THE MINISTRY OF SCIENCE AND HIGHER EDUCATION OF THE RUSSIAN FEDERATION

ST. PETERSBURG STATE
POLYTECHNICAL UNIVERSITY

JOURNAL

Physics
and Mathematics

VOLUME 12, No.1,
2019

Peter the Great St. Petersburg

Polytechnic University
2019



ST. PETERSBURG STATE POLYTECHNICAL UNIVERSITY JOURNAL.
PHYSICS AND MATHEMATICS

JOURNAL EDITORIAL COUNCIL

Zh.1. Alferov|— full member of RAS, head of the editorial council;

A.I Borovkov — vice-rector for perspective projects;
V.A. Glukhikh — full member of RAS;

D.A. Indeitsev — corresponding member of RAS;
V.K. Ivanov — Dr. Sci.(phys.-math.), prof.;

A.I Rudskoy — full member of RAS, deputy head of the editorial council;

R.A. Suris — full member of RAS;
D.A. Varshalovich — full member of RAS;

A.E. Zhukov — corresponding member of RAS, deputy head of the editorial council.

JOURNAL EDITORIAL BOARD

VK. Ivanov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia, — editor-in-chief;
A.E. Fotiadi — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia, — deputy editor-in-chief;
V.M. Kapralova — Candidate of Phys.-Math. Sci., associate prof., SPbPU, St. Petersburg, Russia, — executive

secretary;

V.I. Antonov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;
L.B. Bezprozvanny — Dr. Sci. (biology), prof., The University of Texas Southwestern Medical Center,

Dallas, TX, USA;

A.V. Blinov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

A.S. Cherepanov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

D.V. Donetski — Dr. Sci. (phys.-math.), prof., State University of New York at Stony Brook, NY, USA;
D.A. Firsov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

A.S. Kheifets — Ph.D., prof., Australian National University, Canberra, Australia;

0.S. Loboda — Candidate of Phys.-Math. Sci., associate prof., SPbPU, St. Petersburg, Russia;

J.B. Malherbe — Dr. Sci. (physics), prof., University of Pretoria, Republic of South Africa;

V.M. Ostryakov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

V.E. Privalov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

E.M. Smirnov — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

A.V. Solov’yov — Dr. Sci. (phys.-math.), prof., MBN Research Center, Frankfurt am Main, Germany;
A.K. Tagantsev — Dr. Sci. (phys.-math.), prof., Swiss Federal Institute of Technology, Lausanne, Switzerland,
LN. Toptygin — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia;

E.A. Tropp — Dr. Sci. (phys.-math.), prof., SPbPU, St. Petersburg, Russia.

The journal is included in the List of leading peer-
reviewed scientific journals and other editions to publish
major findings of theses for the research degrees of
Doctor of Sciences and Candidate of Sciences.

The publications are presented in the VINITI RAS
Abstract Journal and Ulrich’s Periodical Directory
International Database.

The journal is published since 2008 as part of the

periodical edition ‘Nauchno-tekhnicheskie vedomosti
SPb-GPU’.
The journal is registered with the Federal

Service for Supervision in the Sphere of Telecom,
Information Technologies and Mass Communications
(ROSKOMNADZOR). Certificate M N2 ®C77-52144 issued
December 11, 2012.

The journal is distributed through the CIS countries
catalogue, the «Press of Russia» joint catalogue and
the «Press by subscription» Internet catalogue. The
subscription index is 71823.

The journal is in the Web of Science (Emerging
Sources Citation Index) and the Russian Science
Citation Index (RSCI) databases.

© Scientific Electronic Library (http://www.elibrary.ru).

No part of this publication may be reproduced without
clear reference to the source.

The views of the authors may not represent the views
of the Editorial Board.

Address: 195251 Politekhnicheskaya St. 29, St. Peters-
burg, Russia.

Phone: (812) 294-22-85.
http://ntv.spbstu.ru/physics
© Peter the Great St. Petersburg
Polytechnic University, 2019



MUHUCTEPCTBO HAYKHU U BBICILIETO OBPA3OBAHUSA POCCUMCKOM ®ENEPALIMU

HAYYHO-TEXHUNYECKHUE

BEJOMOCTW

CAHKT-MNETEPBYPICKOIo roCYa4APCTBEHHOIO
MNOJIMTEXHUHECKOIO YHUBEPCUTETA

dunanko-maTeMaTnyeckme
HayKu

TOM 12, N21
2019

Cankr-IletepOyprckuii MoJUTEXHUYECKUIA
yHusepcutet [lerpa Benukoro
2019



HAYYHO-TEXHUYECKUE BEJOMOCTU CAHKT-IIETEPBYPI'CKOI'O
TOCYJAPCTBEHHOTI'O ITIOJIUTEXHUYECKOI'O YHUBEPCUTETA.
OU3UKO-MATEMATUYECKHUE HAYKHA

PEJTAKIIMOHHBI COBET XYPHAJIA
Angepos K. M), akanemuk PAH — npencenarens;

boposroe A.H., mpopeKTOp 1O MEePCHEKTUBHBIM MPOEKTaM;

Bapwanosuu /[ A., akanemuk PAH;

Iyxux B.A., akagemuk PAH;

Kyros A.E., un.-xop. PAH — 3am. ipencenarens;
Hsanos B.K., n-p ¢u3.-Mar. HayK, mpodeccop;
Hnoeiiyes /].A., an.-xop. PAH;

Pyocroii A.U., akangemuk PAH — 3aMm. npencenarens;
Cypuc P.A., akanemuk PAH.

PEJAKIIMOHHASA KOJJIETUS JKYPHAJIA

Heanos B.K., n-p ¢pus.-mar. Hayk, podeccop, CIIOITY, CII6., Poccus, — miaBHBIN penakTop;
Domuaou A.02., n-p pus.-mar. Hayk, npodeccop, CII0ITY, CII06., Poccust, — 3aM. INIaBHOTO pellakTopa;
Kanpanosa B.M., xauj. ¢pus.-mart. Hayk, nouent, CIIOITY, CII6., Poccust — OTBETCTBEHHBIN CEKpETaph;
Anmonos B.U., n-p ¢pus.-mart. Hayk, npodeccop, CIIGITY, CII6., Poccus;
besnpozsannviii U.B., n-p 6uon. Hayk, mpodeccop, FOro-3amaaHpii METUITMHCKAN IICHTP
Texacckoro yauBepcureta, Hamrac, CILIA;
bnunoe A.B., n-p pus.-mar. Hayk, npodeccop, CII6ITY, CII6., Poccus;
Joneyxuii J1.B., n-p (u3.-Mar. Hayk, npodeccop, yausepcuter mrara Horo-Hopk B Croyuu-Bpyk, CILIA;
Jlo6ooa O.C., xaun. dus.-mar. Hayk, nporent, CII0ITY, CII6., Poccus;
Manep6 U.5., Dr.Sc. (Physics), npodeccop, yansepcuret IIpetopun, FOAP;
Ocmpsxos B.M., n-p ¢us.-mat. Hayk, mpodeccop, CIIOITY, CII6., Poccus;
Ilpusanos B.E., n-p ¢u3.-mat. Hayk, mpocdeccop, CIIGITY, CII6., Poccus;
Cmupnos E.M., n-p ¢pus.-mar. Hayk, npodeccop, CIIGITY, CIIG., Poccus;
Conoevés A.B., n-p ¢hus.-Mat. Hayk, npodeccop, Hayano-uccnenoparensckuii neHTp Me3oouonanocuctem (MBN),

Opankdypr-Ha-Maiine, ['epmanns;

Tacanyes A.K., n-p Gus.-mar. Hayk, npodeccop, lIBeitnapckuii (heaepanbHblii HHCTUTYT TEXHOIOTUH,

Jlo3anHa, lBeitapus;

Tonmuieun M.H., n-p ¢uz.-mart. Hayk, mpodeccop, CIIOITY, CII6., Poccus;

Tponn D.A., n-p ¢pus.-mar. Hayk, nmpodeccop, CIIOITY, CIIO., Poccus;

@upcos /[.A., n-p pus.-mar. Hayk, npodeccop, CII6ITY, CIIo6., Poccus;

Xeuigpey A.C., Ph.D. (Physics), npodeccop, ABCTpanuiicKuii HAIIMOHATBHBIN YHUBEPCHUTET,

Kaunbeppa, ABcTpanus;

Yepenanos A.C., n-p ¢us.-mart. Hayk, npodeccop, CIIGITY, CII6., Poccust.

XypHan ¢ 2002 r. BxoauT B lepeyveHb Beaylwmx pe-
LeH3MpPYEeMbIX Hay4HbIX XXYPHaNoB M W3AaHUN, B KOTO-
pbIX AOKHbI 6bITb ONY6NNKOBaHbI OCHOBHbIE pe3ynbTaTbl
AuccepTaunii Ha COMCKaHWe y4YeHbIX CTeneHen LoKTopa U
KaHamaaTta Hayk.

CBeneHns 0 nybnukaumax npeacTtasneHbl B Pedepa-
TUBHOM >ypHane BUHUTU PAH, B MexayHapoaHoii crnpa-
Bo4HoOM cucteme «Ulrich’s Periodical Directory».

C 2008 ropa BbiNycKkaeTCcs B COCTaBe CEpUanbHOro ne-
pyoaMYEecKoro msgaHus «HayyHo-TexHu4yeckue BefOMO-
ctn CM6rny».

XypHan 3apeructpupoBaH ®egepanbHoi cnyxb6oi no
Haa3opy B cdepe MHGDOPMALMOHHbIX TEXHOMOMMI U Mac-
COBbIX KOMMYHUKauuit (PockoMHaa3op). CBMAETENbCTBO O
peructpaumm MU N2 ®C77-52144 ot 11 pekabps 2012 r.

PacnpocTtpaHseTca no Katanory ctpaH CHIL, O6vean-
HeHHOMY kaTanory «[lpecca Poccumn» n no MHTepHeT-Ka-
Tangr 3<<I'Ipecca no noanucke». TOANWUCHOM WHAEKC
71 .

XypHan wuHgekcupyetcs B 6a3e paHHbix Web of
Science (Emerging Sources Citation Index), a Takxe BKk/to-
yeH B 6a3y AaHHbIX «POCCMMCKMIA MHAEKC HAayUYHOro Luu-
TupoBaHusa» (PVHLL), pa3melleHHyto Ha nnatgopme Hayu-
HOW 311eKTPOHHOW 6MBNNOTEKM Ha caliTe

http://www.elibrary.ru

Mpu nepenevyaTke MaTepuasioB CCblIKa Ha XXypHan obs-
3arTesbHa.

Touka 3peHus peaakLMn MOXET He COBMafaTh C MHEHWEM
aBTOPOB CTaTeM.

Apnpec peaakumMm U usfaTeNbCTBa:

Poccnsa, 195251, Cankt-NMeTepbypr, yn. MonuTexHuuye-
ckas, a. 29.

Ten. pepakumm (812) 294-22-85.
http://ntv.spbstu.ru/physics

© CaHkT-TeTepbyprckuii NOIUTEXHUYECKUI
yHuBepcuTeT MeTpa Benukoro, 2019



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics 12 (1) 2019

>

Contents

Condensed matter physics

Rodnyi P.A., Garibin E.A., Venevtsev I.D., Davydov Yu.l. The application of barium fluoride lumi-
nescence: challeNnges QNG PrOSPECES ..........eeeveeeeeee ettt e e e ettt e e e e e e e et ss st a e e e e e e e e e ssssssssasaes

Politova G.A., Karpenkov A.Yu., Kaminskaya T.P., Ganin M.A., Kumar R., Filimonov A.V. High-mag-
netostriction Laves-phase alloy of the samarium-iron system: the structure and phase transforma-

Simulation of physical processes

Zaitsev D.K., Smirnov E.M. Method of calculation of turbulent Prandtl number for the SST turbu-
=T Tol = o o T - OSSR

Anikonov D.S., Konovalova D.S. Semi-bounded string’s vibrations initiated by the boundary regime

Experimental technique and devices

Onegin M.S., Lyamkin V.A., Serebrov A.P. The ultracold neutron supersource at the WWR-M reactor:
lol o] o] [oTo T ole ] MY g11=d Lo T To I (=2 [ 1o NP UUERR R

Serebrov A.P., Lyamkin V.A., Koptyukhov A.O., Onegin M.S., Prudnikov D.V., Samodurov O.Yu.
The low-temperature sub-system of the ultracold neutron supersource at the WWR-M reactor: a
heat-hydraulic deSiGN STUAY .........coeceeeeeieeeeee ettt e e e e e e et e sttt e e e e e e e e e sssassssaaaaaaaeeas

Savin V.N., Stepanov V.A., Shadrin M.V. Human visual model-based technology: measuring the geo-
metric parameters Of MICrOINSIIUMENT ..........ccceeecuuiieeeiieee ettt e e e e e e ettt e e e e e e e e e ssssaaaaaaaaaeeaaas
Physical electronics

Solovyev K.V., Vinogradova M.V. Two-electrode design for electrostatic ion trap integrable in polar
(ol Yo ] g0 gL [ 4= SRR

Physical materials technology
Kapustin V.V., Pashkevich D.S., Mukhortov D.A., Petrov V.B., Alexeev Yu.l. The water vapor conver-

sion during the interaction between an evaporated hydrogen fluoride solution and carbon in the fil-
Lration COMBUSHION MOGE .......ccuuveeiiiiiiiee ettt e st e e e s e e st e s e ssae e e e sanbbeeeesanssaeessnnsaeeeas

11

28

39

50

61

73

87

96



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics 12 (1) 2019

-
I
Atmosphere physics
Chupin V.A., Dolgikh G.l., Gusev E.S. Recording typhoons’ infrasonic disturbances by laser strain-
AL =T TSSO UPUPPPPPPPPP 117
Mathematics
Kiselev K.V., Frolov M.E., Chistiakova O.l. A posteriori error estimate for Reissner — Mindlin plates:
verification of implementations and NUMErical tESTING ...........eeeeeeeeeiiiiiiiiieee e 128
Mechanics

Fedotov A.V. The damping of the distributed system vibrations using piezoelectric transducers:
K10 A 171 o (o) ISP 142
Polyanskiy S.V., Belyaev A.K. A quasistatic approach to the thermoelasticity problem of
oY o LT Lo [ o To Yo [ 1= IS 156
AULROE INOBX .ottt e e e e ettt e e s et e e e s e bteeeesaabaeeeessanbeeeesaasbaeeessntaeeessastaeaesanns 167



4Haquo-TeXqueCKme BegomocTu Crerny. dunsmnko-matematnyeckme Haykm 12 (1) 2019

Copep>xaHue

®dusuka KOHAEHCUPOBAHHOIO COCTOAHUA

PogHbiii N.A., lapubun E.A., BeHeBues W.A., OasbigoB M.U. pobnembl u nepcnekmussl
MPUMEHEeHUS IIOMUHECUEHUUU PMOPUOG BUAPUS .....uvveeeeeeeeeeeeeciiiieeeeeeaeeeeeesistasreeeaeaeessesssssssasseeaaeens

MonutoBa T.A., KapneHkos A.H0., KamuHckaa T.M., TFHuH M.A.,, Kymap P,
dunumoHos A.B. Cmpykmypa u ¢ha3osble npespaweHuUs B8bICOKOMA2HUMOCMPUKYUOHHO20
Crnaa8a cucmemMbl CaMapuli-Hene3o co CMPYKMYPOU A3 JIABECA..........ccc...uueveeeeeeeeeeeeiciiiirirerraaaaannn,

MartemaTtuueckoe mogennmposaHue GpUsMYECKUX NPOLLECCOoB

3ainues A.K., CmupHos E.M. Memod pacvema mypbyneHmHozo Yucaa lNpaHdmaa 0aa SST-modenu
INYPOYSIEHIMHOCIIU. ... vvvveeeeaeeeeeeeetesaeaaaeeeeeassetssatsaaaaeeessssssssaaaaaaeeaassssssssssaaaaasseassssssssssaaaseneasasines

AHuKoHoB [.C., KoHoBanoBa [A.C. KosnebaHus nosayoz2paHu4eHHOU CmMpyHbl, UHUUUUPOBAHHbIEe
CPOAHUYHBIM PEHCUMOM ...eveeeeeeseeeaaiitatteeeeeaeesaaausttateeeeesaaasaansasattaeaaessaasasasssaeeeeeeesssssaannssseeeaeeesssanannnns
Mpubopbl U TeXHUKa GU3NYECKOro sKCNepumeHTa

OHernH M.C., NlamKkuH B.A., Cepebpos A.M. Pacyem 6uosnoauyeckoli 3aujumel cyrnepucmovHuKa
YAbMPAXO0N0OHbIX HEUMPOHOB 0715 PEAKMOPA BBP ~IM......cccccooeeeiiiiiieeee ettt e

Cepebpos A.M., lamkuH B.A., KonTioxoB A.O., OHeruH M.C., MpygHukos 4.B., Camogypos O.10.
Tennoaudpasnuyeckoli pacyem HuU3KomemnepamypHol 4Yacmu UCMOYHUKA Yabmpaxoso0HbIX
HeUMPOHOB8 018 PEAKMOPT BBP-IVI ..........uuueeeeeeeeeeeeciieeeee e e e e e etectatee e e e e e e e e s etaaaa e e e e e e e e s e e snnsaaaaaeaaeaeeas
CasuH B.H., CrenaHos B.A., WaapuH M.B. TexHos102uA usmepeHuUs ceomempu4yecKux napamempos
MUKPOUHCMPYMEHMA HA OCHOBE MOOESU 3PEHUSA YCOBEKT .....evvveeeeaurirreesauiireesssiseessssssnessssssnessssins
dusnueckan NIEKTPOHUKa
ConosbeB K.B., BuHorpapoBa M.B. /[lgyxasneKmpoOHaA peanu3ayus 3snekmpocmamuyeckol
UOHHOU nosywKuU, UHMe2pupyemoli 8 MoAsgPHBLIX KOOPOUHOMUOX ........ccceuvrreeeeeeeeeeseiiiissrreseseasesessssssnnes
dusnyeckoe MmaTepuanosegeHue
KanycrtuH B.B., Nawkesuy A.C., MyxopTtos [.A., MeTtpos B.b., Anekcees K0.WU. KoHsepcusa 800aHo20

napa npu e3aumodelicmsuu UCMAPEeHHO020 pacmeopa ¢pmopuda 8000p00a C y271epo00oM 8 percume
DUABMPAUUOHHORZO 2OPEHUS ....tvevereeeeeeeeieeistrsasesaaaaeesssssssasssesaasaseeststssassssessssssassssssssssessessemnasssssses

>

11

28

39

50

61

73

87



4Haquo-TeXqueCKme BegomocTu Crerny. dunsmnko-matematnyeckme Haykm 12 (1) 2019

| -
®dusuka atmocoepbl
Yynuu B.A., Oonrux I.WU., Tyces E.C. Pecucmpayua uH@pa3sykoseix g8oamyweHuli maligpyHos
103EPHBIMU OCPOPMOPAMUMU ........vvveeeaaaaeeeeseiteseaaaaaseassssssssasasaaaeeeasassssssssssaasesssssssssssssssaaaeeaans 117
MaTtemaTtuka
Kucenes K.B., ®ponos M.E., YncrakoBa O.U. BoiyucaumernsHsili sKkcnepumeHm u eepughukayusa
peanuzayulianocmepuopHol oUeHKU 0418 NAACMUH PelicCHEPa —MUHOMUHAG............ccuvvveeeeeeeeeeeccnnnns 128
MexaHuKa

depotoB A.B. YucneHHoe modenuposaHue 2aweHuA KoaebaHuli pacnpedeneHHolU cucmemsl €
[TOMOULBHO MTBE3OIMEMEHITIOB .....ceveeeeeeiaeeeeaaeesttaeeeette e et ae e s ttaaeeattaeestsnaeestaesasanaasssaaesssneasssnesssnnnesesnns 142
MonaHckuii C.B., Benaes A.K. Ksazucmamuyeckuli nodxo0 K peweHuto 3a0a4u mepmoyrnpy2ocmu
BPAULGHOULUXCA M N eeeieteeee e eeeetttiee s e e e eetaaaaas s e e e eetba e s e e e e aataa s e s e eeeaetaaaeseeetaebaaeeeeeeaassanseeeeeassannseseeeeenen 156
ABMOPCKUU YKABAMIEIID.c.c.eeveeeeeaeeeeeeeettaseaaaaeeeee st ttsssaaaaaaeeeassssssssssaaaaaeesasssssssssssaaeeeessssssssssssasaens 167



CONDENSED MATTER PHYSICS

DOI: 10.18721/JPM.12101
YK 535.37

THE APPLICATION OF BARIUM FLUORIDE LUMINESCENCE:
CHALLENGES AND PROSPECTS

P.A. Rodnyi', E.A. Garibin?, I.D. Venevtsev', Yu.l. Davydov3?
! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation;
2CJS “"INCROM”, St. Petersburg, Russian Federation;
3 Joint Institute for Nuclear Research, Dubna, Russian Federation

The problem of obtaining BaF, crystals with a predominant sub-nanosecond luminescence
component has been considered. A detailed analysis of methods for suppressing the slow compo-
nent of the crystal luminescence was carried out. It was shown that the introduction of a number
of dopants led to the suppression of the slow component, but, as a rule, the intensity of the
sub-nanosecond component decreased, and the transparency and radiation hardness of the crys-
tal also deteriorated. The results of spectral and kinetic measurements of BaF,:Tm and BaF,:Sc
luminescence were presented. It was shown that the solution of the problem can be achieved by
using an undoped BaF, crystal in combination with a filter suppressing the slow luminescence
component.

Keywords: barium fluoride, core-valence luminescence, ultrafast scintillators, optical filters

Citation: P.A. Rodnyi, E.A. Garibin, 1.D. Venevtsev, Yu.l. Davydov, The application of barium
fluoride luminescence: challenges and prospects, St. Petersburg Polytechnical State University
Journal. Physics and Mathematics. 12 (1) (2019) 9—24. DOI: 10.18721/JPM.12101

MPOBJIEMbI U NEPCNEKTUBbI MPUMEHEHUA
NIOMUHECUEHUWUU ®TOPUAA BAPUA

M.A. Podnnili', E.A. lapubux?, N.[. BeHesues', KO.U. [Jaebidos?
L CaHKkT-MeTepbyprckunini NonMTEXHUYECKU yHuBepcuTeT MeTpa Benwukoro,
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23A0 «MHKPOM», CaHkT-MNeTepbypr, Poccuiickas deaepauus;
3 06beANHEHHbIN MHCTUTYT AAEPHbIX UccnenoBaHuit, r. lybHa, Poccuiickas ®eaepauus

Paccmotpena npo6iema nony4deHnus kpucraiios BaF, c npeobnagarommm cyOHaHOCEKYHIHBIM
KOMITOHEHTOM pEHTIeHOJIOMUHEeCcHIeHIMU. [1poBeieH moapoOHbIi aHAIM3 METOI0B TOIABICHMS
MEIJICHHOIO KOMIIOHEHTa YKa3aHHOMW JIIOMUHECLIEHIIMU TaHHOro coeauHeHus. IlokazaHo, 4To
BBEICHUE psaa MPUMeEceld TTPUBOIUT K TOJABIICHUWIO MEIUIEHHOTO KOMITOHEHTa, ONHAKO, KakK
TPaBUJIO, WHTCHCUBHOCTh CYOHAHOCEKYHIHOTO KOMIIOHCHTA TaKKe CHIDKACTCS, TIPU 3TOM
VXYAILIAIOTCS PO3payHOCTh U paguallMOHHAsl CTOMKOCTh KpucTama. [IpuBemeHBI pe3ynabTaThl
U3MEPEHNUA CIIEKTPATbHO-KMHETUYECKUX XapaKTepucTuK Kpucramuios BaF:Tm wu BaF,:Sc.
[MokazaHo, 4yTo IIPOGIEMY MOXKHO PEIIUTh ITyTEM MCITOJIb30BaHUSI HEJIETUPOBAHHOTO KpHUCTAJLIa
BaF, B couetanuu ¢ GUIbTpOM, MOAABIAIOIIAM MEITEHHBIA KOMIOHEHT JTIOMUHECLIEHLIVH.

KmoueBbie ciaoBa: ¢dropun Oapusi, OCTOBHO-BaJieHTHAsl JIIOMUHECIICHIIMS, CBEPXOBICTPHIN
CLIUHTWLISITOP, ONTUYECKUN (DUIBTP

Ccpuika mpu murupoBanun: Pomuwrii I1.A., Tapuoun E.A., Benesue M.J., Hasweimo HO.U.
[MpoGieMbl M TeEpCEKTWBBI TPUMEHEHUs JIOMUHecLeHIMu @topuaa Oapust // Hayyno-
texunueckne Bemomoctu CIIOITIY. dusuko-maremarnyeckue Hayku. 2019. T. 12. Ne 1. C.
9—24. DOI: 10.18721/JPM.12101
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Introduction

Barium fluoride (BaF,) has been the focus
of extensive research spanning several decades,
ever since subnanosecond (0.7—0.8 ns) lumi-
nescence in the range between ultraviolet (UV)
and vacuum ultraviolet (VUV) spectral regions
[1, 2] has been discovered in this compound in
the early 1980s. Radiative electronic transitions
between the top core (5p, Ba) and valence (2p,
F) levels of the crystal were later confirmed to
be responsible for this luminescence [3]. The
phenomenon was termed core-valence lumi-
nescence (CVL) [4], or cross-luminescence
[5]. BaF, has a short decay time, making it a
promising option for use in medical diagnos-
tic systems, experimental nuclear physics and
astrophysics as a fast scintillator. A wide lumi-
nescence band with a maximum of 310 nm (in
addition to CVL) is another known problem
with barium fluoride. Self-trapped excitons
(STE) are responsible for this luminescence,
which has a decay time © = 630 ns. Numerous
studies have been dedicated to suppression of
this long (and often undesirable) component of
luminescence [6—9]; this problem is also con-
sidered in our study.

Another issue is related to the spectral posi-
tion of CVL bands: two emission peaks are
located at wavelengths of 220 and 196 nm (UV
and VUYV ranges). Very few types of photode-
tectors can effectively operate in this spectral
region; solar-blind photomultipliers with CsTe
photocathodes making it possible to reduce the
output signal from the slow component by 9
times have long been used for this purpose;
however, the signal from the fast component
also decreased by 1.84 times [7].

Solar-blind photodetectors with a response
time of 15 ps and a quantum efficiency of about
12% have been developed [10]; a quantum effi-
ciency of 17% at 220 nm was recently obtained
for an avalanche photodiode (APD) [11].

Moreover, interest in the characteristics of
barium fluoride has been renewed because this
compound is considered as a working mate-
rial for a new calorimeter, aimed at observing
muon-to-electron conversion (the Mu2e exper-
iment at Fermilab [11, 12]). Effort is currently
underway to improve the luminescent char-
acteristics of barium fluoride by introducing
impurities, changing the conditions of growth
and annealing of crystals, using such materials
as nanoparticles, composites and ceramics.

In our study, we have carried out gener-
alization and analysis of the most important
results on improving the luminescence and
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scintillation characteristics of barium fluoride,
giving the experimental data for BaF,:Tm and
BaF :Sc crystals.

BaF :Tm samples have been chosen because
thulium (Tm) is one of the best dopants among
rare-earth ions for suppressing the slow lumi-
nescence component [5, 6]. As for the sec-
ond dopant, scandium (Sc) is the least studied
“suppressive” dopant among the ions with a
filled outer shell.

Suppression of slow component of
luminescence in barium fluoride
by introducing dopants

Tons with a filled outer shell. Numerous stud-
ies considered “suppression” of the slow lumi-
nescence component (310 nm band), which
is undesirable for fast scintillators. Ions with
a filled outer electron shell, such as La’*, Y3,
Lu®*, Sc3* and Cd?* are the best dopants for
this purpose since they do not generate addi-
tional emission bands. The first experiments
showed that substantial suppression of slow
luminescence is always accompanied by a slight
decrease in CVL [5, 6]. For example, the slow
component in BaF:La(0.2%) decreases by
1.72 times, while the fast one decreases by 1.09
times [13]; the slow and the fast components
in BaF:La(0.5%) decrease, respectively, by 3.6
and 1.6 times. According to [8], suppression
of the slow component in crystalline BaF,:La
starts when the lanthanum content exceeds 1%
(Fig. 1). The concentration dependence of slow
X-ray luminescence (XRL) in BaF,:Y is similar
to that for BaF,:La (Fig. 1). A BaF,:Y(1 at.%)
crystal whose slow component was suppressed
by 6 times, and the CVL intensity was the same
as in pure BaF, was synthesized recently [14].

Introducing cadmium considerably sup-
presses the slow XRL component of BaF,:Cd
(curve 3 in Fig. 1). With the cadmium content
of 0.35 mol.%, the intensity of this compo-
nent is less than 10% compared to that for an
undoped crystal, while the intensity of the fast
component practically does not change. Unfor-
tunately, Cd* ions form in a BaF2:Cd crystal
irradiated with X-rays, generating absorption
bands in the visible and UV spectral regions
[8].

Lutetium (Lu) reduces the intensity of the
slow component in BaF, by 4 times, but the
fast component also decreases considerably
[15]. Aside from that, introducing lutetium
resulted in deteriorated radiation hardness
of such a crystal. According to [6], the CVL
decay time for BaF,:Lu(1.0 mol.%) is 0.4 ns;
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this means that a small loss in CVL intensity
is compensated by a nearly twofold decrease in
the luminescence decay constant.

The spectral and kinetic characteristics of
BaF, crystals with scandium contents of 0.5,
1.0, and 2.0 mol.% were studied in [16], where
the intensity of the slow component for the
BaF,:Sc(1.0%) decreased by 2.4 times.

Since the RbF crystal has CVL [4], it was
proposed to increase the intensity of the fast
component by introducing rubidium fluoride
into barium fluoride. The experiment with a
BaF :Rb crystal revealed no CVL and a slight
decrease in the slow XRL component [17].

Rare-earth ions. A large number of stud-
ies have been dedicated to suppression of the
slow luminescence component (310 nm band),
which is undesirable for fast scintillators. Tri-
valent rare-earth (RE3") ions were introduced
into barium fluoride crystals as dopants for this
purpose. It was established that any rare-earth
dopant reduces the intensity of the slow scintil-
lation component [5, 6]. The presence of inter-
stitial fluorine ions F~ serving as charge com-
pensators for trivalent dopants was traditionally
believed to be the reason for suppression of the
slow component of scintillation by RE?* ions.
It was assumed that because these interstitial

1.0

ions generate energy levels near the top of the
crystal’s valence band (in the bandgap), they
can trap holes from the valence band [8]. This
trapping is a competing process between for-
mation of V, centers and self-trapped excitons,
or (Ve )*-centers, resulting in decreased STE
luminescence intensity. While this model is cer-
tainly attractive, it does not explain suppression
of the slow component in BaF, crystals doped
with divalent Cd**, Mg?** and Sr** ions [18].
Comparing the dependences of XRL intensity
in BaF:La and BaF,:K crystals, the authors of
[8] concluded that interstitial F~ ions are only
partially responsible for the suppression effect.
It was also established that diffusion of excitons
to the centers of their nonradiative annihilation
makes the main contribution to this effect [§].

Supgressjon of slow luminescence component
of barium fluoride by thermal quenching

CVL intensity is characterized by high ther-
mal stability (tested up to 500°C [18]); this
property can be used to eliminate the slow
component. The intensity and decay time
of the slow XRL component considerably
decrease at higher temperatures ranging from
room temperature. For example, if the oper-

Intensity, a.u.

107 107

10"

10° 10

Dopant concentration, mol.%

Fig. 1. Concentration dependences of slow XRL luminescence intensity for BaF,:La (/), BaF,.Y (,) and
BaF,:Cd (3) crystals (based on data given in [8])
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ating temperature of the device is chosen to be
120°C, the intensity of the slow component is
lower than that of the fast component, and the
decay time of STE luminescence is approxi-
mately 40 ns. This mode of operation of the
scintillator can be established in an individual
physical experiment, but it is hardly suitable
for technical devices. It was found in [19] that
the slow XRL component of barium fluoride is
completely suppressed at 220°C, and the light
yield of the subnanosecond component is 1000
photons/MeV.

Conversion of exciton emission to
faster activator luminescence

The main idea of these experiments is to
transform emission of self-trapped excitons
into faster activator luminescence rather than
suppress it. The elements at the beginning of
the lanthanide series (Ce, Pr, Nd) are known
to possess the most effective allowed (i.e., fast)
5d — 4f transitions. The heavier rare-earth ele-
ments tend to have slow UV luminescence gov-
erned by high-spin (HS) 54 — 4f transitions,
forbidden by the spin selection rule. Addition-
ally, a large number of 4f levels in some ions
(Nd, Eu, Tb, Dy) leads to slow (undesirable)
luminescence due to forbidden 4f — 4f tran-
sitions. Therefore, light rare-earth ions Ce’",
Pr3*, Nd3**, as well as ions with a relatively small
number of 4f levels (Gd** and Tm3") are the
best candidates for barium fluoride activators.

BaF,:Ce compound. Cerium serves as an
activator in many modern phosphors and scin-
tillators; for this reason, introducing Ce** ions
into barium fluoride was expected to increase
the light yield of the crystal and obtain scintil-
lation decay times of several tens of nanosec-
onds. Early experiments revealed that the light
yield of BaF,:Ce at the optimal concentration
(about 0.2 mol.%) of Ce** ions (the optimal
concentration is the one with the maximum
luminescence intensity) was slightly lower
compared to pure BaF, [20, 21]. It was sug-
gested that either Ce aggregates or (Ce’*—0?7)
centers form in the crystal if the content of
Ce’* ions exceeds 0.2 mol.% [21]. A later study
[22] reported on a slight increase in the light
yield for a BaF:Ce crystal, finding that self-
trapped holes in the form of V, and H centers
participate in the recombination process.

Subsequent studies managed to increase the
light yield of BaF,:Ce by 2.5 times compared
with pure barium fluoride, but the kinetic char-
acteristics of XRL could not be significantly

12

>

improved [23]. The BaF,:Ce crystal exhibits
some unusual properties: the XRL spectrum
corresponds to emission of Ce3* ions (308 and
322 nm bands), and the kinetics to emission
of self-trapped excitons (the main decay con-
stant is equal to 250 ns). A luminescence decay
constant of 31 ns is detected in the BaF,crystal
upon direct UV excitation of Ce** ions [22].
This behavior of BaF,:Ce is due to superpo-
sition of the absorption band of Ce3* ions on
the emission band of self-trapped excitons in
the region of 280—300 nm, resulting in energy
transfer from excitons to Ce ions (STE — Ce3*).

Introducing a lutetium dopant into BaF:Ce
leads to a decrease in the intensity of the two
main Ce*" emission bands and to a new wide
XRL band appearing, with a peak at 355 nm
[15]. The XLR band at 355 nm in BaF,:Ce,
Lu is believed to be associated with interstitial
fluorine ions.

BaF,:Pr compound. Trivalent praseodymium
has a shorter decay time (54 — 4f transitions)
and a slightly lower XLR intensity in differ-
ent crystals, compared with those parameters
for the Ce** dopant. The BaF,:Pr** crystal has
the main decay constant of 28 ns, and a faster
component with a duration of 7—8 ns appears
as the Pr** content exceeds 1%. However,
the 5d — 4f emission band overlaps with the
core-valence luminescence band; as a result,
energy transfer from CVL transitions to Pr**
ions occurs (CVL is not detected). Another
drawback of the crystals containing Pr3* is the
presence of f— ftransitions with slow emission.

BaF,:Nd compound. The first experiments
showed a very weak (below the CVL level) (54
— 4f) luminescence of Nd** in BaF, (slightly
higher than the XLR intensity in BaY,F :Nd)
[25]. It was subsequently proved for crystals
with a higher quality that BaF,:Nd(1%) sam-
ples emit in the UV spectral region (175—200
nm), with the main decay constant of 12 ns
[26]. The light yield of the crystal was only 7%
lower than that of BaF,. Adding lanthanum
improves the characteristics: the (La ,,Bag))
F,:Nd crystal has a narrow (12 nm) lumines-
cence band with a maximum at 175 nm and a
short decay time, t = 6.1 ns [27].

BaF,:Tm compound. Interconfiguration 5d
— 4ftransitions of Tm3*ions in BaF2 are mani-
fested as a luminescence band with a maximum
at 178 nm and a decay time of 5—6 ns [28].
The intensity of this luminescence is lower than
the CVL intensity. As the Tm?" concentration
increases from 0.1 to 10%, the intensity of the
STE band decreases substantially (the same as
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for other rare-earth ions), but the yield of the
subnanosecond component also decreases with
a thulium concentration C > 0.1%.

Ref. [29] investigated the (5d — 4f) lumi-
nescence of Nd**, Sm3*, Ho*", Er**, Tm?* ions
in barium ﬂuoride and other alkaline earth
fluorides. It was established that the exciton
mechanism of energy transfer to 5d states of
these ions is inefficient in fluorides.

