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A.A. BABAYAN

STUDYING THE EXTRUSION PROCESS OF A SINTERED THIN-WALL
PIPE LOADED WITH INTERNAL HIGH PRESSURE IN CASE OF A
BOUNDARY CONDITION IN THE DIE INLET

An analytical study of the process of sintered thin-wall pipe extrusion loaded with
internal high pressure, on its cross section in the conical die inlet by compressing meridional
dimensionless stress has been carried out. It is assumed that the external die pressure p,, and
the internal high pressure p, acting on the pipe are equal. In this case, the circumferential
stress is determined and a simplified plasticity condition is obtained. The dimensionless
values of meridional, circumferential and average stresses depending on the degree of pipe
deformation were determined, which made it possible to study the processes of their
compaction using the DTPPM equations at different values of coefficients of friction and
initial porosities of the pipe material.

A computer simulation of the process was carried out in the MS EXEL software
environment, presetting different initial values of the compressive meridional dimensionless
stress. The pipe extrusion process will correspond to such an initial value of this stress,
when the meridional stress of the pipe in the outlet of the die is equal to zero. In this case,
the value of strain intensities is &; = 0.258.

The graphs of changes in 10, 20 and 30% of the initial porosities of the material
show that the porosity becomes zero in the interval of value of deformation intensities &;
from 0.116 to 0.132, and also in the case of large values of porosities and contact friction,
the compaction of the material occurs more intensively.

Keywords: thin-walled pipe, extrusion, boundary condition, circumferential stress,
sintered material, computer simulation.

Introduction. Works [1, 2] are devoted to the study of the forming processes
of thin-walled pipes made of rigid-strengthening solid materials using the Huber-
Mises plasticity condition in the presence of contact friction. Moreover, in [2], the
problem of the stress-strain state (SSS) at the extrusion of a non-porous pipe is
solved in case of loading it with an internal pressure p,, and the sintered pipe
formation in conical dies is carried out in the absence of the internal pressure. In
this case, based on the equations of the flow theory of porous materials (TFPM),
the solutions of the problems of plastic deformation in a conical die of sintered
monometallic thin-walled pipes of various porosities are given.
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It should be noted that the solutions to these problems, which are of great
practical importance, are quite complicated, since they are based on the integration
of a system of four differential equations.

In [3], a computer simulation of extrusion processes in a conical die of
bimetallic rods and pipes made of non-strengthened solid materials with different
yield strengths of their inner layers (rod and pipe) has been carried out. Types of
Mises stress zones and SSS components have been obtained for different large
values of the numerical data of the yield strengths of the inner rod and pipe, which
differ from each other.

The analysis of the radial o, and the circumferential ogstresses arising due to
internal pressure on the outer pipe for bimetallic rods show that in the case of large
yield strengths of the inner rod exceeding the yield strength of the outer pipe, the
difference in the values of the outer pipe stresses (o, and gy) is insignificant.

Based on the obtained stress zones a,- and ay, it is assumed that the pressures
py and p,, acting on the outer pipe are equal, i.e. p, = p,1,where p,, is the die
pressure on the pipe in the normal direction. In this case, the circumferential
tension of the outer pipe 0y = —p,, = —p, is determined, as a result of which a
simplified plasticity condition is obtained, and then the SSS of the outer pipe is
investigated by the analytical method.

Taking into account the influence of high internal pressure p,, in the
presence of contact friction [3], when tangential stresses p,, = fp,, are formed on
the pipe surface in the meridional direction, equilibrium equations [2] are given for
solving the problems of plastic deformation of the pipe at a constant thickness of its
wall (h = const), where f is the coefficient of friction. In this case, the plasticity
condition is expressed through the absolute values of the stressed state components
and is simplified by the analytical method of solving problems. The only resulting
differential equation is solved using the boundary condition in the outlet of the
conical die (the absence of meridional stresses). However, it is impossible to solve
the problems of pressing bimetallic pipes in a conical die by this method.
Consequently, works in this direction are topical.

The purpose of this work is to solve the problem of pressing a thin-wall pipe
loaded with internal high pressure using the boundary condition in the inlet of a
conical die by the analytical method.

Solutions to the problem of extrusion of thin-walled pipes loaded with
internal high pressure. For this purpose, the equilibrium equations are used and,
for plastic materials, the Huber-Mises plasticity condition, which is more precise,
but rather complex one, takes into account the volumetric stress state [1, 2]:

Due to the complexity of the problem, as in [1,2], we will assume that the
pressures p,, and p,- acting on the pipe are equal, that is, p,, = p,. In this case, for

the circumferential stress gy we obtain:
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0g = —Py = —Dr- (D

When extruding the pipes loaded with internal high pressure, the main
stresses gy, 0, and a3 will be as follows:

01 =0, <0,0, =03 = 0g=—py=—pr <0, 2)
consider that the Huber-Mises plasticity condition (PC) will look as follows:
Om — 0g = Oy, 3)

where g, is the meridional stress and o, - the yield point.
Solving the basic equilibrium equation [2]

2pm
E(Umr) ~ %t sin2a 0

with plasticity condition (3), we obtain formulas for determining the SSS components

of thin-wall pipes during extrusion in a conical die. In the presence of friction (f # 0),
i.e. pm = fpPy, equations of equilibrium and PC for solving the problem in
dimensionless stresses a,, and ag will have the following form:

Ao,

r?+6m—59(1+k)=0, 4
Gy =Gy — 1, (%)

where k = 2f /sin2¢,
Om = Oy /0; and g = 0y /0. (6)

It should be noted that having the values of dimensionless stresses and yield
strengths of materials from (6), we can determine the following formulas for true
stresses g, and oy, which are of great practical importance:

Om = OOy, Og = 0gOy. (7)

From the PC (5), substituting the value gy into the equilibrium equation (4)
[2], and transforming it stepwise, we establish:

dom

PS4 G = (14 k) (G — 1) = 0,5, = T Gk — (1 + k),

doy, _ dr d@pk—-(1+k)) _ , dr

ok—(10) T omk—irl K (®)
By integrating this differential equation, we obtain:
In(on,k—(1+k))=klnr+InC. 9
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To determine the integration constant C, we first transform (9) to the
following form:

In[G.,k — (1 + k))] = In(r*C), (10)

and then the boundary condition is used.

The boundary condition for pipe extrusion according to the scheme in Fig. 1
when it enters the die has the following form:
when

T =T9,0m = Omo, (11)
which allows to determine C from (10):

[Gimok — (1 + k)]

k )
o

and then, putting it into (9), transforming it stepwise, we obtain a formula for
determining the meridional stress ,,:

In[Gn,k — (1 + k)] = In,
{[Gmok — (1 + K)](r/16)},
Gk — (1 + k)= [Gmok — (1 + k)] (r/70)%,
Gmk = (1 + k) + [Grok — (1 + k)] (r/10)%,

— 1+k — 1+k
Om = T + (O-mO - T) (T/To)k. (12)
h
R
- 4
= "
2 ! ;
- 15°
= r
= I
=2 | '

Fig. 1. The scheme of thin-walled pipe extrusion

For circumferential 6y, and for the compaction of sintered tube materials,
which is of great importance, the average o, = (0; + 7, + 03)/3 dimensionless
stresses are determined by using formulas (1), (3) and (12):
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_ _ _ 1+k B 1+k
Opg = —Pp=0p—1=-1 +T+ (Gmo _T) (T/To)k,
1 [ 14k
g =7+ (O‘mo - %) (r/ro)k, (13)
_ Gpt259 3tk . [_ 1+k
Go = 2200 = Tt (Gmo — 1) (/)" (14)

It should be noted that this problem is solved quite simply by the second
boundary condition for pipe extrusion, which is made for its outlet part from the
die (Fig. 1) and it has the following form:
when

r = T'l, Eml =0. (15)

Here we give only the formulas for the following dimensionless components
of the stress state (G, 0g.) and the average stress ;. obtained using the boundary
condition (15), which allow to compare them with formulas (12)-(14), and then

with their numerical results:
— 1+k r k
o= (1-()) (16)
_ _ 1+k r\k 1 1+k(r\K
G =0n - 173 =N (1= (1) ) 1=5-RE ()L D

oo () ) 2 ()

where

_ 1(3+k 3+3k (r\K
a0 =5 (% -G ) (18)

A comparison of formulas (12)-(14) and (16)-(18) shows that the main
difference between them is the denominator of fractions of variable r of the

T T
problem: — and —.
To 1

It should be noted that for determining the change in material porosity
during the sintered pipe extrusion, the engineering analytical conjugate method is
used in [3, 4], according to which the data obtained above and the equations of the
deformation theory of plasticity of porous materials (DTPPM) [2] are used.

In [4], the yield stress of various sintered materials oy, is expressed through

the yield strength of the porous material substance or and the porosity function
’Bn+0,5:
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ory = oy f7105, (19)

where v is the material porosity, f = 1 — v.
Consequently, to determine the true stresses o,, and oy, together with
formulas (7), the following formulas should be used:

O = G 0,,09 = Ggf" "0, (20)

It is necessary to use the following formula DTPPM [2] for the determination
of the values of the current porosity of material v:

m
9170 0o ger )
)

(1_V0)3n0'eq0

v= 1—(1—v0)exp<— (21)

where vy is the initial porosity of the material; O¢qo = 07 and geqo = & = 1,155(%g]-
the respectively simplified values of equivalent stresses and deformations [1,2];
Iy - the initial radius of the pipe (Fig.1); m and n are the porosity parameters.

The results of the research. To solve the problem of thin-wall pipe extrusion,
the following parameters were given: cone angle of matrix - ¢ = 15°, the outer
diameters of the pipe blank and the product -D = 25 mm and d = 20 mm, the pipe
thickness — 2 mm, the yield strength - ot = 350 MPa.

Taking into account k = 2f /sin2¢, numerical calculations of the pipe
extrusion process loaded with internal pressure were performed in the MS EXEL
software environment for various friction coefficients (f = 0,05; 0,1 u 0,15). In
these cases, the values of the coefficient £ will be 0,2; 0,4 and 0,6.

Tables 1-4 and Fig. 2 show the data of SSS at k = 0,4 and 0,6; initial
material porosities vy, = 0,1; 0,2 and 0,3 in the case of m = 1 and n = 0,25 [2].

Numerical calculations were performed by formulas (12)-(14) in the absence
of initial values of compressible meridional dimensionless stress G,,5q, therefore a
computer simulation of the process was performed in the MS EXEL software
environment by pre-setting different initial values &,,,5. The pipe extrusion process
will corresponded to a value g, when the pipe meridional stress G,,, equals 0 in
the outlet of die.

In Tables 1-3, atk = 0,4,the data of SSS given are for three values
Omo (—0,326; —0,327 u — 0,328), from which it follows that in the average case
Omo = — 0,327, the meridional stress has acquired the value 0 in the die outlet. At
k = 0,6, in the die inlet, the case 6,,90 = — 0,382 was also found by computer
simulation (Table 4), when the meridional stress ,,, = 0 in the die outlet.
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Table 1

Numerical calculation data in the presence of friction (k = 0,4) and initial meridional

stress Oy = —0,326
r/ro | —&g = —Op —0g | —0p 14 Vs V3
1 0 0.000 0.326 1.326 | 0.993 | 0.100 0.200 0.300

0.98 |1 0.020 | 0.023 | 0.295 | 1.295 | 0.962 | 0.080 0.161 0.242
0.96 | 0.041 | 0.047 | 0.264 | 1.264 | 0.931 | 0.061 0.122 0.183
0.94 | 0.062 | 0.071 | 0.232 | 1.232 | 0.899 | 0.042 0.083 0.122
0.92 | 0.083 | 0.096 | 0.200 | 1.200 | 0.867 | 0.024 0.044 0.060
09 |0.105| 0.122 | 0.168 | 1.168 | 0.835 | 0.006 0.007 | -0.002
0.88 | 0.128 | 0.148 | 0.135 | 1.135 | 0.802 | -0.010 | -0.029 | -0.063
0.86 | 0.151 | 0.174 | 0.102 | 1.102 | 0.769 | -0.025 | -0.064 | -0.123
0.84 | 0.174 | 0.201 | 0.068 | 1.068 | 0.735 | -0.040 | -0.096 | -0.180
0.82 | 0.198 | 0.229 | 0.034 | 1.034 | 0.701 | -0.052 | -0.126 | -0.234
0.8 |0.223 | 0.258 | -0.001 | 0.999 | 0.666 | -0.064 | -0.153 | -0.283

Table 2
Numerical calculation data in the presence of friction (k = 0,4) and initial compressive
meridional stress 0,0 = —0,327
r/ry | —% & | —Om | —0Og | =09 Vi V2 V3
1 0 0.000 | 0.327 | 1.327 | 0.994 | 0.100 | 0.200 | 0.300

0.98 |0.020 | 0.023 | 0.296 | 1.296 | 0.963 | 0.080 | 0.161 | 0.242
0.96 |0.041 | 0.047 | 0.265 | 1.265 | 0.932 | 0.061 | 0.122 | 0.183
094 |0.062 | 0.071 | 0.233 | 1.233 | 0.900 | 0.042 | 0.083 | 0.122
0.92 |0.083 | 0.096 | 0.201 | 1.201 | 0.868 | 0.024 | 0.044 | 0.060
0.9 0.105 | 0.122 | 0.169 | 1.169 | 0.836 | 0.006 | 0.007 | -0.002
0.88 |0.128 | 0.148 | 0.136 | 1.136 | 0.803 | -0.010 | -0.030 | -0.064
0.86 |0.151 | 0.174 | 0.103 | 1.103 | 0.770 | -0.026 | -0.064 | -0.123
0.84 |0.174 | 0.201 | 0.069 | 1.069 | 0.736 | -0.040 | -0.097 | -0.181
0.82 |0.198 | 0.229 | 0.035| 1.035 | 0.702 | -0.053 | -0.126 | -0.235
0.8 0.223 | 0.258 | 0.000 | 1.000 | 0.667 | -0.064 | -0.153 | -0.284
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Table 3

Numerical calculation data in the presence of friction (k = 0,4) and initial compressive

meridional stress 0,0 = —0,328
r/ry | —% & —Om | —0p | —0y vy V2 V3
1 0 0.000 | 0.328 | 1.328 | 0.995 | 0.100 0.200 0.300

0.98 | 0.020 | 0.023 | 0.297 | 1.297 | 0.964 | 0.080 0.161 0.242
0.96 | 0.041 | 0.047 | 0.266 | 1.266 | 0.933 | 0.061 0.122 0.183
094 | 0.062 | 0.071 | 0.234 | 1.234 | 0.901 | 0.042 0.083 0.121
0.92 | 0.083 | 0.096 | 0.202 | 1.202 | 0.869 | 0.024 0.044 0.060
0.9 0.105 | 0.122 | 0.170 | 1.170 | 0.837 | 0.006 0.006 | -0.003
0.88 | 0.128 | 0.148 | 0.137 | 1.137 | 0.804 | -0.010 | -0.030 | -0.064
0.86 | 0.151 | 0.174 | 0.104 | 1.104 | 0.771 | -0.026 | -0.064 | -0.124
0.84 | 0.174 | 0.201 | 0.070 | 1.070 | 0.737 | -0.040 | -0.097 | -0.182
0.82 | 0.198 | 0.229 | 0.036 | 1.036 | 0.703 | -0.053 | -0.127 | -0.235
0.8 0.223 | 0.258 | 0.001 | 1.001 | 0.668 | -0.064 | -0.154 | -0.285

Table 4
Numerical calculation data in the presence of friction (k = 0,6) and initial compressive
meridional stress G, = —0,382
r/rg | —& & —Om | —0Op —0y vy V2 V3
1 0 0.000 | 0.382 | 1.382 | 1.049 0.100 | 0.200 0.300

0.98 | 0.020 | 0.023 | 0.345 | 1.345 1.012 0.079 | 0.159 0.239
096 | 0.041 | 0.047 | 0.308 | 1.308 | 0.975 0.059 | 0.118 0.177
094 | 0.062 | 0.071 | 0.271 | 1.271 | 0.938 0.039 | 0.077 0.113
0.92 | 0.083 | 0.096 | 0.233 | 1.233 | 0.900 0.021 0.038 0.050
0.9 0.105 | 0.122 | 0.195 | 1.195 | 0.862 0.003 | 0.000 | -0.013
0.88 | 0.128 | 0.148 | 0.157 | 1.157 | 0.824 | -0.013 | -0.036 | -0.075
0.86 | 0.151 | 0.174 | 0.118 | 1.118 | 0.785 | -0.028 | -0.070 | -0.134
0.84 | 0.174 | 0.201 | 0.079 | 1.079 | 0.746 | -0.042 | -0.101 | -0.189
0.82 | 0.198 | 0.229 | 0.040 | 1.040 | 0.706 | -0.054 | -0.129 | -0.239
0.8 0.223 | 0.258 | 0.000 | 1.000 | -0.667 | -0.064 | -0.153 | -0.283

Numerical calculations in case of the second boundary condition are carried
out by formulas (16)-(18), which do not differ much from the data of formulas
(12)-(14). Therefore, in this case, there is no need to show the full tabular data of
the SSS research and only short data are given in Tables 5 and 6.

Table 5

Numerical calculation data in the presence of friction (k = 0,4) and boundary pipe
extrusion condition, for its die outlet: v = 1{, G = 0

Eg Ei r/r1 Em 60 a'o 41 vV V3

0 0 1.250 -0.327 -1.327 -0.993 0.100 | 0.200 | 0.300
-0.020 0.023 1.225 -0.296 -1.296 -0.963 0.080 | 0.161 0.242
-0.041 0.047 1.200 -0.265 -1.265 -0.931 0.061 0.122 | 0.183
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Table 6

Numerical calculation data in the presence of friction (k = 0,6) and boundary pipe
extrusion condition, for its die outlet: v =1;, Gy =0

Ep e T/1q Om O ) v v, V3

0 0 1.250 -0.382 -1.382 -1.049 0.100 0.200 0.300
-0.020 0.023 1.225 -0.345 -1.345 -1.012 0.079 0.159 0.239
-0.041 0.047 1.200 -0.308 -1.308 -0.975 0.059 0.118 0.177

A comparison of the numerical data calculated by formulas (12)-(14) and
(16)-(18) shows that the main difference between them is the column r of the task

variable problem TL and rL, which provides an exact match of the main results.
0 1

The graphs of changes in the dimensionless values of meridional,
circumferential and average stresses, as well as material porosity, depending on the
degree of pipe deformation are shown in Figures 2 and 3.

It can be seen from Fig. 3 that 10, 20 and 30% of the initial porosity of the
material becomes zero in the range of strain intensities &; from 0.116 to 0.132, and
in case of larger porosities and contact friction, the compaction of the material is
more intense.

&ij
-1.4

-1.2
1 B I —

-0.8

-0.6
-0.4
-0.2

—\
(0] 0.023 0.047 0.071 0.09¢6 0.122 0.148 0.174 0.201 0.229 0.258 E_I

0

Fig. 2. Graphs of change in dimensionless values of meridional,
circumferential and medium stresses

f
i/

[¢] 0.023 0.047 0.071 0.086 0.122 0.148 fl

Fig. 3. Graphs of changes in 10, 20 and 30% of the initial porosity of materials
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Conclusions

1. A study of the process of extrusion of thin-wall pipe loaded with internal
high pressure with boundary condition in the inlet of a conical die, when the initial
values of compressible meridional dimensionless stress 0y, are absent, has been
carried out. The dimensionless values of meridional, circumferential and average
stresses depending on the degree of pipe deformation were determined, which
allowed to study the process of pipe material compaction using the DTPPM
equations at various values of friction coefficients.

2. A computer simulation of the process was carried out in the MS EXEL
software environment, presetting different initial values &,,,. The pipe extrusion
process will correspond to the value G,,,5, when the pipe meridional stress a,,, equals 0
in the outlet of the die. In this case, the strain intensity value is &; = 0,258.

3. The data of numerical calculations show that at the coefficient of friction
f = 0,1 (k = 0,4), it has been established, with computer simulation, that in case of a
dimensionless compressive, the initial value of the meridional stress is 6,0 = —0,327,
in the die outlet, the meridional stress acquired the value 0. And in the case of
coefficient of friction f = 0,15(k =0,6) , the meridional stress at
omo = —0,382 acquired the value 0 in the die outlet.

4. The graphs of changes in 10, 20 and 30% of the initial porosities of the
material show that the porosity becomes zero in the range of strain intensities ¢;
from 0,116 to 0,132, and in the case of large values of porosities and contact
friction, the material compaction is more intense.

5. In order to verify the obtained formulas and the results of numerical
calculations, the problem is solved quite simply by the second boundary condition
for the pipe extrusion, composed for the outlet part of the pipe from the die (r = ry),
where the meridional stress is absent (d,,; = 0). It has been found that both
solutions are identical.
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U.U. RULUBUL

VEMLhL AU KLTNRUNY AENLUYINNMYUD BRUYULYUO
RULUYUMNUS vONNYUYD ULSUUNUUL SNOCLEUSE 26SU2NSNPUT
UUULUUUSI USLNN, BRrUskL MUSUULE HY6NLNRU

YQuinwipyly | ukipphtt pupdp £upnudny phintwdnpdws Enwjuygws junnndulh Yntw-
Jub dwdjuduwypnid dwdjdw gnpdpuipugh hbnnwgnuund® Jhpnwswljut Jkpngny, gpu
dwdjuduyp dnbing Ypht juytwjut hwwnnypht ukindnn dhgoptwljut jupnid Yhpwunking:
Gupwnpynud k, np unnnduljh Jpu wonnn dwdjuduyph hyuluyght p, b gpu tkpunid wg-
nnn p, Suonidubipp hwuuwp B Uyn nhypnud npnpymd b junnnyuljh oppwtiuyghtt jupnudp,
b unugynid £ wupgigdus wjuunhlnipjut guydwi: Npnpdby Eu junnnduyh nidnpdwg-
dwl wunhgwihg yuhuqus dheopbuljul, spowiiught b vhohtt jupnidubph swthwqniply Uk-
Snipjniuitpp, npnup httwpudnpnipmit B vidly, oquuugnpstiny swnntu ymptph wjwu-
wmhlnipjut phdnplughnt mbumpjub putwdlbpp, tmwppkp othdwt gnpswljhgutph b fun-
nnjujh Wniph ufqphwlut swinnitinpjub nhypkpnid nunilbwuhpl) npubg jnwg-
dwl qnpéplpwgn:

MS EXEL spwgpuyhtt dhgwjuypnid Juwnwpygl) £ gnpépupwgh hwdwlupgsuyght
Unnljwynpmud mwppbp ujqpiufut uknunn dhgopbwljutt swthwgnipl jwpnudubph nhy-
poud: unpnyuljh wpunudnudub gnpépupught jhudwwywinwupwh wyn jupdwt wytuyhuh
ulqptwut Ukdnipnil, tpp funnnjuljh dhgoptiwmjutn jupnidp dwdjwdwyphg npnipu qunt
dudwtiul Yhwjwuwpygh qpojh: Uy ghypnud ghdnpldwughwutph htnkuhuynipjut wpdtpp
hwjwuwnp k ¢ = 0,258:

10, 20 b 30% ulqpuwmlub swlinnlijtiunipjudp Wniph Ynptph thnthnpumpiniuaubpp
gnyg kb nnwihu, np Swlnunlkinipniup nunind E qpn gdnplwmghwubph hunkuhuynip-
jutt g 0,116 — hg dhtsh 0,132 dhowljuypnid: Owlnunljkunipjut b hywlughtt gthdwt Uk
wpdtipubiph nhypnid yniph funwgnudp wnbknh k nitibunud wdkh hunkuuhy:

Unpwbhgpuypli punkp. pupuljuuyuwn funnndul, wpnwdnnud, bqpuyhtt wuydw,
opowtiwyght jupnud, Epwudws wynip, hudwlwupgsuyhtt dnpbjwynpnd:
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A.A. BABASIH

UCCJEJJOBAHUE ITPOIECCA 3KCTPY3UU CIIEYEHHOM
TOHKOCTEHHOM TPYBBI, HATPYKEHHOW BHYTPEHHUM BbICOKHUM
JABJEHHUEM, ITPU BXO/IE B MATPUILY B CJIYYAE TPAHUYHOI'O
YCJIOBUA

IIpoBeneHo aHaTMTHYECKOE HCCIIEIOBAaHHE Mpoliecca IKCTPY3UH CIEUYCHHON TOHKO-
CTEHHOH TPYOBI, HArPy>KEHHON BHYTPEHHUM BBICOKUM JaBJIECHHUEM, IIPH BXOJE B KOHHYECKYIO
MAaTpHUIly C HCIOJIb30BAHUEM CKHMMAIOIIET0 MEPUINOHAIBHOTO OE3pa3MEPHOTO HAIPSKEHUS
Ha ee MoNepeyHoM cedeHnu. lIpennonaraercs, 4Tto JeHcTByIOmME Ha TpyOy BHEIIHEE /1aB-
JICHUE MaTpUIbl P, © BHyTPEHHEE BBICOKOE IABJICHHUE P, PaBHBI. B 3TOM ciiydae ompene-
JIIETCS OKPYXKHOE HAIPSDKEHHE U MOIy4aeTcs YIPOIIEHHOEe yCIoBUe IacTuuHocTH. Onpe-
JieTIeHbl Oe3pa3MepHble BETMYMHBI MEPHIMOHAIBHBIX, OKPY)KHBIX U CPETHHUX HaNpsDKEHUH B
3aBUCHMOCTH OT CTENeHU jAedopMaluy TPYObl, KOTOpBIE MO3BOJMIM C HMCIOJIB30BAaHUEM
ypaBHEHHH e(OpMaAIIMOHHON TEOPHHU IUIACTHYHOCTH MOPHUCTHIX MAaTEpHAIOB IPU Pa3iiny-
HBIX 3HAYEHHUAX KOA(P(PHUIMECHTOB TPEHHS U HaYaJbHBIX OPUCTOCTEH MaTepuana TpyO u3y-
YHUTH NMPOLECCHI UX YIIOTHEHHUS.

IIpoBeneHO KOMITBIOTEPHOE MOJIEIMPOBAHKE Tpoliecca B MporpaMMHOM cpene MS
EXEL npu pa3nuyHbIX HAYaJIFHBIX 3HAYCHHUSIX CKAMAIOIIETO MEPUANOHAIBEHOTO Oe3pa3Mep-
Horo HamnpsbkeHus. IIporieccy sKCTpy3un TpyOBl COOTBETCTBYET TaKOE HA4YaJIbHOE 3HAYECHHE
9TOTO HAMPSDKEHHS, KOTAa MEPUINOHAIBHOE HANPSDKEHHE TPYOBI ITPH BBIXOAE U3 MaTPHILIBI
pasHsieTcs Hymo. [Ipu 3ToM BeMuMHA MHTEHCHBHOCTEH nedopmaru pasHa &; = 0,258.

I'padmkn m3MeHeHus HadaIbHBIX opuctocted Marepuana 10, 20 n 30% nokassIBaroT,
YTO TIOPUCTOCTh CTAHOBUTCS HYJIEBOI B MHTEpBaJle BEJIMYMHBI MHTEHCUBHOCTEH nedopmanin
g ot 0,116 no 0,132. B ciiyyae GONBIIMX BEJIMYMH MOPUCTOCTEH M KOHTAKTHOI'O TPEHHS
YIJIOTHEHHE MaTepHuaia NPOUCXOJUT 00Jiee HHTCHCUBHO.

Kniouegvie cnoga: ToHKOCTEHHAs TPyOa, SKCTPY3Hs, TPAHUIHOE YCIOBHE, OKPYKHOE
HalpspKeHNE, CIICYCHHBII MaTeprall, KOMIIBIOTEPHOE MOJIETTMPOBAHHE.
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4.U. UbUNL3UL

NELPNRUDR ONUNESNRESNRULL UESUNLEND 2GS Y, UPQUTSUNUUUL
UbusNkrESNRLLECE UNULKUSNRUC

Quuwpyly] £ IV-VII judph dbnwunuiuwb wignidwghtt mwuppbph htn pbuhnwlp
thnfuwqnbgnipjut gnpspupwugh Yhpnisnipynit: 8nyg bl wipyt) pkithnidh npugbku (kghpny
wnwpnph wnwybmpnibbbpp ntunpniighnt ynnuunikph b hwnjwwybu huwnnty nkath-
Juynid ogunugnpéynn ynnuuwwntbph (kghpdwb nypnid: Re-h hwdwdnijuspubtpp, hug-
whupp Lu Ynydpudh, dnjhpnbuh b mwbnwgh hwdwdnyjusputpp, sbpdunhuiwgynit b ndjw-
puwtn (hubknig pugh, odndws ki wnwbdtwhwwnntl yyuunhinipjudp, hiyp wuydwiwynp-
Jwsd k wshwsuh wpwwnnudny thjupnit upphnutphg b nkuhnwdh ot wspuwsuh whin (nt-
Snyputinh wnwewgnuuny: 8nyg k wipgt), np nkuhnudp nipbpnpy fudph mwuppbph htn wnw-
owginid |k whuwhdwtwnhwl 1nisthntpjudp whin jnusnyphbp:

NEuhmuh hwdwlupgbpnud wpwewinid b kplynt mwulyuy dhodbnmunuljui dhw-
gmpnibkp o Uy $uqhp: 2nppnpn judph wppbph hbn, pugh wyn $ugqtphg, wpwewnid
El b 4 dwqtp (Lwdbup wgqbp): Euhnudp, (hukng japwn htpuwgniuw) junnigyusp niuik-
gnn dkwnwn, nith pupdp (nskihnipinit V o VI judpliph dbnwunitpnud, npnbp swjujuljiin-
pnb junputwpnuyhb by dhtsh 65 wn.% (tihnudh st hmpymin IV udph wynhunpd db-
wnwnubph htpuwgniw) @ Unphdhjughwbpnid swhwquig thopp k (0,5...4,0%) wyu nhiy-
pnud, tpp wyy tnyg mwppbph Swjuwquytinpnt f Unnhbhjughwbpnud sk hnpejniup (wp-
wnwtth nhypnud) hwutimd k50 wwn. %: Re-t odinquis E pupdp obpdmljuynitinipjuudp: ‘Lpu wd-
npoipniup dhtsh 1200°C ohpdwunh&with wuydwbbkpnid wbih pupdn k, put yndpudhiin
b tpwbwuhnpkt gkpuquugnid £ Mo-h wdpnipjutp:

Unwhgpuyhlr punkp. ntuhnud, (kighpnn wnwpp, hwdwdnyusdp, duq, ywhun (ndniyp,
hunbtpdbnwunuliut dhwgnipntl, obpdwluyniunipinil, wdpnipiniy, wjwunhynipinil,
dwowljuyniunipinii:

Ubpwdnipyni. Mhphnudp’ npybu hwqugmn hwnlmpniiikpny oduws
dbwnun, oquuuugnpdynid t dudwbiwjuljhg mbkjathjugh vwupptp phuqudunttipnid,
wyny pUymd hpphpughtt nkhyuynid, winndughtt pkwlunpubpnid, ququnmp-
phuughtt mbnujuyuipubpnud, twdpuyghtt Ypkhhugnid, dnjhppbktughtt fknpng-
ubpnud, BjEupnuught judybpnud, LEjunpuntuuhund, husybu twb phpdn-
qnugtiph wwwnpuwundwt hwdwp b wyp ghypbpnud: Fupdp wdpnipyut b dwow-
Juynitmpjuti phinphhy  pkhmdwihtt hwdwdn]uspibpl oquugnpsynid ki
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dwowljuym nhnugitp qunpuunkne hwdwp, huswhuhp k' Yotnpukph ht-
twpwibbpp, ghinphghwlwt vwppbph wnwbgpwlwiutpp, quntph hkwpwuukpp,
quuuuwlubpp b wy: Uju mbkuwljkinhg nkithnudnyg (kghpywé pupdp wdpnipyudp
nt dwpwljuyniimpjudp tnp hwudwdnijuspubph unbnénidt wphwuwpwly hw-
dwpynud k juhunn wpnhwlut juughp hwnjuybu Zujuunwih Zwubpuwbune-
pjut hwdwp, npnbkn wnlw ki pkuhnudh ks wwpwpubp: Uy hwingbu £ quijhu
Unjhpnbuhunughtt hwipwiympbpmd” tkpppjws dnjhppbhnh pmpbnuhl gub-
gnid: Unjhppkuh tnopuhnh uvnugdwt dudwbwly, npp juwnwpymd t dnjhpytith-
nuyhtt prnwiyniph poydudp, nkthnudp hknwbnd E Re207 opuhnh nbupny uintn-
Sty phwyyuhywiwljwh (nipe fubinhplbp: Zknbugbu’ wihpudkown b wjl Ynp-
qb U oginuugnpsty tnp hwdwdnyfuspltph dpwljtwl gnpépipugnd’ npuibg nw-
1ny punpdp wdpnipinit b dwpwjuynitnipini:

Blubny Ykpnhhojwihg wolnwinwbiph tywnwli  ntunidiwuhply dhnwn-
ubtph htwn nkuhnidh thnpuwgnbgnipiut b dhpdbnunuijut vhwgnipnibubph wnw-
owgUwl gnpéplipugp pupdp wdpmpjudp b dwpwluyniinipyudp thnobynn-
wuwnbkph unugdw byuwnulny:

Dunph gpiudpp b dkpnnhlugh hpdtuapoudp. Upnwpht fkynpntught
punuiptbpnud nkuhnudb niuh ppulub LEjupnuubp »sRe — [Xe]4f45d56s%: Uhw-
gmpiniukpnud pkthnudp gpubnpmu t qihnjuwluil’ -1-hg Uhlish +7 opuhryug-
dwl wunhfu: Unndwljut Uks Yohn niilignn wignidughtt dknwnubph nhwypnid
pwupdn opuhnugdwt wunhdwbt wybkh Juynib b (Fthnudh pupdp opupnugdwb
wunhdwth vhwgnipmnibubpp, hudbkdwnws dwtquih tnytuidwt dhwgnipnit-
tbph hbw, wykih Yuynit b Ophtiwl] Mn2O7-p 0°G-nid wpnkb bpwhwljwhnpkl
pugpuyynud t, Te207-p 119,5°Cmd hwpymid E wpwig pujpuydwi, hulj Re207-p
300,3°Cnid umpihdwgymu t wnwbg ppywshi Ynpgubint: dpw htnlwipny +7
opupnugdwt wunhfwuny Re:07-p, dwbiquith vhwgmpniuubkph htn hwdbdw-
wnwd, wykih pnyy) opuhnhs b Swdp opuhnugdwt wmunh&winy Re-h dhwgnipnii-
ubkpp, h nwppbpnipmitt Mn(Il) dhwgnipyniuubph, wdbh pdup b vnnwgynid,
Juyntl sk, nph htnbwupny pudupup swihny ntunidbwuhpgus sk [1-5]:

Lwitth np Re-h wunndnid d Eupwpwunuiipp dwubwlh k jpugus, wjit wnw-
owgunid £ puquuphy Yndykputbp b yknwn-dknwn dhugnipniutbp: Euhnudp
ndJupuwhwy (The=3177°C) b swip (unmpinitp d=21,033 ¢/wf) dkwnwn t [6, 7]:
Utwnwnh thnohty, juhidws nhuykpunipiniihg, (hunwd £ ull jud dniq Unfupugnjt:
Uh ouinp dhqhjufut hmnlnipnitutpny nkuhnudp dnnbkund £ IV judph ndqu-
nwhuy Uknwunutpht (Mo, W), hsyybu twl wjuwhtp judph dbnwnubpht: Zupdw
obpuwuinhgwlim] nkthmup (Th=3177°C) qhemu t dhuyt ynibpundhin (Thu=3387°C)
qpunbgutiny II nknp, hul pnmpyudp IV wkgnud £ Os-hg (d=22,48 ¢/uif), Ir-hg
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(d=23,36 ¢/uP) b Pt-hg (d=21,5 ¢/uiP) htinn [6, 7]: Re-p pinipknuiinid £ juhwin nuuw-
Ynpjws htipumgniu) Jurnigyusp niukgnn pmipknuuunulyny [2]: Uwpnip k-
wnunp wjwuwnhl kukiyuljught okpdwunhfuinud, puyg, wnwdqujutnipiut pupdp
Unnnijh hbnlbwipny, vwep dpwlnidhg htnn wdpmpyniip jupndyy dkswind £
Ynthdwl ounphhy: Muwuwnhlnipub YJkpujutquiuit hudwp wjt ppénid Eu opwsh
dhowduypnud, hutipn quqmd jud Julninudnid: Re-p wwhwwywind E pupdp
wdpnipmniip b dwpwjuyniunipniip puquujh mwpwgnidubph b uvwnbkgnidubph
nupwugpnid, wjuhtiptt wyt odndws k pupén shpdwljuyniuntpjudp: ‘Lpu wdpntpe-
mniup dhiglh 1200°C oipdwunhgduth yuydwutbpnud wykjh pupdn k, put ynjdpw-
dhlip, b tpwhwluwhnpbt ghpuquugnid £t Mo-h wdpnipjutip: Re-h EEjunpunh-
dwnpnipniup qphphk snpu wiqud UkS E, pul ynjdpwdhiin b dnjhpnkuhun [6, 7]:

Unynpuljut yuydwtubpnid Re-u opnid Juynit E: Re-h unipp hwnhljubpt
oyt untwdwunid G, npp puguunpynud E ipw dwubiwljh opuhnugdwdp, wnw-
owgubiny juntwympmnit Juing Re207 Ukwnwnh opuhnugnidp uljuynid £ 300°C+hg
pupdp ehptwunhgwbibpnid wowgwgubiny Re207, nplt wyy dwdwiwl unipph-
dwgynid (gugnid) E: H-h U N-h htwn Re-p dhtish hwjdwt gbpdwunhdwip thnjuwqg-
nhgnipjut Uky sh dinunud, puyg thnobidwtt dkinwnb nidin wpunppnid £ opushic:
b wiuppbpmpynih wy) nddupwhwy dkinunibph’ Re-p sh wnwowgund Jupphybp,
uwluyl nwpughbhu wswship msynud  pkthnudh dke Junugiking tpw
Ubjuwthjulwt hwnlnipmnittbpp: Re-C hwdwlupgnid Eunklnhju hupdnud k
2480°C-md [8]: Unynpumb ¢okpdwuwnhdwmih wuydwutbpmd &6uph hbwn Re-u
wnwgwginid t nhuniy$hn ReSz, mwpugkihu $unph b pinph htn thnjuwgynid £
wnwewgubkiny hudwyuwnwuppmtwpuip ReFs b ReCls, hulj ppnuh b jnnh hbkwn qnps-
twlwund sh thnpuwmgnnid [9]:

Re-p juynit t wjtyhuh dbknwnubph hwnypubph tqundwdp, husyhuhp
tu Sn, Zn, Cu b Ag, dhlinyt dwdwbiwly, htnnily Al-p, Fe-p b Ni-p hhpnnipjudp
(nudnud B wyt [8-11]:

Zuyuntuh L nkupmuh ppduwstughtt hwgnipniuutp, npunkn Re-h opuh-
nugiwi wunhgwhp -1-hg +7 b Yuynih opuhnlikph ki’ Re207, ReOs i ReO2 [11]:

OEuhnudp wpuwnhuh owpph dknwnubph tdwb juhun hwljdws E jnduy) bp-
nwugnyuguut, tpw Ynnpphttughnt phyp thnthnjuynud k 4...9: tw pugunpynid
upwtny, np nkuhnidh d-opphiwt pugyws t fhuny swith, npp hwugkgunid E upw
wnwnpbp opuhnugdwt wunhdwuubpht b pudkenud E juwybph wnwowgdwt Uks
htwpwynpnipnititp: Udkuhg o nupusyws Eu nkthnidh wyt dhwgnipmniu-
ubpp, npnup nitkt 6 (pmiptnuyhtt guigp ojnwknp £) b 4 Ynnpnhtimghnt pytp (pnt-
plnuyht gmugp mbnputnp B): 9-ht, hwjwuwp Ynnpphtimghnt phy unwugynid k
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dhwyt wyb niypnid, Epp (hqubinp wnnuh thnppugnyb dwuthlukp nitukgnn opw-
Shut L

ZEnwgnunipjub wpyniupbipp. Gkthnudp wignidughtt dbnwnubph htn
wnwowgunmd t dh pwuh mbuwlh hwdwlwupgtp [8-16]: VIII hudph dbwnwnubph
htw, npnup niukt wybkih (pugyus d-opphwnwubkp b pwpdp opuphnugdmb wuwnh-
&ubtkp, nkithnudl wpwewghnid E hudwlwpghp wnwig dvhoubinwnulub dhw-
gmpniulbph: Zkpuwgniug pmplnuywinuyn] dknwunitph htn' Te (VIT unudp),
a-Co, Ru 1 Os (VIII junudp), nkuthnidtt wmnwowgunid k whtuy inidnyputp, VI jadph
Ubugws Ukinunitph Ni, Pb, Ir, Rh, Pt (pugunmipjudp Fe) htin uvwhiwbuthul
whun (nudnyputp: Cu, Ag, Au, Zn b Sn dbkwnwnubph htwn nkuthnudp sh msynid ny
htnniy, ny B whun Jpfwlynid: M-IV fudpbph wigniduyght dbwnwnubph htwn, npnup
quinid Et nkuhnudhg dwha, nitikt phy (pugué d-opphwnwubkp b gudp opuhnug-
Uwl wunhgwlbkp, pkthnidl wowgwginid t pupn hwdwlupgkp dky Yud dh
pwih hutnbpdbnuwnuljut (Uhodbnwnujut) dhugnipmitinbpny, b dhhitinygt dwdw-
twl) vwhdwuwy whn (enyputp: Mkihmuh dhoubnunuljul vhugmpini-
ubpt wdpnnonyhtt ntuntdbwuhpdus skt Zhdbwuinid nunudbwuhpyly o wgup-
pEipwjut wnmniuwlh IV, V, VI b VIII jpdpbph wwppbph dhdulhh nhugpudubpn:

Ubpunhwwn whtn jnwdnyputph vnugnudp nkuhnidh hbn pauguhwjyndus
Uhuyl npny wwppbph qhwpmu (husuybu, ophlialy’ Ynpupnh htn): Puguhupndus
t nhuhnudh pupdp hnpowgupd sk hnipgmin dh swpp dknunibph, wyn pdnd’
thytph, ypuwnhh, wupunhnudh, hphghnodh htn: Unweht fudph dknwntph’ wnbdh,
wpéwph, nulnt hkwn nkuhnidp sh inisynid ny htnniy, ny £ whun Jpdwlynid [8-11]:

NEuhnudp, mbukuwyny hEkpuwgnuuy pmipbnuypht gubg, wbwnp t wibkih juy
nwSk hnipinit mukwp IV judph hipuwgntiug Junnigyusp niukgnn dbwnwnubph
htwn: Ppwjuwtnid nkuhnudh hhpuwgnuuw) a -Unphbhlughuyh niskihnipiniup
wnhtwth, ghpynuhnidh, hwduhnudh htwn gwn thopp k (0,5...4,0%) wj nhwypnid,
Epp unpuwiwpnuyghtt pupdp ohpduwunhfwbughtt dnphdhjughwubipnid, wyuhlph
V 1 VI fudptiph wnuppbph htn nkuhnudh (nusthnmpmniup wthwdbdwn wdbh pupan
k' 50...65% dudwbwljulhg nkuwlui b ghnwhnpdialwi niunudiwuhpmpynd-
ubkpp poy) B tmwghu bgpuihwigbing, np dbnwunujut hudwdnyuspubph gnpént-
ubkpp, npnup wgnmd Eu rmwuppbph $hqhjuphdpujut hnpuljuyulgnipniutitpnh
Ypw, Uks dwuwdp juwyyws bu Ukunk Euh wuppbpujuwt wynruulnid mubkgus
hptug nhpphg, dhgwinndwpti swihbphg, pniptnuyhtt guiigh whyhg, pntiwgdwl
wnukughwihg, obpunipjut gnjugnithg, ubnubihnipniihg b wy:

Ul. 1-nud gnyg ku mpdws nkuhnidh thnjuwqpbgnipjub punipugpbpp yup-
pipujut hwdwlupgh pojnp tmwpptph htw, nphg tpund £, np nkuthnudp nbju-
uhghnidh, pniphuhnidh, oudhnidh b Ynpupinh htn wnwewgunid £ whn jnidnype-
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utp [6, 7, 17]: 4Epnhhojuy wwppbpp wuwppbpuljut hwdwjupgnid puuuynpgus
kU nkuhnudht Unwn, munnduyghti swthbpp phs Bu tmuppipynid (<10%) b niukt hgn-
unpd poipbnuht juenggusp: Uh pupp wwppbp, wyy pynud ahykp, poghowdp,
wwjwunhnidp, hphnhnidp b wjunhup pkthnidh hbn wnwewgunid G whin 1nt-
snyplkp wnwbg Uhowlljuy $wuqtph:

dpkpp ]
1A IIA IIIA IVA VA VIA VIIA VIIIA 1B 1IB IIIB IVB VB VIB VIIB | VIIIB
Ubgnuduyght dknwunkp @ E
e SOEHHER
k| @ |(9)|@®|O)|©)E)|E) e za)) Ga
Rb | Sr @ @ @ Tc | Ru Cd| In | Sn | Sb | Te
Cs | Ba @ @ Re | Os @ Tl | Pb | Bi | Po | At
Fr | Ra | Ac™ | Ku
*Ce Pm ||Sm|| Eu @ @ Tm|| Yb || Lu
@ Pa @ Np| Pu|Am|Cm | Bk | Cf | Es | Fm | Md |(No)| Lr

0:0:0-0:-0: -

UG, 1. Ukl Ebh wuppbpulwi hudwlupgh vnuppbpp, npnbp, thnfuwgnlyny nkihnidh
hEw, wpwowghnd ki1 - whim jnidnyphbph whpbghunn swpp, 2 - nwhunlmbupualy jniSk-
Jhnippundp whim pményphkp wowbg phdpulwh dpugnipmibbkph, 3 - vuhdw il
[ni8kppnipjunlp whin (nidnyphkp phuhuwlul dhwgnipint Gikpny, 4 - phdpwlul dpwgnie-
Jnihlikp, npnbg Yhdwlh phugpunlbbpp nknlu 3&i nrunidinuuppyws, 5 - nmuppkp, npnip
thnprugnlgnijppuill Uke skl Uinlnid, 6 - ihnfuwgnbgnipyul Jepupkpyuy wknkinyemntbakp
Squlr [17]

NEuhnudp dh pwipp mmwppbph hbn wnwowgumd t vwhdwbwithwly 1nisk-
lhnipjudp whun ndnypubp b phuhwuubt Jhwgmpiniuuubp: (Fethnidh hbiwn
thnpumqngnipjub Uke sdintnn mmwppkph pyht ywhwnp  nuul] ynudh Gupwpadph
wnwppkpp b hubpn quqbpp: Puswybu Gplinud £l 1-nud pipws wnyjuukphg, nk-
upnuip wwppkpwljwl hudwlupgh nwpptph htwn $hghjuphuhwljub hnpuwg-
nhgnipnitt nidbnuiunud £ judph hwdwph tuqiwip qnigpiipug, hwdwlupgh
tptp UkS quppbpmipniuubnh giypnud: VIIIA b VIIB Gupwpdph tiwupptph htn
ujunynd k£ 1phy nskihnipniup htinni Jhdwlnud b vwhdwbwthwly (niskhnt-
pnih whin Jhdwlmu’ dvhwdudwbul wowewghbing wiphnhun whin nusnip-
ubip: VIA-hg dhtisth VIIIB judph wwwppbph htn nbuhnidt niuh dbl jud dh puth
dhwgnipnit wnwowgubint hwjwbhwlwinipniu:
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Uuhpwdbown k k], np nkuhnudh htwn thnjowgnnn wwwpptph VII-hg nhyh
I-py pudph wiugdwt nhypnid nhnymd bt Jhugmpiniuubph junniguspught
wnbkuwlutph npnowlh thnthnpumipni b Epuyh hwdwlwupgbpnd npug pwbw-
Ynipjniutiiph thnthnjunipinit nkuhnidh b wagnidughtt dbnwnubph hkwn: Ujuyby,
ophtwly, VII-pn judph Mn, VI-pn fjudph Mo, Wt V-py judph Ni, Ta hkwn nkuhnidu
wnwowgunid £ kplnt dbnwnuljwut vhwgnipmit (a b y dwqkp), puy IV-py padph
Zn, Hf-h htn' bphp dbnwnuliwi vhugnipnih (o, x, 2 ugkp): Cun npmd, Ynd-
wnukuntbph wnndwhtt owpwyhnubph nwppbpnipjut dkdwgdwipn qniqpiupug
(stuywd nkuhnulh htn upwig hwdwljunnigwspnipjuup) mknh k nitubunud $w-
qbinph wnwewgnid, npp npnoynid £ swthwyhtt gnpénny (x b A $wq): 0 mhuh uk-
nunulijub Jhwugmpiniuubpp, npnip wnwewinid ku nkuhnudh Gpjulh hwdw-
Jupglpnud wignidwhtt dbkwnwnubph htw, ghunwpynid o wnndwght suhbph b
EEjupnuwiht pununpnipjut hwpwpbpuljut ks muppbipmpjut nhpnypenwd:
o dwuqtph gnjugnudp wnbnh b mbbund hiyywbu npuljub swhuwghtt gnpénuh
nhypmu, dhisk +1,79% (Zn-Re hwidwlupg), wjiytu b puguuwluih nhypnid” -
8% (Mn-Re hwdwlwpg), npp yjuymid E, np swithuyghtt gnpénuth wqpbkgnipniut
wnwidtwy bu kwwb sk 0 pwglinh wpwewgdwt nhwypnid [8-11]:

x mhuh dwuqbph gnjugdwb pipwugpnmid suthwjhtt gnpénth Jhpnidnipniun
gnyg k mwhu, np nkuthmudh Epjulh hwdwlupgipmd wiugnidwyhtt dknwnubph
htwn y dwqh gnjugdw hwlnidp npnoynid £ ndwynubuntubiph winndwjht punw-
Jhnubph hwpwpbpuluit mwuppipnipjudp b wbnh E ntabund wyt nhupnud, Gpp
Epypnpy Yndynubunt nith wdbh s wnnduyht owpwyhy, pwt nkuhnudp: y
dwqp gnyuinid k nkuhnulh Epulh hwdwlwpgbpnud, pugunuybu swthught
gnpénith npujut thuknt b wnndwjut swnwyhnubph mwppbpnipjut 20 %-hg ny
wykh nhwypnud, npp hhdbwnpynud k¥ $wgh puguljuympjudp, nkuthnidh thnpjuwg-
phgnipjut nhypnid ujuwinhnidh (hnphnd b wy) hwqugnin hnquyjuhulut
dbkwnwnutph) htin, npnig winnduyhtt punwdhnubph hwpwpkpuwlju nwuppbpnipe-
iip gipuquiignid E 20%-p: Cun npmd’ y $ugh gnjugdwt hwljgwsn pjub i]w-
qnudp nkuhnidh wignidwihtt Uknwnubph hkn hwdwljupgnid ninklgynud E Lw-
Jtuh dbnwunuljut mhuyh dhwugnipmiutbph wdny: Lwdbtuh dwqtph gnjugdub
nupwgpnid, pugh wy) qupénuttknhg, swihuwght gnpéntp hhdbwlwt b y pwugkph
gnjugnidp nkuhnudh Epulh hwdwlupgipnid wiugnidughtt Jknwnubph hbwn
nhnymd L wnndujut Yndyntkunttph owunwyghnutph 1,10...1,35 hwpwpbpnipe-
jniuttnh nhypnud:

Zhnwgnunjwsd u nwpptp whwh (o, ¢, 1) dbnuquljut dhwugnipniuikph
nnny dhghjujut hwnljmpiniuubp: Uju duqtpp gnyuiinid o nkthnudh b HI-VIIT
udpkph wagmuwght dknunitph dheli, npny b puguinpdmud £ hwdwdniusph
giphwnnpnsuyhtt yhdwljht wgnudp 4,2 K (uly. 2) [17]:

186



Lhlhuljub Nupphpuljuil wynuuwlh udpkpp Fyoupt- Utnatfuihle
thnjumgnkgnipput Auyhlt quounfhnp A
plintpuigpbpp guitigh (Uhgu-
nbkuwlp Juypnid)
IIA [IVA VA |VIA |VIIA | VIIIA | VIIIB | VIIIC |IB

A - duqh ¥ 2kpuwgniuy | 1,734-1,877

wpwowgnulp \‘_._ P3M

Ma - dugh Sc YN, —1 Z2kpuwqgnuy | 1,641

wnugmgnulp AN MO

AMat+d — duqh \\\ -2 2kpuwgniiy | 1,580-1,602

wnwgmgnulp & Hf

a—duqh \ S --—e3 Zkpuwqgnhuy | 1,462

wpwemgnulp Ti ‘a N8 Mo

a+d — pugh N v - 04 1,4-1,468

wnwywgnulp \ )‘ - W

5 - duiqh T\ R Mn oY 1,264-1,346

wpwgmgnulp A e rFe

ughtn (nidnyplikph v Y I o \< a-Co LY 1,274-1,36

wibiplighun guipp -3 Rh Pb INi

wurhfwbufur whti Re o5 :o’- ==& LY 1,246-1,376

1nudnyphtp r=T-A ‘\Cu

hbnny b ujhti Jh&w- Ir R N MUY 1,278-1,442

Yukph wiiwebndbo- ~Ag

Ymipynile Ad

Uy 2. [Eahnidh phupulil hnpnugnlbgnipinip Ukhnkibh quppbpulwl wigniawlh
whgniughll Ukwnunhkph hkwn. 1 — wnwphl kS wuppkpnipinilp, 2 - Ephpnpn kS

wwppbpnipiniin, 3 - Epponpn UkS wwippbpnipinian [17]

QEphwnnpnswihtt Jhguhtt mugdwb gbpdwunpguh dEpnisnipjut phpwug-
pnud npnaodby b npng Juihudusm pymtitp wyn wigdwh ghplwunh&wih b nkthmuh
dbnwnuiut dhwugnipmibtiph junniguspubphg, LEjupnbughtt punwunpni-
pintthg, wmnndwjht LEjunpnuught junmigyuspubtphg b wy) gnpénutnhg:

ZEnmwgnunipniiubph wpyniupubpp gnyg b twhu, np (Eghpnn uppkph
(quppbkpuuwt hwdwlupgnid) dnnkgdwdp nkuhnudh, Juiktnwlut LEjnpnt-
utph dbkdwgdwdp b, htnbwybu, wnndubph EEjupntughtt juenmigusph pup-
nugdudp ghugnwd E dhowlljjuy pwqbph ghiphwunnppsughtt Jpdwljht wagdw
obptwunmhgwith w&: Uju ophtwswihnipiniip puntpugpujut £ A b y pugtph hw-
dwp, npntp wnwewunid Eu nkupnidh b Epkp UES yuppbipnipinitubph wugnidw-
1ht mupptph dholi, b o $wuqh hwdwp, npt wpwewtinid £ nkuhnudh b Gplpnpn nu
Enppnpn UkS wuppbpmipniutbph dbnwnubph dheli:

Nbuhnudp wignnhly dknunitph htn hwdwupgmd gnpuimd ku dkljhg
tntip Uhgwlilyuy dwqhip: Twemguspuyht mwpptp whwbph dhgwyyuy puqbph
hudbdwunnipyut niypnid npnodws k, np wdkbwpwpdp Yphnhjuljuit wbgdut
obpUwunhgwi muh MgZn: whuh $uqp hwdbdwnws wy) whwbph dhugnipnih-
utph htw, npnup gnyuiund tu tny hwdwljupgnud: Typ-h thnppugdwt gwppp,
JuwpiJus pnipbnuyhtt hwdwlwpghg, upkih £ puuwygnpt) hbnbyug dung.

