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Y)];K 621.039.5 

<l>ym<.:U.HH u.eHHOCTH B 3a~a11e pac11eTa BbiropaHHH TOnJIHBa B BB3P 

B.H. CeMeuoB, 
PHU: "KypqaTOBCKHH HHCTHTyr", 123182, MocKBa, nn. KypqaTOsa, 1 

I1ocTynHna s pe.uaKUHIO 23.06.2008 r. 

OpHBOJJJITCR ypasHeHIMI, on11cbrnruom11e Bhiropam1e rnm111sa B BB3P. YprurnettHR .nnR nnontOCTH noTo­

Ka HeHTpOHOB H co.nep)l(aHHR npo.nyKTOB .neneHHR npe)lCTaBJleHbl B KaHOHH'IeCKOH cpopMe K ourn. TaKaR 

cpopMa 3anHCH ypaBHeHHH y.no6Ha )lJIR HCnOJib30BaHHR HX npH peweHHH 3a)la'I onTHMH3aUHH npouecca Bbl­
ropaHHR TOTIJIHBa B peaKTope. DpHBO)lRTCR TaK)l(e ypaBHeHIMI )lJIR cpyHKUHH ueHHOCTH HeHTpOHOB H npo.nyK­

TOB .neneHHR, COOTBeTCTByJOmHe OCHOBHOH CHCTeMe ypasHeHHH AJUI q>a30BblX nepeMeHHblX. 
[(;11011eeble CJloea: Bbtropam,e TOTIJllifBa B peaKTope, nJlOTHOCTb TIOTOKa HeHTPOHOB, KOHUeHTPaUHR npo­

.nyKTOB .neneHIMI, HOpMHpOBKa, KpHTH'IHOCTb, cpyHKUHH ueHHOCTH HeHTPOHOB H npo,nyKTOB )leJJeHHR, OITTH­

MH3aUIMI. 

Importance Functions in VVER Fuel Burnup Calculation. V.N. Semyonov, RRC "Kurchatov Insti­
tute ", 1, Kurchatov Sq., Moscow, 123182. The equations describing the VVER fuel burn up are given. The 
equations of neutron flux density and fission products concentrations are presented in the Cauchy canonic 

form. This form is convenient for reactor fuel burnup optimization problem solution. Also the equations for 

the importance functions of neutrons and fission products are given. 
Key Words: Fuel Burnup in the Reactor, Neutron Flux Density, Density of the Fission Products, Normali­

zation, Criticality, lmportance Functions of Neutrons and Fission Products, Optimization. 

IlonyqeHbI ypairneHIDI, OTIHCbIBaIOIUHe 

BbITOpaHHe TOTIJIHBa s BB3P, s cpopMe, y.uo6-

HOH .D.mI onpe.uerremrn q>yHKUHH pacnpe,D,ene­

HHH IlJJOTHOCTH HeHrpOHOB H KOHUeHrpauHH 

urnaKOB (rrpO,D,)'KTOB ,D,eJiettmi:) H HX H3MeHe­

HHH BO BpeMeHH H npocrpaHCTBe. YpaBHeHHH 

3anHcaHbI B KaHOHHtieCKOH q>OpMe 3anaqH 

Koum OTHOCHTelli>HO BpeMeHHOH nepeMeH­

HOH. IlpocrpaHCTBeHlII>lli HBTerpanbHbIH one­

paTOp C HllpOM cneUHaJibHOrO BH,D,a C 0606-

meHHOH cpyttKUHeH fpHHa (O<l>r) o6ecneqH­

saeT B pacqerax aBTOMaTHqecKoe coxpaHeHHe 

B JII060H MOMeHT speMeHH 3al{aHHOH HOpMH­

pOBKH pacnpeii,eneHHH HeHrpOHOB [1 , 2]. 
BbIIlOJIHeHHe ycnoBHH KpHTlflIBOCTH pe­

aKTopa LlOCTHraeTCH 6naro.uap,i: HBHOMY yqeTy 

,D,eHCTBHH CHCTeMbl KOMIIeHcaumi H36bIToq­

HOH peaKTHBHOCTH B rr1060H MOMeHT KaMTia­

HHH. 3To Orpli)KeHO B BH,Zle HemrneHIIbIX one­

paTOpOB (THila cpyttKUHOHana), BXOLlHIUHX B 

ypasueHHe 6anaHca. 

l-h npHmuma coxpaHeHHH H nepeHoca 

ueHHOCTH qacTHU, yqaCTBYIQIUHX B npouecce 

BbITOpaHHH, BbIBOl{HTCH ypaBHeHHH Llilll H3Me­

HeHHH BO BpeMeHH H B npocrpaHCTBe cpyttK­

UHH ueHHOCTH HdirpOHOB H lllJiaKOB TIO OT-

HOmeHHJO K H3MepHeMbIM ueneBbIM <PYHKI.UiO­

HaJiaM. 

KaqecTBo pa6oTbI H,llepttoro :meprern:qe­

cKoro peaKTOpa 3aBHCHT OT 3cpcpeKTHBHOCTH 

peami3yeMoro B HeM pe)K}IMa Bbrropamrn Ton­

mrna, a TaKJKe OT H3MeHeHHH pH.Ila napaMeT­

poB, paccMarpHBaeMhIX B KaqecTBe ynpasne­

HHR. HeKOTOpbie H3 HHX Moryr 6bITb H3MeHe­

HhI BO BpeMR pa60TbI peaKTOpa UHKJiaMH, B 

qacTHOCTH, LlHCKpeTHO BO BpeMeHH (.UITR 

BB3P) s MOMeHTbI neperpY3KH TOIIJIHBHhIX 

c6opoK (TBC). 

IlpHMepaMH CJI)')KaT o6orameHHe TOilJlliBa 

TBC, paccTaHOBKa TBC, napaMerpbI cTep)K­

HeH C BbITOpaIOIUHM IIOrJIOTHTeneM (CBil) 

HJIH H3MeHeHHe xapaKTepHCTHK TB3Jl0B C ra­

,D,OJIHHHeM (TB3roB) C ueJiblO OIITHMH3aUHH 

pe)KHMa BbITOpaHmr. YKa3aHHbie napaMerpbI B 

3THX CJI)"IMX paccMarpHBaIOTCR KaK .n:aHHbie, 

H3MeHReMbie B i(HCKpeTHO BbI6paHHbie MO­

MeHTbI speMeHH. 

IloMHMO ,llUCKpeTHOfO BO BpeMeHH B03-

neHCTBHR B03MO)KH0 HenpepbIBHOe B03.UeHCT­

BHe Ha npouecc BbrropaHHH nyreM cornaco­

BaHHoro H3MeHeHHSI pacTIOJIO)KeIDUI MeX8HH­

qeCKHX opraHoB CY3 H H3MeHeHHH 

conep)KaHHR 6opHOH KHCJIOTbl B TeTIJIOHOCH-
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Tene, HCII0JII,3yeMh]X ,Il]LII: K0MTieHcau~m H36hI­

TO'lHOH peaKTHBH0CTH. TaKHM o6pa30M M0)K­

H0 B03,lleHCTBOBaTI, Ha q>OpMy npoCTpaHCT­

BeHHOrO pacnpe.ueneHIDI HeHTP0H0B B xo.ue 

BhlI'OpaHHJI. B HeK0T0phIX npoeKTax BB3P 

npe.unaraJOTCJI cnervranbHhJe K0HCTPYKI.Uill 

TBC, ynpasmnomae pa3MH0)KaJOmHMH csoH­

CTBaMH (s qacTHOCTH, senwrnHaMH Koo H KB) 
B nponecce BhIT0paHHJI nocpe,llCTB0M "H3Me­

HeHHJI HeHTPOHHoro cneKrpa", B03,lleHCTBYJI 

TaKHM o6pa30M Ha ,llJJHTeJJbHOCTh UHKJJOB Bhl­

ropaHIDI. 

TipH II0CTaH0BKe H perneHHH pa3JIH'-IHbIX 

CHCTeMe ypasHeHHJ1 ITOJJHOCTbJO npHMeHHMa 

MaTeMan1qeCKa.Sl Teop1u1. ODTHMaJlbHhJX npo­

uecCOB, pa3BHTM JI.C. TIOJ-ITpMHllhIM H .up. 

YpasHeHHJI .Un.SI q>Yff KUHH Il;!HH0CTH no­

nyqaroTCK C HCI10Jib30BaHHeM H3BeCTHbIX IlO.IJ:­

X0,llOB [3], eCJJH 3a,llaHa CHCTeMa ypaBHeHHH 

,llJUI cpa30BbIX nepeMeHHhJX, OIIHCbJBaIOIUM 

npouecc Bhrropatt1u1. 

1. YpaBHeHHH i.JIH cl>YHKUHH OJIOTHOCTH 

HeHTPOHOB H npoi.yKTOB i.eJieHHH npH Bbl­

ropaHHH 

3a,llaq 0ITTHMH3aUHH BhII'0paHIDI MQ)KHO HC- OrnuneM npouecc BhrropaHIDI TOilllHBa 

Il0Jlb30BaTb TeopHIO 0IITHMa.JThHhIX npouec- <p)'HKUH.SIMH N(r, t) H p(r, t) - CO0TBeTCTBeHHO 

COB, pa3BHTyro JI.C. TIOHTP.SlrHHbIM H .upyrHMH 'IHCJI0M HeHTPOHOB B e,llHHHUe 061,eMa H K0-

[3, 4]. Pemaroruyro ponh B ycnemHoM peme- m,r:qecTBOM rrp0.UYJ<TOB .uenemu1 B T0'IIKe r B 

HHH TaKHX 3a,llaq HrpaIOT cpyttKUHH rreHH0CTH M0MeHT BpeMeHH t. 

cpa30BblX nepeMeHHhIX, paccMaTPHBaeMbJX B TipHMeHHM npH 3T0M rrpocTeHrrree, HO 3a-

3a,llaqe_ qacTyro .uocTaTO'lH0e .llllJI npaKTaqecKHX rre-

TionyqeHHbie ypaBHeHIDI ,llll.Sl 0CHOBHbJX JieH 0,llH0rpynnosoe .llH<p<pY3HOHHOe npH6JIH-

<l>YHKUHH H <l>YHKUHH ueHHOCTH HMeJOT BH.ll )KeHHe [ 5 ... 12]. C yqeT0M coxpaHeHHJI rrpH 

raMHllbTOHOBOH CHCTeMbr C H3BeCTHbIM fa- BbIT0paHHH IIOCT0JIHHOH BeJIHqHHhI H0pMH-

MHJihTOHHaHOM. <l>YflKIIHH ueHH0CTH HrpaIOT p0BKH <l>YHKUHH N(r, t) H C yqeTOM 3cpcl>eK-

pOJib "o6o6rueHHbJX HMTIYllhCOB" B 3a.uaqe_ THBHOCTH .ueHCTBHJI roMoreHHOH CHCTeMhJ pe-

OHH BeCbMa y.uo6m,1 .Un.SI Il0CTaH0BKH H pe- rynHp0BaHHJI 8Kper(t), y.uep)KflBarorueii peaK-

rneHHJI pa3JIH1IHhIX 3a,lla':I OIITHMH3aUHH BbIT0- TOP B KpHTH'leCK0M C0CTOJIHIIB B rrpouecce 

paHH.Sl .Un.SI pa3HbIX ueneBbIX <pyttKIIHOHaJIOB BbrropaHIDI, 6y.ueM HMeTb cne.uyroruyro CHC-

npH BhI6paHHhIX ynpasnKIOIUHX napaMerpax TeMy ypaBHeHHH .Un.SI <pyttKUHH N(r, t) H 

HJIH cpyttKIIHIDC ynpasneHH.Sl. K nonyqeHH0H P111(r, t): 

M 2
'v

2 N(r,t )+ [ K_ (r,N,J,SK.n. (p) )-8Kper (t )-1 }v(r,t) = 0. (1) 

B ypaBHeHHH (1) J(r, t) = ~J; N(r, t}it' - RH-

TerpaJibH0e o6nyqeHHe B r, Koo - K03cl>cpH:UH­

eHT pa3MH0)KeHH.Sl B TO'IKe r, A.- speM.Sl )Kfl3HH 

HeHTpOHa, 8Ke.n.(P) - CHH)KeHHe pa3MH0)KaIO­

IUHX CBOHCTB 3a cqeT npHCyTCTBH.Sl Bbrroparo-

ruero rrorJIOTHTen.11, p - 0IITHqecKM TOmIIHHa 

Bh[0paIOruero rrornoTHTell.Sl (CBTI HJIH TB3r), 

M - KBa,llpaT .llllHHbJ MHrpauHH HeHTPOHOB B 

pemeTKe. 

YpasHeHHe (1) IlepeIIHilleM s BH,lle 

M2'v N( r,t )+[ K~( r )/ K~ - I] N( r,t) = -[ K_( r, N, J,M •. n.• p ) - 8Kper(t )-K~( r )/ K~ ]N(r,t) (2) 

H rpaHH'lHoe ycnosHe N(r,t)l s Ha BHeurneH 

rrosepxttocTH S 3a.uaeTCK. 

<l>yttKIIHH No(r), K~( r )/ K~ Y.ll0BJieTB0-

p.llIOT ypaBHeHHJO 

M
2
'v

2 No(r )+ (K~(r )/ K~ - 1 )N0(r) = 0, r.ue 

K0MY no CBOHCTBaM pemeTKH K~( r) K pac­

CMaTpHBaeMoMy rrpH t = 0. 
Cne;::i;yK pa6oTe [1] , ypaBHeHI-Je (2) c HC-

Il0Jib30BaHHeM O<I>r MO)KH0 nepemrcaTb B 

HHTerpaJJbHOH q>opMe (c MP0M T(i, r) B 

Nol s 3a,llaHo H cooTBeTcTsyeT HeKOTopoMy BH.Ue 

KpHTH'leCK0MY C0CT0JIHHJO peaKTOpa, 6JIH3-

N ( r, t) = No(r) + J T(r', r{ K_(r', N(r', t) , J(r', t), M •. n, p) - K~(r')/ K~ - DKpe, (t) }v(r', t)dr' (3) 
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npH ycrr0BHH opTOroHaJibHOCTH (KpHTH':IHO­

CTH) npaBOH qacTH (2) K cpyttKU.HH No(r) rrpH 

mo6oM t. yfa ycJIOBIDl KpHTH'IH0CTH s mo6oH 

M0MeHT t IlOJI)"IHM He06XOJlHM)'lO 3cpq>eKTHB-

HOCTb peryllilT0pa, T.e. 

f [ K _(r, N , J, !).K s.n.' ~) - K ~( r )/ K i<I>] N (r, t)N 0 (r )dr 
DK per(t) = ..:..V ________ f _____________ _ 

N(r,t)N0 (r)dr 
V 

B c11rry csoHCTB O<l>f ([l] H II-1) aBT0Ma­

THqecKH npH mo6oM t BblIIOJIIDleTC.SI HOpMH­

p0BKa (B TOM tJHCJie H )lJI.SI HeJIHHemibIX 3a­

)laq): 

[ N(r, t)x(r)dr= [ N0(r)x(r)dr, r)le x,(r) -

mo6a.si: IIOJIO)IGffeJibHa.SI q>yttKUH.SI 6om,rne Hy­

llil (x(r) > 0). 
K ypaBHeHHIO (3) He06XO)lHMO )l06aBHTb 

ypaBHeHHe, OilHCbIBa10mee HaKOilJieHHe npo­

.llYKT0B .n;erreHH.R: Pw(r,t), q11crro KOTOphIX B 

TO~e r nponopU.HOHaJibHO HHTerpaJihHOMY 

o6rryqeHHIO J(r, t): 
dpw(r ,t)/dt = KooN(r,t)/l . (4) 

2. YpaBHeHHH BblrOpaHHH TOilJJHBa 

B peaKTOp e B cJ>opMe KomH 

HcxOOHble npeonoJ10:J1CeHUJI. 

1) 1.1. BB3P. Pa3Mep TBC Rrnc >> L, TBC 

0JlH0po,nna, Rrnc - pa3Mep TBC, L - .UJIHHa 

.UH<pq>Y3HH TeIIJI0BbIX HeHTPOHOB. 

1.2. AcHMIITOTHqecKoe rrpH6JimKeHHe. O)l­

Ha rpynna: N(r, t), Koo(r, N, Pw, Msb1r, ~), M2
, 

N(r,t) - 3aMe,nID110mHec.S1 HeHTµOHhl. C11cTeMa 

peryrr:11poBaHH.S1 roMoreHHM. 

1.3. M2 
He 3aBHCHT OT r 11 t. 

2) l13MeHeHHe BO BpeMeHH t MeCTHbIX pa3-
O603HaqHM T KOHeu. l.{HKJia BhirOpaHH.SI, 

Kor.ua 8Kper(1) = 0. Eorree IIO)lpo6HO BeJIHl!H- MHO)KalOI.llHX CBOHCTB, BbI3BaHHOe CyMMapHO 

Hhl, BXO,n.R:IUHe B (3), npHBe,neHhl B rrpHJIO)Ke- B1ITOpaHl-leM H HJMeHeHI.feM K0HUeHTpaUHH 

HM.SIX II-1 H Il-2 (TaM )Ke H COOTHOllleHH.SI Me- 6opa- B TeIIJIOHOCHTerre, HeBeJIHKO, TaK 'ITO 

)l(Jly HHMH). npH scex t BbIIIOJIHeHO ycJIOBHe 

2.1. McyMM = [[ K_(r,N,pw,Ma.n.,~)-K~(r)/ K~<P]-Mper{Pw, N}]<< (1/ K;~ -1/ K~) HJIH 

[ ] 
R 2 

, 2 
/::. K cy,., M M 2 < < ( µ j - µ o )( = I 5 ... 2 0), 

r)le R - paJlHYC aKTHBHOH 30Hbl, µ~ H µ ~ -
ocHOBHOH H crre.uyroll.lHH reoMeTPaqecKHe na­

paMeTPhI 30HhI. 

2.2. CKopOCTb H3MeHeHH.R: Mper{Pw, N} BO 

BpeMeHH onpe,neJI.SleTC.SI B OCH0BHOM Bbiropa­

HlieM TOIIJIHBa, a He nepepacnpe.uerreHHeM 

HeHTµOHOB B N(r, t). IlpH BblIIOJIHeHHH 3THX 

ycJIOBHH rrapaMeTµHtJeCKOe IIO t ypaBHeHHe 

BbirOpamuI rrpeo6pa3yeTC.SI K KaHOHH'IeCK0MY 

BM.UY B cpopMe Ja,na'lli KolllH. BpeMJ1 t BXO.UHT 

B ypaBHeHHe (3) He.SIBHO s KaqecTBe napaMeT­

pa. 

,[vi.SI rrpHBe,lleHIDI ypaBHeHH.SI (1) K cpopMe 

Konrn, yJlo6HOH .llllil np11MeHeHH.S1 TeopHH orr­

THMaJihHOro ynpaBJieHH.R: JI.C. IlOHTP.si:rHHa, 

IIOCTynaeM crre.uyroll.lHM o6pa30M. .IJ:aeM Ma­

rroe np11pamettHe BpeMeHH dt H, paccMaTµHBM 

MOMeHTbl t 11 t + dt, nocne Heo6XO)lHMbIX npe­

o6pa30BaHHH IlOJiyqaeM Jlllil npOH3BO,llHbIX no 

BpeMeHH 

d N ( r, t ) / d t 11 d p w ( r , t) / d t : 

dN(r,t) = f T(r' r) dK_ K !_N2(r' t) f 
dt ' dpw - l ' 

dr'; (5) 

dpw(r, t)/dt = K_N(r,t)/l. (6) 

3a.uaHhI N(r, 0) H Pw(r, 0). 

flpouecc, OllllChIBaeMbIH ypaBHeHHR.MH (5) 
11 (6), .SIBJI.SleTC.SI MapKOBCKHM B OTJilflIHe OT 

ypaBHeHH.R: BbrropaHHjl (3), r)le speMjl t - n a­

paMeTµ. Y CJI0BHe 2.1 M0)KeT 6bITb ocrra6rreHO 

ITYTCM yqeTa crre,u,yroII..(ero crraraeMoro pa3rro­

)KeHH.si: B P.SIJl npH HaXO)KJleHHH (5) MeTO.UOM 

nocrre.uosaTeJibHhJX IIpH6JIH)KeHHH. 
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3arrnch ypastteHHH Bh1ropamu1 dN/dt B 
cpopMe 3a,n;a11H Kolllli rrp11 3TOM coxpam1eTc,i:. 
HopMHpOBKa aBTOM8TH'leCKH (!) BbIITOJJHj{eTCj{ 

(11 B HeJIHHemu,IX cnyqa,i:x). 

3. I.J,eHHOCTH HeHTpOHOB u n p o,llyKTOB 

,lle.rJeHHH 

uecca rrocne.uosaTeJibHOCTH co6bITHH. Coxpa­

HeHHe H rrepeHoc ueHHOCTH 'l8CTHU B HCTOpHH 

HX ITOKOJieHHR H rrpeBpameHHH .n:pyr B .n:pyra 
rrpHBO.UHT K cne.uyroIUHM ypasHellHj{M .n:Jlj{ 
'1'1(r,t) H '1'2(r,t) ueHHOCTH HeHTpOI-Ia H llIJiaKa 

(npo.uy1<Ta .uenemui) (rro.n:po6HbIH Bhiso.n: 
ypaBHeHHH rrpHBe,neH HH)Ke ). 

Bhlso.n: ypasHeHHH ,n:11,i: q))'HICT.{HH ueHHO­

CTH B 3a,n;aqe BbITOpaIDUI TOITJIHBa B peaKTope 

OCHOBbIB8eTCj{ Ha CBOHCTBe M8pKOBOCTH rrpo-

4. BLIBO.ll y p asueuuil .llJUI 4>YHKU.HH 

a;eHHOCTH B 33,lla'le BLlropaH HH TODJIHBa 

B peaKTope 

V 

Y C11)eMHM !:l.t K Hymo (!:l.t -+ 0) 11 ITOJiy"IKM HJMeHeHHe q)ym<l.lHH ueHHOCTH rrpH BbITOpamrn: 

f dK"" K N 2 N dr' 
_d'I', =_!_ _E__[dK_ N 2(r t)K ]-_E__ N(r t) v dpw - o x 

dt "A. dN dpUJ ' "" dN ' f N(r,t)N
0
(r)dr' 

V 

f , , , K K 
x T(r ➔ r )'I', (r, t)dr + - - 'I' (r, t) + -- \j/

0
• 

}-.., z l ' 
V 

(7) 

C1llf lcif,(N,p)f , , , 1aK IaK 
--

2 = ' w T(r➔r)'l',(r,t)dr+--- N(r,t)\j/
2
(r,t)+--- N(r,!)'l'o 

<}( I\, dpw V A. apw A dpw , 
(8) 

f 
dK I I 

--K_N2(r,t)NoCr )dr 
'l'o- KOHCTaHTa (± 1), r.n:e dK dp ( , 

r(N )--- N2(r t\Y - v w , N r ,t1. 
J, ,Pw - dpw , /H-- f N(r ,t)No(r)dr 

V 

CHcTeMa ypasHemrn .UIUI '1'1(r,t) 0 '1'2(r ,t) 
- 1111aei1Hrui:. 

u: = f dt f K_ ~ N(r', t)dr' - <l>YHKQHonan 
0 V 
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ue1m (rroJIHM Bhrpa6oTKa :rnepnrn 3a apeM.ll 

7). 
KoHCTaHTa \j/o paaHa + 1 HJIH - 1 B 3aBH­

CHM0CTH OT MaKCHMYMa HJIH MHHHM)'Ma 

<pj'HKUH0HaJia ueJIH u:. Moryr 6bITh .npyrne 

<pj'HKUHOHaJib[ ueJIH, HaIIpHMep, HHTerpam,­

Hrul II0 BpeMeHH K0HUettrpaUIDI H3BO3 HJIH 

3arrac peaKTHBH0CTH, KOMITeHCHpyeMbIH CHC­

TeMOH perynHp0BaHHH. 

CHcTeMa )].mi: \j/i(r, t) H \j/2(r, t) pernaeTC.ll 

II0 apeMeHH OT T )].0 t = 0. y CJI0BHH rpaHCBep­

CaJihH0CTH rrpH ! = T Ha \j/1(r, 7) H \j/2(r, 7) 
BhITeKaIOT H3 8Kper(7) = 0, T.e. H3 ycJI0BHj[ 

V 

r.ne p: - KoHeqfloe co.nep)KaHHe rnnaK0B B 

T0'lK.e r. 
y CJI0BH.ll rpaHCBepCaJihH0CTH HMeIOT BH.ll 

f [ \j/1(r,T) 8N(r, T) + 'l'iCr, T)op:(r,T) }ir = 0 
V 

npH ! = T. 
BapHauHj[ Mper(7) = 0 no N H 

.nmi: \j/1(r, 7) H \j/2(r, 7): 
Pm .naeT 

'l',(r,T) = { ~~I, N(r,T)+( K.(r,N,p.)I, - Kit) )}N,(r); 

,[(JI.ll <i>YHKUHH \j/1(r, t) H \j/2(r, t) He- KaMTiaHHH BeJIH'illHa 3arraca peaKTHBH0CTH Ha 

o6xO)].HMO )].06aBHTh ycnoBml rpaHCBepcaIIh- BhIT0paHHe, K0MITeHCHpyeMM CHCTeMOH pe-

H0CTH B M0MeHT BpeMeHH K0HIJ.a BhiropaHH.ll ryrrnpoBaHIDI. 

t = T. 3TH ycJI0BH.ll CJie)].YIQT H3 ycJI0BHH 06- l1crrOJih30BaHHe O<l>r B HHTerpaJihH0M 

parueHHj[ B H0Jih 3cpcpeKTHBHOCTH CHCTeMhl rrpocrpaHCTBeHH0M orrepaTope aBT0MaTHqe-

perynHp0BaHH.ll Mper(7) = 0 B K0HUe Bhrropa- CKH o6ecrrecrnaaeT B XO.Ile KaMIIaHHH coxpaHe-

HHH. HHe IIOCTOmHOH 3a)],aHHOH H0pMHp0BKH pe-

YpaBHeHH.ll (7) H (8) pernalOTC}I B o6paT- wemu1. flo)].)].ep:>KaHHe KpHTHqecKoro C0CT0.sl-

H0M HarrpaBJieHHH II0 BpeMeHH, T.e. OT t = T HH.ll peaKT0pa rrpH BbIT0paHHH T0rrmma 

)].0 t = 0. OTMeTHM, qTo rrpHBe)].eHHrul B rrpH- o6ecrrecumaeTC.ll )].eikTBHeM CHCTeMhl perymr-

JI0:>KeHHH Il-2 3aBHCHM0CTh KOC) OT pa3JIH'llihIX poBaHHj[ ( orrepaT0phI <pj'HKUHOHaJihHOro THIIa, 

nepeMeHHhIX .naHa B Kaqecrne npHMepa. yqHThIBaIOmHe )].eHCTBHe CHCTeMhI K0MIIeHca-

EcJIH npouecc HeMapKOBCKHH H BpeMH t UHH H36hITOqHoH peaKTHBHOCTH). 

BX0)].HT a ypaBHeHHe 6aJiaHca HeHrpOHOB a XapaKTep H BH)]. HeJIHHeHHhIX o6paTHhIX 

Kaqecrne rrapaMerpa, TO ypaBHeHHj[ ,llJI.ll <pa30- CB.ll3eH Moryr 6hITh pa3Hh!MH, B TOM lfilCne H 

BhIX rrepeMeHHhIX H cpyttKUHH ueHH0CTH 'I' 1 H 0IIHChIBaIOlllHMH II0JI0>KHTeJihHhie o6paTHhie 

'1'2 rrpHBe,neHhl B rrpHJI0)KeHH.slX Il-3 H Il-4. CB.ll3H no BhIT0paHHIO BhIT0pa10mero II0rJI0TH-

3aKJiro11euue 

IlonyqeHhl ypaBHeHHj[ )].Il.ll IIJI0TH0CTH 

HeHrpOHOB H C0)].ep)KaHHjl rrp0.llYKT0B .nene­

HHj[ B aKTHBHOH 30He peaKTopa rrpH BhIT0pa­

HHH T0IIJIHBa, a TaIOKe ypaBHeHH.ll .llM <l>YHK­
UHH ueHH0CTH YKa3aHHhIX qacTHU rrpH BhIT0-

paHHH T0IIJIHBa no 0TH0UieHHIO K pa3JIHqflhIM 

ueneBhlM <pj'HKUHOHaJiaM (pa3HhIM )],eTeKT0-

paM). CcpopMynapoBaHhl ycJI0BHj[ rpaHCBep­

CaJihH0CTH .llJl.ll <pj'HKUHH ueHH0CTH Heil:rpo­

H0B H urnaK0B B KOHeqflbJH M0MeHT BpeMeHH 

T. 
Moryr 6hITh paccMorpeHhl pa3JIHqHhie 

ueneBhie <pj'HKUHOHaJihl OT perneHH.ll N(r, t) H 

Pw(r, t), B qacTH0CTH, ,llJIHTeJihH0CTh KaMrra­

HHH, MHHHMaJihHM HHTerpaJibHM 3a BpeMH 

TeM HJIH II0 M0lllH0CTH. 

B KaqeCTBe "ynpaaneHH.ll" BhI6apaIOTC.ll 

y.no6Hbie B peaJIH3aUHH yrrpaBJI.llIOlllHe <pj'HK­

UHH U(r, t) HJUl napaMerphI UE (Umin··•Umax) 
yrrpaaneHHj[. 3TO Moryr 6hITh HeK0T0pbie cpH-

3HtiecKHe rrapaMerphI TBC, noJI0)KeHHe BO 

BpeMeHH MexaHHqecKHX peryJI.llT0p0B B aK­

THBHOH 30He, B03.D;eHCTBYIQlllHX Ha cpopMy 

pacnpe.neneHH.ll IIJI0TH0CTH HeHrpOHOB HJIH 

pacnpe)].eJieHH.ll M0lllH0CTH, K0HUeHrpaUH.ll H 

THil ( CK0p0CTh cropaHH.ll) BhIT0paIOlllHX no­

rJIOTHTeneii:, BB0.llHMhlX B TBC c ueJibIO on­

THMH3auHH ueneaoro cpyHKUHOHaJia. 

CHCTeMa 0CH0BHhlX ypaBHeHHH (5), (6) H 

ypasHeHHH )].Jl.ll ueHH0CTH (7), (8) B BH.lle 3a­

,natIH Korrrn HMeeT CBOHCTBa raMHJJhTOHOBOH 

CHCTeMhI C H3BeCTHhIM raMHJihT0HHaH0M [13, 

14]. BenntIHHa ueneaoro q>j'HKUHOttaJia pac-
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cqHThIBaeTC.sl C IlOMOIUhlO <PYHKUHH UCHHOCTH, 
o6Jia]laeT CBOHCTBOM 3KCTJ)CMaJihHOCTH, qTo 
YJl06Ho npH Hcnon1,3osaHHH TeopHH BO3MY­
IUCHHH. 

,[(ml H3MCHCHH.sl BCJIHqHHhl 8U: IlpH BO3-
MYIUCHHH q)a30BhIX nepeMeHHhIX 8N(r, t) H 
8pw(r, t) nonyqHM 

T 

8Q = f f[8N(r, l)'l'iCr ,t) + bpw(r, t)'l'ir, t }irdt. 
0 V 

B 3a]laqax OIlTHMH3aUHH, KOr]la MO)l(HO 
BbI,ACJIHTh ynpaBJI.si:IOIUHH napaMe-rp U(t) , r a­
MHJihTOHHaH CHCTCM.hl (5), (6) HMeeT BH]l 

H(N, Pw, '1'1>'1'2,U) = J { 'I', (r,t).t; (N, Pw ,U) + '1'2 (r, t).t; (N, Pw, U) + 'l'ofo}dr , 
V 

r]le !pYJIK~HH Ji (N, Pw, U) H h(N, Pw, U) eCTh 
npaBhie qacTH ypaBHCHHH (5), (6) [13, 14], 
3aBHCfilllHC TaJOKe H OT U(t). B 3TOM cnyqae 
HIUCTC.si: MaKCHMYM H(N, Pw, '1'1, '1'2, U(t)) IIO 
BCJIHqJ{He ynpaBJI.si:IOIUCH !py'HKUIDI U(t). 

1/B = l+ A(r)pw +aq+M~.K~ N/(N + Nxe )+ 

+ Ma.n. (P) + ( M</ K)~nercrp; 

N =.!_Axe. / 
Xe o • Ma.n_=l(%+q,+l) , 

V O"xe 

IlpHJIO)KeHHe II-1. 
<l>yHKUiUR I'puua T(r, r') 

M 2MT0 +[ K~(r)/ K~ - 1 }v0 = 0, N0 Is; 
M 2 ~T(r,r')+[ K~(r)/ K~ -1 JT(r,r') = 

= -8(r-r') +x(r)N0(r'); 

x(r) > 0 11 J x(r)N0 (r)dr = 1, npHqeM 
V 

T(r,r') = T(r',r) , f T(r,r')x(r)dr = 0. 
V 

IlpmIO)KCHHe II-2. 

r]le qo(P) H q1 - cooTBeTCTBeHHo sny-rpeHHHH 
H BHeIIIHHH 6noK-3q>q>eKThI .un.si: H'leHKH c CBII 
HJIH .si:qeifKH c TB3r, P(Pw) - OilTW:leCKa.si: TOJI­
IUHHa CBII, TB3r HJIH Jlpyrnx nornoTHTeneif. 

2 1- 2 1 - bJ 
.frr P(J ) ( .frr ~(O) } 

e - - e - rrpH O.UHO-

AnnpOKCUMQU.UR Koo(r, N, P,u, AK,.IL, fl) (KaK 
npu.Mep) 

pOJlHOM BhITOpaHHH IlOrJIOTHTen.si: HJIH npH ero 
o6ropaHHH C IlOBepXHOCTH. IlapaMeTp b 3aBI,{­
CHT OT OTHOllICHH.sl MHKpOceqeHHH BhITOparo­
mero IlOrJIOTHTCJl.11 H JlCJifillleroc.si: H3OTOIIa (U-
235 H Pu-239) HJIH OT annpOKCHMaUHH ce­
qeHHH, ecnH !paJOBhie nepeMeHHble Ps. P9, Pw 
H T.]l. 
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IlpHJIO)KCHHe II-3. Cma11ruo11apnaR 1aoa11a 

IlnOTHOCTh HCHTJ)OHOB N(r) 

N(r)-f T(r',r)[ K,Jr',N(r))-K~/ K~ -M'."per{N}]N(r)dr' =No(r); 
V 

fr(r', r)x(r)dr = O; f N(r)x(r)dr= f N 0 (r)x(r)dr=l, x(r) > O. 
V V V 

U:eHHOCTh HCHTJ)OROB 'l'(r) 

\j/(r)-[K~ (r,N(r))-K~ (r)/K~41 - ~K per{N}]f T(r,r')'V (r')dr' = x(r); 
V 

f T(r, r')x(r') dr' = O; 'l'(r) = x(r); f N(r)\jl(r)dr = f N 0 (r)'V(r)dr. 
V V V 

IlpHJIO)KCHHe II-4. Hecma11iuouapHbte ypaoueuu11 

N(r,t) - f T(r', r)f1r', N(r', t), Pw(r', t)]N(r',t)dr' = No(r); 
V 



f N(r,t)x(r)dr = f No(r)x(r)dr. 
V V 

YpaaHemrn B aap11.aumrx 

8N(r,t)-f T(r',r)[f[(r',N(r',t),pw(t)]+ aJ(r,N(r',t),Pw) N(r',t)]8N(r',t)dr' -
v aN 

-f T(r', r) df(r',N(r',t), Pw) 8pwN(r',t) dr' = O; 
V dpw 

(
dKOO N+Koo)8N+[dK OO N-1.j__]bpw(r,t)=O. 
aN apw at 

YpaaHeHIDI ,n1ui: ueHHOCTeii 'l'i(r,t) H \jli(r,t) 

'1'1 (r, t)-[f ( r ,N(r, t), Pw (r,t) )+ a f (r,N,pw) N(r,t)]f T(r, r')'l', (r', t)dr' + 
dN V 

+[~~ N + K.. }v,(r,t) =x(r); 

aJ(r,~(r,t), Pw) N(r,t) f T(r, r)'l'
1 
(r',t)dr' + !K00 N(r,t)'!'i(r,t) + 1. ~ 2 = 0 

Pw V Pw t 

MJIH npH6JIH)KeHHO, eCJIH 'lf1(r,t):::: x(r)\ji,(t), \jli(r,t):::: X(T)'lf2(t): 

- ( ) - (T) Koo 1 {z-a(t-T) 1} - (T) _ _ -a(t-T) 1 dKOO N '1'1 t = '1'1 +-- - '1'2 ; 'l'2(t) = '!'i(T)l , r.ne a= --- . 
1. a 1. dpw 
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Y.Lll( 621.039 
CTaTHCTH'leCKaH norpemHOCTL pe3yJJLTaTOB pac'leTOB peaKTopoB 

MeTOJJ.OM MouTe-KapJJo 

M.A. KaJ1yzun, J(. C. Olleunu1<, E.A. Cyxuno-X0Me111<0, 
PH1( "KypqarnBcKHii HHcnuyr", 123182, MocKBa, nn. Kypt.J:aTOBa, 1 

ITocTynHna B pe,n;axa;H10 24.08.2010 r. 

Om1caHbl anropHTMI,( paclfeTa CTaTHCTHlfeCKOH norpewHOCTH C YtJeTOM KOppem!UHH Me)K,D.y nOKOJTeHH.R­
MH, nOCTPOeHHble Ha OCHOBe CTaTHCTHlfeCKOro aHaJlH3a pe3y111,TaTOB paClfeTOB MeTO,D.OM MoHTe-Kapno. 
Cne.n,CTBHeM peweHHSI npo611eMbl paClfeTa CTaTHCTHlfeCKOH norpewHOCTH SIBJlj(IOTC.R npOCTble npaBHJTa Bbl60-
pa napaMeTpOB paClfeTHOH cxeMbl MeTO,D.OM Mottre-Kapno, TaKHx KaK KOJlHlfeCTBO npOMO.n,e1111poBaHHbJX no­
KOJTeHHH, Heo6XOJ:lHMOe ,D.JlSI ,D.OCTH:lKeHHSI 3a,D.aHHOH TOlfHOCTH, H KOJTHlfeCTBO nepBblX oropoweHHblX nOKOJTe­
HHH. 

Kn1011eeble cnoea: MeTo.n. MoHTe-Kapno, oueHKa, m1cnepcH.R, Koppe11siu11J1. 

A Variance of the Nuclear Reactors Calculations Results Using Monte Carlo Method. M.A. Kalu­
gin, D.S. Oleynik, E.A. Sukhino-Khomenko. RRC ''Kurchawv Institute", I, Kurchatov Sq., Moscow, 123182. 
A variance calculation techniques are described talcing into account a correlation effects between neutrons ge­
nerations. Using these techniques the simple rules are formulated for a choice of the Monte Carlo modeling 
parameters such as numbers of generations needed for achieve a desired accuracy and number of the first acti­
ve generation. 

Key Words: Monte Carlo Method, Estimate, Variance, Correlation. 

Bse,lleuue 

ITpH Mo,n;enHpoBaHHH npoa:ecca nepettoca 
HeihpOHOB B CHCTeMax, pa.3Mepbl KOTOpbIX BO 

MHoro pa.3 npeBhilliaIOT nnoma,n;h MHrpaa;irn 
tteihpOHOB, B03HHKalOT onpe,n;eneHHhie CflO)K­

HOCTH, CBH3aHHhie C BhI6opoM napaMeTpOB 

Mo,n;e1rnp0Battm1 MeTo.n;oM MottTe-Kapno, Ta­
KHX KaK ttat.J:anbttoe pacnpe,n;enettHe, qJ,tCno 

t.J:aCTHQ B TIOKoneHHH, t.J:Hcno TIOKOneHHH, He­
o6xo.n;HMOe .n.m ,[J;OCTH:lKeH~ 3a.n;aHHOH TOqHo­

CTH. KpoMe Toro cymecTByeT npo6neMa, CBH-
3aHH~ C pacqeTOM CTaTHCTHqecKOH norpew­

HOCTH pe3ynhTaTOB. ,[(aHHOH npo6neMe TTOCBH­

meHO MHOro pa6oT KaK pOCCHHCKHX, TaK H 3a-
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py6e)KHE,IX cnea;HanHCTOB ( ofoop JIHTepaTyphl 
.n;aH B pa6oTe [ 1 ]). 

IIonyqeH pR,n; Ba)KHE,IX TeopeTHt.J:eCKHX pe-

3yn1,TaTOB, B TOM qHcne JI.B. MaifopOBhIM BhI­

Be,n;eHa cpopMyna .n;nH oueHKH CHCTeMaTflqeC­

KOH norpernHOCTH pe3ynhTaTOB pact.J:eTa JII0-

6I,1x cpyHI<UHOHanOB HeHTpOHHOfO TIOTOKa Me­

TO,[J;OM MoHTe-Kapno [ 1]. 11M :lKe nonyqeHhl 

pe3ym,TaThl HCCne,n;oBaHHH ,n;pyroif Ba)KHOH 

npo6neMh1 pewe~ o,n;Hopo,n;HbIX ypaBHeHnif 

MeTO,[J;OM MoHTe-Kapno - yqeTa BllKHHKH KOp­

peJIHUHH BKJia,[J;OB B <pyHKQHOHan Ha coce.n;HHX 

IlOKOJie~ Ha npaBHJibHOCTh oa:eHKH CTaTHc­

THqecKOH norpelllHOCTH. 



AJITOpHTMbl pac"CJ:eTa CTaTHCTH':leCKOH rro­

rpelllHOCTH C yqeTOM KOppemmHH Me)KJIY rro­

KOJJeHJUIMH, ITOCTpOeHHbie Ha OCHOBe CTaTHC­

TH':leCKOrO aHaJJH3a pe3yJJbTaTOB pacqeTa Me­

TO,llOM MottTe-KapJio, peanmosaHhI s BH,lle 

MOJIY.JUI MCU_STAT rrporpaMMbI MCU [2]. 

1. O6maH cxeMa MeT0.lla Moun-KapJJo 

IlpH perueHHH 3a,ua1:1 0 KpHTif'iHOCTH Me­

TO,llOM MoHTe-KapJIO o6hPIBO npHMelUl:eTCH 

MeTOJI IIOKOJieHHH C HCITOJib30BaHHeM q>HKCH­

posaHHoro CYMMapHoro seca HCTO'lHHKOB 

HeHrpOHOB OJIHOrO ITOKOJieHM. IlpH 3TOM <pa-

30Bble KOOp,llHHaThl HeHrpOHOB Ha"IaJJbHOro 

(HyJiesoro) ITOKOJieHM Moryr 6hITb BbI6pam1 

rrpOH3BOJJbHbIM o6pa30M. ,UJIH Bbl"IHCileHHH 

<pym<UHOHaJJOB F HeHrpOHHOro ITOTOKa, TaKHX 

KaK 3<p<peKTHBHblli K03<pq>HUHeHT pa3MHO)Ke­

HIDI H CKOpOCTH peaKUHH B perHcrpaIIHOHHbIX 

30Hax, HCITOJJb3yeTCH HeKOTOpM cnyqaHHM 

senH"IHHa ~ ' Bb16opo':IHbIMH 3Ha':leHJUIMH KO­

TOpOH cn~aT 3neMeHTapHbie OIIeHI<H Xn, pac­

C':IHTbIBaeMble ,llJJH TaK Ha3bIBaeMhIX cepHH, 

Ka)KJIM H3 KOTOpbIX BKJJIO"CJ:aeT 3a,llaHHOe 

non b3osaTeneM q11cno noKoneHHH NBAT 
(rrpH NBAT = 1 IIOIDl:TM cepHH H rroKoJJeHJUI 

cosrra,uaIOT). 

OIIemrn crpoHTCH TaK, qTo6hl 11x MaTeMa­

TH':leCKHe O)KH,llaHHH Ms 6hIJ1H 6bI paBHbl F: 
Ml,=x=F. (1) 

CaMH <pyttKIIHOHaJibl pacc':IHTbIBalOTCH 

KaK apHq>MeTwiecKHe cpe,uHHe 3Ha1:1eIDrn 3ne­

MeHTapHbIX oueHOK: 

- 1 N X=x= - lx 
N n= I n' 

(2) 

r ne N - 1:111cno npoMo,uenHposaHHhIX cep11ii 

(rroKoneHHii npH NBAT = I), a n - HOMepa ce­

pHH. PerueHHe 3ana1:111 06ecrre1:J:HsaeTCH BbI­

noJIHeHHeM ycnOBM Jvfx =F. 
TaKHM o6pa30M, HMeeM ,use cnyqaHHbie 

senH"IHHbl: Xn - oueHKa <pyttKIIHOHaJJa Ha n-H 
cepHH, n = 1 .. . N; x - cpenttee no N cepHHM 

3Ha':leHHe <pyttKIIHOHaJia. 

B JiaJibHeiirneM nnH ynpomeHM H3J10)Ke­

HM TaK )Ke, KaK s pa6oTe [3] , 6y,neM HCil0Ilb-

30BaTb o603Ha':leHHe X n H ,ll.JUI BbI6opO'lHOro 

3HaqeHHH cJJ)":laKHoi-i senwrn:HhI t H ,unH ca­

MOH cnyqairnoH senH':IHHbI. AHaJJOrH'lli0 060-

3Ha"CJ:eHHe X rrpHMemi:eTCH H ,llJJH BbI6opoqHo­

ro cpe,uHero 3Ha1:1eHHH, 11 ,llJIH cnyqai-iHOH se­

JJH"IHHbI. 
HaHJI)":llllM oueHKa ,llHCnepcHH CJiyqaH­

HOH senWUiHbl Xn (BbI6opoqHaH JIHCIIepcM) 

1 N _ 2 
D(x11 ) =-l(x,. -x) , (3) 

N- 111=1 

s = ✓D( x,. ) - cpe,uHee Ksa,upaTH1:J:eCKOe OTKil0-

HeHJ,le. 

OueHKOH AHCrrepc1111 cnyqaHHOH seJJH­

llHHhI X npH ycnOBHH He3aBHCHMOCTH cny­

tiaHHbIX sem-1':IHH Xn H nOCTOHHCTBa HX <pyttK­

UHH pacnpe,ueneHM JI.JUI scex n cn~HT np11-

Bhl':IHM q>OpMyJia 

o(x=-1 I,x,.J= D(xJ, (4) 
N n=I N 

s X = s I ✓N - cpe,uHee KBa,upaTH'IeCKOe OTKJIO­

HeHHe. 

ITo IIeHrpanbHOH npe,uenhHOH TeopeMe 

,uosepHTeJihHbIH HHTepsan ,llJIH oueHKH <pym<­

IIH0Ha.Jia x c Ha,lle)KHOCTblO 95 % orrpe,uemI-

eTCH KaK P {Ix - ml < 2s/ .JN} "" 0, 95 . 

I-fa CKa3aHHoro HCHO, llTO CTaTHCTH"tleCKM 

norpernHOCTb pac1:1eTa MeT0AOM MoHTe-Kap­

no HJIH, ':!TO TO )Ke caMoe, AOBepHTeJJbHblH H.H­

TepBa.JI JIJJH cpe,uHero x onpene.JU1eTCH ;rnc­

nepc11eH D( x ), KOTOPM o6bI'lH0 Bbl':IHCilHeT­

cH no <popMyne ( 4) s npe,unoJIO)KeHHH o He3a­

BHCHMOCTH Xn- .ll:.JUI ynyqrueHHH T0':IHOCTH pac-

1:leTa JIHCnepCHH. He06XO,llHMO MHHHMH3Hp0-

BaTb Koppemnnrn Me)K,lly IlOKOJJeHIDIMH. )],.JUI 

3TOro rrpHMeHHeTCH CTaHJiapTHbIH rrpHeM: KaK 

~e ynoMHHaJJOCh, NBA T rrocne,uosaTem,HhIX 

IIOKOJieHHH 061,e,uHHHlOT B cepHH [3] . 
lfonoJJb3yeTcH cne,nywmee np116JJH)KeHHe: 

cqHTaeTCH, qTo rrpH ,llOCTaTO':IHO 60ilblllOM 

061,eMe cep1rn, T.e. npH ,llOCTaTO':IHO 60J1blllOM 

3Ha1:1eHHH napaMerpa NBA T ,nHcnepcHIO MO)K­

HO Bbl':IHCJIHTb no q>OpMyne (4) 6e3 yqeTa KOp­

penHIIHH Me)K,lly cepHHMH. O,nHaK0, KaK IlOKa-

3bIBalOT npose,neHHbie HCCJJe,nosaHHH, npH ,llO­

CTaTO'-IHO 60JibWOM 061,eMe cepHH KOppenH­

UHOHHyIO rrorrpaBKY MO)KH0 YMeHbWHTb, HO 

c.uenaTb ee paBHOH Hymo HeJ1b3a. BbI':IHCJie­

HHlO .LlHCilepCHH C yqeTOM KOppe.lUIUHH Me)l()J,y 

cepHHMH H IlOCBHIUeHa HaCTOHIUM pa6oTa. 
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2. O6maH cJ>0pMyJ1a )J.JIH .!lHCnepCHH 
C yqeT0M KOppeJJHUHH 

Me,KJJ,y cepHHHblMH ouenKaMH 

IlonyqHM !pOpMyny .nmi: ,ZJJICilepCHI,f C yqe­

TOM KOppemmHH Me)K,Lly cepHHHbIMH ouem<a-

MH. lfa CBOHCTBa D(c~) = c2D(~) cne.nyer 

D(x) = o(-1 f x11 )=-;-o(f xn)· (5) 
N n=l N 11=1 

IlpHMeHHM !pOpMyny ,Llllil ,LlHCnepCHH 

0(~) =~
2 
-(~)

2 
K Cy'MMexn: 

o(t,x}M(t,x.)'-( Mt.xl (6) 

Ilocne rrpocTbIX npeo6paJOBaJIBH nony­
qHM 

o( t,x" )-t,(Mx;-(MxY)+ 
+2 L (Mx1xm - Mx1Mxnr ). (7) 

IlepBoe cnaraeMoe B <fJopMyne (7) - Cy'M­
Ma ,LlHCnepCHH Xn, BTOpoe - Cy'MMa K03<p!pHUH­
eHTOB KOBapnaunu K1,m .LlByx cnyqaHHbIX Be­

nwum x1 H Xm-

Ilo.ncTaBJWI (7) B (5), TIOJI}"UIM o6myro 

cpopMyny .Ullil .uucnepcnu cpe,uHero 

D(x) = -;-( f Dxn + 2 L Kl,nr) . (8) 
N n=l l !ikmSN 

Ilpu npaKTuqecKHX pacqeTax .nncnepcHH 

no cpopMyne (8) BOJHHKaIOT .UBe npo6neMhI: 
onpe.ueneHIDI Dx11 .Ullil Bcex n = 1.. .N H 

K03cp!pHUHeHTOB KOBapHaUHH Kt.m-
IlepBaR npo6neMa, KaK npaBJrno, pernaer­

CH C HCilOJib30BaHHeM npe.nnoJIO)KeH],ljl O IlO­

CTOHHCTBe <PYHKUHH pacnpe.neneHHH cnyqaii­
HhIX BeJIWIHH X11• 8 3TOM cnyqae 

N 

L Dxn = NDxn . O.nHaKo, crporoe o6ocHOBa-
n=I 

HHe 3T0f0 IlOJIO)KeHHH rpe6yeT npoBe,UeHHJI 
.UOilOJIHHTenhHblX HCCJie,UOBaHHH. qTO Kacaer­

CH K03cpcpHUHeHTa KOBapHauHH Kt,m, TO ero 
ttaxo)K,Llettue .nnH Bcex !, m CBH3atto c onpe.ne­
neHHhlMH Bbl'IHCJIHTeJibHbIMH TPY.LlHOCTHMH. 