Suppression of slow luminescence component
in barium fluoride by double doping

BaF,:Gd,Ce compound. It was proposed in
[30] to introduce 10% of Gd** into barium
fluoride with the addition of the Ce** co-ac-
tivator not only as a means of suppressing the
slow emission component but also to improve
other characteristics of the material. The syn-
thesized Ba, ,Gd, F,  crystal had a high density
equal to 5. 11 g/cm3 (4.89 g/cm® for undoped
BaF)), and a higher mechanical strength of
240 kg/mm2 (80 kg/mm? for BaF,). As Ce**
ions were introduced into the compound, the
peak of the luminescence band of self-trapped
excitons shifted to the long-wavelength region
to a value of 350 nm. The Gd ,Ba F, Ce(0.1
mol.%) crystal had a 46% hght yleld compared
to pure barium fluoride and a luminescence
decay constant of 30—40 ns. Notably, the
decay constant characteristic for the Ce3* ion
is manifested in the spectrum due to a shift of
the luminescence band to the long-wavelength
region. The slow XRL component the crystal
was almost completely suppressed. The optimal
(before the quenching started) concentration of
Ce’* ions in a Ba ,GdF,, is 0.2—0.3 mol.%
[30]. Unfortunately, the radlatlon hardness of
a Ba ,Gd F, :Ce(0.1 mol.%) crystal is lower
than that for pure barium fluoride.

BaF,:La,Er compound. As noted above, the
ions of the second half of the lanthanide series
have slow (5d — 4f) luminescence from the HS
5d state. In particular, slow emission of Sd(HS)
— 4f transitions is prevalent in the BaF,:Er**
crystal , which has a high intensity due to pres-
ence of a ’F,, energy level between LS (low-
spin) states and HS (high-spin) 54 states. This
level promotes nonradiative energy transfer to
the 5d(HS) — 4f luminescence component,
prohibited by the spin selection rule. A red shift
of 5d excitation bands of Er** was obtained by
introducing 30% of LaF, into barium fluoride
(BaLaF,Er** crystal), and the 2F; , level was
located higher than the 5d4(LS) and 54 (HS)
levels [31]. As a result, 5d(LS) — 4ftransitions,
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allowed by the selection rules and generating
two emission bands in the 140—150 and 152—
160 nm regions with a luminescence decay time
of 35 ns, were prevalent in the crystal obtained
by the authors [31].

BaF,:La,Ce compound. Since lanthanum
usually serves as a “suppressor” of the slow
XRL component, and cerium is the best acti-
vator, it was of interest to introduce these ions
in barium fluoride together. The experiment
in [32] established that the decay constant in
the BaF:La,Ce compound is 76 ns, the slower
component is substantially suppressed, and the
light yield is lower than in pure barium fluoride.

Radiation hardness of doped BaF, crystals

Crystals intended for collider experiments
should have a high radiation hardness [5], and
high-purity barium fluoride crystals [33, 34]
fully satisfy this requirement. F centers induced
by radiation are formed in the crystal, gen-
erating a broad optical absorption band with
a peak at 570 nm. This absorption does not
affect the position and intensity of the core-va-
lence luminescence bands. Introducing dop-
ants (RE", Me?*, etc.) typically reduces the
radiation hardness of barium fluoride [34]. The
crystals doped with La’* acquire a red color
upon irradiation with X-rays, which is due to
interstitial fluorine ions forming. A monovalent
metal is introduced into the BaF,:La crystal
in the same concentration as the concentra-
tion of lanthanum ions in order to increase
radiation hardness (reducing the number of
interstitial fluorine ions). For example, it was
demonstrated that a BaF,:La(0.3%)K(0.3%)
crystal has a higher radiation hardness but a
lower suppressive effect than a potassium-free
crystal, BaF:La(0.3%) [8]. Alkali-containing
crystals acquire a blue color upon irradiation
with X-rays, which is associated with F-aggre-
gates forming due to the presence of fluorine
vacancies [8].

The optical absorption level near 500 nm is
higher in the irradiated BaF,:La crystal than in
pure barium fluoride, but the absorption inten-
sity becomes comparable for these crystals in
the UV region of the spectrum [13]. Radiation
resistance of the BaF, crystal (absorption bands
in the range of 200—800 nm) deteriorates upon
doping with Tm, Nd, Gd, Eu. Notably, lead is
the most dangerous residual dopant that sup-
presses CVL, with the maximum of the absorp-
tion band located at 205 nm [13].

13
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Other methods for reducing the intensity
of slow luminescence component

Using nanoparticles. Nanoparticles are
known for their high surface/volume ratios
and therefore have different properties than
the corresponding single crystals [35, 36].
Luminescence intensity can be increased and
luminescence decay time can be decreased
by decreasing the size of nanoparticles. These
effects are well studied for excitons in semicon-
ductor nanoparticles. Studies into high-band-
gap dielectric materials with small-radius exci-
tons are currently in their initial stages. Another
advantage of nanoparticles over ordinary parti-
cles is that higher activator concentrations can
be introduced for them to increase lumines-
cence intensity.

The behavior of luminescence in barium
fluoride nanoparticles ranging in size from
20 to 100 nm was studied in [35]. The inten-
sity of the CVL band with decreasing size of
nanoparticles from 80 to 30 nm practically
does not differ from the CVL intensity for a
single-crystal sample of BaF,, and it is only
for samples with the size of 20 nm that it does
decrease by 1.5 times. The luminescence inten-
sity of self-trapped excitons decreases by an
order of magnitude when nanoparticles 20 nm
in size are used instead of a single crystal. The
sizes of the given nanoparticles (20—100 nm)
substantially exceed the diffusion length of the
core hole (about 1.5 nm), which explains the
relative stability of CVL intensity. The lumi-
nescence intensity of STE decreases starting
from a nanoparticle size of 80 nm. The critical
size of barium fluoride nanoparticles, for which
the luminescence intensity of STE decreases
sharply, is about 50 nm. This size is compa-
rable with the thermalization length of photo-
electrons (30—100 nm) in fluorides [35].

BaF:Ce nanoparticles were obtained and
studied in a number of works [37, 38]. The
BaF,:Ce nanoparticles obtained in [37] with a
size of 18+3 nm had a cerium luminescence
band with a maximum at 370 nm; in this case,
the core-valence and exciton luminescence
bands were absent. The luminescent character-
istics of BaF,:Ce nanoparticles ranging in size
from 1 to 30 nm were considered in [38]. The
samples had a wide luminescence band with a
maximum at 355 nm. The maximum lumines-
cence intensity was achieved for cerium con-
tent of about 15%. The optimal concentration
of Ce*" ions in the nanopowders was higher
compared to single crystals, which the authors
attributed to the decrease in the number of
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defects (traps) with decreasing nanoparticle
size of nanoparticles.

Using composites. Nanoparticles with good
scintillation properties are difficult to use as
radiation detectors. Composites consisting
of heavy inorganic micro- and nanoparti-
cles and ultrafast organic phosphors are used
to synthesize bulk scintillators. The inorganic
(“heavy”) particles in a composite scintillator
efficiently absorb ionizing radiation, while part
of the absorbed energy is transferred to organic
molecules in contact with the particles, with
nanosecond scintillation pulses then induced
in the molecules. A polymer based on poly-
styrene activated with PPO (2,5-diphenyloxaz-
ole) and POPOP (1,4-bis(5-phenyloxazol-2-yl)
benzene) scintillators is usually chosen as an
organic binder, since it has fast (less than 2 ns)
scintillations.

Barium fluoride has a low refractive index
n = 1.478 at a wavelength of 500 nm, which
is convenient for combining it with a polymer
matrix. BaF,:Ce nanocomposites were prepared
in [38] using epoxy resins. The light yield of
the BaF,:15%Ce composite was approximately
5 times higher than that of the BaF,:2%Ce
crystal.

Zinc oxide is known as an effective scintil-
lator with a subnanosecond luminescence time
(like BaF,). Bound excitons are responsible
for its luminescence [39]. Zinc oxide (ZnO)
nanoparticles 7.5—30 nm in size were success-
fully embedded into a barium fluoride film in
[40]. Radiofrequency magnetron sputtering
with subsequent thermal annealing of the sam-
ples was used for this purpose. Barium fluoride
has a low refractive index compared with zinc
oxide (whose refractive index is n ~ 2.4), con-
tributing, it is believed, to formation of optical
waveguides in the crystal. It was established that
the intensity of the subnanosecond ZnO lumi-
nescence component in BaF, increases signifi-
cantly with annealing temperature increasing
from 400 to 800°C [40].

Synthesizing ceramics. Attempts have been
made in the recent years to improve Kinetic
and other characteristics of barium fluoride
by creating ceramics, including nanoceramics
[23, 41]. Notably, ceramics have a number of
advantages over single crystals, in particular,
high mechanical and thermal strength.

Optical ceramics of barium fluoride was
prepared by hot-pressing and thermoforming
using the K-2718 system (INKROM CJSC)
[23, 41]. Maximum transparency of ceramics
in a wide optical range was achieved by varying
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two main parameters: temperature and degree
of deformation. To increase the intensity of the
fast component and reduce the decay constant
of the slower component, the ceramics was
annealed in gaseous carbon tetrafluoride CF,
for 24 hours at a temperature of about 1180°C.
As a result, the transparency of the ceramics
obtained was comparable to the transparency
of the corresponding single crystal in the visible
spectral region and slightly lower than that in
the short-wave region (A < 250 nm).

Using filters and other devices. Subnanosec-
ond luminescence of barium fluoride can be
induced with a suitable UV filter, however,
as a rule, the filter reduces the luminescence
intensity. A special short-wave filter has been
developed recently, suppressing the slow lumi-
nescence component of barium fluoride to 1%
[42].

The so-called shifters, i.e., organic sub-
stances that shift the UV luminescence to a
longer wavelength region are used to make
the “fast” UV luminescence of barium fluo-
ride more acceptable for photomultipliers that
are sensitive in the visible region of the spec-
trum. Defenyl-anthracene, perylene, and other
shifters were tested in [43]; using them helped
increase the time constant to 2.5—7 ns, and
decrease the light yield.

Since the decay times of the fast and slow
components differ by almost 3 decimal orders,
these components can be separated at the
output of the photodetector using electronic
devices. A schematic for such a device was
proposed in [44].

Experimental procedure

The given crystals were grown by the Ste-
panov—Stockbarger method at INKROM. The
obtained samples were classified as VUV crys-
tals, i.e., as materials with high transparency
in the short-wave region of the spectrum. Pol-
ished samples of single crystals prepared in the
form of parallelepipeds 5 4 10 Y 15 mm in size
were used for spectral measurements. The opti-
cal transmission spectra of the samples were
recorded from the longitudinal size of the sam-
ple (15 mm) using a VMR-2 spectrophotom-
eter. The luminescence spectra were captured
with continuous X-ray excitation (40 kV, 14
mA). The detecting part of the setup contained
an MDR-2 monochromator and a Hamamatsu
HS8259-01 photon counting system. Thermally
stimulated luminescence (TSL) curves were
measured in samples 1 mm thick. Before the

measurements, the samples were irradiated
with an X-ray beam at a temperature of 80 K,
and then heated at a rate of 0.3 K/min.

An X-ray source with the following param-
eters was used to measure the luminescence
kinetics: 30 kV, 500 mA, pulse duration of 1
ns, and pulse repetition rate of 12 kHz [45].
The detecting part of the device was assembled
by the standard start/stop scheme; the time
resolution of the system was no worse than 50
ps. The luminescence spectra and kinetics were
measured in reflection geometry: the angle
between the direction of X-ray radiation and
the photodetector was 90°. The measurements
were taken at room temperature.

Experimental results and discussion

X-ray luminescence (XRL) spectra of BaF,
and BaF,:Tm crystals are shown in Fig. 2. The
spectra exhibit an intense exciton band with
a peak at 310 nm and a core-valent lumines-
cence (CVL) band with peaks at 196 and 220
nm; the spectra were not corrected for sensi-
tivity of the setup, which means that the inten-
sity of the CVL bands is actually higher. The
low-intensity bands with peaks at 347, 360, and
450 nm (curves 2 and 3, Fig. 2) are responsible
for the f~felectronic transitions in the thulium
ion Tm3+ [28]. Evidently, the intensity of the
exciton band decreases by 6 times when the
thulium content is 0.5%, but the CVL inten-
sity also slightly decreases. Introducing 2.0%
of thulium leads to a decrease in the exciton
band by 7 times, and CVL decreases by 1.6
times. Thus, the necessary (by more than 10
times) suppression of the exciton band cannot
be achieved without a significant decrease in
CVL for the BaF2:Tm crystal.

Inset to Fig. 2 shows the XRL decay curves
recorded in BaF, and BaF,: Tm(0.5%) crystals.
It can be seen that the intensity of the slow XRL
component of the doped compound is slightly
lower than that of pure barium fluoride. The
decay time constant of the slow component for
thulium-doped sample is noticeably lower and
is about 400 ns (while for pure barium fluoride
it is 630 ns). As follows from the XRL spectra
and kinetics, the effect of suppression of the
slow component in BaF,:Tm begins with a thu-
lium content of 0.5%.

The total optical transmission spectra of
the crystals are shown in Fig. 3. The BaF,: Tm
(0.5%) spectrum contains a minimum at 260
nm, for which the *H,—°P, electronic transi-

. . . . 2 .
tion in the Tm?3" ion is responsible, as well as
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Fig. 2. X-ray luminescence spectra and kinetics
of BaF, (1), BaF,:Tm(0.5%) (2) and BaF,:Tm (2.0%) (3) crystals
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Fig. 3. Optical transmittance spectra for BaF, (/) and BaF,:.Tm(0.5%) (2) crystals;
samples were 5 mm thick.
Inset shows XRL kinetics of the BaF,Tm(0.5%) crystal, measured in a short time interval

16



\

a minimum of unknown origin at 208 nm. The
BaF,:Tm(0.5%) crystal 5 mm thick has rather
high (more than 80%) transparency in the CVL
region (175—260 nm), however it is lower than
in pure barium fluoride (see Fig. 1). There-
fore, introducing Tm** ions into BaF, wors-
ens the conditions for fast luminescence (CVL)
from the crystal, which is particularly import-
ant for large samples. Inset to Fig. 3 shows,
as an example, the XRL kinetics curve of a
BaF,:Tm(0.5%) crystal, measured in a short
time interval. The decay time of the fast com-
ponent of the compound was 0.8+0.1 ns.

It is known that radiation hardness of a
material can be assessed by the intensity of
thermally stimulated Iluminescence (TSL)
peaks. Fig. 4 shows the TSL curves for BaF,
and BaF,:Tm(1.0%) crystals, measured after
the crystals were irradiated with X-rays (40 kV)
for 2 minutes. It can be seen that the non-acti-
vated crystal has an intense thermal peak with
a maximum at 114 K. Such low-temperature
peaks are characteristic for crystals of the flu-
orite group, reflecting the delocalization of
V,-centers. The low-temperature peak in the
BaF :Tm(1.0%) crystal is located at 138 K,
and thermal peaks are recorded in the region
from 200 to 300 K, for which V_, centers and
aggregates of Tm?" ions and interstitial fluorine
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ions are responsible [46]. Additionally, a
high-temperature peak is recorded at 453 K in
BaF,:Tm(1.0%), induced by deep traps. These
traps may be involved in afterglow lumines-
cence, impairing the scintillation properties
of the crystal. The data obtained indicate that
doping barium fluoride with Tm,, ions worsens
the radiation hardness of the crystal; the same
conclusion was reached in [5].

Introducing Sc’* ions into a BaF, crystal
leads to significant suppression of the slow
component; the corresponding XRL spectra
have the form similar to that shown in Fig.
2. Fig. 5 shows the total transmittance spec-
tra of the BaF, and BaF,:Sc(1.0%) crystals.
BaF2:Sc(1.0%) exhibits a characteristic reduc-
tion in the transmission near 290 nm. We also
recorded an absorption band at 290 nm in a
BaF :Cd crystal (not shown). Interestingly, this
band is also observed when La** [5] and Y3*
ions are introduced into BaF, [14]. The nature
of this band remains unknown; it can be argued
only that substituting barium with an ion with a
filled outer shell leads to a defect appearing in
BaF,, producing absorption at 290 nm.

Inset to Fig. 5 shows the X-ray decay
curves of BaF, and BaF,:Sc(1.0%) crystals. A
noticeable decrease in the integral intensity of
the slow XRL component was registered in a
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Fig. 4. Thermally stimulated luminescence curves for BaF, (/) and BaF,:Tm (2.0 %) (2) crystals.
Sample heating rate was 0.3 K/min
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BaF2:Sc(1.0%) crystal, as compared with pure
barium fluoride. The time decay constant of
the slow component of the sample doped with
scandium is less than that of pure BaF, and is
about 240 ns.

Another way to suppress the slow lumi-
nescence component is to use a filter that is
transparent in the spectral region of CVL and
opaque in the region of exciton radiation of
BaF,. Fig. 6 shows the transmission spectrum
for a filter of this type, obtained by layer-by-
layer sputtering of rare-earth oxides on a quartz
substrate. Apparently, the transparency of the
filter in the region of the main OVL peak (220
nm) is 50%, and is close to zero near the exci-
ton luminescence peak (310 nm).

Conclusion

We have conducted a series of experiments
and analyzed the data given in literature, con-
cluding that suppressing the slow component
of X-ray luminescence in barium fluoride by
introducing a dopant seems insufficiently effec-
tive. Introducing trivalent ions leads to defects
forming, in particular in interstitial fluorine
ions. The crystal structure of divalent ions is
typically distorted. Suppressing the slow com-

Condensed matter physics >

ponent of luminescence by introducing dopants
into BaF, has the following disadvantages:
required decrease in the intensity of the slow
component (by more than 10 times) is accom-
panied by a substantial decrease in CVL;
doped crystal is generally less transparent
than a pure one;

radiation hardness of barium fluoride typ-
ically deteriorates as dopants are introduced;

it is fairly difficult to uniformly distribute
dopants in large crystals (the required length
of BaF, samples for the new collider is more
than 20 cm).

Studies of nanoparticles, nanoparticle-based
composites and ceramics aimed at obtaining
the optimal ratio of intensities of the fast and
slow luminescence components of BaF, have
not yielded satisfactory results either.

We have found that using a filter that is
transparent in the spectral region of CVL and
opaque in the region of exciton luminescence
of BaF, is the most effective method to suppress
the slow component of luminescence. Such a
filter can be sprayed directly onto the surface of
the output window of the BaF, sample.

We plan to assemble and test a system that
includes a BaF, scintillator with a filter and a
solid-state photodetector.
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Introduction

Recent years have seen a renewed interest
in study of RFe, Laves-phase alloys (where R
is a rare-earth metal) [1—3]. Compounds of
rare-earth and 3d transition metals with the
Laves phase structure are an important family
of magnetic materials exhibiting high values of
anisotropic magnetostriction (of the order of
1073) in relatively low magnetic fields (less than
1 T) below the Curie temperature. It is known
[4—6] that highly magnetostrictive compounds
can convert electrical energy into mechanical
energy and are used in such devices as drives
and sensors operating in various environments
and in a wide temperature range. Some
Laves phases demonstrate both high values
of magnetostriction and large magnetocaloric
effects around the Curie temperature, which
can also find practical application [7, 8]. While
the physical mechanism responsible for high
values of magnetostriction in these compounds
is well known [9, 10], comprehensive studies
on the structure, magnetic properties and
anomalies in the phase transition region were
only carried out by different techniques for
individual samples.

RFe, intermetallic compounds crystallize
into a cubic structure of the MgCu, type
(Fd3m space group). According to theory,
giant spontaneous magnetostriction is most
likely to occur along the easy <111> axis of
magnetization as a result of magnetic ordering.
Special symmetry of cubic C15 Laves phase
leads to large rhombohedral distortion in
the <111> direction. The best-known Laves
phase compounds with giant saturation
magnetostriction at room temperature are
TbFe, and SmFe, (+1.7-107° and -1.5-107,
respectively) [11—15]. These alloys have close
magnitostriction values (differing in sign) at
room temperature. Both of these alloys undergo
rhombohedral distortions upon transition to a
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magnetically ordered state; however, while the
cubic lattice in TbFe, compound stretches along
the <111> direction, it is slightly compressed
in SmFe,. These compounds also differ by
type of magnetic ordering. It is known that
magnetic moments of the R and Fe sublattices
are parallel, with the total magnetic moments
of the sublattices co-directional for light REM
and antiparallel for heavy REM. Because of
this, TbFe, is a ferrimagnet, and SmFe, is a
ferromagnet.

Unlike TbFe,, the crystal structure of SmFe,, as
well as the direction of its magnetic moment change
with decreasing temperature. Mriissbauer and
XRD studies [15—18] found that the spontaneous
magnetic moment of the SmFe, compound at
room temperature is oriented along the <I111>
crystal direction. It was previously believed that
a spin-reorientational phase transition (SRPT) is
observed with a temperature decrease in the region
T=180—200 K, with magnetic moments oriented
along the <110> direction. However, detailed
analysis of the diffraction spectra obtained at low
temperatures revealed [17, 18] that the structure of
the alloy remains rhombohedral with a decrease in
temperature to about 200 K, while the distortions
increase in absolute value. An “angular” magnetic
phase appears in the alloy with a further decrease in
temperature (in the range of 140—240 or 106—180
K but different sources cite different ranges): the
vector of spontaneous magnetic moment is in the
(110) plane and does not coincide in direction
with either <111> or <110>. The character
that transformation of the X-ray diffraction
spectrum bears at low temperatures indicates
orthorhombic distortions of the crystal lattice, and
the magnetic moment is directed along the <110>
axis. Anomalies in the SRPT region are also
manifested in the temperature dependences of
magnetization [15].

The goal of this study has been to analyze
the changes in the crystal structure and
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magnetostrictive properties of the SmFe, alloy
in the temperature range from 100 to 320 K,
and also to consider the peculiarities of its
surface at room temperature using atomic-
force and magnetic-force microscopy.

In view of this goal, we needed to obtain a
high-purity single-phase alloy of SmFe,.

Experimental procedure

Sample preparation. The SmFe, alloy was
synthesized by high-frequency induction melt-
ing (Donets-1 furnace) in an alundum crucible
in ultra-pure argon (moisture content less than
0.02 g'm3, nitrogen content 0.0005%, oxygen
content 0.001%) at 1.1—1.2 atm. High-purity
metals were taken as the initial components.
We experimentally selected mixtures with
higher REM contents (by 10%), which allowed
to obtain single-phase compounds upon sub-
sequent homogenizing annealing. The cooling
rate of the alloys was rather slow (about 1—2
K/s), which contributed to achieving a near-
steady state. The prepared samples were placed
in quartz tubes pumped to high vacuum. Melt-
ed alloys were subjected to heat treatment in a
specially selected mode using a Carbolite TZF
15/610 3-zone high-temperature tube furnace:
the samples in tubes were heated to a tempera-
ture of 720°C at a rate of 7 K/min. Next, the
samples were kept at this temperature for 72
hours and then quenched in water.

Recording the X-ray diffraction spectra. The
spectra were recorded for powder samples using
CuK radiation (0 = 0.1540598 nm) at room
temperature with a DRON-7 X-ray diffrac-
tometer modified with a rapid-response system
based on a Mythen 1K linear position-sensi-
tive strip detector (Dectris Ltd, Switzerland).
The unit cell parameters were calculated from
reflections in the angle range 21 = 15—105°.
The phase composition of the sample was
studied by Rietveld refinement in the Powder
Cell 2.4 program. Temperature measurements
of the XRD patterns were carried out in the
temperature range of 110—250 K with a Super-
nova X-ray diffractometer (Agilent) using fil-
tered MoK radiation. The sample temperature
was controlled by its contact with nitrogen gas
stream of a given temperature, maintained by a
Cobra PLus Cryosystem (Oxford Cryosystems).

Microscopy. The microstructure of the sam-
ples was studied with a Neophot-30 metal-
lographic microscope. The samples were ob-
served and photographed under a xenon lamp
in either bright field or polarized light modes.
Microstructure patterns were fed through the

optical channel of the microscope to a Leven-
huk M800 Plus high-resolution digital camera;
a Smena-A scanning probe microscope (Solver
platform, NT-MDT, Russia) was used.

Analysis of surface morphology. The
morphology was studied by atomic force
microscopy (AFM) of Laves phases in the
samples in both tapping and contact modes
at room temperature using standard HA NC
Etalon silicon cantilevers. Thin sections of the
samples were etched in a 5% solution of nitric
acid in alcohol to reveal the nanostructural
features of the surface. Magnetic force
microscopy (MFM) studies were carried out with
fully demagnetized thin sections of the samples
using special magnetic cantilevers MFMO1
with a cobalt chromium coating, at a resonant
frequency of about 70 kHz and a force constant
of 1-5 N/m. MFM in non-contact vibration
mode vyields greater sensitivity, allowing to
collect high-quality MFM images of the sample
surface via a two-pass quasistatic technique (the
maximum sensitivity of the method is achieved
when the cantilever excitation frequency
coincides with the resonant frequency of the
system comprising the probe and the sample).

Deformation measurements. Deformation
of the polycrystalline sample made of SmkFe,
alloy was studied by the strain-gauge method
in the temperature range from 100 to 320
K and in magnetic fields up to 1.2 T, with
measurements carried out both along the
direction of the magnetic field (longitudinal
magnetostriction) and perpendicular to it
(transverse magnetostriction).

Experimental results and discussion

SmFe, samples were synthesized by high-
frequency induction melting. The problem
with synthesizing RFe, compounds is that the
eutectic points of RFe, and RFe, are close and,
as a result, it is the 1:3 phase that crystallizes
in the alloy if there is insufficient REM content
in the mixture or if the perictetic reaction does
not go to completion, since it takes fewer REM
atoms for this phase to form. Analysis of the
XRD data obtained at room temperature (Fig.
1) established that the alloy is single-phase and
the atomic and crystal structure is isotypic to
the structure of the cubic Laves phase Cl15
(MgCu,). The lattice parameter found was
7.4239 E.

The temperature dependences of the lattice
parameters (Fig. 2, a) were obtained by fitting
the XRD spectra to the cubic lattice model.
Evidently, the slope of the temperature
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dependence of the lattice parameter changes
in the temperature range of 180—190 K;
this indicates a change in the crystal lattice
associated with the spin-reorientational phase
transition. The results obtained are in good
agreement with the data given in literature
[15—18], describing a structural transition from
the high-temperature rhombohedral phase to
the angular phase, which is then transformed
into the low-temperature rhombic phase, in this
temperature range. Temperature dependences
of the lattice parameters a b c, obtained by
fitting the XRD spectra in accordance with
the models of rhombohedral (above 190 K)
and rhombic (orthorhombic) (below 180 K)
crystal lattices are shown in Fig. 2, b. For easy
comparison in a single graph, the parameters
were transformed (factors V2, V3) and reduced
to a pseudocubic cell.

Analysis of the microstructure by the
optical method revealed the second phase in
the samples, which was not detected by the
X-ray method. Quantitative analysis of the
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micrographs was carried out with a computer
program calculating the relative content of the
phases by pixel shades, confirming that the
volume content of the secondary phases did not
exceed 1—2%, suggesting that the synthesized
compounds are almost single-phase.

Atomic-force and magnetic-force microsco-
py are getting increasingly popular in materials
science, providing additional data on homoge-
neity of phase composition, graininess of syn-
thesized phases, size and morphology of indi-
vidual grains, domain structure [19—21]. The
studies were carried out for micron (scan size
of 90 x 90 um, see Fig. 3, d), nanometer (scan
size of 4 x 4 uym, see Fig. 3, a, b) and smaller
scales. It was established by analysis of AFM
images of the surface topology that the cells)
ranging from 500 to 700 nm in one direction
and up to 1 um in the perpendicular direction.
The cells were filled with small grains (these
are other structural elements) with an average
size of 80 nm, which can be clearly seen in
Fig. 3, a.
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Fig. 3. AFM (a, b, ¢) and MFM (d) images of SmFe2 alloy surface, obtained with scan sizes of 4 x 4
um (a, b) and 90 x 90 um (c, d); phase contrast method was used in b

Surface studies of the polished thin sec-
tion of SmFe, by magnetic force microscopy
(Fig, 3, d) revealed a pronounced and rather
complicated domain structure consisting of is-
lands with the sizes from 6 to 12 um and strips
with the widths from 3 to 5 um. The smallest
domains are 0.8—1.0 pm wide. There may be
different reasons for such a complex domain
structure on the sample surface, for example,
scattering fields (associated with stresses in the
sample), as well as microinclusions of another
phase. The presence of stresses is most likely
due to high magnetostrictive properties of the
SmFe, compound.

We studied linear deformation of SmFe,
samples under the action of an external mag-
netic field depending on temperature (thermal
expansion). Fig. 4 shows the temperature de-

pendences of elongation at break and the co-
efficient of thermal expansion of the sample.
Two anomalies can be observed at tempera-
tures of 126 and 188 K, associated with phase
transitions: a transition from the rhombohe-
dral to the “angular” phase occurs at 7, = 188
K, and a transition from the “angular” to the
rhombic phase at 7, = 126 K. These assertions
are supported by the data found in literature
[11, 12], as well as by the results of our own
XRD studies. Notably, while there are only
slight differences in the data given in literature
for the value of the temperature 7, the val-
ues cited for 7, differ greatly. Thus, we have
refined the values of the given temperature
points by measuring the thermal expansion
coefficient of SmFe, samples as a function of
temperature.
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Magnetostrictive deformations turn out to
be even more sensitive to magnetic and struc-
tural changes in the sample; therefore, it is
convenient to use magnetostriction measure-
ments as a method for detecting magnetic and
structural phase transitions. Fig. 5 shows the
temperature dependences of magnetostriction
in the given alloy. Both longitudinal (Fig. 5,
a), and transverse (Fig. 5, b) magnetostric-
tion anomalies are observed at temperatures
of 126 and 188 K for all values of the applied
external field, expressed in terms of minimum
and maximum absolute magnetostriction, re-
spectively. Longitudinal magnetostriction in
SmFe, has a negative sign and the maximum
absolute value of —1.9-1073, while transverse
magnetostriction is positive and takes a max-
imum value of +0.5-1073. The absolute values
of magnetostriction decrease at room tem-
perature, with the values of the longitudinal
and transverse components amounting, re-
spectively, to —1.4-107% and +0.3-1073.

Conclusion

We have used induction melting to synthe-
size a SmFe, alloy; comprehensive study of
the alloy included optical metallography and
X-ray diffraction analysis to confirm that the

alloy was homogeneous and single-phase. In
addition, we have specifically established that
a phase with 1:3 stoichiometry (most frequent-
ly observed in these compounds) was absent in
our case.

We have used atomic force and magnet-
ic force microscopy to verify that the sample
surface had a heterogeneous cellular micro-
structure and a complex domain pattern. We
have determined the sizes of the main struc-
tural elements.

We have found the specific temperature
range where the angular phase exists during
transition from rhombohedral to rhombic
phase. We have considered the behavior of
magnetostriction in the region of these anom-
alies.

The study was carried out with the finan-
cial support of the Russian Foundation for Basic
Research, projects no. 18-03-00798-a, n. 16-52-
48016 MHJ omu (R. Kumar and A.V. Filimon-
ov), and within the framework of State Task of the
Ministry of Education and Science of the Russian
Federation, project 11.5861.2017/B4 (Peter the
Great St. Petersburg Polytechnic University) and
State Task no. 075-00746-19-00 (Baikov Institute
of Metallurgy and Materials Science).
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Introduction

Numerical simulation of turbulent heat
transfer based on Reynolds-averaged Navier—
Stokes (RANS) equations commonly involves
some sort of semi-empirical model of turbulent
viscosity [1, 2] for most practical applications,
with the relationship between the coefficients
of turbulent heat transfer A and turbulent vis-
cosity p, given by the turbulent Prandtl number
Pr, = p C /i. Models which entail solving ad-
ditional differential equations to determine the
coefficient of turbulent heat transfer (for ex-
ample, the transfer equations for the “energy”
of temperature fluctuations and dissipation rate
[3]) are often seen as overly complex and have
not as yet gained wide acceptance.

Heat transfer models using the turbulent
Prandtl number typically take it for a constant
value (as a rule, Pr, = 0.85 or 0.90, depend-
ing on the turbulence model used), which
does not actually happen in most cases. The
general understanding of the mechanism of
turbulent heat transfer, supported by many
computational and experimental studies (see,
for example, reviews [4—6]) is that the turbu-
lent Prandtl number varies depending on the
contribution of molecular conduction to the
scale of turbulent fluctuations. Specifically, if
molecular conduction can be neglected (at a
distance from the walls bounding the flow with
sufficiently high Reynolds numbers), the tur-
bulent Prandtl number should have a certain
boundary value Pr, < 1; as the relative role of
molecular conduction increases (for example,
upon approaching a wall, or with decreasing
Reynolds number and/or Prandtl molecular
number Pr = uC p/x), Pr, should increase.

Numerous models have been proposed in
literature for turbulent Prandtl number, aimed
to gain better agreement between the comput-
ed and experimental data on heat transfer for
some classes of flows than that obtained using
the “standard” value Pr, ~ 0.85. We can men-
tion, for example, the following formulations
from [7, 4, 8, 9, 5], respectively:

Pr,:F/(l—e’r),

. 1
I =(0.014Re"* Pr?) ; )
100
Pr =] 1+
E ( \/RePrj)<
(2)

1
x| —————0.15|;
(1+120/\/Re ]
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Models (1) and (2) were constructed for
specific cases of fully developed flow in cy-
lindrical tubes. The turbulent Prandtl number
is assumed constant over the cross-section of
the tube in these models but its value depends
on the global regime parameter, the Reynolds
number Re. For this reason, even though the
temperature profile is not predicted complete-
ly correctly, the computation gives the correct
value of the heat transfer coefficient.

Models (3)—(5), where the value of Pr, varies
in space, increasing as it approaches the wall,
seem more physically justified. In particular,
the distance to the wall d is explicitly includ-
ed in the definition of the universal near-wall
coordinate y* in formulation (3). On the other
hand, however, model (3) is very inconvenient
from the standpoint of modern hydrodynamic
CFD (Computational Fluid Dynamics) codes,
since the argument y* used in expression (3)
is not a purely local variable: the shear stress
T, on the wall, at a point closest to the given
point of the flow, has to be found to compute it.

It follows then that models without any
non-local computations are more attractive.
In particular, the argument in formulations
(4) and (5) with the parameters Pr, = 0.85,
a = 0.3, f= 2 is the purely local parameter Pe,,
often called the turbulent Peclet number.
Notice that “non-local” modifications (of lit-
tle use for general-purpose CFD codes) were
proposed in literature for both formulations.
In particular, it was pointed out in [5] that
it would be practical to “switch” from cor-
relation (5) to a fixed value Pr, = 1.07 for
y* < 10; it was proposed in [10] to compute
the boundary value of Pr,in expression (4)
with the Reynolds number taken into ac-
count to achieve better agreement with ex-
perimental data on heat transfer in tubes
with small Prandtl numbers (liquid metals)



Pr, = 0.85 + 100Pr'Re ",

Additionally, it should be borne in mind
that the effect from applying a particular meth-
od for computing the turbulent Prandtl num-
ber may depend on the turbulence model used,
since different models predict different distri-
butions of turbulent viscosity. We can mention
[11] as an example, where the accuracy of k—¢
[12] (realizable) and k—w SST (Shear Stress
Transport) [13] models was assessed as applied
to heat transfer computations; the assessment
was carried out for the problem of liquid metal
flow (Pr = 0.025) in a flat channel. The com-
putations in [11] indicate that correlation (2)
yielded the best agreement with the data of ref-
erence computations [14], performed by direct
numerical simulation (DNS) in case of the k—¢
model, while in case of the SST model, formu-
lation (5) with the parameter /= 0.7 produced
the best results.

Thus, the model for the turbulent Prandtl
number should be constructed for a specific
semi-empirical turbulence model.

In this study, we have proposed a new
method for computing the turbulent Prandtl
number, aimed primarily at simulation of near-
wall heat transfer at low and moderate Prandtl
numbers using the popular k—w SST turbu-
lence model [13].

We have introduced the concept of the cali-
bration method, presenting its final mathemat-
ical formulation and providing the results of
initial testing.

The computations were carried out using
the SINF/Flag-S in-house CFD code, fo-
cused on numerically solving hydrodynamics
and heat transfer problems with structured and
unstructured computational grids embedded in
the flow. Some applications of the code and
the details of the numerical schemes used in it
are given in [15—19].

Mathematical model

The standard formulation of the SST tur-
bulence model [13] assumes the value of the
turbulent Prandtl number to be Pr, = 0.85,
which usually provides acceptable accuracy
for simulation of turbulent heat transfer for
media with the Prandtl number of the order
of unity. However, in case of liquid metals
whose Prandtl number is smaller by two or-
ders of magnitude, the computations with the
“standard” Pr, value significantly overestimate
heat transfer on the wall because, as already
noted, the turbulent Prandtl number should

Simulation of physical processes >

increase as the relative role of molecular con-
duction increases; this is especially important
near the wall with low Prandtl numbers.

Considering the relations given in literature
for computing the turbulent Prandtl number,
we have chosen formulation (5) [5] as a basis
for refining the model of near-wall heat trans-
fer, as it is simple and satisfies the above gen-
eral requirements. We should also emphasize
that the turbulent Prandtl number far from the
wall (where p, >> p and, respectively, Pe, >> 1)
tends to the “standard” value Pr, = 0.85 within
this formulation, which is why the model of
turbulent heat transfer has to be adjusted only
in the near-wall region, without changing the
properties of the standard model for the rest
of the flow.

The proposed model was tailored for the
turbulent Prandtl number on the problem of
fully developed plane flow of incompressible
fluid in the gap between differentially heated
walls, one of which moved in the axial direc-
tion (Couette flow). The Reynolds number Re,
constructed from the height of the channel and
the velocity of the wall, was taken to be 107;
the Prandtl numbers Pr ranged from 0.001 to
9s5.

