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Haii6inpi KpUTHYHI PEKHUMH POOOTH Kamep EHEPreTHYHHX YCTAHOBOK YacTO 3yMOBICHI DPO3BHUTKOM
JIMHAMIYHAX MIPOLIECIB, SIKi XapaKTEePH3YIOTHCs HaIHOPMATHBHIMH BEJIMYNHAME PKUMHHUX mapamerpi. CTprOKu
THCKY Ta Pi3Ke 3POCTAaHHs JIOKAJIBHOI TEMIEPATYpH MPOAYKTIB 3rOPSHHS MOXYTh HPHU3BOJUTH IO MOPYLICHHS
MILIHOCTI Ta PyifHYBaHHsS KOHCTPYKII] KaMepH 3rOpsHHs, IIEPEXOay Ha KPUTHYHHUI PEKUM POOOTH €HEPreTUYHOT
YCTAHOBKH, QK 110 3raCaHHsI IIPOLIECY TOPIHHS MaJNBa B YCTAHOBIII.

Po3pobneHo minxix [ BHpIMIEHHS 3aad JUHAMIKH EHEpPreTHYHHX YCTaHOBOK — OIHKA BILUIUBY
aKyCTHYHUX KOJIMBaHb IPOMYKTIB 3TOPSHHS B KaMepi 3 ypaxyBaHH:SIM iX B3a€MOJii 3 KOPIIyCOM TBEpONaIMBHOI
YCTAaHOBKM Ta 3 ypaxyBaHHAM [eMII(pyBaHHS KOJIMBAaHb MalMBa Ta KOHCTPYKIIi KOpPIyCy Ha JMHAMIiuHi
(aKyCTH4HI) IPOLIECH B KaMepax 3TOPSHHS.

[IpoBeaeHO YHCENbHI AOCTIIKEHHS IIOA0 AWHAMIYHOI B3a€MOJII POOOYOro MpOLECY Yy EHEePreTHYHHX
YCTaHOBKAx Ha TBEPOMY MaJIUBi 3 IPOCTOPOBUMH KOJIIMBAHHAMHE KOpIycCy. [l OTpHMaHHs PO3yMiHHS MEXaHi3My
[[HOTO 3B’$I3Ky JMHAMIYHY B3a€MOJII0 MK KOJMBAHHSIMH THCKY Ta IO3IOBXXHIMH KOJMBAHHSMH KOHCTPYKLIii
KOPITyCY IOCIIDKEHO 3a JOMOMOTOI0 METOLY TapMOHIYHOro aHaiidy (IpH BEIWYHHI TapMOHIYHOTO 30ypeHHs
~1% Bixg BenuuuHHM TArK). [IoKa3aHo, O JUHAMIYHUE 3B’S30K MK KOJHMBAaHHAMH KOHCTPYKLIi KOpIyCcy Ta
AKyCTHYHUMH KOJIMBAHHSMH B 06’ €Mi IPOYKTIB 3rOPSIHHS KaMEpH 3TOPSIHHS CIIiJl BpaXOBYBATH [PH JIOCIIUKCHH]
CTIHKOCTI €HepreTHYHHUX YCTAHOBOK. AKTHBHHH MHPOSIB IHUHAMIYHOTO 3B'I3KY MK KOJHBAHHSIMH KOHCTPYKLII
YCTAaHOBKH Ta aKyCTHYHUMH KOJIMBAaHHSIMH PEali3y€eThCs y pasi OJIM3bKOCTI 9aCTOT BIIACHUX KOJMBAHb KOPILYCY Ta
aKyCTHYHHX KOJIMBaHb y KaMmepi eHepreTHdHoi ycraHoBKH. [Ioka3aHO, 110 HA MEBHHX 4YacTOTaX (3aJeXXHO Bix
(a3oBHX CIIBBIAHOIICHb) AKYCTHYHI KOJIMBAHHS THCKY B KaMepi 3TOpPSHHS MOXYTh IOCHIIOBAaTHCS abo
ocabIIroBaTHCs. PerynroBaHHs LBOTO JUHAMIYHOTO MPOLECY 3 METOK 3HIDKEHHS PIBHS KOJMBaHb Y IIEBHOMY
niara3oHi 4acy MoJibOTY BHMarae BHPILICHHS TaKHX 3aBJaHb: MMOJAJIBIIOTO BHBYCHHS BIUIMBY Ha L JMHAMivHi
MPOLIECH O0COOIMBOCTE (OPMH MPOTOYHOI YACTHHH KaMepH, BIUIMBY ii PEKHMHHX IapaMerpiB abo BIUIUBY
MOKJIMBHX JEMII(YOUHX €IEMEHTIB KOHCTPYKIIiT KAMEPH 3rOPSIHHS.

KuarouoBi ciioBa: meepdonanusna enepeemuyna yYCmaHoeka, cmitikicms pobouoeo npoyecy, Kamepa
320pAHHA, OUHAMIYHA B3AEMOOISL AKYCIUYHUX KONUBAHb MA KOIUEAHL KOPNYCY YCIMAHOBKU.

