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A system of waveguide paths is a complex structure of various elements with various geometries. Induction solder-
ing based on the induction heating method is one of the promising methods for waveguides fabricating. Induction sol-
dering of waveguide paths has a number of technological features: the melting temperature of the base material AD31
(695663 "C) slightly differs from the melting temperature of St. AK12 solder (577-580 °C) at an average induction
heating rate of 20-25 °C / sec; a wide variety of standard sizes of waveguide paths elements complicates the develop-
ment and subsequent reproduction of technological parameters of the induction soldering process; zones of maximum
heating of waveguide paths elements do not coincide with zones of soldering. Therefore, to solve the problems of con-
trolling the waveguides soldering process, it is necessary to simulate this process. The paper deals with the problem of
simulating the process of heating a waveguide during induction soldering. Requirements for the process model have
been formed. The model is built on the basis of the differential heat conduction equation. The formed model require-
ments take into account the geometric parameters of waveguides, the physical parameters of materials, the initial and
boundary conditions, as well as the uneven distribution of eddy current density in the waveguide. It is proposed to use
the finite difference method for the numerical solution of the heat conduction equation. The process of calculating the
temperature at the grid nodes is shown. The authors propose a two-stage solution. At the first stage, at an intermediate
time step, the temperature at the grid nodes along the X axis is calculated. At the second stage, the temperature at the
grid nodes along the Y axis is calculated. The numerical solution of the difference equations along the X and Y axes is
carried out by the sweep method. An algorithm for the numerical solution of the heat conduction equation has been
developed.

Keywords: waveguide path, induction soldering, model of the waveguide heating process, differential heat conduc-
tion equation, finite difference method.

MOJEJUPOBAHUE NPOIECCA UHAYKIIMOHHOM IMMAMKHA BOJTHOBOIHBIX TPAKTOB
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Cucmema 801HOB0OHBIX MPAKMOE NPeOCMABsien cOO0U CIONCHYIO KOHCMPYKYUIO U3 PATUYHBIX IEMEHMO8 ¢ pa3-
Hoobpasnou ceomempuei. OOHUM U3 NEPCHEKMUBHBIX CHOCOO08 U320MOBNEHUSI BOHOBO008 AGNAEMCA UHOYKYUOHHAS
navika, OCHOBAHHASL HA Memooe UHOYKYUOHHO20 Hazpedd. MHOYKYUOHHAs NAlKA GOTHOBOOHBIX MPAKMOS8 obiadaem
PAOOM MEXHONO2UHECKUX OCOOEHHOCMEN. OMHOCUMENbHO HeOONbUAsL PA3HUYA MEMRePanypbl NAAGLeHUst OCHOBHO20
mamepuna AJ/[31 (695-663 °C) u npunos Ce. AK12 (577-580 "C) npu cpeoueii ckopocmu UHOYKYUOHHO20 Hazpesd
20-25 "C/cex; Gonbuioe paznoobpasue munopazmepos 31eMeHnos BOIHOB00HIX MPAKMOE NPEOCMABIAEN CIOHCHOCTb
npu ompabomxe u nOCiedyiowem 80CHPOU3BEOCHUU MEXHOIOSUYECKUX NApaMempos npoyecca UHOYKYUOHHOU NauKu,
30Hbl MAKCUMATILHO20 HAZPEBA DNEMEHMO08 80THOBOOHbIX MPAKMO8 He coenadaiom ¢ 30Hamu natixu. Ilosmomy ons pe-
weHusl 3a0ay YnpagieHusi npoyeccom NAauku 80IHOB0008 HEODX0OUMO NPOBeCHU MOOEIUPO8anue OaHHO20 NPoyecca.
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Texnonozuueckue npoyeccost u mamepuaiiol