Although this problem is essentially one-di-
mensional, the computations were carried out
in a fully three-dimensional formulation, with
periodic (i.e., in fact, homogeneous) condi-
tions imposed in the axial direction. The com-
putational grid across the channel was taken
fine enough to obtain a grid-independent solu-
tion (the value of the normalized near-wall co-
ordinate in the computational point closest to
the wall was y* < 0.03). A series of computa-
tions was carried out for each selected Prandtl
number with different values of the coefficient
fin expression (5) (the total number of vari-
ants was 15). The results of the computations
were used to determine the “optimal” value of
the coefficient f providing the closest match
between the computed temperature profile
T*(y*) and the following approximation

+ _ -G + —1/Gp+
I'=e"Pry +e "1,

0.01(Pr y*)’
1+5Pr’ y
T =2.121n(1>r(1+y*))+

(6)
log
+max (0; 3.85 Pr”3—1.3)2 ,

where, as usual,
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their fairly reliable analytical “equivalent”.
Since the Reynolds number used was rather,
we removed the corrections taking into account
the influence of the channel height from the
original Kader correlation [20]. Additionally,
a limiter was introduced in approximation (6),
eliminating non-monotonicity with respect to
the Prandtl number in the region of its very
low values (the second term in the expression
for 7,,).

Aside from selecting the coefficient f, we
introduced some modifications to relations
(5) in order to obtain the best agreement
of the computed temperature profile with
approximation (6). In particular, we tested
different limiters preventing unbounded growth
of Pr, with Pe, — 0. The final formulation of
the developed model for the turbulent Prandtl
number is described by the following relations:

(1+/°/Pe;) . f7>0
(1-r/pe)) ", 1 <0
Pe =4/0.01+(Pry, /p)’;

£1(Pr)= (v, =1)-(wi+wl) -

v, =| (068In(1+50/Pr)+046) " +227 |

Pr =0.85-

0.75
—0254— 2T .
V2 1+500Pr
0.89
—0.11
Vs 1+5Pr°

Here the function /(Pr) is given by the
expressions obtained as a result of approximating
discrete “optimal” values of the coefficient f*.
The quality of this approximation is illustrated
in Fig. 1.

Fig. 2 compares the near-wall temperature
profiles for Couette flow, computed with
Pr = 0.7 and 0.025, with the corresponding
experimental data given in [20]. It can be seen
that using the developed model (7) provided a

38

Fig. 1. Form of function f*(Pr) in relations (7);
discrete “optimal” values of f*(symbols)
and approximating function (line) are shown

much better agreement between the computed
and measured temperature profiles, as
compared with the case of the standard value
Prt = 0.85. This means that we can also expect
the prediction for the heat transfer coefficient
to be more accurate.

Test simulations

The above configuration of the heat transfer
model (7) was carried out for the Couette mod-
el problem with a rather large Reynolds number
(uncommon for practical applications), which
was dictated by the desire to minimize the in-
fluence of channel height on the near-wall flow
and obtain a pronounced “logarithmic” segment
in the temperature profile. The predictive capa-
bilities of the developed model in the conditions
closer to real configurations were assessed by
running RANS computations for fluid flow in a
round tube and in a flat channel with moderate
Reynolds numbers (about 10*—10%). We consid-
ered fully developed flow (under the action of a
given pressure difference) with a volumetric heat
source in both cases. The same as for the Couette
flow, the problem was solved in a three-dimen-
sional statement with periodic conditions im-
posed in the axial direction; the computational
grid was sufficiently fine (y* < 0.03) to obtain a
grid-independent solution.

Let us consider the problem of flow in a round
tube in more detail. Within the adopted formula-
tion, motion is given by superposition of the axial
pressure gradient dp/dx (equivalent body force),
and the mean flow rate Uis found from the com-
putation results. The pressure gradient is related
to the shear stress t on the wall and the diameter

D of the tube by the balance ratio
dp _ 41,

dbx D
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If we introduce dimensionless quantities,
we can formulate the expression, relating the
Reynolds number Re, the “dynamic” Reynolds
number Re_and the friction factor &:

Re, _u, _ |§

>

Re U 8

where the dimensionless parameters are defined
as follows:
Re =222 ub ;
u
u D
Re = pu= ; ®)
il
dp| 2D
dx| pU*’

Thus, the parameter set in the problem is
actually the “dynamic” Reynolds number Re ,
and the values of Re and & are found by com-
puting the velocity profile.

The fluid is heated relative to a fixed wall
temperature 7, by a uniform volumetric heat
source Q, which actually sets the heat flux g,
on the wall: ¢, = QD/4. This model formu-
lation of the problem with a volumetric heat
source approximately corresponds to the con-
ditions of physical experiments with a constant
heat flux on the wall. The bulk temperature T
and the dimensionless heat transfer coefficient
corresponding to it, that is, the Nusselt num-
ber are determined from the computed fields of
flow velocity and temperature:

4.0

(T-1,)0 ©)

The computations were carried out using
the k—w SST turbulence model [13] for two

Nu =

values of the “dynamic” Reynolds number: Re_
= 10° and 5-103; the values obtained for Re and
for the friction factor & (8) were, respectively,
Re = 1.671-10%and 1.045-10°, £ = 0.0286 and
0.01883. Notably, the deviation of the comput-
ed friction factors from the values given by the
well-known Blasius formula [21]

0.3164
&= R

does not exceed 4%.

The computations were performed with the
Prandtl numbers varying from 0.004 to 95.
Along with the developed model (7), we also
used the standard approach setting a fixed value
of the turbulent Prandtl number Pr, = 0.85.

Fig. 3 shows the summary results of test
computations, namely, comparison of the
computed Nusselt numbers (points) with
known empirical correlations for smooth tubes
(lines):

N (&/8)PrRe
u= 5
1.07+12.7J&/8 (Pr**~1) (10)
Nu=6.3+0.0167Re"® Pr"”. (11)

Correlation (10) [22, 23] for moderate
Prandtl numbers (0.5 < Pr < 200) relates the
Nusselt number to the friction factor & (see for-
mula (8)); the error of this correlation in the
range of Reynolds numbers 10* < Re < 5-10 ©
does not exceed 6%.

Correlation (11) [24] is considered to be one
of the best for liquid metals in the range of
Reynolds numbers 104 < Re < 10°.

It can be seen from Fig. 3 that the deviation
of the computed Nusselt numbers from em-
pirical correlation (10) does not exceed 10%

T+

20

15

10

10 100

1000 %

Fig. 2. Computed (lines) and measured (symbols) temperature profiles in near-wall region of quasi-

steady turbulent flow for Prandtl numbers Pr = 0.7 and 0.025 (upper and lower profiles, respectively);

the figure shows the results computed by model (7) (solid lines) and with Pr, = 0.85 (dashed lines) are given;
symbols correspond to the experimental data obtained by different authors cited in [20]
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Fig. 3. Comparison of computed (symbols)
and experimental (lines) data for heat transfer
in round tube with “dynamic” Reynolds numbers
Re = 10° and 5-10°
(lower and upper curve, respectively);
the figure shows the results computed by model (7),
with Pr,= 0.85 (shaded and empty symbols, respectively),
and empirical correlations using formulae (10) and (11)
(solid and dashed lines, respectively)

for Prandtl numbers Pr > 0.7, and the positive
effect from using model (7) is relatively small,
that is, less than 5%. In case of low Prandtl
numbers (Pr <0.1), the computation with the
“standard” value Pr, = 0.85 gives a significant-
ly overestimated heat transfer rate (by almost
one and a half times at the maximum); using
model (7) significantly improves the situation,
as the deviation from correlation (11) does not
exceed 20%. In general, considering the wide
scatter of experimental data on heat transfer
for liquid metals, we can assume that these

a) W/uE
C = TN
10 g
1L 7
: 4
0.1
: 7’
0.01 3 /'/
E/'/
0-001 1 L1111l 1 1 11111 1 1 L1111l
1 10 100 y*

computations using model (7) have fairly satis-
factory accuracy.

We used the open database of DNS com-
putations [25] carried out at Prandtl numbers
from 0.025 to 10 for the second test verifying
the performance of the proposed model (flow
in a flat channel). The statement of the prob-
lem is completely identical to the one consid-
ered above for the case of a round tube.

First, following the conditions of numeri-
cal experiments [25], we carried out compu-
tations for flow in the channel with “dynam-
ic” Reynolds numbers Re_ = 360 and 790 (the
height D of the channel was taken as the length
scale). However, the obtained values of Re (8)
turned out to be 4% lower than the correspond-
ing values given in [25]; this is equivalent to
overestimation of the friction factor by about
7%. Since the Nusselt number is customarily
related to the Reynolds number Re (and not to
Re ) in thermohydraulic analysis, further com-
putations were performed with the corrected
values Re. = 373 and 814. In this case, the
deviation of the obtained values Re =5.70-10 3
and 1.41-10* from the “reference” values given
in [25] did not exceed 0.5%.

The main source of error in determining the
friction factor in our computations is obviously
the SST model itself, as it is not particularly
accurate at predicting turbulent viscosity values
in near-wall flow. In particular, as seen in Fig.
4, the value obtained for turbulent viscosity at
the boundary of the viscous sublayer (y* ~ 10)
with Re =1.41-10%, computed according to the
given model, is overestimated by a factor of
1.5, which noticeably distorts the flow velocity
profile u* = u/u_. Naturally, this also affects the

b) u

20 P

15
P

10 '//

1 10

100 y*

Fig. 4. Normalized profiles of turbulent viscosity (a) and velocity (b)
in flat channel with Re = 1.41-10%
the figure shows the results computed by the SST model (solid lines), by DNS [25] (dash-dotted lines),
and analytical solution (12) (double dash-dotted lines)
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T+

Fig. 5. Profiles of temperature T+(y+) in flat channel
with Re = 1.41-10* for Pr = 0.71 and 0.025
(upper and lower family of curves, respectively);
figure shows the results computed by model (7) (solid lines),
with Pr, = 0.85 (dashed lines), by DNS [25] (dash-dotted
lines), and “logarithmic” profiles Tl:;g (6)
(double dash-dotted lines)

magnitude of shear stress on the wall.
Fig. 4, b also shows the well-known
analytical solution

up, =2.5In(y")+5.5 (12)

for the velocity distribution in the equilibrium
“logarithmic” region of near-wall flow (see, for
example, [21]). Experience of computations by
the SST turbulence model indicates that the
“logarithmic” region in the near-wall velocity
profile tends to start with a delay in this model. It
can be seen from Fig. 4, b that DNS computations
reveal a fairly extended “logarithmic” region
in the near-wall velocity profile, while the
corresponding region is virtually absent in the
SST model.

Fig. 5 shows the normalized temperature pro-
files T*(y*) obtained in this study and by refer-
ence DNS computations [25] with the Prandtl
numbers Pr = 0.71 and 0.025. Evidently, the
same as in Fig. 2, using model (7) yields much
better agreement of the computed temperature
profiles with the reference data.

Fig. 6 shows summary results of thermal
computations, namely, comparison of the Nusselt
numbers (9) obtained in this study (lines) and
in DNS computations [25] (points). Similar to
the previous test (see Fig. 3), using the developed
model (7) significantly improves the accuracy of
heat transfer computations for all values of the
Prandtl number. The maximum deviation of the
Nusselt number from the reference values [25]

Nu

100

0.01 0.1 1 Pr

Fig. 6. Computed heat transfer in flat channel
with Re = 5.7-10° and 1.41-10*
(lower and upper family of curves, respectively);
figure shows the results
computed by model (7) (solid lines),
with Pr, = 0.85 (dotted lines),
by DNSJ[25] (symbols)

decreased from 15 to 8% in the region with Pr >
0.2, and from 24 to 6% for Pr<0.1.

We should also note that the final error in
computing heat transfer is of the same order of
magnitude as the error in computing friction
(about 7%). This leads us to conclude that the
reason for both errors is that the k—» SST tur-
bulence model is not quite accurate at predicting
the behavior of turbulent viscosity.

Conclusion

We have obtained the following main results.

We have developed a new model for comput-
ing the local turbulent Prandtl number, with im-
proved prediction of heat transfer characteristics
in fluid flows with small and moderate Prandtl
numbers as applied to the popular ~—w» SST tur-
bulence model.

We have carried out initial testing of the devel-
oped model for problems of fully developed flow
and heat transfer in a round tube and a flat chan-
nel by varying the Prandtl number from 0.004 to
95. We have confirmed that using the proposed
model helps substantially decrease the error in
computing heat transfer (by about two or more
times). The greatest positive effect is achieved
with the Prandtl numbers less than 1/10.

The study was carried out with the financial
support of the grant of the Russian National Fund
No. 18-19-00082.
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SEMI-BOUNDED STRING’S VIBRATIONS
INITIATED BY THE BOUNDARY REGIME
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Transverse vibrations of a semi-bounded string consisting of different materials are con-
sidered. The homogeneous wave equation with piecewise constant coefficients stand duty
as a mathematical model. As a first step, we have investigated the solution of this equation
with zero Cauchy data. The existence and uniqueness of the generalized solution of the
problem were proved and the properties of the solution were analyzed. The specificity of
the obtained conclusions was discussed, in particular, the zones of oscillations’ propagation
and of their absence were demonstrated. The obtained results are of a constructive char-
acter and can serve as a basis for the creation of a numerical algorithm. The importance
of such problems is caused by their use in the theory of sensing inhomogenecous media by
physical signals.
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KOJIEBAHUSA NMOJIYOTPAHUYEHHOM CTPYHbI,
MHULUMNUPOBAHHDLIE TPAHUYHbIM PEXKUMOM

A.C. AHukoHOG, [].C. KoHoBanoBa

NHcTuTyT Mmatematmkn um. C.J1. Cobonesa CO PAH,
r. HoBocmbupck, Poccuiickas denepaumst

PaccmaTtpuBaloTcsa mornepeuHble KoJieOaHMsI TMOJyOrpaHWUYEHHON CTPYHBI, COCTOSIIENH U3
pa3IMYHbIX MaTepuagoB. MaTeMaTHueCcKO MOIEJIbIO CY>KUT OMIHOPOIHOE BOJJHOBOE ypaBHEHME
C KYCOUYHO-TIOCTOSSIHHBIMU Ko3dhduuueHtamu. B KauecTBe IepBOro sTama HCCAEAyeTCs
pellleHre 3TOT0 YpaBHEHUS ¢ HYJIeBBIMU HaHHBIMU Koim. JlokasbIBaeTCs CYIIeCTBOBaHUE
W eIWHCTBEHHOCTH OOOOIICHHOTO pEIICHUs ITOCTaBJICHHONM 3amaud, W aHaJIM3UPYIOTCS €To
cBoiictBa. OTMeuaercsl Creu(UIHOCTD ITOJYUCHHBIX BBIBOAOB, B YaCTHOCTH, YKa3bIBAIOTCS
30HBI PACIPOCTPAaHEHUST KoyieOaHMII M MX OTCYTCTBUS. [lonydyeHHBIE pe3yJabTaTbl HUMEIOT
KOHCTPYKTUBHBII XapakKTep M MOIYT CIYXWUTb OCHOBOU CO3MaHMSI YMCJICHHOIO aJropuTMa.
AKTyaJIbHOCTh TMOJOOHBIX 3aay BbI3BaHA WX MCIIOJb30BAHUEM B TEOPUM 30HIMPOBAHUS
HEOTHOPOIHBIX cpel PU3NICCKUMK CUTHAIAMH.

Kmouessie cioBa: nuddepeHunaibHoe ypaBHeHIE, pa3pbiBHBIN KO2(h(GULIMEHT, 30HIUPOBaHNE
HEU3BECTHBIX CPeJl, BOJIHOBOM MPOLIECC

Ccpuika mpu muruposanun: AHukoHoB [[.C., Konosayosa JI.C. KonebaHus mosxyorpaHUYeHHOMN
CTPYHBI, MTHUIIMMPOBAHHBIE TPAHUYHBIM pexkxuMoM // Hayuno-texauueckue Begomoctu CITIOITTY.
Ousnko-mareMarndeckue Hayku. 2019. T. 12. Ne 1. C. 50—60. DOI: 10.18721/JPM.12104

Introduction

In this study, we have considered solu-
tions of differential equations with discontin-
uous coefficients for higher derivatives. This
field of research is still in its infancy, with no
consistent results available. All the same, a

number of studies of this type have been car-
ried out [1—13]; the findings in [§—10] are per-
haps closest to our own.

The essence of this problem is as follows.
Considering a plane of variables (x,f) in the
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first quadrant
Ry= (000, x> 0,1>0)

we take the equation
*u(x,1) O*u(x,1)
N " J__ o\ O
(X.(X) 6t2 B(X) ax2
(x.t) RS, ot (x),B(x)>0
and additional conditions
u(0,n=p(1), u(x,0)=0, u(x,0)=0 (2)

It is assumed that the function u(7) has con-
tinuous derivatives up to and including the sec-
ond order and the consistency conditions are
satisfied:

eV

n(0) =u'(0)=p"(0) =0, A3)

These conditions coincide with the traditional
requirements formulated in monograph [11].

For convenience, we assume that the func-
tion p(#) is extended by zero at # < (. Problem
(1), (2) consists in finding the function u(x,?)
with the given functions a(x), p(x), u(¢). Equa-
tions for solving this problem with constant a,
B are well known and are given, for example, in
monograph [11].

The case we are considering has not been
studied previously: it is when the functions
a(x), B(x) are piecewise-constant:

a(x)=0,, 0 < x < X, a(X)=a,, X > X;;

B(x)=B,, 0 < x < x,, B(X)=B,, x > X,,
where x, o
numbers.

Equalities (1), (2), in particular, are a
mathematical model for the process of trans-
verse vibrations of a semi-bounded string.
The vibrations are caused in this case only by
the behavior of the boundary point (x = 0).
According to our initial assessment, studying
a more general problem with a nonzero right-
hand side of Eq. (1) and nonzero Cauchy data
(u(x,0),u(x,0)) would be incredibly cumber-
some; we plan to tackle this task step-by-step
in the future.

We should also note that the given problem
(1), (2) is rather peculiar both because a rel-
atively simple method can be used to solve it
and because of the conclusions. In particular,
we are going to find the zone of propagation
of vibrations and the zone with no vibrations.
The structure of these zones depends on the
values of discontinuous coefficients of Eq. (1)
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and differs from the classical case.

Notations and definitions adopted
Aside from traditional notations, we are
also going to use 0,x(x,?), d,x(x,) for the first
derivatives of an arbitrary function y(x,t), dif-
ferentiable with respect to x and #.
Let us introduce the following unit vectors
with characteristic directions:

ity
[J;{Bl Jﬁﬁ.}
(Jogﬁz Jogﬁzj

(Jaﬁaz JocCBJ

Let us denote
v, =JoB, v, =B,
alz\/BT/\/oTl,
azz\/g/\/oTZ.

The following
quadrant R}":

sets are taken in the

G, ={(x, : 0 <x <x, t >0}
G,={(x,0):x>x,t>0
G,=G,UQG,

Line integrals of the second kind are widely
used in our study. The notation (PQ) is used for
a curve starting at point P= (p,, p,) and ending
at point Q=(q,, ¢,). If the curve is the boundary
of a simply-connected bounded domain, the
orientation adopted is such that the domain is
located on the left for a point moving along the
curve. We have assumed that the points P and
QO belong to the curve (PQ).

A generalized solution is sought in the class
of functions u(x,?) satisfying conditions (2) and
Eq. (1) in the domains G, and G,. In general,
u(x,t) is assumed to be continuous for x > 0, ¢
> 0 and have partial derivatives in the domains
G, and G,, which are uniformly continuous in
any bounded subdomain in G, and G,. It is
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additionally assumed that the below coupling
conditions are satisfied on the ray (x,?), # > 0:
lim O,u(x,t)= limoazu(x,t), (4)

x—>xy—0

lim Bou(x,0)= lim B,du(x.0, (5)

which are consequences of Hooke’s law and
the law of conservation of momentum.

Monograph [11] considered a problem with
the same sense as the problem (1), (2) that we
have formulated, but under different restric-
tions, namely, with an integro-differential
equation with respect to the function u(x,?)
studied instead of Eq. (1):

J(G) = | a(&)d,u(E,)de+
oG (6)
+B(E)2u(E, )d T =0.

The argument G in equality (6) is an
arbitrary simply-connected domain in R}"and
its boundary oG is a piecewise smooth line of
class C'. The function u(x,?) is continuous in
R;"and its partial derivatives o u(x,?), 0,u(x,)
are piecewise continuous with possible
discontinuities of the first kind on certain lines.
In this case, discontinuities of 0,u(x,7), 0,u(x,)
are allowed within G and it is also possible that
the line of discontinuities coincides with a part
of 0G. Then the derivatives 0,u(x,?), 0,u(x,1) are
replaced in Eq. (6) by their limit values within
domain G. Notably, Eq. (6) is a consequence
of Hooke’s law and the law of conservation
of momentum. Accordingly, the conclusions
obtained from equality (6) also follow from
these laws.

Let us call Eq. (6) with condition (2)
problem (6), (2). Notice that within the
problem statement formulated in [11], the
presence of variables a(x), B(x) is allowed in
Eq. (6); however, all conclusions are drawn for
constant coefficients.

Construction of composite characteristics
emanating from a point in domain G,

From now on, we are going to repeatedly
use the following simple statement for the
functions u(x,?) described in problem (6), (2):

Lemma. The following equalities hold true:

I (&) 0,u(&, 1)dE +P(&)ou(g, 1)dt =
(PO) (7

=1 @) u(P)),
(PQ)= G,,(PQ)={P-10;,1€[0,| 0P},
i=12;
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j (&) 0,u(&, 1)dE+P(E)0u(E, 1)dt =
(PO) (8)

=—v.w(Q) —u(P)),
(PQ)c G,.(PQ) =
= {P+rcol.’,r e[0,|Q-P |]} )

i=12.
Proof. Using the following representation
in the left-hand side of the formula (7):

_ \/Bﬁ Vi
(PO)=| p,—s Dy =S :
Jo+B " Ja B,
0<s<|QO-P|,
we can then proceed to an ordinary definite
integral;

J‘ o, 0,u(&,1)dE+P.ou(E,1)dt=

(PQ)
loP| \/B_

= 0 -,

[lons( sl

pP,—S \/OTI _\/Ei +
\/%4‘5[ \/ai+[3i

\JB:
0 - ——_—
+,; 1u(p1 s Oci+Bi’

p,—S \/a_i _\/a_i ds =
T o B ) o +B,
|OoP|

d +
=, [ Z{u(P=sai)]-
Y, (u(Q) ~u(P))

As a result, the equalities obtained prove
formula (7); formula (8) is proved in a similar
fashion.

The lemma is proved.

Next, let us construct the following scheme.

Let us draw a segment of the straight line
x=aq,t from the origin until it intersects the line
x=x,at point P=(x,,p). We then draw a ray lying
on line x,=a,(#—p) and located in the domain G
from point P. The domain bounded from above
by the segment and the ray and from below by
the semi-axis Ox, x > 0 is denoted by G,.

Let us prove that equality (6) implies another
equality:

u(x,n=0, (x,n e G,
We take an arbitrary point H=(x,,4) in domain G,.
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Ewn Hao
£

E1,k+1
EZ,k+2

E1 N HZ,II

EZ,n m

>

1} Cz,n Cin

B2n Bina...B2k2 Bike1B2ke1B1k...Bz1 Big Bzp X

Fig. 1. Illustration to constructing two composite characteristics emanating
from point M,=(x,?7), 0 <x <Xx,, t > a,x on graph of x(¥)

The straight lines
x—x,=a,(t—h), x—x,= —a,(t—h)
intersect the semi-axis Ox, x > 0 at points C
and B, respectively.
We take a triangle G(H) with vertices at

points H, B, C as domain G; based on the
lemma and formula (6) we obtain:

[ o0 v)ag+BouE dt=
(PQ)

[ o, 0uE0de+BouE D=
(PIQ) o, 0,u(&,1)dE +B,ou(E,1)dt =
(PIQ) o, 0,u(&, 1)dE +B,ou(E,1)dt =
(PIQ) o, 0,u(E,1)dE+B,0u(E, 1)dt =
(F0)

Then, in view of equalities
u(C) =u(B)=20

we obtain the equality u(H) = 0.
Now we take the point

M= (x,) e GNG,
The line & — x = a,(t—) passing through

point M intersects the semi-axis Ox, x>0 at
point C". Let us now consider a line

E—x= —a,(t1)
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also passing through point M, taking the more
complicated of the two possible options when
this line crosses the ray (x,2), ¢t > 0, at point
H=(x,,h) in the domain G, Next, we draw
through point H a straight line

& —x, = — ay(1—h),

intersecting the semi-axis Ox, x >0 at point B’".

Let us consider a quadrangle G(M) with ver-
tices M, C', B’, H. We apply formula (6) to the
domain G=G(M) and calculate the integrals
along the straight sections of its boundary; in
view of the equalities

w(C) = u(B) = u(H) =0,

we obtain the equality u(M)=0.

The reasoning is completely the same for
point M = (x,f) € G,NG,.

It is known from the theory of differential
equations that the characteristics for Eq. (1)
are segments of lines

x=%a,t+const
in the domain G, and segments of lines
x== a,t+const

in the domain G,. _
We take the point M, € G\G,, i.e.,

1
M= 0,0<x<x,t>ax

(Fig. 1). We draw two continuous composite char-
acteristics lying in the domain G, from point M,
segments of these characteristics passing through
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point P = (p,, p,) are parts of straight lines
£ —p ==Fa(t—p).
These segments have endpoints on the rays.
R =(0,0),1>0,

R=(x,0, 1> 0

The points lying on the ray R, are denoted as
Ei,k = (O’ei,k)7i =12,k=0,1,..,

and the points on the ray R, as H,-,k:(xo’h,-, -
In this case, the index /i numbers the compos-
ite characteristics, and the index k the endpoints.
The first composite characteristic is obtained
by the following rule. A straight line

E—x=a(t—1)

is drawn from point M| until it intersects the ray
R, at point E ;= (0, e, ;). Next, a straight line

E=- al(r—elﬁo)

is drawn through the obtained point £ until it
intersects the ray R, at point H, ;= (x,,h, ;). Fur-
ther construction consists in drawing the lines

E=- al(r—elﬁk)

through the obtained points £, = (0, ¢,, ) on ray
R, intersecting ray R, at points H1 L= (X, ).

Straight lines
E—Xx,= a](r—hhk)

are drawn through points H,,,.
The formulae for these points have the
following form:
X X,
e, =t——=2k—,
a a
. . )
h,=t——-2k+1)=, k>0.
’ a1 al
Construction continues until the obtained seg-
ments of the characteristics have a non-empty
intersection with the domain G,. Thus, we have
obtained a set of points £, ,, H , on rays R, R,
respectively, 0 < k < n. For final construction,
we use the straight line

E=-aC —e.),

intersecting the semi-axis Ox, x > 0, at point C, .

The second composite characteristic emanat-
ing from point M, is constructed similarly, i.e.,
a straight line & — x, = — a,(t — 1) is drawn from
point M| until it intersects ray R, at point H, .
The sequence of steps we take then is alternately
using the characteristics £ =+a 1 +const emanat-
ing from the points already obtained; we get a
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set of endpoints Ez,k’ 0 < k<n,onray R and
Hz, » 0<k<n,onray R, and also point Cz’n on
the horizontal axis (0, x,).

The formulae for these points have the fol-

lowing form:

e, =1 an_x —(2k+1)%,
1 1
hy, =t- X _op20, (10)
al al

k=0, C,,=(0,c,,).
Construction of the characteristics used is sim-
pler in the set G,: straight lines

é‘; — xo = —
are drawn through points H,,, i= 1, 2, k=0,...,n, until
they intersect the semi-axis Ox, x > 0 at points B,,.

a,(t — hi,k)

Consequences from Eq. (6) for the
function u(x,?) in domains G, G,

Let us consider a polygon G(M,) with ver-
tices at points M|, ELO, H])O, BI,O, BZ)O, HLO and
apply formula (6) to it for the case G=G(M,)
(see Fig. 1).

Since

aG(Ml) = (MIEI,O) U (El,oHl,o) U (HI,OBI,O) U
U(Bl,oBz,o) U (Bz,on,o) U (Hz,oMl)v

we calculate the integral J(G(M,)) using the
lemma
J(G(M))) =v,(u(E, ) —u(M,)) -

Y (u(Hl,o) _u(E1,0)) - Yz(u(Bl,o) -
_”(Hl,o D=7, (”(Hz,o) - ”(Bz,o ) —
—Y, (M) —u(H,,)) =0.

It follows then, in view of equalities
u(B,,) = u(B,,) =0, that

u(Ml):u(E1,0)+y22—;Y1x
o (11)
X”(Hl,o)""le—yzu(Hz,o)'

Y

To find the expression for u(H, ), let us con-
sider a polygon G(Hz)o) with vertices at points
H,, E, H, B, B, Similar to the calcula-
tions we have just performed, using the lemma

for the case G=G(1H, ), we obtain the following:

21, “(Ez,o) +u“(1_]2,1)-

2 Y Y.tV

”(Hz,o) =

To find the expression for u(H,,), let us
consider a polygon G= G(Hz,l) with vertices
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>

4
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=
0 Cm Bm Bk Bk...B Bo D >

Fig. 2. llustration to constructing two composite characteristics emanating from
point M, € G)\G,on graph of x(7)

at points H,,, E,,, H,,, B,,, B,,. Using the
lemma again and repeating the calculations, we

obtain the formula
2y Y, =Y
u(H,,)= 1 u(E2’1)+#u(H2,2).

2 1 2 1

In the same way, we can obtain the follow-
ing general formula: 5
u(H 2,k) = %

2 1

u(E, )+

_ (12)
LNy, ).
Y2+
Using the resulting recurrent formula (12), we
obtain:

k
2y, v,y
u(H, ) =——-" 2[2 lju(E 1) (13

" Yot Y k=0 \ Y2 TV, ) (13)

To find the formulae for u(H, ) in a similar

manner but using the elements of the second

composite characteristic emanating from point
,» we obtain the following equality:

k
_ 2y X (Yz _Ylj
u(H, )= u(E, ). (14)
e kZ(; vy, ) )
Notably, only a finite number of first terms
is non-zero in the right-hand sides of equal-
ities (13) and (14), due to condition (3),
u(n=0, t< 0. Using Egs. (13), (14) for formula
(11), we end up with
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u(M,) = u(E10)+i[uj X (15)

=0\ Y2 TV

x(u(E, ;) —u(E,,)).

Let us now consider a simpler case when an
arbitrary point M, = (x,?) belongs to the domain
G,\G,. We construct a continuous composite
characteristic emanating from this point and
ending on the horizontal axis. For this purpose,
we once again use the segments of the charac-
teristics lying on the straight lines

& =xa2 t +const.

We denote the endpoints of the individual
characteristics obtained on the ray x=x, ¢ >
0,by H,, k=0, 1, ..., m and those on the ray
x=0,t>0by E, k=0, 1..., m. We denote
the endpoints of the individual characteristics
on the horizontal axis in ascending order by
C.,B.,B ..., B, D(Fig. 2).

By similar reasoning as in the previous case,
we obtain the following formulae:

k
2y, w(Yz_Ylj
u(E,), (16)
72+v1k§ T2+, ¢

E, =(O,t—i+[i—ijxo—2kﬁj. (17)
a, \4, q a

“(Mz) =
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Notably, the situation with constructing com-
posite characteristics (see Figs. 1 and 2) does
not cover all possible cases, for example, when
the last segment of the composite characteristic
emanates from point H, or H and ends on
the horizontal axis. We have also analyzed this
case, establishing that it does not change the
formulae obtained.

Main results

We are going to prove in this section that
the formulae obtained above allow solving
problem (1), (2).

Theorem. There is a unique solution u(x,?)
of problem (1), (2), represented by two equali-
ties: (15) for all M€ G, and (16) for any point
M, € G,

Proof. Let us carry out the proof in two
stages.

1. Existence of the solution. The function
u(x,n, (x,f) € G\G,, represented by formulae
(15), (16), satistying Eq. (1) directly follows
from the fact that each term in the correspond-
ing series is a solution of this equation. As for
set G,, it was proved that u(x,7) = 0, (x,7) € G,.
The remaining task is then to verify whether
the rest of the properties we have described in
setting the problem are satisfied.

First, notice that if the point M, tends to
line & = a, then, as follows from formulae

9), (10),
He,) — 0, ule, ) — 0,

which means that u(x,?), (x,?) € G, is continuous.

It follows from the same considerations that
the first and second-order partial derivatives of
the function u(x,?), (x,7) € G, are continuous. By
similar reasoning, we can easily prove that the
requirement for the function u(x,?), (x,7) € G,
to be smooth is satisfied. It follows from the
above that formulae (15), (16) give functions
satisfying Eq. (1) everywhere in domain G|,

Next, we note that that if point M, = (x 7
tends to point (0,7), then

Jo [O,t—ka" ,
al

E,, - [O,t—(2k+2)x°],
al

E , —(0, t)

It follows then that |E, —F, . | — 0. There-
fore, the right-hand side of equahty (15) tends
to p(t) which means that the boundary con-
dition u(0,9)=p(?) is satisfied. Thus, we proved
that conditions (2) are satisfied for the function
u(x,1).
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Now we have to verify whether the prop-
erties of u(x,r) are satisfied with x — x,. Evi-
dently, the following relation holds true then:

E E .E,, —>[0,t—(2k+1)%).
1

Consequently, if x — x,, formula (15) takes
the form

u(x,,t) =u(E,)+ i(uJ x

=\ Y2t

x(u(E,.,)~u(E,)) = 211 u(E,)+

Y.t 1

Y, Y Y.~V o (18)
2~ 2~ E)=
+Z[(V2+Y1J (Yz"'ylj J”( )

k
— ZYI (’YZ j M(E )
Yo+ Y=o\ Y2+,

The right-hand side of the obtained equal-
ity (18) coincides with the right-hand side of
equality (16), which proves that the function
u(x,t ) is continuous for x — Xx;.

Let us now prove that conditions (4), (5) are
fulfilled. It follows from equality (15) tPat

ou(M
( ) V( 10)+Z[YZ Ylj x
ot Yo+
x (e 4,) —1leyy))-
From here we obtain:

B0, ),

x—=x5—0 al‘ al
k
+Z(72 %J (p'[t—(2k+1)x—°j— (19)
=\ Y2 T a

—H'(t—(zk—nﬁn
a

Next, it follows from equality (16) that
k
m ou(M,) _ 2y, < (Y2_'Y1J s
X% +0 at 'YZ +YI k=0 YZ +y1 (20)

x(z—(zkﬂ)ﬁj.
al

Following the steps similar to those taken to
obtain equality (18) for equality (19), we get:
fim QM) o ouM),

X=X +0 ot r—>x0 -0 Ot

and the resulting equality means that condition
(4) is fulfilled.
Practically the same steps are taken to verify

51



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics 12 (1) 2019

whether condition (5) is fulfilled:
hm au(]‘ll) :_i 2Y2
=50 Ox a, v, +v,

k
XZ(—YZ_%] u'(t—(2k+1)ﬁ}
=\ Y2 T a

ou(M,) _ _L 2y,

x—>xy+0 ax a2 YZ + 'Yl
k

Xz[_vz—vlj p'(z—(zkﬂ)ﬁ)

=0\ Y2t a
It follows from the last two equations that
. ouM ou(M
B2 hm u( 2) — | m M( 1) ,
xX—=x+0 ax x—xy—0 ax

and this means that condition (5) is satisfied.
Thus, we have proved that the solution exists.
2. Uniqueness of the solution. To prove this,
we take two solutions of problem (1), (2) and
denote their difference as V(x,?).
We consider the functions

v, (x,0)=0, N(x,)+a(x)o, V(x,1),

v,(x,0)=0, (x,))—a(x)o, V(x,1).

It is easy to verify that the following equal-
ities hold true:

oV, (x,0) — a(x) 0v,(x,1) =0,

(21)
0,v,(x,1) + a(x) 0,v,(x,1) = 0,

v(0,) =0, v, (x,0) =0, 22)

i=1,2,(x0) € G,
Let us agree to denote v (x,1), v,(x,7), V(x,1)

in terms of
v, (x,t), v, (x,t),Vf (x,t),

for 0 < x < x,, and for x > x,
v fx,t),v; (x,t), +()c,t).

Therefore, we obtain the following equation
from Egs. (21) and (22):

v, (x,t) =v, (x,t) =0.
From here and from conditions (4), (5) the
equalities
Vi (H)=v; (H)=0
foil%w for an arbitrary point H on the ray (x,,?),
1 .

Then, it follows from these equalities and
equalities (21), taking into account conditions
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v (x,O) =v, (x,O) =0,
that
v (x,2)=v; (x,1)=0.
Thus, we obtain the equalities
12 (x,t) =V, (x,t) =0,
8]V(x,t) =0, 82V(x,t) =0,
M(x,f) = const.

Therefore, by virtue of the condition
Wx,t) = 0, we obtain:
V(x,t) =0, (x,1)eR;,

which actually means that the solution of the
problem is unique.
The theorem is proved.

Conclusion

We have considered a one-dimensional
wave equation describing not only the trans-
verse vibrations of an inhomogeneous semi-
bounded string but also longitudinal vibrations
of an inhomogeneous rod. We have posed a
problem of finding the vibration function for
a particular case when the process is caused
solely by the behavior of the boundary point.