A -y - oc(MgZn2— a-Mn - B - U):
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Ujuntnhg htmbnd E, np a b y dwqkpp, npnip unnigynid &t hhdbwlw-
unud swthwghtt gnpénuny, niukbt wybkih pupdp giphwunnppuljwinipyut wbhgdub
ohpdwunphdwi: Ywupkh kE npnoqus hwdwpby, np wiagdw Yphnhjuub obpdwu-
nhdwtbph ophtiwjh hbnwgnuudwt dhgngny nwuppkp jurniguspuyghtt nhuybkph
hwdwp, npnup wpwowinmd Lu pkuhnudh b wuppbpuluwb wnniuwulph VI-VIII
hudptph wiugnidughtt dbnwnubph dholi, Typ-p Jupudus k ny vhuygh pynipkinugyng
bwqtiph uemguspwiht whwhg, wy twl Juikinught bEupniutph pihg b
wnwowgnn dvhwgnipniuubph thnhwqnynn fndynuktntbph wnndwljut suhb-
nhg (swthwyht gnpéni):

Nnpny ophttwswthnipnitinbp bu tjunynid twlb gnjugnn Jknwnujut Jhw-
gnipiniuikph dwqihuwuwl hwnympmutbph dksnipmibbtpmd jup]ws nki-
hnwdh b unyb wihgnidughtt dknwnubph thnjumgqpbgnipniiibphg, hiswybu twb
thnjuwqnnn Ynuwnliblnttph phubwlul pimpugpbphg, Uhgwduwyph ghpuuu-
nhdwihg b dwquhuuub nuonp jupjubmpiniuhg: Uy hbnwuqnunnipniubpp
gnyg ki nwjhu, np nkuhnuth Epljuh hadwljupgipnid wnwewgnn twppkp nhuh
dwgbinh yupuwdwquhuwlwh puyubhnipmiup (a, x, A-dwqg), nptt wnwewinid &
wuwpuwdwqihuwluwb wignidughtt dknwnubph htwn (Se, Ti, Hf, Zr, V, Nb, Ta, Ce,
Mo, W), jujujws obpdwunhdwithg, 77...293 K inhpnypenid b Mupudwuqithuuljut
nuyubihnipniip phuhnudh dbnwunujut Jhugnipniutiph hwdwp ponpnp Epkp
dwqbnh nypnid sh hnthnjuynud hbnwgnngnn obpdwunhduiught nhponypnd
[6]: Ldwt dhwgnipjnitubph qupudwuqthuwlub puljuibihnipnitp, npp suthyuws
E tnyt obpdmunhdwiughtt nhpnypnud, juidus duquhuwljw npuonh thnthnju-
Ynn jupjuénipinitihg (1000...70000 £), tnytybu dund £ hwuwnwwnni: 4 mhugh
dwugh (MgZn2), npp gnjuunid E nkuhnidh b $Epndwuquhuujut hwqugnin (hn-
nuyht) dbkwnwnutph htn (qunnihuhnwd, wkpphnud, hnjdhnwd, Epphnud), wyupw-
dwqihuwlwi phlyuykihnipyniip thnpanud E ymph-dbjuh opbipny iyl 77...293 &
ohpdwumhfwuibinh mhpnypnud: Uju dbnwunuljut dhugnipniiubpp gusp obpd-
wunhduttpnud dEpndwquhuwlut b 4 pwuqbph, npnip wnwewinid Eu nkuhnudh
b hwqjugnin hnnujuhwlwi Jknwnubph htn, ppndwgqihuwljut hwnlnipe-
iuubpp puntpugpdnud B, wdktuygt hwjwibwlwinieyudp, wyy wupptph dtpn-
dwqthuwlwt hwnlmpmnibtbph gquhywidwdp, b wwppbipnipmit tnyt jw-
nniguébpl niikgnn wqtph, npntp gnyuunid Eu nEuhnidh b wupudwquhuuub
Ubkwnwnutph (Se, Zr, Hf), hiswybu twlb A junniguspuyhtt mhuh $wqbph gnjug-
dwt nhypnud [6]:

Nuywgpuy k Fe-Re hwiwlupgh ¢ $ugh whwyh dhwugmpniubbph Juppp’
npuig dhqhjuljut hwnlnipniuubph ntuntdtwuppdwt pupwgpnid [6]: niws
Jhdwlynid wyn hwdwlwpgh o dwgh nhypnid h hwyn £ quihu Epndwuquhumjub
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Epunyp (hwdwdniyjuspp dqynud E hwunwwnnit dwquhup Ynnuhg), hsybu 4
$wugh nhypnid 77-hg 293 K obipdwunhdwuitpnid, npnup wnwewunid Eu nkuhnidh
b hwqugnin hnnuyhtt Uknwnutph dholi® (1000-hg 7000 £) dwquhuwljutt nuipinh
Jupjudnipiut yuydwbtbpnd: @pénidhg htwun, 15009C obpdwunhgdwmtnd 100 dun/
yuhuwt mbinnmpjudp, hwdwdnijuspp nunund £ wupudwquhuuub (hwu-
nwnnt dwqihup sh dgnid) b untjhtt’ ghphwnnpnhs: Fe-Re hundwljuipgh o $ugh
giphunnpnswihtt Jhdwljhtt wmagdwb Yphnhjulub obpdwunhfwp 6,55 K k: Quw-
jus, np Fe-Re hmdwljuipgmud o nhujh dwgh dhwugnipjut gnjugdwiipn dwutiulgnud k
dEpndwquhuwjut Epupn, wintwdkiuguhy, hwjuuwpulondws Jhduljnid hk-
nwugnunjus ohpdwunmhfubiibph whpnypnwd (77-hg 293 K) wyn o dwuqp wupw-
dwquhuwlub k, npp hwdwyuwinwupwund £ o duqbph ywupudwuquhuuljwinte-
Jul npmypht: ‘

NEuhnudh Epujh hwdwlwupgtph III-hg dptgh VII fjudph wwwpptph hbn
untnéwsd Ubnwnulub dhwgnipmniuibph dwuquhuwjut hwnlijmpniuibpp hwu-
nwwnnid kb, np wyn dhwgnipniiubpnid dbnwunujut whyh dhpwnndwuljub u-
wtpp ghpwlonnn kb, npntp wuydwbwdnpws bt wnndubph d fEjupnuukph
Uhol tws thnfumqygnippudp whgnidwhl Uknwnibph nhupnud:

Bqpuljugnipinil. 8nyg k mipquws, np nkuhnudp niplpnpy fjudph mwppkph
htn mnwowgunid £ wwwhdwbwiithul (niskjhnipjudp whn (nidnypubp:

OEuhnidh hwdwlwpgbpnud IV-VIIT jadph dbnwnujui wignidwyhtt mup-
phph htn wpwewbmd ku kplynt nwubyul dheubnwnuljwi dhugnipnibikp o b
X dwuqtin: 2nppnpy judph wwpptph htwn, pugh wyg $wuqbphg, wnwewunud b tul
A dwughp (Lwdtuh dwqtp): Ponp dhodbunwnuljut dhugnipniiubpp, npnip wnw-
owtnid Eu IV-VIII judpbkph wugnidwjhtt dbnnwnubph b nkuhnudh dholi, hwpdnud
tu thul dwpuhunidny: Pnjnp wyn hwdwdnydusputnh hwjdwb okpdwunhgwin
wykh gusdp k, pw nkthnidh hupdwt gkpdwunhgwip: Qpput nkuthnudp htnnt
gquiynid nyju] Uknwnhg, wytpwt juynib £ y duql wyny hwdwljupgnid: Uuljuyt
wlkthg uynib y dwuqt wnwowinid £ IV pudph tmwuppbph htiwn, ophtiwly, mhunwut
hwdwjupgnud gnjnipnit niuh dhuygt y $wq: y dwqt wbkh thnpp Juyniunipmnit
ntth V Judph wwppkph U wfbjh thopp VI fudph woppbph hbwn: 0cbthnudp,
1hubny juhwn htipumgnuu) junnigduspny dknwn, nitith pupédn (niskihnipmnia V
b VI pudpbph dbinwnubpnid, npnup Swjwjulkunpnt junpubtupnuyght b, dhish
65 wnn.%: (huhnudh mistihnipmitp IV judph wnjhunpd dbnmwnubph hbpuw-
gniw) @ Unghdhljughwubpnid swhwquig thopp k (0,5...4,0%) wyu nhypnud, bpp
wyn unyb wwppbph Swwjwyknpnt f Unnhdhjughwibpnd niskihnipniup
(nhinnwuth nhypnid) hwutinid £ 50 wn. %:

8nyg Lk wipgwsd, np nkuhnulh wnwbjwgny (nusthnieniip tjungnud &
wnweht Ukd wwpplpnipjut (nhunwl, Jutunhnud, ppnd) dbnwnubph dke: Gppnpn
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UbkS wuppbpnmipjut dbnwnubpnd (hwdpuhnud, nwbnw, Ynidpud) nkuhnidh
niskjhmpyniut wkjh thopp E b wowby thopp kpypnpn Uks wuppbpmpjub db-
wnwnubpnud (ghpynuhnwd, thnphnud, Unjhpnk), pin npnud, wdky vh wwppbpnipe-
niunid wnwybjugnyb (nuskjhnipmnitp tjundnud £V judph dknwunubpmd (Ju-
twnhmd, thnphnud, mwbtwnuwy): Feuhndh hwdbdwnwpwunp dbés niskihnipniul
wnwohtt Uks wuppbpnipjut dbnwnubpnid guydwbwynpuws b wyu dbnwnubph
htwn pkihmuh dkjuljwi phuhwlub vhugnipymt uinbnskny, pig npmd’ Juibw-
phnud-pkuhnid hwdwljupgnid o dwuqt wmajuynit L gusp oipdwunhgwuubpnid,
hulj nuskjhnipniup hwutinud E wowdbjugnyt swhh (65 win. % nkupnid): [th-
thnudh (nuskhmpyut tugnudp I I UGS wupphpmeiniibbph dknugbbpod 1
wuppbpnipjul Uknwnubph hwdbdwwn, qniquljgynid b wyn hwdwlupgbpnd
Epynt b wybih dhodbnmunuiwut vhugmpniuubph gnjugdudp:

IV, V, VI hdpkph wbgnidujhtt dbknwnubph niskihnipnitip nEuhnidnid
wykih thnpp k wyy dknwnubpnid nkthnidh (niskjhnipiniihg b Bupwuplynid £ wyh
nunhwinip ophttwswthnipjuip, np ndupwhw) dbwnwnubph (nwskhnipniip gne-
npuwhw dbnwnubpnd wdbjh ks E, putt gynipwhwy dknwnubphup ndqupuhuy
Ubnwnubipnud: fPugunnipintt |k juqunid nkthnid-ynidpud hwdwljungp, npnky
nkuhnidh (niskhmpniup ynjdppudnid wdbih ks  (lhush 15 wn. %, dhsptin dtw-
gus hwdwljupgbpnid wyt unynpwpwn sh gipuquignid 5 wn. %), put Ynpbpu-
dhtup nkuhnidnud:

ZEnmugnunnipinibakplh ppuluinuglly Ea Zugmunuih wqquyhl wnjpunkp-
bphulul huduyuwpubih «Unipughunniyemntl b dknuynipghuw» puquypl ghua-
hEnmugnunulwl jupnpunnnphuaynid:
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B.A. CUMOHSIH

B3AVMMOJIEMCTBHUE PEHUS C METAJLJIAMHA U OBPA3OBAHUE
HUHTEPMETAJIJIMYECKAX COEJIMHEHUI

IIpoBenen aHanu3 mporecca B3aMMOAEHCTBUS PEHHS C METAUIMYECKUMHU MEPEXO-
HbiMH 3neMeHTamu [V-VIII rpynn. Ilokasansl mpeuMyliecTBa peHUsl Kak JIETUPYIOLIETO
3JIEMEHTa Ha TMPHMeEpe KOHCTPYKLIMOHHBIX CIJIaBOB, OCOOEHHO JUIS CTajleld CHeUaIbHOTO
MammrHocTpoeHus. CrulaBbl peHusi, Kak M CIUIaBbl Bosib()pama, MOJIMOJICHA U TaHTaja, I110-
MHMO >KapoIIPOYHOCTH M TBEPIOCTH, 00IaJat0T 0COO0H IIIACTHYHOCTHIO, YTO 00YCIIOBIEHO
BBIJICJICHUEM YIJIEPOa U3 XPYNKUX KapOUIoB ¢ 00pa30BaHHEM TBEPABIX PACTBOPOB PEHHUS
u yrinepoja. IlokazaHo, 4yTo peHni 00pa3yeT TBepble pacTBOPHI ¢ OECKOHEYHOW PacTBOPH-
MOCTBIO ¢ anemeHTamu VIII rpynmst.

B penmeBbIX cucTremMax oOpa3yeTcs OKOJO JABYX NECATKOB HHTEPMETAIIMIECKUX
coenuHenuit ¢ o u y ¢azamu. C anemenramu [V rpymnmbl, kpome 3THX (a3, Takxke odpa-
3ytotcst A da3er (aser JlaBeca). Penuit mpencrasisier coboif MeTam ¢ IDIOTHOH TeKcaro-
HaJIbHOM CTPYKTYpOH M 00Ja1aeT BBICOKOW PacTBOPUMOCTEIO, 110 65 am.%, B MeTaiuax V u
VI rpymnm, KoTopble SBISIOTCS OOBEMHO-IIEHTPHUPOBAHHBIMU KYyOMYECKHMH MeETaJlIaMu.
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PacTBOpMMOCTH peHHs B FeKCaroHaJIbHBIX & MOJU(PHUKALMIX MOIMMOP(HBIX MeTauioB IV
rpymnsl kpaitne mana (0,5..4,0%), B TOM ciy4ae, KOrJa pacTBOPUMOCTb B OOBEMHO-
LEHTPUPOBAHHBIX 5 MOJU(UKAIMAX TEX JKE HIEMEHTOB JocTuraeT (s turana) 50 am. %.

Re obnanaer BbICOKO#M TepMoOCTOMKOCTBIO. Ero mpoyHocTh mpu Temieparypax 10
1200°C Bbiie, 4eM y Bosb(dpama, ¥ 3HAaUUTEIbHO NPEBBIIIAET TPOYHOCTH MoO.

Kntouegvle cnosa: peHnii, JETHPYIOUINIA JIEMEHT, CIUIaB, ¢a3a, TBEPIBIH PacTBOP,
HMHTEPMETAJUTMUECKHE COEANHEHUSI, TEPMOCTONKOCTb, IPOYHOCTD, IIIACTHYHOCTb, H3HOCO-
CTOMKOCTb.

V.A. SIMONYAN

RHENIUM INTERACTION WITH METALS AND FORMATION OF
INTERMETALLIC COMPOUNDS

Interaction of rhenium with transition metals of the IV-VIII groups has been
analyzed. The advantages of rhenium as an alloying element for construction steels and
especially for steels used in special machinery have been demonstrated. Besides being heat
and boil resistant, like tungsten, molybdenum and tantalum alloys, Re alloys are also
uniquely plastic which is due to separation of carbon from brittle carbides and formation of
solid rhenium and carbon solutions. It has been demonstrated that rhenium and elements of
the eighth group form solid solutions with unlimited solubility.

In the rhenium systems, there are twenty intermetallic compounds with ¢ and y
phases. Besides these phases, rhenium also forms A phases (Laves’s phase) with elements
of the IV'" group. Being a metal with tight hexagonal structure, rhenium has high solubility,
up to 65 at.%, with metals of the V! and VI" groups that have a volumcentric cubic
structure. Rheniums solubility is quite low (0,5...4,0%) in hexagonal ¢ modifications of
polymorph metals of IV™" group and, at the same time, the solubility in volumecentric
modificiation of the same metals reaches (for titan) 50 at.%.

Re has high thermal stability. It has higher strength than tungsten, and considerably
higher than Mo at 1200°C.

Keywords: rhenium, alloying element, alloy, phase, solid solution, intermetallic
compound, heat resistance, strength, plasticity, wear resistance.
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E.Q. QULU3UL

Ursurugus Mu8UULLGr kU 6UNRSH UNLRAYEURSUSHL
SUL3NEREPS SEMHNUNLRATEUR USUSUTL GNIOCLEUSH
zpuuudnenbue

Yuwnwpyt] £ nmuppbp JEpujubqung yniptpny @tnnunh Unjhppbiuthnwhtt fupnw-
yniph YEkpuuiqudwdp SEpnunjhppbh uinwgdwb wpynibwpbpuljub gnpépuipwgh hpu-
twynpnud: 8nyg L wipyk), np Unjhppkth opuhnutph Jepujubgunidt wspwsuny ninklg-
Unud £ whgwbluyh Jupphgiubph Mo:C i MoCrs wnuguguudp: Shpnunjhpnbih Uk wé-
Juwsth wupnitwlnipjut vwhdwbwiwl (huknt yuwndwnny (0,05...0,5% C) uyl unwg-
Unud k dbnwnuetpduyhtt dkpnyny: Upnnwunpnipjut dbke dtpnunjhppbpn uvnnwnwd L un-
1hpptup fuonwiyniphg (50...55% Mo), witjunwpwl, uhjhjuwmuhtiwgbpuught JEpuljuiqu-
Uwdp Jbpht hwpmguwi kqubwlng, 60...65% Si b 10...12% Al yupm bwlnn $kpnuhihu-
mudhuh (FeSiAl), wynidhuh thnont, tpjuph hwipwpwph, ynnuunh jpwpundusph b fpuw-
pwph oguuugnpsdwdp: Anpdpupwugt pupwunid t dhuyt dnjhpnbup, Ephuph b wy) wwp-
nbph opuhnubph’ uhjhghnidh b wynudhth htn JEpulwiqinquijwi pkwlghwibph wpy-
miupnid wbgwnynn ekpunipjui punphhy:

hpUnphtwdhjulut nkuwltnhg wshuwetpduwghtt Ukpnnny Udnjhpykuh opuhnutph
JEpujubqidwt nbuwljghwt niuh Fupuyuhuyh b Einpnyhugh gpujut wpdtp (CO-h wnw-
owguwt otinphhy) b Shpup Eubkpghwgh thnthnfunipyub pinhwinig wpdbpp (AGY), diuny
puguuwljui, pugupdul] Uksnipjudp nununid £ wykh thopp: Ujp yundwnny wshuwetp-
dwyhtt Ukpnyny JEpuljuiqunudp wwhwgnid £ wpwnwphthg tubpghwih swhiu: Cuinhwljw-
pwljp, wynudhtwebkpduwyht b uhjhuwetpduyhtt Ukpnputpny JEpujuiqutjhu nkwlghw-
ubpp juhun puguuwlub B, pwh np wyn nhwlghwbpp swhwquig ghpdwigwnps L, b
uyu nhypnid Funpnuhwyh gnpéntp sh wqnnid @hpuh Eukpghwyh thothnjunipjut puguuw-
Yuwl wpdtph Jpu (AGY) (nhwlghuyht dwutwlygnn pojnp pununphstibpp quignud Ea whtiy
Yh&wynid): Zknbwpwp Jhpufjubqivul nkwlghwitpl pipwind kb ubthwljuh nkulghw-
utiph obpdwbpwindwt hwpyht b sk yuhwtgnid wpunwphthg tubkpghuyh swipuu, hust wyu
dtpnnh Juplnp wowbnipinibb b

Unwgpuypl punkp. otpdunhtiwdhjuljut Jipnidnipinil, dhpndnihpnkt, uhthljw-
wnlhttwgbpuuyhtt Ukpnn, Unjhpntuh b tpjuph opuhnubp, dkinwnh dnyuljnnp, pupud:

Ukpwdnipni. Yunwpyly E ipuph b dnjhpykh opuhnlbph wwppbp -
pulubiqing Wympbpny] JEpulubqidub gkplwunhiudhjuljwi Jhpnisnipnil
dtpnunihpntuh wpynibwpbpuljuwt wpnwunpnipjut hhdbwdnpdwt bywnwlny:
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dtpnunihppkup hwunhuwbind £ npybu thquuumipw ((Eghpnn wiwpp) (Eghpdué
wynnuuunbkph wpunugpnipjut hwdwp, npt wykjugytinyg htnni] ynnuyuwnht
tipwb nwphu k uh pupp gublyuih hwnlynipinibikp, hwnjwybu’ pupdp wipnip-
i, ywuuwnhlnipnil, skpdwljuyniunipnit b wyji: Unjhppbup pupdpugind &
twl wnnuywwuh §nnenghwlwniunipniup: Ujt hwinhuwind £ wdpnnonipjudp
JEpudpwljynn dknwn: Unjhpnkuh gupynith dnnnwdnpuybu 60% oguugnpdynid
k sdwbgnunnn b Yntunpmlghnt wnquunibph wpnwnpnipyul, dhugusp 1kgh-
Jwd gnpshpuyht b wpuquhwwn wynpuyunttph, hwnntl] wkuthjumnd oguw-
gnpdynn hwdwdniusputiph, pnigkph nt phthpwljutt ynipbph wpnwunpnipwi
hwdwn [1, 2]: Uy hul] ywwngdwnny Binniunh dnjhppbkiuhnught pnwiyniph Jepu-
Jubqudwl gnpdpupwugh obpdunhttwdhjulwt hhdbwynpnidp b pwtljwupdtp
$tpnunihpykih vnwgnidp hun wpphwlwi ptghpubp o guhwbewplyjus b
htnuljupuyghi: VY. 1-md qunbpdus £ wuppnibwpbpuljut yquydwbubpnod papdp-
ohipdwunhfwbwhtt hiptwnwpwsynn uhiptqh tquitwlng vnwugqus b dkw-
thjulut Enuwtwliny dwipugdws dtpnunithpntuh dwlpnjunniguspp, nph
nith phlnpwdl inkup:

Uy 1. Skpndnpplinkap dwmlpnlunnigyudpn (x50)

Zudwdwyt OUS 4759-89-h unwgws $hpnunihpnbt hp phihwljwb pu-
nunpmpjudp whwunp Ehudwygunuujuuth w. 1-nid pepdws wuhwbeubpht [3]:

dtpnunjhppkh vnugudw gnpdptpwugh stpdunhttwdhljulwi JEpnudne-
pitup: Yuwwnwpyl) b @innunh dnjhppkthinughtt punwiyniphg wpnwunpuljuw
yuyUwbubpnid pupdpobpdwunhdmiughtt huiptwwnwpwsynn uhiptqh tnubw-
ny $tpnunihppkuh uvnwugdwb mkuninghwljut gnpdppwugh sbpdwunhiwdhlw-
juwt hhdtwnpnudp, nph tyuwwnwlny JEpuljuiquhsh punpnipjut hwdwp ju-
nunyk) b obpdunhtiwdhljuljut hwyqupljubp:

Zudwduyh [1, 2] gpujuimipyut ndjujibph hwuwnuinmb gupuwi b obp-
dwunhfwih wuydwibkpnid hiptwnwpwsynn uhupbqh pipwugph hwdwp wi-
hpwdtgwn t Ghpuh Lukpghwih (AG)-h thnppugni:
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Uniniuwly 1

Skpndnpppkih phlpwlwh puguppnipmip pun QOUS 4759-89- [3]

Uwljthop Mo, ns w [ si | ¢ | P | S [ Cu
wuljui, % ns un]kyh, %

DMo60(HK) 60 0.3 0,5 0,05 0,05 010 [ 005
®Mo60 60 03 0.8 0,05 0,05 0,10 | 005
DMo58(1K) 58 0,5 0.5 0,08 0,05 0,10 | 008
®Mo58 58 0,5 1,0 0,08 0,05 012 | 008
®Mo55 55 0.8 1,5 0,10 0,10 0,15 1,0
dMo50 50 - 3,0 0,50 0,10 0,50 2,0

Qhpuh tubpghuygh wpdbtph thnthnpunipymitp hbwpwynpnipnit £ wwhu
nnnok] Unjhpnkuth opuhnh YEpuljubqiudw nkwlghwyh pipwugph hujubwljuint-
pynLup: AG? —h wipdtpp npnpyby E htnlbyjuw) puwtwdling [1, 2].

AGY = AH) - TASY,

npunkn HY- Ykpujubqiiwl nkwlghugh Fonwywhwh thothnpuni pjut wiynida
L, huly S92 -t Funpnuhuyh thnthnjuntpyuh whlynudp:

Utippinud ppdws i Unjhpnkuh opupnubph dhipuluwiqudwt nbwulghw-
ubkpp mwuppbp Yyepujubquhsubph dwubwlgnipiudp:

Zhnmgnunni pjuit wipymuptbpp: Zhup punniutng obpdwnhtwdhuljub nkwy-
ghwubph pupwgpp, junwpyk) E hbnwgnunipjub wpyniupubph yEpnisnipinii:

Unjhppkut niith hwdbdwnwpaip ny ks phihujut puwdwljgnipmnit peyusih
Wyuwndudp: Uy hul qungwnen] wyt Jupnn b Jbpuuiqigl) wsuwsing php-
Jwsd nhwjghwutiph ypw ny Uks Eukipngbnhl swjuubph wejuynipjut ghypnud.

2/3Mo0; + 2C = 2/3Mo + 2CO,

AGt = 209210 - 309,97 T, &/4iny,

MoO, +2C = Mo + 2CO,

AGt = 335236 - 355,17 T, /4ln:

Uhwdwdwtwly, Unjhpykuh opuhnubph JEkpujuiqunidt wspwsuny ninklg-
Jnud £ Mo2C b MoCi-x upphnubinh wnwowgniuny: Ripus 2Mow+Ca =Mo2Ca
ntwljghuyh hwdwp SQhpuph Eubpghugh  thothnjunipmoiip Wqupugpynd k
AGY = -47530 - 9,46 T, 2/i/n; upinwthwinm pyuidp:

ZEkwnlwpwp, Unthppkuh opupnutiph wspwetpduyhtt Jipuljuqunudp hwb-
gligunid £ wshuwstuyhtt $Epnunjhpnkh unugdwp: dkpndnjhppiuiniud wsuwsp
puwtwlnmpjul vwhdwbtwhwldwt tyuwnwlng (C=0,05...0,5%) wjt unwinwd bl
Ubnwnuebpuuht (upjuuwinidhtwebpuwyht) tnmbwlyny [4]:

MoOs i MoO:2 thnjuwqntignipjniuip uhjhghnidh htn wbknh £ niukinud pun
htunlyw) nbwljghwibph.
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2/3Mo0;s + Si=2/3Mo + Si Oa,

AGT =2/3469870 + 65,6 T, &//n,

MoO; + Si=Mo + Si O,,

AGY =-334040 + 19,5 T, /ilny:

MoOs-pli MoOx—p wljnhdnpkl thnpurwqnmid ko b wynudhth hbn' pun
htwnlyw) nkuljghwutkph.

2/3Mo0Os + 4/3A1 = 2/3Mo + 2/3A1,0s,

AGt =-683660 + 51,16 T, /1/n,

MoO; + 4/3Al = Mo + 2/3A1,03,

AGt =-519140 + 5,15T , &/uny:

Upmynttwpbpuljut wuydwttpnud $Epndnjhppbup huynud B wiuwowpu
wuydwbubpnid uhjhjuwndhtiwebpdughtt dkpnnny: 50...55% Mo wjupnibwlnng
pndqud dnjhppbtughtt pnwiymph Uk 4iplhhg wknunpynud £ pouljhsp: Oqunw-
gnpdynud E il $Epnupjhjuwpnidhiughtt dbpngp (SUU), npp wupnitbwlnud k
60...65% Si 1 10...12% Al, husybu twb wynidhuh dwbupnip, tpjuph hwtpwpunp,
wynnuuunyu nwpknubp b Yhp: Snpdpupwugt hpwjuwtwgynd E npnowlh dwduyny
pnjupuwnunipynud, npp twuonnp (gynud £ hpuljuynit winniuny swpywsd hnpuith
Ubko: ZwJws dkwnwnh hinwgdwi tywwnwlny hnpwip wknungpynud £ npnpwyh
gnquiynpnipjudp wjwugk hwwnwlh ypw, npntn b 1gynwd £ hwjdus dbnwnp:

Qnpépupwgp nknh E niukunmd ounphhy wy obpunipjub, nptt mbpwwnynid
E wynuihting b uhihghnudng dnjhpyth, kpljuph b wy wwppbph opupnubph Jtpw-
Jubqudwt dudwbwl: YEpujutquiut nbuljghwibph wjwupunhg htnn mpdnd
t npnpwlh dwdwiwl htnniy dkinwnh hnuph b wyb gngudnp thnuh dke (gt
tywwnwlny, hulj pupudp hbkpwgynid b 1gynd | pwpudwduttugh dbe: Npuybkugh
Juwupwupgldh pwpudh Ynunwljunwghtt gkpunh hnupp, npp guninud £ dbnwnh
Jpw b wqupnibwlnud k dbks puwbwlnipjudp dknunuljut tbpluwntunijutp, dnt-
1wdnjh Ypw ppupudh okpinh hwunnipnip ponugnud £~ 200 /2 Tphy wunuiugnig
htwnin dnydwspp eplh pwpudh htn dhwuptt hwidnd E wugk wwlyghphg, uvw-
nkgynud k opny b dwppymd: dtpnunjpppbuh wnwowgus puthnutbpp yEpuwhw-
nud Bt dknwnuebpduyghtt pupudh htinn jud LEjunpuwnbnuyhtt qunupuinid:
Puthntubph pwbwlnipmniip vnwugynud L wdbjh kS, bpk dbnwunuebpdughtt hw-
nudp junwpynud £ gudpugdus obpdwunhfutubpnid (FOUS 4759-89) [5]:

dtpnunihpytith vnugdwt wiJunwput gnpdpipugp punugus L Eplnt
thnijhg: Unwght thnih wbnnnipniup 10...20 powé b, nph pupwugpnid wnknh Eu
ntukunud hiptwnwpwéynn nkwlghwibp, npnup ninklgynid Eu quqkph b pngh
wpwnnudny: Gpypnpy thnynud, nph mbnnnipiniup 30...40 powé b, wnknh L niuk-
tnud nhwyghwih wpquuhpltph” dknwnulwl hwpnygph b pwpudh nwpuigw-
nnud: Unwght thnijh mbinnmpiniup Jupquynpynid b pnduppwntunipph wbkuw-
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Jupup obpdwmbgundw (42/4g pnyupuuniunipnh hwdwp) wpdtph thnthnpadwdp:
Qbtpunipniup, npt wipwwnynid E pnyupiwnnipnh wdpnne swjuihg, hhdtwlw-
unid oqunugnpdynid £ huygus dbinwunh b ppupudh mupugdwt Jpu: Uy wljunh-
Jugunid E wdpnne gnpéplupwgp, nph wpyniupnid wknh E mukunid nkwljghugh
wpwgnipjwl pwphiusmpinit pnjwiuntinipnh punugphyttph thnpuwqntgnip-
jutt Uholi: Unwohtt thnijh hwnyph obpdwunhdwihg bt jufudws tpypnpg thnyh
b hwnyph dEpetwjut wpnyniuputpp, pwith np GpYpnpn thnynud obpunipniup,
nnb wgwnynmud £ wnwehtt thnih wpyniipnid, oqgunugnpdynid k opowlju thow-
Juypht thnpuwtgus obpunipjut puwtwlp §ndwykvwgubint hwdwp, npp juwnwp-
Ynud £ wnwghtt thniynud ghpinupwugqus hwnyph Etnnwjuhuygph hwpyht:

Zhnwugnunnipjut hwdwp npybu Buiynipe phnpdl) Bu Zujwunwih Zub-
puybnnipjut Bhnnmunh hwtpwhwpunwgnighs dwpphjuynd wpnwgpynn dnjhp-
nkuhwnuwyht (wy. 2) [6, 7] b ykpohthu Ukhwbwphdhulwb wijnhyugdwi wpgnii-
pnid unnwugyws funnwiyniplpp (wy. 3) [8, 91:

Unynruwly 2

[PEgnunp Unjpppkiughl prnwiyniph phuhuwlul pununpnyeiniip, %

MoS2 Mo Cu S FeO SiO2 ALOs | P20s Zn CaO | MgO
74,25 49,5 0,85 14,63 1,7 2,9 3,5 0,02 | 0,002 2,0 1,0
74,25 | 48...51 |05...1,2 | 13...15,26 | 1,4...2,0 | 2,0...3,8 | 3...4 0,02 2,0 1,0 1,0

Ungniuwl] 3

LEpniwnp unjpppkiughl punwiyniph phupulul punuppnipmiap JEouiuphudhului
wlnpyugnihg hlann, %

Lhthwljul pununpnipiniup, %
MoOs Mo Cu S FeO SiO2 ALOs | P20s Zn | CaO | MgO
70,64 47,09 0,85 35,6 1,7 2,9 3,5 0,02 0,002 | 2,0 1,0
70,64 |46...48,18 [ 0,5...1,2 | 35...36 | 1,4...2,0(2,0...3,8| 3..4 0,02 {0,002 | 20 1,0

Npujku Jepuljwtquhs oqunugnpsyky k ATIC-1A dwiljthph wpnudhuth thnpht:
Bplupeny (kghpdwb hwdwnp npybu Guiympe yipgdl B gudp wshowstiught wnn-
wuwwnh nwpknikp Yy gwpnynl, hul npubu hwpnighs Ti-h b C-h juwntnipyp b
phthwytu dwpnip NaNOs: vupudwgnyugdut gnpéplpughtt tyyuunbint tuyw-
nwljny wybkjugyt) k 100%-ng CaO:

Upnudhtth thnohtt (TOCT 10096-76) unnwgyky E A6 (99,6% Al) dwljuhohg ny
guédn wnweolwghtt wynidhth dbjuwhjuljwt dwiipugdut fwbwwywuphny: Uju
nih qnpo qnyl, hul] $hqhjuphdhwljw hwwnlnipniuubpp pipdus i wn. 4-nud:
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Unniuwly 4

AIIC-1A (TOCT 10096-76) uwillipoh wynidhbughl thnont ppghluphupului

hunnlnipinibiikpp
Uwlj- Upnt- Upni- Ny wly, % Lgdwml Zunnhljusuthwljub
uhon uht, % Uhup Juwnipe- Yuqup, %
opupnp, % | Fe | jnin Juntiw- mitp,  |gubgh pun|  gubgnud
Ynipnil gp/mP TOCT duwgnpnp,
3581-73 ny wyky
ATIC-A | diwgubp 6..8 0,20 | 0,25 0,1 =0,9 0,315...0,5 0,150...0,3

Uppynitbwpbpuut wquydwittpmd @Ennunp dnjhppbthniughtt onwiygniph
Jpu juunwupdus hopdbph wpyniupmid wowehtt thnyh mbnnmipiniup npnoyly &
wnwowgwd huynyph okpdwunhdwiny, nph thnthnjunipiniup gnyg b wnuipdws uly.

2-nmu:

Sunnnipjniup, powk

60
50 |-
40 =
30 -
20
10

2000

2100

2200

2300 2400

Qhpdwunpgwp, X

Uy 2. Skpnungppnklh huynijph wnwehl thnih inhngnippul upnjudnipniip
gnpdplppuigh wnunfkjugnyyl pkpulmuwnpdwihg

Utunwnuebpduyht tnubwljnyg hwnyph guspetipduunhfwtiught utnuugnudp
dkdwugunud b pipnunihppbuh dby wspawsh wwpnitwlnipiniup, npp hwnyph
Ubo E wuginid pnjwpuwntnipgh dbnwnubphg: APnduwjuwniunipgh nbuwlwupup

ohpdwipwindwt pupdpugdu hwdwp tpu dhy wdbjugynud E npnowljh pwtiwljh
$tpnuphjuwpnivht jud wyndhh dwipnip htnbyjw) hwoywpyng. 1 4g uhih-
ghnudp unkjuhndbwnphly puwbwlny hwdwpdbp k 1,286 §g wjnidhtihi: MoOs-h hkwn
thnpjumqpbkgnipjut Uky dnuknt nhypmid 1 g upjhghnid wgwwnnid k 14780 4.2
obpUwpwiwy, huly 1 g wynudhiip’ 17271 4.2 npp 17 %-ny wykh k:
Uthubtwphdhujut Enutwlng wjnhjugyué Bnninh dnjhppthnuwght
hunwiyniphg wpynitwpbpujut yuydwitubpnid witJunwput tpubwlny, k-
nnunihppbth uvnwgdw gnpépupwugh oipdwghtt b okipdwunhgdwiughtt nkdhdubph
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quuwhwwndwb hwdwp, hwpdupldby E ynipuljui b oipdwyhtt hwpdblohnp (wr). 5):
Oquykny vnwugus nydjujutphg b obpdwumpfwbiwghtt swthnidubph wpnniup-
hhpbg‘ hwoquplyt) k obpunipjut puwbwlh dnunph b Gph jwdwugnyt hwpupk-
nuljgnipiniup, npp htwpwynpnipinit £ mm]_'[lu‘ unwbwnt (wjwugnyt pununpnt-
prudp hwjjws $Epnunjhpnkt:

Ungyniuwly 5

Utlnumbwphupwlul Enubwlng whnpjugnus Phyninp dnjpppbipunughl punwiyniph
ynipulpul b phpduyhl hwoyElohnp

Pnjwjuwnunipgh Yndynubkunubph hnjuwgptigne- | Qbpduyght tpinyph hwdwp, %
pinLutpp
2/3Mo0Os + Si=2/3Mo + Si Oz 51,67
2/3Mo0s + 4/3Al = 2/3Mo + 2/3A103 36,17
2Fe203 + Si = 4Fe + Si O2 1,17
2FeO + Si=2Fe + Si Oz 6,59
Fe+Mo + Si = 2[Fe,Mo] Si 0,40
FeO + Si O2-Fe Si O3 0,87
Al20s + Si O2= Al:SiOs 3,81
CaO + SiOz = CaxSiO3 2,57

Qtpduyhtt hwoyblohep Juqubnt hwdwp hwodh B wetdl) Eyqnphpdhy
nhwljghuyh pupwugnid wipwngus okipdwpwiulp, npp pupdpugunmd L pnduipuwun-
unipph oipdwunhdwip b hugmpniuubph obpduyhtt phunghdwi dwudwbiuly ti-
nnptpdhl nkwlghuyh dpu dwpuudws obpudwpwbwlp, npp gudpugunid k pn-
Jujuwninipgh obpdwunhdwp (w. 6):

Uniniuwl] 6
Ehgnplpdhl nlulghwikphg wiounnyjwé pkpupwinulp uniwnpp
NEwlghuwyh mnkuwlp QEpunipjut Uninpp, %

CaCOs puyjpuyynid -0,29
FeSi nhungnid -3,22
FeO.MoOs nhungntd -0,26
Ca0.MoOs nhungnid -1,37
MgO.MoOs nhungnid -0,09
Qnpépupwughg gnidwpuyht okpunipjub Untnpp 98,62
Pnjujuwuntnipgh $hghjulju ghpunipniup 1,38
Udbjugyuws wpnyniiwp obpdnipiniup 156317746 4.9 100

Ux). 7-mu phipws b obpunipjut swiuh hwoblphep pun hngdustbph, %:
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Ugniuwly 7

Lipdughl hwpklonh Swpiup hnpyuwsiakpp

Owhup hnnpjusubpp Qbtpuuyht puywtiup, %

Utwnwnh Lunwpuhw 17,76
Utunwnh Eanwjuhwub 0,53
Utwnwunh Eunwu hwi 61,06
uthnutph huynuip 0
Qtpunipjut Ynnudtwlh swhiubkpp 20,66
Qtpunipjwt gnudwpuyyhtt Swpaup 15631739 4.2 100,00
Uthuwdwywwnwupiwminipjniip 0

Pnjwhiwntnipnh quuqush thnppugnudp (hwjpwpwdhup 100 g pnjw-
huununipnnid), npp yuhwbeynn ebpdwunhdwith yuhywidwy tyuwnwlny (hwg-
Jusph unwgdwt wnwghtt thnijh Jhpenid 2250 K) swihuuynid E dkjubqudju hw-
nyph hwdwp, wuhwignid b pndwjuwuntnipnh mbuwjupup obpdwbpwndwt
pupdpwgnid, hwpygh wntbjng twl dnjhpytith gusnpul pnwiyniptpp (40% Mo):
UpJuwsp htwpuwnp b SUU-punqunpujuqlh thnthnjudwdp wnudhth dwpnip-
ubkpny (. 3): Pupdpugus quuqduény hwnyph hpujuwwgniudp hiwpuwynpne-
pintt £ mmwhu dbpndnihppbth wpnwunpnipjut dudwtwy thnppugil) wynidh-
twyhtt twtpniph nbuwjupwp swhup:

& 30 120 &
2. 4
2 10 &
oy ?&' s
=% g 3
238 14 100 3%
28 12
8 12 90 EZ
g3 & 8
) [
E 5 80 g8
z 52
= =
& 0 1 | | 1 70 §
(2]

70 60 50 40 30 20
Zunnypoud pmjufuuntin pyh Suifaup, huypupudhn

U 3. Ukwhquidyw huynyph pnjwhnuninipnh (1), $UU pnyjwpnuninipgh (2), wyniahiap
dwapywdph (3) b wnpynuyw nupknibph (4) Swpiup wgnbgnipinilp pnjwhnuninipnh
wnkuwljupup ghpdwhounmlul Yypw, npp wwhwboynid F huynijph uinugdwi winuphl

thnih plwypnud 2250 K obpumumnpdwbnid

Swépnpuly Unjhppkth fpnnwiynip oqunugnpstihu, hwjdwb owynhdw) obpu-
wumhdwwghtt pidhup ywhywuknt hwdwp, hwyqupllt) b pndupowninipnnid
wnidhtth b uhihghnidh swpuup: Lwith np gudpnpuly hnidph YEpudowlnidp ww-
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hwuomid t wnidhth dwbpnipubpp dké swhiu, wyn yuwndwnny wpynmibwpkpu-
Jut wuydwitbpnud $Epndnjhpntuh hwnudp junwpynud £ R Ejunpujut Junw-
puinud: Opwgph oquuugnpénidp, npp btwhiwwnbudws t dnjhppkh qudp wupni-
twlynipyudp punwiyniebphg owuhdwy thgpunplw pununpnipyudp wdjuy obpd-
wunhfutinid huwsp unwbtuynt hwdwp, htwpwynpnipinit £ wnwhu juynibug-
ul] wmJurwpwt hwjdwt gnpépupwugp b pupbjuyt) $Epnunihpnkth wpunwnpni-
prutt wpynitwynnipniip:

Bqpuljugnipinit: Ujuujhuny, wpnwunpuljuwt wguydwbbbpnud poydwsd dn-
1hppkuwghtt fpnwiyniptphg, npnup wwpnibwlnud G 50...55% Unjhpnk, $tpn-
Unjhppkth vnugdwi hwdwp tyuwnujuhwpdwn b hpunt] wiunwpub uhih-
Jwwpnuihtwgbpuwh vkpnnp Jpht hwpnighsn:

Unjhpytith gudpnpuly pnwyniplphg, npnp wupnibwlnid B 27...40% Un-
1hpntl, wpnunpuljut yuydwbubpnud huynudp pumpugpynud £ pndupauntinipnh
Yndynubunubph thnpjiwgntignipput dqdquundp, gnpdplupugh stpdwunh&wuh hotg-
dudp, prwpwdnid dnjhpykuh pupdp yupnibwlnipjudp (0,8...1,5%) b puthnuutph
Uks putwnipjudp: Fnjunwntinipnh mkuwlwpup obpdwbpwnnudp pupdpug-
ubnt hwdwp tpw pununpnipjut vk wybjugynid £ hwyduplus puwbwlnipe-
jadp dtpnupjhjuwpnidht jud wpndhh dwtpnip hbnlbju) hwpquplng. 1 4¢
uh{hghnidp unkhndbwnphy puwtwynipjudp hwdwnpdtp k1,286 Jg wpnidhp:

Qtpdunhtwdhluyh nbuwulyntuhg Unjhpnkuh opuhnubph Juppnotpduyht
Ubpnnny YEkpuwjuiquiub pbuljghmubpt mubt npuljut wqpbgnipmit Euwnwg-
whuyh b Eunpnuhuyh Jpw, npte wpntip £ CO-h wnwewgdw: Upmyniupnid Ghpup
Eukpghwyh thnthnjudwh wpdbpp (AGY) nuntimd £ wdkih phy puguuwlub, b ws-
huwustny yEpujuqunidt pupwunid £ ny Uks Eutipgbnhly swpuubpny:

B hwljunulp, wynidhtiwetpduyhtt b uhihjwebpduyght Ukpnnutpny Jkpw-
Juuqubihu nkjughwibpt niukt jphun wpnwhwynjuws puguuwuljut wpdtputp,
pwtth np wyy nkwlghwbpp juhun Eyqnphpdhl Gb, b wjunbkn Ebnpnyhwjh qop-
dntip sh wqnmud Shpup Fukpghugh thnthnpdwb (AGY) pugwuwlwh wpdbkplbph
Jpw (pninp thnpuwgqnnn ymipbpp b uvnwgynn wpquuhptbpp qnbuynud B why
Jhdwlynid): Uy yuwndwnny Jpuljuiiqudut nbwljghwttpt ptpwinwd bu ndjuyg
ntwljghuyh tyqnplpdhlnipjut hwplght b skt wuhwenid wpwnwphthg tubpgt-
wnhl swhukp, npp b hwunhuwiunid £ undju) dbpnnh wnwybjnipiniip:

GUYULNRE3UL 8ULY
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EpeBan (Apmenns), 2015.- C. 127-130.

7. Maprupocsn B.A., JIucosckas 10.0., Cacynuan M.J., 3akapsn I.I'. Ilonyuenue
(eppocrnuIys U3 NUIAKOB JEHCTBYIONIMX METALTYPrHYecKUX 3aBofoB Apmenuu // IV
MesxnynaponHas koHpepeHus "CoBpeMeHHbIE TPpo0iIeMbl XUMUUECKOH Gu3ukn’’, 5-9
oktsa0ps 2015r.- EpeBan (Apmenns), 2015.- C. 185-186.

8. Maptupocsia B.A., JIlucosckas 10.0., Cacynusin M.J., 3akapsu I.I'. [loBeaenue
IIUTAKOB METAJUTypPrIYECKUX 3aBOJOB IPH MEXaHOXMMHYECKOH akTuBaiuyu // BecTHHK
HITYA: Merannyprus, MaTepuajgoBeIeHre, Heapornoib3oBanue.- Epesan, 2015.- Nel .-
C. 30-40. ISSN- 1829-3395.