B cmamve paccmompena 3a0aua Mooeruposanus npoyecca Hazpesa 60IH0800d npu UHOYKYuoHHoU naiike. Cpopmupo-
eaubl mpebosanusi Kk mooenu. Modenv cmpoumcs Ha OCHOGe OUPOEPEHYUATbHO2O YPABGHEHUsT MENnIONPOBOOHOCMUL.
Copmuposanmvie mpebosanus Kk MOOEU YHUMBIEAION 2eOMEMPUYECKUe Napamempol 60JIHO80008, (usuieckie napa-
MEmpbl MAMEPUANLO8, HAYANLHBLE U PAHUYHBLE YCILOBUSL, A TAKICE HEPABHOMEDHOE Ppachpedenetie NIOMHOCIU 6UXpe-
6020 moka 8 8oanosode. IIpeonacaemcst O HYUCIEHHO20 DEUECHUS YPABHEHUS MENIONPOBOOHOCHU UCHONb306AMb
Memoo koneunvix paznocmeti. Tlokasan npoyecc paciema memnepamypoi 8 ynax cemxu. Pewenue ocywecmensiemes
6 06a smana. Ha nepsom smane na npomescymounom spemennom wiaze npogooumcs. pacyem memMnepamypvl 6 yauax
cemku no ocu X, Ha 6mopom smane ebluUCsemcs memnepamypa 8 ysiax cemku no ocu Y. Qucnennoe peutenue pasno-
cmublx ypaerenuti no ocu X u Y ocywecmensemcs: memooom npo2ouku. Pazpaboman aneopumm wucieHHO20 pewierust

VPaeHeHusi menionposoOHOCHIL.

Knioueswvie cnosa: 80nH0600HbIN mpakm, UHOYKYUOHHAA NALKA, MOOelb Npoyecca Hazpesa 601H0800a, Oupgepen-
YuanbHoe ypasHeHue menionposoOHOCU, MmO KOHEYHbIX PASHOCMELL.

Introduction. Systems of waveguide paths are widely
used in spacecraft to ensure their functioning and trans-
mission of electromagnetic energy in them [1].

A system of waveguide paths is a complex structure of
various elements with various geometries (fig. 1).

Various methods are used to connect the structural
elements of waveguide paths: argon-arc welding, solder-
ing in salt baths, soldering using a laser source [2-5].

Induction soldering is one of the promising methods
for waveguide paths fabricating [1; 3].

Induction soldering provides contactless, fast and lo-
cal heating of the soldering point. It reduces the oxidation
of current-carrying surfaces and waveguide warping. The
equipment providing induction heating is rather compact
and easily controlled, which allows automated controlling
the soldering process [6].

However, induction soldering of waveguide paths has
a number of features [7]:

1. The melting temperature of the base material AD31
(695-663 °C) slightly differs from the melting tempera-
ture of St. AK12 solder (577-580 °C) at an average induc-
tion heating rate of 20-25 °C / sec.

2. A wide variety of standard sizes of waveguide paths
elements complicates the development and subsequent
reproduction of technological parameters of the induction
soldering process.

3. Zones of maximum heating of the waveguide paths
elements do not coincide with zones of soldering.

Therefore, it is necessary to simulate the process
of heating the waveguide before setting the problem
of controlling the process of waveguide paths induction
soldering.

Fig. 1. An example of a section of a waveguide distribution system:
a —a direct element; b — a curved element with a variable radius of curvature;
¢ —a curved element with a constant radius of curvature; d — a coupling; e — a flange;
f—a flexible section; g — an intermediate support

Puc. 1. [Ipumep ydacTka BOTHOBOAHO-PACTIPEICTUTEIBHON CUCTEMBI:
a — IPSIMOY 3JIEMEHT; 6 — KPUBOJIMHEWHBIH JIEMEHT C IIEPEMEHHBIM PaIiyCcOM KPHBH3HBI;
6 — KPUBOJIMHEHHBIH 3JIEMEHT C MOCTOSHHBIM PaZinyCOM KPUBH3HBI; 2 — COSAMHUTENbHAS My (Ta;
0 — manen; e — THOKAs CEKIMS; o — IPOMEXYTOUYHAs OIIOpa
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Fig. 2. The researched system “inductor — waveguide™:
1 —a waveguide pipe; 2 — a flange; 3 — an inductor

Puc. 2. Uccnenyemas cuctemMa «MHIYKTOP — BOTHOBOI:
1 — BonHOBOAHAs TpyOa; 2 — dranerr; 3 — HHAYKTOP

Construction of a waveguide heating model. The
connection of the straight section of the waveguide tube
and the flange was chosen as a typical object for consider-
ing the process of induction heating (fig. 2).

