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KOHCTPYUPOBAHWE, PACYHET, NCIbITAHNSA
N HAOEXXHOCTb MALLUUH

VK 537.226.86.001.24

C. M. AOOHMH, xann. texH. Hayk [MTUDT (TVY)], ten.: (499) 710-66-74

MexaHu4yeckue n perynimpoBoOYHble XapaKTepUCTUKN NpPoCTbIX
M MHOFOC/IOMHbIX Nbe3ogBurartesnien HAaHO- U MUKpornepeMeLLeHNN

OnpepeneHbl CTaTUCTUHECKNE U AMHAMUYeCKMe Xapak-
TEPUCTVKM MPOCTBIX M MHOFOCIOVHBIX Mbe3oaBuUraTenen
HaHO- 1 MUKpONepeMeLLeHU Npy NPOAONLHOM U none-
pe4yHoM nbe3oaddekTax. MonyyeHbl MexaHU4eckme U pe-
rYMPOBOYHbIE XapPaKTEPUCTUKM MHOFOCIOMHOMO Mbe3o-
[BUraTens HaHo- Y MUKPOMepeMeLLeHNIA NpU napannenb-
HOM 1 KOLOBOM YMNpPaBieHNN.

KntoueBble cnoBa: nbe3oasurateb, HaHO- U MUKPO-
nepemeLlleHns, fedopmMaLms, MexaHnyeckme 1 perynmpo-
BOYHble XapaKTepUCTUKN, NapaniefbHoe 1 KOLOBOe yrnpaBs-
neHKe.

In the paper the static and dynamic characteristics of
simple and multilayer piezoengines of nano- and micro-
transfers at longitudinal and transverse piezoelectric ef-
fects have been determined. The mechanical and regulating
characteristics of the multilayer piezoengine of nano- and
micro-transfers at parallel and encoded control have been
obtained.

Keywords: piezoenginel, nano- and micro-transfers,
deformation, mechanical and regulating characteristics,
parallel and encoded control.

HMcnonb3oBaHue Mbe3oaBurareseil (mbe30akToaTo-
POB) IIJISI HAHO- Y MUKPOITepeMEIIeHUI TTePCIIEKTUBHO
B HAHOTEXHOJIOTMM, HAHOOMOJOTUU, MUKPOSJIEKTPO-
HUKe W aCTPOHOMMU IJIsl MPELUM3MOHHOTO COBMEILIEe-
HUsI, KOMIICHCAIIUW TeMIIEPaTypHBIX W TpaBUTAIIN-
OHHBIX AedopMaunii. YBeJuyeHUe nAuana3oHa mnepe-
MEIIEHUN [0 JeCITKOB MMKPOMETPOB JIOCTUTaeTCsl
WCIIOJIb30BAaHUEM MHOTOCIOMHOIO (COCTaBHOrO, Ia-
KeTHOro, 6;104HOoro) nee3zoasurares (I1/1), spistiolie-
rocsi OIHUM M3 HamOoJiee TMEePCHEKTUBHBIX 3JIEKTPO-
MAaTHUTOYIIPYTUX OBHUTATeNIel HAHO- M MHUKpOIIepeMe-
LIEHUIA, KOTOpPbI 00ecreyruBaeT HAHOMETPUUYECKYIO
TOYHOCTh B JMaIa3oHe JeCSITKOB MUKPOMETPOB U TMO-
Jocy nponyckaHus mopsaka 100 I'm [1—6].

B cucreme yrnpaBieHMsI HAHO- U MUKpOMETpUYe-
ckoii necopManueit MmHorocioitHoro ITJI npenbsBisi-
I0TCSl XKEeCTKUE TpeOOBaHUS K AMANA30HY MepeMellie-
HUI, kecTKOCTU U ToyHocTH T1J] HaHO- U MUKporepe-
MellleHUI. AKTyaJbHbIM B HACTOSIILIEE BPEMSI SIBJISIETCS
obecrieueHre TOYHOCTM CUCTEM ympaBieHus aedop-

ISSN 0042-4633. BECTHUK MAIIMHOCTPOEHU. 2011. Ne 12

Mauueit MHorocjaoiHoro I1/] HaHO- U MUKpoIlepeMe-
IIEHUI TIpYU MapajuieIbHOM W KOAOBOM YMpPaBJIEHUH,
KOTOpOE TpeOyeT onpeaesieHUs COOTBETCTBYIOLLIUX Me-
XaHnuyeckux xapakrtepucTtuk I1JI. ITpumeHeHune MHO-
TOCJIOMHOTO Mbe30IBUTaTeNsl C KOJOBBIM YIIpaBIeHUEM
Mo3BoJIsIeT 3(P(PEKTUBHO MCIIOJb30BaTh DJIEKTPOME-
XaHU4yeckoe 1M(ppoaHaIoroBoe Mpeodpa3oBaHue s
HaHO- M MUKpPOMNEPEMEIICHU, MPONOPLUMOHATbHBIX
yIIpaBJISIIOIIEMY KOAY.

Ilbe3oaBurate HaHO- W MUKPOMNEpPEMEICHUI
00ecreuyunBaloT NPOCTPAHCTBEHHOE MPELIM3MOHHOE 0~
3UIIMOHUPOBAHUE OOBEKTOB B HAHOTEXHOJOTMUYECKOM
000pyIoBaHUM 1 MUKpo3aekTpoHuke. I1J1 st mpuBo-
JIOB HAaHO- M MUKpOIEpeMElleHU MMEIOT: Tuara3oH
repemMelleHus] — OT HECKOJIbKUX HAHOMETPOB A0 AECST-
KOB MUKPOMETPOB; UyBCTBUTEJIbHOCTh — MeHee 1 HM/B;
Harpy3o4yHyto crocodbHoctb — 1o 1000 H; MoliHocTh
Ha BbIXonHOM Bany — a0 100 Bt; monocy npormycka-
HUS — TIOpsIIKa HECKOJILKUX JAeCITKOB repil. [Ipume-
HEHUE MPOCTbIX WU MHoOrociaoiHbiX III misi HaHO- U
MUKPOMaHUMYJSITOPOB C MbE30MPUBOAAMHU pPellIaeT 3a-
Jlay¥ TOYHOTO COBMEILLIEHUSI B MUKPO3JIEKTPOHUKE, Ha-
HOTEXHOJIOTMM, aCTPOHOMUM U aAallTUBHON OMNTHUKE
[1—6]. B oTauume OT MPOCTOrO MHOTOCIOMHbINA IThe-
30/IBUTaTe]Ib UMEET B CTaTUKE 0€3 HArpy3Ku yBeJu-
YeHHBIN B # pa3 IMaNna3oH MepeMelleHusi, YTo COOT-
BETCTBYET uuciay xu nbe3ocyioeB I1/]. KoHCTpyKTUBHO
MHorocoiHbii T1JI B 3aBUCUMOCTU OT TEXHOJOTUU
MU3TOTOBJIEHUSI MOXKET OBbITh BHITIOJTHEH B BUJIE: COCTaB-
HOro Tmbe3onpeoOpazoBaTelisi U3 OTAEAbHBIX YIIPYTO
MOJIXKAThIX MbE30IUIACTHUH; MaKETHOTO WJIM OJOYHOTO
Mbe30Ipeodpa3oBaTesl U3 Mbe30TJIaCTUH, CITIEUeHHBIX
C MPUMEHEHUEM CepeOPsIHOI MaCThl; COCTABHOTO Mbe-
30Ipeodpa3oBaTesis U3 Mbe30MaKeTOB C YIIPYTUM ap-
MUPOBaHUEM; CKJIEEHHOTO MHOTOCJIOMHOIO Tbhe30-
npeodpazoBartelisi U3 Mbe30IIACTUH; MHOTOCIOMHOTO
Mbe30Ipeodpa3oBaTesiss CO CJIOSIMU, HaHECEHHBIMU
IO TOJICTOIIJICHOYHOM WJIM TOHKOIUIEHOYHOM TEXHO-
JIOTHSIM.

Tak kak TipeAeibHbIe paspyllalolle MeXaHuye-
CKMe HaIpsKeHUS CXKATUsI B TTbe30KEPaMUKe TTPOMBbILLI-
nenHbpix Mapok LUTC wiu PZT B cpennem B 10 pas



MPEeBbILLIAIOT MpeieSibHble pa3pyllalolIue HaPsKeHUS
pacTsKeHUsI, TO JJISI MOBBILLIEHUST TTPOYHOCTH 1IeJIeCO-
00pa3HO OCYIIECTBISATh MpeaBapuTebHOE TOmXKaTue
MHorocoitHoro T1I ¢ momolibio Npy>KUHbI WA MEM-
OpaHbl. Ycuiaue npeaBapyuTeIbHOTO MOIXKATUSI JOTXKHO
MPeBbILIATh MAKCUMAIbHYIO PACTATUBAIOLIYIO HArpy3-
Ky, 4TO obecrieurBaeT rapaHTUpOBaHHOE paboyee cxa-
te MHorociaoiHoro I/ [4, 5]. MHorocnoitHbiit T1/]
HAaHO- M MUKpOIIepeMelleHN coOupaeTcsl Cieaylo-
UM o0pa3oM: MpeaBapUTeIbHO CXaThIil 1Sl BIOOpa
3a30pOB  MEXIY MNbE30IIACTUHAMU MHOTOCJIOMHBIN
Mbe30Mpeodpa3oBaTe/lb CTSTMBAETCS MPeABAPUTEIHLHO
J1e(OPMUPOBAHHBIM YIIPYTUM 3JIEMEHTOM (ILUIMUJIbKA,
OpyXWHA WA MeMOpaHa). YIeJIbHOE YCUJIME CXKaTUs
coctasisieT nopsiaka 5 MIla. Ilpu 3ToM ycuJuM BbI-
OupaloTcsl 3a30pbl U 3aBUCMMOCTh JAcdopMaluu OT
BHEIIHETO YCWIMS IIPUHMAMAET JUHEHHBIA XapakTep.

OCHOBHBIM TapaMeTpoM BHellHel Harpy3ku I1/]
SIBJISIETCS €€ KECTKOCTb, T. €. OTHOIIICHUE CUJIbI YIIPY-
TOil peakiiMy HArpy3ku K ee nedopmauuu. B 3aBucu-
MOCTU OT XECTKOCTH Harpy3Ku BbIOMPAIOT KOHCTPYK-
TUBHBIE MapameTphl poctoro I1J1 nmpu npoaoabHOM U
rnomnepeyHoM Mbe3oaddekrax (puc. 1, a, 2, a). dng
MPaKTUUYECKOr0 HCIOJb30BaHMSI MHOTOCHOMHbBIX T1]
HEeoOXOAMMO 3HAaHME MX OCHOBHBIX XapaKTePUCTHK:
Mbe30MOJYJIei, YNPYTruxX IOJATIMBOCTEH, TpeaenoB
BPEMEHHOTO COIIPOTUBJIEHMS Ha cxkaTue. CTaTUdecKue
xapaktepuctuku I1JI onpenessitoTcs C y4eToM ypaBHe-
HUSI 00paTHOro Ibe303¢pdeKTa U MeXaHNYeCKO Ha-
rpy3ku [4—6]. T1[I HaHO- ¥ MUKpOIEepeMeIleHn pa-
0oTaeT Ha OCHOBE OOpaTHOIO I1be303((eKTa: IepeMe-
LLIeHKEe JocTUraeTcs B pesyibrare aepopmaunu I mpu
TMPUJIOXKEHNU BHEITHETO 3JICKTPUIECKOT0 HAIIPSDKEHMSI.
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Puc. 2. Mexannyeckue XapaKTepUCTHKH MPOCTOr0 NMbe30ABUra-
TeJis MPA NPOIOJILHOM (@) | monepeyHoM (6) mbe3oddderrax

PaccmoTprM MexaHWYECKUE U PEeryJIMpoOBOYHbIE Xa-
PaKTEpUCTUKHU MPOCTHIX U MHOrocaonHbIx I1/1. B xiac-
CHYECKOM 3JIEKTPONPUBOAE CTAaTUYECKUE XapaKTepu-
CTUKM DJIEKTPOABUTATEIS B YCTAHOBUBILIUXCS peKUMaX
paboThI AeNSITCsl Ha MexaHudeckue (M) 1 peryaupo-
BouHble o(U), roe  — yrjaoBasi CKOpocTb Bajna, M —
MOMEHT Harpy3ku, U — ynpapJsiioliee HanpsokKeHUe.
Ananornyno mig I1JI HaHO- M MHMKpoOIlepeMelleHUA
cTaTudeckre xapaktepuctuku Buga S(7T) wim Al(F)
OyneM Ha3bIBaTb MEXaHMYECKUMU XapaKTepUCTUKaMU,
rae S — oTHocurtenabHas Aedopmaius, 7 — MexaHu-
YyecKoe HanpsikeHue, A/ — OTHOCUTEIbHOE TiepeMelle-
HUe, F— BHEIIHSISI CUJIa, a XapaKTepucTuku Buaa S(E)
i AI(U) — perynupoBOYHBIMU XapaKTepUCTUKAMU,
rae £ — HanpsoKeHHOCTDb 2JIEKTPUYECKOTO MOJIs.

MexaHuueckre U peryJupoBOYHbIE XapaKTepUCTU-
KM M3Mepsid Ha npecce YMM-5 B auamna3zoHe pado-
YUX HArpy30K Mpu MexaHW4YecKuX HanpstkeHusx B T1/]
no 50 MIla.

