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Prediction of Dynamic Characteristics of Thermocouples
with Thin-Wire Sensing Elements
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Abstract

Thermocouples dynamic characteristics’ prediction is one of the relevant directions in the field of dy-
namic measurements of non-stationary temperatures of liquid and gaseous media. Thermocouples dynamic
characteristics’ prediction makes it possible to provide effective continuous correction in automatic control
systems for non-stationary temperatures. The purpose of this paper was to develop a theoretically justified re-
lation linking the current or expected time constant of fine-wire thermocouples with the known time constant
established at known parameters of liquid and gaseous media.

A formula linking the time constant of fine-wire thermocouples with the conditions of heat exchange
with the measured medium and the thermophysical characteristics of the thermocouple sensing elements has
been deducted. An approximate formula is also given for calculating the internal resistance of wire sensing
elements of thermocouples, which must be considered when calculating the time constant of a thermocouple.
In consideration of the obtained formulas, a multi-parameter relation linking the current or expected time con-
stant of fine-wire thermocouples with the known time constant set at the known parameters of the measured
media has been formed.

It is suggested to simplify the formed multi-parameter relation and make it dependent, for example,
on the “expected velocity of the measured medium x expected density of the measured medium” complex
(V,aPma)- Simplified relations in the form of hyperbolic functions with constant parameters and argument
in the form of V,,,p,,, complex were obtained for airflowat different temperatures, pressures, and velocities.

On the example of airflow, it is shown that the complex multi-parametric relation linking the expected
and known time constants of thermocouples can be simplified to a hyperbolic dependence, where the argu-
ment can be the V,,p,,, complex. Moreover, the degree of approximation of hyperbolic dependencies to the
exact values of the multi-parametric relation can reach the R-square = 0.9592 criterion.

A multi-parametric relation has been proposed. That relates the known time constant of a thermocouple
to the expected or current time constant of the same thermocouple at other parameters of the measured me-
dium from the point of view of the heat exchange and thermal conduction theory. The proposed relation can
be used in automatic control systems of non-stationary temperature of various liquid or gaseous media to
provide continuous correction of thermocouples dynamic characteristics. Depending on the number of mea-
sured medium parameters, the suggested multi-parameter relation can be replaced by simplified relations with
other complexes containing, for example, density, velocity, flow rate and pressure of the measured medium.

Keywords: thermocouple, dynamic characteristics, transmission function.
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IIporuo3upoBaHue TMHAMUYECKUX XapPAKTEPUCTUK TEPMOINap
C TOHKOIIPOBOJIOYHBIMHU YyBCTBUTEJIbHBIMH 3JIEMEHTAMH

N.A. Capuna, C.A. AprembeBa

Kasarnckuii HayuoranbHwlll ucciedo8amenbCKull MeXHUYeCKull YyHugepcumen
umenu A.H. Tynoneea — KAU,
ya. K. Mapxkcea, 10, e. Kazanv 420111, Poccus

Hocmynuna 29.03.2022
Hpunama k neuamu 23.05.2022

[IporHo3upoBaHHe JUHAMHYECKHX XapaKTepUCTHK TEpMONap SBISETCS OJHUM W3  aKTyaJbHBIX
HanpaBJICHUHA B 00JaCTH AMHAMHUYECKUX M3MEPEHHUH HECTAI[MOHAPHBIX TEMIeEparyp *XMIKUX U ra3000pa3HbIX
cpen. IIporrozupoBaHne TUHAMHYECKHX XapaKTEPHUCTHK TepMoOMap IMO3BOJsIET obecneuuTh 3(dekTuBHyIo
HETPEPHIBHYIO KOPPEKIIUIO B CHCTEMaX aBTOMAaTHYECKOTO YIPABICHUS HECTAMOHAPHON TemmepaTypoil. Llenbio
JTAHHOM paboTHI ABISAIACH pa3padOTKa TCOPETHUECKH 0OOCHOBAHHOTO COOTHOIICHHS, CBS3BIBAIONICTO TEKYIIYIO
WA OKATAEMYI0 TOCTOSHHYIO BPEMEHH TOHKOIIPOBOJIOYHBIX TEPMOIIAP, C W3BECTHON IOCTOSIHHOW BPEMCHH,
YCTaHOBIICHHOM MPY M3BECTHBIX IMTApaMEeTPax KHUIKAX U Ta3000pa3HBIX CPe.

BriBeneHo BhIpaskeHHE, CBSI3BIBAIOIIEE TOCTOSHHYIO BPEMEHH TOHKOMIPOBOIOYHBIX TEPMOTIAP C YCIOBHSIMA
TEIUI000MEHa C M3MEPSIeMON Cpenoi M TeIO(MU3NISCKIMH XapaKTePUCTUKAMHI TyBCTBHTEIBHBIX AIIEMEHTOB
tepMmorap. [lomyuena taxxe npubmmkéHHas popMyrna s pacyéra BHYTPEHHETO CONPOTUBICHUS TPOBOIOYHBIX
YyBCTBUTEIBHBIX HJIEMEHTOB TEPMOTIAP, KOTOPOE HEOOXOMMMO YUUTHIBATH IIPH BEIYHUCIIEHHUH IIOCTOSHHON BpeMEeH!
tepmoniapbl. C y4éTOM MONYyYSHHBIX BBIPAXEHHH C(OOPMHPOBAHO MHOTONAPaMETPUYECKOe COOTHOIICHHE,
CBSI3BIBAIOLIEE TEKYILYIO WIH OXKUJAEMYI0 MOCTOSHHYIO BPEMEHHM TOHKOIPOBOJIOYHBIX TEPMOIApP, ¢ U3BECTHOU
MIOCTOSTHHOW BPEMEHH, YCTaHOBICHHOW TIPH M3BECTHBIX MapaMeTpax U3MepsieMbIX CPel.

CopMupoBaHHOE MHOTONIAPAMETPUYECKOE COOTHOLICHHUE MTPETIOKEHO YIIPOCTHTh U CAEJIATh 3aBUCHMBIM,
HalpuMep, OT KOMIUIEKCA «OXKUAaeMasi CKOPOCTb H3MEpsIeMOH cpenblX okujaeMasl INIOTHOCTh HU3MepseMon
cpens» (V,5p,n)- JJI BO3AYIIHOrO MOTOKA IIPU PA3IMYHBIX TEMIEpPaTypax, JaBICHHU U CKOPOCTH IIOIy4CHBbI
YIPOIIEHHBIE COOTHOIICHHS B BUE TMIIEPOOIMYECKUX (YHKIUI C TOCTOSHHBIMU IIapaMeTpaMu U apryMeHTOM
B (popme xommiekca V, P,

Ha npumepe BO3IyLIHOrO MOTOKA MOKA3aHO, YTO CIIOXKHOE MHOTONApaMeTPUYECKOe COOTHOIIEHUE,
CBSI3BIBAIOIEE OXKHJAEMYIO0 M H3BECTHYIO MOCTOSHHBIE BPEMEHH TEpMOIAap, MOKHO YIPOCTHTH JO THIEep-
OoyecKkoi 3aBUCUMOCTH, TJIe apTyMEHTOM MOXET BBICTYITUTh KOMIUIEKC V), ,p,.». [Ipnuém cremnens npubimxe-
HUS THIEPOOINYECKUX 3aBHCUMOCTEH K TOYHBIM 3HAYEHUSM MHOTONAPaMETPHYECKOTO COOTHOIICHHUS MOXKET
JIOCTUTaTh MO KpuTeputo R-square = 0.9592.

[IpeanoxeHo TOYHOE C TOUKU 3PEHUs TEOPHH TEIUIO0OMEHA U TEIIONPOBOJHOCTH MHOTONapaMeTpUIecKoe
COOTHOIIICHUE, CBSA3BIBAIOLICE HM3BECTHYIO IMOCTOSIHHYIO BPEMEHU TEpMOMapbl C OXKHUAAEMONH WM TEKylIeh
MOCTOSIHHOI BpEMEHHM 3TOHM Ke TepMomapbl IpHU HMHBIX MapaMeTpax Hu3MepsieMoil cpensl. IIpemioxeHHoe
COOTHOIIICHUE MOXET OBbITh HCIOIB30BAHO B CHCTEMax aBTOMATHYECKOTO YIPABICHHUS HECTAllMOHAPHOU
TEMIIEPaTYpOil pPazIMYHBIX >KUIKUX HIM Ta3000pasHBIX cpel Uil OOECHECUECHUS] HETPEpPHIBHONW KOPPEKIUH
JUHAMHYECKUX XapaKTEepPUCTUK TepMoImap. B 3aBHCHMOCTH OT Ynciia M3MEpSEMBIX MapaMeTpOB Cpelsl Mpef-
JIO)KEHHOE MHOTOIIAPAMETPHUECKOE COOTHOIICHHE MOXKET OBITh 3aMEHEHO YIPOIIEHHBIMUA COOTHOIICHUSMHU
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Introduction

Thermocouples with sensing thin-wire ele-
ments of various diameters are widely used to mea-
sure the temperature of air and gas flows in avia-
tion gas turbine engines (GTE). In accordance with
GOST 1790-2016 “Wire made of chromel 7, alumel,
copel and constantan alloys for thermoelectrodes of
thermoelectric converters” thermoelectrode wires
for thermocouples are made with a diameter from
0.2 to 5.0 mm.

When thermocouples are used as parts of auto-
matic control systems (ACS) by temperature of gas-
air flows there is a need for continuous correction of
their dynamic characteristics with changing modes
of operation of the GTE. Some design and research
issues of various corrective devices and correction
methods in the ACS of GTE and in other subjects
where measurement of non-stationary temperatures
is needed were explained in the works [1-9].

For optimal and continuous correction of dy-
namic characteristics of thermocouples in the ACS,
it is necessary to set the structure and parameters of
transfer functions of thermocouples with required ac-
curacy. Meanwhile, changes of functions in changing
operating modes of the GTE must also be taken into
account. Works [10-17] are devoted to identification
of dynamic characteristics of various temperature
sensors and other measuring instruments.

In works [1-17] compensation of inertia of
thermocouples is produced by using a dynamic first
order model. This transfer function is:

k

, (1)
Tp+1

W(p)=
where k& is the static conversion coefficient of a
thermocouple, mV/°C; T is the time constant or an
indicator of thermal inertia which depends on gas-
air flows influencing parameters, s; p is the Laplace
variable, 1/s.

There are several different ratios for accounting
changes in the time constant 7" because of influen-
cing parameters of gas-air flows in (1).

In the TGM 1594-79 “Measurement of non-
stationary air flow temperature during bench tests
of the GTE. Thermometers” the following ratio is
given:

@)

where ¢, is the indicator of thermal inertia of the

thermometer at velocity V|, and static pressure p,.,;

g, is the indicator of thermal inertia of the thermo-

meter at velocity V; and static pressure p, ,,; # = 0.488

is the empirical coefficient for an open transversely

streamlined sensing element of a thermometer.
There are relations in works [4, 9]:

0.5
S (GL] G)
fc — “tcce G b
g
where T _. . 1s the calculated time constant of the ther-

ce
mocouple at the estimated flow rate G, of the gas
flowing around it; Ttc is current (expected) time con-
stant of the thermocouple at the current (expected)
consumption G, of the gas flowing around it.
There is also a relation':

n
r:ro( ] ApY)" +1

A" +1
where 7 is the current (expected) time constant of the
thermocouple; p and V are air density and velocity
that is blowing over the thermocouple; indexes 0 and
i are related to the conditions of the experiment and
flight; n = 0.6-0.85; 4 = 0—0.05 are constants deter-
mined by the design features of the thermocouple.

The theoretical justification of the relations (2)—
(4) and the accuracy of calculating current or expec-
ted time constants of thermocouples based on them
(indicators of thermal inertia), as well as their appli-
cation areas had not been found. Analysis of (2)—(4)
relationships also showed that time constants or indi-
cators of thermal inertia established experimentally
on certified installations at known speeds, air flow
pressures and temperatures [18] are used as the ini-
tial data for the calculation.

Theoretical justification of the dependence of
the time constant of the thermocouple on the expec-
ted operating conditions are given in the works [19—
21]. This dependence has the following form:

PV
PV

(4)

+T %)

0

T(0)=—

o'y
where a is the heat transfer coefficient of the sen-
sing element of the thermocouple with the mea-
sured medium, W/(m*K); W, is the criterion that

! Sinyakov, ANN.  Automatic  control  systems
for aircraft and their power plants / A.N. Sinyakov,
F.A. Shaymardanov. — M.: Mechanical engineering, 1991.
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characterizes the uneven distribution of temperatures
in a thermocouple and depends on the geometrical
and physical features of the thermocouple and the
conditions of its heat exchange; T, is the value of the
time constant with o — oo,

The purpose of this work was to develop theo-
retically justified ratio, linking the current or expec-
ted time constant of thermocouples, described by a
dynamic model (1), with a time constant established
experimentally on air installations certified for these
purposes.

The main part

Time constant of thermocouples with wire sen-
sing elements depends on the heat exchange with the
measured medium (by air or gas flow), dimensions
of sensing elements and their thermophysical cha-
racteristics.

Figure 1 shows the scheme of a transversely
streamlined continuous cylinder of infinite length.
The scheme is used for theoretical justification heat
exchange of wire sensing elements of thermocouples
with the measured medium.

Vm, tm, @

Figure 1 — Diagram of a transversely streamlined infinite
cylinder: V,, — the velocity of the medium; #,, — the tem-
perature of the medium; o — the average heat transfer co-
efficient on the cylinder surface; d — the diameter of the
cylinder; L — the length of the elementary section of the
cylinder

The following expression defines time constant
during heating or cooling of the cylinder illustrated
on Figure 1:

T=(Ry+R;)Cp =RyCp +R,.C, =Ry Cr + T, (6)
where R, is the thermal resistance on the cylinder
surface at length L; R; is the internal thermal resis-
tance of the solid homogeneous cylinder; C; is the

thermal capacity of the elementary section of the cy-
linder; 7, = R, C, is the time constant with a— co.

Thermal resistance R, on the surface of the
cylinder at length L is determined by the following
known hyperbolic dependence on the heat transfer
coefficient a:

_1__1
oS ondlL

R, [K/W].
The thermal capacity of the elementary section
of the cylinder is equal to:

nd?

4

(7

Cr=cpU=cp L[J/K],
where c is the specific heat capacity coefficient of the
cylinder material, J/(kg-K); p is the cylinder material
density, kg/m®; U is the volume of the elementary
section of the cylinder, m”.

There is no exact formula for the calculation of
the internal thermal resistance R, of solid homoge-
neous cylinder. An approximate formula with a high
degree of approximation can be obtained as follows.

There are precise calculation formulas for
temperatures coaxial section and the average tem-
perature of the cross-section of a cylinder of infi-
nite length in the theory of thermal conductivity of
solid bodies in non-stationary modes. The thermal
EMF developed by thermocouples is determined
by the average cross-section temperature of the
O(1) of the sensing elements. Therefore the fol-
lowing known dependence is used to derive the
calculation formula of the internal thermal resis-
tance:

=

5 4 exp(-a2 Fo)},

n=1MHy

o(1=(e,, —@0)~[1— (®)

where ©, is the initial temperature of the solid cylin-
der; p, are the roots of the Bessel function of the first
kind of zero order; Fo is Fourier number.

For a solid cylinder Fourier number defined by
the following expression:

Fo= &
cpR’

l

where A is the coefficient of thermal conductivity of
the solid cylinder material, W/(m-K); R = d/2 is the
radius of a solid cylinder, m; t is the time of the tran-
sition process of heating or cooling, s.

The following expression for the reduced ave-
rage temperature over the cross section of the solid
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cylinder will be obtained if in (8) ratio was accepted
that ®,=0and ©,, = 1:

— o 4

o) =1- Z —zexp(—uﬁ Fo).

n=1MHpy

)

Figure 2 illustrates a graph of the dependence of
the average cross-section temperature ©(t) from the
Fo number.

1.2 1

—
=)

Limited to unit temperature
=) [=) =)
= > &

<
)

0.0 T T T T ]

02 04 0.6 08 1
Fo

Figure 2 — Dependences of temperatures reduced to unity
on the Fourier number

The average cross-section temperature ©(t) is
formed from the sum of an infinite number of ex-
ponents with different bases and weight coefficients,
as can be seen from (9). We propose to replace this
dependency with a single exponent, the basis of
which provides the best approximation to its depen-
dence (9). The following regression function was
obtained © (1) with the use of regression analysis:

0 (1)=1-exp(~8.422-Fo). (10)

Figure 2 illustrates a graph of the installed func-
tion ® (t), which provides an approximation to the
function ©(t) at least 95.8 % on the interval Fo from
0to 1.0.

The base of the exponent in (10) is transformed
as follows:

T
ch2 ]

|

—8.422-Fo = —84422L‘c =-

=—1/(Rp Cr)=—1/T...
cpR

(11)

8.422-L

The following approximate expression for the
internal thermal resistance of a solid cylinder was
obtained from (11) with (7) taken into account:

Ry =087 o

AL

At the same time, the time constant 7, with
a— oo will be equal to:

~0.029675 cpd?
- A

T.

oo

[s].

There is a main formula for calculating the
average coefficient of convective heat transfer on any
cylindrical surface of the examined body in the case
of transverse air (gas) flow for practical calculations:

nm cp

CRe"Prm C( ] [ 7‘m ] (12)
=L

d ¢ d ’
where C = 0.5, n = 0.5, m = 0.38 with Re is from 5
to 10°; C = 0.25, n = 0.6, m = 0.48 with Re is from
10° to 2:10%; C = 0.023, n = 0.8, m = 0.37 with Re is
from 2-10° to 2:10%; ), is the coefficient of thermal
conductivity of the medium, W/(m'K); n,, is the co-
efficient of dynamic viscosity of the medium, Pa-s;
¢, is the heat capacity of the medium at constant pres-
sure, J/(kg-K); Re =V, d/v, is Reynolds number; Rr
is Prandtl number.

Formula (12) is valid for thermocouples with
open transversely streamlined wire sensing ele-
ments.

If the wire sensing elements of thermocouples
are placed in the braking chambers, then it is ne-
cessary to use the speed in the braking chamber V,
instead of the speed of V,, in formula (12). This isis
proposed to be calculated by the following expres-
sion in the work [20]:

l_étc
l_gse ’

where &, is the recovery coefficient of a thermo-
couple with a braking chamber; &, is therecovery
coefficient of the thermocouple sensor; V,, is the ve-
locity of the measured medium flowing around the
thermocouple.

The values of &,. and &, of specific types of
thermocouples are established experimentally on
certified installations [18].

N

a=A

m

th:V

m

Approach to solving the problem

Let’s consider the expression (6) for two diffe-
rent heat exchange conditions corresponding to the
heat exchange coefficients o, and a,:

025¢pd , 0.029675 cpd?
oy A

Ti(oy) = [s];
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025¢pd  0.029675 cpd?
)

Th(0,)= [s],

2

where T'(0,) is the time constant of a thermocouple
with a wire sensing element with a heat transfer co-

0.25¢pd

efficient a,; 75(a,) is the time constant of the same
thermocouple with the heat transfer coefficient a,,.

It can be seen that the time constants 7,(a,) and
T,(a,) agree well with the dependency (5).

Take the relation 7,(a,) to 7'(a,) taking into ac-
count the heat transfer coefficients according to (12):

+T
L(0,) o, ~  0,(025cpd+a,T,)
L(oy) 025¢cpd . 0,(025cpd+oyl..)
o, ~
_ " .
c V.,d
; . ” de2+4c;\’szm( mznmzj [ m2 pm2 }
:[le] [pmlnmz lenml}"mz 7\‘ml }\‘mZ N2
Vina Pm2 M1 Cm2Mm2 }‘ml lmz c " V. .d "
de2+4C7¥m1Tw mlnml ml pml
- M1 |

If we assume that the time constant 7;(a,) of
the thermocouple is determined by the experimen-
tal transient characteristic obtained on a certified
installation with known parameters of the air flow,

expected parameters of the air flow can be calculated
by the following ratio, similar in appearance to the
ratios (2)—(4):

Tz(az):Tl(al)"P: (13)

7\' T]ml

ml

then the expected time constant 7,(a,) with the where
m n
V.,d
" n ” de2+4c}hm2Tm(Cm2nm2J ( m2 me J
Wy Q Pt Moo Ci Mot Mz M Aoy Moo
Vm2 pm2nml cmZﬂmZ?\’ml }\’m2 2 cmlnml " ledpml !
cpd”+4C\,, T,

The ratio (13) is an accurate from the point of
view of the theory of heat transfer and thermal con-
ductivity within the accuracy of calculating the in-
ternal thermal resistance of wire sensing elements
of thermocouples. It is also can be used for gaseous
media in which the thermophysical characteristics
are known.

Research methodology

Relation (13) is a complex multiparametric ex-
pression. It is wise to simplify it without significant
loss of accuracy for easier practical use.

If we use the ratio (13) to track the change in the
time constant of the thermocouple with continuous
correction of its dynamic characteristic in the ACS
GTD, then it is desirable to simplify it to two mea-
sured parameters. For example, to the current veloci-

y V,, and the current density p,,,. One of the options

of this simplification might involve establishing the
parameters of some regression function /* where the
argumentis a V,, p,,, complex.

Let’s consider a particular case when the mea-
sured medium is an air flow with a speed ranged
from 100 to 250 m/s, with a pressure ranged from
0.1 to 2 MPa and a temperature ranged from 20 to
727 °C.

As the object of research thermocouples with
wire thermoelectrodes of chromel-alumel cali-
bration with diameters of 0.2 and 1.2 mm were
selected.

It was assumed that the time constants 7,(a,)
of thermocouples were determined by experimen-
tal transient characteristics obtained on a certified
installation with known parameters of the air flow,
specifically when V,, =100 m/s, p,, =0.1 MPa,
t,,=20°Candp,, =1.205kg/m’.

In our studies the number of Re was in the range
from 10° to 15-10°, which in (13) corresponded to
C=0.25,n=0.6 and m = 0.48.

The results of calculating the function ¥ of the
complex V,, p,, at d=0.2 mm and 7,(a;) = 0.092 s
are given in Table 1.
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Table 1

The results of calculating the function ¥ of the complex V2 p,2 at d=0.2 mm and 7,(a,) = 0.092 s

P = 0.1 MPa P =0.1 MPa Pmp=1MPa P = 0.1 MPa Pm2 =2 MPa
v t,=20°C t,,=227°C t,,=227°C t,=727°C t,,=627°C
m2l°
m/s Vm2 me’ Vm2 pm27 VmZ me’ p Vm2 pm27 p Vm2 pm2’
kg/(m’s) kg/(m’s) kg/(m’s) kg/(m®s) kg/(m®s)
100 1.0000 120.5 1.1634 70.0 0.2946 694.0 0.3357 347.0 0.2186 769.0
150 0.7846  180.8 09128 1050 02316 1041.0 02638  520.5  0.1720  1153.5
200 0.6607  241.0  0.7685  140.0  0.1953  1388.0  0.2224  694.0  0.1452  1538.0
250 0.5782 301.3 0.6725 175.0 0.1712 1735.0 0.1949 867.5 0.1273 1922.5

The results of calculating the function ¥ of the complex V,,,p,,, at d = 1.2 mm and 7(a,) = 1.130 s are

given in Table 2.

Table 2

The results of calculating the function ¥ of the complex V2 p,2 at d=1.2 mm and 7,(¢,) =1.130 s

P2 = 0.1 MPa P2 = 0.1 MPa P =1 MPa P2 = 0.1 MPa P =2 MPa
v, t,, =20°C t,, =227°C t,, =227°C t,, =127°C t,, =627 °C
m2°
m/s V2 Pumos V2 Pmos V2 Pumos V2 Pumos V2 Puos
kg/(m’s) kg/(m’s) kg/(m’s) kg/(m’s) kg/(m’s)
100 1.0000 120.5 1.1625 70.0 0.2983 694.0 0.3392 347.0 0.2228 769.0
150 0.7858 180.8 0.9132 105.0 0.2356  1041.0  0.2677 520.5 0.1764 11535
200 0.6625 241.0 0.7697 140.0 0.1995 1388.0  0.2265 694.0 0.1497 1538.0
250 0.5805 301.3 0.6743 175.0 0.1755 1735.0  0.1991 867.5 0.1319 19225

Figure 3 shows the results of calculating the
function ¥ as a function of the complex V,,,p,, in
the form of point values according to the data from
Tables 1 and 2.

1.2 -!\

0 500 1000 1500

Complex p., V.., kg/m’s

Figure 3 — Dependence of the function ¥ on the complex
VooPm atd=02mmand d=1.2 mm

As it can be seen from Figure 3 and Tables 1
and 2, the results of calculating the function ¥ for the
same values of the complexes V,,p,,, almost do not
depend on the selected diameters of the wire thermo-
electrodes of the thermocouples.

In addition, there is a hyperbolic law of depen-
dence of the function ¥ on complexes V,,p,,, that
may be the basis for choosing a regression function.

