roughness, μm Continuity  

of white layer, % Rɚ Rz Rmax 

20 Steel 

0.52 50–60 3 500 ± 70 1.9 2.9 8.3 100 

2.60 110–130 4 200 ± 70 3.7 9.7 25.2 100 

6.80 up to 200 5 000 ± 50 7.3 18.2 45.7 100 

40 Steel 

0.52 70–100 3 850 ± 50 1.7 3.2 8.2 100 

2.60 140–160 4 700 ± 50 2.9 3.2 11.5 100 

6.80 up to 240 5 400 ± 70 6.1 13.3 38.0 100 

Table 3 – Sulfur content while deepening from the surface in the course of sulfo-aluminizing 20 steel  

with the use of the EEA method at the discharge energy of 6.80 J 

Depth of measurement, μm 20 40 60 80 100 120 140 160 180 200 

Presence of sulfur, % 0.21 0.17 0.12 0.10 0.08 0.07 0.06 0.04 0.03 0.03 

 

5  Conclusions 

The possibility of applying an environmentally friend-

ly process of sulfo-aluminizing surface layers of machine 

parts by the method of electroerosion alloying has been 

considered. Metallographic and durametric analyses of 

the features of the surface layers of carbon steels after 

simultaneously aluminizing and sulfidizing by the EEA 

method have been carried out. It is shown that the struc-

ture of the layer consists of three portions, namely, a 

“white” layer, a diffusion zone and a base metal. With 

increasing the discharge energy values, such qualitative 

parameters of the surface layer as thickness, microhard-

ness of the “white” layer and the transition zone, as well 

as roughness increase. The continuity of the “white” layer 
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for all the investigated energies Wp = 0.52; 2.60, and 6.80 

J is 100 %. 

The presence of sulfur in the consistency substance fa-

cilitates the sulfidizing process. While sulfidizing 20 steel 

by the EEL method at the discharge energy of 6.80 J, the 

sulfur content decreases with deepening from the surface, 

and at the depth of 180 μm, it corresponds to its amount 
in the base. 

The comparative analysis of the substrate effect on the 

qualitative parameters of the surface layer in the course of 

the sulfo-aluminizing process by the EEL method has 

exposed that in the event of 20 steel being replaced by 40 

steel, the thickness of the “white” layer and the transition 

zone increases, i.e. there is increased the depth of the 

increased hardness zone, as well as the magnitude of its 

microhardness, while the surface roughness varies insig-

nificantly. 

For practical purposes, it is possible to recommend the 

sulfo-aluminizing process by the EEA method on the 

modes of discharge energy within Wp = 2.6 to 6.8 J and 

productivity of 2.0 to 3.0 cm
2
 / min, which provide for 

the formation of the “white” layer thickness of 110 to 

240 μm, the microhardness values of 4200 to 5 400 MPa, 

the roughness (Ra) values of 3.7 to 7.3 μm and the conti-
nuity of 100 %. 
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ɚɬɦɨɫɮɟɪɧɨʀ ɤɨɪɨɡɿʀ. ɉɪɢ ɚɥɿɬɭɜɚɧɧɿ ɟɥɟɤɬɪɨɟɪɨɡɿɣɧɢɦ ɥɟɝɭɜɚɧɧɹɦ ɚɥɸɦɿɧɿєɜɢɦ ɟɥɟɤɬɪɨɞɨɦ ɫɬɚɥɟɜɢɯ ɞɟɬɚɥɟɣ 
ɡ ɟɧɟɪɝɿєɸ ɪɨɡɪɹɞɭ Wр = 0,52–6,8 Ⱦɠ ɿ ɩɪɨɞɭɤɬɢɜɧɿɫɬɸ 1,0–3,0 ɫɦ2 / ɯɜ ɩɟɪɟɞ ȿȿɅ ɚɥɸɦɿɧɿєɜɢɦ ɟɥɟɤɬɪɨɞɨɦ ɧɚ 
ɩɨɜɟɪɯɧɸ ɞɟɬɚɥɿ, ɳɨ ɩɿɞɥɹɝɚє ɚɥɿɬɭɜɚɧɧɸ, ɧɚɧɨɫɹɬь ɤɨɧɫɢɫɬɟɧɬɧɭ ɪɟɱɨɜɢɧɚ, ɳɨ ɦɿɫɬɢɬь ɫɿɪɤɭ ɿ ɚɥɸɦɿɧɿєɜɭ 
ɩɭɞɪɭ, ɩɿɫɥɹ ɱɨɝɨ, ɧɟ ɱɟɤɚɸɱɢ ɜɢɫɢɯɚɧɧɹ ɤɨɧɫɢɫɬɟɧɬɧɨʀ ɪɟɱɨɜɢɧɢ, ɩɪɨɜɨɞɹɬь ɩɪɨɰɟɫ ɚɥɿɬɭɜɚɧɧɹ ɦɟɬɨɞɨɦ ȿȿɅ 
ɚɥɸɦɿɧɿєɜɢɦ ɟɥɟɤɬɪɨɞɨɦ, ɩɪɢɱɨɦɭ, ɡɚɫɬɨɫɨɜɭɸɬь ɤɨɧɫɢɫɬɟɧɬɧɭ ɪɟɱɨɜɢɧɭ ɡ ɜɦɿɫɬɨɦ ɚɥɸɦɿɧɿєɜɨʀ ɩɭɞɪɢ ɧɟ 
ɛɿɥьɲɟ 56 %. ɉɪɨɜɟɞɟɧɨ ɦɟɬɚɥɨɝɪɚɮɿɱɧɢɣ ɿ ɞɸɪɨɦɟɬɪɢɱɧɢɣ ɚɧɚɥɿɡ ɨɫɨɛɥɢɜɨɫɬɟɣ ɩɨɜɟɪɯɧɟɜɢɯ ɲɚɪɿɜ 
ɜɭɝɥɟɰɟɜɢɯ ɫɬɚɥɟɣ ɩɿɫɥɹ ɨɞɧɨɱɚɫɧɨɝɨ ɚɥɿɬɭɜɚɧɧɹ ɿ ɫɭɥьɮɿɞɭɜɚɧɧɹ ɦɟɬɨɞɨɦ ȿȿɅ. ɉɨɤɚɡɚɧɨ, ɳɨ ɫɬɪɭɤɬɭɪɚ ɲɚɪɭ 
ɫɤɥɚɞɚєɬьɫɹ ɡ ɬɪьɨɯ ɞɿɥɹɧɨɤ: «ɛɿɥɨɝɨ» ɲɚɪɭ, ɞɢɮɭɡɿɣɧɨʀ ɡɨɧɢ ɣ ɨɫɧɨɜɧɨɝɨ ɦɟɬɚɥɭ. Ɂɿ ɡɛɿɥьɲɟɧɧɹɦ ɟɧɟɪɝɿʀ 
ɪɨɡɪɹɞɭ ɡɪɨɫɬɚɸɬь ɬɚɤɿ ɹɤɿɫɧɿ ɩɚɪɚɦɟɬɪɢ ɩɨɜɟɪɯɧɟɜɨɝɨ ɲɚɪɭ, ɹɤ ɬɨɜɳɢɧɚ, ɦɿɤɪɨɬɜɟɪɞɿɫɬь «ɛɿɥɨɝɨ» ɲɚɪɭ ɿ 
ɩɟɪɟɯɿɞɧɨʀ ɡɨɧɢ, ɲɨɪɫɬɤɿɫɬь. ɋɭɰɿɥьɧɿɫɬь «ɛɿɥɨɝɨ» ɲɚɪɭ ɩɪɢ ɜɫɿɯ ɞɨɫɥɿɞɠɟɧɢɯ ɟɧɟɪɝɿɹɯ ɪɨɡɪɹɞɭ Wр = 0,52; 

2,60 ɿ 6,80 Ⱦɠ ɫɬɚɧɨɜɢɬь 100 %. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɟɥɟɤɬɪɨɟɪɨɡɿɣɧɟ ɥɟɝɭɜɚɧɧɹ, ɟɤɨɥɨɝɿɱɧɿɫɬь, ɩɨɜɟɪɯɧɟɜɢɣ ɲɚɪ, ɚɥɿɬɭɜɚɧɧɹ, ɫɭɥьɮɿɞɭɜɚɧɧɹ, 
ɦɿɤɪɨɫɬɪɭɤɬɭɪɚ, ɦɿɤɪɨɬɜɟɪɞɿɫɬь 
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Abstract. In the present article the stress-strain state of the lower traverse of the central ejector of the hydraulic 

press for manufacturing large-sized plastic products has been investigated by using finite element analysis. It has 

been established that the stress-strain state of the traverse is characterized by a general and local uneven distribution 

of stresses and deformations; normal stresses in the cross section, passing through the plane of symmetry of the trav-

erse, change linearly. Various changes of the equivalent stresses along the height on the inner surfaces of the central 

and lateral cylinders have been established. The zones of the traverse that are experiencing the highest values of nor-

mal and tangential stresses and strains have been identified. The research allowed to change the geometry of the trav-

erse with a slight change in the stress and strain and therefore to reduce the weight of the traverse.  This investigation 

and its results will have practical application in the design of new hydraulic presses as well as in improvement of ex-

isting hydraulic presses and are also the basis for further research. 

Keywords: finite element method, geometry, stress, strain, displacement. 

1 Introduction 

Heavy-duty column hydraulic presses are widely used 

in many industries.  The elements of the column frame, 

i.e. columns and traverses, are subject to high specific 

loads in the process of operation; therefore, their reliabil-

ity determines the reliable performance of the press. The 

basic parts of a column hydraulic press make approxi-

mately 80 % of its weight and cost [1]; traverses and 

tables are the most massive and costly of these.  In the 

operation of hydraulic presses, a significant number of 

traverse failures is caused by fatigue, since cracks start 

developing in the high-stress areas. Therefore, the study 

of stress-strain state (SSS) and search for improving the 

form of the traverse are very important at the design stage 

and involve not only technical, but also economic as-

pects. 

To calculate hydraulic press traverses, various simpli-

fied methods based on rod models were used over a long 

period of time. 

With the advances in computer technology, numerical 

methods have been increasingly applied for the calcula-

tion of basic parts of hydraulic presses; among the meth-

ods, an important place is taken by the finite element 

method (FEM). Today, the software packages for finite-

element analysis, such as ANSYS, NASTRAN, 

SOLIDWORKS, ABAQUS, LIRA, SCAD, are used as a 

tool of numerical studies. Recently, free and open-source 

finite-element analysis applications, such as CalculiX, 

Elmer and Code_Aster, have been widely used. The 

above methods, unlike traditional ones that were based on 

the postulates of the strength of materials and theory of 

elasticity, allow a thorough study of a general SSS and of 

a distribution of local stresses in formulating two-

dimensional and three-dimensional problems. In many 

cases, this enables to dispense with experimental studies, 

although the latter retain their importance as a means of 

verifying the results of the SSS. 

2 Literature Review 

For today, there is some experience of designing 

traverses for hydraulic presses, but in most cases they 

have been calculated approximately, which can be ex-

plained by difficulties describing the stress-strain state 

and by structural features. 

The analysis of publications shows that to determine 

the SSS of the hydraulic press basic elements, the authors 

use either methods based on the strength of materials [2], 

or FEM for the stress state only. For example, according 

http://jes.sumdu.edu.ua/
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to the existing methods of calculating the strength, the 

spatial structure of the traverse is replaced by two beams 

at the wide and narrow sides, and the cylinder force is 

applied to the centers of gravity of the reference semi-

rings. This technique is simplistic and does not take into 

account the features of the traverse geometry, which is 

rather complicated. The technique does not provide a 

sufficiently complete picture of the SSS and, as a conse-

quence, does not allow for recommendations on improv-

ing the traverse design. 

In [3, 4], the frame of the P7640A hydraulic press was 

calculated using FEM in the ANSYS. Proceeding from 

the stress-strain analysis, the authors proposed a rational, 

from their point of view, form of the frame. However, the 

above studies have not proved that the proposed geome-

try of the frame ensures its strength and stiffness and can 

be considered optimal. No publications are available on a 

systematic study of the traverse strain state. 

In [5] and [1] it has been established that the major 

cause of damage and fractures in the cross-members of 

heavy-duty presses is the emergence and propagation of 

fatigue cracks that appear in zones with high levels of 

stress, i.e. on the contours of technological and structural 

openings in the internal ribs, outer walls and plates under 

tension. 

In [6], the major directions of retaining and improving 

the technological capabilities of heavy-duty hydraulic 

presses are outlined. 

In the last decade, the scientific journals of the near 

and far abroad  have published a sharply increased num-

ber of studies, which use various software packages of 

finite-element analysis to analyze the SSS of the frames 

of hydraulic and mechanical presses. On the basis of the 

SSS obtained, the authors optimized the geometry of the 

frames under study. Thus, in [7, 8], the ANSYS software 

was used to analyze the SSS of the frames of 0.2 MN and 

8 MN hydraulic presses. The results of the study allowed 

changing the geometry of the frames with 50 % and 23 % 

decrease in their weights, respectively. 

The results of calculating the stresses using the classi-

cal method of the strength of materials and the finite-

element method (FEM) were presented in [9] for a me-

chanical press frame. It was revealed that the values of 

stresses obtained by the classical method are higher than 

the values of stresses determined using FEM. In [9] it 

was also noted that the classical method may be used for 

verification. 

The performed analysis showed that: 

─ most of the studies deal with the calculations of heavy-

duty hydraulic presses, while methods of calculating 

presses used in the chemical industry are practically 

unavailable;  

─ the data obtained in the studies are sometimes contra-

dictory, and indicate the influence of one or another 

factor on the performance of the traverse; 

─ using FEM, which is currently the standard for calcu-

lating strength and stiffness, allows analyzing the SSS 

of any construction from a single position. 

3 Research Methodology 

The purpose of the work is a stress-strain analysis of 

the lower traverse of the central ejector of a hydraulic 

press with a nominal pressing force of 20 MN intended 

for the manufacture of large-sized plastic products, and 

justifying the proposed improvements in the traverse 

geometry. 

The traverse of a hydraulic press, whose geometric 

model is presented in Figure 1, is subject to a uniformly 

distributed load. It is necessary to analyze its stress-strain 

state. 

 

 

Figure 1 – The geometric model of the hydraulic press traverse 

The hydraulic press traverse is a spatial construction of 

a complex configuration; therefore, analytical methods of 

calculation are practically unacceptable. The reliable 

results can only be obtained by numerical methods im-

plemented on a computer. Therefore, to solve this three-

dimensional problem of the theory of elasticity, we apply 

FEM, which in our time is obviously the world standard 

for calculations of strength, stiffness and other parameters 

of structures. 

FEM allows obtaining a system of algebraic equations 

      Ruk  , (1) 

where [k] is the stiffness matrix of the finite-element 

model, {u} is the nodal displacement vector, {R} is vec-

tor of nodal forces. 

Having solved the system (1), we find the displace-

ment ui, and following that we find stress σij and strain εij 
using the strain-displacement relations (Cauchy) and 

stress-strain relations (Hooke’s law). 

The application of FEM involves the simulation of the 

geometry of a construction and its meshing into finite 

elements, the formation of a global stiffness matrix and 

solving large systems of linear equations (5·10
3
 – 5·10

5
). 

The above problems have prompted the authors to apply 

the SALOME-MECA platform-based, open-source 

Code_Aster application as a tool of numerical simulation. 

Code_Aster software allowed analyzing the SSS of the 

traverse, taking into account the features and modes of 

operation. 



 

 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. D 1–D 5 D 3 

 

4 Results 

The study is devoted to a numerical calculation of the 

SSS of the lower traverse of the hydraulic press central 

ejector. The overall dimensions of the traverse were 

1 440 mm × 800 mm × 650 mm. The mass of the traverse 

was 747 kg. 

Prior to the simulation of a finite element model, a sol-

id-state spatial model of the traverse (Figure 1) was creat-

ed based on the working drawings. The model was made 

using the KOMPAS-3D system for three-dimensional 

modeling, which allows to effectively create models of 

complex forms. Taking into account the plane of sym-

metry (the form of the traverse, established boundary 

conditions, and applied loads); the stress-strain analysis 

was performed on half of the model. 

The obtained half of the solid-state model was then 

transferred to the SALOME-MECA platform-based open 

source Code_Aster, which was used to set the boundary 

conditions, the load and the area where the load was ap-

plied, and to create a mesh of the finite-element model. 

The boundary conditions were set so as to exclude the 

displacements of the traverse as an absolutely rigid body. 

According to the working conditions, the load on the 

lower traverse of the central ejector was assumed to be 

equal to the nominal ejection force of 3.24 MN. Figure 2 

shows the calculation scheme and indicates the loads and 

boundary conditions. 

Three-dimensional finite elements with a maximum 

size of 0.035 m were used for the discretization of the 

traverse as a spatial body. As a result of the discretiza-

tion, a mesh of 9 881 tetrahedra and 19 241 nodes was 

obtained. The finite-element model of the traverse is 

shown in Figure 2 b. 

The material selected was 35 L steel with a Young’s 

modulus E = 2·10
5
 MPa, Poisson’s ratio ν = 0.32, yield 

strength σy = 248 MPa, strength limit σstr = 482 MPa. 

As a result of the static calculation, the following pa-

rameters of the traverse SSS were obtained: stresses and 

strains along the corresponding axes; principal stresses 

and corresponding strains; equivalent stresses σeq calcu-

lated by Guber-Mises energy theory of strength; total 

displacements; displacements along corresponding axes; 

factors of safety. 

Given that cracks originate on high-stress surfaces, the 

changes in normal, tangential and equivalent stresses 

were studied on the internal surfaces of the central and 

lateral cylinders in sections I and II (Figure 3 a). 

The performed calculations show that the stress-strain 

state of the traverse is characterized by general and local 

uneven distribution of stresses and displacements (Fig-

ure 3). 

 

 
    a                                                              b 

Figure 2 – Calculation scheme (a) and finite element model (b) of the traverse 

 
a                                                                                            b 

Figure 3 – Isosurfaces of equivalent stresses σeq
 
(a) and total displacements u (b) 
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Areas of maximum stress levels were located maxi-

mum equivalent stresses calculated by the Guber-Mises 

theory were observed at the points of load application, on 

the supporting surfaces, and in the areas of abrupt chang-

es in geometry (Figure 3 a). The maximum equivalent 

stresses occurring at the points of load application are 

equal to 132 MPa, and at some points of the supporting 

surfaces they even exceed σy. Maximum total displace-

ments are observed at the points of applying loads, while 

minimum displacements occur on the supports (Fig-

ure 3 b). 

It should be noted that the equivalent stresses on the 

internal surfaces of the central and lateral cylinders also 

change significantly with the height, but the nature of 

their changes differs. The equivalent stresses increase 

with the height on the internal surface of the central cyl-

inder in section I, while on the internal surface of the 

lateral cylinder in section II, they show a decrease with 

the height (Figure 4 a). The displacements increase in 

both cases (Figure 4 b). 

 
Figure 4 – Dependences of equivalent stresses and displacements on  z-coordinate for the interior surfaces of the traverse cylindrical 

parts: a – dependence of equivalent stresses σeq on z-coordinate: 1 – internal surface of the central cylinder (section I); 2 – internal 

surface of the lateral cylinder (section II); b – dependence of displacements u on z-coordinate: 3 – internal surface of the central cyl-

inder (section I); 4 – internal surface of the lateral cylinder (section II) 

Furthermore, the study showed that: 

─ normal stresses σx, σy, σz on the central cylinder  sur-

face  in  section I change according to the linear law, 

changing the sign at z ≈ 69.6 mm. A relationship was 

found between the normal stresses: σx > σz > σy. In this 

case, the values σx and σz were an order higher than the 

σy values. Linearity distortions were observed in the 

zones of an abrupt change in geometry. Thus, the max-

imum compressive stress σx on the upper belt did not 

exceed 135 MPa, while inside the cylinder it did not 

exceed 90 MPa (Figure 5). 

─ the maximum values of tangential stresses on the cen-

tral cylinder surface did not exceed 1 MPa. 

Thus, the study shows that the stresses on the internal 

surfaces of the traverse cylindrical parts and on the trav-

erse upper belt rim do not exceed stress [σ]
 
for the select-

ed material. These findings allow changing the geometry 

of the traverse so as to reduce its weight. The authors 

have proposed a traverse with the increased diameters of 

the internal cylindrical parts and the decreased external 

dimensions of the traverse upper belt. To assess the 

strength of the proposed traverse, an analysis of the stress 

fields, strains and factors of safety n was performed. It 

was found that the increase in stresses and strains did not 

exceed 13 %. 

The analysis of the n diagram of the proposed traverse 

(Figure 6) showed that the values of factors of safety 

ranged from 1.8 to 6.4 (2.0–7.0 in the existing traverse) 

on the internal surfaces of the small cylinders, and from 

3.7 to 27.3 (3.8–27.4 in the existing traverse) on the in-

ternal surface of the central cylinder. The feature of the n 

diagram is an area with overestimated factors of safety on 

the internal surface of the central cylinder, both for the 

existing and for the proposed traverse. Here, the values of 

n exhibit a sharp increase, reaching n = 100 at 

z = 69.2  mm. It should be noted, that when z ≈ 69.6 mm, 

the stresses σx, σy, σz are equal to zero, while σeq values 

acquire their minimum. 

Thus, the study shows that the strength and stiffness of 

the proposed traverse are ensured. The changes in the 

geometry allowed reducing the mass of the traverse by 

almost 13 %. 

 

 

Figure 5 – Dependence of normal stresses on z-coordinate on 

the internal surface of the central cylinder in section I:  

1 – normal stress σx; 2 – normal stress σz; 3 – normal stress σz 
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Figure 6 – Factor of Safety diagram of the proposed traverse 

5 Conclusions 

The SSS of the lower traverse of the hydraulic press, 

which was obtained by means of finite element modeling, 

is characterized by general and local uneven stresses and 

strains. The stress-strain analysis of the traverse revealed 

the zones of maximum stresses: points of load applica-

tion, supports and areas of abrupt changes in geometry. It 

has been found that normal tensions in section I change 

linearly, and values σx and σz are an order higher than 

values σy. It has been established that the equivalent 

stresses increase with height on the internal surface of the 

central cylinder, and decrease on the internal surface of 

the lateral cylinder. The study allowed changing the ge-

ometry and reducing the weight of the traverse with a 

slight change in stresses and strains. The findings will 

have practical application in designing new and improv-

ing existing hydraulic presses. 
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Наɩɪɭɠɟɧɨ-ɞɟɮɨɪɦɨɜаɧɢɣ ɫɬаɧ ɧɢɠɧьɨʀ ɬɪаɜɟɪɫɢ ɝɿɞɪаɜɥɿɱɧɨɝɨ ɩɪɟɫɭ 

Нɟɦɱɢɧɨɜ ɋ. І., Нɚɱɨɜɧɢɣ І. І. 

Ⱦɟɪɠɚɜɧɢɣ ɜɢɳɢɣ ɧɚɜɱɚɥьɧɢɣ ɡɚɤɥɚɞ «Уɤɪɚʀɧɫьɤɢɣ ɞɟɪɠɚɜɧɢɣ ɯɿɦɿɤɨ-ɬɟɯɧɨɥɨɝɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ»,  
ɩɪɨɫɩ. Ƚɚɝɚɪɿɧɚ 8, 49005, ɦ. Ⱦɧɿɩɪɨ, Уɤɪɚʀɧɚ 

Аɧɨɬаɰɿɹ. У ɫɬɚɬɬɿ ɞɨɫɥɿɞɠɟɧɨ ɧɚɩɪɭɠɟɧɨ-ɞɟɮɨɪɦɨɜɚɧɢɣ ɫɬɚɧ ɧɢɠɧьɨʀ ɬɪɚɜɟɪɫɢ ɰɟɧɬɪɚɥьɧɨɝɨ 
ɜɢɲɬɨɜɯɭɜɚɱɚ ɝɿɞɪɚɜɥɿɱɧɨɝɨ ɩɪɟɫɚ ɞɥɹ ɜɢɝɨɬɨɜɥɟɧɧɹ ɜɟɥɢɤɨɝɚɛɚɪɢɬɧɢɯ ɜɢɪɨɛɿɜ ɡ ɩɥɚɫɬɦɚɫ ɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ 
ɩɪɨɝɪɚɦɧɨɝɨ ɤɨɦɩɥɟɤɫɭ ɫɤɿɧɱɟɧɨ-ɟɥɟɦɟɧɬɧɨɝɨ ɚɧɚɥɿɡɭ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɧɚɩɪɭɠɟɧɨ-ɞɟɮɨɪɦɨɜɚɧɢɣ ɫɬɚɧ 
ɬɪɚɜɟɪɫɢ ɯɚɪɚɤɬɟɪɢɡɭєɬьɫɹ ɡɚɝɚɥьɧɢɦ ɿ ɥɨɤɚɥьɧɢɦ ɧɟɪɿɜɧɨɦɿɪɧɢɦ ɪɨɡɩɨɞɿɥɨɦ ɧɚɩɪɭɠɟɧь ɿ ɞɟɮɨɪɦɚɰɿɣ, 
ɧɨɪɦɚɥьɧɿ ɧɚɩɪɭɠɟɧɧɹ ɜ ɩɟɪɟɪɿɡɿ, ɳɨ ɩɪɨɯɨɞɢɬь ɱɟɪɟɡ ɩɥɨɳɢɧɭ ɫɢɦɟɬɪɿʀ ɬɪɚɜɟɪɫɢ, ɡɦɿɧɸɸɬьɫɹ ɡɚ ɥɿɧɿɣɧɢɦ 
ɡɚɤɨɧɨɦ. ȼɢɹɜɥɟɧɨ ɪɿɡɧɢɣ ɯɚɪɚɤɬɟɪ ɡɦɿɧɢ ɟɤɜɿɜɚɥɟɧɬɧɢɯ ɧɚɩɪɭɠɟɧь ɩɨ ɜɢɫɨɬɿ ɧɚ ɜɧɭɬɪɿɲɧɿɯ ɩɨɜɟɪɯɧɹɯ 
ɰɟɧɬɪɚɥьɧɨɝɨ ɿ ɛɿɱɧɢɯ ɰɢɥɿɧɞɪɿɜ. ȼɢɡɧɚɱɟɧɨ ɡɨɧɢ ɬɪɚɜɟɪɫɢ, ɜ ɹɤɢɯ ɫɩɨɫɬɟɪɿɝɚɸɬьɫɹ ɦɚɤɫɢɦɚɥьɧɿ ɧɚɩɪɭɠɟɧɧɹ 
ɬɚ ɞɟɮɨɪɦɚɰɿʀ. Ⱦɨɫɥɿɞɠɟɧɧɹ ɞɨɡɜɨɥɢɥɨ ɡɦɿɧɢɬɢ ɝɟɨɦɟɬɪɿɸ ɬɪɚɜɟɪɫɢ ɡ ɧɟɡɧɚɱɧɨɸ ɡɦɿɧɨɸ ɧɚɩɪɭɠɟɧь ɬɚ 
ɞɟɮɨɪɦɚɰɿɣ ɿ ɡɦɟɧɲɢɬɢ ʀʀ ɜɚɝɭ. Ɋɟɡɭɥьɬɚɬɢ ɞɨɫɥɿɞɠɟɧь ɦɨɠɭɬь ɛɭɬɢ ɡɚɫɬɨɫɨɜɚɧɿ ɩɪɢ ɭɞɨɫɤɨɧɚɥɟɧɧɿ ɿɫɧɭɸɱɢɯ ɿ 
ɩɪɨɟɤɬɭɜɚɧɧɿ ɧɨɜɢɯ ɝɿɞɪɚɜɥɿɱɧɢɯ ɩɪɟɫɿɜ, ɚ ɬɚɤɨɠ є ɨɫɧɨɜɨɸ ɞɥɹ ɩɨɞɚɥьɲɢɯ ɞɨɫɥɿɞɠɟɧь. 

Ʉɥɸɱɨɜɿ ɫɥɨɜа: ɦɟɬɨɞ ɫɤɿɧɱɟɧɧɢɯ ɟɥɟɦɟɧɬɿɜ, ɝɟɨɦɟɬɪɿɹ, ɧɚɩɪɭɠɟɧɧɹ, ɞɟɮɨɪɦɚɰɿɹ, ɩɟɪɟɦɿɳɟɧɧɹ. 
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Abstract. This paper is aimed at refinement of the computational model of the turbopump rotor systems associat-

ed taking into consideration the effect of rotation of moving parts and compliance of bearing supports elements. The 

up-to-date approach for investigation of non-linear reactions in rotor’s bearing supports is proposed for turbo-pump 

units for liquid rocket engines. Five models for modelling contact interaction are investigated, and comparative bear-

ing stiffness characteristics are given. The geometry of the housing and corresponding design scheme are set for each 

support due to the assembly drawing of the turbopump unit. Rotation of the shaft is taking into account by applying 

corresponding inertial forces to the inner cage of the bearing. Experimental points of the dependence “load – dis-

placement” as the diagram “F – v” are built by the calculated points as an array of numerical simulation data, ob-

tained by the ANSYS software. As a result of numerical simulation, including loading of the bearing support on the 

scheme “remote force” in a wide range of rotor speeds, the corresponding displacements are determined. The brand-

new approach for evaluation of bearing stiffness coefficients is proposed based on the linear regression procedure. As 

a result, the obtained values of coefficients are summarized and approximated by the quadratic polynomials. 

Keywords: Ansys Workbench, axial preloading, centrifugal force, contact interaction, finite element analysis, numer-

ical simulation, remote force, stiffness characteristic. 

1 Introduction 

Intensification of the development in the field of pow-

er engineering occurs by using the modern energy-

intensive equipment, an essential role of which is per-

formed by multistage rotor machines. Permanently rais-

ing theirs parameters leads to increasingly significant 

problems of vibration reliability. Furthermore, the prob-

lem of investigation of dynamics of flexible rotors is 

based on determination of the critical frequencies and 

corresponding mode shapes. This problem is currently 

actual due to the impossibility of absolutely accurate 

dynamic rotor balancing [1]. 

General approaches are used for investigation of the 

rotor dynamics that are closely intersected with the issues 

of strength of materials and the theory of elasticity, the 

theory of linear and nonlinear oscillation of mechanical 

systems, as well as the problems for the identification of 

mathematical models of dynamic systems. Most prob-

lems can be solved in combination of 2D and 3D formu-

lation by using modern software. 