The most critical operating conditions of propulsion system chambers are often due to the development of
dynamic processes characterized by excess values of operational parameters. Pressure surges and a sharp increase
in the local temperature of the combustion products may result in a structural failure of the combustion chamber
and a critical behavior of the propulsion system, to the point of combustion termination.

An approach was developed to solving problems of propulsion system dynamics — assessment of the effect
of the acoustic oscillations of the combustion products in the chamber with account for their interaction with the
solid-propellant propulsion system structure and for propellant oscillation and structural vibration damping on
dynamic (acoustic) processes in the combustion chamber.

The dynamic interaction of the operating process in solid-propellant propulsion systems with the spatial
vibrations of the chamber structure was studied numerically. To get insight into its mechanism, the dynamic
interaction between pressure oscillations and longitudinal structural vibrations was studied with adding a harmonic
disturbance (~1 % of the thrust). It was shown that the dynamic coupling between the structural vibrations and the
acoustic oscillations in the bulk of the combustion products should be taken into account in studying the strength
of propulsion systems. This dynamic coupling manifests itself actively when the eigenfrequencies of the structural
vibrations are close to those of the acoustic oscillations. It is shown that at some frequencies (depending on the
phase relationships) the acoustic oscillations of the combustion chamber pressure may increase or decrease.
Controlling this dynamic process with the aim to reduce the oscillation level for a certain flight time period calls
for a further study of the effect of the following factors on these dynamic processes: the geometry of the
combustion chamber, its operational conditions, and the presence of damping elements.

Keywords: solid-propellant propulsion system, operating process stability, combustion chamber, dynamic
interaction of acoustic oscillations and structural vibrations.

Beryn. Onna 3 akTyaiabHHAX MPpo0OeM poOOTH EeHEPreTHYHUX YCTaHOBOK — Tep-
MOAKyCTHYHa HECTIHKICTh pOOOYOro mporecy Tedii HpoAyKTiB 3ropsiHHA B 00'eMi
KaMepH 3ropsiHHS €HEPreTUYHOI yCTaHOBKH, SIKa MOYKE CYTTEBO IMOCHIIOBATUCH IIPH
B3a€EMOJIiT KOJIMBaHb MPOJYKTIB 3TOPSHHS B Kamepi €HEpreTHYHOI YCTAHOBKH 3
KOJIMBaHHAMU i1 kKoprycy. Binblr sik 3a m'sTaecaTupiyHui mepioa AOCHiKEHb Y
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LBOMY HampsMi aKTyaJbHICTh PoOIeMH He 3MeHmmiacs [1].

IIutaHHSIM B3aeMOii TUHAMIYHUX TIPOIECIB Y KOHCTPYKIII KOPIyCy Ta y
KaMepi 3ropsHHS NPUALIIOCS BiJHOCHO MalO yBarW BHACTIJOK CKJIQAHOCTI LUX
nporeciB. binble Toro, y 353Ky 3 po3p0OKOI0 €HEPreTHYHUX YCTaHOBOK HOBOTO
TTOKOJIIHHS aKTyallbHICTh MpoOiieMu 3aroctpuiacs. HecrtikicTh mporecy Tedii
NPOIYKTIB 3TOPSHHS EHEPreTHYHOI YCTAaHOBKH € ABTOKOJMBAIBHHM IPOLIECOM
3MiHM pOOOYMX TapaMmeTpiB, KiJBbKICHI MapaMeTpH SKUX MOXYTh BUXOIWUTH 32
BCTaHOBJICHI MEXI.

B poboti [2] mokazaHo, 1m0 B pe3ynbTaTi PO3BHTKY Ta B3a€EMOJIil MPOIECIB
pizHOi mpupoau (3aliMaHHs, TOPiHHS, TEIUIOBUIIICHHS, KOAryJsMii Ta ApOOICHHS
YaCTUHOK, BUXPOYTBOPEHHS, XIMIYHMX peaKlil, aKyCTHYHHX SBHUII TOIIO), SKi
BiOyBalOTbCA B Ta30QMHAMIYHIA YacTWHI poOOYOr0 TPOCTOPY KamepHu
CHEepPreTUYHOI YCTaHOBKHM (Ha BCIX peXHMax poOOTH), B KaMepi CTBOPIOETHCS
CKIaJHa JWHAMiuHa OOCTaHOBKa, B yMOBax SIKOi MOXYTb BHUHHKATH
camMo030y/KyBaHHI TIO3/I0BXHI aKyCTHYHI KOJHWBaHHSA 1 aKyCTHYHa HECTIMKICTh
€HEpPreTUYHOI YCTAaHOBKH.

