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NHAYKTOPHBIE CUCTEMBI IS MAFHHTHO-HMHYJILCHOFI PA3JAYN
TPYB IIPAMOYI'OJIBHOU ®OPMOU ITOINEPEYHOI'O CEYEHUA

Cmamms npucesayuena po3paxyHkKy npocmopo6o2o po3nooiily ej1leKmpoMaZHIMHUX NOJ1i6, AKI CMEOPIOIOMbCA PI3HUMU IHOYKMOp-
HUMU CUCEMAMU, RPUSHAYEHUMYU 011 PO30AYi NOPONCHUCIUX MEMAIe6UX MPYD 3 NRPAMOKYMHOIO (JOPMOI0 nOnEpevunHozo ne-
pemuny. Busnaueni 30y0xcygani enekmpoounamiyni 3ycuins ¢ oanux inoykmopnux cucmemax. Ilokazano, wio oani cucmemu
3a0e3neuyromo He auuie CUnogy 0il0 Ha CMIHKU 6HYMPIWHb0I NOPOICHUHU, ajie | YiIeCRPAMOBAHUI MUCK HA KymU RPAMOKYm-

HO20 npoisio.

Cmambs ROC6AWEHA PACYEMY RPOCMPAHCHIBEHHOZ0 PACRPEOe/IeHUA INeKMPOMAZHUMHBIX ROJIEil, KOMOpble CO30AI0MCA pas-
JIUYHBIMU UHOYKMOPHOIMU CUCHEMAMU, RPEOHA3HAYEHHLIMU 0/1a " pa30auu’ RnoJiblX Memauiu4eckux mpyod ¢ npamoy2oibHoil
¢hopmoit nonepeunozo ceuenusn. Onpeoenenvl 8030yiicoaemovlie 31eKMPOOUHAMUYECKUE YCUIUA 8 PACCMAMPUBAEMBIX UHOYKMOD-
Holx cucmemax. IIoka3zano, Ymo OaHHbIE CUCHEMbl 0OECREYUBAIOM He MOIbKO CUI060€ 6030€iicmeue HA CIMEeHKU 6HYMPEeHHell
ROI0OCMIL, HO U Ye/IeHanpas/ieHHoe Oaes/ieHue Ha Y2ibl RPAMOY201bHO20 RPOPUIIA.

BBEJIEHUE

IMocranoBka mnpodJiemsbl. [ cOOpkU 3J€MEHTOB
MEXaHUYECKUX PAMHBIX KOHCTPYKLMI U3 NErKUX NPOYHBIX
METAJUIMYECKUX CILUIABOB HAa OCHOBE AJIIOMUHMS U MarHus,
MOJTYYMBILIMX HIMPOKOE PAcpOCTPAHEHHE B COBPEMEHHOM
MPOMBIIINICHHOM Tpou3BoAcTBe (puc. 1), HEoOXOaMMBI
HOBBIE CTIOCOOBI UX OTHOCUTENBHON (rKcanyy.

AHaJ/IN3 OCHOBHbIX JOCTHXKEHMII U nyOJuKauui
H3BecTHbIE METOABI TPAIULMOHHON CBAPKU OKa3bIBAIOTCS
He 3(QPEeKTUBHBIMU WK BOOOILE HE PaboOTOCNOCOOHBIMU
[1]. Ho, kak mnoka3anu MpOBeACHHbIE WCCIENOBaHUS,
MarHUTHO-UMITYJIbCHbIE TEXHOJIOTMU TIO3BOJISIIOT pPeau-
30BaTh Ha MPAKTHUKE, TaK HA3bIBAEMYIO, XOJOJHYIO CBap-
Ky, B OCHOBE KOTOpOii moJiockeHa B3aumHasi nupdysus
COEIUHSEMBIX METAJIOB NPU JOCTATOYHO BBICOKHMX CKO-
pocTsix coynapenus [2, 3].