The problem of identification of bearing stiffness 

characteristics is complicated in the case of new designs 

with the insufficient experimental data. At the same time, 

the process of creating reliable mathematical models of 

the rotor dynamics is usually carried out in a permanent 

comparison with experimental data by means of the iden-

tification of coefficients of mathematical models and 

structures of design schemes. This process takes place in 

researching the vibration reliability and rotor balancing 

for centrifugal pumps and turbochargers [2, 3]. 

2 Literature Review 

Up-to-date approaches for refinement of mathematical 

models of oscillatory systems according to experimental 

data is presented in the work [4]. The monograph [5] is 

aimed at evaluation of coefficients of mathematical mod-

els for oscillatory systems, including rotary systems for 

multistage centrifugal machines. The paper [6] dials with 

the phenomena of stability loss of rotor rotation at tilting 

pad bearings. 

http://jes.sumdu.edu.ua/
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Modern treatments in the feld of linear and non-linear 

rotor dynamics is stated in the work [7] with the related 

practical applications. Estimation of segment bearing 

stiffness with the balancing procedure for flexible rotors 

of turbocharge units in the accelerating-balancing stand 

are presented in the paper [8]. Modern approaches for 

determination of active magnetic bearings stiffness and 

damping identification from frequency characteristics of 

control systems are realized within the work [9]. 

Application of the finite element analysis for stiffness 

and critical speed calculation of a magnetic bearing-rotor 

system for electrical machines is proposed in the work 

[10]. The problem of stability and vibration analysis of 

non-linear comprehensive flexible rotor bearing systems 

is analyzed in the paper [11]. A phenomenon of subhar-

monic resonance of a symmetric ball bearing-rotor sys-

tem is investigated in the paper [12]. Approaches for 

analytical research and numerical simulation for investi-

gation of critical frequencies of a centrifugal compressor 

rotor taking into account non-linear stiffness characteris-

tics of bearings and seals are proposed in the paper [13]. 

3 Research Methodology 

The ANSYS Workbench software is used for determi-

nation of bearing stiffness. The related design scheme is 

presented in Figure 1. 

 

 

Figure 1 – Design scheme of bearing supports loading  

and determination of corresponding displacements 

In the simulation of contacts by using ANSYS soft-

ware, one of the most important problems is the selection 

of reliable model of interaction between elements of the 

contact pairs “target – contact”. There are five models of 

contact interaction, the comparative characteristics of 

which are given in Table 1. 

Further calculations are provided for each of the se-

lected contact type: 

– “bonded” – from the group of linear contacts; 

– “frictional” – from the group of nonlinear contacts. 

These models allow determining the maximum possi-

ble range of variation for the stiffness of bearing sup-

ports. 

Table 1 – Comparative table of the main characteristics  

of models for the contact interaction between the surfaces  

of mating parts 

Contact  

model 

C
o

n
ta

ct
  

ty
p

e Number  

of  

iterations 

Normal  

behavior 

Tangent  

behavior 

Bonded 

L
in

ea
r 

One 
Not  

allowed 

Not  

allowed 

No  

sepa- 

ration 

Allowed 

Rough 

N
o

n
li

n
ea

r 

Several Allowed 

Not  

allowed 

Friction- 

less 
Allowed 

Frictional Allowed 

 

“Bonded” is the contact model, in which the target and 

contact surfaces of the matched bodies are connected to 

each other, and the contact area does not change under 

the action of the applied loads. The sliding between faces 

and edges, as well as their separation is not allowed. 

“Frictional” is the contact model that takes into ac-

count the sliding of the surfaces “target” and “contact” 

relative to each other. In this case, the contact area 

changes, if the module of the tangential force takes the 

limiting value. 

4 Results 

4.1 Basic approach 

As a result of numerical simulation (loading of the 

bearing support according to the scheme “remote force”) 

for discrete values of the force F in a range from zero to 

the maximum load capacity, the corresponding displace-

ments are determined (Figures 2, 3). 

The calculated points allow determining an array of 

data by means of a numerical simulation, on which the 

points of the “load – displacement” diagram “F – v” are 

built (Table 2, Figure 4). 

The obtained data are interpolated by the correspond-

ing curves F = F(v). In this case, the stiffness of the bear-

ing supports for linear models is determined as the tan-

gent of the initial slope angle α of the diagram “F – v”: 

 .
0












v

F
tgc   (1) 
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a b 

    
c d 

Figure 2 – Determination of the bearing stiffness for the model “bonded” of the contact interaction between the rolling elements  

with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d) 

    
a b 

    
c d 

Figure 3 – Determination of the bearing stiffness for the model “frictional” of the contact interaction between the rolling elements  

with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d) 
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Table 2 – Results of numerical simulation  

for determining diagram “F – v” 
 

Bearing Load, N 
Displacement, m 

“frictional” “bonded” 

45-216 

1·10
3 

3.03·10
–6 

3.43·10
–7 

1·10
4 

2.12·10
–5 

3.43·10
–6 

7·10
4 

1.12·10
–4 

2.40·10
–5 

45-276214 

1·10
3 

4.76·10
–6 

3.62·10
–7 

1·10
4 

1.96·10
–5

 3.62·10
–6 

6·10
4 

1.0·10
–4

 2.17·10
–5 

46-276212 

1·10
3 

7.69·10
–6

 3.16·10
–7

 

1·10
4 

2.43·10
–5

 3.16·10
–6 

5·10
4 

8.82·10
–5

 1.56·10
–5

 

36-211 

1·10
3 

3.85·10
–6

 4.18·10
–7

 

1·10
4 

3.90·10
–5

 4.18·10
–6

 

4,5·10
4 

1.26·10
–4

 1.88·10
–5

 

 

 

Figure 4 – Diagram “ F – v” for the model “bonded” 

The stiffness coefficients for bearings calculated by 

the abovementioned procedure, are summarized in Ta-

ble 3. 

Table 3 – Stiffness coefficients for bearing supports 

Bearing 
Stiffness coefficient, 10

8
 N/m 

“frictional” “bonded” 

45-216 3.3 29.2 

45-276214 2.1 27.6 

46-276212 1.3 31.7 

36-211 2.6 23.9 

 

4.2 Refinement of the numerical model 

This part is aimed at refinement of the computational 

model of the turbopump rotor systems associated taking 

into consideration the effect of rotation of moving parts 

and compliance of bearing supports elements. The first 

factor causes an increasing quadratic dependence of the 

bearing stiffness on the rotor speed, and consequently, 

shift of the spectrum of critical frequencies to the right. 

This circumstance increases the detuning from the reso-

sanse mode. The second factor decreases the bearing 

stiffness and critical frequencies. 

The clarification of the stiffness parameters of the sup-

porting units is carried out by combination of two compu-

tational means. Firstly, the loading patterns of supporting 

units using ANSYS software (three-dimensional finite 

element models) are considered due to a significant com-

putational time. 

ANSYS software is used for determination the bearing 

stiffness with considering rotation of the rotor and com-

pliance of housing elements. The related design scheme is 

presented on Figure 5. 
 

 
Figure 5 – Refined design scheme of bearing supports loading 

 

The geometry of the housing and corresponding design 

scheme are set for each support due to the assembly 

drawing of the turbopump unit. The rotation is taking into 

account by applying corresponding inertial forces to the 

rotating (inner) cage of the bearing. 

Modelling of contacts by using ANSYS software is 

performed according to Table 4. 

Table 4 – Models of contact interaction between surfaces 

Mating surfaces Contact model 

Shaft Inner cage “bonded” 

Inner cage 
Rolling  

elements “frictional” 
Rolling elements Outer cage 

Outer cage Housing 

 

As a result of numerical simulation (loading of the 

bearing support on the scheme “remote force” 

F = 1·10
3
 N for the following values of operating rotor 

speed: 0, 10 500, 18 750, and 21 150 rpm), the corre-

sponding displacements are determined (Figures 6–9). 
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a 

 
b 

 
c 

 
d 

Figure 6 – Bearing stiffness for the support 45-216: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

In this case, determined bearing stiffness coeffi-

cients are summarized in Table 5. 

Table 5 – Bearing stiffness of the supports 

Bearing 

Stiffness coefficient, 10
8
 N/m,  

for the operating frequency, rad/s 

0 1100 1963 2215 

45-216 2.9 5.3 7.3 8.3 

45-276214 2.4 2.9 4.4 4.5 

46-276212 2.2 2.4 3.4 4.4 

36-211 1.1 1.1 1.2 1.3 

The analytical dependence for creating the mathe-

matical models of free and forced oscillations of the 

turbopump rotor is proposed taking into account the 

rotation: 

 ,0

 cc  (2) 

where с – stiffness coefficient of the bearing sup-

port; ω – rotor speed, rad/s; с0 – stiffness coefficient in 

case of ω = 0; α – additional coefficient, N·s
2
/m. 
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a 

 
b 

 
c 

 
d 

Figure 7 – Bearing stiffness for the support 45-276214: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

The evaluation of the coefficient α of the formula 

(2) is carried out by the linear regression procedure 

according to the following formula: 

 
 

,
3

1

4

3

1

2

0












k

k

k

kk cc




  (3) 

where ck – bearing stiffness, determined as a result 

of the numerical simulation for the rotor speed ωk (Ta-

ble 5); k – number of the experimental point. 

Finally, the obtained values of coefficients α are 

summarized in Table 6, and approximating curves (2) 

are also shown on Figure 10. 

Table 6 – Bearing stiffness parameters 

Bearing 
Coefficients 

с0, N/m α, N·s
2
/m 

45-216 2.9 116.3 

45-276214 2.4 46.6 

46-276212 2.2 38.3 

36-211 1.1 4.1 
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a 

 
b 

 
c 

 
d 

Figure 8 – Bearing stiffness for the support 46-276212: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 
a 
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b 

 
c 

 
d 

Figure 9 – Bearing stiffness for the support 36-211: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

 

Figure 10 – Dependence of the bearing stiffness  

on the rotor speed 

5 Conclusions 

In this paper the methodology of determination of the 

bearing stiffness is proposed based on using different 

models of contact interaction between the mating surfaces 

of bearing parts. An appropriate methodology for refine-

ment of the computational model is proposed taking into 

account the effect of rotation of moving parts and com-

pliance of bearing supports elements. 

The clarification of the stiffness parameters of the sup-

porting units is carried out by combination of several 

computational means. 

Further research should be aimed at obtaining spec-

trums of critical frequencies and related mode shapes for 

the rotor systems in abovementioned bearing supports. 
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Аɧɨɬɚɰіɹ. ɋɬɚɬɬɹ ɩɪɢɫɜɹɱɟɧɚ ɭɬɨɱɧɟɧɧɸ ɱɢɫɥɨɜɨʀ ɦɨɞɟɥɿ ɞɨɫɥɿɞɠɟɧɧɹ ɪɨɬɨɪɧɢɯ ɫɢɫɬɟɦ ɬɭɪɛɨɧɚɫɨɫɧɢɯ 

ɚɝɪɟɝɚɬɿɜ ɪɿɞɢɧɧɢɯ ɪɚɤɟɬɧɢɯ ɞɜɢɝɭɧɿɜ, ɳɨ ɛɚɡɭєɬьɫɹ ɧɚ ɭɪɚɯɭɜɚɧɧɿ ɨɛɟɪɬɚɧɧɹ ɜɚɥɨɩɪɨɜɨɞɭ ɬɚ ɩɨɞɚɬɥɢɜɨɫɬɿ 
ɟɥɟɦɟɧɬɿɜ ɩɿɞɲɢɩɧɢɤɨɜɢɯ ɨɩɨɪ. Зɚɩɪɨɩɨɧɨɜɚɧɨ ɫɭɱɚɫɧɢɣ ɩɿɞɯɿɞ ɞɨ ɞɨɫɥɿɞɠɟɧɧɹ ɧɟɥɿɧɿɣɧɢɯ ɪɟɚɤɰɿɣ ɭ 
ɩɿɞɲɢɩɧɢɤɨɜɢɯ ɨɩɨɪɚɯ ɪɨɬɨɪɿɜ ɬɭɪɛɨɧɚɫɨɫɧɢɯ ɚɝɪɟɝɚɬɿɜ ɪɿɞɢɧɧɢɯ ɪɚɤɟɬɧɢɯ ɞɜɢɝɭɧɿɜ. Дɨɫɥɿɞɠɟɧɨ ɩ’ɹɬь 
ɦɨɞɟɥɟɣ ɤɨɧɬɚɤɬɧɨʀ ɜɡɚєɦɨɞɿʀ ɬɚ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜɿɞɩɨɜɿɞɧɿ ɩɨɪɿɜɧɹɥьɧɿ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɠɨɪɫɬɤɨɫɬɟɣ 

ɩɿɞɲɢɩɧɢɤɨɜɢɯ ɨɩɨɪ. ȼɪɚɯɨɜɚɧɚ ɝɟɨɦɟɬɪɿɹ ɤɨɪɩɭɫɚ ɬɚ ɜɿɞɩɨɜɿɞɧɚ ɫɤɥɚɞɟɧɚ ɜɿɞɩɨɜɿɞɧɚ ɤɨɧɫɬɪɭɤɰɿɣɧɚ ɫɯɟɦɚ 
ɞɥɹ ɤɨɠɧɨʀ ɨɩɨɪɢ, ɳɨ ɛɚɡɭєɬьɫɹ ɧɚ ɫɤɥɚɞɚɥьɧɨɦɭ ɤɪɟɫɥɟɧɧɿ ɬɭɪɛɨɧɚɫɨɫɧɨɝɨ ɚɝɪɟɝɚɬɭ. ɍɪɚɯɭɜɚɧɧɹ ɨɛɟɪɬɚɧɧɹ 
ɜɚɥɚ ɡɞɿɣɫɧɟɧɨ ɲɥɹɯɨɦ ɩɪɢɤɥɚɞɚɧɧɹ ɫɢɥ ɿɧɟɪɰɿʀ ɞɨ ɜɧɭɬɪɿɲɧьɨʀ ɨɛɨɣɦɢ ɩɿɞɲɢɩɧɢɤɚ. ɉɨɛɭɞɨɜɚɧɨ 
ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɿ ɬɨɱɤɢ ɡɚɥɟɠɧɨɫɬɿ «ɧɚɜɚɧɬɚɠɟɧɧɹ – ɩɟɪɟɦɿɳɟɧɧɹ» ɞɿɚɝɪɚɦɢ “F – v” ɡɚ ɞɨɩɨɦɨɝɨɸ 
ɪɨɡɪɚɯɨɜɚɧɢɯ ɞɚɧɢɯ ɹɤ ɦɚɫɢɜɭ ɪɟɡɭɥьɬɚɬɿɜ ɦɨɞɟɥɸɜɚɧɧɹ, ɨɬɪɢɦɚɧɢɯ ɿɡ ɡɚɫɬɨɫɭɜɚɧɧɹɦ ɩɪɨɝɪɚɦɧɨɝɨ ɤɨɦɩɥɟɤɫɭ 
ANSYS. ɍ ɪɟɡɭɥьɬɚɬɿ ɱɢɫɥɨɜɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ, ɭ ɬɨɦɭ ɱɢɫɥɿ ɧɚɜɚɧɬɚɠɟɧɧɹ ɨɩɨɪɧɨɝɨ ɩɿɞɲɢɩɧɢɤɚ ɡɚ ɫɯɟɦɨɸ 

«ɜɿɞɞɚɥɟɧɚ ɫɢɥɚ» ɜ ɲɢɪɨɤɨɦɭ ɞɿɚɩɚɡɨɧɿ ɱɚɫɬɨɬ ɨɛɟɪɬɚɧɧɹ ɪɨɬɨɪɚ, ɜɢɡɧɚɱɟɧɿ ɜɿɞɩɨɜɿɞɧɿ ɪɚɞɿɚɥьɧɿ ɩɟɪɟɦɿɳɟɧɧɹ. 
Зɚɩɪɨɩɨɧɨɜɚɧɨ ɧɨɜɢɣ ɩɿɞɯɿɞ ɞɨ ɨɰɿɧɤɢ ɤɨɟɮɿɰɿєɧɬɿɜ ɠɨɪɫɬɤɨɫɬɿ ɩɿɞɲɢɩɧɢɤɿɜ ɧɚ ɨɫɧɨɜɿ ɩɪɨɰɟɞɭɪɢ ɥɿɧɿɣɧɨʀ 
ɪɟɝɪɟɫɿʀ. ɍ ɪɟɡɭɥьɬɚɬɿ ɨɬɪɢɦɚɧɿ ɡɧɚɱɟɧɧɹ ɤɨɟɮɿɰɿєɧɬɿɜ, ɳɨ ɚɩɪɨɤɫɢɦɭɸɬьɫɹ ɩɨɥɿɧɨɦɚɦɢ ɞɪɭɝɨʀ ɫɬɟɩɟɧɿ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: Ansys Workbench, ɩɨɩɟɪɟɞɧє ɨɫьɨɜɟ ɧɚɜɚɧɬɚɠɟɧɧɹ, ɜɿɞɰɟɧɬɪɨɜɚ ɫɢɥɚ, ɤɨɧɬɚɤɬɧɚ ɜɡɚєɦɨɞɿɹ, 
ɫɤɿɧɱɟɧɧɨɟɥɟɦɟɧɬɧɢɣ ɚɧɚɥɿɡ, ɱɢɫɥɨɜɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɜɿɞɞɚɥɟɧɚ ɫɢɥɚ, ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɠɨɪɫɬɤɨɫɬɿ. 
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Abstract. In this work, the Galerkin–Vlasov method was used to solve the governing partial differential equation 

of equilibrium for isotropic sandwich plates with simply supported edges (x = a, y = b) and under uniform load on 

the plate domain ( , ).a x a b y b       Vlasov procedure was adopted in choosing the displacement shape func-

tions as orthogonal eigen functions of dynamic Euler Bernoulli beams with equivalent spans, simple supports and 

loading as the plate. The resulting Galerkin-Vlasov equation was solved to obtain the unknown generalised shape 

function. It was found that the deflections obtained were exact solutions to the problem of bending isotropic sandwich 

plates. The deflection was found to be made up of two components: flexural deformation and shear deformation. 

Keywords: isotropic sandwich plate; Galerkin–Vlasov method; governing differential equation of equilibrium; or-

thogonal eigen functions; generalized displacements parameters. 

1 Introduction 

The idea of sandwich construction in the use of com-

posite structures has become very popular due to the de-

velopment of man-made cellular materials as core materi-

als. Sandwich structures are composite structures made up 

of a pair of thin stiff, strong skins (called faces, facings or 

covers) a thick light weight core to separate the skins and 

carry loads from one skin to the other and an adhesive 

attachment capable of transmitting shear and axial loads 

to and from the core (Petras, 1998). Figures 1–2 show 

typical cross-sectional view and three dimensional view 

of a sandwich plate. Sandwich plates are plates made of 

three layers, the top and bottom layers (called facings) are 

usually thin and are made from high strength material 

while the thick middle layer (called core) is made from a 

relatively light and low strength material (Magnucka–
Blandzi and Wittenborg, 2013). The motivation for use of 

sandwich plate as a structural material is two fold. First, 

in plate bending theory, the maximum normal stresses 

occur at the top and bottom surfaces. Hence it is sensible 

using high strength materials at the top and bottom and 

low and light weight materials in the middle. Second, the 

bending resistance for a plate is proportional to the value 

of the thickness. Thus, increasing the thickness by adding 

a core in the middle increases the flexural resistance. 

(Kormaniková and Mamuzic, 2011). 

Due to the thick core, the use of the Kirchhoff 

(classical) plate theory results in an underestimation 

of the deflections since it does not account for the 

affect of the transverse shear deformation. The sim-

plest shear deformable plate theories that takes cogni-

zance of the transverse shear deformation effect are 

the Reissner and the Mindlin first order shear defor-

mation plate theories. 
 

 

Figure 1 – Typical cross-sections of a sandwich plate 

 

Figure 2 – 3D view of isotropic sandwich plate 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).d3
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The maximum shear stress generally occurs in the 

middle of the sandwich plate, requiring a core to resist the 

shear. 

The most commonly used sandwich plate theory is lin-

ear, and is an extension of the first order shear defor-

mation plate theory. Linear sandwich plate theory is of 

vital importance in the analysis and design of sandwich 

panels which are frequently encountered in building con-

struction, vehicle construction, airplane construction and 

refrigeration systems. (Liaw Boen Dar, 1965, Balken et al 

2010). Some advantages of sandwich plates are (Allen, 

1969; Vinson, 2001; Raville, 1955): 

– sandwich plates have composite cross-sections with a 

considerably higher shear strength to weight ratio than the 

equivalent non composite plate. The composite plate also 

has a higher tensile strength to weight ratio; 

– the high stiffness of the face sheet results in high 

bending strength to weight ratio for the composite plate. 

The advantages in weight and bending stiffness make 

sandwich plates attractive in many applications. 

Sandwich plates have found widespread application in 

the aircraft industry for both civil and military aircrafts, in 

the structure of missiles and satellites. Magnueka – Blan-

dzi and Wittenbeek (2013) formulated equations for the 

mathematical model of a sandwich circular plate consist-

ing of two facings and a core with variable mechanical 

properties. They derived their equation using the principle 

of total potential energy. Wang (1995) derived the gov-

erning equilibrium equations for sandwich plates on the 

basis of the Reissner–Mindlin shear deformation plate 

theory, and presented exact relationships between the 

deflections of isotropic sandwich plates and their corre-

sponding Kirchhoff plates. 

Kormenikova and Manuzic (2011) used the shear de-

formation plate laminate theory for sandwich plates by 

neglecting the membrane and bending deformations in the 

core and the shear deformation in the findings. 

2 Research Methodology 

2.1 Theoretical framework 

The governing differential equation of equilibrium of 

rectangular sandwich plates can be obtained by ignoring 

the non linear terms in the Reissner’s plate equation, 

(Liaw Boen Dar, 1968) thus, 

 2 2 2( , ) ( , )
s

D
D w p x y p x y

D
     , (1) 

where 

 s cD hG ; (2) 

 
3

2
12 1( )

Eh
D 

 
; (3) 

 
2 2

2

2 2
x y

 
  

 
; (4) 

 
4 4 4

4 2 2

4 2 2 4
2

x x y y

  
      

   
; (5) 

w(x, y) is the transverse displacement; p is the dis-

tributed transverse load; Ds is the shear modulus; D is 

the flexural modulus. 

Equation (1) can be expressed as: 

 4 21( , )
( , ) ( , )

s

p x y
w x y p x y

D D
    ; (6) 

4 4 4

2

4 2 2 4

1
2

( , ) ( ( , ) ( , ) ( , )
( , )

s

w x y w x y w x y p x y
p x y

D Dx x y y

   
     

    

. (7) 

2.2 Methodology 

The rectangular sandwich plate (2a2b) shown in  

Figure 3 and subject to uniform transverse load p0 on the 

entire domain was considered. The region of Cartesian 

coordinates was taken at the plate centre due to symmetry 

of the plate and the load. 

 

 

Figure 3 – Simply supported rectangular sandwich plate  

under uniformly distributed load 

By the Galerkin–Vlasov variational method, w(x, y) 

and p(x, y) were considered as linear combinations of 

orthogonal eigen functions of vibrating simply supported 

Euler beams of spans 2a and 2b with simple supports at  

x = a; x = a; y = b; y = b. The boundary conditions for 

the simply supported sandwich plates are: 

 0( , )w x a y   ; (8) 

 
2

2
0( , ) ( , )xx

w
w x a y x a y

x


     


; (9) 

 0( , )w x y b   ; (10) 

 
2

2
0( , ) ( , )yy

w
w x y b x y b

y


     


. (11) 

By the Vlasov method, suitable shape functions chosen 

as the eigen functions of vibrating Euler-Bernoulli beams 

are found by applying Equations (8)–(11) on 
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1 1 2 1

( ) sin cosw x c x c x   ; (12) 

and 

 
3 2 4 2

( ) sin cosw y c y c y   , (13) 

where c1, c2, c3 and c4 are constants and i and i are to be 

determined, i = {1; 2}. 

Hence, 

 
2

( ) cos ,m

m x
F x

a


  m = {1, 3, 5, 7}; (14) 

 
2

( ) cos ,n

n y
G y

b


  n = {1, 3, 5, 7}. (15) 

Following Kantorovich technique, w(x, y) and p(x, y) are 

considered as variable separable functions 

 ( , ) ( ) ( )mn m n
m n

w x y w F x G y
 

 ; (16) 

 ( , ) ( ) ( )mn m n
m n

p x y p F x G y
 

 . (17) 

The Galerkin – Vlasov variational integral becomes: 
4 4 4

4 2 2 4

1
2 ( ) ( ) ( ) ( )
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   (18) 

Simplifying, 
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(19) 

Simplification yields for particular integer values of m 

and n, 
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 ( ) ( ) ( ) ( ))m n i jF x G y F x G y dxdy . (20) 

The orthogonality properties of the integrals of the eig-

en functions Fm(x) and Gn(y) lead to the simplification of 

the Galerkin – Vlasov variational integral to obtain: 

2 2
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Using the Wolfram Mathematica integration software, 
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For uniformly distributed transverse load of intensity 

p0 over the entire plate domain, 
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Using the integrals, and Equation (37), we obtain 
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2.3 Maximum deflection 

The maximum deflection occurs at the plate centre, and the 

components are given by: 
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The values of maximum deflection for the flexural and 

shear components are calculated for various values of 

aspect ratio, and presented in Table 1 for various ratios of 

D/Ds. The convergence properties of the deflation func-

tions Equations (37)–(38) are illustrated by considering 

the m, n terms in the series of maximum deflection for the 

case of square plates (b/a = 1) and shown in Table 2. 

Table 1 – Maximum deflection coefficients for the centre of uniformly loaded  

sandwich plates (2a  2b) with simply supported edges (x = a; y = b) 
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sD a

D
  
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0( )
max
s p a

w
D

 
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1.0 6.496·102 28.48·102 28.48·102 2.848·102 1.424·102 0.5696·102 

1.2 9.024·102 34.72·102 34.720·102 3.4720·102 1.7360·102 0.69440·102 

1.4 11.280·102 38.68·102 38.68·102 3.868·102 1.934·102 0.7736·102 

1.6 13.280·102 41.68·102 41.68·102 4.168·102 2.084·102 0.8336·102 

1.8 14.896·102 43.92·102 43.92·102 4.392·102 2.196·102 0.8784·102 

2.0 16.208·102 45.56·102 45.56·102 4.556·102 2.278·102 0.9112·102 

3.0 19.568·102 49.08·102 49.08·102 4.9080·102 2.454·102 0.9816·102 

4.0 20.512·102 49.80·102 49.80·102 4.980·102 2.49·102 0.9960·102 

5.0 20.752·102 49.96·102 49.96·102 4.996·102 2.498·102 0.9992·102 

 20.832·102 50.00·102 50.00·102 5.000·102 2.500·102 1.0000·102 

 

Table 2 – Convergence characteristics of wf and ws for b/a = 1 

m n 
4

2
10max

f pa
w

D

 
 
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4

2
10max

s

s

pa
w

D

 
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1 1 6.657 32.851 

3 1 6.568 30.661 

1 3 6.479 28.470 

3 3 6.489 28.876 

3 5 6.487 28.748 

5 3 6.486 28.619 

5 5 6.486 28.671 

5 7 6.486 28.646 

7 5 6.486 28.620 

7 7 6.486 28.634 

3 Results and Discussion 

The governing partial differential equation of equilib-

rium of rectangular isotropic sandwich plate with simply 

supported edges (x = a; y = b) given by Equation (1) 

has been solved to obtain the unknown deflections for the 

case of uniformly distributed load over the entire 

plate. Vlasov procedure was adopted to choose the 

shape functions as the orthogonal eigen functions of 

vibrating Euler Bernoulli beams as Equations (14) 

and (15). The Galerkin – Vlasov variational integral 

was obtained as Equation (18). Simplifications by use 

of the orthogonality of the eigen basis functions and 

integrations yielded the solution for the unknown 

generalized displacement coordinates as Equation 

(30). 

It was observed that the solution for displacements 

showed there are two displacement components; 

flexural displacements and shear displacements. For 

uniform loads, the flexural displacements were ob-

tained as Equation (40) and the shear displacements 

as Equation (41). The series obtained for the dis-

placements were rapidly convergent and the conver-

gent solutions after five (5) terms of the series for 

different aspect ratios were calculated and presented 

in Table 1. The table shows that as the ratio Ds/D 

increases, the contribution of shear deformation to the 

overall deformation of the sandwich plate reduces. 
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Table 2 illustrates that the expression for flexural compo-

nent of deflection converges faster than the expression for 

the shear component. Convergence to the exact flexural 

component is achieved for m = n= 5, while that for the 

shear component is achieved for higher values of m, n. 

The Galerkin Vlasov solutions obtained in this study were 

in exact agreement with solutions obtained for simply 

supported isotropic sandwich plates by Plantema, (1966) 

who used a Navier series method. 

4 Conclusions 

The Galerkin–Vlasov method has been successfully 

used to solve the governing partial differential equations 

of isotropic sandwich plates with simply supported edges 

(x = a; y = b) under uniformly distributed load. 

The solution gave exact solution for the deflection as a 

rapidly converging double trigonometric (cosine) series 

of infinite terms. 

The deflection w(x, y) was found to be made up of a 

flexural component w
(f)

(x, y) and a shear component 

( )
( , ).
s
x yw  

The contribution of the shear deformation to the total 

(resultant) deformation reduces as the ratio Ds/D increas-

es. 