B roit e uyac K. Dotson 3 Aerospace Corporation [3] Ha OCHOBI 0OpPOOKHU
EKCIIEpUMEHTAIIBHUX JTAaHUX — PE3YJIbTaTiB YUCICHHUX BUMipIOBaHb, IPOBEACHUX B
YMOBax MOJBOTY aMepUKaHChKOI pakeTu «Titan IV», mokazaB BILUTUB MO3IOBXKHIX
KOJIMBaHb KOHCTPYKILiI KOPITyCy BEJIMKHUX PaKeT-HOCIIB Ha JMHAMIYHI MPOIECH B
KaMepi 3TOPSIHHS IBUTYHIB ITPH TOIBOTI.

Meroro craTTi € po3poOKa MIXOAYy JJS YWUCENBbHOI OIIHKHA BIUIUBY
NPOCTOPOBHX KOJIMBaHb KOPITyCYy €HEPreTHYHOi YCTaHOBKM Ha JUHAMIYHI
(aKycTHYHI) IPOIIECH B KaMepax 3rOpsIHHS.

Jnst po3poOku minxoay HeoOXiMHO BHUKOHATH aHAI3 IapaMmeTpiB BIACHHUX
JIMHAMIYHAX KOJIMBaHb KOPITyCYy EHEPreTHYHOI YCTAHOBKH, PO3POOUTH MOJEIb
3B’s13aHUX KOJMBaHb — aKyCTHYHHX ITIPOLIECIB B KaMepi 3rOpSHHS Ta MO3A0BXKHIX
KOJINBaHb KOPITyCY €HEPreTUYHOI yCTAaHOBKH.

Po3pobka MaTteMaTH4YHOI MoJes]i IPOCTOPOBHX KOJMBAaHb KOPIyCY
€HEPreTHYHOI YCTAHOBKM. 3 METOI BUKOHAHHS KiJIbKICHOTO aHaJi3y JTUHAMIYHUX
XapaKTePUCTUK KOPIyCy €HEepreTUYHOi YCTAHOBKH OYyJI0O TPOBENEHO PO3POOKY
MaTeMaTHYHOI MOJIEN MMPOCTOPOBUX KOJIMBAHb KOPITYCY €HEPreTUYHOI YCTAaHOBKH
]| Yac IMOJBOTY Ha MpuKiani (izuaHoi Mojeni (3 CIiBBIJIHOIIEHHSM Te€OMETp-
puuHUX mapameTpiB Horo kamepu L/d =12,0) Guu3bkoi 3a mapameTrpamu JIio
GbizuuHoi Moaeni qBuryHa paketu-aocis ARIANE [4].

[To3m0BXHI KOJIMBaHHS KOPITyCY JOCII/DKYBaHOI E€HEPreTHYHOI yCTaHOBKH
ONMCYBAIWCS SIK BiJIbHI KOJHMBAaHHS JIIHIHHOI JAMHAMIYHOI CHUCTEMH «0alovyHa
KOHCTPYKIIisSl KOPITyCYy — MacH cTaliii3aTopiB, KOPUCHOTO BaHTaXy, amaparypu
NPHIAZIOBOTO BiACIKY» 3 TOCTiHHHMH («3aMOpOKEHHMH») Koedirmientamu. i
MaTeMaTHYHa MOJIENb MPECTaBIsuIacs y MATPHYHOMY BHIUISII JUQepeHIiaTbHIM
PIBHSHHSM:

X () +MICX (t) + M KX (1) =0 (1)

ne X —sekrop (X =dX/dt; X = d2X /dt?) BY3JIOBUX IEPEMILICHb AMHAMIYHOL
cUCTEMH «OallouHa KOHCTPYKI[iSl KOPIIyCY — Mach cTabii3aTopiB, KOPHCHOTO
BaHTAXYy, armapaTrypd MPUIAJ0BOrO BiJCIKy», o Mae po3mipuicts Nj; M, C |

K — nosnaueni marpuii Mac, koedilieHTiB gemMyBaHHs Ta JKOPCTKOCTI, 10 MAKOTh

MOPSZIOK Ny BiATIOBIHO; Ny — KUIBKICTh CTYIIEHIB CBOOOIU CUCTEMHU.
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VYpaxyBaHHs 3ae;KHOCTI KoedinieHTiB cuctemu (1) Bix yacy t 3niliCHIOETBCS B
paMKax METOAY «3aMOpOXKEHUX» KoedirieHTiB. CrpomieHe CKiHYeHHO-€JIEMEHTHE
MpeICTaBIeHHs] YaCTHHW KOHCTPYKUil JOCHIIKyBaHOTO KOpIycy (BiamoBimHOi
SHEepPTreTUYHOI YCTaHOBKH) 0€3 KOPHCHOTO HaBaHTAKEHHS Ta MPHJIAI0BOTO BiJCIKY
HaBEJICHO PUCYHKY 1.