CraTuyeckas MexaHuueckas xapakrepuctuka [T —
ypaBHeHUe oOopaTHOro nbe3osddekra [3—6] mpu npo-
JIOJIBHOM The303(p(eKTe U ympaBleHUU MO Hampske-
HUIO UMeeT BUJ:

E
83 = dy3E5 + S33 1. (D

3neck S5 = &// — oTHOcUTeNbHAs AedopMaliusl Tbe30-

nBuraresisi 1mo ocu 3 (cMm. puc. 1, a), rae & — nepeme-
meHue, ! = nd — nmnuHa MHorocnoitHoro I, n — yuc-
JIO MbE30IUIACTUH; dj3 — Tbe3oMonynb; E3 = U/ —

HaIpsIKEHHOCTDb 2JIEKTpUYecKoro nos mo ocu 3 (U —

E
HarnpspkeHue Ha ajiektpozax [11); s33 = 1/E33, — ym-
pyrasi ToAaTIMBOCTh 110 ocu 3 mipu E = const u yrpaB-
JIECHWM OT UCTOYHWKa HanpsokeHus (F33, — MOIyNb

IOHra npe303/1eKTpuYecKoit KepaMuKu Ipu £ = const);
T3 = —F/Sy — MexaHunueckoe HanpstkeHue B [1/] o

ocu 3 (F— BHewHsIs cuia, Sy — rutowans cedenus [11).

B cratuke MakcuMmasibHOE nepeMelieHue Alyy .y 1O
ocu 3 npoctoro I1J] npu F = (0 onuckIiBaeTCsl 3aBUCH-
MOCTbBIO

Al3malx = d33U-
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CoOOTBETCTBEHHO MaKCUMallbHOE pabouee ycuiue
F3max o ocu 3 mpoctoro I1J1 mpu A/ = 0 onpenensieT-
Cs1 BBIpaKEHUEM

E E
Fmax = Al3m::1xS0/(S33 d) = ds3 USO/(S33 3).

Paccmorpum mpoctoii IIJI (mbe3ormiacTuHy) mpu
MPOJ0JIbHOM Mbe303(pdekTe (cM. puc. 1, a) ¢ nbe3o-

MOIYJEM dy3 = 4+ 10719 m/B, HanpskeHreM nuTaHuUs
U = 300 B, TomuuHoI nmbe3orutacTiHel § = 0,6 1073 M,
yOpyroil TMOAATAUBOCTBIO s3E3 =1,25-10711 m%/H,
pamuycom R;=7,5" 1073 M, IUIOIIAAbIO CEUYCHUS
So= 1,77 1074 M2 Ilpy Takux [AHHBIX MMEEM:
ABmax = 120 M, F3p0 = 2,83 kH 1 ctatnueckue mexa-
HMYECKHE XapaKTepUCTUKU Buna S3(73), TpUBEACHHBIE
Ha puc. 2, a ipu Ez = 600 (1), 400 (2), 200 kB/™m (3).
M3 paBeHcTBa (1) mosyyaem ypaBHEHUE CTaTUye-
CKOIl MeXaHMYeCKOM XapaKTepUCTUKU TipocToro I1]1

MNpu MPOJOJBLHOM Ibe303ddeKTe ¢ ympaBieHUEeM I10
HaIpsKEHUIO B BUJIE:

Al = ds3U — s53 F5/Sy = dy3U — F/Cs3

NJIN
Al = ABmax(1 = F/ F3mayx),

rae 8 — TomuuHa [1/; Cy3 = So/(sf3 8) — ero xkecrt-

KocTb. CooTBeTCcTBeHHO ITpu U = const moIy4ruM ypaB-
HeHue A/(F) MexaHMYeCKOl XapaKTepUCTUKU, a Mpu
F = const — ypaBHeHue A/(U) peryJiMpoBOYHOI Xa-
paxkrepuctuku ITJ1.

Crarnyeckast MexaHu4eckas xapaktepuctuka [T —
ypaBHeHHe 00paTHOTo Mmbe3odddekra [3—6], mpu mo-
nepeyHoM Ibe303(dexTe ¢ yrnpapjieHUeM MO Hampsi-
>KEHUIO UMEET BUI:

E
Sl = d31E3 + S11 Tl‘ (2)

JI1st HaxOXIeHUsI B CTATUKE MaKCUMAaJILHOTO Tiepe-
MeleHUs Alj .y 0 ocu 1 (em. puc. 1, 6) mpocroro I1/]
npu F = 0 Bocrojib3yeMcsl 3aBUCUMOCTbIO

Allmalx = d31 Uh/6-

MakcumManbHOe pabouee ycuime 1o ocu 1 mpoctoro
I10 npu A/ = 0 HaiigeM U3 BhIpaXKEeHUS

E
Fimax = d31USy/(s719)-

PaccmotpuM mpocroii I1JI mpu momnepedyHoM IMbe-
30o¢dekre (cM. puc. 1, 6), Korga HaNpsSKEHHOCTb
2JIEKTPUUYECKOIO MOJIsI HampaBjieHa 1o ocu 3, a nedop-

Mauus — 1o ocu 1, ¢ meezomonysiem dz = 2+ 10710 M,
HanpsikeHueM nutanust U = 300 B, ToamuHoM mbe30-

mwiactiHbl & = 0,6+ 1073 M, yIpyroil MogaTinBOCTHIO
sﬁ =1,15- 10711 M2/H, BBICOTOI A = 3+ 1072 M, 1IN~

puHoit b= 1-10"2 M; mIowWanblo ceueHuss Sy =
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=6-10"0m. ITpu Takux gaHHBIX UMeeM (CM. puc. 2, 6):
Alimax = 3 MKM; Fimax = 52 H 1 MexaHnueckue xa-
pakTepucTuku Buaa Al(F), mpuBeneHHBIe Ha puc. 2, 6
npu U = 300 (1), 200 (2), 100 B (3). OTk10HEeHUE pac-
YETHBIX 3HAUYEHUI OT SKCIIEPUMEHTAJIBHBIX HE TIPEeBBI-
maet 5 %.

W3 paBeHcTBa (2) moiyyaeM ypaBHEHME CTaTUue-
CKOIf MEXaHWYEeCKOU XapaKTepUCTUKU IpocTtoro IT
IpU TIONEPEYHOM Tbe303(deKTe ¢ ympaBieHUEM IO
HaNpsDKEHUIO B BUE

Al = d3  Uh/s — sty Fh/Sy = dyUh/s — F/Cyy
NN

Al = Allmax(l - F/Flmax)a
rone h — pauHa mpoctoro IIJI (mbe3oIUIacTUHBI);

Ch = SO/(S{E1 h) — ero >KecTKOCTb.

PaccMoTpuM MexaHUUecKue W PETYJIMPOBOYHEIE
XapakTepucTUKU MHorocioiHbix I1J1 ¢ mapaienbHbIM
yIIpaBJICHUEM II0 HATPSCKEHUIO TPU MPOJOJIBLHOM U
MomnepevyHoM MNbe303¢hdeKTax.

W3 npuarpaMm cxaTusi B 00JIacTA padO4YrX YCUIUIA
nns TT pa3sHbIX KOHCTPYKTHMBHBIX MCIIOJHEHUI clie-
JIyeT, 4YTO HEe3aBUCUMO OT KOHCTPYKIUU U BUIA yIIpaB-
JeHus1 coctaBHoro I1JI nj1s1 yBeIuyeHUsI €ro XXeCTKOCTHU
HEeoOXOIMMO TIpeABAPUTENLHOE MMOIKATHE C YAETbHBIM
JIaBjeHWeM, OOJIbIIUM MEXaHMYECKOro HampsKeHUs
BBIOOpA 3230pOB U CMSITUSI MUKPOHEPOBHOCTEIA.

B cTaTuke MakcUMaJabHOE MepeMelleHUe 1o OcU 3
mHorocnoitHoro I/ (puc. 3, a) npu F= 0 onuckiBa-
€TCs 3aBUCUMOCTBIO Als0x = d33nU, a ero MakcuMab-
Hoe pabouee ycuime 1o ocu 3 ipu A/ = 0 umeeT BUI:

E E
Fymax = A3maxSo/(s331) = d33US/ (533 9).

CrenoBaTenbHO, U3 paBeHcTBa (1) ypaBHEeHUe cTa-
THYECKOM MEXaHWYeCKON XapaKTepUCTHUKH MHOTO-
cioitHoro I1J1 mpu mpomoabHOM TTbe303(ddexTe ¢ ma-

3
. AlT LF .
1 PIO} E3 U
PHtE
Pl|}E5
PitEs | |
PIHIEs ~
PHtE |
Py LEs 1
Pil4E; I

w Py L E3 |
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iE3_
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Puc. 3. Kunemarnueckue cxeMbl MHOrOCJIOMHOIO Ibe30JBHra-
Telld HAHO- M MHUKpoNepeMelIeHHil NPy napaJuiebHOM yIpaBJie-
HHH M POa0JbHOM (a), monepeynom (6) nbe3o3dgekrax



Al, MKM
ok
Puc. 4. Mexanuueckue
b XapaKTePUCTUKH MHOTO-
4 CJIOHOTO Nbe30BUraTe-
J NpH NApaLIeIbHOM
2 YNpaBJeHUH W TMPOJOJIb-
) HOM mbe303(deKkTe NpHU
U=300 (1), 200 (2),
3 100 B (3)
-
0 0,4 0,8 1,2 F, xH
S5-103 &
0,5+

E3-1075, B/m

Puc. 5. PeryimpoBounbie XapakTepiuCTHKH MHOTOCJIOMHOIO NMbe30-
JIBATATEJISI TIPA NAPAJUIEJHHOM YNPABJIEHHH W MPOJOJBLHOM Mbe30-

addekre

paJuIeJIbHBIM YIIpaBJICHUEM T10 HaMPSIKEHUIO TTOTyda-
€M B BHUIIE:

Al = d33l’lU_ S3E3 FI/SO = d33l’lU_ F/C33 (3)

nin
Al = Ay (1 = F/ F3may),

E
tie Fymax = d33USy/(s5338); [ = nd — pnuHa MHOro-
cnoviHoro ITJI (n — 4ucio ero nee3ornactuH); Cyz =

= SO/(s3E3 /) — xectkoctb I1JI. Takum oGpazom, npu

U = const umeeM ypaBHeHUe Al(F) MexaHUYECKOM Xa-
paKTepUCTUKHU, a npu F = const — ypaBHeHue Al(U)
pPeryJaMpoBOYHON XapakTepucTuku atoro IT/1.
PaccMotrpuM MHorocioiHbiil T1/0, cnedyeHHBIH U3
Mbe30IJIACTUH, TIPU TIPOAOJBHOM Tbe303(h(heKTe (CM.

puc. 3, a) c npezomonynem diz3 =4- 10710 v/B, Ha-
npsokeHreM rmutanuss U = 300 B, ympyroii momatian-

E — o
BOCTBIO s33 = 3+ 10 1 M2/H, TOJMIIMHON TThe30TIIa-

ctuH § =0,6- 1073 M, AIWAMETPOM ITbe30IJIaCTUH

D=15-1073 M, YMCJIOM Ibe3omacTuH # = 50 mpu
MapajijieIbHOM YIIPaBIIEHWM, KOTIA IThe30IJIaCTUHBI
MEXaHNYECKU COeAMHEHBI MOCeA0BaTEIbHO, a JJIeK-
TPUUYECKH — TapaiiienbHo. [TomydaeM MexaHUIeCKyIo
xapakTepucTuky [ mHorocaoiiHoro ITH (puc. 4) ¢
Alpax = 6 MKM, F3p0 = 1,18 xH.

VYpaBHeHne oopaTHOro nmbe3oaddexra mpu 7= const
MO3BOJIAET PACCUMTATh PETYIMPOBOYHbBIC XapaKTePUCTH-

ku (puc. 5) MHorocioitHoro ITJ ¢ mnapauienbHbBIM
yIIpaBJIeHUEM MO0 HAMPSDKEHUIO TIPU TTPOIOJIbHOM IMhe30-
apddexTe, BHIIMOJIHEHHOIO B BUAEC COCTABHOIO ITHE30-

TIpeoOpa3oBaTesis C MbE30MOIYJIEM d33 = 4+ 10710 M/Bu

YOPYroil MoJaTANBOCTBIO s‘f3 =7,5-10""" M2/H, co-
CTaBJIEHHOTO U3 BOCbMM Ibe3onakeToB I1-3, nmpu mMe-
XaHWYeCKUX HampspkeHusix 73 = 0 (munus 1); 6,7 (2);
13,4 MIla (3).

AHaJIOrMYHO U3 paBeHCTBA (2) MMoJlyyaeM ypaBHEHUE
CTaTUYECKON MEXAaHMUYECKON XapaKTePUCTUKM MHOIO-
cioitHoro I1JI mpu momnepedyHoM Ibe3o3(ddexre ¢ ma-
PAJIEBbHBIM YIIPABJICHUEM I10 HAIIPSXKEHUIO B BUJE

Al = d3 Ul/s — sﬁ Fl/Sy = d3 Ul/S — F/Cy;,  (4)
rne [ = nh — anuHa mHorociaoiHoro I1J1 (A — nnuHa

E
nbe3oriactuhbl); Cip = 8p/(s7] /) — €ro xecTkocTh,
WU B BUJE!

Al = Aljmax(1 = F/Fimax)»

16 Aljmay = d31 Unh/S; Fimax = d1 USy/ (st 8).

W13 ypaBHeHuUs (4) MEXaHUYECKON XapaKTepUCTUKU
MmHorocnoiHoro I/ cieayeT, 4To Hapsiay € MbE30MO-
JyJIeM OIHOM M3 BaxKHEHIIMNX (PU3NUECKUX XapaKTepu-
ctuk 11 sBnsieTcst ynpyrasi mogaTiuBocTh. Jjisi yBe-
JIMYEHUST KECTKOCTU MEXaHUYEeCKON XapaKTepUCTUKU
mHorocnoiHoro I1/] HeoOxXxoauMo BHIOMpPATh €ro KOH-
CTPYKTMBHOE WCIIOJJHEHME ¢ MUHMMAJIbHOI YIpyroi
MOJATIAUBOCTHIO.