We have proved the theorem that the solu-
tion for this problem exists and is unique, and
provided simple and explicit formulae for this
solution. A compact form for writing the solu-
tion is given for the theorem, using convenient
auxiliary notations.

More complete formulas containing only
the initial data of the problem have the follow-
ing form:

(x,0)€G,, ”(xat):lf{f—i]+

a
» k+1
+z[uj (M[t_i_z(kﬂ)ﬁj_
=0\ Y2 TV a, a
|- —@k+ne ]|,
a a
» k
2y, 2(72 —7i ] %
Yo+ Y=o\ Y2+ 7s
xu{t—i+(L—LJXO —2kﬁj.
a, a, q a
Importantly, the last of the given formu-

lae allow to easily construct the corresponding
numerical algorithm.

(x,0) e G,, u(x,t)=
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Introduction

A source of ultracold neutrons (UCN) al-
lowing to extract not only UCN but also cold
and very cold neutrons has been developed us-
ing the facilities of the WWR-M reactor (a re-
search pressurized water reactor) located at the
Petersburg Nuclear Physics Institute (part of the
Kurchatov Institute National Research Centre).
The setup is intended for research in fundamen-
tal interactions and condensed matter physics
[1]. The WWR-M reactor provides a unique
opportunity for maintaining conditions of low
heat release with a sufficiently high neutron flux
(10”2 cm%s"). This task can be achieved in the
so-called thermal column (TC), a channel with
a large diameter (1 m) adjacent to the reactor
core. The project of the UCN source is de-
scribed in detail in [2, 3].

The new UCN source is supposed to increase
the accuracy with which the electric dipole mo-
ment (EDM) of the neutron [4] can be mea-
sured by two orders of magnitude and check the
predictions of supersymmetric theories that are
extensions of the Standard Model. According
to these theories, the neutron EDM should be
in the range accessible for the planned experi-
ments. As supersymmetric theories also predict
baryon asymmetry of the Universe at the ob-
servable level, this indicates that the given theo-
retical approach might be valid.

Beside the setup for measuring the neu-
tron EDM, the WWR-M reactor includes two

systems for measuring the neutron lifetime:
with a magnetic trap [5] and with a large gravi-
tational trap [6]. Precision measurements of the
neutron lifetime are important for checking the
model describing the evolution of the Universe
in its early stages, as well as for finding devi-
ations from the Standard Model. Another set-
up has been constructed to search for mirror
dark matter (n—n’) [7]. All of these installations
have been designed and constructed at PNPI
and are currently tested on UCN beams at the
Institut Laue—Langevin (Grenoble, France).
These installations are supposed be transferred
to anew UCN source at PNPI. Increasing UCN
intensity by more than two orders of magnitude
should allow to carry out fundamentally differ-
ent types of studies. Finally, an experiment on
searching for neutron—antineutron oscillations
(n—c) [8] in order to verify the baryon number
violation (one of Sakharov’s Conditions for the
origin of the Universe) can be discussed for a
high-intensity UCN source.

Thus, aside from the crucial experiment
on finding the neutron EDM, the UCN
source presents opportunities for a whole se-
ries of experiments in physics of fundamental
interactions.

The program of condensed matter studies
on CN beams is designed for five experimen-
tal stations, including four finished systems:
the reflectometer [9], the polarimeter [10], the
powder diffractometer [11] and the spin echo

Fig. 1. Model of beam-splitting system at output of in-core thermal column (TC):

interchannel section / of ultracold (UCN) source, coupling coil 2, cast-iron collimator 3,

splitter 4; UCN1, UCN?2 are ultracold neutron guides, CN1, CN3 are cold neutron guides;
CN2 is a very cold neutron guide
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spectrometer [12]. There is an additional op-
tion of extracting the auxiliary UCN beam
(CN3) for future experiments.

A general schematic of the neutron guides
for extracting the UCN, CN and VCN beams
is shown in Fig. 1. A vacuum coil with a sys-
tem of vacuum tubes is directly adjacent to
splitter 4, separating the neutrons transport-
ed through the intrachannel section of UCN
source (/) into three beams (CNI1, CN2 and
CN3), which direct the CN and VCN beams
to the experimental setups. Two UCN neutron
guides (UCNI1 and UCN2) are located above
the spliter. A cast iron collimator 3 intended to
protect personnel and the environment from di-
rect neutron beams emanating from the reactor
shields the splitter and UCN neutron guides.
The central neutron beam is transported by a
straight neutron guide that should be designed
to include additional biological shielding. The
splitter with the collimator should also be sur-
rounded by biological shielding. A general view
of the reactor with the adjacent neutron guide
system and the intended biological shielding
for this system is shown in Fig. 2.

In this study, we have carried out calcula-
tions for the so-called casemate for shielding
the splitter and the collimator.

Calculation of parameters
of TC neutron beam at the edge
of the reactor’s biological shielding

Calculations of biological shielding of the
casemate involve calculating the flux density,
spectrum and angular divergence of the neutron
beam at the output of the vacuum channel
inside the TC.

The neutron spectrum at the output of the
TC substantially depends on the operating mode
of the UCN source. Fig. 3 shows the spectral
brightnesses of the neutron radiation source
(brightness depending on the neutron radiation
wavelength) for different modes. The neutron
radiation spectrum becomes harder in warm
mode when there is no liquid deuterium and
superfluid helium in the chambers, so the ther-
mal neutron flux is greater than in cold mode by
an order of magnitude. Moreover, without deu-
terium and helium filling the chambers, the flux
densities of fast and resonance neutrons at the
output of the TC significantly increase. In view
of this, the calculations for biological shielding
were performed for the warm operating mode of
the source when the radiation conditions at the
output are the most dangerous.

The mean neutron flux density in the cavity
at the edge of the reactor’s biological shielding is

Fig. 2. General view of neutron guide system with shielding:
WWR-M reactor I, casemate 2, cryogenic equipment 3,
EDM spectrometer 4,

UCN magnet trap 5, system 6 for mirror dark matter search,
UCN gravitational trap 7, reflectometer &, polarimeter 9,
powder diffractometer /0, spin echo spectrometer 71/
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warm [ (without liquid helium and deuterium), cold 2 (with liquid helium and deiterium),

Neutron wavelength, A

Fig. 3. Spectral brightness of UCN source in different modes of operation:
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Fig. 4. Calculated angular distribution of neutrons at the edge
of biological shielding of TC vacuum channel:
for neutrons of all energy groups (/); for fast neutrons
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\

Experimental technique and devices

2.15-10%cm2s"'. The flux density of fast neu-
trons (with the energy of more than 0.5 MeV)
is 1.3-10° cm2s'. The total intensity of the neu-
tron source is 5.1:103 s!. Fig. 4 shows the cal-
culated angular distributions of neutrons (in the
range 0° < 6 < 90°) for different energy groups.
As follows from the calculations, the anguu
lar distributions for thermal and fast neutrons
coincide with those for neutrons of all ener-
gies, up to values of 10°. The main radiation
intensity lies within this angle range, so the
angular distribution obtained for all energies
was used in further calculations of biological
shielding, regardless of the neutron energy.

Simulation of neutron splitter geometry

A computer model of the neutron splitter in
horizontal cross-section (along the central axis
of the WWR-M reactor) is shown in Fig. 5.
The vacuum channel inside the TC ends with
coupling coil /, closed with aluminum flange
2. The neutron model developed to calculate
biological shielding included such elements of the
reactor’s core as the end section of the TC with
an aluminum collimator (not shown in Fig. 5),
the coupling coil with the flange and CN beam
splitter (3) with the system of neutron guides 4
inside. The first stage of the simultion did not
take into account the intensity of radiation from
neutron guides adjacent to the neutron splitter.

The horizontal cross-section of the neutron
splitter has the shape of an isosceles trapezoid.
Its height was taken equal to 40 cm and length
to 167 cm. The walls of the splitter box are
made of aluminum with a thickness of 20 mm.
The front face of the splitter is 35 cm wide, the
back is 95 cm. Three neutron guides are located
inside the splitter. The central one is straight,
the other two are bent, respectively, to the right
and to left. The neutron guides consist of four
links, each 400 mm long. There is vacuum
inside the neutron guide. The cross-section of
the vacuum channel of each neutron guide has
the dimensions of 30 x 200 mm. The vacuum
cavity is closed with K8 glass with a Ni’® layer,
which reflects the cold neutrons, deposited on
it. The external cross-section of the neutron
guide is 90 x 260 mm. The entire box, with the
exception of four steel plates (10 mm thick each)
inside the splitter, is filled with polyethylene
balls. The first meter of the box is surrounded
by a cast-iron collimator (see Fig. 1). Its role is
to prevent direct leakage of neutrons from the
vacuum cavity of the TC to the front wall of
the shield. The collimator reduces the radiation

Fig. 5. Computer model
of neutron splitter
(horizontal cross-section):
correcting coil /; mating flange 2;
CN beam splitter 3;

CN guide system 4

load on the front wall of biological shielding by
effectively scattering neutrons. Calculations for
the biological shielding were carried out using
the SCALE-6.2.3 software [13].

Geometry and composition of biological
shielding at the output of the T

The shielding is supposed to be collapsible,
consisting of several layers of protective materials
first effectively thermalizing and then absorbing
the major dose of fast neutrons from the neutron
beam incident on the shielding. The steel of
the St3sp grade is convenient to use for this
purpose, as it contains iron that effectively slows
down fast neutrons due to inelastic scattering,
transferring them to the energy region lying
below the inelastic threshold. This threshold is
equal to 0.862 MeV for the 3°Fe isotope and to
0.014 MeV for the *’Fe isotope. The inelastic
cross-section in the fast region of the neutron
spectrum is about 1 barn for these isotopes.
Hydrogen is another element that effectively
inhibits neutrons due to elastic scattering.
The cross-section for elastic scattering of
neutrons by hydrogen in the resonance energy
region is approximately 20 barn. Two types of
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low-density polyethylene (LDPE) containing
hydrogen, pure and doped with boron, are used
for shielding. However, hydrogen has a fairly
large neutron capture cross-section, emitting
gamma rays with energies of about 2 MeV.
The boron doping (containing the °B isotope)
reduces the generation of captured gammas
upon shielding. This property of the °B isotope
is due to its large capture cross-section, so
boron-containing materials practically do not
emit gamma rays in this type of capture.

Effective shielding can be constructed by
alternating layers of steel and polyethylene. The
last layer of polyethylene is supposed to contain
boron to reduce the generation of gamma
radiation. Lead is used as the outer layer to
protect against gamma radiation. The first layer
of steel in a protective case is to be coated with
boron-containing plastic or rubber. The boron
carbide in these layers should exceed 50 wt%.
Such coating should protect the material from
cold and thermal neutrons and reduce its
activation upon shielding. The composition of
the St3sp steel that we used in the calculations
is given in Table 1. It was assumed that LDPE
doped with boron contains 3 wt% of boron,
while the boron carbide content in plastic was
taken to be 50 wt%.

The geometrical scheme of biological shield-
ing of the splitter from the front, sides and top
is shown in Fig. 6. The first shielding layer is

a)

>

made of steel coated with borated plastic (rub-
ber), followed by a layer of PVD, then another
layer of steel, and another layer of PVD. The
outer layer of polyethylene contains boron im-
purity (3 wt%). The last shielding layer is made
of lead. The thicknesses of the layers are given
in Table 2. As evident from the data in Table
2, the total thickness of the shielding is 85.5 cm
in front of the splitter and 92.5 cm on the sides
and on top.

Table 1

Chemical composition of St3sp steel
used for biological shielding

Chemical composition, wt%
C Si | Mn| Cr | Ni | Cu | Fe
03]10205]03]03]0.3]/]98.1

Note. Steel density is 7.8 g/cm?

The dose rates for protection against neu-
trons and gamma rays were calculated separate-
ly. Calculation was carried out by the Monte
Carlo method within the SCALE-6.2 complex
using the MAVRIC program. The Monte Carlo
weight method was used to improve the statis-
tics. Solutions for the conjugate function were
used as importances for neutrons and gammas.

Fig. 6. Horizontal (a) and vertical (b) cross-sections of neutron splitter (/)
and its biological shielding including layers of borated rubber (2), steel (3),
low-density polyethylene (LDPE) (4) and borated LDPE (95).

Outer layer is made of lead (6)
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Table 2

Structure of multilayer coating
for biological shielding of neutron splitter

Layer material

Borated plastic
(rubber)

St3sp

Low-density
polyethylene (LDPE)

St3sp

LDPE

Borated LDPE

Lead (outer layer)

Total shielding
thickness, cm

Layer thickness, cm

Front | Side | Top
0.5 05| 05
20 20 20
20 20 20
10 15 15
20 20 20
5 5 5
10 12 12

85.5 (925 925

For this purpose, conjugate functions of the
transport equation with the source at the lo-
cation of point detectors behind the casemate
were calculated using the DENOVO software
before running the main simulations. Biological
shielding was combined in such a way that the
total dose rate behind it did not exceed 12
uSv/h (1.2 mrem/h). The calculated dose rate
distributions for neutrons and gammas for the
front of the shielding are shown in Fig. 7, for
the sides in Fig. 8, and for the top in Fig. 9.

Conclusion

This study is dedicated to certain aspects of
safe operation of the ultracold neutron source at
the WWR-M research reactor. We have designed
and calculated biological shielding at the
output of the UCN source based on superfluid
helium. The interchannel section of the UCN
source is supposed to be located in the thermal
column of this reactor. Due to the specifics of
the UCN source’s construction, a large part of
the elements required for UCN, CN and VCN
beam splitting should be located outside the
thermal column of the reactor. For this reason,
we have decided to build a protective casemate,
that is, multilayer biological shielding around
the UCN beam splitter. The shielding should
ensure radiation safety in the main chamber of
the WWR-M reactor in accordance with the

62

safety requirements for experimental devices of
research reactors set out in paragraph 3.5 of
NP-033-01 (as amended in 2010).

We have selected the materials and thicknesses
of the casemate layers based on the calculations
carried out. The first layer of shielding is made
of steel coated with borated plastic (rubber),
followed by a layer of low-density polyethylene
(LDPE), then again a layer of steel and then
a layer of the same polyethylene. The outer
LDPE layer contains boron impurity (3 wt%).
The last layer of shielding is made of lead. The
total thickness of shielding in front of the splitter
should be equal to 85.5 cm, and to 92.5 cm on
the sides and on top.

The maximum calculated dose rate for
neutrons and gammas on the surface of the
casemate should not exceed 1 mrem/h. With
the maximum permissible dose rate for Group
A personnel equal to 1.2 mrem/h, the design
for the casemate ensures safe operation of the
UCN source.

These calculations can be used as a starting
point for preparing detailed specifications and
documents for the casemate.

The study was carried out at PNPI (the
Kurchatov Institute National Research Center)
with the financial support of a grant from the
Russian Science Foundation (project no.
14-22-00105).
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Heat-hydraulic design studies of the low-temperature sub-system of the ultracold neutron
(UCN) supersource at the WWR-M reactor have been presented in the paper. The studies were
directed toward selection of the optimal working modes of the aggregate technological complex
of this source. According to the calculation data, the Linde TCF-50 standard refrigerator was
able to maintain the operating temperature of the thermal screens and the condensation of 50
liters of the deuterium pre-moderator in the chamber. Calculation results for the temperature
field of the thermal shield placed in the low-temperature sub-system were used to select the
location of the support structures for a superfluid helium vessel. Based on these calculations, an
estimate of the total heat penetration at the UCN source chamber was made; it was equal to 35
W. The capacity of the vacuum system for pumping the helium vapor and helium liquefier was
established to be sufficient to maintain 35 liters of the superfluid UCN converter.
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[IpencraBiaeHbl TEIUIOTUAPABINYECKUAC pPACUCThl HU3KOTEMIICPATypHOM YacTM WCTOYHUKA
yabTpaxojaoaHbix HeiitpoHoB (YXH) Ha peaktope BBP-M, HampaBiaeHHBIE Ha moa00p
ONTUMAJIbHBIX PEXMMOB pabOThl BCEr0 TEXHOJOTMYECKOro KOMILIEKCAa 3TOro HCTOYHMKA.
CoracHo pacuyeTHBIM JaHHBIM, IITaTHBIA pedpukeparop Linde TCF-50 cnocobeH nmonaepxuBaTh
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YCTaHOBKM OMOPHBIX KOHCTPYKILMI IS KaMephl CO CBEepXTeKyduM TenaueM. Kpome Toro, Obuia
cleslaHa OlIeHKa CyMMapHOTO TEIIONPUTOKaA K Kamepe ucrouHuka YXH, kotopas coctaBuia 35
Bt. YcraHOoBIeHO, YTO MPOU3BOAUTENBHOCTh BAKYYMHON CUCTEMBI I OTKAYKW MapoB Teavs U
reJIMEBOIO OXKVIKUTEJISI JOCTaTOUHA JJis1 MoaAepXKaHMsl 35 J1 cBepxTeKydyero KoHsepropa YXH.
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Introduction

The history of cold and ultracold neutron
sources dates back to the 1970s. Efficient
production of low-energy neutrons in a
pressurized water reactor (the WWR-M research
facility) heavily relies on cryogenic technologies.
It was the WWR-M reactor that was used
for experiments on transmission of neutrons
through low-temperature converters such as
cold beryllium [1], liquid hydrogen [2], liquid
deuterium [3] and solid deuterium [4], making it
possible to obtain UCN flux densities that were
rather high for that time. Neutron thermalization
in a low-temperature medium allows to increase
the fraction of UCNSs in the spectrum by tens or
even thousands of times.

However, the converter best performs with
a moderator temperature of 1073 K, which is
unattainable under reactor irradiation. Ultracold
neutrons are not formed from thermal ones by
additional slowing down but rather as a result
of a very rare process, single inelastic collision,
which is accompanied by the thermal neutron
losing practically all of its energy [5].

Quantitative production of UCNs depends
on the intensity of the neutron flux in the reactor
and the efficiency of the cryogenic moderator
(converter). However, while it is preferable to

place the moderator with a cryogenic temperature
in a high neutron flux at the reactor, this poses
the problem of removing radiative heat; it is the
more challenging, the lower the temperature of
the moderator.

Bringing up some of the most pressing
issues in nuclear research, our study involves
highly advanced technologies in its practical
implementation, concerning ultra-low
temperatures (1.2 K) in a heated reactor. Devices
of this type have never been placed inside reactor
channels at such low temperatures so far.

The WWR-M reactor provides a unique
opportunity for low heat release with a sufficiently
high cold neutron flux (4.8-10"" s7' cm™).
This can be achieved in the so-called thermal
column, which is a channel of large diameter
(1 m) adjacent to the reactor core [6, 7]. The
large diameter of the channel should allow to
install a 10 cm thick lead shield to reduce heat
release, a liquid deuterium pre-moderator at
20—23 K to produce cold neutrons, and, finally,
a 35-L chamber filled with superfluid helium to
convert cold neutrons into ultracold ones at 1.2
K.

This configuration should serve to achieve
heat input to superfluid helium at a level no
higher than 35 W (Fig. 1). A vacuum pumping

Fig. 1. Location of UCN source in thermal column of WWR-M reactor:
chamber with superfluid helium 7, chamber with liquid deuterium 2,
graphite pre-moderator 3, lead shield 4,
core 5 of WWR-M reactor
The values of the main parameters of the reactor are given in Table 1 and in the text
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system with a capacity sufficient for removing
this amount of heat is available at the Petersburg
Nuclear Physics Institute (Gatchina, Russia).
Combined with the cryogenic facilities from
Linde Engineering (Germany), this technological
complex can ensure stable operation of the
UCN source at the WWR-M reactor. Let us
now describe the technical characteristics of the
reactor.

Technical characteristics of WWR-M reactor

POWETr oo, 16 MW
Thermal neutron flux............... 10 s Tem™
POWETr oo, 16 MW
Cold neutron flux

in superfluid helium ........... 4.810" s cm™
UCN density

in superfluid helium....................... 104 cm™3

The specifications for the interchannel sec-
tion of the UCN source at the WWR-M reactor
were developed as part of government contract
(no. 1215 of October 20, 2010). However, cer-
tain changes were made to the project as design
documentation was prepared, since new techni-
cal solutions were found, aimed mostly at ensur-
ing safe operation of the UCN source and pos-
ing the task to recalculate the low-temperature
subsystem. These calculations were carried out
based on the design documentation provided.

General description of low-temperature
subsystem of UCN source

The component nodes of the low-temperature
subsystem (LTS) of the UCN source are made
of AMg6 aluminum alloy. The LTS consists of
three main parts: deuterium loop, helium loop
and thermal shield.

The first loop is a closed system including
a working receiver, pipelines and a chamber
containing the deuterium pre-moderator. This
chamber is enclosed in a shell of helium gas with

Fig. 2. Deuterium chamber (cross-sectional view):
vessel [ with liquid deuterium; its helium shell 2,
channel 3 supplying and pumping deuterium;
channels 4and 5 supplying and pumping helium, respectively;
studs 6 attaching deuterium chamber to thermal shield

a temperature of about 20 K. Studies [8] show
that the boiling point of equilibrium deuterium is
24.12 K in cold mode with a pressure P = 1.5 atm
in the deuterium loop. At the same time, the most
important criterion for the safety of the source
is absence of local formations of solid deuterium
that can block pipelines and, with increasing heat
load on the deuterium chamber, generate pressure
sufficient for rupturing the container with the
pre-moderator inside the chamber.

Thus, the temperature of deuterium in the
deuterium chamber should be carefully maintained
in the range of 18.73—24.12 K (18.73 K is the
triple point of equilibrium deuterium).

The helium shell serving to condense
deuterium simultaneously performs the function
of hydrogen safety, preventing a hydrogen—air
mixture from forming.

The chamber containing the deuterium
pre-moderator (DC) consists of the inner
deuterium and outer helium shells (Fig. 2). DC
has three nozzles: one welding the deuterium

Table 1
Main physical characteristics of components
of interchannel section in UCN source
Value
Parameter Superfluid Liquid Graphite Lead
helium deuterium pre-moderator shield
Temperature, K 1.2 20 300 300
Energy release, W 35 287 700 15,000
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tube to the helium tube surrounding it and
two for two helium tubes cooling the DC. The
deuterium tube is located in the upper part of
the deuterium chamber so that deuterium can
easily evaporate from this chamber when the
deuterium loop is switched to “warm” mode.
To make sure that the DC is evenly cooled
with helium, there is a collector in its rear part,
which is an annular gap connected to the rest of
the helium cavity of the DC through 16 holes
5 mm in diameter. The collector is installed
both in the helium supply area and in the area
where helium is pumped from the DC. The
deuterium shell of the chamber has an opening
in its front part, connecting the helium cavities
supplying and removing the cooling helium.
Cooling helium is fed into the deuterium
chamber through the nozzle. Then it enters

the collector, is evenly distributed in it and
moves into the annular gap formed by the
inner deuterium and inner helium shells. Next,
helium moves to the front of the DC and flows
through a hole in the deuterium shell into the
gap formed by the outer deuterium and outer
helium shells. After that, helium starts moving
in the opposite direction and evenly enters
the removal collector connected to the outlet
nozzle.

A TCF-50 helium refrigerator is used to
maintain the temperature of the thermal shield at
20 K and to condense deuterium in the deuterium
chamber. Aside from the deuterium loop,
the refrigerator should maintain an operating
temperature (not more than 20 K) of the thermal
shields of the cryostat to produce superfluid
helium. For maximum reliability, we chose a

- - @ ]
’ ‘ TCF-50 ‘ ’
e R— ]
EN
’ Rs270 4; C\63N13725 ’

o—
|
| >
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Fig. 3. Circuit diagram of low-temperature cooling loop:
helium refrigerator TCF-50, thermal shield HS, deuterium chamber DC,
cryostat Cr, heater H; valves CVkkkk, nominal valve diameter DNKK;
Tkkkk, Pkkkk denote temperature and pressure, respectively;
heater R3270 returns helium; nodal points are numbered in squares
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sequential circuit to connect the deuterium loop
and the cryostat to the refrigerator (Fig. 3).

Technical characteristics of the TCF-50
refrigerator (obtained experimentally) are given
in Table 2.

As a result of two-stage adiabatic expansion,
cold helium flow G = 108 g/s at temperature 7}
= 10.5 K and pressure P, = 2.5 atm is generated
in the turbo expanders of the refrigerator (see Fig.
3). The pressure P, is set automatically with the
CV-3175 valve. The CV-3170 valve is used to
supply helium flow to the LTS. The automated
system signals the CV-3290 valve to open when
the refrigerator starts operating. The R3270 heater
built in the refrigerator serves to return helium
at the level T,,,, = 21 K after the experiment.
Steady-state operation of the refrigerator is thus
established.

After the refrigerator, helium is fed to cool
the thermal shields of the cryostat. The system
cooling the thermal shield of the cryostat has
two parallel-mounted pipelines with a nominal
diameter of 14 mm and a length of 6 m each.
These shields maintain helium in the lower and
drainage tanks of the cryostat at 1.2 K.

After the cryostat, helium enters the heater
where it is heated to 7= 20 K. This temperature
is maintained in order to prevent solid deuterium
from forming, since this can lead to blockage of
the deuterium pipeline and its subsequent rupture.

After the heater, helium enters the UCN
source, where it first flows to the deuterium
chamber to condense deuterium gas and then to
cool the thermal shield of the UCN source.

The geometric characteristics of LTS pipelines
are given in Table 3.

Calculation of heat input
to low-tem&erature subsystem
of UCN source

The following requirements are imposed
on the low-temperature subsystem (LTS) of the
UCN source:

friction factor of all LTS pipelines should be
no more than 1 atm;

helium temperature 7,,, (see Fig. 3) should
be no more than 21 K;

deuterium temperature must be above the
solidification point but below the condensation
point;

heat input to the LTS should be more than 3
kW at temperatures about 20 K.

We used reference book [9] as a source for
fundamental equations of hydraulics and heat
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Table 2
Specifications of TCF-50
helium refrigerator

Parameter Value
Helium flow rate, g/s 108
Pressure, atm

input >1.5

output 2.5

Temperature, K

input <21.0
output 10.6
Heat load 3
T =20 K, kW
transfer.

The heat input to low-temperature structures
of the UCN source is mainly through three
channels: through vacuum insulation, over the
thermal bridge, and from reactor radiation.

Heat input through vacuum insulation depends
on radiant heat transfer from the “warm” surface
of the vacuum jacket to the “cold” surface of the
LTS:

Qrad = “':"efc’.loilg(T{4 _]—724)"510

where ¢ is the normalized emissivity; C is the
blackbody radiation constant (C=5.77 W/(m?K);
S, m?, is the area of the outer surface of the
“cold” body; T,, T,, K, are the temperatures of
the “warm” and “cold” surfaces (7, = 300 K,
T, = 20 K).

The normalized emissivity is calculated by the

formula
1)
sm,z(—+——lj =0,028
81 82

where ¢, €, are the emissivities of “warm” and
“cold” surfaces; in this case, for polished alumi-
num, g = ¢, = 0.055 [9].

Supporting structures of the low-temperature
subsystem, cold helium and deuterium pipelines and
the UCN guide act as thermal bridges to the LTS.

To calculate heat input over the thermal
bridges, we use the formula

AS
Opc = Tb (]1 -7, ) >

where A, W/(cm K), is the thermal conductivity
of the material of the supporting structure (A =
0.75 W/(cm K) for the AMg6 aluminum alloy
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Table 3
Geometrical characteristics of helium pipelines in LTS
Position Pipeline function Nominal Length, m
in Fig. 3 diameter, mm
1-2 Supplies helium from 50 6,000
refrigerator to cryostat
2—3 Cools thermal shield of cryostat 14 6,000
3—4 Supplies helium from 50 6,000
cryostat to heater
4-5 Heats coolant — —
5—6 Supplies helium from heater to DC 22 5,000
6—7 Cools deuterium in DC - —
7—8 Cools thermal shield 22 15,000
of UCN source
89 Returns helium from UCN 50 6,000
source to refrigerator

Notations: LTS stands for the low-temperature cooling subsystem, UCN stands for
ultracold neutrons, DC stands for deuterium chamber.

with ' =173 K); T,, T,, K, are the tempera-
tures of the “warm” and “cold” parts of the
bridge (7, = 300 K, 7, = 20 K); §,, m?, is the
cross-sectional area of the bridge; L, m, is the
length of the bridge.

Direct energy release from the reactor in
the structural elements of the UCN source is
induced by gammas and neutrons. The main
source of gamma radiation is the reactor core;
gammas are also generated in the process of
neutron capture by the nuclei of structural
materials. Gamma radiation is generated in
the reactor core during nuclear fission; fission
fragments also emit gammas.

Neutronics calculations of the WWR-M
nuclear reactor with the UCN source were
carried out by the Monte Carlo method using
the MCNP-4C code [10]. The computational
model was optimized in order to obtain
the maximum neutron flux density with a
wavelength of 9E in superfluid helium. The
reactor power was taken to be 16 MW.

The calculated total heat input to the
deuterium chamber and the thermal shield are
given in Table 4.

The temperature difference of the coolant in

the deuterium chamber is found by the formula

DK

AT, :@:1.19K
G

P

and the temperature difference of the coolant
on the thermal shield by the formula

AT, =215 —1 74K,
HS ch

where G, g/s, is the given mass flow rate of
helium (G = 50 g/s); ¢, J-kg "K', is the spe-
cific heat capacity of helium at 7, = 20 K (cp =
5.3-10° J'’kg"K™); O, and Q,,., W, are the
total heat inputs to the deuterium chamber and
the thermal shield, respectively.

Thermohydraulic calculation
of low-temperature subsystem of the source

The pressure loss APp,. in the pipelines is
calculated by the Darcy—Weisbach equation:

A flwzp

we2d
where / and d, mm, are the length and the in-
ternal diameter of the pipeline; w, m/s, is the
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Table 4
Calculated heat input to two LTS nodes
Heat input, W
Heat input source Heat input channel
DC TS
Through vacuum Radiant heat transfer 24.00 | 88.00
insulation
Deuterium pipeline 2.45 —
Tubes for cooling deuterium _ 22.00
vapor and thermal shield )
Over thermal bridge Tubes for pumping helium vapor - 2.28
Support trolley with 2 wheels — 89.23
2 support beams — 214.12
UCN guide - 26.00
To aluminum shell 204.00 | 20.15
Reactor radiation
To liquid deuterium 83.00 -
Total heat input, W 313.45 | 461.78

Notations: DC stands for the deuterium chamber, TS stands for the thermal shield.

flow rate of the gas in the pipeline; A, is the
friction factor; p, kg/m?, is the density of the
gas (helium).

The density p is calculated taking into ac-
count the absolute pressure and temperature of
the gas:

The flow rate of helium in the pipeline is
expressed as
W:_a

pS
where S, m?, is the cross-sectional area of the
pipeline.

The friction factor A is calculated taking into
account its dependence on the Reynolds number.

For the transition range, where

20£<Re<5001
A A

(A, mm, is the absolute roughness of pipes;
A = 0.06 mm for aluminum), A calculated by
the Altschul formula:

0.25
kf:O.ll-(é+§j
d Re

in the range with quadratic law for pressure

loss, where Re > 500d/A, X, calculated by the
Shifrinson formula:

0.25
hf:0.11-(é] :
: d

The Reynolds number that is the criterion
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of the flow regime is calculated by the formula

Re= 22, (1)
n

where |1, Pa-s, is the dynamic viscosity.
The coefficient p in Eq. (1) for helium gas
can be determined by the Keesom formula [9]:
pu = 5.023 70647,
The total pressure loss in the pipelines
should also include the pressure loss AP, for
local resistance:

pw’
loc = T

where ( is the local resistance.
The coefficient  for flow deflection at an
angle ¢ is determined by the formula

d 35
= 0.131+O.16-[—] 2
R) |90

Pressure loss in the cooling loop of the
deuterium chamber and the helium heater
loop, located in front of the entrance to the
deuterium chamber and maintaining a precise
temperature for supplying helium for deuterium
condensation in the range of 20—24 K, was
calculated in COMSOL Multiphysics 5.2a. The
calculation results are shown in Fig. 4.

Hydraulic  calculations of the low-
temperature subsystem of the UCN source
at the WWR-M reactor are given in Table
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P ,Pa
(3) w, m/s ci) G
215350
215300

215250

215200
215150

215100

Fig. 4. Calculated velocity fields of coolants (a, ¢) and absolute pressure of coolants (b, d) for cooling
loops of deuterium chamber (a, ) and helium heater (s, d)

Table 5
Calculated friction factors for low-temperature loop of UCN source

Pipeline function Helium Friction
(numbers in Fig. 3) flow rate in | pressure loss, Pa
pipeline, m/s

Returns helium to refrigerator (8—9) 7.92 302
Thermal cooling of LTS shield (7—8) 29.86 37798
Cools deuterium chamber (6—7) 4.54 17288

Supplies helium from heater to 25.21 9676

deuterium chamber (5—6)

Heats helium (4—5) 2.47 183

Supplies helium from cryostat to heater (3—4) 2.80 107
Thermal cooling of cryostat shield (2—3) 16.30 11248

Supplies helium from refrigerator to cryostat (1—2) 2.43 94
Total pressure loss, Pa 76696

Note. Calculated results are given for the mass flow rate of helium G = 50 g/s
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5. The pipelines are numbered in accordance
with the scheme shown in Fig. 3. The value
of the total pressure loss in the LTS loop AP,
= 76.7 kPa turned out to be lower than that
given in the product specifications for the TCF-
50 refrigerator (100 kPa). Thus, the hydraulic
calculation has proved that the LTS loop is
capable of operating with a mass flow rate of
helium G = 50 g/s.

Thermal calculations for the chamber with
the liquid deuterium pre-moderator with helium
flow rate in the shell G = 50 g/s give the average
temperature of the chamber wall equal to 22.83
K (Fig. 5).

Fig. 6 shows the calculated dependence of the
maximum deuterium temperature on the mass
flow rate of helium. With a helium flow rate G
= 50 g/s, the maximum deuterium temperature
is 23 K. Since the boiling point of equilibrium
deuterium is 7= 24.12 K at a pressure of 1.5
atm in the deuterium loop, we can conclude
from this calculation that this LTS subsystem
can ensure transition of all deuterium in the
chamber into the liquid phase.

The thermal field was also calculated for the
entire surface of the thermal shield (Fig. 7).

Based on this calculation, we found the
points for installing a helium module with
superfluid helium in the areas with minimal
surface temperature of the thermal shield.
The temperature of superfluid helium in the
source chamber depends on the magnitude
of heat input to the helium chamber, which
in turn strongly affects the neutron lifetime.
Thus, heat input to superfluid helium directly

>

1 22,0

§ 21.5

21.0

20.5

20,0

Fig. 5. Calculated temperature distribution of
deuterium in deuterium chamber

affects the quality of the UCN source at the
WWR-M reactor.

Our calculations helped establish that
the heat input from reactor radiation can
be significantly reduced by moving the
UCN source away from the core by 25 cm.
In particular, the magnitude of heat input
to the chamber with superfluid helium
was 35.89 W for the UCN source directly
adjacent to the reactor core and 22.34 W for
the source moved away from the core by 25
cm (Table 6).

-
K [
2gf\

27F

f |

231 .

22

-

—‘-l—.__.‘__-.___! -

0.02 0.04

0.08 0,08 G kgls

Fig. 6. Calculated dependence of maximum deuterium temperature
as function of mass flow rate of helium
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Fig. 7. Calculated temperature distributions over thermal shield of UCN source (a)
and its fragments: near support trolley (),
near support beams and UCN guide (¢)

Heat input to helium chamber depending on its position relative to nuclear reactor

Table 6

Heat input source

Heat input, W

Heat input channel

Initial position

Shift by 25 cm

Through vacuum Radiant heat transfer 1073
insulation
Over thermal bridge [Helium chamber supports 0.71
To aluminum shell 17.18 10.28
Reactor radiation
To liquid helium 18.00 11.35
Total heat input, W 35.89 22.34
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Conclusion

The paper describes the thermohydraulic
calculations of the low-temperature subsystem
(LTS) of the ultracold neutron source at the
WWR-M reactor. The calculations were based
on the design specifications developed earlier.
We have obtained the following results.

We have established that the power of 35
W is released in superfluid helium (converting
neutrons to UCN) due to the total heat input
to LTS, with a reactor power of 16 MW; the
thermal load on the low-temperature loop of
the LTS is 775 W. The LTS is cooled by the
flow of cold helium at a rate G = 50 g/s.

The system of LTS pipelines is designed to
provide the throughput rate necessary for the
given flow of liquid and gaseous helium. We
have found that the TCF-50 helium refrigerator

>

is capable of ensuring optimal operation of the
UCN source at the WWR-M reactor. According
to the calculations that we have carried out,
the maximum deuterium temperature in the
UCN source is 23 K. With a working pressure
P = 1.5 atm, the deuterium pre-moderator is
guaranteed to make a transition to the liquid
phase at this temperature.

The calculations performed make it possible
to start the construction of the low-temperature
subsystem of the UCN source at the WWR-M
reactor.