Hnst pizHMX MOMEHTIB 4acy 1, 30kpeMa, BH3HA4eHO (32 JAOMOMOTOI0 METOIY
CKIHUCHHHMX €JIEMEHTIB NpH pO3B’s3aHHI piBHAHb (1)) HYACTOTH MO3IOBKHIX
KOJIMBaHb KOHCTPYKIIi eHepreTHdHoi ycTaHoBkH. Hampukmax, mis t = 1 ¢ gacy
MOJBOTY €HEPreTUYHOI YCTAHOBKM YacTOTa MEPIIOro TOHY MO3IOBXKHIX KOJIHBAaHb

fi. = 172,6 ', BiAMOBIAHO YacTOTa APYroro TOHY IMO3I0BKHIX KOJIUBaHb fy =

255,5 I'u; wactora KoiauBaHb Tpethoro ToHy fg = 361,5 [ yacrora KoNMBaHb
fy. = 419,0 T'w; yacrora konmuBans f5, = 705,9 [, a BignosixHo mwis t =8 ¢ wacy
MOJILOTY €HEPreTHYHOI YCTAHOBKM yYacToTa KonmBanb fj = 184,4 T'm; gactora
komuBanb f, = 281,4 I'm; wacrora komuBaub fz =394,7 I'u; wacrora KoJIMBaHb

f, = 447,8 T'y; wacrora kommBanb f5 = 706,6 I'm.

TBEpAC MaJInBO

ra3 B Kamepi

KOHCTPYKIisl KaMepH
€HEepProycTaHOBKH

Puc. 1

[IpoBeneHHST TEOPETHUYHUX JOCHIKCHb MO0 JUHAMIYHOI  B3aeMOJIl
poboYoro mporecy y KaMmepi 3rOpsiHHS 3 MPOCTOPOBHUMH KOJIUBAHHSMHU KOPITyCY
SHEepreTUYHOI YCTaHOBKM Yy TMoONboTi. HecTiiikicte poOodoro mporecy B
EHepreTHYHI YCTaHOBIlI HAa TBEPIOMY TallMBi, IO Ma€ BIHOCHO BEJIHKE
MOJIOBKEHHsT KaHaity 3apsaay L/d > 4 (L — nomxkuna, d — miamMeTp KaHaiy), sIK
NPaBUJIO, Ma€ TEPMOAKYCTHYHY HPHUPOJIY, IO XapaKTEPU3YETHCSI BUHUKHEHHSIM
MO3JIOBXKHIX CTOSTYMX XBHJIb [6]. JlocmipKyBaHa eHepreTHYHa YCTaHOBKA Ma€ 3apsij
3 CHIBBIJIHOIICHHSM T€OMETPUYHHMX MapaMeTpiB ioro kamepu L/d =12,0, mio
CBIIYUTH MPO CXWIBHICTH POOOYHMX TIPOILIECIB B EHEPTreTHYHIM YCTaHOBII [0
30ypeHHsT B KaMmepi IMO3IOBXKHIX KOJNMBAaHb aKyCTHYHOI mpupomu. Yacrora
pealizoBaHUX MPH BOTHEBUX BUNPOOYBaHHSIX aKyCTUYHUX aBTOKOJIHMBaHb KaMepH
3rOpsIHHSA, 3a3BMYail, criBrnajgae (a0o OiM3bKa) 3 BJIACHOK YaCTOTON MO3OBXKHIX
KOJINBaHb T'a30BOTO CTOBIA B Kamepi 3TOpSHHA EHEePreTHYHOI YCTaHOBKH Bij
MEepeHbOr0 JHWIA JI0 33JHBOTO JHHWIIA Ta BXOJAy B COIUIO. AKYCTHYHA
HECTINKICTh MOCIHIPKYBaHOI €HEPreTHYHOI YCTAaHOBKM Ma€ HENiHIWHY MPUPONY,
Ipo IO CBiAYATh BiJOMI €KCIEPUMEHTAIbHI Ta TEOPETUYHI TOoCHiKeHHs [6 — 9].
[To310BxHI aKyCTHYHI KOJIMBaHHS THCKY B KaMepi 3TOPSHHS Ta TATH €HEPreTUYHOT
YCTAHOBKM 3HAXOMAThCs B jiama3zoni yactor f Bim = 100 ' qo 1700 I'u, 1o
BIJIMTOBITa€ TOBXKWMHI KaMepH 3ropsiHHSA Big 5 M 110 0,3 M.
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Puc. 2

Ha puc. 2 xpusi 1, 2, 3, 4 mo3HaualoTh PO3PaxyHKOBI YaCTOTH IEPIIOTO,
JPYyToro, TPeTbOT0, YeTBEPTOT0 TOHY MO3J0BXKHIX KOJMBaHb KOHCTPYKLIi, KpUBi 5,
6, 7 pO3paxyHKOBI YacTOTH MEPIIOro, APYIOro, TPEThOTO TOHY ITO3OBXKHIX
aKyCTUYHUX KOJIUBAHb T'a3y B KaMepi.

