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AKTyanbHOCTb paboTel 06YCIOBAEHa TEM, YTO B HACTOsILLEE BPEMs B 0OACTV CO3aHUs HOBbIX IHEProcoeperarLmx 31eKTpOTeXHOMO-
Vv 419 37334 Harpesa U3Aesi U3 LBETHbIX METa/II0B 0COD0E BHUMAHME yaenseTcs yCTaHoBKaM MHAYKLMOHHOO Harpesa B nornepey-
HOM MarHuTHOM 1101€, MPw 3TOM He OXBaYeHHOW METOLOM HarpeBa B rornepedHoM MarHATHOM f10J1e OKa3anach 60sbLuas HOMeHKAATy -
pa M3Lennu, MMEIOLUMX MPAMOYrobHOE MOMNEPEYHOE CEYEHME, BbIMOTHEHHbIX 13 LIBETHbIX META/IIOB. B HacTosLee Bpems Takue u3ze-
TS HarpeBaloTCs B YCTaHOBKAaX MHAYKUMOHHOIO Harpesa B MPOAObHOM MepPeMEHHOM MarHUTHOM ofe, UMEeIoLMX S1eKTPUYecKmi
K14, He npessbiwatowmii 0,5. [puBnekatebHOCTbIO HAarpeBa Takux M34EeMMI B ONePeYHOM BPALLUAIOLLUEMC MarHUTHOM nose NoCTOSH-
HbIX MarHUTOB ABJIAETCA ero NoTeHLMabHaA BO3IMOXHOCTb B AOCTXeHmW anekTpudeckoro KN4, pasHoro 0,75-0,85. B npescrasnen-
HOW CTaTbe PacCMaTpmBalOTCA MPOBELEHHbIE UCCIEA0BAHNS HarpeBa amtoMUHNEBLIX U3LENNV MPAMOYrObHOMO MONePeYHOro ce4eHns
Ao Temnepatypbi 550 °C.

Llenb nccnepoBaHuns: pa3paboTka YncieHHOV MoAem Ha base nporpaMMHoro Komiaekca ANSYS [ns pacyera 3nekTpoMarHATHbIX na-
PaMETPOB CUCTEMbI «MHAYKTOP~3arpy3Ka» v TeMnepatypHOro noss B HarpeBaemMon 3aroToBKe, BbIOTHEHNE PacyeToB pacrpeneneHms
napameTpoB 31eKTPOMArHUTHOrO 1 TeMMepaTypHOrO Mo B HarpeBaeMow 3aroToBKe.

Mertoabl nccnegoBaHns: OCHOBHbIM MHCTPYMEHTOM Hay4HOIro UCCIEA0BaHNA ABASETCA NPOrpaMMHbiv Komrnekc ANSYS, nossosnsio-
LMV MOAENMPOBATb PA3/NIN4HbIE MPOCTPAHCTBEHHbIE (UINHECKME CUCTEMbI, MOBEAEHME KOTOPbIX MOXET ObiTh OMMCaHO AngdepeH-
UManbHbIMK YPaBHEHWSIMU. 3@ OCHOBY MPUHST METOL KOHEYHbIX 21EMEHTOB, MO3BOMSIOLMI HEMPEPbIBHYIO 00/1aCTb 3aAa4M, UMEIOLLYIO
beckoHeyHoe Yncno creneHen ceoboabl, pa3buTb Ha KOHEYHOE, XOTSA 1 [OCTAaTO4YHO DOJIbLIOE, YUCI0 06NACTEV, B KOTOPbIX NaPAMETPbI
MOCTOSIHHBI. B y31ax cucTeMbl COCpPeaoTaYMBaloTCs (msmnyeckme CBOVICTBA M BHELLIHME BO3AEVICTBUA.