The inductor (without considering the power part of
the induction equipment) is a ring made of copper (fig. 2).
The inductor is a source of alternating magnetic field,
which forms eddy currents flowing in the waveguide. The
calculation of a simplified two-dimensional waveguide-
inductor circuit showed that the eddy currents in the
waveguide are unevenly distributed [8—10].

Based on the above, it is possible to construct a
mathematical model of heating the waveguide path during
induction soldering, taking into account the following
assumptions:

—the spatial configuration of the system allows
us to restrict ourselves to a simplified two-dimensional
model;

—a general model can be used to simulate a pipe-
flange system, since the waveguide elements can be rep-
resented by plates in a simplified form.

For a generalized model of thermal processes occur-
ring during induction soldering of waveguide paths, we
take the differential equation of heat conduction [11].
Since the heating of the waveguide is due to eddy currents
flowing in it, a permanent heat source is added to the for-
mula:

oT(x,y,t) _
ot
O’T(x, 1)  O*T(x,y.1)
=a + +q(x, ;t > 1
[ o e q(x,y,t), (1)
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where a is the coefficient of thermal diffusivity of the
material; 7 is temperature; ¢ is time; x, y are Cartesian
coordinates; g(x, y, ) is a permanent source of heat.

Equation (1) describes a variety of options for the
waveguide heating process flow. Therefore, in order to
simulate the thermal processes occurring during induction
soldering, it is necessary to add single-valued conditions
to equation (1). Single-valued conditions may contain
geometric, physical, initial and boundary conditions.
These conditions are as follows:

—a simplified geometric two-dimensional model of
the waveguide is adopted, shown in fig. 3;

— eddy currents are supposed to flow over the surface
of the waveguide [12];

— it is taken into account that the eddy current density
is distributed unevenly due to the shape of the waveguide
and the location of the inductor relative to the waveguide
[12];

— thermophysical characteristics of the waveguide ma-
terial are constant;

— the initial temperature of the waveguide is the same
along its entire length:

T(x,y) = T;= const;

— heat exchange with the environment (Newton’s
boundary condition) is carried out by the inner and outer
surface of the pipe:

oT
2970, y,1)
Ox

where b is the heat exchange coefficient; 7en is the
temperature of the environment; 0 < x < /, (inner side);
0 <x <1, hy (outer side);

=b(T(x,y,t)—Ten),
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Fig. 3. A simplified geometric model of the waveguide:
1, — length of a pipe; /4, — width of a pipe; #,— width of a flange; /,— length of a flange
Puc. 3. YrpomeHnnas reoMeTpryueckas MOIEIb BOTHOBOIA:
I7— mHa TpYOBL; Ay — mmpHHA TPYOBL; /iy — mupHHa ¢uanma; /,— nuHa GraHna
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Fig. 4. A difference mesh of the solution domain
Puc. 4. Pa3zHocTHas ceTka 001aCTH peneHus
— heat exchange with the environment is carried out by — heating power remains constant g(x,y,t) =const ;
the upper and side faces of the flange. — heat exchange between the pipe and the flange is as-
For the upper face: sumed to be zero.
oT (x, y,t i i i
4 (x,3,1) = b(T(x,y,0)—Ten), For 'the I}umerlcal solution of equation (1), we apply
Oy the finite difference method [13-15]. Let us consider

