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K.B. KeHdeH

PECYPCbI TEJIMOSHEPTETUKU B PECINTYBJIUKE TbIBA

K.V. Kenden

SOLAR ENERGY RESOURCES IN THE TYVA REPUBLIC

OcHoBHasl 1po6JIeMa U30JIMPOBaHHBIX paiioHOB Pecrydiku ThiBa ceroHs — oTcyTcTBUE 3(HEKTUBHOTO
3JIEKTPOCHAOXeHUsT moTpeduTeneil. TpalulilMOHHBIM MYTEM pelIeHUs] JTaHHOMK MPOoOIeMBbl SIBISIETCS
3aMeHa yCTapeBIINX AU3EbHBIX 3JIEKTPOCTAHLIMI C KOPPEKTUPOBKOM NX YCTAHOBJIEHHBIX MOIITHOCTEIA.
[MpuHuMnuansHO OoJiee MPUBJIEKATEIbHbIN BADUAHT COBEPILIEHCTBOBAHUS CUCTEMbI 2JIEKTPOCHAOXKEHUSI
TsIBBI — €€ MOCTpOEHME C OpMEHTAallMeil Ha MeCTHbIe BO30OHOBIIsIeMble dHepropecypcebl. M3 Bcero
MHOIo0o0pa3usi BO300HOBISIEMbIX MICTOUHMKOB 2Hepruu B Pecriybsvike ThiBa MpUOPUTETOM IO 3aracam,
JMIOCTYITHOCTH, 9KOJIOTUYHOCTH U MaciTabaM MCMOJIb30BaHUS B JCLEHTPAIN30BaHHBIX palioHaX
sapasgercd aHeprus ConHua. s ucciaenoBaHus ycaoBuii @yHKIIMOHUPOBAHUS COJIHEUHOW 9HEPTUM B
COCTaBe CUCTEMbI KOMITJIEKCHOTO 3HEPrOCHAOXEHUsI HEOOXOIUMO U3YUUTh PEKMMbI MOCTYTUICHUS
3TOM 5Hepruu. B pabore u3yyeHbl KOCBEHHbIE METO/IbI pacyeTa MJIOTHOCTU COJTHEUHOTO U3JTyUYeHUs Ha
pa3nuuHble ToBepxHOCTU. BriOpan meronm bepnma, marmommuii 3HayeHuWs, HamboJiee OIM3KUE K
HabJogaeMblM aKTMHOMETpUYecKoi ctaHuueit. 1o mpeanokeHHON METOAMKE pacCUMTaHbl
CpellHEMECSIYHbIe 3HAYEeHUSI CYMMapHOTO TpPUXOja COJIHEYHOW 3HEpPruu Ha TOPU3OHTAJIbHYIO
MOBEPXHOCTb B ICLIEHTPAJIM30BaHHBIX pailoHax ThiBbI M pa3paboTaHa KapTa palOHUPOBAHUS TEPPUTOPUM
10 COJIHEUHBIM 30HaM C YU€TOM KJIMMATUYECKUX OCOOEHHOCTE MECTHOCTH.

JAN3EJNbHDBIE SJIEKTPOCTAHUWU; TbIBA; BO3OBHOBJISAEMbBIE UICTOYHUKUW SHEPTMW; COTHEYHAS
OHEPTETUKA; AKTUHOMETPUYECKASA CTAHUUA; METOJ BEPAA; COTHEYHOE U3J1IYYEHUE.

The main problem of isolated areas of Tyva today is the lack of an effective electric power distribution system.
The traditional way of solving theis problem is replacing older diesel power stations with the adjustment of
their installed capacityies. AThe more attractive option serving to improve the electric power supply system
of Tyva is the constructionng it with a focus on the local renewable energy resources. The solar energy, due to
its reserves, availability, environmental safety, and usage scale, is the most important in the variety of renewable
energy in decentralized parts of Tyva. To investigate the functioning conditions of using solar energy as part
of an integrated electric power supply system it is necessary to study the modes of solar energy delivery. The
indirect calculating methods for calculating solar radiation density on various surfaces are investigated in the
article. The Byrd method was selected that gives the closest values to the observed actinometric station values.
The monthly averages of the total amount of solar energy on a horizontal surface in the Tyva’s decentralized
areas were calculated using the proposed method. A map dividing the Republic of Tyva into solar climatic
zones as developed taking into account terrain with particular climates.

DIESEL POWER; TYVA; RENEWABLE ENERGY; SOLAR ENERGY; SOLAR RADIATION STATION; THE
METHOD BYRD; SOLAR RADIATION.

Ha 70 npouenTax tepputopun Poccun numeercst  teneii [1]. K Takum permoHaM OTHOCUTCS M PECITyO-
3HAUYMTEIbHOE KOJTMYECTBO MEJIKMX HAaceJIeHHBIX JMKa ThIBa, B KOTOPO 6 MyHUIIMITATLHBIX ACIICH-
ITYHKTOB, B KOTOPBIX TPOXKWBAET OKOJIO 11 MITH K- TpalM30BaHHBIX palOHOB  IOJy4aloT

7
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3JIEKTPOIHEPTHUIO OT JU3EJIbHBIX DJIEKTPOCTAHLIUI
moirHocThio oT 30 no 2400 kBt [2]. OcHOBHBIMU
npobseMaMy dHEProcHa0XKeHNsT M30JIMPOBAaHHbBIX
noTpeduTeseit peciyoIuKU SIBJISIIOTCS: HEIOMYCTH -
MBI U3HOC 000PYI0BaHNSI; TAJIbHOCTh; OTPaHUYEH-
HOCTb ITpolIecca Ce30HHOTO 3aB03a TOILIMBA B TPY/I-
HOJOCTYITHBIE PAOHBI, YTO MPUBOIUT K BHICOKUM
MOTEPSIM U MHOTOKpaTHOMY €ro yaopoxkaHuto. [1pu-
HSTHE Pa30BbIX Mep IO PEIIEHUIO BOITPOCOB SHEP-
TOCHAOXEHUST Y OTAEJbHBIX U30JMPOBAHHBIX TO-
TpeduTesIeii He CHUMAET CYIECTBYIOIIEH ITPO0JIeMbl
He ToJIbKO B ThiBe, HO U B Ipyrux peruoHax. He-
00XOIMMO 0TKAa3aThCs OT TPATUIIMOHHOTO ITOX0/a,
UCKaTbhb U pa3pabaTbiBaThb HOBbIE IMYTU PELICHUS
MpOOJIEMBIL.

MuUpOoBOIi OMBIT MOKA3bIBAET, YTO OAHUM U3 -
(beKTUBHBIX BApMAHTOB 3JIEKTPOCHAOXKEHUS MOXET
OBITb UCITOIb30BaHUE MPUPOIHBIX BO30OHOB/ISIEMbIX
ucToyHuKkoB aHeprun (BUD). Buenpenune BUD B
39HeprodasiaHC pecyoaMKY MO3BOJIUT YACTUYHO 3a-
MEHUTD CYIIECTBYIOIINE aBTOHOMHBIE TU3ETbHbIE
9HEProCUCTEMBI, TOOUTHCS SKOHOMUU TOPOTOCTO-
SIIIEro JJIsl PecIyOJMKU TOIJIMBA M 00ECIIeUYUTh
YCTOMUMBOE 2JIEKTPOCHAOXKEHUST HACEJICHUSI.

W3 Bcero mHoroo6pasusi BUD B pecnybinke
ThIBa MPUOPUTETOM I10 3aracam, TO0CTYITHOCTH, IKO-
JIOTUMHOCTH M MaciltabaM HCIOJIb30BaHUS B Je-
LIEHTPAJIM30BaHHbBIX pailoHaX SIBJISIETCS SHEPTUS
Connua [3]. g ucciaenoBaHus yCIOBUN (DyHKIIM -
OHUPOBAHMUSI COTHEYHOI S3HEPTUU B COCTABE CHCTE-
MbI KOMILJIEKCHOTO 9HEPTOCHAOXKEH U HEOOXOIUMO
U3YYUTh PEXMMBI MMOCTYIUIEHUS 3TOI sHepruu. Ha
TeppuTOpuM THIBBI eIMHCTBEHHASI aKTUHOMETpUYE-
CKasl CTaHIIMsI HAXOJUTCS B CTOJIULIE PECITyOIUKU —
ropone Koi3bui. ITo Poccuu cpemnHee paccTrosiHue
MEXIy aKTUHOMETPUYECKUMU CTAaHLIMSIMU COCTaB-
ssiet mpumMepHo 500 KM, a B a3uaTckoit yactu Poc-
cun — 1o 1000 km. JIist sKCTparnosiu TaHHbIX C
TIpUEeMJIEMOII TOYHOCTBIO TpeOyeTcsl cpeaHee pac-
crogHue He 0osee 100—130 xm. [Tpu manouncieH-
HOCTHU WJIM OTCYTCTBUM aKTUHOMETPUIECKMX CTaH-
LU TTOCTYIIJICHUE COJTHEYHOI SHEPIUU MOXKET ObITh
MU3y4eHO WM METOIOM, OCHOBAHHBIM Ha JAHHBIX
U3MEPEeHUI, NI KOCBEHHBIM, C MCITOJb30BaHUEM
crneluajbHOM MaTeMaThudeckoi Moaeau. Ilpudop-
Hble aKTUHOMETPUYECKHE U3MEPEHUST MOTYT ObITh
OLIEHOYHBIMU, JIS YETO IMPOBOASIT HEMTOCPEICTBEH-
HbI€ HETTPOIOIKUTEIbHbIC U3MEPEHUsI Ha MECTe.

HawnbGouiee moaHO 1151 UCIIOJb30BaHMS Ha TEP-
putopuu Poccuu siBsieTcst 6aza naHHBIX, CO3aHHast

HaiumoHaibHBIM areHTCTBOM a’3pPOHABTUKU U UC-
clegoBaHus KocmMuueckoro npoctpaHcTBa CIIIA
(NASA). OHa conepXuT MUHTePIIOJIUPOBAHHBII Mac-
CHUB XapaKTePUCTUK COJTHEYHOU paauaiviu, Mmoay-
YEHHBIU B PE3yJIbTaTe CITyTHUKOBBIX U3MEPEHUN U
BepUMULIMPOBAHHBIN C TOMOILIbIO HA3eMHbIX aKTH -
HOMETPUYECKUX NaHHbIX. McTIOIb30BaHUE TaKHUX
YCPEIHEHHBIX TaHHBIX TP OTpeaeIeHUY MOTEHII -
ajla COJTHEYHOM 9HEepruU He MO3BOJISIET YYUTHIBATh
KJIMMAaTOJIOTMYeCK1e OCOOEHHOCTU PeTMoHa U MO-
XKET MPUBOAUTH K CYLIECTBEHHOW MOTPELIHOCTU
pacueToB [4].

Ilemm nannoi padoThl — pacyeT MPUXOAA COM-
HEYHOI 3HEePruHU B IeLICHTPaIM30BaHHbIX pailoHax
ThIBBI 1 pazpaboTKa KapThl paiilOHUPOBAHMS TEPPU-
TOPUU PEeCIYOJUKH IO COJTHEYHBIM 30HAM C y4ETOM
KJIMMaTUYECKUX OCOOEHHOCTEN MECTHOCTH.

Hns ycnoBuii ThiBbl MpoOaHaIM3UPOBAHbI BO3-
MOXHOCTH UCIIOJIb30BaHUSI HECKOJIBKHUX METOIUK
[5—9]. CpaBHUTEIBHBIN aHAJIN3 TTO3BOJIMII BLIOPATh
METOIMKY, MpeMIoXeHHYI0 bepnom [6], ¢ ncmonb-
30BaHUEM TMOMPABOYHBIX KO3GDGDUIIUEHTOB A5
ycJIOBUM ThIBHI.

W cxonHBIMU TaHHBIMU JJ151 pacueTa SIBJISIIOTCSI:

reorpaduyeckas J0Jrota u linpota MECTHOCTU
A, =945 0. u@ =517 car;

arMmocteproe nasienue P, I'Tla [10];

3HaYeHUe ajab0e1o MOoJACTUIA0IIEeH MOBEPXHO-
cru r, [10];

HaOJItoJaeMble CpeHeMeCsTYHbIe THEBHbIE 3HA-

E, 1 maddysHoro Elfg;,q’

cojiHeyHoro u3nydeHus (CH), mocrynamoliiero Ha
TOPU3OHTAIIBHYIO TTOBEPXHOCTh, KBT/M? [10].

YCHUA CyMM IIPpAMOIo

ITocnenoBareabHOCTh pacuera

1. Pacuet cpemHeMeCSIYHOM MIOTHOCTHU ITOTOKA

npsamoro CH nipu urctoM Hebe EF‘L% , Bru/M?%, ¢
]

YY4E€TOM ITOIIPABOYHBIX KOI(P(PUILIMEHTOB IS YCII0-

BUY THIBHI:
E™ =Fcos®, k" k>
1

rop; rop?

rae £ — HopManbHas 10THOCTh moToka CH B Koc-
Moce (coimHeuyHas roctostHHass £ = 1367 Br/m?);
COS@z,. — KOCHMHYC yIJla MaaeHUs Jydel Ha pa3-

JIMYHbBIE TTOBEPXHOCTH; MOMPAaBOYHBIE KOIGDPULI-

np
ropy

€HTbI — kr“o'i) = 1,14 nng 3umsbl, k = 0,91 mnsa
nera; ki =k ko, Kias kppo,k4, — cpenHemecs-

HBI KO3(DPUIIMEHT TIPOIyCKaHUs TPOIECCOB
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ocnabienuss CU B armocdepe 3emnu; kp uk, —
1 1

K03 (PUILIMEHTHI PeIeeBCKOTO U a3P030JbHOTO pac-
CesSTHUS; k03[ , kra3,»’ kﬂzo’_ — K03 UIIMEHTHI T0-
roieHust CU cOOTBETCTBEHHO 030HOM, T'a30BOM
cmechio O, N,, CO, 1 mapamu BOJIbI.

Brruncnenune miaoTHOCTH moToKa Aud@y3HOro
CU E g}‘)‘i" , BT"u/M2, ¢ yaeTOM ITOITpaBOYHBIX KOA(D-

i
GULIMEHTOB 1151 YCIOBUN THIBHI:
En = Ecos®zk" ko

rop °
rae kﬁfgb = 1,05 — 3HaYeHUE MOMPABOYHOTO KOI(P-
¢unmenta npu pacuere aucdpdysHoro CHU, mocry-
Marollero Ha ropU30HTATbHYI0 TTOBEPXHOCTD;

e =ko, . Kias, Kir,0k na, X

x(0,5(1=kp, )+ B, (1=kys, ))/(1_M; +M02)

— cpeaHeMecsUHbI KoadduumeHT ocnadiaenus CU
B aTMocdepe 3emin; k M T K02 DUILIMEHT a3po-
30JIbHOTO paccesHus; k. — KO3 PUIMEHT pacce-
SIHUSI YaCTULAMM CyXOTO BO3/lyXa; B, — OTHOILEHME
paccessTHHOTO TPSIMOTO M3JIydeHUST K 00IIeMy pac-
cestHHOMY usjydeHuto [11].

3. OnpeneneHune MIOTHOCTU MOTOKA IOJHOTO

CHU E"™™ Br/m%

rop;
Erat = (B + E2) [(1=ryr, ),

rop; rop;

[ie 7, — 3HaYEeHUe alb0e10 MOACTUNAIOILEH TTOBEPX-
Hoctu [10]; » — 3HaUYeHME anbOemo aTMOC(EpHL.

IIpuxon conmHeu-

4. ITJIOTHOCTH ITOTOKA MPSIMOTo U A Gy3MOH-
Horo CH, noctynaroniero Ha ropu30HTaIbHYIO O-
BEPXHOCTb C yquOM 3aTaHHOTO MecsIIa To/a:

np” np’ g -up’
E rop, rop; K rop,
md” _ pand’ prand’
Ero ; _Eropi Kropi ’
rioe K:g;) , K Ff;‘? — KO3 GULIMEHTHI MepecyeTa
1

mioTHocTH rmotoka CH 11 peajibHbIX YCJIOBU 00-
JIJAYHOCTH B KaXIIOM i-M Mecsille rofa

5. IlmotHoCTh moToKa mpsimoro CU, nipuxopsi-
LIEro Ha CEeAsiuly0 MOBEPXHOCTh B YCJIOBUSX YH-
Bru/m%:

np
cToro Heba Ecneﬂ ,

E™

caen;

= Ek;"k P

cnen’

rae k;peﬂ — MOIIPAaBOYHBIN KO(MDDUIIMEHT, paBHBII
JIJIs1 yesioBuit ThIBbI kcm1 =0,9.

6. Beruncienue cpegHeMeCSIHBIX 3HAYCHUN
IUIOTHOCTHU TIOTOKA MpsIMOro, aucpQGy3HOTo U OT-
paxeHnHoro CHU, mocTymnaloiiero Ha HaKJIOHHYIO

IMOBEPXHOCTB:

np o _ pmp .
Enam,. = Ecneu,. cos@Hami,
b g [ 1+C0SP Y.
EHaKJI,- - Erop,- ( 2 >
1-cosP
oTp TOJTH”
E HaK; E D; PBOSIL ( 2 )’

rae cos ®  — KOCHHYC YIJla MaJeHus Jydeil Ha
HaAKJIOHHYIO, OpPUEHTUPOBAHHYIO Ha OT MOBEPX-

HOCTb.

HOW SHEPIuu,
B1u/m?
250

200

150

100

50

0
10 11 12

Bpewms
CYTOK, Yac

13 14 15 16

Puc. 1. 3HayeHUs CyMMapHOTO MPUXO0/a CONHEYHOM 3Hepruu, BT-4/M?, Ha TOPU3OHTAIBHYIO TOBEPXHOCTh
15 sauBaps1, (CIUIOILIHASI KpUBasi — pacueTHhIe 3HAUeHMSI; IMyHKTUPHAs KpUBasi — peaJbHble 3HAUSHUSI)
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IIpuxon conHeuHo
sHepruu, Bru/m?

1000
900

800 =

700 N

600 /

500 /

w0 S AN
300 £ AN
200 AN

100
0

6 7 8 9 10 11 12 13 14 15 16 17 18 Bpewst

CYTOK, 4ac

Puc. 2. 3HaueHs CyMMapHOTO TIPUXO0a COJHEYHOM 2Hepruu, BT u/M?, Ha TOPM30HTAIBHYIO TIOBEPXHOCTD
15 wrost, Bt/M? (critonrHasi KpuBasi — pacyeTHbIe 3HAYCHMsI; TTyHKTUPHAsl KpUBasi — pealbHble 3HAUCHUST)

Cymmapnoe CHU,

KBT "u/Mm?
300 4

250 +

200 +

150 +

100 +

II Hh,.

OA. ‘ .- Mecsu
1 2 3 4 5 6 7 8 9 10 11 12

Puc. 3. CpenHeMecsiuHbIe 3HAYEHUSI CYMMAapHOTO MPUX0Aa COJTHEYHO dHEPIUY Ha
TOPU30HTAIbHYIO [IOBEPXHOCTb ISl UCCIIEYEMbIX PAIOHOB PeCIyOINKI
B — Opsunckuii; [l — Tepe-Xonbckuii; ] — MoHryH-TaliruHCKMIA;
B — Tomxunckuii; W — Iuit-Xemckuii; B — Kaa-Xemckuit

o

(=]

7. IlnotHocTu moToKa mosHoro CU, napatouie- JieHbl ¢ peajbHbIMU 3HAYEHUSIMU JIJIsI CTAaHLIMU B
ro Ha HAaKJIOHHYIO TTIOBEPXHOCTh COJIHEUHO! (poTo- I KbI3bul. PacuyeTsl ObuIM mpousBeneHbl st 15-ro

2JIEKTPUYECKOM YCTAHOBKU: yucia sHBaps 1 miojist. Ha puc. 1 u 2 npencraBieHbI
EUom _ pup | paud | pomp rpaduKu U3BMEHEHMsI PAaCYETHON U peaibHOM IIOT-
HaKJ; HAKT, HaK; HAKJ; HOCTU COJTHEYHOTO M3JIYyYeHUsI B TeUCHUE THS JJIsI

PaccunTaHHble YacoBbIe 3HAYEHUs cyMMapHo-  15-T0 4ncia auBaps U nioid. ConocrasieHue pe-
ro MPUXOJa COJHEYHOI dHEPrUK ObUIA COMOCTaB- AJTbHBIX YacoBbIX cyMM CH Ha ropu3oHTabHYIO

10
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Puc. 4. PaitoHupoBaHue TeppuTOpUn peciydoanku ThiBa 1O COJTHEYHBIM 30HaM C y4eTOM (hU3UKO-
reorpacduryeckux ocobeHHOCTel pebeda MECTHOCTH

(mm — I 30Ha 1300—1400 kBtuy/KB.M™;

MOBEPXHOCTD C paCUETHBIMU 3HAYCHUSIMU ITOKA3aJI0
HETUTOXYIO CXOIUMOCTb aHATM3UPYeMbIX 3HAUCHMIA:
pacxoxXaeHKs He mpeBbian 15 %.

CyMMapHBIi IPUXOM COTHEYHOM 9HepTUY Ha TO-
PU30HTAJIbHYIO TOBEPXHOCTD IS I. KbI3bLIJIETOM CO-
craBui 8,184 xkBru/M?, a sumoit — 1,174 kBru/ m2.

C OMOIIIBIO OITMCAHHOM BBIIIE METOIUKY ObLIN
paccuuTaHBl CpeTHeMeCTIHbIe 3HAaUeHUST CyMMap-
HOTO IPUXO/a COJIHEUHOM dHEPruy Ha rOpU30H-
TaJbHYIO TIOBEPXHOCTD JIJIS UCCIIEAYeMBIX PailoHOB
pecnyonuku (puc. 3).

CpemHeMeCsTIHBIN TTPUXO0J COTHETHOM SHEPTUT
Ha TOPU30HTAIBHYIO TIOBEPXHOCTB [UISI UCCIISYEMbIX
palioHOB PeCIyOJUKA BapbupyeTcs B Mpeaesax OT
119 no 137 xBru/m2.

[lo momydyeHHBIM pe3yiabTaTaM IIPOU3BEACHO
pailoHMpOBaHKE TEPPUTOPUM peciyd 1Ky ThiBa o
COJIHEUHBIM 30HaM. Ha ocHOBaHMM TaHHBIX, TIPEI-
CTaBJICHHBIX Ha puC. 4, B pacCMaTpHUBaeMbIX paiio-
HaxX MOXHO BBIIEJIUTD IBE XapaKTEPHBIX COTHEUHBIX
30HBL.

I comHeyHast 30Ha — ¢ BEICOKMMU CPETHETOI0-
BBIMU 3HaYE€HMSIMU IJIOTHOCTU TToTtoka CH Ha ro-

— II 3ona 1200—1300 kBT u/KB.M)

PU30OHTAIBHYIO T0BepXHOCTH (1300—1400 KBt u/M?
3aT0[I) — pacIiojioKeHa B OCHOBHOM B I0XKHOI1 YacTu
pecryonukn. OHa XapaKTepu3yeTcss OTCYTCTBUEM
Jieca, coueTaHueM TyH/p, JYTOB.

II comHeynast 30Ha, JOCTATOYHO OJIATOIIPUSATHAS
JUTSI ICTIOJTb30BAHUSI COTHEYHOM SHEPreTUKH (CO Cpe-
HETOIOBLIMU 3HAUYCHUSAMU ITIOTHOCTH ToToka CU Ha
TOPU3OHTAIBHYIO TToBepxXHOCTh 1200—1300 kBT1u/M?
3a rojl), pacrojioXeHa B LIEHTPaJbHON U CeBEPHOI
YaCTU PECITyOJINKMU.

BriBoabl

ITo moyrydeHHBIM 3HAaYSHUSIM ITPUXO0Ia COTHEU~
HO#l BHEPIUY Ha TOPU3OHTANIBHYIO TTOBEPXHOCTD U
Ha OCHOBE TpadKa Harpy3Ku SHEProIroTpeonuTesein
MOKHO OIPEAEIUTb COCTaB U MOIIIHOCTb U30JIUPO-
BaHHOM YHEPTrOCUCTEMBI, B KOTOPYIO BXOIAT (POTO-
BJIEKTPUUYCCKUE MOIYIIN.

Kapra paitonupoBaHust TeppuTopuu ThIBBI 110
COJTHEUHBIM 30HAM JAeT BO3MOKHOCTh ONIPEICIUTh
MepBOOYEPEIHBIC IJIST MCIIOIb30BAHUS COTHEUYHOM
SHEPTUM JIeLIEHTPAIM30BaHHbIE PAlOHBI PECITyOI1 -
Kku ThIBa.

11
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NMPODPUITUPOBAHUE BITYCKHbIX KAHAJIOB B NrOJIOBKE LWMJTUHAPA

ABUTATEJ1A BHYTPEHHEIO CrOPAHUA

P.S. Patsey, Yu.V. Galyshev

SHAPING THE INLET CHANNELS
OF THE HEAD OF AN INTERNAL COMBUSTION ENGINE

B cratbe mpezacTaBieHbl pe3yabTaThl MPOMUINPOBAHUS TEOMETPUN BIYCKHBIX KAHAJIOB TOJIOBKM
OHOLIMJIMHIPOBOI YCTAHOBKM Ha 6a3e popcrupoBanHoro ausesns psiga YH 15/17,5. [podunupoBaHue
MPOBOJIMIUCH C TIOMOIIIbIO YMUCAEHHOTO dKCIIepUMeHTa. BbLI IMoTydeH UCXOAHBINM BapUaHT BITyCKHOTO
KaHaJla; Ha €ro OCHOBE CTPOWIMCH pa3IMuHble BapUaHThl TEOMETPUHU BITYCKHBIX KAHAJIOB U B HUX C
nomoibio mporpamMmMbl ANSYS FLUENT monenupoBaiochk TypOy/ieHTHOe TedeHue. Mcroab3oBaiach
k-o SST monenb TypOyneHTHOCTH. Ha OCHOBE MOIy4eHHBIX YMCICHHBIX PEIICHUI BEICYUTHIBAIIOCH
TUAPABINYECKOE COMPOTHBIEHWE. B craThe MpencTaBieHbl MapaMeTphl, MO KOTOPbIM M3MEHSIach
reoMEeTpHsi KaHAJIOB, Pe3YJIbTaThl YNCJICHHBIX PACUETOB 1 BHIBOIbI ITO TUIPABIMYECKOMY COTIPOTUBIICHUIO
MOJyYeHHBIX BapMaHTOB KaHayoB. [TojyueH BapMaHT BIYCKHOTO KaHajla cO 3HAUUTEIbHO MEHBIIIMM
TUIPaBINYECKUM COTIPOTUBIEHUEM, YeM B UCXOJTHOM BapHaHTe.

YVCJIEHHOE MOAEJTMPOBAHUE TYPBYJIEHTHBIX TEUEHUI; OITUMM3ALIMSA BITYCKHbBIX KAHAJIOB;

JABUTATEJIb BHYTPEHHEI'O CTOPAHUS; k- SST MOAEJIb TYPBYJIEHTHOCTU; BIYNCIUTE/IbHAS
'MAPOJANHAMMUKA.

The paper presents the results of shaping the geometry of the inlet channels of the internal- combustion engine
head based ona CHN 15/17,5 turbo diesel. The shaping was performed using a numerical experiment. Various
versions of the inlet channel geometry were designed based on the original one. Turbulent flow was then
modelled for these versions by the Ansys Fluent software. A k-w SST turbulent model was used. Aerodynamic
resistance was subsequently calculated using the obtained numerical solution. The paper presents information
on the configuration and aerodynamic resistance of the designed inlet channels. An inlet channel with much
less aerodynamic resistance than the original one was obtained as a result of the research.

COMPUTIONAL FLUID DYNAMICS; TURBULET FLOW; OPIMIZATION OF THE INLET CHANNELS;
INTERNAL-COMBUSTION ENGINE; k-0 SST TURBULENT MODEL; ANSYS FLUENT.

Beenenue

[1pu mpou3BoaCTBE COBPEMEHHBIX AU3EIbHBIX
JBUTaTeIell K HUM TPEABSIBISIIOT KOMILIEKC pa3-
HOOOpPa3HbIX XKECTKUX TPeOOBAHUIA, TAKMX, KaK HA3-
Kasi CTOMMOCTb ITPOU3BO/ICTBA M 9KCILTyaTalllu TPy
00ecreYeHNHY IJINTEILHOTO MOTOpeCypca M HaieXK -
HocTu. Hanboapimmit akLeHT aeraeTcsl Ha CHIKe -
HUM pacxojia TOIUIMBA W BHIOPOCOB BPEIHBIX BE-
mecTB. TpaHCIOPTHBINM ABUTAaTENb paboOTaeT B
IIMPOKOM AMana3oHe Harpy30K 1 YaCTOT BpaIlleHUS
KOJICHYATOr o BaJjia, IIpYU 3TOM OOJIBIIIYIO YaCTh Bpe-
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MEHM ero paboTa IMPONCXOIUT Ha HEYCTaHOBUBIIIX-
Csl M IepexoIHbIX pexkumax. Heobxonnumo ontumu-
3UpPOBaTh KOHCTPYKIIMIO TTOPIIHEBbIX JBUTATEIEi
BHYTPEHHEIo CropaHusl W yJydlllaTh MpOTeKaHue
pabouero mpoliecca B LIMJIMHIpaX IU3els.
BDdheKTUBHOCTL PaOOTHI AU3EJILHOTO ABUTATE-
JIs BO MHOTOM OMpeesieTCsl COBEPILIEHCTBOM ITPO-
lecca BITyCKa, TO €CTh KOHCTPYKIUMENH BITYCKHBIX
KaHaJIoB, KJIalaHOB 1 KJIanaHHO¥ 111eau. CTpyKTy-
pa IBUXKYILETOCs CBEXKEro 3apsijia, Moraaaloiero B
LWJIWHAPBI TIPU BITycKe, (hopMUpYeTCs TPU Mpo-
XOXJEHWU ra3a yepe3 KJanaHHyIo 1IeJib Helnocpe/l-



DHepreTuKa

CTBEHHO Ha TaKTe BITYCKa M YCJIOXKHSIETCS Ha TaKTe
CKaTusl B pe3yJibTaTe BHITECHEHUS 3apsiia B KaMepy
CrOpaHusl.

B cBs13M ¢ 3TUM NpU KOHCTPYUPOBAHUM TOJIOB-
K{ IUJIMHIPA HEOOXOIUMO YICIUTh TTOBBIIIEHHOE
BHMMaHUe MpoUIMPOBAHNIO BITYCKHBIX KaHAJIOB,
4yTOOBI MX (popMa CIIOCOOCTBOBAJIA ITOJYYEHUIO MaK-
CUMaJIbHOTO HAIOJHEeHUS LUJIUHApPA U obecrieve-
HUIO BUXPEBOTO ABVKEHMS 3apsina TpeOyeMoil MH-
TEHCUBHOCTH, a TaKXe HauIydllledl OYMCTKU
LUJIMHIpPa OT OTpabOoTaBIIMX Ira30B. YeM BhIIIIe yac-
TOTa BpallleH!sI KOJEHYATOTO Bajia, TeM MEHbIIIe
BPEMEHU OTBOAMTCS Ha IPOIIECC BITycKa ¥ TeM O00JIb-
111ee BJAMSIHUE OKa3biBaeT (hopMa KaHaljla Ha BeJu-
YUHY TUAPABINYECKOTO COIMPOTUBJICHUS. A 3TO
MOXET CYIIECTBEHHO CHU3UTDh BEJIMYMHY HATIOTHE-
HUS U, CIeAoBaTe/IbHO, 3((HEKTUBHYIO MOIIHOCTh
nsuratens [1].

B kayecTBe 00beKTa ONTUMU3ALIMUA ObUIU BbI-
OpaHbI BITYCKHbIE KAHAJIBI TOJIOBKU LIJIMHAPA OMHO-
HuIMHapoBoit yctanoBku YH 15/17,5, mpoekTtupo-
BaHue KoTopoil mpoBoaunro OAO «3Besga»
coBmectHo ¢ CIToITY.

ITocTanoBKa e u 3a1a4

OueHUTh TUAPABINYECKOE COIMPOTUBIICHUE
MOXKHO KaK 3KCIepUMEHTAIbHO — Ha CielaIbHBIX
MPOIYBOYHBIX CTEHAAX, TaK U YUCJICHHO C IPUME-
HEHMEM COBPEMEHHBIX TPOrpaMM MOAEIUPOBAHUS
MPOCTPAHCTBEHHBIX TeUeHM. Tak Kak Ipu OITU-
MU3alUKu TpedyeTcsl pacCMOTpeHre OOIbIIOT0 KO-
JInyecTBa KOHMUTIypaluii KaHaJloB, IPOBEAECHUE
HaTypHOTIO 3KCMepUMeHTa OTpeOyeT OOIbIINX Ma-
TepuaJbHbIX M BpeMEeHHBIX 3aTpart. [loaToMy B co-
BPEMEHHOM MHKEHEPHOM aHaJIM3€e B CBSI3U C POCTOM
MIPOU3BOIUTEILHOCTHU 3JIEKTPOHHO-BbIUUCIUTEIb-
HOU TEeXHUKHU U €€ NOCTYMHOCTbIO IIIMPOKOE MpPU-
MEHEHME HaXOAUT YMCIEHHOE MOICIMPOBAHUE.

Lenb paboThl — BBIMOJHEHUE TPOGMUITUPOBAHUS
BITYCKHBIX KaHaJI0B [2, 3] ronoBku muauHapa JBC
C TIOMOILIbIO BEIYMCIUTETbHON THAPOIUHAMUKY.

CdopMynupoBaHbl CAeAYIOIe OCHOBHBIE 3a-
Jlau, KOTOpble HEOOXOIMMO PEIIUTD 1JIsI TOCTHXKe-
HUS JAaHHOM LIEJIN:

BbIOpaTh MaTEMaTUUECKYIO MOJIe/b, OMMUChIBa-
IOLIYIO0 TPEXMEPHOE TEYEHUE HEeCXKMMAEMOTO BSI3-
KOTo rasa;

MOCTPOUTH FTEOMETPUYECKUE MOJICIN U pacyeT-
HbI€ CETKU /Il pa3IMUHbIX BApMAaHTOB BIYCKHbBIX
KaHaJIoB;

IMOCTaBUTh TPAaHWYHBIC YCJIIOBUS TSI PEIICHUS
TUAPOJMHAMMYECKON 3a1a4u;

BBIOpATh ONTUMAJIbHYIO KOH(UTYPALIAIO BITYCK-
HOTO KaHajla Ha OCHOBE ITPOBEJIEHHBIX TUAPOINHA-
MMYECKHX PacyeToB.

MaremaTuyeckasi MoOJieJb

MopenupoBaHue TypOYJIEHTHOTO TE€YEHHUS BO
BIIYCKHOM KaHaJle TIPOBOAMJIOCH B Tiporpamme AN-
SYS FLUENT. B ocHoBe pealuM30BaHHBIX B
MporpaMme MaTeMaTUYeCK1X MOJIeJIei JiexKaT 3aKOHbI
COXpaHEeHHUs MacChl 1 UMITyJibca. Hike mpencTapieHbl
pelaemMbie B TporpaMMe YpaBHEHUSI HEpa3pbIBHOCTU
(1) u mepeHoca ummnyJbca (2) [9]. I1pu moaeapoBa-
HUU TYpOYJEHTHbBIX TEUeHUI BasKeH BbIOOP MOJEIN
TypOyJeHTHOCTHU [4—7]. B BBIUMCIUTEILHOM TUAPO-
JMHAMUKe CYLIECTBYET OOJIbIIOe KOJIMYECTBO TO/I-
XOJO0B K MOJCIMPOBAHUIO TYPOYJCHTHBIX TEUCHUIA.
Haubonee noaxonsiimmMu [Uisl pellieHUs ToCTaBIeH-
HOI 3a/1a4¥ SIBJISTFOTCSI MOJIEIN TypOYJIECHTHOCTH Ce-
meiictBa RANS (Reynolds-averaged Navier—Stokes).
RANS Moznenu ocHOBaHBI Ha ocpelHeHUU o Peii-
HoJbacy ypaBHeHus1 HaBbe—Crokca [8]. [ToaTomy
ypaBHEHUSI HEPA3PBIBHOCTU U MEpEeHOCa UMITYJIbCa
3alucaHbl OTHOCUTEJbHO OCPEIHEHHON IO
PeiiHonbaCy CKOPOCTH LTJ

VpaBHeHME HEPa3pPbIBHOCTHU:

% + M =0
ot ox;
J
YpaBHeHUsI TTIepeHoca UMITYJIbCa:

(1)

d, _ 0 [ _ _
g(P”i)"'gj(P”j”i):

J (- 2 ouy,
=——|p+=|pk+(u+p, )=~ ||+ (2
ox; P3P g Mt)axk @
J ou;  ou;
+—| (n+u, )| =—+—
ox; (tu,) ox; dx;

VpaBHeHUs epeHoca uMIyJbcea (2) npeacraB-
JISTIOT cO0O# TpU YpaBHEHUs MepeHoca Wi MPOoeK-
Il CKOpPOCTH. 3mech P — cpeldHee IaBIeHHUE;
k — KUHETHYEeCKas SHEPrus; | — TypOyJIeHTHas
BSI3KOCTb, OTIpeiesisieMast B COOTBETCTBUY C BRIOpaH-
HOI MOZIeIbIO TYPOYJIEHTHOCTH.

B pabote B KauecTBe Mojaeu TypOyJIeHTHOCTU
ucrojb3oBajack Monesb Mentepa (k-w SST mo-
IIeJib). DTa MOJeb IpemioxkeHa B 1993 roay; Takum
00pa3oM, OITBIT €€ DKCILTyaTallu HACUMTHIBACT y3Ke
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noutu 20 1eT. DTOT ONBIT CBUIAETEIBCTBYET O TOM,
YTO JaHHAas MOJIEeJIb, IOJIYYMBIIAas Ha3BaHUE MOJE-
1 Shear Stress Transport (SST), 110 cOBOKyITHOCTH
CBOMX KauyeCTB SIBJIIETCS OJHOM M3 JIYUIIUX, €CIU
He nydieid, cpeau cymectByommux RANS monenei
TypOyJIEHTHOCTH [5].

Monens SST npencrapisieT co00ii KOMOMHAIIMIO
k-& 1 k- Moaeneii, obecrneyrBalonIyo coyeTaHe
JIYYIIMX KAYeCTBA STUX TaBHO U3BECTHBIX MOJICIIEHA.
Tak, k-&¢ MoJeab XOpOIIO 3apeKOMEHI0BajIa ce0sI
MpU pacyeTe CBOOOIHBIX M CTPYMHBIX CABUTOBBIX
TeYeHUH, IJIs1 aHaju3a KOTOPhIX, COOCTBEHHO, U
ObLTIa TIpeAHa3HAUYeHA ee IepBast Bepcusl, MpeIjio-
JKeHHas Xapioy, a k- Mozelb 00ecIieunBaeT Cy-
LLIECTBEHHO 00JIee TOYHOE OMKUCAHUE TTPUCTEHOYHBIX
NorpaHMYHbIX cJoeB. C yueToM 3TUX 00CTOSITEILCTB
MeHTepoM OBUIO MPEAIOKEHO OO AUHUTH 3TU MO-
JIeJIV C VICTIOJIb30BaHUEM CITeIIMAIbHBIX (DYHKIIMIA-
MepeKIIIoYaTeieil, KOTopble 00ecreurnBaeT OJIM30CTh
KOMOMHMPOBAaHHOM MOIEIN K MOJIEJIN k-€ BIAJIA OT
TBEPIBIX CTEHOK U K MOJAENN k- B IPUCTEHOYHOMI
YacTH ITOTOKA.

JpyrumMu ciioBamMu, JaHHAS MOJEIb UCITOb3YeT
CWJIbHBIE CTOPOHBI IBYX Pa3IMYHBIX MOJEIIEH Typ-
OyneHTHOCTH. [T0CKOJIBKY B ITOCTABIIEHHOM 3a7a4e
HE0OXOAVMO BBIYUCIUTD TMAPaBIMYECKOE COIpPO-
TUBJIEHUE KaHaJIa, BaXKHO KaK MOXHO TOYHEE CMO-
NIeJIMPOBaTh IPUCTEHOYHOE TeYEHME M CPBIB ITOTOKA.
C 3T0i1 LIeJIbIO B ITpeaesiaxX ITOrpaHUIHOTO CIIOST JTyd-
111 cripaBJisieTcs: k-w Mozelb. [1pu MoaenpoBaHuu
TEUEHUSI BOAJM OT CTEHKU, T.€. 3a IpeaesiaMu I10-
TPaAaHUYHOTO CJI0s1, k- MOJIEJIb ITIOKA3bIBAET JIydllIe
pe3y/bTaTHI.

PaccmoTrpuM ypaBHeHUsT nepeHoca k-w SST
monenu [4]:

ap_k_'_apkuj_
o ox;
% 3)
d u, | ok
=— || u+— |— [+pP, —pC, kw;
ox; " Gy3 ) 0X; PR ~PRuRE

dpo dpou; 9 | W |ow

u — |+
ot dx;  Ox; Gy ) OX; @
1 0k Jw (0] 2
+(1-F)2 L e, —pP, - ,
( 1) mezw ax, axj 2%} X PP —pB;0

rne k — KuHeTu4eckasi DHEPruu TypOyJeHTHOCTH;
€ — CKOPOCTH IUCCUTTIALIMY KUHETUYECKOI SHEPTUH;
o = ¢/k — BenuumHa, oOpaTHasl BpeMEHM XKU3HU
KpYMHBIX BUXpel. [TOCKOJbKY KMHETUUYECKYIO
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SHEPTUIO TYPOYIEHTHOCTH MOKHO BBIPA3UTh Yepe3
BEJMYUHY 0, TO B KOMOMHUPOBAHHOM YpaBHEHUU
(4) oHA IPUCYTCTBYET B 3aBYyaJIMPOBAHHOM BHIE.
TypOysieHTHas BI3KOCTh B SST Mozien BeIYMc-
JIIETCS C YYETOM JIOKATBHOTO 3HAYCHUSI CKOPOCTH
nedopMaliuy mosisi CKOpoCTH:
ok

U, =p )

max(oclm, E‘F2 )’

rae |S | — MOJIYJTb TEH30pa CKOPOCTeit fehopMaIInm.

B BoipaxkeHusix (4) u (5) ucnonb3yrorces yHK-
uuu-repexmoyaren F, u F,, Kotopble IPUHUMAIOT
cliefylolue npeaeabHble 3HaUeHUSI:

F:

1
0 Bnasin oT moBepxHocTet (k-€ MOJEIb);
=11 BHYTpH MOIPAHUYHOTO CJIOSI Y IIOBEPXHOCTEM
(k-e Mmogmenn);

F:

2

0 komMOUHaLMA k-€ 1 k- MOJIEITb;

1 na SST monenu.

30Ha pe3Koro u3MeHeHust pyHKuuu F, pacro-
JlaraeTcs Ha BHEIIIHe | rpaHu1Ie TTOrpaHUYHOTO CJIOS,
T.€. IaJIbllie OT TBEPAOU CTEHKHU, UEM 30Ha PE3KOTO
usMeHeHus F.

MogeaupoBanue TYpOYJIEHTHOTO TeYeHUst
BO BIIycKHOM KanaJe JIBC

Pacuernas o6aactb. PacueTHast o61acTh npen-
CTaBJIsIeT cOO0I BHYTPEHHEE MPOCTPAHCTBO BITYCK-
HOTO KaHaJjla BMECTe ¢ KJIallaHOM, B KOTOPOM TIPO-
HUCXOAUT ABMXKEHME razoBoii cpeabl. Ha puc. 1
n300paxkeHa NCXOMHAs TeOMETPHS KaHaa.

[Ipu onTUMU3aLMKU TeOMETPUM KaHajla ObLIO
TIPUHSITO pEIIeHNE OCTaBUTh HEM3MEHHBIMU BXO/I -
HYIO U BIXOJHbIE YACTHU KaHaja 1 opMy KiiaraHa.
OnruMmr3anus KaHaja IIpOMCXOIrIa TTo ABYM Tia-
pameTpaM: BapbUPOBAJICS IUAMETP TOPJIOBUHBI D
M YTOJI 0L HAKJIOHA OOOBIIIKHY (puc. 2).

Pacuernas cerka. PacueTHas ceTka cTpousiach
B rmporpamme ANSYS ICEM CFD [10]. Meton no-
CTpPOEHUST — TeTpadApaibHas ceTKa ¢ mpu3MaTuye-
CKUM ci1oeM. Kax yrroMrHanoch BHITIE, MOIETb k-1
SST TpebyeT OT pacueTHOI CETKU aKKypaTHOT'O pa3-
pelIeHus TTOTPAaHUIHOTO CIIOSI, TIO3TOMY pa3Mep
MepBOii STYEKU B MPU3MATUYECKOM CJIOE MOI0M-
pajIcs TaKMM 00pa3oM, YTOOBI BBITTOTHSIIOCH YCII0-
Bue y,~l.
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ANSYS

R160

ANSYS

Ri60

(m)

6)

0 0.060 (m) )\
TR

0.03

Puc. 1. BHemrHuit BuI MCXOIHOI T€OMETPUH BITyCKHOTO KaHaJja:
a — U30MeTpuYecKasl pOoeKIs; 6 — BUI CBEPXY; 8 — BUI COOKY

Ipanuunbie ycaoBusa. Ha ocHoBaHMM paccuuTaH-
HBIX TEPMOAMHAMUYECKUX TTapaMeTpoB paboyero
Teja B 00beMax CUCTEMBI BITycKa JBUTaTessl Oblia
orpezesieHa CKOPOCTb CBEXKETo 3apsiia Ha rpaHuLIax
BITYCKHOT'O KaHaja, Heooxonaumas a1 2(pOeKTuB-
HOTO MoJbeMa KjaraHa. [paHuyHbIe yCJI0BUS ycTa-
HaBJIMBAJIUCh TaKUE:

Ipanuya Ipanuunoe yciosue

BxonHoe ceuenne  Ckopocthb V=48 Mm/c
Tunpasmaeckuii mamerpd = 0,039 M
TypOyneHTHasT UHTEHCUBHOCTD
noroka =5 %

CreHKHM KaHasia YcinoBue Npuannanus

Brixoanoe ceuenue  M3obrrounoe nasnenue P =450kl la
T'uapaBauyecKuit auamMeTp
d=0,00577 m
TypOysieHTHasE MHTEHCUBHOCTH
noroka =1 %

CaoiicTBa cpeapl. B xauecTBe paboueil cpembl
HMCIIOJIb30BajIcs BO3ayX mpu TemmepaTtype 70°C,
CBoiicTBa cpeabl MPUHSTHI CIeaYIOIINe:

Dr BelecTBo — BO3myX
[MnotHocth — 1,029 Kr/M3
Kunemaruueckas Bs3koctb — 1,97-107° m2/c

Puc. 2. TeomeTpust Ki1anaHa B CEUCHUU
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Pe3yasTarnl pacyeroB. CHavana ObLI MpoOBeIeH
a’pOoJIMHAMUYECKUIA pacyeT AjIsd UCXOJHOM reoMe-
TpUU KaHaJja 1 TIOJydeHbl 3HAY€HUSI CTATUIECKOTO
JABJICHUS] HA BXOAHOM U BBIXOJHOM CEUEHUSIX:

BO BXomHOM ceueHun — 458018 Ila;

B BeIxogHOM cedeHuu — 450000 ITa;

pa3HocTh gaBieHuit AP — 8018 ITa.

3areM ObLIa TIPOBEACHA CepUsT PACUCTOB, B KO-
TOPBIX CTPOMJIACH T€OMETPHUSI KaHajla ¢ pa3HbIMU
3HAYCHUSIMM JUaMeTpa FOPJIOBUHEI, IIPY 3TOM yTOJI
HaKJI0Ha OOOBIIIKY OCTaBaJICSI HEM3MEHHBIM U ObLI
paBeH Hya1o0. PesynbraThl pacueToB CTaTUUECKOTO
JaBJIeHUs TpUBeAeHbI B Ta0I. 1. [paduk 3aBucumo-
CTU PA3HOCTU CTATUYECKOTO AABJICHUS MEXKTY BXOI -
HBIMU U BBIXOJHBIM CEYEHUSIMU OT 3HAUCHUS IUa-
MeTpa rOpJIOBUHBI MIPUBEIEH Ha puC. 3.

Kaxk BugHO 13 OTy4eHHBIX pe3yJIbTaToOB, Hal-
MEHBIINM 3HAaYeHUEM Pa3HOCTU JABJICHUN MEXIY

BXOIHBIMU M BBIXOZHBIM CEUEHUSIMU 00J1amaeT Ba-
PMaHT BITyCKHOTO KaHaja, COOTBETCTBYIOIIUIA 3HA-
YEHUIO TaMeTpa ropioBrHbI 36 MM. COOTBETCTBEH-
HO, IaHHBI BApMaHT KaHaJla 00J1agaeT HAMMEHbIIUM
TUAPABIMYECKUM CONpoTHBIcHUeM. Clenyommm
111aroM ObLTO TOCTPOEHME FeOMETPUHN KaHala ¢ 3TUM
3HaYE€HUEM JraMeTpa rOpJOBUHBI, HO C Pa3HBIMU
yrjlamy HakJIOHA OOOBIIIKU. Pe3ybTaThl pacueToB
CTaTUUYECKOTO JaBJIeHUs TpuBeAcHbI B Ta01. 2. [pa-
(UK 3aBUCMMOCTH Pa3HOCTH CTATUIECKOTO JTaBJIe-
HUsI, MEXITy BXOAHBIMU U BBIXOAHBIM CEYCHUSIMU,
OT 3HAUCHMS yTJIa HAaKJIOHA OOOBIIITKY ITPUBEIEH Ha
puc. 4.

Kak BUnHO U3 MojiydeHHbIX Pe3yJIbTaTOB, Hau -
MEHBIITUM TMIPaBINYECKUM COMTPOTHUBIEHUEM 00-
JlaJlaeéT BapyMaHT BITYCKHOTO KaHaja, COOTBETCTBY-
IOLIMI 3HAUYEHUIO yrja HakJoHa OOObIIIKHU 25
rpaaycoB.

Taonuuma 1

PeSyJ]bTaTbl pacuyeToB BIIYCKHBIX KAHAJIOB C PAa3HBIMHM 3HAYCHUAMHN JUaAMETPa ropJJOBUHbI

Crarunyeckoe aasieHue, [1a
JluaMetp oproBHHLL D, MM BO BXOIHOM CEUCHUU B BBIXOHOM CEUEHUU | Pa3HOCTbH IaBjieHuii AP
32 458075 450000 8075
35 456665 450000 6665
36 456460 450000 6460
37 456480 450000 6480
38 456485 450000 6485
39,256 456530 450000 6530
40,8 456990 450000 6990
Pa3zHocTb naBneHuit
AP, Ta *
8000
7800 \
7600 \
7400 \
7200 \\

7000 \\
6800

/

6600

X

//

w

6400
30 32 34

36 38 40 /MameTp ropnoBMHEI

D, mm
T

Puc. 3. 'padrk 3aBUCUMOCTY pa3HOCTU CTATUYECKOTO JaBICHUST MEXIY BXOAHBIMU U BHIXOTHBIM
CEYCHUSIMU OT 3HAYEHUSI TUaMETPa TOPJIOBUHBI
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Ta6auuma 2

PeSyJIbTaTbl PacyeToB BIIYCKHBIX KAHAJOB C PAa3HBIMHA 3HAYCHUSAMH YITIA HAKJIOHA 00OBIIKH

Cratuueckoe gaBieHue, [1a

Vroj HakJIoHa OOOBIIIKHY O, TPaj
BO BXOOHOM CEYEHUU B BBIXOIHOM CE€YECHUU Pa3sHOCTH I[aBJ'ICHI/Iﬁ AP
0 456460 450000 6460
10 456415 450000 6415
20 456295 450000 6295
25 456274 450000 6274
30 456370 450000 6370
Pasnocth I[aBJ'IeHI/Iﬁ
AP, Tla

6450 T~

6400 \\\

6350 N\ //

6300

6250 |

0 5 10 15 20 25 30 Q, rpaf

Puc.4.T pa(bI/IK 3aBUCUMOCTHU PA3HOCTU CTATUYCCKOI'O JaBJIC€HUA, MEXAY BXOAHbIMU U
BBIXOAHBIM CEYCHUSIMMU, OT 3HAYCHUM A yIjia HaKJIOHa OOOBIIIKI

a)

e 4

6)

0)

-

Puc. 5. BHemHuii BU1 reoMeTpuu ONTUMU3UPOBAHHOTO BIYCKHOTO KaHala:
a — “3oMeTpuIecKast TPOeKIIrsl; 6 — BUI CBEPXY; 6 — BU COOKY
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3aKimodyenne

[TpoBeneHo rpoduipoBaHye BITyCKHBIX KAHATIOB
rosioBky LimmnHApa JIBC. ITpu pa3padboTke BapraHTOB
TeOMEeTPUM KaHAJIOB U3MEHSUTUCH MapaMeTpbl — T1a-
METP TOPJOBUHBI M YTOJI HAKJIOHA OOOBIIKH.

B pesysbrare ObL1 ornpeaenieH BapuaHT BITYCK-
HOTro KaHajla ¢ IUaMeTPOM TOpJIOBUMHBI 36 MM U
YIJIOM HakJIoHa 600bIky 20 rpaaycoB, KOTOPBIA
00J1aJaeT HAMMEHBILIUM TUAPABINYECKHUM COIPO-
TUBJeHUEM. Pa3HOCTh 1aBiaeHUIT MeXIY BXOJHBIM
U BBIXOTHBIM CEYEHUSIMU UCXOIHOTO KaHaja COOT-
BeTcTBYeT 8075 I1a, a y onTMUMU3UPOBAHHOIO KaHa-
Ja — 6274 I1a. D10 03HavaerT, 4yTo Garomapsi mpo-

BEICHHOMY TIpOLECCY ONTUMMU3ALUU,
TUIPABIUYECKOE COIMTPOTUBIIEHUE BITYyCKHOTO KaHa-
J1a 6bUTO CHIDKeHO Ha 22 %. Ha puc. 5 n3o0paxkeHa
reoMeTpHYs ONITUMU3UPOBAHHOIO BITYCKHOI'O KaHaJIa.

HccrenoBaHye BBIIIOJIHEHO B COOTBETCTBUM C TOCY-
napcTBeHHbIM KOHTpakToM 02.G25.31.0094 Ha BbinosiHe-
Hue paboT 110 TeMe «Pa3paboTKa TeXHOIOTMH ITPOSKTUPO-
BaHUS ¥ OpraHU3aLysl MPOU3BOICTBA FOJIOBOK LIMJIMHIPOB
JIU3eIbHBIX M Ta30IOPIIHEBRIX IBUTaTeIeii HOBOIO I10-
KOJICHUST» B paMKaX peai3aliiy ocTaHoBieHust [1paBu-
tenbeTBa Poccuiickoit @eneparvu Ne 218 o1 9.04.2010 T
«O Mepax rocyIapcTBeHHOM IMOIIEPXKKY Pa3BUTHSI KOOTIe-
paLyy pOCCUIICKUX BBICIINX YIeOHBIX 3aBEICHUI 1 Opra-
HM3ALWIA, PeTA3YIOIIINX KOMIUIEKCHBIE ITPOSKTHI 10 CO3-
JAHWIO BBICOKOTEXHOJOITMYHOIO ITPOM3BOICTBAY.
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MPOBJIEMbI TEM/TOPUINYECKOIO COBEPLUEHCTBOBAHUA
nMPOU3BOACTBA BUOITAHOJIA

L.V. Zyssin, L.P. Steshenkov

THE PROBLEMS OF THERMOPHYSICALLY IMPROVING
BIOETHANOL PRODUCTION

PaccmaTtpuBalorcsl crnenugpuyeckue oCOOeHHOCTUM HEKOTOPBIX pabdo4uX cpel IPOMBILILICHHON
OMOTEXHOJIOTMM KaK 00BEKTOB Ter1ohrU3MUecKoro ucciaenopanusl. [IpuBoasitcs 06001eHHbIE JaHHbIE
9KCIEPUMEHTATBHBIX UCCIEAOBAHUI TETUIOMPOBOIHOCTH, TETUIOEMKOCTH, BSI3KOCTU /IS TUAPOJIM3ATOB,
HEWTpaJIN3aToB, KyJIBTYpPaJIbHOM XMIKOCTH — OCHOBHBIX KUJIKOCTHBIX [TOTOKOB IPOM3BOICTBA OMO3TAHOJIA.

TEIUIO®U3NKA; BUOTEXHOJIOTUS; BUODBTAHOJ; TMAPOJIN3AT, HEMTPAJIU3AT, BA3KOCTD;
TEIJIOMPOBOIHOCTD; TETJIOEMKOCTb; 3KCITEPUMEHT. OBOBIIEHMUE.

The article discusses the specific features of some operating environments of industrial biotechnology as
objects of thermophysical studies. We have Ssummarized the experimental studies on thermal conductivity,
heat capacity, and viscosity for hydrolysates, neutralizers, and culture liquids that make up the - core

liquid flows in bioethanol production.

THERMOPHYSICS, BIOTECHNOLOGY, ETHANOL FUEL, HYDROLYSATE, NEUTRALIZER, VISCOSITY,
THERMAL CONDUCTIVITY, HEAT CAPACITY, EXPERIMENT, GENERALIZATION.

ITocTanoBKa 327244 HCCIE€IOBAHUS

buostaHo, WM TOTUIMBHBIN CITUPT, — OObIY-
HBI 9TaHOJ, MOJlydaeMblii B Mpoliecce nepepadoT-
KU PACTUTEIBHOTO ChIPbsl METOJlAMU OMOTEXHOJIO-
run. OH ILMPOKO HUCIIOIb3YEeTCs BCMECH C MOTOPHBIM
TOIIJIMBOM (MJIM B YMCTOM BHAE) B bpaswnuum n
CIIA. B mocienHee BpeMsi UHTepeC K HeMY IPOsSIBU-
mm Utanus, JInTBa m HEKOTOpbIe Ipyrve eBpoIeii-
ckue ctpanbl [ 1—3]. CyiiecTByeT ollIMO0YHOE MHE-
HUE 00 OTpHUIIaTEeIbHOM SHEPreTUYecKoMm OajlaHce
MpOU3BOACTBA 3TaHOJa. B AeiicTBUTEILHOCTH SHEP-
reTu4YecKre 3aTpaThl, CBSI3aHHbIE C €r0 MPOU3BO/I-
CTBOM (BKJIIOYasi COOp U JJOCTABKY ChIPbsl), Ha JTyd-
mux 3aBonax CIIA mpuMmepHO B JBa pa3a HUXeE
3HepreTuyeckoi a(hHeKTUBHOCTU TPOU3BOAUMOTO
OouoTtoruiuBa. JIpyroe neio, 4To OTe4eCTBEHHbIE TH-
JIPOJM3HbIE 3aBOJIbI, allllapaTypHoe odopmiacHue
KOTOPBIX CJIOKUJIOCH B TPUALIATBIE TOAbI TPOIIIOTO
BeKa, OTJIMYAIOTCS KpaiiHe HU3KOM TeII0BoOil 3¢-
dexTuBHOCTBHIO. Tak, cpeaHEOTpaCICBOI pacxo
TEIJIOBOM SHEPTUU Ha TPOU3BOACTBO ITMAPOIU3HO-
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ro cnupta (rmo maHHbIM 1985 roga) cocTaBisia
114 I'/Ix/T, 4TO MpUMEpHO B 4 pa3a 0OoJIbIIIE TEILIO-
BOI 2(D(HeKTUBHOCTU MOJy4aeMOro OMo3TaHoJIA.

Bormpocsl onpenensionero BIUsHUS TeIUIOTU-
JPaBIMUYECKUX TIPOLIECCOB Ha TEILIOBYIO 3(D(hEKTHB-
HOCTb JAHHOM TEXHOJOTUM U HEOOXOIUMOCTh MX
U3y9eHUsI TOMHUMAJINCh B TEXHUYIECKOM JTUTepaTy-
pe HeomHOKpaTHO [4, 5]. OngHaKo IINTEIbLHOE Bpe-
MsI OCHOBHOE BHIMaHUe MCCIIeIoBaTe e yIeIsIoCh
COBEPIIEHCTBOBAHUIO TEXHOJIOTMYECKUX ITPOLIECCOB
MIepKOJISAIIMOHHOTr0 TUapoau3a [6, 7]. U3 temno-
(buzmIecKnx MpoIecCoB U3y4aauch TOJbKO TEPMO-
MTWHAMWKA PaCTBOPOB, CBSI3aHHAS C PeKTU(PUKAIIH-
eii cnupra [8], a cpeau NpoLeccoB, OMpPenesoInX
YPOBEHb TETUIOMIOTPEOICHUS, CUCTEMATUIEeCKA 13-
YYQJIMCh JIUIIb MPOLIECCHl CYIIKM U CXXUTAHUS OT-
XOZIOB.

B pesynbrate ciioxuiach MpakTUKa MPOSKTU-
pOBaHMSI, KOT/A TETUIOTUAPABIMIECKIE TTPOIIECCHI,
WUTpaIOIIME PELIAIOIILYIO0 POJib B TEIJIOBOM 9KOHO-
MHMYHOCTH ITPOM3BOMICTBA, PACCMATPUBAJINCH C UC-
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MMOJIb30BAHMEM 3aBUCUMOCTEN, MMOJYYEHHBIX IS
BOJIBI, a TEIJIO(U3NIECKe 0COOEHHOCTH CyOCTpa-
TOB OMOJIOTMUYECKIX IIPOM3BOJACTB HE YUYNUTHIBAIUCE.
ClIOXMIIOCH TIPEACTaBIIeHUE, YTO MOTPEITHOCTH
TEIJIOBOTO pacyeTa MOTYT ObITh KOMITEHCUPOBAHBI
ITyTeM YCTAHOBKH TOIOJHUTEIBHBIX TETUIOOOMEH -
HUKOB. Tako# Mmoaxo/ Bejl K MOBBIIIEHNIO Kali-
TaJIbHBIX 1 OKCITIyaTallMOHHbBIX 3aTpaT (Ha HEKOTO-
pBIX TIPEOINPUSTUSAX OBIJIO IMIECTUKPATHOE
3aBbIlIIEHE KOHBEKTUBHBIX ITOBepXHOCTE ). Kpome
TOTO, TIPUHSATHIN MTOIXO/ BeJ K HAPYIIEHWIO OITH-
MaJIbHOTO TEIJIOBOTO OajlaHca B CUCTEME TEIJIONC-
MMOJIb30BAaHUS U, KaK CJIEICTBUE, K POCTY TEPMO-
IVHAMWYECKOM HeoOpaTUMOCTH B 1ieioM. OTciona
HETIOCPEACTBEHHO BBITEKAET HAOIIOJAEMOE CYIIIe-
CTBEHHOE YBEJIMYEHNE DHEPreTUYECKUX 3aTparT.

O06ceqoBaHKE psiia OTEUECTBEHHBIX THAPOJIA3-
HBIX IIPOU3BOJICTB, PE3YJIBTAThl KOTOPOI'O IIPEICTaB-
JIEHbI Ha PUCYHKE, HAIJISITHO M0KAa3aJlo, K KaKUM
OILIMOKAaM MOXKET ITPUBECTH TPAAUIIMOHHBIN ITOIXOI.
Ha pucyHke npuBeneHbI 9KCIIepUMEHTATbHBIC JaH-
Hble 00 OTHOLIeHUN Kodd(PUIIMeHTa TeIIoIepe-
nauu k, o K k. JlaHHBIE OTHOCSTCS K pa3IMYHBIM
TEIIOMCIIOJIB3YIOIIUM Y3/1aM U pa3IndyHbIM CyO-
crpataM. B xadecTBe mepeMeHHOro MmapaMmeTpa Ha
PUCYHKE TpUHSITa KOHLUEHTpalus (BecoBast 10J1s)
a0bCOJIIOTHO CyXUX BelllecTB (acB) B pacTBope, 000-
3HauyeHHas1 Kak C. OIbITHI TPOBOIMJINCH ITOCIE TTPO-
MBIBKHU TEILJIOOOMEHHMKOB, YTO [O3BOJISIJIO UCKITIO-
YUTh BJIIMSHUE JOMOJIHUTEIBHOIO TEPMUYECKOIO
COIPOTUBJICHUS Ha TeII000MeH. OTIeIbHbIC TOUKU
Ha PUCYHKE COOTBETCTBYIOT TEIUIOOOMEHHMKAM O/ -

k., /k
12
1,0 AL QTR " 00 DRt autiel Bt etk
ole) %e
e
0.8 —e > * ‘0 PR S
L (] ® A
0,6 - - ® A
A >
0,4 L
0.2
0 2 4 8 10 12 C-10?

,HOCTOBCPHOCTL pacyeToB TeIjonepeaad B TenJ000MeHHOM
oﬁopy;lonam/m OTCYCCTBCHHBIX T'MIPOJIU3HbIX 3aB0O/10B:

— IperoIye KaMephbl
BBINIAPHBIX YCTAHOBOK;

— OXJIAJIUTENU HelTpanu3ara;

A

@ — [pOXOKEBbIC TCILIOOOMECHHUKH; 0 — KOHJeHcaTopsl hyppypon
A~ oxaurenm Oappl, JTOTEpa, COACPIKAIILTo Napa,
cycna; O — TEII00OMEHHHKH
0TpabOTaHHOH KYJIbTypaIbHOH
MKUIKOCTH;
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HOTO THUIIa, HO IJISI Pa3jIMYHBIX CXEM BKIIIOYEHUS,
TEXHOJOTMYECKUX CTAIN 1 OMOXUMUYECKHUX YCIIO-
BUI1 IPOMU3BOACTBA. 3HAUCHUE k3 Cl)/k I KaKIOM
TOYKHU TTOJYYEHO ITyTeM OCPEIHEHUSI pe3yJbTaTOB
3—5 ombBITOB Ha pa3IMYHBIX IIPOM3BoACcTBax. I1po-
MBIIIJIGHHBIE YCJIOBMS DKCILIyaTalliy MO3BOJISIIU
OIIPEACISATh TOJABKO CpeIHIEe 3HAaYeHIST KO UL~
€HTOB Teruionepenauu. B pe3yabrare He ObLJIO BO3-
MOXHOCTH JETAIM3MUPOBATh OTAEIbHEIE TEIJIOMAC-
CcooOMeHHbIe mpoliecchl. [TonydyeHHBIEe pe3ybTaThl
MMEIOT B U3BECTHOI Mepe KaueCTBEHHbII XapaKTep,
HO OHU ITOKa3bIBAIOT, YTO B psifie ciaydyaeB apdek-
TUBHBIM YPOBEHb TEIUIONEPEaaYr ITIOYTH B IBa pa3
HIKE TIPUHSITOTO TIPU IMPOEKTUPOBAHUM.

C y4eToM M3JIOKEHHOIO B HACTOSIIE paboTe
MpeAPUHSITA OMBITKA aHAIN3a XapaKTePHBIX CyO-
CTPAaTOB IIPOU3BOACTBA OMO3TAHOJIA KaK CAMOCTOSI -
TeJIbHOro 00beKTa TeIUI0(U3NIECKOTO UCCIIeI0Ba-
HUS, TIOIXO0IOB K 0000IIIEHIIO OTTBITHBIX JAHHBIX IO
MX KOHBEKTMBHOMY TEIUIOOOMEHY U TeTIopu3nde-
CKMM CBOMCTBaM.

CyOcTpaThl OHOTEXHOJIOTHH KAK 00bEKTHI
TEemI0(pPU3NIECKOr0 UCCIeTOBAHMS

Oco0eHHOCTHI0O MUKPOOMOJIOTHUYECKUX TEXHO-
JIOTHH MO CPAaBHEHUIO C APYTMMU MPOMBILLIJIEHHbI-
MU IPOU3BOJACTBAMHU SIBJISIETCSI MCITOJIb30BaHUE,
Hapsiay ¢ OOBIYHBIMM, TAKOU crielipuyeckoi pop-
MbI IBUKEHUSI MaTepH, Kak Ouosiornueckas. [pu-
CYTCTBUE OMOJIOTMYECKOTr0 HavaJja JejiaeT polece
KyJBTUBUPOBAHUS KJTIOUEBO CTaareil TEXHOJIOT U -
yeckoro npouecca [9]. Ho B mpoMBILIIJIEHHOM IIPO-
M3BOACTBE, HAPSIy C 9TOM CTaauen, OCYIEeCTBIIS -
eTCsl LeJIbIi psii COMMYTCTBYIOIIMX ITPOLIECCOB, B HE
MEHbIIIENH CTeNMeHU omnmpeaesiioiux 3PdeKTun-
HOCTb TexHoJoruu. Cpeau TaKuX CTaguii, COnpo-
BOXIAIOLIMXCSI MHTEHCUBHBIMU TETIJIO0OMEHHBIMU
nmpolieccaMy, MOXHO Ha3BaTh MOATOTOBKY CYO-
CTpaToOB (IUTATENIbHBIX), OYMUCTKY, BbIACICHUE,
KOHLIEHTpUPOBaHUE MPOAyKTa U ap. Bee kxuako-
CTH, TiepepadaTbiBaeMble Ha 9TUX CTAIUSIX, C MOJI-
HBIM OCHOBAaHMEM MOKHO OTHECTH K MUKPOOUO-
JIOTUUECKHUM CpelaM.

CocraB, kj1accudukamnys, o01me 1 UHAUBUIY -
allbHble OMOXMMHMYECKHUE CBOMCTBA pa3IUUHBIX
MUKPOOUOJIOTUUECKUX CPell PAaCCMaTPpUBAIOTCS B
OOIIMPHON ClelUalbHON JTUTepaType, Harpumep
[6, 7, 9]. Ucxoast u3 3TUX MyOIMKALUIA MOXHO OT-
METUTD P crieIMPUISCKIX 0COOEHHOCTEM, KOTO-
pble TOJKHBI YYUTBIBATHCS PU TETIJIOTEXHUUECKUX
pacueTrax 1 UcclieJOBaHUSIX:
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1. Hanmname 61oa0rn4eckKy AeMCTBYIONIETO Ha-
yaja MpeaonpeaessieT 3HaYUTeIbHO OOIbIIYIO MO
CPaBHEHUIO C XUMUKO-TEXHOJIOTMUECKUMU ITPOIIEC-
caMu BapuabeJIbHOCTh: B X0J¢ OMOCHHTE3a 00pa3y-
eTCsl PSI TIPOMEKYTOUHBIX HEUAECHTU(PUIIUPOBAH-
HBIX TIPOJAYKTOB, T.€. BEIIECTB ¢ HEU3BECTHBIMU
COCTaBOM U CBOICTBaMU. B HEKOTOPBIX CITy4asiX 3TO
HCKJIIOYaeT BO3MOXKHOCTh UCITOIb30BaTh B UCCJIC-
JOBaHUSIX MOJEJbHBIC KUIKOCTU U TpeOyeT BECTU
HCCIIe0BAaHMs Ha Cpeliax, TOJyYeHHBIX B IPOMBIIII -
JICHHBIX YCJIOBUSIX.

2. BoNbIIMHCTBO MUKPOOUOJOTMYECKUX CPE
MMEIOT BOIHYIO OCHOBY, COACPXKAIIYI0 MHOTOKOM-
TMOHEHTHBIE TPYTIIIBI CJIOXKHBIX OPraHUYECKUX U MU -
HepaJIbHBIX BEILIECTB, KOTOPhIE MOTYT 00Pa30BbLIBATh
WCTUHHBIE PACTBOPBI, HAXOAUTHCS B KOJJIOMIHOM
COCTOSTHVMM WJIW B BUJIE cycnieH3mii. HekoTophie cpe-
Jbl UMEIOT HETIOCTOSIHHBIN cocTaB. Terutodusnue-
CKHE W TePMOAMHAMMWYECKUE CBOIICTBA 3TUX Cpell
MaJio U3y4YeHBI.

3. P 6uonoaumMepoB B MUKPOOMOJIOTMYECKUX
cpenax (OeaKu, yrjaeBOAbI, JUMUALI, (DEPMEHTHI,
BUTAMMHBI, TOPMOHBI) 00Pa3yr0T MAKPOMOJIEKYJIHI,
MOJIEKYJISIpHAst Macca KOTOPBIX MEHSIETCS B LIUPO-
kux mnpeaenax [9]. Hanpumep, wmosekyia
B-nakrornobuna umeer dopmyany C . H N, S .
a 3a CYET MEXMOJIEKYJISIPHBIX CBI3€ell pa3Mephl MO-
JIEKYJI MOTYT OBITH €111l OOJIblIIe.

4. B To >ke BpeMsI LieJIbIe KJIAaCChI BEIIECTB (aMU-
HOKMCJIOThI, XKUPHbIE KUCIOThI, MPOAYKTH OOMEHA
BEILECTB U AP.) UMEIOT MOJIEKYJISIPHYIO MACCYy HIKE
1000. MonekynaM MHOTMX U3 HUX CBOMCTBEHHA
KoHopMaLusi, o0yclIoBIeHHAas OMOJIOTrMIeCKOMn
AKTUBHOCTHIO. B 3aBUCHMOCTH OT XMMUUYECKOTO CO-
CTaBa Cpeabl U TEMITEPaTyphl MOJIEKYITbI OEJIKOB MO -
Bep>KEHBI JIcHATypalliK, ITPY KOTOPOIi 3a CUET pa3-
pbIBa HEKOBAJCHTHBIX BHYTPUMOJIEKYISPHBIX
KOHTAaKTOB (hOpMa MOJIEKYJIbl MEHSIETCS — CITIUPAJIb
pacruieTaeTcsl. YKa3aHHbIEC SIBIIEHUSI MOTYT IIPUBO-
JUTh K TIEPEMEHHbBIM PEOJOTUYECKUM CBOMCTBAM.

5. Crenmuyeckoit 0cOOEHHOCThIO OEIKOB SIB-
JIIeTCs HaJIMuMe OJHOBPEMEHHO KOJJIOUIHBIX U
aM(dOTEePHBIX CBOMCTB. B mpucyTcTBUM 1Ieaoueii
OHU BEAyT ce0sl KaK KUCJIOThI, a B MPUCYTCTBUU
KHUCJIOT — KaK OcHOBaHMsI. OTCI0[1a CIIEIYET, YTO XOJI,
OMOXMMUYECKUX MPOLIECCOB B 3HAUUTEIHLHON CTe-
MEHU CBSI3aH C OKUCIIUTEIbHO-BOCCTAHOBUTEILHBIM
MOTEeHLIMAIOM OKpyXKatoleit cpenbl (pH) .

6. Buoxumumyeckue mpoLecchl OCYIIECTBIISIIOTCS
B OTHOCHUTEJILHO Y3KOM AMara3oHe TeMmIlepaTyp U
COIPOBOXIAIOTCS BBIIEJICHUEM TEIJIOBOI SHEPTUM.
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7. CKOpOoCTb OMOXMMMYECKMX PeaKInii Cyle-
CTBEHHO HUXE, YeM B OpraHWYECKON XUMHU, YTO
MMO3BOJISIET MPENNOJOXUTh UX HECYIIECTBEHHOE
BJIMSIHUE Ha TPOLIeCChl KOHBEKTUBHOTO TETJI000-
MeHa.

8. Bormmpochkl MonemmpoBaHMsI B MUKPOOMOJIOTH-
YeCKMX Cpellax, B TOM 4YHCiie MOAEJIUPOBAHUS UX
TEMI0(U3NYECKUX U TEPMOAUHAMUYECKUX CBOMCTB,
oKa TOJIbKO cTaBiTcs [9]; omHOBpeMEHHO OTMeva-
€TCsl CBOEOOpa3HbIil XapaKTep MOJEIbHBIX U Mac-
IITAOHBIX ITEPEXOIOB B HUX.

Ha ocHOBaHMU M3710)KEHHOTO MOXHO 3aKJI0-
YUTbh, YTO B OJMKaiiliee BpeMsl TPYIHO OXKUIATh
MOSIBJICHUSI aIcKBaTHBIX aHATUTUUYECKUX MOJeJ e
TETUIOBBIX ¥ TEPMOIMHAMMYECKHX ITPOIIECCOB B 000-
PYyIOBaHUU MUKPOOUOJOTMYECKUX MPOU3BOJCTB.
[ToaToMy B M3y4eHUHU TaKMX MPOILIECCOB JOJITOE Bpe-
Ms1 OyaeT MpeobiaaaTh TeMmao(hUu3nIeCKuil SKCIrepu-
MEHT, MaKCUMAaJIbHO TIPUOIKEHHBIN K YCIIOBUSIM
MPOMBILIIEHHOM TEXHOJIOTUU, Ha Cpeliax, MoJydeH-
HBIX M3 TIPOMBIIIIJIEHHOTO ChIPhSI 1 MAaTePUAJIOB.

CrnenyeT OTMETUTh, YTO MPUMEHUTENIbHO K
mpobaeMaM METULIMHBI UCCICIOBAHMS TETIOTH -
NPaBJIMYECKUX TTPOLIECCOB BEIYTCS YK€ HECKOJIBbKO
necatunetTuii. Hampumep, nsyyeHue peosioruye-
CKMX CBOWCTB KPOBM CTaJIO OTHUM U3 UCTOUHUKOB
ycIiexa COOTBETCTBYIOIIEH 00J1aCTH METUITMHEI,

IToaxoapl K 0000IIEHNIO JAHHBIX
MO TEIIO00MEHY CyOCTPaTOB

He BnaBasich B HeloCTaTOYHO U3YYE€HHbBIE MPO-
LIECCHI SHEPTeTUUYECKOr0 B3aUMOICHCTBUS B OMO-
JIOTUYECKHUX CUCTEMAX, KHHETUKY Y TEPMOAMHAMU-
Ky OMOJIOrMYeCcKHUX IPOLIECCOB, U3 CaMbIX OOIIUX
COO0OpaXXeHUI Ha OCHOBAHUU W3JI0XKEHHBIX BbIILIE
JIaHHBIX MOXHO TPEATNOJI0XUTh, UTO CyMMapHbIe
XapakKTEePUCTUKU KOHBEKTUBHOIO TErMaoo0MeHa
MUKPOOMOJIOTMYECKUX Cpell, Hapsiay ¢ OOIIeIpu-
HSITBIMU 3aBUCMMOCTSIMU TUAPOJMHAMMUYECKOTO U
TETJIOBOTO MOA00MS, OYAYT OIIPEaeIsSITHCS CIICIYIO-
LIMMU TTapaMeTpaMu:

KOHIIEHTPpaLMsAMU B3BeIeHHbIX (C ) ¥ pacTBO-
PEHHBIX (Cpac) BEIIECTB, 00YCJIOBIMBAIOIIMU IIPU-
poIy Makpo- U MUKPOMOJIEKYJISIPHBIX B3aUMOCH -
CTBMIA B pa30aBJIeHHbIX pacTBopax [9];

XapaKTePUCTUKOI OKUCIUTETbHO-BOCCTAHOBU -
TeJbHOTO MoTeHI1IMana cpeabl (pH);

TeMIIepaTypoil Kak XapaKTepUCTUKOU JAeHATY-
pauunu, pasnoxXeHus U paaa APYruX 0COOEHHOCTEN
OCJIKOBOM Cpefbl.

B oTnenbHBIX ciydasx MOXHO TPEAITOIO0XUTh
Tak>Ke BIMSIHUE BPEMEHHOM XapaKTepUCTUKU T.

Bo3MoxHOCTh (B HEKOTOPBIX CIy4yasix) Ha Oc-
HOBE TaKOTr0 yMPOILIEHHOTO MOAX01a 0000IIUTH 3KC-
TepuMeHTaTbHbIe TaHHBIC IO TEIJIOOOMEHY ISt
psina MUKPOOUOJOTMYECKUX CPell TPOJEMOHCTPH -
poBaHa B pabotax [10, 11].

Tax, Hanmpumep, IS cpel, He MOTYMHSTIOIIUXCS
MU3BECTHBIM 3aBUCUMOCTSIM 110 KUIIEHUI0, 0000111€e-
HUE OINBITHBIX JaHHBIX TOCTUTHYTO BBEACHUEM
MEePEMEHHOTO 3MIIMPUYECKOro KoadduimeHTa
K = f(C). lna viccienoBaHHOTO Tana3oHa PEXIM-
HBIX IMapaMeTPOB MPU KUIIEHUU IPOXKKEBBIX CY-
CMeH31i ObLla UCITOJIb30BaHa alllpOKCHUMAalLIUS

K = expb(InC), 1))
rae C — BecoBasi KOHIIEHTpaLs a0COJIIOTHO CyXUX
BEIIECTB B pacTBOpE.

B pesyabraTe ymanoch moayduTh psia GopMyd,
MPUTOIHBIX IJISI UHXEHEPHBbIX pacueToB. B yact-
HOCTH, JIJIsI oTipeAesieHUsI KoadduimeHTa TeIIooT-
Jlayy IMPU pa3BUTOM KUIIEHUHU KYJbTYPaJIbHOM XU~
KOoCcTH (mpozkxKeBasli CYCIIEH3USI) KOHKpETHas
dopmyna npuHsia Bum [11]

1/3
o) e (s )
= 0,187| 47,3+ — |, Br/(M*K).
Co0 (VGT 4 exp +1nC / )
(2)

3aech A — TEIUIONPOBOAHOCTD; V — TMHAMUYECKasl
BSI3KOCTb; G — [IOBEPXHOCTHOE HaTsLKeHue; T — TeM-
reparypa.

O000INTh KCIIEpUMEHTaIbHBIC JaHHBIE 110
KOHBEKTHBHOMY TeTUIOOOMEHY ITPU BEIHYKIEHHOM
TEUEHUU Psifia TUAPOJU3HBIX CyOCTPATOB yIal0Ch C
MoMolbIo BBeneHus mmapamerpa pH [10]. Tak, Ha-
npumMep, AJist TypOyJeHTHOIO peXkruMa TeYeHUsI TU-
JIpoJii3aTa noaydyeHa opmyia

Nu = 0,91Re*¥(pH)~"', 3)

KOTOpas anmpoKCUMHUPYET OIBITHBIE JAHHbBIE C I10-
IPELIHOCTBIO, He TIpeBbIatolieit £20 %, B obnactu
7-103< Re <10°, 1< pH <4,5.

31ech HEOOXOIMMO OTMETHUTh, UTO TTOIOOHBIC
MOIXO0IbI HE TTO3BOJISIIOT CTPOUTH (PU3NYECKHE MO-
JIeJIv Tpoliecca. B yacTHOCTH, MOXKHO OXKUAATh, 4YTO
nmapameTp pH onpeaensieT MOJIEKYISIPHOE B3aUMO-
JIeiCTBUE Ha TpaHUlIe pasneiia a3 pacTBOPOB, CO-
JIepKallux IMMOBEPXHOCTHO-aKTHBHbBIE BEIIECTBA, 1
TEM CaMbIM XapaKTePU3YeT YCTOMUMBOCTD MEHHBIX
CTPYKTYP; B TAKOM ITOCTAHOBKE CTAHOBUTCS ITOHST-
HBIM €T0 BiaustHue pH Ha TeriooomeH. OgHaKo MOXK-
HO TakK:Ke CBS3aTh OTMEYEHHbIE OTKJIOHEHUS C 13-
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MeHeHueM (PU3UYECKUX CBOMCTB XKUIKOCTEH U
CTPYKTYPHOM BSI3KOCTBIO AMYJIbCU; BIusHUE pH
MPU 3TOM OYJIET UMETh KOCBEHHBIH XapakTep. OKOH-
YaTeJIbHBIM OTBET MOXET OBITh MOJIYYEH TOJBKO Ha
OCHOBE JIETAJIbHBIX UCCJIENOBAHUN JTOKATbHBIX Xa-
PAKTEPUCTUK TTOTOKA U CTPYKTYPHI TCUCHMUSI.

Temnogusnyeckne CBOCTBA
HEKOTOPBIX CyOCTPATOB

IIpuMmeHeHMne 3aBUCUMOCTEM, TTOJOOHBIX (hop-
mynaMm (2) wiu (3), TpeOyeT 3agaHusI COOTBETCTBY-
IOIIMX TeII0MU3UIEeCKUX KOHCTaHT. [ToaToMy 13-
yuyeHHe 3aKOHOMEPHOCTEN TeriooOMeHa JOJKHO
COUYeTaThCsl ¢ OMpelesiIeHUEM TeIUIOPU3NIECKUX
CBOIICTB, B pacCMaTPUBAEMOM CJIydae — INIOTHOCTH,
BSI3KOCTHU, TEINIOEMKOCTH, TEILJIOIIPOBOIHOCTH, T10-
BEPXHOCTHOTO HaTsLKeHMs . JIJIst ncceayeMbIX Cpes
MaJIOITPUTOAHBI METOJBI 0000ILIEHHOM ITPOBOANMO-
CTH, OCHOBAaHHbIE Ha XapaKTePUCTUKAX YMCTBIX Be-
1LIECTB, U IPYTMe METObL. 31eCh, KaK U IIPU U3yde-
HUM TEIJIOOOMEHA, TPeOYIOTCS SKCIIEpUMEHTAIbHBIC
HUCCIeIOBAaHMS Ha pealbHbIX IIPOMBIIIICHHBIX Cpe-
nax. [ToaroMy nzyueHue Teruropu3nIeCcKx CBOMCTB
MUKPOOMOJIOTMYECKUX CPEel CTAHOBUTCS €11IE OMHUM
CaMOCTOSITEJIbHBIM HarpaBlIeHUEM TeTIopu3nde-
CKOT0 MCCJIEIOBAaHUS B TaHHOI 00JIaCTH.

B nayuHoI1 1MTepaType MOKHO HAMTU CBEICHUS
0 TerI0(pU3NIECKNX CBOMCTBAX HEKOTOPBIX CPEI
TUIPOIN3HO-IPOXKKEBBIX ITPOU3BOACTB [7, 12, 13].
OnHaKo 3TU JaHHbIE — Pa3pO3HEHHBIE M HETIOIHbIE.
J71s1 TIoATBE pKASHMS X aleKBATHOCTU U pacIlIipe-
HUS 00beMa nMerolelics nHpopMauuu Bo Beeco-
F03HOM MHCTUTYTE TUAPOIN3a PACTUTEIbHBIX MaTe -
puanos (BHMUHWruaponans) ObUIM IIPOBEIEHBI
creluraJbHble UCCAEHOBAHUS Ha TIPOMBIIIIEHHBIX

cpenax. B xone aTHX ONbITOB UCCIIEA0BAIUCH: TUIPO-
JIN3aThl, HEWTPAIN3AThI, KyJIbTYpaJbHbIE XUIKOCTU
(IpoxcKeBble CYCIIEH3MM ) M OTpadOTaHHAS APOXKIKE-
Basi cycrieH3us (TmoceapoxckeBast opaxka). Ompe-
JIEJISUIMCh UX CIIeAYIolIne TeruiohU3nIecKue CBOM-
CTBa: KMHEMaTUYeCcKast BIZKOCTD |1, TMHAMUYECKasI
BSI3KOCTD V, IJIOTHOCTD O, TEIUIOIPOBOAHOCTb A 1
TEIIOEMKOCTb C,. OIBITHl TPOBOAUIUCH COTPYIHU-
kamu uHctutyta WU.S1. Mapone, b.C. IyTkoBckuM
npu yyactuu D.A. KosnoBoii. MeToauku ruccieno-
BaHMsI ObLIM CTaHJAPTHbIE: BA3KOCTh OIIPEAe/IsIach
3JIEKTpOBUCKO3UMeTpoM DBU-56I1J1, Termmoem-
KOCTb — METOJIOM KaJIOPMMETPUPOBAHUSI, TETLUIONPO-
BOJHOCTb — MO METOAY LUJIUHAPUIECKOTO CIOS,
IUIOTHOCTh — MUKHOMeTpamu. K 0600111eHMI0 ObLIN
TaK>Ke MPUBJICYECHbI OOLLIPHBIC TaHHBIE, TTOJTyYeHHbIE
B MHCTUTYTE JIeCOXMMUYECKOM MPOMBIIIJICHHOCTH
(LHIHWJIXW) B.B. 3aBomunkoBoii. 111 TeCTMpOBaHMS
9KCIIEPUMEHTAIbHON MH(OpMaALIMY MIPUBJIEKAIUCh
pe3yabraThl, MpUBEIEHHbIE B padoTe [14].

BTabn. 1,2, 3 u4 npuBeneHbl pe3yabratbl 0000-
IIeHUs Bcell coOpaHHON MH(GOpPMAILMUA O TEIUIO-
¢u3nYecKnx CBONCTBAX MUKPOOMOIOTMYECKUX
Cpel, UCTTOJIb30BaHHOM TS aHaM3a. MakcuMab-
Hasl TTIOrPEeIIHOCTD IPU alllPOKCUMAIIMHY OITBITHBIX
JIaHHBIX (popMyTamMu, MPUBEIECHHBIMHU B yKa3aHHbIX
Tabauiax, He MpeBbIIaeT BeMnduHbl 4,8 %, 4To
MO3BOJISIET CAEJIaTh BBIBOJ O BOBMOXXHOCTU UCITOJIb-
30BaHUS MOJYYEHHBIX dIMIUPUUECKUX (POPMYI B
WHKEHEPHBIX pacueTax.

CriemyeT OTMETUTD, YTO MOKA B CUTY OIIPEIICHHBIX
METOIMYECKUX TPYIHOCTEN He JUIST BCeX YITOMSIHYTBIX
cpell yaajaocCh OIpPeIeanTh (pU3MIecKre KOHCTAHTHI B
00BEMaXx, TOCTaTOYHBIX 17151 0000I1eHMS (B YaCTHOCTH,
KO2(DUIIMEHT IMTOBEPXHOCTHOIO HATSXKEHMS ).

Taonuma 1

Omnupuyeckue GopMyIbl IS pacyeTa Temiopu3nyecKnux CBOMCTB HellTpaiu3ara

O6nactb
ITapameTp dopmyna wim BeTMInHA Hcrounuk
TPUMEHEHUS
A, 0,601 T=20°C OMbITHI
Br/M-K C=0,06 B.B. 3aBoguunkoBoit
c, Jx/xrK 3,99 T=20°C OIIBITHI
C=0,06 B.B. 3aBoaunKoBoii
10%v, M2/c | 1,79— Texp(7-10-°7*—0,0197—2,9) + Cexp(1,03C*—1,95C+8,35) | T=20-80 °C [13] 1 onbITHI
C=0,06—0,20 | B.B. 3aBogunKoOBOi1
100, Ia-c 1,788 — Texp(7- 107> —0,0197—2,9) + T=60-80°C [13]
+ Cexp(—1,85C*—2,57C + 10,5) C=0,03-0,30
o, Kr/M? 1000 + 440C — 0,337 T=20-80°C [13]
C =0,04-0,21
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Tabnuuma 2
OMnupuyeckre HopMyJibl Ui pacueTa Tenmio(hu3uyecKux cBoiiCTB rHAPOIN3ATA
ITapameTp dopmyna Wi BeTMIUHA O06nacTb Wcrounuk
TPUMEHEHUSI
A, Bt/mK- 0,584 T=20°C OTIBITBI
C=0,06 B.B. 3aBogunKoOBOii
¢, Ax/krK 3,89 T=20°C OnbITHI
C=0,06 B.B. 3aBogunKOBOIi
10%v, ™m?*/c 1,789 — Texp(7- 107> — 0,0197—2,9) + T=20-100"°C OMBITHI
+ Cexp(1,03C2—1,95C + 8,35) C =0,009-0,06 | B.B. 3aBoaunKOBOM
10%u, IMa-c 1,788 — Texp(7- 107> — 0,0197 — 4,022) + T=20-100°C [13]
+ Cexp(1,03C 2 —1,95C + 8,35) C=0,015-0,03
0, Kr/m? 1000 + 1600 — 0,337 T=20-100"°C [7] m ombITHI
C=0,009—-0,06 | B.B. 3aBogunkoBoii

Taonuima 3

Omnupuyeckue GopMyibl A pacyeTa TemIo(pu3nIecKUX CBOMCTB KY/IbTYPAJIbHOIM XKUIKOCTH (JIPOIKIKEBOW CYCTIEH3UN)

O6nactb
ITapameTp dopmyina wim BeIMdnHa Hcrounuk
MIpUMEHEHUS
A, Bt/M'K- 0,023—0,23C+In(—10-%0,1217°+10—-2-0,25T+1,6) T=30-90°C OnbITHI
C=10,01-0,20 | B.B. 3aBogunkoBoii
u N.4. Mapone
c, Ik /xr- K- 3,32 T=20°C OnbITE
C=0,20 B.B. 3aBomunkoBoii
10%v, M2/c 1,789 — Texp(7- 107> — 0,0197— 2,9) + Cexp(18,6C 2+ 2) | T=40-80°C OMBITHI
C=10,05-0,20 .. Mapone
10%-u, Ma-c 1,79 — Texp(7- 1037 — 0,0197 — 4,02) + T=30-90°C OnbITHI
+ Cexp(—8,2C2—41,5C+4,9) C=0,10-0,20 W.4. Mapone
o, Kr/m? 1000 + 340—0,33T T=30-80°C [12]
C=0,10-0,20
Tabnuua 4

Omnupuyeckue GopMyibl A pacyeTa TemIo(pu3nIecKUX CBOMCTB 0TPAOOTAHHOI KYJIbTYPAJIbHOI XKUIKOCTH

ITapameTp dopmyna nim BeJIMUMHA O6nactb Wcrounuk
TPUMEHEHUS
10%v, M?*/c 1,79 — Texp(7- 107> - 0,0197 — 2,922) + T=40-90°C OnbITHI
+ Cexp(17C*—4,4C + 1,57) C=0,10-0,20 | 1.5. Mapone
10%-u, Ma-c 1,788 — Texp(7- 1037* — 0,0197 — 4,022) + T=40-90°C OnbITE
+ Cexp(22C? - 19C + 8,0) C=0,10-0,20 | N.5. Mapone
0, Kr/m? 1000+520-0,337 T=20—-40"°C OnbITHI
C=0,10-0,30 | N.4. Mapone

Yyer IIpU MPOCKTUPOBaAHUN OMOTEeXHOJIOTUYe-
CKHUX IIPOU3BOACTB PCAJIbHBIX TCILJIOTUAPABINYC-
CKHX MPOUECCOB ITO3BOJIACT CHU3UTDb SHEPTCTUYC-

BbiBoabI

CKUE 3aTpaThl U PeCypCOEMKOCTb B TPOU3BOJCTBE
O1osTaHOIa — MEePCIEeKTUBHOIO SHEPreTUYECKOTO
pecypca, oJly4aeMoro U3 BO300OHOBISIEMOTO (pac-
TUTEJIBHOIO) ChIPbSL.
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Oco0eHHOCTh OMOTEXHOJIOTUY MO0 CPAaBHEHUIO
C IPYTMMU ITPOMBIIIUIEHHBIMU ITPOM3BOICTBAMU 3a-
KJTIOUAEeTCS B MCIIOIb30BaHUM, HAPSIAY C OOBIYHBIMU
(opMaMu IBUXKEHUSI MaTEpUU, OUOJOTUUECKOM
¢dopmel. Kak cienctsue, cpeabl OMOTEXHOJOTUN
00pasyloT crelManbHyI0 IPYINY TEMJIOHOCUTEIIEH,
TPEOYIOLLYI0 OCOOBIX MOAXOAOB MPU MPOBEACHUU
BKCMEPUMEHTOB 1 0000IIEHUN OTNBITHBIX JAHHBIX.

J71s1 psima cyOCTpaTOB ONBITHBIE JAHHBIE I10 Te-
TJ1I000MeHY yaaeTcst 0000IIUTh BBeICHUEM TTapaMe-

TPOB, 3aBUCSIINX OT KOHILIEHTPAIINIi B3BEIIEHHBIX
C,, w1 pacTBopeHHbIX C | BEIIECTB, a TAKXKE OT
XapaKTePUCTUKN OKMCIUTEIbHO-BOCCTAHOBUTEIb-
Horo noteHuuana cpeasl (pH). Takoit moaxon mos-
BOJISIET TIOJYYUTh (DOPMYJIIbI, IPUTOMHBIC IS MH-
J)KEHEPHbBIX pacueToB, OJHAKO HE IaeT HYXHOM
nH(OpMaLIMKY U151 TOCTPOEHMUSI aleKBATHBIX (DU3U -
yeckux moaeneil. s cozgaHus Takux Moaenei
MOTPeOYIOTCS NaJIbHEHIIINE COBMECTHbIE TEILIO(U -
3MYECKHE U OMOXUMUUYECKHUE UCCTIEIOBAHMSI.
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K BOMPOCY O YUCJIEHHOM MOAE/IUPOBAHUU TPEXMEPHOIO TEYEHUA
B BbIXOAHOM AUD®DY3OPE TA30BOU TYPEUHDI

A.l. Kirillov, V.A. Chernikov, E.Yu. Semakina, V.Ju. Isupov

SOME ISSUES OF NUMERICALLY SIMULATING
THE 3D FLOW IN THE EXHAUST DIFFUSER OF A GAS TURBINE

[MpuBeaeHbI pe3yabTaThl pACUETHOIO aHAIM3a MO 00PATHOMY BIMSIHUIO CUJIOBBIX CTOEK, pa3MellleHHbIX
B BbIXOJTHOM Auddy30pe, Ha TeUeHUE B OTCEKE «IMOCTEeIHSISI CTYTIEHb TYPOUHBI — BBIXOIHOM 11 dy30p».
[TokazaHo, 4TO Ha pexXuMe C yMEPEHHOI 3aKpYyTKOI MOToKa MpU BXoe B TMPdy30p CUIIOBbIE CTOMKU
MPaKTUYECKN HE BIUSIIOT Ha TPEXMEPHYIO CTPYKTYPY MOTOKA 3a CTYIMEeHbI0. [J0CTOBEpPHOCTh OLIEHKU
MOATBEPKAeHA CPABHEHUEM PACUETHBIX U 9KCTIEPUMEHTATbHbIX JaHHBIX.

TA3OBASI TYPBUHA; BLIXOJIHOM JIUD®Y30P; CUJIOBBIE CTOMKU; OBPATHOE BIUAHUE; YNCJIEHHOE
MOJEJINPOBAHMUE.

The paper presents the Rresults of numerical analysis of the inverse effect that support struts, placed in
thean exhaust diffuser, have on flow in of the "’last turbine stage — exhaust diffuser"” section. It has been
shown that in the regime with moderate flow swirl at the diffuser inlet power struts have virtually no effect
on the three-dimensional flow structure behind the stage. The Rreliability of this assessment is confirmed
by a comparison between the computational and the experimental data. Therefore, if the input stream
has a moderate swirl, it is possible to perform a 3D simulation of the flow in a diffuser with struts, by
using the domain isolated from the last turbine stage and by setting the boundary conditions at the entrance
to the diffuser according to the flow calculation in the last stage of the turbine without the diffuser.

GAS TURBINE; EXHAUST DIFFUSER; STRUTS; BACKWARD INFLUENCE; NUMERICAL SIMULATION.

Teuenune B BEIXOAHBIX U] Py30pax MapoBhIX U
ra3oBBbIX TYPOMH CYIIECTBEHHO 3aBUCHUT OT CTPYK-
TYpBI BXOMISIIETO B HETO ITOTOKA, KOTOPBI (popMm-
pyeTcs IpeaiiecTByoeil 1uddy3opy mocieaHei
cTyrneHbo TypouHs [ 1—4]. [ToaToMy mocToBepHbBIE
JaHHbIe 00 3 heKTUBHOCTU AP DY30pOB MpU Yrc-
JICHHOM MOJEJMPOBAHUN TPEXMEPHOTO TEUCHUS B
HUX MOXHO MOJIYYUTh JIUILb ITPU pacueTe MoToKa B
OTCEKe «ITOCIIEeTHSIST CTYTIEeHb TYPOUHBI — BBIXOTHOM
nuddyszop» [5]. Kaxablit 13 BApMaHTOB TaKOr'o pa-
cyeTa, 0COOEHHO ITPHY ITOCTAHOBKE 3a1a91 HECTall -
OHAPHOTO TeUEHUsI, 3aHUMAeT BeChMa MPOJOIXKU-
TeIbHOE BpeMsS Jdaxe TIPH MCIOJb30BAHUU
COBPEMEHHBIX BBICOKOTPOU3BOIUTEIbHBIX BHIUMC-
JINTENBHBIX TexHosoruii. [IpoBeneHne xe cepuu
BapUaHTHBIX PacyeTOB B MpUEMJIEMble CPOKU CTa-
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HOBUTCS peajibHbIM, €CJIM YIIPOCTUTD 3a/1auy: CHa-
yajia pacCuuTaTh TeUEHUE B MOCAEAHEH CTyNeHU
TypOMHBI, a 3aTeM — B IUPPy30pe, NCIIOIb3Ys JaH-
HbI€, MOJyYEeHHBIE JIs1 BBIXOJHOTO CEUCHUS CTyTe-
HU, B KQUeCTBE BXOAHBIX YCJIOBUI 1151 A dy3opa.

Takoii moaxoa He yUUThIBAET OOPATHOTO BJIUSI-
HUs TeueHus B 1 dy30pe Ha MTOTOK B MOCeIHEN
cTyneHu. Ero MOXHO MpUMEHUTD, €CJIU B TPOTOY-
Ho#t yactu auddy3opa HET UCTOUHUKOB CUJIbHBIX
BO3MYIIEHMI, CTIOCOOHBIX 0Ka3aTh OLLyTUMOE BO3-
JIeliCTBME HA T€YEHUE B TTOCTeNHEN CTyeHu. B BbI-
XoJHOM nudPy30pe ra30Boil TYpOUHBI, UMEIOIIEM
IJIaBHbIE MEPUIMOHAIbHbBIE 00BO/IbI, TAKUM MCTOY -
HUKOM BO3MYIIEHU I MOTYT ObITh CUJIOBbIE CTOMKY,
COEIMHSIONINE 3aIHUIA MOIIIUITHUK pOTOpa TYpOu-
HBI C €€ KOPITYCOM.
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TakuM 06pazom, TIpeskiIe YeM IPUCTYITUTE K pa-
CYETy TPEXMEPHOTO TEUEHUSI B OTCEKE «IMOCIEIHSIS
CTyIeHb TYPOUHBI — BEIXOOHOU muddy30p», Lene-
€c000pa3HO OLIEHUTb CTeNEHb OOPATHOTO BIUSIHUS
pa3MelIeHHBIX B T dy30pe CUIOBBIX CTOEK Ha
CTPYKTYPY ITOTOKA B BBIXOMHOM CEUEHUU MOCIeIHEe
CTyIleHHu. B cTaThe MpuBemeHBI pe3yIbTaThl TaKOM
OLIGHKU, BBIMIOJIHEHHOH IO pe3yJbTaTaM pacyeTa
TPEXMEPHOTO TeUCHUS TS pesKMa pabOThI OTCEeKa,
B KOTOPOM CUJIOBbIE CTOMKM OOTEKAIOTCSI C yMEPEH-
HBIMU YTJIaMM aTaku. Pe3ynsraTsl pacyeTa cpaBHU-
BalOTCS C JAHHBIMU DKCIIEPUMEHTA.

ITocTaHOBKA pacyeTa TPEXMEpPHOro TeYeHus

OOBEKT MCCAEAOBAHUS — OTCEK <«IOCJEIHSIS
CTyIIEHb TYpOMHBI — BBIXOAHOU nuddy3op», mo-
JPOOHO M3YUYEHHbI Ha KPyMHOMACIITAOHOM 3KC-

Puc. 1. DyieMeHTBI TEOMETPUH pacuyeTHOI 00JIaCTH:
a) nomatku pemerok ITHA, HA u PK; 6) cexTop
mrddy3opa ¢ CHIIOBO# CTOMKOIM

nepuMmeHTanbHoM cteHae CIIGITY [6—10]. IIpo-
TOYHasl 4aCTh OTCEKa COCTOMUT U3 TPeX PelIeTOK:
MMpeJBapUTEILHOIO HaMNpaBJsSIOLIeTo arapara
(ITHA), HammpaBJIsIO1LIero armapara ocjiaeIHeH CTy-
nenu (HA) un ee pabdouero kosneca (PK). Jlonmatku
3TUX pPelIeTOK M300paxKeHsl Ha puc. 1, a. [Ipensa-
PUTETHHBIN HAITPABJISIONINIA allrapat odecreurBa-
€T HaTeKaHue MOTOoKa Ha HampaBJIsiolle JONmaTKu
ToCJeIHe CTyNeH! MO YIJIOM BbIX0la MTOTOKA 13
TIpeATIOCIeTHE CTYTIEHT TYPOUHBI.

st cokpauieHus: ooObeMa BBIYMCISHU pa-
cueTHas 00J1acTh BbIOpaHa B BUJIE CEKTOpa C YIJIOM
72°, BKIIIOYAIOIIIETO OAHY 13 IISITA PABHOOTCTOSIIINX
JIpYT OT ApyTa CUJIOBBIX cToek (puc. 1, 6). ITpaBo-
MEpPHOCTb 3aMEHBbI KOJbLIEBON 00JacCTH TeUeHUS
CEKTOpOM OIICHMBAJIaCh CPAaBHEHUEM PE3yIbTaTOB
pacdeTa B cexkTopax ¢ yriaamu 24°, 72° u 120° musa
BapMaHTa IMPOTOYHOI yacTu 1uddy3opa 6e3 cuio-
BBIX CTOeK. Ha puc. 2 B KauecTBe Impumepa Tpe-
CTaBJIEHO paclpee/ieHUe MO BbICOTe TTPOTOUYHOM
YaCTU TMOJHOIO M CTaTUYECKOIo MaBJICHUS 3a CTy-
reHbpo. HebobIoe BIMsTHME UCKYCCTBEHHO Ha-
JIO)KEHHOU TepUOIUYHOCTU TEYEHUS MPU 3aMeHe
TOJTHOM KOJIBLIEBOM 00JIACTH CEKTOPOM OLLIYIIAETCSI.
OmHaKO TIPH COTIOCTaBICHUH TaAHHBIX, TIOJTYIeHHBIX
JIJISI OTHOTO M TOTO XK€ CeKTopa 0e3 CTOeK 1 CO CTOM-
KaMM, 9TUM BJIMSHUEM MOXHO ITpeHeOpeyb.

YucneHHOE MOIeTMPOBaHNE BBITIOJHEHO C TT0-
Moiiblo makera ANSYS CFX meronom RANS mipu
MCII0JIb30BAHUM BBICOKOPEMHOJBACOBOM BEPCUU
SST-monenu TypOyiaeHTHOCTU. PacueTHas ceTka B
00JIaCTU MEXJIOMATOYHBIX KaHAJIOB U MPOTOYHOM
YacTH BBIXOAHOTO AU(ddy30pa — KBa3UCTPYKTYPU-
pOBaHHasI CO CTYIIEHNEM sJeeK K CTeHKaM. Bemm-
4yyHa y+ Haxoauaack B npeaenax ot 30 o 200, yto
COOTBETCTBYET TPEOOBAHUSIM IO MPUMEHEHMIO BbI-
OpaHHOI MoaeIu TypOyJIEHTHOCTH.

B nepucdepuiiHoit 061acTu ObLIO BBIMOJHEHO
TOTIOJTHUTEIbHOE CTYIIeHUE CETKHU IS JY4IIero
paspelreHus CTPYH, BEITEKAOIIe 13 paauaaIbHOTO
3a3opa Haj jorarkamu PK. Ywrcro y310B pacueTHOM
CETKM B OJJHOM MexJionatrouyHoM KaHaie ITHA —
269 toic., HA — 268 1hIC., pemerku PK — 439 ThiC.
OO11iee YKMCI0 y3J0B B CEKTOpe C yriom 72° —
11209 ThIC., U3 HUX B 00J1ACTU BBIXOAHOTO AUMDY-
3opa — 1179 Thic.

Pabouee Tes10 — BO3ayX, MOCKOJIbKY Pe3yJIbTaThl
pacuera CpaBHUBAIMCH C JTAaHHBIMU SKCIIEPUMEHTA,
BBITTOJTHEHHOTO Ha BO3MYIITHOM CTeHIe. B KauecTBe
IrpaHUYHBIX YCIOBMI 3aaBajlich TeMIieparypa u
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Puc. 2. PacnipeneneHue mosHOro (a) ¥ CTaTUYECKOro (6) naBJIeHUs 11O BBICOTE MPOTOYHOM
YaCcTH 3a CTYIEHbBIO TIPU pacueTe B cekTopax ¢ yriaamu 24° (----), 72° (———), 120° (——)

Puc. 3. 306apbl n30bITOYHOTO NaBieHUs TopMoxKeHus (I1a) 3a cTyneHbIo pu pa3InyHOM
B3auMHOM TosioxkeHuu yiornatok PK 1 HA: @) HayanbHOE MMOJI0XKeHUe; 6) CIBUT Ha 2°;
6) CIOBUT Ha 4°; 2) cABUT Ha 6°

JIaBJIeHE TOPMOXKEHMSI IPU BXOJIE B OTCEK, a TakXkKe MNpuMeHeH uHtepdeiic «Frozen rotor». ITpu Takom
MAacCCOBBII pacxoj Bo3ayXxa. MOJIXO/IE PE3YJILTAT pacueTa MOXEeT 3aBUCETh OT B3a-

s mepexoja oT abCOIOTHOIO ABUKEHMSI B MMHOTrO pacmnosoxeHus jJornatok HA u PK. YtoOn1
peuretke HA x orHOocutenbHOMY B pemierke PK  olieHUTH BO3MOXHBIN pa30pocC pe3yIbraToB pacyeTa,
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BBI3BAHHBINA 3TUM 3(D(HEKTOM, OBIIIN MTPOBEACHBI
pacyeThl IpHU YEThIpeX IoJIoKeHusx JonaTtku PK B
npenesax mara pemetku HA. B BeixomHOM ceuyeHun
CTYIIEHU, CTPYKTYypa ITIOTOKA B KOTOPOM OIIpeIesIseT
BXOIHBIC YCJIOBUS IpU pacuete nuddy3opa, 3ameT-
HOI 3aBUCUMOCTHU KaK OCPEIHEHHBIX 110 OKPYXK-
HOCTH, TaK W JIOKAJIbHBIX 3HAYCHMUI ITapaMeTpOB
TEUYEHMSI OT B3aMMHOTO PacIiojioXeHus1 joratok HA
n PK obHapyxeHo He ObL10 (pHc. 3).

Pe3yJ'H>TaTLI pacueTa u SKCNNEepUMEHTAJIbHbIC TAHHbIC

Jlmst aHanm3a, Kak yxke ObLIO OTMEUEHO, BEIOpaH
peXuM pabOThI OTCEKa C YMEPEHHOM 3aKPYTKOI I10-
TOKa I1pu Bxone B nuddy3op. B kopHeBoM ceueHUM
CTYIIEHU ITOTOK MMeJI MPaKTUIECKU OCEBOE HAIpaB-
JeHue. Y riepudepun CTyreHu 3aKpyTKa IMoToKa J10-
cturana 30—35° B HarnpaBJIeHUM BpallleHUs poTopa.

OTMETUM, YTO TIPU SKCIIEPUMEHTAIBHOM HC-
caenoBaHu [6—10] ITOTOK B ceUeHMH 3a ITOCIETHEN
CTYIIEHbIO TPaBEPCUPOBAJICS MSITUKAHAIBHBIM a3pP0-
JUHAMUYeCKUM 30HA0M. B ripeaenax mrara Hampas-
JIsSTol1ero arnmnapaTa ObLIA BBITTOJTHEHBI HECKOJbKO
pagnaiabHBIX TpaBepc. M3aMepeHHBbIe TTapaMeTphbl
OCPEIHSUINCH B OKPY>KHOM HaImpaBJICHUU U TIpe-
CTaBJIEHBI B 3aBUCUMOCTHU OT panuyca. Pe3ynbraTsl
pacyeTa Takxke MPUBEAEHbI B OCPEAHEHHOM I10
OKPYXHOI KoopanHaTe BuAe. OTBITHI BHITIOJHEHbI
s nugdysopa ¢ cuJioBbIMU cTolikamu. Pacyer

MPOBENeH IIJIs IBYX BapvaHTOB MPOTOYHOIN YacTu
nuddy3opa — ¢ CUIOBBIMU CTOMKAMU 1 0€3 HUX.
Puic. 4 no3BoJisieT CpaBHUTD pacueTHbIE 3HAUEHUST
OCHOBHBIX [TAPAMETPOB TEUEHMUS C IKCTIEPUMEHTAITb-
HBIMM JaHHBIMU. /1t BapyanToB nudgdy3opa co
CTOMKaMM 1 0€3 HUX pe3y/IbTaThl BBIYMCICHUMN 1 3KC-
MeprUMEeHTAaIbHbIE TPAKTUIECKU coBMaIA. OTKIIOHE-
HUE OITBITHBIX TOYEK OT PACUETHOMU KPUBOW HEBEJIU -
KO. BJIM3KKUM K 3KCcTieprMeHTaTbHOMY 0Ka3ajaoch 1
pacuetHoe 3HaueHue KITJI crynenu (pacxoxkneHre — B
npeaenax 0,5 %). DTo MOATBEPXKIAET, UTO BHIOpAH-
HBIIl CIOCOO YMCIEHHOTO MOJEJIUPOBAHUS TPEX-
MEpHOTO TYpOyJEHTHOTO TeUeHUsI B OTCEKE MpUMe-
HUM JIJIS1 aHAJIU3a, MOJ0OHOTO BBIITOJIHEHHOMY.
TakuMm 06pa3oM, MOKa3aHO, YTO MPUMEHUTEIIb-
HO K OTCEKY «ITOCJICIHSIS CTyIeHb TYPOUHBI — BbI-
XOIHOW Auddy30p» Ha peXUMe C YMEPEHHBIMU
yIJlaMU aTaky MpU 00TEKaAaHUU CUTIOBBIX CTOEK OHU
MPaKTUYECKU HE BJIUSIIOT HAa MPOCTPAHCTBEHHYIO
CTPYKTYpY MOTOKa 3a cTyneHblo. [ToaTomy, olieHu-
Basi CTeNeHb MOBbIIEHUS JaBjieHUs B 1uddy30pe ¢
CUJIOBBIMU CTOMKAMM, 3aJa4y pacueTa TpEXMEePHO-
ro TeYEHUsI B HEM Ha PeXXUMe C yMEPEHHOM 3aKpyT-
KOM IMOTOKa MOXKHO CTaBUTbh B U30JIMPOBAHHOM 00-
JlacTu. YclioBusl Ha BXxone B AU dy30p MpU 3TOM
MOXKHO 331aBaTh 10 pe3yJibTaTaM pacueTa Tpexmep-
HOTO TeUeHUsI B MOCJeIHEN CTYyIeHU TypOUHBI Oe3

maddysopa.
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Puc. 4. PanuanbHoe pacmnpenesieHUe ITOJTHOTO JaBlIeHMs (@), 0OCeBOM KOMIIOHEHTHI yrcia Maxa

(6) v yria BbIXoa MOTOKA (8) U3 MOCeIHEN CTYeHU:

— pacyeT Co CTOMKaMMU; O — pacyer

0€3 CTOeK; ® — IKCIIEPUMEHT (CO CTOKaMM)
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UCCNEAOBAHUE TMAPOAUHAMUKU U TEMNJTOOBMEHA B NMOJIOCTAX
OXJTAXAEHUA BbICOKOPOPCUPOBAHHOIO AU3EJIA

Yu.V. Galyshev, A.B. Zaytsev, Dm.G. Alekseyeff

THE STUDY OF HYDRODYNAMICS AND HEAT TRANSFER
IN THE COOLING CAVITIES OF A HIGH-POWERED DIESEL ENGINE

B craTtbhe mpencraBiaeHbl pe3yabTaThl UCCIEIOBAHUSI ¢ TIPUMEHEHUEM YMCIIEHHOTO MOIEIMPOBAHUS
TMAPOIMHAMUKY U TETJI000MeHa B TMOJOCTAX XUAKOCTHOTO OXJIAXIEHUS TOJTOBKU IUJIWHApPA
BbICOKO(OpcupoBaHHOTO aAu3ess. [1oJ0CcTh OXJIaKAeHUST TOJOBKU — KJTIOUEBOM 3JIEMEHT CUCTEMBbI
OXJIQXKEHMUS, HEIOCPEACTBEHHO B HEl MPOUCXOIUT MPOLIeCC TeTUIoNepeaayu o CTOPOHBI OTHEBOTO
JTHUIIIa KaMePbl CTOpaHusl, KJIaraHOB, BBIITYCKHOTO KaHaJla B OXJIaK/Ia01Iy10 XKUIKOCTh. Mcriob3oBaHme
KOMILIEKCa COBPEMEHHBIX MPOTPAMMHBIX CPEICTB MO3BOJMIO MOJTYYUTh OCHOBHBIE TTapaMeTphl
JBVDKEHUS XKUJIKOCTH Y TETIIOTIEpeIauM, a TAKKe 00eCTIeUrIO BU3YaJIbHYIO OLIEHKY KapTUHbBI TEYSHUSI,
HeoOXoauMyIo I oIpeaeeHus IpobieMHbIX MecT. IlpuMeHeHue pa3pabOTaHHON METOAMKU
TO3BOJIUJIO BHECTU YTOUYHEHME B OTIpeIeIeHUE TeMIIEPaTypPHOTO T0JIsI TOJIOBKY IIUJIMHIPA U 00eCTIeUnTh
KaK CHUKEHHE MaKCUMaJIbHBIX TEMIIEpaTyp, TaK U BbIpaBHUBaHKE TeMIepaTypHoro noJjs. OCHOBHOM
pacuet mpoBoawics B mporpamme Flow Simulation (COSMOSFloWorks), koTopast siBJIsieTcs COCTaBHOM
yacThto Komruiekca SolidWorks.

JAUN3EJb; TOJIOBKA HWJINHAPA; CUCTEMA XNJKOCTHOI'O OXJTAKAEHUA; MOAEJIMPOBAHUE ITPO-
LECCOB B IBC; TEMITEPATYPA.

The paper presents the results of the study on the hydrodynamics and heat transfer in the cavities in a
liquid-cooled cylinder head of a high- accelerated diesel engine using numerical simulation. The cooling
cavity of the cylinder head is a key element of the cooling system, as it is where the processes of heat
transfer from the bottom of the combustion chamber, valves and the discharge passage into the coolant
occur. Using a complex of modern software allowed us to obtain the basic parameters of fluid motion
and heat transfer, as well as to provide a visual assessment of flow patterns in order to identify the problem
areas. Application of the developed methods makes it possible to clarify the definition of the temperature
field of the cylinder head, and ensure the reduction of the maximal temperatures and the alignment of
the temperature field. The basic calculation is carried out in the Flow Simulation (COSMOSFloWorks)
software, which is part of the SolidWorks complex.

DIESEL; CYLINDER HEAD; LIQUID COOLING SYSTEM; SIMULATION OF ENGINE PROCESSES;
TEMPERATURE.

OaHUM U3 OMNpeAS/sIIoIIMX TPpeOOBaHUI TIpU
KOHCTPYMPOBAHUY HOBBIX M MOACPHU3AIINH CYIIIe-
CTBYIOIIMX JABUraTejieil BHYTPEHHETO CropaHusi
(IBC) sBnseTcs odecrieueHre ONTUMAIbHOIO Te-
TJIOBOTO COCTOSIHUS ieTajieit. BeauunHa TerioBoro
ITOTOKA, TTOCTYMAIONIeTO B CUCTEMY OXJIaXKIeHUS
(CO), cHuxaetcst 6aarogapst 3¢ (peKTUBHOI opra-
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HU3aLMK paboyero Ipoliecca, OJHAKO KOJIMYECTBO
TEIUTIOTHI, TIOJIeXKAIIeH OTBOLY OT JBMTATES, IO-
MPEeXXHEMY OCTaeTCsI Ha BLICOKOM YPOBHE U COCTaB-
JsieT 10 20—30 % oT TerIoThI, MoaBeIcHHOM BmKiie [ 11].

Cpoxu pazpaboTku HoBbIX JIBC nmporpeccuBHO
COKpAIlIaIOTCs; IPUMEHEHHUE TPYAOEMKUX 1 3aTpaT-
HBIX 9KCITEPUMEHTAIbHBIX METOJ0B KaK OCHOBBI ITPH
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TOBOIIKE MBHMTATENIC He Bcerma ompaBmaHHO. Mc-
X0 M3 CYUIECTBYIOUIEN MOTPEOHOCTU PA3BUTUS
BOITpOCa pa3pabaThIBAIOTCS M pa3BUBAIOTCS METO-
JHUKW pacyeTa MpOoLECCOB, MPOUCXOASIINX B TO-
noctax CO. KpyImHbie MalIMHOCTPOUTEIbHBIE IIPEI-
MPUSTUS UCTIOJB3YIOT B CBOEH paboTe BO3MOXKHOCTH
KOMIIBIOTEpHO TexHuUKu [2, 12], B 4acTHOCTU
CAIIP TexHOM0rMM, aBBTOMaTU3UPYS IIPOLIECCHI ITPO-
eKTUPOBAaHUSI, KOHCTPYHPOBAHUS U U3TOTOBICHUS
nponykuuu. Lupoxuii Kpyr 3agay MOAEIUPOBAHUS
TWHAMUKU XUIKOCTH M TEIZIOOOMEHAa B TOJIOCTSIX
JBC, Bo MHOTOM OIpeAesTIOIINX €r0 HaleKHOCTD,
pemraetrca Ha stane Computer Fluid Dynamics
(CFD) — BBIYMCIUTENILHON T'MAPOIMHAMUKHN. J1JIsT
WX pellIeHNsT NCTIONIB3YIOT KaK YHUBEpCaTbHBIE, TaK
U CTeLIMaIM3UPOBAHHbIC MMaKeThl MPOrpaMm, pea-
JIU3YIONINE pacyeT cucteM auddepeHITnaIbHbBIX
YPaBHEHUI B YACTHBIX TPOU3BOAHBIX TOCPEICTBOM
MeTola KoHeuHbIX 21eMeHToB (KD) [3, 4, 13].
TonoBka nununapa ausens (IF'LJI) — ogHa u3
HanboJIee CIIOKHBIX M BAXKHBIX I€TaJIei, COBEpIIICH-

CTBO KOHCTPYKIUM U TEXHOJIOTUH MU3TOTOBJICHMUS
KOTOPOIi BO MHOTOM OITPEIE/ISTFOT BO3MOXKHOCTb J10-
CTVXKEHUS COBPEMEHHBIX IOKAa3aTesieii 0 YPOBHIO
(bopcupoBaHUsl, 5KOHOMUUYHOCTU U BPEIHBIX BbI-
OpPOCOB, OT KOTOPHIX B O0IIEM ClTydyae 3aBUCUT Ha-
nexxHocTh paboThl JIBC. CtabmibHast LUPKYJISLS
M0 TPaKTy OXJIAXICHUsI, pABHOMEPHOE pacIpee-
JIeHUEe TIOTOKOB U OTCYTCTBUE 30H PEeLUPKYJISIIAN
CO3Ial0T ONTUMAJIbHBIA TEIUIOBOI PEeXUM pabOThI
JBUTATENSI U UCKIIIOYAIOT MOSIBJICHUE JTOKAIbHBIX
TEIUIOHATIPSDKEHHBIX YYaCTKOB M 30H MTapooopaso-
BaHMSI. AKTYaJIbHOCTh PabOThI CBSI3aHA C TEM, UTO
npeajaraeMble B Heil MepOIPUSITHSI TI0 obecIieue-
HUIO COBEPIIEHCTBOBAHUSI pabOTOCIIOCOOHOCTHU
JABC, xoTopnie TpeOYIOT AeTaIbHOIO MacCHBa JaH-
HBIX 0 TemnepaTypHoM nose B 'L, Oynyuu npu-
MEHEHBI ellle Ha CTaauM MPOEKTUPOBAHUS, CYIIe-
CTBEHHO CHUKAIOT BEPOSATHOCTh BOBHUKHOBEHMSI
TEIUIOBBIX Je(PEKTOB.

