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B cratbe KpaTKO H3JI0KEHB OCHOBHBIE IIOJIO)KEHUS KOHLENIMU IHILEBON
COHOXMMHMH, KOTOpas mpuHsATa B Hacrtosmiee BpeMsa B Poccun. Ilokaszan
KaBUTAIIMOHHBI pEakTOp € CHMMETPUYHOH HEMOHOJIMTHOM KojeOaTenbHON
CHUCTEMOM aKyCTHUYECKOW SMEMKH, CIIeUaIbHO pa3paObO0TaHHBIH W M3TOTOBJICHHBIN
B DCTOHMH Ha OCHOBE MOJICJIM MHOTOIY3bIPbKOBOM KaBUTALIMU U TEOPUU MO00Us
KAaBUTALIMOHHBIX ITpoueccoB. lIpuBenen aHanus3 ero KOHCTPYKLMH B CPaBHEHHH C
W3BECTHBIMHU aHAJIOTaMH, NOAXOIALUIMMHU Ui COHOXMMHYECKUX MHCCIIEOBAaHUI B
MUILEBON NPOMBIIUIEHHOCTH. [I0Ka3aHO, 4TO Takas KOHCTPYKIUS KaBUTALMOHHOTO
peakTopa o0ecreunBaeT MOBBIIICHUE €ro MPOU3BOAMTENbHOCTU. KaBuTannoHHas
9pO3Hs TOBEPXHOCTHM €ro 4acTe BO3pacTaeT IPONOPLUHOHAIBHO  POCTY
MIPOU3BOIUTENILHOCTH. AOCOJIOTHAsE 3arps3HEHHOCTh 0O0pabaThiBaeMOil B HeM
KUJKOCTU HE YBEIMYMBACTCA, TaK KAK CKOPOCTb €€ IBWKCHMS 4YEPE3 PEaKTOp
Bo3pacraet. [Ipu 3ToM Gecriosie3Hble MOTEPH aKyCTHUECKOM SHEPrUH Ha BUOPAIIUIO
KOpIIyca PEaKTOPa yMEHBIAIOTCA.

KroueBrie cioBa: nuuieBas COHOXHUMUA, KaBI/ITaI_[I/IOHHHﬁ pPEaKTOp

BBEJEHUE

B o6mieit conoxumuu [1] mpuHATO CUUTATh UCTUHHO COHOXUMHYECKHUMHU TOJIBKO MPOIIECCHI
B ra3oBoi (pase BHYTPHU KaBUTALIMOHHBIX IMy3bIPKOB, MPHU IyJIbCAIIUH KOTOPHIX MEPHUOANMYECKU
JOCTUTAIOTCSl TEMIIEpaTyphl IUIA3MOXUMHUYECKHX pPEaKIUil, U KOTOphIE MPOUCXOIAT B
pe3yibTaTe B3aUMOJCHCTBUS MPOAYKTOB TaKMX peakiuil ¢ kuakod ¢azoit. Ho omna us
COHOXMMMYECKHUX pEaKIMi BOJbL, HE COMPOBOXKJaemas AHMCCOIMAlMe €€ MOJIEKYT
(mo00HbBIE TIPOIIECCHl COBPEMEHHAsT O0IMasi XUMHsI OTHOCUT K XUMHUYECKUMH PEAKITUSIM) —
paspylieHHe UMIYyJIbCaMH JaBJIEHUS OT MyJbCallUd KaBUTALMOHHBIX MYy3bIPHKOB
00pa30BaHHOW BOJOPOJHBIMH CBSA3SIMH COOCTBEHHOM HAAMOJEKYJISIPHOW CTPYKTYpHI, IO
Macce y4YacTBYIOIIETO B HEH peareHTa HECOM3MEPHUMO IPEBOCXOJUT PEaKLMM MHPOJIN3A B
napora3oBoil (aze BHYTpPH Iy3bIpbKOB. OTa peakuusi HKBHUBAJEHTHA IpOLECCaM,
MPOUCXOSAIINM B BOJE NPU HarpeBaHuu ee o temreparypsl okosno +70°C. U3BecTHO, 4TO
MMOJIAPHOCTE MOJICKYJT BOABI MPEAONPCACTIACT HAIUYUC CTPYKTYPHI, HaHOMHHaIOHIGﬁ
CTPYKTYpY JbJia JaXKe IpU TeMIlepaTypax €€ KUJIKOTO COCTOSHUS, YTO HE TaK JIaBHO €lle pa3
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OBLIO TTOATBEPHKICHO MCCIICIOBAHMIMU, BBIMTOJHEHHBIMHU B JlelaeHckoM yHUBepcuteTe [2].
AHOMaJIbHO OOJIBIIOE YBETUYEHHE BS3KOCTU BOJBI IpPHU MOHIKEHUH €€ TeMIIepaTyphl,
NapagoKCaIbHOE YMEHBIIEHNE TJIOTHOCTH MPHU OXJIKIACHUH HIbKe +4°C, a TakKe BBICOKOE
[0 CPAaBHEHUIO C HEMOJSIPHBIMHM >KUJIKOCTSIMH TIOBEPXHOCTHOE HATSXKEHUE CBS3aHBI C
SBJICHHEM «camozuopamayuuy (puc. 1).
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Puc. 1. CtpoeHne MoJIeKyJIbl BOJBI U €€ HAaJAMOJIEKYJIIpHAs CTPYKTypa, 00pa3oBaHHas
BOJOPOJHBIMU CBS3SIMH B PE3YJITaTE CAMOTMApATALlNH

HagmonekynspHas CTpyKTypa BOZABI pa3pyllaeTcs MpU TeMIepaTypax BBIIIE, YEM,
Halpumep, TeMmIeparypa JeHaTypanuuu OenkoB. B mpupone mnpu cunTese Oenka u
(OpMHPOBAHUY €T0 I'MJIPATHBIX 000I0YEK U3 OTEIBbHBIX MOHOMOJIEKYJI BOJIbI pa3pylleHue ee
CTPYKTYpbl HPOMCXOTUT TPU MPOXOXKICHUH CKBO3b OMOJIOTMYECKHE MeMOpaHbl IOJ]
neiicTBueM 0OpaTHOrO ocMoca. A MCKYCCTBEHHO 0€3 HarpeBa 3TO MOXHO CJ€IaTh TOJBKO
METOAAMU XUMHUH BBICOKUX SHEPTHi, B TOM YHCJIE COHOXUMHUECKUMHU (pHUC. 2).
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Puc. 2. Cxema pa3pyiieHust KaButauuei HaIMOJIEKYJISIPHON CTPYKTYpPbI BOJbI
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OCHOBBI COHOXMMHUYECKOM TEOpHUH THApaTalud OHOMOJUMEPOB MPHUMEHUTENBHO K
MPOTEMHAM Msica BIiepBbie ObutH u3nokeHsl B 2005 r. B nexuuu mpodeccopa O. H. Kpacynn,
NPOYUTAHHON B HCCIENOBATENIbCKOM HMHCTUTYTE MSCHOM mpoMblnieHHOCTH (Pockunne,
Hanust). C Tex mop ympaBleHHE MpOIecCaMd TUAPATAlUU CTajl0 OJHUM U3 TJABHBIX
HanpaBJICHUW pa3BUTHSI MUIIEBOM coHoXxuMmHuU B Poccum [3-6]. Poccuiickoe mpennpusitue,
MEPBBIM HM3TOTOBUBIIEE OOOpPYIOBAaHUE U BHEAPUBIIEE MPOMBIIIJICHHYIO TEXHOJIOTHIO Ha
HOPENINPUITUIX OTpaciu CTajo JaypearoM | cTerneHn HalMOHAIBHOM SKOJIOTHYECKON MpeMuun
B HOMHHAIIUH «DKOJOTHS U 310POBbE» [7].