Pesynbtatbi: Co3aaHHasi MOAENb MO3BOMMAA PACCHNTATL CBA3AGHHYIO SEKTPOMArHUTHYIO 1 TENJI0BYIO 3aAaqy HarpeBa HemarHuTHoro
W3[EeNNA NMPAMOYIONIbHOIO MOMEPEYHOIO CEYEHMS BO BPALLAIOLLEMCH MArHUTHOM [10J1€ MOCTOSHHbIX MarHUTOB. B cTaTbe npencrasieHs!
M0/1y4eHHble 3aBUCUMOCTI MaKCUMAallbHbIX TEMMEPATYPHBIX MePEnasos, Nony4aeMbix B NONEPEYHOM CeYeHU NPAMOYIONbHbIX U3e-
TN, BbIMOSTHEHHbIX U3 aNIOMUHWSA. 3aBUCUMOCTY NPEACTaBAeHb!, Kak GyHKLMM CKOPOCTV BPALLEHUS CUCTEMbI MOCTOSIHHbIX MarHuTOoB,
CO34aloLLYMX NOMEPEYHOE MarH1THoOe one, Y/CIa Nap NOACOB MArHUTOB U 3330pa MEXLY HarpeBaeMbiM U3LENNEM U MarHUTaMu.

Knio4eBble cnoBa:
VIHAYKUMOHHBIV Harpes C NOCTOSHHbIMY MarHuTamu, TeMNepaTypHoOE Mose, TeMnepaTypHbIV Nepenas, CKopoCTb BPALLUEHNS MarHUTHO-
[o noJifi, YUCII0 Nap NOMOCOB, MEPEMEHHOE MarHUTHOE None, TernIo0OMeH, rpaHUYHbIE YCIoBYS.

BeepeHne II0IIepeYHOM MarHuTHOM IIOJIE. 3HauUTeIbHBIE ycoexu

B Hacrosmiee BpeMsa B 00JacT CcO3ZaHHA HOBhIx ~ AOCTUTHYTBI K HACTOAIIEMY BPEMEHU B HAIIDABICHNN
9HEProcOePeraonuX JJIeKTPOTeXHOJIOrWH Ajid 3ajzau  UCCAENO0BAHUA 1 paspa@o'rrm CHCTEM MHAYKINOHHOTO
Harpesa H3ﬂeﬂﬂﬁ 13 IIBETHBIX METAJIJIOB 0co0oe BHIIMA- Harpesa METAJIINYECKON JIEHTHI 13 IIBETHBIX METAJIJIOB
HUe yIeJIAeTCA YCTaHOBKAM MHAYKIIMOHHOTO HarpeBa B B IIOIIEPEYHOM IIEPEMEHHOM MarouTHOM II0Jie, CO3aBa-
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€MOM HHIYKTOPAMHU CIeNNaTbHON KOHCTPYKIINU. Bec-
CITOPHBIM [IPEAMYIIIECTBOM JAHHBIX YCTAHOBOK SIBJISIET-
¢ To, uT0 OHHM padoraior Ha yacTorax 0,05-10 xkI'm, B
OTJINYKME OT MHAYKIMOHHBEIX CHCTEM TPALUIIMOHHON
KOHCTPYKIMY C HATPEBOM JIEHTHI B TIPOJIOJHHOM Mar-
HUTHOM IIOJIe, IS KOTOPHIX TPEOYIOTCA UYaCTOTHI
100-2000 &I't [1-17]. IIpu aTOM CTOMMOCTD JIEKTPO-
000pyJ0BaHUS, NOPUMEHSEMOTO0 HA YacTOTax [0
10 xI'm, 1 sHepro3aTpaThl B TAKUX YCTAHOBKAX B HEC-
KOJIBKO pa3 MeHbIre, gueM g yactor 100-2000 xI'm.

IMonyuyeHs! MOJOKUTENBHEBIE PE3YIBTATHI IPU Pas-
paboTKe YCTaHOBOK [JI HAarpeBa IMIMHIPUYECKUX
3arOTOBOK M3 I[BETHBIX METAJIJIOB B IIOIIEPEYHOM Mar-
HUTHOM IIOJIe, CO3JaBaeMoM J0O0 KATYIIKAMH IIO-
CTOSTHHOTO TOKA, 00 CHCTEeMOM MOCTOSHHBIX MAaTHU-
ToB [18-20].

He oxBaueHHOH METO/OM HarpeBa B MOIEPEYHOM
MaTHATHOM IT0JIe OKa3aJach 00JIbIIasd HOMEHKIATypa
UBJeNUi, UMEIOUX IPAMOYTOIbHOE MOIepeyHoe ce-
YyeHUe, BBIMOJHEHHBIX U3 I[BETHLIX METaJIoB. B Ha-
CTOsAIIee BpeMs TaKue U3e/Iisa HarpeBalTcsa B yCTa-
HOBKAX MHIYKIIMOHHOTO HaTPeBa B IPOLOJILHOM TIepe-
MeHHOM MATHUTHOM TI0JIe, UMEIOITIX IeKTPUUECKUIT
KIIII, ue upessimaromiuit 0,5. [IpuBiexaTe bHOCTbIO
HarpeBa TaKUX U3/EJUH B OIEPeYHOM BPaI[A0IeM-
¢Sl MATHUTHOM II0JIe TIOCTOSTHHBIX MATHUTOB SBJISETCS
er0 TOTeHIATbHAS BO3MOMKHOCTH B JOCTU:KEHUU
anexTpuueckoro KIIII, pasuoro 0,75-0,85[18, 19].