Lennr HacTosileil paboTbl — pacuéT MPOCTPAHCT-
BEHHOTO pacnpenesieHust noJieit ¢ MoCIeaAyOIUMHU BBIBO-
JaMu 0 BO30Y)KIAeMbIX 3JEKTPOANHAMHUUYECKHUX YCHITUSIX
B Pa3IM4YHBIX WHIYKTOPHBIX CHCTEMax, MpeaHa3Ha4deH-
HBIX U1 "pa3gaun” TMOJbIX METaIINYecKuXx TpyO ¢ mps-
MOYTOJIbHO#M (opmoii momepedHoro cedeHus. [Ipuuém
JJaHHBIE CHCTEMbI JOJDKHBI 00eCneunBaTh HE TOJIBKO CH-
JIOBOE BO3JEHCTBHE HA CTEHKHM BHYTPEHHEH MOJOCTH, HO
1 00513aTeNIbHOE LIeJIEHATPARIEHHOE IaBJICHNE HA YTJIbI.

Puc. 1. Ky3soBHas pama asromo6unst pupmst "'V olkswagen” (6)
1 SKCIIEPUMEHTAIILHBIC 00PA3LIbl TABPOBBIX COCIMHEHHHA
B €& y3iax (a)

PACYETHBIE COOTHOIIEHUS
Cxemaruuecky, npeanaraemMas HHIyKTOpHasl CUCTe-

Ma B MOMEPEYHOM CEYEHHH W, COOTBETCTBEHHO, MPHUHU-
Maemasi pacuéTHasi MOJEb MOKa3aHbl Ha puc. 2. [IpoBoa-
HUKH, ToMeveHHble nuppavu 1, 2, 3 u 4, — 310 TpOTH-
JKEHHBIC TOKOIMPOBOIbI BUTKOB. MX momepevyHoe ceueHue
— KBaapat co cTopoHoii d .

B naneHelinieM, yka3aHue HanpaBjeHUsT TOKOB B
BUTKaX MO3BOJIUT HCCIENO0BaTh 3JEKTPOJAUHAMUUECKHE
MPOLIECChl B PA3IMUHbIX BAPUAHTAX COEJAUHEHUS BUTKOB
MEXKIy CO00U M MOOK/IIOYEHHSI UX K UCTOUHUKY MOILHO-
CTH NPSIMOYTOJILHOTO TIPOQUIISL.

TTprHUMaeMbIe TOMYILCHUS:
® YIibl MOMEPEYHOro mpoduis B uU3rubax mosoi Me-
TAJTMYECKOU TPYObI MPUOIMKAIOTCS K ~7/2;

e [mpuemieMa JEKapToBa MPSAMOYTrOJbHAs CHCTEMA KO-
OpIMHAT;
® OJHOBUTKOBbBIE COJICHOU/IbI TPSIMOYTOJNBHOM (OpMbI
BBIMOJIHEHBI U3 MPOBOHUKOB KBaApaTHOTO cevyenus dxd u
0651aal0T TO0CTATOYHO OOJBIION MPOTSHKEHHOCTHIO B U3-
MepeHUH, COOTBeTCTRYOIIEM ock O.X, Tak uto 0/0X = 0;
® 3IIEKTPONPOBOAHOCTh 00PabATHIBAEMOr0 MeTanna u
JeHcTByOIME PaboUune 4acTOThl HACTOJILKO BBICOKH, TaK
YTO AOMYCTUMO TPHUONIMKEHHE PE3KOr0 MOBEPXHOCTHOTO
apdexra;

M0 TOKOMPOBOAAM BUTKOB, MapasnenbHbiXx ocu OX,
NpOTEKAaeT OAMH M TOT K€ [0 BEJIMYUMHE TOK
I(t) = I(t) (rme tz— BpeMs B CEKyHaX).