TaKHM o6pa30M, npaKTHqeCKH BhlilOnHe­
HHe 3THX .UByx IlyttKTOB XOTH H B03MO)KH0, HO 

KpaiiHe 3arpy.nHHTenhHO, Il03TOMY neo6xo.nu­
MO npeo6pa30BaTb Bbipa)KeHHe (8), qT06bI no­

Jl)"IHTb npoCTyro paC'-leTH)'lO !pOpMyny .Ullil 
.uucnepcun cpe.uttero. 

12 

3. 3JJeMeHTbl TeopHH CJJylfaHHblX 
npoueccoe 

.[(llil Ka)K,Lloro perncrpnpyeMoro cpyttK­

u11ottana HMeeTCH nocne.noBaTenbHOCTh 

{xi> X2, .. . ,X11 , • • • , XN }, KOTOpaR, B006me fOBOpH, 

npe.ucraBJIHeT co6o i1 cnyqaiim,1ii npouecc, TaK 

KaK Ka)K,Llblli 3JieMCJIT nocne,uoBaTeJibHOCTH Xn 

JIBJljleTCH cnyqaHHOl-1 BenH4HHOH. 

HanOMHHM 0CIIOBHbie OIIpe.neneHHjl, Kaca­

lOlllHeCH napaMerpoB cnyqaiiHhIX npoueccoB 

[ 4, 5]. CnyqaiiHhIM npoueccoM X(t), Ja.nau­

HhlM Ha MHO)KeCTBe T, HaJbIBaIOT cpyttKUHIO, 

3HaqeHHJI KOTOpOH npH Ka)K,llOM t E T npe.nc­

TaBllillOT co6oii cnyqaiittyro BenHquey. PaJJIH­

qaJOT cnyqaHHbie npoueccb1 c uenpephIBHhIM 

(Kor.na T - KHTepBan Ha qffCJIOBOH OCH) H C 

,LlHCKpeTHbIM BpeMeHeM. B HarueM cnyqae T -
ttarypanbHhIH pH,u: T = {l, 2, ... ,n, ... ,N}, r.ue n 
- HOMep cepHH. 

MaTeManrqecKoe O)KH,LlaHHe cnyqaiiHoro 

npouecca X(t) - JTO <PYHKU],ljl m(t) TaKaR, qrn 

,llJijl Ka)K,LlOfO t 3Ha'leHHe cpyttKUHH m(t) HBllil­

eTCjl MaTeMaTH'leCKHM O)KH,UaHHeM cnyqaii­

HOH BenuqHHhJ X(t): m(t) = M[X(t)]. <l>yttKUHIO 

m(t) tJaCTO HaJbIBalOT cpe,UHHM 3HaqeHHeM 

npouecca X(t). 
KoBapHauuoHHrut <PYHKUHH cnyqauuoro 

npouecca X(t) - JTO cpyttK~ B(t, s): B(t, s) = 
cov(X(t), X(s)) = M[(X(t) - m(t))(X(s) - m(s))]. 
.D:ucnepcIDI cnyqairnoro npouecca X(t): 
D(X(t)) = B(t, t). 

KoppeJIHI]JIOHHrul. <pyttKU.HH cnyqaHHOro 
npouecca X(t) - JTO !pyttKl{],ljl corr(X(t), X(s)) 
= cov(X(t), X(s))/(cr(t)cr(s)). IlpH cpuxcupoBaH­

HhIX t HS corr(X(t), X(s)) HBllileTCH K03!p!pHUH­

eHTOM KOppeJIHUHH cnyqaHHbIX BeJIHqffH X(t), 
X(s). 

Ba)l(Hyro pOJib B TeOpHH cnyqaHHbIX npo­

ueccoB urpaeT IlOHHTHe CTaUHOHapHOCTH. Ha­

DOMHHM, qro cnyqaHHbIH npol(ecc X(t) HaJbl­

BaeTCjl cTaUHottaptthIM, ecnu ero cpe,uttee 3Ha­

qemrn m(t) Il0CT0SIHHO, a KOBapHaUHOHHrul. 

<pyttKUHH B(t, s) 3aBHCHT TOJlbKO OT paCCTOjl­

HIUI Me)K,Lly apry'MettTaMH, T.e. OT it - s l (5 ... 7]. 
113 nocne.nttero yTBep)K.neHHjl cne.uyeT, qTo 

Jttaqeuue .UHcnepcuu D(X(t)) TaK)Ke nocrn­

jlHHO. 

OcHOBHOH xapaKTepHCTHKOH cTauHottap­

HbJX cnyqaHHbIX npoueccoB CJI~HT aBTOKOp-



pen.HUHOHHa.H <pYHJCllH.H r(k) mrn rk: r(k) = 
corr(X(t), X(t + k)), r,ue k > 0 - uenoe •mcno. 
Ben111IHHa k Ha3bIBaeTc.H: 3a,uep)KKOH 11n11 na­
roM, ,UJI.ll KOTOporo BbI'-IHCAAeTC.ll K03<p<pHUH­
eHT KOppell.HUlHL 

)J,n.H: oueHKH cpe.L{Hero 3Ha'-lemrn cnyqaii­
Horo npouecca no o,uHoH pean113au1-rn npnMe-

- l f B ~ H.H:IOT oueHKY X =-~x,, . TeOpHH cnyqaH-
N n: I 

HbIX npoueccoB ,ZlOKa3blBaeTC.ll, '-ITO 3TO cpe,l.1-
Hee MO)KeT CJJ~HTh oueHKOH MaTeManr'-leC­
KOro O)KH,Uam1..H: npouecca X(t) rrpH BhIIIOJIHe­
HHH cne.n.yroIUHX ycnOBHH [4]: 
1) CTaUHOHapuocTb cnyqaiittoro rrpouecca; 
2) aBTOKOppeAAUHOHHa.H (p)'HKUH.ll Tk ➔ 0 npH 
k➔ oo. 

lfa CTaUHOHapHOCTH cnyqaHHOro npo­
uecca cne.n.yeT HecMeIUeHHOCTb oueHKH 
Mx = F . Ifa BTOporo ycnOBH.H (aBTOKOppe­
JI.H:UHOHHa.H {p)'HKUH.ll rk CTPeMHTC.ll K O rrpH 
k ➔ oo) cne,uyeT COCTO.HTeJibHOCTb ouemrn: 

D(xN) ➔ 0 rrpH N ➔ 00, T.e. rrpH YBeJIH'-le­

HHH '-lHCJia rrpoMO,l.lenHpOBaHHbIX IlOKOJieHHH 
oueHKa X rrpH6JIH)KaeTC.ll K HCTHHHOMY 3Ha­
'-leHHIO {p)'HKUHOHaJia. 

TaKHM o6pa30M BH,ZlHO, '-ITO ,UJI.ll CTaTHCTH­

'-leCKOH o6pa60TKH pe3yn1,TaTOB pac'-leTOB Me­
TO,UOM MoHTe-Kapno Heo6XO,UHM aHaJIH3 He 

TOJibKO (p}'HKUHH XN B 3aBHCHMOCTH OT N, HO 

H aBTOKOppeAAUHOHHOH (p}'HKUHH. 
B HaCTO.H:IUeH pa6oTe H3Y'faJIHCb pe3yJJb­

TaThI pacqern MeTo,uoM MoHTe-Kapno o,uHoro 
H3 cocTO.H:HHH rronHoMacuITa6HoH TPexMep­
HOH Mo,ueJIH BB3P-1000 3Hepro6noKa N!! I 
Bonro,uoHCKOH A3C [8]. B ,uaHHOH Mo,uenH 
aKTHBHa.H 30Ha pa36HTa Ha 163x l4 = 2 282 
HO.Ubl. PaccMaTPHBaJIHCb ,uBa cnyqaum,rx rrpo­

uecca {x1, x2 , •• • ,x,,, ... , xN }: 

l) x,, = k,,, r,ue k,, - cepHHHhie ouemrn 
3<p<peKTHBHOro K03<p(pHUHeHTa pa3MHO)KeHHJI; 

2) X n = R,,, r.ue R,, - cepHHHbie oueHKH 
CKopocTH peaKUHH ,ueneHHJI B ueHTPaJihHOH 
HO,Ue 8-ro BbICOTHOro CJIO.ll CHH3y. 

PacqeTbl rrpOBO,ZlHJIHCh no rrporpaMMe 
MCU [2] co cne,uy!OllIHMH napaMeTpaMH: '-IHC­
no qacTHU B rroKonemrn NTOT - 2 000, non­
Hoe l!HCJIO rrpOMO,Uen11poBaHHbIX HCTOpHH -

2 · l 08
• OTJIH'-IHTeJibH0H oco6ettHOCTblO rrpor­

paMMhI MCU .H:BJIHeTc.H: pac'-leT crnn1cTH'-lec­
KHX norpellIH0CTe.H Ha 3Tane o6pa60TKH pe-

3YJJbTaTOB, rronyqeHHhIX B xo.ue MO.UenHpOBa­

HIDI. )J,n.H 3TOfO oueHKH <pyttKUHOHaJIOB Bcex 
~ v 

noKoneHHH B rrpouecce Mo,uenttposamrn 3an11-
ChrnaroTcH B OT,UeJJbHblli cpaHJI H o6pa6aThI­
Ba!OTC.ll rrocne OK0HlfaHH.H pac'-!eTa. 3Ta Tex­
HonorH.H npe,uno,1<etta, peanH30BaHa H onpo-
6oBaHa JI.B. MauopoBhIM [I]. 

4. IlocJie.UOBaTeJJbHOCTb cepHHHblX 0IJ,eH0K 

Xn - CTaIJ,HOHapHblH CJiy'laHHblH npou.ecc 

IloKa)KeM, '-ITO cnyqaiiHhIH rrpouecc 

{xi> Xi, .. . , XN } , r.ue x,, = R,,, .llBAAeTCH CTaUHO­

HapHbIM cnyqaHHhIM npoueccoM. 
Ha pnc. I IIOKa3aHo OTKJIOHeHHe cpe,uHero 

OT "TO'-lHOfO peIIIeHHH" B rrpoueHTax: 

XN -XN 5 
100 ¾x _ 1

, N = 1, 2, ... ,NJ, r.ue N1= 10 , 
XNr 

a TaK)Ke 3aBHCHMOCTb Y.UBOeHHOrO OTHOCH­

TeJibHOro crnH,uapTHOro OTKJI0HeHHH sx I xN 
OT '-lHCJia npOMO,UenHposaHHhIX IlOKOnemrn N. 
Ilo.u TO'-lHblM "perneHHeM" IIOHHMaeTCH peme­
HHe, rronyqettHoe B pe3ynhTaTe Mo,uen11p0Ba­
HHJ1 60JibllIOf0 KOJIH'-leCTBa HCTOpHH. )J,oBe­
pHTeJII,Hhlli HHTepBan BhPlliCJJeH C yqeTOM 
KoppemmHH Me)K,D.y cepIDIMH no <popMyne, 
rrpHBe,UeHHOH HH)Ke. 

Ha pHC. 2 IlOKa3aHO OTKJIOHeHHe Xn = R,, 
OT " To'Illoro pemeHH.H:" s npoueHTax: 

X,, -XN 5 
100 %x _ 1 ,n = l,2, ... ,NJ,r.ueN1= 10 , 

XNI 

a TaK)Ke 3aBHCHMOCTb Y.llBOeHHoro OTHOCH­

TeJibHOrO CTaH,UapTHOro OTKJIOHeHHH s I x,, OT 

HOMepa TIOKOJieHH.ll n. 
Heo6XO,UHMO OTMeTHTh, tffO "cnyqattHblH 

npouecc B nro6oH ,ZlHHaMH'-leCKOH CHCTeMe Ha­
'-lHHaeTCH C HeCTaUHOHapHOH CTa,Zllrn - C TaK 
Ha3bIBaeMoro "nepexo.ZlHoro npouecca". Iloc­
ne 3aTyxaHH.H: nepexo,uttoro rrpouecca CHCTeMa 
o6hI'-IHO rrepeXO,ZlHT Ha ycTaHOBHBllIHHC.ll 
pe)KHM H Tor.ua cnyqattHhie npouecchI, npo­
TeKaIOllIHe B Heii, M0fYT C'IHTaThC.H: cTauHo­
HapHbIMH" [7]. 

B cnyqaHHOM npouecce, H3o6pa)KeHHOM 
Ha pHc. l , npHCYTCTBYJOT 3TH ,uBe cTa.UHH: ne­
pexo,uHa.H H CTaUHOHapHa.H. Ifa rpa<pHKa, rrpe.u­
CTaBJJeHHOfO Ha pHC. 1, BH,UH0, 'ITO s npe.ue­

nax crnTHCTH'-1:eCKOH ornH6KH cpe,n:Hee xN no­

CTO.H:HHO, a H3 rpacpHKa Ha pHC. 2, '-ITO .UHCnep-
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PHC. I. 0rKJIOHeHHe cpe.LJ,Hero X N OT To•rnoro 

pernettH.si X N B npouettTax (I); .LJ,osep1nenbttb111 
I 

HHTepsan (2) 

CIDI D(xn) rrpaKTWieCKH TIOCTO.suma. IlpH'-IeM 
nocTORHCTBO cpenttero 11 n11cnepcHJ.f Ha6n10-
naeTcR nnR cTau11ottapttoi1: cTa,a1111 cny1-rni1:Ho­
ro npouecca. 

Bb16opo'Uioe 3HaqeHHe aBTOKoppeAAUH­
OHHOH <pyttKl.lHH rk Bh.I11.HCJIReTCR no OllHOH pe-
8.JIH3ailHH cnyq:ai1:noro npouecca cnenyIOIUHM 
o6pa30M (cM, ttarrpHMep, [6]): 

N--k IN 
r,, = L (-\ -xx~ -x) L,(x,, -x)2 = 

'""b--k 1b 

N--k f = Ii <xn -xx~ -x> U:x,,), 
""'1)-k 

(9) 

OTK110HeH11e, % 
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PHc. 2. OrKJioHeHHe cepHHHbIX oueHOK x,, OT TO'i-

HOro peweHH.s! XN I B npou.eHTax (I); .ll,OBepHTenb­

HblH liHTepsa.rr (2) B 3aBHCHMOCTH OT HOMepa 
noKoneHIDI n 
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ABTOKOppenRU110HHaR¢YHKU11R, 0TH.eA. 
0,40~ =---------------
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2 3 4 5 6 7 8 
HoMep nara k 

PHC. J. fpaq>HK 3aBHCHMOCTH aBTOKOppen.s!UHOH­
HOH cpyHKUHH rk OT HOMepa nara k .LJ.nSI cny"lai-1-
Horo npouecca R,,. TTapaMeTpb1 CYeTa: NTOT = 
2 000, NBAT = 5 

rne no = NSERO - HOMep rrepsoi1: aKTHBHOH 
cep1111, k < no. 

rpaq>HK 3aBHCHMOCTH aBTOKOppenmx11OH­
HOH <pyttKUHH rk OT HOMepa nara k llJIR cny-
1-IaHHOro rrpouecca x,, = R,, rrpencTasneH tta 
p11c. 3. Bantto, qrn r k ➔ 0 npH k ➔ =. TaKoe 
rroseneHHe aBTOKoppeJIRUHOHHOH <pyttKI.{HH 
xapaKTepHO llJIR CTaUHOHapHbTX cnyqaiiHhIX 
rrpoueccoB. 

TaKHM o6pa30M, 113 aHaJIH3a rpa<pm<OB, 
rroKaJaHH.hTX Ha p11c. 1. .. 3, cneizyeT, qrn cny­

'-!aHHJ,rn rrpouecc {xi, X 2, ••. , X N}, x,, = R,,, RB-

JIReTCR CTaUHOHapHbIM H ou;eHKa XN COCTOR­

TeJibHaR H HecMem;eHHaR. 
,[(.ruI crryqai1:ttoro rrpouecca x,, = kn BHll 3a­

BHCHMOCTeH cpenttero xN OT N 11 cepHHHhIX 

ouettoK x,, OT n aHanor11qen TeM, Ko'ropb1e 
rrpencTaBJieHhl Ha pHc. 1 H 2. qTO KacaeTCR 
aBTOKOppemruHOHHOH <pyttKUHH naHHoro rrpo­
uecca, TO )')Ke rrpH q11cne qaCTHU B ITOKOJieHHH 
NTOT = 1000 rk = 0 nnR scex k = 1, 2, ... , T.e. 
KoppeJIRUHOHHOH CBR3H Me)K)ly cepHHHhIMH 
ouettKaMH k,, rrpaKTH'-!ecKH HeT. 

5. Pac11eTHaH cj>opMyJia .!lJIH .!lHCnepCHH 

C y'leTOM KoppeJIHU.HH 

Me~ cepHHHblMH ou.eHKaMH 

Ilpeo6pa3yeM <popMyny (8) c yqeTOM CTa­
UHOHapHOCTH npouecca. .IJ:m1 CTaUHOHapHbIX 
CJI)"-laHHhIX rrpoueccos D(xn) = const, no3TOMY 

N 

L Dx,, = NDx,, . KpoMe Toro, nnR cTau11ottap-
n=1 

HbIX cnyqaHHbIX rrpoueccos 

I 



cov(xi,x.,) = cov(x,, ,x,,+k), (10) 

r.ue k = II - ml, T.e. K03<pcpm.{HeHT KOBapIrnuHH 
3aBHCHT OT pa.3HHl.{h1 II - ml. 

BhJtIHCJIHB aBTOKOppeJUIUHOHHYJO cpyttK-
1.{HIO no cpopMyJie (9), MO)KHO paccqHTaTh H 
.u11cnepCHIO (CM., HanpHMep, [9]): 

D(x ) 2 N-1 N-m 

D(x) = --"-+ - 2 L L cov(x,,, x,,+k) = 
N N m=I k =I 

=-'-' 1+-I.I.rk . D(x )( 2 N-1 N-m l 
N N m=I k=I 

(11) 

2 N-1 N-m 

qJieH - LL rk B cpopMyJie (11) npe.u-
N m=I k=I 

CTaBJIHeT co6ow CYMMY 3JieMeHTOB KOppeAA­
UHOHHOH MaTpHl.{hl 3a HCKmoqeHHeM 3JieMeH­
TOB, CTOHIUHX Ha rnaBHOH .u11arOHaJIH: 

r= 

1 'i r2 rJ rN-1 

1 'i r2 rJ rN-2 

1 'i 

1 

(12) 

no3TOMY D(x) Bhl'IBCAAeTCH cne,UYJOIUHM 

06pa.30M: 
N-1 

I +2,;--+ 
N (13) 

N-2 N-L ' 
+2r

2
--+ ... +2r1 --

N . N 

D(x) = D(x. 
N 

r.ue L - KOJIHqecTBO 3JieMeHTOB aBTOKOppeJIH-
1.{HOHHOH <pyttKl.{HH, 3HatJHMO OTJIHqaIOIUHXCH 

OT HYJIH. 
B nporpaMMHOM Mo.uyne CTaTHCTHqecKO­

ro aHaJIH3a MCU_STAT ,unH N < 120 npH~­
To, qTO rk 3HalfilMO OTJIHqaeTCH OT HYJIH, eCJIH 

hi> (2/ ✓N) [6]. .[{ml N > 120 Hcnom,3yeTCH 

.upyrow KpHTep11H: CtJHTaeTCH, 'ITO rk 3HaqHMO 
OTJIHqaeTcH OT HYAA, ecn11 hi > 0, 1. 

IlpH 6onhIIIHX 3HaqeHHHX N, T.e. np11 N > 
1000, cpopMyna (12) ynpomaeTcH: 

D(x) = D(x,,) (1 + 2'i + 2r2 + ... + 2rL). (14) 
N 

3Ta cpopMyna H npHMeHHeTCH B npor­
paMMe CTaTHCTHqecKoro aHaJIH3a .UM Bhfl-IHC­
JieHJ,UI ,u11cnepcHH. HanoMHHM, qTo D(xn) BhI­
wcnHeTCH no cpopMyne (3 ). OTMeTHM, qrn 
npH pacqeTe ,UOBepHTeJihHOfO HHTepsaJia, no-

Ka.3aHHOfO Ha pHC. 1, HCIIOJih30BaJiaCh cpopMy­
na (11). 

6. Ouemca JJ.HcnepcHH npH pac11eTe 
na Mnoronpoueccopnoii 3BM 

IlpH pacqeTe Ha MHoronpol.{eccopttott 
3BM npH onpe.uenemm ,ui,1cnepcH11 cpe,uHero 
cymecTBYJOT oco6eHHOCTH, CBH3aHHhie C anro­
pHTMOM napaJinenhHOro cqern. B nporpaMMe 
MCU [2] peaJIH30BaH TaKOH anropHTM, B KO­
TopoM pacqeThl Ha pa.3Hh1X npoueccopax rrpo­
XO.UHT He3aBHCHMO - 3TO rapaHTHpyeTCH BhI-
6opoM rettepaTopa nces,uocnyqaHHhIX qHcen 
[10]. Ilo3TOMY cnyq:aHHhie npol.{ecchl Ha Ka)K­
.UOM rrpol.{eccope MOfYT paccMaTpHBaThCH KaK 
pa.3JIH"IHhle He3aBHCHMbie peaJIH3al.{IIB O,uHOfO 
cJiyqawHoro rrpol.{ecca. 

Bse,ueM cne.UYJOIUHe o603Ha1IeHW1: 

x~,- cnyq:attHaH BenHqHHa - oueHKa <pyHK-

UHOHaJia F Ha n-H cep1m Ha p-M npoueccope; 
l N p 

x = -I. L x pn , r.ue N - trn:cno cepHH, P -
NP 11=1 p=I 

tJHcno rrpoueccopoB; 
l P x,, = - I.xP,, - cpe,uHee 3HaqeHlt:e Xpn no P 
p p=I 

rrpoueccopaM Ha n-H cepHH; 
l N xp = - I.xpn - cpe.uHee 3HaqeHHe Xpn no N 

N n=l 

cepHHM Ha p-M npoueccope; 

D(x) = +, D [± f xP,,] 
Np n=I p=I 

,uHcnepcmi: 

cpe,uHero. 
IlocJie HeCJIO)KHhIX rrpeo6pa.30BaHHH rro­

nyq:aeTCH cpopMyna, aHaJIOfHqHaH (8), 113 KOTO­
pOH B CHJIY CTaUHOHapHOCTli CJiyqaHHhIX npo­
uecCOB nonyqaeTCH Bhipa)KeHHe, aHaJIOfH<IHOe 
(11): 

D(x)= D(x")(1+3-~Yrk )• (15) 
N N m=I k=I 

r.ue, HanoMHHM, x,, - cpe,uRee 3HaqeHHe Xpn no 
P npoueccopaM Ha n-w cepmI H rk = corr(x,,, 
Xn+k)- Bhl"IHCJieHHe D(x) no cpopMyne ( 15) Ha-

30BeM aJiropHTMOM A. 
CymecrnyeT aJihTepHaTHBHhIH aJiropHTM 

pacqern ,UHCnepCHH: aJiropHTM 6. B KOHl.{e 
pacqern 3a,ua1rn Ha MHoronpoueccopttoH 3BM 
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HMeeM p oueHOK Xp ,D,JUI cpyttK.ll,HOHaJia F Ha 
Ka)K,UOM p-M npoueccope. Tor.ua 

D(x)=_!_D(xr)=_!_(_!_ fx~ -(x)2), (16) 
p p p p=I 

_ l ,v P l ,, 
r.ue X =-IIxnp =-LXP . 

NP n=I p =I p p=I 

PacqeThl noKa3hJBaIOT, qTo arrropHTMhI A 
H D .n,aIOT 6JJH3KHe pe3yJJhT3Thl B npe.uenax .uo­
sepHTeJibHOro HHTepsana .Ullii cpe.n,Hero KBa.zl­
paTHqecKoro OTKJJOHeHIDl [ 11 , C. 220]. 

7. Bb16op napaMeTpos cqeTa 
NGEN,NSERO 

EcnH ycTaHOBJJeHo, tJTO cnyqaiiHhIH rrpo­
uecc CTaJ.{HOHapHblH H aBTOKOppeJUIUHOHHWI. 
cpytt:KUIDl CTpeMHTC.ll K HYJIIO npH yseJIHtJeHHH 
k, TO .un..si: Bb16opa napaMeTpoB cqern NGEN H 
NSERO, r.ue NGEN - Heo6xo.n,HMoe tJHcno 
IlOKOJieHlill .UJI.ll .UOCTH)KeHH.ll 3a,uaHHOH TOtJ­
HOCTH, a NSERO - HOMep nepsoii aKTHBHOH 
cepHH, MO)KHO HCIIOJib30BaTb CJJe,D.yrolllHe 
IIpOCTbie rrpaBHJJa. 

IlapaMeTp NGEN onpe,D.eJJReTc.si: H3 Tpe6o­
saHHH K TOqHOCTH pacqeTa IlOJJR :meproBbI,D.e­

neHIDl B peaKTope. Kor.ua senHqHHa 2s:x / x 
CTaHeT paBHOH Tpe6yeMOH TOtJROCTH, HanpH­
Mep 0,0 l, 3a,uaqa perneHa. 

.D:n.si: NSERO pactJeThr rroKa3hIBaIOT, tJTO 
rrpH HCil0Jlh30BaHHH paBHOMepHoro no aKTHB­
HOH 30He HatJanbHOro pac11pe.ueneITTU1 neiiTpo­
HOB Hynesoro IIOKOJieHHR pe3yJJhTaTbI pacqeTa 
He 3aBHC.llT OT HOMepa nepBOH aKTHBHOH ce­
pHH. lh rpacpHKOB pHC. 4 BH,D.HO, ~o ,D.Il.ll 
NSERO = 1 H NSERO = 2 000 11ose.uem1e 
3aBHCHMOCTH O,D.HHaKOBO: nepsa..si: q>a3a cny­
tJaHHOro npouecca HOCHT HeCTaUHOHapHbIB 
xapaKTep, a IIpH HeKOTOpOM N npouecc CTaHO­
BHTC.ll CTaUHOHapHbIM. 

.D:osep1neJihHhIH HHTepsan, IIOKa3aHHhrn 
Ha pHc. 4, OTHOCHTc.si: K cnyqa10 NSERO = l. 
TaK )Ke, KaK H .uosepHTeJihHhlH HHTepsan, 
npHBe,D,eHHhIB Ha pHC. l, OH paCCqHTbIBaJIC.ll C 
yqeTOM KoppeJI.llUHH Me)K.uy cepH.llMH. <I>op­
MaJihHO napaMeTp NSERO MO)KeT 6h1Th BhI-
6patt H3 npocrnro coo6pa)KeHHR: NSERO = k, 
r.ue k - HOMep nara, npH KOTOpOM aBTOKOppe­
JUiUHOHHaR <p)'HKUH.ll CTaHOBHTCH paBHOH 0. 
Tor.ua Xn H Xn+k He3aBHCHMhl H, cne.uosaTeJib­
HO, Xk He 3aBHCHT OT HaqaJihHOro np116JIH­
)KeHH.si:. 

16 

0TKJlOHeHHe, % 
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PHc. 4. On<JiotteHHe cpe,nttero X,v OT TOlfHOro 

pewettl-f.si X,v B npoQeHTax, NSER0 = 1 (I), 
I 

NSER0 = 2 000. (2); ,nosep1,nenbtth1i1 HHTepean 
(3), NBAT = 5 

lfa pHC. 3 BH,D.HO, qTo ,D.Il.S:I CKOpOCTH peai<­
UHH ,D.eJieHH.si: B HO,D,ax aBTOKOppemmHOHHcUf 
<p)'HKUIDl rk 3HatJHMO OTilHtJaeTC.ll OT HYil.ll ,D,JI.ll 
HOMepos nara k = I. . .4. 

IlapaMeTp NGEN Ha MHoronpoueccopHOH 
3BM onpc.uenHeTc.si: raK )Ke, KaK H Ha O.UHOM 
npoueccope. 1-h BhillieH3JIO)KeHHoro cne.uyeT, 
tffO ecnH HMeeTcsr CTaUHOHaptthrn cnyqaiitthIH 
npouecc Ha Ka)K,UOM npoueccope, TO CTaTHc­
THqecKa.si: norpellIHOCTh pactJeTa Ha MHoro­
npoueccopttoii 3BM no cpastteHHJO c pac11e­
TOM Ha O,D,HOM npoueccope YMeHblllaeTCSI KaK 

1/ ✓P , r.ue P - tJHcno npoueccopos (p11c. 5, 
6). KOlliltJeCTBO IIOKOJieHHH, KOTOpoe Heo6xo­
.D.HMO npoMo.uem1posaTh Ha Ka)K,D,OM npouecc­
cope, onpe.ueAAeTC.ll Tpe6oBaHHSIMH K TOtJHOC­
TH pacqeTa. 

0TK!lOHeHHe, 10-~ 
400 ..---.--.-- -.---,-----,,----, 

! I 

300ff.,---i----r---+---t---+---

200 iftifu-r-+-fl 

100 

0 

-100 tMf.!'"-t---;--~;-~--+'-<---+-- - •l-

-200t~---;-----i----+-- -+----;i----i 

-300-,...----;----i----+- --+----;i----
4H~Jl0 npo~OAe!lH~0B8HHb nOKO!l~HH11 N -400 ri r 

0 2 000 4 000 6 000 8 000 10 000 12 000 
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(I); Ha nepBblX wecrn npoueccopax (2) 
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PHc. 6. OrKJJoHeHHe RN OT TOt:tHoro perneHIDI 

RN B npoueHTax: cpettHee no 14-TH npoueccopaM 
I 

(I); Ha nepBbIX ruecrn npol\eccopax (2) 

3aKJJIO'-leHHe 

B .naHH0H pa6oTe noKa.JaH0, qTo ec;rn .wrn 

paccMa-rp1rnaeMoro THna peaKTopa cnyqaii­

HhIH npouecc {x" x2, ... , xN}, r.ne Xn - oueHKa 

JIH60 3<p<peKTHBHOfO K03<p<pHUHeHTa pa.3MHO­

)KeHml, JIH6o CKOpOCTH peaKUHH .nenemu1 B 

HO,Zle Ha n-H cepHH, ,rnJU1eTC'1: CTaUHOHapHbIM, 

TO H3 CTaUHOHapHOCTH 3TOf0 cnyqaHHOfO 

rrpouecca H xapaKTepHoro noBe,neHHH aBTO­

KoppeJUIUHOHHOH <py'HKUHH: rk ➔ 0 npH k ➔ 
00, MO)KHO c.nenaTb CJie,ZlyIOIUHe BbIBO.ZlhI. 

1 N 
1. OueHKa XN = - L xn '1:BJI'1:eTC'1: COCTO­

N n=I 

.sneJihHOH H ttecMeIUeHHOH. 

2. ,nn,i: npaKTH'leCKHX pac'leTOB .ZlHCnep­

CHH cpe.nHeH no cepH'1:M ou:eHK.H <py'HKUHOHa­

Jia Xn MO)KHO HCnOJih30BaTb <pOpM)'JIY ( 11 ), B 

KOTOpOH .ZlJUI yqern KOppeAAUHH cepHHHhIX 

oueHOK npHMeH'1:eTC'1: aBTOKOppeJI'1:UHOHHa'1: 

<py'HKUHH. 

3. ,nn.si BhI6opa Heo6XO,ZlHMOfO 'IHCJia npo­

MO,ZleJIHpOBaHHbIX IIOKOJieHHH .ZlJl.sl .llOCTH)Ke­

HH.s! TJ)e6yeMOH TO'IHOCTH paC'leTa HCnOJih3y­

eTC.s! BhI'IHCJieHHa'1: .UHCnepcH'1: oueHKH. 

4. HoMep nepBOH aKTHBHOH cepHH onpe­

.neJUleTC.s! HCXO.Zl.s! H3 aHaJIH3a IIOBe.neHH'1: aBTO­

Kopperr,i:uHOHHOH <i>YHKUHH - OH paBeH nary k, 
npH KOTOpOM aBTOKOppeJI.s!UHOHHa'1: <pyttKUH'1: 

CTaHOBHTC.si paBHOH HYJIIO. 

5. ITpH npHMeHeHHH paBHOMepHoro no 

aKTHBHOH 30He Ha'laJihHOfO pacnpe.neneHH'1: 

HCTO'IHHKOB HeHTJ)OHOB HyJieBoro IIOKOJieHH'1: 

xapaKTep noBe.neHH'1: xN OT N He JaBHCHT OT 

NS ERO. IToKa.JaHo, 'ITO npu NS ERO = 1, 2 000 

xapaKTep 3aBHCHMOCTH O,ll.HHaKOBhrn: cnyqai-i­

HhIH npouecc HMeeT ,ZlBe <pa.3bl - nepeX0LJ.HYIO 

H CTaUHOHapHyIO. 

6. ITpu pac'leTe Ha MHoronpoueccopHOH 

3BM CTaTHCTH'leCKa'1: norpelUHOCTh pacqeTa 

no cpaBHeHHIO C pac'leT0M Ha O,ll.HOM npo-

ueccope YMeHb1UaeTc.si KaK 1/ ✓P , rne P -
qucno npoueccopoB. ITapaMeTP NGEN Ha 

MHoronpoueccopHOH 3BM onpe.uemreTc,i: TaK 

)Ke, KaK H na O.llHOM npoueccope, T.e. ucxo.n.si 

H3 TJ)e6oBaHHH K TO'IHOCTH pacqeTa. 

ITpe.ncTaBJieHHhie B CTaTbe pe3yJibTaTbl 

nonyqeHbl B paMKax BbinOJIHeHH'1: Hl1P no 

npoeKTY A3C-2006. B 3aKJIIO'leHHe aBTOpbI 

BblpR)KaIOT 6naronapHOCTh E.A. r OMHHY 3a 

o6myIO noCTaHOBKY 3a,ll.a'IH H noJie3Hbie MHO­

fO'IHCJieHHbie o6c~eHH.s! H ,ZlHCKycc1rn; 

M.M. fypeBK'IY 3a BhICKa.JaHHhie HM ueHHhie 

uneu, C.C. fopo.nKoBy HIT.A. AHnpoceHKO 3a 

noJie3Hbie MHOroqHCJieHHbie o6c~.neHH'1: H 

,ll.HCKYCCHH. 
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YL(K 621.039 
IlporpaMMa LUCKY. Pewettue ypaBueuuB nepeuoca H raMMa-u3JiyqettnB 

uenTpOHOB C HCD0Jlb30BaHHeM napaJIJieJILHLIX TeXHOJIOrHH 

A.B. Mop.RKOB, 
PHU "Kyp•rnTOBCKHH HHCTHTyr", 123182, MocKBa, an. KypqarnBa, 1 

IlocTyrurna B penaKU.HIO 24.06.2010 r. 

Ilpe,LI.CTaBJieHbl OCHOBHble OOJIO)l(eHHSI MeT0.11.HKH napanJieJibHOrO Cl!eTa, peaJIH30BaHHOH B nporpaMMe 
LUCKY. ,naHbI 6a30Bbie 6anaHCHb1e cooTHoweHHj( 1-1 ITTepau.110HHaS1 cxeMa. O6c~aIOTCSI nepcneKTHBbl 
JJ.aJibttewwero pa3BHTIDI nporpaMMbI. 

101101/eBble CJIOBa: nporpaMMa, PmSn MeTOJ]., ypasHeHHe, cpyHKLI.HSI, napanJieJibHble Bbl"IHCJieHIDI. 

Multiprocessor LUCKY Code. Transport Equation Solution by Parallel Technology. A. V. Morya­
kov, RRC "Kurchatov Institute", 1, Kurchatov Sq. , Moscow, 123182. This paper is devoted for computer code 
LUCKY that was developed specially for multiprocessor supercomputers. Basic balance equations are presen­
ted. Algorithm to get solution is described. Future trends are discussed. 

Key Words: Program, PmSn Method, Equation, Function, Parallel Calculations. 

IlporpaMMbI LUCKY H LUCKY_C [l] 
C03naBaJIHCb nllil I10JIY'{eHHH CTal.{HOHapHoro 

perneHHH 3a,D;aq 3filllHTbI, 3anaq C neneHHeM H 

HCTOqHHKOM H KpHTHqeCKHX 3anaq B 6ofilllIHX 

H CJIO)l(HblX 110 reoMeTp~rn CHCTeMaX, Korna 
MOIUHOCTH o6bI'!HOro rrepcoHaJibHOro KOMTib­
IOTepa HenocTaTOqJIO. B rrporpaMMax pearrn-

30Batt tJHCJieHHbIH PmSn (MeTon nHcKpeTHbIX 

opnHHaT) Mernn perneHHH MttororpynrroBoro 
ypaBHeHHH DOJibl.{MaHa [2]. 

Hcrron1,3yeMa.H reoMeTpHH - TOJibKO X-Y­
Z, rrpHMoyronhHa.H. Bee npyrHe BHnh1 reoMeT­

pHH MonenHp)'lOTCH B03MO)KHOCTblO npHMe­

HHTb B X-Y-Z reoMeTpHH oqeHb MeJIKHH rrpo­

CTpaHCTBeHHbIH mar ceTKH nllil KOHetJHO-pa.3-
HOCTHOH annpoKCHMaU.HH onepaTopa ypaBHe­
HHH nepeHoca, 1-ITO I103BOJIHeT paccMaTpHBaTb 
npHMoyronbH)'lO X-Y-Z reoMeTpHIO KaK yttH­
BepcanbH)'lO, B paMKax KOTOpOH Moryr 6bITb 
nocTaTO'iHO TO'iHO onpeneneHbI CJIO)KHble 

rrpocTpaHCTBeHHble CTp)'KTypbl C n HCKpeTH3a-
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l.{HeH, paBHOH wary JIOKafilHOH npocTpaHCT­

BeHHOH ceTKH. 
IlpOCTOTa, onHoponHOCTb CBOHCTB rrpocT­

paHCTBeHHbIX o6beKTOB B 3TOH reoMeTpHH H 
B03M0)KH0CTb nerKO nepeHOCHTb 06beKTbl B 

pa3Hble CHCTeMbl KOOpllJ!HaT nenaIOT ny reo­

MeTPHlO oqeHh nepcneKTHBHOH nJU1 napan­
JieJibHbIX BbltJHCJieHHH. K npHMepy, B KpHBO­

JIHHeHHOH reoMeTpHH rrpocTpaHCTBeHHbie 

rrpeo6pa30Ba.HHH B pa3JIH1IBI,Ie JIOKaJibHbie 

CHCTeMbI KOopnHHaT 6onee CJIO)KHbie H HC­

I10Jib30BaHHe rrapanneJibHblX TeXHOJIOrHH Me­

Hee rrepcneKTHBHO. 
B rrporpaMMax LUCKY H LUCKY_ C nm1 

nonyqeHHH HnepHbIX naHHblX npHMeHHlOTCH 

MHOrorpynnoBble 6H6JIHOTeKH HnepHbIX KOHC­

TaHT no P n-I1pH6JIH)KeHHH (n He orpaHHtJ:eHO) B 
pa3JIO)KeHHH H,D;epHblX KOHCTaHT no IlOJIHHO­

MaM Jle)Kattnpa s ct>opMaTe GIT (Group Inde­

pendent Tape) [3]. 
IlporpaMMbl pa3pa6aTbIBaJIHCb nm, pa6o­

Tbl Ha MHOronpoueccopHbIX KOMilblOTepax, 
nonnep)KHBaIOIUHX HHTepct>eif c MPI [ 4] nn.11 



o6MeHa Me)l(Jly rrpoueccopaMH H HMerou:u,1x 

-rpaHcJui:TOp c H3bIKa FORTRAN 90 [5 ... 7], H 

JiefKO rrepeHOCHMbl C KOMIIbIOTepa Ha KOMTlb­

IOTep. OTMeTHM, tffO a.rJrOpRTM, 3aJIO)l(eHHblH 

B rrporp~MaX, HMeeT 0 1-leHb BbTCOKHH IIOTeH­

UHaJI, KOTOpbIM MO)l(eT 6f,1Tb peaJIH30BaH qe­

pe3 cpe.ucTBa rrporpaMMHposamrn Ha rpaqrn-

1:1ecKHX corrpoueccopax Ha Y3Jiax MHororrpo­

ueccopHbIX CHCTeM, HCTIOJTb3yYOII{HX TeXHOJIO­

nIIO CUDA (Computing Universal Data Arc­

hitecture) [8] HJIH cpe.ucTBa OPEN MP [4]. 
3To yseJIR'IHT npOH3B0.UHTeJibHOCTb rrpor­

paMM B HeCKOJibKO pa3 3a C'leT nepeHOCa BbI­

'IHCJiemm Ha rpaq>H'!ecKHe rrpoueccopbI. 
11MeHHO TaKoii rn6pH.U MPI 11 CUDA no3-

BOJIHT B TIOJIHOH Mepe B 6y.uyrueM HCIIOJib30-
BaTb Bee TIOTeHI . .{HaJibHbie B03MO)l(HOCTH npor­

paMM. ABTOp Ha.ueeTCH, 'ITO B 6JIH)l(aiirnee 
BpeMH IIOHBHTCH B03MO)KHOCTb rrpHMemlTb 

TexHonorHIO CUDA Ha cynepKOMIIhIOTepe 
MBC 1000 (~ 9 000 npoueccopos Xeon 3,0 
Ghz). Ha .UaHHbIM MOMeHT IIO~AAIOTCH KOM­
IIbIOTepHbie IIJiaTq>OpMbl, rrpe.UCTaBAAIOlURe 

TaKHe rn6pH.UHbie TeXHOJIOnlR. 
Ho cne.uyeT IlOMHHTb, 'ITO TIOTepH Ha 06-

MeH .uattHhIMH Me)l(Jly npoueccopaMH orpaHH­
'IllBaIOT npOH3B0.llHTeJibHOCTb .ua)l(e caMoro 

coBeprneHHOro no 6hlcrpo.uei1cTBHlO rn6pH.ua, 
TaK KaK TaKHe rroTepH HeH36e)l(HhI. Ilpe.uno­

)l(eHHM napanJieJibHM MeTO.UHKa, peaJIH30-

BaHHM B nporpaMMax LUCKY H LUCKY_C, 
OCHOBaHHM Ha rrpocrpaHCTBeHHOM pa36He­

Hli.H Bceii o6nacTH pac1:1e-ra Ha OT.UeJihHbie 

npocrpaHCTBeHHbie 061,eKTbl C nocne.uyrolUHM 
pacqeToM Ka)l(JlOro 061>eKTa Ha OT.UeJibHOM 

rrpoueccope, rroKa3a.rJa xopowyro 3<p<peKTHB­
HOCTb Ha MaIIIHHax C pacrrpe.ueneHHOH na­
MHTbIO 6Jiaro.uapH opHrHHaJibHOH MeTO.llHKe 

HTepauwoHHoro npouecca nonyqeHHH pewe­
HHR. HanH'IHe aBTOMaTR'leCKOro napaJIJieJib­

HOfO reHepaTopa ceTOK H cpe.ucTB BH3Ya.rJH3a­

UHH qepe3 rpaq>H'leCKHH rraKeT AUTOCAD 
[9] C 

0

HCIIOJTb30BaHHeM 3apattee C03.UaHHbIX 

6116JIROTeK 061>eKTOB
0

Il03B0JIReT noJib30BaTe­

JIIO 01:1eHb JierKO 3a.uaBaTb (KOHCTPYJiPOBaTb) R 
KOH-rpOJIRpoBaTb reoMe-rpHIO 3a.ua1rn. 

1. MeTOJJ. pemeHHH 

lJ:nH peweHIDI MHororpynnoBoro ypastte­
HRH rrepeHoca oOJibUMaHa B nporpaMMe LUC-

KY npRMeHHeTCH lJHCJieHHblli PmSn MeTo,n [7, 
8], s paMKax KOToporo yrnosoii IIOT0K s Ka)l(­

.UOH npoc-rpaHCTBeHHOH TO'IKe rrpe.ucTaBJIHeT­

CH KOHe1IHbIM Ha6opOM HanpaBJieHHH Ha yrno­

BOH c<pepe. 11H.u11Ka-rp11ca pacceHBaHRR npe.uc­

TaBAAeTCR B BR.Ue pR_lla no ITOJTHHOMaM Jle)l(a­

H.Upa, a yrnosoe perne1rne B Ka)l(JlOH rrpocT­

paHcTBeHHOM TO'!Ke MO)l(eT 6bITb rrpe,UCTaBJie­

HO H xpaHHTbCH B BH,Ue MOMeHTOB pa3JIO)l(e­

HHR no IIOJIHOH CHCTeMe mapOBbIX <pyttKUHH. 

11cnoJib3yeTCH rpynnoBOH TIO,UXO.ll B npe,uc­

TaBJieHHH 3HepreTH'!eCKOH 3aBHCHMOCTH pe­

rnemrn. 
feoMerpHR pacqern TOJibKO X-Y-Z - npH­

MoyroJTbHM H rrpH ,UOCTaTO'IHO MeJIKHX npoc­
-rpaHCTBeHHhIX rnarax MO)l(eT 6bITb npHMeHe­

Ha KaK yttHBepCa.ribHM reoMe-rpHR. PemeHHe 
nonyqaeTCH B npouecce KJiaccaqecKoro HTe­

paUHOHHoro npouecca. lJ:nH Ja.uaqa Ha co6cT­
BeHHOe 3Ha1:1eHHe B nporpaMMe LUCKY_ C 
npoBO.URTCH BHeillHHe HTepaUHH no HCTO'IHH­

KY ,ueneHHR .uo nonyqeHHH co6cTBeHHoro JHa-

1:1eHHR c Heo6XO.llHMOH TO'IHOCTbIO H HCUOJib-

3yeTCR II0JIHM MaTJJHUa ceqeHHH C B03MO)Kll0-
CTbIO yqern nepeXO.UOB H3 Ka)l(,UOH 3HepreTH­

qecKOH rpynnhr B Ka)l(Jlyro. PeweHHe nonyqa­

eTCH C 3a.uaHHOH TO'IHOCTbIO C B03M0)KH0CTbIO 

nepeHOpMHpOBKH HJIH 6e3 nepeH0pMHpOBKH 

pe3yJihTaTa. IlporpaMMbl pa6oTaIOT C rpynno­
BbIMH yrJIOBbIMH Il0T0KaMH B Ka'leCTBe HCKO­

MOH <pyttKUHH perneHHH ypaBHeHIDI nepeHoca 

oOJibUMaHa. 

2. OcHOBHLie D0JI0iKeHHH MeT0.llHKH 

napaJIJle.TlbHblX Bbl'IHCJleHHH 

CyruecTByroT .UBa oqesH.UHhIX cnoco6a 

pacnapaJIJieJIHTb rrpouecc nonyqeHHR pewe­

HHR. IlepBblH OCHOBaH Ha pa3fotemrn sceii 

npocrpaHCTBeHHOH o6naCTH pac'!eTa Ha 0T­

.ueJibHbie no.uo6nacTH-061>eKTbI. EcnH pac­
cMarpwsaTb Ja,uaqy nepeHoca H3nyqeHHR .unH 

Ka)l(,lloro 061>eKTa KaK 3a.ua1:1y C R3BeCTHbIMH 

rpaHH'IHbIMH ycJI0BRHMH, TO MO)l(HO pernaTb 

3TY 3a.ua1:1y Ha OT.UeJibHOM npoueccope cynep­

KOMIIbIOTepa, opraHH30BaB TaKHM o6pa30M 

rrapanneJihHbie npouecchl .UM scex 061,eKTOB. 