3a3HayuMo, 10 B JOCHIHKYBAaHOMY 4YacTOTHOMY niamazoHi (mo 1000 I'm)
MO370BXKHI KONWBaHHSA (OCHOBHHUX HWXYHAX TOHIB) KOPIYCYy €HEPreTHYHOI
YCTaHOBKM pealli3ylOThCSA 3 YacTOTaMH KOJIMBaHb B Jiama3oHi Big 172,6 I’y
("dacToTa mepioro TOHY BIaCHUX KOJMBaHb Kopmycy) mo 706,6 I't (wactora 5-ro
TOHY BJACHUX KOJMBaHb KOpIHYCy). 3 IaHOro aHaji3y Ta pHC.2, 30KpeMa,
BHIDIMBAE, M0 B yacToTHOMY miaraszoHi A0 1000 ['m mpu monpoTi gociimkyBaHol
SHEepPTreTUYHOI YCTAHOBKH YacTOTH aKyCTHYHHUX MOJI KOJMBAHb MPOJIYKTiB 3TOPSHHS
Ta MOJ MEXaHIYHMX KOJIMBaHb KOHCTPYKLIi KOpIyCy HaOIIKarTbCS OIUH [0
OJHOTO, BHACHiZIOK YOr0 MPOTArOM dacy IHOJbOTY € YMOBM peajizamii s
PE30HAHCHOI B3a€MO/IiT TIO3JJOBXKHIX KOJIUBaHb KOPITYCY €HEPreTHYHOT YCTaHOBKH
Ta MPOJYKTIiB 3rOPSHHS B ii Kamepi 3ropsiHHSL.

3 METOI0 CHpPOLIEHHS MAaTeMaTHYHOrO0 OMNHMCY Ta HACTYIHOTO aHali3y
pe3yJIbTaTIB IPU YUCEILHOMY MOJICIIIOBAHHI HE BPaXOBYBAJIUCS PIBHSIHHS XIMIYHOT
KIHETHKH TPOLIECY 3TOPSIHHS Ta HOTO BIUTMB Ha TPOIEC TEIUIOBHIUICHHS, SIKi
HeOOXIi/THI JJI1 OTPUMAaHHS JIOAATKOBUX XapaKTEPUCTUK Tedii MPOAYKTIiB 3TOPSHHS
Ta TOJAIIBIIOI AeTaNi3allil XapakTepy Tedii BHyTPIIIIHBOTO TIOTOKY B KaMepi.

s momepenHboi  aHAMITHYHOI OIIHKM BIUIMBY IMO3I0BXKHIX KOJUBaHb
KOpITyCy €HEepreTHYHOI YCTaHOBKH Ha aKyCTHYHI MPOLECH B KaMepi PO3risTHEMO
HANMNpOCTIMLMI BUIIAAOK, KOJH B PO3PaXyHKY BPAaxOBYETHCS JIMILE OJHH €IEMEHT
ra3oBOro TPakTy KaMepu MPH OJHOMIPHOMY KOJHMBaJIbHOMY pYCi Tazy Y3I0BK
MO3JIOBXKHBOI Oci (0e3 ypaxyBaHHS BIUIMBY KOJIMBaHb THUCKYy B Kamepi Ha
LIBUKICTH TOPIHHS MaJMBa Ta BIUIMBY JUHAMIKA BUXPOBHX CTPYKTYpP B KaMmepi).

Hexait cuna F BinoGpaxkae cymapHuit cuiioBHil BIUTHB IMHAMIUHOT CKJIa10BOT
THCKYy Ta3y Ha CTIHKH eJeMEHTa KOHCTPYKIi KamMepH 3TOpSHHS, IO
po3risiaaeThes, (Ha pUC. 3 MPEACTABICHO CIPOIIECHE CXeMaTH4YHE BiIOOpaskeHHS
Teuil NPOAYKTIB 3ropsSHHA B Kamepi NpH TPOBEACHHI aHaiily IUHAMIYHOT
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B3aeMOMii POOOYOro TMpOLECy Yy CHEPreTUYHId YCTaHOBII 3 IO3J0BXKHIMHU
KOJIMBAHHSIMHU KOPITyCy C€HEPreTHYHOI YCTAHOBKH Y TOJBOTI B MO3IOBXKHHOMY
HaIpsSIMKY, TTO3HAYCHHsI BEJIMYHH BiJIIIOBI/Ia€ BUILCHABEICHUM ITapaMeTpam):