BrimosrHeHHBIE MCC/IEIOBAHUSA HATIPABIEHBI HA TO,
4yTOOBI HAYATh IIPEOJOJIEBATH ATOT MPODET B CO3IAHUU
9Heproa()()eKTUBHBIX YCTAHOBOK MHAYKIIMOHHOTO HATpe-
BA U3JeJIU IPIMOYTOJLHOTO CEUEHS BO BPAIIAIOIIEMCS
HOMEPEYHOM MATHITHOM II0JI€ IIOCTOSHHBIX MATHITOB.

MocTaHoBKa 3agaun

Ha puc. 1 mpencraBieHa cxeMa yCTaHOBKY UHAYK-
[[MOHHOTO HarpeBa WM3JeNus IPSMOYTOJbHOTO IIOIe-
PEUYHOTO CeUeHWS BO BPAIAIOIIEMCS I0Je HOCTOSH-
HBIX MarHUTOB. Ha puCyHKe TPUHATHI CIEIYIOIINE
0003HaueHUA: I — BBICOTA MATHUTOB; S, N — I0/KHBII U
CEeBEPHBIN IIOJIOCA MArHUTA, COOTBETCTBEHHO; A, —
VTJIOBOI pasMep MaruuTa; A, — yrioBoi pasMep 3a30-
pa MeXIy MarHUTAMM B MArHUTHOI cucTeme; d, b —
ITMPUHA U BEICOTA HAIPeBaeMOH 3aTOTOBKY; d — 3a30D
MeKIy HarpeBaeMoil 3aTOTOBKON M MOBEPXHOCTHIO
MarHUTOB; V — CKOPOCTB BPAII[eHNA MAaTHUTHON CICTE-
MBI BOKPYT HArPeBaeMoi 3arOTOBKH.

B pabote BHIIIOHAETCA HATPEB AJIOMIHUAEBHIX U3~
Jeauil IpPSAMOYrOJbHOTO IMOMEePEUHOro CeUeHUs M0
remmeparypsl 550 ‘C. TexHoIOrHUeCKuit 3a30p MeX-
Iy pedpoM uamenus U MATHUTAMU TPUHUMAJCA PaB-
aeM d=10, 20, 30 MM, MexRIY U3IEIVEeM U MArHUTA-
MU PAaCIIOJATaeTcsa TEIIONU30IAMOHHBINA 9KPaH TOJI-
muHoR 5 MM. Bricota marmuToB h=15 MM, ocTaTou-
Hag wHAyKnusa 1 Tia, kosprutuBHas cuia 735 KA/A
(mampaBiieHVe HaMarHWYWBAHUA paguaibHoe). CKo-
POCTH BpallleHus MATHUTHON CHCTEMbI BOKPYT 3aro-
roBKY V uamensnack or 600 no 3000 06/muH.

IIporecc KOHBEKTUBHOTO TEMJIO00MEHA TOBEPXHO-
CTHU BPAIIAIOIIETOCH M3/eJNUA 3aTOTOBKH C OKPYIKAI0-
el cpefoil BHINOJHAJNCA IMPU TPAHUYHOM YCJIOBUHI
3 pozma[20]. B cury Mmajioro 3HaueHUA CTEIIEHN YE€PHO-
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Thl AJIIOMMHUA TeEIlIonmepenava MU3JIyUeHUEeM MeXIy
usneareM 1 TeIJIOBbIM SKPaHOM HE yUYUThIBaJlaChb.

