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AHHOTaIMA KnroueBbie cmoBa

IIposedeno akcnepumenmanvHoe uccnedosanue cmpyk- SHoepuoui peaxmop, eudpoouHa-
mMypvi 80cx0051u4e20 08YX(A3H020 NOMOKA 8 pexcume MUKd, 08yX@asHwvili NOmoxK, ecme-
ectnectmeeHHotl UUPKYNAUUU 6 HAKIIOHHOM KAHAjle Npu — CMEEHHAS WUPKYNAUUS, HAKTIOH-
ydeme Cyuw,ecrmeeHH020 6nUAHUL Maccosbix cun. C no-  Hblil KAHAZL, CMPyKmypa nomoxa,
mougpto PIV-memoda mnonyuenvi kapmurvl medeHuti 6U3YANUSAUUS, Memod UuPposoil
2a30UOKOCINHO20 NOMOKA, BbIABNEHA UX cmpykmypa, —mpaccepuoil susyanusauuu (me-
ee ocobenHocmu, nposedera dukcayus cmenvi pexcumos mod PIV — Particle Image Visual-
8 3ABUCUMOCU 0M PACX00H020 00BeMHO20 2a30c00ep-  ization), nomepu Ha mpernue
sanus. Pesynomamvt kauecmeeHHO onucovlearm u

BUBYATUBUPYIOM CIMPYKMYPY UCCIedyemo20 d8yxPasHo-

20 NOMOKA U NOOMEEPHOAIO 3HAUUMENIbHOE CMeleHUe

230801l Pasvl 8 6ePXHIOI0 UACMY KAHANA, YO MONEM

npusecmu K 803HUKHOBEHUN) AHUOMPONUU pacnpede-

JIeHUSA HANPANEHUT MPEHUs N0 CeHeHUuro U, Kax creo-

cmeue, K USMEHEHUI UHMeZPANIbHBIX XAPAKMEPUCIIUK

nomoxa, 6 mom uucne nomepv oasnenus. Ilonydennole

danHvle MOzym Obimb UCNONL30BAHbL ONIST NOCHIPOEHUS

Mmooeneil, NPUMEHTIOUWUXCT 6 MeNnozUOPasnUecKUx

pacuemax npu obocHosanuu bezonacHocmu cospemen- Ilocrymmra B pegaxuuio 18.06.2018
HbIX NPOEKIMO08 A0ePHbIX IHEPLEMUUECKUX YCIMAHOBOK. © MI'TY um. H.9. baymana, 2018

Beenenne. [IByxdasHble IOTOKM MIMPOKO PACIPOCTPAHEHbI B TEIVIOBOI ¥ aTOMHOII
sHepreTuke [1-3]. VIX mpuMeHeHNUe B KOHTYpaX OXIaXK[eHNUSA SfIePHBIX SHepreTmnde-
CKMX yCcTaHOBOK (SI9Y) B pexxume ecrectBennolt umpkysanyu (EIl) kak B ycmoBuax
HOPMaJIbHOJ 3KCIUTyaTallMM, TaK M B aBapUIHBIX CUTYAIMAX OOYC/IOBIEHO OTCYT-
CTBUEM HeOOXOAMMOCTH B MCIIO/Ib30BAHNI HACOCHOTO 0060pyRoBanus [4].