O6ecne'!HB CllJHBKY peweHHR nocpe.ucTB0M 

11Tepau110HRoro npouecca no o6mnM rpaHWI­
HhlM rrosepXH0CTHM .llJIH Bcex 061,eKTOB, MO)l(­

H0 IIOJiyqHTb HCK0MOe perneHHe. 
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BTopoii cnoco6 pacnapa.nnenHTh npouecc 

ITOJI)":leHI-UI perneHHH npHMeHHM )])IH 3a,na'-I Ha 

ITOHCK co6CTBeHHOro JHa'-!eHHH H OCHOBaH Ha 

rrapa.nneJibHOM ttaxo)K)leIDrn pernettHH so scex 

:mepreTH'-!eCKHX rpynnax. B paMKax BHelIIHHX 
HTepauHH )":IHTbIBaeTCH BKJia.ll OT.nenhHbIX 

rpyrm B HHTerpa.n .neneHHR H pacceHHKH H, Ta­

KHM o6pa30M, qepe3 HTepaUHOHHbIH npou;ecc 

ITOJI)":laeTC$1 HCKOMOe perneHHe. 

B rrporpaMMe LUCKY peanHJOBaH rrep­

BhIH cnoco6 pacrrapa.nneJIHBaHHH rrpouecca 

rron)"leHHH pemeHHH, a B nporpaMMe LUCKY 

C cosMemeHbI cpaJy .nsa cnoco6a, T.e. Hapn­

.ny c pacnapa.nneJIHBaHHeM non)":leHHH perne­

HHH no 3HepreTH'IeCKHM rpyrmaM, HCnOJib3Y­
eTCH napa.nneJibHhIH npouecc non)":leHH» pe­

meHHH no npoc-rpaHCTBeHHblM o6JiaCDIM. 

Ilpe.ncTaBHM OCHOBHbie nOJIO)KeHHH napa.n­

JieJibHOH cxeMbI, pea.nH30BattHOH s nporpaMM­

Max LUCKY H LUCKY_ C. 
1 ). BcH o6naCTh pacqern ("6aJoBoe Teno") 

pa36HBaeTCH Ha OT,r.{eJibHbie He3aBHCHMbie 

no.no6nacn1-061,eKTb1 (ceTKa 061,eKToB). lfuc­

no 061,eKTOB MO)KeT 6h1Tb mo6b1M, HO He 

6oJibrne crncna npoueccopoB Ha cynepKOMilh­

IOTepe. 

2). Ka)K)lblH 061,eKT paCC'-IHTbIBaeTCH Ha 

OTJJ,eJibHOM npol.{eccope cynepKoMnbIOTepa. 

3). CB»3b Me)K)ly 061,eKTaMH npOHCXO.[(HT 

qepeJ rpaHH'-IHbie noTOK.H no 06IUHM rpaHHlJ­

HbIM noBepXHOCUM C noMOIUbIO cpe.ncTB 

MPI. 
4). _nmr OT,nem,HOH 3HepreTH'-IeCKOH 

rpynIIbI npoBOJ.{HTCH HTepaUHOHHblli npouecc 

(nocne Ka)K,IlOH HTepal.{HH o6MeH rpaHH'-IHbIMH 

nOTOKaMH Me)K)ly 061,eKTaM.H) .no nOJI)":lemrn 

perneHHH c Heo6xo,nHMOH TO'-IHOCTbIO B .naH­

HOH rpyrrne. 

5). Ha Ka)K)lOM 061,eKTe CYIUeCTByeT JIO­

KaJlbHaH npoc-rpaHcTBeHHM CeTKa (JIOKaJlbHM 

ceTKa) JlJIH .lleTaJibHoro om1caHHH reoMe-rpHH 

pacqeTa H anrrpoKCHMaumr pemeHHR. PaJMep­

HOCTh JIOKaJibHOH ceTK.H .[(Jljl_ scex 061,eKTOB 

OJJ,HHaKOBa. Illar JIOKaJibHOH ceTKH llM scex 

061,eKTOB OJJ,HH H TOT )Ke. TaKHM o6pa30M, see 

061,eKTbl OJJ,HHaKOBbl no '-IHCJIY BbIIIOJIIDl.eMbIX 

Ha HHX orrepauHii, tJTO o6ecne'-urnaeT pastto­

MepHYJO HarpYJKY Ha Bbl'-IHCJIHTeJihHbie npo­
ueccw. 
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IlpHMeHemi:e JIOKaJibHblX ceTOK Ha 061,eK­

Tax pa3JIHqJIOH pa3MepHOCTH He onpas.naHo 

H3-3a He06XO,iWMOCTH CHHXpOHHJamrn B npo-
1..{ecce pacqern peweHHH Ha 061,eKTax .nnH 06-

Metta perneHHRMH no o6IUHM rpaHH'-IHbIM no­

sepXHOCTHM. PaJJIH'-IHoe speMR_ pactJeTa perne­

HHn Ha pa3HbIX 061,eKTax H3-3a HaJIH'-llijl pa3-

JIH'-IHbIX JIOKaJibHbIX ceTOK npHBOJJ,HJIO 6bI K 

o)K.HJlaHHIO npoueccos .npyr .npyra, tJTO He­

paUHOHaJil>HO. TaKHM o6pa30M, 3~aB 6 tJHCeJI 

(3 lJ.HCJia JJ,M OII.HCaHHH CeTKH 061,eKTOB, OII­

pe.neJIHIOI.I.lHe pa36HBKY o6JiaCTH pactJeTa IIO 
KOOp.[(HHaTHbIM OCHM CHCTeMbI, 3 'lHCJia JJ,M 

onHCaHIDI JIOKaJibHOH ceTKH, KOTOpble orrpe.ne­

JIHT pa36HBKY no KOOp,nKHaTHhlM OC$1M BHYT{)H 

061,eKTa) IIOJlb30BaTeJib IIOJIHOCTbIO 3a.n.aeT 

reoMe-rpH'-leCKYJO .llHCKpeTHJaumo 0611acTH 
pacqern. 

6). feoMeT{)HH 3a.nacrn OnHCbIBaeTCH KaK 

KOM6irnauHH npOCTbIX TeJl HJ 6H6JIHOTeKH 

reoMe-rpHt.JecKoro MOJJ.YJIH, HCIIOJibJYH np1rn­

UHn BJIO)KeHHH (Ka)K,[(Oe CJieJJ,YJOIUee Teno Bbl­

TeCHHeT o6mYJO qacTb npe.nhl.llYlllero Tena). 

MOIUHbIH reoMe-rpH'IeCKHH MO.[(yJib B CJI)":lae 

Heo6xO.[(HMOCTH MO)KeT C03.[(aBaTb BJIO)KeHHH 

HeorpaH.H'leHHoro nopH.nKa HJ npocTeHIIJHX 

TeJI, 061>HBJijljl BHOBb COJ.[(aHHble )JieMeHTbI 

KaK rrpocTeHIII.He, BocnpoHJBO,r.{HTb 6110KH HJ 

BJIO)KeHHH (rpyrrnhl )JieMeHTOB co CBOeH CHC­

TeMOH KOop.nHHaT) H Ma-rpHI.J.bl HJ 6JIOKOB. 

I10Jib30BaTeJIH cpaKTH'leCKH MOrYT C03,r.{a­

BaTb CJIO)KHeHIIJ.He reoMe-rpHqecKHe )JieMeHTbl 

H 6H6JIHOTeKH )JieMeHTOB .[(Jljl CBOHX npocpH­

JIHpOBaHHblX Ja.na'-I He3aBKCHMO .npyr OT .npyra 

H co6HpaTb reoMe-rpHIO 3a.nacrn TOJibKO Ha CTa­
,[(HH Bhl'IHCJieHHR. CoJ,naHHe JIOKaJihHOH ceTKH 

Ha 061,eKTaX no MaTepHaJibHbIM JOHaM H npo­

c-rpaHCTBeHHbIM HHTepsanaM OCYIUeCTBJIHeTCH 

aBTOMaTH'IeCKR BCT{)OeHHbIM B nporpaMMY 

napanneJibHhrM reHepaTopoM ceToK, nocne pa-

6oTbI KOToporo reHepHpyeTCH cpaiin lucky.tsp 

)lJIH nporpaMMhI AUTOCAD s ueJijlX KOH-rpo­

JIH Ja.nattHOH reoMe-rpH.H pactJeTa. 

7). B nporpaMMe LUCKY_ C ocYlllecrn­

JIReTcn KaK npoc-rpattcTseHHoe pacnapannenH­

BaHHe, TaK H pacnapanneJIHBaHHe no 3Hepre­

TH'-IeCKHM rpyrrnaM. Ka)K)],bIH npOCTpaHcTBeH­

HblH 061,eKT B CBOeH 3HepreTH'-leCKOH rpyrrne 
pacC'-IHTbIBaeTCR Ha OT.[(eJibHOM npm::ieccope C 

IlOCJie)],YJOIUHM o6MeHOM perneHHR_MH, nony-



qeHHhIMH BO Bcex :mepreTHqecKHX rpynnax 

.umi: .uaHHoro npocrpaHcTBeHHoro o6oeKTa, c 

ueJihlO HaXo:>K}leHH.H HCTOt.JHHKa JJ,enemrn H 

pacce.srnHR. 

TaKHM o6pa30M, Il0JIH0e 'IHCJIO napan­

JieJihH0 npHMeID1eMhIX npoueccopoB JlJIR .UaH­

HOH nporpaMMhl paBH0 q}ICJIY npocrpaHCTBeH­

HhIX o 6oeKTOB, YMH0)KeHH0MY Ha 'IHCJIO 3Hep­

reT1-1qeCKHX rpynn. B CBR3H C 3THM Heo6xo­

JlHM0e 'IHCJI0 npoueccopoB .UJUI pernemui: MH0-

rorpynnoBoi1 KpHTHqecKOH JaJJ,aqH 6y,ueT 

60Jihllle, qeM .ZlJUI perneHHR TOH )Ke no re0MeT­

pHH H 3HeprerHqeCKHM rpyn11aM Ja]laqH Ha 

11poxo)K.ZleHHe HJrryqemui:. 

8). OD,HH npoueccop HCIT0JlhJyeTC.H KaK 

ynpaBJIRIOIIlHH (KOHTpOJlhHhIH) .ZlJUI npoBepKH 

CXO,ZlHM0CTH perneHH.H H o6pa60TKH pe3yJihTa­

TOB (pacqera <PYHKUHOHaJIOB ), cne.uoBaTeJih­

H0, Heo6xo,uHMoe tIHcno 11poueccop0B paBH0 

qJicny o6oeKTOB 11JIIOC 0,UHH .Zlllil nporpaMMhl 

LUCKY H •rncny 3HepreTHqecKHX rpynn, YM­

HO)KeHH0MY Ha 'IHCJI0 o6oeKTOB rnnoc 0,UHH 

.umi: 11porpaMMhI LUCKY_C. 

IlpH npHMettemrn 6om,rnoro 1rncna npo­

ueccopoB y 110Jlh30BaTeJIR Il0fil3JI.HeTC.H B03-

M0)KH0CTh Ja,uaaaTh oqem, MeJIK)'lO 11pocrpaH­

CTBeHH)'lO ceTKY JJ,JI.H KOHeqHO-pa3HOCTHOH arr­

rrpoKCHMaUHH orrepaTopa 11epeH0Ca H TaKHM 

o6pa30M HCil0Jlh30BaTh 11pJ1MoyronhH)'IO X-Y­

z reoMeTpHIO KaK YffHBepcanbH)'lO Jlllil 0ilHCa­

HIDI Ten mo6oH cpopMhl. Ilepe}l Il0Jih30BaTe­

JieM CT0HT Ja}laqa 0ilHCaTh reoMerpmo Jlllil 

pacqern, HaHeCTH o6'heKTOB)'lO H JI0KaJihH)'lO 

ceTKH Ha Ka)K,Zl0M o6oeKTe. 3To oqeHh CJI0)K­

Ha.H Ja}laqa H pellIHTh ee M0)KH0 T0JihK0 C HC-

110Jlh30Bamt:eM K0MilblOTepa. .D:nR pellleHIDI 

3THX Ja}laq COJJlaH reoMerp1-1qecKHH MO.llYJih, 

pa6orn10mHH napanneJlhH0 Ha Bcex rrpouecco­

pax, Be,uymHx pacqer CB0HX o6'heKTOB. KpoMe 

3T0ro, 110Jlh30BaTeJih }l0JI)KeH HMeTh B03M0)K­

H0CTh K0HTp0JIHpoBaTh npouecc 11paBHJlhHOC­

TH Ja}laHH.51 HCXOJJ,HhIX .uaHHhIX. 3Ta 3a,uaqa 

yc11eI1IH0 peI1IaeTCR t.Jepe3 11ocrpoeHHe 3a,uaH­

HOH reoMeTpHH rrporpaMMOH AUTOCAD. 

3. 6aJJaHCHble C00TH0IIJeHHH 

JlJJH pemeuuii B 3JJeMeuTapuoii HqeiiKe 

Ilpe,unaraeMhIH a.11ropHTM 11onyqeHID1 pe­

I1IeIDU1 KOHetffi0-pa3H0CTHOro aHaJiora rpyn-

110Boro ypaBHeHIDI 11epeHoca Eon huMaHa oc-

H0BaH Ha .UByx 0CH0BHhlX 110JI0)l(eHHRX. Ilep­

B0e - 3T0 B03M0)Kl{0CTh Il0JJy<IHTh H HCITOJib-

30BaTh B ,ZlaJihHeihueM Ha6op 3JieMCHTapHbTX. 

peweHHH, nonyqaIOHlHXC.H npH pemeHHH 

ypaBHeHIDI DOJihUMa Ha ,!lJIR 3JieMe11TapHhIX 

.Ht.JeeK, H3 K0TOphIX C0 CT0HT HCCJie,uyeMa.H CHC­

TeMa. BTopoe ocH0Bnoe norro)KeH1-1e 11pe.urro­

)KeHHoro anropHTMa 0CH0BaH0 Ha B03M0)KH0-

CTH npe.ucrnBHTh pemaeMyio JaD,aqy q epe3 rro­

crreJJ,oBaTeJihH0CTh KpaeBhlX 3a,ua"lf, Ko r .ua BCIO 

o6nacTh pacqeTa M0)KH0 pa36HTh Ha n ocne.uo­

BaTeJlhH0CTh no,uo6nacTeH, CB.H3aHHhIX .upyr C 

.upyroM no o6mHM rpaHH'-IHhlM 110BepXH0C­

T.HM. 

3JieMeHTapHhie pemeHIDI B R'IeHKaX Ha­

C"lJ:HThIBaIOTCR 3apaHee .uo rrpoBe,UeHIDI 0CHOB­

HOro HTepaUH0HH0ro pact.JeTa. IlonyqeHHhie 

3JieMeHTapHhie pememui: 11pHMeIDIJOTC.H ,UJI.51 

Hax0)l(,ZleHIDI HCK0Moro pemeHH.H. 

<l>YH-KUHH, qepe3 K0T0phle peanHJ)'lOTCR 

rpaHH"lJ:Hhie ycJI0BIDI .Zlllil pemeHHH KpaeBhlX 

3a,uat.J B .Ht.JeHKax, 11pe,UCTaBJIJIIOTCH B BH,Ue p5l­

.ua 110 3JieMeHTapHhlM 6a30BhIM <PYHKUHJlM. 

PemeHHH KpaeBhIX JaJJ,at.J OT 3THX 6a30BhlX 

<PYHKUHH H Ha3hIBalOTC.H 3JieMeHTapHhIMH pe­

UieHH.HMH. P emaeMoe ypaBHeHHe JIHHeHHO, H. 

T0JlhK0 ,uaHH0e CBOHCTBO JIHHeHHOCTH pemae­

Moro ypaBHeHIDI Il03B0JJ.SleT HCil0Jlh30BaTh 

npe,uJIO)KeHHhIH anropHTM. BepoRTHO, ,uaHHa.H 

MeT0,UHKa pact.JeTa M0)KeT paCCMaTpHBaThC.H 

KaK 0 ,UHa HJ pa3HOBH,ZlHOCTeH MeTo,ua II0Bepx­

H0CTHhIX rapM0HHK. pa3pa6oTaHHoro n aneTH­

HhIM H.11. [10]. 
PaCCMOTpHM <t>opMyJih] .llllil 110JiyqeHH.H 

3JieMeHTapHhlX pemeHHH. <l>)'HKUIDI .Zlllil yrno­

aoro 110T0Ka qacTHU B .H"lJ:eHKe npe,UCTaBJIJleTCH 

B BH,Zle pR,ua TeHJiopa C yqeT0M T0JlhK0 JIHHeii­

HOH qaCTH 110 11epeMeHHhIM x, y, z, T.e. 

<pi = a0 + a1x + a2y + a3z + a4.xy + a5xz + 

+ a6yz + a7.xyz, 

r.ue i - H0Mep yrn oaoro tta11paaneHHR. TaKHM 

o6pa30M, 6a30BhIMH <PYHKUHRMH Ha 110Bepx­

H0CTHX Ht.JeHKH ,UJI.H .uaHH0r 0 11pe,ucTaBJieHH.H 

6y.uyT: Fl = 1, F2 = X, F3 = y, F4 = z, F5 = 
= .xy, F6 = xz, F7 = yz. 

11:cxo,uttoe rpyn110Boe ypaaHeHHe nepeHo­

ca DOJihl.{MaHa ,UJI.H .Ht.JeHKH ( c 0.UHHM MaTepH­

aJibHhIM COCTaBOM) HMeeT BHJJ, 
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.Q ocp(x,y,z,.Q,) +.Q ocp(x,y,z,.Q,) + 
.Tl ax }I ay 
n ocp(x,y ,z,Q,) .._.. ( n )-

+ ~l.:, az +""'to, <p x ,y ,Z,~.!:, -

=q(x,y, z,Q,)+ f P(x,y,z,.Q' ➔.Q)x 
n 

X<p(x,y,z,Q')dQ', (1) 

r.ue Q,., ,Qy, ,Q:, - KOCHHYChI e.rurnwrnoro seK­

Topa, l:10( - nonHoe ceqeHHe, q(x,y,z,Q,) -

pacnpe.ueneHHbIH HCTO'-IHHK, P(x, y , z , Q'➔ Q) 

- sepO.llTHOCTb pacceHBaHH.ll qacTHUbl C yrna 

.Q' s yron Q . 

K03q>q>HUHCHTbl ao, a, ... a6 HaxO,lJ)ITC.ll H3 

ycJIOBH.ll paseHCTBa <l>YHKUHH 3HatJemUIM B Y3-
nax ceTKH Ha nosepXHOCT.llX H'lCHKH XY, XZ, 
YZ. Ha pHcyttKe npe.ucrnsneHa cxeMa JJie­
MeHTapHOH H'lCHKH C pa3MepaMH L\.x- X ~y X ~ . 

3amnneM ypaBHCHHJI .urui: HaxO)KJJ,CHH.ll 

K03q>q:>HUHCHTOB ao, a, .. . a6 no H3BeCTHbIM 

3HatJeHIDIM q>yttKl(HH s y:max fl .. fl H'le:HKH: 

a0 = fl; /2 = a0 +a16.x ; a1 = (f2-a0 ) /6.x; 

/3 = a0 + a 2~y; a2 = (f3 - a0 ) /~y ; 

f5=a0 +a3~ ; a3 =(f5 - a0 ) /~; 

f 4 = a0 + a16.x + a2~y + a46.x~y; 

a4 = (f4-a0 -a16.x-a2~y) l(~~y); 

/6 = a0 +a1~ + a3~ + a 5~~ ; 

a5 = (/6- a0 - a16.x - a3~) /(6.x~); 

/7 = a0 + a 2~y + a3~ + a6~y~; 

a6 =(f7 - a2~y- a3~) /(~y~) . (2) 

EcJIH 6y.uyr H3BCCTHbl perneHHJI OT 6a3o­
BbIX <l>YHKUHH, TO pe3yJibTHP)'IOIUee pernenue 
.Ullil .uaHHOro OKTattTa MO:>KHO Ha:HTH KaK cy­
nepn03HUHIO 3JieMeHTapHbIX perneHHH, YMHO-

f7 

(5 
(6 

(3 (4 

f1 f2 

CxeMa 3neMeHTapHOH jf4eHKH 
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:>KCHHhIX Ha COOTBCTCTB)'IOIUHe K03q>q>HUHeH­
Tbl npH HHX, KOTOphle MO:>KHO HalfTH H3 ypas­
HCHffjl (2). Tenepb, ecJIH HaHTH pemeHHe ,llJljl 
scex 8 OKTaHTOB C,nl1HH'-IHOH cq>epbl, pe3yJih­
THP)'IOIUee peweHHe 6y.ueT paBHO CYMMC pe­
lllCHHH B 8 OKTaHTaX IlJIIOC pernem1e OT pac­
npe.ueneHHOro HCTO'IHHKa. 

CocTaBHM ypaBHeHH.ll ,llJljl HaXO)KJJ,CHH.ll 
perneHHH OT 6a30BblX q>yttKUHH ,UJI.ll JJieMeH­
TapHOH .srqei-iKH pa3MepoM ~x~yx ~. 

l ). ,[(mi: 6aJosoi1. q>yttKUHH Fl = 1 q>)'H.K­
UHIO perneHH.ll .un.s1 Kpaesoi1 3a,uatJH co cso6o.n­
HhIMH rpaHH'IHhIMH ycJIOBJrnMH 6y,neM HCKaTb 

s cne.nyiomeM BH,ne: cp(x , y, z ,Q,) = Fl + 

+ a(Q, )xyz , pacnpe.ueneHHblH HCTO'IHHK rrpH­

HHMaeM q(x,y,z, .Qi) = 0, IlO,llCTaBHB cp s ypas­

HeHHe (1) nonyqaeM ypasnenHe .nn .s1 a(Q,): 

.Q,.,a(.Q,)yz + .Qy,a(.Q,)xz + a(Q,)xy + 

+Ltota(.Q,)xyz = -L,01 + f P(Q' ➔ Q)d.Q' + 
n 

+ f P(.Q' ➔ Q)a(.Q')xyzdQ'. (3) 
n 

PemHB ,naHttoe ypasneHHe )lJljl .s1qeifKH, 
HCilOJI.b3Y.ll KaKyID-JIH6o KOHet:JHO-pa3HOCTHYIQ 
cxeMy, IIOJIYtJHM 3JICMCHTap1-we perneHHe ,UJI.ll 
rrepsoii 6aJosoi1 <l>YHKUHH Fl = l. 

2). ~ 6a30BOH q>yttKUHH f'2 = X cpyttK­
UHIO peweHH.ll .llJl.ll Kpaeeoi1 3a,uatJH co cso6o.u­
HhIMH rpaHfflillliIMH ycJIOBIUIMH 6y,neM HCKaTh 

s cne.uyiomeM BH.ue: <p(x,y, z,.Q,) = F2 + 

+ a(.Q,).xyz' pacape.ucneHHblH HCTO'IHHK rrpH­

HHMaeM q(x,y,z, Q ,) = 0, IlO.UCTaBHB cp s ypas­

HCHHe (1) nonyqaeM ypasHeHHe .un.s1 a(.Q,): 

.Qx,a(.Q,)yz + .Q>,a(.Q,)xz + a(.Q,)xy + 

+L
101

a(.Q,)xyz = - L
101

x-Q,., + f xP(.Q'➔ .Q)dQ' + 
n 

+ f P(.Q' ➔ Q)a(.Q')xyzd.Q'. ( 4) 
_Q 

PernHs .uattttoe ypasneHHe .nn.s1 .s11.JeHKH, 
HCfIOJib3Y.ll KaKY1Q-JIH60 KOHC'-IHO-pa3HOCTHYIQ 
cxeMy, rronyqHM JJieMeHTapnoe peweHHe .uJljl 
BTOpOH 6a30BOH <pyttKUHH f'2 = X . 

3). ,[(n.s1 6aJosoH cl>YHKUHH F3 = y cpyttK­
UHIO peweHH.ll .llJl.ll KpaesoH 3a,na'-!H co cso6o.u­
HhIMH rpaHH'IHblMH ycnoBH.llMH 6y,neM HCKaTb 
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B CJie,llyroIUeM BH}le: cp(x,y,z,Q,) = F3 + 

+a(Q,)xyz' pacnpe,lleJieHHhIH HCTO'IHHK npH­

HHMaeM q(x,y,z, Q ,) = 0, IlO}lCTaBHB cp B ypaB­

HeHHe (1) nonyqaeM ypaBtteHHe .lllll a(Q,): 

Qx,a(Q,)yz + Qy,a(Q,)xz + a(Q,)xy + 

+:rtota(Q,)xyz = -:r101Y-Qx,+ f yP(Q'➔ Q)dQ'+ 
Q 

+ f P(Q'➔ Q)a(Q')xyzdQ'. (5) 
Q 

PemHB }laHttoe ypaBtteHHe .llJI.sl. H':leHKH, 
HCTTOJib3Y.sl. KaKyJO-JIH60 KOHetUIO-pa3HOCTHyJO 
cxeMy, nonyqHM 3JieMeHTapttoe pernettHe .lllll 
TPeTbeH 6aJOBOH q>yttKUHH F3 = y. 

4) . .[(mi: 6aJOBOH q>yttKUHH F4 = z q>yttK­
UHIO perneHH.sl. }lJl.sl. KpaeBOH 3a)la•rn co CB060}l­
HbIMH rpamrrnhIMH ycJIOBIDlMH 6y}leM HCKaTb 

B CJie.llyroIUeM BH,lle: cp(x,y,z,Q,) = F4 + 

+a(Q,)xyz' pacnpe}leJieHHbIH HCTOqHHK npH­

HHMaeM q(x,y,z, Q,) = 0, TIO}lCTamrn cp B ypaB­

HeHHe (1) nonyqaeM ypasttettHe .llJI.sl. a(Q;): 

Qx,a(Q,)yz + Qy,a(Q,)xz + a(Q,)xy + 

+:r101a(Q,)xyz=-:r101z-Q=,+ f zP(Q'➔ Q)dQ'+ 
Q 

+ f P(Q'➔ Q)a(Q')xyzdQ'. (6) 
Q 

Pennrn ,llattttoe ypaBtteHHe .llJI.sl. .SJtieHKH, 
HCIIOJib3Y.sl. KaKyJO-JIH60 KOHeqJJO-pa3HOCTHyJO 
cxeMy, nonyqHM 3JieMeHTapttoe pernettHe .llJI.sl. 
qerneprni1 6aJOBOH q>yttKUHH F4 = z. 

5) . .[ln.sr: 6a30BOH <PYHICT.-lHH F5 = xy q>yttK­
UHIO perneHH.sl. }lJl.sl. KpaeBOH 3a}laqH co CB060}l­
HblMH rpamrnn.IMH ycJIOBH.sl.MH 6y.lleM HCKaTb 

B CJie.llyroIUeM BH,lle: cp(x,y, z,Q,) = F5 + 

+a(Q, )xyz ' pacnpe,lleJieHHbIH HCTOqHHK rrpH­

HHMaeM q(x,y,z, Q,) = 0, IIO.llCTaBHB cp B ypaB­

HeHHe (1) IIOJI)"IaeM ypaBHeHHe }llll a(Q,): 

,Qx;a(Q,)yz + Qy,a(Q,)xz + a(Q,)xy + 

+:r101a(Q,)xyz = -:r101xy-Qx,Y-Qy,x + 

+ f xyP(Q'➔ Q)dQ' + f P(Q'➔ Q)a(Q')xyzdQ' .(7) 
Q Q 

PernHB JJ.attttoe ypaBHeHHe .lllll .srqeHKH, 
HCIIOJih3Y.sl. KaKy-IO-JIH6o KOHetrno-pa3HOCTHy-IO 
cxeMy, nonyqHM 3JieMeHTapttoe pernettHe JJ.JI.si. 
TI.sl.TOH 6a30BOH q>ym<UHH F5 = xy. 

6). ,[(ml 6a.JOBOH q>YlfKIUrn F6 = xz cpyaK­
UHIO perneHH.H }].JI.SI KpaeBOH 3a}].a'IH co CBo6o.n­
HblMH rpaHHqffblMH ycJIOBH.HMH 6yJJ.eM HCKaTh 

B CJieJJ.yioIUeM BH,lle: cp(x,y, z,Q,) = F6 + 
+a(Q,)xyz, pacnpe}leJieHHhIH Hcrnqmuc rrpH­

HHMaeM q(x,y,z, Q i ) = 0, TIO.llCTaBHB cp B ypaB­

HeHHe (1) nonyqaeM ypaettem1e .llJIR a(Q,): 

Qx,a(Q,)yz + Qy,a(Q,)xz + a(Q,)xy + 

+:r101a(Q,)xyz = -:r101xz-Qx,z-Q:,x+ 

+ f xzP(Q'➔ Q)dQ' + f P(Q·➔ Q)a(Q')xyzd.Q' .(8) 
Q Q 

PeurnB .llaHHOe ypaBttettHe }lJI.si. .sr:qeiiKH, 
HCilOJlh3YH KaKy-IO-JIH60 KOHe'lHO-pa3HOCTHyJO 
cxeMy, rronyqHM 3JieMettrnpttoe perneHHe .lllll 
rnecTOH 6aJosoii q>ym<UHH F6 = xz. 

7) . .[(mi: 6a30BOH q>yttKUHH F7 = yz q>yttK­
UHIO perneHH.sl. }lJIR KpaeBOH 3a}laqH co CB060.ll­
HhlMH rpaHH'lHbIMH ycJIOBHRMH 6y}leM HCKaTb 

B CJie}lyioIUeM BH}le: cp(x,y,z,Q,) = F7 + 

+ a(Q, )xyz' pacnpe,lleJieHHhlH HCTO'lHHK rrpH­

IDlMaeM q(x,y,z, Q,) = 0, IIO,Ll,CTaBHB (j) B ypaBa 

tteHHe (1) rronyqaeM ypaetteHHe .lllll a(Q,): 

Qx,a(Q,)yz + Qy,a(.Q,)xz + a(Q,)xy + 

+:rtota(Q,)xyz = -L101yz-Qyrz-Q:,Y+ 

+ f yzP(Q'➔ Q)dQ' + f P(Q'➔ Q)a(Q')xyzdQ' .(9) 
Q Q 

PernHB JJ.aHHoe ypaBttemi:e .lllll H':leHKH, 
HCIIOJll>3Y.sl. KaKyio-JIH60 KOHeqHo-pa3HOCTHyJO 
cxeMy, nonyqHM 3JieMettTapttoe perneHHe }lJI.sl. 
ceJJ.hMOH 6a30BOH q>yttKUHH F7 = yz. 

8). HaKotteu, ttai1,neM perneHHe OT e}lH­
HHqttoro pacnpe}leJiettttoro no H':leHKe HcToq­

Hm<a. <l>yttKUHIO perneHlUI }llll KpaeBOH 3a}la­
q}i co CB060}lHbIMH rpaHliqffl,IMH ycJIOBHRMH 

6y}leM HCKaTb B cne.nyromeM BH}le: 

cp(x,y,z,Q,) = a(Q,)xyz , pacnpe}leJieHHhIH 

HCToqHHK npHHHMaeM q(x,y,z, Q ,) = 1, IIO}l­

CTaBHB cp B ypaBHeHHe ( 1) nonyqaeM ypaBHe­

HHe }llll a(Q,): 

Q _.,a(Q,)yz + Qy,a(Q,)xz + a(.Q,)xy + 

+:r101a(Q,)xyz = q(x,y, z,Q,)+ 

+ f P(Q'➔ Q)a(Q')xyzdQ'. (10) 
Q 
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Peums ,uanttoe ypaattemrn ,u;u1 51qei1KH, 
HCTIOJlh3Y51 KaKyID-JlH6o KOHeqHO-pa3HOCTHyID 

cxeMy, Hatt.n.eM HCKOMOe perneHl-le. 

Pe3yJlhTaTOM perneHH51 ypaBHeHHH (3) ... 
(10) 6y.n.yT BhIXO,D.51ll{He H3 }'3.JlOB :rneMeHTap­
HOH 51qefum yrnOBhie TIOTOKH, KOTOphle BilO­

CJle,UCTBHH npHMeHRlOTC51 ,UJlR ttaxo)l(Jlemrn 

K03q>qnrn:HeHTOB ypaBHeHHR (2). ffcnon1,3y51 

nonyqeHH1>1e 3.JleMeHTapHhie pemeHIDI nJ1H 
3HepreTHqecKOH rpynnhI .[{Jl.51 j{qeeK pa3nHq­

HhIX THTIOB, MO)KHO nOJlyqHTh perneHHe B 

60JihlllHX CHCTeMax, COCTOHIUHX H3 TaKHX 

j{qeeK. 

CnenyeT oco6o OTMeTHTh, qTo HHTerpa.ll 
CTOJlKHOBeHHR B nocJie.[{y'IOW:HX BhlqffCJleHHHX 

,ll,Jrn nonyqeHHR OKOHqaTeJibHOro HCKOMOro 

pemeHHH qepe3 HTepaunoHH1>rn rrpouecc, a OT­
mPrne OT KJiaCCHtJeCKOfO MeTona HaXO)l(,,D.eHHH 

perneHHR, 60JihIIIe HHKorna BhlqHCJI51ThCR He 

6yneT. 3TO 3Ha'IBTeJihHO coKpann speMR pac­
qern H nO,llHHMeT 3q>q>eKTHBHOCTh Bhy:q}{CJlH­

TeJihHOfO npouecca. 
KpoMe Toro, ,uaHH~ MeTO,lJ,HKa HeqyBCT­

BHTeJlhHa no speMeHHhlM 3aTPaTaM K rrpHMe­

H51eMOMY nop51.[{KY HH.UHKaTPHChI pacce1rna­
HIDI, qTo BhirO,llHO ee OTJIHtiaeT OT KJiaCCH'IeC­

KOrO MeTO,lla HaXO)l(JleHHR perneHIDI MeTO,llOM 

Jl.HCKpeTHhlX Op,llHHaT. ECJlH yqeCTh, qTO TH­

nos j{qeeK Jl.JlH pea.llhHhIX q>H3HtJeCKHX 3a,uaq 
06hPIHO 61,rnaeT HeCKOJlhKO .n.ecRTKOB, TO no­
JlyqeHHe 3.JleMeHTapHhlX perneHHH He 3aHHMa­

eT 3HatJHTeJlhHOro speMeHJL 

4. KoHe'IHO- pa3HOCTH3H annpoKCHM3QHH 

ypaBHeHHH B H'leHKe 

IlpOHHTerpHposaB ypaBHeHHR (3) ... (10) 
no 061>eMy 51qettKH H no,uemrn Ha 061>eM 
jlqeHKH, TIO.llYtJHM CJle,llyIOill.He COOTHOllleHH.51 
,llJl.51 ypaBHeHHH HaxO)l(JleHIDI 3.JleMeHTapHl>IX 

pemeHHH. IlapaMeTP co onpe,ueJrneT nopR,llOK 
KOHet{H0-pa3HOCTHOH cxeMhl (0,5 < Ci) < 1), 
tu, L\y, & reoMeTPHqecKHe pa3Mep1>1 

51qeifKH. 

1). ,AJIR 6a30BOH q>ym<IlHH Fl = I q>yttK­
(lHl:O peII1eHHR nJ1H Kpaesoti 3anatJH co cao6o.u­
HhIMH rpaHH'-IHhIMH YCJlOBHRMH 6y,ueM HCKaTh 

B cJ1e.n.ywrn:eM BHne: cp(x,y,z,Q,) = Fl + 

+ a(Q,)xyz' pacnpe.n.eneHHhIH HCTO'{HHK npH-
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HHMaeM q(x,y,z, Q,) = 0, no,uCTaBHB cp s ypaB­

HeHHe (1) DOJlyqaeM ypaBHeHHe n.Jlj{ a(Q,): 

Qx,a(Q,)6y&co
2 

+ Q y,a(Q,)tu&co
2 

+ 

+ a(Q,)&6_yco2 + L
101

a(Q,)&i:1y&co3 = 

= -Ltot + f P(Q'➔ Q)dQ' + 
.Q 

+ f P(Q'➔ Q)a(Q')&i:1y&co3 dQ'. (11) 
.Q 

Penms ,uaHHoe ypaBHeHHe .ll.JlH .51t{eHKH, 

nOJiyqHM 3.JleMeHTapHoe perneHHe ,llJIJI nepBOH 

6a30BOH q>)'HKUHH Fl = 1. 
2). ~ 6a30BOH q>yttKUHH F2 = X q>yttK­

UHI:O perneHHR .llJl.51 Kpaesoti 3a.n.aqH co cso6o.n.­

HhIMH rpaHH'IBhIMH ycJlOBHRMH 6y.n.eM HCKaTh 

B cJ1e,uywrn:eM BH,ue: cp(x,y,z,Q,) = F2 + 

+ a(Q,).xyz, pacnpe,ueJ1eHHhlH HCTO'IHHK rrpH.­

HHMaeM q(x,y,z, Q,) = 0, no,UCTaBHB cp s ypas­

HeHHe (1) rronyqaeM ypastteHHe .llJl.51 a(Q,): 

Q _..,a(Q,)i:1y&co
2 

+ Q y,a(Q,)&&co
2 

+ 

+ a(Q,)&i:1yco2 + Ltota(Q,)&i:1y&co3 = 

= -Ltot&co-Qx, + f &P(Q'➔ Q)codQ'+ 
.Q 

+ f P(Q'➔ Q)a(Q')&i:1y&co3 dQ'. (12) 
.Q 

Pern1:1s nattttoe ypasnem1e nnJ1 .51t{eHKH, 

nonyqHM 3.JleMeHTapHoe perneHHe ,ll.Jlj{ BTOpOH 

6a30BOH q>)'HKllHH F2 = X. 

3). ,AJIJ1 6a30BOH q>yttKIUiH F3 = y q>ym<-

11.HlO perneHHR ,UJl51 KpaeBOH 3a.D.a"I.H co CB060,lJ,­

HhIMH rpaHH'lHhlMH ycJlOBH51MH 6y.n.eM HCKaTh 

s CJ1e,uywrn:eM sune: cp(x,y,z,Q,) = F3 + 

+ a(Q, )xyz, pacnpe,ll,eJleHHhIH HCTO'IHHK rrpu 

HHMaeM q(x,y,z, Q,) = 0, IlO,UCTaBHB cp s ypas­

HeHHe (1) IlOJlyqaeM ypaBHeHHe ,ll.Jlj{ a(Q,): 

Q x,a(Q,)6y&co
2 

+ Q y,a(Q,)&&co
2 

+ 

+a(Q,)&i:1ym2 +L101a(Q,)&i:1y&c.o3 = 
= - L

101
i:1yco - Q _.., + f L\ycoP(Q·➔ Q)dQ'+ 

.Q 

+ f P(Q'➔ Q)a(Q')&i:1y&m3 dQ'. (13) 
.Q 



r 
Peunrn ,llaHHoe ypaBHeHHe .llllil .s11-1eHKM, 

IIOJIY'fHM ::rneMeHTapHoe pernenHe ,llJIH rpeTh­
eii 6a30BOH <PYHKI.lHH F3 = y. 

4). ,[(JIH 6a30BOH q>ym<UHH F4 = z <PYHK­
mno perneHHH .llllil KpaeBoH 3a}la'IH co CBo6o.n;­
HhIMH rpaHH11HhIMH ycJIOBIDI.MH 6y,lleM HCKaTh 

B CJie,llyioIUeM BH}le: cp(x,y,z,Q, ) = F4 + 

+ a(Q,)xyz, pacnpe,lleJieHHhIH HCTO11HHK IIpH­

HHMaeM q(x,y,z, Q i ) = 0, IIO,llCTaBHB cp B ypaB­

nenHe (1) norryqaeM ypaBHeHHe .llJIH a(Q,): 

Q,.,a(Q,)D.y&ol + Q y;a(Q,)&&ol + 

+ a(Q;)&D.yol + L 101a(Q,)&D.y&oi = 

=-L101&ro-Q:, + f &roP(il0

➔ Q)dQ'+ 
.Q 

+ f P(Q'➔ Q)a(Q°)&D.y&ro3 dQ'. (14) 
.Q 

PernIIB ,llaHHoe ypaBttemre .llrrH }llleHKH, 
noJiyqHM :rneMeHTapHoe perneHHe JlJijl 11erBep­
TOH 6a30BOH <PYHKI.lHH F4 = z. 

5). ,[(JIH 6a3oBoif q>yma:urn F5 = xy q>yttK­
umo perneIUU1 JlJUI KpaeBoH 3a,natrn co cBo6on­
HhIMH rpaHH'IHhIMH ycrroBHj{MH 6y.lleM HCKaTh 

B cne.n;yiorueM BH,ne: cp(x,y,z,Q,) = F5 + 

+ a(Q, )xyz , pacnpe.ueneH.HI,IH HCT011HHK IIpH­

HHMaeM q(x,y,z, Q ,) = 0, IlO,llCTaBKB cp B ypaB­

HeHHe (1) nonyqaeM ypaBHenue .llllil a(Q,): 

Q .,.,a(Q,)8y&ro2 + Qy,a(Q,)&&ro
2 

+ 

+ a(Q,)&D.yro2 + L 101a(Q;)&D.y&ro3 = 

= - L101&D-yro2 -Q_,,, D-yro-Qy,&ro+ 

+ f &D-yro2P(Q
0

➔ Q)dQ' + 
.Q 

+ f P(Q'➔ Q)a(Q')&D-y&ro3 dQ'. (15) 
.Q 

PernHB ,naHHoe ypaBHeHHe .UJIH H'leHKH, 
IlOJlyqHM 3JieMeHTapHOe perneHHe .llllil I!j{TOH 
6a30BOH <PYHKI.lHH F5 = xy. 

6). ,[(nH 6a30BOH q>ym<UHH F6 = xz q>yttK­
umo perneHIDI .llllil KpaeBoH 3a,ua11H co cBo6o.ll­
HbIMH rpaHH11HhIMH ycJIOBKHMH 6y.lleM HCKaTh 
B cJie.ayiorueM BH,lle: cp(x,y, z ,Q ,) = F6 + 

+ a(Q, )xyz' pacnpe,ueJieHHhlH HCTO'IHHK rrpH­

HHMaeM q(x,y,z, Q ,) = 0, IIO,llCTaBHB cp s ypaB­

HeHHe ( l) rronyqaeM ypaBHeHHe }lJijl a(Q,): 

Q _na(Q,)8y&ro2 +Qy,a(Q,)LU.6.zo/ + 

+ a(Q,)8XD.yro2 + L101a(Q,)&D.y.6.zro3 = 

= -L101D.x.6.zro2 -Q.,.,.6.zro-Q:,&m+ 

+ f &.6.zm2P(il0

➔ Q)dQ' + 
.Q 

+f P(Q'➔ Q)a(Q°)&D.y&m3dQ'. (16) 
.Q 

Pernus ,uaHHOe ypaBHeHHe .llllil H11eHKH, 
nonyqHM 3neMeHTapHoe perneHHe .llllil rnecTOH 
6a30BOH <PYHKI.lHH F6 = xz. 

7). ,[(JIH 6a30BOH q>yHKUHH F7 = yz q>yttK­
UHIO perneHHH .llJIH KpaeBOH 3ana11H co CB06o.u­
HhIMH rpaHH'iHhlMH ycnOBHj{MH 6y.ueM HCKaTh 

B cnenyiorueM BHne: cp(x,y,z,Q,) = F7 + 

+ a(Q, )xyz, pacrrpeneneHHhIH HCTO'IBHK npH­

HHMaeM q(x,y,z, Q ;) = 0, IIO}lCTaBHB cp s ypaB­

HeHHe (1) IIOJiyqaeM ypaBHeHHe ,llJIH a(Q,): 

Q ,.,a(Q,)D.y&m2 + Qy,a(Q,)&&ro
2 

+ 

+a(.Q,)&D.ym2 +L101a(Q ;)&D.y&oi = 

= -L101D.y.6.zro2 - Qy;&m-Q:,D-ym+ 

+ f D.y&m2P(Q'➔ .Q)dQ' + 
.Q 

+ f P(Q'➔ Q)a(Q°)&D.y&m3 dQ' . (17) 
.Q 

Pernus nattttoe ypasneHHe .UJIR R11eifKH, 
IIOJiyqHM 3JieMeHTapttoe pernemre .UITH ce,u1,­
MOH 6a30BOH q>ymcu1111 F7 = yz. 

8. HaKOHeu, HaH,lleM perneHHe OT e,UHHH'{­
HOro pacrrpe.ueneHHOro IIO .s£'-leHKe HCTO'IHHKa. 
cI>yttKI.lHIO perneHffj{ )lJijl KpaeBOH 3a}la'IH co 
cso6o.n;HhIMH rpaHHqHI,IMH ycJIOBffj{MH 6y,ueM 
HCKaTh B CJie.llyioIUeM BH,ue: cp(x, y , z,Q,) = 

a(Q;)xyz ' pacnpe,lleJieHHhIH HCTO'fHHK rrpH­

HHMaeM q(x,y,z, Q ,) = 1, IlO}lCTaBHB <p B ypaB­

neHHe (1) IIOJiyqaeM ypaBHeHHe ,llJIR a(Q,): 

Q,.,a(Q,)D.y&ro2 + .Qy,a(Q;)&&m
2 

+ 

+ a(Q,)&D.ym2 +L101a(.Q,)&D.y&ro3 = 

= q(x, y,z, Q ,)+ f P(Q'➔ Q)x 
.Q 

(18) 
PernHB ,llaHHOe ypaBHeHHe .llJIR K'IeHKH, 

HaiineM HCKOMOe perneHHe. 
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IlpH 3Haqemrn w = 1 cxeMa npeBpamaeT­

CH B rnaroByro cxeMy rrepBoro rrop_i:mKa TO'lfHO­

CTH. ,nnH Bcex OCTaJibHbIX 3HaqeHHH (1) nony­

qaeTCH woo cxeMa BToporo nopH)lKa TO'lfHOC­

TH. IIp11 )f(eJlaHHH, eCJlH :no He06XO)lHMO, B03-

MO)l(HO nonyqettHe pa3JlH'lfHbIX :.meMeHTapHbIX 

perneHJ1H C pa3HbIMH (1). 

Heo6XO)lH.MO OTMCTHTb, 'lfTO :meMeHTap­

Hbie perneHHH B Ht.feHKax Moryr 6hITb nonyqe­

HbI pa3Jlli'lfHbIMH qJ,ICJleH.HblMH MeTo)laMH, a He 

TOJlbKO MeTO)lOM )lHCKpeTHhlX Op)lHHaT, Ha­

npHMep MeTO)lOM MoHTe-Kapno, c Tpe6yeMOH 

TO'lfHOCTblO. B cyru.eCTBYJOII.J.eH peaJIH3aUHH 

LUCKY 3TH pemeHIDI nonyqaIOTCH TeM )Ke 

MeTO)lOM )lHCKpeTHbIX op)lHHaT. <l>aKTWieCKH 

qncneHHOe perneHHe ypaBHeHHH DOJlbUMaHa 

npOBO)lHTCH TOJlbKO )lJlH 3JleMeHTapHbIX Ht.feeK 

pacqeTHOH cHcTeM1>1. Bee )laJibHeimrne BhI'lfHC­

neHHH CBH3aHbl C HTepaUHOH.HbIM npoueccOM 

CillHBKH perneHHH Ha nosepxHOCTID<. coce)lHHX 

o6neKTOB, conpOBO)l()laeMbIM CBOHM Bbf'IBC­

JIBTeJlbHblM npoueccoM Ha cynepKOMTThIOTepe. 

IIonyqeHH.b1e perneHHH )lJIH yrnoshrx no­

TOKOB no yrrroBOH nepeMeHHOH Q B npocT­

paHCTBeHHOH ToqKe )lJIR 3HepreTH'lfeCKOH 

rpynn1,1 xpaHRTCH B BH)le MOMeHTOB pa3JlO)l(e­

HHH no rnapOBbIM q>yHKilHRM. 3TH MOMeHTbl 

pa3JIO)l(effiUI B nocrre)lyroru.eM HCTTOJlb3YJOTCH 

)lJIH norryqemur HCTO'lfHHKa pacceHBaHHH s 

.llpyrHe 3HepreTHqecKHe rpynnhI H3 )laHHOH 

rpynnhl. 

lfoTO'lfHHK pacceHHHbIX qacTHU B 3Hepre­

TH'lfeCKYJO rpynny i, HMeIOIU.Jrn HanpaBJleHHe 

Q )lJUI npOCTpaHCTBeHHOH TO'l{KH k, nonyqa­

eTCH no CTaH)lapTHOH cpopMyrre KaK CYMMa 

BCex npHIIIe)lIIIHX B rpynny qacTHU H3 

BepXJie)l(alllHX no 3HeprHH rpynn: 
m n 

qi.k (.Q) = L L cr,➔;,/P{)'/ (.Q) , 
/=I J=I 

[)le n - 'lfHCJIO MOMeHTOB B pa3JIO)KeHHH, m -

qncno sepxrre)l(aII.J.HX rpynn no 3HeprHH OTHO­

CHTeJlbHO rpynnhI i, <p f - MOMeHTbl pa3Jl0-
,J 

)l(eHHH q>ym<.IlHH B rpynne / no yrnosoi1 nepe­

MeHHoH no wapOBblM q>yttKUHHM, o,➔,./ -

MOMeHTbl pa3JIO)l(eHHR ceqeHHH pacceHBaHHH 

H3 3HepreTWieCKOH rpynIIhl / B 3HepreTH'IeC­

KYJO rpynny i . )];JIH 3a)lat.f C BHellIHHMH HTepa­

UHj{MH, r)le np11cyrcTByeT rrpouecc pacce0:sa­

HHH s sepxne)l(aru.He 3HepreTH'lfeCKHe rpynnhl 

26 

H3 KaKOH-JIH6o rpynrrhI, MaTpHUa (J l➔i,j MO­

)l(eT 6bITb ITOJIHOH. 

lllapOBbie <PYHKUHH orrpe)leJlHlOTCjf qepe3 

np11coe)lHHeHHbie IIOJIHHOMbl J1e)l(aH)lpa CJie­

.llYJOIU.HM o6pa30M [ 11]: 
Y}m>(µ ,<p) = P!m>(µ)sin(m<p), m > O; 

r,t m>(µ, <p) = P,\m>(µ)cos(m<p), m ~ 0. 