OCHOBHBIM TMapaMeTpoM BHelIHel Harpy3ku I1/]
SIBJISIETCSI €€ >KeCTKOCTh, B 3aBUCHMMOCTH OT KOTOPOI
BBIOMpAIOTCSI €r0 KOHCTPYKTUBHbBIE TapameTphl. Ciie-
JIOBaTeNIbHO, ¢ y4eTOM (opMyIbl (3) BBIpaxkeHUe s
nepemeleHuss MuorocioiHoro I (puc. 6, a) npu

C, +i€, Gg
|I PLAE;
Pilt £
PLA B
PivE3
PHit E3
P} £3
d PI'TE3
< 1 PIVEs
& i

a)

Puc. 6. KnunemaTnueckne cxemMbl ApMHPOBAHHOTO MHOTOCJIOHO-
IO NMbe30BUraTelisi HAHO- U MHUKPONEPeMEIeH il ¢ Ypyroi Ha-
rpy3Koii MpPH NAPaJUIEIbHOM YNPABJIEHUH M TNPOAOJIbHOM (a),
nonepeuHom (6) mbe303¢dexrTax
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Puc. 7. PeryimpoBoynble XapaKTepUCTHKH APMHPOBAHHOTO MHO-
TOCJIOHOTO Mbe30BUraTelisi HAHO- M MUKpOIepeMelleH il ¢ yn-
pyroii Harpy3koil mpH NapajieIbHOM YNPABJIEHUH M TPOJOJIb-
HOM nbe303¢dexTe

MpOA0JbHOM Nbe303((deKkTe ¢ mapasiebHbIM yIIpaB-
JIEHUEM TI0 HaIpsSKeHUI0 UMEET BUIL:

§ = dy3nU— F/Cs3;
F= FO + Ca& + Ce&; FO = GaSOa

rae Cz3 = Sp/ (sf3 /) — xecTtkocTb MHOTOCTOIHOTO TT]1;
F— BHewmHas cuna; Fy — cruia nepBOHaYaJIbHOTO MO -
KaThsl YIPYTUM 3JIEMEHTOM; G, — MEXaHU4YecKoe Ha-
MpsDKeHNe epBoHavaibHoro apmuposanus B [1/1; C, —
JKECTKOCTb apMUPYIOLLETO 35eMeHTa; C, — XeCTKOCTb

Harpy3Ku.

Otciofga BbIpakeHUE UIST PEryJIMPOBOYHON Xapak-
TEPUCTUKU — TepeMelleHUs] apMUPOBAHHOTO MHOIO-
cnoitHoro 110 mpu mpoaojbHOM Ibe303(¢eKTe U Ia-
paJuIeIbHOM YIIPaBJIEHUY M0 HAMPSKEHUIO, MoJyyaeM
B BUIIE:

E
l(dy3E5 -0 ,533)
1 +(Ca+ Ce)/C33 ’

1+(C,+C,)/Cx

Tak KaK MeXxaHM4YeCKOe HampsKeHUe TTepBOHAYATIb-
HOIro apMHUpOBaHUs M Kaxmoro obpasua ITJI nmeer
OIpeNe/ICHHYIO MOCTOSSHHYIO BEJTUYMHY, TO €Tro Tepe-
MeIIleHHE & B 3aBUCMMOCTH OT IIepPBOHAYATILHOTO apMHU-
pOBaHMS TTOJIyYaeT MOCTOSTHHOE CMEIleHEe, He 3aBUCS -
ee ot nmoaaBaeMoro Ha I1JI anekTpuyeckoro Hamps-
xeHms. CreaoBarebHO, YpaBHEHUE PETyIMpPOBOYHOM
XapakTepucTuku (puc. 7) mHorocioiiHoro I1 mpu
MPOJOJIBLHOM Mbe303(deKTe Mo AeiCTBMEM BHEILIHEH
Harpy3kv MOXHO TIpeJICTaBUThb B BUJIE:

Al
Al: 3max , (5)
1+(C,+C,)/Cs3

e Al3ax = dyznU — aMILUTyAa epeMeieHust MHO-
rocinoitHoro I1H po apmupoBanusi (U — aMmmiuTtyna
HanpsDKEHUST Ha €ro 2JIeKTPoaax).

PerynupoBouHble XapakKTepUCTUKU (CM. puc. 7)
MPUBEAEHBI TSI CKJIEEHHOTro M3 mbe3ormnacTuH I/ ¢
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MapaJUIeSIbHBIM YIIPABICHUEM 10 HAMIPSDKEHUIO C MbE30-
MoxayieM di3 = 4- 10710 M/B, Hanpsxenuem mura-
Husg U= 300 B, yucjioMm mnbe30mjaacTuH n = 25 npu
C,+ C,=0psamasa I)u C,+ C, = 0,2C53 (npamas 2).

AHAaJIOTUYHO C y4yeToM (opMyJibl (4) TojydyaeM BbI-
paxkeHue Il PEryJIUpOBOYHOM XapaKTePUCTUKHN — TIe-
peMelleH1sI apMUpOBaHHOIo MHorocioiHoro ITJI ipu
MoIlepevyHoM Nbe303(dexTe U MmapasieIbHOM YIpaB-
JICHUH TI0 HaMpsKeHUIO, B BUIE:

£
I(dy Ey—o,51))
1 +(Ca+ Ce)/CH ’

E
1+(C,+C,)/Cyy

rne Cj = SO/(le1 /) — xectkocTb 3T0TO T1/1.

PerynmnpoBouHy10 XapaKTepHCTUKY apMUPOBAHHO-
IO MHOTOCJIOMHOTO IbE30BUTATEIIs IIPU IONePEYHOM
nmbe303ddekre Mmom AeMCTBMEM BHEIIHEH Harpy3Ku
MOXHO IIPEICTABUTh B BUIE:

Al
AIZ 1 max , (6)
1+(C,+C,/Cy

e Alymax = d31(l/8) U.

Boipaxenust (3)—(6) COOTBETCTBYIOT CTaTUYECKUM
MEXaHWYECKUM U PEryJIMPOBOUYHBIM XapaKTepUCTUKaM
MHorocaoiHbIx T 1 mo3BoISIIOT BRIOMpATh MX Iapa-
METPbI B 3aBUCUMOCTU OT BHEIlIHel Harpy3ku Ha [1]1 B
HaHO- U MMKPOMaHUMYJSITOPax ¢ Mbe30MPUBOJAMMU.

Juanazon mepemelneHus 1/l mpomopumnoHajieH
MMbE30MOJIYJIIO M HaIpsbKeHu1o nuTanus. g agpdex-
TUBHOTO HCIIOJIb30BaHUSI paboyero Auamna3oHa repe-
MeEIEHUs] TIPU YyIPYTOMHEPLIMOHHON Harpyske BbIOU-
paeM CYMMAapHYIO XXeCTKOCTb Harpy3ku B Ipenesiax
0 < C,+ G <0,1C33(11). YBenmmueHUe KeCTKOCTH Ha-
I'PY3KY IPUBOAUT K YMEHbILIEHWIO MOCTOSIHHOM BpeMe-
HN T33(11).

PacueTHble XapakTepUCTUKM MHOrocjaouHsix I
OTHOCHUTEJILHO 3KCIIePUMEHTATbHBIX UMEIOT IOrpel-
HOCTb 5 %.

B cucreMe aBTOMaTUYeCKOro yIpaBieHUsI HAHO- U
MUKPOMaHUILYJISITOpAaMHU ¢ HUPPOaHATIOrOBBIM IIPe00-
pasoBaHueM [6] MCIOAB3yeTCss MHOTOCJIOMHBIN CeK-
uuoHHbIN IT]I mpu mpomgoabHOM Mbe303(GeKTe ¢ KO-
JOBBIM yIpaBjleHUueM ceKLuusMu. MHorociaoiHbii T1/1
nenutest Ha N CeKUMil ¢ YMCIIOM 7y Tbe30IUIACTUH B
k-1 cexumn. CeKlIMM MEXaHUYECKU COeTMHEHBI Mocie-
JIOBATEJIbHO W M30J1poBaHbl. COOTBETCTBEHHO IMHE30-
IUTACTUHBI (IIbE€30CJION) B KaXKAO0M CEKINU COSANHEHDI
9JIEKTPUUECKHU TMapajlieJIbHO, a MEXaHWYeCKU Tociie-
JTIOBATEJILHO.

PaccmoTpuM KoaoBoe yIipaBieHHUE ¢ 3JeKTpoMexa-
HuuyeckuM LIATIT nbe30saeKTpruuecKUMU MHOTOCIOM-
HbIMU ceKIMoHHbIMU T1JI mpu mpomojbHOM U ToIe-
peuyHoM Tibe303(¢eKTax, obeclieunBaloliee HaHO- U
MUKpOTepeMelleHN s, TPONOPLIMOHAJIbHBIE YITPaBIISIIO-
memy Koay. [IpoBegeM mopennpoBaHUE CTATUYECKUX
U JMHAMUWYECKHUX XapaKTePUCTUK MHOTOCIOMHOIO CeK-
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Puc. 8. KunemaTnueckKasi CXeMa MHOrOCJIOMHOIO CEKIMOHHOTO
NbE30JBUraTe/Isl HAHO- M MHUKpONEpeMelleHMid NpH KOJAOBOM
yNpaBjieHMH W MPOJOJbHOM (a), monepeynom (6) mbe303dderTax

nuoHHoro 1] Kak 3/1eKpoMeXaHUYEeCKOU CUCTEMBI C
COCPEIOTOUYCHHBIMU TapaMeTpaMu IIPU MAJIOM COTIPO-
tuBjaeHuu R — 0.

IIpu poaosbHOM Tbe303(DheKTe MOTYUUM: YUCIIO

Tbe30IUIacTiH B cekumn iy, = 2K~ 1; iuna k-it cexmn
L, = 2k = 18, rae k=1, 2, ..., N (N — uucno cekuuii).

OO1ast mIMHa MHOTOCIOMHOro ceKiuoHHoro ITJ1
(puc. 8, a)

N
I= 5 I,=2N-1s.
k=1

MaxkcumasabHoe TiepeMeIeHre MHOTOCIOMHOTO CeK-
uuonHoro I/l npu npogonbHOM nbe303¢¢eKkTe B cTa-
THUKE UMeeT BUI:

Alpax = d33(2N — HU= dsy3nU,
rae n = 2N — | — 4yncIo0 MBE3OIUIACTHH B MHOTOCIION -
HOM cekuyoHHoM I1/1.

CooTBeTcTBylOlIIEE MepeMellleHMe MHOTOCIONHOTO
cexumonHoro I/ mpu npogoabHOM ITbe303(PpdeKTe B
CTaTHKe TIPM TToJadye Ha BXOHI JBOWMYHOTO KOJa CO-
CTaBJISIET:

N
Y @l
k=1

Al =

rae a; = 0; 1 — pa3psiibl ABOMYHOTO KOJA.
Ciie10BaTe/IbHO, MOTYUMM:

X k-1 { N ke 1)
Al = > akd332 U= d33 > ak2 U.
k=1 k=1

PaccMoTpyM MexaHWYecKHe U PETYIMPOBOYHBIE Xa-
PAKTEPUCTUKU MHOTOCIONHBIX [1]] ¢ KOTOBBIM YITpaB-
JIEHWEM IIpH IIPOJOILHOM nbe303(ddexTte. B aToMm ciy-
yae cymmapHas aedopmauus MHorocioiiHoro ITJI
CKJIampIBaeTCsI M3 JedopManuii OTACHBbHBIX CEKIIMA
Mbe30IJIACTUH NPY MoAadYe Ha HUX HANPSDKEHUS U Ie-
¢dopmanmm Bcero MHorocnoiHoro I1JI monx Bo3meicT-
BUEeM BHelIHeil cuibl. M3 paBeHcTBa (3) mosrydaem
ypaBHEHME CTAaTUYECKOM MEXaHWYECKOM XapaKTepu-

ctuku (puc. 9) MHorocnoiiHoro T11 mpu poaoJbHOM
mhe303¢(PeKTe ¢ KOTOBBIM YITpaBJIcHUEM TT0 HATIPSTKe-
HUIO B BUIE:

N
Al = d33( > akz"l)U— sty FI/Sy =
k=1

N ket
=dy| ¥ 2 U~ F/Cs, (7)
k=1

E
rae Cs3 = Sp/(s3310),
WIA B BUJE:
Al = Ayax(1 = F/F3pmay),

N k-1
e Alyax = di3| ¥ a2 U
k=1

Nk E
Fymax = d33| Y a2 USo/(s331)
k=1

nim

E
ABmax = d33ngU;  Fymax = d33ngUSy/(s331)

N
(Bmecp ng= ¥ ak2k ~ 1 — yucno neesocnoes MHOrO-
k=1
cnoitHoro I1]l, MOOKIIIOYEHHBIX K MCTOYHUKY Hampsi-
KEHUST).
MexaHn4ecKre XapaKTepUCTUKH (CM. puc. 9) TIpu-
BEIEHBl NI CKJIEEHHOrO W3 TbE30IUIACTUH MHOTO-
cioiiHoro ceximoHHoro [Tl mpy npomoabHOM Mbe30-

s¢dexre ¢ mpezoMonyiem dzz = 4+ 10710 M/B, Hanpsi-

xxeHnueM nutanust U= 300 B, ynpyroii moaatainBOCTbIO
s§3 =4-10"1 M2/H, C IMbEe30IUIaCTUHAMU TOJILMHOMN
§=0,6-10"3 m, muamerpom D = 15+ 1073 M, unciom
n =15, c ynciom cekumii N = 4 ¢ KOIOBBIM yIIpaBJic-
HueM npu a; = 1, ay =1, a3 = 1, a4 = 1 (npsamasa I);

Al, MKM
201
1,5 4 ;
1,0 4
2
0,5
3
0 0,2 04 06 0,8 1,0 F,xH

Puc. 9. Mexannyeckde XapaKTepUCTHKM MHOTOCJOMHOIO CeK-
IHUOHHOTO TNbE30JABUIATENS HAHO- M MHUKpoNepeMelleHuii npu
KOJIOBOM YNpaBJIEHMH U NMPOJ0JbHOM Nbe303(deKTe
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Puc. 10. KunemaTnyeckue cxemMbl apMHPOBAHHOTO MHOTOCJION-
HOTO CEKIMOHHOTO TNbe30JABUTaTe/isi HAHO- M MHKpomnepemenie-
HMii C yNpyroil Harpy3koii Npu KOJOBOM YNPABJIEHUH U NPOIOJIb-
HOM (a), nonepeuynom (6) nbe303pdekrax

a1=0,ay=1,a3=0,a4=1 (mpsamast 2) u q; = 1,
a, =0, a3 =1, ag = 0 (npsimas 3).