Lleabp paboThl — COBMECTHOE HCCJIeIOBaHUE
MPOIIECCOB TUAPOANHAMMUKHI U TertooomeHa B 'L/

Puc. 1. TpexmepHast MoeIb rOJIOBKY LIWJIMHAPA
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(puc. 1) co croponbl CO st obecnieueHust appex-
TUBHOTO TEILJIOBOTO PeXkrMa BhICOKO(OPCUPOBaH-
Horo au3senabHoro J1BC pasmepHocTthio 15/17,5.

st mocTUXKeHUs eI HeOOXOAUMO BBIMIOJTHUTD
cenyloliee:

aHaJIU3 CYILIECTBYIOIIMX MaTeMaTUYECKUX Me-
TOHOB pacuera TeruiooomeHa B rojtoctsax 'L

HUCCIeqOBaHNE BIMSTHUSI MECTa ITOJauM OXJIaxX-
nparomeit sxxuakocty (O2K) B TOJIOBKY Ha TEIJIOBO
MOTOK;

HCCIIeJOBaHNE BIIMSIHUSI XapaKTepUCTUK CHCTE-
MBI Ha ABMXKeHHME XJagareHta no noaoctsam CO u
Ha UHTEHCUBHOCTb TEIJIOOTIAYN.

B pamkax paboThl mpoBeaeHa ONITUMU3ALINS Te-
IJIOBOTO peXKMMa 3a CUET OpraHU3aluy IBVKEHMS
OX B CO ¢ ucnonb3oBaHueM MoAU(PUKALIUU Me-
togoniorun H.C. MajacToBckoro [5] 1o YncjieHHO-
MY MOJEIUPOBAHUIO TUIPOAUHAMUKY XKUIKOCTU B
nonoctax I'LI.

BaxxHOCTb uccaenoBaHUs JTOKaJbHBIX CBOCTB
TerJI000MeHa ITpy MOJIeIMPOBaHUU TeMIIePaTypHO-
ro coctosinus netaneir JABC xopoiio uzyyeHa B
tpynax b.C. Credpanosckoro [6] u A.JI. HoBeHHu-
koBa [7, 8]. OcHOBHOE TpeOOBaHUE, TPEIbSIBIISIEMOE
K TOJIOBKE, — 5TO KaYeCTBEHHOE OXJIAXICHUE CTe-
HOK, oopasyromux KC, oco0eHHO MexXKJIalmaHHbIX
repeMbIUeK, a TAKKE BBIITYCKHOTO KaHAaJIa, ITOCKOJTb-
Ky TeruioBasl HarpskeHHoCTb B I'LIJI Bcex BbICOKO-
(bopcupoBaHHBIX IBUTATENIEl HAMHOTO IPEBOCXO-
IUT MeXaHWYeCcKHe HampskeHus. KioueBbIMU
TepMUUYECKMMU Harpy3kKaMM, BO3AEHCTBYIOIIUMU
Ha I'I1, sBnstioTcs:

KOHBEKTHUBHBIN U paJUallMOHHBIN TEIJIOBBIC
MOTOKU, UCXOMASIIME OT paboyero Tejia B IMJIMHAPE
IBC;

KOHBEKTHBHBIE TETJIOBbIE TOTOKH CO CTOPOHBI
BITYCKHBIX Y BBIITYCKHBIX Ta30BO3AYIIIHBIX KAHAJIOB
(I'BK), B KoTOpBIX pabouee Teao mepeMeniaeTcs ¢
BBICOKMMM CKOPOCTSIMU;

TETUJIOBBIE IIOTOKM, TIOSIBJISTIOIIAECS BCICACTBHIE
KOHTAKTHOM TEIJIOOTAAYN B COMPSKEHUSX «CEITI0O—
(hacka xranaHa»;

TEIUIOBBIE ITOTOKU, OTBOAMMBIC B IMOJOCTU
OXJTAXKIEHUS.

CylecTByeT IUPOKUI P SMITUPUISCKUX 3a-
BUCUMOCTEH, OLICHMBAIOIIUX WHTEHCUBHOCTD Te-
nnootnayu B CO. IlpuseneM HekoTophie [15] u3
HUX:

1. ¥paBHenue B.M. by3Huka, onpenensioliee
KO3 PUIIMEHT TeIUIOOTIAYM OT TWIb3bl K OXK,
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PR
Nu=0,017P¢}® Pr)* d—2 &, (1
1

rae d, — IMaMeTp TEeIIOOTAAIOUIEN MOBEPXHOCTH
TWIIB3bI LWJIMHADPA; ¢, — HApyXHBIA AMaMeTp Mmo-
JIOCTU OXJIAXKIECHUS.

2. 3aBucumocTth T. 3oHHeKeHa [ 16] mis onpene-
JIeHUs1 Koa(ddUlMeHTa TeIjaooTaauyud OT CTEHOK
I'UJb3 U rojioBok B CO

a, =300+ 1800/w, )
rae w — cpeaHsist ckopocth TeueHus: O2K B kaHajax
CO ABC.

OngHako TOAYepKUBACTCS HEXeTaTeIbHOCTD
MPUMEHEHUST SMIUPUUECKUX 3aBUCUMOCTel [14],
IMOCKOJBKY IIJISI COBPEMEHHOTO BBICOKO(OpPCHPO-
BaHHoro JIBC ¢opma nosoctu CO uMeeT CI0XKHYIO
MPOCTPAHCTBEHHYIO CTPYKTYDPY, a TeueHue OXK ot-
JIMYAETCS OOTBIIMMMU TPaTMEHTAMU CKOPOCTEM, CO-
YETAaeT 30Hbl YCKOPEHHOIO Y 3aCTOMHOIO TEYECHUI.
Hcronb3oBaHMe MOJOOHBIX YITPOILEHHBIX MOIEIIC
JUTSI OTIMCAaHUs TIpoliecca TeIioo0MeHa BO3MOXKHO
TOJIKO Ha HayaJbHbBIX, OLIEHOYHBIX YPOBHSIX MPO-
extupoBaHus y3ia I'LIJI. Takum obpazom, HauIyd-
IIUM U HEPEJIKO €AMHCTBEHHBIM TEePEAOBBIM MO/ -
XOJOM CJIYKUT YMCJIEHHOe MojenaupoBaHue [9], B
OCHOBE KOTOPOTO pellatoTcs YpaBHEHUST COXpaHe-
HUST MacChl, 9HEPTUM U UMITYJIbca. OHU OTNMCHIBA-
[OTCS o0IMM auddepeHInaTbHbIM YpaBHEHUEM
IJ1s TIepeMeHHoi D:

@+ div(pu®)=div(Igrad®)+S, (3)
rae I' — o0muit koaddunuent nuddysun; S — no-
MOJHUTEIBHOE ClaraeMoe UCTOYHUKA

[i1s yTouHeHHOTO pacyeTa IoJieii TeMIIepaTyp
U TeMITepaTypPHbBIX HAMIPSIKEHU I € IMHCTBEHHO BO3-
MOXHBIM BBIOOPOM SIBJISIETCS MCITOJIb30BAaHUE Me-
TOJOB YMCIEHHOr0 MOJEIUPOBAHUS MPOLIECCOB
TUAPOAMHAMUKY U TeItooOMeHa. Mcnonbp3oBaHue
METOIOB BHIUMCIUTEbHON THAPOAUHAMMUKY CIICTY-
€T CYMTATh OCHOBHBIM U JIST ONIpEAC/ICHUS YCIOBUIA
TenyoBoro HampsixkeHus I'IJI, MOCKOABKY OHM
OIPEAEISIIOT TEIUIOHANPSIKEHHOE COCTOSTHUE Ha
90—-95 % [10]. dns MoAaemTMpOBaHUSI TOJIOBKH BbI-
OpaH KOHCTPYKTOpCcKuii makeT Solidworks, obecme-
YMBAIOLIMKA pa3pabOTKy u3aeauit 1000l cTerneHu
CIIOXXHOCTH M Ha3HadeHus. B mpoiuecce paboTh
cO3/1aHa METOJAMKA KOMIUIEKCHOIO MCCJIeIOBAHMS
TUAPOAMHAMUKMI U TeIioooMeHa B monocTsax CO
JBC c npyuMeHeHreM KOMIBIOTEPHOTO MOAEINPO-
BaHMSI, OHA UCITOJIb30BaHa IJIsl pacueTa TeUeHUs B
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MOJOCTSIX OXJIAXKIEHUSI BHICOKO(OPCUPOBAHHOIO
JM3EJIbHOTO IBUTaTEIs.

IMonocte oxnaxnmenus 'L/, BeirmonHsemMoi
M3 BBICOKOIIPOYHOTO UyryHa, XapakKTepU3yeTcs
CJIOXKHOUW KOHGUTrypauuei u B 3aBUCUMOCTU OT
cniocob6a noasoga OXK mMmeer oT OJHOTO A0 Tpex
BXOJIHBIX OTBEPCTHUI, a TAKXKE OT LIECTU IO BOCh-
MU OTBepCTU oTOopa. [ToCKOJIbKY MOUCK 3Haye-
HUI TeMIepaTyp U TeIUIOBBIX IOTOKOB B IIOJIOCTU
CO I'llJI TpedyeT 3amaHUsT B KQUeCTBE UCXOTHBIX
MaHHBIX BEJIMYUH TEIJIOBBIX IOTOKOB M TeMIIepa-
Typ AeTajleil, alpuopy HEU3BECTHBIX, TO HAa KaX-
IIOM 3Tame pacyeTa €IMHCTBEHHO BO3MOXHBIM
METOJIOM CJIY>KMT UTE€pallMOHHAas IIpolieaypa pa-
cuera.

Mogaenb nojocteit CO onuchiBaeT 00beM Bellie-
CTBAa, 3aITOJIHSIONIETO ITOJIOCTH, (B JAHHOM CIIydae —
Boja). Ha puc. 2 3aTeMHeHHOI1 paclBeTKOI MOKa-
3aHbl BHYTPEHHIE O0BEMBI, IIPeTHA3HAYCHHBIC 15T
uupkyasuuu OXK. JIist MogenupoBaHUsT TEUSHMS

JKMIKOCTU U TIepeaavu TeII0Thl ObUT BEIOpaH MakeT
Flow Simulation — MOIIHBII ITIpOrpaMMHBIIA MOIYJIb
CFD ananu3sa B cpene SolidWorks.

B 2TOM Xe makeTe oCylIecTBISIETCS] TeHepalus
CETKM TIOCPEACTBOM METO/Ia KPUBU3HBI COBMECTHO
C IpOoLIeypOit, OCHOBBIBAHHOI Ha MeToje lenaHo—
BopoHoro, uTo mno3BojisieT mojydaTb HauboJjee
aJleKBaTHOE pellleHWe Ha 00BbeKTax MpeuMylie-
CTBEHHO KpUBoOIMHeHOU (popmbl. CeTKa aganTu-
pyeTcs K TUITy TeOMETpHUU Tesia, KOTopasi BIOC/e -
CTBUM ANMNPOKCUMHUPYETCSI KOHEUYHBIMH
3JIeMEHTaMH B aBTOMaTHUUYeCKOM pexkume [1].

HccnenoBanne ¢ mpuMeHEHHEM KOMILIEKCA
MPOrpaMMHBIX CPENICTB MTPOBOAMIOCH AJIsI YEThIPEX
KOHCTPYKTUBHBIX BapUAHTOB ITOJIOCTH U TPeX pe-
KUMOB pacxoga HacocoM OXK. DTo Mo3BOJUIO He
TOJIBKO TIOJTYIUTH OCHOBHBIC TTApaMeTPhI IBIKEHMS
SKUJKOCTH Y TEIJIOOOMEHA, HO U 1a710 BOBMOXKHOCTh
BU3YaJIbHO OLIEHUTH KapTUHY TeYECHUS U OTIPEICITATE
npobGieMHbIe MecTa (puc. 3).

Puc. 2. [TonmocTh oxnakIeHNs TOJTOBKY JIMHAPA TU3eTIsT
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Puc. 3. BekTopHas KapTuHa CKOPOCTEi1 IJ11 CTaHAAPTHOM CeTKU

BaxxHoi1 01IeHKO#1 TPaBUILHOCTH PEILIEHUS SIB-
JISIETCSI €ro CeTOYHasl He3aBUCUMOCTb. B mpoBeeH-
HOM MCCJIEIOBAHUM IIOCTPOESHO TPU TUIIA PACYETHBIX
cetok mrs 'L

cra”naptHasi cetka (70927 s1eMeHTOB);

rpy6as cetka (33611 ameMeHTOB);

TOYHAS CETKA CO CTYIIEHUEM B IIPUCTEHOUYHOM
obsactu (158242 sneMeHTOB).

TTonst ckopocTeil B 00beMe MPaKTUIECKU O~
HAKOBBI JUISI pa3HBIX TUIIOB PACUETHBIX CETOK, OT-
KJIOHEHUSI BeJIMUMH JaBJ€HUI Ha BXOJIE OT CPeaHe-
ro 3HaueHus He mpessiaior 0,1%. B 1ieoMm 310
TOBOPUT O HE3aBUCUMOCTH OCPEIHEHHBIX Mapame-
TPOB T€UEHUSI OT BBIOOPA CETKHU, TTO3TOMY IO YMOJI-
YaHUIO BbIOpaHa CTaHAapTHas CETOYHAsI cXeMa, Kak
HauboJiee cOaaHCUPOBAHHASI MEXAY KaueCTBOM
UTOTOBOTO pellIeHUs U 3aTpaurBaeMbIM BpEMEHEM.
Oo011ee konmuecTBO 00beMHBIX KO coctaBuio 70927
S4YeeK CO CIENYIOIINMU MapaMeTpaMy pacyeTHOMN
CETKU: SIYEKU B TeKyueii cpene — 18268; sueiiku B
TBepAoM Tejie — 17729; yactnuHble stueiiku — 34930.

s pacyeTa TMIPOAMHAMUKY U TETUIOOOMEHA
B MOJOCTU OXJaXAeHUSs 3alal0TCsl TpaHUUYHbIE
yeiioBus (I'Y), a uMeHHO 00beMHbIM pacxon OXK Ha
BXOJI¢ B TIOJIOCTh, KOTOPBIi OMpPenesseTcs] UCXOIs
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13 pACXOMHOM XapaKTepUCTUKH Hacoca JIJIST CIIeIy-
oKX peXuMOoB ero padoTsl: 80, 240 1 400 j1/MuH.

Ha BBIXOTHBIX OTBEPCTHSX 3a1aHO aTMOChEPHOE
nasnenue P = 101325 I1a. B nporiecce pemeHus
3a/1auM 1aBJIeHKUE Ha BXOJE B MOJIOCTh PACCUMThIBA-
€TCsI UCXOJISI U3 YCJIO0BUS 00ecTeueHusI TOCTOSIHCTBA
pacxojia yepes pacueTHyI0 00J1acThb.

B kauectBe OK npuHsiTa Boaa co cieayoinmmu
nmapamMeTpaMy: Temieparypa Ha Bxomge 7 = 363 K-;
IJIOTHOCTh P = 965,2 xr/m* nipu 363 K-; Teruioem-
KOCTb ¢, = 4182 JIx/xr-K-; TerionpoBogHOCTb
A = 0,6 Br/mK; nnHamndeckass BSI3KOCTb
pu=0,001003 xr/m-c.

BosHwukaromye KoixebaH!s TETUIOBOTO TTOTOKa,
CBsI3aHHBIC C IIMKJIMIHOCTHIO ITPOIIECCOB B IIMINH-
JIpe, 3aTyXaloT B CJI0€, COCTABISIIOLIEM JAECIThIE JOJIU
muwuinmetpa. [losromy Ha noepxHoctu I'IJI co
croporbl KC HakIagpIBaloTCsT TpaHUYHEIC YCIIOBUSI
TeruioooMeHa 3-1o poja. OcpeHEeHHOe 3HAaUeHUE
ko dumenTta teruroornaun 1052 Br/(M?K) u pe-
3yJbTUpYIolas Temneparypa 957 K nmoydeHsl ¢ mpu-
MEHEeHHEeM pa3pabaTbIBA€MOTO MPOTrPaMMHO-METO-
nuueckoro koMmruiekca (ITMK) «Pacuet Harpy3ok u
TPaHUYHBIX YCJIOBUI [UTSI TPOSKTUPOBAHUS JIEMEH-
toB ['LII» mitst pexxkiMa HOMAHATbHOM MOIITHOCTH C
HCIIOIb30BaHMEM JaHHBIX pabodvero mpoiiecca.
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[pu 3amanum mapamMeTpoB TypOYJICHTHOCTH BbI-
JBUHYTO MPEATNOJ0XKEHHUE, YTO TEUEHUE B ITOJOCTSIX
CO Oynet UMeTh HU3KYIO CTeIIeHb TYpOYJIEHTHOCTH.
[Tockonbky onpeneneHre Ha4albHbIX YCJIOBUI Typ-
OYJICHTHOCTHU B TAHHOM 3amaye SIBJISIETCS TTPOLIECCOM
HESIBHBIM, TO BBIOpPAHO 3alaHue Pa3BUTON TypOy-
JIEHTHOCTH Ha BXOJe, BCICACTBIE YETo IIporpaMMe
Jerye ccopMupoBaTh TypOyJaeHTHOe Tosie. Takum
00pa3oM, 3aIaBajICh CIeAyIoIIe 3HaUeHUSI TTapa-
METPOB TYpPOYJEHTHOCTU: UHTEHCHUBHOCTh TypOy-
neHTHocTH Tu = 2 %; MacImTab TypOyJIEeHTHOCTH —
0,002 m.

K coxanenuio, H OHa U3 CYIIECTBYIOIITNX MO-
Jeneil TypOyJeHTHOCTH He SIBJSIETCS] YHUBEPCalb-
HOI TS BCeX BUIOB pellaeMbIX 3a1ad; BEIOOP MO-
nenu obycioBiaeH (GU3MYECKUMU TMapaMeTpaMu
HUCCIENyeMOTO TeUCHUSI, TTPAKTUIECKUM OIIBITOM
MOJEJMPOBaHUS MOAOOHBIX 33124, TPEOYEeMOi TOU-
HOCTBIO PEIIeHUs, PECYPCOEMKOCThIO M OTpaHIYe-
HUSIMU TI0 BpeMeHU pacueta. [IpruMeHeHHBIN 1ist
pelIeHns 3a0a9M METOI OCPeTHEeHUS 1o PeitHomb-
ncy (Reynolds-Averaged Navier-Stokes — RANS)
Ha OCHOBE k-& MOJIEITH, TIO[pa3yMeBacT pacueT repe-

HOCA OCPeTHEHHBIX BEJIMIMH B TIOTOKE, B TO BpeMsI
Kak TypOyJIeHTHbIC SIBJIECHUSI BCEX MacIITaOOB MO -
HOCTbIO MOJEIUPYIOTCS. DTO 3HAUUTEJIbHO CHUXKA-
€T BEIYMCIINTEIbHBIE 3aTPaThl, OJ1Tarogaps 9eMy Me-
TOJI IIPOKO MCITOJIb3YETCsI B MHXKEHEPHBIX pacyeTax.

st oTcaexkuBaHUsI UBMEHEHUSI BEJIMYMH B ITPO-
1ecce pacuera yCTaHOBJIEHB TOYKM MOHUTOPUHTA,
KOHTPOJIMPYIOIIIME TaKKe TTapaMeTphbl, Kak TaBIeHUe
Ha BX0[Ie, TeMIIepaTypa oxJiaxkJaaeMoil TOBEPXHOCTH
U TeMIIEpaTyphbl B pa3IMUHbIX TOUKAX TBEPJOTO Tejia
u OXK. TocTuzkeHHe 3TUMU MapaMeTpaMu YCTaHO-
BUBIIUXCSI 3HAYCHUUN CIYKUT JOMOJHUTEIbHBIM
CUTHAJIOM O HaXOXJIEHUU YCTOMUMBOTO pelleHUs,
YTO OIpEnesseTcsl CXOMMMOCTBIO PellleHus], KOH-
TPOJUPYEMOIi 1O rpaUKy CXOAUMOCTU HOPMUPO-
BaHHBIX HEBSI30K (puc. 4).

HeBsizku 1nipenctaBissioT co00il MOTpelrHoCTr
JUCKPEeTU3allMU YPaBHEHU, IO Mepe CXOAUMOCTH
KOTOPBIX MOXHO CYAUTb O CXOAUMOCTU PELIECHUSI.
ITo ymonuanuio Flow Simulation cuuraeT peiieHue
COLIEAIIMMCS MO JOCTUXXKEHUU HOPMUPOBAHHBIMU
HeBsI3KaMu 3HadeHust 107 17151 BceX ypaBHEHMUIA, YTO
0O3HayaeT: abCOJIIOTHbIC HEBSI3KHU B pe3yJibTaTe UTe-
panmit yMeHBIIIAeTCs Ha 5 TTOPSIIKOB.
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Puc. 4. OkHO 0TOOpakeHUsI CXOAMMOCTU HOPMUPOBAHHBIX HEBSI30K
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Puc. 5. CxeMbl pacrnoiokeHUs BIYCKHBIX U BBITYCKHBIX 0TBepcTUil B ['LLJ]

Bce paccMoTpeHHbIe KOH(MUTYpALIUK TTOJOCTU
CO (puc. 5) B uesnoM 3¢p(peKTUBHO CIIPABIISIIOTCS C
sagaueii oxytaxxaeHust 'L . Cpeny HuX onpenesieHbl
HauOosiee oNnTUMaIbHbIE BApUAHTbl KOHCTPYKIIMU
MOJBO/Ia/0TBOAA XJIalareHTa, a TAKXKE BbISIBJICH Hal-
XYOIINI, TOKA3aBIIMI MaKCUMaIbHbIE TEMIIEPATyp-
HbIe HAITOPbI U TPaIMEHTHI.

Bapuanum 1, 6azoewiit (puc. 5, a). OK mogBoauT-
cs HAMpsIMy1o U3 0JI0Ka B BEPXHIOIO 30HY TOJOCTU
I'lI1 u, xpome Toro, B HIXKHIOW 4yacTh I'1IJI yepes
OOKOBOE OTBEPCTUE CO CTOPOHBI BITycKa. OTBOJ BbI-
MOJIHSIETCSI OTOOPOM BOABI M3 BEpXHEUM M HIDKHEN
YacTy Yyepe3 OTBEPCTHE OOIBIIIOrO AraMeTpa B OJIOK.
B nepsyio ouepens npmzkenne OXK cTaHOBUTCS MH-
TEHCUBHBIM B BepxHelt yactu ['LII, HO B HYDKHEI ee
YACTU OHO HEJA0CTaTOYHO MHTEHCUBHO.

Bapuanm 2 (puc. 5, 6). Ilogsoa ocyiecTBIsieT-
csl yepe3 iBa OOKOBBIX OTBEPCTUSI CO CTOPOHBI BbI-
nycka B BepxHIoto yacTh I'LIJI. OTBox ocyiiecTBIsI-
€TCS IpU MOMOIIM ABYX OTBEPCTUIL B BEpPXHEM
00JIaCTU TOJIOBKH, a TAKXKE Yepe3 OTBEpCTHUE 00JIb-
11I0TO TMaMeTpa COBOKYITHO cO BcexX ypoBHeil. OT-
MedaeTcsl MHTeHCU(UKAIMS IBUKEHUST XKUIKOCTU
B 30HE BITYCKHBIX KJIallaHOB, HO (POPMUPYIOTCS U
3aCTOMHbBIC 30HBI B y3KMX KAHABKaX, MOCKOJIbKY TOK
OXK 31ech MPOUCXOOUT 3a CUET HATUYUST BUXPEBBIX
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siBjieHuit. CpaBHEHUE pe3yJIbTaTOB pacueTa 0a30BO-
ro BapraHTa ¢ BapruaHToM Ne2 1moKas3ano:

JIMHUU TOKA CBUIETEIBCTBYET O MEHEE PaBHO-
MEpPHOM pacIipeieIeHUM XJIaJareHTa o noJjlocTu;

MOTOK 00Jiee MHTEHCU(DUIMPOBAH B HUXKHEM
vacty '/;

CKOpOCTb T€UEHHUS B 8 pa3 BbIlIE BCICACTBUEC
MEHbIIIeH TOIIMHBI KaHaa;

HUMEIOTCS 3aCTOMHBIE 30HBI;

pacnpeneyieHue TeMIepaTyp Ha CTeHKE MeHee
OIHOPOJHO, a aMIUIUTY/Ia TEMIIEpaTyp CPaBHUTEIb-
HO BBIIIIE;

HECMOTPSI Ha MPUCYTCTBUE 3aCTOMHBIX 30H B
KaHaBKax, MOBbIILIEHWE TeMIIEPATyp 3[eCh He3Ha-
YUTEJbHO, YTO OOBSICHAECTCSI HATMUMEM BUXPEBBIX
SIBJIEHU, CTIOCOOCTBYIOIIMX TEIJIOCHEMY CO CTEHKMU.

Bapuanm 3 (puc. 5, 6). Uepes oTBepcTUE KpyT-
HOTO JuaMeTpa U3 6J0Ka odecreurnBaeTcs MOABO
02K, koTopas pacnpeaessieTcsl Kak Mo HUXKHeEH, Tak
u 110 BepxHeii 3oHaM ['LIJI. OtOop mpoucxomnuT B
BEepXHE 4YacTu uepe3 ABa OTBEPCTUS B OJIOK, a TaK-
K€ U3 HUXKHEW 4yacTu yepe3 OTBEPCTHE B CTEHKE CO
cropoHbl BITycKHbIX [ BK. MHTEHCUBHOCTB TeUeHUST
B BepxHeM ypoBHe ['IIJI comocTaBuma ¢ HMXKHEN
4YacThlO, YTO MPUBOAUT K MUHTEHCU(PUKALIUU TETIO-
oOMeHa CO CTOPOHBI BBIITYCKHBIX KjamaHoB. [lo
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pe3yibrataM pacueTa JaHHOrO BapuMaHTa MOJIOCTU
CO coenaHbl CAeAYIONIE BEIBOIBI:

MHTEHCUBHOCTb TeUEHUsI B BEPXHEH 4acTu ro-
JIOBKU COITOCTAaBUMA C HYKHE, TAe JBIKEHUE KU~
KOCTHU UMEET JIYUIIYI0 MHTEHCU((PUKALIUIO CO CTOPO-
HbI BBIMYCKHBIX KJIAIIAHOB;

TEIUIOCHhEM CO CTEHKU JOCTATOUYHO (P(PeKTUB-
HBIi, U IPY JTAHHOU CXeMe OpraHU3aLuy ABKEHUS
OZK Harperas yacTb OXJIaXKAAETCSl HAMOOJee MHTeH-
CUBHO. B pesynbrare TeMmnepaTypa sl pacCMaTpy-
BaeMOro BapuaHTa Ha pexkume 80 J1/MUH He TTPEBbI-
mraet 631 K.

Bapuanm 4 (puc. 5, 2). OXK noctymaer u3 6J0Ka
B BEpXHUI M HUKHUI YPOBEHb Uepe3 OTBEPCTHUE
OOJIBIIOTO AMAMETpa, a OTBOA MPOU3BOJUTCS UC-
KJTIOUUTEJIBHO U3 BEPXHEN YacTu yepes ABa OTBEp-
cTUsI B OJIOK U IBA OTBEPCTUS B CTEHKE CO CTOPOHBI
BoirryckHoro I'BK. B 30He BBIMYCKHBIX KJIallaHOB
Ha0JII01aeTCsl aKTUBHAsI UHTeHCUMUKALIUS TBUKE-
HUA xjagareHTa. JIJisi JaHHOTO BapUaHTa MOJIOCTH
CO pesysbTaThl pacyeTa MoKa3aiu:

TeUeHUE XapaKTepU3yeTcsl KpailHell HepaBHO-
MEPHOCTBIO, HO 30Ha, MTpUJIeKallasi K BBIITYCKHbIM
KJIallaHaM, OMbIBaeTCs BecbMa 3((HEKTUBHO;

OTMEUEHO, YTO TeMIIepaTyphbl CO CTOPOHBI BbI-
MYCKHBIX KJIAITAHOB 3HAYUTEILHO HIKE TEMITEPATyP
B 00JIACTM BIYCKHBIX KJIATIAHOB, TTOCKOJIbKY 3/1€Ch

MPOUCXOIUT 3HAUMTEJIbHOE YBEIMUYEHNE 3aCTOMHOM
obacTu.

CpaBHeHMe pe3yJIbTaToOB pacyeTa BApUAHTOB I10-
JIOCTE OXJIAXKIEHUST TIPOBOAUTCS IO KOMILJIEKCY
MmapaMeTpoB, B KOTOPBI BXOJST: CpeIHEpacXoaHasl
CKOPOCTh Ccp; MakcHuMalbHast CKopocTb C ) MMHM-
MajibHasg cKopocTh C . CpelHss TeMIlepaTypa
OXJIAXKIIaeMO MOBEPXHOCTU cO cTopoHbl KC Tcp;
MakcUMasbHas Temreparypa 7, OxJIakiaeMoii 1mo-
BEpXHOCTHU co cTOpoHbl KC; MUHUMAaIbHAS TEMIIe-
parypa T . 0OXJ1aXxIaeMOM OBEPXHOCTH CO CTOPOHBI
KC.

M3 tabnuupl BUAHO, 4YTO HauboJee HEpaBHO-
MepHbIii ToK O obecrieunBarOT BapuaHThI 2 U 4,
YTO B OO0JIbIIIECH CTETICHU MPOSIBISIETCS B 30HE BITYCK-
HBIX OKOH. HanboJiee 4yBCTBUTEILHBIM K U3MEHE-
HUIO pacxoja sIB/sieTcst 0a30BbIil BApUaHT 1, a Hau-
MEHBIIIAasl 3aBUCUMOCTb HaOTI0HaeTCs y BapraHTa 2.

[TonyuyeHHbIe pe3yabTaThl CBUACTEILCTBYIOT O
3HAYUTEJIBHOM BIIUSIHUK T€OMETPUUECKOM (DOPMBI
MOJIOCTU OXJIaXIEHUsI, K KOTOPOI BIPSIMYIO OTHO-
CHUTCS pa3MellleHre ToueK Bxoma 1 Bbixoga OXK.
ITpoBeaeHHast onTUMU3ALMSI TTO3BOJISIET 3HAUUTE b~
HO IIOBBICUTH paBHOMEPHOCTDH oxyaxaeHus ['LIJI.
TakuMm obpazom, ellle 10 3Tana GU3NIecKOoro 3Kc-
MepUMEHTa CYLIECTBEHHO YIIPOIIAETCSI CBOEBpE-
MEHHOE MPUHSITUE Mep 0 UHTEHCU(pUKALUU Te-

OcHoOBHbIE pe3yJbTaThl CONOCTABICHUS BAPUAHTOB MOJIOCTEH

pa6OI")l'i)llfI:Ilh/4Ml/lH C, M/c o M/C s M/C T, M/cC T K T .K

Bapuanm 1

80 1,13 0,91 0 617 692 490

240 2,75 3,41 0 585 659 465

400 4,59 5,66 0,01 572 642 458
Bapuanm 2

80 0,66 0,76 0 619 685 484

240 2,01 2,41 0 581 647 462

400 3,36 4,02 0 569 638 453
Bapuaum 3

80 2,39 2,88 0 576 633 460

240 7,21 8,74 0,01 559 620 450

400 12,1 14,5 0,01 552 617 445
Bapuanm 4

80 0,97 0,85 0 585 657 460

240 2,61 2,9 0 558 636 449

400 4,36 4,83 0 557 631 447

*HYHHMI/I 3aMC€HEHBI YUCJICHHBIC 3BHAYCHUM S, HC IMPEBbIIIAIOINE IMOTIrpECITHOCTD
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Puc. 6. [Tosst TeMiiepaTyp Ha niepudepry OTHEBOM TTUTHI

IUI000MEHA U YIYYIIEHIIO TUIPOAMHAMMUKY IIOTOKA
KaK B ITOJIOCTSIX I'OJIOBKU, TaK M BO BCEU CUCTEMeE
oxnaxnenns JIBC.

ITo pe3ynbsraTam BBITIOJIHEHHOM pabOThl MOXKHO
CIeIaTh CJICAYIOIINE BHIBOIbI:

pelleHre 3ajJayu ONTMMM3AlMKU I0J0CTei
oxnaxnaeHus: '] TpeOyeT ncnonab3oBaTh pacuer-
HbI KOMILJIEKC, OXBAThIBAIOLIMI MPOLIECCHI MOIE-
JIMPOBAaHUS TUAPOIMHAMUKY XJIadareHTa B IIOJI0CTU
CJIOXKHOM TpeXMepHOIt (hOpMBI, a TAKXKE COTTPSIKEH -
Hble BerunciaeHus remmepatyp OXK 1 rojoBku;

KPUTEPUM ONITUMU3ALNY — 3TO MUHUMAJIbHbIE
TeMIlepaTypHbIE 3HAUeHMSI Ha OTHEBOI1 ITOBEPXHO-
ctu ' mpu AOMYCTUMOM ypOBHE HEpaBHOMED-
HOCTHU TeMIIepaTyp 1o nepudeprun HIXKHEH IIUThI
(puc. 6), obecrieunBaroIIre TOMYCTUMYIO HEPABHO-
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MEpPHOCTb OCEBBIX Ae(OpPMAIIMii TOJTOBKH C IIETbIO
00J1eryeHust padboThl ra3oBoro cthika JIBC;

10 UTOTaM peIleHMs MMOCTaBICHHOMN 3amadyn
MpeJIOKEH BapUaHT MOJIOCTEN OXJIaXKACHUS pas3-
pabatbsiBaemoii I'TIJ1, koTopoe ynoBjieTBOPSIIOT UC-
XOJHOU MOCTaHOBKE 3aJauyM ONTHUMU3ALUU. Bbi-
OpaHa onTuMalibHas Temrieparypa OZK Ha Bxoje B
0JIOCTh, paBHast 363 K, a Takke XapaKTepUCTUKA
Hacoca, obecrieunBatoiasi pacxon 240 ji/MuH Ha
HOMMHAJBLHOM pexXuMe paboThl ABUTATEIS; ONTHU -
MM3UPOBAHO PACTIONIOXKEHNE TOUYEK BXOIa—BbIXOIa
xJlagareHTa (BapuanT 3);

npeajgoxeHHblid BapuaHT 'L/l obecnieunBaeT
CHMXXEHHUE IO CpaBHEHMIO C 0A30BbIM BapUAHTOM
TeMITepaTyp Ha HIDKHeH rrTe Ha 26 K mpu yMmeHb-
IIEHUU HEPAaBHOMEPHOCTH pacTipeeieHus TeMIle-
patyp nio nepudepun KC B gaHHOI 30He Ha 16 %.



DHepreTuKa

CNMUUCOK JIUTEPATYPbI

1. AnamoBckuii A.A. MHXXeHepHbIil aHaJIU3 B cpele
SolidWorks Simulation // CAIIP u rpaduxa. 2008.
Neo 12. C. 59—64.

2. MaciaoB A. @opmupoBaHue MHGOPMALIMOHHOTO
MPOCTPAHCTBA MO CO3JAaHUI0 CUJIOBBIX MOIYJeil Ha oc-
HoBe CALS/MIIUN TexHonoruii // JIBurareaectpoeHue.
2013. Ne 2. C. 33-36.

3. Patankar S.V. Numerical Heat Transfer and Fluid
Flow. McGraw-Hill: Hemisphere Publishing
Corporation, 1980. 197 p.

4. Blazek J. Computational fluid dynamics: principles
and applications. Elsevier Science, 2005. 496 p.

5. Manacrosckuii H.C. Meronuka ornpeaeneHust
JIOKQJTBHBIX TPAHWYHBIX YCIOBHIT CO CTOPOHBI OXJTaXK/Ie-
HUS TIPU pacdyeTe TeMIepaTypHBIX IMOJIei KPBIIEeK T1-
JIMHIPOB naBuUTaTeneit : Juc. ... KaHI. TeXH. HayK :
05.04.02. / MI'TY um. H.D.baymana. M., 2011. 156 c.

6. Credanonckuii b.C. TertoHanpssKeHHOCTD I€Ta-
Jieil OBICTPOXOIHBIX MOPIIHEBBIX ABUraTeneil. M.: Ma-
muHocTpoeHue, 1978. 128 c.

7. HoBennukoB A.JI. ViccienoBaHue XuaKOCTHOTO
OXJTAXKIIEHHUS TOJIOBKM W TUJIb3bl LIMJIMHIPA aBTOTpPaK-
TOpHOTrO au3ens : Jluc. ... KaHa. TexH. Hayk : 05.04.02. /
SIpocnaBckuit monuTexHuyeckuii uH-T. M., 1973. 150 c.

8. HoBennukon A.JI. TeopeTnueckue acreKTbl, Me-
TOIBI U ITyTH YIIYYIIEHUS TETUIOBOTO COCTOSTHUS OXJTaK-
JAeMBIX JIeTaJlell TOPIITHEeBBIX ABUTaTeel : JIuc. ... JOKT.

TexH. Hayk : 05.04.02 / SIpocinaBcKuii MOJUTEXHUYECKU I
uH-T. M., 1993. 213 c.

9. Yaiinos H./I., Usamenko H. A. PacueT TeruioBoro
1 HATIPSKEHHOIE(POPMUPOBAHHOTO COCTOSTHUS IeTalieit
JABC nHa DBM. M.: U3n-8o MBTY, 1982. 70 c.

10. Posenout I'.B. OcoGeHHOCTH pacueTa U 3ama-
HUS TPAHUYHBIX YCJIOBUI TIPY MOJEIMPOBAHUM TEMITe-
paTypHBIX TIOJIEl B KJIalTaHe 1 KPBIIIKe [IWIAHIPA I13e-
54 // Aeurarenectpoerue. 1982. Ne 9. C. 21-24.

11. TaspuioB A. K. CucTeMbl JKMIKOCTHOTO OXJIaX-
NIeHUs aBTOTPAKTOPHBIX nBuraTteneit. M.: MaiuuHo-
cTpoenue, 1966. 162 c.

12. Mamox B.H. Beenenue B coBpemeHnbie CAITP:
Kypc nexuumii. M.: IMK Ilpecc, 2010. 192 c.

13. Tannarep P. Meron KoHeYHbIX d7eMeHTOB. Oc-
HOBEL. M.: Mup, 1984. 421 c.

14. Taaenues F0.B. 3agaHue rpaHUYHBIX YCIOBUIA
TEMI000MeHa B pabOYMX TOJOCTSIX TOJOBKM HIMJIMHIPA
YETBIPEXTAKTHOTO JBUTATENISI BHYTPEHHETO CTOpaHus //
Hayuno-texuunueckue Benomoctu CITOITIY. 2014. No 2
(195). C. 58—64.

15. Ilerpuuenko P.M. CuctemMbl KUIKOCTHOTO OX-
JIaXKIEHUsT OBICTPOXOJIHBIX JBUTATENel BHYTPEHHETO
cropanus. JI.: MammHoctpoeHue, 1975. 224 c.

16. Yainos H.I. KoHcTpyupoBaHue aBUTaTeNcit
BHyTpeHHero cropanust / I[Mon pen. H./. YaitHoBa. M.:
MaimHocTpoenue, 2008. 496 c.

REFERENCES

1. Alyamovskiy A.A. Inzhenernyy analiz v srede
SolidWorks Simulation [The engineering analysis in the
environment of SolidWorks Simulation]. SAPR i grafika.
2008. Ne. 12. S. 59—64. (rus)

2. Maslov A. Formirovaniye informatsionnogo
prostranstva po sozdaniyu silovykh moduley na osnove
CALS/IPI tekhnologiy. [Formation of information space on
creation of power modules on the basis of CALS/IPI
technologies]. Dvigatelestroyeniye. 2013. Ne 2. S. 33—36. (rus)

3. Patankar S.V. Numerical Heat Transfer and Fluid
Flow. McGraw-Hill:  Hemisphere  Publishing
Corporation, 1980. 197 p.

4. Blazek J. Computational fluid dynamics: principles
and applications. Elsevier Science, 2005. 496 p.

5. Malastovskiy N.S. Metodika opredeleniya lokalnykh
granichnykh usloviy so storony okhlazhdeniya pri raschete
temperaturnykh poley kryshek tsilindrov dvigateley : Dis. ...
kand. tekhn. nauk [Method for determining the local
boundary conditions on the part of the cooling in the
calculation of temperature fields of engine cylinder heads] /
MSTU Bauman. Moscow, 2011, 156 p. (rus)

6. Stefanovskiy B.S. Teplonapryazhennost detaley
bystrokhodnykh porshnevykh dvigateley [Heat-stressed
parts of the fast piston engines]. Moscow:
Mashinostroyeniye, 1978, 128 p. (rus)

7. Novennikov A.L. Issledovaniye zhidkostnogo
okhlazhdeniya golovki i gilzy tsilindra avtotraktornogo dizelya
: Dis. ... kand. tekhn. nauk [Investigation of liquid cooling of
the head and cylinder for the autotractor diesel engine| /
Yaroslavl Polytechnic Inst. Moscow, 1973, 150 s. (rus)

8. Novennikov A.L. Teoreticheskiye aspekty, metody i
puti uluchsheniya teplovogo sostoyaniya
okhlazhdayemykh detaley porshnevykh dvigateley
Dis. ... dokt. tekhn. nauk [Theoretical aspects, methods
and ways of improving the thermal state of the cooled
parts of piston engines] / Yaroslavl Polytechnic Inst.
Moscow, 1993. 213 s. (rus)

9. Chaynov N.D., Ivashchenko N.A. Raschet
teplovogo i napryazhennodeformirovannogo sostoyaniya
detaley DVS na EVM [The calculation of the thermal and
stress-strain state of the engine parts on a computer].
Moscow: [zd-vo MSTV Bauman, 1982. 70 p. (rus)

45



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOMO MOIUTEXHUYECKOTO yHuBepcrTeTa. 4(231)2015

10. Rozenblit G.B. Osobennosti rascheta i zadaniya
granichnykh usloviy pri modelirovanii temperaturnykh
poley v klapane i kryshke tsilindra dizelya | Features of the
calculation and the boundary conditions for the modeling
atemperature fields in the valve and cylinder cover in diesel
engine]. Dvigatelestroyeniye. 1982. Ne 9. S. 21—24 (rus.)

11.  Gavrilov A.K. Sistemy zhidkostnogo
okhlazhdeniya avtotraktornykh dvigateley [Liquid
cooling systems of automotive engines]. Moscow :
Mashinostroyeniye, 1966. 162 p. (rus.)

12. Malyukh V.N. Vvedeniye v sovremennyye SAPR:
Kurs lektsiy [Introduction into modern CAD systems:
Lectures]. Moscow: DMK Press, 2010. 192 s. (rus.)

13. Gallager R. Metod konechnykh elementov.
Osnovy [The finite element method. The Basics].
Moscow: Mir, 1984. 421 s.

14. Galyshev Yu.V., Shabanov A.Yu., Zaytsev A.B.,

Nemchikova M.N. Zadaniye granichnykh usloviy
teploobmena v rabochikh polostyakh golovki tsilindra
chetyrekhtaktnogo dvigatelya vnutrennego sgoraniya
[The boundary conditions of heat transfer in the working
cavity of the cylinder head of the four-stroke internal
combustion engine]. St Pefersburg State Politechnical
University Journal. St.Petersburg: SPbGPU Publ. 2014.
Ne2 (195). S. 58—64.

15. Petrichenko R.M. Sistemy zhidkostnogo
okhlazhdeniya bystrokhodnykh dvigateley vnutrennego
sgoraniya [Liquid cooling system of high-speed internal
combustion engines]. Leningrad: Mashinostroyeniye,
1975. 224 p. (rus.)

16. Chaynov N.D. [and others]. Konstruirovaniye
dvigateley vnutrennego sgoraniya [Construction of
internal combustion engines] / Ed. N.D. Chaynov.
Moscow, Mashinostroyeniye, 2008. 496 s. (rus.)

CBEAEHUA Ob ABTOPAX/AUTHORS

TAJIBIIIEB ¥Opuii BuraimeBuy — JOKTOP TEXHUUYECKMX HayK 3aBeayrounii Kadenpoii CaHkr-ITeTepOyprckoro

MOJUMTEXHNYECCKOTO YHUBEPCUTETA ﬂeTpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [ToautexHuyeckas yi., 29.

E-mail: galyshev57@yandex.ru

GALYSHEY Yurii V. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: galyshev57@yandex.ru

3AHMIIEB Anekceii BoprcoBuy — KarimmaT TeXHWYECKHX HAyK, HoueHT CaHKT-IleTep6yprckoro

ITOJIMTEXHUYECKOI'O YHUBECPCUTETA HeTpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [ToautexHuyeckas yi., 29.

E-mail: abzaytsev@mail.ru

ZAYTSEY Aleksei B. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: abzaytsev@mail.ru

AJIEKCEEB JImutpuii Tennaabesny — acriupadt CaHkT-ITeTepOyprekoro mojimTeXHMUeCKOro yHuBepCcuTeTa

ITerpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [ToautexHuuyeckas yiu., 29.

E-mail: alekseyeff@mail.ru

ALEKSEYEFF Dmitrii G. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: alekseyeff@mail.ru

46



* DHepreTuKa

DOI 10.5862/JEST.231.6
YK 621.181.29

B.B. baxaHo6, U.N. JlowakoGB, A.ll. LLlyk1uHoGB

UCCNIEAOBAHUE PABOTbI A3C C AKKYMYJIATOPAMM
TEN/1I0BOWU DHEPTUU NPU PENY/IMPOBAHUU MOLLHOCTU TYPEUHDI
B PEXXUME PA3PAAKU

V.V. Bazhanov, I.l. Loschakov, A.P. Schuklinov

A STUDI OF AN NPP UNIT WITH THERMAL POWER ACCUMULATORS
DURING THE REGULATION OF TURBINE POWER IN DISCHARGE MODE

B cratbe MpuBOAATCS pe3ysIbTaThl PaCYeTHO-aHAIMTUUYECKOTO UCCIEIOBAHMS CTATUKK U TMHAMUKH Typ-
0oycTaHOBKU 2Heproonoka ADC ¢ cucteMoil akKymynrpoBaHus TerioBoil aHepruu (CATD) B pexxume
paspsiaKy akKyMmysisitopoB. Heo0xoauMocTh poBeeH s TAKOTO UCC/Ie0BAaHUST BbI3BaHA TPEOOBaHUEM
npusiedeHust ADC K yJacTHIO B TUCTIETYEPCKOM TpauKe HArpy30K U PeryJTMpOBaHUIO YACTOThI B CETU C
Y4ETOM HU3KUX (IJIS1 y9acTHsI B 3TUX PEXKMMAaX) MaHEBPEHHBIX XapaKTePUCTHK SAEPHBIX SHEPTeTUUECKUX
ycTaHoBOK. McciienoBaHue npoBeaeHO MTPUMEHUTEILHO K OJTHOMY U3 TTPOpab0TaHHBIX paHee BAPUAHTOB
npoekTa 3Hepro6ioka ADC-2006 ¢ BBOP (N, = 1200 MBr), Typounoii K-1200-6,9/50 u CATD. Pac-
CMOTPEHBI BOITPOCHI CTATUKU U IMHAMUKK TypOOYCTAaHOBKM BO BCEM BO3MOXKHOM JIMAaria30He MOIIHOCTU
pa3psiIKK TIPU TTOCTOSTHHBIX 3HAUEHUSIX PEKMMHBIX TTapaMeTPOB pEaKTOPHOI YCTAHOBKU M M3MEHEHUU
MOITHOCTH TYpOUHBI TyTeM M3MEHEHUSI BeJIMUYMHbBI 0TOOpA Mapa Ha pereHepaivio. MccienoBaHue rpo-
BEICHO J1J151 000CHOBaHMSI COOTBETCTBUSI 9HeProdaoka ¢ CATD u yka3aHHBIX IIPUHIIUIIOB PEryIMPOBAHUST
MOIIHOCTH TpeOOBaHUSIM HOPMATUBHOM JJOKyMEHTALIMHY TTO CKOPOCTH M3MEHEHUST MOIITHOCTY TYPOUHBI ITPU
y4JacTuu 0J10Ka B IEPBUUHOM PETYJIMPOBAHUM YaCTOThI B ceTu. [1yOmmKyemble pe3yisraThl IPUMEHUMBbI [J15T
Jo6oro npoekTa a3Heproosoka ADC ¢ BBOP u cucteMoit akkyMy/IupoBaHUYsI TeIJIOBOM SHEPIUM.

BBBP; CUCTEMA AKKYMVYJIMPOBAHUA TETIJIOBOW DHEPTUMU (CATD); ITIPOEKT «ADC-2006»; PEXKUM
PA3PAJIKHN CATD; PETYIMPOBAHUE YACTOTHI B CETH.

The article presents the computational and analytical research results onf the static and dynamic turbine
characteristics of a Nuclear Power Plant (NPP) unit with a thermal energy accumulation system (TEAS)
in discharge mode. Such research is necessary since NPPs are required to participate in the electric load
schedule and to regulate the frequency of electrical current, while the reactors have a low flexibility for
participating in these modes. The study was performed for one of the previously developed draft versions
of the NPP-2006 project with a VVER -type 1200 MW reactor, a K-1200-6,9 / 50 turbine and a TEAS.
The issues, discussed in the article, concern static and dynamic turbine characteristics over the whole possible
power range of the NPP unit in TEAS discharge mode with constant values of operating parameters of
reactor and regulation of the turbine power by changing the value of the regenerative bleed-off. The study
has been conducted with the goal of verifying that the NPP with a TEAS and the above-described power
regulation parameters is in compliance with the regulatory on turbine power change rate for NPPs participating
in the primary frequency control of the electrical current network. The research results can be applied to
any types of NPPs with VVER-type reactors and TEAS.

REACTORTYPE VVER REACTORS; THERMAL ENERGY ACCUMULATION SYSTEM (TEAS); PROJECT “NPP-
2006”; DISCHARGE MODE OF TEAS; FREQUENCY CONTROL OF ELECTRICAL CURRENT.

Bgenenne pble MOTYT TIpUBJIEKAThCSI K paboTe B MaHEBPEHHBIX
pexumMax, eaeT Heo0XoauMbIM IpuBiedeHre ADC K

YBenuueHue 1o ADC B o011eM MPOU3BOACTBE
PEryIMpOBAHUIO TTPOU3BOACTBA DJIEKTPOIHEPIUU —

BJIEKTPOIHEPTUN 1 yMeHbIeHue 1oau TOC, KoTo-
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YBEJIMUECHUIO MIPOU3BOACTBA B JTHEBHOE BpeMs U
CHUKEHUIO B HOUHOE.

B Hacrosmee Bpemst Ha ADC Bo31araeTcst TOJIb-
KO TTOKPBITHE MOCTOSIHHO (0a30B0i1) yacTu rpadu-
Ka Harpy3ok. DTO BbI3BAHO ABYMsI OOCTOSITEILCTBA-
MH: BO-TIEPBBIX, aTOMHBIE DHEProbJOKU
3SKOHOMMYECKH BBITOIHEE SKCIUTYaTUPOBATh HA MOIII-
HOCTSIX, OJIM3KUX K MAKCUMAJIbHOI, B CBSI3U ¢ OoJiee
BBICOKOW KAINMUMTAJILHOM COCTABJISIIOIIEN CTOUMOCTU
ayieKTposHepru Ha ADC no cpaBHeHMIo ¢ TOC;
BO-BTOPBIX, aKTUBHBIC 30HBI SIIEPHBIX PEAKTOPOB
MMEIOT HU3KUE MaHEBPEHHbBIC XapaKTePUCTUKU.

Tem e menee emne B 2004 romy ObLIN IIPUHSITHI
«TexHnyeckue TpedboBaHus K yyactrio ADC B riep-
BUYHOM PEryJIMPOBAHUM YaCTOTHI B DHEPTOCHUCTEME
U B UBMeHeHUsx Harpy3ku ADC 1o AucneTyepcKo-
My 3aJaHuIo» [ 1], B COOTBETCTBUM C KOTOPHIM 1 ADC
JIOJKHBI IIPUBJIEKATHCS (B OTPAaHUYEHHOM 00BEME)
K YYaCTUIO B TUCIIETYEPCKOM IpacrKe HArpy30K U
B 0011IeM MEPBUYHOM PEryJIMPOBAHUU YACTOThI Ha-
MPSKEHUS B CETH.

OaHUM U3 BO3MOXKHBIX MYTel pellieHUsI BOIIPO-
canpusiedeHuss ADC K y4aCTHIO B IUCIIETIEPCKOM
rparke Harpy3oK M peryiupoBaHUM YacCTOTHI B
CETU SIBIISIETCS MPUMEHEHUE CUCTEMBl aKKYMYJIH -
poBaHus1 TerioBoi sHepruu (CATD), KoTopasi mo3-
BOJISIET B MEPUOA HOUHOM HArpy3KW HaKaruIMBaTh

U30BITOUYHYIO SHEPTUIO, a B IEPUOALI MaKCUMaJIb-
HOW Harpy3ku B CE€TM BO3BpallaTh €€ BO BTOPOW
KOHTYp, He 3aTparvBasi mapameTpbl peakKTOpHOM
YCTaHOBKU [2—5].

Cxema sHepro6soka ADC ¢ CATD, rae B kaue-
CTBE aKKyMYJIMPYIOLIEH Cpeabl MCIOJIb30BAIOCH
BbICOKOTeMITepaTypHoe Maciio TBJI-300, pa3paba-
ThIBajJach B OHOM U3 BapuaHTOB mpoekta ADC-
2006 [5]. Ha puc. 1 nanHast cxeMa IpUBeAeHA C He-
OOJILIIMMU U3MEHEHUSMU (B OCHOBHOM B YacTU
MOJKIIOYEHUS TaHHOW CUCTEMBI K TYpOOYCTaHOB-
Ke), HE0OOXOAUMOCTb KOTOPBIX 000OCHOBaHA HUKE.

Ha puc. 1. o6o3naueno: II' — maporeHeparop;
CPK — cTOmopHO-peryiupymoIiuil KiamnaH;
LB/ — unauHap Beicokoro masieHus; C — cema-
parop; 1111 — nmepBas cTymneHb maporeperpeBaTeis;
III12 — BTOpas cTylneHb mapomeperpeBaTesisd;
HCJ — uunuuap cpenHero gasieHust; LITH — 1u-
JHAp HKU3Koro gasinenus; K — kongeHcarop; KH —
KOHAeHcaloHHbI Hacoc; KITY — kKoHaeHcaTop
napa ymnotHenuii; [TH/I — mogorpeBaTteib HU3KO-
ro nasnenus; CH — cnuBHol Hacoc; I — neasparop;
ITH — nurarensHbIil Hacoc; [1BJI — mogorpesaresnb
BBICOKOTO aByieHus ; T3 — KOHIeHCAIlMOHHBII TeT-
JIooOMeHHUK 3apsaku; TPB/l — termmooOMeHHMK
pa3psaku Beicokoro aasiaeHust; TPHI — Temnmo-
00MEHHUK pa3psaku Hu3koro gasieHus; BAK BTT

CPK
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Puc. 1. IIpuHuunuaabHas TerioBas cxema sHeproosoka ADC-2006 ¢ CATD
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— 0aK BBICOKOTEMIIEPATypPHOIO TETIJIOHOCHUTEIS,
IH — uupKyassuMOHHBIN Hacoc.

IIpuHuMnO pa®OTH JAaHHOI CXeMBbI ITOAPOOHO
U3J10XeH B [6].

M3MmeHeHre MOIITHOCTH TYpPOMHBI B peXKUMe 3a-
PSIKU TTPOU3BOJIUTCS, KaK OOBIYHO, U3BMEHEHUEM
pacxoa mapa 4epe3 ee CTOIMOPHO-PEeryINPYIOIIHit
knamnaH (CPK). ITognepkaHue MOCTOSIHHOTO AaB-
JIEHWS TTapa B TTaporeHepaTopax Ui 00ecIIeueHUs
MOCTOSIHHON MOIIIHOCTH PEAKTOPHON YCTaHOBKM
TIPOU3BOAUTCST APOCCETBHO-PETYINPYIOMNM KiTa-
IMaHOM Ha cOpoce apa B KOHIEHCAIIMOHHBIH TeILI0-
OOMEHHWK 3apsnku. B pexkuMe pa3psaku n3MeHe-
HUE MOIIHOCTU TYPOMHBI MPOU3BOAUTCS TPU
TTOCTOSTHHOM pacXxoie Tlapa 4epe3 CTOIMOPHO-PeTy-
nupytomuii kinamnaH (CPK) usmeHeHueM pacxona
mmapa 4epe3 IMPOTOYHYIO YacTh TYPOMHBI IyTeM M3-
MEHEHUs BeJIMYMHbI 0OTOOPA Mapa Ha pereHepaluio.
INonmnepskaHue MOCTOSTHHOTO pacxoja Iapa Jepes
CPK npu nepemeHHoM aaBieHuu mapa 3a CPK
obecreunBaeTCsI U3MEHEHUEM ITPOXOIHOTO CEUSHUS
KJ1amnaHa.

M3BectHbie mydaukauuu mo ADC ¢ akKyMyJisi-
TOpaMM TEIJIOBOM DHEPIUMM, B YaCTHOCTHU [2—5],
ITOCBSIIEHBI TJIaBHBIM 00pa3oM 000CHOBAaHUIO 11e-
J1ec000Pa3HOCTU MPUMEHEHUSI MOJOOHBIX AKKYMY-
nsTopoB Ha ADC 1 He 3aTparnuBaioT BOIIPOCHI pabo-
ThI 9TUX CUCTEM B HECTALIMOHAPHBIX PEXUMAX.

BrigBunyroe TtpeboBanue ydactust ADC He
TOJIBKO B AUCIIETYEPCKOM rpacduKe Harpy3okK, HO U
B PETyJIMPOBAHUU YaCTOThI, YUUTHIBAS HU3KUE TS
y4acTHUs B OTUX pekKMMax MaHeBPEHHBbIE KayecTBa
peakTOPHBIX YCTAHOBOK, MieJIaeT aKTyaTbHOM 3amauy
uccaegoBanus auHaMuku ADC ¢ CATD B pexkumax
peryaupoBaHUs 9acTOTHI B ceT. [1pr 3TOM 0COOBIiH
HWHTEpEC MPeICTaBIsIeT 000CHOBAHNE BO3MOKHOCTH
yuactust ADC ¢ CATO B peryJiMpoBaHUU YacTOThI
(1mMogo0HO yyacTuIo B IMCTIETYEPCKOM IpachuKe Ha-
Ipy30K) 06e3 U3MeHEeHMsT MOLITHOCTHU peaKTopa.

B Hacrosiee Bpems mo HopmaTtuBam [1, 7, §]
71 BHEProOJIOKOB, YUaCTBYIOIIUX B peryJIMPOBaHUN
YacTOThl B CETU, YCTAHOBJIEHO: U3BMEHEHMUE MOIII-
HOCTHU TYpOMHBI Ha TPeOYeMYI0 BETUUNHY JOJIKHO
npoucxoauThb He 6osee yeM 3a 30 c.Ilpu 3ToM 3a
repBbie 10 ¢ MOJKHO MTpoucXoauTh He MeHee 50 %
TpeOdyeMOoro U3MEHEHMSI.

B craTtbe [6] MBI TIpeCcTaBUIIA pe3yIBTaThl UC-
cinenoBaHus ydyactuss ADC ¢ BBOP u akkymysTo-
paMu TeTUTOBOM 9HEPTUU B PETYIMPOBAHNN YaCTOTHI
3JIEKTPUUYECKOM CETH B MpOLIecCe 3apsiaKu aKKyMy-
JIITOPOB MPU MOCTOSTHHBIX 3HAUYEHMSIX MOIITHOCTH U

mapamMeTpoB peaKTOPHOI YCTaHOBKH, MTOKAa3aBIIIe
MMOJTHOE COOTBETCTBUE TAHHOU CXeMBbI TPEOOBAHUSM
HOPMAaTUBHOI JOKYMEHTALUU T10 PEryJIupOBaHUIO
YACTOTHI.

Topazno Gonee cioxHast 3agaya — ooecreueH1e
yuactust ADC ¢ akKyMyJISITOpaMu TEIIOBOM 3Hep-
MU B PETYJIMPOBAHUY YACTOTHI B PeKUME Pa3pSIIKHU.

Iexp HacTOAMmIElH padOTHI — 0OOCHOBAHME BO3-
MoxkHocTH yyactuss ADC ¢ BBOP u CATD B pery-
JINPOBAHWU YaCTOTHI SJIEKTPUUECKOM CETU B PEKU-
Me paspsiiKu akKKyMyJIsITOPOB 0e3 M3MEHEHUSI
MOIIHOCTH peaKTOpa IMPU MOJTHOM YIOBIETBOPEHUU
HOPMAaTUBHBIX TPEOOBAHUI 110 CKOPOCTU U3MEHE-
HUSI MOIITHOCTU TYPOUHBI.

HccnenoBanue CTATUKH YCTAHOBKH
B pexXuMe paspsaaKu

HeobOxoamuMocTh UccieoBaHUSI CTAaTUKU SHEP-
roosioka ADC ¢ CATD npu pa3psiike aKKyMYJIsITO-
POB BBI3BaHA TEM OOCTOSITEILCTBOM, UTO, B OTJINULE
OT pexXuMa 3apsiiKv, KOTaa BbIMTOJHEeHEe TpeboBa-
HUSI TI0 BEJIMYMHE U CKOPOCTU U3MEHEHMST MOIII-
HOCTH 3HEeprobJ10Ka 3aBUCHUT TOJIbKO OT XapaKTepu-
cTukK gaHHoi moacucteMbl CATD, B pa3psiake
3aJeliCTBOBAHO, MIOMUMO O0OPYIOBaHUS TaHHOU
MMOACUCTEMBI, PAKTUIECKU BCe 000pYIOBaHUE TYP-
0OyCTaHOBKU. A 3TO Be/IeT K TOMY, YTO OrpaHUYEeHUE
MO BEJIMYMHE U3MEHEHUSI MOIIIHOCTH MOXET ObITh
BHECEHO J1I00BIM BCIIOMOTaTeIbHbIM 000pYIOBaHM -
€M, B YaCTHOCTH pereHepaTUBHbIMYU TETIOOOMEH -
HUKaMU. B CBSI3U ¢ 3TUM [0 BBITTOJTHEHUS OCHOBHOM
(IMHAMMYECKOI1) 3aga4 UCCIeJ0BaHMsI ObLIN pac-
CMOTpPEHBI CJIeIyIolI1e BOMPOCHl CTAaTUKU, HE 3a-
TparuBaeMble B OIyOJMKOBAHHBIX MaTeprasax:

YCJIOBMSI TOCTHKEHUSI MAKCUMAIbHOM MOIIHO-
CcTU TypOUHBbI Npu paspsiake CATI;

BBIOOpP BEJIMUMHBI OTOOpA Mapa, KoTopast ooec-
Me4YrBaeT ONTUMAIbHOE y4acTHhe TypOOyCTaHOBKU
B PETyJUPOBAHUU YACTOThI AJTEKTPUUECKOU CETU;

MOPSIIOK OTKJIIOUEHUSI OTOOPOB Tapa Ha pere-
Hepauuio TIpU pas3psiike;

CXeMBbI TTOAKIIOUYEHUS TeTI00OMEHHUKOB pa3-
PSIIKM BBICOKOTO M HU3KOTO JaBJEHUI K CUCTEME
pereHepanuu;

TpeboBaHUsI K pereHepaTUBHOMY IOJI0orpeBaTe-
JI10, YYaCTBYIOIIEMY B peryJMpoOBaHUU YaCTOTHI B
CEeTH.

Hanuuue nepBoro Borpoca BbI3BaHO MPUHSTHIM
CIOCOOOM PETYIMPOBAHUS MOLIHOCTHY TYPOUHbI TP
pa3psiake. YBeIM4eHUe MOITHOCTU TyPOMHbBI ITyTeM
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YMEHBIIIEHUST 0TOOpa Tapa Ha pereHepaluio Ipu
TOCTOSIHCTBE 3HAUEHMI JAaBJI€HUsI TEHEPUPYEMOTO
rmapa ¥ TaponpoOn3BOAUTEIEHOCTH BEET K YBEIH-
YEeHUIO JaBJICHMS MTapa Ha BXOE B MPOTOUYHYIO YacTh
TYpOMHEI, a 3HAYUT, K YMEHBIIIEHUIO TTepeTiana 1aB-
JIEHUsI Ha peryJupylouieM KiamnaHe U, Kak cle-
CTBHE, pacxofa Imapa depe3 Hero. [lommepxaHne
MOCTOSTHHOTO 3HaUeHus1 AaBaeHus napa nepea CPK
B JAaHHOM CJIydae MOXeT OBITb 00eCIIeYeHO TOIHKO
M3MEHEHUEM CTeIeHU OTKPBITUS KianaHa. M3 cka-
3aHHOTO CJIEIYeT, YTO 32 MAKCUMAJTBHO JTOITyCTUMOE
JIOJKHO TPUHUMATBCSI 3HAYEHUE MOIIHOCTU TPpU
MaKCUMAaJIbHO TOITyCTUMOMU ITPOXOMHON TUTOIIAIN
CPK 1 MUHUMAaJIbHO JOMYCTMMOM Mepernaie AaB-
JIEHWST Ha HEM.

Bri6op BennuuHbBI 0TOOpa mapa, KoTopasi odec-
TeYrBaeT ONTUMAIbHOE YJIacTHe TypOOYCTaHOBKHU
B PEryJIMPOBaHUU YaCTOThI CETU B pEXKUME pas3psiji-
KU, OTIpeNeIIsieTCs CIeIyIOIIM: BO-TIEPBBIX, He-
00XOAMMOCTbBIO YUACTUSI IHEPTOOI0Ka B PETyIUPO-
BaHWM YaCTOTHI TIPHM JIOOOM YpOBHE MOIITHOCTH
paspsiiku, T.. IpU JII0OOM CTEeNEeHU 3aKPbITUS OT-
0OpOB mapa; BO-BTOPBIX, HEOOXOOUMOCTBIO 00eC-
MeYyeHusl Mo BO3MOXKXHOCTU OOJbIIETO TUana3oHa
peTyIMpOBaHUS; B-TPETbUX, BO3MOXHOCTBIO MC-
M0JIb30BaHUSI MPUHSATOrO crocobda M3MEHEHUS
MOIITHOCTH TYPOMHBI BO BCEM PETYIMPYEMOM Ira-
Ma30He MOLIHOCTEN 32 UCKJIIOUEHUEM peXuMa 3a-
PSIIKA; B-YETBEPTHIX, HEIEIeCO00Pa3HOCTBIO HUC-
MOJIb30BAHUS JJIs1 PEryJupoBaHUs MOLIHOCTU
pereHepaTUBHBIX OTOOPOB IMapa BEICOKOTO JaBJe-
HUS1, 3a€ICTBOBAHHBIX B PETYJIMPOBAHUU TEMIIE-
paTyphsl MuTaTeIbHOM Boabl Ha Bxoze B I1I, n6o 3To
CEPBbE3HO YCIOXKHUIIO Obl CUCTEMY PETYJIUPOBAHUSI.

YUIUTHIBasI U3NTOKEHHOE, TIPETYCMOTPEHHBIH TS
TAaKOIo PeryJiupoBaHusl OTOOP AOXKEH ObITh pac-
ITOJIOXKEHHBIM B YaCTW HU3KOTO JaBJICHUS, Hau-
OOJIBLIMM IO PACXOAY U MOCTOSIHHO 3a/1eICTBOBAH-
HbIM, ipudyeM BMmecTe ¢ TPHJI. Takum orb6opom
SIBJISIETCSI OJIMH W3 TIEPBBIX IBYX OTOOPOB B YaCTH
HU3KOTO IaBJIeHMsI, BYacTHOCTU B TypOnHe K-1200-
6,9/50, mpemycmoTpeHHo# B ADC-2006, — 310 4-ii.

Br10op mopsiaka oTKIIIOYeHUSI OTOOPOB Mapa Ha
pereHepanuio pu pa3psaKe IMKTYeTCs CIIeTyIOLIN-
MM coobpakeHusIME. [1py yBeTMIeHUM MOIITHOCTH
TYpOUHBI ITEPBbIM JOJKEH HAUMHATh TPUKPHIBATh-
cs KJ1anaH Ha otoope K I1B/I, mpryem Oombimii 1o
pacxony napa. 9To BbI3BaHO HEOOXOAMMOCTbIO ITPU
Tepexo/ie Ha pa3psiKy cpa3y ke 00ecIeanBaTh pe-
I'YJIMpOBaHUE TeMIIepaTypbl MUTATEIbHON BOIbI,
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OCYILECTBISIEMOE U3MEHEHMEM Pacxoa rperoiero
macia yepe3 TPBJI. I1pu 3ToM 3Hepro6J10K BBIBO-
IUTCS B 001aCTh OoJiee ycroitunBoii padbotel CATD,
3aBUCSIIYIO0 OT MOLIHOCTU pa3psiaku. B mpoBeaeH-
HoM uccienoBanuu B Typoune K-1200-6,9/50 riep-
BbIM 3aKPBIBAIOIIMMCS TIPUHSAT 2-i OTOOP.

ITocne 3akpuiTHs (II€pBOTO II0 IMOPSIAKY) OTOOpa
K I1B]I caenyroliym DOKEH 3aKpbIBaThCs OTOOP K
ITH/ (1e cuuras oTOOp, YYACTBYIOIIMNIA B peTyJIM-
POBaHUU YaCTOThI), OOECIIEUMBAasi TEM CaMbIM OoJiee
paBHOMEPHBII HarpeB Cpelbl B KOHAEHCATHO-TIU-
TaTeJbHOM TpakTe. B MpoTUBHOM ciiyuyae, eciid Obl
MOCJI€e 3aKPHITUS OOHOTO 13 0T00poB K [1B/I ciemy-
IOIIMM 3aKpbIBajcs Apyroii oroop K [1B/I, 3To mpu-
BEJIO OBl K ITOBBILIEHUIO TeMIIEPaTypbl OCHOBHOTO
KOHJIgHcaTa Ha BXoJie B neaspaTop. M manee Takxke
clielyeT uepeoBaTh 3aKPhITHE OTOOPOB K ITOI0Ipe-
BaTeJIsIM BBICOKOTO M HU3KOTO JaBJICHUI, TTOKa HE
OYIyT 3aKPBITHI BCE BbIICICHHBIE IJISI 3TOI0 OTOOPHI,
B TOM UMCJIE, €CJIM 3TO HEOOXOAMMO, U OTOOp, y4a-
CTBYIOLIMI B peryJIupoBaHuU 4acToThl. [1paBna, B
MnocjeaHeM ciydyae OyaeT UCKJIF0UYeHa BO3MOXHOCTh
y4JacTusi 6JI0Ka B peryJIMPOBAHUI YACTOThI IIPU YBE-
JIMYEHUM HArpy3KH.

Yro KacaeTcst cXeMbl MOIKIIOUEHUS TEII000-
MEHHUKOB Pa3psiiKu K CUCTeMe pereHepalu Typ-
0OYyCTaHOBKH, TO, KaK IMOKA3aJ1 ITPOBEICHHBIEC UC-
CJIeIOBaHMSI, U3MEHEHHE B TIEPEMEHHbBIX PeXXMMax
COOTHOILIEHUS pacXoJ0B OCHOBHOI'O KOHAeH caTa U
MUTATEeIbHOM BOJBI Yepe3 MapaljieibHO BKIIOUCH-
HbIE TEIJIOOOMEHHUKHU M3-332 HECOOTBETCTBUS UX
TEeTJIOTEXHUYECKUX XapaKTepPUCTUK TPUBOIUT K
TPYAHOCTH TMOAIePKaHUSI TpeOyeMoii TemMIiepaTypbl
MUTaTEeIbHOM BO/bI HA BXO/IE B MaporeHepaTophl. B
YAaCTHOCTH, B 00JIACTH MaJIbIX MOLIIHOCTE! pa3psiji-
KM, Korga yepe3 TPBJ mpoxoauT TOJbKO YacThb MU -
TaTeJbHOU BOMIbI, BOSHUKAET 3a7adya aBTOMAaTHYe-
CKOTO0 yIpaBJeHUSI pacipeaeecHUEM pacxoaa BOAbI
mexny TPBJ u I1B/I. MicripaBUTh CIIOXKMBIIIYIOCS
CUTYaIlMI0 MOXHO TOJbKO BKI0UMB TPBJI K BbI-
XO[y IMOCJIEAHET0, TT0 X0y ABMXKEHUS MTUTATEIbHOMN
Boanl, [1B/I, T.e. mociienoBaTeIbHO, YTO OOECIICYUT
MOJIHBIN pacxo MUTaTebHoM Boabl yepe3 TPB/I u
BO3MOXXHOCTb PEryJupoBaHUs ee TeMIlepaTypbl
TOJILKO M3MEHEHUEM pacxoja Tpelolleil Cpebl.

ITpumepHo Tak ke oocrosaT aena v c TPHI. T1pu
OTKPHITHIX WJIX IIOYTHU OTKPBITHIX 0TOOpax Ha [TH /I
(Y4uTbIBasi, YTO pEryJIMPYIOLIUIi KJ1araH Ha 4-M OT-
Gope Bceraa HEMHOTO IMPUKPHIT) PACXO OCHOBHOIO
KoHaeHcaTa yepe3 TPHJI HeBenuk, U MpeaeabHO
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OosbIIol pacxon Mano oxiaaguiierocs B TPHJI
maciia OyeT MocTynaTh B HUXKHIOI 4acTh OaKka-Ha-
KOITUTEJIS, KyJa JOJIKHO MOCTYIATh XOJI0IHOE Mac-
J10. BeaeacTBue aToro B pexXume 3apsiiku HeoxJsa-
JOUBIIEECST Macjio 4epe3 KakKoe-TO BpeMsl OyaeT
MOCTYIATh B KAUECTBE OXJIaXkKAaI01Iei cpeibl B TEIl-
JIOOOMEHHUK 3apSIIKU, UTO BBI3OBET CHIKEHUE 3(-
(beKTUBHOCTH TeII000MEeHHUKA. PellieHreM Borpo-
ca sBisieTcs BkimodeHue TPHJI (mo ananorum c
TPBJI) He mapaiesibHO, a TIOc/ief0oBaTeIbHO Ha
BBIXOJIE TTOCJIETHETO 10 XOAYy OCHOBHOTO KOHIEHCa-
Ta [TH/.

Juts mydiiero peryjadpoBaHUSI TEMIIEPaTyphbl
nuTareabHoM Boabl Ha Bxoze B [1I" MacisiHbIe Teruio-
0OMEHHUKY MOIKITIOUAIOTCS 32 TOUKAMHU CMEILICHUSI,
HenocpeacTBeHHO nepen T1T.

U nocnegnee. ITockombKy BO3MOXHBINA I1a-
Ma30H U3MEHEHMUST MOIITHOCTU TYpPOUHBI MPU pery-
JIMPOBAHUU YACTOTHI B DJICKTPUUECKOM CETH OIpe-
JessieTCsl TeIUIOTEXHUYECKON XapaKTepuCcTUKOM
pereHepaTUBHOTrO TEIJI00OMEHHUKA, TTOAKIIOUYEH -
HOTO K PeryJupylolieMy oToopy, B TPOBEASHHOM
KCCIIEAOBAHUY 3TOT AUATIA30H ObIJI OTPaHYEH KOH-
JIeHCalMOHHOM Bo3MOKHOCThIO ITH/I-4, mpuHsaTOi
B npoekte ADC-2006 11t KOHAEHCALIMU APYTroro
pacxoja mnapa.

HccnenoBanue repeyrcieHHbIX BOITPOCOB ITPO-
BeJICHO Ha OCHOBE PELIEHUST CUCTEMBI YpaBHEHUIA,
OITUCHIBAIOIINX CTATUKY TYpPOOYCTAHOBKU U BXOJISI-
IIMX TAKXKE B CUCTEMY YpaBHEHU I TMHAMUKH yCTa-
HOBKH. 3a UCXOIHbBIE 3HAYEHUST PEXMMHBIX Iapa-
METPOB MPUHUMAJIKCh JaHHbIE pacueTa TeIIOBOIO
OalaHca HOMUHAJILHOTO PeXMMa TYpOOYCTaAHOBKH
K-1200-6,9/50 JIM3. PacueT MpoTOYHOI YaCTH Typ-
OMHBI, B KOTOPOM OITPEAEIISIOTCS HOBBIE 3HAYEHUS
JABJIEHUI Iapa Ha BXOJe B KaXIbIil OTCEK, BBIMOJI-
HEH C KCITOJb30BaHWEM ypaBHeHUiT CTOmMOJIBI—
®morens [9].

2 2 2
(pOi ~ Poi+1 )Gi (=) 42
i+1>
Gitoi (1= yp;) l

e 3HAYEeHMSI MHAEKCOB COOTBETCBYIOT CJIEAYIOLIEMY:
«0 i» — 3HaYeHUIO MMapaMeTpa B Havyajle oTceKa Ipu
HOMMHAJIbHOM 3Ha4YeHuu pacxoza G; «0 i+1» — 3Ha-
YEHUIO TTapaMeTpa B KOHIIE OTCeKa TP HOMUHAJIb-
HOM 3Ha4YeHnu pacxona G ; «i» — 3HaYEHUIO Iapame-
Tpa B HayaJie OTceKa IIpY HOBOM 3HAYEHUU pacxona
G; «i+1» — 3HAaYEHUIO MapaMeTpa B KOHIIE OTCeKa IIpUu
HOBOM 3HaueHMU pacxoja G; P — jmaBieHue mapa,
MIla; G — pacxon mapa uepe3 OTceK, KI/C; t — TeM-
nepatypa rnapa, °C; y — BJIaXHOCTb Iapa.

D=

G, kr/c G, Kr/c
- 3000
120
k2500
100
1
N - 2000
80 ¥
1500
60 £
4D 1000
20 + 500
0 t : 0
100 102 104 106 108 110 112 114 116 9% N

Puc. 2. Ipaduky n3MeHeHMs pacxola fapa B 0TOOpax M pacxoia Macjia B 3aBUCMMOCTH OT

MOIIHOCTU TypOuHbl: [ =G - 2—G  -3—G;4—G,

nsas’

;5-G ;6-G

a4’ a3’ nHn2’

7-G, ;8—G,;

nunl’
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PacyeT BBIMONTHEH B MMAIla30HE MOIIHOCTEH
paspsanku 100—117 % ot N, | TIpy MOCTOAHHOM J1aB-
JIEHWU TIapa B IeaspaTope.

BepxHsis rpaHulla MCCIEAyeEMOTO IMana3oHa
ompezeeHa Kak IPeaeIbHO TOITYCTUMast MOIITHOCTh
9HeproOsoKa, orpaHUYMBacMasi MUHUMAJIbHO J10-
IyCTUMBIM TIEpEeTIaioM TaBJIEHHUS Ha CTOIIOPHO-pe-
rynupymolemM Kiamade Typounsl K-1200-6,9/50 —
0,15 MIla.

PesysbraThl pacuera rnpenctaBieHbl B BUIE rpa-
(brkoB M3MeHEHNS pacxoma B Hanbosiee XxapakTep-
HBIX TOYKAX 000PYLOBAHUS CUCTEMBI.

[Ipu paccMoTpeHnn rpadMKoB MI3MEHEHUST pac-
XOJ1a TPEIoIero rnapa Ha TeMI000MEHHUKY CUCTEMbI
pereHepamuy 1 aeasparop, a TakKe pacxoaa Macia
oOpalaeT Ha ceds BHUMaHUE Pe3Koe U3MEHEHUE
pacxona Ha [1B16, IIBAS, IMTH4, ITHA3 u geas-
paTop Mpu IJABHOM YBEJIUYEHUU PACXOAOB Ha
IMHA1 v [THA2.

DTO OOBSICHSIETCS CIEAYIOIIUM.

Pacxompl rperoriero mapa Ha momorpeBaTesin, He
YUYaCTBYIOIIME B PETYJIMPOBAHUN MOIITHOCTU TypOU-
HBI BOOOIIIE MM Ha KAKOM-TO Ha9aJTbHOM MHTepBa-
Jie ee UBMEHEHMUSI, PaCTYT 3a CUeT YBeJIMUEHUS pac-
X07a Tlapa yepes MPOTOYHYIO 9acTh TYPOMHEI 1, KaK
CJIeICTBUE, AaBJIE€HUS B OTCEKaX, YTO U MPUBOAUT K
YBEJIMUEHUIO pacxoia 9yepe3 OTOOPHI.

Ha npencraBiaeHHbIX rpaduKax Xopollo BUIHA
ITOCJIe0OBATEIFHOCTD BKITIOUCHUS apMaTyphl (B TaH-
HOM cJly4yae IIJIsi yMEHbILIEHMS MOoAauyM TPEroliero
mapa B rromorpeBarenn). CHavasia 3aKpbIBalOTCS Ha
TOJIOBUHY CBOET'O MAaKCUMATbHOTO pacxoja peryJsiu-
PpyIoIIe KJIaraHbl Ha 4-M 0TO0pe, TIPUBOIS YCTaHOB-
KY B COCTOSTHME TOTOBHOCTH K Y4aCTHIO B PEryJarupo-
BaHUU YaCTOTHI B ceTH. Kak TOJIBKO 3TO IPOM30IILIO
U MMeeTCsl CUTHAJT Ha YBEJIMUEHNE MOIIHOCTH, Ha-
YMHAEeT 3aKpbIBaThCs 2-11 0TO0O0p (Ha [1BIS).

C HayaJIoM 3aKpbITUS 2-T0 0TOOpa BKIIOYAETCS
TPB/I. B pe3yabraTe 00blIast 4acTh TETIOTHI Mac-
Jla yXOAUT Ha MOJAO0rPeB MUTATEIbHOM BOIbI, BCIE -
CTBHE YeTO TPOUCXOMUT CHIKEHHE TeMIIEPaTyphl
KOHJIeHcaTa Ha BXOJe B JeaspaTop, U s oaaep-
JKaHUS 3aJaHHOTO 3HAYEeHUS TaBJICHUS T1apa B Iea-
apaTope YBeJIMUYMBAETCSI PAacXo/l rapa B 1ea’paTop,
KOTOPBII 3a01paeT OOIBIIYIO YaCTh YBEIIMUEHHOTO
pacxoja mapa yepe3 MPOTOUYHYIO YacTh TYPOUHBI
IocJIe yMeHbIIeHUs pacxona 2-ro oroopa. [Toatomy
1 HabJIIo1aeTcs Takoe HE3HAUMTEIbHOE U3MEHEHME
MOITHOCTH TYPOUHBI ITPU JOBOJIBLHO 3aMETHOM M3-
MEHEHUM pacxojia mapa yepes 2-ii oToop.
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VYMeHbiIeHne pacxoaa Iapa 2-ro oToopa 1 BbI-
3BaHHOE 3TUM JIJIsS1 KOMIIEHCAllUM YMEHbILIEHUSI TeTl-
Jla pereHepaluy yBeJInyeHue pacxoaa Macja yepes
TPB/I u, cnenoBatensHo, yepe3 TPH/I BeneT Kk yBe-
JIMYEHUIO TeMITepaTypbl OCHOBHOI'O KOH/IeHCaTa Ha
Boeixone u3 TPH/I (Bxoxd B ieaspatop) U UBMEHEHUIO
pacxoja rpeloliero napa Ha geasparop. [1pu noctu-
JKEHUU TeMIlepaTypoii OCHOBHOTIO KOH/IeHCaTa CBO-
€ro HOMMHAJIbHOTO 3HAUEHUSI BO M30eKaHUe YMEHb-
LIEHUST TPOEKTHOM BEJIMUMHBI HATPEBa OCHOBHOTO
KOHJIeHCaTa B JieadpaTope HauMHAeT 3aKPbIBAThCS
5-11 or60op napa (Ha ITHI3). D10 BeeT K CHUXKEHUIO
KPYTU3HBI KPMBOI M3MEHEHUS pacxoja rmapa Ha Jie-
asparop. [Ipu 3akpeiTuu 2-ro u 5-ro 0TOOPOB Ha-
YUHAET 3aKpbIBaThcsl 0TOOp Ha [1B/1-6, 3akpbiTHEM
KOTOPOTO 3aKaHYMBAETCS YBEJIMUEHUE MOIIHOCTU
3HEProd/I0Ka B ITOM peXXUME.

HccaenoBanne IMHAMUKH YCTAHOBKH
B peXRHMMe Pa3paIKu

ITockonbKy, Kak mokasajiyd UCCIeI0BaHUS CTa-
TUKU YCTAHOBKU, UMEIOTCS CYIIECTBEHHbIE OTJINY S
B paboTe TMOACHUCTEMbI Pa3psKU B pexKrUMax Mak-
CUMAJTBHOW W OJIM3KOW K MUHUMAJTbHOU MOIITHOCTH
pas3psiiKu 3HEeprodJioka, To AJIsi 0OOCHOBAHUS CO-
oTBeTCcTBUs dHeproodsoka ¢ CATD TpeboBaHUIM
HOPMAaTUBHOI JTOKYMEHTALIUU ITPU YUaCTUU B peTy-
JINPOBAHWM YaCTOThI CETH BO BCEM IMANa30HE MOIII-
HOCTM pa3psiiIKi pacyeThbl JTMHAMUKM BbITTOJHEHbI
JUI1 00erX YKa3aHHBIX objlacTeil 3HaUeHUI MOILIl-
HOCTH.

OCHOBHBIE peryjupyeMbie apaMeTpbl B peXu-
M€ pa3psiiKu MpU PeryIupoOBaHUM YaCTOThl — 3TO
MOIIIHOCTb TYPOUHBI, KOTOPYIO HEOOXOIUMO MpPU-
BOAUTb B COOTBETCTBUE C MOILIHOCTbBIO MOTPEOUTESIS,
U TemIiepaTypa nuTaTeJIbHOI BOJbI Ha BXOJIE B Ma-
poreHepaTop, 3HaueHUE KOTOPOii HEOOXOAMMO MO -
JIep>KMBATh MOCTOSTHHBIM.

7151 MpOCTOTHI MCClIeA0BaHMSI paccMaTprBalach
pabota sHeprobdyoKa B U30JIMPOBAHHOU CETU MpHU
CKa4YK000pa3sHOM M3MEHEHHH ee MOolHOCTH N ... [To-
CKOJIbKY B C€TU OTCYTCTBYIOT APYTHU€ TeHepaTophl,
Harpy3ka paccMaTpuBaeMOro reHeparopa MOMEH-
TaJIbHO MEHSIETCS Ha 3Ty Xe BEJIMUYMHY, a 4acToTa
BpAlIEHUS €T0 POTOPA Y CKOPOCTh €€ U3MEHEHUS, a
TakXke TpeOyeMOo€e U3MEHEHUE BEIMUYUHBI MOIIIHOCTU
TypOUHBI U TEKYIIIee €€ 3HAUeHNE Ha KaX/IOM 111are
cyeTa OIpeAesiioTCs CeAYIOIIMMU YpaBHEHUSMU
[10]:
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do 1
—=———(N,, —N.);
dt me_l( rn=Ne)
Amzd—wAt;
dt

0, =0,_| +Ao;

A®
AIVTm :zANTm—l +T;

NTm :NTm—l _ANTm’

rae J — MOMEHT MHepLUM poTopa TYPOUHBI M TeHe-
patopa, Kr-M*; N, — MOLIHOCTb TypOMHBI, BT; 0 —
KpyroBasl YacToTa BpallleHusl, paj,/c; At — 1iar cue-
Ta, ¢c; m — HoOMep miara (pacueTa); 2 ANp,._
— TIoclieAHEee CyMMapHOe M3MEeHEHUEe MOILIHOCTU
TypOMHBI Ha 111arax pacueTa, Ha KOTOPBIX MOIIaroBoe
M3MEHEHMEe MOIIHOCTU HEe MPEBBIIIANIO 30HY He-
YYBCTBUTEIBHOCTHU peJie; S — CTaTU3M CTaTUUeCKOM
XapaKTepUCTUKU CUCTEMbI PETYJIMPOBAHMS TYpOU-
HbI, paa/(c-Bt).

CurHan tpebyeMoro M3MeHEHUS MOIIHOCTU
TypOuHbBI octynaet Ha [T -perynsgrop. CocTtaiisi-
IOIIIME er0 MaTeMaTUYECKYI0 MOIe/Ib ypaBHeHM [ 11]
OIMCHIBAIOT CJIEAYIOLIEE:

3HaueHMEe BXOJHOrO CUTHAJIA Ha peJie

le = Kl(_ANTm) - KoﬁpchOGp cB’
e K u K06p s — COOTBETCTBEHHO, KOS HULIMEHT

YCUJICHUSI CUTHAIA U KO3(PdULIMEHT 0OpaTHON CBSI-

31; X06lD ., —BEJIMYMHA OOpATHOM CBA3H,

X
o0p cB
+———AT;
00p cB dt ’
00pCB G_Xo6pc3
dt T

u

X,

06pcB —

ax,

X

b

rae T, — MHTerpaibHas MOCTOSHHAS;
3HaYEHME BBIXOIHOTO CUTHAJIA peJIefHOrO yCH-
JUTENsS
0mpu |X,|</;
Onpu|X,|>, o, =0;
Lupu X, >1y;
—lnpu X; <—l,;

~lnpu Xl<-/jno,_=-1,

rie [, u [, — COOTBETCTBEHHO 30HA HEYYBCTBUTE/Ib-
HOCTHU M 30Ha BO3Bpara peJie.

[To 3HaYeHUSIM BHIXOAHOTO CUTHAaja peJe, OT-
JIMYHOTO OT HYJIs1, Y TOCTOSTHHOM BpeMEHU 3JIEKTPO-
npuBoga T’ p BEITHCIISIOTCST 3HAYCHMST MPOU3BOIHOM
OTHOCHUTEJIbHOT'O MOJIOXKEHUST U CAMOTO OTHOCUTETb-
HOTO MOJIOXKEHMSI PEeTyJIMPYIOIIero opraHa (OTHO-
IIIEHWEe TEKYILEro MoJIOXKeHUs IIToKa KjaraHa K
MaKCHMAaJIbHO BO3MOXKHOMY) 0e3 y4eTa orpaHnyde-
HUIA:

dX _O

5 XKH] ZXKJ]1+

dv T,

K AT.
dar

B pesysbrate Ha KiianaH, peryJinpyrommii pac-
XOJ1 Iapa 1, COOTBETCTBEHHO, MOLIHOCTb TYPOMHBI,
MOCTYMaeT CUrHax X TOro WM MHOTO 3HaKa Ha
nepeMeLIeHNeE, ¥ KJIallaH IepeMEILAeTCs B ITOJI0XKe-
HUe X C y4eTOM OrpaHWYeHUI KpailHUX TOJIOXKe-
HUIA:

XenIpu X <1;
X =

KT

lupu X, ,; 21,
Onpu X, ;; <0.

Kak yka3bIBanoch, 1151 MOAAEe P3KAHUST [TOCTOSTH -
HO# MOIIIHOCTM peakTopa TpeOyeTcsi U aBTOMAaTH -
yecKoe ToAaepKaHue TeMITepaTyphl MATATEIbHOMN
BOJIbI Ha BXOJIE B [TAPOTeHEepaTop, OCYILIECTRISIEMOE
M3MEHEHUEM pacxoja TI'peollero Macjia depes
TPB. st yrpoiieHus padOThl JaAHHON CUCTEMBI
LIeJIECO0OPA3HO MOIEPKUBATH TOCTOSTHHOE JIaBJie-
HUe Tapa B Jea’paTope, UTO U ObLIO MPUHSITO B
JTAHHOM KCCJIEIOBAHUMN.

B pazpaboTaHHOl cucTeMe aBTOMaTUYECKOTro
peryJaMpoBaHUsS UCITOIb30BAaHbI TUITOBbIE PETyIIsi-
TOPBI TOCTOSIHHOI CKOPOCTH BpalLlEeHUSI C 3JIEKTPO-
MPUBOJIOM U peajibHBIMU MapaMeTpaMu HACTPOIKU,
MpeJACTaBIeHHBIMU B HUXKECIeAYIOIIel Tabau1Ie.

Brutn ipoBefeHBI Clieayole pacyeThl B UH-
TepBajsie BpeMeHM 240 cek. ¢ LIaromM pacuerta
0,05 cexk:

MpU MAKCUMAJIbHOM U MUHUMAaJIbHOM 3HAYEeHU -
SIX MOILIHOCTH 9HEPro0JI0Ka B AMAMa30HE Pa3psIIKU
(cootsercTBeHHO 1151 102 % 0T N, );

MPU CKaYKOOOpa3HOM M3MEHEHUU YacTOThI B
cetu Ha BeamumHy 0,0625 Iix (0,125 % ot 3HaueHUst
HOMMHAJILHOM 4aCTOThI) — MAaKCUMAaJIbHO BO3MOXK-
HYIO, C KOTOPOI CIpaBjsieTcsl IpUHSITasi CUCTEMa
PeryJIMpPOBaHMNSI YACTOTHI IIPU YCJIOBUU €€ aBTOHOM-
HOM1 pabOTHI;

JIJISI UCXOHOTO CTALIMOHAPHOT'O COCTOSTHUSI CH -
cteMbl ¢ yactoToii B cetu 50,0 Iix mpu KoMOMHUPO-
BaHHOM M3MEHEHHUM YaCTOThI B CETH — CHaydaja
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HacTpoiiku peryisirTopoB MOIIHOCTH TYPOMHBI M TEMIIEPATYPHI MUTATEILHOM BOIbI

3HaYeHUe XapaKTepUCTUKHU
Xapaktepuctuku CAP YesosHoe
p p 0603HAYCHIE Jlnst peryasitopa Jnst peryasitopa TeMreparypbl
MOIITHOCTH TYPOUHBI MMUTATEIBHOM BOJIIBI
IMonoxeHue KiianaHa B pexKMMe pa3psiiKu X, 0,4 0,5
ITocTostHHAs BpeMeHU TIpuBoOAa THp 30¢ 15¢
IlocTossHHAss THTETPUPOBAHUS T, 5¢ 5¢
KosdduimeHT odpaTHOIi CBSI3N K06p o 0,5 0,05
KoaddunumenT ycunenusa curaana K 1 1
30Ha HEUYBCTBUTEILHOCTHU [, 0,5 0,05
30Ha Bo3BpaTa A 1 0,11
3 2 5
= o B 3 & 2
40 = 360 - 1400 -
144 5 115 ] ]
] ] ] 1 20 A 11380
12 4 1 ] g o 1 350 4 1
14 187 « @ 3 11360
1.0 1 ] 1 ] ] ]
1 Josd ] ™ 3401340 -
0g- % 11.0 4 ] ] ]
1 ] 1104 4 ] ] 1
1 11320 -
] 1 0.0 4 ] ] ]
064 o ] 60 ] 3301 ]
1 ] 1300
047 J-o0s5]95 803 | :
o ] 1 ] 320 4 1280
0.2 - ] ] ] -100 4 ] 1
g 1 -1.0 4 i f 1 1260 -
0.0 1 -10 - 0.0 4 -120 1 310 - ) S— J — ——

100

T +
250 1, CeK

Puc. 3. Ipacduku u3amMeHeHUsI BO BpeMEHM OCHOBHBIX PEeKMMHBIX IapaMeTpoB aHeproosoka ¢ CATO u CAP B
peXunMe PeryIMpOBaHus YaCTOThI TOKA B CETH TIPU MOUIHOCTH paspanku 115 % N, (ycioBHO 0603HaY€eHO:

G — pacxon mapa uepes 4-ii oTobop, Kr/c; w — 4yacTtoTa B ceTH, pai./c; N.

sHeprobsoka, MBT; N

3an

CKa4YKOM B CTOpOHY ee yBennueHus Ha 0,0625 I,
3aTeM IocJie 3aBeplIeHUs TPeOyeMOTO U3MEHEHUST
MOIIHOCTHU TypOUHBI M YCTAHOBJICHUS CTallMOHAP-
HOT'O COCTOSIHUSI 9HEProdj0oKa — BO3BpallleHHUE B
ucxonHoe cocrostuue 50,0 Tix, manee, mocie 3a-
BEpILIEHUSI HOBOTO TI€PEXOIHOr0 IIepruoaa U BO3-
BpallleHUsI CUCTEMbI B CTALIMOHAPHOE COCTOS -
HHE, — CKAaYKOM B CTOPOHY €€ YMEHBLIIEHUS 10
ypoBHs 49,935 Iir.

PesyabraThl pacueToB IIpeaCTaBICHBI:

Ha puc. 3 — rpadpukaMu U3MEHEHUSI BO BpeMe-
HU OCHOBHBIX PEXKMMHBIX ITapaMeTPOB 9HEPTo0JI0-
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— TEKyHIEC 3HAYCHNM MOIIIHOCTU

TeK

— 3aJlaHHOE 3HaUYEHUE MOIIIHOCTHU Heprooyioka, MBT)

ka ¢ CATO u CAP B pexxuMe peryjJvupoBaHuUs dya-
CTOTBI TOKa B CETWU MPU MOIIHOCTU pa3psiiKu
115 %N, ;

Ha puc. 4 — rpaduKamMy U3MEHEHUs Uccienye-
MBIX TTapaMETPOB TYPOMHBI B peXKUME PeryJIupoBa-
HUSI 4aCTOThl B CETU TMPU MOIIHOCTU Pa3psiaAKuU
115% N, ;

Ha puc. 5 — rpaduKamMuy U3MEHEHUs Uccienye-
MbIX TapaMETPOB TYPOMHBI B PEXUME B PETYJIUPO-
BaHMSI YACTOThl TOKA B CETU IPU MOIIIHOCTU pa3-
panku 102 % N .
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Q
% =
hv
n -
s o
350 4 200
340
] 150
330
] 100
320
310 4 o
300

2 N, MBr

41 1150

1 1050

1 1300
11250

1 1200

- 1100

P R

100

150

200 250 1, cex

Puc. 4. Tpaduku uaMeHeHUsT UCCeayeMbIX TTapaMeTPOB TYPOUHBI B PEXXKUME PEryJIMpPOBaHUS YaCTOThl TOKA

w,paalc
G, Kr/c

325 | 110
1100 ]
320 { g9
1 80
315
1 70
1 60
310 |
1 50
305 | 40
30
300 4 20

" N, MBr

1 1200
1 1180
1160
1140
1120
1 1100
1080

1060

B CETH NP MOLIHOCTH paspsaku 115% N,

M

Ncem ¥
NTCK

4010

I " |

t t t : + + } + ¢

200 250 1, cex

Puc. 5. [paduku uaMeHeHus uccaeayeMbIX TapaMeTpoB TYPOUHbBI B peXKMMeE PeryJiipoBaHus YaCTOThl TOKA B

ceTu nipu MoutHocTy paspsiaku 102 % N

HOM
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AHalln3 NOJIyYeHHBIX Pe3yIbTATOB

Kaxk ciemyer u3 mpencTaBleHHBIX rpa)MKOB,
ADC c paccMaTpuBaeMoi CUCTEMOI aKKYMYJIMPOBa-
HUSI TETUIOBOI SHEPTUU IIPU PEKOMEHIYEMBIX CHCTe-
Max peryJupoBaHMSI MOIITHOCTU TYPOUHBI U TEMIIe-
paTypbl IIMTATEeJIbLHOM BOIBI B PEXUME pa3psaKU
MOJIHOCTBIO YIOBJIETBOPSIET HOPMATUBHBIM TpeOOBa-
HUSIM 10 CKOPOCTH M3MEHEHMST MOIITHOCTU TYPOMHBI
MpU PeryJMpoBaHUU YaCTOThI CETU 0€3 UBMEHEHMS
IIPY 3TOM MOIITHOCTH PEaKTOPHOM YCTAHOBKMU.

ITonyyeHHBIE B Mpolecce UCCAeAOBaHUS pa3-
PSIIKY 3HAYEHMSI MAaKCUMaJIbHO MOIIIHOCTHU TypOu-
HbI 1 1yana3oHa U3BMEHEHUST MOIITHOCTU IIpU pery-
JINPOBAaHMU YaCTOThI B CETU — He IMpeebHbIC IS
paccMaTpUBaeMOTro 3Heprod/i0Ka, YTo O4EHb BaXKHO.

MaxkcuMalbHas MOIIHOCTh Pa3psiIKK OIIpele-
JISIETCSI MUHMMAJIbHO TIOMYCTUMbBIM ITepernaaoM 1aB-
JneHust Ha CPK TypOuHBI TTpy ero MakcuMaabHOMI
TUIOILAIM ITPOXOAHOIO CEUCHUSI, a 3HAUMT, TOMYCTHU -
MOI CTeTIEHBIO €r0 OTKPHITUS (B JTaHHOM CJIydae —
KOHCTPYKTHMBHBIMU 0co0eHHOCTSIMU CPK TypOnHbBI
K-1200-6,9/50).

Jnara3zoH u3MeHEHMST MOIITHOCTU TYPOUHBI TIPU
PeryJIMpOBaHMM YaCTOTHI OTIPECIISICTCS TeIUIOTEXHH -
YEeCKOIM XapaKTEpPUCTUKOM pereHepaTUBHOIO TEILIO-
00OMEHHMKa, TIONKIIOUYEHHOT'O K pETY/IUpYIoLeMy (ITpr
peryJMpoBaHuM 4acTOThI) OTOOPY mapa, (B paccMo-
TPEHHOM CJIydae — KOHIEHCHUPYIOIIIEi CIIOCOOHOCTHIO
ITHA-4). ITpu yBennueHUM MOBEPXHOCTU KOHACHCA-

LMY TEIUIOOOMEHHMKA JTOJKEH BO3PACTU PaCXO[
KOHAEHCHUPYEMOTO T1apa, a clieIoBaTeIbHO, 1 BO3-
MOXKHBI TUarna3oH U3MEeHEHHST MOIIHOCTH TypOu-
HbI TIPY PEryJIMPOBAHUN YaCTOTBI B CETH.

IIpencraBieHHbIE PE3YIBTATEI ITO PETYIMPOBA-
HUIO MOIITHOCTHY TYPOWHBI ITyTeM N3MEHEHMST BeJTH -
YUHBI peTeHepaTUBHOTO 0TOOPA MOJTYIeHBI TTPU 10~
CJIe0BATEIBHOM ITOIK/TIOUEHUH TETIIO0OMEHHUKOB
paspsiIKY K COOTBETCTBYIOLIMM YacTsIM pereHepa-
TUBHOWM YCTAHOBKHM U TOJIEPXKAHUN TTOCTOSTHHOTO
JaBJICHUS Mapa B AeaspaTope (T YIIPOIICHUS CH-
CTEMBI pETYJINPOBAHUS TEMITEPATyphl TUTATETLHOM
BOJbI HA BXOJIE B MTApOreHEPaTOPhI).

BriBoabI

B pesynbraTe mpoBeieHHOTO KCCIeTOBaHUS
000CHOBaHa BO3MOXHOCTb yuacTust ADC ¢ akKymy-
JISITOpAMU TEIJIOBOM HEPIUMU B PErYJIMPOBAHUU
YacTOThl B 9JIEKTPUUYECKON CeTU 0e3 U3MEHEHMUS
MOIIIHOCTH peakTopa.

YuuThiBasi TPYIHOCTU BBIMOJIHEHUs TpeboBa-
Hus yyactust ADC ¢ BBOP B perynupoBaHuu yac-
TOTBI M3-32 HU3KUX MAHEBPEHHBIX XapaKTePUCTUK
peakTopa (0COOEHHO aKTUBHOI 30HbI), IIPUBOISI-
IIMX K OBICTPOMY MCTOIIEHUIO pecypca KOHCTPYK-
LIMY TIPY TIEPEMEHHBIX HArpy3Kax, a TakXe OTCYT-
CTBME MyOaMKalMid MO 3TOMY BOIIPOCY, BKJIIOUas
padotry ADC ¢ CATD mpu TOCTOSIHHOM MOILIHOCTH
peakTopa, MoJyYEHHBIE PE3YJIBTAThI TPEACTABISIOT
0OJIBIIION HAYYHBIN U IPAaKTUYECKUI MHTEPEC.
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YUCNEHHOE MOAE/TIUPOBAHUE TEYEHUA
B MAJIOPACXOAHOW CTYNEHU
LLEHTPOBEXXHOIO KOMIMPECCOPA

A.M. Yablokov, Yu.V. Kozhukhov, A.A. Lebedev

AN ANSYS CFX NUMERICAL STUDY
OF A LOW-FLOW STAGES CENTRIFUGAL COMPRESSOR

B cratbe mpuBeneHBI pe3ybTaThl TPUMEHEHUST METOAOB BBHIYMCIUTEIBHON THAPOIMHAMUKY IS
MOJIEIbHOM MaJIOpacXoHOM CTYMEeHU LIEHTPOOEKHOTO KOMITpeccopa ¢ yCIOBHBIMU KO3 GUIIMEeHTaMU
pacxonoB ®=0,028. PacuetHas o6macth MoaesbHOi crynenu miss CFD-MmonenupoBaHust BKJIIOUaeT
clIeyIollMe 3JIeMEHThI: BXOAHOM MaTpy0oK, pabouee KoJieco, 6e310maTouHbli 1uddy3op, TOBOPOTHOE
KOJIeHO, 0OpaTHO HAIpaBJISIONIMIN ammapaT, CIpSMISIOMNIA arTapar, BBIXOIHOW TMaTpyooK,
JJaOUPUHTHBIE YIUIOTHEHUsI. HaTypHble aKcrepuMeHTalbHble MccaenoBaHus s cryneHu 028
TPOBOIMJINCH Ha BO3AyXe TP HAYaTbHOM AaBieHUY p* = | aT™M. YU CIIEHHBIM 3KCTIEPUMEHT JUTS CTYTICHU
028 mposenen mpu ®=(0,019—0,046) mwist TpeX BApMAHTOB UCIIOJHEHUS BBIXOTHON KPOMKH pabodero
koseca. ITo pesyabraTaM YUCICHHOTO 3KCIIEPUMEHTa TTOCTPOEHBI pacueTHbIE XapaKTePUCTUKHA U
MpoBeneHa BepuduKaims pe3yabraToB. OLieHEHO PacXoXKIeHUE Pe3yIbTaTOB YMCIEHHOTO 9KCIIEpUMEHTA
Ha MOJIEJI C TAOMPUHTHBIMY YIUTOTHEHUSIMU U 0€3 TaOMPUHTHBIX YTUTOTHEHMUIA.

KOMITPECCOP; CTYIIEHb HEHTPOBEXXKHOI'O KOMITPECCOPA; PABOYEE KOJIECO; JABMPUHTHBIE
YIJIOTHEHUA; BBIYMCIUTEJIBHAA THIPOOMHAMMUKA.

The article presents the results of applying the methods of computational fluid dynamics to model the
low-flow -rate stages of centrifugal compressors with flow rate coefficients F = 0.028. The computational
domain of the model centrifugal compressor for CFD-simulation consisteds of the following elements:
an inlet chamber, an impeller, a vaneless diffuser, a return channel, an outlet chamber, a shaft seal labyrinth,
and a front and back shroud leakage. ield experimental studies were conducted to model stage 028 in air
ataninlet pressure of p* = 1 atm. A numerical experiment for stage 028 was held with a flow rate coefficient
F=(0.019—0.046) for three options of the trailing edge of the impeller. The performance parameters for
the stages of the centrifugal compressor were constructed from the results of the numerical experiment,
which have been verified. The discrepancy between the results of numerical experiments on the model
with and without shaft seal labyrinths has been assessed.

STAGE OF CENTRIFUGAL COMPRESSOR; SHAFT SEAL LABYRINTH; LOW-FLOW RATE STAGE; CFD;
NUMERICAL RESEARCH.

IleHnTpoOexxHbIE KOMIIPECCOPHI HAILJIM CaMOe
LIMPOKOE MpUMeEHEeHUE B 3HepreTuke. B coBpemeH-
HBIX Ta30TPAHCTIOPTHBIX CETSIX LIEHTPOOEKHBIE KOM-
TPECCOPBI — OCHOBHOE 000PYIOBaHNE KOMIIPUMMU-
poBaHus raza. B cetsix OAO «Ja3znpom TpaHcras
Cankr-IleTepOypr» padoraior 6osee 192 KpymHBIX
LIEHTPOOEKHBIX KOMITPECCOPOB CYMMAapHOI MOIII-

HocTblo nipumepHo 1795 MBT [9]. [lng npuBonos
raszornepekaunBatoiux arperatoB (I'TIA) TpeGyeTcs
3HAYUTEJIbHOE KOJIMUECTBO AHepTruu. [1pssmoii myTh
CHUKEHUS 9TUX U3IEPKEK — TTOBBICUTH 3(D(HEeKTUB-
HOCTbh KOMIIpeccopoB. Bricokast a¢h¢eKTUBHOCTh
MPOMBIIIJIEHHBIX LIEHTPOOEXKHbBIX KOMITPECCOPOB
(ITILIK), Bxomsmux B coctaB I'TIA, omnpenesnsercs

59



* HayuHo-TexHnyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOMO MOIUTEXHUYECKOTO yHuBepcrTeTa. 4(231)2015

CTETICHbIO TA30JMHAMIWYECKOTO COBEPIICHCTBA ITPO-
TOYHOI YacTU, a UMEHHO BBIOOPOM OINTUMATbHOMN
(pOpMBI IPOTOYHOI YACTH [1JIs1 YCIIOBUIA SKCIUTyaTa-
nuu. [azoguHamuyeckuii mpoekT ITLK gomkeH co-
OTBETCTBOBATb HE TOJBKO BHICOKUM ITOKa3aTelIsIM
KII/I, Ho 1 UMEeTh AOCTATOYHO LIMPOKYIO 00J1aCTh
YCTOMUMBOI pabOThI CO 3HAYMTETLHBIM 3aI1aCOM OT
JIEeBOM IPaHULIbI XapaKTEePUCTUKU (TaK Ha3bIBAEMbIi1
3arrac OT MoMITaxa).

PaC‘IETHO-3KCHepI/IMeHTaJ'lI)Hl>Ie HCCJICA0BAHUA

IIpu co3gaHMM HOBBIX LEHTPOOEKHBIX KOM-
MPEeCCOPOB MPOSKTUPOBIINK B 3HAYUTEJbHOI Mepe
OIMPAETCS Ha Pe3yJIbTaThl NCCICIOBAHUI MOICITb-
HBIX CTYIEHEel ¢ MHTEPECYIOIIUM €ro YCIOBHBIM
koadpuumreHToM pacxoma @, onpeneaseMbIM 10

dhopmye[l, 7]

oo
P (TED22/4)U2

Ilie 1 — MacCOBbII pacxo, Kr/c; p; — IUIOTHOCTh
rasa Ha BXOJie B CTYNeEHb, KI/M’; D, — HapyXHblii
auameTp pabodero Koseca, M; U, — OKpykHast CKO-
pocThb Ha tnameTpe D,, M/c;

ITo pesyabraraM MOIEIbHBIX UCITBITAHUIN CTY-
MeHel ¢ onpeaeieHHbIM pacyeTHbIM Koa(duineH-
TOM pacxojia CTPOSITCSI TAKUE XapaKTEPUCTUKU CTY-
MeHu, KakK 3aBUCUMOCTb Kod3dduuueHTa
MOJIMTPOITHOTO Haropa OT YCJIOBHOIO KO3 hUlu-
eHTa pacxozna = f{P), 3aBUCUMOCTb MOJIUTPOII-
Horo KIIJI ot ycioBHOro KoagduiimeHTa pacxoua
n, = A®). KospduumeHTs Hamopa u Moae3Horo
JeCTBUS pacCUUThIBaIOTCS 110 hopmyiiam [1, 7]

o

h
_ @)
Yy U2
h
nn :—l'l’ (3)
hi _hﬂ

rie i — TOMUTPONHbIA Hanop, [IX/Kr; A, — BHY-
TPeHHUI Hatop, [IK/Kr; h — IMHAMUYECKUI Ha-
nop, JIxx/xr. Hanopsl, JIX/KT, B IpUBeIEHHBIX BbI-
paxeHusi OMpPENesIloTCd Mo CAeAYILUM
dopmynam|[1, 7, 8]:

n-1

=Ry 2o -1,
n—1l Do

h 4

I

ITokaszarens crenenu n/(n — 1) onpenensiercs
o hopmyJe:
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>

JL:@“/%E- )
n-1 J2 T,
JmHaMU4YeCcKUii HaItop hﬂ, JIx /KT, oripenensier-
cs1 1o hopMyie
c?—c?
hy, = ITO’ (6)
[JIE ¢, ¥ ¢, — CKOPOCTH B COOTBETCTBYIOIINX CEYEHM~
X, M/C;
h,=h +h_ +h_. 7
3nech h — Teopetnyeckuii Hamop, JIx/kr; b, — Ha-
Op AMCKOBOTO TpeHust, Ik /Kr; hnp — Harop 1npo-
Teuek, JIxK/Kr

JlaHHbIE XapaKTepUCTUKHU O pPeaeIsiioT a(dek-
TUBHOCTbh M HAMop CO37aBaeMOTo KOMIIpeccopa,
30HY €0 YCTOMUMBOM padoThI. Tak:Ke 1o xapakTep-
HBIM 3aBUCUMOCTSIM MOXHO OMNPEIEIUTh CTeeHb
COBEpILIEHCTBA 2JIEMEHTOB MTPOTOYHOM YaCTH 1I€H-
TpoOexXHOro Komripeccopa. [IpoBeneHue monaesnb-
HBIX UCTIBITAHUI HA YMEHBIIEHHbIX KOMUX CTYyTIe-
Hell KOMIpPeccopoB ¢ 3aMepoM IapaMeTpoB
paboyero rnpoiiecca — OJUH U3 ITANOB CO3JaHUS
HOBOTro arperata. OgHaKko MpoBeAeHUe TaKUX UC-
MbITaHU# 3aTpaTHO. Kak M3BeCTHO, UCIOJIb30BaHKE
BBIUMCAUTEIBHBIX MTPOrPAMMHBIX KOMILIEKCOB U
MOIIIHOCTEN COBPEMEHHBIX CYTIEPKOMITBIOTEPOB I10-
3BOJISIET B OTHOCUTEJIbHO HEOOJIbIIINE CPOKU MPO-
BOJWTb YMCJIEHHOE MOJEJIUPOBAHUE TEUEHUS BSI3-
KOro raza B MPOTOYHBIX YACTSIX KOMITIPECCOPOB C
rnmocJjenyionei yucieHHo ontuMmusanuein. Ilpu
3TOM €CTh BO3MOXXHOCTb UCITOJIb30BaTh MOAPOOHYIO
MPOCTPAHCTBEHHYIO KOMITBIOTEPHYIO MOJIENb C J10-
CTATOYHO TOYHOU PAaCYETHOW CETKOU, YTO HEIO-
CPEJICTBEHHO BEET K yBEJIMUEHUIO TOUHOCTHU TOJTY-
YyaeMbIX PE3YJIbTaTOB.

TIpencraBieHHOe UCCIeNOBaHUE BBITIOJIHEHO B
pamkax pa®OThl HajJ MarucTepcKoi auccepTaliu-
eit [5, 10]; ero 1e/1b10 ObLT aHAJIM3 TEUEHUSI BI3KOIO
rasa B MPOTOYHOM YaCTU MOJIEJbHOM CTYMEHU LIeH-
TPOOEXKHOIO KOMIIpeccopa ¢ YCJIOBHBIM KO3 hu-
nueHToM pacxoaa 0,028 [2—4] (mpoekT u 3KcIepu-
MEHTaJlbHOE€ HCCJeJOBaHWE BbBIITOJHEHDI
npodeccopom HO.b. TanépkuHbiM Ha Kadeape
«KoMnpeccopHasi, BAKyyMHas M X0J10IUJIbHAs TeX-
HUKa» U JIIOOE3HO UM MPeI0CTaBIEHbl aBTOpaM).
st nTaHHOM CTyNeHU MPOBEASH YMCICHHBIM 9KC-
MEepUMEHT Ha MOJIeJIU C TpeMsl BApMaHTaMU1 UCITOJI-
HEHMUS BBIXOJHOW KPOMKHU paboyero KoJjeca, a Tak-
K€ Ha MOJIEJIU C JAOUPUHTHBIMU YILLIOTHEHUSIMU U
0e3 Hux. [Ipu pacuere ra3onMHaMUYECKUX TapaMe-
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Puc. 1. BapraHTbI UCITOJITHEHUSI BBIXOAHOU KPOMKM JIO-

maTku paboyero Kosieca: @) JIonarka C TYMoi BBIXOJTHOM

KPOMKOI1; 6) JloraTka ¢ 3a0CTpeHHOI 10 MepeaHei mo-

BEPXHOCTH JIOMIATKK /10 cpenHelt uHuu; ¢) Jlonatka ¢

3a0CTPEHHOM 110 TepeIHEN MOBEPXHOCTU J10 3aIHEH MO0-
BEPXHOCTU

TPOB IIpUMEHEHa METOAMKAa 00pabOTKM 3KCIIepu-
MEHTaJIbHBIX JaHHBIX, CcO3[laHHasi Ha Kadeape
KBuXT, npu 4nclieHHBIX pacdyeTax UCIOJIb3YIOTCS
YpaBHEHUSI JBUXKEHUSI BSI3KOTO raza, OCpeIHEHHbIE
no Peitnonbacy, — RANS (Reynolds Average Navier-
Stokes) 1 Mmozenb TypoyaeHTHOCTH SST[6], 3Haue-
HUE€ MPUCTEHOYHOU (yHKIIMM y+ MeHee 5. Tlpu
pelleHUU UCIOJb30Bajlach cxemMa JIUCKPeTU3alluu
Broporo nopsiaka (High resolution), MakcumanbHOe
3Ha4YeHMe HEeBSI30K B MapaMeTrpax pacueta — 107,
Bce pacueTsl mpoBeneHBI I YTJIOBBIX CEKTOPOB
3JIEMEHTOB MPOTOYHOI YacCTU U B CTALIMOHAPHOM
noctaHoBke. O01Iee YNUCIIO JIEMEHTOB — OKOJIO 5
MJIH. Ha puc. 1 npuBeaeHbl BApUaHTHI UCTIOJIHEHMST
BBIXOITHOM KPOMKHM JIOIaTKu padbouero koseca [10].

Pe3ynbTarbl pacyeTHO-3KCIIePUMEHTATbHbBIX
HCCJIe10BaHUI

YucneHHoe MOICIMPOBAHNEC TCYCHUA BA3KOIO
rasa IIpoBOAMJIOCH ITPU TPEX PA3JIMYHLBIX BapruaHTax

WCTIOJTHEHM S BEIXOTHOM KPOMKMU JIOTTATKN pab0vyero
koseca. Jljist Bcex TpeX BapMaHTOB IMOCTPOEHBI pa-
CUYCTHBIC XapaKTePUCTUKN U 3aBUCUMOCTH.

B 1abn. 1 npeacraBiaeHbl pe3yabTaThl YUCICH-
HOTO ¥ MOJETBLHOTO 9KCIIEPUMEHTOB JUTSI CTYTIEHN
028 ¢ Tynoii BLIXOZHOM KpOMKOI JIOIIaTOK paboye-
ro xoJjeca [5].

Ha puc. 2 npeacrtasiaeHa razogMHamMuyeckast
XapakTepucTuka cTyreHu 028 mpu 9YUCIeHHBIX U
MOJIEIbHBIX UCIBITAHUSAX (JIOMATKU C TYMOMl BbI-
XOJTHOI KPOMKOI1).

Ha puc. 3 mokaszaHbl TMHUU TOKa B paboyem
KoJIece Ha CpeaHeil 1o BBICOTE JOTATKHU TTOBEPX-
HOCTH TOKa MPU PA3TUYHBIX 3HAUSHUSIX YCIOBHOTO
Koa(pdumImeHTa pacxoma.

Kaxk BuaHO u3 puc. 3, Ipy U3BMEHEHUHN PEeXKU-
Ma paboOTHl CTyNIeH!, a UMEHHO TPU U3MEHEHUH
MacCOBOTO pacxoja yepe3 CTYNeHb, XapaKTep Te-
YeHUs B paboueM Kojiece COOTBETCTBYET (hu3nye-
CKOMY omnucaHulo TeueHus. [1py MUHMMaTbHBIX
3HAYEHUIX YCIOBHOTO KO3 PUIIMEeHTa pacxoma
(puc. 3, a, 6) HaOMOgaeTC BO3BHUKHOBEHUE OT-
pBIBa OT 3aHEl TOBEPXHOCTH JIOTTATKN pabodero
kojeca. [Tpu ®@=0,0202 (puc. 3, a) HabaOAaETCS
OTPBIBHOE TEYEHUs KaK Ha TepemHeil, Tak U Ha
3aJHell TOBEPXHOCTH JIOMATKU, YTO HE COOTBET-
CTBYET TEOPETUICCKUM TIPEACTABICHUSIM O XapaK-
Tepe TeUYeHUs U TpeOyeT MOMOJHUTEIbHOIO UC-
ClIeIOBaHUS C HeCTAallMOHAPHON MOCTaHOBKOM
3a7a4u.

B Tabu1. 2 mpencraBiaeHBI pe3yIbTaThl YUCICH-
HOT'0 U MOJICJIbHOTO 9KCMEPUMEHTOB JJIsI CTYIe-
Hu 028 ¢ Jonarkamu pabodero KoJjieca, 3a0CTPEH-
HBIMU 1O TepeaHell MOBEPXHOCTU N0 CpeaHei
JIMHUM.