JIByxdas3Hble TedeHNs] XapaKTePU3YIOTCS CIOXKHBIMM IPOLIeCCaMMl B3anMOJeil-
ctBusA a3 u ABYX(a3HOI CUCTEMbI B IIeJIOM CO CTeHKaMM KaHaioB [5]. B cBasu ¢
3TUM I pa3paboTKM Mofenell TedeHNs [BYX(PasHBbIX Cpefi, B TOM YICIIe B peXMMe
Ell, npuMeHseMbIX IIpu 060CHOBaHMM 0€30IACHOCTI COBPEMEHHBIX NMPOeKToB Y,
HeOoOXO/[MMbI 9KCIIepMMEHTa/IbHbIe JAHHBIE O CTPYKTYPHBIX XapaKTepUCTUKAX Tede-
HUIL: pacrpefeneHne ra3oBoit (mapoBoit) $as 1Mo cedeHMsIM KaHaja, CKombxeHne a3z
u T. i. ITono6HbIe MccnenoBaHNA NODKHBI HAUMHATBCA C HAKOIUIEHM KayeCTBEHHO
BU3Yya/IbHOI MHPOPMAIIVN O CTPYKTYpe M 0COOEHHOCTAX II0TOKA [6, 7].
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JHTerpanbHbIe XapaKTePUCTUKM ABYX(a3HOTO MOTOKA (CKOPOCTh UMPKYIALNN B
pexxume EII) Taxke 3aBUCAT OT CTPYKTYpBI TeYeHUs IO IpUYMHE TpeHus (moTepb
IaBJIeHMsI) Ha CTeHKax KaHasa. [Ipy cpaBHUTEIPHO HU3KUX CKOPOCTSX TeYeHMs, Xa-
pakTepHbIX i pexxuma Ell, popMupoBanme 1 fuHaMuKa CTPyKTYpbl ABYX(]asHOTO
IIOTOKa B 3HAYMTE/IbHOI CTEIIeHU OIPEeNe/AIOTCS CUION TsDKeCTH. [I1s1 HaKIMOHHBIX
KaHaJIOB 3TO BAUSAHUE HPOSBIsAETCS 0coOeHHO cuapHO. CMeljeHre ra3oBoil (mapo-
BOI1) (aspl B [10JIe CUIBI TSDKECTY B BEPXHIOI YaCThb CeYeHNs KaHajla O/DKHO IpuBe-
CTU K CYI[eCTBEHHOJ aHM30TPOIMM pacIpefeeHNs] HalpsDKeHUII TPEeHN 110 Iepu-
MeTpy cedeHus KaHana. CIefiCTBYEM TAaKOTo Ipoliecca OyfieT U3MeHeHNe NHTerpasib-
HBIX XapaKTePUCTHK OTOKA ¥ OTepb HaBIeHN [8].

Ha ceropHAIIHMII IeHD CyleCTBYeT 60/IbIIOe KOIMYECTBO METOLOB PErUCTPaLiN
IByX(asHbIX IOTOKOB (ONTUYECKNE, YIbTPAa3BYKOBbIE 1 T. I.). Cpeny 6eCKOHTaKTHBIX
OIITMYECKUX METOJOB CJIefyeT BBIEIUTb MeTOX LndpPOBOI TpacCepHOI BU3yanm3a-
uuy, win PIV-merop [9, 10]. OgHyM 13 BayKHENIINX €ro IPeVMYILEeCTB SABIAETCH OT-
CYTCTBUE BO3MYLIAIOIIEr0 BJVAHNA Ha MOTOK [11, 12].

Llenpio HACTOAIIETO MICC/IENOBAHMA ABJIANOCh HAKOIUIEHME JAHHBIX 10 CTPYKType
IBYX(pa3HBIX ra30)KMIAKOCTHBIX TedeHMit B pexkume ELl B HAKIOHHOM KaHaje Ipu Cy-
I[eCTBEHHOM BJIVISIHUM MAacCOBBIX CWJI, a TaK)Ke BM3ya/lusalys KapTUHBI TeYeHMIT U
¢dbukcausa nepexofoB (CMeHbI) KapTUHBI PEXXMMOB B 3aBUCUMOCTU OT PACXOJHOTO
00 EMHOT0 Ta30COfIePXKaHM U CpefiHell CKOPOCTI cMecH. [l pellleHus IOCTaBIIeH-
HOIJ 3a[ja4M MCIIOIb30Ba/INCh LIMPOKMe Bo3MoxHocTu PIV-MmeTopa.

IKcnepuMeHTaNbHAsA YCTAaHOBKA. [I/1s1 MpOBefieHNs MCCIeSOBaHUIl ObIa paspa-
0oTaHa 1 CO3JjaHa SKCIIEpPUMEHTAIbHAsl YCTAaHOBKA, IpefHa3HAYeHHAasl I MOJe/N-
poBaHMs [Byx(asHOro MHOTOKa (BO3[yX-BOfa). YCTAaHOBKa IIPeACTaB/sIeT CO0OIt
agrabaTiyecknit KOHTyp nupkynanuu (puc. 1). B cocraB KOHTypa BXOAUT CMEHHBIN

- potere xudkocmy

v

e

NOHCTLLIE

fadra Bosdpa Thdra/Hpoc
om Kerrpeerana sukoemes

Puc. 1. [IpnHnunmanbHas cxeMa 3KCIIepMMEHTa/IbHOM YCTaHOBKIA:

1 — 3KCHepUMEHTaIbHBIN YYacTOK; 2 — Oak-cermaparop; 3 — HOJBOAAIINIT y4aCTOK; 4 — OIYCKHOI
Y4acTOK; 5 — BBICOKOCKOPOCTHAsA KaMepa; 6 — poTaMeTp; 7 — YCTPONCTBO J/I HMOfadM Bo3gyxa (Iy-
3bIpHKO0OPa3oBaTeb); 8 — cuabdoH; 9 — YIbTPA3BYKOBOI pacxofoMep; 10 — MMITY/IbCHBII /Tazep
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SKCIIEpMMEHTA/IbHbIN YIacTOK I B Bufe LM-
JIVHJPUYECKOTO BEPTMKAIbHOIO KaHasa, Bbl-
IIOJTHEHHOTO 13 TPYObI HApPYXKHBIM JMaMeT-
pom 40 MM ¥ TONIMHON CTEHKM 5 MM U3
OPICTEK/IA, MOJABOJAILEIO 3 M OIyCKHOIO 4
Y4acTKOB, 6ak-cermapaTopa 2, a TakKe OIop-
Had KOHCTpyKumsa. Hakmon skcrepumen-
TAJIHOTO Y4acTKa (PUKCHPOBAIN B IIOIOXKe-
HuM 15° ot BepTuKamu. Bo3ayx or kommpec-
COPHOIJ1 YCTaHOBKM IIOCTYIIa/I Yepe3 YCTPOI-
CTBO I MOfa4M BO3Ayxa (IIy3bIpbKoOOpa-
30BaTe/b) 7 B HYDKHIOW 4acTb 9KCIePYMeH-
TaJIbHOTO Y4aCTKa, KOTOPBIA IpefBapuUTeNb-
HO 3aIlOJIHSUTM BOJOV, OOBEMHBINl pPacXof
IIpY 3TOM U3Mepsm poraMeTpoM 6. Copep-
’KaHMe BO3JyXa B TATOBOM Y4YacTKe OIIpefe-
JIAJIO SBVDKYIIMIL HAIIOp €CTECTBEHHOM LIp-
KyIA0UM B KOHTYpe SKCIEPUMMEHTAIbHOM
ycTaHOBKU. Pacxop Bofbl B KOHType U3Meps-
X YIbTPasBYKOBBIM PacXofoMepoM 9.

Puc. 2. KoHCTpyKIUA yCTpOIICTBa MOKA4YM
BO3/yXa (IIy3bIpbKOOOpasoBaTess):

1 — J3KCIepMMEHTa/lbHbI Yy4acTokK; 2 —
My3BIPbKOOOPA30BaTeNIb;

KoHcTpykiyusa mysbIppKooOpasoBaTers NmokasaHa Ha puc. 2. OH IpefcTaBiAer
co00J1 LITYIlep C YCTAaHOBJIEHHON B HEro TPy0Ooit fuaMeTpoM 10 MM ¢ IPOCBEPIIEHHBI-

MU Ha TOpI.IeBOf/[ IIOBEPXHOCTU OTBEPCTUAMMU. YCTpOﬁCTBO IIoMenaan HEIoCpen-

CTBEHHO B IIEHTP HVMIKHETO OCHOBAaHNA SKCIIEPUMEHTA/IbHOI'O KaHajIa.

B cocras SKCHepMMeHTaHbHOi[ YCTaHOBKM BXOJAT BbICOKOCKOPOCTHAA KaMepa 1

MasepHas ycraHoBKa (puc. 3), a taxke I1K co crenmann3upoBaHHBIM IPOrpPaMMHBIM

obecrievenneM (I10), mo3BOAIOMINM CMHXPOHMU3MPOBATH PAOOTy YCTPOIICTB 1 0Opa-

60TaTh IIO/Ty4€HHbIE JaHHbBIE O CTPYKTYPp€ IIOTOKA.