M3 BelpaxeHus (5) peryaupoBOYHYIO XapaKTepu-
CTUKYy — TMepeMelleHNe B CTaTUKe MHOTOCJIOMHOTO
cekuuonHoro I1/1 (puc. 10, a), ipy MpOIOIBEHOM MbE30-
apdekTe U yIpyroi Harpy3ke moaydyuM B BUIE:

N
a’33( s a,2"" lj U
k=1

SR Y ToeAYIow ®

CeKUMOHHBIN Mbe30ABUraTeNb (CM. puUC. 8, 6) Mpu
nonepeyHoM Ibe303(h(EKTE BHIMTOIHSIOT B BUIE MOHO-
sutHoro I1JI ¢ pa3neabHbIMU CEKLIMOHHBIMU 3JIEKTPO-
JIaMHW WIM B BUJE MHOIOCJIOMHOro cekuuoHHoro I1/1 ¢
CEKLUSIMU TMHOM [, = 2k = 111, rmek=1,2, .., N.

HnuHa cekumonHoro I1I mpu monepeyHoM Ibe30-

addekTe
N
I= 5 =N - 1i.
k=1

IMepemeiienne cexuuonHoro ITJI (cMm. puc. 8, 6)
TIPH TIOTIEPEIHOM TThe303(pdeKTe B cTaTHKe MPH TToaa-
ye HanpsikeHus Ha k-1o0 cexuuio TTJ1

Al = dy 28~ 11U,

MakcumanbHOe mnepemelleHne ceKiuoHHoro I
IpU IOIIePEYHOM Ibe303(p(heKTe B CTATUKE UMEET BUI:

Al = d3 2N — D1 UJS.

IlepemeleHue cekumoHHoro I1/1 mpu nonepeyHom
nbe303(pekTe B cTaTUKe MPU MojJaue Ha BXOJ JBOUY-
HOTO KoJa

N kel
Al = (d31[1/6)( > ak2 jU
k=1
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PaccMoTpum MexaHWYeCKre U PEryJIMPOBOYHEIE Xa-
pakTepucTUK MHOToCaoMHBIX 1/ ¢ KomoBBEIM yIIpaB-
JIEHHEM IIpU ITonepeuyHOM nbe303(ddexrte. B aTom ciy-
yae cymMMapHasi nehopMalnsi MHOTOCJIOMHOTO CEKIIM-
onHoro [T/ paBHa cymMe aedopmainii ero OTaeIbHBIX
CEKLIMI TIpH TToJaue Ha HUX HAIPSIKEHUST U €ro o0IIei
nedopMaly oA BO3IeHCTBUEM BHEIIHEU CHUJIBL.

VpaBHeHHE CTaTUYECKOl MeXaHW4YeCKOM XapakTe-
PUCTUMKM MHOTrocjoiiHoro cekioHHoro I npu mo-
MepevyHoOM IMbe303(PdeKTe ¢ KOJAOBBIM YIIPABICHUEM T10
HaIpsiKEHUIO MOJIyduM M3 paBeHCTBa (4) B BUIE:

N k-l E
Al = (d31]1/8) > ak2 U— S11 FI/SO =
k=1

A
= (d3111/5)[ > a2 jU— F/Chy, )]

k=1

E
e Cyp = So/(s11 D),

NJIn B BUIC:

Al = Allmax(l - F/Flmax)’

N k-1
e Alymax = (d3101/9)| ¥ 42" " |U;
k=1

N ke E
Fimax = (d3lll/6)[ > a2 JUSO/(SII D).

k=1
M3 dopMyitbl (6) peryImpoBOYHasl XapaKTepUCTH-
Ka — TIepeMeIleHNe CEKIIMOHHOIO ITbe30JIBUIATEIIs

(cM. puc. 10, 6) npu nonepeyHoOM IMbe303(pdekTe u yI-
pyroii Harpy3ke B CTaTHKE IIPEICTABISICTCS B BHIE:

N k-t
(d3111/6)[ s a2 ]U
k=1

Al =
I+(C,+ Ce)/C”

(10)

Ilepemenienue mHorocioiHoro I/l B ctaTuke npu
MPOJOJLHOM WJIY MONEPEYHOM Tbe303¢hdeKTax U yIi-
pyroi Harpy3ke — peryJupoBOUYHasi XapaKTepUCTUKA,
AMEET BUI:

Al = k.U, (11)

rae k., — KoabdUIMEHT mepenayu, KOTOPbIii MMeeT
B

MIPY TMapajuieIbHOM YIIPaBJICHUH COIIacHO (hopMy-
naMm (5) u (6)

ds3n
— IIpU NPOIOIBHOM
- T+ (C+ C)/ Ca nbe303ddexTe;
C
dy1/5

— TIpY TIOTIEPETHOM

T+ (C+ G/ Cyy nbe303dheKTe;



MPU KOJOBOM YIIpaBJI€HUU corlacHO (popmyiam (8)
u (10)

N
k-1
dy3 ¥ a2
k=1
1 +(Ca+ Ce)/C33

— TIpY NPOJOJbHOM
nbe303(ddexre;

N ket
(dyy1,/3) 5 a2
k=1
1 +(Ca+ Ce)/CH

— TIpU NOTEePeYHOM
nbe303pdekre.

PaccMmoTpuM nrHaAMUYeCKHe XapaKTePUCTUKI MHO-
rocyoitHoro TT/l Kak 3JeKTpOMeXaHUYEeCKON CUCTEMBbI
C pacripeielIeHHBIMA WUIM COCPEIOTOYCHHBIMU T1apa-
MeTpaMu. JIWHaAMHWYecKHWe XapaKTepUCTHUKU MHOTO-
cioitHoro I1]1 paccunTBIBAIOT Ha OCHOBE COBMECTHOTO
pEIIeHNS BOJIHOBOTO YpaBHEHMSI, YPaBHEHUST TTPOIOTb-
HOTO TTbe303(deKTa TIpU HYJIeBBIX HAYaIbHBIX U COOT-
BETCTBYIOIIX TPAHUYHBIX YCIIOBHSIX.

ITpu pacuete I1]1 ucnosib3yeTcs BOJTHOBOE ypaBHE-
Hue [3—6], onuchIBaloIee pacipocTpaHEHE BOJIHBI B
JUTMHHOM JIMHUM ¢ 3aTyXaHHeM 0e3 MCKaXKeHWIA:

2 2
(CE) or c ot ox

rae &(x, ) — cCMElleHUe CEYeHUS bE30IBUTATENS; X —
KoopauHara; 1 — Bpemst; c£ — ckopoctb 3ByKa mpu
E = const; o — Koa¢pGULIMEHT 3aTyXaHUsI.

IIpu omHoM 3akperuieHHoOM Topue I, Hampumep
npu x = 0, noayyum &(x, ) = 0, a mpu ynpyromHep-
LIMOHHOM Harpy3ke Ha I nmpu x = / monyyum ypas-
HeHMEe CWUJI, NCHCTBYIOIIMX Ha APYTOM €ro Topile:

2
738y = —-MZE —(C, + C)e,
2
ot
Trac M— IepeMeacMasa Macca.

HMcnonb3ys npeobpasoBaHue Jlannaca

2(x, p) = L{E(x, O} = [&(x, He Pidr,
0

MOJIyUuM TepeJaTouHyto GyHkuuw W(p) MHOrociom-
Horo IIJI mpw mpomojbHOM Ibe303ddekTe, Mmapa-
JISJIBHOM YIPAaBJICHUM M YIIPYTOMHEPILIMOHHOM Harpys3-
Ke KakK 3JIeKTPOMEXaHMYECKOM CUCTeMbI C pacipeie-
JICHHBIMM TTapaMeTPaMM:

Wp) = &) =
@ U(p)
_ dy3n
2 c +C~
M—p+cth{l(£E+ aﬂl[%+ ocJ soat e
C33 c c C33

rae =Z(p) — mpeobpazoBaHue Jlannaca nepemMeleHMs
topua MHorocjoiHoro I1J1 o ocu 3; U(p) — npeo6-

10

pazoBaHue Jlamnaca HanpsCkeHUsT Ha OOKJIaaKax MHOTO-
cioriHoro I1JI mpu Hy/JeBBIX HAYaIbHBIX YCJIOBUSIX.

Otcioga MoJy4yMM BbIpake€HUEe I CTaTUYECKOTO
nepemelleHust A/ = (o) apMUpOBAHHOTO MHOTOCION -
Horo IIJI mpu mpomoiabHOM mbe303(ddekTe u Imapani-
JIEJIbHOM YMpaBJ€HUU B YCTAaHOBUBIIEMCS DPEXUME
npu nogauve HanpsokeHuss U(F) = Uyl(#) B caydae yri-
PYTOMHEPLIMOHHOW Harpy3Ku:

b . UO
E(0) = lim &) = lim pW(p)— =
t—> o0 p—0 D

= 1im 9331 Uy -
0 Cc +C
P20 l(%+a}/th{l(%+aﬂ+ Za” e
4 c C33
_ dy3nl

1+(C,+C,)/Cs3"

Torna nepenarouHyo gyHkuuio W(p) MHOrocioim-
Horo 11 npu rmpomoabHOM Ibe303(PPeKTe mocie pa3-
JIOXKEHUS B P TUTIepOOIMIECKOTO KOTaHTeHca (Yau-
TBIBaeM JIBa WieHa psiga) Ha pabouymx 4yacToTax IpHu
mapajjieIbHOM YIPaBICHUN W YIPYTOMHEPIIMOHHOMN
Harpyske npu m < M (rae m — Macca MHOTOCJIOMHOTO
I11) B mmama3oHe padoumx yacTtoT 0 < o < O,OlcE/l
KaK 3JIeKTPOMEXaHMIECKOM CUCTEMEBI C COCPEIOTOUCH-
HBIMU TTapaMeTpaMy MOXKHO 3aITicaTh:

_Z) _
0= Ty

ds3n

N 2 2 :
[1 +(Ca+ Ce)/C33](T33p +2T33§33p+ 1)

M
3nech Tyy= | ——m—r u
C,+C,+ Cyy
al’ Cyy
37 — IOCTOSIHHAs BpeMEeHU

3¢F [M(C,+ C,+ Cs3)
U Ko3(hGUIMEHT 3aTyxaHusl KoJjeOaTeJbHOro 3BeHa
MmHorocJoitHoro T rpu rpogoabHOM mbe303(ddexTe
7 YIIPYTOMHEPIIMOHHOM HarpysKe.

COOTBETCTBEHHO C YIETOM COITPOTUBIICHUS R BHETII-
Helt uenu u eMKocTu () Mbe30IIaCTUHBI MHOTOCIONM -
Horo cekimoHHoro I/l moaydyum ero rnepeaaTroyHyro
(YHKLUIO MPU TTPOAOJIbHOM The303(hheKTe B BUJIE:

= B =
W) Ulp)

d33n

Ca+ Ce 2 2 .
1+—-—-6-—-— (RnCyp+ 1)(T33p" +2T53E53p + 1)
33

Ilepenatounas ¢yHkuuss W(p) MHOIroCIONHOTO
I1 nmpu nomnepedyHoM Ibe303dPeKTe, IMapajiebHOM
VIpaBJIeHUW W YIPYTOMHEPLUMOHHOM Harpy3ke IIpH
m < M B nuana3oHe padbouynx yactoT 0 < o < O,OlcE/l
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KaK BJICKTpOMexaHH‘{eCKOﬁ CHUCTEMBI C COCPEOAOTOUYCH-
HBIMHM IMapaMeTpaMu MMECT BUI:
E(p) —

WA(p) =
®) Ulp)
_ ds1/3
[1+(C,+ Ce)/C“](lelp2+2T11§11p+ 1)

Ca+ Ce+ (O

~ al’Cy,
= —%

3¢, /M(C,+ C,+ Cp))
HU ¥ KO3(PDULIMEHT 3aTyxaHUs KOJebaTeJIbHOrO 3BeHa
MHorocJioitHoro I1/0 mpu monepeyHoM mnbe3o3ddexre
U yIIPYTOMHEPLUUOHHON Harpyske.