Taonuma 1

CpaBHeHHe JAaHHBIX MOJIEJILHOTO H YHCJIEHHOTO SKCnepuMeHToB cTyneHn 028 neHTpo0eKHOro KomMmpeccopa
(IONATKY € TYNO# BbIXOIHOI KPOMKOIf)

DKCIEepUMEHT Pacuer CFX
® P, v, n,* ¥, P, n,*
0,0474 0,354 0,364 0,325 0,43 0,44 0,414
0,0427 0,438 0,451 0,625 0,50 0,51 0,597
0,0372 0,502 0,52 0,767 0,61 0,63 0,750
0,0329 0,551 0,573 0,801 0,63 0,65 0,796
0,0271 0,597 0,625 0,798 0,64 0,67 0,768
0,0202 0,651 0,693 0,760 0,65 0,70 0,709
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L ATA
08 1 :‘—/-
0,7 2 \
) 4 N
0,6
\“3\\

N
0,5 \<

0,4

0,3

0,2
0,02 0,025 0,03 0,035 0,04 0,045 D

Puc. 2. TazonguHamMuyeckasi xapakrepucTuka ctyrneHu 028 mpu 4ucaeHHbIX

W MOJIEJIbHBIX UCIBITAHUSIX (JIOMATKU C TYIMOUW BBIXOAHOU KPOMKOIA):

1 — KII[ skcniepument; 2 — KITJI pacuer CFX; 3 — koadduuueHT Teo-

peTHYeCcKOoro Haropa (3KCIEePUMEHT); 4 — KO3 PUIIUEHT TEOPETUIECKOTO
Haropa (pacuet CFX)

a)

2)
2.013e+002 |
176104002 |
1.510+002
1.2584002
1.0076+002
7.549e+001
5.033¢+001
2.517¢+001

1.
[ms*-1)

Puc. 3 JIunuu Toka B pabouem KoJiece Ha CpeaHell M0 BBICOTE JIOMATK/ MOBEPXHOCTU TOKA MPU Pa3IMYHBIX 3HaUe-
HUSIX yeJoBHOTO KoadduimeHTa pacxoaa (jionatku PK ¢ Tynoii BeixoaHO KpoMKO# 6€3 TaOUPUHTHBIX YIJIOTHEHU )
a) ® =0,0202; 6) ® = 0,0271; 6) ® = 0,0329; 2) ® = 0,0372; 0) ® = 0,0427; ¢) ® = 0,0474
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Tadonuuma 2

CpaBHeHHe JaHHBIX MOJIEJIBHOTO ¥ YHCJIEHHOTO SKCnepuMeHTOoB cTyneHn 028 meHTpo0eKHOro KomMmpeccopa
(onmatku PK 3aocTpensl no nepeiHeii NOBEPXHOCTH 10 CPEIHEN JTMHUM)

DKCIepUMEHT Pacuer CFX
D
le ‘ll)‘. T]n* ‘ll)t ‘lpi nn*
0,0468 0,333 0,342 0,342 0,343 0,353 0,446
0,0423 0,404 0,416 0,631 0,424 0,438 0,686
0,0377 0,463 0,479 0,756 0,459 0,475 0,818
0,032 0,522 0,55 0,79 0,548 0,570 0,805
0,0283 0,574 0,6 0,795 0,587 0,014 0,786
0,0202 0,625 0,665 0,754 0,669 0,712 0,714
MWy

0,4

0,3

0,2

0,02 0,025 0,03

0,035 0,04 0,045 D

Puc. 4. lazopuHamuyeckasi xapaktepucTtuka ctyrneru 028 rpu umc-
JIEHHBIX U MOJEJbHbIX UCTIbITaHUSIX (JlonaTku PK 3aocTpeHbl nmo
repeaHeli moBepxHocTu Ao cpenHeit tuHun): I — KITJ skcnepu-
meHT; 2 — KIIJI pacuer CFX; 3 — K02 HULIMEHT TEOPETUYECKOTO

Hamopa (3KCIepUMEHT); 4 —

KO3(pPUINEHT TEOPETUUECKOTO

Haropa (pacuet CFX)

Ha puc. 4 npencraBiieHa ra3oguHaMuuecKas
XapakTtepucTuka cryneHu 028 mpu YUCISHHBIX U
MOJIEIbHBIX UCTTBITaHUSIX (JTortaTku PK 3aocTpeHbI
10 TepeaHel TOBEPXHOCTH 10 CPeIHEI TUHUN)

B Tab6s. 3 mpuBeneHbl pe3yabTaThl YUCIEHHOTO
Y1 MOJIEJIbHOTO SKCMEPUMEHTOB 1Jist cTyreHu 028 ¢
JIoIaTKaMy pabodero KoJjieca, 3a0CTPEHHBIMHU 110
nepeaHei MOBEpXHOCTHU 0 3aJHE.

Ha puc. 5 — razoguHamMuueckast XapaKTepUCTH -
Ka ctyreHu 028 mpu YucaeHHBIX U MOJCTbHBIX UC-
neiTaHusx (monatku PK 3aocTpeHbl 1o nepeaHeit
MOBEPXHOCTH J0 3aHEIH MOBEPXHOCTH)

[Tocne npoBeaeHMST YUCIEHHBIX 9KCIIEPUMEH-
TOB JUISI TPEX BAPMAHTOB MCITOJTHEHUS JIONIATOK pa-
0oYero KoJyieca M CpaBHEHUS PE3YIIBTATOB PACUETOB
C pe3yJbraTaMu MOJAEJbHBIX UCTIBITAHUN aBTOPHI
MPU3HAINA HEOOXOIUMOCTh BKIIOUUTH B UCXOIHYIO
MPOCTPAHCTBEHHYIO KOMITBIOTEPHYIO MOJEIb MPO-
TOYHOM YACTH JIAOMPUHTHBIE YIUIOTHeHUs1. HoBas
KOMITBIOTEpHAsT MOJEIb MAaKCUMAaJIbHO TTOBTOPSIET
IIPOTOYHYIO YaCTh MOJC/ILHOM CTYyIIEH! 1 Hanbosiee
MpreMJieMa C TOYKH 3PEHUST TOYHOCTH ITOTydaeMbIX
pe3yasTaToB. [ Kaskioro 13 TaOMPUHTHEIX YILTOT-
HEHWIA co3laHa OTAe/IbHAsT TeOMeTpUYECKast KOM-
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Ta6auma 3

CpaBHeHue JAHHBIX MOAECJIbHOI'O K YUCJICHHOI'0 OKCNIEPUMEHTOB CTYIICHH 028 (.]IOl'laTKl/l PK 3a0CTPEHBI IO nepe;meﬁ

MOBEPXHOCTH JI0 3a/IHEli MOBEPXHOCTH)

® DKCIEepUMEeHT Pacuer CFX
‘LI)T Il)i nl‘l* ll)l wi nn*
0,0457 0,352 0,362 0,402 0,340 0,350 0,427
0,0413 0,427 0,44 0,654 0,443 0,457 0,673
0,0373 0,483 0,5 0,774 0,512 0,530 0,781
0,0326 0,539 0,56 0,809 0,560 0,583 0,803
0,0258 0,603 0,633 0,8 0,624 0,656 0,797
0,0187 0,66 0,706 0,742 0,665 0,711 0,742
UMATA
0,8
0,7
0,6
0,5
0,4 \2
0,3

0,016 0,021 0,026 0,031

0,036 0,041 0,046 )

Puc. 5. TazonuHamuueckas xapakrepucruka cryrnenu 028 11K mpu yuc-

JIEHHBIX ¥ MOJIEJTbHBIX UCTTBITAaHUSIX (JTormaTku PK 3aocTpeHsI o repe-

Hell MOBEPXHOCTH J10 3aaHei nmoBepxHocTH): 1 — KIT/I 3KCriepuMeHT;

2 — KIIJ pacuer CFX; 3 — K03(ppUIIeHT TeOpeTUIEeCKOTO HaIopa

(3KcrepuMeHT); 4 — Ko3(UIMEHT TeOPeTUUECKOro Haropa (pacyeT
CFX)

MbIOTEpPHAsl MOJAEIb, B TOUHOCTHU TOBTOPSIOIIAS
JTAOMPUHTHEIC YTUTOTHEHUS Ha MOJIETbHOM CTYTIEH!
028 xadenper KBuXT. Ha Monenn 1aOMpUHTHBIX
VIUTOTHEHU cO3aHa CTPYKTYpUPOBaHHAsI pacyeT-
Hasl ceTKa, OoNTUMaJibHasl JJIsl MOCTaBJIeHHON 3a-
Jaqmd.

B pabote paccmatpuBaroTCs ABE MOJEIH Ja-
OMPUHTHBIX YIUIOTHeHU. [lepBoe 1abupuHTHOE
YILIOTHEHUE — Y TOKPBIBHOTO TMCKA C YeThIPh-
MS TpebelmKamMu, KOJTUIECTBO 3JEMEHTOB pa-
cueTHOU ceTkM — 5,7-10°. BTopoe TaGMpUHTHOE
YIJOTHEHME — BIOJb Bajla MalllMHEI ¢ 18 rpe-
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OellrkaMy 1 KOJIUYECTBOM BJIEMEHTOB PACUETHOM
cetku 8,8-105. 3HaueHME NPUCTEHOUYHOM (DYHK-
LUK y+ AT pacUyeTHBIX CETOK JIAaOMPUHTHBIX
VIIJIOTHEHUM He mpeBbimaeT 3. PacueTHas 00-
JIaCTb MPOTOYHOI YaCTH CTYIIEHU CO3/laHa C BO3-
MOXHOCTBIO TTOIKJIIOUSHUS MOJIeIEH TaOUPUHT-
HBIX YIIJIOTHEHUA.

B Ta6a. 4 nmpencraBiaeHbl pe3yabTaThl YUCICH-
HOTO U MOJIEJIbHOTO 3KCIIEPUMEHTOB JIJIsI CTYTIEHU
028 ¢ normarkamu paboudero KoJjeca, 3a0CTPEHHBIMU
Mo MepeaHel MOBEPXHOCTU A0 CPeIHel JUHUU U
JJAOMPUHTHBIMU YTUIOTHEHUSIMMU.



DHepreTuKa

Taonuua 4

CpaBHeHHe JaHHBIX MOJIEIHOTO ¥ YHCJIEHHOTO 3KCrepuMeHTOoB cTyneHn 028 neHTpoOexHoro Komnpeccopa (MojeJb ¢
JIAOMPUHTHBIMY YIJIOTHEHHSIMH, JIONATKH Pa00Yero Kojieca 3a0CTPEHHbI M0 nepeHeii MOBEPXHOCTH 10 CPeaHei JIMHIM)

DKCIepUMEHT Pacuer CFX
()

‘lbt lbi n * ‘ll’)[ lI')i np*
0,0457 0,333 0,342 0,342 0,349 0,359 0,372
0,0413 0,404 0,416 0,631 0,416 0,429 0,640
0,0373 0,463 0,479 0,756 0,482 0,499 0,755
0,0326 0,522 0,55 0,79 0,549 0,571 0,782
0,0258 0,574 0,6 0,795 0,595 0,623 0,787
0,0187 0,625 0,665 0,754 0,657 0,699 0,736

n,' Wt
0,9
0,8 7
7 \-\
0,7 \
0,6
4
3

0 \‘\%

0,4

0,3

0,2

0,02 0,025 0,03 0,035 0,04 0,045 )

Puc. 5. Tazonunamuueckast xapakrepructuka crynenu 028 LIK nmpu uncneH-
HBIX U MOJAENBbHBIX UCTIbITaHUsIX (Jiormatku PK 3aocTpeHbl 1o mepenHeit
TMOBEPXHOCTH IO CPEAHEH TMHUU; MOJIEJTb C TAOUPUHTHBIMU YTIIJIOTHEHUSIMU ) :
1 — KI1[ (sxcniepument); 2 — KIT (pacuer CFX); 3 — koadduiimeHT te-
OpEeTUYECKOro Haropa (3KCIepuMeHT); 4 — K03 GUIIMEHT TEOPETUYECKOTO
Haropa (pacuet CFX); 5 — ko3¢ puimeHT BHyTpeHHETO Harmopa (3Kcrepu-
MEHT); 6 — KoaduIilMeHT BHyTpeHHero Harnopa (pacuet CFX)

Ha puc. 5 — razoguHamMuyeckast XxapakKTeprucTH -
ka crynenu 028 rpu YUCIeHHBIX ¥ MOACIbHBIX UC-
neiTaHusix (ionatku PK 3aocTpeHbl 1o nepeaHeit
MOBEPXHOCTHU OO0 CPpeIHEN JIMHUM, MOACIb C JIadu-
PUHTHBIMU YTIJIOTHEHUSIMM )

Ha puc. 6 nokazaHbl JIMHUK TOKa B OOpPaTHO
HaIpaBJISIIOIIEM arrapare Ha CpelHell 10 BhICOTe
JIOTIATKU IIPY Pa3IUIHBIX 3HAUYEHUSIX YCIIOBHOTO
Koa(dduimerHra pacxona

Kak MOXHO 3aMeTUTh I10 pUcC. 6, TOYKA OTPhIBA
Ha BOTHYTOM MoBepxHOCTH (puc. 6, a, 6) npu yBe-
JIMYEHUU PacXojia repemMelrnaercs 0JIke K OCH Ma-
IIAHBI, TIPU JaJbHENIIEM yBEJIUUYEHUW pacxoia
TOYKa OTPBIBA IOSBISIETCS HA BBINMYKJION MOBEPX-
HOCTHU M JBUKETCS OT LIEHTpa K nepudepun (puc.
6, 8, 2, 0, ). OTpBIBHOE TeYEHNE TAKOTO XapaKrepa
COOTBETCTBYET TEOPETUUECKUM ITPEACTABIEHUSIM O
TeYeHUU B 00OpaTHO HarpasisioleM arnapare. [Tpu
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. [NNSYS NNSYS ANSYS
o) B 6) et g)
2.954e+002 l 2.248e+002 I 1.742e+002
2.461e+002 1.873e+002 1.452e+002
1.969e+002 1.498e+002 1.161e+002
1.477e+002 1.124e+002 8.709e+001
9.846e+001 7.492e+001 5.806e+001
4.923e+001 3.746e+001 2.903e+001
4.873e-003 1.965e-003 7.894e-004
[m s*1] [ms*1] [ms*1]
18 i i
e) won,, 08 oy T e
2.0350+002 a) 2036e+002 e) 2.0426+002
I 1.744e+002 I 1.745e+002 I 1.750e+002
1.454e+002 1.454e+002 1.458e+002
1.163e+002 1.163e+002 1.167e+002
8.722e+001 8.726e+001 8.750e+001
5.815e+001 5.818e+001 5.833e+001
2.908e+001 2.909e+001 2.917e+001
1.016e-003 2.778e-003 9.752e-004

msh1] [msA1]

B N
N i

Puc. 6. JluHUYM TOKa B 06paTHO HAMPaBIISIIOIIEM ariapare Ha CPeIHEe 1o BRICOTE JIOTTATKW TTOBEPXHOCTH TOKA TIPH

Pa3IMYHBIX 3HAYEHUSIX yCJI0BHOTO KoadduimeHta pacxona (jonatku PK 3aocTpeHsbl 1o repeaHei TOBEpXHOCTH 10

cpemHel TUHUU, MOAETb ¢ JaOMPUHTHBIMU YITOTHeHUsAMN): a) @ = 0,0468; 6) @ = 0,0423; ¢) ® = 0,0377;
2) ®=0,032;0) ®=0,0283; ¢) ® = 10,0202

\S/ter'egcni'l ine 1
200.00
175.00
150.00
125.00
100.00
75.00
50.00
25.00

0.00
[m s7-1]

//
v/

Puc. 7. JIlunuu ToKa B TAOMPUHTHBIX YIJIOTHEHUSIX cTyreHu 028 Ha MOKphIBaloIeM
nucke rmpu ©=0,0202

66



DHepreTuKa

aHaJIM3e TeYEHMS B 00paTHO HAIIPABJISIOIIEM aIlra-
pate Ha ctyneHu LK ¢ 71aOMpUHTHBIMM YIIOTHE-
HUSIMHU U 0€3 TaOUPUHTHBIX YIUTOTHEHUI ClIeIaHbl
BBIBOJIbI O HE3HAYUTEIbHOM CMEILIEHUH TOYKHU BO3-
HUKHOBEHUSI OTPHIBA B 00J1aCTh MEHBIIINX PACXOI0B.

Ha puc. 7 n3obpaxkeHbl JMHUU TOKA B J1aOU-
PMHTHBIX YIUIOTHeHMSIX cTyrieHn 028 Ha ITOKpbIBa-
fomeM aucke ipu @=0,0202.

Kaxk MOXXHO 3aMeTUTH IO pUC. 7, KApTUHA Teue-
HUSI COOTBETCTBYET TEOPETUUECKOMY ITpeAcCTaBJe-
HUIO O XapakTepe MepeTeKaHuii yepe3 JAOUPUHTHbBIC
yraoTHeHUss. OCHOBHASI TUHUSI TOKa C OOJbIIEeH
CKOPOCTBIO JBUKETCS BIOJb MOKPHIBHOTO JTUCKA
pabouero KoJjieca, 3a rpedellIkoM HabJIrogaeTcs Bpa-
LIeHNE TTOTOKA C IUCCUMALMeil 3HEPTUM CTPYIHOTO
teueHwus1. [Tocie yeTBepTOro rpedelka HabaoaaeT-
csl 3aMelJIEHUE TTIOTOKA C ITEPEX00M CTPYH B KpyII-
HbI BUXPb.

BriBoapl

B pesynbrare mpoBeeHHOM BaIUAALUU TOCTA-
HOBKU unciaeHHoro ucciaegoanust B CFD mis cTy-
MeHU JaHHOTO TUIIA U PEXKUMOB €€ pabOThI ITOKa3a-
HO, YTO IS MaJIOPACXOIHBIX IIEHTPOOEKHBIX
KOMIIPECCOPHBIX CTYMEHEe| MPOMEeXXKyTOYHOTO TUTIA
(rmocTaHOBKa 33a4M C YYETOM JIJAOMPUHTHBIX YILJIOT-
HEHUI 1 3a30POB C KOJIUYECTBOM 2JIEMEHTOB CTPYK-
TYPUPOBAaHHOMI pacyeTHOl ceTku 4,5-10° 1 cexro-
paJbHOW MOJENN) paCXOXAEHUE YMCICHHBIX
pacyYeToOB M AKCIIEPUMEHTAIBHBIX JTaHHBIX 110 TaB-
JIEHUIO U TeMIlepaType pa3anyaroTcsl He 6ojiee yeM
Ha 5—8 % (HauboJbIlee OTKIIOHEHNE HabIogaeTcs
MPU MUHUMAJIbHOM 3HAYE€HUM MacCOBOTO pacxoja,
T.€. Ha pexXUMax OJIM3KMX K MOMIIAXKHOMY) . DTO
OTKJIOHEHME YIOBIETBOPSIET UHXKEHEPHOI TOUHOCTU
no ISO 5389 1 no3BojsieT TOBOPUTH O TEepeHoce
pe3yJabTaTOB pacyeTHO-3KCIIEPUMEHTAIBHOIO UC-
CJIemOBaHMS, TIOJIyYeHHBIX TSI MOJIEN, Ha peallb-
HbIii o6pazerr [THK.

YucneHHBIE pacyeThl TpeX BapuaHTOB MCITOJI-
HEHMSI BBIXOAHOM KPOMKH JIOIATOK paboyero KoJie-
ca Iay Ka4eCTBEHHBIE M KOJIMUYECTBEHHBIC Pe3YJIb-
TaThbl, COOTBETCTBYIOIIME MOICbHBIM UCITBITAHUSM
(B mpenesiax JOIyCTUMOI IIOTPEIIHOCTH) U Teope-

TUUYECKUM MPEACTABICHUSIM O XapaKTepe TCUCHUSI B
nportouHoii yactu INHK. Tak, npu yMeHbIIEHUU
BBIXOJHOTO YIJIa JIOMATKKM HAOII0AaI0Ch HE3HAUM -
TeJIbHOE YMEHbIIIEHWE Pa3BUBAEMOT0 PAOOUNM KO-
JIeCOM Harlopa, 4TO IOATBEPKIAETCS MPaKTUKOMN
KoMIIpeccopocTpoeHus [1].

[Tpu npoBeneHUM BepU(UKALIMU MOIYUSHHbBIX
pe3y/abTaToOB MyTeM CpaBHUBAsI C pe3yibTaTaMu MO-
JEJbHBIX UCIIBITAHWI ObLUIN CIEJIaHbI 3aKJTIOUeHUS
0 HEOOXOAMMOCTU y4yeTa JJAOMPUHTHBIX YIUIOTHE-
Huii. Tak, U3 pacCMOTPEHMST pe3yabTaTOB YMCIIEH-
HOTO 9KCIIEPUMEHTA 7151 BTOPOT'O BApUAHTA UCITON -
HeHus pabouero koseca (nomarku PK 3aocTpennr
MO MepeaHell TOBEePXHOCTU 10 CPeAHEN JTUHUM) C
MOJIEJIbIO YINIOTHEHNWH 1 6€3 HUX CTaI0 OYeBUIHO,
YTO YYeT JIJAOMPUHTHBIX YIUIOTHEHU I MOJIOKUTE/b-
HO CKa3bIBaeTCs Ha TOYHOCTH peleHus1. Pacxoxne-
HUeE pe3y/IbTaToOB YMCJIEHHOTO pacueTra ¢ pe3yabra-
TaMU MOJEJNbHBIX MCHOBITAHUI TIIpU ydeTe
nepeTeKaHuil yepe3 JaOMPUHTHBIC YIUIOTHEHUS
COKpaTmiIoch 10 3 %; Mg MOJIHOTO JABJIEHUS 3a
paboyuM KOJIECOM Ha pacyeTHOM PEeXUME pabOThI
CTYIIEHU pacXoxXKIeHue cocTaBUIIO 2 %; Ha pexXuMax
HaMMEHBIIIETO MacCOBOIO pacxojia pacxoXiaeHue
pacuera ¢ 3KCIepUMEHTAIbHBIMY TaHHBIMU YKJIa-
IbIBaeTcs B 5 %. OmHako BBeIeHME MOIETN Ja0K-
PUHTHBIX YIJIOTHEHUI NPUBOAUT K YBEIUUCHUIO
KOJIMYECTBA SIYeEK PAaCUETHOM CETKU MPUMEPHO B
1,2—1,5 pa3a 1 JONOJHUTEILHBIM TPAHUYHBIM YCJIO-
BUSIM, UYTO, HECCOMHEHHO, PUBOJIUT K BO3PACTaHUIO
BPEMEHMU pacuera.

B pesynbrare yncaeHHOTo UCCIeI0BaHUs aBTO-
paMu clellaHbl BBIBOALI O HEOOXOAUMOCTH yYeTa
nepeTeKaHuii yepes TabUpUHTHBIE YIUIOTHEHUS ITPU
MPOBEACHUN ONTUMU3AIMOHHBIX pacyeToB. Tak,
MPU KOMITbIOTEPHOI ONTUMU3ALIMY TPOTOYHOI Ya-
CTU, IOMUMO JPYTUX ONTUMU3AIMOHHBIX PELICHUI,
MOSIBJISIETCSI BOBMOXKHOCTh 3aJlaBaTh B KauyecTBe
MePEMEHHOrO MapaMeTpa KOJUUECTBO IpeOeIIKoB
JJAOUPUHTHOTO YIJIOTHEHUSI, YeM MOXKHO JOOUTHCS
nosbimeHus KII crymeHu, B TOM 4KCiIe 3a CUET
YMEHbIIEHUS TTOTEPhb HAIlOpa U3-3a MepeTeuek rasa
yepes TaOUPUHTHBIC YIIJIOTHEHUS, Y TIOBBICUTH O0'b-
emHbIil KIT/I yMeHbllIeHeM BHEIIHUX yTeUeK.
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BHEAPEHUE HU3KOTEMIEPATYPHOIO BUXPEBOIO OKUITAHUA
ONA SHEPTETUYECKOIO UCMNOJIb3OBAHUA KAMEHHDIX YIJIEH

A.A. Trinchenko, A.P. Paramonov

THE INTRODUCTION OF THE LOW-TEMPERATURE OF VORTEX
COMBUSTION FOR ENERGY USE HARD COAL

DHepPreTMYeCcKoe MCII0Jb30BaHNE OPraHMYECKOro TOIUIMBA COIMPOBOXIAETCS 3arpsi3HEHHEM
OKpYXaloIleil cpelbl TOKCUYHBIMM Ta3000pa3sHBIMU KOMIIOHEHTAMU IPOAYKTOB CTOpaHWMSI.
TpeGoBaHMUSIMHU IEHCTBYIOLIETO 3aKOHOIATEILCTBA B 00JIACTH 3aLUTHI OKPYKAIOILEH CPEIbI TPEAITICAHO
BBITIOJTHEHNE YCTAHOBJIEHHBIX HOPM BBIOPOCOB KaK IIPM HOBOM CTPOUTENLCTBE, TaK U IIPU
COBEPILEHCTBOBAHNH SHEPTETUYECKOT0 000pyIoBaHA. B paboTe mpuBeIeHBI pE3YIIETATE KOMILUIEKCHOTO
ITOIX0/a B PELIEHNHN 3aa4 CHIDKEHIS BPEIHOTO BO3IECTBUS ITyTEM MOIEPHU3ALINKA SHEPTETUYECKOTO
KOTJIa ¢ BHEIPEHNEM HU3KOTEMITEPATYPHOTO BUXPEBOTO CITOCO0a CxKUraHns. PaspaboTtaHbl METOIVKA,
AJITOPATM M ITPOrpaMMa pacyera, ¢ CIIOIb30BaHNEM KOTOPBIX 000CHOBAaHA BO3MOXHOCTE 3(P(HEKTUBHOTO
CKUTaHMs KAMEHHBIX YIJIEN ¢ 00ecrieyeHMeM HU3KO KOHLIEHTPALIMK 3arpsI3HUTEEH B YXOISIIMX ra3ax
KoTja. BhITIoTHEHa KOJIMYeCTBEHHAS OLIEHKA YPOBHS BEIOPOCOB, TIPOBEIEHO CPaBHEHNE PE3YIHTATOB
pacuera ¢ 9KCIIepUMEHTAIbHBIMU JaHHBIMU, TIOJYYEHHBIMM Ha MOIEPHU3MPOBAHHOM OOBEKTE.

DHEPTETUKA; OXPAHA OKPYXAIOILIEN CPE/IbI; TOITOYHAS KAMEPA; TOPEHUE TOITJIMBA; OKCU/IbI
A30TA; OKCHbl CEPbl; MATEMATUYECKAS MOJEJIb; BBIBPOCHI BPEJJHBIX BELLIECTB.

The energy use of fossil fuels is accompanied by toxic gaseous components of combustion products
contaminating the environment. The current legislation in the field of environmental protection prescribes
observing the emission standards both in new construction and in improvting the energy equipment. The
results of a comprehensive approach to solving the problem of reducing the harmful effects through
modernizing the power boiler through introducing the low-temperature vortex combustion method. We
have developed a technique, an algorithm, and a calculation scheme for substantiating the possibility of
efficient coal-burning ensuring low pollutant concentrations in exit gas from the boiler. We have also
conducted a quantitative assessment of the emission level and a comparison between the calculation
results and the experimental data obtained at a modernized facility.

ENERGY; ENVIRONMENT, FURNACE CHAMBER; FUEL COMBUSTION; NITROGEN OXIDES; SULFUR
OXIDES; MATHEMATICAL MODEL; EMISSIONS OF HARMFUL SUBSTANCES.

DHepreTuyeckasi cTparerust passutus Poccun
Ha niepuon 10 2030 roma mpeaycMaTpuBaeT yBeIu-
YeHME JIOJIU YISl KaK SHEPreTUUeCKOro TOILIMBA.
OaHOBPEMEHHO K MPOEKTaM CO3IaHMsI HOBOTO U
MOJEPHU3ALUN JEUCTBYIOIIEIO KOTEIbHO-TOIOY-
HOTO 000pYA0BaHUs MTPEIbSIBISIIOTCS )KECTKUE Tpe-
OOBaHUSI IO YPOBHIO BLIOPOCOB B aTMOC(epy razo-
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00pasHbIX 3arps3HuUTe el — OKCHIoB asora (NO )
u cepsl (SO ).

OnHO U3 MepCreKTUBHBIX HampaBAeHUN McC-
MOJIb30BaHMSI TBEPAOTO TOTIMBA — HU3KOTEeMIIepa-
TypHas Buxpesas (HTB) rexHosorus, pazpadoraH-
Hasgs B Havazne 1970-x romoB Ha Kadeape
«PeakTopo- u maporeHepatopoctpoeHue» JIINTN nox
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pykoBoacTBoM Itpodeccopa B.B. [Tomepannena u
peKoMeHIoBaHHas B HacTosiiee BpeMsl [ 1] Kak anb-
TepHATUBA TBIJICYTOJILHOMY CXKUTAHUIO B IIPSIMO-
TouHOM (akesne. HTB-TexHosorus npoiiia anpo-
0aLUIo TIPU CKUTAHUKM Pa3HOOOpPa3HBIX TOILIUB
(Topd, AUTHUTHI, Oypble YIIU, CAAHLbl), OMHAKO
BO3MOXXHOCTb UCITOJTb30BAHMSI KAMEHHBIX YIJICH 13-
yueHa HeOCTaTOYHO U OrpaHUYMBACTCS PE3yJIbTa-
TamMu onbITHOroO cxkuranus B HTB-Tonkax Hempo-
€KTHOTO TOIJIMBA.

Llenp HacTosIIelr paboThl — TEOPETUYECKOE
000CHOBaHME 1 ITPOMBILLIJICHHASI IPOBEPKA BO3MOX-
HOCTH HU3KOTEMITEPATYPHOTO BUXPEBOTO CXKUTAHUST
KaMEHHBIX yIJIel C OMHOBPEMEHHbBIM UCCIeI0BaHM -
eM IIpoliecca TOpeHus, TeHepaluy 1 mpeodpa3oBa-
HUSI Ta30BBIX 3arPSIBHUTEIICH C LIeJIbIO JajbHele-
ro coBepireHcTBoBaHusa HTB-texxnonorun.

OcHoBaHUeM [J1s1 POBEICHUS UCCIeA0BaHUIA
OBIJIO TEXHUUECKOE 3aJaH1E HA MOIEPHU3ALINIO KOT-

nma BK3-85-13 ct. Ne 1 MVYII «lOxHas TernoBas
cTaHIus» ropoja PyGiioBcka, mpemycMaTpuBaoliee
TNOBBILIEHNE MapoBOi Harpy3ku (1o D = 100 1/4)
mpu paboTe Ha Ky3HELIKOM KaMEHHOM YyTJjie (B TOM
YHUCIIe YXYILIEHHOro KauecTBa) 06e3 MOACBETKHU pe-
3ePBHBIM TOILJIMBOM U C pa3MelleHeM YCTaHABIM -
BaeMOro o060opya0BaHUS B rabapuTax CYIIECTBYIO-
LIEW KOTEJIbHOM STYEHKU.

Kotae BK3-85-13 TOL MVII «}OxHas Teruio-
Basi CTAaHLIMST» U3TOTOBJIEHBI bapHayIbCKUM KOTeJb-
HBIM 3aBoJOM B cepeanHe 1960-x romos. IIpoekrt-
HBIM TOIUIMBOM KOTJIOB SIBJISIIOTCS Ky3HELKHUE
kameHHbIe yriau Mmapku CCP. B kauecTBe pacTorou-
HOTO M PE3epBHOIO TOILJIMBA MCHOJIB3YETCS Ma3yT
mapku M-100.

B pesynbraTe cCHMXKEeHUSI KauecTBa TOIUIMBA, a
TakKe (PU3MIECKOro M3HOCA 000pYI0BaHUS TTOKA-
3aTeIi paboThl KOTI0B K Havyaay 2000-X romoB pe3-
KO yXyIIIMIUCH. [TOBBIIIEHNE BIAXKHOCTH C3KUTAC-
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Puc. 1. O6mmii Bua kotina BK3-85-13 ¢ HTB-Tomnkoii: a) mpomoiabHEI pa3pes; 6) IMONepeYHbIi pa3pe3
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MOTO YIJISl PUBEJIO K €ro 4acToMy 3aBUCAHUIO B
OyHKepax, 3aMa3bIBAHMIO 1 BBIXOY U3 CTPOS MUTA-
TeJEW U, KaK pPe3yJabTar, — HEYCTOMUYMBOUN mojaaye
TOIJIMBA B TOIKY C MOBBIIIEHWEM pacxoja mMasyTa
(mo 60 % mo termny). [1pu TaKMX yCIOBUSIX PaOOTHI
HarpysKa KoTJjia He TIpeBbIiiaia 65 % oT HOMUHAITb-
HoI mpu cpeaHeakcIuryarainonHom KIT (6pyrTo)
He 6osee 70 %.

OCHOBHbIE TIPOEKTHbIE PELIeHUs TIPU MOJep-
HU3allUU COCTOSIIN B clienytoieM. Huskoremnepa-
TypHasl BUXpeBasi TOIIoYHas KaMmepa (puc. 1) usro-
TaBJIMBAETCS ra30IUIOTHON W MPENCTaBISIET COOOM
0JIOUHYIO KOHCTPYKIIMIO, BHIMOJHEHHYIO U3 1IETb-
HOCBapHbIX MEMOpPAaHHBIX TTaHEeJIe 3aBOACKOTO U3-
rorosJjieHus . Pa3aMepsl B 11aHe (110 OCsIM 9KPaHHBIX
Tpy6) — 6030x5800 MM (CyIIECTBYIOIINIA KapKac
KOTJIa coXpaHeH). B HikHe#t yacT TOnKu (DPOHTO-
BOW U 3aIHUI IKpaHbI 00pPa3ytoT CKATHI «XOJOIHOMN»
BOPOHKM. B HIXHEN 4acTU «XOJOTHOI» BOPOHKU
TpyOamMu (ppOHTOBOIO U 3aJHET0 3KpaHa cHOpMU-
pOBaHO ycThe /IS BhIXoJa 1ilj1aka. B cpenHeii yactu
TOTIKM MaHeJIu (POHTOBOM CTeHbI 00pa3yloT GPPOH-
TOBOU adpOAMHAMUUYECKUIA BBICTYIT (C BbLIETOM B
TOMKy Ha 2117 MM), peagHa3HAYEeHHbBIN 111 hop-
MUPOBaHUsI BUXpEBOU 30HBI. B BepxHelt yacTu Tor-

KU TTaHEeJIN 3aHETO 9KpaHa 00pa3yioT 3aIHIIT a3po-
JTUHAMUYECKUI BBICTYN, TIpeAHAa3HAYCHHBIN IS
VJIy4IIEHUs] a3pOJMHAMMKHN Ta30BOTO MOTOKA Ha
Beixoae. Ilanenu ¢bpoHTOBOTO 3KpaHa 00pa3yioT
HAKJIOHHBIM MOTOJOK TOTIOYHOM KaMephl.
[TbL1eyrOAbHBIE TOPEIKU KOTJIa 1IEJIEBOr0 TUIIa
(MouIHOCTh 26 M BT) B KonmnuecTBe TpeX IITYK yCTa-
HOBJICHBI Ha HMXKHEU oOpasyiolleit (hpoHTOBOTO
a’poIMHAMUYECKOTO BBICTYIA Ha oTMeTke +10,145 M
M HAaKJIOHEHBI BHU3 IIOI YIJIOM K TOpHU30HTY 45°.
MagzyTHble ropejku (3 1IT.) MOIIHOCThIO 8 MBT
YCTaHOBJIEHbI HA BEPTUKAJIbHOM yuyacTKe (D)pOHTO-
BOTO 3KpaHa, pacIoJIOKeHHOM MEXIY CKaTOM XO-
JIOMHOM BOPOHKH 1 a3POAMHAMUYECKUM BBICTYITOM
(otmetka +8,235 Mm). CucTteMa HUXHETO AYThsl C
COTLJIaMMU 1IEJIEBOTO TUIIA BBITIOJIHEHA B IBYXCOILIO-
BOM BapuaHTE U COCTOUT M3 TpeX OJIOKOB, pa3Mme-
LIEHHBIX B YCThE «XOJIOAHO» BOPOHKHU MOJ 33 JHUM
5KPpaHOM TI0 BCE IUPUHE TOTIKM KOTJIA.
[TpoexTHbIe TEXHMYECKHUE XapaKTepUCTUKH KOT-
Jla mocje MOACPHU3ALMN MPUBEICHbI B TaOJuUIIE.
O0s13aTeIbHBIM YCJIOBUEM IMPU MOIEPHU3ALIMY ObLIO
BBITIOJTHEHME COBPEMEHHBIX TpeOOBaHU K YPOBHIO
BBIOPOCOB B aTMOc(epy ra30BbIX 3arps3HUTENCH
(oKcHIBI a30Ta U cepbl) [2], YTO MPUBEIO K HEOOX0-
JUMOCTH TIPOBEACHUST MOJETbHBIX UCCIEIOBAHUIA.

IIpoekTHbie xapakTepucTuku koria BK3-85-13

3HaveHUs mapaMeTpa
[TapameTp PazmepHocTh

KameHHbIi1 yrojib Maszyt
[MTapornpon3BoAUTETHLHOCTD T/4 100 100
Temmepartypa neperperoro napa °C 280 280
JlaBieHue mieperpeToro napa MIla 1,4 1,4
Temmepartypa nmuTaTeIbHON BOABI °C 104 104
Pacuetnbrit KITJI (6pyTTO) %. 89,65 93,6
TTonHbIi pacxom TOIIMBA T/4 12,05 6,86
TertoHanpsikKeHUE TOMIOYHOTO 0ObeMa MBt/Mm3 0,136 0,134
TeroHanpsikeHue ceueHus TOTKU MBt/Mm? 2,86 2,82
Temnepartypa ra3oB Ha BbIXOJE U3 TOTKU °C 980 1017
Temrmepatypa yXoIasIIix ra3on °C 115 119
TemnepaTypa Bo3ayxa Ha BXOZE B BO3IyXOIOI0IpeBaTesb °C 30 30
TeMmnepartypa ropstaero Bo3myxa °C 307 313
KoaddunmenT n30bITKa Bo3myXa Ha BBIXOJIE U3 TOIIKU — 1,2 1,05
MaccoBast KOHLIEHTPAIUs B ABIMOBBIX ra3ax
(mp1 HOPMAJIBHBIX yeaoBUAX U 0. = 1,4): NO_ MT/HM3 470 —

SO, MI/HM? 1200 -
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MaremaTtuueckas monenab kotiaa bK3-85-1,3-
250 ct. No 1 MVII «kHOxHast TeruioBast CTaHLMS»
(puc. 2) pazpaboTaHa COIJIACHO MPUHSTHIM MPO-
€KTHBIM pElICHUSIM. AHAIN3 PA3BUTHSI TOPETOYHBIX
cTpyit nmokasai, uro B HTB-Tornke MmoaepHU3upo-
BAHHOI'O KOTJa JUISl CHUXKEHMST BEPOSITHOCTU BO3-
HUKHOBEHMS 9PO3MOHHOTO M3HOCA OOKOBBIX 9Kpa-

Bricora, M

20—

0—

HOB KpaiiHHe TOpeJIKM HeOOXOAMMO MOBEPHYTh K
ocu Tonku (puc. 3). Yroj rnmoBopota ropesoxk (rpu
MOJIEPXKAHUM B HUX CKOPOCTU Ha HOMMWHAJIBHOM
Harpyske 27 M/c) coctaBui 5°.

TTosne ckopocTeii razoBoro noroka B HTB-Tonke
kotia bK3-85-13 onpenenasioch ¢ MCIIOIb30BaHM -
eM nporpammHoro komruiekca ANSYS Fluent (jiu-

Puc. 2. Monenb kotna BK3-85-13TO1 MVYII «kOxHast TeruioBasi cTaHUIMS»
r. PyO1oBcKa ¢ HU3KOTeMIIepaTypHOI BUXPEBOI TEXHOJOIMEM CXKUTaHUS
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nen3ust C.IN. 420725). 115 pac4yeToB HU3KOCKOPOCT-
Horo TeueHuss (M<1) ucrnonb3oBaHa MOJEIb
TypOyneHnTHocTH k—¢ Realizable [3]. ITpoexiinm Bek-
TOPOB CKOPOCTH Ha KOOPAMHATHBIE OCU OMpeaesi-
JIVCH B Y3JIOBBIX TOYKAX C JATHEUIIIM 3KCIIOPTOM
pacUeTHBIX JTAaHHBIX B pa3pabOTaHHYI0 MOJEJb (PUC.
4) ¥ TToCITe MyToIe it arpOKCUMAITAEH 1T HaXOXKIe-
HUST BEKTOpa CKOPOCTU B UCKOMOI TOUKE.

Pacuet ropeHUs IBICKYIIEICS YIIIEPOTHOM Ya-
CTULIbI TPOBOJMJICS C YYETOM KOJIMUYECTBA pearupy-
tomrx komroneHtos (O,, CO,, H,0), onpenense-
MOTO 13 MoJIel KOHLIEHTPALU 9TUX KOMIIOHEHTOB,
xapakrepHbix it HTB tonok, [4] mo 3aBucumoctu

_op| N, + Ny %
< TRT| T+ N, P02 TN

(M

X (pOZA +0,5p4,0a PNOA, KMOJTb/M?

Ty

Bricora, m L 20

17
m——
L——

D

)

s

y

6.

Puc. 3. PazBuTre ropeouHbIX CTpyit
B HTB-Tonke kotia BK3-85-13
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7151 periieHnst 3amaqu IPpUMEHEHBI CIICTYIOITIe
MOHSTHUSI: «IpUBeJeHHas TuIeHKa» (A/d=
= 1/(Nu,—2)); 6e3pasmepHas KoopauHara (§ =x/A);
kpurepuit CemeHosa (Se=(k,A/D)"%); muddysron-
HO-XUMHUYECKUI Kputepuid (N, = k/a,); 3aBucu-
MOCTb AppeHuyca JJiss KOHCTaHT CKOPOCTeil peak-
uuit (k, k,exp(-E/RT)) [5]; «momioc» ¢
koopmuHataMu k* = 100 m/c, 7% =2600 K [6]; aHEp-
rusT akTuBaluy. KoHIeHTparuy OKCUIOB a30Ta 1
cepbl HAXOIWJIMCh PacCYeTHBIM MyTeM [7].

Pa3MephI TOIUTMBHBIX YaCTHII, MX YMCIIO Ha 1 KT
pacyeTHOro TOIJIMBA, Macca B Mpeaesax Kaxmaoi
(pakmy 1 TI0MIA ML HaYaTbHOM ITOBEPXHOCTH pe-
arupoBaHUsl OTNPENEISIMCh C YYETOM peKOMeHa-
nuit [8] myrem o0pabOTKM pacCeBOYHOI KPUBOM
(puc. 5) ucxomHOTo TOIIMBA (KY3HELKWI KaMeH-
Hplit yrons CCP, R, =20 %, R,,, = 5 %).

Ananus remnepatypHoro ypoHst B HTB Tonke
kotrna bK3-85, moaydeHHOTro ImyTeM IMO30HHOTO

BricoTa, M

11
il IyIrIIT'T"
1

6~/4’/b/0’

Puc. 4. BekTopbl CKOpPOCTH ra30BO3IYIIHBIX IIOTOKOB B
HTB-Ttonke kotia BK3-85
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OcraTtok
Ha cure, %
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YacCTULL, MKM

Puc. 5. O6paboTka pacceBOYHOI KPUBO MCXOIHOTO TOILJIMBA
(xysHeukuii kKameHHb1i yronms CCP, W=14,5 %, A'=9,8 %), R, = 25 %, R,,,= 4 %)
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Puc. 6. TpaekTopuu nBrxxeHus pearupytomux yactui B HTB-tonke kotma BK3-85-13:
a) B 00beMe TOMKHU; 6) BUJ Ha (DPOHT KOTJIa
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Pazmepnr
YacTuil, M

4,5-10‘4

3,75-10 4

Bpewms
rpoliecca, ¢

Puc. 7. Beiropanue yactui B HTB-Tonke kotina BK3-85-13

TEIJI0BOTO pacyeTa [9], mokaszajl, YTO pacueTHbIE
TeMITepaTyphbl HE MPEBBIIAIOT TOMTYCTUMBIX IO YCJI0-
BUIO LIIJITAKOBAHMSI IOBEPXHOCTEI HAarpeBa v He CI10-
COOCTBYIOT BOBHUKHOBEHUIO «TEPMUUECKUX» OKCU-
nos asora (7 <1800 K) [10, 11].

AHau3 cocTaBa UCXOJHOTO TOIIMBA MoKa3al,
YTO BBUY OOJIBIIIOTO COIEPKAHMS a30Ta B paboueit
macce (N'= 1,44 %) uarepec npeacTaBIsIOT pe3yJib-
TaThl PACUETHOTO OIpeAe/IeHNSI KOHEUHOI KOHLICH-
TpalMu OKCUA0B a3oTa [12], B To BpeMsl KaK KOH-
LIEHTpaLMsI B YXOASIIIKUX Ta3aX OKCUIOB cephl (TTpU
ee comepxkaHum B padbodyem Torummse 0,26 %), ompe-
JeJieHHas U3 0ajlaHca peakluy UX 00pa3oBaHMsI, HE
MPEeBBLICUT TpeOyeMbIX HOPMAaTUBOB.

PemmenneM ypaBHeHUS ABYKEHUS [6] ¢ yueToM
NeMCTBUS HA YACTUILY ABYX OCHOBHBIX CUJI — CHUJIbI
TSIKECTU U CUJIBI a3POAMHAMUYECKOTO COMPOTUB-
JIEHUS — MOJyYeHbl TPACKTOPUU PearupyroLInuX TO-
IUIMBHBIX YaCcTUL] B 00beMe Tonku (puc. 6), onpe-
JIEJIEHO BpeMsI UX TOPEHUSI, HaliIeHbl UCTOYHUKOBbIE
YJIeHbl TeHepalud OKCUIOB a30Ta U cepbl. [1pu-
MEHUTEJIbHO K pacCEeBOYHOM XapaKTepUCTUKU UC-
XOJHOTO TOTUIMBA BPeMsI ITOJTHOTO BHITOPAHUSI TOTI-
JIMBHBIX YaCTULI, OTTPEIEIIIEMOE C yUeTOM U3MEHEHMUST
MX MaccChl ¥ pazMepa, HaXOAsIT U3 CUCTEMBI ypaBHe-
HUI

dm _dm,, +a’mchT +a’m

am _ ¢ kr/c;  (2)
dr dz dr dt
dm,
=—G,.+M_md, xr/(M* ¢), (3)

dar
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d8= 2M°GC, w/e, @

dt p,

rae M = 12 Xr/KMoJb — MOJISIDHAs Macca yIriieposa;
m = m/60° o — Macca chepuyeCcKoii YaCTUILIBI, KT,
S, =nd’  —TuIomanb Hapy>XHOM OBEPXHOCTH, M”.
CornacHo pacueTaM 3To BpeMsicocTaBujio oT 0,35 o
6,2 ¢ (puc. 7).

CropaHue OCHOBHOI MaccChl TOTJIMBA MPOUC-
XOJUT B HUXXKHEH BUXPEBOM 30HE TOMKU. Menkue
yacTtulibl (0 = 20—30 MKM) 32 BpeMsl TOpeHUsI 1eJia-
0T B HEli MeHee OJHOro obopoTa, a KpYITHbIE
(0 = 390—412 mxMm) ycreBaroT ciejath 4—5 000-
poToB. Pa3zpylieHus yacTull IIpM UX yaape 00 aKpa-
HbI TOMIOYHOI KaMepbl HE MPOUCXOAUT BBUIY BbI-
COKOIf TOHKOCTH TTOMOJ1a TOTUTMBA.

Pe3ynbTaThl pacyeTHOTO aHAIN3a MPEICTaBICHbI
MPUMEHUTEBHO K CEYEHUIO TOMKU, TTPOXOISIIIIEMY
yepes och LIeHTpaJIbHOM ropeiku (puc. 8). Hauanb-
Hble KOOPAMHATHI YaCTUILl Ha BBIXOJE W3 TOPEJKU
3a/laBajnCh CIy9aliHbIM o0pa3oMm (puc. 9). Pacuer-
HbIE ITOJIST KOHLIEHTPAlMii OKCUIOB a30Ta U OKCUIOB
cephl HalieHbI U3 peleHus nuddepeHInaIbHOIO
ypaBHEHUSI MaCCOOOMeHa

dm_ /dt= DV’m, (2)
MPpU HATMYUU UCTOYHUKOBOTO WieHa [13] mwist kax-
JIOI U3 BJIEMEHTAPHBIX STYEEK HEPETYISIPHOM KPHBO-
JIMHEMHOM CETKM, MAKCUMAJIbHBIN pazMep KOTOPBIX
He npesbiiaer 0,2%x0,2%X0,2 M. TeHepanus 3arpsis-
HUTEJICH B 3JIEMEHTAPHBIX STUEUKAaX (MCTOUHUKOBBIE
YJIeHBI) ONpeAeIsIach MyTeM CYMMUPOBAHUSI KOJI-
yectBa NO u SOZ, BBIIECIUBILIUXCI B 3TUX g4YeiKax
3a BpeMs1 IPeObIBAHMS B HUX PearupyIoLInX YaCTHII.
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- 20

Puc. 8. Ceuenue Tonku kotiaa BK3-85-13 nnsa ananusa
PE3YABTATOB pacyeT

TeHepauusa OKCUIOB a30Ta B HUXKHEM BUXpeE-
Boli 30He (puc. 10, @) yBeImumnBaeT UX JOKaJIbHbBIE
KOHILIEHTpALIMU, YTO YIyYIIaeT YCIAOBUS JaJTbHE -
IIETO pearupoBaHUS C yIJIEPOAHON IMOBEPXHO-
cThio. [1y1g paccMaTpuBaeMbIX YCJIOBUIA pa3jioxkKe-
HME OKCHUIOB a30Ta Ha ITOBEPXHOCTU TOPSIIIUX
KOKCOBBIX yacTull nocturaet 30 % u 3aBUCUT OT
TpaHyJIOMETPUUECKOr0 COCTaBa U BpeMEHM IIpe-
obiBaHus TormiuBa B HB3. YBenuueHue mokasa-
TesIst monmuauctiepcHocT (n = 0,8—1,6) mpuBOIUT
K HEe3HAYUTEJbHOMY CHMXEHMIO KOJIMYECTBa
pasnoxuBmuxcs yactull NO, BBuay uero 6osee
paBHOMEPHOMY ITOMOJIY CJI€IYEeT OTAaBaTh Ipe/ -
IO4YTeHHUE.

Pesynbrupytoniasi pacyeTHasi KOHLEHTpaLUs
OKCHJIOB a30Ta Ha BBIXOJIE U3 TOIIKM C YIETOM CyM-
MapHOTO BO3IEUCTBUS HAa UX TeHEepalMIO U IIpeod-

Bricora, M

., —

)
>/

Puc. 9. Ipumep HayaabHOTO pactpeneaeHus
YacTUII TOTJIMBA Ha BBIXOJIE U3 KaHajia TOTIMBO-
BO3YIIHOM cMecH

pa3oBaHUe B mpoliecce TropeHust psaa (GakTopoB
(TTOHMKEHHBIEC TeMIepaTypbl B HUXKHEH BUXPEBOM
30HE; 3aTSIHYThle cMeceoOpa3oBaHue U BocIuiamMe-
HeHUe TOTUTMBA; MOHVKEHHAas! KOHLEHTpallsl OKK1C-
mutens B HB3; cryneHyaThlii ero moaBo, a Takke
pas3ioxeHne 00pa30BaBIIMXCS OKCUIOB a30Ta Ha
MOBEPXHOCTU KOKCOBBIX YacCTHI]) COCTaBUJIA
350—400 mr/um? (puc. 11, a), uro Ha 40—50 % Hike,
YyeM TIPpU CKUTAHUU 110 CXeMe MPSIMOTOYHOTO IThI-
JIeyroJpHoro (gaxena.

[eHepauuss OKCUA0B cepbl MAKCUMaJIbHA B 30-
Hax MHTEHCUBHOTO BBITOpaHus yriepoga (puc. 10,
0). K Beixony u3 HB3 oHa BbeIpaBHMBaeTCs U B
MMPSIMOTOYHOM YacTu (hakesa 0CTaeTCsl MpaKTUie-
cKH1 6e3 n3MeHeHus Ha ypoBHe ~ 500 mr/HM? (puc.
11, 0).

Takum 00pa3oM, pe3yabTaThl IPOBEACHHBIX pa-
CYETOB MOATBEPANIN BO3MOXHOCTb C3KUTAHUS KY3-
Heukoro kameHHoro yriasi B HTB-Ttonke kotia
BK3-85—13 ¢ mojHbIM BBITTOJHEHUEM JIEUCTBYIO-
LIMX HOPMATUBHBIX TPeOOBAHUI IO YPOBHIO BhI-
OPOCOB BpeHbIX BEILIECTB, YTO JAJI0 OCHOBAHUS /151
peamm3aun HTB-texnonorun Ha MVYII «HOxHas
TeIUIoBast CTaHIUS» T. PyGIIOBCKa.

HMcnplTanus KoTlia MocJie MOAECPHMU3ALUU
MIPOBOAMIMCH B COOTBETCTBUU C MEeTOAMKaMu [ 14,
15] mpu cKUuraHum Ky3HeIKOTO KAMEHHOTIO YIS
mapku CCP paspesa «Kucenesckuii». Ero cpen-
HU# cOCTaB XapaKTepHU3yeTCsT CIACAYIOIMMUM 00-
paszom:
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a) /f@ ST T

AT

Puc. 10. 30HbI MHTEHCUBHOI TeHepalluy Fa30BbIX 3arpsI3HUTEIEH
B HTB-Tonke kotiia BK3-85-13: a) okcumos azora; 6) OKCHUI0B Cepbl

a) /— 0)

3701850 571185

377185

o
1113554

3711%5 739
74231

371.185 A
\ Rere
742.£
371\;85
ﬂf*“?i

Puc. 11. YcpenHeHHoe pacyeTHOE I10J1e KOHLIEHTpaLrii
OoKcuaoB a3oTa (a) u okcuaos cephol (6) B HTB-tonke korna BK3-85-13
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DHepreTuKa

BraxxHOCTE W/, % ..o 14,5

BOBHOCTD A"y (.o 9,8

CePASE, P, 0,26

VIIepOm Cr, B 63,9

Bomopon H', %...ccccoooveeeeeeeiiiiiiiiiiiiiieeeeeeee, 3,2
ABOT N, B 1,44
| Q7 (63 (o) 001 SO L 6,9

Terutora cropanus Q;,

MJIXK/KT (KKQT/KT) oeeeeeeeeeeeeeeeeeennnn, 23,91 (5710)
Boixom AeTydUXVE %6 oo 24,5

KoaddurimeHt pasmonocnocodHoctu k... 1,5

IpanysroMeTprueCcKuii COCTAB MbUIM BapbUPO-
BaJICS IPU ITOMOIIIM HATIPABJISIIOIIETO aIrapara ce-
rnapaTopa MeJIbHUILI B TIpeAeiax U3MEHEHMS MOJT-
Horo ocTatka Ha cute 90 Mkm oT R = 9—10 % 1o
Ry, =17-18 %.

MaxkcumaibHast 5KOHOMUYHOCTb KOTJIa IOCTUT -
HyTa TIpu paboTe Ha ABYX MbulecucTeMax. B mgua-
Ma3oHe MapoBbIX HArpy30K D = 80—126 T/4 K03d-
(GULMEHT MOoJIe3HOTO AcicTBUS (OPYTTO) KOTJIa
coctaBuia n = 89,3—91,2 %. Bo BceM mcciienoBaH-
HOM JIMaIia3oHe paboThl KOTIa TeMITepaTypa Iepe-
rpPeToro mapa yaoBJIeTBOpsiia TpeOOBAHUSIM U CO-
crapisiia 250—280 °C. Bunymoro BAvsiHUS TOHUHBI
MOMoOJIa Ha U3MEHEHUE MEXaHMYECKOTO HEeI0XO0ra
He 00HapyXeHO.

TTupomeTpust TOTIKM MPY HOMUHAJIBHOM HArpy3-
Ke TT0Ka3aJia, 4TO BUXpeBast 30Ha TOMKM JOCTATOYHO

n3otepMuuHa. TemmepaTypa ¢akesia U3BMeHSIETCS B
npeaenax 1250—1400 °C, Ha BbIXoAe U3 TONKU —
950—960 °C, 4TO MpaKTUYECKN COBITAIaeT C pa-
CYeTHbIMU 3HaYeHMUsIMU. C MOMEHTa ITycKa KOTell
otpabotai 6osee 10000 yacoB B OCHOBHOM IIpH Ma-
poBoii Harpy3ke 90—100 1/4. IllnakoBaHUsI TONKU
U 3aTrpSI3HEHNST KOHBEKTUBHbBIX ITOBEPXHOCTEI Ha-
rpeBa He HabJI101a10Ch.

Takum obOpa3om, B pe3yJbTaTe MOJACPHU3AIUN
kotna bK3-85-13 ¢ nepeBonom Ha HTB-cxxuranue
IMOJTYYEHBI CICAYIOLINE PE3YIbTaThI:

1. TToseimeHa 10 100 /4 (Ha 18 %) HOMUHATIb-
Hasl TapoIPOM3BOIUTEILHOCT KOTJIa 1 obecIrieueHa
ero ycToitumasi paboTa Ha Ky3HELIKOM KaMEHHOM
yriie mapku CCP B mmama3oHe Harpy3ok D =
=(0,5-1,05)D,  0e3 noacBeTKu (hakeaa Ma3yToOM.

2. KIIJI (6pyrTo) KOT/Ia B pabo4yeM auara3oHe
Harpysok D = (0,8—1,05)D cocrasiser n =
=90,5-91,2 %.

3. BIOpOCHI Ta30BbIX 3arpsi3HUTEINCH (OKCUIIOB
a30Ta U OKCHUJOB Cephl) HE MPEBHILIAIOT YCTAHOB-
JICHHBIX TpeOOBaHUI MPU CXKUTAHUU MPOESKTHOTO
ToruiMBa (Ky3HelKre KaMeHHbIe yriu Mapku CCP)
B KOTJIaX yCTaHOBJIEHHO# MoIIHOCTH (D < 420 1/4).

ITo ntoram HTB-cxxuranust Ky3HeLUKUX yIiiei
B Komie bBK3-85-13 ct. Ne 1 MVYII «}OxHas Teruio-
Bas ctaHuus» Ha HTB-TexHomoruo mnepeBeneHbl
aHaJIOrMYHbIe KOTJIBI CT. No 2 11 ¢T. N2 3, Ha KOTOPBIX
BHEJAPEHNE HOBOI TEXHOJIOTMYECKOM CXEMBI MO3-
BOJIMJIO 00eceunThb 3(P(PEKTUBHOE CXKUTAHUE KY3-
HELKNX KaMEHHBIX yIVIE pa3IMYHbIX MAPOK C HOP-
MAaTUBHBIMU [TOKA3aTeISIMU 10 BPEIHBIM BBIOPOCAM.
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HEPA3PYLLAIOLWMUA METO, AUATHOCTUKU PAPDOPOBBIX U3OJIATOPOB

BO34YLUHbIX JIMHUU SJIEKTPOMEPEAAYU 6/10 KB

A.M. Gataullin

A NON-DESTRUCTIVE METHOD FOR DIAGNOSTING
PORCELAIN INSULATORS IN OVERHEAD 6/10 KV POWER LINES

IMpuBeneHbl pe3yabTaTbl MCCIEIOBAHUIM COCTOSHUSA THPISAHA (apdOpOBBIX H30JITOPOB IO
XapaKTepUCTUKAM YaCTUYHBIX pa3psinoB. PazpaboTaHa MeToauKa BBISIBAEHUS TUPJISTHIL, COAePKaIINX
NeEeKTHBIN U30JATOP, 06€3 OTKIIOYEeHMST TTPUIOKEHHOTO HampsbkeHus1. Pa3zpaboTaH HOBBIN METO[
OLIEHKU COCTOSTHUS (haphOpOBBIX U30JSITOPOB BO3AYIITHBIX JIMHUI 2JEKTpOIepenayn HarpsokeHueM
6/10 XB v uX TUpJITHI, OCHOBAaHHBII Ha aHAJIM3e XapaKTePUCTUK YACTUIHBIX Pa3pPsIIOB.

METOJ YACTUYHDIX PA3PSIJOB; IMATHOCTUKA U30JISITOPOB BLICOKOBOJIBTHOIO JIEKTPOOBO-

PYIOBAHWS; HEPA3PYILAIOILIMN METOJI TUATHOCTUKIN ®APOGOPOBBIX U30JIATOPOB; IMATHO-
CTUKA U30JIAATOPOB; HACTUYHDBIE PA3PA/IbI.

We have developed Aa new method for diagnosing porcelain insulators of overhead lines with voltages
equal to 6/10 kV based on the analysis of partial discharges characteristics. The value of the breakdown
voltage obtained by the partial discharges method with a 5% accuracy is in good correlation with the
results obtained by the traditional methods, such as direct resistance measurement and others. Breakdown
voltages were calculated for garlands without switching off the applied voltage. The developed technique
can be useful from a practical point of view to identify the insulators, containing the so-called ’zero’
insulators, whose resistance is dozens of times less than that of the defect-free insulators.

PARTIAL DISCHARGES METHOD, DIAGNOSTICS OF INSULATION OF HIGH-VOLTAGE ELECTRICAL
EQUIPMENT, THE NON-DESTRUCTIVE DIAGNOSTIC METHOD OF PORCELAIN INSULATORS, INSULATOR

DIAGNOSTICS, PARTIAL DISCHARGES

Beenenue

AKTHBHO pa3BrBaeMasi IMarHOCTUKA U30JISITO-
POB BBICOKOBOJIETHOT'O 2JIEKTPOOOOPYI0BAHMUS Me-
TOJAOM 4YacTU4HBIX paspsaoB (UP) npennonaraer
OLICHKY BEJIMUMHBI U pacrpeaeseHus mno dase aei-
CTBYIOIIIETO HATIPSIKEHMS TaK HA3bIBAEMOTO KaXKy-
1erocsi 3apsijia, o0ycJOBJI€HHOIO pacipeneeHueM
3apsIIOBON TUIOTHOCTU B Pa3psiIHOM MPOMEXYTKE
[1, 2]. B dapdopoBoii 1 MOJTMMEPHOU U3OJSILIUU
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paznuyatoT BHyTpeHHUe UP, Bo3HuUKalolMe B Ka-
BepHax, moBepxHocTHbie YP (ITYP) u xopoHHBbIE
pa3psiael. U3BecTtHO, yTo YP, BOo3HMKaOIINE B Ka-
BEepHax, pa3pylialoT MoJuMepHbie U (papdopoBbie
U30JIATOPbl UBHYTPU. MOXHO YTBEpXKAaTh, UTO B
OOJIBIIIMHCTBE CIy4yaeB OCHOBHASI MPUYMHA pa3py-
meHust GapdopoBbIX U TMOJUMEPHBIX HU30JISTO-
pOB — BHYTpeHHUE 1e(DeKThbI, OOYCIOBJICHHbIEC Ka-
BepHaMU, KOTOpble 00pa3yloTcsl Ha ATare ux u3ro-
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TOBJIEHUSI; UX pa3BUTHE B MIPOLIECCe IKCILTyaTalluu
MPUBOAUT K MOCTENEHHOMY YMEHBIIIEHUIO OMUYE-
CKOT'O COITPOTUBJIEHUS] U COMPOBOXIAETCS YBEJIU-
yeHueM yuciaa u uHTeHcuBHocTu YP. /st pa3nene-
HUS pa3nudHbiXx TUoB YP u mpeHTHdUKAIMNI
nedekTa CTposAT CTaTUCTUYECKUE pacrpene/eHus
YP [3], ogHaKO YeTKrEe KPUTEPUU PaCIIO3HABAHMS
JNeMEKTHBIX U30JIATOPOB U UX TUPJISIHI 10 CUX TTOP
He paspaboraHbl. CTapeHHe M30JISILIMU BbICOKO-
BOJIBTHOTO 2JIEKTPOOOOPYIOBAHUSI MOXET COIPO-
BOXJATbCsl Pa3BUTHUEM DJIEKTPUUECKUX TPUUHIOB
(menaputhl) [4]. [IpopacTaHue 31eKTpUYECKUX TPH-
WHTOB COMPOBOXK/IAETCSI yMEHbILIEHUEM OMUYECKO-
ro COIPOTUBICHUS U30JTOpoB [5]. B mpeanpo-
0OHON CcUTyallMu TOJUMEPHON M3OJSILUU B
OCHOBHOM HaOmonatorcss YP BenuuuHoit ot 50 1o
150 K [6]. Pa3paboTana Moaeinb cTapeHUsT U30-
JISLMU, B KOTOPOU POCT A€HAPUTOB COMTPOBOXKIAET-
Csl yBeJIMUEHUEM T'€eOMETPUUECKUX Pa3MePOB KaBepH
[7]. Ha nmpakTrKe TOYHOE OIpeaeacHUe BeJIMYNHBI
3apsiaa, ooycnosieHHOro YP, o0bIMHO He mpencTaB-
JIIeTCS BO3MOXHBIM, ITIPUYEM B OJIHUX CIIydasx OyaeT
HaOII0IaThCs IIepexoaHasl XapakKTepucTuka [8], B
JIPYTUX Cydasix — UMITYJIbCHAs XapakTepucTuKa 9],
0o0ycJIOBJIEHHAasl mapaMeTpaMUi U3MEPUTEbHOM
uenu [10], 4To BAMSET Ha BEJIUUYMHY OIpeIeIsieMO-
ro Kaxylierocs 3apsijia (To ecTb 3apsiaa, NpUBOJSs-
LIEro K TaKMM K€ U3MEHEHUSM B OKpYyXalolllei
cpenie, YTO U peaibHbIi 3apsili, BHECEHHBIN B pa3-
PANHBIA TTPpoMexXyToK). C MpakTUYECKON TOUKHU
3peHMsI BaXKHO C HAMMEHBIIMMU 3aTpaTaMU olepa-
TUBHO ONpPENessATh TUPJSHAY ¢ AeEKTHBIM U30-
JISTOPOM, HaxOASIIYOCs MO BO3IEUCTBUEM TpU-
JIO)KEHHOTO TiepeMeHHoro HampstkeHus 50 Iir.
B Hacrosiiiee BpeMsi TUpsSiHABI BO3AYIIHBIX JUHUI
3JIEKTPONIEPENAYN B YCIOBUSX IKCILTyaTalluU B OC-
HOBHOM JAMarHOCTUPYIOT AMCTAaHIIMOHHO B MH(pa-
KPacHOM JMana30He 3JIEKTPOMAarHUTHOTO CIIEKTPa
[11]. HemocTaToK 3TOro MeTojaa — HEBbICOKAs YyB-
CTBUTEJbHOCTH K BHyTpeHHUM UP [12]. IIpennara-
eMasl CTaTbhsl TMOCBSIeHa pa3paboTKe METOAMKHU
BbISIBJIEHUS 1€(DEKTHOTO U30JIITOPA B TUPJISIHIE MO
xapakTepucTukaMm YP 0e3 oTKIoueHs IIpUIOXKEeH-
HOTO HanpsikeHus yacrtoroit 50 IiI.

TeopeTnyeckuii aHam3

®apdopoBbie U30ISATOPHI B TUPJISTHIAX BO3AYILI-
HBIX JIMHUH 3JIEKTpoIiepeaadyn HarpsokeHnem 6/10 kB
OOBIYHO MpUMeEHsIIoTCs TonapHo. Haubosee pac-
IIPOCTPAHEHBI M30JATOPHI Tapeab4aToro THIIA

>

|
dj__ CrepxeHb

Puc. 1. Tunmnunslii hapdopoBblit U30aITOP
TapeJbyaToro TUIa

(puc. 1). HeGoplre moBepXHOCTHBIE CKOJIBI (hap-
¢opa 0OBIYHO HE MPUBOJSIT K CYLIECTBEHHOMY
YMEHBIICHUIO OMUYECKOTO COMPOTUBICHUS U30-
JISITOPOB, BeJIMYMHA KOTOPOTO SIBJISIETCSI OCHOBHOM
MpU OLIeHKE UX cocTOsTHUSI. OObIYHO hapdopoBbIe
U30JISITOPBI paspyliatoTcst U3HyTpu 3a cueT YP, 06-
pasyronmxcs B KaBepHax. Ha mpakTuke BaxkHO orie-
paTUuBHO oIpeaesaTh (papdopoBbie U30JISITOPHI C
HaMMEHbBIIINM OMUYECKUM COMTPOTUBJICHUEM, YTOOBI
3aTEM UX 3aMEHSITh Ha CTEKJISIHHBIC U30JISITOPbI.
PaccmoTpum cyTh MeToaa ucnbiTaHus ¢papgpo-
POBBIX U30JIITOPOB M WX TUPJISTHI TTOBBIIIIEHHBIM
HanpsbkeHreM. Eciiu n3omsTop ucrpaBeH, ero OMu-
YECKOE COMPOTUBJICHUE OTHOCUTEJIBHO BEJIUKO, U
10 Mepe YBEeIMUYEHUS TTPUT0XKEHHOTO HAPSIKeHUST
MOXET MpOoM30MTU Npoboii. [Tpu aTOM M3MeEpPsSIIOT
TOK YTEUKHU yepe3 KOHTYpP 3a3eMJICHUS U TI0 COOT-
HOULIGHUIO MPUJIOXKEHHOTO HAIpSIKeHUsT K TOKY
YTEUKU OIpeaesIsioT (cornacHo 3aKkoHy Oma) oMu-
yeckoe corpoTtuBieHue. [Ipuuyem mpukiaabBaloT
Kak TepeMeHHOoe, TaK U MOCTOSTHHOE TTPOOMBHOE
HUCIIBITaTEIbHOE HaIpsiKeHUe. DTOT MEeTOJ UMeeT
CYIIIECTBEHHOE OTpaHUYEeHME, TaK KaK B HEM He YUH-
THIBAETCSl HAJIMUME KOPOHHbBIX pa3psiioB, KOTOPbIE
CYIIIECTBEHHO BJIMSIOT Ha Pe3yJbTaThl U3MEPEHUIA.
Jpyroit TUIT UCTIBITAHUST COCTOSIHUST U30JISITOPOB U
WX TUPJISTHA, — U3MEPEHNE OMUYECKOTO COTTPOTUB-
JIeHUs1 ¢ moMoulblo MeraommeTpa. [Ipu ucnonb3o-
BaHMU 2TOTO MeToJa He 00pa3yloTCss KOPOHHBIE
paspsiibl, TO3TOMY OH HauboJiee JOCTOBEPHbIIA, HO
9TOT METOA TPeOyeT OTKIIOUEHUS TTPUIOKEHHOTO
HanpsixeHusi. Paccmorpum YP, BodHuKarolue o
BO3/IECTBUEM MPUIOXKEHHOIO MepeMEeHHOro Ha-
npsikeHust BeanuurHoi 50 Tir. ITpu oTHOCKTEbHO
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HEOOJIBIINX BEJIMIMHAX MPUJIOKEHHOTO HATTPSIKEHIST
oynyT HaOmogaTeess Y P HeOOobIION BeTMYMHBI — TaK
Ha3bIBaeMble HauaabHble YP; 3aTeM MHTEHCUBHOCTh
u yactoTta YP OyaeTr pacTu U mpous3oinaeT nmpoooii.
HeiicTByIOIIME HOPMATUBHBIE JOKYMEHThBI IIPEITIO-
JlaraloT U3BMEpPEeHMsT XapaKTepUCTUK HauboJjiee UH-
TeHCUBHBIX YP MakcUMalIbHOM 9acTOTHI ClIeq0Ba-
HUSI, KOTOpble BO3HMKAIOT Ha IMOCJeaHEel
NpearnpoOOHON cTaguK pa3BUTHUs 1e(EKTOB M30-
JnsTopa. 1o MHEHUIO aBTOpa, HepallMOHAIbHO A1a-
THOCTUPOBATh U30JISITOP Ha MOCIIEAHEN CTaquu ero
paspyieHust. [Ipeayiaraercs COCTOSIHUE U30JIITOPOB
W VX TUPJISTHI, AMAaTHOCTUPOBATh IO XapaKTepUCTHU -
KaM HavajbHbIX UP. I1pu aTOM BaxkHO oTaesITh YP
OT KOpPOHEHI (M3BECTHO, YTO BHyTpeHHUE YP BO3-
HukawT Ha (poHe ITYP u koponsr). KopoHa, kak
MPaBUJIO, BO3HUKAET HA TTMKAX JCHUCTBYIOIIETO Ha-
npsikeHust, a YP — korga mpuaoXXeHHOoe HampsiKe-
HUE HaXOJIUTCS B MHTEpBAaJIe

U<U<U, [1]
e U, — HanpsokeHue 3akuranust; U — HarpsoKeHust
rameHust YP; U — meiicTBylollee HaIIpsKeHNE.
M3BecTHO TakKe, YTO KOpoHa oTinyaeTcst oT YP
HoJIsIpHOCTHIO. B 3aBucuMocTu oT KojnuectBa YP
C OIIpEAeJICHHOM ITOJIIPHOCTBIO OOBIYHO PETUCTPH -
pytoT YP mim mosoxuteabHOM WK OTpULIATeIbHOK
nonsipHocth. st hapdopoBhIX U30IITOPOB U MX
TUPJISIH]I, KOTOPbIe IMarHOCTUPOBAIMCH B TAHHOK
paboTe, B OCHOBHOM HaOwoganuchk YP monoxu-
TeJIbHOMU nojIsipHOCTH. [ToaTOMY IpeniaracMast Mme-
TOAVKA aHAJIN3a U30JISITOPOB U UX TUPJISTHIL 0a3Upy-
€TCsI Ha aHaJIn3¢e XapakTepucTuk Y P mooxurenbHOM
nonspHocTy. HauanbHbie YP mosiBisiroTcst B KaBep-
Hax BOJIM3U HYJIEBbIX 3HAUEHU I PUI0XKEHHOIO Ha-
npsckeHus. B cxeMe 3aMelieHus M30JIITopa KaBep-
HBI 4YacTO OJKBHUBAJCHTUPYIOTCSI B BUIE
BJIEKTPUYECKOI eMKOCTH, KOTOPast ITO BO3AEHCTBH -
€M IIPUI0XKEHHOTO HAIIPSKEHUS TIOCTOSIHHO TIepe-
3apsbkaeTcs. YeM Ooblie MpUIoKeHHOE HaIIpsiKe-
HUE W MEHbIIIe JIEKTpUYecKasi eMKOCTh AedeKTa,
TeM C OOJIbIICH YaCTOTOM nepe3apsKaeTcsl SJISKTPU -
yecKasi eMKOCTh JedeKTa 1 TeM 0O0Jbllle 4acToTa
caegoBaHus HadabHBIX YP. DTO COOTBETCTBYET TaK
Ha3bIBAEMOU MOJICIA MHOTOCJIOMHON U301,
PaccMoTpyM rupastHAbI M3 IBYX M30JISTOPOB, XapaK-
TE€PHBIX [IJI BO3AYIIHBIX JUHUMN 3J€KTpoIepenadn
6/10 kB, onvH 13 KOTOPBIX — AeeKTHBIH. CortacHo
3akoHy OMma pacripenesieHre HampsoKeHUsT MEXIy
M30JIITOpaMy 0e3 ydeTa BIUSTHUSI KOPOHBI B TAKOM
TUpJIsIHIE OyIeT ONpeAeIsiTbCSI COOTHOIIEHUEM 1X

84

COIPOTUBJIEHNH. B COOTBETCTBUM ¢ MOJEITBIO MHO-
TOCJIOMHOM M30JISILIMA MOXKHO MPEAIIOI0XNUTh, YTO
MPU YBEJIMUECHU Y TTPUJIOKEHHOTO HATIPSIKEHUST YKC-
J10 HavaJibHBIX YP OyaeT pacTu ¥ ToCTeeHHO MpHU-
omxaTbes K unciy YP mist ommHouHOro medekr-
HOTO M30JISITOpa B MPeAIpo0oiiHoi cutyanuu. Ha
5TOM MPEANOI0XKEHUN OCHOBAH MPeIIOXEeHHBIN
METOJ AMAarHOCTUKY apdOPOBBIX N30JIITOPOB U MX
TUPJISTHII.

MeToauka 3KcnepuMeHTa

M3mMepeHus IpoBOAWINCH IIPU aTMOC(HEpPHOM
nmaBjieHnu 760 MM. PT. CT., TEMIIEpaType OKPYKaro-
mero Bosayxa 23 °C, OTHOCUTEIbHOI BIAXKHOCTHU
Bo3myxa 65 % B 1abOpaTOPHBIX YCIOBUSX (pHC. 2).

OmMuyeckoe CONMpOTUBICHUE U30JISITOPOB U UX
TUPJISIHIL OTIPEACIISIIOCH C TOMOIIBIO METaOMMETpa
U COIOCTABJISLIOCH € pe3yJibTaTaMu, MOJIyYeHHbIMU
METO/IOM IMOBBILLIEHHOTO TPOOUBHOTO HAMPSIKEHYSI.
Jnst peructpanuu 1 aHanusa YP ucnoab3oBaics
craHaapTHeIi pubop R-400, BitoueHHbIN B [oc-
peectp cpenctB uzmepenuii [13]. TpancpopmaTop
OITOPHOTO HaMpsKeHUsI, BXoasiuii B coctaB R-400,
MPUMEHSIICS 7151 TOCTPOEHUS paclpeneIeHUsI CUT-
HajoB YP B 3aBUCMMOCTH OT (Da3bl JEiCTBYIOIIETO
HanpsokeHust yactoToit 50 [ir — Tak Ha3bIBaeMBbIX
aMIIuTyaHo-dazoBeix auarpamm (AD/I) co craH-
JIapTHBIM MHTEPBAJIOM I10 (ha30BOMY YIi1y 15 rpamy-
COB, MPEIYCMOTPEHHBIM KOHCTPYKIIME mpudopa.
IIporpammHoe obecrieueHure MprubOopa MO3BOJISIET
TaK>Xe CTPOUTH CTaTUCTUYECKME pactipenesieHrs P,
A®DJI u nepenasath ux B Microsoft Excel mist mo-
MOJTHUTEJIbHOU 00pabOTKM. AnmapaT UCIbITaHUS
nuaaekTpukoB AMJI-70 mo3BojsieT oIpeneainThb

Tepaommerp NnK
. —»
L R-400 -
= N\
n 2208 §\§ TpOH ]
no

Puc. 2. biok-cxema 1a60paTOpHOI yCTAHOBKMU:
DTU — dapdopoBslii Tapenbdatbiit uzonsitop [1P6-B;
BUT — BbICOKOYACTOTHBII MI3MEPUTENbHBIN UMITYJIbCHbBIA

tpancdopmarop; TpOH — tpancdopmarop omopHOro
HanpskeHus ; Meraommetp M 4100/4;
AWJI-70 — anmapar ucrbITaHUST IU3JIEKTPUKOB;
IK — nepcoHanbHbIil KommbloTep; [10 — nporpamMMHoe
ob6ecrieuenue npudopa R-400
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npoOMBHOE HaNpsKeHre B auamna3oHe 10 70 kB; Tok
npu NIpoOUBHOM HampsbkeHuu paBeH 10 MA. Tlo
3HAUEHUIO TOKA U HATIPSDKEHUST MOXKET OBbITh OITpe-
JeJICHO OMMYECKOE COMPOTUBJICHUE IUIJIEKTPUKA
Kak nepemeHHoMY (4actoroit 50 Iir), Tak u mocro-
SIHHOMY TOKY.

PesyabraTbl 1 ux 00CyKaeHHe

[TyTeM KOMOMHUPOBAHUSI METOAOB U3MEPEHMUSI
YP 1 OBBIIEHHOTO NPUJIOKEHHOTO IEPEMEHHOIO
HarnpsikeHust yactotoit 50 Iir onmpeneneHo mpoOuB-
HOe HalpskeHue nedekTHoro usoisaropa (15 kB).
[Tpu 5TOM ynanoch UCKIOUUTh BAUSIHUE KOPOHBI.
KopoHa, B cBOIO 0uepenb, KOHTPOIMPOBAIACH TTPH -
6opoM R-400. MeraoMMeTpoM OIIpeieSIeHO COOT-
HOILIEHUE COIPOTUBICHUI nedeKTHOro u oe3mae-
(exkTHOTO M30IATOpa — 1:50; Majiee ¢ y4eTOM 3TOrO
COOTHOIIIEHMS Y BETMIMHBI TIPOOMBHOTO HATIPSTKE -
Hus nedekTHoro usonsropa 15 kB oueHeHo mpo-
OMBHOE HaIlpsKeHue 0e3medeKTHOTO M30JsTopa
— 725 kB. 3ameTuM, 4TO MpsIMOE UBMEPEHUE TTPO-

OMBHOTO HATIPSTKEHUS TAeT CYIIECTBEHHO MEHBIITNE
pe3yJbTaThl U3-3a BIUSIHUSI KOPOHbI, TaK KaK KOPO-
Ha YMEHBIIIaeT COMPOTUBIICHNE Pa3psSIHOTO TIPO-
MEXYTKa U, B CBOIO OUepe/ib, MOXKET ObITh CBSI3aHA
C XapaKTepUCTUKAMM OKPYKAIOIIETO N30JISATOP BO3-
nyxa (BJ1aXHOCTb, 3aTPSI3BHEHMST), a TAKXKE C 3arpsiz-
HEHUSIMU 1 BJIaroil Ha IIOBEpXHOCTH M30JIATOpAa.
[asee ObLTM MCCIeT0BaHbI XapaKTepucTuku YP
OOMHOYHOTO ne(eKTHOro u 0e31e(heKTHOTO M30-
JISITOPOB MPU BeJUUMHE MTPUIIOKEHHOTO HaIPsIKe-
Hus 12,5 kB (Tak Ha3pIBaeMoe IIpeanpo0oiiHoe Ha-
npsikerHue). [lpu aToM nedekTHBI U30JSITOP
BHEITHUX TTOBpeXneHuil He mMell. C MoMOIIIbIo
nmporpaMMbl 00pabOTKU JaHHBIX Mpudopa R-400
ITOCTPOCHBI CTAaTUCTUYECKUE paCTIpeaeICHUS ISt
nedekTHoro (puc. 3) u 6e3nedekTHoro (puc. 4) u3o-
JIITOPOB. BBISICHMIIOCH, YTO XapaKTep CTaTUCTHYE-
ckoro pacrnipeneneHust YP monoxXuTeabHOR U OT-
pUIIATETLHON TIONSIPHOCTH IJIs Ie(eKTHOTO U
0e31e(eKTHOT0 U30JISITOPOB Ka4eCTBEHHO pa3InueH
B oOysactu HavanbHbIX YP BenmmunHoit 35 u 45 nKor.

Yucno

paspsanoB
3204 ---
304---
300+ -
290]
2804--- - UP-¢ 100RATEILHO
2704 -
2604
250
2401~
2304-
2201
210
200} ---
190}--- - YP.c oxpENATEILHOM .

1804 -~} --N0.15pH

0005 001 0045 002 0025 003 0035 004 0045 005

0055 006 0065 007 0075 008 0085 008 0,005 AII\/IHJ'[I/ITYI[a
tl

B

Puc. 3. dedexrnsiii usonsarop (12,5 kB), [1 B]=[10000 K]
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Yucno

paspsnoB ]

340
3304

_,:I_lﬂ'cmmbmmmun,,__J;_:_;___;L___L,::

i 'ﬁli:fﬁil'ﬂilb’("i‘iﬁb‘ : """" \ ) iy
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00, []050 01[] 0150 020 0250 030 [1350 040 0450 050 0550 060 0650, OTIJ 0750 D&D 0350 090 095 AMHJU/ITYLLa

B

Puc. 4. be3snedexrhsiit uzonsatop (12,5 kB). UMITyIbChI Ha TTOIOXUTEILHOMN 1
Ha OTpPULIATEIbHOM MOJTYBOJIHE MpUIoKeHHOTo HanpskeHus. [1 B]= [10000 nKu]

51 Gosiee n1eTaIbHOTO KOJIMYECTBEHHOTO aHa-
JIM3a MoJydeHHbIEe TaHHbIE CTATUCTUIECKOTO pac-
npenenaeHus: YP monoxureabHOM MONASIpHOCTH (KO-
TOPBIX oOKa3ajdoch Oousbine, uyemM YP ¢
OTPULIATEILHOCTIO TIOJIIPHOCTH ) C TIOMOIIILIO BCTPO-
€HHBIX CPEACTB MPOTPpaMMHOI 000JI0YKY Mprudopa
R-400 niepenaBanucek B Excel. lanee nnsa gedexr-
HOro u 6e31e(eKTHOIo M30JISITOPOB CPEACTBAMU
Excel onpenensiics ynenbHbI Bec HadaabHbIX YP
BesmuuHoi 35, 45, 57, 262, 330 u 430 nKi nosto-
KUTEJIbHOU MOJISIPHOCTU B 0011eM uncie YP mo-
JIOXKUTEJNbHOW TIONSIPHOCTU TIPU BeJIUMUYMHE
npuioxeHHoro HanpsikeHus 12,5 kB. Takke Obu1
oIpeelieH yaeabHbIi Bec HayaibHbIX YP Beanun-
Hoit 35, 45, 57,262, 330 1 430 nKJ1 mosioxuteabHOM
MOJISIPHOCTU T10 OTHOLIEHUIO K 0b111eMy uucity YP
TTOJIOKUTETLHOM TTOISIPHOCTH JIJIST TUPJISTHIT U3 IBYX
HU30JIITOPOB, B TOM YUCJIE COMEPKAIINX Ae(hEeKTHBII
U30JISITOP, MPU 3HAYEHUU TTPUJIOXKEHHOTO Hampsi-
KeHus 25 kB (cMm. Tabnuity).
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M3 Tabauiibl BUTHO, YTO B C/Tydae TMPJSIHABI U3
JIBYX M30JISTOPOB, OJIUH U3 KOTOPBIX Ne(PEKTHBIA,
yIEJIbHbIN BEC BCEX paCCMOTPEHHbIX BEJIMUUH Ha-
yaabHbIX Y P 1010XK1TEIbHOM MOJISIPHOCTH B 0011IEM
yucie YP nonoxurenbHOM MOISIpHOCTH OOJIbIIIE 1O
CPaBHEHMIO C AaHAJOTMYHOU BEJIMUYMHOM IS TUP-
JISTHABI U3 IByX TAKUX 3Ke 0e31e(eKTHBIX U30JISITOPOB
B k=0,351767906/0,301980198 = 1,16 pa3.

Hanee, coriacHO MOJIEIM MHOTOCJIOHOM 130~
JISIIMU OBbLIO C/IeJIAHO MPEAIOI0XEHUE, YTO Yeb-
HbII Bec HayaibHbIX YP Betmunnoii 35, 45, 57, 262,
330, 430 nKx nonoxuTeabHON MOJISIPHOCTH B 00-
mem yucie YP nmojaoxuTenbHON MOJASIPHOCTU IS
TUPJISIHA, U3 IBYX U30JSITOPOB, OAWH U3 KOTOPbIX
neeKTHbBIN, yBeTMIMBAETCS B kK pa3 MpU YIBOCHUU
BEJIMYMHBI TPUJIOKEHHOTO HanpsikeHus. Ha ocHo-
BE€ U3MEPEHHBIX CTATUCTUYECKUX XapaKTePUCTUK
YP, mojyyeHHBIX TP OTHOCUTEIbHO HU3KOM Ha-
MPSIKEHUN ObUTU BBIYMCIIEHBI BEJTUYMHBI K TIPU BbI-
COKHMX 3HAUEHUSIX TPUIIOXKEHHOTO HAMPSIKEHUS:
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CpaBHHTEJIbHbIE CTATHCTHYECKHE XapakTepucTuku YP

OOBeKT Benuuuna Yucmao Yucio Bcero UP ¢ VnenbHbI BeC
WUCTIBITAHUSI/ HavyabHBIX | HavajdbHBIX YP | HavaneHbX UP ¢ | TojoxkuTenbHOI | HavainbHBIX YP B
MPUIOKEHHOE YP, nKn MOJIOKUTENIbHOM | TOJIpHOCTBIO | obOmieM yucie YP ¢
HampsoKeHne MOJISIPHOCTBIO MTOJIOKUTETLHOM

TOJIIPHOCTBIO
OnuH nedeKTHBIN 35 375
MN30JIATOP 12,5KB 45 325
57 460
1160 1645 0,705167173
262 200
330 135
430 150
J1Ba 6e3nedeKTHBIX 35 90
nzonsitopa 25kB 45 85
57 130
305 1010 0,301980198
262 240
330 230
430 235
JIBa n3osiTtopa B 35 115
TUPJISIHIE, ONUH 45 118
13 KOTOPBIX — Je- p= 55
(bexTHbIii 25kB 388 1103 0,351767906
262 235
330 215
430 265
Ipuroxcennoe Voenvubiii gec 430 nKn (Tak Ha3biBaeMble HauajbHbie YP) noso-
nanpaxcenue, kB nauanvive YP SKUTEJbHOU TOJIIpHOCTU B obO1ieM uuciie YP mo-
75 0.3518 JIOXUTEIbHOM.
M3 (2) BeIpa3uM npuiioxxeHHoe HanpspkeHue U
50 0,4098 . .
lg——l)
100 0,4773 U= 0’252(0,1542 0.3 ) (3)
200 0,556 C moMOIIbIO MOJYYEHHON 3aBUCUMOCTH (CM.
400 0,6477 pUC. 6) 1 MO JAaHHBIM W3 TAOJUILBI, TPU 3HAYEHUU
800 0,7545 k = 0,705 onpeneneHo npeanpodoiiHOe HampsiKe-

OTu xe 3HaYeHus1 cpeactBamu Excel mpeacras-
JIEHBI B Bujie rpaduka (puc. 6) ¢ mocTpoeHUEM 9KC-
MOHEHUMATbHOW TUHUM TpeHAa 3aBUcuMocTu k(U)
(TIyHKTUpHAs IUHUS).

Jlunus Tpenaa 3aBucumoctu k(U), npeacraB-
JICHHasl Ha puc. 6, onpeaessieTcs: hopMyJIoit

k =0,3exp(0,1542(1+10g2 %D, 2)

rne U— nipuiioxxeHHoe HanpsikeHue, KB; k — ynenb-
vl Bec YP Benmuunoit 35, 45, 57, 262, 330,

HUE TUPJISTHABI U30JISITOPOB, cofepKalleil n1eheKT-
HBII U30JATOP: OHO paBHO 660 KB. BrissicHeHO, 4TO
JIMHUS TpeHJa 3aBucuMocTu k(U) mpakTuyecku
sBisieTcs npsiMoii (puc. 7). [ToaTomy ¢ yueTom mo-
MpaBKU Ha MPOOUBHOE HaMpsikeHue AedeKTHOro
uzojigrTopa (15 kB BMecTo 12,5 kB) cornacHo puc.
7 7erKo MOJy4YuTh 3HaUe€HUe MPOOVMBHOIO Harlpsi-
>KeHUs TUPJSHABI U3 IBYX M30JIITOPOB, ONMH U3
KoTOpbIX — AedekTHbIi. OHO paBHO 800 kB, uTO
XOPOIIIO COTJIacyeTcsl C TPEIbIIYIel SKCIepuMeH-
TajibHOI o1leHKo# — 740 KB (cymMma mpoOMBHBIX Ha-

87



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOMO MNOIMTEXHUYECKOTO yHuBepcrTeTa. 4(231)2015

0,9

.
X
.o

0,8
0,7

/...-”

0,6

/

/

0,5

0,4

e —

0,3
0,2

0,1

25 50 100

200

400 800 U, xB

Puc. 6. 3aBucumocts k(U) yneabHOro Beca HauaabHbIX YP OT IPUIOXKEHHOTO HATIPSIKEHUS TSI TUPJISTHIBI
13 ABYX U30JIATOPOB, OIMH M3 KOTOPBIX Ne(EKTHBIN, ¢ SKCTTOHEHIMAJILHOM JTMHUEH TpeHaa
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Puc. 7. 3aBUCUMOCTbD yIeJIbHOTO Beca HayaabHbIX YP OT MpUI0XKeHHOT0 HATPSKeHUSI JUTSl TUPJISTHIIBI
W3 IBYX M30JIATOPOB, OIMH U3 KOTOPBIX NeDEKTHBIN, ¢ TMHUEH TpeHaa B (hopMme TTPSIMOii

MNPSKEHU 17151 OMMHOYHOTO Ae(DEKTHOTO U30JISTO-
pa (725 kB) u omuHouyHOro 0e3meeKTHOTO
nzojsitopa (15 kB)).

ITocne aToro o metoguke [ 14] ObLIM Hccieno-
BaHbl xapakTepucTuku YP omnucaHHBIX BbIlIE
YBJIAXKHEHHBIX M30JISITOPOB U MX TUpistHA. OKkasa-
JIOCh, UTO TIPEAJIOKEHHBIN B CTaThe CIOCOO aua-
THOCTUKM JIe(PEKTHBIX U30JISTOPOB TPUMEHUM U JIJIsT
JUATHOCTUKU COCTOSIHMSI YBJIAXXHEHHBIX U 3arpsi3-
HEHHBIX TUPJISTHI, HO B JAHHOM CTaThe 00CYKAAIOT-
Csl pe3yJbTaThl UCCAEAOBAHUSI TOJBKO IJISI CYXUX
YUCTBIX U30JIITOPOB. C MPaKTUYECKON TOUKH 3pe-
HUSI BaXKHO BBIIEISITh TUPJISIHABI C TAK HA3bIBAEMBbI -
MU «HYJIEBBIMU» U30JIITOpaMU, COIIPOTUBIIEHUE
KOTOPBIX B IECSITKU pa3 MEHbIIIE 110 CPABHEHUIO C
COMPOTUBJICHNEM HOPMAaJIbHBIX U30J19TOpOB. I1o-
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3TOMY MPOBEJAEHBI UCCIEN0OBAaHUS C TUPJSIHIAMU
U30JISITOPOB, COAEPKALIUMU Ie(DEeKTHBII U30JISATOD,
y KOTOPOT'O BeJIMUMHA OMUUYECKOTO COMTPOTUBIIEHUS
B 50 pa3 MeHbllIe CONPOTUBIICHUSI TTApHOTO Oe3/e-
dexTHOoro uzosagaropa. st pa3auuHbIX TTap U30Js-
TOPOB U UX TUPJISTHI YUCJIO kK OTJINYAETCS, HO METO-
KA OLIEHKU MPOOMBHOIO HAMPSLKEHUSI OCTaeTCsl
Takoii xe. C TOYKU 3peHUs TIPAKTUUECKOro Mpu-
MEHEHUsI TTPEIJIOXKEHHOTO METO1a ISl BBISIBJICHUS
TUPJISIHA, COAEPKAIIUX «HYJEBbIE» U30JISITOPHI,
MO>KHO PEKOMEH/IOBATh OINPEALIISITh kK KaK OTHOLIE-
HUeE yIeJIbHOTo Beca HauanbHbIX YP BemumHoit 35,
45, 57,262, 330, 430 nKu1 11 pa3InyHbIX TUPISTHI
C MOCTPOEHUEM B aBTOMATUUYECKOM PEXUME 3aBU-
cumocrteit k(U) v nanbHelinei oleHKoM mpoouB-
HOro HampskeHust. [Ipu 3TOM BaxXHO MPOBECTU
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OOJIBIIOE YMCJIO U3MEPEHMI I COCTABUTh Ha X OC-
HOBE CIPaBOYHbIE TaHHbIE. DTO Oy/IeT cAelaHo Ha
HoceAyIOIIUX dTanax uccaenoBanus. MamepeHus
YP moyKHBI IPOBOAUTHCS IIPU OTHUX U TEX Ke I10-
TOJIHBIX YCJIOBUSIX CTAaHAAPTHBIM aHanu3atopomM YP
JI1000ro TUIIa, BKIIOUEHHBIM B TocpeecTp cpeacTB
usMepeHusi. imerorcs: mpubopbl, MO3BOJISIONINE
peructprupoBath YP gucTaHIIMOHHO, N30MpaTEIbHO
JJI KaXKI0M TUPJISIHABI U YIOBJIETBOPSIIOLINE HE-
00XOAVMMBIM TPEOOBAHMSIM YyBCTBUTEILHOCTH.

Takum obpazom, yxxe Ha JaHHOM 3Tare uccie-
JIOBAaHUMU MO MPEAJTOXKEHHOM METOAUKE MOXKHO OLIe-
HUTb COCTOSIHME TUPJISIHA U30JSITOPOB, UCKITIOUNB
BJIMSIHAE KOPOHBI, MpUYeM 0e3 OTKJIIOUEHUS TTpU-
JIO>KEHHOT'O HAIIPSI>KEHUSL.

3akimoyenue

[MpennoxeH MeTOI OLIEHKHU CTEIEeHU pa3pylie-
HUS 3a CUET KaBePH U30JIITOPOB U UX TUPJISTHIL, OC-
HOBaHHBII Ha COMOCTaBJICeHUU TPAIULIMOHHBIX Me-
tomoB u Metoma YP. [IpumeHsss cranmapTHEIE
npudopkl u3MepeHus xapakrepuctuk YP u comnpo-
TUBJIEHUS U30JIITOPOB (MEraoMMeTp), YAaJIOCh UC-
KJIIOYUTh BIUSIHUE KOPOHBI, 3arpsi3HEHUsI TTOBEPX-
HOCTUHU U30JISITOPOB, a TAKKE BIUSIHUE COCTOSTHUS
OKpyxXatolero Bosayxa. McciaegoBaHust ObUIU ITPO-
BEJICHBI C Pa3IMYHBIMU ITApaMU U30JISTOPOB, B KO-
TOPBIX ONUH ObLT Ne(EKTHBIN; OHU MOKAa3aJlk, YTO
nMeHHO HadaibHble YP, a He YP makcnManbHOIM

aMIUTUTY/bI, ONPEeseNsItoT CTeNeHb pa3pylieHus
U30JISITOPOB 3a cUeT KaBepH. Pa3zpaboTaHHBIN MeTOJ,
1Mo 3¢hGEeKTUBHOCTU MOXHO COMOCTaBUTH C U3Me-
PEHUSIMU COMPOTUBJICHUSI TUPJISTHI U30JSITOPOB
MEraoMMETPOM, HO OH UMEET sIBHbIE ITPEUMYILIeCTBA
BBUY BO3MOXKHOCTHY MPUMEHEHUST 0€3 OTKITIOUEHUS
npuiaoxeHHoro Hanpspkenus S50 I

PazpaboTaHHBII METO OLIEHKM COCTOSTHUS TUP-
JisiHI haphOpOBBIX M30JITOPOB BO3MYIIHBIX JUHUI
aJIeKTpoIiepenayn Hanpskenrem 6/10 kB mipenrmo-
Jlaraet orpejesieHue BeIWYMHBI k (YIeabHbIN Bec
HavaapHbIX YP BemmuuHoit 35, 45, 57, 262, 330,
430 nKi monoxuTeabHOM IOJSIPHOCTH) IJIsl 0e3-
Je(eKTHBIX U Ae(EKTHBIX U30JISITOPOB U UX TUPJISTHIT
U JAJbHEUIITYI0 OLIEHKY MPOOMBHOTO HAMPSIKEHUS
TUPJSIHABI ¢ Ae(EKTHBIM U30JSITOpOoM. BennunHa
MPOOKMBHOTO HAIIPSIKEHUS, TTOJyYeHHas 1Mo Xapak-
tepuctukaM YP, ¢ TouHocThiO 8 % cormacyeTcs ¢
pe3yjibTaTaMu, TMOJYYeHHBIMU TPAJAULIMOHHBIMU
MeTtogaMu. MeToauKa MmpocTa, Mo3ToMy MoJie3Ha ¢
MPaKTUYECKOU TOUKU 3pEeHMUSI ISl CPAaBHEHUS pas3-
JIMYHBIX TUPJISTHJ, U30JISITOPOB MEXIy COOOI U BbI-
SIBJICHUS CPeu HUX TUPJISIHA, COAEepXKalluX Tak
Ha3bIBaeMbIe «HYJIEBbIE» M30JISITOPbI, OMUYECKOE
COIPOTUBJIEHUE KOTOPBIX B JECITKU Pa3 MEHbIIIE
OMUYECKOTO COIMPOTUBJICHUST Oe31e(PEKTHBIX U30-
JISITOpOB. MeTonuka mpuMeHumMa Jijist OLIEeHKU CTe-
MEeHU pa3pyllieHusi, 00yCIOBICHHOTO KaBepHaMMU,
rupsiHI pap@opoBbIX U MOJMMEPHBIX U30JISITOPOB
BCEX TUIIOB.
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3AMELLLEHUE MHOFOOBMOTOYHOIO TPAHC®OPMATOPA
2nT-OBPA3ZHOU CXEMOM

M.A. Shakirov

SUBSTITUTION MULTIPLE WINDING TRANSFORMER
2nT-FIGURATIVE SCHEME

[pencrasnensl HOBbIE pa3BepHYTHIE 21 T-00pa3HbIe CXeMbl 3aMeleHMsI TPaHC(hOpMaTopa, CoaepKalliero
7 KOHLEHTPUYECKUX OOMOTOK, C OTOOpaxkeHHEM Ha CXeMaX BCeX MAarHUTHBIX ITOTOKOB MEK/1y 0OOMOTKaMH,
B CaMUX 0OMOTKaXx, B 3JIeMEHTaX MAaTHUTONPOBO/IA, & TAKXKE MEXIY HUM 1 0AaKOM B CJIyyae HAChIIIEHUS
MarHuTonpoBoja. B ocHOBy moJioxeHa uaes ciuvBaHusi 47T-00pa3HbIX CXEMHBIX Mojeseit
JIByXOOMOTOUHBIX TpaHC(OPMATOPOB, paCCMaTPUBAEMbIX B KaUeCTBE 2JIEMEHTApHBIX siueek Oosiee
CJI0XKHO# 2nT-006pa3Hoit cTpyKTypbl. [ToaTBEpKaeHA TOCTOBEPHOCTh BOSHUKHOBEHUST B PAa3JIMUHBIX
YaCTSIX MAarHUTOIPOBO/IA MIPU KOPOTKUX 3aMbIKAHUSIX OJJHOW WJIM HECKOJIbKMUX OOMOTOK MarHUTHBIX
CBEPX- M aHTUITOTOKOB B CPABHEHUM C TTOTOKAMM X0JiocToro xoaa. [lokazaHo, 4To HabJIIOAeHUE ITUX
AHOMAaJIbHBIX TOTOKOB Ha CXeMe 3aMellIeHUsT BO3MOXHO 0J1aroiapsi MpUCyTCTBUIO B HEM OTPULIATEIbHBIX
WHAYKTUBHOCTEM. [loKa3aHo, YTO CXeMbl 3aMelleHs 0€3 OTpULIATEIbHbBIX 2JIEMEHTOB XapaKTepU3yIOTCs
TpeXAMaroHaJbHOW MaTPULIEH UHAYKTUBHOCTEN.

TPAHC®OPMATOP; TEPBUYHAS Y BTOPUYHAS OBMOTKW; MATHUTHBIV TTOTOK; CXEMA 3AMELLE-

HUH; TPEXOBMOTOYHbBIN TPAHC®OPMATOP; KOPOTKOE 3AMBIKAHUE; XOJIOCTOM XO/I; BBAUMHAS
NHAYKTUBHOCTbD.

The paper presents new detailed 2nT-type equivalent circuits of a transformer containing N concentric
windings, with all magnetic fluxes between the windings, in the windings, in the elements of the magnetic
circuit, and between the circuit and the tank (for the case of magnetic circuit saturation) displayed in the
circuits. It isis the study is based on the concept of stitching of the 4T-shaped circuit models for two-
winding transformers (considered as a unit cell of a more complex 2nT -shaped structure). We managed
to confirm that one or more windings of magnetic super - and anti-streams actually do occur in various
parts of the magnetic circuits during short-circuiting compared with open-circuit fluxes. It is shown that
it is possible to observe such anomalous fluxes in the equivalent circuit due to the presence of negative
inductances. It is proved that equivalent circuits without negative elements are characterized by a three-
diagonal matrix of inductances.

TRANSFORMER; PRIMARY AND SECONDARY WINDINGS; MAGNETIC FLUX; EQUIVALENT CIRCUIT;
TREE-WINDING TRANSFORMER; SHORT CIRCUITED; IDLING; COUPLED INDUCTANCE.

Beenenue

MHOrooOMOTOUYHBIM Ha3bIBAlOT TpaHCchoOpMa-
TOP, UMEIOIINI O0JIee NIBYX 2JEKTPUICCKU pPa3bel-
HEHHbIX 00MOTOK. Takoit TpaHc(hOopMaTOp MOXET
3aMEHMTD JIBa WJIM HECKOJIBKO CHIIOBBIX ABYXOOMO-
TOYHBIX, YTO YIPOIIAET CBI3U MEXIY JICKTpUYIe-
CKUMU CTAHIIMSIMU U paCTIpeeIUTETbHBIMU CETIMU

¥ IPUBOAUT K YIEIIEBICHUIO SKCITyaTallMOHHBIX
pacxoioB U OO0Ileil CTOMMOCTH 2JIEKTPOIHEPIeTH -
YecKUX cucteM. Bmecre ¢ TeM KOppPEKTHBIN BBIBOL
0 TIPEMMYIIECTBaX MHOTOOOMOTOYHBIX TpaHCcHoOp-
MAaToOpOB (K HUM OTHOCST TaKKe TPaHC(HOPMATOPEI
C paclleIJIeHHBIMM OOMOTKaMM ) MOXKHO MOJIYYUTh
JIMIIb Ha OCHOBE SICHOTO MpPEACTaBJICHUST TTOJTHOM
KapTUHbBI TIPOUCXOASIIMX B HUX (DU3UUECKUX TTPO-
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1IECCOB, KOTOPbIE, OTHAKO, 1O HACTOSIIIIETO BPEMEHU
He BIIOJIHE SICHBI. JIMCKyccHsl pa3BepHYyIach OTHO-
CUTEJIbHO TJIaBHOW OCOOEHHOCTHU JIIOOBIX UX CXEM
3aMelleHUs (MHOTOYTobHbIE [1—5], ApeBOBUAHbBIC
[6], memmoueunsble |1, 6] v 1p.) — IPUCYTCTBUS B HUX
OTPULIATEJIbHBIX UHIYKTUBHOCTEH, YTO CIIYKUT T10-
BOJIOM JIJIsI MAHUYECKUX YTBEPKACHUIN TUIIA: «HET
OCHOBAHMI UCKATh 00BbICHEHUE (PU3UKE ITOTO SIB-
JieHus ...» (cM. cTp.56 B [4]). B [5, cTp. 124] oTpn-
LHaTelbHble MHIYKTUBHOCTU BBICTABIISIIOTCS MaTe-
MaTHYEeCKUM Ka3ycoM, KaK «OOYCIOBJICHHBIE
OTJMYMEM CpeTHEeKBAIPATUUHOTO 3HAYEHUS (PYHK-
WU OT ee CpedHero 3HadyeHusT». B [6, cTp. 89| n
BOBCE KaTeropu4eCcKu 3asiBJICHO, YTO 3TU «UHIYK-
TUBHOCTH He MMEIOT (DM3MUECKOTO CMBICTa», a MX
MPUCYTCTBUE OOBSCHSIETCS HUYETO He3Hauallei
OTTOBOPKOIA: «OHU JIUIIb TPUBOIST CXEMY 3aMelle-
HUS B COOTBETCTBUE C pealbHbIMU COOTHOILICHMUSI -
Mu». B TakoMm Xe Iyxe o HUX TOBOPUTCS BO BCex
yuyeOHUMKaX, MIPU 3TOM MOJUSPKUBACTCSI UX MaJloe
YKUCJIOBOE 3HAYEHUE 110 CPABHEHUIO C IPYTUMU U H-
IykTuBHocTsIMHU [7—10]. Boripeku atomy A. bosin-
JKaH «(pU3MIecKr MHTEPIPETUPOBAJI MX KaK Pe3yIThb-
TaT B3aUMOMHIYKTHUBHBIX cBs3eit» [3]. Cnenys 3a
HUM, aBTOpPbI [11, 12], BEIMOJHUBILIKE KPUTUUECKUI
0030p padoT Mo JaHHOM TeMaTHKe, ITPeJIararoT U3-
0aBUTbCSI OT ATUX, KaK cKa3zaHo B [3], «BUpTyasb-
HBIX» BEJIMUMH MyTeM BBeJeHUsI B3AUMOUHIYKTUB-
HBIX CBSI3EN (Mw') MEXTY BCEMW MHIYKTUBHOCTSIMU
paccestHust. [oBOps 0 TpeX0OMOTOYHOM TpaHcdop-
Marope, OHM U1yt B [ 12]: «we postulate that L, and
L,, must be mutually coupled», Hanensist M Becbma
pacruibIBYaThIM cMbIciioM: «The mutual inductance
M gives the magnetic coupling of the leakage fields
between windings (flux in air)», Ho TyT ke oroBapu-
BatoTcs, uTo «M does not have any relationship with
the commonly used mutual inductance ...». MaTtpu-
11a UHOYKTUBHOCTEN BETBEM NX CXEMbI 3aMELLCHUS
OKa3bIBaETCS MOJHOCTBIO 3aMOJIHEHHOM, MPUYEM ee
HEJMarOHaIbHbIC 2IEMEHTBI M, OIPEEIISIOTCS 110
BeCbMa CJIOXKHBIM (DOpMyJiaM 1 pa3inyaroTcs 3Ha-
KaMU, YTO BbI3bIBACT IOMOJHUTEIbHBIE BOIIPOCHI.
[MprurHa IepeYrCcaIeHHBIX METAHUH OT «OTCYT-
CTBUSI (PUBNYECKOTO CMBIC/IAa» 10 ero «(PU3nIecKoi
WHTEpIIpeTallni» Ha 0a3¢ COMHUTEBHBIX «IIOCTY-
JIaTOB» — YKOPEHUBIIHNICSI (DeHOMEHOJIOTUYECKUM
MOAXO0/ K MOJEIUPOBaHUIO TpaHCchopMaTopa Ha
OCHOBE BHEIIIHUX XapaKTEPUCTUK OTHOCUTEIHHO €TO
n + 1 momocoB (Kak mpaBujIo, IO COIPOTUBIICHUSIM
KOPOTKOTrO 3aMbIKaHUS MEXIy MapaMmu ero ooMo-
TOK). [Tpy 3TOM UCKITIOUAIOTCS BO3MOXKHOCTU KOH-
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TPOJUPOBAThL (GU3NUECKUE ITPOLIECCHI BHYTPU TPAHC-
¢opmaTopa, B YACTHOCTU B3aMMOCBS3U MEXIY
MAaTHUTHBIMY ITOTOKAMHU B OTHEIbHBIX YACTSIX Mar-
HUTOIIPOBOZA, OKHA, ITPOCTPAHCTBA OKOJIO 0aKa U
T.J., YTO UPE3BBIYAITHO BAXKHO JUISI OLIEHKU MAaTrHUT-
HOTO COCTOSIHMSI OTHCIbHBIX YaCTeil MAarHUTOIIPO-
Boja. B pesysbrare 10 CHX MOpP OCTAJIUCh HEPEeILIeH -
HBIMU BOIIPOCHI, CBSI3aHHBIE C aHaJIU30M
BJIEKTPOAMHAMUYECKOM CTOMKOCTU TpaHC(opma-
TOPOB B aHOMAJIbHBIX pexkuMax. Hu onHa u3 cyle-
CTBYIOIIIMX TEOPUIA, a TAaKKe pa3padoTaHHBIC Ha X
OCHOBE CTaHIApTHBIEC TTAKETHI HE ITOIMyCKAIOT JaXe
MOCTaHOBKM 3aJa4u 00 OLIEHKE pa3IMuuii B HAChl-
LIEHUM OTIEJbHBIX YacTeli MAarHUTOIPOBOAA MPpU
BHe3armHOM K3 ogHOI MM HECKOIBKUX 0OMOTOK
TpaHcopmaTtopa (4TO BaxKHO JIsI KOPPEKTHOM
OLICHKM yaapHBIX TOKOB K3), ITOCKOJIBKY OImnboo4-
HO MpuHUMaeTcs, yto npu K3 MarHutonpoBoa He
HacobimeH (cMm. [4, ¢. 307 unu [8, c. 81] m op.).

Bwmecrte ¢ TeM, Kak moka3aHo B [13, 14] Ha ipu-
Mepe IByXOOMOTOYHOTO TpaHC(opMaTopa, peaiu-
3alMs UASH TIOTYYSHUST CXEMHBIX MOJIeJIeit ¢ 0TO-
OpaxXeHWEeM Ha HUX BCEX MarHUTHBIX ITOTOKOB
TpaHcdopMaTopa eosmoxucua (1), HO TIpU YCIOBUU
OTTAJIKMBAHUS OT NepeuUUHbIX BEIUUNH, T.€. OT Ha-
MPSKEHHOCTEN 3JIEKTPUUECKOr0 U MarHUTHOIO
moJieii, Bekrtopa [1oifHTHHTA, a TaKXKe Imepexoaa K
HOBOMY ITOHMMAaHUIO CAMOTO MPUHIINIIA TeHCTBUS
TpaHchopmaropa. CxeMbl ¢ MOTOKAMU MPUIAIOT
bu3nYecKUi CMBICT Kaxaomy ee 3jaemMeHTy. Oka-
3aJI0Ch, UTO JIJISI OTOOPAXKEHUSI MATHUTHBIX TTOTOKOB
Ha cxeMe 3aMellleHUsT Aaxe ABYXOOMOTOUYHOTO
TpaHchopMaTopa TpeOyeTcsl ebidesenue ompuya-
meabHbiX UHAYKTUBHOCTEM, KOTOPbIE K TOMY XK€
UTPAIOT KJIIOUEBYIO POJIb B OOBICHEHUU (PUBUKU
BO3HUKHOBEHMSI MATHUTHBIX CBEPX- M aHTUTTOTOKOB
B €ro KOPOTKO3aMKHYTOM pexXnMe paboThl U MpU
BHe3anHbIX K3. CyliecTBoBaHUE 3TUX MOTOKOB
yOeaUTEIbHO MOATBEPXKICHO KaK 9KCIIEPUMEHTAITb-
Ho [15], Tak 1 ITyTeM ITOCTPOEHUS KAPTUH MarHUT-
HBIX TTOJIE B KOPOTKO3aMKHYTOM TpaHCchopMaTope
[16, 17].

Iesb paGoThI — OTyIeHIE aHATIOTMIHBIX «(PU3H-
YECKUX» CXEMHBIX MOJIEIei 1J11 MHOTOOOMOTOYHOTO
OpOoHEBOro TpaHchopMaTOpa C HAIISIIHBIM ITPEICTaB-
JIEHMEM Ha HUX BCEX MAaTHUTHBIX ITIOTOKOB MEXK]Ty €ro
00MOTKaMM, B cCaMUX O0OMOTKAX, B 3JIEMEHTAX MarHu-
TONPOBOAA, a TAKXKE MEXAY HUM U 0aKOM B Cllydyae
HachblIlIeHUs1 MarHuTorpososa (puc. 1). TepmuH «pu-
3UYECKHUE CXEMHBIE MOJEIU» — YCJIOBHBIA U YITO-
TpeOJieH, YTOOI:
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MOMIYEPKHYTh UX IPUHIUIIAATLHOE OTINYNE OT
M3BECTHBIX TPAAUIIMOHHBIX CXeM 3aMEIlCHMUSI, B ACH-
CTBUTEJBHOCTH YIPOIIEHHO OMNMCHIBAIOIINX
n-oOMOTOYHBIN TpaHcHOpMATOpP KaK «UepHBIN
SAITAK» ¢ 1 + 1 TToTfocaMu;

OTpa3uTh YHUBEPCAIbHBII XapaKTep HOBBIX MO-
JIeJIeil KaK IMO3BOJISTIOIINX B pe3YJIBTaTe HEeCTOKHBIX
YIPOLIEHUI MOJIyYaTh U3BECTHBIE CXeMBbI 3aMellle-
HUSI, a TAKXKe KOHTPOJIMPOBATh Y MCIIPABJISITH OO~
KM JTI00BIX IPYTUX MOJIEJIei, B YACTHOCTH IIPEIJIO-
>KeHHbIX B [11].

JlonmymeHnus 1 0003HAYEHHS

B cootBercTBUM ¢ 001IMMHM TipaBuiamu [4, 11]
OyIeM cuMTaTh Bce OOMOTKM IPUBEASHBIMU K O -
HOMY YMCJIY BUTKOB, T.C.

WEW,EW Sw =W 0w, (1)
YTO MO3BOJISIET U30eXKaTh MPOCTABICHUS IITPUXOB,
KOTOPBIMM OOBIYHO TTOMEYaIOT TPUBEICHHBIC BEJI -
yuHbI. [1py1 onucaHuy NpUHIIMIIA AHCTBUS U TJ1aB-
HBIX OCOOEHHOCTE! J11000r0 yCTpOiCTBa BHavaie
npeHeOperaroT BTOPOCTENIEHHBIMU (DakKTopaMu U
paccMaTpuBalOT €ro Kak CUCTeMY ¢ HaWIy4IIUMU
(penenbHBIMM) MTOKAa3aTeISIMU, K KOTOPBIM JTOJIXK-
HBbI IIPUOJIKATHCS pealibHbIe YCTpoiicTBa. B Halliem
cjydyae 9TO O3HAyaeT Mepexo/ K aHanu3y paboThl
n-00MOTOYHOTIO MIeaIM3UPOBAHHOIO TpaHCcpopma-
Topa (puc. 1) npu ciaeayommux A0MyIeHUsX:

MarHuTONPOBOJ XapaKTEPUBYETCA U = o U
npoBoauMocThio Y, = 0;
AKTHUBHbBIE COIIPOTUBJICHUSIM OOMOTOK Ra =

b e N

N006aBOYHBIE AKTUBHLIE CONPOTUBIIEHUS IS
YCTAaHOBMBILETOCS PEXKMMA, OOYCIOBIEHHbIE BUX-
peBBIMM TOKaMum B oOMOTKax, Ry =R ..

L RP=0;

BBICOTa OOMOTOK /1, = h, T/i€ h — BbICOTA OKHa
TpaHchopmaTopa;

JIMTHUA MaTHUTHOTO TIOJISI B OKHE TIPSIMBIE, TTa-
paJUTeTbHBIE OCH CTePIKHS.

Ha puc. 1 moka3aHbl yCIIOBHBIE MOJIOKUTETbHEIE
HampaBJIeHUs MAarHUTHBIX TTOTOKOB. MOy TN KOM-
IJIEKCOB ITOTOKOB COBMANAIOT C MX ICHCTBYIOLIIMU
3HAYCHUSIMU. TUTIOBas CBA3b MEXIY STUMHM TTOTO-
KaMHU U COOTBETCTBYIOIIMMU HATIPSKEHUSIMU Ha
cXeMax 3eMelleHMsI coracHo [15] umeert Bua:

U, =jow®, =k, D, 2)
I7ie KOHCTaHTa
k,=jow,. 3)

MarHuTHbIe TTOTOKW B MAaTHUTOTIPOBOJIE:

®_,— B cTepxkHe (MHIEKC « CT » OT CJIOBa crmep-
JICEHD),

@ — BOOKOBOM sipMe (MHIEKC « GOK » OT CJIOB
060K060€ APMO),

®? — B CTHIKOBOM SIDME CO CTOPOHbI CTEPXKHSI B

CTOPOHY BHYTPEHHEN OOMOTKH W,
108 b0 &0 Fdd
O P d° P
A7 27527 — B CTBIKOBOM SIDME CO

CTOPOHBI OOMOTOK B CTOPOHY 3a30pOB MEXJy 00-
MOTKaMM,

5% &0 3% de

O, ., D, D, — B CTHIKOBOM SIPME CO CTO-
POHBI 3a30POB B CTOPOHY OOMOTOK;

®¢ — B CTBIKOBOM SIPME CO CTOPOHBI BHEIIHE
O0OMOTKHM W, B GOKOBOE SIPMO.

Daz_)]
7 7T

D, Q‘
Dﬁg_)| o4

s b ok g (D;a God ‘d)f's b @
ST I B S B E s B
: “l : "I ﬂlm i' #Mv \.I
Wy A Ml W, :
1ol %l ol %4 12 |
. b LV | LV @, .¥ @, "
D,, @, @,, D, o
6o
~—b— e ¢ e d e .=6_°°>
) 62 f=— € —ou]
! 83 64
D, i
3 D,
Dy D,

Puc. 1. MarHuTHBIE TIOTOKHU B CTAJIA ¥ OKHE MATHOOMOTOYHOI0 OpOHEeBOro TpaHchopMaTopa
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MarHuTHbIE TIOTOKH B OKHE TpaHC(hOpMATopa:

Dy, , Dy, D3, Py — BKAHATAX MEXKTY OOMOTKAMU

o, d,,®,,,,d, — B TONLE OOMOTOK.

DT TOTOKHU, B OTJIMYHME OT MIOTOKOB B OKHE
JIByXOOMOTOUHOTO M€ TM3MPOBAHHOTO TpaHchOop-
MaTopa, He CUH(MA3HBI M 3aBUCAT OT XapakTepa Ha-
IPy30K OOMOTOK.

OueBUIIHBI CIEYIONINE CBA3M MEXIY MATHUT-
HBIMHM MOTOKAMH B Y3/IaXx MArHUTONPOBOIA:

D, =®f =, +OF; )
B = by, + D (5)
O =, + @, (6)
Hb = by, + d (7)
O =, +d?; (8)

0 _ & = 8d .
(Dﬂ - (D53 + q)si s
£ 8d _ +do.
O =D, +D";
+dd _ & +de .
OB = g, + H¥; (11)
:Se ce .
D =D, +D] =D, + Dy, . (12)
qepe3 HEMOCPEACTBEHHOEC NCITOJIb30OBAHUE O9TUX
COOTHOILLIEHUN 6y,E[CT peaini3oBaHa IrjiaBHasd UACA

— CO3/1aTh pazeepHymyio dJIEKTPUUECKYIO CXeMY 3a-
MEILEHHsI, IOHUMAaeMYIO B TOM CMBICJIE, UTO B HEM,

€))
(10)

HapsiIy C DJIEKTPUYECKUMMU BeJIMYMHAMU (U 1 Uas
,...,US, fl, fz, ...,fs), OyayT oToOpaxaTbcsi (MOTYT
OBbITb YBUACHBI) BCE MEPEUMCICHHbIE MATHUTHbBIE
TTOTOKMU.

MarHuTHBIE COITPOTUBIICHUS KOJIbLIEBBIX KaHA-
JIOB B OKHE:

0551 MoSs2 (13)
oS53 oS54

3nech HIDKHUNM MHAEKC B 0003HAYEHUU TUIOLIAIN
(s,) coBrazaeT ¢ 0603HaYEHUEM ITMPUHBI COOTBET-
CTBYIOLLETO KOJIbLIEBOTO KaHAaJa:

851 =TD5;8, $57 =1D;59,, (14)
853 = TD;5303, S54 =TD5,8y.
MarHuTHBIE CONPOTHBIICHHST KOJTBLIEBBIX KaHa-
JIOB, 3aHUMAaeMBbIX OOMOTKAMM:

RM = h_, R = h

M()Sa uosb (15)
RM = h ; R = h_

WS, WoSq
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e
s,=nD,a, s,=nDyb, s.=nD,.c, (16)
sy =nDyd, s, =nD,e.

DTU BEIMYMHBI UCTIONB3YIOTCS ISl oTpenese-
HUS cllaraeMbIX, BXOASIINX B BbIpaXKeHUE UHIYK-
TUBHOCTU KOPOTKOTO 3aMbIKaHUsI COOTBETCTBYIO-
11e mapsl 0OMoTOK. [1J1s1 ynoocTBa 3anucu (popMyJ
IUJISI UHAYKTUBHOCTEN BBeeM KO3 (hULIUEHT

2
w
By =LA (17)

YTOOBI TOCTPOUTD CXEMY 3aMeLEeHUs 7151 TPEX-
00MOTOYHOTIO TpaHc(opMaTopa ¢ 00OMOTKaMu a, b,
¢, HE0OXOAMMO PACCMOTPETh CBOMCTBA U OCOOCH-
HocTU TpeX 4 T-00pa3HbIX CXeMHBIX MOJIEJIEH IBYX-
0OMOTOYHBIX TpaHC(OPMATOPOB, KOTOPbIE MOTYT
OBITh M3 HETO BBIICJIICHBI M M3 KOTOPBIX OH, TIO CY-
IIECTBY, COCTOUT.