"

Puc. 2. Pacuérnas mosein

le/lHﬂTble AOMYLIECHUSA TMO3BOJAKOT CUUTATH, YTO B
paCCManHBaeMOﬁ CHUCTEME BO36y)K)Ia}0TC$I HETPpUBUAJIb-
HbIC KOMIIOHEHTBI BEKTOpPA Hal'lpﬂ)[(éHHOCTl/l 3JIEKTpOMar-
HUTHOTO MOJIA.
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Ex(t,y,2) 2O Hy(t,y,2) # O H,(t,y,2) £ 0.

W3 ponymieHuns o pe3kom moBepXHOCTHOM 3(ddexre
CleflyeT, YTO Ha TOBEPXHOCTSIX CTEHOK METaNIMYeCKOM
TpyOBl KacaTenbHasi COCTABIAIOIIAS BEKTOPA HAMPSHKEHHO-
CTH 3JIEKTPUYECKOr0 Mo oOpalaercs B HyJlb, TO €CTb!

EX(t! y!{z = Ov b}) = EX(t!{y = Ov a}! Z) = O .

YpaBHeHuss Makcgenna 11l KOMIIOHEHTOB BEKTOpa
nosns, npeobpazoBaHHbIX No Jlanmacy ¢ yu&Tom HyneBbIX
HauaJbHBIX YCIIOBM, BO BHYTPEHHEH MOJNOCTU MEXIY
B3aMMHO OPTOrOHAJIbHBIMU CTEHKAMU METAJUIMYECKOMN
Tpy6s (Y [O, a], z= [0, b]) [3, 4]:

aHZ(ap' vg) YD by 1)
y 0z
wbp-uoﬂy(p,y,a; )
OE, (P, Y,

%w-uoﬂz(p,y,a. ©)

rie p — napaMeTp MHTErpaibHOro npeoOpasoBanus Jlan-
naca, jx(p, Y, 2 — MIOTHOCTh CTOPOHHETO TOKA — TOKA B
TOKOMPOBOAAX:

_ RUONE _ .
ix(P.y.2)=| =~ 5~ D8i-fiy. 2, 1(p=L{I®}
i=1

fily, 2 — ¢GyHKUMU TPOCTPAHCTBEHHOrO pacrpee/eHus
(i=1,234):

f1(y.2) =[n(z—h) -n(z— (h+d))]x
x[n(y—h) -n(y - (h+d))}

f2(y,2) = [n(z— (b— (h+d)) -n(z— (b-h))]x
x[n(y—h) -n(y—(h+d))]

fa(y,2) =[n(z— (b- (h+d))) -n(z— (b-h))]x
x[n(y-(a-(h+d)))-n(y-(a—h))}

f4(y,2) = n(z—h) -n(z- (h+d))]x

x[n(y-(a-(h+d))-n(y-(a-h)}
N(2), n(y) — crynenuarsie pyHkunn Xesucaina;
Edp. Y, 2) = {E(L Y, 2} Hydlp, ¥, D) = L{Hy (L, y, 2)} .
W3 nuddepenumnanshoii cuctembl (1) — (3) MoxkHO
noytyuuth ypasHenue s E(p, Y, 2):

9%E,(p,Y,2) | 9°Ex(Pp,Y,?) .
+ =p-uoix(py,2. 4
8y2 0z° 0 X

IpaBast yacth (4) ecTh JuHeNHAS KOMOWHALMS W3
4eTHIPEX ciaraeMbix. JIJIsi €ro MHTErpUpOBaHUS LEJIECO-
00pa3HO BOCIOJIB30BATHCS MPUHLMIIOM CYNEPIO3HULKH, B
COOTBETCTBUH C KOTOPBIM CIIEIyeT HaiiTH peuieHust Ajis
Ka)X[Or0 M3 CJIaraéMbIX B MPaBO 4aCTHU JIMHEHHOTO He-
OIHOPOAHOTO u(depeHUaTbHOTO ypaBHEHHUS, MOCIE
4ero MOJIy4YeHHBIE PE3yJIbTaThl IPOCYMMHUPOBATH [7].