The following two functions are selected as a
regression functions:

+B and F2:L+B.

(meVmZ )l

The following parameters of the selected regres-
sion functions were determined with an accuracy
estimate based on the R-square criterion with the use
of the regression analysis:

4.05
Fl= 8

Fl=

pm2 m2

+0.1529 with R-square = 0.9184;

pm2 m2
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19.22

0.6445

F2=

with R-square = 0.9592.
(meI/mZ)

Graphs of functions F1 and F2 are also shown
in Figure 3.

If the regression function F2 is chosen as the
most accurately describing function ¥, then the rela-
tion (13) will take the following simplified form:

19.22

TZ (az) = 7} (a‘l) )0,6445 .

(P2 Vo

According to (13) the accuracy of determining
the time constant 75(0,) also depends on the accu-
racy of establishing 7'(a, ) according to experimental
transient characteristics obtained on installations cer-
tified for these purposes.

As is known, experimental transient characteris-
tics always contain interference of various levels and
spectra, which reduce the accuracy of determining
time constants.

A spectral method for determining the time
constants of various dynamic models of thermocou-
ples based on experimental transient characteristics
containing high-level interference lying outside the
information part of the amplitude spectrum of the
signal s(t) and formed according to the established
rules from the transient characteristic is proposed in
work [22].

For transfer functions of thermocouples of
the (1) type in [22], the following relation is pro-
posed to determine the time constant 7 under known
test conditions:

U, T
1+ 1
where S(jm) is the signal amplitude spectrum s(t);
o is the frequency, rad/s; U, is the amplitude of the
s(t) signal with t = 0; 7 is the time constant, s.

In cases where the experimental transient cha-
racteristics contain harmonic interference of any
level and frequency the work [23] proposes a spec-
tral method insensitive to harmonic interference for
determining time constants of different dynamic
models of thermocouples.

The following relation is proposed for transfer
functions of thermocouples of the (1) type in [23]
to determine the time constant 7 under known test
conditions:

S(jo) = (14)

(15)

where Im(w) is the imaginary part of the amplitude
spectrum S(jw); o is the frequency, rad/s; T is the
time constant, s.

The determination of time constants 7" in (14)
and (15) in [22, 23] is proposed to calculate with the
use of regression analysis on the calculated ampli-
tude spectrum and its imaginary part.

According to the methods proposed in [22, 23]
the established time constants of the experimental
transient characteristics can be used as time constants
T\(0,) in (13) to increase the accuracy of forecasting
the expected time constants.

Conclusion

Ratio linking the known time constant of a
thermocouple obtained during tests on certified
installations with known thermophysical charac-
teristics, velocity and pressure of the gas flow with
the expected or current time constant of the same
thermocouple with other thermophysical characte-
ristics, velocities and pressures of the gas flow has
been developed.

This relation was developed according to the
theory of the heat transfer theory and the thermal
conductivity in the external flow of cylindrical
bodies.

As opposed to the known equivalent ratios this
developed ratio takes into account the entire com-
plex of gas flow parameters, thermophysical charac-
teristics and the diameter of the sensor element of
the thermocouple that determines values of the time
constants of the thermocouple.

Simplified relations linking the known time
constant of a thermocouple obtained during tests on
certified installations at a known speed and pressure
of the gas flow with the expected or current time con-
stant of the same thermocouple at different speeds
and pressures of the gas flow are proposed. Simpli-
fied ratios describe the initial ratio with an accuracy
no worse than R-square = 0.9184. It was shown with
the use of changing the temperature of the air flow
by a thermocouple with wire thermoelectrodes of
chromel-alumel calibration with diameters 0.2 and
1.2 mm as example.

Further research in this field can be aimed at es-
tablishing simplified dependencies of the function ¥
for gas flows that are products of combustion of vari-
ous fuels in atmospheric air and at replacing simpli-
fied ratios that contain pressure, flow rate, velocity
and density of gas flows.
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Abstract

Diffuse reflection spectroscopy with spatial resolution is a promising direction of non-destructive control
of the properties of a number of scattering fine-dispersed materials, including food products. It can find wide
practical application only in the presence of compact, easy-to-use and inexpensive spectrophotometric equip-
ment. The aim of the article is to investigate the possibility of creating portable spectrophotometers based on
Hamamatsu mini-spectrometers, which work together with modern computing facilities.

The schematics for connecting the CI2880MA and C11708MA mini-spectrometers to portable
computing devices are reviewed. Shows the feasibility of using a small-sized microprocessor board
ARM STM32F103C8T6 (Blue pill) on the chip STM32F103C8T6. Its use in the connection scheme has sim-
plified data exchange with the control computer via USB interface and the formation of all the signals that are
needed to control the mini-spectrometer.

Two experimental samples of spectrophotometers based on C12880MA and C11708MA mini-spectro-
meters and STM32 microprocessors were created and their characteristics were studied. The calibration pro-
cedure and features of the software for these spectrophotometers are presented. The described features ensure
the efficiency of software modification for the spectrophotometric problem to be solved. The presence of
distortions of the registered spectra in the short-wave part of the spectral range of C12880MA was revealed.
They arise due to focusing by the concave diffraction grating of a part of the radiation scattered by it into
zero order.

Approbation of developed portable spectrophotometers based on Hamamatsu mini-spectrometers indi-
cates the possibility of their use in portable spectrophotometric equipment and devices for spectral control
of optical properties of scattering materials. The described calibration technique allows you to determine
the range of the spectrum, in which the distortions of the recorded spectra are minimal. The proposed
solutions significantly reduce the cost of diffuse reflectance spectroscopy devices with spatial resolution
and expand the possibilities of their use in various branches of science and industry.

Keywords: diffuse reflection, mini-spectrometers, spectral sensitivity, spectrophotometers, calibration of
spectrometers.
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Cnexkrpodoromerpbl 1M Py3HOro OTPpAKEHUS
HAa 0OCHOBe MUHU-CcIiekTpoMeTpoB C12880MA
u C11708MA Hamamatsu

B.A. ®uparo, H.B. JleskoBuy, K.U. llly1uko

Benopycckuii 2ocyoapcmeennulii ynugeepcumen,
np-m Hezasucumocmu, 4, e. Munck 220030, benapycw

Tocmynuna 21.02.2022
Ipunama k nevamu 26.04.2022

Criextpockonusi ¢ y3HOTO OTpakeHHs] C MPOCTPAHCTBEHHBIM pa3pelIeHneM — TEepPCIeKTHBHOE
HaTpaBJIEHHE HEepa3pyIIAIONIer0 KOHTPOJIS CBOMCTB psAla PACCEHBAIONINX MEJKOIUCIIEPCHBIX MaTepHalloB,
B TOM YHCJIe W MPOAYKTOB MuTaHusa. OHa MOXKET HaWTH IIUPOKOE MPAKTUYECKOE NMPUMEHEHHE TOJBKO TPH
HIMYAY KOMITAKTHOW, MPOCTOW B NMPHMEHEHWH W HEIOpOrod creKTpodoTomMeTrprueckor TexHUKH. Llensb
CTaThH — MCCJIEIOBAHNE BO3MOXKHOCTH CO3/IaHMS MOPTATUBHBIX CIIEKTPO(OTOMETPOB HA OCHOBE MUHH-CIIEKT-
pomerpoB Hamamatsu, KoTopbie paboTatoT B KOMIUIEKCE C COBPEMEHHBIMHU BBIYUCIHTEILHBIMH CPEICTBAMH.

Paccmotpens! cxembl moakiroueHusi MuHU-criekTpoMeTpoB C12880MA n C11708MA k mopTaTUBHBIM
BBIUMCIIMTEIBHBIM ~ ycTpoiicTBaM. Ilokasana 11emecooOpa3HOCTh HWCTONB30BAaHUS — MajorabapuTHOM
mukporpouneccopnoir mmatel ARM  STM32F103C8T6 (Blue pill) ma umme STM32F103C8T6. Eé
WCTIOJb30BAHNE B CXEME€ IOJKIIOUYEHHUS TMO3BOJMIIO YIIPOCTUTH OOMEH MAHHBIMH C YIPABISIONINM
kommbroTepoM o USB uaTepdeiicy u popMupoBaHme BCeX CUTHAIOB, KOTOPBIC HEOOXOMUMBI JIJTS yTIPABICHUS
paboToit MUHU-CTIEKTPOMETpA.

CoszmaHbl JBa AKCIIEPUMEHTAIBHBIX 00pa3iia CHeKTPOPOTOMETPOB HA OCHOBE MHHH-CIEKTPOMETPOB
C12880MA u C11708MA u mukpomnporeccopoB STM32 u uccnenoBanbl UX XapakTepUCTHKH. [IpuBeneHsr
METOAIMKAa TPAAYHUPOBKA M OCOOCHHOCTH IPOTPaMMHOTO OO0ECTEeYeHHs OJTHX CIEeKTPO(OTOMETPOB.
OnucanHple 0COOEHHOCTH 00€CTIeYHBAIOT OMEPATUBHOCTh MOAW(DHUKANNK TPOTPAMMHOTO OOECTICUSHHS
MOJT PEIIaeMyI0 CIEeKTPO(POTOMETPHUECKYIO 3a/ady. BBIABICHO HalW4We HCKaKEHWH PpETHCTPHUPYEMBIX
CIEKTPOB B KOPOTKOBOJTHOBOM YYacTKe cIieKTpaibHOro auanazona C12880MA. Onn BO3HHMKAIOT 3a CUET (o-
KyCHPOBKH BOTHYTOH AM(PPAKIIMOHHON PEIIeTKON YaCTH pacCenBAEMOTO €i M3Ty4YeHHs B HYJIEBOH MOPSTIOK.

Armpobanyst CO3TaHHBIX MOPTATUBHBIX CIIEKTPO(OTOMETPOB HAa OCHOBE MHHH-CIEKTpoMmeTpoB Hama-
matsu yKa3blBaeT Ha BO3MOXKHOCTb WX NMPHMEHEHHUS B MOPTATHBHOW CHEKTPOPOTOMETPUUECKON TEXHHKE
M YCTPOMCTBAxX CHEKTPAIBFHOTO KOHTPOJS ONTHYECKHX CBOMCTB PacCEeMBAIONIMX MaTepuanoB. OnucaHHAas
METOAMKA TPATyUPOBKHU TIO3BOJISIET OMPEAENIATH IUANa30H CIEKTPa, B KOTOPOM MCKaKEHHSI PETUCTPUPYEMBIX
CIIEKTPOB MUHUMAJBHBI. [Ipearaemple peneHns mo3BONIAIOT CYIIECTBEHHO CHU3UTh CTOMMOCTh YCTPOMCTB
CHEKTPOCKONUHU TU(PY3HOTO OTPaKEHHS C IPOCTPAHCTBEHHBIM Pa3pelieHHeM W PaCIIUPUTh BO3MOKHOCTH
WX UCTIOJIb30BAHMSA B PA3IMYHBIX OTPACIAX HAYKH U IPOU3BOJICTBA.

Kirouesble ciioBa: nuddysHoe oTpakeHne, MUHU-CIIEKTPOMETPBI, CIIEKTPajIbHasl YyBCTBUTEIBHOCTD, CIIEK-
Tpo(OTOMETPHI, TPATYUPOBKA CIIEKTPOMETPOB.
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Introduction

Optical spectroscopy is widely used in the
analysis and control of the composition of vari-
ous materials and media. Modern microelectronics
makes it possible to create portable colorimeters
and spectrophotometers, for example, KNFIR-170A
(China), which are designed to determine the dif-
fuse reflectance spectra of various materials (gra-
nules, powders, fabrics, composite materials, etc.).
Modern microelectronics makes it possible to create
portable colorimeters and spectrophotometers, for
example, KNFIR-170A (China), which are designed
to determine the diffuse reflectance spectra of vari-
ous materials (granules, powders, fabrics, composite
materials, etc.) in the visible and infrared regions of
the spectrum [1]. Several companies manufacture
computerized spectrophotometric systems for mea-
suring diffuse reflectance spectra of inhomogeneous
materials. They are equipped with a built-in integra-
ting sphere, for example, the B&W Tek i-Spec Plus
series [2]. An example of their use is the operational
non-destructive control of the content of nicotine,
sugar and chlorides in tobacco based on original al-
gorithms for multiplicative scattering correction.

The use of an integrating sphere is inconvenient
at solving many problems of operational optical con-
trol of the composition of finely dispersed materials.
It is also important to take into account the influence
of the unknown coefficient of scattering of the in-
cident radiation by their surface. Therefore, some
researchers are developing a new direction of opti-
cal control of composite materials and biological tis-
sues, which is called diffuse reflection spectroscopy
of light radiation with spatial resolution [3—7]. It is
based on the use of narrow beams of probing and
backscattered radiation, which are perpendicular
to the reflecting surface of the controlled medium.
Several reflection spectra are recorded at different
distances between the beams. As the amount of data
obtained increases at comparison with traditional
reflectance spectroscopy, the possibility of creating
new methods for processing the recorded spectra ap-
pears [5-9]. The reliability of determining the struc-
ture of the medium and the volume concentration of
the controlled chromophores should also improve
significantly.

Existing portable spectrophotometric equip-
ment usually uses mini-spectrometers based on a
symmetric Czerny—Turner optical scheme using a
concave diffraction grating and a array of photo-

detectors. The optical path length of the diffracted
radiation in these minispectrometers must be at least
70 mm to provide good spectral resolution (on ave-
rage about 1 nm). This limits the miniaturization of
the equipment under discussion. In cases where the
device for surface illumination and registration of
diffusely reflected radiation must be miniaturized,
fiber-optic technique is often used. It is used to in-
ject light radiation into the material sample under
study and transmit the reflected radiation to the en-
trance slit of the spectrometer [4, 5]. The disadvan-
tage of this scheme is the instability of the value of
the recorded fluxes, which is caused by uncontrolled
bends of the optical fibers during measurements.
To eliminate this disadvantage and reduce the cost
of equipment, it is necessary to abandon the use of
optical fibers and use mini-spectrometers, produc-
tion of which was mastered by Hamamatsu Corpo-
ration. These spectrometers have small dimensions
of 20.1x12.5x10.1 mm® (CI12880MA) [10] and
27.6x16.8x13 mm’ (C11708MA) [11] and opera-
te in the visible and near-infrared spectrum ranges.
They can be used in the creation of compact spectro-
photometric devices with limited spectral resolution,
which is designed to control the optical characteris-
tics of condensed media with smooth changes in the
spectral absorption coefficient of radiation p ,(A).

The discussed methods of optical reflectance
spectroscopy can find wide practical application in
industry, agriculture, biology and medicine only if
compact, easy-to-use and inexpensive spectropho-
tometric equipment is available. Therefore, the aim
of the work is to study the possibility of creating
portable spectrophotometers based on Hamamatsu
C12880MA and C11708MA mini-spectrometers.
Also the problems of their complexation with mo-
dern computer equipment to provide their expansion
of possibilities and convenience of use are consi-
dered.

Connection diagrams for mini-spectrometers

The C12880MA and C11708MA spectrometers
are miniature devices containing an entrance slit, a
concave focusing reflective diffraction grating with
a flat field of the formed image of slit [10, 11]. In
the plane of the generated image is a CMOS line
matrix of photodiodes. The supply voltage of these
spectrometers is +5 V. Therefore, TTL control sig-
nals must be applied to the outputs of the electro-
nic circuitry of these spectrometers. At the analog
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output of the spectrometer a series of video pulses
are formed, the amplitude of which is proportional to
the exposure time of the frame and the photocurrents
that are produced by the light-sensitive elements of
the line matrix of photodiodes. The best way to con-
nect these spectrometers to a computer is to use a
microprocessor-based device with built-in analog-to-
digital converters (ADCs).

Market analysis of microprocessor boards
shows that the smallest size at a low price has a
microprocessor board ARM STM32F103C8T6
STM32 (Blue pill) on a chip STM32F103C8T6,
which can be powered from a USB computer
port. This board has good performance, all the
necessary connectors and interfaces for con-
necting to a computer and other devices, inclu-
ding the programmer, as well as two built-in 12-
bit ADC and 3 timers. The connection diagrams
of the C12880MA and C11708MA, developed
by the authors of the article, are shown in Fi-
gure 1. They are based on Hamamatsu’s recom-
mended standard schemes for connecting the ne-
cessary external components to them [10, 11].

¥

The microprocessor generates the required CLK
and ST logic signals, which are necessary to control
the operation of the electronic units of the minispec-
trometers according to the Hamamatsu recommen-
ded timing diagram. Level matching of digital TTL
signals used in the microprocessor (from 0 to +3.3 V)
and mini spectrometers (from 0 to +5 V) provides
the level converter U1 on the SN74ACT04DR. The
video signal generated by the spectrometer is fed to
the ADC input of the microprocessor through two
broadband analog repeaters in series, based on a
dual MCP6022-1/SN op-amp. The Blue pill board
contains a built-in stabilized power supply with a
voltage +3.3 V, which provides the necessary con-
ditions for the stable operation of the built-in ADC
with a conversion range from 0 to +3.3 V. The video
signal of the mini-spectrometer C12880MA can be
changed in the range from 0.3 to 4.3 V. Therefore,
in its circuit at the output of the first analog repeater
on the operational amplifier a resistive signal divider
R3, R4 is used, which ensures the coordination of the
variation range of the video signal with the conver-
sion range of the ADC microprocessor.
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Figure 1 — Connection diagram of mini-spectrometrs Hamamatsu C12880MA (a) and C11708MA (b) to the micropro-

cessor board ARM STM32F103C8T6 STM32

The mini-spectrometer is powered from the
+5V bus of the computer’s USB port. The peak
values of parasitic pickups on this bus can exceed
several tens of millivolts, which can lead to the for-
mation of noticeable interference at the Video out-
put of these mini-spectrometers. Therefore, the LC
IT-shaped filter is used to filter out the pickups that
are inherent to this bus. Therefore, a low-pass LC
filter is used to filter out the pickups that are inhe-
rent to this bus. The use of low-pass filtering makes
it possible to reduce the level of these interferences
to the level of the spectrometers’ own noise.

The connection scheme of the C11708MA
mini-spectrometer differs from that in Figure la
by using a digital Gain signal, which allows increa-
sing the sensitivity of the C11708MA by a factor of
3.5 when a high level is applied to pin 10. At the
same time, the capacitor rating of the C11708MA

integration node is reduced from 4.8 to 1.4 pF [11].
Also the connection diagram of the C11708MA does
not contain a resistive divider at the U3.1 output,
because the range of the video signal of this mini-
spectrometer is narrower, only from 0.15 to 3.3 V.

Software features

The widespread introduction of diffuse reflec-
tance spectrophotometers is impossible without
ensuring the ease of obtaining, storing, and proces-
sing the obtained spectra. Therefore, a mandatory
requirement for the spectrophotometers under con-
sideration is the ability to easily connect to modern
portable computer equipment. For this purpose, the
software created by the authors contains two le-
vels. On the lower level, the STM32 firmware ge-
nerates TTL signal diagrams that define the modes
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of operation of the mini spectrometer in use. It also
provides frame reading, averaging and transmis-
sion via the USB bus to the upper level. The upper-
level program is specially created on the basis of
the powerful Matlab system of computer mathe-
matics. Such a solution provides a quick modifica-
tion of the applied software when solving spectro-
photometric tasks in different branches of science
and technology.

The firmware provides continuous control of
the mini-spectrometer by commands of the con-
trol computer, which are received via the USB bus.
A special cascade mode of STM32 timers is used,
which ensures the formation of stable time diagrams
of the generated TTL signals. In this mode, some
timers hardware control start, clocking and dynamic
changes in the parameters of other timers, ADCs and
STM32 output port states. Therefore, before starting
the process of obtaining a frame you only need to set
the necessary parameters of the four timers, the ADC
and DMA direct memory access block. The program
is no longer involved in clocking, setting the expo-
sure time and reading the frame. The proposed so-
lution provides stable operation of the mini-spectro-
meters in a wide range of frame exposure values
from tens of microseconds to tens of seconds.

The top-level software provides the selection of
the required measurement modes:

1) a single start with the possibility of accumu-
lating a specified number of frames » for their further
averaging;

2) continuous with the possibility of averaging
the obtained spectra with the help of a sliding time
window with the length of n frames.

The program contains an option for automati-
cally selecting the exposure time or setting its re-
quired value. Formation of a scale of counts by
wavelength A, (this scale is non-linear) and output
of the received spectra on the screen is provided.
Necessary dialog tools for saving the obtained mea-
surement results to the computer memory in the form
of a file are available. The saved file also contains
the necessary measurement parameters. The pro-
gram contains the option of smoothing the obtained
spectra on the short-wave and long-wave wings of
the spectrophotometer spectral range using the Sa-
vitsky—Holley filter. Such a solution significantly
improves the visual perception of spectra with insuf-
ficient signal-to-noise ratio at the edges of the range.
The program contains an option to switch to a linear
wavelength scale with a smaller sampling interval,

based on the interpolation of the resulting spectrum
by cubic splines. The small size of the C12880MA
and C11708MA spectrometers can lead to a shift in
their wavelength readout scale A;, which is due to
their aging process. Hamamatsu gives the correspon-
ding polynomial coefficients in the data sheet of each
spectrometer. Therefore, the program contains an op-
tion for determining the value of the arising shift AL
of the scale A, by the emission of the He-Ne laser.

Calibration procedure for spectrophotometers

Spectrometer manufacturers calibrate the wave-
length scale. In this case the reference gasdischarge
sources of radiation and interpolation of values in
the intervals between the registered lines of the spec-
trum are used. The data sheets of the C12880MA and
C11708MA minispectrometers contain the p, coef-
ficients of the 5-th degree polynomial. They are used
in the calculation of the wavelengths A; which corre-
spond to the indices of the i-th elements of the linear

5
photodiode arrays A, = )’ pkik . The spectrometers
k=0

are not usually calibrated by the intensity of the re-
gistered radiation /(A).This calibration can be per-
formed by the manufacturer at the request of the user
as an option with an additional charge for this service.

Different optical measurement schemes can be
used for photometric measurements of the reflection
parameters of condensed media. The spectrometer
must be supplemented with a lens when it is neces-
sary to determine the spectral density of brightness
of radiation L(A) of sufficiently distant objects. In
this case, the entrance slit of the spectrometer is
placed in the focal plane of the objective, as shown in
Figure 2. It is important to make sure that the plane
angle, which corresponds to the spatial angle of focus
Q = 2n[1-cos(a)], fits exactly within the numerical
aperture of the NA spectrometer. The numerical aper-
ture NA is defined as the sine of half of the flat angle
at the apex of the collecting cone NA = sin(®/2). It is
NA = 0.22 for the considered spectrometers [10, 11].
The diameter of the exit pupil of the lens used, as
shown in Figure 2, must be chosen from the condi-
tion that the angle corresponds to 2arcsin(NA) = 26°,

In cases when it is necessary to determine the
spectral density of brightness of radiation of a small
area of the controlled surface, the measurement
scheme with a single magnification is often used.
In these cases, the surface of the medium and
the spectrometer are placed at distances 2f from
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the front and rear principal planes of the lens used,
respectively, as shown by the dashed lines in Fi-
gure 2. Note that it is also necessary to observe

Controlled disperse

the conditions of agreement of the spatial angle
Q,, with the aperture NA of the spectrometer when
using this measurement scheme.

Mini-spectrometer

Front and rear

medium
| |
B - — e
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Figure 2 — Optical Scheme of photometry when focusing the lens to infinity (the lens is shown by solid lines) and at a

single image magnification (dashed lines)

In cases where the calibration of spectrophoto-
meters is performed by the user himself [12, 13],
it is necessary to use standard light sources. The
highest accuracy in reproducing the spectral density
of surface luminosity M(L) at a given temperature
T is provided by the models of black bodies (BB).
Other reference emitters with simplified designs,
such as a tungsten reference lamp strip, can be used
in the absence of a BB. Spectral coefficient of ther-
mal radiation of tungsten g,(A,7T") accurately mea-
sured. This allows us to calculate its surface spectral
luminosity My, (A, T’) quite accurately. The M, (A, T)
dependence is calibrated by the current / through the
tungsten strip of the lamp by comparing its lumino-
sity with the spectral luminosity density of the BB,
denoted as Mygz(A).The spectral illuminance densi-
ty of the slit £(A) can be accurately reproduced by
projecting the image of the tungsten lamp strip onto
the entrance slit of the spectrometer. It is necessary
to project an image of the section of the lamp rib-
bon that has the maximum temperature. This makes
it possible to determine the spectral dependence of
E(\,T) by setting the necessary values of the spectral
luminosity density M, (A, T) of the tungsten strip.