3TH cpyttKUHH o6pa3YJOT IIOJIHYJ() opTOro­

HaJlbHYJO CHCTeMy s o6naCTH -1 ~ µ ~ 1, 

0 ~ <p ~ 21t. P,\m>(µ) - npHCOe)lHHe~IHhlli rro­

JIHHOM J1e)l(aH)lpa, KOTOpbIH onpe)leJIHeTCH 

qepe3 IlOJIHHOMhl J1e)l(aH)lpa 

P,~"'>(µ)=(l-µ2t12 ::m P"(µ), 

1 d" 
Pn(µ)=--(µ

2-lf' o6pa3YJOW:He IIOJI-
2n n! dµn 

HYJO OpTOroHaJibHYJO CHCTeMy Ha OTpe3Ke 

[- 1; 1). 

5. lfrepaUHOHHaH cxeMa 

J,frepaUHOHHM rrapaJineJibHM cxeMa, pea­

JIH30BaHHM s rrporpaMMe LUCKY, )lOCTaTO'IJ­

HO npocTa H OCHOBaHa Ha B03M0)1(HOCTH pa3-

6HeHHH npocTpaHCTBeHHOH pac'lfeTHOH o6nac­

TH Ha KOHewoe 'lfHCJIO IlO)l06JiacTeH (nO)l06-

JiaCTeH-06'beKTOB, Ka)l()lblli o6neKT - 3TO OT­

)leJibHbIH BhrtmcnHTeJihH.bIH npouecc), r)le He-

3aBHCHMO .llpyr OT )lpyra pernaIOTCjf KpaeBbie 

3a)laqn rpynnosoro ypaBHeHHH rrepettoca 

oOJibUMaHa. OcHOBHbie noJIO)KeHHH HTepa­

UHOH.Horo npouecca: 

1 ). Coce)leH y o6neKTa MO)l(eT 6hITh He 

6onee 6 no tJHCJIY rpaHeH rrapaJinenenHIJe)la. 

3TO rrpeJJ.onpeJJ.eJieHo HCIIOJih3yeMoH X-Y-Z 

reoMeTpHeH, B KOTOpOH o6beKT - 3TO rrapaJI­

JieJienHITe)l. Pemem:1e .llJUI o6neKTa cpopMHpy­

eTcH KaK cynepII03HUHH perneHHH )lJUI 8 Kpae­

BbIX 3a)la'-l no 'l{HCJIY OKTaHTOB yrJIOBOH e)lH­

HH'IJH0H ccpep1,1 H pemeHHH OT pacnpeneneH­

ttoro HCTO'l{HHKa BHYTPH o6'beKTa. 

2). IIocJie nonyqeHHH perneHHH KpaeBbIX 

3a)laq )lJIR scex 8 OKTaHTOB e)lHHH'IHOH ccpepbl 

H pe3ynhTHpyromero perneHHH HTepauHH C'lfH­

TaeTcH 3aBeprneHHOH. 

3). )J;aJiee H,l],eT paC'lfeT OTHOCHTeJII,HOH 

norpernHOCTH perneHHH Ha o6beKTax ,ll,JlH on-



pe.uenemuc Toro, .uocTJITHyra JIH Tpe6yeMaR 
TO'IHOCTh ,ZlJIR HCKOMOro pememuc. B cnyqae, 

eCJIH CXO,ZlHMOCTh C He06XO,ZlHMOH TO'IHOCThlO 

He ,ZlOCTHrnyra, npoBO,ZlHTCR CJie.UyIOmaR HTe­

paUH.R, B KOTOpOH CHOBa HaXO,ZlRTCR perneHIDI 

KpaeBhIX 33,Zla'I ,ZlJl}I 8 OKTaHTOB e,ZlHHH'iHOH 

c¢ephI. 
4). Ilocne nonyqeHHR perneHHR .UJIR 061,­

eKTa BJIHRHHe 3TOro 061,eKTa Ha coce,ZlHHe 
061,eKThI yqHTh!BaeTCR qepe3 "Bxo.u,rnme" no­
TOKH Ha o6mHx rpaHHI..{aX o6beKTOB. CBR3h 

061,eKTa TOJlhKO co CBOHMH cocemlMH '-IHCJIOM 

He 6orree 6 o6ecne'!HBaeT yMepeHHhIH MPI 
o6MeH B naparrnenhHOM npouecce. 

5). Ilepe.uaqa yrnoBoro perneHH.R OT 061,­
eKTa CBOHM coce.uRM B Ka"IeCTBe rpaHH.'-IHOro 

ycJIOBH.R npH perneHHH KpaeBOH 33,Zla<rn TOJTh­

KO no o6meif noBepxttocTH o6ecne"IHBaeT 
)'MepeHHyIO HarpY3KY Ha ceTh cyrrepKOMilhlO-

( 
2 ~ ~ 

Tepa ~ n ' r.ue n - JIHHeHHhIB fa3Mep JIO-

KaJil>HOH ceTKH Ha o6beKTe, a He n ), 'ITO npH­
BO,ZlHT K MaJihIM llOTepRM BpeMeHH Ha o6MeH 
H, KaK CJie,ZlCTBHe, .uaeT xopomyio 3<p<peKTHB­

HOCTh napam1eJihHOro rrpouecca. 
6). BHyTpH 061,eKTa pernem1e KpaeBOH 3a­

.ua'lli nonyqaeTcR nyreM nocne.uoBaTeJihHoro 
perneHHR KpaeBhIX 33,Zlaq .UJIR coce.UHHX 3Jie­
MeHTapHhIX R'IeeK, CBR3aHHhlX .upyr C .upyroM 

qepe3 BXO,Zl}lll..{He IlOTOKH Ha o6mHX rpaHHI..{aX. 

fpaHH'IHoe pernem1e .UJIR 110BepXHocrn: 11pe.uc­
TaBnReTCR qepe3 C)'MMY 3JieMeHTapHhIX peme­

HHH C HeKHMH K03<pq>HUHeHTaMH, Bhl'IHCJIRe­

MhIMH 110 H3BeCTHhIM 3HaqeHH.RM perneHIDI B 

Y3nax Ha o6mHX noBepxaocrnx rpaHHqall..{H.x 
R'IeeK (CM. q>OpMyJihl (2)). 

7). TaKHM o6pa30M, npouecc Haxo>K.LJ.emuc 
perneHHR CBO,ZlHTCR K HTepaUHOHHOMY rrpo­

ueccy Haxo>K.LJ.eHM perneHHR KpaeBhIX 3a.ua11 
,ZlJIR 8 OKTaHTOB e,ZlHHH.'IHOH c¢epbl 3JieMeH­

TapHblX }ll{eeK C npHMeHeHHeM 3apattee HacqH­

TaHHblX 3JieMeHTapHhIX perneHHH ,ZlJI}I Kpae­

Bh!X 3a.ua'l. Eme pa.3 cne.uyeT 110.uqepKHyrh, 
'ITO HCnOJih30BaTh .uaHHblli ,ZlOCTaToqHo 11poc­

TOH anropHTM y.uaeTCR TOJlhKO 6naro.uapR JIH­
HeHHOCTH pernaeMoro ypaBHeHHR 6onhUMatta. 
IlonyqaeTCR KaK 6hI BJIO>KeHHhIH HTepaUHOH­
HhIH npouecc: caa11arra no }l'l{eHKaM BHyTpH 
o6beKTa, l10TOM no BCeM o6beKTaM CHCTeMhI. 

8). Ilocne nonyqeHH..ff pewemrn .UJI.ff rpyrr­
IlbI Bhl'IHCJIReTCR HCTO'IHHK pacceHBaHHR 113 
BepXJie>Kam11x no 3HeprnH rpynn B cne.uyIO-

lllyIO rpyrrny H HaC'IHTbIBaIOTCR 3JleMeHTap­

Hhie perneHH.sI }ll{eeK .UJIR cne.uy10meH rpyrnrn. 
.l],arree ,[J,Jl}I TeKymeii: 3HepreTH"IeCKOH rpyrr11hl 

npOBO,ZlHTCR 0l1HCaHHl>lli Bhlille HTepaUH.OH­

HhIH npouecc. 

6. MeTO,!J,LI ycKopeHHH CX0JlHM0CTH 

nnpauuonttoro npouecca 

Y CKOpHTh 11aparrrrerrhHhlli HTepaUHOHHhlli 

npouecc, 0l1HCaHHhIH Bhlllle, ,ZlOCTaTO'IHO CJIO­
>KHO IIO cne.uyIOmHM rrpH'IHHaM: 

l) rpaHH.'-IHhie ycJIOBHR CTporo onpe.uene­
HhI TOJlhKO Ha rpaHHUaX BCeH o6JiaCTH pacqe­
Ta (6a30BOro Tena). Ha Ka)l(,ZlOM npocTpaHCT­
BeHHOM 061,eKTe HeT nOCTORHHhIX rpaHH'IHhIX 
ycnOBHH (3a HCKJIIO'leHHeM BHemHHX noBepx­

HOCTeH 6a3oBoro Tena) H B npouecce HTepa­
UHH pemeHHe Ha rprurnuax o6'heKTOB Bce Bpe­
MR MeHReTCR, HO no Mepe CXO,ZlHMOCTH BCe 
cna6ee H cna6ee; 

2) HeH3BeCTHa 3apattee Mepa BJIIDI.HH.R 
o6'beKTOB .upyr Ha ,upyra, ,ZlOCTaTO'IHO CJIO)KHQ 
npe,ZlCKa3aTh IlOBe,ZleIDl.e norpeIIlHOCTH B rrpo­
uecce HTepauHH. 

TeM He Mettee .UJIR ycKoperurn HTepauHoH­
Horo npouecca ycneuIHo npHMeHReTCR .uocTa­
TO'l.HO npocTOH, HO 3<p<peKTHBHhlli MeTO,Zl ra­

ycca - 3eii.uenR. CxeMa 3Toro MeTo.ua .uocTa­
TOqHo npocrn: nonyqeHHaR B TeKymeif 
HTepaUHH 'laCTh pellleHH.R HCil0Jlh3yeTCR ,ZlJI}I 
HaXO)l(,ZleHHR .upyroH 11aCTH perneHHR B 3TOH 

>Ke HTepau;HH. lfrepauIDI C'iHTaeTCR 3aKOH'leH­

HOH, KOr)].a nocrre)].oBaTeJihHO rrorryqeno pewe­
HHe .ZlJ1R BCex OKTaHTOB emrnHqHOH c¢epbl. 

B rrporpaMMe LUCKY npHMerui:eTcR 
".uByxypoBHeBaR" cxeMa raycca - 3eH,ZleJIR, 
Kor.ua ycKopeHHe HCnOJlb3YeTCR )].JIR HaxO)l(,Zle­

HIDI perneHHR BHyTpH 061,eI<Ta B npouecce no­
nyqenHR pemeHJU! no JIOKaJihHOH npOCTpaHCT­
BeHHOH ceTKe H B npouecce o6MeHa rpaHHq­
HhIMH IIOTOKaMH no yrJIOBhIM OKTaHTaM Me>K­
.uy o6'heI<TaMH. 

TaKHM o6pa3oM, pernettHe, nonyqettttoe 
.UJIR 06'heKTa B KaKOM-JIH60 yrnOBOM OKTaHTe, 
MO)l(eT 6hITh cpa3y >Ke nepe.uatto Ha rpaHH'I­
HyIO noBepxHOCTh coce.uttero 061,eKTa n 3a­
TeM HCnOJih30BaHO .UJIR HaXO)l(,ZleHHR perneHHR 
B .upyrHx OI<TaHTax ,ZlJI}I 3TOro 061,eKTa. ,[(AA 
pa60Thl no 3TOH cxeMe BCe 06'beKThl aBTOMa­
TH'leCKH co611pa10TCR B rpynnhI no 8 IlITYK IIO 
'IHCJIY OKTaHTOB Ha e,ZlHHH'IHOH ccpepe. 
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Bnocne,UCTBHH npH nOJI)"-leHHH perneHH.ll 
no yrnOBhIM 0KTaHTaM npOBO,UHTC.ll C,UBHHYfa.ll 
no OKTaHTaM cxeMa rron)"-leHH.ll pemeHH.ll Ha 
Ka)l{,IJ.OM H3 8 o6beKTOB OT,IJ.enhHOH rpynnhl. B 
pe3yJihTaTe npHMeHemui: ,uaHHOH cxeMI>1 .UJI.ll 
IIOJI)"-leRH.ll perneHIDI Ka)KJJ;hTH o6'beKT H3 CBO­
eii BOChMepKH "BH,UHT" rpatnprnoe perneHHe 
OT coce,UHHX o6'beKTOB y)f(e s TeKymei1: HTepa­
UHH, a He s cne.n;}'IOrueii, KaK npH o6bitIHOH, He 
C.IJ.BHHYfOH DO 0KTaHTaM cxeMe Haxo)l(.IJ.eRIDI 
pememrn. 

3cl>qieKTHBHOCTh (BbIHrpblllI no 'IHCJIY 
HTepauHH) TaKOfO ycKopeHIDI COCTaBll.lleT B 
cpe.u.HeM ~ 1,8 .UJI.ll rpynn raMMa-KBaHTOB, a 
.IJ.llil HeHTpOHHhIX rpynn ~ 1,3 H 3aBHCHT B oc­
HOBHOM OT reoMeTpHH 3a,IJ.a'lli. qeM 6onee BhI­
T.llHYfO "6a30BOe Teno" DO KaKOH-JIH6o KOOp­
.IJ.HHaTHOH OCH, TeM 3cp<peKTHBHee 6y.n;eT npe.n;­
JIO)KeHHa.ll cxeMa ycKopeHH.ll . .D:m1 nporpaMMI>I 
LUCKY_ C Hcnon1,3yeTC.ll KnaccWieCKHH Me­
TO.U nepeHOpMHpOBKH, Kor.ua no.rryqeHHOe Ha 
sHeurneif HTepan;HH perneHHe nocne nepepac­
qeTa HCTO'lHHKa .ueneHH.ll npHMeH.lleTC.ll B Ka­
qecTBe Hatianbttoro rrpH6nm1<eHH.ll .IJ.ll.ll npose­
.u.eHH.ll cne.u.yrorueif BHernHeH HTepaumi:. 

7. IlepcneKTHBLI pa3BHTHH 
nporpaMM LUCKY n LUCKY_C 

fnaBHhIM He,UOCTaTK0M pa3pa6oTaHHbIX 
nporpaMM, no MHeHHIO aBTopa, .llBJI.llCTC.ll Ha 
.u.aHHbIH M0MeHT 0TCYfCTBHe B03M0)f(ff0CTH 
rrp0B0,UHTh pactieTbI C pecTapT0M. Ee3 3T0fO 
3HatJHTeJibHO CHH)KaeTC.ll Ha,IJ.e)f(ff0CTh npose­
,IJ.eHHJl CJIO)f(HhIX pactJeTOB, Kor.n;a 3a,IJ.alJa ClJH­
TaeT 6onee l O qacos no speMeHH. llio6oi1: cy­

rrepKoMnhIOTep - JJ;0CT~T0tIHO CJI0)f(ffa.ll CHCTe­
Ma C 60JihlIIHM TCITJI0BhI,UeJieHHeM, H BpeM.ll 

Hapa60TKH Ha 0TKa3 - OCHOBHOH nOKa3aTeJib 
Ha,IJ.e)f(HOCTH BCeH CHCTeMbI. 

DhIJIO 6h1 y.uo6HO npOBO.IJ.HTh pactJeTbI C 
npO.IJ.OJI)f(eHHeM B CJI)"-lae He3ailJiaHHp0BaHHO­
ro c6o.ll o6opy.uosaHH.ll. XpaHHTh OrpOMHbie 
n0JI.ll .n;aHHhIX Ha O.UH0M ceTeBOM .D;HCKe npe.n;­
CTaBll.lleTC.ll npo6neMaTHtIHhIM. K CO)KaneHHIO, 
Bee II0IIhITKH HCnOJih30BaTb pa3JIH'lHbie MeTO­
.IJ.HKH C)f(aTHJl .llaHHhIX He npHBeJIH K )f(eJiaeM0-
My pe3yJihTaTy. Pa3Mepb1 cpaHJIOB nocne C)Ka­
THJI .IJ.aHHhIX OCTaIOTC.ll .U0CTaTOqHo 3HatJH­
TeJibHhIMH. 
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E.u.HHCTBeHHO B03MO)f(Hl,IH cnoco6 - 3TO 
xpaHHTh pernemrn Ha Y3Jiax ( 0T.IJ.eJihHhIX npo­
ueccopHhIX MO.UYJI.llX) cynepKOMnhIOTepa Ha 
JI0KanbHhIX .llHCKax. Ho Tor.n;a tteo6XO.IJ.HMO 
pewaTh 3a.u.aqy nocne.u.y10mero pecraprn c on­
pe,ueneHHOH KapThI npoueccopos. OTMeTHM, 
'ITO see Y3JihI, H3 KOTOpblX COCT0HT cynepKOM­
IlhJOTep, HMeIOT CBOH YHHKanhmre HOMepa H 
cTaprosaTb 3a.u.aqy Ha onpe.uenettHyro KapTy 
HOMepoB oqeHb CJIO)f(HO (H3-3a KOJIJieKTHBHO­
ro IIpHMeHeHH.ll cynepKOMnhIOTepa). 

K C0)Kanemuo, Ha .n;aHHhIH MOMeHT no­
nhITKH opraHH30BaTb pecrapT C 3aBe,IJ.OMO H3-
seCTHOH KapTbI npoueccopoB, KapTbl C rrpe.u.1,1-
,uymero 3anycKa, Ha KOMilhIOTepe Me)l(Be.IJ.OM­
crneHttoro CynepKOMIThIOTepHoro QeHrpa 
(MCQ) He npe.u.cTaBllilIOTCH B03M0)KllblMH no 
tIHCTO TeXHHtJeCKHM npHtJ.HHaM, X0T.ll ,IJ.aHHa.ll 
3a,IJ.atia ycneIIIHo pernaerc.ll Ha cynepK0MITbIO­
repax BHe Poccmi:. 3a.u.aqa pecrapTa MO)KeT 
6bITh pernetta .UBYM.lJ cnoco6aMH: JIH6o t1epe3 
pemem1e 3a,IJ.atJH C 3ase,U0MO H3BeCTHOH Kap­
Thi npoueccopos, n11.60 nocpe.u.crnoM .u.pyroif 
opraHH3an;HH cpaHJIOBOH CHCTeMbl cynepKOM­
nhIOTepa, D03BOJI.llIOIIIeH o6pamaTbC.ll C cpaif­
JIOBOH CHCTeMOH cynepK0MilbIOTepa KaK C 
e,IJ.HHOH cpaHJIOBOH CHCTeMOH, .U0CTynHOH H3 
n106oro npoueccopttoro Y3Jia cynepKOMTihIO­
Tepa. 

ABTop tta.u.eerc.ll, 'ITO co speMeHeM 3Ta 
npo6neMa 6y.u.er pernetta H Ha cynepK0MIThIO­
Tepax MCQ AKa,ueMHH HaYK. 

HecKOJihKO CJIOB 06 HCnOJTh30BaHHH rH6-
pH.IJ.a (npHMeHeHHe Ha cynepKOMilhIOTepax 
TexttonornH MPI&CUDA HJIH OPEN MP) 
.Ullil napanneJibHhIX 3a,uaq_ TeXHOJIOfH.ll HTepa­
I.{H0HHOfO Dpouecca, peanH30BaHHa.ll B npor­
paMMe, Il03B0JIHeT, ecJIH 3TO 6y.uer TeXHHqec­
KH B03MO)KH0, napanneJibHO Hax0,UHTh perne­
HHe Cpa3y .UJI.ll scex 8 OKTaHTOB e.n;HHHtIHOH 
ccpephI .IJ.JI.ll .si:qeifKH s npouecce Hrepaumi (.uo­
nonHHTeJihHO pa36HBaTb npouecc BhltIHCJie­
HIDI Ha 8 napanrrem,HhIX rrpoueccos ), qTo 
.uenaeT nepcneKTHBHhIM HCn0Jih30BaTb BJI0-
)KeHHOe pacnapannenHBaHHe Ha yposHe o6'h­
eKTa, conpOBO)K,UaeMoro CBOHM BhNHCJIHTCJih­
HhIM npoueccoM. EcnH 3TOMY rrpoueccy .uoc­
TynHh1 JIH6o rpacpHqecKHe, nH6o ,upyrHe co­
npoueccophI, a see orrepaum1 s HTore cpaKTH­
qecKH CBO,U.llTCH K YMHO)l{eHHIO MaTpHI.lhl Ha 
MaTpHI.lY, TO 3T0 .n;enaeT rn6pH,u nepcneK­
THBHhIM. 



3cpcpeKTHBHOCTb TaKOro rn6pH)lHOro cy­

rrepKOMI1bIOTepa 6y)leT orrpe)leJUITbCH rnaB­

HbIM o6pa3oM ::>cpcpeKTHBHOCThIO MPI-rrpouec­

cos rrpH pememrn 3a)laq. Cpe)lHHe rroTepH Ha 

o6MeH Me)K)].y rrpouecc;nm npH pacqernx no 

nporpaMMe LUCKY coc raBJIRJOT OKOJJO 30 %. 
3To O3HaqaeT, '-ITO .ua)Ke eCJIH OCTaBlliHeCH 70 
% pacqeTHOro BpeMeI-rn c rrpHMeHeHHeM rn6-

PHJJ.a 6y)lYT CBe,lleHbI K 0, ycKopeHHe npo­

uecca BbI'IHCJieHJ,i.sl pemeHH.H COCTaBHT He 60-

nee '-:leM ~ 3 pa3. 3Ha'-UiT, rn:6pH)l 6y)leT ./lOCTa­

TO'-:IHO 3cpcpeKTHBeH TOJihKO npH TIOTep.llX Bpe­

MeHH Ha o6MeH )laHHhIMH ~ 10 %, qTo onpe­

)leJIHT BO3M0)KHOe ycKopeHHe BhiqHCJIHTeJJb­

HOro npouecca )lO 10 pa3. A :no 3Ha'-:IHT, 'ITO 

TOJihKO pa3BHTHe BhICOKOCKOpOCTHOH ceTH 

Me)K)].y y:maMH IIO3BOJIHT B TIOJIHOH Mepe HC­

I1OJlb3OBaTb TaKHe cynepKOMIIhIOTephI-rn6-

PH./lbl. 

8. Oco6euuocTH nporpaMMhl LUCKY 

K oco6eHHOCTHM rrporpaMM MO)l(HO OTHe­

CTH B03MO)KHOCTb napanneJibHO pa6oTaTb Ha 

60JihlliOM '-:IHCJie npoueccopoB ( OllhIT pa60Thl 

OT 1000 ./lO 5 000 npoueccopoB) c )lOCTaTO'-:IHO 

xopomeH 3cp<peKTHBHOCThlO (~ 2 %). 
KpoMe 3Toro, nporpaMMa LUCKY cno­

co6Ha rrpOBO)lHTb pac'-:leTbl c npO)lOJI)KeHHeM 

reoMeTPHH no KaKOH-JIH60 BhI6paHHOH IIOJih-

30BaTeJieM KOOp,llHHaTHOH OCH pacqeTHOH 06-

JiaCTH, 'ITO )leJiaeT nporpaMMy rrepcrreKTHBHOH 

)lJIH pemeHH.H 6on1>mHx 3a.uaq rrepeHoca H3JJy­

l.feHIDI. Pa60TM B TaKOM pe)KHMe, nporpaMMa 

3am1c1,rnaeT cpaHJI C BblXO)l.HlliHMH yrnOBhIMH 

ITOTOKaMH C nosepxHOCTH rrpe)lIIOCJieJJ.Hero 

o6beKTOBOro CJIOH, OpTOI'OHaJihHOro BhI6paH­

HOH OCH. 

3arrHCh perneHHH He Ha rpaHHUe pac'-:leT­

HOH o6naCTH, r)le CTaBHTCH CB060)lHOe rpa­

HH'-:IHOe ycJIOBHe, a Ha ITOBepXHOCTH, Y.llaJieH­

HOH Ha HeCKOJihKO rrpo6eroB OT rpaHH1J.bI 

srny6h CHCTeMbI, HCKJIIO'-:laeT CHJibHOe BJIH.H­

HHe rpaHH'-:IHOro ycJIOBHH Ha 3aIIHcaHHOe pe­

rneHHe. B rrocnenYIOmeM pacqeTe 3anHcaHHhie 

rpynrrOBhie IIOTOKH C )laHHOH IIOBepXHOCTH 

npHMeHHIOTCH B Ka'-leCTBe rpaHI-fl'IHOro ycno­

BH.ll )lJIH 3a)laqH KaK BXO)lHIUHe B CHCTeMy. Ta­

KHM o6pa30M, IIOJJb3OBaTeJib HMeeT BO3MO)1(­

HOCTh C'-:IHTaTh 3a.uat.{H, KaK 61,1 rrpO)lJieBM pac-

1-ieTHYIO CHCTeMy no BbI6paHHOH OCH. 

3aKmo11euue 

flpe.UJIO)KeHa opHrHHaJibHaR MeTO)lHKa pe­

llleHHH MHOrorpynnoBoro ypaBHeHHH rrepeHO­

ca EoJihUMaHa C npHMeHeHHeM rrapanneJJbHbIX 

BbPIHCJieHHH. Pa3pa60TaHbl MeTO./l_hI OI1THMH-

3aUHH rronyqemrn perneHHR Ha MHoronpouec­

copHOH TeXHHKe C HCTIOJJh3OBaHJ-leM MPI­
CTaHJJ.aprn. Co3)laHhI rrporpaMMLI LUCKY H 

LUCKY_ C, cnoco6Hhie pa6oTaTh Ha 6onh­

rnoM 'IBCJie rrpoueccopoB cyrrepKOMIIhJOTepa c 

xopomeH 3<p<peKTHBHOCTblO. 
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PeJyJ11>TaThl pac'leToB no nporpaMMe LUCKY. 
CpaBHCHHe C apyrHMH nporpaMM8MH H 3KCnepHMeHT8JlhHhlMH aaHHhIMH 

A.B. Mop11KoB, 
PHu; "KypY.aTOBeKHH HHennyr", 123182, MoeKBa, rrn. KypqarnBa, 1 

IloCTynHJia B pe.uam1110 02.07.2010 r. 

O6cy)l(JlaJOTCR pe3yJlhTaTbI paclleToB no 11porpaMMe LUCKY, HCnOJlb3YfOllleH MeTO)].HKH napanJ1eJ1bHbIX 
Bbl'-ll1CJleHHH Ha MHOronpoueccopHOM KOMnl,JOTepe MBC-1000. ,naHbl cpaaHeHHSI pe3yJ1bTaTOB TeCTOBbIX 
paclleTOB, rroJl)"-leHHbrx no nporpaMMaM LUCKY H TORT, H 3KcnepHMeHTaJlbttbIX )].aHttbrx. 

K.J,,o'le<Jble CIIO<JQ: rrporpaMMa, p mS,, MeTOJ[. BepHCpHKaUHSI. 

Calculated Results by LUCKY Code and Comparison with other Computer Codes and Experi­
mental Data. A. V. Moryakov, RRC "Kurchatov Institute ", 1, Kurchatov Sq. , Moscow, 123182. This paper is 
devoted for computer code LUCKY that was developed specially for multiprocessor supercomputers. Results 
for test problems that were obtained by computer codes LUCKY and TORT are discussed. The comparison of 
experimental data and calculated results for benchmark experiment of Balakovo NPP and other tasks are 
presented. 

Key Words: Program, P"'S" Method, Verification. 

Bse,IJ,eHHe 

1.JeJIOBeqeeTBO Bee 6oJibllle H 60Jibille IIOT­
pe6mi:eT :meprnH, KOTOpaH rpe6yeTC.sl .UJI.sl pa.3-
BHTIUI pa.31IH'-I.HhIX orpaenei1: rrpoH3B0.UCTBa H 

KOMq>OpTHOH )KH3HH. B eoBpeMeHHOM MHpe 

JlOJI.sl .si:,nepHOH :mepreTHKH HeYKJIOHHO B03pae­

TaeT, qTo o6n.si:eH.si:eTe.si: pa.3HhIMH rrpHtIHHaMH. 
Peeypehl yrneBO,UOpO,UOB He6e3rpaHHtJHhl, a 

3anacoB .si:.uepttoro TOIIJIHBa Ha ,uaHHbIH MO­

MeHT ,uoeTaTOWO, tJT06bI o6eerretJHTh Heo6xo­

JlHMble TeMIIhI pa.3BHTHJI :m epronpoH3BO.UeTBa. 
IlnaHaMH roey,uaperna rrpenyeMarpHBaeT­

e.si: rroeTpOeHHe HeeKOJihKHX nee.si:TKOB 3Hepro-

6JIOKOB A3C THIIa BB3 P pa.3JIH'-I.HOH Momno­
eTH. KpoMe Toro, B03MO:>KHOCTb yeTaHaBJIH­

BaTb JIOKaJihHO .si:,uepHbie 3Hepr eTHqeeKHe ye­

TaHOBKH (.5I3Y) He60JihlllOH MOillHOCTH B 

TPY.UHO.UOeTyrrtthIX, y,uaneHHhIX OT oeHOBHhlX 
rpaHerropTHhIX MarHeTpaneH MeeTaX, erroco6-
Hhle noeTaToqHo nonroe speMR pa6oTaTh Ha 
O.UHOH TOIIJIHBHOH 3arpy3Ke, ,uenaeT 3TH yern­
HOBKH He3aMeHHMblMH B IIpOH3BO.UCTBe 
3Hepr HH. 

Pa.3BHTHe TaKoii BhICOKOTexHonorHtJHOH 
orpaeJIH, KaK .si:,nepttaR 3HepreTHKa, rpe6yeT 
rrpHMeHeHIUI eaMblX eoBpeMeHHhIX TeXHOJIO­
rHH, KOTOpbie IIO3BOJI.slT yerrelllHO pa.3BHBaTb 
3TY orpaCJih H pernaTb IIOCTaBJieHHbie rrepe,u 
HeH 3a_naq11_ 
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TexH1111eeKoe eorrpoBo)l(JleHHe eymeeTBy­
IOIUHX .5I3Y B aTOMHOH 3HepreTHKe H eo3,ua­

HHe HOBhIX yeTaHOBOK .slBJifilOTC.sl O,UHOH H3 

npHOpHTeTHhIX HH:>KeHepHbIX 3a,uaq, KOTOpble 

BKJIIOtJaIOT pellleHHe CJie.UyIOillHX IIpo6neM: 
paeqeT 3KerrnyaTaUHOHHhIX xapaKTepHCTHK 

aKTHBHhlX 30H, pemem1e 3a,uaq 3alllHThl .5I3Y 
OT HeHTpOHHoro H raMMa-113nyqeHHH, HeH3-
6e:>KHo conposo:>K,uaIOIUHX pa6oTy 3THX ycrn­
HOBOK. KpoMe Toro, He Beerna 803MO)KH0 HJIH 

rpe6yeT 3Haq11TeJihHhIX cpHHaHCOBhlX BJlO:>Ke­
HHH rrpoBe,UeHHe 60JihlllOro KOJlHqecTBa rrp.si:­

MhIX 3KCrrepHMeHTOB, MO,UenHpyIOlllHX pa6oTy 
.5I3Y. 

Ilo3TOMY c03,uaHHe coBeprneHHhIX paeqeT­
HhIX MO.ueneH ,unR MaTeMaTHqecKoro M O.UeJIH­

poBaHml enO:>KHhIX q>H3ITTeeKHX npou eccoB -

rnaatta.si: 3a_naqa, perneHHe KOTopoH nacr 3Ha­
qHTeJihHhIH 3KOHOMHqeeKHH 3q>q>eKT. )];oeTyn­

Hhie Ha ,uaHHbIH MOMeHT MOIUHhie BbPrnenH­

TeJibHble MaillHHbI rrpH MO.UeJIHpoBaHHH 3THX 

rrpoueccoB 6ynyr 3cpcpeKTHBHhl TOJihKO B TOM 
enyqae, ecm1 MeTOAhI paeqeTa rro3BOJIJIT He­
IIOJih30BaTh Bee rrpeHM)'l]leCTBa 3TOH TeXHHKH. 

OrpOMHbie pecypcbI B coqeTaHHH e BblCO­

KOH rrpOH3BO,UHTeJlhHOeTblO II03B0Jl.sll0T rrepe­

XO,[{HTb K MonenHposaHHIO npoueecoB rrepe­
Hoca H3JiyqeHIUI Ha HOBOM, BhICOKOTOtJHOM 

ypOBHe, COBepllleHCTBY.sl cymeeTByIOWHe Ma­

TeMaTHqeeKHe MO,UeJIH H C03,UaBM HOBbie. 
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If 

• 

B03MO)KHOCTh npaKTH'IeCKH TO'iHO C MeJl­

KHM rnaroM reoMeTPH'IeCKOH JJ,eTamnauHH 

OilHChIBaTh CJ1O)KH}'IO reoMeTPHlO pernaeMbIX 

3a)la'i, npHMeHHTh 6onee )leTanhHOe pa36He­

HHe :mepreTH'ieCKOH 06nacn1 npH MHoro­

rpyrrnOBhIX pacqernx, IlO)lHHMaeT Kat.IeCTBO 

TaKHX pacqeTHhlX MO)leJleH )lO H0B0ro BhICO­

KOTO'iHOfO yposmi:, KOr)la norpelllH0CTh pac­

qern C0CTaBJlHeT He 6onee 10 % OT 3KCnepH­

MeHTaJihHhIX pe3yJ1hTaTOB. 

3HatJHTeJ1hHhie pa3Mepbl 5I3Y TPe6yioT 

60J1hlllHX npOCTPaHCTBeHHhIX ceTOK )lJlH a)le­

KBaTHOfO onHcaHJ,ljl ypasHeHHx nepeHoca 

DOJlhUMaHa B KOHe'iHO-pa3HOCTHOM npe)lCTaB­

JleHHH. l103TOMY Jlllil pemeHHH IlOJ1HOMacrn­

Ta6HhIX 3a)laq 3aIIIHThl )')Ke He XBaTaeT pecyp­

COB o6bJ1-IHhlX nepCOHaJihHhlX 3BM. MOIUHhie 

BhJ1-IHCJ1HTeJihHhie MalllHHhl, COCTOHIUHe H3 He­

CKOJihKHX ThICjJ:q npoueccopos H cnoco6HhJe 

pa60TaTh napanneJihHO, - 3T0 cyrrepK0MilhlO­

Tephl, KOTOpbie pa3pernalOT 3TH 3a)la'iH Ha Bhl­

COKOTOtJHOM ypOBHe. 

MHoronpoueccopHhie BhJ1-1HCJ1HTeJ1hHh1e 

MalllHHhI MO:lKHO pa3)leJ1HTh Ha )lBa OCHOBHhIX 

THrra: KOMIIhlOTepbl c o6meii H pacrrpe)leneH­

HOH rraM.IIThlO. fnaBHOe OTJlHqHe HX - B <pop­

Me )lOCTyrra BhltJHCJlHTeJlhHbIX rrpoueccos K 

)laHHhlM, HaXO)lffiUHMCH B naMJITH. 

.l(mI MalllHH c o6rueii IlaMJIThlO s OCHOB­

HOM Hcnom,3yeTcx CTaHJlapT OPEN MP [1, 2], 

Il03BOAAIOIUHH MHOrHM napanJieJihHh]M rrpo­

ueccaM (HHTHM), 3anyrueHHhIM 3a)laqeii, npH­

MeIDITh OJJ,HOa)lpecttoe rrp0CTPaHCTBO o6meH 

naM.IITH qepe3 cpe)lCTBa CHHXpOHH3aUHH )lOC­

Tyrra K )laHHhlM, HaXO)lffiUHMCH B HeH. HanH­

trne orpaHH'IeHHOH naMHTH, XOTH H JJ,OCTaToq­

HO 60JihlllOH, MO)KHO OTHeCTH K HeJJ,OCTaTKaM 

TaKHX KOMIIhlOTepos. fJiaBHhIM JJ,OCTOHHCTBOM 

3THX CHCTeM CJI)')KaT 06IUHOCTh naM.IITH H, KaK 

CJieJJ,CTBHe, oqeHh 6hICTPhIH o6MeH )laHHhlMH, 

o6ecneqeHHhIH napanJieJihHhIM anropHTMOM;. 

.LJ:m MalllHH C pacnpe.neJieHHOH naM.IIThlO 

oqeHh IllHpOKO HCilOJih3yeTCH CTaH)lapT MPI 
(Message Passing Interface) [ 1]. CYTh ero 3a­

KmoqaeTcx B BO3MO)KHOCTH CBX3aTh napan­

JieJihHhie npouecchr rrocpe.ncrnoM o6MeHa 

)laHHhIMH no oqeHh 6hICTPOH JI0KaJihHOH cent 

Myrinet [ 1 ] , coeJJ,HHHIOIUeH pa3Jilfl'IHI,Ie BhJqH­

CJIHTeJihHhie Y3Jihl cyrrepKOMIIhlOTepa, npHMe­

IDIH cpe.ncrna MPI 6116JIHOTeK H3hlKOB npor-

paMMHposaHJ,ljl, TaKHX KaK <l>OPTPAH HJIH 

CM [ 1, 2]. 3TH MamHHhI He HMeIOT o6rueii na­

MJITH. 

CeTh CBH3hIBaeT npouecChl, 3anyrueHHbie 

napanJieJihH0 Ha He3aBHCHMhIX BhJ1-IHCJUfTeJih­

HhIX y:max cyrrepKOMTihIOTepa, o6ecne'lllsax 

6bICTP}'IO nepeChJJIKY )laHHhlX Me)K)ly Y3J1aMH. 

K JJ,0CTOHHCTBaM TaKHX K0MilhIOTepoB MO)KHO 

OTHeCTH npaKTH'ieCKH HeorpamPieHHhie Bhl­

q}ICJIHTeJihHhie pecypChI, TaKHe KaK onepaTHB­

HaH naMJITh, BHeillHXR rraMHTh Ha JIOKaJihHhIX 

JJ,HCKax. 3a)laqH JJ,llil TaKHX MaillHH nerKO Ma­

ClllTa6HpyIDTCR ( ecJIH 3TO II03B0meT napan­

JieJihHhlli anropHTM) nocpeJJ,CTBOM HCil0Jlh30-

BaHHH see 60Jihlllero KOJIH'ieCTBa Bhf'-IHCJIH­

TeJihHhIX Y3JIOB. 

K HeJJ,OCTaTKaM TaKHX CHCTeM M0)KHO OT­

HeCTH HeH36e)KHhie Il0TepH speMeHH Ha rrepe­

ChIJIKY )laHHhIX OT 0JJ,H0fO BhJ1-IHCJIHTeJihH0ro 

Y3Jia K .npyroMy. Ho ecJIH rrapaJIJieJihHhIH an­

ropHTM o6na.naeT TaKHM CBOHCTBOM, 'iTO IIO­

TepH Ha o6MeH JJ,aHHhIMH Me)K)ly Y3JiaMH He 

npeBhIIllal:OT 10 . .. 20 % OT speMeHH pacqeTa, 

TaKOH a.rrropHTM MO)KHO CtJHTaTI, 3<p<peKTIIB­

HhIM H ycneurno npHMeIDITh MPI-cTaHJJ,apT B 

o6MeHe JlJlH napanneJihHoro anropHTMa. 

Ha JJ,aHHhIH MoMeHT 0JJ,HHM 0:3 caMhrx .noc­

TyrIHhIX B Pocc1rn xsnxeTCR cyrrepK0MilhlOTep 

MBC-1000 [3 ... 5], HMeIOIUHH ~ 9 000 rrpo­

ueccopos, CTORIUHH B Me)KBeJJ,OMCTBeHHOM 

CyrrepKOMTibIOTepHOM U:ettTPe P AH. A ca­

MhIM npmi3BO)lHTeJihHhIM KOMIIhlOTepoM B 

MHpe CJIY:lKHT cyrrepK0MilhlOTep, pa6oTalOIUHH 

s ClllA, HMeIOIUHH 0KOJIO 220 000 npouecco­

pos (crrHcoK Top 500). 

Ceiiqac BO MH0rHX HCCJie)l0BaTeJihCKHX 

opramnauHxX ycTaHaBJIHBalOTCR MOIUHhie cy­

nepK0MilhlOTephl, rrpHMepoM MO)KeT CJI)')KHTh 

cyrrepKOMIIhIOTep, ycTaHOBJleHHhlli B MfY' 
HMeIOIUHH ~ 35 000 npoueccopos. 

JI106ax nporpaMMa TPe6yeT JleTaJihHOH 

sepmpHKaUHH. ToJihKO nocne sepmpHKau1rn 

M0)KHO 6bITh ysepeHHhlM s npaBHJihHOCTH rro­

nyqeHHhIX pe3yJlhTaTOB. )];aHHax CTaThH rro­

CBHrueHa paCCMOTPeHHIO pxJJ,a TeCTOBhIX 3aJJ,aq 

Jlllil oueHKH npaBHJlhHOCTH pa60Thl npor­

paMMh] LUCKY [6], peaJIH3yIDIUeH PmSn Me­

TO)l )lHCKpeTHhIX opJJ,HHaT [7] JJ,JIH perneHJ,ljl 

MR0rorpyrrnosoro ypasHeHHH DOJihUMaHa C 

HCIJOJih30BaHHeM rrapanJieJlhHhIX TeXHOJIOfHH. 
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IlporpaMMa co3,11,atta )],JUI pa6oThI Ha cy­

nepK0MIThJOTepax, np11Merunouurx MPI-crnH­

,11,apT. ,Um1 s113yan113au11_11 reoMeTPHH pacqern 

11cn0Jib3YGICH nporpaMMa AUTOCAD [8]. 

1. Pac'leT MO,!J,em,uoii 3a,!J,a'IH-MaKeTa 

,l),JIH THJIH'IHOH K0MJl03HUHH BB3P-1000 

,[(JIH cpastteHHH nporpaMMbI LUCKY c 

llllip0K0 113secTHOH nporpaMMOH TORT [9] 

npe,11,JI0)KeHa M0)],eJibHM 3a,11,aqa-MaKeT, 0TPa­

)KaJOIUM THIII.fl-lHyJO K0Mil03HUHIO B83P-

1000. ITporpaMMa TORT, KaK 11 nporpaMMa 

LUCKY, peanHJyeT Mttororpymiosoif MeT0,11, 

,11,HCKpeTHblX 0p)],HHaT )],JIH pemeHHR ypastte­

HIDI nepettoca nOJibUMatta. O6e nporpaMMbI 

np11MeH.SllOT 6116mrnTeKH .si:.uepHbIX .uaHHblX B 

0,11,H0M H TOM )Ke cpopMaTe GIT [9], qrn6b1 

,11,0CTaToqHQ JierK0 cpaBHHBaTb pe3yJibTaTbI 

pacqeT0B. 
,[(JUI pacqeTa npe.n:Jio)Ketta K0Mil03HUmI H3 

7 np0CTPaHCTBeHHblX 30H, C0CT0HlllHX H3 7 

TeJI B BH,[{e Ky6os pa3H0f0 pa3Mepa, BJI0)KeH­

HbIX .n:pyr B .n:pyra, C pa3JIWIHblM MaTepHanb­

HbIM C0CTaB0M, THilJiqHI,IM ,[{JI& peaKT0p0B TH­

na BB3P-1000. IlpHBe.n:eM pa3MepbI X-Y-Z s 

CaHTHMeTPaX MaTepHanbHbIX 30H )],JI& pacqeTa: 

1). 35x35x35 -TOIIJIHB0, aKTHBHM 30tta; 

2). 40x 40x40 - 5 CM CTarrH, BbIT0p0)],Ka; 

3). 45x45x45 - 5 CM B0,[{bl, B0,11,a ,[{0 K0p3HHhI; 

4). 50x50x 50 - 5 CM CTanH, K0p3HHa; 

5). 70x70x70 - 20 CM B0,11,bI, B0,[{a ,11,0 K0prryca; 

6). 90x90x90 - 20 CM )KeJie3a, Kopnyc; 

7). iOOxlOOx l00-10 CM B0,11,bl. 

TaKHM o6pa30M, Il0JIHbie pa3Mepbl pac­
qeTHOH o6JiaCTH 100xl00x 100 CM. PacqeThl 

np0B0)],HJIHCb B P3Sg np11611IDKeHHH )],JI& 22-x 

HeHTP0HHblX rpynn, ceqeHHR )],JI& MaTepHanb­

HbIX C0CTaB0B noJiyqeHbl H3 6116rr110TeKH 

BUGLE 96 [10]. 
l1cToqm-1K HeHTPOH0B, HMeIOLUHH no 

3Hepr1111 pacnpe,11,errett11e cneKTPa ,11,eneHH&, 

pacnpe.neneH paBH0MepHo no 1-H 30He. Oc­

TanhHhJe 30Hbl HCTQqJfJ,fKa He HMeIOT. 

IlpOCTPaHCTBCHHM CeTKa .UJI& nporpaMMbI 

LUCKY cocTasmurn 9 261 000 npocTPaHcT­
seHHhIX ToqeK, 3a.naqa pernanacb tta 1000 npo­

ueccopax cynepKoMnhJOTepa MBC-1000 c 

IIIar0M 5 MM .D.HCKpeTH3aUHH no BCeM npocT­

paHCTBCHHbIM 0CHM, HCil0Jlb30Banacb B3Be-
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lllCHHaH cxeMa c BCC0M 0,51, speMH pacqern 

10 MHH. 

CyMMapHaH np0CTPaHCTBeHHM CeTKa .UJIH 

pacqeTa no nporpaMMe TORT cocTaBJI&Jia 

3 3 7 5 000 np0CTPaHCTBeHHblX ToqeK. Illar 

,[{HCKpeTH3aUHH no 3aIUHTHbIM o6rracrnM coc­

TaBJIHJI 5 MM, s o6nacTH HCTQqHHKa 1 CM. Bpe­

MH pacqeTa TeCTa 120 MHH. 

f paHHqHble ycJJOBHR ,[{JIH 3a,11,aq11 3a)],aHbl 

crre.nyJOIUHM o6pa3oM: cJiesa - ycnosHe 3ep­

KaJibttoro 0Tpa)f(ettmI, cnpasa - cso6o.nttoe, 

cppOHT - ycJJOBHe 3epKanbHOfO OTPa)f(eHH.sI, 

C3a.[{H - cso60,11,Hoe, CHH3Y - ycJI0BHe 3ep­

KaJibHoro 0TPa)f(eHIDI, csepxy - cso6o.nttoe. 

Cso60,11,ttoe rpaHHqttoe ycrrosHe no.npaJy­

MesaeT HOJib BJieTa qaCTHU B CHCTeMy. CxeMa 

pacqeTHOH M0.lleJIH ape,AcTasrretta tta pHc. 1, 2, 

a pe3yJibTaTbI pacqeTOB CKaJI&PHblX nOTOKOB H 

cpasHeHH.sI - s rn6n. 1. 
AHMU3 pe3y11bmamo6 nOKa3bIBaeT xopo­

rnee COBila)],eHHe pe3yJibTaTOB, norryqeHHhlX 

z 
y 

0 

y X 

0 

P1-1c. 1. CxeMa pacqeTHOH MO,neJIH 

=t::tj=t:tj: ltJ~~[jj_ X 

35 50 70 90 100 

P1-1c. 2. JlnaH 3a,naqH s nJJOCKOCTH XY 
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Ta 6 JJ n u a 1. CpaBHeHHJI cneKTpOB HeifrpOHOB s KOHTpOJTbHbIX TOYKax J:VUI noTOKOB HeHTpOHOB s rpynne 
(8rp = (TORT- LUCKY)ffORT, JlJUI cyMM no rpynnaM 8H,,T = (TORT-LUCKY)ffORT, E - scpxttsisi rpam1ua 
3HepreTH-.iecKOH rovnnhI) 

KoopJI,1.rnaTbI 
70. 0. 0. 90. 0. 0. 

TOYeK X, V, Z, CM 
Ho-

E, 3B 8rp, % 8HHT> % 8rp, % 8HIIT>% 
Mep 

l 1.7330E+07 1.48 1.48 0.82 0.82 

2 l.4190E+07 0.99 I. 11 0.58 0.64 

3 l.2210E+07 1.00 1.02 0.44 0.49 

4 1.0000E+07 0.92 0.96 0.27 0.36 

5 8.6070E+06 0.81 0.88 0.26 0.31 

6 7.4080E+06 0.64 0.74 0.43 0.38 

7 6.0650E+06 0.66 0.71 0.76 0.54 

8 4.9660E+06 0.67 0.69 1.26 0.87 

9 3.6790E+06 0.61 0.67 1.32 0.99 
10 3.0120E+06 0.48 0.64 1.59 1.10 

11 2.7250E+06 0.48 0.61 1.60 1.19 
12 2.4660E+06 0.44 0.60 1.75 1.24 

13 2.3650E+06 0.44 0.60 1.61 1.25 
14 2.3460E+06 0.34 0.58 1.71 1.30 
15 2.2310E+06 0.03 0.49 1.87 1.44 

16 l .9210E+06 -0.15 0.39 2.06 1.60 

17 1.6530E+06 -0. 19 0.30 2.25 1.79 

18 1.3530E+06 -0.67 0.12 2.98 2.27 

19 1.0030E+06 - 0.51 0.05 3.41 2.59 

20 8.2090E+05 0.59 0.08 3.53 2.69 

21 7.4270E+05 - 1.83 - 0.15 2.49 2.62 

22 6.0810E+05 0.05 - 0.13 3.76 2.85 

23 4.9790E+05 

no nporpaMMaM LUCKY H TORT .nm1 cneKT­

pos HeHTJ)OHOB H Cy-MMapHblX IlOTOKOB no 

rpynnaM. Ha6mo.n.aeMcUI pa3HHUa B perneHHHX 

061,.si:cHJieTC.sl npHMeHeHHeM pa3JJH'IllhlX pa3-

HOCTHhIX cxeM ,l],Jl.sl pacqeTa, HCnOJlh3OBaHHe 

KOTOphIX npH 3Haql-fTeJlhHOM ocna6neHHH B 

7 ... 9 nop.si:wos npHBO,l],HT K pacxo)l{,l],emno 

nonyqeHHhIX ,D,aHHhIX ,l],O 10 % B cneK-rpaX. 