= G = e
F= pOAO_pkrAkr_%L_mgaer_mgasrkr’ (2)

ne Ay, — miomuHa KpUTHYHOTO Mepepisy; Ay — MIOMMHA MOYaTKOBOTO TIEpepisy
ra3o0BOT0 MPOCTOPY Kamepu 3ropsiHus; G g — Baropa BUTPaTa NPOJYKTiB 3rOPSHHS
Y3IOBXK MO3/I0BXKHBOI 0Ci; Mgag — Maca NPOAYKTIB 3rOPSHHA B 00°€Mi CKIHYCHHOTO

eleMeHTy; I* — BIOpONPHUCKOPEHHS CTIHKHM Kamepu 3ropsHHs (B mepepizi 0 — 0 ta B
kputnuHomy nepepizi Kr —kr); F — cuna, mo Binobpakae cymapHuii cuioBuit
BIUTUB JMHAMIYHOI CKJIaJOBOI THCKY I'a3y Ha CTIHKH €JIeMEHTa KOHCTPYKIIi KaMepH

sropsinbs; Dg— miaMeTp MOYAaTKOBOTO MeEpepisy Ta3oBOTO MPOCTOPY KaMepu
3ropsHHs; Pg, Pygr — THCK OPOAYKTIB 3ropsHHs B mepepisi 0 Ta B KpUTHYHOMY
nepepisi kr —kr; Vy, Vi, — mBuakicts razy B mepepizi 0 —0 Ta B KpUTHYHOMY
nepepisi kr — kr; Dy, — miameTp KpUTHYIHOTO mIepepi3y ra3oBoro MpocTopy Kamepu
3TOPSIHHS; Ren — TsITa ABUTYHA (IUB. pUC. 3).

KOHCTPYKITist KOPITyCY
C€HEPreTUYHOI YCTAaHOBKU
maJlnBO
= —E ”
] B +— Ren
¥ =3 e |
u.]f’ P '*E P {1y, ' Durs

J ] N ;7 Rean

ITaJInBO
Puc. 3

[lpy KBa3iCTATMMHOMY THCKY Ta3y B Kamepi Pyk THCK B mepepisi 0

BH3HA4aeThesl SIK Po = Py +0Pg, Ae Py — aMIunTya KOJIMBAaHb HPOJIYKTIB
3ropsiHHs B epepisi kamepi 0 — 0.

Benvunna guHaMiuHOi CKi1agoBoi cumu  OF Moke Oyt OTpuMaHa 3
pPO3paxyHKy IUHAMIKM HpOLECY Teyil NpOAYKTIB 3ropsSHHA B Kamepi IpH
HOMIHAJIbHIH Ts31.

KinpkicHy OIiHKY BIUTMBY AMHAMIYHOI B3a€MOJIi BUIIEBKAa3aHUX aKyCTHUYHHX
KOJIMBaHb Ta NO3JOBXHIX (MEXaHIYHMX) KOJHMBAaHb KOPIIyCY €HEpPreTHYHOI
YCTaHOBKH MO>KHAa BCTAHOBUTH Ha OCHOBI PILLICHHS 33a7a4i BU3HAYCHHS IapaMeTpiB
TrapMOHIYHUX KOJIMBaHb JOCHIJPKYBaHOT 3B'SI3aHOT JMHAMIYHOI CHUCTEMH «Kamepa
3TOPSIHHSL — KOPITYC €HEPreTUYHOI YCTAHOBKM» 3 ypaxyBaHHIM Ta 0e3 ypaxyBaHHS
3BOPOTHOTO 3B'SI3KY MO3JI0BKHIX KOJHMBaHB KOPIIyCYy 4epe3 THCK KaMepH Ta Tsry
Ren ycranoBku. [t cropolieHHs aHaji3y JdaHi pPO3paxyHKH IPOBEIACHO 0e3
ypaxyBaHHsI BIUIMBY KOJHMBaHb THCKY B KaMmepi Ha IIBUJAKICTh TOPIHHS MajuBa Ta
BIUIMBY JUHAMiK1 BUXPOBHUX CTPYKTYp B KaMepi.
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J11s BUKOHaHHSI YMCEIBHOTO TapMOHIYHOTO aHajli3y OyJIM BUKOPUCTaHi 3aCO0H
MeToAy CKiHYeHHHMX ejeMeHTIB [10]. 3 mi€0 METO0 MPOBEICHO MUCKPETHU3AINIO
ra3oBOro 00'eMy IOCTiIKyBaHOI KaMepH Ta KOHCTPYKLIl €HepreTHYHOI YCTaHOBKH
Ha CKiHYCHHI €JIeMEHTH ra3oBOTO TPaKTy KamepH (3aranbHa KinbKicTb — 103936
€IIEMEHTIB).

JAst urcenbHOI OLIHKY BIUIMBY MO3IOBKHIX KOJIMBAaHb KOPITYCY JTOCIIHKYBaHOT
CHEepreTUYHOI YCTAaHOBKHM Ha AMHAMIYHI MPOIECH B KaMepi Ta TUHAMIUHY CKJIaJOBY
TATH B TO3I0BXHHOMY HAIpPSIMKY TMOPIBHSHO [IBI YaCTOTHI XapaKTEPHUCTHKH (ITIpH
BEJIMYIHI TAPMOHIYHOTO 30ypeHHs ~ 1 % BiJl BETMUUHHU TSTH):

6pkr (J CO)