[

MazsHum,

Puc. 1. (Cxema YCTaHOBKW WHAYKUMOHHOIO HarpeBa w3fesns

MPAMOYroJibHOro rnoriepeyHoro ce4eHns BO Bpallaro-
LjemMcA r1oJie noCToAaHHbIX MarH1UToB

Fig. 1. Diagram of installation for induction heating the product

with rectangular cross section in rotating field of per-
manent magnets

PEByHbTaTbI pacyeTa

Pacuersl B3aMOCBA3aHHON 3JEKTPOMATHUTHON 1
TEILIOBOH 3a/lay B HATPeBaeMOM M3JIEJUU BBIIOJIHSA-
Jmuch B mporpaMMHOM KoMiniekce ANSYS B nByxmep-
HOW IIOCTaHOBKE Ha CYIEPKOMIILIOTEPE CO CIEYIOIIN-
MU XapaKTepUCTUKAMH: pasMep OIePaTUBHON maMs-
i 96 I'6; 2 mporeccopa Intel Xeon X5680 3.33 MI'1,
110 IIIECTh SAeP KaMKIbIiH.

Ha puc. 2-4 npenacrasieHbl 3aBUCHMOCTH Pacipe-
JeJIeHUs TeMIIePATYPHOTO IO B U3JENUN OT TeoMe-
TPUUECKUX U PEKUMHBIX IIapaMeTPOB Harpesa.

ITo puc. 2, 3 BUAHO, UTO C IIOBLIIIIEHHEM CKOPOCTH
BpAI[eHN U YKCJIa Tap MOJ0COB MarHUTHOM CUCTEMBI
IIPOMCXOJUT YBeJNUeHNe CKOPOCTH HarpeBa 1 MaKCH-
MaJbHOT'O TEMIIEPATYPHOTO IIepenaga B U3AeJIuu. ITO
CBS3aHO C BO3PACTAHNEeM aKTUBHON MOIIHOCTH, BBIJE-
Jngiomerica B HeM. CJieyeT OTMEeTUTb, UTO BeJIMUMHA
MaKCHMAJIbHOTO TeMIIEPaTyPHOTo IIepemnasa PacTeT ¢
VBeJUYEHNEeM CKOPOCTU BPAIeHMS ¥ YHUCJa IIap IIo-
JIIOCOB, UTO CBSI3aHO C YBEJMUMBAIOIIEHCSA YaCTOTON
MAarHUTHOTO II0JIsSI, IPOHUKAIOIIEr0 B U3JejNe 1, KaK
CJIeJICTBUE, YMEHBIIeHNEM INIyONHBI TPOHUKHOBEHUS
IIePEMEHHOTO HJIEKTPOMATHUTHOIO O0JId, HaBeJeHHO-
r'0 B U3/eJuH. B IpaMOyroibHOM U3, BHE 3aBH-
CHMOCTH OT YaCTOTHI MAIHUTHOTO 1101, 00JIee MHTEH-
CHBHO Pas3oTpPeBalOTCSA YIVIBI 3arOTOBKM, a 3aTeM, 3a
CUeT TeILIOMPOBOAHOCTU OT 30HBI BBIJEJIECHUS DSHEP-
T'HH, OCTAJbHAA YACTh TeJIa.

ITo puc. 4 BumHO, UTO ¢ YBEJIMUEHNEM T€XHOJOTH-
YECKOr0 3a30pa MEeXKIy H3JeIHeM U II0BePXHOCTHIO
MATHUATOB MIPOUCXOAUT YMEHbIIEeHe CKOPOCTHU Harpe-
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Puc. 2.  3aBUCHMMOCTb PaCcrpeaeneHus TeMIepaTypHOro nosis B NPSMOYrofibHOM u3genn ceveqmrem 180x 90 mm (3azopa d=10 mm) ot
CKOPOCTY BPALLEHWNS MarHUTHOW CUCTEMbI YCTAHOBKM € 3 Mapamu nosocoB

Fig. 2. Dependence of temperature field distribution in rectangular product with section of 180x90 mm (the gap d=10 mm) on rota-
tion speed of installation magnetic system with three pairs of poles

500
400
= == 1-tmin(n=2)
o 300 — ] - tmax (n=2)
= = = 2-tmin(n=3)
200 — ) - tmax (n=3)
= = 3-tmin(n=4)
— 3 - tmax (n=4)
100
0

0 100 200 300 400 500 600

T, CEK

Puc. 3. 3aBucuUMOCTb pacripeneneHys TeMnepatypHOro nosis B MpamoyronbHoM usfenuun ceveHmem 180x90 MM OT Konin4ecTsa nap
0MI0COB MarHUTHOV CUCTeMbI YCTaHOBKM rpu YacToTe Bpailerns 1200 0b/muH