UtoObl yIOBIETBOPHTH TPAHMYHBIM YCIOBHSAM II0-
cTaBieHHON 3amaun petreHue ypasHenus (5) ciemyer
HCKaTh B BUIE ABOMHOTO pazioxenus Dypbe Mo CHHycam
KpaTHbIX oyt [7]:

-3 gn[ B
Ex(p,y,Z)—m’ZnilEx(p,m,n) sm( b zjx o

.[n-n j
xsin —-y |,
a

rae E4p, M, n) — HensBecTHbIE KOIPOHULUHMEHTBI PA3TOKEHHS.
Jlnst  ompeseNieHus] HEU3BECTHBIX KO3(P(HUIUEHTOB

aBoiiHoro psina Oypbe B BoipaxkeHun (5) ero HeoOX01MMO
MOJICTABUTH B JIEBYIO 4YacTh ypaBHeHusi (4), a mpaByio
yacTh (4) B COOTBETCTBUM C M3BECTHbIMU aJIrOPUTMAMU
Pa3JIOKHUTh 10 CHHYCAM.

ITocne BbinOMHEHUsT TPeOyeMbIX MATEMATUYECKHUX
omeparuii HaXOAWM BBIPAKEHHE MJIsS HAMPKEHHOCTH
BO30YKIAeMOro 3JIEKTPHUYECKOro moJist. [lomyueHHsIH
pe3ynbTat clieyeT noACTaBuTh B ypaBHenust (2) u (3).

B KkOHe4HOM WTOre, MOCie BBITIOJHEHUSI HEOOXOAH-
MbIX TOXIECTBEHHBIX MPEOOpa3oBaHKil OTpenensieM KOM-
[OHEHTBI BEKTOPA MArHUTHOIO 110151, BO30YKAaeMOoro:

a) Ha TOPU3OHTAIBHBIX CTEHKaX TpyObl (COOTBETCT-

BEHHO puc. 2), 2= 0:

_o=(1(P)16
Hy(p,y,z=0) (n-b-dzjx

f1(m,n) o
m,n=1 (n-mjz [n-njz
—— | 4| —1 |'n (6)
b a

X [51 + (=)™ 5, + (—)™N . 55+ (- 54]><

oo

X

. (m-n
xsin —-vy|;

6) Ha BEpTHKAJBHBIX CTEHKax TPyObl (COOTBETCT-
BeHHO puc. 2),y=0:

Hz(lo,y=o,z)=_{L)-126j><
n-a-d

oo

f1(m,n)

Z 2 2 X
m.n=1 {nmj +{nnj .m @
b a

X [51 +(-)™L8, + (—)™ N85 + (-1, |x

X

. (T-M
xXsn ——-Z |
b

TI10THOCTH TOKOB, MHAYLUMPOBAHHBIX B MeTailie 00-
pabarbiBaemMoit TpyOuaToii 3aroToBKH, Takxe OynyT on-
penensiteest popmynamu (6) u (7). Mx kBaapaT ¢ TOYHO-
CTbIO [0 MarHUTHOM MPOHMLAEMOCTH BaKyyma paBeH
MAarHUTHOMY JIaBJIEHUIO, Pa3BHUBAEMOMY B HCCIEAYEeMO
WUHAYKTOPHOM CUCTEME.

YucieHHbIe OUEHKH pacnpeaesieHUus] HAMPSIKEH-
HOCTH B030Y’KI2€MOIr0 MarHWTHOIO MOJIsI U 3JIEKTPO-
AUHAMHUYECKHX Ycuauid. [lonyveHHble pelieHus mpou-
JIFOCTPUPYEM YMCJCHHBIMU pacyéramu Ui SKCHepUMeH-
TalbHBIX WMHAYKTOPHBIX CUCTEM, MOJEIUPOBABIIUX pe-
aJIbHbIE MPOLIECCHI B MPOU3BOACTBEHHbIX YCIOBHUSIX.