The study was carried out at PNPI (the
Kurchatov Institute National Research Center)
with the financial support of a grant from the
Russian Science Foundation (project no. 14-22-
00105).
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In the paper, a scheme of an optical microscope which includes a special bitelecentric
optical system for the formation of a diode support and a telecentric objective for capturing
the image has been designed and implemented. The use of such system makes it possible to
reduce the diffraction effects at the edges of the shadow structure and to measure (using the
microscope) the main parameters of a cutting microinstrument: its protrusion and diameter.
An algorithm for modeling the two main visual channels of the human eye was developed. It
allowed rapid detection of spatial-temporal processes and noise, and provided measuring the
cutting edge contour of the instrument with a subpixel error (up to 0.01 pixel) and determining
the dimensions of the cutting tool with an error of 0.5 um.
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TEXHONOIn USMEPEHUA TEOMETPUYECKUX
NMAPAMETPOB MUKPOUHCTPYMEHTA HA
OCHOBE MOZEJIN 3PEHUSA YEJTOBEKA

B.H. CaBuH, B.A. CmenaHo8, M.B. llladpuH
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Pazpaborana wu peaqum3oBaHa cXeMa OITMYECKOTO MHMKPOCKOMA, BKJIIOYAOIIETO
CMCUMATBHYI0O OWTEJCHCHTPUUYCCKYIO OINTHUYCCKYI0 CUCTeMy I (DOPMUPOBAHUS ITUOTHOMN
MMOACTaBKA U TEJICLUEHTPUUECKOTO OOBEeKTMBAa ST 3axBaTta u300paxkeHus. [IpmMmeHeHMe
YKa3aHHOM CHUCTEMBbI TIO3BOJISIET CHU3UThL BIWSIHUE AUPPAKIIUOHHBIX 3(p@GEeKTOB Ha
KpasX TEHEBOM KapTUHBI M WM3MEPATHh C IOMOIIbI0 ONTUYECKOTO MUKPOCKOIA OCHOBHBIC
mapaMmeTpbl PeXYIIero MUKPOMHCTPYMEHTa — €ro BBUIET M auameTp. Pa3paboTaH ajiroputM,
MOJIEJMPYIOIINIA TBa OCHOBHBIX 3pHUTEIBHBIX KaHaja TJla3a YeJloOBeKa M JIeTeKTUPYIOIINI
OBICTPBIC TIPOCTPAHCTBEHHO-BPEMCHHBIC IIPOLIECCHI M IIMYMBI. AJITOPUTM OOCCIICUMBACT
U3MEpeHNEe KOHTypa peXylleid KPOMKM WHCTPYMEHTa C CYONUKCEIbHON TOYHOCTHIO (IO
0,01 mumkcenss) M TO3BOJISIET OIpeaeasaTh (U3NUECKHe padMephbl PEXyIIero MHCTPyMEHTa C
norpemHocTbio 0,5 MKM.
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W3MEpPEHUS TEOMETPUUECKUX ITapaMeTPOB MHUKPOMHCTPYMEHTAa Ha OCHOBE MOMCIM 3pCHUS
yenmoBeka // Hayuno-texumueckme Bemomoctu CIIOITTY. dusnko-maTeMaTUdecKne HayKMH.
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Introduction

Machines and machining centers with CNC
(computer numerical control) are the staple
of modern metal fabrication (mechanical
processing). Such machines can manufacture
high-quality products with a given precision.
The quality of production depends on a
number of factors; some of them are dealt
with at the stage of product design. A control
program is created, material and tools are
selected. However, real tools do not always
exactly correspond to the objects designed in
the program. While modern systems allow to
adjust the operation of the machine to the
actual size of the tool, this means that the exact
parameters of this tool have to be known.

There are many ways (both optical and me-
chanical) to estimate and measure the param-
eters of cutting edges of tools [1]. Presetters
based on optical micrometers are the most
modern. These devices allow to obtain the nec-
essary data on the geometrical parameters of
the cutting tool quickly and in high quality.
The accuracy limit is 5 um for every 100 mm
for such devices. There are as yet no modern
tools for quick measurements on this scale.

This study is aimed at creating a device with
the accompanying software and hardware tech-
nology that would make it possible to quick-
ly and accurately measure such parameters of
end-cutting and boring microtools as the over-
hang and diameter of the cutter, drill, tap, etc.,
before installing them into machine spindles
with an accuracy no worse than 1 pm.

The technology is intended for rapid pre-
cise non-contact measurement and adjustment
of cutting microtools outside the machine in a
manufacturing environment.

We have designed and fabricated a device
for presetting tools outside the machine (pre-
setter). It is a hardware and software system
with an optical micrometer and linear encod-
ers. Special software allows to receive signals
from micrometric linear encoders and optical
micrometers and calculates the parameters of
the tool. The results of the program are dis-
played on the screen. Interaction with the op-
erator is through the software user interface.

Selection of parameters and
development of optical scheme

A distinctive feature of the technology
developed is that it is modeled on the human
retina and uses bitelecentric optics to form
diode backlighting and a telecentric lens to
capture images. These tools allow to reduce the
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effect of diffraction on the edges of the shadow
pattern.

Development of the optical scheme is one
of the most important stages. The consumer
properties of the entire device directly depend
on the quality of the scheme. An accurately
calculated and constructed high-quality optical
system is absolutely necessary no matter how
perfect the electronic circuit is. Otherwise, the
distorted datareceived from it after mathematical
processing may introduce significant errors in
measurement accuracy. This means that special
approaches must be taken to developing this
system, from the standpoints of both science
and design.

To construct optical circuits for an
instrumentation system, it is first of all necessary
to analyze and use the data on the required
range and accuracy of measurements, on
methods for calculating and tuning the optical
node, on techniques for increasing its resolution
and minimizing all kinds of aberrations.

The presetter is based on an optical mi-
crometer (Fig. 1) with a bitelecentric lens and
a beam path providing a clear, diffraction-free
shadow of the edge of the microtool on an en-
larged scale. This shadow is analyzed using an
algorithm that finds extreme projection points
and uses mathematical interpolation (see the
next section) to calculate the coordinates of the
points and the values of the radius and height
of the microtool (the object of measurement).

The alignment of the lens and the radiation
source should be coordinated with high accu-
racy in the optical scheme of the microscope.
The diameter of the bitelecentric lens and the
backlight is 16 mm and allows to generate an
accurate, nearly diffraction-free shadow in the
image plane of the photodetector. The system
is designed to work with fixed objects, and the
measured cutting edge is strictly coaxial with
the spindle of the system.

In case of a telecentric beam path, inac-
curate focusing does not affect the scale divi-
sion of the tool. Lenses with bitelecentric beam
paths, free from distortion and characterized by
constant linear magnification, seem to be best
suited for our purposes [2].

The optical micrometer is the most
important part of the developed system; it
consists of three main elements, a CMOS
(complementary metal-oxide-semiconductor)
sensor, a bitelecentric lens and a telecentric
illuminator. There are presently two competing
companies that are leaders in production of
telecentric lenses: Opto Engineering (Italy) and
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Fig. 1. Functional diagram of optical micrometer:
radiating unit /, receiving unit 2 , radiation source 3, optical scheme 4,
scanning beam 5, object of measurement 6, photodetector 7

SILL Optics (Germany).

The bitelecentric lens is selected in
accordance with the requirements imposed
on the parameters of the developed system
(outlined below).

The bitelelectric lens only captures the
beams parallel to its optical axis. Because of
this, there is no perspective effect (when distant
objects appear smaller than closer objects) and
beams falling at an angle and reflected from
other surfaces are not captured by the camera.
However, the downside of this effect is that the
lens only “sees” an area less than or equal to
the area of the outer lens. The diameter of the
outer lens is 16 mm. Thus, the lens allows to
capture an area of approximately 200 mm?.

The lens should be able to capture an area of
at least 8 Y 6 mm (based on the characteristics
of the lens) so that the micrometer can be
calibrated and effectively operate.

The second important parameter for finding
the maximum focusing point is the depth of field
of the lens. It should be no more than 2 mm for
adjusting the cutting tool in the given system.
This is the only point where the tool’s overhang
can be measured correctly. Otherwise, the line
on which the axis of the tool and its cutting
edge lie will not be strictly perpendicular to the
optical axis of the micrometer.

The third important parameter is the distance
at which the measurement range begins. This
distance can be calculated by subtracting the
depth of field of the lens from its working
distance (the distance at which maximum focus

is achieved). This parameter must be taken into
account in design of the optical micrometer.

Based on the above requirements, we chose
TC 23009, a special bitelecentric lens by Opto
Engineering (Italy).

A telecentric illuminator coordinated with the
bitelecentric lens is necessary for the lens to operate
correctly. The main requirement for the unit is
that the diameter of the outer bitelecentric lens
should coincide with the diameter of the outer lens
of the telecentric illuminator. The LTCLHP023-R
illuminator, also by Opto Engineering, fits this
requirement.

To obtain correct images of the contours of the
measured object, the components of the optical
circuit should be arranged as follows:

The backlight module is located opposite the
lens, and the axis of the backlight module coincides
with the optical axis of the lens. The distance
between the lens and the backlight module can
range from 120 to 150 mm. We chose a distance
of 125 mm (Fig. 2). The measured object should
be located at a distance of 62.2 mm from the lens.

The CMOS sensor plays an important role in
any optical circuit. As in the case of a three-di-
mensional triangulation meter with linear illumi-
nation, we used an industrial camera from Basler.
In our case, there was no need for a high frame
rate; the main requirement was that the camera
should provide the image of the tool edge without
“freezing”, i.e., frame delays on the screen were
unacceptable. A camera with 25—30 frames per
second proved to be sufficient for these purposes.

An industrial CMOS camera, Basler

81



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics 12 (1) 2019

>

acA2500-14um, was selected for this purpose.
To give a complete picture, let us provide the
characteristics of the camera:

Sony IMX264 sensor, 8.4 Y 7.1 mm;

global shutter;

resolution (L Y W) 2448 Y 2048 pixels, pixel
size 3.45 Y 3.45 um;

maximum frame rate 25 frame/s;

monochrome images;

C-mount;

USB 3.0.

Development and implementation of
software interfaces and algorithms

The technology we propose includes a
special image-processing algorithm. This
algorithm is a spatial and temporal filter that
simulates the two main visual channels of the
human eye: foveal vision for detailed color
vision and peripheral vision for detecting fast
processes and events [3].

The retina consists of layers of interconnected
cells. To build an algorithmic model of human
vision, we selected two main layers of the retina:
the outer plexiform and the inner plexiform.
Each of the layers is simulated by special filters.
The output of the algorithm is simulated by an
inner plexiform layer.

Another important feature of the algorithm
is that it can remove spatial and temporal noise
while simultaneously enhancing image detail.
Photoreceptors and perception of information
by the brain are simulated in this case; the
contrast of the image edges is increased,
contours are improved, a logarithmic Gabor
filter is implemented. The developed algorithm
also makes it possible to increase the accuracy
of detecting the contours of objects to subpixels.

Fig. 3 shows images illustrating the changes

125 mm

in sharpness of the object’s contour. For
example, blurring at the edges of the object is
greatly reduced. The differences in intensity are
also practically absent in the elements of the
object.

We developed a data exchange algorithm mak-
ing it possible for the optical micrometer to inter-
act with a personal computer. At the physical level,
the interaction happens via the USB 3.0 interface.
A set of functions is implemented to build the log-
ical level, allowing to connect and control differ-
ent parameters of the optical micrometer. These
parameters include exposure time, gain, range of
interest, frame rate. To get real-time images, we
used the functionality of the Pylon and OpenCV
libraries. The functions for receiving frames and
transmitting them for further processing are per-
formed, in accordance with our projects, in sepa-
rate streams, which allows to achieve high speed at
a frame rate of 25 frame/s.

The algorithm also contains functions for de-
tecting (with subpixel accuracy) the contours of
the cutting edge of the tool in an image obtained
with an optical micrometer.

This image has certain specifics because of
telecentric optics used:

diffraction effects at the edges of the tool are
minimal;

dimensions of the object image on the matrix
of the video camera match the real dimensions of
the object.

Thus, knowing the physical size of the pixel
on the video camera matrix and the number of
pixels occupied by the contour, we can calculate
the position of the tool’s edges (in micrometers)
relative to the optical axis of the camera. With this
approach, the positions of the tool’s edges can be
detected with pixel accuracy. The matrices used in
most modern video cameras have a pixel size that

Fig. 2. Layout of components in optical system:
measurement object /, bitelecentric lens 2, backlight module 3
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does not exceed 3—4 um. This parameter value
does not guarantee that the required dimensions
are detected with micrometer accuracy.

To detect the edges of the tool more accurate-
ly, we have developed an algorithm with subpixel
accuracy and used its functionality.

There are three main groups of methods for
detecting the contours with sub-pixel accuracy:

approximation methods;

methods based on calculating the image
moments;

interpolation methods.

The methods of the first group use continuous
functions to fit the image function. The subpixel
position of the contour is defined as the inflection
point of a continuous function.

The methods of the second group use statistical
models.

The methods of the third group provide subpixel
accuracy by interpolating image data to obtain a
finer grid of pixels [4].

The algorithm that we developed belongs to
interpolation methods (third group).

The algorithm consists of the following
operations.

Step 1. Gaussian blur is applied to the image.

Step 2. A filter with a Canny kernel is applied
separately for rows and columns; results are
recorded in the corresponding matrices.

Step 3. The points of the contour are detected
with pixel precision.

Step 4. The position of the contours is refined
with subpixel accuracy based on the contours
obtained in Step 3 and the matrices recorded in
Step 2.

The subpixel coordinates of the contours are
calculated by setting the position of each of the
points of the contour in its 3 x 3 neighborhood.
Eigenvectors and eigenvalues of the Hessian ma-
trix of a given neighborhood are found next [5].
Because of this, the direction and magnitude of
the contour point offset are found relative to the
initial ones. Thus, when each point of the contour

is shifted by a certain vector, a subpixel value is
found for the position of each point of the con-
tour.

The method developed makes it possible to
obtain the sought-for values with an accuracy of
0.01 pixels. Such accuracy allows to determine
the physical dimensions of the measured tool with
an accuracy not less than 0.5 um.

Geometric parameters, such as overhang and
diameter, are calculated as follows. Subpixel co-
ordinates of the contour points are analyzed, with
the minimum and maximum points searched by
x and y coordinates. The point with the mini-
mum value of the x coordinate corresponds to
the tool point most distant from the axis, and the
point with the minimum y coordinate to the tool
point with the maximum height. The values of the
characteristic points are then converted to world
coordinates by multiplying the coordinate value
by the pixel size in the corresponding direction
and by the magnification factor.

Precise image focusing is necessary to obtain
the most accurate images. A function calculating
the value of the Laplacian of the image (it rep-
resents the summed value of second-order deriv-
atives) is used to control focusing. Next, the stan-
dard deviation for the Laplacian matrix, i.e., the
“focusing” value of the image, is calculated. The
degree of focusing of the image is estimated by the
value of the parameter obtained. This algorithm
includes a threshold value of the parameter, sepa-
rating the “focusing” values into acceptable (that
can be used for measurements) and unacceptable
(focusing should be improved if these values are
reached) [6].

In addition to the above, we implemented a
system for calibration by a given template. The
software was developed in the Qt Creator envi-
ronment using the Qt and OpenCYV libraries.

The OpenCV 3.1.0 library intended for im-
age processing was used to develop the functional
module of the program. The image received from
the camera contains information about the con-

Fig. 3. Comparison of two images of object:
source a, processed by algorithm for removing spatial and temporal noise b
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tours of the object. This image is generated by a
telecentric optical scheme allowing to capture im-
ages with virtually no diffraction around the edges
of the object. This simplifies the task of detecting
the contour of an object for further measurement.

In order to increase contrast, we applied an al-
gorithm based on a model of human vision. The
object’s contours were then detected with subpix-
el precision. For example, if lens magnification
is 1.005, an estimate for the size of the contour
on the matrix of the video camera can be made.
This size is equal to the number of pixels that the
contour occupies, multiplied by the pixel size and
magnification factor.

For example, to calculate the size of the con-
tour along the horizontal axis X

X = dNp,

where d is the lens magnification factor, N is the
number of pixels between the edges of the con-
tour, p, um, is the pixel width.

To calibrate contour size, a template object
with known parameters is measured. The
position of the rotation axis of the tool in the
coordinate system of the camera matrix can be
then determined. For example, a cone can be
used as a template.

The calibration module allows to determine
the position of the point with the maximum
value of the Z coordinate (it corresponds to the
axis of rotation).The value of the X coordinate
corresponding to the axis of rotation is taken to be
zero for calibration. In other words, the vertex of

a) b)
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the cone serves as the origin of coordinates in the
XZ system. The initial value of the Z coordinate
is defined as the difference between the obtained
value of cone height subtracting the actual cone
height (Fig. 4, a).

The user interface developed for the measure-
ment mode (Fig. 4, b) contains the following
areas: image view from the optical micrometer;
input of measurement results.

Conclusion

We have carried out a study aimed at creating
a device and the accompanying software and
hardware technology for quickly and accurately
measuring the main parameters of cutting tools.
We have obtained the following results.

1. We have developed an optical microscope
and an optical scheme for it, including
bitelecentric optics for diode illumination and
a telecentric lens for image capturing. The lens
of the optical microscope has a depth of field
less than 1 mm (images are generated without
diffraction).

We have established that such an optical
scheme allows to reduce the effect of diffraction
at the edges of the shadow pattern and measure
such parameters of the cutting tool as the overhang
and diameter with an optical microscope.

2. We have developed an algorithm detecting
fast spatial and temporal processes; it provides
measurement of the cutting edge contour of the
tool with subpixel accuracy (up to 0.01 pixel) and
the physical dimensions of the cutting tool with
an accuracy up to 0.5 pm.

Fig. 4. Example of user interfaces
for calibration (@) and measurement (b) of size of cutting edge contour;
A cone was used as a template.
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Introduction

Electrostatic ion traps with perfect space
and time focusing (PSTF) of the beam
are becoming increasingly popular in mass
spectrometry. The principle of perfect focusing
of ions in an electrostatic field as a basis for
designing mass spectrometry devices was
patented by Golikov [1]; Makarov constructed
the industrially produced OrbiTrap analyzer
(see, for example, [5]) using this principle. The
so-called Cassinian traps (also with PSTF) [3,
4—6], first proposed by Golikov and studied
by Nikitina [7], have also been the center of
much attention. Perfect focusing systems are
an important area, with research ongoing in
this direction.

This article continues a series of studies [§—
11] considering a class of integrable electrostatic
traps with PSTF. Perfect focusing along the
z direction (for definiteness) in the trap is
provided by including an additive term z* into
the potential structure [8, 9]. We have earlier
discussed in detail (see [9—11) the conditions
for finite motion in traps that are integrable in
parabolic and elliptic coordinates. In this case,
we mean the coordinate systems separating
the variables in the Hamilton—Jacobi equation
after isolating oscillatory motion along z.

We have considered the case of integration
in the polar coordinate system that we have
briefly touched upon in [8]. Analysis was
carried out in dimensionless variables that we
have also used earlier [8—11].

Conditions for finite ion motion

An expression for the potential providing
separation of variables was obtained in [8]:
o(r,y,z) =

2 1
=z —%+uln(r)+scoszzy, )
r

where , ¢ are the field parameters; x = rcosy,
y = rsiny.

Assuming p#0, (we are going to confirm be-
low that this condition holds true) and intro-
ducing a substitution of variables r = r, , r=
r\/_ , we obtain the following expressmn from
equahty (D)
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We can eliminate the parameter p in ex-
pression (1) by means of this scaling, equating
this parameter to unity and greatly simplifying
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further analysis.

The remaining parameter ¢ considerably
affects the topology of field (1), determining
both the number of its saddle points in the z
= (0 plane and the form of equipotentials. The
number of saddle points corresponds to the
number of real values of the saddle radius 7, in
eight pairs (r,y) of polar coordinates

(m/ﬁ,n/z),
(m/ﬁ,—n/z),
(m/ﬁ,o),
(m/ﬁ,n)

and varies from 2 to 6 as ¢ in equality (1) takes
critical values {—1/8, 0, 1/8}. The topology of
field (1) is very important for choosing a sys-
tem of field-defining electrodes bounding the
working volume of the trap.

Ion motion in the ry plane orthogonal to the
direction of perfect focusing z is determined by
the first integrals

P r” C
—=E—-|lnr——+—|,
S Lo T
4.2
r2y =C - gcos2y, 3)

where F'and C are variable separation constants.

-2 2.2
" +I”O'Y0

E= +Inr—
2
2
_i+aw, (4)
2 7y
C= nty L0+ ecos2y,.

As usual, we should now find the conditions
for finite motion in the ry plane. Evidently, the
nature of ion motion along r is determined by
the profile of the effective potential

r C
Ueff(r) :h'll"—?'i‘r—z

and the transverse energy F.

Notice that the potential U, has a well
(Fig. 1) in the range of Values6 < C<1/8,
while the coordinates of the minimum and
maximum of U, ﬁ(r) are defined as

1F+1-8C (5)

. =

min,max 2

where the minus sign corresponds to the
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minimum radius and the plus sign to the
maximum radius.

The minimum and maximum values of the
effective potential are expressed as

U,y :ixll—SC +ln1$\/1_8C.
e 2 2
If C _>O’ I]eﬂmin —T o, l]eﬁ’max_> _1/2’

if C = 1/8, the maximum and minimum of
the potential U, - coincide:

=U

rmae — —(IN2)/2,

rmin - rmax - 1’ (]eﬁ‘min
and the well disappears.

The term that hinders particle motion to-
wards the r singularity disappears in the expres-
sion of the effective potential with C < 0 (the
same as for u = 0 in equality (1)); accordingly,
the condition C > 0 should be satisfied.

To ensure finite motion with 0 < C < 1/8,
the value of the constant E should satisfy the
inequalities

(]ejfmin (C) S E< l]eﬁ"max(Q'

On the other hand, there is an interval of
values of the parameter C embedded in the
interval ]0.1/8[, which satisfies the condition
for finite motion, for any £ <—(In2)/2. The
upper limit of C is found from the condition
U, . (C)=E, and there is also a lower limit
off([he interval for £ >—1/2, calculated from the

condition U, ﬂm(C) = E.
It is convenient to introduce the quantity

AE: E_ Ijeﬁ”min (C)’

characterizing the kinetic ion energy.
With constant AE, finiteness is observed for
0<Cc<C  <1/8,
where C_ is found from the solution of the
equation

~U_ (C )=AE

eff min max

[Jeﬁ” max ( Cmax)

Notably, the condition for radial stability
completely coincides with the case of the
classical orbitrap here.

Angular motion is determined by the cosine
(with amplitude |e|) profile of the potential y
well and the value of the C constant. As the os-
cillations are symmetrical with respect toy = 0,
it is convenient to choose a negative ¢ (¢ < 0).

Further, the quantity C € [—e|,|¢|[, mathe-
matically sound in terms of constrained angular
motion, limits particle motion in the sector

arccos(C|£|) (6)
—

Motion along y is not limited if C > [¢, the
trajectory of the ion (in case of r finiteness) is
located in a ring. Conditions for radial confine-
ment are satisfied provided that the inequalities
0 < C < 1/8 hold true. Accordingly, the range

—YbSYS“{ba Yy =

Fig. 1. Graphic representation of function of effective potential U, AL O).
Lines indicate the positions of maxima and minima for different C values.
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of angular displacements is bounded from be-
low by the segment

—n/4 <y <n/4

The range of y oscillations is also bounded
from above with C < 1/8 < |¢|. There are clearly
no obstacles to both radial and angular finite mo-
tion if the appropriate initial data are chosen for
the particle. The trajectory of ion motion in the
ry plane lies within the region

Q = [rl,r2] X[=yb, yb], (7)

where r, r, are solutions of the equation
Uy,(r, C) = E

If —0, equipotentials of field (1) have asymp-
totes y = *m/4 theoretically limiting the angular
size of the electrode near the singularity point by
n/2. At the same time, the variation range for an-
gles of y oscillations of ions cannot be less than
[—n/4, n/4]. This calls in question whether a trap
using a two-electrode field-defining structure is
feasible at all, or in other words, whether parti-
cle trajectory (at least with z = 0) may lie within
the region of a constructively acceptable family of
equipotentials. This region (position /) is shaded
in gray in Fig. 2. This region is bounded by a sep-
aratrix passing through a saddle point of the field,
asymptotically approaching the z axis at angles y
= *n/4. (By “constructively acceptable” we mean

a)
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>

that a pair of nested equipotentials (from region /
in Fig. 2, b) of the family (electrodes in an actual
device) can bound the working volume, i.e., the
region of beam motion (region 5 in Fig. 2, b). If
it turns out that the beam penetrates through the
outer electrode of the given pair at any values of
the parameters and initial data, more field-defin-
ing fragments are to be included in the device’s
design, which should be avoided.

To answer the question we have formulated
above, let us first consider beams that are infinitely
thin with respect to r, formed by trajectories of ions
propagating with zero radial velocity along the well
of the effective potential U ﬁ(r). Projecting these tra-
jectories onto the ry plane yields arcs symmetrical
relative to the angle y = 0; the radius of each arc is
r..(0), its angular span is —2y,(C). The arcs are de-
scribed by formulae (5), (6) and depend on the pa-
rameter C associated with the initial data of the mo-
tion. Accordingly, the coordinates of the boundary
points of the arcs form the following parametrically
defined curves for a set of admissible values of C:

x,(©) =7, (C)cos(r,(O)).
Q) =%, (O)sin (1,(O)),

whose position (see Fig. 2, curves 3) relative to
the separatrix equipotential is what interests us.
Theoretically, it is possible to create a

b)

06}

0.0 02 04 0.6 0.8 1.0 X

Fig. 2. lon trajectories and equipotential field structure (1) with e = — 0.2 (a) and & = ¢_ (b):
region I of constructively acceptable equipotentials; separatrix equipotential 2;
parametrically defined curves (8) 3; boundaries 4 of beam with non-zero radial velocity;
projections 5 of beam trajectories with zero (a, b) and non-zero (b) radial velocities onto plane ry
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1

Fig. 3. Example of ion trap
based on field (1) with e = ¢
The contours of the inner (/) and outer (2)
electrodes and the ion trajectory (3) embedded in
the working volume of the trap are shown

two-electrode trap if there is a non-empty inter-
val of Cvalues, such that the points (x,(C), y,(C))
are located in the region of admissible equipo-
tentials. Notably, non-zero amplitudes of z and r
oscillations mean that a gap should exist between
the separatrix equipotential and the boundary
point of y oscillations (8). The larger this gap, the
greater the phase volume of the ions stored by the
trap. Both the position of the separatrix and the
form of boundary curve (8) essentially depend
on the values of the parameter ¢. Equipotential
structures with two saddles (Je[> 1/8) do not allow
for sufficient working volume within the separa-
trix equipotential. For example, the configuration
corresponding to
e=—02<-1/8

(see Fig. 2, a) is clearly not feasible.

Field configurations with six saddles
(—1/8 < & < 0) offer better options. The range of
values ¢ < & <0, where ¢ ~ —0.06904 corresponds
to a separatrix that passes simultaneously through
the lateral and vertical saddles of field (1), nearest
to the center (see Fig. 2, b), seems the most at-
tractive. To find ¢, we use the condition of equal
potential (1) at the locations of the given saddle

points:
1-J1+8, =
¢, =0 T’E’O =

or
1-/1+8¢

1-8 1+8 In———==0.
J1-8¢, +4/1+8¢, + n =

The actual value of the separatrix potential
corresponding to the parameter ¢ is

_ J1-8¢g,

(Pc__ 2

L Iryl=8e. \'12_88 ~—0.564977.

+

2

Calculating the dimensions along z of a trap
containing ions starting with a nonzero veloc-
ity zZ, from the z = 0 plane, we should bear in
mind that the three-dimensional equipotential
surface of field (1) is pressed against the z axis
with distance from the z = 0 plane (Fig. 3).
The section of the three-dimensional

equipotential

fx,y)+2=d
by the plane z = Z has the form

foe, y)=d - 2,

i.e., it is contained among the equipotentials of
the two-dimensional field f{x,y) that is a sec-
tion of a three-dimensional field by the plane
z=0 [8].

Notably, a decrease in the potential with in-
creasing Z corresponds to transition from the
separatrix equipotential to internal equipoten-
tials of a region for the given field regions. Ac-
cordingly, a cylinder filled with particle trajec-
tories (its base is a region Q (see formula (7)),
and its generator is parallel to the z axis) should
be embedded into the surface, which collaps-
es to the z axis with distance from the z = 0
plane. Therefore, if we can locate points (8)
within a certain equipotential that is internal
with respect to the separatrix, we can estimate
the admissible dimensions of the beam and the
trap along the z coordinate and determine the
maximum velocities Z, of the ion starting from
the symmetry plane. Clearly, taking into ac-
count non-zero radial velocities determining
the radial size of the region Q also requires
some space in placing the beam within the in-
terelectrode region.

Notice that if we use trajectories with AE =
const, the energy

E: AE+ []eﬁ”min (C)

turns out to be greater than U, 7 max (C) for a
certain C and, therefore, the upper admissible
value of C is less than 1/8, since the trajec-
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tory leaves the well even before it disappears
with decreasing well depth (with increasing C).
Meanwhile, the actual position of the boundar-
ies of the region Q depends on two parameters:
Cand FE (or AE). Each Cis assigned to two val-
ues of . (C) instead of one: r, (C, AE), r, (C,
AE) (see formula (7). As a result expressmns
(8) are replaced by pairs of s1mllar paramet-
rically given boundaries (indicated by a short
dashed line in Fig. 2, b).

Selecting trap parameters

Let us formulate an algorithm for selecting
the parameters of the field of a two-electrode
ion trap and the initial conditions for the ions
confined in this trap.

Step 1. We select the value of the parameter
g in the interval g, < & < 0. We select the val-
ue of the parameter C allowing for the beam
to be located within the working volume with
boundaries (8) with zero radial spread. Let
the potential of the separatrix surrounding the
working volume be equal to ¢,

Step 2. We assume that the length of the trap
along z is equal to 27 ; we find the potential

0, =¢,— £ 3,

where & provides the necessary technological
gap between the surface of the electrode and
the region where the ions from the beam are
concentrated.

Step 3. We solve the problem of embed-
ding the beam in an external equipotential
o(x,y,2) = @,. We run a test search for the dis-
tance between points with a potential ¢, along
a straight line passing through the origin and
point (x(C), y(C)) for each boundary point
(8). In this case, we take into account the con-
figuration of equipotentials on the ry plane.

To solve the problem, we construct the
field distribution along the given straight line,
using expressions (1) and (6):

2

U(r,C)=o(r, 1,(C), 0) = —%+uln(r)+

g C08 (arccos(C/ 8))

}"2 gﬂ( C)

The field distribution along the limiting ray
y =7, (C) coincides with the effective potential,
which means that the coordinates of the inter-
section points of the beam with the equipo-
tential ¢, and their positions relative to rmm(C)
coincide with the coordinates and the positions
of the radial boundaries of the beam with the
section Q (7) for the energy £ = ¢,. The critical
values of the parameter C limiting the range
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of its admissible values are determined by the
equation

o(r .. (O), 7, (0),0) =g,

giving the tangent point of the equipotential ¢,
and the limiting ray ¢(r . (C), v, (), 0) = ¢,.
The beam has an arc trajectory (in projection
onto the ry plane) with critical values of C. For
other values of C from the interval of admissi-
ble values, the motion occurs in the region Q.
The initial data for the motion is found by the
values given for the parameters £ and C using
expressions (4). The beam fits perfectly into the
dimensions of the external working equipoten-
tial. The relationship of admissible values of C
and ¢, is similar to that of C and E.

We should point out that this consideration
only determines the boundary ions of the beam
in the configuration space; to reduce the effect
of space charge on the operation of the trap, it
is advisable to increase the area

So =21(ry (C) =17 (C)y,(C)

of the region Q (see Eq. (7)) by selecting an
appropriate C.

Note. Choosing an internal equipotential, it
should be borne in mind that its maximum size
(maximum radius of distance from the center)
lies in the plane ry for y = 0. Accordingly, if the
internal radius of the beam is equal to r,, it is
sufficient to choose the following equipotential
surface as the internal boundary of the system:

o(ry,2) = ¢,

where ¢, = o(r,—or, 0, 0) (3r is the necessary
technological gap, see Step 2).

An example of a trap constructed according
to this procedure and filled with a characteristic
ion trajectory is shown in Fig. 3.

Conclusion

We have considered the nature of ion motion
in an integrable electrostatic trap with variable
separation in polar coordinates.

We have found the conditions for finite mo-
tion, analyzed the field of the trap and con-
firmed that only one of the parameters of the
potential is significant.

We have established the effect of this param-
eter on field topology, finding the range of pa-
rameter values for a potential structure that can
be used for designing a viable ion trap.

We have confirmed that the effective volume
of the trap can be bounded by just two elec-
trodes, which simplifies the design of the device.

We have formulated a method for selecting
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a coordinated configuration of the electrodes
and the beam.

The algorithm proposed essentially formu-
lates the constraints for subsequently solving a
problem of conditional optimization. The next
steps should include maximizing the phase vol-
ume of the beam over all phase coordinates

and additional one-dimensional optimization
of the system with respect to the parameter «.

A part of this study was carried out within the
framework of State Task no. 075-00780-19-00 for
the Institute for Analytical Instrumentation of the
Russian Academy of Sciences.
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WATER VAPOR CONVERSION DURING
THE INTERACTION BETWEEN AN EVAPORATED
HYDROGEN FLUORIDE SOLUTION AND CARBON
IN THE FILTRATION COMBUSTION MODE
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The results of laboratory studies of the water vapor conversion when an evaporized aqueous
solution (EAS) of HF and oxygen is being fed into a stationary layer of granular graphite have
been presented. It was established that the characteristic time for the water vapor conversion
upon the contact of the EAS of HF with carbon at a temperature of about 1500 K was 10 s.
Comparison of the experimental results with the literature data on high-temperature interaction
of water vapor and carbon showed that HF had little or no effect on the rate of this interaction
at a temperature of about 1500 K. Our method derived from the high-temperature interaction of
the EAS of HF with carbon can serve as the basis of an industrial technology for the dehydration
of an aqueous solution of HF, including azeotropic one.
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KOHBEPCUSA BOAAHOIO NAPA NPU B3AMMOAENUCTBUU
MCNAPEHHOIO PACTBOPA ®TOPUAA BOAOPOAA
C YTMEPOAOM B PEXXUME ®UJTbTPALLUOHHOIO TIOPEHUA
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[MpuBeneHbl pe3ynbTaThl JIAOOPATOPHOTO WMCCIEMOBAHUS KOHBEPCUM BOASHOTO Tapa Tpu
nojaue wucmapeHHoro BomHoro pactBopa (MIBP) dropuna Bomopoma HF u xwucrmopona B
CTALUMOHAPHbBIM CJIOM TpaHyJMPOBAHHOrO rpacduTa. YCTAHOBJICHO, YTO XapaKTEpHOE BpeMsi
KOHBepcuM BoasiHoro mapa npu koHTakte MBP HF u yrnepoma mpu Temmeparype OKOJIO
1500 K cocraBnser BenuuuHy mnopsaka 10 c. CpaBHeHME pe3yabTaTOB 3KCIEpUMMEHTa C
JIUTEPaTypHBIMU JNaHHBIMUA TI0 BBICOKOTEMIIEPATYpPHOMY B3aMMOJEHCTBUIO BOISHOIO Iapa
¥ yriaepoja IoKa3ajo, YTo TpW yKa3aHHOM TemrmepaType mpucyrctBue HF mpaktuyecku He
BJIUSIET HA CKOPOCTh B3aMMOJEWCTBUS BOASHOTO Tapa C yriaepomaoM. MeTos, Gaszupyommics
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Ha BeIcOKOTeMIieparypHoM B3ammoneiictBuu UBP HF ¢ yrimepomom, MOXeT CIyXXuUTb OCHOBOI
MIPOMBIIUICHHOM TEXHOJIOTMH JeruapaTaiuuy BogHoro pactBopa HF, B ToM 4uciie a3e0TpOITHOTO.

KmoueBble ciaoBa: ¢pTopua Bogopona, IJaBUKOBas KUCJIOTa, BOASHOM ra3, (pUIbTpallMOHHOE

TOpCHUC
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Introduction

Aqueous solution of hydrogen fluoride HF
(hydrofluoric acid) is produced by a number of
industries; for example, in processing of depleted
uranium hexafluoride UF, by hydrolysis [1, 2].

Anhydrous hydrogen fluoride (aHF) [3, 4] is
mainly used in industry as a fluorinating agent;
its water content should be no higher than 0.06%
[5]. For this reason, developing technologies
for producing anhydrous hydrogen fluoride
from its aqueous solutions is an important task.

While aHF is typically obtained from its
aqueous solution by distillation [5], this solution
is azeotropic with a hydrogen fluoride content
of about 35—40% [6], so the mixture cannot
be separated into individual components by
conventional distillation. An azeotrope is one
of the components with any composition of
the initial mixture subjected to distillation.
Thus, it is impossible to completely remove
hydrogen fluoride from its aqueous solution by
distillation.

Different studies considered dehydration of
hydrofluoric acid with sodium fluoride [7] and
concentrated sulfuric acid [8]. The first method
has no industrial application at present. As
for the second method, 75% sulfuric acid in
the amount of about 30 kg per 1 kg of aHF
is formed as a by-product, so it is difficult
to select structural materials for industrial
implementations of this method.

Ref. [9] proposed a method for dehydration
of an aqueous solution of hydrogen fluoride,
including azeotropic, by high-temperature
interaction of water vapor with carbon with
filtration combustion by the scheme:

Cso/ + Ozgas + HFgas + Hzo gas _ (1)

— COw + CO+H,@ + HF,

where the superscripts so/ and gas correspond
to the solid and gas phase of the substances.
Using thermodynamic calculations and
laboratory studies, Ref. [9] confirmed that
hydrogen fluoride is the only fluorine-containing
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substance in the system at temperatures above
1000 K.