Puc. 3. JIasepHas ycraHOBKa

ITporpamMma sKcrepMMEHTOB. DKCIIEPUMEHTHI BLIITOTHAMN I GUKCUPOBAHHO-

TO YI7TIOBOTO IIOJIO>KeHMA paboyero yyactka (OTKIOHeHMe OT BepTuKamu 15°) mpu Ba-

pbUpYeMbIX 3HAYEHMSAX PACcXOfia Bo3ayxa B guamnasone 0,02...1,35 M’/4 n pacxope Bo-
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mel 1o 3,15 M’/4. PIV-MeTOIOM perncTpupoBany JaHHbIE O CTPYKType ABYX(dasHOro
IIOTOKA, pacIpefie/ieHniI ra30Boil Gas3bl 0 CEYeHNIO KaHa/a, a TaKKe PUKCUPOBAIN
IIepexo/ibl MEX/Iy peXXuMaMu Tedenuit [13, 14].

Pesynbrarhl mcciegoBaHmnii. Pe3ybTaTbl NPOBENEHHBIX MCCIEOBAHUI, IOITY-
YeHHble IIpM perucrpanuy AsyxdasHoro moroka PIV-meromom, mpescraBieHBl Ha
puc. 4-6. AHanM3 MOKa3bIBaeT, YTO B 00/IACTY HU3KMX 3HAUEHUII PACXOJHBIX 00beM-
HBIX Ia30CO/lepKaHMII

Q”
B = QI + QN ’
! n o o 3
rme Q' n Q" — oObeMHbIE PACXOfIbl COOTBETCTBEHHO JKMKON U Ta30Boi ¢as, m°/4,

IS y3BIPKOBOTO (Brys = 0,050...0,095) n cHapsagHOTO (Benap = 0,10...0,21) pexxumon

TedeHus (cM. puc. 4 u 5) HabmofaeTcsa 3HAYMTENIbHOE CMeleHue ra3oBoil ¢assl B

BEPXHIOI0 4YacTh CeYeHNsl KaHama. JTO siB/eHMe OOYCTOB/IEHO HAKIOHOM KaHama I

3HAYNTE/TbHBIM BIIVSIHMEM MACCOBBIX CUI (TedeHue ABYX(a3HOTo IMOTOKA B IIOJIe CH-

JIBI TSDKECTH) IPU CPABHUTETIBHO HU3KMX 3HAYEHMAX CPEHIX CKOPOCTSX CMeCH
Q+Q"

WCM S
F

re F — mowanp MOonepevHOro cedeHns KaHaa, M%, peain3yembix B pexxume ELT.

Puc. 5. Crapapgubii pexxuM tedeHns npi (Bewp = 0,10...0,21)
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CuibHOe CMelleHIe My3bIpeil IPOVCXOANT U IIPY yBEeIMYEHUN PACcXofoB ¢as u
¢dbopMUpoBaHUA SMYIBCUOHHOTO peXnMa (Bovy: = 0,22...0,29), cM. puc. 6.

Puc. 6. DMy/IbCYOHHBI PEXXVUM TeUeHUA IPU Poyys = 0,22 ... 0,29

KapTa pe>xxnMoB TedeHMIT, COCTaBIeHHAs IO pe3y/IbTaTaM JMCC/IeTOBaHMI, TIpefi-
craBjieHa Ha puc. 7. I[TokasaHo, 4TO BC/IeACTBIE HAKIOHA KaHa/la HabmoaaeTcs 6omee
PaHHMII Hepexof MeXAy peKuMaMy (Iy3bIPbKOBBII — CHapAZHBIA — 3MYIbCHOH-
HbII1) 110 CPAaBHEHNIO C BEPTUKATbHBIMI KaHA/IaMI IIPY MPOYMX PaBHBIX XapaKTepy-
CTHKaX pacCMaTpMBAeMOro IABYX(a3HOTO IIOTOKa (reoMeTpys KaHaja, pacxonbl ¢as)
[9, 10]. JanHOe siB/IEHME MOXKET CYI[eCTBEHHO IOBIUATH Ha 3PPEKTUBHOCTD TEIIO-
OTBOJIa B KOHTYpax oxnaxpaeHus A9Y.
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PackogHoe ofbeMHoerasoconemsaine p

@ My3bipekoBbIA pesMm @ CHEpASHBIA pEXHM @ IMYILCHOHHBIA PERUM
Puc. 7. KapTa pexxuMoB TedyeHuUI