When calculating it is necessary to take into ac-
count that the radiation of the tungsten strip in the
direction normal to its surface is close to the radia-
tion of the Lambertian emitters, i. e. the brightness
of the strip’s radiation L,, = M, /n. Then the relation-

ship between the spectral luminosity density E(A)
of the reference incandescent lamp strip image and
the spectral luminosity density M, (1) of the strip
itself is defined by the expression [14, p. 75]:

My (W) (1= f/2)" =D} _
_q, DL

T 72 4
f 2
/ 4f2 ( _;j M, (K) =T KM (7‘)’
where K =(D12/4f2)(1—f/z)2 is the dimensionless
coupling coefficient between the illuminance of
the strip image and the luminosity of the tungsten
strip; 1;, D; and f'is transmission, diameter and focal
length of the lens used; z is distance from the surface
of the reference source to the front main plane of the
spectrophotometer objective lens.

The optical scheme with single magnification
is the most convenient when calibrating the spec-
trophotometer by the reference tungsten incandes-
cent lamp, because the size of the area of maximum
heating of the lamp strip is small. When using this
scheme, the expression for determining the average
rate V();) (it is proportional to the photocurrents
formed in the photosensitive elements of the linear
of photodiodes array) of the rise of digital counts
D,();), which are formed by the i-th photosensitive
elements of the linear array of the spectrometer, has
the form:

E(X)=

2
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where A, is the wavelength of the registered radiation ~ will be approximate, due to the inevitable scatter
corresponding to the i-th element of the linear photo-  of the spectral characteristics of the spectrometer
diodes array of spectrophotometer; £; is a coefficient  elements. Therefore, the determination of S;(A;)
describing the heterogeneity in the sensitivity of the  should be performed by calibrating spectrophoto-
elements of the linear of photodetectors array, which ~ meters using a reference emitter [13]. When using a
is on average equal to one with a relative standard reference tungsten lamp and z = 2f, the expression
deviation of about a few percent; T'is the temperature ~ applies:
of the area of maximum heating of the tungsten strip
of the lamp on the Kelvin scale; 1 is frame exposure
time; kg, is the conversion coefficient of charges O,
accumulated in the photosensitive elements of the li-
near of photodetectors array into digital readouts D;;  ypere Dy (A, T.7.y) and 7y (A,.T) are digital sig-
e, h and c are the electron charge, Planck’s constant
and the speed of light, respectively; ¢, and ¢, are the
first and second radiation constants, respectively;
s,; 1s the area of the photosensitive element of the
linear of photodetectors array; B(A,) is spectral de-
pendence of the blaze angle of the diffraction gra-
ting used in the spectrophotometer; n(A;) is spec-
tral dependence of the quantum efficiency of the
elements of linear photodetectors array; AA; is the
width of the elementary segment of the spectrum,
falling on one element of the linear of photodetec-
tors array; K =t,(D,/4f )* is the relationship coeffi-
cient betwee.n th.e illumination of th? ruler elements i, eqe cases, it is necessary to divide the spectral
and jche lummOSlt?’ of the tungsten ribbon at z = 2_f > luminosity of the tungsten in expression (2) by the
Ty 18 the transmittance coefﬁment of the sapphire  |ops transmittance 1,
window of the lamp; 7,,(,) is the photogenerated In many cases of photometry it is necessary to
current produced by the i-th photodiode of the linear  yse a field of view of the spectrometer with a weak
of photodetectors array; i, is the average dark current  divergence. Such a measurement scheme, as can be
of elements of the linear photodiode array. seen in Figure 2, is formed by placing the spectro-
The influence of the dark current can be neglec-  meter slit in the focal plane of the lens. In this case
ted when using the operation of determining the the linear field of view of the spectrometer is in-
average i, current, which is then subtracted. creased and the calibration should be carried out
During calibration determine the absolute according to the spectral density of brightness ra-
spectral sensitivity of the spectrophotometer by the  diation of the BB model Lyg(A;, 7). Moreover, it is
brightness of radiation S, (%,). This makes it possible  necessary to make sure that the spectrophotometer’s
to recalculate the spectral dependence V,(),) regis- field of view fits into the output aperture of the BB
tered by the spectrophotometer into the spectral den-  model. In this case, the expression for calculating

17” ki’T TEEV }\,’.’T,Tca .
SL(%‘)=LW((X ng w ( 5 z)/ T
e l) o ey (07) /A ) (e 1)

cal

nals recorded during calibration with the frame ex-
posure time 1., and the rate of their rise, respective-
ly. When applying expression (2), it is convenient
to use the dimensionality of the absolute spectral
sensitivity S;(};), equal to (cm*sr-um)/(W-ms), so
we usually determine L(A;) with dimensionality in
W/(cm?sr- pum).

The lens in some applications of diffuse reflec-
tance spectroscopy with spatial resolution can be not
used, because the spectrometer collects the reflec-
ted radiation from the medium within its numerical
aperture. During calibration, when calculating S; (&;)

sity brightness of radiation: S, () is simplified:
Calculations of the dependence using (1) _ _
A VV;(?\'HT) TCD;/(A’I"T Tcal /‘ccal
L(}Ll): V( l'). SL(A,I):LB (k T): ; Cz/kT 1
5. (1) sl a/w)(e )
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It should be remembered that the temperature
of the emitting core of the BB must be more than
1500 °C for the calculated S, (A;) values in the short-
wave region of the spectrum to have a good signal-
to-noise ratio. In this case we have to use a neutral
attenuating filter with a known spectral transmit-
tance T, (A,), the attenuation of which must be taken
into account when calculating S, (&,).

Main parameters, characteristics
and examples of applications

The developed spectrophotometers with micro-
processor board are 72 mm long and 40 mm wide
when assembled without a lens. Therefore, they can
be packaged in a cylindrical body with a C-Mount
external lens mount. The compact lens “Basler Lens
C23-3520-2M F2.0 35 mm 2/3” with focal length
f=35mm and f/D = 2.0 ratio was used for perfor-
mance measurements of the developed spectropho-
tometers. This lens has a diameter of 35 mm and a
length of 43.7 mm. In this case, the angle a at the
apex of the assembled radiation cone of the tung-
sten tape of the reference lamp is not less than
2arcsin(NA), as shown in Figure 2.

Before calibrating the  spectrophotome-
ters based on the C12880MA and CI11708MA,
the offset of their wavelength readout scales A;
was checked. As a reference monochromatic

S; (L), (em?-sr-pm)/(W-ms)

7;= 1600 °C
7;=2000 °C
7,=1100 °C
7;=1500 °C

lof) L

400 500 600 700 800 A, nm

a

radiation source the HeNe laser LHN-303 with
a wavelength of generation A=632.819 nm and
the relative stability of the generation frequency
not worse than 10® was used. The resulting rea-
dout scale offsets were small and were AL = -3.4 nm
for C12880MA and Ak =-2.4nm for C11708MA.
They were entered into the spectrophotometer soft-
ware to shift the scales A, to the right by the corre-
sponding value AA. The spectral range of operation
of C12880MA was 307.8-878.2 nm, and that of
C11708MA was 583.6 to 1086.5 nm. The spectral
resolving power of spectrophotometers was deter-
mined by the standard technique at the half-height
of the hardware function, i. e., the spectrum of dif-
fusely scattered radiation of the LHN-303 laser. For
CI12880MA it was about 10 nm, for C11708MA it
was about 15 nm.

The scheme of the setup used to calibrate the
created spectrophotometers corresponded to the
scheme shown in Figure 2. The distance between
the rear main plane of the lens and the slit of the
spectrophotometer, was 2f, i.e. 70 mm. A neutral
attenuation filter with a transmittance factor
Tyr = 0.0033 was used to attenuate the illumina-
tion of the spectrophotometer slit, which is formed
by projecting the image of a glowing tungsten strip
of the L110-300 lamp onto it. The absolute spectral
sensitivities of the spectrophotometers that were ob-
tained using (2) are shown in Figure 3.

S;(0), (em*sr-pum)/(W-ms)

107

10

107

600 700 800 900
b

1000 A, nm

Figure 3 — Absolute spectral sensitivities of spectrophotometers based on C12880MA (a) and C11708MA (b),
which are calculated from the emission of a reference SI10-300 tungsten lamp at ten different temperatures were

shown in Figure 4
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An unpleasant feature of the C12880MA mini-
spectrometer was revealed during the calibration
work. This is a noticeable addition of radiation,
which is scattered by the concave diffraction gra-
ting in the zero order of diffraction, to the spectrum
recorded in the short-wave part of the spectrum.
Many spectrophotometers based on concave dif-
fraction gratings and photodetector arrays have this
disadvantage. The C12880MA mini-spectrometer
is small, so this effect is much stronger. The depen-
dences shown in Figure 4a convincingly illustrate
the effect of scattered radiation on the recorded spec-
tra. Therefore, it should be taken into account that
the spectra recorded by the C12880MA can be mar-
kedly distorted in the short-wave part of the range
due to the contribution of powerful spectral compo-
nents from the longer wavelength part of the spec-
trum. The spectrophotometer based on C11708MA
has practically no marked distortions in the short-
wave part of its spectral range. This effect, as follows
from Figure 4b, appears only near the short-wave
boun-dary, i. e. around 584 nm.

L), W/(cm?sr-pm)

] | 7,=2000 °C
7,= 1900 °C
T;= 1800 °C
ol =1700°C ,
100 F /
. , ’
/
‘v, ’ ¢
/14
{ /

L = 19007€
/
/ T=1100°C

/
[ I [ ./ L I I I

400 700 300 X, nm

a

The experimentally measured L, (L) depen-
dences, shown in Figure 4 as solid lines, were de-
termined using the spectral sensitivities of spectro-
photometers S, (A;,7;), which were obtained from
the radiation of tungsten strip with brightness tem-
perature 7, = 2000 °C. The dependences of the spec-
tral brightness density L, (1), which were measured
with a spectrophotometer based on C11708MA,
turn out to be close to the calculated dependen-
ces. Small deviations of L, (A) values in the long-
wave part of the spectral range are caused by an
error in determining the spectral transmit-tance of
the attenuating neutral filter ty,(%;) in the infrared
range. The influence of the effect noted above on
the spectrum, which is formed at A <480 nm, we
found it even in a high-quality fiber-optic spectrom-
eter AvaSpec 2048WL (Holland) [13]. This disad-
vantage of spectrometers based on concave diffrac-
tion gratings and photodetector arrays must neces-
sarily be taken into account when analyzing diffuse
reflectance spectra in the short-wave region of the
visible spectrum.

L(), W/(cm®sr-pm)

1L 7752000 °C

7;=1800 <€
/ 7;=1700 °C

7;= 1900 °C
10() 5

7;= 1600 °C
1= 1250°C

T;=1150°C
7;=1100°C

T;=1050 °C

800 900 1000 A, nm

b

600 700

Figure 4 — The calculated spectral brightness L(A) of the tungsten ribbon strip radiation at different brightness
temperatures 7, (dashed lines) and spectral dependences measured with the C12880MA (a) and C11708MA (b)

spectrophotometers (solid lines)

Figure 5a shows the spectral brightness den-
sity of the diffuse reflection of a white sheet il-
luminated by the Sun. The Earth’s atmosphere
has a noticeable influence on the spectrum

of the illuminating radiation, for example, the
absorption bands of O, with a maximum at
A =760 nm and water vapor around 933-960 nm
are clearly visible.
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Figure 5 — Spectral brightness L(A) of a sheet of white paper that is illuminated by the sun (a), and normalized
spectral dependences for plastic Gehr-Pom-C by different distances p, between the input point of the halogen lamp
radiation through the optical fiber and the registration point (b), which were obtained by a spectrophotometer based

on C11708MA

The normed diffuse reflectance spectra of the
Gehr-Pom-C matte white plastic, which were ob-
tained using a C11708MA-based spectrophoto-
meter, are shown in Figure 5. The normalization
was carried out by dividing the spectra V, (A;,p;)
by the spectrum V,,(A,,p;), which was obtained at a
minimum distance of p, =5 mm between the point
of radiation input into the plastic and the point of re-
gistration. The halogen lamp emission spectrum and
spectrometer characteristics do not affect the ratio
V., (Ai,p)/V,,(Aypy) with this normalization. The
obtained normalized spectral dependences coincide
with similar dependences that were obtained using
a spectrophotometer based on the AvaSpec 2048WL
spectrometer. It can be clearly seen that the white
matte Gehr-Pom-C plastic has radiation absorption
bands, which appear stronger with increasing dis-
tance p between the radiation input point and the
registration point.

Conclusion

Progress made in the production of miniature
spectrometers and microprocessors opens up the
possibility of using the C12880MA and C11708MA

in inexpensive spectral techniques, which are de-
signed to control the diffuse reflectance spectra
of various materials and media in the visible and
near-infrared spectrum ranges. Studies of the cha-
racteristics of portable spectrophotometers based
on Hamamatsu mini-spectrometers and STM32 mi-
croprocessors indicate the prospects for their use in
controlling difuse scattering spectra of condensed
finely dispersed mediums.

The described graduation method allows you to
identify the range of the spectrum, in which its dis-
tortion due to the scattering of radiation into the zero
order of diffraction of the concave diffraction gra-
ting, can not be taken into account.

The conducted studies point to the promi-
sing development of inexpensive computerized por-
table diffuse reflectance spectroscopy techniques
with spatial resolution, which can be widely used in
various sectors of science and industry.
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Abstract

Peak emergency discharges of harmful substances to the industrial companies waste waters that normally
form coagulates over time present a serious environmental problem. These coagulates can enter natural water
bodies during the wastewater discharge. Thus, detecting these coagulates in real-time is a relevant problem.

To solve this problem, the authors suggest building an automated system that shall record and identify
the emergency harmful substances discharges to the industrial companies waste waters caused by accidents.
This system features a laser probing module which scans waste water at several wavelengths simultaneously
and in real time.

Emergency discharge identification is performed based on the substance transmission spectra analysis
using the original description of the recorded substance spectra digital signals. The relative description on the
components of the lattice function of the spectrum of emergency discharges is used, constructed using the
order ratio between the components of the lattice function.

The emergency discharge identification can be implemented by comparing the relative description of the
emergency discharge spectrum with the reference spectra for the harmful substances that can be present at
the given industrial facility, and the standards of the spectra of these substances are presented in the form of
a relative description using the ratio “more”—“less”.

The authors provide a flow chart for the emergency discharge elimination system, describe its operation
and the functions fulfilled by its elements. The system features an emergency coagulate identification device,
a processing device for the spectrum recorded that can also store the reference spectra of harmful substances,
and a valve-control device for the waste water system. Due to installation of laser radiation sources along
the perimeter of the pipe along which the liquid moves, simultaneous laser action on the emergency clot of
harmful substances passing through the pipe is ensured. The analysis of the clot passing through the sewer
pipe allows opening the valves for each of the predicted emergency clots when receiving a command from
the control device and diverting the clot that has appeared to the appropriate sump.
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CucreMa ycTpaHeHHsl aBapUIHBIX COPOCOB B CTOYHBbIE BO/bI
NpeAnpPUsITHIA C UCNOJb30BAHNMEM OTHOCHUTEIbHOT0
ONMCAHUSA CIIEKTPOB BelleCTB

B.A. AneKceeBl, C.N. IOpaHZ, B.I1. Yconbuenl, JILH. II_Iy.Hle/m1

I . . .
Hbicesckuii cocyoapemesennulii mexuuueckuil yHueepcumem umenu M. T. Karawnuxosa,
yn. Cmyoenueckas, 7, 2. Mbicesck 426069, Poccus

2 .
Hdicesckas 20cy0apcmeenHas cenbCKoX03sAUCMEeHHAS, AKAOeMUs,
yn. Cmyoenueckas, 11, 2. Hocesck 426069, Poccus

Tocmynuna 18.03.2022
Ipunama x nevamu 30.05.2022

CepbE3HOii HKOIIOTUYECKON MPOOIEMON SIBJISIFOTCS 3aJIIOBhIC aBapPHIHBIC COPOCHI BPEIHBIX BEIICCTB
B CTOYHBIE BOJIbI MPEANPUATUNA, KOTOPBIE, KaK MPaBUJIO, IPEACTABISAIOT CIYCTKH ONPEAETIEHHON AJIUTEIb-
HocTH. OOpa3oBaHHBIC CTYCTKHM MOTYT IIONACTh B €CTECTBEHHBIC BOJOEMBI MPHU COPOCE CTOYHBIX BOJ.
[Tosromy akTyanpHa 3aa4a OOHAPYKEHUS yKa3aHHBIX CTYCTKOB B pEATbHOM MacIiTade BpeMeHH .

Jns pemienust TaHHOM 3ajauu mOpeiaracTcs BapUaHT MOCTPOCHUSI aBTOMATU3UPOBAHHOM CHUCTEMBbI
(dukcanuu ¥ uaSHTH(GHUKAIIMA aBapUIHBIX COPOCOB BPEIHBIX BEIIECTB B CTOYHBIC BOJBI MPOMBIILICHHOTO
MPEANPUATUS TIPU 3alPOCKTHBIX aBapusax. OTIUYHE CUCTEMBI 3aKJIIOYAETCA B HCIOJIB30BAHUU JIA3€PHOTO
30HIUPOBAHMSI CTOYHBIX BOJI OJHOBPEMEHHO Ha HECKOJIBKUX JJIMHAX BOJTH U3ITyYCHUS B peaTbHOM MacIiTabe
BPEMEHU.

Wnentndukanms aBapuifHBIX COPOCOB TIPOM3BOANUTCS HA OCHOBAaHWHU aHANN3a CIIEKTPOB IMPOITYCKAHUS
BEIIECTB C HCIIOJIb30BAHUEM OPUTHHAIBHOTO OMHCAaHUS U(POBBIX CUTHAJIOB PETHCTPUPYEMBIX CIIEKTPOB
BemlecTB. VCHonp3yeTcss OTHOCHTEIBHOE OINMUCAHHE HA COCTABJISIOIIUX PEIIeTYaTOr (DYHKIUH CIIEKTpa
aBapUIHBIX COPOCOB, MOCTPOCHHOE C HKCIIOJIb30BAHUEM OTHOIICHUS TIOPSJKAa MEXIY COCTaBISIONUMHU
peuteryaroit (QyHkuuu. MaeHtudukanus apapuiiHOro cOpoca OCYLISCTBISCTCS MyTéM CpaBHEHUS
OTHOCHUTETIFHOTO OIMHUCAHMA CIIEKTpa aBapHHOTO cOpoca C 3TajJOHAMHU CHEKTPOB BO3MOXKHBIX BPEIHBIX
BELECTB ISl AAHHOTO MPEANPUSTHS, NPUYEM ATAJOHBI CIEKTPOB 3TUX BEUIECTB IMPEACTABICHBI B BHJIE
OTHOCHUTEIFHOTO OIUCAHUS C UCTIOJIB30BAaHHEM OTHOIICHUS «OOJbIIe»—«MEHBIIIEY.

[IpuBeneHa cTpykTypHasi CXeMa CHCTEMbI YCTpaHEHHsS aBapHIHBIX COpOCOB, omucaHa e€ paboTta u
HA3HAYCHUE OT/CIBHBIX 3JICMCHTOB cUCTeMbl. CUCTEMa COJCPKUT YCTPOUCTBO UACHTU(HUKALIMN aBapUHHBIX
CTYCTKOB, YCTPOMCTBO O0OpPabOTKH PETUCTPHPYEMBIX CIIEKTPOB M XPAHECHUS ITATIOHOB CIIEKTPOB BPETHBIX
BEIIECTB U YCTPOWCTBO YIPABIECHUS 3aABIKKAMH B CHCTEME CTOYHBIX BOJ. 3a CYET YCTAHOBKY MCTOYHHKOB
JA3ePHOTO W3IyYeHHUS MO0 TepUMETpy TpyObl, TO KOTOPOH MJBMKETCS IKUAKOCTh, OOeCrednBaeTcs
OJIHOBPEMEHHOE JIa3ePHOE BO3/ICHCTBUE HA MPOXOIAIINIA 110 TPyOe aBapUIHBIN CTYCTOK BPEIHBIX BEIIECTB.
AHanu3 IpoXoAIIero M0 CTOYHOM TPyOe CrycTKa MO3BOJISET IMPOBOIUTH OTKPBITUE 3aJIBUKEK IS KaXKI0TO
13 NPOTHO3UPYEMBIX aBAPUIMHBIX CTYCTKOB P MOJIYYEHUH KOMAaH/bl OT YCTPOIMCTBA yIIPaBiIEHUs U OTBECTU
MOSIBUBIIUNCS CTYCTOK B COOTBETCTBYIOIINM OTCTOMHHUK.
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Introduction

Many modern companies use water from natu-
ral water bodies in their production processes and
dump the treated waste water in those same water
bodies. If any emergencies classified as non-pro-
ject [1, 2] occur at such companies, harmful sub-
stances, including hydrocarbons (oils, alcohols,
etc.) may enter the water bodies [3]. The number
of such accidents is increasing due to the large
amounts of substances stored at the companies’
specialized warehouses and unused in the main pro-
duction processes.

Accidents are mostly attributed to leaks from
storage containers, pipelines, loaded vehicles on the
move, etc. These accidents are limited in time (peak
discharge), meaning that emergencies have to be
monitored in real time. Such accidents may also take
place at facilities located at sea and on rivers (oft-
shore platforms, moving objects, etc.).

Peak harmful substance discharge instances ap-
pear as coagulates of specific length and various den-
sities. The coagulates may disrupt the operation of
company treatment systems and enter natural water
bodies during waste water discharge. Thus, it is cru-
cial to detect these coagulates in real time and redi-
rect them to harmful substance cesspools [4, 5].

Devices and systems for determining many
parameters of aqueous media are known. Optical
methods have great diagnostic capabilities for deter-
mining harmful substances in an aqueous environ-
ment.

In [6], the results of optical measurements of
attenuation of light intensity at four different wave-
lengths (red, green, blue and near infrared) are pre-
sented to analyze the turbidity of test liquids in the
food industry. For the experiments, the Mettler To-
ledo Inpro8300RAMS unit was used, which is ca-
pable of measuring the intensity of transmitted and
backscattered light using radiation from eight LEDs.
The experiments were carried out only on static li-
quids when registering the results for a few seconds.
The research is aimed at further use of the method for
moni-toring the characteristics of factory wastewater
flows in real time.

Article [7] discusses the in situ online optical
monitoring system for the concentration of suspen-
ded solids in wastewater using digital image analy-
sis. The results of online optical monitoring can be
used in predicting the quality of biologically treated
wastewater.

In the article [8] the project of an optical sys-
tem for multiparameter assessment of drinking water
quality is considered. The system uses modern lasers
operating in the mid-IR range and highly sensitive
photodetectors.

A UV-LED spectroscopy system designed to
control organic carbon in water is described in [9].
In the optical system, a UV LED with a wavelength
of 280 nm was used as a highly efficient light source.
The results obtained can significantly expand the
scope of studies of the total organic carbon content
both in the laboratory and in the field, including the
possibility of continuous in situ monitoring.

The article [10] presents an automation system
for the elimination of emergency discharge, which
contains a liquid analyzer, that continuously moni-
tors the optical density of the aqueous medium. As
long as the concentration of controlled substances
is within acceptable limits, water enters the filter for
further purification. In the case of a salvo discharge
of a controlled substance, when its concentration ex-
ceeds the specified limit, the liquid analyzer sends
a signal to the control computer, which directs the
contaminated water into the sump through the dis-
charge valve, and the contamination, instead of pas-
sing through the filter and significantly disrupting its
operation, goes into the sump for further disposal.

The considered technical solutions do not allow
to promptly identify and eliminate an emergency
clot, consisting of previously known contaminants.
In the event of an emergency discharge in the form of
a clot, consisting of several pollutants, the problem
arises of identifying the clot to direct it to the filter
allocated for it. At the same time, the concentration
of the components of the clot may change over time,
and the composition of the clot, that is, the ratio
between its components, remains unchanged. The
use of optical sensors with several wavelengths of
radiation in the proposed system makes it possible
to more accurately determine the composition of the
clot by the ratio of the spectral components of the
output signals and promptly select the appropriate
purification filter.

Research Essentials

Coagulate identification may take place under
the following conditions:

— the coagulate consists of one substance;

— the coagulate contains harmful substances of
several types;
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— the coagulate consists of several separate co-
agulates occurring at different times.

Each of the coagulates features specific spectral
transmission or absorption parameters in a specific
wavelength range from A ;, to A, [11-15].

The majority of spectrum analyzers work with
the consecutive analysis of spectra from A;, to A,
which requires some time and eliminates the possi-
bility of real-time spectrum analysis.

The parallel spectrum scanning requires a lot of
detectors for various wavelengths, which may prove
impracticable depending on the spectral parameter
error.

If the list of emergency substances is limited, we
can analyze the spectra of these substances and iden-
tify the typical features for specific wavelengths that
will become the key spectrum analysis points during
the parallel spectrum analysis.

We can review several solution methods for this
problem.

1. The lattice function (LF) of the spectrum
components can be represented as follows:

A= 8115 Ap =810, M3 8135 - A8, 1
18515 Ap—=80, Ay =803, -5 Ay >80, 15
{h1—8515 Ay =850, A= 853, -, Ay, >S5, 1
1 =Sk Mo Sk2s Mz S35 -5 My =S5

where §;; are the LF components located in the typi-
cal points on the spectrum curve (dips, swells, etc.);
i is the number of spectra (substances) from 1 to £;
J is the number of spectrum components from 1 to 7.