This paper will hopefully enhance our understanding 

of the deflection behaviour of simply supported isotropic 

sandwich plates under uniformly distributed load. 
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Аɧɨɬаɰɿɹ. У ɪɨɛɨɬɿ ɡɚɫɬɨɫɨɜɚɧɨ ɦɟɬɨɞ Ƚɚɥьɨɪɤɿɧɚ–ȼɥɚɫɨɜɚ ɞɥɹ ɪɨɡɜ’ɹɡɚɧɧɹ ɞɢɮɟɪɟɧɰɿɚɥьɧɢɯ ɪɿɜɧɹɧь 
ɪɿɜɧɨɜɚɝɢ ɿɡɨɬɪɨɩɧɢɯ ɲɚɪɭɜɚɬɢɯ ɩɥɚɫɬɢɧ ɡ ɪɿɜɧɨɦɿɪɧɨ ɧɚɜɚɧɬɚɠɟɧɢɦɢ ɲɚɪɧɿɪɧɨ ɨɩɟɪɬɢɦɢ ɤɪɚɹɦɢ (x = a; 

y = b). Ɉɛɪɚɧɚ ɩɪɨɰɟɞɭɪɚ ȼɥɚɫɨɜɚ ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ ɮɭɧɤɰɿɣ ɮɨɪɦɢ ɹɤ ɨɪɬɨɝɨɧɚɥьɧɢɯ ɜɥɚɫɧɢɯ ɮɭɧɤɰɿɣ ɡɚ 
ɦɨɞɟɥɥɸ ȿɣɥɟɪɚ–Ȼɟɪɧɭɥɥɿ ɞɥɹ ɜɢɩɚɞɤɭ ɲɚɪɧɿɪɧɢɯ ɨɩɨɪ ɿ ɪɿɜɧɨɦɿɪɧɨɝɨ ɧɚɜɚɧɬɚɠɟɧɧɹ. Ɋɟɡɭɥьɬɭɸɱɟ ɪɿɜɧɹɧɧɹ 
Ƚɚɥьɨɪɤɿɧɚ–ȼɥɚɫɨɜɚ ɪɨɡɜ’ɹɡɚɧɟ ɡ ɦɟɬɨɸ ɜɢɡɧɚɱɟɧɧɹ ɧɟɜɿɞɨɦɨʀ ɮɭɧɤɰɿʀ ɭɡɚɝɚɥьɧɟɧɨʀ ɮɨɪɦɢ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ 
ɨɬɪɢɦɚɧɿ ɩɟɪɟɦɿɳɟɧɧɹ є ɬɨɱɧɢɦɢ ɪɿɲɟɧɧɹɦɢ ɡɚɞɚɱɿ ɩɪɨ ɜɢɝɢɧ ɿɡɨɬɪɨɩɧɢɯ ɲɚɪɭɜɚɬɢɯ ɩɥɚɫɬɢɧ. ȼɢɹɜɥɟɧɨ, ɳɨ 
ɩɟɪɟɦɿɳɟɧɧɹ ɫɤɥɚɞɚɸɬьɫɹ ɡ ɞɜɨɯ ɤɨɦɩɨɧɟɧɬɿɜ: ɡɝɢɧɚɥьɧɨʀ ɞɟɮɨɪɦɚɰɿʀ ɬɚ ɞɟɮɨɪɦɚɰɿʀ ɡɫɭɜɭ. 

Ʉɥɸɱɨɜɿ ɫɥɨɜа: ɿɡɨɬɪɨɩɧɚ ɲɚɪɭɜɚɬɚ ɩɥɚɫɬɢɧɚ; ɦɟɬɨɞ Ƚɚɥьɨɪɤɿɧɚ–ȼɥɚɫɨɜɚ; ɪɿɜɧɹɧɧɹ ɪɿɜɧɨɜɚɝɢ; ɨɪɬɨɝɨɧɚɥьɧɿ 
ɜɥɚɫɧɿ ɮɭɧɤɰɿʀ; ɭɡɚɝɚɥьɧɟɧɿ ɩɚɪɚɦɟɬɪɢ. 
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Abstract. In this paper we have investigated compact printed semicircular disc monopole antenna, which is basi-

cally printed microstrip antenna with etched ground plane for UWB applications. In particular we have simulated 

very compact semicircular disc monopole antennas for UWB communication. Simple rectangular microstrip line is 

used for feeding the printed monopole antenna and its frequency bandwidth under –10 dB return loss is ranging from 

3 GHz to 11.6 GHz. This compact printed monopole antenna works well for the whole UWB frequency band  

3.1–10.6 GHz. 

Keywords: UWB, semicircular printed monopole antenna, microstrip line. 

1 Introduction 

Ultra-Wideband (UWB) commonly refers to signal or 

system that either has a large relative bandwidth (BW) or 

a large absolute bandwidth [1–4]. Such a large BW offers 

specific advantages with respect to signal robustness, 

information content and/or implementation simplicity. 

But such systems have some fundamental differences 

from the conventional narrowband systems. The Federal 

communications Commission (FCC) has designated the 

3.1 to 10.6 GHz band with Effective Isotropic Radiated 

Power (EIRP) below –40dbm/kHz for UWB Communi-

cations. 

2 Literature Review 

Some UWB antennas are much more complex than 

other existing single band, dual band and multi-band 

antennas [5, 6]. Most of the UWB monopole antennas are 

investigated till today is non-planar as in [7, 8] and due to 

its protruded structure they cannot be integrated with 

integrated circuits and they are fragile. Few researchers 

have also studied printed monopole Antennas 

In this paper, we will investigate UWB antenna, which 

is basically a printed microstrip antenna with etched 

ground plane. First we will investigate in depth the semi-

circular disk printed monopole antenna for UWB applica-

tions. For getting compactness, we have etched the half of 

the part of circular patch without disturbing the band-

width as well as antenna parameter. We have used con-

ventional rectangular microstrip lines as feed lines for 

printed UWB antennas which are properly matched to the 

antenna impedance. In future we will also investigate 

other broadband matching techniques to further improve 

the UWB performance of the printed monopole antennas 

[9–11]. CAD-FEKO simulation software has been em-

ployed for obtaining the simulation results. 

3 Research Methodology 

This modified UWB monopole antenna is designed di-

rectly from the circular disc UWB-Monopole antenna 

with some modifications in the patch shape as shown in 

Figure 1. We have used the same FR4 substrate with 4.4 

relative permittivity and 1.6 mm thickness. The real part 

of antenna impedance is exactly 50 Ω at 8.5 GHz and 

10.8 GHz when the imaginary part of antenna impedance 

cross zero. The final optimal dimensions of the UWB-

monopole antenna are: 

– dimensions of patch: radius r = 12 mm; metal thick-

ness 0.035 mm; 

– dimensions of substrate: W1 = 34 mm; L1 = 50 mm; 

– dimensions of ground: W2 = 34 mm; L2 = 26 mm; 

– microstrip line: W3 = 2.6 mm; L3 = 27.5 mm, where 

g is a gap between the ground plane and patch. 

After doing an extensive simulation study, we have 

fixed the dimensions of UWB monopole antenna and the 

value of g as 1 mm. The antenna impedance, flow, fhigh and 

radiation efficiency are tabulated in Table 1. Note that 

proposed semicircular disc Monopole antenna is more 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).e1
mailto:laxmanpillalamarri85@gmail.com
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compact and high efficient antenna for UWB applica-

tions. It has maximum directivity at –26° and 180°
 
at 

3 GHz and at the frequency 10.6 GHz, it has been tilted 

to 10° and –26.4° as frequency increases it is slightly 

titled with 5° to 10°. The H-plane radiation pattern on the 

other hand is purely omni-directional pattern throughout 

the band of frequencies. 

 

 

Figure 1 – Geometry of Circular UWB Antenna 

4 Results 

The simulated 3D radiation patterns of the proposed 
antenna at 3.1, 5, 8, 9, 10.6 and 11.2 GHz are shown in 
Figures 2–4. The radiation pattern looks like a doughnut, 
similar to that of a dipole pattern, at the first resonant 
frequency, i. e. 3 GHz. At the second resonant frequency 
i.e. at 5 GHz and the third resonance frequency, i. e. at 
8 GHz the radiation pattern is somewhat like pinched 
doughnut (i.e. omni directional). As the frequency moves 
toward the upper end of the bandwidth the radiation pat-
tern is some what slightly distorted as it reaches higher 
frequencies (i. e.10.6 GHz and 11.2 GHz.). 

The transition of the radiation patterns from a simple 
doughnut at the lower frequencies to the slowly distorted  
radiation patterns at the higher resonances indicates that 
this antenna must have gone through major changes in its 
behavior but it had omni directionality, this was possible 
because of the partial ground plane i.e. ‘g’ the gap be-
tween the ground plane and the patch which was a major 
factor for perfect impedance matching of the antenna, due 
to the proper impedance matching the antenna has very 
less reflections. As the impedance matching was good the 
radiation power and radiation intensity were very high. 

  
a b 

Figure 2 – Return losses (a) and antenna impedance (b) 

Table 1 – Parameters of the Circular Disc UWB monopole Antenna 

g, mm Flow, GHz Fhigh, GHz 
Antenna  

Impedance, Ω 
Pacc, W Prad, W 

Max U,  

W/Sr 
Peak Gain η, % 

0.8 3.2 11.5 50 0.98 0.88 0.13 1.69 89.6 

1 3 11.6 50 0.97 0.87 0.13 1.64 89.3 
 

 

Figure 3 – 3D Radiation Plots 
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a b 

Figure 4 – E-plane (a) and H-plane (b) radiation patterns 

5 Conclusions 

In this paper, the printed semicircular disc UWB mon-

opole antenna with huge bandwidth has been investigat-

ed, which is basically the printed microstrip antenna with 

the etched ground plane. Printed UWB monopole anten-

nas are less fragile, planar and can be integrated with the 

integrated circuits unlike monopole antennas which have 

non-planar or protruded structures above the  

 

 
 

ground plane. In particular, we have simulated very com-

pact UWB monopole antenna and it has higher efficiency. 

The E-plane radiation the printed monopole antenna is in 

the form of 8 shapes and it is slightly tilted at higher fre-

quencies. The H-plane radiation pattern has omni-

directional patterns throughout the frequencies of the 

BW. It has been observed that such monopole antennas 

are suitable for UWB operations. 
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Ɇɨɞиɮіɤɨɜаɧа ɩɥɨɫɤа ɤɪɭɝɨɜа UWB-аɧɬɟɧа 

Піɥɥɚɥɚɦɚɪɪі, Л. 

ȼіɞɞіɥ ɟɥɟɤɬɪɨɧіɤɢ ɬɚ ɡɜ’ɹɡɤɭ, Лɚɛɨɪɚɬɨɪіɹ ɪɚɞіɨɱɚɫɬɨɬ і ɦіɤɪɨɯɜɢɥь, ɦ. ɏɚɣɞɚɪɚɛɚɞ, Іɧɞіɹ 

Аɧɨɬаɰіɹ. У ɪɨɛɨɬі ɞɨɫɥіɞɠɟɧɨ ɤɨɦɩɚɤɬɧɭ ɞɪɭɤɨɜɚɧɭ ɧɚɩіɜɤɪɭɝɥɭ ɞɢɫɤɨɜɭ ɚɧɬɟɧɭ, щɨ є UWB-ɚɧɬɟɧɨɸ іɡ 
ɡɚɡɟɦɥɟɧɧɹɦ. Зɨɤɪɟɦɚ, ɡɦɨɞɟɥьɨɜɚɧɨ ɞɭɠɟ ɤɨɦɩɚɤɬɧі ɚɧɬɟɧɢ ɡ ɧɚɩіɜɤɪɭɝɥɢɦɢ ɞɢɫɤɚɦɢ ɞɥɹ UWB-ɡɜ’ɹɡɤɭ. 

Пɪɨɫɬɚ ɩɪɹɦɨɤɭɬɧɚ ɦіɤɪɨɩɨɥɨɫɤɨɜɚɹ ɥіɧіɹ ɜɢɤɨɪɢɫɬɨɜɭєɬьɫɹ ɞɥɹ ɠɢɜɥɟɧɧɹ ɚɧɬɟɧɢ ɡ ɱɚɫɬɨɬɧɨɸ ɩɪɨɩɭɫɤɧɨɸ 
ɫɦɭɝɨɸ –10 ɞȻ іɡ ɜɬɪɚɬɚɦɢ ɜіɞ 3 ȽȽɰ ɞɨ 11.6 ȽȽɰ. ɐɹ ɦɨɞɢɮіɤɨɜɚɧɚ ɚɧɬɟɧɚ ɞɨɛɪɟ ɩɪɚɰɸє ɞɥɹ ɜɫьɨɝɨ ɞіɚɩɚɡɨɧɭ 
UWB-ɱɚɫɬɨɬ 3.1–10.6 GHz. 

Ʉɥɸɱɨɜі ɫɥɨɜа: UWB, ɦɨɞɢɮіɤɨɜɚɧɚ ɚɧɬɟɧɚ, ɦіɤɪɨɩɨɥɨɫɤɨɜɚɹ ɥіɧіɹ. 
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Abstract. At gas distribution stations, a large amount of energy of compressed gases is lost. In such cases, the use-

ful power is obtained with the aid of a turboexpander. The problem is that there is a great need for turboexpanders 

with a capacity of up to 500–700 kW. For these capacities, the turboexpander with the use of classical turbines turns 

out to be high-speed, complex, expensive, with a payback period that is more than two years. The solution of this 

problem is seen in the creation of turboexpander installations based on vortex machines. 

A promising type of vortex expansion machines are side channel machines. Results of studies of vortex hydraulic 

turbines with side channel showed high values of the efficiency. 

The goal of this research is study of the working process of vortex expansion machine with side channel by per-

forming a computational experiment in the ANSYS CFX software package. 

The results of the research showed that the efficiency of vortex expansion machine with side channel is greater 

than in vortex expansion machine with peripheral channel (real experiment). 

Keywords: vortex expansion machine, efficiency, turboexpander, computational experiment, ANSYS CFX, working 

process. 

1 Introduction 

At gas distribution stations necessarily installed throt-

tle devices, in which a large amount of energy of com-

pressed gases is lost. As a rule, in such cases, the useful 

power is obtained with the help of a turboexpander. 

The problem is that there is a big need for turbo ex-

pander with a capacity of 500–700 kW. For these capaci-

ties turboexpander with classical turbines turns out to be 

high-speed, complex, and expensive, with a payback 

period of more than two years. Key of solving this prob-

lem is turboexpander based on vortex machines. 

However, it is advisable to use machines of this type 

not only in turboexpander units. The vortex expansion 

machines have the potential to be used in various pneu-

matic devices. 

2 Literature Review 

Literary analysis showed that knows three main types 

of vortex expansion machines: with peripheral channel, 

with side channel and with peripheral-side channel. flow-

ing parts of vortex expansion machines can be single-

channel, dual-channel and multichannel. 

For compressed fluids, the most studied are vortex ex-

pansion machines with peripheral channel [1–3, 6]. Vor-

tex expansion machines with side channel are practically 

unexplored. 

For incompressible fluids known researches of vortex 

hydraulic turbines with side channel [5, 6]. In particular, 

known the results of experimental tests of vortex ma-

chines what working on water. Tests were conducted for 

the following types of flowing part: 

– with side round channel (open and closed types); 

– with side rectangular channel of closed type; 

– with external peripheral channel. 

According to the results of the tests: 

– efficiency of vortex machine with side round channel 

of the closed type with the optimal mode is 54 %; 

– with a coefficient of fastness ns = 4, the power of 

vortex machine with side round channel of a closed type 

is 7 times greater than the power of an axial partial tur-

bine with the same dimensions and rotational speed; 

– efficiency of vortex machine with a rectangular 

channel is smaller than with a round; 

– efficiency of the stage with external peripheral chan-

nel in the optimal mode is 13 %. 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).e2
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Thus, in these researches [4] declares the advantage of 

vortex machines with side channel over machines with 

external peripheral channel, what working on water. 

Also known researches of vortex machines what work-

ing on gas. 

According to researches of vortex machine with inter-

nal peripheral channel [1], the application of this type of 

flowing part can increase the efficiency of the machine by 

25–30 %. 

Vortex machine with external peripheral channel is 

considered the most technologically and constructively 

simple. The application of the nozzle in the design of the 

turbine and the optimization of flowing part allowed to 

arrange the flow of gas at the inlet section and along the 

length of flowing part, and to increase the efficiency of 

the turbine from 10 % to 30–35 % [2, 3]. 

Considering the possibility of a significant increase in 

the efficiency of vortex machine with peripheral channel, 

and high values of the efficiency of vortex hydraulic tur-

bines with side channel, it seems advisable to study vor-

tex expansion machines with side channel what working 

on water. 

3 Research Methodology 

3.1 Incoming data 

The goal of this research is study of the working pro-

cess of vortex expansion machine with side channel due a 

computational experiment. Virtual model (Fig. 1) of vor-

tex expansion machine with side channel based on an 

experimental model of a vortex pneumatic expansion 

machine with external peripheral channel [2]. 

 

 

Figure 1 – Constructive scheme of the virtual model 

The main geometric parameters of the virtual model 

were taken from [2], as parameters of modes with a high 

level of efficiency. Geometric parameters and input data 

for calculation are presented in Table 1 and Table 2, re-

spectively. 

 

Table 1 – Geometric parameters of the virtual model 

Name Value 

Average diameter of the impeller, D 180 mm 

Diameter of meridional intersection of 

flow section, d 
22 mm 

Angle of blades (the angle between the 

edge of the shoulder blade and the axis 

perpendicular to the axis of rotation of 

impeller) y 

10º 

Angle of inclination of blades (angle be-

tween axis of blades and direction, reverse 

direction of circumferential speed of im-

peller), l 

50º 

Number of blades, z 48 

Angle of gas flow from nozzle to edge of 

impeller, 1 
40º 

Diameter of outlet of nozzle, ds 12 mm 

The value of displacement of the axis of 

nozzle along the width of side channel, a 
11 mm 

Table 2 – Incoming data 

Parameter 
Test mode 

1 2 3 4 5 6 7 

Total inlet  

pressure  

P1·10–5, Pa 

1.53 1.87 2.16 2.58 3.25 3.87 3.60 

Pressure  

reduction, ПТ 

1.46 1.74 1.93 2.19 2.49 2.73 2.53 

Total inlet  

temperature  

T1*, K 

298 

Rotational  

speed, rpm 
4000 5000 6000 

Working fluid Viscous air 

 

3.2 Methodology 

Research methodology was taken from [4]. A compu-

tational experiment was carried out in the ANSYS CFX 

software. Verification of the results of a computational 

experiment in ANSYS CFX with the results of a physical 

experiment for a vortex expansion machine with external 

peripheral channel was performed [4]. Verification 

showed the possibility of using ANSYS CFX for the 

study of vortex expansion machines.  

The calculation process consists of five main stages: 

1. Creation of a geometric model (CAD-model). 

2. Creation of a virtual model of expansion machine 

based on a geometric model in a grid generator ANSYS 

Meshing (number of elements more than 1.5 million). 

3. Creation of a virtual model from a grid by imposing 

settlement conditions. The simulation of turbulent effects 

was carried out using the SST model. As input data for 

calculations were taken: total inlet pressure, total inlet 

temperature and static outlet pressure. The working fluid 
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is a viscous compressed air. Roofing of the walls of the 

flow part – 6.3 μm. 

4. Search for solutions. At this stage, the search for 

such parameter values in each calculation element is per-

formed so that the entire calculated zone has the maxi-

mum correct equation of flows. A solution is considered 

to be found when the value of the mean-square residual 

does not exceed 10
–4

, as well as no significant fluctua-

tions in the values of the output parameters (torque, mass 

flow, outlet temperature). 

5. Analysis of results of calculation. The calculation of 

necessary parameters (efficiency, torque, flow, power, 

temperature, pressure) is organized. Also, we obtain the 

flow visualization and the distribution of parameters 

along length of flowing part. The model takes into ac-

count the effect of flow in the gap between the cutter and 

impeller. 

Assumption: gaps between housing and impeller is not 

modeled; no heat exchange with the environment; flow 

parameters are considered to be evenly distributed over 

the inlet cross section. 

 Efficiency during computational experiment is deter-

mined by the formula: 

,Z

s

М
h m

 



             (1) 

Mz – torque on the shaft of expansion machine, N·m; 

 – angular rotational speed of the impeller, rad/s; 

m – mass flow, kg/s; 

hs – specific isenthropic difference of enthalpy, J/kg. 

Specific isentropic difference of enthalpy is deter-

mined by the formula: 
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           (2) 

k – isentrope index of the working fluid; 

R – specific gas constant, J/(kg·K); 

T1* – total inlet temperature, K; 

ПT – pressure reduction. 

Values hs and  are determined by the input data, and 

values Mz and m are obtained as a result of computational 

experiments. 

4 Results and Discussion 

At the first stage, computational experiment was con-

ducted in steady-state mode, on the second - in transient 

mode. 

Table 3 – Results of computational experiment 

Mode 

Steady-state mode 

Mass flow, 

kg/s 
Torque, N·m 

Power,  

kW 
Efficiency 

1 0.022 0.580 0.24 0.366 

2 0.028 1.024 0.43 0.347 

3 0.036 1.256 0.66 0.357 

4 0.043 1.700 0.89 0.345 

5 0.055 2.325 1.22 0.323 

6 0.067 3.008 1.58 0.315 

7 0.066 2.480 1.56 0.338 

Table 4 – Results of real experiment [2] 

Mode 

Real experiment 

Mass flow, 

kg/s 
Torque, N·m 

Power,  

kW 
Efficiency 

1 0.023 0.525 0.22 0.315 

2 0.030 1.002 0.42 0.32 

3 0.039 1.164 0.61 0.305 

4 0.049 1.698 0.89 0.305 

5 0.063 2.405 1.26 0.29 

6 0.104 4.313 2.26 0.29 

7 0.074 2.309 1.45 0.28 

 

As we see, the value of the efficiency of vortex expan-

sion machine with side channel (computational experi-

ment) is higher than efficiency of vortex expansion ma-

chine with peripheral channel (real experiment) in all 

modes. Such results show that vortex expansion machine 

with side channel is a promising type of such machines.  

The data of visualization of flow and distribution of to-

tal temperature along the length of flowing part of vortex 

expansion machine were analysed (Fig. 2–4). 

The values of total temperature were taken on a plane 

between rotor and stator on the average diameter of im-

peller. Figure 2 shows that on the segment 0°–150 total 

temperature is not changing, and on the segment 150°–
330 change in total temperature is much higher. Conse-

quently, the main energy transfer from flow to impeller of 

vortex expansion machine with side channel occurs on 

the segment 150°–330 unlike the vortex expansion ma-

chine with the peripheral channel [4].  

Figures 3–4 present visualization of flows of two 

modes with different efficiency. As seen, better organized 

longitudinal-vortex movement along the length of flow-

ing part has more efficiently working process of the vor-

tex expansion machine. 
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Figure 2 – Distribution of total temperature  

along the length of flowing part 

 

Figure 3 – Visualization of flow of gas in flowing part  

(mode 1; efficiency 0.366) 

 

Figure 4 – Visualization of flow of gas in flowing part  

(mode 6; efficiency 0.315) 

5 Conclusions 

Experiment in steady-state mode in all modes had high 

values of absolute residuals. However, all of them are 

localized in the area of the shut-off, what indicates the 

complex and uncertain nature of flow in this area of flow-

ing part. 

Experiment in transient mode failed, solutions were 

not found on all modes. Experiment in transient mode in 

essence should be the most accurate and closest to the 

real work process. In addition, the results of the experi-

ment in steady-state mode are input data for the experi-

ment in transient mode. Failure to obtain a solution in a 

transient mode indicates that results of experiment in 

steady-state mode need to be confirmed by a real experi-

ment. 
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Ⱦɨɫɥɿɞɠɟɧɧɹ ɪɨɛɨɱɨɝɨ ɩɪɨɰɟɫɭ ɜɢɯɪɨɜɨʀ ɪɨɡɲɢɪɸɜɚɥьɧɨʀ ɦɚɲɢɧɢ ɡ ɛɿɱɧɢɦ ɤɚɧɚɥɨɦ 

Ȼɨɧɞɚɪ Ⱥ. ȼ.*, ȼɚɧєєɜ ɋ. Ɇ. 

1 ɋɭɦɫьɤɢɣ ɞɟɪɠɚɜɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ, ɜɭɥ. Ɋɢɦɫьɤɨɝɨ-Кɨɪɫɚɤɨɜɚ, 2, 40007, ɦ. ɋɭɦɢ, Уɤɪɚʀɧɚ 

Аɧɨɬɚɰɿɹ. ɇɚ ɝɚɡɨɪɨɡɩɨɞɿɥьɧɢɯ ɫɬɚɧɰɿɹɯ ɜɬɪɚɱɚєɬьɫɹ ɜɟɥɢɤɚ ɤɿɥьɤɿɫɬь ɟɧɟɪɝɿʀ ɫɬɢɫɥɢɯ ɝɚɡɿɜ. ȼ ɬɚɤɢɯ 
ɜɢɩɚɞɤɚɯ ɤɨɪɢɫɧɭ ɩɨɬɭɠɧɿɫɬь ɨɬɪɢɦɭɸɬь ɡɚ ɞɨɩɨɦɨɝɨɸ ɬɭɪɛɨɞɟɬɚɧɞɟɪɚ. ɉɪɨɛɥɟɦɚ ɩɨɥɹɝɚє ɜ ɬɨɦɭ ɳɨ, є 
ɜɟɥɢɤɚ ɩɨɬɪɟɛɚ ɜ ɬɭɪɛɨɞɟɬɚɧɞɟɪɚɯ ɩɨɬɭɠɧɿɫɬɸ ɞɨ 500-700 ɤȼɬ. Дɥɹ ɰɢɯ ɩɨɬɭɠɧɨɫɬɟɣ ɬɭɪɛɨɞɟɬɚɧɞɟɪ ɩɪɢ 
ɜɢɤɨɪɢɫɬɚɧɧɿ ɤɥɚɫɢɱɧɢɯ ɬɭɪɛɿɧ ɜɢɯɨɞɢɬь ɜɢɫɨɤɨɨɛɟɪɬɨɜɢɦ, ɫɤɥɚɞɧɢɦ, ɞɨɪɨɝɢɦ, ɡ ɬɟɪɦɿɧɨɦ ɨɤɭɩɧɨɫɬɿ, ɹɤɢɣ 
ɫɬɚɧɨɜɢɬь ɛɿɥьɲɟ ɞɜɨɯ ɪɨɤɿɜ. ȼɢɪɿɲɟɧɧɹ ɰɿєʀ ɩɪɨɛɥɟɦɢ ɜɛɚɱɚєɬьɫɹ ɭ ɫɬɜɨɪɟɧɧɿ ɬɭɪɛɨɞɟɬɚɧɞɟɪɧɢɯ ɭɫɬɚɧɨɜɨɤ 
ɧɚ ɨɫɧɨɜɿ ɜɢɯɪɨɜɢɯ ɦɚɲɢɧ. 

ɉɟɪɫɩɟɤɬɢɜɧɢɦ ɬɢɩɨɦ ɜɢɯɪɨɜɢɯ ɪɨɡɲɢɪɸɜɚɥьɧɢɯ ɦɚɲɢɧ є ɦɚɲɢɧɢ ɡ ɛɿɱɧɢɦ ɤɚɧɚɥɨɦ, ɬɚɤ ɹɤ ɜɿɞɨɦɿ 
ɞɨɫɥɿɞɠɟɧɧɹ, ɪɟɡɭɥьɬɚɬɢ ɹɤɢɯ ɩɨɤɚɡɚɥɢ ɜɢɫɨɤɿ ɡɧɚɱɟɧɧɹ ККД ɜɢɯɪɨɜɢɯ ɝɿɞɪɚɜɥɿɱɧɢɯ ɬɭɪɛɿɧ ɡ ɛɿɱɧɢɦ ɤɚɧɚɥɨɦ. 

Ɇɟɬɨɸ ɞɚɧɨʀ ɫɬɚɬɬɿ є ɞɨɫɥɿɞɠɟɧɧɹ ɪɨɛɨɱɨɝɨ ɩɪɨɰɟɫɭ ɜɢɯɪɨɜɨʀ ɪɨɡɲɢɪɸɜɚɥьɧɨʀ ɦɚɲɢɧɢ ɡ ɛɿɱɧɢɦ ɤɚɧɚɥɨɦ 
ɲɥɹɯɨɦ ɩɪɨɜɟɞɟɧɧɹ ɱɢɫɥɨɜɨɝɨ ɟɤɫɩɟɪɢɦɟɧɬɭ ɜ ɩɪɨɝɪɚɦɧɨɦɭ ɤɨɦɩɥɟɤɫɿ ANSYS CFX. 

Ɋɟɡɭɥьɬɚɬɢ ɞɨɫɥɿɞɠɟɧь ɩɨɤɚɡɚɥɢ, ɳɨ ɡɧɚɱɟɧɧɹ ККД ɜɢɯɪɨɜɨʀ ɪɨɡɲɢɪɸɜɚɥьɧɨʀ ɦɚɲɢɧɢ ɡ ɛɿɱɧɢɦ ɤɚɧɚɥɨɦ 
ɛɿɥьɲɟ ɧɿɠ ɭ ɜɢɯɪɨɜɨʀ ɪɨɡɲɢɪɸɜɚɥьɧɨʀ ɦɚɲɢɧɢ ɡ ɩɟɪɢɮɟɪɿɣɧɢɦ ɤɚɧɚɥɨɦ (ɪɟɚɥьɧɢɣ ɟɤɫɩɟɪɢɦɟɧɬ). 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɜɢɯɪɨɜɚ ɪɨɡɲɢɪɸɜɚɥьɧɚ ɦɚɲɢɧɚ, ɤɨɟɮɿɰɿєɧɬ ɤɨɪɢɫɧɨʀ ɞɿʀ, ɬɭɪɛɨɞɟɬɚɧɞɟɪ, ɱɢɫɥɨɜɢɣ 
ɟɤɫɩɟɪɢɦɟɧɬ, ANSYS CFX, ɪɨɛɨɱɢɣ ɩɪɨɰɟɫ. 
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Abstract. The structure multicellular converters, which appeared at the beginning of the 1990s, makes it possible 

to share the constraints in tension and it also improves the harmonic contents of the wave forms. To benefit as well as 

possible from the large potential of the multicellular structure, an appropriate distribution of the voltages crossing 

each cell is needed. These converters are drastically used in industry as well as in research. One of the main limita-

tions of these converters is unregulated supply of voltage and current. To overcome these problems there are various 

control techniques used in combination with these converters. In this review we summarized few of these control 

techniques. Some well known control techniques are PID, sliding mode control and Petri nets control. We have also 

paid attention on the advantages and disadvantages of these techniques with basic operating principle. 

Keywords: multicellular converter, PID, sliding mode, Petri Nets control. 

1 Introduction 

Power electronics knew important technological de-

velopments thanks to the improvements of semiconduc-

tors, power components and systems of energy conver-

sion. Among these systems, multicellular converters, 

which are built upon a series-association of elementary 

commutation cells, are more and more used in industrial 

applications. Indeed, they are characterized by their mod-

ularity and high efficiency. However, the major drawback 

of this kind of converter is their control complexity. This 

structure, which appeared at the end of the 20
th

 century 

[6], makes it possible to share the constraints in tension 

and it also improves the harmonic contents of the wave 

forms [4]. 

Moreover, modeling is a very important step for con-

trol laws and observers synthesis. In literature, several 

approaches have been considered to develop methods of 

control and observation of the multicell converter. Initial-

ly, models have been developed to describe their instan-

taneous [5], harmonic [6] or averaging [1] behaviors. 

These various models were used for the development of 

control laws in open-loop [10]. 