2. Pac'leT D0T0Ka 6LICTpb1X neuTp0H0B 

na icopnyc peaKTopa naJiaicoscicou A3C 

,[(Jl.sl sepmpH1CanHH nporpaMMbI Bh16paH 

TeCT, ,D,eMOHCTJ)Hp)'lOIUHH BO3MO)KHOCTh npaK­

TH'ieCKOfO rrpHMeuemrn nporpaMMbI LUCKY 

,l],JUI perneHH.sJ: 3a,D,aq 3aIUHThl B peaJJhHhIX 

513Y. IlpHMepoM TaKOH 3a.n.aq.n CJJ)')KHT onpe­

.n.eneHHe nOTOKa 6hlCTJ)hIX HeHTJ)OHOB Ha KOp­

nyc peanhHO pa6oTalOIUHX BB3P- l 000. B oc­

HOBY ,l],JUI cpasHeHH.sJ: C pe3yJlhTaTaMH, nony-

35. 35. 35. 70. 70. 70. 90. 90. 90. 

8rp, % 8HHT, % 8rp, % 8HHT, % 8rp, % 8HHT> % 

2.06 2.06 6.05 6.05 4.24 4.24 

2.27 2.23 6.51 6.39 4.75 4.59 

2.54 2.48 8.02 7.56 7. 14 6.32 

2.67 2.60 8.23 7.94 8.46 7.40 
2.67 2.65 7.77 7.85 9.26 8.12 

2.57 2.60 7.70 7.77 9.44 8.65 

2.46 2.52 7.12 7.50 9.43 8.91 

2.57 2.55 6.93 7.28 9.38 9.08 
2.61 2.57 6.88 7.20 10.00 9.28 

2.66 2.59 6.52 7.12 10.67 9.47 

2.57 2.59 6.57 7.05 10.67 9.62 

2.58 2 .59 6.59 7.02 10.95 9.71 

2.61 2.59 5.61 7.00 9.96 9.71 

2.60 2.59 6.21 6.95 11.48 9.87 

2.49 2.57 6.09 6.82 11.55 10.20 

2.37 2.53 5.78 6.68 11.25 I 0.46 

2.07 2.44 5.63 6.50 10.98 10.62 

1.11 2.13 4.48 6.02 10.19 10.40 

1.12 2.00 3.67 5.64 9.69 10.08 

1.26 l.95 5.96 5.66 8.68 9.92 

0.26 l.65 2.21 4.73 9.23 9.49 

0.50 1.54 3.86 6.05 7.94 9.04 

qeHHhIMH no nporpaMMe LUCKY, B3.sJ:ThI pe-

3YJlhTaThI Me)l(,D,yHapO,D,HOfO 6eHtIMapK 3KCne­

pHMeHTa, npose.n.eHHOfO Ha KOprryce aTOMHOH 

CTaHUHH oaJJaKOBO. Pe3yJlhTaThl H3MepeHHH H 

.n.eTaJJhHOe OIIHCaHHe 6eHqMapKa npe,D,CTaBJle­

Hhl s pa6oTe [ 11]. 

2.1. KpamKoe onuca,me pac11em1tou MOOeJlU 
Y CTaHOBKa BB3P- l 000 pacCqHThmanach 

B -rpexMepHOH re0Me-rp1rn C ,l],eTaJlhHhlM onH­

caHHeM scex npoCTpaHCTBeHHhIX 30H. Pa3Mep 

pactieTHOH o6naCTH (6a30B0f0 Tena) COCTaB­

mrn 310 CM no OC.slM X HY, 355 CM no OCH Z. 
War npoc-rpaHCTBeHHOH ceTK.H 0,26 CM no 

oc.sJ:M X H Y, 0,8 cM no ocH Z. HcTOqffHK .ll.Jl.sl 

pacqeTa B aKTHBHOH 30He peaKTopa B3.slT H3 

nporpaMMhI IIEPMAK [ 12] noTB3JihHoro 

-rpexMepttoro pactieTa aKTHBHOH 3om,1 BB3P. 

IlporpaMMa LUCKY HMeeT BO3MO)KHOCTh 

HCilOJih3OBaTh cpaHJI C IlOTB3JlhHhlM -rpeXMep-
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HbIM pacnpe,ZlenemleM H3 nporpaMMhI TIEP­

MAK KaK BXO.llHOH .ZlJlH aBTOMaTH'-IeCKoro no­
nyqeHHH HCTOqmrna HeHTpOHOB. PHC. 3 . .. 5 

6eTOH 
TenJl0l-130Jl51Lll-151 
803AYWHblH 3830p _ ____, 

Kopnyc 
H8KI18AK8 
BoAa 
Waxra 

8b1ropOA~K_a~~~=t.r.:--~ 
BoAa 

AKTHBHasi aoHa ~, . .., ........... , , 

60° 

8 

P1-1c. 3. KoMn03Hl..lHll pactferHoii o6nacTH ycrnttos­

KH s nnaHe XY 

y - -==--------- - -, 

0 
X 

P1-1c. 4. reoMeTJ)Hll pac4eTa BB3P-1000 s nnaHe 
XY, nony•rnHHall qepe3 nporpaMMY AUTOCAD 

z 

0 

X 

PHC. 5. fuOMeTJ)H4eCKOe H306p1l)l(em,e re0MeTJ)HH 
pacqera BB3P-1000, noJI)'4eHttoe qepe3 nporpaM­
M)' AUTOCAD 

34 

OTPIDKaJOT reoMeTPHJO pacqernB. )].JUI norryqe­

HH.H H,ZlepHbIX KOHCTaHT )],JUI pactJeTOB npHMe­

lli!JiaCb fo16mrnTeKa H.ZlepHbIX ,Zlamn,IX BUGLE 

96. PacqeTbI npOBO,ZlHJIHCb ,ZlJlH 30-TH rpynn 

HeHTPOHOB (HH)KHjfjf rpaHHUa IIO 3HeprnH 

0,026 M3B). 

3a 6a30Bbie 6paJIHCb pactJeTbl, npOBO,ZlH­

Mbie B P3S3-npH6J1mKeHHH. BbI'lHCJIHJIHCb 

CKOpOCTH peaKUHH ,ZleTeKTOpOB 237Np(n, /) 
mes, 93Nb(n, n)93mNb, 23sU(n, /)131Cs, ssNi(n, 

p)58Co, 54Fe(n, p)5
4
Mn, 

46Ti(n, p)4
6
Sc, 

63Cu(n, 
a)6°Co. 

TionyqeHHbie pe3yJihTaTbI no nporpaMMe 

LUCKY cpaBHHBaJIHCh c pe3yJibTaTaMH H3Me­

peHHH no a3HMYTY BHenrneH IIOBepxHOCTH 

Kopnyca B ueHTPaJihHOM cetJeHHH H pe3yJibTa­

TaMH pactJeToB no nporpaMMe TORT. Pe3ym,­

TaThl pacqeTOB CKOpOCTeH peaKUHH Ha H.D,po H 

cpaBHeIDie C 3KCnepHMeHTaJibHbIMH ,llaHHbIMH 

npe.D,CTaBJleHI,I B Ta6n. 2 .. .4. 3a.Zlaqa cqHTaJiaCb 

Ha 3 381-M npoueccope cynepKOMnhJOTepa 

MBC-1000, BpeMH pacqeTa, HanpHMep, 

sapHaHTa P3S10 COCTaBJIHJIO ~ 800 MHH. 

2.2. AHtlllU3 nollytteHHblX pe3yllbmamoe 
Ha6mo.D,aeTCH xopornee cosna,lleHHe pac­

qeTHhIX ,ZlaHHhIX, nonyqeHHbIX no nporpaM­

MaM TORT, LUCKY, H JKcnepHMeHTaJibHhIX 

.D,aHHbIX. Pe3yJihTaTbl nona.D,aJOT B )],OBepH­

TeJibHbIH mnepsan norpernHOCTH 3KCnepH­

MeHTa no BCeM no3HUJUIM H3MepeHHH. 

2.3. llpo6JleMa oeoiiHoii mo 1mocmu 
TipHHHMaH BO BHHMaHHe, 'ITO lJHCJIO npo­

ueccopoB, HcnoJih3yeMbIX B pacqerax no npo­

rpaMMe LUCKY, .llOCTIITaeT eecKOJihKHX ThI­

Cjfq, a 'lHCJIO npOCTpaHCTBeHHbIX TO'IeK Ha 

Ka)K,llOM Bhl'UiCJIHTeJibHOM npouecce - 500 

000 TOtJeK H 6onee, B03HHKaeT sonpoc o B03-

MO)KHOH noTepe TO'IHOCTH npH BbllJHCJieHHH 

pemeHHH. 

TiporpaMMhI LUCKY H LUCKY_ C HMe­

JOT BepcHH c .llBOHHOH TO'IHOCThJO, nerKo no­

nyqaeMb1e H3 6a30BOH BepcHu 3aMeHoH B one­

parnpe IMPLICIT integer4 Ha integer8, real4 

Ha rea18. ABTOpOM npoBe,ZleHbI HCCJie,ZlOBaHHH 

BJlJ,fjfHHH .llBOHHOH TO'IHOCTH pacqeToB Ha no­

JIYtJaeMoe pernettwe B 3a,Zlaqe pacqera pa,ZlHa­

UHOHHOH HarpY3KH Ha Kopnyc oaJiaKOBCKOH 
A3C. )].1rn pactJeTOB 3TOH 3a,ZlatJH no 
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nporpaMMe LUCKY HcnoJJb3OBaJIHCb 3 381 
npoueccop C npoc-rpaHCTBeHHOH JlOKaJJbHOH 

ceTKOH 169 000 rnqeK Ha Ka)K,UhIH npoueccop 

C npHMeHeHHeM yrnoBOH KBa,upaTypbI S10-

Pe3yJJbTaTbI J],Jl.sl CKOpocTeH peaKUHM no­

porOBbIX ,ueTeKTOpOB, noJJyqeHHbie Ha BHelll­

HeH noBepXHOCTH KOpnyca peaKTopa npH OJ],H­

HapHOH H ,UBOMHOH TO'IHOCTH pact.{eTa, OTJJH­

qam1cb Ha ,uec.s1Tb1e ,uonH npoueHTa ,upyr OT 

,upyra. BHelllHHH pa,uHyc KOpnyca COCT3BJJ.slJJ 

2,28 M. 

TionyqeHHhie COOTHOllleHH.sl pe3yJibTaTOB 

C pa3HOH TO'IHOCThlO JJ.pyr K JJ,pyry IlO3BOJlJIIOT 

nonaraTb, t.{TO BnOJIHe MO)KHO HCIIOJlb3OBaTh 

06hl'IHYIO ToqHOCTb pactJeTOB B 3aJJ,atJax TaKo­

ro THna H BJIHJIHHe ,UBOMHOH ToqHOCTH ea pe-

3YJibTaT He3HatJHTeJlhHO. 

TionyqeHHhlH pe3yJibTaT, BepO.slTHO, MO)l(­

HO 060.slCHHTb TeM cpaKTOM, tJTO BKJiaJJ, B pe­

llleHHe (ttaH6onee "ueHHhrn" J],AA pellleHH.s1) 

,ua10T HeHTJ)OHhI, YJJ.aJJeHHbie OT ToqKH, rJJ.e 

cpopMHpyeTC.sl perneeHe, Bcero nHIIIb Ha He­

CKOJihKO J],JIHH CB060J],HhlX npo6eroB. Tio3-

TOMY 3HatJHTeJlhHOro CHH)l(eHH.sl TOtJHOCTH 

pactJeTa ,un.s1 3TOH 3aJJ,aqH He tta6mo,uaeTcH, 

TaK KaK IlOTepH TO'IHOCTH B OKPY*3IOilleH 

npoc-rpaHCTBeHHOH o6naCTH, ,ua10meif OCHOB­

HOH BKJiaJJ, B HCKOMOe perueHHe, He3H3tIBTeJib­

Ha. BKJiaJJ. )Ke yJJ.aneHHbIX o6nacTei1 B peIIIe­

HHe He3Ha'-IHTeJieH, J],3)1(e eCJIH OH H paCCt.{H­

TbIBaeTCH C noTepei-1 TO'IHOCTH. 3TO He 03Ha­

qaeT, '-ITO He CYilleCTByIOT TaKHX 3aJJ,a'-I, B 

KOTOpbIX 3cpcpeKT IlOTepH TO1IHOCTH, B carry HX 

cneuHcpHKH, npH Bblt.{HCJieHHH MO)l(eT 6bITh 

CYilleCTBeHHbIM H no-rpe6yeTCH npOBOJ],HTb 

pactieThl C J],BOHHO:U TO'-IHOCTblO (HanpHMep, 

3a,uatJH Ha co6cTBeHHOe 3Ha'-leHHe). 

3. Pac'leT TeCTOBOH 33ll,3'1H 

C B03lJ.YlllHblMH UOJIOCTHMH 

B 2000 r. Me)l(J],yHapoJJ,HbIH KOJIJieKTHB 

npe,UJIO)l(HJl TeCT [ 13], npe,UCTaBJI.sllOillHH H3 

ce6H OJJ,HorpynnOBYfO 3aJJ,a<Jy C JlOKaJJbHbIM 

H30TJ)OnHhlM HCTO'IHHKOM H H3BeCTHbIMH ce­

tJeHHHMH, HMeIOmyIO B reoMeTpHH noJIOCTH 

pa3JIHt.{HOH cpopMhl, C ueJiblO cpaBHeHHSl pe-

3YJlbTaTOB, nonyqeHHbIX npH perneHHH JJ,aH­

HOH 3a,uaqH no nporpaMMaM, HCilOJlh3YfOlllHM 

pa3Hhie MeTOJ],bl pellleHHH 3aJJ,atIH nepeHoca 

qacTHU. 

36 

Tipe,ZlJIO)l(eHbI ,UBa BapHaHTa 3aJJ,a1u1: C a6-

COJIIOTHhIM nornomeHHeM H ceqeHHeM pacce­

HBaHHH, paBHbIM 50 % OT IlOJIHOro ceqeHITT. B 

cnyqae BapHaHTa 6e3 pacceHBaHH.sl BO3MO)KHO 

HaXO)K,UeHHe TOtiHOro pellleHHSl nyreM np.slMO­

ro HHTerpHpOB3HH.sl BKJla,Zla '-laCTHU OT 3a,UaH­

HOro H3OTJ)OITHOro HCTOtJHHKa. ,[I.AA BapHaHTa 

C 50 % pacceHBaHHeM 33 TOtJHOe pellleHHe 

npHH.slTO pellleHHe, noJJyqeHHoe no nporpaM­

Me GMVP(JAERD, peanH3yIOllleii MeTO,Zl 

MoHTe-Kapno ,un.s1 nonyqeHITT perneHH.sl. 

TioJJOCTH B 33}],atJe npe,uCTaBJleHbI -rpeM.sl 

BapHaHTaMH: o6oeMHa.sl IlOJlOCTb, IlOJIOCTb B 

BHJ],e npOTjl)l(eHHoro KaHana, noJIOCTh B BHJJ,e 

H3orttyroro KaHaJJa. r eoMe-rpHsr 3a,uaq ,uatta Ha 

pHC. 6 ... 9. CeqeHHH J],JIJI pacqeTHbIX o6nacTeH 

npeJJ,CTaBJieHbI B Ta6n. 5. 
PacqeThI no nporpaMMe LUCKY rrpoBo­

J],HJIHCb C npoc-rpaHCTBeHHbIM rnaroM no OC.slM 

pacqeTHOH o6nacTH, paBHhIM 2 MM, no rnaro­

BOH KOHetIHO-pa3HOCTHOH cxeMe, tJTO npH 

npo6ere 10 CM 06ecneq11Bano xopOlllyIO Ko­

HetIHO-pa3HOCTHyIO annpOKCHMaUHIO onepa­

TOpa rrepeHoca ypaBHeHHS£ nOJibUMaHa. Tiopsr­

JJ.OK S11-npH6J1H)l(eHH.sI no KBa.npaType - MaKCH-
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P1-1c. 7. OnHCaHHe reoMeTpHH K 3a,uaYe 2 

MaJibHO .UOCTyrIHbIH (S16)- Pac1:1eTbl npOBO.UH­

JlHCb Ha 1 001 npoueccope, spewi: pac1:1eTOB B 

3aBHCHMOCTH OT BapHaHTa COCTaBmmo 20 ... 65 
MHH. Ilpose,ueHbl pac1:1eTbI HeCKOJlbKHX BapH­

aHTOB C IIpOCTPaHCTBeHHbIM rnaroM B l MM. 

Pacxo)l(,[leHHe pe3yJlbTaTOB, no11yqeHHblX C 

rnaraMH 2 MM H 1 MM, HeJHat:mTeJlbHO. 

T 6 a J1 H l.{a 5 C . eYeHHSJ no 6 :,ac4eTHblM 0 JlaCTSl M 

O6naCTb l1CT04HHK, fIOJlHOe ceYeHHe, 
.3 -1 -I 

H·CM ·c CM 

I I 0,1 
2 0 0,0001 
3 0 0,1 

B Ta6Jl. 6 ... 8 ,uaHbl CKamipHbie IlOTOKH, 

no11yqeHHbie no nporpaMMe LUCKY, H cpas­

HeHHe 3THX ITOTOKOB C IlOTOKaMH, no11yqeHHbI­

MH no rrporpaMMe TORT, 11 T01:1HbIM perneHH-
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P1-1c. 8. OrrncaHHe reoMeTpHH K 3a.u.a4e 3 

eM. IlporpaMMa TORT Bhl6paHa ,um1 cpasHe­

HIDl HCXOWI H3 KpHTepIDl HaH60JlbilleH 6nH-

30CTH IIO MeTO,uy pememui: C nporpaMMO.H 

LUCKY. 

AHGJZU3 pe3yllbmamoB. Ilo11yqeHHbie pe-

3YJlbTaThl IIO nporpaMMe LUCKY .umi: scex 

BapHaHTOB TeCTOBbIX 3a,ua1:1 ,UOCTaT0':IH0 xopo­

lllO cornacyroTc.s1 c pe3y11bTaTaMH, no11yqeH­

HbIMH IIO nporpaMMe TORT, H T01:IHbIM perne­

HHeM. Pacxo)l(.[leHHe pe3ym,TaTOB, no11yqeH­

HbIX no nporpaMMaM, peaJJH3yIOmHM B Ka1:1e­

crne MeTO,Ua perneHIDl MeTO.U ,UHCKpeTHbIX op­

.UHHaT, C T01:IHbIMH pe3yJlbTaTaMH o6ycnosne­

HO MeTO,UH1:leCKOH "c11a60CTblO" ,uaHHoro Me­

TO,Ua (HanH1:1He "Ray"-3q>q>eKTa) npH nonyqe­

HHH perneHIDl B cpe.uax C MaJlbIM nOJlHbIM ce-

1:leHHeM H ce1:1eHHeM pacceHBaHH.sl. 

,l],n.s1 KOMneHcauHH " Ray" -3Q_)Q_)eKTa B03-

MO)KH0 npHMeHeHHe np.s1Moro HHTerpHpOBa­

HIDl no .s11:1efu<e ,UJl.sl MeTona .UHCKpeTHbIX op.uH­

HaT, ':IT0 CHH3HT KOJle6aHIDl perneHHJI ,UJl.sl yr-

37 
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PHc. 9. OnaH reoMeTpHH K Ja.nat.te 3 

JlOBhIX IIOTOKOB B B03.llYllIHhIX nOJJOCT.IDC., r,n;e 

MaJioe nonHoe ceqeHHe H ceqeHHe pacceHBa­

HIDI o6ycnaBJlHBaIOT 3TH KOne6aHH.sl. ,[J;aHHa.sl 

KOMIIeHcauIDI "Ray"-3<p<peKTa 6y,n;eT peaJIH30-

BaHa B nporpaMMe LUCKY B 6nmKaihuee 

BpeMJI. 

3aKJIIO'leHHe 

HaJIJfl'IHe pa3JJH'IHhIX no cocTaBY 3alllHT­

HhIX KOMn03HUHH H )lOCTaTO'IHO 6onhIIIHX oc­

na6neHHH B 3a,n;aqax .un.si: HeHTpOHHOro H3rry­

qeHH.si: B COBOKynHOCTH c IIIHpOKHM Ha6opoM 

3KcnepHMeHTaJlhHhIX )laHHhIX ,n;aeT B03M0)K­

HOCTh BCeCTOpOHHero Tecn1p0Bamu1 npor­

paMMbI LUCKY H Ha OCHOBe aHaJIH3a pe3ynh­

TaT0B c,n;eJJaTh BhIBO.ll O B03M0)KHOCTH npHMe­

HeHH& )laHHOH nporpaMMhl )lJUI npoBe)leHIDI 

npaKTHqecKHX pactJeTOB B TiffilfqHhIX 3aIUHT­

HhIX KOMD03HUH.si:X. Ha OCHOBaHHH npe,UCTaB­

JleHHhIX MaTepHaJIOB MO)KHO C)leJlaTh cne.uyro­

ll-llfe BhIBO)lhl. 
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1. C03)laHbl KOMnhIOTepHbie nporpaMMbl 

LUCKY H LUCKY_ C (&3hIK nporpaMMHpoBa­

HH.si: <t>OPTPAH 90 [l, 2]). IIporpaMMhI Hc­

noJJh3YJOT opHrHHaJlbHYJO MeTO.UHKY napaJI­

neJlbHOro perneHH.si: MHororpynnoBoro ypaB­

HeHHH nepettoca EoJihUMatta P111Sn MeTO)lOM 

)lHCKpeTHhIX Op.UHHaT. IIpe)lJlO)l(eHHa.sl MeTO­

)lHKa noKaJaJia xopowyro (~ 2 %) 3<p<peK­

THBHOCTh Ha cynepKOMDhlOTepax C pacnpe.ue­

JleHHOH naM.si:ThIO, Ha 6onhIIIOM tJHcne npouec­

copoB (6onee 1000), npHMeH.si:IOIIlHX MPI­

CTatt.uapT .un.si: nepe,uaY.H ,uaHHhIX. IIporpaMMbl 

cnoco6Hhl pa6oTaTh Ha MaKCHMaJlhHO )lOCTyn­

HOM Y.Hcne rrpoueccopoB cynepKOMDhIOTepa. 

)];mi: pemeHH.si: npaKTHtieCKHX 3a,ua1.J Ha ,uaH­

HhIH MOMeHT HCDOJlh3yeTCH MaKCHMaJlbHO )lO­

CTynHoe qncno npoueccopoB Ha cynepKOMnh­

IOTepe MBC-1000 ( OT 1000 .uo 5 000). 

2. IIpoBe,ueHhI pacqeThI no nporpaMMe 

LUCKY p.si:.ua TeCTOBhIX Mo.uenhHhIX 3a,uaq H 

.uaHO cpaBHeHHe pe3yJlhTaTOB C nporpaMMOH 

TORT H .upyrnMH nporpaMMaMH. IIpoBe.ueHhI 

pacqeThI no nporpaMMe LUCKY peaJihHOH 

3aIUHTHOH KOMTI03HUHH BB3P-l 000 H ,uaHo 

cpaBHeHHe pe3yJlhTaTOB C 3KCnepHMeHTaJlh­

HhIMH )laHHl>IMH. 

3. Pe3yJihTaTbl cpaBHeHH.si: )laIOT OCHOBa­

HHe nonaraTh, 'ITO B03MO)KHO ycnernHoe rrpH­

MeHemIe nporpaMMbI LUCKY ,n;n.si: pemeHH.si: 

3a,uaq 3aIUHThl OT HeHTpOHHOro H raMMa-H3Jiy­

'IeH11H B rrpoeKTHpyeMbIX H pa60TalOIIlHX 

5I3Y. 

CoucoK JJHTeparyp1,1 

I . Boe800UH B.B., Boe800UH Bll.B. napa.rmeJlb­
HbJe Bblt.tHCJ1emu1. CTT6.: 6XB-TTe-rep6ypr, 2002. 
2. I'opeRUK A.M. TTporpaMMHpOBaHHe Ha COBpe­
MeHH0M <t>OPTPAHE. M.: <l>HHaHCbI H crnrncrn­
Ka, 2006 
3. Zabrodin A. V., Levin V.K., Korneev V. V. The 
Massively Parallel Computer System MBC-100. 

Parallel Computing Technologies. Third Int. Conf., 
PaCT-95, St. Petersburg, September 1995, Proc. 
4. 3a6pooun A.B. TTapa.rmeJ1bHb1e Bblt.tHCJ1H.TeJ1b­
Hbie TeXHonorHH. CocTOJIHHe, nepcneKTHBbJ. TTpe­
npHHT l1IIM HM. M .B . Ken.nh1wa PAH, Mi 71, 
1999 (http: //www.parallel.ru - .narn 06paweHHJ1: 
10.10. 2008). 
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Ta 6 JI u u a 6. TecrneaJ1 3a,n;aYa I. CpaeHem1e pe3y11bTaTOe: 
LIE L k /E T/E TORT/E E = UC ;y xact, = xact, xact - TOYHoe pewem1e 
Kooo,n;1rnarn I 00 % nornomemu1 50 % pacce11Bamrn 

X, Y,Z,CM Exact Lucky LIE & T/E Exact Lucky LIE & T/E 
5. 5. 5. 5.95 5.96 1.001 l.001 8.29 8.31 1.002 1.002 

5. 15. 5. 1.37 1.41 l.029 1.05 1.87 1.92 1.026 1.02 
5. 25. 5. 5.00E-1 5.57E-I 1.114 1.05 7. 13£-1 7.87E-I I. I 03 I. 15 
5. 35. 5. 2.52£-1 2.71E-l 1.075 0.9 3.84E- l 4.02E-l 1.046 1.04 
5. 45 . 5. I.SOE-I l .02E-I 0.680 0.55 2.53E-l 1.9 IE- I 0.754 0.6 
5. 55. 5. 5.95E-2 3.74E-2 0.628 0.7 I .37E-l l.06E-I 0.773 0.77 
5. 65. 5. 1.53£-2 I .28E-2 0.836 0.95 4.65£-2 4.35E-2 0.935 0.97 
5. 75. 5. 4. l 7E-3 4.52£-3 1.083 1.4 1.58£-2 1.65£-2 1.044 1.05 
5. 85. 5. 1.18£-3 I .42E-3 1.203 0.95 5.47E-3 5.80£-3 1.060 I. 15 
5. 95. 5. 3.46E-4 3.34£-4 0.965 0.45 I .85E-3 l.79£-3 0.967 1.01 

15. 15. 15. 4. 70E-l 3.87E-l 0.823 0.9 6.63£-1 5.52£-1 0.832 0.8 
25. 25. 25. 1.69£-1 1.94£-1 1.147 I.I 2.68£- 1 3.00E-1 1.119 1.2 
35. 35. 35. 8.68£-2 7.56E-2 0.870 0.8 1.56£-1 1.39£-1 0.891 0.8 
45. 45. 45. 5.25E-2 4.42£-2 0.842 0.87 l.04£-1 9.49£-2 0.912 0.95 
55. 55. 55. 1.33E-2 1.29£-2 0.969 1.05 3.02E-2 2.93£-2 0.970 1.15 
65. 65. 65. 1.45£-3 I.6E-3 I. I 03 l.3 4.06E-3 4.22E-3 1.039 1.3 
75. 75. 75. l.75E-4 1.94£-4 I. I 08 1.35 5.86E-4 6.07E-4 1.035 l.3 
85. 85. 85. 2.24£-5 2.3E-5 1.026 1.3 8.66E-5 8.62E-5 0.995 1.2 
95. 95. 95. 3.0lE-6 2.63E-6 0.873 1.2 1.12£-5 I .0SE-5 0.937 0.9 

5. 55. 5. 5.95£-2 3.74£-2 0.628 0.7 l.37E-l 1.0SE-1 0.766 0.75 
15. 55. 5. 5.50£-2 5.62E-2 1.021 1.05 1.27£-l l.31E-l 1.031 1.03 
25. 55. 5. 4.80£-2 3.66£-2 0.762 0.9 1.13£-1 9.69E-2 0.857 0.9 
35. 55. 5. 3.96E-2 3.90£-2 0.984 0.98 9.59£-2 9.54E-2 0.994 0.9 
45. 55. 5. 3.16£-2 3.18£-2 1.006 1.2 7.82E-2 7.91£-2 1.011 1.01 
55. 55. 5. 2.35£-2 2.41£-2 1.025 l. I 5 5.67£-2 5.71E-2 1.007 1.01 
65. 55. 5. 5.83£-3 6.53E-3 1.120 0.9 l .88E-2 I .95E-2 1.037 1.03 
75. 55. 5. 1.56E-3 l .62E-3 1.038 0.9 6.46E-3 6.4 lE-3 0.992 0.99 
85. 55. 5. 4.53£-4 3.JOE-4 0.684 0.4 2.28E-3 2.02E-3 0.885 0.8 
95. 55. 5. l.37E-4 5.44£-5 0.397 0.4 7.93E-4 6.57E-4 0.828 0.75 

Ta 6 JI u u a 7. TecTOBIUI 3a,n;aya 2. CpaeHem1e pe3y11bTaT0B: 
LI IE I I E = Lucky, xact, T E = TORT Exact, Exact - T0trnoe peweHHe 
Koop.n;HHaTa 100 % nornomeHHJI 50 % oacceHBaHHJI 

X, V, z, CM Exact Lucky LIE & TIE Exact Lucky LIE & TIE 
5. 5. 5. 5.95 5.96 l.001 1.001 8.61 8.62 1.001 1.001 
5. 15. 5. 1.37 1.41 1.029 1.07 2.16 2.21 1.023 1.01 
5. 25. 5. 5.00E-1 5.57E- I l.l141.08 8.93E-I 9.58£-1 1.072 1.1 
5. 35. 5. 2.52E-I 2.71 E-1 1.075 0.9 4.77£-1 4.97E-I l.042 1.05 
5. 45. 5. l .S0E-1 1.02E-I 0.68 0.55 2.88E-I 2.34E-l 0.812 0.7 
5. 55. 5. 9.91 E-2 6.21 E-2 0.626 0.75 I .88E-I l.45E-1 0.771 0.75 
5. 65. 5. 7.0lE-2 5.86E-2 0.836 1.25 1.31 E-1 l.15E-I 0.877 0.85 
5. 75. 5. 5.22E-2 5.65£-2 1.082 1.45 9.49£-2 9.76E-2 1.028 1.08 
5. 85. 5. 4.03E-2 4.80£-2 1.19 I.I 7.12£-2 7.79E-2 1.094 1.25 
5. 95. 5. 3.20£-2 2.98£-2 0.931 0.6 5.44£-2 4.95E-2 0.909 1.2 
5. 95. 5. 3.20E-2 2.98£-2 0.931 0.6 5.44£-2 4.95£-2 0.909 1.2 
15. 95. 5. 1.70£-3 1.73£-3 1.017 1.017 6.58£-3 6.95E-3 1.056 1.03 
25. 95. 5. 1.40£-4 5.79E-5 0.413 0.2 l.28E-3 1.21 E-3 0.945 0.85 
35. 95. 5. 3.27£-5 3.96£-5 1.21 l 1.3 4.13£-4 4.53E-4 1.096 1.05 
45. 95. 5. I .08E-5 6.97£-6 0.645 0.25 1.55£-4 I .58E-4 1.019 0.9 
55. 95. 5. 4.14E-6 I .94E-6 0.468 0.7 6.02£-5 5.87E-5 0.975 0.85 
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Ta 6 JI u u a 8. TecToBall 3a.lla4a 3. CpasHeHHe pe3ynbTaTOB: 
k / T/E TO TIE E LIE = Luc :y Exact, = R xact, xact - T04HOe peweHHe 

KoopJJ.HHaTa I 00 % nornomeHHll 50 % pacceHBaHHll 
X,Y,Z, CM Exact Luckv LIE & T/E Exact Lucky LIE & T/E 

5. 5. 5. 5.95 5.96 1.001 1.001 8.61 8.62 1.001 1.001 
5. 15. 5. 1.37 1.41 1.029 1.06 2.16 2.21 1.023 1.023 
5. 25. 5. 5.00E-1 5.57E-1 1.114 1.08 8.93E-1 9.58E-I 1.072 I.I 
5. 35. 5. 2.52E-I 2.71E-l 1.075 0.9 4.78E-I 4.98E-I 1.041 1.03 
5. 45. 5. 1.50£-1 l.02E-I 0.680 0.5 2.89E- l 2.35E-l 0.813 0.65 
5. 55. 5. 9.91 E-2 6.21E-2 0.626 0.65 l.92E- I 1 .48E-l 0.770 0.73 
5. 65. 5. 4.22E-2 3.53E-2 0.836 1.03 l.04E-I 9.36E-2 0.900 0.9 
5. 75. 5. l.14E-2 l .24E-2 1.087 1.4 3.37E-2 3.39E-2 1.006 1.006 
5. 85. 5. 3.24E-3 3.88E-3 1.197 1.01 I .08E-2 1.llE-2 I .027 0.95 
5. 95. 5. 9.48E-4 9.07E-4 0.956 0.5 3.39E-3 3. I 3E-3 0.923 1.02 
5. 55. 5. 9.91E-2 6.21 E-2 0.626 0.85 l .92E-l l.48E-I 0.771 0.75 
15. 55. 5. 2.45E-2 2.13E-2 0.869 0.95 6.72E-2 6.30E-2 0.937 0.96 
25. 55. 5. 4.54E-3 4. l 7E-3 0.918 0.9 2.21E-2 2.20E-2 0.995 0.99 
35. 55. 5. I .42E-3 l.37E-3 0.964 I .4 9.90E-3 1.04E-2 1.050 1.08 
45. 55. 5. 2.64E-4 2.91E-4 I. I 02 1.2 3.39E-3 3.92E-3 1.1561.15 
55. 55. 5. 9.14E-5 9.87E-5 1.079 0.7 l .05E-3 l.17E-3 1.1141.1 
5. 95. 35. 3.27£-5 3.96E-5 1.211 1.2 3.44E-4 3.58E-4 1.040 1.04 
15. 95. 35. 2.68E-5 7.43£-5 2.772 3.4 2.91E-4 3.83£-4 1.316 1.3 
25. 95. 35. l .70E-5 3.46E-6 0.203 0.4 2.05E-4 l.83E-4 0.892 0.85 
35. 95. 35. 3.37£-5 4.73£-5 1.403 1.2 2.62£-4 2.84E-4 1.083 1.25 
45. 95. 35. 6.04E-6 4.05£-6 0.670 0.5 l.05E-4 I .08E-4 1.028 0.95 
55. 95. 35. 3.36E-6 2.34E-6 0.696 0.2 4.44E-5 4.53E-5 1.020 0.9 

5. Gapanos A.B., Jlau,uc A.O., CtvlCUH CB., 
XpllMU,06 M.10. PyKOBO.llCTBO nOJ1b30BaTem1 CHC­
TeMbl MBC-1000/M (www.jscc.ru - JJ.aTa 06parn,e­
H1-U1: 10.10.2008). HIIM HM. M.B. KenJJ.blWa PAH. 
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ron Dosimetry Benchmark Experiment. SJNBAD -
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6. MopRK06 A.B. HcnoJ1b30BaHHe napa.nnenbHblX 
Texttonorni:1 MJI peweHI-UI MHororpynnosoro 
ypastteHI-UI nepeHOCa MeTO.llOM .llHCKpeTHblX Op.llH­
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JJ.bI B reopm-1 nepettoca. M.: ATOMH3.llaT, 1971. 
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Y,D;K 621.039.51 
HcnoJih30BaHHe nponeJJ.yphl cneKTpaJihuoii npoeKUHH JJ.JIH onpe,IJ.eJieHHH 

peaKTHBHOCTH B fl>HJHqecKH 60JJhllIHX H,IJ.epHhlX peaKTopax 

A.JT. l/epe106, H. 8 . ll(yKuH, A.A. Ce.Ate1106, /{.A. CoJ106be6, 

Hl1.5IY "Ml1<l>l1", 115409, MocKBa, Kaun:1pcKoe rnocce, 31 

flocTymrna B pe.uaKUmo 01.05.2010 r . 

B CTaTbe aHaJ1H3HpylOTCll cnoco6bl onpe.ueneHHll peaKTHBHOCTH, B OCHOBe KOTOpblX Jle)KaT npoue.n.ypa 

BOCCTaHOBJleHHSI HeihpoHHOro nOJlSI H MeTO,ll cneKTJ)aJlbHOH npoeKUHH (CTT) . Ilpe,llJlaralOTCSI npH6mm:eHHble 

MeTO,llbl onpe.ueneHHll peaKTHBHOCTH, KOTOpble MOryT 6bITb HCnOJlb3OBaHbl Ha npaKTHKe. Ha pacYeTHblX MO­

,lleJll!X .ueMOHCTPHPYeTCSI 3Q)Q)eKTHBHOCTb npe,llJlaraeMblX MeTO,llOB no cpaBHeHHIO C MeTO,ll8MH, npHMeHSJI0-

1.UHMHCSI npH 3KcnnyaTaUHH A3C. 
lv11011eeble cnoea: cneKTpa.nbHaSJ npoeKUHJI, peaKTHBHOCTb, HeHTPOHHO-q>HJHYeCKHH paclfeT. 

The Procedure of the Spectral Projection for Determining the Reactivity in Physically Large Nucle­
ar Reactors. A.L. Cl,erezov, N. V. Scl,ukin, A.A. Semyonov, D.A. Solov'yov, National Research Nuclear 
University "MEPhl", 31, Kashirskoe Sh., Moscow, 115409. The article deals with reactivity estimation meth­

ods, which are based on a reconstruction procedure of the neutron field and the procedure o f the spectral pro­

jection. The approximate methods of reactivity estimate, which can be used in practice, are offered. The effici­

ency of the proposed methods is compared on the computer models with the methods applied in practical 
measurements. 

Key Words: Spectral Projection, Reactivity, Neutron-Physical Calculations. 

1. Onpe)le.11euue napaMeTpoe 6e1onacuocTH 

Orrpe.ueneHHe rrapaMerpoB 6e3orracttocTH 

- HeHTpOHHO-q>H3tttieCKHX xapaKTepHCTHI<, Ha 

0CHOBe K0T0p.bIX IT0CTpOeHa MeTO,UHI<a o6oc­

H0BaHJUl .11.uepHOH 6e3oITaCHOCTH peaKTopoB 

(Oiffi-88/ 97 [1]), .uaeTC.ll HCX0.U.ll H3 IIOIDI.TK.Sf 

" peaKTHBHOCT.E," - Mepbl 0TKJI0HeHH.ll peaKTO­

pa OT CB0ero CTaIJ,H0Hapuoro C0CTO.ll:HH.ll [2]. 

KOHKpeTHhie orrpe.ueneHH.ll peaKTKBH0CTH 3a­

BHC.ll:T OT cnoco6a 3a,uaHH.ll "MephI" H MOryr 

6.E.ITh BeCbMa MHOroo6pa3Hhl. 3.uecb petJh HJJ,eT 

0 KJiaCCH'-leCKOH peaKTHBH0CTH, 0ITpe.ueneH­

HOH KaK 1 - 1/keff- 113MepeHHe peaKTHBH0CTH 

CJly')KHT KJIIOtJeBhIM 3BeH0M B MeT0.UHKe orrpe­

.ueneHH.ll rrapaMerp0B 6e30ITaCHOCTH .ll:J].epHhIX 

peaKTOp0B ( " KoMnneKCHa.ll MeT0.UHKa .. . ,, ,UJl.ll 

PEMK [3], " MeTO.UHKH pactJeTa .. . " .UJl.ll BB3P 

[4] , .urr.11 EH [5]). 

B q>H3HtJeCKH 60JlhlllHX .ll,UepHhIX peaKT0-

pax, HarrpHMep PEMK, ITepexo.UHhie rrpou,ec­

c1:,1 corrpoB0)K,L{aIOTC.ll 0TH0CHTeJlhHO 60JlhlllH­

MH ITO aMilJlHTy.Ue H rrpoJ].0IDKHTeJlhH0CTH 

ITpocrpaHCTBeHHbIMH rrepepacITpe.uen eHH.ll:MH 

rroneii, acne.ucTBHe qero H3Mepeuuoe 3HatJe­

HHe peaKTHBHOCTH M0)l(eT co.uep)l(aTh 3HatJH­

TeJlhHYJO MeT0.UHtJeCKYJO rrorpelllHOCTh (.uo 25 

%). 

KnaCCHtJeCKa.Sl peaKTHBH0CTb He M0)KeT 

xapaKTepH3oBaT.E. peaKT0p KaK pacITpe.ueneH­

HblH ITO q>a30BOMY rrp0CTpaHCTBY (r,E,n) 
06beKT, TaK KaK 3T0 ll0H.ll:THe BB0J].HTC.ll H "cy­

mecTayeT" TOJihK0 B paMKax 0JJ,H0T0tJe'-1.H0ro 

rrpH6JIK)l(eHH.ll. fIOIThITKa onepHp0BaTh TepMH­

H0M "peaKTHBHOCTh" B paMKax pacnpe.ueneH­

HOH Mo,uenH rrpHB0.UHT K B03HHKH0BeHHIO TaK 

Ha3hIBaeMbIX "npocrpaHCTBeHHhIX 3cpcpeKTOB", 

K0T0pbie cne.uyeT HHTepITpeTHp0BaTb KaK He­

HHBapHaHTHOCT.E, peaKTHBHOCTH ITO 0TH0We­

HHIO K MeCTOll0Jl0)l(eHHIO H3Mep.1110mero ee 

.ueTeKTopa. 3To "q>aHTOMHoe" HBneHHe, 3aqac­

TYJO BHOC.Sllllee OCHOBHOH BKJia.U B norpern­

H0CTb H3MepeHH0r0 3HatJeHK.Sf peaKTHBH0CTH, 

CTaH0BHTC.ll HaCTOmIJ,eH rrpo6neMOH Ha rrpaK­

THKe B cnyqae HCil0Jlb30BaHH.ll TeopeTHtJeCKH 

Heo60CHOBaHHhIX MeT0.U0B orrpe.uen eHml pe­

aKTHBH0CTH. 

flpoue.uypa " H3MepeHH.ll" peaKTHBH0CTH 

IT0.UPa.3YMeBaeT orrpe.uen euHe peaKTH~H0CTH 

ITO .UHCKpeTH0MY MH0)KeCTBY BpeMeHHbIX CKr­

HaJl0B .ueTeKT0p0B, pacn0Jl0)l(eHHbIX BHyTpH H 

IHnH sue aKTHBHOH 30HhI. TeopeTHtJecKH 06-

octtosaHHbie MeT0 .UhI oITpe.uen eHHJ1. peaKTHB­

H0CTH 0CH0BbIBaIOTC.ll Ha rpy.uoeMKOH C BhT­

tJHCJlHTeJlbH0H T0 qKH 3peHH.ll rrpou,e.uype 0 6 -
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pa6oTKH 3THX CHrHaJIOB (BKJUoqaIOmei1: B ce6R 

BOCCTaHOBJiem1e HeHTpOHHOro IIOJIH). 

PaHee H3-3a He,llOCTaToqHo BbICOKOfO ypo­

BHR BbfCIHCJIHTeJihHOH TeXHHKH npHMeHeHHe 

TaKHX MeTO,llOB B rrpaKTHKe 3KCrrnyaTaUHH 

A3C 6hrno He,uocTynHo. B HacToRmee speMH 

3TOH npo6neMhI He CYlllecrnyeT. IlmrnMy 

cpopMyJIHpyeMbie H o6cy-A<,uaeMhie s ,llaHHOH 

CTaTbe TeopeTH'IeCKH o60CHOBaHHbie MeTO,llbl 

onpe,ueJieHHH peaKTHBHOCTH MOfYT npe,ucTaB­

JUITb peanbHbIH rrpaKTH'-leCKHH HHTepec. 

2. Cnoco6bl onpe.11.eJJeHHH peaKTHBHOCTH 

PaccMOTPHM ra30KHHeTH'-lecKYIO Mo,ueJib 

HeHTPOHHOH KHHeTHKH H.UepHoro peaKTopa c 

)"IeTOM 3ana3,llbIBaIOlllHX HeHTPOHOB 6e3 06-

paTHhIX CBR3eit Ey.neM rrpe,nrroJiaraTb HaJIH­

qJ,[e BHyrpeHHero HCTO'IHHKa MrHOBeHHbIX 

HeHTPOHOB B peaKTope, He 3aBHCHil.lero OT 

BpeMeHH. Ilose.nem1e peaKTopa B TaKOM rrpH-

6IDf)Kemrn OIIHCbIBaeTCR CHCTeMOH HHTerpo­

.llH<pcpepeHUHaJibHbIX ypaBHeHHH B qacTHblX 

rrpOH3B0,llHbIX, BXO,llHllleH B COCTaB a6cTpaKT­

HOH 3a,lla'Ill Kourn, 

a,u(x, t) = Au(x, t) + S(x); } 
(1) 

u(x,O) = u0(x), ~[O,T], x = (r,E,ll), 

B KOTOpOH BeKTop-cpyttKUHH 

u(x, t) = [ cp(x,t),R1 (x,t), ... ,R1 (x,t)r COCTOHT 

113 <pyttKUHH HeHTPOHHOro IIOJIH cp(x, t) H 

rromr 3ana3,UhIBaIOlllHX HeHTPOHOB 

R,(x,t) = x,(E)C,(r)/41e, i = 1,1; C,{r)- KOHUeH­

TPaUHR 3MHTTepos 3anaJ,nhrna10mux HeHTPO­

Hos; X, (E) - crreKTP 3aITa3.llhIBa10m11x HeHT-

poHoB; S(x) = [s(x),O, ... ,or - BHyrpeHHHH 

HCTO'IHHK MrHOBeHHbIX HeHTPOHOB. 

B ycJIOBHHX npHIDIThIX rrpe.nnoJio)KeHHH 

orreparnp A : Uv,1+t ➔ L ~,1+ i • 1 ~ p ~ 00 HBJIH­

eTCR JIHHeHHbIM HeorpaHHqeHHbIM 3aMKHYTblM 

H aBTOHOMHbIM onepaTOpOM B npRMOM 

npOH3Be,neHHH Jie6eroBhlX npOCTPaHCTB 

ljy 1+1 = LjJ X ... xL~, 
' ~ 

/ + I pa:i 

D = {Vx = (r, E, Q): rEV,EE[O,E0],!E[0,4nJ}, 

H HMeeT cne.nYIOlllHH BH,n: 
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A= ,(la) 

K~ 0 -Z,I 

r.ne u = u(E) - cKopoCTh HeHTPOHOB, L­
orrepaTop nepeHoca HeHTPOHOB, KP - orrepa-

Top reHepau,11.11 MrHOBeHHhIX HeHTPOHOB, K!­
onepaTop reHepaUHH 3aIIa3,llbIBaIOlllHX 

HeHTPOHOB ( k = l, /), K_, - onepaTOp pacceR­

HIDr HeHTpOHOB, Zk - IIOCTOHHHaR pacrra,na 

3MHTTepoB 3aIIa3,llbIBaIOIUHX HeHTPOHOB rpyn-

Ilbl k = l, I, I, 0 - cooTBeTCTBeHHo e.nHHH'I­

HhIH H HyJieBOli orrepaTOpbI. 

Ey,neM o6o3HaqaTb onepaTop .neneHHR 
I 

K 1 =KP+ I,K~ . Eonee no.npo6HYIO cpopMy-
1=1 

JIHpOBKY npe,ncTaBJieHHOH MO,lleJIH H OIIHCa­

HHe ee MaTeMan1qecKHX CBOHCTB MOJKHO 

HaHTH B [6, 7]. 
l13secTHO, 1no crreKTPaJihHOe MHO)KeCTBO 

cr(A) orreparnpa A pa36HBaeTCR Ha TPH B3a­

HMOHenepeceKaJOIUHeCR 06nacn1: 

cr(A) = Pcr(A)UCcr(A)URcr(A) 

(To'Ie'IHbIH, HenpepbIBHhIH 11 ocTaTO'IHhIH crre­

KTPhI). B HameM cnyqae HaH6onee HHTepeCHa 

nepBaR o6JiaCTb. KpaTKO ccpopMyJJHpyeM oc­

HOBHhie csoi1:crna TOqe,rnoro crreKTPa Pcr(A). 
1. Pcr(A) JJOKaJIH30BaH B orpaHK'IeHHOH 

06nacn1 H coCToHT H3 He 6onee tJeM cqeTHoro 

MHO)KeCTBa HOpMaJibHblX co6CTBCHHblX 

3Ha'IeHHH ( C.3.) g;} ,eN , KOTOpbIM COOTBeTCT­

syeT opTOHOpMlipOBaHHaR CHCTeMa co6cTBeH­

HbIX (c.cp.) H npHcoe,nHHeHHbIX cpyttKUHH 

{x,(x)tN ({x:(x)LN ,llJIR COilpH)KeHHOro 

orrepaTopa A +). Bo3MO)((HbJe ToqKF1 HaKorrne­

HHR: {V~E <I>: Re~= - a }U{-z, t,, 
a= vrai min.fi -r.