9. Maptupocsan B.A., Jlucockas 10.0., Cacynusin M.J., 3akapsan J.I'. [loBenenue
NIJTJaKOB METAJUTYPTHYECKUX 3aBOJIOB IPH MEXaHOXUMIYECKoW akTuBanuy // IV Mexmy-
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Zuyuunnwtth wqquyhtt ynjhunbuthjuljwt hudwjuwpwi: Unipp tbpuyugdt &
hudpwgpnipinit 30.03.2022:

3.I'. 3AKAPAH

OBOCHOBAHHE ITPOIECCA NTOJIYYEHUA ®EPPOMOJINBIEHA U3
TEXYTCKOI'O MOJIMBIEHUTOBOI'O KOHIIEHTPATA
B ITIPOMBIIIVIEHHBIX YCJIOBUAX

[IpoBeneHs! nccine0BaHKs MPOLECcca MOIYYSHHsT B IPOMBIIIICHHBIX YCIOBUSX (ep-
poMoHO/ieHa U3 TEXyTCKOr0 MOJIMOJICHUTOBOTO KOHIIEHTpATa C MCIOJIb30BaHUEM PAa3HBIX
BOCCTaHOBUTEJBHBIX MaTepHanoB. [lokazaHo, YTO MpoOIECC BOCCTAHOBJICHUSI OKCHZA MO-
nbeHa yIiepoioM COIPOBOXKIAETCsl 00pa3oBaHNEM HEXeNaTelnbHBIX KapoumoB Mo,C u
MoC,.x. 3-3a orpanndenus coaepxkanus yriaepona B dpeppomonudaene (<0,05...0,5% C)
€ro IOJy4aloT METAUIOTEPMHUYECKUM criocoboM. B mpousBozacTBe heppoMonubieH BhIIIaB-
JSIOT BHETICYHBIM CHIIMKOATIOMUHOTEPMUYECKUM METOJIOM C BEPXHUM 3aIlajioM M3 000XKEH-
Horo MonuoeHoBoro koHmeHTpara (50...55% Mo) u ¢ npumeHeHneM (peppoCcHITNKOaTIOMH-
Hust, copeprkamiero 60...65% Si u 10...12% Al, amoMUHHEBOH KPYIKH, >KEJIE€3HON pyIbI,
CTaJIBHOU CTPYKKHU U M3BecTH. [Ipouecc npoTekaeT TOJIBKO 3a CYET TeIlIa, BBIIEISIOIIET0Cs
B pe3yJIbTaTe peaklnii BOCCTAHOBJICHHS OKCHUIOB MOJINOJICHA, JKeJle3a U APYTHX JIEMEHTOB
KPEMHHEM U AJIIOMUHUCM.
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C TOYKM 3pCHHS TEPMOJWHAMHKH, PEAKIIMH BOCCTAHOBIICHUS OKCHIIOB MOJHOJCHA
KapOOTEPMHUYECKUM METOJOM HMEIOT IIOJIOKUTEIFHOE 3HAYCHHUE SHTAIBIIUUA M SHTPOITUU
(3a cuer obOpasoBanuss CO), B pe3ysibTaTe 4Yero 3Ha4YCHHWE W3MEHeHHs 3Hepruu ['mbOca
(AGY) cTaHOBUTCS MeHee OTPHLATENbHBIM, H BOCCTAHOBJICHHE YIJIEPOIOM MPOTEKAeT MpH
HEOOJIBIINX JHEPTEeTHUECKUX 3arparax. M Hao0opoT, Mpu BOCCTAHOBJICHUH ATFOMUHOTEP-
MHUYECKAM ¥ CHUIIMKOTEPMHYCCKIM METOAAMH PEaKIMH UMCIOT CIHIIKOM OTpPUIATEIhHOE
3HAYCHHUE, TaK KaK OHU CHIIHO 3K30TEPMHUYHBIC, U 3/IeCh SHTPOIUHHEIN (HaKTOp HE BIHSICT
Ha OTPUIATEJBHYIO BEIMYUHY H3MeHeHHs sHeprunm I'm66ca (AGY) (Bce pearmpyromiue
BEIIECTBA U MOJMYYCHHBIC MMPOAYKTHI HAXOJATCS B TBEPAOM COCTOSHUM). [ToaToMy peakiuu
BOCCTAHOBJICHHSI MPOTEKAIOT 32 CYET IK30TEPMHYHOCTH COOCTBEHHBIX PEaKIMid W HE Tpe-
OYIOT SHEPreTHYCCKIX PACXOIOB H3BHE, UTO U SBJIACTCS MPSHMYIIECTBOM TaHHOTO METOJA.

Kniwouegvle cnoea: tepMoIMHAMUYECKUH aHan3, (eppoMONIMOICH, CHIMKOAIIO-
MHUHOTEPMHUYECKUH METOI, OKCHJIbI MOJIMO/ICHA U JKeJie3a, METAJIHUECKUI CIUTOK, [IUIAK.

E.G. ZAKARYAN

SUBSTANTIATING THE PROCESS OF PRODUCTION OF
FERROMOLYBDENUM FROM TEGHUT MOLYBDENITE CONCENTRATE
UNDER PRODUCTION CONDITIONS

Studies of the production process of ferromolybdenum under industrial conditions
feom Teghut molybdenite concentrate by using different reducing materials are carried out.
Molybdenum can be reduced by carbon at low energy costs. However, the reduction of
molybdenum oxides with carbon is accompanied by the formation of undesirable carbides
Mo2C and MoCl-x. Due to the limitation of the carbon content in ferromolybdenum
(<0.05...0.5% C), it is obtained by the metallothermal method. In production,
ferromolybdenum is smelted by the out-of-furnace silicoaluminothermal method with an
upper fuse from fired molybdenum concentrate (50.% Mo) and the use of ferro-silicon-
aluminum (FSA) containing 60...65% Si and 10...12% Al, aluminum grains, iron ore, steel
shavings and lime. The process takes place only due to the heat released by the reduction
reactions of molybdenum, iron and other elements oxides with silicon and aluminum.

From the standpoint of thermodynamics, the reduction reaction of molybdenum
oxides by the carbothermal method has a positive value of enthalpy and entropy (due to the
formation of CO), the total value of the change in Gibbs energy (AGY) remains negative and
becomes smaller in absolute terms. That is why carbohydrate recovery requires external
energy expenditure. On the contrary, when reducing by the aluminothermic and silicothermic
methods, the reactions are too negative, since these reactions are highly exothermic, and
here the entropy factor does not affect the negative value of the change in Gibbs energy
(AGY) (all reactants and the resulting products are in solid form), therefore the reactions are
recovered due to the exothermicity of their own reactions and do not require external
energy costs, which is the potential advantage of this method.

Keywords: thermodynamic analysis, ferromolybdenum, silicon-aluminum-thermal

method, oxides of molybdenum, iron, metal ingot, slag.
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TEHNLUTUSINN, ZUUUQNPLIUOLLED USUSUUL ANOCLEUSh
SEUUYUL zhULUINCNRUL

Qpuljwinipju Jhpnwsnipjut wpyniipnid gnyg k npdws, np dbnwunuijub ph)-
ptipny wdpwtudnpywé wnidhiughtt Yndwynghuughtt ympebphg wewdl) ks htwwppppnt-
pintt L ubpjuyuginud ynnuunyw phptpny wdpwbwynpus §ndwnghunughtt yynpkpp,
npnup jupun vwhdwbwthwl Ei pusynid wpnidhtnud: il tnwtwlny Yndynghwnw-
1htu ynipkph vnugdwt phypnid twhwywnmpuunywsph wnwp wpwdnnidp b hblnwqu
otipduyht Upwlnidp hwinhuwinmd ki jurniguspugnjugdwi hhdbwlw gonpdpupug-
tkpp, npnip htwpu]npnipynid ki nwghu’ vnwbuwgne ny dhugb wiswlnnlbt junmgdusp,
wyil thnppugikm phyptph wpudwghdp’ pun ywhwbeynn swthh m phuybpu jupspugdwi,
b wlpugiut Ukhwtthquubpny] Jupnigduspp qupdil) dwipuhwnhl wywhnbng pupdp
UEwhjuwt hunynipmniattp: Yuunwpdl) E wynuwdhih hhupnyg Al-Cu-Fe-Si hmdwljuipgh
nhuybpu dwuthlubpnyg jupspugnn b nhuybtpu hwnhlukpng wdpugynn nt ynnuwungw
phpinny wlpwiwynpyus pupdp nkuwjupup wdpnipjudp wynudhiught phdnplugyng
hwdwdnjuspubtiph nnwugdw gnpépuipwugh nkuwlwt b mknuninghwwub hhdtwnpnud:
Upmyniupniud gnyg L mpquws, np Yndynghinughtt ynmiptph hwnlnipmibubpp juppdus tu
Uké pUny gnpénuubphg, npnug £hown ppnipiniup poy) juuuw vnwbw] mpdus dkjuwuth-
Juljut hwnynipniuitpny odnus dvknwnuljut phptpny wdpwtwynpjws Yndwngh-
wnuyht ympbp:

Unwigpughl pupkp. hadwdnijusp, wipwbwynpnud, dnyynud, tnwup wptwdnnud,
otipdwuowlnid, Yndwynghwnuwght Wynip, nbkuwupup wdpnipenil, dbnwnulwub phiptp:

Ukpwbnipynit. Fupdp mbuwjwpwup wdnipjudp, hpudpnipjudp, wyjwuwnh-
nipjudp b wy wpdtpuynp hwnlnipniuubpny odndws unp Wynipbph unbnsdwut
phuquyupnid ks hbwnwppppnipinit Eu ubpujuginid dbnwunuljut phjptpny
wdpwiwynpus wynidhiughtt Yndynghunught ynipbpp [1-3], npoup hhdbwlw-
unud ogurnuugnpdynid b huiptrwphnwohunipjut b mhkqbpuljut vwuppwohunipju
Ubko: Uju Wnipbpnud dbnnwnulwi plptph nwpudwghdp nuwnwignud k dbY -
h dwubphg dhuslh dh pwih nwulywl b hwupnip ¢4, hull Swduwjuyhtt wupne-
twlnipniup’ h pwth %-hg dhtish 70 Sury/. % b wibh:
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L punp §ndwynghwnuyht iyympbph vnwugdut guuijugus knubwl ykwnp
E wywhnih. wpnmunpunbuuh ywwhwieynn dth unnwugnid, phiptph tkpunisnid
dwypulh dke' wnwbg puypuydwb, duypulh b phjph dholi nkjuininghwljwt thnfu-
wqplgnipyut puguljuynipnit, pudwidwt vwhdwinid wdnip juwh wnlw-
mipntl, puupup pubwlnipyudp phiptinh dwnnigdwut htwpwdnpnipinit b duy-
nuinud phptph hwjuwuwpwswh Ynndunpnonid, hull wyu yniptph vnugdw k-
uninghwljwt gnpépuipwgp whwnp £ ubpunh’ pununphsutiph twpwywunpuunnd,
ynudwnghghugh hwjupnid, pununnphsubiph dhwynpnud b yipptwljuts gnpépuipug-
ubtph hpwwiwgnid (nup wpnwdnnud b obpdwdswlnid):

Unduynghunughtt ynipbph vnwgdwt tnuwwljiubphg wowdb] nupusjusp
Anydwh bnutwli £ hbgniy dkinwnny plypbph wingnpnudp [4], npp Yhpwenid b,
tnp puguljuynud Edwypuyh b pph dhol thnpiwuqrtignipynitip:

unph npduspp b kpnphljuyh hhdtwynpoidp. Upjuwnwtph bwywinwl £
nbuwlwinpkt hhdtwynpl] wipinhwwn phpipny wdpuwbwynpjus wpnudhth
hhupny Yndwynqhwnught yniptph dnydwl, tmwp wpnudndub b gkpdught dpwly-
dwt UEpnputipny uvnwgdw bynwbwlp:

Ulgpnud dugpuijh ynmiphg, npp tkpuyugunid b Al-Cu-Fe-Si hwdwlupgh
hwdwdnyJusp, dniydky E hné quily, wjinthtnb tpw Jpu hwpwpdl) b wnn-
wuwyw phipip Jud phptphg gnpsws guig, b juunwpll] £ wpuwpht pkpunh
dnynud iyl dugpuljh hudwdnyusphg: 2nuynudhg htnn twjuwygunpuun-
Jusdpp nwpugyl] b Eupwplyl) E nmwp wpnwdndui b obpdwdowljdwi: Munph
nwdwt hwdwp npybu dwjpulh ynie ptnpdt) B ASE dwuljuhoh wpnudhip, npp
1Eghpdt) £ MO dwluhoh wnudny, hull npytu wdpwbwynpnn phjptp oqguugnps-
b1 B «yynnuyun-40» dwljuhoh dhish 0,2 ¢/ inpudwgdny jupkp: YUndwynqhwnughe
uynipkph vnugdut dudwbwl twp wpnwdnnidp hwinhuwind £ junnigqus-
pugnjuguwtt hhdttmjut gnpdplipugn, npp htwpuynpnipnit £ vnnwjhu vnubunt
ny vhuytt wbbwlnnljtt junnigwsdp, wylb thnppugubint phipiph wpudwghst
nunn wuwhwieynn swthh b hbnnwqu ghpdwdsuljdudp junniguspp nupdubknt
dwipuhwnhl wywhnbng pupdp dbpwihulwi hunlynipgndibtp [5-7):

busytu §ndynghwnuyhtt ympbph ks duup, wjiybu b wynuhtiught Ynd-
wnghwnuwjhtt Wnipbpp, hwinhuwitnud b phpdnphtwdhynpbt withwjuwuwpulon-
Jws hudwljupgbp, npnugnid wnw Eu pununphsubph pudwidwt hwppnipmnii-
utip b phUuhwljut wnnkughwjubph gpunhbun: Lhdhwljut ynnbughwjubph gpu-
nhtuwnp hwinhuwind E dhedwquyhtt hnpuwmgnbgnipjul, dwutwynpuwybu® thn-
huunupd ghypnighuyh b phthwjub nbwlghwutph owpdhs nid: Uwhdwbwthuly
wnhpnypnud wynuihuh hojwgpligniemnibtiipt wthpudbon i jwjupldws hun-
ynipniutpny Ynduynghnwghtt ynipbph vnwgdwut hwdwp, vujuyt thnjowgnk-
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gnipniutph htnbuhqugnudp hwigkgunid E §ndwynghwnughts iyniph dklumthju-
Jut hwnlnipnitubph uunwugdwt (4, 6, 8]:

Lhuhwuljut hnjpwgpbnipniup jupnn £ nbnh niukbug pyybu Yndwngh-
wnuwjhtl Wniph unugdwb, wytybu  swhwgnpsdwt dudwbwly: Yuynit hwnlne-
pintutikpny Yndynghwnuyght yynmipbpnud Ynduynukinbpp yhwnp (hukt phihuybu
hwdwlghyh [9], tbpuyugitt phpunghtiwdhly b Yhutnhl hwdwygnipmniaubpp [10]:
FEpunphtwdhjuybu wmthwdwlghih pununnphsttpp npnowlih obpdwunhfwtiu-
dudwttmjuyhtt nhpnypenwd jupnn b (hul] Yhubnhjuybu hadwulhg b hwennni-
pjudp swhwgnpsyt) Ynuunpnighwtpnud [6]: Lhihwljut hudwlgnipjui htn
Ukntn yhwup Ewuyuhnydh twb pununphsubph dbfuwthjuljut hadwlgnipniip,
pwuh np yYkpohthu wnljunipjut wuydwbibpnd b htwpwdnp pudwutdwb
hwppnipjudp jupnidubph wpynitwybn hojuwignudnp (4, 117:

«Al — ynnuuu» Yndynqhnwghtt ynipbph vnnugdwi, hyyku twb pwhw-
gnpédwit dudwbwly pununphsutph vholt $hqhjwphvhwljmb thnpjumqnbgnipniu-
utph hknbwupny dhowtljjuy skpninid jupnn Et wnwewtiuyy thjupnitt htnbpuk-
nunulub wugkp® Fe:Als it FeAls [10, 11]: «Al- sdwuignnynn wnnuuwn» §ndwn-
qhghwubph nhypmid Jupnny ki wnwewbiwy) b ppnd, thil b Ynpupn yupni-
twlnn htnbpdbnwnulw bwqbn:

NEwlghnt gnuint wnjuynipniup hwughigumd E Ynduynqhwnwght ynipbph
hwunljnmpmniuubph jupntl) quunugduw: Uwufjujt guiljugws sbpduunhfwimid
gnmipjni nittth npnowlh dudwbwljuhwwndws, nph nhypnid hunbpdbnwnu-
Jut $wqbp punphwtpuybtu skt wpwewunid [6, 11-14], npp, wjuybu Ynsgws, jw-
phunuyht dudwiwwhwingust £ b nith swn juplnp nkjpuninghwljwi tyw-
bwlnipnil: Gnjuwgnbgmpjut ujgpnid ptnbpdbnwnuiut uqbpp hyydw nk-
nuiwunid whpwwnyniud kb wpwbdht Ynquujubph diny, sbpdwunh&wuh pupd-
npugldut jud wquhdwb nbnynipjut didwgdwt htnbwipny htnbkpdbnugujut
bwqbpny hwpniun skpnh hwunnmipmnitt wdnd b Undynqhwnught iyniph vinwg-
dut quduplus obpdwunhdwih phwypnid wwwhnyynd tu pununppsubph
Uholt wunip Juwp b dhowuljjuy, hunbkpdbnwunuljut $uqbpny hwpniun skpunh
juquqnyb hwunnipmibp (W 1) [15, 16]: Mnquuuyw phipipny wdpwbwynp-
Jws wpniudhttughtt hwdwdnyJusputpnid ywhywignud b pwdupup wjuwuwnh-
Ynipinit [17]: Udpubwynpdw htnbwupny qquihnpkt wgnid bu pugupduly b
nbuwluwpup wdpnipniiibpt nt hpudpnipemnip [117]:

Unduynghunughtt ynipbph vnwgdwt dudwiwl ks wowbhwlnipnit nith
duypuh niph punpmipiniup: Uja hphtt mughu k&b, pupdunid vhwdny), wdpul-
gnud phiptpp, yquownwywunid Jepohtiibphu dkpwthjujujut Juwudusputphg b
opuphnugnidhg: Uuypwlh glipp twb wpuwpht pintduspt hp pu Ypkp b plpt-
ht hnjuwbghy k:
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Uy 1. Al - sdubgnun/ng ynpuuuyu guilig» indynghunughl iynyeh pudwinfui huppnipul
Uhgpnlunnigywdpp. w - 560°C, P=15 UUAPR, 7= 60 pnuyk, p- 460°C, P=15 UU/E, = 60 pnuyk

Unwyt] Juplnp bywtwlnipnit niith pudwidw hwppentpmniup, pwtth np
npuithg £ jupiwd pununphsttph dhel juyp: Fununphsubph dhel pujwpup
Juwyh wnjuympjut ghypnid htwpunp Yihth oqunuugnpsty wdpwbiwynpnn phiph
wdpnne wupnipjnitp’ npuiny hul hwutking Yndynqhnught yniph nbuwlwt
wdpnipjuip: Punungphsubph pnpnipjut dudwbwl whwnp L hwodh wntl) pug-
Uwphy gnpdnliibp, wyy pynud” punugphyutpnud pipugnn dwquyhte hnpuwljbp-
wnipniuubpp, npuug dhob thnjpwunwpd ghpnighwt b wy: Uwypulp whwp k
Pnoh, puyg sinish phpp: Ui £ yuwmdwnp, np hhdbwpwp hbnmwugnnnipmniuttph
dudwbwl hpwnyl) b thnjuwnwpd sjnisynn pununphsubn:

Upnudhith b tpu hwdwadnyjuspubph hwnlnipjniuibpht tkpljuyugynn hhu-
twlwt yuhwteubph tu' wdpwbwynpny phiptph htn hudwlgmpniup jndwyn-
qhghuyh unugdwi b owhwgnpddw gkpdwunhdwinbpnid, ukyuljuyht b pupdp
otbptwunhfwtibpnid wdpnipjut b yjwunhlnipjub pupdp gniguithpubpp, nkju-
unnghwlwb hwwnlnipniuubpb nt jnonghwljuyntinipyniup:

Sktuhjuljut dwppnipjudp wnulfhtiughtt hwdwdnyusputpp hwwhe Yh-
punnid ku hyybu htinnily, wyiybu b whundwqujhtt kpnnutpny §ndynghwnw-
1ht Wnipbph vnwugdwt hwdwp: YUnduynqhwnwht yniptpp hhdtwjuwinud wdpw-
tuynpynud Eu Ynidpwdh, dnjhpnkth, pEppihnidh, mphunwth, thnphnwdp b wnn-
wuwnh plptpny:

Unduynghwnughtt yniptph wdpubudnpiut hwdwp wnwyb) hwdwh oguw-
gnpénid u 20...1500 G nipudwghs niutignn pupdpwspwstwghtt b gudp 1kqghp-
Jws, sdwbignunynn nt dwpnbkiuhnwght skpugnn ynnuunjw jupkp: Fupdpu-
unip sdwtigninynn wnnuuwnh phpipt wpwdt] mupuwsduws wdpubwynpnn phi-
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phipt Eu Yndwynqhwnughtt iymipbpnud, vwljuy yndynghnh vnwgdwi b pwhwgnns-
dwlt pupdp obipdwunmhgunbph nypnid ynnuuwnnid welju Cr-p b Ni-p phthw-
whu hnjuwgynud Bu wynudhttughtt dugpuljh htn, nph wpyniupnud phiph hwppe
qruiuulut dulbpbnypp nununid b unpynipnpn: Upyniupnud ujugnud E phph
I, htnnbwpwip twly, wdpnne Yndwynghwnuyhtt yoiph wdpnipniup:

ZEwnwgnunipjub wpyniupubpp. Pupdpudnip wynidhtughtt phpnpdug-
Jnn hwdwdnijusph vnwugdw hwdwp punpydl) | «Al - ynquuunyw phjp» Ynd-
wnqhghwut: Npybtu duypuyh Wnipe ptnpygl] B ASE dwljihoh wynudhtiwghtt hw-
dwdnyjudpp (Al=99,5%, Fe=0,35%, Si=0,12 %, Cu=0,02%, Zn=0,04%, Ti=0,01%, wy
wnwpphp - 0,02 %), hul npybu wdpuwtuynpnn upp' «ynnuun 40»-hg Wunpuuwn-
Jud wdpwbwynpnn juptpp: ASE dwljuhoh hwdwdnyusph dbjuwthjulwi huwn-
Ynipnibttpn (ujugutnt tywnwlng wy (Eghpdt) E MO dwljuhoh wnudndy:

Unduynghunuyghtt yniebph (WL) hhdtwlwt hwnlnipniuubpp gluwdnpu-
whu Juhjws Bu phpiph hwnlmpeniuttphg b «php-duypulpy vwhdwinmd juuh
nidtphg: Zwynth k [18], np wipdws wuipudwgdny pljph b npw npnowlh Swjuwu-
1ht yupnitwlmpjut nhypmid nhuljpbn phptpny wdpwbwynpus Yndungh-
nuwjhlt yymph wdpnipmitt wyupwbt wbih pupén £, npputt Gpup b phipp, vw-
Juyt wyt sh gipuquignid wupunhwwn phipipny wdpwbwynpus Yndynghwnw-
1ht Wniph wdpnipjub 90 % -hi:

Npubu wipwbwynpnn nip’ phpipp whwnp E odnjwé 1hukt hEwnlbjug
hwnnipmnibikpnyd hupdwhb pupdp ghplwunhgwl, gusp nbuwljwpup Yohn, pub-
Ynpujuib obipdwunhfwuttinh wdpnne vhowljuypnid pupdp wdpnipnil, duypuljh
Uko thnpp nusybihnipinit, pudupup phvhwlwb juyniimpinil, putdnpuljub
otpUwunh&wttph dhowljuypnmid $wuquyhtt thnpjuwjbpunipmnitutph, hyybu twb
yuwnpuundwb b pwhwugnpsdwt pipugpnid pnittwynpnipjut puguljuynipmni:

hptpny wdpwiwynpdwt gluwynp bywwnwlp jupndubpt hpktg ypu
Unkj & pul duypulp hnpuwignid k jupnudubpp plptphtt b puopunud npuitg
Uhol: Grl duypulp b phptpp ghdnpdugynid ki wpwdquljuinipjui wnhpny-
prd, myu duypulh ninpuiwghugh juwp phiptph nhpnpiwghuygh htn npny-
Ynud £ htnlyw) putiwdling®

-1
2V E
Es=& | ——| =L —1|+1] , 1
ya yp[vp+0’8[EP ()

npunbn €y b &yp-p Uuypuiih b phipiph hwpwpbpujuwt pEdnplughwitpt ku

AqUuuit dwdwtwl] y wpwugph nipnnipjudp, Vp—h‘ wdpwbwynpnn phpkph sw-

Juyuyhtt fwutwpwdhup, hulj E; b Ep‘l}‘ duypulh b phptph 8nitugh dnnnijubkpp:
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Pusybu tpunud £ pmtwdlihg, dwjpulh ndnpdwughwgh desnipnitp jupgws k
duypuhh b phpiph wonwdqujwinipjut Ungniyutph hwpwpbpnipniithg b ply-
ptiph dwjuwjuyhtt dwutwpwdihg (Ve): Uwhdwbwihtt nhypnud, tpp Ve - 1, myu
duypulh ndnpdughw whwp k gipuquigh pughwinip ndwnghunwght yniph
nhdnpuughwhtt E/Ep wiquad:

Udpunpdus Ynduynghunughtt wniebph dhunwpponipjut wyywhnddwi hw-
dwp whpwdbywn i wytyhuph duypuljutp, npnig hwpwpbpujwi Epjupugnudp
Uh putth wiqud Jupnn k ghipuqugl) ndynghwnwght Wynieh dhohtt nidnpdwug-
dwbp: Pupdpugubiny phiptph Ve-u" Jupbih E unwbw) Ynduynghunught bynipbph
wnwybjugnyt wdpmpnit: Uwluygl, hyybu gnyg E mwhu (1) pubwdbp, bph
duypwlh Epupugnudp vwhdwbwhwly b, wmyw Ve-h ks mpdtph nhuypnid Juw-
nnn b jupwongb] hwdwlupgh dhwutnipmitp: Nunh @niph oynhdwy juquh
punpnipjut dudwbwl ywhwp E hwogdh wntk jndynghnught iyymiph wdpnipyut
uwjuqtgnudp phiptph swduwjuyhtt wupniiwlnipjut vwhdwtwhwldwt hbnbwb-
pny, hipybu twb pwguuwluit Epbnypubpp (Qpunuydnpnud, fwpwgnjugnid),
npnup YJupnn & b huyn quy phpbph swhwquig jrhn guuwdnpnipyut ghuy-
pnud: tpuighg Jupth £ juntuwihly” oquntyny plyptiph thol dwypulh § pkpunp
hwuwnnipjul, phiph d, npudwgsh, pujpwjdwt dudwtwy phptph &, & twypwyh
&,shupupbpuljwt bpljupugnidibph dhel kyws Juuhg

o>—F . ()

Ubpughwwn phptpny wdpuwtuynpjuws Yndynghinughtt iympbph wdpni-
pjut uvwhdwup npnoyly b phipiph U phiptph jupdwt dudwbuly dwjpuyh
wdpnipjut vwhdwbibph gnudwpny [4]: Qquwb hnpdupydwt ghwypnid Eplpu-
nunnhs Yndynghunught iymph wdpnipjut vwhdwip dfwpbdwnhlnpbt jupkh b
wpuwhwjint] htnljuw) putwdbng®

odyu= 0dpVp + 0(1 - Vp), 3)

npuikn 04y, U 0gp~t hudwywnwuppwbwpwp Yndynghnughtt iymph b piptph
wdpnipyut vwhdwbikph kb, o —p° dwypuyh ke jupnidp phipkph uquwb ww-
hhb, huly Vet plypbph swjwjught pudubdwup:

Uju nhypnud pugniuygby E, np®

- Uugpuljp b phpbpp pEdnpuugynid . dhbitingt dbdnipjudp, wjuhtph
jupdwt b pEdnplugdut juwp tupwplynud E Zoiyh opkuphl,
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- phipipp nknuuyjws bt dquwl wnwbgpht qniquhbn b skt huynid
hpwp,

- wpunwpht pEntdusdpp thnjuwtgynid E phjpipht onpwthnn jupnudubph
Uhongny pwdwtidmt hwppnipjudp,

- pninp phptpt odnyws L hwjuwuwp wdpnipjudp, ntukh tnyh swhut nu
Alip b wdnip Ygnpyws b duygpuljhly,

- (upnudubpp npnoynid Bu Jbpohutiphu ninplwghuyh b wnwdquljuiin-
pjut Unnnih wpdtputinhg,

- Yndynghwnuwght ynipp juqunn pugungphsubph dEpwithjuljut hwnlnt-
pintuttpp skt thnjuynid JEpohtuttphu hwdwwntn ghdnpdwughuyh wpyniupnid [4]:

NMpulnhfuynid Jbpp todust wuhtwp E wwywhnyb), wyn hull gqundwnny
hwjuwuwpdwb dke tkpunisyl] Bt hmdwywwnwuhiwt gnpswlhgubp, huwdwduw)h
npnig (3) hwjwuwpnidp uinwghy k htnljuy nkupp®

odyu= 0dpVpKp + 0(1 - Vp)Ky, (4)

npntn Ke U Ke Yndynqhunnughtt iympnid hwdwyuwunwuppwtwpwp phiph nt duy-
nuih wojuwnwipuyht wuydwtkpp hwoyh wnting gnpswljhgubp ki, npnup npno-
b Eu thnpdtwut Fuwwyuphny: (4) wphnhynipjut putwdlip hwoygh £ wntind
phiptph b dugpuyh dhol pninp mbuwlh thnhwqpignmpmnibtpt wdpnnewljut
wnbupny, uvmjuyt hwipyh sh wntnid §ndwnghwnught iyniph pujpuydw Ukawthqup:

Bpp nduynghnwght ynipnid dugpuljt wbih wyjwuwnpl E pwb phipbpp,
wyw wnwewbnmu t phpiph tJuqugnyt Ynughtinnpughwih npnodwt futinhn:
Uju nhypnid, Epp Yndynghnuwhtt iympnid phjptph swdwjuyhtt pudubdwun (Ve)
thnpp k npnowlh wjwuqugniyt wpdtiphg” Ve<Vimn, wmyu nhdnpldugdut dudwiuy
phiptph uquulp wipnng Ynuwynghwwiht tynpp sh pujpwyymu, puth np ypuwy-
puyud duypulj hp ypw b Jhipgunid wyn jupnudubpp: Lwpnudubph hbnwqu dk-
duignudp hwigkgund k phpkph jupudwt thnpp dwubkph [19], wyuhtpt nknh k&
niukunud puqUuljh puypuynid: Bpp Ve>Vmn, wyw wpnwphtt jupnudubph wqpk-
gnipjudp, tpp nputp hwjuwuwpynid b phjpiph wdpnipjutp b swpnitwlnid u
wdh], mbnh £ niukumd phjpbph jugnud: Uju nhwypmid pljptph dpu wqnnn jupnud-
ubpp, JEpuwpwohybny duypuynid, nph wdpnipnibp pudupup sk wgnnn jupnd-
ubpht nhdwnplnt hwdwp, wpwewgnid L §ndynghwnuyght Wyniph swwn wpwug
puypuynid. pnjnp phiptpp b dugpulp puypuyynid Eu dhwtiquuhg: Yndynghwnw-
jht ynipnud phptph tuqugnyt Swjuwjuyhtt pudubdwup npnoyt) £

cyd.pvmin + cy:{(l"vmin) = 0'o‘.d(l"vmin)

wuylwihg b hwwuwp £
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Viin = —: (5)

EEptinh Swjwjuyhtt Yppnhulwb putwly (Vi) Ynsynid k pljptph swdw-
whtt wjt pwdutdwup, nph nhypnid ndynghwnuwht iymiph wdpnipniup hwjw-
vwupymd E swdpwbuwynpyus duypuljh wdpnipyubn b npnoynid k

OgpVip + Ou(1-Vyp) = 04
wujdwihg b hwjwuwp £

14
- 044 — Oy .
un — r e 6)
Gd.p — Oy

Bnp phptpt odndwé tu wykjh pupdp wywunplnmpjudp, put dujpulp,
wyw wignudp dhwiqudjw puypuynidhg puquuljh puypuydwt inknh E niuktunud

phiptph V; dwjwjuyhtt yupnibwynipjwb nhypnid, npp npnpyby k

Gd_pvl

= Gd.d(l—VI;) + G{&V[;

wuiwithg b hwjwuwp £

, (o2
V' = d.u , )

P '
O-d.p +Gd.lj —O'p

npunkn o,—n phpnid jupnidt £ dwypujh nednpuiugdut dudwbwy ipw puypuy-
dwt ywhht: Nuwuwnhl duypulnyg Yndwynghwnught ynipbpp puypuydnud Bu vhwb-
qudju puypujdmb dkjpwtthquny phiptph pupdp Ynugkinnpughwih nhupnid, huy
thlupmt dwypuyny Yndwnghuinwght mptpp phipkph thnpp Ynbghinnpughuh
ntuypnid:

EEpiph puypuydwt Ukjumihquny k puguunpymd Yndunghwnwghtt iyniph
dquuili nhugpudh unnguindwi wnkupp: Bpp duypuilip wywunhy b hul phypp
thjupnit, wyuw nwppbp jupduspubpnid phiptiph pqdwt niypnid jupnidubpp,
nnnup Ypnud £ plpp, thnjumbigynid G dugpuijht, hul dquut nhwgpudh Jpu wnw-
owunid E wwnwd, nph dbdmipniup hwdbdwwnwlwh £ wyy jupnufubpht (u. 2):
Zhnwuqu pdnplugdut dudwtul] dugpuljmd nbknh k ntibinud nbnuyht §onthnd,
b qupnudp dkdwtnud | wjupwty, dhtigh np wyt wnwewguh unp pugpuynid Ukl wy
YunpJuspnid:
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Uhwlnndwh munnnppus phiptpny Ynduynghunught iniph mbuwluwpup
wupnipniip Gpupnipjut nuynmpjudp, Epp Veps>Vmin, npnodk) £ htnbjuyg
putiwdling

_log+(og, 09V, ]

O-thu - H (8)
s+ (7 =75V, ]

nputn y, b ¥, humlwguunuwujpwbwpup dugpuyh b phiph jonnipnibbbpt G

Bnp Vp<Vimnn, myu Ynduynghinughti yniph nbuwljupup wdpnipniiap hwjuwuwp £

_ 045 1=V,) )
[70+(7/p_7/0)Vp]

Vmin-p Jujudwé sk duwjpulh b phjph punnipnitubphg b npnoydky £ (5)
pwwdling:

)

inkiu

Og,
UUuMP
600
LA
550 I N\
N\
500 ///f
450 /
400 /
350
0 2 4 6 8 10 O,%

Ul 2. « Al — ynpuuuyw jpkpy» [ndwynghunughl yniph dquwl nhwgpuidp
Unduynghunujhtt yymptpnd phipkph Yphnhjujut nbuwupup Swujujw-
1ht pwdubdwup (Vypwt), tpp dquuwitl dudwbwly tpu mbuwjupwup wdpnipniip
hwjuuwpynid k swdputwynpjus duypuljh mkuwupwp wdpnipjuip, h mwp-

pEpnipinit Vmin-h, upudws £ ny dhuwyt panunphsubph wdpuyghtt pinipwqntnhg,
wyil ipuibig uinnipyniihg b npnoyty E hknlyuy hwpupbpm ppudp
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_ Gd.lj 7/9

P
Y

!

Og45 — Oy

O ¢
1+

Upnbu (10

Yp # Yy BEwpnid Vipwte-t wdnud £y, /vy hwpwpbpnipjut dkswgdwip
qnigpupwg, huly y,/yy=1 nhypnid Vipwte= Vip, npp npnpby b (6) pubwdling: Uja
ntypnud, kpp duypulp b phpt ntubkt tnyt nbuwuwpup wdpnipniop, wyw
Vipute=1" Vp-h guiljugus wpdtpubph nhypmu, b yndynghnwghi yniph inkuw-
Jupup wdpnipnibp sh jupnn gipuquigt] dwjpulh nkuwjupup wdpnipyubn:
Bnp vp <Yy, (10) hwjuuwpnidp Ynpgunid £ hp bhghjuljut plwunp:

Cunhwwn phptpn] wdpwbwynpdwt dudwtul Uk wywtwlnipni nith
phph Epupmipniup: Pusybu hwypnth k [5], yndynghunuwghtt ynipbpnid wpunw-
phii plintiuidpp vuwypwljhg plipht | (hnfuuitigdnud snpuhnn jupnuitph hengny
phph b dujpulh pudwtdwbt hwppnipniinid: Gnjnipnit nith phiph npnowlh
Yphnpjulub tpjupnipynit (8y), nphg thnpph glypmu® Le<Lyp, Yhpwnjwus dgnn
jupnidubpp pudupup skt phiph pgquwt hwdwp, b wju nkypmd phipp dqynid b
nnipu b quihu dwjpulhg, npp hbnbwbupny wdpnnonipjudp sh oqunugnpsynid
upw wdpnipmniup: Bpp £p>8yp, wyw wpuwpht dqnn jupnudubph wqpbgnipjut
nwl] phptpp uqynud B, pig npmud’ £e-h dkswgdwiip qmgplipug Yndynghunw-
jht yniph wdpmipnitt wdnud b YUndwynqhnwht nwenwd phiph Yphnhljuljut
Epjupnipmitp (Byp) wytt wdktwihnpp Epljupnipniut b, oph ghypnid wbnh k
niukunud phph jugnud b npnoynud | hEnlywy putiwdling [18].

fw _or ) _opd
d 27, " 2

u u

o4 o4.d
? =—F (11)

npunbn d-o phph wpudwghsdt 7, «phjp — duypulpy pudwbdwi vwhiwbh
wdpnipniup vwhph dwdwbwl: 7,~h hnppugdwn b osp Ukdmugdwp qnigpipug
Lyp-p Ukdwnid E:

Oniquhbtn quuwynpus punhwn phpipnd wdpuwtwynpus Yndynghwnw-
1htt ynipkph wdpnipniip (og,) npnoyt) £ wnhnhdnipjut hwjwuwpnidibpny
hwodh wnubny phptph Swjpudwubtpmd jupnudubph Ynughinpughwi: Gpp
L<yp, wmyu Yndwynghwnuyhtt Wyniph puypuynid ninklgdnid E dwypulhg pljpkph
nnipu quny, hulj wdpnipniup npnoynud £ hbnlyw) puiwdbing.
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, Tl
Ogp = (7}/’9 + Ud.u(l - Vp): (12)

Ujuyhuh ndynghwnughtt yympbph wdpnipyniup, Ve-h, 7,-h b £/d-h dkdwg-
dwitip qmigplipug, wdnid £ diwyny thnpp wipphwn phypkpny wdputwynpwus
inuynghwnught yniph wdpnipyut huwdbdwwn: £p>Ly nhuypnid’

0
q$=a@P—@—kyf};+q@—nl (13)

npuitin k-t 1-hg thnpp gopéwljhg L [18]: k=0,5 Uhohtt wpdtph nhuypnid punhwwn
phptipn] wlpwwynpdus Yndwynghnwghtt yniph wdpnipjut hwpwpkpnipniup
wlpunhwwn phptpny Yndynghunuwghtt yniph wdpnipjuip npnodt) L htnbyuy
Jufujwénipjudp.

o, 1
% =1- : (14)

oo 20 Hos(l_l]
Lin Oy \ W

P

®npdabpp gnyg L tiwihu, np £/€4>10 nhypnid punhwwn phptpny Yndun-
qhinmuyghtt yniph wdpnipniup jupnn £ hwul] wipinghwn phptipnd wdpubw-
Ynpyud Ynduynghwnuyht yniph wdpnipjut Untinwynpuybu 90 %-hi:

Cunhwwn phptpny wdpwbwynpjws Yndwynghnuwght ymipkpnud phjpkpp
Yphunhjulut pudttdwup (V;,) npnpyty Ehtnbjw) putwdbng®

[
v 045~ Oy

un = ’ 5 (15)
GMP—O—kU}—d

Un

npp Uhow Uks E wupunhwwn phptpny wdpwbwynpjus Ynduynghunwghtt iyniph
phiptph Yphnhjujub pudubdwuhg:

Bqpuljugnipnit. Ywwnwpyby £ wynulhth hhdpny nhuwtpu dwuthlubpny
Jupspwgny b nhuybpu hwnhljubpn] wlpugynn nt ynpuuwnyu phjptpny wd-
npubwynpdud pupdp nkuwljupup wdpnipyudp upndhtiught ghdnpdwgynng hw-
dwdnJuspubinh unwgdw gnpspupugh nkuwlwi b nkjuuninghwljwt hhduw-
Ynpnid: Upyniipnid hhdtwnpdby E np §ndynghunught ynipph hwnlnipni-
ubpp Jujuduws Eu ks pyny gqnpénttpnhg, npnig £hown punpnipniip poyg; juw
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unwtw] npjws dbjuwbhjuljuwt hwnlmpmnibtbpng odndws dbnwnuiwuu
phpinny wdpwbwynpyws Yndwynghwnwght iynipbp:

ZEnmwgnunnuyenibibpp junnupdky kb Zuywunwlh wqquphl wophnkjuihaluwi

hunluyuwpuih «Unyewghunyeinil b dkbnugnipghu» puquyhl ghunuhbnwgnunuul ju-
popunnaphugnid junnupyng gl pEdugh ppowinulhkpnid:
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Zugunnwith wqquiht wnjhnbjpthjuwt hwdwjuwpwi: Uniep tkpuyugdt b
hudpwgpnipinit 18.01.2022:

C.I. ATBAJISH, I'.A. BACIWIAH, T.H. CA®APSH, A.C. ATBAJISH,
T.A. IEMUPYSAH

TEOPETHUYECKOE OBOCHOBAHHME ITPOLECCA INTOJYUYEHUSA
BBICOKOITPOYHBIX APMUPOBAHHBIX AITIOMUHHUEBBIX
JE®OPMUPYEMBIX CIIJIABOB

AHanu3 IUTepaTypHBIX AAHHBIX [TOKA3aJl, YTO U3 AFOMHUHHUEBBIX KOMIIO3HLIMOHHBIX
MaTepruajioB, apMUPOBAHHBIX MCTAIJIMYECKUMH BOJIOKHAMH, HanOOJIBIIHMA HUHTEpECC mpea-
CTaBJIAIOT MaT€puajibl, apMHUPOBAHHLIC CTAaJIbHBIMU BOJIOKHAMHU, ITOCKOJIBKY IIOCJICIHHUEC
00J1a1a10T OTpaHUYEHHON PACTBOPUMOCTBIO B AIIOMUHUU. ["opsiuast SKCTpy3ust U JajibHeil-
mas TepMUdecKasi 00paboTKa 3aroTOBKH, MOMYYEHHON METOAOM JIUThS, SABJISIFOTCSI OCHOB-
HBIMH (DaKTOpaMu CTPYKTYpOoOOpa3oBaHMsI B MPOM3BOACTBE KOMIIO3MLIMOHHBIX MaTepua-
J0B. DTO TMO3BOJISIET HE TOJIBKO MOIYYUTh OECIOPUCTYIO CTPYKTYPY, HO U YMEHBUIUTh ANa-
METp BOJIOKOH JI0 TpeOyeMOoro pa3Mepa, a TaKXKe MOJYIHTh MEIKO3EPHUCTYIO CTPYKTYpY
MOCPEACTBOM MEXaHU3MOB UCIIEPCHOHHOTO TBEPACHHS M YIPOYHEHHMs, 0OeCIIeunBasi BbI-
COKHE MeXaHudeckue cBoiicTa. IIpoBeJjeHO TEOpEeTHYECKOe U TE€XHOJIOIMuecKoe 000CHO-
BaHME Mpolecca MOJYyYEHHs] BBICOKOIPOYHBIX aFOMHHHEBBIX Je(OPMUPYEMBIX CILUIABOB
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cucrembl Al-Cu-Fe-Si, aucnepcnoHHO—TBepAEIOMINX, TUCTIEPCHOHHO—YITPOUYHEHHBIX U ap-
MHPOBaHHBIX CTAIBHBIMH BOJIOKHaMu. [oka3zaHo, 4TO CBOIMCTBA KOMITO3UIIMOHHBIX MaTepHa-
JIOB 3aBHCST OT OOJIBIIOrO KOJIMYECTBA (PAaKTOPOB, NMPABHIBHBINA BHIOOP KOTOPHIX ITO3BOJIUT
MOJIY4UTh KOMIIO3UIIMOHHBIE MaTepHalbl, apMUPOBAHHbIE METAUINYECKUMU BOJIOKHAMH C
3aJlaHHBIMH MEXaHUYECKHMHU CBOMCTBAMHU.

Kniouesvie cnosa: crinas, apMUPOBaHUE, JINTHE, ropsdas IKCTPy3us, TepMooOpadoTKa,
KOMITO3ULIMOHHBIA MaTepual, yaeabHasi IPOYHOCTh, METAIUINIECKUE BOJIOKHA.

S.G. AGHBALYAN, G.A. VASILYAN, T.N. SAFARYAN, A.S. AGHBALYAN,
T.A. DEMIRCHYAN

THEORETICAL SUBSTANTIATION OF THE PRODUCTION PROCESS OF
HIGH-STRENGTH REINFORCED ALUMINUM DEFORMABLE ALLOYS

The analysis of literature has shown that of the aluminum composite materials
reinforced with metal fibers, the most interesting are composite materials reinforced with
steel fibers, since the latter have a very limited solubility in aluminum. Hot extrusion and
further heat treatment of the billet obtained by the casting method are the main factors of
structure formation during the production of composite materials. This makes it possible to
obtain not only a non-porous structure, but also to reduce the fiber diameter to the required
size, through precipitation hardening and hardening mechanisms to obtain a fine-grained
structure, providing high mechanical properties. The theoretical and technological
substantiation of the process of obtaining high-strength aluminum wrought alloys of the Al-
Cu-Fe-Si system, precipitation-hardening, dispersion-hardened and reinforced with steel
fibers has been carried out. It is shown that the properties of composite materials depend on
a large number of factors, the correct choice of which will make it possible to obtain
composite materials reinforced with metal fibers with specified mechanical properties.

Keywords: alloy, reinforcement, casting, hot extrusion, heat treatment, composite
material, specific strength, metal fibers.
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Ushiwwnwiph hyyuwnwl  dpwlty XI'C dwljuhoh ynnuyuwnyw quntph djadwb gnps-
pupwgh wignphpd b dSpughp, npnup htwpuynpnipgnit juwl gugh ununh kpljupnip-
judp utnwtiu] wwhwbeynn Jurnigusputp b hwmdwywnuupwut dkpwthjuut hwwn-
Ynipiniitttpn: Lodws tyunwlhtt hwutbne hwdwp niunidbwuhpdl) o wphtunwlub pu-
twluinpyub b ufjuyibph dpwldw wpwbdiwhwnnmpmabbpp dbnunughnmpjub b
othpUwdowljdwi gnpéphipugnid ukppubint iywwnwyny:

Qpuljwinipyul Yybpnidnipjut wpyniupnid gnyg E wipdws, np, hwdwdwyu TOCT
7524-89 1L TOCT 5950-2000-h, XI'C dwljuhoh wnnuuwp Uks Jhpwnnipinit b gk gniiwygnp
dbinwnubph hwipwpwnpbpp dwipuging qugbph yunpuwundwt gnpdpipugnid: Gunwp-
b1 i hnpdwpupuljut wppunwiputp XI'C dwljithoh wnnuuwnhg yunpuungws qunkpp
Uhudwl tyywinwlny hwipwght jmnh thojuwpkh inp wwnkging dhewdwyp dpwltnt hw-
dwp: 8nyg k wipyky, np tpdws dwljuhoh ynnuuwnh djudwt hwdwp btwhphunwghtt juntpuh
1,5%-ng opuyht (nisnyypep hwinhuwind b wyjptinpwip, nptt wywhnynid E wwhwbeynn
hwwnlnipniuttiph wvnnwgnudp:

Munidtwuhpnipniitbph wpyniupnd npuytiu Spugpuynpdwb (kqne pwnpdty k
«python»-p: Untnédyty L njjujubph puqu, npuinkn ubpdméyty tu XI'C dwljuhoh ynnuuwnyw
quntph dudwt hwdwp tkpuynidu Yhpwnynn hwjnth wfjuutpp: SYjujutph doudut
hwdwp untndyt) t wignphpd, nph dhgngny pnipu k ppdt hwdwywnwupwt hwdwdny-
Judph hudwp wikbwwpphwlub ddwi dhounjuypp bk tbpdnisyws JEpehwljul
guttuh wpyniupubphg: Opwqph thopdwpuwy wpyniipmd 120 4 npudwgédny qunh
dwlbpimpuyhtt shpumd jupspmpniip unwgyt; £ HRC64 dhwnp, huly dheniynid’
HRC45 dvhwynp:

Unwiigpuyhll punkp. ynnuuwn, gniun, djunud, C-wdl Ynplp, wignphpd, dudwb
dhowjuyp, uwunkgdwb wpugqnipinil, upspnipintl, junnigdwusp:

Lhpwdmipini: Fudwiwljulhg wopuwphnid ghnnpju b nkuhluyh wpug
qupqugnidp wwhwienid k unpugnytt mkuninghwibph dowlnud nt ubpnpnid
wpuunpnipjut Uke: tpwtighg Yupkih E wnwdtwgut) ghrnnuljub plnt nignne-
pmilt njuikph dpwynidp b wphbunwljwi putwlubnipyniip, npnip hbwpw-
Ynpnipinit ki tnwjhu dpdjutg hbkn Juwb] ghninmipjut mwuppbp gnnbpp: Une-
pughunipju, uyn pynd’ dknwnughnnipjut npnpunitpomd ndyujubph dowljdwt
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b wyunithbnb nputp wphbunwljut putwjuwinipjut dke hunbkgpbnt hwdwp
wiuhpwdbon bt hwjwpwuqgpl] myjjuwjubph ks puqu b nibbbwy wyn wndjuubpp
oquugnpsumt jupquynpyué dkhwthqu:

Qpuljutnipjut bpnidnipjut wpyniupmd [1-7] wupqyl) E np husybu
wugyunid, wytybu £ hhpdw ntunidtwuhpdty b nuunidbwuhpynid B ynnuun-
Ubph U hwdwdm usplbph ppédwl, dudwb b wpdwldwh gnpsplpugitpp ww-
hwtigynn hwnlnipmmtubpny wpnugpunbuwubp vnwbwne tyuwnulng: Upwl-
b Eu viwuppkp T'OCT-bp (8, 9], b qpybt] wnbnkjuwnniutp [1-4], npnug Jhongny
htwpwynpnipmnitt E unbndynud guujugus hwnljnipniuibpny wpunugpunt-
uwlh hwdwp ghown punpl) ynnuyuwnh jud hwdwdnyusph dwljuhop, obpdw-
Uowljdwl nkdhdubpp b nputp hpwjwiwgul] hwmdwywnwupuwt nkjuninghw-
my: by Jhpwpbkpnud E unp dowljws ynnuunubkph, hwdwanijuspubph fud
$mulghntiw] hwnlnipynibikpny wpnwnpunbuwlibph, wy pdnd dhnwnw-
Jwt hhupny Yndynghwmujht ynipkph obpduyghtt Upwljdwbp, wyw puunhpp nun-
unud | puduljutiht pupn b quhwbgnid £ ghnnwljut tnp dninkgnidutp: Uju nk-
uwltnnhg tkipjuyugdus wrpwnmwiptt wpnhujut £ b wwhwipwplqus, puih
nn wyb JEpupkpmd | gniiwdnp dbnwnitiph hwipupwptpp dwipugunn qugtph
obpdughtt Upwljdwip pupdp wpnunpnquljuinippudp ginkph wnwgdub buyw-
nuljny: Upnunwitiplh wnwb) wpnhwljub £ Zuywunwth Zwubpuwbnnipput hw-
dwip, npuntin ks Swjuyny swhwgnpéynid i gniiwynp dknwnubph hwipwduy-
ntpp, hull dwbpugiung wunuuwnyw qunbpp hhdtwljuwinid wpnwunpynud Eu nk-
nuljub dkntwplnipmniatbpnd:

unph npuspp b Ukpnnh hhdtwdnpoudp: Upjuwnwiiph tyyunwli £ dow-
Yy XI'C tufihoh wnnujunnyw quntph dafwl gnpdplpugh wignphpd b dpughp,
npnup httwpwynpnipnit juwb qunh swnpwynh tpupmipjudp Jwltpbniyphg
ntyh YEunpnt, vnwbu] yuhwigynn jurnigusp b hwlwywnuupiwmt dkw-
uhjulut hwnynipmniuubp: Uthpwdbon b dowll) wytiyhuh dludwt dhowquyp,
npp Juywhmlh qunh dwlbplnipught okpnmd’ dhish 0,5R funpnipjudp, pupap
Jupspnipmt HRC64 dhun]np, huly dhoniymu HRC45 vhunp: Ujuhliph whwnp &
unugkl dwlpmpuyht shpinmd dwpnkiuhnwght, hul) dheninid wpnunp-
wnujhtl junnigyuspubp: Lodws funmgquspubpp, hbnbwybu b yuhwbgynn huwn-
Ynipmnibubpt wywhnybnt hwdwp jutinhp E gpdt XIC dwljuhoh 120 ¢/ inpuadwgény
wnnuuwnju qguntph djudwt gnpéppwugh wpnyniupnid unwugdws wyjujukph pu-
quyh hhuwt Jpu dowljl) inp Yadwtt dhpwuygh npnodwt wjgnphpd b hpuwbwg-
dwt dpwghp, npntp juywhnykt yuwhweynn jurnigusdph b hwnljmpniuttph

unwgnudp:
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Npwbugh wignphpup (hth &pgphw, hul wpynitpttpp hwdwunh, wihpw-
dtion £ niunidtwmuppby XI'C dwljihoh ynnuuwyw qunbph Jupsdpnipyub jupidu-
dmipmitp ddwt gnpépupwughg b wjtt oqumqnpst] wgnphpup dowlbnt m
hudwywwnwuhiw spughp uquknt hwdwp:

SYjuy nhypnid wuhpwdtown b ntunidtwuhply) XI'C dwljihoh 120 #2/ mpw-
dwqgdny ynnyuuyw qunbph hwdwp twpruntujus dpdwi dhpwduyptpp b pn-
ntp wyt dhpwduypp, npp hbwpugnpnipinit juuw qunh dwjtbnipught okpunnd
unwbu] withpwdbon dwpnbiupnwght jurmgyusp, hul vhonmlynd wpnunp-
wnuyghl:

Zhnwugnunipyniuiiph wpynibipubpp: Un. I-mud phpqus £ XT'C dwljuhoh
wnnuuunh phthwljut pununpnipniup, nphg, husybu bwb dowljdwb tnubwlhg
El juhidwsd yunuuwnp jurniguspn b uinwugynn hwnlnipnibbbpn:

Unniuwly 1
XIC dmfbiiph wnnuyunnp phupwlwl punungpnipiniap [2]
Nnn- C, Si, Mn, Cr, Ni, W, Vv, Mo, P, S, Cu,
wunh | % % % % % | % % % | % | % | %
dwl-
upop

XTC 0,95... | 0,40... | 0,85... | 1,30... | <0,4 | <0,2 | <0,15 | <0,2 | <0,03 | 0,03 | <0,3
1,05 0,70 1,25 1,65

Utunwnughinwljutt hbnwgqnuumpnibibph wpyniipmd wuipgdtp E np
840%2° oC  ghpUwunhgwinid ppsmidhg htwnn  wnquwwnh  Jupspnipnibp
HB=2400...2420 U t, hul] jupphnuypht $wqp puohaguwsd £ hujuuwpuwswih, husp
yuydwbwynpyus E wshuwsth wupniuwlnipyudp (0,95...1,05%): Ywupphyuyht wt-
hwdwubpmpiniup sh gipuquugnid 1-hg 2 puyp: XI'C dwiljthoh ynnuuwnp ghpiw-
pugdwt tuwndudp nitih ny UkS qqujunipinii. Si-p, ndjupugubkiny hiptunhpni-
qhwl, odwinulnid E dwtipuwhwnhnipjut unugdwin: 8wbp ghpdwunmhfwiiw-
jht mpdwynidhg htwnn XI'C dwljuhoh ynnuuwnt weph b pujunud dbwgnpryught
wntunkthinh thnpp wupnitbwlnipjudp (6...8%):

‘Ukinjuynudu XT'C dwljuhoh wynnuuwnibph hwdwp npytu dludw dhpwduyp
oqunugnpénid kl hwtipwhtt jninkpp: 840%2° °C ghpUwunhgwtihg jninnid djubynig
htwn 120 #i/ npudwgdny quntiph Jupdpoipniup dwljkpinipughtt okpunnid winwg-
ymd E HRC 63...64 dhun]np, hulj 180°C ghpuwuwnhgwiinid wpdwlnidhg htunn'
HRC=62...63 dhwynp: Uhtusntn dhomynid wjt sh ghipuquignid djunidhg htwnn
HRC=30...32 dhwynputpp, npntp wwhwywiynid Eu twb wpdwlnidhg hbwnn.

wjuhlplt dndwl dwdwbwl inknh E niubunid hiptiwpdwlynid:
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Unwugqué ndjuitph hudwpdwt b hbnwquymd wignphpunid jhpunbnt
tywwnwlny Juwnwpyl) £ XTC dufjuhoh ynnuunh djuntd twhphwnughtt juinkpuh
1,5%-ng opuyhtt |nidnypnd: Zhkwnwgnuunipniubtph wpyniupnid wwpqyty E np
Uhslh dwpunbkiuhnughtt thhnjuwljipynipjut ujhqpp (Mu = 200°C) twpiwyuin-
puwunwsph uwunkgdwb wpugmipmiin 175¢/4/ L, hul thnpwlkpunipniihg htnn
Uhtst ublywluyht ghptwunh&wip’ 50°C/4/ (wn. 2): Uhtsphin hwbpwght jninh dh-
owjuypnid vwnkgubjhu twpwyuwnpuunywsph uvwunkgdwt wpugnipniup juqg-
Umd k£ 1259C// (wn. 2): Giatyn Jbpp uogwshg Gupkih t hhdtwynph), np bplm
dhowduyntpb k tyyuwunwljuwhwpdwp o djudwi hwdwp, puth np tpdws uunkg-
dwl wpwgnipiniuibpp gipuquignid B nidyu hwdwdnyusph vunkgdwt Ynh-
nhluwlwb wpwugnipyubn [10-14]:

Unpniuwmly 2
Uwnkguul wpwgnijeiniibkpp
Uhgwquyp Uwnkguwt wpwugnipe- Unwybjugnyt | Unwykjugnyh
jnibbibpt pun gbpdwu- | wpwugnipmibp, wpwgnipjub
wnhgwlih, /¢4 ocH otpdwuwnhgwip,

550...450 450...200 oc

Zwlipuyhti joiy 125 45 140 450

Lwhppunwiht

E:
p | lwwntpub 175 30 320 650
1,5%-ng opwi-
1ht (nudnyp

Opwgph wdpnpowlut huknt hwdwp wihpwdtsn L npyhu dnunpuyghte
wupwdbnpbp pingpyk] hyybu wpnunpunbuwlh dadwt dhowdunh wnljwg-
ubpp, wytybu § ynnuuwnp phihuljub pununpnipjut wnwtdtwhwnlnipmii-
Ubpp obpuwdpwljfws nhnwhg wwhwigynn hwnlnipnibibph vnugdwi huyw-
nuwljny: Pwugh Ybkpnhhoju yupwdbwnptphg, wihpudbown t twlb hwodh wntly
wnnuuunh (hudykhnipniup b ghnwh dhenthh dhypnjunnigduspn [14]:

SYju piypnid, pwth np ntumtdbwuhpynn ghnwp tbpluyugund k gniu,
htnbwybu wyt whwp L ntbiw hwdwyuwnuuput dbjpwthulwt b $hghlju-
Jut hwnlmpmniuttp, npybugh wpynibwydbn wjuwnh quypunugubpnud: Fugw-
nugubpnid hwipwpupbph dwbipugdwi hwdwp twpwnbudws quntiph wohiw-
wnwiph ulgpniipp tbpuyugus b ul. 1-md: Qugunugh pupnilh wunundwh
dudwbwl quntpp JEunpntwhiniyu nidh wqpbkgnipjut mwly, hwipwpwpbtph hkwn
Uklwntn hyytny qununugh wwwnbkpht, pupdpuinid tu 4tp b Swipnipjut nidh
wqplignipyut nul puthymd gus, nph pipwugpnid mbnh £ niubunid hwupwpwph
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dwtpugnidp [15]: Gunbpp wouwnnd Eu hupusuyht b phpudwodwt yuyydwb-
ubpnud: LoJws wyuydwbbpnid wpnpnibwybn wohiwwnbint hwdwp quntpp whwnp
E niiktwt dwljbpinipuyghl skpnh pupdp Jupsdpnipnit (wbih pupdp, putt hwb-
pwpunkpp), pujupup wdpmipinil, hwupjudughtt dwdnighlnipmnit b wnwdqu-
Julnipni:

Uy 1. Zwbpupupkph dwbpugnidp qinunugihknid

Zupuduyhtt dwsnighlnipmniit wywhnynud L hwupusubph nmwly wyhuw-
wnbnt qunbph Epupuwlignmpiniup, hul] wpwdquljuinipniit wthpwdton k hwt-
pwpuwnh dwtpugdwt dwudwbwly, tpp qunkpp JEpht dknju) Yhwnhg puljund B
gus hwpyusdtitph phyp punnwugibynte hunfwp: Pupdp fupspn et wihpudbown E
quntph dwpwljuyniimpiniip pwpdpugubint hwdwp: Shdwt dudwbwl qunh
dwlplnipughtt okpup Eupwplynud £ phipwdwodwt b wnlynud £ qunhg, hush
wpyniupnid gniunp thnppwtnd £, wyuhlipt nbinh £ miibunid quuqush thnppw-
gnid, nph hknbwpny qunpunugh yunwndwt dudwtwl quntpp hyyynud B gunu-
nugh wuwht b jEunpntwpnyu nidh wqpbgnmipjut wwly qunpunugh htinn kY-
ntn Junwpmu b wdpnnewljwi wnnyn wpwig gus puljiknt. wpyniapnid
hwupwpwpp sh dwipugynid: Funkphg ywwhwieyny Jtpp tpdws hwnlynipnii-
ubkpt mhpwdbown £ unwubtu ynnuuwnp okipdwyhtt Upmljdwb vhongny [16, 17]:

UpJwshg hknlimd E, np qupunugubpnid gniiwnp dknwnubph hwtpw-
pupnbkpp dwtipugunn qupbph wihpudbion hwnlmpniuttph wdpnnowlwt thw-
phpR uvnnwtwnt hwdwp whwp kE hwpgh wnuk) qunbph dwlkpbnipughtt ogbpnp b
dhonih Jupdpmipiniubpp, wyuhtpt jupdpnipjut thnthnjunipmnitp swnwynh
ninnipjudp nhwh qugh YEuwnpnt, hsybu bwb npubg dhljpnjunniguspubipn:
Qunh dhgonihh Yupdpnipmiup okpduyghtt dpwljdwt gnpépuipugh wjwupinhg htinnn
whwp k htih 45.50HRC, hul dhypnlunnigfuspp npnunhinwght: U upbpn
htwpuynp £ vnwbwy, tpk djpdwt dudwbwl pupdp sbpdwunhdwbubpoid nk-
wnulh nunkgdwt wpugnipniup pujuluitht pupdn k, hulj gudp okpdwumhgwi-
tkpmud’ gusp [18]:
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Npuytuqh htmpuwynp (htuh yEpnbgyup uvnwbtug spugph dhengny, whpw-
dtown E mubktuwy pnnp thnpdwpwpuljub wdjujuabpp: Lwih np hwtpwhb jpunud
dpudwt thnpdwpupuljub njujubpp hwynuh o (hwbpuyhtt jnup ubpluynudu
punniijus £ hwdwnt) (kghpyws wunwuwnbbph djadwb hhdwlwb dhowquyp),
Juwwnwpyby ki thnpdwpupuljut woiwwnwipibp twhphunwhb junbpuh 1,5%-ng
opuwyhtt (nudnyputpnid quntph Jjudwb nyujubpp vnwbwynt hwdwp: Uju thne-
inud hwnnil] npwnpmipnit E nupddb] gusp okpdwunhdwiibpnid vwnkgdw
wpwqnipjuip, hyyhu twb XI'C dwljithoh ynnuuwh C-wdl Ynpkpht (. 2) [19]:
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Ul 2. XIC dwlipop wynnuuunp C-wdl Inpkpp b vwnkguwl phlinadhlub

Ul. 2-mud gnyg E wipqus XI'C dwljuhoh 120 #/ npudwgdny wnnujuwnjw
qunh uwunbkgdwt wpugmpniup twhphwnughtt junkpuh 1,5%-ng opuyghtt (nidny-
ponwd: bPusybu Epinud £ vwnkgdwt wpwgnipjutt Ynphg, pupdp obpdwunhgwi-
ubipnud vwntgnudp wnknh k ntukunid own wpwg, hul gusp ohpdwunhfuubpnid
wpwqnipniup Jupnty wjuqnud E: Ugu Gplingpp pugunpynid £ ipuiting, np 350°C
gudp ohpdwunhfwuubpnid qunh dwljbkpbnypnid wnwowinid b wnjhubpughe
punuip, npp b qquihnpku hokgunid E uwnkgdwt wpugnmipiniup, pln npnud, pu-
nuiph hwunmpiniip juhdws L uwunkgunn dhowduwyph Ynugkunpughwhg: Bw-
nuipp, guspugubiny qunh okpdwhwnnppujuinipniup, vhoninid vwnkgdwu
wpwugnippniip qupdind b opuduljuiht gusp hwdbdwnws dwlkplintpughl
okpnjh uwnkguwl wpwgnipyul htwn: Npybu hknbwbp dheniynid winugymd
wnpnunhnughtt junnigdusp (uly. 3p): Zuduyunwupwbwpup dwlbplnipught
otpuinid, vwnkguwl pupdp wpwgnipjut punphhy, vnugynid £ dwpnbiuhnw-
1htt unnigdubp (uly. 3w):
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Uhadwt gnpépupwughg htwnn swthyby E qunh thwdjubihnipniup, npp wyhwnp
t pudupuph gmbuwnp dknunibph hwipwpwpbpp dwipuging qunkph’ 0,5R

hunpmipjudp djudws ohipnh wnfuyniput wuydwp (u. 4):

W

) 19

Ul 3. XI'C dwlihph ynnuuninpg wunnpuanywé 120 Ui npunluugény gliinh dpipnlu-
pigiwdpp tupphnughl junnkpup 1,5%-ng opuyhl pnidnypnid djunidpg hkun
w — dwbplnipuyghl okpn, p - Upontly
70

60 Uzluwunwupwihl unpnip)niu
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lunpnipynitup Jujwd Jwybplunyphg, uv

LY. 4. Qupdpnippul thnghnjunipinilp  jupuws jnpnipmniihg
Zufwduyh hnpdwpupuljul ndpugitph’ dudwb gnpspipughg htwnn 30 2/
hunpnipjut vwhdwbtbpnid wnnuuwnh Jupspnipniup juqund £ HRC43...47
dhwnn:
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Onpdtph wpynmiupnid vnwugus wndjujupp tkpdnisdt] o wdjujukph
puqui: SYjmubph puqu Eu thpdmsyl] twb jpugnighs thnpdtpnyg unugjus b
unbinkjunniubpnid wnw wndyuutpp (11]:

Opwgph dkjuwnpyhg htnn tkpdnisyl] Bu wnnuuwnh dwljuhop, yuhwby-
Unn dwlpinipughtt b dhoniljh Yupspnipniubpn, npnup wyhwp L unwugybi dpunt-
Uhg htinn: Uthpwdbyn wpdbputiph ubpunidnidhg hbwnn spughptt wyn ubpdnis-
Jwé wpdbpubpp hudbdwunnud b wfjujubph puqunid wnu wndjuttph htwn:
Bpt hudbdwwnnipjut wpyniipnmid ubpdnisyws wpdbputpp shudwyunwuow-
ukt wfjuikph puquyh wpdtpubiphty, npnup Spugpnid tjupugpdus tu Judwh
gnpoéplpughg hinn npujtu fupspnipjub unwugdwb htwpunp wpdtpubp, wuyw
Spughpp wwhwbenmud E ukipdnist) unp wjuyubkp: SYjuubph puquynud ubkpunis-
Jwd wpdbpubiph woljuw (hubnt ghypnud Spughpp Yipgunud E ubpdnisgws dwly-
uhoh ynnuuunh djudwb okipdwunhgup, wyy dwljuhoh ynnuuwnh dadwt Ypp-
nhlulub wpugmpniup b hwdbdwnmd b udyujubph puquyniud wnjuw npybu
vwnkguul dhowduyp punniudws dhowduypbph uwnkgdwt wpwgnipniuubph
htwn: Gptk dhow]uyph vwnbkgdult wpugmpniut wybh pupdp E put wnduyg
dwljuhoh wnpyuwnh vwnkgdwt Yphnhjuljut wpugnipmpiup, wyw Spughpt
wyn Uhgwwjptpp wuwhywimd E pipwughly hhonpnipjui dke npuku hwdwugw-
nwupiwtng uunbkgdut vhpwduyp (ndju guuyh dke Jupnn kb dntbk) htsybu
Uk, wytybu k) dh puth vwnkgdwut dhpwduypkp): Uju wdkthg htwnn Spughpp
wwhywijws dpdwl dhow]uyptpp $hpnpnid ' pun gusp obpduwunhfuiiik-
pod wdbiwgusp uwnkguuh wpugnipyub: Uw junwplnud B ukng wyb uuyg-
uwlihg, np hiypwt nuibmun wwekgdh (Whafh) wanuungu hpp, wijwg ghypnd
qunbkpp, wyupwt guép Yihukh ubpphtt jwpnudubpp, b hwdwywnwuppwbtwpwp
wykih pupdn Yihuh Epupuybgnipmiin: Uuluyt dupnbiuhnughtt junnigdusp
unwbwnt hudwp dudwt vunkgdwt wpugnipmiip dhon yhnp | pupdp 1hup
dpudwt Yphnhjujut wpugnipmniihg: Fugh tpgws yuydwihg, wthpudbon E
wuywhnyl) qunh dhgonijhg wwhwieyny Jupsdpnipmiup (HRC45 dhwynp), npp
httwpwynp E vnwbw) dponijh vwunkgdwt wpugnipjut thnppugdwb dvhgngny:
Upnynitpnid” dpughpp hwpqupnid  uwnkgdwt thehtt wipugnipyniip b wwh-
wuinud t wyn wdjup ppwughy hhonpnipyut dke: Uju wjup whpwdbon L,
npykugh hwibdwndh dudwi gnpsplipugh nbngnipnitp C-wdl Ynpph Yph-
nhljulwb wpugnipjut dudwtwuyhtt ndjuh htwn:

Opwgph wphiuinubipwh b hwpgwpluyhti gnpsplipugh wjwpunhb wjb J-
punupdinid £ nbkpunughtt g, npnkn wighugdws tu hwpdupluyht gnpépu-
pugh wpnyniupubpp: Uyn wjjuyukptt hpkug hipphtt npybu jpugnighs nbnkjun-
Ynipnit tkpunidynid o ndjuutph puqu b htwpwynpnipnit B tmwjhu pupt-
Jutnt spugph wohiwwnwbpp wyl nupdibing wibkih &qphuwn:
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U 5-nud ubpjuyugus E dpugphg vp hwwndws, np hpujubwgunid k
Jtpnuojuy gnpénnnipniutbpp:

critical velo cel sec = steels dict[steel model]["critical velo cel sec"]
envs_with_higher_velo = {}

for env in quenching_env_freeze_velo:
if quenching_env_freeze_velo[env]["freezing velo"] >= critical_velo_cel_sec:
envs_with_higher_velo[env] = quenching_env_freeze_velo[env].copy()

envs_with_higher_velo_list_sorted = sorted(envs_with_higher_velo, key=lambda x: (
envs_with_higher_velo[x]["lower_temp”] is None, envs_with_higher_velo[x]["lower_temp"]))

min_env_key = envs_with_higher_velo_list_sorted[@]
min_temperature = envs_with_higher_velo[min_env_key]["lower_temp"]

quenching_temp = steels dict[steel_model]["quenching_ temp"]

env_time = (quenching_temp / min_temperature)

env_time += (quenching_temp / quenching_env_freeze velo[min_env_key]["freezing velo"])
env_time /= 2

hardness_after_quench = steels dict[steel model]["hardness_after quech"]

Ul 5. Zunnywé Spugppg (Gnnhg), npp wunnwupnubunnnt b wlhpudkoun njuyGkph
pnipupkpl hundup

Ukipluynidu XT'C dwljuhoh ynnuuwnju qunbtph Jjudwt hwdwp npybu vw-
nkguwl vhowuwyp punniuusé E hwtpwjhtt jmnn [8, 9]: Uwljuyjt vwnbkgdwt thnpp
wpugnipjul yundweny hwmpwghtt jninbpp skt wyywhnynid ywwhwbgynn hwwn-
Unipynibitikpp: Nuinh wohtwwnwipnid thnpd Ewpdt) hhudtwynptynt bwhphunwhl
Juwntpuh 1,5%-ng gpuighti jnidnypp npuyybu wpwnn bwly pedwt Uhgwuyp, npp
Jupnn E wywhnyby qunbph wuthpwdbon hwnlmpiniuttpp: Loywst hpujutwg-
uknt hwdwp qpdws dpwghpp gnpéwplyk) £ hknljw) dntnpughtt mgdjujubpny:
Npuybku Untnpwghtt nfjuubp tkpdnisyt B ynnuuwnh dwfjuhop b phdhwlut
pununpnipniup, djudwb gnpdpupwghg htnn wwhwbeynn dwlbplinipught
(HRC64...65 vhwnp) b dvhoniyh (HRC45 dhwynp) Yupépnipmniuutpp: Opwughpp
npybku dudwb okpdwumhdw yhpgply L 840°C: Npybku dudw dhowduypkp nh-
wnwnlyty Eu onipp, hwipwyghtt jninp b iwhphunwghtt juntpuh 1,5%-ng opuyhtn ne-
dnypn: Uhowduypbph uwnkgdwt wpugnipniuibpp dSpughpp 4Epgpty £ wndjuyg-
ubkph puquyhg b nputu wpyniup Jepugupdnpt | hbnlyuw) ujukpp.

1. wdbbwhwpiwp dpadwi dhoun]uypp tuwhphuught junnbpuh 1,5%-ng opu-
jht (nudnype,

2. dwlkpimpuyht skpunh guiljwih upspoipeniip HRC 65 dhunnp,

3. dwlkpumpuyght skpunh wpymbu]bn upspoipmiip HRC64 dhunnp,

4. Uhomlh gubljuyh Yupspnipniip HRC45 dhundnp,

5. Uhonijh wprynitwykwn jupspnipymiup HRC45 dhwnp:
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Bqpuljugmpiniit: Zwudwhp hbnwgnunnipniabbph wpyniupnud dowlydby £
dpwghp, npp htwpuwynpnipinit £ vnwjhu twhphwunught junbkpuh 1,5%-ng opuyghe
(nwdnypl oguuugnpsty XI'C dwljthoh wnnuuunhg yunpuwungus 120 # npw-
dwgdny qunbph Jjudwt hudwp, npnlip Jupnn Bu oguuuugnpéyty gnitiwgnp dbunwn-
utiph hwpwpwpbpp dwipugunn quyunugubpnud: SYyujubkph Jekpudswlnidp b
wphbunwlut putwljuinipniup hwiinhuwind Eu duwdwiwljuljhg ghnnipjut
owipdhs nidp, hknbwybu' dpwlfws wignphpup b Gpw hhupm] gpdud spughpp
htwpwynpnipnit i tmwjhu dknwunubph obipdughtt dpwljdwt gnpdpupugh hpu-
Jwlwgil) spugpuynpdwi wkbnnghwikpm] wib pupdpugibing vkl wy dw-
Jupnuih: Lwhiwgdjws wignphpdp dudwbulh phpwugpnid l‘lpulph]_uqu_h, wbkh
Yukdwtw njujubph puqub, husp htwpwynpnipmit juu wnwbwnt nduyg
wnnuuunhg yuunpuunjws hphg ywhwieynn hwwnlnipniuubp, owwn wpug
npnoknt obpduyhtt pwljdw nhdhdukpp b djadwt dhowduypp: Lows ghnulju
ninnnipnLup wyugquynid Jupnn Ehubghgub] okpdwdouljdmt mkuwljw tnpw-
npupnipinibitph, npnup Yhhdtwynpytu (Qud Yhtppykt) gnpstwlu thnpdkph
Uhongny:
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P.C. TAITIOSAH

PA3PABOTKA AJITOPUTMA ITPOLECCA 3AKAJIKH CTAJIBHBIX IITAPOB
MAPKHM XI'C, TPOTPAMMHWPOBAHME U BIBOP 3AKAJIOYHOWM CPEJIBI

Lenpto paboTel siBIAETCA pa3pabOTKa alrOPUTMA U NMPOTPAMMBI IIPOIIECCa 3aKAIKH
CTabHBIX apoB Mapku XI'C, 9TO MO3BOJIUT MOJIYYUTh HY)KHYIO CTPYKTYPY U MEXaHHYECKUE
CBOICTBa TI0 JUIMHE pajuyca Imapos. MccienoBaHbl METOIbI PabOTH HCKYCCTBEHHOTO HH-
TEJUIeKTa ¥ 0OpaOOTKH NAaHHBIX AJISI MX BHEIAPCHUS B MIPOLECCH METAJUIOBEICHUS M TEPMHU-
4eCKOH 00paboTKH.

W3 ananuza nurepatypsl BeiBiIeHO, uTo coryiacHo I'OCT 7524-89 u 'OCT 5950-
2000, cranp mapku XI'C nomyumna mMUpOKOe IPUMEHEHHE NPU U3TOTOBJICHUH IIAPOB AJIS
M3MENbYCHHS Pyl IBETHBIX METAIIOB. [IpOBEICHBI SKCIIEPUMEHTHI C IIApaMH, U3TOTOBJICH-
HBIMHU U3 cTanu Mapku XI'C, ¢ 11eNblo MOJy4eHHs: HOBOM 3aKaJ04YHOIl cpeibl BMECTO MUHE-
panbHbIX Macen. [TokazaHo, 4TO HAMPUTOBBIN JIATEKC C KOHLEHTpauuel 1,5% sBisercs anbrep-
HATHBHOHM 3aKaJIOYHOHM Cpeloil I BBIMIEYIIOMSHYTOW MAapKH CTAIM, KOTOpas OOecriednBaeT
MIOTY4EHHUE HY>KHBIX CBOICTB.

[Toce npoBeneHHBIX UCCIIEIOBAHUHN AJIsl HAMCAHMS IPOTPaMMBbI OBbLT BEIOPaH SI3bIK
mporpammupoBanus “Python”. Coznmana 0a3a maHHBIX W BBEACHBI NMpPUMCHSIEMBIC HBIHE
JIaHHBIC 3aKanky mapoB u3 cranu Mapku XI'C. [{ist 06paboTKM TaHHBIX CO37aH alrOPUTM,
C TIOMOII[BI0 KOTOPOT'O BHIBEIEHA CaMasi aKTyajbHas 3aKajlOYHas cpejia AJsl ONpeaesICHHOTO
CIIaBa, NCXOJS M3 BBEIICHHBIX JKEIaeMbIX KOHEUHBIX JaHHBIX. [locie TecTupoBaHus mpor-
pamMMBI 11 mapoB ¢ quamerpoM 120 v Ha oBepxHOCTH 0610 TomydeHo HRC 64 enuHUTIEL,
a B cepauenune - HRC 45.

Knroueswie cnosa: cranp, map, 3akaika, C-oOpa3Hble KpUBBIE, alITOPUTM, 3aKaIOYHAST
cpela, CKOpOCTh 3aKaJKH, TBEPAOCTb, CTPYKTYpA.
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R.S. PAPOYAN

DEVELOPING AN ALGORITHM FOR QUENCHING XI'C GRADE STEEL
BALLS, PROGRAMMING AND SELECTING THE HARDENING
ENVIRONMENT

The goal of the work is to develop an algorithm for the process of quenching XI"C
grade steel balls and develop a program that will allow obtaining the given structure and
mechanical properties along the length of the radius of the balls. In order to achieve the
goal, the Al features and data processing methods have been studied to implement them in
the processes of metallurgy and heat treatment.

The literature analysis has shown that according to TOCT 7524-89 and TOCT 5950-
2000, the XI'C grade steel is widely used for non-ferrous metal ore grinding balls.
Experiments were carried out with balls made of the XI'C grade steel to obtain a new
quenching medium instead of mineral oils. Nairite latex at 1.5% concentration is an
alternative quenching medium for the above-stated steel grade that provides the desired
properties.

As a result of the research, the programming language “Python” was chosen. A
database was created, which imports the currently known data for the quenching of the
XI'C steel balls. For data processing, an algorithm is developed by which the most up-to-
date quenching medium for a particular alloy is derived, based on the desired final data
entered. As a result of testing the program, for the balls of a diameter of 120 mm, on the
surface, HRC 64 units is obtained and in the core - HRC 45 units.

Keywords: steel, ball, quenching, C-shaped curves, algorithm, quenching medium,
cooling velocity, hardness, structure.
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UNMLUdNrUUL USELh UcUunNkhuUC

Ltnuwghtt pugwhwiph dbpjugws Ynnnud, npu ybipht thohg mwpwsyny ptwfui
(Entiwjwioh phintiwbphg wnwowgus (pugnighs jupjuwduyhtt nidtiph nknupwohidwb onh-
bwswhmpniuttpt niuntdbwuhplnt hwdwp, dowlyt) £ jwpduwsnipnitubph gpuugdu
bhqhyuut Unpbjwynpdwt Swjwjuyhtt uinkunh Ynunpnighw: Ujt Jupnn b jhpunyt
twl pupy phjhtdughtt yuydwtbbpnud b vwjuuptp nupusputph Jpu dbwynpynn wuyw-
nuyhtt puquuunpdut (gulnyuntpmd jupjusuyhtt nidkph bnupuwojudw b ngpu htkwn
Juwyws jgulnyunbkph pughntuy yupudbnptph tppudbiwbhjulut hhdtu]nplul
wfuwnwupubpnud:

Uhkphuyugdus dhqhjuljut swjwjuyhtt dnghjughtt unbkunh hwdwp wvnwgdly | 22
wpunnuwghp:

Unwhgpughl punkp. puuljuit (kptiunuty, pugwhwph phntijws Ynn, $hqhuljub
Swyuwuyht Unphjuynpdwi unkuny, wyupughtt puquuunpdut (gulnyn, supduljub b
wlpwpd wyphquubp:

Lkpwbnmipjniu. Fupn nhjhtduht wuwydwiubpomd nbnunpjus (Entwgh
pugwhwpbph Ynntph juyniunipjui hhdtwynpnudp dumd | npybu juplnp b
wpnhwlwb puughp: Ldwt Epjpudbwthyjuyut dhpwjuypnid twpuwugdught
nusnidubinh hhdtwjut hwpgkphg dkyp phwljub (kntwjubeh pntusphg wnw-
ouwigud pugwhwiph Ynnh Juyniumpjut Epjpudkwithjuljut hhdtwynpnudi k:
Puwljut (Entwubgnid nnwupwéynn (knttuyhtt wywpuyht quigudn, twpupu
pugwhwiph pugnid nt Epujudughnt wouwnwipubph dEjuwnpyp, quignud k
sptintiwd 3D jupqusuyghtt hwjwuwpuiljohe Jhdwlnud [1]: Zwpwpuph wpyniw-
hwidwb nt hwin pupupddwt wohtwnwputph htnwgqu junwpnidp hwighg-
unwd |k pugwhwtph dhoynnuyhl (Entughtt wywpuyghtt quugusmd phwljut (En-
bwmugh phntjwusphg wnwewgnn Epjpudkjpmthjulub dhpwduyph dbwdnpdwip,
npl b hp hEppht hwtqbkgunmd b puguhwiph Ynnh (Eptughtt mywpubpnd jup-
Juswyhtt nupwnh Jhpwpwppudw nt thnthnpudwtp [2, 3]:

Ukpluynidu hwjinth i puguhwupbph dbpugyws Ynntphg Jbip nupws-
Ynn phwlwb (Entwjwbebph wqpbgmpjut Wjuqbgdwt dh owpp Lnwbwlubp:

230



NMpnd. E.L. Guniunjuth §nnuhg wnwowplus mknhjuljut jmsdwut hudwdwygh,
htnwugubiny ptwljut {Ekntwjwgp, htmipuynp Y1hth wywhnyt] pugwhwph Ynnh
Ypw wqynn qupdusught nidkph pighwimp pujubunyd hwujwuwpuloem pynip
b hwphy wwbng wphquugh quitqush wuqbgdwl, hush punphpy pugwhwiph
ynnp dbknp Yptiph hwybjju) juynitimpjut guown [4]: Uju mkthjulub jnisdwut
phipnipniut wy k np, pugh jpugnighs Swhiubiph juunwpnidhg, pauguhwiph phint-
Jwsd Ynnh Jbpht kqpugshg b ptwljut (Entwjuighg hinwgqué wywpuyht obip-
wnbpp Jupnn Bu hwiigkgub] pugwhwiph §npnud wnju nkjnntwljut juqubdph
dwpduh pugdwlip, npnkn Jupnn b ubphnul) duhwihg b widphweptphg wow-
owgud opbipp [4]:

Zuyunth £ bwh (Eipbwjwugbtph nt php hwppnipniuutph Ypu juquuynpyng
hwpp stybpny (gulniynbph wunhdwbtbph dnpbjuynpdwt hwdwp dowldus
unkinh Yupmguépp [5]: Zwynbh nkjuthjulwh msdwt hudwdwgi' skugkph
Unnijuynpnudp juunwpynid E Epynt muppbpulng. yuwnygnn b wpwpd unkn-
utph Jpw, npntn hwdwpdtp Wyniph dhqhju-dkuwuhjuljut punipugphsubnh
wnyjuubipny dwynpus sbuyytph uwhph hwppnipjut junnignidiu hpugnpsynud
t opphtwnwswthh thongny: Mununn mhyh dnphjudnpdwb uvinbunmud dnpbjw-
Ynpynn obyh hwuplunpuljui thinignudp juunwpynud k hp juytwut wnwbgph
onipon unkinh wnwndw dhongny: Unphjuynpldwt uinkunh wpwpd wwppbpuljh
huwidwp obwh phpnipjut wiljjut Ukdwugnidp junwpdnid k otuyh Epljuyipny hw-
dwipdbp Wniph quiugush pupwl okpnbkpny htnwgdwb (pipdwt) vhongny: dk-
nnuoyuy Unpijwynpdwt unkunh pipnipmnitt wyb E np Jipehtiu htwpugnpnipnit
sh pdbknnud’ npnotym pugwhwbipughtl Ukplugws phpmpmibitph dheynnuight (hn-
twghtt wywpwiht qutgjwsh jupjusughtt nunh Ypu puguhwiph ipht thohg
nwpudynn phujub wtjpwpun (kntwutgbph wmudhpwljub wqnbgnipmniin:

Zuupwhuwjn ki ntuwunwith fwptunipjub (hntughtt Ephpudtuwihljuygh
b dwplpobpipulub gnpsh ghnuwhbnwgnunujutt ptunhnnunnd (BHUMHU) hwi-
dwpdtp ymptph ogruugnpsdudp puguwhwptph Ynnkph juyniunipjut ghuhwn-
dwl nipnnipjudp junwpjws hbnwgnunnipniuubpp: Unphjudnpdwt wpngynip-
Utpp hwdbdwnby b wpnd. .1 Shubkblyngh Ynnuhg dpwljuws puguwhwlph Yn-
ntph Juyniunipjut npnodwt hwyyupuyhtt dkpnynyd unwugyws ndjujutph htn
[6]: Ujunkn Juwnwpws bhqhiulubt dnpijudnpdwb thnpdbph wpnyniupnid ph-
nwnplynud b dnpbnid puguhwtph Ynnh httwpwynp thiniquwi b hwpduplught
dwybkplnyputpp, hiyybu tub dnnbh Yphnhjujut phpdwt wyb wiljjut npny-
dwdp, tpp dnpbjuynpyny Ynnp dund £ juynit: Pupdp quuhwnbing wyu dnnk-
Jwjhtt unkunh Yhpwenipmniup nuppkp tpjpudbouithjujuwt junniguspubph
Juyniunipjutt hinwgnindw hwupghipnud, whwp k ok, uvwluyl, np npu bhqhljw-
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Jut Unphjuwynpuudp htwpwynp sk hwjntwpkpl] nt hbnmwgnunk] puguhwuph
Jtpht Eqphg mwpwéyny ptwljut Entwuioh qutqyushg puguhwph Ynnnid
wnwowgnn [pugnighs jupyuswhl nidbph nknupwunidp:

Sthuthjuljut hwjinth gpuljwtinipjub, gnuntph b wy hadbubpuljut wnw-
owinnipjniibpnh YEpnisnipiniup gnyg b widk), np wniju dngbjuyhtt unkunubph
Upgngny htwpunp sk hwyntwpbpl) nt npnpty pugwhwtph Ynnh Jtpht thohg
nwpwdynn phujut (Entwubgh pintdubphg wnwewgwd jpugnighs jupdusdughu
nidtinh nknupwohidwt ophttwswthnipniiubpn, husp wuydwbwdnpdws L ukpw-
nudu hwypnuh dngljuyhtt unkunubph junnigwspny:

Pugwhwiph Ynnbph wywpujhtt quiuqusnid, nhdnpdughwtph tuqbg-
dwt b junitmpiubt pupdpugdut tyyunwlny, {Ekptughtt gnpsh hwpnth dwubw-
gbknubkph Ynnuhg wowewplyt Et wkpuuhjuljut wwppbp nsnidubp puguhwi-
ptipnud §nnknph b Epjpunbjuuhjulut wy jurnigquspubph juynitinipjut yuh-
yubdwl ninpnipjudp: Lujunpkt hwyjnth i 9.9, rdhuljm Ynnuhg dpuljdws pu-
guhwipbph pnyugws pinuus jud spntiws Ynntph juyniinipjut junwdup-
dwtt hwpinth dhgngunnidubipp [5]: fuguhwiph §nnh juyntimpjut quhywidwb
Uhongunnudutinhg k bl ypnd. k. uwiniunyuh Ynnlhg dowljdws nkuthjulut
wyt wnwewplnipniup, hwdwdwyi nph puguwhwptpnid Epljuyiwljut phpwgp-
ubpny wbnugpqusd tkppht (gulnyunbpp hwunku o quihu npuytu puguhwiph
Ubpjugws §nnh juyniunipjut pupdpugdui gopént: Uju wnwewpynipjui hhd-
pmid pljus | uytt qunuthwpp, np ubppht (gulniynkph dbwynpnidp fhwbgkguh
pugwhwpuyht Ynnh wwhnn yphquugh swuwih dedwugdwip, husp hwjwuwpw-
ornipjutt hwdwp wihpudbon nidbiph punhwinip papwbunid hwighgunmd E
pugwhwiph Ynnh Juyniinipjut wywhngdwnp [4]:

Uuhpwdtow t k), np puguhwiph pnijuugws §nnh wuwhnn nidkph dkdwg-
dwlt wyu nkuthjulwt tnuwtwlh Yhpwenidp oqguunuljup E puguhwiph ny wphuw-
wnwipuyhtt Ynntph gquhywidwb ghypmd b whtyuwnwuwhwpdwun t paguhwiph
wojuwnwipught Ynntiph juyniinipjut junwjupdwi hupgbpnud:

Nuunpmput ki wpdwih dudwiwlulhg htnmgnunpikph 2khgh b
niphpubph Ynnuhg (1] pugwhwiph Ynnh phpmpyub juyniimpyub fpa gpu fephb
Eqpugdny wmwpwdynn ubppht jgulnynh wqpbgmpjut 3D dupbdunhjuljub
Unphjwynpiut Uhongny unwgdws wpyniupubpp: Zknhtwlubpp hwigly bu wy
tqpuljugnipjutip, np qguiynijnp Ynnuhg Ynnp pintfwud jupjudwihtt gugnp,
npp Juquyws £ jgulnynh Ynndhg pintfws dhgwuyphg (ubnung jupjwdnip-
i) b (Eptughtt wmywpujhtt quuqush ubkthwljut pughg dbwnpyus sphntdwsd
dhowJuynhg (Aguwl jupnidukp), byuwunmd £ dgdwt jwpnidibinhg wnwewugws
ghnplinh (Enttughtt wmywpuyhtt quigusnid hbnwqu ukpputhwigdwip, qup-
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qugUut n. mujutnt Yipuyny nwpwsdwp» [1]: Uju hklmwugnunipjut hknhtwy-
ubkpp pEntus Epypudbhwihyuljut vhowjuypnid hwogh B wnk) tkppht 1gu-
Ynyuntph wudhowljub wqpkgnipniiup pugwhwipujht phpnipjut juyniinipjut
Jpw’ quuwhwinkiny (kntwghlt wywpuyhtt qubqush wipmpjut Ypu Jepupugju-
Jus qupjusuyhtt nupnh wnuybjugny ubnunn b dqnn jupusnipniutibpp: Lous
wphimnwiph htinhttwljubpp 3D dwpbdwnhjuljut dnpbjuynpdudp uvnnwugl) bu
niywgpuy wprynibpbbp, vwluyl, tpwsuh dwpbdunhjulut dnnpbjugnpnudhg
unugud nbuwlub wpyniupubpp hhdwynpdws sk puguhwiiph Ynnh jupgdu-
Sduyhtt puipnh thnthnpunipjut Ynuhptn swihnidubpny:

Guunwpjws Jhpnidnipiniup gnyg b wnwhu, np tbpuynudu hwynth skt
UnnEjuynpuiut wytyhuh unkunukp, npnug hhdwt Ypw htwpwynp (huth quwhw-
nk] pugwhwpbph Ynnkph yEppht thohg mwpwéynn ptwljut (Epbtwjwbeh quiig-
Jushg wyy Ynnbpnud wowgwgnn pugnighy (wpusught dhdwlh hnthnfuntp-
miuubph ophttwswthnipyniubpp: Lintwjht puguhwpbph wuwydwbtbpnud phw-
Jut {Ekntwjugh wqntgnipiniithg pugwhwph dbpjugws Ynnh wuyywpught qutg-
Jush jupubuwhtt puonh thnthnpunipjutt quwhwnnidp hwdwpynid £ wpphw-
Yut b juplnp fulinhp:

Runph npjudpp b dkpnnpljugh hpdtwgnpoubp: Uzwhty Erwewbgp bhah-
Julwt dnphjudnpdwt unkin, npp htwpwynpnipnitt juw quwhwnbne (kn-
twyhtt puguwhwiph Ynnh JEphtt kgphg mupwsynn phwjui (kntwjwish quuqdu-
shg puguihwliph Ynnh weupuyht quiiqush by fnpnipniiihg Yuhojus' (pu-
gnighs (upJuduhtt mdbph pwplugusnipiniup b pupdpugub] juynitinipjut Jpu
ytpohuukphu hbnnwqu wqpkgnipjut quuwhwnwlubnp:

dhqhjuljwi swjuwuyhtt Unptjwynpdwi vnkun: Unphjudnpdwt unkunp
gnyg E nipdus uly. 1-nd: Uju punugus E dbnmunuljut ypndhukphg yunmpuun-
Jud nipnuilnit ywphquuyh mbkupnyg hhdtwldwhiphg (1) b pupduljut yphquw-
1hg (2): Zhdtwdwupt nith wdpwpdhlubkph dhongny hp Epjuytwlub wnwbgph
ujuundudp phpdbnt htwpuynpmipini: Zhdtwljdwpaph (1) b owpdwljutt yphg-
Uwgh (2) Ytppht b nhuwgh thunbpp pug kb, hhdwldwhuph (1) hhdpp b Ynnbkpp
utpuh Ynnuhg huljdws th wipwpd ywunbkpny, hbnbh wuunp wtnybybu wiywnpd
E, pun npmud, Jtpohtthu hnphgqnuwljub swhp Unnwynpuybu 3 wuqud UkS E
unnphtt hhdtwdwjuph (1) pwpdpnipiniihg: dbpht pwupdwlwb wyphquuygh (2)
Ewnht yuwnp thwl E, hul hhdpp owpdwulut k:

Unntih qtpht gupdwluis wphquuygh (2) hpdph wpndhih b hputwlwhiph
(1) ytiphtt ypndphih Ypw, hwdwyunwuhpwiwpup, wdpugqus b dbnwnuljub
phpptpny hhutwldwiupp (1), b Ykpht pupdulub (2) yphquwitpp wylwnub-
puyhtt ghppnud dhdjuig htnn wipwpd dhwind ki ubiknhsutinh dhongny (5): dk-
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nht owpdwujub yphquugh (2) wulnibwgdwihtt huppnipjudp b wuppbp wby-
niuubph nwl hnphgnuwfwt mnnnipjudp nknuowupdytnt hudwp wdpugus
phwljul (Entwwtgh (8) hnphqnup tjuundudp phpmipniup ubtonny peuwly (4), npp
hnnuljuyny Jtpht pupdwljutt yphquuyh (2) tpupnipjudp mknuowpdynd &
owpdwjwit yphquwyjh (2) hhuph dbnwnuljut ypndhjubpnud pugqus gbnptpng b,
wihpwdbonnipjub nhuypnid, wdpugynid hnnuljuwh suypbipmd mknujuygus
uliknhstbpny (9) (uy. 1):

vl 10 Rawlwd jkphuywiony phninjws puguhwiph Ingnid jupyjwénipmnibabph
gpuiiigwl unpljunnpuwl winkan. 1- wnnphl wipwpd yphgiw, 2- JEppl pwupdwlui
wphquw, 3- whlnilnal, 4- ppluul, 5- ulblknpsbkp, 6- hudwpdip inip, 7- puguhwiph §nn,
8- plnuljunly jEnliayuilip, 9- hnpwiluny uliknpstkpny, 10- nklnninulul fgjudp

Unphjuynpdwt unbunh uinnphtt hhdbwldwjuph (1) hhuph b htnht yuwnp
Ynnuughtt yunbkpny, htsybu twb yEpht swpdwljut wyphquuyh (2) hknht yuwnh
owipduljutt hhuph nt npuiughtt wwnbkpny dbudnplws swyuyubpp (gymd i hw-
dwipdbp Wnipny (6), Abunpmu ki puuguwhwtiph Ynnp (7) b nkljnntwljub juqquspp
(10), npnug Uke qhnmbnynud Eu jupdusnipmtutph gputgdwi wdhsubpp: Pusybu
Eplinud | Y. 2-hg, soupdwljut yiphtt wphquuygh (2) swpdwljwi hhuph nbknuowpd-
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dwl vhongny Jupquynpynmid E unnphtt hhdtwldwhaph (1) dke puguhwiph Yn-
nnud (7) unnkjh kpht Eqph Jpu «<bunwd» ptwljut (Ekntwjuteh (8) Epypuswthw-
Juwt wuwwnlbph pumpwugphsutph unwugnidp (phpnipjubt wlnil, juyunipmy,
pwpdnpnipiniir):

1/

Ul 2. Unnphi wipwpd yphquuyh (1) djunndudp Jhphi pupdulul yphquuynid (2)
[Enbwypulioh (4) nmupplp phpuwl whlnibbkph nkuypnid wnknunhppp. 3- wilyni i,
4- pnlnuly, 5- uliknpsbkp, 9- hnpuluny uliknpsikpny

Utp Ynnuhg dowjdus dSwjuuyhtt $hqhjuljub dnphjuynpiwut unbunp
(uy.1) huynuh dnpljwynpdwt vinbkunubphg nwppkpynwd £ tpwing, np unnppht
hhdbwldwjuph (1) ypw, tpw htn ubbndwb httwpwynpnipjudp, nnunpdus b
unyb juyuwlut jupuspny b hhdtwldwhph Epljupnipjudp mkquowpdynn b
phwwi (Entwjwish wwpwdtnpbpn] quiuqush dbwdnpdwt supduljut hhd-
pny ninnutlmitt yphquw (2), nph wulnitiwgswyhtt hwppenipjudp tuppkp wly-
jut muly (3) mEnunpjué ptufut (kntwjwish ptpnipjniup ubkenn nntuwlp (4)
niuh hhuph Epjupnipjudp dknwnulut ypndhjubpnd pugjws ghnptpny hnpw-
Juuyh (5) dhpngny hnphgqnuwljut ninnnipjudp nknuoupddwt httwpwynpnipe-
i, hsp gnyg Enpdws by 1 b 2-nud:

Phwljwl (Eniwjwlbgh (8) quigqiusny wuylwiwynpjws phnt]ud pugu-
hwiph Ynnnud (7) gpoiintibph jupduwsuwghtt yhdwh thnthnpunipjut ophiwswthne-
pibitkph Unnljughtt hnwgnunmpynibikpt ppuluiugynid ki wwhuywibyng
npuitlg Ukpluyugdnn hwpnth wwhwheltpp: Thpehtitkphu htn Yuuyp]ws Juplinp
pwbwlnipih mbh hwdwpdbp ymph wipmpjul gniguihsubph phwnpnudp
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Unnjught hbnmwgnunipmmiutbipnd oqgunugnpstiny hwunwwnnit swhwdwubpny
wjuqgh b wkuhjujubh Juqbihth, yupubhh jud wpuwbubnpdunnpughts jni-
ntph howntnipnubpp [5]: Unpijugnpdwt unkunh vnnpht b yEphtt yphquwik-
nnud hwdwpdbp ynipp mbnunpynud £ npnowlh pintgwépny b junnugymd k
15...20 z«/ hmunnm pjudp wnwudht okpnkpny:

Quthnudubph pudupup Lonnipjudp nfjuiutkph vinugnidp yuwydwbwnp-
Jws E Unphnud hwdwpdtp yniph wdpuyunpdwi ypnghuh wjwupunny: Unphjw-
Ynplwt uinkunmud, jupnudubph mnuwpwoidwt juynitiwgdwt ypngkuh wjwp-
wnhg htwnn, junwpynud £ §ngniud nbnunpdws wdhsubph ghdwungpnipniukph
thwunwgh wipdtpubiph swthnd bt uinniqugpunnid:

Luwgwputh puguhwtph wujdwbubpnid hwpwjupbdnyut Ynnh Jtpht
Eqphg mwpwéynn phwjub (Entwjuwtoh wqnpkgnipiniihg (8) Ynnh (7) muywpuyhh
quiquénud, ptisyybu twb JEpohthu dky wupthulws mEjunmlwuu juqus-
pnud (10) jupywsuyhtt hdwljh thnthnpumpyut npnpdwt hwdwp dnnbjwghtt hknw-
qnuinipiniuubph nhypnid, ujqpnid uinnpht hhdbwldwpuph (1) ke junwpynid k
hwdwpdtp Wniphg (6) puguwhwiph Ynnh dbwdnpnid (7): Zwdwpdbp Wniph (6)
wdpuyunplwtt wjupnhg htnn vnnphtt hhdbwldwjpnid (1) (yphquuynid)
juunwupynud £ puguhwtph Ynnh (7) dnplnud b nkjuntwlub quspnud (10)
nbtnunpud nghsutph hwunwgh ghdwnpoipniubph gpuingnud (. 1):

Unphjwnpdwt unbkunh dtiphtt sowupdujut yphquuynd ptwljut (Entw-
1wtoh (8) Unnkih dbwynpdwip gniquhbn juunwpynd k unkunh uinnpht hhdw-
Ydwuph (1) dke pugwhwiph Ynnh (7) dnpbnud hwdwpdbp Wniph (6) nwppkp
dwupnuiubpnud, htyybu twl nkjunbwlut uquspnid (10) wnknunpus
wnyhsubinh thwunwgh nhdugpmipnitiiph gnigdniuiputph gpuignid, npnug vh-
ongny npnoynid Lt jupyusnipiniunbph dkdnipniutbpn:

Unphjuwnpdwt unkunnud ndhsubph thwunwgh ghdwnpnipmniuibph gnig-
Unipubinh qpugnidp swpnibwldnud £ uguput dudwiwly, dhtgh dnnbjh dtpht
owpdwljut yphquuynd (2) Ynulypbnn nmdjuubpnyg dbwdnpdus (kntwjubeh (8)
quiiqqushg unkugh unnphtt hhdttwldwhuph (1) dkg hwdwpdtp wniphg (6) dtw-
Ynpjwd pugwhwiph Ynnnud (7), hisybu twb JEpohthu dky wupthwldws nkly-
nnbwluwb uquspmd (10) mbnunpdws nydhsubphtt thnjowtgynn nidbpp Juyne-
bwbnwd kb, b mnbinh E niukunud ndhsubph nphdwnpnipinitubph rwunnwgh wipdtp-
ubph thnthnpunipjuh punupnud:

dhptnud wjupugpus hppuljuimpudp junupyod b dnpbjughtt unbunh
unnphtt hhdtwldwjupmid (1) hwdwpdtp Wniphg (6) dhwynpjws pugwhwuph
Ynnnud (7), hyybu twlb Jpohthu dky wupthuldws mkjuntuut nquspnid
(10) wknunpus wyhsitph gmguithoubph gpuiigmd’ nnkjh Jephtt swpdulub
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wphquuynid (2) hudwpdtp Wyniphg (6) Abwynpdws phwljwi (Eniwjwish (8) hn-
nhgniuh tjundwdp muppbp ppnipnittbph, Epupnipmibbph b pupdpmipnii-
ubtph nhypnud (. 2):

qEpp tjupugpus Shqhjuljut dnphijudnpdut wohiwwnwbpubph juwnwnp-
dwb wpnniupnid npnoynid G dnnkjh 4ipht oupdwuljut yphquuynid dbwynp-
Ynn nwuppbp Eppusuthwlut junnigdusputipny phuljut (Entwjuiigh wqntgnie-
jniuhg puguwhwiph Ynnh dnnpbih wmwppbp shpunbpnud, hyybu twb b npu dbke
wyupthuldws nkjunntuljut jupjusnipniuttph thintnjunipjut ophiwswthniye-
mbtbkpp: dw hwpudnpnipmt E wwghu' pupdpugikng (kpbughtt puguhwbph
ynnnud pwjubl (Entwjwioh wqpkgnipniihg jupdusnipniuubph wknupwoju-
dwlb ophtwswthnipniibph npnodwt wpdwtwhwjunnmpniup b npu hkn Juy-
Jws puguwhwlph §nnh Juyminipyul npnpudwl huynth hupquplughtl Ukpnnutph
Sonnipinilin:

Upujdus dhqhjujut dnpbjunpdub knwsuth unkunh hwdwp 2022 p-hi
unwgyb) k22 wpunuwghp M 713 Y [7]:

Bqpuljugnipyniuibkp.

e Upwiljdty k swujuyhtt hqhjujub dnpjuynpduit trwswth uinkun, nph
Uhgngny htwpunjnpmipnit £ unbndymu’ (kobwght pugwhwipkph wujdwbh-
poud (niskne wpnhwlub pinghp juupjws phwlub (kpbupuien] phni]ws pu-
guhwph Ynnnud jupjudnipiniuubph nbknuwpwopudw ophiwswhnipniubph npny-
dwl, ghwhwwndwib b Ynnh uyniinipjut hhdtwynpdwb dkpnnh Lonnipjut pupd-
pugdwt htwn:

¢ Shqhjulwb dnpkjuynpuwt unp unkinp Jupnn k jhpurndt) bwb vwlw-
Juptp mupwsputinh ypu dAwynpynn wywpuyhtt puqiuunhdwt jgunynbpnid
jupdudwihtt nudtph nknupwpiwi bt npu htn juydws jgulnynkph pughn-
tw) yupwdbnpbph tppudbuouthjujut hhdbvudnpdwt wpupwnwbiptibpnid:

GUYULNkE3UL 8ULY

1. Effects of the loading and unloading conditions on crack propagation in high
composite slope of deep open-pit mine / Zhiguo Chang, Qingxiang Cai Wei Zhou, et
al // Advances in Civil Engineering.- 2019.- Article ID 3168481.-11 p.