1) 4acTOTHY XapaKTEpPUCTUKY KaMepu 0.(0) (BITHOIIEHHST aMILTITYI1
PoU®

KOJNMBaHb THCKY Py, KPUTHYHOTO Mepepizy KaMepu A0 aMIUITyAW KOJIWBaHb

TUCKY Pg Ha BXOZI B KaMepy 3TOPsIHHSA), IO XapaKTepU3ye aKyCTHUUHI NIPOLECH B

pobodomy mpoctopi kamepu (6e3 ypaxyBaHHsS IO3[OBXKHIX KOJNWBaHb KOPITyCY
CHEePreTHYHOI YCTAHOBKH, TOOTO TIPH JKOPCTKO 3aKpIiIUICHOMY KOPITYCY
CHEePTreTUYHOI YCTAHOBKH);

8pkr (J (’0)

2) YaCTOTHY XapaKTEPUCTHKY KaMepu ————— (BiJHOMICHHS aMILTITy.
3P, (j )
KOJIMBAaHb THCKY Py, A0 KPUTUYHOTO NEpepily KamMepH 10 aMIUITYyAu KOJIMBaHb
TUCKY Py Ha BXOJi B Kamepy 3TOpsSiHHS), OTpPUMaHy 3 YpaxyBaHHAM JHHAMi4HOI
B3a€MOJIl aKyCTHYHUX KOJIMBaHb B KaMepi Ta MEXaHIYHUX KOJHMBAHb KOPIYCY
CHEepPTeTUYHOI YCTAaHOBKH.

MarematiuHe MOAETIOBaHHS AUHAMIYHOI CHCTEMH «Kamepa 3rOpsIHHS — KOPITyC
CHepreTUYHO1 YCTaHOBKHM» Oe3 ypaxyBaHHA (KpuBa 1) Ta 3 ypaxyBaHHSM (KpuBa 2)
BIUIMBY TIO3JI0OBXHIX KOJMBaHb KOPITyCYy CHEPreTHYHOI YCTaHOBKU IPOBEICHO NPH
YKOPCTKO 3aKpIIUIEHOMY KOPITyCy €HEepreTHYHOI YCTaHOBKH (BapiaHT PO3PaxyHKY
it 1 ¢ HaBeZieHO Ha puc. 4, UId § ¢ — HA PUC. 5, HA SAKUX MPEJCTABICHI aMILTITy THI

XapaKTePUCTUKU modSpkf—(_Jw), no0yZoBaHI Ha OCHOBI T'apMOHIYHOTO aHANI3y
3P, (Jo)
JMHAMIYHOT CHCTEMH «Kamepa 3TOPSIHHS — KOPITYC €HepPreTUYHOI YCTAHOBKHY TPH
rapMOHIYHOMY 30ypeHHI 3a TOPIEBUM TMEpepi3oM KOHCTPYKII  KOpITyCy
SHEPreTUYHOT YCTAaHOBKH 3 aMILTITY/IOI0 KONMBaHb CHiK B 1 KH).
3okpema, 3 puc. 4, 5 BuaHo (kKpuBa 1), mo 0Oe3 ypaxyBaHHS BIUTUBY

MO3JIOBXKHIX KOJIMBaHb KOPIYCYy €HEPreTHYHOi YCTAaHOBKM B Hiama3oHi o 1 k[

8pkr (J ('0)

PE30HAHCHI ~ MAaKCUMYMH  aMIUIITyJHHX  XapaKTePHCTHUK mod ————~

3P, (J )
Bi/INOBIZIAIOTE PO3PAaXYHKOBUM aKyCTHMYHMM uacToTaM Kojueanb f; —fy Ta
MOCTYIOBO 3HIKYIOTHCS 38 BETHMUUHOI0. TOOTO, Y IIbOMY BUMAIKY O3 ypaxyBaHHS
JUHAMIYHOI B3a€MOJII1 TIO3JIOBXKHIX Ta aKyCTHYHUX KOJIMBAaHb CTIHKICTh poO0OYOTO
MpOLECYy Y KaMmepi BU3HAYAETHCS BHKIIIOUHO aKyCTUYHHUMH KOJIMBAaHHSAMHU
MPOIYKTIB 3rOPSTHHS.
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B Toii ke uac 3 ypaxyBaHHSM BIUIMBY IO3J0BXHIX KOJHBaHb KOPIYCY
€HepreTHYHOi  YCTAaHOBKM IIi MaKCUMYMH aMIUNTYHUX  XapaKTEPUCTHK
8pkr (J ('0)
5, (i)
gactoT A0 1 k[l BHAcHiOK MWHAMIYHOT B3a€MOJIii MiXK KOJMBAHHSIMH KOPIYCY
E€HEPreTHYHOI YCTAaHOBKM Ta aKyCTHYHUMH KOJHMBAHHAMH B 00’€Mi TMPOAYKTIiB
3TOPSIHHS KaMEPH 3TOPSHHS.