OrpunarebHble HHIYKTHBHOCTH B MOJE.IH
JIBYX0OMOTOYHOr0 TpanchopmarTopa

C yueToM BBEIEHHBIX 0003HAUYEHMIA CXeMa 3a-
MeEIIeHUST Ueaau3upOBaHHOTO JBYXOOMOTOYHOIO
a, b-tpancgopmaropa nmpuHUMaeT Bu, (puc. 2, a).
Psinom, Ha puc. 2, 6, TokazaHa cxeMa 3aMelleHusl
st b, c-tpaHcopmaropa.

B otimuue ot [13, 14], B 00enx cxeMax BETBU C
OTpULIATETbHBIMU MHIYKTUBHOCTSMU N300pakKeHbl
BepTUKaAIbHO. O0e CXeMBI SIBSIIOTCS npUedeHHbIMU
4T-obpa3Hbimu, OHY COAEPKAT YETHIPE MTOIEPEYHbIe
CTPEJIKU, Kaxaasi U3 KOTOPbIX deMOHCHmpUpyem Mar-
HUTHBIA ITOTOK B OJHOM 13 YaCTed MAarHUTOIIPOBO-
na. [Toab3ysick BTopbIM 3aKoHOM Kupxroda, yoex-
JllaeMcs, 4TO B CXeMe puc. 2, a pealusyloTcs
ypaBHeHus (4), (5), (6), a B cxeme puc. 2, 6 — ypas-
Henus (6), (7), (8). Bce MHAyKTMBHOCTH Ha cXeMax
(puc. 2, a, 6) siBasttoTCs: NpoaoabHbIMU. X cymmMap-
HO€ 3HaueHue B KaXI0i cxeMe — OObIluHas MHIYK-
TUBHOCTH K3 (L*).

JLJ1st cxeMbl puc. 2, a

K3 _
ab =L+ L + 1Ly,
a JIJIsT CXeMBI puc. 2, 6

(18)

K3

pe =Ly +Lgy+L,. (19)

OpnHako, B OTJIUYKE OT TPAAUIIMOHHOM (B yue0-
HHKAaX) TEOp1U, B HOBOI Teopun [ 13, 14] kaxnmast u3
cocTaBisitoIMX MHAYKTUBHOCTU K3 paccMmarpuBa-
eTCs HEe KaK MHIAYKTUBHOCTb pacCesiHUs, a Kak
(YHKIIMOHAJIbHBIN 2JIEMEHT CXEMbl 3aMeIeHNs,
WU cpedcmao 1151 OTOOpaKeHUSI TPAHCIIOPTUPOBKU
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“ a key=foow —b 7 Ay ¢
{ _é! Lk Ly k_ ¢
3 3
Ya /—? | Lal \ /%_E: e t:rb / 3£a { Laz It e
& koq:cr kCD o kJ v e e G kq:;;_d:cak@
4 hd —kucpﬁ 0 o
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Puc. 2. 4T-cxembl 3aMelIeHUs ABYXOOMOTOUHBIX @, b -TpaHchopmatopa (a) u b, c-tpaHchopmaropa (0)

MourHocTy (1 BekTopa I[ToiiHTHHra) Yepes3 CooT-
BETCTBYIOILIMI Yy4acTOK OKHa TpaHcdopmaTopa.
B cBsI31 C 9TUM BEJTUYKMHBI

Ls; =Bossi; Loz =BoSs23

Ls; =Boss3s  Lsa =BoSsa
CJeyeT Ha3bIBATh UHOYKMUBHOCIAMU MPAHCNOPMU-
posku mowHocmu (M eekmopa Iloiinmunea) 6 Ko-

pudopax mexncdy OOMOTKaMU, WIIU IPOCTO UHOYKMUG-
HOCMAMU KOpUOOpos. A KaxKIyio U3 BeJIMUMH

S S
LazBo?aQ LbZBO?b;

(20)

S s S @D

L, =B0?cv L, =Bo?d> L, =B0?e
CJeIyeT Ha3bIBATh UHOYKMUBHOCNbIO HADAUWUBAHUSL
mouwpocmu (Mau eexkmopa Iloiinmunea), ecnu oHa
TIPUHAIEKUT TIEPBUYHON OOMOTKE, U UHOYKMUG-
Hocmblo omoauu mowHocmu (Mnv eexkmopa Tloiinmun-
2a), eCJIM OHA MPUHAIJIEKUT BTOPUUHOI 0OMOTKE.

BoineneHue BeTBei ¢ oTpullaTeIbHBIMU MHIYK-
TUBHOCTSIMM Ha CXeM€ 3aMeIleHUs TByXOOMOTOY-
Horo TpaHchopMaTopa UMeeT TPOHHOI CMbICI, a
WMEHHO:

JUTS1 JIOKAJU3aluy MOTOKOB, TTPOXOASIIIUX B TOJI-
e o6mMoToK (®,,, &, Ha puc. 2, an ®,,®, Ha puc.
2, 0); C X IIOMOIIBIO OTOOPaXKaeTCsl BKJIA TIOTOKOB
B TOJI1IE 0OOMOTOK B MX ITOTOKOCLEIUIeHHe (CM. hop-
myabl (57) u (58) B [14]);

JUTSI HATJISIAHOM IEMOHCTPAIlMM CBepX- U aHTH -
MOTOKOB B MarHuTomnpoBoe rnpu K3 ogHoli u3 00-
MOTOK TpaHcgopMaTopa;

JUJ1s1 y1oOCTBa peajn3aliuu IJiaBHOM uaeu pabo-
Thl — TIOCTPOEHMS CXEM 3aMelIeHUs] MHOTOOOMO-
TOYHBIX TPaHC(OPMATOPOB MyTEM CLIIMBaHUSI (00b-
€AMHEHMUSI) CXEMHBIX MOJENEN JBYyXOOMOTOYHBIX
TpaHcOpMaTOPOB.

Caepx- u antTunotoku K3 onpenensiorcs B pe-
3yJIbTaTe COIOCTaBieHus MoTokoB npu K3 ¢ mo-
TOKOM X0JiocTOoro xoja (XX) B cTajid MarHUTOIIPO-

BOJa, KOTOPbIi MNpu TPUHSATHIX B Havaje
JIOTYIIEHUSIX UMEET OJMHAKOBOE 3HAYEHUE BO BCEX
yyacTKax MarHUTOMpPOBOAA HE3aBUCUMO OT TOrO,
Kakasl 13 0OMOTOK (CM. puc. 1) nmuTaeTcs: nepBuY-
HBIM HarnpsxeHueMm U, :
d’xx = XX = IXX _ adXX _
(22)

— OPXX _ pXX eXX Yi
- (I)sl - (I)Sl (I) q)60K

ko

Ecnu B nsiTioOMOTOUHOM TpaHchopMaTope uc-
MOJIBb3YIOTCSI TOJIBKO IBE€ OOMOTKM, TO OCTaJIbHbIC
TPU MOXHO TPUHSATH 32 UBMEPUTEIbHbBIE KATYIIKU
U, TAKUM 00pa3oM, OLIEHUBATb BEJIMUYUHBI CBEPX- U
AHTUITIOTOKOB B pexkumax K3 nByXoOMOTOUHBIX
TpaHchOopMaTopoB.

IIpumeuvanue 1. JInsg pacyeToB BOCIIOJb-
3yeMcsl TeOMeTPUUYECKUMU pazMepamMu (B MUJLIU-
MeTpax) OOMOTOK JUIsl MATUOOMOTOYHOTO TpaHC-
dopmaropa (cm. puc. 1), npuBeneHHbIMU B [11]:

a=41; b=43;, c¢=10; d=10;
e=10; D, =438 D, =578 D, =667,
D, =723; D,=769; 6,=28; §,=18;

Iromanu cedeHust (M?) OOMOTOK MOJYYAOTCS
pPaBHBIMU
s, =0,0564; s,=0,0781;

5, =0,0210; s, =0,0227; s5,=0,0242.

[Tnomany cedeHus (M?) KOpUIOPOB MEXIY 00-
MOTKaMU TTOJIy4alOTCsI paBHBIMU
851 =0,0446; 55, =0,0361; 555 =0,0393; 55, =0,0305.

Cormacho (20) u (21) ipu w, = 100 Haxoxum
Ls, =0,5724; L, =0,4638;
Ls;=0,5044; L, =0,3910;
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| >
L,=0,2413; L, =0,3340; a MOTOK B GOKOBOM sIpMe
_ . _ . _ L -
L,=0,0896; L,=0,0971; L,=0,1033. ( jm(_;D i,
WnuayktusHoctu K3 a1 map o6MOTOK mosty- DE3 = b3 = =
yaeM 110 (18), (19) u aHagoruuHbIX UM (B MIH): ko (25)
o =1,1479; L1 =2,3696; L, =3,1505; 3 U1 Lb _ L
== =——t by
L =3,8393; L2 =0,8876; Ly =1,6685; 0 2Ly, 2Ly,
- K3
2 =2,3573; Lcd =0,6913; L =1,3801; [Tockonbky dD >¢XX, T0 motok Py — ecthb

Ly =0,5916.

IIpumep. Paccmorpum a, b-tpancopmatop (M.

puc. 2, a). OctanbHble TpU OOMOTKU (¢, d U e) —

pa3oMKHYTHI (cMm. puc. 1). HezaBucumo ot TOTO,

Kakasi U3 ero oOOMOTOK — a WU b — SBIIsIeTCS Tep-
BUYHOI, TOK K3 Oymer paBeH

Uy Uy

Iin= = )
B oL jo(L, + Ly +1Ly)

(23)

TepBidHoii sBisieTCs a-06MotKa (U = U, ); Tio-
3TOMY MOTOK B CTEPXKHE

: L,
ol )
K3 = a3 = _

ko

kO 2 ‘ab 2 ab

(24)

C6EPXNOMOK. HOCKOJ'[I)KY ®E3 nanpasnen erpeuno

K3
MOTOKY d>” , TO (I)60K — ecTb aumunomok. B HaleM

ciaydyae JJsI CBEpPXIOTOKa B CTepXHe 4,
b-TpaHchopmaTopa HaXOAUM

HK3 = K3 _| 14 a Doy =
2L, + L +1Ly)

s . .
=| I+ —————— |Dyx =1,105Dy .
[ 2sa+6s51+2sb) xx xx

Ero antumorox B 60KkoBOM ApME paBCH

CbKS Lb

Gox — m XX =

S, . .
=T Tsy 425, X T 0140k
Sq T 0851 T 25
Bce 0OMOTKH UMEIOT OONHAKOBOC YUCJIO BUT-
KOB, ITO3TOMY ITOKa3aHUsA HaHpH)KeHI/Iﬁ Ha 00MOT-
Kax ¢, d, e OyayT OMMHAKOBBIMU ¥ PaBHBIMU

IIpumepsI pacueTa HANPSZKEHUIT M TOKOB B IATHOOMOTOYHOOM TpaHChopMaTope

[Tpumep BennunHa, 3HaueHus BIUYUHBI B OOMOTKaxX a, b, ¢, d, e (puc. 1)
ell. u3Mep. 4 c d B
1 U,B 1000 —146 —146 —146
(a,b-tp-p) I°, A 2772.9 2772.9 0 0 0
2 U,B 0 1000 1146 1146 1146
(b,a-tp-p) I, A 2772,9 2772.9 0 0 0
3 U,B 940,7 1000 1018 1018 1018
(b,a-tp-p) (945,3) (1000) (1015,3) (1015,3) (1015,3)
NP1 HArPY3Ke
R =10Mm I,A 940,7 940,7 0 0 0
(945,3) (945,3) (0) (0) 0)
4 U,B 1000 445 0 —18,9 —18.,9
(a,c-Tp-p) I/fs, A 1343,3 1343,3 0 0
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U =0 =0 =k, -
=—S—bU'l =—0,146U1.
2s, + 655, +25,)

B miepBoii CTpoKe TaOIMIIBI TIPEICTABICHBI YMCITEH-
HbIe 3HaUCHMSI TOKOB U HATIPSDKEHUH B paccMaTpuBae-
MoM pexume K3 ipu U | = U . =1000 B. ITpu pacuere
TOKOB NpurHsITa yactotaf= 50 [i1. B cooTHOIIeHMSIX 1151
ITOTOKOB 1 HaINPsDKEHUI 9acTOTa He yJacTBYeT.

CBepx- U aHTUITOTOKU KOPOTKOTO 3aMbIKaHUSI
B TOM Xe TpaHc(opmMaTope, Korna MepBUYHOM SIB-
nsercss b-obmotka u U, =U, (To ects B b,a-
TpaHchopMaTope, puc. 2, a)), MEHSIIOTCSI MECTaMU.
[Tpu KOPOTKO3aMKHYTON a-0OMOTKE TOK fK3 co-
BIIAZIET C €T0 3HaYyeHueM (23), a IOTOK B CTEpXKHE
CTaHEeT aHTUIIOTOKOM:

(L))
e )
X3 = a3 = _

k 0
Ul La _ La

T A7K3 | A7K3
ko 2 ‘ab 2 ‘ab
TOorga Kak ITOTOK B OOKOBOM APME NMPEBPATUTCA B
CBEPXIIOTOK

XX

. L. .

Uy +jo-2 Iq

= K3 ~bK3

(I)601< E(Dl;{ = k 2 =
0

_ﬂ 1+ Lb =1 Lb

_k Q[ - +2 K3 q)XX'
0 ‘ab ‘ab

[TokazaHus HaNpsiKeHU Ha 0OMOTKaXx ¢, d, e
OyIyT MPEeBOCXOAUTH TIPUIOXKEHHOE HaTpsKeHUE,
Kak MoKa3aHO BO BTOPOIl CTpOKe TaOIUILIbI:

7K3 _77K3 _77K3 _ + K3 _
Uc —Yd _Ue _kOq)60K_

= l+——2b U, =1,146U,,
2s, + 655, +25;)

ITOATBEPKIast TeM CaMbIM BO3HMKHOBEHHE CBEpPX-
notoka K3 B 60KOBOM sipme.

B TpeTheit cTpoke TabIMITbl TeMOHCTPUPYETCS
BO3MOXHOCTb BO3HUKHOBEHUSI CBEPXIIOTOKA MPU
Harpyske (R = 1 Om). Pacuersl mpuseneHsl B [1pu-
JIOXKEHUU.

JIByx00OMOTOYHbBIE 3]IEMEHTbI TPEXOOMOTOYHOTO
Tpancgopmaropa

I1pu pa3oMKHYTBIX d 1 € 0OOMOTKaX MSATUOOMO-
TOYHBI TpaHCc(hOpMaTOp MpeBpallaeTCs TPEX0OMO-
TOYHBIH a, b, c-TpaHchopmaTop. OH COmepPXKUT TPU
IIByXOOMOTOUYHBIX TpaHchopMaTopa: a, b-, b, c-na,
c-TpaHcdopMmarTopsl (CM. puc. 2, a, 6 u puc. 3, a).

Ha cxeme (puc. 3, a) L, — undykmuerocmo na-
pawgueanus mowHocmu, a L — undykmugnocmos om-
dauu mowHocmu. ITOCKOABKY IIMPUHA KOPUIOPA
Mex1y OOMOTKaMu a U ¢ paBHa O, +b+0,, T0 undyk-
MUBHOCMb MPAHCHOPMUPOBKU MOUWHOCIU 8 IMOM
Kopudope

L61+b+62 = Bo(sél + S N Saz)' (26)

IMIpunumas Bo BHuMmanue (20) u (21), ee MOXHO

MpeACTaBUTh B BUJE

3

3
Ls1ipi52 = L +§Lb +5Lb +Ls,. (27)

MarHUTHBIiI TOTOK B KOPUAOPE MEXIY OOMOT-
KaMH a, c-TpaHcdopMaropa
JOL 150y

0
M3 (27) u (28) caemyeT, 4To MOTOK B TOJIILE pa-
30MKHYTOI h-0OMOTKHU paBeH
3
+=L, |1
(Y b)

jm[3
. 2
0

4YTO ¥ 0TOOpaxkeHo Ha puc. 3, 6. [Ipu aToM Ha cxeme
yaaeTcss UAeHTUDUIIMPOBATh TakKe BEJIMYUHBI

D5146+52) = P + Py + P55, = . (28)

(29)

b

a) .o 0) ]
€os | = e ¢
v, Cf kyzjoow, -L{g?:)koq:c b, ( = _ggi)fcoq:c\\
TV kb kb b, V7 ERR R i kb, hd T
a (81+2+52) e . 0Fa  Mows 2T —L& o5z KoL
Iri %Lﬂ ‘\I‘ s E(a1+a+52) '|‘ ; %LC UC / %La { ‘[‘;51 E MH,{Z'U(I)‘;;?E Ls 4 %LC S
- za * 60 = a ' '
B B kT / Ao L page g R /
| | | cE_ 7 4 1 | ! | 208
N y ' v ’%Uq:'ﬂ _g,k[’ci:l'iux v Al W W W W Vv kni'z _J(@EDKV

Puc. 3. 4T-cxema 3aMenieHHSI AByXOOMOTOYHOTO @, c-TpaHChOopMaTopa ¢ COCPeIOTOYeHHON MHIYKTUBHOCTBIO L

81+b+062

(a) v ee paznoXeHWEM Ha YEThIpe COCTABIISIONINE C LIEHTPATbHBIM Y3JI0M ¢ (0)
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kod)gb u kod)za, MOKa3aHHbIE HA CXEME MTyHKTUP-
HBIMU JIMHUSAMU. B pesynbrate mnoayduiach
6 T-o6pa3Hast cxeMa 3aMeIleHUS TBYXOOMOTOYHOTO
TpaHchopMaTopa, 4YTO CTajIo CIEACTBUEM pa30oue-
HUSI €ro KOpUa0opa MexX1y OOMOTKaMU @ U ¢ Ha TPU
KOJIbLIEBBIX KaHaJia mupuHoit 81, b u 62.

[Ipumeuvanue 2. PazdobuBas kopumop Ha
OoJIbIIIee YN CIO KAaHAIOB, MOXKHO IMTOCTPOUTH CXEMY
3aMelleHUS C KAKMM YTOJHO OOJIbIINM YUCIIOM T10-
TIePEYHBIX CTPEJIOK, MOoJyJasi TaAKUM 00pa3oM pac-
npedeseHHyr0 CTPYKTYPY CXeMbl 3aMelleHUs TBYX-
00MOTOYHOTO TpaHC(popMaTopa.

BHyTpeHHss MUHAYKTUBHOCTbH a,
c-TpaHcgopmartopa (MM MHAYKTUBHOCTH K3) co
CTOPOHBI @-00OMOTKHU TIpU KOPOTKO3aMKHYTOM
c-00MOTKe paBHa

Lyg =L, + Ly piso+ Lo =
=L, +(Ls;+3L, + L))+ L, =L+ L, + L, =
=0,00237 T'n.

IIpumeuvanue 3. VM3 3TOro BhIpaxkeHUs
CJIeoyeT MOJIE€3HOEe COOTHOLICHUE

_ JK3 K3 K3
Lb - Lac _( ab T Lpe )! (30)
KOTOPOE gajice 6yueT MCITIOJIb30BAHO ITpU UCCJIEO0-

BaHUM TPEXOOMOTOYHOTO TpaHC(hOopMaTOopa.

g Toka K3 1tojryyaem 3HaueHMe
: U

0Ly,
[To ananoruu c (24) u (25) HaxoAUM MOTOKU B

pexuMe K.3. a, c-TpaHchopmaropa:

+K3 _ 4aK3 _ La
q)CT = q);l =1+ K3
ac

Dyx =

Sq

+
25, +6(s5, +5, +557)+ 25,

¢XX=

ac

__2sa +6(s5; +5), +557) + 25, B

OHu ocyiabieHbl M3-3a OOJIbIION IUPUHBI 3a-
30pa MeXIy OOMOTKaMH (CM. MOCIEIHIO CTPOKY
Tabauibl). HampsikeHust Ha pa30MKHYTBIX OOMOT-
Kax e, d-

98

7K3 _
Uu,” =

[ =ky®ho =—0,0189 U,.

60K

HanpsixkeHne Ha 3axXuMaxXx pa3oMKHYTOH
b-0OGMOTKM HaiiZIEM TI0 €€ OTOKOCLIETUIEHHIO
Uy =jo¥y =k ((I)CT -, _(I)Sl)_T - @D

B pexxume K3 nonyvyaem (cm. tada.1)

K3 K3 GK3_ gK3) Db
Uy~ =k (q’m -0, - D )_T =
L L
L 370+L51+37b . .
=2 2\, =0,4450,.
2LHC LHC

3ameuanue. Hanpsxenust mpu K3, npuBeneH-
HbIe B TaOJIM1Ie, IPeaCTaBIeHbI KaK CJIeICTBUS I10-
SIBJICHUSI CBEPX M aHTUTTOTOKOB. DTO YKa3bIBaeT HA
TO, UTO B peaJIbHbIX YCJIOBUSX MATHUTOIIPOBO/I, ITPU
K3, Bo-nepBhIX, HAMarHMYMBAaETCSI HEpaBHOMEP-
HO, a2 BO-BTOPBIX, €TI0 YaCTh CO CBEPXIIOTOKOM MO-
JKET 0Ka3aThCs (B 3aBUCUMOCTHU OT CEUYECHMsI Mar-
HUTOIIPOBOJA B ATOM 4YacTW) HACBIIIEHHOU Ha
nopsnok cuiabHee, yeM rmpu XX. [Ipu BHe3ammHBIX
K3 3T0 MOKET MpUBECTH K YBEJIUYSHUIO YIAPHOTO
Toka K3 Ha 20—30 % BbIllIe pacUeTHOIO €ro 3Ha-
YeHUsI, omnpeaeasseMoro mo ¢gopMyiaM Tpaauiim-
OHHOIi Teopun (OHU BBEIBEACHHI, KAK U3BECTHO, B
IMpeHeOpeXKeHUM HaMarHM4YMBaoIUMU TOKAMU,
T. €. B IPEANOJI0XKEHNN, YTO MAarHUTOIIPOBOI IIPU
K3 oka3sbiBaeTcsd pa3MarHudeHHBIM — cM. [4, c.
307], [8, c. 81 u 131] u ap.). [Ipu aTOoM B pacueTax
aJeKTpoguHaMudeckux cuia npu K3 Bo3HuKaeT
omm6ka 1o 50 %.

67-00pa3Has cxema 3amMelneHust
HIeATN3UPOBAHHOTO TPEXOOMOTOYHOTO
TpancopMaTopa

W3 cpaBHeHMs MoIeaud ABYXOOMOTOYHOTIO a,
c-TpaHchopmaropa (puc. 3, 6) c Tapoit CXeM Ha puc.
2 3aKJII0YaeM, YTO €€ MOXHO pacCMaTpuBaTh KakK
pe3yabTaT CHIMBaHUS CXEM 3aMelleHus a,
b-tpaHcdopmaTopa u b, c-TpaHchopmaTopa B y3Jie
q. Eciii mpy 3TOM OCTaBUTh BEPTUKAJIBHYIO BETBbB C
OTPHMLATEIbHON MHAYKTUBHOCTHIO (—L,/2), TO mo-
JIYIUM CXEMY C TPeMsI ITOJII0CaMU, IIPEICTaBIISIOLIYIO
co00Ii cxeMy 3aMelleHUsT TPeXOOMOTOUHOTO a, b,
c-TpaHcdopmaropa (puc. 4). Jloka3aTeabCTBO CO-
CTOUT B IPOBEPKE BLITIOJIHEHUS 110 3TOI cXxeMe rpa-
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Puc. 4. 6 T-o0pa3Has cxeMa 3aMelleHUsT NIeaTN3UPOBAHHOTO TPEXOOMOTOYHOTO

TpaHchop

HUYHBIX YCJIOBUIA, KOTOPBIM JTOJKEH YIOBJIETBOPSTh
TPEXOOMOTOYHBI TpaHC(HOPMATOP, A UMEHHO TPEI-
CTaBJISITh COOOI OTHOBPEMEHHO:

a, b-tpancdopmMarop co CTOpOHBI MOJIOCOB 1 U
2 (rmpu xojocToM Tostoce 3);

b, c-TpaHchopMaTop co CTOPOHBI MOIIOCOB 2 U
3 (ripu xoa0cToM noJitoce 1);

a, c-tpaHchopMaTop co CTOPOHBI MOJIIOCOB | 1
3 (1Ipu X0J0CTOM MoJitoce 2),

DTO 0YeBUAHBIM O0PA30M BbITEKAET U3 ONMCaH-
HOW Mpoleaypbl CITMBAHUS TTOACXEM BIOJb OTPU-
LaTeIbHON MHIYKTUBHOCTY (—L,/2). BhinosHseTcs
el YETBEPTOE FPAHUYHOE YCIIOBUE: MUHAYKTUBHOCTh
(—=L,/2) onHOBpEMEHHO BXOAWT B a, b- u b,
c-TpaHcpopmaTtopsl. [TonyueHHast cxema ynoBieT-
BOPSIET TaKKe BHYTPEHHUM CBOMCTBAM TpaHCcdOp-
MaTopa Kak Mo CBSI3SIM MeXIy MOTOKaMU, TaK U Mo
TOKaM 0OMOTOK:

Ia:1b+]c' (32)

JOCTOBEpHOCTb CXeMbI Ha puc. 4 MOATBepKIa-
€TCsl COBIaJIecHUEM UHIYKTUBHOCTEU Jyueil cxeMbl,
UCXOASIIINX U3 Y3J1a ¢, C UBBECTHBIMU BbIPAXKECHUSI -
mu it L,,, L, ,u L, ,, BiepBbie TIOJyYeHHBIMU B
[1] B Bume komOuHauuii conporusieHuii K3 or-
JIeJIbHBIX IBYXOOMOTOYHBIX TpaHCcdopMaTopoB. B
YaCTHOCTU, UI UHAYKTUBHOCTH JIyuya MeXIy y3aa-
MU 1 ¥ g HEeMOCPEACTBEHHO IO CXeMe PUC. 4 C yueToM
cooTHoleHus (30) MoxkeM HanucaTthb

L
Li,=(L,+Ls+L,)+—2=
Lo —(LS + L9+

= Ly +—= (2b bc) - 2 bc—lq23’

e IpeaIiocIeHsIsI ApOOb COBIANAET C BRIPAXKEHM -
em uia L, u3 [4] mocsie 3aMeHbl B HEM MHAEKCOB a,
b, ¢ coorBeTcTBeHHO Ha 1, 2, 3. UHAYKTUBHOCTH
Jlyda, UCXOASAIIEro u3 ysjia ¢ K y3jay 2 cpenHeit

MaTopa

b-00OMOTKM, OTpMlIaTeIbHA U MOXET ObITh Tpe-
CTaBJicHa B BUJIE

_ Lb_ L (LK2+ bC)
207 ) 2
LS+ L9 - [
=ba T Zbe  Tac 5 =L,;<0.

151 MTHIYKTUBHOCTH JTy4a, UCXOMSIIETO U3 y371a
g K y31y 3 BHEIIHe# c-0OMOTKM, UMeeM

1

K3

K3
L ab =7
- =312

R R ) B
2 2
HpI/I CBEPKE OTUX Bpra)KeHI/Iﬁ C N3BECTHbBIMU
dopmyaMu ciieayeT UMETh B BUIY, UTO MO CMBICITY

K3 _ JK3
qu —Lqp.

K3 _
be —

IToTokocuenieHne cpeaHeid 0OMOTKH
B TPEX0OMOTOYHOM TpaHcgopMaTope

B uneann3nupoBaHHOM TPEXOOMOTOYHOM TPaHC-
dopmarope

U, =jo¥, =ky¥,/w; (33)
Us = jo, =ky?, /w, . (35)

M3 5Tux BhIpaXXeHU U CXeMBbI PUC. 4 CIEaYeT,
YTO MOTOKOCILETJIEHUSI OOMOTOK MOXHO BbIPa3UTh
B BUJIE

_ w1q>a

¥,

(36)

(37)
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| -
U _ 100 - wld) b L ] k (I)
¥ =w P+ <1>60K+Tc (38) ko ®) = jo 2”1 =7 41-71 03 b, (46)
Crpenka B TTOCIeIHEM BBIpAXXEHWN YKa3bIBaeT HA  WJIN
PaBEHCTBO B TPEXOOMOTOUYHOM TpaHCGhOpMaTope 1 kb
MOTOKOB d)ga =d)60K. Bripaxxenmst (36) u (38) co- koq)lb; ﬁ 03 : (47)
BragaloT ¢ popmyaamu (57) u (58) B [14].

Y10o0BI pacKphITh BEIpaxkeHue (37), HEOOXOAUMO
ONpeleIUTh HAMPSIKeHUsI, TTIOKa3aHHbIe Ha puc. 4

MyHKTUPHBIMU CTPEJIKAMHU 1 0003HAYCHHBIE B BUIE
L b
npousseneHus k, Ha @y, ®; u P,. U3 cxemsl Bbl-

Tekaet, uto @j, @ CBsI3aHbI CUCTEMOIi ypaBHEHU I

. 3.
k@, =joS Ll (40)
.3
OrtKyna cienyer
b= ta_¢ |. (42)
P,
I,
PC=—"¢ P 43
Y “43)
Zlanee M3 BbIPpaXKCHUA AJI HAIIPAXKCHUSA
. 3. 3.
ky®,, :ijLbIa +f(05Lb[c (44)
BBITCKACT
L )
jolro K% (45)
2 3(i,+1,)

N nnsa HarpsI>2K€HHUs Ha BCpTI/IKaJ'[bHOI‘/JI BETBU I10J1y-

B PE3YJIbTATE HATIPAKEHUE HA 3a’KMMax CpeI[Heﬁ
0OMOTKM MOXHO IIpeaCTaBUTh B BUIC

I 1 —1, ky®
_kocDSb b, + ol et 2
I,+1, 1 +I, 3

Vuta (3), (32) u (37), nonydaeMm popMyITy IS
KCKOMOTO TTOTOKOCIEILICHUSI:

I

3
+1

C

a

67-cxema 3amelIeHNs PeaIbHOT0 TPEX0OMOTOYHOTO
Tpancgopmaropa

Bo BTOpoIi1 yactu [14] BecbMma mogpoOHO pac-
CMaTpuBaJics MPHEeM HapallWBaHHWS CXeMHOUW MO-
TIeJTN UIAeaTN3MPOBAaHHOTO TpaHC(hOpMaTopa aKTUB-
HBIMU COMPOTUBJICHUSIMU OOMOTOK U nONEPeUHbIMU
BETBSIMU [UTS yUeTa aKTUBHBIX ¥ pEaKTUBHBIX ITOTEPh
B CTaJIv, BKJIIOUasi y9aCTKM MEXIy OAaKOM U YaCTSIMU
MarHATOIIPOBO/IA, C LIEJbIO TIONYYEHUS CXeMbI 3a-
MeILIeHUS peaIbHOTO IByXOOMOTOUYHOTO TpaHChop-
MaTopa. AHAJOTMYHBIM 00pPa30M MOXKHO IepeiTn
OT UJeaATN3UPOBAHHOM MoJen (CM. prC. 4) K cXeMe
3aMEIIeHNST PEaTbHOTO TPEXOOMOTOYHOTO TpaHC-

qyacMm
. Rz
1 I Rl - l-__-_-_'| -
L& Vi ———
I, —5 ‘ ‘ko L. r]_"Rg 3
32 k¢' '3 e v
¥ T T U w‘ kgq:' o { | U
knq:'a ’%OEI):SI I ’%—@52 ku@c v []é' 2
g L . | "2 g a/:c A PN . D.m
[’rl . ‘(: %La :.‘ ‘Erﬁl L om : B UCI.:'&- i‘ Laz . \l %LC :\I v 3 IEJ
kﬂ‘i’m\ o of | 1 rom kﬂ gl ~ LZ: L::";\ e 013 2 rom LEDU-\;“%-U(i)ﬁUU .
N Lao Lﬂﬁi 1Pas y I'.'f UL I = g Y L
i LA ST S . F 2Ny, W A
Lolr 1 pad gl o zas r 0o LI A i oo,
"%IJ(I%T‘:\I}T:J: gﬂ EL;{XJ?U@H 'lab‘-LHb:l: |55\‘i%;:1: 85 'rL'LFEZ I\EI " PI. \ I,LI
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Puc. 5. 6 T-06pa3Has cxema 3aMellleHUs peabHOro TpeX0OMOTOUYHOTro TpaHcdopmaTopa
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(opmaropa, Kak Imoka3aHo IMTyHKTHUPOM Ha pucC. 5.
O6o03HaYeHUs1 100aBAEHHbBIX UHAYKTUBHOCTEN U
MOTOKOB COOTBETCTBYIOT IIPUHATHIM B [14]. Hemu-
HeliHble MHAYKTUBHOCTHY U TapayljieIbHO MOAKIIO-
YeHHBIC K HUM aKTUBHBIE TIPOBOIMMOCTH COOTBET-
CTBYIOT CJICAYIOLIEMY:

L., &.. — CTepXHIO, B KOTOPOM IIPOTEKAET I10-

ToK @ (puc. 1);
L%, g% _ qacTu CTHIKOBOTO SpMa, B KOTOPOM
npotekaet notrok ®%;

Lib, ggb — YacTH CTBIKOBOTO SIpMa, B KOTOPOM

MNPOTEKACT ITOTOK q)ib N T.Ao.

ITocnemoBaTeIbHO COEAMHEHHBIC C HUMM JIM-
HEWHbIE MHAYKTUBHOCTU BBCACHLI AJId yy€Ta Mar-
HHWTHBIX ITOTOKOB, BOZHUKAIOIIMNX BCJICACTBUEC KO-
HEYHOI MarHUTHOM IIPOHUIAEMOCTHU CTaJIU UJIU €€
HaceimeHus. OHu COOTBETCTBYIOT:

Ly, = Mossowlz / h — TIPOMEXYTKY INMPUHOIA J
MEXIy CTep>KHEM U BHYTPEHHEl a-00MOTKOIi, B
KOTOPOM MPOTEKAET ITOTOK d>50 (puc. 1);

L2 = 5wt / 181 — IpoMeXyTKY TIOLIAIbIO

Z? Y IJTAHOM /g o7l MEXTY CTBIKOBBIM SIPMOM U 0aKOM,
B KOTOPOM TTPOTEKAET MOTOK (I)aa, napaijieTbHbI
HOTOKy d)“s B HpMe‘

L2 = st / I& — HpOMeXyTKY IUIOLIANbI0
sg,, U JTUHOM lﬁb MEXJY CTBIKOBBIM HpMOM u 6a-
KOM, B KOTOPOM IIPOTEKAET [TOTOK DY 5p » TApAJLIENb-

HBII TOTOKY cpgb B sipMe€, 1 T.1I.
[Tpumeuanue 4. Cxemy Ha puc. 5 ciaeayeT

JIOTIONHUTB TAakKKe ConpoTuBIeHusIMU R, R*P,

R, pa3nenus Kaxn0e U3 HUX Ha MOJIOXUTETbHYIO
U OTpULIaTeIbHYIO yacTi. Hanpumep,

RBXp
3 RPP 4| —
2 2

R = (49)

Conporusnenune 3R / 2 clenyeT BKIIIOYUTH
TMOCJIEI0BATENLHO C MHAYKTUBHOCTAMM 3L,/3, a OT-

pHLIATEIBHOE COIIPOTUBIEHUE (—R,f"p / 2) — mocJje-

JI0BATEJIbHO ¢ MHAYKTUBHOCTBIO (—L,/2). O6oCcHO-
BaHMeE 3TOH MPOLIEAYPHI MOXKHO HaiTH B |6, cTp.87].
B utore cxema MoJiyuuT ceMb AOTMOJHUTEIbHBIX
COTPOTHUBIIEHUU ISl yueTa BUXPEBbIX TOKOB B 00-
MOTKaX. AHAJIJOTUYHBIM 00pa3oM CJeIyeT pa3ouTh
1 CONPOTUBIICHUS OOMOTOK R, R,, R,. OHu He 1o-
KazaHbl Ha cXeMe, YTOObI He TIeperpyxathb puc. 5.

IIpumeuvanue 5. OOBIYHO OTpUILIATEIIbHEIE
WHAYKTUBHOCTU B CXEMax 3aMelleHUs pacCMaTpu-
BalOT KaK HEKYI0 «MaJlylo» MoMexy («KOCTOYKY B
ropie»). B Mmonorpaguu [6], crieliagbHO MMOCBSI-
IIeHHO MHOTOOOMOTOYHBIM TpaHC(opMaTopaM,
1M YAEJEHO BCKOJIb3b BCEIO CeMb CTPOK. B KHuUre
[5, cTp.125] 1 BoBce mipeajiaraeTcs IUIsl «PEXXUMOB C
CUJIbHBIM HACBILIEHUEM CTaJH ... IPeHeOpeyb OT-
pUIIATEeTbHBIMU WHAYKTUBHOCTSIMU». OmMHAKO U3
CXEeMbl 3aMEUIEHUSI Ha PUC. 5 BBITEKAET, YTO ITO
MOXET ITPUBECTHU K YBETMICHUIO ITOTPEIITHOCTH TIPH
BBIYMCIEHUM CBEPXIIOTOKOB B KOPOTKO3aMKHYTOM
TpaHcdopmaTope. JeiicTBUTEIbHO, TTOIaras I
MPOCTOTHI, YTO B ITOM ciiydyae npu K3 Hacklaercst
TOJIBKO CTePKEHbB, IIOJIyYUM cXeMy (puc. 5) ¢ ogHO
JIEBOM MONEPEYHOU BETBbIO, HANPSIKEHUE KOTOPOI
MOXHO MPEICTaBUTD B BUIE

. L .
K3 a K3
Tox K3 | . BEIMK. BmMecTe ¢ HUM BecbMa 3Ha-
YUTEJIbHBIM OYIET U BTOPOE CllaraeMoe B IIpaBoOi
YaCTH 3TOTO BeIpakeHUs. [ToaTOMY ITpeHeOpexeHre
M TIPUBENET K CYIIECTBEHHOM IMOTPEIIHOCTU B

onpe/ie/ieHNH CBepXIoToKa ®X B crepxHe. U3 (50)
CJIEIYET, UTO CBEPXITOTOK B HACKIILIEHHOM KOPOTKO-
3aMKHYTOM TpaHC(OPMATOPE TIPEBLILIAET €r0 3Ha-
YeHUe B HEHACHIILIEHHOM TpaHC(hOPMAaTope.

2nT-o0pa3Has cxemMa 3aMelneHus #-00MOTOYHOTO
UIeTN3NPOBAHHOTO TPaHC(hopMaTopa

WU3znoxeHHbIiT MeTOn cumuBaHUS 4 7T-CXeMHBIX
MoJeJieii TByXOOMOTOUHBIX TpaHC(POpMaTOPOB B
MOJIHOM Mepe MPUMEHUM M K CHUHTE3y CXEMHI 3a-
MeEIEHMS JTI000ro 7-00MOTOYHOT0 TpaHCc(hOopMaTo-
pa. B xadecTBe mmpmMmepa Ha puc. 6 m3obdpakeHa
cxeMa 3aMelleHUs UIeaTn3MPOBAHHOTO MSITHOOMO-
TOYHOTO TpaHchopMaTopa. YMCI0 MmoIepeuHbIX
CTPEJIOK HapsLKeHMS (C MOTOKaAMM) B CXEME PaBHO
2n, 4TO CTaJIo OCHOBaHUEM Ha3BaTh ee 21 T-00pa3Hoi
Mopesbio. O011Iee YMCiI0 OTpULIATeIbHBIX MHIYK-
TUBHOCTE! B HEil paBHO YMCIIy 0OMOTOK, B HaIlleM
ciiydyae — nisItu. JIro6ast 0OMOTKa MJIM IpyIia 0OMo-
TOK MOXKET pacCMaTpUBaThCS B Ka4eCTBE ITEPBUY-
HBIX, OCTaJIbHbIC — B KauecTBe BTOpMYHbIX. Ha cxe-
Me puC.6 poib IEPBUYHOM UTpaeT a-ooMoTKa. J1rst
MMOJIyUeHUST MOJIENIM peajbHOTO TpaHchopMaTopa
cxeMy (puc. 6) HeOOXOIUMO TOTIOTHUTH TTOTIEpeY-
HBIMU BETBSIMU, YUUTBIBAIOIIIMMU TTOTEPU B CTAJIH,
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Puc. 6. Cxema 3aMelleHUS MATHOOMOTOYHOTO TpaHC(hopMaTopa
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Puc. 7. Cxema 3amMeliieHus MITHOOMOTOYHOTO TpaHc(opmaTopa 6e3 OTpULIaTeTbHbBIX
WHIYKTUBHOCTE BHYTPEHHUX 0OMOTOK

a TAK>Ke aKTUBHBIMU COMTPOTUBJICHUSIMU, KaK OBLIIO
onucaHo B [Ipumeuanuu 4.

IIpeoOpa3oBanue oTpUIATEIbHBIX HHAYKTUBHOCTEIH
BHYTPEHHHX 0OMOTOK BO B3aMMHbI€ HHIYKTHBHOCTH

OT oTpHIIATETbHBIX MHAYKTUBHOCTEH MOKHO
130aBUTHCS, BBITTOJHUB UX MEPEHOC Yyepe3 Y3Jbl.
CornacHo mpaBuiaM 3TUX TpeodpazoBaHuii [18]
PU MEPEHOCE, HATPUMED UHAYKTUBHOCTH (—L,/2)
gyepe3 y3eq ¢ (puc. 6), ee 3HaUeHUE CIIEAyeT TpH-
IUIIOCOBATh K 00EMM MHIYKTUBHOCTAM 3L, /2 (mocne
YETO OHM CTAHYT PaBHBIMU L,) M BBECTH MEXIY
HUMU B3aUMHYI0O WHIYKTHBHOCTb, PaBHYIO
M, = L,/2, KaK 10Ka3aHO Ha pUC. 7. AHAJIOTUYHBIM
00pa3oM BBITMIOJHEH MEePEHOC OTPUIIATEIbHBIX UH-
OYKTUBHOCTEU IBYX APYTUX BHYTPEHHUX OOMOTOK
(—=L,/2wn —L,/2), u B CXeM€ MOSIBUINCH €LIE [BE
B3aMMHOMHIYKTUBHBIE cBA3u (M, = L,/2 wu
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M,= L /2). [Ipu MapKupOBKE, IPUHATOM Ha CXxeMe
puc. 7, Bce B3aMHbIE MTHIYKTUBHOCTH ITOJIOXKUTEIIEHEL.

OtpuuarenbHble UHAYKTUBHOCTU KpatHUX 00-
MOTOK (—L /21 —L /2) coxpaHeHbl, Garofapst 4eMy
BCE TIOTepeYHbIe HATIPSIKEHUST OCTAIUCH TEMU Xe,
yTO M B cxeme puc. 6. U, ciemosaresibHO, cXeMa
puc. 7 MOXeT ObITh TAKKe TIpeoOpa3oBaHa B CXeMY
peanbHOTO TpaHchopMaTopa IIyTeM A00aBICHUS
MOMEePEYHbIX U MTPOIOJbHBIX BETBEH, YUUTHIBAIOLLINX
JIOTIOJIHUTEIbHBIC AKTUBHbBIC U pEaKTUBHbBIE IOTEPH,
Kak ObLIO OMKMCAHO BBILLIE IJIST CXeMBI pHC. 6.

KoMnakTHas nemoyeynasi cxeMa 3aMeIeHus
UJleaIM3NPOBAHHOTO TPaHc(opMaTopa
0e3 oTpunAaTeIbHBIX HHAYKTHBHOCTEI

OO0ObenuHSIs B cXeMe Ha puC. 7 IOC/IeI0BaTeIbHO
BKJIIOUEHHBIE MHAYKTUBHOCTM MEXIY €€ y3JIaMH,
MOJy4uM cxemy (puc. 8) ¢ TTOJOXUTEIbHBIMU UH-
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Puc. 8. KommakrtHas mermovyeyHasi cxema 3aMelleHUsT NIeaTu3UPOBAHHOTO MATHOOMOTOYHOTO TpaHcopMmaTopa ¢
conporuneHussmMu K3 (a) u ee TpexamaroHajibHas MaTpuila UHAYKTUBHOCTEH (0)

JYKTUBHOCTSIMM, PAaBHBIMU MHIYKTUBHOCTSIM K3
COOTBETCTBYIOIINX IBYXOOMOTOYHBIX TpaHchopMa-
TopoB. B wacTHOCTH, CyMMUpYys] MHAYKTUBHOCTU
MeXIy y3JIoM 1 1 y3710M ¢, ¢ yuetoM (18) nmeem

L, 3

AHAJIOTMYHO JISI TPYIIIbl MOCAeI0BaTEIbHO
BKJTIOUCHHBIX MHIYKTUBHOCTEH CITpaBa OT y371a ¢ Ha
ocHoBaHuU (19) HaxoauM

L+Ls,+L = bc,

u T.0. B pesyabrare nojiyuaemM KOMITaKTHYIO 11€T10-
YEYHYIO CXeMY 3aMellleHUsT UeaqTu3upPOBAHHOTO
n-0OMOTOYHOI'O TpaHchOpMaTopa, OMUChIBAEMYIO
CUMMETPUYHOM TpexauaroHaJbHOU MaTpULIEH UH-
nyktuBHocTel L. OmHaKo BO3MOXHOCTH HaOIIOe-
HUSI TIOTOKOB, B TOM YHCJIe CBEPX- U AHTUIIOTOKOB
npu K3, B aT0i1 cxeme yrpaunBaoTcs. ocToBep-
HOCTb CXeMHOI Mojenau (puc. 8) oTyacTu TOMI-
TBEPKIAETCS COBITaJIEHUEM pelleHUI BBIITOJHEH-
HBIX C €€ IOMOIIbI0 IpUMEpPOB (CM. TabJ.) ¢
YMCJIOBBIMU JAHHBIMU JUISI TOKOB W HAIIPSDKEHUH,
MOJIyYeHHBIMU paHee Ha OCHOBE aHa/IM3a CBEPX- U
AHTUIIOTOKOB.

CTpyKTypa KOMITAaKTHOM cxeMbI (puc. 8) coBIIa-
Jaet ¢ Tonosiorveit moaenu [11], Ho oTnyaeTcs ot
Hee 3eMeHTaMu MaTpuibl L, KoTopas B ctathe [11]
OKa3bIBAETCS MOJHOCTHIO 3aIOJTHEHHOM, TTOCKOIb-
Ky, COTJIACHO TUITOTE3€ €€ aBTOPOB, B3aUMHbIC WH-
JYKTUBHOCTU M:;/ IIOJDKHBI, TKOOBI, UMETh MECTO
MEXIy BCEMU MHAYKTUBHOCTSIMU BETBEU CXEMBI.
Dusnueckasi TPAKTOBKA TAKUX B3aWMHBIX MHIYK-
TUBHOCTEN BBITJISIAUT BECbMa UCKYCCTBEHHOM, 10O~
CKOJIbKY OHM OKa3bIBAalOTCS C pa3HbIMU 3HAKAMHU.
B otnnuue ot [11, 12], B 1aHHOM paboTe mpeacTaB-
JIeHHasI KOMITaKTHasI MOJIeJib (pUC. 8) ocHOBaHAa He

Ha rMII0Te3€e, a Ha CTPOTrMX METOAAaX TEOPUH LICTICA.
Bce HeauaroHanabHBIE 3J€MEHTHI MaTpulibl L mo-
JIOXKUTEJIbHbI, YTO BBITEKAET U3 CAMOTO CII0C00a KX
MOJTYYEHHSI.

3akiouenue

[MomryyeHa HoBas 1eTIOYeUHAsT CXeMa 3aMelle-
HUSI n-00OMOTOYHOTO TpaHCHOopMaTopa, Mo3BOJIsI-
IOIIIast BO BCE ITOTHOTE IPENCTaBUTh (DM3MUECKYIO
KapTUHY MPOTEKAIOIIMX B HEM TMTPOLIECCOB, 0J1aro-
Japst OTOOpakKEHMIO Ha CXeMe YTl TIPOXOXKIECHUS
MAarHUTHBIX TOTOKOB U MX BeJTMYUH. OCOOEHHOCTD
pa3paboTaHHOM CXeMbI — MOIYTBHOCTD CTPYKTYPHI,
BBITEKAOIIasl U3 OPUTMHAJIBHOTO MPUHIIMIIA €€ TT0-
CTPOCHMS MyTEM CIMMBAaHUS O0JIee ITPOCTHIX CXEM-
HBIX MOJieJIeil OOBIYHBIX ABYXOOMOTOYHBIX TPaHC-
dopmaTopoB. B oTimume oT MpeXHUX HUIETO He
3HAYalIUX CYXICHUI 00 OTpULIATETbHBIX MHIYK-
TUBHOCTSIX KaK «IIPUBOMSIINX CXeMY 3aMeIIeHUS
n-00MOTOYHOTI'0 TpaHCc(hOpMaATOpPa B COOTBETCTBIE
C peaIbHBIMUA COOTHOIIIEHUSIMI», B JaHHOM pabo-
T€ OHU PacCMaTPUBAIOTCS KaK BJIEMEHThI CXEMBbl,
WTpaloIINe KIOYEeBYIO POJIb B OTOOpasKeHUN Mar-
HUTHBIX ITOTOKOB, YTO BaXXHO pa3paboTuymKam
CTaHIAPTHBIX TTAKETOB ITPOTPAMM JIJIsI KOPPEKTHO-
0 MOJIECJIMPOBAHUS U YTOUHEHUS TTPOLIECCOB, ITPO-
TeKaIoIINX B MHOTOOOMOTOYHOM TpaHchopMaTope
B aHOMaJIbHBIX pexkuMax ero pabotsl. CTporo ao-
Ka3aHo, YTO cXeMa 3aMeIleHUsT #-00MOTOYHOTO
TpaHchopMaTOpa CO B3AMMHBIMYA MHIYKTUBHOCTSI-
MM, BBOIUMBIMH BMECTO OTPHUIIATETbHBIX MHIYK-
TUBHOCTEI, XapaKTepu3yeTcsl TpeXAuaroHalbHOMI
MaTpHIIel TOJTOXUTEIbHBIX WHIYKTUBHOCTEH.
[TpuBeneHHbIE CXeMBI TPUTOIHBI IJIST aHAIN3a KaK
YCTaHOBUBIIIMXCS, TaK U TMHAMUYIECKUX TIPOIIeC-
COB.
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[IpencrasnsieT UHTEpeC OLIEHUTDH TTOTOKU W Ha-
MPSKEHWST TIPU HAJTMYUU HeOOJBIION aKTUBHOM
Harpy3ku R = 1 Om B b, a-Ttpancgopmartope (puc.
2,a)npu U, =U, = 1000 B u cpaBHUTH pe3yJIbTaT C
JAHHBIMU, TOJTy4eHHBIMU B [ 11, ¢Tp.360] 1151 aTOr0
caydast. HermocpencTBeHHO 13 CXeMBbI pUC. 2, @ Clie-
IYeT, 94TO
U U,

R+joLy R+jo(L, +Ls +Ly)

=(884,9—j319,1) A;

i

moayb Toka I = 940,7 A. HanpsikeHue Ha Harpys3-
ke R =1 Om paBHO

U, =RI =(884,9-319,1) B,
u, ciaeposarenbHo, U = 940,7 B. [lng nortoka B
CTep>KHE MOXeM HarumcaTh

L) L
R-jo iy, . |R-joe
]m2)K3_U1( 10)2)

ko ko (R+joL)

(R —JO)Lz")
= dyy =(0,873-j0,353)dy,
(R+joLs)

ITPMJIOZXKEHUE

= bhf —
u, cnenoBareibHo, @ . =®7 =0,941D .

Taxoke HeTOCpeACTBEHHO U3 CXeMBI (puc. 2, a)
CJIe/lyeT, YTo MOTOK B OOKOBOM sipMe paBeH

(L),
Y —jw(—;)l U
@, =—=_1(1+

o, =
60K a kO ko

[1

W, nockombky @, = q>1;I =1,018 Dy, TO €TO MOXK-~
HO cUMTaTh CBepxIoTokoMm. HampszkeHus Ha 00-
MOTKax ¢, d, e paBHBI

JjoL,
2R+ joLy;)
JoL,

—— Dy =(1,0167+j0,0464)D .
AR+ joLS ] XX XX

Uc :Ud :Ue :kOd)&)K =
JoL,

11
+2(R+ju) EZ)

U,=1,018 U,

M TIPEBOCXOISIT TI0 MOYITIO TIPMIIOXKEHHOE HaTIpsSTKe-
HUe (CM. TPEThIO CTPOKY Tabau1bl). B ckoOKax mpu-
BEIIEHbI BEIMYMHBI, TToydeHHble B [11]. [TpnunHa
pacxoxXKIIeHUs pe3yJIbTaTOB paCYETOB C JaHHBIMU [11]
3aKjI09aeTcs B HedeTKoi (opmynupoBke [11,
ctp. 354] yciaoBuii pacueta cornpoTusiaeHuit K3.
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noNAPUIALLUOHHOIO 3ALLUTHOIO NOTEHLUHMATIA
HA NOA3EMHbIX METAJUTUYECKUX TPYBOIMPOBOAAX

V.G. Kiselev

ENSURING THE POLARIZATION SHIELDING POTENTIAL
IN UNDERGROUND METALLIC CONDUITS

B craTthe mokazaHo, YTO C POCTOM YIAEJbHOIO JIEKTPUYECKOTO COMPOTUBIICHUSI TPYHTA U Pa3MepoB
JieheKTOB HAOJTIOIAeTCST YCTOMIMBAs TEHACHIINST K CHYDKEHUIO TTOJISIPU3aIIMOHHOTO 3alIIUTHOTO ITOTEHIIMAA
noA3eMHbIX MeTajndeckux coopyxkeHuit (IIMC). OTMeueHo, YTO HauOOJIbIIIYIO OITACHOCTD 3TO SIBJICHUE
MPENCTaBIsIeT B 30HAX ¢ MUHUMAJIbHBIM 3Haue€HWEM 3alllUTHOTO IMOJISPU3AIIMOHHOTO TOTEHIIMAA,
ompezeasieMoro B cootBeTctBuM ¢ TpeboBaHussMu 'OCT 9.602 — 2005. PaccMoTpeH KOMILIEKC
MEPOTTPUSATHIA, CHIDKAIOIINX IMOTeHIIMATbHbIe PUCKU HeHaIexKalei KatoaHoi 3ammTel [IMC, cpenu
KOTOPBIX MOKHO BBIICJIUT CJICAYIOIINE: 1) TOCTOSHHBIIA MOHUTOPUHT cocTosiHus n3osiuu [ITMC kak
B Tpoliecce CTPOMTEILCTBA, TaK W B IpoIiecce IKCIUTyaTallii ¢ aKIEHTOM BHUMAHUSI Ha 30HBI C
MOBBIIIEHHBIM YIEJIbHBIM 2JIEKTPUUYECKUM COITPOTUBIEHUEM IPYHTA U IIPOBeIeHUE HE3aMeTUTETbHbBIX
PEMOHTHBIX paboT B clTydae 0OHAPYKeHUST 1e(DEKTOB N3OSN 2) BBIOOP PACTIONOKEHUS TTPY HATUINH
TaKoi BO3ZMOXKHOCTU TOYKM JPEHUPOBAHMS 3alIIUTHOTO TOKA B TPYOONPOBO B 30HAX C MOBBILIEHHBIM
YIEJTbHBIM 3JIEKTPUIECKIM COTIPOTUBICHUEM TPYHTA M TTOHMKEHHBIM Ka4eCTBOM M3OJISLIVN.

SJIEKTPOXUMHUYECKAA 3ALINTA; KATOAHASA 3ALLUTA; KOPPO3UA; DJIEKTPOXUMUNYECKAA KOP-
PO3MA; KOMBUHWPOBAHHAA SALLIMTA OT KOPPO3UH; TIPOTEKTOPHAA 3ALLIUTA.

The article shows that a steady tendency toward reduction in the polarization shielding potential of
underground metallic constructions (UMCs) is observed with an increase in soil resistivity and defect
sizes. It is noted, that this phenomenon presents the most danger in zones with the lowest shielding
polarization potential (determined in accordance with the requirements of the GOST 9.602 — 2005
standard). We have described athe complex of measures, aimed at decreasing the potential risks of
insufficient cathodic protection of UMCs, among which it is worth mentioning the following: constantly
monitoring the state of UMC isolation both during construction and in operation, with the focus of
attention on zones with increased soil resistivity, and immediate repairs carried out, in case any isolation
flaws are detected; positioning the drainage point of the shielding current in the conduit, if it is possible
to do so in zones with increased soil resistivity and reduced isolation quality.

ELECTROCHEMICAL PROTECTION; CATHODE PROTECTION; CORROSION; ELECTROCHEMICAL
CORROSION; THE COMBINED CORROSION PROTECTION; PROTECTOR PROTECTION.

DopmyIMpoBKa NPo0IeMbl taundeckux coopyxenuit (ITMC) Bcé vaie uc-
MOJIb3YIOT KOMOMHUPOBAHHbBIE METO/IbI, BKJIIOYAI0-
IMe COBMECTHOE NpPUMEHEHUE IMMOKPHITUN U
3JIEKTPOXUMUYECKOIi 3alIUThI. B TO e BpeMs cy-
IIECTBYIOIIIMEe HOPMATUBHbBIC TOKYMEHTHI, HATIPH-
Mep FTOCT 9.602 — 2005 [1] u TOCT P 51164 — 98,

[1pu pa3paboTKe M BHEAPEHUU B ITIPOU3BOIACTBO
HOBBIX M3IEIHNI, 000pyIOBaHMS, KOHCTPYKIIMI 1
COOPYXKEHUI Pa3IMYHOrO TUIIA CYILIECTBEHHYIO POJib
WUTpaeT UX KOPPO3MOHHAs CTOMKOCTh. B mocentee
BpeMs JUTS 3alUThI OT KOPPO3HUH MOA3EMHBIX Me-
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[2] TpeOyrOT 6Ge3yCI0BHOIO 00ECIeYeHNSI TOISIPH-
3aLIMOHHOTO 3aIlIMTHOTO MOTEHIIMaa, U3MEPEHHO-
IO OTHOCHUTEIHLHO HACHIIIIEHHOTO METHO-CYIbdaT-
HOTO 2JIEKTPOJa CPaBHEHUST HA BCEM MPOTSKEHUU
3ammTHO 30HBI [IIMC. Tak, HarpuMep, IJIsI CTajlb-
HBIX MTOA3EMHBIX TPYOOTIPOBOJIOB UHTEPBAJI OITY-
CTUMBIX 3HAYCHUI B OOBIIHBIX YCIIOBHSIX KOJIEOIETCSI
ot —0,85 10 —1,15 B [1]. Kak moka3bIBaeT mpakTuKa,
€CIT BOJIM3Y TOUYKHY TPEHUPOBAHUS TTOI3EMHOTO TPY-
0OIpOBOJA 3AIUTHbBINA MOJSIPU3ALIMOHHBIN MOTEH-
IMaJT TOCTIDKMM TIPaKTUIECKH BCETna, TO B KOHIIE
3alMTHOMN 30HBI TPYOONPOBOaA, Ie €ro BeIuYrHa
CHITXAETCS B COOTBETCTBUH C TUTTOBBIMU METOIMKA -
mu pacuera [3] (1o aOCOJIIOTHOU BeJIMYMHE) Ha
0,3 B, obecnieyeHne HamIeXKalleil 3JeKTPOXUMIYE-
CKOM 3aI1IMThI 334aCTyI0 PodeMaTuyHo. O4eBUIHO,
YTO BBISICHEHUE TIPUIMH 3TOTO SIBJICHUS 0ojiee yeM
aKTyaJbHO M MOXKET ObITb COMPSIKEHO C HEOOXOIH -
MOCTBIO Pa3pabOTKN KOHKPETHBIX MEPOTIPUSTHI 1O
obecreyeHUIo HaJiexalleil aHTUKOPPO3MOHHOM
3amuthl [IMC B mpobiaeMHBIX 30HaX. [Ipemtaraemas
CTaThs SIBJISIETCS TIOMBITKOM PelleHUsI 3TO 3a1auu.

Onenka BJMgHAA HA 3amumenHocTs ITMC
B 30HAX ¢ MMHUMAJIbHBIM 3HAYE€HHEM
3AMMTHOTO MOJAPU3ALUOHHOTO MOTEHIINAIA
YIEJIbHOIO 3JIEKTPUYECKOr0 CONPOTHBIIEHHS TPYHTA
U pa3MepoB Ae(heKToB

[Tpou3BeneH TUITOBOM pacyeT 30HBI 3aIIATHI
MOJ3eMHOTO TPyOOINPOBOJA, B COOTBETCTBUMU C KO-
TOPBIM B KOHIIE 3aIIUTHON 30HBI, MAKCUMAJIbHO
yIaJIeHHOI OT TOYKU APEHUPOBAHMS, HAOII01aeTCs
MUHUMAaJIbHOE (110 a0COJIIOTHOI BETMYMHE) 3HaYe-
HUeE 3alIUTHOrO noTeHumana. Kpome Toro, Ha oc-
HOBE aHaJIM3a 3aBUCUMOCTHU MOJISIPU3ALIMOHHOTO
MOTEeHLMAJIA OT Y/IEJIbHOTO 3JIEKTPUUECKOTO COMpPO-
TUBJICHUSI TPYHTA U pa3MepoB AedeKTa MoKa3aHo,
YTO B OTUX 00JACTSIX BO3MOXHO CHUXKEHUE TOJIS-
PU3aLIMOHHOTO 3alIMTHOTO MOTEHIIMaIa HUKE 0-
myctumoro 1o F'OCT 9.602 — 2005 [1].

OcHOBHbI€ IPUHIMIIBI KATOAHOM 3aIIUATHI
OT KOPPO3UH MOI3€MHBIX METAUIMYECKHX
COOPYKEHHi1 U HCXOIHbIE JTAHHbIE [IJISl e pacyeTa

Kartomnas 3ammmTa oT KOppo3uu HAJIOXKEHHBIM
TOKOM (B JajibHelIleM — KaToaHasl 3alluTa, Uin
aJIeKTpoxuMudeckas 3ammura) B ciaydae [IMC uc-
MOJIb3YeTCsl BOCHOBHOM JUISI 3a1LIMThI OT MOYBEHHOM
KOPPO3UM, a TAKKe JJIs1 3alIMThI OT KOPPO3UU, Bbl-
3bIBAEMOU MOCTOSIHHBIMU U TIEPEMEHHBIMU OJTyK-

nmatomuMuy TokamMu. CoBpeMeHHBIE YCTPOMCTBA Ka-
TONHOMW 3allMThl TPEACTABISIOT co0OOM, Kak
IIPaBUJIO, BRITIPSIMUTENIN TIEPEMEHHOTO TOKa, CHAa0-
>KEHHbIE CIIeLIMATbHBIMU OJIOKaMU, 00ECTIeYMBAIOLIN -
MU aBTOMAaTUYECKOE PETYIMPOBAHME JIEKTPHUCCKIX
XapaKTePUCTUK DJIEKTPOXMMUYECKOM 3alUThI (puc. 1).
B xagecTBE OCHOBHOTO TTapaMeTpa, MOIJIeXKAaIIero
PEryJupoBKe, OObIYHO BbIOUPAETCS 2JIEKTPOXUMU-
YeCKUI MOTEHITNAN 3alIAIIIAEMOTO COOPYKEHMS IO
OTHOILIEHHUIO K TPYHTY. [Ipu OTCYTCTBUU OCOOBIX
YCIJIOBUI arpeCCUBHOCTH €0 MOIIEePKIBAIOT B Tpa-
Hunax ot —0,85 no —1,15 B [1]. U3MepeHus1 B 3TOM
cJIy4Jae TIpOBOIST, KaK IIPAaBMIIO, C UCTIOIb30BaHNEM
MEeJHO-CYJIb(aTHBIX 2JIEKTPOAOB CPABHEHUSI.

B cooTrBercTBrm ¢ DIN 30676 [4] HEOOXOAUMBI-
MU MPENNOChUIKAMU IIJISI OCYILECTBICHUST Kaye-
CTBEHHOM 3JIEKTPOXUMMYECKO 3aIIUTHI OT KOPPO-
3UU SIBJISTIOTCSL:

obecTieueHe BRICOKOM IIPOIOITBHOM IPOBOIMO-
CTU TPyOOIMPOBOAOB (OTCYTCTBHE W30JUPYIOIIMX
(man1eB, ycTpaHeHNE B TPYOOIIPOBOIE COSTMHEHMIA
C BBICOKMM 2JIEKTPUYECKUM COTIPOTUBICHUEM U T. I1.);

OTCYTCTBHUE KOHTAKTOB C 3a3eMJICHHBIMU COOPY-
>KEHUSIMHU (3a3eMJISIOIIME YCTPOMCTBA, apMaTypa
XKene300eTOHHBIX (PYyHOAMEHTOB, IPYrue IOA3eM-
HbIE METAUTMYECKHUE COOPYKEHUSI, HE MOoUIexKallne
KaTOTHOM 3aIlINTe U T. I.);

HaJIMyMe KaueCTBEHHOM AMJIEKTPUIECKON U30-
JISIITAM.

1 /2
Cets 220 B /

e

\ |
%1 7 8
CxeMa KaTOJTHOM 3allIUThI:

1 — xaromHas ctaHuus (rpeodpasosareib); 2 — BIP
(6J10K TMOTHO-PE3UCTOPHBIIT); 3 — aHOMbI (KOHTYD
aHOIHOTrO 3a3eMJIeHUs); 4 — KOHTYPHBIN KaOeb;

5 — BJIEKTPO CpaBHEHUST; 6 — BOAOIPOBO; 7 —
TETJIOHOCUTEND; & — TeJeOHHbIe Kadeaun; 9 — CUJIOBbIE
KabeJT1 BBICOKOTO HATIPSIKEHUST
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ByneM cuurtath, 4TO BCe 3TU TpeOOBAHUS BbI-
MOJIHEHBI, U MIPUCTYIIUM K COOCTBEHHO pacueTy oc-
HOBHBIX IapaMEeTPOB KATOTHOM 3aIUThI KaK (DyHK-
LIMM OT U3MEHEHUS YIAEJbHOTO COMPOTUBICHMUS
TPYHTa U pa3MepoB AcdeKTa B KOHIE 3alIUTHOMN
30HBI TpyOONpoBOaa. MI3BECTHO, UTO [I7151 3TOi YacTu
IIMC npu ucronb30BaHUM TUIOBBIX METOAUK pa-
cyeTa IMoJIyJaloTCsl MUHUMaIbHbIe 3HAYeHUs (110
a0COJTIOTHOM BEJIMYMHE) 3aIIUTHOTO MOTEHIIMAJA.

OCHOBHbIE MPUHIWIMBI KATOAHOM 3allIUThI XO-
pOILIO U3YUYEHBI, a e¢ OCOOEHHOCTH, CBI3aHHBIE C
Pa3IMYHBIMU CBOMCTBAMU AUBJIEKTPUISCKOIN M30-
JISIUKA TPyOONpPOBOJA, U3JIOXKEHBI, HAIIPUMED, B
nyonukauuu «OCHOBHbIE TPUHLIUIIBI POSKTUPO-
BaHMSI KATOTHOM 3alIUTHI TTOA3EMHbBIX MEeTaJIJIUE-
CKHMX COOpyxXeHuil» [S5]. s peanu3aliuu mocTaB-
JIECHHOW 1IeJIM BOCIIONb3yeMCS HEKOTOPBIMU
JaHHBIMM, MOJYYEHHBIMU B 3TOil padore. IlycThb
TPYOOIIPOBOA, XapaKTepu3yeTcsl CIACAYIOIINMHU Ta-
paMeTpaMu: yaeJdbHOe COMPOTUBJICHUE MaTepuaia
(cramm) p, paBHO 0,18 - 1075 OM'M; HapyXXHbIii 11-
aMmeTp TpyoornpoBona d = 321 MM; § — TOJIIUHA
CTEHKM TpyOompoBona, s = 6 MM. B cooTBeTcTBUI
CO CITPaBOYHUMKOM [6] yleqbHBII 3aIUTHBII TOK J
B 3TOM CJIyuae, IJj1sI TPyOOIIpOBOIOB, TIPOJIOKEHHBIX
B IPYHTe, M3MeHsIeTcs B rpeaesax or 107> mo 107°A/Mm>2.
ITpumem, 9TO B HallIeM ciiydae OH paBeH 107> ammep
Ha KBaJpaTHBIN METP.

OCHOBBIBAsICh HA 3TUX JAHHBIX U TUIIOBOM Me-
TOAMKE, TIPEACTaBICHHOI, B YACTHOCTHU, B paboTe
[5], paccunTaeM OCHOBHBIE MapaMeTPhl KAaTOIHOMI
3alUTHI pacCCMaTPUBAEMOTO TPYOONPOBOIA [1J151 BbI-
OpaHHON BeJIWYMHBI IUNIOTHOCTH 3aLIUTHOTO TOKA.
Hnsa pacyeTa MPOTEKTOPHOM 3aIUTHI MOKHO MC-
MOJIB30BaTh paboTy «OCHOBHbIE MPUHLIMIIBI IIPO-
€KTUPOBaHUSI MPOTEKTOPHOM 3aIlUThI TTOA3EMHbBIX
METaJUIMYECKIX COOPYKeHUI» [7].

Onpenesenne OCHOBHBIX IAPAMETPOB
KaroaHoii 3amutel [IIMC

OnpeneneHue BeJMUYUHbBI 2L 3allIUTHOIN 30HBI
TpyOompoBoaa OyneM MpOBOAUTH IO TUIIOBOI Me-
TOIMKE IO (popMyJTe, B3SITOM U3 CIipaBOYHMKA [6],
TIPU YCIIOBUH, YTO OMUYECKOE TTaieH1e TTIOTeHIIrA-
Jla B ero 30He 3a1uThl paBHo 0,3 B:

2,4s
-
PsJs
I/, — IIOTHOCTh 3aLIMTHOTO TOKA; P, — YAEIbHOE

COINIPOTHUBJIEHUE CTaJIN; S — TOJIIIMHA CTEHKHU TPY-
OorpoBoa.
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2L = (1)

Pacuet Oynem BecTH ITpy BHIOpAaHHBIX 3HAYEHU -
SIX TJIOTHOCTHM 3aILIUTHOTO TOKA, YAEIbHOTO COMpPO-
TUBJICHUS CTAJIA Y TOJIIIIMHBI CTEHKH TPYOOTIPOBOIA.
[MonyyeHo cnenyolee 3HaUeHUE MPOTSIKEHHOCTU
3aIIUTHOI 30HBI TPYOOITPOBOIA TIPU MCXOTHOM Be-
JIMYMHE «TUIOTHOCTH 3aLLUTHOTO ToKa» j, = 107> A/m™:
2L = 89,443 xm.

[l onpeeieHys BEIMYMHbI 3AIMTHOTO TOKA 1
MOXKHO BOCTIOJIB30BaThCS CICAYIOIEH XOPOIITO W3-
BECTHOM (popMyJI0ii U3 cIpaBOYHUKA [6]:

1,=2ndj L,
rae d — HapyXXHbIi JuaMeTp TpyooInpoBoaa.

Pacuer Oynem BecTH IIpy BHIOpAHHBIX 3HAYEHU -
SIX TJIOTHOCTU 3alllUTHOTO TOKA W APYTUX Mapame-
TPOB, MPeTOKEHHBIX paHee. [loaydeHHOE 3HAUE-
Hue [, cnenyromee: 1, = 0,902 A.

Kak BumHO M3 MpWBeNeHHBIX pe3yJIBTaTOB pa-
cyeTa, BbIOpaHHbIE MJIOTHOCTH 3allIUTHOTO TOKa
Jos A/M?, onpeAeIsiioT IPOTSKEHHOCTD 2L, KM, 30HbI
KaTOJHOM 3allIUThl TPYOOIIPOBOIA U 3aILIUTHBIN TOK
Tpy6orpoBosa /, A. OMHAKO B COOTBETCTBUU C pac-
YeTHbIMU (hOPMYJIaMU KaK 30Ha 3alUThI, TaK U 00-
MW 3aITATHBINA TOK HE 3aBUCST OT YACIBHOTO CO-
NMpoTuBaeHUs rpyHTa. DakTUYECKU, KOHEUHO,
TaKas 3aBUCUMOCTD CYIIIECTBYET, HO OHA «IIPSTIETCS»
B MapaMeTpe «IJIOTHOCTh 3alIMTHOTO Toka». Pac-
CMOTpPHM, KaK 3Ta BEJIMUMHA OTIPEAeIIIeTCS U B -
sIeT HA BO3MOXHOCTD OIpeieIeHUS 3allIUTHOTO 0~
TeHITMaja B KOHIIE 3alIUTHOM 30HBI TPyOOIIpoBOIa
B 3aBUCMMOCTH OT Y/A€JbHOTO COMTPOTUBIEHUS TPYH -
Ta (37EKTPOJIUT) U pa3MePOB Ae(DEKTOB AUIIEKTPH -
YECKOTO MOKPBITUS TPYOOIIPOBOA.

()

OneHka BJIMAHUA HA 3alMTHBIN moTeHumuaa ITMC
B 30H€ C €r0 MMHUMAJIbHBIM 3HAYEHHEM
VAEJbHOTO 3JIEKTPUYECKOr0 CONMPOTHUBIIEHUS TPYHTA
¥ pa3Mepa Je(deKTOB AUIIEKTPUIECKOTO MOKPbITHS

HMcxonHble JaHHBIE U OCHOBHBIE MOJIEJIbHbIE
npencTtapieHusi. [1epBblil 3Tan MPOEKTUPOBAHMS
JII000M 27IEKTPOXUMMUYIECKOM 3aIIUThI — 3TO OIIpe-
JieieHre HEOOXOAMMOI MTOTHOCTH 3alIUTHOTO TOKa
J,- OLIEHNUTD 3HAYEHUE ITOM BEJTMINHBI MOXKHO JIMOO
9KCIMEPUMEHTAIBbHO (TTPU HATUUMU YKE TTOCTPOCH -
Horo [IMC), 1n60 TeopeTndecku (IIpu MPOEKTUPO-
BaHUU HOBOTO MOJI36MHOTO METAJUTMYECKOTO COOPY-
KEHHUSI C UCIOJIb30BaHMEM COOTBETCTBYIOIIUX
HOPMAaTUBHBIX JOKYMEHTOB, HAIIpUMep UHCTPYKIIUU
[8]). OueBuAHO, YTO 3aTpaThl HA JIEKTPOXUMUYE-
CKYIO 3alIUTY OYyIyT CHUXAThCS C YMEHbIIIEHUEM
BEJIMUMHBI 3a1IIUTHOTO TOKa. CHUXKEHUS 3TOTO Ma-
pamMeTpa 100MBalOTCs MPEeXIe BCEro MmyTeM co3ia-
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Hus KagectBeHHOM 3oty [IMC u yctpaneHueM
KOHTAKTOB ITOI36MHOTO METAJUIMYECKOTO COOpYXKe-
HUS C APYTUMU METALUTMIECKUMM COOPYXKEHUSIMH,
comnpuKacalolMucs ¢ rpyHToM. Kpome Toro, mis
TPYyOOTIPOBOIOB YMEHBIIICHUIO 3aTPaT Ha 2JIEKTPO-
XUMUYECKYIO 3alIUTy CIIOCOOCTBYET YBEIMUEHUE UX
MIPOIOILHOI IIpoBOAUMOCTH. OITHAKO BO3MOXKHOCTD
YMEHBIIEHUS] BEJIMYMHBI 3aILIUTHOTO TOKA OTPaHU-
YuBaeTCs TpeOOBaHIEM 0€3yCIIOBHOTO 00eCTICUSHMS
3alIMTHOTO MOTEHLIMAIa Ha TPYOOIIPOBOJIE.

[Ipu 3TOM 3KCTIEpUMEHTATbHOE OIpenecHIe
BEJMYMHBI 3aIIIMTHOTO TOKA BCET1a COMPOBOXIACT-
c M3MepeHNEM TTOISIPU3AIMOHHOTO TTOTEHITNAIa
I[IMC, Ha BeJIMYMHY KOTOPOTO (B COOTBETCTBUM C
€T0 oTIpeeIeHNeM ) OMUYECKOE TTaleHe ITOTEHITH -
ajia B 2JIEKTPOJIUTE HE OKa3bIBAET HUKAKOTO BJIMSI -
Husa. OmHAKO U3MEpeHNe TaHHOTO TTapaMeTpa Bee-
I1a COMPSIXKEHO C HCKIIOYEHUEM OMMYECKOTO
MMageHNs TTOTeHIIMala Ha teeKTe, KOTOpoe KakK pa3
sIBJIsIeTCSl (DyHKIMEH yaeJbHOTO COMPOTUBIICHMUS
TpyHTa, pa3Mepa 1 hopMbI medeKTa, TOIITUHBI IT0-
KpbiTus. [Toxoxas mpobyieMa BO3HUKAET 1 IIPU OCY-
IIEeCTBJICHUN COOCTBEHHO KAaTOMHOW 3allWTHI.
B sToMm ciyyae, mosiarasi COOCTBEHHYIO TTPOBOIM-
MOCTbB IUJIEKTPUIECKOTO TTOKPBITHS KpaitHe Matoi
MO CPaBHEHUIO C MPOBOAUMOCTBIO 1e(EeKTOB (UTO
JIOKA3bIBAETCS, B YaCTHOCTHU, B padore [9]), mis pa-
cyera COMpOTUBICHUS AedeKTa Kpyriaoi ¢popMbl
MOKHO BOCIIOJIB30BAThCS CICAYIOITUMH TUTIOBBIMU
COOTHOILIEHUSIMU U3 CITPAaBOYHUKA [6]:

a) (hOpMYITOiA, OTIpeIeTISTIONICH TTOIIpU3alIMOH-
HO€ CONPOTHUBJIEHUE Rp nedekra,

r

_ )
R,=". 3)

[Ie 7, — YAEIbHOE MOJSPU3aLMOHHOE COMPOTHBIIE-
HUE METaJUIMYECKOl TTOBEPXHOCTH B 30He AcdeKTa
MOKPBITUS (B COOTBETCTBUU CO CIIPABOYHBIMMU TaH-
HBIMU [5] r,= 1 Om-M?; A, M, — 1Io1Iaab aedeKTa
MOKPBITUS;

0) hopMyJIoii, OTIpenesIolIeli COMPOTUBICHUE
R, MOKPBIBHOTO €101, BO3HUKAIOIIETO Ha MOBEPX-
HOCTH MeTaJljla B Ipoliecce paboThl yCTAaHOBKU Ka-
TOOHON 3aIUTHI,

r

R,="“, Z
b=" “

IJie ¥, — YAEIbHOE CONPOTUBJIEHNE MOKPBIBHOTO
CJ1051, BOBHUKAIONIETO MpH JUIUTEJIbHOI paboTe Ta-
KO YCTAaHOBKU;

B) dopmysioii A pacyeTa COIPOTUBIICHUS
rpyHTta R, B nedexre Kpyrioi (popmsi:

p!
R, ="— 5
FED (5)

I7e P — yaeJbHOE COIPOTUBIIEHUE TPYHTA; [ — TOJI-
LIMHA CJI0ST AUBJIEKTPUYECKOIO MOKPHITUS TPpyOO-
IIPOBOJA;

) ¢popMyJIOii IJ1s1 pacueTa COPOTUBIICHUS pac-
TEKaHUS R TPUMEHMTEBHO K Ne(EKTY KPYIIoii

GOpMBI,
Ry=1 (6)
rae a — auaMmeTp aedekra Kpyrjioi (hopmbl.

OueBuaHO, YTO 00Illee CONMpOTUBIeHUE R ne-
(hexTa B 3TOM cilyyae NpeacTaBiIsieT co0oil cyMMmy
MOJISIPU3ALMOHHOIO Rp 1 OMHUYECKOro R, conpo-
TUBJICHUIA:

R=R +R, (7)
7€, B CBOIO OYepeb, R, ONpenensieT OMUIECKOe
najeHue moTeHIrana B AeeKTe 1 MOXKET ObITh pac-
CUMTAHO C UCTIOJIb30BaHUEM COOTHOIICHMUSI

R,=R,+ R, +R. (8)

HeobXoa1mMo OTMETUTD, 4TO CONPOTUBIIEHHE R
ITOKPBIBHOTO CJIOSI, 00pa3yIolIerocst mpu OTHOCH-
TEJbHO JUTUTEIbHOM paboTe YCTAaHOBKM KaTOJHOM
3aIIUTHI, IO OTIPENEICHUIO MaJIO 3aBUCHUT OT yIeIb-
HOTO comnpoTuBJieHUs1 rpyHTa. ClenoBaTelbHO, B
paMKax 3asBJICHHOI TeMBbI CTaTbW €T0 MOXHO He
paccMmaTpuBaTh, MoJjiarasi, YTo CUCTEMa HaXOAUTCSI
B COCTOSIHUAM, KOTNIa, HATTPUMED, IIOKPBIBHOM CIIOM
oTcyTcTBYeT. JlaHHasl CUTyallrsi BO3MOXKHA KaK Mpu
MaJioM BpeMeHHU pabOThl KATOMHOM 3aIIUThI, TaK 1
B KUCJIBIX TPYHTaX, B KOTOPBIX 0Opa3oBaHuE MO-
KPBIBHOTO CJIOST BECbMa 3aTPYIHEHO.

[ns onpeneneHus BAUSIHUSI UBMEHEHUS yIeTb-
HOT'O COTIPOTUBJICHUS IPYHTA B 30HE PACTIOIOKEHUSI
TpyOoMnpoBoAa Ha BEJUUYUHY TOJSIPU3aLIMOHHOTO
3aIIMTHOTO TTOTEHIIMAIa MOXXHO BOCITOJIb30BaThCSI
CJAeAYIOIIMMUA MOJETbHBIMU MTPECTABICHUSIMMU.

ITycth TpyOOIIPOBOI UMEET AUINEKTPUUECKOE,
HaIpuMep MOJUATUIIEHOBOE, TTOKPBITHE TOJIIMHOMN
5 MM (yIeJabHOE COMPOTUBICHUE MOJUITUIIEHA O,
coctaBisieT mopsiaka 10 Om-cm). JlabopaTopHbIe 1
MpaKkTUYEeCKrEe M3MEpEeHUs MoKa3bIBaloT [9], uTo
MPU JUJTUTEJIbHOM HaXOXIEeHUM B TPYHTE yIEIbHOE
CONPOTHUBIICHHE ITOJTUATUIICHA CHUKACTCSI TIPUOITH -
3UTEJIbHO Ha JBA — TPU MOPSIIKA, T. €. COCTaBJISIET
npubausuteasbHo 10 Om - cm. O603HAYMM 3TY Be-
JIMYUHY O .

IlycTh HaYMHAsI C TOUKW APEHUPOBAHUS TOKA Ha
TPYOOINPOBO/IE PABHOMEPHO PACIOIOXKEHBI NedeK-
ThI KPYIJI0i (DOPMBI M OLMHAKOBBIX PA3MEPOB.

109



* HayuHo-TexHunyeckme BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOMO MNOIMTEXHUYECKOTO yHuBepcrTeTa. 4(231)2015

IIycth Iomiaapb Kaxmoro aedexkra CoCTaBIsieT
6,25 cM?, T. €. paBHSIETCS IUIOIIAIMN TaTYUKA ITOTCH-
Lyaaa Mpy U3MEPEHUSIX MOISIPU3aLMOHHOIO I10-
TEHIIMaJla, IPOBOAMMBIX B COOTBETCTBUU C PEKO-
mermamssvu FOCT 9.602 — 2005 [1].

OCHOBBIBAasICh Ha 3TUX UCXOIHBIX ITOJIOXKEHHMSIX,
paccurTaeM OCHOBHBIE IMapaMETPhl KATOAHOM 3a-
IUTBI.

OnpenesieHne 3aBUCAMOCTH 3aHIUTHOTO
NOJIAPH3ANKOHHOIO MOTEHIMAJIA
OT YJIEJILHOTO JJIEKTPUIECKOr0 CONPOTUBJIEHHSI TPYHTA
B 30HaX TPyOonmpoBoaa
¢ MHHUMAJTbHBIM 3aIIUTHBIM NMOTEHIHATIOM

Bhrriiie GpU1a paccurTaHa MpOTSKEHHOCTD 3allNT-
HOI1 30HBI TpyOOoIpoBoaa, paBHas 89,443 kuiome-
TpoB. OUeBUIHO, YTO MPU OTCYTCTBUU Ne(HEKTOB
o0LIee COMPOTUBICHUE U30JSILIMU TUSIEKTPUIECKO-
TO MOKPBITUS TPYOOIIPOBOJA B 3TOM cCjyyae OyAeT
BBIPAXKATHCS ClIeayIoLIel (hopMyIoii:

o
2ndL’

rae [ — ToJaurHa AUBJIEKTPUIECKOro (MoJIu3THIe-
HOBOT'0) MOKPBITUS TPYOOIIpoBoaa; 2md L — ero Iio-
mwaap. [ToagcraBuM B Hee UMCIEHHBIE 3HAUYEHUSI CO-
OTBETCTBYIOIINX BEJIWYWH, PacCUYNTAaHHBIE HAMU
paHee, U TIPOBEJEM BBIUMCIICHMUST; TOTAA TTOTYIUM,
yto R = 5,59 - 10° Om.

[Tonsipu3aMOHHOE COMPOTUBIICHHE AedeKTa R,
OymeT onpenessaTh B 3aBUCUMOCTH OT yAETbHOTO
CONpoTUBIIeHUSs IpyHTAa 10 hopmyie (3). [ToacTaBus
B He€ yKa3aHHBIC HAMU paHee YMCIIEHHbIC 3HAUCHMS
COOTBETCTBYIOLIMUX BEJIUUUH, TTOJTYYUM, YTO MOJISI-
pU3aIMOHHOE COTIPOTUBJICHNE HE 3aBHUCHUT OT CO-
MPOTUBJICHUS TPYHTA, T. €. OCTACTCSI TTOCTOSTHHBIM
TIpY M3MEHEHWH TAHHOTO TTapameTpa (ero 3HaYeHUe B
COOTBETCTBUM C pPACUETOM COCTABUT [IJ151 OTHOTO ieheK-
Ta BIOPAaHHBIX Pa3MEPOB BEJIMYMHY Rp = 1600 Om).
[TonydeHHbIE JaHHBIE BHECEM B Ta0. 1.

Omuyeckoe conpoTuBieHne R, TpyHTa B Ieek-
T€ B 3aBUCHMOCTH OT YIAEJIbHOTO 3JIeKTPUUECKOTO
COITPOTUBIIEHUSI TPYHTA OyIeM PacCUYMTHIBATH ITO
bopmyiie (5), a CONpOTUBIIEHHUE PaCTEKaHUA Ry ne-
(dexra o popmyite (6) — moaCTaBUB B 5TH (HOPMY-
JIbI YMCJICHHBIE 3HAUEHMST COOTBETCTBYIOLIUX BEJIU -
Y1H, yKa3aHHBIe HaMU paHee. [TomydeHHbIe TaHHbIe
BHeceM B TaoJI. 1.

OMuyeckoe majeHue MOoTeHIMaIa B gedeKTe
(R,) Gynem ompenensath no Gopmysie (8), HO yuT,

R,=p, ©)
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YTO IO TIPUHSITBIM HAMM YCIIOBUSIM COTTPOTUBJICHUE
MOKPBIBHOTO CJIOSI, BO3HUKAIOIIETO MPU IJIUTEb-
HO#1 paboTe YCTAHOBKU KATOQHOM 3allUTHI, PABHO
HyJo (R, = 0), T0 ecTb Oyner

R,=R,.+ R, (10)

IMoacrtaBuB B opmynay (10) uucieHHbIe 3Ha-
YEHMST COOTBETCTBYIOIINX BEJTUINH, TIPOBEIEM BbI-
YUCJCHUS] U TIOJYyYEHHbIC JaHHbIE MTOMECTUM B
Tabm. 1.

Pacuyer obuiero conporuBieHus gedekra R,
BKJTIOUAIOIIETO KaK IOJSIPU3alMOHHOE COMPOTHUB-
JieHue nedekra, Tak U ero OMUYECKYI0 COCTaBIISIIO-
1Iy10, OyaeM MpPOu3BOAUTE 110 (popmyrie (7) ¢ yueToM
YHCJIEHHBIX 3HAYeHW COOTBETCTBYIOIIUX BEJIUYH,
MOJIyUeHHBIX HaMU paHee. JlaHHBIEe TaKXKe IoMe-
CTUM B Ta0J. 1.

Pacuer u3mMeHeHus1 NOJISAPUZANMOHHOTO 3AIUTHO-
0 MOTEHIMAJIA KAK (DYHKIIMH YeJIbHOTO CONPOTHBIIE-
HHS TPYHTA B KOHIE 3AIMUTHOI 30HBI TPYOOMpoOBOIA
(TonsIpU3aLIMOHHBIN 3aIIIUTHBIM MOTEHLIUAT B 3TOM
cirydae paBeH —0,85 B mpu n3aMepeHUsIX OTHOCH-
TeJIbHO METHO-CYJIb(haTHOT'O IEKTPOAA CPABHEHSI)
MIPOM3BEIEeM IPU BLIOPAHHBIX HAMU IMapaMeTpax
nedekra. Kpome Toro, Oynem cunTaTh, UTO M3HA-
YaJIbHO YAEJIbHOE DJIEKTPUUECKOE COMPOTUBJICHHE
TpyHTa B pailOHE PacCHOJOXEHMS BCEW 3allUTHOUN
30HBI TPYOOIIPOBOJA CTPEMUTCS K HYJI0. B TO XKe
BpeMsl TIpUMEM, YTO B KOHIIE 30HBI 3allIUThl OHO
momaroBo MeHsieTcss oT Hyst 1o 100 Om M. Bemm-
YyuHa «1ara» coctapiseT 10 Om-M. Paccuntaem ns-
MEHEHUe MOJIIPU3AaLIMOHHOTO MMOTeHIIMAIa KaToI-
HOW 3aluThl, OOYCIOBJIIEHHOE JaHHBIM
00CTOSITEILCTBOM, ISl KOHLIA 30HBI 3aluThl. Kak
usBecTHO [10], st obGecrieueHus MOJSIPU3ALMOH -
HOTO MMOTeH1IMaia TPeOyeTCs 3allUTHBI TOK C TIOTHO-
CTBbIO Ha MeTA/IMYECKOi mosepxHocT j, = 0,3 A/M?,
4yTo B cooTBeTcTBUU ¢ KputepueM NACE [6] oGe-
CcreyrBaeT OJIMHAKOBOE IMaJeHKue TOoTeHIIMala Ha
MOJISIPU3ALMOHHOM ¥ OMUYECKOM COITPOTUBIICHUSIX,
paBHoe —0,3 B. CienoBareibHO, 00Ilee MaacHUE
MoTeHIMAaNa Ha neeKTe B 3TOM Clydae COCTABUT
—0,6 B. OngHako, MOCKOJLKY MBI MIPUHSIIN, YTO
yIeJIbHOE COIPOTUBIIEHUE TPYHTA CTPEMUTCS K
HYJII0, HEOOXOIUMO TaKXe MPUHSTh, UTO B 3TOM
cJydae U OMUUYECKOe COITPOTUBIICHNE IedeKTa OyaeT
CTPEMUTLCS K HYJIIO, a 3TO MOBJIEYET 3a CO0OI pa-
BEHCTBO 00I1Ier0 1 MOJISIPU3allMOHHOIO MOTeHIIMA-
JIoB Ha JedekTe. B cBoto ouepeb, poCcT COMPOTUB-
JIGHUsI TPYHTA 1J1sl BBIOpaHHOM (pOpPMBI U pa3MepoB
nedexTa IpuBeaeT K IepepacipeacaeHIIO 00Iero
MajfeHus MoTeHIMaua Ha neheKkTe, KOTOpbIii paBeH
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—0,3 B Mmexay moasipu3aliliOHHBIMYA 1 OMUY€CKMU
COCTaBJISIOLIUMU JAHHOTO COMPOTUBIeHUs. TakuMm
00pa3oM, C pOCTOM COIMPOTUBJIEHUS TPYHTA Ha e~
(bekTe OymeT HAOIIOAATHCSI MOBBILLIEHUE MOJISIPU3a-
LIMOHHOTO NTOTEeHIIMAjIa (CHIDKEHUE eT0 aOCOTIOTHOM
BEJIMYUHBI), YTO OOYCIIOBJIEHO MOCIeA0BaTEIbHBIM
BKJIIOUECHUEM TTOJISIPU3ALUOHHOIO U1 OMHYECKOIO
COIPOTUBJICHUI B ieheKTe MPU MOCTOSTHCTBE OOIIIe-
ro MOTEHIIMAJIA COOPYXKEHUSI OTHOCUTEILHO TPYHTA
(anexTtpoaur). CiienoBaTeabHO, MOJSPU3aLIMOHHBII
MOTEeHLIMA Up B TOM cJiydyae OyIeT OonpenesThes
CJICAYIOLIUM COOTHOIICHUEM:
Uk, .
P R + RG ’ ( )
i

roe U 3 — VICXOIHBIN MOJISIPU3aLIMOHHBIN TOTEHII -
aJl, paBHbIN B HallleM ciaydae —0,3 B.

IToncraBum B popmyny (11) ykazaHHbIE HAMU
paHee YMCcJIeHHbIE 3HaYeHMS COOTBETCTBYIOIINX Be-
JINYMH W OpoBeleM BbluucieHus. Pe3ynbraT 1mo-
MECTUM B Tab. 1.

ITpousBeaeM TakKe pacueT U3MEHEHUS TOJISI-
PU3ALMOHHOTIO 3alIMTHOTO MOTEHIMAAA, HO JJIs
ciyyasi, Koraa yAeJlbHOe COIMPOTUBJIEHNE TPYHTA B
paiioHe pacroJioXXeHUs TpyOOIpoBoaa UMeeT He-
KOTOPOE MOCTOSTHHOE 3HAYEHHE, OTIIMIHOE OT HYJIS
(M3MEHEHUS yJIeJbHOrO CONPOTUBJICHUS TPYyHTa
MIPOUCXOISIT TOJbKO B KOHIIE 3aIlIMTHOM 30HBI TPY-
6omnpoBoaa). s wuTocTpalid BO3MOXHOTO T10-

BBIIIIEHMST VTV CHUKEHUS 3aIIIMTHOTO TIOTeHITAaIa
1 BOCITPOU3BEICHUST 00Jiee PeaTMCTUYHOIO ClieHa-
pYsI KaTOXHOM 3aIIUTHI BOCITOIB3YeMCS KPUTEPUEM
NACE [6], B COOTBETCTBUM C KOTOPBIM OOIIIee TTa-
JleHWe TIOTeHIINaIa Ha nedeKTe paBHOMEPHO pac-
MpefiesisieTcsl Ha TOJISIPU3alIMOHHOM ¥ OMUYECKOM
COTIPOTUBIICHUSIX. YUUTBIBAS, YTO B 3TOM ClIydae
IJIOTHOCTh MOJIIPU3ALIMOHHOTO TOKa Yepe3 Ae(eKT
J, = 0,3 A/M?, paccunTaeM COOTBETCTBYIOLINIA €My
001U TOK, MPOTEeKAIOIIUI yepe3 nedeKT MpU Bbl-
OpaHHBIX €T0 TeOMEeTpUUeCKUX Mapamerpax. Oue-
BUIIHO, UTO COIJIAaCHO ¢ 3aKoHoM OMa naneHue mno-
TeHLMaNa Ha OMMYECKOM CONMPOTHUBIEHHMU R,
oIpejesieMoe B cOOTBeTCTBUM ¢ hopmyoit (10),
COCTaBUT

0

— UG
- s

1 G
rIe Ug — MCXOJHOE MaAeHUe HATIPSIXKEHUSI HA OMU -
YECKOM COITPOTUBJICHUN Z[C(bCKTa, PaBHOC B HAllIEM

ciyqae 0,3 B, a Ig — HCXOJHAas BeJIMYMHA TOKa,
TeKyIIero yepe3 NedeKT, TPU ero 3alIMTHOM MI0T-
HOCTH Ha TroJIoit rioBepxHocT! MeTamna j, = 0,3 A/m>.

RS (12)

OueBUIHO, YTO Ig MOXKHO PacCUMTATh IO CJEIYIO-
et popmyJe:
0 .
I; =4j,. (13)
IToacTaHoOBKA NPUBEAECHHBIX HAMU paHee 3Ha-
4yeHUi Turomanu A nedekra u IIOTHOCTH TOKA j
MPUBOIUT K BEJIMYMHE 13 =1,875-10"*A, 4dro, B

Ta6muna 1

TexHuuecKre mapamMeTpbl KATOHOM 3aIUTHI TPYOONPOBOA, ONpeiesisseMble MPH PA3JIMYHBIX BEIMYHHAX YAEJbHOTO
3JIEKTPUYECKOTO COMPOTHBIIEHHSI TPYHTA B 30He pacnooxenus [IMC

p,OM M Rp, KOm R, xOm R, xOMm R, xOm R, xOMm Up’o, B Up,,» B
0 1,60 0 0 0 1,600 -0,3 -0,6
10 1,60 0,08 0,177 0,257 1,857 -0,26 -0,52
20 1,60 0,160 0,355 0,515 2,115 -0,23 -0,45
30 1,60 0,240 0,532 0,772 2,372 -0,20 -0,40
40 1,60 0,320 0,709 1,029 2,629 -0,18 -0,37
50 1,60 0,400 0,887 1,287 2,887 -0,17 -0,33
60 1,60 0,480 1,063 1,544 3,144 -0,15 -0,31
70 1,60 0,560 1,240 1,801 3,401 -0,14 -0,28
80 1,60 0,640 1,418 2,038 3,638 -0,13 -0,26
90 1,60 0,720 1,596 2,316 3,916 -0,12 -0,25
100 1,60 0,800 1,773 2,573 4,173 -0,11 -0,23
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Tabnuua 2

N3meHeHue noJisipu3aMOHHOrO MOTEHIMAIA KATOAHOM 3aMThI TPYOONPOBOIA, ONpeeisieMoe IPH Pa3IHIHbIX
BEJMYMHAX JUaMeTpa AedeKTa u30asuun

a-1072 M R, kOm R,, xOm R, kOm R, xOm R, xOMm U.B
2,82 10~ 16000 4981 110 5091 21091 -0,45
2,8210°3 160,0 49,8 11,2 61,0 221,0 -0,43
2,82 1072 1,6 0,498 1,102 1,6 3,2 -0,30
2,82 10! 0,016 0,005 0,110 0,115 0,131 -0,07

CBOIO OYE€pPECAb, ITO3BOJJACT YCTAHOBUTL 3HAYCHUC

BenmuauHbl R = 1600 Om. OcHOBbIBasich Ha (op-
mynax (5), (6) u (10), MOXHO 3amucaTth IS KOH-

KPETHOTO 3HAYCHUS pg YIEIBHOTO CONTPOTUBIICHUS
IrpyHTa B 30HE AedeKTa, KOTOPOe COOTBETCTBYET

R; = Rg , Y BBIOpaHHOI HaMU reoMeTpuu aedekra
clenylollee BblpakeHue:
0
= (14)
7+7
A 2a
[ToncraHoBka B ypaBHeHue (14) yucieHHBIX
3HAYEHUI BEJIUYMH, BXOISIINX B HEroO, MO3BOJIT

OIPEIEINTD, UTO pg = 62,26 Om-M. [Ipumem, uto
paccMaTprBaeMbIil TpyOOTTPOBO OKPYKEH 'PYHTOM
C TaHHBIM 3HAYEHUEM YIeJIbHOTO COIIPOTUBICHNSI,
W IPOCIIeANM 3a U3MEHEHUEM TOJIIPU3ALMOHHOTO
noTeHIIrana Up ¢ TIPU TOLIATOBOM M3MEHEHUU
YIEIbHOTO COMPOTUBICHUS TPYHTA B KOHIIE 3alIUT-
HO 30HBI TpyOoIpoBoAa. PacueT GynemM BeCTH MO
MoJepHU3UpoBaHHOM hopmyie (11) ¢ yueTom BHe-
CEHHBIX U3MEHEHMUIA:

U..R

ein’‘p

U,eo=7—> (11, a)
7 R, +R;

rae U, — moTeHImas TpyoonpoBo/a, BKIHOYAOIINiA
KaK OMMYECKYI0, TaK U MOJSIPU3aLIMOHHYIO COCTaB-
Jsroniue. B Hatem ciryyae 1o ycJoBUSIM 3a1a4H €r0o
BesmuunHa paBHa —0,6 B.

IToacraBum B popmyiy (11, a) ynucieHHbIe 3Ha-
YEHUSI COOTBETCTBYIOIIMX BEJIWUYMH, yKa3aHHbBIE
HaMu paHee, MPOBEAeM BBIYMCICHUS U Pe3yIbTaT
MOMECTUM B Tab1. 1.

Onpenesienre 3aBUCUMOCTH 3aIIMTHOTO MOJISAPH-
3aIMOHHOT0 MOTEHIMAA OT pa3mMepoB jJed)eKToB No-
KpBITHS B 30HAX TPYOONPOBOJA ¢ MUHMMAJIbHBIM 32-
HIMTHBIM mNoOTeHuagoM. PacueT wu3sMeHeHUs
MOJIIPU3ALMOHHOTO 3alllMTHOTO TMOTEHIMala B
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KOHIIE 3allIMTHOM 30HBI KaK (PYHKIIUU pa3sMepoB
nedekTa (Moasspu3aliMOHHbIN 3alUTHBIN TOTeHLIU-
aJl B 3ToM ciydae paBeH —0,85 B npu uzmepeHusix
OTHOCUTEJIbHO MEIHO-CYIb(haTHOIO 3JIEKTPoaa
CcpaBHeHUs) OyneM MPOU3BOAUTH MPU HEKOTOPOM
cpeHeM 3HaYeHUH YIEIbHOTO COITPOTHBIICHUS TPYH-
ta. [Ipumem, KaK 1 paHee, 4TO YIeTbHOE COITPOTHB-
JIEHUWe TPyHTa B paiioHe aedekrta p = 62,26 OM'M. 1
MpocaeauM 32 U3MEHEHHMEM IOJISIPU3aLMOHHOTO
MoTeHLMaa TpyoorpoBoaa Mpu M3MEHEHUH aua-
MeTpa a aedekTa Kpyrioi popmsl. J1ist aTOro Boc-
rmoJib3yeMcst cooTHoreHusmu (3), (5), (6), (10) u
(11, a@). IToncraBum B cooTHoleHue (11, @) uncieH-
Hbl€ 3HaYEHUsI BXOJSIIMX B HErO BEJIMUMH, YIUThI-
Basi U3MEHeHMe JuaMeTpa nedeKTa, a moJyyeHHbIe
pe3yJbTaThl, B TOM YKCJIE U TTOISIPU3aLIMOHHBIH T10-
TeHLMAJ Up > TIPEICTaBUM B TabnMuHO (popme
(Tabn. 2).

O0cyxeHne pe3yJabTaToB U BbIBOIbI

AHaJIu3 IByX HUXHUX CTPOK TabJ1. | moKa3biBa-
€T yCTOMYMBYIO TEH/ICHIIMIO K YMEHBILIEHUIO 110 a0-
COJIIOTHOM BeJIMUMHE MOJIIPU3ALIMOHHOIO IMOTEH-
yajga Tpu 3aliuTe MOA3eMHBIX (MOABOMIHBIX)
TPyOOIIPOBOAOB C POCTOM YAEJIBHOTO CONIPOTUBIIE-
HUS rpyHTa (3JIEKTPOJIUTA) OTHOCUTEIBHO €T0 CPe/l-
HUX 3HAYEHUI1 B 30HE PACIIOIOXKEHUSI TPYOOITPOBO-
na. boiee Toro, cormnocraBiaeHue ABYX MOCAESAHUX
CTPOK ITOKA3bIBAET, UTO JaHHASI TEHACHLIUS Hau-
OoJiee IpKO BhIpaxKeHa TPy MaJIbIX 3HAUEHUSIX Cpe/l-
HETO YAEJbHOTO 3JIEKTPUYECKOTO COMPOTUBIICHMUS
IPYHTa B 30HE 3alIUThI TpyOOompoBoaa. OueBUIHO,
YTO HAMOOJIBIIIYIO OMIACHOCTh JAHHOE SIBJICHUE TTPEI-
CTaBJISIET B 30HAX C MUHUMAJIbHBIM 3HaUEHUEM 3a-
mTHoro noreHuuana [IMC.

B 10 ke BpeMs1 JaHHbIe HUXKHEN CTpOKHU Tao1. 2
JIEMOHCTUPYIOT YCTOMUMBYIO TEHACHIIUIO YMEHbIIIE-
HUSI 10 aOCOIFOTHOM BeJIMUMHE TTOJISIPU3aIMOHHO-
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ro MOTEHIIMAJIa IIPU 3allUTe MOA3eMHbBIX (TTOABOI-
HBIX) TpPyOONPOBOJAOB MpPU POCTE pa3MepoB
Jedexra, 9To MOXKET IPUBECTH K HETOITYCTUMO HM3-
KVMM BeJIMYMHAM ITOTEHLIMAA.

OueBUIHO, YTO COBITAACHUE 3TUX OBYX (haKTO-
pOB YrpoxaeT CYIIECTBEHHBIMM HapylIeHUSIMU
(PYHKIIMOHMPOBAHUS KATOJHOM 3aIIUThI. DTO Tpe-
OyeT pa3pabOTKM KOMIUIEKCA MEPONPUSITUI 10
MPeIOTBPALLICHUIO JAHHBIX HETaTUBHBIX SIBIICHUIA.
Cpeny 3TUX MEPONPUSITHIA MOKHO BBIICIUTD CJie-
JyIoIIe:

MOCTOSTHHBII MOHUTOPMHI COCTOSIHUS U30JIs-
muu [IMC kaxk B mpoluecce CTpOUTEIbCTBA, TAK U B
MPOLIECCE UX IKCILTyaTallMK C yAeJIeHUEM 0C000Tr0o
BHUMAaHMSI 30HAM C ITOBBIIIIEHHBIM YIEIbHBIM 3JICK-
TPUYECKUM CONIPOTUBJIEHMEM I'PYHTA Y IPOBEICHNE
He3aMeIMTEJIbHBIX PEMOHTHBIX paboT B ciydyae
OOHapyXeHUs 1e(PEKTOB U30JISILINN;

BBIOOp pACITOJIOKEHUSI TOYKU IPEHUPOBAHUS
3alIUTHOTO TOKa B TPyOOIpOBOI (P HAJIMUMU Ta-
KOl BO3MOXXHOCTH) B 30HAX C IOBBIIIEHHBIM YIEJb-
HBIM COIIPOTHUBJIEHMEM IPyHTa U IOHMKEHHBLIM
Ka4yeCTBOM U3OJISILIIN;

COKpallleHNe 3alllMTHONW 30HBI TPYOOIIPOBOIA
(TTpu HajUTEeKaleM SKOHOMMUECKOM 0OOCHOBAHUM )
C 1IEJTBI0 TIOBBIIICHUS 110 aOCONIOTHON BETUYMHE
MOJIIPU3ALMOHHOTO 3alIUTHOTO MOTEHIIMAaJa B 30-
Hax ¢ €0 MUHUMAaJIbHBIM PaCYeTHBIM 3HAUCHUEM.

BoiBoapl

PaccmotpeHo BaMsIHUE YAEIBHOTO COMPOTHUB-
JICHUSI TPYHTa U pa3MepoB JedeKTa B 30He MUHU-
MaJIbHBIX 3HAUEHMI 3allIUTHOTO IMOTEHLIMANA TPY-
OoIpoBOAa Ha 3aIIUILEHHOCTh €r0 OT KOPPO3UU B
coorBetcTBry ¢ TpedoBanussmu [OCT 9.602 — 2005.

[Toka3zaHO, YTO C POCTOM YIEJIbHOTO 3JICKTPU-
YECKOTO COIMPOTUBJIEHUSI TPYHTA U pa3MepoB aedek-
TOB HAOJII0JAETCs YCTOMYMBAsI TEHACHIINS K CHIKE -
HUIO TIOJISIPU3ALIMOHHOTO 3alIUTHOTO MMOTEHIIMANA
I[TMC.

OTtmeueHo, YTO HauOOJIBIIYIO OITACHOCTh 3TO
SIBJICHIE MEET B 30HAX C MUHUMAaJIbHBIM 3HAYeHU -
€M 3alIUTHOTO MOJISIPU3ALIMOHHOTO TTOTeHIIMAIA.

[TpenioxkeH KOMIUIEKC MEpOIIPUSITAI, CHIKA -
IOLIMHA MOTEHLIMAJIbHBIE PUCKW HEHAJIEKAIEH Ka-
TomgHoM 3amuTel [IMC.
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O NOBbILUEHUU PECYPCA
BYMAXXHO-NMPONMUTAHHOM U30JIALLIUU CUJTIOBbIX TPAHC®OPMATOPOB

N.M. Zhuravleva, D.V. Kiesewetter, A.S. Reznik, E.G. Smirnova

ON INCREASING THE OPERATIONAL LIFE
OF PAPER-IMPREGNATED INSULATION OF POWER TRANSFORMERS

HaHo 00OCHOBaHME M DKCIIEPUMEHTAIBHO MTOATBEPKAEHA HEOOXOAMMOCTb YCOBEPIIEHCTBOBAHMS
METOJOB TEKYILErOo KOHTPOJISI COCTOSTHUSI 6a30BOrO BUIa BBICOKOBOJBTHOM M3OJISIIIUKA CUJIOBBIX
TpaHC(hOPMATOPOB, a TaKXKe MCCAeIOBAaHA BO3MOXHOCTbH ITOBBIIICHUS 3JICKTPOGU3NIECKUX
XapaKTepUCTUK U 3aMe/UIEHUs] MPOLECCOB NECTPYKLMU KOMIOHEHTOB OYMaXKHO-NPOMUTAHHOMN
KOMITO3MIIMH IIyTeM MOAU(MUKALIUY AUAJICKTPUIECKOM OyMaru 0akTeprualbHOM LEJUTIOI0301 C LEIbIO
YBEJMYEHUSI CPOKa CITYKObI 2TO 30Js11MU. [ToKazaHo, UTO CTPyKTYpUPOBaHUE PACTUTEILHON OCHOBBI
LIEJUTIOJIO3HOTO AMAJIEKTPUKA OMOIIOIMMEPOM O3BOJISIET ITOBBICUTD 2JIEKTPUYECKYIO M MEXAHIIECKYIO
MPOYHOCTh OyMaru, CriocOOCTBYET MOBBIIICHUIO HarPEBOCTOMKOCTA KOMITOHEHTOB U3OJISIIMU. DTO
MOATBEPKICHO Pe3yJIbTaTaMK OLIEHKH IIapaMEeTPOB BOJIOKHA K MUKPOGhOTOrpadusIMi KOMITOHEHTOB
M30JISIIIUY JI0 M TIOCTIe CTapeHMSI.

CHUJIOBBIE TPAHC®OPMATOPbBI; BYMAXKHO-MACJISAHASI U30JIALNA; IJITAM; BAKTEPUAJIbHA LIEJT-

JIIOJIO3A; MOAUPUKALMA; DTEKTPOOU3IUYECKUE CBOMCTBA; TEPMOYCTOMYMUBOCTH KOMIIO-
HEHTOB.

The substantially and experimentally confirmed the need to improve methods of monitoring the state of
the base type of high-voltage insulation of power transformers (PT), and explored the possibility of
increasing the electrical characteristics and slowing the destruction of the components of paper-
impregnated composition by modifying the dielectric paper by bacterial cellulose in order to increase the
life of the PT insulation. It is shown that structuring of plant-base of cellulose dielectric by biopolymer
can improve the electrical and mechanical strength of the paper, enhances heat resistance of insulations
components. These results are confirmed by evaluation of fibers parameters and insulation components
microphotographs before and after aging.

POWER TRANSFORMERS; PAPER-OIL INSULATION; SLUDGE; BACTERIAL CELLULOSE; MODIFICATION;
ELECTRICAL PROPERTIES; THERMALLY STABLE COMPONENTS.

Beenenue ciyx0b1 Kaxxgoro CT ompenesnsieTcsas HE CTOIBKO
BPEMEHEM, CKOJIbKO PEXKMUMOM €0 dKCIUTyaTalluu,
KOTOPBI B HEOOXOAMMOM CTeTIeHU (/151 TOJTyYeH s
JTOCTOBEPHOTO IMPOTHO3a pa00TOCITIOCOOHOCTU SHEP-
TeTUYECKOTO YCTPOIicTBa) HempeackasyeM [1]. B To
K€ BPEMS aHAJIU3 PE3YJIBTATOB OOCYXXIIEHUS yKa3aH-
HOTO BOIpOca CrielMaIuCTaMU pa3JIMuHOrO YPOBHSI,
BKJTIOUad 3akitoueHus McenenoBareabckoro Komu-
teta A2 «IpancdopMaTopsl» MexkayHapoIHOTO CO-

IIpobnema GeciepeOOMHOro CHAOXKEHMST DJICK-
TpO3HEprueii moTpeduTeNeii TeCHBIM 00pa30M CBSI-
3aHa CO CTAaOMJIBHOM pabOTOM CUIOBBIX TpaHChOP-
maTopoB (CT), oTka3 KOTOPHIX YpeBaT HE TOJbKO
OITACHBIMU U KpaliHe HeKeJIaTeIbHBIMU OTKJTIOUE-
HUSMM, HO 3a4aCTy0 COMIPOBOXKIAETCS TEXHOI'CH-
HBIMA MHIUJIEHTAaMU U IoxapaMu. I[lpakTukoii
MHOTOKPATHO IMOATBEPKACH TOT (PaKT, 4TO CPOK
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BeTa 0 OOJIBIITNM 3IEKTPUICCKUM CHCTeMaM BBbI-
cokoro Hanpspkenus (CUI'PD) [1-3], mo3BossieT
yTBEepXKIaTh, YTO OCHOBHAs IMPUYMHA OTKa30B
CT — o10 cTapeHue OyMaxKHO-MPONMUTAHHON M30-
msuun (BITW), kotopas B cuimoBoM TpaHchopmMa-
TOPOCTPOCHUU OCTaeTCsl 0Aa30BOI U HA CETOAHSIIII-
HUW OeHb He MMeeT KOHKYPEHTOCIIOCOOHBIX
aHasioroB. CienoBatejbHO, COBEPIIEHCTBOBAHUE
3IEKTPOPU3NIECKIX XapaKTePUCTUK KOMITOHEHTOB
JIVDJEKTPUUECKON CUCTEMbI U TTIOUCK ITyTel yBEeIM-
yeHus1 pecypca bIIW npencrapisieT coOoii IIpakTu-
YECKH TOJIE3HYIO, aKTyalbHYIO 3aJauy U B LIeJIOM
SIBJISIETCSI OMHUM M3 HEOOXOIMMBIX 3JIEMEHTOB T10-
BBILIEHUS HAZC)KHOCTU (DYHKIIMOHUPOBAHUS SHEP-
TOCHCTEM.

Ilesib paboThI — HA OCHOBE KCIIEPUMEHTATbHBIX
HCCIIeIOBaHNI HOBBIX BUIOB MOIM(PUIIMPOBAHHBIX
LIEJUTIOJIO3HBIX TU2JIEKTPUKOB MMOKAa3aTh BO3MOX-
HOCTB MOBBIIIIEHUS pabOTOCIIOCOOHOCTH U pecypca
KOMITOHEHTOB OYyMaXKHO-TPOMUTAHHON U30ISLINU
CUJIOBBIX TpaHC(POPMAaTOPOB.

O0ocHOBaHKME BHIOOPA MeP, HANPABJIEHHBIX
HA NOBbIIIIeHNEe PA0OTOCIOCOOHOCTH
OyMaKHO-TIPONUTAHHOM U30JISIIUI
CIJIOBBIX TpaHcgopmaTopos

B npouecce skcruyaraiuu CT aiaeKTpou3ossi-
muoHHas oymara (9D B) u TpanchopmaTopHOE Mac-
Jo (TM) moaBepraroTcss MHOTO(AaKTOPHOMY BO3-
NEeUCTBUIO, WHULMUPYIOLIEMY AECTPYKTUBHBIE
nporecchl (B YaCTHOCTU, TEPMOOKUCIUTEIbHbIE),
HeoOpaTUMbIe TTOCENCTBUS KOTOPBIX MPOSIBIISIIOT-
csl, B TIEPBYIO o4Yepelib, B BUAEC 00pa3oBaHUSI ITPO-
JIYKTOB CTapeHUs XUIKOCTU, aKTUBU3UPYIOLIUX
JanbHelee pa3pyleHre KOMIIOHEHTOB U30JISILIVU.
Kak cnencrsue, NpoUCXOAUT CHUXKEHWE TUIJIEK-
TPUUECKUX XapaKTepUCTUK Mmacia [4, 5]. B yacr-
HOCTH, UMEET MECTO POCT TaHTE€HCA yIjia AUdJIeK-
TPUUYECKUX MOTEPb XKUAKOTO IUBIEKTPUKA (TO €CTh
HaOJII0aeTCs HeTaTUBHOE M3MEHEHUE OJHOro U3
OCHOBHBIX KOHTPOJIMUPYEMbIX TAPAMETPOB MPU AUA-
rHoctuke coctossHus BIT). IToctenenHo u3 ¢ppar-
MEHTOB LIEJUTIOJIO3HBIX BOJIOKOH, TPOAYKTOB CTape-
HUSI, MEXaHWYEeCKUX TpUMecell M psaa WHbIX
KoMmnoHeHTOB B TM dopmupyeTcs 1uiam, ocaxmie-
HHE KOTOPOIro Ha KOHCTPYKTHMBHBIX 3JI€MEHTaxX U
U30JISILUU TpaHCchOopMaTopa BeeT K OITaCHOMY Po-
CTy 2JIEKTPOIIPOBOAHOCTHU ITocnenHei [5]. Heodxo-
JMa CBOEBPEMEHHas 3aMeHa MacJja, KoTopasl Uc-
MOJIb3YeTCs B KauecTBe IPEBEHTUBHOU MeEpHI,
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noBblaonieii padborocrnocodoHocts bITH. Ilepuo-
MUYECKUI KOHTPOJIb XapaKTepucTuk nzosuuu CT
BKJTIOYAET B ce0sI OLICHKY ITPEMMYIIIECTBEHHO 3JIeK-
TPOPU3MYECKUX U XUMUUYECKUX XapaKTePUCTUK
KUAKOCTH [6, 7], B TOM uncIie 00s13aTelIbHOE OIpe-
JleJieHre TaHTeHca yIla AU2JEeKTPUUECKUX MTOTepPhb
(tgd), 3HAaUEeHNE KOTOPOTro HE JOJLKHO MPEBLIIIAThH
KPUTEPUATbHBIX MpeaesoB. OQHaKO MO CyIIECTBY-
IOIIMM HOPMAaTHUBaM TMarHOCTHKA IIPOBOIUTCS T0-
craToyHoO peako [8]. I[TosaToMy BITOJIHE BEpOSITHA
CHTyanmsI, Koraa odepeaHoit oroop TpaHcdopMma-
TOPHOTO MacJia OyaeT MPOU3BEAEH Moce KoaryJs-
MY ¥ BBIMAACHUS B OCAOK MEJIKOIUCIIEPCHBIX
YaCTUII IIJIaMa, YTO MOXKET HeraTUBHO CKa3aThCs Ha
MIOCTOBEPHOCTH PE3yJIBTaTOB MCCIIeTOBAHUS KOH-
TPOJIbHBIX TIPOO KUAKOCTU (B YACTHOCTH, MOXET
MIPUBECTH K ITOJTYICHUIO 3aHIKEHHBIX 3HAYCHMI ee
tgd) [9]. [laHHBIi1 Te31C MOATBEPKAAIOT U PE3yJIbTa-
THl HAIIUX UCITBITaHUM. BBIIM ompenenaeHsl (co-
mracHo 'OCT 6581—75 ripu oMo aBTOMAaTU3H -
poBanHoli yctaHoBKU «TAHTEHC-3M» npu
temnepatype 90 °C u yactore 50 Ii1) 3HaueHus tgd
TpeXx 00pa3IoB TpaHC(POPMATOPHOTO Macia MapKu
I'K. O™ Beauunnbl coctaBuaun: 0,15 % mna TM,
npegHazHaueHHoro g 3aauBku B CT, 100 % s
TM, cauToro u3 nelcTByOINIETo TpaHchopMaTopa,
u 5 % nns npenpiayiieii mpoosl TM mocie oTcTan-
BaHUs LIJIaMa, KOTOPOe Ha0JI01a10Ch BU3YaIbHO.
ITostomy mist 23(pHEKTUBHOTO BBISIBICHUS KPUTH-
YECKOTO COCTOSIHUS KUAKOTO TUAJIEKTPUKA HE00-
XOIUM HEeTIpePBIBHBII MOHUTOPHHT IIIJTAMO0OPa30-
BaHUS MPU TMOMOIIM BOJOKOHHO-ONTUYECKON
TexHuku [9—11]. OnTuyeckure MeToabl KOHTPOJIsI
MOTYT ObITh MOJIE3HbI U JJI51 pACILIUPEHUSI TPENCTaB-
JIEHUiT 0 cTereHn ouncTK TM B Xome ero pereHe-
palyu C LEJIbI0 MOCIeayIoNero (MoBTOPHOI0) 1c-
nosub3oBaHus [12].

'YKazaHHbIE MEPbI MOTYT CITIOCOOCTBOBATH Ipe-
TMOTBPAIIEHHIO 9KCIIECCOB, O0YCIIOBICHHBIX HEKOH-
JMUIIMOHHBIM COCTOsSIHMEM Maciyia. OgHaKo pecypc
OymakHo-mpormTanHoi n3ossuuu CT BIiojiHe 3a-
KOHOMEPHO OIpeaessieTcsl COCTOSIHUEeM Oymaru,
3aMeHa KOTOpOoif HeBO3MOXHa. B mporiecce akc-
TTyaTalu AudJeKTpuieckue xapakrepuctuku LI b
MMpaKTUIeCKH He U3MEHSIOTCA. B To e Bpems Me-
XaHWYecKasl MPOYHOCTh MaTepuaa, oTJInJalolie-
rocsl HU3KOM HarpeBOCTOMKOCTBIO, TTAlaeT IT0 Mepe
CHUXKEHUS CpeiHel CTerneH! MoIuMepu3aliuyg Ma-
KPOMOJIEKYJI IIEJITIONO3HI (BCIEACTBUE TEPMOOKHC-
JIUTEJIbHON AECTPYKIIMU MPUPOTHOTO MOJIMMepa)
[13, 14]. UHBIMM cTTOBaMU, IIPOUCXOINT ITOCTETICH -
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HOE, OTHOCUTEJILHO MeJJIECHHOE CTapeHue 1 (pu3u-
yeckoe paspyuieHue DMB, koropoe ycunuBaeTcs
MeXaHN4YEeCKUMM HAarpy3KaMU MPU ABMKEHUM IIPO-
BOJIHUKOB B pexxuMe KopoTkoro 3ambikaHusi CT.
VYKazaHHbIe BO3ICUCTBUSI OCOOEHHO OMACHBI IIPU
HaJW4YUU B TBEPAOW M3OJSILMU MECT JIOKAIbHOTO
reperpena, Tak Kak poCT TEMIIEPaTyphl CYLIECTBEH-
HO YBEJIMUUBAET CKOPOCTD AECTPYKLUU LEJTI0JIO3-
HOTO MaTepuaJa.