B pexume pe3koro moBepxHOCTHOTO 3¢ddekra obpa-
0OTKE MOIEKUT NoJiasi MPOTSHKEHHAS alIFOMUHUEBAst TPYyO-
yaras 3arotoBka TonmuHoi 0,001 M ¢ kBagpaTHOU opmoit
nonepeuHoro ceuenus: 0,02<0,02 m, a=b = 0,02 m.

WHIyKTOphl — OJHOBUTKOBBIE COJICHOUIbI MPSMO-
YroJibHOM ()OPMbI BbINOJIHEHbI U3 NPOBOAHMKOB C KBapar-
HbIM nonepeunbiM ceuennem: 0,002x0,002 m, d = 0,02 m.
H3onsiuoHHbIE MPOMEKYTKM MEXKIY BUTKAMHU U CTEHKa-
mu 3arotoBku h = 0,001 m.

T'eomerpuuecky pacroyioKEeHUe MHAYKTOPOB COOT-
BETCTBYET puc. 2. X TOKONPOBObI MOMELIAIOTCS BIAOJb
BHYTPEHHUX YTJIOBBIX W3rMOOB TMPOQUS MONepevHOro
ceueHusi TpyOUaTOil 3ar0TOBKK: BUTOK | — TOKOTIPOBOIbI
Ne 1 u Ne 4, Butok |l — rokonpoBoabt Ne 2 u Ne 3.
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DNeKTpUUECKH, BUTKA COEAMHEHbl MOCIEN0BaTENb-
Ho. [IpoTekaromuii Tok oguHAKOB. B TokompoBomax Nel u
Ne2 ero HanpasiieHUE COBMAJAET C MOJOKUTEIbHbIM Ha-
npaeneHneM ocd OX, B Ne3 u Ne4 o HampaBiieH B TIpo-
TUBOIIOJIOKHYIO CTOPOHY.

Heo6xoa1Mo BBIUKUCIAUTD paclpeieneHus KacaTelb-
HBIX KOMMOHEHT HAampsKEHHOCTH MAarHUTHOTO TOJis, a
cJleIoBaTeNbHO W pacrpefesieHusl MIOTHOCTH BUXPEBBIX
TOKOB, MHIyLIUPOBAHHBIX B METAJIIIE MO0 TPyOHI.

Kak 6b110 ykazaHo Bbllle, TpeOyeMble XapaKTepUCTH-
KU 3JIEKTPOMATrHUTHBIX [POLIECCOB B UCCIIELYEMONH UHIYK-
TOPHOI cucTeMe Beruucisitorest o hopmyiam (6) u (7).

B cootercTRUM ¢ 3anaHHOl KOH(bUTypauneit nHIyk-
Topa, cnocoba ero BKIIOYEHHS U HampaBlieHUEM TOKa B
TOKOMPOBOJAX AJISl MPOBEACHUS PAcYETOB CIIEAYET TOJIO-
KUTb, 4T0 &; = 1, 6, = 1, 63 = -1, 84 = —1. Pe3yabTarsl Bbl-
YHUCIICHUH TpencTaBieHbl rpaduuecKMU 3aBUCUMOCTSIMU
Ha puc. 3. [IpoBeeHHbIe BBIYUCICHUS TTOKA3alH, 9TO:
® B UHAYKTODHOH CUCTEME C JABYMS OJAHOBUTKOBbIMU
COJICHOMaMHU, TMpeAHa3HAUYeHHOW AN pa3iadyu MoJIbIX
TpyO4aThIX 3aroTOBOK C MPSAMOYIOJibHOM (hopMoO# morme-
PEYHOro CeyeHus U3 METANJOB € JOCTATOYHO BBICOKOM
3JIEKTPOMPOBOIHOCTBIO, BO30YXKAAIOTCS WHTEHCUBHBIE
MAarHuTHbIE MOJS U, COOTBETCTBEHHO, MOLIHbIE AJEKTPO-
JUHAMUYECKHE YCUIIUS, BEIMYMHBI KOTOPBIX BIOJIHE 1OC-
TaTOYHbl Al NPAaKTUYECKOrO OCYLIECTBIIEHUS 3aJaHHOU
TEXHOJIOTUYECKOW OnepaLnmu,
® TPOCTPAHCTBEHHbIE paclpeAesieHus] Mojeid u naie-
HWUI TAKOBO, YTO X MAKCUMYMBbI COCPEIOTOUYEHbI BOIN3N
BHYTPEHHHX YTJIOB 00padaThiBaeMoii 3aroTOBKH;
® KOHLEHTpauusi BO30YKIaeMbIX YCHJIMH B YTJIOBBIX 30-
Hax Ha JBYX B3aMMHO OPTOTOHAJbHBIX MIOCKOCTAX O3HA-
YaeT MOSBJIEHUE PABHOILEHCTBYIOLIEH CWIJIbI JABIEHUS C