For each of the substances, specific points are
selected on the spectra that characterize the spectrum
shape (maximum and minimum extremes). When
there are only a few substances (up to 5), a specific
spectrum containing up to 3—5 wavelengths are se-
lected for each of them.

2. The lattice function produced has a set incre-
ment A across the spectrum wavelength:

=S M= S12s Mioa—S13s - "}\‘11+(n—1)A?»_)Sln}’

where 7 is the number of components.

References are constructed for the entire sub-
stance (spectrum) list. A specific spectrum length in-
crement is selected (up to 10 in practice), after which
spectral parameters of each of the substances at the
selected wavelengths are determined.

3. The lattice function using all of the selected
wavelengths in the typical points from the list of all
spectra:

M—81, M= 81, =S5, o S, )
=851, M85, A= 803, oo A, 5, 1
M—851, > 85, A= 853, 0 A, 85,1
M= Sk M= 80, A S5, o A, S, )

where k is the number of substances (spectra); n is
the total number of the wavelength for the typical
points of all the spectra.

Typical points are selected in the spectra for
each of the substances (3—5 points), after which an
aggregate substance spectrum is constructed contai-
ning n-(3-5) points where 7 is the number of identi-
fied substances.

The obtained substance spectra are normally
expressed in relative units, however the clean sub-
stance spectrum and the substance spectrum obtained
through the measurements taken in the waste water
may differ due to the different substance concentra-
tion and the presence of interfering inclusions from
the waste water, as well as the spectrum analyzer
error. For relatively clean coagulates, such coagu-
lates may reach 5-10 % of the measured substance
concentration.

To identify the substance, it is necessary to pro-
duce references, i. e. substance “profiles”. Creating
references can be represented as a set of stages:

1. From the known list of substances, we ana-
lyze the substance spectra, identify their specific
features (spectrum curve extremes), and record
wavelengths for the identified points. It is sufficient
to identify from 3 to 5 points for each of the sub-
stances.

2. We compare the spectrum components at the
identified points with other substance spectra. We
also determine the wavelengths for the spectrum cor-
responding to the set error and compare those with
other spectra (up to 3 correlations for a list of 10 sub-
stances). As a result, there is a set of wavelengths
that determines the reference spectra.

3. The lattice function are constructed for each
of the substances in the obtained set of wavelengths.
The reference substance spectrum profile is repre-
sented as a relative description based on a set of LF
amplitudes (components) using the more/less rela-
tion [16—18]. The relative description of the refe-
rence must be different for each of the substances.

To determine the changes in the spectrum due to
the inclusion of waste water fractions, we can con-
duct laboratory experiments to adjust the developed
references and improve the detection probability of
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the substances included in the list of non-project
emergency discharges.
Thus, the reference profile is a set of selected
components of spectrum S for specific wavelengths.
A reference profile for one of the substances:

=81 M= 8, oS, s oS, )
M8, M85, M85, . 4, 28,01
M= 813 M= 853, =855, .., A, 28,51
{k]_)Sln’ )\‘2_)S2n7 )\‘3_)S3n’ RN )\‘n_>Snk}’

where 7 is the number of components in the profile
LF corresponding to the number of probing trans-
ducers; k is the number of substances in the list of
emergency discharges.

Figure 1 shows an example of a profile rep-
resented as a LF. The LF curve features a tubular
neighborhood of permissible oscillations for compo-
nents AS, where S, is the average permissible spec-
trum oscillations value.

A

n

Figure 1 — A profile of a substance spectrum component
reference represented as a lattice function

When wastewater fractions enter the coagulate,
the spectra may be distorted, which can result in the
overrunning of the permissible oscillation tube. In
this case, spectrum references should be set as in-
variable depending on the stretching or contracting
of spectrum component amplitudes.

Such properties are typical of a relative descrip-
tion based on the LF components using the ordering
relation.

Assume {S,, S,, S5, ...,S,} are the components of
the LF spectrum. The relative description can be based
on the correlations between the adjacent components

{S1R 58,5, $HR383, SRSy, - S(n—l)R(n—l)nSn}

or the correlations occurring after the next compo-
nent:

{S1R1385, $HRy4S4, S3R35Ss, -, S(n72)R(1172)nSn}’

where R is the ordering relation between the com-
ponents.

For the majority of the problems, it is sufficient
to determine the relations between the adjacent com-
ponents.

We confirmed the invariability of such descrip-
tions to the linear stretching and contraction of spec-
trum component amplitudes. The qualitative para-
meters in spectrum descriptions are also invariable,
including the alternation of extremes, dips, and
swells. The more correlations between the LF com-
ponents are used in the reference, the more complete
is the resulting LF description. Its accuracy may
reach the size of the lattice within which the LF is
determined.

Generally, this description can be represented as
an ordering relations matrix based on the LF com-
ponents:

S1R12S2 S1R13S3 S1R14S4 """ SlRlnSn
SszsSs 52R24S4 """ SsznSn

[RI=
Su-)Rin-1)aS

The emergency discharge elimination system
features an emergency coagulate identification de-
vice, a valve control device for the waste water sys-
tem, and a device that processes the obtained spec-
trum measurements and stores reference spectra of
harmful substances.

The system diagram is shown in Figure 2.

Figure 2 — The flow chart for the emergency discharge
elimination system: 1 —the emergency coagulate identi-
fication device; 2 — the emergency coagulate front identi-
fication elements; 3 — the valves directing the emergency
coagulate to the cesspools; 4 — measurement processing,
valve control, and reference storage device; I, 11, 111, ...,
N — coagulate cesspools

Review the flow chart operation. The emer-
gency coagulate is identified by device 1 featuring
n probing transducers with wavelengths A,... A, and
photoelectric receivers making a circle on the inner
side of the pipe, which helps identify the coagulate
in real time at all of the selected wavelengths simu-
Itaneously.
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The passing of the coagulate through the pipe
is detected by elements 2, which allows for the ope-
ning of the valves for each of the forecast emergency
coagulates (substances) upon receiving a command
from the control device 4. At the same time, we can
calculate the speed at which the coagulates covers
distance / in the pipe. After the coagulate is dumped
in the cesspool, the valve gets closed.

To protect the photodetectors from the flares
caused by adjacent transducers, two design options
can be used:

1 —installing optical filters on the photodetec-
tors;

2 —the probing transducers have modulated-
frequency optical emission, and demodulators are
installed after the photodetectors.

Conclusion

We analyzed various options for the measure-
ment of the spectral parameters of emergency dis-
charges during the parallel spectrum analysis and
the simultaneous measurement of the spectrum com-
ponents at the selected laser emission wavelengths.

The analysis showed that the identification of
the specific features of each of the spectra from the
substance list is the most efficient solution for the
problem of information in the aggregate reference
substance spectrum. To facilitate the reference de-
scription invariability for the substance spectrum
component contraction and stretching, we used the
relative description represented by the more/less re-
lation based on the set of the substance spectrum lat-
tice function components.

The reviewed emergency discharge elimination
system for non-project accidents at various produc-
tion facilities differs from the well-known alterna-
tives because it features emergency discharge detec-
tion and identification in real time. Another distinc-
tion is the use of relative descriptions for substance
spectra obtained through the setting of an ordering
relation for the substance spectrum lattice function
components.

The suggested solution is crucial for indus-
trial facilities located near natural water bodies and
dumping waste water in them.
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Abstract

Study of dimensional parameters’ influence on shielding properties of cylindrical shields will allow to
optimise the fusion process, as well as to reduce production costs by reducing the material used. The purpose
of this work was to compare results of theoretical calculation of shielding effectiveness of an infinite cylindri-
cal shield with the data obtained in real conditions.

A cylindrical Ni-Fe shield was synthesised by electrochemical deposition with length of 32 cm, diameter
of 4.5 cm and shielding thickness of = 100 pm. The cylinder length was then reduced from 32 cm to 6 cm in
4 cm increments and for each cylinder length shielding effectiveness was measured using three-coordinate
Helmbholtz field-forming system.

The measurement results show that the calculation of shielding effectiveness of infinite cylindrical
shield is valid for cylinder lengths /> 18-20 cm. Shielding effectiveness is markedly reduced at values
of /<15 cm.

Analysis of data obtained allowed to conclude that it is necessary to determine the correction
factor when calculating a cylindrical screen shielding efficiency.
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Biansinne raapuTHBIX NapaMeTPOB HUIHMHAPUYECKOT O
JKpaHa Ha YPPEeKTUBHOCTH IKPAHUPOBAHUS

0.1. Kana¢goes, A.B. Tpyxanos, T.U. 3y6aps, C.C. I'padbuuxos, M.!. Ilanaciok, A.H.
Koreasnukosa, B.A. ®eabkun, B.M. ®enociok

Hayuno-npaxmuueckuii yenmp Hayuonarvnou akademuu nayx benapycu no mamepuanosedenuio,
va. I1. bposxu, 19, 2. Munck 220072, Beaapyco

Hocmynuna 07.04.2022
Hpunama k neuamu 18.05.2022

Wzydenune BAMSHUS Ta0APUTHBIX MMapaMETPOB HA OJKPAaHHPYIOUIME CBOWCTBA LMJIMHAPHYECKUX
9KPaHOB MO3BOJHUT ONTUMH3MPOBATH MPOLECC CHHTE3a, a TaKKe CHHU3UTH 3aTpaThl Ha IPOU3BOJACTBO,
3a C4ET yMEHBILCHHS HCIOIb3yeMOoro Marepuana. Llenpio 1aHHOH paboThl ObLIO CpaBHEHHE Pe3yJIbTATOB
TEOPETUYECKOro pacyéra 3(PQPEKTHBHOCTH JKPAaHUPOBAHHMsS OCCKOHEYHOrO HWJIMHIPHYECKOTO JKpaHa H
JTAHHBIX, TOJYYCHHBIX B PEATbHBIX YCIOBHUSIX.

MeTo/IoM 3JIEKTPOXMMUYECKOIO OCAXKJICHUS ObLI CHUHTE3MpPOBAaH IlMIIMHApUYecKuii 3kpaH Ni-Fe,
JIUTMHA KOTOpPOTO cocTaBmwia 32 cMm, auametrp 4,5 ¢M, TOJNIIMHA SKPAHUPYIOIIETO TOKPBITUS COCTaBMIA
~ 100 mxM. 3areMm MHA MWIMHApPA yMeHbanach oT 30 10 6 cM ¢ marom B 4 cM, JUIsl KaKI0H JTHHBI
muMHApa Oblla u3MepeHa A(PQEKTUBHOCTh IKPAHUPOBAHUSI C IOMOIIBIO TOJIE00pas3yIomell CHUCTEMBI
TPEXKOOPAMHATHBIX KaTyIlek ['eslbMrossna.

Pesynbrarhl nM3MepeHWH MMoKa3ald, 4TO pacuér S(PQPEKTHBHOCTH HSKPAHUPOBAHHS OCCKOHEYHOIO
MWIMHIPHYECKOTO JKpaHa ChpaBeuIuB Tpu JunHe nuwiuaapa /> 18-20 cm. [pu 3navenwsx /<15 cm
3G PEKTUBHOCTH SKPAaHUPOBAHHS 3aMETHO CHUIKACTCS.

AHanu3 NOJy4YeHHBIX JAHHBIX MO3BOJIMI CENaTh BBIBOA O HEOOXOJMMOCTH OIpEIeNICHHs MOMpaBoy-
Horo ko3¢ dunmenTa npu pacuérax 3G(HEeKTUBHOCTH SKPAaHUPOBAHUS LIMIIMHAPHYECKOTO SKpaHa.

KiarueBble coBa: SKpaHUPOBAHUC, MATrHUTOCTATUYCCKUC I10JIA, HUJIMHAPUICCKUC DKPAaHbI.

DOI: 10.21122/2220-9506-2022-13-2-112-116

Adpec ona nepenucku: Address for correspondence:
Kanagoes O./]. Kanafyev O.D.
HIIL] HAH benapycu no mamepuanogedeHuio, Scientific and Practical Materials Research Centrer of the National
ya. 1. bposku, 19, e. Munck 220072, Beaapyco Academy of Sciences of Belarus,
e-mail: olegkan96@mail.ru P. Brovki str., 19, Minsk 220072, Belarus
e-mail: olegkan96@mail.ru
Jna yumuposanua: For citation:
O.D. Kanafyev, A.V. Trukhanov, T.I. Zubar, S.S. Grabchikov, 0O.D. Kanafyev, A.V. Trukhanov, T.I. Zubar, S.S. Grabchikov,
M.I. Panasiuk, A.N. Kotelnikova, V.A. Fedkin, V.M. Fedosyuk. M.I. Panasiuk, A.N. Kotelnikova, V.A. Fedkin, V.M. Fedosyuk.
Influence of Cylindrical Shield Dimensions on Shielding Effectiveness. Influence of Cylindrical Shield Dimensions on Shielding Effectiveness.
TIpuGops! 1 METOBI N3MEPEHUIA. Devices and Methods of Measurements.
2022. - T. 13, Ne 2. - C. 112-116. 2022, vol. 13, no. 2, pp. 112-116.

DOI: 10.21122/2220-9506-2022-13-2-112-116 DOI: 10.21122/2220-9506-2022-13-2-112-116

113



Tpubopsl u memoost usmepenuii
2022.-T. 13, Ne 2. - C. 112-116
O.D. Kanafyev et al.

Devices and Methods of Measurements
2022, vol. 13, no. 2, pp. 112116
O.D. Kanafyev et al.

Introduction

Global electrification along with the undeniable
benefits poses many threats, of which electromag-
netic radiation is the most significant. One of the par-
ticularly difficult cases of protection from the impact
of external electromagnetic fields is shielding of sta-
tic magnetic fields.

This type of magnetic fields can have a nega-
tive impact on the human body, disable devices and
their elements and is also widely used in the mili-
tary industry [1, 2]. To minimize the effects of mag-
netostatic fields magnetically soft materials (steel,
permalloy, amorphous metal alloys are usually
used). Study of magnetostatic shielding is based on
the principle of magnetic field shunting by a ferro-
magnetic material [3, 4]. The basis of this principle
is the closure of the field lines through the material
with low resistance to magnetic flux which means
that the shielding efficiency is directly proportio-
nal to the value of magnetic permeability () of the
shielding material and inversely proportional to the
area of its cross section. However we have previous-
ly shown [5, 6] that a number of experimental results
on the magnetostatic shielding does not agree with
the provisions of the shunt principle.

Thus the purpose of this work was to investi-
gate the shielding effectiveness of the cylindrical
shield and to find out the effect of the cylinder length
changing on shielding effectiveness. This will reduce
the error in theoretical calculations which in turn will
have a positive impact on the quality of development
of highly effective protection of devices and equip-
ment for a wide range of applications.

Measurement technique

An aluminum cylinder with a single layer Ni
shielding coating Nig,Fe,, with a copper underlayer
was made as the test sample with the following pa-
rameters: 32 cm long, diameter is 4.5 cm. The ave-
rage thickness of the coating was 132 pum.

The aluminum surface preparation process was
carried out in several stages such as trichloroethy-
lene treatment degreasing with Vienna lime, chemi-
cal etching, chemical galvanizing and copper under-
coating was then applied to increase of adhesion.

The shielding coating was synthesised by electro-
chemical deposition using nickel anodes at 3540 °C.
The current density was 25 mA/cm®. The composi-
tion of the electrolyte solution is shown in Table.

Table

The composition of the electrolyte solution

Ne Reactive Content, g//
1 NiSO,-6H,0 210

2 NiCl,-6H,0 20

3 FeSO,-7H,0 15

4 KNaC,H,0,-4H,0 30

5 MgSO, 60

6 H,BO, 30

7 Saccharine 2

8 Ascorbic acid 2

The thickness of the resulting shielding coating
was = 100 pm.

From the resulting cylinder with the shielding
coating, 4 cm were cut off (Figure 1), then at each
length, the shielding effectiveness was measured.

=

Figure 1 — Schematic representation of the test sample

Di =t
— —

The efficiency of the shielding was measured
by means of a three-coordinate Helmholtz field-
forming system.

Results and discussion

The most complex case of shielding against
external sources of electromagnetic radiation is that
of static magnetic fields [5]. Usually when conside-
ring magnetostatic shielding the principle of the mag-
netic field shunting with a ferromagnetic material is
used. The basic essence of this principle is to short
circuit the field lines through a material with low re-
sistance to magnetic flux. According to this approach
the effectiveness of the shielding is constant and di-
rectly proportional to the magnetic permeability of
the shield material and inversely proportional to its
cross-sectional area [7, 8]. For an infinite cylindrical
shield, the calculation of the shielding effectiveness
is carried out according to the formula:

Oe,yy = 0.57ud/r,

where p is the magnetic constant, d is shield thick-
ness [mm]; 7 is outer radius [mm)].
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As we know [9], in theoretical calculations of
shielding efficiency usually use ideal geometric
shapes of samples (infinite plane and infinite cylinder,
sphere). In real conditions the situation is much more
complicated —bodies, blocks to be shielded have finite
dimensions, irregular shape and may contain holes
and apertures. Therefore, for practical purposes, it is
important to know how the screen size affects such
characteristics as the maximum screening efficiency
Oe,,, and the magnetic field strength correspon-
ding to the maximum screening efficiency HOe,,,, .

To check the validity of the above formula, the
shielding effectiveness was measured at cylinder
lengths /=6-30 cm, in 4 cm increments. Figure 2
shows the obtained results of shielding efficiency
depending on the length of the cylinder. It can be
seen that reducing the cylinder length to 14 cm does
not result in a significant change in shielding effec-
tiveness. When the cylinder length is further reduced
from 14 cm to 6 cm, there is a sharp decrease in
shielding effectiveness.

50 60 70 80 90 100

H,Oe

20 30 40
Figure 2 — Shielding efficiency depending on the
length of the cylinder

Figure 3 shows the dependencies of Oe,,, and
HOe,,,, on the length of the cylindrical shield.
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Figure 3 — Changing the position of the maximum shiel-
ding efficiency depending on the length of the cylinder

It can be seen, the parameters Oe,,,, and HOe,,,
become very stable at values of /> 18-20 cm. At
values of /<15 cm, the shielding efficiency de-
creases markedly. For example, the Oe,,, values of
a 6 cm long sample are 2 times lower than those

of a 26-30 cm long sample. At the same time, the

HOe,,,, shifts to a lower field region from 44 to
26 Oe.
Conclusion

Studies have been carried out on the shielding
effectiveness of an aluminum cylinder with Ni-Fe
shielding.

It is found that the theoretical calculations of
shielding efficiency differ from the data obtained
under real conditions. Parameters as the maximum
screening efficiency Oe,,, and the magnetic field
strength corresponding to the maximum screening
efficiency HOe,,,, are stable at values /> 18-20 cm,
so maximum shielding efficiency of the obtained
sample holds within 45-50 times. Reducing the
length of the cylinder to a value of /<15 cm leads
to a significant decrease in the maximum shielding
efficiency from 42 to 25 times. At the same time the
HOe,,,, shifts to a lower field region.

This result is due to the effect of the magnetic
field flowing into the open sample of finite size. Thus
in order to reduce the influence of the dimensional
effect of cylindrical and close-shaped shields the //r
ratio must be > 8-9.

Further it is planned to extend the research
range to obtain a correction factor to calculate the
shielding effectiveness of real cylindrical shields.

The findings are to be used in the manufacture
of shields to protect sensitive components of various
kinds of devices.
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Abstract

The basic structural elements of the magnetized granular medium (effectively used, in particular, in
apparatus of thin magnetic separation) are granule chains (according to channel-by-channel model), in con-
nection with which there is a need to detail the features of their magnetization. The purpose of the work is to
develop and implement an approach to measuring magnetic (micro)flows along the cores of different radius »
in the chain of granules using a specially developed (by printed circuit board technology) sensor, with high
radius R (15 and 20 mm) spheres available for such measurements.

From the data of measuring magnetic (micro)flows data of average induction in each of the quasi-con-
tinuous cores of the spheres chain are obtained, as well as data of magnetic permeability and susceptibility of
these cores, their magnetization for different values of the intensity of the magnetizing field. It is shown that
dependences of mentioned magnetic parameters from number 7 spheres in a chain are generalized on r/R for
different R.

These relationships, increasing as n increases due to a decrease in the demagnetizing factor N of any of
the cores and the chain as a whole, demonstrate the achievement of individually limiting values of magnetic
parameters and corresponding auto-model regions where N—0. At the same time, the transition to each of
these regions, manifesting almost independently of 7/R and intensity, falls on the value of n = 10-12 = [n].
Thus, in fact, such a criterion value [n] distinguishes chains by sufficiently “long” — when n > [n] and “short” —
when 2 <n <[n]. Data of demagnetizing factor for different cores of “short” chains of spheres are obtained
and phenomenologically described.

Keywords: chain of granules, sensor contour on a printed circuit board, magnetic permeability, susceptibi-
lity, demagnetizing factor.
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Ioaxoa K KOHTPOJII0 MATHUTHBIX MAPAMETPOB CepALeBUH
HEeNno4YKH mapoB. [MarHocTuka pasHpIx M0 AJMHE HENMOYKH

N paanycy cepauacBuH
A.A. Canpyask, JI.A. Cannyask, 10.0. 'opnunenko, A.B. Cannyasik, B.A. Epmosa

MUPOA — Poccutickuii mexHono2udeckuil yHugepcumen,
ya. Cmpomwinka, 20, e. Mockea 107996, Poccus
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ba3oBbIMH CTPYKTYpHBIMH 3J€MEHTAMH HaMarHWYMBAeMON TpaHyIWpOBaHHOW cpeabl (3¢p¢heKTHBHO
WCTIOJIb3yEeMOH, B YACTHOCTH, B YCTPONCTBAX /I TOHKOM MarHUTHOM Cenapaliui) siBISIOTCS IETTOYKH TPaHyT
(coracHO TMOKaHAITBPHOU MOJICININ), B CBS3HM C YeM BO3HHKACT HEOOXOIUMOCTh B ACTAN3AINHA OCOOCHHOCTEH
vX HamaranuuBanwusl. Lleb paboThl — pa3paboTka U pearnu3amsi IoIX0/1a K i3MEPSHISIM MarHUTHBIX (MHKPO)
MTOTOKOB T10 CEP/LIEBUHAM PA3HOTO pajlyca 7 B IETIOYKe TPaHyJI IIPU ITOMOIIHU CTICIIHAIBHO pa3padoTaHHOTO
(TT0 TEXHOJIOT MM TIEYaTHBIX TUIAT) TATYNKA, HCIIOJIb3YS TIOCTYITHBIE ISl TAKWX M3MEPEHHH IIaphl ITOBBIIIIEHHOTO
pamanyca R (15 u 20 Mmm).

Ilo maHHBIM W3MEpPEeHWH MarHUTHBIX (MUKPO)INOTOKOB TOJMYYEHBI MaHHBIE CPETHEH WHIYKIUU
B K&KIOH M3 KBAa3WCIUIONIHBIX CEPAIIEBHH IEMOYKH IIAPOB, a TaKXKe JTAHHBIE MAarHUTHOW MPOHUIIAEMOCTH
¥ BOCHPUUMYHMBOCTH JTHUX CEPJIEBHH, MX HAMArHWYEHHOCTH JUIS Pa3HBIX 3HAUEHUN HANPSKEHHOCTH
HamMarHp4uBaromero mois. IlokazaHo, YTO 3aBHCMMOCTH yKa3aHHBIX MAarHUTHBIX TTapamMeTpoB OT YHCIa
IIapOB 71 B IIETIOUKe 00001IatoTes 1Mo 7/R It pa3HbIX R.

OTH 3aBUCHUMOCTH, BO3pacTasi 0 Mepe YBEIMUYECHHS 71 BCIEACTBHE YMEHBIIEHUS pa3MarHUYUBAIOIIETO
¢akropa N mo00# M3 CepilleBMH W LEMOYKHA B IEJIOM, JEMOHCTPHPYIOT JOCTIKEHHE WHAWBHIYaJIbHO
MIpe/IeNbHBIX 3HAaYeHNH MarHUTHBIX ITAPAaMETPOB U COOTBETCTBYIONINX aBTOMO/IETIFHBIX 00acTel, rae N—0.
[Ipu >TOM Tepexoa K KaXIOW M3 3TUX 00JacTel, MPOSBISIONIUICS MPaKTHYECKH HE3aBUCUMO OT r/R H
HaNpPsHKEHHOCTH, MPUXOANTCs Ha 3HaueHue n = 10—-12 = [n]. Tem campIM Takoe, IO CyTH KpUTEpHAIbHOE,
3HAa4YeHHE [71] pa3rpaHU4MBAET EMOYKN HA TOCTATOYHO «UTHHHBIEY» — KOTZA 71 > [1] U «KOPOTKHE» — KOTJa
2 <n <[n]. loxy4dens! u (EeHOMEHOIOTMYECKH OTIICAHBI JAHHBIE pa3MarHUUNBAIONIETO (haKTopa IS Pa3HBIX
CEP/IEBUH «KOPOTKUX» IIETIOYEK IIapOB.