CoOOTBETCTBEHHO NpPU PACCMOTPEHUHU DJIEKTpOMe-
XaHUYECKON CUCTEMbI C COCPEIOTOUCHHBIMU MapaMeT-
pamu [7, 8] mepematouHas (pyHKLUMSI MHOTOCIOMHOIO
cekunronHoro ITJ1 nas ynpyronHepuyMoHHON Harpy3ku

npu m < M 1 IPOIOJIBHOM ITbe303((eKTe ¢ KOTOBBIM
yIIpaBJICHUEM UMEET BMI:

3nech

— IIOCTOsIHHasA BPEME-

— E(p) —
2 Ulp)
N
dy; ¥ akzk_l
_ k=1

2 2 ’
[1+ (Ca+ Ce)/C33](T33p +2T53833p+ 1)
rae C,, C, — XKECTKOCTH apPMUPYIOLIETO 3JIEMEHTA U Ha-

E o
rpysku; C33 = 8§p/(s33 /) — KECTKOCTH MHOTOCIIOHOTO
cekimonHoro I/ mpu TpomoibHOM TThe303(deKTe;

M OleC33
= e e ey ™k -
at tet +33 3¢” /M(C,+ C,+ C33)

MOCTOSTHHAST BpeMeHU U KO3 GhUIIMEHT 3aTyxaHuUs KO-
JlebaTesIbHOTO 3BeHa JUISl TaHHOTO Ciyvas.

Ilepemarounast ¢pyHKIMSI MHOIOCIOMHOIO CEKIIU-
oHHoro IIJI nisi ynpyroMHepLMOHHOW Harpy3ku Mpu
m < M npu mornepeyHoM Ibe303¢GeKTe ¢ KOJOBBIM
yIpaBJIeHUEM UMEET BU/L:

W(p) = Ep) -
®) Ulp)
N
dy 11/8 ¥ “kzk_1

_ k=1
2 2 ’
[1+(C,+C)/C I(T{1p” +2T11&1p+ 1)

rne Cjp = SO/(sﬁ /) — xectkoctb aToro I/l mpu 1o-

nepeyHoM Mbe303ddekTe.

INepexomHyio xapakTepucTuKy MHOrocaoiHoro T/
MpU YIIPYTOMHEPLUMOHHOM Harpy3Ke Kak 3JieKTpoMexa-
HUYECKOM CUCTEMBbI C COCPEIOTOYEHHBIMU TTapaMeTpa-
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MU IIpY MajioM conpoTtusjieHuu (R — 0) ¢ yueTom pa-
BeHcTBa (11) mpeacTtaBuM B BUje:

&(1) = kcUph(1) = goh(n),

rae A(f) — HOpMUpPOBaAHHAs TepexolHasl XapaKTepu-
cTrKa MHorocsolHoro [1/1; £y — ycraHoBUBIIasICS Be-
JITYMHA €T0 MepeMelleHYsI, MMEIoIIast BUI;

MIpY TapajuIeJIbHOM YIIPaBJICHUI

d~-nU,
33"% — IpPH NPOLOILHOM
- 1+(C,+C,)/Css nbe303(hdeKTe;
0 _ b
d31 (1/8) UO

— TIpY TIOTIEPEYHOM

T+ (C+ G/ Cyy nbe303bdeKTe;

IIpU KOAOBOM YIIPAaBJICHUN

N
k-1
d33( Y a2 on
k=1

1+(Ca+ Ce)/C33

— TIpY TIPOJOJIbHOM
nbe303ddekre;

& =

N k-t
k=1
1+(C,+C,)/C;

—pU MOTNEPEYHOM
nbe303ddekre.

HopMupoBaHHas mnepexogHass XapaKTepuCTHKa
MHorocaoiHoro ITJI nmeeT BUI:

S

"o = 1 . T3311)
n=1- 2
2

1-&3311y

M .
rne T33(11) m
e

2
ol C33(11)

E
3¢, JM(C,+ C33(11))
2 2
N =E3311y . _ V1 -E33011) '

5 ©33(11) = arctg
T3311) €33(11)

3aech MHOEKCHI 33 OTHOCATCSI K COOTBETCTBYIOLLIMM
napamMeTpaM MHorociaoiHoro IIJ mpu ImpomoabHOM
nbe303pdekre, a MHAEKCH 11 — mpu ImomnepedyHoM
nbe303pdekre.

CootBeTcTBeHHO W11 MHOrocioiiHoro I/ n3 mpe3o-
kepamuku LTC-19 npu napajinesbHOM yHpaBjieHUU
A CTYIIEHYATOM BXOMHOM HAMNpPSIKEHWU C aMILIUTY-
noit Uy =150 B monayunmm &y = 3 Mxm, &33 = 0,1,
T33 = 0,9 MCc M mepexonHYI0 XapaKTEPUCTUKY MbE30-
JIBUTATEJIs, IPeCTaBIeHHYI0 Ha puc. 11.

ITonyyeHHbIE MeXaHUYECKME U PETYJIUPOBOUYHBIE
XapaKTepUCTUKU Nbe30ABUraTes el IMpy napauielbHOM

sin(w33(11)f T ©33(11))>

€33(11) =

bl

®33(11) =

11
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Puc. 11. IlunamMuyeckasi XapaKTepUCTHKA MHOTOCJIOHHOIO Mbe30-
JIBUTATEJIS MPU NAPAJUIeJIbHOM YNPABJIEHUH W MPOAOJbHOM Ibe30-
3¢dexTe 115 YNPYroMHEPHHOHHON HATPY3KH

1N KOJOBOM YIPaBJICHUMU IIO3BOJAIOT pPAaCCUMTLIBATb
CTaTUYCCKUE N TUMHAMHNYCCKUEC PCKMMbI pa6OTI>I Ipo-
CTBbIX U MHOTOCJIOMHBIX Hﬂ, B 3aBUCUMOCTU OT BHCII-

HEl Harpy3km B HAaHO- 1 MUKPOMAHUITYJIATOpaAx M MX
(bI/ISI/I‘{CCKI/IX N TCOMCTPUYCCKUX IMapaMETPOB.
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MMapoanHammnyeckue cnocoobl
obecneyeHNs yCTONYNBOCTU

pabouero npouecca B Kamepax cropaHus
XXUOKOCTHbIX paKeTHbIX ABUrarenemn

PaccMOTpeHbl BO3MOXHOCT 00ecrneveHns yCTOMYMBOCT pabodero npouecca
B KaMepax CropaHuns XMAKOCTHbIX PAKeTHbIX ABUraTeNiein nyteM y4yeTta KOHCTPYK-
TUBHbIX U IMAPaBANYecknX 0cOBEeHHOCTEN (POPCYHOK M CMECUTENBbHBIX FONOBOK.

KntoueBble cnoBa: XWAKOCTHbIN pakeTHbIN ABUraTeNb, KaMepa cropaHus, top-
CyHKa, 30Ha ropeHus, konebaHus AaBeHUs, BbICOKOYACTOTHAS HEYCTOMHMBOCTb.

The possibilities of stability ensuring of the working process in the combustion
chambers of liquid-propellant engines by accounting of structural and hydraulic

features of the injectors and mixing heads are considered.

Keywords: liquid-propellant engine, a combustion chamber, injector, com-
bustion zone, pressure fluctuations, high-frequency unsteadiness.

IO aMIJIUTYIbI BIUSIOT Ha paboTy
arperaToB CHUCTEMbl NMUTAHUS, BbI-
3BIBAIOT MOBPEXKIEHMS KaMEPhI CrO-
paHusl WM AaXe MPUBOIAT K pas-
pyieHuto asuratens. Hecmotpst Ha
3HauUMUTeNbHbIC yerexu [1—4] B uzy-
YEHUU MPUPOIBI AKYCTUIECKON He-
YCTOMYMBOCTH paboyero Ipolecca
B KaMepax cropaHus KP/I u pa3pa-
0O0TKe MTPaKTUYECKUX MEPOTIPUSTUI
1o ee ycrpaneHuto, BY Heycroituum-
BOCTbD BCE €11I€ SIBJISIETCS CEPhE3HBIM
MPEISITCTBAEM, TOPMO3SIINM CO3-
JlaHWE MOUIHBIX PAKETHBIX IBUTa-
TeJel, HEOOXOMUMBIX ISl Hallb-
HEHIIEero 0OCBOCHUSI KOCMHYECKOTO
MIPOCTPAHCTBA.

Hapsiny ¢ ycraHOBKOM aHTUBUO-
pallMOHHBIX TEPEeTOpPOJOK U aKy-
CTUYECKUX PE30HAHCHBIX TMOTJIOTU-

Teneid B Kamepax cropaHusi KPJI

OnHoil 13 HauboJsiee CIOXHBIX
npobjieM, pellaeMblXx NpU co3aa-
HUU HAAEXHBIX U DKOHOMMUYHBIX
JKUIKOCTHBIX PaKETHBIX JBUTaTeIei
(KPH), siBasieTcss ycTpaHEHUE Bbl-
cokovactotHoil (BY) Heycroiium-
BOCTU paboyero mporecca B Kame-
pax cropanusi. Bo3Hukaroliiue Ko-
JiebaHus AaBJeHUs] HeOOJbILION aM-
TUIUTYAbI, HE OMACHOM JIsl pabOThI
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JIBUTATENSI, MPUBOJAT K OTKJIOHE-
HUSIM OCHOBHBIX napameTpoB 2KP/[
OT pacyeTHbIX 3HauyeHuil. B nanb-
HEMIIIeM BO3MOXEH OBICTPBIA POCT
aMIUIMTYIbl KoJieObaHUM (BCILIeCK
JIaBJIEHMST), XapaKTepu3yeMblii yac-
TOTaMH, COOTBETCTBYIOIIMMU KOJie-
0aHUSM OJHOW WU HECKOJbKUX
COOCTBEHHBIX MOJ KaMephl cropa-
Hus. KonebaHusti napiieHUs1 00JIb-

3(POEKTUBHBIM CPEACTBOM IIOHAaB-
nenust BU HeycroitumBocTu pabo-
Yyero Ipoliecca MOTyT ObITh YCOBEp-
LIEHCTBOBAaHUsI KOHCTPYKLIMU (hop-
CYHOK U CMECUTEJIbHBIX T'OJIOBOK.
OnHako BapbUpOBaHHE cMeceobpa-
30BaHMEM C LIeJIbIO MOBBILIEHNS 3a-
maca BY ycroiumBOCTH Kamepbl
TpeOyeT cTporo o0OOCHOBAaHHOTO
MOJaX0/Aa K BHECEHUIO U3MEHEHUI B
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KOHCTPYKLUIO (POPCYHOK WU TOJI0-
BOK. MIlHaue pe3yabTaT MOXET ObITh
MPOTUBOIOJOXEH OXUIAEMOMY.

PaccMoTpuM ocHOBHBIE (haKTO-
pbl, BIUSIONIME Ha BO30YXICHUE
BY HeycroitunBocTH paboyero mpo-
lecca B KaMepax pakeTHBIX JBUTa-
teneil. B kamepe cropanuss 2KP]
YCJIOBHO MOXHO BBIICIUTH TPU Xa-
paKTepHbIE 30HBI:

30HY BIPHICKA, PACIIOIOXEHHYIO
BOJIM3U CMECUTEIBLHON TOJIOBKU,
WU 30HY TMOATOTOBUTENbHbBIX IPO-
1IECCOB;

30HY TOpPEHMSI — Y4YyacTOK, Ha
KOTOPOM pean3yeTcsi MaKCUMallb-
HO€ BbIZIcJIeHUE SHEPIruu;

30HY TE€UEHMUSI ra3000pa3HbIX MTPO-
JIYKTOB TOPEHUS — aKyCTUYEeCKOe
3BEHO.

30Ha BHOpbICKA C TOYKU 3PEHUS
BO3IEMCTBUSI Ha MPOLIECC TOPEHMUS
MpeACcTaBIsieT HauOOJbLIUN WHTE-
pec, TIOCKOJbKY MOATOTOBUTEb-
HbI€ MPOLIECCH 00JIee CYILECTBEHHO
BIMSIIOT Ha XapakTep BbITOpaHMS
TOIJIMBA U 3aIac yCTOMYMBOCTU Ka-
mephl. KonebaTenabHasi 3HEprust B
30HE TOPEHMS TeHEPUPYETCs BCea-
CTBHME MHTEHCUBHBIX ra3000pa3oBa-
HUS U TeIIoBblneeHus1. BHyTpu-
KaMepHBII MeXaHW3M IIOTepPU yC-
TOMYMBOCTU TOPEHUS peaausyeTcs
yepe3 oOpaTHYIO CBsI3b IO JaBie-
HUIO BCJICACTBUE BO3IEHCTBUS KO-
JlebaHMi JaBJeHUsT Ha TTOATOTOBU-
TeJIbHBIC TIPOILIECCHI C YYETOM 3a-
Ma3oblBaHMS TIpoliecca TOPEHMUS.
BpeMst 3ama3npiBaHUsI B 3TOM CITy-
yae J0KHO OBbITh OJM3KO K TOJy-
Meproay OMXHOM M3 COOCTBEHHBIX
4yacTOT KaMmepwl cropaHusi. B 3aBu-
CHUMOCTH OT T€OMETPUM M KOHCT-
PYKTUBHOIO MCIIOJIHEHUSI OTHE/b-
HbIX (OPCYHOK U CMECUTEJIbHOM
TOJIOBKHM B LI€JIOM, a TakxKe MHOTIa
U OT mapaMeTpoB pabouero pexuma
30Ha TOPEHUSI MOXET JIOKaIu30-
BaTbCsSl B HEIMOCPEICTBEHHON OJu-
30CTM K MYYHOCTU TLJIOCKMX BOJIH
JaBJIEHUSI U CTaTb MIPUIMHOMN BO30Y-
KACHUSI CTOSTYMX aKyCTUYECKUX KO-
JiebaHU BAOJb KaMmepbl CrOpaHus.
BcnenctBue HepaBHOMEPHOCTH CO-
OTHOILIEHUSI KOMITOHEHTOB, PacXo-
JOHAIPSIKEHHOCTH TMOTOKOB TOTI-
JIVBA U TIJIOXON OpraHu3aluu rope-
HUSI TOIUIMBAa BOJM3U Tepudepun

OTHEBOTO THMIIA MOTYT BO3HUKATH
MyJbCallud Ta3a B IIOMEPEYHOM K
OCHY KaMephl HampaBieHn. B atom
cllydyae peanusyeTcs oopaTHasl CBSI3b
10 CKOPOCTHM 3BeHa TOpeHus, TOI-
MMUTBIBAIOIIAS MYJIbCAIIAN TTOTIepeY-
HBIX MepeMelleHU I Ta3a, ¢ aKyCTU-
YeCKUM 3BEHOM. BXOIHBIMU KOOP-
JUHATaMM aKyCTUUYEeCKOro 3BeHa
SIBJISIIOTCSI  BO3MYLLUEHHUSI pacxoja,
SHTPOITNY U BUXps. JMHaMuKa aKy-
CTUYECKOTO 3BEHa OIpeaesseTcs
IAaMETPOM W IJIMHON IWIUHIPH-
YeCKOM KamMepbl CropaHusl.