101 
(r, E), 3TH TOlfKH rrpH­

Ha,nJie)KaT HerrpepbIBHOMY cneKTPY Ccr{A). 

2. CYlllecrnyeT~0 E Pcr(A): ,neiicTBHTeJib­

Hoe, IIpOCTOe C.3., HaH60JJbillee cpe,nH Bcex 

rrpO'IHX C.3. ToqeqHoro cneKTPa IIO BeJIH'-IHHe 

Re~J ; eMy COOTBeTCTByeT HeOTpuuaTeJibHaH 
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c.<p. x0 (x). Pernem1e 3a,uaqli (1) 3a1111c1:,maeT­

c,i: B BH,lle 

I 

u(x, t) = T(A, t)uo(x) + f T(A, t - t)S(x)dt,(2) 
0 

r,ue T(A, t) - 3BOJIIOUHOHHhIH orreparnp (rro­

nyrpynrra). CrrpaBe,UJIHBO pa3JIO)l(eHHe 

J v1 - I k 

T(A,t) = ~ e~11 ~ ~(A-~ .JtP (A)+ 
~ f:r k! 1 

~1 

+T,(A,t),JE N, (3) 

B KOTOpOM orrepaTOp 1/A,t), OIIHChIBalOII.{HH 

IIOBe,UeHHe BhICIIIHX rrpOCTJ)aHCTBeHH0-3Hep­

reTH':leCKliX rapMOHHK, TaKOB, ':ITO 

IIJ;(A,t)II e-~ ➔ O, P, (A)'I;(A,t)=0,VJ=0,J. 
p I-¾- ~J 

Orreparnp P, (A): 14, /+I ➔ M l C 14, /+I 
',j ' , 

Ha3hIBaeTCJI rrpoeKUHOHHhIM orrepaTOpOM H 

o6na,uaeT cne.uyrolllliMH CBOHCTBaMH: 

P~i (A)u(x, t) = ( u0 (x),x: (x)) e~'1X; (x); 

P~
1 
(A)P~. (A)= P~, (A)b!i, 'v~; ,~1EPa(A). ( 4) 

PaCCMOTpHM KJiaCCH':leCKOe orrpe,ueneHHe 

peaKTHBHOCTH, KOTOphIM IIOJih3YJOTCH B npaK­

THKe 3KCnnyaTaUHH, 

p = 1-1/ ketr, ( 5) 

r.ue kerr - 3<p<peKTHBHhIH K03(p(pHI{HeHT pa3-

MHO)l(eHHJI BTOporo po.r:1a, KOTOphlH no onpe­

,ueneHHIO ecTb Be,UYlllee C.3. ycJIOBHO-KpHTH­

qecKOH 3a,lla'-IH (YK3): 

- L\j/0 (x) + K s'l'o(x) + (1/ keff )K /lj/0 (x) = O; (6) 

-L+'l';(x) + K ;\jl;(x) + (1/keff )K;'l';(x) = 0. (6a) 

HopMHpOBaHHYJO q>OpM-q>yHKUHIO HeHT­

pOHHoro ITOTOKa 'l'o(x) (ueHHOCTH HeHTJ)OHOB 

'I'; (x)) Ha30BeM YCJIOBHO-KpHTH'-leCKHM HeHT­

pOHHhlM IIOTOKOM (ycJIOBHO-KpHTH':leCKOH 

ueHHOCThlO ). 

CBH3b Me)l(,lly peaKTHBHOCThlO H rrepexo.u­

HhlM rrpoueccoM cp(x,t) ycTaHOBJieHa Ycaqe­

BhlM JI.H. [8] H orrpe,ue1rneTCSI o6pameHHhIM 

perneHHeM ypaBHeHHH HeHTJ)OHHOH KHHeTHKH 

(OPYK) 

p = P.,r(t)+¾(t)a, In Fi(t)-

1 [ "' - z I JI ( ) Z T J - P(t) q+ L.)-1e 
1 P/-r)P2 -re ' ch , (7) 

2 / -

(K~q,(x,t), ljl; (x)) 
B KOTOpOM p . (t) = ( ) - .[IOJIJI 1 

K 1q,(x,t),'V; (x) 

3aITa3,llhIBaromHX HeHTJ)OHOB rpyrrIIhI j = I,] ; 
I 

P.,r(t) = LP
1
(t) - 3q>q>eKTHBHM ,UOJISI 3arra3-

1=1 

,llhlBaIOmHx HeHTpOHOB; 

T, (t) t -•~(x,t), "'; (x)) - cpe~aee BpeMJ< >KH3-
K /p(x,t), 'l';(x)) 

HH MrHOBeHHhIX HeHTJ)OHOB; 

q = ( s(x ), \jl; (x)) - MOlllHOCTh BHYTJ)eHHero 

HCTO'lHHKa. 

CHrHaJihl, KOTOpbie cne,uyeT no,uaBaTh Ha 

BXO,ll OPYK: 

F; (t) = ( u-1cp(x, t), 'I'; (x)), 

Pi(t)=(K1cp(x,t),'l';(x)). (8) 

Yrnep?KJleHHe I. HaH6om,rnee c.3. orrepa­

Topa A H3 (1) - ~0 ER (cooTBeTcTByeT c.cp. 

Xo(x) = [rio(x), !j(X), ... , rtCx)r' rio(x), r;(x)=L~ ), Be­

.llYlllee c.3. k0,r YK3 (6), (6a) H peaKTHBHOCTh 

p CBJl3aHhl COOTHOIIIeHHeM 

p = 1--
1 

= ~o [r0- + ±. p~ J (9) 
keff i=I ~o + Z; 

(TaK Ha3hIBaeMoe ypaBHeHHe "o6paTHhIX qa­

COB"), B KOTOpOM 

__ (u-1ri0(x),'1';(x)) _ _ (K~rio(x),'l'; (x)) 

Ta - ( ) ' p; - ( ) . K 1rio(x), 'l';(x) K 1ri0(x), 'l'; (x) 

Xo,u ,llOKa3aTeJil,CTBa OCHOBhIBaeTCJI Ha 

MaTJ)I.PrnoH cpopMe 3anHCH (la) orreparnpa A, 
ypaBHeHHH (6a) 11 B uenoM IlOBTOpHeT rrpoue­

,uypy Bhmo,ua ypaBHeHHH Totie'-IHOH KHHeTHKH, 

npe,UJIO)l(eHHYJO JI.H. YcaqeBhIM [8]. 
CrrpaBe,UJIHBOCTh 3Toro YTBep)l(,lleHHH MO­

)l(eT 6hITh IIOKa3aHa TaK)l(e, HCXO,UH H3 cne,uy­

lOlllHX npOCThIX pacc~,ueHHH. PeaKTHBHOCTh 

JIBJ]jleTCJI !pyHKUHeH (5) Be,uymero C.3. ITOJIO­

)l(HTeJihHOro JIHHeHHoro orrepaTopa 

(-L +Ks r K I, KOTOphIH He 3aBHCHT OT BHy­

TpeHHero HCTO'-IHHKa HeHTJ)OHOB S(x). 
Bocnorr1,3yeMC.H 3THM <paKTOM H pacCMOT­

pHM 3a,uaqy (1) C "BhIKJIIO':leHHhIM" HCTO'IHH­

KOM ( S = 8, q = 0 ). lfa CBOHCTB cneKTpa one­

parnpa A H pa3JIO)l(eHHH (3) cne,uyeT, qrn Ha 

43 



aCHMilTOTHqeCKHX Macuna6ax BpeMeHH 

t ➔ oo perneHHe u_(x,t) 6yneT HMeTb cneny­

IOlllHH BH.U: 

u(x, t) ➔ (uo(x),x; (x))e1;0'x0(x) = u
00

(x,t).(IO) 

IlyreM noncTaHOBKH perneHH.sl (10) B ypaBHe­
HHe (7) ycTaHaBmmaeTC.sl B3aHMOCB.sl3b Me)l(Jly 

peaKTHBHOCThlO p H C.3. ~o (9). 

EcJm H3BeCTHhI HeHTJ)OHHOe none u(x,t), 

c.¢. 

<l>yttKUH.si: C/t) (CTI) rrpencTaBJI.si:eT co6oif 
rrpOH3Be)J,eHHe ITOJIRHOMa CTeIIeHH VJ -1 Ha 

3KCilOHeHTY e~,' . BbIIlOJlHHB HeKOTOpbie 
JJieMeHTapHb1e npeo6paJoBaHH.si: B Han C/t), 
rronyqHM HCKOMYIO BeJIH'lliHY 

~ 1 =BC/t). (12) 

l13BeCTHhI (KaK MHHHMYM) TJ)H aJibTepHa­

THBHhIX crroco6a, no KOTOpbIM peaKTHBHOCTh, 
orrpeneneHHa.si: ypaBHeHR.si:MH ( 5), ( 6), MO)KeT 
6bITh BhJlIHCJieHa TeopeTHqecKH TOqHo. 

ITepBhIH MeTon - HerrocpencrneHHO HJ orr­
peneneHIDI peaKTHBHOCTH (5) rryreM pewemrn 
YK3 (6) HJIH (6a). 3TOT MeTOn B HaCTOHIUee 
Bpewi: <paKTH~eCKH rrpe)J.ITHChIBaeTC.sl PYKOBO­
n.si:IUHMH noKYMeHTaMH .nn.si: onpeneneHH.st pac­
qernoro JHaqeHH.si: peaKTHBHOCTH (nn.st JToro 
rrpHMeHHIOTC.st nporpaMMbl HeihpOHHO-<pH3H­

qecKoro pacqeTa (H<l>P) STEPAN, POLARIS, 
SADCO, 3HEPfl15I 11 .np. nm, P6MK; EIDIP, 
KACKA,[{ " np. nn.si: BB3P; fE<l>ECT, TPI1-
fEKC H np . .nm EH). 

BTopoif MeTon, HCilOJlb3yeMblH B rrpaKTH­

Ke 3KCITJiyaTaUHH neHCTBYIQlllHX A3C nn.si: no­
nyqeHH.st H3MepeHHOrO 3HaqeHR.si: peaKTHBHOC­

TH, ocHoBaH Ha ¢opMynax OPYK (7), (8). 
TpeTHH MeTon, HaH6onee nocnenoBaTeJih­

HhIH c <pHJHqecKOH TOqKH 3peHH.st, B CHJIY BhI­
qHcJIHTeJibHbIX rpynHocTeH B HacTo.si:mee Bpe­
M.si: He npHMeH.steTC.sl Ha npaKTHKe. OH COCTOHT 
H3 rrocnenosaTeJibHOfO BhillOJIHeHH.st nByx 3Ta­
ITOB. Ha nepBOM onpenen.si:eTC.sl BeJIHqHHa 

~oER no COOTHOllleHH}IM (11) H (12), KOTO-

pbie, yqHTbIBaH oco6ble CBOHCTBa C.3. ~o , HMe­

lOT BH.ll 
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CHCTeMa IIpHcoenHHeHHhIX <pyttKUHH 

{x,,k }( {x;k }) orrepaTOpa A (A J, onpenen.si:10-

lllHX KOpHeBoe rronnpocrpaHCTBO M('9), MO­

:>KeT 6hITh BbJqHcJleHO COOTBeTCTBYIQlllee C.3. 

~k E <I>. 11crronh3Y.sl CBOHCTBa npoeKTopa (4), 

Herpy.UHO y6enHThC.sl B TOM, tffO, HanpHMep, 

nmi: JII06oro .neHCTBHTeJibHOro ~ :# O 
J 

(11) 

Ha BTopoM JTane orrpenen.steTc.st Benwurna 
BBeneHHOH peaKTHBHOCTH p . LJ:n.si: 3TOro HaH-

neHHOe co6cTBeHHOe qJ,ICJIO ~o c IIOMOlllhlO 

ypaBHeHR.si: "o6paTHbIX qacoB" (9) "rrepecqH­
ThrnaeTc.R:" B peaKTHBHOCTb p. Cne.uyeT OTMe­

THTh, qTo OTHOCHTem,Ha.si: norpelllHOCTb onpe­
.neneHHOro JTHM cnoco6oM 3HaqeHH.st 'IBCJJa p 

npenrrono:>1rnTeJibHO non)l{Ha 6hITb 6onhrne, 
qeM OTHOCHTeJibHa.R: rrorpellIHOCTh 3HaqeHH.si: 

~o (H3-3a HaJIHqH.R: rrorpeIIIHOCTeH rrapaMeTJ)OB 

y;,-, p~, BXOn.sl:lllHX B ypasHeHHe (9)). 

Onttoii H3 Hatt6onee Ba)l{HbIX u.eneif onpe­
neneHH}I napaMeTJ)OB 6e30IIaCHOCTH CJI~HT 
"HacrpoifKa" pacqeTHbIX Moneneii, onHCbIBa­
IOlllHX ,llHHaMHKY 5I3Y. OtJeBHnHo, qT06hI MO­
nenh C HaHMeHbllleH norpeIIIHOCTblO BbJqHC­
JI.stJia rpe6yeMblH <pyttKQHOHaJI F (HanpHMep, 
MaKCHMaJihHYIO JIHHeHttyIO HarpY3Ky, MaKcH­
MaJihHYIO TeMnepaTypy TOnJIHBa, TennOBYIO 
MOlllHOCTb H T.rr.), ee cnenyeT "ttacrpaHBaTb" 
ITO TaKHM napaMerpaM, KOTOphie HMeIOT HaH-
60JiblllYIO ueHHOCTb no OTHOilleHHIO K <pyttK­
UHOHany F H no B03MO)KHOCTH HaHMeHblllYIO 
norpelllHOCTh. C 3THX Il03HUIIB rrpH BhI6ope 
Me)l(Jly pa3JI~HhlMH napaMerpaMH "HaCTJ)OH­
KH" MO)J.eJIH npennotJTeHHe cne.nyeT OT)J,aTb 
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• 
TeM napaMe-rpaM, K0Top1,1e onpe.uemnoTc,i: He­

nocpe.ucTBeHH0 4epe3 c.3. ~0 . 

I1peKMyr.uecTBaMH OilHCbIBaeMoro MeTo.ua 
(KOTOpbIH ecTeCTBeHH0 Ha3BaTb MeT0.U0M CIT) 
HBJUilOTC,i:: 
- B03M0)l(H0CTb 0.UH0BpeMeHHoro onpe.uene­

HJ,fjl C.3. ~o HeCTaUHOHapHOH 3a,n:aqH H peaK­

TKBH0CTH p; 

- 0TCyrCTBHe Heo6xo,n:HMOCTH a pacqeTe 
M0IUH0CTH BHyrpeHHero HCT0'-IHKKa s(x) (HJIH 

era q>)'HKUHOHana q = ( s(x), 'V; (x)) ), qrn cne­

.UYeT H3 yraep>KJJ.eHJ{jl 1. 

3. IlpH6JIHiKeHHble MeTO,llbl 

onpe,lleJieHHH peaKTHBHOCTH 

11cnonh30BaHHe TeopeTaqecKH TO'IBbIX 
Bhrpa)KeHHH (8) An,i: orrpe.ueneHJ{jl H3MepeH­
HOH peaKTHBH0CTH no MeT0AY OPYK npe.urro­
naraeT YMeHHe HaX0.UHTb .ueTaJibH0e (no BCeM 
q>a30BbIM nepeMeHHbIM X = ( r, E, .Q) ) pacrrpe-

AeJieHHe HeH-rpOHHOro IIOT0Ka cp(x, t) . 

.L(ml :noro -rpe6yeTc,i: pewaTh -rpy.uoeMKHe 
C BhPIHCJIHTeJibH0H T0'IKH 3pemrn 3aL{atJH B0C­
CTaH0BJieHJ{jl nonei1: no .UHCKpeTHOMY MH0)Ke­
CTBY 3aBHCHlllHX OT BpeMeHH q>yttKUHOHanOB 
ttei1:-rpoHHoro nom (KHTerparr no 3HepreTHqe­
CKOH nepeMeHHOH, npOHHTerpHpOBaHHOH no 
o6'beMy AeTeKTopa) - T0K0B AeTeKTopoB BHyr­
pHpeaKTOpHoro KOH'Ip0Jijl, K0TOpbie yAaeTCji 
perHc-rpHp0BaTb Ha rrpaKTHKe. 

I1o 3TOH npH'Il!He IIpHMeHjl}()TC,i: pa3JIHq­
Hble yrrporueHHhie cnoco61,1 "rroJlrOTOBKH" 
CKrnaJI0B (8), K0TOpble a uenoM CB0,Zlj!TCjl K 
cpopMHpOBaHm-O 0.UH0ro CHrHarra B BH.Ue CYM­

Mbl nOKa3aHHH .ueTeKT0p0B /, (t) C BeC0BblMH 

K03q>q>HUHeHTaMH a; : 

~ (t) :::: Pi ci):::: I aJ, (t) . (13) 

I1oMHMO 3Toro npe.unonaraeTc,i:, 'ITO 

p 1 ::::: constt> Pcff ::::: canst,, T0 ::::: canst,. 

BecOBbie K03q>q>KUHeHTbl Moryr 6bITb 
Hai1:.ueHbl, Hcxo.u,i: H3 BH.Ua aCHMnTOTH''leCKOro 

pacnpe.uerreHHH 3HeprOBhI.UeneHJ{jl w
0 
(r) (T.e. 

a, = w
0
(r,), r, -MeCTo pacaono)Kemu1 .ueTeK­

Topa), JIH6o Bhf<IHCJieHbl MeT0.UOM HaHMeHb-

rnHX KBa.upaToB (nonara,i:· a; 11 p = const - He­

H3BeCTHhIMH BapbHpyeMbTMH napaMeTpaMH B 

OPYK (7)). O6a MeTo.ua 06ocH0Bam,1 .um 
rrp11MettettH,i: Ha npaKTHKe 11 .uaroT xopoume 
pe3ynhTaThI .un,i: BB3P [9] 11 EH [IO]. Jfoqep­
nhrnarome no.upo6ttoe orrHcaHHe acex MeTO­
.uoa OPYK MO)l(HO HaHTH B CTaThe [11]. 

B TerrnoBhIX peaKTopax (PEMK, BB3P -
,LlJljl KOTOpbIX rrpe.unaraeTCjl .uaHHbIH no.uxo.u) 
BO3HHKaIOIUee BCJie.UCTBHe BO3MYIUeHHjl 3Hep­

reTaqecKoe rrepepacnpe.uenettHe HeRTpoHoB 
rrpOHCXO.UHT 3a BpeMeHa < 10-3 C. C rrpaI<TJ,[qe­
CKOH TO~H 3peHHjl cpopMHpOBaHHe 3HepreTH­

qecKoro cneK-rpa rrpOHCXO.UHT MrHOBeHHO. 

3To npe.urronaraeT, ~o .UOCTaTOtJH0 BOCCTaHa­
BJIHBaTb JIKlllb KaKyJO-HH6y.Uh pacrrpe.uerreH­
HyJO no npoc-rpaHCTBeHHOH nepeMeHHOH r 
cpyttKUHIO HeH-rpOHHOro nom F[cp(x,t)] (Ha­

npHMep, none 3HeproBhI.UenettH,i:) H Tor.ua 
ccpopMHpOBaHHbie cne.uyroIUHM o6pa30M 
CHrHaJibl (8) 

J;(t)::::: ~(t)::::: (F[cp(x,t)], F['V/x)])v = C(t) (14) 

TI03BOllHT npaKTH'IeCKH TO'IHO HaHTH 3HatJe­
HHe peaKTHBHOCTH. 

qHCJieHHbie pacqeTbl IIO.UTBep)l(JJ.aIOT 3TO 

npeJlD0JI0)KeHHe H II0Ka3bIBaIOT, ~o OT KOHK­
peTH0ro BbI6opa (p)'HKUHH F[cp(x,t)] CKO­

pOCTb crra.ua rrorpellIHOCTH H3MepeHHOH peaK­

THBHOCTH 3aBHCHT He3HaqJ,[TeJibHO. 

B nporpaMMHOH cpe.ue Mathematica nocT­
poetta .uayxrpyrrnoaa,i: .u11cpq>Y3HoHHa,i: Mo.uenh 
BH.Ua ( 1) 0.UHOMepHoro O.UH0p0.UHOro peaKT0-
pa C MaKp0CKOTIHqeCKHMH napaMeTPaMH H 
pa3MepaMH, cooTBeTCTByJOIUHMH PEMK. Yq­
Tetta o.utta rpyrrna 3MHTTepoB 3ana3.u1,rna10-
IUHX HeHTPOHOB. rro npOCTPaHCTBeHHOH rrepe­

MeHHOH rrpOH3Be,LleHa KOHe'-IHO-pa3HOCTHa,i: 

arrnp0KCHMauJ{jl (N = 100 paC'IeTHbIX TOtJeK), 

TaK tJTO B Mo.uenH ( l) orrepaTop A : E,,, ➔ £ 4 ,, • 

)].o MOMeHTa BpeMeHH t = 0 c peaKTOp Ha­
X0.UHTC.sl a KpHTHqecK0M COCTOjlHHH. 3aTeM 
JIOKaJibHO BHOCHTCjl BO3MymeHHe (3KBHBarreH­

THOe H3MeHeHHIO peaKTHBH0CTH ~p = - 4,42 
Perr) B BH.Ue nonO)KHTeJibHOH .uo6aaKH 8L

0 
K 

cet.JeHHIO norrromeHH,i: L
0 

• 

Ha pnc. I H306pa)l(eH HOpMHpOBaHHbIH 
aCHMTITOTH"'!JeCKHH BeKT0p HeH'IpOHHOrO Il0TO­
Ka, IlOKa3aHO MeCTO BHeceHHH BO3MYIUeHJ{jl. 
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PHc. I . AcHMnTOTH'ieCKHK HeihpoHHbIH noTOK 

(6 - .!lJUI 6bICTpbIX, T - .!lJUI TenJJOBbIX HeHTpOHOB) 

OcHOBHhie napaMe'fPhI paccMaTPHBaeMOH MO­

;::i;em1: A= 0,1 c .. 
1
, Petr= 0,64 %, Ao= 0,227 c-1, 

H = 1000 CM. ITepexo;::i;HhIH npol.{ecc 

u(t) = [ q>(t), R(t)r E £ 4N paCClJHThIBaJICR aHa­

JIBTHtJeCKH no COOTHOllleHHRM (2) H (3), .LIJIR 

qero tJHcneHHo pacctJHTaH H npoaHaJIH3Hpo­

BaH cneKTJ) B03M)'lll.eHHoro onepaTopa A' . 
B KatJecTBe cHrnana C(t), no;iaBaeMoro Ha 

BXO.LI peaKTHMeTPa (B COOTBeTCTBHH c npH6JIH­

)KeHHeM ( 14)), paccMaT{)HBaJIHCh HeCKOJihKO 

<PYHKUHH: 

- rronHoe :rneproBhIJ:{enemrn 

q(t) = 11L;) (f)(6) (t) + L;) q>(T) (t)lt,; 

- CKaJIRpHhie rrpOH3Be;::i;eHHjl BeKTOpoB: 

q>(t) = [ (j)(li) (t), (j)(T) (t)r Ha BeKTOp acHMIITOTH-

qecKoro HeHT{)OHHoro noToKa q>0 (t) ; 

q>(t) Ha BeKTop aCHMITTOTHtJeCKOH l.{eHH0CTH 

~ + 
HeHT{)OHOB (f)o; 

q>(t) Ha BeKTop ycJIOBH0-KpHTHlJeCKoro ITOTO­

Ka \j/0 ; 

q>(t) Ha BeKTOp ycJIOBHO-KpHTHlJeCKOH l.{eHHO­

CTH 111+. 
"f' O' 

3HeproBhI;::i;enemrn 

w(t) = L;> q><6>(t) + L;1 
q><T>(t) Ha BeKTop acHMTI­

TOTwiecKoro 3HeprOBhIJ:{eJieHllil 

w0(t) = L7 q>~6>(t) + L7
1 
q>~r> (t); -

:rneproBhIJ:{eJieHHR w(t) Ha BeKTop ycJI0BHO­

KpHTHtJeCKoro 3Hepr0BhIJ:{eJieHlfj{ 

W o (t) = L;) \j/~6) (t) + L~T) \jl~T) (t). 

BhrcrHcneHHhie <PYHKUHH nonasanHCh s 

KatJeCTBe BXO.LIHhIX CHrHaJIOB s OPYK (7), KO­

TOphIH BhIJ:{aBaJI "H3MepeHHoe" 3HatJeHHe pe-
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PHC. 2. 0THOCHTeJibHaj! norpeUJHOCTb H3MepeH­

Horo 3Ha~eHHj! peaKTHBHOCTH B 3aBHCHMOCTH OT 

J]JIHTeJJbHOCTH H3MepeHHJI 

aKTHBH0CTH. OTHOCHTeJihHOe OTKJIOHemie H3-

MepeHHOH peaKTHBHOCTH OT "HCTHHHOH" (Ko­

rnpaR orrpe;::i;eJIRnach rrocpe;::i;cTB0M perneHHR 

YK3 H orrpe;::i;eneHHR (5)) .LIJIR Bcex cnyqaes 

IJOKa3aHO Ha pHC. 2. Mo)KHO Ha6mo;::i;aTh, lJTO 

BH.LI BeCOBOH <PYHKUHH B (14) cna6o BJIHReT Ha 

senwnmy norpernHOCTH H3MepeHHR. 

HcrroJih30BaHHe Mern;::i;a CIT TPe6yeT pe­

rneHHR 3a;::i;aqn .LIHHaMH'IeCKOro BOCCTaHOBJie­

HHR HeHT{)OHHOro IlOJIR, lJT06hI npaBHJihHO 

BOCCTaHaBJIHBaTh none 3aila3.LihIBaJOIUHX HeH­

'fPOH0B H HarrpRM}'IO BOCIJOJih30Ban.cR OilH­

caHHOH Bhlme cxeMOH Mern;::i;a CIT. Ha npaK­

THKe B HaCTOjj_IUee BpeMR pacnp0CT{)aHeHhI 

MeTO.LihI CTaTHtJeCKOro B0CCTaHOBJieHHR noneii 

3HeproBhIJ:{eJieHHjl. B CBR3H C 3THM .LIJIR npH­

MeHeHIU[ Ha npaKTHKe MeTO;::i;a CIT T{)e6yeTCR 

HeK0T0pM ero MOJ:{Hq>HKal.{HR. 

HHTerpa.rihHM MOI.QH0CTh W(t) peaKTopa 

cornacHo (2), (3) rrpe;::i;crnsJIReTCR s BH.Lie 6ec­

KOHetJHoif C)'MMhI 

W(t) = LA
1
e~1' . (15) 

1=0 

CsoiicTBa c .cp. { Xk (x)} oneparnpa A ;::i;aIOT 

OCHOBaHHe ClJHTaTh, lJTO q>y'HKI..{lfj{ 

- I 

C(t)=(q,(x,t),TJ~(x))::: LA
1
e~l 

•=0 

(16) 

pa3JiaraeTCR B 3KCilOHeHI..{Ha.JlhHhlH PR.LI, COCTO­

RIUHH H3 KOHetJHoro tJHCJia I + 1 1rneHOB. 3TOT 

cpaKT HMeeT npaKTH'leCK}'IO l.{eHH0CTh, TaK KaK 

npe;::i;naraeT rrpocToii cnoco6 onpe;::i;eneHHR c.3. 

~o no Haii;::i;eHHOMY CTaTH'leCKHM MeT0.LI0M 

BOCCTaH0BJieHHR HeH'fPOHHOMy Il0JIIO cp(x, t). 

)],njl 3TOro paCC'lHThIBaeM q>yttKIJHIO C(t), 
3aTeM annpOKCHMHpyeM ee PR.LI0M (16) (He-

-



• 
IlOJlb3Yj{, HanpHMep, MeTon HaHMeHbllIHX 

KBanpaTOB) H onpeneJij{eM HaH60JibllIHH cpenH 

acex OCTaJibHbIX IlOKa3aTeJib 3KCilOHeHThI, KO­

TOpbIH H 6yneT npH6JimKeHHO paBeH ~o . 

HmKe npHBeneH npHMep, Ha KOTOpOM 

nponeMOHCTPHPOBaHa 3cpcpeKTHBHOCTb npen­

JiaraeMbIX MeTonoB. J{Jij{ pacqern npHMeHj{­

JiaCh cnenyroma,:i Monenh: TPeXMepHblli UHJIH­

ttnpHqecKHH peaKTop (D = 12 M, H = 7 M), on­

HorpynnoBoe n11cpcpY3HOHHOe np.H6IDOKeHHe, 

ontta rpynna 3anaJnhmaJ:01UHX HeHTPOHOB (B = 
= 0,65 %, ,._ = 0,1 c"1), 6e3 BHYTPeHHero HC­

TO'lliHKa, 6e3 o6paTHbIX CBj{3eH. MaKpOCKOilH­

qecKHe ceqeHHj{ nonyqeHhI nnj{ 3JieMeHTapttoii 

j{qeiiKH PEMK c noMOIUhI:O J<OMnJieKca H<l>P 

GETERA. 
PacqeT npoaonHJICj{ B nporpaMMe TPex­

Mepttoro MonemipOBaHHj{ j{nepHbIX peaKTOpOB 

ROSA-N3D [12]. 3m nporpaMMa j{BJij[eTcj{ 

pe3yJibTaTOM HayqHO-HCCnenoaaTeJibCKOH pa-

60ThI, BblilOJIHeHHOH B paMKax peaJIH3aUHH 

<l>l{Il "Hayqm,ie H ttayqtto-nenarorwi:ecKHe 

Ka,llpbl HHHOBaUHOHHOH Pocc1111" B 2009-2010 

rr. PacqeTHaJI Monenh: np.si:MoyronhHaJI pac­

qeTHaJI ceTKa 48x48 ToqeK B nnaHe H 10 roqeK 

llO BbICOTe, KOHeqJIO-pa3HOCTHaJI annpOKCH­

Maulij{ llO npOCTPaHCTBeHHbIM nepeMeHHhIM, 

Hej{BHaJI cxeMa 3i1nepa (speMeHHOH rnar --c = 
0, 1 C ). Ha'IaJibHOe COCTOrurne - 0.llHOpO,llHaJI 

aKTHBHaJI 3OHa, CTaUlfOHapHOe COCTOj{HHe. 

MonenHpOBaJIHCh nepexonHhie npouecchl 

u(x,t) = [q,(x,t),R(x,t)r Ha OTPe3Ke apeMeHH 

OT O no 120 c, B03HHKlllHe B pe3yJibTaTe BHe­

ceHHj{ B HaqaJibHbIH MOMeHT BpeMeHH BO3MY­

rueHHH: MrHOBeHHblH c6poc no HH)KHero KOH­

ueBHKa onttoro CTep)KHj{ ("JIOKaJibHOe" B03My­

rueHHe ), 16-TH CTep)KHeH ("HeCHMMeTpH'IHOe" 

B03MY1Uemre) H 33-x CTep)KHett asapHHHOH 3a-

1UHThI (A3) ("onttoponnoe" B03MyruenHe ). 

KapTOrpaMMbI 3arpY3KH peaKTOpa nJij{ Bcex 

cnyqaeB npencTaBJieHhI Ha pHC. 3 ... 5, qepHblM 

UBeTOM o603Ha'ieHbI MecTa pacnOJIO)KeHlrn 

cTep)KHett A3. 

PeaKTHBHOCTh onpenenj{nacb TPeMj{ MeTo­

.ua~m: MeTO.ll N!! 1 - TPa.llHUHOHHhIH MeTO.ll 

OPYK c axonHhIM cttrHaJIOM B BHne HHTer­

paJibHOH MOIUHOCTH, MeTO,u N!! 2 - OPYK c 

BXOnHhl:M CHI'HaJIOM B BHne npoeKUHH 3Hepro­

Bbl,lleJieHHj{ Ha ycJIOBHO-KpHTH'IeCKOe pacnpe­

neneHHe 3HeprOBhineneHHj{, MeTOn N!! 3 - Me­

Ton CIT. 
3Ha'leHHe peaKTHBHOCTH, Bhl'-lHCJieHHOe 

nyTeM pernettflj{ YK3 (6), (6a), npIUUITO 3a HC­

THHHoe 3HaqeHHe, OTHOCHTeJibHO KOToporo 

onpeneJUUJaCb OTHOCHTeJibHaJI norpelIIHOCTb 

"H3Mepj{eMoro" 3HaqeffHj{ peaKTHBHOCTH (pHC. 

6 ... 8). CHCTeMaTHqecKoe OTKJIOHeHHe "H3Me­

pj{eMoii" peaKTHBHOCTH OT "HCTHHHOM" o6yc­

JIOBJieHO rrorpellIHOCTbJO 'IHCJieHHOrO MeTona 

HHTerpHpOBaHIUI. (rrpH yMeHbllleHHH BpeMeH­

HOro ruara HHTerpHpOBaHml OTKJIOHeHHe HC­

qe3aeT ). 

BneceHHe JIOKaJibHOrO (pHc. 3, 6) H He­

CHMMeTPH'I.HOro (pHC. 4, 7) B03MyrueHHH npH­

aonHT K cyruecTBeHHbIM rrpOCTPaHCTBeHHbIM 

rrepeKOCaM IIOJlj{ 3HeprOBbl,lleJieHHj{ H, KaK 

cnencTBHe, K 3Ha'IHTeJlbHbTM norpellIHOCTj{M 

H3MepeHHii peaKTHBHOCTH TPa.llHUHOHHhIM Me­

TO.llOM OPYK (MeTon 1). B TO )Ke apeMj{ MeTO­

.llhI 2 H 3 IlOKa3bIBaJOT 3HatJHTeJII,HO 6onee xo­

poruHe pe3yJibTaTbI. B crryqae 0.llHOponHoro 

B03MyrueHHJI (pHC. 5, 8) norpeIIIHOCTh, norry­

qaeMaJI KJiaccHtJeCKHM MeTonoM OPYK, npH-

6nm1<aeTCj1 K norpeurnocn1, .llaBaeMoM MeTo­

naMH 2 H 3, HO ace erue ycTynaeT ei1. 

B rn6JIHue npencTaBJieHbI apeMeHa, 3a KO­

Topb1e KpHBbie norpeIIIHOCTeH H3MepeHllil pe-

aKTHBHOCTH Bxonj{T B nHanaJOH l<>I ~ 1 % . Ilo 

3TOMY IIOKa3aTemo MO)KHO oueHHTb BblHrpbllll 

BO BpeMeHH H3MepeHIDI, nonyqaeMhlH npH HC­

IlOJib30BaHHH MeTOnoB 2 H 3 no cpaBHeHHJO C 

KJiaccaqecKHM MeTOllOM OPYK (llJIJI pa3Horo 

BHlla B03MYllleHHH). 

lfa rn6JIHUhI cnenyeT, 'ITO B cnyqae tteon­

ttoponHoro B03MyrueHHJI CKOpOCTb yMeHhllie­

HIDI norpelIIHOCTH onpeneneHIDI peaKTHBHOC­

TH, H3Mepj{eMoi1 TPallHUHOHHhIM MeTOllOM 

OPYK, 3Ha1mTeJihHO HH)Ke, qeM B crryqae O.ll­

HoponHoro B03MyrueHHj{. B TO )Ke BpeMj{ H3 

npHBOllHMhIX pe3yJihTaTOB MO)KHO BH.lleTh, qTo 

Ha norpeIIIHOCTb H3MepeHHjl peaKTHBHOCTH no 

MeTonaM 2, 3 cpopMa B03MyrueHHJI He OKa3hI­

BaeT cyruecTBeHHoro Bmrnmrn. 
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P11c. 3. KapTorpaMMa 3arpy3KH (110KaJibHOe B03-

MYLUeH11e) 

• 

P11c. 4. KapTorpaMMa 3arpy3KH (HeCHMMeTpli'-rnoe 

B03M)'Il\eHHe) 

• 

• 
P11c. 5. KapTOrpaM Ma 3ar py3KH ( 0,!1,Hop o,!1,Hoe B03-

MYLUeH11e) 

6 

2 

-2 

- 4 

~ 0 ' u. 0 

P11c. 6. 0rHOCHTeJlbHrut norpernHOCTb peaKTHB­

H0CTH B 33BHCHMOCTH OT speMeHH H3MepeHHSI 

(p = - 0, 18 Perr) 
0 °-o 

, ' ., 

2 ,., 
.) 

-2 

P11c. 7. 0rHOCHTeJ1 bHrut norpernH0CTb peaKTHB­

H0CTH B 33BHCHM0CTH OT speMeHH H3Mepemu, 

(p = - 0,85 Perr) 

t. C 

P11c. 8. 0rHOCHTeJlbHrut norpeWHOCTb peaKTHB­

H0CTH B 33BHCHM0CTH OT speMeHH H3MepeHHSJ 

(p = - 3,32 Peff) 

eMeHH ,!l,OCTH)f(eHHSI OTH0CHTeJlbHOH no ernH0CTH I % 
N!! I , OPYK (HHTerpanb- N!! 2, OPYK N!! 3, 

H3SI MOIUHOCTb) (n 0eKUHSI CTI 
I 05 C 17 C 8 C 

105 C 6c 7c 
20 C Sc 9c 

48 

◄ 



3aKJJIO'leHHe 

TIOIUITHe "peaKTHBHOCTb" HrpaeT KJIIO':le­

BYJO pOJJb s MeTO,llHKe o6oCHOBaHHH H,llepHOH 

6e3onacHocTH .513Y. Ilpoue,llypa HJMepeHHH: 

peaKTHBHOCTH npe,llcTasmi:eT co6oii oGpa6oT­

Ky CHTIIaJJOB, IIOCTynaroruHx OT ,llJ1CKpeTHoro 

MHO)l(eCTBa ,lleTeKT0pOB, pacnOJJO)l{eHHbIX 

BHYTPH HIHJJH BHe a1.'THBHOH 30Hhl peaKTOpa. 

B HaCTOH:Illee speMJi: B KaqecTBe MeTO,lla o6pa-

6onrn 3THX CHrHaJJOB IIpHMeHH:eTCH: MeTO,ll 

OPYK, 3aTIHcaHHhIH s ycnosmrx BhlIIOJJHHMO­

cTH O,llHOToqeqnoro npH6JIIDKeHH.SL CHrHa­

JlOM, TIO,llaBaeMbIM Ha ero BXO,ll, KaK npaBHJIO, 

CJJJ)l(HT CYMMa CHrHaJJ0B OT scex ,lleTeKTopos. 

OcnoBHOH npo6JieMoii npH H3Mepemrn 

peaKTHBHOCTH KJJaccH':leCKHM MeTO,llOM OPYK 
H:BJIJl:eTC.sl HH3Ka.sl CK0p0CTb cna)la norpeurnoc­

TH H3MepeHIDI B CJiyqae 3HaqHTeJII,HbIX npocT­

paHCTBeHHhIX rrepepacnpe,lleJieHHH HeHTpOH­

noro nomi:. 

.[(n.s1 "6op16b1" C 3THM mrneHHeM Ha npaK­

THKe HCilOJib3YJOTCH pa3JIHlffibie MeT0,llhl "Kop­

peKTHpoBirn", KOTOphle B ueJIOM CBOWITC.sl K 

CYMMHPOBaHHJO H3Mep.s1eMhIX CHTHaJJ0B C pa3-

HhIMH BeCOBhIMH K03q>cpHn;HeHTaMH H yseJIH­

':leHHIO ':lHCJla ,lleTeKT0p0B. TaKOH IIO.l{XO,ll cy­

ruecTBeHHO yseJIH':lHBaeT CKOpOCTh cna,lla IIO­

rpeIIIHOCTH H3MepeHHH: ,llJl.sl peaKTOpOB nrna 

BB3P H EH, no ,llJIH: <pH3HtJecKH 6oJibIIIHX 

.s1.nepHbIX peaKTopos (HanpHMep, PEMK) B on­

pe,lleJJeHHhIX CHTyaUHHX 3TOT IIOKa3aTeJib oc­

TaeTC.sl no-npe)l(HeMy Hey,ll0BJieTBOpHTem,­

HbIM. 

B HaCTOH:IlleH pa6oTe peKOMeH,llyeTC.sl 

npHMeHH:Tb MeTO,llbI, 0CHOBaHHbie Ha o6pa6oT­

Ke BOCCTaHOBJieHHbIX no TIOKa3aHHH:M ,lleTeK­

TOpOB noneii 3HeproBhI,lleJJeHIUL OcHOBHaH 

H,ne.s1 npe,nJiaraeMhrx MeTo,nos H3JJO)l(eHa paHee 

B CTaTbe (12] H npOHCTeKaeT H3 pe3yJibTaTOB 

cTpororo MaTeMaTH':lecKoro aHaJJH3a ypasHe­

HHH nepenoca HeHTpOHOB (6 ... 8]. 
Ilpe,llJiaraeMbIB no.zrxo,ll 3aKJ110qaeTCH B 

"<pHJlbTpaum1" npOCTpaHCTBeHHO-BpeMeHH0ro 

nepexo)lnoro npouecca (BbI3BaHHoro BHeceH­

HhIM B03MymeHHeM) OT BhICIUHX rapMOHHK 

nocpe,llcTBoM npoueJlyp11 CIT, rrocJie,llYJOilleM 

Bbl)leJieHHH aMIIJII1TYLlhl MOIUHOCTH Co(t), pea-

JIH3yeMOH Ha "Hynesoii'' rapMOHHKe, H ananH-

3e 4>YHKUHH Co(t) c uen1,10 onpeneJieHHH: peaK­

THBHOCTH. TiorpeIIIHOCTb Bbl':lHCJieHHOH 3THM 

cnoco6oM peaKTHBH0CTH TeopeTH'-IeCKH He 

,llOJl)Kffa 3aBHCeTh OT aMJIJJHTY,ll H npocTpaHCT­

BeHHbIX cpopM BHOCHMbIX B03Mymemrn. 

OnpeneneHHe peaKTHBHOCTH no 4>YHKUHH 

Co(!) MO)l(eT 6hITb ocyrueCTBJleHo JIH6o c no­

MOIUbIO OPYK, JIH6o nyreM onpe.nenenHH: Ha­

H60JihIIIero co6crnenHoro ':lHcna necTaUHO­

HapHoi1 3a)la':lH (MeTO)lOM HaHMeHbIIIHX KBan­

parns) c nocnenYIOIUHM nepecqe-roM no cpop­

Myne "o6paTHblX qacoB" s peaKTHBH0CTb. 

MonenhHbie ':lHCJieHHbie pacqerhI (.nucp­

<pYJHOHHoe npH6JlH)l(eHHe, 3D reOMeTpH.sl, 

"cpH3H':leCKH 60JlbilIOH" peaKTOp) IIOKa3hIBa­

IOT, ':lTO pa3JJHqHbie sapHaHThl peanH3aUHH 

npennaraeMbrx. nonxonos naror npH6rrH3H­

TeJJbHO O)lHHaKOBbIH H OIUYTHMblli BhIIITpbllU 

no cpaBHeHHIO C o6bNHO HCnOJib3yeMhIM npH 

IlITaTHbIX peaKTOpHbIX H3Mepemrnx MeTO)l0M 

OPYK. Cne.nyer O)l(H,llaTh, 1:iro Ha npaKTHKe 

npennaraeM1>1e MeTO)lbI OKa)l(yrCH: HaCTOJibKO 

)Ke 3cp<peKTHBHbIMH, KaK IlOKa3hIBaIOT paC':leT­

Hbie oueHKH. 

CnenYJOIUHM 3TallOM 3TOH pa60Tbl 6ynyr 

o6pa6oTKa ,llaHHbIX peaJJbHbIX CTeH)lOBbIX H 

peaKTOpHblX H3MepeHHH H Bbipa6oTKa peKO­

MeHnaUHH no cosepmeHCTBOBaHHJO PYKOBO­

nH:Illero noKYMeHTa "KoMIIJieKCHaH: MeTOLlH­

Ka . .. " PEMK (3] H aHaJJOrH':lHhIX LlOKYMeHTOB 

nm1 Jlpyrnx THnos peaKTopos. 

Cne,llyeT 0TMeTHTb, ':lTO Il0XO)l(He IlO !pH-

3H"tJ:eCKOMY H MaTeMaTH':lecKoMy conep)l(aHHJO 

MeTOJ:lhI npennara10rc.s1 B pa6orax A.B. Kpa­

IOIIIKHHa H A.B. Ky6apeBa (14], C .B. U:I>rrano­

sa H n.K. illHIIIKosa (9, 15], O.IO. KaBYHa, 
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Y~K 621.039.5 
Tem10cJ>u3uqecKue npoQecchl B PliMK npH o6eJBO'.tKHBanuu 

KOHTypa oxJ1a11meHHH CY3 

A.H. ,l(ocmoB, 
PHU: "Kyp'IaTOBCKHH HHcnnyr", 123182, MocKBa, nrr. KyptJaTOBa, l 

TiocTynHrra B pe.n.aKUlUO 16.03.2010 r. 

TTpose,D.eH yrny6neHHbIH aHanH3 6e3onacHOCTH PE,MK npH asapH.RX c o6e3BO)K.HBattHeM KOH1y pa ox­
n~eHH.11 CY3. TToKa.JaHO, 4TO p.11.D. TennocpH3H4eCKHX npoueccos, KOTOpble ,D.0 HaCTO.IILL{ero speMeHH He 
Y'-lHTblBaJlHCb npH HCCJle,D.OBaHHH asapHH :noro THna, MOrYT cymecTBeHHO 803,D.elk TBOBaTb Ha TeMnepa-ryp­
HblH pe)l(HM Kattana CY3 H oprattos ynpaBJ1eHH.R peaKTopoM. Bb1,D.eJ1eHHe :rneprnH BHrnepa B o6nyYeHHOM 
rpacpHTe :meMeHTOB .RYeHKH CY3 peaKTopa 11 01<11c11eH11e u11pKOHHesoH TPY6b1 Katta.JTa CY3 MOfYT np11secTH 
K pa.3pyrneHHIO Tpy6 BbITeCHHTeJleH H KaHaJlOB CY3, npOHHKHOBeHHIO B03,L(yxa K rpacpHry Bb!TeCHHTeJleH H 

KJ18.D.KH JaMe.D.JJHTen.11 H nocne.D.yJOLUeMy ropeHHIO rpacpHTa. 3-ro KopeHHbIM o6pa.JOM MeH.ReT cymecTsy10-
LUHe npe.D.CTaBJleHH.R o xapaKTepe 3TOH asapHH. 

J&uotteeble cJ1oea: 6eJonacttocTb PEMK, 3HeprH.R BHrnepa, oKHcneHHe UHpKOHHll, ropettHe rpaq>Hrn. 

Thermal Physics Processes in RBMK under Avoiding Conditions of Power Control System 
Cooling Circulation Circuit. A.I. Dostov, RRC "Kurchatov Institute '', 1, Kurchatov Sq., Moscow, 123182. 
A deep thorough RBMK safety analysis in accidents with loss of water in the cooling circulation circuit of 
the power control system (PCS) was performed. It i s shown that a number of thermal physics processes, 
which have not been taken into account in studying of this type accidents, can essentially effect upon the 
temperature condition of the PCS channel tube and the reactor controls. Wigner energy release in the irradiat­
ed graphite of PCS cell elements and oxidation of zirconium tube of the PCS channel can result in destruction 
of the PCS displacements and channel tubes, penetration of air to displacement and moderator stack graphite 
and followed by combustion of graphite. It changes the present view of these accident features. 

Key Words: RBMK. Safety, Wigner Energy, Zirconium Oxidation, Graphite Combustion. 

Bse.z:s;enue 

LJ:1ur 06ecnetJeHID1 3a.n.aHHoro TeMTiepaTyp­

Horo pe)KHMa opraHOB ynpaBJJeHH.sl H 3alllHTbl 

PEMK BO Bcex pe)KHMax pa60Tbl 6n oKa (nycK, 

OCTaHOB, pa6oTa Ha MOIUHOCTH, Hapyrnem1e 

ycJJOBHH HOpMaJibHOH 3KCnnyaTaUHH) rrpe.n.Ha-

3Ha'IeHa cneUHaJibHM CHCTeMa OXJla)K)J.eHH.sr 

KattarroB CY3. B cooTBeTCTBHH co crnTycoM 

3TOH CHCTeMbl aBapHHHOe o6e3B0)KHBaHHe Ka­

HaJIOB CY3 paccMaTPHBaeTc.sr KaK rrpoeKTHa.sr 

aBapH.sr, T.e. KaK aBapH.sr, nocne.n.CTBHJI KOTO­

poH .D.O.JDKHbI 6hITh npe.n.oTBpameHhI cpe.n.cTBa­

MH o6ecnetJeHH.sr 6e3onacttoCTH peaKTopa. 

TipH aBapHHHOM o6e3BO)l(HBamm KaHaJJOB 

CY3, KOTOpoe MO)l(eT npOH30HTH no HeCKOJlb­

KHM rrpHtIHHaM, peaKTop aBTOMaTHtieCKH oc­

TaHaBJJHBaeTC.sl aBapHHHOH 3aillHTOH. J,fa aK­

THBHOH 30Hbl BO)J.a CJlHBaeTC.sl 3a 40 ceKj'H.D.. 

flocne JToro Kamun,1 3arronHIDOTc.sr 3acTOH­

HhIM B03.llyxOM H HatIHHaeTCH pa:mrpeB TPY6hl 

KaHarra, CTep)KHeH-IlOrJJOTHTeJJeH H rpaqrnTO­

BbIX 6noKoB BhITecHHTenei-i CY3. 