the method applied to a waveguide tube.
To approximate equation (1) by the finite difference
method, we represent the pipe as a set of nodes with

where h, <y <h, + .
For the side face:

aM:b(T(x,y,t)—Ten), coordinates (fig. 4): x; = i-h,, y; = j-hy, tx = kt, where
Ox hy, hy is the step along the coordinate grid x, y; 7 is the
where [, —hy <x <[, time step.
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Let us sample equation (1) in two stages. At the first
stage, at an intermediate time step T / 2, we carry out
sampling along the X axis; at the second stage, we carry
out sampling along the Y axis. We obtain equation (1) in
the difference form [15]:

L2 -Tf T3 =20 24T, 7 | gl
y n y +l,J h/2 >J +qij 2 , (2)
2 X
1
Tikgrl _ Ekfg Tik.afll _ 27;1@1 i Tiktl
»J 7 5] =a Jt h;] ,j-l +qlkj+l , (3)
2 X
where Z/k =T(x,y;4) 5 q,-'f,- =q(X;,Y;50) -

Solving first equation (2), and then equation (3), we
determine the temperature field at a whole time step.

Approximation of the boundary conditions for a pipe
is as follows:

Tk -7k
MRt (T~ Ten) , if0<i< N, j=0,
hy
Tk
ij-1" i,j _ k . . .
) =b(T;; —Ten),if0<i<N,, j=N,.
y

The sweep method [14] is suitable for solving differ-
ence equations (2) and (3). Let us consider this method
using the example of solving equation (2). We transform
the equation (2) [14]:

k+l k+l k+l k+l i
2 2 2
T 2| Ty Tg  Taj Ty ket
+a — |= > St
z h; h h; I ’
2 2
Then
1 2q |k a ikt a ikl 1 _4 1
2 — 2 2 2
(T+h2 T, =7l h—zTH,j +-T 44,
2 X X 2
Hence we get
k+‘ 1
al];j bl];+1 J +CzT; +di +qij > (4)
where
1 2 q 1k
i:7+h—2; bj=c¢;=—7;d; =T
2 x x 2

For the boundary points 0 and N,, we write equation
(4) in the following form:

k+l

a, OJZ—bT +d,, 5
k+l k+l
aNTN,jZ =CNTN_|2J- +dy. (6)

The sweep algorithm begins by writing equation (5) in
the form:

k+l k+l
To,jz =RT;*+0, (7

_4h

by
Y QO -
0 ay

and boundary conditions of the simulation.

>

where F, = are determined by the initial
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We substitute relation (7) into (4) for i = 0 Continuing

the process of sequential substitution T,- 2can be ex-
pressed through T o :
4L
T; 2 = +1] +Q, ) (8)

where P; m Q; are new coefficients obtained during
the substitution process. Using expressions (8) and (4),
we can obtain formulas for calculating P; u Q;:

b.
= 9
— ©)
d;, +c0,_,
i =i 10
o (10)
When calculating By and O, we get that P, =0,
by = 0. Therefore, 7y will be equal to Q) . Having
calculated 7, in this way, one can start the backward-
sweep process to obtain Ty 1, Ty, ..., T2, T1, To [9].
k+d k+—
L, =P. T.,3+0.. (11)

Based on the above, we can formulate a solution algo-
rithm:

1. We calculate P, and Q,, the coefficients ay, by, dj
are determined using the initial and boundary conditions.

2. We calculate P; and Q; fori =1, 2, ..., N,, using
expressions (9) and (10).

3. We suppose Ty= QOy.

4. We substitute Ty into formula (11) and determine
Tnis Tnos ooy Try Thy T

The algorithm for solving equation (3) is similar. The
coefficients included in equation (3) will take the follow-
ing form:

5 bi =C =—

The sweep will be carried out on index ;.