KaroueBble ciioBa: 1ernodka rpaHyll, AaTYMK-KOHTYP Ha IMEYATHOM Mjare, MarHUTHAs MPOHULAEMOCTb,
BOCIIPMHMYMBOCTD, pa3MarHMUMBAIOLINH (HakTop.
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Introduction

The concept of the so-called effective medium is
traditional in studies of any type of inhomogeneous
magnets [1-8]. These magnets are used in various
physical and applied problems. Effective medium is
medium as a formally quasi-continuous volume of a
magnet with its inherent magnetic parameters.

We used the concept of a quasi-continuous
magnet for such types of inhomogeneous magnets
as granular media (in particular, which are the key
working bodies of fine magnetic separation devices).
Concept could be efficient only to a chain of granules
(and not the environment as a whole). This concept
helped to study magnetic parameters. The model of
channel-by-channel magnetization of a granular me-
dium [9, 10] provided an information that a chain of
granules was the basic structural element of this me-
dium and a carrier of information about its magnetic
parameters. At the same time, the chains of granules
performed the function of a “bundle” of conductors-
channels similar to each other for the generated
magnetic flux. The example of comparing the corre-
sponding magnetization curves proved the similarity
of the magnetic parameters of the chain of granules
and the granular medium as a whole [10].

The following must be said about the nature of
the magnetization of such a quasi-continuous magnet
as a chain of granules (for example, spheres). There
was a pronounced redistribution of the magnetic flux
over the cross section in contrast to the variant of
magnetization of a solid (continuous) bar magnet.
The flux density decreased as you moved away from
the axis of the chain. Hence there was also a decrease
in this density in one or another of its conditional
core with an increase its radius ». This was due to an
increase in the magnetic resistance of the “thicken-
ing” core of such a specific magnet due to decreasing
volumes of metal in the core and increasing volumes
of gaps between the surfaces of adjacent granules.

Direct measurements of magnetic fluxes proved
that. We measured magnetic fluxes (with a micro-
webermeter) @ through concentric loops of thin wire
with different radii » <R, located in a hollow vo-
lume between the spheres in the chain, surrounding
the contact point of the spheres with a radius R [9].
Thus, we obtained @ in the corresponding in radi-
us 7 cores of the chain of spheres. It became pos-
sible to obtain @ values in the cores of even a small
relative radius /R by deeping the sensor loops into
the inter-ball space. Use of chains with spheres of
increased radius and loops of very thin wire was

advisable here. The wire was so much thin as to
place them as deep as possible in the thinning (when
approaching the contact point of the spheres) volume
between the surfaces of the spheres.

Then we had to develop ideas about the nature
and features of the magnetization of chains of gra-
nules. It became necessary to expand the volume of
this kind of labor-intensive research. Therefore, the
issue of justified simplification in the manufacture
and fixation of magnetic flux sensors (with the rejec-
tion of the traditional use for such purposes of a thin
wire, which is not so practical here), became rele-
vant. For example, by creating appropriate sensors.
Printed-circuit technique could be sufficient to create
appropriate sensors for such tasks [11-13].

Circular circuit on a thin printed board with
a mounting hole like a magnetic flux sensor
in the core of the chain of spheres

To measure the magnetic flux in one or another
core of a magnetizable chain of spheres, we adhered to
the classical principle. This was the principle of using
a conductive sensor with a circular shape. A sensor
in the form of a thin printed board with a conductive
circular circuit or a block of concentric circuits made
on it was preferable [11]. At the same time, each of
the circuits had to have a small gap for the wire con-
nection of its free ends with the microwebermeter.

With this approach to the implementation of the
above magnetic measurements, which increases the
reliability and quality of control, it is easy to ensure
the required strict shape of the sensor circuit and/or
each of the sensor circuits in the block (as geometri-
cally ideal circles on a flat surface) and the concen-
tricity of the sensor circuits with respect to the point
of contact of the spheres and to each other.

It was also easy to ensure the correct positio-
ning (Figure 1) of this working printed board 1 in the
plane of symmetry of the volume between the con-
tacting sphere 2 with radius R. The mounting hole
ensured the correct positioning. The hole was made
in the middle part of the working board concentric to
the circuit-sensor or the block of circuits-sensors. The
diameter d, corresponded to the recommendation:
dy = [8(4R—8)]" [11], where & was the board thick-
ness. The edges of the board, formed around the cir-
cumference of the hole, fit snugly against the surfaces of
the opposing spheres (without preventing their mutual
contact). They fixed the working board in the required
symmetry plane of the volume between the spheres.
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Magnetic induction data in different cores
of the chain of spheres, corresponding
data on their magnetic permeability,
susceptibility and magnetization

The board described above contained measuring
circuits-sensors with a relative radius from »/R = 0.2
to »/R = 0.9, its positioning was in the middle of the
studied chains of spheres (Figure 1). The board made
it possible to obtain the necessary experimental data
on the magnetic fluxes @ in the cores of the chains of
spheres corresponding in 7/R. In this experiment, we
used chains of different lengths, i. e. with a different
(even) number n of spheres in one or another chain,
namely from n =2 to n = 14.

Figure 1 — The location of printed circuit board 1 with a
sensor contour (sensor contours) of the magnetic flux va-
lues in the volume between the middle spheres 2 of the
magnetized (in the solenoid) chain with even number 7 of
contacting spheres

There were two identical series of experiments.
In one of them, the chains consisted of spheres
with a radius R =15 mm, the other one contained
spheres with a radius R =20 mm (for subsequent
comparison of the results of experiments on such a di-
mensionless parameter, which claims to be universal,
as r/R). The spheres had an increased radius due to
the need to place a sufficient number of measuring
sensors as deep as possible in the volume between
the surfaces of adjacent spheres. This volume thinned
as it approached the contact point of the spheres, i. e.
with the smallest possible relative radius /R of the
measuring circuit-sensor. The magnetization of the

chains took place in a sufficiently long solenoid by a
field strength from H = 4.8 kA/m to H = 54.5 kA/m.

According to the experimental data of the mag-
netic flux @, one could judge its density:

B=(I>/(Ttr2), (1)

i. e. about the data of the average induction B in each
of the studied quasi-continuous cores of the chain of
spheres. These data, obtained on the basis of formu-
la (1), were shown in Figure 2 in the form of com-
bined (for both series of experiments) families of
dependencies B on the number of spheres 7 in chains
at different values of /R and H.

The resulting families of dependences B on
n (Figure 2) were very informative for the qualitative
and quantitative characteristics of the cores of chains
of spheres as quasi-continuous magnets. This helped
to visually illustrate the following notable features.

Firstly, the data of induction B in the cores of
chains of spheres with a radius R =15 mm corre-
sponded to the data of induction B in the cores of
chains similar in relative radius /R with the same
number n of spheres, but with a radius R =20 mm.
This can be seen in Figure 2 by the coincidence of
the compared data B (points ¢ and o). This, quite
expected (based on the principle of similarity), fact
testified to the possibility of applying the obtained
induction data (Figure 2) to the corresponding chains
of spheres of a different identical radius.

Secondly, the larger the relative radius /R of
the core of the chain of spheres, the lower the values
of induction B in the core were (Figure 2) due to a
decrease in the proportion of ferromagnetic metal in
the core and vice versa.

Thirdly, all dependences of the induction B (in
the cores of the chain of spheres with different 7/R)
on the number n of spheres in the chain increased
with increasing n due to a decrease in the demag-
netizing factor N of each of the cores and the chain
as a whole. Then they demonstrated the onset a
characteristic self-similar region (Figure 2) with an
individually limiting value B. This indicated the
disappearance of the demagnetizing factor. The be-
ginning of this region manifested itself almost inde-
pendently of the relative radius 7/R of the core and
the intensity H of the magnetizing field, fell on the
value n = 10-12 (starting from which N—0). Thus,
such a transitional, but essentially criterial, value
n=10-12 =[n] delimited both chains of spheres
and their cores along the length (multiple of n) of the
chain itself. They divided into quite “long” — when
n>[n] =10-12 and “short” — when n < [n] = 10-12.
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Figure 2 — Magnetic flux density in quasi-continuous cores of a chain of spheres, different in relative radius /R, depending on
the number n of spheres; a—r/R=0.2;b—r/R=03;c—r/R=04;d—r/R=0.5;e—r/R=0.6;f—r/R=0.7; g—1/R=0.8;
h—r/R=0.9; 1—magnetic field strength H=4.8 kA/m; 2-10kA/m; 3—-20kA/m; 4-29.7kA/m; 5-—39.5kA/m;
6 —48.7 kA/m; 7 — 54.5 kA/m; designations ¢ and o are spheres with radius R = 15 mm and R =20 mm, respectively
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Mentioned specifics, including the fact of the
manifestation of self-similar regions, which are fun-
damental here, were also valid with respect to other
key magnetic parameters: magnetic permeability p
of the cores of chains of spheres (Figure 3), the mag-
netic susceptibility y (Figure 4) and their magnetiza-
tion M (Figure 5). The following relations were used
to determine the values of p, y and M:

— B .
W= MOH 5 (2)
u
1=y —1); 3)
N—0
M =yH, 4)

where p, = 4m-10”7 H/m is magnetic constant; 1,
and y y_,, are attainable limit individual values (in

u
70
60
50

40

~N N W S

30
20

10

25

20

15

10

12

14

10

10 12

the corresponding self-similar region — according to
Figures 3 and 4: at n >[n] = 10-12) magnetic per-
meability and susceptibility. Regarding the relation-
ship (3), that is nonspecific and rarely appears in
the literature, it was valid precisely with respect to
“short” magnets (including the cores of chains stu-
died here as quasi-continuous magnets). This was so
because the parameters of susceptibility and perme-
ability of the “short” and “long” magnets were, as is
known, in the ratio ¥/y y_, o = WHy_o- The use of the
well-known classical relation y = . — 1 was valid for
a magnet devoid of a demagnetizing factor, for ex-
ample, a classic toroidal or “long” cylindrical, but for
a “short” magnet, this was not correct. Ignoring this
circumstance, as, for example, in [14], turned out to
be an unjustified simplification and led to the appea-
rance of an error in the corresponding results.
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Figure 3 — Magnetic permeability p of different (by relative radius »/R) quasi-continuous cores of a chain of spheres,

depending on the number 7 of spheres; designations — according to Figure 2 (on e, f, g, & the designations A are genera-
lized data for R = 15 mm and R = 20 mm); calculations — according to (2)
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Figure 4 — Magnetic susceptibility y of different (by relative radius »/R) quasi-continuous cores of a chain of spheres,
depending on the number n of spheres; designations — according to Figure 2; calculations — according to (3)
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Figure 5 — The magnetization M of different (by relative radius »/R) quasi-continuous cores of a chain of spheres, de-
pending on the number 7 of spheres; designations — according to Figure 2; calculations — according to (4)

Data of the demagnetizing factor of
different cores of “short” chains of spheres.
Functional approximation of these data

Figure 4 showed the values of the magnetic sus-
ceptibility x of the cores of “short” chains of spheres
with different relative radius »/R. These chains con-
sisted of n < [n] = 10-12 spheres: n=2,n=4,n =16,
and n = 8. The individual limit values of the magne-
tic susceptibility y _,, for the cores of a “long” chain

of spheres are also given. These chains consisted
of n > [n] = 10-12 spheres. Therefore, it was pos-
sible to obtain data on the demagnetizing factor N
of the cores of “short” chains, in particular, by the

expression:
b 5)
X XN—>0

depending on the number n of spheres in the chain,
as in Figure 6a.
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Each of the N wvalues here is averaged
for the entire studied range of field intensity
H=4.8-54.5kA/m due to the fact that the influ-
ence of A (in this range) on the values of N was very
weak. Here, in Figure 64, it is shown that as the chain
lengthened from n =2 to n =8, the demagnetizing
factor N of its cores decreased. The decline was very
significant — more than an order of magnitude.
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Figure 6 — Data of the demagnetizing factor of diffe-
rent (by relative radius 7/R) quasi-continuous cores of a
chain of spheres, depending on the number 7 of spheres:
in ordinary (@) and semi-logarithmic (b) coordinates;
1-r/R=02;2-03;3-04;4-0.5;5-0.6; 6 —0.7;
7-0.8,8-0.9

The data N established according to (5) (Fi-
gure 6a) for the cores of “short” (rn <[n]) chains of
spheres succumbed to generalization by a functio-
nal (phenomenological) dependence. These data were
presented in semi-logarithmic coordinates, as in Fi-
gure 6b. The fact of their quasi-linearization pre-
cisely in such coordinates testified to the exponential
relationship between N and n:

N = Aexp(—kn), (6)

moreover, with a practically constant phenomeno-
logical parameter k= 0.54. At the same time, the
phenomenological parameter 4 in (6) is quasi-li-
nearized in logarithmic coordinates (Figure 7).

A
0.3 -
0.1 4

0.05 -

0.03 A

0.01 T — T
0.1 03 o5 1R

Figure 7 — On the power-law relationship (7) — due to
the fact of quasi-linearization of the values of the pheno-
menological parameter 4, which, in accordance with Fi-
gure 6b, depends on the relative radius »/R of the quasi-
solid cores of the chain of spheres, in logarithmic coor-
dinates

The parameter values were individual for one or
another core (relative radius »/R). The fact of quasi-
linearization of 4 parameter indicated a power-law
relationship 4 = a(r/R)"" with the value of the phe-
nomenological parameter a = 0.37.

Then, taking into account this connection, ex-
pression (6) for the demagnetizing factor N of the
cores of “short” (n <[n]) chains of spheres took the
expanded form:

N=a(r/R)" exp(~kn), (7

representing the product of power and exponential
functions for the values of the phenomenological
parameters k= 0.54 and a =0.37 aforementioned.
Expression (7) made it possible to determine the de-
magnetizing factor of any (by the relative radius 7/R)
“short” core of a chain, i. e. consisting of 2<n <8
spheres.

Conclusion

The relevance of direct control of the mag-
netic parameters of the cores of a chain of granules
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is noted as one of the basic structural elements of
a granular medium (according to the model of its
channel-by-channel magnetization). It contained in-
formation about the magnetic parameters of a granu-
lar medium that was the main working body of fine
magnetic separation devices, particularly. For such
control, a magnetic (micro) flux sensor @ was pre-
ferable. It consisted of a circular circuit (a block of
concentric circuits) on a thin printed circuit board
that made it possible to carry out measurements
in narrow slotted gaps between contacting gra-
nules-spheres. A clear fixation (positioning) of the
board between the spheres was provided due to the
presence in the board of a mounting hole of a certain
diameter, depending on the radius of the spheres
and the thickness of the board. In the experiments
chains of spheres of different lengths were used,
i. e. with a different number n of identical spheres
in a chain (moreover, with spheres with a radius of
R =15 mm or R =20 mm). Based on the results of
measuring @ in one or another core with a radius
r <R, data on the average induction B in each of
the quasi-continuous cores of the chain were ob-
tained as well as data on the magnetic permeability
u and susceptibility y of these cores, their magne-
tization M.

The resulting informative families of depen-
dencies made it possible to establish the following.
First, the data of the parameters B, p, y and M for the
cores of chains of spheres with a radius R = 15 mm
corresponded to the data of these parameters for the
cores of chains similar in relative radius /R with
the same 7, but with a radius R = 20 mm. This testi-
fied to the possibility of applying the obtained data
to similar chains of spheres of a different radius,
i. e. about their versatility. Second, the larger was
the relative radius /R of the core of the chain of
spheres, the smaller the values of B, pu, x and M
were for it. This was due to a decrease in the pro-
portion of ferromagnetic metal in the core and vice
versa. Thirdly, all dependences of B, pu, y and M
(for different cores of the chain of spheres) on n
initially increased as » increased due to a decrease
in the demagnetizing factor N of each of the cores
and the chain as a whole. Subsequently, they de-
monstrated the achievement of individually limi-
ting values of these magnetic parameters and the
corresponding self-similar regions (where N—0).
In this case, the beginning of each of these regions,
which manifested themselves almost independently
of /R and the field intensity H, fell on the value

n=10-12 (starting from which N—0). Thus,
such an established, in fact, criterial, value
n =10-12 = [n] made it possible to distinguish both
chains of spheres and their cores. The groups were
as follows: sufficiently “long” — when n > [r] and
“short” — when 2 <n <[n]. N data were obtained
for different cores of “short” chains of spheres and
described by a phenomenological expression. This
expression was a product of a power (in »/R) and
exponential (in 7) functions.
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Abstract

Solving the problems of spectral processing of single and quasi-periodic signals in measurement and
diagnostic systems is directly related to their isolation against the background of external interference or
noise. The purpose of this work was to study single and quasi-periodic signals, i. €. signals limited in time,
presented as separate components; development of a mathematical apparatus that connects the individual
components of the original, time-limited signal, with the spectral characteristics of the periodic signal, which
is obtained from the original by its periodization.

The paper analyzes the spectrum of a quasi-periodic signal, which is presented from spectral density
regions separated by spectral components with zero amplitude. The process of signal periodization is con-
sidered on the example of unipolar rectangular pulses. The representation of the analyzed complex single
signal in the form of a linear combination of given functions, limited in time by the duration of the consi-
dered signal, was chosen, and it was determined that it is most logical and efficient to use radio-frequency
pulses. The spectral density of the signal under consideration is presented as the sum of the spectral densities
of radio-frequency pulses of the same width with a varying carrier frequency. The original signal is presented
as the sum of the constituent components (radio-frequency pulses), which form a time-limited frequency
spectrum — a quastr. As a result, the correlation of the considered quasi-periodic signal with the parameters
of the periodic signal (amplitude, period, and initial phase) is shown.

A format for representing time-limited signals in the form of components related to the spectral
characteristics of a periodic signal, obtained from the original signal by periodization, has been developed.
The formed mathematical apparatus allows simplifying the algorithmic support of measuring systems by
eliminating the correlation signal processing.

Keywords: quasi-periodic measuring signals, spectrum harmonics, spectral density, decomposition basis.
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CneKTpanbnoe NNpeaACTABJICHUEC UBMEPUTECJIbHBIX OJIHHOYHBIX
N KBAaSUINICPUOAUICCKHUX CUTHAJIOB

FO.B. Cyxoznoios', A.B. Hcaes', A.A. llleiinnkos

1 . . .
Benopycckuii nayuonanvhsiil mexHuyeckull yHugepcument,
np-m Hezasucumocmu, 65, 2. Munck 220013, benapyco

’Boennas akademus Pecnybnuxu Berapyco,
np-m Hezasucumocmu, 220, 2. Munck 220057, benapyco

Tocmynuna 28.01.2022
Ipunama k neuamu 30.05.2022

Pemenue 3a1a4 1o CreKTpaibHONH 00paOdOTKE OJUHOYHBIX U KBA3UIICPHOAMYSCKUX CUTHAJIOB B CHCTE-
Max M3MEPEHHs U JMArHOCTUKU HEMOCPEICTBEHHO CBSI3aHHO C MX BbIJCICHHEM Ha (DOHE BHEUIHHX OMEX
M 1rymMoB. Llenbro paboThl SBIISIIOCH MCCIICIOBAHUE OJUHOYHBIX W KBA3UIIEPUOANYSCKUX CUTHAJIOB, T. €.
CUTHAJIOB, OTPAaHUYCHHBIX BO BPEMEHH, MPEACTABICHHBIX B BHJE OTACIbHBIX KOMIIOHEHT;, pa3paboTka
MaTEeMaTUYECKOro arapara, CBSA3bIBAIOIIETO OT/ACAbHBIC KOMIIOHEHTBHI HCXOJHOI0, OIPaHUYEHHOTO
BO BpPEMEHH CHUTHAJA, CO CIEKTPAIbHBIMUA XapaKTEPUCTHUKAMHU IEPUOIMUECKOT0, KOTOPBIA IMOJIy4YCH
M3 UCXOAHOI'0 MyTEM €ro MepUOoU3aIlnH.

B pabGore mnpoBeAéH aHAIM3 CHEKTpPa KBa3UIEPUOIUYECKOIO CHTHAlla, KOTOPBIM IPEACTaBIICH
M3 YYaCcTKOB CIEKTPAJbHOW IIJIOTHOCTH, Pa3leiEHHBIX CHEKTPaIbHBIMH COCTABJISIOIIMMU C HYJICBOM
aMIUTATY 10, PaccMoTpeH mpoliece nmeproau3alii CUrHaaa Ha IPUMEPE OJHOMOJISPHBIX HPSIMOYTOIbHBIX
HUMITYJIbCOB. BBIOpaHO mpeacTaBicHUe aHATM3UPYEMOTO CII0KHOTO OJIMHOYHOTO CHTHAJIA B BUJIC JTMHEHHOM
KOMOMHAIIMH 33J[aHHbIX (DYHKIUI, OrpaHHYEHHBIX 10 BPEMEHHU JUTUTEIbHOCTHIO pACCMATPUBAEMOI'0 CUTHAJIA.
Omnpefienero, 4o Harbosiee JOrudHo U 3((HEKTUBHO B KaUeCTBE JUHEHHON KOMOMHAIIMYU 3aJaHHBIX (YHK-
[MA HUCIOJIB30BaTh PaAMOUMIYJIbChl. IIpencTaBiieHa CHEKTpajibHAs IUIOTHOCTh MCCJICIYeMOIrO CHI'Haja
B BHJIC CYMMbI CIEKTPAJIbHBIX IJIOTHOCTEH PaJHOMMITYJIbCOB TOW K€ JUIMTEIBHOCTH C H3MEHSIOLICHCS
Hecymiel 9acToToil. VICXOMHBIN CUTHAN MPEACTaBICH KaK CyMMa COCTAaBJIIONINX KOMITOHEHT (paIrionM-
MyJICOB), KOTOPbIe ()OPMUPYIOT OTPaHUYCHHBIH BO BPEMEHHM YaCTOTHBINH CHEKTp — KBacTp. B pesynbraTe
MOKa3aHa KOPPEJSIUs PacCMaTPUBAEMOr0 KBA3UIICPUOJAMYCCKOrO0 CHUTHAja C MapamMeTpamMHu IepHO/IH-
YEeCKOro CUrHaja (aMIUIUTY/I0i, IEPUOIOM U HavaabHOH (ha3oii).

Pa3paboran ¢opmar mnpeacTaBiieHUs OIPaHUYEHHBIX BO BPEMEHHM CHUTHAJIOB B BHJEC KOMIIOHEHT,
CBSI3aHHBIX CO CIEKTPAJbHBIMH XapaKTEPUCTUKAMU IEPHOIHMUECKOr0 CHUTHAja, KOTOPBIM IMOJy4YeH
M3 HUCXOAHOTO myTéM ero mnepuoausanud. CHOpMUPOBAHHBI MaTeMaTHYCCKUH armapar IO03BOJISET
YOPOCTHTh aJTOPUTMHUYECKOE 00ECICUeHUE M3MEPHUTEIbHBIX CUCTEM 3a CUET MCKIIIOUYCHHS KOPPEIISIIHOH-
HOM 00pabOTKM cUrHaa.

KimoueBble cioBa: KBaSI/IHCpI/IOI[I/I‘ICCKI/Iﬁ I/ISMCpI/ITGJ'ILHHﬁ CUTHaJI, TapMOHHUYECCKUE COCTaBJIAIOIINEC
CIICKTpa, CIICKTpajibHas IJIOTHOCTD, basuc pas3ioKEeHu.
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Introduction

Measuring signals are the main physical quan-
tities parameters information carriers in measuring
systems. In case of this signal being random, the ag-
gregate of individual instantaneous values of its main
parameter is considered to be information. Pulse
measuring systems most often use the frequency-
domain parameters of the signal. However, the spec-
tral method is used to analyze the measuring signals
most often in both cases.

According to the Fourier transform theory, the
representation of any signal in the frequency domain
is valid only when it meets the Dirichlet conditions,
i. e. the signal must start at infinity and end at infin-
ity, and, therefore, it must be stable over the entire
time interval in which its spectral characteristic will
not be a function of time [1]. This condition is not
feasible for the analysis of real quasi-periodic pro-
cesses and signals. Usually in this case window Fou-
rier transforms [2] or wavelet transforms [3, 4] are
used. However, the wavelet transform theory also
contains a number of simplifications that use ortho-
gonal basis systems, which, in turn, are mathematical
abstractions.

Distortion in the operation of individual ele-
ments of various measuring and diagnostic systems
leads to the formation of additional non-normalized
quasi-periodic signal structures [5]. Therefore, when
developing algorithms to automatically remove in-
terference from a useful signal, the main condition
is to establish an accurate dependence between local
signal disturbances and changes in the values of in-
dividual components of its spectrum. It was shown
in [6] that changes in the values of signal parameters
lead to a significant violation of the initial distribu-
tion of spectral components, some of the latter under-
going more significant changes than others. There-
fore, to increase measurement accuracy one can re-
place the low-sensitivity registration of the signal
temporal parameters changes with the registration
of the characteristic spectral components parameters
changes, the latter being more sensitive to deviations
of the measured parameter and less sensitive to de-
viations that are due to the instability of the elements
in the measuring systems.