BriosiHe oueBMOHO, UTO AJISI PEelLIeHUs 3ada4uun
yBeJm4yeHusI cpoka ciyk0b1 BITW cunoBbix TpaHC-
(bopmaTOpOB HEOOXOIUM KaK HENTPEPhIBHBII MOHU -
TOPUHT COCTOSIHUSI KUJIKOTO TU3JIEKTPUKA B IIPO-
ecce OKcIayaTaluu, obOecneuynBaOIIUI
OINTUMU3ALINIO CPOKOB 3aMEHBI MACJia, TaAK U TTIOUCK
3¢ (PEeKTUBHBIX MEp, HAMIPABICHHbBIX HA 3aMelJICHUE
TepPMOCTapEHNSI KOMIIOHEHTOB M30siuu. [Tocien-
Hee, Ha Halll B3LJISIA, MOXET ObITh TOCTUTHYTO UC-
noab3oBaHueM B BIIW 31eXTpoun30asMOHHBIX
BUAOB OyMaru HOBOTO TOKOJICHUSI, paCTUTEJIbHas
OCHOBA KOTOPBIX MOAUMPHUIIMPOBAHA LIEJUTIOI030M
Ouonornueckoro npoucxoxaeHus [15]. dns pac-
LINPEHUS TIPEACTABICHUIA O 1eJIeCO00Pa3HOCTU U
3¢ GEKTUBHOCTU TAKOTO MOAX0Aa ObLIN MPOBEAEHbBI
HCCIIeIOBAHMS SJIEKTPOMPU3NUECKUX XapaKTEPUCTUK
M HarpeBOCTOMKOCTU KOMIIOHEHTOB OIBITHOI OYy-
MAaKHO-IIPOITUTAHHON KOMITO3ULIMY HA OCHOBE MO-
JU(ULIMPOBAHHBIX LIEJTIOJO3HBIX AUBJEKTPUKOB,
MPOMUTAHHBIX TPAHC(HOPMATOPHBIM MACIOM.

O0beKT 1 METObI HCCJICA0BAHUS

O1neHka BO3MOXHOCTU yBEJIMUEHUS pecypca
komrioHeHTOB BITH npoBonuiack Ha OCHOBE 3J1EK-
TPUUYECKUX, MEXAHUUYECKUX, ONTUYECKHUX, a TAKXKE
MUKPOCKOITMUECKUX METOAO0B UCCIICTOBAHUS OTIbIT-
HBIX 00pa3loB 2JIEKTPOU3OISIIIMOHHON OymMaru B
HMCXOIHOM COCTOSIHMU U B TIPOLIECCE YCKOPEHHOTO
tepmocTtapeHus (mpu temneparype 140 °C B KoH-
TaKTe C ME/IbI0 — KaTaIu3aTOPOM Ipoliecca 1eCTPyK-
1IMM1) KaK IIpY CBOOOJHOM IOCTYIIe BO3ayXa, TaK U
B cpene TpaHcpopMaTopHoro macjia mapku I'K.
Onpenensiuch UBMEHEHMS TapaMeTPOB LEJUTION03-
HOTO BOJIOKHA, a TAKXKE UCCIeA0BaINCh 3aBUCUMO-
CTU KPaTKOBPEMEHHOM 3JIEKTPUUECKOU ITPOYHOCTHU
OUb u npeneyia MexaHM4YECKOM ITPOYHOCTHY Ha pa3-
pPBIB OT BpeMeHU TepMmocTtapeHusi. CopOLrmoHHas
CIOCOOHOCTh U MOP(MOJOTUIECKUE UBMEHEHMUS LIE-
JIIOJIO3HOTO MaTepualia OLIEHUBAJIMCh ONTUYECKUMU
METOJaMM ¢ MCIMOJIb30BaHWEM LIM(PPOBOI KamMephl
CELESTRON (Digital microscope image), B pe-

3yJIbTaTe Yero ObLI MOJYYEH Psii MUKPOCHUMKOB,
MO3BOJIMBLIUX JOTIOJIHUTB MOJTyUYE€HHbIE Pe3YIbTaThl
U UX aHanu3 poTopakTaMu.

B kauecTBe 00BEKTa MCCIEIOBAaHUST BHIOPAHBI
00pa31Ibl OMbITHOM 3JIEKTPOU3O0JIILIMOHHOMN Oymaru,
MMOJIOTHO KOTOPOi ObLI0 C(DOPMUPOBAHO IBYMSI B -
JlaMU LIeJITI0JI03bl: TPAAULIMOHHOM 3J1€KTPOU30JIsI-
LIMOHHOM U3 APEeBECHUHBI COCHBI CYJIb(haTHOMN BapKu
(B manpHeimemM PLI — pacTuTenbHas 1esi0103a) u
baktepuanpHoit (BLl), cuHTe3upyemoii B Bule
HaHO-TeJb-TIeHKM OakTepusimu Gluconacetobacter
xylinus Ha cybcTpaTax, coaepXallnuxX UCTOUYHUKU
yrjiaepoja, a3oTa, BATAMUHOB U Boay. VIHbIMU cJlo-
BaMu, LieJITI0JI03Hast ocHoBa Db cocTosinia u3 Bo-
JIOKOH, HE MPOCTO XapaKTepU3YIOLIUXCS CPOJACTBOM,
a SIBJISTIOLIMXCS XUMUYECKU UACHTUUHBIMUA KOMITO-
HEHTaMU Pa3IUYHOTO MPUPOJAHOIO MPOUCXOXIE-
Hust. OgHako BII otnuuaercsa ot PLI BhIcOKOI
CTPYKTYPHOM YIOPsIIOYEHHOCThIO (UTO obecrneyu-
BaeT TOHYAMNIIYIO MOPUCTOCTh), XUMUUECKOUN Uu-
CTOTOM, 00Jiee BBICOKOW CTEINEeHbIO KPUCTATINY-
HOCTHU ¥ MEXaHUYECKOI MPOYHOCTHIO.

HcnbiThIBaIMCH OOpa31bl 3J€KTPOU3O0JISILIMOH -
HO#1 Oymaru (M3roToBJIeHHBIC B Jabopatopuu Jle-
COTEXHWYECKOTO0 YHUBEPCUTETA) CJIETYIOIIETO CO-
cTaBa:

Ne 1 — 100 % BLI;

Ne 2 — 100 % PLI (TTpoMBIIIIZIEHHOE TTPON3BO/I -
CTBO, MPOTOTHII);

Ne3—-90% PLL+ 10 % BLI.

IToMumo 3TOrO, paccMaTpUBAINUCh OJHOCTOMN -
HbIE JIA0OPATOPHbIC OTJIMBKMU 1IEJUTIOJIO3HOTO JH-
aJiekTpuKa (oinyarouecs ot Db nosbilieHHOM
PBIXJIOCTHIO MOJIOTHA), MOAU(PUIIUPOBAHHbBIE MU-
KpoKpHUcTaImaeckoi nemnono3on (MKII) — mpo-
JIYKTOM XUMUUecKoii aectpykuuu L (B HateM ciy-
yae — PI m BII), xoTopriii XxapakTepu3yeTcs
BBICOKMM COAEPXKaHUEM YIopsinouyeHHO yactu Ll
¢ Kpucrajuiorpachuueckoit opueHTalmein MaKpoMo-
JIEKYJ1, a UMEHHO:

Ne 4 — 100 % P11, (mpototum);

Noe 5—-97 % P + 3 % MK us P1I;

Ne 6 —97 % P11 + 3 % MK u3 B1I.

CpaBHuTeIbHASA OLIEHKA KPATKOBPEMEHHOI
3JieKTpryecKoii mpouHoctu DUB

Ha puc. 1 npencraBieHbl (OyHKIIMA HOPMaJib-
HOTO pacrpeaeeHusT KpaTKOBPEMEHHOM 3IeKTpH -
YeCKOil MpOYHOCTHU (Enp) HUCCeayeMbIX 00pa3loB
Oymaru B MICXOITHOM COCTOSTHUM, TIOTyYEHHBIE ITyTEM
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Puc. 1. ®yHKIIMU HOPMAJILHOTO pacipene/IeHUsI KpaTKOBPEMEHHOM 3JIeKTPUIECKOM
IIPOYHOCTH OIBITHBIX BUIOB LIEJUIIOJIO3HBIX IUAJIEKTPUKOB B MICXOIHOM COCTOSIHUN

WCTIBITAaHWI TTepeMEeHHBIM HaIIPSDKEHMEM ITPOMBIIII -
JICHHOM YacTOThl B CHUCTEMeE 3JEKTPOIOB «Iap
(@ 6 MM) — m1OCKOCTH (@ 20 MM)».

BuaHo, uTo Hanbosee BEICOKO IeKTPUUECKOM
MPOYHOCTHIO BHITOTHO OTIMYaeTcs Oymara u3 b1l
Ne1—E  =29,7kB/MM), KoTOpas CyIIeCTBEH-
HO ITPEBOCXOAUT MPOMBILILIEHHbIN oOpaset D b tpa-
JUITMOHHOTO McTioMHeHMs (Ne 2 — E, .= 9,1 kB/Mm).
JanHbIi 2 GEKT, 1o-BUIUMOMY, CBSI3aH C BBICOKOM
TUTOTHOCTBIO YITAKOBKHU BHICOKOOPUEHTUPOBAHHBIX
MaKpOMOJIEKY/I M ToHUYaliimx BoysokoH BbII B mo-
JIOTHE MaTepuaa.

Komnoszut uz PL 1 BLI (Ne3 — Enpcp =13,8xB/MMm)
TakxKe MoKasajl MPeBOCXOACTBO IO DJIEKTPUUECKOM
MPOYHOCTU Haj TpoToTUIIoM (N22), uTo, 1o Halle-
MY MHEHHIO, OOYCJIOBJIEHO CTPYKTYypHUpYIOIIei
(yHKIIMEl GMomonMMepa. YKazaHHast 0COOEHHOCTh
MMeJia MECTO U MIPU BBEIEHUH B 1IEJUTIOIO3HYIO OT-
JuBKyY U3 PLI MUKpOKpUCTATUIMYECKON LIEUTIOI03bI
n3 PL (Ne5 — E, .= 6,7 kB/MM), a 0cOGEHHO — U3

BILL (Ne6 — E = 8,5kB/MM), 9T0 cTOCOOCTBOBA-

np cp
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JIO POCTY 3JEKTPUUYECKOU MPOUYHOCTU OMBITHOTO
Marepuaia 1Mo CpaBHEHHUIO ¢ HEMOIUGbUIIMPOBAH-
HbIM TTpoToTUIIOM (Nod — EHpcp =4,4xB/mm). MKLI
BBOAWJIOCH B MUHMMAaJIbHOM KOJIMYECTBE (BCEro
3 % oT MaccChI CyXOTO BOJIOKHA pacTUTEIbHOI 1), a
3HAYUT, 3(PDEKT OT UCTIOJb30BAHUS TaHHOTO BUIA
Mo (UKALMU TUTTOTETUYECKU MOXKET OBbITh CYIIe-
CTBEHHO BbIIle. HeoOXoaMMo OTMETUTh, YTO TIPU
ucnbitTanuu DUb u3 100 % BI1I (o6pasew; Nel) Ha-
Ouroascs CyIecTBEHHbIN pa30dpoc 3HAYEHUH Xapak-
TEPUCTUKHU, YTO CBSI3aHO C U3BECTHOM CIOXKHOCTHIO
pocrycka BOJOKOH OMOJOTMUYECKOro MTPOUCXOXKIC-
HUSsI, KOTOpasi MOXeT ObITb TIpeooJieHa Mpu OTpa-
0OTKe TEXHOJIOTMH MOJTyJYeHMs MaTepuaa.
CrienMajiicTaM XOpolio U3BECTHA MTOJIOKUTEIb-
Hasl 0COOEHHOCTb 1IeJUTIOIO3HOM OyMaru Tpaauiim-
OHHOTO UCIIOJTHEHMUS: €€ IeKTprUIecKasi IPOYHOCTh
OCTaeTcsl HEeM3MEHHOM MpU TeTUIOBOM CTapeHUM
(Tak Kak Mmpo0oit pa3BUBaeTCsl MPEUMYILIECTBEHHO
10 BO3IYIIHBIM BKJIIOUeHUSM [13]) 1 uilb He3Ha-
YUTEJIbHO CHUXaeTcsl [5] nmpu MHOroakTOpHOM



DneKTpOoTEXHMKa

BozneiicTBuM B mpouecce akciuryarauuu CT (dro
MOXHO OOBSICHUTh CTapeHUEM ITPOIUTHIBAIOLIETO
coctaBa). [lociie yCKOpeHHOT0o TepMOCTAPEHUST Ha
Bo3ayxe (B TeueHue 120 yacoB mpu Temmepatype 140
°C) 3HaueHUS Enp paccMaTpUBaeMbIX OIIBITHBIX 00-
pa3loB AUAJIEKTPUKA TaKXKe MPaKTUYECKU He W3-
MEHUIINCD.

Takum oOpa3oMm, eciiu U3TOTOBUTDH LIE/UTIOI03-
HBII IUBJIEKTPUK HETTIOCPEACTBEHHO 13 BBICYIIIEH-
HOI Ha BO3ayxe HAaHO-TeJb-TJIEHKU OMOoIoauMepa
(HAILM UCITBITAHYS BBISIBUJIU ee 60Jiee BBICOKUE M0~
KaszaTesu 3JeKTPUUYECKON MPOYHOCTU IO CpaBHe-
HUIO C MPEACTABJIECHHON B JAHHON MyOJMKALIUKA
Oymaroii U3 BOJIOKOH OaKTepUaIbHON LIEJIJTIOI03bI),
YTO, OJHAKO, B IPOMBIIILIECHHBIX MacIITabax Ha ce-
TOAHSIIIIHUMN J€Hb HEBO3MOXHO BBUIY OTCYTCTBUS
HEOOXOIUMBIX YCIIOBUIA, TEXHOJIOTHI 1 000pyI0Ba-
HUs, To ucnojib3oBanue bLI g1 moaydyeHust Oyma-
'Y BITOJTHE peaibHO. [1py 3TOM IoTydeHHBIE pe3yJib-
TaThl MO3BOJISIIOT MPOTHO3UPOBATh BO3MOXHOCTh
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MMOBBIIIEHUS] KPATKOBPEMEHHOM 3JIEKTPUUECKOM
npouyHocty DU b 1o kpaitHeit mepe B 1,3 pa3a (Kom-
no3ut u3 P1I u BIl) u B 3 paza (OUb u3 b1I). I1ep-
CIIEKTUBHBIM TIPENCTABIISIETCS W Pa3BUTHE HCCIIe-
JIOBaHUH 110 MOIM(MUKALIMHY LIEJUTIOJI03HOM OymMaru
MUKPOKPUCTATIUYECKON Liesmono3oi u3z PII, a
ocobeHHo — n3 BII.

Ouenka HarpeBocToiikoctn DB
(Ha OCHOBe M3y4YeHHs Tpe/eia MEXaHHYeCKOi
MPOYHOCTH HA Pa3pPbIB)

PesynbsraTel u3ydeHus mpezaesia MexaHnIecKoi
TMPOYHOCTU Ha Pa3pbiB (o) 00pasLoB Nol—Ne6 B
HMCXOIHOM COCTOSTHMH, a TaKXke B TPoIiecce YCKO-
peHHoro TepMocTapeHus (rpu remrepatype 140 °C
B TeueHure 120 yacoB npu CBOOOIHOM JOCTYIIE BO3-
Jlyxa) MpeacTaBlIeHbl HA pUC. 2.

AHaNM3UPYysl XapakTep U3MEHEHMUSI G, MOXHO
3aKJIIOYUTh, 4TO MCTToNb30BaHue b1 cmocobcTByeT
MTOBBIIIIEHUIO YCTOMUWBOCTH IIEJITIOJIO3HOTO MaTe-

Nel

10O 150

Puc. 2. 3aBucuMocTH Ipeeia MeXxaHM4eCKOM TPOYHOCTH Ha Pa3pbIB UCCIIEAyeMbIX
1IEJUTIOJIO3HBIX 00Pa3I0B OT BPEMEHU TEPMOCTapEeHUSsI
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puaja (Kak Oymaru, Tak ¥ OTJIMBOK) K IJIUTEJIbHOMY
TepMOBO3aeiCcTBUI0. OUeBUIHO, YTO TEXHOJIOTHUS
BBEIEHNST OMOBOJIOKOH 1 B JAHHOM CJIydae CyIIle-
CTBEHHO BJIMSIET Ha pe3ybTat. Tak, obpasell 2JieK-
Tpom3osuroHHoi 6ymaru Nel (u3 100 % BI11) o
BEJIMYMHE G TPEBOCXONUT BCE MCCICIOBAHHbBIC
MaTepyaiIbl M IPEeBhIITaeT aHAJIOTMYHBIH TTOKA3aTelTh
npombliieHHoro nporotumna (Ne2) B 1,5 paza. s
YKa3aHHOTO OITBITHOTO 00pa3iia, a TakxKe JIJIT KOM-
no3uta u3 PLL u BLI (Ne3) Gbu1a BhISIBICHA TTOBbI-
IeHHass TepPMOCTAOMIBHOCTb XapaKTEepMCTUKMH,
KoTOpasi 3ahMKCUpoBaHa 1 7151 OTIAMBKU, MOIUGbU-
mupoBanHoit MK 13 BLIL (Ne6).

JeicTBUTENbHO, HA MOMEHT OKOHYaHUS UC-
MMBITAHUI TIpenesl MeXaHWMYeCKOM MPOYHOCTH Ha
pa3pbIB oopasuoB oymaru Nel u Ne3 cHu3uics co-
OTBETCTBeHHO Ha 5 1 8 %, Tora Kak mpoToTHUIT (Ne2)
notepstt 30 % npouHocTr. YTo Kacaercst OTJIMBKHU
Ne6, To 3HAUEeHUE ee o, IPaKTUYECKN HE N3MCHH-
JIOCh, B TO BpeMsl KaKk aHaJIOTMYHbIN MoKa3aTesb
otuBKY 13 100 % PLIL (Ne4) ymran vHa 50 %. Hesna-
YUTEJbHBI POCT MEXaHUYECKON MPOYHOCTU 00-
pasua Db Nel, a takke oTimBoK Ne5 1 Ne6 B Ha-
yajie Tmpoliecca CTapeHUsl, YTO WJUTIOCTPUPYIOT
TPE/ICTAB/ICHHbIC 3aBUCUMOCTH G OT BPEMCHH HC-
MbITAHUI, MOXKHO CBSI3aTh C TIOCTETNICHHBIM yaJie-
HUEM BOIBI M 00pa30BaHMEM HOTIOTHUTEIbHBIX
BOJOPOIHBIX CBSI3EIA.

Ananus reoMeTpuu 1eJJII0JI03HOro BOJIOKHA

HMHTepeceH TOT (hakT, uTo aHaIM3 MOP(hOJIOTH-
JecKux ocobeHHocTeit oopasmoB Nel — Ne3 mo u
rocJjie TepMOCTapeHus, TPOBEIESHHbIH MPY MOMOILIN
Fiber Tester, BoISIBIII yBeTUYEHUE CPEAHEN ITUPUHBI
BOJIOKOH TIocje TepMoBo3uaeilictBusg B DUbB us
100 % 6uononumepa (Nel) u B kommnosure u3 PLL u
BLI (Ne3), Toraa kak Jisi OymMaru TpaauliMOHHOTO
ucnoiHeHus (Ne2 — u3 100 % PLI) HaGmomaercst
CHUKEHME YKa3aHHOTO reOMEeTPUUYECKOro rmapame-
Tpa. [To-BuamMoMy, BCIeICTBIE U3BECTHOM CIIOXK-
HOCTH pasfie/ieH!s] BOJJOKOH OMomoauMepa Ha OT-
NeTbHBIC 3JIEMEHTBI YIaeTCsI OLIEHUBATh ITapaMeTPhI
He eIMHUYHBIX BOJOKOH BII, a ux yKpymHeHHbIX
oOpaszoBaHuii (myukoB). OgHAKO U B Cliydae CIIpa-
BEJIMBOCTH YKA3aHHOTO MPEATONOXKEeHUS MOy-
YeHHBIH pe3yJbTaT (10 cTapeHus: oopazoBaHus bLI
0 IIMPHHE MTpeBocxoausiv BosiokHa PLIL B cpeaHem
Ha 15 %, a mocje TepMOBO3IEUCTBUS 3TO MPEBOC-
XOACTBO yBeanumiaoch 10 200 %) mpoTUBOpPEYUT
TPaTUILIMOHHBIM IPEACTaBICHUSIM O MOP(dOIOTHIe-
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CKMX M3MEHEHMSIX IIEJUTIOJIO3HOTO BOJOKHA TTOM
NeficTBUEeM TeMIepaTypbl. Pe3ynbsraThl aHaIM3a U3-
MEHEHHUS TTapaMeTPOB BOJIOKHA KoMITo3uTa u3 PLI
u BII (Ne3) Takke MpoaeMOHCTPUPOBAIN POCT UX
ITMPUHBI TTOCJIe CTAPEHMS, HO B MEHBIITNX ITpeIeIax
(B cpenHeM Ha 10 %). [unoreTnuecku 0ObSICHEHH -
€M JTaHHOTO SIBJICHMS, TI0 HaIlleMy MHEHHIO, MOXET
CIIyXKUTh BbICOKOYTIOpsinoueHHas cTpykTypa bLI, B
KOTOpPOIi, KaK OTMEeYaJioCh, (DUOpUILIBI Oojiee Opu-
eHTHUpOBaHbI, ueM B PLI, u BcieacTBUE 3TOr0 MMEIOT
IIPpOYHBIE BOTIOPOIHEIC CBA3U. B mporiecce Tepmo-
OKMCJIUTETbHOU AECTPYKIIMU ITPU Pa3pbiBax MaKpo-
MOJIEKYJT M MEXXMOJICKYJISIPHBIX CBSA3€1 TIPOUCXOIUT
00pa3oBaHMe AKTUBHBIX LICHTPOB, YTO MOXKET MpH-
BECTHU K TTOSIBIICHUIO JTOMOJHUTEIBHBIX CITUBOK
MEXy CoceIHUMU (UOPpUIIaMU: KaK CJIeICTBUE,
IIMPMHA BOJIOKHA BO3PACTAET, a TTaficHIEe TIPOYHOCTH
Oymaru 3aMeJIsieTcs.

B To0 ke BpeMsT XOpOIIIo U3BECTHOE CYXKIEHME,
YTO TMOBBILIEHHAS IJIMHA LIEJUTIOJIO3HOTO BOJOKHA
BEIET K YBETMICHUIO MEXaHNICCKOM TIPOTHOCTH 1
HarpeBocrtoiikoct DU B, npumenurenbHo K Db
n3 B He moaTBE pAMIIOCH: CpeMHSIS ITMHA BOJIOKHA
B1I B oOpa3iie Nel okazanach B UCXOAHOM COCTOSI-
HUY Ha 35 % HMXe, 4eM BOJIOKHA PaCTUTEIHHOM
11eJUTI0JI03bI B 00pasiie Ne2. AHajloru4yHbIe Kcciie-
nmoBaHust komrro3uTa u3 PLL u BLI (Ne3) takke mmpo-
JNEMOHCTPUPOBAIU MOpdoIornyeckre 0CoOeHHO-
CTHU MaTepuaja 1o CPaBHEHUIO C MOHOOYMaraMu
(Nel u Ne2), a UMEHHO: JUTMHA €ro BOJIOKHA oKa3a-
J1ach B cpeaHeM Ha 14 % Gonplire (110 cpaBHEHUIO €
oopasom Ne2 13 100 % PLI), a ee cHUXeHMe Mocie
TEPMOCTapeHUs COCTaBWIO Bcero 9 %, Torma Kak
1utst o6pasios u3 100 % PLL (Ne2) m 100 % BLIL (Nel)
3TOT TTOKa3aTe b HaXoauJjIcs B Tipenenax 25 %. Bu-
numo, BL[ B KoMIIO3UTe He TOIBKO CTPYKTYpUPYET
PACTUTENBHYIO OCHOBY OyMaru B MUCXOTHOM COCTO-
SIHWM, HO U 3aMeJJISIET ee pa3pylleHue mpu TepMo-
OKWCJIMTEIBHBIX Mpolieccax (BOZMOXHO, O1aromapst
00pa30BaHUIO YIIOMSIHYTBIX CIIIMBOK).

BusyasbHblii aHAIM3 COPONMOHHON AKTUBHOCTH
U cocTostHus 0opasuos Db

C 11e71p10 TPOBEPKHU YKA3aHHOTO TTPEATIONONKE -
HUSI, a TaKXe IJisi OUEeHKU COpOLIMOHHON aKTHUB-
HOCTH (TO €CTh CLIOCOOHOCTH CBSI3bIBATh ITPOIYKThI
CTapeHMsl, MIOHOTeHHbIE IPUMECH, MIOHBI METAJLJIOB,
BOJIy X MHBIE BelllecTBa) Oymaru u3 OMoIojauMepa
OBbLIO MPOBEIECHO YCKOPEHHOE TepMOCTapeHue Hed-
TsiHOro TpaHncdopmaTopHoro maciaa Mapku I'K B
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Puc. 3. brokcel ¢ TpanchopmaTopHbM MaciioM Mapku 'K mmocie repmocTapeHus B TedeHue 152 yacoB
npu temieparype 140 °C B KOHTaKTe ¢ MelIbio (@), a TAKXKe ¢ MEIbI0 M 00pa3LiaMy 3JIEKTPOU30JISILIUOHHOI
oymaru coctaBa 100 % BLI (6); 100% PLI (e)

Puc. 4. Muxkpodotorpaduu (X 400) mpob TpanchopmaTopHoro Macia mapku I'K mocie repmocTapeHus npu
temmneparype 140 °C B TeueHure 152 yacoB B KOHTAKTe C MEIHOM Cpasibio (a), a TakKXKe — ¢ MEIHOI CITUPAJIbIo U
DUBb u3 100 % B (6) u 100% P11 (8)

Puc. 5. Mukpodotorpadun (X 400) pparMeHTOB 37IeKTPOU30IALMOHHOM 6ymaru coctaBa: 100% P11 (a), 90%
PLI + 10% BII (6) m 100% BLI (8), cocTrapeHHBIX B cpefie TpaHchopmaTopHoro Macia Mapku 'K B koHTakTe ¢
MenHoM criupaibio npu temrneparype 140 °C B TeueHue 220 yacoB

KOHTaKTe ¢ MEIHOM CIIMpPaJIblo — aKTUBHBIM KaTaJIu-
3aTOPOM JIECTPYKTUBHBIX IIpolieccoB (puc. 3, a), a
Takke (B aHAJIOTUYHBIX YCJIOBUSIX) B KOHTAKTE C MEI-
HOM CITMpaJbio M HaBeCKaMU MCCIIETYeMBIX BUIOB
oymaru u3 100 % BLI (puc. 3, 6) u 100 % P1I (puc. 3,
6). Ha mpuBeaeHHBIX (POTOCHUMKAX OTYETIIMBO BU/I -
HO, 4TO TocJie 152 yacoB TepMOCTapeHMsI B cydae
OTCYTCTBUS OyMaru MacJio MHTEHCUBHO Pa3pyIaioch
(6rokca a), BCIEACTBUE YEro Ha JHE eMKOCTU CKO-
nwics uuiaMm. B ciryyae Tepmoctapenust TM B KOH-

TaKTe C MeIbIO 1 OyMaroit 000MX BUIOB I1IaM B OIOK-
cax 6 M 6 OTCYTCTBOBaJ OJyilaronapsi COpOLIMOHHOM
OUMCTKE XKUAKOTO AUBJICKTPUKA LEUTIOJO3HBIMU
MarepuagaMu B poliecce crapeHusi. MUKpOCKOTH -
YyecKMe UCCIeNOBaHMS YKa3aHHbBIX ITPO0 Macia Mmof-
TBEPIIN OTCYTICTBYE B HUX YaCTHII II1ama (puc. 4, 0, 8),
B TO BpeMs KaK MacJio U3 OIOKChI @ cofepKajio Mpo-
JIYKThI pa3pylLIeHUs XKUIKOCTU (puc. 4, a).

AHaM3 coCTOSTHUS (hparMeHTOB OyMaru rnocjie
220 yacoB TepMocTapeHus Ipu Temmepatype 140 °C
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B cpene Macia 'K (puc. 5) BBISIBUAII, YTO CTEIIEHb
paspyuienust Db, U3roToBIEHHON U3 PACTUTEb-
HO TIEJUTIONO03HI 110 TPAAUIIMOHHON TeXHOJOTHHI
(puc. 5, @) cylecTBEHHO BbIliIe (Ha IMOJOTHE BUIHbI
KPYITHBIE ITYCTOTHI) IO CPAaBHEHUIO ¢ KOMIIO3UTOM
u3 P u BLI (puc. 5, 6) u onbiTHOI DD 13 6akre-
pUaIbHOM LIEJUTI0I03bI (pUC. 5, ), YTO MOATBEPXK-
JaeT CTPYKTYPUPYIOILLYIO POJIb OMOoMoauMepa.

BriBoabI

B pesyabTaTe mpoBeaeHHBIX IKCIIEpUMEHTAIb-
HBIX UCCJICOOBAHUI:

MOKa3aHo, YTO B CJIyvae OcakIeHus 111J1laMa TaH-
TeHC yIia JUSJIEKTPUUECKUX ITOTeph TpaHchopMa-
TOPHOTO MacJia CHUXKAETCsI, CISACTBUEM YETO MOXKET
CTaTh HEJOCTOBEPHAs OLIEHKA COCTOSIHUS XXUIKOTO
JU3JIEKTpUKA TIPU MePUOINUYECKOM KOHTpPOJIE CTe-
neHu ctapeHust bITU cunoBeix TpaHcoOpMaTOpOB.
[ToaToMy LIeIECOOOpPA3HO JOMOJHUTH TPAAULIMOH-
HbI€ METO/IbI UCITLITAHUIA ONITUYECKIM MOHUTOPUH-
TOM XKUJIKOCTH;

YCTaHOBJIEHA BO3MOXHOCTb IOBbILIEHUS £
BJEKTPOU3OJISIIMOHHOM Oymaru B 1,3—3 paza (B 3a-
BUCHMOCTH OT KOJIMYECTBEHHOM ONTUMU3ALINU CO-
cTaBa MaTepualia) U3 TpaIulMOHHO UCIOIb3yeMO
LIEJTIONIO3bI COCHBI CYTb(MaTHOM BapKU IIPU MOIY -
(pukammu 3TOM OCHOBBI OaKTEPUATBHOM LIEJLTI00-
301, 4TO IPENCTABISIET NPAKTUUECKUIA UHTEPEC B
BUAY CTAaOMJIBHOCTU XapaKTepUCTUKU B Mpoliecce

aKkcIuryaTanuu Db B coctaBe OyMaKHO-IIPOIIN-
taHHo# uzossiuuu CT;

BBISIBJICHBI ITOBBIIIIEHHBIE MEXaHUIeCKast TTPOY-
HOCTb ¥ TepMOcTadbuiabHOCTh DB, MoguduLmpo-
BanHoil BIl, B cpene TpancgopMaTopHOro Macia,
00yCJIOBJIEHHBIE CTPYKTYpoOoOpasytoleit GyHKLuen
OGuomnosMepa, 9To TTOATBE P>KACHO MUKPO(hOTOrpa-
(ussmu bparMeHTOB UCCaeNyeMbIX MATEPUAIOB I10-
CJIe TePMOCTapEHMS;

MUKpodOoTOrpadusiMy XKUIKOTO TUJIEKTPUKA
TTONTBEePXKIeHa COPOITMOHHAS aKTUBHOCTb OyMaru n3
OaKTepruabHOM LIEJUTIOIO3bI, YTO MOJIOKUTETBHO CKa-
3BIBACTCST HA YCTOMIMBOCTH TTPOITATHIBAIOIIETO KT~
KOTO JIM3JIEKTPUKA K TEPMOBO3CHCTBUIO 1 CIIOCOO-
CTBYET 3aMeUTEHUIO IIIITaMOOOPa30BaHs B MacIIe;

YCTAHOBJICHO, YTO CTENEeHb BAUSHUS OaKTepu-
aJTbHOM 1IEJUTIONIO3BI Ha XapaKTepUCTUKH SJIEKTPO-
U30JISIIMOHHON OyMarv v MpoOMUThIBAIOLIEH AUD-
JIEKTPUUECKOM cpembl 3aBUCUT OT KOJIWYECTBA U
cnocoba BBeleHUsI OMOMOJIMMEpPa; X ONTUMU3A-
UST— TIpeaMET TATBHEHIINX UCCIeTOBaHMA.

B 11e710M MOKHO 3aKJTIOYUTh, YTO UCTIOIb30BaHUE
OakTepUabHOM LIeJITI0JI03bI B IEPCIIEKTUBE MOXKET
CITOCOOCTBOBATH MOTYYSHUIO LIEJUTIOJIO3HBIX TUDJICK-
TPUKOB HOBOTO TTOKOJICHNSI, KOTOPHIE ITPEICTABIIAIOT
MPaKTUYECKUII UHTePEC B KaYeCTBE KOMITIOHEHTOB
BBICOKOBOJIBTHOIM OYMasKHO-TIPOITMTAHHON M30J1s-
LIMM CWJIOBBIX TpaHC(HOPMATOPOB, OTIMYAIOIIEHCS
ITOBBIIIIEHHOM pab0TOCITOCOOHOCTHIO.
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A.U. Pydckoti, 10.A. CokonoB, H.B. lNa6ayuwiuH

NMEPCNEKTUBbI MIPUMEHEHUA TEXHOJIOTUU
CUHTE3A HOBbIX MATEPUAJIOB UOHHDbIM INMYYKOM

A.l. Rudskoy, Yu.A. Sokolov, N.V. Pavlushin

THE PROSPECTS OF USING AN ION BEAM TECHNOLOGY
FOR SYNTHESIZING NEW MATERIALS

B cratbe paccMOTpeHBI TEXHOJOTMYECKME BO3MOXHOCTHU ITOJYy4YeHUsS] HOBBIX MaTepUaoB C
MPOrpaMMUPYEMO CTPYKTYPOii U3 TOPOLITKOB Pa3IMUYHOIO XMUMUYECKOI0 COCTaBa, BKJII0Yas MOPOILTKU
XUMWYECKN aKTMBHBIX MaTepHalOB, ¢ MCITOJIb30BaHUEM TEXHOJIOTUM CUHTE3a MOHHBIM ITYYKOM.
PaccMmoTpeHa cxeMa MOHHOI yCTaHOBKM, KOTOpasi obOecrneuyrBaeT HIMPOKHME TEXHOJOTMYECKHUe
BO3MOXHOCTH TI0 CMHTE3y MHOTOKOMITOHEHTHBIX MaTepuayioB. [Toka3aHo, YTO MOHHBIN My40K
MO3BOJISIET HAa OJIHOM M TOM e yCTAaHOBKE peain30BaTh pa3jMuHbie TEXHOJOTMYECKUE OrNepalyu:
cIieKaHWe/TUTaBJIeHUe CJIOS TTOPOIITKa; MOANGDUKALIMIO ITIOBEPXHOCTH CJI0SI B PE3YIbTaTe UMITYJIBCHOM
00paboTKu

[TOPOILIKOBASA METAJUIYPIUA; KOMITO3MLIMOHHBIE MATEPUAJIbI; CUHTE3 MOHHBIM ITYYKOM;
['PAHVYJIbl; MACCOITEPEHOC; TASOBAS CPEJIA.

The article discusses the technological opportunities of obtaining new materials with programmable
structure from powders of various chemical compositions, including powders of chemically active
materials, by using an ion beam synthesis technology. A scheme of an ionic installation which provides
ample technological opportunities for synthesisizing multicomponent materials is considered. It hasbeen
shown that the ion beam allows to implement various technological operations with the same installation,
such asagglomerating/melting powder layers, or modifying the layer surface through pulse processing.

POWDER METALLURGY; COMPOSITE MATERIALS; IONIC BUNCH SYNTHESIS; GRANULES; HEAT- MASS
TRANSFER; GAS ENVIRONMENT.

Bsenenne

PasBuTHe aBMALIMOHHOM M PaKeTHO-KOCMUYE-
CKOI TEXHUKW HEBO3MOXHO 0€3 CO3MaHMUs HOBBIX
KOHCTPYKIIMOHHBIX MaTepuajioB. CylllecTByOIINe
TEXHOJIOTMYECKIE PELIEHNS IJIST YBEJTMYEHMS IIPOY-
HOCTH, TBEPIOCTH, U3BHOCOCTOMKOCTH, TETIJIOCTOM -
KOCTH MaTepHAaJIOB (HaIbIJIEHNE, HATIJIaBKa 3aIlNAT-
HBIX ITOKPBITHI) He Bcerma o0eCIeYrBaiOT

JIUTATETbHBIN AKJIT 9KcrutyaTayu [1—11]. HoBast n
000CHOBAHHO MEPCIEKTUBHAS BO3MOXXHOCTD ITOBbI-
LIEHUSI 9KCILTyaTallMOHHBIX CBOMCTB KOHCTPYKIIM -
OHHBIX ¥ MHCTPYMEHTAJIbHBIX MaTepUATIOB — TEX-
HOJIOTYsI CUHTe3a U3ie il MOHHBIM ImyuykoM (CUIT).
Cosznanue trexrHoaoruu CUII, pazpaboTka npuHIIN-
MMUAJIbHO HOBOTO TEXHOJIOTMYECKOTO O00PYIOBaHUS
OTKPBIBAIOT HOBbIE BO3MOXHOCTMU MO CO3IaHUIO
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KOMIIO3ULIMOHHBIX MaTtepuanoB (KM) u3 nopomka
Pa3IMYHOr0 XMMUYECKOTO COCTaBa, MOJTYYEHUIO Ma-
TEPHAJIOB C TIPOTPAMMMPOBAHHOM CTPYKTYPOIi 1 3a-
paHee ITPOrHo3MpyeMbIMU CBoicTBaMH [3—4, 12—14].

Llemb paboThI — aHAIM3 BO3MOXHBIX TEXHOJIO-
TMYECKMX PelIeHU MTPOMBIILICHHON peayn3aliuu
Ipoliecca IMOTyYeHHS ITOPOITKOBBIX ¥ KOMITO3HIIN -
OHHBIX MaTepUAaIOB, UCIIOJIb3YIOIIETO CUHTE3 UOH -
HBIM ITyYKOM.

IIpenmymmecTBa npomecca CHHTE3a HOHHBIM MYYKOM

B oTiiyme ot mmpoKo pacipocTpaHeHHO TeX-
HOJIOTMHU OBICTPOTO MPOTOTUITMPOBAHUS JIA3€PHBIM
WY DJIEKTPOHHBIM JiydoM [ 12, 15—16], HOBBI TTOI-
XOJI O3BOJISIET CIeAyoliIee:

OTKPBIBATh HOBBIE BOBMOXKHOCTH 10 (POPMHPO-
BaHMIO XMMUUYECKOTO COCTaBa KOMITO3UIIMOHHOTO
Marepuaia; B KauecTBe HOCUTENIe MOTYT OBITh MC-
MOJIb30BaHbl MOHBI Pa3JIMYHBIX F'A30B, KOTOPbIE MPU
OoMOapaAMPOBKE METAJUIMYECKOTO ITOPOIIKA MOTYT
00pa3oBbIBATh HOBbIE XUMUUECKHUE COCAMHEHUS,
MOIUGMULIMPOBATH MOBEPXHOCTh MOPOIIIKA;

3HAUUTEJIbHO MOBBICUTh TOYHOCTb U3rOTOBJIE-
HUS U3IeIni (pa3Mepbl KpOcCOBepa MOHHOTO ITyd-
Ka Mpu yckopstioleM HampsikeHun 120—150 kB
IOCTUTAIOT 1 MKM, 9TO Ha JBa ITOPSIKAa MEHBIIEe
3JIEKTPOHHOTO MyYKa);

ITOJTy4aTh MHOTOKOMIIOHEHTHBIE CIIJIaBHI M3 TT0-
poIIKa pa3IMYHOro XMMUUECKOro COCTaBa;

HCTIONIB30BaTh ITPU CUHTE3€ TMTOPOIIKHA XUMUYE -
CKU aKTUBHBIX TYTOILJIAaBKUX METAJIJIOB, TaK KaK MPo-
1IeCC pealn3yeTcs B BAKyyMe;

6

\—\\-\

¢dopmupoBath cTpykTypy KM HemocpeacTBeH-
HO BO BpeMsI «pOCTa» U3ICIIUSI.

[lepeyeHh MOHOB, KOTOPBIE MOXKHO TTOJIYYUTH
U3 Ayaruia3MaTpoHa, MPakKTUYeCKU He OrpaHUYEeH.
MHorure MeTalTbl MOTYT TIEPEXOIUTh B Ta3000pa3-
HOE COCTOSIHME TIPU COCAMHEHUU C IPYTUMU dJie-
MeHTamMu Tabaunbl MeHaeneeBa. MMIOHBI MOXKHO
MOJIy4aTh HE TOJbKO U3 OMHOKOMITOHEHTHBIX Fa30B
(kucnopon O,, Bogopon H,, asor N,, apros Ar, re-
Juit He u nip.), HO ¥ U3 MHOTOKOMIIOHEHTHBIX, Ta-
KX, KaK yriaekucibiii ras CO, (nonbl yriepoma C u
Kuciopona), propucteiii 60p BF, (noHb1 60opa B u
noHbl propa F-), terpadropun xpemuusa SiF4
(vonbI KpeMHUs1 Si- 1 MoHHI pTopa F*), dropun
(docdopa PF, (nonbt hocdopa P- v nonst hropa F*)
U 1p.

Bo03Mo2KHbIE TEXHOJOTHYECKHE CXEMbI PEATH3ALUH
npoiuecca

PaccMoTpuM HECKOJIBKO HOBBIX CXeM (hOpMU-
POBaHUSI KOMITO3ULIMOHHOTO U3/EJIUSI C TTOMOILbIO
HMOHHOTO ITyYKa.

1. HaneceHune Ha MOBEPXHOCTb U3AEIUSI TOHKOM
IUIEHKW METOJ0M TEPMUUYECKOTO UCTIapeHUsI C T0-
clienyronieit 00padoTKoi MOHHBIM ITy4KOM 00pa3o-
BaBIIICIiCS MOBEPXHOCTH, TIJIaBJICHUE TJIEHKH, 3a-
MOJIHEHUE TOop MeXAYy IMopoliKkoM OoJjee
TyroIuiaBKkoro metajia (puc. 1).

2. INocnoiinast boMOapaMpoBKa MOHAMM rasa
METaJZINYECKOro ropoiika (puc. 2). IoHHbIM my4oK
2 mepemelnaeTcs 1o MoagoXKe uin (popMupyemMo-
My U3IEJUIO CO CKOPOCTBIO CKAHUPOBaHUs V. DTO

s

Z r " rd
7/‘;

4
4 " } i

Puc. 1. ®opMupoBaHue CJI0s U3ACINSI MIOHHBIM MYYKOM 1 METOJIOM
TepMUYECKOro ucrapeHus (I — myarmiaa3MaTpoH; 2 — IPoBoJIoKa; 3 —
HMCHapuTesib; 4 — IMOPOIIOK; 5 — MOHHBII MYYOK; 6 — IJICHKA; 7 — MOUTOXKA)
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MeTannyprusa v MaTeprianoBefeHme

Puc. 2. ®opmupoBaHue ci0st U3AEINS MOHHBIM ITy4KoM (/1 —

Qyaruia3MaTpoH; 2 — MOHHBIN Ty4OK; 3 — TTOPOIIIOK TIEPBOTO

XUMHUYECKOTO COCTaBa; 4 — MOPOILIOK BTOPOr0 XUMUYECKOTO
COCTaBa; 5 — MOMJIOXKA)

i
z
|

e SIS

7 W SIS

Puc. 3. [lyaruiazMaTtpoH ¢ OCUMLISIIIMEN 3JIEKTPOHOB
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SKBUBAJIEHTHO ACHCTBUIO (ITPUJIOXKEHUIO) TTEPUO-
JUYECKOI TerIOBOM HArpy3Ku ¢ JJIUTEIbHOCTHIO
nmnynbca d /V, (d, — nuaMerp 1mydka B MECTE €10
BCTPEUH C TIOBEPXHOCTHIO 00bekTa). K unciy napa-
METPOB ONEPATUBHOIO YIIPABJICHUS BO BPEMSI TEX-
HOJIOTMYECKOTO TMPOLIECCAa MOXHO OTHECTH TOK [
My4Ka, CKOPOCTh V CKaHMpOBaHUs My4Ka, KpoC-
COBEp (IMaMeTp) d My4Ka, LIar CMELIEHU s, T1y4-
Ka IPU CKAHMPOBAHMU TIOBEPXHOCTH, PA3MEPDI X, U
Y, CKAHMUPYEMOIA TLIOIIAIK (YTOJI OTKIIOHEHUS MOH~
HOTO ITy4Ka).

ITpouecc CUII nmpoucxogut B BaKyyMHOM Ka-
Mepe, BOCHOBHOM OIpeAeIsieMOil MAKCUMAJTbHBIMU
pasMmepamu usnenus. Cxema ayariadMaTpoHa ¢
OCUMJUISILIVEN 3JIEKTPOHOB, IPUBEICHHASI HA PUC. 3,
CONEPXKUT CJEAYIOLINE DJIEMEHThI: I — MpsSIMOHA-
KaJIbHBI KaToI; 21 3 — MIPOMEXKYTOUHBIE 3JIeKTPO-
Ibl; 4 — KaTyllIKa 3JIeKTPOMAarHura; 5 — peryaupy-
IO BJIEKTPOJI; 6 — aHOM; 7 — OTBEPCTUE KATOIHOMN
KaMepbl; § — MaTpyookK momayu paboyero rasa.

Honb MoHHOrO myyka HaxXOOUTCS Ha ONTHYE-
CKOIi OCM JyaruiazMaTpoHa. YCKopsitollee Harmpsi-
JKeHMe nyaria3MaTpoHa OOBIYHO cocTanisieT ot 120
10 150 kB 1 ocraercst MOCTOSIHHOI BEJIMUMHON B
TeUEHME BCEro TEXHOJOIMYECKOTO Mpolecca.

[Tpu HarpeBe kaToaa I (puc. 3) 10 BLICOKOI TEM-
repaTyphl IPOUCXOANT TEPMOSJICKTPOHHAS SMUCCHSI,
B pe3yJibTaTe KOTOPOil 00pa3ytoTcst 3JIEKTPOHHOE 00-
JIAKO U IJ1a3Ma, BO3HUKAET IBOMHOM 3JIEKTPUYECKUAN
CJION MEXIy TIJIa3MOM U OKPYXKAIOILEN €€ METaJIM-
YECKOM MOBEPXHOCTHIO, KOTOPAst HAXOIUTCS IO/, ITO-
TeHIMaJoM KaToja. Yepe3 oTBepcTre 7 KAaTOTHOM
KaMephl ITPOMEXKYTOUHBIM 3JIEKTPOIAOM 2, KOTOPbIiA
HAXOJAUTCS MOJ HEOOJbIINM TOJIOKUTEIBHBIM T10-
teHimaaoM (10—15 B) oTHocuTebHO KaTtona, 3j1eK-
TPOHBI BBITSITUBAIOTCSI U YCKOPSIIOTCSI.

YCKOpeHHBIE 3JIEKTPOHBI MOHU3UPYIOT paboumii
ra3, KOTOpblIil MoJaeTcs uepe3 OTBEPCTUE B IIPOME-
JKYTOYHOM BJICKTPOJIe 2, TEPSIOT CBOIO SHEPIUIO U
TMOIMaJal0T Ha TOBEPXHOCTD 3TOTO 3JIEKTPOAA. DJIeK-
TPOHBI, HE CTOJIKHYBIINECS C aTOMaMU, TIPOJIETAIOT
Yyepes OTBEPCTUE B 3JICKTPOE 2, OTpaxkatoTcs BJIeK-
TPOIAOM 3, KOTOPBII HAXOIUTCS IIOA OTPULATETHHBIM
MOTEHILIMATIOM OTHOCUTEBHO 3JIEKTpoAa 2, U JIETAT
B 00paTHYIO CTOPOHY. DJIEKTPOHBI 1 00pa30BaBIlIa-
sIcsl TI1a3Ma yaepKMBaIOTCSl Ha OCU TIPU TTIOMOILLIM
KaK 3JIEKTPOCTATUUECKUX JIMH3, 00Pa3yIOIIIXCS I10-
BEPXHOCTSIMU 3JIEKTPOIOB, TAK U MATHUTHBIM TI0JIEM
OT BJIEKTpOMAarHuTa 4.

[TomyyeHHBII 5JIeKTPOHHO-TIJIA3MEHHBIH LITHYD
(hpoxycupyeTcst Ha MaJIoM OTBEPCTUH ITPOMEXKYTOU -
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HOTro 3jeKkTpoaa 3. M3-3a pasHOCTU IaBJICHUII B
nyaruia3MaTpoHe 1M paboueM oO0BbEMeE Iia3ma U3
LIIHYpa BBITAJIKMBACTCS B Pa3JaTOYHYIO Yallly dJIeK-
Tpona 3. VIOHBI BBITATUBAIOTCS U YCKOPSIFOTCS U3
IJIa3Mbl aHOAOM 6. DJIEKTPOJ 5 PETyINpPyeT NUOHHBIIA
TOK U OCYUIECTBIISIET TIpeABapUTEIbHYIO (POKYCH-
POBKY MOHOB B ITy4OK. /laBjieH1Ee B KATOIHOM 9acTU
nyariasMaTpoHa cocTasisieT 1-107" MM pT.cT., B pa-
Goueit kamepe ycTaHOBKM — 1-10° MM pT.CT.

TexHosorus MOoJIy4yeHHs KOMIIO3UIIMOHHBIX
MaTrepuaaoB CHHTE30M MOHHBIM IMYYKOM

PaccmoTpumM GoJiee 1eTalbHO HOBYIO TEXHOJIO-
M0 TPUMEHUTEBbHO K MOJYYEHUI0 HOBOTO KOM-
MO3UIIMOHHOI0 MaTepuraa. B kauecTBe MCXOAHOTO
MIPOIYKTa UCIIOJb3YIOTCS MOPOIIKY BoJabhpama W
n amoMmuHus Al. [Tpu 06paboTKe ITOpOIIKa aJTFOMM -
HUSI MOHHBIM IyykoM C™ 13 ayaria3MaTpoHa MeTasul
HauyMHAeT IJIaBUThCS U MPOUCXOIUT 00pa3oBaHue
TBepoit dasbl Kapouna amomunusa Al,C, B Bume
MUKPOKPUCTAILIIOB. B pe3yibraTe oOpasyercs IByX-
(azHasi cMeCh YMCTOr0 PACIUIABIEHHOTO AIIOMUHUS
Al ¢ kapounom amomunus Al,C,, KoTopblii 3amoi-
HSIET IIOPBI MEXAY IOPOIIKOM Bojabdpama. B pe-
3yJIbTaTe 00PaOOTKM CJI0SI MOHHBIM ITy4KOM MOy~
YyaeTcsl KOMIO3UIIMOHHBII MaTepuasl, 00JIaJaloluii
CJIEAYIOLIMMU CBOMCTBAMMU:

BBICOKOM M€XaHMYECKOM MPOYHOCThIO, KOTOpas
00YyCJIOBJIeHA MPUCYTCTBYEM MOPOIIIKa BOJIb(pama;

BBICOKOM XapOMpOYHOCTbIO, CITOCOOHOCTHIO
MaTepuajga COXpaHsTh 3KCIUTyaTallMOHHbIE CBOM-
CTBa IIpM BbICOKMX Temmnepartypax (mo 2000 °C);

BBICOKOM KapOCTOMKOCTBIO, OIIPEAEISIEMOM ITPO-
LIEHTHBIM COJep>KaHUEM aJTIOMUHMS B MaTeprale.

O0paboTKa opolIlKa Bojab(ppaMa MOHAMU yIJIe-
poaa 10 1ojayu allOMUHMS MO3BOJISIET MOJYUYUTh
KapOua Boibdpama, ob0Jagaonid aiMa30Irog00-
HBIMM CBOMicTBaMU. TakuM o0pa3oM, hopmMupyercs
KM co cienylomymMu cJIoSIMU: BoJibdpaM — Kapou
BoJib(hpaMa — OKCUJI aJTIOMUHUST — KapOu/I aTloMU -
Husl. PaccMoTpeHHass KOMMO3ULIMsI TIpUBeIeHA B
BUIE IpuMepa, Tak Kak TexHonaorus CUII ynusep-
cajibHa 1 mo3BoJisieT (popmupoBath KM u3 paznuy-
HBIX 2JIEMEHTOB TaOu1LIbl MeHieeeBna.

CxeMa (hopMHUPOBaHUsI XUMUYECKOTO COCTaBa
KM 1o rexunonoruu CUIT anamornyHa cxeme mosry-
YeHMs1 OeTOHA: TIOPOILIOK BOJIb(hpama OKpYKeH KU1~
KUM aJIIOMUHUEM, KOTOPBIiA BBITTOJHSET (DYHKIIUIO
BOJbI B OETOHE — 3a CUeT CUJI CMauMBaHUS U T0-
BEPXHOCTHOT'O HATSKEHUS YIAEPXKUBAET MOPOIIOK
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BoJIb(ppama B MCXOMHOM ITojIoxkeHnn. KapOun amo-
MUHUSI TTPeIOTBPALLacT OKUCICHUE METAJLIOB U yBe-
JIMYUBAET MHTETPAITbHYIO TUIOIIAIL CMAYMBAHUST AJTHO-
muHueM Komnosuunu W+Al C,. Takoii Matepuan
00J1a1aeT MTOBBILIEHHBIMU MEXaHNYECKUMU CBOICTBA-
MU, BbICOKOI 3KapOIMPOYHOCTbIO U 3KAPOCTOMKOCTHIO.

VYhopaBiieHre MOHHBIM TTYYKOM AaHAJIOTUYHO
YIPABJIECHUIO 3JIEKTPOHHBIM JIy4OM, HO OTJIMYACTCSI
MaJIbIM TMaMeTPOM KpoccoBepa — OH MOXKET COCTaB-
Js1Th 0T (0, 1 MKM, 4TO 1a€T BO3MOXKHOCTh (POPMUPOBATH
M3eIe C TOYHOCTBIO 10 AMaMeTpa YaCTULL ITOPOLIKA.

HarpeB kaxkmoii aneMeHTapHoI stueiiku (D) rpo-
WICXOINT 3a BpeMsl, paBHOE BPEMEHU MepeMeIeHUs
MOHHOTO My4YKa Haj 3Toi siueiikoit. ITog D4 Oymem
MoApa3yMeBaTh BbIACICHHBI 00BEM pa3zMepoM
d X d X h,tae h — BbICOTa U3EIUST U/ WU TTOIJIOXKKMU.

IIpu mpoxoxaeHNM MOHHOTO ITyyka Hag D
JaHHBIA 00BEM HarpeBaeTcs 10 Temreparypsl 7,
TepsIET TETUIO B Pe3yJIbTaTe paguallMOHHOIO TEIIO-
oOMeHa 1 Teruionepeaadu ¢ COCEIHUMMU IeMeHTa-
MU, TIPUHUMAET YaCTh TEIJIa OT COCETHUX DJIEMEH-
TOB BO BpeMsI UX HarpeBa MOHHBIM ITyYKOM.

MOXHO BBIIEIUTH CIEIYIOIINe OCHOBHbBIE 3Ta-
MBI TEXHOJIOTM U TTOCTOMHOTO CUHTE3a U3/ICINIA:

MpeaBaAPUTETbHBII HATPEB ITOMIOXKKY 10 3aJaH-
HOI1 TeMIlepaTyphl;

(bopmMuUpoBaHUEe CrieLIMATLHOMN TTOAAEPKKI 13-
nenuvst (ceTka), odbecrieurBarolleii B JaJbHEHIIeM
JIETKOE CHSITHE U3IE/IUS C TTIOIIOXKU,

CUHTE3 M3IeJusl, BKIIOUAIOIINI HaHEeCeHUe
CJI0SI MOPOIIKA, (DOPMUPOBAHNE BHEIIIHETO U BHY-
TPEHHEro KOHTYPOB, MpPeABapUTEIbHbI Harpen
CJI0SI HOPOIIIKA HA MAaJIOM TOKE (CIIEeKaHUE CII0ST TSI
yIep>XUBaHUS MOPOIIKA MPU ASHCTBUU 2JIEKTPO-
MarHUTHBIX CUJI B IIPOIIecCe 00pabOTKU CIIOSI 0OIb-
LIMMU TOKaMR), TJIaBJIEHUE MTOPOLIKa B ONIpeeeH -
HOM CEUYEeHUU U3IEITUSL.

ITpenBapuTeIbHBIN MPOrPeB MOITOXKH, CO31a-
IOIIMIT HeOOXOAMMbIE HAayalbHbIE TEIUIOBBIE YCIIO-
BUsI LTSI IPOBEICHUS MPOLiecca CUHTe3a, OCYIIEeCT-
BJsSIeTCS CKAaHUPOBAHMEM HOHHOTO MydYKa IIO
noBepxHocTU. Heobxoaumo BBIOpaTh CIIoco0 cKa-
HUPOBAHUS U PACCUUTATh ITapaMeTPhl HarpeBa MojI-
JIOXKKHM MIOHHBIM IMyYKOM JI0 3aJJaHHOI TeMIlepaTyphbl
T, . OcHOBHad 3a/1a4a HA TAHHOM 3Tare — J0CTUYb
PaBHOMEPHOTO TeMIIepaTypPHOTO I10JIsI 110 BCeli To-
BEPXHOCTU MOMIOXKKA. OTHUM U3 UHCTPYMEHTOB
pellIeHus 3TOI 3aJa4r CIYKUT BHIOOP ONMTUMAJIb-
HOTO CrIoco0a CKaHUPOBAaHUSI TIOBEPXHOCTU 00pa-
60TkH. MOHHBII My4OoK BO BpeMsl 00paOOTKU MOXKET

CKaHUPOBATh OBEPXHOCTb HECKOIBKUMU CII0CO0a-
MM: 10 CTPOKaM, 10 CTOJIOIAM, MO CIIUPAJIU, B CITY-
YaifHOM TOpsiIKe. 3a BpeMsl HarpeBa TeIjIo UCTOY-
HUKAa pacrpoCcTpaHsIieTCsl MO BCell MOAJIOXKKeE.

K ncxogusivM mapamerpam npouecca CUII or-
HOCSITCSI: PACCTOSIHME MEXIy Cpe30oM Ayaruia3ma-
TPOHA U MOJIOXKO; MaTeprajl U TeOMETPUUECKIE
pasMephl (JUIMHa X IIMpUHA X BBICOTA); Pa3Mephbl
OITOP, HAa KOTOPbIE YCTaHABIMBAaeTCs MOoUTokKa. Ha-
MpUMeEp, €CIU MOAJ0XKa YCTaHABIMBAETCS Ha 4e-
TBIpE UMJIMHIPUIECKUE OTIOPhI, MOXKHO TOBOPUTH O
paTMalIMOHHOM TETVIOOOMEHE MEXITY, C OTHOI CTOPOHBI,
TMTOUTOXKKOM 1 M3MIENTAEM, C IPYTOii CTOPOHBI, — TEILIO-
BbIMU SKpaHaMU YCTAHOBKM.

Hcrnonb3oBaHne KOHIEHTPUPOBAHHOTO TTOTOKA
noHoB B npouecce CUII mo3BosseT ymnpaBisiTh
CTPYKTYpOIl M3leNnus, 00eceuYnBaTh JTOKAJIbHOE
BO3/ICIICTBHE HA BJIEMEHTAPHYIO STYEKY, (POPMUPYS
TeM CaMBIM CILJIaB C 3aJaHHBLIM COUETaHUEM II0-
POIIKOB Pa3IMYHOTO XMMMYECKOTO COCTaBa.

BcnenctBue BBICOKMX CKOPOCTE HarpeBa U
oxnaxaenus (no 10° °C/c) hopMupyercst CTpyKTypa
CIUTaBa ¢ MEJKUM 3epHOM. M3BecTHa ciemyromas
3aBUCHUMOCTb PACCTOSIHUS d MEXIy JeHIPUTHBIMU
BETBSIMU BTOPOTO MOPSIAKA OT CKOPOCTH OXJIaXKIe-
Hus [1]:

d=a/V" _,
IJe @ U n — MOCTOSIHHBIE, V" — CKOPOCTb OXJIaX-
JIEHUS.

CKOpOoCTh 3apOXKIeHUsI KPUCTAJIOB YBEIUYU-
BaeTCsI C POCTOM CKOPOCTH OXJIAXKIEHUS, YTO MPU-
BOJUT K ITPOITOPLIMOHATIBHOMY YMEHbBIIECHUIO pa3-
Mepa 3epeH.

IToBwieHue ceoricts KM nmpon3BoauTCs myTeM
KOPPEKTUPOBKMA KOMOMHAIIMU, PEXMMOB CUHTE3a
n3nenuii 1 repmooopadorku. TexHonorus CHUII
MO3BOJISIET TIPOBOAUTH TEPMUUECKYIO 00pabOTKY B
UMITYJIbCHOM WJI HEMPEPhIBHOM PEXKUME HE TOJIb-
KO ITOBEPXHOCTHOTO CJI0ST, HO 1 B IIPOLIECCE «POCTa»
usaenus, GopMUpysT TeM caMbIM MPOrPaAMMHYIO
CTPYKTYpY, HAIIpUMep C YIIPOUHSIOIUMU (UOpaMU.
Byt Ha cTpyKTypy MaTepuaia MOXKHO, PETYJIUpYs
clieAyIolINe TTapaMeTphl: CKOPOCTh HarpeBa, TeM-
reparypy, BpeMsl BbIIep>KKHU TPU 3a1aHHO TeMIie-
patype, CKOPOCTb OXJIAKIECHMUSI.

VYpapasitolmuMy napameTpamMmu ISl OJydeHUst
B KaXJIOM CJIO€ MaTepHajia 3adaHHON CTPYKTYpPhI
CJTyKaT TOK IyuKa, CKOPOCTb CKAHMPOBAHUSI, A1a-
METp ITyuyKa B MECTE BCTPEUU C MUIICHBIO, BpEeMsI
UMITyJIbCa MMyYKa, BpeMsl May3bl.
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BakyymHas cucreMa oOecIieuMBaeT OTKAUYKY
BO3AYLIHON cpelbl U3 KaMepPhl C TOMOILBIO HU3KO-
¥ BEICOKOBAaKyYMHBIX HACOCOB, 3aIIOPHOM armapa-
Typbl. KOHTpOJIb JaBieHUs B KaMepe U padboyux
TOYKAX OCYIIECTBIISIETCS 11O MOKAa3aHUSIM BaKyyM-
HBIX JaTYMKOB. BakyyMHas cucTtemMa BBIIOJHSIET
CIIeAYIOIINE TEXHOJOTMUECKIE OIepalivi;

noJiydeHUe B paboyeii Kamepe HU3KOIo BaKyyMa;

MOATOTOBKY AN(P(PY3MOHHOTO BHICOKOBAKYYM-
HOro Hacoca K pabore;

OTKJIIOUeHME HU3KOBAKYYMHOM JINMHUM;

BKIIOUEeHME 11U (PY3MOHHOIO Hacoca Ha Kamepy
¥ TIOJIyYeHNEe BBICOKOTO BaKyyMa;

nocJie10oBaTeIbHOE OTKJII0UEHNE BBICOKOBAKY-
YMHOM JIMHUY II0 OKOHYAHUIO IIpOoliecca CUHTEe3a;

Hamyck aTMoc(epHOIo IaBjeHUs B padouyio
Kamepy.

VhpasneHue cucTeMoi OTKaYKU U KOHTPOJIb CO-
CTOSTHUSI OCYILIECTBIISIETCSI BABTOMATYECKOM PEKIIME
nporpaMMUpyeMbIM KoHTpoJsuiepoM. TTporpammHoe
obecrnieueHre KOHTPOJUIepa 00ecIieYrnBaeT IIOCIeI0-
BaTeJIbHOE yITpaBJIeHNE NCTIOJIHUTETbHBIMU 3JIEMEH -
TaMM BaKyyMHOI1 CUCTEMBI B COOTBETCTBUM C 3afaH-
HBIM PEXUMOM pabOThl (MOATOTOBKA BaKyyMHOI
CHCTEMEI K paboTe, CO3MaHNe pabodero BaKyyMa, Ipo-
BepKa HaTeKaHUsI, OKOHYaHUE paboThl). DeKTpUie-
CKO€ yIpaB/IeHNe BKJII0YaeT Habop OJIOKMPOBOK, ra-
PaHTUPYIOLINX 0€30IaCHYI0 padOTY U SKCILTyaTal1Io
YCTaHOBKM, BKJIIOUAsI aBAPUITHYIO IIPOrPaAMMY.

BoruucnurenbHbIN MOTEHLIMA CUCTEMBbI YIIPaB-
JICHUSI, peaJIn30BaHHBIN Ha 0a3e MHAYCTPUAIHLHOTO
KOMIIbIOTEpa, MPOrpaMMHUPYeMOT0 KOHTPoJJIEpa U
CEHCOPHOI ITaHeIn, 00eCIIeunBaeT BO3MOXKHOCTh
MHTEerpalun pyHKUMNA MPOSKTUPOBAHUS TEXHOIO-
MU B MAIIMHHOM MacllITabe BpeMeH! 1 YIIPaBIeHUE
MPOLIECCOM CIIEKaHUsI/TITaBJIeHUS B peaIbHOM Mac-
mrade BpeMEeHM.

DyHKIIUM CUCTEMBI YIIPaBJIEHUSI YCTAaHOBKOM
MOXHO OTIPEACINTh, UMesI B BULY COBOKYITHOCTD €€
BHEIIHUX B3aUMOJEHCTBUIA:

nepeMeleHe MEXaHU3MOB CTOJIa 3JIEKTPOME-
XaHMYEeCKOro KoMILIeKca (feoMeTpruIecKasi 3aaua);

ocaea0BaTeIbHO-TIapalJIeJIbHOE YIIpaBJIeHUE
JUCKPETHBIMU MeXaHUu3MaMU, 2JIeMEHTaMU BaKy-
YMHOM CHCTEMEI (JIOTUYecKasl 3a[1a4a);

B3aMMOCBSI3aHHOE yIIpaBjeHNWE MCTOUYHUKOM
OUTAHWS Ayaria3MaTpoHa U MPpUBOJZAMM IIepeMe-
LLIEHUT cToJia (TeXHOJIornyeckas 3ajgayda);

OopraHmM3annio nHrepdeiica ¢ orepaTropom (Tep-
MUWHaJIbHAasl 3a7a4a);
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UICHTU(UKAIINIO COCTOSTHUSI TEXHOIOTMUECKOM
cUCTeMBI, (hbopMUpPOBaHUE (DATIOB COCTOSTHUS BJie-
MeHTOB T-cucTeMbl, (hailioB COOBITUI ¥ aBAPUITHBIX
cuTyauuit (IMarHocTuyecKas 3ajaaya);

JTOKYMEHTUPOBAHHUE TEXHOJOTMYECKOTO MPO-
1iecca CMHTe3a U3euil (apxuBHas 3a1a4a);

MaTeMaTUYeCKOe MOIEIUPOBAHNE TEXHOJIOTH -
YeCcKoro Ipoliecca (3agavya OnTUMU3ALUN );

JIUCIETYEPU3ALINIO MIEPEUMCIICHHBIX BBIILIE 3a1a4
(cucremHas 3agayva).

B kauecTBe ymnpapisionieil KOMIOHEHThI JJIsT
pellIeHUs TeOMeTPUUYECKOM 3a1auM MO3ULIMOHUPO-
BaHUS BBIOpAaH MPOrpaMMUPYEMbI JIOTHYECKUIA
koHTposiep (ITJIK), koTopblii mpeacTaisieT co00it
YIIPaBJISTIONIYIO MAIIMHY peabHOTO BpeMeHHU, (pop-
MUPYIOILLYIO CUTHAJIBI HA UCITOJTHUTEIbHbBIE OPTaHbI
CTOJIa B COOTBETCTBUU C 3aJaHHON yIpaBJIsIOLICIA
nporpammoii (YI1) u nungopmalmeii o COCTOSIHUU
YIIPaBJIIEMOT0 OOBEKTA.

ITpoMbIlLIEHHBIN KOMIIBIOTEp, HA 0a3e KOTO-
pOro pealn30BaH CHELUMATN3MPOBAHHBIN reHepa-
Top, U ITJIK BBITTOJHSIIOT TEXHOJIOTMUYECKYIO 3aJauy
VIIpaBJICHUS, T.€. pealnu3yeT COBMECTHYIO paboTy
MEXaHUYEeCKUX U TEXHOJOTMYECKUX O0Ceil (TOK Iy4-
Ka, TOK (DOKYCUPOBKH, TOKU OTKJIOHSIIOLINX CUCTEM
mo ocsimMm X 1'Y).

Jlornueckas 3amaua yrpaBJIeHUs peali30BaHa
Ha 6a3e I1JIK, xoTophslii opraHusyeT IocJjenoBa-
TEJIbHOE BBITIOJTHEHUE OIepaluii Mo yIpaBIeHUIO
WUCIIOJHUTEIbHBIMU 3JIEMEHTAMU BaKyyMHOI CU-
CTeMbI, pabOUYMX M BCITOMOTaTeIbHBIX MEXaHU3MOB
YCTAaHOBKU B COOTBETCTBUM C 3aJaHHBIM aJITOPUT-
MOM PabOTHI.

OpraHu3aius 1uajaora ¢ onepaTopom (TepmMu-
HaJIbHasl 3a/1aua) BBIMOIHSIETCS 4epe3 YeIOBEKO-
MaIlIMHHBIN MHTepdeiic. DKpaH MaHeIu orepaTopa,
KaK IIpaBUJIO, paszielieH Ha (DyHKIIMOHAIbHbIE OKHA,
oTpaxarollue cleayloliee:

MHEMOCXEMBI BAKYYMHBIX CTAHLINIA, ITapaMeTPhl
SHEPreTUUYECKUX KOMILJIEKCOB, MaHMITYJISITOPOB
YCTaHOBKUH;

pexXuM yrpasieHus (HaJagouHblii, py4HOi1, aB-
TOMATU3UPOBAHHBIN, aBTOMATUUECKMUIA);

JUarHOCTUYECKUEe, aBapUiiHbIe COOOIIEHUS 00
OTKJIOHEHMSIX TTapaMeTPOB OT TEXHOJIOTMYECKOIO
perjaMeHTa.

J71s1 yripaBiieHUST 3JIEKTPOHHBIM ITyYKOM BO Bpe-
MEHU U MPOCTPAHCTBE NMIPUMEHSIETCS CIIeMATU3U -
pPOBaHHBIN (PYHKIMOHATIBHBIIA TeHEPATOP, peaiu-
30BaHHBII HA 6a3e MTPOMBILIJICHHOTO KOMIIbIOTEPA,
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OCHAIIIECHHOTO MOAYJISAMU LM(PO-aHATIOTOBOTO
npeoOpa3oBaHusl, KOTOpPbIe (DOPMUPYIOT CUTHAIBI
YIIpaBJICHUSI OTKJIOHSIIOIIEH CUCTEMOIA.

IenepaTop mo3BoJIsET:

CTPOUTH, PEIAKTUPOBATH (hOPMBI TPACKTOPUU
My4YKa U MPOrpaMMHO BBIBOAUTH UX C 3aJaHHOI yac-
TOTOM [IJIS1 YIIPABICHMUSI ITyYKOM;

3a/1aBaTh pa3IMUHbIC PEXKUMbI U3MEHEHUS TOKA
nyJka 1 (POKYCUPOBKH.

TakuMm o6pasom, MyJsisTunponeccopHasi CY, BbI-
MOJIHEHHAsT Ha 6a3e MPOMBIIIIJIEHHOTO KOMIThIOTEpa
U MPOTPpaMMUPYEMOIro KOHTpoJIepa, MO3BOISIET
peanu3oBaTh pa3pabOTaHHbIN AITOPUTM ITOCTOMHO-
ro CMHTE3a U3JeIUI B aBTOMATUYECKOM PEXUME C
BBICOKO IIOBTOPSIEMOCTBIO Pe3yJIbTaTOB.

BriBoapl

[Iporecc cuHTE3a MOHHBIM TTYYKOM TTO3BOJISCT
MoJTy4yaTh HOBbIE MaTepHUasbl C TPOrpaMMUPYEMO
CTPYKTYPOI 113 TIOPOIIKOB PA3IMYHOTO XUMUUIECKO-
ro cocTaBa, BKJII0Uasl MOPOIIKHA XUMUYECKN aKTUB-
HBIX MaTEPHUAJIOB.

B npouecce «pocta» U3neanst MOXKHO OCYIIECT-
BJISITH (POPMUPOBAHUE 3aaHHOM CTPYKTYPHI M3

C MOMOIIBIO JTOKAJIbHOI TEPMHUIECKON 00pabOTKI
W3/e/I1s] MIOHHBIM ITy4KOM. BeICOKast aHeprusi ajiek-
TPOHHOTO ITy4YKa ITO3BOJISIET JOOMTHCS BLICOKOM CKO-
POCTH IUIaBJICHUS CJI051 U MAJIOTO BpEMEHU KPUCTaI-
IM3allM¥ pacIlJlaBJIeHHOTO MeTajjia, 4TO
obecrneurBaeT (GOPMUPOBAHNE UACINS C BLICOKUMU
MeXaHMYECKUMU U TETUIO(PM3NIeCKIMI CBOMCTBAMM.

PaccmoTpeHa cxeMa MOHHOM YCTaHOBKM, KOTO-
past obecIieunBaeT IUPOKHE TEXHOJIOTMIECKIE BO3-
MOXHOCTH IO CUHTE3Y MHOTOKOMITOHEHTHBIX Ma-
TepuajoB.

ITpenyioxkeHHbIE TEXHUYECKUE PELICHUS [T03BO-
JISIIOT YBEJIMYUTH KOJIMYECTBO METOIOB YIIPABICHUS
CTPYKTYpPOI U31e/IsI, TTOBBICUTh YPOBEHD yIIPaBJIs-
€MOCTHU 1 IIOBTOPSEMOCTH IMapaMeTPOB TEXHOJIOI M -
YeCKOro Mpoliecca, UCKIIOYUTh BIUSHUE CYObeK-
TUBHBIX (PaKTOPOB Ha IIPOLIECC CUHTE3A.

MoHHBIN My4yoK MO3BOJISIET HA OHOM U TOM Ke
YCTAaHOBKE Peaji30BaTh Pa3IMUHbIC TEXHOJIOIMUECKIE
orepaluu (CrieKaHue,/TuaBaeHre CJI0sI TOPOLLKA).

PaGoTa BrInmostHeHa IMpU IoaAepxkKe rpaHTa Mu-
HUCTepcTBa oOpa3zoBaHUsl U HayKu Poccuiickoii
®enepaliuy 1o MIporpaMMe NOIASPKKU BEIyIIUX
Hay4IHBIX Ko PO, rpant No HIII-6413.2014.8
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NMPOrHO3UPOBAHUE YCTAJIOCTHOM AOJ/ITOBEYHOCTU METAJ1/10B
C YYETOM HEOAHOPOAHOCTU MUKPOCTPYKTYPbI

R.V. Guchinsky, S.V. Petinov, S. Siddique, M. Imran, F.Walther

FATIGUE LIFE PREDICTION BASED ON FINITE-ELEMENT MODELING
DAMAGE ACCUMULATION INCLUDING MATERIAL INHOMOGENEITY

IMpencraBnensl pe3yabTaThl KO MoaenupoBaHUsT 3apOoXkIeHUs] U Pa3BUTHUS ABYMEPHBIX TPEIIVMH
YCTaJIOCTH B CTATbHBIX IJIAIKMX 00pa31ax Mpy MOMOIIIY IMCKPETHOM OLICHKU HAKOTIJICHHUSI TTOBPEXICHU I
B CTPYKTYPHBIX 2JIeMeHTaX MaTepuasa. JloJroBeYHOCTh PacCCUMTBIBACTCS IO MPaBUJTY JIMHEWHOTO
CYMMMPOBaHUS MOBPEXACHUN U neopMallMOHHOMY KPUTEPUIO pa3pylIeHUs] ¢ yUeTOM YIpyro-
TUIACTUYECKOTO TMOBENeHUs] MaTepuaia. AHaIU3UpyeTcsl BIMSIHUME HayalbHOM HEOTHOPOIHOCTH
Marepuasa, BBeICHHON yepe3 pa3inyyre B HIMKIMYECKOM YITPOYHEHNH SKCTIEpUMEHTaTIbHO HA0JTI01aeMbIX
¢pakumii matepuaina. [loayyeHHas 3BotoLus (ppoHTa TPELIMH CBUAETEILCTBYET 00 UX 3apOKICHUN
B TIPUITOBEPXHOCTHBIX CJIOSIX B KJIaCTepax 3JIEMEHTOB MaTepuaja ¢ HaMMEHbIIUM IUKINYECKUM
yIpouHeHueM. Monennpyemblii pa3opoc J0JTOBEYHOCTH MPY HECKOIBKUX Pa3TMUHBIX ITO TTIOAPOOHOCTH
CeTKaX KOHEYHBIX 2JIEMEHTOB XOPOILIO COIIACYETCs C IKCIEPUMEHTATBHO MOTYYEeHHOM JOJITOBEYHOCThIO
00pas31oB MPU YeThIPpEX YPOBHSIX aMIUTUTYAbl HArpy>XeHUsl, TIPU dTOM paccesiHue pesysbTaToB
YBEJIMYMBAETCSI B MHOTOIIMKIIOBO# obsiacTu. [TokazaHo, 4To cTaaust pa3BUTHSI MAKPOTPEIIIMHBI B IJIAIKHX
o0pasiax MOXeT JOCTUraTh 25 % oOIieii J0JIroBeYHOCTH. JI1s1 000CHOBAaHHOIO BHIOOPA ITapaMeTPOB
COTPOTUBIICHUSI MaTepraJia IepeMeHHOMY Harpy>KeHU0 HEOOXOMUMBbI AaJTbHERIITNE SKCTIEpUMEHTaIbHbIE
HCCeNOBaHMS Ha Pa3TMYHBIX CTPYKTYPHBIX YPOBHSIX.

HAKOIJIEHWE NOBPEXAEHUN; TPELIUHA; YCTAJIOCTb; IE®@OPMALIMOHHBIV KPUTEPUN; BEPO-
ATHOCTHAA MOJEJIb; MKD; MUKPOCTPYKTYPA; PASEPOC JOJITOBEYHOCTHU.

The article presents the results of modeling two-dimensional fatigue cracks evolving and growing in steel
smooth specimens through finite-element modeling using the procedure of discrete assessment of damage
accumulation in the structural elements of the material. Fatigue life is estimated by the linear damage
accumulation rule and the strain life criterion with regard to the elastic-plastic material response. The
initial material inhomogeneity is simulated by varying the cyclic hardening of the experimentally observed
material fractions, ferrite and perlite. The results obtained on crack front evolution indicate that its
predominantly occurs in the subsurface layers in the material element clusters with the smallest cyclic
hardening. The simulated life scatter for several FE-mesh densities satisfactorily fits the experimentally
obtained data at different values of stress amplitude and is more pronounced in the high-cycle regimes.
It is shown that crack growth stage can reach 25% of the total fatigue life for smooth specimens. A
reasonable selection of the variable fatigue resistance parameters would be needed for further experimental
material investigation at different structural levels.

FATIGUE; DAMAGE ACCUMULATION; FATIGUE CRACK; STRAIN-LIFE CRITERION; PROBABILISTIC
SIMULATION; FEM; MICROSTRUCTURE; LIFE SCATTER.

Beenenne CTPYKLMIA, CYIOB, TPYOOIIPOBOAOB C YUETOM yCTa-
JIOCTU TIPEATOJIAral0T MCIOJIL30BaHUE KPUBBIX

CoBpeMeHHbIe TIpaBuja MPOSKTUPOBAHMST Ma- -
YCTAIOCTH, XapaKTepU3YIOLIUXCS OMpPeaeIeHHOMN

IIIMH 1 MEXaHN3MOB, CTPOUTEIIbHBIX, MOPCKHNX KOH-
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obecneyeHHOCTHIO [1, 2]. [Ipn ucnbiTaHUSIX cepun
MJICHTUYHBIX 00Pa31I0B Ha YCTAJOCTh C 3aJaHHBIMU
YCIIOBUSIMU HarpyKeHMsI Bcerda OOHapy:KMBaeTCsI
paccessHUe XapaKTepHUCTUK JOJITOBEYHOCTH [3—5].
Cratuctuyeckass 00padbOTKa pe3yIbraToB UCIIBITa-
HUI TTO3BOJISIET YCTAHOBUTD, UTO IPOIIECC HAKOILIE-
HUS YCTAJIOCTHBIX IMOBPEXASCHUI B CYIIECTBEHHOM
CTEIEeHU cllydaeH. PaccesiHre MoJIroBeYHOCTH OIpe-
JeJIsieTCsl HeCKOJIbKUMU ITpuInHaMu. Bo-nepBoIx,
JTO MMPOBEACHUSI UCTIBITAHUI UMEETCs pa3dpocC B Ha-
YaJIbHOM MOBPEKACHNN 00pa31ioB, KOTOPHII MOXKET
OBITH CJICICTBUEM TEXHOJOTMU U TOYHOCTH MX U3-
TOTOBJICHMSI, [IOBEPXHOCTHOI 00paOdOTKM, HATUYNS
HavyaJlbHBIX J1edeKTOB. BO-BTOPHIX, BaKHBIM HC-
TOYHMKOM pa30poca JOJITOBEUHOCTH SIBIISIETCS YPO-
BEHb MOBPEXIEHUS, IIPU KOTOPOM ITPOUCXOIUT 3a-
BEepIICHUE WCIOBITAHUSI, YCTaHAaBIMBAEMBIN,
HampuMep, B BUIE pa3Mepa HaOI01aeMol Tpelu-
HEL. B-TpeTbux, paccesiHue CBSI3aHO C TIIATEIbHO-
CThIO KOHTPOJISI 32 YCIOBUSIMU MTPOBEIECHMST UCIIBI-
TaHUS — IapaMeTpaMM HarpyKeHUsI, IOCTOSTHCTBOM
YCJIOBUI OKPY>KAIOLIE CPebl.

st cokpallleHMsT YMclia UCIIBITAaHNA Ha yCTa-
JIOCTHYIO JOJITOBEYHOCTh 1 MX 3(P(PEKTUBHOTO T1J1a-
HUPOBaHMS aKTyaJbHa pa3paboTKa BEPOSTHOCTHBIX
Mopeell mpoliecca HaKOIJIEHUS TTOBPEXACHUIA.
CylecTByeT IBa KJlacca TaKUX Mozeseit: 1) Mmomenu,
OCHOBaHHbIE Ha MPEACTaBICHUN O 3apOXICHUU U
MOApaCTaHUM TPEIIMHBI KaK YACTHOI pealn3alnn
HEIPEePBIBHOTO CTOXaCTUYECKOro Ipoliecca [6]; 2)
MOZEIN, B KOTOPBIX MCIIOIb3YIOTCS IapaMeTphl,
CBSI3aHHBIE C OMMCAaHMEM HaKOIUICHUS TTOBPEXK/Ie-
HUI (KOHCTAHTHI KPUTEPUS pa3pylLIeHUSI, pa3Mep
HavyaJIbHBIX Ae(EKTOB U ApP.) B BUAE CIAydalHbIX
nepeMeHHbIX [ 7]. Hampumep, aeTepMuHIpoBaHHAs
mogenb [Ispuca pocra TpeliuHbl [§] MOXeT OBITh
MpeacTaBlieHa B KAYEeCTBE BEPOSITHOCTHOM MOICIIN,
B KOTOPOIi KOHCTAHThI MaTepraia BBOASITCS B BUIIE
HEKOPPEeIUPOBAHHBIX CAydYalHBIX BenmunH. [1pn
5TOM, OJTHAKO, TpeOyeTCs MPUBEACHUE YPAaBHEHUS
IIspuca x 6e3pa3MepHOil (popMe ST pelIeHUs
MpOoOJIeMBI pa3MEPHOCTH KOHCTAHT |6, 9].

W3-3a paznmuuii B Ha4aJbHOM COCTOSIHUU Ma-
Tepuaja 00pa3loB OOBIYHO MEPUOM 3aPOKICHUS
TPEIIMHBI XapaKTepru3yeTcs: OOIbIIMM pa30opocoM,
yeM (aza ee pa3BUTHUSI. DKCIEPUMEHTAIbHO MO~
TBEPKIEHO, YTO OCHOBHBIMM MCTOYHMKAMHU pa3-
Opoca Ha cTaauu oOpa3oBaHUS TPEIIMHBI CIy>KaT
HEOTHOPOMTHOCTh CTPYKTYPhI MaTepHaia X Haaudue
HavaJbHBIX JedeKkToB [4, 5]. s ux MoaeampoBa-

HUSI MOXET YCIIEIIHO MCMOJIb30BaThCsS METOJ KO-
HeuHbIX 271eMeHTOB (MKD). B padore [10] HeonHO-
POIHOCTh MUKPOCTPYKTYpPbl OblJa y4YTe€Ha C
TMOMOIIIBIO BBEICHUS PA3IMUHOTO, B COOTBETCTBUU
¢ pacripeneieHuem BeliOysuia, conpoTrUBIeHUS 3Jie-
MEHTOB MaTeprajia HAKOIJIEHUIO MOBPEXIEHUI;
MpU 3TOM TIIacTUUYecKoe nehopMUPOBAHUE MaTe-
puaia He yYMTBHIBAJIOCh U Obla pacCMOTpeHa 3a-
Jlaya o MJIOCKOM HaNpPsSKEHHOM COCTOSTHUM.

ITpu MoneMpoBaHUY BIAUSIHUASI MUKPOCTPYKTY-
PbI Ha paccestHUe 10JITOBEUHOCTH MOXeT 3(pheKTUB-
HO MPUMEHSTbCS MPABUJIO JMHEWHOTO CyMMUPOBa-
HUs noBpexneHuii Ilaxemrpena—Maiinepa [11].
Hanpumep, A. Punanbau [12] mokasai, 4Tto Takoe
MOJIEJIMPOBAHME BO3MOXHO C MOMOIIIbIO TTPECTaB-
JIEHUSI MEX3EPEHHBIX IPAHUILL YIIPYTUMU ITPYKUHAMU
C KpUTepueM paspylleHus B Buae Kpuboil S-N.
C pazButueM Bepcur MK3 Voronoi [13] mosiBunmnch
cpenctBa 3((heKTUBHOTO MOJIEIMPOBAaHUSI 3e€peH Ma-
Tepuana, pazauuue B 1ehOpMUPOBAHUU KOTOPBIX
MOXKET OBITh OIpenesieHo Bapualmeit moaynst FOnra
WA XapakKTepucTUkK yrnpouHeHust. [Tpu takom nom-
XOJIe BOBMOXHO TakKXKe YYWUTHIBATh CJy4allHO pac-
npeneaeHHble nedeKThl MaTepuaia [14].

OObIUHO paccesiHUe TOJITOBEYHOCTU MOJIEPY-
eTCsl Ha HavyaJlbHOM CTaniuu paspyllieHus, a s
NaJIbHEMIIEH OLIEHKU pa3BUTHUS TPELIMHBI ITpe.-
JlaraeTcsli UCIoJb30BaTh hopMaT JMHEHHON Mexa-
HUKW pas3pyieHus [ 15].

OnHako pacnpocTpaHeHre TPeIMHbI B 00pa3-
11aX ¢ KOHLEHTpAaTOpaMu HAIIPSKeHUM WK 1eTajisix
KOHCTPYKIIUI MOXET COCTaBIsITh 3HAUYUTEIbHYIO
4acThb 00I11Ie} 10JTOBEYHOCTH, TO3TOMY Ba’KHO CO-
BEpILIEHCTBOBAHUE TTOAXOI0B K OLIEHKE YCTAJIOCT-
HOTO TOBPEXACHUS C YIETOM pacCesiHUSI B paMKax
eIMHOTOo Tpolecca. [lpencraBieHue CTPYKTYpbl
MaTepuasia B BUIE KJIACTEPOB 3ePeH, XapaKTepu3y-
IOLIUXCSI TPUMEPHO PaBHBIM CONPOTUBJIECHUEM
MepeMEHHOMY HArpy>XKeHUIO, MO3BOJISIET MOJIEIIU-
pOBaTh paccesiHUE CBOMCTB MaTepuasa, OTBevaroliee
MPeCTaBIeHNIO O CTOXaCTUUECKOM MpUpoe Mpo-
1iecca yCTaJIOCTHOTO OBPEXIeHUS 0€3 pa3ieeHusl
cTagnii o0pa3oBaHMs M pocTta TpelnHbI [ 16]. Takoit
MOJXO0M, PACCMATPUBAIOIINI 3BOJIIOIMIO TTOBPEXK-
JIEHU 3JIEMEHTOB MaTepuaa, NepBoOHaYaIbHO ObLI
pPa3BUT [JI1 CKBO3HBIX TPEIIMH MPU MJIOCKOM Ha-
MpPsSKEHHOM cOoCTOsSTHUHM [17], HO B majbHeUWIeM
MOJTyYXJT pACTIPOCTPAHEHUE U JIJI51 TPOCTPAHCTBEH -
HbIX TpeuuH [18, 19].
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Lens gaHHOM pabOTH — MOJEIMPOBAHUE 3a-
POXIEHUS Y Pa3BUTHS TUIOCKOM TPEIIWHBI B CTalTb-
HBIX UMJIMHIPUYECKUX 00pa3iiax, NCITBITEIBAEMBIX
MPU OMHOOCHOM CUMMETPUYHOM TIePeMEHHOM Ha-
IPYKEHWH C YIETOM DBOJIIOLIMYI 00JIACTH TIIacTUYe-
CKOi1 1epopManii 1 HEOMHOPOTHOCTH COITPOTHB-
JIEHUsI MaTepuayia TiepeEMEHHOMY HarpyXeHUIo, a
TaKXKe OlleHKa BJIUSHMSI IapaMeTpOB BBeIEHHOM
HEOTHOPOJHOCTH Ha pacCestHIE TOJITOBEYHOCTH.

MeToauka pacyera

B cooTBercTBUM € TpeaIaraeMoi CXeMOI MOJIEI-
DPOBaHMSI Pa3BUTHSI YCTATOCTHOTO MOBPEXICHUSI 00bEM
yacTh 00pasla, B KOTOPOM OXXMIAeTcss 00pa3oBaHME
TPELIMHBI, Pa30MBaeTCsl Ha Psi KOHEYHBIX 2JIEMEHTOB
Marepuaia NpuOIN3UTETbHO OIMHAKOBOIO pa3Mepa.
Jis1 onvcaHus YIpyro-riacTUYeCKUX HUKITUYECKUX
CBOICTB MaTepuasa CIoib30Balach MOJIE/Ib KUHEMa-
TUYECKOTO YIPOUHEHUSI, KPUTEPUIA TJIaCTUUHOCTU
Muszeca, a Takeke anmpokcuManyst Pamoepra—QOcryna
[20] 06001IEHHOM ITUKITMYECKOH KPUBOIA:

o o V"
Sa:_a+ _a’ >
E K

e €, U G, — aMIUIUTYIbI TIOJIHOM HedhopManum u
Hanpskenust; K7 = 1530 MIla, n”= 0,157 — napa-
METpPbl YIIPOUHEHMUS 2JIEMEHTOB TepJiUuTa B COOT-
BETCTBUU C JaHHBIMU, MMOJyYEHHBIMU B padoTe [21],
JUTSL AaHAJIOTUYHOMW MO MEXAaHUYECKUM CBOWCTBAM
ctam 20MnCr5 (E=1,94-10° MI1a; C,0n= 695 MI1a;
c,= 960 MIla; 6 = 14 %) 13-3a OTCYTCTBUS CBE/IE-
HU MO LIMKINYECKUM CBOMCTBAM paccMaTpuBae-
moii ctanu C45. IIpeamnonaraaoch, 4TO 3J€MEHTBI
(beppuTa UMEIOT B 1Ba pa3a MEHbBIIMI HUKINIECKUI
Mpenes NpornopLUrOHATBHOCTH, YEM Y OCHOBHBIX 3J1€-
MEHTOB TiepiiTa. st 6osiee 000CHOBAHHOIO BBI-
6opa napameTpoB KpuTepusi 1e(HhOpMUPOBAHUS Pa3-
JIMYHBIX (hpaKLMil MaTeprasa HeOOXOIUMO U3YIUTh
COIPOTHUBJIEHUE YCTAIOCTU MUKPOCTPYKTYPbI, Ha-
MPUMED C MOMOIIIbIO U3MEPEHUSI MUKPOTBEPIOCTH.

CornpoTUBIEHUE YCTATOCTH DJIEMEHTOB MaTe-
puajaoleHuBaeTcs iehopMalliOHHBIM KPUTEPUEM,
npenioxeHHbIM B padote 2K. TaBepHeu u JI. Kog-
(buna [22], roe BAMsSHUE MUKPOILIACTUYECKON 1e-
opMany npuOIMXKEHHO XapaKTEPU3yeTCs YIBO-
€HHBIM TpPeeIOM YCTaIOCTH:

(1

ael =C(Nj) " +20 ,JE, )

rue Ae{ u N/ — pasmax oJHbIX AeopMaLii v Yuc-
JIO LIMKJIOB 0 pa3pylIeHUs i(-T0 3J€MEHTa Ha j-M
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1Iare MpOLENYPhl; G | — TPEIEN YCTATOCTH CTalu
C45, xkoTophblii 6bU1 IPUHAT paBHBIM 340 MIla Ha
OCHOBAaHMU WCITBITAHUSI 00paslia ¢ YBEIUUUBAO-
meiicsa amrummTynoii; mapamerpol C= 0,125, b =0,4
ObUIM 3aJaHbBI YCIIOBHO M3-3a OTPAHUYEHHOCTH KC-
MepUMEHTAIbHBIX JaHHBIX. 3aBUCUMOCTb (2) M03-
BOJISIET BBIPA3UTh YMCJIO LIUKIIOB!
N =C"[(sel ~20 ., [E)". 3)
HakoruteHre TOBpeXKAeHUS KaskI0To SJIeMeHTa
OIpeaesieTcsl MPaBUIOM JTMHEMHOTO CyMMUPOBA-
HUSI HOBpeXaeHMIA. Ha HagaTbHOM IIrare Iporemy-
pBl j = 1 pacCuMTHIBAEeTCS T10JI€ MOJHBIX OCEBBIX
nedopMarinii Beex i 3JIeMEHTOB, JIEXKAaIlliX B 00J1aCTH
pa3Butus TpeluHbl. C momoibio (3) onpenesnser-
CsI YMCJI0 LIMKJTOB IO pa3pyIIeHUs 3JIEMEHTOB, BBI-
OupaeTcs HauMeHblllee 3HaUueHue. 3aTeM IS Bcex
3JIEMEHTOB PAaCCUYNTHIBAIOTCS TTOJTydeHHBIC Ha TTep-
BOM IIIare MOBPEXKACHUSI, COOTBETCTBYIOIINE STOMY
3HAYEHMIO; TTOBpEKIeHNE Hanbojiee MHTEHCUBHO
JIe(popMUPOBAHHOTO 3JIEMEHTA CTAHOBUTCS PABHBIM
enHAIe. PaspylreHne 3Toro ajieMeHTa MOIETTPY-
eTcsI IPY IMTOMOIIY YMEHbBIIECHUS €r0 XKeCTKOCTHA Ha
HECKOJIbKO TOPSIKOB IO CPaBHEHUIO C OKPYKalo-
KM Matepuaiiom. Ha cinenyroiiiem mare npouemy-
PBI BHOBB OIIEeHMBACTCS HATIPSDKEHHO-Ie(hOPMUPO-
BaHHOE COCTOSTHUE DJICMEHTOB 1 HAXOMISTCS YKUCIIa
LINKJTOB JI0 WX pa3pyIIeHUs C Y4ETOM aKKyMYJITHPO-
BAaHHOTO Ha MPEAIIECTBYIOLIEM IIare MOBPEKACHMS.
HakormieHHOe i-M 3JIEMEHTOM 3a j IIIaroB IT0-
BpPEXICHUE MOXKET ObITH IPEICTABICHO B BUIIE pe-
KYPPEHTHOM CyMMBI:

. min{n-j }
dl:] = - ! =
S

1

min {Nij (1 ~d/™! )}
N/

1

, 4

rue n,-j — YUCJI0 LIMKJIOB Ha j'—M IlIare, OcTaBIIeecs
IO TOCTVKEHUS i-M 3JIEMEHTOM €AWHUYHOTO IT0-
BpexaeHust. CyMMapHOe MOBPEXKIeHNE Ha KaXKIOM
CJIeAYIOIIEM IIIare pacuyeTa 3aBUCHUT OT ITOBPEKICHMS
Ha TPEeAbIAYIIEM W OT TOTO, KAKOW M3 3JIEMEHTOB
pas3pyiiaeTcs Ha TeKyIeM 1are. B maHHoM pacueTe
MPEITOJIaraeTcs, YTO SJIEMEHTHI 10 1e(hOpMUPOBa-
HUS He MMEJIM HadyaJlbHOTO MOBPEXICHHUS, T.C.

d? =0. Hoxcrassisi (3) B (4), nonydaem

1-d/™

di =¥ (ae/ 20, /E)" min

J (Ae{ —20_1/E)1/b

©)
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Kak BumHO, mocie1oBaTeIbHOCTD Pa3pyIIeHUS
9JIEMEHTOB, a 3HAYUT, U 3BOJIOLMS (HPOHTA Tpe-
IIMHBI He 3aBUCST OT KOHCTAaHTHI C Kputepus (2).
J71s1 KaXxIoro i-ro 3jeMeHTa CYIIEeCTBYeT HOMep
1ara;_, Ha KOTOpOM IIPOMCXOMIUT €TO Pa3pyLIEHHUE;
MPU JOCTUKEHUM TOTO I1ara MUHUMalbHOE 3Ha-
YeHHUE OCTABIINXCS 10 Pa3pyIIeHUs IIUKJIOB COOT-
BETCTBYET HMMEHHO i-MYy D2JEMEHTY:

min{ N/ (1-a/)} = N7 (1-d/1). Tosromy,
pa30MBas HAKOIJIEHHOE K 5TOMY MOMEHTY ITOBPEX-
JICHUE Ha JBE YACTH, MOXHO ITOJYYUTh KPUTEPUii
paspymieHuA i"~TO 3J1eMeHTa 10 YCJIOBUIO paBE€HCTBA
CANHUIIC HAKOIIJICHHOT'O ITOBPEKACHUA

min {n{f” }

dijrr :dijcr_l + r =
- ®)
Jer Jer =
:d‘/“’_1+—Nl (1_dl ):1
! Nijrr )

GKCHepHMeHTaJIbHLIe JAHHbIC

OcHoBHasl 3a1a4a Mpu MOJTy4eHU U IKCTIEPUMEH-
TaJIbHBIX PE3YyJIbTaTOB COCTOsIa B YCKOPEHHOM I10-
cTpoeHur npudakeHHo kpuBoit S-N ctanu C45
(SAE 1045) ciocoooMm RAPID (omnucaH, Hanipumep,
B paboTax [23, 24]), mIst KOTOPOTO JOCTAaTOYHO IIPO-
BEJIEHUS OJHOTO UCIIbITAHKMS 00paslia ¢ yBeJIUuKrBa-
IOLLENCS aMIUIMTYIONM U HECKOJIbKUX UCIIBITAHUM C
MOCTOSIHHOM aMILIUTYIOU. MICIIBITHIBAJIMCH ITO CUM-
METPUYHOMY LIMKJTY TIPYU KOHTPOJIE aMILIUTY/Ibl Ha-
MOPSKEHMS CTaHAaPTHBIE HIMHAPUYECKIE 00pa3Libl
C ITMHOM paboyeit yactu 12 MM 1 AuaMeTpoM 7,5 MM.
By moryyeHbl YeThIpe 3HAY€HHUS 10JTOBEYHOCTHU
00pa3lloB MpPU pa3HbIX aMIUIUTYIaX HaIPsLKeHUS,
KOTOpbI€ B JaJbHEHIIeM ObUIM MCHOJb30BaHbI IS
COITOCTABJIEHUSI C pe3yJibTaTaMy MOJIEIUPOBAHMUSL.

Ha npoTstkeHnuy UCIbITaHUsI C BO3pacTalolieit
aMIUTUTYA0U U3MEPSIUCH Pa3HOCTb MOTEHIIMATIOB,
M3MEHEHHUe TeMIlepaTyphl X aMIUIUTyAA IJlacTuye-
ckoii necbopmanuu. [To pesKoMy UBMEHEHMUIO TI1a-
CTUYECKOM AedopMallii U TeMIIEpaTyphl BO BpeMsI
9KCIIepUMEHTa ObLI clieJaH BbIBOJ O JOCTHXKEHUU
aMIUIATYI0M HaIIPSKEHU U 3HAYEHUST, COOTBETCTBY-
fomero npezeny ycranoctu ¢ = 340 Mlla. Ilpu
TaKOM IIOJXOJ€ YCIOBHO CUMTAETCS, UTO MOBPEXK-
JIEHUsI MaTepralla He MPOUCXOIUT MPU HATTPSIKEHU -
AX HMXKE 3HAYECHUS G .

MexaHuueckre XapakKTepUCTUKU CTald — MO-
nynb FOura £ = 1,92-10° MIla, ycloBHBIN mpeaen

TEKy4YeCT! O, = 721 MlIla, nipenen mpoYHOCTH
6, = 942 Mlla, oTHOCHUTEILHOE OCTATOYHOE Y/UIH-
HeHMe IpH pa3peiBe O = 16 % — OBLIN OIpeneIeHbI
HCTBITAHUEM IO pa3pbiBa obpasiia.

[lepen ycTaloCTHBIMU 3KCIIEpUMEHTaAMM MC-
cenoBasach MOBEPXHOCTb 00Pa3Il0B METOJOM CKa-
HUPYIOIIEH 5JIEKTPOHHON MUKPOCKOITUH, YTO T103-
BOJIMJIO YCTAaHOBUTH Ipeobiaaaioiiee 00beMHOE
conepxanue nepiaurta (83,8 %) 1Mo cpaBHEHUIO C
depputoMm. ITo poTorpadusMm nmosepxHocTeit pas-
PYIIeHUST 00pa3110B OBIT cAeIaH BBIBO O HAYAJTEHOM
DPa3BUTUU MaKpOTPEIIMHbI B HAMIpaBJICHUU, Mep-
MEeHIUKYJISIPHOM ocu oOpa3ua. Ha no3aHeii cranuu
MOBPEXXIEHUS HAOII0JaeTCs pa3pylIeHUE CPE30M C
BBIXOIOM TPEIIVMHBI M3 HaYaJIbHOM TUIOCKOCTH PO-
cTa, B HEKOTOPBIX CIyyasix — ¢ 00pa3oBaHUEM Xa-
PaKTEPHOM «YallleyKu».

PesynsraTbl MoeTMpOBaHUS

7151 mocTpoeHUsI KOHETHO-2JIEMEHTHOM Moie-
JI 001acTH 00paslia ¢ TPEIIMHOM ITpeABapUTEIbHO
OB BBITTOJTHEH aHATN3 OMHOPOIHOCTU HATTPSIKEH -
HOTO COCTOSIHWSI B Mpenesax ero pabouei yactu
(puc. 1). PacueT mokasaj, 4To B TOPLEBBIX 30HAX
paboueit yacTu pacrpeieeHre OCeBbIX HampsixKe-
HUI MO TIOTIEPEIYHOMY CEUYCHUIO CTAaHOBUTCS He-
paBHOMEPHBIM, OTHAKO HAIpPSIKEHHOE COCTOSIHUE
B LIEHTpaJIbHOI 001aCTH paboyeit yacTi MOXKHO CUU-
TaTb OMHOPOAHBIM. [ToaTOMY B JajbHeiiemM pac-
CMaTpHMBAJIOCH PA3BUTHE TPEIITMHBI B IICHTPATBHOM
TTOJIOBMHE paboyveii yacTu obpasiia JUTMHOM 6 MM.

7151 OTIeHKY BIVSTHUSI HEOMHOPOIHOCTH CTPYK-
Typbl Ha JOJTOBEYHOCTh OBLIO pa3zpabOTaHbl TPU
KOHEYHO-3JIEMEHTHBIX MOJIEIN C pa3HOI MOIpo0-

!
0,679 1,133

0,906 1.36 1,587

1,814

2,041

2,269 2,496 2,723

Puc. 1. PacnipeneneHue oceBbIX HAITPSKEHUI 110
MPOJOJBLHOMY ceueHuto (rpu HanpstkeHur 1 MTla)
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HOCTBIO CETKH U TIOJIY4EHBI IISITh BAPUAHTOB pac-
npeaeaeHus BJIEMEHTOB IBYX (DpaKkinii MaTepuana
(rtepsT 1 peppuT) It Kaxkmnoit mogenu. [Tpu aTom
BJIEMEHTHI (peppUTa B COOTBETCTBUM C IKCIIEPUMEH -
TaJIbHO MOJIyYeHHbBIM comepkanueM (16,16 %) ciy-
YaliHbIM 00pa3oM pacroyiarajuch Cpeau 2JEMEHTOB
mepJnTa B IIpeaesiax padbodeii yacty oopasiua (puc. 2).

B cooTBeTCcTBUY C TTpOLIEAYypOIt MOAETUPOBAHUS
TPEUIMHBI HA OCHOBAHUY HAKOTIJIEHHOTO B DJIEMEH -
Tax MaTepuraja oBPEXKIESHUS ONIPeaeIIsIeTCsI IIePBbIi
paspylaronumiicst aaeMeHT. UM oka3biBaeTcst OMUH
U3 3JIEMEHTOB B 30HE CKOILIeHUsI (heppuTa, TaK Kak
3Ta 00J1aCcTh 00J1a1aeT 00JIee BLICOKOM MOAATINBO-
CTBIO 110 CPaBHEHUIO C OKPYXKAIOLINM MaTeprajoM
M3-3a MPEAII0IaraeMoro MEHbIIETO UKIINUECKOTO
ynpouyHeHwus1. PaspyliieHre nepBoro ajieMeHTa orpe-
JIeJISIET MOJIOKEHME TTOMEPEYHOTO CEUEHUS, B KOTO-
POM MPOMCXOAUT JajbHEeMIIee pa3BUTUE MAKPOTpeE-
muHH (puc. 3). Hampumep, B omHOM U3 CIy4aliHBIX
pacrnpeneaeHuii pu rpyooii ceTke KOHEYHbIX BJie-
MEHTOB KJIacTephl (peppuTa 0Ka3aanuch COCPEAOTO-
YEHHBIMU B LIEHTPAJbHOM YacTu (CM. pUc. 2, a), 4To
MPUBEJIO K PA3BUTHIO TPEIUHBI OT LIEHTPA K BHEIII -
Heil MOBEPXHOCTU, NeMOHCTpUpYys 3pdekT «Fish
eye», CBOMCTBEHHBIU /151 TUTALIMKIIOBOU YCTATOCTU
(puc. 3, a). OueBUIHO, UTO TaKOe pacrpeaejeHue
5JIEMEHTOB MaTepualia B IeCTBUTEIbBHOCTH MaJio-

BeposITHO. [1p1 MenKoit ceTKe n 6ojiee peaTnCcThy-
HOM PaBHOMEPHOM paclipeleJeHUU DJIEMEHTOB
MaTepuaia eCTeCTBEHHBIM SIBIISICTCSI 0Opa30BaHMe
MHOKECTBEHHBIX 0YaroB 3apOXICHUs TPeIIuH
(cM. puc. 2, 6, 8). OmHAKO MOCJIe KOPOTKOI HadaIb-
HOI (ha3bl BBISIBJISIETCS JOMUHMPYIOIIAs MaKpOTpe-
IIHA, ¥ HaKOTIIEHWE TTOBPEXISHNI BO BTOPOCTE-
MEHHBIX OYyarax CylIeCTBEHHO 3aMeJIseTcs JTubo
HaOmogaeTcsa caustHue TpemuH (puc. 3, 6). Kak
MPaBUJIO, TPEILIMHBI 00PA3yIOTCs B IPUITOBEPXHOCT-
HBIX CJIOSIX 1 3aTE€M, YBEIMUMBASICh B pa3Mepax, Obl-
CTPO IOCTUTAIOT MTOBEPXHOCTH.

B pesymnbrate 3apoXxneHIs MaKpOTPEIITMHBI Ha-
MPSKEHHOE COCTOSIHME B 00J1aCTH €€ pa3BUTUS 3HA-
YUTETHHO M3MEHSIETCs. Y BEPIIMHBI TPEITUHBI 00-
pasyeTcsl COOCTBEHHOE I10Jie HamNpsiKeHWi, a
HEOTHOPOMTHOCTh MaTepHaia IMMOCTeTIeHHO TlepecTa-
€T OKa3bIlBaThb BJIMUsSIHUE Ha ¢dopmy ee (poHTa
(puc. 4). Pe3koe omHOCTOpOHHEE YBEIMYEHNE I10-
NATIMBOCTU 00pa3iia MPUBOAUT K BOSHUKHOBEHUIO
n3rnbda M HeCTaOMIIBHOMY Pa3BUTHIO TPEIIMHEI.

HaxormneHue noBpexxneHui B 2JieMeHTax MaTe-
puraa CBI3aHO C POSIBJICHEM HeOOPaTMBIX CIIBH -
T'OB M pa3BUTHEM IUTacTUYecKoit necdopmarivu. [To-
9TOMY Ha HavaJlbHBIX IUKJIAaX Harpy:kKeHUs BCe
9JIEMEHTBI UCTTBITHIBAIOT HE3HAYUTEIbHBIC TJIACTH -
gecKkue aeopMalnu, IeTIN UX MUKIMIEeCKOTO Je-

Puc. 2. [Ipumepsl ciyyaiiHOTO pacipeneaeHus 3J1eMeHTOB MaTepuaia

( I — deppur;

— MEePJIUT) MO MOMEePEeYHOMY CEYEHHUIO C Pa3MEPOM

3JIEeMEHTA M0 AuameTpy: a — 375 MmxMm; 6 — 187,5 mxMm; ¢ — 125 MKM

@ ¢

3

-

Puc. 3. OBomouust ppoHTa TpEIIMHBI IJISI BADMAHTOB paclipeacsieHuUst
nepiauTa u peppura, U300pakeHHbIX Ha puc. 2, (¢, = 370 MlIa)
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0 125 250 375 500 625 750 875 1000
Puc. 4. DBosmonns ot HanOOIBIINX TJIABHBIX
HaMNpspKeHUI NPy MOAPACTAHUM TPEILMHBI TSI

pacIipeneieHUsI 3JIEMEHTOB MaTepuana «», MIla

(bopMupoBaHUSI MMEIOT HEOOJBIIYID HUPUHY
(puc. 5). ITo Mmepe mpuOIMKEHUS TPEIIUHBI K BJIe-
MEHTY MOJATIMBOCTb OKPY>KAIOIIETo ero MaTepuaa
BO3PACTAET, YTO MPUBOIUT K IMTOCTETICHHOMY YMEHb-
LIEHUIO HAKJIOHA «HEYNPYTOii» YaCTU MeTe/Ib TUCTe-
pesuca, yBeTMUEeHUIO pa3Maxa IoJTHO nedopMarum
U OBICTPOMY COKpAIIIEHUIO YMCIa HUKIIOB 0 pas3-
pYLIEHUS IeMeHTa MaTepurara.
MHorouurciieHHbIe SKCTIEpUMEHTAbHbIE JaH-
HbIE TTOATBEPXKIAIOT, YTO HAKOTUIEHUE YCTATTOCTHBIX
MOBPEXIEHUNA MOXHO CUMTATh CTOXaCTUYECKUM

o, MIla

800
600
400
200

0
-200
-400
-600
-800
'1000-1,2 0,72 0,24 0,24 0,72 e %

-0,96 0,48 0 0,48 096 & 70

Puc. 5. XapakrtepHbie TeT/IN TMKINIECKOro nedop-
MUPOBAHUSI 2JIeMEHTa MaTepuaia mpu NpuoIMKeHU U
K HEMy TpelMHbl 1pu 6, = 420 MIIa

npotieccoM. HacTHasi peainzaiiys TaKoro rnpotecca
JUUIS1 KOHKPETHOTO 00pasiia MOXeT ObITh MpeaCcTaB-
JIeHa BLIOOPOYHOI (DYHKIIMEH, OTBEUAIOIIei 3a Ie-
rpagauuio Marepuana. [1lpy aHanuse nmoapacTaHust
CKBO3HO1 TPEIIIMHbBI B KAUE€CTBE BELIOOPOYHOM (hyHK-
LIMM OOBIYHO MPUHUMAETCS] 3aBUCUMOCTD JTMHBI
TPELIMHbI OT Yucia HUKIoB. st AByMepHOIt Tpe-
IIMHBI TApAaMETPOM KOJIUYECTBEHHON OLICHKU W3-
MEHEHUsI CTPYKTYpbl MaTepuajia MOXeT ObITb ILJIO-
aab TpelMHbL. Ha puc. 6 mpuBeneHbI 3aBUCMMOCTH
OTHOCUTEJIbHOM TIOLIAAM TPEIIMHbl (OTHOILIEHNE
IIomany A, TPEIMHbI K HaYaIbHOM riomanm A,
MOMEPEYHOro ceueHust oopasiia) OT yucia HUKIOB
IUISI HECKOJIbKUX BapuMaHTOB paclipefesieHus dJie-
MEHTOB MaTepuajia. MoieaMpoBaHHe BLIMOJHSIOChH
IO TOCTUXKEHUSI TPEUIMHOM TPETU TUIOLIAAU TTOTIe-
pevyHoro ceueHMs. Tak Kak 3HaYeHMST BLIOOPOYHBIX
(byHKUIMI B 3aKJTIOYUTENbHOI CTAAMU POCTA TPELIH -
Hbl 3HAYMUTEJbLHO BO3PACTalOT, TO YCTAHOBJIEHUE
BEJIMYMHBI OTHOCUTEIBHOM MIOIAAM TPELIUHbBI TPU
«OTKase» obpasua Ha ypoBHe A /A, =1/3 HesHauu-
TEJIPHO BJIUSIET Ha IOJITOBEYHOCTD (Ha puc. 6 yKaza-
HBI YKCjla HUKIOB MPU «OTKase»). [loayyeHHbIe
BBIOOPOUYHbBIE (DYHKIMU MOAPACTAHUS MTPOCTPaAH-
CTBEHHBIX TPEIIMH KaueCTBEHHO CXOXH C (DYHKIIU -
SIMU JUTSI CKBO3HBIX TPEILMH B TUTaCTUHAX [6].

B npenenax 3HaUMTEIbHOM CTaAUM 3aPOXKICHUS
TpeuHbl (0K0J10 75—90% o6111eii 10ITOBEUHOCTH)
pocTa BBIOOPOYHOM (PYHKIIMY MTPAKTUUECKU HE TTPO-
ucxoaut. [loaTomy cienyer oxkuaaTh, 4TO OCHOBHOE
(ampu MOAETMPOBAHUY — €IMHCTBEHHOE) BIMSIHIE
Ha pa3dbpoc T0JTrOBEYHOCTU OKa3blBaeT HauaabHOE
COCTOSTHME MaTepualia o0pasloB, T.e. YCIOBHO BBe-
JIEeHHasi HEOMHOPOAHOCTh CTPYKTYphl. HucCI0 K-

N

& 136130
240878
% 192465
02 181585
166030 |

Puc. 6. BoiGopouHble (hyHKIIMU Mpoliecca
00pa30BaHMsI U PA3BUTHSI TULIOCKUX TPELIMH JUIsI
TISITH pacripesiesieHuil Tuma «0» npu c, = 370 MIla
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KJIOB IO pa3pylieHUsT 00pa31oB ¢ TOYHOCTHIO boJiee
97 % MOXeT ONpeneasaThbCcsl MPY OTHOCUTEILHOM
pasmepe TpemuHbl 0, 1.

C sKkcnepuMeHTaIbHBIMU TaHHBIMU CPABHUBA -
JIUCh pe3yJIBTaThl pacueTa, MOJyYeHHbIE IJISI MOJCIIA
yacTu obpasla ¢ pa3MepoM djieMeHTa 187,5 MKM 1
MSITU CITyYaHBIX pacTipeIe/IeHUI JIEMEHTOB MaTe-
puana (puc. 7). [lpeacraBieHHbIe pe3yabTaThl Je-
MOHCTPHUPYIOT YBEIMUYEHNE pa3dopoca JOJITOBEYHO-
CTU B MHOTOLMKJIOBOW 0O0JacTHU, UTO B LIEJIOM
OTpaxkaeT JaHHbIC MHOTUX YCTAIOCTHBIX MCITLITAHUIA
CTaHAAPTHBIX 00pa3LoB. [TocKONbKY cTagus 3apoxK-
JIeHUsI TPEUIUHBI B MHOTOLIMKJIOBOI 00JIaCTH CTa-
HOBUTCS 0o0Jiee BbIPAXXEHHOU MO CpaBHEHUIO CO
cTagMeil ee pocTa, pa3dpoc CBOMCTB 3JIEMEHTOB
Marepuaia mpyu HU3KUX HaMPSKeHUSIX CUJIbHEE BJTH -
SIeT Ha JIOJTOBEYHOCTh, U 3TO OTPaXKaeTcs B pac-
LIMPEHUU ITMara30Ha Yucia IMKIOB 10 «OTKa3ay.
DKcIepuMeHTaIbHBIC JAHHBIC IJI aMIUIATY] Ha-
npskeHuii 390 u 400 MIla okazanuch BHe TpaHULL
JOJITOBEYHOCTH, ONIPEIEICHHBIX IIPU MOJCIMPOBA-
HUM, YTO MOXKET OBITh OOBSICHEHO, B MEPBYIO OUe-
peab, MaJbIM YMCIIOM paccMaTpUBaeMbIX MOJEIeit
U YCIIOBHOCTBIO OTTMCaHUsI CBOMCTB 3JIEMEHTOB Ma-
tepuana. [lomydaemblii pacueToM pa3dopoc 3HAYU-
TEJbHO 3aBUCUT OT BBEJIEHHOT'O Pa3JIUYMSl B LMK -
YeCcKOM YIIPOYHEHUHU IBYX (pakLMil MaTepuania.
7151 oLIeHKY JOJITOBEYHOCTH CYILIECTBEHHOE 3Haue-
HUE TaKXKe UMEIOT MIPUHSIThIE TapaMeTPhl KPUTEPUST
paspyiienusi. [1puuem npu usmeHenuu Ha 10 %
napametpa C kputepus (1) 41Cca0 HUKIOB U3MEHSI -
eTcst mpuMepHo Ha 30 %, a Bapuarus mapamerpa b
B TAKMX 3Ke TIpeieiax MOXeT IIPUBOAUTH K YBeJIUe-
HUIO WJIK COKpPAIIEHUIO JOJITOBEYHOCTU B 2,5—4
pa3za. J11s1 6oJiee KOPPEKTHOTO IIPeICTaBIeHUS YIIPY-
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Puc. 7. ConocraBneHue 3KCIepuMeHTaJIbHOI 1 BHIYMC-

JICHHO! TIPU MOJEJIMPOBAHUM JOJTOBEYHOCTH 00pa3ioB

DI TISITU pacrpeaeaeHuit Tumna «6» ([0 —aKCIepuMeHT;
{J — MozenpoBaHNe HAKOTUIEH!s TOBPEXIEHiT)
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Puc. 8. 3aBucuMoCTh 3HAYEHUI JOJTOBEUHOCTH, MOJIY-

YEeHHBIX MPU MOACIUPOBAHUU, (MapKepbl) OT pa3mMepa

KOHEYHBIX 3IEMEHTOB npu ¢, = 370 MIla (myHKTHp —
9KCcrepuMeHTajibHOe 3HaueHue 183554)

ro-TJIaCTUYECKOro MoBeeHusl MaTepuana v mnoy-
YeHUsl mapaMeTpoB eOpMaLlMOHHOTO KPUTEPUSs
paspylieH st HeOOXOAMMbI UCTIBITAHUSI CEPUI CTaH-
JIapTHBIX 00pa310B MPU Pa3IUUHbIX aMILIUTYAAX
Harpy>xKeHus.

CTOUT OTMETUTD, YTO B pacueTax He yUUThIBAJICS
PsiA BTOPOCTENEHHBIX (DAaKTOPOB, TPYIHO MOAIAOIINX-
Cs1 MOJIEJTMPOBAHUIO, HO TAKXKE BIUSIIOIIMX HA I0JITO-
BEUHOCTb: HauyaJbHbIiI YPOBEHb MOBPEXIEHHOCTU
00pa3uoB (HampuMep, HavyallbHble Ae(PEKTHI 1U3-3a
TEXHOJIOTUM U3TOTOBJIEHHSI ); pa3inuue MOBEPXHOCTU
00pa3iIoB, OIpeneIsieMoe AOMYCKOM Ha 111€poX0oBa-
TOCTb; TOUHOCTb U3TOTOBJICHUSI; YCJIOBUSI OKPYXKako-
LI Cpebl; TIATEIbHOCTD ITPOBEACHUS UCTIBITAHUIA
(HampuMep, TOYHOCTD 3aJJaHUST HATPY3KH ).

ITocTpoeHre TeopeTUUECKUX U YMCIEHHBIX MOJIE-
JIei poliecca HAKOTUIEHUSI TOBPEKICHUIA, COITPOBOXK-
JTAEMBIX PA3BUTUEM TPEIIMH YCTAIOCTU, HEBO3MOXKHO
0e3 10CTaTOYHOTO KOJMYECTBA 9KCIIePUMEHTATbHBIX
nNaHHbIX. Takue ucciaenoBaHus, HapsLy ¢ U3yYeHUEM
0COOEHHOCTEl COMPOTUBEHUSI MEPEMEHHOMY Ha-
IPY>XEHUI0 MUKPOCTPYKTYPbI MaTepUalia, MOTYT 103~
BOJIUTh TOJIYYUTh AJEKBATHYIO OLEHKY pa3bpoca
JIOJITOBEYHOCTH TIPY TTIOMOLIM MOIENIUPOBAHUSA Ha-
KOTUICHMSI [IOBPEXICHUI B BJIEMEHTaX MaTepuraa.