2. Hovakimyan V.V. Upland quarry slope stability analysis under loading effect //
Forum-Contest for Young Researchers “Topical Issues of Rational Use of Natural
Resources”.-St. Petersburg, Mining University, 2020.-Vol. 1.-P.341-343.

3. Hovakimyan V.V. In Tectonically Stressed Rock Mass the Unloading Effect on Open
Pit Slope Stability// Forum-Contest for Young Researchers “Topical Issues of Rational
Use of Natural Resources”.-St. Petersburg, Mining University, 2021.-Vol. 1.-P.201-203.
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4. Tanycrsn J.JI. YcroitunBocTh OOPTOB M OTBAJIOB HAropHbIX Kapbepos// I'opHBIHA
KypHalL.- 1991.- N8.-C. 27-31.

5. PxeBckuii B.B., Uctomun B.B., l'anbnepun A.M. ['eomexanuka oTBaIBHBIX paboT
Ha kapbepax.- [lanrokos: Henpa, 1972.-124 c.

6. ®ucenko I'.JI. YcroitunBocTs O0PTOB KapbepoB U oTBanoB.- M.: Hexpa. 1965.-378 c.

7. Upwunbwghp M 713 Y, 22, UUY E21C 39/00 GOIN 33/00 GOIN 3/00. Puwlut (knthw-
(wtgny phntwé puguhwph Ynnnid jupusdnipmniutitph gpuingdw Unpljuynpdwut
unkly LU, Uwindjyul, 9.9, Zoduijhdjub b S.1. Uwindjjub.- ©., 2022:

Zujuutnwth wqquyhtt ynjhnbthjujuwi hwdwjuwpu: Unipp bbpuyugyt &
hudpwgpnipinit 04.05.2022:

J.A. MAHYKI/IH, B.B. OBAKUMSAH

PA3PABOTKA CTEHJIA TPEXMEPHOI'O ®U3UYECKOI'O
MO/JIEJIMPOBAHUS PETUCTPAIIMM HATIPSIKEHUI B HATPYKEHHOM
ECTECTBEHHbBIM CKJIOHOM BOPTY HATOPHOT' O KAPBEPA

Pa3paborana KOHCTPYKLHS CTEHJa 00BEMHOI0 (PU3MYECKOr0 MOJEIMPOBAHUS IS U3YUCHHS
3aKOHOMEpHOCTEl pacIpesielIeHns] HalpspKeHUi B OOPTY HAaropHOTO Kapbepa, BEI3BAHHOTO €CTECTBEH-
HBIM CKJIOHOM TOpBI PACIpOCTPAHSIOLIErOCs BbILIC BEPXHEH OPOBKM HAaropHO-BHICOTHOI'O Kapbepa.
CtenJ MOXeT OBbITh TAKXKE MCIIOJIB30BaH JUIS ONPEACNICHNS HANPSHKEHUIT B MHOTOSPYCHOM TIOPOJTHOM
oTBajie, cOPMUPOBAHHOM HA CIA0OHAKIOHHOM OCHOBAaHUHM MECTHOCTH, YTO ITO3BOJISIET F€OMEXaHH-
4ecKH 000CHOBATh PAllMOHANIBHBIC TAPAMETPBI OTBAJIA.

Tonyuen matent PA 3a V' 713 Y 3a pa3zpabotaHHbIil cTeH 00beMHOr0 (U3HUecKoro Moje-
JIMPOBAHUS PErUCTPALIMY HANPSHKEHUH B OOPTY HArOPHOTO Kapbepa.

Kntouegvle cnoea: ecrectBeHHbIH CKIOH IOpbI, HATPYKEHHBIH OOPT Kapbepa, creHn (usu-
YEeCKOro 00BEMHOTO MOJIETTMPOBAHMS, IIOPOIHBII MHOTOSIDYCHBIN OTBAJI, HOABYDKHASL U HETIOBIDKHAS
TIPU3MBI.

L.A. MANUKYAN, V.V. HOVAKIMYAN

DEVELOPING A 3D PHYSICAL MODELING STAND TO RECORD STRESSES
IN NATURAL-MOUNTAIN-LOADED OPIN-PIT WALL

A 3D physical modeling stand has been developed to study the redistributed stress field and
pattern consistency of the stresses in the exposed open-pit wall on the mountain terrain due to natural
unexposed slope of the mountain above the crest of the wall under loading conditions. In such a
geotechnical analysis, the modeling stand can also be used to determine the rational parameters of the
multistage waste rock dumps or stockpile structures constructed on shallow terrain, as well as in hard
topographical conditions, based on the assessments of the redistributed stress field due to each
depositing layers.

The above-mentioned 3D physical modeling stand to define the stresses in natural-mountain-
loaded open-pit wall have been certified as a patent by RA Intellectual Property Agency of N 713 Y.

Keywords: natural mountain slope, open-pit wall in loading conditions, 3D physical
modeling stand, multistage waste rock dump and stockpile, mobile and immobile prisms.
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Puguhwupbpmy wwwptbph twhwywnpuunndp” hwiingph yguyptgdudp, donw-
wtu nnklgynid E wyiyghuh puguuwlut tplnyputpny, htsyhuhtp b qugh b thnont
gnjugniup, onuyht b uljudughtt whpubph wrwewgnudp, hyybu twb Wuypkgdus wy-
wpbbkph wpwudht Yunpubph wijurwduptih pehspp: Uju juyulgnipjudp puguhwi-
pipnud quiqubwyhtt wuypkgniudutp hpuwwbwgubjhu wuwhweynd E hwupwquyph ope-
wiunid vwhdwtwthujl) gquyptgdwt yipp pyupyus tkpgnpénipjnitutpp: Unwewnlyt) k
wyuyphkgdwl puguuwlui ubpgnpdnipniutnh bjuqbgdwi unp nbkputuninghw® (hgph
junpnsh wwwnht wuypenighly yniph ququgnyugdwi wpquuhph vwhdwbughtt £uodwl thnp-
pugdwt Smbtwwuphny: Upwiuniuh puguwhwiph ophimyny nhwnwpldt b wywph dwi-
pugdudnipjutt wunhfwih jupquynpdub b wuypkgdwb puguuwlub tkpgnpénipjui
tJuqlgdwtt hbwpuwynpmipjniun:

Unwbhgpuyplr punkp. pugwhwip, ubjuduyhtt whp, wupkgdut ququqgnyugdui
wpquuhp, wwywph prhyp:

Ukpwdmpinit: LEntught wpynitwpkpnipjut qupqugdwt hhupnid puljusd
E oqunujup hwiwdngh hwinyph swquw)ubph dkdwgnidp: Mhun oguunuljup hww-
dnjh hwipwquypbph pug tnuwbwlny dpwlnidt wywhnynid £ hwinyph dks sw-
Juyukp, htusp guydwtwynpdws b puguhwipbpnid (Entuyhtt mywpubpp quiig-
Juoéuwjhtt yuypkgdwdp huinypp twjpuywwnpuunbin, hwtnipwpwpdhs hqnp
vwppwynpnidubpp b phntwthnpuunpnn nmpwbuynpuuwghtt dhongubpp hwdwhp
Jhpwntnt juyt htwpwynpmpniuttpny:

Uwluyt puguhwiptpnid whty (Eiptughtt wmyupubph quuquéughtt wuy-
phgnudubpt ninklgymd tu pugwhwph b tpwb hwpnn mwpwsdpubph ypu pu-
guuwljut ukpgnpénipnitittpny:

Uljuhuwyun k np puguuwljut tkpgnpdnipjut hhdtwljwt gnpéntp Jhpwn-
ynn yuypnighy yniph (ML) thgph pwtwlt bk Zuywunwih Zutpuy binnipniinid
shttwiyniph' puguwhwpbpnid quiqubduyhtt wuypkgdwt phwypnid Yhpwunyng
MU-h putwyp hwutmd £ dnnwynpuybu Uk b wdbih nnwuywl inbtwtph,
hul] bnunuljut puguhwipbpnid® 80 b wykih mnttugh: Muypbgduit wohiw-
wmwtpubkph thopdp gnyg k wygk), np 1 @2 Tu-h yuypkgdwi nhypnid wnwewgus
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dhtsh 0...150 ¢ hwnhljuytunipjudp thngont putwljp, juhijusd yuyptgdwt ww-
pudbkwnpbtphg, munwiynd k40...250 g uvwhdwbbpnid:
Upmyniupnmid puguhwbipbpmd quiqudughtt wuyplgnidubpt ninklgynid
El hujwjuljut pwtwlny quqh b thnont wpnwibndwdp, ubkjudughl, ouyht hwup-
Jusuyhtt whph ubkpgnpénipyudp, yuyptgyus wwyupubkph wnwtdht junpukph
owypundudp:
2Z puguhwupbpmd ppwljwbwgynn quiqusuyhtt wuyptgdwt ntuypnid
yuyphgdwt swjwutpp, Jhpwunynny MU-h, wpnutingnn qugh b thnpnt pubwyy-
ubpp nuwunwind Eu wy. 1-nud pipdws vwhdwbtbpnod:
Unniuwly 1

Quihigiumduyhl wuyplbguwl nlypnid MU-p b wpunwblun/ng qugh b hnont puinulakpp

Puguhwuptp NU-h pwbwlp | Zwinyph Swjwukpp Upwnwikwnynn qugh
11 thnont pwbwlp
Ubnwunuljub 50...100 w2 200 000... 400 000 2 7,0...13,0
Ny Ubnwunulju 5...20 n 10 000...40 000 2 0,6...1,5 m

Chuwyyniptph® puguhwipbpnid ppujubugynn qutqusuyhtt wuyptgdut
Uhohtt bnpuwynpjudnipjut, £= 8...10 wupnipjudp wwwpubpnid, 5...10 vz MU-h
1hgph quigubuwyhtt wuypkgdwt nhypnid, jupujws onbpimpuwpubuljub wyuy-
dwtitphg, thnobququjhtt wdwp nwpwsynd t 15...20 pryyknid; npnid pnitbwynp
ququyhtt jpwrtnipnph yupnmibwlnipmiup juqunid £ 5...10% [1]: @nplkququjhlt
wdwh pupdpmpmniip juqund E dnnwdnpuygtu 30...60 # hulj nupusdwb hbnw-
Unpnipymitip’ 200...400  Zwunundl) E np MU-h whuwfupup swhuh dkswug-
dwt htn dswinud | dptuninpun wpunwtttngnn pottwynp quqtph swduyn [2]:

Zuupwpwpuihtt hwipwduypkph pug tnutwlng dowljdw nEypmd pugu-
uwlwb ukpgnpénipnitttpp Wuydwiwynpus tu ny vhuyt wuypbglwt hbnbwb-
pny wnwowgnn thnokququyhtt wpnwibnnidubpny, wybh hnnquyhtt nkunipuibph
huwpandwdp: Ophtwly, 1474 v2 hwupwpwph wpymbwhwidwb nhypnid jpwun-
Ynud £ wydbjh pwmt 500 Awzq. Aw hnnuht nkunipu [3, 4]:

wpjungusé hnntph dwybpbkutbph Ypdwnnidp htwpwynp t pugwhwiph
woliwwnwipuyhtt hpwwwpwlh wybiph vwhdwbwhwldwdp b hwohy wuyphg-
Jus quigush thyjwdph juyuph tJugkgdwi [5]: 4Epohtihu tjwuqbgnidp htwpu-
Ynn £ NL-h mbuwupup swhiuh thnppugdwi nhupnid [4]:

Yddup sk ujuunk), np quuquduyhtt uypkgdwt puguuwljut wqnptgnt-
pintup opowljw howduynh Jpuw jupaqus kE MU-h mbuwjupup swhuuh dkdnipint-
uhg, nph wjuqbgnudp sh upnn wywhn]k) wuypbguwb npuly, huyp fujuqkgh
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hwinipuyhtt wohpwwnwupubph ntnbuwlwb wpynitwybnnipniup: Uthpudbon
E NMu-h tJuqugnytt mbuwjupup swhuny wywhnyb] wuypkgdw npwly, npp
Juyuwhwgh wuypkgdwu tukpghuh jupquynpdwt tnp kluininghuwgh dowlnid:

Niunh puguhwipbpnd quiugquswyhtt wuypkgnidutph nhypnid yuyptg-
dwt Fubpghugh Jupquynpdwt tnp wnkjuninghuyh dpwynidp, npp pny) juw
MU-h WJuqugnyb nbkuwjupup Swhuny puguhwiiph wojuwnwbipuyht hpuww-
nuinud wywhnyt) wthpwdbon dwipugjusnipjudp yuyptgws quqush Ynd-
wyuln Pdusp b vwhdwbuhwlib] wuypkgdwt puguuuljut wqntgnipmiup pu-
gwhwiph spowinid, hwunhuwinid £ wpghwlwi jaighp:

anpp gpjuspp b hblnwgnuinmipjub dbpnnutpp: @nont b qugh wnwgwg-
dwlb gnpépupwugn npnoynmid E ququnuowmgdwt mipquuhph dupdwb dbkénipjudp:
NMuyphgdwl ujqpiuljui thnymd ququgnyugdwt wpquuhph ugnidp, Unnwyn-
puwbu 100 whqud ghpuquugbiny wwyuwunph wdpnipjut vwhdwip, Mu-h 1hgph
onipe wnwewgunid b wyuyplgdw Eukpghuyh gpnidwjht quqbph mkupny b quiig-
Jwsh npnowljh dSwjuny ghipdwipugnid, npp hwbinhuwiund t thnont wnwewg-
dwtt wnpnip: bull Mu-h thgphg npnowlhh hEipwnpnipjut ypu mbinh L niukunud
yuypkgyus quiqush juintwlupgjus dutpugmd: Yuintwljupqdus dwi-
pugdwt gnpdpipugh wjupuynd k, tpp ququgnugdwtt wpquuhph fupnudp
nuninid £ wdbih thopp, pwt wyuph wdpnipjut vwhdwip, b ujudnud £ wuy-
phgws hwipwunhdwth wowudhtt mwuppbph nknuowpddw b thyJusdph dhw-
Unpdwt gnpéptipugp, npt ninklygynid k thnont qquijh pwuwlh wprnwbbndudp
(uy. 1):

L. 1. Nuypbgyus qubqiuéh pkuyh wquun dwlbplhngpe nkyupwpdiwh b gyjudph
dlun/npuwl gnpoplypugp.
1 - gkplmbpugilunll gninp, 2 - dwbpugyws wupupbkp, 3 - thnpkququypl widyy

241



dkpp owpunpyushg hbnbmd E, np wnwownpyué juunnph inisdw qjluw-
Unp tyyuwunuli k iuqbgul] wywptbph gipdwtpugdwb Jpu swijuuynn b gpne-
dughtt Ynpmiutibph Eukpghwi: Uw towbtwlmd E dkbwugut] wuypkgdwt tukpghugh
wljnnhy gnpéniubnipjub mbnnmpniip wyuph juinbwjupgus dutpugdub
hwdwnp:

NMuyphgiut duduiul] ququgnjugdu wpgquuhph Lupdw b mywph qhp-
dwipugdwi gninnt swnwynh dbdmpniubpp juppws b Mu-h ghnnbugdwb
wpugnipniihg b jpunmipiniihg b npnoynid ki hwdwyuwnwuppwtwpwp hinlbyuyg
wpuwhuwynnipniittpny [6].

1 2
PO = gpgngg , ’Dlu, (1)
PoaK
Ry = d ey Dgg — 14 )
8o

core

npunkn Dee-tt MU-h phnniugiwl wpugnipmiih b, 4} ool muquph wdpnipjub
uwhdwlp ubnuiuwi nhwypmid, 2uz; ps-t’ WU-h funnmipyibp, §¢48 Kot hwpw-
bunhls wiiph Pyt gupbulihgn thgeh hinnnshg wuuwnh wigdut uhgwlupnid;
de-i hnpuwnwtigph mpudwghédp, i

(1) b (2) mpunuwhwynnipniiubphg kpind E, np wuyphgdw nhuypniud wpunw-
ubwynn thnont pwbwlhh b wywph ghpdwipugdwi gnuint punuynh vwhdwbw-
thwlnudp jujuduws £ Nu-h phnnttwgdwt wpwgnipniithg b pnnipniihg:

NMuyphgdwt qnpspupwgh jupquynpnidp quuquduyghtt yuypkgdwt nty-
pnud pumpugpynid £ wuyphgdut Eutingtnhl b mkuininghwljut upudbtnpbpng.

NMuyphgdwt Lukpginhl] wwpwdbnpbpt tu.

o yuyphgdwi hdynijuh Ukdnipnip,

e wywnh puypwjdwb Ypuw wuypkgdwt tukpghwh gnpéniubnipjut nln-
nnipnLln:

NMuyphgdwt mEltnnghuljut yupwdbnpbpb Eu.

* NU-h wbuwlupup Swhuh ddmpmiip wpnwhwpnduws  wuyphgyng
pinnud hnpunwbgpuyhtt guugh wwpuwdbknpbpnyg b MU-h 1hgph Epfupnipjudp
(quyptgynn pinymd MU-h 1hgph puppu]udnipyudp),

» yuyphgdwt ujpbdugh pnpoipniiap (Uhwdwdwbwl wuypnn 1hgptph nu-
uwynpnipiniup hwtipwunhfwth wquun duljbplingph tyundwdp):

NMuypetgdwt hdwyniup hnpuwnwigph ywwwnhtt unbtndnid £ ququgnjugdui
wpquuhph hgnp gupnud, npp Wugnud £ wljupuppnpty, b wyuph puypuydwt ypu
wuyphkgdwt Eukpghuyh gnpéniubnipjut nbnnnipmnitp purinid L whwdbdwn
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thnpp: Ujuhtipti mywph puypuydwb ypu wuypkgdw Fukpghuh gnpéniubnipyut
nbnnnipjui dkbwgnidp hwinhuwtnid £ ny yyuljwu Jupbnp gnpépipwug wwwp-
ubtph Jutnbwlupgus puypuydwt nhypnid, nph dkdwgnidp htwpugnp £ Mu-h
ququqnjugiut mipquuhph uwhdwbwht Lupdw jupquynpdudp:

bulj hnpunwigpuyht gwigh yupwdbtnptph punpnipmniip jujudws b wuyg-
phgdwut tubpgbnhl] wqupudbnpbphg b wpnwhuwyudmd L yuyphkgdut Bukpghugh
nhupyuwughntt §npniunbbph b ghpdwbpugdut gninnt swnwynh twjuqbgdwdp,
nnp hp htipphtt jupws £ MU-h ququgnjugdwt wpquiuhph nwhdwbughtt Supdwt
owwhuw) Ukdnipniuhg: 4hpp pwpunpdushg htnbinid k, np wuypbgdwt mkuun-
Inghwjwt ywpwdbnpbph punpnudp jphun jupws b yuypbgdwt Eukpgbhnhly
wupwdbnpbph dednipiniuhg (ul. 2):

0 Q
5 6 17 8 3t 15 18 2 5%

II\M\|\‘\‘IMI‘I‘\‘\[\1\‘(’[”[][1\‘\\\|\’\|\ I|IIIHWMUH|I|H(|I‘||IMHIM‘|I|{[H|[

w)

-
1
1
>
i

j9)

Ul 2. Zulpuunpdwbuyhl ppnih wuypbgll wnwewnlyng wkuninghwi.

w) hnpunnwbigplph puuun/npnipiniip b yugpbgdwh ufukidwh ' 1,2,3....130 - yugpkgyng
hnpunnuigpkph hunfwupbhkpp, p) MU-h hnpunnwbgpuyhl jhgph unnigyudpp i ppuw
puuun/npipinilp wuypbgyng pnid 1 - juguitynip, 2 - wipn+ @0
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MU-h ququgnjugdut wpquuhph uvwhdwbughtl Lupdwb dkdnipiniup npno-
Ynud £ hEnljw) wuydwihg.

5

10 P < 105 e 3)

‘UpJws vhowljuypnid dkdwunid L wywph pujpwydwit Yypu swpauyny Lukp-
ghwtt: Ntunh yuypkgdwb tubpghujh jupquynpdwi inp nkjuuninghuyh dow-
Ynudp, npp wuypkgdub tuqugnyt puguuwljut thpgnpsnipjut vwhdwbtbpoud
Juwwhnyh withpwdbyn dwtipugusntpjudp §ndywln hduspny wuyptgdws
[Entuyht quiiqus, yuwhwenid k [7].

- Upwiljky MU-h (hgph tnp Junnigdusp thnpp phinnbwgduh wpugnipyudp
b fnnnipjudp odnwsd wuypnighl Wyniptph Yhpundwdp, npp juwywhngh MU-h
ququgnjugiut wpquuhph vwhdwbught Lupnid tpgws dhowljuwypnid,

- -hwdwdwyh dywljyws MU-h (hgph tnp jurmggusph npnokp MU-h 1hgph
pupjujubmipiniup wuypbkgynn pnind (punn hnpwwnwbgpuwhtt guigh wwpw-
dbkwnpbph b pguiyniph tpupnipjut),

- puwnply jupd pubinunbgdwdp gquypbgdut uubdwi:

MU-h 1hgph unp unmguspnid Yhpunymd L widngh (NHsNOs+nhq.Junkihp)
b qughyuwynp thpthpwwnihunhpnih (@N) jpwntnipng, npp pay) E nwjhu wywhn-
b hnpwinwbgpnid MU-h |hgph whpwdtown tpljupnipnit h hwohy thpthpuwn-
1huwnhpnih thopp Sunjuuyht Yonh:

®N-h puwbwlp punumipymd hwoquplynid £ @N/Uudn = 0.0085 hwpwpk-
nnipjudp:

MU-h b jpuntnipnh mbuthjulwt punipwughpp pipdws kL wn. 2-nud:

Unniuwly 2
NU-p b pruninipph nkpihluluh pinpugpkpp
®pthpuwwnihunhpnih $hqhjudbjuwthjulw hwnlnipniubp
Udpnipjut Onh wuwpnibwyni- | Zwnhluytne- Udpnipjutt uwh-
Owyuuyhly uwhdwlp pun piniup, piniup, Uwlbp pun unwnhy
Yohop, §g/if ubinuuw, % 1717 sndwl, §gnr/ul?
hgni/mf
15...20 2,3 98 3...10 2,0...2,5
NMuypenighl Wniph b pwrtnipph mkuthjulwb punipwghpp
Muyypenighly vinnipejnilp, Mhnntwgdw wpwgnipyniup, 44/ Ququgnjugdub wp-
Wwoip bg/P quupph &uonudp,
U
Uldn 820 3000...3600 1184,9
Uldn+@N 620 2800...3200 697.5
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SGunhunp @N-h wpluynpmiinp (onuyht puguljubnh wpuynipmitp) juwun-
unipnmd thnppugunid £ MU-h junnipiniup, nph thnppugdwip qnigpipug tdu-
qnud £ NMU-h ninnbwgdut wpugnipniip: Upgniipnid tdugnud £ wuyphgdut
ququqnjugiu mipquuhph &uonidp, npp Ukbwginmd b wuyplgdwt tukpghugh
gnpéntubnipjut nbnnnipmnitp wywunph dwtpugdwub ypu b pguiyniph gnunund
wywhnymu L yuyptgdud quiqush wnwudht juuinpubph tuqugnij pehsp [4]:

NMuypbkgiut wwpudbnpbph phnpnipmitt ppuwbugynid E hEnbyjuyg
uljqpniupny: Muyplgynn hwipwunhdwbiught pinlh Guljinwgh gniguhsutpht
b Yphpwoyny MU-h mbuthjuljwt yupudbnpbipht hwdwywnwujuwt (wy. 3),
Juunwpynud E hnpunuyu)pigdut wpluwwnwipubph wuwpuwdtuptph hwequpy
(wn. 4), hmdwduygh [8, 9]-h: Cunn hwpyupldws hnpuwnwbgpujht gutgh wupw-
Ubipkph Juwnwpynd E hnpunwbigptph hnpunnd noguibln twdl nuuu]n-
nnipjudp, ptn npnud, wnwght pwipph hnpuwnwgptpp hnpuwnynid Eu hwipwunh-
&wlih sbwh phpmppuip qniquhbn, huly tpipnpn b dnte suppbpnud” dwljkplingph
ujuundudp ninnuahq puuuwynpjusnipjudp:

Unginiuwly 3
Nuyplbgyny hwipwunhplwiughl pinlh Eulbnughl gnigubpobbpp b jhpwm/ng 1U-h
wnkjbwlwl wqupwdbnpbpp
Nuypkgynn dhguduyph b jhpurdnn MU-h nkeihjulwb pumpughpp
Quiuqush Lhnpuynpudnipjut wunpgwip hwoyh wniing Kr
gnpduihhgn i
Uwuph wipnipniup pun U.U. Mpnunnnuljniungdh f
Gpiwjtwlwt wjhph nupusiub wpwgnipntup wyupnd, H4 | Vi, iy
Muypkgynn pnyh whniunhl Yngumpinibp, §gil%y JA(y, xv,)
Uwwph swjwjuyht Yohop, §g//? Y
Uwwph wdpmpjul uvwhdwip pun ubnudwh, 2w Oox
Uwuph wipnipyui vwhdwbp pun dquwi, 2w Opac
NMniwuntth gnpéuiljhgp u

8niugh dnnnuyp, 2w

Zuipwunhgwith pupdpnipnibp, o Hy
Zwipwunpgwih phpdwh whlniup, waw. Ss
Uujuutignipjut gninh c
NU-h pinntugudw wpugqmpnip, /4 Dss
NU-h junnipnibp, §¢/f PBB
Iuguiyniph hwnhljuyinipyniup hwoyh wntng gnpswljhgp K
Pqntinpnuh gnpswljhgp Y
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Znpunnuitgptpp (hgpuninpynud B wuypnighly tyniph b thpthpuiyngunhpngp
luwnunipgny: Znpuwwnwbgpbph sthgpuwdnpyuws dwup dwdyynud b juguiynipny
10...20% puntwympjut juduwjht jud wjuquijuduhtt mywpubpny:

MU-ny hnpunwbgpuyhtt thgptph wuypkgnidt hpujwbwgynid L ubywdl
ubphwwnnidny Jupd nwiunungdudp yguyptgdut ujpkdwmny:

Unniuwly 4
Znpuunuyuypbguul wnuwnwbphEph wupwdbnplkph hwsywplp
Znpunuyuyphgiut wupudbnpkpp Zupyupljdwl pmiwdlikpp
Znpunnwtigph inpudwghdp, o H aga+c [,
Y n
d - —
e 53K ..
m
NU-h ququgnyugdwt wpquuhph uljqptufui 1 2
upnudp hwpwnwgph wwwnhl, Tlw Po - ; P s D g
Zuipwuinhgwith hhdph nhdwnpnipyub ghdp, P ia
w = 53 K ¢d,
u ) Ya
a=b=2d, [—FPo—
Znpunwbigpuyht guugh wuwpwdbwnpbpp, & “Nk oo .
k=14 (27, P ) A
E
Znpunwiigph Epupnipiniup, le = 1,1-Hy
Las = K3dCKHY Ps D
uguitymph kpljupnipniap, a3t 20 pac
N'U-h 1hgph bpyupnipniup, Laap = lox - laas
N'U-h thgph pwbwlp, §g Q=0,785 Lapdcx pes
Nuyphgdwb nuinunkgnudikph a 2
wnbnnmipnip, ¥y T = n
> 2.5dckPppDys
NU-h mkuwwpwp swhup, §gf 0
- awHy
Nuypkgdus quuqyush swdup 1/ v = aHy W +alw -1))
hnpunwligph wuypkguw nhypnwd, /4 " mp 1,
Quqgh b thnont wpunubndwb Rz = 160 3[0 (1 +0,5Vs )
htinwynpmipiniup, « ooy .
Ve-pudnt wpugnipnip, 4/
Utjuduyht ukpgnpénipjut whdnwig 0
htpwnpnipnibp, o R =10 %] —Q0u
c N
N -qutguntgnufubph phyp
Uptninpn wpunwtknng poibunp quqtph | o C,
pwtlyp, 7 /g 14 27
q
Co -pniuwynp quqbph nhuwlwpup swwp;
widnih wuyphgdwl nkypnud Co= 60..70 /g
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Ubtnuiuwdl gujptgdut ujubkdwb pniy) £ nnwjhu mubkbiw] guypbgdub wjt-
whuh ninnyuénipnil, npp hwwnnud E hwipwunhdwth wquun dwljtplinypp npn-
owjh wuljub wnwl, nph Ukdnipjul thnthnjunipnitp tjugqbginud t wuyptgus
wuywph prhspp nhyh hwipuunhfuith wqun dwlbplinge wpynibpnd wuyw-
hnytny vwhdwbwthuly juyupny wuyptgdusd quiuqdush thijwusp:

ZEnwgnuinipjwt wpyniupbtpp: Unwewpyws nbjutininghwi Yhpunyt) &
Upwdmuh puguhwipmu tbpljupugdus = 10...12 wdpmppul, ya= 2,550...2,850 u/if
Swjuwjuyht Yonny dhohtt £bnpunpjusnipjutt puqunubkpny: Npybu wyuypnt-
ghl mp Yhpuoty £ widn+@N ppuntinipnp, nph nkjuthjulwb punipughpp php-
Juwsd Ewn. 1-nud:

npunuyuyplgduil wohiwnwliptiiph wwpuwdbnpbpp hwoqupldl) Bu
hwdwduwyi wy. 3-nud pipdud wuypbgdwt hwpdupyuyht pubtwdbibph: Zuyqupy-
dwb hwdwp Bjubwnwihtt gniguhpbpubp b hwunhuwghk] wuyptgynn pinyh Epy-
pudbwthjulwut hwnlnipmmittbpp, wdpnipjub punipwughpp b jurniguspu-
Jht wpwtdtwhwwnlnmpnibibbpp: Zwbpwunhdwiwhtt pinh wuypkgdwt wnw-
ounnyus nkhtninghwt pipdus k uly. 2-nud: MU-h thgph Junniguspn b npu nui-
uwynpnipniip hwipwunh&ubught ppoimd junwpgl) b hwdwdwgb . 2p-h:
b wupphpnipinit qnpénn nkutinnghwih” hnpunnwiigpbph wnwghtt pwppp hnpuan-
Jb1 E hwipwunh&wth stugh phpnipjuip qniquihtn (. 2p), nph qguuuynpnipmiip
hubipuunhgwtughtt plynid unupyly b hwdwdwh wn. 4-h: Cnpby b ubnuitudl
ubphwwnnudny yuypbgdwt ujukdwb (0. 2w):

Npuybu yuypbgdut wpynibpubph quuhwndwt swhwihoubp punnitdty
bt wuyphkgdwl thuunnwugh mEutninghwljwt b hwydupluyhtt Eyninghuljut gni-
gulihptpp (wn. 5):

NMuyptkgdut hwunwgh nbuunnghwljut gniguithoubpt G, wuypkgdus
quiiqyush thudph wwpuwdtipbpp (yywdph (uwyipp, pupdpmpiniip), wuyptg-
Jud quugush Ynunhghnt (d = 20..800 «2/) b ny Ynunhghnt suhwpwdhuubpp
Eipp (d < 20 2/, d > 800 «/ud):

NMuyphgdwt hwydupluyhtt Byninghwljui gniguthsubpt L.

qugh b thnpnt wpunuubndwb hEkpunpnipnitp, ubjudwyhtt tkpgnpénipjub
wuunwiq hknwynpmpiniup, dptnnpn wpnwibknynn hnokiququyhtt wdygh, pn-
twynp quqh dSwyjuubpn:

Mujptgws quuqiush ny Ynunhghnt ywhwpwdhutph tipp npngyty k
$ounngduyht bnutwyny, huy yuypbglws quiglwsh hrywsph wwpwdtnpbpp
duplopipuljut swhwgpdw vhongny:

NMuypbkgdwt wpyniupubph JEpnsnipniup Jyuynid b, np wnwpwpldus
wuypkguul mkunnghwt htwpwynpnipini k wnwhu.
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* ijuqkgul] yuyptgyué wywpubph prhsph hinwynpnipmiup b jupqu-
Unpt| wuyptgqus quiiqush tjwsph juypp,

» ijuqkgubk] MUL-h mkuwupup swhuh dbdnipnitp, npt hp hipphtt wyw-
hnynud t yuyptgnithg wnwewgus thnpkququijhtt wdyh b dpuninpun wpunwtbn-
Unn poitiunnp quqtph pouyjunplh pubwlikpp,

* thnppwgub ny Yntnhghnt ywihwpwdhtbph tpp (wpnwswihu junpubph
Lpp Wugnud k2,2 wmbquid, ghpiwipugius quiqush kpp' 1,75 wiqud):

Unniuwl) 5

Zopuunuwyuypbglul yupudbupkpp b wuypbgdwl wpyniapakpp Upudniup
puguhuliph wuydwbbbpnid

Nuyphgynn dhgw]uyph b jhpunyng Mu-h nkjutthjujwub pinipugpkpp

&hnpuynpwdnipjut wunhfwp. Uhoht £hinpuynpudnei-
pintup
Kr | Quuqush hnpunpyudnipiniiip punipugpnn gnpduljhgn »
Uwuwph wdpmpinip’ pun U.U. Mpnnnguynindh 10...12
\% Enluyuwlut whph nwpwsdwut wpugnipniip wwywpnd, 3800
iy
C Nuyphgynn pnih wyniunhly Ynounmpeniup , §ga/%y 5,2*10°¢
yr | Uwwph swwjuyht Yohep, §¢/47 2600
oc | Uguph wdpnipjub vwhdwbp pun ubgddwl, O %w 70...90
op | Uwuph wipmpjui vwhdwbp pun dquwb, T2a 12...23
p NMniwuntth gnpéuiljhgp 0,23
E 8niugh Unnnup, 2w 341010
Hy | Zwupwuwnmh&wth pupdpnipiniup, o 10
[o! Zwpwunhdwh phpdwl wilniup, waw. 75...80
Yhpwnynn MU-h mbkuwlp Uudn Uudn+dN
pu | Muypnighy Wniph fnnienibp, fgu/? 820 620
Po | MU-h {hgph ququgnjugdw wpquuhph dupnudp, U w 1184,9 697.,5
Ks | uguwiyniph mbkuwlyp hwoyh wnunn gnpswiljhg 1,0...1,3
Nuypkgdwt hwyyupluyhtt yupwdbnpbpp b yuypkgdwt NMuypkgdwl nkunnghw
wpiynLipikpp Qnpdnn Unwownlyny
Dee | Znpunnwbigph inpudwqhdp, 0,140 0,140
axb | Znpuwnwigpuyght guugh wuwpwdtwnptpp, « 3,2x 3,2 3,2x 3,2
W | Zhdph nhdwnpnipjui ghdp, o 45 4,0
br | IuII pwpplph vhol iy hknwynpnipiniup, - 0,6
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Unyniuwly 5-p pupninulinijeiniiip

Lsas Iugutyniph kipjupnipniup, 3,2 2,7
Les. | Znpunwiigph kpjupnipiniup, o 11 11
lap | NU-h 1hgph Epjupnipniup hnpwwnwgpnud, o 7,8 8,3
Q | Mu-h 1 hgph pwuwlp hopuwwnwugpnid, §g 98,4 79,2
NMuypkgdwl ujubdwl Utywal Utywdl
ubphwwnnudng | ubkphwwnnudng
T3 Twbpungdwt mbnnmpeniip, ¢y 17 42
gs | NU-h mbuwwpup swhuup, §¢/t8 0,90 0,76
qu | ®N —h mbuwlupup dwjuup, §¢/1f - 0,0065
ne | Znpunwbgplph phyp 130 130
np | Cwippbiph phyp 3 3
Qoo | NU-h punhwnip pwbwlyp, 4g 12800 10,300
Vew | Muyphgdus quiqush swjuwn 1 hnputhwigph 10,1 9,8
wuypkgdwb nhypnud, £/
Nuypkgdwl thuuwgh wklininghwljwh gniguthoubtpp
Nuyphglud quiqush kpp pun swhwpwdhitibph, % Qnpénn Unwownlyny
Qhpuwitpugius quigqusp d < 50 tif 21,5 12,3
Upunwswthu Gunpubkpp d > 800 o2/ 11,8 5,3
Br Nuyptgws quuqush thdudph juyupp, « 36,0 28,0
Hr | NMuyplgyus quigush thpywsdph pupdpnipniup, o 5,5 7,0
Nuypkgdwi hwoyupljuyh Eyninghwlju gniguthoubpp
Re Qugh b hnont wpnwtbndwt hinwynpnipemiup, 370 340
Ludm wnluym pjub nhypnid’ Ve =2 o A4}
740 680
Qur | Uplunnpun wpunwibnygnn qugh b thnpnt pwwlyp, fg: 965 772
@nont b quqh wpnwikndwl pnyjunpkih unpdp: 900
Re | Ukjudught ukpgnpdnipjut wiinwiq hkpwdnpni- 90 84
pintup, &
c Upunnpin wpnwitunynn pntbwynp qugh pubwlyp, 52 46
144
50

Pnihwynp quqh wpnwtbndwi poyjunpkih tnpdp:

Bqpuljugnipintis.

1. Mu-h 1hgph Jupnigwdph thnthnjunipinitp poy) £ nwjhu jupguinply
yuypkgiut ququgnyugdwut wpquuhph dupnidp wuyuph vwhdwbuwghtt wdpnipe-
jutt wthpudtown dhowluypnid, npp dkdbwgunid E wuyphgdw gnpéplpwugh nbin-
nnipjntup wyuph juinbwlupgus dwipugdw ghypnid, tJuqtgunud b wuy-
phgdwt tukpghuwyh nhuhywghnt Ynpniunubpp b jpdunnid ghipdwiipugdu gninnt
gunun]hnp:
2. Znpuwwnwigpujhtt guigh wupwdtupbph ptnpopmniip judws b uuy-
phgdwt tukpgbwnhly dbdnipiniiubphg, npnug upquynpnudp httwpuynp £ hpw-
Jubwgub] hnpwwnwgpuyhti {hgph Yunnigusph thnthnpudwdp:
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I''A. ATAPOHSIH

TEXHOJIOTYS YMEHBIIEHUS HETATUBHOI'O BO3JIEMCTBHA
MACCOBOI'O B3PbIBA HA KAPBEPAX

B3pbiBHast TOATOTOBKA TOPHOM MOPOBI K BEIEMKE Ha Kapbepe BCEra COMPOBOMKIAETCS
TaKUMH HETaTHUBHBIMH SIBICHHSMH, KaK BBIIEJICHNE MTBUIA U Ta30B, 00pa30BaHNE BO3IYIIHON
U CEMCMHMYECKOM BOJIH, a TAK)KE HEYIPABIIIEMBIN Pa3jieT OTACIbHBIX KYCKOB B30pBaHHOMN
mopobl. B 3T0# CBSI3M mpu MpOBEIEHHH MacCOBBIX B3PHIBOB Ha Kapbhepe TpeOyeTcsl OorpaHu-
YUTH BBHIIICTICPEUHNCIICHHBIC HETATHBHBIC BO3ICHCTBHA B3pbIBA B palflOHE MECTOPOKICHUS.
[IpemmoskeHa HOBask TEXHOJOTHS MO CHM)KEHUIO HETaTHBHOTO BO3ICHCTBHS B3pBIBA ITyTEM
YMCEHBIICHUS MPEJCITFHOTO AaBICHHUS ra3000pa3HbIX MPOAYKTOB B3PHIBUYATHIX BEIIECTB Ha
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CTEHKe 3apsiHoi nonoctu. Ha npumepe Apamycckoro kapbepa paccMOTpeHa BO3MOXKHOCTB
PEryJIMPOBaHMS CTEIICHU APOOJICHHS TOPOABI M CHIKEHHSI HEraTHBHOTO BO3/IEHCTBHS B3pHIBA.

Kniouegvle cnosa: xapbep, celicMudeckasi BOJIHA, 'a3000pa3Hble MPOAYKTHI B3PHIBA,
pasier nopossl.

G.A. AHARONYAN

A TECHNOLOGY TO REDUCE THE NEGATIVE EFFECT OF A MASS
EXPLOSION ON OPEN PITS

The explosive preparation of rock for excavation at the open pit is always
accompanied by such negative phenomena as the release of dust and gases, the formation of
air and seismic waves, as well as the uncontrolled scattering of separate pieces of exploded
rock. In this regard, when carrying out mass explosions at an open pit, it is necessary to
limit the on above-mentioned negative effects of an explosion in the field area. A new
technology of detonation is proposed to reduce the negative impact of an explosion by
reducing the limiting pressure of gaseous products of explosives on the wall of the charging
cavity. Using the example of the Aramus open pit, the possibility of regulating the degree
of rock crushing and reducing the negative impact of the explosion is considered.

Keywords: open pit, seismic wave, gaseous products of explosion, rock scattering.
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JNEAYKTUBHBINA AHAJIN3 BEKTOPHBIX MO/JIEJIEN JIOTUYECKHUX
®YHKIHUN U COOUAJIBHBIX OTHOILIEHUI

[Ipennaraercst MOENb XOr—OTHOIIECHUH MEXKAY JIOTHYECKHMH (QYHKIMIMH LHGPO-
BBIX CXE€M, KOTOpasi CBOPAuMBAETCs B HOJIb-IIPOCTPAHCTBO, YTO JA€T BO3MOXHOCTH PEIIaTh
3aJ]a4il TEXHMYECKOH JMarHOCTHKH, TEeHEPaTUBHOTO MAIIMHHOTO OOYY€HHMsI, TIOMCKa CXOJ-
CTBa—pa3Iuuus MEXIy MpoleccaMu W siBiieHusMu. Bpoaurcs wmerpuka failure-driven
management T @ F @ L = 0, kotopas popmanuzyer Bce N3BECTHBIE MPOLECCHI CO3AAHHS
KOMIBIOTHHTa, BKIrodas design and test, cyberphysical u cybersocial, a Takxe dheneparus-
HBIA U TeHepatuBHBIE ML—computing. OnpenenstoTcs JOCTOMHCTBA BEKTOPHOIH YHUBEpCAITh-
HOW MOJIETH [Tl KOMITAKTHOTO OITMCAHUS TIPOIIECCOB, sIBIICHNH, (pyHKIuMit u cTpykTyp. [Ipex-
Jaraercst BEKTOPHO-/IelyKTUBHBII MeTOJl cuHTe3a (hOpMyJI JUIS TPAHCIOPTHPOBAHHS BXO[-
HBIX CITHCKOB (JJaHHBIX) HEHCHPAaBHOCTEH, KOTOpasi MMEET KBAaAPATUYHYIO BBIYMCIHTEILHYIO
CJIOKHOCTh PEruCTPOBBIX onepanuii. [IpemioxeHs! rpad-yorniyeckue MOJIEIH, KOTOPBIE OIH-
CBIBAIOT aJIEKBaTHO COIMAJIBHBIE MPOLECCHI U SIBIEHUS, BKIIIOYAs JOTUKY YIPABJICHUS MPHU
J€MOKpaTHH, TUKTaType U aHapXHH.

Kniouegvie cnoga: BexropHas ¢opmMa JIOTHKH, MaTPHLA U TaOIHULA, aHATUTHYECKAs
dopma CTpyKTyp, AeIyKTHBHO-BEKTOPHBI METOA aHauu3a, LudpoBas cxema, BEKTOpHas
MoJeb Ne(eKToB M (YyHKIHH, JIOTHKA COLMAIBHOTO YIIPaBICHNUS.

Cocrosinne Bompoca. Borpocam kubepymnpapieHns 0OIIECTBOM U TPpaKAaHAMU
JUISl JTIOCTYDKCHUSI Ka4eCTBa KU3HU U COXPAHCHHUS JKOJOTHMH IUIAHETHI MOCBSILIECHO
Masio pabot. Tem He MeHee HEeKOTOpble MyOnMKauuu 1o 3Toi Teme umerorcs. [lpen-
JI0KEHBI METOJIBI JIETYKTUBHOTO MOJIEIUPOBaHUs 1], KOTOpble HAUYMHAIOT PabOTATh
C 3apaHee ONPEICICHHBIX TUIIOTE3, YTOOBI IPUNTH K JIOTHYECKU 0OOCHOBAHHBIM BbI-
Bomam. “Iludposas Tpanchopmarwst” [2] 3ByduT 0€300HIHO, YIUTHIBAs, UYTO B3PHIB
00BEMOB JTaHHBIX, BEIYUCIHUTEILHON MOIIHOCTH U UCKYCCTBEHHOTO MHTEUekTa (MN)
MIPUBEIT YENIOBEYECTBO U BECh MHP K TOYKE HeBO3BpaTa. [locie aBToMaTH3aIiK 3aBO-
JIOB M CO3JaHMsI OCCIWIOTHBIX aBTOMOOWJICH HACTYIMaeT Oo4Yepe/hb aBTOMAaTHU3aIlluU
o01recTBa, IMPPOBOH IEMOKPATHH, ACTICKTOB TpaHCIyMaHn3Ma. UeloBeuecTBO HeT K
nuppoBoMy padbCTBY win K cBoOoje. Kubepduszmueckue-conuaibHble CUCTEMBI
(CPSS) [3] obecrieunBaroT UACATHHYTO TIAPAAUTMY U TIPOSKTUPOBAHMS 1 TIOCTPOCHHS

OpraHu3anuun KI/I6epy1'[paBHCHI/I$I " KOHTPOJIA. CocrosgHue HAaYYHO-TCXHUYCCKUX TCH-
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JISHIIMI B MHUpe, KaK MPaBUJI0, TPAaMOTHO U KOMIIETEHTHO OMpeJIeNsieTcs] SKCIepTaMu
u3 koMmnanuu Gartner. [locnenHuit Oporuo3 3To KOMIAHUU MOKa3bIBaeT 12 TpeH-
JIOB, KOTOPBIC OXKHIIAIOTCS B Pa3paboTKe yUEHBIX U BEAYIIUX KOMIIAHHUN TUIAHETHI B
2022 rony [4].

Gartner mpOrHO3MpPYeT, YTO YMHBIE TIPOCTPAHCTBA, TOMOMOP(HOE MIM(POBaHHE,
reHepatuBHbI VU, rpaduueckie TEXHOJIOTUN U METABCEJIEHHAS MOTYT pa3pyIlUTh
U TpaHCQOpMHUpOBaTh Lienble pelHKH [5]. B [6] uccnenyercs MU crenyroriero moxo-
JIeHUs, OCHOBAHHBIA Ha cUMOMO03€e MEXIY JIOAbMHU, MAIlIMHAMU U IpUponoi. Tep-
MUH “BBIYHCIICHUS g yenoBeueckoro onbita” (CHE) orpakaer poib TeXHOJIOTHH,
OpPUEHTHUPOBaHHYIO Ha uenoBeka [7]. beicTpoe pa3sutue npunoxxkenuit UM B counane-
HBIX BBIUMCJICHUSAX MPUBEJIO K IMOSBICHUIO 00JACTH, U3BECTHOM KaK MCKYCCTBEH-
HBIi connanbHblil HHTEINEKT (MCH), KOTOpBI MOXKET peluTh IpodiieMy B3phiBa
COLIMAJIBHBIX OTHOUICHHUH [8] ImMyTeM HCIIONB30BaHUS COLMAIBHO OPUEHTHPOBAHHOTO
MAIIMHHOTO TJIYOOKOTO O0YUYEeHHSI.

Jlornka kuGepcoumnajibHOro KoMnbloTuHra. Kubeppusudeckas cucrema
Cyber Physical System (CPS) — cOBOKyTHOCTh KOMMYHUKAITMOHHO-CBSI3aHHBIX a]T-
pecyeMbIX BUPTYalbHBIX M peallbHBIX KOMIIOHEHTOB B OLH(POBAHHOM MpPOCTPaH-
cTBE ¢ QYHKIHMSIMU METPUYECKOTO MOHUTOPHMHIA U onTuMansHoro cloud-edge ym-
paBJIeHus B peabHOM MacIiTade BpeMEeHH IS IOCTHKEHUSI TOCTABIEHHBIX LIEJIEH.

KubepconmanbHblii KOMIBIOTHHT (pHUC. 1) — OTpacib 3HaHUH, KOTOpAas 3aHU-
MaeTcsl pa3BUTHEM TEOPHU M MPAKTHKH OLU(POBBIBAHKS HPABCTBEHHBIX COIUAIb-
HBIX OTHOLIEHHH 17151 onTuMaibHoro cloud-edge yrpaBneHus oOIEeCTBEHHBIMH MPO-
[[eCCaMi M Ka)KJbIM YeJIOBEKOM Ha OCHOBE MCUEPIBIBAIOLIETO OHJIaH-MOHUTOPUHTA
MOBEJICHUS TPaKJaH B LIENAX MOBBIIIEHHS KauecTBa >KU3HM JIOAECH U COXpaHEHUs
DKOJIOTHH TUIAHETH. MeTpHKa TEepBOH JIOTHUECKON XOr-YYHKIIMHA — JTF000H TPOEKT-
npeasioxKeHrne He TpeOyeT HUKaKUX yCIOBUH sl €0 peaan3alui, KpoMe Hay4qHOH
HOBH3HBI, BTOpas MeTprka and-(hyHKIINN TpeOyeT MaKCHMAITLHOTO KOJIMIESCTBA BHEIII-
HUX aKTUBHBIX YCJIOBHH, TPEThsl METPUKA Or-(QYHKLIUH UMEET B KAUECTBE YCIOBHM
“HU4eroHeieIaHue” MO BCEM CYILECTBEHHBIM BXOJIHBIM COLIMAILHBIM IIEPEMEHHBIM.
IlepBblii BapuaHT XapakTepeH Ui cTapTana TOJIbKO KPEaTUBHBIX JIOAEH, Ledb —
co3[aTh HEYTO HOBOE M IOJIE€3HOE. BTOpoil — xapakTepusyeT npaBuiia MOBEICHUS
JUISL TOCYTApCTBEHHBIX CTPYKTYP M YHHUBEPCHTETOB, LIEJb — YHHUYTOXHUTH JTIO0YIO
AKTUBHOCTb KOJUIET, €CJIM HeT KOHCEeHCyca. TpeTuii BapuaHT XOpOII JUIs TalaHT-
JIUBBIX JIIOJEN U F€HUEB, YTO XapaKTEPHO IJII MHOTMX COLMAJIBHBIX KOJUIEKTHBOB,
rzie UMeeTcs OOMIINE CTaTHUCTOB, KUBYIIMX 33 CUET NEPBHIX M HE MEIIAIOLINX UM,
LEJb — COLMAIbHBI KOHCEHCYC B KOPPYMIMPOBAaHHOM KOJUICKTHBE WJIM OOILECTBE.