ABapmi: "O6e3BO)KHBaHHe KOHTypa CY3" 
nonpo6HO HCCJle)J.OBa.JiaCb npH o60CHOB3HHH 

6e3onacttocTH PEMK [ l]. TipH JT0M pacctIH­

ThIBarrc.sr TeMnepaTypHT>IH pe)KHM Tpy6h1 KaHa­

na CY3 H cTep»rnei1-nornoTHTenei1 .D.AA Bcero 

nepHO)J.a npoTeKaHH.sr aBapHH H JrnKBH.D.aumt 

ee nocrre.n.cTBHH. B Ka~ecTBe HCXOJlHhlX co6b1-

THH paccMaTPHBaJIHCh co6hrrH.sr, cnoco6cTBy-

10mHe Hau6onee 6bICTPOMY n poueccy o6e3Bo­

)KHBaHH.sr 11 cpopMHpOBaHHIO HaH6onee )J.JlH­

TeJlhHOro C0CTO.IIHmI o6e3BO)KHBaHH.sl KaHaJJOB 

CY3. 
B pe3yJJhTaTe npoBeneHHhIX pactieTOB yc­

TaHOBJJeHo, tITO qepe3 5 .. . 6 MHHyr nocrre 

o6e3BO)KHBattHH TeMnepaTypa TPY6b1 Kattarra 

.ZJ.OCTHraeT MaKCHMaJibH0r0 3HatieHlUI, paBttoro 

4 73 °C, a 3aTeM MenneHHo cHIDKaeTc>I no Mepe 

OCThIBaHH.sl rpacpHTa KJl3)J.KH 33Me,L{JIHTeAA. 

TeMnepaTypa o60JJO'IKH CTep)l(ffj{-IlOrJIOTHTe­

J]j{ pacTeT Me)J.JleHHee H )J.OCTHraeT MaKCH­

MaJJbH0ro 3HaqemUI 350 °C qepe3 84 MHH. 

K 3TOMY M0MeHTY rpacpHTOBbie 6JJOKH 33-

Me)J.JlHTe]]j{ H TPY6a Kattana ocThIBaIOT n o TeM-
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rrepaTyphl, MeHbWeH TeMnepaTyphl CTep)KHH­

rrornonneJrn, H Tenno HalfHHaeT nepenasaTb­

CH OT CTep)KHR K rpa<pHTOBOH KJia,llKe H qepe3 

Hee K TennOHOCHTemo B KOHType MHOfOKpaT­

HOH rrp1rnyn1nen1,tto11 UHPKYJIHUHH. Cornactto 
3THM pe3ym,TaTaM TeMnepaTypHbIH pe)KHM 

CY3 Y.llOBJieTBopHeT npHHHTbIM HOpMaM. 

3TH HCCJie,llOBaHHH HeJib3H, O,llHaKO, ClfH­

TaTh HClfeprn,rnaIOIUHMH, IIOCKOJibKY He yqH­

TbIBaJIC.sl p.si:n TeIIJIOQ)H3Hl{eCKHX IIpOl.(eCCOB, 

KOTOpbie MOryT cymecTBeHHO B03,lleHCTBOBaTh 

Ha TeMnepaTypHbIH pe)KHM opraHOB ynpasne­

HH.sl peaKTOpOM H KOpeHHblM o6pa30M H3Me­

HHTb xapaKTep npoTeKaHHH asapHH. K TaKHM 

rrpoueccaM OTHOCHTC.si:: 

- s1,1neneHHe 3Hepnrn BHrHepa, HaKonneH­

HOH npH o6nyqeHHH ITOTOKOM HeHrpOHOB s 

rpaqrnTOBhIX 311eMeHTax KaHana CY3 (BTyn­

Kax, OT,llernnOIUHX rpy6y KaHana OT 6JIOKOB 

KJia,llKH 3aMe,llJIHTeJIR, H 6noKaX BhITeCHHTeneH 

CY3); 

- OKHCJieHHe crrnasa UHpKOHHH, H3 KOTOporo 

s1,mo11HeHa rpy6a KaHana CY3. Oco6yIO pom, 

npH 3TOM HrpaeT ,lleTaJihHblli yqeT oco6eHHOC­

TeH ttecTau;HoHapHhIX rrpoueccos Terrnorrepe­

nal{H B COCTaBHbIX KOHCTPYKUHRX, KaKOBhIMH 

cn~aT .si:qeiiKH KaHanos CY3. 

1. 3ai.aqa Tennonponoi.eocTH 
B COCTaBHhIX KOHCTpyKUHHX 

3anaqa HccJienosaHHH TeMnepaTypttoro 

pe)KHMa 311eMeHTOB CY3 PEMK CBO.llHTc.si: K 

perneHHIO 3a,llal{H O HeCT3UHOHapHOM TeMne­

paTypHOM ITOJie s rpacpHTOBhlX 6JIOKax JaMe,ll­

JIHTeJIH, rpacpHTOBblX KOJibUax, UHpKOHHeBOH 

rpy6e Kattana, s rpacpHTOBOM 6noKe BhITeCHH­

TeJIR CY3 H ero JaIUHTHOH o6onotfKe. Bee 3TH 

3JieMeHTbl pa3,lleJieHhl faJOBblMH 3a3OpaMH H 

o6pa3yIOT s uenoM COCTaBHyIO KOHCTPYKUHIO 

- .si:qei1Ky CY3, rrono6HyIO KOHCTpYKUHH, H30-

6pa)KeHHOH Ha pHc. 1. XapaKTepHoii qepTOH 

TaKHX KOHCTPYKUHH .si:sn.si:eTc.si: HeKOHUeHrpH­

qecKoe pacnoJIO)KeHHe 3JieMeHTOB OTHOCH­

TeJibHO npyr npyra. 

TaKOe paCITOJIO)l(eHHe MO)KeT BO3HHKHyrh 

KaK rrpH MOHTa)Ke KaHaJIOB, TaK H B npol.(ecce 

3KcrrnyaTaum1 peaKTopa 3a cqeT HJMeI-JeHHH 

pa3MepoB 3JieMeHTOB H'-leHKH non BJIHHHHeM 

IlOTOKa HeHTpOHOB [2]. CMeIUeHHe 3JieMeHTOB, 
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P1-1c. I. CocrnsHrui KOttcTpy~J,UI H'-leHKH CY3: I -
6110K BbtTeCtt11Tem1, 2 - -rpy6a Bb1TeCH1ffeJ1H, 3 -
Tpy6a Kattana CY3, 4 - rpacpHToarui sry11Ka, 5 -
6110K 3aMe,llJ1HTeJ1H 

KBanpaTHaR cpopMa ceqeHHH rpaqmTosoro 

6noKa JaMe,llJrnTem1, a TaK)l(e HeCHMMeTpwr­

Hbie rpaHH'IHble ycJIOBH.sl Ha ero nosepXHOCTH 

cpopMHpyIOT HecHMMerplf'-IHbie nom TeMnepa­

TYP s paccMarpHBaeMOH o6JiaCTH, 'ITO CYIUee­
CTBeHHO ycno)KH.sleT pewem1e Janaq Terrno­

nposo.nHoCTH. B qacTHOCTH, B03HHKaIOT TPY.ll­

HOCTH onHcattHH Terrnonepe.na'lll qepe3 )l(H,ll­

KOCTHhie rrpOCJIOHKH. 

Ilpoueccbl TeIIJIOIIpOBO.llHOCTH B COCTaB­

HbIX KOHCTpYKUH.srx CJIO)l(HOH cpopMbI CJI~aT 
npenMeTOM HCCJie,llOBaHHH Ha nporn>KeHHH 

,llOCTaTOl{HO ,llJIHTeJibHOro BpeMeHH [3, 4). 
IIp1rneneM Jnec1, crporyIO MaTeMan11-JeCKyIO 

cpopMynHpOBKY 33.,llal{H. 

Ka)K.l{a.si: cocTaBHaH KOHCTPYKUHH MO)KeT 

paccMaTpHBaTbCH KaK c6opKa OT,D,eJibHhIX 3Jie­

MeHTOB, BbillOJIHeHHhIX H3 O.llHOpO.llHhIX MaTe­

pHaJIOB, TerrnocpH3H'IeCKHe CBOHCTBa KOTOpbIX 

HBJIHIOTCH s o6meM cnyqae cpyttKUHHMH TeM­

nepaTypbI. IlpH onpe,ueneHHH rpaHHU noBepx­

HOCTei-i paJ.nena BKJI10qeHHH H ycnoBHH Ten­

nonepenaqH Me)K.lly HHMH reoMeTpH"lecKHe 

pa3Mepbl 3a30p0B rronaraIOTCH paBHbIMH 

HYJIIO. 

3an aqa COCTOHT s onpeneneHHH TTOJIH TeM­

nepaTyphl T(r, t) B cocTaBHOM o6nacrn: G, Ten­

nonposo.nHocTh ')... H TeIIJioeMKOCTh pep KOTO­

poii npe.llCTaBJIHIOT co6oH KYCOl{HO-rnanKHe 

cpyttKI.1,HH KOOp,llHHaT H TeMnepaTypbl, 6ynyqH 

npH 3TOM HenpepbIBHhIMH BHYTPH Ka)K.lloro 

oTnenhHOro BKJIIO'-leHHH. TeMnepaTypa ynos­

neTBop.si:eT cne.nyIOmeMy .llH<\)cpepeHUHaJihHO­
MY ypaBHeHHIO: 



pcoT/01: = VA VT+ q,.(r, -r, 'I). ( l) 
Ha rpaHHUe o6nacTH G 3a.n;a10TCR ycnosm1 

KOHBeKTHBHOH TeTIJlOOTll,a'lll 

AVTn + h(T- To)= 0. (2) 
HaqanbHoe pacnpe.n;eneHHe TeMnepaTypbI B 
o6JiaCTH npell,CTaBJijleTCR s BH,D.e 

T(-r = 0) = F(r) . (3) 
Ha nosepXHOCTIDC pa3pbIBOB HCTI0Jlh3yeTCH 

<pH3H9'.eCKOe ycJIOBHe HenpepbIBHOCTH Tenno­

BOfO TIOTOKa, T.e. 

(11.;VT;)n = (A;+1VT;+1)n. (4) 
Tennonepe.n;aqa qepe3 raJOBhie 3li3OpbI 

yqHTbIBaeTCR TIYTeM BBell,eHlUI B paCCMOTPe­
HHe KOHTaKTHOfO TepMH9'.eCKOfO conpOTHBJle­

HHH Ha rpaHHU.ax 30H. IlpH 3a.n;aHHOM TeIIJlO­

BOM IlOTOKe qepe3 nosepxHOCTb pa3.n;e11a cy­

mecrnyeT CKa9'.OK TeMnepaTYPhI Ha nosepXHo­
CTH pli3.n;ena, KOTOpbIH pacCWTbIBaeTCH no 
cpopMyne 

(A;VT;)n + h;+1(T;- T;+1) = qF. (5) 
B ypasHeHHIDC (1) ... (5) i o6o3HaqaeT i-JO 

nosepxHOCTh pa3.n;ena, To - TeMnepaTypy oK­
p}')KaJOmei1: cpe.n;b1, h - K03<p<pfillHeHT Ten11O­

nepe.n;aqn qepe3 raJOByJO npocnoH1<y, n -
BHelll.HIOJO HOpManb Ha nosepXHOCTH BKmoqe­

HHR, r - pa;wyc-seKTop, A - K03cp<pHUHeHT 
TennonpOBOll,HOCTH, qF - nosepxHOCTHbie HC­
TOqHHKH TeilJla, 't - BpeMR. 

Ilpoue.n;ypa 'IBCJieHHoro pacqern pacnpe­
.n;e11eHHH TeMOepaTypbI B COCTaBHOH KOHCT­

PYKUHH npH TaKoH nocTaHOBKe 3a,.n;aqH MO)KeT 
6hITb TOJibKO HTepaUHOHHOH, COCTOHIUeH li3 

c11e.n;yromHX maros. 
1. )];AA 0611acTH G;, orpaHHqeHHOH noaepx­

HOCThJO S;, HaXOL{HTCH pacnpe.n;e11eHHe 

TeMrrepaTypbI H BbJqHCAAeTCH TeilJlOBOH 

IIOTOK qepe3 nosepXHOCTb npH ycnoBHH, 

9'.TO TeMnepaTypa ua nosepxuocTH S; 3a­
.n;aua. 

2. )];AA o6JlaCTH G1 (i # )) pernaeTCH aHaJIO­
fli'IHaR 3a.n;aqa npH cne.n;yrownx yc11OBHHX: 
ua rpaHHU.e ~ · 3a.n;atta TeMnepaTypa T(S1), a 
Ha rpaHH.Qe S;, oT.n;eAA10weif o6nacTb G1 OT 
0611acTH G;, 3a.n;aH Tennosoif noToK, Haif­
.n;eHHhIH s npell,bl)lYIUeM pacqeTe (n. 1). 

3. TeMITepaTypa Ha rpauHue S;, BhI•mcneHHM 
B n. 2, KOppeKTHPYeTCH, ecnH Me)KL{y 06-
11acUMH G; H G1 cywecTByeT raJOBblH 3a-
3op. B 3TOM cnyqae K paccqHTaHHOMY YKa-
3aHHhIM cnoco6oM 3uaqeHHJO TeMnepaTy-

pbl .n;o6aBJ1ReTCH nepena.n; TeMnepaTypbI s 
3a3ope, KOTOpbIH nonyqaeTcH IIYTeM .n;ene­
HHR Terrnosoro TIOTOKa Ha npOBOll,HMOCTb 
3li3Opa. PactJeTbI no nn. 1 ... 3 IlOBTOpRJOT­
CH ll,O BbITIOJIHeHHH KpHTepm1 CXOLl,HMOCTH. 

4. Ilo YKaJaHHOH cxeMe pacqeThI npoao.n;HTCH 
11,JlH BCeH HCCne.n;yeMOH o6JlaCTH. 
K03cp<pHUHeHT Ten11onepe.n;atJH qepe3 ra-

30BhIH 3li30p onpe.n;enReTCR KaK CYMMa K03cp­

<pfillHeHTOB Ten11onepe.n;aqH 3a cqeT Tenno­
nposo.n;uocTH H H3nyqeHHR h = he + hr, r,IJ,e 

he= 11.rfo,, hr = Ecro· 10-s (T, + T)(T, 2 + T/ ). (6) 

3JJ.eCh Ar - TennonpOBOJJ.HOCTh ra3a c yqe­

TOM nonpaBKH Ha KOHBeKUHJO rli3a B 3li30pe, <) 

- lllHpHHa 3li3Opa, E - IIpHBe,IJ,eHHbIH K03<pcpH­
UHeHT qepH0Tbl JI.AA IlOBepXHOCTeH pa3,ll,eJia 

BKJIJ09'.eHHH, cro = 5,67032 - TIOCTOHHHM CTe­
cpaua - 6011bu;Maua, T; - TeMnepaTypa B rpa­
.n.ycax KeJlbBHHa. 

MeTO.D. pacqern K03<p<pHUHeHTa Tennone­
pe,n.aqH H3J1Y9:eHHeM HCTI0Jib3YeT ,ZlBa cywecT­

BeHHhie npell,IIOJIO)l(eHlUI: 

1) TeMOepaTypbI nosepXHOCTH s <pHKCHpo­
BaHHbIH MOMeHT speMeHH He H3MeHRJOTCR 

B 3aBHCHMOCTH OT KOOp.D.HHaTbI Ha no­

BepXH0CTH; 

2) npouecc 11yqHcrnro o6Meua 3Heprnen 
CTaUH0HapeH. 

OTCJO,IJ,a CJle,IJ,yeT, 9'.TO npHHHThie 3aKOHO­

MepHOCTH ,l],JIR TeilJlonepe,ll,a'l'.H MOfYT 6bITb 
npHMeHeHbI TOJlbKO B KBli3HCTaUHOHapHbIX 

npoueccax H npH HaJIHqJIH oceaoii CHMMeTPHH 
B pacnpe.n;e11eIDrn TeMIIepaTypb1. IlpHMeHH­

TenhHO K KOHCTP)'l<UHH Kauana CY3 PEMK 
3TO, B qacTHOCTH, 03HaqaeT, llTO npH yqeTe 

H3JlyqeHHH B paMKax H3JlO)l(eHHOH MeTO,lJ,HKH 

MOfYT paccMaTPHBaTbCH TOJibKO Te KOH<pHry­

paUHH jlqeHKH, B KOTOpbIX UHJIHH.D.puqecKHe 

311eMeHThI (TPY6b1 KaHana H BbITecrnneAA 
CY3, rpacpHTOBbie KOnhua, 6noKH 3aMeJJ.nHTe­
nR) paCIIOJlO)KeHbI 6e3 CMeweHHH oceii H B Ka­

qecrne 6noKa 3aMe,l],JlHTeAA HCIIOJlh3yeTCH MO­

,l],eJib UHJlHH,l1,pH9:eCKOro 6110Ka. 

Y9:eT Ten11orrepeJJ.a'IH H3nyqemrnM BIDKeH 
B uecrnuHottapHbIX npoueccax, KOrJJ.a ueo6xo­
JJ.HMO HCCJie,lJ,OBaTb ll,ecpopMaUHJO 3JieMeHTOB 

paccMaTPHBaeMOH KOHCTPyKUHH c uenhJO orr­
pe.D.eJieHHR Il0Bpe)KL{eHHH 3aIUHTHbIX 060110-

qeK BbITeCHHTeJleH H HapyrneHIDI B CBR3H C 

3THM RX repMeTHllHOCTH. 
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ITpH H0MHHaJlhHblX ycJI0BHIDC pa60Tbl 

CY3, Kor.n:a TeMTiepaTypa 3JieMeHT0B K0HCT­

PYKrmH .uocTaT0'lH0 HH3KM, '-IT06bI npeHe-

6pe'-lh Tennoo6MeHOM nyTeM H3Jl)"-leHH.sl, Ba')K­

H0 )"-IHThIBaTb 3KCU.eHTPHCHTeT B pacn0Jl0)l{e­

mrn 3JleMeHTOB, o6pa3)'10lllHX 3a30pbl. )],n.si: 

TeopeTH-iJeCKOH ou.eHirn 3THX 3cpcpeKTOB M0)l{­

H0 Bhlpa3HTh BeJII1'll1HY 3a30pa Kai< cl>YHKL{HIO 

a3HMYTaJihH0ro yrna [5]. )],n.si: 6onee TO-'lttoro 

onpe,ueJieHH.sl rrpoB0,UHM0CTH nepeMeHHOro IIO 

yrny ra3osoro 3a3opa Heo6xo,uHM, o,utta1<0, 

yqeT 

- paCCTO.slHHH, Ha KOTOpbIX rrpOHCX0,UHT TeM­

rrepaTypHhIH c1<aqo1<, o6ycnosneHHbIH ttenon­

HOH TepMH-iieCKOH aKK0Mo,uau.11eti: ra30BbIX 

M0JieKyJI K TeMIIepaType nosepXH0CTH; 

- Hecrroco6HOCTH fa30BbIX M0JieKyn 0TOp­

BaThC.sl OT nosepxHOCTeH )lJl.sl TIOJlHOro o6MeHa 

:mepnreii: c coce,llIDIMH ra30BhIMH MOJleKyna­

MH, '-ITO rrp11so,u11T K HemrneHHoMy TeMrrepa­

TypHoMy rpa.n.HeHTy B6ITH3H paccMaTPHBae­

Ml,IX nosepxHOCTeii. 

Bonpoc1,1 :noro po.n:a ,ueTaJihHO pa3pa6o­

TalihI B nporpaMMe FRAP-T6 [6] rrp11MeHH­

TeJ1hHO K CTep)l{HeBhIM TB3JlaM. )],mr COCTaB­

HhIX KOHCTP)'KUHH CY3 P6MK TaKHX pa6oT 

He IIpOBO,UHJIOCh, HaCKOJlbKO 3TO H3BeCTHO aB­

Topy. OTCYTCTBHe MeTO,UOB .n.eTaJihHOro pac­

'leTa rrpoBO,llHMOCTH ra30BI,IX 3a30p0B B .si:-iieii:­

Kax CY3 rrpHBO.llHT K Heonpe.n.eneHHOCT.si:M B 

pac'leTax HeCTaU.HOHapHbIX TennocpH3I1'ieCKHX 

npou.eccos, seJIH'lHHY KOTOpbIX TPY.D.HO ou.e­

HHTh B HaCT0HII.lee speM.si:. 

2. 34>4>eKTLI CMe~eHHH 3JieMeHTOB 

B COCT3BHOH KOHCTpYKIJ.HH 

B pa6oTe [5] Il0Ka3aH0, 'ITO 3cpcpeKThl 

CMer:u:eHJUI 3JleMeHT0B OT KOHUeHTPH'leCKoro 

pacrrono)l{emrn M0rYT 0Ka3aT1,c.si: CYlllecTBeH­

HbIMH B 3a)la'laX HCCJie,UOBaHH.sl 6e3onaCHOCTH 

P6MK, nocKOJlhKY np11 3TOM CHJihH0 CHH)l{a­

eTc.si: TeMnepaTypa rpacl>HTOBI,IX 3JleMeHTOB H, 

KaK cne,D.CTBHe, B03pacTaeT K0JIH'leCTB0 3ana­

ceHHOH 3HeprHH B HHX npH o6nyqeHHH IIOTO­

KOM HeHrpOHOB. 

CHH)l{eHHe TeMnepaTypbl o6nyqeHIDI rpa­

q>HTOBhIX Koneu H BTynoK M0)l{eT npOH30HTH 

TaK)l{e H3-3a 11cqepnaHHR ra3oBoro 3a3opa 

Me)l{)ly HHMH H TPY60H Kattana CY3. Y'laCToK 
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KaHana CY3, pacnono)l{eHHhIH B aKTHBHOH 30-

He, 113roTasn11saeTc.si: H3 crrnaBa Zr-2,5 % Nb. 
ITocne ycrnH0BKH KaHana CY3 s pea1<Top .n.11a­

MerpaJihHbIH 3a30p Me)l{)ly rpy6oH H rpacpHTO­

BOH BTYJ1KOH cocrnsn.si:eT 1,75 MM, a Me)l{.n.y 

BTYJIKOH H BHYTpeHHeH II0BepXH0CTbIO rpaqrn­

T0B0ro 6noKa - 4,5 MM. JiJcqepnaHHe ra3osoro 

3a3opa np0Hcxo,u11T H3-3a YMeHhllleHHR BHYT­

peHHero ,UHaMerpa rpacl>HTOBOro K0JihU.a npH 

o6nyqeHHH IlOT0KOM HeiirpOHOB 11 yseJIH'-le­

HIDI )lHaMerpa TPY6b1 KaHana scne.n:cTBHe non-

3yqecTH H pa,llHaUHOHHOro poem rrpHMepHO B 

JlHHeHHOH 3aBHCHMOCTH OT ct>n10eHca HeHTPO­

HOB. 

ITpaKTHKa 31<cnnyarnu1111 P6MK rroKa3a­

na, 'ITO 3a30phl HC'lepnbIBaIOTC.sl 11epe3 He­

CKOJibKO ner, a 3aTeM CHOBa MOrYT Ha'-IaTI, 

ysenI1'rnBaTbc.si:. O,uHaKo Herrocpe,n;cTBeHH0 

rrocne Ha11ana o6paTHoro npou.ecca, T.e. rrpH 

rrepexo,n;e OT yca.n;KH rpacl>11Ta K pacrryxaHHIO, 

061,ItJ.HQ IIpOHCXO,UHT II0.si:BJieHHe TPeil{HH B 

rpacl>HTOBbIX 3JieMeHTax II0)l ,ueHCTBHeM BHYT­

peHHHX Harrp.si:)l{eHHH. 3TO o6cTO.si:TeJlhCTBO 

cnoco6cTsyeT coxpaHeHHIO TaKoro cocTo.si:HH.si: 

K0HCTPyKU.HH, Kor,n;a cne,n;yeT rrpHHHMaTh yc­

JI0BHe 0TCYTCTBHR ra3osoro 3a3opa Me)K.ZJ.Y 

TPY60H KaHana H rpacl>HTOBhIM K0JibI.J.0M. 

Ha pHc. 2 npe,n;crnsneH cxeMaTH'lHO yqac­

T0K aKTHBHOH 30HhI P6MK, co.uep)l{am11ii Ka­

Han CY3 c 6nOKOM BhITeCHHTen.si: H rpaqrnTO­

BhlH 6noK 3aMe,UJIHTen.si:. U:ucpp1,1 Ha pHC. 2 o6-

03HaqaJOT, COOTBeTCTBeHH0: 1 - rpacl>HTOBhIH 

6JIOK BbITeCHHTeJIR CY3, 2 - o60JIO'lKa 6noKa 

s1,1TeCHHTen.si:, 3 - TPY6a KaHana CY3, 4 - rpa­

cp11Tosoe 1<on1,u.o, 5 - 6noK 3aMe.n;n11Ten.si:. 

Ha pHc. 2a) yKa3aHH1,1e 3neMeHThI pacno­

JI0)Kem,1 B C0OTBeTCTBHH C npoeKTOM, T.e. BbI­

.uep)l{aHO ycn0BHe K0HU.eHTPH'leCK0ro pacno­

JI0)KeHHR. B pe3yn1,TaTe B ropH30HTaJihH0M 

ceqemrn paccMaTPHBaeMhIH yqacT0K rrpe.n.c­

rnsm1eT co6oii: Ha6op BJI0)KeHHhIX .upyr B .n.py­

ra KOneu. C 3a30paMH, 3aIIOJIHeHHhlMH renHeM 

(Me)l{)ly 3JieMeHTaMH 1 H 2) H reJJHeBO-a30T­

HOH CMeChIO (Me)l{)ly 3JieMeHTaMH 3 H 4 H 3Jie­

MeHTaMH 4 H 5). 3a3op Me)K.ZJ.Y 3JieMeHTaMH 2 

H 3 rrpe.n.crnsmeT co6oif norrepe'!Hoe ceqemte 

Kattana .n.m OXJia)K)leHHR CY3 so.n.oii:. 

PacnoJIO)KeHHe 3JieMeHTOB, IIOKa3aHHoe 

Ha p11c. 26), cooTBeTcTByeT cnyqa10, 1<or,ua 

6JIOK BbITeCHHTeJI.si: 11 rpaq>HTOBOe K0JibUO CMe-
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PHc. 2. Pacnpe.uenettHe TeMneparyphI no pa,neycy .114eifKH CY3: a) npH KOHUeHTpH4eCKOM pacnono)Kemm. 
:meMeHTos; 6) npH KacaHHH rpaqrnrnsoro 6noKa H TPY6b1 BblTeCHHTen.11, a TaK)Ke Tpy6h1 Kattana CY3 H 
BTYJIKH 

mem,1 TaK, qTO KacaIOTCH 060J1oqKH BbITeCHH­

TeJUI u -rpy6w KaHaJJa CY3, COOTBeTCTBeHHO. 

TaKoe CMemeaue npHBOllHT K H3MeHeHHIO 

pacnpeneneHIDl TeMIIepaTypbI no ceqeHHIO 

paccMa-rp1rnaeMoro yqacTKa. IlpOHCXOllHT 

CHH)KeHHe TeMTiepaTypbI 6JIOKa BbITeCHHTeJ]jj', 

KaK :no ~e OTMeqeHO Bblllle, a TaK)Ke pe3KOe 

YMeHbilleHHe TeMnepaTypbI rpaqmTOBOro 

KOJJbUa HH)Ke 100 °C. 
qT061,1 nponeMOHC-rpHpOBaTh :no Ha qHc­

JJeHHOM npuMepe, perneHa 3anaqa o crnuuo­

HapHOH TennonpOBOllHOCTH s CHCTeMe 6noK 

Bh1TeCHHTem1 - -rpy6a BbITeCHHTeJUI H CHCTeMe 

KOJJeu, BKJ110qa10mei1: -rpy6y KaHana CY3, rpa­

cpHTosoe KOJJbUO H 6JJOK 3aMellJIHTeJUI. EnoK 

3aMellJJHTeJJH 3aMeHeH rrpH 3TOM KOilbUOM C 

3I<BHBaJJeHTHhIM pa.nHycoM, paCC'IHTaHJn.IM H3 

ycJJOBHH paseHCTBa nJJomaneH nonepeqHoro 

ceqeHHH peaJJhHOro 6noKa u ero KOilbUeBOH 

MOlleJIH. Pa.znrnl.{HOHHhIH Terrnoo6MeH s 3aJO­

pax He )"IHTbIBaJJCH. 3TH llBe CHCTeMhI Pa.Jlle­

JJeHJ,I KOJJbUeBblM 3a30pOM Me)Klly -rpy6aMH 

BhITeCHHTeJUI H KaHana CY3, no KOTopoMy Te­

tJeT oxJJa)K,l),aIOmM son a co cpenHeH TeMnepa­

TypOH 50 °C. )J;aBJ1em1e B KOHType oxna)K,l),e­

HHH 3,5 iu/cM2, cpeJJ.HM CKOpOCTh BO,lJ.hl coc­

TaBJUieT 5 Mic. OueHKH IlOKaJhIBaIOT, t{TO npH 

3TOM cpe,l1.HHH K03cpcpuuueHT TenJJOOTllatJH OT 

HarpeThIX nosepXHOCTeH K BO,lJ.e COCTaBJUieT 

2,5-103 BT/(M2·°C). 
3aMeHa MHOrocnOHHOro UHJIHHJJ.pa, o6pa­

:iyeMoro 3J1eMeHTaMH 3 ti 4 H 3a30paMH Me)K,l),y 

HHMH, a TaIOKe Me)K,l),y 3JieMeHTaMH 4 H 5, Ha 

MHOfOCJJOHHyIO IlJJOCKyIO CTeHKy He npHBO­

,lJ.HT K 60JibUIHM norpemHOCTHM B onpen eJJe­

HHH nepenanos TeMnepaTypbI Ha HHX, no-
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CKOJlhKY OTHOIUem1e IUHpHHbl 3TMX 3JleMeH­

TOB K mc ,UHaMeTPaM MeHbIUe 0,1 (rn6n. 1). 
KpoMe Toro, nepena.u1,1 TeMTiepaTyp no pa.uH­

ycy TPY6hI KamUia H BTYJJKH, o6ycJIOBJieHHhie 

BHYTPeHHHM TenJJOBhI,UeJJeHHeM, BeCbMa MaJihI 

(nop}l,UKa l °C), nOCKOJlhKY MaJihl caMH HHTeH­

CHBHOCTH 3TMX TeIIJI013bI.UeJJeHHH (Ta6n. 1). 
TTpH 3TMX yc11OBm1x n ;ncn a.uhI TeMnepaTyphI 

no IUHpHHe 3JleMeHTOB 3 },{ 4 H ra3OBhIX 3a.3O­

poB Me>K.L{y 3JleMeHTaMH 3 ... 5 MO)KHO C'IllTaTh 

nponopIIHOHaJihHhIMH HX TOJlIUHHe, T .e . l:!.T; = 
= q8/A;, r.ue i - HOMep :rneMeHTa HJlH ra.JOBOrO 

3a.3opa, q - Ten11oaoi1 noToK 1.Jepe3 3JJeMeHT, A; 
- TennonpoBO,UHOCTh M:lTepHaJia 3JieMeHTa 

mm 3a.3Opa, 8, - TOJimHHa 3JieMeHTa HJIH 3a.3O­

pa. Mcxo.UHhie .uaHHhie .UJJ}l pactJeTa cae.ueHhI B 

Ta6JI. 1. 
I1oJJO)l(eHHe CTep)l(HeH CY3 BMeCTe c Bhl­

TeCHHTemrMH noCTO}IHHO MeH}leTC}l IIpH pa6o­

Te peaKTopa B npe.ueJiax HX pa601.Jero xo.ua. B 

aKTHBHOH 3OHe PEMK HaXO.llflC}l CTep)KHH 

.llByx TKnOB. B1,rrecHHTeJIH cTep)l(HeH rrepBoro 

THIIa ( CTep)KHH PYtJHOfO H aBTOMaTHI.JeCKOro 

peryJmpoBaHH}l pp H AP' COOTBeTCTBeHHO) 

COCTO}IT H3 1.JeTblpex 3JleMeHTOB H pacIIOJlO)l(e­

Hhl HH)l(e norJIOTHTeJJeH, BhITeCHHTeJIH CTep)l(­

HeH BTOporo THIIa (YKOPOtJeHHhie CTep)KHH­

IIOrJJOTHTeJIH - YCII) cocTO}IT H3 IUeCTH 3Jie­

MeHTOB H ycTaHOBJieHhl BhIIUe norJIOTHTeJieH. 

Ha pHC. 3 .UM np1iMepa nOKa.3aHO noJIO­

)KeHHe cTep)l(HeH YCII B aepxHeM H HH)l(HeM 

3a 36 

PHc. 3. I1oJimKeHHe CTep)!<HeH yens HIDKHeM (3a) 
H sepXHeM (36) noJI0)KeHIUIX 

TIOJIO)l(eHH}IX. IloJIO)KeHHe CTep)KH}l B 3OHe 

IIpH pa6oTe peaKTOpa Ha MOlUHOCTH 3aBHCHT 

OT MHOrHX <paKTOpOB H JiBAAeTC}l Henpe,ncKa-

3yeMhIM. B TO )Ke BpeM}l Ba)KHO OTMeTHTh, 1.JTO 

npH HaXO)l(,lleHHH 3JieMeHTOB BbITeCHHTeJI}l B 

aepxHeH 1.JaCTH aKTHBHOH 3OHhI TeMTiepaTypa 

rpaq>HTOBhIX 6JIOKOB 3THX 3JieMeHTOB 6y,neT 

HH)l(e, 1.JeM npH TIOJIO)l(eHHH B IIeHTPe HJIH B 

HH)KHeH 1.JaCTH 3OHhl. 3-ro 061,}ICH}leTCJi TeM, 

Ta 6 JI H Q a 1. reoMe-rpw-1eCKHe pa3Mepb1 H TenJIOQ)H3H-qecKHe CBOHCTBa )JleMeHT0B 
JilleHKH CY3 PEMK 
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3neMeHT 

Pa3Mepb1 H I 2 3 5 
CBOHCTBa bJIOK Bbl- O6ono"!Ka Tpy6a 

4 
DJIOK 38-

BrynKa 
TeCHHTeJIJI BblTeCHHTeJIJI KaHana Me,llJIHTeJIJI 

MaTepHan fpaq>HT Cnnas CAB) 
Cnnas 

fpaq>HT fpaq>HT 
Zr2,5%Nb 

Tennonposo.n-
20 200 20 20 20 

HOCTh, BT/(M·°C) 

BHYfPeHHHH 
0 0,069 

.QHaMeTP, M 
0,082 0,0915 0,114 

Hapy)KHbIH 
0,066 0,074 0,088 0, 111 0,280 

.D.H8MeTP, M 

11CTO'-lHHK 
420 172 2 510 7 747 7 747 

Tenna., BTI M 
• ITpH pacl!eTe pacnpe.n.eneHHJI JHepr0BbI.QeJieHHJI B S11.-1ei1Ke CY3 npe.nnonaranoch, 4T0 KaHan 
CY3 0Kpy)KeH B0CeMblO pa60'--IHMH KaHanaMH C O.D.HH8KOBOH TenJI0B0H M0LUH0CTblO 2 MBT [7] 

-
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qTo TeMnepaTypa BO.Ubl, oxml)K,[(3IOIIIeH 3TH 

3JieMeHTbI, MeHbllle, '-leM B HH)l(HeH 4acn1 aK­

THBHOH 30Hbl, Ha 30 .. .40 °C, a BI-tyrpeHHee 

TeTTJI0Bbl,[(eJieHHe s 6noKe nponopr.{H0Ha.JThH0 

IlJI0TH0CTH Il0T0Ka HeHTµOHOB, pacnpe.uene­

m1e KOTOpOH HepaBH0MepH0 no BhIC0Te aK­

TJIBHOH 3om,1 PEMK H HMeeT, KaK npasHno, 

MaKCHM)'M B6JIH3H u;eHrpa aKTHBHOH 30Hbl. 

IlpH nepeMeIIIeHHH BhITecHHTeneH H3 

sepxHeH qacTH B HH)l(HIOIO pa3H0CTb TeMnepa­

TYP rpaqrnTOBbIX 6nOKOB, C00TBeTCTByIOIIIHX 

CTailH0HapHhIM C0CT0RJIJU[M B 3THX '-laCTHX 30-

HhI, M0)l(eT npeBblCHTb nopor, nocne K0Toporo 

Ha'-IHHaeTCH BbI,[(enemi:e HaKonneHHOH 3Hep­

fHH. 3TOT nopor no pa3HbIM ou;eHKaM C0CTaB­

JUleT 30 ... 50 °C. B pe3yJibTaTe npH HaKOIIJie­

HHH 3HeprnH BHrttepa B BbITecmnemrx. CY3 

3a BpeMH HX CJiy')K6bI B peaKTOpe M0)l(eT npo­

HCX0.UHTb He0,[(H0KpaTH0 rrpoMe)l(YTO'fHblli 

0T)l(HT. 

OTIKlIT .uecpeKTOB, B03HHKaIOW.HX npH 06-

nyqeHHH B ycn0BHHX HH3KHX TeMnepaTyp H 

,[(03 (MeHee 1020 
CM-

2
), npoHCX0.UHT .U0CTaT0'-1-

H0 6hICTµO. IlpaqeM ,[(JUI TaKHX .uecpeKTOB B 

HHTepBaJie OT 200 .uo 300 °C np0H3B0,[(HaH OT 

3anaceHHOH 3HeprHH S no TeMIIepaType T .uoc­

THraeT MaKCHMYMa [8]. )J:ecpeKTbI .upyrnx TH­

nos M0fYT 0T)l(HraTbC.sl T0JibK0 npH 6oJiee Bbl­

C0KHX TeMIIepaTypax (s1,1rne 400 °C). )],eq>eK­

TbI TaK0f0 po.ua HaKailJJHBaIOTCH B 60JibllIOM 

K0JIH'leCTBe, TaK KaK nepH0.U 3KcnnyaTailHH 

CY3 PEMK .uocTaT0'fH0 .UJJHTeneH. TaKHM o6-

pa30M, K0JJH'-leCTB0 HaKOilJieHHOH 3HeprnH H 

CK0p0CTb ee BbI,[(enemrn 3aBHC51T OT npe,[(bIC­

T0pHH paCCMaTµKBaeMoro rpa<pHTOBOfO 3Jie­

MeHTa, 'ITO M0)l(eT 0Ka3aTbCH cyw.eCTBeHHbIM 

npH pacqeTH0M HCCJJe,[(0BaIDlll ero TeMilepa­

TypHoro pe)l(HMa B npoueccax c BhmeneHHeM 

3arraceHHou 3HeprHH. 

3. 3ct>cl>eKTbl HeJIHHeHHOCTH 

KpaeBOH 33JJ.311H TemrnnpOBOJJ.HOCTH 

HeJIHHeHHOCTh Kpaesoii 3a.ua'-IH ( l) ... ( 5) 
o6ycnosneHa 3aBHCHM0CTblO OT TeMnepaTypbI 

K03<pQlHU.HeHTOB Tennonp0B0,[(H0CTH MaTepHa­

JI0B BKJIIO'-leHHH s cocTaBH0H K0HCTPYKUHH, 

HCT0'fHHK0B Tenna H KpaeBbIX ycnosaii. 

Ha pacnpe.ueneHHe TeMnepaTypbI s rpa­

<pHTOBbIX 3JJeMeHTaX cyw.ecTBeHH0 BJJlUleT 

K3K a6con10THaH BeJIH'-IHHa K03<p<pHII.ll.eHTa 

TenJionpoB0,[(H0CTH rpaqmTa, TaK H 3aBHCH­

M0CTb ero OT TeMnepaTypbl. 3m: CBOHCTBa 

rp::t<pHTa 3aBHCHT OT ,[(03bl H TeMnepaTypbl 06-

nyqeHHH. IlonyqeHHbie 3KCIIepHMeHTaJJbH0 B 

pa6oTe [9] KOJ <p<pHU.HeHTbl Tennorrp0BO,[(H0C­

TH rpacp1,na MapKH rP-93, o6JiyqeHHoro B 

PEMK, CYIIIeCTBeHH0 ornH'-laIOTCH OT 1:1crronh-

3osaHHhIX 3Ha'-leHHH B npe.UbI.UYIIIHX HCCJie.uo­

BaHHHX [2). TaK, K03<pcpHUHeHT Tennorrp0B0,[(­

H0CTH rpa<pHTa BbITeCHHTeJieH CY3 npH cpmo­

ettce HeHTµOHOB 1021 
Hdirp./cM

2 
paBeH 12 .. . 

20 BTl (M·°C), qrn B 3 .. . 5 pa3 Bhillle 3Ha'-leHHH, 

npHHHMaeMbIX paHee Ha 0CHOBe 3KcnepTHblX 

ou;eHOK. 

B o6JiaCTH H3MeHeHHH TeMrrepaTypbI OT 

50 .uo 150 °C cornacHO 3KCnepHMeHTaJJbHbIM 

.uaHHbIM [9] K03<p<pHu;HeHT TennonpoB0.UH0CTH 

MO)l(HO C'-IHTaTb mrneHHO 33BHCHMhIM OT TeM­

nepaTypbI: A = Ao + bt = 11 + 0,055T. B [9] 
II0Ka33H0 TaK)l(e, 'ITO BCJie,[(CTBHe 3TOH 3aBH­

CHM0CTH CHH)l(aeTCH MaKCHMaJJbH0e 3Ha'-leHHe 

TeMTiepaTypbl H np0HCX0,uHT CfJ13)KHB3HHe He­

paBH0MepH0CTH pacnpe.ueneHHH TeMnepaTypbI 

no pa.uHycy 6noKa. 

Ilpol.{ecc BbmeneHHH 3arraceHHOH 3Hepnm 

HBJIHeTCH TepMH'-IeCKH aKTHBHpyeMbIM, II03T0-

MY HCT0'-IHHKH Tenna qv B ypaBHemrn (1), rrpo­

nopl.{H0Ha.JThHbie CK0p0CTH Bbl,[(eJieHlUl: 3ana­

ceHH0H 3HeprnH H .ueHCTByIOW.He BHyrpH 3THX 

o6nacTeH, 3aBHCHT OT TeMnepaTypbI. )],JJH K0H­

KpeTH0ro o6pa3Ua H3 o6nyqeHHoro rpa<pHTa 

KHHeTHI<a BbI,[(eJieHHH 3anaceHHOH 3HeprHH 

M0)l(eT 6hITb 0ilHCaHa ypaBHem1eM 

as1a-r: = F(S)exp(- E(S)/ (K7)), (7) 
r.ue S - 3HeprHH BHTHepa, BbU{eJIHBIIIaHCH K 

TeKyw.eMy M0MeHTY speMeHH; E(S) - 3HeprnH 

aKTHB3UHH, K0T0paH B o6meM cnyqae HBJIHeT­

CH <pyHKUHen JanaceHHOH 3Heprn11 S; K -

K0HCTaHTa EonhUMatta; T - TeMnepaTypa B 

rpa.uycax KenhBHHa; 't - speMH. B11.u <pyttKUHH 

F(S) H E(S) 33.BHCHT OT MapKH rpa<pHTa H yc­

JJOBHH ero o6nyqeHllil. CospeMeHHaH Teopllil 

He .uaeT B03M0)KH0CTH HaHTH 3TH 33BHCHM0C­

TH. OHM M0rYT 61,1Tb onpe.ueneHhI T0JibK0 3KC­

nepHMeHTaJJhH0. 

Tennorrepe.uaqa Me)l(.!ly BKJJIO'-leHHHMH 

rrp0HCX0.UHT IlYTeM Tennonp0B0,[(H0CTH H H3-

nyqeHHH. CocrasnHIOilla.R K03<p<pHUHeHra Ten­

nonepe.ua'-IH qepe3 3a3op 3a cqer HJnyqeHHH 
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HBllileTCH CHJibH0 HemrnettHOM q>yHKUHeM TeM­

nepaTypbI. 

IloBepXHOCTHbIM HCT0tJHHK q F B KpaeB0M 

ycJI0BHH (5) m3JIHeTCH TaIOKe HeJIHHeMHOM 

q>yHKI.{HeM TeMIIepaTypbI, Il0CK0JibKY o6yc­

JI0BJieH 0KHCJieHHeM UHpK0HIDI npH 3ail0JIHe­

HHH KaHaJia CY3 B03.llYX0M. lhBeCTHO, tJT0 

peaKUHH 0KHCJieHHH uupK0HHH CHJlhH0 3K30-

TepMHtJeCKruI. Bhl.llellilJOIUeecH npH 3TOH peaK­

llHH TeilJI0 M0)KeT 0Ka3aTb cymecTBeHHOe 

BJIHHHHe Ha TeMIIepaTypHbIH pe:>KHM TPY6bI 

KaHaJia CY3. OueHHM MOIUHOCTb HCTOtJIDlKOB 

Tenna npH 0KHCJieHHH m1pKOHHH. 

B npH6JIH)KeHHH napa6om111ecKoro 3aKo­

Ha pocTa T0JIIUHHbl OKHCJIHBIIJerocH CJI0H, B 

HaCTo.11ruee BpeM.11 IlIHpOKO npHMeHHeMoro 

npH aHaJIH3e aBapHH C ITOTepei1: TeIIJIOHOCHTe­

JIH B H,llepHbIX peaKTopax [10], MaTeMaTJ.ilieC­

K0e Bbipa)KeHHe 3aKoHa HapacTaHH.11 OKHCHOf0 

cnoH HMeeT cnenyroruHM BH.ll: 

d6/d-r = Kexp(- U/(RI))/6, 

rne 6 - TOJilllHHa OKHCJIHBlllerocH CJIOH UHPKO­

HIDI, K - KOHCTaHTa Appem1yca, U - 3HeprHH 

aKTHBallHH, R - fa30BaH IlOCTO.IIHHruI. 

MomHOCTb HCTOtJHHKa TeIIJia Bbipa)KaeTC.11 

TOf,lla cnenyrolllHM o6pa30M: Q = CAdoldr:, 
rne C - K0JIHtJecTBo TeIIJia, Bbl.lleJU110rueec.11 

IIpH peaKUHH B e,llHHHUe o6'beMa Zr, H A -
IlJIOIIW.llb Il0BepxHOCTH, Ha KOTOpOH rrp0HCXO­

JlHT peaKUHH. YtJHTbIBruI, ''ITO nnoma.llb no­

BepXHOCTH paccMaTPHBaeMOfO 3JieMeHTa .llJlH­

HOM H paBHa A = 2nroH, rne r0 - HOMH­

HaJibHbIM BHYTPeHHHM pa,llHyc TPY6b1 KaHaJia, 

IlOJIYtJHM CJienyroruee Bbipa)KeHHe .llllil HHTeH­

CHBHOCTH reHepaUHH Tenna 3a CtJeT peaKUHH 

OKliCJieHIDI UHpKOHH.11: 

do 1 
q = C2nroH- = C2nroHK- exp(-U/(R1)).(8) 

dr, 8 
TaKHM o6pa30M, .llJl.11 MO,lleJIHp0BaHHH HC­

TOtJHHKOB Terrna Heo6XO,llHMO 3HaTb TOJllllHHY 

CJI0.11 npopearHpOBaBrnero llHPK0HIDI. IlycTb 

rsH H rHap 6Y.llYT MrHOBeHHbIMH 3HatJeHH.IIMH 

pa.z:mycoB ITOBepXHOCTeH pa3,uena Zr02 - B03-

.ll)'X H Zr02 - Zr, COOTBeTCTBeHHO (rHap > r 8H). 

Ilocne HatJaJia OKHCJieHH.11 r 8H YMeHbIIIaeTc.11 

(.llBH)KeTcH BHYTPb TPY6b1) H3-3a o6'beMHoro 

pacrnHpeHHH npH npeBparueHHH Zr B Zr02. B 

TO )Ke caMoe BpeMH r Hap YBeJIH'IBBaeTCH. 

Tomu11Ha OKHCHoro cno.11 K MoMeHTY 't no­

JiyqaeTcH HHTerp11p0Bam1eM ypasHeHHH (7): 
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Ot = [ o;_M + 21clrexp(- U/(R1))]
112

, (9) 

r.ue bt-6-r - T0JIIUHHa CJI0.11 UHpK0IDUI, npopea­

rnpoBaBIIIero K MOMeHTY 't - ~'t. Cne,llOBa­

TeJibHO, rsH = ro - 8r. Bson.11 B paccM0TPeHHe 

IlJI0TH0CTb UHpKOHIDI H MOJieKyllilpHblli Bee 

Zr02, Il0JIYtJHM CBH3b T0JllllHHbl CJI0H Zr02 C 

TOJIIUHHOM npopearHp0BaBmero CJI0.11 UHPKO­

HH.11: Ozr02 = l ,59138r, 

.L(m1 pan11yca Il0BepXH0CTH pa3,lleJia Zr02 
- B03.llyx Il0JlyqHM C0OTBeTCTBeHHo cnenyro-

mee Bbipa)KeHHe: rHap = r.H +ow,. IlpH bt-o-r= 0 

nonyqaM H3 (9) 8, = [21clrexp(-U/(RT))]
112

• 

IlO.llCTaBJIH.11 3T0 Bbipa)KeHHe BO BT0poe paBeH­

CTB0 C00TH0IIIeHHH (8), Il0JIYtJHM 

q = nroHCK1n~r,-1nexp(-U/(2R1)). 
flom,3yHCb 3TOH Q}OpMyJIOH, oueHHM Be­

JIHtJHHY TeilJI0Bbl.lleJieHIDI qF, OTHeceHHyro K 

nosepXHOCTH TPY6bI pan11ycoM ro H .llJlliHOH 

1 M .llllil MOMeHTOB BpeMeHH, COOTBeTCTByro­

IUHX O,llHOH ceKyH,lle (~'ti= 1 c) H 30 MHH (~t2 

= 1 800 c) nocne HatJaJia npollecca oKHcneHIDI 

npH IlOCTOHHHOH TeMnepaType T = 1000 °C. 