Thus, it was established that process (1) is in
principle possible if hydrogen fluoride remains
inert with respect to other components of the
system, and water vapor interacts with carbon
to form hydrogen H, and carbon monoxide
COs,

Interaction of water vapor with carbon is
well studied in theory on gasification of solid
fuels. In particular, it was found in [10] that
the characteristic time of interaction of water
vapor with carbon of different grades is several
seconds at 1500—1600 K.

However, we have not uncovered any data
in literature on the reaction rate for interaction
of water vapor with carbon in the presence of
hydrogen fluoride. It is known that hydrogen
fluoride is a polar substance (its dipole moment
is equal to 1.88 D) and, as such, has catalytic
and inhibitory effects on many chemical
processes [4].

The goal of this study has consisted in
determining the depth of conversion of water
vapor during high-temperature interaction
of vaporized aqueous solution of hydrogen
fluoride with a layer of granular graphite when
oxygen is fed into the layer.

Characteristics of the initial materials

We used ground artificial graphite GII-A
(TU 1916-109-71-2000) with a bulk weight
of 840 kg/m’ and the content of the basic
substance no less than 99% for the laboratory
experiments; the graphite had ash content of
no more than 1%, moisture and sulfur contents
not more than 1.0 and 0.05%, respectively.
The granulometric composition of the mixture
is given in Table 1.

The composition of impurities was detected
using ICPE-9000, an inductively coupled
plasma emission spectrometer, and FTIR-
8400S, a FTIR spectrometer. The results of
the study suggest that the main impurities
in the initial graphite were calcium and iron
silicates.
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Table 1
Granulometric composition of original graphite
Sieve mesh size, mm 10 7 5 2.0 1.4 | 040 | 0.25
Weight content of graphite 00 | 08 12001]637]126] 29 | 0.0
in mixture, % : ) : ) : : :

It was found by leaching the graphite
with 0.4% sodium hydroxide that the acid
component was absent in the initial graphite.

We used aqueous solutions of hydrogen
fluoride with the weight contents of hydrogen
equal to 40% and 72%, since these solutions are
formed in a number of technological processes
[1, 2].

Laboratory setup
and experimental procedure

We constructed a laboratory setup for
experimental studies on high-temperature
interaction of water vapor and carbon in the
presence of oxygen and hydrogen fluoride. The
schematic of the setup is shown in Fig. 1.

The steel cylindrical reactor / with a
volume of 23 L, a height of 400 mm and an
internal diameter of 273 mm is equipped with
a cooling jacket and systems for supplying
components and removing reaction products.

The temperature of the coolant in the cooling
jacket was 370 K.

A thick-walled copper nozzle 2 with a
diameter of 28 mm and a wall thickness of 8
mm was used to supply oxygen into the layer
of granulated carbon and evaporated aqueous
solution of hydrogen fluoride. A cooling jacket
was installed to cool the nozzle in its upper
part; water was supplied into the jacket at a
temperature of 370 K. Experiments were carried
out with two positions of nozzle 2 in reactor /.

In position I (Fig. 2, a), the nozzle was
installed in the side outlet of the reactor’s
upper flange at an angle of 45°, with the nozzle
shut-off valve located on the vertical axis of the
reactor. In position II (Fig. 2, b), the nozzle
was installed in the central outlet of the upper
flange, and the reactor was turned over.

The temperature distribution in the zone
where gas flowed out of the nozzle was monitored
using chromel-alumel thermocouples 7,—T,

HF+H,0 ° N6

A

Fig. 1. Layout of laboratory setup:
reactor I; two-component nozzle 2; removable electric heater 3,
heat exchanger 4 for heating O,; peristaltic pump J5;
heat exchanger 6 for evaporating and overheating aqueous solution of HF;
thermocouples 7; nickel heat exchangers &, 9,
acid collector 10; alkaline absorber /1; nickel tubes 12, 13;
device /4 for combustion of H, and CO in air oxygen
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Fig. 2. Schematics for two layouts of nozzle (2) and thermocouples (7,—7,)in reactor (/);
a, b are positions I and II; PR are products of reaction

installed in nickel covers with a diameter of 6
mm and a wall thickness of 1.5 mm.

At the beginning of the experiment, granular
graphite was loaded into the reactor up to
the level of the upper lid, while the average
mass of carbon backfill was 16 kg. Next, the
carbon layer was preheated using a removable
electric heater 3 (see Fig. 1) installed near the
nozzle shut-off valve. After the graphite near
the nozzle was heated to a temperature of 900
K, the electric heater was removed from the
reactor and oxygen was supplied through the
nozzle to further heat the carbon layer and
maintain the temperature above 1000 K. In
order to prevent condensation of water vapor
and hydrogen fluoride on the inner surfaces
of the nozzle, oxygen was heated to 500 K
in heat exchanger 4 before it was fed into the
reactor.

Next, a pre-evaporated aqueous solution
of hydrogen fluoride was supplied into the
heated carbon layer together with oxygen. The
solution was dispensed with peristaltic pump
5 and evaporated in heat exchanger 6 at a
temperature of 600 K.

The  boundaries and  characteristic
dimensions of the region in the graphite
layer where the temperature exceeded 1000
K were estimated using the theromocouples.
Notably, the equilibrium in reaction (1) is
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shifted to the right at this temperature.

To cool the gas flow of reaction products,
nickel heat exchangers & and 9 (see Fig. 1)
were installed, one after another, at exit from
the reactor; the temperatures of 280 K using
a cryostat and 220 K wusing liquid nitrogen,
respectively, were maintained in the heat
exchangers. The condensed liquid was gathered
in collector /0 (lined with fluoroplast-4), where
its hydrogen fluoride and water content was
measured by titration. The collector was also
cooled with liquid nitrogen to a temperature
of 220 K.

The gas flow was neutralized in alkaline
absorber [/ after the collector. Samples for
chromatographic and spectral analysis of
gaseous reaction products were collected before
and after the absorber into nickel tubes /2 and
13, respectively (the tubes were passivated with
fluorine). Samples for gas analysis were taken
from three to five times during one experiment.

Hydrogen and carbon monoxide, formed
during high-temperature interaction of carbon
and water vapor, were burned in ambient
oxygen in device /4 (see Fig. 1).

After the experiment, the reactor was
purged with an inert gas, the carbon material
was cooled, mixed and a sample was taken.
Methods for analyzing carbon and reaction
products are described in [9].
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Experimental results and discussion

Thermal state of the reactor. The highest
possible volume flow rate of oxygen was
chosen for the experiments. The requirement
imposed on the flow rate was that it would
not lead to fluidization of the graphite layer.
This flow rate value was 90 cm?/s.

The change in the flow rate of the
evaporated aqueous solution of hydrogen
fluoride was in the range of 5—85 mg/s.

Measurements revealed that the graphite
temperature in the layer near the exit of
gas flows from the nozzle exceeded 1400 K,
which is sufficient for the reaction producing
water gas. A factor that had to be taken into
account was that the nickel tubes where
the thermocouples were installed distorted
the temperature field due to their thermal
characteristics (heat capacity and thermal
conductivity); as a result, the measured
temperature values were lower than the actual
ones.

Fig. 3 shows the experimental temperature
distributions recorded by thermocouples for
two positions of the nozzle (see Fig. 2).

In position I, an asymmetric high-
temperature zone whose shape was close
to spherical formed in the reactor. The
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asymmetry of the high-temperature zone
is associated with interaction of forced and
natural convection in the gas flow forming
through the carbon layer. The gas flow formed
by forced convection from the nozzle exit to
the reactor exit; it was directed downwards.
The gas flow formed by natural convection
(T = 1300 K) moved from the nozzle exit
upward, reached the cavity between the upper
level of the carbon layer and the upper lid of
the reactor (7 = 400 K) and descended along
the walls to the exit from the reactor.

The dependence of gas viscosity on
temperature also affected the above-described
structure of the flow: the viscosity of the gas
increased with increasing temperature, and,
consequently, the flow resistance of the gas
increased in the high-temperature region,
causing gas flows to bend around the high
temperature region.

In position II, a symmetrical high-
temperature region shaped as an ellipsoid
stretched along the vertical axis was formed
in the reactor. The components of forced
and natural convection were collinear and
directed towards the exit from the reactor.

The characteristic size of the zone with
temperatures above 1000 K was approximately

b)
[ mm
0 50 100 150 200 250

H
i

|- — >1400K - 10001400k [~ 800+1000K - 4{m+1-:ﬂﬂK|

Fig. 3. Experimental temperature distribution in reactor
for positions I (@) and 1I (b) of nozzle (see Fig. 2);
projected flow paths of gas are also shown
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7—8 cm in position I, and a region with
characteristic heights of 13—15 c¢cm and widths of
5—6 c¢cm was formed in position II.

Water vapor stayed in the high-temperature (7'
> 1000 K) zone for about 60% longer in position
IT than in position I with the same flow rate of
gaseous components.

Three zones were observed in the high-
temperature reaction region. The first was the
oxygen zone that occupied the region from the
point where the gas flowed from the nozzle to the
surface where the oxygen concentration became
zero. The second was the zone of interaction
between water vapor and carbon that covered the
region from the border of the oxygen zone to the
surface where the temperature dropped to 940 K.

A highly exothermic reaction of interaction of
carbon with oxygen occurred in the oxygen zone
[11]. There was virtually no significant change in
the water content in the oxygen zone as hydrogen
formed by the water interacting with carbon was
completely oxidized by oxygen.

We estimated the length of the oxygen zone in
accordance with the recommendations given in
[12]. The characteristic size of the oxygen zone
for oxygen consumption of 90 cm?/s and particle
size distribution of carbon material given in Table
1 was 1.5 cm.

The oxygen zone is followed by the reduc-
tion zone where water vapor interacts with car-
bon, and hydrogen and carbon monoxide form
at temperatures above 940 K. In addition, the
following endothermic reactions can occur in
this zone:

H,0 + C*— H,+ CO

(+132 kJ; AG < 0 with T > 940 K); )
CO2+ C+'— 2CO (+172 kJ; 3)
AG < 0 with T > 1000 K);
HO+ C - H.+ CO
2 2 @)

(+41 kJ; AG< 0 with T > 1330 K)

Here A G is the variation of the Gibbs energy.

To find the region of temperature variation
where the equilibrium in reactions (2)—(4) (as
well as in reaction (5) below) is shifted to the
right, we calculated the Gibbs energy variation
depending on temperature.

The temperature is below 940 K in the re-
gion where secondary water forms. Under this
condition, the reaction of interaction of water
vapor with carbon stops but the reverse reac-
tion of interaction of hydrogen with carbon

monoxide occurs and secondary water forms:
(- 13221<J AG <0 al T< 940 K).
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Thus, the characteristic size of the oxygen zone is
smaller than that of the high-temperature (above
1000 K)) zone in the graphite layer by approximately
an order of magnitude. It is preferable to maintain
the temperature in the reduction zone in the range
of 1000—1300 K, at which water vapor interacts
with carbon, and reaction (4) is thermodynamically
forbidden (AG < 0).

Conversion of water vapor depending on the mass
flow rate of the evaporated aqueous solution of hy-
drogen fluoride. One of the parameters that deter-
mine the effectiveness of the proposed method for
producing hydrogen fluoride is conversion of water
vapor during high-temperature contact with carbon.

Conversion of water vapor at a given flow rate of
aqueous solution of hydrogen fluoride was measured
in two ways: by the composition of gaseous prod-
ucts at the exit of the reactor and by the amount of
water gathered in collector /0 (see Fig. 1).

Measuring the composition of the gas phase at
the exit from the reactor allows to calculate the con-
version of water vapor based on the material bal-
ance of oxygen and hydrogen entering the reactor
in the form of water vapor and molecular oxygen
and leaving the reactor in the form of molecular
hydrogen and carbon oxides.

Conversion of water vapor with respect to gas-
eous reaction products, K , was calculated by the
following formula:

O,

gas

X

H,0
. (©6)
><C - 2 -100%,
©_H +Cco, +Co,
where W, mg/s, is the flow rate of the

corresponding components at the inlet of the
reactor; ¢, vol.%, is the concentration of the
corresponding substances in gas flow at the exit
of the reactor after condensation of water and
hydrogen fluoride.

Table 2 shows the typical composition of the
gas phase after hydrogen fluoride condenser /0
(see Fig. 1).

The conversion of water vapor with respect
to the liquid phase, Kﬂ was determined as the
ratio of the mass of water gathered in collector
10 (see Fig. 1) to the mass of water vapor fed
to the reactor as part of aqueous solution of
hydrogen fluoride.

Fig. 4 shows the values of water vapor
conversion K and Kﬂ depending on the flow rate
of aqueous solution of hydrogen fluoride for two
concentrations of hydrogen fluoride and two
positions of the nozzle.
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Table 2

Characteristic composition of gaseous reaction products
after hydrogen fluoride condenser

Product ¢, vol.% Detection method
CF, —
CO 70
CO, 20
Gas
H, 10 chromatography
o, 0.5
CH, 0.1
(HF), 0.1 withn=4 Potentiometry
COF, — FTIR

Notes: accuracy for detecting the characteristic concentration ¢
was 1072 vol.%; FTIR stands for Fourier-transform infrared spectroscopy

With the flow rate of aqueous solution of
hydrogen fluoride varying from 5 to 90 mg/s,
conversion of water vapor varies from 10 to 80—
90%, passing through a maximum.

Decrease in water vapor conversion with
an increasing solution flow rate from 20 to 90
mg/s is associated with a shorter period during
which water vapor stays in the high-temperature
zone, with the temperature of the carbon layer
decreasing as it is cooled by flows of water vapor
and hydrogen fluoride, and with the endothermic
reaction of water gas formation.

The increase in conversion with the flow rate
increasing from 5 to 20 mg/s is probably because
the reaction products stay in the zone where
secondary water forms for a shorter period of
time.

The conversion of water vapor Kg . is higher than
the conversion of Kﬂu in all experiments, by 14% on
average. The likely reason for this is that finely dispersed
water droplets are carried away from collector /0.

The depths of water vapor conversion for
experiments with acid containing hydrogen
fluoride at concentrations of 40% and 72% are
close to each other. The conversion is significantly
affected by the position of the nozzle. If the
nozzle is installed axisymmetrically (in position
II), the conversion of water vapor is higher by
about 40%. This is likely because the flow stays
in the high-temperature zone for a longer period.

Conversion of water vapor depending on the

time it stays in the high-temperature zone. The
given time for which the flow stayed in the zone
with temperatures above 1000 K was estimated
approximately by the flow rate of aqueous solution
of hydrogen fluoride and the configuration of
the high-temperature zone, taking into account
the oxygen flow. We assumed that the reaction
forming water gas flows occured outside the
oxygen zone. The processed experimental data are
given in Fig. 5.

The obtained dependences of the conversion
depth on the time of contact of carbon with water
vapor in the high-temperature oxygen-free zone
allow to conclude that reaction (1) occurs almost
completely with a contact time of about 7—10
s and this time does not depend on the initial
concentration of hydrofluoric acid.

The obtained values of contact time required
for 90% water vapor conversion are in good
agreement with the data of [10], considering the
interaction of water vapor with different grades of
graphite in the absence of hydrogen fluoride. It
was additionally established that the concentration
of hydrogen fluoride in its initial solution does not
affect the value of water vapor conversion.

Based on analysis of the data we have
carried out, we can conclude that hydrogen
fluoride has practically no effect on the rate
of high-temperature interaction of water
vapor with graphite at temperatures above
1000 K
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Fig. 4. Dependences for water vapor conversion: K, K, (curves 1, 3) and K, (2, 4) as functions of flow
rate of aqueous HF solution upon contact of evaporated solution with high-temperature layer of carbon;

HF content in solution was 40% (a) and 72% (b);
Data are given for positions I (3, 4) and 1I (/, 2) of the nozzle (see Fig. 2)
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Fig. 5. Dependences K _ for conversion of water vapor (wv) with vaporized aqueous HF solution

supplied to the high-temperature graphite layer as function of the time that wv stays outside the oxygen

zone, in the layer with temperatures above 1000 K; HF content in solution was 40% (a) and 72% (b);
data for positions I (black symbols) and II (light gray symbols) of nozzle are given (see Fig. 2)
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Conclusion

Based on the laboratory experiments that
we have conducted, we have established the
following.

The presence of hydrogen fluoride has
almost no effect on the rate of reaction for
interaction of water vapor with carbon at
temperatures above 1000 K.

The characteristic time of contact of water

>

vapor with a fixed graphite layer at temperatures
above 1000 K in the presence of hydrogen
fluoride with 90% water vapor conversion is
about 10 s.

The method of high-temperature interaction
of water vapor with carbon can lay the
groundwork for industrial technology for
dehydration of aqueous solutions of hydrogen
fluoride, including azeotropic.
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In the paper, the field studies of powerful infrasonic disturbances in the range of «voice of
the sea» (7—9 Hz) caused by tropical cyclones (typhoons) in the southeastern region of the Far
Eastern Federal District (Russia) and the water area of the Sea of Japan have been presented.
Event monitoring was carried out using the laser-interference measuring complex located per-
manently in the south of Primorski Krai. The dynamic spectrograms of the observable events
were analyzed and their connection with various meteorological phenomena, such as wind
and sea waves, was traced. Using the satellite data, a connection between the distribution of
the area of typhoon influence in the region and the observed infrasound excitation was found.
The conclusions were drawn regarding the correlation between the exhibition of the «voice of
the sea» microseisms and the initiation of primary and secondary microseisms, as well as the
one between the «voice of the sea» microseisms’ disappearance and the corresponding end of
primary microseisms. No dependence of the signal level on the wind speed in the area of the
measuring range location was established.
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TAUDYHOB JIASEPHbIMU JE®OPMOIPAGAMMU
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TUXOOKEeaHCKMii OKeaHONOrMYeckuii UHCTUTYT UM. B.W. Unbuyesa
[anbHeBOCTOUHOro oTaeneHus PAH, r. BnagmBocTok, Poccuiickas ®eaepaums

B crarbe npuBoAMTCS ONMUICaHWE HATYPHBIX HAOTIONEHUI MOIIIHBIX MH(Pa3ByKOBBIX BO3MYILIEHUI
B Auvana3oHe «rosioca Mopsi» (7 — 9 I'l), BbI3BAHHBIX MPOXOXACHUEM TPOIMYECKUX LMKIOHOB
(TaiihyHOB) B 10ro-BOCTOYHOM paiioHe JlanbHeBocTouHOrO (enepaspHoro okpyra Poccunm u
akBatopuu AnoHckoro mMopsi. Pervcrpaiivsi KaXaoro cOObITHSI BBITIOJHSETCS C TTOMOILBIO JIa3epHO-
UHTep(dEPEHIIMOHHOTO U3MEPUTENIbHOTO KOMILIEKCa, CTAllMOHAPHO PACIOJIOXKEHHOITO Ha  Iore
ITpumopckoro kpas. [TpoaHaIM3UpoOBaHbI TUHAMWYECKUE CIIEKTPOrpaMMbl HAOMIONAEMbIX COOBITUI
W TIPOCTIEXKEHA MX CBSI3b C METEOPOJIIOTMYECKUMMU SIBJIEHUSIMHA, TAKMMU KaK BETEP U MOPCKHUE BOJIHBI.
ITpu ucnob30BaHUM CITyTHUKOBBIX JAHHBIX HaliIeHa B3aMMOCBS3b pacpeneaeHus: 00JacTy BIUSTHUS
TaiihyHOB B pErMoHe C HaOMOmaeMbIM MH(MPA3BYKOBBIM BO30yxaeHreM. CremaHbl BBIBOALI O
B3aMMOCBSI3U TPOSIBJICHUSI MUKPOCEICM «T0JI0Ca MOPsT» C BOSHUKHOBEHUEM TTEPBUYHBIX Y BTOPUYHBIX
MUKPOCENCM, a TAKXKe XOPOLLUEN KOPPEIALUU MEXIY UCUE3HOBEHUEM MUKPOCEHCM «I0JIOCA MOPS» U
COOTBETCTBYIOLIUM TPEeKpallleHueM TIEPBUYHBIX MUKPOCEHCM. YCTaHOBJIEHO OTCYTCTBUE 3aBUCIMOCTH
YPOBHSI CUTHaJIa OT CKOPOCTH BETPa B OOJIACTY PACITONIOKEHUSI U3MEPUTEIIHHOTO TTOJTUTOHA.
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Introduction

Cape Shultz is a Marine Experimental
Station of the V.I. Il'ichev Pacific
Oceanological Institute of the Far Eastern
Branch of the Russian Academy of Sciences
(POI FEB RAS) that is constantly monitoring
a whole range of indicators of the seismo-
acoustic and hydrological cycles. The station
records variations in the deformation of the
Earth’s crust (using coastal laser strainmeters),
variations in atmospheric pressure (using laser
nanobarographs), variations in hydrospheric
pressure (using special laser meters) and
variations in wind speed (at the meteorological
station). Processing of synchronized
experimental data for these phenomena revealed
low-frequency seismo-acoustic disturbances in
the range of 7—9 Hz (the frequency band of the
so-called “voice of the sea”) in coastal areas of
Primorsky Krai.

Excitation of seismic signals in this frequency
range is associated with tropical cyclones
passing near the measurement site. These
natural phenomena significantly affect the
life of the Far Eastern Region of the Russian
Federation.

The voice of the sea, i.e., high-frequency
infrasound (in the range from a few to tens
and more Hz) was first hypothesized to exist
in [1], suggesting that the mechanism for
this phenomenon was wind flowing around
large ocean waves. An alternative mechanism
by which this infrasound might occur was
proposed in [2], where acoustic noise from
sea waves crashing on rocky shores was
considered. Ref. [3] argued that infrasound was
generated by standing surface waves and that
the resulting stratification of such properties of
the atmosphere as wind speed and temperature
affected the given parameters of infrasonic
waves. Such standing waves are formed through
non-linear interaction between progressive
surface waves.

Numerous studies, including [4], recorded
primary and secondary microseisms resulting
from progressive and standing sea waves
acting on the ocean floor. The mechanism
of generation of secondary microseisms, i.e.,
small-amplitude oscillations of the Earth’s
surface with the period equal to the half-period
of progressive sea waves, was described in [5].
Similar acoustic signals in the atmosphere
were called microbaroms [6], and the theory
describing the conditions in which they occur
was developed in [7—9]. Microbaroms and
secondary microseisms are formed as a result
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of non-linear effects from interaction of two
progressive counter-propagating sea waves with
a double period. Experimental data related to
storms were analyzed in [10], suggesting that
microbaroms and secondary microseisms have
the same source. Deformation disturbances
caused by a passing typhoon and lying in the
frequency range of the voice of the sea were
reported for the first time in [11].

These natural phenomena present a serious
threat, which is why comprehensive study of
the physics of such processes, as well as study
of their dynamic features are very urgent tasks.

Measuring system and experimental data

This paper discusses both our own exper-
imental data and those obtained by Japanese
researchers. We collected and studied the fol-
lowing information:

Studies of the Japan Meteorological Agen-
cy on movement of tropical cyclones for
2010—2018 [12];

images from the Japanese  satel-
lite Himawari-8 [13], which make it possible
to visually monitor the region of distribution of
the cyclonic vortex with an accuracy up to 1 h;

results of our measurements using a laser
strainmeter;

experimental data from our meteorological
station.

Variations in the deformation of the Earth’s
crust were recorded using laser strainmeters
from a hardware and software system located
at the Cape Schultz site of POl FEB RAS. The
system was deployed to study the origin, evo-
lution and transformation of oscillations and
waves in sound and infrasound ranges, their in-
teraction with each other and with geospheric
inhomogeneities of different scales [14].

Two laser strainmeters were located at Cape
Shultz, Sea of Japan. Coordinates of the ob-
jects were 42.58°N, 131.157°E. These two de-
vices were positioned so that they represent-
ed a two-coordinate laser strainmeter with
(almost) mutually perpendicular measuring
arms [15]. Each strainmeter was assembled by
the unequal-arm Michelson scheme using a
frequency-stabilized helium-neon laser. One of
the strainmeters had a 52.5 m long measuring
arm and was oriented north-south at an angle
of 18° (198°); the other was 17.5 m long and
was oriented north-south at an angle of 110°
(290°%). The first one was located at a depth of
3—5 m from the Earth’s surface in a hydro-
thermally isolated room 67 m above sea level,
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and the second at a distance of 70 m from the
first one at a depth of 3—4 m from the Earth’s
surface. The angle between the measuring arms
of the strainmeters was 92°. The interferometric
methods used allow to record the variation in
length / of the measuring arm of each strainmeter
with an accuracy A/ = 0.01 nm in the frequency
range from 0 (roughly) to 1000 Hz. The sensi-
tivity of the laser strainmeter with an arm length
/=525 mis Al/l =0.2:107"2, and that of a lat
ser strainmeter with an arm length /= 17.5 m is
approximately 0.6-107'2,

Air temperature and humidity, atmospheric
pressure, wind speed and direction are measured
at the meteorological station. Data on variations
of these quantities are recorded with a resolution
of 1 Hz.

The readings from laser strainmeters and from
the meteorological station are submitted to the
laboratory room, where preliminary processing
(filtering and downsampling) of the obtained
data is performed, the information is then
recorded on physical media of the hardware and
software system with an experimental data base
subsequently organized.

We have initially analyzed the database of
typhoons in the northwestern Pacific Ocean
that directly affected the Far Eastern region of
Russia. We have selected four typhoons as typical
examples of these effects. The names of the
typhoons and the time intervals for their duration
are given in Table. Based on the data of the
Japan Meteorological Agency, we have compiled
a composite map for the tracks of the given
typhoons (Fig. 1), indicating the semi-daily time
intervals of their movement in Japan Standard
Time (JST), which corresponds to UTCH+09, i.e.,
+9 hours relative to Universal Time Coordinated.

As follows from Fig. 1, the tracks of the
given typhoons passed near the measurement
site and generated the observed seismo-acoustic
disturbances in the range of the “voice of the

sea”. Images from the Japanese satellite
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Himawari-8 were used to visually monitor the
location of the “eyes” of the typhoons, their
leading edges and “tails”.Experimental data
and analysis

We used data from one laser strainmeter
as the most representative, as well as the
measured variations in the magnitude of wind
speed obtained at the meteorological station.
Processing the readings from the strainemeter
for the given observation periods, we obtained
spectrograms of the “voice of the sea” range
were obtained (Fig. 2). Spectrograms of the
range of microseisms induced by sea wind
waves and ripple acting on the seabed were
also obtained (Fig. 3). Fig. 4 shows data
on the variation in wind speed in the given
observation periods.

Below we have analyzed the data provided
for each typhoon in Fig. 1—4 in detail. Images
from the Japanese satellite Himawari-8 were
also used.

Typhoon Bolaven (B). According to the
data from the strainmeter, noise in the
range of 1.0—2.5 Hz, as well as narrow-band
oscillations with central frequencies around
5.3, 9.1 and 107 Hz occurred at 03:25 UTC
on August 28. The “eye” of the typhoon
was located in the Yellow Sea and extended
to the Korean Peninsula. South/southwest
wind at the speed of 1—2 m/s was recorded
at Cape Schulz

After noise first appeared, its range
gradually expanded to 1.0—4.5 Hz, with
an increase in signal levels, and reached
its maximum at 2:53 pm (August 28).
Amplification of oscillations with central
frequencies of 9.1 and 10.7 Hz was observed.
The typhoon then tracked over Primorsky
Krai (Russia), with its strong tail located
in the north of the Yellow Sea; thick tails
of the typhoon were located above the Sea
of Japan. The wind changed to southeast at
Cape Shultz, acquiring a speed of 14—16 m/s.

Table

Time intervals used for processing
observation data for typhoons

Notation Name of typhoon Period of time
B Bolaven 28.08. 2012—31.08.2012
S Sanba 17.09. 2012—31.08.2012
M Matmo 26.07. 2014—27.07. 2014
Ch Chan-hom 12.07. 2015—15.07.2015
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Fig. 1. Composite map of trajectories of given typhoons
compiled based on data from Japan Meteorological Agency.
The figure shows the semi-daily time intervals of typhoon movement by Japanese Standard Time (JST), the numbers
correspond to the recording dates (see Table and explanations in the text);
the triangle indicates the location of the survey site.

The noise level remained constant in the
range of 1.0—4.5 Hz until 19:26 on August
28. The intensity of signals with the same
central frequencies (9.1 and 10.7 Hz) then
either amplified or attenuated periodically.
The main, central part of the typhoon nearly
left Primorsky Krai, moving to China and
Khabarovsk Krai. Only a small tail of the
typhoon remained in the south of Primorsky
Krai and in the northeast of the Sea of Japan.
Southeast wind at a speed of 16—18 m/s was
recorded at Cape Schulz.

The noise level kept falling until 22:10 on
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August 28, its frequency range of 1.0—4.5
Hz narrowed back to 1.0—2.5 Hz. The level
of oscillations with central frequencies of
9.1 and 10.7 Hz decreased, however, strong
oscillations occurred in the frequency range of
6.5—9.3 Hz with a central frequency of about
8.0 Hz (referred to as the “voice of the sea”
microseisms below). The typhoon remained
in the north of Primorsky Krai, China and
Khabarovsk Krai. Tails of the typhoon tracked
to the east and northeast of the Sea of Japan.
However, a strong leading edge of another
typhoon, whose “eye” was located over Taiwan,
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Fig. 2. Spectrograms (dynamics of seismo-
acoustic disturbances) for “voice of sea” range,
obtained using coastal laser strainmeter,
for typhoons B (a), S (b), M (¢) and Ch (d) (see Table)

penetrated the Sea of Japan from the Korean
Peninsula. Southeast wind at a speed of 20—25
m/s was blowing at Cape Schulz.

The widest frequency range of the sea voice
microseism was reached at 06:00 on August
29 (6.5—9.5 Hz, white core). At that time, the
typhoon raged over China, Mongolia, and the
Khabarovsk Krai. Primorsky Krai was almost
entirely outside the zone of the typhoon. Small
tails were observed off the Japanese coast and
in the north of the Sea of Japan. The strongest
southeast wind at a speed of 33 m/s was
recorded at Cape Schulz.

The main core of the sea voice microseism
was not observed at 18:00 on August 29. Both
the Primorsky Krai and the Sea of Japan were
outside the typhoon zone. The eye of a new
typhoon was observed in the south of the
Yellow Sea; its leading edge tracked over the
Korean Peninsula. West wind with a speed of
8—10 m/s was blowing at Cape Schultz.

Low-frequency noise was not recorded
in the range of 1.0—2.5 Hz. The intensity
of oscillations in the range of 6.5—9.3 Hz
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Fig. 3. Spectrograms (dependences of variation in

sea disturbance over time) for range of microseisms

caused by impact of sea wind waves and ripple,
obtained using coastal laser strainmeter,

for typhoons B (a), S (b), M (¢) and Ch (d) (see Table)

decreased with time, the oscillation frequency
range also narrowed to 7.5—8.5 Hz. The given
oscillations almost completely attenuated by
23:30 on August 30. The typhoon was located
in the Sea of Okhotsk. Northwest wind at a
speed of 2—4 m/s was blowing at Cape Schulz.

The laser strainmeter readily recorded the
primary and secondary microseisms. Primary
microseisms with a period of about 12 s were
first recorded by the device at approximately
23:00 on August 28, and their period then
gradually decreased to 5 s (20:30 on August
30). Secondary microseisms with a period
of about 6 s were readily recorded by the
strainmeter at about the same time (11:00
pm on August 28). The period and intensity
of secondary microseisms gradually decreased,
and they were virtually absent in the recordings
from 00:30 on August 30. Up to this point,
their period was about 4 s, while the period of
primary microseisms was about 8 s.

Thus, the moment when strong oscillations
occurred in the frequency range of 6.5—9.3 Hz
almost coincided with the time when strong
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Fig. 4. Variations in wind speed over time.
Experimental data were obtained at meteorological station
for typhoons B (a), S (b), M (c) and Ch (d) (see Table)

primary microseisms evolved. The period
and intensity of primary microseisms were
reduced and barely recorded by the device
starting from 20:30 on 30 August. Somewhat
later (23:30), practically no oscillations were
recorded in the range of 7.5—8.5 Hz. Notably,
the speed range of the local wind for the same
observation period (August 28, 10:10—August
30, 23:30), i.e., during the period when sea
voice microseisms appeared and disappeared,
increased from 20—25 to 32—33 m/s, and then
gradually dropped to 2—4 m/s. The widest
frequency range of sea voice microseisms was
observed at 6:00 on August 29. Only typhoon
tails were recorded at Cape Schulz during the
same period of observations.

Typhoon Sanba (S). Noise increased at 02:20
on September 17, leading to an increase in all
spectral components and expanded individual
frequency ranges. For example, the range from
1.0—2.5 Hz gradually expanded to 1.0—4.5 Hz.
Oscillations were observed in narrow frequency
ranges with central frequencies of 9.1, 10.7,
and 11.3 Hz. At 11:00 on the same day, the
eye of the typhoon tracked to the south of the
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Korean Peninsula. The leading edge of the
typhoon covered the entire Korean peninsula,
Primorsky Krai, north and northwest of the
Sea of Japan, Sakhalin and Sea of Okhotsk,
expanding to Kamchatka. As the noise level
reduced, the intensity of these disturbances fell
and almost disappeared at 07:15 on September
17. At 07:00 the typhoon’s eye tracked to the
north of the Korean Peninsula. Northeast wind
at a speed of 6—8 m/s was blowing at Cape
Schulz (2:20).

Noise with a central frequency of 5.3 Hz
appeared at 08:20 on September 17. The eye
of the typhoon was localized on the shelf of
the Sea of Japan, off the coast of South Korea.
The leading edge of the typhoon covered
Primorsky Krai, Sakhalin, the Sea of Okhotsk,
Kamchatka, the northern and western parts of
the Sea of Japan. Northeast wind at a speed of
5—6 m/s was blowing at Cape Schulz.

The main zone of the typhoon moved to
Khabarovsk Krai, China, Mongolia, the north
and the central part of Primorsky Krai at 20:00
on September 17. The eye of the typhoon left the
south of Primorsky Krai. A tail of the typhoon
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was observed in the center of the Sea of Japan;
only a small tail remained on the shelf of the
Korean Peninsula. Northeast wind at a speed of
13—16 m/s was rising at Cape Schultz.

Noise in the range of 1.0—4.5 Hz and
oscillations in narrow bands with central
frequencies of 5.3, 9.1 and 10.7 Hz appeared
at 22:35 on September 17. Oscillations with a
central frequency of 11.3 Hz were weak. The
typhoon nearly left Primorsky Krai. The eye of
the typhoon was located on Sakhalin. A tail at
the center of the Sea of Japan and a smaller
one off the coast of the Korean Peninsula were
observed. Northeast wind at a speed of 20—23
m/s was raging at Cape Schultz.

Microseisms of the voice of the sea appeared
about 00:10 on September 18; the frequency
range at its maximum was from 6.0 to 9.5 Hz
with a central frequency (by intensity) of 8 Hz.
Oscillations of the sea voice microseism were
strongly attenuated by 18:00 on September 18
and were almost untraceable until 10:00 on
September 19 (their central frequency was about
8.5 Hz). The locations of the typhoon’s eye and
its leading edge were almost unchanged, and its
tail was in the center of the Sea of Japan. A
weak tail of the typhoon extended along the
coast of the Korean Peninsula with access to
Cape Schulz. A small atmospheric depression
was observed in the Yellow Sea, reaching the
south of Primorsky Krai through the north of
the Korean Peninsula. Northeast wind at a
speed of 18—21 m/s (00:10), then northwest
wind at a speed of 6—9 m/s (September 18,
18:00) and then north wind at a speed of 3—4
m/s (September 19, 10:00) was blowing at
Cape Schultz.

The central part of the sea voice microseism
reduced in intensity at 18:00 on September
18. The tail of the typhoon covered the north
of the Korean Peninsula, the southern coasts
of Primorsky Krai and the Sea of Japan near
Korea; this tail subsequently disintegrated,
forming a whirlwind. The front of the new
typhoon spread through the island of Hokkaido
to the north and then to the island of Sakhalin.

Virtually no sea voice microseisms were
detected at 10:00 on September 19.

Strong primary microseisms with a period
of about 12 s and secondary microseisms
with a period of about 6 s appeared at about
23:30 on September 17. Their period then
decreased. Secondary microseisms were barely
recorded by the laser strainmeter around 03:50
on September 20. Their period fell to 4.2 s,
and the period of primary microseisms at that
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time was about 8.5 s. The amplitude of primary
microseisms recorded by the laser strainmeter
at 07:30 on September 19 was greatly decreased.
Their period was equal to about 7.5 s.

Thus, the time when the sea voice
microseisms occurred (00:10, September
18) nearly coincided with the time when the
primary microseisms with a maximum period of
12 s arrived (23:30, September 17). Secondary
microseisms had a maximum period of 6 s. The
wind speed at Cape Schultz was about 18—21
my/s. Sea voice microseisms greatly attenuated
by 18:00 on September 18. The wind speed
dropped to 6—9 m/s by this time. The sea voice
microseisms attenuated completely by 10:00
on September 19. The wind speed dropped to
2—3 m/s at Cape Schultz. The frequency of
primary microseisms decreased to 7.5 Hz and
was poorly detectable by 7:30 on September 19.
Secondary microseisms were not observed.