Jloruka aBTOMaTOB KHOEPCOIMAIHLHOTO YIPABICHNUS HCIIONb3YeT XapaKTepu-
cTudeckoe ypaBHeHue tectupoBanus FEOTPL=0, koTopoe MOpoxkaaeT OCHOBHBIC
(YHKUMOHAJIILHOCTH, yYacTBYIOLIUE B yrpasieHud (puc. 2). 3neck F — sranonnas
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MOpaJibHas CYIIHOCTh COLIMAILHOTO TMOBEACHUS, T — BXOJHBIC COLMATIBHBIC BO3-
nercTeus, L — MeTpudeckas WM KadecTBeHHas ommobOka Mexay F u T.

The logic of cyber-social governance

Democracy Function Dictature Function Anarchy Function

~ dF -
%:1—> X;=x={0,1} %: X XXXy ax K1V X2V X3V Xp) ®
! ' D1=XX XX,
-eo000- .
Any Active Passive

Puc. 1. Jlocuxa kubepcoyuanbnozo ynpasienus

Be3ommbo4HOE MpaBIIILHOE COLUANIBHOE PEIICHUE XapaKTEePU3yeTCs OTCYT-
crBueM omubku: L=F@T=0, rne T=F. Hampumep, F=10011110, T=11001101,
TOTIa WMEET MECTO KAaueCTBEHHBI CTPYKTYPHPOBAHHBI BEKTOpP OIIHOKU
L=F@T=01010011. Metpuueckas ouieHka ommOKku paBHa q=0,5. meercs B BUIY
KOJMYECTBO eAWHUI] B L-BekTope ommOKHu (KoJoBoe pacctosiHue d), neneHHoe Ha

d Z? Li=1 o o
YHCIIO Pa3PsZIOB B BEKTOPE: == =——. B o6mem ciydae MOXHO HaWTH JTFOOOH

U3 YIOMSIHYTBIX TPEX KOMIIOHCHTOB, €CJIH M3BECTHBI JIBa JPYTHX. 31€Ch UMEIOTCS B
BHIy  CIIEAyIOIIMEe  pPaBEHCTBA, xapakrepusytommie Machine  Leaning:
F=L @ T=11001101 @ 01010011=10011110, Generative Machine Leaning
T=F@PL=1001111001010011=11001101. Bepudukanus BbIYUCICHUN TPOU3BO-
JUTCS. Ha OCHOBE YPaBHCHHS KOHBOJIIOIIMU TPEX KOMIIOHCHTOB, XOTr-OMepalus Ko-

TOPBIX JIOJDKHA OBITH paBHA Beerna 0-BeKTopy:
1100110101010011310011110=00000000.

The logic automata of cyber-social governance

Cyber Social Circuits

Verification
Circuit

Governance Circuits:
Test-Law synthesis,
Fault—Violation Detection,
Function-Tradition definition

FOTDL=0

Puc. 2. Jlocuxa aemomamos kubepcoyuanibHo2o ynpasieHus.
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Kubepconuansnas cucrema Cyber Social System (CSS) — coBoKymHOCTb Te-
JIEKOMMYHUKAIIMOHHO-CBSA3aHHBIX aAPECYyEeMbIX BUPTYaJIbHBIX OOBEKTOB M COLMAJIb-
HBIX CyOBEKTOB B OLM(POBAHHOM HPOCTPAHCTBE HPABCTBEHHBIX OTHOIICHUH C QyHK-
LUSIMA METPUYECKOTO MOHHUTOPHHra U onTUManbHOTo cloud-edge ympaBneHus rpax-
JlaHAMH B peajIbHOM MaciuTabe BpeMEeHH I JOCTHKEHUS TTOCTaBIEHHBIX IIeJIei.

I'mo0anbHBI KOMIBIOTHHT — HPABCTBEHHBIA AKTHBHBIH WHTEIUICKT (MO3T)
YesI0BeYeCTBa, OOBEIUHAIONIMNA KOHCTPYKTUBHBIE CIIOCOOHOCTH JIIOAECH U BBIYHC-
nutenbHble cloud-edge MONMTHOCTH ISl HCUEPITBIBAIONIETO METPUIECKOTO MOHUTO-
PHHTa U ONTUMAJIBHOTO online-ynpasieHus BceMH OLU(DPOBAHHBIMH MPOLECCAMU
U SIBJICHUSIMH B KHOEpPQH3MUECKOM MPOCTPAHCTBE B IECISAX IMOBBIIICHHUS KauecTBa
JKU3HU U COXpaHEHHs SKoJoruu. KubepKyinpTypa — HpaBCTBEHHO—TEXHOJIOTHUECKOE
COBEPITICHCTBO 0OOITIeCTBA, HAIIPABICHHOE HA HPABCTBECHHYTO ITU(PPOBHU3AINIO (Pr3mUe-
CKOTO M COLHAJTbHOTO MHpa IIyTeM HCIOIb30BAaHUI WHTEPHET-PECYPCOB IS
online-MoHuTOpHHTa 1 human-free ynpasieHus nporeccaMu 1 SIBICHUSIMH BO BCEX
cdepax ueIIOBEUECKOH AEATENbHOCTH, BKIIOYasi HAyKy, 0Opa3oBaHue, 31paBooXpa-
HEHHeE, OBbIT, IPOU3BOACTBO U TpaHCHOPT. KauecTBO — COBOKYIMHOCTH METPUUECKUX
CBOWCTB TIpoLiecca WX SBJICHUS (M3MEJINs WIN CEPBUCA), ONPEACIIIIOIUX ero Ipu-
TOJJHOCTh YJIOBJIETBOPSTH 33JaHHBIM MTOTPEOHOCTSIM B COOTBETCTBUM C Ha3HAYEHHEM.
KauecTtBo (r7100a15HO0€E) — COBOKYIHOCTH METPUUYECKUX CBOMCTB CyOCTaHIMH, ON-
PENeIIAIONIMX €r0 NPUTrOJHOCTh yIOBJICTBOPATh 3aaHHBIM MOTPEOHOCTSAM B COOT-
BETCTBUM C Ha3HaueHHeM. KOMIeTeHTHOCTh — MeTprUiecKasl OLleHKa TyXOBHOM, ¢u-
3UYECKOH, IMOLMOHATIBHON, MHTEIIEKTYyalIbHOH U MPO(ECCHOHATBHON KYJIbTYPEI
YeJI0BeKa, KOTOpask OMpeAeNsieT ero 3HaYuMOCTh JJIS1 TOTEHIIMAIbHOTO MPUMEHEHUS
3HaHWH, YMEHUN W HABBIKOB IPU HCIOJHEHUM COLMAIIBHOM pOJIM, HalpaBICHHON
Ha [OBBIIIEHNE KAUeCTBA KH3HU JIOACH U COXPaHEHHE IKOCUCTEMBI INIaHETHI.

BekTopHasi MeTpHKa ONKMCAaHUSA IMPOLECCOB U siBJeHMIl. B TexHMueckon
JUAarHOCTHKE MCIIONB3YIOTCS TPH OCHOBHBIE ()OPMBI ONMCAHMS MPOLIECCOB M SIBIIC-
HUM: TaOInYHas, aHaauTHdeckas, rpadosas [9-16]. [Ipu sToM marpuna (Tadiuia)
M BEKTOp €CThb JABE Mepexonsiine ApYr B Apyra (Gopmbl omucanusi Mojaeiel. Bek-
TOp (IBOWYHBIN, MHOTO3HAUHBII) ABJSIETCS KOMIIAKTHBIM BHJIOM TaOJMIlbl HUCTHUH-
HOCTH B BHJIE YIIOPSIIOUYEHHOM MTOCIEI0BATENILHOCTH COCTOSHUI BBIX0/1a, €CIIH BXOJI-
Hble KOMIIOHEHThI-aJpeca YIopsAodeHsl no Bo3pactanuio [9,13,17-19]. Martpuua,
Ipy HEOOXOAMMOCTH, PACIIyCKAaeTCsl B OJHOMEPHBIN BEKTOp AJIs yA0OCTBa mapai-
JIeNTbHON 00padOTKM AaHHBIX Ha PETUCTPOBON MaMsTH. EcTecTBEHHO, YTO TOCTATOYHO
IIPOCTO BOCCTAaHOBHUTH TAOJUIly WIM MATPUIy M3 BEKTOPHOH (HOPMBI ONHMCAHUS
nporiecca WM siBieHus1. Jlanee Gpurypupyer BeKTop, Kak GpopMa ornucaHus 00beKTa.
MeTpuka U3MEpEeHUs IPOLECCOB U SBJICHUI B AUCKPETHOM (ABOMYHOM) IPOCTPAH-
CTBE OIIEpUPYET TpeMs akcuoMaMu (peduieKCUBHOCTh, CHMMETPUYIHOCTD U TPaH3H-
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TUBHOCTb) IIMKJIMYECKOTO WM 3aMKHYTOI'O B3auMOACUCTBHs Mexay 1,2,3... KoM-
noHeHTaMu. J{j1s1 001Iero ciryyast U3MEpeHHs BHIIOTIHACTCS] YHUBEPCAJIbHBIN 3aKOH
KOHBOJIIOLWMU paccTosHui d Mexay n oOBbeKTaMH, COCTABISIOMIMMH LIUKI:
@i-, d;=0 [8]. EcTecTBeHHO, YTO XOI-CyMMa PAcCTOSHHII MEXIY 3aMKHYTBIMH
(YHKIHOHAIBHBIMU O0BbEKTaMH, MIPEICTABICHHBIMI B BEKTOPHOM BHJIE COCTOSHHM
BBIXOJHOW MepeMEeHHOM, TakKe Bceraa paBHa Hynt0. Ho MCTUHOMN sBisieTCAd U TOT
(axT, 9YTO XOr—-CyMMa KyOHTHBIX BEKTOpOB (QyHKUHH, kak 00bekToB (and = 0001,
or=01111, xor = 0110), mpeacraBieHHas Ha pucC. 3, paBHa HYJIIO.

0110 % xor@and@or=0
> xor=and@®or

and=xor@or

or=xor@and

Puc. 3. Konsonroyuss mpex noeuveckux Qynxyui

Takum 00pa3zoM, MOTYyYaETCs, YTO XOr—OTHOIICHHUS JBYX YIOMSHYTHIX (YyHK-
WA MeXIy co00ii paBHBI TpeThel. B coBokymHocTH Tpu (yHKIuu (Xor, And, Or)
ITOCPEIICTBOM XOI—OTHOIIICHHS CBOpavYMBarOTCs B HOJIb: XD APO=0. Takxke BepHO,
41O JIBE U3 TPEX QYHKIMH TeHEPUPYIOT TPETHIO, KaK XOT—OTHOIIEHHE MEKITY HUMH.
JleMMa KOHBOITIOIIMU TpeX (YHKIMH OT ABYX MEPEMEHHBIX: CYIIECTBYIOT TOJIBKO 4
maphl JIOTHIECKUX (QYHKIHA, CBI3aHHBIX XOr-OTHOIIEHHUEM, KOTOPBIE B Pe3yJIbTaTe

Jar0T Xor—(pyHKIHIO (puc. 4).

1 2 3 4
®=0110 H=0110 H=0110 @=0110
A=0001 1000 X;=0011 X;=1100

V=
v=0111 A=1110 X,=0101 X,=1010

Puc. 4. xor—pynrxyuu

3nech TepBbIe JBa BapuaHTa IEHCTBUTENFHO MOKHO CUUTATh MapaMH JIOTHU-
4ecKuX (DyHKIMIA, B3aUMOJICHCTBHE KOTOPBIX JaeT Xor—(pyHKuio. OcTaabHbIe 1Ba
SIBIISTIOTCS BBIPOKACHHBIMU (DYHKIUSIMH OT OJJHOH TIEpEMEHHOH, KOTOpPbIE CO3/IAI0T
xor-onepauuto. Ecim ydectb, 4To BTOpOH BapHaHT €CTh MHBEPCHS MEPBOTO, TO
MOXHO CJIETaTh BBIBOJ O TOM, UTO TOJBKO IBE JorHueckue ¢pyHknun (and, or) cro-
COOHBI CO3JaTh XOr—BEKTOp TpH Xor—B3amMojeicTBuu. [IpakTudeckas 3HAYUMOCTb
JeMMBI O KOHBOJIIOIIMU (DyHKIHWIT 3aKimrodyaeTcs B CileAyromeM: 1) omepaTop Xor
SBIIACTCSA YHUKAJIBHBIM M YHUBEPCAIBHBIM H3MEPHUTENIEM CXOJCTBA—PA3THUHS JIIO-
ObIX KHOEpPHU3MUECKHX MPOLECCOB U ABJICHUH; 2) TOJNBKO JIBE JIOTHUECKHE (DYHK-
nun (and, or) CBOMM pasiIHUYMeM CO3Jal0T Xor—omepanuio. Eme 6oiree WHTEpECHO
TO, UTO pa3in4ue ABYX JOrHYecKuX QyHKIMi (and, or) paBHO QYHKUIWH, UX pa3iu-
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YaroIuX. BhIMONHEHNE XOor—omnepanuu Haj Jiormueckumu (yHkiusmu (and, or)
paBHO XOr—oreparuy; 3) 18e QYHKINH OT OJHOHN IepeMeHHON (MHBEPCHUS U TTOBTO-
peHHE) TaKKe CO3/Ial0T XOr-B3amMojeiicTBue; 4) Tpuaaa JOTHYECKUX (GyHKIUH
(and, or, xor) GopMHPYET BEKTOPHYIO METPUKY JJISI BBIYHUCICHHS CTPYKTYPHBIX

S(a,b) = a; . A b;, D(a,b) =a; @ b; u HOPMHPOBAHHBEIX OIIEHOK CXOICTBA—
i=1,n i=1,n

pasiandug MEXIY MpouneccaM U ABJICHUSIMU:

Z?:1(31 A bi) Ziii(ai @ b
Sn(a,b) = — =<, Dp(a,b) = ——=4—
Zi=1(ai i=1n bi) zi=1(ai i=1n bi)
5) onepanus JU3BIOHKLIIHK (OT) CO3aeT OOIIYI0 METPHKY €IMHUYHBIX 3HAUYCHUIH KOOp-
JIUHAT JUT U3MEPEHUS HOPMBI CXOACTBa—Pa3IuIHs ABYX MPOIIECCOB HITH SIBICHUH.
JenyKTHBHO-BEKTOPHBIIi MeTOJ MOAeJMPOBAHMA HeMcHpaBHocTeil. [le-
TYKTUBHOE MOJETUpPOBaHUE, MpesiokeHHoe poBHO 50 neT Hazaj ApMCTPOHIOM,
JI0 CHX TIOP SBIISIETCS CAMBIM H3SIIHBIM M 3(pQEeKTHBHBIM CPEICTBOM aHAIIN3a Ka-
YeCcTBa TECTOB M CHMHTE3a TaOJHIl Jis Toucka nedektoB. Kpome Toro, naHHBIN Me-
TOI MOXeT ObITh d(h()EKTHBHO MCTOIB30BAH JJIS aHAW3a M30UpaTeTbHON aKTHB-
HOCTH TIyTeH TNPHUHSATHS pPEHICHUH JIF000H KHOEpPCOIMaIbHON CHCTEMBI, KOTOpas
Mpe/ICTaBlicHa dJIEMEHTAMU JIOTUKU. Jlajee mpeanaraercsi €ro peanusanusi Ha oc-
HOBE BEKTOpHOU (hopmbl ommcaHus yoruku [12,14,20,17,21], koTopas maet BO3-
MOXXHOCTb CYIIECTBCHHO YIPOCTUTH AJITOPHUTMBI JE€AYKTUBHOTO MOJACIMPOBAHUA B
Hensx oO0pabOTKH IU(PPOBBIX CXeM OOJNBIION pa3MepHOCTH. TpEyrolbHUK XOr—
OTHOIIEHUHN SBJISETCS OCHOBOM WM HCIIONB3YeTCS M1 BEKTOPHOW MOMH(DHUKAIIAN
JETYKTUBHOTO METOJa MOJCIHUPOBaHUS HeucnpaBHOCTe. HoBbI MeTon cuHTe3a
JNEAYKTUBHBIX (OPMyJ Ha OCHOBE BEKTOPHOTO 3aJaHWs, B NAHHOM cirydae (or,
and)—3/1eMeHTOB, IIPEACTABIICH ABYMs TabnuiamMu (puc. 5).

1=1
Y=1
Q"
X3 X; 00 01 10 11
Troth Table A
BE% a Q. £ 0011 0011 0011 0011
Mo o o £ 0101 0101 0101 0101
K 1 o 2
EMo 1 o Q 0111 0111 0111 0111
L1 R = X%=%;®x, 0011 0011 1100 1100 %=2,®x, 0011 0011 1100 1100
X=%,@®x, 0101 1010 0101 1010 %=%,®x; 0101 1010 0101 1010
L=Q@y 0111 1000 1000 1000 L=Q@y 0111 1000 1000 1000
L VX X1X;, XX, XXz L XiXz 25 XX |Xvx

Puc. 5. [leoykmuerno-eexmopnoe or-logic and-logic mooenuposanue
KoopnuHaTel TaOIUIBI — ABOWYHEBIE BEKTOPHI — 00pabaThIBAIOTCS IO ClIe-
IYIOIIMM TIpaBuUjaM 00pabOTKHM MX KOOPAMHAT: X; = X; D x4, x; = {0,1} > x; =1,
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X; =0011,% =% @x, =1100, x, =0,x; =% Dx, =0011. X;=%,Bx, =0,
X; =%, @D 0=0011640=0011,%, = %, ® x;, x; = {0,1}.

31ecs BBOAUTCS HOBas OpUTHHAIbHAS MOJETb OJUHOYHBIX HEHCIIPABHOCTEMH,
MpUBSI3aHHAs! K KOOPAWHATaM BEKTOP-CTOIOOB TaONUIIBI ICTUHHOCTH (PHC. 5, cleBa),
MIPEICTABIAIOMMX BEKTOP-KOMIIOHEHTBI MOZEIH JIOTUYECKOTO JIEMEHTa: X, = 0011,
X, = 0101, Q = 0111, nony4eHHbIe U3 CTOJIOLOB cieaytomiei Q1-Ta0NuIBl UCTHH-
HocTH (puc. 5). [Ipu 3TOM CHHCOK-BEKTOp MPOBEPSIEMBIX Ae(EKTOB (HOpMHpYETCS
IIyTeM BBIIOJIHEHUS XOIr-Olepali MEXIy (YHKIHMOHAJIBHOCTBIO U TECTOBBIM Ha-
60poM, KOTOpBIE TaKkXKe 33/1al0TCs B BEKTOPHOM BHJE. B KoopanHaTax nemyKTHBHOI
TaOJIMLBl TPEACTABICHBI MPOLETYPHl BBHIIOIHEHHUS KIACCHUYECKOrO IeAYyKTHBHOTO
ITOPUTMA JJIsl TPAHCIIOPTUPOBAHHS Ae(DEKTOB Ha BBIXOJI JIOTHYECKOTO 3JIEMEHTA,
HO TIpY ONKMCaHUM (YHKIHOHATBHOCTH U Ae()EKTOB B BEKTOPHOM BHAE. 3aJal0TCs
(GYHKIMU TIEPEMEHHBIX X1,X, B BekTOpHOM BHae X; = 0011, X, = 0101. 3atem
BBITOJIHAETCS. HHBEPCHUS KOOPIUHAT BEKTOPOB, €CIIM COCTOSIHUE BXOJIHOMN MepeMeH-
HOM X; paBHO eauHulle. To ke caMmoe OTHOCHUTCS K BEKTOPY BBIXOJIHOM NEPEMEHHOU

L= @Y npu ycnosnu Y=£(x{, X,). 3aTeM 10 KOHCTUTYaHTaM €IUHHUIIBI JAHHOT'O
puy 1, X2 Y

BEKTOpa L BoImonHsteTCs 3ammch TEPMOB IHU3BIOHKTUBHONW HOpMaiabHOW (hopmbl L
OTHOCHTEJILHO IIEPEMEHHBIX BEKTOPOB X1 U X;. Eciu L=X; V X,, 970 03Hayaer, 4To
BBIXO/JIHOM CITMCOK HEUCIPABHOCTEW JIOTMYECKOTO 3JIEMEHTa OYyIeT COJepiKaTh
o0BeIMHEHNS BXOJIHBIX CIIMUCKOB HeHcIpaBHOCTe. Crincok—BekTop L TpaHcmopTH-
pyeMbIX Ha BbIXOH JedektoB 3amuchiBactcs B popme JJHD BXOIHBIX CHHCKOB HE-
WCIIPAaBHOCTEMH, MPEICTABICHHBIX B IMOCIEIHEH CTpoKe Kaxmoil Tabmuubl. CuHTE3
JIEeAYKTUBHBIX (POPMYIT Ha OCHOBE BEKTOPHBIX Oomepanuid ais rmonydenus JHD pis
JIOTUYECKOTO 3JIeMeHTa and, ¢ IeNbi0 TPAHCIIOPTUPOBAHUS BEKTOPOB MU CITUCKOB
BXOJTHBIX HEHUCITPABHOCTEM, IPEJICTABIICH HA PHC. 5 CIIpaBa.

,Z[JIH CpaBHCHUA BBIYHMCIIMTEILHOM CIIOKHOCTH IMOJIy4YCHUA OCAYKTHUBHBIX
(hopMyJ HIDKE TIPUBOAUTCS aHAIMTUYECCKAs KJIACCUYECKas MpOoIeaypa aHalu3a or-
aneMeHTa (puc. 6), orepupyromas 0yJIeBEIMH YPaBHEHHSIMH, JIJISI KOTOPBIX HE00XO0-
JIMMO MMETh CIIOKHEIE pematenu [13,17,18]:

L[T = (00,01,10,11),F = (X v X5)] =
= L{(X1X2 V X1X) VX[ X2 V X[X2) A[(X] ® Ty v Xy @ Tpn) @ T3)]} =

= (x1x2){[(X] @ 0) v (X2 © 0)]® 0} v (x1x2){[(X] ®0) v (X5 @] D 1} v

v (x1x2){[(X] @DV (X2 @ 0] @ 1} v (xx){[(X] @) v (X @ D] @1} =

= (x1x2)(X] v X2) v (X1x2)(X1 A X0) v (x]x2)(X] A X2) v (x1%2)(X] A X7).

Puc. 6. I[Ipoyedypa ananusza or-snemenma
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BrruucnutenbHas CI0XKHOCTD MONTYyYEHHs AEAYKTUBHBIX (POPMYI TpaHCIIOp-
THpOBaHUSA NMehEKTOB I QYHKIIMH OT n mepeMeHHbIX paBHa Q = n(N+F). Ecim
yuecTb, uto N+F, kak nporeaypsl mHBepcuH BeKTOpoB N M MX TOCTEAYIOLIeH cOOpKH
F B Bekrop-pyHKIMIO (00BbEIUHEHNE WM TIepecedeHue), paBHBI YUCITY TMepeMeH-
HbIX N+F=n, TO OLlEHKAa BBIYUCIUTEIBHON CIOXKHOCTH B BEKTOPHBIX OIEPALUAAX
paBHa Q = n(N+F) =n?.

JenyKTHBHBIN aHAIN3 JIOTHYECKOi cxeMbl. J[aHa IdpoBas CTPYKTypa U3
YeThIPEX DJIEMEHTOB, KaXIbI M3 KOTOPHIX NpeacTaBieH (Q-BEKTOPOM OIHCaHUS
COCTOSIHHI BBIXOJHOW MEPEMEHHOW Y B COOTBETCTBYIOIUICH TaOIHIIE UCTUHHOCTH

(puc. 7).
110 0 1 1
L6 L7 18 1 13
21
13 1
140

0L51

Puc. 7. Lugpposas cmpyxmypa uz wemoipéx s1emenmos

3agaya COCTOUT B TOM, YTOOBI Ha BXOJIHOM ABOMYHOM Habope X=01101 omnpe-
JICITUTh CIUCOK BXOJHBIX HEHUCIPABHOCTEH, KOTOPhIC OYIyT TPAHCHIOPTUPOBAHBI OT
kaxgoro Bxoma cxembl L={L1,L2,1.3,L.4,1.5,} x Berxomy L9 = F[X, L(x;)]. Hnsa
pellieHus] TaHHOW 3a/laud HEOOXOAUMO MOCTPOUTh JAU3IBIOHKTHUBHBIC HOPMaJIbHBIC
(GbOpMBI TPAHCTIOPTUPOBAHHS BXOJHBIX CIIMCKOB HEUCIPABHOCTEH uepe3 Kax bl
aneMeHT cxembl. Crienyromnue TadbauIsl (prc. 8) comepykaT BEKTOPHBIC MPOIICTYPHI
00paboTKu Q-BEKTOPOB AJIEMEHTOB JJIsl OJTYUYCHHS JISTYKTUBHBIX (hOPMYJT Ha KaxkK-
JIO€ IBOMYHOE BO3JIEHCTBHE.

xx 0 o1 10 1 xx 00 o1 10 1n X% 00 o1 0 1 xx 0 o 10 1

2 0011 0011 o011 0011 2 0011 0011 0011 0011 2 0011 0011 0011 0011 2 0011 0011 0011 0011
2 0101 0101 0101 0101 2 0101 01001 0101 0101 2 0101 0101 0101 0101 2 0101 0101 0101 0101

Q 1011 1011 1011 1011 Q 0110 0110 0110 0110 Q o111 o1 o om Q 1100 1101 1101 1101
E=2,@x, 0011 0011 1100 1100 %=,@x; 0011 0011 1100 1100 X=2,0x, 0011 0011 1100 1100  %=%,@x, 0011 0011 1100 1100
%=2,@x; 0101 1010 0101 1010  %=2,@x; 0101 1010 0101 1010 £22,0x, 0101 1010 0101 1010  %=%,@x; 0101 1010 0101 1010
[=Qey 0100 1011 0100 0100 [=Q@y 0110 1001 1001 0110 [=Qey Oom 1000 1000 1000 [=Qey 0010 0010 1101 0010

L e v, A Ax L XX vEX, L X VX, e 0t oo L Xk XX vk A

Puc. 8. Bexmoprvie npoyedypst o6pabomxu Q-6ekmopos

VYuuTthiBask peryaspHOCTh JaHHBIX B TaOIMIaX ¥ MOBTOPEHHE BEKTOPHBIX MPO-
Lenyp, MOKHO MHTEIPHUPOBATh BCE YEThIpe TaOnMIbl B 0aHY. VHTErpanbHble Tab-
JUIBl UCIIONB3YIOTCS IS MOJICIIMPOBAHUST JTIOOBIX BEKTOPOB BXOJHBIX CITMCKOB
HeucnpaBHocreit L={L1,L2,1.3,L4,L5} B 3aBUCHMOCTH OT BXOJHOTO JBOWYHOTO
CIoBa B IEJNSAX TMOJYyYEHUS BBIXOJHOIO CIMCKa HeucrpaBHocTted L9. Pesynbrar
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JICTYKTUBHOTO MOJICTMPOBaHUs BEKTOpoB L Ha nudposoii crpykrype (puc. 7) no-
THYECKUX DJIEMEHTOB MPECTABIICH B CIEAYIONIeH Tadmie (puc. 9).

I T N N R T

F1 11=01101110 XX, i, % %%
12=11111001
16=01101110

F2 16=11111001 XX, vEX,
13=01101110
L7=10010111

F3 L7=00000110 X1V X, XX, XX D
14=11011011
L8=00000100

F4 L8=00000100 XX, X1X, X; VX 5%,

L5=10011110
19=10011010

Puc. 9. Pesynomam nonyuenus 0e0yKmusHbiX opmyi

KoHeuHbl#t pe3ynbTaT Moay4eHus JeTyKTUBHBIX (OpMYJT U UX MPUMEHEHUS
JUTS. TPAHCTIOPTUPOBAHUS BEKTOPOB BXOJHBIX CITUCKOB HEHCIIPABHOCTEH 10 BBIXOJa
npencrasieH Ha puc. 10. Dnement F2, nenykruBHas GopMmysa KOTOPOTo MpeicTaB-
JIeHa BTOpPOW CTPOKOW TaONMIBI, UMEET YHHMKAJIbHYIO XapaKTEPUCTHKY, KOTOpas
TTO3BOJISIET MY TMPOIYCKaTh depe3 ceds Toybko otinuaus (D), KoTopbie UMEIOTCS B
ero BXoAHbIX cnuckax L= X; X, V X; X,. IIpu 3ToM 311eMeHT BeJieT ce6sl 0MHAKOBO
WHBapUAHTHO K JIIOOOMY JJBOMYHOMY BXOJHOMY CJIOBY.

11111111 | 10010001 | 00100100 | 10011010

(Wl 01101110

(w1 11111001

&} 01101110
2] 11011011
&) 10011110

Puc. 10. Hugpposas cmpykmypa u3 uemvipéx 371emMeHmo8 nocie MoOerupO8aHUs.

Brenpenne BEKTOPHO-AETYKTHBHOIO METOAA B CHUCTEMY AaBTOMaTH3allMH
MIPOEKTUPOBAaHUS IUPPOBBIX CXEM IO3BOJIUT CYIIECTBEHHO YIIPOCTHTH METOJbI
OILIEHKH Ka4yecTBa TECTOB, a TaKXKe YMEHBIIUTH BPEMS MPOXOXKICHHUS MPOEKTa MPHU
OLIEHKE €ro KayecTBa 3a CYET BEKTOPHBIX MapauIeIbHBIX MPOLEAYp TPAaHCTIOPTUPO-
BAaHMSI CIIUCKOB HEUCIPABHOCTEN A0 BBIXOJOB CXEMBI.

KubepconmansHas HHTEpIpeTanys MOJIy4eHHOTO pe3yJIbTaTa 3aK/II0YaeTcs B
TOM, UYTO KaXJOU MEPEeMEHHOW CXEME MOKHO MOCTAaBUTh B COOTBETCTBUE HEKOTO-
pOT0 YMHOBHUKA, KOTOPBIA pa3peliacT WM TOPMO3UT MPOXOKIECHUE AKTUBHOCTH
IpaX<JaH Ha BBIXOJ] COLMAIIbHO-JIOTHYECKOH CTPYKTYpHI yripaBieHus. B gactHocTy,
Ha BBIXOJI€ CXEMBI MOKET IPUCYTCTBOBATh HOJIb AKTUBHOCTEH MPU MOLIHBIX BXOJ-
HBIX CIHCKaX, a MOKET OBITh CHTYaIlHsl YCHUIJICHUS] aKTUBHOCTEH, KOTOPbIE HAXOMSATCS
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Ha BXOJIe CXeMbl (YBEeIWYEeHHE WX MOIIHOCTH). [IpaBUibHEBIN pyKOBOAWUTEND Mpe-
BpallaeT OTCYTCTBHE aKTUBHOCTEH IPU IOYTU HYJIEBBIX BXOAHBIX CIIMCKAX B HEKO-
TOpBIE JOCTHKEHUS — yBEJIMUCHNE aKTHBHOCTEH Ha BBIXOJE CXEMbI KnOepcounab-
HOTI'0 KOMIIBIOTHHTA. [lelyKTHBHAs JIOTHKA 3TO Mo3BoJisieT. TakuM obpasoM, mpen-
JIO)KEHHBI METOJI BEKTOPHOTO JEIyKTUBHOI'O aHAJHM3a JOTMYECKUX CTPYKTYp OT-
JIMYaeTcs OT U3BECTHBIX TEXHONOTMH MoaenupoBanus [13,17, 20-22] BeIcoKOi cTpyK-
TypHu3anueil BEKTOPHBIX AAHHBIX, NMPOCTEHIIMMH JOTMYECKUMH IapajielbHbIMU
MPOIEAYPAMU U BBICOKUM OBICTPOACHCTBHEM IMOIY4YEHUS TEAYKTUBHBIX POpMYyT U
MOJEIUPOBAHUS JOTUIECKHUX 3JIEMEHTOB, YTO AaET BO3MOKHOCTh €I0 HUCIOJIb30Ba-
HUs A7 00pabOTKH cxeM OONbIIoNH pazMepHOCTH. MeTo ] BEeKTOPHOIO JeTyKTUB-
HOTO aHaJIN3a JOTUYECKUX CTPYKTYP, IPEIIOKEHHBIN B padoTe, He MMeeT aHaJloroB
B MHpE IO NPOCTOTE, MPOU3BOAUTEIBHOCTH, @ €r0 YHHBEPCAIHHOCTh AOIYCKAaeT
€ro UCIOJIb30BaHUE B PA3IMYHBIX 00JIACTAX AEATENLHOCTH YEIOBEKa, BKITIOYAs Jie-
OYKTUBHBIN aHaJIM3 JIOTHYECKUX CXEM YINPaBJICHHS COLUAIBHBIMU TPYINIaMU Ha
YPOBHE YHUBEPCHUTETA, IPEATIPUATHUS U TOCYAAPCTBA.

Campblit ipocToli cOCO0 MOCTPOSHHSI MEXaHNU3Ma YIIPaBICHUS OOIIECTBOM —
3TO 0000LICHNE ONBITa HKCIEPTOB B COLMAIBHOM 00IAaCTH IyTeM IOMYyIICHHS OT-
POMHOTO YHCiIa OMMOOK, YTO MpUBEAET K popMupoBannio ML—TaOnusl UCTHH-
HocTH. pyro#t croco0 3akiroyaeTcsi B MOCTPOSHUH TOYHOM CTPYKTYpBI yIpasiie-
HUsl, ucnoap3ytonieit onbIT IT-unxxenepos. [1oaToMy MpeIoKeHHBIE BBIIIE pellie-
HUSI KaK pa3 HalpaBJICHBI Ha MOMCK JIOTHYECKUX CXEM yMpPaBlICHHUS 00IIECTBOM, KO-
TOpBIE MCHOJIB3YIOT TOUHBIE U MPOBEPEHHBIC MEXaHU3MBI YIPABICHUS, IPUMEHsIC-
MbI€ B COBPEMEHHOM KOMIbIOTHHTE. T0, yTo paboTaer TO4yHO M 0e3 OmHOOK B
KoMIbloTepe (JI0THKa, apu]MeTHKa, MEXaHW3Mbl MOHUTOPHUHTA W YIPaBICHHUS),
MOXeT OBITh IPUMEHEHO B KNOEPCOLNAILHON CHUCTEME ISl IPUHSTUS IPaBIIIBHBIX
HPaBCTBEHHBIX 0€30IIMO0YHBIX pemieHuid. OTIuune NpeAoKeHHON JIOTHYecKoi
MOJENU YNPAaBICHUS COLMAIBHBIMH TPYNIIAMU 3aKJIIOYACTCSd B HCIIOJIb30BAHUH
JIeTyKTHUBHBIX (POPMYIT JIOTHYECKHUX PUMHUTHBOB, KOTOPBIE (DOPMHUPYIOT 3aBUCUMOCTb
BBIXOJ]a CXEMBI OT BXOAHOTO BO3JCHCTBUS (PEKUMA MPABICHHUS), PYHKIUH JIOTHKH
(3aKOHOATETBCTBA) W OT CHHCKAa aKTUBHOCTH (TpakIaH) Ha BXOJaX KaKIOTO
BJIEMEHTA U CXEMBI B 1enoM L, =f(x, F, Ly).

3akimoyenne. Bpomutcss HoBas Merpuka failure-driven wmanagement
TG FPL=0, xoropas (opMaiuzyeT BCE H3BECTHBIC MPOIECCHl CO3JAHUS
KOMITbIOTHHTA, BKIouas design and test, cyberphysical u cybersocial, a Taxke
(enepaTuBHBIN 1 TeHepaTuBHBI ML — computing. [IpennoxeHa cTpykTypa ompe-
JeNICHUH ¥ HOHATHH JUISI HOHUMAHUS CyTH MHXECHEPHBIX HUCCICIOBAHUI Pa3IndHO
MOJTOTOBJIEHHBIMU YUTATENAMU. J[aHBI ONIpeesIeHus Pa3InIHbIX IEPHOI0B pa3Bu-
TUS HayKd M TEXHUKM B HOBEHILIECH HMCTOPHH, KOTOpBIE TAKKE MPOTHO3UPYIOT
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ommkaiimee Oyaymee IT-ungyctpun u conuyma. [IpencraBnena Moaenb B BUAE
OTHOUICHUS IJIs1 OOBSICHEHMS NMEPBONPUYMHBI YyCTOMYMBOIO PAa3BUTHUS IPUPOIBI U
obmectBa. [Ipeanoxena MoAeIb XOr—OTHOIIEHUH MEXAY 3amMedaTelbHBIMHU JIOTH-
YeCKUMHU (YHKLUUSIMH, KOTOpas CBOPAYMBAETCS B HOJb-POCTPAHCTBO, YTO MAET
BO3MOKHOCTb PelIaTh 33Jaul TeXHUYECKOH TUarHOCTHKH, MAIIMHHOTO OOy4YeHHs,
MOMCKa CXOACTBAa—Pa3IN4Ms MEXIy IpolieccaMu U siBieHusaMu [19, 23-27]. Onpe-
JEJICHBI TOCTOMHCTBA BEKTOPHOW MOAENH JJII KOMIIAKTHOTO ONHCAHUS IPOILECCOB,
sIBJICHUH, QYHKIMI U CTPYKTYp. B ciydyae oTka3a OT aHAIMTHYCCKHUX BBIPAYKCHHUIA,
TPeOYIOLIMX AITOPUTMHUYECKU CIIOXKHBIX BBIYUCIHMTEICH—-aHATN3aTOPOB, IPOUCXOAUT
WX 3aMeHa BEKTOPHBIMH CTPYKTYpPaMH JAHHBIX Uil ONMHCaHHs (YHKIIHOHAIBHOMN JIO-
rukd. [IpeanoxeH BEeKTOPHO-IEAyKTHBHBIA METO/ CHHTE3a (POPMYIT ISl TPaHCIIOP-
TUPOBaHUS BXOIHBIX CIIUCKOB HEHMCIIPAaBHOCTEH, KOTOPBIM MMEET KBaIpaTHYHYIO
BBIUMCIIUTEIBHYIO CJIOXKHOCTh PETUCTPOBBIX omnepaunii. [IpeacTaBieHs cTpyKTyphl
3JIEMEHTOB U CXEM Ha OCHOBE JACAYKTUBHBIX (POPMYJI, KOTOpbIE MOTYT TOYHO MOJie-
JUPOBATh NMPOLECC IPHUHATUSA PEIICHUH YNHOBHUKAMH ITOCYJapCTBEHHBIX CTPYKTYD.
[pennoxens! rpad-norudeckue MOAEIH, KOTOPbIE OMKCHIBAIOT aJeKBAaTHO COLUAIIb-
HBIE MPOLIECCHI U SIBIICHUS, BKIII0Yasl JIOTUKY YNPaBJICHUS MIPU IEMOKPATUH, TUKTa-
Type U aHapxuu. Takke nmpenygoxeHa AeTyKTHBHAs MOJEIb yIPABICHUS COIUAIb-
HBIMH IPyTIaMH.
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XapbKOBCKHI HAIMOHAIBHBIA YHUBEPCHTET PaIHO3ICKTPOHHKU. MaTepHall IOCTY I
B penakiuo 29.06.2022.

U.d. vUULNY G, 9. UAHPLUGY, 4.b. OO LAY, U4, 20hUT2GLU1),
E.b. LhPSYPLNYU, b.4. UULNY,

SCUUULULUYUL SNFULESPULEE BY UNSPULUYUL
ZULuLreMNkESNLLLEP 4BUSNrUSHL UNTYELULENE 16 NRUShY,
YET.NRONRE3NPL

Unwownlynid £ pdujhtt ujubdwubph npudwpubuub $niuljghutph dhel xor-
hwpwpbpmpniuttiph dngk], npb puunud £ qpnjujutt muwpwsnipyub Uk, hsp httwpw-
Unpmpinih E nwjhu’ jmskne nkuhjulub wpunnpnodwi, ghitbpunhy dkpkiuuljui
niunigdwl, hsybiu twlb gnpdpupwgubph b kpunyputph dholt tdwlnipinibubph nt mwp-
phpnipinitiiinh npndwt munhpubpp:. Vkpppdws b dwjunndwi Jpu hhdidws TH FHL=0
Junwjupdwi dkinphljub, npp dbwynpnid | hwpquplubph uinbnédwt pnjnp hwpnth gqnps-
pupwgubpp, tkpunjw) twhwgsnudp b phunnwynpnudp, Yhpipdhqhjulwb b Yhpipunghw-
Jwlwi, huswyhu bwl Pnbpunpy b giukpuwnhy dipktuyuljut ntunigdw hwpdupyubpp:
Npnoynud & gnpdpupwgutph, Eplnypubph, $ntuljghwitph b juenigquspubph ubnd aljw-
nugpmipjutt JEjunpughtt hwdwyhunwih Unpljh wowybnipnibtbpp: Unwewnplynud L
upiuubph Untinpughtt gmujtph (juitkph) nknuhnpudwt putiwdbbph uhtiptqh YEjunp-
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ninnijnhy dbpnn, np nith nkqhunnpuyhtt gnpénnnipnibtbph punwlniuwght hwpyn-
nuijut pupynipmil: Unwowplynud ki qpudpwhi-npudwpuulub dnnkjubp, npnup
hwdwpdbp Ytpwyny bjwpugpnid G unghwjwlwt gqnpépupwgubpt ni Eplnypubpp,
ubpwunjuy donnyppuyupnipjul, prbwybnnipjut b wtwupjhuwh yuydwbibpnd junw-
Jupuul npudwpuinipniip:

Unwgpuypl punkp. npudwputinipjut Yknnpughtt db, vuinphg b wnniuwy, fu-
nniguspubph wtnhwinhly al, nhnmynhy-ytjnnpuyght yepndnipiut dkpnn, pyughtt upubudw,
phnpnipniubph b $niuljghwitph YEjunnpughtt dnply, unghwjwlwt jurwjupdwt npw-
dwpwtinipjni:

A.V.HAHANOVA, V. ABDULLAEYV, V.I. HAHANOYV, S.V. CHUMACHENKO,
E.I. LITVINOVA, 1.V. HAHANOV

DEDUCTIVE ANALYSIS OF VECTOR MODELS OF LOGICAL FUNCTIONS
AND SOCIAL RELATIONS

A model of xor-relations between the logical functions of digital circuits is proposed
that collapses into zero-space, which makes it possible to solve the problems of technical
diagnostics, generative machine learning, search for similarities and differences between
processes and phenomena. A metric of failure-driven management T@ F@PL=0 is
introduced, which formalizes all known processes for creating computing, including design
and test, cyberphysical and cybersocial, as well as federative and generative ML—
computing. The advantages of a universal vector model for a compact description of
processes, phenomena, functions and structures are determined. A vector-deductive method
for formula synthesis for transporting input lists (data) of faults is proposed, which has a
quadratic computational complexity of register operations. Graph-logical models are
proposed that adequately describe social processes and phenomena, including the logic of
control under democracy, dictatorship and anarchy.

Keywords: vector form of logic, matrix and table, analytical form of structures,
deductive-vector method of analysis, digital circuit, vector model of defects and functions,
social control logic.
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U.Q. FUUNBRLS

NELREDUSEL 2ENULYUL P WUANRSUTL 6rYrfUuuouUuUL ULaNrheUuh
ucuunrur

Onwghpp dowlthu tyuwnwlwhwpdwp E ghunwpyb ebihidught hipwiuph ju-
mmigdwt hwdwp withpudbon wyjtt wwpwdbnpbpp, npnip gnpstwjuinid wth hwdw
El yhpunynud: Uju hpdwuwnny spugph dowljdwt hwdwp punpnud Eup nkjhtdughtt hinw-
uljuph Junnigdwt Eppuyuthwljut wgnphpuh Eplnt nwppkpujubtp, npnup hpwuphg
wnwppbpdnud i twpuwy bu wnwewnpynn wwpwdbnpbph punyend:

Unwigpughl pwnkp. wpnkljnh] wpnuyunlbpnud, dbhwhnfunipni, wihuljw-
Jui Yhwnkp, Yndynghghw, YEpyup, hwuppnipinil, fwnuquyp, Yphuulh wwppt:

Ukpwbmpini: Ujuop nddup L wuwnljbpugul) hwpwgsdwb b wpnwnpnt-
pjut Uh phwquun, npunkn soqunugnpéykt hwdwljupgsuwyhtt qpudhljuh dtinp-
pipnudutpt m dudwiwljuljhg htwpugnpnipniiitbpp, npnup poy) o wwjhu wig-
ubm twpuwgstw hwdwljupgbph, wpnungpoipyut nkinnghwljut twhuwywn-
puundwi b poit wpnunpoipjutt hwdwnbindwt unp, hbnpwiuwpuwihtt dkpngw-
putnippuip wupudbnpbph b wdjujibph thwubwlub puqugh hhdwb ypa, nph
JEunpnunid bwjuwgdynn b wpnwnpynn wrwupluyh Epjpusuthwlut dnpbj b

Grnuwswth gpubhiuljut dnphjwdnpdwt hwdwlwupgsuyhtt mkjuuninghw
ey £ nuhu wunndunwugub] twb dwupnnt gnpénitttinipniit wjtyhuh phuqu-
Junnud, npinkn wthpwdtown k {himd uinbnsdt] trwswth hpwljuinipyut ny ph huppe
qpudhjuljmb Unglp, wy phhdught (Gujwjuyht) YEpywpp: Uguhuh Yip-
wuplknhg E nbhbbwghtt hbnwuwpp: Yw ppulub phophtwmlh wytiyhuh Swjw-
luyhtt YEpwup k npp mknuynpdnud £ nwpuwsnipyut wju Jud wyb tln obpunid b
twuonnp punpdwsd hnnid quniynn ghuinpyp dbe ponunud £ tnyh nyuynpnipe-
jitp, hity pophtwlp:

Zuppnipjul ypu nwpuswlut tnwswih opjjnubph b npuig Epypusw-
thwljuwl hmwnlnipnitubph dogphn wpnuywniipdwt nmkuwlwi hhudniupubpp
Upwljynud Eu gdwgpuljut bpjpuswthnipyut mupptp pudhunbpnud: Uyy pudht-
ukphg dkyp Ynsynd E hbnwulwp, pun nph ntuntdbwuhpynud Bu bowswdh op-
jEqunutph wytyhuph hwppe wuwnltpubph (Ungkutph) juonigdwt Eppuswulju
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ophtwswthnipniuubpp, npnup vnwgymd Eu fEtnpntwut ypnyEjudwt dkpn-
nny: Uju dkpnnny jurnigws gunpubpt wiwinad Gu hbnwiljup: Unwplugh
htpwulwpp npnowlhh Unnwdnpnipjudp hwdwywnwupiwind £ wytt wuwnlbpht,
husp wkutinud E dwpnne wispp, wyuhlipt hipwuupp ghown £ wpunnugninud wyuwn-
Ytpnn opjtljnh swihtiph b duh thnthnjumpymttkpp” Yuho]ws ghnnnh tgunndundp
upw gpuyws nhpphg b hkpwnpnipiniithg: Uw pugunpynud E ipuing, np dwpngm
nbkunnnipjul wywpwnp Epjpusuhwljut pdwunng wojownnid | wyjiygbu, hig-
wlu JEunpntwljut ypnjkjundwt dkpnnn:

ZEpwujupujhtt wwnljipubph jupmgdwt dkpanubph dwuhtt niudnipp
hhdudmud £ oyqunhljuyh, mbunnuljutt opquuiph whwwndhuwyh, $hqninghuygh,
htsytu twb Epjpusuhnipjut pruqujunuipnd vnugdus ghinwljut ophtiw-
suthnipnibitiph b nbnkhnipmitubph Jpu: Ophtiwly, oyunhljut b nbkunnuljut
opquititbph whwwnndhwi nt $hqhninghwtt wpnnt mbkunnujut pujudwb gnps-
nupugp dbjuwpwiunid ki nputu jnyuh Swnwquyph wqptgnipnit wsph guigu-
punuph Ypu:

Ugnphpiuh tjupugpnipyniip: thwnwplkip nbjhtbught hbpwtwph ju-
pnigdwt bppuswthwljut wignphpuh tplne wwuppbpuly:

Swppbpul I: Uju mmuppbpulh nhypnid wnwewnpyusd tu hwdwpynwd Yep-
wunpbph mwpwdnipmiip vwhdwiwthwlng P U Q hwppnipmniuubpp, htsybu
twl’ C phnwbnp: Uju muppipulji wybih hwupdwp L jhpwnt) puwgunljtputph
b wdpnnowlw npuqubph nkjhiduyhtt hipwuljuph jurnigdwt dudwtwl, Epp
withpudtown k unwbiuy twb hhdtwlwb opjtjinukpp opowyyuinnnn nne vhowduyphp
YEpwupp:

Nno dhowyuyph (opjkjuniughtt mupwsdnipjul) yuunbkpdwbt nhypnid ph-
nuljknht dnn nuuuynpjws Q hwppenipiniup Yihth nkhEdh wnelh ujymth hwp-
pnipmiup, ntunh wyn huppmput jenbkpp hadwyuunwuppuimyd Eu hpkup hpkug,
wyuhtipl Q - U Y1hth wprnuyunybkpdwt Yphtwlhh hwppenipmniup: bull P huppnt-
pyniup Yihtth nkht$h htnht wubh ($nb) hwppnipnibp, ud, hbsybu wund i
hnphqnth YEpyupp, ntunh wyy hwppmipjut YEinkpp wtunp E hwighuwbwi op-
JEynuyhtt tnupusnipjut wbuwhdwt hinn (whujwljwt) P- hwppnipjut Jenkph
(muhujuljut Yhwnkph) Ypuywpubpp:

OpjEjnnughtt nwpwénipiub Uk nuuudnpyus gutjugws opjkljup, opjkljn-
utpny Juqujws Yndwnghghwl, htswbu twlb npuig ppguyuinnng dhgwjuypp
Epypuwswhwlut wbuwilniuthg ghugnud Bu pppl Yhnbph puqunipniutbp:
Nrunh dpwgph dpwljdwt hwdwp dkq pudulwt £ Jhpunt] nupusnipjub vkl
nlipughly (hndinhuljut wupuntnpbpng npnggnn) Ynh nihtpught hinwtiuph
Junnigdwi wignphpdp:
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Uignpppuh Enipinitp hbnbjujb b Yudwjuljut jEnp ghunwpynud Eup np-
wku Epnt wytyhup Swnwquypibph hwndwb YEw, npntighg dkyp nuuwynpynid
E nhunwljinny wugtnn ninnh 4pw, hul dnrut ninppnuhuwyug £ P & Q hwppnt-
pintutkpht: Ujuhwyn k, np wju Swnwquyyptbph Yipyuptubph hwndwb hnt i
Yihth nhinwplynn Yl Yepywpp:

Upgnpphpup wupqupwikip .1 - nud pipdws ophtmlny, npnkn junnig-
Jws E opijnnh M Yhwnh M1 jEpwupp: Ywenigdwt hwdwp M jEnng nwupgus tu
tpynt wpwquypltp’ BDe, npp nuuunpus b C nhunwltnn] wighng nignh
Ypw, twl' AM, npt myqubwyug t §pyupbbph wwpusnipyniip uvwhdwbwhw-
Ynn P U Q hwppnipmibibpht: Uju dunwquyptph BiD: b AiF: hpwwupubph
(hwwnwstbph) hwwndwt Yt b wuhwjnnpki Yihtuh M YEnh npnubh Mi hp-
wjupp:

Ug.1. Opkliinp [lnp [Epupuph unpnignidp

Ujgnpppdnud, pugh nphinuljbnny wigunn ninhnubphg, oginugnpéynid £ twle
nhhkduyht hbpwuwph vwhdwbwghtt hwppnipjutt mynuhwjug fwnwquype-
ubiph puqunipniip: Swnwquypltph YEpyupubpp pbhkbught hinwuluph guw-
Ynp F1 JEunnud hwupynn hwinduwsukpt tu [1-3]:

Swppbhpuy I Uju wwppkpulh phuypnid wnwownpynid L opjlljunuyght
nwpwénipyul judwyulwu Epynt gqniquhbn hwppnipmititpp b npuug Yhp-
wupubpp (unybiwbu qniquhbn hwppnipnibtbp), hiswbu twl® C nhunwlbunp:
Uju mupplpult wybih hwpdwp E Yhpunt) pupkhtbubph b gnpbhtdubph ju-
nnigdwt dudwbiuly, tpp wthpwdbown L thund twppwybu punpky pophtiwly-op-
1Eynh wyt dwup (kpnt hwppnipniuutpny vwhdwtwhwlgws), npp nhjhtdughe
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htnwtjuph Jurnigdwt wpyniupnid yhwp £ ygunltpdh npybu Yepuyuwnp, nph
uvwhdwbtbpp (ipnt gqniquhbn hwuppnipnibttpp) tinybiybu wpwewunpymid ku
twhiwy bu:

Unwounpldwt wju nwppbpuyh nhypnid nwpwsnipjut npjus dwuntd
nuuunpyus judwjulut YEnh pEhiduyghtt hknpwupp junnignd k htnb-
Ju wignphpuny.