BiusiHuA KOHCTPYKTHBHBIX
U peXUMHBbIX (haKTopoB
NpH BAPbHPOBAHUH
cMeceo0pa3oBaHHeM KOMIOHEHTOB
TomsiBa Ha BY HeycTOMYHBOCTD
B Kamepax cropanus XKPJI

Anamu3z BY HeycroiluMBoCTHU
pabouero mpoiiecca B Kamepax cro-
paHusl pPa3IMYHBIX KOHCTPYKLIMHA
nokazan [1—4], 4ro Ha ycTOWYM-
BOCTb CYIIIECTBEHHBIM 00pasoM
BJIMSIOT cleayouue hakTopbl:

KOHCTPYKTUBHbIE OCOOEHHOCTU
U TUIPABINYECKUE XapaKTepUCTU-
KM OTAEJIbHBIX CMECUTEIbHBIX 3Jie-
MEHTOB;

napaMeTpbl CMECUTEJIILHOU TIO-
JIOBKM, TaKM€ KakK pacxojoHamps-
JKEHHOCTb W paclpee/ieHue KOoM-
IMOHEHTOB IO CEYEHUIO KaMepHhl;

KOHCTPYKTUBHOE  HCITOJHEHUE
KaMepbl CropaHUs: TeOMETpUsT Ka-
Mepbl (COOTHOILIIEHWE €€ JJIUHbI U
JuaMeTpa IMOMNepeyHOro CevyeHMUsl),
HaJIMYKE MOSICOB 3aBEC OXJIAXKACHUS
U Ip.;

yCI0BUSI  pabOThl  JBUTATEJIS
(dbopcupoBaHue, gpoccenMpoBaHUe

pacxoma TOIUIMBA, "KECTKWM"' 3a-
MMycK U 1Ip.).

Bauanue xoncmpyxmuenvix
u eudpaeau4eckux ocobenHnocmeli
O0MOeAbHBIX CMECUMEAbHBIX
anemenmoe na BY
Heycmou1ueocms 20peHus
¢ xamepax 2KPJ]

DopcyHKa SBISIETCS OTIPEIeISIO-
1LIUM 3JIEMEHTOM, KOTOPBIN BIUSIET
Ha XapakTep cMmeceoOpa3oBaHUsl U
YCTOMUYMUBOCTh paboyero mpoiecca
B Kamepe cropanust 2KPI. B nBura-
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TeJIsAX, padoTalolMX Mo cxeme 0e3
TOXWTaHWUs, IIUPOKOE pacIpocTpa-
HEHHE TTOJYIMIN IIEHTPOOEKHBIC 1
CTpyiiHBIe (DOPCYHKHU (B TOM UHUCIIE
¥ C COyIApSIONIMMHUCS CTPYSIMH), a
TaKXke WX BCEBO3MOXHBIE KOMOM-
HalluM. YCTOMYMBOCTH M 3KOHO-
MHUYHOCTb pabouero mpoiiecca 3a-
BHCSIT OT MHOTUX BO3MOXKHBIX M3-
MEHEeHUN MapaMeTpoB (POPCYHOK.

B Hacrosiiiee BpeMsT He CYIIIeCT-
BYET 00OOIIIEHHOTO KPUTEPHSI, OTIPE-
JIEJISFOIIETO 3aItac YCTOMYMBOCTHU OT-
HOCUTEJILHO BO30YXXIEHUsI Ollpele-
JIEHHBIX MOJI aKyCTHUUYECKUX KoJieba-
HMIT B KaMepax cropaHust. M. Xaiin-
MaH n Y. @aitnep mpemroxuam [1]
WCIIOJIb30BaTh B KauyeCcTBE TaKOTO
KpUTepUs (DYHKLUIO YYBCTBUTEIIb-
HOCTH Tpoliecca ropeHusi. B ocHo-
By 3TOTO METOAA IIOJIOXKEH TPUH-
uun Penesi, corjacHo KOTOpoMy
AMIUTATYJa KOJeOaHWl maBIeHUS
pacTeT, eCIIA TIPU TOPSHHUU TEILTO- U
MACCOBBIIEICHUST TIPOUCXOIST B
OHOM (ha3e ¢ KoJiebaHUSIMU J1aBJie-
Hug. OYHKIUS YyBCTBUTEIHLHOCTH
no onpeneneHuo M. XaiigMaHa —
OTHOIIICHHE JeMCTBUTEILHON YacTH
BO3MYILEHUsI MAacCOBBIAEAECHUST K
BO3MYILEHUIO TaBJICHUSI.

IMoxoxwuit MeTom TIPemIOXKIIT
O. Jlaiikema [1], KoTOpblii peacTa-
BUJI HECTAllMOHAPHYIO CKOPOCTh Te-
TUTOBBIICNICHUS KaK CYMMY BKJIaIOB
OT TOPEHMST KaTeIb Pa3IMYHBIX Pa3-
MepOB, TIOJYYCHHYIO TIPU pellleHUN
paguaibHOM 3amayd TOpEeHUs Ka-
MeJib TOpIoYero B cpeie OKUCIUTE-
ng. [Ipy 3TOM mapaMmeTp yCToNdm-
BOCTH OBLIT TTOJIYYeH W3 KPUTCPUS
Penest HTeTrpupoBaHNEM OTHOIIIE-
HUS BO3MYIICHHS TETIIOBBIICICHMS
K BO3MYILEHUSM AaBJCHUS 3a MO-
JIOBMHY Tlepuoja KojeOaHuUsI.

Hns nonHoro aHanusa BY Heyc-
TOMUYMBOCTU HEOOXOAUMO HCCIIENO-
BaTb pacmpejesieHue AaBJIeHUs IO
BCEM HaIpaBICHUSIM KaMephl Cro-
panust. YacTo MpuMEHSTIOT OTHOIIIE -
HHUE Pa3HOCTH Ap MaKCHMAaJIbHOTO
(Pmax) U MUHUMAJIBHOTO (Ppin) JaB-
JIEHUI B KaXIblii MOMEHT BPEMEHU
K CpelHEMY [aBJICHWIO p,  Ta3oB B
JAHHOI TOUYKEe B KaMepe CrOpaHMUSI:
Ap/p, -

bonee rinybokomy IMOHUMaHUIO
(haxTOpOB, BIUSAIOMINX HA YCTONYM-
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BOCTb, CIIOCOOCTBYIOT Takue 0e3-
pa3MepHble IapaMeTpbl, KaK CKO-
POCTb TOpeHUs, CTeNEeHb CYKEHMSI
coIlIa, pa3HUIlAa CKOPOCTEl Kallesb
xkuakoctu U raza. Ilockonbky dop-
CYHKM (OPMHUPYIOT CIIEKTPHI Ka-
MeJib KOMIIOHEHTOB TOIJIMBA, a MO-
cJeHue, B CBOIO OYepe/ib, CBSI3aHbI
CO CKOPOCTBIO TOPEHUS, TO CIEKTP
pacribuia WM CPeIHUI pa3Mmep Ka-
nejb U CKOPOCTb BIPbICKA MOXKHO
OTHECTH K (aKTopaM, BIUSIOLINM
orpeJeJeHHbIM 00pa3oM Ha yCTOM-
YUBOCTh TOpeHMsl. M3MeHeHue
CpelIHero pasMmepa Karesib 3Hauyu-
TeJIBbHO BIMSIET Ha CKOPOCTH MCITa-
peHHUSI TOpIOYero M OKUCIUTENS,
Haxos11erocsl B XXUIKOH aze, or-
peaenseT 4acToTy, COOTBETCTBYIO-
IIYI0 MaKCUMAaJIbHON YYBCTBUTEJb-
HOCTH TIpoIlecca TOPEeHHUsT K KOoJje-
0aHMSAM MaBJICHUs, W BEJIUNYUHY
yyBcTBUTENbHOCTH [1]. C yBennue-
HUEM Karmejb 4acToTa U YyBCTBU-
TeJBbHOCTD ITpOoliecca FOPEeHUsI K KO-
JlebaHusIM yMmeHblaTcs. CHIUKe-
HHE IyBCTBUTEILHOCTH CTAOUITN3M-
pyet mpoluecc (yBeJIMUYMBAET 3arac
YCTOMYMBOCTH), B TO BpeMsI KakK
YMEHbILIEHUE YaCTOTbI MOXET TOJIb-
KO M3MEHUTb MOIYy KOJeOaHuid,
MMEIOIIYI0 00Jiee HM3KYIO YacTOTy.
DKcrepruMeHTalIbHbIe 3aBUCUMOCTH,
CBSI3bIBAIOLLIME TEOMETpUI0 (opcy-
HOK C paclpe/eieHUeM Karesb Io
pasmepam WIK CO CPeTHUM TUaMeT-
pPOM Karelb, a TaKXKe C pacrpeaesie-
HHEM KalleJb 110 CeYeHUIO, C OMHOM
CTOPOHBI, TIOJIydUeHbl Ha OCHOBE
JAHHBIX WCHBITAHWM Ha TUAPOIM-
HaMMYECKUX MOJIEJISX, C IPYrol —
OrpaHUYEHbl IUANa30HOM Bapbu-
poBaHmMsA TMapaMmeTrpaMu. IloaTomy
peKOMeHJaluu, TToJydYeHHbIe Ha UX
OCHOBe, MpuoaAu3uTeabHbl. Cpen-
HUI pa3Mep 0OpasylolUXCcs Karielb
MPsIMO TIPONOPLIMOHAJIEH (B APOOHOIM
CTENEeHU) AUaMeTpy coIljla CTpyu-
HbIX (POPCYHOK, OOpaTHO MPOIOp-
LIMOHaNeH (Takxe B JApOOHOI cTe-
MEHU) CKOPOCTU BIPbICKA U 3aBU-
CUT OT NPOTUBOAABJICHUSI.

OTO OTHOCUTCSI U K LIEHTPOOEXK-
HBIM (popCcyHKaM, TIpU KOTOPHIX 3a-
BUCUMOCTb CPEIHEro pasMepa Ka-
MeJib OT AMaMeTpa CoIula CIIOXHee.
B aTroMm ciydyae oueBHMIHEE 3aBUCH-
MOCTU pa3Mepa U paclipeieeHus
Kamejab M0 CEYEHUI0 OT TeOMETpU-
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Puc. 1. Comio IByXKOMNOHEHTHO# HEeH-
TpoOexHoi GOPCYHKH C MOApe3Koii (pa3-
mep /)

YeCKHUX TapaMeTpoB (POPCYHOK U
OTHOCHUTEJILHOM CKOPOCTH BIIPHICKA
KUOKOTO KomItoHeHTa. C  omHOM
CTOPOHBI, YBEJUYEHUE WU YMEHb-
IIeHNEe CKOPOCTH BIIPHICKA TIPUBO-
AT K U3MEHEHUIO JIOKAJIbHOM CKO-
POCTH MCTIApEeHUS M3-3a COOTBETCT-
BYIOIIIETO M3MEHEHMSI Karelb W B
IIeJTIOM BIMSIET Ha CKOPOCTU Ta3o-
00pa3oBaHUs U TETUIOBBIACICHUS
[1—3]. C opyroii cTOpOHBI, CKOPOCTh
BIPBICKA BIMSET TaKKe HA HAaYallb-
HBIE pasMep oOpa3yllIUXCs Ka-
nejb (00paTHO MPOHOpLIMOHAIbHAS
3aBUCUMOCTD). YBEJIMYEHUE CKOPO-
CTHU BIIPHICKA Yallle BCET0 OKa3blBa-
eT JecTabuIM3upylollee BIMSHUC
KakK Ha MpoIOoJIbHBIE, TaK U Ha T0-
nepeunble BU koyiebaHus BeaeacT-
BUE YMEHBIIECHUSI HayaJIbHOIO MHa-
MeTpa Karellb 1 WHTeHCU(PUKALINT
npoliecca TOpeHUs1 U3-3a TepeMe-
IIeHNsT 30HBI TOPEHUS B CTOPOHY
OTHEBOTO ITHUIIA KaMEPhI.