B xumuueckoil nuTeparype THApPATAIMIO TPAKTYIOT KaK TMPOIECC CBS3BIBAHMS BOJIBI
XUMHUYECKUMH BellecTBaMu. B Hel cka3aHO, 4TO M HEKOTOPHIE OpPraHMYECKHE BEIIECTBA
00pa3yloT ¢ BOJON KPUCTAUIOTHAPATHI MOCTOSIHHOTO COCTaBa, KOTOPbIE BEAYT ceOsl Kak
WHIMBUIyIBHBIC XUMUYECKUE COCAMHCHUS. Takue (GOpPMYITUPOBKH OMPEICIISIOT IMPOIECC
TUApPATANK KaK XUMHUECKYIO PEaKIUIO, B PE3yJIbTaTe KOTOPOil 00pa3yeTcsi HOBOE BEIIECTBO.
B xypce oOmielt xuMuu B KauecTBE IPUMEPA TAKOTO BEIIECTBA MTPUBOAUTCS MEIHBIN KyOpOC
CuSO45H;0, a 3HaKOM «» B €r0 XUMHYECKOH (hopMysie 0003HAYaeTCsl BOAOPOIHAS CBSI3b.
OTaenuTh MATh MOJIEKYJT BOJIBI, COCTABJISIONIUX O0JIee TPETU MAaCChl BCETO 3TOTO COCAMHECHMUS,
OT cyibdaTa MEIH MOXHO TOJBKO TIPOKAJIMBAHHUEM TIPU TEMIIeparypax 3HAYUTEIBHO
MPEBBIMIAIOIINX TEMIEPATYPY MapooOpa3oBaHus. A U3 XUMUU OMOTIOIMMEPOB U3BECTHO, UTO,
HarpuMmep, O€NIOK, MMesi B COCTaBE€ MOJIEKYJ aMHUHOKHCIOT TMOJISIPHBIE TPYMIbI, TaKXKe
CrocoO€H BCTyMaTh B peakuuio ruaparanud. CUUTAeTCs, YTO OH MOXET CBS3bIBAaTh B
pesynbTate Hee n0 40% BOIBI K CcBOEM MoseKyysipHON Macce [8]. s 3Toro mosspHbIe
IEHTPhl ~ MOJIEKYJl  aMHUHOKHCIIOT, TpenactaBieHHble  KapOokcuinbHbIMH — —COOH,
ruapokcribHbIMA —OH u amuaabiME —NH, rpynmnamu, J0KHBI OBITH CBOOOJHBI OT CBS3EH
JIPYT C IPYyTroM, 00pa3yroIiX MpOCTPAaHCTBEHHYIO CTPYKTYpY Oenka. Takoe cocTosiHue Oernka
MOSIBJISIETCA B pe3yjbTaTe, HApUMEp, MEXaHWYECKOro u3MenbueHus Ouomacchl. CoriacHo
yueHuro akajgemuka B. WM. BepHanckoro ruapartaiiMoHHO-CBA3aHHAas BoJa —  3TO
HeoThemsieMass 4dacTh Oenka [9]. OHa ecTeCTBEHHBIM OOpa3oM YBEJIMYMBACT €ro Maccy,
MOCKOJIbKY COEIMHSIETCS ¢ HHUM Ojarojapsi NEHCTBHIO MEXaHM3MOB aHAJIOTMYHBIX TEM,
KOTOpbIE UMEIOT MECTO B MPOIIECCE €r0 CUHTE3a U MOYTH HACTOJIBKO )K€ MPOYHO, HACKOJIBKO
IpOYHbI B O€NKe CBsI3U, POpMHUpYIOLINE ero CTpYKTypy. IluiieBoe chipbe B COBpPEMEHHBIX
YCIIOBUSIX B OOJIBIIMHCTBE CBOEM XPAHHUTCS B BBICYIICHHOM WM 3aMOPOXXEHHOM BHJIE, TO
€CTh, YTPAaTUB MPUPOJIHYIO BIary WM Tepsis XMMHUYECKYIO CBs3b ¢ Hel. [loaToMy HaxoxkieHue
BO3MOYKHOCTEH HEMOCPEICTBEHHOU THIpaTaIlliy OHOTIONMMEPOB pPeIIacT OOJBINYI0 MPoOIeMy
— TIO3BOJIIET YMEHBIIUTh KOJMYECTBO JMOO BOBCE HCKIIOUUTH W3 TMPOTYKTOB MHUTAHUA
HENUILIEBbIE BEIIECTBA, KOTOpPbIE TPAAMIMOHHO HCIONB3YIOT JUIsl HCKYCCTBEHHOTO
CBSI3bIBAHUS BJIATU U YBEJIMYEHUS TAKUM ITyTEM UX MacChl.

OTaenuTh XMMHMYECKH CBSI3aHHYIO B pe3yJibTaTe pPeaklMH TUApATalid BOAY C IENbIO
U3MEPUTh €€ KOJMYECTBO, HE JCHATypUpOBaB MPU 3TOM OEJIOK, MOXXHO JJIUTEIbHBIM
BBICYLIMBAaHUEM IIPU TEMIIEpPATypax, KOTOPble HE MPUBOIAT K pa3pyLIEHUIO OHOMOIUMEPHOI
CTPYKTYypbl JMOO BbIMOpakuBaHueM. Eciu B mocineaHeMm ciaydyae KOHTPOJIHPOBATh
KOJIMYECTBO TaK Ha3bIBa€MOM He3aMep3alolleil BOJbI MOCPEICTBOM, HANPUMED, SIEPHOTO
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MarHUTHOTO PE30HAHCa, TO M3MEPUTh €ro MOKHO OYEeHb JOCTOBEPHO M TOYHO. B Hayke o
MIPOU3BOJICTBE MPOAYKTOB MHUTAHUSA BCE XK€ IMONb3YIOTCS Ooyiee JOCTYNHBIM M aJIeKBaTHBIM
npeIMeTy M3MEpPEeHHEM TaK Ha3blBaeMON aKTUBHOCTH BOJbl. KoHKpeTHbIe nabopaTopHbIe
METOJUMKA €€ HM3MEpPEeHMs] pAa3IU4yHbl, HO CyTh BCE€X HMX COCTOMT B TOM, YTO BOJY,
HaXOJIAIIYIOCS B Pa3IWYHBIX (hOpMax CBsI3U ¢ OMOMaccol ucciemayeMoro odpasiia, MpUBOASIT
B TEPMOJMHAMUYECKOE PABHOBECHE C €€ HACHIIICHHBIM MapoM IpH aTMOc(hepHOM JaBIICHUU.
[Tpu »TOM cuMTaIOT, YTO Ta BOJAA, OOBEMHOE COJEp)KAHUE KOTOPOil B oOpasle cTajio paBHbIM
COJIEP’KaHUIO €€ B OKPYXKAlOIIeM HACBHIIIEHHOM Iape — CBOOOJHasi, TO €CTh aKTHBHAs BOJA,
COOTBETCTBEHHO, OCTajbHas sBisieTcs CBs3aHHOW. [loka3aTenb aKTMBHOCTH BOJbI yI00€H
CBOCH WHBAPHMAHTHOCTBIO 10 OTHOIICHWIO K (opMam CBS3M BOJABI, KOTOpPHIE TIO
kinaccudukanuu akamgemuka 1. A. PeOunnmepa, pasmugarorcss sHeprueil cBs3u [10]. DOta
KJaccu(uKausl OCHOBAaHA Ha IMOJIOKEHHH, YTO CBSI3b B TOW HWIIM HMHOW (OopME MOKHO
HapyLIUTh TOJBOJIOM COOTBETCTBYIOIIETO YJIEIbHOIO KOJMYECTBA 3HEPIMU, SKBUBAICHTOM
KOTOPOU SIBJIAETCS TEILIOTA.

N3ydyeHne MeXaHM3MOB M 3aKOHOMEPHOCTEW B3aMMOJCHCTBUS BOABI C BELIECTBAMHU HE
00pa3yrolUMHU UCTHUHHBIX BOJHBIX PacTBOPOB, SIBJISETCA MPEIMETOM KOJIJIOWTHOW XHMUHU.
s OMOJNIOTMYECKHUX CHUCTEM HEBO3MOXKHO TOYHO YCTAHOBHUTH IO KakOM-muOO OmHOM
0000IIeHHOW XapaKTepUCTHKE, Kakas YacTh BOJBI CBA3aHA B HUX TOM WM WHON (opmoi
cBsa3u. llosToMy crenumanbHass NOATOTOBKA BOJBI JJIsl TUApaTallMM OMOMAacchl BCerja
xenarenbHa. Korga Mosexysibl BOAbl HE BXOJUT B COCTaB CTPYKTYpPBHI BOJbI, TO OHH JIErye
BCTYMAIOT B pEAKIMIO TUApPATalM C MOJIEKyJIaMU JApYyrux BemecTB. [uiaparannoHHas
CIIOCOOHOCTh BOJIbI 110 OTHOLIEHUIO K JPYrMM BELIECTBAM 3aBUCUT OT COOTHOLICHHS
COJICpXKaHUsI B HEH CTPYKTYpUPOBAHHOM U CBOOOJHOM (a3. DTO COOTHOIIEHHWE MOXKET
MEHSTBCS B CTOPOHY YBEIUYEHHUs IOCIEAHEW NpU HArpeBaHMM BOJBI, KOIJa CTPYKTypa
paspylaeTcsi moj JEeHCTBUEM TEIJIOBOIO JBUKEHMSI OTAEIBHBIX MOJIEKYJ BOABI, JTUOO HpH
MCTIOJIB30BaHUM JIPYTHUX METOJOB ne3nHTerpanuu. Ho, 3a cyer yero Obl HU OBUTH pa3pyIICHBI
BOJIOPOJHBIE CBSI3M, KOTJA MCU€3a€T HUCTOYHMK DSHEPIMM JE3UHTErpaluy, OHM CHOBA
HAQUMHAIOT BOCCTaHABJIMBATHCS B KOJMYECTBE, COOTBETCTBYIOIIEM TEPMOJMHAMUYECKOMY

PaBHOBCCHIO, OTAABAsA IMMOITIOMICHHYIO SHEPIrHUIO B BUJAC TCIIJIa CaMOruapaTaiu:

H,0+H,0+..+ HO=m(H,0), +25 ”&’" Ko, (1)

A

I7ie: m — YUCIIO MOJIEKYJISIPHBIX BOJHBIX aCCOIIMATOB, BCTYMAIOUIMX B PEAKIUIO; 7 — YUCIO
MOJIEKYJT BOJIbI, COCTABJISIIOIIMX UX YCTOMYUBBINA accoruat; N4 — uyuciao ABoraapo.