3 I[bOr0 BHILIMBAE, 10 PErYJIIOBAHHS IOIO JUHAMIYHOTO MPOIIECY 3 METOO
3HIDKEHHS pIBHA KOJHMBAaHb Yy TIEBHOMY Jiana30oHi Yacy IMOJbOTY BHUMArae
BUPIIICHHS TaKUX 3aBliaHb: IMOAJBIIOI0 BHUBYCHHS BIUIMBY Ha IIi JAMHAMIYHI
MPOLIECH 0CO0IMBOCTEH (POPMH MPOTOUYHOT YACTUHU KaMEPH, BIUIUBY ii pEXKMMHUX
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napameTpiB a0 BIUIMBY MOMIIMBUX JEMI(YIOUHUX €IEMEHTIB KOHCTPYKLIi KaMepH
3TOPSIHHS.

TakuM YMHOM, PO3PaXyHKOBHM IIUIIXOM IIOKa3aHO, IO AWHAMIYHHNA 3B'SI30K
MO3IOBXKHIX KOJNMBaHb KOPIYCY Ta aKyCTUYHUX KOJNMBAaHb MPOJYKTIB 3TOPSIHHSA Y
KaMmepi 3TOpSHHS CIpHUs€E peanisallii pe30HaHCHOI B3aEMOIi 3a3HAYCHUX BHUIIB
KOJMBaHb CHEPTeTUYHOI yCTaHOBKH. JlaHWil nuHAMIYHHH 3B'SI30K MK
KOJNIMBAaHHSAMU  KOHCTPYKLil €HEepPreTMYHOI YCTAHOBKHM Ta  aKyCTHYHUMH
KOJMBAaHHAMH B 00'€Mi TPOAYKTIB 3TOpPSHHS KaMepu B3TOpPSHHS TpU POOOTi
€HEepreTHYHOI YCTAaHOBKH CIIiJ] BpaXOBYBATH MIPH JOCTIHKEHHI i1 CTIKOCTI.

BucnoBku. TakuM unHOM, pPO3pOOJICHO MiAXiA Ta BUKOHAHI YHCEJbHI
nocnimkeHHst (Ha ocHOBi 3D  CKiHYEHHO-EJIEMEHTHOTO MOJENIOBAHHS) MIOJIO
JIMHAMIYHOTO 3B’SI3Ky aKyCTHYHHX KOJIMBAaHb B KaMepi 3rOpsIHHS EHEepPreTHYHOL
YCTaHOBKH 3 MPOCTOPOBUMH KOJIMBAHHSMH ii KOPITYCY Y XapaKTepHi MOMEHTH 4acy.

3a JOMOMOroI METOAY TapMOHIYHOTO aHali3y JOCHIHKCHO MEXaHi3M IbOTO
3B’S3Ky MDK KOJHMBAHHAMH THCKY Ta TO3IOBXXHIMH KOJHWBAaHHSAMH KOHCTPYKIIii
Koprmycy. BusHaweno, mo B wactoTHoMy miamasoni o 1000 I'm mpm poboti
JOCHIPKYBaHOT €HEpreTUYHOi YCTaHOBKM YacTOTH aKyCTHUYHHUX MOJ KOJIMBaHb
MIPOAYKTIB 3rOpsIHHS Y KaMepi Ta MOJ] MEXaHIYHUX KOJMBaHb KOHCTPYKIIIi KOpIycy
30JMKYIOTBCS, BHACIIZOK YOTO MPOTATOM 4acy poOOTH €HEepPreTHYHOI yCTaHOBKHU
CTBOPIOIOTHCS YMOBH JIJIS peaizallii pe30HaHCHOT B3aEMOIIT MO3/IOBXKHIX KOJIUBaHb
KOPITyCy €HepreTHYHOi YCTAHOBKM Ta aKyCTHYHHX KOJHMBaHb MPOAYKTIB 3rOpSHHS
B 11 KaMepi 3ropsHHS, [0 3PEUITOI0 MOXKE MPU3BECTH A0 PO3BUTKY HEOE3MEUHHX
JUTS TIPAIle3/1aTHOCTI KOJIMBAHb TATH KaMepH B TIEBHI MOMEHTH Jacy pobotu. Tooto
IpU IITaTHI poOOTiI eHepreTH4HOi YCTAHOBKH PiBeHb KOJIMBaHb THCKY B Kamepi
3TOpSIHHS MOXXKe OYyTH TMiABWUIICHWH BiTHOCHO MJaHWX BUMIPIB JHHAMIYHHX
CKJIQIOBHX THCKY B KaMepi 3rOpsIHHS IPH 11 BOTHEBUX HA3eMHHX BUIIPOOYBAHHSIX.

JuHaMiyHUE 3B’S30K  MIDK  KOJNHMBaHHSIMH KOHCTPYKIil €HEepreTHYHOI
YCTAHOBKU Ta aKyCTUYHUMH KOJHMBaHHIMHU B 00’€Mi MPOAYKTIB 3rOpsSHHS KaMepH
3TOPSIHHS CITiJ] BpaXOBYBAaTH IPH JOCIIKEHHI CTIHKOCTI €eHepPreTUIHO] YCTAaHOBKH.
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