IIpn ncnonbp30BaHUU ITBYXKOM-
MOHEHTHBIX LIEHTPOOEXKHBIX (popcCy-
HOK TIOJIOKeHUEe (PpOoHTa TOPeHUS U
YCTOMYMBOCTh paboyero mpolecca
B KaMepe CYIEeCTBEHHO 3aBUCST OT
BEJIMYMHBI TTOAPE3KU  (3arayoJe-
HUSI) coIUIa BHYTpeHHE (popCcyHKM
U yrioB pacnbiia. Heobxoaumblii
3arac yCTOMYMBOCTA MOXHO TTOJTy-
YUTh MOJOOPOM ONTUMAJILHOTO pa3-
Mepa [ 3araybneHust TOpLA BHYT-
peHHeil (OPCYHKU OTHOCUTEIBHO
BHewHel (puc. 1). Ilpu mamom [
BO3MOXHBI CHMXEHME SKOHOMUY-
HOCTM paboyero Ipoiiecca 1 MOBBI-
LIIeHWE BEPOSITHOCTU BO3HUKHOBE-
HUS HU3KOYACTOTHBIX KOJIEOAHMIA.
YBenuueHue yriaoB pacnbuia ¢popcy-

HOK OJIHO3HAYHO MOBBIIIAET BEPO-
SITHOCTb BO3HUKHOBEHMUSI TPOAOJIb-
HBIX 1 TonepedyHbiX BY KomebaHmid.
B sToM ciydae 6ojiee OBICTPBIM pac-
TTaj MeJieHbl XKUIKOTO KOMIIOHEHTA,
TepeMelMBaHe W WCIapeHue Ka-
MeJib KOMIOHEHTOB TOIUIMBA TPU-
OJIMKAIOT 30HY MaKCUMAaJIbHOIO Te-
TJIOBBIAEEHUSI K OTHEBOMY THUIILY
KaMepbl M CHMXAIOT 3amac yCTOM-
YUBOCTU OTHOCUTEBLHO U MPOIOJIb-
HBIX, U TornepeuHbix moa BY Heyc-
TOMYMBOCTU TOPEHMUSI.

IIpu 1BYyXKOMITOHEHTHBIX CTPYii-
HBIX XXUIKOCTHBIX (pOpCYHKaX ¢ CO-
YIAPSIONINMHUCS CTPYSIMU YCTONUM-
BOCTb paboyero mpoiiecca CyliecT-
BEHHO 3aBMCUT OT COOTHOILCHUS
KOJIMYECTB NIBWDKEHUSI CTPYHl OKHC-
nmTens u ropiouero [1]. Takue gop-
CYHOUHbIE TOJIOBKM B OCHOBHOM
WCIIOJIBL3YIOTCSI B JBUTATeNsIX, pas-
pabotanHbix B CIIIA. bonee mon-
pOOHBI aHaIW3 O0eCIIeYeHMsI YyC-
TOMYMBOCTU TOPEHUS TPU TIpUME-
HEHUU TOJ00HBIX (hOPCYHOUHBIX
TOJIOBOK TIpEACTaB/ieH B COOpHUKE
[1]. B uenoM MOXHO OTMETUTb,
YTO HECTAOUJBLHOCTh pEXUMa TIO-
peHus B kamepax 2KPJI ynaercs uc-
KJTIOYUTH, OOECIIeYnB pPABEHCTBO
KOJIMYECTB IBIDKCHUSI COYIapsIio-
IIMXCS CTPYi KOMMOHEHTOB. Jljist
TaKMX CXeM MOXHO YBEJIWYUTh 3a-
rmac yCTOMYMBOCTU "pacTTUBAHU-
eM" 30HBI TOPEHUST TTyTeM U3MEHE-
HUSI AUaMeTpa OTBEPCTUM WIM UX
yucaa 1Mo TpakTaM OKUCIUTENS] U
roprouero.

Hnst nBurarteiieit, paboTaroLIUX
IO CXeMe C IOXHWTaHWeM TeHepa-
TOPHOIO ra3a B OCHOBHOW Kamepe
CropaHMsi, HauOoJbllIee pacipo-
CTpaHEHUE TOJYYUJIU ABYXKOMIIO-
HEHTHBIE Ta30KMUIKOCTHBIE op-
CYHKU C LIEHTPAJIbHBIM OTBEPCTHEM
IUIST Ta3a ¥ HECKOJIBKUMU OOKOBHI-
MU OTBEPCTUSIMU [JIsI KUIKOCTH.
PaznuyaloT coocHoe MCIOJHEHME
(bopcyHOK ¢ LIEHTPOOEKHOM TTofaueit
KUIKAX KOMIIOHEHTOB M 3MYJIbCH -
OHHBIE (DOPCYHKM, y KOTOPBIX Ka-
HaJIbl BBIMOJHEHbI IO paguycy u
HaKJIOHEHBI MoJ yrjioM K ocu. C 1ie-
JIbIO TIOBBILIEHUSI 9KOHOMUYHOCTHU
pabodyero mpoilecca ABYXKOMIIO-
HEHTHBIE COOCHBIC IIEHTPOOEKHBIE
(bopCYHKM BBITIOJHSIOT C MOApe3-
KOH corula ra30BOro KaHaja.
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OMyJIbCMOHHbIE (DOPCYHKU I1IU-
POKO TIpPUMEHSIIOTCSI B Pa3IMYHbIX
moaudukanusax KP. Mx koHct-
PYKTUBHOE MWCIIOJHEHUE (HaAIpH-
Mep, IWaMeTp M Yroj HakJIoHa K
OCHU PaBHOPACIIOJOXEHHBIX OTBEP-
cTUii, paBHBIA ~30+60°, u ap.) cy-
LIECTBEHHO BJIMSIET Ha cMeceobpa-
30BaHME M COOTBETCTBEHHO Ha yC-
TOWYMBOCTh paboyero Ipolecca B
Kamepe cropaHusi. OnMHUM 13 TaKUX
(akTOpoB sIBIAETCS TIyOMHA BHE-
JPEHUsI CTPYI XKUIKOCTU B Ta30BbIi
MOTOK, KOTOpasl OoIpenessercs co-
OTHOIIIEHUEM JUHAMUYECKUX HaIlO-
POB IO Ta30BOMY U XXUAKOCTHOMY
TpakTtaMm. Ecnu nuHamuuyeckuii Ha-
Mop MO Ta30BOMY TpakTy 3HAYM-
TEJbHO MPEeBbILIAET HAMIOP MO XKUI-
KOCTHOMY TPaKTy, TO CTPYH MPYKU-
MaloTCs K CTeHKaM coruia (popcyH-
KM 1 Tipouecc ApoOJeHUs JTOKaIu-
3yeTcsi B 00JacTh cTeHOoK. Takoi
pEXUM XapaKTepusyeTcsl I'pyObIM
pacnblIOM M HEpaBHOMEPHBIM pac-
MpeaeeHneM Karelb XXKUIKOCTHU T10
ceueHu1o. C yBeJIMYeHUEM ITyOUHbI
BHEJPEHUSI CTPYH XXKUAKOCTU MOBbI-
11aeTcsl 3KOHOMUYHOCTh Tpoliecca
TOpeHUsl B KaMepe, TOCTUTasl ONTH-
MaJIbHO# BEJIMYMHBI TIPU MPUMEDP-
HOM paBEHCTBE HAIIOPOB Ta3a U
KMAKOCTU, OAHAKO MPU 3TOM pabo-
YUt TIpoliecC B KaMepe MOXKET CTaTh
HEYCTONYMBbBIM.

st KayecTBEHHOI'O pacIipe/e-
JICHUS cocTaBa W PacXOJOHarpsi-
JKEHHOCTH TOILIMBA MO MOMNepeyHO-
MY CEUYEHHUI0 KaMepbl CropaHus
(opcyHKHM pacrojiaraloT Ha rojloB-
K€ OoIpeneeHHbIM 00pa3oM, Harpu-
Mep paBHOMEPHO. 3agaHHOe BHE-
JIpeHue CTpyi KUIKOCTU TIPU BbI-
OpaHHBIX pazMepax (POPCYHKU obec-
MEeYMrBaeTCsl YIJIOM HaKJIOHA OTBEpP-
CTMI M YyAaJleHMeM MX OT Topla
(dopcyHKH, a TakxKe KOJIMYECTBOM
IBIDKEHUSI STUX CTPYH WIIM MX CKO-
poctblo. MHTeHCHBHOE BbIrOpaHue
TOIJIMBA TIPU BBICOKON TMOJIHOTE
CropaHusl peajans3yeTcs OJIMXKe K or-
HEBOMY NIHUIIY, TIe¢ BEPOSTHOCTDH
MyJIbCAIIA TP UHTCHCUBHOM TEII-
JIOBBbIAEJIEHUU Bo3pactaeT. B aTom
clyyae Kamepa CropaHusi HMeeT
MEHBIINA 3anac yCTOMYUBOCTH.

7151 TIOBBILLIEHUS 3aItaca yCTOM-
YMBOCTU paboyero mpoiecca B Ka-
mepe XKPJI HeoOxoauMo:

CMECTUTh 30HY TOpPEeHUs BIOJb
KaMepbl Aaibliie OT (popcyHOUHOM
TOJIOBKY U, YIUIMHUB €€, YBEJUUUTh
B 00BbeMe; KaK MPaBUjIo, 3Ty 3a1a4y
pelaT OMHOBPEMEHHO ¢ obecrie-
YEeHHWeM HaJeXHOro OXJIaXIEHUS
OTHEBOTO JHMIIA U 3allUThl BHYT-
DEHHel CTeHKM KaMepbl B 00JacTu
JIOKQJIM3aIMK1 30HbI TOPEHUS;

BBIOpaTh ONTUMAILHYIO IMHY
ra3oBOro KaHaja, Harpumep M-
HY, 00eCIIeYynBaIOIIyIO €ro padoTy B
KayecTBe YEeTBEPThBOJIHOBOIO IIO-
[JIOTUTENIS;

00€ECIIeYnTh MOCTOSIHHYIO TITyOu-
Hy BHEAPEHUS CTPYii KUIKOTO TOPIO-
YEero Ha pa3MyHbIX pexXumax.

KoHCTpYKTHMBHBIE  M3MEHEHMUSI
¢OpCyHOK B IIpolecce OTpabOTKU
KaMephl IBUTATENIST MOKHO UCIIOJNb-
30BaThb U KaK CpPeICTBO OOPBLOBI C
BY HeycToituMBOCTBIO, OAHAKO TEO-
peTuyeckoe OOOCHOBaHME TaKUX
M3MEHEHU ! TPYMEHUTETLHO KO BCeM
TuIaM (OpPCYHOK, a TaKxkKe AeTallb-
HO€ pacCMOTPEHME ABYX MOCIEIHUX
peKoMeHJaluii He TpeACTaBJIsIeTCs
BO3MOXXHBIM B paMKax JaHHOU my0-
JIMKAIUU.

CmecumeavHbie 20406Ku
Kamep ceopanus 2KPJ[

TI'onoBkM KaMep cropaHus ompe-
NEJISIIOT CTPYKTYPY cMeceoOpa3oBa-
HUS, OT KOTOPOM 3aBUCST MOJHOTA
U YCTOMYMBOCTb TOPEHUsS; OHU Xa-
PaKTEPUIYIOTCS:

TUIIOM U YKUCJIOM (DOPCYHOK;

pacrnojioxeHueM (GOpCyHOK;

BUIIOM TOIUIMBA M PEXUMHBIMU
napaMeTrpamu (B TOM 4YucCJie Mepe-
nagamMyd JAaBJeHUs 10 TpakTaM
OKHCJIUTENSI U TOPIOYEro, COOTHO-
IIEHUEM KOMITOHEHTOB U Ap.);

pPacXOMOHAIPSKEHHOCTBIO U €€
pacrpeneneHueM;

MPOHUILIAEMOCTbIO T10 Ta3y;

MPOBOAMMOCTBIO aKyCTUUYECKUX
BO3MYILICHUM.