Having taken recent development of modern
computing base into account, using a hardware-
mathematical approach to study of quasi-perio-
dic signals is most efficient, since by control-
ling individual parameters of the signal under

study (amplitude, pulse-repetition interval, pulse
duration, and other time parameters), it is pos-
sible to indirectly control the parameters of its
spectrum. One also can distinguish useful signal
from interference using the numbers of the neces-
sary spectral components. In this case to select the
numbers of spectral components with minimum
measuring signal parameters instability sensitivity
one must study the dynamic features of measuring
signal spectrum.

The purpose of this work was to develop a
mathematical apparatus that allows one to represent
single and quasi-periodic time-limited signals as a
set of spectral components, the basis of which are
impulses, parameters of said impulses being deter-
mined by conditional periodization, to provide a uni-
fied approach to describing the spectra of these sig-
nals over finite time intervals.

Main part

Quasi-periodic signals, which occupy an in-
termediate position between periodic and non-pe-
riodic signals, are among the most common signals
used in measurement and diagnostic systems, said
signals reflect the process of transforming spectral
density into a discrete spectrum. Their main feature
is that they are time-limited [7, 8]. Therefore, given
the different approach to describing the spectra of
periodic and non-periodic signals, this creates diffi-
culties when considering quasi-periodic signals. At
the same time, modeling the discrete spectrum for-
mation process from the spectral density provides a
general description for both types of spectra. This
problem can be solved in two ways. The first one
considers the process of a discrete spectrum forma-
tion from the spectral density during signal peri-
odization. However, a spectrum-limited signal is a
signal that is infinite in time. Consequently, when
sampling such a signal, an infinite number of sam-
ples will be obtained. Then, to restore the original
signal (including obtaining its discrete spectrum),
it is necessary to take into account all the rea-
dings, which is impossible due to its unlimited du-
ration [7].

The second method involves obtaining a peri-
odic sequence of signals, which is the sum of in-
dividual signals delayed relative to each other in
time [1]. However, such treatment of a real signal
as a periodic one leads to an error due to the finite
duration of the measurement process. And in this
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case, it is necessary to determine the influence of
the discrete spectrum formation error that depends
on the number of repetitions in the periodization
process. Thus, with an increase in the number of
pulses more and more zeros appear in the spec-
tral density of the signal during periodization [1].
Taking into account that each zero of the spectral
density is at a strictly defined frequency and has
a strictly defined and measurable zero amplitude
at the same time, it can be assumed that it is the
spectral component of the discrete spectrum, which
was formed as a result of full periodization, and
it is a part of a continuous spectrum at the same
time. This representation is the main connecting
component. Therefore, the spectrum of the quasi-
periodic signal itself can be considered combined,
i. e. consisting of spectral density regions sepa-
rated by spectral components with zero amplitude.
For example, consider the process of periodization
of a signal represented as unipolar rectangular pul-
ses (Figure 1).

tirs
U, v
UV d
but |t )
Ua V tw1 fwf t
tits | s tiar| | | D2
UV tr tuz fus twi w1 't
[y | it tﬂl fis2 M:‘ tiaz t"’\?:‘ Liss
tuz fa e - t

Figure 1 — Periodization of rectangular pulses

Let’s set the following conditions:
L =l = Uy = lpp = L = 1

Then, according to [9], the complex spectral
density of such a sequence is defined as the spectral
densities sum of the pulses, that are presented in the
sequence. The equation for the first pulse in the se-
quence can be written as:

Su(w>=n£j<l-e'f‘”’f), (1)

where E is pulse amplitude; ¢, is pulse duration;
o is current frequency of the rectangular pulse se-
quence.

Accordingly, the equation for the second pulse
is:

2

E i
Sia(@)=—(1-¢ 7)o,
%

where #,,, is delay between two pulses.
The expression for the sequence of these two
pulses is:

S (@)= 58, (@)+ 5, (0) = E ey g £ g gronygion -
i 12

3

7.(1 e )1+ o~ /Ohwl ).
Y

According to the displacement theorem [9], for
the second same pair of pulses with numbers 3 and 4,
the equation will look like:

Spa(®) =851 (®) + S ) = n_j(l -e /e ¢

+£ (1 _ e'./mti )e'jwtw2 e'/"""”w‘l —

“

= £(1 S Y1+ e /Ol )e-jmth ,
where ¢, is delay between double pulses.
Then the complex spectral density of the sum of

two identical double pulses has the form:
Sppl (w)= Spl(w) + sz(w) = Tl:_j(l -e /M Y+e S0 )+

+E e eiony1 g o ygrione -
-

(6))

—(1-e/ )1+ e/ 1)1+ e7/72),
T

Transforming this expression, we will have:

Spp] ((D) =

8E

t;

ot o or,, o2 e 2 (6)
(sinT’)(cosTZ‘)(costz)e 2e' 2e 2,

Repeating the resulting impulse combination
after a delay time ¢, ; and taking into account the dis-
placement theorem, we obtain an expression for its
complex amplitude:

S ppa (@) = nﬁj(l - (14 e O (14 M2 ) M3 (7)
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Then the general expression for the complex spectral density of the resulting pulse train will be as fol-
lows:

Sppp1 (@) =S, (@) +S 5 (0) = n_nj(l ~e N1+ /M1 4+ + Tt_j(l - (1414 e 2)e T3 (8)

Transforming this expression, we will have:

/‘0% —/'coth] ~ -mthZ _immtwii

Cl)t“s)e_' e 2e 2e 2. 9

16FE ot ot ot
S ®) = —— (sin—L)(cos—21)(cos —22)(cos
pppl( ) ch ( 2 )( 2 )( B )(

Therefore, the general expression for the spec- An increase in the analysis time in turn leads to the
tral densities modulus of the constructed impulse ar-  additional error appearance, the latter associated

rays can be written as: with the signal under study repetition parameters
2EK . ot K 3 instability.
[S(w)= |sm7 | XP—1| COS_2L b (10) To analyze a single signal, let’s represent it as

a linear combination of given functions, which are
where E is pulse amplitude; 7., is delay between limited in time by the duration of the consi-dered
sets of impulse combinations; ¢, is pulse duration; signal. According to the signal Fourier series ex-
o is current spectral density frequency; K is num-  pansion theory, only signals of infinite duration
ber of consecutive rectangular pulses combina- have physical meaning, which does not reflect

tions. real processes [2]. Thus such a method cannot
Accordingly, the spectral density modulus enve- be used to expand a time-limited quasi-periodic
lope zeros are determined from the expressions: signal. Therefore, when choosing the expansion
of. of basis, it.is most expedi.ent .to represent it as a.se‘.[ of
sin—-=0 and cos—=£ =0. (I harmonic signals, taking into account the limita-
2 2 tions imposed by practice. A solution that satis-
Therefore, fies the requirements is the use of various time-
limited and often encountered in real life signals

®,, :N'znt,s ©g,, :N'%g ; (12)  as a basis. Various types of sequences can serve

1 w
as such signals, the most optimal of them being
where N =1, 2, 3... etc. is zero number. various damped oscillations with fast Fourier se-

From expressions (10), it can be concluded ries convergence. For example, sinusoidal pulses
that with an increase in the number of zeros the with exponentially decaying amplitude, or a limi-
distance between them decreases and the spectral ted spectrum signal of the form sin(w?)/wt, the ge-
density increases in the region of frequencies that neral form and spectral density of which are shown
are multiples of the periodization frequency, and, in Figure 2.
therefore, the components of the expected discrete However, the construction and circuit imple-
spectrum are formed. This suggests that with such  mentation of complex pulse sequences are asso-
a periodization, due to an increase in the number ciated with the introduction of additional errors
of zeros, the process of transformation of the spec-  associated with the limited stability of such cir-
tral density into a discrete spectrum occurs. Ho-  cuits. In addition, on the signal duration limiting
wever, with such a signal analysis, it is impossible  the amplitude-frequency spectrum for a signal in
to determine a discrete spectrum formation end the form sin(wt¢)/m¢, ideally having a finite spec-
time, since with each new periodization step and trum, is strongly distorted, up to the loss of the ad-
regardless of the number of steps, the amplitudes  vantage in limiting the spectrum. Therefore, when
of the spectral components change to indicate that analyzing quasi-periodic sequences, it is most op-
in order to obtain high accuracy, it is necessary timal to use radio pulses, as presented in [10, 11],
to obtain an amplitude-frequency spectrum corre- but it has to be taken into account that generally
sponding to the maximum number of repetitions, the initial phase is not equal to zero inside each
and this leads to an increase in the analysis time. radio pulse.
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puls

the initial phases and amplitudes being obtained as a

resu
odic

radio pulse will then correspond to the frequency of a

Thus, the signal will be decomposed into radio  separate spectral component of the periodized signal.

es with different multiple carrier frequencies [12],

It of the Fourier expansion of the generated peri-

Consequently, the analyzed signal spectral density
will consist of the sum of its constituent radio pulses
spectral densities. Figure 3 shows the decomposition

signal, and the carrier frequency of an individual  of a sequence of bipolar rectangular pulses into time-

limited spectrum components — radio pulses.

Uv f(®)=
’1 _\\ rel. un.
0_6, \\ 1
0.2t \ 2
0 40 86\1_2_(}//1’60 200 240 I 320 360 400 02l
-0.2¢ t, msec :
0 1 2 /oo,
rel. un.
a
Uv
1 S(w).
¥ rel. un.
0.6 o
02 T e
/\\1‘ : 7_"\.: —
0210 80\ ,120. 166 20077240 280 320 360 400
T I, msec
0.6 021
=4 0 1 2 3 o/0,,
rel. un.
b
uv S(e),,
1 rel. un.
0.6
0.2
020 0| [s0| 120] 60| (200 230 280 320 360 400 02
t, msec .
-0.6 0 1 ®/m,
rel. un.
-1
c

Figure 2 — General view and spectral density of signals limited in time: a — sinusoidal signal with exponentially
decaying amplitude; b — signal of the form sin(w?)/w¢; ¢ — radio pulse

Therefore, a time-limited quasi-periodic signal
S(t,,t,) (i.e., a signal existing in the time interval
[¢,,4,]) can be represented as the sum of time-limited
spectral densities ¢.(¢,,,), which are a set of non-
periodic signals (radio pulses) described in the fre-
quency domain by the spectral density [13]:

K
S(tl=t2)=l§OCk¢k (1512), =

where C, is expansion coefficients that determine the
spectrum of a quasi-periodic signal.
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Figure 3 — An example of the spectral density of a quasi-periodic signal and its components: a —a limited pulse
sequence and its spectral density; b, ¢, d — constituent radio pulses and their spectral densities

The result of such an expansion is the total spec-
tral density of the studied pulse sequence shown in
Figure 4. For convenience, it was proposed to name
this kind of expansion a quastr.

At the same time, it should be noted that a
separate component of the quastr has a physical
meaning, since it is essentially a radio pulse with
quite simply measurable parameters. This distin-

guishes it from the representation of the investi-
gated pulse only in the form of spectral density, the
latter having frequency components with infinitely
small amplitudes and continuous frequency com-
ponents. At the same time, the quastr reflects the
real process and corresponds to practice [8, 12].
The components of the quastr (radio pulses) being
not periodic functions, they are described in the

134



IIpubopsi u memoowl usmepeHuil
2022. - T. 13, Ne 2. — C. 128138
U.V. Suchodolov et al.

Devices and Methods of Measurements
2022, vol. 13, no. 2, pp. 128-138
U.V. Suchodolov et al.

frequency domain by the spectral density, which
links the quasi-periodic signal to its representation
in the form of a spectral density. In this case, the
spectral density of each component of the quastr,
as well as the spectral density of the other com-
ponents, is distributed over the entire frequency
range, and the value of the spectral signal density
sum of all radio pulses at a certain frequency can
be calculated. Thus, the gain in the transition from
the spectrum to the quastr is associated with the
emerging opportunity to calculate and to measure

the components of a non-periodic signal, and hence
the opportunity to localize errors due to measu-
ring systems individual elements functional pe-
culiarities. This will make it possible to establish
an unambiguous relationship between local signal
variations and changes in its quastr components,
which will allow the development of algorithms for
automatic noise suppression in measuring systems,
express diagnostics of malfunctions in electrical
machines and other electrical equipment using one
or more signals, and so on.

" n,rel.un.

Figure 4 — Volumetric representation of a quasi-periodic signal in the form of a quastr

Let us obtain an expression for the spec-
tral density, presented as the sum of the spectral
densities of its constituent radio pulses. The use
of coherent radio pulses as frequency compo-
nents, as it is shown in [8, 12], does not allow
one to accurately and fully relate the processes
and parameters of the quastr and spectral den-
sity components, i. e. the absence of phase shift
in radio pulses is a special case, and the ge-
neral view of a radio pulses sequence with an arbi-
trary phase delay is shown in Figure 5.

Let’s represent the signal under consideration as
a sum of four separate pulse components:

1. 6 is incomplete pulse period associated with
the phase shift 0;

2.1, 2, ..., mis full periods of the harmonic sig-
nal delayed in time by 7, relative to each other to-
gether with the delay time #y;

3. P is completed half-cycle of the last pulse;

4. P_is incomplete part of the half-cycle of the
last pulse.

1+ Z

B

of
Y

1+

M-

[==}

pt

Figure 5 — Representation of a phase-delayed signal of a
sequence of radio pulses
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Thus, taking into account the phase shift by time According to [1], the spectral density of a sinu-
1o, the presented harmonic signal spectral density soidal pulse is determined by the formula:
will be determined by the expression: f
S () I sin 2 gt (15)
Sc((’o) = Si9(®)+2k IS ((’0)+Slp+ ((D)+Sip—((’0)7 (14) ¢

where Sy(m) is spectral density of a part of the sigis  where #, and ¢, is start and finish times of the impulse
number of complete periods of the harmonic signal;  under consideration; 7, is full period of the signal
S;p+(©) is spectral density of the completed part of  under study; o is current frequency.

the last signal period; S;, (®) is the spectral density Taking into account expression (15), expres-
of the last incomplete pulse. sion (14) will be of the form:
to+mT, 's*”‘T(*T% (m+1)T,
S ()= jE sin 2—t e dt+ J E, sin 2—t e dt+ J E, sin 2—“1 e ™dt+ f E, sin z—nt e dt, (16)
7:.‘ ]; tg+mT, T;‘ T T/ T;
c to+mT.+¢ 03

where £, is amplitude of impulse under consideration.
Or, using the displacement theorem [9]:

"
S.(w)= JE sm(%tj e /dt + j E sm[%t] et + _[ E sm[%tj 0ttt iy

c
/.
H g
N | T R T+%
- J E, s1n(7t g Iotg ) gy
c

0

c c

an

Let us form an expression for each part of the expression (17).
1. The solution of equation for Sy(®) will look like:

I

LN | 2m 2n 2n
(—jo)sin| =1 [—| = |cos| =t
T, T, T, oo || (18)

Sy () = J.Em Sin(z—ntjejwdl =E, 2
T" 0
After a series of transformations and calculations, equation (18) has the following form:
2n
T T .
Se(w)=E, ————|| jo==si 2—nte + cos 2—nt9 e’ 41 (19)
2n 2n T T
o+ =
T

2. Let us write the spectral density of the full pe- S (0)=
riod of the impulse under consideration as the sum 1 n
of t\yo identical pulses, opposite in sign ar}d shifted (2 o o 2
relative to each other by a time 7,, = 7./2 , i. e.. (—jo)sin| ~=t |- 7|08

— 4 c c —joty _— jot
S(®) = S, (O)F S, (o). =| £ 7
— .(D +| —

Then the spectral density of the first positive (=/0) (TLJ .

pulse will have the form:
or
%
o 27
S, (®)= J (- )sm[ZTTE tjef“”ef‘”’edt. (20) T ol
0 c S ((,0) E 7](1)19 ( —e 2 j. (21)
il
o (3]

After integration, expression (20) has the form:
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Then, according to displacement theorem, the The total spectral density of the full periods of
spectral density of the negative half-wave of the first ~ the considered harmonic signal has the form:
pulse, delayed by time ¢,, = 7./2, is determined by 2n
the expression: S (@)= z S, (@) ™" =E T, e x
k=1 2 [ZnJ
2n o+ T
T o ol ~jole ¢ (24)
S, (®)=E,——<——e e’ /Z(l—e g } (22)  omT
l 2, [2m ok Lol )| SIS | jptmeb
[0) — o2 2 2
T x[l e j[1+e j ol e .
sin—<
2
Then the expression for the spectral density 3. Similarly to the previous calculations, let us
of a single period of the radio pulse will have the  define the spectral densities of the considered signal
form: remaining components. The expression for the spec-
tral density of the completed half-cycle of the last
Si(@)=S§, (w)+S,_(0)= pulse has the form:
2n 2n ,
I T —jo—*~ . .
T ol _jek . = e 1= 2 | it ,mjomT,
:Em—cz(l_e 2 )(l+e g Je”‘”". (23) Sp(@)=E, (o) [1 e Je e (29
21 O +| —
o+ (j (TC j
T and for the incomplete one:
2n
P T,
T, . (2n o ) i) ) et
S (0)=E ————|| jo—<sin| =—t¢, |[+cos| —¢, [le ‘? ‘+1|e T2 26
O an[(] oo ) [TD ] -
o +| —
T,
Then the general expression for the spectral density of the considered signal can be represented as:
2n
e ok _ ok sin € NG\ .
S(=E, ———— ([l—e S e (1+e 2 j — 2 " e |4
o +[2ﬂ7 sin 2”
T, (27)

T i T —Jo) L_'e oty rmT.+
+|| jo—=sin Z—Ttte +cos 2—nte e’ +1|+|| jo=<sin 2—nt9 +cos 2—nte e (2 ]+1 e 4)).
o\ T, T, T, T,

It follows from expression (26) that the signal ~Conclusion
spectral density is directly related to the periodic
signal through its main parameters — amplitude at as UEb e X -
(E,), period (T.) and initial phase (Z,), and, there- and quasi-periodic, time-limited signals in the form
fore, to study single and quasi-periodic signals, in- of components that are associated with the spectral
stead of the spectral density, one can use the quastr, characteristics of a periodic signal obtained by pe-
which represents the time-limited amplitude-fre- Tiodization and the development of a mathematical
quency spectrum of the signal. Such a representa- —apparatus for performing these procedures.
tion will simplify the algorithmic support of mea- The presented approach to the analysis of qua-
suring systems by eliminating the correlation signal ~ si-periodic signals makes it possible to simplify the
processing, which requires large computational re-  algorithmic support of measuring systems by elimi-
sources [13]. nating the correlation processing of the signal, which

A format has been developed to represent single
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requires large computational resources. The practi-
cal implementation of the proposed technique will
reduce the measurement time and design parameters
of the measuring systems elements.
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Abstract

When measuring low-power optical signals, it is necessary to ensure the highest reliability of the re-
ceived data, which is especially important for single-photon communication channels. This determines the
expediency of using photon counters as receiving modules for such channels. They are highly sensitive, but
are characterized by data recording errors. Therefore, the purpose of this work was to investigate the influence
of the intensity of the registered optical radiation J, during the transmission of binary symbols “0” on the
probability of registering symbols “1” at the output of the communication channel in the presence of symbols
“0” at its input P(1/0).

The statistical distributions of the mixture of the number of dark and signal pulses at the output of the
photon counter during the registration of binary symbols “0” P, (N) were determined. To do this, a tech-
nique was used to reduce information loss. As a result, the minimum probability P(1/0) was reached.

The probabilities P(1/0) were calculated for a communication channel containing a photon counter as a
receiving module. This calculation was carried out at different values of the supply voltage of the avalanche
photodetector U and the intensity of the optical signal used to transmit the binary symbols “0” J;,.

The experimental results showed that with increasing optical signal intensity .J;, the dependences P(1/0)
on J, initially remain almost unchanged and retain a constant value. However, with a further increase in J;),
there is a linearly increasing character of the dependences P(1/0) on J,,. Moreover, with other equal reception
parameters, such a character of the dependences P(1/0) on J,, begins to manifest itself at higher intensities of
the optical signal J,, with an increase in the supply voltage of the avalanche photodetector.

Keywords: photon counter, single photon communication channel, probability of erroneous registration
of binary symbols.
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BepossTHOCTH OLIMOOYHOM PErHCTPALMU JAHHBIX
B OTHO(POTOHHOM KaHaJIe CBA3M CTHPAIOIIEro TUIIA
C IPUEMHHUKOM HA OCHOBE CYETYUKA (POTOHOB

AM. Tumodeen

benopycckuii cocyoapcmeennblii ynusepcumem uH@opMamuky u paouodiekmpoHuKi,
ya. Il. Bposxku, 6, e. Munck 220013, Benapyco

Tocmynuna 20.04.2022
Ipunama k nevamu 25.05.2022

[Ipu u3MepeHnn MaJIOMOIITHBIX ONITUYECKUX CUTHAJIOB, TIEPEIaBaeMbIX B KaHaJIaX 0 JHO(DOTOHHOM CBSI3H,
MPUEMHBIE MOTIYJIN JOJKHBI 00eCTeunBaTh HAaHOOIBIIYIO JOCTOBEPHOCTh MPUHATHIX TAaHHBIX.

B sT0i1 cBs3U 11enecoobpa3Ho MCTONB30BaTh CYETUNKNA (POTOHOB, KOTOPHIE SBISIOTCS BHICOKOTYBCTBHU-
TEJIHHBIMH, OJJHAKO XapaKTePU3yIOTCS OITMOKaMHU PETUCTPAITii JaHHBIX. [loaToMYy 11€116 paboThI —HCCIeI0BaTh
BJIMSIHUE UHTEHCUBHOCTHU PETUCTPUPYEMOIO OIITUYECKOr0 U3JIyueHUs J,, IpH Iepeiaue IBOUYHBIX CUMBOJIOB
«0» Ha BEpOATHOCTH PETUCTPALIMK Ha BBIXOJIE KaHala CBSI3U CHMBOJIOB «1» MpHM HaJMYMU CUMBOJIOB «0»
Ha ero Bxone P(1/0).

Ha ocHoBe MeTOMMKM yMEHBIIEHUS TOTEph HHPOPMALIUK OTpeAeNeHbl CTAaTHCTUYECKHE pacipeserie-
HUSl CMECH YHCJia TEMHOBBIX M CUTHAJBHBIX MMITYyJIbCOB HA BBIXO/E CUETUHKA (JOTOHOB MPU PETHUCTPAIIH
JBOUYHBIX CUMBOJIOB «0» P (/N), Ipu KOTOPBIX BeposATHOCTb P(1/0) MuHMMAasbHAas.

Ompenenensl BepostHocTH P(1/0) s kaHama CBSI3W, COACPIKAIETO B KadecTBE MPUEMHOTO MOTYIIS
c4€T4UK (POTOHOB IIPU PA3JIMYHBIX 3HAUCHUAX HANPSDKCHUS NMUTAHUSA J1aBUHHOro ¢oronpuémuuka U, u
HMHTEHCUBHOCTHU ONTHYECKOI'0 CUTHAA, UCIOJIb3YEMOr0 Vs Iepeaayy JBOUYHBIX CUMBOJIOB «0» J;.

OKcTepuMeHTaIbHBIE PE3YIbTATHI ITOKA3aJH, YTO C YBEIMYEHHEM HHTEHCUBHOCTH ONITHYECKOTO CUTHAJA
J, 3aBucumoctu P(1/0) ot J, BHauane NpakTU4eCKU HE U3MEHSIOTCS U COXPAHSIOT IOCTOSIHHYIO BEJIHMUUHY.
OpHako npu JajlpHENIIEeM YBEJINYEHUH J, IMEET MECTO JIMHEHHO BO3PACTAIOLUIUN XapaKTep 3aBUCUMOCTEH
P(1/0) ot J,. Ilpuuém npu nmpouux paBHBIX Iapamerpax mpuéma Takod xapakrep 3aBucumoctein P(1/0)
oT J, HaYMHAET NPOSBIATHCSA NMPHU OOJBIINX MHTEHCHBHOCTSX ONTHYECKOTO CHTHANA J, C yBEIHMYCHHEM
HaNPsOKEHHS MATAHUS JTJABUHHOTO (OTONPHEMHHKA.

KiroueBble ciioBa: cuéTunk ()OTOHOB, KaHAT OAHO(POTOHHOH CBSI3U, BEPOSTHOCTh OLIMOOYHOM perucTpanyuu
JBOUYHBIX CHMBOJIOB.
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Introduction

When building modern infocommunication sys-
tems, it is necessary to ensure sufficiently high relia-
bility of the technical means used for this [1-7]. This
is especially important for systems that solve certain
problems in the field of information security, for
example, by organizing single photon communica-
tion channels [8-21]. In such communication chan-
nels, each binary bit (symbol) is transmitted using
extremely weak optical radiation with an average
number of photons no more than several tens. As a
result, it becomes possible to ensure absolute secre-
cy and confidentiality of the transmitted information
through the use of a quantum mechanical resource
when encoding the transmitted data.