The Elcut software package was used to calculate the
eddy current density distribution in the waveguide pipe
and flange. The results confirm the previously accepted
assumptions when setting the simulation problem. Fig. 5
and 6 show that the eddy current density increases sharply
on the corner surfaces of the pipe and the waveguide
flange. In addition, in fig. 5 the eddy current density de-
creases sharply in the thickness of the pipe and flange
walls. Eddy current flow areas are well localized (fig. 6).

Fig. 7 shows the results of heating the waveguide ac-
cording to the proposed model.

To check the simulation results, the temperature
change at control points 1 and 2 was taken (fig. 7). The
control points coincide with the points of temperature
measurement during the process of heating the waveguide
using induction equipment [16; 17].

As it can be seen from fig. 8 and 9, the simulation re-
sults quite accurately describe the process of the
waveguide elements heating. Consequently, this model
can be used to simulate an automated control system for
soldering waveguide paths and analyzing control algo-
rithms.
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Fig. 5. The distribution of pipe eddy current density for the size 35x15 mm:
a — in the large side of the pipe; b — in the thickness of the pipe

Puc. 5. Pacnipesienenue mioTHOCTH BUXPEBOTo TOKa TPYObI Auist TUIIOpazmepa 3515 mm:
a — 10 OOJIBIIO CTOPOHE TPYObI; 6 — 1O TOJILIMHE TPYOBI

Current density
ieaey {108 &/m3)
Active value

e

1840
1746
1.552

1.358

Fig. 6. The distribution of eddy current density in the “inductor — waveguide” system for the size 35%15 mm

Puc. 6. Pacnpe/:[eneHHe IIJIOTHOCTH BUXPEBOI'O TOKAa B CUCTEME «MHAYKTOP — BOJIHOBOA» AJI TUIIOpa3MeEpa 35%15 mm

C
150

CIT 1T T T 1T 7T 1T 7

Fig. 7. Temperature fields of the waveguide during induction heating

Puc. 7. TemneparypHsble 110Jis1 BOJTHOBOAA IPU MHAYKLIMOHHOM HarpeBe
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Fig. 8. Heating of the 35 x 15 waveguide pipe:
1 — calculated values; 2 — measured data

Puc. 8. Harpes TpyObI BomHOBOa TUIOpazMepa 35 x 15:
1 — pacueTHbIe 3HaYCHUS; 2 — U3MEPEHHBIEC JAHHBIE
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Fig. 9. Heating of the 35 x 15 waveguide flange:
1 — calculated values; 2 — measured data

Puc. 9. Harpes ¢nanna BomHOBOMa THIIOpa3Mepa 35 x 15:
I — pacueTHBIC 3HaUCHYS; 2 — U3MEPCHHBIC JaHHbIC

Conclusion. 1. The process of induction soldering of
waveguide paths has a number of features, which compli-
cates the selection of process parameters for various types
of waveguide paths and process control and suggests the
need to simulate the heating of waveguides based on the
differential equation of heat conduction.

2.To simulate the process of the pipe and the
waveguide flange heating, it is most expedient to use the
finite difference method.

Acknowledgments. The reported study was funded by
Russian Foundation for Basic Research, Government of
Krasnoyarsk Territory, Krasnoyarsk Regional Fund of

430



Texnonozuueckue npoyeccost u mamepuaiiol

Science, within the framework of the research project:
“Mathematical and physical simulation of processes oc-
curring during induction soldering of pipelines in protec-
tive environments”, project Ne 18-48-242006.

BaaronapHoctu. MccnenoBanue BHIITOIHEHO MU (HH-
HaHCOBO# momuepxkke Poccuiickoro donga ¢yHnameH-
TambHBIX HccienoBannid, [IpaButenscrBa KpacHosipckoro
kpas, KpacHosipckoro kpaeBoro (oHIa HayKH B paMKax
HAay4yHOro TpoekTa: «Maremaruyeckoe W (Quanyeckoe
MOJIEIIMPOBAaHHUE MPOLIECCOB, NPOUCXOISIINX MPU UHIYK-
[UOHHOW TMalike TPyOOIPOBOAOB B 3aIMTHBIX CPEIax),
npoekT Ne 18-48-242006.