[Tockonpky Termmora mapoodpa3oBaHus BOAbI paBHA 44 k/[oic/Monb, TO BOJA MOXKET OBITH
JNECTPYKTYypUpOBaHa MTyTeM HarpeBa B JKUJIKOM cOCTOsIHMH. OJTHAKO TaM, I/i€ LIEJIbIO SBISETCS
MOBBILICHUE CTEMEHH THpaTallid OMOMOJIUMEPOB, KOTOPbIE caMU MO ceOe HEYCTONUYMBHI K
TEPMHYECKOM JEHaTypaldHd, TEIUIOBOM MEXaHU3M pa3pyLICHUs BOJOPOJHBIX CBA3EH
HerpuemsieM. HemonmycTumMo cMemmBaHue HarpeTonl BoAbl ¢ OMOMaccoi, MPOCTPAHCTBEHHBIC
CTPYKTYpPbI KOTOPOH CPOPMHUPOBAHBI CBS3SIMU TOTO K€ YPOBHS SHEPTHH, YTO U BOJIOPOJHBIE
[10, 11]. M3BecTHO MHOTrO CIOCOOOB HAMPABJICHHOTO pPa3pyIICHUS CTPYKTYPhl BOIBI 0Oe€3
HarpeBaHusi. K HUM MOXKHO OTHECTH BCE€ CHOCOObI MEXaHHYECKOTO BO3JEWUCTBUS Ha BOJY,
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Hanpumep, oOpabOTKy B KOJUIOMAHOW MEJBHUIIE WIM B CIEHUAIbHOM JI€3UHTErpaTope
poTtopHoTro Wi AucKoBoro Tuma [12]. CymecTByrOT cmocoObl, B KOTOPBIX IS Tepeaadu
SHEPTUU B BOJY MCIIOJIB3YETCS MOJSIPHOCTH €€ MOJeKyJl. K HUM OTHOCHUTCS MpoIycKaHue
MOTOKa BOJBI Yepe3 CHJIbHOE MAarHUTHOE TO0Ji€ WM BO3JCWUCTBHE HA HEE MEPEMEHHBIM
JJIEKTPOMArHUTHBIM II0OJIEM, @ TaK)Ke B MpPOLECCaX OCHOBAHHBIX Ha SIBICHUAX OOPAaTHOTO
ocmoca u kaButammu [13-17]. MccnemoBarenu, MCHONB3ys 0OpabOTaHHYIO IOCICTHUMH
crocobamMu BOy ISl 3aMeca XJIeOOMEeKapHOTo TeCTa, YCTAHOBHIIM, YTO MPHU ATOM CHHKAETCS
TOJIIIIMHA TUAPATHBIX 00070YeK OEITKOBBIX MOJICKYJI PU UX (POPMUPOBAHUH, CITIOCOOCTBYS MX
KOAryJisiuy ¢ 00pa3oBaHHEM HOBOM, OOJI€e ITACTUYHON CTPYKTYpHI OelKa KICHKOBUHBI. JTO
MOATBEPKIAET TUTIOTE3Y THAPATAMOHHON CTpyKTypu3amuu oenka [18] (puc. 3), Tak Kak mpu
YMEHBILIEHNUHN TOJILIMHBI THAPATHBIX 0007104eK OMOMAKPOMOJIEKYJ YBEINUUBAETCS TUIOTHOCTh
3apsijia Ha WX MOBEPXHOCTH, YTO MPUBOJIUT K 0OJiee CHIIBHOW CBSI3W MEXKAY CO00H 0001104eK
MIPOTUBOIIOIOKHO 3aPSKEHHBIX aKTUBHBIX LIEHTPOB OTIIEIBHBIX OCITKOBBIX MOJIEKYII.

MdparmenTsl am  CBasylouue
AMHHOKHCIIOT MOJIEKYIbI

BO/1bI

MparmeHTsI

Casasyiomas J%‘ﬂ " aAMHHOKHCIIOT

MOJICKYa .
BObI &

Puc. 3. 'maparannonHas cTpyKTypu3aius Oenka

W3BecTHO, YTO TMpH HHU3KOM AaKTUBHOCTM HMOHOB BOJOPOJAa AHUOHHBIE TPYIIIBI
COCTABJISIOLIUX MOJIEKYJIbl O€lKa aMUHOKHUCIIOT JETHAPATUPYIOTCS CUIIbHEE, YeM KaTHOHHbIE
npu BeICOKOM. [loaTOoMy oOmIee comep)aHue CBS3aHHOW OETKOM BOJIBI C YBEIMYCHHEM
3Ha4YeHHs BOJAOPOJHOIO MOKa3aTelNs TOXe yBelnduBaeTcs. B numeBoit u apmareBTHUECKON
NPOMBIIIIEHHOCTH JUIsl 3TOTO HWHOTJA MPUMEHSIOT SJIEKTPOXUMHUYECKYI0 00paboTKy
c1a0OMHHEPaIN30BAHHON BOJIbI B MEMOPAHHOM 3JIEKTPOIHU3EPE, UCTIOIB3YS IS TUApATAIUN
menoynyro (pakmuio nuanuza [15]. TlepeuncieHHbie TpUMEpPHI SBISIOTCS CIIOCOOAMH
MOBBILICHHS] PACTBOPSIOLIEH CIIOCOOHOCTH BOJBI 32 CYET M3MEHEHUS €€ HHEePreTHYeCcKOro
COCTOSIHMSI TIyTeM HAATEIUIOBOM TpaHChOpMAIlMi B HEW DHEPTUU PA3IUYHOW TMPUPOJIHI,
BPEMEHHO BBIBOJAIICH €€ U3 COCTOSHHUS TepMOIAMHAMHMYECKOro paBHoBecus. [lpu
COHOXMMMYECKOM BO3JICHCTBUM KHHETHKA IPOIECCOB, COMPOBOXKIAIOUINX TpaHCPOpMAIIIO
SHEPTUU COBEPIIEHHO MHasl, a MPEHUMYLIECTBO COCTOUT B TOM, YTO MCXOJHBIM XUMHYECKUN
COCTaB BOJbI HE HMMeeT 3HaueHus. HaoOopoT, Bola MOXKET coaepKaThb pacTBOPEHHBIE B
J1000M KOJIMYECTBE WJIM B3BEILIEHHBIE BEIIECTBA HPU 3TOM OHU HE OyAyT MOTEpsSHBI B
mpolecce Je3WHTEerpalu, Kak B cllydyae MeMOpaHHOW OYHCTKM U He 0o0pa3yroT
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HEXEJNAaTeNIbHBIX XUMHUYECKUX COCAMHEHHUH, Kak TMpu djekrposmse. [locnennee ocoOeHHO
Ba)KHO, MOCKOJIBKY ISl TOJTYYEHHUs JICKAPCTBEHHBIX MPEMapaTOB OWOJIOTHYCCKHA AKTHUBHBIX
BCIIIECTB M THIIEBBIX IPOJYKTOB IIOJHOIICHHOTO Ka4yeCTBA WX MHUHEPAIbHBIM COCTAaB M
COJICpKaHUE TIOJE3HBIX MHKPOIJIEMEHTOB JIy4YIlle BCErO0 PETYJIHPYETCS TMOCPEACTBOM
MpEeBaApPHUTEIILHOTO PACTBOPEHUS BO BXOJSIIEH B MX cOocTaB Boje. KpoMe Toro, u3BeCTHO, 4TO
yIbTPa3ByKOBasi KABUTAIIMS B BOJIEC, BOJHOM PAaCcTBOPE, CYCIICH3UU WM SMYJIbCUU YCKOPSIET U
nenaeT 3pGeKTUBHEE BCE MPOUCXOJSIINE TaM IPOILECCH, B TOM YHCJIE U PAaCTBOPEHHE, MPHU
KOTOPOM HOHBI PACTBOPEHHBIX BEIIECTB, HA KOTOPHIE OHHM JIHUCCOIUUPYIOT, TPUOOPETAIOT
IUTOTHBIC TUAPATHBIC OOOJOYKH, CHIDKAIONINE BO3MOXKHOCTH BCTYNATh B HEXKEJIATEIbHBIC
XUMUYEeCKHe peakuu [16-21].

OBOPYJJOBAHUE COHOXMMUYECKO OBPABOTKU BOJIbl 1 PACTBOPOB JIJI
T'MAPATALIMN [TPOTEMHOB

Anmnapartsl «CHpHHKC»

B Poccum u EBpome 3amareHTOBaHa TIMIparals MPOTEMHOB MSCHOrO (apiia
COHOXMMHUYECKH 00paboTaHHON BOAOH HpU aMIUIUTYJE 3BYKOBOI'O JaBiieHUs B 2 — 23 paza
IIPEBBINIAIOIIEH TUAPOCTATUYECKOE NABICHHE B HEW. DTO )K€ M3BECTHO U3 TEXHUYECKON U
NATCHTHON JIMTEPATyphl, MOCBALIEHHOW NpPEJHA3HAYEHHBIM JUIsl ATOrO ammaparam Tuma
«Cupunkey [22-26] (puc. 4).