This control is very simple, to ensure the functioning 

of the converter with pulses delayed by 1/3 to the period 

relative to each other. But it can do more to ensure the 

stability of tension capacitors. It will be necessary to use 

a closed loop control that take into account the evolution 

of the capacitor voltages and can meet the requirement to 

control and maintain voltage levels defined [2]. In the 

other hand, the following model must be adequately sim-

ple to allow real time control but enough precise to 

achieve the desired behavior. Because it’s based on con-

tinuous variables and discrete variables, Multicell con-

verter modeling is claimed to be difficult [7, 8]. Accord-

ing to previous studies, three types of models could be 

found. 

The average model consists of calculating average 

value of all variables during one sampling period. Never-

theless, this model cannot represent the capacitors termi-

nal voltage natural balancing. The harmonic model con-

sists of the calculation of the voltage harmonic phases 

and amplitudes by considering the charging current in 

steady-state operation. The instantaneous model deals 

with time-evolution of all variables including the switch 

states (discrete location). This model is hard to use as 

controllers and observers design is impossible since the 

converter is not a continuous system but the mixture of 

continuous and discrete systems [2, 3]. 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).e3
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For a better exploitation of controller possibilities, hy-

brid modeling allows multicell converters using analysis 

and synthesis powerful tools [9]. 

Aim of this paper is to have an overview of all the con-

trol techniques used to facilitate the performance of vari-

ous kinds of multicellular converters. We will briefly 

discuss the basic concept, advantages and disadvantage of 

each control technique throughout this review. 

 

2 Research Methodology 

2.1 PID control 

The main objective of the PID control law is to regulate 

the output current and all voltages across the flying ca-

pacitors. 

PID control is one of the oldest and classical control 

technique used for DC-DC converters. It uses one of its 

families of controllers including P, PD, PI and PID con-

trollers (Figure 1). These different combinations will 

gives us various ways to regulate dc power supply in 

these converters. Due to the various advantages of PID it 

is widely used for industrial applications in the area of 

power electronics. One of the main causes for the use of 

this classical technique still in industrial applications is 

easy implementation of tuning method like Ziegler-

Nichols tuning procedure by which we can easily opti-

mize proportional, integral and derivative term of this 

control method needed to achieve a desired closed-loop 

performance. A proportional integral derivation controller 

is a generic control loop feedback mechanism widely 

used in industrial control system as well as in research. 

This approach is often viewed as simple, reliable, and 

easy to implement. 

 

Figure 1 – Block diagram of PID controller 

Some important advantages and disadvantages of PID 

control technique are: 

Advantages of PID controllers: 

– they are easy and simple to implement; 

– easy to understand; 

– reliable for linear systems. 

Disadvantages of PID controllers: 

– they do not reliable and satisfactorily in case of non-

linear systems; 

– it shows longer rise time when overshoot in output 

voltage decreases; 

– they suffer from dynamic response and produces 

overshoot affecting the output voltage regulation of con-

verter. 

Applied to a two cells converter [11], it results that the 

capacitor voltages and the output current reach the de-

sired reference values without static errors (Figure 2). To 

test the robustness of the control the authors consider the 

variation of the input voltage and the load resistance. 

From these variations, we can deduce that the PID control 

law is suitable for the studied converter. Moreover, it 

rejects external perturbations and some controlled system 

parameters variations. Thus, we can confirm that the PID 

control applied to a multicellular converter is robust for 

the considered load variation. 

 

 

Figure 2 – Floating voltage VC1, VC2 and E evolutions 

2.2 Sliding Mode Control 

SM controller is a type of non-linear controller. It is 

employed and adopted for controlling variable structured 

systems. It is very easy to implement as compared to 

other types of nonlinear and classical controllers. Two 

important steps in SM control is to design a sliding sur-

face in state space and then prepared a control law to 

direct the system state trajectory starting from any arbi-

trary initial state to reach the sliding surface in finite time, 

and at the end it should arrive to a point where the system 

equilibrium state exists that is in the origin point of the 

phase plane. There are three important factors responsible 

for the stability of SM controllers, existence, stability, 

and hitting condition. Sliding Mode control principle is 

graphically represented in Figure 3. 
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Figure 3 – Graphical representation of SM control 

The sliding line divides the phase plane into two main 

regions shown in the figure. Each region is represent by a 

switching state and when the trajectory comes at the sys-

tem equilibrium point, in this case the system is consid-

ered as stable system. A unique feature of an ideal sliding 

mode control technique is that it operates at infinite 

switching frequency. But practical SM controllers are 

operated at finite switching frequencies only which repre-

sent a quasi-sliding mode.  

Advantages of SM controllers: 

– they show good stability for large line and load vari-

ations; 

– high robustness; 

– fast dynamic response; 

– simple and easy implementation. 

Disadvantages of SM controllers: 

– SM controlled converters suffers from switching fre-

quency variation; 

– these controllers are not available in integrated-

circuit (IC) forms for their power electronic applications; 

– there is no systematic procedure available for the de-

sign of sliding mode controllers. 

Sliding mode control become more and more attractive 

to control for multi-cell converter. Applied to a two cells 

converter connected to a nonlinear load, the control keeps 

the load current constant at the desired Iref value and the 

floating voltages change with the variation of the input 

voltage [12] (Figure 4). The control aims to insure the 

convergence of switching surfaces Si to zero, to allow the 

reaching of the state variables to their references. 

In [13] the robustness of the SMC was tested with a 

load resistance variation of 50 %. In this paper, the per-

formances of the sliding mode control for load variation 

are satisfactory. 

 

 

Figure 4 – Floating voltage VC evolutions obtained  

by application of the sliding mode control 

2.3 Petri nets control 

The method applied to a two cells converter connected 

to a nonlinear load is illustrated in Figure 5 

 

 

Figure 5 – Global structure of the Petri net control 

The control consists of two parts, a continuous and a 

discrete. The first is based on a classical PI control loop 

for regulating the output voltage. This loop has as input 

the error E1 = vCref – vC and iLref as output a current. The 

second control loop is done by a Petri net whose mission 

is the current regulation Is to value iLref calculated by the 

PI. The current regulation is followed by a voltage bal-

ancing to ensure a better distribution of the latter in each 

cell. This algorithm is developed in order to control the 

system, in case it has an imbalance in the voltage of cells. 

The transition from one place to another is dependent on 

the voltage state, current iLref and chopper configurations. 

The closure of the switch of the cell (Celli) depends on 

the validation of the transition ti0 and the elapsed delay di.  
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This delay models the time allowed between two suc-

cessive commutations, it is based on the technology used 

for making the switch. For our work we took the same 

delay ie d = d1 = d2. In the Petri the role of two arcs inhib-

itors, is to prevent the presence of more than one, token in 

places P1 and P2. 

The imbalance of the cells voltage is one of the major 

problems of this type of converter, the de-balancing caus-

es a failure of the voltage source if the string current ex-

ceeds the current permitted entry. Pollution of the power 

system harmonics reactions is one of the other conse-

quences of this problem; we will show in the simulation 

result the contribution of this approach. In [14], the simu-

lation results show the convergence of the current branch 

to a neighborhood of the value of the nominal operating 

current response times over (Figure 6). The evolution of 

the input current exhibited a remarkable performance of 

Petri nets control on pollution network lover converter 

input to the conventional control. Applied to a two cells 

converter associated to a nonlinear load, the floating ca-

pacitor voltage and the output current reach the desired 

reference values (Figures 6–7) 

3 Conclusions 

In this review we provided an overview of control 

techniques used for multicellular converters. We briefly 

explained the basic concepts of each control techniques. 

We highlighted the advantages and disadvantages of each 

technique. We can conclude that each control techniques 

have their own limitations and drawback. It depends on 

our need that what kind of control technique is needed for 

particular purpose. There is still scope for the develop-

ment of more reliable and efficient control technique. 

 

Figure 6 – Floating voltage vC evolutions obtained  

by application of the Petri nets control 

 

Figure 7 – Current load iL evolutions obtained  

by application of the Petri nets control 
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Ɉɝɥɹɞ ɦɟɬɨɞіɜ ɤɨɧɬɪɨɥɸ ɛɚɝɚɬɨɤɨɦіɪɤɨɜɨɝɨ ɩɟɪɟɬɜɨɪɸɜɚɱɚ 

Ɏ. Дɠɨɧɞɿɧɟ 

ɍɧɿɜɟɪɫɢɬɟɬ ɦ. ɇɝɚɭɧɞɟɪɟ, B.P. 454, ɦ. ɇɝɚɭɧɞɟɪɟ, Кɚɦɟɪɭɧ 

Аɧɨɬɚɰіɹ. Кɨɧɫɬɪɭɤɰɿɹ ɛɚɝɚɬɨɤɨɦɿɪɤɨɜɨɝɨ ɩɟɪɟɬɜɨɪɸɜɚɱɚ, ɳɨ ɡ'ɹɜɢɥɚɫɹ ɧɚ ɩɨɱɚɬɤɭ 1990-ɯ ɪɨɤɿɜ, ɞɚє ɡɦɨɝɭ 
ɪɨɡɩɨɞɿɥɢɬɢ ɨɛɦɟɠɟɧɧɹ ɧɚɩɪɭɝɢ, ɚ ɬɚɤɨɠ ɩɨɤɪɚɳɭє ɝɚɪɦɨɧɿɱɧɢɣ ɜɦɿɫɬ ɯɜɢɥь. Дɥɹ ɦɚɤɫɢɦɚɥьɧɨ ɟɮɟɤɬɢɜɧɨɝɨ 
ɜɢɤɨɪɢɫɬɚɧɧɹ ɩɨɬɟɧɰɿɚɥɭ ɛɚɝɚɬɨɤɥɿɬɢɧɧɨʀ ɫɬɪɭɤɬɭɪɢ, ɧɟɨɛɯɿɞɧɨ ɡɚɛɟɡɩɟɱɢɬɢ ɜɿɞɩɨɜɿɞɧɢɣ ɪɨɡɩɨɞɿɥ ɧɚɩɪɭɝɢ 
ɞɥɹ ɤɨɠɧɨʀ ɤɨɦɿɪɤɢ. Ɍɚɤɿ ɩɟɪɟɬɜɨɪɸɜɚɱɿ ɲɢɪɨɤɨ ɜɢɤɨɪɢɫɬɨɜɭɸɬьɫɹ ɭ ɩɪɨɦɢɫɥɨɜɨɫɬɿ ɣ ɧɚɭɤɨɜɢɯ 
ɞɨɫɥɿɞɠɟɧɧɹɯ. Ɉɞɧɢɦ ɿɡ ɨɫɧɨɜɧɢɯ ʀɯ є ɧɟɪɟɝɭɥьɨɜɚɧɟ ɩɨɫɬɚɱɚɧɧɹ ɧɚɩɪɭɝɢ ɬɚ ɫɬɪɭɦɭ. Дɥɹ ɩɨɞɨɥɚɧɧɹ ɰɢɯ 
ɩɪɨɛɥɟɦ ɿɫɧɭɸɬь ɪɿɡɧɿ ɦɟɬɨɞɢ ɤɟɪɭɜɚɧɧɹ, ɹɤɿ ɜɢɤɨɪɢɫɬɨɜɭɸɬьɫɹ ɞɥɹ ɰɢɯ ɩɟɪɟɬɜɨɪɸɜɚɱɿɜ. ɍ ɰɿɣ ɫɬɚɬɬɿ ɤɨɪɨɬɤɨ 
ɨɩɢɫɚɧɿ ɞɟɹɤɿ ɡ ɰɢɯ ɦɟɬɨɞɿɜ ɤɟɪɭɜɚɧɧɹ. Дɟɹɤɿ ɞɨɛɪɟ ɜɿɞɨɦɿ ɦɟɬɨɞɢ ɤɟɪɭɜɚɧɧɹ – ɰɟ ɡɚɫɬɨɫɭɜɚɧɧɹ ɉІД-

ɪɟɝɭɥɹɬɨɪɚ, ɪɟɠɢɦɭ ɤɨɜɡɚɧɧɹ, ɬɚ ɭɩɪɚɜɥɿɧɧɹ ɦɟɪɟɠɚɦɢ ɉɟɬɪɿ. Ɉɫɨɛɥɢɜɚ ɭɜɚɝɚ ɩɪɢɞɿɥɟɧɚ ɩɟɪɟɜɚɝɚɦ ɿ 
ɧɟɞɨɥɿɤɚɦ ɰɢɯ ɦɟɬɨɞɿɜ ɿɡ ɨɫɧɨɜɧɢɦ ɩɪɢɧɰɢɩɨɦ ɪɨɛɨɬɢ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɛɚɝɚɬɨɤɥɿɬɢɧɧɢɣ ɩɟɪɟɬɜɨɪɸɜɚɱ, ɉІД-ɪɟɝɭɥɹɬɨɪ, ɪɟɠɢɦ ɤɨɜɡɚɧɧɹ, ɭɩɪɚɜɥɿɧɧɹ ɦɟɪɟɠɟɸ ɉɟɬɪɿ. 
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Abstract. The possibility of using anode earthing in an assembly with a container is considered. Ensuring the in-

tegrity of the pipeline is a topical issue in connection with the environmental and economic consequences. The pro-

cess of pipeline protection is accompanied by the removal of metal particles, at the electronic level. When creating a 

potential difference, the current will shift from the anode to the cathode. In the process of this shift electrons from the 

anode earthing switch are moved to the pipeline under the influence of an electromagnetic field. It thereby destroying 

the anode and expanding the metal elements under protection. Description of galvanic capacitive solution for cathod-

ic protection stations is executed. To exclude the effect of the electrochemical protection on the cathode and, thus, 

improve the protection of the pipeline. 

Keywords: cathodic protection station, underground metal pipeline, electrochemical corrosion. 

1 Introduction 

Ensuring the integrity of the pipeline is a topical issue 

in connection with the environmental and economic con-

sequences. Currently, one of the effective methods of 

protection is the use of cathodic protection stations 

(HVAC). The article considers the possibility of using 

anode earthing in the assembly with the container. It con-

tains a titanium dioxide magnesium anode, mounted in-

side a galvanized tube and filled with coke oven. 

The urgency of considering the use of the anode in the 

assembly, in increasing the term of its operation, as well 

as improving agro-ecological indicators. 

Consider using anode earthing plug in a container as-

sembly. It contains a titanium dioxide magnesium anode, 

mounted inside a galvanized tube and filled with coke 

oven, which will increase the life of the anode earthing, 

as well as improve the agro-ecological parameters. Per-

form a description of the electrical system anode-ground-

object that is protected. Consider the process that gener-

ates protective capability. 

2 Materials and Methods 

The basis of the work of electrochemical protection is 

the process of suppressing the influence of anode currents 

cathode due to the work of an external source. When the 

current flowing on an object that is protected more than a 

drain, an anodizing process occurs. 

Anodizing allows you to create a thin, oxide film on 

the surface of the metal that acts as a protective layer. 

The method is based on the physical properties of the 

current of the galvanic pair. 

When a difference in potentials between the metals is 

created and the current from the tread flies to the protect-

ed object, in our case the pipeline. This process is also 

accompanied by the removal of metal particles, at the 

electronic level. When creating a potential difference, the 

current will shift from the anode to the cathode. In the 

process of this shift electrons from the anode earthing 

switch are moved to the pipeline under the influence of 

an electromagnetic field. It thereby destroying the anode 

and expanding the metal elements under protection. 

Anodic earthing doped metal (conductor) provided 

with a large number of free carriers (electrons) to gener-

ate electric current (Figure 1). The flow of current occurs 

due to the motion of electrons from the anode, which is 

an anode earthing, under the influence of the electromag-

netic field on the cathode, in the case considered pipeline 

[1]. 

The result of cathodic protection is the excessive for-

mation of ions of hydroxide, that is, the oxidation of the 

environment occurs. As a result, a violation of the bal-

ance of salts in the soil, which leads to the formation of 

salt deposits on the surface of the pipeline. 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).f1
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Figure 1 – The classical scheme of cathodic protection 

3 Results and Discussion 

These factors change the processes of electrochemical 

protection on the cathode. Complicating the cathode reac-

tion in a double electric layer, due to diffusion problems 

with the transfer of oxygen. Similarly, a decrease in po-

larization current or an increase in polarization resistance, 

due to the growth of the layer of sediments near the pro-

tective pipeline [2]. 

At atomic level, metal is a crystalline lattice, with at-

oms. Which consist of electrons, negatively charged par-

ticles, and positively charged nuclei. Electrons that move 

freely and are not bound to the atom are valence elec-

trons. Which and determine the behavior of the substance 

during the chemical process. The places where the elec-

trons are absent are weak. If an ion with a missing elec-

tron will interact with the water molecule, the water mol-

ecule will be able to suppress this ion. Such a process will 

take place under the action of electrostatic force of gravi-

ty. In addition to the water molecule, which tries to sup-

press the ion of the ferrum, it acts on the free metal elec-

trons that are attracted to the ion of the metal to free elec-

trons. Free electrons return ions. When the process of 

dragging the ions comes to equilibrium on the boundary 

of the metal medium, an exchange current is formed and 

a double electric layer is formed. In this process, besides 

water, is still affected by oxygen, which attracts electrons, 

thus breaking the balance. Oxygen, taking electrons, cre-

ates a new negatively charged particle outside the metal. 

After removing the electron, oxygen contributes to the 

destruction of the metal [2]: 

 .)(4364 322 OHFeOOHFe   (1) 

In the case of cathode protection, we obtain an anode 

medium-cathode chain. Which is characterized by cur-

rent, voltage and resistance. This can be expressed as 

follows: 

 ,/)( ZI оаок    (2) 

where I – current circuit anode-medium-cathode;  

Z – resistance of the circuit anode-medium-cathode;  

φok – φoa – potentials between the anode and the cathode. 

 .
1
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2

C
RZ


  (3) 

The resistance in the circuit anode medium cathode 

will have both an active and a reactive component. The 

resistance depends on the environment, which means that 

it is variable and as a result the protection current will not 

be constant. 

The deflection current on the pipeline oxidizes the me-

dium, and leads to the formation of salts around the pipe-

line. Thus, changing the chemical composition of the soil. 

Which entails a change in the resistance of the medium 

and the currents of protection. 

The result of cathodic protection is excessive for-

mation of ions of hydroxide OH
 –
, that is, the oxidation of 

the environment occurs. As a result, a violation of the 

balance of salts in the soil, which leads to the formation 

of salt layer on the surface of the pipeline. These factors 

change the processes of electrochemical protection on the 

cathode. Complicating the cathode reaction in a double 

electric layer, due to diffusion problems with the transfer 

of oxygen. Similarly, a decrease in the polarization cur-

rent or an increase in the polarization resistance, due to 

the growth of the precipitation layer near the protective 

pipeline [2]. 

The result of cathodic protection is the excessive for-

mation of ions of hydroxide, that is, the oxidation of the 

environment occurs. Soil oxidation affects yields, as well 

as one of the factors influencing the occurrence of diseas-

es in plants. Just an insignificant acidification of the envi-

ronment, a decrease pH per unit, causing a decrease in the 

potential of the metal on 0.06 V. 

The layer of precipitation near the protective pipeline 

is the salt. Which leads to deterioration of agro-ecological 

indicators. 

At the moment, a method has been developed that al-

lows the galvanic solution to be maintained without de-

stroying the anode earthing. 

In this method, the object consists of a container. It 

contains a titanium-dioxide magnesium anode, mounted 

inside a galvanized tube and filled with coke oven. 

Anode earthing is protected from the environment, re-

moval of electrons in the soil from its surface does not 

occur. To anode earthing lead « + » power and an electric 

field is created around it. What attracts electrons from the 

environment, that is, the soil. Thus, creating a directed 

motion of electrons in the medium and the flow of elec-

tric current into the pipeline. In this way, the cathodic 

protection of the pipeline with galvanic decoupling is 

created. The scheme is shown in Figure 2. 

Consider the work of a bipolar and field transistor. In 

Figure 3, an example of the field and in Figure 3 b, a 

bipolar transistor is shown. 

In a field transistor, it is generally assumed that elec-

trons move from source to drain, and controls the current 

voltage applied to the p-region, the gate [2]. 
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a b 

Figure 2 – Cathodic protection of the pipeline  

with galvanic decoupling 

The bipolar transistor of Figure 3b consists of two p-n 

transitions formed by a layer of semiconductors with 

impurities. The transition of the collector-base in the 

bipolar transistor with the common emitter is shifted in 

the opposite direction, resulting in a potential barrier 

preventing the main carriers from moving when the key is 

unlocked and power is not supplied to the base. From 

emitter to collector, which create current. When the pow-

er is fed to the base, the base-emitter transition becomes 

displaced in the forward direction. 

As a result, the electrons from the emitter through dif-

fusion pass through the base to the collector. Non-basic 

carriers from the base moving to the collector create a 

collector current in the transistor. 

  
a b 

Figure 3 – Field and bipolar transistor: a – schematic representa-

tion of the design of the field-type transistor with the n-type 

channel; b – a schematic representation of the construction  

of a bipolar p-n-p transistor 

With the displaced forward direction of transition, the 

base-emitter flows through the circle emitter-collector 

[2]. In the field transistor Figure 4 with p-n transition, the 

current depends on the size of the depleted layer, near the 

gate. The shutter is doped to a large extent, compared to 

the n channel. 

Typically, n-type areas are located on both sides of the 

p-type bar, Fig.5, in which case the conducting channel 

will be between the two depleted layers. By applying the 

voltage to the gate, a magnetic field will be formed 

around it. What kind of electrons will be attracted to the 

region under the dielectric, after which a channel is 

formed between the leak and the drain, which will move 

the electrons. As a result, there will be an electric current 

[2]. 

 
a 

 
b 

Fig.4 Schematic image of the operation of the bipolar transistor:  

a – without the base current; b – with the base current 

 
a 

 
b 

Figure 5 – Schematic image of the field transistor operation:  

a – without the current; b – with the current 
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Similarly, one can consider the electrical system of the 

anode-ground-protected object. Consider the process in 

which the protective potential is formed. 

Important for electrical engineering is the phenomenon 

in which, the flow of electric current through conductors 

leads to the emergence in the surrounding space of the 

magnetic field. Having two conductors with charges + q 

and – q, and driving them in motion with the help of 

EMF, we get the electric current in the conductor [3]. 

A magnetic field is formed around such a conductor. 

Which affects the moving charges, having magnetic mo-

ment and polarity, located in the environment between 

the pipeline and the anode. The magnetic field arranges 

the orientation of the molecules from the plus to the mi-

nus, thereby creating a directed motion. 

The medium between the anode and the pipeline is a 

dielectric. Which when moving to an electric field is able 

to change its properties. The dielectric molecule consists 

of different charges of + q and – q. In what the -q rotates 

around + q and their rotation centers converge. When the 

molecule is affected by an external field, the orbit of the 

electron is deformed, their centers cease to coincide. The 

molecule begins to behave like an electric dipole [4]. 

To protect the pipeline from the steel without a protec-

tive coating from corrosion, a certain current density is 

required. In a sterile neutral state, the current density is in 

a range of 4.3–16.1 mA/m
2
; well aerated neutral soil 

21.5–32.5 mA/m
2
; dry, well aerated soil 5.4–16.1 mA/m

2
; 

wet soil 16.9–64.6 mA/m
2
; sour soil 53.8–161.4 mA/m

2
; 

a soil that supports the activity of sulfate-reducing bacte-

ria 451.9 mA/m
2
. 

For a pipeline with a protective coating in the soil, the 

required current is un a range of 0.01–0.2 mA/m
2
. As the 

coating is destroyed, the current density needs to be in-

creased [5]. 

4 Conclusions 

The description of galvanically capacitive solution for 

cathodic protection stations is executed. This method 

allows to prevent damage to the balance of salts in the 

soil. The considered method allows prolonging the life of 

the anode earthing switch. The creation of a protective 

current under the influence of the magnetic field, which is 

the EMF, affects the electrons in the soil. Electrons, 

which are the charge carriers under the action of EMF, 

form a directed motion, thereby creating a current of 

protection. This method also allows improving agro-

ecological parameters. 
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Аɧɚɥɿɡ ɡɚɫɬɨɫɭɜɚɧɧɹ ɝɚɥьɜɚɧɿɱɧɨʀ ɪɨɡɜ’ɹɡɤɢ ɜ ɫɯɟɦɚɯ  
ɤɚɬɨɞɧɨɝɨ ɡɚɯɢɫɬɭ ɩɿɞɡɟɦɧɨɝɨ ɬɪɭɛɨɩɪɨɜɨɞɭ 

Аɡɸɤɨɜɫьɤɢɣ А. А., Ⱦɿɞɟɜɢɱ ȿ. А. 

Ⱦɟɪɠɚɜɧɢɣ ɜɢɳɢɣ ɭɱɛɨɜɢɣ ɡɚɤɥɚɞ «Нɚɰɿɨɧɚɥьɧɢɣ ɝɿɪɧɢɱɢɣ ɭɧɿɜɟɪɫɢɬɟɬ»,  
ɩɪɨɫɩ. Ⱦɦɢɬɪɚ əɜɨɪɧɢɰьɤɨɝɨ, 19, 49600, ɦ. Ⱦɧɿɩɪɨ, ɍɤɪɚʀɧɚ 

Аɧɨɬɚɰɿɹ. ɍ ɫɬɚɬɬɿ ɪɨɡɝɥɹɧɭɬɿ ɦɨɠɥɢɜɿɫɬь ɜɢɤɨɪɢɫɬɚɧɧɹ ɚɧɨɞɧɨɝɨ ɡɚɡɟɦɥɸɜɚɱɚ ɜ ɡɛɿɪɰɿ ɡ ɤɨɧɬɟɣɧɟɪɨɦ. 
Зɚɛɟɡɩɟɱɟɧɧɹ ɰɿɥɿɫɧɨɫɬɿ ɬɪɭɛɨɩɪɨɜɨɞɭ, є ɚɤɬɭɚɥьɧɢɦ ɩɢɬɚɧɧɹɦ ɭ ɡɜ'ɹɡɤɭ ɡ ɟɤɨɥɨɝɿɱɧɢɦɢ ɿ ɟɤɨɧɨɦɿɱɧɢɦɢ 
ɧɚɫɥɿɞɤɚɦɢ. Пɪɨɰɟɫ ɡɚɯɢɫɬɭ ɬɪɭɛɨɩɪɨɜɨɞɭ  ɫɭɩɪɨɜɨɞɠɭєɬьɫɹ ɜɢɧɨɫɨɦ ɱɚɫɬɢɧɨɤ ɦɟɬɚɥɭ, ɧɚ ɟɥɟɤɬɪɨɧɧɨɦɭ 
ɪɿɜɧɿ. Пɪɢ ɫɬɜɨɪɟɧɧɿ ɪɿɡɧɢɰɿ ɩɨɬɟɧɰɿɚɥɿɜ, ɫɬɪɭɦ ɛɭɞɟ ɡɦɿɳɭɜɚɬɢɫɹ ɜɿɞ ɚɧɨɞɚ ɞɨ ɤɚɬɨɞɚ. ɍ ɩɪɨɰɟɫɿ ɞɚɧɨɝɨ ɡɫɭɜɭ 
ɟɥɟɤɬɪɨɧɢ ɡ ɚɧɨɞɧɨɝɨ ɡɚɡɟɦɥɸɜɚɱɚ ɩɟɪɟɦɿɳɚɸɬьɫɹ ɞɨ ɬɪɭɛɨɩɪɨɜɨɞɭ ɩɿɞ ɜɩɥɢɜɨɦ ɟɥɟɤɬɪɨɦɚɝɧɿɬɧɨɝɨ ɩɨɥɹ. 
Ɍɢɦ ɫɚɦɢɦ ɪɭɣɧɭɸɱɢ ɚɧɨɞ ɿ ɜɢɧɨɫɹɱɢ ɟɥɟɦɟɧɬɢ ɦɟɬɚɥɭ ɡ, ɳɨ ɡɧɚɯɨɞɢɬьɫɹ ɩɿɞ ɡɚɯɢɫɬɨɦ. Вɢɤɨɧɚɧɨ ɨɩɢɫ 
ɝɚɥьɜɚɧɿɱɧɨʀ єɦɧɿɫɧɢɣ ɪɨɡɜ'ɹɡɤɢ ɞɥɹ ɫɬɚɧɰɿɣ ɤɚɬɨɞɧɨɝɨ ɡɚɯɢɫɬɭ. Щɨ ɛ ɜɢɤɥɸɱɢɬɢ ɪɟɡɭɥьɬɚɬ ɜɩɥɢɜɭ ɩɪɨɰɟɫɭ 
ɟɥɟɤɬɪɨɯɿɦɿɱɧɨɝɨ ɡɚɯɢɫɬɭ ɧɚ ɤɚɬɨɞɿ. Ɍɢɦ ɫɚɦɢɦ ɩɨɥɿɩɲɢɬɢ ɡɚɯɢɫɬ ɬɪɭɛɨɩɪɨɜɨɞɭ. 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɫɬɚɧɰɿɹ ɤɚɬɨɞɧɨɝɨ ɡɚɯɢɫɬɭ, ɩɿɞɡɟɦɧɢɣ ɦɟɬɚɥɟɜɢɣ  ɬɪɭɛɨɩɪɨɜɿɞ, ɟɥɟɤɬɪɨɯɿɦɿɱɧɚ ɤɨɪɨɡɿɹ. 
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http://chem21.info/page/23821017201108112013207822407%0b4009228204058029200


 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. F 5–F 9 F 5 

 

JOURNAL OF ENGINEERING SCIENCES 

ɀУРɇАɅ ІɇɀȿɇȿРɇИХ ɇАУɄ 

ɀУРɇАɅ ИɇɀȿɇȿРɇЫХ ɇАУɄ 

Web site: http://jes.sumdu.edu.ua 

DOI: 10.21272/jes.2018.5(1).f2                                                        Volume 5, Issue 1 (2018) 
 

UDC 66.074.2 

Modelling of Separation and Pneumatic Classification Processes  

of Airodisperse Systems in the Shelf Device 

Varukha D. A.1, Smirnov V. А.1, Edl M.2, Demianenko M. M.1,  

Yukhymenko M. P.1, Pavlenko I. V.1, Liaposhchenko O. O.1 

1 
Sumy State University, 2 Rymskogo-Korsakova St., 40007, Sumy, Ukraine;  

2 
University of West Bohemia, 22 Univerzitni St., 306 14 Pilsen, Czech Republic 

Article info: 
Paper received: 
The final version of the paper received: 
Paper accepted online: 

 

February 8, 2017 
May 24, 2017 
May 26, 2017 

*Corresponding Author’s Address: 

o.liaposhchenko@pohnp.sumdu.edu.ua 

Abstract. The following paper considers the process of classification of polydisperse free-flowing material ac-
cording to granulometric composition using a gravitational air classificator. There were considered the problems of 

the purity of separation of polydisperse bulk materials and methods for increasing the degree of separation of parti-
cles. There were presented and analyzed obtained the results of the comparison, the data of experimental research and 

computer simulation of two-phase hydrodynamics flow by CFD methods. The versatility of this complex allowed 
carrying out simulation of the process using various parameters. As a result, were obtained optimal operating parame-

ters, which were experimentally verified. Based on the obtained data as a result of numerical modelling, the possibil-
ity of increasing gas flow influence to the polydispersed material were found, as well as organization along the walls 
of coarse fraction downward flow by dint of the optimizing the devise design (specifically through the organization of 

additional inlets for airflow) were obtained. 