OQHUM U3 HEAOCTATKOB JIOKAJbHBIX MOAXOI0B
B M€XaHWKe KOHTUHYaIbHbBIX MOBPEXICHU SIBJISI-
€TCs1 YyBCTBUTEJbHOCTb pacueTa K CTereH! Moapoo-
HOCTH CETKM KOHEUHBIX 3JieMeHTOB. M3yueHue cxo-
JUMOCTHU pEeIIeHUs JISI TPEXMEPHBIX MojeJiei
3HAUYUTEJIbHO OTPAHUYEHO U3-3a BO3PACTAIOLIUX
MPU U3METBYEHUUN CETKU BBIYMCIUTEbHBIX TPYI-
HocTell. JloJAroBeUHOCTU, ONpeneaeHHbIe s
c, = 370 MIla mpu Tpex ypOBHAX MOAPOOHOCTH
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CETKH C pa3MepoM 3j1eMeHTOB 375, 187,5 u 125 MM,
MOKAa3bIBAIOT, UYTO CpeAHEe 3HAUCHUE YMCJIa LIMKJIOB
JI0 pa3pylIeHUs TTPAKTUUECKU He U3MEHSIETCS IIPU
YMEHBIIIEHUN pa3Mepa 3J1eMeHTOB co 187,5 mo 125
MKM Y OTJINYAETCS OT 3KCIIEPUMEHTAILHOIO 3HAUe-
HUS MeHee, 4eM Ha 6 % (puc. 8). OqHaKo Mablit
00BbeM BBIOOPKM HE MOXKET FapaHTUPOBATh YCTOM-
YUBOCTU CPEIHET0O 3HAYEHMUSI 1OJTOBEUHOCTH.

BoiBoabl

C noMo11IbIO MPOLIEYPbl, OCHOBAHHOI Ha OLIEH-
K€ HAaKOTUIEHHOTO TTOBPEKIECHMS 2JIEMEHTOB MaTe-
puaa, BBIITOJTHEHO MOJEINPOBAHNE 3aPOXKACHUS U
pPa3BUTHS TUIOCKUX TPEITUH YCTAIOCTU B CTATbHBIX
[JIaJKUX 00pa3Lax Mpyu 0CEBOM CUMMETPUYHOM LI -
KIMYIEeCKOM HarpyXeHuu. BiusHue HeomHOpOIHO-
CTU CTPYKTYpbI MaTepuaa Ha IIPoLeCcC HAKOIIJICHUS
MTOBPEXXIEHUI OBIJIO YUYTECHO pa3IMIMeM ITUKITIIe-
CKOTO Mpeaesa MpornopuruOHaJIbHOCTH IS 3JIEMEH -
TOB (beppuTa U MEePIUTA.

[TpoaeMoHCTpUpOBaHA BO3MOXHOCTb MOJIEIU-
pOBaHUS MOAPACTAHUS TPEIITUHBI B OTCYTCTBHUE BbI-
pPaXXeHHOIro HavaJabHOTO JedeKTa, Mpu KOTOPOM
JIOKAJIM3aIIvsI €€ 3apOoXKISHUS OTIPEICIIIeTCS CTPYK-
TYPHOI HEOIHOPOIHOCThIO MaTepuaa.

VYuer (ha3bl pocTa MIOCKOM TPEIIMHBI ITO3BOJISI-
eT 0oJjiee TOYHO OLIEHUBATh e pa3Mep U Gopmy B
oOpa3le Ipu 3aJaHHOM 4uciie TUKIoB. [Ipu sToMm
B MPEICTaBJICHHOM IMOJXO/Ae CTaausi 0Opa30oBaHUsI
U pOCTa TPEILLIMHbBI PACCMATPUBAIOTCS B pAMKaX /1 -
HOTO Tpoliecca HAaKOTUIEHUS TTIOBPEXKICHUA.

715t paccMOTpeHHOTO IMarna3oHa Harpy3oK (aza
noapacTaHus TPELIMHBI OKa3bIBaeTCcs B 4—5 pa3 Ko-
poue a3zbl ee 00pazoBaHusi. BeIoopouHbie (pyHKIIMU
pocTa TJI0CKUX TPeIIMH 00HapYKUBAIOT CXOACTBO
C aHAJIOTUYHBIMU (PYHKIMSMU JUISI CKBO3HBIX TpE-
IIMH U XapaKTePU3YIOTCSl PE3KUM MOIbEMOM B 3a-
BepllalolIei CTaaAuK pa3pyLIeHus.

ITokazaHo, 4TO pa3dpoOC JOJTOBEUHOCTH MPU
MOJEeJIMPOBaHUY BO3HUKAET BCJISACTBUE PA3TMIHON
IPYIIUPOBKU 3JIEMEHTOB (heppuUTa B MPUITOBEPX-
HOCTHBIX CJIOSIX MaTepuaja, KOTOpble OTIPEAEIISIOT
JIOKaJIM3allMio Hayajla pa3pylieHus U Tpedyemoe
JUJIS HEro YKuciio HUMKJI0B. OCHOBHBIMU (paKTOpaMu,
BJIMSIIOLIMMU Ha pa30pocC 10JATrOBEYHOCTU MPU MO-
JIeJTMPOBAHUU, SIBJISIIOTCS PA3IMYUSI B LIMKJIMUYECKOM
YIIPOUYHEHUHU JIEMEHTOB IBYX (hpaklii U 3HaUCHUs
rnapaMeTpoB KpuTepus paspylueHus. [1pu BiOpaH-
HBIX YCJIOBHO MapaMeTpax 0000IeHHOM IIUKIINYe-
CKOM KpUBOM U KpUTEPHUS pa3pylleHUs] 3HAUSHUSI
JIOJITOBEYHOCTH, ITOJYYEHHBIE IKCIIEPUMEHTAIBHO,
HaxXoAsITCS B Mpeaesax MOASIUpyeMoro pasdopoca
JUJIs1 HanOoJIbIllelt U HauMEeHbIIe aMIUTUTYIbl Ha-
MPSIKEHUS.

B mensix agekBaTHOro OmnmucaHus yrpyro-ria-
CTUYECKUX CBOWMCTB MaTepuasa Npyu MOAeJIUpOoBa-
HMM HaKOIUIEHUS MTOBPEXAECHUI HEOOXOIUMO AaTTb-
Hellee MNpoBeAEeHUE CepUl UCObITAHUN
CTaHJIAPTHBIX 00Pa31I0B [J151 TOCTPOESHMSI 0000I1IeH-
HOM LMKJIMYECKOM KPUBOW U OINpPEAECICHUS napa-
METPOB KpUTEPUS pa3pylIeHUSsI, a TAKKE UCCIeI0-
BaHME COIMPOTUBJIEHUS MaTepuaia MepeMeHHOMY
Harpy>keHuIo Ha ypOBHE MUKPOCTPYKTYPHI.
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UCCNIEQOBAHUE U KOMMbIOTEPHbIA AHAJIU3
MEXAHUYECKUX CBOWMCTB CTAJIU OSIOH®DIJI
HA OCHOBE MOZAE/IUPOBAHUA CTPYKTYPHbLIX NMAPAMETPOB

I.G. Orlova, V.M. Golod

INVESTIGATION AND COMPUTER ANALYSIS
OF THE MECHANICAL PROPERTIES OF THE O8GDNFL STEEL
BY MODELING THE STRUCTURAL PARAMETERS

B ¢Bs131 ¢ IMPOKUM UCIIOIb30BaHKeM JuTeiiHoi ctanu 08T JIHDJI ipu M3roToBIeHUN pa3HOCTEHHBIX
KOPITYCHBIX JIeTajleil OTBETCTBEHHOTO Ha3HAYEHUs JJI CYIOCTPOSHUST OCYIIECTBICHO KOMILIEKCHOE
vcclie[oBaHuMe YCIIOBUI 3aTBepeBaHMs M (POPMUPOBAHNUS MEXAHUYECKUX CBOMCTB B MACCUBHBIX CEUSHMSIX
TosrHoi 10 S00 MM. C TOMOIIIBIO LIEXOBOTO TEPMUUECKOTO aHATM3a K KOMITBIOTEPHOTO MOJICTUPOBAHUS
TETJIOBBIX ITPOLIECCOB MPHU 3aTBEPACBAHUH B ITecYaHOl (DopMe KpYITHOMACIIITaOHO JINTOM CTyreHYaToi
npo6bl Maccoit 9,3 Tu3 ctanu 08T JIHDJI Ha mpoTsskeHHBIX yyacTKax TommuHoi 100—500 MM mosydeHbI
XapaKTePUCTUKU JIOKAIBHOW MPOJODKUTETPHOCTA KPUCTAITU3AIMU W pa3MepoB (hOpMUPYIOTIEHCS
NEHAPUTHOM CTPYKTYypbl. Ha OCHOBe aKCIeprMeHTATbHBIX JaHHBIX TT0 KOMILUIEKCY MeXaHUYECKUX
XapaKTEePUCTUK JIUTOTO MeTajlia B pa3IMUHBIX ydyacTKax Mpoobl TosirHoi ot 100 mo 500 MM moka3zaHo
paBHOMEpHOE pacmpejesieHre CBONCTB, oTBevatoniux TpedoBanusiMm 'OCT. AHaioruyHble JaHHbIE
TOJIyYEeHBI ITyTEM KOMITBIOTEPHOTO MOAEIMPOBAHUSI C TTIOMOILIbIO TTporpaMMbl «AusEvol Pro» spostonun
CTPYKTYPbI B pe3yJibTaTe TBepAo(a3HbIX MPEBpALLEHU I U MPOTHO3UPOBAHUSI MEXAHUUYECKUX CBOMCTB Mpu
OXJTaKIIEHUH JIUTOM 3aTOTOBKY 1 €¢ HopMaJTu3alvy. Pe3ymbTaThl paboThl CBUAETETBCTBYIOT O BOBMOXKHOCTH
obecrieueHrsT TpeOyeMbIX IMoKa3aTesieli CBOMCTB CTalu B TIpe/ieiax UCCIeIOBaHHOW TONIIMHBI CTEHOK
OTJIMBKM TTPU YCIIOBUU OTCYTCTBUSI METAJLUTYPTMUECKUX M TUTEHHBIX 1e(DEKTOB.

WCCIEIOBAHUE CTPYKTYPbl U MEXAHUYECKMX CBOWMCTB; CTAJIb 08TIAH®JI; CTYIIEHUATAS
TTPOBA; KOMITBIOTEPHOE MOIEJIMPOBAHUE PACITAIA AYCTEHUTA; ITPOTHO3MPOBAHMUE ITPOY-
HOCTHU U TNTACTUYHOCTHU CTAJIN.

Due to the extensive use of the 08GDNFL cast steel in shipbuilding for fabricating massive sections with
thicknesses up to 500 mm, it is necessary to carry out a comprehensive study on the solidification and
formation of the mechanical properties of essential basic components with combination walls. The
parameters for the local crystallization time and the sizes of the forming dendritic structure were obtained
on extended 100-500 mm-thick sections for a large-scale cast 08GDNFL steel probe weighing 9.3 tons
solidifying in a sand form with the help of industrial thermal analysis and computer simulation of thermal
processes. Based on the experimental data on a set of mechanical characteristics of the cast metal in different
parts of the sample with a thickness of 100 to 500 mm, a uniform distribution of properties meeting the
GOST requirements was shown. Similar results were obtained, using the AusEvol Pro software, by simulating
the evolution of the structure due to solid-phase transformations and predicting the mechanical properties
during casting cooling and by heat treatment under normalization.

STUDY OF STRUCTUREAND MECHANICAL PROPERTIES; 08GDNFLSTEEL; STEP-TEST, COMPUTER MODELING
OF DECOMPOSITION OF AUSTENITE; FORECASTING THE STRENGTH AND PLASTICITY OF STEEL.

Bgenenne CTBE CJTy4a€B OCJIOKHCHA pa3HOCTCHHOCTBIO, T.C. BbI-

MBILLIEHHBIX U3IE/Mii B CYIOCTPOEHNH B GonbluyH-  TO/IIMHBL BC/IeCTBIE 9TOrO NpH M3TrOTOB/ICHMH OT-
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JIMBKY MHTEHCUBHOCTH UX TETTIOOOMEHA C INTEHHOI
(opmMoit, xon npoliecca 3aTBEpAeBaHUS U KUHETUKA
(opMUpOBaHMS TUTON CTPYKTYPHI 3HAYUTEIHHO
pasnnyaroTcs, HOpoXaas CTPYKTYPHYIO HEOTHOPO/I-
HOCTH KaK B MOIMEPEYHOM CEUCHUU KaXKIOTO 3JIe-
MEHTa, TaK U B MaKkpomacliuTade Bceil OTJIMBKU, He-
penko HacJeayeMylo TIpM CTPYKTYPHBIX
MpeBpaLEHUAX, IPOUCXOAALINX B IEPUOL OCTHIBA-
HUA. Bo3HuKaromas 1mo 3Toit mpuInHe JoKaabHast
HEOJHOPOJHOCTh MEXaHUUYECKUX CBOMCTB MeTalIa
COo3MaeT MPEIITOCHUIKHY [T TIOBBIIIEHHOI KOHIICH -
TpalMK SKCIUTyaTallMOHHBIX HAMPSKEHU I U BechMa
HEeTaTUBHO OTpakaeTcs Ha KOHCTPYKTUBHOM ITpOY-
HOCTHU Y TOJTOBEYHOCTU JIUTOTO U3AENS.

IToTpebHOCTH COBPEMEHHOTO CYTOCTPOSHMS BbI-
JBUTAIOT 33124y YIJIyOJIEHHOTO aHAIM3a YCIIOBUIA 3a-
TBEpIACBaHUSI M CTPYKTYpOOOPa30BaHUS B OTJIMBKaX
U3 KOPITYCHBIX MAPOK CTAJIU C LIEIbIO MTPEeaYIIPeKe-
HUS B HUX YCATOYHBIX Ae(heKTOB 1 00eCITeYeHIST He-
00XOMMbIX MEXaHUYECKUX CBOMCTB. B ¢Bsi3u ¢ pac-
LIMPpEeHNEM UCTTOb30BaHus cTamu Mapku 08I JTHMDJI,
OTJIMYAIOILEliCsl XOpOollel CBApUBAEMOCTbIO U KOM-
TJIEKCOM BBICOKHMX JINTEHHBIX CBOMCTB, HEOOXOINMO
MPOBECTU HATYPHbIE UCCIIEIOBAHUS CBOMCTB U YCII0-
BUIT GOPMUPOBAHNS B HUX JIUTOTO MeTajlla Tpebye-
MOT0 KaueCTBa MPU U3TOTOBJICHUN MaCCUBHBIX KOP-
IYCHBIX OTJIMBOK CIIOXKHOW KOHMUTypammm co
cTeHKaMHU TonmnHoit 10 0,4—0,8 M.

a)

ITocTanoBka 3agauu

OcHoBHag 3agaya HacTosIIeil padoThl — BbI-
MOJIHUTh CPAaBHUTEIBHBIN aHATN3 YCJIOBUI (DOPMU -
poBaHUs CBOMCTB uToro Metayuia ctaiau 08IJIHJI
B MACCHUBHBIX OTJIMBKax TOJIIIMHONK 10 500 MM ¢
LIEIbI0 SKCIIEPUMEHTAILHOIO BBISIBJICHUS U KOM-
MbIOTEPHOI0 MOJACIMPOBAHUS IOJIYyYaeMOM IIpu
9TOM CTPYKTYPHOI M MEXaHWYECKOIl HEOTHOPO-
HOCTHU.

J1J1s1 OCyIIIeCTBICHUSI COOTBETCTBYIOIINX MCCIIC-
JIOBaHUI ObLIa CKOHCTPYyMpOBaHa cIlielMaJbHast
KpyImHoMaciTabHasi iuTas rpoda (puc. 1, a), KoH-
durypaumss KOTOpoi mpeacTapiisieT KOMOMHALIMIO
YyeThIpex yBeJandrBarolmnxcs no touaiuHe (ot 100
1o 500 Mm) u anuHe cryreHeil. IIpuHsSIThIe COOT-
HOIIIEHUSI pa3MepPOB MO3BOJSIOT IIPENOTBPATUTh
¢dopMupoBaHUE yCagOYHBIX Ae(EKTOB MyTEM CO-
30aHUSI pexXrMa HaIlpaBJICHHOTO 3aTBepAcBaHUSI
0oJiee TOHKMX CTyIIEHEM 3a CUeT COUJIEHEHMS C Mac-
CUBHBIMU IIPY YCTaHOBKE MUTAIOIIEl IpUObLIN,
pacronararouieiicss Ha Hauboysiee MaCCUBHOM CTy-
neHu. BmecTte ¢ TeM BbeIOpaHHAasT KOH(PUTYpaLUs
poObl MO3BOJISIET pacCMaTPUBATh KaxKaylo U3 CTY-
MeHel KaK IJI0CKYIO CTeHKY XapaKTepHOM TOJIIIIN -
HBbI, YTO BeCbMa BaXKHO IPU IIPOBEACHUHU ITPECTaB-
JICHHOI'O B CTaThbe KOMILIEKCAa MCCIeNOBAaHUN U
OIIEHKE JOCTMIaeMOro YPOBHSI MEXaHUYECKMX
CBOWMCTB MeTajuia.

2 02 o3 o

o13 ol
023 o1y 922 o1d
o172 o7 020

o7
'500. 09 o0 off

-

1005

Puc. 1. O6mwmit Bua otnuBku «I[Ipoba ctymeHvaTast» (@) ¢ yKazaHUEM MECT pacIojioXeHusi tepmorap (1—6)
M OCEBOTO INPOJOJbHOr0 TeMIUIeTa (3alUTPUXOBAHO), a TaKXKe PAcIlOJOXEHUEe KOHTPOJBHBIX Y4acTKOB (1—22)
JUIS1 OLIEHKM KauecTBa JINTOTO MeTaljla U BhIPE3KU 00pa3lioB ISl MEXaHUYECKUX UCTIBITAHUT (0)
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MeToauKa BBINOJIHEHHUS IKCNIEPUMEHTAJTBbHBIX paGOT

OtmuBky «IIpoba crymeHyaras» maccoit 9,3 T
sanuBain ctanabio 08TJTH®DJI u3 KoBIIa eMKOCTBIO
10 T B Teuenue 300 ¢ mpu temmnepatype 1565 °C
yepe3 CU(POHHYIO TUTHUKOBYIO CUCTEMY B TIECYaHO-
JKMIKOCTEKOIbHYI0 (DOpMY C TepMoOIllapaMu, ycTa-
HOBJICHHBIMU B HEll JJISI pETUCTPALUU U3MEHEHUS
COOTBETCTBYIOLIMX TEMIIEPATYp MTPH 3aTBepeBaHU N
W OXJIAXKICHUU CTAJIN.

W3 npoObl BbIpe3asiv MPOIOJIbHbBII OCeBOI Ma-
Kporemiuiet ToaiuHoun 100 mMm (puc. 1, a) mis no-
JlydeHUsl TTOJIHOMACIITaOHOTO CEPHOIro OTIeyaTKa
MPOAOJBHOIO CEUEHMUSI C LIeJIbIO UCCIIeI0BAHMS JCH-
JPUTHOM CTPYKTYpPHI cTainu. Kpome Toro, u3 gaHHO-
ro TEMILJIETA BbIPE3aIU IMJIMHAPUYECKHUE 3aTOTOBKHA
(puc. 1, 6), U3 KOTOPBIX U3rOTABIMBAIU 0OPa3LIbI
IJIST TIPOBEJEHUSI WCHBITAHUNM MEXaHUYeCKUX
CBOWCTB MeTaJlJIa B CTYIIEHSIX Pa3IUYHOM TOMIIMHBI,
a Tak>Ke IS OLEHKHU ero MJI0OTHOCTH.

C nomolblo TNPOrpaMMHOIr0 KoOMILIeKca
«Polycast» [ 1] ObLJTO TpOBEIeHO KOMITBIOTEPHOE MO-
JIeIMpOBaHME 3aTBepaeBaHuMs OTJIUBKU «IIpoba cTy-
reHyaTas» C onpeaesieHueM MapaMeTpoB, BasKHBIX
JUTSL OUEHKU TEPMUYECKUX YCJIOBUM CTPYKTYpPOOOpa-
30BaHUs, — JIOKAJIbHOM MPOJOKUTEIbHOCTHY ICH-
JAPUTHOM KPUCTATM3ALMHA T, ¢ (1,4—-19,0)-10° c, a
TaK>Ke CKOPOCTH OXJIAXKICHUSI METaJlJia IPU 3aTBep-
nesanuu ¥ (0,26—3,5)-10 K-/c) u nocienyromem
OCThIBaHMM B TBepAOM coctostnuu V. (0,02—0,12 K- /¢
u MeHee). [IpuBeneHHbIE HA pUC. 2 KOJIMYECTBEHHbBIE
XapaKTEePUCTUKU TTOITyUYeHBI YUCJIEHHBIM PACYETOM,
aJIeKBaTHOCTh KOTOPOT'O JaHHBIM 1LIEXOBOT'O TEPMMU -
YeCKOTO aHaJIM3a yCTAHOBJIEHA ITyTeM MX COIOCTaB-
JICHUSI TI0 BCEM y4acTKaM OTJIUBKHU (puc. 2, 0).

MextyocHble |
TIPOMEXYTKH, /\-
MKM /
-
1200 /‘/'2
1000 7
800 r//I
600 I_\—'ﬁ
400 1 ; -
- e -
200 =——#—=
o 3
0 500 1000 1500 2000 2500 [Lmma

TpoObI,
MM

Puc. 3. Pacnipenenenne cpeqHux 3HaY€HUI BTOPUIHBIX

MEXYOCHBIX IPOMEXKYTKOB A, 110 JUTMHE OTIUBKHM «[Tpo-

0a cTyneHvaTas» B BepxHel (/), ieHTpaabHOM (2) 1 HIK-
Heit (3) 30Hax pa3IMYHbIX CTyTNIEHEe

Paznuume ycnoBuii 3aTBepaeBaHuUs MO JIMHE,
00YCJIOBJIGHHOE U3MEHEHUEM TOJIIMHBI CTYTIeHEl
MPOOKI, SIBASETCS] IIPUYMHON CYIIECTBEHHOM He-
OJTHOPOJHOCTU ACHAPUTHOTO CTPOCHUSI MeTallla B
MPOAOJBbHOM U TOMEPEYHOM HAMpaBICHUU — TI0
BBICOTE CTYIEHEN U B 3aBUCUMOCTHU OT UX TOJIIIMHBI
(puc. 3).

B Hu>KHe 1 BepXHelt 30HaX pa3IUUHbIX CTyTe-
Hell cpeHMe 3HAYSHMST BTOPUYHBIX MEXKIYOCHBIX
MPOMEXKYTKOB A, UBMEHSIIOTCS B OIMHAKOBBIX TIpe-
nenax (200—350 MkM), B TO BpeMsl KaK B LIEHTpajlb-
HOIi 30He BEJIMUYMHA BTUX MPOMEXYTKOB HEIpe-
PBIBHO Bo3pacTaeT 1o mauHe ot 750 mo 1450 Mxm
(cM. puc. 3) BcaeaCcTBUE 3HAUUTEIBHOTO YBEIMUYe-
HUS JIOKAJIbHOM MPOAOJIKUTEIbHOCTU AU Dy31-
OHHOI KoaJleCUEeHIIUU BTOPUUYHBIX TEHAPUTHBIX
BeTBelt [1].

a) 0)
Temnepa- ., . . . Bpems
Typa, °C Ts ‘ 3aTBepe-
o HUH, C e A
1550 T T T ee B
\ | tL 15000 i
6
1500 \\\\ = 5] \ t i 10000
12l 3 \ S =
— N\ T 5000
\ -
1400— L
0 5000 10000 15000 20000 Bpewms, ¢ 0 500 1000 1500 2000 2500 3000 I%ﬂol%fli)?

MM

Puc. 2. U3aMeHeHMe TeMIiepaTypbl B KOHTPOJIBHBIX TOUKax 1—6 (cM. puc. 1) OTIMBKHM (@), TTOJHOTO BpeMEeH!
3aTBepAeBaHus T, (4, B) 1 IOKaIbHO TPOJOJKUTENBHOCTY KpUCTaIM3atun T, (C) B 0CeBOM CeYeHUU IIPOOHI (6)
0 JaHHbIM TepMomnap (A) U KOMIbIOTEpHOTro MoaeaupoBaHus (B, C)
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P €3YyJIbTaThl UCCJICAOBAHMUA U UX AHAJIN3

JIns BbISIBIEHUSI XapaKTepa CBSI3W MEXIY OT-
MEUEHHOUN MUKPOCTPYKTYPHOI HEOJHOPOIHOCTHIO
OTJIMBKM U MEXaHUYECKMMM CBOMCTBAMM JIUTOIO
MeTajyla B CTYNEHSIX Pa3IMYHONM TOJILIMHbBI OBLIO
MpOBEACHO MOJEIMPOBaHKE TTpoliecca pacraja nep-
BUYHOTO ayCTEHUTA IPU OXJAXKICHUU OTIMBKU B
teueHue ~ 80 yac. 10 U3BIeUYeHUS ee U3 (POPMEL, a
TakKe IMpY MOoCeayIolIei TepMUUYECKOt 00padboTKe
(Hopmanu3aius) o0pasLoB ISl MPOBEAEHUS HC-
MNbITAHUI KOHEYHBIX MEXaHUYEeCKUX CBOMCTB. Ko-
JIMYeCTBEHHOE MOJIeJIUPOBaHKE pacliafa ayCTeHUTa
BBITIOJIHEHO C ITOMOIIIbIO KOMITBIOTEPHOM ITporpam-
Mbl «AusEvol Pro» [3], peanusymonieii MporHos Ku-
HETUKH TIpoliecca ¢ y9eTOM BO3MOXKHOCTH 00pa3o-
BaHMS  BCeX TPaKTUUYECKM  BaXHBIX
MUKPOCTPYKTYPHBIX COCTaBJISIIOIIUX ((peppuT, nep-
JIUT, OCMHUT pa3zHOU MOP(OJIOTUU U MAPTEHCUT) U
KOHEUHBIX MEXaHUYECKUX CBOMCTB cTalu (Ipeaes
TEKY4YeCTH, Mpees MPOYHOCTU, OTHOCUTEIbHOE YI-
nuHeHue). Guznyeck 000CHOBaHHbIE MaTeMaTH -
yeckue MOAENU Pa3IUYHbIX BUIOB MpeBpalleHut
AyCTEHUTA, Pa3BMBAIOIIMXCS MPU OXJIAXIEHUM, a
TakkKe MPOrHo3 MeXaHUYeCKUX CBOMCTB, peain30-
BaHHBIe B nporpamme «AusEvol Pro», onucanbl B
paborax [4, 5]. JlaHHble Mozeau 0a3upyrOTCs Ha
pacueTe TepMOAMHAMUYECKUX IBUKYILIMX CUJI TIpe-
BpallleHUIi, a TaKXe YYUTHIBAIOT BIAWUSIHUE KOM-
IUJIEKCHOTO JIETUPOBAHUSI CTAJIM HAa UX KJIIOUYEBbIC
KMHETUYECKUE TTapaMeTpbl — MOJABUXKHOCTb MEX-
¢a3HbIX TpaHUL, KO3hDULINEHT TUPDY3Un yrie-
pona B aycteHUTe U Apyrue. KoHeuHble MexaHUYe-
CKHME CBOICTBa B IpPOTpaMMe BBIYMCISIIOTCS C
MOMOILIbIO MOJeseil, Bepu(pUuIMpPOBaHHBIX C UC-
MOJb30BaHUEM OOIIMPHOI 0a3bI SKCIIEpUMEHTATb-
HBIX TaHHbBIX JJIs1 CTaJIeil C IIMPOKKUM IMAra30HOM
U3MEHEHUSI XMMMYECKOTO COCTaBa C YYETOM BCeX
(bm3ryecKkn 3HAYMMBIX BKJIAJIOB B XapaKTepUCTUKU
npoYyHoCTH [5].

Pacuetr KoHEYHOI MUKPOCTPYKTYPbI B Pa3HbIX
y4acTKax OTJIMBKM ObLI BBIITOJHEH C UCITOJb30Ba-
HUEeM KPMBbIX UX OXJIAXAEHMUS (CM. pUC. 2), a TAKXKe
pa3MepoB IEPBUYHOIO 3epHA ayCTeHUTA Dy, OlLIeHKa
KOTOPBIX MPOBEIEeHAa C IMTOMOIIbIO TTOAX0Aa, Mpel-
JIOXKEHHOrOo B pabdore [6]:

exp(V7)
D,=21T, -3152——~
! ! 1+exp (VT* )
rue TY — TeMIiepaTypa CoJiiayca UCCIeayeMoii cTa-
Ju; V% — cpemHsas CKOPOCTb OXJTaXIeHHs B MPO-

—25088, Mxm, (1)

mmecce 3arBepaeBaHus. [1pu hopMrIpoBaHNM CTATH -
ctnaeckoit Moaenu (1) B paGoTe [6] MCXOTHBIM
Ha0Op JaHHBIX TI0 CTPYKTYpE psda HU3KOJIETHPO-
BaHHBIX CTaJIei ObLT TOMOJTHUTETBHO UCTIOIb30BaH
JIJIS1 OLEHKU COITYTCTBYIOIIETO U3MEHEHUS IEHAPUT-
HOW CTPYKTYPBI, XapaKTepr3yeMOro pa3MepoM BTO-
PUYHBIX MEXIYOCHBIX MPOMEXYTKOB A, COIJIACHO
YPaBHEHUIO

A, (MKM)=150 P =038, 2)

ITporHosupyemoe ¢ nomoliiiplo Gopmyssl (1)
YBEJIMYECHUE DY (¢ 3600 10 4100 MKM) MpU CHIKEHUN
cpenHei ckopoctu oxnaxnenus V% ¢ 0,035 mo
0,0025 K-/c ¢ yBenuueHHEM TOJILMHBI CTYIEHEH
MpoOkI (OlIEHKa cliejlaHa HA OCHOBE TEPMUYECKUX
KPUBBIX 3aTBEPAEBAHUS CTAJIM — CM. PUC. 2, a) BECh-
Ma He3HauyuTeJbHO. BaXkHO OTMETUTh, UTO COOT-
BETCTBYIOIIIEe U3MEHEHNE Pa3MepOB MEXKIYOCHBIX
MPOMEXYTKOB JIEHAPUTOB HAMHOTO MHTEHCHBHEE
(ot 300 mo 1400 MKM), YTO BIOJIHE COTJIACYETCSI C
JIaHHBIMU, MPUBEAEHHBIMU Ha pUC. 3.

CoryiacHo pe3yabsTaTaM MOACIUPOBAHUS CTPYK-
Typa BCeX MCCIeI0BaHHbIX 00J1aCTei OTJIMBKU MOCTIE
OCTBIBaHMS SIBJIIETCS hepPPUTO-TIEPIUTHOM C JONEH
TepanTa, U3MeHsIIomIeiics B ipenenax ~ 7,0—7,5 %.
IIporHo3upyeMslii pazMmep 3epHa depputa (00b-
€MHbI) — CPaBHUTEIbHO OOJIbIION U HAXOAUTCS B
npenenaax oT 123 (yyactok 1 tommuHoi 100 MM ¢
HauOoJIblIel cKOpocThio oxyaxaeHus — 0,035 K-/c)
10 165 MxMm (ydacTok 5 TommuHoi 500 MM ¢ MUHU-
MaJIbHOM cKopocThto oxjaxaeHust — 0,0025 K-/c).
PacyeTHble 3HaAUEHUS] MEXaHUYECKUX CBOWCTB 00-
pa3lioB Ha pacCMaTpUBaEMbIX yUacTKaX OTIMYAIOT-
Csl HE3HAYUTEIIBHO U COCTABIISIOT G, ~ 270 MIla;
c,~ 350 MITa.

151 IpOTHO3UPOBAHMSI C TIOMOIIIBIO TPOTPaMMBbI
«AusEvol Pro» MUKpoCcTpyKTyphl 00pa31oB, ITOJIy-
yaeMoii Mpu UX HOPMaAIM3alUK, HEOOXOIUMO Tpe-
BapuTEJIbHO OLIEHUTb pa3Mephbl 3epHa ayCTEHUTA
MocJjie HarpeBa 0 TeMIlepaTypbl ayCTeHUTU3AIlUH,
KoTopyto npuHuManu paBHoit 950 °C. Takue orieH-
KU ObUIM C/I€JIAHBI C UCTIOJIb30BAHMEM JTAHHBIX pa-
00ThI [7], corjlacHO KOTOPBIM MPU Harpese Geppu-
TO-TIEPJIUTHON CTPYKTYPhI 3apoXIEeHUE 3epeH
ayCTeHUTA MTPOUCXOINUT MPEUMYILIECTBEHHO Ha Ipa-
HULIAX MEXITY MePIUTHBIMU KOJJOHUSIMU U OKPYKa-
oM ux depputom. CoriacHo pesyjabrataMm OT-
MEUYEeHHOI pabOThl MOBEPXHOCTHASI TUIOTHOCTb MECT
3apoxeHus ng coctapiset 2,410 mxm2. [l pa-
cyeTa 00bEMHOI MIOTHOCTH MECT 3apOXKICHUS ay-

CTCHUTHBIX 3€PEH NPUHUMAJIN: Nn =n e rac
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Spe — Itomaab MMOBEPXHOCTU MMECPJIUTHDBIX obnacreit

Ha eAMHUILY 00beMa, KOTOPYIO OLIEHUBAJIM U3 COOT-
HOWIeHUs1 S ,, = X Zfd;}, rie X, — obbeMHast 10Jst
nepyuTa; d . — pasMep 3epHa IOJIMTOHATILHOTO (hep-
puta. TpebyeMylo OLIEHKY pa3MEpOB 3¢peH ayCTEHU -
Ta rocJjie HarpeBa J0 TeMIepaTypbl ayCTEHUTU3AIUU
TIPOBOMJIN C MOMOLIBIO HOPMYJIb d, = (6/mN )7
PesynbTupytoiiie pa3mepbl 3epeH aycTeHUTa B pa3-
JIMYHBIX YY4aCcTKaX BeCbMa OJIM3KU 1 YKJIaAbIBaIOTCS
B IMara3oH 63—72 MKM.

Pacuer pacnana aycTeHMTa Ha 3aBepllalolieM
aTarne oxJaxJAeHUs BBITIOJHEH TakxKe C MOMOIIbIO
nporpamMbl «AusEvol Pro». Ilpu 3ToM mojaranu,
yro 1ocie 20 MuH Beiaepxkku mpu 950 °C oOpa3ibl
cHavasa oxjaxnamTca 10 400 °C co cKopocThIo
0,04 K-/c, a 3aTeM — 10 KOMHATHO# TeMMepaTypbl
co ckopocTthio 0,06 K-/c. Pe3ynbraTel 3THX pacueToB
MOKAa3bIBAIOT, YTO HOpMAJIU3allMsl 0Opa3loB CTaJIk
MPUBOAUT K 3HAYUTEIbHOMY U3MEJIbUCHUIO 36PEH
(eppuTa (10 ~ 30 MKM) 1, COOTBETCTBEHHO, CYIIle-
CTBEHHOMY BO3paCTaHUIO KaK IPOYHOCTHBIX XapaK-
TepPUCTHK (G, ~ 325 MIla; o, ~ 400 MIla), Tak u
IUTAaCTUYHOCTU MeTajllla (OTHOCUTEIbHOE YIUTMHE-
Hue O yBeJMYMBAeTCsl MPaKTUUYECKU B JIBa pa3za U
npocruraer ~ 25 %).

Ha puc. 4 nipencraBieHo n3MeHeHEe MeXaHU-
YEeCKMX CBOMCTB B pa3MYHbIX yyacTKax IO IJIMHE
OTJINBKU, TIOJIyUeHHOE MPU UCTIBITAHUSIX 00pa3loB,
BBbIPE3aHHBIX M3 OCEBOr0 TEMILIETa B BEpXHE, 1IeH-
TPaJbHOW W HUXKHEU 30HAX PA3JIUYHBIX CTYIIEHEHN
(puc. 1, 6). Kak BugHO U3 JaHHOTO PUCYHKa, 3a
HUCKJIIOUeHHEM HE3HAYMTEbHOTO Yrc/ia TOUYEK, T1e
COITAaCHO MCCJIETOBAHUIO CTPYKTYPhI OCEBOIO TEM-
TJieTa BBISIBJIEHBI YYaCTKU YCaJ0uYHOUN MOPUCTOCTU
(Ha TpeTbeil CTYIIeHM U B OCHOBAaHUM IIPUOBLLIN),
MeXaHWYEeCKMEe CBOMCTBA JUTOM CTa B MPOOHOM
oriauBke oTBevaror TpedboBanusam I'OCT (o, > 350
MIla; 6, > 450 MITa; 8> 18 %; ¥ > 30 %).

BaxXHO OTMETUTH, YTO IIPU 3TOM OTMEYaeTCs
OJHOPOJIHBIM YPOBEHb CBOMCTB KaK B LIEHTPAJIbHOMU
30He (CBETJIbIe TOYKU Ha pUC. 4), I/Ie BBISIBICHO
3HAUUTEJIbHOE UBMEHEHUE NEHIPUTHON CTPYKTYPBI
o JjirMHe npoObl (puc. 3), a Takke B BEpXHEH U
HUKHEW 4acTu KaXXJIO0W CTyMNeHH, Ilie CTPYKTypa
3HAYUTEILHO O0J1ee ArcIiepCHast U MPaKTUYECKU He
OTJIMYAETCSl Ha Pa3HbIX yUacTKax.

CpaBHeHME pe3yJIbTaTOB MOJACIMPOBAHUS Me-
XaHUUYECKUX CBOWCTB C MpeacTaBJIeHHbIMU IKCIIe-
PUMEHTAJbHBIMU JAHHBIMU MOKA3bIBAET, YTO IIPO-
THO3UpyeMble 3HauYeHUS MPOUYHOCTHBIX
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XapaKTepUCTUK 3aMETHO HIKE UX (PAaKTHMUECKMX
3HaueHuit. Tak, mIs mpenesaa MPOYHOCTU 3Ta pas-
Huna 6am3ka K 100 MIla, 94To 3HaYNTETHLHO BHILIE
MOTPEIIHOCTU COOTBETCTBYIOIIMX PACueTOB, KOTO-
pas IJIsI TOro TTapaMeTpa He mpeBbiacT 5 %.
ITpuurHa OTMEYEeHHOTO HECOOTBETCTBUS, BEPO-
SITHO, COCTOUT B TOM, YTO MCCJIEIOBAHHASI CTallb
08TIHDJ otnmyaeTcsl CpaBHUTEIBHO BBICOKUM
cogepxxanneM BaHagus (0,09 % B oTauUBKeE U 10
0,15 % no I'OCT), yacTuiisl KapoUIOB KOTOPOTO
(V,C,), bopmupyromuecs B MeTajlle B MMpoIecce
OIVCAaHHO BhIIIIE 3aBepllalolIeii TepMUYECKO 00-
pabotku [8], MOTYT BHOCUTH JONOJHUTEIbHBIN
yrpouHstonunii BKiaa. [TocKoabKy cTaiab COOAEepKUT
TaKKe 3HaUMTeIbHOE KojmuecTBo Meau (1,15 % B
otiuBke u 110 1,2 macc.% no 'OCT), To monosHu-
TeJIbHOE TUCTIEPCUOHHOE YIIPOUHEHUE ITPU MEJJIEH -
HOM OXJIAXKIEHUU MOXET ObITh CBSI3aHO U ¢ 00pa3o-
BaHUEM MEJKOJAUCIEPCHBIX YacTHUIL MeOW B
(heppUTHOI MaTpULIE TIPU ee OXTKICHUM OT ~ 560
(pacueTHas TeMIepaTypa OKOHUAaHUS pacliaja ay-
creHuta) 10 400 °C B Te4eHUU MHTEpBaJia BpeMEeHU
(~ 1,8 yaca), mocTaTO9HOrO I X (DOPMUPOBAHUST
[9]. B mporpamme «AusEvol Pro», opueHTHpOBaH-
HO1 Ha MOJEIMPOBAaHME SBOJIIOIUN ayCTEHUTA ITPU
OXJIaXKJICHUN COBPEMEHHBIX HU3KOJIETUPOBAHHBIX
crajieii ¥ TPOTHO3UPOBAHKE X KOHEUHBIX MEXaHU -
YeCKMX CBOMCTB, HE YUMTBHIBAIOTCSI TTPOLIECCHI BbI-
JIeJICHUSI YKa3aHHBIX YITIPOUHSIOIINX YACTHULI, KOTO-
pble B HEKOTOPHIX CTajsX pa3BUBAIOTCS IO
3aBepIICHUN pacliafa ayCTeHUTAa MPU MeIJICHHOM
OXJIaXIEHUM JO0 KOMHATHOM TeMIlepaTyphl.
IpencraBieHHBIE HA pUC. 4 SKCIIEPUMEHTATIbHBIE
JJaHHbIE CBUIIECTEILCTBYIOT 00 OJHOPOIHOCTU pac-
MpeAesieHUsT MEXaHUUECKUX CBOMCTB B JIMTOM 3aro-
TOBKe, coUeTaolleil cTyrneHu ToauuHoi ot 100 1o
500 MM. DTO cormacyercs ¢ pe3yJabTaTaMUi MOIEIIH-
poBaHMs TBepAo(a3HbIX MpeBpalleHuil. BoisiBacH-
Hasl OMHOPOJIHOCTh CBOMCTB MeET MECTO IIpY 3Ha-
YUTEIBHOM pa3UuuU TapaMeTpOB ACHIAPUTHOMN
CTPYKTYPHI, YTO MOXKHO CBSI3aTh ¢ OCOOCHHOCTSIMU
MOBENCHUSI Pa3MEPOB MEXIYOCHBIX IMPOMEXYTKOB
JCHIPUTOB A, M ayCTCHUTHBIX 3¢peH D, Ipu N3MeHe-
HUU YCJIOBUI TETJIOOTBOA B IIPOLIECCe 3aTBEpACBa-
HUS U OCTBIBAHUSI OTJIMBOK PA3IMYHON TONIIUHEL.
B TOHKOCTEHHBIX OTJIMBKAX, a TAKXE B YCJIOBU -
SIX UHTEHCHUBHOTO TEIUIOOTBOAA (MeTajlIluecKast
¢opma), KakK MOKa3bIBAIOT pacyeThl MO MPUBEACH-
HBIM BhIe ¢opmynaM (1) u (2) [8], koppensius
MEXIy pasMepaMu 3epeH D, 1 BeIMYNHO# IeHIPUT-
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Puc. 4. Pactipenenenue sKcriepuMeHTaIbHBIX 3HAYEHUI IIpeaesia TeKydecTH (a), mpeaeia IpoYHoCcTH (6), OTHOCH -
TEJBHOTO YIJIUHEHUS (8) U CyxXeHMsI (e) 1o JuIMHEe TTPoOHOI oTMBKU. [TyHKTUpPHBIC JIMHUU YKa3bIBalOT YPOBEHb
MexaHnueckux cBoiictB craiau O08TAH®JII no TOCT

HOTO ImapamMeTpa }‘2 HOCHUT MPAKTUYECKU JIMHEMHBINA
xapakrtep. BeiiencTBue 3Toro ¢ yBeamdeHUeM TOJI-
ILXHBI OTJIMBOK UMEET MECTO OJTHOBPEMEHHbI POCT
MEXIYOCHBIX TPOMEXYTKOB M pa3MePOB ayCTCHUT-
HOTO 3€pHa, NPUBOAMIIINIA B PE3YJIbTATE K CHUXE-
HUIO MEXaHUYECKUX CBOMCTB. [IJIsT MAaCCUBHBIX OT-
JIUBOK B YCJIIOBMUSIX MaJIOM WHTEHCHUBHOCTH

TeII00TBOAA (HeMeTainuecKas popma) Koppeis-
LU MEXIy 3HAYECHUSIMU 00CYKAaeMbIX CTPYKTYp-
HBIX TTapaMeTPOB DY U ., yTpaYMBaETCsl, TIOCKOJIBKY
pa3Mepbl ayCTEHUTHBIX 3€PEH MPAKTUIYECKU HE U3-
MeHsoTcs. Hanpotus, npu 3aMenIeHHOM OXJIax-
JIEeHUU KoaJjleCUEHIMSI BTOPUUHBIX JEHIPUTHBIX
BETBEM, Pe3yJIbTaTbl KOTOPOM OMPEACISIIOTCS IJIH -
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TEIIBHOCTBIO TUMDGY3MOHHOTO TIepepacIipeaeIeHIs
TBEPAOW (asbl T, MO BIMAHUEM KallUUIAPHOTO
apdekra [1M66ca—Tomcona [10], mpuobpeTaeT m0-
TTOTHUTETBHBIN CTUMYJI JUTST COOTBETCTBYIOIIIETO YBE-
Jmyenus A,. [1o 910l mpuyuHe BbIABIEHHAS B pabo-
Te cTabuiu3alus pa3MepoB ayCTEHUTHBIX 3€PEH B
OTHOCHUTEJIPHO TOJICTOCTEHHBIX OTJIMBKAX SIBIISICTCS
BaXKHbIM (haKTOPOM, KOTOPbI CIIOCOOCTBYET MOJIY-
YEHUIO B HUX OJHOPOIHBIX MEXaHUUECKUX CBOMCTB.

3akioyenne

B pabore npencrasieHbl pe3yJbTaTbl KOMILIEKC-
HOTO MCCJIEAO0BaHMs U MONIEIMPOBAHUS YCIOBUIA 3a-
TBepAeBaHUs, (POPMUPOBAHUS IEHIPUTHOM CTPYKTY-
pel M pa3MepoB AayCTEHUTHOro 3epHa B
KPYITHOMACIITAOHO JIMTOM CTyTnieHYaTol Ipoode Mac-
coii 9,3 Tuz cramm 08TJIHDJI Ha MpOTSHKEHHBIX y9acT-

kax tomirHoit ot 100 no 500 mMm. CornocrasiieHue
MOJTy4eHHBIX OKCITEpUMEHTAIbHBIX JAHHBIX 00 OAHO-
POIHOM pacIpeie/IeHUM KOMIUIEKCAa MEXaHUUECKUX
XapaKTepUCTHUK JIMTOr0 MeTajljla 1o JUIMHE MPOOLI B
COUETaHUHU C MOJICIMPOBAaHNEM (ha30BBIX ITPEBpallie-
HUI 1 3BOJIIOLIMM IIPOTHO3UPYEMbBIX MEXaHUUYECKMX
CBOJWCTB CBUIETEIBCTBYET O BOBMOXKHOCTY HAaJIEXKHO-
ro odecreyeHsI TpeOyeMbIX ITOKa3aTesIeii 3Toi CTaun
o 'OCT B uccneaoBaHHBIX MPeAeiax TOJIIUHEI CTe-
HOK OTJIMBKM. DTOT Pe3yJIBTAT MOXET OBITh peain30-
BaH TOJIbKO ITPY TEXHOJIOTMYECKUX YCIIOBUSIX U3TOTOB-
JIEHUSI OTJIMBOK, O0ECIeUMBAIOLIMX OTCYTCTBME
METaJITypIrUueCKrX U JINTEHHBIX Ae(EKTOB.

ABTOpBI BBIpaXKalOT CBOIO IIPU3HATEIbHOCTh
KaHIumaTy (U3MKo-MaTeMaTHYeCKUX HayK
A.A. BacuibeBy 3a aKTUBHYIO TTOJAEPKKY 3aMbICa
MPOBEICHUS HACTOSIIEe pabOTHI U TIJI0OIOTBOPHbIE
JIIMCKYCCHUM TIPU €€ pealu3aliuu.
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MEXAHUYECKASA BECCTYNEHYATASl UMMY/IbCHAS NEPEJAYA
A1 COBPEMEHHOW MAJIOTABAPUTHOMW TPAHCNOPTHOMU TEXHUKU

S.l. Hoodorozhkov, E.A. Zachlebaev

THE MECHANICAL STEPLESS IMPULSE TYPE TRANSMISSION
FOR ADVANCED SMALL-SIZED TRANSPORT

PaccMoTpeH anbTepHaTUBHBIN BapMaHT MEXaHMUECKOI OeccTyneHYaTol nepeaayr MMITyIbCHOTO THIIa
MPUMEHUTEbHO K COBPEMEHHOUN MajorabapuTHOW TpaHCHOpTHOM TexHuke. [Ipemmaraemast
camoperyaupyeMasi aBTomatnyeckasi oeccTyrneHyaras rnepeaaya Mo3BOJISIET CYIECTBEHHO YIyUllUTh
TeXHUYEeCKUEe XapaKTepPUCTUKU COBPEMEHHBIX TPAHCMMCCHIA, BBITTOJIHEHHBIX TIO TexHojoruu CVT, B
YacTU CWJIOBOTO U KMHEMATUUYECKOro TMara3oHoOB, a TAKKe yrpoliaeT KOHCTpyKiuto. [IpencraBaeHbl
pe3y/IbTaThl aHaIn3a B cpeie BU3yalbHOTo nporpammupoBanuss MATLab — Simulink kuHeMaTUKy 1
JMIMHAMUKU paboYMX MTPOLIECCOB B UMITYIbCHOM TPAHCMUCCUU Ha IPUMEPE MOTOBE3/IEX0/Ia, a TAKXKE 1aHa
onieHKa 3(heKTUBHOCTH ee mpuMeHeHus. [TokasaHo, 4TO MpemToXeHHass cXxeMa MeXaHU4eCKOu
OeccTyrneHuaToii nepenayy MUMIyJIbCHOTO TUIA 00J1a1aeT CBOMCTBOM CaMOPETyIMPOBaHMsI MeEPeaTOUHOTO
otHomeHus. [Tepenaya obecrieurBaeT IMIaBHbIN Pa3roH ¢ MeCTa M paBHOMEPHOE IBIKEHUE TPAHCITOPTHOTO
cpenctBa. [IpuMmeHeHne MexxoceBoro auddepeHiana He Tpedyercs. [1pu 6ykcoBaHUM KaXI0€ KOJIeCO
OyJeT nepeaaBaTh TATOBOE YCUIIME BIIOTh IO MPEIeTbHOTO 110 crierieHuto. [Tpy 3ToM 6I0KMPOBKY KOJIeC
JUISI TIOBBILLIEHHS TSITOBBIX CBOMCTB He TpeOyeTcs. [1peaaraemasi KOHCTPYKIIUSI 3HAUMTENBbHO MPOILe U
JIEIIIEBIIE CYIIeCTBYIOIIMX aBTOMATUIECKUX TPAHCMUCCUH, 00J1aaeT MEHBIIMMU BHYTPEHHUMM MTOTEPSIMU
MOIIIHOCTU 1 UMEET BbICOKU MOTEHILIMAJ TPUMEHEHUST B MAJIOrabapuTHOI TPAHCTIOPTHOM TEXHUKE.

MEXAHUYECKAA BECCTYITEHYATAA ITEPEJAYA; UMITYJIBCHAA TPAHCMUCCHA; CVT, MOTOTPAHC-

IMOPTHAA TEXHUKA; MOAEJIMPOBAHUE; MATLAB; SIMSCAPE; IMHAMUWKA; PABOUYME ITPOLIECCHI;
XAPAKTEPHUCTHUKHU PAST'OHA.

An alternative option of mechanical stepless impulse type transmission for small-sized transport is
presented in this paper. The proposed self-regulating automatic stepless transmission allows to significantly
improve s the technical characteristics of modern CVTs in relation to power and kinematic ranges, and
also in design simplicity. In this investigation, the theoretical research results on the dynamics and the
kinematics of the operating processes in impulse transmission on the example of an ATV are presented
in the MATLab — Simulink visual programming environment. An assessment of the project efficiency
is also given. The results showed that the proposed scheme of mechanical stepless transmission of impulse
type has the property of self- regulating the velocity ratio. The transmission provides smooth acceleration
and uniform motion of the vehicle. Applying the interaxle differential is not required. At slipping each
of the wheels will transmit a tractive effort up to the limit of adhesion. At the same time the wheel lock
to improve traction properties is not required. The construction of the mechanical stepless transmission
of impulse type is significantly simpler and cheaper than existing automatic transmissions, has smaller
internal power losses and a high potential of application in small-sized vehicles.

MECHANICAL STEPLESS TRANSMISSION; IMPULSE TRANSMISSION; CVT, SMALL-SIZED TRANSPORT;

SIMULATION; MATLAB; SIMSCAPE; DYNAMICS; OPERATING PROCEDURE; ACCELERATION
CHARACTERISTIC.

CoBpeMeHHass MOTOTEXHUKA — 3TO OTPOMHBIN  KOTOPBIN BKIIIOYAET MOTOITMKIIBI, CKYT€PBI, MOTIEITHI,
CEerMeHT MaJIopa3MEepPHbBIX TPAHCIIOPTHBIX CPEACTB, MOTOBE3IEXO/bl, CHETOXO/IbI, KBAIPOLIMKIIbI, TUIAPO-
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LIMKJIBl U IPYTUE BUAbl TEXHUKU XO3SUCTBEHHOTO
Ha3zHaueHus. MOTOTeXHUKA M3rOTaBIMBACTCS U3-
BECTHBIMU (DMPMaMU, COBEPIIIEHCTBYETCS C KasKIIbIM
roJIoM, mopaxkasi CBOMM MHOI000pa3ueM U MHHO-
BaIlMOHHBIMU pa3paboTKaMu. B mociemHme rombt
3HAUUTEJIbHO BO3POC CIPOC Ha KBAAPOLMKIBI U
MoToBe3aexonbl. KBanpouukisl (aHIIuiicKas ad-
opeuatypa ATV - All Terrain Vehicle) u MmoToBe3-
nexonpl (UTV — Utility Task Vehicle) — Tpancmiopt-
Hbl€ CpeNCcTBa, MpeaHa3zHAYeHHbIC IS €3[1bl U
TIepeBO3KY I'PY30B IT0 6€3M0POKBIO M OTINIAIOIITN -
€cs1 BBICOKOI MPOXOAMMOCTbIO, HE TOCTYITHOM aB-
TOMOOWITIO MIJTX MOTOLIMKITY.

Bricokasi mpoXxoauMoCTh MO TepeceyeHHOM
MECTHOCTH I MAHEBPEHHOCTD TaKOM TEXHUKH 00ec-
MEeYMBaAIOTCS IPUMEHEHUEM COBPEMEHHBIX Y3JI0B
IIIaCCH 1 00sI3aTeIbHBIM HAJTMIMEM MeXaHMIeCKOM
OeccTyrneHuaToi TpaHcMuccu Tuia Duramatic [1],
BointosiHeHHOH mo TexHojorun CVT (Continuous
Variable Transmission) ¢ aBTOMaTU4eCKUM yIIpaB-
nenneM. [locnenHee BKiIoUaeT B ceOs, Kak MpaBH-
JI0, ClIeTUIeHUE,, KITMHOPEMEHHbIH ((DpUKIIMOHHBI)
BapHaTop C 3JICKTPOHHBIM yIIpaBIeHNEM, obecITe-
YUBAIOILIMI OeCCTyNeHYaTyIo Mepeaayy MOMeHTa Ha
BeIyIIHMe Kojieca ¢ YYeTOM CKOPOCTH IBMKEHMUS,
000pOTOB ABMTraTeNsl U HArpy3Ku Ha BeoylIuMe KO-
neca.

Henoctatku CVT Ha TpaHCIOPTHBIX CPEeACTBAX
W3BECTHBHI:

Y3KU Auana3oH TpaHchopMaluu MOMEHTa U
HEOOXOTMMOCTD B JIOTIOJTHUTEIIBHON NBYX-, TPeX-
CTyIEHUYaTo KOopoOKe mnepeaay;

BBICOKUI M3HOC IITWH TP IBUKCHUM B PEKIME
OJIOKMPOBAHHOI'O TOJHOTO MpuBoja (4x4) uz-3a
U PKYJISIIIN TTapa3UTHOM MOIITHOCTH MEXKITy BEITy-
LIUMU MOCTaMU;

OTCYTCTBHE CBOMCTBA CAMOPETYINPOBAHUS TIE-
PEIaTOYHOTO OTHOILEHUS B 3aBUCUMOCTH OT Ha-
TPY3KU 1 HEOOXOIMMOCTD B JIEKTPOHHOI CUCTEME
yIpaBjieHusi, KOTopasi He B MOJHON Mepe ynoBje-
TBOPSIET YCIOBUSM SKCILTyaTallNu;

HEBO3MOXHOCTb UMITOPTO3aMelIeHUs OeccTy-
MmeHvyaToil TpaHcMuccuu Duramatic m3-3a oTCyT-
CTBUsSI OTeUYeCTBeHHBIX TexHonoruit CVT u, Kak
CJIeNICTBYE, TOPOTOBM3HA M HEIOCTYITHOCTh MacCO-
BOTO MPUMEHEHMSI JAHHOTO BUA TEXHUKU POCCUIA-
CKUMM TTIOTPEOUTETIIMM.

HoBusHa paboThl 3aKiioyaeTcsl B TeopeTuye-
CKOM 000CHOBaHMY 3(P(EKTUBHOCTH aTbTCPHATHB-
HOTO BapUaHTa TPAHCMUCCUH U1 MOTOTPaHCTIOPT-
HOI TeXHMKHU Ha OCHOBE 3aMeHbI Duramatic [2] Ha

MEXaHWYIECKYIO OeCCTyIIeHIaTyI0 caMOpeTyIrpye-
MYIO0 Iiepeayy MMIyJIbCHOTO TUIa. MI3BeCTHBI pa3-
JIMYHBIE KOHCTPYKIIMT MEXaHNIEeCKIX UMITYJIbCHBIX
GeccTyneHyaThIx epeaad [3—6]. B ux ocHOBe J1eXXUT
IMpeoOpa3oBaHNe BpAIIeHUS BEMYIIEro Baja mepe-
Jlayu B YIJIOBbIE KOJIEOAHUS MTPOMEKYTOUHbIX 3BE-
HbeB. [IprueM aMIUIMTYIA 3TUX KOJIeOaHWIT n3Me-
HSIETCSl WIX MPUHYIUTENbHO, WU aBTOMAaTUYECKU
TP N3MEHEHUH Harpy3KHW Ha BeJOMOM BaJTy. 3aTeM
YIJIOBBIE KOJIEOAHUSI C TOMOIIIbIO MEXaHU3MOB CBO-
oomHoro xoaa (MCX) mpeobpa3yioTcsi BO BpallleHIe
BEJOMOTO Bajia, YaCTOTa KOTOPOTO MOJIydyaeTcs TeM
Ootpliie, YeM OOJTbIIe aMIUTUTYIa KOJeOaH!IA.

[IpuMeHeHue UMITYJILCHBIX Miepeaay Ha TpaHC-
TTOPTHBIX CPEACTBAX ITOBHITIAET MX 3(PHEKTUBHOCTD,
a UMEHHO:

yCTpaHsIeT HEOOXOMMMOCTh B JOTIOJTHUTETbHOM
KOpoOKe Tepenay 3a cueT 6oJsiee MIMPOKOro aua-
Mma3oHa TpaHcdopmaluu MOMEHTa;

0o0ecreyrnBaeT MOCTOSIHHBIM MOJHBINA MPUBOJ
0e3 ITUPKYIISIIIAN ITapa3uTHON MOIITHOCTH C aBTOMa-
TUYECKOW KOMIEHCAIMEe KWHEMATUYECKOTO HECO-
OTBETCTBUS,

MOBbIIIAET MAaHEBPEHHOCTD U IMTPOXOJUMOCTb 32
CYeT BHYTPEHHEH aBTOMATUIHOCTH MMITYJILCHOM
nepeaayu (CaMoperyaMpoBaHusl epeJaTOuHoOro OT-
HOIIIECHUS);

YIPOLIAET U YASLIEBsIeT TPAHCMUCCUIO 32 CUET
0TKa3a OT MMITOPTHBIX Y3JI0B U IIPUMEHEHUS TIPO-
CTOI KOHCTPYKLUU, peaiu3yeMoil Ha TOCTYITHOM
TEXHOJIOTUYECKOM YPOBHE.

obecrneunBaeT MakcuMaibHbiii KITJI 3a cuer
oTKa3a oT ppukiimoHHoro BapuaTopa (CVT) u nepe-
Jlayd KPYTSIIero MOMEHTa He CUJaMu TPEeHUsI -
CKOJIBKEHMS, a CUJIaMU TPEHUST-CaMOTOPMOKEHUST
(MCX).

g coBpeMeHHBIX MaJoTabapuTHBIX TpaHC-
MOPTHBIX CPENCTB TEXHUYECKU M 9KOHOMUYECKU
11e1ecoo0pa3Ho UCTIOTh30BAHNUE IIPOCTEMIITIX CAMO-
peryaMpyeMbIX MeXaHWYeCKUX OeccTymeHYaThIX
repeaady, OTINYAIOIINXCS KOMITAKTHOCTBIO, TIPO-
CTOTOI KOHCTPYKLUU U AellieBU3HOM. B paboTax [4,
7—10] mpearoaoxkeHo, YToO U3BMEHEHNE IepeaaTod-
HOTO OTHOILEHUSI UMITYJIbLCHON OeccTyneHYaToi
TepeIayrl MOXKeT OBITh ITOJTYIeHO HE TOIBKO 3a CUeT
U3MEHEHUS aMIUIUTYAbl KOoJIeOaHUI BeAylIUX ya-
creit MCX, HO 1 3a CYeT U3MEHEHUS YIJIOB 3aKPYT-
KU TOPCUOHHBIX BaJIOB, COCIMHSIOIINX BEAOMBIC
yactu MCX ¢ BemoMbIM BajoM. Takoe pelieHue
YIPOIIAET KOHCTPYKIIMIO UMITYJILCHOM Mepeaadu u
ITO3BOJISIET CKOMITOHOBATh TPAHCMMCCHUIO B Taba-
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PUTHBIX pa3Mepax
(Duramatic).

WccnenoBanue TIroBo-IMHAMMYECKMX XapaK-
TEPUCTUK TPAHCITOPTHOTO CPEJCTBA C TAKOM TpaHC-
MUCCHEI, a UIMEHHO COBMECTHOM PabOTHI ABUTATE-
a, MyOdTbl CUENJEeHUSI U MEXAaHUYECKOM
OecCTyIeHYaToOM MMITYJIbCHO Iepenadyy B IEPUOI
pa3roHa ¥ paBHOMEPHOTI'O ABUKEHUSI, SIBJISIETCS 1Ie-
JIbIO Halllei paOoTHI.

B kauecTBe nmpumMepa Ha puc. | mpuBeaeHa K1~
HeMaTUYeCKasl CXema IMPOCTEMIIEN MEXaHUYECKOMN
OecCTyIleHYaToO UMITYIbCHOM TTepenayuu ISl mo-
HOIIPMBOJHOIO MOTOBE3IEeX0Ia.

B ocHOBe nepenayu JIeXXUT MPUHILIUIT PETYJIUPO-
BaHMsI IIEPEIaTOYHOTO OTHOILIEHUS IIPY UI3MEHEHM -
SIX BHEIIIHEeW Harpy3ku 3a cYeT aBTOMAaTUYECKOTrO
W3MEHEHUSI yIiIa 3aKPYTKU TOPCUOHHBIX BaJoB 0,
coeUHSOIMX Beaombie yacTu MCX 5 ¢ BBIXOIHBI-
MU KapaaHHbIMU Bajamu 7. [lepemaua paboraet
cleayoiuM oopa3oM. BpalleHre mapHUPHO-PhI-
YaXKHOTO MeXaHMU3Ma 4 ¢ YIJIOBOl CKOPOCTBIO M,
nepeaaBaeMoe OT ABUraTesst I, My(@Thbl CLEILICHUS
2 u penykropa 3, BbI3bIBA€T YIJIOBBIE KOJICOAHUS
Benywmx yacteit MCX 5 ¢ ITOCTOSTHHOM aMIUIUTYI0M
¢, [Ipy rapMOHMYIECKMX KOJICOAHUAX MX YIJIOBAsK
CKOpPOCTb OyI€eT paBHA ®, = @ wsin(wt).

Ecnmu MOMEHT conmpoTUBIEHMS Ha BEAYIIMX KO-
Jecax 9 OTCYTCTBYET, TO TOPCUOHHbBIE Bajbl 6, CBSI-
3aHHbBIE Yepe3 KapJaHHbIe repenauu 7 u nuddepeH-

cymecTtBytomux CVT

LMajbl § ¢ BEAyIINMU KojlecaMy 9, He Harpys>KeHbI
KPYTSIIUM MOMEHTOM.

WX yriabl 3aKpyTKY 3a LIMKJT KOJIEOAHUIA TEOPETH -
YeCKM paBHBI HYJIIO, a BHYTpEHHee MepeJaTouHoe
OTHOIIIEHKE, 00YCIIOBIEHHOE AedopMaLeii Topcu-
OHHOro Bana, i = 1. Eciv xe noz aeicTBrieM MOMEH-
Ta COIPOTUBJICHYSI YIJIOBAsk CKOPOCTh BEAYLLIUX KOJIEC
9 1 KapJaHHBIX Tiepeaay 7 CTAaHOBUTCSI MEHBbIIIE, TO
YIJIBI 3aKPYTKU TOPCUOHHBIX BAJIOB U3MEHSIIOTCSI B
TeUeHUe LIMKJIa TapMOHMWYECKUX KOJeOaHUi Mpo-
MMOPLIMOHAIBHO HATPY3Ke; B cllydae MAaKCUMATbHOM
nedopMaly TOPCUOHOB 6 Ha «CTOITOBOM» PEXKUME
BHYTPEHHEE TIEPENaTOYHOE OTHOLIEHUE OyeT i = 1.
B mpouecce paboThl 4eM MEHBbIIE [, TEM paHbLIE
BKJTIOUAIOTCS 1 TTO3Ke BRIKITIoUaroTes MCX 5, 601b-
1116 MaKCUMaJIbHbIE U CPEIHUE YIJIbl 3aKPYTKU TOP-
CHOHHBIX BAJIOB 6, a TAKXKe CPEIHUI KPYTALINAI MO-
MEHT, TlepeJaBaeMblii Ha Beayiuune Kojeca 9. [1pu
5TOM Iepeaada KPyTIero MOMEHTa Ha TIepeIHUI U
3agHUI MOCThI oT aBuratens I yepe3 MCX 5 ocy-
LIECTBIISIETCS O cMereHneM 1o ¢ase 180 rpam.

s miaBHOro TporaHusl ¢ MecTa M pa3roHa ¢
3aJaHHO MHTEHCUBHOCTBIO MCIIONb3yeTcsl MydTa
cuerieHust 2. PeaykTop 3 HEOOXOIUM JIsI TOHUKE -
HUS 000POTOB IBUTATENS C LEIbIO OTpaHUYCHUS
MaKCUMallbHOI yacToThl BKItoueHnit MCX. B naH-
HOI1 cxeMe 3aIHUI X0 00eCIIeunBACTCS PEBEPCHUB-
Hoi1 paboToit MCX [11, 12] (MexaHU3M peBepca Ha
cXeMe He TIOKa3aH).

Puc. 1. KuHeMaTruueckasi cxemMa MOTOBE3IeX0/1a C MPOCTeMIIeH MeXaHMYeCKOI OeCCTymneH-
yaTo Tiepeaadeii UMITyJIbCHOTO TUTIA: | — ABUTATEINb; 2 — aBTOMaTUYeCKOe LIEHTPOOEXKHOE
clieTUIeHUe; 3 — MOHWXKAIOIINI PeAyKTOp; 4 — IapHUPHO-PbIYaXKHbBII MeXaHU3M (TeHepa-
TOp MeXaHMIeCKUX KoaebaHuii); 5 — MCX (BBIIpSIMUTEIb MEXaHUUECKUX KOJIeOaHMIA);
6 — TOPCUOHHBIN Bajl; 7 — KapaaHHas repeaaua; § — nuddeperunan; 9 — Beayiiye Kojeca
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MawwnHocTpoeHune

MeTonuKa ImoCcTpOeHMSI TITOBO-IMHAMUYECKIX
XapaKTePUCTUK TaKOM Mepeaauyr IPUMEHUTEIbHO K
MOTOBE3IEXOMY 1 Pe3yJIbTaThl TEOPETUIECKOTO MO-
JIeTMPOBAaHUS MIPEICTABICHBI HIXE.

WcxonHble maHHBIC: SKCIUTyaTallMOHHAS Macca
mooTtoBe3aexona 550 Kr; MaKCMMallbHasi CKOPOCTh
JaBrvkeHust 80 KM/Jac; MOLITHOCTh aBUTaTesst 38 KBt
(50 ;1.c.); Tvm Bemymmx Kojec AT25x8—12 (26x8-14);
KoJjiecHast popmyiia 4X4. YcaoBusl ABVXKEHUS: 10-
POXHBIN (DOH C KOI(PDULIMEHTOM COMTPOTUBICHUS
aprkeHmio f= 0,015 u koadduiLmeHTOM CleIIeHIS
u=20,65, 6e3 yueTa BeTpOBOIl HArpy3Ku. JIBIKeHIE
Ha II0ObeM — He MeHee 25 rpaaycoB.

MonenupoBaHue TMHAMUKM pabOYMX Mpolec-
COB B M€XaHMYECKOM O€CCTYIIeHYaTOM MMITYJIbCHOM
TPAaHCMUCCHUH BBIIIOJIHEHO B IMaKeTe BU3YaJbHOIO
nporpammupoBanuss MATLAB-SIMULINK [13,
14]. Ha puc. 2 mpeacrasieHa 0J10K-CxeMa CUJIOBOM

=0 b

Solver
Configuration

ST
Inertia2.2
&2 D 4.2

TepeIayn, COCTOSIIAS U3 HECKOJIBKUX TTOICUCTEM:
1 — nBurarenn; 2 — MmydTa cueruieHus; 3 — MOHM-
XKalouuii penykTop; 4.1 u 4.2 — reHepaTopbl MeXa-
HUYECKHUX KOJIEOaHUI COOTBETCTBEHHO B ITEpeIHEM
U 3aJJHEM CUJIOBOM KOHTYpax; 5./u 5.2 — MCX; 6.1
U 6.2 — TOPCUOHHbBIE BaJIbI (C Y4€TOM THCTEPE3UCHBIX
MoTepb Ha BHyTpEeHHee TpeHue); 7.1 u 7.2 — Mex-
KosiecHble A depeHIIMalbl TIepeIHero U 3aJHEero
MocCTOB; 8.1 1 8.2 — Benylue KoJjieca IepeaHero u
3a/IHETO MOCTOB; 9 — ocTOB MOoTOBe3aexona. MHep-
IIMOHHBIE CBOMCTBA BpaIlaloIINXCs BaJOB 1 3yOUa-
ThIX KOJIEC yUYUThIBalOTCS Onokamu “Inertia”, a
WHEPIIMOHHBIEC CBOMCTBA IBUTATENS, My(DTHI CIIETI-
JICHUSI, BeIyIIMX KOJIeC M 11acCh MOTOBE3[AeXo/a
3aJIOXKEHBI B TTapaMeTpax COOTBETCTBYIOIIMX IO -
cucteM. CeHCOpHI YIJIOBBIX MEpEeMeIleHUi, CKOPO-
CTel M KPYTSIINX MOMEHTOB, a TAKKE TIPUEMHMKHI
CUTHAJIOB Ha CXeMe He MOKa3aHHbI.

Inertia2.1 L
L

6.1
4.1
5.2 5.1 —_
44_1 T L
Rotational Damper 2 W q Rotational Damper 1
L J >
e -
i Unidirectional
Rotational Spring 2 Sliph2 \mpuls Generator 2 Impuls Generator 1 Clutch 1 Rotational Spring 1
Wing
8.2 velociy 8.1

Differential2

Tire 22(Magic Formula)

-4 Tire 11 (Magic Formula)

Vehicle Body

Differential1 Tire 12 (Magic Formula)

Road

incline

{c]

Puc. 2. biok-cxema SIMULINK moToBe3nexona ¢ rpocTeifiineil MexaHn4eckoi 0eccTyneHyaTol nepegaveit
UMITYJIbCHOTO THTIA
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bnok-cxema SIMULINK cocrout 13 HeCKOJIb-
KHUX TTOICUCTEM.

1. IToocucmema 1 — «/leueameny» BKITIO9aeT B CEOS:

cTaHaapTHbIN 010K «Engine» n3 6ubiamoreku
cTaHAapTHBIX OJiokoB Simulink «Simscape —
SimDriveline» co cienyronmMu mapameTpaMu: TUIT
JBUraTesisi — OEH3MHOBBIN, MaKCMMaJIbHasl MOILII-
HocTh 50 J1.c., MaKCUMaJTbHbIe 000poTH 6500 06/
MMH; MOMeHT uHepimu 0,1 Kr-M2; CKOpOCTHast Xa-
pakTepUCTUKa IBUTATENS alllpOKCUMHUPOBaHA IO
MOIITHOCTY TTOJIMHOMOM TPEThEi CTEITeHN.

craHgapTHbI 010K «Signal Builder/Throttle»
[15], bopMupyoOIINii peXXuM U3MEHEHMS IToJaYn
TOTUTMBA B IBUTATEH (TIPH pa3roHe C MecTa 10 MaK-
CHMAJIBHOM CKOPOCTH).

2. lloocucmema 2 — «Cuyennenue» BKITIOUAET B
ceost:

craHnapTHbIil 010K «Disk Friction Clutch» u3
OMOAMOTEKU CTaHAapTHBIX O0J0KOB Simulink
«Simscape — SimDriveline» co cieayrommnuMu rmapa-
MeTpaMu: TUIT — JUCKOBOE, 3(PDEeKTUBHBIN pamnyc
JIVCKOB TpeHUsI 60 MM; KOJTMYECTBO AUCKOB — 2; TUTT
TPYBOJA CUETIICHUS — TUAPABIUYECKUIA; TUTOLIAAb
MOPIIHS UCITOJIHUTENIbHOrO IvmnHapa — 0,005 m?;
Ko3(ppuumeHT TpeHus (CTaTUYeCKUii/ ImHaMrJe-
ckuii) — 0,7/0,55;

cTaHIapTHbBIN 010K «Signal Builder/Pressure»,
(bopMmupyOLIMiA TEMI BKIIOUEHUS CLETUIEHUS TIpU
TPOTaHWM C MECTa U pa3roHe.

3. Momenmbi uHepyuu 8pAUAIOUUXCA MACC — CTaH-
nmapTHble 6J0ku «Inertia» M3 OMOIMOTEKU CTaHAAPT-
HBIX OiokoB Simulink «Simscape — Mechanical —
Rotational Elements» — Ha Bxoze niepeaauu «Inertial»
M Ha BbIXoje BeipsMutesieii «Inertia2. 1» u «Inertia2.2»
paBHbI coorBeTcTBeHHO 0,5 11 0,0001 KI*M2.

4. onuxcarouyuii pedykmop (3) — CTaHIAPTHBINA
010K «Simple Gear» n3 OMOJIMOTEKM CTAaHIAPTHBIX
010k0B «Simulink — Simscape — SimDriveline —
Gears» ¢ mepegaTOYHBIM YUCIIOM, PAaBHBIM 3.

5. Hllaprupno-poruancuvie mexaunuzmol «Impuls
Generator» (4.1 u 4.2) GopMUpyl0T MeXaHUUECKIE
rapMOHMYECKUe KoeOaHUsI ¢ MOCTOSIHHOM aMILIu -
Tynoit @, = 0,35 paa. Ha [IBa MOTOKA MOLIHOCTH
(mepeaHuit U 3aMHUNA MOCTBI) CO CMEIIEHUEM I10
¢asze Ha 180 rpamgycos.

6. MCX «Unidirectional Clutch» (5.1 u 5.2) nipe-
00pa3yloT rapMOHMYECKHE KOoJieOaHsI B OJHOHA-
MpaBJIeHHOE TTOJIOKUTEIBHOE BpaIlleHe TOPCUOH-
HBIX BaJIOB — CTaHIApPTHBIE OJIOKU 13 OUOJIMOTEKU
cTaHAapTHBIX 0J0KOB «Simulink — Simscape —
SimDriveline — Clutches».
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7. Topcuonnuwie éanvi « Torsional Spring — Damper»
(6.1 u 6.2) — ctraHgapTHbBIE OJIOKU U3 OUOIMOTEKU
cTaHgapTHBIX 0JIOKOB «Simulink — Simscape —
SimDriveline — Couplings & Drives». UMelot cie-
IYIOIIWEe TapaMeTphl: yIJIoBasg XeCTKOCTh
2100 H-M/pan., koadduiieHTsl aeMIihupoBaHUS
0,01 H-m/(pan./cex).

8. Medxckonecnvle dughgpepenyuanbrble Mexanuzmol
7.1u 7.2 — «Differential» pacnipeneisitoT KpyTsiliye
MOMEHTBI Ha BeyllKe KoJieca IMepeaHero v 3aJHero
MOCTOB C Tiepe1aTOYHbIM unciom 0,7 — cTaHaapT-
Hble OJJOKU U3 OMOIUOTEKU CTAaHAAPTHBIX 0JIO-
KoB «Simulink — Simscape — SimDriveline —
Gears».

9. Bedywue koneca 8.1 u 8.2 GHopMUPYIOT TIPO-
JOJIbHYIO CHUTY TSTH ITPOTIOPIIMOHAIEHO BECOBOI Ha-
rpy3ke U Koa(ppULIMEHTY CUEIIeHUSI C TPYHTOM.
Pamuyc xonec — 0,32 M, Harpy3ka Ha KoJjieca B CTa-
TUIECKOM MOJIOXKEHUN — paBHOMepHasl. [1pomonbHast
JInHelHast xxectkocTh uH — 1000 kH/M; mponosib-
HBIIT KO3((PULUEHT AeMII(UPOBAHUS IIMH —
1000 H/(m/cex). MomeHT mHepimn Kojieca — 0,5 Kr-M2.

10. ITodcucmema 9 — «Vehicle body» BKitouaet B
cebs craHmapTHIN 6J10K «Vehicle body» u3 6ubmm-
OTeKM CTaHAapTHBIX 010KOoB Simulink «Simscape
— SimDriveline — Tires & Vehicles » ¢ napameTpamu,
COOTBETCTBYIOIIMMU PUC. 3, TIe TMPUBEICHO M30-
OpakeHMe TaOJIUITBI, BRIBOAUMOI Ha TUCTUICH.

CymmMapusbriii KIT/I Bcero MexaHN4eCcKOoro mpu-
BoJIa (C yY4E€TOM MOTEPh B 3alleTuIeHUU, TuddepeH-
LiMaiax, TPeHUsI B MOAIIMITHUKAX KAaUeHHsI M OTTopax
CKOJIbXKEHMST) TpUHUMaeTcst paBHbIM 1) = 0,92.

PesynbTaThl MOAEAUMPOBAHUS MapamMeTpoOB
(GYHKIMOHUPOBAHUS MEXaHUYECKOI OeccTyneHYa-
TOI TPAHCMUCCUY UMITYJILCHOT'O TUIIA PU pa3roHe
¢ MecTa 10 MaKCMMaJIbHOM CKOPOCTU Ha TOPU30H-
TaJbHOM yYacTKe TIpeacTaBIeHbl Ha puc. 4, 5.

B HavanbHBIM MOMEHT TPOTaHUS TP TUTABHOM
BKJTIOYCHUM CLICTICHUS ¥ YBETWMYSHUH ITOAAYN TO-
IUTMBA B ABUTATENb, KPYTSAIINI MOMEHT Yepe3 Io-
HIDKAIOIIWMI peayKTop 3 IiepeaaeTcs Ha BTOPOii IIpo-
MeXYTOUHBIM Baj. Jlazee ¢ TOMOIIbIO
HeperyIupyeMbIX ITapHUPHO-PBIYaXKHBIX MEXaHU3-
MOB 4.1 1 4.2 BpanieHue nmpeodpa3yeTcsl B yIJIOBbIE
KoJiebaHus Beayuux 3BeHbeB MCX 5./ u 5.2 co
cMmenleHueM 1o dase Ha 180 rpamycos (puc. 4, a).

JBa MCX (110 omHOMY Ha KaxKAblii MOCT) Tiepe-
AT KPYTSAIINI MOMEHT TOJIBKO B OTHOM Harpas-
JIeHuu. B ApyroM HampaBieHUM OCYIIECTBIISIETCS
CBOOOIHBIN X01. [ToaToOMy OHU ITpeodpasyIoT yIiio-
Bble KOJieOaHUsI B OJHOHAIMpPAaBIEHHOE BpalleHue,
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respectively.
Settings
Parameters

Mass: 550

Number of wheels per axle: 2
Horizontal distance from CG

to front axle: 0.4
Horizontal distance from CG
0.6

to rear axle:

CG height above ground: 0.5

Frontal area: 15
il Drag coefficient: 0.4

Initial velocity: 0

"% Block Parameters: Vehicle @
Represents a two-axle vehicle body in longitudinal motion. The block accounts for body mass, a
aerodynamic drag, road incline, and weight distribution between axles due to acceleration and road

profile. The vehicle does not pitch or move vertically relative to the ground. |

Connection H is the mechanical translational conserving port associated with the horizontal motion of ”I
the vehicle body. The resulting traction motion developed by tires should be connected to this port.
Connections V, NF, and NR are physical signal output ports for vehicle velocity and front and rear normal
wheel forces, respectively. Wheel forces are considered positive if acting downwards. Connections W ar«
l‘ beta are physical signal input ports corresponding to headwind speed and road inclination angle,

kg -
m -
m -
m -
mn2 v
m/s v

»

oK || Cancel ||

Helpii Apply

Puc. 3. [Tapametpsl 6;10ka «Vehicle body»

KOTOpOE uepe3 TOPCUOHHBIE Bajkl 6.1, 6.2 1 MeX-
KoJsecHble AuddepeHiansl 7. 1, 7.2 nepenaercs Ha
nepeaHue 1 3alHUe BeAylIre Kojeca.

Yewm OoJibllie aMILUINTYIa KOJeOaHuii, TeM 00JIb-
111e CKOPOCTb BpallleHUsI Benylux KoJiec. [1pu aTom
CKOPOCTb KOJIEC M3MEHSIETCSI aBTOMAaTUIECKH B 3a-
BUCHUMOCTH OT COMTPOTUBJICHUS ABUKEHUIO TTPU T10-
CTOsIHHOM amrumnTyae Kojedanuit MCX. Eciu mo-
MEHT COMPOTUBJICHUS] Ha BEIYILIUX KOJecaxX BeJIMK
(HayasI0 pa3roHa) ¥ OHU BPallalOTCs C MaJIOl CKO-
poctbio, To MCX 0CHOBHYIO YaCTh IIMKJIA BKITIOUEH,
€r0 BeZIOMbIE YaCTH KOJICOIIOTCS BMECTE C BEAYIIIH -
MU U JIMIIb HA MaJON 4acTu LIMKJA MPOUCXOIUT
BeiKTI0oueHe MCX, conpoBoxaalolieecs nosiBie-
HHEM COOCTBEHHbIX KOJeOaHUT BEJOMOTO 3BeHa —
BEIyIIeTo IUIMIIEBOTO KOHIIAa TOPCMOHHOTO Baja
(cMm. puc. 4, 6).

IIpu sTOM YacTOTa COOCTBEHHBIX KOJICOaHUMA
yIIpyroro Baja c BeaomMbiMu yactssMu MCX HaMHO-
r'0 BBIIIIE YaCTOThI BBIHYKIECHHBIX KOJIe0aHUi1, hop-

MUPYEMbIX T€HEPaTOPOM MEXaHUYEeCKMUX Kojeba-
HUi. DTO HENTPEMEHHOE YCI0BUE, KOTOPOE JOJIKHO
obecreunBaTbCsl KOHCTPYKTUBHO, T.K. Mepeaayda
MOXET paboTaTh TOJbKO B TOPE30HAHCHON 30HE.

Ecnu MOMEHT conmpoTUB/IeHUs Ha BEAYIIMX KO-
Jecax MaJ (KoHell pa3bl pa3roHa), To Ipu KoJjiebda-
HusX Benyiux yacreit MCX BemoMblie ero yacTu
BpallalOTCs C YIJIOBOM CKOPOCThIO, OJIM3KOM K MaK-
CUMaJIbHOMY 3HAQUEHUIO YIJIOBOW CKOPOCTU BEdy-
IIMX YacTel 3a HuKJI (puc. 4, ), 3aKpyTKa TOPCU-
OHHOTO BaJla yMeHbllaeTcsi. MOMEHT MHEepLUUuU
BEIOMBIX YaCTel TPAaHCMMCCUU, NPUBEACHHBINA K
BEIOMOMY BaJly UMITYJIbCHOI Mepenaun, 10CTaTou-
HO BEJIMK, O3TOMY MaieHue YIJIOBOM CKOPOCTH IMOJ,
JIeCTBHEM MOMEHTA COMTPOTUBIIEHUS 32 BpeMSI OJ1-
HOTo 1MKJIa (0IHOro 000poTa BEAyIIEero Baja) He-
CYLLIECTBEHHO.

VIi1bl 3aKpPYTKU TOPCUOHHBIX BAJIOB 32 LIMKJI U3-
MEHSIIOTCSI OT HYJISI B OAHOM KpaiiHeM MOoJIOKEeHU U
Beayuero 3seHa MCX 10 MaKCUMaJIbHOTO 3Haye-
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a) Vriosast
CKOpPOCTh
pam./c ,

-30
0) 0

VYrioas
CKOPOCTb,

pan./c
20

1, ceK. 50

1
1875 198 1985 199 195
2)
Yrio-

“Imarisn
Py

Bas

nedog

5 i i
t,cek 1975 198 19.85 199 19.95

1, cex.

Puc. 4. XapakTtepucTuku pabourx MpoIecCOB B UMITYJIbCHOM Tepenave: @ — yrJIOBble CKOPOCTH BEAYIIUX 3BEHHEB
MCX, ¢popmupyembie reHEPaTOPOM MeXaHUUECKUX KoJieOaHWI B HAUaIbHbI TTepUOJ1 pa3roHa ¢ MecTa B MUHTepBaJie
ot 0 110 2 ¢; 6 — UBMEHEeHUS YIJIOBBIX CKOPOCTEN BEAYIIEro Y BEIOMOTO IUTUIIEBBIX KOHIIOB TOPCMOHHBIX BAJIOB 3a
0,25 ¢ — B HavyasbHOI1 hasze pasroHa (ot 1,5 1o 1,75 cex.); 6 — U3MEHEHUS YIJIOBBIX CKOPOCTEM BEIyILIEro U BEAOMO-
ro NUIMLEBBIX KOHIIOB TOPCMOHHBIX BajioB 3a 0,25 ¢ B koHeuHo (a3ze pasroHa (ot 19,75 no 20 cex.); e — U3BMeHEHUsI
LIMKJIOBBIX YIJIOBBIX IehopMalivii TOpCMOHHBIX BajioB 3a 0,25 B HauanbHOI pa3e pasroHa (ot 1,75 no 2 cek.); 0 — u3-
MEHEHMSI IMKJIOBBIX YIJIOBBIX Ae(hopMalInii TOPCMOHHBIX BajioB 3a 0,25 ¢. B KoHeuHo# (pase paszroHa (ot 19,75 no 20 cek.)

HUSI, PABHOTO YIBOEHHOM aMILJIUTYIe KOJIeOaHUil B
JPYroM KpaitHeM MoJIOXKeHUU Beay1IEero 3BeHa (puc.
4, 2, 0).

Eciu MOMEHT cOnpoTHUBIEHUS HA BEAYIIUX KO-
Jiecax MeHbllle, YeM MOMEHT, TToJTydaeMbli TPy MaK-
CUMAaJIbHOM YTIJIe 3aKPYTKM TOPCHOHHOIO Bajia, TO
BelylIMe KoJjieca MPUBOISTCS B JBUXEHUE; €Cn
0oJibllIe, TO BelyllMe Kojleca HaXOASITCSI B CTOITOBOM
pexume (ripu padorarouiem apurateie). [Ipu atom
CPENHUI1 3a LIMKJI yToJ 3aKPYTKU TOPCUOHHOT'O BaJia
paBeH BeJIMYMHE aMILIUTY/Ibl KOJIEOAHU I KOPOMBbIC-
Jla, a CpeHUI 3a LIMKJ MOMEHT, MepeaaBaeMblii Ha
BellylllMe KOJieca MOCTa, paBeH CpellHeEMY YIJly 3a-
KPYTKU, YMHOXKEHHOMY Ha YTJIOBYIO )K€CTKOCTb TOP-
CMOHHOIO BaJla U Ha IepeaaTOuYHOe YMCIO KOsec-
Horo guddepeHnmrana. MaKcUMaJIbHbIE YIJIb
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3aKPYTKM TOPCUOHHBIX BaJIOB C POCTOM CKOPOCTH
MoOTOBe31exona cHmxaiorcs ¢ 24 no 10 rpamgycoB
(puc. 4, e, 0). CHuxeHue aedopMald YOPyTUx
BaJIOB MIPOUCXOIUT aBTOMAaTUYECKU IO Mepe CHU-
JKeHUSI MHTEHCUBHOCTH pa3roHa TPaHCIOPTHOTO
CpeNICTBa, OMPEAL/ISIEMOT0 BEJIMIMHONM TTPEBHITIIe-
HUS MOIITHOCTU JIBMTATENST HAJ MOITHOCTBIO CHIT
COITPOTHUBIICHUSI ABVKEHHMIO.

Ha puc. 4, a npencrasieH ¢pparMeHT XapaKTepu-
CTHIKW UMITYJILCHOM TPAHCMUCCHY B (DYHKIINHY BpeMe-
HM — KPYTSILIE MOMEHTHI Ha BXOJIE TTepenaydn (3BEHbsI
4.1 4.2 Ha puc. 2) u Bbixojie (3BeHbs1 7. 11 7.2).

CuI10BOI IMATIa30H MEXaHUYECKOTO MMITYJIbC-
Horo TpaHcdopmartopa d (OTHOIIEHNE MaKCUMaJlb-
HOTO CPEIHETO 3HAYeHUs KPYTSIIEro CyMMapHOTO
MOMEHTa Ha BEeIyIINX KojecaX K MAaKCUMAaJIbHOMY
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Kpyrs-
i
MOMEHT,
H-m

500

400

300

200

100

-100
0

TsiroBoe

yeuiue,

H

1500

1000

500

CKOpOCTb,

KM/y4ac.

70
50
50
40
30
20
10

0

Puc. 5. TaroBo-auHaMuyeckue napaMeTphbl pa3roHa MOTOBE3eXo/1a:
a — MTHOBEHHBIE U CpeIHUE 3HAYCHUST KPYTAIIMX MOMEHTOB Ha BXOJTHOM (CBETJIBII
¢oH) U cyMMapHble MTHOBEHHBII U CpeTHNIT MOMEHTBI Ha BBIXOIHBIX BaJlaX UMITYJIbC-
Ho1 niepenaun (TeMHbIN (DOH, YepHasi KpuBasi) B MHTepBasie BpemeHu ot 0 10 25 ¢;
0 — UBMEHEHUsI CYMMapHOTO MFTHOBEHHOTO U cpefaHero tsiroporo yeuius (H) Ha Be-
IyIIMX Kojiecax (CBeTIbli (hoH, yepHasi KpuBasi) B MHTepBasie BpemeHu ot 0 g0 25 c;
6 — U3MEHEHMUsI CKOPOCTH MOTOBe3iexoa B riepuos ot 0 10 25 ¢
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CPpCAHCMY BHAUYCHUIO KPYTALICIO MOMEHTA HAa BXOI-
HOM Bajly I/IMHYJILCHOfl nepez[aqn) COCTaBJIACT

_ mean[(2-M81+2- M8 ] 400
B mean (M3 65

YTO MpEeBbILIAET AMara3oH TpaHchopMalli MOMEH-
Ta CYIIECTBYIOLINX O€CCTYIIeHUYAThIX ITepeaayd. 31ech
MHJEKC «max» O3HayaeT MaKCUMaJlbHOE CpeaHee
3HAaYeHUE KPYTSILIEro MOMEHTA BO BCEM Auaria3oHe
nepeaaTouHbIX OTHOIIEHU.

[Ipo3payHOCTh MMITYJILCHON Mepenayud Mpu
i>0,2 —npamas, anipu i < 0,2 — oOparHas.

JLOTIOJTHUTEIBHBIM TTPEUMYIIIECTBOM UMITYJIbC-
HOW TPAaHCMUCCUU SIBJISIETCS TO, YTO OHA TTO3BOJISIET
JUTUTEJIBHO pabOTaTh B TAK HA3bIBAEMOM «CTOITOBOM»
pexxume (0CTaHOB BEAYLIMX KoJieC TpU Mepeaave
MOMEHTA OT IBUTAaTeIsl) U UMETh IMPU 3TOM Teope-
TUYECKUI KO ULMEHT TpaHC(hOpMaLIMi MOMEH -
Ta K, paBHBIM 0. PeabHblil K, ©MEET KOHEYHOE
3HaYeHME, TaK MPUCYTCTBYIOT TTOTEPH MOIIHOCTH
Ha TMCTePE3UC B IIMKJIAX HArPYKeHUSI—Pa3rpyKeHUsI
JeTasei, Ho TaHHbIe MOTePU MUHUMAJTbHEI.

M3MeHeHust cyMmMapHOii CUJIbI TSTW Ha BETyLITUX
MOCTaxX MOTOBe3/IeX0/a B IIpoIiecce pa3roHa mpe-
CTaBJICHbI Ha pUC. 5, 6. MakcumaibHass/MUHUMAJIb-
Hast aMIUTMTYIbI KOJIeOaHW1 CYMMapHOTO TSTOBOTO
yeunust coctapnsiior 600/200 H u peanusyercs B
HavaJabHOI (ba3e pa3roHa (B KOHIIE ITeproaa OyKco-
BaHust MC), 3aTeM NPOUCXOIUT IJIABHOE CHUXKEHE
TSATOBOTO YCUJINS. AMIUTMTYIa KOJIeOaHUH TATOBOTO
yCUJIMsl B KOHIE pa3roHa cocrtasisger 150 H npu
cpenHeM 3HaueHuu 250 H.

3a cueT MHepPIUU TPAHCIIOPTHOIO CPEenCcTBa U
JIeMITUPYIOIINX CBOMCTB TPAHCMUCCHU 1 XOOBOI
YyacTu (LIUMHBI) aMIUIMTYAbl KOJeOaHUI KPYTSIIEero
MOMEHTa TTPOMEXYTOUHBIX 3BEHBEB (C YaCTOTOM
10—30 uMKJ1/C) ¥ TITOBOrO YCUIMSI HA BeTyILIUX KO-
necax (20—60 muki/c) GuIBTpYIOTCS, 9YTO 0becte-
YUBaeT IJIAaBHbIN Pa3roH M paBHOMEPHOE IBUKEHUE
moTtoBesaexona (puc. 5, 8). Uz rpacuka cienyet, uto
pa3roH MOTOBE3EX0/1a TPOUCXOIUT IJIABHO 10 CKO-
poctu nopsiaka 80 km/vac 3a 25 c. [Tpu aToM npo-

d 6,2,

max )

6YKCOBKa BCAYIIMX KOJIEC IMPU IMOCTOAHHBIX 000-
porax ABUTATCJIA COCTABIACT IMOpAIKa 1%.

B pesynbrare BBIITOJIHEHHOTO TEOPETUIECKOTO
KCCJIeIOBAHUS YCTAaHOBJIEHO:

1. ITpennoxeHHast cxema MpocTeiiieil MexaHu-
YecKol OeccTymeHYaTou repeaayd UMITYJIbCHOIO
TUma obJjiagaeT CBOMCTBOM caMOpPEryJupoBaHMS
rnepeJaTouyHoro oTHoueHus. Tak, 3a epuos pas-
roHa MOTOBE3/IeX0/1a Ha TOPU30HTAILHOM YyJacTKe
¢ Mmecta 10 80 KM/4ac TpH yBEJIMYEHUU YIIOBOU
CKOpOCTH K.B. mBuratedis ¢ 75 mo 600 pam./cek. cpen-
HUIA yroJ 3aKpyTKU TOPCUOHHbBIX BAJIOB U3MEHUJICS
¢ 15 rpanycoB B HaualabHON (daze 10 5 rpaaycoB B
KOHEUHOH, T.€. KO3 GUILIUEHT TpaHChOpMaLIIU MO-
MeHTa coctaBu 3. C yueToM MpUeMUCTOCTH IBU-
rateyisi U KoaghuliMeHTa 3amnaca no CluernjaeHUIo
cyMMapHas CpeIHsIs CuJjla TSITU Ha BeyLIMX KoJecax
npu 3ToM usmeHunacs ¢ 400 no 100 H. ITepenaua
obecrneunBaeT TJIaBHBIN pa3rOH U paBHOMEPHOE
JNIBUKEHUE MOTOBE3IEXO/1A.

2. IlockosbKy Begomble ajieMeHThl AByx MCX
MEXy cO0OI He CBs3aHbl, TO Ha BEdyllMe Kojieca
MepeaHero U 3aJHEr0 MOCTOB MOIITHOCTh Iepe1aeTcsI
HE3aBUCUMO, B COOTBETCTBUHU C YIIPYTOl XapaKTepu-
CTHUKOI TOPCMOHHBIX BaJIOB, TO €CTh BEAYyIIIUE KOJIe-
Ca MOTYT BpAIllaThCsI C PA3TUYHON YIIIOBOU CKOPO-
CThIO U TlepeJaBaeMblii MOMEHT Ha KaXIblii MOCT
orpeesisieTcsl COOCTBEHHOM YIIPYToil XapaKTepuCTH -
Kot TopcuoHa. [IpuMeHeHne mexoceBoro nudde-
peHuMana He Tpedyercs. [Ipu OykcoBaHUM KOJeC
OJIHOTO M3 MOCTOB JIPYroii MOCT Oy/eT InepenaBaTh
TSTOBOE YCUJIKE BIUIOTB JI0 MPEAEIBbHOTIO I10 CLIeTlIe-
Huto. [ToaToMy MexkoceBoit OJJ0KMPOBKU KOJIEC JIJIsT
MOBBILLIEHUS TATOBBIX CBOMCTB HE TPEOYeTCs.

3. CamoperynupyeMasi MexaHU4Yeckast 0eccTy-
reHyvaras rnepeaadya UMITYJIbCHOTO TUIa KOHCTPYK-
TUBHO 3HAYMTEJIbHO MPOILLE U AeIIEBIIe CYIIECTBYIO-
LIMX KOHCTPYKIMI aBTOMaTUYE€CKHUX TPAHCMUCCHUM,
00J1a1aeT MEHBIIMMU BHYTPEHHUMU MOTEPSIMU MOIII-
HOCTU U UMEET BbICOKUIA MOTEHIIMA TPUMEHEHUS B
MayiorabapuTHOU TPaHCITOPTHOU TEXHUKE.
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KOMMOHOBKA CAMOXO/HbIX BUBPALIMOHHbIX YINJIOTHUTEJIEN
Al.Ya. Bashkarev, D.V. Musiiako, R.A. Rasulov

ARRANGEMENT OF VIBRATING COMPACTORS

PaccmaTtpuBaeTcs 3amaya IepeMelleHUs] BMOpallMOHHBIX YILIOTHUTENe ¢ BUOpaTopaMu
HeHarnpagsjeHHoro aAeiicTBus. [IpeanoxkeHa MeToaquKa X KOMITOHOBKY C MCTIOJIb30BaHUEM CIIEIIMaIbHOTO
JIOTIOJIHUTEIBHOTO MpUTpy3a. PazpaboTaH aJropuTM KOMIMBIOTEPHOTO pacyeTa Macchl MPUTpy3a U
KOOPJIMHAT €ro pacroyioxkeHus1. BbITTOTHEHBI pacyeThl 1Sl 3KCITepUMEHTATbHOTO KOMOMHUPOBAHHOTO
YIUTOTHUTEJISI, BKIIOYAIOIIETO TUTATY U Bajell.

BUBPALIMOHHOE NMEPEMEIIEHUE; YITNIOTHUTEJIU; IVIMTA; BAJIELL; KOMITOHOBKA.

The present article considers the current problem of vibrating compactor motion with non-directional
vibrators. As a result, a technique for arranging vibrating compactors with additional specially designed
weight was developed. It was proved for this innovative model that the additional weight makes the
construction much easier in terms of assemblage design and calculation. This work presents an algorithm
developed for calculating the mass of the additional weight and the coordinates of its position on the
plate, depending on another parts of the vibrating plate compactor. An experimental vibrating plate
compactor was calculated and designed, including plate and roll.

VIBRATING MOVEMENT, COMPACTOR; PLATE; ROLL; ARRANGEMENT.

Beenenue B npennaraemoii paboTe Takas 3aga4a rmpume-
HUTEJBHO K CAMOXOIHBIM BUOPALIMOHHBIM TUTUTAM,
HCIIOb3YEMBIM B CTPOUTENBCTBE, B 3HAUNUTEILHOM
Mepe pelraeTcs ¢ MOMOIIbI0 KOMOMHUPOBAHHOTO

noaxojia.

BubOpaimoHHoe nepeMelleHue pa3inyHbIX Ma-
TEPUAIOB, U3ICINI 1 MEXaHN3MOB CTao 3(pdek-
TUBHOI U Ma103aTPaTHOM YaCThIO MHOTMX TEXHOJIO-
ruyeckux npoueccos [1, 2]. Ho mpu Bceit mpocToTe
MPUHIMIIA TIePENBUXKEHUS ero ofucaHue — 10CTa-
TOYHO CJTOJKHAasi MaTeMaTrIecKas 3a1avya u3 001acTi
HeJIMHEMHBIX KOJIeOaHU 1, YTO 0OYCIOBICHO MPEXIe
BCEro IMPUCYTCTBUEM CHJI CyXoro TpeHus [1, 3, 4].

I puHIMBI NepeaBIKeHHe BUOPAIIMOHHDBIX TLUTAT

HaubGonee a¢ppeKkTuBHBIM M pacIpoCTpaHEH-
HBIM CPEJICTBOM YILIOTHEHUSI TPYHTOB U Pa3IMUHBIX

Oco0eHHO OOJIBLION TEOPETUUECKUIA U TPAKTH -
YeCKUI MHTEPEC TIPEACTABIsAET pa3pelieHne 3TOi
MpOoOJIeMBI TPUMEHHUTEIHLHO K CAMOXOIHBIM BUOpa-
LIMOHHBIM YIZIOTHUTEISIM. MHOTOOOpa31e BapruaH-
TOB €€ MTOCTAHOBKM, C OTHOM CTOPOHBI, UCKIJTIOYAeT
BO3MOXKHOCTB ITOJTyYEHHS ITOJTHOTO aHATUTYECKO-
IO PELUEHMUS, a C APYTOil CTOPOHBI, IPU OTCYTCTBUU
COOTBETCTBYIOILIETO MPOTPAMMHOTO OOECIIEUEHUS
OrpaHUYMBaeT BO3MOXHOCTb TPOEKTUPOBAHKS HO-
BBIX MEXaHU3MOB.

OETOHOB CTaJIM BUOpAIIMOHHBIE MAIIUHBI pa3Inyd-
HBIX KOHCTPYKIIMIA, KOTOPbIC PA3ACISIIOTCSI Ha B
IPYIbL: TAYOMHHBIE U MTOBepXHOCTHHIC. [lepBhie
HaXOIIT IINPOKOE MPUMEHEHUE IIPU YIIOTHEHUU
00JIbIIMX 00BEMOB 1LIEMEHTHO-O0ETOHHBIX CMecei,
HaIpuMep Npyu T’UAPOTEXHUYECKOM CTPOUTEILCTBE.
IToBepxHOCTHBIE BUOpAIIMOHHBIE MAIIMHBI TIPU-
MEHSIIOTCS 1151 YIIOTHEHUST HEOOJIBIIIMX 10 TOJIIIIM -
HE TPYHTOBBIX 1 IIIeO0EHOUYHBIX CJTIOEB WJIM OETOHHBIX
cMmeceit. Haunbonee kpynmHoMmaciuTabHOEe UX MPU-
MEHEHUE MMEeeT MECTO B IOPOXKHOM CTPOUTENILCTBE.
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IToBepxXHOCTHBIE BUOPAIIMOHHBIE MEXaHU3MBI
pasaensoTcss Ha KaTKy U TUIMThl. BUOpalnoHHbIe
KaTK1 UMEIOT TOCTAaTOYHO OOJIBIITYIO MacCy, TTO3TO-
My Yallle BCero Mx CO3AaloT CO CIEUaTbHBIM MPH-
BOIOM TiepeaBIDKeHU. ISl yIIIOTHEHUS TPYHTOB B
JIOPO>KHOM CTPOUTENILCTBE MHOTAA TPUMEHSTIOT ITPU-
LEITHBIe 0CO00 TSLKeJble KaTKu [5—7].

Banblibl KaTKOB UMEIOT HEOOJIBIIYIO TII0IIAIb
KOHTaKTa C IIOBEPXHOCTHIO YILUTOTHSIEMOTO MaTePH -
asa, 6yarogapsi Yemy KaTK1 00ecreyrBaloT 1o cpaB-
HEHUIO C TUTMTaMU OOJNIBIIME MABJICHMS, YTO JAeT
BO3MOXHOCTh 00OecIeurBaTh BBICOKME CTEMEHU
ymioTHeHus. Ho mpu 3ToM ManeHbKas TUIOIIaahb
KOHTaKTa OrpaHUYMUBAET IJTYOUHY YIJIOTHEHMUS.

B oTnmume oT KaTKOB, BUOPAIIMOHHBIE TUTUTHI
VIUTOTHSIIOT MaTepuasl Ha 00JIbIIYIO [IYOMHY, HO ITPU
MEHBIIIEH CTETIeH! YIUIOTHeHUS. YTOOBI yIIydITnTh
a¢deKT yrioTHeH s, Ha TUIMTaX YCTaHABIUBAIOT
BUOPATOPEI ¢ 0OJIBIION BO30YKAAIOIIEH CUIION, KO-
TOpasi, Kak MpaBuIo, Ha MOPSIAOK MPEeBbIIIAET Mac-
Cy CaMOTO YIUIOTHUTEJISA. YCTaHABIMBATh Ha KaTKKN
BUOPATOPHI C TAKMM K€ COOTHOLIIEHUEM BO30YK1a-
IOIIEH CUJIBI ¥ MACChl HE MMeeT CMEbIca [8§].

Bosbiine npenmyniecTsa BAOPAMOHHBIX IJTAT
— MIPOCTOTa MX KOHCTPYKLIMU, MaJlasl METaIOEM-
KOCTb U HU3Kasi CTOMMOCTb. biaromapst aTomy oHu
HaXOoIAT IUPOKOE IMMPUMEHEHNE B CTPOUTETLCTBE
JIJIS1 BBITIOJIHEHU ST HEOOJIBIIIMX 00bEMOB PaboT, 0CO-
OEHHO eclli MecTa pabOTHI OKa3bIBAIOTCS yOaICH-
HeiMU Apyr oT apyra [8—10]. Ilo moBepxHOCTHU
VIIOTHSIEMOTO MaTepualia BUOpAallMOHHBIE TIJIATHI
MepelBUTaloTCsl TOAbKO 3a CYET BO30yKaaroleit
cujia BHOpaTopa, 4To 3HAYMTEIBHO YIIPOIIaeT UX
ycTpoiicTBo. Takue yNIOTHUTENIU BbIITYCKAIOTCS

i

2 P 4
=l

Puc. 1. BubpoymiotHurtesib ¢ BUOpaTOpOM
HeHaIMpaBJIeHHOTO AeUCTBUS: 1 — MPUBOIHOMI
IIBUTATENb; 2 — MOIpeccopeHHas pama; 3 — BUOparop
HEHAaIpaBJIEHHOTO IeCTBUS; 4 — paboyasi IIUTa;
5 — YIUIOTHSIEMbI MaTepual
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Puc. 2. BubpoyruioTHUTENIb C BUOPATOPOM
HeHaIpaBJIeHHOI O AeHCTBUS:  — MPUBOMHON IBUTaTe b,
2 — nonpeccopeHHas pama; 3 — Bubparop
HEHAaIIpaBJIEHHOTO eicTBUs; 4 — paboyasi IIUTa;

5 — yIUIOTHSIEMBI MaTepual

MHOTUMHU pupMamMu (B MUPE UX HACUMUTHIBAETCS
0oJee necsTKa).

[lepBoHAYaTbHO CUMTAIOCH, YTO CAMOXOIHBIE
VIUIOTHUTEIU MOXHO CO3[aBaTh TOJBKO C TaK Ha-
3bIBAaEMBIMU BUOpaTOpamMy HaIPaBICHHOTO ACii-
CTBUSI, BO30Y>KIalolasi cCujia KOTOPbIX HapaBieHa
MOJ1 YIJIOM K TOopu30HTY (puc. 1). I1pu aToM y rum-
Thl Ha KaK0Oe-TO BpeMsl TOJIHOCTBIO yTpauyrBaeTCs
KOHTAKT C YIUIOTHSIEMbIM MaTepurajaoMm. Yem 0oJibliie
BeJIMYMHA BO30YXKAalolIel CUIbl BUOpaTopa Io OT-
HOIIIEHUIO K BECY, TeM MPOAOIKUTEIbHEE 3TOT OT-
pbIB. B pe3yabraTe YyIIOTHUTENM CIOJI3ald BHU3
Jaxke Ha He3HAYMTETbHBIX YKIIOHAX.

B 1964 romy Ha TiepBoii MeXXIYHAPOIHON TeX-
HUYECKOI BbICTaBKe B MocKBe, KoTopasi ObLia mo-
CBSIIIIEHA CTPOUTEBbHOIN TEXHUKE, BIEPBbIE ObLIU
TIpeNCTaBIeHBI CAMOXOIHBIC BUOPAITMOHHBIE TUTATHI
HEMEIIKOro MPOU3BOJCTBA C BUOpaTOpaMU HeHa-
MpaBJIeHHOTO aeiicTBusi. BubpaTop y HuX pacmnosna-
rajicst He ocepearHe YIJIOTHUTEIs, a ObLIT CMeIeH
K nepeaHei KpoMke mianThl (puc. 2). Ctajao MoHsIT-
HBIM, 4TO ISl co3aaHusl apdekTa caMmoCcTosITe b-
HOTO TTePeIBIKEHMS YIITIOTHUTEISI MECTO PaCIToo-
KeHUs BUOpaTopa MMeeT OOJbllioe 3HaueHue.
PaznuunbiMu 3apyOeXHbIMU (hMpMaMM BBIITYCKa-
I0TCSI MHOTHE IECSITKHA TUTIOPa3MEPOB CAMOXOIHBIX
BUOPALIMOHHBIX IJTUT, 95 % 13 KOTOPBIX CO3IAI0TCS
¢ BUOpaTopaMu HeHanpasieHHOro aeiictBus. Of-
HaKO IIO TIOCJIEAHETO BpEeMEHM, HECMOTPS Ha MX
SIBHOE MPEUMMYIIECTBO C TOUKU 3PEHUSI TPOCTOThI
KOHCTPYKIIMM U YCTOMYMBOCTU Ha MOBEPXHOCTH
VIUIOTHSIEMOTO MaTepualia, MaTeMaTU4eCKOil Mojie-
JIA VX TIEPEBIKEHUST HE OBLIO.

OueBUIHO, U3-3a TOTO, UTO OTHOCUTEJBHO He-
CJIOKHO OTIBITHBIM ITyTeM HAalTH MECTO PACTIONIOXKe-
HUSI BUOpaTopa Ha MPOCTOM IO KOHCTPYKUMU
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VIUIOTHUTEJIE BCE TIPOU3BOAUTENN STUM U OTPaHK-
yuBajrch. Ho Takoii Moaxo SsBHO cAepKUBAET CO-
BEPILIEHCTBOBAHE COBPEMEHHBIX MaJIOTa0APUTHBIX
BUOPALIMOHHBIX YIDIOTHUTEJIEH, MOTPeOHOCTh B
KOTOPBIX (B YCIOBHSIX paCIINPEHNS 00BEMOB MaJIO-
3TaXKHOTO CTPOUTETHCTBA, PEMOHTA TOPOKHBIX ITO-
KPBITHM, YBEIMYEHUS TAPKOBOTO CTPOUTENLCTBA U
T.JI.) HEMPEPBLIBHO BO3pacTaerT.

KomO0nHnpoBaHHbIii BAOPAIIMOHHBII YIIJIOTHHTE b

B 2014 rony A.A. bamkapesbiMm, JI.B. Mycusiko
u B.C. ITemkoBbiM [12] ObUIM OIMyOJIMKOBAHBI pa-
0O0TbI, B KOTOPBIX MPEAJTOKEHO CO3/1aBaTh MOBEPX-
HOCTHBII YIIJIOTHUTEJb B BUJE KOMOMHALIMY 111ap-
HUPHO COEAUHEHHBbIX TUIMTHI M Bajblia,
PACTOJIOKEHHOTO 3a TIJIMTOM M BBIMOJHSIONIETO
POJIb €ro 3agHell KpoMKu (puc. 3).

AHaTUTUYECKUM ITyTeM ObLIM ITOJIyYeHbl MaTe-
MaTU4ecKre 3aBUCUMOCTH, OMMChIBAIOTIIIME YCIIO-
BUSI, TIPY BBITTOJIHEHUM KOTOPBIX TAaKOM YIIOTHU-
TeJlb CMOXET CaMOCTOSITEJIbHO TepeaBUTaThCs.
Kcratu, B Tex e paboTax nmpeacTaBlieHbl U MaTe-
MaTUUYeCKHE BbIpaXXeHUsl, TPUMEHUMBbIE JJIs pa-
cyeTa BUOPAIIMOHHBIX TUIMT TPAIMIIMOHHON KOH-
CTPYKLIMU.

[IpruMeHUTENTPHO K TIPEITOXKEHHON cXeme
«TJIUTa—BaJjiell» OHU 3alMChIBAIOTCS CASAYIOIIUM
o0paszoM:
a=2b;

G +G,
<—
2i

o d

l=—

2b

rae G — oOLIuii BeC YIUIOTHUTEIS.

[Mpu monyYeHNN TIpencTaBIeHHBIX 3aBUCHMO-
cTeii ObLIM MOCTAaBJICHBI YCIOBUSI, YTOOBI Bajiel] HE
OTPBIBAJICS OT YIJIOTHSIEMOM TTOBEPXHOCTH, OJ1aro-
Jlapsi YeMy yIUIOTHUTEb OyJeT Bceraa MMeTh He-
0OXOIMMBIN KOHTaKT C HEI0, YTO YAEPXKUT ero OT
crnojizaHusl Ha ykJioHaX. [Ipu 3ToM JaBjieHue 1oj
HUM OyJIeT U3MEHSTHCS C YaCTOTOI paboThl BUOpa-
Topa. CienoBareyibHO, KaK OTMEUEHO BbIlIE, OH
Takke OyIeT y4acTBOBATh B ITPOIIECCE YIUIOTHEHUS,
HO B peXXuMe BUOPUPOBaHUsI, a HE BUOPAIIMOHHOTO
TpamM0OoBaHMs, Kak riuTa. [Ipu Manom msiTHe KOH-
TaKTa ¢ yIIOTHSIEMOI MOBEPXHOCTHIO UMEIOT MECTO
JIOCTAaTOYHO BBICOKME MaBJICHMUSI, YTO CIIOCOOCTBYET
3¢ (hEeKTUBHOMY JEWCTBUIO BaIbla.

P

b

- - P
| i
5 .
i
-
F = fRsignx

Puc. 3. Cxema cu1, IeliCTBYIOIINX HAa KOMOMHUPOBAHHBIN BUOPALIMOHHBIN YIUIOTHUTEIb:
G, — Bec Basibla; G, — Bec BUOpUpYoLIeii pambl ¢ Bubparopom; O, — neHTp Baibua; O, — LeHTp
MHepuuu BuOparopa; S u Sy — peakliuy B TOUKe KPeIuIeHMsI OCHU Bajblia K paMe; 0 — peakius
TOJI BAJIbLIOM CO CTOPOHbI OMOPHO# TIOBEPXHOCTH; T, — CUJIa COTIPOTUBJIEHHUS TIEPEKATHIBAHUIO
BaJIblIa; 0L — YTOJ OTKJIOHEHMSI paMbl OTHOCUTEJILHO OCH Bajiblia; 3 — YroJs MoBOpOTa Bajblia;
f— Koa(pDULIMEHT TPEHUS CKOJIbXKEHMS; L — KOIGhMUIIMEHT CONTPOTUBJICHUS] KAYEHUIO
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Kpome Toro, Hanmume Bajblia 00JET4aeT ero
repeMelIeHue o paboueil IIolaaKe B Hepaboyem
COCTOSIHUM.

AJITOPUTM NPOEKTUPOBAHUSA KOMOMHUPOBAHHOTO
YIUIOTHHATEIS

Pemasg 3amauy pacroioxKeHusI Y3JI0B YIUIOTHU -
TeJIsl, TaKMX, KaK BUOpaTop, IpUBOIHON IBUTATEb,
MOJAPECCOPEHHAsI paMa JIBUTATENIs, YIUIOTHSIIOIIAS
TUINTA, BaJIbLibl (€CJU OHU TTPUMEHSIIOTCS ), TPOEK-
TUPOBIIUK JOJKEH BBITTOIHSITD YCIIOBUS TIPOYHOCTH
KOHCTPYKLIMU, KOMIAKTHOCTHU, 3pTOHOMUKHU U T. I1.,
OIHOBPEMEHHO YIOBJIECTBOPSISL U YCIOBUSIM BUOpa-
LIMOHHOTO TiepeMeleHust. JJoOUThCsI 3TOro MOXKHO,
MPUMEHSIS CIIELINATbHBINA TPY3, YCTAHOBJICHHBII HA
VILJIOTHUTEJIE B OTNIPeACIeHHOM TOUKe, KOOPIUHATHI
KOTOpPOI1 3aBUCSIT OT MacChI TOTO ke Tpy3a. B manHoIi
paboTe mpeIaraeTcst OMMH U3 BO3MOXKHbBIX BApHaH-
TOB aJITOPUTMA pELIeHUs 3TOM 3a1a4M.

B kauecTBe HauaJIbHOTO YCIOBUSI MOXKHO TTPU-
HSITh COOTHOIIIEHKE BO30YKIAIOIIei CUITBI U O0IIIe-
ro Beca YIJIOTHUTEJIsS, KOTOPOE Y BBIITYCKAeMbIX B
HaCTOSIIIIEee BpeMsI BUOPALIMOHHBIX TIJIUT HAXOAUTCS
B nuamnasoHe oT 16 10 24. C yBeJIMyeHrEM BeCa OHO
yMmeHbliaetcs. Ha puc. 4 npuseneH rpaduk pesyib-
TaTOB CTATUCTUYECKOM 00pabOTKU ITapaMeTpOB BU -
OpalMOHHBIX TUTUT HaMO0JIee U3BECTHBIX TPOU3BO-
aurtesieir. OT COOTHOILLIGHUSI BO30YKIAIOIIEH CUITbI
¥ Beca YIUIOTHUTEJIS 3aBUCUT 3(GHEKT YIIJIOTHEHUS
[5], moaTOMY 3TOT MapamMeTp M JOJKEH OBITh MO-
JIOXKEH B OCHOBY ITPOEKTUPOBAHMUSI.

OO1IMii BeCc YIJIOTHUTEISI OMpeaeasieTcs: Kak
CyMMa BECOB BCEX €ro YacTeil: MPUBOIHOTO IBUTA-
TeJis; BUOpaTopa ¢ MOAPeCcCOPEeHHON pamoii, 3a-
IIMIIAIONIEH ero OT BUOpALINK; METAJITIOKOHCTPYK-
U1 pabdoueil (YIJIOTHSIOUIEH) TUIMTHI CO BCEMU
JOIOJTHUTEILHBIMU YCTPOMCTBAMM JIJISI YCTAHOBKU

PG |
30+
25 e . P/&_—A_24
20 + .
D =

O ey 4 F wo— PG, =17
0 _a PG, =14
5_-

ey o

500 600 700 800 900 1000 1100 1200 G, H

Puc. 4. OtHO1IEHNE BO30OYKOato1Ieii CUiibl P BUOparopa
K Becy G BUOPOTLIUTHI
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BHOpaToOpa, aMOPTHU3aTOPOB 1 BAJIBLIOB, €CIIH YIIIOT-
HUTEJIb KOMOMHUPOBAHHBIMA.

Hcxonmsa n3 MOITHOCTH TTPUMEHSIEMOTO JTBUTA-
TEJIS1 U TeX K€ CTAaTUCTUYECKUX TAaHHBIX MOXHO BbI-
OpaTh BEIMYMHY BO30YKIAIOIIEil CUIIBI BUOpaTopa
1 110 UMEIOLITUMCS OITYOJIMKOBAHHbBIM TAHHBIM yCTa-
HOBUTH 3HAUEHME eT0 Beca. Bec OCTaIbHBIX y3JI0B 1
pacroioxkeHUe UX IEHTPOB MHEPIIUHU OTIPEACSTCS
KOHCTPYKTUBHBIMU pa3MepaMu 1 YCJIOBUSIMH TTPOY-
HOCTHU.

Takum 06pa3oM, MOKHO CUMTATh, YTO MACCHI U
pacroioKeHue X ICHTPOB MHEPLIMY Ha JAHHOM 3Ta-
TTe TIPOEKTUPOBAHUS M3BECTHEI. MI3BeCTHBI U MX KO-
OpAMHATHI OTHOCUTEIbHO PACIIONIOXEHUST TOW KOH-
TaKTHOM KPOMKM YIZIOTHUTEJSI, KOTOpast He JOJDKHA
OTPBIBaThCS OT YILJIOTHsSIEMOU moBepxHocTu. Eciu
pa3meUTh BO30YKIAIOIIIYIO CHITY BHOpAaTOpa Ha BeJIi-
YUHY OTHOLICHUSI €€ K BECY YIUIOTHUTES (YIUThIBAsT
PE3YIIBTAThl CTATUCTHYECKOI 00pabOTKM, TIPUBEICH-
HbI€ BbILlIE), HApUMep Ha 14, To onpenenuTcst peko-
MEHIyeMbII BeC YIUIOTHUTENIS TIPY 3aIaHHON MOIII-
HOCTM JBUratesisi. BbIUTS U3 HEro cymMMapHbIii Bec
TTePEYNCIICHHBIX BBIIIIE Y3710B, MOKXHO TOTYIUTh CO-
OTBETCTBYIONIIUI BEC TOTTOJTHUTEIBHOTO rpy3a; BOJIU-
3W 3TOTO 3HAYEHUS M 11eJIeCO00pa3HO MCKaTh €To
OKOHYaTeJbHYI0 BeauuuHy. OcTaercsi onpeaeanThb
MECTO PACITOJIOKEHMS TOTIOTHUTEIHHOTO TPy3a.

7151 co3maHusi COOTBETCTBYIOIIEH KOMITbIOTEP-
HOW ITPOTPaMMBbI HEOOXOIMMO ITOCTPOUTD AJITOPUTM
pelieHus ToM 3aJauM.

Takoit anroputm pazpadboradH. OH n300paxeH
Ha puc. 5.

ITo npeamnonaracMomMy airopuTMy ObLIa co3AaHa
KOMITbIOTEpHAasi mporpaMma Ha si3eike C++, ¢ momo-
IIBI0 KOTOPOIA TIPOBENIEH pacyeT Ik OTBITHOTO 00-
paslia YIUIOTHUTEJIS C BATbLIEM TIPU CISAYIOIINX 3HA-
YEeHMUSIX er0 MacC M TEOMETPUYECKUX pPa3MEpOB:
Bec Bampua G, = 440 H; Bec BuOparopa
G, = 270 H; Bec MOAPECCOPEHHOIO IBUTATE]ISI
G, =260 H; Bec el G, = 300 H; Bo30yxnaromast
cuna Bubparopa P = 13500 H; nuameTp Basiblia
d = 0,3 M; pacCTOSTHIE MEXIYy OChIO Bajblia 1 OChIO
BubGpaTopa a = 0,6 M; BbICOTa IUIUThI hp = 0,06 Mm;
BBICOTA LICHTPA TSKECTH TLUIUTHI ¢, = 0,015 m; pac-
CTOSTHME MEXIy OChIO BaJIblia U LIEHTPOM TSIKECTU
TUIATHL @, = 0,45 M; pacCTOsIHUE MEXKTY OChIO BaJlb-
112 M UEHTPOM TsKecTu nBuratess e = 0,35 m.