Puc. 4. Poccuiickue anmapatsl TUa « CHpUHKC» 7151 00paOOTKH MCTIOIB3YEMBIX B
NUILEBOM MTPOU3BOJICTBE BOJIBI M BOAHBIX PacTBOPOB. B cTOliKe crieBa HaxXoasATCA
TPU KaBUTALMOHHBIX peakTopa no 2 kBm, Npou3BOAUTENbHOCTHIO 110 0,3 Ml aB
CTOfKe CIpaBa OJHH PeaKkTop 4 kBm, MIPOM3BOAUTENHLHOCTBIO 0,6 /4 BMECTE ¢
HMCTOYHHKOM TTUTAHUs TepMaHCcKoi dhupmel Hielscher systems GmbH
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Takass coHoxumHueckass oOpaOOoTka HampaBjieHa Ha YBEJIWYCHHE COICpKaHUS
CHUHTE3UpPYyEeMOM B pe3ylibTaTe KaBUTALIMOHHOIO Mpollecca MEePeKUcH BOJOpOJa, KOTopas,
paznarasch B Onomacce ¢ BbIJCIEHUEM YHEPTHH, YCKOPSET €€ «CO3PEBAaHUE) U CHUKAET B HEl
akTUBHOCTHh Oaktepmii. Ho, kak wu3BecTHO, cuHTe3y H>(O; B COHOXMMHH TPEIIIECTBYET
JUCCOLIMAIMST BOJABI Ha SIBJSIONIMECS CUJIBHBIMU KaTalu3aTOpaMy THAPOJIU3a KUPOB HOHBI
BOZIOpOa M THAPOKCHUIBI [27-29], ocTraroyHOe coJep)KaHhe KOTOPBIX Bceraa Oyner
IpUCYTCTBOBaTh B o0OpaboranHoil Boje. I[loaToMy wH3-3a CYIIECTBOBAHUS >KUPOBOTO
KOMIIOHEHTa B OHOMacce IpU CMEIIMBAaHUHM €€ C PaccolioM OyIeT MPOMCXOIUTH THIPOIU3
JKUPOB. A TOCKOJBKY pacraj IMEePEeKUCH BOAOPOJa HMEET OKUCIUTEIBHBIM XapakTep, TO
BBIZICJISIEMBI  KHUCIIOPOJ] MOXET OKHCIATH KUPbl M O0O0pa3ylolIuecss B pe3yibTaTe HuX
TUAPOSN3a CBOOOAHBIE KHpHBIE KHUCIOTHI [30]. DTO BMEcCTe ¢ yCWIEHHEM TIHJpaTaluu
OCJIKOBOM COCTABJISIONIEH MHINEBOTO CHIPbS MOXXET MPHUBECTH K YCKOPEHHOM Mopue €ero
JKUPOBOM COCTABJISIFOIIEH, YXYIIICHHIO BKYCOBBIX KAa4€CTB M CHUXEHHUIO COXPaHSIEMOCTH
MOJTy4aeMOro MpoIyKTa.

HoBble KaBUTALIMOHHBbIE PEAKTOPHI AJs MUIIEBOIi COHOXUMUH

Hcxons u3 3TOro, OHOM U3 MEepBOOUEPETHBIX 3a/1a4 Pa3padOTKU pPeaKTOPOB IS MUIIEBOM
COHOXMMHH CTaj0 HCKIIOYEHHE WM COKpalleHHe, TaMm, TAe 3To Tpebyercs, oOpa3oBaHUS
MEPEKUCHBIX COCTUHEHUH 3a CYeT BhIOOpAa MHTEHCUBHOCTU COHOXMMUYECKOTO BO3JeHCTBHA. B
CBSI3U C 3TUM B MOCKOBCKOM TOCYJapCTBEHHOM YHHUBEPCHUTETE TEXHOJOTHH M yMpaBIICHUS
uM. K. I'. Pa3yMoBcKoOro ObLT 9KCIIEPUMEHTAIBFHO OMpe/eieH Oe30MacHbIii B 3TOM OTHOIICHUU
MOpPOT HMHTEHCHUBHOCTH YJbTpa3ByKa. bBBUIO yCTaHOBIEHO, 4YTO KaBUTALMS B BOJAE MPHU
aMIUTUTYJaX 3BYKOBOTO JABIICHHS HE BBINIE JBYX 3HAYCHHUN THAPOCTATHUYECKOTO JABJICHUS B
Heil [31] He mpUBOAMT K OOpa30BaHHUIO TMEPEKUCHBIX COCAMHEHUN B TaKWX KOIWYECTBaX,
KOTOpbIE MOTYT OBITH OIpeleNeHbl O(UIMANTBHBIMA METOJaMHU 3aMepa MepMaHTaHATHON
OKHCIISIEMOCTH BOJIbl. 3HAUEHHE KaBUTAIMOHHOTO MOPOTa 10 BEIMYUHE MPUOTUZUTEIFHO PABHO
Pa3HOCTH TUAPOCTATUUECKOTO JAABICHUS U JAaBICHUS MAapOB BOJBI MPU TEMIIEpaType mpolecca,
KOTOpass HE BbIllIE KOMHAaTHOW. PaccenBaemas Ha KaBHTallUM YacThb DJHEPTUM ILIOCKOMN
YIIBTPa3BYKOBOM BOJIHBI OTpaHMYCHAa MaKCHUMAlbHBIM 3HAY€HHEM, KOTOPOE COOTBETCTBYET
NpUONM3UTENIFHO  TPEXKPAaTHOMY  MPEBBIINICHUIO  aMIUTUTYAOH  3BYKOBOTO  JaBJICHUS
KaBUTAIIMOHHOTO TIOPOra B BOJIE, a MPH HEOTPAHUYEHHOM POCTE MHTEHCHBHOCTH YJIbTpa3ByKa
pacTeT TOJIbKO KWHETHYeCKas COCTaBISIONIAas SHEPrMU KaBUTAIMM, KOTOpas HE BIMSET Ha
COHOXMMMUYECKUA CUHTE3 NepeKucH Boaopona [21]. DHepruss TepMUUECKOW AMCCOLUALIN
BOJIbI, TIPOMCXOJAIIEH MPH KaBUTAIlMM B €€ Ta30BOM (haze, 3aMoNHAIONICH KaBUTAIIHOHHBIC
My3bIPbKH, MPEBBIIIAECT SHEPTUIO BOAOPOAHBIX CBSI3EH MOJEKYI BOABI MEXKITy COOON B MKHUIKOMH
daze Oonee yem Ha mopsAoK. [1oaTOMy MOBBINIEHHE PACTBOPSIONICH CIOCOOHOCTH BOJBI, HE
COIIPOBOXKJIAIOIIEECS JUCCOIMALIME ee MOJIEKYNl Ha MOHBI, (PU3NYECKU BO3MOXKHO U JOJHKHO
JekaTh B OOJIACTH TOPOXKIAIOMIETO KAaBUTAILMIO 3BYKOBOTO JIABJICHUS C aMIUTUTyIou 1.2
3HAYeHHUs TUIPOCTATUUYECKOrO0 JaBIEHUS B HEM WIM pacTBOpE Ha €€ OCHOBE.
DNEeKTPOaKyCTUUECKHI ~ M3JIydaredb  HCIOJIB3YEMOIO  peakropa MNpH  HOMHHAJIBHOMN
NOTPEOIIEMOM SNEKTPUIECKON MOIIHOCTH 00OECIIEUNBAET, C YUYETOM OTPAKEHUS aKyCTUYECKON

P. PuHk, C.A. LWWecTakos
KaBUTaLIMOHHBIN peakTop C CUMMETPUYHON HEMOHOIMTHOM KolebaTeNbHON CMCTEMON aKyCTUYECKON SYenkn ans
NpoLeccoB NULLEBON COHOXUMUN



DNEeKTPOHHbIN XypHan «TexHuyeckas akyctmka» 2012, 2 8 (18)

BOJIHBI OT peduiekTopa, aOCOMIOTHYIO BEIMYMHY AaMIUIMTYIbl 3BYKOBOI'O JIaBJICHUS B
HACBIIIIEHHOM PAacTBOPE HaTpus XJjopuaa (pu arMochepHoM aaBiieHnn) paBHywo 198 x/la. To
€CTh, aMIUIUTY/1a 3BYKOBOTO JIaBJICHUS MPEBBIIIAET TMIPOCTATUYECKOE NABIECHUE B PEAKTOPE,
yepe3 KOTOPBIA paccoi CBOOOIHO MOJAeTcs MEepHCTANbTUYECKUM HacocoM. ['occranmapTom
Poccun TrnoBapuaHTHBIN psii TAKUX peakTopoB MOIIHOCTBIO OT 0,4 1o 4,0 kBm no TY 5130-
002-26784341-2008 «PeakTopsr kaBuTaronnslie Timna PKY mist 06paboTKu KHIKHX MUIIEBBIX
cpem» [32] paspelieH K MPOU3BOJACTBY ISl MCIOJNB30BAHUS B COCTaBE TEXHOJIIOTHYECKUX
anmapaToB MUIIEBON MTPOMBIIIIEHHOCTH (pUc. 5) Ha YTO OBLT BbIIaH CEPTU(PHUKAT COOTBETCTBHS
POCC RU.TM05.B01457.

Puc. 5. YcranoBka coHOXUMHUYECKOH 00pabOTKH PacTBOPOB MOCOJIOYHBIX BEIIECTB,
UCTIONIb3YEMBIX B U3JIENUSAX U3 pyOsieHoro Msica, ¢ peakTopom o TY 5130-002-26784341-08: 1
— Hecymas wiathopma; 2 — KOXKyX; 3 — KaBUTalIMOHHBIN peakTop; 4 — mpeodpa3oBarTeib
MarHUTOCTPUKIIMOHHBIN; 5 — paauarop; 6, 7 — 3JIEMEHThI CUCTEMBI OXJIAKACHUS; 8 — TEeHEpaTop
yIbTpa3ByKoBoi; 9 — Hacoc; 10, 11 — 3a00pHBIN B pacXOIHBIN IITYIIEPHI.