Typhoon Matmo (M). The weakest
manifestations of the given signals in the
low-frequency range could be observed on
the spectrograms of infrasound disturbances
generated by this typhoon, starting to evolve
on July 26, 2014 around 10:00 and having
approximately the same intensity during the
entire time interval that these signals were
observed. The center of the typhoon was in the
Sea of Japan near Hokkaido at 45°N during
this period. Peak frequency was 7.8 Hz. The
disturbances attenuated completely at 23:00 on
July 26.

Typhoon Chan-hom (Ch). Noise in the
range of 1.0—2.5 Hz appeared at 15:00 on July
11. The eye of the typhoon was located in the
south of the Yellow Sea, its front occupied the
Korean Peninsula and extended to the south of
Primorsky Krai. South wind at a speed of 6—8
m/s was blowing at Cape Schultz.

The noise in the range of 1.0—2.5 Hz
amplified and expanded to the range of 1.0—4.5
Hz at 14:00 on July 12. The eye of the typhoon
covered the north of the Korean Peninsula, and
its leading edge (whirlwind) extended from the
north of the Yellow Sea to China, Khabarovsk
Krai, Primorsky Krai and the center of the Sea
of Japan, passing through the southern islands
of Japan to the Pacific Ocean. Southeast wind
at a speed of 10—12 m/s was blowing at Cape
Schultz.

Noise in the frequency range of 1.0—4.5
Hz continued at 14:30 on July 12. Oscillations
with central frequencies of 5.3, 9.1 and 10.7 Hz
were observed. Southeast wind increased to a
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speed of 15—19 m/s at Cape Schultz.

The eye of the typhoon was in the south
of Primorsky Krai at 17:20 on July 12. The
typhoon did not affect the Sea of Japan along
the coast of the Korean Peninsula. Southeast
wind at a speed of 17—20 m/s was raging at
Cape Schultz.

Strong sea voice microseisms were observed
in the frequency range from 7 to 9 Hz at
02:50 on July 13 (no other oscillations were
observed). The frequency range of the sea voice
microseism then rapidly expanded to 6—11 Hz
(06:00 on July 13). The frequency range of the
sea voice microseism narrowed to 7—9 Hz and
disappeared at 10:00 on July 14. The eye of the
typhoon was located in the north of Primorsky
Krai, while the center, south and west of the
Sea of Japan were not covered by the typhoon.
The tail of the typhoon extended in an arc
across the Yellow Sea, the Korean Peninsula,
the center of Primorsky Krai, the eastern part of
the Sea of Japan and the Japanese Islands and
moved south into the Pacific Ocean. Southeast
wind at a speed of 9—11 m/s was blowing at
Cape Schultz.

Weak signals with center frequencies of
9.1 and 10.7 Hz appeared at 04:20 on July
14. The tail of the typhoon was located in the
north of the Primorsky Krai, while the south
of the Primorsky Krai was not covered by the
typhoon. Northwest wind at a speed of 9—11
m/s was blowing at Cape Schultz.

The weak background of the sea voice
microseism completely disappeared at 23:18 on
July 14. The typhoon left the Primorsky Krai
and the Sea of Japan. A slight atmospheric
depression extended in the Sea of Japan
along the Korean Peninsula. Northeast wind
at a speed of 8—11 m/s was blowing at Cape
Schultz.

The signals with the central frequencies of
9.1 and 10.7 Hz disappeared at 03:45 on July
15 but the signals with the central frequencies
of 9.1 Hz reappeared from time to time.
The atmospheric situation remained virtually
unchanged. Northeast wind at a speed of 10—
14 m/s was blowing at Cape Schultz.

The strainmeter recorded primary
microseisms with a period of about 7.2 s and
secondary microseisms with a period of about
3.7 s at about 03:00 on July 13. Their periods
gradually increased with time, and reached,
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respectively, 10.5 and 5.3 s at about 05:30 on July
13. They were readily detected by the strainmeter,
and their periods remain unchanged until 8:00
pm on July 13. The secondary microseisms then
disappeared in the noise, while the primary ones
with a period of about 10 s could be detected
until 04:30 on July 14. Their period was slightly
reduced to 9.3 s by this time.

Thus, the time when the sea voice microseisms
appeared (July 13, 02:50) almost coincides with
the time when the primary microseisms with a
maximum period of 7.2 seconds arrived (03:00
on July 13). The toric period microseisms are
characterized with 3.7. The wind speed at Cape
Schultz was about 9—11 m/s. The frequency
range of the sea voice microseism then rapidly
expanded to 6—11 Hz (06:00 on July 13), which
is associated with an increase in the periods of
primary and secondary microseisms. The periods
of these microseisms reached 10.5 and 5.3 s,
respectively, by 05:30 on July 13. Secondary
microseisms could not be detected at all
around 20:00 on July 13. Primary microseisms
were readily detected by the laser strainmeter
until 04:30 on July 14. Sea voice microseisms
disappeared at about 10:00 on July 14.

Conclusion

Analysis of the data we have obtained for
each typhoon, as well as images from the
Japanese satellite Himawari-8 allowed us to
draw the following conclusions.

The time when sea voice microseisms were
recorded with a laser strainmeter almost exactly
(taking into account the complexity of visual
detection by spectrograms) coincides with the
time when primary and secondary microseisms
were obtained with the same device.

Disappearance of sea voice microseisms is
well correlated with the disappearance of primary
microseisms and is poorly correlated with the
disappearance of secondary microseisms.

The moment when the wind reaches
maximum speed does not always coincide in
time with the moment when the maximum
microseisms of the sea voice are observed.

The study was carried out with partial
financial support from the Russian Foundation
for Basic Research (Grant no. 18-05-80011
“Dangerous Phenomena”) and the Program
“Far East”.
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A posteriori error estimate for accuracy control of approximate solutions for the problem of
Reissner—Mindlin plates bending has been analyzed in the paper. The estimate was constructed
using the functional approach based on rigorous mathematical grounds, in particular, on meth-
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therefore, it is robust. The estimate is guaranteed in practical implementations due to reliability
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K.B. Kuceneg!, M.E. ®ponos', O.N. Hucmskoea'

ICaHKT-MNeTepbyprckuini NONUTEXHUYECKUI YHUBEPCUTET lMeTpa Benukoro,
CaHkT-MeTepbypr, Poccuiickas Geaepauus

B pabGore paccMarpuBaeTcs amocTeproOpHasl OLCHKA TOYHOCTU IPUOIMKEHHBIX DPEIIcHUI
3agauyn 00 m3rmbe mactuH PeiiccHepa — MwunHannHa. OlieHKa MOCTpOEHa IMPU TMOMOIIU
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Introduction

The study is dedicated to a posteriori
control of exact solutions in problems of
plate theory, often considered in different
engineering computations. Whether the results
of the computation are close to the experiment
depends on how adequately the selected model
describes the real physical processes occurring
during deformation of the given object.

In this paper, we have investigated the
problem of controlling the accuracy of the finite
element method (FEM) for a model of linearly
elastic deformable Reissner—Mindlin plates [1].
This model is typically used for plates of small
and medium thickness. Unlike the classical
Kirchhoff—Love model which describes plates
with a small ratio of thickness to characteristic
size, the Reissner—Mindlin model makes it
possible to consider plates of medium thickness
by abandoning the assumption that fibers
normal to the midplane of the plates preserve
this property upon application of loads.

The system of equilibrium equations for the
Reissner—Mindlin model has the following form:

—Div(Ce(0)) =7,
—divy =g,
v =2 (Vu—-0),

in the region Q, (1)

where u is the scalar deflection field of the mid-
plane, 0 is the vector field of rotations of the nor-
mal to the midplane; v is the vector field corre-
sponding to the pair (u, 0); ¢ is the strain tensor;
t is the plate thickness; g# is the distributed trans-
verse load; C is a fourth-order symmetric tensor;
Q is the plane region occupied by the plate;

x=%Ek/(1+v)

(£ is Young’s modulus, v is Poisson’s ratio, k is
the correction coefficient; k£ = 5/6 is taken in
many computations).

There are several well-known commercial
packages for performing computations within
the framework of this model using FEM.
Since products of this type, such as ANSYS (a
computing package popular among engineers),
are closed-source, it proves impossible to
understand in full detail how the necessary
computations were performed. As a result, it
might be difficult to estimate the magnitude of
the error if either the corresponding rigorous
mathematical model has not been developed
or the error estimate obtained using this model
has not been formulated. Substantial deviations
from experimental data may also be due to such
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factors as incorrectly chosen model, errors in
applying it, and poor quality of computations
with a fairly adequate model.

Thus, an important task is to construct and
numerically study an a posteriori estimate for
the accuracy of an approximate solution that
is guaranteed and robust, i.e., would not allow
for underestimation of the error in practical
implementation and would not depend on
hidden details of the computation procedure.

The first version of such estimate was obtained
in [2] based on the functional approach and
modified in [3]. The recent results concerning
its numerical implementation were reviewed in
[4]. The evolution of the functional approach
from 1996 to the present can be traced from
the sources cited in monographs [5—7] and
recently published papers [8, 9]. Reviews of
other approaches applied to the given problem
can be found, for example, in [10, 11] and the
citations therein.

Such a posteriori assessments have the
following general form:

|u—all<

SM(@id,D,y,,y..5C5Cyse.0), 2)
where the norm of deviation of the unknown
exact solution u from the obtained approximate
solution 7 is considered on the left-hand side; it
is selected based on the problem statement; the
functional M that is the deviation majorant is
on the right-hand side. The approximate solu-
tion i, the parameters of the problem D and
the set of constants (c,c,,...) are arguments of
the functional. Importantly, the values of these
constants depend on the properties of the prob-
lem but not on the properties of the partition.
Finally, (y,, y,,...) is a set of free elements.

The functional M should satisfy a natural
condition that it should give a zero value if and
only if the approximate solution coincides with
the exact solution.

At the same time, it seems no less import-
ant and useful to know not only the magnitude
of the global error of the approximate solution
but also of the local distribution of the error
over the partition elements. This allows to se-
lect the regions with the greatest deviation of
the approximate solution from the exact one.
Next, instead of refining the entire mesh, the
necessary improvements are introduced only
for elements with large error. This approach is
called adaptive; it helps reduce the computa-
tional resources it takes to obtain a solution of
the desired quality.
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Thus, the full cycle of computations using
the adaptive approach takes the following form:

initial partition of region —
obtain solution —

estimate global error

(exit from computation cycle
when required accuracy

is reached) —

find regions

with the greatest local

errors — refine mesh

in selected regions —
computation on new mesh —
obtain more accurate solution

)

This cycle can be applied to solving real en-
gineering problems provided that the properties
of the given estimate can be confidently pre-
dicted and a set of parameters for which robust
results are obtained can be determined.

We have previously obtained (first Frolov,
and then Chistiakova, see the review in [4])
two independent implementations of the a pos-
teriori estimate for Reissner—Mindlin plates: in
the FORTRAN language and in the MATLAB
package. We have conducted an initial study
assessing the robustness of the results for each
of the algorithms giving a numerical value of
the estimate. It is now seems necessary to ex-
pand the study of behavior of a posteriori es-
timates by examining more examples in order
to assess whether the correctness of the given
tool, the robustness of the results, and lay the
foundations for further improving the method.

The goal of this study has consisted in
comparative analysis of two implementa-
tions for computing the a posteriori estimate
of the accuracy of an approximate solution to
the Reissner—Mindlin plate bending problem.
Analysis includes constructing examples with
different specifics, computing different thick-
nesses and comparing the estimated values as
well as the accompanying auxiliary parameters.

Mathematical statement of the problem

Let us consider the system of equations de-
scribing the Reissner—Mindlin model for lin-
early elastic plates of thickness 7. The prob-
lem is formulated in terms of a scalar func-
tion # = u(x) describing the deflection of the
midplane at the point x and a vector function
0 = 0(x) describing the angles of rotation of the
normal to the midplane. The midplane initially
occupies a bounded simply-connected region
Q c R? with a Lipschitz-continuous boundary I'.

Problem statement: Find the pair (u,0) and
the vector field v = y(x) corresponding to this
pair, which would satisfy system of equations (I).

The solution is sought in a generalized sense.
We assume that g € IL,, the tensor C is symmet-
ric, there is a pair of constants & and &, such
that a two-way estimate holds true:

&1kl < Cri < & [k’

Vi € MZ2, |k|> =k : k, where MZ%? is a space of
symmetric tensors of rank 2 and dimension 2.

While this study examines plates made of
homogeneous isotropic material, this is not a
fundamental limitation.

Let us consider the boundary I' of the dos
main Q, and represent it as two components:
I, I'y# O, where the plate is clamped, i.e.,
the conditions for the displacement # = 0 and
rotation 6 = 0 are given, and I'g = I'\I' ), where
the plate has free boundary conditions (other
types of boundary conditions can be considered
as well).

Generalized statement of the problem on
Reissner—Mindlin plate bending: find such a set
of three elements (u,0,y) € UXOxXQ, where

U:{meWZI(Q)MD:Oon FD},
®:{(peW2'(Q)><WZI(Q)|(p:0 onTp},
Q=L,(Q)xL, (),

which satisfies the relations

j Ce(0): e(@)dQ—

Q

—jy-(de =0, Voe0;

Q
Iy-deQz
o 4)

= J.goon, VoeU;
Q

j APy —(Vu—0))-1dQ =0,

vV1eQ.

The energy functional in the problem has
the following form:

J(u,0)= j G Ce(0):£(0) +

(5)
1. 2
+§7»t |Vu—-0| —gquQ.
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The corresponding minimization problem is set
in the space
S=Ux0.

Let us proceed directly to the type of the
given a posteriori estimate. Let there be a pair
of conformal approximations (i, 0) of the exact
solution of the problem (u,0) in S, then the
vector field

Y =M (Vu-0)
is approximated in space Q by the element
¥ =M7(Vii—9).

Let us introduce three deviations for each of
the solution components:

e

i

Dt ™

e

B
b

@

u—
00—

el y.

Let us then introduce the squared error,

expressed in terms of the difference between
the values of the energy functional:

Q

& =J@i, 0)—J(u, 0).

It was proved (see [2]) that for V(i 6) € S,
there is a ratio

- 1 _
& = (lles 11”27 lles ),
where

lleg I17:= [ Caley) - s(e;) dQ,

le, 13 = [le, I?dQ.
Q

Next, we introduce the free elements neces-
sary for constructing the a posteriori estimate:
the vector field y and the asymmetric tensor
k represented as its components k = [k', k?].
They are selected such that

7, &, &2 e HQ,div) =
= {y eL,(Q)L,(Q) | divy e ILZ(Q)}.

Upon applying identity transformations and
known inequalities (given in [3]), the final in-
equality takes the form:

2 -1,2 2 ~2 1,272
e lll” + A7 e |l < a”+A71°b7,

(6)
where

120

=
|| C'sym(R) - (0) || +
+¢, || skew(R) [l +¢,¢5(1 Q| || g +divi [, +
+|Ts [ 1 5-nl )"+
+¢,(| Q| || +[divie’, divi*] |3 +
T IRk m] I, )

BE 57 lo +
+e,(1Q || g +divy |, +

1/2

+|Ts [ F-nlF )",

€,Cy,C5,¢, €R.
The constants in the last row depend only
on the geometry of the domain Q, the bound-
ary conditions and the properties of the ma-

terial, and are a consequence of the following
inequalities:

IVolls < c el
lella < < ol

1

1
ol +——lolf <
Qg

<l Voll,
LU O
—llola+—llollf, <
Q" gt
<cillioll®

Procedure for implementing the
computational experiment

Let us consider in detail the steps of adaptive
algorithm (3), which is typically used to refine
the approximate solution more effectively.

The geometry of the given region, the
thickness of the plate and the parameters
of the material are set and initial partition
is constructed as a first step. Next, the
computations are performed in a suitable
package, for example, ANSYS.

Once the values of displacements and
rotations in the mesh nodes have been
obtained, the algorithm moves on to the next
step, which involves applying the given a
posteriori estimate and finding the global error
value. It is defined for the entire solution as the
root of the sum of squared local errors for each
element, called indicators. If the global error
value is unsatisfactory within the framework of
the problem set, the distribution of indicators
over the partition elements is considered.
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If the distribution of local errors has been
obtained, it becomes possible to select the
regions with the highest error value. There are
several strategies for selecting elements (see,
for example, [12, 13]); they consist in finding
the threshold value of the indicator for which
selecting too many or too few elements is not
allowed globally.

The final part of each cycle of the adaptive
algorithm is refining the mesh (and coarsening
it in the general case) in the selected regions.
The task is neither trivial nor auxiliary because
the quality of the mesh affects the accuracy of
the computations. The conformality of the mesh
has to be preserved; the mesh angles should lie
within a certain range, as too small and too
large angles negatively affect the accuracy of
the computations; in case of symmetry, it is
also highly desirable to preserve its character.
Different algorithms that solve this problem
for quadrilateral elements are considered, in
particular, in [14].

Next, the problem is recomputed for a new
partition. This adaptive iterative algorithm implies
that the result obtained on a modified mesh can
again be assessed for accuracy and distribution of
error over the computational domain.

Numerical results and discussion

The comparative analysis in this study was
carried out for four computational examples
with different specifics: a circular plate, a skew
plate, a square plate with a large square hole, a
square plate with a small circular hole.

Each of these cases has its own specifics
which can be indicators of imperfections in the
implementations. For example, a square plate
with a large square hole has stress concentra-
tion zones near the top of hole. The analyt-
ical solution is known for the circular plate.
A uniformly distributed load is considered in
all examples. Oblique plates are also discussed
in studies on a posteriori estimates [15, 4]; we
used this type of plate in our study to illustrate
the behavior of the error with rigidly clamped
boundary conditions only imposed on the up-
per and lower edges (the two other edges re-
main free), in contrast to the other examples,
considering fully clamped edges.

Let us now describe two examples. Notably,
while we had to omit some of the results ob-
tained for brevity’s sake, they fully confirm the
conclusions we ultimately reached.

We generated the region’s geometry, im-
posed boundary conditions, constructed the
mesh and obtained the actual solution using

the ANSYS Mechanical (APDL) package. The
MATLAB solver was also used for verification.
The effectiveness index /. is introduced to
analyze the effectiveness of the estimate; this
characteristic is commonly used in theory of a
posteriori accuracy control, defined as the ratio
of the majorant to the norm of deviation of the
approximate solution from the exact one,

Ly =M/||lu—i].

Thus, 7 indicates the degree of error over-
estimation. Accordingly, the closer its value ap-
proaches unity from the right, the better. If the
analytical solution of the problem is unknown,
the approximate solution computed on a very
fine mesh is taken as the exact solution u. This
technique always yields slightly overestimated
values of [, 7 and the actual estimation produc-
es even better results than what we can verify.

The implementations are compared by the
most important parameters. First, the constants
¢, ¢, ¢, and ¢, are considered. To compute
¢,, we additionally consider a constant ¢, in
the Korn inequality. The important role of this
constant in a posteriori estimates for problems
of elasticity theory of elasticity is discussed, in
particular, in monograph [6]. Then,

¢ = 12(1+v)/ E

(for problems where I' = 9, ¢, =2).

Next, we compare the error e that is the
square root of the left-hand side of estimate
(6); the majorant M that is the square root of
the right-hand side of estimate (6) and its com-
ponents D, S, R, where

D= || C'sym(k)-&(B) |||+
A Y= Ml
S =c, | skew(k) |5
R = cey(|Q] || g +divi | +
~ 172
+[ Tl F-nli2) +
17 e, (12 || g +divi]l] +
~ 172
+Ts 1 Fnl)  +
o, (|Q || F+[divk', divi’] | +

~ ~ 172
HITG IR & en] 1)

the last of the compared quantities is the
efficiency index Ieff
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The degree of refinement of the mesh is de-
noted as R, i € {0, 1, 2, 3, 4, 5}, where the zero
index corresponds to the initial partition.

To compute the majorant M, constants (7)
are first approximately computed once for each
example, and the results can then be used to
obtain the error distribution on all meshes and
thicknesses. The computation of the constants
is asymptotic with respect to refinement of the
mesh R; satisfactory values are obtained even
on relatively coarse meshes, which is import-
ant for potential practical applications of the
method.

The auxiliary second block includes search-
ing for a reference solution on fine meshes and
computing the energy functional value based on
this solution. This is only done for the purpose
of the computational experiment and is not re-
quired in real engineering problems, where it
is simply replaced by computing the functional
a posteriori estimate on the current mesh (this
task is far less resource-consuming in terms
of computational costs).

The final third block is responsible for
directly computing the majorant M, where
certain ¢, ¢, ¢, ¢,, which are somewhat
overestimated to provide robustness, are fed
to the input.

Let us consider the comparison results, ob-
tained using the examples of the circular plate
and the square plate with a large square hole.

Example 1. Round plate. Let us start with
a classic example (see ANSYS Verification
Manual), where the analytical value of the
deflection in the center of the plate is known.

Fig. 1 shows the deformations of the
circular plate of average thickness ¢,
computed in ANSYS on an R, mesh. The
parameters of the model are given in Table
1.Table 2 contains the values of the computed
auxiliary constants and allows to compare
the performance of both implementations
on different meshes. As mentioned above,
mesh convergence of the constant values
is observed with decreasing sizes of mesh
elements. Due to zero boundary conditions,
the exact value of the constant ¢, _is known
and equals V2. For further computations, the
constants obtained on the R, mesh are used,
overestimated to provide robustness (see
column R)).

Table 3 contains the main computed
results for comparison, namely the majorant
M and its components. Let us consider
the upper section of the table, i.e., the
case where Rad/t = 250. Evidently, the
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Fig. 1. Computed deformation of circular plate
with average thickness in ANSYS on R, mesh;
u_ is the distribution of the deflection of the midplane;
0x, 6y are the distributions of the fields
of rotation of the normal to the midplane.
Rad/t = 250 (see the data in Table 1)
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Table 1
Model of circular plate

Parameter Value Specifics
Young’s modulus E, N/m2 2:1011
Poisson’s ratio v 0.3 1. The edge of the plate
is fully clamped
Load, N/m2 6585.175 2. The mesh constructed
in the region has a structure
Radius Rad, m 0.25 of the general form
Thickness t, m 1073 51073
Table 2
Constants for circular plate computed
in FORTRAN and MATLAB implementations
Mesh Number of Constant value
elements c, ¢, c, c, c,
R 37 1.39 | 1.23e — 05| 9.15¢ — 07 2.09¢ — 06
0 1.42 ] 1.25¢ — 051 9.0le — 07 2.06e — 06
1.41 9.36e — 07 2.12¢e — 06
R, 128|112 9.32¢ — 07 | 023 | 211 — 06
1.25¢ — 05 9.426 — 07
R, 512 | 1.42 Y4l — 07 2.13e — 06
R’ 512 — | 1.30e — 05| 9.50e — 07 | 0.30 | 2.20e — 06

Notes. 1. The upper numbers in the cells of the table refer to the FORTRAN implementation, the lower to
MATLAB; a single number is given when the data coincide here and below. 2. The data for the mesh marked with
an asterisk correspond to the upper bound, overestimated for reliability. 3. Rad/t = 250.

able 3

Control values of inequality (6) for circular plates
of medium and small thickness in two implementations on R, mesh

Component of Control value
majorant FORTRAN MATLAB
(and majorant)
Rad/t=250

e 0.712¢ + 02

M 0.114¢ + 03

D 0.111e + 03

S 0.271e + 01 0.272e + 01

R 0.723e + 00

I, 1.60

‘ Rad/t = 5000

e 0.114e + 12

M 0.162e + 12

D 0.162e + 12

S 0.217¢ + 08

R 0.568e + 07

I, 1.42
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_
I
term D plays the determining role, since this
component includes the parts of the estimate u, m
corresponding to the error terms. The m 180
components 5 and R should be close to zero Y
in the fields close to exact, which is what is 02 160
observed. The values of / . given in rows 6 and 140
12 of the table allow to estimate the degree 0.1 120
of overestimation for both implementations.
It can be seen that the values computed by 0 100
the two algorithms ([, = 1.60 in row 6) 80
coincided, and the value itself is satisfactory, 60
that is, there is no critical overestimation (by 01
an order of magnitude or by several times). 40
Fig. 2 illustrates the distribution of local -0.2 20
error indicators in a region of the circular 0
plate on an R, mesh. The indicators are
identical and suggest that the error is
distributed not only in the zone of maximum 0,
plate deflection, but also near the region’s
1000
FORTRAN indicator (a)
y, m 1.0 1000
0.2 0.9
0.8
0
0.1 0.7
0.6
° 05 -500
0.4
-0.1
0.3 -1000
o 0.2
‘ ! ‘ | | 0.1
-0.2 -0.1 0 0.1 X, m
MATLAB indicator (b) 1000
v, m 1.0
02 0.9 1000
0.8
01h 0.7 0
0.6
ol
0.5 -500
0.4
-0.1}
0.3
-1000
oal 0.2
| 0.1
-0.2 -0.1 0 0.1 X, m
Fig. 2. Computed distributions of local error indicator Fig. 3. Computed results similar to Fig. 1
over elements of region of circular plate for circular plate with small thickness;
in FORTRAN (a) and MATLAB (b) Rad/t = 5000 (see Table 1)

implementations on R, mesh;
Rad/t = 250 (see Example 1)

124



Mathematics

x1073

x1073

y.m 10.020

0.015
0.010
0.005

[}

-0.005
-0.010
-0.015
-0.020

x1078
y,m

(=]

X, m
x10°3

-6 -4 -2 0 2 4

Fig. 4. Computed deformation of square plate
with large square hole;
ANSYS was used on R, mesh.
Notations for the quantities are the same as in Fig. 1
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: x10°3 1.0
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4 0.8
0.7
2
0.6
0 0.5
0.4
2
0.3
-4 0.2
0.1
_6 |
6 -4 2 0 2 4 x,m
%1073

MATLAB indicator (b)
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Fig. 5. Computed distributions of local
error indicator over elements of region
in FORTRAN (a) and MATLAB (b)
implementations on R, mesh;

A/t = 120 (see Example 2)

boundary. This corresponds to the structure
of the energy norm in this problem (this
norm is defined in terms of gradients, which
are computed with less accuracy at the edge).
The lack of complete symmetry is due to the
specifics of mesh construction.

Next, let us consider the computed results
for a thin round plate with a thickness ¢
= 0.00005 m (Rad/t = 5000), where the
material parameters and the type of boundary
conditions remained the same (see Table 1).
This allows to assess the effectiveness of the
method depending on plate thickness which
is the key parameter in this case.

Fig. 3 shows an approximate solution.
Evidently, the maximum value of the
midplane deflection increased, compared
with that in Fig.1. Changing the plate
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Table 4
Model of square plate with large square hole
Parameter Value Specifics
Young’s modulus F, N/m? 2+10°
Poisson’s ratio v 0.3 1. The plate’s outer and inner edges
are fully clamped
- Load, N/m? 6585.175 2. Mesh elements are square
Side of square, m . 3. The solution has stress
outer A 12:10 concentration zones
inner a 4.10°3
Thickness 7, m 10~#
Table 5
Computed constants in two implementations
for square plate with large square hole
Number of . Constant value
Mesh elements Implementation c 3 c A 3
FORTRAN | 1.41 1.29¢ — 05
R, 1.25¢ — 04| 1.46e — 07| 0.12
512 MATLAB 1.42 1.28¢ — 05
R’ — [1.30e — 04| 1.50e — 07| 0.15 [1.30e — 05

Notes. 1. Data for the mesh marked with an asterisk correspond to the upper bound, overestimated for
reliability. 2. The geometrical parameter A/f = 120.

Table 6

Control values of inequality (6)
in two implementations on R, mesh
for squareplate with large square hole

Component of Control value

(and maioranty | FORTRAN |  MATLAB
e 0.313e + 04
M 0.529¢ + 04 0.534e + 04
D 0.519¢ + 04 0.515¢ + 04
S 0.413e + 02 0.348¢ + 02
R 0.567¢ + 02 0.161e + 03
1, 1.69 1.70
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thickness does not affect the geometry of the
region, and, therefore, the computed values
of constants (7). Comparing the values in
rows 6 and 12 of Table 3, we can also conclude
that the value of the I, " index decreased from
1.60 to 1.42 for a thin pfate, i.e., it was close to
unity that is the optimal value.

The computed distributions of local error
indicators over a region of a circular plate with
small thickness ¢ = 0.00005 m (Rad/t = 5000)
on an R, mesh have the form close to that
shown in Fig. 2, so they are not given in this
paper. Based on the obtained data, we can
conclude that the algorithms work correctly
for a fairly wide range of thicknesses, which is
confirmed by other studies.

Example 2. Square plate with a large square
hole. The following example was considered in
order to explore the behavior of the estimate in
stress concentration zones. Naturally, similar
regions form near the tops of the inner hole
with this plate configuration.

Fig. 4 shows the computed deformations of
a square plate with a large square hole. The
computations were performed in ANSYS on an
R, mesh. The distributions of the quantities u,,
0 and 6, over a region of the plate are given.
As in Example 1, u_is the midplane deflection;
0, 0 are the distributions of the rotation fields.

able 5 contains the computed auxiliary
constants. For further computations, we used
the overestimated values of the constants
obtained on the R mesh (data in row R,").

Let us consider the results of the comparison
of reference values of the estimate on the R,
mesh. It can be seen from the data in Table 6
that the values of /, ffor the two implementations
practically coincide, and no considerable
overestimation is observed.

Let us consider the data shown in Fig. 5.
The results of the implementations coincide, the
distributions of the indicator are almost identical.
The zones with the minimum error are located in
the corners of the outer edge. Due to boundary
conditions, the nodes have minimal displacement
in these points. The zones with the maximum
error are located in the regions where the stresses
exhibit singularities if loads are applied.

Conclusion

In this study, we have compared the results
obtained using existing implementations of
the algorithms for computing the functional
a posteriori estimate for Reissner—Mindlin
plates [3]. We have carried out a numerical
experiment for plate models with different
geometric configurations, thickness values,
material parameters and mesh structure.

We have reached the following conclusions
based on the results obtained:

1. Both implementations yielded close
efficiency indices for all examples where
fully clamped edges were given as boundary
conditions; the error overestimation had a
satisfactory value.

2. The distribution of the error indicator
over the computational domain turned out to
be almost identical for both implementations,
which further confirms that they are correct.

It would be of interest to use this approach
in adaptive solutions of applied problems with
the help of the resources of the Polytechnic
Supercomputer Center in the future.
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The present paper continues the author’s studies where the problem of the control of forced
bending vibrations of a metal beam using piezoelectric sensors and actuators has been investi-
gated. In those studies, all the control results were obtained experimentally. However, in order
to make the design of the control systems the most effective, it was necessary to develop a nu-
merical model, which would allow one to get the results for different variants of such systems,
and that was the objective of the present study. In this study, the main experimental data were
reproduced numerically on a basis of the finite element model of the object. In addition, new
modal control systems were designed, providing a more efficient reduction of the amplitude of
resonance vibrations of a beam compared to the systems considered experimentally.
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YUCNEHHOE MOAEJ/IUPOBAHUE FALUEHUA
KONNEBAHUW PACNPEAENEHHOWU CUCTEMDI
C NMOMOLLbIO NbE3O3J/IEMEHTOB

A.B. ®edomol
WMHcTuTyT npobnem mawmHoBesneHus PAH, CaHkT-MeTepbypr, Poccuiickas ®eaepavms

[IpencraBieHHast CTaThsl MPOMOJIKAET pabOTHI aBTOPA, B KOTOPHIX paccMaTpuBajiach 3amavya
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Introduction

Controlling the vibrations in distributed
mechanical systems is complicated because these
systems have an infinite number of vibration
modes, so they are not fully controllable and
observable. In practice, however, dynamics
of such systems can be usually analyzed by
considering some finite set of the object’s normal
modes. It was experimentally confirmed in [1] for
such cases that modal control, specifically of the
forms mainly involved in operation of the given
system, had a greater efficiency compared with
local control.

The modal approach to vibration control in
elastic systems was first formulated in [2] and
further developed in [3]. Specific vibration modes
of an elastic object can be monitored or controlled
via distributed sensors and actuators used as
modal filters [4, 5] and arrays of discrete control
elements [6—8]. The problem of identifying the
control object arises in the latter case, typically
solved either by finite element modeling of
the object [9—11] or analytically [12, 13]. We
have proposed an experimental procedure for
identifying an object with the purpose of creating
a modal control system in [14]. Piezoelectric
sensors and actuators are easy to use and have
high performance characteristics, making them
widely popular for vibration control in distributed
systems.

This paper continues the studies in [1, 14],
detailing the experiments on creating control
systems that reduce forced vibrations of a
cantilevered metal beam. The control systems
obtained use a set of discrete piezoelectric
sensors and actuators. Both local and modal
control systems were constructed as part of the
experiment; it was the modal system that proved
the most effective one.

The goal of this study has consisted in
numerically reproducing the main experimental
results and in creating control systems that are
more efficient compared with those obtained
within the framework of previous experiments.

The first section of the study considers an
experimental setup for controlling forced bending
vibrations of a beam; the results of finite element
modeling of the control object are then described
and compared with the results of the experiment.
Next, we have outlined the theoretical foundations
of modal vibration control in distributed
mechanical systems, formulating the stability
criteria for a closed-loop system with two feedback
loops. The paper is concluded by considering the
operation of various control systems that reduce
the resonant vibration amplitude of a beam.

Experimental setup

The setup, procedure and results of the
experimental study considered in this paper are
described in detail in [1, 14].

The schematic for the experimental setup is
shown in Fig. 1, a. A 70 cm long aluminum
beam [/ with a rectangular cross-section of 3
Y 35 mm, disposed vertically and fixed at one
point at a distance of 10 cm from the lower end,
was chosen as the control object. This beam
experiences forced bending vibrations induced
by longitudinal vibration of piezoelectric stack
actuator 2, which is part of the structure
connecting the beam to fixed base 3.

The main purpose of the experimental setup
constructed was to perfect the modal approach
to control of forced beam vibrations. In order
to do this, we designed a control system with
two loops including two actuators and two
sensors. Piezoelectric actuators 4 and sensors 5
are arranged in pairs on both sides of the beam.
Fig. 1, b shows a fragment of a finite element
model of the beam comprising the fixed stack
2 and one of actuators 4. In contrast to the
simplified scheme given in Fig. 1, a, the finite
element model includes a complete structure
for the beam’s fixation used in the experimental
setup. The structure includes (in addition to
the piezoelectric stack actuator) a steel plate
and studs receiving the weight of the beam and
thus taking the lateral load off the actuator.

The signals measured by the sensors are
converted via discrete controller 6 into control
signals supplied to the actuators. The task of
the control system is to reduce the amplitude
of forced resonant vibrations of the beam with
the first and second natural frequencies. Modal
control is thus carried out for the first and
second modes of the beam’s bending vibrations.
These modes are shown in Fig. 1, c¢. The
quality of suppression of forced vibrations is
assessed from the readings of a laser vibrometer
measuring the vibration velocity of the beam’s
upper endpoint. This point has the highest
vibration amplitude of all points of the beam
for both the first and second modes.

Actuators and sensors are identical
rectangular 50 x 30 x 0.5 mm plates made of
piezoelectric material, covered with electrodes
on both sides and placed inside thin insulation.
These piezoelectric elements were considered
in [15]. When electric voltage is applied to
the actuator electrodes, the piezoelectric layer
is either stretched or compressed, resulting in
bending deformation of the segment of the
beam to which the actuator is glued. Thus, the
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impact of the actuator on the beam is equivalent
to applying a pair of opposite bending moments
to two cross-sections of the beam (end sections
of the actuator). The piezoelectric sensor
operates by similar principles: as a segment
of the beam to which the sensor is attached
bends, the sensor material is either stretched
or compressed in the longitudinal direction,
resulting in potential difference measured as a
signal from the sensor appearing on the sensor
electrodes. To achieve maximum efficiency
in controlling the first and second modes of
the beam’s bending vibrations, sensors and
actuators are located in the points of the beam
where these modes have the greatest curvature:

110.5 < x < 160.5 mm
for the first sensor/actuator pair and
377.5 < x <427.5 mm

for the second pair (the x coordinate is measured
from the lower end of the beam).

In addition to the main elements (see Fig. 1),
the control system additionally includes:

an amplifier increasing the amplitude of the
control signal by 25 times before it is fed to the
actuators;

low-pass filters with a cut-off frequency of 1
kHz smoothing the high-frequency component

a)

<

o
A

of the electrical signal and protecting the
equipment from high input voltages.

Both the measured signal before it is fed to
the controller and the control signal before it is
fed to the actuators pass through the filter.

A number of characteristics of the control
object should be measured in order to design a
control system.

Firstly, we measured the frequency and
phase response of the beam upon impact on
each of the actuators and as the signal was
measured by each sensor.

Secondly, the frequency response and the
phase response of the beam were also read
upon impact on the stack actuator and as the
signal was measured with the vibrometer. Thus,
we obtained a total of 9 frequency and phase
response curves for each of the 3 cases for
external impacts (actuators, piezoelectric stack)
and each of the 3 cases for measurements
(sensors, vibrometer). All characteristics were
measured with filters and amplifiers present.

Thirdly, we analyzed the beam’s vibrations
in resonant modes (resonant vibrations with the
first and second natural frequencies) in order
to determine the modal matrices 7 and F, in
accordance with the identification procedure
described in [14].