Keywords: pneumatic classification, grading, bulk material, polydisperse material, two-phase flow, degree of separa-

tion. 

1 Introduction 

In the chemical, mining, building and other industries, 

the feed stock or finished products are the dispersed ma-

terials, the high requirements for fractional composition 

of which are set. The quality of products obtained as dry 
chemical, coarse material or granules essentially depends 
on their homogeneity. The separation of a polydisperse 
material into narrow fractions with a given grain compo-

sition is provided by carrying out the technological pro-

cess of gravitational pneumatic classification. Fractiona-

tion of granular materials is used to remove finely dis-
persed fractions and to obtain dust-free products, as well 

as to remove coarse fractions and to obtain a finely dis-

persed product, and to separate the particulate material 

from the desired fraction by the particle boundary size, or 
to separate more than two fractions from the polydisperse 

material with a predetermined grain size composition. 
This method is widely used in producing mineral fertiliz-

ers, electrode, food, grain processing and other industries. 

2 Literature Review 

Pneumatic classification is based on the difference in 

the velocities of the flittering of particles of different 

fractions in the air stream, as a result of which the initial 
material is divided into fractions according to the set of 
the following mechanical properties of particles: size, 

shape, surface roughness and density, and the possibility 
to obtain products in dry form reduces the energy capaci-
ty of the technological processes that are conducted. The 

change in the shape of the device’s working volume in-

creases the quality of separation, the hydraulic resistance 
decreases, and consequently the specific productivity and 
efficiency of the pneumatic classification process in-

creases [1]. It was also found that the continuous supply 
of material to the device reduces the efficiency of the 

classification process, at which point the flow is raised by 

the jet of air will not dissipate. Therefore, clusters of 
fractions are created, which include both coarse and fine 

fractions that increases the energy intensity of the instal-

lation due to the formation of a sufficient lift [2]. For the 
rational use of the working space and more effective 

means and methods of influencing the flow of bulk mate-
rial, a hardware model has been developed that provides a 

significant improvement of the separation quality [3].  

A high degree of separation in the process of classifying 
dispersed materials affects not only the consumption rates 
of raw materials and their quality. However, it determines 

the own efficiency and the efficiency of other machines 

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).f2
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and devices in the technological scheme, which ultimate-

ly affects the technical and economic indicators of the 

production in a whole. Processing phosphorites in the 

production of phosphoric mineral fertilizers, and raw 
materials with coarser particles (more than 0.2-0.3 mm) 

requires longer time for acid decomposition, but with 

smaller (less than 0.05-0.06 mm) leads to intense dusting 

in the places of overload. Therefore, such technologies 

require an additional stage of separation, which are real-

ized in one volume of the device for the pneumatic classi-
fication [4]. It has been experimentally determined the 

optimal design of the bulk material feeding unit in a coni-

cal pneumatic classification. The obtained results show 

the need to install an inclined perforated plate at an angle 

30º to the vertical opposite the inlet nozzle of the original 

mixture, that allows increasing the velocity of the air 
carrier and reducing the hydraulic resistance. This al-

lowed stabilizing the process of classification, reducing 

the time to enter the operating mode, and increasing the 

purity of the bottom product [5]. As a result of carrying 

out mathematical modelling of the classification process, 

the calculated dependencies connecting the distribution 
curve and the dispersed composition of the fission prod-
ucts with the design and regime parameters of the appa-

ratus were obtained. Classifier’s operating results and 
characteristics of the dispersed composition were calcu-
lated based on the calculated values of the functions [6].  
Finally, due to the need of increasing requirements to the 
quality of products and saving of raw materials, the de-
velopment of new principles for organizing the process of 
gravitational pneumatic classification and developing its 
theoretical foundations and instrumentation are the topi-

cal issue. 

3 Research Methodology 

3.1 Procedure of laboratory experiment 

At the unit (Fig. 1), a series of experiments was carried 
out using a two-component mixture of fractions 

-0.315 + 0.2 mm and –0.63 + 0.4 mm. 

The initial mixture of bulk material in the amount 
0.03 kg/s from the batch hopper 3 and transferred by the 
belt doser 4 to the lower section of the pneumatic classi-

ficator 2. Airflow enters the lower section of the device at 

a velocity 2.6 m/s, which flow rate is measured by the fill 

valve 6. Separation airflow is generated using the gas 
pump 8 by air-sweeping through the device. During the 

separation process, the fraction is caught by the airflow 
and settled on them while flowing over inclined shelves. 

Further, the dust-air flow enters cyclone 1, where the 
purified air is discharged into the atmosphere, and the 

fine particles are trapped and released into the fine frac-
tion collecting hopper 7. 

The coarse fraction comes in the lower section of the 
device to the collecting hopper for the heavy fraction 5. 

After the separation process, the selected samples are 
classified into fractions using a set of scalpers. The ob-

tained fractions are weighed. Thus, the degree of mixture 
separation into fractions is determined. 

The photo of the experimental unit is given below. 

 

 

Figure 1 — Technological scheme  

of the pneumatic classification unit 

 

Figure 2 — Assembled representation of the laboratory unit  

for pneumatic classification [7] 

The results of the experiments are shown in Fig. 3. 

 

Figure 3 – Sieving curves of initial mixture particles, its enter-

tainment, dip, and material from intermediate selections 



 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. F 5–F 9 F 7 

 

3.2 Conducting a computer modelling  

The computer modelling of the classification process 

was used to compare data that were got during the exper-
iment, as well as calculated sizes, construction design of 

the pneumatic classificator’s flow part and sufficient 

quality of bulk separation in accordance with require-

ments of the technological regulations with the help of 

universal software complex ANSYS Workbench. 

The calculation of airflow hydrodynamics and deter-
mination of the optimum process parameters are conduct-

ed with the help of universal software complex ANSYS 

Workbench and its module “Fluent Flow”. All the calcu-

lations are based on the finite volume method. In the 

general case, the equation of motion of polydisperse par-
ticles is considered due to the following forces: hydrody-

namic resistance from the side of the carrier gas flow, 

gravity, particles collision with the device’s walls and 

contact elements, particles hitting with each other, parti-

cles rotation and their interaction with the gas flow. 

The structure of the device’s flow affects the dispersed 
fraction distribution process. The efficiency of the shelf 

pneumatic classificator is substantially determined by the 
flow field of the gas stream, which vice versa affects the 
concentration of the solid phase in the two-phase flow. 

Considering the character of gas flow is important for 
establishing the regularities of its interaction with the 
solid phase that determines the motion speed and particle 
residence time in the device’s operating volume [8]. 

The computer-aided design system SolidWorks 2017, 
which tools allowed simulating vessel’s flow part is used 
for building the computer model. The obtained device’s 

geometry applies to ANSYS “Design Modeler” that is set 
as geometry editor for existing CAD models, as well as 
for their preliminary processing. ANSYS “Meshing” 
provides the flexible design of the computational grid that 

allows generating a qualitative grid with respect to the 
device’s geometry using the three-dimensional tetrahe-
dral, hexahedral and pyramidal elements (Fig. 4). For 
further simulation process the, Fluent preprocessor is 

applied for setting the process parameters. The “Pressure-

based” solver method is chosen that allows using the 
Navier-Stokes algorithm based on a pressure parameter. 
The “Transient” time dependence is set that indicates the 

non-stationary process running. The calculation process is 
conducted using the k-ε turbulence model. The k-ε RNG 
model improves accuracy for whirling flows because it 
relies on the whirl effect on the turbulence and is more 

accurate and reliable for a wider class of flows than the 

standard model. The function “Standard Wall Functions” 

determines the wall processing that is applied for airflow 
turbulence simulation. To calculate the flow of dispersed 

particles in the device’s volume, the “Discrete Phase 
Model” is used. This approach allows setting parameters 

related to the calculation of the particles discrete phase. 

The determination of the particle sorting percentage with 
density 2600 kg/m

3
 is carried out in the established chan-

nel of particle diameter 0.200-0.315 mm and 

0.40-0.63 mm at the air rate 2.6 m/s. The boundary condi-
tions at the input (Inlet 1) for the polydisperse phase dis-
charge 0.03 kg/s; at the inlet (Inlet 2) by the airflow ve-

locity 2.6 m/s (Fig. 3) are set. 

The calculation of the process based on the pressure is 

carried out using the ANSYS “Fluent”. The pressure 

equation is derived from the continuity equation and con-

servation of momentum. As far as the control equations 
are not linear and related to each other, the process of 

solution involves iterations, where the whole set of con-

trol equations is solved multiply until the solution con-

verges. 

The ANSYS “CFD-Post” allows obtaining the values 

of the main parameters (gas velocity, solid particles, hy-
draulic resistance and distribution of the solid phase in 

the vessel’s volume). 
 

 

Figure 4 – The main parameters of the computational grid  
and boundary conditions of the computational model:  

A – outlet of the finely dispersed phase to the carryover;  
B – outlet of the coarse phase to the trough; C – inlet of the 

polydisperse material for separation; D – inlet of the airstream 

4 Results and Discussion 

The pressure distribution (Fig. 6) and velocity fields 
(Fig. 5) were obtained as a result of computer modelling 
of classification process. These results made possible the 

determination of the device operation hydrodynamic 
features and their effect to the classification process effi-
ciency. Confirmed optimum shape of the flow part con-
tributes to the formation of stable vortices in the volume 

of the apparatus (Fig. 5). After carrying out experimental 

estimation the positive influence effect of the perforated 

contact elements to the air flow structure and the alloca-
tion of solid particles in the volume of devise were con-

firmed. The volume concentrations of the particles on the 
contact elements, as well as outgoing particles into the 

entrainment and dip were calculated during the simula-
tion. The possibility of separating polydisperse materials 

in the volume of one device without the usage of sequen-
tially located devices was confirmed comparing obtained 

and experimental data. 

The air flow velocity field in the flow part of device 
was determined (Fig. 7). This approach allowed specify-

ing operating, technological and design parameters for 

the classification process of polydispersed materials. This 
approach ensures an efficiency of the process and high-
degree of separation in the shelf device. 
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   a                    b 

Figure 5 – Contours of air flow velocity for particles d = -0.315 + 0.2 mm, V = 2,6 m/s (a),  

and d = –0.63 + 0.4 mm, V = 3.784 m/s (b) 

 
 a                   b 

Figure 6 – Contours of internal pressure for particles d = -0.315 + 0.2 mm, V = 2,6 m/s (a),  

and d = –0.63 + 0.4 mm, V = 3.784 m/s (b) 

 
 a                    b 

Figure 7 – Air flow velocity streamlines for particles d = -0.315 + 0.2 mm, V = 2.6 m/s (a),  

and d = –0.63 + 0.4 mm, V = 3.784 m/s (b) 
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5 Conclusions 

Based on the obtained data as a result of numerical 

modelling, the possibility of increasing gas flow influ-

ence to the polydispersed material were found, as well as 

organization along the walls of coarse fraction downward 

flow by dint of the optimizing the devise design (specifi-

cally through the organization of additional inlets for 

airflow) were obtained. The future research will be aimed 

at using CFD simulation methods for testing the achieved 

results by the creation of a computational model with new 

design features. 
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аɟɪɨɞиɫɩɟɪɫɧиɯ ɫиɫɬɟɦ ɭ ɩɨɥиɱɤɨвɨɦɭ аɩаɪаɬɿ 
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Аɧɨɬаɰɿɹ. У ɩɪɟɞɫɬɚɜɥɟɧɿɣ ɪɨɛɨɬɿ ɪɨɡɝɥɹɞɚєɬьɫɹ ɩɪɨɰɟɫ ɤɥɚɫɢɮɿɤɚɰɿʀ ɩɨɥɿɞɢɫɩɟɪɫɧɨɝɨ ɫɢɩɭɱɨɝɨ ɦɚɬɟɪɿɚɥɭ 
ɡɚ ɡɚɞɚɧɢɦ ɝɪɚɧɭɥɨɦɟɬɪɢɱɧɢɦ ɫɤɥɚɞɨɦ ɿɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɝɪɚɜɿɬɚɰɿɣɧɨɝɨ ɩɧɟɜɦɨɤɥɚɫɫɿɮɿɤɚɬɨɪɚ. Ɋɨɡɝɥɹɞɚɥɢɫь 

ɩɪɨɛɥɟɦɢ ɹɤɨɫɬɿ ɩɨɞɿɥɭ ɩɨɥɿɞɢɫɩɟɪɫɧɢɯ ɫɢɩɭɱɢɯ ɦɚɬɟɪɿɚɥɿɜ ɿ ɫɩɨɫɨɛɢ ɩɿɞɜɢɳɟɧɧɹ ɫɬɭɩɟɧɹ ɩɨɞɿɥɭ ɱɚɫɬɢɧɨɤ. 
ɉɪɟɞɫɬɚɜɥɟɧɿ ɿ ɩɪɨɚɧɚɥɿɡɨɜɚɧɿ ɨɬɪɢɦɚɧɿ ɭ ɪɟɡɭɥьɬɚɬɿ ɩɨɪɿɜɧɹɧɧɹ ɞɚɧɿ ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɨɝɨ ɞɨɫɥɿɞɠɟɧɧɹ ɬɚ 
ɤɨɦɩ’ɸɬɟɪɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ ɝɿɞɪɨɞɢɧɚɦɿɤɢ ɞɜɨɮɚɡɧɨɝɨ ɩɨɬɨɤɭ CFD-ɦɟɬɨɞɚɦɢ. Уɧɿɜɟɪɫɚɥьɧɿɫɬь ɞɚɧɨɝɨ 
ɤɨɦɩɥɟɤɫɭ ɞɨɡɜɨɥɢɥɚ ɡɞɿɣɫɧɢɬɢ ɦɨɞɟɥɸɜɚɧɧɹ ɩɪɨɰɟɫɭ ɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɜɚɪɿɸɜɚɧɧɹ ɩɚɪɚɦɟɬɪɿɜ. У ɪɟɡɭɥьɬɚɬɿ 
ɨɬɪɢɦɚɧɿ ɨɩɬɢɦɚɥьɧɿ ɪɨɛɨɱɿ ɩɚɪɚɦɟɬɪɢ, ɹɤɿ ɛɭɥɢ ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɨ ɚɩɪɨɛɨɜɚɧɿ. ɇɚ ɩɿɞɫɬɚɜɿ ɨɬɪɢɦɚɧɢɯ ɞɚɧɢɯ 
ɭ ɪɟɡɭɥьɬɚɬɿ ɱɢɫɟɥьɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ ɜɢɹɜɥɟɧɚ ɦɨɠɥɢɜɿɫɬь ɡɛɿɥьɲɟɧɧɹ ɜɩɥɢɜɭ ɩɨɬɨɤɭ ɝɚɡɭ ɧɚ 
ɩɨɥɿɞɢɫɩɟɪɫɧɢɣ ɦɚɬɟɪɿɚɥ, ɚ ɬɚɤɨɠ ɣɨɝɨ ɪɨɡɩɨɞɿɥ ɭɡɞɨɜɠ ɫɬɿɧɨɤ ɩɨɬɨɤɭ ɜɧɢɡ ɩɨ ɝɪɭɛɿɣ ɮɪɚɤɰɿʀ ɡɚ ɪɚɯɭɧɨɤ 
ɨɩɬɢɦɿɡɚɰɿʀ ɪɨɡɪɨɛɥɟɧɨʀ ɤɨɧɫɬɪɭɤɰɿʀ, ɡɨɤɪɟɦɚ ɱɟɪɟɡ ɧɚɹɜɧɿɫɬь ɞɨɞɚɬɤɨɜɢɯ ɜɩɭɫɤɧɢɯ ɨɬɜɨɪɿɜ ɞɥɹ ɩɨɜɿɬɪɹɧɨɝɨ 
ɩɨɬɨɤɭ. 

Ʉɥɸɱɨвɿ ɫɥɨва: ɩɧɟɜɦɨɤɥɚɫɫɿɮɿɤɚɰɿɹ, ɝɪɚɧɭɥɨɦɟɬɪɢɱɧɢɣ ɫɤɥɚɞ, ɫɢɩɭɱɢɣ ɦɚɬɟɪɿɚɥ, ɩɨɥɿɞɢɫɩɟɪɫɧɢɣ ɦɚɬɟɪɿɚɥ, 
ɞɜɨɮɚɡɧɢɣ ɩɨɬɿɤ, ɫɬɭɩɿɧь ɩɨɞɿɥɭ. 



 

F 10  

 

JOURNAL OF ENGINEERING SCIENCES 

ɀУРНАɅ ІНɀȿНȿРНИХ НАУɄ 

ɀУРНАɅ ИНɀȿНȿРНЫХ НАУɄ 

Web site: http://jes.sumdu.edu.ua 

Volume 5, Issue 1 (2018) 
 

 

 

http://jes.sumdu.edu.ua/


 

Journal of Engineering Sciences, Volume 5, Issue 1 (2018), pp. H 1–H 6 H 1 

 

JOURNAL OF ENGINEERING SCIENCES 

ɀУРɇАɅ ІɇɀȿɇȿРɇИХ ɇАУɄ 

ɀУРɇАɅ ИɇɀȿɇȿРɇЫХ ɇАУɄ 

Web site: http://jes.sumdu.edu.ua 

DOI: 10.21272/jes.2018.5(1).h1                                                        Volume 5, Issue 1 (2018) 
 

UDC 502/504 

Climate Change Modeling in the Context of Urban Decarbonization Strategy 

Kofanova O. 

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, 37 Peremohy Av., 03056, Kyiv, Ukraine 

Article info: 
Paper received: 

The final version of the paper received: 

Paper accepted online: 

 

January 16, 2018 

February 7, 2018 

February 23, 2018 

*Corresponding Author’s Address: 

alexina555@gmail.com 

Abstract. The anthropogenic influence on the Earth’s climate is growing and the risks of the irreversible impacts 

on ecosystems also increase. This paper is focused on the long-term prediction of the climate change in Kyiv region 

and decarbonization strategy development. The bcc-csm1-1 and IPSL-CM5A AR 5 climate models were used. It was 

determined that the average annual temperature in Kyiv region under the RCP 8.5 high-emission future scenario will 

increase noticeably (up to 23.8 °C according to the IPSL-CM5A model) while at the RCP 2.6 low-emission future 

scenario it won’t change significantly (maximum value of 11.5 °C according to the IPSL-CM5A model). So, the re-

search recommendations were organized in order to develop decarbonization strategy for Ukraine that will help to re-

duce emission levels and reach the RCP 2.6 scenario. The practical and scientific value of the work is specified by the 

fact that obtained results take into account updated information about climate changes and can be used to increase the 

awareness of citizens about it. The results of the study confirm the existence and danger of the problem of climate 

change and show how GHG emissions can affect the ecological balance of the urbanized ecosystem. The risks of the 

certain natural disasters occurrence were also considered. It was found that amplification of the natural hazards is one 

of the main dangers of the RCP 8.5 scenario for the world, Ukraine and Kyiv region. 

Keywords: climate modeling, global warming, decarbonization, climate change, natural hazards. 

1 Introduction 

In 2014 the Intergovernmental Panel on Climate 

Change (IPCC) that was created by UNEP and WMO has 

published the most recent Fifth Assessment Report 

(AR 5) with the newest information about climate chang-

es and global warming (GW) [1]. The IPCC Synthesis 

Report confirms that anthropogenic influence on the 

Earth’s climate is growing and the consequences can be 

observed across all continents and oceans on the planet. 

So, the risks of the irreversible impacts on ecosystems 

also increase [2]. 

Ukrainian industrial and transport complexes consume 

too much fossil fuel which leads to the significant emis-

sions. According to the State Statistics Service of 

Ukraine, in 2016 carbon dioxide emissions to the atmos-

phere from the stationary pollution sources reached 

150581.0 thous. t, which is 8.4 % more than in 2015. At 

the same time, the total amount of all other pollutants and 

greenhouse gases (GHG) emissions from stationary 

sources reached 3078.1 thous. t, which is 7.7 % more 

than in 2015. Pollution from the mobile sources is also 

considerable – carbon dioxide emissions into the atmos-

phere in 2015 reached 23139.8 thous. t while emissions 

of all other pollutants and GHG from mobile sources 

reached 1663.9 thousand tons [3]. 

Thus, to prevent climate changes it is important to re-

duce the usage of fossil fuels. But today they are the key 

energy source for our country and it is too hard to aban-

don them instantly. So, it is essential to develop a gov-

ernmental decarbonization strategy in order to reduce the 

percentage of fossil fuel usage and, in turn, increase the 

percentage of alternative energy, such as wind or solar 

energy, biofuels, etc. 

2 Literature Review 

Mathematical modeling is widely used in GW and 

climate change assessment. In particular, in [4] 

BCC_CSM1.1 climate model was used to make predic-

tions for East Asia under various RCP (Representative 

Concentration Pathways). In [5] Earth system models 

were used to assess the sensitivity of surface warming to 

carbon emissions from fossil fuel; in [6] − global TIMES 
model was used to estimate the impacts of technology 

influence on various aspects including CO2 emissions. In 

[7] the analysis of the surface temperature modeling data 

from global climate models, CRU and regional climate 

model REMO was conducted.  

http://jes.sumdu.edu.ua/
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It was found that considered models take into account 

different sets of factors affecting the climate and in dif-

ferent ways. The choice of the factors depends on the 

purposes of the model developers. The scale (global or 

regional) is also an important aspect because it is equally 

important to describe changes at the planetary level and 

to provide a clear understanding of the consequences for 

specific regions. It was also discovered that models have 

different simulation periods and their predictive capabili-

ties are not limited by surface temperature – the distribu-

tion of precipitation, humidity, snow and plant cover, etc. 

around the world can be also forecasted.  

According to [8], in comparison with the previous 

model generation, IPCC AR 5 climate models have an 

improved ability to simulate surface temperature and can 

predict a climate state that significantly differs from the 

present one. AR 5 models take into account the more 

rapid warming in the second half of the 20 century and 

the cooling following large-scale volcanic eruptions. To 

provide climate information at the smaller scales, region-

al downscaling methods are used in AR 5 models. Thus, 

their usage is considered appropriate for the study. 

Today the main unsolved problem is climate change it-

self. And although the creation of new models and the 

improvement of the existing ones can’t solve it, more 

accurate modeling results provide an opportunity to un-

derstand how specific measures will affect the state of the 

environment. At the same time, the increased accuracy of 

models increases the probability of making the right and 

economically reasonable decision during the development 

and implementation of the decarbonization strategy.  

Despite the fact that climate modeling is often dis-

cussed in the literature, currently, this issue is not fully 

covered. First of all, it is more often considered in a glob-

al context, while changes of the specific urbanized eco-

systems are not taken into account. In addition, with the 

development of science and new data appearance, new 

opportunities arise and more factors can be taken into 

account. Consequently, improved models provide more 

accurate results. 

3 Research Methodology 

The paper is focused on the long-term prediction of the 

climate change in Kyiv region and decarbonization strat-

egy development. To achieve the aim of the research, the 

following tasks have been set: 

– estimate the surface annual mean temperature 

changes in the world in general by the bcc-csm1-1 AR 5 

model; 

– by the bcc-csm1-1 and IPSL-CM5A AR 5 climate 

models predict the average annual temperature changes in 

Kyiv region for the long-term period; 

– analyze possible consequences of the climate change 

in Kyiv region and Ukraine for the environment, econo-

my and humans; 

– consider international experience due to the decar-

bonization strategy and give recommendations for 

Ukraine. 

The study is based on the most recent and improved 

IPCC AR 5 climate models. Two key software instru-

ments were used in the investigation – AR 5 Climate 

Model Mapper (CMM) [9] and Climate Time Series 

Browser (CTSB) [10] provided by The University of 

Chicago. AR 5 CMM is a map making online software 

and analysis system. It is based on the limited set of the 

AR 5 models output archive and can be used in order to 

examine predictions about surface and atmospheric tem-

peratures, specific humidity, precipitation, leaf area in-

dex, snow cover etc. in the world [9]. 

In turn, CTSB collects data about monthly mean tem-

perature records from the NOAA National Climatic Data 

Center from 7169 weather stations around the world (26 

stations in Ukraine, one in Kyiv). These data can be com-

pared with the AR 5 climate model results, obtained from 

computational grids in order to correspond closely to the 

meteorological stations [10]. So, CTSB gives an oppor-

tunity to analyze four climate scenarios:  

– “human and natural so far” – models data since 1850 

taking into account natural changes such as solar intensity 

and volcanic eruptions, as well as anthropogenic impact; 

– “natural only so far” – considers only non-

anthropogenic impacts; 

– “low-emission future” – is the RCP 2.6 scenario 

which pays attention to the existing climate changes 

without further emissions of GHG; 

– “high-emission future” – the RCP 8.5 scenario which 

examines the situation with high-level emissions [10]. 

4 Results 

At the first stage of the study, the CMM was used. The 

bcc-csm1-1 AR 5 model was chosen. The modeling re-

sults are shown in the Figure 1 for 2 100, 2 200 and 2 300 

years. It was found that the surface temperature in most 

regions of the world will rise significantly leading to the 

changes in climate. These processes will affect Ukraine. 

In the second part of the study bcc-csm1-1 and IPSL-

CM5A AR 5 models have been chosen to estimate future 

climate changes in Kyiv region. These models can make 

predictions up to the 2299 year for the place of interest 

and cover two different but overlapping regions on the 

basis of the Kyiv station (Figure 2). In particular, these 

models are representative because modeled under the 

human and natural so far scenario historical data and the 

real data from the meteorological station are closely re-

lated (Figures 3, 4). 
As can be seen from the Figure 3, according to the 

bcc-csm1-1 AR 5 model, at a high-emission future 
RCP 8.5 scenario, the average annual temperature in the 
area (1) around Kyiv meteorological station (Figure 2) 
will rise rapidly from 9.5 °C in 2016 and reach the value 
of 12.7 °C in 2100, 17.2 °C in 2200 and then reach the 
maximum value of 19.1 °C in 2259. Then there will be a 
slight decrease but in general, the temperature will remain 
at approximately the same level from 2200 to 2299 with 
the value of 16.9 °C in 2299. But at a low-emission future 
RCP 2.6 scenario, the temperature in the investigated 
region won’t change significantly from 2016 and will 
reach the maximum value of 10.5 °C in 2116. 
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Figure 1 – World maps displaying the surface annual mean temperature in 2100, 2200 and 2300 as a result of the GW  

and climate changes under the bcc-csm1-1 AR 5 model, obtained by the author on the CMM 

 

Figure 2 – The map that indicates the areas for which obtained 

results are representative (by the author on the CTSB) 

The modeling results of the average annual tempera-

ture in the area (2) (Figure 2) obtained by the IPSL-

CM5A model are shown on the Fig. 4. It was found that 

in the case of the high-emission future RCP 8.5 scenario, 

the temperature will reach the maximum value of 23.8 °C 

in 2267 and 2291. In 2100 the predicted temperature will 

be 13.9 °C, in 2200 it will be 22.1 °C and in 2299 it will 

be 22.8 °C. But at a low-emission future RCP 2.6 scenar-

io, the temperature in Kyiv region will stay almost the 

same with a maximum in 2085 (11.5 °C). 

So, according to the Figures 3–4, the only way to reach 

sustainability in Kyiv, Ukraine and other parts of the 

world is to reduce GHG and pollutant emission levels to 

reach the low-emission future scenario. And even taking 

into account the fact that preventing environmental deg-

radation is not the problem that can be solved by a single 

city or country, all contributions are important. Other-

wise, the consequences can lead to a significant aggrava-

tion of the ecological crisis. 

One of the dangers of the high-emission future scenar-

io is that the temperature isn’t going to change in all parts 

of the world equally. Some places will be affected more 

than others and it will lead to aggravation of natural dis-

asters such as droughts, floods, fires, and hurricanes. The 

places that are dry today will become dryer; areas that 

suffer from disasters now will suffer even more. Danger-

ous natural phenomena are going to affect areas where 

they were not seen before. So, the climate will become 

weirder around the world. 

 

 
Figure 3 – Average annual temperature modeling results for Kyiv region by the bcc-csm1-1 AR 5 model at RCP 2.6 and RCP 8.5 

scenarios, obtained by the author on the CTSB 
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Figure 4 – Average annual temperature modeling results for Kyiv region by the IPSL-CM5A AR 5 model  

at RCP 2.6 and RCP 8.5 scenarios , obtained by the author on the CTSB 

The consequences of such "weirding" have been al-

ready observed in 2016 and 2017. For example, accord-

ing to [11], in 2017 forest fires in Portugal killed 64 peo-

ple and destroyed nearly 30 000 ha of forest; Hong Kong 

was hit by a powerful typhoon [12]; Northern Ireland was 

affected by heavy rains and storms that caused flood [13]; 

terrible floods were also observed in India, Nepal and 

Bangladesh [14]; hurricane Harvey hit Texas [15], etc. 

According to The State Emergency Service of Ukraine 

data [16], only on the time interval from 2010 to 2016 

(Figure 5) the overall number of natural hazards in 

Ukraine reached a value of 540 (89 hazards occurred in 

2016). According to the platform PreventionWeb [17] 

managed by the UN Office for Disaster Risk Reduction, 

the main natural hazards in Ukraine are droughts, extreme 

temperatures, floods and storms. As can be seen (Fig. 6), 

floods are the most common disasters in the country 

(Figure 6 a, in 51.9 % of cases), while extreme tempera-

tures are the main cause of death (Figure 6 b, in 90 % of 

cases) and droughts are the key reason of the economic 

issues among all disasters (Figure 6 c, in 50.5 % of cas-

es). PreventionWeb also highlights climate changes and 

environmental degradation among the main risk drivers. 