[Tocne 00pa®OTKM B TaKOM pEakTOpPE BOJAHBIX PAaCTBOPOB T'YMHHOBBIX KHCIJIOT, HUX
IIEpMaHraHaTHas OKHUCISIEMOCTb HE u3MeHsAercsa. To ecTh, 3TH JIETKO OKHUCIISEMbIE
OpraHMYecKUe KHUCIOTHI HE TpaHC(HOPMUPYIOTCS B MEPEKUCHBIE COCAMHEHHS IyTeM
IPUCOEANHEHUSI KHCIOpPO/ia, KaK 3TO MPOMCXOAUT ¢ BOIOM mpu cunrese 1,0, [33]. Orcrona
CIIelyeT, YTO U MEpPEeKHCh BOAOPOJA TAKKE HE CHUHTE3UPYETCS WM CHUHTE3UpYETCs B
peHeOpEeKMMO MaJIbIX JJIsl CTAaHAAPTHOTO METO/1a aHaIu3a KolndecTBax. PacTBopsiomias ke
CHOCOOHOCTh 00pabOTaHHOM B TOM JK€ pPEXHME BOJAbI B OTHOIICHHUH HATPUS XJIOPUAA
yBenuumnack B 1,7 paza (puc. 6).

Tabmuua 1. Pesynabratel 00paboTKH pacTBOPOB T'YMUHOBBIX KUCIIOT

Ilokazatenn o obpaboTKu o 611_)12(;:3;14 ncﬁ?;;fnﬁ
pH, eounuy 7,2 7,3 HCO 10523
OxkwucnisieMocTh nepManranatHas, me/i1 O 5,2 5,2 HCO 8467
TaHUHBI, TUTHUHEI, M2/ 04 0,4 MU 8193
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Puc. 6. O6pa3iibl TabIeTUPOBAHHOTO
NaCl iocne paBHOTO IO BPEMEHU
npeObIBaHMS B OOBIYHOM (ClIeBa) U
COHOXMMHYECKU 00pabOoTaHHOM
BOJI€ (CTpaBa) MpHU OJIMHAKOBOU
TeMIeparype

Kpome Toro, BBIICHMIOCH, YTO COXpAaHSIOTCS M OaKTepHOCTaTUUYECKHE CBOMCTBA
00paboTaHHOH BOJIBI, KOTOPBIC UCCIICIOBAIKCH IT0 H3BECTHOW MeTOTKE [34].

Tabnuna 2. )Ku3aecrnocoOHOCTh MUKPOOPTaHU3MOB B COHOXUMHUYECKH 00pa0OTaHHOM
BOJIE U €€ a0COJIIOTHAsI BS3KOCTh 10 CPAaBHEHHIO ¢ OOBIYHOM BOJOH (KOHTPOJIb)

Bpewmst mocne AbcomoTHas KuzHecmocoOHOCTh MUKPOOPTaHU3MOB TI0
5 mun 06paboTKH BSA3KOCTb, cl/ TecTy u3 [34]
JIBa yaca 0,971+0,008 0,630
OnnHu cyTKH 0,987+0,004 0,849
Konrpois 1,01940,007 1,760

OpnHako, Kak OTMEUAIOT MCCIEAO0BAaTEIN B ATOW OOJACTH 3HAHUM, YKCIIEPHUMEHTHI B HEW,
OTIIUYAIOTCSI HU3KOM MOBTOPSEMOCTHIO PE3yJbTAaTOB, a (PU3NYECKUE MOEIU ammmapaToB, Ha
KOTOPBIX OHH MPOU3BOJAUIUCH, TPYAHO MOIIAIOTCS «MacmTabupoBanuio» [35] 0ocoOeHHO mpu
MOTBITKAX YBEIUYCHUS TMPOU3BOIUTENBHOCTH. [loaTOMy mpolOiieMa co3maHHs HallEHKHBIX

IMPOMBINIJICHHBIX aHAJIOTOB ITOKA OCTACTCA HOI[JIC)KaH.Ieﬁ PCLICHUIO.

PA3PABOTKA Y AHAJIN3 HOBEWIIETO ITPOMBIIIJIEHHOI'O PEAKTOPA
Hasznayenue ¥ BO3MOKHbIE BADHAHTHI KOHCTPYKIUH

PeakTop npennaznavaetcs sl PU3UKO-XUMUIECKON 00paOOTKH aKyCTHUECKOM KaBUTAITUEH
UCTUHHBIX M KOJUIOUJIHBIX PACTBOPOB, a TAKXKE AUCIIEPCHBIX CHCTEM (IMYILCUI U CYCIICH3UI)
MyTeM WHUIIMHPOBAHUS B HUX COHOXMMHUYECKHX PEAKIMA U KaBUTAIMOHHOU 3po3uM ux (as.
Kpome Takux pacTBOpOB, SMYIBCUI U CYCHICH3UH B HEM MOTYT 00pa0aThIBAThCS XUMHUYECKU
YHUCTasi BOJA U JAPyTHe XMMHUYECKU YHCThIC PACTBOPHUTENNU. B HEM MOIDKHO OCYIIECTBIISITHCS
BO3/ICHICTBIE HA COCTOSHHUE J>KUIKOCTCH, WHTCHCH(PHUKAIUS HAYIIMX B HUX XHUMHUYECKHUX
peakuuii ¥ MHUIIMMPOBAHUE HOBBIX IyTEM U3MEHEHUS JUIIOJb-AUMOIBHBIX M HOH-TUTIOIBHBIX
B3aUMOJICHCTBUI B MX cpefax u ¢a3zax, a TaKKe IMOBBIIICHHUE JUCIEPCHOCTH MHOTO(a3HBIX
cucTeMm, OAKTepUONM3 U OaKTEepHOCTa3. B KaBUTAIIMOHHOM pPEAaKTOpPE MEXaHHW3M Iepeaadu
SHEPTUU B KHUJIKOCTh HOCUT «HAJTEIUIOBOI» XapakTep, WHHUIHMHUPYS B HEW MPOIECCHI,
CBOMCTBEHHBIE XMMHUH BBICOKHX SHEPTUi, KOT/Ia JKUKasl Cpefia BEIBOJUTCS Ha OMPEICICHHOE
BpeMsI M3 COCTOSHUS TEPMOJWHAMUYECKOTO PaBHOBECHS. JTO MO3BOJIIET HA 3TO BpeMs
BO3BpaTa K PaBHOBECHOMY COCTOSIHHIO aKKyMYyJIHpPOBaTh, HAaPHMEp, B BOJEC WM BOJTHBIX
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pacTBopax OmpeesIeHHOE KOJIMYECTBO PHEPTUH U B MOCIEICTBUU OT/AaBaTh €€ B BUJE TeIlla,
BBIICTISIIOLIETOCS. MPU TUApATallMd PacTBOPEHHBIX KOMIIOHEHTOB U AMCIIEPTUPOBAHHBIX (a3
b0 caMoil ce0s1 BOCCTAaHOBJICHUEM HAJMOJIEKYJISIPHOW CTPYKTYpHI. [Iporiecc HocuT Ha3zBaHue
penakcaiy HepaBHOBECHOTO COCTOSIHUS. Takoil peakTop Takke MOKET ObITh MCIIONb30BaH B
dapmalieBTHKe, MHUIIEBOM M XUMHUYECKOH NPOMBILIUIEHHOCTH, B IPOU3BOJCTBE TOILIUB U
CTPOMUTENBHBIX MaTepUalioB [36].

PeakTop MO>KeT OBITH BBHIIOJHEH B IBYX BapHaHTaX:

1. CUMMETPUYHOTO OTHOCHUTEIBHO IEHTPa Macc PEaKTopa, COCTOAIIETO M3 HECYIIEro
KopItyca pabodell KaMepsl, ¢ KaKIOH CTOPOHBI KOTOPOTO PACIIONOKEHBI U3Ty9aTeNy TUIOCKO-
YIPYTHX BOJH, TPEACTABISIONIAE COOOW COCOMHEHHBIE C COTIACYIONIMMHU TOHIKAIOIIUMH
aKyCTHYECKMMH  TpaHC(POpPMAaTOpaMHd W3 THTAHOBOTO  CIUIaBa  DJIEKTPOAKYCTHUYECKHE
kouBepTepsl MPI 5050F-20L, nuratomuecs: Kaxaplii OT CBOETO UCTOYHUKA (YJIBTPa3ByKOBOTO
TeHepaTopa) EeKTprUecKoi MomrHOCThI0 10 1000 Bm. To ecth, MX KojeOaHus mpu padore
HE3aBUCHMEI JIPYT OT ApyTa.

2. CAMMETPUYHOTO OTHOCHUTEJIBHO IIEHTPAa MacC PEaKTOpa, COCTOAIIETO W3 HECYIIETro
KopIryca pabodell KaMepbl, ¢ KaKIOH CTOPOHBI KOTOPOTO PACIOJIOXKEHBI T K€ H3ITydaTein
TUTOCKO-YTIPYTHX BOJTH, HO TIUTAIOIIHECS OT OOIIEro HCTOYHUKA (YJIBTPa3BYKOBOTO IeHEpaToOpa)
3NeKTpruecKoi MoIHOCTHIO 10 2000 Bm. To ecTh ux kosiedanus npu padoTe KOT€PEHTHBI.

IIpoexT, TEeXHHYeCKHe pacyeThl M MO/IeJTHPOBAHUE

Paspaboranubiii peakTop (puc. 7) COCTOUT U3 Kopiryca 1, akyCTHIECKUX TpaHCHOPMATOPOB
2, TEPMETUYHO C MOMOUIbI 3JACTHYHBIX MPOKJIAJ0K 3aKPEIUIEHHBIX B HEM IOCPEICTBOM
¢uranmeB 3 B y3max KoyedaTenbHbIX cMeneHnid. DIaHIbl CTIHYTH MEXTy cO00M CTSDKKaMu 4,
o0pa3ys ¢ KOpIrycoM M TpaHC(HOpMaTOpaMy FepMETUIHBIN paboumii 00beM JIJIsl IPOITY CKaHUS
4yepe3 peakTop oOpabareiBacMO KUIKOCTH. MICTOYHHKY KOIeOaHUH — JIEKTPOAKYCTHISCKUE
npeoOpa3oBaTeN 5 COeAMHEHBI ¢ TpaHCc(hopMaTOpaMu MOCPEICTBOM IIITHIICK.