AkycTryeckue KojaebaHus B Ka-
Mepe CTOpaHUs U MPOLIeCC TOPEHUS
B3aMMOCBsI3aHbl. BnusiHue cmecu-
TeJIbHOI TOJIOBKU Ha MpOolLiecc rope-
HUSI OIpeaesisseTcsl TUIIOM dopcey-
HOK, WX YMCJIOM, B3aMMHBIM pac-
MOJOXEHUEM M pa3MepaMu. YBe-
JmueHne 9rcia GopcyHOK obecIie-
yuBaeT 0ojiee TOHKOE paclblLIeHUE
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KUIKUX KOMITOHEHTOB, YIydIlaeT
B5KOHOMUYHOCTbB ITPOLIEcca TOPeHUsl,
OJHAKO IMPU 3TOM 3arac yCTOMUM-
BOCTU Kamephbl cHmxaetcss. Coxpa-
HUTh BBICOKYIO 3KOHOMMYHOCTH U
obecIieunTh TIpHEMJIEMBI  3arac
YCTOMUMBOCTH KaMepbl CTOpaHMSI
yaaetcsi, MpeaycMOTpPeB B TOJIOBKE
(opcyHKM ¢ pasHbIM pPacXoaoM U
COOTBETCTBYIOIIVMM MX PACITOJIOXE-
HUEM IO pSJaM U B KaXIOM PSIIy.
PasHuuia pacxonoB oTAebHBIX (hop-
CYHOK, pa30WTBIX Ha KJacChl, He
BBI3BIBACT 3aMETHOIO CHUXCHUS
SKOHOMMYHOCTUA, a YCTOMYMBOCTH
TOPEHUSI B 3TOM Ciydyae obOecreuu-
BAETCS HEKOTOPOU JIOKAJIbHOM HeE-
OTHOPOJHOCTBIO U YIUIMHEHUEM 30-
HBI TOopeHMs1 B Kamepe. [IpumepHO
Takoit e 3¢ EKT MOXHO IIOJIy-
YUTh, UCITOIL3YS B SIIpE U HA MepU-
(epum cMecUTENTBHOI TOJI0OBKU (hop-
CYHKHU Pa3HbIX KOHCTPYKILIMIA.
Pacnonoxenue (hopCyHOK TakKe
BIMSIET HA MOJIHOTY W 3arac YCTOM-
yBOCTU TopeHus1. Pacripenenenem
(hopcyHOK Mpexe BCero CTpeMsTcs
JOCTUYbh PABHOMEPHOTO COOTHOLIE-
HUSI KOMIIOHEHTOB I10 TOMEPeYHO-
MY CEUeHHUI0 Kamepbl. B aToM ciy-
yae cieayeT OXXUIATh CHUKEHUSI 3a-
rmaca yCTOMIMBOCTA OTHOCHUTEIHHO
BY kxonebanumii. PaBHOMepHas 110-
Jaya KOMIIOHEHTOB B KaxXJOM OT-
JEJIbHO B3SITOM CMECUTEIBLHOM 3Jie-
MEHTEe U B MaciluTade Bcell TOJTOBKU
obecrieunBaeT CHIDKEHNE UyBCTBU-
TEJIbHOCTM pabouyero Ipolecca K
CyJyaiHBIM BO3MYIIEHUSAM. 3arac
YCTOMYMBOCT MOXHO TOBBICUTH
HE3HAUMTEJIbHBIM YXYIIIEHUEeM paB-
HOMEPHOCTH pacIipefeieHUsT KOM-
IIOHEHTOB IO CEYCHUIO KaMepHl,
HalpuMep, YBEJIWUYMB 1IAr MEXIy
HEKOTOpPbIMU  (DOPCYHKAMM, WJIU
BBeJs B TOJIOBKY psii. (POPCYHOK C
MHOBBILLIEHHBIM PacXOI0M, WU pac-
TOJIOKUB VX B TOJIOBKE B BUNE "THUI-
paBanueckoro kpecra". OmHoil U3
MNPUYMH Takoro addexra gaBisgeTcs
YVIJMHEHUE 30HBI TOPEHUSI.
HeycroiiunBoCcTh K TaHTEHIIM-
aTbHBIM MOZAaM KoJiebaHMit B KaMe-
pe cropaHus B psijie CIy4yaeB ynaBa-
JIOCh YCTPAHUTh PACIIOJIOXECHUEM B
nepudepuitHOM psiy LEHTPOOEXK-
HBIX (POPCYHOK C 3aKPYTKOM KW[I-
KOro KOMITOHEHTa B CTOPOHY, TpO-
TUBOTIOJIOXXHYIO BPAIICHWIO BOJTHBI
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JnapieHus. B HeKoTopbIx paboTax
[1] mpuBeneHbl JaHHBIE O TOM, YTO
CHMXXEHUEM Iepernana 1aBJeHus Ha
dopcyHKax ymaBaJloChb YCTPaHUTb
BY xonebanus B kamepe (IIporcxo-
IWJIO YBEJIMYECHUE HAYaIbHOTO pa3-
Mepa Karejlb KOMITOHEHTOB TOTTI-
Ba). OagHakKo BTa peKOMeHIaLus
HOCUT OIpaHWYEHHBI XapakTep,
MOCKOJIBKY TIPY CHIDKEHUH TIepera-
JIOB TaBJICHUS B MAaTMCTPAJISX ITOIA-
Y1 KOMITOHEHTOB B KaMepe cropa-
HUS BO3HUKAIOT HM3KOYACTOTHBIC
(HY) xone6anus (=200+300 I'm),
aMIUIMTYIa KOTOPBIX MOXET TOCTH-
raTh HEJOMYCTUMBIX 3HaYeHUi. Bo
nzbexanue Bo30OyxneHuss HY ko-
JlebaHil TaBIIeHUST PEKOMEHIYETCST
nepenaubl Apg, aBleHui Ha Qop-
CYHKax UISl XKMIKHUX KOMIIOHEHTOB
Ha3HayaTh, WUCXOIS M3 COOTHOIIIE-
Hust 2Apg/py = 0,3, THe py — naB-
JIeHHE B KaMepe CrOopaHMUsI.
BaxHyio poiib B obecrieueHUU
YCTOMYMBOCTH paboyero Ipoiiecca
WUrpaer pacrpeieieHue pacxoao-
HAMNpPsSIKEHHOCTH ¢ IO CEYEHUI0 Ka-
Mepbl cropaHusi. MakcuMasabHy1O
YCTOMYMBOCTh OTHOCHMTEJIBbHO TaH-
TeHIIMATBHBIX MO KOJIe0aHUI MOXK-
HO TIOJYyYUTHh TPU TIOBBIIICHHBIX
3HAYCHMSAX ¢ B IIEHTpE TOJOBKH, a
MaKCUMAaJIbHYl0  HEYCTOMYMBOCTb
MPY MOBBIIIEHHBIX 3HAYEHMSIX ¢ Ha
nepudepun. YCTOMUMBOCTh K TaH-
TEeHIIMAIBHBIM W PagdaJIbHBIM MO-
JaM KoJjiebaHuii obecrieunBaeTcs,
€CJM MaKCUMYM ¢ HaXoOuTCs Ha
(0,42+0,61)R, tne R — pamnyc ro-
JOBKM. B aTOM ciydyae 3amaHHOI
pacXoIOHANPSIKEHHOCTH ~ MOKHO
JOCTUYL M3MEHEHWeM 4Jmcia op-
CYHOK B psay. [1pn cHIKeHUHM pac-
XOJOHAIPSKEHHOCTH Ha mepude-
PUM TOJOBKU YMEHBILIAETCS BBIAC-
JIEHNE DHEPIruy B eNMHUIE 00beMa
B HanOoJIee YyBCTBUTEIBHON OTHO-
CHUTEIbHO TAHTCHIIMAIBHBIX MOJI
KoJjiebanuit 3oHe. Ilepudepuiinyio
YacTb TOJIOBOK MOXHO BBIMIOJHUTH
u 6e3 ¢opcyHok. IIpu atom cyuie-
CTBEHHO MEHSETCS XapaKTep aKy-
CTUYECKOTO B3aMMOICHCTBUS IIO-
TepEeYHBIX KOJieOaHWil ¢ paboumm
MPOLIECCOM B IPUCTEHOUYHOM CJI0€ U
TOBBILIIAETCSl 3amac YCTOMYMBOCTH.
M3meHeHne OTHOCUTETBHOM pacxo-
poHanpsokeHHoct ot 0,4 mo 2,5
MPaKTUYECKN He OKa3bIBaeT 3aMeT-
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HOTO BJIMSIHUSI Ha YCTOMYMBOCTb K
MOMepeyHbIM MOJaM KoJjieOaHUA.
IIpononbHbie BYU KonebaHus 3aBU-
CAT OT OTHOCUTEJILHOM pacXomoHar-
PSCKEHHOCTU. B yKazaHHBIX BEIIIIE
npezesiax ee U3MEHEeHUs 1aBieHue B
KaMmepe, TIpU KOTOPOM BO30yXkIa-
JIUCh TIPOAOJIbHBIE KOJeOaHMsI, CHU-
2KaJIoCh 0OPAaTHO MPOMNOPLIMOHATIEHO
IaMeTPy KPUTUYECKOTO CEUCHUSI.
ITpy ra3oXuaKOCTHBIX (OPCYH-
Kax MPOHUIIAEMOCTb TOJOBKU I10
raszy Tak>ke MOXeT OKa3bIBaThb BJIMSI-
HUe Ha cMeceoOpazoBaHue. C yBe-
JIMYEHUEM TPOHUIIAEMOCTU YMEHb-
IIaeTCI CKOPOCTh Ta3a, CHUXKAETCS
MHTEHCUBHOCTb Ia30IMHAMUYECKUX
BO3MYILIEHUI B 30HE BIIPHICKA, YTO
CIIocOOCTBYeT OoJiee CTaOMIBbHOMY
ropeHuio. OmHaKoO TIpU OOJIBIINX
3HAYEHMSIX MMPOHUIIAEMOCTH TIPUXO-
JIIATCS JieaTh Oosiee KPYIHbIE TOH-
KOCTEHHbIE (DOPCYHKHU, UTO CHUXKA-
eT CTaOWJIbHOCTb BHEAPEHUsI CTPYi
JKMIKOTO Toployero B razoobdpas-
HBI okuciauTenb. IlociaenHee oT-
pUIaTeIbHO CKa3bIBaeTcs KakK Ha
9KOHOMMUYHOCTHU, TaK U Ha YCTOMU-
YMBOCTU paboyero Ipoliecca.

[ToBbIIEHUIO YCTOMYMBOCTH pa-
O6ouyero mpouecca B kamepax 2KPJI
TaKXXe CIOCOOCTBYET:

BBEJEHUE AHTUITYJbCALIMOHHBIX
Meperopojiok Ha OTHEBOM [HUILIE
TOJIOBKU;

BBICTyIAaHUE BCEX WJIM YacTH
(OpPCYHOK OTHOCHUTEJIbHO IIOCKO-
CTHU OTHEBOTO ITHUIIIA;

00pa3oBaHME IIECTUTPAHHBIX TTe-
peMblueK Mexay pOpCyHKamH, BbI-
CTyNawIIUX OTHOCUTEJBbHO TIJIOC-
KOCTHM OTHEBOIO JHMIIA IS HC-
KJTI0YEHUST 30H OOpaTHBIX TOKOB.

Obecneuenue ycmotivueocmu
pabouezo npoyecca 6 kamepax
ceopanus 2KPJ[ uzmenenuem
OuHaMuUYeCKuUX XapaKxmepucmux
2udpasauyecKux mpaxKmos
cucmem monaugonooauu

Anam3 orpadotrku KP]I moxa-
3aj, 4To pabouuii mpouecc B Kame-
pe cropaHusi U AMHaMU4eckue 3¢-
¢eKThl B TMAPaBINYECKUX TPaKTax
CUCTEMbI MUTAHUS B3aUMOCBSI3aHbI.
Tak, Bo3aelcTBUE TYpOOHACOCHBIX
arperatoB (THA) Ha xoneGanus
JIaBJICHUS] B TUAPABJIMYECKOM TpaK-

T€ peaau3yercsl HeNmoCpeACTBEHHO
BCJIEICTBUE TTEPEMEHHOCTU BO Bpe-
MEHM JAaBJICHUSI 3a HAacocaMu, IIO-
JAIOIIMMUA KOMITOHEHThI, 00YCIJIOB-
JICHHOI KOHEYHBIM YK CJIOM JIOITATOK
(sByeHue "MepuaHUsS' JIOTATOK).
Bosmyienus gaBneHus ot "Mepia-
HUs" JIONATOK B Hacocax, IMoJao-
LIMX KOMIIOHEHTHI, MOTYT UHULIM-
poBath BY konebaHust mpu coBma-
JIEHWU YaCTOThl MepLIaHUsl JTOMaToK
C OIHON U3 COOCTBEHHBIX YacTOT
aKyCTMYECKUX KOJeOaHUil KaMepbl
cropaHus. [ToaToMy npu MPOEKTU-
pOBaHUM JBUTATENs] HEOOXOOUMO
MPOBEPSATh HECOBHAJEHHE  STUX
yacToT npu padore 2KP/l Ha HOMU-
HaJbHOM pEXWME. YCTaHOBJIECHO,
YTO TIpeAea YCTOMUMBOCTU padoye-
ro TIpoliecca B KaMepax CroOpaHus ¢
nogaueii KoMItoHeHTOB oT THA,
OIpeJeIeHHBIN 3KCITEpUMEHTAILHO
[3], mpuMepHO Ha 25+40 % HmKe
npeaesa yCTOMYMBOCTHY Tpoliecca B
TeX Xe Kamepax ¢ 0aJJIOHHOH cuc-
TEMOI ToJaYyd KOMITOHEHTOB. [ljis
BbIOOpa criocoba TMOBbBILLIEHUST Mpe-
JieJla yCTOMYMBOCTU paboyero Ipo-
liecca B KaMepe CropaHusi B KaXKI0M
OTIC/NBHOM CJTyyae HeoOXOAMM aHa-
JI3 CYLIECTBYIOLLIEH CXeMbI JBUTATE-
JISI ¢ BO3MOXHBIMA KOHCTPYKTUBHBI-
MM U3MEHEHUSIMU, TaK KaK YHUBEpP-
CaJIBHBIX 3((PEKTUBHBIX CPEICTB HET.

B psinge ciiyyaeB BO3MOXHO IO-
BBILIIEHWE 3TOrO IMpeaesa U3MeHe-
HHEM YacTOThbl BpallleHUsI poTopa
THA g uckimoueHus COBNaaeHUS
ONaCHOM aKyCTUYECKOM YacTOThI
KaMephl CTOpaHUsI ¢ YacTOTOM "Mep-
LHaHMS" ToTaTOK. B HEKOTOPBIX CITy-
yasx Tpenes YyCTOMUMBOCTA MOXKHO
MOBBICUTH YCTAHOBKOH IeMII(hepoB
WJIN JOTIOJTHUTEIbHBIX TUAPABINYE-
CKHMX JIPOCCEUPYIOLINX YCTPOICTB
B MAarucTpajisix IMoJauyMd TOILUIMBA,
YTO TPEeOyeT YCIOXHEHMSI KOHCT-
PYKLWU WU JTOMOJHUTEJIbHOIO 3a-
raca AaBJieHUs] B Maructpajsix 3a
Hacocamu. M3BeCTHHI Cllydau MosIB-
JICHUSI TyJbCalldil JaBJICHUS, CBSI-
3aHHBIE C YIPYTOCTHIO TOJOCTEH
¢dopcyHouHOI1 TONOBKOM. Ilporm6
OTHEBOTO JHMIIIA 13-3a HEIOCTaTOU-
HOI1 €ro XeCTKOCTU MOXET MpUBeC-
TH K BO3HUKHOBEHUIO ITyJIbCALINIA B
Kamepe. BBemeHre CUIOBBIX CBS3eil
MEXIY CPEIHUM U Hapy>KHBIMU THU-
1IaMU TOJIOBKM TTO3BOJIUJIO UCKIIIO-
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