Spdws Bu opyljinwyhtt nwpwsnipjuh o b B hwppnipnittpp, npntg dhel
pujws nmwpwdnipmniip tipwlu £ wpnuyunlbpdwi: Spws B tub oz b Ba
hwppmipiniuttpp, npnug vhob whwp b nuuwynpyh Jurenigynn nkjhbduyht ht-
pwbljupp: VY. 2 - nud wunlipqws E wyu ponp vwwpptph wkupp 4tplihg (hnpp-
qnuwljwi ypnjkighwi): Npuytu Guyknuht njujukp o hwunhuwbnid bpn-
hhojuy hwppnipniuutph hknwynpmipniuubpp C nhwnwlbwnhg (g, g1, f, fi):

Q P oau P B o
|v|Q 2 A 1
4‘% A1 T ||
C : 1i. i
i
fs
g1
f -
g

Ul. 2. Gkwnp nEjpbpuypl hEnwiluph Jupnignidp

Spjws o b B hwppnipniuubph dhob nuuunpyus judwjwlub A Yhwnh
nhhEbuyhtt hinwtupp Yupkh £ junnigl] hknlbjw wignphpdny (ul. 2):

A jEwnny] nutktp npyws huppnipniuibphtt niynuwhwywg 12 hwnduén:
Uiy hwnduwésh suypuljtntph Yepyupubpp, pun (nisynn pjpunph wuydwutkph,
whunp E quuwynpytb ez b B hwppnipnibubph dke: Uyniu Ynnudhg wyn Yhpuwp-
ubtpp hpkg hwdwywnwupwt pophttwljutiph htn vhwuptt whwp E nuuwynp-
Jtu C ghunwljtnny whgunn dwnwquyptbph Jpu: Zknbwpwp, 1 Epyupp Yn-
pnodh hpplt G fwnwquyph b oy hwppnipju hundwb Yhwn: Ldwb dind’ 21 Yhp-
wupp Ynpnoydh hppl C2 Swnwquyeh b fr hwppnipjubt hwndwb Yhwn:
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Uluhuwjwn E, np npntkjh A Yepyupp, wyjuhtpt A Enh nkjhbdughtt hEnw-
uljupp whwp £ hunpk 1121 hwndwsh Jpu: Puyg putth np A b A1 jlnbkpp tny-
whu whwnp E nuuwuynpytt phnuljknnyg wuging fwnwquyph pw, ntunh Ax hp-
wunp §nppnoygh npyiku 121 hwndwsh b CA Swnwquiyph hwndwt Yhwn:

Thunwpdws wju wignphpuhg hbpnnipjudp jupkh L wigul)] twnpn wyg-
gnphpdht: Ypw hwdwp puduiub b ogquuugnpsting unwgdus Yhpwupubpp,
unwbw] YEpywptbph nwpwdnipmniip vwhdwbtwihwuynng Q b P hwppnipnii-
utph ghppp:

Lwith np mukup 12 hwndwép b tpw 1121 Yepyupp, npntp puuwynpdus
El dhtiinyt hwppnipjut Uk, wyw wyupq t, np tpwtg hwmndwt M YEnp Yihth
wpunuyuwnipdw Yphuuyh YEntphg dkyp, ntunh b jywnuuh Yphuwlh (wb-
ound) Yhwnbph Q hwppnipjuip: Nbpkdt Q hwppnipniup juugith M jkwunnyg b
1hth gniquhtn wpdws huppnipnibttpht: Ujnw §nndhg, pwith np 12 hwndusp
nnnuhuwjug t Q hwppnipjuip, wyw tpw Li21 Yipywuph hwdupdwb Yhwp,
huswybtu wpnkt ghnkup, ntjhkbuyhtt hinwuwph gluwdnp Yhnb k:

Ujuyhuny, C ghinnuljknny wigunn quwynp fwnuquyph (minnuhwjug Q
hwppnipjutp) b 1121 ninnh hwwndwt fEwnp Yihtuh ndju) nkhEbwght hkpwiljunph
quwynp F Yhwp: bulj wyn qluwynp YEnny wiuginn b Q hwppnipjutp gniquhtn
hwppnipnitt b Y1hth phhbduyhtt hinwujuph vwhdwbwhtt P hwuppnipiniup
[4-6]:

Gopuiljugnm pyntit: Ujuuhuny, Jupkh b juduwguljut Yen ghinwnplt npybu
Epynt wjiyhuh fwpwquyptubph hwndwt Yhwn, npnughg dbp puuuynpynud k
nhunwlbtnny wugunn ninnh Ypw, hul dnrut mynwhwywg £ Epynt hpwp qniqu-
htn hwppmipniuttpht: Uju phypnid dwnwquypbbph YEpyuwptbtph hwndwb
Ytwnt k) jhwighuwbw ghnwplynn Yenh Yepyupnp:

Opwghpp Wb upkih £ uignphpuh dh inwpptpulhg wignad juinw-
bk Umiuhtt Ynnppptiwnubph wupq dbwhnmipjut dhgngny:
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[Ipu pa3paboTke mporpaMMbI EJIECO00pa3HO YUUTHIBATH IapaMeTPHl, HEOOXOIUMBIE
JUTSL IOCTPOCHHUS Peibe(hHOM MEePCIIECKTUBBI, KOTOPBIE YACTO MCIONB3YIOTCS Ha mpakTuke. C
9TO# LeNIbI0 BHIOPAHBI JIBa BApUAHTA TEOMETPUUECKOr0 allTOPUTMA IIOCTPOCHUS pelibeHoM
MEPCICKTUBBI, OTIINYAIONINECS APYT OT JPyTa XapaKTepoM 3aIaHHBIX MapaMETPOB.

Kniouegvie cnosa: npoeKkTHBHOE M300paskeHne, Npeodpa3oBaHue, HECOOCTBEHHBIC
TOYKH, KOMITO3HIIHS, 00pa3, INIOCKOCTh, JIy4, IBOMHEIC JJIEMEHTEI.

M.G. BAKUNTS

DEVELOPING A GEOMATRIC ALGORITHM FOR CONSTRUCTING A
RELIEF PROSPECT

When developing a program, it is advisable to consider the parameters required to
construct a relief perspective, which are often used in practice. In this sense, two variants of
the geometric algorithm for the construction of the relief perspective are chosen, which
differ from each other in the nature of the pre-set parameters.

Keywords: projective reflection, transformation, pointless points, composition,
image, plane, ray, point of view, double elements.
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KBA3ZUTOYHOE NNPUBJINKEHUE JJIs1 OIIMCAHUSA BOJTHOBOI'O
IHOJIA

PaccmarpuBaercst 3aa4a MpUOIMKEHHOTO BOJIHOBOTO IOJIST B TaK HAa3bIBAEMbIX OJIMK-
Hel, cpeiHell 1 JaibHel 30Hax HaOrojeHus. [lokazana BO3MOXKHOCTb BBelleHUsI Ooiee TOY-
HOT'0, 110 CPaBHEHHIO ¢ npubmmkeHrneM OpeHes, Tak Ha3bIBAEMOTr0 KBa3UTOYHOTO NPHOIIU-
xenus. st 3amaun MHTepQEepeHIy MOJTyueHO pacipeiesieHHe HHTEHCUBHOCTH B OJIMKHEH
30HE HaOJIOJIeHNs, a Takxke B npuOimkeHusx dpenens u Ppaynrodepa. [lokazano, uro
MIOJIOKEHNST MaKCUMYMOB MHTEHCHBHOCTH B ONIDKHEH 30HE HAOJIONCHHS OIPENCIISIOTCS
KyOMYEeCKHM ypaBHCHHEM.

Knrouesvie cnosa: cynepno3UOHHOE TI0JIe, PUOIMKEHHOE ONMCaHUe, HHTepdepeH-
[MOHHAS KapTHHA, OJIDKHSS 30HA HAOIOJCHIS.

BBenenne. Kak u3BectHO, OHO# W3 HEHTPAIbHBIX MPOOJIEM TEOPHH BOJIH
SIBJIICTCS 3a/1a4a OMHMCaHUs BOJHOBOTO IOJIS B OOJIACTSIX, NAICKUX OT TeHEPUPYIO-
[IUX, TIEPEH3TYIAIONINX WM TOTJIOMAIONINX JaHHOE TI0Jie NCTOYHIKOB U TIOBEPX-
HocTei [1, 2]. OOBIYHO B MPENONOKEHUH, YTO BIHMSHUEC TEHEPHUPOBAHHOTO OIS
Ha TIPOIIeCcC TeHepaluy BOJH UCTOYHUKAMHU Majio, TaHHYO 3a/1ady B TEOPUU BOIH
Ha3BIBAIOT AUGPaAKIIMOHHONW. B o0meM cimydae perieHue AuUGPaKIIHOHHON 3a1adn
MIPEJCTABISIET COO0M TPYMHYH0 MaTeMaTHYECKYIO MPOOJieMy, KOTOPYIO JTaXKe B MPH-
OJIKCHHOM BHU7IE, KaK MPABUIIO, MPUXOAUTCS BBHITIOIHATE YnCiIeHHO [3-13]. Haubomee
W3BECTHBIMH METOJIAMH MPUOIMKEHHOTO PAacCMOTPEHUS TU(PParupoOBaHHOTO TOJIS
SIBIITIOTCS TaK Ha3biBaeMble kapTHHBI Openens n @paynrodepa.

OO00CHOBAaHHOCTH TTPUMEHEHHS TOTO WIIH HHOT'O MPHOJIMKEHUS OOBITHO KOM-
MEHTHPYETCS OJIM30CThIO WM YJAIIEHHOCTHIO 007acTH HAOMIOACHUS OT MECTO-
PacIioNoXXeH:s UICTOYHUKOB M BIUSIONINX Ha PaclpOCTpaHEHUE BOJH IMOBEPXHOCTEH.
BMmecTe ¢ TeM XOpOIIO M3BECTHO, YTO TAaKOW KOMMEHTAapHUil 00s3aTeNbHO JOKEH
OBITh B CBSI3KE C JUTMHOW BOJIHBI M3Iy4eHUs. T.e. eclii JUIs OXHOM JITUHBI BOJIHBI
JaHHAs TUCTAHIWS HAOIIOICHHS MTOTAIaeT, HAallpUMep, B CPEIHIO0 30HY HalIro/e-
HUS, TJC MOXKET OBITh MPUMEHEHO Mpubimkenue dperens, To Ta ke caMasi JUCTaH-
WSl A PYroro 3HAYeHWs JJIMHBI BOJHBI MOXET IOMAacTh, HAlpUMeEp, ykKe B
OmmkHIO 30HY. [l03TOMY, B CBETE€ CKa3aHHOTO, B TCOPUHU IH(pakiyuy, MOMUMO
MIPOCTPAHCTBEHHBIX MApPaMETPOB 337add, BBOJUTCS TAKXKE €IIe OJUH JOTOJIHU-
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TETbHBIM, TaK Ha3bIBAEMBIM BOJHOBOM mapamerp. IloMuMo HakiagpIBaeéMbIX Ha
MPOCTPAHCTBEHHBIE TapaMEeTphl 3aJaud OTPAHUYCHHM, YCIOBHE NPUMEHUMOCTH
MPHUOIMKEHHOTO OMUCAHMSI TIOJIT 0OOCHOBBIBACTCS TaKKe OTPaHUYCHHEM, HaKJia-
JIbIBAEMBIM Ha 3HAYEHMs BOJHOBOIO mapameTpa. B mocnenyromemM Ha OCHOBE AaH-
HBIX 3HaYCHHUA BOJIHOBOTO MapaMeTpa BBOSITCS MOHSATHI ONMFMDKHEH, CpeIHel U Taib-
Hell BOJIHOBBIX 30H HAOJIOACHHS.

B pamkax maHHO# paOOTHI sl ONIMCAHUS BOJTHOBOTO TIOJIST HAMU pacCMaTpH-
BaeTCsS BO3MOXKHOCTE BBEJICHHSI O0JIee TOUHOTO, TI0 CPABHEHUIO C MPUOINKECHUIMU
®penens u @paynrodepa, Tak Ha3pIBAEMOTO KBa3UTOYHOTO MpuOmmkeHus. Ha oc-
HOBE 3a/1a4 MPUOJIMIKEHHOTO OTHCAHUS TOJIsA ChEeprIeCKON BOJTHBI TIOKa3aHO, YTO
YaCTHBIM CITy4aeM KBa3UTOYHOTO TPUOIIMKCHUS SBIseTCs MpuOmmkenue Openens.
B cBoro ouepenp, mpubmmkenne @payrrodepa SBISIETCS YaCTHBIM CITydaeM TpHOITH-
xeHust Openens. B paMkax KBasUTOYHOTO MPUOIHMKEHUS HAMU TaKXe paccMaTpu-
BaeTCs 3a/1a4a HHTep(EepEHIINH IS ABYX HCTOYHHUKOB.

IIponosbHbIe M MoNepeYHble MPOCTPAHCTBEHHBbIE NapaMeTPhbl AJsl OlHU-
canus cepudeckoro mouas. [IycTs pacnonox)eHne NCTOYHUKA ¥ TOYKH Ha0JII0 1e-

HHUS YKa3bIBAKOTCA Mcxonsaummu u3 Touku O Bekropamu 7 u R (em. puc. 1). Torna,
KaK U3BECTHO, IS ClIydas TApMOHUYECKOIO TOJIsl B TOYKE HAOIIOJACHUS BOJTHOBOC
TI0JI€ OMUCHIBACTCS BBIPAKCHUEM

U(R,x):a-cos[a)z—k\ﬁ—?ﬂ/\ﬁ—?, (1)

rje d - aMIUIUTya, 8 @ M K - 9acTOTa ¥ BOJIHOBOE YHCIIO BOJIHEL
[Ipenmonoxxum, dYro HaOmromeHuss BosHOBoro monst (1) mpoBomsTcs B
OKPECTHOCTAX HEeKOoTOopoit Toukn O, MONOKEHHE KOTOPOH 3a1aeTCsA UCXOIANMM

u3 Toukun O Bektopom R, . Jlaiee HampaBieHue Bektopa R, OymeMm Ha3bIBath
[JIaBHBIM HAIpaBICHHEM HaOmoaeHus, R, = ‘Ro‘ - OCHOBHOH TUCTaHIMEH HaOIO-

JICHUs, a TOUYKY O - LIEHTPAJIbHON TOUKOW HaOmoaeHus. [1ycTh MoIoKeHHe TOUKH

HaOIroeHus yKasbiBaeTcs ucxonsmum u3 touku O’ Bexktopom AR . Torma, kak
BUJTHO U3 PUC. 1, BBIIIOIHAETCS CIeyIOlIee BEKTOPHOE COOTHOIICHHE:

R=R,+AR. 2)
Crnenys paboram [13, 14], BBeAeM NEPHCHAUKYISAPHBIA U IMapauICTBLHBIA K
BEKTOPY EO BEKTOpa R R Iﬁ‘ (cMm. puc. 1):

— —
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Puc. 1. IIpodonvubie u nonepeunvle npocmpancmeenivle napamempol 05 3a0ayu
NPUOIUINCEHHO20 ONUCAHUSL CPEPULECcKO20 NOA

I[anee BCIIMYHHBI RJ—’RH 6yz[eM Ha3bIBATh MNONCPCYHBIM W MPOAOJIbHBIM

BEKTOpaMH HAOMIOCHNs, a UX Moayau R Z‘R s Ry Z‘RH‘ - TONEPEeYHOH |

MIPOJIOIBHON AUCTAHIIUSIMEA HAOIIOICHMYSL.
[Tonb3ysice paBeHcTBamu (3), 3amuiieM BoiHOBOe mone (1) B cinemyromem
BUJIC:

D 2 2 2 2
U(R,t)zacos[a)t—k\/R” +RL}/\/R1 +R;| . 4
PaCCManI/IBaH Pa3I0KCHUA TAaHHOI'O0 BBIPAKCHUSA IO CTCICHAM OTHOUICHHA

2
(R L/ Iql) , MO’KHO TI0Ka3aTh, YTO MPU BHINOJHEHUH YCIOBUI

2
2
(R, /R) <<1u Rk/R >>2x (5)
BOJIHOBOC II0JIC TOYCYHOI'0O ICTOYHHKA (4) MOJKET OBITh MMPCACTABJICHO BBIPAKCHHUEM

B, ([ R* R*)
_a 7. AT
U(R,t)——R|| cos| wt —k LR”+—2R1| 8R”3) . (6)

IIpencraBnenne cheprudeckoro mojs B BuAe (6) IeaecooOpa3HO Ha3hIBaTh
KBa3UTOYHBIM MPHUOIMKEHUEM, WU IPUOJMKEHUEM OJIM)KHEH 30HBI HAOIIOICHNSI.
IIpu ycnoBusix

(R /R <<1u Rk/R ~27 ™

IUTS BOJTHOBOTO TIOJIA (4) MPUMEHHMO CIIEAYIOIIee BEIpaKeHHE:
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— a ( Rj\
U(R,t):Fcos a)t_k.LR”-FZRJ . (8)
|| ||

JlaHHOE BBIpQKEHHE COOTBETCTBYET CHEPUUYESCKOMY MO0 B MPHOIMIKESHUH
®dpeHens, WM TPUOTMHKCHAIO B CPEIHEH 30HE HAOMIOACHUS. 3aMETHM, YTO M3 JIBYX
ycioBuii (7) HEMOCPEICTBEHHBIM 00pa3oM clieayeT, 9To (cM. (6))

R'k/R <<2r. ©9)

B npubamxkennoii xaptuae @paynrodepa, win B NpUOTMKEHHH JaTbHETO
0TS, KOTAa

(R /R <<1u Rk/R <<2r, (10)
BOJIHOBOC ITOJIC 3aIIMChIBACTCS B BUIC
U(E,t):acos[wt—k-lqu/Rll. (11)

CornacHo ¢opmyne (11), BonHOBOe mosnie B npubmmkennn dpaynrodepa, B
OTJIUYHE OT KBa3UTOYHOTO MPUOIMKEHUS U npudimkenns Openens (cm. (6) u (8)),
3aBUCHT TOJIBKO JIUIIb OT MPOOIbHON AUCTAHIIUY HAOIIOICHUS.

OxBuda3HbIe NOBEPXHOCTH B NMPHUOJIMKEHHBIX onucanusax. Kak BujaHo u3
dopmyn (5) - (11), a Taxke U3 puc. 2, BO BCEX BBIMICOTMEUYEHHBIX MPUOIIKEHUSIX
KapTUHBI N10JIS1 YCIIOBUE MAJOCTH OTHOIIEHWH KBaAPaTOB MOIEPEYHON M MPOIOIIb-
HOU IMCTaHIMH HAOMIOICHHS SBIACTCSI He0OX0MUMBIM. Jlanee BemuunHy

r =(RL/R”)2 (12)

6y,ZleM Ha3bIBaThb OTHOIICHUCM Ha6J'IIO,Z[€HI/IH. O,Z[HOBpCMeHHO C OTUM HeO6XO,Z[I/IMO
3aME€TUTh, YTO MPUMCHHUMOCTDb TOI'O HUJIM MHOI'O HpI/I6JII/I)KeHI/I$I OIpeacIA€TCd 3Ha-
YCHUECM BCIINYMHBI

o =Rk/R,. (13)

B Teopun audpakinuu AaHHas BEJIMYHHA SBISETCS XOPOIIO H3BECTHOU, M
OHa Ha3BIBACTCS BOJHOBBIM ImapameTpoM [1, 2].

Jlerko 3amMeTHTh, YTO 3HAYCHUE BOJHOBOTO MapaMeTpa 3aBUCUT KaK OT Mpo-
JOJIbHOM TUCTAHIMY HAOJIOMCHHS, TAK U OT 3HAYCHHS MOMEPEYHON JUCTAHIUH
HaOmroneHus. ClieIoBaTelNbHO, BBIMOJHEHHUE BTOPOTO YCIOBHS U KaXKIOTO H3

NPUOIMKECHAN MOXKET ObITh O0CCICUCHO M3MEHECHHEM Kak R, Tak u R, . Kax
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NpaBujIo, MpU (UKCUPOBAHHOM 3HAueHMH R , KOrjga M3MeHeHHE 3HAYEHUs BEJIHU-
YUHBI O OOYCIIOBICHO W3MEHEHHEM IMPOIOJIBHON NHCTAHIINK HAOIIOACHS R“,

HpI/I6J'II/DKCHHLII71 noaxoa Ha3bIBAKOT HpI/IGHI/I)KGHI/ICM II0 30HC Ha6J'IIOI[eHI/IH. Ecnu

Ha6J'IIO,[[CHI/I$I MMPOBOJAATCA TIpH (I)I/IKCI/IpOBaHHOM 3HAYCHUH Rﬂ , a4 HN3MCHCHUI

3HAYEHHs] O CBS3BIBAIOTCS C U3MEHEHHEM R , TO 0OBIYHO TOBOPAT O HpI/I6J'II/I)Ke-

HHWM 110 ITOJIHO.

&

o

b T P
]

Puc. 2. Dxsughaszuvie nosepxnocmu: mounwli 6u0, 6ud 6 kapmune Openens u 6u0 6
rkapmune Ppayneogepa
Kak nerko yBuaerh u3 cooTHolreHui (3), eciu ‘RO‘ >> ‘AR‘ u ‘RO‘ >> |F|,

To A BenuuuH (12), (13) u aMImuTyIp1 O IPUMEHMMA TAKXKe 3aIiCh
2
R a a

(R
=& ,O=—ku—=—, (14)
vy, Ry R R
T.€. POJIb MIPOIOJILHON JAUCTAHIIUN HAOMIOACHUS (PaKTHYECKH OTIPENENSIETCS] OCHOB-
HOW aucTaHuuer Habmonenus. B coorBercTBuu ¢ (14) Belpaxenus st cepuye-
CKOT'O BOJTHOBOTO TIOJISI B KBA3UTOYHOM TIPHOIFKEHUH (6), a TAK)KE B TIPHOITMKCHHIIX
Openenst (8) u Opaynrodepa (11) mpumyT BUI

2

U(ﬁ,t):icos ot—k-R —k-o+ Riz o |, (15)
R, 8K,
~ a
U(R,t)=R—Ocos[a)t—k'R”—k-a], (16)
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U(I?,t):Ricos[a)t—k-R”] (17)
0

Ha mutockoctu R, R, puc. 2 u3o0OpaxeHs! Tpu Buja SKBHU(A3HON MOBEPX-
HOCTH c(epUUECKOl BOJHBL €€ TOYHbBINA BUJ k Rﬂ2 +Ri (cM. (4)), ee BUI B Kap-
tuae Openes k-(R|| +Ri / (ZRH)) (em. (8)) m ee Bunm B Kaprune DpayHrodepa
k-R” (cm. (11)); 3B€3m0UKOH yKa3aHO TOJOXeHHe uctouHuka. /s ymodcrsa uc-

TOYHMK ObLT HOMelleH B HayanbHoi Touke (). Kak BUIHO M3 pUCYHKa, B KapTUHE
Operens chepudeckas BOJHA alIPOKCUMHUPYETCS TapaboIONIHOW BOTHOU, KOTO-
pasi, B CBOIO o4epelb, B KapTuHe PpayHrodepa annmpoKCUMHUPYETCs TUIOCKOH BOJI-
HOM. U3 prCyHKa TaKkke CIeIyeT, 4To 4yeM ONMKe TOUKa HaONFOICHUS K [IEHTPallb-
Ho#i Touke HaOmoxenuss O', TeM Goliee aJeKBATHBIM CTAHOBHUTCS MPHOIMKCHHOE
ommcaHue molisl. B mpegenax Mamoro ydacTka IIOCKOCTH HAOJFOICHUS, BKIFOYAIO-
mero B ce0st Touky O, Bce TpH MOBEPXHOCTH, & KIMEHHO - cepa, mapadosonaa u
TUIOCKOCTD, TPEICTABISIOTCS IMOYTH HEPAa3NINYUMBIMU. VX pasnudue mposBiseTcs
no Mepe yaaienus ot toukd O'. SICHO TakKe, 4TO MpU OOJBLIMX OTKIOHEHUSX
ToukH HaOmoaeHust ot Toukn O’ mapabonuyeckasi MOBEPXHOCTH 10 CBOEMY TOIIO-
JIOTUYECKOMY BHY OoJjiee Oim3Ka K cepe, Hexelu IIocKas IOBEPXHOCTb.

HNurepdepeHunonHas KapTuHa B 0JM:kHeM moJie. [IpumeHum npencras-
JICHHBIC BBILIE PE3YJBTAThl K KIACCUYECKOW 3a1aue WHTepPEepeHLH MONeH IBYX
HCTOYHHUKOB c(hepruecKkux BOJIH (cM. puc. 3):

U(R,t)=U,(R,H)+U,(R,1), (18)

Uj(k,z)=acos[wz—k\1§—fjﬂ/\1§—fj : (19)

rue 77/ (j =1,2) ABIAIOTCS BEKTOPAMH, ONPEACIAIOMIMMU MMOJT0KEHUSI HCTOYHUKOB.

B ciydae npuOIMmKeHHOTO ONMMCAHUS CYTEepHo3uIoHHOTO 1ot (18) mis cdepu-
gyeckux moneil (19) Oyaem paccMaTpuBaTh MOMEPEYHBIE W MPOAOJIBbHbIE BEKTOpa

HaGmonenns R jl u ]é‘]' (cm. (4)):

U, (R.1) = acos| o1 — ky|(RI) +(R}) / JRY +(&) (20)
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O' AR
o fQ\
t
< p Q'/ ’7“’
g
7
b X

Sl ESz

Puc. 3. Cxema unmepgepenyuonnozo onvima

Kak mu3BecTHO, B KITaCCHYIECKOM BHJIE 3a/1a9a HHTEeP(EpEeHIINN paccMaTpuBaeTCs
B npubmmxkennn Openens (cm. (8)), T.e. OMUCaHME IO JaeTCS B CPEIHEH 30HE
HaOMIOACHIS, TIPUYEM 3a HalpaBJieHHE HAOMIOACHMS BEIOUpaETCs TIpsMas, TIepIIcH-
JTUKYJISpHAs OCH, TIPOXO/AIIEH CKBO3b MCTOYHUKH (CM. HIDKE, a Tarke B [9]). Bmecte
C TeM OmpeJelIeHHBI HHTEPEC MPEACTABIAET PACCMOTPEHEe HHTEPHEPESHIIMOHHOM
KapTHUHEI B OMMKHEHW 30HE HAOMIOACHMS, KOTOPOH, Kak OBLIO YKa3aHO BEIIIIE, COOT-
BETCTBYET TaK Ha3bIBaEMOE KBa3UTOUHOE NpuodimxkeHue (cum. (6)).

[TycTs HayagbHas TOYKA MPOXOMAAIIEH CKBO3b MCTOYHUKHM OCH X pPacrojo-
’KeHa TocepelHe MexXIy ucToyHukamu S, u S, (cM. puc. 3). Torga, o6o3Hadas
PAcCTOSIHME MEXIy MCTOYHHKAMH IIOCPEACTBOM d , JUIL BEKTOPOB 7, H 1, ,

OIPEACTIAOIIMNX MTOJIOKECHUEC NCTOYHUKOB, MOKCM HaIllMCaTb
F=-d-i/2uf=di/2. 1)

Ha puc. 2 mokazaH Takke HCXOIIINN M3 MEHTPATbHONW TOYKH HAOIIOCHHS

O' Bextop AR . Ilpeamonaras, uyTo OH napaiielieH ocd X , a TakKKe y4YUThbIBas
(21), nnst momepeYHBIX M MPOMOIBHBIX TUCTAaHIMKA HaOmoaeHus (cM. (20)) MoxeM
HanucaTh

Rf=(p+d/2)-i, R =(p-d/2)-i, R =R =R,, (22)

rne AR = p-i . B coorBerctBun ¢ dopmynamu (14), (22) mis kKaxaoro u3 uc-
TOYHHMKOB OyJE€M TaK)Ke paccMaTpUBATh MapaMeTpbl OTHOIICHUS HAOMIOIACHUS U

BOJIHOBOM MapaMeTp:
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(p+d/2) (p—d/2)
Tl = R2 ’ T2 = R2
0 0

2 _ 2
oo OHdIY L (pmd/)
RO RO

, (23)

24

C 1enpio MpUMEHEHUsT KBa3UTOYHOTO MPHOIKeHUs (cM. (5)) mis uaTepde-
PEHIIMOHHOTO OMBITA JJOJKHBI ObITH BHITIOTHEHBI CIIETYIOIINE YCIOBUS:

T,<<lmno,>>2rx. (25)

B sTom cnyuae, cormacHo (15), BonmHOBBIE O UCTOYHHKOB (20) mpumyT

BUL
_ | +d/2)
Ul(R,t):icos a)t—k-RO—k-al+u-al , (26)
R, | 8K;
. I ~d/2)
U2(R,t)=icos a)t—k~R0—k'0'2+u~0'2 . (27)
R 8R;
]Ianee PacCMOTPUM UHTCHCUBHOCTH BOJTHOBOI'O ITOJIA:
T
1 2/
I=—[U*(R.pdt, (28)
T 0

rne T =27 /@ - nepuon xonebGauuii. Mcnonszys (18), (26) u (27), MOKHO TIOKa-
3aTh, 9TO

d-pk_d-pk.(d2+4p2)\
Ro Ro 8'R02

[TomydeHHBIN pe3ynbTaT MOXKET OBITh TaKXKe Ha3BaH KBAa3UTOYHBIM BBIpaXKe-
HUEM ]IS pacTpeieNIeHrsI HHTEHCHBHOCTH B HHTEP(EPEHIIMOHHOM OITBITE.

(29)

(aY(
]=LEJ k1+cos

Kak nerko yBuaeTs u3 BeIpaxeHus (29), Mpu yCI0BHH
d-p-kl/R, ~21 (30)
WHTEHCUBHOCTD TIOJISI IPUHUMAET BH/]
(a)'( d-p. |
IZLiJ k1+cos LPL. 31)
R, R,
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3aMeTHM, YTO COTIIacHO MepBOMY yciioBuIo (25), a Taxxke (23):
(d* +4p")/ R} <<1. (32)

Bripaxenne (31) ecTh He 94TO HHOE, KAaK WMHTEHCUBHOCTH MHTEP(EPEHITHOH-
HOTO omnbITa B KapTuHe dpenens (cM., Haripumep, [14]). Ilpu yciaosuu, koraa

d-p-k/R,<<2r, (33)

u3 ¢dopmynsl (31) crmemyeT BbIpaKEHHE IJIsI MHTEHCHMBHOCTH IO B KapTHHE
®dpaynrodepa:

IZZKEJ . (34)

Ha puc. 4 npuBeneHsl pachpeselieHuss NPUBEIACHHON WHTEHCHBHOCTH
2
J,(p)=1/ Z(a/RO) B KBa3UTOYHOM MPUOIMKCHUH (CIUIOIIHAS JIMHUS) U B

npubamxennn Openens (MyHKTHPHAs JUHUS) I YE€THIPEX PA3IMYHBIX 3HAYECHHUI
R, =0,5m;1m;1,5mu2m,xorna A= 0,64-10°mu d=0,3-10" m.

fi
=0.

Ro

Jz (P}
.
™

Jz (o}

0.08€E o.088 0. 0%

Puc. 4. Pacnpedenenus npusedennou unmencusnocmu J,(p) 6 K6azsumounom npubnuoice-
Huu (cnaowHas aunus) u 8 npubnudicenuu Opernens (NYHKMUPHASL TUHUS) 0151 Yemblpex

paznuunblx snavenuil: Ry =0,5m; I m; 1,5 mu 2 m, koeda 0,08 m < p << 0,09m
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Kak BuIHO M3 TIpe/CTaBIEHHBIX I'PaUKOB, P YBEIMUCHNN 3Ha4eHUA R,

Pa3sHOCTh MEXIy KBa3UTOUHBIM MPUOIIKEHUEM W TpuOImkeHrneM DpeHens cTu-
paercsi. V3 pHCYHKOB Tarke cleayeT, 4To TpH 0oyiee TOYHOM, 10 CPABHEHHUIO C
npubnmkenueM OpeHens, pacCCMOTPEHHUH TOJIOKEHHS MAKCUMYMOB UHTEHCUBHOCTH
MTOJTYJaroTCsl 00JIee OTHAICHHBIMA OT IEHTPAIBHON TOYKHM HAONIOACHUS. 3aMETUM
TaKKe, YTO alePUOUUECKOe PACIPEICICHUE TOUEK MAKCMMYyMOB WHTEHCHBHOCTH

IIPOABJIAICTCA IIPU MaJIbIX 3HAYCHUAX RO .

3axioyenne. Takum o0pa3oM, B paMKax HacTosmIeld padOTHl Ha MpUMeEpe
3a7auil MHTEp(EPEHIH BOJHOBBIX IMOJICH OT JABYX TOYEYHBIX MCTOYHUKOB ITOKA-
3aHa BO3MOXKHOCTH BBEAEHHUS Ooyiee TOYHOTrO, 10 CPaBHEHUIO ¢ kKapTuHamu Ppe-
Hens u @payHrodepa, IpUOIMKEHHOTO OIMCAHUS CYIIEPIO3ULIMOHHOIO TIOJIS.
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ULPLUSPU TUCSh £9ULPKTA'PS UNSUMUNhUL

“Yhunwpyuws L wihpuyhtt quonp dninunp tjwpugpdw punhpp, wjuybu Ynsjws,
hwpwlhg, vhohtt i htinpnt nhindwb gninputpnud: 8nyg L wnpjwsd dpkubkh dnnwynpnipju
tjuundwdp wykih £oqphwn, wjuybu Ynsyws, pugh ogphnn Uninnwynpnipjut tkpdnisdwt
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Juénipjniip ghndwi hwpwyhg gnunid, hugwybu twb dpkukih b Spwbgndtph wunlkp-
ubipp: 8nyg b wpyt, np hwpwuyhg gnunnud hunbtuhynipjut dwpuhdnidubpp nponpdnud G
hunputwpnuyhtt hwjwuwpnidng:

Unwmiigpughll punkp. nuwonbph JEpunpoud, dnnwydnp tupugpnud, hbnbpdbpbo-
ghnt wwwnltp, nhundwt hwpwljhg gnunp:

A.Zh. KHACHATRYAN, K.A. TORCHYAN, A.F. PARSAMYAN,
V.N. AGHABEKYAN

QUASITIVE APPROXIMATION FOR DESCRIBING OF THE WAVE FIELD

The problem of an approximate wave field in the so-called near, middle and far
zones of observation is considered. The possibility of introducing a more accurate than the
Fresnel approximation, the so-called quasi-exact approximation, is indicated. For the
interference problem, the intensity distribution is obtained in the near field of observation,
as well as in the Fresnel and Fraunhofer approximations. It is shown that the positions of
intensity maxima in the near zone of observation are determsined by a cubic equation.

Keywords: superposition field, approximate description, interference pattern, near
zone of observation.
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THE OUTPUT NOISE REDUCTION OF A FLASH ANALOG-DIGITAL
CONVERTER

A new approach to reducing output noises in the Flash analog-digital converter
(ADC) is presented. A type of ADC with the least amount of noise is Flash ADC, but it also
needs to have noises as less as possible. By using this method in 32nm technology, the area
of the circuit increases by 72% and the noise error decreases by 63%. This method is very
preferable to use for high bit Flesh ADC circuits, as the latter have many logic cells in the
Encoder. Switching inputs of those cells leads to high noises in the output.

Keywords: ADC, comparator, encoder, current mirror.

Introduction. ADC is a system that converts an analog signal, such as a
sound picked up by a microphone or light entering a digital camera, into a digital
signal. Typically, the digital output is atwo complement binary number that is
proportional to the input. The performance of an ADC is primarily characterized by
its bandwidth and signal-to-noise ratio (SNR). The bandwidth of an ADC is
characterized primarily by its sampling rate. Analog to digital conversion is shown
in Fig.1.

NIV A VAN

2) A ~

3) AT /\ r/\
iy
|
Fig. 1. Conversion of analog signal to digital (1 - analog signal, 2 - digital signal,
3 - combination of analog and digital signals)

While analogue signals can be continuous and provide an infinite number of
different voltage values, digital circuits on the other hand, work with a binary signal
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which has only two discrete states, a logic “1” (HIGH) or a logic “0” (LOW). So it
is necessary to have an electronic circuit which can convert between the two
different domains of continuously changing analogue signals and discrete digital
signals, and this is where Analogue-to-Digital Converters (A/D) come in.

Literature review. There are several methods for reducing noises in the
output of ADC. There are global methods and also methods for specific ADC
circuits. For example, in [1] the presented method reduces the input noises by
digital averaging. It is done using two measurements or even 16, as soon as enough
noise is added to the input signal. The more noise present at the input, the more
averaging is required to achieve the same result.

In [2], a method bringing out the contributing factors to noise is used. It
suggests techniques to minimize the noise in an ADC circuit and presents the
salient parameters of a working high speed ADC circuit incorporating techniques.
For a given ADC, theoretically, a given signal to the noise ratio (SNR) and the
dynamic range can be realised.

In [3], three types of noise filtering are presented. They are analog, digital
and both. White noise underneath a strong enough signal can be averaged out by
oversampling, moving averages or other techniques, while taking advantage of
statistical randomness. Spurious signals in the bandwidth of the signal of interest
need to be resolved close to their source; otherwise, an A/D converter just digitizes
and mixes them with the signal of interest. Harmonics can be dampened by
filtering an A/D converter, undoing some of the effects of nonlinearity.

In [4], advantages and disadvantages of noise filtering are presented.
Converting analog sensor signals to the digital domain is a standard practice with
wearable patient monitoring equipment. However, designers must be aware that
these applications depend on a system that produces reliable, repeatable results,
albeit in their noisy environments. Noise filtering techniques are a critical portion
of the solution circuit.

In [5], a noise reducing device that includes an acoustic-to-electric conversion
section for collecting noise and outputting an analog noise signal; an analog-to-
digital conversion section for converting the analog noise signal into a digital noise
signal; a digital processing section for generating a digital noise reducing signal on
a basis of the digital noise signal and a desired parameter is presented.

In [6], an effective way to remove noise is by using a low-pass (anti-
aliasing) filter prior to the ADC is introduced. Including by-pass capacitors and
using a ground plane will also eliminate this type of noise. A third source of noise
is the radiated noise. The major sources of this type of noise are Electromagnetic
Interference (EMI) or capacitive coupling of signals from trace-to-trace.
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In [7], three types of noise reduction in ADC are presented. The first is a
lower-noise reference. One of the most obvious ways to reduce the level of
reference noise entering a system is to choose a voltage reference with less noise.
The second is increasing the reference voltage. Another method to potentially
reduce the effects of reference noise is to increase the reference voltage, as this
affects the change in the percent of utilization. For example, doubling the reference
voltage decreases the percent of utilization by a factor of 2. The third is reducing
the system ENBW. The third option to reduce the amount of reference noise passed
into the system is to limit the overall ENBW. One way to limit ENBW is by
reducing the antialiasing, or the reference filter cutoff frequencies.

The proposed Flash-ADC. Flash ADC is the simplest type of ADCs and it
has the lowest noises compared with other ADCs, but the more inputs and outputs
it has, the bigger noises it has got in the outputs, because there are many switching
cells in the circuit with an input voltage change. For example, in a 256-bit Flash
ADC, the output noises can be very big, because at the main input voltage change,
there are many cells, whose inputs will be changed at the same time and it will lead
to big noises in the output. So, here, a new of optimized Flash ADC is developed,
which will have small noises at the output in case of any high bit circuit.
Experiments are carried out on a 2-bit Flash ADC. The primary circuit of the Flash
ADC is shown in Fig.2.

VDD
Y
Vin
Resist ] ¢ Fo—— - - ———————- - 1
esistor —3 +\ X2 ! >C Encoder !
| 1> D :
_ | .
| N / | ; Y1
1
|
X1
| | +\> | |
1 |
- 1 1
o L
I = :
e e e e e e e = =
A
VSS

Fig.2. Primary Flash ADC (I - comparator, 2 - invertor, 3 - NAND)
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In the primary circuit, the table of X0, X1, X2, YO and Y1 nodes have the
form like that in Table 1.

Table 1
The dependency of Y1 and Y2 outputs from X0, X1 and X2

X0 X1 X2 YO0 Yl
0 0 0 0 0
1 0 0 1 0
X 1 0 0 1

X X 1 1 1

So, the node from X0, X1 and X2 nodes is the last node with high voltage, it
will determine the voltages of Y0 and Y1 output nodes.

When Vin increases the table of X0, X1, X2, YO and Y1 nodes have the
form like that in Table 2.

Table 2

The voltage values of Y1 and Y2 outputs and X0, X1, X2 nodes when Vin increases from 0
to VDD in the primary Flash ADC

X0 X1 X2 YO Y1
0 0 0 0 0
1 0 0 1 0
1 1 0 0 1
1 1 1 1 1

In case of a very fast increase of Vin (when X0,X1,X2 will at once change
from 000 to 111, or from 001 to 110) there will be many switching nodes in the
Encoder part of an ADC and it will lead to big noises in the outputs. To solve this
problem, we use the fact that the voltage of output nodes depends on the last input
node with a high voltage, and we change the circuit so that only that node has a
high voltage in case of the same Vin voltage value. For an optimized circuit, the
Table for X0, X1, X2, Y0 and Y1 must be like that in Table 3.

Table 3

The voltage values of Y1 and Y2 outputs and X0, X1, X2 nodes when Vin increases from 0
to VDD in an optimized Flash ADC

X0 X1 X2 YO Yl
0 0 0 0 0
1 0 0 1 0
0 1 0 0 1
0 0 1 1 1
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The Flash ADC that is appropriate to the Table 3 is shown in Fig.3.

VDD

Resistor —

Fig.3. The Flash ADC with much less output noise than the primary circuit
(I - comparator, 2 - invertor, 3 — NAND, 4 - AND)

This is better than the primary Flash ADC, but at every change of the input
voltage, one node from X0, X1 and X2, which has a high value, gets 0 value, and
one node with 0 voltage gets high voltage. So the encoder in the main cases has
two switching inputs which switch at the same time, which also can be dangerous
for the accuracy of the outputs. To have the minimum noises in the outputs it is
preferable to keep the switch of the node with high voltage a bit later. It means that
when one of the nodes changes to 1 from 0, the node that had 1 value before that
must change to 0 a bit later (Fig.4).

AL
[

Xn A |
vdd |- - —-"———-———-

- ¥

Xm 4
vdd

0 >
t

Fig.4. Switching two inputs of the Encoder in an optimized Flash ADC (At —is a very short
period of time)
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The optimized ADC contains two Flash ADC circuits (only comparator
parts, the Encoder is general). The input of one Flash ADC is the general input of
the circuit, and the input of the second Flash ADC is connected with the first input
by transmission gate. When Vin changes very fast and with a high range, the
transmission gate will keep the primary value of Vin for the second Flash ADC and
it will also keep the high value of one of the Encoders input nodes in the period of
the Vin change. It is the same node that has a high value before the Vin change.
When another input of the Encoder also gets a high value, two inputs with high
voltages will make the transmission gate to become opened. Then the old input
node with a high value will become 0, and the input node that gets higher by the
change of Vin will keep its value until the next Vin change.

The second transmission gate that is connected in parallel to the first is used
in case when Vin changes from 0 to a higher voltage, or from higher voltage to 0.
When Vin is 0, the second transmission gate is opened and the input of the second
Flash ADC follows the first input until the first input of the Encoder changes to 1.

The optimized Flash ADC is shown in Fig.5.

Vs§

Fig.5. The circuit of the optimized Flash ADC (1 — comparator, 2 — invertor, 3 — NAND,
4 — transmission gate, 5 — OR, 6 — NOR, 7 — Level shifter)
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When only one input of the Encoder has 1 value, the voltage on Rv resistor
that formed with current mirrors is not so high to keep high voltage on the ENH
output of the comparator. So, the first transmission gate is off. When Vin changes,
the first transmission gate that is off, keeps the old value of the general input on the
input of the second Flash ADC, which keeps the value of the input of Encoder
which has a high voltage at that moment.

When two inputs of the Encoder have 1 value, the voltage on Rv becomes so
high that the voltage of the ENH output node becomes high and the first
transmission gate is on and the input of the second Flesh ADC follows the first.

The inputs of Encoders are connected to the level shifters which change the
VDD voltage of the node to a bit lower voltage. This is used not to have a big
current in the current mirrors.

The second transmission gate is connected to a NOR whose inputs are the
outputs of the comparators of the first Flash ADC. When all outputs of comparators
are 0, the transmission gate is on. This is in the case when the voltage of the
general input is very low.

The disadvantage of this approach is making the area of the circuit much
bigger, but for very high bit Flash ADCs this method is very useful to avoid output
noises, because in the case of a fast input change with a high voltage range, the
switching nodes in the Encoder will be as low as possible.

Simulation results. The main block of a Flash ADC is designed.
Simulations are performed using the HSPICE simulator (described in [8]) for a
number of PVT corners including 3 main conditions (TT, FF and SS processes with
respective voltage and temperature values). Here the results of the TT typical
corner are presented. The circuit is designed and simulation is performed in the 32
nm technology. The simulation results of the primary Flash ADC are shown in
Fig.6 with input and output characteristics. Supply voltage is 2.5V and Vin changes
from 1V to 2V. YO is 2.5V, and in the change period of Vin, it gets noises, and Y1
changes from 0 to 2.5V.
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Fig.6. Simulation results of the primary Flash ADC (Vin — input, Y0 and Y1 outputs)

Simulation results of the optimized Flash ADC are shown in Fig.7. In the
picture we can see that the voltage noise range of the YO output became lower by
63% than in the primary Flash ADC.

By(y0) netl i T e

@viyl) nel

By(vin) net
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TIME(sec) (lin)

Fig.7. Simulation results of the optimized Flash ADC

The circuit of the primary Flash ADC designed in 32 nm technology is
shown in Fig.8.
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Fig.8. The circuit of the primary Flash ADC designed in the 32 nm technology
(1 — comparator, 2 — invertor, 3 — NAND)

The circuit of the optimized Flash ADC designed in the 32 nm technology is
shown in Fig.9.
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Fig.9. The circuit of the optimized Flash ADC designed in the 32 nm technology
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Conclusion. A new method for noise reduction of the Flash ADC is
presented. The ADC circuit which has the least noises in the outputs from all types
of ADC circuits is the Flash ADC, but in case of high bit circuits, it also has big
noises in the outputs. This new method requires an increase in the area, but the
higher the bit of the Flash ADC, the method will be more useful for the accuracy of
the output signals. In case of a high bit Flash ADCs, by using this method, the
percent of the area increase will be less and the accuracy of the output signals will
become much higher. In the 2-bit Flash ADC designed in the 32 nm technology,
the area of the circuit is increased by 72%, and the noises in the output decreased
by 63%. For the design of the new circuit, other comparators, level shifters, current
mirrors and transmission gates are used. As we see, even, in case of a 2-bit Flash
ADC, the method works effectively.
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GLLUSPUL UNUNPYLELP LY ULESNRULC Nh PN, ONUMTUUL
ULULNQAUEYUSPL ONNULYP20RT

Lkpjuyugdws b ninhny thnpuwupldwt wbhwinqujht-pduihtt thnpjuupyhsnud (U.EP)
Epuyhtt wnunijubph tjugbgdw unp dnnkgnid: Udkwphs Ejpuyhtt wndnijubp niikgnn
URP-h mbuwlp ninhn hnjuwupyuwi UEO-u b, puyg wyt inybwbu juphp niih’ nibbwgm
htwpwynphtiu phy Epuwghtt wnuniyubp: Ogunugnpsting wju dkpnnp 32 bwundbwnp nbkju-
unnghwynwd, upubdwgh dwbptup ykswunid £ 72%-ny, hull Gjpuyhtt wnuniubtpp tdugqnud
k1 63%-ny: Uju dbkpnnp pwwn twpiptwnphh k oqunugnpst) pupdp phpuyht ninhny thnpuwply-
dwl UEO-ubpnud, pwuh np npubp nibkt dks puwbwlny wpudwpuwlw pohoutp Yn-
nunphsh upbduwynud: Uy pohotiinh thnpuwtipwunynn dntwnpbpp hwghgund Eu Ejpuyht
puipdp wnuniyubph:

Unmbigpuyhli punkp. wiwngqupjuyht thnpruybpuhs, Yndywpunnp, Ynnudnphy,
hnuwtph huybyh:

A.A. BABAJI'KAHSTH

MHUHHUMM3ALIUA BBIXOJAHBIX HTYMOB AHAJIOT'O-IU®POBOI'O
INPEOBPA3OBATEJIS ITPAMOI'O IPEOBPA3OBAHUS

Ipexcrasnen HOBBI METOA YMEHBLICHHS BBIXOIHBIX IIYMOB aHaJOro-LU(pPOBOTo
npeobpaszoarens (ALIT) mpsmoro mpeodpazoBanus. Tumom AL, nMmeromero HaMMeHb-
LIYIO BEJIMYMHY BBIXOAHBIX IIyMOB, siBisiercst ALIIT mpsimoro nmpeoOpa3oBaHusi, HO BBIXO-
HBIE IIYMBI y HETO TOXE JIOJDKHBI OBITh KaK MOXKHO MeHblIe. Mcnonb3ys meron B 32 Hu
TEXHOJIOTHH, TUIOMIA/(b CXEMBbI MOBBIIIAeTCS Ha 72%, a BEIXOAHBIE IIIyMbl YMEHBIIAIOTCS Ha
63%. MeTtoJ npeAnoYTUTEIbHEE UCII0NB30BaTh B BbIcOKOOUTHBIX ALLIT mpsimoro npeodpa-
30BaHUs, MMOCKOJIbBKY OHU UMCIOT B OHKOACPE JIOTUYECKUEC STYEHKHU B OOMBIINX KOJIHYECTBAX.
[Nepexrogaromyecst BXOAbI 3THX SY€EK IMPUBOIAT K OOJIBIIMM BEIXOIHBIM IIyMaM.

Kniouesvie cnosa: ananoro-mudpoBoil mpeodpaszoBaTesib, KOMIIApAaToOp, SHKOMIEP,
3epKao ToKa.
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H.T. GRIGORYAN
AN OFFSET CALIBRATION METHOD FOR A HIGH-SPEED RECEIVER

Nowadays VLSI circuits have various applications such as mobile devices, 10T
devices, PCs, automobiles, military and space systems, etc. Analog parts, such as operational
amplifiers, rectifiers, analog-to-digital converters play major roles inside the modern integrated
circuits (IC). In VLSI designs external voltage source values do not have high precision and
currently schematic designs are implemented considering the +10% variation of the supply
voltage values. However, such accuracy levels cause problems in high speed receivers
where variation of voltages even with a few millivolts can result in major inaccuracies such
as the offset voltage in the receiving path. Such problems do exist in high-speed data
receivers where the swing of the received data can be less than 100 mV. In this paper an
offset cancelation technique for a high speed receiver path is presented which can lower the
offset voltage up to +5 mV range covering the 4.5 sigma possible technology variation
range.

Keywords: analog, operational amplifier, integrated circuit, IC, VLSI, offset voltage,
reliability, offset, high speed receiver.