Puc. 7. KaBuTalimoHHbIN peakTop
kommanuu Qil Tech Production OY:
CJieBa — KOHCTPYKIUS PeaKkTopa;
crpaBa — (OTO OIBITHOIO 0Opa3Ia
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OGpabarpiBaemasi KHJAKOCTh TIPOITyCKAaeTcsl depe3 pabounmii 00BEM IMOCPEICTBOM
HAIIOPHOTO U CIMBHOTrO MaTpyOKOB, BBApEHHBIX B Kopmyc. [laTpyOku BBapeHbI B KOpITyC Tak,
yTOOBI TIpU paboTe MEXIy OOpalleHHON BHYTpPh pabouero o0bheMa IUIOCKON MOBEPXHOCTHIO
TpanchopmaTopa (M3Tydaromiei MOBEpXHOCTHIO) U BOJAOW HE MOTJIa 00pa30BaThCS BO3AyIITHAS
npocioiika. IlaTpyOku COEOMHAIOTCS C  MarucTpaiblo  00pabaThIBaeMOW  KHUAKOCTH
MOCPEICTBOM (PUTHUHTOB U3 HEprKaBEIoIIeH cTanu. HamopHBIM sIBISIETCS HDKHUAN MATpyOoK, a
CIIMBHBIM — BepXHHH. PeakTop cobupaeTcs B KOKyXe, BHyTPH KOTOPOTO pa3MElIeHbI KyJIepbl
JUISL BO3AYIIHOTO OXJIaKJIEHHUs IpeoOpazoBaTenei S5, BBIICISIOMMX HpU paboTe B TEIUIO
okoJ10 100 Bm sHeprun Kaxabli.

PeaKTop SABJIICTCA PEAKTOPOM IUIOCKOU BOJIHBI U pacCHuTaH IpHU THAPOCTATUYCCKOM
TABJICHUH B JKHJIKOCTH paBHOM atMocdepHomy. Takum o0Opazom, cpemHsiss OOBbeMHas
IIJIOTHOCTH 3pO3I/IOHHOI\/JI MOIIIHOCTHU KaBUTalUK B €TI0 pa60qu 00BEME OINCHLIBAETCS
HpOHOpHHGfI 1 BBIYUCJICHA «KMCTOAOM HUIMHAPHUICCKUX 000J104YEKY !

HO0,5D

M~——[ [x(ap,,)dxdy, )

D’H

abcoroTHas MMPONU3BOAUTCIIBHOCTD 1O BOAC!:
MV
Q = Qet M V > (3)
et” et
a JpO3Us KOHTAKTUPYIOIIUX C BOJOW BHYTPEHHMX ITOBEPXHOCTEH — MPONOPLUOHATIBHO
HWHTCIpaJIbHOMY 3HAYCHHUIO 00BEMHO INIOTHOCTH 3p031/IOHHOI71 MOIIHOCTHU FE Ha Hux:

R H
E =27 x(Ap,+Apl, )dx+ 7D [ Apg o, dy, 4)
0 0

rie: Q. — HACIOPTHAS MPOM3BOANTEIEHOCTD ITATOHHOTO PEAKTOpa Mo Boje, pasHas 0,6 a’/u
[26]; V — oObem paboueil kamepsl peakTopa; Apy, — OTHOCUTEIbHOE MTHOBEHHOE 3HAUEHHE
BO3MYIIIEHUS JABJIEHMsI OT KaBUTALUU B JIFOOOH TOYKE BOABI HA JUAMETPAIbHOMN IIIOCKOCTH
o0Bema peakTopa, BeluucisgeMmoe Kak B [37]; D — BHyTpeHHUIl AMaMeTp Kopiryca peakrtopa; H
— pacCcTOsIHUE MEXIY M3ITYYalOIMMH MOBEPXHOCTSAMHU aKyCTHUECKUX TPaHC(HOPMATOPOB HITH
U3JIy4aroule 1 oTpaxaroliel MoBEpXHOCThIO; X — KOOpAuHaTa 1o D; y — koopauHara no H.

3aBUCUMOCTh MOJYJISl pe3yibTUPYIOIIEH aMIUIUTY/Ibl 3BYKOBOT'O JIaBJICHUS! B PEAKTOpE B
JUHEMHOM TNpUOJMKEHUM BbIpaX€Ha 4Yepe3 YMCIO IYYHOCTEH BOJHBI 7, B KOTOPBIX
oOpa3zyercs kaBUTalus, KO3)PUIMEHT paccessHUs SHEPruu KojebaHuil Ha kaBurauuu 77 [38],
K03 umeHT orpaxkeHus BoaHbI 0 [39] 1 aMIIMTYyly 3ByKOBOTO JaBJIEHUS HA MOBEPXHOCTHU
MIPU U3JIYUYEHUHU B MOITYNPOCTPAHCTBO KUAKOCTHU Ao [40]:

2! an2?

|b 7sin2naft+6b  ~sin2xft |
2? . m-2? .

A=Ay |b "sin2af +b  7sin2nft| (5)
¢ . m-2? . 20 . 22 .

|b *sin2aft+b  "sin2aft|+|b *sin2xaft—b  *sin2znft|

2
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rne b=1- 1", npu ogHOM HCTOUHNKE KONEGaHMI (ITANOH), ABYX OXMHAKOBBIX HCTOYHHKAX
KOTE€PEeHTHBIX KojeOaHuii (BapuaHT 1) M ABYX OJMHAKOBBIX HMCTOYHHMKAX HEKOT'€PEHTHBIX
KosebaHuit  (BapumaHT  2), COOTBETCTBEHHO. KoopaMHATBI TpaHMIl 3aHUMAaEeMBbIX
KaBUTAIIMOHHBIMH 00J1acTAMU 00BEMOB V; = 4;-S, T1e S — iomaab (ppoHTa BOJHBI, Ha JIyde
BOJIHBI B YTJOBBIX €OUMHHUIIAX (a3l ¢ OmpeneieHbl Kak IOJOKUTENbHBIE KOPHU
TPaHCIEHEHTHOTO ypaBHEeHUs A(@P) = | amm, a X BBICOTHI HA JIy4e Pe3yIbTUPYIOLICH BOJIHBI
— KaK pa3HOCTb YETHBIX M HEUETHBIX €ro KopHed. B nuHeliHble eAMHUIIBI OHH TIEPEBEICHBI
myTeM JIeJIeHUs] Ha BOJHOBOe 4mciio 27/A. I'padudeckun QyHKIIMK 3BYKOBOTO JaBJICHHUS B
MOJYYEHHOM CYTEpIO3UIIK BOJIH B BOJIC BHYTPU PEAKTOPOB MOKa3aHbI HAa pUC 8.

A, amm
6
4
2 ' ' \
lll.
- 1 = — T\ A,
|
0- -
0 25 50 75 100 H, mm

Puc. 8. 3BykoBoe fjaBiieHHEe Ha JIyue pe3yJIbTUPYIOILEH BOJIHbI B BOAE BHYTpH pabouero
o0beMa peakTopa: —— B ATAJIOHE; == B BAPUAHTE |; == B BapuaHte 2

[TommydyeHHble B pe3yJbTaTeé MaTEMaTHUECKOIO MOJCIHUPOBAHMS W pacdyeTa 3HAYCHUS
npuBeNEHbl B Tabmuue 3 v u300pakeHbl Ha puC. 9, I7ie TOHOBBIMU PUCYHKaMHU ITOKa3aHbI
pacnpenenenns o0beMHON TIOTHOCTH 3PO3HMOHHOM MOIIHOCTH KaBUTAllUU B TUaMETpPaIbHOU
TUTOCKOCTH BapUAHTOB PEAKTOpPA M ATAJIOHA, B KA4ECTBE KOTOPOTO BHIOpPAaH PEeakTop armapara,
MOKa3aHHOTO Ha puc. 4 cripasa [26].