aAMIUIUTY 101 «/E ‘P, HANpaBJIEHHOM K UEHTPY yrJa;
e pa3BuUTHE TMpoleccoB aedopMupoBaHUs 00padaThI-
BAEMOW 3aroTOBKM JOJI>KHO MPOUCXOIMUTH 3a CUET €€ pac-
TSOHKEHHS TI0 YTIIaM PO (U MOTepedHOTo CeYeHHUS.

.
h . ~ oo

PRy, a=0)2

Puc. 3. [IpocTpaHCTBEHHbBIE PACTIPEICTCHIS KCATEITHBIX KOM-

TIOHEHT Hanpa)erHOCTI/I MarHuTHoro nosst (H yz) 1 BO30YX/1ae-

MBIX crt gapermst (P° 2y) B OTHOCUTENBHBIX EIMHHUIAX (HOpMU-
POBKa MPOU3BOINIIACH HA MAKCUMYM PACUETHOM BEJIMYMHBI)

Jlis Gosee NoHON WILIHOCTPALMK TPOLECCOB B CUC-
TeMe pacy&Tbl B OTHOCHTENbHBIX €IMHHLAX CIeIyeT I0-
MOJHUTH a0COJIFOTHBIMM 3HaYEHMsIMK XapakTepucTuk. Tak,
TIPY aMITIATYJe Toka B HHAYKTOpeE | =~ 100 KA Makcumym
HanpsbkEHHOCTH OyleT COCTaBIISITh Hm ~ 1,6:10" Alwm, co-

OTBETCTBEHHO, MAKCHMYM Pa3BHBACMOTO aBIIEHHS Oymet
paen Py~ 1,5-10% H/m®.

BbIBO/IbI
1. TpensyioxeHa KOHCTPYKLMSI MHAYKTOPHOW CUCTEMbI /ISt
"pazmaun” MoNBIX TPYO MPSAMOYTONBHOTO CEUEHHS.
2. TIpoBeieHHbIe pacy&Thbl NOKA3ANM!
® MaKCHMYMBI JaBIIeHHI COCPEeNOTOYEHBI BOJIM3M BHYT-
peHHUX yTJ0B 00pabaTbiBaeMoil 3aroTOBKH,
e pa3BuUTHE TMpoleccoB aedopMupoBaHUs 00padaThI-
BAEMOW 3aroTOBKM JOJI>KHO MPOUCXOAUTH 3a CUET €€ pac-
TSOHKEHHS TI0 YTIIaM PO (U TOTIepedHOTO CeYeHHUS.
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Yu.V. Batygin, A.V. Gnatov, D.O. Smirnov

Induction systems for magnetic-impulse expansion

of rectangular pipes

The article is devoted to calculation of spatial distribution
of electromagnetic fields generated by different inductor sys-
tems intended for expansion of hollow rectangular metdlic
pipes. Excited electrica dynamic forces in the examined induc-
tor systems are found. It is shown that these systems provide not
only force action on the pipe internal walls but also purposeful
pressure on corners of the rectangular pipe profile.

Key words — induction system, hollow rectangular metallic
pipes expansion, spatial electromagnetic field distribution
calculation
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