So, climate changes can do much harm to Kyiv and 

Ukraine and it is important to implement “decarboniza-

tion” lifestyle. Analysis of the literature sources and ex-

perience of the international community has shown that 

green urban initiatives are an important part of the decar-

bonization strategy and can make Kyiv eco-friendly, 

healthy and sustainable city. And it was determined that 

experience of Scandinavian countries can be especially 

valuable for Ukraine. For example, the "eco-city" green 

urban initiative in the Western Harbour in Malmö, Swe-

den, is the evidence of a possibility of the industrial area 

transformation into the sustainable urban environment. 

This "eco-city" has a renewable energy system with wind 

power plant, solar cells, solar collectors on the roofs & 

walls, as well as a waste treatment system, green roofs 

and limited car traffic [18]. 

 

 
Figure 5 – Number of natural hazards in Ukraine since 2010, 

created by the author on the bases of the data [16] 

 

 
a b c 

Figure 6 – Distribution of the main natural hazards in Ukraine (%) by frequency (a), mortality (b) and economic issues (c) [17] 
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Business and universities also play an important role in 

the sustainability of the country. For example, in 2016 

MIT launched startup accelerator "The Engine" in order 

to help startups with funding of the projects devoted to 

such areas as clean energy & water, nuclear power, and 

climate change. And this accelerator is available not only 

for the MIT students and graduates [19]. 

5 Conclusions 

By the bcc-csm1-1 AR 5 model, it was found that the 

surface temperature in most regions of the world will rise 

significantly leading to the changes in climate and these 

processes will affect our country too. According to inves-

tigated bcc-csm1-1 and IPSL-CM5A models, the average 

annual temperature in Kyiv region under the RCP 8.5 

scenario will increase noticeably while at the RCP 2.6 

scenario the temperature won’t change significantly and 

will remain almost stable. Thus, the only way to prevent 

severe consequences for the environment and society is to 

develop the decarbonization strategy and reduce GHG 

and pollutant emission levels. 

The practical and scientific value of the work is speci-

fied by the fact that obtained results take into account 

updated information about climate change dynamics and 

consequences and can be used to increase the awareness 

of citizens about the importance of this problem. The 

results of the study, obtained by AR 5 models and statis-

tical analysis methods, confirm the existence and danger 

of the problem of climate change and can be used for the 

decarbonization strategy development. The results of the 

study also show how the increase or decrease in GHG 

emissions from transport and industry can affect the eco-

logical balance of the urbanized ecosystem. 

The risks of natural disasters occurrence were also 

considered. It was determined that climate "weirding" 

leading to aggravation of natural hazards is one of the 

main dangers of the RCP 8.5 scenario. Floods, extreme 

temperatures and droughts are particularly dangerous for 

Ukraine. All results of the study were evaluated in the 

context of the author’s experience in the field of envi-

ronmental safety and physical aspects of natural disasters 

and substantiate the need for the "decarbonization" life-

style implementation on the basis of the international 

experience, as well as the interaction between govern-

ment, business and universities. 
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Ɇɨɞɟɥɸɜɚɧɧɹ ɡɦɿɧɢ ɤɥɿɦɚɬɭ ɜɿɞɩɨɜɿɞɧɨ ɞɨ ɦɿɫьɤɨʀ ɫɬɪɚɬɟɝɿʀ ɞɟɤɚɪɛɨɧɿɡɚɰɿʀ 
Кɨɮɚɧɨɜɚ Ɉ. В. 

ɇɚɰɿɨɧɚɥьɧɢɣ ɬɟɯɧɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ Уɤɪɚʀɧɢ «Кɢʀɜɫьɤɢɣ ɩɨɥɿɬɟɯɧɿɱɧɢɣ ɿɧɫɬɢɬɭɬ ɿɦɟɧɿ Іɝɨɪɹ ɋɿɤɨɪɫьɤɨɝɨ»,  
ɩɪɨɫɩ. ɉɟɪɟɦɨɝɢ, 37, 03056, ɦ. Кɢʀɜ, Уɤɪɚʀɧɚ 

Аɧɨɬɚɰɿɹ. Аɧɬɪɨɩɨɝɟɧɧɢɣ ɜɩɥɢɜ ɧɚ ɤɥɿɦɚɬ Зɟɦɥɿ ɩɨɫɬɿɣɧɨ ɡɪɨɫɬɚє, ɚ ɬɨɦɭ ɡɪɨɫɬɚɸɬь ɿ ɪɢɡɢɤɢ ɧɟɡɜɨɪɨɬɧɨʀ 
ɞɟɝɪɚɞɚɰɿʀ ɟɤɨɫɢɫɬɟɦ. ɋɬɚɬɬɸ ɩɪɢɫɜɹɱɟɧɨ ɦɨɞɟɥɸɜɚɧɧɸ ɞɨɜɝɨɫɬɪɨɤɨɜɨɝɨ ɩɪɨɝɧɨɡɭɜɚɧɧɹ ɡɦɿɧ ɤɥɿɦɚɬɭ ɬɚ 
ɪɨɡɪɨɛɰɿ ɫɬɪɚɬɟɝɿʀ ɞɟɤɚɪɛɨɧɿɡɚɰɿʀ. Вɢɤɨɪɢɫɬɚɧɨ ɤɥɿɦɚɬɢɱɧɿ AR 5 ɦɨɞɟɥɿ bcc-csm1-1 ɬɚ IPSL-CM5A. 

Вɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɩɪɨɝɧɨɡɨɜɚɧɚ ɫɟɪɟɞɧьɨɪɿɱɧɚ ɬɟɦɩɟɪɚɬɭɪɚ ɭ Кɢʀɜɫьɤɿɣ ɨɛɥɚɫɬɿ ɜɿɞɩɨɜɿɞɧɨ ɞɨ ɫɰɟɧɚɪɿɸ ɿɡ 
ɜɢɫɨɤɢɦɢ ɪɿɜɧɹɦɢ ɜɢɤɢɞɿɜ ɩɚɪɧɢɤɨɜɢɯ ɝɚɡɿɜ RCP 8.5 ɡɧɚɱɧɨ ɡɛɿɥьɲɢɬьɫɹ (ɞɨ 23,8 °ɋ ɜɿɞɩɨɜɿɞɧɨ ɞɨ ɦɨɞɟɥɿ 
IPSL-CM5A) ɩɪɨɬɹɝɨɦ ɞɟɤɿɥьɤɨɯ ɫɨɬɟɧь ɪɨɤɿɜ, ɬɨɞɿ ɹɤ ɩɪɢ ɪɟɚɥɿɡɚɰɿʀ ɫɰɟɧɚɪɿɸ ɿɡ ɧɢɡьɤɢɦɢ ɪɿɜɧɹɦɢ ɜɢɤɢɞɿɜ 
RCP 2.6, ɰɟɣ ɩɨɤɚɡɧɢɤ ɧɟ ɡɚɡɧɚє ɤɪɢɬɢɱɧɢɯ ɡɦɿɧ (ɣɨɝɨ ɦɚɤɫɢɦɚɥьɧɟ ɡɧɚɱɟɧɧɹ ɫɹɝɧɟ 11,5 °ɋ ɜɿɞɩɨɜɿɞɧɨ ɞɨ 
ɦɨɞɟɥɿ IPSL-CM5A). Зɚɩɪɨɩɨɧɨɜɚɧɨ ɪɟɤɨɦɟɧɞɚɰɿʀ ɳɨɞɨ ɪɨɡɪɨɛɤɢ ɫɬɪɚɬɟɝɿʀ ɞɟɤɚɪɛɨɧɿɡɚɰɿʀ ɞɥɹ Уɤɪɚʀɧɢ, ɹɤɚ 
ɧɚɞɚɫɬь ɦɨɠɥɢɜɿɫɬь ɡɦɟɧɲɢɬɢ ɪɿɜɧɿ ɜɢɤɢɞɿɜ ɩɚɪɧɢɤɨɜɢɯ ɝɚɡɿɜ ɬɚ ɞɨɫɹɝɬɢ ɫɰɟɧɚɪɿɸ RCP 2.6. ɉɪɚɤɬɢɱɧɚ ɿ 
ɧɚɭɤɨɜɚ ɰɿɧɧɿɫɬь ɨɬɪɢɦɚɧɢɯ ɪɟɡɭɥьɬɚɬɿɜ ɜɢɡɧɚɱɚєɬьɫɹ ɬɢɦ, ɳɨ ɜɪɚɯɨɜɭєɬьɫɹ ɧɨɜɿɬɧɹ ɿɧɮɨɪɦɚɰɿɹ ɩɪɨ ɡɦɿɧɢ 
ɤɥɿɦɚɬɭ, ɹɤɚ ɦɨɠɟ ɛɭɬɢ ɜɢɤɨɪɢɫɬɚɧɚ ɞɥɹ ɩɿɞɜɢɳɟɧɧɹ ɨɛɿɡɧɚɧɨɫɬɿ ɝɪɨɦɚɞɹɧ. Ɋɟɡɭɥьɬɚɬɢ ɞɨɫɥɿɞɠɟɧɧɹ 
ɩɿɞɬɜɟɪɞɠɭɸɬь ɧɟɛɟɡɩɟɤɭ ɡɦɿɧ ɤɥɿɦɚɬɭ ɧɚ ɩɥɚɧɟɬɿ ɬɚ ɩɨɤɚɡɭɸɬь, ɹɤɢɦ ɱɢɧɨɦ ɜɢɤɢɞɢ ɩɚɪɧɢɤɨɜɢɯ ɝɚɡɿɜ ɦɨɠɭɬь 
ɜɩɥɢɧɭɬɢ ɧɚ ɟɤɨɥɨɝɿɱɧɢɣ ɛɚɥɚɧɫ ɜɢɫɨɤɨɭɪɛɚɧɿɡɨɜɚɧɨʀ ɟɤɨɫɢɫɬɟɦɢ. У ɫɬɚɬɬɿ ɬɚɤɨɠ ɪɨɡɝɥɹɧɭɬɨ ɪɢɡɢɤɢ 
ɡɛɿɥьɲɟɧɧɹ ɤɿɥьɤɨɫɬɿ ɫɬɢɯɿɣɧɢɯ ɥɢɯ ɭ ɫɜɿɬɿ, Уɤɪɚʀɧɿ ɬɚ Кɢʀɜɫьɤɿɣ ɨɛɥɚɫɬɿ, ɫɩɪɨɝɧɨɡɨɜɚɧɢɯ ɡɚ ɭɦɨɜɢ ɪɟɚɥɿɡɚɰɿʀ 
ɫɰɟɧɚɪɿɸ RCP 8.5. 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɦɨɞɟɥɸɜɚɧɧɹ ɤɥɿɦɚɬɭ, ɝɥɨɛɚɥьɧɟ ɩɨɬɟɩɥɿɧɧɹ, ɞɟɤɚɪɛɨɧɿɡɚɰɿɹ, ɡɦɿɧɢ ɤɥɿɦɚɬɭ, ɫɬɢɯɿɣɧɿ ɥɢɯɚ. 

https://www.theguardian.com/global-development/2017/aug/22/floods-across-india-nepal-and-bangladesh-claim-more-than-800-lives-south-asia
https://www.theguardian.com/global-development/2017/aug/22/floods-across-india-nepal-and-bangladesh-claim-more-than-800-lives-south-asia
https://www.theguardian.com/us-news/2017/aug/26/texas-hurricane-harvey-what-we-know-so-far
http://www.dsns.gov.ua/
https://www.preventionweb.net/countries/ukr/data
http://smartcitysweden.com/reference-objects/161/the-ecological-city-of-tomorrow-in-the-western-harbour-malmo
http://money.cnn.com/2016/10/26/technology/mit-innovation/index.html?section=money_technology
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Abstract. This paper focuses on the study of the possibility of using mineral carriers from sulfur (bio-

sulfur/elementary sulfur) in anaerobic wastewater treatment systems under autotrophic denitrification conditions. The 

theoretical aspects of the work are based on the biochemical formalization of the studied processes using the system-

ic-synergetic approach for the description of the patterns of autotrophic denitrification microorganisms based on the 

principles of autocatalysis of natural systems. Special software was used in the work to identify the necessary ecolog-

ical and trophic groups of microorganisms and implement the schemes of trophic interactions in association of deni-

trification microorganisms. The taxonomic classification was assigned based on the KEGG database (Kyoto Ency-

clopedia of Genes and Genomes). Bio-filtration set-up system was formed for carrying out the process wastewater 

denitrification with using bio-sulfur and gaseous sulfur. The filtration method is used under anaerobic conditions 

along with immobilization on the carrier based on sulfur autotrophic denitrifying bacterial species such as Thiobacil-

lus denitrificans and Thiomicrospira denitrificans. Thus, sulfur conversion leads to the reduction of nitrates to nitrites 

and, ultimately, the release of molecular nitrogen. The mechanisms of sulfur conversion in natural ecosystems make 

it possible to conclude its expediency of use it as a sorption sulfur-containing mineral carrier in wastewater purifica-

tion systems with further conversion to an organic form (with microbial cell carbonate). The interactions pathways 

model in the association of heterotrophic and autotrophic denitrification bacteria in the process of wastewater and 

sewage sludge purification was formed under condition of elementary sulfur presence. Energetic and synthesis reac-

tions for an autotrophic denitrification were described. The implementation of wastewater treatment systems with au-

totrophic denitrification process use will provide an opportunity to expand the application scope of by-products such 

as gaseous sulfur and bio-sulfur that currently minimal recycling in traditional industrial processing. 

Keywords: denitrification, bio-sulfur, gaseous sulfur, wastewater, mineral carrier. 

1 Introduction 

Sulfur is one of the main types of chemical raw for 

materials, which have strategic importance for the coun-

try's economy. Due to continuing growth of population 

and areas under cultivation, it is required an intensifica-

tion of agriculture, which significantly depends on the 

introduction of mineral and organic fertilizers that contain 

sulfur [1]. 

Ecological aspects of sulfur application during obtain-

ing sulfuric acid is the emission of such harmful sub-

stances as acid fog and sulfurous anhydride SO2. Moreo-

ver, in gas sulfur, which is a waste of the process of puri-

fication of gases of petroleum processing, non-ferrous 

metals, associated petroleum and natural gases can con-

tain arsenic and other harmful impurities [2], which, with 

the open method of storing of gas sulfur can migrate to 

the environment. 

The emergence of the problem of elemental sulfur as a 

large-capacity technogenic formation is connected with 

the existence of a stable disproportion between the pro-

cess of its accumulation in the environment and the con-

sumption reduction in traditional areas (sulfuric acid pro-

duction, paper-and-pulp industry, etc.). There is an urgent 

need to diversificatɟ the application of sulfur, particularly 

the materials production based on its ground in order to 

apply them in filtration biotechnological waste water 

treatment systems [3]. 

Another important mission of the environmental safety 

is the deprivation of nutrients from wastewater, which 

after getting into surface water cause significant damage 

to the ecological system for the region, and this requires 

an effective discharge treatment from such compounds 

(nitrogen and phosphorus, in particular). 

Nitrates are considered to be the most widespread type 

of inorganic pollutants that contribute to rapid develop-

http://jes.sumdu.edu.ua/
https://doi.org/10.21272/jes.2018.5(1).h2
mailto:e.chernish@ssu.edu.ua
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ment of blue-green algae and other lower plants with 

short life cycles for the decomposition course of decaying 

organic matter of which a large amount of the oxygen 

dissolved in water is consumed leading to decaying of the 

dominant groups of aquatic organisms. At the same time, 

nitrates cause great harm to the human body, generally 

due to their consecutive transformation into nitrites and 

nitro compounds which belong to carcinogenic substanc-

es. In ground waters, nitrates are accumulated due to 

transfer sewage disposal chemical and petrochemical 

factories in them, as well as the fertilizers which are 

washed away from agricultural fields, drains of cattle 

farms. Nitrate content may vary depending on chemical 

and biological composition of soils [4]. 

Thus, the possibility of a unified approach developing 

to solve the problem of removing nitrogen compounds 

from liquid waste and using nonorganic sulfur varieties in 

biological denitrification systems is of great importance 

in reducing the environmental footprint in the region. In 

our opinion, the expansion of biosulfur using as a product 

of gas flows biodesulfurizationis, which is possible due to 

its application together with gas sulfur in biofiltration 

systems for removing nitrates from effluents, which re-

quires further scientific, theoretical and experimental 

evidence. 

2 Literature Review 

Among the methods for effluents purification from ni-

trates, a special niche is occupied by biological methods 

of denitrification, which are divided into autotrophic and 

heterotrophic. 

Anaerobic activated sludge is used in many studies for 

restoration of nitrites and nitrates in the process of deni-

trifying sewage. Denitrifying bacteria are found among 

representatives of Acrobacterium sp. and others, which, 

being in anoxic conditions, use oxygen for breathing that 

contained in nitrites and nitrates instead of dissolved 

oxygen. Herewith, most of the studies focused on study-

ing and increasing the effectiveness of the use of hetero-

trophic bacterium-denitrifying agents which represent a 

group of facultative anaerobes. This is facilitated by the 

fact that they are present in the sewage in large quantities 

and can use pollutants as a carbon feed (methanol, etha-

nol, acetic acid), greatly facilitates the exploitation of 

structures, as it eliminates the need to grow a special 

adapted microflora [5]. 

Downflow denitrification filters operate in a conven-

tional filtration mode and consist of media and support 

gravel supported by an underdrain. Wastewater enters a 

downflow filter over weirs along the length of the filter 

bed on both sides. 

Filter effluent is conveyed from the bottom of the filter 

over a control weir into a clear well. During the process, 

nitrate is metabolized to nitrogen gas, which becomes 

embedded in the filter media. Nitrogen-release cycles are 

needed to remover these nitrogen gas bubbles that accu-

mulate. The piping for the filter influent and backwash is 

similar to that of conventional filters. 

Wastewater enters the filter through the influent pipe 

and then is transported downward through a supply pipe 

and distributors (Figure 1). The water moves up through 

the filter media and filtrate is discharged from the upper 

portion of the filter. 

The preferred media for each filter manufacturer is al-

so presented in Table 1. 

Separate-stage denitrification can be carried out either 

as a suspended or attached growth process, both of which 

require an external carbon source, such as methanol. Be-

cause they require a large area and their own sludge set-

tling and recycling system, separate suspended growth 

denitrification systems are not very common (Figure 2). 
 

 

Figure 1 – Astrasand upflow continuous - backwash filter 

 

 
Figure 2 – Separate-stage suspended growth denitrification process 
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Table 1 – Filtration material in denitrification systems [6] 

Manufacturer /  

filter 

Severn Trent 

Services/ 

TETRA
®
 

Denite
®

 

F. B. Leopold / 

elimi-Nite 
USFilter/Davco 

Parkson / 

DynaSand 

Paques and 

USFilter/ 

Astrasand 

Flow regime Downflow Downflow Downflow Upflow Upflow 

Media 

457 mm (18 in) 

graded gravel,  

1.8 m (6 ft) of 

6×9 mesh silica 

sand, uniformi-

ty coefficient 

1.35, 0.8 mini-

mum sphericity 

381 mm (15 in) 

graded gravel, 

1.8 m (6 ft) of 

6×12 mesh 

sand 

2 layers support 

gravel, 1.8 m  

(6 ft) of 6×9 mesh 

sand 

1.35 to 1.45 mm 

subround media or 

1.55 to 1.65 mm 

subangular media 

with uniformity 

coefficient of 1.3 to 

1.6; 2-m (6.6 ft) 

bed depth 

1.2 to 1.4 mm 

sand,  

2-m (6.6-ft)  

bed depth 

 

Denitrification filters are popular, because they are an 

easy retrofit and require less area and sludge handling. 

The units can simply be added to the end of a secondary 

treatment process that includes nitrification. Both down-

flow and upflow filters are in use. Downflow filters re-

quire backwashing to remove solids and nitrogen gas 

trapped in the filter media. Upflow filters skirt this prob-

lem by having the filter media continuously removed 

from the bottom of the unit, cleaned, and recycled to the 

top of the filter (Figure 3) [7]. 

The main components of a modern Continuous Acti-

vated Sludge Biological Nutrient Removal (BNR) sys-

tems are presented in Figure 4. 

 

Figure 3 – Separate-stage denitrification filter process 

 

Figure 4 – Continuous Activated Sludge BNR systems 
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The anoxic (denitrification) basin or zone continually 

receives several streams including the main feed of am-

monia-rich wastewater from the upstream anaerobic 

pond. This is a large volume stream containing the bulk 

of the new nitrogen load to the system. Unfortunately, the 

COD content of this stream is usually insufficient to pro-

vide all the COD needed for the denitrifying bacteria so 

additional COD is added [8].  

In autotrophic denitrification, sulfur or hydrogen is 

used by microorganisms as a source of energy. 

The continuously stirred tank reactor (CSTR) that ca-

pable of providing an adequate seed source of autotrophic 

denitrifiers was used in the study [9]. As shown in Figure 

5, anaerobic upflow fixed-bed reactor was constructed 

from 2.5-inch I.D. acrylic tubing with four sampling 

ports. The empty bed reactor volume is 1.11 liters. The 

sulfur and limestone grain sizes ranged from 2.38 mm to 

4.76 mm. Gas collection and monitoring systems have 

been included in this design. 

 

 

Figure 5 – Upflow fixed-bed column reactor [9] 

The feed solution composition for the CSTR: KNO3, 

3.0 g/l; Na2S2O3∙5H2O, 6.0 g/l; NaHCO3, 1.5 g/l; 

Na2HPO4, 1.5 g/l; KH2PO4, 0.3 g/l; MgSO4∙7H2O, 0.4 g/l; 

and 1 ml of stock trace nutrient solution per liter of feed 

solution [9]. 

However, these methods need to be improved. These 

disadvantages are water pollution residual methanol or 

sulfur, and a large content of microorganisms in the treat-

ed water. In addition, this process is characterized by 

increased sensitivity to temperature conditions, and its 

rate decreases in cold water, which makes it difficult to 

use biological denitrification in regions with a cold cli-

mate [4]. 

In [10], methods for the oxidation of ammonium and a 

hardly available organic matter of wastewater are offered 

in aerobic-anoxid conditions. To carry out the process of 

simultaneous autotrophic and heterotrophic denitrifica-

tion, a batch reactor with a volume of 61 dm
3
 was built. 

A complete retention of the biomass of the active 

sludge was carried out in the reactor, the residence time 

of the liquid was 2,5-5 days, the sludge dose was 1.5–
2.5 g/dm

3
, the temperature was 20-28 °C, and the pH was 

7.5-8.5. The concentrations of ammonium nitrogen and 

nitrogen nitrite in renovated water were 0.3-8 mg/dm
3
 

and, accordingly, 0.2-4 mg/dm
3
 (Table 2) [10]. The effi-

ciency of nitrogen removal was 91% -80% due to the 

process of autotrophic denitrification and 11 % due to the 

heterotrophic denitrification process. 

Table 2 – Composition of water received for treatment  

and after treatment in two successive reactors 

Parameter 
Crude  

filtrate 

Nitrifiable  

filtrate 

Refined  

filtrate 

N-NH4,  

mg/dm
3
 

250–300 100–120 0.3–8.0 

N-NO2,  

mg/dm
3
 

– 130–150 0.2–4.0 

N-NO3,  

mg/dm
3
 

– 0.4–3.3 5–10 

COD,  

mg/dm
3
 

150–190 60–120 60–120 

 

During the experiment it was noted that a significant 

part of the biomass of the microorganisms in this reactor 

was secured with the walls of the reactor. The ability of 

microorganisms for effective adhesion was used to in-

crease the reliability of the reactor by increasing the sur-

face area to which microorganisms could be secured. 

A plastic load of polyethylene (AnoxKaldnes K1, 

30 % of the volume of the reactor) was placed in the reac-

tor. After a while at the loading has developed the bio-

film, in which up to 75 % of the biomass of microorgan-

isms was located. The use of this method led to the stabi-

lization of the quality of water purification in the reactor 

at the same average (removal of 90–92 % of nitrogen).  

However, the biological technologies currently availa-

ble for nitrate degradation are associated with significant 

drawbacks including: long start-up times and long recov-

ery times after system upsets; the production of biological 

solids requiring costly treatment and disposal; low organ-

ism densities necessitating large footprints to achieve 

sufficient treatment capacity. 

Thus, an important area of research is the immobiliza-

tion of active biomass on carriers to reduce their leaching 

from the bioreactor space and the transfer of the process 

to a continuous technological regime for treating efflu-

ents. As well as the introduction of carrier-feed to stimu-

late the development of autotrophic groups of microor-

ganisms with the minimization of nutrient removal from 

the system. 

Developing biocomposites for natural, nitrate-

degrading organisms that are irreversibly retained within 

these systems and never leave the biofilter, as they are 
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protected from washout, overgrowth, toxicity, and abrupt 

changes in operation. 

This paper focuses on the study of the possibility of 

using mineral carriers from sulfur (bio-sulfur / elementary 

sulfur) in anaerobic wastewater treatment systems under 

autotrophic denitrification conditions. 

To achieve the aim, the following tasks were set: 

– analytical studies of the possibility of bio-sulfur and 

gaseous sulfur use as mineral carriers for bacteria growth 

under autotrophic denitrification conditions; 

– development bio-filtration set-up system for carrying 

out the process wastewater denitrification with using bio-

sulfur and gaseous sulfur. 

3 Research Methodology 

During biochemical processing and in the course of 

Claus's reactions, all hydrogen sulfide, which was a part 

of gas-liquid mixes, is used to produce sulfur: bio-sulfurs 

(from bio-desulfurization systems) [11] and the gaseous 

sulfur resp., which have both similar physical and chemi-

cal properties and some differences features. It should be 

noted that bio-sulfur is more demanded in the use in agri-

culture as a component of fertilizers and fungicides [12]. 

The analysis of the composition of gaseous sulfur is 

presented in Table 3 and its general form is shown in 

Figure 6. Gaseous sulphur has the same chemical formula 

as solid or liquid Sulphur, S8. 

Table 3 – The technological parameters of gaseous sulfur [13] 

Parameter (minimum value), % 

Norm for  

technical gas-

eous sulfur 

Sulfur mass fraction 99.2 

Water mass fraction 1.0 

Refuse burnout mass fraction 0.4 

Organic substances mass fraction 0.5 

Acids mass fraction in conversion 

to spirit of sulfur 
0.02 

 

 

Figure 6 – Photo of the gaseous sulfur granules (3–6 mm) 

The main stages of bio-sulfur production are described 

in the block diagram in Figure 7 with an indication of its 

component composition according to [11]. 

Diffractometric research and raster microanalysis of 

the bio-sulfur structure were held (conducted) and the 

fact, that 60 % of it consist of orthomolecules S8
0
, was 

determined. Besides, sulfur organic inclusion (Sorg) and 

particles of components of transformed granules (CaSO4, 

H2O, CaCO3, Ca3(PO4)2, etc.) were found. 

It should be noted that the presence of additional bio-

genic elements in the biosulfur will allow to reduce or 

eliminate the necessity of supply of additional nutrients to 

the system. Also, calcium fluoride may be present in the 

bio-sulfur in the presence of fluorine in the composition 

of secondary mineral raw materials (phosphogypsum) for 

the production of an immobilized carrier for the systems 

of biochemical purification of waste gases from hydrogen 

sulphide. Calcium fluoride is a chemically relatively pas-

sive compound. 

The theoretical foundations of the work are based on 

the biochemical formalization of the purification process-

es using the systemic-synergetic approach for the descrip-

tion of the patterns of autotrophic denitrification microor-

ganisms based on the principles of autocatalysis of natu-

ral systems. 

Culture-identify approach. Special software was used 

in the work to identify the necessary ecological and 

trophic groups of microorganisms and implement the 

schemes of trophic interactions in associations of micro-

organisms-denitrifiers. 

The taxonomic classification of each read was as-

signed based on the KEGG database (Kyoto Encyclope-

dia of Genes and Genomes). 

KEGG is a database resource for understanding high-

level functions and utilities of the biological system, such 

as the cell, the organism and the ecosystem, from ge-

nomic and molecular-level information. It is a computer 

representation of the biological system, consisting of 

molecular building blocks of genes and proteins (genomic 

information) and chemical substances (chemical infor-

mation) that are integrated with the knowledge on molec-

ular wiring diagrams of interaction, reaction and relation 

networks (systems information). Denitrification (nitrate 

=> nitrogen) module M00529 was used for modelling of 

association of main ecological and trophic groups of mi-

croorganisms involved in individual stages of this pro-

cess. This program provides the definition of basic bio-

chemical reactions, involved enzymes and microorgan-

isms that contain the relevant genes. 

4 Results 

4.1 Analytical studies of the possibility  

of bio-sulfur and gaseous sulfur use as mineral 

carriers for bacteria growth under autotrophic 

denitrification conditions 

Autotroph denitrification explains the thermodynamic 

instability of nitrates in critical areas or the lack of lysed 

organic connections. 

Apart from organic carbon, some of the denitrifying 

bacteria can use inorganic substances, such as hydrogen 

and sulfur, manganese and ferrum in the capacity of do-

nor of electrons. Few researches showed the application 

of this process for removing the nitrate out of fouled wa-

ters, and the sulfur-limestone reactor was used for the 

autotroph denitrification of waste waters. 
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Hence, in [14, 15] the possibility of usage of the indus-

trial waste of desulfurizing of flue gases for considerable 

decrease of the volume of dregs over the cleaning of 

waste waters. Therewith the main groups of eco-trophic 

microorganisms are distinguished, which interact in 

bioorganic cycles of transformation of biogenous ele-

ments (Figure 8). 
 

 

Figure 8 – The scheme of interactions in biochemical cycles 

between heterotrophic and autotrophic groups of microorgan-

isms used in biological wastewater treatment [15] 

The possibility of denitrification in low ratio COD 

(chemical oxygen demand)/N is demonstrated in the reac-

tor, which establishes the symbiotic balance between the 

denitrifying sulfur bacteria and sulfate-reduction bacteria 

[16]. The advantages of autotrophic denitrification in-

clude: 

– decreasing of the reactor pollution with dead bio-

mass; 

– the treated water isn’t contaminated with organic 

carbon. 

The implementation of wastewater treatment systems 

with autotrophic denitrification process use will provide 

an opportunity to expand the application scope of a num-

ber of by-products that currently minimal recycling in 

traditional industrial processing. For example, the utiliza-

tion of gaseous sulfur and bio-sulfur. 

Figure 9 represents an analysis of the main ecological-

trophic groups of microorganisms which take part in 

autotrophic and heterotrophic denitrification. 
 