When implementing single-photon communica-
tion channels, a number of rather complex technical
problems arise, in particular, the problem of registe-
ring such a weak optical radiation. In this regard, it is
advisable to use photon counters in such communi-
cation channels, which have a sufficiently high sen-
sitivity [22—25]. It should be noted that, due to the
imperfection of their characteristics, photon counters
can lead to errors in data registration, the causes of
which are, in particular, non-zero dead time, quantum
registration efficiency different from unity, etc. [24].

Quantum detection efficiency is the ratio of the
number of optical radiation photons registered by
the photon counter to the total number of photons
received [24].

The dead time of the photon counter is the time
during which the photon counter is not sensitive to
the optical radiation incident on it [24].

Known methods for estimating the probabili-
ties of erroneous data recording for single photon
communication channels [5, 7] are not applicable
to single photon communication channels with era-
sure. Such communication channels do not require
additional communication lines for transmitting and
receiving clock pulses, which distinguishes them fa-
vorably from other communication channels. At the
same time, they are characterized by the presence of
errors of two types, one of which is the registration
of characters with different names. A mathematical
model for the specified communication channel was
built in [25], and in [26], theoretical studies were
carried out to estimate the probability of erroneous
data recording. However, in the literature there is no
assessment of the influence of the intensity of the
detected optical radiation during the transmission of

information in a single photon communication chan-
nel with erasure, which contains a photon counter as
a receiving module, on the probability of registering
unlike symbols.

The object of study was an asynchronous bi-
nary asymmetric homogeneous fiber-optic commu-
nication channel without memory and with erasure,
containing as a receiving module a photon counter
based on an avalanche photodetector FD-115L, con-
nected according to the scheme of passive avalanche
suppression. The choice of such a communication
channel as the object of study is due to the fact
that the fiber optic channel is characterized by the
highest bandwidth compared to other data trans-
mission media, for example, metal wires, open
space, etc. The passive damping scheme has a lower
measurement error of the detected radiation due to
the absence of forced avalanche breakdown quen-
ching, which distinguishes it favorably from other
schemes — active quenching and pulsed p-n-junc-
tion bias (with gating). Avalanche photodetectors
FD-115L are used to operate in the near-IR range
and, due to the silicon semiconductor material used
in their manufacture, they are characterized by lower
noise associated with carrier multiplication and bet-
ter threshold sensitivity compared to germanium and
gallium photodetectors. It should also be noted that
silicon avalanche photodetectors make it possible to
implement the photon counting mode at room tem-
peratures [24].

The subject of the study was to establish the
influence of such parameters of an avalanche pho-
todetector as the intensity of the registered optical
radiation and the supply voltage on the probability of
registering the symbol “1” at the output of the com-
munication channel in the presence of the symbol
“0” at the input of the communication channel.

The purpose of this work was to study the influ-
ence of the intensity of the detected optical radiation
during the transmission of binary symbols “0” on
the probability of registering opposite symbols in a
single photon communication channel containing a
photon counter as a receiving module.

Description of the procedure for conducting
experimental studies

Further reasoning will be based on the fact that
the communication channel is created on the basis
of transceivers [27]. The mathematical model of this
communication channel was built in [25].
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To estimate the probability of registering the
symbol “1” at the output of the communication chan-
nel in the presence of the symbol “0” at its input, we
use the formula [25]:

N,

P(1/0)=1- 3 P,,(N). 1)
N=0

where N, is the upper threshold level of registration,

P ,(N) is the statistical distribution of the mixture

of the number of dark and signal pulses at the out-

put of the photon counter during the registration of

binary symbols “0”.

The upper threshold level of registration is the
largest number of pulses registered at the output
of the photon counter, at which it is concluded
that the symbol “0” has been transmitted. When
the registered pulses exceed the number N,, it is
concluded that the symbol “1” has been transmit-
ted [25, 27].

Dark and signal pulses are pulses that appear
at the output of the photon counter, respectively,
in the absence of an optical signal and as a result
of the action of photons of the detected radia-
tion [24].

Using the setup [27], I obtained the statistical
distributions of the mixture of the number of dark
and signal pulses at the output of the photon coun-
ter when registering binary symbols “0” P (N). To
achieve the least loss of information in the studied
communication channel, the technique [27] was
used, on the basis of which the lower and upper
threshold levels of registration were chosen, as well
as the statistical distributions of the mixture of the
number of dark and signal pulses at the output of the
photon counter when registering binary symbols “0”
Pst()(N)'

The lower threshold level of registration is the
smallest number of pulses registered at the output of
the photon counter, at which it is concluded that the
symbol “0” has been transmitted. When registering
pulses in an amount less than V,, a decision is made
that the symbol is absent [25, 27].

The parameter [27] was used as a criterion for
the implementation of the applied technique:

NZ N2
1- Z Ple(N)+ ZPm(N)
N=N, N=0

K (2)

P

= N, , ‘
1+ 2 Psxo(N)_Z[in(N)
N=N N=0

where N, is the lower threshold level of registration,
P, (N) is the statistical distribution of the mixture
of the number of dark and signal pulses at the output
of the photon counter during the registration of bi-
nary symbols “1”.

It is also important to note that during the re-
search, both the symbols “0” and the symbols “1”
were applied to the input of the experimental setup
due to the following features of the studied com-
munication channel. The intensity of optical radia-
tion used to transmit a given binary symbol affects
not only the probability of erroneous registration
of the symbol of the same name, but also the prob-
ability of erroneous registration of another binary
symbol [25]. Thus, the intensity J, affects not only
the probability of erro-neous registration of the
symbol “0”, but also the probability of erroneous
registration of the symbol “1”, and the intensity J,
affects not only the probability of erroneous regis-
tration of the symbol “1”, but also the probability
of erroneous registration of the symbol “0”. Given
this, as well as the fact that for the considered
communication channel, the information transfer
rate is maximum with the equiprobable occurrence
of binary symbols “0” and “1” at the input of the
communication channel [25, 28], the number of
binary symbols “0” supplied to the input of the ex-
perimental setup, it is advisable to choose equal
to the number of binary characters “1”. Thus, the
condition was fulfilled:
P(0)=P (1)=05,

3)

where P (0) and P (1) are the probabilities of occur-
rence of symbols “0” and “1”, respectively, at the
input of the communication channel.

The calculation of the probability P(1/0) was
performed for a communication channel containing
a photon counter as a receiving module for various
values of the supply voltage of the avalanche photo-
detector U and the intensity of the optical signal used
to transmit binary symbols “0” J,,.

Experimental results and their discussion

Figure 1 shows the dependence of the probabil-
ity of registering the symbol “1” at the output of the
communication channel in the presence of the sym-
bol “0” at the input of the communication channel on
the intensity of the registered optical radiation used
to transmit these symbols.
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Figure — Dependence of the probability of registering
the symbol “1” at the output of the communication
channel in the presence of the symbol “0” at the input of
the communication channel on the intensity of the opti-
cal signal used to transmit these symbols; supply voltage
of the FD-115L avalanche photodetector: 1—52.48 V;
2-5254V;3-52.65V

Note that to implement the photon counting
mode, the supply voltages of the avalanche photode-
tector were chosen near the voltage of its avalanche
breakdown, which was determined by the met-
hod [29] and amounted to 52.71 V. The intensities of
optical radiation J; used to transmit binary symbols
“0” are normalized to the maximum value from the
studied range. All studies were carried out at a tem-
perature of 293 K.

From the results presented in Figure, it can be
seen that each of the dependences P(1/0) on J,, has
similar trends for all studied supply voltages of the
avalanche photodetector. As the intensity of the op-
tical signal J;, increases, the dependences P(1/0) on
Jy initially remain virtually unchanged and remain
constant. In this section, the probabilities P(1/0) are
approximately equal to the lowest values obtained
for the corresponding supply voltages of the ava-
lanche photodetector. With a further increase in J,),
a linearly increasing character of the dependences of
P(1/0) on J, is observed.

The indicated character of the change in the
dependences P(1/0) on J,, with increasing J,, agrees
quite well with the results of mathematical modeling
ofthe considered communication channel, performed
in [25] when studying the dependences P(1/0) on n,
where n, is the average counting rate signal pulses
at the output of the photon counter when transmitting
the symbols “0”.

Note that the count rate of signal pulses during
the transmission of “0” symbols is defined as the
number of pulses generated at the output of the re-
ceiving module per unit time when exposed to radia-
tion photons corresponding to the registered binary
symbols “0” [21, 24]. To estimate the count rate of
signal pulses during the transmission of symbols “0”,
its average value n, is used [21, 24].

The presence of segments of dependences
P(1/0) on J, with constant values is explained as
follows. At low optical signal intensities J,, the
average count rate of signal pulses at the output
of the photon counter during the transmission of
symbols “0” ny, is small. Therefore, the probability
of registration at the output of the counter of pho-
tons of pulses in an amount exceeding the upper
threshold level of registration N, is also small. As
a result, the probabilities of registering the sym-
bol “1” at the output of the communication chan-
nel in the presence of the symbol “0” at the input
of the communication channel P(1/0) are equal
to the smallest values obtained for the correspon-
ding supply voltages of the avalanche photodetec-
tor. With an increase in the intensity of the optical
signal J,,, the probability of registering pulse pho-
tons at the output of the counter in the range from
the lower threshold level of registration N, to the
upper threshold level of registration N, increases.
At the same time, the probability of registration at
the output of the counter of photons of pulses in
an amount exceeding the upper threshold level of
registration NV, remains rather low. Thus, the pro-
babilities of registering the symbol “1” at the out-
put of the communication channel in the presence
of the symbol “0” at the input of the communica-
tion channel P(1/0) are also equal to the smallest
values obtained for the corresponding supply vol-
tages of the avalanche photodetector. Therefore, in
these J,, ranges, the probabilities P(1/0) remain the
least constant (see Figure).

A further increase in the intensity J, with other
equal reception parameters leads to an increase in the
probability of registration at the output of the coun-
ter of photons of pulses in an amount exceeding the
upper threshold level of registration N,. Therefore,
the probabilities P(1/0) increase (see Figure). More-
over, with other equal reception parameters, the lin-
early increasing nature of the dependences P(1/0)
on J,,, which was determined by the 5 % excess of
the probability P(1/0) from the smallest value of
the corresponding dependences, begins to manifest
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itself at higher intensities of the optical signal J,
with increasing supply voltage of the avalanche
photodetector:

at J,>1.88 x 107 rel. units for U= 52.48 V;
atJ,>2.25 x 107 rel. units for U= 52.54 V;
atJ,>49.33 x 10 rel. units for U = 52.65 V.

This is explained as follows. With an increase
in the supply voltage of the avalanche photodetec-
tor, the smallest value of the criterion K, which was
used in the research, is provided at higher values of
the lower threshold level of registration »,. There-
fore, with other receiving parameters being equal,
the shift in the statistical distributions of the mixture
of the number of dark and signal pulses during the
transmission of symbols “0” P,,(N), which results
in an increase in the probability P(1/0) [25-27], oc-
curs at higher intensities of the optical signal J, with
an increase in the supply voltage of the avalanche
photodetector.

It is also seen from the presented results that
at sufficiently large values of U, the probability
P(1/0), corresponding to the section of the depen-
dence of P(1/0) on J, with constant values, turns
out to be higher than at lower supply voltages
of the avalanche photodetector (see Figure). For
example, the probabilities P(1/0) corresponding to
Jy=21.23x 10 rel. units, are respectively:

0.20x1072 at U=52.48V and 20.89x107>
U=52.65V.

This is due to the fact that at low values of the
supply voltage of the avalanche photodetector, the
dark pulse count rate is low [24], so the probabi-
lity P(1/0) does not reach large values and is close
to zero.

It is important to note that the dark pulse count
rate is defined as the number of pulses generated
at the output of the receiving module per unit time
when there is no detected optical radiation. The
greater the number of dark pulses will be formed
per unit time, the greater the probability that the
symbol “0” and the symbol “1” will be received, re-
spectively, in the absence of the binary symbol “0”
and its presence at the input of the communication
channel [25-27].

As the supply voltage of the avalanche photo-
detector increases, the dark pulse count rate nt in-
creases [24]. This leads to the fact that even at the
lowest of the studied optical signal intensities J,,
the probability P(1/0) is very high (see Figure).

at

Conclusion

As applied to an asynchronous binary asymmet-
ric homogeneous fiber optic communication chan-
nel without memory and with erasure, containing
as a receiving module a photon counter based on an
avalanche photodetector FD-115L with switching
on according to the passive avalanche suppression
scheme. The probability of registering the symbol
“1” at the output of the communication channel in
the presence of the symbol “0” at its input P(1/0)
is made.

Based on the information loss reduction tech-
nique, the statistical distributions of the mixture of
the number of dark and signal pulses at the output of
the photon counter during the registration of binary
symbols “0” P,(N) are determined, at which the
probability P(1/0) is minimal.

The dependences of the probability P(1/0) on
the intensity of the optical signal J;, used to transmit
binary symbols “0” are established. It is found that,
as the intensity of the optical signal .J; increases, the
dependences P(1/0) on J|, initially remain almost un-
changed and retain a constant value. However, with
a further increase in J;,, there is a linearly increasing
character of the dependences P(1/0) on J,. More-
over, with other equal reception parameters, such a
character of the dependences P(1/0) on J, begins to
manifest itself at higher intensities of the optical sig-
nal J,, with an increase in the supply voltage of the
avalanche photodetector.

The performed experimental results showed
that in order to reduce the probability of registering
the symbol “1” at the output of the communication
channel in the presence of the symbol “0” at its input
P(1/0), it is important to select not only the inten-
sity of the used optical radiation J,, but also the sup-
ply voltage of the avalanche photodetector U. This
makes it possible to achieve minimal information
loss in the studied communication channel.

The results obtained in this work can be used
to create quantum cryptographic asynchronous com-
munication systems containing photon counters with
extended dead time as receiving modules and cha-
racterized by high reliability of received data.

The author of this work considers research aimed
at substantiating the choice of an avalanche photode-
tector used in the construction of a photon counter to
be very topical. Such photodetectors can differ both
in the structure of the semiconductor regions and in
the area of the photosensitive surface. In this regard,
in the course of further comprehensive studies, it is
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planned to determine how these parameters affect the
probability of erroneous registration of binary data in
relation to an asynchronous binary asymmetric ho-
mogeneous single-photon communication channel
without memory and with erasure.
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CTpyKTYypOCKONMS BUTKOB IPYKUH MOCJIE
BbICOKOTEMIIEPATYPHOM MEXaHUYECKO 00padoTKH
HA OCHOBE U3MEPEHM CKOPOCTH PIJIeeBCKUX BOJIH
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[t M3roTOBNIEHUST PECCOPHBIX NMPYKHUH MOIBMXXKHOIO COCTaBa (BaroHOB, JIOKOMOTHBOB, aBTOMOOMJICH)
MPUMEHSAIOT TPYTKH U3 NPYXKHUHHBIX cranei. Ilpum BeIcOKoTemmepaTypHOHl MexaHHYecKod o0paboTke
[IpY HABUBKE TNPYXHMH M HX 3aKaJKe BO3HUKACT PA3JIMYUE B CKOPOCTAX OXJXKICHHS BHYTPEHHEH H
Hapy>KHOI CTOPOH BUTKOB MPY’KHUHBI, YTO IPUBOAMT K PA3IUUYHIO B CTPYKTYPHOM COCTOSIHUH M CKA3bIBACTCS
Ha JIOJTOBEYHOCTH NPy KHH. Llens paboTel — HccnenoBaHne BIUSHUSL CTPYKTYPHBIX U3MEHEHUH B HAPYKHOM
U BHYTpPEHHEW NMOBEPXHOCTH BUTKOB NPY>KUH PECCOPHOI CTAIM MOCIE ONepaluii HABUBKH U BBICOKOTEMIIE-
paTypHOil MeXaHM4YECKOH 00paboTKK Ha U3MEPSIEMbIE XapaKTEPUCTUKH PIJIEEBCKUX aKyCTHUYECKUX BOJIH.

HccnenoBaHbl CKOPOCTH pacpOCTPAHEHMsI PIJIEEBCKUX BOJH B PECCOPHO-TNPYKMHHOW cTamn 60C2A
[ocjae onepauuii HaBUBKM M BBICOKOTEMIIEpATYPHOW MexaHH4Yeckod oOpaborku. s wccnenoBaHui
HCTIONB30BaHbl TEHEBOH METOJ] M METOJl aBTOLUMPKYJILUU C MbE30AJIEKTPUUYECKUMH MPeoOpa3oBaTeIsIMU
LTC-19 gacroroit 5 MI'1i ¢ KOHCTpyKIKeH crienuaibHOro 0ioka. [IpeoOpasoBarenn odecreunBarOT BBOJ U
puéM Pa3JIEeBCKOM BOJHBI 110 BHYTPEHHEH M Hapy»KHOH 00pasyroiied moBepXHOCTH npyskuHbl. [lokazano,
YTO METOJ| CPaBHEHUS Pe3yJbTaTOB H3MEPEHMs CKOPOCTH PAJICEBCKMX BOJIH Ha (DUKCHUpOBaHHOU Oase
o o0pasyroleii BUTKAa Ha BHYTPEHHEH U BHELIHEH NOBEPXHOCTSX MPYKUHbBI YyBCTBUTEJICH K HAPYILICHHUSIM
B CTPYKType MaTepHaja U mosBieHHusM IedexToB. Haiinena oqHo3HaUHAs CBSA3b CTPYKTYPHBIX COCTOSHHUN
Ha BHEIIHEH U BHYTPEHHEW CTOPOHE MPYKHUHBI CO CKOPOCTHIO PAJICEBCKOI BOJIHBI.

B pesynbrare mpoBenEHHBIX M3MEPEHUH ClieslaH BBIBOJA O 3HAYMMOW UyBCTBUTEIBHOCTU PAJIEEBCKHUX
BOJIH K CTPYKTYPHOMY COCTOSIHUIO HccieayeMoi ctand. OOHapy»KeH POCT CKOPOCTH BOJHbBI HA BHYTPEHHEH
MIOBEPXHOCTH BUTKA B 30HE KOHTAKTA C ONPaBKOW OTHOCUTEIBHO BHEIIHEH CTOPOHBI BUTKA, CUTHATU3UPYIO-
LM O HeTIOJIHOM 3aKaJIKe CTaJli B 3TOM 30HE B IPOLIECCE BBICOKOTEMIIEPATYPHOM MEXaHNYECKOH 00pabOTKH.
OTHocHTeNbHAsT pa3HUIA CKOPOCTEH B pa3HbIX 00pa3lax NPYKUH COCTABISIET MNPUOIU3UTEIBHO 0
1% (=30 wm/c), uTo ABNSIETCS 3HAUNTENHHON BENMYMHON AJISI OLEHKH KauyecTBa BBICOKOTEMIIEPAaTypHOH
MEXaHH4YeCKOi 00pabOTKH.

KuaroueBbie c10Ba: CKOPOCTh P3JIEEBCKUX BOJH, TEHEBOW METOJ M METOJ aBTOLMPKYISLHU, PECCOPHO-
MpY’KMHHAs CTaJlb.
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Abstract

For the manufacture of spring springs of rolling stock (wagons, locomotives, cars), bars made of spring
steels are used. With high-temperature machining, when winding springs and quenching them, there is a dif-
ference in the cooling rates of the inner and outer sides of the spring coils, which leads to a difference in the
structural state and affects the durability of the springs. The aim of the work is to study the effect of structural
changes in the outer and inner surfaces of spring steel coils after winding and high—temperature machining
operations on the measured characteristics of Rayleigh acoustic waves.

The propagation velocities of Rayleigh waves in spring-spring steel 60C2A after winding and high-
temperature machining operations are investigated. The shadow method and the autocirculation method
with piezoelectric converters CTS-19 with a frequency of 5 MHz with a special block design were used
for research. The converters provide input and reception of the Rayleigh wave along the inner and outer
forming surface of the spring. It is shown that the method of comparing the results of measuring the velo-
city of Rayleigh waves on a fixed base by the coil generator on the inner and outer surfaces of the spring
is sensitive to disturbances in the structure of the material and the appearance of defects. An unambiguous
relationship of the structural states on the outer and inner sides of the spring with the velocity of the Ray-
leigh wave is found.

As a result of the measurements, a conclusion was made about the significant sensitivity of Rayleigh
waves to the structural state of the steel under study. An increase in the wave velocity was detected on the
inner surface of the coil in the contact zone with the mandrel relative to the outer side of the coil, signaling
incomplete hardening of steel in this zone during high-temperature machining. The relative speed difference
in different spring samples is approximately up to 1 % (= 30 m/s), which is a significant value for assessing
the quality of high-temperature machining.

Keywords: Rayleigh wave velocity, through transmission method and auto-circulation method, spring steel.
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BBenenue

PeccopHble 31I€MEHTBI TEJEKKH TPY30BBIX H
MacCaKUPCKUX BaroHOB B TPOIECCE DKCILTyaTalliH
MMOABEPKEHBI  BO3JCUCTBHIO  HArpy30K,  OTIIH-
YaIOIIUXCS 3HAUCHUSIMH, YPOBHEM, XapaKTepoOM H
meTooM aeiictBus. Hanboliee ommacHbIM sIBJIEHUEM
B PECCOPHBIX TPYXKHHaX SBISCTCS YCTaJIOCTh
MeTaJlla, 0OCOOEHHO CYIIECTBEHHO IMPOSBIISIONIASCS
B MeCTax KOHIIGHTPAallMW HampsHKeHWH, B Ka-
YECTBE KOTOPBIX MOTIYT OBITh  CTPYKTYpPHBIC
HecoBepmeHcTsa [1-3]. [l u3rotoBieHus peccop-
HBIX TMPYXHH TIOJBM)KHOTO CoOcCTaBa (BaroHOB,
JIOKOMOTHBOB, aBTOMOOWJIEH) NPUMEHSIOT TpPYT-
KM U3 NpYXUHHBIX cTaneit 60C2A, KoTopble MOJI-
BEpraroTCs TaKWM BO3ACHCTBHSAM, Kak o0OpaboTka
METAJIJIOB JaBJIEHUEM, BBICOKOTEMIIEpaTypHas Me-
xaHuuyeckass oOpabotka (BTMO), Ttepmuueckas
obpabotka. B mporecce BTMO npu HaBuBKe mpy-
JKUH U MX 3aKaJIKe BOZHUKAET Pa3iIure B CKOPOCTSIX
OXJIQKJICHUS BHYTPEHHEH U Hapy>KHOH CTOpPOH
BUTKOB TMPYXXUHBI, YTO TMPHUBOIUT K Pa3IHUUIO
B CTPYKTYPHOM COCTOSIHUM M CKa3bIBACTCS Ha JIOJI-
TOBEYHOCTH NPYKUH [4, 5].

[IpoOnema moncka HOBBIX IOJXOJIOB K UCCIIE-
JIOBaHUIO OTKJIOHEHWH CTPYKTYPHOTO COCTOSHHS
pa3TUYHBIX YacTeH TepMHUYECKH 00padaThIBaeMbIX
METAJUTOU3ICIINA W TIOCJIE Pa3IUIHBIX BHEITHUX
SHEPreTUYECKUX BO3JEHCTBUM — OJHA M3 Baxk-
Hedmmx B MetamoBeAeHun [6—8]. [lomydaemblie
CTPYKTYPHBIE COCTOSIHUSI M (PU3UKO-MEXaHUYECKUE
CBOWMCTBA  MaTepUalioB  BBITOAHO  OIICHHUBATh
yIBTPa3BYKOBEIMH MeTomamu [9-14]. OCHOBHBIM
“H(GOPMATHBHBIM I1APAMETPOM TIPH  BBIITOJIHEHUH
AKyCTUYECKON CTPYKTYPOCKOTIHH SIBJIIETCS] CKOPOCTh
pacmipocTpaHeHUs] BOJH. BOJBIIMHCTBO METOAUK
aKyCTUYECKOH CTPYKTYPOCKOITUH 0a3upyeTcs Ha Me-
TOJAX C WCIIONB30BAaHUEM KOHTAKTHBIX IhE30-
JJEKTPUYECKNX TMpeoOpa3zoBareieil, Mpu ITOM
MPEIBSBISIOTCS BBICOKHE TpeOOBaHUS K  Teo-
METPUYECKHM pa3MepaM, IUIOCKONapauIeIbHOCTH
[TOBEPXHOCTH BBOJIa M OTPAXKAIOIICH MOBEPXHOCTH,
YUCTOTE 00PaOOTKH MMOBEPXHOCTH, KAYECTBY KOHTAK-
Ta u Ap. HemocTarodHo BBICOKasi TOYHOCTH METO/IHK,
a TaKKe HEOOXOUMOCTD HCIIOTH30BAHUS ATATTOHHBIX
00pa3IoB OrpaHUYHMBAET WX NpuMeHeHue. [loaTomy
HCCIEIOBAHUE BO3MOXKHOCTU OLIEHKH CTPYKTYPHOTO
COCTOSIHMSI MaTepHualia Ha KPUBOJMHEWHOW TMOBEpX-
HOCTH TIPYXXHH, OCHOBAaHHOE Ha HW3MEPEHUH CKO-
pOCTH POAJICEBCKUX aKyCTHYECKHX BOJH, SBISETCS
aKTyaJIbHOH 3aaaueil.