Tabnuma 3. Pe3ynpTaThl KOMIBIOTEPHBIX SKCIIEPUMEHTOB

[HoTpebnsemas OTtHocuTeNnbHAs |} (OENG————
OBBEKT | »nextpuueckas | PaGounii o0bem, 1 3po3us p AT 3
o 10 BOJiE, M /4
MOUIHOCTb, Bm IIOBEPXHOCTEU
OTalloH 4000 0,684 1 0,60
1 2x1000 0,566 1,4 0,66
2 2000 0,566 1,8 0,86
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Puc. 9. Yeprexu o011ero Bua BAPHAHTOB PEAKTOPA U 3TANOHA C KAPTHHAMH
pacrpenieneHust 00beMHON INIOTHOCTH SPO3UOHHON MOLTHOCTH KaBUTAIMH B UX
IMaMEeTPaIbHBIX CEUCHHSIX: @ — ITAJIOH; O — BApUAHT |; 6 — BapuaHT 2

AHaJIN3 N3BECTHBIX AHAJIOI0B P€aKTOopa Ha IIPUTOAHOCTD K NUIIEeBOH COHOXUMMH

Hwxe mnpuBeneHo omucaHuWe HM3BECTHBIX W3 TMATEHTHOM W TEXHUYECKOW JUTEPaTyphI
AQHAJIOTOB Pa3pa0OTaHHOTO PEaKTOpa, KOTOPHIE MOTYT OBITh MPHUMEHEHBI 0 TOMY IXKE
HAa3HAYCHUIO. THUNUYHBIM TPUMEPOM M3BECTHOW KJIACCHYECKONM KOHCTPYKLIHMH pPEAKTOpa
SABJISICTCS, HAINpUMeEp, YCTpoucTBO, 3amareHToBaHHoe B CIIIA mouytw mosiBeka Hazang u
Ha3BaHHOE «BHOPALMOHHBIM YCTpOHCTBOM» [41]. OHO OCHAIIEHO OTpakaroIIeH CTEHKOM,
CMOHTHPOBAHHOH Tak, 4TO €¢ oOpaimieHHas B 00pa0aThIBAEMYIO >KHUIKOCTh TOBEPXHOCTH
HaXOAMUTCS B OJHOW IJIOCKOCTH C MOBEPXHOCTBIO M3JTydaTensl yiabTpas3ByKa, okpyxkas ee. To
€CTh TIOBEPXHOCTh (PPOHTA YIBTPA3BYKOBOW BOJHBI, COJACPXKAIIECTO IOBEPXHOCTh €€
U3TydaTelis, COBIAAAcT ¢ OOpAIIEHHOW B KHJIKOCTh IMOBEPXHOCTBIO ITOW CTEHKH. BTOpas
OTpakarolas CTeHKa, HaXOAIIAsCsl HAIIPOTHUB TIEPBOM U U3ITyUaTeIsl BOJIHBI TIO HAIIPABJICHUIO
€e pacrhpOCTpaHEHUS, SBIISETCS YacThIO KOPIyca YCTPOWCTBA. DHEPrUsl KaBUTAIMH SIBIISCTCS
MPUYMHON SPO3UOHHBIX Pa3pyILICHUN TBEPIBIX MaTEpHAIOB [42], U3 KOTOPHIX H3TOTOBJICHBI
9JIEMEHTHl KOHCTPYKIMHU KaBUTAIMOHHOTO peaktopa. I[IpoaykTel »po3um, momagas B
00pabaThIBacMyI0 KXUAKOCTh, MOTYT HEOOpPAaTHMO M3MEHUTH €€ XMMHUYECKHE CBOWCTBA, YTO
KaTeropuueckl HE JOMycKaeTcs mpu 0o0pabOTKe JEKapCTBEHHOTO W IMHIIEBOTO CHIPBS, a

TaKK€ CaMHUX MEIHMLIMHCKUX IpenapaTtoB W NOPOAYKTOB NHUTaHMs. [loCKOIbKy
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IIPOTUBOJIEXKAILAS U3JIy4aTeI0 OTPaXKarollasi CTEHKA ONMMCAHHOTO PEaKTOpa SBJIACTCSA YaCThIO
KECTKOTO KOpITyca, OHa HE MOXKET MOJHOCTBIO OTPa3uTh YIPYTyl0 BOJHY MU €€ KoJieOaHHs
YaCTUYHO IIEPENAIOTCS KOPILYyCy, YTO BEAET K MOTEPSIM DHEPrMM M KABUTALMOHHOW JPO3HH,
KOTOpasi BO3HUKAET BOJIM3HU Hee.

CyllecTBYEeT peakTop C OTpa)karolleil CTEHKOM, MEXIy KOTOPOM M KOPITyCOM pa3MelleHa
JJIaCTUYHAs MPOCIOMKA, MOIIOMAONIAsA IPOHUKAIOIIYI0 B HEE 4acTh yJIBTPa3ByKOBOW BOJHBI
W paccemBarolas ee Ha BHyTpeHHeM TpeHuH [43]. Takum oOpa3om, jkecTKash MeXaHU4YecKast
CBSI3b OTPAXKAIOILEH CTEHKH M KOPILyca OTCYTCTBYET, YTO MO3BOJISET PACCEATh YAaCTh YHEPTUU
yJIbTPa3ByKOBOM BOJIHBI B IIPOCIONKE, CHU3UB JAMCCHUMALINIO SHEPTUU YaCTU YIPYTrol BOJIHBI
Ha KaBuTaluu BOIM3M Hee. HO CTEHKM Kamepsl MOTYT TIOABEPraThCsi BO3ACHCTBHUIO
o0pa3yromieics B 00beMe )KUAKOCTHA KaBUTAIHH.

EcTb KOHCTpPYKIMSI KaBUTAIlMOHHOrO peakropa [44], pa3Mep Kopiyca KOTOpPOro B
IUIOCKOCTH JII000r0 ()poHTa Ympyrow BOJHBI cTporo ompexaeneH [21]. CteHku Kopiryca
pacmojio’)KeHbl B HEM B MECTax, IJleé IUIOTHOCTh NOTEHIMAIbHONM HHEPIUU KaBUTALUU
TEOPETHUYECKH paBHA HYJIIO. DpO3usi CTEHOK KOpIlyca B TaKOM pEaKTOpe MOJDKHA OBITh
uckimoueHa. B peaktope [45] OCyIIECTBICHO BBIPABHMBAHHE IO BEJIMYMHE AMIUIUTY]]
KOJICOAHUH JKHUIKOCTEH y OTpaKaroIlel CTEHKH W CaMOW J3TOH CTEHKH ITyTeM I0a00pa
AaKyCTHUUYECKOI'O COINPOTHUBIICHUS MOIVIOUIAIOIIETO MaTepualia IpPOCIOWKM MEXAy HeH u
KoprycoM. Ho BbeIpaBHHMBaHHME aMIUIATY] KOJICOAHWN H3IydarTessi, OTPaKalomed CTeHKH U
XKHUJIKOCTH BOJM3M HHUX 3/I€Ch JOCTUTHYTO 3a CUET OpPTaHU3alMd pPEeXHMa, MOJOOHOTO 0
SHEPreTUKE pEeXUMYy OeryIiied BOJIHBI, KOrja BCS Majarolas Ha CTEHKY BOJHA MPOXOJIUT
CKBO3b HEE, HE OTpaXkasiChb Ha3aJ, BHYTPb PEaKTOpa, a CTEHKAa Ha3BaHa OTPAXKAIOLICH JMIIb
YCIOBHO. OHEprus, IepeJaHHas BOJHOM 4epe3 Hee B IPOCIOWKY, paccenBaercs Ha
BHYTPEHHEM TpPEHHUU B MaTepuane, W3 KOTOPOIO OHAa H3rOTOBJIEHAa. TakuM o00pasom,
UCKJIIOYEHHE 3PO3UU MaTepuaja peakTopa JOCTUTaeTCs 3/1€Ch 3a CUET MOTEPU YaCTH IHEPTUU
BOJIHBI M3JIy4aeMOW B JKHJIKOCTb €€ HCTOYHMKOM. A paccessHHas B INPOCIIOWKE JHEPIHs
npeBpauiaerTcs B TEIIO0, KOTOPOE MOCTENEHHO HArpeBaeT JKUIKOCTh M, CHUXas B HEW mopor
KaBUTAllMM, YMEHBIIAET WHTCHCHBHOCTh mocienHend [42]. DTo YaCTUYHO YCTPaHEHO B
aKyCTUYecKol suelike peakTopa [46], rae mnpoTuBoJeXKallas M3Iy4aTeNl0 CTEHKA
IPEACTABISIET COOOM TBEPHOTENbHBIM MEXaHUYECKUHM 3JIEMEHT C HYJIEBOM pEeakTHUBHOM
COCTaBIISIONICH aKyCTHYECKOTO MMITEJ]aHCa M BBICOKOW MEXaHHMYECKOH HOOPOTHOCTHIO. JTO
NO3BOJISIET M30€XaTh TEIJIOBOIO  paccesHHsl, TaK KakK MOUIHOCTb, AKBHUBaJIEHTHAas
paccerBaeMoOll Ha BHYTPEHHEM TPEHHUH, C €€ MOMOIIbI0 TPaHC(HOPMHUPYETCS B PEAKTUBHYIO
MOIIIHOCTb, KOTOpPasi MOXKET ObITh KOMIIEHCHPOBaHa Ha AJIEKTPUUYECKONW CTOPOHE BXOJSAIIETO B
COCTaB MCTOYHMKA YJIbTpa3ByKa 3JEKTPOAKyCTHUECKOro MmpeolOpa3oBaTelis, KOTOPbII
AKyCTHUECKH CBS3aH C JKUJKOCTbIO M PEAKTUBHBIM 3BYKOIOIJIOTUTENIEM B E€IUHYIO
KoyiebaTeNbHyI0 crcTeMy. Ho Bce ke 49acTh 3TOM CHUCTeMBbI OOpamaeT 4acTh MOIIHOCTH
KoJieOaHWH B PEaKTUBHYIO MOIIHOCTB, TO €CTh BBHIBOJUT €€ W3 KaBUTAIMOHHOTO IpOIEcca B
JIPYTroil €€ 4aCcT! — B )KUJIKOCTH.