3akmouenne. B paboTe mpencTaB/ieHbl pe3yIbTaTbl SKCIIEPUMEHTAILHOTO VIC-
CTIelOBaHMA CTPYKTYPBI BOCXO/AIIETO BYX(a3HOTO ra30>KMAKOCTHOTO IIOTOKA B pe-
xuMe EI] B HaKk/TOHHOM KaHajie (OTK/IOHEHMe OT BepTUKamyu 15°) B yCIOBUAX Cylle-
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CTBEHHOTO B/IMSHMA MaccoBbIX cuji. PIV-merofoM momydeHbl KapTUHBI T€U4eHUII U
BbIABJ/IEHA CTPYKTYpa IOTOKA /I Ty3bIpbKOBOTO, CHAPAJHOTO U 3MY/IbCUOHHOTO pe-
XVIMOB B IMalla30He PAacXOfHOro o6beMHOro razocopepyxanus 0,05...0,29, nsydeHs
0COOEHHOCTH ¥ TOCTPOEHA KapTa PeXXMMOB B KOOPAMHATAX PACXOLHOTO 0OBEMHOTO
ra30cofiep>KaHNs ¥ CpeSHell CKOPOCTY CMECH.

ITokazaHo, 4YTO IpU CPAaBHUTENbHO HU3KUX CKOPOCTAX TeUeHUs, XapaKTepHbIX
mna ELl, BmusaHNe Ha AMHAMMKY CTPYKTYpBI 1ByX()a3HOTO IOTOKA B 3HAYUTE/NIbHOI
CTelleHU OKa3bIBAIOT CMJIA TSDKECTU M HaKIOH KaHama. ITpoucxogut cMmelieHne raso-
BOI1 (a3bl K BEpXHel YacTy CedeHtsI KaHajIa, KOTOPOe MOXKeT IIPUBECTHU K M3MEeHEHNIO
TUAPOAVHAMIYECKUX XapaKTePUCTUK IIOTOKA, YBeIMYEHNUIO NTOTepb JJaBJIeHMs, a TaK-
Ke K BOSHIKHOBEHII0 HepaBHOMEPHOCTel KO3 PUIMEHTOB TeIUIOOTAAYM 1 YXY/le-
HUIO TEIUIOCheMa B KaHa/lax oxnaxpenus JIY.

[TonydeHHBIe pe3y/lIbTaThl MOXKHO JMCIIO/Ib30BaTh IpU padpaboTKe 1 Bepuduka-
1y GU3NYIECKUX U MaTeMaTUYeCKNX MOJiesiell, IIPUMEHSIOIUXCS B TeIIOTUPaB/IN-
JeCKMX pacyeTax KOHTYPOB OXIaKAeHMS C ABYX(asHBIMM IIOTOKAaMM, a TAKKe Ipn
060cHOBaHMM 6€30IIACHOCTH IIPOEKTOB COBPEMEHHBIX YCTAaHOBOK.
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Abstract

The authors have conducted experimental investigation
of the rising two-phase flow structure in the natural
circulation mode in the inclined passage allowing for the
significant impact of mass forces. By means of the PIV-
method we have obtained stream patterns of gas-liquid
flow, revealed their structure and its peculiar features,
recorded the change of modes depending on the volumet-
ric consumption gas content. The results fundamentally
describe and visualize the structure of the examined two-
phase flow and confirm notable shift of the gas phase to
the upper part of the passage, which can result in the
emergence of the anisotropy in friction stresses distribu-
tion along the cross-section of the passage and, as a con-
sequence, in the change of the integral characteristics of
the flow including the pressure losses. The data received
can be used for constructing the models applied in ther-
mohydraulic calculations when justifying the safety of
modern nuclear power plants projects.

Keywords

Nuclear reactor, hydrodynamics,
two-phase flow, natural circulation,
inclined passage, flow structure,
visualization, PIV (Particle Image
Visualization), friction losses

Received 18.06.2018

© Bauman Moscow State Technical
University, 2018

References

(1]
(2]
(3]

(4]

(5]

(6]

Adamov E.O., Dragunov Yu.G., Orlov V.V. Mashinostroenie yadernoy tekhniki. T. 4. Kn. 1
[Nuclear technique engineering. Vol. 4. P. 1]. Moscow, Mashinostroenie publ., 2005, 960 p.
Emel'yanov L.Ya., Mikhan V.I,, Solonin V.I. Konstruirovanie yadernykh reaktorov [Nu-
clear reactor engineering]. Moscow, Energoizdat publ., 1982, 400 p.