Hcnonb3yemblie moaxonsnl.
MeToauka IKCIIepUMeHTA

Paznuune CTPYKTYpHBIX COCTOSHUHM Ha BHYT-
pEHHEH M BHEIIHEH MOBEPXHOCTIX BUTKA MPYKH-
HBI, BO3HHMKAIOIINX MpPH TPOU3BOJCTBE MPYKUH
B mpouecce BTMO, He BBIABIAETCS IITaTHBIMU
MeTogamMu. OJTHAKO OHHU CYIIECTBEHHO COKPAIIafoT
JIONITOBEYHOCTh MPYKKH. M3 pucynka 1 BuaHO, 4TO
B MECTE€ KacaHHs TOpA4YeH 3aroTOBKH TPY>KHUHBI
C ONpaBKOH, B CBSA3M C YMEHBIIEHHWEM CKOPOCTHU
OXJIXKACHUS TIPH 3aKajKe HIDKE KPUTHYECKOM,
BO3ZHUKAET 30Ha C HEJOCTATOYHBIM TEILIOOTBOIOM
IIpU B3aUMOJICHCTBUU C 3aKaJIOYHOM Cpenoi, KOTO-
pas He IpOHUKaeT B 3Ty 30HY. Bciencreue
4ero, IOCIE OIEpALUU 3aKaJKH HE pean3yercs
BBICOKOIIPOYHAsl CTPyKTypa u oOpasyercss 30-
Ha HEIOJIHOW 3aKaJIKM, XapaKTepHU3yIOIIasicsl Mpo-
IyKTaMH HEMapTeHCUTHOIO pacmaja C Hajlu-
gueM 3€peH  ¢deppura W mepiauTa  (pHCY-
HOK 2a) B OTJIWYHE OT TOJHOM 3aKalKh C Map-
TEHCHUTHBIM TIpeBpaIieHueM (PUCYHOK 2b).

C
C

\
\
b

a

Pucynox 1 — Buemrnuii Bua npyxuHsl (a) 1 HaBUBKa e&
Ha OIIPABKY IIPU BBICOKOTEMIIEPATYPHON MEXaHUUYECKOH
obpabotke (b): 1 — ompaBka; 2 — ceueHne BUTKA; 3 — 30Ha
C TIOHM)KCHHOW TEeMIepaTypoi; 4 — JTHMHWM KOHTaKTa —
30Ha HEMOIHOM 3aKallKu

Figure 1 — Spring appearance (a) and its winding on the
mandrel at high temperature mechanical machining (b):
1 — mandrel; 2 — cross — section of the coil; 3 — zone with
low temperature; 4 — contact lines — zone of incomplete
hardening

M3BeCcTHO, YTO CKOpPOCTh PAaCIpPOCTPAHEHUs
yIBTPa3ByKOBBIX BOJIH B CIUIaBaXx CBsi3aHa C MX
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cTpykTypoir [15]. Hambomee BHITOOHBIM BapuaH-
TOM JUIs pa3pabOTKH METOJIUKH CTPYKTYpO-
CKOIIMM SIBJISETCS HCHONB30BaHUE BOJH Poames,
pacrpoCTpaHAIONIMXCSl Ha CTPOro (PUKCHpOBaH-
HOM Oaze. C menbi0 WCCIENOBaHUS CTPYKTYpPHO-
IO COCTOSIHUSI TIPYKMH TEJEKKH IKeJIC3HOIAOPOK-
HOTO BaroHa OBLIM CKOHCTPYHpOBaHBl 4 Oioka

paJieeBCKHX  mpeoOpasoBarerneil Uit MPYKUH
pazHoro amamerpa (PUCYHOK 3), COOTBETCTBEHHO
mo aBa OJOKa IS YCTAHOBKM Ha HApY)XHOU H

BHYTpEHHEH TIOBEPXHOCTSX BHUTKA IPY>KHUHBI.
B xoHCTpykmmm mpeoOpaszoBaTenell  MCHOIb30-
Bamuck  mbe3omnactuael  LITC-19  wgactoroit
5 MI'm.

Pucynok 2 — MukpocTpyKTypa BOIH3HM BHYTpeHHEH (@) 1 BHENIHEH (b) 9acTell BUTKA MPYKUHBI TpH yBenudeHun 1000

Figure 2 — Microstructure near the inner (a) and outer parts (b) part of the spring coil at 1000 magnification

Pucynok 3 — PaneeBckue npeodpa3oBareu sl KOHTPOJIS CTPYKTYPHOTO COCTOSHUSI IPYKUH paauycom 60,5 MM (a) u
71,4 mm (b): 1 — kopiyc mpeoOpa3oBaTelis U3 OPrCTeKIIa; 2 — IMbE303JIEMEHT; 3 — MPYXKHUHA

Figure 3 — Rayleigh transducers for the control of the structural state of springs with a radius of 60.5 mm (a) and of
71.4 mm (b): 1 — plexiglass transducer housing; 2 — piezoelectric element; 3 — spring

[IpeoOpa3zoBarenn, NOKa3aHHbIE HAa PHUCYH-
ke 3, o0ecrneunBalOT BBOJA P3IE€EBCKONH  BOJIHBI
Mo BHYTpEHHEH W  HapyKHOH oOpasyromieit

MIOBEPXHOCTH HPYXKUHBL. JlJIi TOYHOCTH KOHTPOJISI
KpaiiHe Ba)XHO, YTOOBI PACCTOSHHUE, TPOHUIEHHOE
p2JIeeBCKOM BOJIHOM Ha BHEIIHEH CTOPOHE BHTKA
OpY’KUHBI W Ha BHYTPEHHEW, OBLJIO OIMHAKOBO.
[ToaToMy paccrosiHME MeEXIy TOYKaMH BBOJAA U

BBIXOJ[d PACCUUTAIH TEOPETHYECKH M TIPOBEPHIIH
9KCIIEPUMEHTANIBHO, YTO COCTABHJIO U BHELIHETO
U BHyTpeHHero mpeobOpaszosareneid 20 u 36 Mm
COOTBETCTBEHHO.

st mccnmenoBanust 0Opas3IoB TMPYKUH OBLITH
nucnonb3oBanbl  cTpykTypockorn MCII-12 (yasrpa-
3BYKOBOH HHAMKATOp CTPYKTYpHBIX IpeBpale-
HUI) U ynabTpasBykoBol nedexrockon DIO 1000.
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CxemMa KOHTPOJII C TMOMOIIBIO CTPYKTYPOCKOIA
WCII-12 npencraBneHa Ha pUCyHKe 4.

Pucynok 4 — Cxema ycraHoBKH OJ10Ka peodpa3oBaTesneit
Ha BHUTKEe mpyxwuHbl: | — crpykrypockon NCII-12; 2a —
npeoOpa3oBaTeb Ui BHEIIHEH YacTH BUTKA IPY)KUHBI;
2b — mpeoOpas3oBaTenb I BHYTPCHHEH YacTH BHUTKA
NPYXUHBL, 3 ¥ 4 — W3NydYarolye W NPUEMHBIE IbE30-
9IIEMEHTBI; 5 — Iy Th PAJICEBCKOM BOJIHBI; 6 — BUTOK IIPYKUHBI

Figure 4 — Plant layout of the transducers unit on the
spring coil: 1 — structuroscopy ISP-12; 2a — transducer for
the exterior part of spring; 2b — transducer for the internal
part of spring; 3 and 4 — radiating and receiving piezoelec-
tric elements; 5 — Rayleigh wave way; 6 — spring coil

B ocHoBe pabotel crpykrypockona MCII-12
JICKUT METOJA AaBTOLUPKYIALHUU HMITYJIbCOB, CYTh
KOTOPOrO 3aKJIO4aeTcsi B TOM, 4YTO LEHEpaTop
HAMITYJTbCOB,  BO3OY)KJAIOMIMIA  THE303JIeKTprudec-
KMl mpeoOpas3oBaresb, CHHXPOHU3UPYETCS UMITYIIb-
caMy, MPOLIEAIINMU YEPe3 aHATU3UPYEMYIO CpeEny.
[Ipormmenmmii mo oOpasily yIbTpa3ByKOBOI UMITYJIbC,
MIPUHUMAETCS NMPUEMHBIM  The30mnpeoOpa3oBare-
JeM W TpeoOpasyeTcss B DJIEKTPUYECKU CHUTHAI,
(hopMupyroIui CIenyroIUi BBOAUMBIN B 00paselr
uMmiynbsc. [Ipu 3ToM yacToTa CleqOBaHUS UMITYJIb-
COB 3aBHCHUT OT BPEMEHH TMpo0era HMITYJbCOM
paccTosHUST ~ MEXAY  Ibe30IpeoOpa3oBaTeIsIMHU,
cienoBaTensHO (TP HEW3MEHHOM  PAacCTOSHUU
MEXIy Ibe30mMpeodpa3oBaTe/IIMi), OT CKOPOCTH
pacrpocTpaHeHHus YIbTpa3Byka B oOpasiie.

N3mepenus BpEMEHU pacnpocTpaHeHus
pAJieeBCKOW  BOJHBI € TIOMOIIBIO JAedekTockorna
DIO 1000 mpoBOAMINCH CISAYIOINIMM OOpa30M:
YIBTPA3ByKOBOW WMITYIIbC BO30yXmajcsi W TIpH-
HUMAJICSI HEMOCPEACTBEHHO /1e(DEeKTOCKOIIOM, 3aTeM
[0 PETUCTPUPYEMBbIM HMITYJIBCAM PACCUUTHIBAJICS
HWHTEPBaJ BPEMEHU MEKIY U3IyUYEHUEM U IPUEMOM
BOJIHBI, TPOXO/IAIIEH 110 AyTre OKPYKHOCTH MPYKHUHBI
OT H3IIy4alolero K MNpUEMHOMY Ipeodpa3oBare-
0 (PUCYHOK 5).

DIO 1000
1

Pucynok 5 — Cxema ycTaHOBKH 0510Ka TIpeoOpa3oBaTeseit
Ha BUTKe npyxuHbl: 1 — nepexrockon DIO 1000; 2 — 6110k
npeobpas3oBareneii; 3 u 5 — W3MyYaromue U MPUEMHBIC
MTEE303JIEMEHTHI; 4 — Iy Th PANIECBCKON BOJHBL, 6 — BUTOK
NPy KUHBI

Figure 5 — Plant layout of the transducers unit on the
spring coil: 1 — flaw detector DIO 1000; 2 — transducers
unit; 3 u 5 — radiating and receiving piezoelectric ele-
ments; 4 — Rayleigh wave way; 6 — spring coil

PesyanaTm HCCJICJ0BaAaHUA

UccnenoBanus npoBoauiuch Ha 4-x oOpas3uax-
BBIPE3KAX MPYKUH BHEIIHUM AUAMETpoM 143 mm
u Ha 3-x — nuametrpoMm 121 MM, M3rOTOBJICHHBIX
o texHonornn BTMO B pazHoe Bpems U3 pa3HbIX
napThil npyTKoB. IIpyKMHBI U3rOTOBJIEHBI U3 CTa-
mu Mapku 65C2I°, mOBEpXHOCTH KOTOPBIX HMEET
mepoxoBarocTs Rz40.

XUMHUYECKMH ~ aHanmu3 MeTajila  00pas3LoB
npyxusbl Ne 1 quamerpom 121 MM, BUTOK O 15 MM,
Ne 2 nuamerpom 143 mm, Butok @20 MM u Ne 3
nuamerpoMm 121 MM, BuTok @ 18 MM moOKa3al, 4TO
XMMHYECKHE COCTaBbl 00PA3LOB COOTBETCTBYIOT
tpedoBanmsiM ['OCT 14959-2016.

OTkyIoHEeHHEe TO TBEPAOCTH Ha TOPLE BHUTKA
B Pa3HBIX TOYKax MO AMAaMETPy C MmaroM | M
OT BHYTPEHHEH  IOBEPXHOCTH /0  HAPYKHOM
cocrauno 1 HRC. Tsépmocte  m3Mepsnachk
Ha npudope I[IMT-3. O6pazer nuamerpom 143 mm:
56-57 HRC;  oOpa3upl  muamerpom 121 mMm:
46-47 HRC.

Pesynbrartel uccnenoBaHUst OTHOCHTEIBHOTO
W3MEHEHHUS! 4aCTOThl aBTOLMPKYJSLUH Uil 00pas-
LOB MpyXuH nauamerpoM 143 u 121 MM cTpyk-

typockoniom MCII-12 mpencraBnensl B Tab-
muue. B oOpasue Nel mpyxuHBI AnaMeTpoMm
143 MM  OTHOCHUTEIBHOE HM3MEHEHUE  YacCTOTHI

CYIIECTBEHHO MEHbIIE, YeM Ha oOpaszmax No 2—4,
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YTO CBUJETEILCTBYET O MEHEE 3HAYNMBIX Pa3IHUUIX
B CTPYKTyp€ Ha BHYTPEHHEW M BHEIIHEH CTOpPOHE
Butka. [lnga mpyxun aumamerpom 121 MM Taxke
HAOJIIONAIOTCSL  pa3iIuius 10  OTHOCUTEIbHOMY
W3MEHEHHUIO YacTOThl B pasHbIX oOpasuax. Creno-
BaTENbHO, MOXKHO 3aKIIOYNTh, 4YTO OIEpaluu
BTMO, nmpoBoanMble B pa3HOE BpeMs U Ha Pa3HbIX
MapTUSAX, MOTYT OTJIIMYATHCS MO Ka4eCTBY CTPYKTYP
Ha BHYTPEHHEH CTOPOHE BUTKA.

Habmiomaemoe  pasnnuue  OTHOCHTENBHOTO
W3MEHEHHUS] YacCTOThl AaBTOLMPKYJISLIHMHU OT BHYT-
pEHHEH 110 BHEIIHEH CTOPOHBI MPY’KHUHBI BO BCEX
7 obpa3uax CBUAETEIBCTBYET O IIOBBIIIEHUH CKO-
pOCTH  pacHpoOCTpaHEHUs  PAJIEEBCKOH  BOJIHBI
Ha BHYTPEHHEHl dYacTu MpYy>KUHBI, YTO O3Ha4yaeT
pa3HUIly CTPYKTYPHBIX COCTOSHMM BHEIIHEW U
BHyTpeHHe# wacrteil npyxunbsl. Cormacuo [12, 13],
YBEIMUYEHHE CKOPOCTH COOTBETCTBYET YBEINYECHHIO
PaBHOBECHOCTH CTPYKTYPHOT'O COCTOSIHHUS, B OTJIH-
YHe OT 3aKaJIOUHBIX CTPYKTYD.

Perucrpupyemoe nedexrockorom DIO 1000
BpeMsI IIPOXOXKICHUS CUTHAIA 10 (PUKCUPOBAHHOMY
MTyTH, TOKAa3bIBAET CHIKEHHUE BPEMEHU IO BHYT-
pEeHHEW CTOpPOHE MpPYXKHUHBI, YTO O3HA4YaeT POCT
CKOPOCTH BOJIHBI OTHOCHUTENIFHO BHEIIHEH CTOPOHBI
U CUTHAJM3UPYET O HENOJNHON 3aKallke CTalH
B miporiecce BTMO 6o o camoornycke. CpenHsist
MOTPEIIHOCTh M3MEPEHUs] BPEMEHU IPOXOXKACHUS
umnyisca coctaBuia 0,01 mxc. MakcumanbHas
MOTPENTHOCTh cocTaBseT He Oomnee 0,03 MKc.

[lorpemHoCcTh  M3MEpPEHU YacTOThI  aBTO-
LUPKYJSIUA  KoneOaeTcss Uil pas3HbBIX 00pasloB
ot 1 10 5 I'. OCHOBHBIMH (paKTOPaMH, BIUSIOIIUMH
Ha TOTPEIIHOCTh, SBISAIOTCA pas3INyuds B MIEpo-
XOBaTOCTH MOBEPXHOCTH U OTKJIOHEHHS YCTaHOBKH
npeoOpaszoBareist 1O 0Opasyromiell BCIICACTBHUE
KPUBU3HBI IIPYKUHBI, a TAKXKE Pa3IUYMs B yCIOBUAX
BBOJIa U MTpHEMA BOJIH I BHEIIIHETO U BHYTPEHHETO
npeoOpazoBatesi. OTHOCHTENbHAS TOTPEITHOCTH
n3Mmepennit cocrasuna 0,01 %, 4ro cooTBeTCTBYET
HCCIICIOBAHMSM, U3JI0KEHHBIM B [16].

Ha ocHoBe pe3ynbTaToB M3MEPEHUI YacTOTHI
aBTOUMPKYJSAHH cTpykTypockoniom MCII-12 pac-
CYMTaHa CKOPOCTb POJIEEBCKUX BOJIH. 3HA4YCHHE
YacTOTHI f, MpeACTaBIsieT co00il BennuuHy, oOpat-
HYI0O BpPEMEHHU [, IPOXOXKIEHHs YJIbTPa3ByKOBOIl
BOJIHBI OT M3JIy4arolleil Mbe30MIaCTUHBI JI0 MPUEM-
HOW. Bpems ¢, ckmagpIBacTCs M3 JIByX BpPEMEH:
BPEMEHM 33JEP>KKH YJIBTPa3BYKOBOW BOJHBI B IPH3-
Me mpeoOpazoBaTelst 7, 1 BPEMEHH paclpocTpaHe-

P
HHS1 P2JICEBCKOI BOJIHBI B 00pasiie NPy KUHBI f5:

Ja :Z:
t, =2l‘p+tR;
s
P~ C ’
P
CR lsfacp '
C, 21,/

Tabnuya / Table

OTHocuTe/IbHbIE H3MeHeHUs] YacTOThl AaBTO-
nupkyasauun (Af,/f,) 1 ckopoctu (ACL/Cp) B
HCCIeJOBAHHBIX 00pa3uax ¢ MCIOJIb30BaHHEM
HCII-12 u oTHOCUTE/IbHbIEC U3MEHEHUS] BpeMeHH!
NMPOXOKIeHUus1 curHajga (A#/t) um cKopocTH
(ACR/CR), 3aperucTpupOBaHHBIX Ae(PEKTOCKONIOM
DIO 1000

Relative changes in the frequency of autocircula-
tion (Af,/f,) and velocity (AC,/Cy) in the studied
samples using ISP-12 and relative changes in the
signal transit time (A#/t) and velocity (AC,/C}) re-
corded by the DIO 1000 flaw detector

ISP-12 DIO 1000
Ne D, mm
AL, ACRICr  Atlt  ACR/Cy

1 0.0032  0.0055 0.0018  0.0041
2 0.0041  0.0092  0.0030 0.0066
3 1 0.0043  0.0095 0.0033  0.0049
4 0.0038  0.0089 0.0030 0.0074
5 11 0.0046  0.0103  0.0033  0.0090
6 0.0044  0.0096  0.0025  0.0090

CKOpOCTh TIPOJIOJIBHONW BOJIHBI B  TIPU3ME
npeoOpa3oBaresisi, M3rOTOBICHHOTO M3 OPICTEKIIA,
C,=2670 m/c. PaccrosHue, NPOXOAUMOE BOJIHOH
B MpU3ME lp = 0,02 m. PaccrosHue, mpoxoaumoe
BOJIHOW B o00pa3le NpYyXKUHBI, paBHOE 0Oase
npeobpasoBarens, [, =0,036 m. OtHOCUTENIBHOE
WU3MEHEHHE CKOPOCTH PAJICEBCKUX BOJH IO pe-
3yJbTaTaM W3MEPEHUS YacCTOTHl aBTOLUPKYJISIHH
crpykrypockonioM MHCII-12 mo BHyTpeHHed u
BHEIIIHEW CTOPOHE MPYXHH OTPAKCHBI B TaOJMIIE,
TaKkKe B TaOJIMIE TMPEICTABICHbI OTHOCUTEIIBHBIC
W3MEHEHUS CKOPOCTH pAJICEBCKHX BOJH, pac-
CUMTaHHBIX II0 pe3yJibTaTaM W3MEPCHHI BPEMEHU
MIPOXO0XKIEHUS UMITyJibca ¢ momouisio DIO 1000.

W3 pe3ynbTatoB BUAHO, 4YTO HAOJIOIALT-
Csi YMCHBIIICHUE CKOPOCTH PAJICEBCKOW BOJIHBI
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B Hapy>KHOM 4acTH BUTKA MPY>KUHBI OTHOCUTEIHHO
BHyTpeHHeil. Ilo pesyabTaTam uccrenoBaHUM
MOKHO OTMETHTB, YTO METOJ HM3MEPEHHUsI CKOpOC-
TH YJIbTPa3ByKa YyBCTBHTEJICH K HapyLICHUSIM
B CTPYKTypE MaTepuasa 1 HOSBICHUSIM Je(EKTOB.

3akJjarouyeHue

[TokazaHo, 4TO METOJ CpaBHEHHS Pe3yJIbTaTOB
H3MEpPEHHsI CKOPOCTH PAJICeBCKHX BOJH Ha (UK-
CHpOBaHHOH 0a3e Mo oOpasyomiell BUTKa Ha BHYT-
pEHHEl M BHEIIHEH IIOBEPXHOCTAX IIPYXKUHBI
YyBCTBHUTEJICH K HapylIEHHSAM B CTPYKType Ma-
Tepuala | TOsABICHUSAM JiedekToB. Pazmuuume
CKOPOCTH  PAJICCBCKMX BOJIH  CBHJICTEIBCTBYET
0 Pa3IUYUH CTPYKTYPHOTO COCTOSIHUSI METaJlIa.

OO0HapyKeH pOCT CKOPOCTH BOJIHBI Ha BHYT-
PCHHEH TOBEpXHOCTM BHUTKA B 30HE KOHTaKTa
C OIpaBKOW OTHOCUTENIBHO BHELIHEH CTOPOHBI
BUTKA, CUTHAIM3UPYIOIIMH O HEMOJHOH 3aKal-
ke cramu 65C2I° B »9TOM 30HE B Tpolecce
BBICOKOTEMIIEPATypHOH MeXaHUuecKol oOpaboTKH.
OTHocHTeNbHAsT pa3HHUIA CKOPOCTeH B pasHBIX
oOpasnax npyxuH cocrasisier 10 1 % (=30 m/c),
YTO SBISICTCS 3HAYUTEIBHOW BENWYMHOW JJISI OLCH-
KM KayecTBa BBICOKOTEMIIEPATYpHOH MexaHHuvec-
KOI 00paboTKH.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt




MMPABUJIA O®OPMJIEHUSA CTATEN

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.




AUTHOR GUIDELINES

1. Article materials should correspond to the journal
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard
copies together with electronic file in the Word for Win-
dows format (97/2000/2003). The paper should not ex-
ceed 14 pages of the typewritten text (Times New Roman,
12 points, 1.5-space).

5. The article should contain UDC number, Ti-
tle (printed in capitals), Authors’ names (the correspon-
ding author name should be marked with asterisk), full
Address of organization(s) in which the author(s) work,
Abstract (200-250 words), Keywords (not more than 5
words), Introduction, the Text of the paper with tables,
diagrams and figures (if there are any), Conclusion with
clearly stated inferences, List of References, List of Sym-
bols and Abbreviations (if it is necessary). Title, Authors’
names and affiliation(s), Abstract, Keywords should be
presented both in English and Russian languages.

6. The abstract should be informative (contain "squeeze"
from all sections of the article — the introduction stating the
purpose of the work, methods, main part and conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
descripted.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same
information. Each table should have the title. All tables,
diagrams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end of the
article with full bibliographic information. Order of refe-
rences should correspond to the order of their occurrence
in the text. It is not recommended to refer to conference
proceedings, papers from electronic journals without DOI
number, textbooks, internet resources. References on un-
published works are prohibited. It is recommended to refer
to not less than 10 references, self-citations — not more than
20 %.

13. The following information about every co-author
should be presented: family name, first name, patrony-
mic (or second) name (if there are any), scientific degree
and title, organization and position, full address with the
postal code for correspondence, office or mobile phone
numbers, fax, e-mail.

14. Articles containing investigation results obtained
in organizations should have a corresponding permission
for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end of
the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the Edi-
torial Board would not be accepted and may be returned
to the authors. The date of receipt is considered to be the
day when the Editorial Board receives the author’s original
paper.

18. Authors conducting postgraduate (graduate stu-
dies, doctoral studies) have a priority in publishing their
articles out of queue in the year of completion. Authors
do not pay for publishing scientific articles. The Edito-
rial Board can shorten and/or change the text if it does not
strain the meaning of the article.
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