ITpu mapameTrpax, obecrieyBarOLIUX BbITIOHE-
HUE YCJIOBUIA, TTOJy4aeTCS CIACAYIOIIUIA Pe3yJIbTar:
BbICOTA MeCTa pacroyioxeHus ipurpysa y = 0,4 M;
pPacCTOSTHME MEKIY OChIO BaJIblia U LICHTPOM TSIXKe-
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Puc. 5. AiropuT™ peltieHus 3agadu orpeaeicHIs KOOPAMHAT PacIIoIoXKeHNST BUOpaTopa

ctu npurpy3a x = 0,4 m; Bec nmpurpy3a G = 150 H
BBICOTA LIEHTpPa TsKecTH BUOpaTopa A, = 0,1 M.

OCHOBHbBIE BBIBOJIbI

Ha ocHoBe pe3yabTaToB CTaTUCTUUYECKOUN 00-
Ppa0OTKHU BHITYCKAaEMbIX B HACTOSIIIEE BpeMs BUOpa-
LIMOHHBIX TJIUT W BBISIBJEHHBIX aHATUTUYECKUM
MyTeM MaTeMaTUYeCKUX 3aBUCUMOCTel pa3paboTa-
Ha MeTOJMKa KOMIIOHOBKM OCHOBHBIX y3JI0B KOM-
OMHUPOBAHHOTO YIIJIOTHUTEJISI JOPOXKHBIX ITOKPHI-

TUIA, COCTOSIIEro M3 BUOPALIMOHHON MJIUTHI U
LIApHUPHO MTPUCOEINHEHHOIO K HEell Balblia.

ITokazaHo, YTO MPOEKTUPOBAHUE TTPeIIaraeMo-
IO YIUIOTHUTEJISI 3HAYUTEILHO YIIPOIIAETCS, €CJIA B
€r0 KOHCTPYKILINIO BKJIIOYUTH JOMOJHUTEIbHBIN
MIPUTPY3, pACIIONIOXKEHNE M Macca KOTOPOTO 3aBUCST
OT BECa OCHOBHBIX Y3JIOB.

Co3zgaH alropuT™M U MpeaCcTaBlIeH IIpuMep pa-
cueTa HeoOXOIMMOM MacChl MPUrpy3a U KOOpAMHa-
ThI €0 PACIIOJIOXKEHMS B O0IIEH KOHCTPYKIIMY BY-
OpallMOHHOTIO YIJIOTHUTEJISI.
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KOHEYHO-3JIEMEHTHOE MOAE/IUPOBAHMUE
NMPOLLECCA MNEPEKATbIBAHUA XXEJTE3HOA4OPOXXHOIO KOJIECA
YEPE3 CTbIK PEJIbCOB

Yar.O. Kuzmitskiy, D.V. Shevchenko, A.K. Belyaev

FINITE-ELEMENT MODELING OF THE PROCESS OF ROLLING
THE RAILWAY WHEEL OVER THE RAIL JOINT

B cTarbe BbITIOJHEHO MOIETUPOBAaHKE Mpoliecca MepeKaThIBaHUS XKeJIe3HOJOPOXKHOTO KoJieca yepes
CTBIK PEJIbCOB C IMOMOIIIBI0O METO/Ia KOHEUHBIX 3JIEMEHTOB M MOKA3aHO, YTO 3TOT IMPOIIECC MOXET
MPUBOAUTL K 0Opa30BaHUIO BHILIEPOMH Ha MOBEPXHOCTM KaTaHus Koieca. [locTpoeH rpagpuk
3aBUCUMOCTH OT BPEMEHU MAaKCUMaJIbHbIX 3KBUBAJCHTHBIX HATIPSDKEHUI B 30HE KOHTaKTa CUCTEMBbI
«KOJIECO—PEJIbC» TIPU TEePEKAThIBAHMHU Yepe3 CThIK PesibcoB. Takke Oblia MojiyudeHa 3aBUCUMOCTD
MaKCUMaJTbHbIX SKBUBAJIEHTHBIX HATIPSDKEHU I OT BEJIMUMHBI 3a30pa MeX Iy pesibcamu. Ha ocHoBe aTux
JMAaHHBIX TMOKa3aHO, YTO ISl YMEHbIIEHUS] BEPOSITHOCTA 00pa3oBaHUs BBIIIEPOUH HEOOXOIAMMBbI
TIIATEIbHAsI TIPOBEPKA MOBEPXHOCTU KaTaHMS KoJjieca Ha HaJnure 1eeKTOB U KOHTPOJIb BETMYMHBI
3a30pa MEXIY peJibcaMi Ha BCEeX yyacTKax XKeJIe3HOM JOPOTH.

KEJIEBHOAOPOXKHOE KOJIECO; KOJIECHASA TTAPA; TOBPEXJIEHUE OBOJA; BBILIEPBMHA; CTBIK
PEJILCOB.

This paper is dedicated to the simulation of the process of rolling a railway wheel over a rail joint using the finite-
element method. The possibility of dent generation due to this process is demonstrated. The dependence of maximum
equivalent stress in the contact zone of the wheel-rail system versus time during the rolling over the rail joint has
been plotted. The dependence of maximum equivalent stress on the gap between the rails has also been obtained.
It has been shown that accurate checking of the wheel- rolling surface and control of the value of the gap
between the rails on all parts of the railway is necessary for reducing the possibility of dent generation.

RAILWAY WHEEL; WHEEL PAIR; BAND DAMAGE; DENT; RAIL JOINT.

Bgenenne U HAJEXHOCTb XKeJIE3HOIOPOXKHBIX KOJIeC MPU UX
KOHCTPYUPOBaHUU.

IToBpexneHue 06oma — camasi yacTasi IpuInHa
MPEeXAeBPEMEHHOTO BbIX0/1a U3 AKCILTyaTalliu KO-
Jieca BaroHa. ITo MpoMCXOXAEHUIO BUIbI TTOBPEX-
JIGHWI TIPUHSTO ACJUTh Ha U3HOCHBIE (TpellnHa,
MIPOKaT, TOHKUI IpeOeHb, OCTPOKOHEUHBI HaKar,
MOJpe3 rpeOHs U T. [1.) U TOPMO3HbBIE AeeKThI (IMOJI-
3yHBbI, HaBaphl, KOJIbLIEBbIE BHIPAOOTKU U T. A.). OT-
JIeJIbHBIN BUJT TIOBPEXAEHUS 000/1a, HapyIIaonui
11€JIOCTHOCTb ITOBEPXHOCTU KaTaHUSsI KoJieca, — 00-
pa3oBaHue BBILLEPOMH, T.€. BBIKpalllMBaHUE KyCOU-
KOB MeTajljla Ha MOBEPXHOCTU KaTaHUs KoJieca,

KonecHast mapa — OCHOBHOI 3JIEMEHT XOJ0BOM
YacTHU ITOABUXXHOTO COCTaBa KEJIE3HOM TOPOTIHU.
Kpome Toro, oHa — oiHa 13 HauboJiee Harpy>KEHHBIX
M, KaK CJIeJICTBUE, HanboJjiee OTBETCTBEHHBIX CO-
CTaBJISIIOIIMX KOHCTPYKILINY TTOABMKHOTO COCTaBA.

OnmHOI M3 IJIaBHBIX 0COOEHHOCTEN KOJIECHOMN
napbl MOXKHO CUMTATh TO, UTO Y 3KEJIE3HOTOPOKHO-
r'o COCTaBa HET HUKAKOTO pe3epBa, KOTOPhII MOT ObI
Jaxke Ha HEKOTOPOE BpeMsI B3SITh Ha ce0sl HECYIIYIO
(hyHKLIMIO KOJIeca ITPU eTo MoJIOMKe. B ¢Bsi3u ¢ aTMM
HEe00XOAMMO 06ECITEYNTH ITOBBIIIEHHYIO IPOYHOCTh
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CraTiucTHKa NPUYUH 00TOYEK BATOHHBIX KOJIECHBIX Map, %

Hons, %, B 06IIeM YKClie 0O0TOYEK B pa3HbIE TOIBI
[TprarHBI 0OGTOYKU

2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011
BrimepouHbI 31,3 | 35,1 | 35,1 | 35,5 36,9 | 37,4 | 38,7 | 38,9 | 38,8 | 39,2 | 39,5 | 39,8
IMon3yHs 20,3 | 21,5 | 15,8 | 15,6 | 14,5 | 14,3 | 15,0 | 14,9 | 14,8 | 14,5 | 14,4 | 14,5
Hasapsbl 42 | 47 | 53 | 43 | 42 | 42 | 3,8 | 3,8 | 3,6 | 3,7 | 3,6 | 3,4
KonbueBsie BEIpabOTKI 0,4 0,6 1,9 2,0 2,2 2,3 2,1 2,2 2,3 2,2 2,3 2,2
ToHkwuit rpebeHb 30,0 | 24,4 | 26,7 | 28,2 | 28,0 | 28,0 | 27,5 | 26,9 | 27,4 | 27,1 | 27,0 | 27,1
IMoapes rpeGHst 39 | 4,5 54 | 4,8 5,1 49 | 44 | 45 | 44 | 44 | 45 | 44
OCTpPOKOHEUHBIIT HaKaT 48 | 46 | 48 | 49 | 48 | 44 | 4,1 43 | 42 | 43 | 4,1 4,2
IMpoxat 19|16 231,915 L5 1,3 1,3 1,3 1,2 12]13
HepaBHoMepHBIii TTpOKAT L3 | 1,3 ] 1,2 | 1,1 1,1 1,1 L2 | 1,2 | 1,1 1,1 L2 | 1,1
[Mpoune LY | L7 LS| L7 L7 L9 L9 20| 2,0 23 (22|20
Hroro 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0

npoucxosiiiee, HapuMep, BCAEICTBME BO3/eH -
CTBUSI BBICOKHX TEMITEpATyp WU KAKUX-JTU00 CTPYK-
TYpPHBIX Ae(PEKTOB MeTajlia.

Korna onuH 13 TMIoB aedekTa J0CTUTaeT Kpu-
TUYECKOTO 3HAUYEHMsI, KOJIECHAs Mapa MojBepraeTcs
00TOUKe JIJIs1 yCTpaHEeHUsI IMOCAeNCTBUI U3HOCA WU
3aMmensieTcs [1, 2]. CTOUT OTMETUTD, YTO MOSIBIICHUE
HEHOPMAaTUBHOTIO JeeKTa Ha OHOM KoJiece BEeJeT
K HEOOXOOMMOCTH 00TauMBaTh 00€ KOJIECHbBIE Iaphl
TeJEXKM, MOCKOJbKY COIJIaCHO 3KCIepUMEHTaM
MepeKOC KOJECHBIX Map MPUBOIUT K 3HAYUTEIbHOMY
BO3pAacTaHUIO UHTEHCUBHOCTU MEXaHUUYECKOTO M3-
Hoca 1 yBeJauueHuto 10 20 % Cuil COnpOTUBIICHUS
nBrzkeHuo [3]. Kpome Toro, yroHeHHe 000/1a 3a cueT
00TOUKM KoJjieca MPUBOJIUT K CYILIECTBEHHOMY YBe-
JIMYEHUIO HATIpsDKEHUI B 000/1¢ KoJjieca [4], 4To Mo-
JKET 3HAYMTEIbHO CHU3UTh PECYPC KOJIECHOU Maphl.

CraTuCcTUKa TPUYMH O0TOUYEK BaTOHHBIX KOJIeC-
Hbix map ¢ 2000 o 2011 ron mpuBeneHa B TaOJIMIIE
(B % oT o0111ero nciia 00ToYeK).

Kax BuaHO U3 NpuBeIeHHOW CTATUCTUKM, HAU -
OOJBIINI TIPOLEHT Ne(PEKTOB, MPUBOISIINX K 00-
TOUKE KOJIeC, MPUXOAUTCS Ha BbllllepOMHbL. [Tpuuem
B MOCJIEAHUE TOJbI 3Ta BEIUUMHA TOJBKO YBEIUYU-
Bajach (¢ 31,3 10 39,8 %). Takum oGpazom, cylie-
CTBYET HEOOXOAUMOCTD OTPEACIUTh SKCILTyaTallu -
OHHbIE (PaKTOPbI, MPUBOASIINE K BOBHUKHOBEHUIO
BBILIEPOUH, a TaKXe HEMOCPEACTBEHHO U3YYUTh
MPOLIECChl UX BO3HUKHOBEHUSI.

BoimepouHoodpa3oBanue

Briiepo1Hoi Ha3bIBaeTCs1 BHIKpalllMBaHUE KY-
COYKOB MeTaJlJla Ha ITOBEPXHOCTU KaTaHMsI Kojeca

U3-3a HATMYKS JedekTa, a TakKXKe BCIeICTBUE CUJTb-
HBIX YAApPHBIX BO3AEHCTBUI Ha KOJIECO MPU IBUKE-
Hum nioe3aa (puc. 1). IIpouecc BoieporuHO00pa3o-
BaHUSI UMEET KOHTAKTHO-YCTAJIOCTHYIO MPUPOIY U
MpeacTaBisieT co00li BOSHUKHOBEHHUE U pacmipo-
CTpaHEeHUE TPEIIVH.

BrimiepouHEI 110 crioco0y 00pa3oBaHUsI MOXKHO
pa3aeauTh Ha TPU TUTA!

oOpasylollecs BCJIeICTBUE TPEHUS KoJjieca O
peJibe B IIpoliecce TOPMOKEHMS;

00pa3yolluecs BCIEICTBUE TPEHUSI TOPMO3HOM
KOJIOJKHU O KOJIECO B MIPOIIECCE TOPMOXKEHUS;

00pa3zyolIrecs: B pe3yJibTaTe BHICOKMX U YACTO
MOBTOPSIIOIIMXCSI MEXaHUYECKUX HArpy3oK B 00-
JIACTU KOHTaKTa KOJIeca C PEJbCOM.

[TepBblii TUM BBILLEPOMH CBSI3aH C TIOSIBICHUEM
TOPMO3HBIX 1e(EeKTOB Ha MOBEPXHOCTU KaTaHUs
M3-3a TTPOLIECCOB, MPOUCXOISIIIUX B 00JIACTU KOH-
TaKTa CUCTEMBbI «KoJjieco—pesbe». Koraa KoJieco
MIPOCKAJIb3bIBACT IT0 PEJIbCy (MIOET «I030M») JaxKe C
Majioil OTHOCUTEJBHON CKOPOCTBIO, SHEPTUS TpE-
HUsI, BBIASSIONIASICS B MECTE CKOIbXEHMUS, TIepe-
XOJUT B TETJI0, 32 CUET Yero TeMIiepaTypa KOHTaKT-
HOTO CJI0S1 3HAYMTEJbHO Bo3pacTaeT. BenencrtBue
9TOr0 MOBEPXHOCTh KOJieca MpeTepIieBaeT CTPYK-
TypHOE IMpeBpallleHUe, COMTPOBOXAAIOIIEECs 3HAYM -
TeJIbHBIM TTOBBIIIEHUEM TBEPAOCTU U XPYNKOCTU
noBepxHoCcTHOTO cjiog [5]. Cranb ¢ TAKUMU CBOii-
CTBaAMU JIETKO PAaCTPECKUBAETCS MO JAeHCTBUEM
LIMKJIMYECKUX HATPY30K 1 OTKAJIBIBAETCS OT MMOBEPX-
HOCTH KoJjieca [6, 7].

K oCHOBHBIM IpUYMHaM 00pa30BaHMUSI BhILLIEP-
OMH BTOPOTO TUITA OTHOCSITCS MTPOLIECChI, COMTPOBO-
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Puc. 1. BolliepOrHbBI Ha TTOBEPXHOCTH KaTaHMS XKeJEe3HOIOPOXKHOTO Kojieca

JKIAloIMe TPeHUEe TOPMO3HBIX KOJIOI0K O TTOBEpX-
HOCTh KaTaHus Kojieca. [IpakTuuecku Bce TEIIO
(oxo110 95—97 %), BEIIENSIEMOE TIPU TOPMOKEHWH,
pacceuBaeTcsl caMUM KOJIECOM M BCETro JMIIb
3—5 % oTBOAMTCS KOJNOOKONM. B maHHOM cirydae
MOKHO HaOJI0laTh OMHOBPEMEHHOE BO3IEHCTBUE
LIMKJINYECKU MEHSTFOIIMXCSl HATPY3KU U TeMITepary-
pBI, IPUBOISIIEE K TPEIIMHOOOPA30BaHUIO B CIIy-
yae, ecJiv Kojieco o0J1a1aeT HeIOCTaTOUYHOM LUK -
YECKOM MPOYHOCTHIO IO/ JIEWCTBUEM MEXAHUYECKUX
U TETIOBBIX HATPY30K.

BoliiepOuHbI, B OCHOBE 00pa30BaHUsI KOTOPHIX
JIEKUT BOZHUKHOBEHUE U POCT YCTAJIIOCTHBIX Tpe-
IIWH, OTHOCATCS K TPETheMY THUITY. 3a CUeT BO3Ieli-
CTBUSI MHOTOKPATHO MOBTOPSIIOLIMXCSI BHICOKUX
Harpy3ok B 00JIaCTH KOHTaKTa C peabCcoM (HaIpu-
Mep, pa3uyHble yIapHble BO3AEHCTBUSI) MPOUC-
XOIUT OTHOBPEMEHHOE 3apOXKIECHUE YCTATOCTHBIX
TpeLIMH Ha MOBEPXHOCTU KoJieca U B MECTaxX MOBbI-
LIEHHBIX HATIPSKEHUH Ha rTyOrMHE OT 2 10 6 MM OT
MOBEPXHOCTU KaTaHusl. [1pu nanbHeliiei sKcry-
aTalliM pa3BUTHUE TPEIIMH MTPUBOIUT K UX OObEIM -
HEHMIO0, a BITOCJAEACTBUU K 00pa30BaHUIO BhIIIEP-
OUH.

[TpoBenenHbIe nccienoBanus [8, 9] mokaszanu,
YTO BO3MOXHBIMHU CITOCOOAMU IJisI TTOBBIIICHUS
CTOMKOCTM TOBEPXHOCTHU KoJjieca K 00pa30BaHUIO
BBIILIEPOUH MOTYT OBITh, HaIIpUMep, JIETUPOBaHNE
CTajii 1 yBEeJIMUEHHUE 3a CUeT pa3IMUHbIX TepMUYe-
CcKMX 00paboTOK 0001a Mpeaeia BBIHOCIUBOCTU U
BPEMEHHOTI'O CONTPOTUBJIEHUs MaTepuaJa.
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Htak, nosiBjieHue BBIIIEPOMH BO3MOXHO KakK
rnocJje 00JIbIIOro, Tak U IMOCJe MaJIoro mpoodera Ko-
JIeCHO# naphl. 711 TOro 4To0bI N30eXKaTh 3TOTO SIB-
JICHUSI, HEOOXOAMMO MPOBECTU UCCACAOBAHUS TI0
orpeesIeHNI0 OCHOBHBIX (haKTOPOB, BAUSIIOIINX HA
MOSIBJIEHUE BBILLIEPOMH KaxKI0TO TUIIA.

ITocTanoBka 3aga4u

B pabore uccnenosaics rnmpoiecc nepekaTbiBa-
HUsI KoJieca yepe3 CThIK peJIbCOB. DTOT Mepuoanye-
CKUII TTpOLIECC COMPOBOXAAETCS paJAuaIbHbIM yaa-
POM ITOBEPXHOCTH KOJIECA O PEJIbC, HA KOTOPhI OHO
HaKaTbhIBAeTCsl, a 3HAUUT SIBJIIETCS] IPUUMHOM BO3-
HUKHOBEHUS MOBBILIEHHBIX HAMPSKEHUU B KOH-
TaKTHO 30HE, YTO MOXKET MPUBOIUTH K 00pa3oBa-
HUIO BbIILIEPOUH TPEThEro THMaA.

B cooTBeTCTBMU C MpaBUIaMU YKJIAJKHU PEJIbCOB
MaKCUMAJIbHBII 3a30p MEXKIY peIbCaMM COCTaBJIS -
er 21 mm [10]. TeM He MeHee B IIpoliecce IKCIUIya-
TalluUu XKeJe3HOW JOPOrv BO3MOXKHO YBeJIMUYEHUE
3a30pa M3-3a KaKUX-JU0O0 CMEILIEHUN PEeIbCOB.
K coxaneHuro, Ha TpyTHOAOCTYITHBIX y4aCTKaX IMyTH
He BCerja eCTb BO3MOXHOCTb 3aMETUTh 3TO BOBpeE-
Msl, B CBSI3U C UEM pa3Mep 3a30pa B HEKOTOPHIX CITy-
yasix MOXeT MPEeBOCXOUTh MAKCUMAaJIbHO JOIYCTH -
Mytlo BeiauuuHy B 1,5—2,0 paza. [loaToMmy npu
YUCIEHHOM MOJISIMPOBAHUI pPacCMaTpUBAJICS 3a30D
MeXXy pesibcamu oT 2 10 40 MM.

Teomerpuyeckasi Mosiesib CUCTEMbI «KOJIECO—
peJibCc» MpuBeneHa Ha puc. 2. ITockoabKy paccMa-
TpUBAETCS IBUKEHUE KOJIECHOM Maphl 10 MPSIMOMY
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Puc. 2. 'eoMeTprueckass MoIesib CUCTEMBI
«KOJIECO—PEITLC»

y4acTKy MyTH, TO B CUJY CUMMETPUU TPAHWUYHBIX
YCJIOBUM U YCUIUU, AEUCTBYIOLIMX HA KOJIECHYIO
napy, B Xolle YMCJIEHHOTO MCCJIeIOBAaHUsI paccMma-
TpUBaJIach MOJOBUHA MOJIE/IH.

B xauecTBe 17100aJIbHOM CHUCTEMbI KOOPAMHAT
MPU COCTABJIIEHUU paCUETHOI CXeMbl OblIa BbIOpaHa
npaBas aekaproBa cuctema. Ocb OX cuCTeMbI KO-
OpIMHAT HallpaBlieHa BI0JIb peJibca, och OY — 1o-
nepek penbca, ocb OZ — BepTUKAJIbHO BBEPX.

B cooTBeTCcTBUU ¢ TTpaBUIaMU YKJIAAKH Kee3-
HOJIOPOKHOTO MOJOTHA KaXKAbIi CTBIK TIOJKEH ObITh
00s13aTeJIbHO 000PYIOBAH TUIACTUHOWM, MPYKUMAae-
MO K pesibcaM YEThIPbMSI-111€CThIO 00JITAMU C IBYX
CTOPOH, JJI51 yiep>KaHusl pesibcoB OT caBura. OnHa-
KO B ITPOLIECCE IKCILTyaTallii MOXKET MPOUCXOIUTh
pacliaTbiBaHHe KPETeXXHBIX 00JTOB, UTO AACT Kpato
peJibca BO3MOXKHOCTh CMEIIATHCS B BEPTUKAJTIBHOM
HaIpaBJIeHUM MPU HaKaTbIBAHWM Ha HEro KoJjeca.

F=122,6 H |

l

Puc. 4. Bun KoHeYHO-371eMEHTHOI MOJIENTN

YucaeHHOE uccilenoBaHUe TTPOBOIUIOCH Oe3
y4yeTa TUTACTUHBI, COSIUHSIONIEH PETbChl Ha CTHIKE,
B COOTBETCTBMU C TIPEATIOIO0KEHUEM, UYTO CMEIIICHNE
Kpas penbca BIOIb ocu O fenmaeT ymap Koieca o
CIIeAYIOLINI pelibc 00Jiee CUIIbHBIM.

K pacueTHOI MOme M MPUKIIAABIBATIACH CIIETY-
IollIMe TPaHUYHbIC YCIOBUSI: 3aMpeT MepeMelecHUS
BIOJIb Ocy OY Ha TOBEPXHOCTU CUMMETPUU OCU KO-
JIECHOI TIaphl; 3aMpeT nepeMelleHus B1oab ocu OX
Ha TOpIIaX pebCOB; IOTHEIN 3a1peT IepeMeIeHII
Ha TOBEPXHOCTSIX OMUPaHUs PEIbCOB Ha IITAIbI
(puc. 3). lupuna wmmnan coctasisier 180 mm [11],
paccrostHue Mexay HumMu — 502 mM [10]. K BHem-
Hell CTOpOHE OCU KOJIECHOM Taphl (B MECTe, COOT-
BETCTBYIOIIEM ITPUMbBIKAHUIO afanTepa MOAIIUITHY -
Ka) mpoTuB ocu OZ mpujioxeHa cuiia, paBHas
122,6 xH (ompenensiach Kak oIHa BOCbMasl 4acTh
Beca rpyXeHoro BaroHa oouieit maccoii 100 ).

B kauecTtBe MaTepuaa Kojieca MpUHUMAJACh
cranb 2 (E=2,1-10° MIla; v=10,3; c, =700 MIla;
c,~ 1000 MITa) [12], B KauecTBe MaTepuaa pejbca

U,

0p

U=0

U=0

U=0

Puc. 3. rpaHI/I‘IHbIC YCJI0BUA ITPU KOHEYHO-3JIEMCHTHOM MOICIMPOBAHNN
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— cranb 76X® (£ = 2,1 - 10°MIla; v = 0,3; 5, = 800
MIla; o, = 1180 MIla) [13].

ITapameTpbl KOHEYHO-3/IEMEHTHOM Mo U, Tur
HCIIOJIb3YEMBIX 3JIEMEHTOB: KBaJpaTUYHbIE IeKca-
3ApabHBIe M KBaIpaTUIHbIE TeTpasapaibHble. Ko-
JIN4eCcTBO 2y1eMeHTOB — 201584; KOIM4YeCcTBO Y3/I0B
— 545461; KOoaM4eCTBO CTEIEHEH CBOOOIBI —
1 636 383. Bum KOHEYHO-3IEMEHTHOI MOJIEIIN ITPEI-
CTaBJICH Ha puc. 4.

Pe3ynbraTbl pacyeTHBIX HCCJIeI0OBAHUI

Pemrenune 3amaum ObU10 IPOU3BEACHO B YIIPYTO-
MJIACTUYECKOM MTOCTAHOBKE, TO €CTh C YUETOM ILJia-

80.00
73.33
66.67
60.00
53.33
46.67
40.00
33.33
26.67
20.00
13.33
6.67

0.00

CTUYECKUX CBOMCTB MaTepHaioB, B IPOTPaMMHOM
cucTeMe KOHEYHO-3JIEeMEHTHOro aHanmsa NX
NASTRAN.

Ha puc. 5 npuBeneHo moJie HaNpsKeHU B CU-
CcTeEME «KOJIECO—PENTbC», a Ha pUC. 6 — HATIPSIKEHUS
Ha MOBEPXHOCTU KaTaHUsI KoJieca B IISITHE KOHTaK-
Ta B MOMEHT IIPOXOKAEHUS CThIKA IIPU 3a30P€ MEXK-
oy peabcamu 10 MM 1 ckopocTu ABMKeHUs 90 KM/4
(6enbpIM 0003HaYEHBI MUHUMAJIBHBIE HATIPSKEHUS,
YepHbIM — MaKCUMaJbHbIe, 3HAYEHUS TTPUBEICHBI
B MIlIa). /Iis1 oLleHKM CJIOXKHOTO HANpsKEHHOTO
COCTOSTHUSI CUCTEMBI «KOJIECO—PETLC», BO3HUKAIO-
LLIET0 MPY ABVMKEHUHN XKeJIe3HOAOPOKHOTO COCTABA,

Puc. 5. [Tone HaHpH)KCHI/IfI B CUCTEME «KOJIECO—PEIBbC» B MOMCHT ITPOXOXKIACHUA CThIKAa PEJIbCOB

a) 250.00
229.17
208.33
187.50
166.67
145.83
125.00
104.17
83.33
62.50
41.67
20.83
0.00

0) 250.00
229.17
208.33
187.50
166.67
145.83
125.00
104.17
83.33
62.50
41.67
20.83
0.00

Puc. 6. HanpsokeHust B IsITHE KOHTAKTa Ha IIOBEPXHOCTHU KaTaHMsI KoJjleca:
@) TIpY IBVKEHUH TI0 TIPSIMOMY YYaCTKY MyTH; 6) B MOMEHT TTPOXOXKICHHUSI CThIKA PEThCOB
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MaxkcumanabHble
HamMpsLKEHMS,
MIla

500,00
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100,00

0,00

.

CTbIKa PCJIbCOB

L 2k

ITpoxoxieHue konecom

0,0000 0,0050 0,0100 0,0150 0,0200 0,0250

Puc. 7. 3aBUCMMOCTb MaKCHMMAaJIbHBIX HAIIPSDKEHUI B KOHTAKTe OT BpeMEeH!

MaxcuMmaabHbIe
HATIPSDKEHMS,
MIla
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JBM2KCHUA, C

0 5 10 15 20 25 30 35

Puc. 8. 3aBucHMMOCTh MaKCUMATbHBIX HanpskeHU B KOHTAKTE OT 3a30pa

0 3a3zop MexIy

pesibcaMiu, MM
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paccMaTpUBAIMCh SKBUBAJIEHTHBIC HAITPSDKEHUS 110
kputepuio Iydbepa—Mmu3seca, Kak Hanbosiee TOUHO
OTpaxKarollre Harpy>KeHHOCTD [IJIsI CTaJICiA.

M3 nonydyeHHBIX pe3yabTaTOB BUIHO, YTO Ha-
MPSKEHUST B CUCTEME «KOJIECO—PEIbC» (3a UCKITIO-
YeHUEM 30Hbl KOHTAKTa) MpU MPSIMOJUHEHHOM
IBrkKeHn He mpeBocxondat 80 MIla, uTo B HeCKoJIb-
KO pa3 MeHbllle TIpefesia BBIHOCIUBOCTA PaBHOTO
350 MIla (o, = 0,55)).

B MecTe KOoHTaKTa KoJjieca 1 pejibca BO3HUKAET
30HA MOBBILIEHHBIX HATIPSKEHUI pa3MepoM OKOJIO0
10x10 MM, MaKCHMaJIbHbIC HAMPSIKEHUST B KOTOPOIA
MPU ABVXKEHUU M0 TIPSIMOMY YIACTKY IYTU COCTaB-
Js110T okoJio 330 MIla. B MoMeHT nepekaTbiBaHUS
yepe3 CThIK ¢ 3a30poM 10 MM 3Ta BeJIMUMHA PE3KO
BO3pacTaeT U JocturaeT 3HayeHus B 551 MI1a. Ipu-
yeM B 000MX CITydastXx MaKCMMaJIbHbIC HATIPSKEHUS
HaOJII0Ia0TCS He Ha TTIOBEPXHOCTH, a BHYTpU 00oaa
KoJjleca, Ha TIIyOMHE OKOJIO 3 MM IIpU Ka4eHWH IO
MNpSIMOMY YYaCTKY MYTH U OKOJIO 2 MM TIpH Tiepe-
KaTBIBAaHUU Uepe3 CTHIK PEJIbCOB.

3aBUCUMOCTh MaKCUMAaJIbHBIX HAIPsSKEHUI B
KOHTAaKTe OT BpEMEHU TSI 3a30pa MEXKIY peJibcaMU
10 MM U cKopocTu aBukeHus 90 KM/4 TpuBeaeHa
Ha puc. 7. 3aBUCUMOCTh MAaKCHUMAaJIbHBIX HAIIPSIKE-
HUI1 B KOHTaKTe OT BEJIMYMHBI 3a30pa MPU TOM XKe
ckopocTu aBuxeHus (90 km/4) — Ha puc. 8.

Kaxk BUIHO 13 MoJlydeHHBIX Pe3yJIETaTOB, MPO-
XOXIEHUE XKeJIe3HOTOPOKHOTO KOJIeca uepe3 CThIK
PEIBCOB COMPOBOXKAACTCS MOBBIILICHUEM HATTPSIKE-
HUIi B 00JIaCTM KOHTAKTa KoJjleca ¢ pebcoM boiee
yeM B TojTopa pasa. [IpuyeM mpu npeBbIIIEeHUN
BEJIMUYMHON 3a30pa MEXIY pelibCaMU 3HaueHUs
32 MM HaIpsKeHUST TIPEBOCXOJAT TIpeae TeKyde-
CTU, UTO IMIPUBOIUT K MOSIBIICHUIO MAJIOI 30HHI ITJ1a-
CTUYECKUX Ae(opMalinii B 30He KOHTAKTa.

3akimodyenne

B paGoTe ObLT HCcen0BaH MPOLIECC NepeKaThl-
BaHUs KOJieca Yepe3 CThIK PeIbCOB. DTOT MEPUOIN-
YECKUI MPOLIeCC, COMPOBOKIAIOIINIACS paaIab-

HBIM yIapoM ITOBEPXHOCTU KOJIeCa O peibC, Ha
KOTOPbI1 OHO HAKAThIBACTCSI, SIBISIETCS] TPUUMHOM
BO3HUKHOBEHUS MTOBBIIIIEHHBIX HAIPSDKEHUIA B KOH-
TAKTHOM 30HE CUCTEMBI «KOJIECO—PEIbC» U MOXKET
MIPUBOAUTH K 00pPa30BaHUIO BHIIIIEPOMH.

YucneHHble McCIeI0BaHMS ITOKa3aau, YTO MaK-
CHMaJTbHBIE HAMIPSIKEHUS B KOHTAKTE CUCTEMBI «KO-
JIECO—PEbC» MPU ABMXKEHUM MO MIPSIMOMY YYaCTKY
MMyTU cocTaBstioT okojio 330 MIla, uro He mpeBoc-
XOIMT IIpeaesia BBIHOCIMBOCTH, paBHoro 350 MIla
(6,%0,50).

Bru1o MccnenoBaHo siBieHUE TOBBILICHUS Ha-
MPSKEHU B 00JIACTH KOHTAKTA CUCTEMBI «KOJIECO—
peabC» B MOMEHT IMPOXOKACHUSI KOJIECHOI Tapoi
CTBIKA peabcoB. [1pu 3a30pe mexxay penbcamu 10 Mmm
U CKOPOCTU IBMKeHUs 90 KM/4 HANpsKEHUST yBe-
JIMYUINCH Oojiee yeM B moaTopa pasa: ¢ 330 mo
551 MIla.

C yBeIMUeHMEM 3a30pa MEXIY PeIbCaMU MaK-
CUMaJIbHbIe HAMPSIKEHUST B KOHTAKTe BO3pacCTaloT,
a TIpY IPEBBILIEHUN 3a30POM HOPMATUBHOM BEIu-
YUHBI 21 MM MaKCUMaJIbHbIe HATIPSIKEHUSI ITPEBOC-
xouat 640 MI1a. B ciyuae, Korma BeTMunHa 3a30pa
MEXIy pebcaMM MPeBOCXOAUT 32 MM, B 00JIacTU
KOHTAKTa CUCTEMbI «KOJIECO—PEIIbC» TOSBIISICTCS
MaJiasi 30Ha IJIaCTUYECKUX AeopMalnii, MOCKOJIb-
Ky MaKCUMAaJIbHbIE HATIPSI3KEHUST ITPEBBIIIAIOT 3HA-
yeHue npeaena rekydectu 700 MIla.

TakuM o6pa3oM, MOXKHO CIOEJATh BBIBOA, UTO
Mpoliecc MepeKaTbIBAaHUS KOJIECa Yepe3 CThIK pesib-
ca JeUCTBUTEILHO MOXET OBITh MIPUYMHOI 00pa30-
BaHWUSI BBILIEPOUH, €CJIM MeTaJlyl Ha TTOBEPXHOCTHU
KaTaHUs KoJjieca MMeeT AedeKThI WU 3a30p MEXKIY
pejibcaMy MpPEBBIIIaeT HOPMAaTUBHOE 3HAUYCHUE.
YT0o0bI MAKCMMAJILHO CHU3UTh OTPUIIATEIbHEIE 3(-
GeKThI 3TOro Ipoliiecca, He0oOXOAUMO 00eCIIeUnTh
KaueCTBEHHYIO MPOBEPKY MOBEPXHOCTU KATAHMUS
KoJieca Ha HaIMuue KakKux-anbo nedeKToB 1 Tia-
TEJIbHO KOHTPOJIMPOBATH BEIMYMHY 3a30pa MEXIY
pesbcaMi Jaxe Ha TPYIHOLOCTYITHBIX y4acTKax XKe-
JIE3HOM JOPOTH, He TOMYCKasl IPEBBILIEHUS HOpMa-
TUBHOTO 3HaUeHUs 21 MMm.
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ONTUMU3ALUA LLEHTPOBEXXHOM KOMIMPECCOPHOM CTYNEHU
C OCEPAAUAJIbBHBIM PABOYUM KOJIECOM

Yu.B. Galerkin, A.A. Drozdov

OPTIMIZATION OF A CENTRIFUGAL COMPRESSOR STAGE
WITH AXIAL-RADIAL IMPELLER

[MpencraBiaeHbl OOHOBICHUS 6-f BepcuM TTporpaMM MeToa YHUBEPCATbHOTO MOAETUPOBAHUST ISt
pacueTa XapaKTepUCTUK LIEHTPOOEKHBIX KOMITPECCOPHBIX CTYIEHEl ¢ YTOUHEHHBIM MOJIETUPOBAHUEM
MMPOCTPAHCTBEHHBIX OCepaaualbHBIX Kojec. Pa3zpaboTaHHass MaTeMaTudecKas MOJIeIb
uaeHTUhULIMPOBaHa MO pe3yibTaTaM MonefbHbIX ucnbiTaHuit 1 CFD-pacueros. IMpoussenena
ONTUMU3AIIMST LIEHTPOOESKHON KOMITPECCOPHOI CTYIEHU ¢ OCepairabHBIM pabOYMM KOJIECOM TpU
MOMOLLU pa3paboTaHHOU mporpamMMel. B pe3yspTaTe onTuMu3aunu ocepaauaibHOro paboyero Kojeca
KIT ctyrienu rosbiteH Ha 1%. PesynbraTsl onmtuMu3aiuu mpoBepeHsl CFD-pacueTaMu B Tporpamme
NUMECAFINE/TURBO. Pa3zpaboTtanbl peKOMeHAALIMU 10 BHIOOPY pa3MepoB ocepaaraibHBIX
pabovux Kojec.

LEHTPOBEXHbINM KOMITPECCOP, METO/1 YHUBEPCAJIbHOI'O MOAEJIMPOBAHUS, KI1J1, KODDDOULIU-
EHT HAIIOPA, OCEPAJIMAJIBHOE PABOYEE KOJIECO.

The 6-th updated version of the universal modeling method for centrifugal compressor stage calculation
is presented, adjusted for modeling 3D impeller performances. The developed mathematical model was
identified by the results of model tests and CFD-calculations. The efficiency definition error at a design
point was 0,39 %. The efficiency definition error at five flow rate points (except a point of the maximum
flow rate) was 0,88 %. The centrifugal compressor stage was optimized by a new mathematical model.
As a result of the optimization, stage efficiency increased by 1%. The optimization results have been
verified by CFD-calculations in the NUMECA FINE/TURBO program. Design recommendations for
3D impeller design are offered.

CENTRIFUGAL COMPRESSOR, UNIVERSAL MODELING METHOD, EFFICIENCY, HEAD COEFFICIENT,
3D IMPELLER.

OnTuMaabHOE ra30JMHAMUYECKOE ITPOSKTUPO-
BaHMeE IIEHTPOOEKHBIX KOMITPECCOPOB — BaxkHAs U
aKTyaJibHasl 3a7a4a, YTo CBSI3aHO C IIMPOKUM pac-
MPOCTPaHEHNEM 3TOTO THTIa KOMITPECCOPOB 1 O0JTh-
LM KOJIMYECTBOM SHEPIMU, 3aTpauyBaeMbIM Ha UX
TTIPUBOI.

AKTyaTbHOCTb paboThbl OOYCJIOBJIEHA TEM, YTO
ocepanuaibHble padboune kojeca (OPK) mmpoxo
BOCTpeOOBaHbBI B MPOEKTAX ra30TypOMHHBIX IBUTA-
TeJIei JIeTaTeIbHBIX aIlllapaToB U MaJIOM SHEPreTH-
KU, TIPOMBIIIJIEHHBIX LIEHTPOOEXKHBIX KOMITPECCO-

poB, arperatoB TypooHanayBa JIBC u .n. Hanboiee
LIMPOKO 00J1aCThIO TPUMEHEHUS LIEHTPOOEKHBIX
KoMITpeccopoB B Poccuu siisieTcst 1o0bIua U TpaHc-
MOPTUPOBKA MPUPOJHOro rasza. Tak, ra3oTpaH-
cnoptHas cucteMa OAO «[asnpom» BKIIOYAET He-
CKOJIBKO COTEH KOMIIPECCOPHBIX I1IEXOB U
HECKOJIbKO ThICSIU ra30IepeKaurBaoIMX arperaTon
(T'TIA) [1].

3HauuTeNbHAS YaCTh MPUMEHSIEMbIX KOMITpeC-
copoB I'TIA He COOTBETCTBYET COBPEMEHHBIM TpPE-
O6oBaHuAM U3-3a HU3Koro KITJI viv naMeHuBIINX-
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csl MapaMeTpOB ra30MpPOBOJOB. DTO MPUBOAUT K
HeoOxoaumocTu 3ameHbl T'TIA neaukom uiau, 4To
0osee 3(pPeKTUBHO, TOJILKO IMPOTOYHOIM YAaCTU B
CYILECTBYIOLIEM KOPITYCE C MCITOJb30BAHUEM CMEH-
HBIX ITpoToYHBIX yacTei (CITY).

DT HaKTOPHI HAKJIAABIBAIOTCSI HA OObSIBJICHHBIN
[pesuneraTom PD Kypc Ha UMITOpTO3aMEIIIEHIE BBI-
COKOTEXHOJIOTUYHOU MPOAYKLIMU, K KOTOPOHA OTHO-
CUTCSI U KOMIIpeccopHasl TexHuka. Heobxomumo
MPOEKTUPOBATh U OCBOUTH ITPOU3BOJCTBO TEX KOM-
MPEeccOpoB, KOTOPbIE paHee 3aKyIaaIuch y MHOCTPaH-
HBIX TTPOU3BOAUTENEH. PazBUTHE COBpEMEHHBIX BbI-
YMCJIUTEIbHBIX CHUCTEM, a TaK e pacIlupeHue
MpeACTaBICHNI O TTpolLieccax, MPOTEKAIOLINX B IIPO-
TOYHOM YaCTH, U3MEHWJIN ITOAXOIbI K ITPOEKTHUPOBa-
HUIO U pacueTy XxapaKTepUCTHUK KOMIIpeccopoB [2].

CoBpeMEHHOM TeHAECHIMSI — IOBBIIICHUE ObI-
CTPOXOTHOCTH LIEHTPOOEKHBIX KOMITPECCOPHBIX CTY-
neHeit ['TIA, 4TO MPUBOAUT K MIPUMEHEHUIO Ocepa-
JIHNaNbHBIX padoumx Kosec [3]. IIpu mpoeKTupoBaHUMN
TaKMX CTyIIeHe! cliemyeT IpUMHUMAaTh BO BHUMAaHUE,
y10o OPK MMEIOT CI0XHYI0 TeOMETPUIECKYIO (hopMy
JIONATOK U MEPUAMOHATBLHOTO KOHTYpPa. DTO YCI0X-
HSIET UX ONITUMAJILHOE IMPOSKTUPOBaHNE, e/IaeT He-
00XOIMMbIM aHAJIN3 BIMSIHUSI 3HAYMTEIbHO OO0JIbliIe-
ro KOJIMYECTBA TEOMETPUUYCCKIUX TTapaMETPOB.

Ilean HacTosmIEeid padOThI — CO3MaHNE TAKOM MH-
JKEHEPHOM METOIMKHU,, KOTOPAst B COCTOSTHUU OBICTPO
Y HaJEXKHO BBIIIOJIHUTH ONTUMM3ALIAIO OCepaarab-
HOTO pabouero KoJieca  UIEHTU(DUKALIUIO YCOBEP-
IIEHCTBOBAaHHOI MaTeMaTUYeCKOM MOJICIIN, a TAKKE
MPOMU3BECTU ONTUMMU3ALMOHHOE HCCIENOBAHUE
LIEHTPOOEXKHOI KomIipeccopHoil ctynieHu ¢ OPK,
CIIPOEKTUPOBAHHOI Ha ITePCIIEKTUBHBIE TApAMETPhI
I'TIA.

J1st OBICTPOTO M JOCTOBEPHOTO OIIpencaeHUS
XapaKTEePUCTUK KOMIIpECCcopa 1 MX KOHCTPYHUPOBa-
Hug npodeccop CIIOITY 10.b. lanépkun co3man
METOJI ONTUMAaJIbHOTO ra30JAMHaMUYeCKOTO Mpo-
€KTUPOBAHUSI, KOTOPBIA SIBISIETCS] PE3yJIbTaTOM
000011IeHNST 1 aHaJIn3a OOJIBIIIOTO 00beMa 3KCIe-
pUMEHTaJbHBIX JaHHBIX, HaKorIeHHbIX B CITOITY.
KomMriekc cOOTBETCTBYIOIINX KOMIIBIOTEPHBIX ITPO-
rpamMM ToJIyduI Ha3BaHue MeToa yHUBEpCalbHO-
ro MmoaenupoBaHust (MYM) [4].

IIpenuiecTBytolue Bepcuu porpaMmm Meroma
YHUBEPCAJIbHOTO MOJEIUPOBaHUS 3(PHEKTUBHO HC-
MOJI30BAJIMCh ITPY pa3padoTKe HOBBIX KOMITPECCO-
POB MO 33JaHUSIM MPOMBbIILIEHHOCTH Ha 0a3e CTy-
MeHel ¢ panuaibHbIMU padounmu Kojiecamu (PK)
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u 6eznonatouHbiMu auddysopamu (BJII) [5—7]. B
6-11 Bepcuu mnporpaMM Meroma yHUBEPCATbHOIO
MOJEIUPOBAHUSI CAEIaHbl CYILIECTBEHHBIE YCOBEP-
IIEHCTBOBAHUS /151 yTOUHEHHOT'O pacyeTa CTyleHei
¢ ocepaauaibHbIMU pabOYMMU KOJieCaMu.

YTouHEeHHBIi pacyeT ocepaauaIbHbIX Pabounx
KoJec

B nporpammax 4-i Bepcuu MYM omnucaHue
¢opMBbI 0OcepanralIbHBIX PA00UYMX KOJIEC CYyTYy0O MpH-
OvKeHHoe. 3a7aloTcsl TOJIbKO OTHOCHUTEIbHBIM
IUAMETpP BTYJIKU EBT, auaMmeTp Bxoma B PK [_)0,
BBICOTA JIOMTATOK Ha BBHIXOJE 172 . DMmupudecKue
(opMyJIbl yCTaHABIMBAIOT OCEBYIO MPOTSXKEHHOCTh
PK, paguychl KpMBU3HBI, BHYTPEHHUE 1 BHEIIIHNUE
OrpaHUYMBAIOIIIME TOBEPXHOCTU MEPUAMOHATBHO-
ro KoHTypa. [TooxkeHne BXOIHOI KPOMKH CUMTA-
€TCsl COBITAJAIOIINM C KOHTPOJBHBIM ceueHUeM «0»
Ha Bxojae B PK.

B nporpammax 6-it Bepcuu (popMa MpOTOYHOM
yactu OPK B MepuaroHaabHOM IIOCKOCTY 3a0aeT-
cs1 601ee noapodHo. Ha puc. 1 mpeacraBieHa cxema,
nosiCHsIoIas 3amaBaemMbie pazmepbl OPK B mpo-
rpaMMme 6-if BEepCuu.

IMToMuMO yKa3aHHBIX BBIIIIE 50, EBT, 172, Bym
B, 3a1al0TCs TAKXKE OCEBas NMPOTSKEHHOCTD KO-

>

1s

»]
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. L

m

Puc. 1. Cxema OPK no pazpaboraHHoi
MaTeMaTU4eCKON MOAEIU
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Jeca Em, paanychbl KpUBU3HBI OCHOBHOT'O Rh U To-

KpbiBawolero R, nuckos. IlojoxeHue BXOIHOM
KPOMKM JIONAaTKW B MEPUANOHAIBHOM TJIOCKOCTU
OIpe/IesIsieTCsl OTHOLLIEHUEM MEPUIMOHAIBHOM Mpo-
TSKEHHOCTH JIONIATKY K O0IIel MepuaAuOHaIbHOMN
NpoTsiXeHHocTu cpeaHeil auHum OPK
Zn 2=l /lm opk” BxogHast KpoMKa JIOTIaTKM TIpe/l-
roJlaraeTcs neprneHaAMKyJIIpHON K cpeaHel TMHUKU
OPK B s10ii Touke. Kpome Tor0, 3a1aeTca yroi @,
HakJyioHa nokphiBawiero nucka OPK. Otu pas-
Mepbl MOJHOCTBIO OMUCHIBAIOT MEPUAUOHATBHYIO
(opmy OonbimmHcTBa OPK.

Hns pacuera ruiolaau JonaTKu HEOOXOAUMO
3HATh U3MEHEHUE JIOMATOYHOTO yIJia Mo JJIUHE JIO-
natku. 1751 3Toro ObLUI MPOBEACH aHAINU3 HECKOJIb-
KMX BapMaHTOB OcepalaibHbIX KOJIEC, CIIPOEKTH -
poBaHHbIX B CIIGITY. B pesyabrare nuHeitHOI
arnmnpoKCUMaldu MOJyuyeH CJIeIYyIoIIii 3aKOH 13-
MEHEHHUS YIJI0B 110 JJTMHE JIOTAaTKU:

HavyaIbHbIN yuactok ¢ [, ot 0710 0,45/  Ha

mTeK mi’
KOTOPOM IPUHUMAETCS TMHEMHOE YBETMUEHME yTJia

oT Bﬂl ’HO BJTMaKC =1’35 [322; —
cpenHuit yyacrok ¢ /... ot 0,45 10 0,75/, n

ITOCTOAHHBIM JIOITATOYHBLIM YIJTIOM B

J MaKC;
KOHEeUHbIH yyacTok ¢ /., 010,75 10 1,0 7,

Ha KOTOPOM ITPUHUMAETCSI TMHEITHOE YMeHbBIIIEHNE
yaorf3, 1o f3 .

3agaHHasi Takum obdpazom opma OPK nosBo-
JieT 60J1ee TOYHO 110 CPAaBHEHMIO C TIPEIBITY MU
BEpPCUSIMU ITPOTPaMMBI OITPEACTATD TIOIIAIh OTpa-
HUYMBAaIOLIMX IToBepxHocTel 1 jonaTtok OPK. s
3TOTO MEepPUIMOHATbHAS ITMHA JIOTIATKU pa3IesIsi-
€TCS Ha YYACTKHU, I KaKIOTO M3 KOTOPBIX OIpe-
JleNsieTcst ero JUIMHa Al -, BBICOTA JIONATKH b,

mi> 1
JUamMeTp 5, [Tno1anap Beeii TONaTKU CKJTaabIBaeT-
Cs1 M3 CYMMBI TIJIOIIAIEe i KaXKI0ro y4acTKa C yueTOM
M3MEHEeHUs yrjia JIonaTKu paboyero KoJjeca rno ero
nuHe. [nomans JonaTtkuy orpeaesisieTcs: popmyaoi
! D
§n - 2 %, (1)
o sinP; cosy
e  — yroJi HaBaja JIOMaTKH.

BenuuuHa yria HaBajia JIOMaTKU X 3aBUCUT OT
MHOTHX (haKTOPOB U U3MEHSTETCS 110 IJIMHE U BbI-
COTe JIOMAaTKU. B ynpolleHHOoI mocTaHOBKe, MpU-
MEHSIEMOIi B JAHHOM CJTy4yae, yroJI HaBaJia IIPUHU-
MaeTcsl ITOCTOSTHHOM BeJTMUMHOM, paBHO#t 20°[8].

ITno1any MoBepXHOCTE OCHOBHOTO U ITOKPHI-
BalOLIEro IMCKOB MPUHUMAIOTCS OAMHAKOBBIMU U

OITPEIENISIOTCS Ha CpeNHEN JIMHUY MEKIJIOITaTOYHO-
ro KaHaja (Sos =S, =Socp):

So0PK

£D22

4 )
43

=7 | 2(1+D. )= zpp ——2 1.
m ( cp) <pK TsinB o,

Sos :§0h =O0¢p =

B matematuueckyto monenb OPK Ob110 BHece-
HO MHOXECTBO APYIMX U3MEHEHMI, IIpeICTaBICH-
HBIX B pabdoTax [9—11].

NnenTudukamms MareMaTHIeCKOiH MOIEH
JUISl BLICOKOPACXOIHbBIX CTYIEHe
¢ ocepaauMaJbHBIMA PA0OOYHMH KOJIeCAMH

PaHee Obl1a uaeHTU(MIIMPOBaHA MaTeMaTHYe-
CKast MOZIeJTb 6-11 BepCUU [IJIST CTYTIEHE ¢ paaralib-
HBIMM pabOIMMU KoJieCaMU 1 Pa3IMIHBIMUA TUTTAMU
nrddysopos [10]. [ToayyeHHBIH B pe3yJibTaTe UaeH-
TU(PUKALINN eAUHBIN HA0Op SMIIMPUIECKUX KOI(P-
(ureHTOB 1 TporpamMma 6-it Bepcru obecrieunBa-
1ot onpeaeneaue KIIJI Ha pacueTHOM pexXxume CO
cpenHeit norpeirHocthio 0,86 %. 1o marTu padboyum
TouKaM (0e3 TOUYKM MaKCUMaJIbHOTO Pacxoa) cpe/-
HSIs TTIOrPelTHOCTh cocTaBisieT 1,22 %.

Marematuueckasi mojaesb MYM Bkiloyaer B
cebst aMnupUuueckue Koa(pPuLMeHTbl, TpUMeHsie-
MBbI€ TOJIBKO it pacueta cryneHeit ¢ OPK. Jlms nx
YTOYHEHUSI UCTOJIb30BaHbI pe3YJIbTaThl UCTTBITAHUS
NIBYX3BEHHOM cTyneHH ¢ ToayoTKphITEIM OPK, BbI-
noJiHeHHbIe podeccopom CIIGITY A.M. CumoHo-
BBIM. CTymeHb ¢ ocepaaraJbHBIM paboynM KoJre-
coMm, OesonaTouyHbIM AUPDY30poM U COOpPHOI
KaMepoil CITpoeKTHpOBaHa Ha pacyeTHBIE TTapamMe-
TPBI: CDpacq = 0,08; ‘PTpm =0,74, M, = 0,78. [lns
COITOCTABJICHUSI PACYETOB C SKCTICPUMEHTOM OBLTH
KCITIOIb30BaHbI XapaKTEPUCTUKU IBYX3BEHHOM CTY-
nean OPK+DBJIJI, Tak Kak gJaHHBIX O pa3Mepax
cOOpHOIT KaMephl Y aBTOPOB HET.

Tak KaK UMETOIITNXCS B PACITOPSKEHUH SKCTIe -
PUMEHTAJIbHBIX JAHHBIX (1IECTh SKCIIEPUMEHTAb-
HBIX TOYEK XapaKTepUCTUKM) HETOCTATOTHO IS
MPOBeIeHUS UACHTU(MUKALIUN, a IPYTUX SKCIEPU-
MEHTaJIbHBIX TAaHHBIX ¥ aBTOPOB He OBIJIO, TO OBLTN
nmpuMeHeHbl Takxke pes3yabtatbl CFD-pacueToB.
ComocTaBiieHre 3KCIIepUMEHTAIbHBIX TaHHBIX C
CFD-pacueramu mokasajiy Xopolllee COBMaaeHue
Ha pacyeTHOM pexxume padoTsl [12, 13].
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Hust npeHTU(UKAIMKA ObLUIN CIIPOEKTUPOBAHBI
aBe crynienu ¢ OPK Ha cienyloliye nmapaMeTphbl:
(me =0,105; lpracq =0,56. BapuaHTbl pa3InyaroT-
cst yuciom Jornarok OPK (15 u 22 mT), cOOTBET-
CTBEHHO ObUIM M3MEHEHDBI BXOJHbIE U BBIXOIHBIE
YIJIbI ¥ pOopMa JIOIAaTOK B 1iesioM. OgHO N3MepeHHOE
U aBa paccuntaHHbix 3HaueHus1 KI1JI comocrasie-
HBI C pacyeToM I10 MaTeMaTUYeCKOI MOJIE/IM C He-
OTKOPPEKTUPOBAHHBIMU U OTKOPPEKTUPOBAHHBIMU

koadhdunreHTamu (tad. 1).

Tabnuuna 1

Conocrapienue KIIJ[ u3MepeHHBIX M PacCYMTAHHBIX
no CFD-nporpaMmmam v HOBOIi MaTeMaTHYeCKOi MOIed

DKCrepuMeH- CFD- CFD-
KIA TaJbHbIC TaHHBIC | pacyeT | pacyer
A.M. CuMOHOBa | CTYINEHU | CTyMeHU
s OPK+BJ1J, ¢ OPK ¢ OPK
o = 15 | 2 =22
nchn 87’0% - -
MNnumEca - 86,4 % 84,5 %
n MYM Ao
KOPPEKTH-
POBKI M= 85,3 % 82,3% | 80,1%
MMUPUIECKUX
ko3 duIm-
€HTOB
Nyyy TOCIIE
KOPPEKTH-
POBKH IM- 86,8 % 86,4% | 85,0%
MMAPHIECKUX
K03 PpuLm-
€HTOB

PacdeTsl ctyneHeli mpu momo MYM noka-
3aJ11 HEOOXOJMMOCTb YUeTa BIUSHUS TPEHUS Ha
nonatkax OPK Ha nmotepu KII/. Tak kak uucio
JIOTIATOK BJIMSIET HA BEJIMUMHY HArpy3KU Ha Jiomnar-
KU, TO KOPPEKTUPYETCS U SMITUPUUECKUIT KOahhu-
LMEHT, OIIPEAC/ISIOIINIA CKOPOCTh B HAYaJIe 3aAHEN
MOBEPXHOCTHU JIOTIATKH.

ITo pacueTy ¢ yTOUHEHHBIMU 3HAYEHUSMU M-
NUpuYecKux Ko3(GGULIUEHTOB TUAPABINYECKUI
KIII crynmenu ¢ OPK ¢ 15 1onatkaMmu Ha pac4eTHOM
pexume paboThl paBeH 86,4 %, T.e. B TOYHOCTH CO-
OTBETCTBYET 3HAUYEHUIO, PACCUYUTAHHOMY TIIO
NUMECA Fine/Turbo. lus crynenu ¢ OPK ¢ 22
Jnonatkamu pazimmaue mexay KITJI, paccuntaHHBIM
Mo MaTeMaTU4YeCKOW MOJIeJu M MO MHporpaMmme
NUMECA, cocrasastet 0,5 % (85,0 u 84,5% coort-
BETCTBEHHO).
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Puc. 2. XapakTepuCTUKU ABYX3BEHHOI CTyTIEH!
OPK+BJIJI crutonrHple TMHUKA — pacdeT; TOUKHU —
skcnepuMeHT (A.M. Cumonos, JITTN)

Ha puc. 2 skcniepuMeHTaIbHas XapaKTepUCTH -
Ka nByx3BeHHoi cryrienn OPK + BJIJI conocras-
JIeHa ¢ pacueToM o MYM.

Cpennsist norpettHocTb pacuera KITJI o msitu
TOUYKaM (3a MCKJIOUEHUEM MaKCUMAaJIbHOIO pac-
xoga) — 0,88 %. B pacueTHOI TOUKE MOrPELIHOCTD
paBHa 0,39 %. [1010XUTEIbHBII PE3y/IbTaT I103BO-
JISIET TIPOM3BOJAUTD PACUETHbBIN aHAJIU3 CTyIEHeH ¢
OPK mipu momomnu pa3paboTaHHOTO MakeTa Mpo-
IrpamMM.

Onrumusamua OPK

Ha BTopoMm aTamne pa6oTsl MeToaoM yHUBED-
CaJIbHOTO MOJEIMPOBaHUS Obla CIIPOEKTUPOBAHA
LIEHTPOOEXKHAsI KOMIIPECCOPHAasI CTYIIEHb IIPOMEXY-
TouHoro tuna ¢ OPK Ha pacueTHBIe mapaMeTphl,
COOTBETCTBYIOIIME ITIEPCIIEKTUBHOM IIEPBOI CTYTIE-
Hu I'TIA: CDIWI =0,105; ‘PTPM =0,56; M =0,7;Re, =
=5600000; k=1,4.

HoBas maTtemaTnueckast moaenib MYM mno3Bo-
JISIET U3YYUTh BIAUSHUE Psla FTeOMETPUYECKMX T1a-
pametpoB OPK: MepuanoHanibHOTO pazmepa L_m
OPK; mmamerpa 50 Bxoma B OPK; momoxeHus
BXOJHO# KPOMKM JIOTIATKU l_m 5> PaIuycOB KPUBU3-
HBI TOBEPXHOCTEI OCHOBHOI'O M MOKPBIBAIOIIETO
nuckoB OPK (ES , Eh ); BBICOTHI JIOTIATOK Ha BBIXOJIE
52; 9KCIIa JIOTIATOK Zp, .

I11aH oNTUMU3ALIMOHHBIX PACYETOB, LIETBIO KO-
TOPBIX SABIISIETCS IonydyeHue Haupbiciiero KITJT
CTYMNEHMU, TIpeJiaraeT clieayloliee:

1) Coornomenus pazmepoB OPK mist ncxomnnoit
crynenn — L, =0,3,7, =15, D, =0,6, 1,,, =0,792,
R, =0,215, R, =0,257;
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2) ontumusupyoTcs dyeTeipe rpynnbl OPK ¢

L,,, pasubimu 0,26, 0,28, 0,30, 0,35. D10 cnenaHo
C LIEJIbIO HAITU ONITUMAJIbHBINA pa3Mep Zm;

3) B mpedenax Kaxaoi rpymrbl BapbUpyeTcs
YUCJIO JIONATOK, OTHOCUTEIbHBIN AUaMeTp BXoaa U
TTOJIOKEHME BXOMHOM KPOMKHY (MMEHHO B TIEpeUmC-
JICHHOM MOCJIeA0BaTeIbHOCTH).

Panmuycbl KpMBU3HBI OCHOBHOTO U TTOKPHIBAIO-
LLIero IMCKOB R, R, OKa3bIBAIOT Majloe BIMSIHUE Ha
KIIJI cTyrieHu ¥ HEe ONITUMU3UPYIOTCS.

J7151 Bcex pacCMOTPEHHbBIX BApUAHTOB ObLIN MO-
JI0OpaHbI JIOMMATOYHBIE YIJIBI BXOAA M BBIXOJA C IIe-
JIbIO oOecTieueHus 3aJJaHHbIX YCIOBHOTO KO3 du-
LMeHTa pacxoaa u KoahGULIMEHTa TEOPETUIECKOrO
Hariopa.

IlepBoii mpor3BOaMIACH ONITUMM3ALINS CTYTIEHU
¢ OPK npu Em =0,3. beu comocTaBaeHbl Bapu-
anteic 10, 12, 15, 18 u 22 nonatkamu. [ToayyeHHbIE
3HaYEHUST KOHCTPYKTHUBHBIX ITapaMeTpoB, Koahdu-
LIMEHTOB IoTeph, ckopocTeid u KIIJI crynenu — B
Tabn. 2.

Ta6nuna 2

HapaMeTpu 1 pasMepbl BADUAHTOB CTYNCHU C Pa3JIMYHbIM
YHUCJIOM JIONIATOK Zpk

Zox | Bue | B | 0 | GoatCe | G | M

rpaj | Tpaj %
10 {27,9]67,9 (0,717 | 10,0597 | 0,0335 | 84,8
12 | 28,7|57,9]0,717 | 0,0674 |0,0225 | 85,2
15 29,7 |51,1(0,719| 0,0801 |0,0127 | 85,3
18 [ 30,5| 48 0,721 | 0,0930 |0,0073 | 85,0
22 | 31,4]46,2|0,724 | 0,1100 |0,0043 | 84,5

Maxkcumanpubiit KIT[ ctynmeHu gocturaercs
IIPY YKUCJIE JIONATOK Z,, =15. YMeHblLIeHUe Yncia
JIOTaTOK paboyero KoJjieca TpeOyeT yBeTMUSHUSI Bbl-
XOJIHOTO yryia 3 , u3-3a pocTa Harpysku [4]. bosb-
11ast Harpyska yBejanuuBaeT dhakTop Auddy30pHO-
CTU, UTO NPUBOJAUT K OOJiee paHHEMY OTPBIBY U
POCTY ITOTepb CMELIEHMSI. YBEJIMYEHUE YMCIia JioTa-
TOK MPUBOJUT K POCTY CMOUYEHHOM MOBEPXHOCTU U
pocty rotepb TpeHus. MakcumanbHoMy KIT/I cTy-
MEeHU COOTBETCTBYET ONTUMaAIbHOE YMCIIO JIOTATOK
OPK. Ilorepu TpeHus Ha JiomaTKax mpeBajupyeT
HaJ OCTaJlbHbIMU MOTEPSIMU. YBEJUUYEHUE Yucia
Joratok ¢ 10 10 22 mpuBOAUT K O0Jiee YeM IByKpart-
HOMY YBEJIMYCHUIO TTOTeph TpeHus — B 2,137 paza
(c 0,0453 g0 0,0968). PocTy moreph CIioco0CTBYET
3arpOMOXJIEHUE MOTOKA W BbI3BAHHBINA 3TUM POCT

CKOpOCTH B KaHamax. OMHOBPEMEHHO ITPOUCXOIUT
yMeHbleHue B 7,88 pas nmorepb cmerieHust (¢ 0,0335
10 0,00425). ITorepu TpeHMsI Ha OrPaHNYNBAIOIIX
noBepxHocTsIX OPK 3akoHOMEpHO OCTalOTCS HEU3-
MeHHbIMU. ONTUMAJIBHBIM SIBJISETCS BapUaHT C
2o =15, onumeer Ha 0,8 % Gonbiumii KT nio cpas-
HEHUIO ¢ HauMeHee 3(P(PEKTUBHBIM BAPUAHTOM C
Zp= 22.

[anee onTUMMU3NPOBAIICS OTHOCUTEIBHBIN I1a-
meTp Bxoga OPK. CornacHo pekoMmeHmauusim [4]
pa3Mepbl BxoJa B pabouee KOJIECO BHIOMPAIOTCS C
YYETOM YCJIOBUSI MUHUMYMAa CKOPOCTHU Wi, Ha BXO-
JIe B MEXJIOIMATOUHbIE KAaHaJbl Y TMTOKPHIBAIOIIETO
JIMCKa:

2
1 —

n N2 3 pacu
Dmein_ DBT+2 ' (3)

€17
[Torepu KIT[ onpenensitorcst ypoBHEM W[ U
koaddunmenrom norepb OPK. Kanan ¢c amamerpom
Bxoxa 1o (popmyiie (3) He Bceraa oOecrieunBacT M1~
HUMaJIbHBIM K03 UIMEHT IoTepb. B KauecTBe
mapamMeTpa ONTUMU3ALUU UCTIONb3yeTcsl Koahdu-
uueHT A, [4]:
Ap=—D0
D — 5 .
0wOmin

Ins ananusupyemoro OPK Dy, ... =0,613, Te.

4

y ucxoaHoro OPK koadbdunment 4, = 0,979.

OTHOCUTENbHBIN IUaMeTp BXO/1a U3MEHSIETCS C
maroMm 0,01 B mpeaenax ot 0,53 g0 0,63. B ta6Gu. 3
MpUBEIEHbI 3HAYEHUsI KOHCTPYKTUBHBIX Mapame-
TPOB, KO3 UILIMEHTOB IMoTeph, ckopocteit u KITJI.

MaxkcumanpHoMy KITJI cOOTBETCTBYIOT 3HaUe-
Hus A, =0,897-0,913. I[Tpu srom KII cTynenu Ha
0,8 % 6omblire, yeM y ucxogHoro BapuanTa. Cko-
POCTh Ha BXOJIe Y ONITUMAJIbHBIX BAPMAHTOB HE MU~
HUMaJbHasl, OJHAKO 3a CUueT MEHbIIEeH TIoIaau
JIOTIATOK IMOTEPH TPEHUST MEHBIIIE, YeM B BapruaHTax
¢ 6onbiiMu A,. B BapuanTax ¢ A, > 1 uMeeT MeCTo
3HAYUTENIBHBIN POCT MOTEPh KaK 3a CUET YBETMUCHUST
YPOBHSI CKOPOCTEi1, TaK U 3a CUET YBEJIMUECHUSI TLJI0-
1AM JIOTIaTOK.

W3 nByx paBHOLIEHHBIX ¢ TOukH 3peHust KITJ[
BapUaHTOB IS JAJTbHEHIINX PacyeTOB IMPUHSITO
3HauUeHUe 50 =(,56, Tak KaK CKOPOCTh Ha BXOJI¢ B
JIOTIATOYHYIO PEILETKY W{; B 3TOM BApUAHTE MEHb-
e, 4eM B paBHOLIEHHOM eMy 1o BesnuuHe KITJI
Bapuante ¢ Dy = 0,55.

Hanee comocrtaBastiuch 10 BApuaHTOB C pas-

JIMYHBIM TTOJIOXKEHUEM BXOAHOU KPOMKHN — lmn B
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Tabnuua 3
ITapameTpsl U pa3mMepbl BADHAHTOB CTYIEHH € Pa3JHYHbIMU quaMeTpamu Bxona OPK 50.

D, B, tpax | B, rpax 4, W/, Con T 8o Cou n, %
0,53 40,5 51 0,864 0,744 0,0553 0,0181 85,9
0,54 38,8 51 0,881 0,736 0,0578 0,0156 86,0
0,55 37,1 51 0,897 0,730 0,0607 0,0140 86,1
0,56 35,4 51 0,914 0,724 0,0640 0,0131 86,1
0,57 33,9 51 0,930 0,722 0,0673 0,0118 86,0
0,58 32,4 51 0,946 0,719 0,0713 0,0117 85,8
0,59 31 51 0,963 0,687 0,0756 0,0119 85,6
0,60 29,7 51 0,979 0,719 0,0801 0,0127 85,3
0,61 28,4 51 0,995 0,719 0,0857 0,0131 85,0
0,62 27,3 51 1,011 0,722 0,0913 0,0137 84,8
0,63 26,1 51 1,028 0,725 0,0977 0,0151 84,2

Tabnuua 4

ITapameTpsbl M pa3Mepbl BAPUAHTOB CTYNIEHH C Pa3JIMYHbLIMH N0/I0KEHHAMH BXOAHOI KpoMKkH Jonatok OPK ¥

7| Bamar [ p.mm . €+ Ee t., n, %
0,61 30,7 59,5 0,730 0,0522 0,0112 86,0
0,64 31,4 57,3 0,726 0,0542 0,0111 86,1
0,67 32,2 55,9 0,724 0,0560 0,0111 86,1
0,7 33 54,3 0,723 0,0579 0,0110 86,2
0,73 33,8 53 0,721 0,0600 0,0110 86,2
0,75 34,3 52 0,722 0,0615 0,0109 86,2
0,76 34,6 52 0,723 0,0619 0,0122 86,1
0,792 35,4 51 0,724 0,0640 0,0130 86,1
0,81 35,9 50,5 0,726 0,0651 0,0131 86,0
0,84 36,8 49,5 0,730 0,0673 0,0135 85,9

npenenax ot 0,61 mo 0,84. B tabn. 4 npuBenseHb!
KOHCTPYKTUBHbBIE TapaMeTpbl, KO3GMUIIMEHTHI I10-
Tepb, Oe3pa3MepHasl CKOPOCTh Ha nepudepuu Jo-
natku, KIT/] conoctaBieHHbIX BAPUAHTOB.
Maxkcumanbnbiii KITJ crynenn 86,2% noctu-

raeTcs rnpu lm 1 =0,7-0,75. 1o Mmepe mpuOIKEHNS
MOJIOKEHUST BXOJHON KPOMKM JIOMATKW K Havaly
OPK yBenuumBaioTcs oTepy TPEHUS Ha JoIaTKax
(81,31 paza), motepu Ha OrpaHUYMBAIOLIIMX TTOBEPX-
HocTsx (B 1,21 paza).
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B pesynbrare nmpoBeeHHOM ONTUMU3ALIAY CTY-
MEeHU MTPOMEXKYTOUHOTO THUIIA C Zm = (0,3 MaKCUMYM
KIIJI Ha pacueTrHOM pexnme — 86,2 % MOCTUTHYT
Mpy CJACAYIIIUX pa3Mepax MPOTOUYHON 4YacTu:

Dy =0,56;1,,, = 0,75;zPK= 15; R, =0,215; R, =0,257.

s rpyTin BapMaHTOB CTYIIEHU CO 3HAYEHUSIMU
Zm 0,35, 0,28 10,26 mpoBeAeHO aHATIOTUYHOE TTPEI-
CTaBJICHHOMY BBbIIIIE€ pacueTHOE uccienoBaHue. Pe-
3yJbTaThl HE3HAYUTEIbHO OTIMYAIOTCS KOJMUYe-
CTBEHHO, a KauyeCTBEHHbIE 3aKOHOMEPHOCTU
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uaeHTUYHEI. [eomeTpuueckue pasmepsl u KIT/I
ONTUMAJIbHBIX BAPMAHTOB CTYIEHE! C pa3IUyHOM
OCEBOI TTPOTSKEHHOCTHIO IPEACTaBICHBI B TA0. 5.

MaxkcumansHbiM KIT obiagaeT cTymeHb C
Zm = 0,28, koropslii Ha 0,5% BbILLIE YeM Y XyIIIETO
BapuaHTa C Zm =(0,35. B pe3ynpraTre onTUMU3ALNN
KII cTyneHu yaanoch MOBbICUTh MO CPABHEHMIO C
WCXOTHBIM BapruaHToM Ha 1,0%.

Tabnuna 5

Tl'eomeTpuyeckue cooTHOMEHUS, JonaTouynblie yrubl U KITJ{
ONTUMH3MPOBAaHHBIX BapuanToB OPK

L, 50 Zpk L rﬁpf;;[ r[i)ﬂé)’:[ ;0’

0,351 0,55| 13 0,69 352 | 60,4 |85,8
0,30 | 0,56 | 15 0,75 34,3 52 |86,2
0,28 | 0,56 | 15 0,69 33,7 | 54,7 | 86,3
0,26 | 0,56 | 15 0,69 354 | 54,5 |86,2

OKOHuUAaTeIbHbIE BhIBOIBI 10 PE3YJIETATaM IIPO-
BEJICHHOTO MCCJIeIOBAaHUSI MOXHO CIEJIaTh ITOCHe
MPOBEPKU IOJYUYCHHBIX PE3YJIBTATOB IyTEM YMCICH-
Horo akcrnepumeHTa (CFD-pacuerT).

IIpoBepka pe3yiIbTaToB ONTHUMHU3ALUH
HEHTPOOEKHOI KOMINPECCOPHOI CTYNEHH

[ToaydyeHHbIEe MHXXEHEPHBIM METOJIOM ITPOEKTH -
POBaHUS Pe3yJbTaThl ONTUMU3ALUKN HYKAAIOTCS B
npoBepke. J1J1s1 3TOro ucxomHasi CTyIeHb U CTYTEeHb,
MoJlydeHHasi B pe3yJibrare ONTUMU3ALMU C OCEBOM
JTJTAHOM Zm = 0,28 ¥ ONTUMU3UPOBAHHBIMU Pa3-
MepaMu, yKa3aHHbIMU B Ta0J1. 5, ObLIM pacCUMTaHbI
no CFD-nporpamme NUMECA Fine/Turbo. Jlo-
natoyHbie peuretrku OPK 6bu1n cripoduinpoBaHbl
COrJIaCHO MPMHIMIIAM, BbIPAOOTAaHHBIM U MOJ-
TBEPXKJIEHHBIM B HayYHO-UCCJIEI0BATEILCKOM Jia-
O6opatopumn «lazoBasi AUHaAaMHMKa TypOOMAaIIWH»
OHTMU CIIGITY. BHeurHuii BUa ONTUMU3UPOBAH-
Horo OPK u pacnpeneneHue yrjioB o AjJuHe Jio-
MaTKU MIPeACTaBlIeHbl Ha puc. 3.

CorocraBlieHHe pacCUMTAaHHBIX [0 HOBOI Ma-
temaTudeckoi moaenu u no CFD-nporpamme 3Ha-
yeHuil ruapasnandeckoro KIIJI Ha pacyeTHOM pe-
KMMe TI0Ka3blBaeT XOpollee COBIajeHue:
Nuyn = 87,71%; Nyyapea = 87,46 %. DTO MOXHO
CUMTATh XOPOLLIUM PE3YJILTATOM, MOATBEPKAAOIIUM
MPaBUJIBHOCTb pa3pabOTaHHO HOBOU MaTeMaTu-
YEeCKOM MOJEIU U KOPPEKTHOCTb MPOBEACHHOM
UACHTU(PUKALIVN.

a)B

7z

80

60_BTyﬂKa \

,A/f?_:\
40 el i

CpenHsist TMHUS

20

025 0.500.757

Puc. 3. U3MeHeHMe TonaTOYHbBIX YIJIOB Ha TPEX JIMHUSIX
TOKa 110 JUIMHE MeXKJIONAaTOYHOIo KaHaja (a) U BHEeIIHUM
BU/JI JIOMIATOYHOM pelieTku (0)

CpaBaenune xapaktepuctuk KIIT ncxonHoit n
ONTUMU3UPOBAHHOM CTyMeHU (pUC. 4) TOKA3bIBACT,
YTO ONTUMM3aLNs 1To3BomiIa moBbicuTh KIT/I cTy-
MEeHU Ha BCeX pexkuMax pabOThl CTYMEHU, KpoMe
pexuma MakcumaibHoro pacxona. KIT/ cryneHu
Ha pacuyeTHOM pexuMe mnoBbicuics Ha 1,02 %; mo
Bceil xapakTtepuctuke (9 pexumon padotsl) KITL
MoBbICHIICS B cpeniHeM Ha 0,88 %.

CornocTabiieHne pacuyeTHbIX JaHHBIX 1o CFD-
MporpaMMe u Mo HOBOI MaTeMaTUYeCKOil Mojiesu,
a Tak Ke pe3yiabTaThl ONTUMMU3AINN CTYIIeH! T10-
3BOJISIIOT CJIeJIaTh CJIEAYIONIME BbIBOIbI:

ouenku KIIJI ctrymeHr Ha pac4eTHOM pexKrMe
I10 6-if BEpCUU MaTeMaTUIECKOM MOIETN C MICHTH -
(GpULMPOBAaHHBIM HAOOPOM 3MITMPUIECKUX KOI(P-
¢uumenToB u no CFD-MeTonaM coBnaaaloT ¢ TO4-
Hoctbio 0,25 %:;

MOATBEPKIEeHA BO3MOXKHOCTb 3 (HEKTUBHO OI-
TUMU3UPOBaTh padMepsl 1 popmy OPK u cryrenn
B LI€JIOM MPU UCTIOJIb30BAHUU HOBOU MaTeMaTuye-
CKOM MOZENH.

B 1iesioM 110 pesysnbTaTtaM ncciae1o0BaHus MOXXKHO
3aKJTIOYUTH CIIeAyIoIee:

ONTUMAJIBHBINM pa3Mep BXOTHOTO AUaMeTpa 50
OIpENENIAETCA UCXOs U3 TOrO, YTO mapameTp A,
JIOJIKEH Jiexxath B ripeAenax 0,897—0,914;

ONITMMaJTbHAs BeTMIMHA pa3Mepa l_m  JIEXUT B
npexpenax 0,69—0,75; 3T0 COOTBETCTBYET IMOJIOXKE-
HUIO BXOITHOM KPOMKH MEXIY paguaibHBIM 1 Oce-
BbIM TMOJIOXKEHUSIMU Ha KPUBOJMHEHHOM yyacTKe
OPK;

U3UIITHE JTMHHBIe Wiu KopoTtkue OPK ¢ oce-
BOI MPOTSI)KEHHOCTHIO Zm paBubiME 0,35 1 0,26
Menee a3 dextrBHBI (AN =0,5—0,1 %). OnTrmanb-
HOH JUITMHOM SIBJISIETCS l_,m =0,28.
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Puc. 4. Xapakrepuctuku KIT[ crynenu, nByx3BeHHol ctyreHu 1 OPK

BbiBoabI

Pa3paboTana HOBast, 6-s1 BepCHsi MHXXEHEPHOTO
MEeTOola ONTUMATLHOTO TTPOESKTUPOBAHUS IIEHTPO-
OEXXHBIX KOMITPECCOPHBIX CTYIEHEl, B TOM YUCJIE C
ocepanuaJbHbIMU pabounMu KojecamMu. [Ipous-
BelleHa UIeHTU(UKAIMS MaTeMaTUYeCKO MOIeIN
OPK 1o pe3yiabrataM MOAEIbHBIX U YMCIEHHBIX
3KCMIEPUMEHTOB.

BoinonHeHa ontuMu3alius paboyero KoJjeca ¢
YCIIOBHBIM KoadduimenToM pacxona 0,105 u xo-
adduumrenTom teopernyeckoro Haropa 0,56. Bei-
paboTaHbl peKOMEHAALIMU 10 BLIOOPY OCEBOM ITH -
HBl CTYIIEHU, ITOJOXEHMIO BXOTHOW KPOMKU
JIOTIaTKH1, pa3Mepy BXOAHOTO fruameTpa. PesyabraTsl
ONTUMU3AIMN IIPOBEPEHBI ITyTeM IMPOBEICHUS YUC-
JleHHoro sKcnepruMeHTa B mporpamme NUMECA.

PazpaboTaHHast HoBass BepCUsI MHXKEHEPHOTO
Merona (MeTon YHUBEpCATbHOTO MOICIMPOBAHMS) —
3 (HEKTUBHBIN CITIOCOO pellieHUs 3aJauy Ta30a1MHa -
MUYECKOTO MPOEKTUPOBAHUSI BHICOKOPACXOMTHBIX
LIEHTPOOEKHBIX KOMITPECCOPHBIX CTYIIEHEH ¢ oce-
paauagbHBIMU PAOOUYMMU KOJIECAMU.

Pa6ora BhITIONIHEHA IpU nomuep:xkKe rpaHTta [pe-
suaeHTa Poccuiickoit @enepaninu A1k MOJIOIBIX KAHIA-
natoB Hayk MK-7066.2015.8.
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Ycaoenvie o603nauenusn: b — BuICOTa JIOTIATKU;
D — nuamerp; k — nokasaresib anuabarsl; L, — oce-
Basi mnpotsikeHHocTh OPK; / —pnuHa jnonatku;
M, — uucno Maxa; R — panuyc KpUBHM3HBI; Re —
yucio PeitHonbaca; S — molanb; w — OTHOCUTEb-
Hasi CKOPOCTb ITOTOKA; Z — YMCJIO JIOTATOK; 5, — yrod
MEXIy KacaTeJbHOW K CpelHeil JUHUU JIOMaTKu
pabouero KoJjieca 1 00paTHBIM OKPY>KHBIM HaIlpaB-
JICHHUEM; € — OTHOIIIEHUE TUIOTHOCTEH; 1| — KO3~
(ULMEHT IOJIE3HOIO AeHCTBUS; O — TOJIIIMHA JIO-
MaTKU; T — KO3POUIIMEHT CTECHEHUS, (p — YIOJI
HaKJOHa 0o0pa3ymoleil MOKPHIBAOIIEro AUCKa;
® — ycIoBHBIN KO3(POUIIMEHT pacxoa; Y — YroJ
HaBaJla JIOIAaTKu; ¢ — Koo duuueHt norepb; W, —
K03 GUIIMEHT TEOPETUIECKOTO Haropa.

Ilodocmpounste unoexcot: 0, 1,2, 4 — napameTphl
MMOTOKA U pa3Mepbl KOHTPOJIbHBIX CEUeHU I Ha Tpa-
HUIIE 2JIEMEHTOB MPOTOYHOI YacTU; BT — BTYJIKA;
JI — JIoTIaTKa; MaKC — MaKCMMaJIbHOE; O OrpaHUYU-
Bato1re nopepxHoctu; OPK — ocepaguanbHoe pa-
Oouee KoJsieco; pacy — pacueTHoe 3HaueHue; PK pa-
bouee KoOJIecO; Cp — CpeaHee 3HaYeHUeE;
CM — CMEILIEHUE; TP — TPEHUE; BKCIT — SKCIIePUMEH -
TaJdbHBIN; M — MEpUAMOHAJIbHBIN; A — BTYJIKa;
min — MUHUMAJIbHOE; § — Tiepudepusi.
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Haocmpounvie unoexcvi: ¢ =cfu,, b =b/D, —
HAJCTPOYHAsl yepTa 03HA4YaeT, YTO CKOPOCTb OTHE-
CE€Ha K XapaKTepHOU CKOPOCTU BpallleHUsI, TUHEN -

HBIIA pa3Mep OTHECEH K XapaKTepHOMY IMHETHOMY
pa3Mepy (Hapy>kHOMY 1MaMeTpy pabouero Koseca);
T% — mapamMeTphl TOPMOXKEHHS; W — CKOPOCTD C
YUYETOM CTECHEHMUSI ITOTOKA.
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PACYET MAPAMETPOB XOJOBOM YACTU N'YCEHUYHOWU MALLUUHbDI

A.E. Bazhukov, S.l. Hoodorozhkov

CALCULATING THE UNDERCARRIAGE PARAMETERS
OF A TRACKED VEHICLES

B crarbe npemsioxeHa METOIMKA 10 pacueTy CUJI HaTSKEHUST B CBOOOIHOM U paboueii BeTBsIX 00Boa
¢ yuyeToM necdopMalMy IIapHUPOB TYCEHUIIBI U MOABECKU. [IpuBeneHbl pacueTHbIE CXeMBbI ISt
onpeie/ieHus MapamMeTpoB X010Boit yacTu. OnpeesieHa 3aBUCUMOCTb TEOMETPUU I'YCEHUYHOT0 00BOIa
OT JAaHHBIX CWJI, YIUTHIBAIOIIAS NU3MEHEHHS TIOJIOKEHUSI KOPITyca MaIlIMHbI 11O BBICOTE M YTJTy HAKJIOHA,
a Tak>Ke TMoJIKaTue OMOPHBIX KATKOB.

I'YCEHUYHASI MALLIMHA; XOO4OBAA YACTb; NEPUMETP I'YCEHUYHOI'O OBBOJA; AE@OPMALMA; HA-
TAXKEHUE I'YCEHULI.

This article proposes a method for calculation the forces in free and driving contour branches taking into
account the deformation of tracks’ joints and suspensions. The calculated schemes shows for determining
parameters of the track assembly. The dependence of the geometry of the caterpillar contour on these
forces determined a feature of which is an account of the change of position of the machine body in terms
of height and angle, as well as the compression of the road wheel. A reference calculation was made out
with the example of a tracked vehicle heavy category with rear drive wheel, the results of which presents
in plot form.

TRACKED VEHICLE; TRACK ASSEMBLY; PERIMETER OF THE CATERPILLAR CONTOUR; DEFORMATION;

TRACK TENSION.

Bsenenne

TpaHcnopTHBIe TyceHUYHbIe MalmuHbl (TTM)
MPEICTABISIOT CYLIECTBEHHBIN CEKTOpP B CUCTEME
Ha3eMHbIX 0€3peIbCOBBIX TPAHCIIOPTHBIX CPEICTB.
K TI'M oTHOCSTCSI TYyCEHUYHbIE TPAaHCIIOPTEPHI,
CHETOXO/Ibl, 00JIOTOXO/IbI, a TAKKE MAILLIMHBI CTTELI -
aJIbHOTO HAa3HAUYEHUSI — TaHKU, OOEBble MALIMHbI
MEXO0Thl, MHOTOLICJIEBbIC TIAT()OPMBI Ha TYCEHUY-
HOM XO[y.

XogoBast yactb TT'M, Kyna BXOISIT I'YCEHUUHbBI
JBVKUTEIb U CUCTEMA MOAPECCOPUBAHMSI, 00Iaaa-
€T PSIAOM TIPEUMYIIECTB IO CPaBHEHUIO C XOJOBOM
YacThlO KOJIECHOM MAIIMHBIL. DTO 00Jiee BHICOKHE
MPOXOANMOCTb U TSITOBO-CIIEITHbIE KauecTBa, Mpo-
M3BOAMUTEIILHOCTD, a TAKXKE 00JIee BLICOKASI CKOPOCTh
JBUXKEHUS B TSKEIBIX JOPOXKHBIX YCIOBUSX.

Pa3BuTue u MoJaepHU3alMs XOJOBOI YacTH pe-
anu3yIoTcs 0jaromapsi OOIIMPHBIM TEOPETUIECKUM
U 3KCIePUMEHTATbHBIM UCCAEA0OBAHUSM IO YTOU-
HEHWIO B3aUMOIECUCTBUS ABUKUTEIS C OMIOPHOU
MOBEPXHOCTHIO, BHIOOPY ONTUMAJbHBIX PEKUMOB
paboThI XOI0BOU YaCTU, YCOBEPILIEHCTBOBAHUIO ME-
TOAOB pacuyeTa U KOHCTPYMPOBaHUSI, TPUMEHEHUIO
HOBBIX TEXHOJIOTUYECKUX Y KOHCTPYKTUBHBIX MTPU-
emoB [1-5].

MexaHU3M HaTSKEHUSI TYCEHUII C HalpaBJisiio-
LIMM KOJIECOM BXOIUT B COCTAaB I'YCEHUYHOTO JIBU-
JKUTEJIS ¥ TIpeIHAa3HAYEH /LTSI pEeryJIMPOBaHUS Mpe-
BapUTEJbHOTO HATSKEHUSI TYCEHMIIbI, KOTOpPOe
00YCJIOBIMBAET €€ YCTOMYMBOCTD B 00OBOJIE, YCIIOBUSI
paboThI 3alleTICHUS TYCEHUIIBI C BEAYLIUM KOJIECOM
U HATPY>KEHHOCTH 3JIEMEHTOB XOI0BO# yacTu [6, 7].
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OarH 13 croco00B COBEPIIEHCTBOBAHUS Tyce-
HUYHOTIO ABMXKHUTEJISI — MCIOJIb30BaHUE MEXaH3Ma
aBTOMATMYECKOI0 HaTSIKEHUs ryceHull. JlaHHbIN
MeXaHM3M MO3BOJIUT aBTOMAaTUUECKHU PEryJINPOBaTh
HaTs>KeHMe TYCEHMIIbI B 3aBUCHUMOCTH OT PeXXUMa 1
YCJIOBUI BKCIUTyaTalMu. B HacTosiee BpeMs Ipu
JBUXEHUU MalllMHbI HATSKEHUE JIMOO He perysiu-
pyeTcs, 100 peryampyeTcsl IMCTAaHIIMOHHO MeXa-
HUKOM-BOJUTEIEM, MPUYEM, KaK ITpaBujIo, Ha Ma-
JIOM CKOPOCTH.

ITpu nBukenun TI'M ryceHulia UCIIbITHIBAET
CJIOKHOE CUJIOBOE Bo3jaeiicTBUE. MI3MeHeHue TSITro-
BOU HArpy3ku M CKOPOCTHU IBUXKEHUST TPUBOIUT K
nepepacrpenesieHII0 HaTSKEHUST B BETBSIX 00BOJIA,
a TakKe K M3MEHEHUIO IIMH 3TUX BeTBei |3, §].

J71s1 KoMITeHcaluy TPOBUCAHMSI BETBEI, a TaK-
K€ UBMEHEHU S HATSIKEHUST HE0OXOIMMO TOTIOJIHU -
TEJbHO IMOATSIHYTh I'YCEHUILY C TTOMOILBIO MEXaHU3-
Ma aBTOMaTUYECKOTO HATSIKEHMUSI.

Llenpr maHHO# pabOTHl — MPEAJIOKUTh pacyeT-
HYI0 METOAMKY IO OTpeaesIeHUI0 3aBUCUMOCTU
MEXIY ITapamMeTpaMy XO040BOM YaCTU U peXMMaMU
nBxeHusa TTM.

Onpenesenne HATSKEHUS TCEHHUIT

Cuibl, OEMCTBYIOIIME HA TYCEHUIY B 00BOJeE,
MOXHO pa3Ae/INTh Ha MOCTOSIHHBIE 110 BeJIMUMHE Ha
JaHHOM peKUMe IBIKEHYsI, IPU JAHHOM CKOPOCTH,
HaIpaBJIeHUU U COIPOTUBIECHUM ABUXKEHMIO (T10-
CTOSTHHBIE COCTABJISTIONINE HATSDKEHMST) 1 TTIePEMEH -
HbIe BO BpEMEHU Ha JIl0OOM YCTaHOBUBILIEMCSI pe-
KMMe (IMHaMMYeCKHe cocTaBiistonue) |3].

K MOCTOSIHHBIM COCTaBJISIIOLIUM HaTSIXKEHUS
O0OBIYHO OTHOCSIT: IPeABapUTeIbHOE HATSLKeHUe T -

[es
_\

TATOBOE YCWIIHE P ; HATSKEHHE OT LEHTPOOEKHBIX
cun T . OTH CUITBI JOCTUTAIOT OOJIBLINX 3HAYCHHUI
10 aOCOIIOTHOU BeJIMYMHE U B 3HAUYUTEJIbHON CTe-
MEeHU OTPEAENSAIOT HAarpy>KEHHOCTh 00BO/IA.

B cBoto ouepenb, ryceHUUHbBIN 00BOA ACIUTCS
Ha HECKOJIbKO YYaCTKOB: ONIOPHYIO BETBb [ (uepes
Hee Bec TI'M mepenaeTcs Ha OMOPHYIO MOBEPX-
HOCTb), pabo4yl0 BETBb lp (koTopas nepegaeT CuIy
TSITM U PacroJjiokeHa OT OMOPHOIl BETBU A0 BeIy-
LIIETO KOJIeCa) ¥ CBOOOIHYIO BETBb [ (KOTOpas He
HarpykeHa CUJIOH TSITW U pacroJioKeHa OT Beaylle-
ro KoJjieca 10 OIlopHoit BeTBU). IIpryeM mIMHbBI CBO-
0onHOI 1 paboyeii BeTBeil 3aBUCST OT pacroJioxe-
HUS BeAYLIEro U HampasJisitoliero kojec. Ha puc. 1
rmokasaHa cxeMa 00Bo/ia C 38 JHUM PacroIOKeHUEM
BeJlyIlIero KoJjeca.

ITocTosiHHas cocTaBisitolIasl CUT HATSIKEHUSI B
CcBOOOIHOM BeTBU 00BOJA [4]:

T, = Trlp +T
Cuibl HaTsKeHUS B paboueit BeTBU [4]:
T L= T +P.

B cratnueckoMm mosioxkeHUM, Korjaa ooOBoj, pac-
TSIHYT CUJION TIpeIBapUTEIbHOTO HATSIKEH ST, UTU -
Ha (mepumeTp) S . 00Boja paBHA IIMHE IYCEHUIIbI
(c yueToM nedopMaiy apHUPOB):
TCB + TD

crycl CB Cryclp

S..= Uy +

ryc ’

IJIe Z — YMCJIO TPAKOB B IYCEHHULIE; /  — LUar TpaKa;

€, — YACJIbHAS TIPOJIOJIbHASI KECTKOCTD TYCCHMULIBI.
Kak yxe ckazaHO, IIpY ABUXKEHUN TPOUCXOIUT

rnepepacrnpeaesieHe CUI HaTSoKeHUs! B TYCEHMIIE,

KOTOPOE ITPUBOAUT K U3BMEHEHUSIM IOJIOKEHMSI KOP-

nyca TT'M u reometpuu o6Boga. B pe3ynbraTe BO3-

\

@)

+
+)(+

O

)+

lOl'l

Puc. 1. Yyactku rycenndnoro o6osa: [ — cBoOO1HAs BETBb; IP — pa0ouast BETBb; [ — ONOPHAsd BETBb
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HUKAIOILEH Pa3HULIBI MEXIY IIEPUMETPOM 00BOIA
Y JUTMHOM ryceHuupl (Al =S — Sryc) MOSIBJISIETCS
JIONIOJIHUTENbHASA CUla HaTskenua AT = ¢ Al, rie
€, — XKECTKOCTb TYCEHMYHOTO 00BO/A.

Toraa nefiCTBUTE/ILHOE HATSKEHUE B CBOOOIHOM
BETBU CTAHOBMTCSI PABHBIM
T =T +T —AT.

np I

CB

Onpenenenne nepumMeTpa 0dBoIa

ITepumetp 006BoAA, MpeACTaBAEHHbIN Ha puUC. 2,
MOHO OIpPeAeTUTh Mo hopmyJie

SO6B =S1 +S1H +S101< +Son +
+S890x T8 +85 +85, +5)5,

e S| — UTMHA OXBaTa HaIPaBJISOIIETO (BELYIIETO)
KoJieca; S, — JUIMHA NePeIHEN HAKJIOHHOM BETBU
00Boza; | — JUIMHA OXBaTa IEPEIHETO ONIOPHOTO
KaTKa; S — JUIMHA ONOPHOWM BETBHU; S, — IIMHA
OXBaTa 3aHEr0 OMOPHOIO KaTkKa; S, — JUIMHA 3a/1-
Heli HAKJIOHHOM BETBU 00BO/a; S, — [UIMHA OXBaTa
BEJIYIIETO (HAMpPaBJIAIOLIET0) Kojeca; S, — AInHa
MOCTOSIHHOM YaCTU BepXHEH BeTBM 00BOAa; S| —
JUTTHA TIepeMEHHOM YacTH BepXHell BETBU 00BO/IA.

Ha puc. 3 R, 1 R, — panuychbl pactioIoXeHHOTO
Briepenu (MHAEKC 1) 1 c3agu (MHAEKC 2) BEAYILIETO,
WM HalpaBJISAIoIIETo, Kojieca; R — paanyc ornop-
HOTO KaTka; Y, ¥ Y, — YIJIbl HaKJIOHA MEPEeIHEN 1
3aJHeil BeTBel I'yCEHMYHOro 00BOIA; LoK(i) — pac-
CTOSIHHE OT LIEHTPpa MOJAPECCOPEHHOI MaCcChl 10 OCU
[~TO KaTKa 110 Topu3oHTanu; L, u L, — paccTosiHust
10 IJTMHE OT OCHU PacCIOJIOXEHHOTO Brepeau (UH-
nexc 1) v czaau (MHAeKC 2) BeAyLIEero, Win Harpas-
JISIOIIeTo, KoJjieca A0 OCH TMEepeaHero U 3alHero
Katka; i, n H,, — pacCTOSHUSI 110 BBICOTE OT OCH
pacmooXeHHoro Briepenu (nHaexkc 1) u czanu (MH-
JIEKC 2) BEMyIIEeTo, W HAITPaBJISIONIETo, KOJIeca 10
OCH TIepeTHeTo U 3aTHEro KaTKa.

B niporiecce yBeamueHus1 HATSKEHUS TYCEHUII
MPOMUCXOASAT UBMEHEHMS MOJIOKEHHUSI KOpITyca Mo
BBICOTE M yIJIy HaKJIOHA, a TaKXe MapaMeTpoB XO-
JIOBOI YaCTU: yIJIOB HaKJIOHA BETBEU I'yCeHUII, pac-
CTOSTHUI MEXIy OCSIMU OTMOPHBIX KaTKOB, 0a3bl U
Ta[5,9].

Mcronb3yst cxeMbl, IpeACTaBICHHBIE HA PUC. 2,
3, MOJYYWJIU CIEAYIoLIe 3aBUCUMOCTHU JIJIs1 OTpe-
NeJeHUs] JUIMH OTAETbHBIX YIaCTKOB TYCEHUIHOTO
obBoza:

Sln

SZB

4, s 3
® © 0 o0 o ) >
\ /i
5% N/ \ / S2n
\\NJ SO" ‘\‘/
S lok SZOK
Puc. 2 PacuetrHag cxema JJIA onpeaeJICHUA JJIUHBI TYCEHUYHOI'O O6B0,Z[a
L § ) Lox(i) ) s/
0 = — &— L
‘
f 3 ° H, 0
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1) S, = (n—v,(f))R,, rae f, — xon 1-ro onopHo-
TO KaTKa;

2 2

2) Slu = \/OIAI (fl) _(ROK _Rl) )

2 2
pae 0, =14 () ~Ha (£)':

3) SlOK = Yl(fl)RDK;

4) Son = LOK(])(fi) - Lox(n)(f;l)’ rne LOK(I)’ LOK(n) -
PaCCTOAHMA OT LIEHTpaA HOﬂpeccopeHHoﬁ MacCcChI 10
oceil 1-To U n-ro OITOPHLBIX KaTKOB, f;1 — X0 n-1ro
KaTka,

5) S5 =102 (f, ) = (Ry — Ry ) oime O, =

=\/L2(fn)2_Hk2(fn)2;

6) S, = (- V,(/))R;

7) §,, — BEIMYMHA, 3aBUCALLIAs OT FeOMETpUYE-
CKHMX Pa3MePOB I'YCEHUYHOTO JBIKUATEIS

8) S|, — BENIMYKMHA, 3aBUCALIAS OT MONOXKEHMS
HaIpaBJISIONIEro KoJjeca.

BoJIbIIMHCTBO BEJIMYMH 3aBUCAT OT XOJ0B OIIOP-
HBIX KATKOB, KOTOPBIE OIPEIETISIOTCS CIIEIYIOIINM
ob6pasom [10]:

-f; = AZ + A(pLOK(i)’
rae Az — BEpTUKaJIbHOE MepeMEIleHUE LIEHTPA MO/ -
peccoperHbix Macc TT'M; A — yroJj rmoBopoTa Ipo-
JIOJILHOW OCU KOpITyca, MPOXOASIIEH Yepe3 LIEHTP
MOJPECCOPEHHOI MaCCHI.

Onpezeienne MOJIOKEeHUS KOpIyca

PacueTtHast cxeMa 1151 orpeiesIeHUsI TOJIOXKEHUS
KOpIyca C YYETOM CHJI HaTSDKeHUS TyceHUL (aJist

XOIOBOM YaCTH C 3aJHUM PACITOJIOXKEHNEM BEIYIIIE-
ro KoJjieca) MpuBeIeHa Ha puc. 4.

Koprtyc MammHbl HAXOAUTCS B PaBHOBECHH,
€CJIN yIOBJIETBOPSIETCS YCIOBUE

=

P~Tysiny, ~Tysiny, ~0.5M, g~ M,z =0;

1l
—_

(D

=

2 B Loy =TS+ ThSyn =7, =0.

1

Il
—_

HMuaue, KopItyc CTpeMUTCS 3aHSATh pABHOBECHOE
TOJIOKEHNE C YCKOPEHUSAMU
AP . AM
—_— I/I (P e .
M J

n o

7=

Ecnu 3HauyeHust cyMmmbl cuit AP M CyMMBI MO-
MeHTOB AM He paBHBI HYJIIO, TOTIA MOJYYeHHOE
paccorjlacoBaHue yCTpaHsIeM 3a CUeT IepeMelLeHUsT
KOpIIyca IT0 BBICOTE Z M YIJTy HAaKJIOHA (P, B Pe3YJib-
TaTe Yyero HaXoIuM MpupalleHue X0I0B MOABECOK
[~bIX KATKOB, HOBbIE 3HAYE€HUsI XOI0B f, HOBbIE 3HA~
YEHUs YIIPYTUX CUI P, ¥ T.11.

HeobOxonnmoe 10omoMHUTEIbHOE TIepeMEIeHIE
KOpITyca 10 yIJy HakJIoHa [ 5] HaiineTcst o hopMyiie

n n
AMY ¢; - APZI:CiLOK(i):I
d(P — i=1 i=1 ,

Z[CiLow)Z]i G~ é[c,.LOK(,.)]Z

i=1 i=1

a 1o BeICOTE [5] — mo hopmyie

Lox(i) /I\JH'('[.)

D @)

&~ T

Pl‘ *\‘

Puc. 4. PacueTHas cxema cul, IeiiCTBYIOIIMX Ha XOIOBYIO 4acTh: M — IOAPECCOPEHHAs MACcCa MALUMHBI, § — YCKO-

peHue cBOOOIHOTO MaaeHusl; P, — ympyras cujia NOABECKU, IPUBEACHHA K i-My OIIOPHOMY Katky; T, — cuia, neii-

CTBYIOLLAA B IIepeHEN BeTBM 00Boa; T, — CUila, IeCTBYIOILAsA B 3aAHEH BeTBM 00Bona, S U S — IJIEYd MOMEHTOB

CUJI HATSDKEHMSI TYCEHUII OTHOCUTEIBHO LIEHTPA MOAPECCOPEHHOM MAacChl; # — YKMCJO OMOPHBIX KATKOB Ha OOPT;
J — MOMEHT MHEPLMHU MOAPECCOPEHHON MACChI
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dz =

AP - d(Pz [ciLOK(i) ]
i=l

n
ZC,-
i=l1

HoBoe 3HaueHme Xoa st i-To OITOPHOTO KaTKa:
f=1 + A

B 3aBucuMocTH OT Xoma i-TO KaTka yTOYHsSIeM

3HAYeHUsI JJIMH Y4aCTKOB 00BOJA, YIJIOB HAKJIOHA

TYCEHULbI Y, U Y, U ONPEIENAEM HOBBIE 3HAYEHUS

TMpupalieH1e CTATUYECKOTO XO/IA /s i-To KaTka: ~ CYMMBI CUT AP 1 cyMMbl MOMEHTOB AM.
A =dz+ L, do.

T
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Ilpu nocTrKeHUM 3aJaHHOW TOYHOCTU Z 1
pacyeT MOXHO 3aBEPIIATH.
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Puc. 5. 3aBucMMOCTb HaTSKEHUS B CBOOOIHOM BETBU 00BO/IA OT CUJIBI TATU
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Puc. 6. 3aBUCMMOCTb HATSIKEHUS B CBOOOIHOIT BeTBX 00BOIA OT CKOPOCTHU IBUXKECHUA
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JIaHHBII METO/ TO3BOJIMIT ITPAKTUYECKHU TTOCTIE
TpeX-4eThIpeX MPUOIVKEHUI TOJTYIUTh HEOOXOIM -
MBbI€ 3HAYEHUST TTApaMETPOB XOIOBOM YaCTH.

Pesynbsrarsl pacyeTa KOHTPOJILHOTO MpUMeEpa

B kauecTBe npumepa poBeAeH pacyeT mapame-
TPOB XOIOBOI YACTU TYCEHUYHOM MAIIIMHBI, OTINCA-
HUE U TEXHUYECKUE XapaKTepUCTUKU KOTOPOii ITpy-
BelleHbI B myoauKauyu [11].

PaccMoTpeHo npsiMOJIMHEHOE ABMXKEHUE Ma-
IIHBI TIPY PA3TMIHBIX PEXKMMaXx IBIKeHUST. Pesyb-
TaThl pacyera, a UMEHHO HaTSKEHME B CBOOOIHOI
BETBU 00BOIA OT CUJI TSTH U CKOPOCTHU IBVKCHUS,
MpeICTaBJICHbI B BUIE IpadMKOB Ha puc. 5, 6.

Kax BumHO M3 rpadmKoB, ABIDKEHHE B TSKEITBIX
JIOPOXHBIX YCJIOBUSIX JTU C BBICOKOI CKOPOCTBIO CYIIIE-
CTBEHHO CHITKAET HAaTsSDKeHE CBOOOIHOM BETBM 00BOIA.
TTpuuem BMsIHYE CUIIBI TSTH OOJIee CYIIECTBEHHO.

OcHoBHbI€ BbIBO/IbI H PEKOMEHIAIMH MOXKHO 13-
JIOKUTD CIEAYIOIINM 00pa3oM:

DakTUIECKU IepuMETp 00BOAA OTIINYAETCS OT
IJIMHBI ryceHU1bI. [IpemioxeHHass METOIMKA 1103~
BOJISIET OTPA3UTh CBSI3b MEXKIY CHJIAMU, I€CTBYIO-
IIYMMU B 00BOJEe, M 3HAUCHMEM IepruMeTpa 00BoIa
¢ yueToM JedopMaliii IIAPHUPOB U MOIBECKU.

OT1nnuneM NpeioKeHHOM METOAVKH SIBIISIETCS
yU4eT BBICOThBI IOJIOKEHMSI KOPITyca MAaIllUHBI U yTia
€ro HaKJIOHA B 3aBUCUMOCTH OT CUJI, JEMCTBYIOLIMX
B 00BOJIE.

ITpyMeHeHre METOOVKHM pacyeTa ITO3BOJISIET LIS
KOHKPETHOI MaIlIMHbBI B 3aJaHHBIX YCIIOBUSIX IBU-
JKeHMST OLICHUTh 3HaYeHUe ITOTPeOHOro IpeaBapu-
TEJIbHOTO HATSKEHUS TyceHULIBL. Takas olieHKa JaeT
BO3MOXHOCTb MEPEUTH K IIPOSKTUPOBAHUIO MeXa-
HU3Ma aBTOMATUUYECKOTO HATSIKEHMSI TYCEHUIL U
pa3paboTKe aJropuTMa yIpaBJIeHUs] HATSKEHUEM.
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HNUKIMYECKHUE IMTPOLHECCBI I CMEHA
TEXHOJIOTHYECKHUX IVIAT®OPM: BbI3OBbl U PEIHHIEHUA

T. Devezas, V.V. Korablev, A.l. Sarygulov

CYCLIC PROCESSES AND SHIFT OF TECHNOLOGY PLATFORMS

HepaBHOMepHBIiT XapaKTep TeXHOJIOTMYECKOTO Pa3BUTHS M HU3KKE TEMITbl 5KOHOMMUECKOTO POCTa B
Pa3BUTBHIX CTpaHaX MUpa — TPEBOXKXHbBIE CUMIITOMBI MUPOBOTO pa3BUTHsI Ha pyoexke XX — XXI Bekos.
TTpopbIBHBIE TEXHOJIOTUM M HOBBIE MaT€PUaJIbl, a TAKXKE MCTOUHUKM SHEPTUH ellle He CTaI O0bEKTOM
MPUCTATbHOTO BHUMAHUS CO CTOPOHBI YacCTHBIX MHBeCcTOpPOB. CollMajibHbIE ITOCEICTBUS
WCIIOTb30BaHMSI HOBBIX TEXHOJIOTHI M MaTepUalloOB TTOKa He OlleHeHbl YueHbIMU. CUCTEMHOE M KOM-
TUIEKCHOE MCCJIEIOBaHE 9KOHOMUYECKHUX, KOJIOTUYECKUX U COLMAIIBHBIX TTOCIESICTBUI IIMPOKOTO
TTPOMBIIIUIEHHOTO MCTIOb30BaHMsI 0a3MCHBIX TEXHOJIOTHiT TiepBoii moloBUHBI X X1 BeKa T0JKHO cTaTh
OJIHUM M3 OCHOBHBIX HAIlpaBJIEHU MTPU OLIEHKE OYIYIINX CTPYKTYPHBIX U3BMEHEHUI B IIPOMBIIIICH -
HOCTH, TPAHCITOPTHOM MHGMPACTPYKTYPE U 3aHATOCTH.

MPOPBIBHBIE TEXHOJIOT'MHW; HOBAA ITPOMBILIIJIEHHOCTb; CTPYKTYPHBIE CABUI'Y; HUKJIIMYECKHE
M3MEHEHUMA; COHUAJIBHBIE ITOCITEACTBHA.

Uneven technological development and slow economic growth in the developed countries is a troubling
symptom of global development at the turn of the century. Breakthrough technologies and new materials
and energy sources have not yet become the object of attention from private investors. The social
consequences of the use of new technologies and materials have not yet been evaluated by scientists.
A systematic and comprehensive study of the economic, environmental and social impacts of a wide
industrial use of basic technologies of the first half of the XXI century should become a major focus in
the evaluation of future structural changes in the industry, transport infrastructure and employment.

DISRUPTIVE TECHNOLOGIES; NEW INDUSTRY; STRUCTURAL SHIFTS; CYCLICAL CHANGES; SOCIAL
CONSEQUENCES.

«IIpoueccol r1o6anu3alny He TOJIbKO CII0C00-
CTBOBAJIM OTKPBITUIO 3KOHOMUYECKUX TPAaHULI, HO
U cieNain JOCTYIIHBIMU JIJIsI MHOTMX CTPaH caMble
repenoBbie JOCTUXKEHUS B MUH(OPMaLIMOHHO-KOM-
MYHUKAIMOHHBIX TexHoJorusax. [lociemHee cyie-
CTBEHHO M3MEHMJIO CKOPOCTh OOMeHa MH(POpMaLIU-
el M XapakKTep KOOIepPallMOHHBLIX U TOPTOBBIX
cBsi3eil. BMecTe ¢ Mo1oXXuTeIbHBIMU pe3yJibTaTaMu
MPOLECCHI TJI00aIN3aluy CO3MaJIN YCIOBUSI U JJIS
OBICTPOro pacHpOCTpaHEHUSI S9KOHOMUYECKUX U
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(UMHAHCOBBIX KPU3UCOB, IPUJIAB, IO CYILLECTBY, CUH-
XPOHHBII XapakTep BOJHOBBIM IpolieccaM B pa3-
JIMYHBIX perMoHax Mupa. dpyroit ocoOeHHOCTHIO
COBPEMEHHOT0 3KOHOMUYECKOT0 Pa3BUTHUS CTAHO-
BUTCS KAY€CTBEHHO HOBAsI POJIb TEXHOJIOTUYECKOM
U OTpacjeBOM CTPYKTYypbl 3KOHOMUKU. ba3ucHsbie
MHHOBALIMU HOBBIX IIPOMBIIIIEHHO-TEXHOJIOINYE -
CKUX ITJIaT(OPM ellle He CTaJIM O0BEKTOM MPUCTATb-
HOTr0 BHMMAaHUS WHBECTOPOB, a HALIMOHAJIbHBIE
5KOHOMUKU HAXOASITCS B pa3IUYHbIX (pazax cTpyK-
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TYPHOI TOTOBHOCTH, YTO OOYCIOBIMBACT ACHXPOH -
HBI XapakTep 9KOHOMUYECKOIOo U TeXHOJOrnYe-
cKoro oOHOBJeHHsI». MIMEHHO TaKyl OLIEHKY
COCTOSIHUSI COBPEMEHHOI MUPOBOI 3KOHOMUKU
Jany ygacTHUKH 11-ro MexxayHapomHOro ceMruHapa
«ba3ucHbIe TEeXHOJIOTUU MEPBOM MOJOBUHBI XXI
BeKa (CTPYKTYPHO-LUMKINYECKUIA aHAINA3)», TIPO-
wenmero 1—2 oxkrsa6pst B Cankr-Iletepoypre. Op-
ranmsatopaMu ceMuHapa crtaaun CaHKT-
[MeTepOyprckuii MOJUTEXHUYSCKUI YHUBEPCUTET
I1erpa Benukoro, LlenTp (pyHIaMeHTaIbHBIX KCCIIE-
JIOBaHUI TTPOLIECCOB Pa3BUTKS 9KOHOMUKHU Poccun
Cankr-IleTepOyprckoro rocygapcTBEHHOTO 3KOHO-
MU4ecKoro yuuBepcutera 1 komnanust «<MENSCH
MEDIA LLC» (CIHA). Cemunap ObLIT IIpOBEIEH B
paMkax nmpoekTa «CTpyKTypHO-1IUKJIM4ecKasi mapa-
JUTMa SKOHOMWYECKOTO U TEXHOJIOTUIECKOTO 00-
HosieHus1 (Mup u Poccus B mepBoii mojorHe XXI
BeKa)», (pMHAHCHUPYEeMOro Ha OCHOBe IpaHTa 14-28-
00065 Poccuiickoro HaygHoro oHza.

Bomnpocam s3KoHOMHMUYECKOTO IMTOTEHIIMAA TIep-
CMHEKTUBHBIX MPOPBIBHBIX TEXHOJIOTUI, KOTOPbIE
MOTYT COCTaBUTh OCHOBY HOBOT'O TEXHOJIOTUUECKO-
ro ykJjajaa, ObLT MOCBSIILIEH COBMECTHBIN JOKJaL
nHoctpaHHoro wieHa PAH A.A. Akaesa (MI'Y um.
M.B.JIomoHOoCOBa) 1 wieHa-Koppecnonaenta PAH
A.N. Pyackoro (CIIOT'ITY). Oco60 6bl1a oTMEUEeHA
posab NBIC- TexHo0ornii Kak 6a3mcHOrO siipa, CIio-
COOHOTO 00eCTIeYNTh CUHEePTreTUIeCKUit 2(eKT 1
KauyeCTBEHHO HOBBIIi POCT MUPOBON SKOHOMUKH.
Onupasich Ha JaHHbIE CPEIHECPOUYHOTO MTPOTHO3a
HauunoHanbHOM HaHOTEXHOJOTMYECKON MHUIMA-
tuBbl CIIIA, aBTOpHI HOKJIama IMOCTPOMIINA AOJTO-
CPOYHBI MPOTHO3 AMHAMUKU OOBbEMa BBINyCKa
VHHOBALIMOHHOM TPOAYKIIUM U YUCJICHHOCTU HO-
BBIX pabouynx MecT, co3naBaeMbix B CIIIA u mupe,
YTO XapaKTepU3yeT SKOHOMUYECKUI MOTECHIIMAT
NBIC-texnonoruii. Jlokiaaa TakKe coaepKajl aHa-
JU3 couuailbHBIX mociaenctsuit NBIC-
TEXHOJOTMYECKON PEBOTIOLIMU B YACTU 3HAYMTEIIb-
HOTO COKpaIlleHUs pabOUMX MECT, 3aHITBIX CPEIHUM
KJIACCOM, M3-3a TeXHOJIOTMUECKOIro 3aMelIeHUs,
BBI3BAHHOTO IpsiaylInM nosiBiaeHuemM ¢ 2020-ro 1o
2025 rog yMHBIX po6oToB, a mocie 2030 roga — Ko-
THUTUBHBIX (MHTEJJIEKTYaIbHbIX) KOMITBIOTEPOB.
DTO HOBOE SIBJICHUE, TI0 MHEHUIO aBTOPOB JOKJIa/1a,
CO3[AaCT IJIsI MHOTUX CTPaH COLUAIbHO-TIOJIUTHYC-
CKYI0 Mpo0yieMy, TIyTHU MPAKTUYECKOTO PeLIeHMS
KOTOPOU CETONHS €11e HE ONPEIETICHBI.

JleiicrBurenbnblii wied PAH 10.B. I'vases (n-
CTUTYT PATHOTEXHHUKH M JJEKTPOHUKH WMEHH

B.A. Koreabnukosa PAH) mocBsiTvI 10K/1a1 BONPO-

caM MPaKTUYECKOTO MCIOJIb30BaHUS TOCTUKEHUI
byHmameHTaIbHOI HayKW. bymydm omHIM M3 CO3-
JaTesieil TakKuX COBPEMEHHBIX HayYHbIX HaIlpaBJsie-
HUIA, KaK aKyCTO2JIEKTPOHUKA, aKyCTO-OITHKa,
CIIMH-BOJIHOBASI JIEKTPOHUKA U OMOMEIUIIMHCKASI
pamno3JIeKTPOHUKA, OH aJl Pa3BepHYTYIO KapTUHY
MPaKTUUECKOI peaylu3allui HaydHbIX Ul Ha IpU-
Mepe pamTrnoPU3NIeCKNX METOIOB METUIIMHCKOM
JNIMAarHOCTUKU U JieueHus yesoBeka. B yactHocTH,
OBLTN TOJIOKEHBI KOHKPETHBIE Pe3yIbTaThl paHHEe
JMIUAarHOCTUKU CEPAECYHO-COCYAUCTBIX U OHKOJIOTU-
yecKux 3a0oeBanuii. Akagemuk FO.B. [ynsies oco-
00 MoAYEPKHYJ, YTO CYLIECTBYIOLIMI HAyYHbII 3a-
el IO3BOJIsIeT co3daTh B Poccum KOH-
KYPEHTOCITIOCOOHBIE OTPACIU TPOMBIIILIEHHOCTH T10
IIPOM3BOJICTBY BHICOKOTEXHOJOTMIECKOTO MEIM-
LIMHCKOTO JUAarHOCTUYECKOro 000py10BaHMUS.

IIpocdeccop Bb./I.JI. Beppu ¢ coaBTopamMu u3
School of Economic, Political and Policy Sciences at
University of Texas in Dallas (USA) paccMmoTpeit rep-
CIIEKTHBbI aMEPUKAHCKON 9KOHOMUKH K CEpeIuHE
XXI Beka. OH npeackasai, 9To 09epeaHon cTargisi-
LIMOHHBII KpU3KUC TTpon3oiiaeT okojo 2035 roaa, 3a
KOTOPBIM TTOCIIENyeT KJIacTep MHHOBAIIMIT — HOBast
TEXHOJIOTUYECKAsl PEBOJIOLMS B CIEAYIOLIEM AeCsI-
TUJIETUN, KOTOpas MPHUBEIET K eIlle OMHOM CMeHe
MapaaurMbl Kak B 9KOHOMUKE, TaK U B OOIIECTBE.
OH TaKKe YTBEPXKIal: TPUPOAA TEXHOJIOTUISCKIX
PEBOJTIONNIA, U3MEHSIOIIMX MMapagurMy, COCTOUT B
TOM, 9TO B Ha4Yajie UMeeT MECTO IEJIBIif OYKeT alb-
TEPHATUB, U Mbl HE MOXEM IpeAyraaath, Kakas U3
HUX CITYIUTCS.

IIpodeccop Teccaneno J/lese3ac ¢ coapropamu
(University of Beira Interior, Portugal) npoananusu-
poBaj NMpeodpazoBaHUe KOCMUYECKON MPOMBIIII-
JIECHHOCTH B CBETE HOBOM pHIHOYHO-OPHUEHTHPOBAH -
HOI CTpaTeruM pa3BUTUs KocMoca B IEepBOM
rmostoBuHe XX Beka 1 e BIMSHUS Ha COLIMOIKOHO-
MMYECKOE OKPYKEHHUE.