 

Figure 9 – Taxonomic classification of the microbial composi-

tion according to the stages of denitrification: 1 – nitrate to 

nitrite; 2 – nitrite to nitric oxide; 3 – nitric oxide to nitrous  

oxide; 4 – nitrous oxide to nitrogen, using KEGG database 

The bacterial communities were dominated by Pseu-

domonas, Bradyrhizobium, followed by Thioalkalivibrio, 

Thiobacillus, Sulfuricella and Sulfurovum. 

Figure 10 presents the data on the metabolic interac-

tions of cooperated communities of microorganisms-

denitrifiers in the process of wastewater treatment. 

The mechanisms of sulfur conversion in natural eco-

systems make it possible to conclude its expediency of 

use it as a sorption sulfur-containing mineral carrier in 

wastwater purification systems with further conversion to 

an organic form (with microbial cell carbonate)  

(Figure 11). 

According to modern conseptualizations, sulfur from 

surroundings enters the cellular vacuole (filled with vol-

untarily) of thiobacillus, including T. denitrificans by 

diffusion and accumulates in it as a reserve material. This 

sulfur may oxidase as the case should be require. The 

speed of its oxidation depends on the area of contact of 

sulfur with bacterial cells. This suggests that there are 

ferments on the cell area of bacteria that contribute the 

entry of sulfur into the cell, and under their influence, 

sulfur is reduced to a sulfide ion, the oxidation of which 

arises further intracellularly. 

Energy and synthesis reactions for an autotrophic deni-

trification can be written in the form of the following 

equations. 

Energy reaction: 

 2NO3
- 
+ 5H2 → N2 +4H2O + 2OH

-
; (1) 

 2NO3
-
 + 2H

+
 + 5H2 → N2 + 4H2O. (2) 

Synthesis reaction [17]: 

H2 + 0.35NO3
-
 + 0.35H

+
 + 0.052CO2 → 

 → 0.17 N2 + 1.1 H2O + 0.010C5H7O2N. (3) 

The stoichiometric equation for the reduction of nitrate 

using elemental sulfur proceeds as follows:  

55S + 20 CO2 + 50NO3
-
 + 38 H2O + 4NH4

+
 → 

 → 4 C5H7O2N + 25 N2 + 55SO4
2-

 +H. (4) 

Heterotrophic denitrification bacteria produce elec-

trons and protons necessary for the transformation of 

nitrate from organic compounds. These substances in-

clude carbohydrates, organic alcohols, amino acids and 

fatty acids. For example, the utilization of acetate, as a 

source of carbohydrate, occurs as follows [16]: 

5CH3COO
-
 + 8NO3- + 3H

+
 → 

 → 10HCO3
-
 +4N2(g) + 4H2O. (5) 

Therefore, developing the denitrification complex 

technology using gaseous sulfur and bio-sulfur as immo-

bilized sorbing agent for denitrification bacteria followed 

to technogenic sulfur utilization and fertilizer production. 

Thus, it is essential to carry out experimental research-

es of efficiency of stock package use based on bio-sulfur 

and gaseous sulfur in biological filters of denitrification 

systems. 
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Figure 10 – Block diagram of metabolic processes of interaction in the association of denitrification microorganisms 

 

Figure 11 – The flowchart of interactions pathways model in the association of heterotrophic and autotrophic denitrification bacteria 

in the process of wastewater and sewage sludge purification under condition of elementary sulfur presence 

4.2 Bio-filtration set-up system for carrying 

out the process wastewater denitrification  

with using bio-sulfur and gaseous sulfur 

For pattern drains purification, filtration method is 

used under anaerobic conditions along with immobiliza-

tion on the carrier made of autotrophic denitrifying bacte-

rial species such as Thiobacillus denitrificans and Thio-

microspira denitrificans, also usage of phototrophic bac-

terial species such as Rhodopseudomonas sphaeroides f. 

denitraficans is possible. 

These species will oxidize various kinds of reduced 

sulfur to sulfate, in this case the nitrate is reduced and 

oxygen is released for its own metabolism of facultative 

thiobacteria. Thus, sulfur conversion leads to the reduc-

tion of nitrates to nitrites and, ultimately, the release of 

molecular nitrogen.  

Composition of a model contaminated solution: 

KH2PO4, 25 g/dm
3
; MgSO4∙7H2O, 260 g/dm

3
; KHCO3, 

753 g/dm
3
; NaNO2, 893 g/dm

3
; EDTA (C10H16N2O8), 

15 g/dm
3
; FeSO4, 5 g/dm

3
; MnCl2∙4H2O, 0.99 g/dm

3
; 

ZnSO4∙7H2O, 0.43 g/dm
3
; CuSO4∙2H2O, 0.25 g/dm

3
. 

Figure 12 shows the experimental set-up that is 

planned to use for wastewater denitrification modelling. 

The biofilter is a cylindrical container of plexiglass with a 

volume of 10 dm
3
. The reverse flow method is used, in 

which water is pumped through a hole at the bottom of 

the filter and ends up, recirculating the water flow 

through the pump. Also, the gas phase is recycled with 

the possibility of its recycling into the system to intensify 

purification process. 

In this case, for the implementation of the experiment, 

the ratio of the main components of the mixture of the 

filtration material to fill the biofilter is suggested: 2/3 

granular sulfur and 1/3 granules (diameter 10 mm) from 

the calcium-containing material for increasing the pH of 

the purified water. 
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Figure 12 – The bio-filtration set-up system: 

1 – biofilter body; 2 – sulfur carrier; 3 – granules of calcium-

containing material; 4 – pump; 5 – capacity for selection  

of model flow; 6 – pump; I – input stream for cleaning;  

II – output flow for recycling; III – cycle of the gas phase;  

IV – purified stream 

In this case, for the implementation of the experiment, 

the ratio of the main components of the mixture of the 

filtration material to fill the biofilter is suggested: 2/3 

granular sulfur and 1/3 granules (diameter 10 mm) from 

the calcium-containing material for increasing the pH of 

the purified water. 

Intensive internal circulation stimulates the growth of 

the necessary ecological-trophic groups of bacteria, the 

descending flow of model effluents passes through a 

layer of granular sulfur and during the bioconversion 

sulfuric elements of T. denitrificans are used in order to 

reduce the nitrate to molecular nitrogen. In the process of 

biochemical conversion, the acid-base balance of the 

system changes to the acidic side, so a calcium-

containing drainage material is loaded in the lower part of 

the biofilter to buffer the flow of water. 

The qualitative character of sulfur use is enlargement 

of pore spaces inside sulfur-containing granules in the 

process of sulfur consumption by microorganisms. In 2–3 

days after immobilization and beginning of biological 

filter exploitation, during working presence of essential 

ecologically-trophic groups of bacteria is exhibited, when 

gas bubbles begin to form in time intervals between 

batching of granulated sulfur. It is expected, that in 12–14 

days, the durable biofilm with well-developed bacterial 

intercellular matrix, which covers the whole bulk of sul-

fur filter medium, is to function. For this purpose, contin-

uous monitoring of the nitrate level in ppm or mg/dm
3
 in 

simulated runoffs before and after purification in the 

biological filter is conducted. 

5 Conclusions 

The mechanisms of sulfur conversion in natural eco-

systems make it possible to conclude its expediency of 

use it as a sorption sulfur-containing mineral carrier in 

wastewater purification systems with further conversion 

to an organic form (with microbial cell carbonate). The 

interactions pathways model in the association of hetero-

trophic and autotrophic denitrification bacteria in the 

process of wastewater and sewage sludge purification 

was formed under condition of elementary sulfur pres-

ence. Energetic and synthesis reactions for an autotrophic 

denitrification were described. 

Bio-filtration set-up system was formed for carrying 

out the process wastewater denitrification with using bio-

sulfur and gaseous sulfur. The filtration method is used 

under anaerobic conditions along with immobilization on 

the sulfur carrier autotrophic denitrifying bacterial spe-

cies such as Thiobacillus denitrificans and Thiomicrospi-

ra denitrificans. These species will oxidize various kinds 

of reduced sulfur to sulfate, in this case the nitrate is re-

duced and oxygen is released for its own metabolism of 

facultative thiobacteria. Thus, sulfur conversion leads to 

the reduction of nitrates to nitrites and, ultimately, the 

release of molecular nitrogen.  

The implementation of wastewater treatment systems 

with autotrophic denitrification process use will provide 

an opportunity to expand the application scope of by-

products such as of gaseous sulfur and bio-sulfur that 

currently minimal recycling in traditional industrial pro-

cessing. 
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Аɧɨɬɚɰɿɹ. ɍ ɫɬɚɬɬɿ ɨɫɧɨɜɧɚ ɭɜɚɝɚ ɩɪɢɞɿɥɹєɬьɫɹ ɜɢɜɱɟɧɧɸ ɦɨɠɥɢɜɨɫɬɿ ɜɢɤɨɪɢɫɬɚɧɧɹ ɦɿɧɟɪɚɥьɧɢɯ ɧɨɫɿʀɜ ɡ 
ɫɿɪɤɢ (ɛɿɨ-ɫɿɪɤɢ / ɟɥɟɦɟɧɬɚɪɧɨʀ ɫɿɪɤɢ) ɜ ɫɢɫɬɟɦɚɯ ɚɧɚɟɪɨɛɧɨɝɨ ɨɱɢɳɟɧɧɹ ɫɬɿɱɧɢɯ ɜɨɞ ɜ ɭɦɨɜɚɯ ɚɜɬɨɬɪɨɮɧɨʀ 
ɞɟɧɿɬɪɢɮɿɤɚɰɿʀ. Ɍɟɨɪɟɬɢɱɧɿ ɚɫɩɟɤɬɢ ɪɨɛɨɬɢ ɡɚɫɧɨɜɚɧɿ ɧɚ ɛɿɨɯɿɦɿɱɧɨʀ ɮɨɪɦɚɥɿɡɚɰɿʀ ɩɪɨɰɟɫɿɜ ɨɱɢɳɟɧɧɹ ɡ 
ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɫɢɫɬɟɦɧɨ-ɫɢɧɟɪɝɟɬɢɱɧɨɝɨ ɩɿɞɯɨɞɭ ɞɥɹ ɨɩɢɫɭ ɡɚɤɨɧɨɦɿɪɧɨɫɬɟɣ ɚɜɬɨɬɪɨɮɧɢɯ ɞɟɧɿɬɪɢɮɿɤɭɸɱɢɯ 

ɦɿɤɪɨɨɪɝɚɧɿɡɦɿɜ ɧɚ ɨɫɧɨɜɿ ɩɪɢɧɰɢɩɿɜ ɚɜɬɨɤɚɬɚɥɿɡɭ ɩɪɢɪɨɞɧɢɯ ɫɢɫɬɟɦ. ɋɩɟɰɿɚɥьɧɟ ɩɪɨɝɪɚɦɧɟ ɡɚɛɟɡɩɟɱɟɧɧɹ 
ɜɢɤɨɪɢɫɬɨɜɭɜɚɥɨɫɹ ɞɥɹ ɜɢɡɧɚɱɟɧɧɹ ɧɟɨɛɯɿɞɧɢɯ ɟɤɨɥɨɝɿɱɧɢɯ ɿ ɬɪɨɮɿɱɧɢɯ ɝɪɭɩ ɦɿɤɪɨɨɪɝɚɧɿɡɦɿɜ ɬɚ ɞɥɹ 
ɪɟɚɥɿɡɚɰɿʀ ɫɯɟɦ ɬɪɨɮɿɱɧɢɯ ɜɡɚєɦɨɞɿɣ ɜ ɚɫɨɰɿɚɰɿɹɯ ɦɿɤɪɨɨɪɝɚɧɿɡɦɿɜ-ɞɟɧɿɬɪɢɮɿɤɚɬɨɪɿɜ. Ɍɚɤɫɨɧɨɦɿɱɧɚ 
ɤɥɚɫɢɮɿɤɚɰɿɹ ɩɪɢɡɧɚɱɟɧɚ ɧɚ ɨɫɧɨɜɿ ɛɚɡɢ ɞɚɧɢɯ KEGG (Ʉɿɨɬɫьɤɚ ɟɧɰɢɤɥɨɩɟɞɿɹ ɝɟɧɿɜ ɿ ɝɟɧɨɦɿɜ). Ȼɭɥɚ 
ɪɨɡɪɨɛɥɟɧɚ ɫɢɫɬɟɦɚ ɛɿɨɮɿɥьɬɪɚɰɿʀ ɞɥɹ ɩɪɨɜɟɞɟɧɧɹ ɞɟɧɿɬɪɢɮɿɤɚɰɿʀ ɦɨɞɟɥьɧɢɯ ɫɬɿɱɧɢɯ ɜɨɞ ɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɛɿɨ-

ɫɿɪɤɢ ɿ ɝɚɡɨɜɨʀ ɫɿɪɤɢ. Ɇɟɬɨɞ ɮɿɥьɬɪɚɰɿʀ ɜɢɤɨɪɢɫɬɨɜɭєɬьɫɹ ɜ ɚɧɚɟɪɨɛɧɢɯ ɭɦɨɜɚɯ ɡ ɿɦɦɨɛɿɥɿɡɚɰɿєɸ ɧɚ ɧɨɫɿʀ ɡ 
ɫɿɪɤɢ ɚɭɬɨɬɪɨɮɧɢɣ ɞɟɧɿɬɪɢɮɿɤɭɸɱɢɯ ɛɚɤɬɟɪɿɚɥьɧɢɯ ɜɢɞɿɜ Thiobacillus denitrificans ɿ Thiomicrospira 
denitrificans. Ɍɪɚɧɫɮɨɪɦɚɰɿʀ ɫɿɪɤɢ ɰɢɦɢ ɦɿɤɪɨɨɪɝɚɧɿɡɦɚɦɢ ɩɪɢɡɜɨɞɢɬь ɞɨ ɜɿɞɧɨɜɥɟɧɧɹ ɧɿɬɪɚɬɿɜ ɞɨ ɧɿɬɪɢɬɿɜ ɿ ɞɨ 
ɜɢɜɿɥьɧɟɧɧɹ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɚɡɨɬɭ. Ɇɟɯɚɧɿɡɦɢ ɤɨɧɜɟɪɫɿʀ ɫɿɪɤɢ ɜ ɩɪɢɪɨɞɧɢɯ ɟɤɨɫɢɫɬɟɦɚɯ ɞɨɡɜɨɥɹɸɬь ɡɪɨɛɢɬɢ 
ɜɢɫɧɨɜɨɤ ɩɪɨ ɞɨɰɿɥьɧɿɫɬь ɜɢɤɨɪɢɫɬɚɧɧɹ ʀʀ ɹɤ ɫɨɪɛɰɿɣɧɨɝɨ ɫɿɪɤɨɜɦɿɫɧɨɝɨ ɦɿɧɟɪɚɥьɧɨɝɨ ɧɨɫɿɹ ɜ ɫɢɫɬɟɦɚɯ 
ɨɱɢɳɟɧɧɹ ɫɬɿɱɧɢɯ ɜɨɞ ɡ ɤɨɧɜɟɪɫɿєɸ ɜ ɨɪɝɚɧɿɱɧɭ ɮɨɪɦɭ (ɡ ɤɚɪɛɨɧɚɬɨɦ ɦɿɤɪɨɛɧɢɯ ɤɥɿɬɢɧ). Ɇɨɞɟɥь ɲɥɹɯɿɜ 
ɜɡɚєɦɨɞɿʀ ɜ ɚɫɨɰɿɚɰɿʀ ɝɟɬɟɪɨɬɪɨɮɧɢɯ ɿ ɚɜɬɨɬɪɨɮɧɢɯ ɞɟɧɿɬɪɢɮɿɤɭɸɱɢɯ ɛɚɤɬɟɪɿɣ ɭ ɩɪɨɰɟɫɿ ɨɱɢɳɟɧɧɹ ɫɬɿɱɧɢɯ ɜɨɞ 
ɿ ɦɭɥɨɜɢɯ ɨɫɚɞɿɜ ɛɭɥɚ ɫɮɨɪɦɨɜɚɧɚ ɡɚ ɭɦɨɜɢ ɩɪɢɫɭɬɧɨɫɬɿ ɟɥɟɦɟɧɬɚɪɧɨʀ ɫɿɪɤɢ. Ɉɩɢɫɚɧɨ ɟɧɟɪɝɟɬɢɱɧɿ ɪɟɚɤɰɿʀ ɿ 
ɪɟɚɤɰɿʀ ɫɢɧɬɟɡɭ ɞɥɹ ɚɜɬɨɬɪɨɮɧɨʀ ɞɟɧɿɬɪɢɮɿɤɚɰɿʀ. ȼɩɪɨɜɚɞɠɟɧɧɹ ɫɢɫɬɟɦ ɨɱɢɫɬɤɢ ɫɬɿɱɧɢɯ ɜɨɞ ɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ 
ɩɪɨɰɟɫɭ ɚɜɬɨɬɪɨɮɧɨʀ ɞɟɧɿɬɪɢɮɿɤɚɰɿʀ ɞɚɫɬь ɡɦɨɝɭ ɪɨɡɲɢɪɢɬɢ ɫɮɟɪɭ ɡɚɫɬɨɫɭɜɚɧɧɹ ɪɹɞɭ ɩɨɛɿɱɧɢɯ ɩɪɨɞɭɤɬɿɜ, 
ɬɚɤɢɯ ɹɤ ɝɚɡɨɩɨɞɿɛɧɚ ɫɿɪɤɚ ɬɚ ɛɿɨ-ɫɿɪɤɢ, ɹɤɿ ɜ ɞɚɧɢɣ ɱɚɫ ɦɿɧɿɦɚɥьɧɿ ɞɥɹ ɬɪɚɞɢɰɿɣɧɨʀ ɩɪɨɦɢɫɥɨɜɨʀ ɩɟɪɟɪɨɛɤɢ. 
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Abstract. The waste management system of Ukraine, is being reformed to bring it in line with European standards 

for the use of the material and energy potential of waste. Selection of the optimal system should be based on the sta-

tistical representativeness of the results of a detailed analysis of the morphology of the municipal waste of each local-

ity in accordance with the socio-economic profile of individual zones of the city and the seasons of the year, as well 

as the energy and environmental characteristics of the waste. But there are no standards for determining of energy 

characteristics of municipal solid waste in the country. This paper shows results of characteristics research of munici-

pal solid waste in Cherkassy city carried out in accordance with the new approaches. A methodology for determining 

the humidity, net calorific value and ash content of municipal solid waste is developed. The results of experimental 

studies of humidity, calorific value and ash content for 8 components of waste: paper, cardboard, composite materi-

als, textiles, hygiene products, plastic, other combustible materials, wood shavings are presented. Humidity is also de-

termined in organic residues and in fine fractions. The results of the research are used to develop an integrated waste 

management and recycling system in Cherkassy. 

Keywords: morphological composition, secondary energy resource, municipal solid waste, methodology, calorific 

value, moisture, ash content. 

1 Introduction 

The increase in the amount of waste is a concern for 

many countries in the world. Accumulation of municipal 

solid waste (MSW) threatens to become a global problem 

for Ukraine. For many years the country has been work-

ing on a simplified system of solid waste management, 

when almost all waste was mixed in a general not weath-

erproof container and was taken for disposal in landfills. 

In the context of the global trend to reduce the con-

sumption of fossil fuels and replacing them with renewa-

ble and alternative sources of energy legislation of the 

civilized countries of the world is directed at the use of 

material and energy potential of MSW (more than 20 % 

of the municipal solid waste of these countries is used for 

the production of electric and thermal energy) [1]. This 

approach is enshrined in the Framework Directive 

No 2008/98/EU of 19.11.2008 “Ɉn waste and repealing 
certain Directives”, also known as the Waste Framework 

Directive or WFD [2], etc.  

European principles of waste management laid the ba-

sis for a National waste management strategy (NWMS) in 

Ukraine till 2030, approved by the Cabinet of Ministers 

of Ukraine [3]. Within two years after the approval of the 

NWMS, regional waste management plans should be 

developed. Selection of the waste management system 

should be based on the analysis of MSW morphology of 

and energy characteristics of its components. 

For the implementation of the principles of NWMS 

Cherkassy city Council supported by the Ministry of 

Finance of France, invited the French company “BETEN 

INGENIERIE” to develop Ukraine’s first integrated pro-

ject for the disposal, processing, valorization (increasing 

the cost by selecting components for reuse) and efficient 

secondary recycling of solid waste in Ukraine. The pur-

pose of the project is to optimize and substantiate the 

processes of municipal solid waste management, reduce 

the amount and area of landfills in the city of Cherkasy 

and the surrounding area, and build waste composting 

and sorting plant. 

The company “BETEN INGENIERIE” has analyzed 

the morphology of MSW to study their exact annual 

composition in accordance with the demographic and 

socio-economic profile of individual areas of the Cher-

kassy city (population, trade establishments, industrial 
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facilities), in accordance with the accepted European 

methodology. 

Analysis of the energy characteristics of MSW com-

ponents in Cherkassy city, which can be used for energy 

valorization, and nutrient content in the waste that is sub-

ject to composting, was performed by the Institute of 

Technical Thermophysics of the National Academy of 

Sciences of Ukraine on request and with the financing of 

“BETEN INGENIERIE”. 

2 Literature Review 

The main energy characteristics that determine the ex-

pediency of using MSW as a secondary energy resource 

are humidity, net calorific value (NCV) and ash content.  

The research of these characteristics is carried out by 

experts from many countries of the world. Analysis of 

publications carried out by the authors [4], showed signif-

icant difference in the classification of the morphology of 

solid waste and in calorific value of components in dif-

ferent countries and Ukraine (Table 1). According to the 

Commission's Decision on the European List of Waste 

[5], the classification of MSW components includes 40 

items, while in Ukraine, according to the Order Ministry 

of Regional Development, Construction and Housing and 

Communal Services of Ukraine of Ukraine, only 11 ones 

[6], which complicates the study of component character-

istics. 

Table 1 shows that the use of MSW as a secondary en-

ergy source can replace the corresponding amount of 

fossil fuels, which is extremely relevant for Ukraine [7]. 

Table 1 – Generalized morphology and net calorific value of MSW components  

in the leading countries of the world, Ukraine and CIS countries  

The type of MSW  

component 

Net calorific value of solid waste, MJ/kg 

EU, WB 
Ukraine (data  

up to 2014) 

Russian  

Federation 
Kazakhstan 

Organic materials  

(Food waste) 
1.9–4.1 3.1–3.8 3.4–6.2 3.3 

Paper and cardboard 6.5–16.0 7.5–11.5 9.5–15.0 9.9 

Plastic 20.1–35.0 24.4 24.4–28.0 24.4 

Textiles 11.8–19.0 12.1–15.0 14.0–19.1 15.7 

Leather and rubber N/A 20.9–25.2 23.0–33.5 25.8 

Wood 13.6 13.4–14.5 14.0–15.0 14.5 

Small remains 2.6–3.5 3.1 4.6–8.7 4.6 

Other 32.0 N/A 18.1 N/A 

 

This work is aimed at the adaptation of the 

MODECOM methodology for the determination of the 

morphological composition of MSW with taking Ukrain-

ian conditions into account; development of recommen-

dations for methodological approaches to the determina-

tion of energy characteristics of MSW components in 

Ukraine: humidity, NCV and ash content, as well as con-

ducting experimental studies of the energy characteristics 

of Cherkassy city. 

3 Research Methodology 

3.1 Methodology of determination of 

morphological composition 

The MODECOM methodology is developed by the 

French Agency for Environmental Management and En-

ergy Management (ADEME) and fully complies with 

European standards aimed at ensuring the statistical rep-

resentativeness of the research results. In particular, sam-

ples are collected in different areas of the city in accord-

ance with the demographic and socio-economic profile of 

individual zones. In addition, samples are taken from 

both housing stock and commercial, administrative and 

industrial facilities. Typically, samples are taken from (1) 

the private sector, (2) the sector of multiapartment build-

ings, (3) the trade and administrative sector, (4) the indus-

trial zone. 

The morphological composition of MSW was deter-

mined by the following indicators: 

– granulometry; 

– type of material; 

– potential to avoid landfill. 

Morphological study complied the requirements of Eu-

ropean regulations - on sampling waste (standard 

EN 14899) and on the collection of samples of solid 

waste in containers (norm X30-413). 

In Cherkassy, 13 samples weighing around 600 kg 

were selected in each of the two worst seasons of the year 

(due to the high humidity of the solid waste): December-

January and August-September, which ensured high ac-

curacy of the results. 

For sorting by category, each sample was mixed, then 

sorting was done according to the size of the waste (more 

than 100 mm, from 20 to 100 mm, up to 20 mm), the type 

of material (13 categories: organic, paper, cardboard, 

composite materials, textiles, sanitary textiles, plastics, 

combustible materials, glass, metals, non-combustible 

materials, hazardous household waste, fine fraction (up to 

20 mm), and subspecies of material (more than 30 sub-

categories). Further systematic weighing of samples of 

waste was carried out. 
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3.2 Methodology of determination of MSW 

energy characteristics 

At present, Ukraine has no standards for the study of 

humidity, NCV and ash content for MSW, but standards 

exist for defining these characteristics for solid organic 

fuels [8–11]. At the same time, international standards 

and harmonized standards exist in some CIS countries 

[12–15]. These standards have some differences in meth-

ods of preparation of samples, measurement and pro-

cessing of their results. Most studies have been carried 

out in accordance with Ukrainian standards, but, taking 

into account the peculiar properties of MSW, certain 

operations have been conducted with taking into account 

requirements of international standards. 

The main difference between solid waste and conven-

tional solid organic fuels, in terms of experimental deter-

mination of energy properties, is its significant heteroge-

neity, both in composition and in humidity.  

In the study of fuels, as a rule, an analytical sample of 

1 g is prepared, shredding it to the size of the particle of 

0.1–0.2 mm and homogenizing.  

Analysis of the energy characteristics of MSW com-

ponents in Cherkasy city was conducted for 11 separate 

components, exceeding the classification according to the 

Order of the MHCP of Ukraine [6]. All materials that 

were not included in the inert and reprocessed waste were 

analyzed. The preparation of experimental samples 

showed a significant heterogeneity of the components of 

the MSW even within one component, which, due to the 

small weight and the need for thorough homogenization 

of the sample significantly complicated the study of char-

acteristics and resulted in a significant dispersion of re-

sults and increase uncertainty of measurements. This is 

confirmed by previous authors' studies [4]. 

The analytical sample is kept in the laboratory room 

until the air-dry state is reached, and then at least two 

parallel measurements of the moisture, ash content and 

NCV of the analytical sample were carried out. The dif-

ference in measurement results in parallel measurements 

should not exceed the limits specified with the normative 

documents. The moisture for each component was meas-

ured at the delivery state for the entire sample volume, 

then the components were shredded, homogenized, dried 

and brought to air-dry state, the humidity and ash content 

in the analytical state were measured for the entire vol-

ume of the prepared specimens. 

In the NCV study of heterogeneous samples, a spread 

of measurement results was observed that exceeded the 

permissible difference between the two measurements, so 

at least five experiments were performed and the result 

was defined as arithmetic mean. For a qualitative study of 

the energy characteristics of MSW, it is appropriate for 

Ukraine to introduce a more detailed European classifica-

tion. 

3.3 Method of determination of moisture 

content 

For each of the components provided, the determina-

tion of relative humidity is made for two states - delivery 

and analytical. The method consists in weighing the sam-

ple in the initial state, drying the sample at a given tem-

perature to a constant mass and weighing the sample in a 

dry state. Drying of most samples is carried out at tem-

perature (105 ± 2) °ɋ, but for components with low melt-
ing temperature, for example, polyethylene or Styrofoam, 

drying is carried out at a temperature (70 ± 2) °ɋ. Rela-

tive humidity was determined by the ratio of the total 

change in mass of the sample to the initial mass. 

3.4 Method of determination of ash content  

The ash content of samples were determined by the 

slow ashing in accordance with the requirements of 

GOST 11022-95 (ISO 1171-97) [9]. A crucible or a boat 

with the sample is weighed and placed in muffle, heated 

to 500°C for 60 minutes and held at this temperature for 

60 minutes, then the temperature was raised to 

(815±10)°C for 60 minutes and maintained at this kept 

for 2 hours. Different duration of exposure is recom-

mended for different types of traditional fuels, usually 

from 30 minutes to 2 hours, for a MSW test the maxi-

mum duration of 2 hours were selected. After exposure 

crucible or boat is taken out of the oven, cooled for 

5 minutes on a ceramic or metal support and then in a 

closed desiccator to room temperature and weighed. The 

ash content of the analytical sample was calculated as a 

percentage that represents the ration between weights of 

the remnants after ashing and the initial mass of sample. 

3.5 Method of determination of net calorific 

value  

The methodology generally complies with the standard 

methods for solid fuels GOST 147-95 (ISO 1928-76) [10] 

and DSTU ISO 1928 [11]. 

Measurements were carried out in an automated bomb 

calorimeter of the heat flow (Kalve type) [16]. The device 

is anhydrous, does not require water weighing and a de-

termination of its temperature rise, as required by tradi-

tional water calorimeters. After completion of measure-

ments, the device outputs the energy QT (J) allocated in 

the bomb. 

Net calorific value of combustion of an analytical 

sample in a bomb is Qb
a
 calculated by the formula, kJ/kg: 

 
 

,
3

421wr

m

mqmmqQ
Q

papTa

b


  (1) 

where QT is the total heat emitted during the combus-

tion of the sample according to the readings of the device; 

qwr = 2 510 kJ/kg, qpap = 15 627 kJ/kg – specific calorific 

value of inflammable wire and paper package; m1, m2 – 

initial and remaining mass of the wire; m3 – mass of sam-

ple; m4 – mass of the paper package. 

Gross calorific value of an analytical sample, taking 

into account corrections for the creation and dissolution 

of acids, was calculated according to [10, 11] by the for-

mula, kJ/kg: 

  ,94 a

b

aa

b

a

s QSQQ    (2) 
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where 94 – coefficient, taking into account the heat of 

formation of sulfuric acid from sulfur dioxide and disso-

lution of sulfuric acid in water by 1 % sulfur, passed at 

combustion of fuel in sulfuric acid, kJ/kg; S
a
 – mass frac-

tion of sulfur in the analytical sample of fuel, %;  
a

bQ  – an amendment that takes into account the heat 

of formation and dissolution in water of nitric acid, the 

value of which is determined by calibrating the calorime-

ter a

bQ  = 29 kJ/kg. 