References

1. Zlobin S. K., Mikhnev M. M., Laptenok V. D., Bo-
charov A. N., Dolgopolov B. B. [Features of production
of waveguide-distribution paths of antenna-feeder devices
of space wvehicles]. Vestnik SibGAU. 2013, No 6,
P. 196-201 (In Russ.).

2. Brovko A. V. [Problems of automatic welding of ra-
dar waveguides]. Izvestiya vuzov: Mashinostroenie. 2013,
No. 1, P. 50-54 (In Russ.).

3. Bushminsky 1. P. Izgotovlenie ehlementov kon-
struktsii  SVCh. Volnovody i volnovodnye ustroistva
[Manufacturing of elements of microwave structures.
Waveguides and waveguide devices]. Moscow, Vysshaya
shkola Publ., 1974, P. 304.

4. Full in-house production facilities. Available
at: http://www.advancedmicrowave.com/our-facilities
(accessed: 10.05.2020).

5. Pamin S. et al. Joining of aluminum waveguides us-
ing pulsed laser radiation. Microwave Conference
(APMC), 2015 Asia-Pacific. — IEEE, 2015, vol. 3, P. 1-3.

6. Rapoport E., Pleshivtseva Y. Optimal Control of In-
duction Heating Processes. CRC Press, NY, 2007, 349 p.

7. Zlobin S. K. [Features of soldering elements of
waveguide-distribution paths from aluminum alloys with
the use of an induction heating source]. Materialy XVI
Mezhdunar. nauch. konf. “Reshetnevskie chteniya”
[Materials XVI Intern. Scientific. Conf “Reshetnev
reading”]. Krasnoyarsk, 2012, Vol. 1, P. 16—17 (In Russ.).

8. Bocharova O. A., Tynchenko V. S., Bocharov A. N.,
Oreshenko T. G., Murygin A. V., Panfilov 1. A. Induction
heating simulation of the waveguide assembly elements.
Journal of Physics: Conference Series. 2019, Vol. 1353,
P. 012040.

9. Patidar B., Hussain M. M., Sanjoy Das, Mukherjee
D, Tiwari A. P. Simulation and Experimental Validation of
Induction Heating of MS Tube for Elevated Temperature.
NDT Application Excerpt from the Proceedings of the
COMSOL Conference in Pune, 2015, 6 p.

10. Rhein S., Tilman U., Knut G. Optimal control of
induction heating processes using FEM software. Confer-
ence: 2015 European Control Conference (ECC), 2015, P.
515-520.

11. Lykov A. V. Teoriya teploprovodnosti [Theory of
thermal conductivity]. Moscow, Vysshaya shkola Publ.,
1967, 599 p.

12. Babat G. 1. Induktsionnyi nagrev metallov i ego
promyshlennoe primenenie [Induction heating of metals

and its industrial application]. Moscow — Leningrad, En-
ergy Publ., 1965, 552 p.

13. Paskonov V. M., Polezhaev V. 1., Chudov L. A.
Chislennoe modelirovanie protsessov teplo-massoobmena
[Numerical modeling of heat and mass transfer proc-
esses]. Moscow, Nauka Publ., 1984, 288 p.

14. Patankar S. V., Kalabin E. V., Yankov G. G
Chislennoe reshenie zadach teploprovodnosti i konvektiv-
nogo teploobmena pri techenii v kanalakh [Numerical
solution of problems of thermal conductivity and convec-
tive heat transfer during flow in channels]. Moscow, Mehi
Publ., 2003, 312 p.

15. Samara A. A. Teoriya raznostnykh skhem [Theory
of difference schemes]. Moscow, Nauka Publ., 1977,
388 p.

16. Zlobin S. K., Mikhnev M. M., Laptenok V. D.,
Seregin Yu. N., Bocharov A. N., Tynchenko V. S., Dubets
Yu. P, Dolgopolov B. B. [Automated equipment and
technology for soldering waveguide paths of spacecraft].
Vestnik SibGAU. 2014, No. 4 (56), P. 219-229 (In Russ.).