Afterthat, based on the measured characteristics

b)

Fig. 1. Schematic of experimental setup (a), fragment of finite element model of object (b)
and two lowest bending vibration modes of beam (c)
aluminum beam [; piezoelectric stack 2; fixed base 3;
actuators 4; sensors 5; controller 6
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of the object, we used the method of logarithmic
amplitude-frequency characteristics to formulate
and then experimentally test the control laws
providing the most effective suppression of the
beam’s forced resonant vibrations.

As a result, we obtained local control systems
and a modal control system.

It was the modal system that proved the most
effective, allowing to reduce the resonant vibration
amplitudes by 83.5% at the first resonance, and by
87.2% at the second. The local control systems
we designed yielded good results either at the first
(decrease by 78.0%) or at the second (decrease by
88.9%) resonance but it was impossible to obtain
a control system that would be simultaneously
and equally effective at both resonances within the
local approach. The test results for the obtained
control systems are described in detail in [1].

Finite-element model of the system

One of the goals of our study was to numer-
ically reproduce the results obtained in the ex-
periment described in the previous section of the
paper. For this purpose, we simulated the given
system in the ANSYS finite element (FE) pack-
age. A fragment of the FE model of the beam
with piezoelectric sensors and actuators is shown
in Fig. 1, b.

The FE model consists of three-dimensional
20-node elements Solid186 (used for common

materials: aluminum of the beam, steel of the
support structures and insulation of piezoelectric
elements) and Solid226 (for piezoelectric mate-
rials of sensors, actuators and stacks). The model
contains the total of 3534 elements and 21088
nodes. Rigid clamping was given as the mechani-
cal boundary conditions for the points of the sup-
port structure which were attached to the fixed
base in the experimental setup; electric potentials
on the actuator and stack electrodes were given
as electrical boundary conditions.

To set the damping factor, we analyzed the
experimental results in the CE model of the
experimental setup, determining the damping
factor & from the width of the resonant peak
in each of the resonances for all frequency re-
sponse curves, in accordance with the formula

_N
_2f0’ (D

where f is the resonant frequency; Af is the
width of the resonant peak, bounded by the
frequency values at which the resonant ampli-
tude falls by V2 times.

The values of the damping factors obtained
this way are given in Table 1 (see the note to
Table 1 for notations). As a result, the same
damping factor & = 0.0020 was set for all vibra-
tion modes in the FE model.

Harmonic analysis of the system was

Table 1
Damping factors obtained from experimental
frequency response at different resonant frequencies f
number | I 12 g 6 6 :
1 7.125 0.0044 0.0044 0.0055 0.0055
2 42.55 0.0022 0.0021 0.0026 0.0026
3 113.9 0.0031 0.0031 0.0034 0.0034
4 175.2 0.0022 0.0025 0.0031 0.0031
5 249.5 0.0018 0.0019 0.0019 0.0019
6 390.9 0.0010 0.0010 0.0012 0.0010
7 579.4 0.0013 0.0012 0.0016 0.0016
8 790.5 0.0010 0.0009 0.0014 0.0014
9 1073 0.0016 0.0016 0.0018 0.0017
10 1338 0.0015 0.0014 0.0019 0.0019
11 1471 0.0016 0.0017 0.0025 0.0025
12 1763 0.0022 0.0023 0.0034 0.0033

Notations: §—¢, are the damping factors obtained for different frequency responses: actuator-sensor (§)),
actuator-vibrometer (&,), stack-sensor (&,), stack-vibrometer (¢,)
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Fig. 2. Comparison of frequency response obtained experimentally (solid lines) and numerically (dashed lines)
for impact on actuators Al (a, ¢), A2 (b, d) and measurement of signals from sensors S1 (a, d) and S2 (b, ¢)

performed in the ANSYS package with three
variants of action: using each of the two
actuators or the piezoelectric stack. Three
frequency responses and phase responses
were recorded for each variant, corresponding
to either signal measurement by one of two
sensors, or to transverse displacement of a
point at the upper end of the beam. After these
characteristics were obtained in ANSYS, they
were modified: the characteristics of filters and
amplifiers, measured separately as part of the
experiment, were added. Thus, the frequency
and phase response curves similar to those
measured experimentally were obtained.

A comparison of the frequency response
obtained numerically and experimentally for
each of the two actuators and each of the two
sensors is given in Fig. 2. It can be seen that
the resonant frequencies in the experiment
and in the FE model are in good agreement,
but the amplitudes of the experimental curves
turn out to be slightly higher than of those
obtained by simulation. There is additional
disagreement in the magnitudes of the
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resonant peaks of the curves, since damping
is in fact different for different forms of
vibrations and differs from the value chosen
in the model. However, in general, the data
obtained numerically agree well with the
experimental results.

Modal control of vibrations
in elastic system

Let us consider the operation of a modal
system for controlling vibrations in an
elastic object, consisting of »n sensors and
n actuators. The main principle of modal
control is that different vibration modes are
controlled separately; at the same time, each
control loop corresponds to its own vibration
mode. Let the control system contain m
loops, and control be carried out for m
lower vibration modes. It is evident that the
number of sensors and actuators used should
be no less than the number of independently
controlled forms, i.e. n > m.

Let us assume that the dynamics of a
distributed system can be described by using
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an expansion of the displacement u(r,?)
in terms of the system’s normal vibration
modes:

u(r.)= Zw (P, (1), )

where B (7) are the generalized coordinates,
w,(r) are the vibration modes.

Let the vibration modes be independent of
each other; the dynamics of each of the modes
is then described by the equation

B +26, LB+ 1B =fi+ V. (3)

where %, is the kth normal frequency of the
object; &, is the kth damping factor; f, is the
kth generalized external force; y, is the control
action corresponding to the kth mode of the
object’s vibrations.

The control action is applied to the object
using # actuators and is a linear combination of
control signals U, fed to the actuators for each
vibration mode:

Zek, i “

where 0¢ is the coefficient for the impact of an
ith actuator on a kth vibration mode.

Separation of the object’s first m vibration
modes in the control system is provided by the
following control structure:

U,.,=FK, ,TY

mand Vst (5)
where K is the diagonal matrix of control
laws where each element K. corresponds to one
of the control loops and is a function of the
complex variable s; F_, T are modal ma-
trices (synthesizer and analyzer) that perform
linear transformation of the vectors of control
and measured signals; Y | is the vector of sen-
sor signals.

The vector Y is related to the vector of the

first m generalized coordinates B , as follows:

n><l = eixmBmxl (6)
where 6

vm 1S the weight matrix determining
how each of the n sensors reacts to each of
the m vibration modes; Y is the term depen-
dent only on the object’s higher normal modes
which are not controlled.

Substituting expressions (4)—(6) into Eq.
(3), we obtain the equation of motion for m
first generalized coordinates in the matrix form:

Bt + 26 Ao +

+Afnxmﬁmxl = (7)
= fmxl + eaman’zxmexm x
XT esnXWlﬁmxl + Am><l

mxn

where A & are diagonal matrices of nat-
ural frequencies and damping factors, respec-
tively; A | is a vector containing only higher
harmonics.

Clearly, for separate control of the object’s
m lower vibration modes, the diagonal struc-
ture of the matrix

M = 0°FKTbs

has to be obtained.
For this purpose, the modal matrices F and
T should be deﬁned as follows:
(GST o5 ) 19sT

mxn nxXm m><n
n><m =QaT (ea QaT ) 1 ®)
nxm mxXn nxm
Thus, the modal matrices F and 7 should be
given first in accordance with formula (8), and the
control laws should be chosen next for each loop
K.(s) in order to create a modal control system.

Stability of closed system
with two feedback loops

First of all, let us consider the operation of a
control system with one feedback loop. Let the
disturbance d be fed to the input of the control
object with the transfer function H(s), with the
object’s output signal y converted to the control
action u in the feedback loop with the transfer
function R(s), which is also fed to the object’s input
with a minus sign. Thus, the output and control
signals are related by the following expressions:

y = H (s) (d-u),
u= R(s) y.

Let us confine ourselves to considering the
transfer functions H(s) and R(s) which do not
have poles in the right complex half-plane of the
variable s. Thus, the open-loop system is stable.
The relationship between the input and output
signals of the system is derived from relations (9):

H(s) ,_ H()
1+H(s)R(s)  1+H(s)

In order to determine the stability of a closed-
loop system, we should analyze the function in
the denominator of the obtained fraction. For
a closed-loop system to be stable, all zeros of
this function should lie in the left half-plane of
s. However, in practice it is more convenient to
confine the consideration with analysis of the
transfer function of an open-loop system

Hy(s) = H(s)R(s).

According to the Nyquist criterion, pro-
vided that an open-loop system is stable, a
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closed-loop system is stable if the hodograph
of the function H (io) does not enclose the
point (—1; 0) on the complex plane as the
frequency o changes from 0 to +w. Now let
us obtain a similar criterion for a system with
two feedback loops.

Let the control object have two inputs and
two outputs, with disturbances d, and d, fed
to the inputs, and the output signals y, and y,
measured by the control system and converted
by the transfer functions R(s) and Ry(s ) to
control actions u, and u,, also fed with a minus
sign to the object’s inputs:

u= R (s)y,
u,= R, (s) y,. an

To describe the behavior of the object in the
given system, we use four transfer functions,
H, (s), le(_s), H, (s) and sz(s),_ each of them
corresponding to one of the two inputs and one
of the two outputs:

H11(S)(dl_ul)—i_flgl(s)(dg_uz))
PI]Q(S) (dl_u1)+H22(S)(d2_u2)

Here we also assume that all transfer func-
tions H, (s) and R(s) do not have poles in the
right half—plane of s. The expressions relat-
ing input and output signals of the system
with closed control loops are obtained from
equalities (11) and (12) by simple mathemati-
cal transformations:

J’lz((H () ( ll(s)sz(S)

12)

—H,, (s)Hy (s)) Ry (5))d, +
+H, (s)d )/((1+H ()R (s))x  (13)
x(1+Hy, (s)R, (s))-

—H, (5) Hy ()R, (5) R, (5);
((H22 H,,(s)Hy (s)-
—H,(s)H, ( ) (S))d2+

+H,, s)dl)/((1+Hl(s)Rl(s))>< (14)

><(1+ (s )
—H,,(s)H () L(9) R, (s).

The denominator of the obtained fractions
(the same for both of them) is analyzed to
determine the stability of the system. Notably,
this function has no poles in the right half-
plane of s. Therefore, the same as in the case
of system with one loop, the closed-loop sys-
tem is stable if all zeros of this function lie in
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the left complex half-plane of the variable s.
The denominator of fractions (13) and (14)
may be rewritten as

L+ Hys),
where the function H(s) is defined as follows:
Hy(s)=H,(s)R (s)+
+H,, (S)R2 (s) +
+(H11(S)H22 (s)-
-H, (S)Hzl (s))R, (S)RZ (S)
Therefore, a criterion similar to the Nyquist
criterion can be applied for the given system:
for this system to be stable, the hodograph of
the function H (io) should not enclose the

point (—1; 0) on the complex half-plane as the
frequency o changes from 0 to +oo.

(15)

Construction of control systems

The first step in constructing a modal con-
trol system is defining the modal matrices F
(synthesizer) and T (analyzer). The corre-
sponding experimental procedure including
studies of resonant modes is given in [14].

The heights of the first and second res-
onant peaks on the stack-sensor and actua-
tor-vibrometer frequency response curves are
analyzed to calculate the modal matrices for
numerical solution of the problem. The mod-
al synthesizer F'is set so that the first control
loop does not induce vibrations of the second
mode in the beam and the second loop so
that it does not induce vibrations of the first
mode. Similarly, the modal analyzer 7 is set
so that the first loop does not react to acti-
vation of the second vibration mode, and the
second so that it does not react to activation
of the first mode.

Analysis of the frequency response re-
vealed that the first and second actuators
excite the first mode of the beam’s bending
vibrations in a ratio of 3.08 : 1.00 and the
second form in a ratio of —0.97 : 1.00. The
first and second sensors respond to activation
of the first mode in a ratio of 3.07 : 1.00, and
of the second in a ratio of —0.95 : 1.00. Modt
al matrices were then obtained from here:

101 -0.49
1098 150 |

[ 101 096 (16)
1-049 149



Mechanics

U dB T -

3.4

40 50 f. Hz

Fig. 3. Frequency response for system corresponding to excitation of vibrations with ith modal control
loop and measurement with jth modal loop;
ij =11 (curve 1), 22 (2), 12 (3) and 21 (4)

These values are sufficiently close to the values
of the matrices obtained in the experiment:

(p [ 1000 —0.500
11035 1.525 [
(17)
o) _ 1.00  1.01
1-049 152

The results of mode separation in modal con-
trol loops using the 7" and F matrices are shown
in Fig. 3. The figure also shows the absolute
values of the transfer functions H” , corre-
sponding to excitation of vibrations with the ith
modal control loop and measurement with the
jth modal loop. These functions are obtained
from the transfer functions H,-,- corresponding
to excitation of vibrations with the ith actuator
and to measurement with the jth sensor ac-

cording to the following formula:
2 2

=3,

k=1 [=1

TyFHy,. (18)

As can be seen from the figure, the selected
modal matrices provide a good quality of
separation of the first and second vibration
modes: only the first resonant peak is present
on the frequency response curve for H"
corresponding to the first modal control
loop; only the second resonance peak on the
frequency response curve for H",,, with both
resonances missing on the cross-coupled

frequency response curves for H”, and H",.
This means that mutual influence of the control
loops is minimal.

Numerical study of the beam’s vibrations
with control should involve both constructing
the control systems and obtaining the results
using these systems. The control systems
are used to analyze the frequency response
curves of the beam, obtained by excitation of
vibrations with the stack and by measurement
of the vibration amplitude of a point at the
upper end of the beam. The effectiveness of
the constructed control systems is assessed by
comparing the frequency response data near
the first and second resonant frequencies of
the beam’s bending vibrations with the control
system turned on and off. The frequency
response of the beam with control is obtained
from the existing frequency and phase responses
of the beam without control in accordance with
the mathematical procedure outlined below.

Let three sources of excitation act on the
beam, namely, the voltages:

U, supplied to the stack;

U, supplied to the first actuator;,

U, supplied to the second actuator.

In this case, the transverse displacement
y of the point at the upper end of the beam,
the voltage Y, in the first sensor and Y, in the
second sensor are measured. The measured
values are expressed in terms of the applied
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impacts using transfer functions H, H" , H® ,
HD , H® , Han , H(12) , Hey , H? -
2
y=HU,+H"U + H"U,,
Y = H{Sl)Ud +H((1.191)U1 +H§51)U2»

Y, =HU, + H"U, + H?U,,

as as

(19)

Let the control actions U, and U, depend on

the measured signals Y, and Y, .. sensors in
the following way:
{Ul :_RHY] _R12Y2’ (20)
U,=—-R,Y, - Ry,Y,.

In this case, we can express the displacement
y of the point at the upper end of the beam in
terms of the voltage U, applied to the stack by
simple mathematical transformations:

y=H,U,+H"U,+H"U,,

U, =U, (R HY ~ Ry HY +
+(R,\ Ry, — R, Ry )%
() - 1O HD)) (14
+R H + R H + R H® 4
+R,H'?) +(R R, — R, Ry, )%
<(HOOHE - HOHD)),

U, =U,(-R,H =R H -
~(R\Ry, = R,Ry, )

(2) ) _ 20 Hff))) /(1 +

X(Has d as

(11) (12)
+R11Has +R12Has +
+R, H + R, H™ +

as as

+(R11R22 —R,R,, ) X

(O HE ),

Thus, based on the known transfer functions of the
system without control and the selected control
laws, we have calculated the transfer functions of
the control system.

Within the framework of this numerical study,
we first tested modal control system I, assembled
experimentally. Next, we constructed modal
control system II, differing from system I by the
transfer functions in control loops. The goal in
constructing system II was to obtain a control
system that would most effectively reduce the
amplitude of forced bending vibrations of the
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beam at the first and second resonances. System I,
tested in numerical study, differs from the modal
system used in the experiment only by the gains
in control loops, which were selected from the
condition of the greatest efficiency of the system.

The transfer functions and gains for both loops
of control systems I and II are given in Appendix.

Fig. 4, a shows the Nyquist diagram for
control system I, obtained for both control loops
in accordance with formula (15). Fig. 4, b shows
a segment of this diagram near the point (—1; 0).
Since the hodograph does not enclose the point
(—1; 0) on the complex plane, this control system
is stable. The Nyquist diagram for control system
11 looks similar.

Fig. 5 shows the frequency response curve
of the beam, obtained for impact with the stack
and measurement of the vibration amplitude
of the point at the upper end of the beam with
and without control for control systems I and
II. It can be seen that both of the given control
systems are sufficiently effective in reducing the
vibration amplitude at both the first and the
second resonances. Control system I reduces the
vibration amplitude by 87.8% at the first resonance
and by 89.1% at the second. Control system II
reduces the vibration amplitude by 92.4% at the
first resonance and by 90.7% at the second. Thus,
control system II is somewhat more effective than
system I. However, when system II is used, two
resonances instead of one appear near the beam’s
first and second resonant frequencies.

The results of control in experiment and in
numerical simulation are given in Table 2. The
gains in the first and second loops, Kp ,and K
are given for each of the control systems, as well
as the ratio of the maximum vibration amplitude
of the point at the upper end of the beam with
the control turned on to the resonant vibration
amplitude of this point without control at the first
resonance y,/® and at the second resonance
»,/¥,. As evident from the data in Table 2, the
effectiveness of modal control system I in the
experiment is close to its effectiveness in numerical
study, and the results of system II are better than
those of system I, especially for the first resonant
frequency.

Conclusion

We have constructed a finite-element model
of the experimental setup given in [1, 14],
taking into account the piezoelectric effect.
This model allowed to numerically obtain the
frequency responses for different impacts on the
beam and measurements of the output signal.
The calculated results were sufficiently close to
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Fig. 5. Frequency response of beam without control (curve /) and with control
for systems I (2) and II (3) near the first (@) and second (b) resonances

Table 2
Performance characteristics of different control system
obtained numerically and experimentally
Control system K, K, /¥y, % /Y9, %
I (experiment) 0.100 0.020 16.5 12.8
I (simulation) 0.170 0.044 12.2 10.9
II (simulation) 0.530 0.650 7.6 9.3

Notations: K, K, are the gains in the first and second loops; y,/y”,, y,/¥*, are the ratios
of the maximum vibration amplitude of a point at the upper end of the beam with the control
switched on to the resonant vibration amplitude of this point without control at the first and
second resonances, respectively.
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the characteristics obtained experimentally. The
resonance peaks obtained by simulation and by
experiment have different heights because of
the difference in the damping factors of the
real system and the finite element model.
Based on the frequency and phase response
of the system, obtained numerically, we have
constructed the solutions to the problem
of beam vibrations with modal control for
different control laws. The results of numerical
simulation of the most effective control system

>

created within the framework of the experiment
(with resonant amplitudes at the first and second
resonances decreased by 87.8% and 89.1%,
respectively) proved closed to the experiment
(with a decrease by 83.5% and 87.2%). We
have formulated and tested more -effective
control laws for both loops, resulting in lower
resonant amplitudes of the beam’s vibrations
than the systems considered in the experiment
(with resonant amplitudes decreased by 92.4%
and 90.7%).

Appendix

Transfer functions of control loops

Transfer function of the first loop of control
system I:

RY(5)=(445°+72:10° +13-10°s* +
+1.4-10°5° +5.5-10" s> +4.8-10" s +
+1.1-10"7 /(57 +6685° +3.1-10°5° +
+7.4-10%s* +1.3-102¢° +
+1.8:10"s* +7.1-10"5+6.3-10"7).

Gain KV = 0.170.
Transfer function of the second loop of
control system |

R (s)=(14-10°5 +9.3-10"s* +2-10"s* +
+1.1-10%5% 42,9105 +
+1.92-1018)/(S7+1.1-103s6+2.1-106ss+
+1.8-10°s* +1.1-10" 5" +
+6-10"s” +1.1-1075+4.36-10").
Gain K, = 0.044.

Transfer function of the first loop of control
system II:

RP (s)=(403s*+2.9-10's* +
+9.7-10°s* + 8.6-10°s +
+1.88:10") /(s* +1.1-10°s* +
+2.7-10°5° +1.5-10°s* +
+7.8-10"s +3.54-10").

Gain K® = 0.530.
Transfer function of the second loop of
control system II:

RY (s)=(2.2-10°s" +8-10°s" +
+2.7-10"s* +4.2-10%5 +
+1.7-10°) /(s° +3725° +
+1.5-10°s* +4.1-10°s° +

+42:10"s* +3.4.10"5+2.6-10"°).
Gain K@ , = 0.650.
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The non-stationary problem of thermoelasticity for rotating bodies has been solved through
determining the optimal temperature and stress fields in the rolling mills of hot rolling systems,
this determination being an issue of the day. The Eulerian approach was applied, it allowed us
to reduce the number of independent variables and consider these fields as quasistatic ones. The
heavy temperature gradients and stresses bound up with them, as well as the rotating nature of
these fields are typical for the processes taking place in the roll core. To solve the problem of
simulation of these processes, we proposed to use Fourier series, which allowed us to obtain a
solution with a sufficient accuracy for the large number of terms of the series being considered.
The peculiarity of the solution obtained is that the stress maximum locates at an insignificant
depth beneath the roll surface.
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Introduction

Problems of thermoelasticity in rotating
bodies subjected to thermal shocks remain
relevant today, with rational solutions obtained
for different practical applications.

Simulation of hot rolling of sheet metal,
with rotating rolls of the rolling mill operating
under heavy mechanical and thermal stress, is
a vivid example of such an application. The
rolls are affected by a combination of cyclic,
mechanical and thermal stresses; characteristic
failure of the orange peel type, associated with
blister delamination, is observed in the surface
layer of the rolls as a result.

The goal of this study has consisted in
developing a method for effectively solving
thermoelastic problems in rotating bodies
exposed to thermal shocks.

The uncoupled thermoelastic problem is
considered in several stages. The first stage
involves solving a non-stationary boundary
problem of thermal conductivity, generating
a temperature field that depends on both time
and space coordinates. The second stage is
aimed at determining the stress-strain state of
a rotating body. We have taken a mathematical
approach  reducing  partial  differential
equations with three independent variables to
ordinary differential equations, which makes
it possible to obtain a solution in the form of
a single series.

The approach we have proposed is
universally applicable, as evidenced by a
complete solution to the problem of finding
thermal stresses in rotating rolls during hot
rolling of sheet metal. It was observed that
surface fracture of mill rolls in operation
has a lamellar structure and cracks form at
a relatively small depth (1—2 mm) from the
surface rather than on it. The nature of cracks
suggests that one of the key factors causing
them are non-stationary thermal stresses
occurring as a result of sudden changes in
temperature. These effects are explained by
significant temperature gradients induced by
thermal shocks in physics of metals.

The developed approach for analytical
calculation of localized temperature fields is
preferable to numerical methods, since it does
not involve iterative selection of the size of the
grids, which is unknown in advance.

The given problem is particularly important
for industry, as confirmed by numerous studies
considering both temperature fields as a separate
issue and temperature fields and mechanical
stresses arising during rolling.
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Three main approaches are used in study of
temperature fields:

direct experimental measurement of surface
temperature fields [1];

calculation of temperature fields by the finite
element method (FEM) or by the grid method
taking into account roll rotation or boundary
conditions [2—10];

calculation of temperature fields by the
Fourier method in the form of a sum of a series
with respect to eigenfunctions [11—14].

Anotable group of studies [15—17] developed
the theory of harmonic finite elements. In
this case, a sequence of one-dimensional
FEM problems is solved separately for each
harmonic amplitude in a Fourier series and
the resulting amplitudes are then multiplied
by the corresponding harmonic function
and summed.

Study of mechanical stress fields has only
been carried out by finite element methods
[3, 5, 6, 810, 16—18]. The temperature field
is taken as the load and the plane problem of
elasticity theory is then solved. Practically all
solutions, except those given in [17], yield
the maximum stresses (by the von Mises
criteria) located on the surface of the rolls,
in the area of contact with the rolled metal.
This result is generally recognized as valid, so
in [14], after the temperature was calculated
by the Fourier method, the modulus of
surface kinematic hardening was calculated,
instead of the stresses, using the temperature
potential.

However, the nature of failure in rolls
indicates that the maximum mechanical
stresses are located at small depths within
the roll core. The standard FEM approach is
inadequate for describing this situation. The
same applies to “harmonic” finite elements
[15—17]: it was found that these elements
cannot be used to calculate stresses, since
they yield stresses that are 1.5 times higher
than those obtained by the “standard”
FEM approach.

In this study, we suggest a spatial approach
reducing the non-stationary thermal
conductivity problem to a quasistationary
one, which makes it possible to develop a
mathematical model of thermal conductivity
in a rotating elastic body. The temperature
distribution field can then be found, and
thermal stresses which are particular
solutions to the thermoelastic problem are
obtained using the thermoelastic potential.
The boundary conditions are to be satisfied
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via the Airy stress function using the example
of trivial loading conditions.

Determining the temperature field
in the rolls

Fig. 1 shows the heating and cooling patterns
of the mill roll. The roll contacts a hot slab in
a narrow contact sector, and then undergoes a
complex cooling cycle in different media. In
our case, we consider alternate cooling with
water and air; other possible schemes involve
cooling with a water-vapor mixture, with only
water, or only air. The sectors indicate areas
with different types of cooling.

Assuming that the temperature field does
not depend on the axial coordinate, the non-
stationary thermal conductivity equation has
the form

AMAT —yT=0, (1)

where 7T is the temperature; A and y are the
thermal conductivity and heat capacity of the
roll material, respectively; A is the two-dimen-
sional Laplace operator; the dot indicates the
material derivative with respect to time.

We have used the spatial (Eulerian) ap-
proach, reducing the number of independent
variables. Provided that the roll rotates at a
constant angular velocity o, the expression for
the material derivative of the temperature field
is simplified:

. oTr oT dr

I (r,p,t)=—+——-+

(o) =2 * 5 ,
LoTdo_ or @

0_—,
op dt o

—

where r and ¢ are the radius and the angle in
the polar coordinate system.
Since the problem is stationary,

o _, dr_,

=0V, = @:0\)
ot dt

dt

>

As a result, we obtain the equation of

stationary thermal conductivity with two
independent variables:
o°’T 10T
M —+——+
or- r o
(3)

L o°’T N
r* 0p° ! oo
The surface temperature of the roll in the
narrow zone of direct contact between the roll
and the sheet, where 0 < ¢ < ¢, (see Fig. 1) is
taken equal to 7, = 600 °C as the average be-
tween the temperature of the hot sheet and the
temperature of the roll. A boundary condition
of the third kind is imposed for the rest of the
zone (¢, < ¢ < 2n):
r=R,p,<@<2m,

oT
W B(T =T ) =0,
or +B( m)

0.

where R is the radius of the roll; 7=T (o) is the
temperature of the air/water mixture cooling
the surface of the roll.

These two conditions can be written as a
single boundary condition of the third kind:

r:R,na—T+T—7;:0, (4)
or

Fig. 1. Rolling pattern (only upper roll is shown)
and pattern for cooling roll with water (/) and air (2);
the black sector corresponds to the contact area
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where

T, 0<op<q,
T =T =
e E((p) {Tm ((P),(po <(P£27C,

A { 0, 0<o9<q, )

1’] = — =
B In(e), @,<o<2m
where the parameters Mo), P(9), T, (9) are
piecewise constant functions of the angle ¢.
To solve boundary problem (3)—(5), we

apply the method of integral transforms:
27

— J. T(r,p)e " dop = ( )

and then seek a solution in the form of a
bilateral series:

T(rg)= 3 T.(re™. (6)

n=—N
After integral transformation, Eq. (3) takes
the form
d’T, 1dT 2
e e e T )
dr r dr r A

The solution of Eq. (7) for n # 0 is expressed in
terms of Bessel functions J and Y :

T (r)=4,J, ( %"”r} +
(3)

+B Y, ey |
A

Since Y (0)=w, B=0 due to limited
temperature in the center of the roll. Then,
T, (r) =A4,J, Y, =
A
)

=A4J (—%aﬁ&],

where a = ‘/%R and a dimensionless radius

&=r/R, 0 <&<1 is introduced.
Let us consider the case n = 0 separately. In
this case, Eq. (7) has the form
d’T, 1dT,
+ J—

ld(dT) 0
or’ r@r rdr\ or '

Then, T)=CIn r+A, and it follows that C = 0,
i.e., T,)= const, from the boundedness condition
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for r= 0.
Now let us carry out integral transformation
of boundary condition (4)

—f[ _+T_

(p ]e "dp=0.

Representing n(¢) in the form of a Fourier
series, we introduce the following notations:

(10)

k=0
n =iTn(q>) “de, (11)
k 2m
T =L2RT((p)e‘i"‘Pd(p.
n 27_c e

0

Let us now separately calculate the first
term in Eq. (10):

2n

1 —m(p _
-+ ! n(e do=
2n
=sz“n I io D9 =
2ni5 or

k

il

k=0
k

z (")=;an’_k~

Substituting the explicit expression for 7/ and
calculating the derivative of the Bessel function
by the rule

5 (2)=0,.(2)-20,()=0.

z

we obtain the following formulation for the
boundary condition:
A, —7,,n=0;

Z(n |7

_(n_k)‘]n—k X,nfk ]+
+A4.J, (%, ))— 1, =0, n=0,

1—i
=——avn-—k.
V2

avn-— Jnkl( nk)
(12)

where y
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200
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Fig. 2. Calculated temperature on surface of roll
as function of angular coordinate (» = R);
calculation parameters are given in the text

As a result, we obtain a system of n equations
with unknown coefficients A . To solve it,
we use the asymptotic behavior of the Bessel
function for large values of the argument:

since the argument of Bessel functions for real
parameters of hot rolling (¢ = 201.6) takes the
values

an ~201.6n, n=12,....

1-i
2

Substituting these values of the argument,
we obtain:

Thus, by solving the system of equations for
the coefficients 4 and substituting them into
Egs. (9) and (6) for T(r,¢), we obtain the tem-
perature distribution in the roll.

Since the coefficients in Eq. (12) contain
exponential factors, the system’s matrix is
ill-conditioned. For this reason, we need to es-

timate the required number of series terms for
each function and use a special algorithm for
the solution.

The nature of Eqs. (12) allows using an al-
gorithm with choice of the pivot element. If the
matrix (n,) is given asymetrically (see expres-
sion (11)), the system matrix becomes triangu-
lar, thus allowing to successively calculate all
the coefficients A . A graph of the temperature
field on the surface of the roll as a function of
the angular coordinate is given below (Fig. 2) as
an example of the calculations for the following
numerical values of the system parameters:

1. T =600 °C, ¢,= 12.68° = 0.2213 rad
(in the contact zone);

2. T =25°C, p= 41700 W/°C m* (for water);
T'=25°C, p= 1500 W/°C m? (for air);
3.4=31 W/ Cm? y=0.673 k]/°C kg (for rolls)

Calculating thermal stresses

To calculate the thermal stress field, we use
the thermoelastic displacement potential @
which is introduced by the equality u = V®.
In the problem of plane deformation, The
thermoelastic potential @ is introduced in the
problem of plane deformation, satisfying the
equation [19]:

Aw =V or

—v (14)
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Fig. 3. Radial distribution of stresses o, in roll core
with ¢ = 0.1 rad
Differentiating both sides of this equation forward differentiation (see [19]):
over time and substituting d7/dt from Eq. (1),
we obtain: 100 1 &*d
_2G{_5_ o
ror r’oe
4 a1V o2 AT, (15) o
dt I-v B c® =-2G
Since the thermoelastic potential provides Y or?
only a partial solution of the thermoelastic o[ 10od (19)
equation, the sign of the operator A can be =2G— 5|7 30
omitted in both sides of Eq. (15). As a result, rLr oo
we have: o 1+v
o, =—2GAD = —2G1—OLT,
-V
d I+v A
—od = a—T. (16) ®_1® —0.
. 1-v B T =

The material derivative of the thermo-
elastic potential in a rotating coordinate sys-
tem is calculated similarly to calculation by
expression (2):

iq) 0P 3¢ _ aE:HV(xxT (17)
dt op Ot op 1-v B

from which we obtain the explicit expression
for the thermoelastic potential:

11+v A
colv B

N (18)
:iH_Va_{ z Tn(,,)leimp}

J.Td(p—

ol-v y|, =y in

The thermal stresses corresponding to the
obtained thermoelastic potential are found by
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Airy function for satisfying
boundary conditions

The given thermal stresses are particular
solutions, and in the general case they do
not satisfy the boundary conditions. Below
we demonstrate how to fulfill trivial force
conditions on the entire surface of the roll. To
adjust the solution so that it satisfies the trivial
boundary conditions, let us introduce the total
stresses:

o U
c, =0, +0,,
_ U
6,=0, +0,,
) U
Tro = Trp + Trg

and so on.
The superscript here indicates the stresses
determined by the Airy function in the plane
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Fig. 4. Radial distribution of stresses o, along angular coordinate ¢
at different depths 2, mm, from roll surface: 0.5 (D), 4 (2), 100 (3)

problem U(r ).
It satisfies the biharmonic equation AAU= 0
and allows to find the stresses:

v _loU 1aU2

=t
ror 6([)

v 8(18U] (20)
‘C 9

The Airy function as a Fourier series has the
following general form (see [19, 20]):

U(e.0)=]ag’+pe" +
+AE+YEINE+ Q& e +

+i(Pnén n Qn§n+2)eimp’

1)

and the coefficients a, B, A, v, x, P, Q, can be
found from the no-stress boundary condition
imposed for the entire surface of the roll:

r=R, o’ +c’ =0, rf;+rfi):0. (22)

Fig. 3 shows the stress distribution along the
roll radius with the angle ¢ = 0.1 rad.

Fig. 4 shows a family of radial stress
distributions along the angular coordinate in
the roll core with different values of its radius.

Rapid growth of stresses at a small depth

from the surface and a smooth decrease towards
the center of the roll can be clearly observed
from Fig. 3. The stress maximum is reached
at a depth /4 of about 4 mm from the surface
(see Fig. 4).

Discussion of results

The distribution of radial stresses in the roll
core that we have obtained differs considerably
from the known results calculated using FEM.
The maximum radial stresses of 350 MPa are
close to the yield strength, with peculiar drops
observed on the curves. The zone of these
stresses lies in the roll core at a depth of 2—4
mm from the surface, which explains well blis-
ter fatigue failure (with blisters 1—4 mm thick
falling off from the roll surface during rolling).

The stress maximum below the surface was
obtained in [9] by simulating a multilayer sys-
tem with different mechanical characteristics
near the roll surface.

Sharp drops on the stress curves were ob-
tained in [17] by taking into account contact
stresses (in addition to thermal ones) in the
rolling zone. Unlike the solution we obtained,
the depth of the stress maximum by the von
Mises criterion was 5% of the radius, which did
not help explain blister delamination. In our
case, this depth was about 3 cm.

Thus, the approach we proposed and used
made it possible to obtain new results for ex-
plaining the experimentally observed blister
failure of the surface by “plunging” cyclic ra-
dial stresses.

The given problem cannot be solved by the
FEM method due to huge radial stress gradi-
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ents evolving in the subsurface layer, which is
about 0.1% of the roll radius. The stress aver-
aging, which automatically occurs inside finite
elements, does not allow to adequately model
these gradients.

Notably, the Bessel functions in the Fouri-
er series with asymptotic representation con-
tain factors that are exponents of the form
exp(A/R), where factors A have a character-
istic value of about 1000. Therefore, there is
no sense in taking more than forty terms of
the Fourier series, since the coefficients of
the Fourier series cannot be determined with
a given double precision even if special nor-
malization is applied. The “fluctuations” of all
functions, seen on the graphs of angular distri-
butions, are related to this circumstance. Nat-
urally, the numerical FEM solution runs into a
similar problem for the case with ill conditions,
as discussed in the above-cited studies.

Conclusion

We have introduced a spatial approach to
the thermoelastic problem in rotating bodies,
which made it possible to reduce the number
of independent variables and obtain exact
solutions for the temperature and stress fields
in the form of a single Fourier series. We have
formulated the equations for thermal stresses
through the thermoelastic potential that we
have then used to calculate thermal stresses
on the surface and in the core of the roll. We
have confirmed that the Airy function could be
tailored to satisfy the boundary conditions on

the roll surface. While this approach allows to
satisfy any boundary conditions set in advance,
we have confined ourselves to the case of trivial
force boundary conditions imposed on the
entire surface of the roll.

As an example of practical application, we
have found a thermal stress field for the mill
rolls during hot rolling of sheet metal.

Based on the investigation we have carried
out, we were able to conclude that thermal
stresses make a significant contribution to the
stress state of mill rolls, and the magnitude
of the temperature component of the stresses
and the cyclic pattern with which they occur
indicate that roll surface failure can evolve
solely due to thermal “shock” induced by
heating and cooling of the roll surface.

The effect of thermal stresses dropping to a
small depth beneath the roll surface has been
obtained for the first time. Importantly, this
effect adequately explains the blister nature of
failure in the roll. The object chosen for study
appeared to be a good model for describing the
processes occurring during operation of rotating
systems subjected to complex thermal loading.

Thus, the proposed approach to solving the
problem may have other important practical
applications for analysis of this type of systems,
in particular, in metallurgy and mechanical
engineering.

The study was carried out with the financial support of
RFBR grants 17-08-00783 and 18-08-00201.
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