Takoli HEIOCTaTOK OTCYTCTBYET B PEaKTOpE, TNI€ BCE YAaCTU KOJIEOATEIHHOM CHUCTEMBI
aKyCTHUecKoM sueiiku TBepraorenbHble [47, Fig. 2]. B ero KOHCTpYKIMU IOBEPXHOCTh
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oOpallleHHOM K W3JIydaTenio OTpakalollel CTeHKM W cama M3JIydaroulas MOBEpPXHOCTh
NpUHAAJIEKAT 00LIEMy TBEPAOTEILHOMY PE30HATOPY C YacTOTOM pe30HaHCa PaBHOM dacToTe
KOJICOAHMH H3TyYarollel MOBEPXHOCTH U pa3MelleHbl BOJIM3M IMyYHOCTEH KoJeOaTelbHBIX
CMEIICHUIA, HAXOAIICHCS MEXTy HHUMH JKHJIKOCTH Ha YacTOTE€ PE30HAHCa €€ KoJeOaHWH.
PaccrosiHre MexIy IUIOCKOCTSIMH PE30HATOPa, C KOTOPBIX B JKUAKOCTH PACIPOCTPAHSIOTCS
KoJIeOaHUsl, PaBHO JJMHE HMX BOJIHBI B JKUJIKOCTH. A PACCTOSHUE MEXIY HaxXOISIIIUMUCS
BOJIM3M HUX MyYHOCTSMHU KOJIeOaTeIbHBIX CMENICHWH TBEPIOTENBHOTO PE30HaTOpa yKa3aHO
pPaBHBIM TOJIOBUHE JUIMHBI BOJHBI B MeTawie. To ecTb, 3T IUIOCKOCTH COBEPLIAIOT B
JKUJKOCTU KOJeOaHWs B MPOTHUBOIOJIOXKHBIX HampaBlieHUsX. VCronb3yss METOA CIOXKEHUs
BCTPEUHBIX BOJIH, B KOTOPHIX BO3MOXKHA KaBUTAIMS, W3JI0KEHHBIN B [40], MOKHO BBIYMCIIUTS,
YTO B AITOM CIlIly4ae€ CpEIOHsS MO BBICOTE pPEAKTOpa aMIUIUTyAa 3BYKOBOTO JaBJICHHS B
JKUJKOCTH B HEM COCTaBHUT 87% OT CpelHe aMIUIUTYbl 3BYKOBOTO JIABJICHUS B KaXIOW W3
BOJIH OT TaKMX MOBEPXHOCTEH, €ClU Obl OHU U3JIYYAIHCh B OECKOHEYHOE TOJIYITPOCTPAHCTBO.
3HAYUT, MOIIHOCTh KaBUTAIIMU HE SBISICTCS MAaKCHMaJIbHO BO3MOKHOH, KOTOPYIO MOXHO

OBUTO OBI TOJYYHUTH OT UMEIOIINXCSI UCTOYHUKOB KOJICOAHMIA.

BbIBO/IBI U3 aHAJIN32 B OTHOLIEHUH TpeOyomlelicss KOHCTPYKIUH

BBII0 ycTaHOBIEHO, YTO B BOJE IIOCKO-YIIpyTash BOJIHA OTAAET CHOCOOHYIO MOPOXKIATh
KaBUTAIIMIO SHEPIHIO HAa PACCTOSHUM He Oosiee Tpex MoayBoiH [48]. YuuTsIBas, 4TO Ha AJIMHE
HIOJIOBMHBI BOJIHBI KOJIEOaHUIT B MeTaljIe yKIJIAJAbIBACTCS TPH IMOJIYBOJHBI KOJIEOaHUI TOW ke
9acTOTHl B JKUJIKOCTH, CTAaHOBHTCS SICHO, YTO HE MMEET CMbICIA JeNaTh BBICOTY pabodero
o0beMa aKyCTHYECKOW SUYCHKH peakropa ¢ KOJCOMIOUIMMHUCS B MPOTHUBOIOJIOKHBIX
HAaIpaBJICHUSIX U3TyYaIOIUMH [TOBEPXHOCTAMH Oombie 1,5 A7IMH BOTHBI yIPYTHX KoJeOaHUH
xuakoctH. Torma BeIcOTa pabodero oObema JIOJDKHA OBITH TOYHO paBHA MOJOBUHE JUTHHBI
BOJIHBI KOJI€OaHMI MeTaJula Ha TOH jke yacTtoTe. Takue yCIOBHS IMPOILE BBHIOIHHUTH, KOTJa
KosiebarenbpHas CHCTEMa aKyCTHYECKOH SYEHKH SBISETCS CUMMETPUYHOW OTHOCHTEIBHO
[EHTpa Macc, TO €CTh, UCTOYHHMKHU KoJieOaHuil (mpeoOpazoBaTeNn) pacloyoKEHbI Mo 00e
CTOpPOHBI 00BeMa 00pabaThIBAaEMO JKHIKOCTH B peakTope. M3BectHo [49], uTO
TrE€OMETPUYECKM CHMMETPUYHAsh OTHOCHTEIFHO CBOETr0 LEHTpPa MacC CHCTeMa YIpPYTHX
KoysiebaHui Jydmie  yaepxkuBaeT pe3oHaHc. (OOpa3oBaHMs KaBUTALMOHHOW  3pO3UHU
U3ITyYaroIIUX ITOBEPXHOCTEH MPH 3TOM HpakTHuecku He OyneT. [lonb3ysich MaTeMaTHueCcKOn
MOJICTIbI0 KaBUTAllMM M TPHUHIMIIOM MOJ00MS KaBUTAIMOHHBIX TMpoueccoB [37] MOKHO
CPaBHHTBH TaKOH PEaKTOp C ATAJOHOM, KOHCTPYKIHMSI KOTOPOTO TOKa3aHa Ha puc. 9a, mytem
NIOCTAaHOBKH  BBIYMCIHUTENBHOTO OKCIIEPHUMEHTA, pe3yJbTaThl KOTOPOTO MPUBEACHBI B
tabmune 3. M3 Hee BHIHO, YTO y BapMaHTOB pEaKkTOpa NpPU MEHbBIICH, YeM y 3TaloHa
MOIIIHOCTH HWCTOYHHMKOB KOJICOAHMH M MEHBIIEM O0beMe KaMepbl IMPOU3BOIUTEILHOCTh
00paboTKK BOABI OoJblIe, MPUYEM HaXe NP HEKOTEPEeHTHOM H3JIYYCHHH YNPYTHX BOJIH
ucrtoyHuKaMu. [10CKONBKy ToiTydaeMble B pe3ysibTaTe COHOXMMUYECKOH 00pabOTKH CBOICTBA
BOJABl U PACTBOPOB Ha €€ OCHOBE — pe3yJbTaT BBIBOJA MX W3 TEPMOJUHAMHUYECKOTO
paBHOBECHs, a HEPaBHOBECHOE COCTOSHHE OBICTPO PENaKCHUPYET, TO CIPOCKTUPOBAHHBIN
pEaKTOp JIydlle BCEr0 HCHOJb30BaTh B PEHUPKYISLUOHHON CXeMe HelpeKpalaromeics
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0o6pabotku (puc. 10). Ilpsaok ee Takoil: YCTaHOBUTH TPEXXOJOBOM KpaH B TOJOXKCHHE
UKJIAYCCKON TIEPEKAYKH KHUIKOCTH Yepe3 PeakTop M BKIIOYHTh HACOC M YIBTPa3BYKOBOW
reneparop. OrOupaemas mopuusi 00pabOTaHHOM KUIKOCTH U3 pe3epByapa MOXKET CIUBATHCS
B TNPHUTOTOBJICHHYI) E€MKOCTh, ITyTEM COOTBETCTBYIOLIETO NEPEKIIOUYCHUS TPEXXOJ0BOTO
KpaHa, He IpephIBasi pabOThI PEKTOpA.

Puc. 10. [IpumepHas perupKyJISIMOHHAS CXeMa UCIIOIh30BaHUsI JIF000TO 13
BapHaHTOB peakTopa: 1 — peakTop; 2 — pe3epByap it 00padbaTbIBaeMOi
XKUJKOCTH; 3 — HacoC; 4 — TPEXX0I0BOM KpaH

3AKIIIOYEHUE

Pa3zpaGoTanHblii HA OCHOBE MOJENTH MHOTOITY3bIPHKOBOW KaBUTAIlMM U TEOPUU MOAOOHS
KABUTALlMOHHBIX IPOLECCOB KAaBUTALIMOHHBIA PEAaKTOp € CHUMMETPUYHOW HEMOHOJIUTHOMN
KOJICOATEIbHOM CHUCTEMOHM aKyCTHMUYECKOW SYEeWKH COOTBETCTBYET BCEM TpeOOBaHUSAM
numeBoil coHoxuMuu [6]. Ilpu 3TOM ero KOHCTPyKIMs OOECleYMBaeT MOBBIIICHHYIO MO
CPaBHEHHMIO C M3BECTHBIMU aHAJIOTaMM IPOU3BOJUTEILHOCTE COHOXMMHUYECKOW 00paboTKH,
YTO IMO3BOJSIET HAACATbCA HA PEUICHHWE C IIOMOINBIO HCIOJIB30BAHHBIX METOJOB
NPOCKTHPOBAHUS TPHUCYIIEH COHOXMMHUHU MPOOJEeMbl MAaCHITAOMPOBAHUS aIapaToB MpHU
CO3JJaHUU UX MPOMBILIJIEHHBIX MOJENEH. BaxHO TO, 4TO 3pO3MOHHBIE Pa3pyLIEHUS JJIEMEHTOB
KOHCTPYKLIMM peakTopa MOAJNAIOTCS y4eTy TMpH MPOSKTUPOBAaHMM U MOTYT OBITh
MUHMMU3UPOBAHBL.  AOCOJNIOTHAs  3arpsi3HEHHOCTb  00pabaThiBaeéMOil  KMIKOCTH  HE
YBEIUYMBACTCA, €€ U IIOTOMY, YTO CKOPOCTb €€ ABUKEHUS 4YEpe3 pPEeaKkTop BO3pacTaeT
BMECTE C €r0 MIPOU3BOUTEIIHOCTBIO.
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