The higher heat of combustion for dry fuel at constant 

volume d

sQ  and fuel in the delivery condition was calcu-

lated according to the formulas, kJ/kg: 

 ;
100

100
a

a

s

d

s
W

QQ


   .
100

100
a

r
a

s

r

s
W

W
QQ




  (3) 

In determining of the net calorific value according to 

the standards [10, 11], generally use the notion of NCV at 

constant volume, which is traditionally calculated by the 

formulas, kJ/kg: 

– for working condition: 

  ;94,842,24 rrr

s

r

i HWQQ   (4) 

– for dry condition: 

 .3,21894,842,24 dd

s

dd

s

d

i HQHQQ   (5) 

The Annexes to these standards also provide formulas 

for calculating the calorific value at constant volumes, 

which are harmonized with the current international 

standards, and have different calculation factors, kJ/kg: 

– for working condition: 

   ;
100

100
206,,

r

t

r

tdd

Vs

r

Vi W
W

HQQ 


  (6) 

– for dry condition: 

 .206,,

dd

Vs

d

Vi HQQ   (7) 

In the latest standards [12–15], on the contrary, the 

concept of calorific value at constant pressure is the main 

one and the following formulas are given, kJ/kg: 

– for working condition: 

 

  ;43,2401,01

)](8,02,212[ ,,

WW

NOHQQ
dddd

Vs

W

pi




 (8) 

– for dry condition: 

  dddd

Vs

d

pi NOHQQ  8,02,212,,
 (9) 

The analysis of the above formulas shows that the dif-

ference in the results of the calculations by the various 

given methods is rather small, but for the verification of 

this fact, parallel calculations for the dry fuel state ac-

cording to formulas (5), (7), (9) have been performed and 

the relative (in percentages) the difference between the 

largest and the smallest values (Table 2). 

For arbitrary working humidity r
W  and ash content 

r
A , hydrogen and sulfur content is calculated according 

to the formulas [17], %: 

 

.
100

100
SS

;
100

100
HH

dafr

dafr

rr

rr

AW

AW





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 (10) 

In the above formulas, A is ash content; W – humidity; 

H, N, O, S – relative content (as a percentage) of hydro-

gen, nitrogen, oxygen, sulfur, respectively; upper indexes 

of the designation of the state: d - dry, daf – dry, ash free, 

r – working (deliveries); lower indices: s – gross heat;  

i – net heat; p – under constant pressure; V – for constant 

volume. 

4 Results 

Calculations of NCV were done for the three condi-

tions of components: analytical a

iQ , delivery r

iQ , dry 

d

iQ . The results of calculations are presented in Table 2. 

The table also shows the values of NCV at constant vol-

ume d

ViQ ,
 and at constant pressure d

piQ ,
, calculated from 

formulas (7) and (9), and the highest relative (in percent) 

difference between values for dry state. 

According to the calculations, it was found that the 

difference between the values of the heat of combustion 

for the dry state, calculated according to different meth-

ods, does not exceed 0.54 %, and the absolute difference 

is less than 0.12 MJ/kg, that does not exceed the value of 

the permissible difference of the results in the measure-

ments . Thus, for technical calculations, the use of each 

of the values is permissible, and then the value d

iQ  cal-

culated by formula (5) is given. 

Influence of humidity of components on the heat of 

their combustion is shown in Fig. 1. 

The data in Fig. 1 clearly demonstrate the negative ef-

fects of moisture on the energy characteristic of solid 

waste. 

The following parameters were studied: 

– calorific value and the content of heavy metals in 

waste; 

– the content of nutrients in the waste that is subject to 

composting; 

– the content of heavy metals in MSW that is to be 

buried. 

The main results of determining the humidity, calorific 

value and ash content of MSW components in Cherkassy 

city is given in Table 3. 
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Table 2 – Results of NCV determination for MSW components by different methods 

Generic component 

name 

H
 daf

, 

% 

a

iQ , 

MJ/kg 

r

iQ , 

MJ/kg 

d

iQ , 

MJ/kg 

d

ViQ ,
, 

MJ/kg 

d

piQ ,
, 

MJ/kg 

d

iQmax , 

% 

Paper 6.2 13,236 9.335 14.334 14.410 14.372 0.53 

Cardboard 6.2 13.221 8.407 14.195 14.271 14.232 0.54 

Composite  

materials 
7.2 27.639 20.450 28.542 28.631 28.586 0.31 

Textiles 6.8 15.784 10.481 16.789 16.873 16.830 0.50 

Hygiene products 6.8 25.944 2.617 27.314 27.398 27.356 0.31 

Plastic 9.3 38.020 33.164 38.355 38.469 38.412 0.30 

Other flammable 

materials 
7.2 17.872 16.166 18.186 18.274 18.230 0.49 

Wood parcel  

(Green waste) 
6.1 16.721 15.952 18.166 18.241 18.203 0.41 

Table 3 – The main results of determining the humidity, ash content, calorific value of MSW components in Cherkassy city 

Generic component name 

Delivery condition (working condition) Dry condition, W = 0 % 

H
u

m
id

it
y
 

W
r,

 %
 

A
sh

  
co

n
te

n
t 

A
r,

 %
 

GCV r

sQ  NCV r

iQ  

A
sh

 c
o

n
-

te
n

t 
A

d
, 

%
 

GCV d

sQ  NCV d

iQ  

MJ/kg MJ/kg MJ/kg MJ/kg 

Paper 30.2 7.8 10.95 9.33 11.2 15.69 14.33 

Cardboard 35.1 8.3 10.09 8.41 12.8 15.55 14.19 

Composite materials 26.4 6.2 22.17 20.45 8.5 30.11 28.54 

Textiles 33.3 1.3 12.18 10.48 2.0 18.27 16.79 

Sanitary textiles 83.2 1.9 4.83 2.62 11.3 28.80 27.31 

Plastic 13.0 4.1 35.13 33.16 4.7 40.39 38.35 

Other flammable materials 10.2 10.7 17.74 16.17 11.9 19.76 18.19 

Wood parcel (Green waste) 11.1 2.5 17.34 15.95 2.8 19.50 18.17 

Organic Remnants 74.9 – – – – – – 

Small fraction of MSW 47.6 – – – – – – 

 

 

Figure 1 – Influence of humidity on the NCV of MSW components 
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The results of the research indicate significant differ-

ences in the studied characteristics in different compo-

nents of the waste. The highest content of moisture was 

attributed to organic residues and hygiene products –  

74.9–83.2 %, the smallest – to other combustible materi-

als, wood particles and plastic – 10.2–13.0 %. Hygiene 

products had the lowest calorific value – 2.62 MJ/kg, the 

highest – plastic – 33 MJ/kg. 

The results of the experimental study of GCV and cal-

culations of the NCV of MSW components in the dry 

state show a significant increase in calorific value com-

pared to moist components in the delivery state. The calo-

rific value of hygiene products has increased by almost 

10 times. The calorific value of the cardboard has in-

creased by 69 %, textiles – by 60 %, paper – by 54 %, 

composite materials – by 40 %. The calorific value of 

components with less hygroscopicity has increased sig-

nificantly less: calorie plastic increased by 16 %, other 

combustible materials – by 12 %, wood particles – by 

14 %. 

The results of ash content studies of MSW components 

in the delivery state showed values ranging from 1.3 % 

(textiles) to 10.7 % (other combustible materials). The 

ash content of MSW components in the dry state ranged 

from 2.0 % (textiles) to 12.8 % (cardboard). 

The values of ash content were somewhat higher than 

that inherent in pure materials, which is probably due to 

the contamination of the studied components with soil 

particles. 

5 Conclusions 

The above described method and process of sorting 

and weighing of detailed subcategories allows: 

– to precisely determine the potential of waste valori-

zation, because today not all types of plastic are valorized 

with the same way; 

– to design, measure, accept and approve the feasibil-

ity study for the processing of municipal waste:  

composting, methanization (biological decomposition 

with the release of biogas), sorting or use for energy pro-

duction. 

The studies showed significant heterogeneity of MSW 

components even within the same component that led to 

substantial variability in results and increase the uncer-

tainty of measurement due to small weight and need for 

careful homogenization the sample, which experimentally 

investigated. That significantly complicated the definition 

of characteristics. This indicates the necessity of adopting 

in Ukraine of European methods of detailed morphology 

of solid waste. 

The implementation of the NWMS requires the ap-

proval of standards for determining the energy perfor-

mance of municipal solid waste.  In the framework of the 

recommendations on methodological approaches to the 

definition of moisture content, calorific value and ash 

content of MSW. Approval of these recommendations 

was carried out in the study of the energy characteristics 

of MSW components in Cherkassy city.  

The calorific value of MSW depends on the morpho-

logical composition and humidity of the components. In 

the samples tested in the state of supply humidity ranged 

from 10.2 to 74.9 % with ash content from 1.3 to 10.7 %. 

Drying of components increases their calorific value from 

1.1 to 10.4 times.  

It is expedient to optimize the waste collection process 

in order to efficiently use the energy potential of solid 

waste. According to European practice, solid waste is 

collected in closed containers, which are located under-

ground or under sheds, in order to prevent action the at-

mospheric precipitation on MSW. If possible, such prac-

tice should be introduced in Cherkassy city. 

The results of the research are used to develop a “Plan 

to prevent waste generation” and an integrated waste 

recycling and utilization system in the city of Cherkassy. 

According to NWMS, such a plan will be mandatory for 

each city up to 2020. 
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Abstract. The utilization of solar energy sources is done by using photovoltaic (solar panels). The energy emitted 

by the sun is fluctuating. This change in radiation energy will also affect the output of solar panels. The relationship 

of change is what will be measured, observed and proven in this study. The observations are made using a gauge 

called the solar power meter, where this device can read the amount of solar radiation energy in the W/m2 unit. While 

the output to be measured is the output power generated by the solar panel itself. Measurement in this study was done 

using two modes; i. e. stationary mode and tracking mode. The stationary mode is done by placing the solar panel 

face with slope and azimuth in a predetermined direction, while the tracking mode is to place the solar panel face ex-

actly 90° to the sun. Evidently by placing the solar panels to keep the sun coming up, it can achieve efficiency up to 

14.1 % compared to stationing solar panels stationed 75° to the north which can only achieve efficiency of 13.7 %. 

Keywords: radiation energy, photovoltaic, efficiency, solar panel. 

1 Introduction 

Sun energy or better known as solar energy has now 

become one of the alternative energy sources for the gen-

eration or provision of electrical energy. The existence of 

science in the development of new and renewable re-

sources is a solution in answering the problematic about 

the limited availability of fossil resources. Radiation from 

solar energy is absorbed through medium called solar 

panels and then converted into electrical energy [1–2]. 

Given the nature of the sun that is always changing 

every time, it can be ascertained that the electrical energy 

generated by a solar panel will also experience fluctua-

tions. This needs to be observed and taken into account in 

order to establish the best tilt angle or even the best 

mounting mode of a solar panel in a particular location 

where solar panels can generate maximum electrical en-

ergy according to their highest wattage value. 

This research attempt to discover to objectives; they 

are 1) proving the relationship of the angle of solar panels 

to the intensity of solar radiation that can be absorbed by 

solar panels; and 2) discover and prove the relation of the 

intensity of solar radiation absorbed by the solar panel 

with its output power. Therefore, this study focused on 

the magnitude of the intensity of solar radiation that can 

be absorbed by a solar panel and the power generated by 

solar panels positioned at a predetermined angle and time. 

2 Literature Review 

2.1 Sunlight 

Solar energy supplies energy to the earth in the form of 

radiation. Solar energy system is exposed to different 

amounts of sunlight, which controls the amount of power 

generated by the solar energy conversion system.  In 

other words, the system generates more power when it is 

exposed to greater amount of sunlight. Each year there 

are about 3.9·10
24

 J (1.08·10
18

 kW·h). Throughout the 

year, the distance between the sun and the earth varies 

between (1.47–1.52)·10
8
 km.Consequently, irradiance E° 

fluctuates between 1.325–1.412 W/m
2
. The Earth’s at-

mosphere retract and reduces the sun's radiation through 

the process of reflection, absorption (ozone, water vapor, 

oxygen and carbon dioxide) and scattering (air molecules, 

dust particles or pollution). For sunny weather during the 

day, the irradiance reaching the earth’s surface are 

1 W/m
2
. 

2.2 Solar panels 

2.2.1 The structure of solar panels  
Solar panels are generally used to harness solar energy 

[3–8]. Silicon solar panels get heated to a temperature of 

more than 70 °C when they are subjected to intense sun-

light for a prolonged duration of time. At this high tem-

http://jes.sumdu.edu.ua/
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perature, these panels show low efficiency while convert-

ing sunlight into energy. As a result, the system perfor-

mance is diminished and the power generation system 

encounters a one-third loss approximately [9–10]. There-

fore, a solar energy system is exposed to different 

amounts of sunlight, which controls the amount of power 

generated by the solar energy conversion system.  In 

other words, the system generates more power when it is 

exposed to greater amount of sunlight.  

One piece of solar cells illuminated by the sun can on-

ly produce a dc voltage of 0.5–1.0 V, and short-circuit 

currents in the scale of mA/cm
2
. Therefore, a solar mod-

ule typically consists of 28–36 solar cells and the total 

produces a dc voltage of 12 V in standard irradiation 

conditions. This collection of solar modules is then ar-

ranged in a field called solar panels (Figure 1). 

 

 

Figure 1 – The Solar Module (series) 

2.2.2 How solar cells work 

The photon is absorbed around depletion layer which 

is boundary between N-type silicon and P-type and an 

electron and a hole are separated. The electrons are at-

tracted to the N-type silicon side, resulting in a potential 

voltage. It will increase electrical energy that can later be 

stored into a battery (Figures 2–3). 

 

 

Figure 2 – How solar panels work 

 

Figure 3 – Workflow of solar panels 

The working process of receiving solar radiation by 

solar panels is to be converted into electrical energy. 

 

2.2.3 Efficiency 

The input power itself is the product of the intensity of 

solar radiation with the cross-sectional area of the solar 

panel. 

 
,·AEPin   

(1) 

where Pin – input power, W; E – intensity of solar ra-

diation, W/m
2
; A – cross section area, m

2
 (Figure 4). 

Several factors can reduce or even increase the effi-

ciency of such solar panels, such as surface temperature 

of solar panels, power losses present in the connecting 

cable, and others [6]. However, ignoring these factors, 

efficiency can be calculated using the following equation: 

 

 
,· outin PnP 
 

(2) 

where n – efficiency value; Pout – output power. 

The effect of this solar intensity by assuming the tem-

perature of the solar panel at a temperature of 25 °ɋ. 

Practically, the surface temperature of solar panels will 

also fluctuate [2]. The solar cell will operate optimally if 

its surface temperature remains normal and stable at 

25 °C. A rise in temperature higher than normal will 

weaken the voltage Voc (Figure 5). 

 

 

Figure 4 – The effect of intensity change 

 

Figure 5 – The curve of solar cell surface  

temperature change effect 
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3 Research Methodology 

3.1 Research workflows 

The diagram of the research flow is presented in  

Figure 6. 

 

 

Figure 6 – The diagram of the research flow 

3.2 Specification of solar module 

The specification of Solar Cell 50WP (Figure 7) is 

presented in Table 1. 

Table 1 – Specification of Solar Cell 50WP 

Specification  

(Polycrystalline) 
Information 

Maximum power Pmax 50 W 

Maximum power voltage Vmp 16.5 V 

Maximum power current, Imp 3.34 A 

Open circuit voltage, Voc 21.1 V 

Short circuit current, Isc 4.23 A 

Nominal operating cell tem-

perature, NOCT 
45 ± 2 °C 

Maximum system voltage 1 000 V 

Maximum series fuse 16 A 

Total mass 6.5 kg 

Dimensions 775×680×28 mm 
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Figure 7 – Manual solar tracker 

3.3 Position of solar panel 

For stationary solar panels, this condition is set for 

each measurement time: 

– putting solar panels in one fixed position; 

– azimuth: 180° facing north; 

– slope: 75°. 

For solar tracking panels, its placement basically 

means always positioning solar panels by precisely fol-

lowing the direction of the sunlight. The adjustment of 

the tilt of the solar panel is adjusted at the following an-

gles to adjust the direction of the sun on each hour: 

– azimuth: 180° facing east; 

– slope: from 30° to 150° with step 15°. 

3.4 Time and location measurement 

This measurement is done in rooftop of Magister Man-

agement Building of Tridinanti University of Palembang. 

Objects that need to be measured are the intensity of solar 

radiation absorbed by solar panels, as well as the current 

and output voltage of solar panels. For that the measuring 

tools that need to be used includes: Solar Power Meter 

and Multimeter (Figure 8). 

 

 

Figure 8 – The measurement circuit 
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4 Discussion and Analysis 

4.1 The relationship of the angle to the 
radiation of the sun per day 

The comparison of solar radiation intensity is present-
ed in Table 2 and Figure 9, where E2 – intensity  
of solar radiation captured by solar panel tracking;  
E1 – intensity of solar radiation captured by stationary 
solar panels. 

Table 2 – Comparison of solar radiation intensity 

Time 
Radiation, W/m

2
 

Stationary  
panel 

Tracking  
panel 

ΔE = E2 – E1 

08:00 246.64 326.46 79.82 

09:00 294.72 362.47 67.75 

10:00 424.12 464.40 40.28 

11:00 398.87 431.90 33.03 

12:00 394.01 454.21 60.2 

13:00 336.36 399.47 63.11 

14:00 329.27 439.75 110.48 

15:00 259.51 355.46 95.95 

16:00 177.43 320.87 143.44 

 

 

Figure 9 – The average radiation solar  
comparison curve per day 

From the curve above we can see that solar panels with 
tracking mode can capture more solar radiation in a day. 
This is evidenced by the deviation value between the two 
that shows positive results. 

The lowest increase is at 11:00, i. e. 33.03 W/m
2
,  

or 8.3 %: 

 %.3.8%100·
95.397

03.33
n  

 

The highest average increase was at 16:00, i. e. 
143.44 W/m

2
 or 81 %: 

 %.81%100·
43.177

44.143
n  

 

 

 
A positive ΔP value indicates that the output power of 

the solar panel with tracking mode (perpendicular to the 

sun) is greater than the stationary solar panel. This is 

directly proportional to the intensity of solar radiation 

(Table 3, Figure 10). Where as the increased intensity of 

solar radiation that can be absorbed by a solar panel, it 

will also increase the output power. 

Table 3 – Difference in output power of both solar panel modes 

Time 
Output power, W 

P1 P2 ΔP = P2 – P1 

08:00 13.78 22.83 9.05 

09:00 18.00 25.26 7.26 

10:00 27.95 32.68 4.73 

11:00 26.76 29.54 2.78 

12:00 28.38 33.70 5.32 

13:00 21.99 27.58 5.59 

14:00 21.21 28.40 7.19 

15:00 16.34 23.15 6.81 

16:00 9.96 22.26 12.3 

 

 

Figure 10 – Average power comparison curve 

In Table 3, P1 is the output power of the stationary so-

lar panel; P2 is the solar power output tracking. 

The lowest power increase is at 11:00 o’clock at 

2.78 W or 10 %. 

 %.0.10%100·
76.26

78.2
n  
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4.2 Efficiency 

Using the number equation (1) to determine the input 

power and equation (2) to determine its efficiency. 

Table 4 – Efficiency of stationary solar panel output power 

Time 
Radiation,  

W/m
2
 

Pin = E·A,  

W 

Pout,  

W 

n =Pout / Pin,  

% 

08:00 246.64 129.98 13.78 10.60 

09:00 294.72 155.32 18.00 11.59 

10:00 424.12 223.51 27.95 12.50 

11:00 398.87 210.20 26.76 12.73 

12:00 394.01 207.64 28.38 13.67 

13:00 336.36 177.26 21.99 12.41 

14:00 329.27 173.53 21.21 12.22 

15:00 259.51 136.76 16.34 11.95 

16:00 177.43 93.51 9.96 10.65 

Table 5 – Efficiency of solar panel tracking power output 

Time 
Radiation,  

W/m
2
 

Pin = E·A,  

W 

Pout,  

W 

n =Pout / Pin,  

% 

08:00 326.46 172.04 22.83 13.27 

09:00 362.47 191.02 25.26 13.22 

10:00 464.40 244.74 32.68 13.35 

11:00 431.90 227.61 29.54 12.98 

12:00 454.21 239.37 33.70 14.08 

13:00 399.47 210.52 27.58 13.10 

14:00 439.75 231.75 28.40 12.25 

15:00 355.46 187.33 23.15 12.36 

16:00 320.87 169.10 22.26 13.16 

 

Referring to table above, we can see that solar panels 

are placed in a static state on the 180° slope facing north 

and azimuth 75°, has an efficiency value below its stand-

ard. The conditions that enter the efficient range only 

occur at 12:00 which is also the peak of sun exposure in 

west Indonesia in particular. 

In the solar panel tracking, the state is relatively effi-

cient except at an average of 14:00 and 15:00. This may 

happen because of various factors; including weather, 

surface temperature of solar panels and power losses [7]. 

However, the subject of our discussion is that there is an 

increase in the efficiency of its output when the solar 

panel is positioned perpendicular to the sun. 

 

4.3 Average solar radiation intensity ratio of 

four solar panel modes in one full day 

Comparing these four solar panel placement modes 

based on the average intensity of captured solar radiation 

and output power in a single day can be seen from the 

curves below (Figure 11), where E1 – intensity of solar 

radiation captured by the northern stationary 70° solar 

panels; E2 – intensity of solar radiation captured by the 

solar panel tracking north-south; E3 – intensity of solar 

radiation captured by 70° stationary east solar panels;  

E4 – intensity of solar radiation captured by solar panels 

tracking east-west. 

 

Figure 11 – Graph of solar radiation intensity comparison  
of the four-mode solar panels 

The eastern-western tracking mode with 15° changes 
per hour is still much better than the eastern stationary 
70° mode as has been the standard provision of solar 
panel installation in Indonesia. While comparing east 
stationary 70° solar panels with a 70° north stationer;  
70° eastern stationary mode is still better at capturing 
solar radiation though not much different. 

4.4 Comparison of average output power of  
all four solar panel modes in one full day 

By calculating the output power obtained from the 
output voltage and current output of solar panel, the data 
as in Table 6, where p – output power of the northern 
stationary 70° solar panels; P2 – solar power output track-
ing north-south; P3 – output power of the eastern station-
ary 70° solar panels; P4 – solar panel power output  
tracking east-west. 

Table 6 – The average power of the solar  
panel outputs are all four modes 

Time 
Power output, W 

P1 P2 P3 P4 

07:00 7.45 6.77 8.96 4.90 

08:00 14.62 23.19 21.26 18.62 

09:00 29.55 27.09 34.23 37.05 

10:00 32.17 33.22 36.42 37.37 

11:00 38.95 39.58 40.81 42.19 

12:00 40.15 40.89 40.09 43.14 

13:00 25.95 28.80 26.88 31.00 

14:00 33.37 33.11 29.01 36.89 

15:00 12.33 12.36 10.11 14.59 

16:00 12.71 9.97 6.97 17.97 

17:00 4.85 3.12 4.33 6.79 

18:00 2.13 1.51 1.50 2.38 

 20.56 21.63 21.71 24.41 

 
In this measurement, it concentrates on the ratio of the 

total average solar panel output power to all four solar 
panel modes. 

This is shown the highest average output power in one 
full day can be generated by solar panels tracking east - 
west. This data proves that the installation of solar panels 
with this mode is the best compared to the other 3 modes. 
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Figure 12 – Graph of output power ratio  
of all four solar panel modes 

5 Conclusion and recommendations 

The results of the measurement and discussion can be 

summarized as follows: 

– the angle of a solar panel is very influential on the 

intensity of solar radiation that can be absorbed by a solar 

panel, which by positioning the solar panel remains per-

pendicular to the sun, maximizing the absorption of sun 

radiation 8.3–81.0 % compared with positioning the solar 

panel in a stationary state; 

– the intensity of sunlight is proportional to the output 

power of a solar panel, where the increase in power that 

can be achieved by setting the position of the solar panel 

perpendicular to the sun is 10–23 % compared to posi-

tioning the solar panel on a stationary state. 

Based on the conclusions, it can be suggested: 

– to maximize efficiency, solar panels are expected to 

be positioned perpendicular to the sun. This is possible by 

using automatic solar tracker; 

– installation of solar panels should be located in high 

places that are not blocked by the shadow of the any ob-

jects or other buildings; 

– in the case of measurement and testing, it should use 

more than one solar panel to adjust the number of modes 

to be measured to avoid errors caused by time delay in 

measurement. 
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ɋɚɦɚɭɥɚ ɏ.1, Ȼɚɡɿɪ Й.

1
, Ƚɟɥɦɿ Ɇ.

1
, Ɏɚɬɬɭɪɿɡɤɢ Ɏ.

1
, ɋɭɝɚɜɚɪɚ Ⱥ.

2
 

1 Пɚɥɿɛɚɧɝɛɚɧɫьɤɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɦ. Ɍɪɿɞɿɧɚɧɬɿ, 30129, ɦ. Ɍɪɿɞɿɧɚɧɬɿ, Іɧɞɨɧɟɡɿɹ;  
2 ɍɧɿɜɟɪɫɢɬɟɬ ɇɿʀɝɚɬɚ, 950-2181, ɦ. ɇɿʀɝɚɬɚ, əɩɨɧɿɹ 

Аɧɨɬаɰɿɹ. ȼɢɤɨɪɢɫɬɚɧɧɹ ɞɠɟɪɟɥ ɫɨɧɹɱɧɨʀ ɟɧɟɪɝɿʀ ɡɞɿɣɫɧɸєɬьɫɹ ɿɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɮɨɬɨɟɥɟɤɬɪɢɱɧɢɯ, 
ɫɨɧɹɱɧɢɯ ɩɚɧɟɥɟɣ. Еɧɟɪɝɿɹ, ɜɢɩɪɨɦɿɧɸɜɚɧɚ ɫɨɧɰɟɦ, ɤɨɥɢɜɚєɬьɫɹ. ɐɹ ɡɦɿɧɚ ɟɧɟɪɝɿʀ ɜɢɩɪɨɦɿɧɸɜɚɧɧɹ ɬɚɤɨɠ 
ɜɩɥɢɜɚє ɧɚ ɜɢɩɭɫɤ ɫɨɧɹɱɧɢɯ ɩɚɧɟɥɟɣ. ɋɩɨɫɬɟɪɿɝɚɸɬьɫɹ ɡɦɿɧɢ ɜɢɦɿɪɸɜɚɧɢɯ ɜɿɞɧɨɲɟɧь, ɳɨ ɞɨɜɟɞɟɧɨ ɭ ɰьɨɦɭ 
ɞɨɫɥɿɞɠɟɧɧɿ. ɋɩɨɫɬɟɪɟɠɟɧɧɹ ɩɪɨɜɨɞɹɬьɫɹ ɡɚ ɞɨɩɨɦɨɝɨɸ ɜɢɦɿɪɸɜɚɥьɧɨɝɨ ɩɪɢɥɚɞɭ – ɥɿɱɢɥьɧɢɤɚ ɫɨɧɹɱɧɨʀ 
ɟɧɟɪɝɿʀ, ɡɞɚɬɧɨɝɨ ɮɿɤɫɭɜɚɬɢ ɿɧɬɟɧɫɢɜɧɿɫɬь ɟɧɟɪɝɿʀ ɫɨɧɹɱɧɨɝɨ ɜɢɩɪɨɦɿɧɸɜɚɧɧɹ, ȼɬ/ɦ2. ɏɨɱɚ ɜɢɯɿɞɧɢɣ ɫɢɝɧɚɥ, 
ɳɨ ɜɢɦɿɪɸєɬьɫɹ, ɬɨɛɬɨ ɜɢɯɿɞɧɚ ɩɨɬɭɠɧɿɫɬь, ɜɢɪɨɛɥɟɧɚ ɹɤ ɩɚɧɟɥь ɫɨɧɹɱɧɢɯ ɛɚɬɚɪɟɣ. ȼɢɦɿɪɸɜɚɧɧɹ ɜ ɰьɨɦɭ 
ɞɨɫɥɿɞɠɟɧɧɿ ɡɞɿɣɫɧɸɜɚɥɨɫь ɡɚ ɞɨɩɨɦɨɝɨɸ ɞɜɨɯ ɪɟɠɢɦɿɜ: ɫɬɚɰɿɨɧɚɪɧɨɝɨ ɿ ɪɟɠɢɦɭ ɜɿɞɫɬɟɠɟɧɧɹ. ɋɬɚɰɿɨɧɚɪɧɢɣ 
ɪɟɠɢɦ ɪɟɚɥɿɡɭєɬьɫɹ ɪɨɡɦɿɳɟɧɧɹɦ ɫɨɧɹɱɧɨʀ ɩɚɧɟɥɿ ɡ ɧɚɯɢɥɨɦ ɬɚ ɚɡɢɦɭɬɨɦ ɭ ɡɚɡɞɚɥɟɝɿɞь ɜɢɡɧɚɱɟɧɨɦɭ 
ɧɚɩɪɹɦɤɭ, ɭ ɬɨɣ ɱɚɫ ɹɤ ɪɟɠɢɦ ɫɬɟɠɟɧɧɹ – ɪɨɡɦɿɳɟɧɧɹɦ ɫɨɧɹɱɧɨʀ ɩɚɧɟɥɿ ɧɚ 90° ɞɨ ɫɨɧɰɹ. Пɟɜɧɢɦ ɫɩɨɫɨɛɨɦ 
ɪɨɡɦɿɫɬɢɜɲɢ ɫɨɧɹɱɧɿ ɛɚɬɚɪɟʀ, ɜɨɧɢ ɦɨɠɭɬь ɞɨɫɹɝɬɢ ɟɮɟɤɬɢɜɧɨɫɬɿ ɞɨ 14.1 % ɩɨɪɿɜɧɹɧɨ ɡɿ ɫɬɚɰɿɨɧɚɪɧɢɦɢ 
ɫɨɧɹɱɧɢɦɢ ɩɚɧɟɥɹɦɢ, ɪɨɡɬɚɲɨɜɚɧɢɦɢ ɩɿɞ ɤɭɬɨɦ 75° ɞɨ ɩɿɜɧɨɱɿ ɡ ɞɨɫɹɝɧɟɧɧɹɦ ɟɮɟɤɬɢɜɧɨɫɬɿ 13.7%. 

Ʉɥɸɱɨвɿ ɫɥɨва: ɟɧɟɪɝɿɹ ɜɢɩɪɨɦɿɧɸɜɚɧɧɹ, ɮɨɬɨɟɥɟɤɬɪɢɱɧɚ ɟɧɟɪɝɿɹ, ɟɮɟɤɬɢɜɧɿɫɬь, ɫɨɧɹɱɧɚ ɩɚɧɟɥь. 
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