17. Murygin A. V., Tynchenko V. S., Laptenok V. D.,
Emilova O. A., Seregin Y. N. Modeling of thermal proc-
esses in waveguide tracts induction soldering. /OP Con-
ference Series: Materials Science and Engineering. 2017,
Vol. 173(1), P. 012026.

bubanorpadguyeckue ccblIKH

1. OCOOCHHOCTH TMPOU3BOJCTBA BOJIHOBOIHO-pAcCIpe-
JICTTUTENBHBIX TPAaKTOB aHTEHHO-(QHICPHBIX YCTPOMHCTB
kocmmyeckux anmaparos / C. K. 3106uH, M. M. MuxHes,
B. A. Jlanténok u np. // Becrauk CublI'AY. 2013. Ne 6.
C. 196-201.

2. BpoBko A. B. [Ipobnembl aBTOMaTHYECKOH CBapKH
BOJTHOBOJIOB PAaJMOJIOKAIIMOHHBIX cTaHmui // M3BecTus
By30B: MammuocTpoernne. 2013. Ne 1. C. 50-54.

3. bymmvunackuit U. I1. M3rotoBneHne 31eMEeHTOB KOH-
crpyknuii CBY. BorHOBOIB 1 BOJTHOBOAHEIE YCTPOWCTBA.
VYuebHoe nocodue as By30B. M. : Beiciias mikona, 1974,
304 c.

4. Full in-house production facilities [DnaeKTpOHHBIH
pecype]. URL: http://www.advancedmicrowave.com/our-
facilities (mata obpamenwus: 10.05.2020).

5. Pamin S. et al. Joining of aluminum waveguides us-
ing pulsed laser radiation // Microwave Conference
(APMC), 2015 Asia-Pacific. — IEEE, 2015. Vol. 3. P. 1-3.

6. Rapoport, E., Pleshivtseva Y. Optimal Control
of Induction Heating Processes. CRC Press. N. Y., 2007.

7. OcCOOEHHOCTH IMAHKKW DIIEMEHTOB BOJIHOBOIHO-
pacnopeacInTEC/IbHbIX TPAKTOB U3 aJIIOMUHHUEBBLIX CILUIaBOB
C NPUMCHCHUEM HCTOYHHMKA WHIAYKIIMOHHOI'O Harpesa /
C. K. 3m06un, M. M. Muxues, B. JI. Jlantenok u nap. //
PemerneBckue urenus : marepuansl XVI mexayHap. Ha-
yuH. KoH(. : B 2 4. KpacHosipck, 2012 . Y. 1. C. 16-17.

8. Induction heating simulation of the waveguide as-
sembly elements / O. A. Bocharova, V. S. Tynchenko, A.
N. Bocharov et al. / Journal of Physics: Conference Se-
ries. JOP Publishing, 2019. Vol. 1353. P. 012040

9. Patidar, B. Simulation and Experimental Validation
of Induction Heating of MS Tube for Elevated Tempera-
ture / B. Patidar, M. M. Hussain, Sanjoy Das et al. / NDT

431



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 21, Ne 3

Application Excerpt from the Proceedings of the COM-
SOL Conference in Pune. 2015.

10. Rhein S., Tilman U., Knut G. Optimal control of
induction heating processes using FEM software // Con-
ference: 2015 European Control Conference (ECC). 2015,
P. 515-520.

11. JIeikoB A. B. Teopust TemmonpoBogHocTH. M. :
Briciias mkoma, 1967. 599 c.

12. babar I . MHAyKUMOHHBIA HarpeB MeETaJUIOB
W ero mpoMbIlIUIeHHOEe puMeHenue. M. — JI. : Dueprus,
1965. 552 c.