HeiicrBurennnbiii ywien PAH M.II. @enopos
(CIIOI'TIY) B cBOoeM O0KJIa[e PACCMOTPES BOIIPOCHI,
CBSI3aHHBIE C YPOBHEM DPa3BUTHSI TEXHOJOTUN M
obecreyeHus 9KOJIOTnYecKoit 6e30MacHOCTU, Ha
IIpUMepe CEKTopa 3JIeKTPOIHEePreTUKH. B yacTHO-
CTH, Obl71a OTMEUYEeHa HeOOXOUMOCTh MPOEKTUPO-
BaHMS CJIOKHBIX 3aIIIUTHBIX CUCTEM, KOTOPBIE TOJTK-
Hbl 00iafaTh OoJiee BHICOKON HAleXHOCThIO B
CpaBHEHUH C CaMBIMU COBpEMEHHBIMU TEXHOJIOTH -
SIMM, MCTIOJIb3YEMBIMU B OYHKLIMOHUPOBAHUU CAMO-
TO XO3SHMCTBYIOIIETO 00BEKTA.
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Hoxnan npocdeccopa B.P. Tomnicona ¢ coaBropavu
u3 YauBepcutera mrara Vinauana n Konkopaus Koi-
Jemka (CIIIA) ObuT OCBSIIEH aHAIU3Y SHEPTETUKMU.
HeobxomumocTs cHikeHust Boiopocos CO, npuseaer
K MOSIBJICHUIO HOBOIO KJIACTepa TEXHOJOTMYECKUX
WHHOBALMIA, KOTOPBIE OYIyT CKOHLIEHTPHUPOBaHbI BO-
KPYT pelleHus 3TOM ITpo0IeMbl, YTO BKJIIOYAET B CeOsl:
TpaHchopMaLIMIO YIJIst, He(TH U IPUPOIHOTO ra3a Tak,
4TOOBI OHM OBbLI HAMHOTO 00J1€€ 3KOJIOTMYHBIMU 1C-
TOYHMKAMM IHEPTUU; OOJIBIIYIO OMOPY Ha AJIEKTPH-
YeCTBO U BO30OHOBISIEMBIE MUCTOUHUKN SHEPIUU;
CYILIECTBEHHOE CHWKEHUE 3aBUCUMOCTHU OT TpaHC-
opTa Ha yIJIEBOOOPOIHOM TOILUIMBE M YBEIMYECHUE
3aBUCUMOCTH OT 2JICKTPUYECTBA Y BO3OOHOBJISIEMbIX
MCTOYHMKOB 3HEPruu, BKII0YAsk TPAHCIIOPT.

[TepcniekTuBam pa3BUTHSI KBAHTOBBIX BBIUKCIIE-
HUI ¥ MX UCTIOIb30BaHMS B MEIUIIMHE ObLIT ITOCBSI -
meH nokian npodeccopa H.T. Barpaesa (®usuko-
TexHm4ecKuii HHCTUTYT uMenn A.®@. Uodde PAH).
Posib KBaHTOBBIX BBIYMCICHUM IS MHHOBALIMOH-
HOTI'O pa3BUTHS OblJIa paCCMOTpPeHAa B paMKax ¢op-
MMPOBaHUS IIECTON KOHAPATbeBCKOM BOJHBI. Oc-
HOBHOE BHHMMaHHE B MOOKJaae YyAeJleHO
BO3MOXKHOCTSIM MPAKTUYECKON peaiu3aluu KBaH-
TOBOTI'O KOMIIbIOTEPA, BBIIOJIHSIOLIETO OIepaluu
MpY KOMHATHOM TeMIiepaType, U COBMEIISHHBIX C
HUM YCTPOMCTB TeparepueBoi ImepcoHUPUIMpo-
BaHHOU MeauIIMHBI. B KauecTBe UX OCHOBHI Mpe/-
JIOXKE€HBI KpeMHUEBbIe HAaHOCAHABNYH, IEMOHCTPH -
pylollre KBaHTOBYO JIECTHUILY ITPOBOJIMMOCTH IMPU
KOMHATHOM TeMIIepaType, KOTOpast COIIPOBOXKAACT-
Csl U3JyYEeHUEM B TepareplieBOM JMaria3oHe 3JIeK-
TpoMarHuTHoro cnekrtpa. [Ipaktnaeckas peanmsa-
LU Ppa3IMYHBIX KOMIIOHEHT KBaHTOBOTO
KOMIIbIOTepa (TaKux, KaK KBAaHTOBBII PETUCTP, CO-
CTOSILLIMI U3 TTOCJIEI0BATEIbHOCTU MHTEP(EPEHLIM -
OHHBIX CITMHOBBIX TPAH3UCTOPOB) CTajla BO3MOXKHOM
Osarogapsi UCMOJb30BaHUIO TTPpU (DOPMUPOBAHUU
KBaHTOBBIX KAHAJIOB IIPUMECHBIX CUCTEM C OTpHUIIa-
TEJILHOW KOPPEISILIMOHHON 3HEPTUEA.

Hoxnan npodeccopa I A. Typuuuna (Poccuiicko-
repMaHCKuii eHTp Ja3epHbix TexHoJoruii CIToI'TIY)
OBLT TIOCBSIIEH NEePCIEeKTUBaM MCIOIb30BaHUS B
MPOMBIIIJIEHHBIX MaclITabaxX TEXHOJIOTUIA TTOCTOM-
HOro cuHTe3a. B mepcrnekTruBe pa3BuTHE TAaKUX TEX-
HOJIOTU CITOCOOHO KapAWHAIbHO UBMEHUTh CTPYK-
TYpY, CHCTE€MBbI YyIIpaBJIeHUS U OPTaHM3ALNIO
MPOMBILIJIEHHOTO MPOU3BOACTBA, B YACTHOCTU B
pe3ysbrate co3gaHus «MHTeP(ENCHBIX» CXeM IIPO-
M3BOJCTBA U Koomepaluu. Takasi cuCTeMa OpraHu-
3aL1MM IIPOU3BOACTBA MOXKET IPUBECTH K TITyOOKIM
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CTPYKTYPHBIM U3MEHEHUSIM B SKOHOMUKE 1IEJIOM,
€03JaTh MPUHLUITMATIBLHO HOBbIE paboune nmpodec-
CHUU U OJHOBPEMEHHO 00OCTPUTDH BOMIPOCHI 3aHSTO-
CTU BCJEACTBUE BBICOKOTO MHTEJJIEKTYaJlbHOTO
YPOBHS OyIyIIMX NPOU3BOICTBEHHBIX CUCTEM.

HoBoJi TexXHOJIOrMuecKot peBOJIOLUUU U TJIO-
0aJbHOMY CTapeHWIO HACEJEHUSI B YCIOBUSX 1le-
CTOI KOHJpaTbeBCKOU BOMHBI (K-BOMHBI) ObLIT TTO-
CBsIIllEH COBMECTHBIN JokJian mpodeccopa
A.B. KoporaeBa (MuctutyT BocrokoBenenus PAH),
npodeccopa JI.E. Ipununa (HIY BIIID), nounenra
A.JL. Tpunnna (Boarorpaackuii EHTP COIMATbHBIX
uccJenoBanmii). B moxnane Ha 6ase Teopuu MpUH-
LIMTIOB TTPOM3BOACTBA U MPOU3BOACTBEHHBIX PEBO-
JIIOUMKA Oblla TOKa3zaHa B3aMMOCBSI3b MEXIY
K-BosiHaMM U KPYMHEHRIIMMHU TEXHOJOTMUYECKUMU
MepeBOpOTaMU B UCTOPUU, & TAKKE TaHbI TPOTHO3BI
ocobOeHHocTel 1mecToil K-BoJIHBI B CBETE UAYIIEH C
1950-x rogoB KMOepHeTHUYECKOI peBomonuu. I1o
MHEHUIO aBTOPOB JOKJIa/1a, 111eCTast KOHApaTheBCKasi
BostHa B 2030—2040-X rogax coIbeTcs ¢ 3aBepllao-
meit ¢a3oil KNOepPHETUYECKOIM PEBOJIIOLIMHA. DTOT
rnepuos OyaeT XapaKTepu30BaThCsl MPOPHIBOM B Me-
JTUIMHCKUX TEXHOJIOTUSIX, KOTOPBIE CMOTYT O0BEIM-
HUTb BOKPYT €€0s1 MHOTO APYTMX TEXHOJIOTMI U B
1esioM coctaBaT Komruieke MBbHPUK -texHomornit
(MenuKo-010-HaHO-pOOOTO-UH(MO-KOTHUTUBHEIE
TEXHOJIOTHM).

Bornpocbl HepaBHOMEPHOTO TEXHOJOTUUECKOTO
Pa3BUTHS 1 ACUHXPOHHBIX 9KOHOMUYECKUX LIMKJIOB
ObLJIM pacCMOTpPEHbl B JOKJaje mnpodeccopa
B.H. CoxkomnoBa (LleHTp dpyHaamMeHTAIBHBIX HCCJIE-
JIOBAHUI MPOIECCOB PA3BUTHSA IKOHOMUKH Poccuu
CIIoI'DY). OcHoBOl HEpaBHOMEPHOT'O TEXHOJOTH -
YeCKOro pa3BUTHUSI, IO MHEHUIO TOKJIAAUMKa, SIBJISI-
eTcsl HepaBHOMEPHOCTb B (DUHAHCUPOBAHUU (DYH-
naMeHTalbHbIX ucciaenoBaHuit 1 HUOKP. Ha
OCHOBE OOILLIMPHBIX PETPOCTIEKTUBHBIX CTATUCTHYE-
ckux gaHHbIx 1o crpaHaM OOCP u BPUKC 6bu1n
MOKa3aHbI TPAEKTOPUM TEXHOJIOTMUYECKOTO Pa3BUTUS
9TUX CTPaH U, B YaCTHOCTHU, BbIJAEIEHbI MMEPUOIbI
3aMMCTBOBAHUS TIPOMBIIIIEHHBIX TEXHOJOTUIA.
Oco000 ObLIa OTMEYEHa POJIb KOPIOPATUBHOTO CEK-
Topa B (D)MHAHCUPOBAHUU HAyYHBIX pa3paboOTOK,
KOTOpasi UMEET SIBHYIO TEH/IEHLIUIO K TTOBBILIIEHUIO.
HepaBHOMEPHOCTb TEXHOJOTUUYECKOTO Pa3BUTHS
00yC/IOBJIMBAET TOSIBJIEHUE KAYECTBEHHO HOBBIX
MpoILeccoB Npu (POPMUPOBAHUU SKOHOMUYECKUX
LIMKJIOB, IIpMIaBasi UM aCUHXPOHHBIN xapakTep. O0-
palliasi BHUMaHu1e Ha nmocyieacTBUs Benukoii penec-
cuu 2007—2009 rogoB, 1OKJIaTUMK MOTYEPKHYJI, YTO
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Iaxe B YCIOBHAX TI00aNMM3allii, KOTIa MHOTHE
SKOHOMMYECKHE MPOLIECChl UMEIOT TEHACHIIMIO K
CUHXPOHM3AINN, aCHHXPOHHOCTD IIMKJIOB Ha MEXK-
CTPAaHOBOM YPOBHE CITOCOOCTBYET CMSITUYEHUIO TTO-
CIIeACTBUI (DMHAHCOBO-9KOHOMWYECKUX KPU3UCOB.

Y4acTHUKU ceMUHapa chopMyIupoBaiv MOBECT-
KY ITHSI CJIEMYIONIei, yKe TPeThelt 10 CYeTy, MEeXKITy-
HapoaHo# KoH(epeHLU: «[IpopbIBHBIE TEXHOJIOTUN
XXI-ro Beka: MaTeprajIbl U 9HEPIeTUICCKIE ITOTPEO-
HOCTH, HOBasl MPOMBILIJIEHHAsI CTPYKTYpa U TpaHC-

opMalrst CoMaTbHO-3KOHOMUIECKOI CUCTEMBI».
B xauecTBe OCHOBHBIX T€M I OOCYXICHUS OTpe-
JIEJICHBIL: a) HOBbIE TEXHOJIOTMU Y MaTepHaJbl; 0) TeX-
HOJIOTMYECKUE KJIaCTephl; B) SHEPreTUKa U OKpyxKa-
omast cpena; r) Hu@poBas SKOHOMUKA; [)
colMaibHbIe MOCAEICTBUSI HOBOU TeXHOCHEPHI.

OrmpeneneHbl TaKXKe CPOKU M MECTO TIPOBEICHMS
caenytoleit KondepeHuuu: maii 2016 roga, CaHkT-
[leTepOyprckumii MONMMTEXHUIECKUI YHUBEPCUTET
ITetpa Benukoro.

CBEAEHUA Ob ABTOPAX/AUTHORS

JTEBE3AC Teccaneno — nmpodeccop Yuusepcurera beitpa Muatepuop (ITopryranmst).
Rua Marqués D’Avila e Bolama. 6201-001 Covilha. Portugal.

E-mail: tessalen@ubi.pt

DEVEZAS Tessaleno — Universidade da Beira Interior (Portugal)
Street Marquis D’Avila and Bolama. 6201-001 Covilha. Portugal.

E-mail: tessalen@ubi.pt

KOPABJIEB Baaum BacuabeBuu — TOKTOp (DM3MKO-MaTeMaTHUYECKHUX HayK ITPOdeccop COBETHUK peKTopa
Cankr-IletepOyprckoro noautexHuyeckoro ynusepcureta [letpa Benukoro.
195251, Poccus, r. Cankr-IletepOypr, [Toautexuuueckas yi., 29.

E-mail: korablev@spbstu.ru

KORABLEY Vadim V. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.

E-mail: korablev@spbstu.ru

CAPBIT'YJIOB Ackap MciamoBud — TOKTOp SKOHOMUYECKUX HAyK CTaplIdii HaydHbIN cOTpynHUK CaHKT-
TTeTepOyprckoro rocyaiapCTBEHHOTO apXUTEKTYPHO-CTPOUTEIHLHOTO YHUBEPCUTETA.
190005 2-ast KpacHoapmeiickas 4, Cankr-IlerepOypr, Poccust.

E-mail: asarygulov@Ilan.spbgasu.ru

SARYGULOYV Askar I. — Saint-Petersburg State University of Architecture and Civil Engineering.
190005, Vtoraya Krasnoarmeiskaya 4, Sankt-Peterburg, Russia.

E-mail: asarygulov@Ilan.spbgasu.ru

199



* HayuHo-TexHunyeckue BegomocTyt CaHKT-TeTepbyprckoro rocyfapcTBEHHOIO MOIUTEXHUYECKOTO yHuBepcnTeTa. 4(231)2015

DOI 10.5862/JEST.231.22
YOK 004

A.N. [lemudoB

AKAJEMUK BACU/TUA MUXAWUJIOBUY CEBEPTUH
(K 250-7IETUIO CO AHA POXXAEHUA)

A.l. Demidov

ACADEMICIAN VASILIY MIKHAILOVICH SEVERGIN
(FOR THE 250" ANNIVERSARY OF HIS BIRTHDAY)

O4epK MOCBSAIIEH XU3HM, eIaroruiyecKoii 1 HayYHOM AesITeTbHOCTH PyCCKOTO MUHEpaJiora M XMMUKa,
akaneMuka MmrmepaTopckoii poccuiickoit akagemuu Hayk (¢ 1793 r.) B.M. Cesepruna. Hayunsbie
paboTsl CeBepruHa MOCBSIIEeHB MUHEPATOTUN, XUMHUH, METAJUTYPTUN Y XUMUIECKON TEXHOJIOTHH TOTO
BpeMeHU. PazBuBasl xuM1yecKoe HampaBieHUe B MUHEPAJIOTUH, CUMTAasl IJIABHOM 3aaueii 9Toi HayKu
HCClieOBaHKME COCTaBa ¥ CTPOCHUST MUHepaioB. OMHUM U3 TTepBbIX B Poccuu cTait mpomnaraHaupoBaTh
KUCJIOpOaHYI0 Teoputo ropeHust A.JI. JlaByaswe. Cnenan 0630p KHUT, HanmucaHHbIx B.M. CeBepruHbiM,
B 00J1aCTH XUMUIECKOM TEXHOJIOTUM U METAJUTYPTUU, B YaCTHOCTH KPYITHBIM TPy yueHoro «HauepraHue
TEXHOJIOTMM MUHEPATLHOTO LIAPCTBA».

CEBEPI'MH B.M.; MUHEPAJIOTUA; XUMUA; METAJUTYPTUA; XUMUWYECKAA TEXHOJIOT'UA.

This feature article is about the personal life, educational and scientific work of V.M. Severgin, a Russian
mineralogist and chemist, academician of the Russian Imperial academy of science (from 1793). His
scientific treatises are dedicated to mineralogy, metallurgy and chemical technology of the time. He
developed the chemical area of mineralogy, considering the investigation of chemical composition and
structure of minerals the main task of mineralogy. Severgin was among the firsts in Russia who advocated
de Lavoisier’s theory of oxygen combustion. The books written by V. M. Severgin in the field of chemical
technology and metallurgy, in particular, the comprehensive work of the scientist «A tracing of technology
of the mineral kingdom» have been reviewed in the paper.

SEVERGIN V.M.; MINERALOGY; CHEMISTRY; METALLURGY; CHEMICAL TECHNOLOGY.

Bacunuii MuxaiinoBuu CeBepruH poauics B 8
(19) centsa6pst 1765 roma B IleTepOypre B ceMbe
BOJIbHOOTITYLIEHHOT'O IPUBOPHOTO My3blKaHTa [1].
[TepBoHauanbHOE OOpa3zoBaHUE MOMYYWI AOMA, B
aKaJeMUYECKYI0 TMMHA31I0 MOCTYIIWJI B BO3pacTe
OJIMHHAALATU JIeT. B mocTaHOBIEHUM KOMUCCUU
AxageMum HayK OT 5 ceHTs10pst 1776 roma oTMeUEHO,
YTO TIPUHSITHI TMMHA3UCT YK€ 00y4eH POCCUNCKON
rpaMoTe U PUCOBAHMIO, UMEET HauadbHble 3HAHUS
JIATUHCKOTO, (PpaHIly3CKOTO U HEMELIKOTO SI3bIKOB.
B 1777 ropy uHcneKTopoM ruMHa3uu ObLT Ha3HAUeH
akagemMuk MBan MBanosuu Jlenexun (1740—1802).
W.N. JlenexuH, yXe 3HaMEHUTBII K TOMY BpeMEHU
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MyTEeIIECTBEHHUK, HATypaJIUCT [2], «meKcs o Boc-
MUTAaHHUKAX, KaK O MOJIOJIbIX paCTeHUSIX B aKaje-
MMUYECKOM Cay, KOTOPBIi B TO 3Ke BpeMsI ObLI Ipei-
crapjieH ero nomnedeHuto. Co BCTYIJIEHUEM €T0 B
CUU JIBE JOJKHOCTH cajl yKpacuics pelKUMU TMpo-
MU3pacTaHUsIMU; CIIOCOOHOCTHU B YUeHUKAaX pa3Bep3-
JIMCh; OH BO30YAWJI B HUX OXOTY K YTEHUIO, JIIOOMJI
MX KaK CBOMX JIETeil, a OHMU ero, Kak oTua» [1].
B 1784 rony CeBepruH ycIielHo 3aKOHY I TMMHa-
3UYECKUI KypC U ObLT MPUHAT B aKaJgeMUUeCKU
yHuBepcureT. B 1785 roay, kak onuH U3 Haubosee
CMOCOOHBIX CTYIEHTOB, OH ObLT KOMaHAMPOBaH 7151
JajibHeiero ooyyeHus: B [€ETTUHIeHCKUIA YHUBEP-
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cutet. B ynuBepcutere B.M. CeBeprun paborai
[JIaBHBIM 00pa3oM nox pykosoactsoM U.®. Ive-
nmHa. Moran @puapux Ivennn (1748—1804) — He-
MELIKWI XMMUK U Bpay [2], Haruca psii pyKOBOICTB
M0 XUMHUM, XUMUYECKO TeXHOJIOTUU, dapmaliuu,
0OTaHUKE M XOPOLIO U3BECTHYIO UCTOPHIO XUMUHU B
Tpex Tomax. CIycTs ABa roja mocje Bo3BpalleHus
B IletepOypr CeBepruH nucaj, 4to IMenuH ObuI
VUIEHBIM «OOIMMPHEUITNX CBEIeHUI, ITpodeccop
XUMUU B [ETTUHIEHCKOM YHUBEPCUTETE; Y HETO
YUWICS 51 XMMUU, MUHEPAIOTUU U METAJUTYPTUM. ..
Ero courHeHus nM1caHbl C peIKO TOYHOCTbIO, pa-
YeHUEM U MPOHULIATENbHOCTBIO; TPYAOJIO0UE U
OOIIMpPHBIE €T0 CBEIEHMS BUAMM NoBctoay». [To3-
Hee, B 1803 romy B.M. CeBeprun nepeBen Ha pyc-
CKUI SI3bIK «XMMMYECKHE OCHOBAHMSI peMeces U
3aBofoB» .M. [MenuHa [3], pekoMeHays e€ ynTa-
TeJII0 KaK KHUTY, IJIe KPaTKO U SICHO OTMMCaHbl XU-
MUWYECKHE OCHOBbI MHOT'MX peMece.

Panneii BecHoii 1789 roga CeBepruH BepHYyJICs
B [letepOypr, 1 ipeacTaBuil B AKageMUIO IBE pado-
Thl: «O mpuUpole U Pa3IUuuUM LIETOUYHBIX COIei» U
«O cBoiicTBax u obpa3oBaHum Oazanbra» [1]. Ha
OCHOBAHMU 3TUX TPYAOB U OT3bIBA aKaAEMUYECKUX
npodeccopoB B. M. Ceseprun 26 utons 1789 roga
ObLT U30paH aIbIOHKTOM AKaaeMuu 1o Kadenpe
MUWHEPaJIOTUH.

ITepBbie ronbl pabOThl B AKageMUM HayK JJIs
B.M. CeBepruna Obutn CBsI3aHbI B OCHOBHOM C Ha-
YUHO-JIUTEPATYPHOI U JTEKLIMOHHO AESITeIbHOCTHIO
B 00J1aCTU MUHEPAJIOTMU. DTa ero eI TeIbHOCTh Oblia
BBICOKO OLIEHEeHAa JUPEKTOPOM AKageMun HayK Exa-
tepuHoii PomanosHoii [amkosoit (1743—1810):
«B mpoinom 1792 1. agproHkT Bacunmit CeBeprux
yuTaa MyoJIMUHYIO JIEKIIMIO 10 MUHEPAJIOTUU U 10-
KazaJl 3HaHUsI CBOU B Celi HayKe — TaK YTO BCS Iy-
0J11Ka, KOTOpas MoJb30Bajlach €ro HACTaBJIEHUSIMU,
OTJAET CIPaBeIJIMBOCTD B €0 3HAHMSIX, K UeCTH AKa-
JEMUU ciayxaiiue. JIMUHO e ¢ yTOBOJIbCTBUEM CUM
CBUJETENIBCTBYIO, UTO 51 TTOBEICHUEM, TIPUIIEKHOCTbIO
U 3HAHKWEM €ero JoBoJibHa. [Touemy juist 06oapeHus
Cero aJblOHKTA, M0 U3BECTHBIM €ro JOCTOMHCTBAM,
MPU3HALIO $1 ero MpodeccopoM MUHEPATIOTHUM, O UEM
M 1a10 3HaTh ydeHOMYy cobpanuio» [1]. B 1793 romy
B. M. Ceseprun ObL1 130paH mpodeccopom (akaze-
MUKOM) 1o Kadeape MuHepaiaoruu MmmepaTopckoii
pOCCUIICKOI aKameMuu Hayk [2].

Tanant n 3Hanusg B.M. CeBepruHa npuBIeKiIn
BHMMaHMe Hay4yHOI1 o01ectBeHHOCTU [leTepOypra,
U OH TIOJTyYaeT OJHO 3a IPYTUM JIBa IMTOYETHBIX MTpe/l-
JIOXXEHUST — 3aHATb Kadeapy xumuu B Meauko-xu-

PYPTMUYECKOM YUMJIWIIE, BIOCIEACTBUN 3HAMEHU-
TOIit MeauKOo-XUpypruueckoi akaaeMuu, U IpUHSITh
Ha ce0s TperogaBaHe MUHEPAJIOTUH, XUMUU 1
ropHOro neia B [opHOM yuyuiuiie, BIOCAENCTBUU
He MeHee 3HaMeHMTOM [OpHOM WHCTHUTYTE.
B.M. CeBepruH oba npeajiokeHust IPUHSI U He-
CKOJIBKO JIET COBMeIaja paboTy B AKageMUM HayK C
MpernojaBaHUEM B ABYX YKa3aHHBIX YUYEOHBIX 3aBe-
neHnsix. B Meauko-xupypruiyeckoM y4wiIniie OH
mpopaboTait ¢ 1796 mo 1802 rox, a B [opHOM yumim-
e npenogasai ¢ 1798 mo 1801 rox

[TepBblii pyccKuii yueOHUK MO MUHEpaIoruu [4]
B.M. CeBeprun onyonmukosan B 1798 rony. Ha oc-
HOBE JIEKIIMOHHOI'O Kypca, KOTOPBIA OH YUTas s
cirymateseil JopHoro yunnmina, uM ObLIO Hamuca-
HO pyKoBoACTBO «[IpobMpHOE NCKYCCTBO, WK PY-
KOBOJICTBO K XUMUIECKOMY UCTIBITAHUIO METAJIJIN -
YECKUX PY/ U IPYTUX UCKOITaeMbIX» [5]. DTa KHUTa,
ITOCBSIIICHHAs, Ka3aJ0Ch ObI, TPaKTUYECKOMY TTPH -
MEHEHHUI0 aHAIMTUYECKON XUMMU K PEIICHUIO y3-
KOTO KpyTa 3a/1a4, CBSI3aHHbBIX B OCHOBHOM C METaJI-
JIypru4eCcKUMU MpoLeccaMu, B IeMCTBUTEIbHOCTHU
ObLj1a MOIJIMHHBIM YYeOHMKOM IO aHAIMTUYECKOM
XUMMU, HATTMCAHHBIM C MO3ULUI KUCTOPOAHOM Te-
opuu A.J1. JlaByasbe (1743—1794) [6].

Bacunuit Muxaitnosuu CeBepru
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NPOBUPHORE
HCKYCTBO

PYKOBOZCTBO
KD XUMHYECKOMY HCNbimaHIio
MEMAAARYCCKNYD PYAd
n apyruxb  sickomaemsixb
mbaz,
covMuEe HIR

Bacuarsa Cesepiuna

Munepamopckoit Axagenin wnaysb Yaena
7 T0 KAacca.

¢b MIGAMYAMN K PHCYHKIMA.

B3 CAHKTNETEPEYPIS,
npu Uunepamopckoih Axazenin uayxh

180or Troga

TutynbHbIN JIMCT KHUTH «] IpoGHUpPHOE UCKYCCTBO»

«[Ipobuposanue pyn, — nuiier CeBepruH, —
MPEICTABIIIET BECbMAa BAXKHYIO YaCTh YIIPAXKHEHUI
MOYTHU MTPU BCEX TOPHBIX paboTax, 10O Ha OHOM OC-
HOBBIBAaeTCS MOYTU BCE YUPEXKICHUE IUIABUIBHBIX
3aBoJoOB». KHUIa cocTouT U3 Tpex yacreit. Yacto
rnepBasl 3aKJII04acT B cebe mpeaBapuTeIbHbIe 3Ha-
HUSI, XUMUUYECKHUEe U MUHepajmornyeckue. Yacrb
BTOpAasi COAEPKUT CBEICHUS 00 OpyaUsIX U paboTax,
B MPOOMPHOM MCKYCCTBE yroTpeodssieMbix. HacTb
TPEThS — O XUMUUECKUX UCITBITAHUSX PA3TMUYHBIX
METaJIJIOB, a TAKXe TeJUIypa, Cepbl, COJICH U YIJIS.

B xonne XVIII cronetusa B coctas Poccuiickoit
umnepuun Bouuiu benopyccusi, IlpaBobepexkHas
VkpauHa, KpbiM, TTOTHOCTBIO A30BCKOE MOPE U 3¢M-
au mexny byrom n JlHectpom; Poccus nmpuHsiia
«II0JI CBO€ MIOKPOBUTEILCTBO» [py3uio, mossBuIach
pycckast AMepuka — Ansicka. [ToMruMoO HOBBIX Ty-
OepHUil, MAHWIU CBOUMU OoraTcTBaMu Ypai u Cu-
OUpPb, TPOIOIKAIOCH U3YyYeHUE OCHOBHBIX BOJHBIX
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1 CYXOITIYTHBIX ITyTei. YUeHBIM YHUBEPCUTETOB U
AkaneMuu HayK IpeIuChiBAIOCh U 00s13aTeIbHOE
U3y4YeHUE CBOUX T'YOEpPHUIl («B XO3SIHCTBEHHOM,
9KOHOMUYECKOM, reorpaduiyeckom, saTHorpaduye-
CKOM U IPYTUX OTHOIIEHUSIX») [1].

B reuenue 1802—1804 rogos CeBepruH oobexal
Bcio [Ipubantuky, [Tonby, @UHATHANIO U 60Jb-
IIMHCTBO 3anaaHbix obiacteit Poccruu. OH moosiBait
BO MHOTMX y4eOHBIX 3aBeIeHMSIX, Ha (pabpuKax u
3aBOJIax, Ha pyTHUKAX, OCMAaTPUBAJI apXUTEKTYPHbBIE
MMaMATHUKY, U3YUWI pebed, THaporpapmuiecKyio
CEeThb 9TUX PaliOHOB, MUHEPAIbHbIE UICTOUHUKMU, T10-
JIe3HBIE MCKOITaeMEbIe, TIIATeTLHO COOMPAT 00pasIibl
MUHEPAJIOB, PYX, NOYB JJISI MUHEPAJIOIMYECKOTO
KabWHeTa 1 IS IeTaTbHOTO X M3YYCHUS B XUMU-
YeCcKoil JTabopaTopuu.

TEXHOAOTHYECKIH
KYPHAAD,

Han
Cobpanie covumenid u wuasbcmift , ommuo-
CALLHXCA A0 MEXHOAOTiH M NPUAOKEHIA
yuunenuwixb gb wayxaxbh omsprimii kb
npakmuyeckoMy ynompebaeanisw ,

HigaBaemoe

HMIOEPATOPCKOWO AKAZEMIEIO HAYKS,

TOMA NEPBATO YACTE NEPBAA.

e ———

ch purypammn.
e S P S S X .. S A—
B CAHKTNETEPBYPIE

Mpu Hunepamopcxok Axagemin Hayxb
1§04 roja.

TUTYBHBINM JTUCT IEPBOTO BBIMTYyCKa
«TexHOIOTMYECKOro XypHaia»



XPOHVKa cobbiThi

B suBape 1807 rogma CeBepruH ObLT KOMaHIN-
pOBaH JIsI OCMOTpa AbIMsIIeiics Boiu3u Pepens
(TanmnuH) TOpBI M YCTAHOBJICHUSI IPUIMHEL 3TOTO
sBJieHust. OKa3aioch, UTO B [IIyOUHE TOPhI 3aropeJi-
cga clioii roprodero ciaHua. Jletrom 1809 roma
B.M. CeBepruH coBeplInI MMoe3aky B TBepcKyio
ryOepHUIO C LIEJIbIO UCCIIeA0BAaHMS MECTHBIX MUHE -
paJIbHBIX KICTOYHUKOB.

B 1804 rony B.M. CeBeprun usgaet y4eOHUK I10
MUHEpaJIOTUM ISl TYOepHCKUX TMMHa3ui [7]. danb-
HelIllee pa3BUTHE HayYHBIX IIpeacTaBieHuii CeBep-
TMHa B 00JJaCTM MUHEPAJIOTMM HAIIUIO CBOE OTpake-
HUE B ero 3HaMeHUTBIX Tpyaax «[1ogpoOHbIii clioBaph
MUHEPAJIOrn4yecKuii...» [8] 1 «OmnbIT MUHEpAIOTH-
yeckoro 3emueonucanusl Poccuiickoro rocymap-
cTBa...» [9].

B.M. CeBepruny npuHaajeskuT OTpOMHOE KO-
JIMYECTBO CTaTeid, IIepeBOAOB, 3aMETOK U JIMTEpa-
TYPHBIX 0030pOB, HamneyaTaHHBIX B «HOBBIX exe-
MECSIYHBIX COUYMHEHUSIX», «YMO3PUTEIbHBIX
HCCIIEIOBAaHUSIX» U « TeXHOJIOTMYECKOM KypHaJIe»,
OECCMEHHBIM PEeIaKTOPOM KOTOPOIO OH COCTOSLI C
caMmoro ero ocHoBaHus B 1804 romy 1 10 cBoei cMep-
™. UM pa3paboTaH Tak:Ke IIaH U3IaHUsI « YUEeHbBIX
U3BECTUI» IIPpU «AKaTeMUIECKNX BEIOMOCTSIX» [1].

PaccyxxneHuio o MeTaJuTypruu, 3aKJIrodaronemMy
B ceOe TeOpHUIO INIABHBIX €€ pa0oT, IIOCBSIICHA CEPUsI
crateii B.M. CeBepruHa, ony0,1MKOBaHHbIX B « Tex-
HOJIOTMYECKOM XypHaje» [10]. B aTux cTaThsx 1mo-
JIpoOHO pa3zodpaHa Mocaea10BaTeIbHOCTh MPOBe/e-

HUS orepaluil MeTaLTypruuecKux Mpou3BOICTB,
HayMHasl ¢ MpelBapUTEIbHBIX MEXaHUUYECKUX U
XMMMYECKUX Olepalinii, IpoLecCcoB TUIaBIEHUS U
MoJIy4yeHus 30J10Ta, cepedpa, Meu, xeyesa, 0JIoBa,
CBHMHIIA, a TAKXKe MapraHiia, MbllIbsiKa, CypbMbl,
KoOasibTa, BUCMYTA, LIMHKA U PTYTHU.

Cpenu kuur, HarmucaHHbIX B.M. CeBepruHbimM
B 00J1aCTU XUMUYECKOM TEXHOJIOTUY U METAJLTYPIUH,
clieflyeT OTMETUTh TTOCAeIHNUI KPYTTHBIN TPy yue-
Horo — «HauepraHue TeXHOJOTMU MUHEPATbHOTO
mapcTBa» [11]. B mepBoM TOMe pacCMOTpPEHBI 3eMIIH,
KaMHHU, COJIM Y TOpIOYKe Tejia; BO BTOPOM TOME —
TEXHOJIOTYSI METAJIJIOB: ILIATUHBI, 30J10Ta, cepedpa,
PTYTU, MEIM, XKejle3a, CBUHIIA, 0JI0Ba, BUCMYTA,
LIMHKA, CYpbMbl, MapTaHiia, HUKeJs1, KobaabTa, MO-
nmbaeHa, Boabdpama, TUTaHa, ypaHa, Xpoma, lie-
pusi, HUOOMS, TaHTaJa U TeJTypa.

ZKusHb yueHOro Oblja Ype3BblYaiiHO HACKIIIICHA
Hay4YHOM M Hay4YHO-OPraHU3alLlMOHHOI pabOTOI.
WMst ero moJib30BaoCh HIMPOKOI U3BECTHOCTHIO HE
TOJIbKO B Poccuu, HO 1 3a rpaHutieid. OH ObLT WieHOM
18 HayYHBIX OOIIECTB, PYCCKUX U MHOCTPaHHbIX: [€T-
TUHTEHCKOTO yuyeHoro obiectna ¢ 1795 ., MuHepa-
Jiornyeckoro ooiectsa B MeHe ¢ 1799 1., CToKronbM-
ckoii akagemuu Hayk ¢ 1801 &. u op. B.M. CeBeprun
OBbIJT OMHUM M3 OCHOBaTtejielt MuHepasornueckoro
obmectna B [letepoypre (1817 1) [1].

Ymep B.M. Ceseprun 17 (29) Hostopst 1826 rona.
IToxoponeH Ha CmoiieHcKoM kianouie B CaHKT-
ITeTepOypre.
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11. Severgin V.M. Nachertaniye tekhnologii
mineralnogo tsarstva, izlozhennoye trudami akademika
Vasilya Severgina, Imperatorskoy Akademii nauk
akademika... [Nachertaniye of technology of a mineral
kingdom, stated by works of the academician Vasilya
Severgin, Imperial Academy of Sciences of the
academician ...] V 2 t. SPb.: Izd-vo pri Imp. Akad. nauk,
1821— 1822. T.1 Zemli i kamni. Soli. Goryuchiye tela.
1821. XXVI, 437 c.; T. 2, zaklyuchayushchiy v sebe
tekhnologiyu metallov. 1822. 291 s.
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O.M. Ucaeb

K 140-IETHEMY FOBUNTEKO MUXAUJTIA UBAHOBUYA KAJTUHUHA

Yu.M. Isaev

TO THE 140™ ANNIVERSARY OF MIKHAIL KALININ

19 Hos16ps1 2015 roga ucnonHwmnock 140 et co qHs poxaeHust M. . KannHrHa — BUAHOTO 00111eCTBEHHOTO
U TOCynapCcTBEHHOTo nesitesiss. M31oxeHbl OCHOBHBIE BEXU €ro MOJUTUYECKON M OOIIeCTBEHHOM
NesITeTbHOCTU Ha (DOHE COOBITUI IMepBoii MoJoBUHEI XX Beka. Otmevaetcs, yto M. U. KanuHuH npoiien
MyTh CBOETO CTAHOBJICHHSI OT TIEPBBIX 1IATOB MOAMOJIBHOM IS TEIbHOCTU PEBOIOIIMOHEPA 10 BEPIIUH
rocyapapctBeHHoro nmocra B CCCP. O6paliaeTcsd BHMMaHUE Ha OOJIbIION MHTEpEeC, KOTOPbIi
M.H. KanuHuH MposIBISUT K BOTIPOCAM BOCIIUTAHUSI MOJIOACXKU B IyXe TTaTPUOTU3Ma, CTPEMIICHUS K
3HaHUSIM, MHTepeca K u3bpaHHoU mpodeccunu. OTMedeHo, uTo namsaTbh o M. M. Kanunune s
MOJUTEXHUKOB OCOOEHHO 3HAuMMa B CBSI3W C TeM, UYTO €ro MM, BIIEPBbIE MPHUCBOEHHOE
[MonuTexHUYeCKOMY MHCTUTYTY IO MHUIIMATUBE YUEHOIO COBETA, COXPaHSIOCh 3a HUM 58 JIeT.

M.U. KAJIMHWUH; CAHKT-TIETEPBYPTCKUM MTOJTUTEXHUYECKW YHUBEPCUTET IETPA BEJIMKOTO;
TOCYIAPCTBEHHBIV AEATEJb; TTIETPOTPAJl; TOPOJICKOM TJIABA.

The article «To the 140th anniversary of Mikhail Kalinin» was written in connection with the approaching
anniversary date November, 19 marks the 140th anniversary since the birth of M. Kalinin - a prominent
statesman. The article describes the main milestones of his political and social activity on the backdrop
of the events of that time, from the first steps of the underground revolutionary activities, to the heights
of political office in the Soviet Union. Attention is drawn to the great interest that M.I. Kalinin showed
in the issues of youth education in the spirit of patriotism, the desire for knowledge, interest in their
chosen profession. It is noted that the memory of M.I. Kalinin for the alumni of is significant in view of
the fact that his name was first assigned to the Polytechnic Institute at initiative of the Scientific Council,
for 58 years.

M.I. KALININ; PETER THE GREAT ST. PETERSBURG POLYTECHNIC UNIVERSITY; STATESMAN;
PETROGRAD; THE CITY HEAD.

Bpewmsi Bce nasibliie OTOABUTAET B IPOIILIOE UMe-
Ha MHOTHX BbIIAIOIIMXCS TMUHOCTEH XX Beka, Je-
SITEIbHOCTb KOTOPBIX OblJ1a BaXKHOU COCTaBIIsIOIIECH
B CTAaHOBJICHUU Halllei cTpaHbl. JoJr yecTtu Tpeody-
€T OT TOTOMKOB BCIIOMUHATh, XOTsI Obl B IOOUJIEHHbIE
JAThI, O TE€X, KTO UTpaJl BbIIAIOIIMECs POJIU Ha OIpe-
JeJIEHHBIX ATafnax 3Toi ucropuu. B naHHoM ciiyyae
HEo0XOAMMO BCIIOMHUTL 0 Muxauiie BaHoBUYE
KanuHuHe — BUIHOM TOCYyIapCTBEHHOM JesiTesie
Coserckoro Coro3a, 140 net co AHS pOKIASHUS KO-
Toporo ucnogHwiock 19 Hosiopst 2015 rona. Ero
JesSITeIbHOCTh OCTABUJIa 3aMETHBII CJIe B UCTOPUU
Hamielt ctpaHsl. JIjist Halllero YHUBepcuTeTa mpsimast
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CBI3b ¢ 9TUM MMeHeM Havanach ¢ 1922 roma, Korma
OH HaszbIBajics IleTporpaackuM nNoaIuTeXHUYECKUM
uHctutyToM umeHu I[etpa Benukoro.

C nepBBIX JEeCATUIETUIN COBETCKOM BJIACTH
MPaKTUKOBAJIOCH TPUCBOCHNE UMEH JiesiTeliei map-
TUM U TOCYIAapCTBa Pa3IMYHBIM YUPEXKICHUSIM U
npennpusatusiM. Hepeako ¢ nHULIMATUBOK MpU-
CBOUTb UMsI TOTO UJIM MHOTO TOCYAapCTBEHHOT'O MJIN
MapTUITHOTO JIesITeIs1 BBICTYIAIN TPYIOBbIE KOJUIeK-
TUBBI MPEANIPUATUIA. B yacTHOCTH, ¢ TAKOM MHULIM-
atuBoit BeicTynua CoseT [lepBoro nojaurexHuye-
CKOro MHCTUTyTa (TaK TOrjJa Ha3bIBajJCs Halll
[Monutex), koTopblit 3 HOAOPsT 1922 roga MpUHsLI
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pelieHue o npucBoeHun umenu M.M. KaauHuHa
UHCTUTYTY. 19 HOs10pst 1924 roaa 310 perieHue ObLTOo
yTBepkneHo HapomHbIM KoMHCCapruaTOM ITPOCBE-
LLIEeHUSI.

B cBs3u co cmepthio B.W. JlenuHa B ssHBape 1924
roaa Iletporpan moayuns HoBoe umst — JIeHUHrpa,
a Halll THCTUTYT CTaJl UMEHOBaThCs JIEHMHTpaacKuii
TMOJTMTEXHUYECKUI MHCTUTYT uMeHn M. M. KamiauHa.

M.N. Kanunun ponwicst 7 (19) HosOpst 1875
rona B nepeBHe BepxHsisa Tpouna TBepckoii ryoep-
Hun. OKOHUYMB CebCKYIO KONy B 1889 rogy ¢
MOXBAJIbHOI IPaMOTOM 32 OTIIMYHYIO yueOy, OH Mpu-
exaJi B [leTepOypr 1 mocTynuj1 y4yeHMKOM TOKaps Ha
3aBojl «CTapblif apceHas», a 3aTeM — yXe ToKapeMm
— BIyIIEUHYI0 MacTepcKyto [1yTumoBcKoro 3aBoja.
Tam oH 6113KO cortencs ¢ TAKUMU K€ MOJOIbIMUA
paboyrMM, aKTUBHO OOPOBIIMMUCS 32 YIydllleH1e
YCJIOBUI TpyAa, YCTAaHOBJIEHUE BOCBMWYACOBOTO
pabouero AHs, eXXeHeleIbHbIE BbIXOAHbIE THU. Ye-
pe3 CBOMX TOBapUIIeil OH Hauaa MPUMHUMATh aKTUB-
HOE yJacTHe B AesITeTbHOCTH JIeHMHCKOTO «Coro3a
OOpBLOBI 32 OCBOOOXIEHKME pabodero Kjacca», a B
1898 romy BcTynuia B Poccuiickyto couua-aemMo-
KpaTuueckyto padouyto rnaptuto (PCIAPIT). C atoro
MOMEHTA BCs €T0 JaJIbHEeHIIIast XKU3Hb ITPOTeKasa 1o
MPUHIMIY «IHEM — pabouMii, a BeUepoM — MO-
TTOJTBIITUKY .

[Tocne psina apecToB U ccblIoK oH ¢ 1905 rona
10 TTIOPYYEHUIO TTAPTUU OOJTBIIIEBUKOB BEJI ITOATTOb-
HyI0 paboty, ¢ koH1a 1905 roma mocjie aMHUCTHMH,
y3Ke Ha JIeraJJbHOM MOJIOXKeHU Y, HadaJl PYKOBOJIUTD
0OJIBIIEBUCTCKOM MapTUITHOM opraHu3alueil Ha TOM
xe [TytunoBckom 3aBone. B ator nepuon M.U. Ka-
JIMHUH ObL1 u30paH aeneratom IV (O0benuHUTEb-
Horo) cwe3na PCIPII, pabotan B IleTepOyprckom
ropkomMe PCJIPII. O ero nmoautuyeckoii akTHBHOCTH
TOBOPUT TOT (haKT, uTo 3a HertoHble 20 j1eT — ¢ 1898-10
10 1917 roma — on 10 pa3 monBepraicst 3aKJII0YeH -
SIM TIOJT CTPaKy, apecTaM M CChUTKAM.

Kak 1 MHoOrue npyrue peBOJIIOLMOHEPHI TOTO
nepuona, M.M. KanuHnuH, o6y1agasi mpupoIHOM TS-
roil K 3HaHUSIM, MCMOJI30BaJl BpeMsl 3aKJTI0UEHU I
IUTSE caMooOpa30BaHMsl, aKTUBHO M3ydasl TTOJUTH-
YeCKYI0 TUTepaTypy, B ToM uncie padbotsl B.U. Jle-
HuHa u K. Mapkca. biarogapst aTomy, Ko BpeMeHU
OKTSI0PbCKOI PEBOJIIOLIMKU OH CTall TTpodheccruo-
HaJIbHBIM PEBOJTIOLIMOHEPOM, BBICOKO 3PYIMPOBaH-
HOI 1 00pa30BaHHO JTUYHOCTHIO.

10 okts6ps 1917 rona M.N. KaiuHUH NpUHSIT
yyacTue B co3aaHuu LIeHTpa MoAroroBK1 BOOPYKeH-

Kamuanua M. U.

HOTI'0 BOCCTaHMsl, a B ieKabpe TOro e roja Obu1 u30paH
B Ilerporpanckyio Jlymy 1 Ha ee 3acefaHUM — CHava-
Jla TJIaCHBIM, a 3aTeéM — TOPOJICKUM TJIaBOM.

OaHUM U3 paliOHOB aKTUBHOM PEBOIIOLIMOHHOM
pabotsl M. M. KaninHuHa BMeCTe ¢ ero ToBapullaMu
obu1a BeiOoprekasi cropoHa, iy Beioboprekuii paii-
oH IleTporpaga. B aTom e pailioHe HaxOOWICS U
IMonmurexHUYECKNit MTHCTUTYT, B KOTOPOM yxke B 1904
rofy Oblja co3/1aHa COLIMAII-IeMOKpaTHIEeCKasi TpyTl-
a, a B CTyACHYECKOM KOJUIEKTHBE K 1917-My romy
ObLIO HEMAJIO TTO-PEBOIFOLIMOHHOMY HACTPOESHHbBIX
yuaruxcs. XoTs o npsiMbix KoHTakTax M. 1. Kanu-
HUHA C KeM-JI100 13 3TUX MOJUTEXHUKOB CBEICHU I
HET, ero MOIoJIbHasl neaTeabHOCTh B IleTporpane
Obl1a XOPOIIO U3BECTHA.

B 1919 rony M.M. KanuHuH uzbupaercs npen-
cenareneM lLleHTpaJbHOrO UCMOJHUTEIBHOTO KO-
MuTeTa, B Jekabpe 1922 roga — mpencenarenemM
LMK CCCP. byayun nzdpaHHbIM OT TPYASILLIMXCSI
JlenuHrpana ujieHom reporo BepxosHoro Cosera
CCCP, B sauBape 1938 roma oH ObUI BEIIBUHYT Ha
noct npeacenareis [Ipesuauyma BepxoBHoro Co-
Bera CCCP — BbicIlIeT0 3aKOHOAATEILHOTO OpraHa
Cosetckoro Corwsa. B 1944 rony, B ¢Bsi3u ¢ 25-J1e-
THEM €ro HaXoXIeHUs Ha aToM nocty, M. 1. Kamu-
HUHY ObUTO IprcBoeHO 3BaHue Iepost ColmanucTu-
YyecKoro Tpyda, a B 1945 romgy oH OBLT HarpaxiaeH
TpeTbUM opAeHoM JIeHuHa.
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B komrekTrBax U Ha BceX MOCTax, TAe JOBOAM-
Jlock pabotath Muxauny MBaHOBUYY, OH HEU3MEH-
HO TTOJIB30BAJICSI BCEOOIIUM TOBEpPUEM U YBAKECHU -
eM. DTOMY CITOCOOCTBOBAJI OOJIBIION XXU3HEHHBIN
OITBIT, TBEPAOCTh MOJIUTUIECKUX YOEKICHUIA, Opra-
HU3aTOPCKUI TajJaHT M JUYHAsi CKPOMHOCTb. B
CTpaHe eT0 YacTO Ha3bIBAJIU «BCECOIO3HBIM CTApPO-
crolii». B mopeBomoLoHHO Poccum ctapocTtoi
Ha3bIBAJICSI CEJILCKUIA TTIaBa, BCEHAPOIHO U30upae-
MBIl Ha celbckoM cxoje. IlepBoit 00513aHHOCTBIO
TAKOT'O CTAapOCThI OblJIa 32a00Ta O HAPOIHBIX MHTE-
pecax. Ha cBoem mocty Muxanun MUBaHOBUY TBEpAO
CJIeIOBAaJl 5TUM TPAIUIVSIM, UeM 3aCTYKUJI aBTOPU -
TET y pabouuX, KPECThIH U UHTESJJTUTSHIIAN.

bonbmoe Buumanue M. M. KaauHuH yoensin
npobjaeMamM MoJjiofexu. Bo BpeMsi cBOMX MHOTO-
YKCIIEHHBIX ITyOIMYHBIX BCTPEY, B CBOMX BBICTYILIC-
HUSIX OH HEOJHOKPATHO MPU3bIBAT MOJIOAEXKb
YUHThCSI, OBJIaJieBaTh 3HaHUSAMU. Ha ocHOBe cBoero
SKM3HEHHOTO OMbITa OH OTMeUaJl, KaK BaXKHO MOJTy-
YUTh 00pa30BaHKE B MOJIOJbIE TOIBI M KaK 3TO 00-
pa3oBaHue U MPUOOPETeHHbIE HABBIKU B U30PaHHOIM
npodeccuu JOJKHbBI CTATh OMOPOIi B OYAYIIEM.

[TpucBoeH JIeHUHTpagACKOMY MOJUTEXHUYECKO-
My uHcTUTYTY MMsi M. . KanuHuHa riepBoHavYaaIbHO
coxpansutoch 10 1930 rona, koraa JITIM 6b11 peop-
TaHU30BaH U pa3elieH Ha AeCATh CAMOCTOSITEIbHBIX

OTpAaCJIeBbIX UHCTUTYTOB. M3 3TOi1 CTPYKTYPHI BbI-
neaunuch JIeHMHrpaackuii KopabdaecTpOUTeIbHbII
WHCTUTYT, JICHUHIPaACKUIi 3IEKTPOMEXaHUTICCKUIA
uHCTUTYT 1 ap. B 1934 roay [MoauTexHuueckuii Obu1
BOCCO3[aH, HO IO Ha3BaHueM JIeHUHTpaICKUii MH-
nyctpuanbHbiii UHCTUTYT (JIMW). A 10 HostOps 1940
roga Ykazom Ilpesummyma BepxoBHoro Cosera
CCCP JIMH 6bu1 BHOBH IlepeMeHoBaH B JIeHWH-
rPaACKUl TIOIMTEXHUYECKU WHCTUTYT UMEHU
M.HN. KanyuHyHa. DTo HamMeHOBaHUE 3aKPeIIOCh
3a HUM Ha 50 7net, 1o 1990 roma, korma JIITU 6611
npeodpaszoBaH B JIeHMHIpaaCKUii TOCY1apCTBEHHbIM
nomTtexanueckuii yausepcuret (JIT'TIY), Ho yxe
6e3 umenu M. M. KannHuHa.

C 2015 roma HallI yHUBEPCUTET CTaJIl UMEHOBATh-
cs1 CaHkT-IleTepOyprecKUM MoJUTEXHUISCKUM YHU -
BepcuteToM Iletpa Bemmkoro.

OaHakKo MbI Oy/ieM TOMHUTb, YTO Halll YHUBEP-
CUTET KOIJIa-TO Has3bIBajics JIeHMHTpaaCcKuii 1mo-
JIMTeXHUYeCKU MHCTUTYT uMeHu M. M. KanunuHa,
IMOCKOJIBKY MCTOpHUYECKAs MaMsITh IIOMOTAET Ipa-
BUJIbHO OPUEHTUPOBATHCS B OYIYIIEM.

IMpusnanue 3acayr M. Y. Kanununa niepen Ot-
€4ECTBOM SIBIISIETCS M TO, YTO €TO MMSI HOCUT TOPOJT
Kanununrpan (obiBimii Kenurcoepr) n KanuHuH-
rpaackas o01acTh.
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E.B. [lemeHmveGa

HWUHEJ1Ib KOHCTAHTUHOBHA INJIEMHEK (K 85-JIETUIO CO AHA POXXAEHUA)

E.V. Dementieva

NINEL KONSTANTINOVNA PLEMNEK (TO THE 85™ ANNIVERSARY)

O4epK MOCBSIIEH AesATeIbHOCTY KaHIUAATa MeIaroruueckKux Hayk, 3acy>KeHHOTO paOOTHHKA KYJIb-
Typbl PCOCP, noueTHOro paboTHMKAa BBICLIETO MPO(eCCUOHAIBHOTO 00pa3oBaHus, AupekTopa OyH-
JaMeHTanbHOU oubnauoreku (c1961 mo 2005 rom), coBerHuka pekropa (¢ 2005 mo 2009 rom)
H.K. [lnemMHex, oMHOro M3 caMbIX U3BECTHBIX NTUPEKTOPOB BY30BCKMX OMOJIMOTEK, KPYITHEMIIero
crenManarcTa B 001acT nH(GopMaTu3aiuy OMOJIMOTEYHbIX ITPOLIECCOB.

BUBJNOTEKHU BY30B; MEXTYHAPOJTHBIM KHUTOOBEMEH; MEXTYHAPOJTHBI MEXKBUBJIMOTEYHBIN

ABOHEMEHT, BUOBUBJIMOTPA®UA; UDIIA; BUBJIMOTEYHBIE KOHCOPLUMYMbI; YITPABJIEHUE BU-
BJIMOTEYHOM AEATEJIbHOCTbHIO; UHO®OPMALIMOHHBIE TEXHOJIOTU M.

The essay deals with the activities of the candidate of pedagogical sciences, honored worker of culture
of the RSFSR, Honored Worker of Higher Professional Education, Director of the Main Library
(from 1961 till 2005), adviser to the rector (2005 to 2009), N.K. Plemnek, one of the most famous
directors of university libraries, one of the leading specialists in the field of the informatization library
processes.

UNIVERSITY LIBRARIES; INTERNATIONAL EXCHANGE; INTERNATIONAL INTERLIBRARY LOAN;
BIBLIOGRAPHY; IFLA; LIBRARY CONSORTIA LIBRARY MANAGEMENT AND INFORMATION TECHNOLOGY.

Hunenbs KoncrantuHoBHa IlneMHek poauiach
26 centsopst 1930 roma B Jlenmnarpane. OKoHUMIIA
JleHMHTIpaaCKUii rocynapCTBeHHBIM OMOIMOTEYHbBII
nHetutyT uMenu H.K. Kpyrnckoii B 1952 rony [1, 4].

PaGoTtana B ApxaHrenbcKoi 00J1acTHOM OO~
oreke uMmenu H. A. Jlo6posno6osa (¢ 1952 o 1956
roj) U OMOJIMOTEKAX BBICIIMX YYCOHBIX 3aBEACHUIA.
C 1957 mo 2009 rom padorana B JIIW umenn
M.WN. Kanununa (CII6ITY): ¢ 1957 roga oHa —co-
TpyaHUK DPyHaameHTaabHOU Oubdauoreku JITTU
nmenu M. M. Kanununa, ¢ 1961 o 2005 rox — nu-
pexrop PyHmameHTanbHOM 6nbroTeku. B 1974 romy
3alllMTUIA JUCCEPTALIMI0 Ha COMCKAHUE yYeHO
CTeTNeHU KaHauaaTa re1arornyeckux Hayk Ha TeMy
«IIpobnemMbl hopMUpOBaHMS ONTUMAJIBHON CETU
OMOIMOTEK KaOMHETOB U Kadeap B MOJUTEXHUYE-
CKOM By3e» [2].

C 1975 no 1997 ron B AODKHOCTHU TOLIEHTA OHA
BeJia Kypc «OCHOBBI HaydHO-TeXHUYECKOM MH(popMa-
111 1 6Moorpadyu U1 CTYACHTOB 1 aCIIUPAHTOB».

Hns XoLMMUHCKOTO TTOJTUTEXHUYECKOTO UH-
crutyta (Coumanucrudeckasi Pecriyonvka Boet-
HaM) pa3paboTaja M IIpouyMTasa Kypc JEeKIUA
«OpraHu3allMOHHAasI CTPYKTypa U METOIUYECKOe
obecneuyeHue ouonmorek By3oB CCCP» (1981 rom).
DyHpamMeHTaIbHas OMOJIMOTEKA IO PYKOBOICTBOM
Hunens KoHCTaHTMHOBHBI MOAAEPKMBAJIA MEXKIY -
HapoOJHbIE CBSI3U ¢ OMOIMOTEKAMHY YHUBEPCUTETOB
¥ HallMOHaIbHBIMM Onbimorekamu benbrum, boo-
rapun, Tomnanoguu, [epmanuu, Benrpun, Kuras,
[Monbim, BeetHama, @unnsaauu, CLLIA. Mexmy-
HapOAHBIII KHUTOOOMEH M MeXAYHAaPOMIHbBII MEX-
OMOIMOTEeUHBI ADOHEMEHT, ITOJAITMCKA Ha 3apy0eK-
HbI€ TTepUOANYECKUE U3AAHUSI CTAOUIBHO MHOTHE
TOJIbl CAYXXWINW UCTOYHUKOM MH(MOPMALIMOHHOIO
obecrieueHus MoJib30BaTeIei.

B 1991 roay H.K. ITnemHek mpenacraBisiia By-
30BcKMe oubnmoreku JleHuHrpana Ha 57-1 ceccuu
MexnyHapoaHoil ¢geaepaliiu OMOJIMOTEUYHBIX ac-
conuauuit 1 KoHcopuuymoB (IFLA) B Mockse,
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aKTUBHO yJacTBOBaJa B MPOEKTaX, HaIpaBJIEHHbIX
Ha COBEPIICHCTBOBaHUE cocTaBa (pOHIOB U 00CTY-
JKVBaHUA TOJIb30BATEIEH.

OmHa cTajia Npu3HaAaHHBIM CIELMAIMCTOM B 00-
JIACTU yIIpaBJICHUS U OpraHU3aly OMOJIMOTEUHOTO
neina B Bbiciei mikosie. C koHia 80-x ronoB XX Beka
B c(epe ee nmpodeccroHaIbHbIX UHTEPECOB — BHE/I -
peHue MHGOPMALMOHHBIX TEXHOJIOTUH B TPaAUIIU-
OHHbIE OMOIMOTEeYHO-H(OPMALIMOHHBIE MPOLIEC-
col. B OB JITIU nmenn M. 1. Kanununa B 1964 romy
ObLT BbIACIEH CEKTOP HOPMATUBHO-TEXHUYECKUX
JTOKYMEHTOB, B 1980-M — OTKPBUICS OTHEI Xyd0XKe-
CTBEHHOU jsiutepaTyphbl, B 1988-M — jmabopaTopust
«ABTOMaTU3MpPOBaHHAas1 OMOIMOTEYHO-UHPOpMa-
LIMOHHAas cucteMa», B 1999-M — oTnen penkoi KHU-
ru, B 2001-M — oTaes 3JeKTPOHHBIX PECYPCOB U
oubnnorpadun, «LleHTp nenoBoii nHGOPMALIIN»,
«KabuHetr oTKpbITOro goctyna B MHTepHeT»,
TPEHUHT-IICHTP O0YIeHUS HOBBIM KOMITBIOTEPHBIM
TEXHOJIOTHUSIM.

K 2004 romy Bosrnasisiemast ero @yHmaMeHTaIb-
Hasl 0MOJMOTeKa — YJIeH POCCUMCKUX 1 MeXKIyHa-
POIHBIX accollMalMii U KOHCOPLIMYMOB, aKTUBHO
y4acTBYeT B [IPOEKTHOM AeSITeIbHOCTH, HAITpaBJIeH-
HOI Ha COBEpIIeHCTBOBAaHMWE cOocTaBa (POHIOB M
obcykuBaHue moJib3oBaTeseii. OcyllecTBIeH Te-
pexoJ1 Ha aBTOMaTU3UPOBaHHbIE TEXHOJIOI'MH, BHE-
IpeHa B MPAKTUKY pabOTHl aBTOMAaTU3WPOBaHHAS
onbanoTeyHo-nHGpopMalMoHHas cucteMa «Pyc-
JlaH», 00JIbIII0E BHUMaHUE yIIeseTCsl UCITOJIb30Ba-
HUIO 3JIEKTPOHHBIX PECYPCOB, TIPUCTYITMIIA K CO-
31aHUI0 U (QOPMUPOBAHUIO DIEKTPOHHOM
OubIMoTeKN yHUBepcuTeTa. Peann3zoBaHo Koprio-
paTUBHOE B3aUMOACHCTBUE OMOIMOTEK 10 B3aUM-
HOMY HCTMOJIb30BAaHUIO PECYPCOB Ha OCHOBE aBTO-
MaTU3MPOBAHHbBIX CETEBBIX TEXHOJIOTUI. YuTareasim
CIIGITY mocTymHBI 31€KTPOHHBIE CETEeBBIE YCIYTH:
3JIEKTPOHHBIN 3aKa3 JIUTEPATypPhl, CBOIHbII KaTaJor
ouoarotek By30B CaHKT-IleTepOypra, a/1eKTpoHHasI
JocTaBKa Jo0KyMeHTOB. [TonnepxuBaeTcst COOCTBEH-
HBII Web-caiiT, Ha KOTOpoM pa3MelleHa nHdopMa-
111sl 0 OMOJIMOTEeKe U BJEKTPOHHbBIN KaTaor.

IIpu HenmocpencrBenHoMm ydactuu H.K. ITnem-
HeK pa3paboTtaHbl «KoHLenuus pa3BuTust nHMop-
MallMOHHO-0UOJMOTEYHOTO OOCIYyXUBaAHUS
CIIOI'TIY o 2012 roga», «CrpaTermueckuii riaH
pa3Butus ounoamoreku» Ha 2003—2013 rr»[3].

C 1962 roga H.K. IliteMHeK — aKTHUBHBIN WicH
LlenTpanbHOIT HAYYHO-METOANYECKOI OMOIMOTEY -
HOM KoMuccuu MUHMCTEPCTBA BBICIIETO 00pa30-
BaHus1 CCCP, 3aMecTtuTenb npeaceaaTesisi CeKIUU
KOMIIbIOTEpU3ALMKU OUOIMOTEK M OpraHMu3anuu
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kartajoroB LlenTpanbHOI OMOIMOTEYHO-MHMOpPMa-
LIMOHHOM KOMUCCUM MUHKCTEpCTBa 0Opa30BaHUS
u Hayku Poccuiickoit @enepaunu. binaronaps 6o-
rareimemMy TNpodecCUOHAJIbHOMY OIIBITY
H.K. IInemHek yyacTBOBaJIa B OIIPEACICHIUU CTpa-
TeTUU U TAKTUKW Pa3BUTHSI OUOJIMOTEUHOTIO Aej1a Ha
ypOBHE Bceii ctpanbl. MHorMe roas (¢ 1962 1) Hu-
Hesib KoHCTaHTHHOBHA ObLIa YJIEHOM YYEHOTrO COo-
BeTa yHuBepcuteTa. JlesstebHOCTh bubnmoreaHoro
cogeTa B rofibl padbotsl H. K. ITneMHek crioco0cTBO-
BaJia B3aMMOJIECTBHIO BCEX CTPYKTYP YHUBEPCUTE -
Ta, MHOTME CJIOXKHbBIE BOIPOCHI YITpaBJieHust OuOIu-
OTEKOU pelraarch 6J1arogapsi ero BIUSHUIO.

OcHoBHas yacTb OyHAaMeHTaIbHON OUOIMO-
TeKW, KOTOpasl pacIoioXeHa B TIABHOM y4eOHOM
KOpITyce YHUBEPCUTETA, TOCTPOSHHOM 10 ITPOCKTY
B.®. Buppuxa B 1902 romy, 3annmaet 60ee 3000
KB. METPOB. APXUTEKTYPHO-XYI0XKECTBEHHBIE OCO-
OEHHOCTH MHTEpbepa LEHTPAJIbHOK YacTh OUoIu-
OTEKH, PEIIEHHOTO B CTUJIE MOAEPH, a TaKXKe Tpo-
CTOPHBIM JIBYXCBETHBINA YATAJIBHBIN 3aJ1 AEJIAOT €€
OJTHUM U3 KpacuBEeNIINX OUOJUOTEUYHBIX MTOMEIIIE-
Huit Cankr-IletepOypra. /Ins yaydmeHus nHdpa-
CTPYKTYpPHBI TOMEILECHU I U TTOAACPKaHUS B TOJDKHOM
COCTOSTHMM TTaMSITHUKA apXUTEKTYPhI, KOUM SIBJISI-
eTcsl IJIaBHOE 3IaHMe YHUBEPCUTETA, MO PyKOBO/I -
crBoM Hunenp KoHCTaHTUHOBHBI ObLIa OCYIIIECT-
BJeHa peopraHu3alius KHUTOXpaHUJIUIIA U
BBITTOTHEHBI IBA PEMOHTA YUTAIBHBIX 3aJI0B.

B HermpocToii 1151 TBOpYECKMX KOJUIEKTUBOB MepHU-
OIl HavaJIa JeBSHOCTBIX KAXKIIBI MeCSII B TEUYSHME Ye-
TBHIPEX JIET B YUTAILHOM 3aJie OMOIMOTEKM MPOXOIMIN
OecruTaTHbIE KOHIIEPTHI KJIaCCUIeCKON MY3BIKH. 3ajl
ObLT Bceraa MepernoyHeH, MTPUXOAUIN MTOJIUTEXHUKH,
xurenu Kamauxckoro paiiona. H.K. I1nemHek Obuia
OpraHM3aToOpOM M JIyIIOK My3bIKaIbHbIX BEYEePOB [3].

B 2005 rony H.K. ITneMHeK B JOJDKHOCTH CO-
BETHHMKAa peKTOpa YyHUBEPCUTETA 11O BOITPOCAM KYJIb-
TYpBI IPUHSIIA y9aCTHE B OPraHU3aIIUN MEPOTIPHSI-
TU 110 pa3aHOBaHUIO 150-71eTHst Co THS POKICHUS
nepBoro aupekropa Cankr-IleTepOyprckoro mo-
JuTexHudeckoro nHCTUTyTa — A.I. Tarapuna.

B mocnenyiomue romabl cdepy MHTEPECOB
H.K. ITiieMHeK cocTaBJIsIiv BOIPOCHI KYJIBTYpPHhI, a
MMEHHO KyJbTypHOe nocTossHre [TomuTeXHIecKo-
ro yuusepcuteta. CozgaHa KOMUCCHSI 10 COXpaHe-
HUIO KYJBTYPHOTO Hacjemus yHuBepcureTa. Il1o
nHuatuee HuHenb KOHCTaHTHHOBHBI U MIpU €e
HeTIOCPEACTBEHHOM yJacTUH pa3paboTaHa 1eieBast
nporpamma «CoxpaHeH1e U MPUYMHOXEHUE KYJIb-
typHoro Hacaenust CII6ITIY » [6]. T1ox ee pykoBo-
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CTBOM IOATOTOBJIEHA W U3JaHa CEPUS U3 MSTU Te-
MaTUUYEeCKUX alibooMOB «KyabTypHOE HOCTOSIHUE
CaHkTt-IleTepOyprckoro rocy1apcTBEHHOTO MOJIH-
TeXHNYECKOro yHuBepcuTeTa»: «IpaBiopsr XVIII
BeKa M3 KOJUIEKIIMU peakux KHUT DyHIaMeHTallb-
Hoil 6ubnmmorekn», «Ilapk IMoauTexHUuecKoOro»,
«ITepBbie mpubopsl [Tonutexuuyeckoro», «CaHKT-
ITetepOyprckuii MOJUTEXHUYECKUIA MHCTUTYT B MO~
YTOBBIX OTKPBITKAX», «“APXUTEKTYpHBbII 00J1UK [1o-
JTUTeXHU4IecKoro». OHa opraHn30Baia paboTy I10
BOCCO3JJaHUIO TTIOPTPETHOM Tajleper YYEHbIX, MPO-
CJIaBUBIIMX YHUBEPCUTET, a TAKXKe pabOTy KOMMC-
CUM MO y4yeTy OObeKTOB KYJIbTYPHOI'O Hacjaeaus,
Obl1a, KaK y>Ke CKa3aHO, OpraHM3aTOPOM KOHLIEPTOB
KJIaCCUYeCKOU My3bIKM B UMTATbHOM 3aire DyHma-
MEHTaJIbHOI 0MOanoTexu [5].

B nocnennue ronst Hunenb KoHcraHTHHOBHA
paborana Haa HamMCaHUEM KHUTU IO MCTOPUU
®yHmaMeHTaIBHON OMOIMOTEKH, KOTOPOIt OHA Py-
KOBO/JIMJIa COPOK YEThIpe Troja.

H.K. IneMHeK — aBTOp psiaa MyOoauKaluit 1o
npobiemaM OMOIMOTEK By30B, uctopuu Db
CIIGI'TIY, KyabTYpHI.

B 1981 roay oHa mojryuniia 3BaHue «3aCTy>KeH-
HBI paboTHUK KyIbTyphl PCOCP». Harpaxnena
opreHoM JpyxObl, Menaiiblo «3a 400JECTHBIN TPy
B o3HaMeHoBaHue 100-1eTusi co AHSI POXICHUS
B.A. Jlenuna», HarpyaHBIM 3HakKoM «IlodeTHbIi
pabOTHUK BBICIIETO MpodecCuoHaIbHOro 00pa3o-
BaHMs1 Poccuiickoit denepaiinn», Menaibio «B na-
MsTh 300-netust Cankr-Iletepbypra», 3HakoM Mu-
HuctepctBa KyabTypel CCCP «3a oTanuHyio
paboTy», cepedbpsiHoit menanbio BJIHX.

Hunens KoHCcTaHTMHOBHA, IO BOCITIOMUHAHUSM
KOJLIIET, ObLTa YeJT0OBEKOM SHEPTUUHBIM U YBJICUEH-
HBIM OMOJIMOTEUHBIM AejoM. Bce, KTo obmacs ¢
Hell, oTMeYaIu ee TIpeIaHHOCTh BhIOPAHHOM Tpo-
deccnm, ONTUMU3M U KU3HEPATOCTHOCTD, €€ HEUC-
CcsIKaeMblii MHTEpeC K >KU3HU U BceMy HOBOMY. He
OIIHO MOKOJIEHHE PYKOBOIUTEJIE BY30BCKUX OU-
onunorek Poccuu yuunock y Hunens KoHcTaHTH-
HOBHBI OTHOIIECHUIO K TTOPYYEHHOMY eIy, mepe-
HUMAJIO HaBBIKU yIIPaBJIeHUECKOU IeSITeIbHOCTH.
Komtern Bocxuinanuch ee peIKUMH OpraHU3aTop-
CKMMU CITOCOOHOCTSIMU, BHICOKUM TTpoeccroHa-
JIN3MOM, YMEHUEM paboTaTh C TIOIbMU, OTBETCTBEH-
HOCTbIO 32 IOPYYEHHOE JeJ10, OTPOMHBIM JIUYHBIM
obagHUEM U IIEAPOCTHIO IYIIU, MPEeIaHHOCTHIO
dyHIaMeHTaJbHON OMOIMOTEKE, YHUBEPCUTETY, B
KOTOpOoM oHa Tipopadotana 51 rog. CoTpyaHUKYU U
MpenoaaBaTe/ii YHUBEPCUTETa BCIOMUHAIOT O HEel
KaK OTHOM 13 CAMBIX TAPMOHMYHBIX XKeHITUH B [1o-
JINTEXHUYECKOM YHUBEPCUTETE.

Hunenr KoncrantuHoBHa IlneMHex ckoHua-
nack B 25 ssHBaps 2009 roma Ha 79-M roay >KU3HU
rocJie MpoI0XKUTENbHOM TsKeaoi 6onesHu [7, §].

Cerogns PyHaameHTallbHasE OUOIMOTEKA, SIB-
Jisgsich yacThlo MHpOpMauMoHHO-0UOIMOTEYHOTO
KOMILIEeKca, MPOAO0JIKAET KUTh U Pa3BUBAThCS OJia-
rojapst yCUIusIM 3aMeuaTeIbHOTO KOJUIEKTUBA pa-
OoTalolIMX B HEWl COTPYIHUKOB, X Tpyay. CBouM
CEeTOOHSIIHUM YyCIleXxaM 0nbimoTeka oos13aHa Hu-
Henb KoHcranTrHOBHE [linemMHek, KoTtopast 3aj10-
JKWJIa OCHOBY JIJist OYAYIIEro pa3BUTHUSL.
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A.N. ManwweHKoB

BbINMYCKHUK JIINMU - A.C. CITULLbIH
FEHEPAJIbHbIW JUPEKTOP 3ABOJA «BOJIbLLUEBUK»

A.l. Malyushenkov

LPI GRADUATE - A.S. SPITSYN
A DIRECTOR OF THE BOLSHEVIK PLANT

Anexcanap Cepreesuu CrintibiH okoHuw1 JITTU umenu M. . Kanununa B 1958 rony. Best Tpynosast
JIeITeIbHOCTD TIpoliIa Ha 3aBoje «bosbineBuk» MuHucrepersa obuiero MamuHocTpoenusst CCCP.
OH mpolies Ha 3aBojie MyTh MacTepa U HayaJbHUKA CMEHBI KY3HEUHOTO 11eXa, 3aMECTUTEIS a 3aTeM
HavyaJlbHUKa W HavyaJlbHMUKA 11€Xa METAJUIOKOHCTPYKIMI, YTO TTO3BOJIMIO €My U3YUYUTh U OCBOUTH
3aBOJICKOE MPOM3BOACTBO B Pa3HBIX aCMeKTax, U 3aHSTh JOKHOCTh 3aMECTUTENIST TMPEKTOpa 3aBoa
10 IIPOU3BOACTBY M ITOTOM IVIAaBHOTO MHXKeHepa 3aBoga. B 1975—1984 rogax — on qupekTop, B 1984—1988
roax — reHepaJibHbIi nupeKTop ['ocynapcTBEHHOTO MPOM3BOACTBEHHOTO 00beIMHEHNS « BobIIeBUK»
MunuctepcrBa obmero mammuHocTpoeHuss CCCP. B aTot nmepuon 3aBoa IIpou3BOINII ITyCKOBEIE
ycraHoBKU pakeT juist [IBO cyxonyTHBIX BoiickK, myckoBbie BM®, GoblInx Kopabiieii JUIsl aTOMHBIX
TMOJIBOMHBIX JIOAOK, 3allIUTHBIE CUCTEMbI aTOMHBIX peakTopoB Tuna PBMK u npyrue cucremsr mist
MunucrtepctBa o6opoHsl CCCP. 3a BeicOKMe pe3yabTaThl JOCTUTHYThIE 3aBOAOM «BoIbIIeBUK» IO
ero pykoBojicTBoM A.C. CriniibiHa 6611 HarpaxkaeH OpaeHoM TpynoBoro KpacHoro 3HaMeHU 1 yIOCTOEH
3BaHus ['epost Counanucruueckoro Tpyna.

CITULBIH A.C.; JITIN; 3ABOJT «BOJIBIIEBUK»; MACTEP, HAYUAJIbHUK ILIEXA; ITTABHBIM MTHXXEHEP; 1U-
PEKTOP; TEPOM COLUMATTUCTUYECKOTO TPYJA.

Alexander Spitsyn graduated from the M.I. Kalinin Leningrad Polytechnic Institute in 1958. All his
professional career took place at the Bolshevik plant of the Ministry of General Machine Building. A.S.
Spitsyn started as a foreman and shift supervisor at a blacksmith shop, and then became the deputy. chief
and chief of department of metal structures, which allowed him to learn and master the wide range of
the plant’s production and take the post of deputy director of the production plant, and then chief engineer
of the plant. In 1975 - 1984. He worked as a director, and in 1984 - 1988 as the director general of the
Bolshevik State. Production Association of the Ministry of General Machine Building. During this period,
the plant was producing missile launchers for the air defense of ground troops, missile launchers for the
air defense of large warships, different types of missile launchers classfor nuclear submarines, the protective
system of the RBMK atomic reactors and other systems for the Ministry of Defense. For the good excellent
results achieved by "Bolshevik" under the direction of A. Spitsyna he the Order of the Red Banner of
Labor and was awarded the title of the Hero of Socialist Labor.

A.S. SPITSYN; LPI; BOLSHEVIK PLANT, MASTER; FOREMAN; CHIEF ENGINEER;DIRECTOR. HERO OF
SOCIALIST LABOR.

[Taroro ntonst 2015 roga ncroaHwmwiock 20 et «bonbineBuk» (HpiHeE OAO «I'O3 OGYXOBCKMIA 3a-
co mHs cMepTtn AnekcaHapa CepreeBuda CIiMIbIHA — BOJ) B TTOCJIEBOSHHBIN TIEPUO BPEMEHMU.
(1932—1995), onHOTO U3 CaMbIX SIPKUX PYKOBOJIU- Anexcanap CepreeBud poauiicst B cee Kpem-
TeJIeil B muiesine OUPeKTOpoB 3aBona, a 3ateM IO  msgHoe KopeneBckoro paiioHa Kypckoii obgactu B
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cembe yuntens. [Tocie okonuanus B 1952 romy miko-
Jbl Ne 35 Ha cranuuu KopeHeBo MockoBcko-Ku-
€BCKOI1 KeJIe3HOI JOPOru OH TocTynui B JIeHUH-
rpajcKuUil MOJUTEXHUUYECKUIN UHCTUTYT UMEHU
M.HN. KanuanHa Ha MEXaHMKO-MallMHOCTPOUTEIb-
HBIN (DaKyIbTET, KOTOPBIN OKOHYMJ B 1958 romy.

CBoli AUTIJIOMHBIN MPOEKT 1O CHEIUATBHOCTH
«MallHBI ¥ TEXHOJOTUM 00Pa0OTKU METAJLIOB AaB-
JieHreM» Ha TeMy «[Ipecc ABOIHOTO AECTBUSI C IBYX-
ckopocTHOU MydTOii» A.C. CrIMLIBIH BBITTOJTHWI Ha
Kadenpe Ky3HEeUHO-IIPECCOBBIX MAIIMH 1 3aIllUTUIT
ero 14 despaisg 1958 roga ¢ OLIEHKON «OTIMYHOY.

ITocne okonvanus B 1958 romy JIITM umenu

M.N. KaqrHuHa ¢ TpUCBOEHNUEM eMY KBaTU(pUKa-
1y nHxeHepa-mexanuka A.C. CnouimbiH ObUT Ha-
npasjieH paboTaTh Ha 3aBOj «boJibllIeBUK» (TTOYTO-
BBII K 852/2). B 1958—1963 romax oH paboTtan
Ha 3aBOJIE MAaCTEPOM U HAYaJIbHUKOM CMEHBI Ky3-
HEYHOTO 11exa, ¢ 1963 o 1965 rox — Ha4aIbHUKOM
TeXHoJIornueckoro 0ropo 3toro uexa. PadoraB BTII
(Bropo TexHMYECKOI MOATOTOBKM ) Ky3HEYHOTO 1IeXa
aig A.C. CriuplHa cTajla OIHUM U3 OYepPEeaHBIX
BTAIoB ero AaTbHENIIEero MpodecCuOHaTBHOTO CO-
BeplleHCTBOBaHUs. [7TyboKoe n3yyeHre HopMaTuB-
HOI TOKYMEHTALIMW, 3HAHWE TEXHOJIOTMIECKUX BO3-
MOXHOCTell 000pyAOBaHUS TMO3BOJSIU €My
MNPUHUMATL OINTUMAJIbHBIC pEIIeHUS, MPOSIBUTH
ce0s1 TaJaHTJIMBBIM MHXEHEPOM U CITOCOOHBIM OP-
raHU3aTOPOM TIPOU3BOICTBA.

B 1965—1966 roan! Anekcanap Cepreesuy Crin-
LIbIH — 3aMECTUTEJIb HAUaJIbHUKA 11eXa METAJUIOKOH-
CTPYKIIMIA, OMHOIO U3 KPYITHEMIIIMX LIEXOB Ha 3aBOJIE.
ITo MHEHMIO MHOTHX €T0 KOJUIET O paboTe, TIepeBOoI
B 1965 roay Anekcanapa Cepreesuya B LiEX MeETaJI-
JIOKOHCTPYKLIMIA ObUT POAYMAHHBIM IIaTOM aaMU-
HUCTpallMM 3aBOAA Ha IyTU TMOJATOTOBKMU €ro Kak
pyKoBoauTeNsT mpousBoactBa. B 1966 rony
A.C. CnuupbiHa Ha3HAYalOT HAYaIbHUKOM 1iexa Me-
TaJUTOKOHCTPYKIMIA. PaGoTast B 3TH roJbl Ha pa3HbIX
JOJIKHOCTSIX U MpO(ecCuoHaIbHO OCBauMBasi UX,
Anekcannp CepreeBud cymeJ MOJHOCTBIO pa300paTh-
¢ KaK B XapakTepe U CoJep:KaHMU MHOTOHOMEHKJIa-
TYPHOI TIPOTpaMMBI 3aBOJIa, TaK U ¢ TPeOOBAHUSIMU
BBIMOJHEHUS pa3IMYHbIX TEXHOJIOTMYECKUX LIUKJIOB
M0 M3TrOTOBIIeHUIO mu3nenuii. [Ipoitas 3Ty KOy,
Anekcannp CepreeBUd K CBOeMY UHKEHEPHOMY OITbI-
Ty 100aBWII €1I€ Y TOHMMAaHKEe BaXKHOCTU 1 HEO0XO0-
JUMOCTU TIPOSIBJIEHUsI COLIMAIbHO-00111eCTBEHHOM
3a00ThI O WIeHAX KOJJICKTUBA.

C 1971-ro 1o 1974 ron A.C. CniuublH 3aHUMAaN
JOJKHOCTB 3aMECTUTE]ISI JUPEKTOpa 3aBoja 1o Ipo-
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M3BOJICTBY U HA 9TOM JOJKHOCTU TTPOSIBUIT Ce0sI CTie-
LIMATMCTOM, YMEIOILIMM CTaBUTh KOHKPETHBIC U YeT-
KWe 3a/auu nepej HadyaalbHUKaAMU MPOU3BOJCTB U
LIEXOB, XKEeCTKO TpeOysl OT HUX UCTIOJHEHUSI TTopyJe-
Huii. B aToii nomkHocTr Anekcanap CepreeBud npo-
JIEMOHCTPUPOBaJ CBOM He3aypsiAHbIE OpraHu3aly-
OHHBbIE CITIOCOOHOCTHU U OOJTBIITYIO CAMOCTOSITE/TbHOCTb.

B 1974—1975 romax oH — TJIaBHBII WHXEHEDP
3aBoja. 3a KPaTKOBPEMEHHbIU CPOK MpeObIBaHUSI
A.C. CriuuplHa B 3TOI TOJKHOCTU TTPOSIBUIACH €T0
WHXEHepHasi dpYAULIMS U CIIOCOOHOCTb pellaTh
00111e3aBOICKME 3aJaUH.

B 1975 rony Anexcanap CepreeBud Obl1 Ha-
3HauYeH JUPEKTOPOM 3aBoja «bosbleBUK», KOTO-
pbIii B TO BpeMsi MPeCTaBIsiyl COOOM 1IecTHAAIATH -
TBICSIYHBIN KOJIJIEKTUB U UMeJ Oojiee YeM CTOoJIeT-
HIOI0 UCTOPUIO. 3aBO ObUT CO3/1aH /ISl U3TOTOBJIEe-
HUsI OpYAuii 00JbIINX KaJTUOPOB, COXPaHSI U MPO-
JIOJIXKaJl COBEPILIEHCTBOBAaTb TEXHOJOTMYECKUE
npreMbl 00pabOTKU IIyOOKHUX OTBEPCTUI, BBIMY-
cKasi TpeOHbIe BaJlbl, TEJECKOMUUYECKUE aHTEHHBI,
TUAPABINYECKUE HUIUHAPHI pa3IMYHOIO Ha3Have-
HUs, UMJIMHAPI U181 TOTPYy34MKOB-2KCKAaBaTOPOB U
JIPYTUX aHAJTOTUYHbBIX U3aeanii. B TexHoaorum 06-
pabOTKU ITyOOKHX OTBEPCTUI 3aBO/I 1O MPaBy CUU -
TaJicsl CaMbIM TIepeAOBbIM MIPEATNIPUSITUEM CTPAHbI.

3a 3acayru nepea OTe4ecTBOM B pa3HbIe COBET-
CKHe TOJIbl KOJIJIEKTUB 3aBO/Ia ObLT YeThIPEXKIbI OT-
MEUEH BbICOKMMU roCcy1apCTBEHHbIMU HarpajiaMu: B
1939 roay 3a ycrielHoe BHITIOJIHEHUE 3aJaHUi TTpa-
BUTEJIbCTBA 110 CO3JAaHUIO0 HOBBIX 00pa3l0B BOOPY-
>KEHUSI 3aBOJI HarpaxieH opaeHoM JIeHrHa; 3a Tpy-
JIOBOI1 monBur B nepuon Benvkoii OteuecTBeHHOM
BOIHBI B 1945 rony — opaeHoM KpacHoro 3HameHU;
B 1963 romy — opmenom TpynoBoro KpacHoro 3Ha-
MEHMU 32 CO3IaHUE COBEPLLIEHHOM MePen0BO TEXHU -
ku: (*CM-5u CM-2 - 100-mMm 1 130-MmM  1BYXOpY-
JNUIAHBIE CTAOMIM3UPOBAHHbBIE MATyOHO-0AIlIEHHbIX
YHUBEPCAJIbHBIX apTUJJIEPUNCKUE YCTAaHOBKM;
*Bb-34YCM — 100-MuummMuUTpOBas IajayoHo Oepe-
TOBOM YHMBEPCAJIbHOM apTUIJIEPUNCKOM YCTAHOBKM
u B yecThb 100-y1eTHs CO IHSI OCHOBaHUS 3aBoza). B
1970 romy 3aBoa HarpaxmaeTcst opaeHoM OKTSIOpb-
CKOI1 peBOJIIOLIMU 34 JOCPOYHOE BHITTOJTHEHUE BOCh-
MOTO TISITUJIETHETO TJIaHa.

C 1975 no 1988 rox Anekcannp CepreeBuy Crii-
LIbIH — AUPEKTOP 3aBojia. [0/1bl €T0 AESITEIbHOCTU B
3TOM KayeCTBe CTalu CyAbOOHOCHBIMU B JabHE -
1Iei KM3HUM 3aBojIa TIPY PEIIeHU U KaK MPUHIUTIH -
aJIbHBIX TPYIOBBIX, TaAK aAMUHUCTPATUBHO-XO35I11 -
CTBEHHBIX U COLMAIbHBIX BOMPOCOB. B aTH robI
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LIMPOKO pa3BepHyJach padoTa Mo PEKOHCTPYKIIUU
MPEANpPUSITUS, HapalllUBaHUIO U COBEPIIIEHCTBOBA-
HUIO MPOU3BOACTBEHHBIX MOIIHOCTEH, a Takxe
YIIYULICHUIO UMEIOIIUXCSI M CO3IaHUI0 HOBBIX Op-
TaHU3alMOHHBIX (POPM U CTPYKTYP COLIMATIBLHOTO
obecrieueHus1 padbounx u UTP B ux noBceaHEeBHOM
xku3Hu. [Tog pykoBomcrBoM Anekcanapa Cepree-
BUYA 3aBOJ, BHEC O0JIbIION BKJIAJ B pa3BUTHE BOOPY-
JKeHUSI U BOGHHOM TEXHUKHW paKeTHbIX BOMCK cTpa-
TErMYeCKOro Ha3HaueHUsl, PAaKETHO-KOCMUYECKUX
CWJI, paKeTHOTO0 BOOpYXeHUs1 BOeHHO-MOPCKOTo
(nota, [TBO cTpaHbl, aBTOMaTU3UPOBAHHBIX KOH-
TPOJIbHO-YIPABJISIIOIIMX CUCTEM aBapUIHOM 3alliu -
Thl peakTopoB ADC, rpaxaaHcKoil MpoAyKLUUU U
TOBapOB HAPOJJHOTO MOTPEOIEHUSI.

OCHOBHBIMU BUJIAMU U3JIEJINI13aBOAa ObLIH Clie-
Aylouiue:

1. ITyckoBsbie yctaHoBKH 17151 [TBO cyxomyTHBIX
Boiick — *CM-63, CM-90, CM-99 — mis cuctem
C-75;*51172, 511725 — nast cuctem C-200; *STI85C
— myist cucteM C-300; *rmepBble ONBITHBIE 9K3EMILISI-
pbI cuctembl C-400.

2. IlyckoBrie yctanoBku I1BO mst Gonbimx
kopabseit BM® — *b-187, b-192, b-203, b-204.

3. IlyckoBble YCTaHOBKM /111 aTOMHbBIX MOJBO-
JHBIX JIOJOK: a) C HAKJIOHHBIM CTapTOM (KpbLIaThie
pakeTbl) — *CM-97 u *CM-97A (nanbHOCTb 70 KM.),
*CM-154 1 *CM-156 (mampHOCTB 120 KM. ), *CM-225
(mampHOCTB 500 KM.); 0) ITyCKOBBIE YCTAHOBKM Oasi-
nuctryeckux paket —4C-10, 3C-65, 4C-7. OcobeH-
HOCTBIO CTAaPTOBBIX YCTAHOBOK J1J151 ITOIBOIHBIX JIOMIOK
OBbLJI0 UCTTOJIb30BAHKE CIIOXKHOJIETUPOBAHHBIX CTICIIU -
aJIbHBIX CTajiell, U 3aBOJ1 YCIEIIHO CITPABJISUICS CO
BCEMM MPoOIeMaMU X MEXaHUYECKOI 00paboTKM.

4. ONOpHO-TTIOBOPOTHBIE YCTPOMCTBA /ISl aHTEH-
HBIX YCTAHOBOK JUaMETPOM 3epKajl oT 5 1o 70 me-
TpoB. JlocTaTOYHO cKa3aTh, YTO B OMOPHO-MOBO-
POTHOM YCTpOHCTBE ¢ 3epKajioM auametrpom 70
METPOB OblJa MCIIOJb30BaHA M3rOTOBJEHHAS Ha
3aBojie lIecTepHs AuaMeTpoM 30 METPOB C MOLyJIeM
3y6a 30, ceKTop ApyToi MeCTepHU UMEI MOIYJIb 28.
AHTEHHBI JaJbHEN KOCMUYECKOW CBSI3U C JUaMe-
TpoM 70 MeTpoB ObLIM CMOHTHPOBAaHBI B KpbIMy 1
Ha lanbHeM BocTtoke.

5. 3allluTHbIE CUCTEMbI aTOMHBIX PEaKTOPOB
turia PBMK.

6. O6opynoBaHue 11T KOMAHIHBIX ITyHKTOB pa-
KETHBIX IMBU3UM CTpaTernuyeckoro HazHayeHusl,
coctaBuBmux symepHblil mmut CCCP. Caenyet oT-
METUTb, YTO opraHu3auus «MIMIyabe», co3gaHHast
Ha ocHoBe OKB JITTN um. M. M. Kanuauna mpo-

¢eccopom T.H. CoxkoJi0BBIM, ITOCTABJISIIIA CUCTEMBI
yIpaBjieHUs] KOMaHAHBIX TTYHKTOB PaKETHBIX MOJI-
KOB U AMBU3MIA, a TaKXKe KoMaHaHoro nmyHkra PBCH
(pakeTHBIE BOMCKa CTpaTerMuyeCKOro Ha3HaueHMsl).

7. DTa Ke KOMIUIEKTallMs UCITOIh30BaIach IMpu
U3TOTOBJICHUM PAKETHBIX XKeJIe3HOTOPOXKHBIX KOM-
TIJIEKCOB, B CO3MaHNM KOTOPBIX 3aBOI « BoJTbITIeBUK»
MPUHUMAJ y4acTue coBMecTHo ¢ KOpruHckum ma-
IMTMHOCTPOUTEIBHBIM M THETPOITeTpoBCKUM HOx-
HBIM MalllMHOCTPOUTEIbHBIM 3aBOJAMMU.

8. ToBapbl HApOAHOTO MTOTPEOIICHUS, B TOM YHC-
Jie Jy41ast Ha TO BpeMsl MOJIe/b YTiora (BBIMYCK 10
1,2 MJTH IITYK B TOM).

9. KoMIuieKTbl IMJIMHAPOB JJIs1 TPAKTOPOB TUIIA
«benapycp».

10. ABTOMaTHU4YeCKre MUHOMETHI «Bacuné€x»,
82-MWIITMMETPOBEIE.

B a1 roapl noa pykoBoacTtBoM AnekcaHapa Cep-
reeBrYa OBITM TIOCTPOCHBI 1 BBEJICHBI B pabOTY Clle-
JIYIOIIIME 3aBOICKUE MOAPA3EACHUS: [IeX aHTEHHOTO
ITPOM3BOICTBA, MEXaHOCOOPOUHBIH 11eX, 11eX raJIbBa-
HO-XMMMUYECKUX IMTOKPBITUI, 11eX TPOU3BOACTBA KOP-
ITyCOB aKKyMYJISITOPHBIX OaTapeid, 11eX IIpOM3BOICTBA
TUAPOLIMIUHAPOB U Y4ACTOK 00pabOTKU «KOJIOHOK»
HaBeCHBIX opyanii K Tpakropy «bemapyce»; B 1984
rOJy MOJEPHU3UPOBAH YYACTOK UYTYHHOTO JINThS,
rae Obla TTpOon3BeieHa 3aMeHa BBITIaBKY YyTyHa B
BarpaHkax Ha BBITIJIaBKY YyTYHa B MHAYKIIMOHHBIX
Tevax, poIoIKeHa PEKOHCTPYKIIAS MapTEHOBCKO-
ro 1exa ¢ yCTaHOBKOI 3JIEKTPOIJIAaBUJIBHOM Teun
JCII-12 u Bakyymatopa YLIBC; k 1987 romy corna-
COBaH IMPOEKT MO CTPOUTETLCTBY HOBOTO YHUKAJIb-
HOTO TEPMMUYECKOTO 11eXa, B KOTOPOM BII€pBbIe B
CTpaHe B KauecTBe 3aKaJIOYHOM cpe/ibl MOIJIO ObITh
HCITONIb30BaHO He TTOXKapooIacHOE Macyo, a BOTHBII
pactBop JICT — nurHocysbgaHaT (OTXOIbI ApeBec-
HOM ITPOMBIIIITICHHOCTH TTPH IIPOM3BOJICTBE OyMarm),
rnmoctpoeH rapax Ha 250 aromooueii. [TosHoCTbIO
PEKOHCTPYMPOBAHO CO 3HAYUTETHHBIM ITOBBIIIIEHEM
YPOBHSI MEXaHU3aLIMK CKJIaIcKoe X03icTBO Ha KOX-
HOM XeJIe3HOIOPOKHOM BeTKe 3aBona. [IponsBencHa
MOJIHASI PEKOHCTPYKLIMSI MHCTPYMEHTAIBLHOIO MPO-
M3BOJICTBA CO CTPOMTEBCTBOM YETBIPEXITAXKHOTO
3nanHus moiaabo 5000 KB. M.

CTpOUTEIBCTBO HOBBIX M TIOJTHASI PEKOHCTPYK-
LIS y2Ke UMEIOIIMXCS Ha 3aBOJIE COLMAIbHO 3HAUYM -
MBIX 00BEKTOB OCYIIECTBIISITUCH TaKKe TIPU HETT0-
cpenctBeHHOM KoHTposie A.C. CninubiHa. Cpeau
HUX OBLIU CJIEAYIOIINE OOBEKTHI: ITOACOOHOE XO35Ti1-
CTBO B paiioHe moceska JItodbaHb JIeHUHTpaacKon
o0acTu; 6a3bl OTAbIXa Ha Mo0epexkbe YEpHOTO MOPST
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BToponax Aur, Amiep, @eogocus; 3aBOACKOIM MHO-
Hepckuii narepb Ha 700 meteit Ha 6epery IToarop-
HOTo 03epa B paiioHe nepeBHHU [TosstHbl Kapenbcko-
ro Iepemielika, Ha TEPPUTOPUU KOTOPOIO ObLIN
MpOU3BeIeHbl Pa0OTHI IO €ro PEKOHCTPYKIMU U
3aMeHe MHOTHX CTapbIX MOCTPOEK M KOPIYCOB Ha
HOBBIE ¢ (DyHIAMEHTAJIbHOM OCHOBOI1 3MaHUIl U3
KUpnuya U yJIydlleHHOU MHOPpacTpyKTypoul s
SKM3HU U aKTUBHO-TBOPYECKOTO OT/IbIXa IETEH 1 1151
paboTHI OOCIYKMBAIOIIETO IIepCOHaja; OOJIbHUY-
HBI KOMIUIEKC, CTABIIUI OJTHAM U3 JIYYIIUX MEJIU -
LIMHCKUX yYpeXAeHU I ropoia, Co CTallMOHApOM Ha
300 xoek, MONMMKINHUKON Ha 750 TTocemieHnit B
cMeHy, nipoduiakTopueM Ha 150 yenoBek u BceM
HEOOXOIUMBIM MEAUIIMHCKUM, XO3SHCTBEHHbBIM
OCHallleHEeM 1 OICOOHBIMU CPEICTBAMU, IIOCTPO-
€HO JiBa JEBSITUATAXKHBIX JOMa U TPU OOILEXKUTUS
st padounx u TP 3aBoma; 3aBoAcKoif Mara3uH
TOBapOB HAPOIHOIO MOTPEOJICHMS U T.1.

Anexcannp CepreeBud CruiibIH TIMYHO KOHTPO-
JIMPOBAJI CTPOUTEBCTBO BCceX 00beKTOB. Ero pado-
YW JeHb 9aCTO IPOIOJIKaJCI A0 22 4acoB. YTpo
HayMHAaJIOCh, KaK MpaBuao, ¢ 00Xoia 1I€XOB, BbI-
MOJIHSIFOIIMX OTBETCTBEHHBIE 3aKa3bl, U OOIICHMS C
PYKOBOACTBOM II€XOB 110 YTOYHEHNIO CPOKOB BHI-
MOJTHEHMS 9TUX 3aKa30B. OTBETCTBEHHOCTbH 32 BbI-
MOJHEHUE TMPOMU3BOJACTBEHHBIX 3aJaHUI 3aBoja
BCeraa MepcoHaIbHO Bo3Jjlarajiach Ha AMpeKTopa
3aBozia. DTO OBLIO OUEHb BaKHOE, HO HE §IMHCTBEH -
HOeE MoJie ero AesiTeIbHOCTU. JlocTaTOUHbIe 3HAHUS,
noiaydyeHHbIe B [loMnMTeXHNMYeCKOM MHCTUTYTE, U
OITBIT, KOTOPBII OH IIPUOOPET BO BpeMs padOThI Ha
3aBOJie¢ B Pa3JUYHBIX JOJKHOCTSX, MO3BOJUIN
Anexkcanapy CepreeBuuy yCHEIIHO CITPaBJSITLCS C
paboToii nupekTopa npeanpusaTusa. B ycremHoi
paboTe ero B 3TOM KauecTBe 0OJIbIIYIO POJIb ChITpa-
Jla TaKXe M KaJpoBas nojauTruka Asnekcanapa Cep-
reeBuya, mpoBoarmasi UM Ha 3aBojae. OH oOiagan
CIMTOCOOHOCTBIO BBIAEIUTh U HAa3HAYUTh Ha OTBET-
CTBEHHBIC HAIIpaBJIEHUS B AESITEILHOCTU 3aBoia
CIIOCOOHBIX 1 YBJIEUEHHbBIX pa00TOI UCIIOJTHUTENCH,
COTPYAHUYECTBO C KOTOPBIMU ITO3BOJISIIO €My
YCIIEIITHO OCYIIECTB/ISATh MHOTOIPAaHHYIO ITOBCE/I-
HEBHYIO JA€ATEIbHOCTb Npeanpusitusg. B Te roabl
3aBOJi MOOMJILHO OCBaMBall OMBITHBIE U3IETUS, a
HaJIMyue MeTaJLTypruueckoro npou3Bo/ICTBa C pa3-
JIMYHBIMU 1I€XaMU 10 U3rOTOBJICHUIO IIPOIPECCUB-
HBIX METALTYPrUYeCcKrX 3aTOTOBOK U Pa3BUTAsI CU-
cTeMa MOJITOTOBKM NPOU3BOACTBA ITO3BOJIMIIN
3aBOJIy CTaTh OTHUM U3 Han0oJiee MOOMJIbHBIX MTPE/I-
MPUSITUAI IT0 OCBOSHUIO OIIBITHBIX 00pa3110B HOBOM
TEXHUKU U €€ BBIITYCKY.
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B 1976 roay 3a 10CpoOYHOE BBITIOJTHEHWE JEBS -
TOTO MSITUJIETHETO T1JIaHa 3aBOJ «bosblIeBUK» ObLIT
HarpaxnieH opaeHoM Tpynosoro KpacHoro 3Hame-
HU, B 1983 romy 3a BBOA B 3KCIUIyaTallUIO CIELIU-
aJIbHBIX COOPYKeHUI — opAeHOM JleHnHa.

Oco06o ciemyet orMeTuTh BKiIag A.C. CrinublHa
B pa3BUTHE CcOlIMaIbHOU 0a3bl 3aBoAa. Cpenu 1u-
POKOTI'O TepevHsT BOMPOCOB, BKIIOYEHHBIX B IJIaH
MEepPCNeKTUBHOIO PA3BUTHS COLIMATbHBIX 3aBOJICKUX
CTPYKTYp, 3HAUUTEIBHOE MECTO OBLIIO OTBEICHO pa3-
BUTHIO U COBEPIIEHCTBOBAHUIO (DU3KYJIBTYPHO-
CITOPTUBHOI 0a3bl 3aBofa. OUBKYIBTYPHBIN KOJI-
JIEKTUB 3aBoma «bonblieBuK», CcUMTaBIIUIICS
MHOTHE TOJbl KaK TOBOEHHOTO, TaK U MOCAEBOCH-
HOTO MEPUOAOB BpeMEHU OJHUM M3 JIYUIIIUX CIIOP-
TUBHBIX OpTaHW3alMil B TOpojae W oTpaciu, ¢ 70-x
TOJIOB TPOILILJIOro CTOJIETUs, Ojaromapsi CBOeMy
JajibHelIlIeM pa3BUTUIO, CTall YXKe HelocsraeMbIM
IUUIST MHOTHUX CITOPTUBHBIX KJTYOOB BEIyIINX ITPO-
MBIIUIEHHBIX MPEANPUSATHI HE TOJBKO ropoja, HO
U HaIllero MUHUCTEPCTRA.

OCHOBBI CITOPTUBHOM 0a3bl 3aBoJa ObLIM 3a-
JIOKEHBI 3aBOJICKOM MOJIOAEXDBIO €11e B IaleKUM
1924 roa Ha TeppuTOpUM OBIBILIETO MapkKa rpaduHU
AnpakcuHoit (nepeBHsT Myp31HKa), pacIoIoXeH-
Horo Ha JeBoM Oepery peku HeBa B paitoHe O0y-
XOBCKOTO 3aBoja. [1o nHuIMaTuBe 3aBOACKON MO-
JIONEXHM TeX JIET 3eJIeHast 30Ha rmapka, Ha TeppUTOPUN
KOTOPOIt ObLIN CO3AaHbI MEPBbIE CIIOPTUBHBIE IJI0C-
KOCTHBIE COOPYKEHMSI, cTajla Ha3bIBaThCsl CaloM
«CnapTak». DTa ”HUIMATUBA 3aBOACKOM MOJIONEKU
OblIa moaaepkaHa Kak aIMUHUCTpaIlveil, Tak 1
00IIIECTBEHHOCTbIO 3aBO/JIA.

Bce mocnenyrorie roasl JOBOSHHOTO U TTOCTe-
BOEHHOTO NEPUOIOB BpEMEHU 3aBOJICKAsT CIIOPTUB-
Hasl 6a3a B IJIAHOBOM MOPSIAKE MpoaoJKaia pas-
BUBAThCSI W COBepIlleHCTBOBaThCcA. CaMBIM
3aMETHBIM 3TalloM pa3BUTUS 0a3bl CIOPTKIyOa
«bonpmeBuk» ctanu 70-80-¢ rombl MPOILIOTO CTO-
JIETUsI. DTU TOIBI OBLTA OTMEYEHBI CTPOUTEIHCTBOM
Ha Tepputopuu cana «Craprak» HOBBIX CLIOPTUBHBIX
KOMILJIEKCOB, KOTOPbIE U CETOJAHS MPOAOJIKAIOT
yKpalaTh CIOpTUBHYIO 06a3y 3aBofa 61aromapsi CBO-
eil pyHmaMeHTaJIbHOCTU. B OCHOBY MX CTPOUTENb-
CTBa, KOTOPOE MPOXOJAUIIO MO/ PYKOBOJICTBOM AU-
pexropa 3aBoga A.C. CrinublHa, ObLT OJIOXEH TOT
K€ TIJIAHOBBIM MPUHLIMII, MPUYEM KOHTPOJIb X01a
BBITTOJTHSIEMBIX PA0OT MO CTPOUTEILCTBY €XKEHEIEIb-
HO OCYIIIECTBIISUICS HEMOCPEICTBEHHO AJIeKCaH-
npom CepreeBudeM. DTO MOJOXKUTEIbHBIM 00pa3oM
CKa3bIBAJIOCh KaK Ha CPOKaX BBITIOJHAEMBIX padoT,
TakK M Ha UX KauyecTBe.
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OgHMM 13 TIEPBBIX 3aBOICKHX CITOPTUBHBIX 00b-
eKTOB ObUI JIBOpell cnopTa, oA KPhIlIeil KOTOporo
OBUIM pa3MelleHbl UTPOBOM CITOPTUBHBIN 3aJI C TPU-
OyHaMu 1 0aJIKOHOM, 25-T1 1 50-T1 MeTpoBbIe Oac-
CEMHBI C TPUOYyHAMU M HEOOXOIMMBIMHU ITOJCOOHBI-
MU TIOMEIICHUSIMU, «JISITYIIaTHUK» ST AeTeid
MuIaaiiero Bospacta. Bo IBopiie criopra 66111 000-
pPyIOBaHbI MEIUIIMHCKIE KAOMHEThI, OCHAIIICHHbIE
HEOO0XOAMMBIM MHCTPYMEHTAapHUeM U ammapaTypoit
JIJI1 BpaueOHO-MEIUIIMHCKOIO KOHTPOJISI 3a 310P0-
BBEM JIMII, PETYISIPHO 3aHMMAIOLIMXCS Bo [Bopiie
KaK B CIIOPTUBHBIX IPYIINaXx, TaK U B IpyInax oo1ei
(pusmueckoii mogroroBku (OMDIT).

YHuKaIbHBIM COOpYKeHHeM cTail JIemoBbIi ABO-
peu ciopta ¢ TpubyHamu Ha 1000 mect 1 HE0OX0-
IUMOU MHMPaCTPyKTYypOIi IO €ro 00CTy>KMBaHUIO.

3aHoBO OTCTpOoeH Ha Kapeabckom mepelieiike
JIETHUM NETCKUI CIOPTUBHBIN Jarepb, Ha 0a3e Ko-
TOPOTO 110/ PYKOBOACTBOM TPEHEPCKO-UHCTPYKTOP-
CKOTr'0 COCTaBa €XEroJHO 3aHUMAaJIMCh BOCIIUTAH-
HUKMK 3aBOoAcKO¥ JleTCKON KOMIIJIEKCHOM
CHOPTUBHOM IIKOJIBI. B meTCKuX rpynmax 3aHuMa-
Jochk cBbire 900 mereit 1 MOAPOCTKOB 110 11 Bugam
criopra.

W3 yncna Mojionexu, 3aHUMAaBIIICICS Ha 3a-
BOJACKOI CITOPTHUBHOW 0a3e B Te TOJibl, BEIPOCJIO HE-
MaJIoO BBIAAIOIIMXCS CLIOPTCMEHOB ITO MHOTYM OJIM-
nuiickuMm BuaaMm crnopta: gurypuctel M. Yep-
BoTkmMHa, WM. JIncoBckmii, B. Tecns, nerkoaTieTsr:
H. Top6auésa, H. ITonozos. B. BolikuH; Tskenoat-
nersl M. Kynukos, A. Myctpukos, C. [He3nmioB u
T.1. B Te ronpl Ha 3aBoje chopMUpoBaIach KOMaH-
na «HeBa» MmacTepoB 110 pyYHOMY MsIIY, JOJITHE TOIbI
JOCTOHO 3allMILaBIIasi CHOPTUBHYIO YeCTh 3aBOjia
¥ ropoja.

ExXeromHo B 3MMHUX M JIETHUX CIlapTakuaaax,
MPOBOAMMBIX Ha 3aBoje 1o 10—15 Bumam criopra, yda-
cTBOBaJIo Oosiee 2—3 Thicsu yesnoBek. KonuuecTBo

3aBOJIYaH, MPUOOIIIEHHBIX K PETYJIIPHOI MOATOTOBKE
ISl BBITIOJIHEHUST HopM Komruiekca ['TO, exxeromHo
cocranisio 6osee 2000 yemoBek — padounx u UTP.

dusunyeckast KyJbTypa KakK 4acTh 001lIei MUpO-
BOU KyJIBTYpbl, TOMUMO BOCIIUTATENbHON COCTaB-
JISIIOIIE B CBOEM CO/IEp>KaHWM, UMEET JaBHO yXKe
JIOKA3aHHYIX0 MUPOBOM M OTEYECTBEHHOU HAYKOM,
He MeHee BaXKHYI0 Y 3HAUMMYIO — COLIMAJIbHO-3K0-
HOMUYECKYIO COCTaBJISIONLYIO B TPOU3BOICTBEHHO-
Hay4yHOH AesITeJIbHOCTU JI000T0 MPOMBbIILIEHHOTO
MPEaNpPUsITASL U yUpexkaeHus. B ycloBusix Hallero
3aBoga A.C. CIMUbIH YAEJSII 3TOMY 3HAaYUTEIbHOE
BHMUMaHue. Ha co3maHHBIX UM COLIMaJIbHO-CITOP-
TUBHBIX O0BEKTaX €XKErOAHO 3aHUMAINCh MACCOBBIM
CIIOPTOM U aKTMBHO OTAbIXaau 0osee 12 ThiCsY 3a-
BOJYAH U YJIEHOB UX CEMEi1, YTO B KOHEYHOM UTOTre
CMOCOOCTBOBAJIO MOBBIILIEHNIO HE TOJIKO IMTPOU3BO-
JUTEJIbHOCTHU TPyAa, HO TAKXKe COXPaAaHEHUIO U MPO-
(unakTUKe 310POBbS TPYIASIIMXCS.

HarpaxxneHue 3aBojia IByMsI TOCYIapCTBEHHbIMU
HarpagaMu — opaeHoM IpymoBoro KpacHoro 3Ha-
MEHU 1 opJieHOM JIeHnHa — 3a JOCTUTHYThIE Pe3yJib-
TaThbl B IEITEIbHOCTU TPYJOBOTO KOJUIEKTUBA «boJib-
meBuKa» 1moj pykoBoacTBoM A.C. CriulbiHA B
70-80-¢ romsl, a Takcke HarpaxkaeHue A.C. CuibiHa
opaeHoM TpynoBoro KpacHoro 3HaMeHM U TIPUCBO-
eHue eMy 3BaHui Jaypeata [ocymapcTBeHHOI npe-
mun 1 [epost Coumanmncryeckoro Tpyna — qocToii-
HOe IIpU3HaHUeE ero 3acayr nepea PonnHoii.

3axoponeH Anekcanap CepreeBnd CIIMIIbIH Ha
knanouie «ITamsatu Kepts 9 sitHBapsi», y4acTokK
No 64.

ABTOD BbIpaXaeT IIYOOKYI0 0J1aromapHOCTh 3a
ydacTue B IOJATOTOBKE CTaThU BeTepaHaM 3aBOja:
C.C. Boakony, B.B. [exnoBy, b.E. MBaHoBy,
B.®. Kacaronony, U.K. KosanbkoBy, B.B. CoJo-
BbEBY.
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HayuHoe uznanue
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YCIIOBUS IYBIUKAIIUY CTATEN
B KypHaine «Hayuno-texunyeckne Begomoctu CII6ITIV»

1. OBIIME ITOJTOKEHWA

Kypuan «Hayuno-texundeckne Begomoctyt CIIOITIY» sB/IsieTCSs TepHOANYECKIIM [IEIaTHBIM HAyIHBIM PELleH3VPyeMbIM M3TaHMEM:

— 3apeructpuposan B QefiepanbHoii cayx6e 0 Ha30Py 3a COOMOIEHIEM 3aKOHOATENbCTBA B Chepe MaCCOBBIX KOMMYHUKAIIMIT
U OXpaHe Ky/nbTypHoro Hacmenus (cBugerennpcTso IV Ne @C77-25981 ot 13 okts16pst 2006T.) i pacIipoCTpaHAeTCs IO HOAIMICKe Yepes3
o6 pennHenHbIit Karanor «[Ipecca Poccun» (nupexc 18390);

— MMeeT ME/[yHapOHBII CTaHAAPTHBI HOMep cepyanbHOro nepuoandeckoro naganns (ISSN 1994-2354);

— BHeceH BpicIert aTTecTalMoHHoIT Komuccyelt MuHo6pasoBanna PP B [lepeyeHb nepuofyeckux HayYHbIX U HAYYHO-TeXHMYe-
CKIMX U3JaHNUIT, B KOTOPBIX PEKOMEH/YeTCsl yOIMKAIMsA OCHOBHBIX Pe3y/IbTaTOB FUCCEPTAIMII Ha COUCKAHIE YYEHOII CTelleHN JOKTOpa
HayK, y4eHOIl CTelleH! KaH/Iu/jaTa HayK;

— ¢ 2009 1. BXOAUT B HAIIMOHATbHYIO NHPOPMAIIMOHHO-aHATTUTUYECKYIO CUCTeMy «POCCHIICKNIT MH/IEKC HAYIHOTO HMTUPOBAHNA
(PVIHII)»;

— CBefleHMs O ITyOMMKaLuAX npefcTaBaeHsl B Pedeparusrom sxypHane BUHWTV PAH n BxmodeHs! B GOH/ HAyYHO-TEXHUYECKOI
mmreparypsl (HTJT) BUHVTH PAH, a taxoke B MeXXIYHapOJHYIO cHCTeMYy 110 tepyopndeckym nznanuam “Ulrich’s Periodicals Directory”.

JKypHan nmy6nukyet pe3ynbrarsl paboT B CIEAYIOMMX 06/TACTAX HAYKM M TEXHUKM: SHEPIeTHKaA, MEKTPOTEXHUKA, MaTepuajoBefieHue,
MeTaJITyprisl, MallMHOCTPOEHME.

Pemaxius )xypHana coO/MOfjaeT MpaBa MHTE/IEKTYaIbHO COOCTBEHHOCTH ¥ CO BCEMM aBTOPAMU HAyIHBIX CTaTeil 3aK/II0YaeT 13-
JaTenbCKIUIt TULEeH3MOHHbII JOTOBOP.

TTy6muKanus MaTepyranoB, B TOM YKC/Ie COMCKATeNell yYeHBIX CTeTleHe !, OCYIeCTBIATCA 6eCIIaTHO.

2. TPEBOBAHV K ITPENCTAB/IAEMBIM MATEPUATIAM

2.1. Ilpeacrapnenne MaTepuanos

B crarbe ZO/DKHBI OBITH KPATKO M3/I0KEHbI HOBBIE 11 OPUIMHAIbHbBIE PE3Y/IbTAThI UCC/IEOBAHMIL, IOy IeHHbIe ABTOPAMII; CIIE/YeT
n3berath IIOBTOPEHNIT, M3TMIIHIX MOAPOOHOCTEIl U M3BECTHBIX ITONOXKEHMIT, HOZPOOHBIX BHIBOIOB, GOPMYIT 1 ypaBHEeHMII (IPUBOAUTD
JIMIIb OKOHYATe/IbHBIE (POPMYIIbI, [IOACHIB, KAK OHM IOy IeHbI).

ITpy HanMMCaHNY OPUTMHAILHOI HAYYHOI CTAThI ¥ 0QOPM/ICHIH PYKOIIMCH aBTOPbI JO/DKHBI PHIEP)KUBATHCS CIITYIOLIVX IPABIUJL.
Crarbs JO/DKHA IPEJICTABILATH COO0IT OIVCaHNe BBIIIOTTHEHHbIX MCCIEOBAHNI C YKa3aHIeM X MECTa B COOTBETCTBYIOLEH 06/1acTy HayK
1 06CyXK/jeHIIeM 3HaYeHIs1 BBIIIOJTHEHHOIT paboThI. PyKOIICh JO/DKHA COePyKaTh JOCTATOYHOE KOMNYeCTBO MHPOPMALVIN U CCBUIOK Ha
00111e[0CTyITHbIE HCTOYHNKY JJISI TOTO, YTOOBI paboTa MOI/Ia OBITh OBTOPEHA HE3aBUCIMO OT ABTOPOB.

HasBanue cTaTby JODKHO ObITH KpaTKuM, HO HopmaTusHpiM. O6paiaem Balre BHMMaHMe Ha TO, 4TO KyPHAII M3[jaeTCA KaK Ha
PYCCKOM, TaK M Ha aHIJIMIICKOM SI3bIKe. B CBSAI3M ¢ 9TVM, He CllefjyeT UCII0/Ib30BaTh A00peBMaTypy B HA3BAHUM CTATHI.

AHHOTaIVs JO/DKHA JaBaTh YUTATEI0 CKATYI0 MHPOPMALIIO O COfEPXKAHNN CTATbl. AHHOTAIMs JO/DKHA OBITh MHPOPMATUBHOI
1 OTPaXKaTh He TOJbKO OCHOBHBIE Lie/IM CTATbI, HO ¥ IJIABHBIE PE3Y/IbTATHI M BHIBOJIBI PAOOTHI. AHHOTALVSI He SIB/ISIETCS YaCThIO TeKCTa
u caMa 110 ce6e JJO/DKHA ABMIATHCSA 3aKOHUYEHHBIM OIMICAaHMEM.

KimoueBble c/10Ba [JO/DKHBI OTPaXKaTh OCHOBHYIO IIPOG/IEMATIKY CTATbI ¥ JOJDKHBI IIPUBOANTHCS HA PYCCKOM s3BIKE IS PYCCKOI
M Ha QHITINIICKOM JI/ISl QHITIOA3BIYHON Bepcuu cTaThy. KomidyecTBo KI04eBbIX CIOB — He MeHee TpeX 1 He 6oree cemu.

Appec 1151 KOPPeCIIOHAEHINI I0/DKEH COflepXKaTh (paMIINIO aBTOPA [/IsI KOPpecIoH e N (He 06513aTe/IbHO IIePBOT0 aBTOPa), €0
TIOJTHBIIT TTOYTOBBII afipec, TenedoH, dakc, e-mail.

IIpu HeoOxonMMOCTY Pefikorierns MoXkeT HOTpe6OBaTh pefcTaBIeHnst AKTa 9KCIIEPTU3BL.

TIpeacTaB/ien1e BCeX MaTepUasIoB OCYIIECTBSAETCS B 9EKTPOHHOM Bljie Yepes mndubiit kabuner SJIEKTPOHHON PEJAKIINN
1o azipecy: http://journals.spbstu.ru

Crarbu mogatotcst B popmare .docx (MS Word 2007-2010). Daiin cTaTby, MOfaBaeMblil Yepes 37IeKTPOHHYIO PEFAKIIIIO, JO/DKEH CO-
JiepyKaThb TOIBKO CaM TeKCT, 6e3 Ha3BaHIs, CIIMCKA TUTEPATyPbl, GaMIINIL U AHHBIX aBTOPOB. CIIMICOK IUTepPaTyPbl, Ha3BAHNUE CTATBY, BCS
nHpopMaIA 06 aBTOPaX 3a/]al0TCsA IPH II0fjade Yepes MeKTPOHHYIO PefaKI[MIo B OT/IeNIbHBIX MOJIAX. B TeKcTe CTaThy JOMKHBI OBITH CChITI-
KII Ha BCe MCTOYHMKI U3 CIIICKA JINTeparypbl. IIopsIKoBbIl HOMEpP NCTOYHMKA B TEKCTE CTATBY YKa3bIBAETCS B KBAJIPATHBIX CKOOKAX.

2.2. OpopmneHne MaTepuanos

2.2.1. O6mem crareit, Kak IpaBuio, 15-20 crpannt; popmata A-4. Komndectso pucyHKoB u ¢potorpaduii (B TOM 4nC/Ie [IBETHBIX) He
IOJDKHO IIpeBbIIaTh 4, Tabmmi — 3.

2.2.2. Yncmo aBTOpoB — He 6ojiee TPeX OT OffHON OpPraHM3aIMMU U He 6OJiee IATH OT PasHbIX opraHusanuit. CtaTbsa O/KHA OBITH
MOJIICaHa BCeMM aBTOpaMi. ABTOpaMIU SIBJIIOTCS JIMIA, IIPMHMMABIINE YYacTiie BO Beeil paboTe 1IN ee IIaBHBIX pasfienax. Jluia,
y4acTBOBaBIINE B pabOTe YaCTUYHO, YKA3bIBAIOTCS B CHOCKAX.

2.2.3. CraTbs JO/DKHA COflepyKaTh CIeYIOle pas/iebl:

HoMep Y]IK B cOOTBeTCTBMM C KITACCUPUKATOPOM;

¢baMumM aBTOPOB Ha PYCCKOM M aHITIMIICKOM A3BIKAX;

Ha3BaHle Ha PYCCKOM U aHIIMIICKOM A3BIKaX;

aHHOTAIMA — 3-5 IPeJIOKEHNMIT Ha PYCCKOM M aHITIMIICKOM A3bIKaX;

KJIIOYeBBble CJIOBa — He MeHee 2 I He 60jiee 7 Ha PyCCKOM I aHIIMIICKOM sI3bIKaX;

BBefleHNe (aKTyalbHOCTD, KpaTKoe 000CHOBaHMe CyIecTBYoLIel mpobmembr) — 1,0-1,5 cTp.;

1enb paboThl (KpaTKas yeTkas GOopMyIMpOBKa MOCTABICHHOI 3a/1a4n);

METO/IMKA [TPOBEeHIsI MICCIIENOBAHNMIT M PACYETOB, BKIIOYasi KPATKyI0 MH(OPMAINIO 06 MCIOTb30BaHHBIX MPHOOpax, METOfaX
¥ TOYHOCTY 9KCTIePMMEHTA/TbHBIX I3MEPEHNI I TeOPeTUYeCKUX PacyeToB U T. IT.;