Introduction. As mobile applications are becoming more and more widespread,
the need for integral circuits with low power consumption rises. One of the methods
to communicate with low power is to use signals with low amplitude. As the transfer
frequency rises more, issues occur during data transmission. And it is becoming
harder to recover the received data. One of the main problems when receiving a
signal with a low amplitude is offset voltage of the received circuitry [1]. Offset
voltage can occur because of the process, voltage and temperature variations.

The cause of input offset voltage is well known—it is due to the inherent
mismatch of the input transistors and components during fabrication of the silicon
die, and stresses placed on the die during the packaging process. These effects
collectively produce a mismatch of the bias currents that flow through the input
circuit, and primarily the input devices, resulting in a voltage difference at the input
terminals of the op amp.

Some methods are proposed to reduce the offset voltage. Offset voltage
storage techniques which measure the offset voltage and store the result on
capacitors in series with the output/input can serve as an example [2]. Those
methods are not actual for high-speed receivers because they add capacitances on
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the high-speed signal path. To overcome this problem, auxiliary amplifiers are used
to isolate the signal path from offset storage capacitors.

Fig. 1. The conventional architecture of offset cancellation

Vos1> Vosz are the input referred offset voltages for the main and auxiliary
amplifiers.
The total offset can be calculated using the equation below:

Vosi1 Vosz (1 )
Gm2R  GmiR’

VOS,tot =

where R represents the transimdance amplifier, G, the differential pair.

But this approach is not actual in the high-speed receiving path because the
stability of the auxiliary amplifier will make the design process a lot harder.

Modern Serdes Receivers have several amplification stages (Fig. 2). As a
first stage, there is usually a continuous time linear equalizer with a code control, it
changes its boost frequency based on application (short channel, long channel).
Then there is an additional stage which amplifies the signal to a level that the CML
to CMOS stage can detect signal variations and transfer the signal to full CMOS [3].

SILE CML2CMOS

D+ . Data_cmos+
D- Data_cmos-

Fig. 2. The receiver block scheme

Due to low power applications, very low signal amplitudes can be used in
modern SERDES systems. Per Mipi DPHY specification [4] the High-speed
Receiver should be able to successfully receive and recover data with 40 m} peak
to peak amplitude. Even small offsets can lead to data errors when such kind of low
amplitude signals are received.
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The Method Explanation. The block diagram of a high-speed receiver with
an offset calibration circuitry is shown in Fig.3.

DAC Diff Pair

CTLE CML2CMOS

Data_cmos+

Data_cmos-

Fig. 3. A receiver with an offset calibration circuitry

The working principle of the algorithm is as follows. The differential inputs
of the receiver are connected to the ground. There is a constant current that is used
for offset cancellation. This current has to flow through the differential pair [5].
Diff Pair circuit is depicted in Fig.4.

Fig. 4. Differential Pair

The Ibias current is 50 uA, the current is steered through outO and oul when
the code is changed. The code which is input into a digital-to-analog converter is
changed from 0 to 63. During the code sweep, the voltage of DAC changes which
results in changing the current in one of the branches. When the output of the
CML2CMOS cells switches, the code is saved. After that, the same process repeats
backwards. The code is swept from 63 to 0. And again when CML2CMOS switches,
the code is saved. At the end, the average of 2 codes is chosen as an offset
calibration code.

This additional current creates offset which cancels offset in the whole
receiver path. In Fig. 5 a current change troughout 0 and outl outputs is shown
when the code is changed from 0 to 63 and vice versa.
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Code

out0

outl

‘WWM%MMWWW
T 034 ) L I W Tk 123

Fig. 5. Current variation from the code sweep

Simulation Results. As seen from HSPICE Monte Carlo verification, even
for typical comner (Fig. 6), offset can reach up to 19 mV [6]. Considering that the
receiver should be able to recover signal with 40 m} peak-to-peak amplitude, that
much offset is not acceptable.

Input Data - Measured Values [offset_data_bcal]

Q-Q Plot [y = 0.003953x + -6.581e-05]

¢ data
—— Gaussian fit
Confidence | | | | |
0.02 1= Interval D R e i R i s e S S 25 S
—— TargetSigma | i H i i
w— Spec Min/Max |
[[— Int Min/Max
[0 X0 ) 0 AU U S SIS ES———— SN 4 ./ SN S————
0.00 F--tommmmm e
_0.01 B T By 0 o T e e e
—0.02 Fbmt U e b

-6

-4 -2 0 2 4 6

Fig. 6. The offset voltage before calibration

After calibration, the results are shown in the plot below. Simulation is
completed considering the 4.5 sigma variation. As seen from Fig. 7, offset is ~-5
mV in 6 sigma. After calibration, offset of the whole receiving path is £ 5 mV.
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Q-Q Plot [y = 0.0007802x + -0.001432]

& data

— Gaussian fit
Confidence

— Interval

0.015 A

— Target Sigma
—— Spec Min/Max
—— Int Min/Max

0.010 1

0.005 -

0.000 1

—0.005 +

—0.010 1

Input Data - Measured Values [offset_data_acal]

-0.015

T t + + + + 1
-6 -4 -2 0 2 4 6
Equivalent Inverted Gaussian Distribution [0]

Fig. 7. The offset voltage after calibration

The initial offset is checked via dc sweeping the inputs until output voltages
are equal. After that, the calibration process is performed. The code is selected and
the same process is repeated after calibration.

Conclusion. Offset voltage for the whole receiver path is reduced. The
drawback of this solution is that the offset calibration time should be taken into
account before starting the high-speed receiving process. Also, direct current is
required for offset cancelation. And additional area is required for extra circuitry.
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2.8. arpanrsuy

TCBNUUL LULUUL WUraursruuy Uten urueuanro cukhuvh
20ueNh38NrU

Qtpdks hunbqpuy ujubdwibpp (QUPU) niubt juytt jhpuenipniuibp puququ
uwpplipnud, husyhuhp Lt owpdwlub, hunbpubnuwghtt vwppunpoidutpp, wdwfub hw-
dwljunpghsttinp, wywnnubptimutpp b puquuljut nt nhkqbpuljuwt hwdwlupgbpp: Thw-
1nguyhtt dwukpp, hiswyhuhp b owkpughnt nidtnupupubpp, jupdw nugnhstbpp, whwn-
qupyuyht YEpyuwithnjhsutpp, juplnp gbp o punnud wyddjut hunkgpuy ujubdwtbpnud:
QUPU twpiwgstpnid wpnwpht jupdwb wnpmniptibph jupdwb wpdbpubpp pupdp onn-1-
pintu sniukl, b ubpuyhu bwhwgstpl hpwjuwiwgynwd Eu' hwoygh wnbbkng utdw jwup-
dwtt £10% thnihnjunipiniup: Fuyg b wytybu dounnipjut wjuyhuh dujupgquljh wnwewg-
unud E juinhptbp wpuwqugnps punnitihs hwugnygubpnud, npntn jupudwt pknig Uh puh
Uhihynnh thnthnpunipniup Jupnn b hwigbgul) ks wuownnipnibubph, huswhuhpt L,
ophtwl, sbnuwt jupnidp: Ujuyhuh juughpubtp b hwyn o quihu wpuqugnpd pungnihs
hwugnygubpnud, npunkn punnithy myjuh wqpuipwth pugwspn thnpp k100 «/<-hg: ‘Lkp-
Juyugdws E wpuqugnps punnihy hwignygnid pbnuut jupdwt skqupljuwi mbjutthu,
npp htwpunnpoipynit £ wughu’ hobgkynt sbquwi jupdwh wpdbpp dhiish +5 /<, hwoyh
wnlbiny 4,5 uhquw httwpwynp mkjiuninghwlwt Juphwughwi:

Unwbgpuyhl punkp. wuwng, ouyjkpughnt nidinupup, hinbkgpuy upjubdw, QUDU,
otnuul jupnud, hntuwhnipnil, wpwqugnps pugnitthy hwignyg:

A.T.TPUT'OPAH

METO/] KAJIMBPOBKHN HAIIPA’)KEHWSI CMEIIIEHUS B
BBICTPOJEMACTBYIOIIEM ITIPUEMHOM Y3JIE

B nHacrosmiee Bpemst cBepxoonbinme uHTerpaibHble cxembl (CBUC) nMeroT pasnnaHbie
MIPUJIOKEHUS], TAKUE KaK MOOWIIbHBIE yCTpoiicTBa, ycrpoiicta IOT, aBTOMOOMIN, BOSHHBIE
M KOCMHYECKHE CHCTEMBI U T.J. AHAJIOTOBBIC YaCTH, TAKUE KaK OMCPAI[OHHBIC YCUIIUTEIH,
BEITIPSIMUTENH, aHAIOTO-IHU(POBIE TIPE0OPa30BATENH, HTPAIOT BAKHYIO POJIb B COBPEMEH-
HbIX uHTEerpabHbIX cxemax (MC). B mpoekrax CBHMC 3HaueHuns1 BHENTHETO NCTOYHKMKA HATIPsI-
JKEHHS. HE MMEIOT BBICOKOM TOYHOCTH, U B HACTOSAIIEE BPEMS PEATH3YIOTCS CXEMBI C yUE€TOM
+10% oTkIOHEHHS 3HAYCHUH HANpsDKeHUS MUTaHUSA. OIHAKO TaKWe yPOBHHU TOYHOCTH BBI-
3BIBAIOT MPOOJIEMBI B OBICTPOCHCTBYIOMNX IPUEMHBIX y3/IaX, I7le H3MEHEHHE HAIPSKCHUS
JaK€ Ha HECKOJIbKO MUJIJIMBOJIBT MOXKET MPUBECTU K CEPHLE3HBIM HETOUYHOCTAM, TAKUM KakK
CMEIIICHUE HANpsDKEHUS Ha MyTH NpueMa. Takue mpoOieMbl BCTPEYarOTCs B OBICTpOICH-
CTBYIOIINX MPHUEMHBIX y3JaX, TJIe pa3MaxX MPUHAMAEMbIX TaHHBIX MOKeT ObITh MeHee 100 uB.
[TpeacraBnen MeTo] KOMIIEHCALUH CMEUICHHsI JUIsi OBICTPOJCHUCTBYIOIETO TPAKTa MPUEM-
HUKa, KOTOPbIA MOYKET CHU3UTh HAaNpPSHDKEHUE CMEILEHUs J0 auana3oHa +5 B, 0XBaThIBarO-
IIeTO BO3MOXKHBIH TUara30H H3MEHEHHsI TEXHOJIOTHH 4,5 curMa.

Knroueevle cnosa: aHauor, onepalioHHbIA yCHUIINTENb, HHTETPAJIbHAS CXeMa, CBEpX-
OoJpIMe WHTETpabHBIE CXEMBI, HAIIPSHKEHHE OTKIOHEHUS, HaIeKHOCTh, OBICTPOIEHCTBYIO-

LU IPUEMHBIN y3€el.
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.11 AIIUSTHII

OINIPEAEJIEHUE BPEMEHHU OIIOPOKHEHUSA ’KUJKOCTHU U3
TPYBOIIPOBOJA C YHACTKAMMU PA3JINYHOI'O YKJIOHA U C
HACAJIKOM HA EI'O KOHIE

HccnenoBan xapakTep ABIKCHUST KOJOHHBI )KAIKOCTH B MIPOIIECCEe €€ OMOPOKHEHHUS
73 HAIOPHOTO TPYOONpPOBOJA IOCTOSIHHOTO OuaMeTpa. B pesympTare momydeHsl Oolee
o0IIMe aHAMTHYECKHE 3aBUCHMOCTH, YYUTHIBAIOIINE BIIMSHNAE BCEX OCHOBHBIX (haKTOpPOB
Ha CKOPOCTh €€ OIOpOKHEeHUsI. PekoMeH IyeTcss MEeTOIMKa ONpeIeIeH s BpEMEHH OTIOPOXK-
HEHUS JKUJIKOCTH M3 TpyOorpoBoza. [IpoBeseHO conocTaBieHre pe3ysibTaToB pacdera Io
HOJIyYEHHBIM 3aBUCUMOCTSIM C 3KCIIEPUMEHTAIbHBIMH JaHHBIMH.

Kniouegvie cnosa: HanopHslii TPYyOONPOBOJI, YUACTKH Pa3IMYHOTO YKIIOHA, HACAIOK,
CKOpPOCTh TEUCHHUS )KUIKOCTH, THIPABINIECKUE COIPOTUBIICHNUS, BPEMS OIIOPOKHEHHUS.

Beenenue. [Ipy mpoekTHpoBaHWM W IKCIUTyaTallid HATIOPHBIX BOIOBOIOB
CUCTEM BOJIOCHA0)KECHHUSI BO3HHMKAET HEOOXOIUMOCTh OIPEICICHUS BPEMEHH OIO-
POKHEHUS KUIKOCTH M3 YKa3aHHBIX TPYOONPOBOJIOB. AHAIN3 MCCIIEIOBAHHM, TIOCBSI-
IIICHHBIX JTaHHOU mpobiieme [1-3], moKa3bIBaeT, 4ToO B YKa3aHHBIX padoTax HEIOCTa-
TOYHO TOJIHO BBISBIICHA JIMHAMUKA MPOIECCa OMOPOKHEHHSI JKUAKOCTH U3 TPYy0O-
IIPOBO/Ia B CIIy4Yae OJHOBPEMEHHOTO ydeTa KaK MECTHBIX, TaK M PacHpelesleHHBIX
0 IJTMHE BOJIOBO/IA THAPABINIECKUX COMIPOTUBIICHUH.

Lenpto HacTosimei paboOThl ABISETCS MOJTy4YeHHe Oojiee TOYHBIX aHAIUTH-
YeCKMX 3aBHUCHMOCTEH, OMPENeNsIONINX H3MEHEHHE CKOPOCTH TEYEHHS KOJIOHHBI
KUJIKOCTH B TIPOIECCE €€ OMOPOKHEHUS U3 TPyOOIPOBO/A, YTO U ONPENEIsIeT aK-
TyallbHOCTh TPOBEICHHBIX HCCIIETOBAHMM.

ITocTanoBka 3axauM U MeTOABI HccieaoBaHusi. PaccmaTpuBaeTcs cxema
HarHeraTelbHOro TpybomnpoBoaa 1 (puc. 1), ©3 KOTOPOTO OMOPOKHEHHUE KUIKOCTH
MIPOUCXOANT Yepe3 oTBepcTHe 3 B Hacanke 2. /lmamerp BBIXOJHOTO OTBEPCTHS d
MeHblIe TuaMerpa Tpybonposona. [Ipennonaraercs, 4To 0 Ha4axa OMOPOKHEHHS
YKUJIKOCTH BCE YYAaCTKH TPYyOOIPOBOJA TOJHOCTHIO 3aMOTHEHBI BOMOH. JlmaMeTphl
d yuactkoB AB u BC Boi0BOZIa OZIMHAKOBBI, & YKIIOHBI 3THX YYaCTKOB K TOPHU30HTY
pa3Iu4HEL
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Puc.1. Pacuemnas cxema mpybonposooa: 1 —mpyba, 2 — Hacadok, 3 - omeepcmue

[nst pemienust 3anayu ucnonb3yercs ypasHenue . bepuymnu [4], cocras-
JIEHHOE IIJIsl ABYX cedeHui TpyborpoBoa. IlepBoe ceuenune 6epercst Ha CBOOOIHOM
MOBEPXHOCTH JKUAKOCTH B TpyOompoBoxe (puc. 1), a BTopoe cedeHue - B KOHIIE
TpyOOmpoBOAa Ha MECTEe BHIXOJA CTPYH JKMIKOCTH W3 BBIIYCKHOIO OTBEPCTHS 3
Hacazka 2 (puc.l). 3a TUIOCKOCTb CpaBHEHUS NMPHUHSITA TOPU30HTAIbHAS MIOCKOCTh
0-0 (puc. 1), Ha KOTOPO¥ PACIOIOKEH IEHTP BBIXOJHOTO OTBEPCTHS 3 Hacaaka 2.
B pesynbpTare nonmyvaercs ypaBHEHHE BUA

2 2
i +(I, —x)sina +1, sinﬂ+?=%+§—°g(l+§o)+

1
+(L—x)%’ M

A v?
+[& +—( _x+lz)]-_1
d 2g g dt

rae P,; - atmocdepHOe maBiieHne Ha CBOGOJHOM MOBEPXHOCTH XHIKOCTH B TPYyOO-

IIPOBOJE; O - IUIOTHOCTH JKHAKOCTH; g - YCKOPCHHE CHUIBI TSDKECTH; [, - minHa
yuactka AB TpybonpoBona; ¢ - yron HakioHa ydactka AB (puc. 1) k ropu3oHTy;
[, - umna yaactka BC; B - yron Hakiona ygactka BC k ropusonty; V, - ckopocts
OTIOPOKHEHUSI KOJIOHHBI JKUAKOCTH U3 TPyOoIpoBoaa; Vy — CKOpOCTh MCTEUEHHS

KUAKOCTH U3 oTBepcTus 3 B Hacaake 2 (puc. 1); &) - xoodduiment mectHoro

TUIPABINYECKOTO CONPOTUBICHHS BOIOBBITYCKHOIO OTBEPCTHSI B Hacaike; &, -
K03()(PUIUEHT MECTHOTO THAPABIUUECKOTO COTPOTHUBIICHHS HA MECTE H3MECHEHUS
YKJIOHa TPYOOMpPOBOA; X - KOOPAMHATA MEPEMENICHUsT CBOOOTHON MOBEPXHOCTH
KHUIKOCTH B TpybompoBose; A - kod(pGHUIMEHT rHAPaBINYECKOTO COMPOTHBICHHUS
o JyinHe TpyodonpoBoaa; L = [ + l,; t — Teky1iee Bpems.

Hcnonb3ysi ypaBHEHHE HEPa3pbIBHOCTU TCUCHHS HECKUMAEMOU SKUIKOCTH
[4], umeem
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A 1V1:AoVo’ )

rae A; — wIon@aak MONepeyHoro CeueHus: TpyoompoBoaa, a Ag - MJIOIIAAb BOJO-
BBIITYCKHOTO OTBepcTHs 3 B Hacaake 2 (puc. 1). B ypaBuenuu (1) ckopoctsh Vo BBI-
pakaercst 4yepe3 cKopocTh V), a mpousBoaHas dVi/dt 3aMeHseTcs Ha IPOU3BOIHYIO

2
vy /2dx [2]. O6o3nauuB y uepes Vi* u [, sin f uepes ho, nocne cokpamenuii u

BhIILIEYKa3aHHBIX 3aMeH ypaBHeHue (1) mpuHUMaeT BUI

Q+ K(x) 2g[h,+(, —x)sina]
a2 (L—x) I—x

, 3)

rae

K(x)= j; (1+@>+4+§(L—x)—1 , @

0

a mepeMeHHas x u3Mensercs B npeaenax 0 <x </;.

A

Hamuame B (4) craraemoro ;(L — X) HE IMO3BOJIET IMOJyYUTh AHAIUTH-

YEeCKYIO 3aBHCUMOCTH AJsl CKopocTH Vi(x). Mcrmonb3oBaHue YHCIEHHOTO METOJa
WHTETpUpOBaHUA AU hepeHITHAIBHOTO ypaBHeHH (3) HepallnOHAIBHO TIPH TIPaK-
TUYECKHUX pacyeTax, a TakKe MpH aHaJu3e Ipoliecca OMOPONKHEHHUS KUIKOCTH U3
TpybonpoBoza. IlosToMy npu MHTErpHpOBaHUM ypaBHEHHS (3) JOMYyCKAeTcs, 4TO
BhIpakeHHe (4) ecTh BeIMUMHA MOCTOsHHAA. IIpu Takoil 3aMeHe JomycKaeTcs Ofl-
peneneHHas MOrpelIHoCTh pacyera, OHAKO, KaK IMOKa3aHo B padote [2], BenuunHa
9TOH MOTPELIHOCTH HE3HAYUTENIbHA U KOPPEKTHA MIPY NPAKTUUECKUX PacueTax.

Vpasraenue (3) uHTErpUpyeTcsa MpHu HayaabHOM ycnoBuu: ipu x=0 - y=0.

B pesynbpraTe momyyaeTcs 3aBUCUMOCTb JUIsl CKOPOCTH BHJA

veo = [0 ()2 g (2o o D - fsing, (9)
B KoTOpoi mapamerp K omnpenensercs no gopmysie (4) npu pUKCHPOBAHHBIX 3HA-
YEHUSIX IEPEMEHHOM X.

M3MmeHeHne CKOPOCTH TE€YEHHS KOJIOHHBI JKHUAKOCTH TPH €€ OMOPOKHEHHUH
n3 yuyactka BC TpybonpoBosa (puc.1) onpenensercs Takke MmyTeM HCIIOJIb30BaHUS
ypaBHeHUs bepryimu. [lepBoe ceuenne MpuHUMAETCS Ha CBOOOTHOM TTOBEPXHOCTH
YKHUJIKOCTU B TPyOOIPOBOJIE, 2 BTOPOE CCUCHHE - Ha BBIXOJIC KUIKOCTH U3 OTBEPCTHUS
B HacaJKe.
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B PE3YIbTATC NMOJTYYACTCA YPAaBHCHHUC BHUa

V_Z2 + (IZ—X) & (6)

, vi Ve y!
(lz—x)smﬁ+é:ﬁ(1+§o)+g(lz—x)zg TS

B ypaBHenun (6) ckopoctb V; BeIpakaeTcsi depe3 CKOpocTh V, myTem uc-
MOJIb30BAHUS YPAaBHEHUS HEPA3pPBIBHOCTH (2).

IpousBoxs 3ameny npousBoaHoit dVa/dt Beipaxennem dV7/2dx u 0603-
Havas V} = y , ypaBuenue (6) m0cyIe yKa3aHHBIX 3aMeH IPHHIMAET BT

d—y+yK1—(x)=2gsinB, (7

dx lo—x

B KOTOPOM IiepeMeHHast X u3MeHsercs B npezaenax 0< x <l,, a mapamerp:
A A
Ki(x) = [A_;)Z(l‘*‘fo)"'g(lz—x)_l]- (®)

VYpaBuenue (7) MHTETpUPYETCS MPH HAYaIbHOM yCiIoBUHU: mpu x=0 —V, =
=V, (ly), rue V; (1) onpenensiercs u3 3aBucuMocTH (5) mpu x = ;.

[Ipu unTerpuposannu ypasuenus (7) mapametp K(x) npuHUMaeTcs MOCTOSH-
HOW BETMUYUHOM.

B pesynbrare nomydaercs 3aBUCUMOCTB AJIsI CKOPOCTH BHIA

2
B0 = [VRADESS + 2210 -0 — L (25 sing. )

[Homydennsie 3aBucumoct (5) u (9) HCHONMB3YIOTCS ISl ONpPEAETICHHS
BPEMEHHU OMOPOKHEHUS KHUIKOCTH 13 yuacTkoB AB u BC tpy6onporona (puc. 1).

Jlnist onpesieNieHnsT BpEMEHH OTIOPOXKHEHUS JKUAKOCTH U3 yyactka AB Tpy6o-
MPOBOJIA BHAYale CTPOUTCS TpapuK HM3MEHEHUsS CKOPOCTH KOJIOHHBI JKHUAKOCTH
Vi = f1(x). B npoiiecce OnopoKHEHHsI 3TOr0 y4acTKa HMCIOJIb3YeM IMOJYyUYECHHYIO
3aBucUMOCTh (5). Jlns 3TOTO, 3a7aBasCh pa3aUYHBIMH (DUKCHPOBAHHBIMH 3Haue-
HUSIMU X1, TI0 (hopmyiie (4) ompenenstoTcs: 3HadeHus: mapamerpa K(x), koTopsie
MTOJICTABIIIOTCS B 3aBHCUMOCTS (5), ¥ TIPH TeX K€ 3HAYCHHUSIX X; CTPOUTCS Tpaduk
3apucumoctu V; = f; (x) (puc. 2).

AHaJIOTYHBIM 00pa30M CTPOHTCS TpaduK U3MEHEHHsT CKopocTH V, = f,(x). B
mporiecce yaaneHusl KOJOHHBI KUIKOCTH W3 ydactka BC tpybompoBona (puc. 2)
ucnonb3zyem popmyny [4].

303



12 \
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Yuacrok AB Yuacrok BC -

Puc.2. I'pagpuxu 3aeucumocmeii V, = f(x) u V, = f(x) npu onoposicnenuu scuoxocmu u3

yuacmra AB u BC mpy6onpoeooa

Jns onpenenenus BpeMeHM ynalleHUsl )KMAKOCTH M3 ydacTka AB BojgoBoma
JUIMHA 3TOT0 Y4YacTKa JCNUTCS HA HECKOJBKO 3JEMEHTApPHBIX YYacTKoOB l; , B
Ipesenax KOTOPBIX H3MEHEHHE CKOPOCTH TEUEHMs >KUIKOCTH MOXKHO IPUHATH
JIUHEWHBIM OT MapameTpa X. Beruuciss cpenHue 3Ha4eHHs CKOPOCTH B Ipeneiax
BBJIETICHHBIX ~ yYaCTKOB, OMNPEIENSeTCS TPOIOIDKUTEIHFHOCTh  OMOPOKHEHUS
JKUJIKOCTH M3 3THUX YyYaCTKOB, UCXOJNs U3 paBeHCTBa t; = [;/ ViCp, a TIOJTHOE BpeMsi
yaaJeHus )KUIKOCTH U3 yuacTka AB Gyznet pasuo Ty = ), [;/ VL.Cp.

AHAJIOTHYHBIM CITIOCOOOM OTIpeneNsieTcss BpeMsi YAaJICHUs KUAKOCTH T, W3
yuactka BC tpy6onposoza. [lonHoe BpeMs yianeHus )KHIKOCTH 13 TpyOOmpoBoaa
oyner T =T; + T,.

Jig yCTaHOBJIEHHS CTENEHM KOPPEKTHOCTH MOMYyYEHHBIX aHAaJTUTHYECKUX
3aBHCHUMOCTEH M PEKOMEHIYyEeMOIl METOJIMKH pacyeTa MpPOBEAECHO COMNOCTaBIICHUE
pacUeTHBIX 3HAYEHUI BPEMEHH OIOPOKHEHHUS JKHUIKOCTH W3 TPyOOIpoBoma ¢
COOTBETCTBYIOLTUMH KCIIEPUMEHTAIbHBIMH JaHHBIMH.

C 9To0ii 1ebio B THIpaBINYecKOr 1abopaTopuu MHCTUTYTa BOAHBIX MPOO-
JIEM ¥ TUAPOTEXHUKH UM. akaa. M.B. ErnazapoBa CMOHTHpPOBaHA IKCIIEPUMEHTAIIb-
Has yCTaHOBKa, CXeMa KOTOpOoH MoKa3aHa Ha puc. 1.

Hamopasiii  TpyOompoBOa TPEACTaBILT COOOH TOMUATHICHOBBIM IIJIaHT
muamerpoMm d=0,016 m. Yuactok AB tpybGompoBoaa umen mivHy l; = 2,97 m u
yron HakjnoHa K ropusoHTy @ = 13°. Bropoii yuactox BC umen amuny L, = 6,2 u
¥ YIoll HakJIoHa K ropu3onty § = 10°. Vianenue Bosasl u3 Tpy6onpoBosa ocylie-
CTBIJISIIOCH Yepe3 KPyriioe oTBepcTHe B maibe aumamerpoM dy = 1,05 cm, koTopas
MOHTHpOBajiack B Hacaake 2 (pwuc.l). IIpu BBIXOmE CTpyH BOABI M3 OTBEPCTHS B
mraiibe MPOMCXOAUIIO CKAaTHE €€ MOMEPEYHOro ceueHus. [nomans cxaroro ceueHust
ompenensiack mo gopmyne A, = €4y, TOe € — KOIPPHULUEHT cxKATUA CTPYH,
oTpeneIsIeMbIi 1o popMmyte [4].
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£=0,62+038(4, / 4,)°. (10)

Ha mecte n3ameHeHus ykioHa TpyOOIpoBOJa 3HaueHHe KodQQUIMEHTa PaBHO
&, = 1,0, a 3nauenne koddduimenta - £, = 0,04. KoapuimmeHT rupaBimaeckoro
Tpenus pasen A = 0,025.

B npouecce npoBeneHus IKCIEPUMEHTOB OTBEPCTHE B IIai0e 3aKpBHIBATIOCH
C TIOMOIIBIO PE3UHOBOH MPOOKH, M OCYIIECTBIIIOCH TIOJTHOE 3alloIHEHUE Tpy0o-
MPOBOJIa BOAOK. 3aTeM OCYIIECTBIISIIOCH OBICTPOE yalleHHue pe3nHOBOr mpoOku. C
MOMOUIBIO CTEKIISTHHOTO Nbe30METpa, YCTAaHOBJICHHOTO Ha MECTE M3MEHEHHS YKIIOHa
TpyOOIpOBO/Ia, M CEKyHIIOMEpa OMpEeNsiach MPOIODKUTENEHOCTD yIAIeHNsT BOIBI
u3 yuactka AB (puc.1) u Bcero tpybomnpoBofa.

CornacHO pacueTHBIM JaHHBIM, MTONYYEHHBIM TPH HCIOJIh30BaHUH TPAPHUKOB
3aBucumocteit V; = fi(x) u V, = fo(x) (puc. 2), NpoaomKUTENBHOCTD YIaleHUS
BOJIbI U3 yyacTka AB TpyOomnpoBona cocTasisiia 3,4 ¢, a BpeMsl YIAaJIeHHs )KUIAKOCTH
u3 yuyactka BC - 9,5 c¢. IlomHoe Bpemsi ynaleHHs BOJABI M3 TpyOONpOBOIa —
T,=34+95=129c

CornacHo TIOJNyYSHHBIM SKCIIEPUMEHTaIbHBIM JaHHbIM: TN = 3,1 ¢, a
T =92c.

Taxkum 00pa3zoM, IKCIIEPUMEHTAIBHBIE UCCIICAOBAHUS TIOATBEPANIN KOPPEKT-
HOCTb TIOJTYYEHHBIX aHATUTUIECKUX 3aBUCUMOCTEH.

3akiaouenue

1. IlomydeHsl Oonee OOILIME aHATUTHYECKHE 3aBUCHMOCTH, ONPEACIISIONINe
XapaKTep M3MEHEHHUsI CKOPOCTH TeUEHHUS KOJIOHHBI KHIKOCTH B MPOIECCE €€ OI0-
POXXHEHUS 13 TPyOONpoBo/ia C y4acTKaMH pa3IMYHOTO YKIIOHA W HACAJKOM Ha ero
KOHIIE.

2. CormocTaBleHHEe pe3yIbTaTOB pacieTa BPEMEHH OMOPOKHEHUS KHUIKOCTH
13 TpyOOIIPOBO/IA C UCIIOIb30BAHUEM MMOJyUEHHBIX 3aBUcHUMOcTel (5) u (9) ¢ cooT-
BETCTBYIOIIIUMH 3KCIEPHMEHTAILHBIMHA TAHHBIMHU TIOATBEPKIAET KOPPEKTHOCT dTHX
3aBUCHUMOCTEH W pa3paboTaHHONH METOJMKH ONpENeNeHHUs] BpEMEH! OMOPOKHEHHUS
JKUJIKOCTH U3 TPyOOIpOBOAA.
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SUCRLEL PELNPESUULRL ZUSYUOULE! B4 OUSrUUTUNRU YSUDNN,
NPrLESNI, LLTNRUUSPL NNNIUYUCUCPS 2E1.0RYP HYUSUYUUL
dguuutuvuub nracnkuc

Thuwplyl] E hwunwnnit npudwgdny Lupnidught junpnjulwownphg Yguthnnh
Uhongny htnnijh quuupdwt gnpdpuipugn: Unwgyl) i Jipnmdwljut wdkh pighwinip
puwiwdlitp, npnugny npnoynid £ opwnwuph wnwpplp hungusutiphg htnmyh wwt quwnwpl-
dwt nbnnpnipniup: Unwugus pwbwdlbpny Juunwpjws hwoduplubph wpynitpubpp
hwdbdwwngt) B hwdwywunwujuwt hnpdupupulut wpyniiptbph hn: Zudbdwnnie-
jniup gnyg k wdb)] wnwewplynn pwbwdbitiph Ynnklun thubp:

Unwigpuyhl punkp. {upnidughtt unnnyuljupwp, mwppbp phpnipjudp hundus-
ubp, thon, htinnijh hnudwb wpwgnipiniy, hhppuyihjuub nhdwnpnipmnibibp, punwnpy-
dwt mbnnnipinii:

E.P. ASHCIYANTS

DETERMINING THE EMPTYING TIME OF THE LIQUID FROM THE
PIPELINE WITH SECTIONS OF DIFFERENT INCLINES AND A NOZZILE AT
ITS END

Issues on emptying the liquid from the pressure pipeline of a constant diameter are
studied. As a result of investigations, more general analytical dependencies for emptying
the liquid from the pipeline are obtained, and a graphical-analitycal method for determining
the emptying speed of the liquid from the pipeline is recommended. A comparison of the
research results according to the obtained formulas with the corresponding experimental
data is carried out.

Keywords: pressure pipeline, sections of different inclines, nozzle, liquid, velocity,
hydraulic resistances, empting time.
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«Zuyumuinuth ghuumpniattph wqquyhtt wugtdhuh b Zujwunwth wqquyht
wn hnbuthjujut hwdwjuwpwih nintughp. mbuthjuywbh ghunipnitutph ukphuw»
hwinbunid nyugpynud . mbuwui b thopdwpwpwlui hbinwgnunnipnibubph wpn-
jniuputpp nwkuthjulwi ghnnipniiutph htnbyjw) pudhuutphg dipkiwohunipeinil, dkinw-
Inipghw, ynipwghwunnipinil, pugtppoquuugnpsdwt mktninghwubp, shttwpwpulu Yu-
pnigdusplitp, hhnpuyihju b hhppnnkjuhfjulwt juenygubkp, tukpgknhlw, LEjunpw-
wnkhthlw, ghnwljut vwppuohtnipnit b swhnquljut wkthw, hwrynnujub nk-
uhjw b hudnplwnhluw, nunhnbEunpnuhw, dhypnbiupnuhu, jugbpughtt wkjuuhiu,
wyunndwnugnid b jurwujupdwt hwdwlupgbp:

Zuwnhunud (nuuwpwidnud o wjunbdhwlub b gniqughtt ghnwhbnwgqnuuub
htunmhwnnunubph, pothkph, qhrnwwpuunpujun Jhwynpmudutph b wyp juqiulbpynt-
pntuttinh ghnwlui gnpéniubtnipjut wowyk) juplnp wpyniupubpp:

Zwbnbuh hhdtwlwt tyuunwlt b upuil] ghnwnbuthjuljut wowgptipugp b
tywuwnb] wprunpmipyut Uk wyn wpyniupubph ukpppdwin:

Zuunbup twjpuwnbuuws b fupunwpugbnibph, hbnwgnunnutph b ghntwljwi-
ubtiph (g opowbittinh hwdwn: Lnyu E mbkutnud Epkp wdhup dkl whqud:

B xypnane "UsBectus HanuonanbHoil akazemuu Hayk PA u HanuonanbHoro mnomurex-
HUYECKOTO YHUBepcuTeTa ApMeHnH. Cepusi TeXHHYECKUX HayK" MyOIMKYIOTCS pe3yIbTaThl TEOPETH-
YeCKUX M IKCHEPUMEHTAJbHBIX MCCIIEJOBAaHUH, OXBATHIBAIOLINX OCHOBHBIC pa3]eibl TEXHHUYECKHX
HayK: MalllHHOCTPOCHUE, METAUTYPrHisi, MATePHAIIOBEICHHE, TEXHOJIIOIUH HEPOIIOIb30BaHus, CTPOU-
TEJbHbIC KOHCTPYKIMH, THAPABINKA U THAPOTEXHUYECKUE COOPYKEHHsl, SHEPTeTHKA, IEKTPOTEXHUKA,
Hay4YHOE NPHOOPOCTPOCHHE M M3MEPUTEIIbHAS TEXHUKA, BEIYUCINTENbHAS TEXHUKA U HH(pOpMaTHKA,
PaaNOdIIEKTPOHNKA, MUKPONICKTPOHHKA, JIa3epHAs TEXHUKA, aBTOMATU3ALUs U CUCTEMbI YIIPABIICHUS.

KypHaun siBisieTcs: HEPUOIMYECKUM M3aHHEM, OCBELIAIONINM HanboJee BaXKHbIC PE3yJIbTaThl
HAay4YHOH NEATeNBHOCTH aKaJIEMHUYCCKHUX U OTPACIEBBIX HAyYHO-MCCIIELOBATEIbCKMX HHCTHTYTOB,
BY30B, HAy4YHO-IIPOU3BOICTBEHHBIX OOBEANHCHHUN 1 1I.

OcHOBHasl 1IeNb JKypHaJIa - PONaraHaupoBaTh QyHIaAMEHTAIBHBIE U MPUKIAAHbIC HCCIEN0-
BaHMS B O0JACTH TEXHHYECKHMX HAyK, CIIOCOOCTBOBATH BHEAPECHMIO HX PE3YJIbTaTOB M YCKOPCHHIO
Hay4YHO-TEXHHYECKOTO IPOrpecca B IIPOU3BOACTBE.

XKypnan paccunTaH Ha IIMPOKHHA KPYT YYCHBIX, HCCIICIOBATENCH M MH)XCHEPOB. BhIXOIHUT
OJIMH pa3 B TPU MeCsLA.

The journal "Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences" publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
3% % %
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2NHUOLECP 269 U4 NI UUL TULauuert

Upnipn ludpugpnipeintt ukpuyugynud k pun hbnbyw) yuwhwbeubph.

1. Bplynt ophtiwy, twl EEhupntughtt mwppkpuynyg, huwdwlupgsuyhtt pupduspp’ Microsoft
Office Word: ZnnJwsh swjuwyp Yupnn b huk) dhtgh 10 ke, hwnnpynudubphup' dhigh 4 te: Skpuwnp
swpunpymd £ A4 swithuh pnph Yypw, wojuwwnwpughtt nuownp' Top-5ud, Bottom-5,1ud, Left-5,75ud,
Right-1,75ud, Footer-4,6ud, dhonnnnuyhtt tnwpwdnipjniup (Line spacing)' 1,1, wupphpnipniup (First
line)* 0,75 uu: Zwykpkl huknt nhypnid Wympp swpwnpnud t Sylfaen nwnwinbuwlny, nwwnwswihp'
10, hulj pnubpbb Yud whqbpkb jhitgnt ghypnid® Times New Roman wnununnbuwlyng, nwnwsunhp' 1:

2.@nph Ykpbh dwjp wilpniund gpdmud ' hudwyhunwih nuubnppuljut nupuljuihop
wnbkpuinhtt hwlwwyuinwupiub 1kqyny (2S%, YAK, UDC), hwgnpn nnh Yhnpnunud® gjluunnwntpny
htnhtwl(ubkp)h wijwi-huypwidui uljqpiununtpp b wqquunib(ubp)p' bold, 10 mwnwywthny
huykpkt, whqkpkt & pmubpkl nkpunbph nhuypnud: Zonjwsh Ykptwghpp npynud £ hinhtwlh
wqquinjwbp hwenpynn wnnh Jenpntnud® bold, wdpnnenipyudp quuwnwnkpny 10 nwnwswihny
huytipkb, wiugbpku b pniubpk wkpuntph phypnud:

3.Unipp ujuynud E wdthnihnudng (winwnwghw) wjt 1kqyny, npny tkpjuyugdus t: Ud-
thnthndt wjupuynud £ wpwgpwjht puntpny’ nmwnwswithp' 9 hugbpkt wkpunp pliypnid b 10
wwnpwswihng whqkpkl b pnubpk wkpunkph nhypmd, b dhwyi «Unwbgpuiht punkpy wpnwhug-
umnpniip® bold, italic: Unithnthniup wlwp E hith 500 tthohg ny wjtyh’ Gbpunyuy dhgwluypbpp, wnwbg-
pughtt puntpp Yud punwluyulgmpiibtpp’ 4-8 pun:

4. Bpuoliwynpynd | yniph owpunpdwt hbnlyju) jupgp. «Ukpwdnipni», npp whwp b
hwdwrnun ubkpwph hwpgh hdwlp, phduyh wpnhwlwinipniip b hbnwgqnunipyut tyyuwnulp,
«wunph npuspp b dkpnnhljuyh hhutwdnpnudpy, «Zknmwgnnmput wpyniapbbppy, «Gopulju-
gnipnily, withpudbpunipjut nhypnid” twb wy) pudhbtkp hudwywnuuwt Epiwgpbpny:

5.Skpuinnud hnmulubpp gpuijutinipubip tognud i mynuitlynit thwlugdtpny: Autiwdlitpp
tbpYuyugdmu b tnp nnnhg, Equation Editor dpwugpny, italic, munwswthp' 11, whpudbonm put
nhypnid hwdwpwluwdnud B minnh Jipenud” unynpuljut (4np) thwljugsh dbe:

6. Vjuputptt nt wnniuwfutpp hwenpymud . nkpunnud hwdwwywwnwupiw hnnudubpht:
«UY. » b «Unyniuwly puntpp, tjupubph dwjugpnipniop b wpnuuwubph widuiunodubpp gpgnud
kb Italic 9 nwpwsuhny hwjkpkt nhkpunh ghypnid b 10 mwpwsuhny  whqkpkl b pnubpki
wnbipunbkph nhypnid:

7.Stpuwnhtt hwgnpnmud £ gpuljuiinipjut gmulp' 9 nunwsuhny huybpt mkpunh nhypnid b
10 wunwswithny] wigibpky b pniukpbl nkpunbph ghypnid, dhug hinhtwlh wqquim b e wigub-
hwjpuwidui uyqpuunmntpp’ bold, «Fpwljwinipjut guuly wpnwhwjnmpmniup’ wnnh YEuwnpn-
unud, qluununbpny: Swulmu gpuljwinipjui jpipwpwismp wnppip hwdwpulupnd £ pun
ubpunnd hp hpuwt hippuljuinipyu: Fpujuinipjut wgpnipttpp Wuppbpuljuwi hpunwpw-
Ynipjniutiph nhypnd ukpjuyugynid i hinlbjw) jupgny. hinhtwh wqquuntup, widwi-hwypwi-
Juil ujqpiwwnwntpp, JEiptwghpp, hwinkuh wtduinudp jud pugniadus hwwywynudp, hpuwnwpuy-
dwb nupkphyp, hwwnnph nt pnpupydwi hwdwpubpp, hippwlwi hwdwpp, Wniph qnbkndwb ketpp,
gppbph nhwypnud’ htnhtwhh wqquimbp, wigwb-hupuinjuh vhqpbwnwunkpp, YEptwghpp, hpunw-
puuwl Juypp, hpunwpulsnipnibp, pywljwip, kgkph putwlp:

8. Apulwimpjut guwuljhtt hwenpynud Eu wdthnthnudubpp djniu Eplyne (kqniitkpny (pt wikpuwnp
huwjtpk £, wdthnthmudubpp bwh' powubpbt, wyw® wiqbpkl, tpb pnwubpbt b, twje hwykpby, wyuw®
whqbpkl, Epl whqbpku £ twpe’ hugbipbt, wyw' pnwubipby): Udhntnudubpp popnp Epbp (Eqniikpng
hptug pnywinulnipjudp b wnwigpwjht puntpny whwnp k1hukt tnybwlwi:

9. Stkpuwnp unnpuignynid k hinhtialy(ukp)h Ynndhg, tognud £ yympp fadpugpnipinis hwbdubno
wduwphyp: Skpunh dpugpyus b uppugpyus nwwppkpuljp hudwdwyitgynud Ehtnhtwl(ukp)h htwn:

10. zEnhtwl(ukp)un wowbdht kenyd ubphuyuginud £ (k) wqquinih, winth, hujpwiniip
(inpd), wohrwinwjwyph, unynpbim Juyph iphy winjwnudp, qpunbgpus gupwnnbp, ghnwlub wuwnh-
Lwlp, hinwhinuwhwdwpubpp (wojuwwnwipuyghty, b b peouyhl):
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MPABUJIA O®OPMJIEHUSA CTATEM

MatepuaJ npefcTaBaseTcsl B peJJakIiUI0 B COOTBETCTBUU CO CJIelyIOLIUMHU NPaBU/IaMHU:

1.Crarbst B BYX 9K3eMIuisipax U ¢aiin crateu B popmare Microsoft Office Word. O6bem cratbu
He Jo/pKeH npeBblmarh 10 crpanun, o6beM cooOmenuit — 10 4-x crpanun. @opmar crpanunpsl — A4.
PaGouee none: Top — Sem, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXcTpOYHBIi
unrepBan (Line spacing) — 1,1, xpacuas crpoka (First line) — 0,75cm. Jlns cratbu, HamucaHHOW Ha
apMSHCKOM si3bike, npumensiercs mwpudt Sylfaen (pasmep mpudra - 10), a Ha pycCKOM M aHIIIMICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJly MEPBOrO JIHCTa YKa3blBACTCS YHHBEPCAIbHbIA JAECSITHYHBIA KilacCH(DH-
karop (2S%, VK, UDC); crpokoii Himke - uannuans! (M.0.) u damunus - 3ariaaBHsIMA OyKBamu, mWpuT
Bold, pasmep 10 — Ha apMm., pycC. ¥ aHIIL. 513., BRIPABHUBAHHUE TI0 LICHTPY; CTPOKOH HIDKE IO [IEHTPY YKa3bIBACTCS
Ha3BaHUE CTaThU — 3arjiaBHbIMU OykBamu, wipudT Bold, pasmep 10 — Ha apm., pyc. U aHrIL. 513.

3.Marepuan TekcTa HAUYHHACTCS C aHHOTALMHM W IPEJCTaBISIETCS HA TOM S3bIKE, Ha KOTOPOM
HanucaHa cTaThs. TEeKCT aHHOTAIMK JOJDKEH COCTOATh He Ooyiee yeM u3 500 3HAKOB, BKIFOYast MPOOEIIBI.
[Mocne aHHOTAUMK MHIIYTCS KIIOYEBBIE CIIOBA — OT 4-X /10 8-U CJIOB MM CIIOBOCOYeTaHMi. Pasmep Tekcra
AHHOTAIlMM U KJIIOYEBBIX CIOB 9 — Ha apm.s3., 10 — Ha pyc. U aHrI. f3., cnoBocoyeranue “Knrouesvie
cnoea”- Bold, italic.

4. PekoMeH/IyeTCsl CIEAYIOMINi MOPSA0K H3JI0KEHHS] MaTepuala CTaThbH: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITH KPAaTKO TPEACTABICHBI COCTOSHHE BONPOCA, aKTyaJbHOCTh TEMbI U II€JIb HCCICIOBAHMS;
MOCTAHOBKA 33Ja4d M OOOCHOBAaHHE METOMMKH; PE3yJIbTaThbl HCCIICNOBAHUS; 3aKIIOYCHHE (ITH, a INpU
HEOOXOJMMOCTH, U IPYTHe pa3aesbl JODKHBI HMETh COOTBETCTBYIOIIME 3aI0JIOBKH).

5. CChUIKM HA JIUTEpaTypy B TEKCTE JIAIOTCS B KBaJIPATHBIX CKOOKax. PopMyIibl M MaTeMaTHYeCKHe
BhIpaKeHUs1 HabuparoTcs pepakropom Microsoft Equation, italic, pasmep — 11. ®opmyiel HabuparoTes ¢
HOBOM CTpOKH, BbIpaBHHBaHHe MO LeHTPY. [Ipu HeoOXxoaumocTH, uX Hymepyior. Homep ¢opmyibt
pacronaraeTcsi B KOHIIE CTPOKH, B KPYTJIBIX CKOOKaXx.

6. PucyHKH 1 TaOIHIBI PACIIONATalOTCsI B TEKCTE 110 XO4y cChbUiku Ha HUX. CroBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUsI PUCYHKOB U Tabnui nuinytcs italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. u aHIIL. 53.

7.B KoHIIe CTaThH JaeTCs CHHCOK JUTEpaTyphl: pasMep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL. sI3.
CioBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B LIEHTpe CTPOKH 3ariIaBHBIMU OYKBaMH,
Bold. IutupoBanHas jauTepaTypa HyMepyeTcsl B MOPSAKE CCUIKM Ha Hee B Tekcre. Kaxaplii MCTOYHUK
NpENCTaBIIeTCs B CACAYIOLIEM MOPSAKE: B CIyyae CChUIKM HA CTaThIO M3 )KypHaa: (paMuIusi, MHUIMAJIBI
H.O. - Bold, Ha3BaHue craThy, Ha3BaHHUE )KypHAIa, MECTO U3/IAHHUS, TOJl U3/JaHHs, TOM H HOMEp M3AaHus, ¢
Kakol IO KaKyl0 CTPaHUIIbl 3aHMMAeT CTaThsl B 3TOM JKypHAlle; B Clly4yae CChUIKM Ha KHUTY: (pamuims,
ununuaiabl M.0., Ha3BaHMe KHUTH, MECTO H3J[aHWs, Ha3BaHWE W3JATeNIbCTBA, I'OJ H3JaHHs, oOliee
KOJIMYECTBO CTPAHHUII.

8.Ilocne nmuTepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KIIOYEBBIMU CIIOBAaMH Ha JBYX
JIpyrux si3bikax. Eciam craThs HammcaHa HA apMSHCKOM SI3bIKE, TO CHayasla JAeTCsl aHHOTALUS Ha PYCCKOM
S3bIKE, 3aTEM HA AHIVIMMCKOM; €CIM HalmMCaHa Ha PYCCKOM SI3bIKE€ — COOTBETCTBEHHO HA apMSHCKOM M
QHIVIMHCKOM, a €CIIM Ha aHITIMHCKOM — COOTBETCTBEHHO HAa apMSIHCKOM U pYCCKOM s3blkax. ConepxaHue
AQHHOTALMI U KITFOUEBBIE CIIOBA JIOJKHBI OBITh HA TPEX 3bIKAX OJUHAKOBBIMU.

9. Crarhsl MOAIMICHIBACTCS aBTOPOM (aBTOpamu). B KOHIE cTaThu cTaBUTCS nara (4MCIO, MECsL,
roj) mpenacraBieHus cratbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIH BAPUAHT PYKOIHUCH COTJIACOBBI-
BAaETCsI C aBTOPOM (aBTOpamH).

10. Ha otnmenbHO#M cTpaHuile HEOOXOUMO MPEACTABUTH CIIEAYIOIINE aBTOPCKHE JaHHbIC: (haMiIus,
UM, OTYECTBO; MOJIHOE HAUMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMasl JOJDKHOCTb, Y4eHas
CTEeIeHb U 3BaHue; HoMepa Teae(OHOB (CITy>KeOHBbIH, JOMALIHUH, MOOWIIBHBIN).
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RULES FOR PREPARATION OF MANUSCRIPTS

The material should be presented to the editorial staff in accordance with the requirements
given below.

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
should be: Top — Scm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer — 4.6 cm, Line-
spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the Sylfaen, font
size 10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (287, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

3.The text begins with an abstract in the language it is presented. It ends with keywords in
font size 9 for texts in Armenian, and in font size 10 for the ones in English and Russian. Only the
word “Keywords” should be bold, italic. The summary should not exceed 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

4.The papers should include an introduction briefly introducing the state of the problem area,
the importance of the subject and the aim of investigation, as well as sections describing the statement
of the problem and selection of the methodology, the results of investigation, conclusion (other
sections if necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be
introduced by the Microsoft Equation Editor. They should be printed from a new line in italic, font
size 11 in the center of the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”,
“Table”, the figure inscriptions and the table names should be printed in italic, in font size 9 for texts
in Armenian, and in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size
10 for texts in English and Russian. Only the author’s initials and surname should be bold. The word
“References” should be placed in the centre of the line in capital letters. In the list of references, each
source should be enumerated according to its reference number in the text. For the periodicals, the
references should be introduced in the following style: the author’s surname, initials, title, year,
numbers of the volume and issue, page numbers, and for books — the authors names, full title,
publication place, publisher, year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in
Armenian, the abstracts should be first in Russian and then in English. The text in Russian should be
followed first by Armenian and then by English abstracts, while the texts in English should be
followed first by Armenian, then by Russian abstracts. The abstracts in all the three languages should
be identical in content and keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date.
The edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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