13. IlackonoB B. M., Ilonexaes B. U., Uynos JI. A.
UuciieHHOE MOJIIETMPOBAHHE MPOLECCOB TEIJI0-MacCco-
obmena. M. : Hayka, 1984. 288 c.

14. TTatankap C. B. UncneHHoe pelieHHe 3a1a4 Tell-
JIOTIPOBOAHOCTH ¥ KOHBEKTHBHOTO TEIUIOOOMEHA IIpH Te-

YeHWU B KaHanax : mep. ¢ anrmi. E. B. Kamabuna ; nox
pen. I. . fAupkoBa. M. : U3n-Bo MOU, 2003. 312 c.

15. Camapckuii A. A. Teopust pa3sHOCTHBIX cxeM. M. :
Hayxka, 1977. 388 c.

16. ABTOMaTu3upoOBaHHOE OOOPYHOBAaHWE U TEXHO-
JOTHsl Uil TMaiiKi BOJHOBOJHBIX TPAKTOB KOCMHYECKUX
armaparoB / C. K. 3106un, M. M. Muxsues, B. /I. Jlante-
Hok u ap. // Bectauk Cuol'AY. 2014. Ne 4(56).
C. 219-229.

17. Modeling of thermal processes in waveguide tracts
induction soldering / A. V. Murygin, V. S. Tynchenko,
V. D. Laptenok et al. // IOP Conference Series: Materials
Science and Engineering 173(1) 012026. 2017.

@ Bocharova O. A., Murygin A. V.,
Bocharov A. N., Zaitsev R. V., 2020

Bocharova Olesya Andreevna — senior lecturer of the department of Information and control systems; Reshetnev
Siberian State University of Science and Technology. E-mail: shyx 89@mail.ru.

Murygin Aleksandr Vladimirovich — Dr. Sc., professor, head of the department of Information and control sys-
tems; Reshetnev Siberian State University of Science and Technology. E-mail: avm514@mail.ru.

Bocharov Aleksei Nikolaevich — Cand. Sc., docent of the department of Information and control systems; Reshet-
nev Siberian State University of Science and Technology. E-mail: sibalexbo@gmail.com.

Zaitsev Roman Viktorovich — a post-graduate student; Reshetnev Siberian State University of Science

and Technology. E-mail: spoon27@yandex.ru.

BouapoBa Ouiecsi AHApeeBHA — CTapIINil mperonaBarenb Kadeapsl HH(OPMANNOHHO-YIPABIIONINX CHCTEM;
Cubupckuii rocymapcTBeHHBIH YHHUBEPCHUTET HAyKH M TEXHONOTHMH mMeHH akagemmnka M. @. PemerneBa. E-mail:

shyx_89@mail.ru.

Mypsbiruda Ajsexcanap BiaaauMupoBMY — JOKTOpP TEXHHYECKHX HayK, mpodeccop, 3aBemyrommid kKadenpoil nH-
(dbopmMaroHHO-yIpaBisomux cucreM; CHOMPCKUIT rOCYIapCTBEHHBIM YHUBEPCUTET HAYKM U TEXHOJIOTHI MMEHH aKa-

nemuka M. @. Pemernesa. E-mail: avmS 14@mail.ru.

BouapoB Anekceii HukonaeBM4 — kaHIuIaT TEXHMYECKUX HAyK, JOLEHT, JOLEHT Kadenpbl MH(MOPMAIMOHHO-
ynpapisiioniux cucreM; CHOMPCKMIA TOCYIapCTBEHHBIH YHMBEPCUTET HAayKW W TEXHOJOTHMI HMMEHM aKaJleMHKa

M. ®@. Pemernera. E-mail: sibalexbo@gmail.com.

3aiineB Poman BuktopoBuy — acniupant; CuOupckuii rocy1apcTBEHHBI YHUBEPCUTET HAYKH U TEXHOIOTUA UMEH!

axagemuka M. @. Pemernesa. E-mail: spoon27@yandex.ru.