Fig. 3. Dependence of temperature field distribution in rectangular product with section of 180x90 mm on a number of poles of the
installation magnetic system at rotation frequency of 1200 r/min
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Puc. 4. 3aBucUMOCTb pacripeneneHus TemnepatypHOro Nons B NPSMOYrobHOM V3Aenm Mpu YacToTe BPALLeHUS MarHUTHOW CUCTeMb]
1200 06/MuH yCTaHOBKM C 3 napamu NosilocoB OT reOMETPUHECKMX Pa3MepoB 3aroToBKu

Fig. 4. Dependence of temperature field distribution in rectangular product at rotation frequency of 1200 r/min of the installation
with three pairs of poles on subproduct geometry
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Ba 3aroToBKHU. TaKoe IOBeJeHUE CKOPOCTU HarpeBa
CBSI3AHO € YMeHbINAWIIeHca yaeJbHOW aKTHUBHOMI
MOIIHOCTbIO0, BBIIEJIAIOIIENC B U3/IEIUH.

3akntoyeHne

Mogens, paspaboTaHHAsS B IPOrPAMMHOM KOM-
miaexce ANSYS, mosBosmia pacCuMTaTh CBA3AHHYIO
AJIEKTPOMATHUTHYIO ¥ TEILIOBYIO 3afauy HarpeBa He-
MATHUTHOTO M3JeJNUs IPAMOYTOJLHOTO TOTIEPEUHOTO
CeUeHWS BO BpAIAOIIEMCA MarHUTHOM IIOJe TIO-
CTOSTHHBIX MATHHUTOB.

IlonyuyeHs! 3aBUCHMOCTH pACIpeeIeHNsI TeMIIe-
PaTYpHI 110 CEUEHNIO HArPEBAEMbIX U3Je/IHil TPIMOY-
TOJBHOTO CeUEeHHUS. ¥CTAHOBJIEHO, UTO B AJIOMUHIE-
BBIX MBIEIMAX IPAMOYTOJLHOTO TIOMEPEYHOr0 ceve-
HUS BOBMOKHO 00eclieueHme TeMIepPaTyPHBIX mepera-
JI0OB MeXKIy TOuKaMmu pedpa, 00pa3oBaHHOTO OOKOBHI-
MU IIOBEPXHOCTSIMHU U TOUKAMHU OCH IPSIMOYTOJBLHOTO
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Relevance of the work is caused by the fact that at the present time in the field of new energy-saving electrotechnologies for heating
non-ferrous metals products the focus is on induction heating in a transverse magnetic field. A large range of products with rectanqgu-
lar cross-section made of non-ferrous metals turned out not to be covered by the heating method in a transverse magnetic field. Cur-
rently such products are heated in the induction heating installations in alternating longitudinal magnetic field while electrical efficiency
is not greater than 0,5. The attractiveness of such products heating in the transverse rotating magnetic field of permanent magnets is
its potential to achieve electrical efficiency equal to 0,75—0,85. The paper considers the carried out studies of heating aluminum products
with rectangular cross-section to a temperature of 550 °C.

The main aim of the study is to develop a numerical model on the basis of the program package ANSYS for calculating electromagnet-
ic parameters of system «inductor—product» and the temperature field in the heated product, to calculate distributions of electromag-
netic and temperature fields parameters in the heated product.

The methods used in the study: The main instrument of the studly is the software package ANSYS, which allows modeling different spa-
tial physical systems which behavior can be described by the differential equations. The finite element method was taken as the basic one.
It allows dividing a continuous problem domain having an infinite number of freedom degrees into a finite, but sufficiently large, number
of areas where parameters are constant. Physical properties and external influences are concentrated in the nodes of the system.

The results: The developed model allows calculating the coupled electromagnetic and thermal problems of heating non-magnetic pro-
duct with rectangular cross-section in rotating magnetic field of permanent magnets. The paper introduces the dependencies of the ma-
ximum temperature differences obtained in the cross-sections of rectangular products made of aluminum. The dependencies are given
as functions of rotational speed of permanent magnets, producing a transverse magnetic field, the number of pole pairs of the magnets
and the gap between the heated product and magnets.

Key words:
Induction heating by a permanent magnet, temperature field, temperature difference, magnetic field rotational speed, number of pole
pairs, alternating magnetic field, heat exchange, boundary conditions.
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