Petukhov B.S., Genin L.G., Kovalev S.A. Teploobmen v yadernykh energeticheskikh
ustanovkakh [Heat exchange in nuclear power plants]. Moscow, Energoatomizdat publ.,
1986, 472 p.

II'chenko A.G., Zuev A.N., Kharitonin LE. Study on work of VVER-1000 power unit in
natural coolant circulation mode. Vestnik Ivanovskogo gosudarstvennogo energeticheskogo
universiteta, 2008, no. 2, pp. 49-52.

Kashinskiy O.N., Kurdyumov A.S., Randin V.V. Wall shear stress in an upward slug flow
in a vertical tube. Teplofizika i aeromekhanika, 2006, vol. 13, no. 3, pp. 410-416. (Eng.
version: Thermophysics and Aeromechanics, 2006, vol. 13. no. 3, pp. 381-385.)

Dragunov Yu.G., Bykov M.A., Vasilenko V.A., Migrov Yu.A. Experience with introduc-
tion and development of the KORSAR computer code for substantiating the safety of
NPSs with type VVER reactors. Teploenergetika, 2006, no. 1, pp. 43-47. (Eng. version:
Thermal Engineering, 2006, vol. 53, no. 1, pp. 43-47.)

Politechnical student journal. 2018. no. 9



The structure of the rising two-phase gas-liquid flow in the natural circulation mode ...

[7] Mironov Yu.V., Radkevich V.E., Zhuravleva Yu.V., Kuzin A.V., Mokrousov K.A., Yashni-
kov D.A. Verification of the thermohydraulic models used in improved-assessment codes
for the RELAP5 and KORSAR two-phase flow models. Atomnaya energiya, 2004, vol. 97,
no. 6, pp. 446-450. (Eng. version: Atomic Energy, 2004, vol. 97, no. 6, pp. 841-844.)

[8] Gizadulin R.A. Distribution law of gas phase in liquid under down blow. Vestnik YuUr-
GU. Ser. Metallurgiya [Bulletin of the South Ural State University. Series ‘Metallurgy’],
2006, no. 7, pp. 63-68.

[9] Solonin V.1, Perevezentsev V.V., Isakov N.Sh., Kuzero V.B. Structure of two-phase adia-
batic flow in air sparging regime in vertical cylindrical channel with water. Mashi-
nostroenie i komp 'yuternye tekhnologii [Mechanical Engineering and Computer Science],
2014, no. 6. Available at: http://technomag.bmstu.ru/doc/713566.html.

[10] Perevezentsev V.V., Isakov N.Sh. Diagnostics of two-phase flows in vertical channels dur-
ing the natural circulation by near-wall pressure pulsations. Vestn. Mosk. Gos. Tekh. Univ.
im. N.E. Baumana, Mashinostr. [Herald of the Bauman Moscow State Tech. Univ.,
Mechan. Eng.], 2015, no. 3, pp. 17-29.

[11] Bhagwat S.M., Ghajar A.J. Experimental investigation of non-boiling gas-liquid two phase
flow in upward inclined pipes. Experimental Thermal and Fluid Science, 2016, vol. 79,
pp. 301-318.

[12] Jagan V., Satheesh A. Experimental studies on two phase flow patterns of air-water mix-
ture in a pipe with different orientations. Flow Measurement and Instrumentation, 2016,
vol. 52, pp. 170-179.

[13] Thanh K.S., Kwang H.N., Hwan S.H., Hyun Y.S. Experimental study on two-phase flow
natural circulation in a core catcher cooling channel for EU-APR1400 using air-water
system. Nuclear Engineering and Design, 2017, vol. 316, pp. 75-88.

[14] Saisorn S., Wongwises pp. Adiabatic two-phase gas-liquid flow behaviors during upward
flow in a vertical circular micro-channel. Experimental Thermal and Fluid Science, 2015,
vol. 69, pp. 158-168.

Martynov D.R. — Post-graduate, Department of Nuclear Reactors and Power Plants,
Bauman Moscow State Technical University, Moscow, Russian Federation.

Scientific advisor — V.V. Perevezentsev, Dr. Sc. (Eng.), Professor, Department of Nu-
clear Reactors and Power Plants, Bauman Moscow State Technical University, Moscow,
Russian Federation.

Politechnical student journal. 2018. no. 9 9