KoHCTaHTbl, BX0.llHIUHe B pactJeTHbie ypaBHe­

HIDI, IIpHMeM cornaCHO peKoMeH,llaUHHM Yp-

6aHHKa H XeifnpHKa [11] .llllil HHTepsaJia TeM­

nepaTyp 1 100 K < T < 1 850 K: 
U/R = 16 820 K, K = 3,45· 10-7 M2 ·c-•, 

C = 4,22-107 KBT'C·M-3. 

B pe3yJlbTaTe .llJlR IlOTOKOB Tenna qF no-

IlYtJHM qF(~'t1) = 
= 4, 22-10

7
· 0, 587·10-

3
exp(-6, 6) = 3,2·10

4 BTIM2
, 

qF(~'t2) = 
1 1 - 3 2 =--4 22·10 ·0 587-10 exp(-6 6)= 7 5-10 

42 42 ' ' ' ' , 

BTIM2
. 

3aMeTHM, tJTO nonyqeHHbie TaKHM o6pa-

30M BeJIHtJHHbI OOTOKOB 6bICTPO YMeHbillaIOT­

CH co BpeMeHeM, COCTaBJIH.11 qepe3 30 MHH 

TOJibK0 1/42 tJaCTb OT Il0TOKa B nepByro ce­

Kytt.lly. OnHaKO K 3TOMY MOMeHTY MO)KeT H3-

MeHHTbC.II caM MexaHH3M OKHCJieHIDI QHpKO­

HH.11. lifaBeCTHO, tJTO npH TeMnepaTypax HH)Ke 

300 °C OKHCHruI nneHKa rapaHrnpyeT BbICO­

KYJO XHMHtJeCKyro CTOHKOCTb UHpK0HIDI. 

OnttaKo ~e np11 TeMnepaType 450 °C 

UHpKOHHH H ero CIIJiaBbl 3HeprH1IHO B3aHMO­

ne:ifcTByroT C KHCJIOpO,llOM B03,llyxa [ 12]. IlpH 

3TOM npouecc OKHCJieHIDI npOXO,UHT no Bpe-



MeHH ,UBe CTa)lHH. CttatJarra H)leT pocT 3all.lHT­

HOH rrneHKH cornactto napa6011HtJecK0My Ja­

K0HY (8). 3aTeM KHHeTHKa 0KHCJ1eHH51 H3Me­

H51eTC51. 11HTeHCHBHOCTh 0KHCJ1eHH51 CTaH0BHT­

C51 rrporrop~0HaJJhHOH 'tµ, µ> 1. 

Ha rpa<pHlJeCKHX 3aBHCHM0CT51X npHpOCTa 

npopearHp0BaBilJeH MaCChI MeTanna OT BpeMe­

HH Il051BllillOTC51 xapaKTepHhie T0lJKH nepen16a 

(pHc. 4 ). 3TO 51BJ1eHHe Il011YtJH110 HaJBaHHe 

pa3pyrnaromero (KaTacrpo<pHtJecKoro) oKHc­

neHIDI. Bo MH0rHx cnyqrurx OHO onpe.uemreT 

BpeM51 pa6oTocnoco6HOCTH K0Hcrp}'KUH0H­

HhIX MaTepHalIOB COBpeMeHHOH 51,llepHOH :mep­

reTHKH. Cyrh 3T0ro 51BJleHH51 3aKJIIOtJaeTC51 B 

ycKopeHHH rrpouecca oKHcneHH51 3a ctJeT .ue­

rpa.uallHH 3amHTHhIX CBOHCTB OKHCHOH rrneH­
KH MeTanna [ 13]. 

Pa3pyrnaIOmee 0KHCJleHHe l{HpK0HIDI M0-

)KeT rrpHHI.{HIIHaJJhHhIM o6pa30M CKa3aThC51 Ha 

cqettapHH aBapHH PEMK, HHHI.lHHpyeMoH no­

Tepei-i oxna)K)la10meA BO.Uhl B Kattarre CY3. 

Ol{eHKH Il0Ka3hIBaIOT (14), lJT0 pa3pyrnaIOmee 

0KHCJJeHHe MO)KeT OKaJaTh cymeCTBeHH0e 

BJUUIHHe Ha rrp01IH0CTh rpy6h1 KaHana CY3 B 

TeMIIepaTypHOM HHTepaane 600 ... 1 050 °C 

npH rrpOJlOJ])KHTeJ1hHOCTH rrpoqecca 0KHCJle­

HIDI 100 .. . 30 MHH. 

B 3TOH pa6oTe Ha 0CH0Be TeopeTHtJeCKHX 

H 3KCIIepHMeHTaJ1hHhIX .uaHHbIX no 0KHCJie­

HHIO llHPK0HHeaoro cnnaaa [13, 15, 16) orrpe­

.ueneHhI apeMeHa Jl0CTH)KeHH51 neperH6a Ha 

KpHBhIX H30TepMHlJeCK0ro 0KHCJieHHJI )lJ151 

TeMrrepaTyp 600, 700, 800, 900, 1000 H 1 050 
°C (Ta6n. 2). IlpH '.HOM nonaran0Ch, lJT0 npH 

TeMIIepaType HH)Ke 600 °C OKHCJieHHe He3Ha­

lJHTeJihHO. B npoMe)KyrKax Me)K)ly YKaJaHHhI­

MH 3HalJeHH51MH TeMIIepaTyphI BpeM51, C00T-

ITp1rnec 

BpeM» 

PHc. 4. KHHeTHKa oK.HcneHIUI. l..(HpKOHIUI. Ha cTa­

JJ.HJIX 381UHTHOro H pa3pyrna101Uero OKHCneHHH 

aeTCTBYIOmee T0lJKaM nepern6a, onpe.n:enH­

JI0Ch Ha 0CHOBe JIHHeHH0H HHTepn0llill{HH. 

T a 6 JI u ._. a 2. BpeM» ,nocTH)KeHH» nepern6a Ha 

KPHBblX H30TepMH'-!eCKOro OKHCneHH jJ 

TeMneparypa, 600 700 800 900 1000 I 050 
oc 
BpeM», MHH 200 100 80 60 45 25 

PaJpyrneHHe rpy6 Kattarroa CY3 M0)KeT 

npHBeCTH K np0Hl{I(H0BeHHIO B03.Uyxa B KJia,Zl­

KY 3aMe,ZlJIHTellil. 3aMemeHHe B peaKT0pHOM 

npocTpaHCTBe aJOTHo-renHeBoH cMecH B03.ZlY­

xoM yxy.UillHT CTOK 0CTaT0lJH0ro TeITJIOBhI,Zle­

JieHIDI H3 KJla,ZlKH B TeXH0JIOrHqecKHe KaHalihI. 

3m rrpHae.ueT K pa3orpeay KJia.uKH, Bhr.uene­

HHIO JHepnrn BHTHepa B Heii:, .ZlalihHei-imeMy 

TI0BhiilleHHIO TeMIIepaTyphI rpacpHTOBhIX 6no­
KOB H, KaK CJie,ZlCTBHe, K ropeHHIO rpa<pHTa. 

OTHOCHTefilHO ropeHH51 rpa<pHTa B KJla,Zl­

KaX 11enecoo6paJHO np1rnecTH cne.uYIOmHe H3-

BeCTHhie cpaKThI [17). ~ pemeHIDl aonpoca o 

TOM, B03M0)KH0 HJIH HeT B03ropaHHe rpa<pHTa 

Ha B03.Uyxe, Heo6xo.n;HMO 3HaTh TeMTiepaTyphI 

rpa<pHTa H B03.uyxa, CK0p0CTh B03.Uyxa B Ka­

Hanax KJla)lKH, 06pa3yeMbIX 3a30paMH MC)K)ly 

6noKaMH KJia,l{KH, H 0TH0IIIeHHe II0Tepb Tenna 

H3 rpa<pHTa K TeIIJiy, reHepHpyeM0MY B rpa­

<pHTe npH pea.KIJ.HH ropeHH51. bhICrpoe OKHCJie­

HHe rpa<pHTa Ha B03.Uyxe nornomaeT KHcno­

po.n: H reHepHpyeT CO2 H CO, K0T0pb1e C0BMe­

CTH0 C a30T0M B03.n;yxa Il0)laBllillOT pea.KIJ.HIO 

0KHCJieHH51. 

CaMono.u.uep)KHBaIOmeec51 0KHCJiem1e 

rpacpHTa B03M0)KH0 TOJihK0 B TOM cnyqae, ec­

JIH cymecTByeT B03M0)KH0CTh 0TB0,Zla np0.UYK­

T0B pea.KIJ.HH H 3aMemeHH51 HX CBe)KHM pea­

reHT0M. 3KcnepHMeHTaJ1bHOe H3}"IeHHe 3THX 

B0ilp0C0B B rpa<pHTOBhIX KJla)lKax, reoMerpH­

lJCCKH no.uo6HhIX KJia.[{Ke PEMK, noKaJarro, 

t1To caMorro.u.uep)Kl{BaIOmHHc51 rrpouecc oKHc­

neHIDI Heo6nyqettHoro rpa<pHTa B ycn0BH51X 

Manora 0TBo.n:a Tenna 3a ctJeT Tennonpoao.n:­

H0CTH H H3JIYtJCHIDI CTaH0BHTC51 B03MO)KHblM, 

ecnH TeMnepaTypa rpa<pHTa 6y.ueT Bblille 650 
°C . .[(JI5I 0TBCTCTBeHH0ro peIIIeHH51 3THX B0il­

p0C0B npHMeHHTCJibH0 K PEMK rpe6YIOTC51 
TeM He MeHee cnel{Ha.JThHhie Hccne.n;oBaHH51. 

11ccne,uoBaHHe MexaHHJMa pa3pyrna10me­

ro 0KHCJ1CHH51 l{HpK0HH51 BhIX0)lHT 3a paMKH 

HaCT051II.lCH pa6oThl. B TO )Ke BpeM51 cne.uyeT 
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no,z:c1.JepKttyn,, 1.JTO .Ila.JlhHeirmaR pa3pa6oTKa 

TeOpHH :noro RBileHHR, OCHOBhl KOTOpOH H3-

IlO)KeHhI B pa6oTe [13] , RBil.SleTCR aKTYa.JihHOH 

3a.z:caqei,r c TO'Ilill 3peHIDI 6e3orracHOCTH 

PEMK. 

4. CKOpOCTb BblJJ,eJieHHH JHeprHH Buruepa 

BhmeneHHe JHeprHH BHrttepa B aKTHBHOH 

30He PEMK MO)KeT HrpaTh .IlBORK)'IO poil.h. 

Bo-nepBhIX, H3-3a Bhl)leneHHR 3TOtt 3Hepnrn 

MOfYT BO3HHKHYTh IlOKa.JlhHbie neperpeBhI 

B~HhIX :rneMeHTOB CY3 BhIIIIe ,z:corrycTHMhlX 

c TO'IKH 3peHHR npo'IHOCTH 3Ha'!eHHH. Bo­

BTOphIX, HarpeB rpy6b1 Katta.Jia CY3 3a cqer 

BhI,z:ceneHHR 3anaceHHOH 3HeprnH B rpaqmrn­

BhIX BTynKax, pa3,z:cemnonmx TPY6Y H Kna.Z:CKY 
JaMe,z:crrHTerrR PEMK, MO)KeT nocn)')KHTh B Ka­

qecTBe rpHrrepa .IlllR pa3pymaromero oKHcne­
HIDI rpy6h1 Kattana. TeMrrepaTypa o6nyqeHHR 

3THX Koneu B HOpMa.JibHhIX pe)KHMax 3KCIInya­

TaUHH PEMK cornacHo pacqernM, npoBe,z:ceH­

HhlM B COOTBeTCTBHH C npoeKTHhIM OTHOCH­

TeJlhHhIM paCIIOJIO)KeHHeM 3IleMeHTOB K'IeHKH 

CY3, rre)KHT B rrpe,z:cenax 300 ... 350 °C (pHc. 

2a)). 
OJJ.HaKO rrpH KacaHHH rpaqmTOBOH BTYJIKH 

rpy6hI KaHana, KOTOpoe MO)KeT rrpOH30HTH no 

YJ<a3aHHbIM Bhlllle rrpH'IHHaM, TeMrrepaTypa 

BT)'JIKH CHH)KaeTCR )lO BeilH'IHHhI nop5l)ll(a 100 
°C. <l>JIIOeHC HeHrpOHOB IIpH o6rryqeHHH BTyn­

KH COCTaBJIReT rrpH 3TOM BeJIH'IHHY rropR,Z:CKa 

1022 Hie~. KocBeHHO 3TOT cpaKT IIO)lTBep)K)la­

eTCR pe3yJI.bTaTaMH 3KCI1epHMeHTOB [9]. .lJ:eir­

CTBHTeJlhHO, B 3TOH pa6oTe 3KCrrepHMeHTa.Jlh­

HO ycTaHOBJleHO, 1.JTO 3anaceHHM 3HeprHR B 

rpaq>HTe BhITeCHHTem1 CY3 COCTaBJIReT 200 
Kanlr. TeMTiepaTypa o6nyqemui: 6rroKa BhITec­

HHTeJIR IlpH 3TOM cornaCHO paC'leTaM paBHa 

80 °C . HcnOJibJYjl pHc. 5, orpa)KaIOIUHH H3Be­

CTHhie 3aBHCHMOCTH BeJIHlJHHhl 3arraceHHOH 

3HeprnH OT cpnroeHca HeHrpOHOB npH pa3HhIX 

TeMIIepaTypax o6nyqeHHR [9], IlOilYl.JHM, lJTO 

cprrroeHC HdirpoHOB Ha 6noK BbITeCHHTeJIR co­

CTaBJIReT OKOilO 0,7-lQ21
cM-

2
. 

IlocKorrhKY BpeMjl cn~6h1 cTep)KHeM CY3 

COCTaBilReT 5 n eT, a BpeMR cn~6hI BTynoK 30 
neT, TO MO)KHO c•rnTaTh, 'ITO cpnroeHC Heii:rpo­

HOB Ha BTym<y COCTaBHT He Mettee 4-102 1
cM-

2
. 

3anaceHHM 3HeprHR BO BTynKax npH 3TOM 
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PHC. 5. 3aBHCHMOCTb 3anaceHHOH :meprHH OT 

cpmoeHca HeHTpOHOB npH TeMneparypax o6JTYl.le­

HH.SI 30, 100, 200, 300, 400 °C (coOTBeTCTBeHHO 

KpHBble ] ... 5) 

cornaCHO pHC. 5 MO)KeT COCTaBilRTh OT 100 .IlO 

600 Ka.JI/r . B Kal.JeCTBe onopHOH BeJIH'IHHhI 

3anaceHHOM 3HeprHH BO BTynKaX npHMeM 

cpe,z:cHee 3Ha1.Jem1e 350 Kanlr. IlpH Bhl)leneHHH 

3TOro KOilH'leCTBa 3HeprHH B a,z:cHa6aTH1.JeCKHX 

ycnOBHRX C yqeTOM Toro, 1.JTO Te11noeMKOCTh 

rpaq>HTa paBHa npHMepHO 0,3 Ka.JI/r, 3TH rpa­

cpHTOBble 3IleMeHThl MOfYT HarpeTbCR 6011ee 

qeM Ha 1 200 °C. 

IlpH o6e3BO)KlrnaHHH Kattana CY3 CTOK 

Tenna H3 KJla,Z:CKH 3aMe,Z:CJIHTeJIR B KaHa.JI pe3KO 

CHH)KaeTCR, TeMIIepaTypa Korreu IlOBbIIIJaeTCR 

Ha 40 ... 50 °C H B pe3ynhTaTe B03HHKaIOT yc­

IlOBHjl )lJIR Bbl)leneHHR 3HeprHH BJITHepa B 

rpacpHTOBhIX BTynKaX. 3ToT npouecc npOHC­

XO)lHT B ycnOBHRX Tennoo6MeHa c OKp~aIO­

IUHMH JneMeHTaMH R1.JdiKH CY3 - rpy6oir Ka­

Hana CY3 H 6noKOM 3aMe,z:cnHTenR. 

EcTeCTBeHHO npH 3TOM 11pe.unonaraTh, 

1.JTO rpy6a Kaaana CY3 HarpeeTCjl .uo TeMIIe­

paTyphI, Kor.ua cyiuecTBeHHhIM CTaHOBHTCR 

rrpouecc pa3pymnTeJibHoro oKHcneHHR UHP­
KOHHesoro cnnaBa, H3 KOTOporo H3f0T0BileHa 

3Ta rpy6a. ~ pacqera HecTauHoHapHOH Ten­

rro11epe.ua•rn B R1.JeHKe CY3 Heo6xo,n;HMO 3HaTh 

CK0pOCTh BhI,UeneHHR 3aaaceHHOH 3HeprHH, 

KOT0paR npe,Z:CCTaBJIReT co6ou CJIO)KH)'IO <l>YHK­

UHIO IlOKa.JlhHOH TeMTiepaTyphl H BhI,UenHB­

llleHCjl 3HeprHH BHrnepa. 

B pa6oTe [ 18] npe.uno)KeH Mern.u pacqern 

cKopocTH dS/d-r Bh1,z:ceneHHjl 3HeprnH BHrttepa, 

cornactto KOTOPOMY .IlllR orrpe.ueneHHR 3TOH 

<PYHKUHH MO)KeT 6bITh HCIIOilh30BaHO ypaBHe­
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B ypaBHemre ( 10) BXO.llHT 3aBHCHMOCTH 

(dS/d't)1 H T1 = cp(i') OT BpeMeHH, no11yqeHHhle 

3KCnepHMeHTaJibHO B a.[{Ha6aruqecKOM npo­

uecce 0D1rnra rpaqmrnsoro o6pa3ua. IlpH yc­

JIOBHH, qTo 3TH q>yttKUlfll H3BeCTHbI, MO)l(HO 

uaHTH Y.ll06Hoe Bbipa)l(eHHe .llJIH HCTOt.JHHKOB 

Ten11a, o6ycnosneHHbTX BhI.lleneHHeM 3anaceH­

HOH 3HeprnH. B KaqecTBe o6pa3UOB .llllil nony­

qeHHH 3THX q>yttKUHH MOr)'T 6bITb npHMeHeHbl 

orpa60TaBllIHe CBOH cpoK rpaq>HTOBbie 3Jie­

MeHTbl aKTHBHOH 30Hbl pcaKTOpa HJIH rpaq>H­

TOBbie o6pa3Ubl, o6nyqeHHble B 3KBHBaJieHT­

Hl,lX ycJIOBHHX B peaKTopax C BbICOKHM noTO­

KOM HewrpoHOB. 

B a.llHa6aTHqecKOM npouecce oDKHra S 
Bbf'IHCJIHeTCH no cpopMyne 

r 

Sa= J cdT = c(T. -T.o) , r.lle C - cpe.llHee 3Ha­

T.o 
qeHHe TennoeMKOCTH B HHTepsane reMIIepa­

TYP Tao- .. Ta, Tao - HeKOTOpM CTapTOBM TeM­

nepaTypa OTIKHra, Ta= Ti = q>('t). 
QqeBH.llHO TaK)Ke, uo 

(dS/dt)a = c dT!dt, (11) 

me (dS/d't)a - npoH3BO.llHM no BpeMeHH OT 

3anaceHHOH JHeprHH B a,uHa6aTHqecKOM npo­

u,ecce OT)KHra. Bb1pa)l(eHHe ~R BHYTPeHHHX 

HCTOqm,JKOB Tenna qv B ypaBHeHHH ( 1 ), o6yc­

JlOBJieHHblX Bbl,[{eJieHHeM 3HeprHH BHrHepa, 

3anmueTCH Tor.ua C yqeTOM COOTHOllleHHH ( 11) 
CJie.ll)'IOlUHM o6pa30M: 

qv = pc dcp exp[- E(S) (_!_ __ l_J]. (12) 
dt K T cp(t) 

CospeMeHHM TeOpHH He ,[{aeT BO3MO)KHO­

cn1 HaHTH BH.ll cpyttKUHH E(S) B ypaBHeHHH 

(12). THnH-qHM 3aBHCHMOCTb E(S), HaH.lleHHM 

3KCnepHMeHTaJibHO .llJlH rpacpHTa perucrnpa 

BEPO, rrpHBe.lleHa B [18] Ha pHc. 1. CornacHo 

3TOH KpHBOH aKTHBaUHOHHM 3HeprmI pacTeT 

c pocToM Bhl.lleJIHBrnewcH JHeprHH BHrttepa, 

npH-qeM 3TOT pocT npOHCXO,llHT CTyrreHqaTblM 

o6pa30M. TipH H3MeHemrn s OT 0 .llO 140 ,[vK/r 

aKTHBaUHOHHaH :meprHH OCTaeTCH IIOCTOHH­

HOH H paBHOH 1,7 3B. 3TO o6cTOHTeJlbCTBO ,[{a­

eT OCHOBaHHe HCIIOJlb30BaTb BeJIH-qHHY £ = 
1, 7 3B B pacqeTax, nocKOJibKY caMH pacqeTbl 

HOCHT oueHoqHblH xapaKTep. 

TaKHM o6pa30M, qv B ypasHemm Tenno­

npoBO.llHOCTH 3aBHCHT OT BpeMeHH H TeMrrepa-

Typbl. B TOM cnyqae, KOr.lla HCTOqHHK Tenna 

3aBHCHT OT TeMIIepaTypbl, pellleHHe KpaeBOH 

3a,[{aqff (5), (6) He MO)KeT 6bJTb IIOJiyqeHO atta­

JIHTH'-IeCKH . .D:nH HCCJle.llOBaHHH HeCTaQHOHap­

HbIX TeMrrepaTypHblX noneH rpe6yeTCH npHB­

neqeHHe KOHetfHO-pa3HOCTHblX MeTO.llOB. 

5. OueuKa TeMnepaTypuoro pe,KHMa 
BblTeCHHTeJUI CY3 PnMK 

A.HaJIH3 TeMnepaTypHoro pe)l(HMa BbITec­

HHTellil CY3 PEMK npoBe.lleM TaK )Ke, KaK H B 

[ 1 ], .llllil HCXO,llHblX co6hITHH, KOTOpbie rrpHBO­

.llHT K 6hICTpOMY H HaH6onee .llJlHTeJibHOMY 

o6e3BO)KHBaHruo KaHaJIOB CY3. KaK OTMeqa­

eTcH B JTOH pa6oTe, YKa3aHHbie ycnOBHH .ua10T 

ocHoBaHHe rronaraTh, qTo paccMarpHBaeTCH 

MaKCHMaJibHO HanpH)l(eHHblH TeMnepaTypHbill 

pe)KJ{M BbITeCHHTe11ew CY3. MoMeHTbl o6e3-

BO)l<JiBaHHH ceqeHHH KattanoB CY3 ua yqacTKe 

aKnmHOH 30Hbl orrpe.[{eJIHIOTCH TaK )Ke, KaK B 

[ 1 ], Ha OCHOBe rrpe.llBap1neJ1bHbIX pactJeTOB. 

HaH60JiblllHH HHTepec npe.llCTaBJIJIIOT ce­

tJeHHH aKTHBHOH 30Hbl, B KOTOpbIX Ha 'Ipy6y 

KaHana Ha.lleThl rpacpHTOBbie BTYJIKH. 3To co­

OTBeTCTByer IIOJIO)l(eHHIO HH)l(Hero 3JieMeHTa 

BbITeCHHTeJIH npH rrpHBe,[{eHHH ero cornaCHO 

pernaMeHTY B KpawHee BepxHee IIOJIO)KeBHe 

npH paccMaTpHBaeMoH asapHH. 

B pacqeTax HCIIOJlb30BaJlHCb CJie.ll)'IOIUHe 

.llOIIYilleHHH: 

1. TeMneparypa BHYTPeHHeH IIOBepXHOCTH 

rpacpHTOBblX 6JIOKOB, CKB03b KOTOpbie npoxo­

.llHT Kattan CY3, H3MeHHeTCH TaK )Ke, KaK H B 

pe)Kl-f.Me cpa6aTbIBaHHH aBapHHHOH 3aIUHTbl 

PEMK 6e3 pacxOJia)KHBamrn KOHTypa u,HpKy­

llilllHH peaKTOpa H npH ycJIOBHH, tJTO KaHaJI 

CY3 oKp)')KeH TeXHonorHqecKHMH KattanaMH 

cpe,uHeH MOIUHOCTH (pHc. 6, a TaK)Ke pHC. 3 s 

[ 1 ]). 
2. TeMTiepaTypa rpy6h1 KaHaJia H3MeHHeTCH 

TaK )Ke, KaK H B pacqerax, BbIIIOJIHeHHhlX B [ 1] 
(pHc. 6, CM. TaK)Ke pHC. 3 s [l]). 
3. fpaq>HTOBblli 6JIOK BbJTeCHHTeJIH CY3 Kaca­

eTCH TPY6bI BbITeCHHTeJIH, qTo COOTBeTCTByeT, 

KaK '.)TO OTMeqaJIOCb Bblllle, JIH60 CMemeHHIO 

OCH 6110Ka OTHOCHTeJibHO OCH rpy6hl, JIH60 

ysem1qemno ,UHaMerpa 6noKa scne.ucTBHe pa­

.llHaUHOHHoro 803.lleHCTBHH. 
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PHc. 6. TeMnepa-rypbr rpaqrnrn 3aMe)J.JlHTeJlji 

(cnnowH~ JlHHHji) H TPY6br KamUJa CY3 (wTPHX­
nyttKTHpH~ JlHHHji) 

4. TepMHqecKoe conponrnnemre cTeHlill TPY-

6hl BbITecmuellil npette6pe)KHMO Ma.no scne.u­

CTBHe BbICOKOH TeIIJIOIIpOBO.UHOCTH a.JllOM}[­

HHesoro CIIJiasa, H3 KOTOporo H3fOTOBJieHa 

:na TPY6a. 
3aMeTHM, qTo nepsbie .usa npe.unono:>Ke­

HIDl rrpHBe.llYT 3aBe,llOMO K 3aHH:>KeHHIO pac­

qeTHOH TeMnepaTypbI TPY6hI BhITeCHHTellil, 
TaK KaK BBe,ueHHe ,llOIIOJIHHTeJibHOrO HCTOqHJ,[­

Ka TerrJia (cKopOCTH Bbl,lleJieHIUl 3anaceHHOH 

:meprHH) B paccMaTPHBaeMyro KOHCTPYI<-QHIO 

no cpaBHeHHIO C rrpe,llIIOJIO)l(eHIDJ.MH, rrpHlUI­

TbIMH s [l], ,llOJI:>KHO yseJIHqJ{Tb o6mHH ypo­

BeHb TeMIIepaTypbI. 

IIo,uqepKHeM TaK:>Ke, qTo HaCTOJIWHe 

oueHKH HOCJIT MeTo,uHqecKHu xapaKTep. Eonee 

,ueTa.JlbHbIH aHa.nH3 CJie.uyeT rrpOBO,llHTb Ha oc­

HOBe YKa3aHHou BhIIIIe HTepaTHBHOH npoue­

.llYPhI H rro.urrporpaMMhl tJHCJieHHOro perneHml 

cooTBeTcTsyroweu Kpaesou 3a,uaqH .llllil H30T­

pOI1HhIX o6nacTeu c ocesou cHMMeTPHeu. 

IlpHMepaMH TaKHX rro,unporpaMM MOfYT CJiy­
)KHTb 110.urrporpaMMbI B [18, 19]. 

Tor.ua TeMIIepaTypHoe none s rpaqmrn­

BOM 6JIOKe, npHMeIUUI Bbipa:>KeHHe (12) ,llllil 
BHYTPeHHHX HCTOqttHKOB Terrna, HaXO,llHTC.sJ H3 

pernettu.sr cne.uyroweu Kpaesou 3a,uaqu: 

ar 1 a ar 
pc-=--"Ar-+ 

dt r dr dr 

+ pc dcp exp[- E(S)(_!_ __ l_)]; (13) 
dt K T cp(t) 

A.dTl3r + h(T-To) l,=ro = O; (14) 

T(t = 0) = F(r). (15) 
Ko3cpcpau:neHT Tennonepe,uaqu h Bhfl-lHC­

m1eTc.s1 no cpopMyne (6), r.ue cne.uyeT nono­

)l(HTb T; = T, ½ = T0. B KaqecTBe To s ,uaHHOM 

CJI)"Iae BbICTynaeT TeMIIepaTypa TPYfihI KaHa­

Jia. M3 pHc. 5 cne,uyeT, 1:1To TPY6a KaHa.na 6bIC-

62 

TPO npHHHMaeT TeMnepaTypy KJia,llKH rpa<fmTa 
H 3aTeM Me,llJieHHO CHH)KaeTC.sJ. B KaqecTBe Ha­

qaJibHOro ycJIOBH.sJ T = TH(r) npH "t' = 0 MO:>KHO 

B3.sJTh, HarrpHMep, pacnpe,uenettue TeMnepaTy­

pbI no pa,u11ycy 6JIOKa BhITeCHHTeJI.sr, IIOJiyqeH­

HOe B [9] ,ll.JUI CTaUHOHapHOH 3a,uaqu TeIIJIO­

npOBO,llHOCTH H ycJIOBHH pa60TbI peaKTOpa B 

HOMHHaJibHOM pe>KHMe. IlOKa3aHO, 'ITO 3TO 

pacnpe,ueneHHe nonoroe H B cpe,uHeM 6JIH3KO 
K 80 °C. 

EcnH cqHTaTh, 'ITO BhI,llenemre 3anaceH­

HOH 3HeprHH HaqHHaeTCJI npH TeMnepaType Ha 

50 °C Bblllle Haqa.JlbHOH, TO c .UOCTaTOqHbIM 

.un.sr ,llaHHbIX oueHOK IIpH6JIH)l(eHHeM MO:>KHO 

rrpHHJITb B KaqecTBe Haqa.nbHOH B 3a,uaqe 

(13) .. . (15) TeMIIepaTypy 130 °C. OTMeTHM O,ll­

HaKo, 1:ITO B onpe.ueneHHH Haqa.nbHOH TeMrre­

paTypbI OT)l(Hfa cymeCTBYIOT TPY.llHO oueHH­

saeMbie Heonpe,ueneHHoCTH, 06ycnosneHHb1e 

Herrpe,llCKa3yeMOCTbJO IIOJIO)l(eHH.sJ CTep:>KHeH 

perynHposamui: s aKTHBHOH 30He, Heorrpe.ue­

JieHHOCThIO BeJIHtJHHbl TeIIJIOBbI,lleJieHH.sJ B 

rpaq>HTOBOM 6JIOKe s HOMHHaJibHOM pe)l(HMe 

pa60Tbl peaKTOpa H ,up. 

~JI orrpe,ueneHHJI q>yttKUHH <p(t) B ypas­

HeHHH ( 13) He06XO,llHMO yqHTbIBaTb pa3JIHqH,SJ 

B q>OpMe KpHBbIX OTIKHTa B 3aBHCHMOCTH OT 

CTapTOBOH TeMrrepaTypbl OT)l(Hfa, TeMIIepaTy­

pbI H ,ll03bl o6nyqemrn. AHa.nH3 KpHBbIX Ha 

pHC. 7 H 8 H3MeHeH1UI TeMnepaTypbI o6pa3UOB 

rrpH a,uHa6aTHqecKOM OT)l(Hfe o6pa3UOB H3 

rpacpHTa peaKrnpa BEPO [8] noKa3hIBaeT, qrn 

BH.ll KpHBbIX CHJibH0 H3MelUleTCJI B 3aBHCHMOC-

T, °C 

100 ._____. _ __.__ _ _,__--'----'----''---' 

0 5 10 15 20 25 30 

PHc. 7. <I>opMa KpHBblX on1rnra B 3aBHCHMOCTH OT 
CTapTOBOH TeMnepaTypbl OT>KHra 
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PHC. 8. <DopMa Kp11BblX on1rnra B 3aBHCl1MOCTl1 OT 
TeMneparypbl 11 .U03bl 06nyYeHJ1jl: l - 35 °C, 
nonH~ .U03a 4,5· l02° CM-2, nocne 0TIK11ra 
2,4· 102° CM-2; 2 - 35 °C, 6e3 OT>KHra 1,9· 102° CM-2; 

3 - 70 °C, 6e3 OT>KKra 3,2· 102° CM-2; 4 - 70 °C, 
nonHajl .uo3a 8,0· 1020 cM·2, nocne 0TIK11ra 
43·}020 cM·2 

' 
TH OT yi<a:JaHHhIX napaMeT})OB. TTpH 3TOM o.u­

HaKO y 3THX KpHBhlX coxpamllOTCj{ HeKOTOpbie 

o6mH.e qepThI, qT06hI OilHCaTb H.:X C xopOUil.fM 

npH6JIIDKeHHeM O,l],HOH cpyma_\H.eH BH.JJ.a 

T = T., +~Tth"(ai:), (16) 

r.ue TH - HatiaJihHM (cTapTOBM) TeMIIepaTypa 

ODKHra, ~T = T max - TH - 'r,,rnKCH.MaJihHhlli 

HarpeB o6pa:Jua rrpH am-1a6aT11qecKoM ODKHre, 

n - IlOKa:JaTeJib CTeneHH., a - KOHCTaHTa. 3Ha­

qeHHj{ TH 11 ~T H3BeCTHhI anpHopH. BaphH.pyj{ 

IIOKa:JaTeJib n H KOHCTaHTY a, MO)KHO C xopo­

IUeH TO'iHOCThlO BOCilpOH3BeCTH JII06yio 113 

KpH.BhIX Ha 3THX pHCyttKax. 

Ha pHC. 9 IlOKa:JaHhI pacctIHTaHHbie TaKHM 

o6pa30M KpHBbie )].Jlj{ rpacpHTa C 3anaceHHOH 

3Heprnei-i 200 Kan/ r npH cTapTOBOH TeMrrepa­

Type TH = 130 °C )].Jij{ qeThipex na6opoB 

rrapaMeT})OB a H n. TTpH n = 4 H. a = 0,4 CKO­

pOCTh uarpeBa o6pa:Jua .uocrnraeT 10 °C/c. 

3To MaKCHMaJihHM CKOpOCTh Harpesa, Ha-

800 
600 
400 
200 

0 10 20 30 40 SO 60 70 

P11c. 9. <Dym<Uml T = T" + f1Tth11
(ar): 1 - n = 4, 

a = 0,4; 2 - n = 4, a = 0, 1; 3 - n = 4, a = 0,04; 4 -
n = 4, a= 0,02 

6mo.uasUiaj{Cj{ B TaKoro po,na 3KcnepHMeHTax. 

TTpH n = 4 H a = 0,04 uarpeB o6pa:Jua .uo 

MaKCHMaJihHOH TeMrrepaTyphl Tmax = 730 °C 

rrpOHCXO,llH.T npHMepHO 3a 1 qac. 

Ha pHC. 6 BH,llHO, qTo 3a 3TO speWI TeMIIe­

paTypa rpaqmrn CTaHOBHTCj{ 3aMeTHO HIDKe 

400 °C. TaKHM o6pa30M, MO)KHO Q)KH,llaTh, 1ITO 

xapaKTepHhIM speMeHeM npoueccos Terrnone­

pe,na11H B paccMaT})HBaeMOH KOHCT})YJ(UHH j{B­

AAeTCj{ l qac. Ecm1 rrp11 3a.IJ.aHHOH nocTaHOBKe 

3a,uaqH 3a 3TO BpeWI TeMnepaTypa HCCJie,uye­

MOro 3JJeMeHTa He npeshICHT rrpe.n.em,Ho ,no­

rrycTHMoro 3Ha'-leHHj{, TO OHa He npeBbICHT ero 

11 np11 nocne.n.yiomeM npoTeKaHHH npouecca. 

3TO IIO,llTBep)K)].aeTCj{ pe3yJlhTaTaMH pacqeTOB, 

npHBO,llHMhlMH HH)l(e. 

KpaeBaj{ 3a.n.aqa (13), (15) npH onpe.n.ene­

mrn cpyttKUHH cp('t) B npaBOH qacTH ypaBHeHHj{ 

(13) no cpopMyne ( 1) peUianach tIHCJJeHHbIM 

MeTO,llOM C H.CIIOJib30BaHHeM KOHe'IHO-pa3HO­

CTHOH cxeMhI, ,neTaJihHO H3JIO)l(eHHOH B CTaTbe 

[18]. TeMnepaTypa T})y6b1 KaHana CY3 c<rnTa­

nach nocTO.srHHOH BO Bee BpeWI rrpouecca. Hc­

cne.uosan11ch JJ.Ba BapHaHTa, B KOTOpbIX To 
paBHa 500 H 400 °C, COOTBeTCTBeHHO. Pacqe­

Tbl rrpOBOJJ.HJIHCh )].Jlj{ Ka)K)].OH KpHBOH, rrpe.nc­

TaBJJeHHOH Ha pHC. 9. 
PacqeThI IlOKa3aJIH, qTo MaKCHMaJibHaH 

TeMnepaTypa TPY6h1 BhrrecHHTeJlj{ H BpeWI ee 

JJ.OCTH)KeHHj{ cna6o 3aBHCHT OT cpopMbl KpHBOH 

cp('t) J.I.Jlj{ T})eX cnyqaeB, COOTBeTCTB)'lOlllHX 

speMeHH .UOCTIDKeHH_j{ MaKCHMaJihHOH TeMne­

paTypbI o6pa:Jua B npe,nenax l qaca (p11c. 9). 
,l(Jij{ JJ.Byx paCCMOT})eHHhIX Bap1-rnHTOB TeMile­

paTyphI TPY6hI KaHana OTJiffqffj{ s xapaKTepe 

H3MeHeHJ1j{ co speMeHeM TeMTiepaTyphI TPY6h1 

BhITeCHHTeJIH HeCYIIIeCTBeHHhI (pHc. 10). 
TTpH TeMIIepaType TPY6hl Kattana CY3, 

paBHOH 500 °C, T})y6a KaHaJia HarpeBaeTCH .no 

700 T, oc 
600 
500 
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P11c. I 0. TeMneparypa Tpy6b1 BbJTecH11TeJ1jl CY3 a 
3aBHCHMOCTl1 OT apeMeH11: aepXlUIJI Kp11B~ npH 
TeMneparype rpaqrnrn T0 = 500 °C, HIDKH1tjl 
Kp11a~ np11 To= 400 °C 
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TeMnepaTyphI, 6JIH3KOH K TeMnepaType nnaB­

nemrn cnnaBa, 113 KoToporo otta H3rOTOBJieHa 

(cnnaB CABl). ITpH 3TOM BhJCOKaH TeMnepa­

Typa Tpy6hI BhITeCHHTeAA ,uep)KHTCH ,umueJih­

HOe BpeMJI, TaK qTo, yqHThIBM yxy,urneHHe 

npoqHOCTHhIX CBOHCTB cnnaBa CAB 1 npH BhI­

coKHx TeMnepaTypax, MO:>KHO nporno3HpoBaTb 

pa3pyrneHHe BhITeCHHTeJrn B paccMaTPHBae­

MhIX ycnOBIDIX. PacqeTHM TeMnepaTypa TPY-

6bI BhITeCHHTeAA MO)l(eT B03pacTH, ecJIH 

yqeCTh TenJIOTY peaKI.IHH OKHCJiemrn Tpy6hI 

KaHana B B03.UYIIIHOH cpe,ue. 

Pa3pymeHHe Tpy6b1 BhITeCHHTem1 CY3 
np1rne,ueT K rrpOHHKHOBeHHIO B03,Uyxa K rpa­

qrnTy 6noKa BhITeCHHTeAA H OKHCJieHHIO rpa­

qrnrn B B03.UYIIIHOH cpe,ue. Bh1,ueAA10meecjl 

npH 3TOM Tenno 6y,ueT H,ll,TH Ha HarpeB KaK 

rpaqmTOBOro 6JIOKa BhITeCHifTeJijl, TaK H TPY-

6hI KaHana CY3, C03,UaBajl TeM caMhIM ycno­

BIDI ,UM pa3pyurnTeJihHOro OKHCJieHIDl U,HpKO­

HIDI. 

ITpoBe,UeHHhie HCCJie,UOBaHIDI IlOKa3hIBa­

IOT, qTo npH aBapHH C o6e3B0)KHBaHHeM KOH­

Typa OXJia)l(,lleHIDI CY3 PEMK MOrYT npoH-

30HTH pa3pyrneHHe Tpy6 BhlTeCHHTeJidf H Ka­

HaJIOB CY3 H B03HHKHYTh ropemre rpaqmrn B 

KJiati;Ke 3aMe,UJIHTeAA H B BhITeCHHTemlX CY3. 
IfccJietJ;OBaHHR HOCU oueHoqHhIH xapaKTep. 

,l(JIH 6onee ToqHoro onpe,ueneHHH TeMnepaTy­

phI 3aIUHTHhIX Tpy6 BhITeCHHTeJieH H TPY6 Ka­

HaJIOB CY3, a TaK)l(e HHTeHCHBHOCTH OKHcne­

Hllil IJ,HpKOHIDI B B03AYIIIHOH cpe,ue Heo6xoii;H­

Mhl ,UOilOJIHHTeJihHhie 3KCIIepHMeHTaJihHhie 

,uaHHhie H TeopeTiflieCKHe pa3pa6oTKH. 

B qacTHOCTH, H)l)KHO 3KCnepHMeHTaJihHO 

onpeii;enHTh ypoBeHh 3anaceHHOH 3HeprHH B 

rpaqmTOBbIX BTYJIKax, IlOJiyqHTh 3KcnepHMeH­

TaJihHhie 3aBHCHMOCTH TeMnepaTyphl o6ny­

qeHHhIX o6pa3U,OB rpaqnua BbITeCHHTeJieH 11 

BTYJIOK OT BpeMeHH npH HX aii;11a6aT11qecKOM 

oTIKHre, onpe,ll,eJIHTh cneKTp JHepnrn aKTHBa­

U.HH rpaqrnrn PEMK, pa3pa6oTaTh aHaJIHTHqe­

cKHe 3aBHCHMOCTH AJIH HHTeHCHBHOCTH Bhl,lle­

JieHHH Tenna B peaKUHH OKHCJieHHjl U,HpKOHlijl 

Ha CTa,llHH pa3pyrnHTeJihHOro OKHCJieffffjl_ ITpH 

3TOM Heo6xoii;HM KOppeKTHblH yqeT 3THX .srn­

neHHH npH pemeHHH sonpocos uecrnu,11ottap­

HOH Tennonepeii;aqlf s cocTaBHhIX KOHCTPYK-
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U,HHX paCCMOTpeHHOro THna. MoTHBaU,Hett AAA 

TaKOro poii;a HCCJiet];OBaHHH CJI~HT yrp03a 

TH)KeJiblX nocneii;cTBHH, KOTOpbie Moryr B03-

HHKHYTh IIpH B03ropaHHH rpaqmrn. 
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3cl>cl>eKTHBHble KOJcl>cl>HI .• HeHTbl AH<l><l>Y3HH MeTaJIJIHqecKHX npOAYKTOB AeJieHHH 

B Kepuax MHKpOTOUJIHBa BTrP C yqeTOM BJIHHHHH 33Ae p:lKHBaeMOH AOJIH 

A.C. HBanoB, A.A. PycunKe6U'l, 
PHU: "Kyp'IaTOBCKHH HHCTI-nyr", 123182, MocK.Ba, rm. Kypqarnsa, 1 

IlocTyrr1rna s pe~aKI.{HIO 12.05.2010 r . 

fl pose.nett . atta.nH3 BJll11!HHjl 3a.nep)KJ,fsaeMoi1 .D.OJIH Ha Bbixo.n MeTa.nJIH'-lecK.HX npo.LzyKTOB .D.eJieHH.R (IUO 
113 KepHa M11Kp0Tonn11sa BTrP. YYeT :noro 3<pq>eKTa tteo6xo.D.HM .llJij! co3,naHJ,tjl Mo.nenei-1 sb1xo.na MeTaJIJIH­
'-leCKHX IT,[{ (MTI)U 113 TOnJil18HbIX KepHOB H ou,eHKH pa,D.HaU,HOHHOH 6e3onaCHOCTH peaKTOpHOH ycTaHOBKH 
BTrP. floKaJaHo, '-ITO CB.R3b(BattHe 4aCTH .llHCPq>YH.llHPYIOI.Uero KOMCTOHeHTa He CKa3bIBaeTC.R Ha K03q>q>HU.HeH­
TIU{ ero .D.Hq>q>y3HH, HO npHBO.D.HT K cymecTsetttto JI.pyroMY pe3yJibTaTY no BbIXOJJ.Y fl)],. Tio3TOMY s Hccne.no­
saH11.11x nepettoca fl)], Heo6xO,D.HMO HCnOJib30BaTb H3BeCTHbie 3q>q>eKTHBHble K03q>q>HU,11eHTbl .UHq>q>y3HH 11 
BMeCTe C TeM onpe,D.eJI.RTb 3a,D.ep)KJ,fBaeMylO ,D.OJUO XHMH'-leCKH CB.R3aHHOro KOMnoHeHTa 113 TepMO,D.11HaMH.'-lec­
KHX paC'-leTOB. 

Kll10'1e6ble CJI06a: TOnJIHBHbIH KepH, MHKpOTB3Jl, npo;:zyKTbl ,D.eJieHH.R, 3a,D.ep)K.11BaeMa1! )J.OJI.R, Bblropatt11e, 
K03q>q>HU,HeHTbl .D.Hq>Q)Y3HH, 6aJa .naHHbIX. 

The Effective Fission Products Diffusion Coefficients in HTGR Microfuel Kernels with Delayed 
Share Influence. A.S. Ivanov, A.A. Rusinkevic/1, RRC "Kurchatov institute", 1, Kurchatov Sq. , Moscow, 
123182. The influence of delayed share on the metal fission products (FP) output from HTGR microfuel ker­
nel has been analyzed. This effect is required to create models of metal FP output from the fuel kernels and 
evaluation of radiation safety of the HTGR reactor plant. It is shown that binding of the diffusing component 
will not affect the diffusion coefficients of diffusing component, but leads to a significantly different result for 
the FP output. Therefore, in studies of the FP transfer is necessary to use known effective diffusion coeffici­
ents, and at the same time, to determine delayed share of chemically bound component from the thermodyna­
mic calculations. 

Key Words: Fuel Kernel, Microfuel, Fission Products, Delayed Share, Bumup, Diffusion Coefficients, 
Data Base. 

BeeJJ,eHue 

Tommsm,rn KepH MHKpOTB3JIOB (MT) 

CJI)')KHT nepBbIM 6apbepoM, nperui:TCTB)'IOIUHM 
BhIXO~y ll)]; s TennoHOCHTeJlb. 3TOT 6apbep 

MO:>KeT o6ecne'IHBaTh JaMeTHYJO J~ep)KJ(y 
ll)]; npH HH3KHX BhITOpaHJUIX Ii TeMrrepaTy­
pax rnnmrna. IlpoueccbI nepeHoca f1,D. B Kep­

tte cymeCTBeHHhIM o6pa.30M 3aBHCHT OT BeJIH­

'IHH K03cpcpmmeHTOB nttcpcpY3HH. 
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)],aHHbie rro K03q>q>HUHeHTaM .llHqlqJYJHH 

Heo6XO,w1Mbl ,llJI.sl pa3pa60TKH H MO,llHq>HKa­

UHH MO,lleJieH BbIXO,Ua MIT)], H3 TOIIJIHBHbIX 

KepHOB C ueJibIO CHH)Kemrn Heorrpe,neJieHHOC­

TeH pacqeTHOH oueHKH aKTHBHOCTH OTJIO)Ke­

HHH Ha o6opy,noBaHHH I KOHTypa, BbI6poca 

aKTHBHOCTH B OKp)')KaIOIUyIO cpe,uy H T.II. , 

Ba)l(HbIX ,um1 06ocH0BaHID1 pa,uHauHoHHOH 

6e30IIaCHOCTH peaKTOpHOH ycTaHOBKH BTrP. 

B rrpouecce Bbrropamrn Tonmrna qacTb 

KaKoro-JIH6o IT)], MO)KeT CB.sl3aTbC51 B ycToHqH­

Bbie XHMHqecKHe coe,nHHeHH51 C .npyrHMH KOM­

IIOHeHTaMH CHCTeMbI H HCKJII09aeTC51 H3 npo­

uecca .UHq>q>YJHH. 3Ty 9aCTb HHOr,na Ha3bIBa­

IOT 3a,uep)KHBaeMOH ,llOJieH. 

YqeT 3a,uep)KHBaeMOH ,uonH MO)KeT oKa-

3aTb cymecTBeHHOe BJIHfillHe B pacqeTax HH­

Terpam,Horo BhIXo,na MIT)], H3 HerroBpe)K,lleH­

HbIX H IIOBpe)K,lleHHbIX MT. TaK)Ke cymecTBy­

eT npe,urroJIO)Kem1e, qTo 3a,uep)KHBaeMcU£ ,uon.s1 

CHJibHO BJIIDleT Ha 3cpq>eKTHBHbie K03q>q>HUH­

eHTbI ,wiq>q>YJHH, tITO rrpHBO,wiT K Heo6xo,w1-

MOCTH cymecTBeHHOH MO,llHq>HK3UHH 633bl 

,llaHHbIX no K03q>q>HUHeHTaM ,llHq>q>YJHH npH 

pacqeTax BbIXO,Ua IT)], H3 TOIIJIHBa. B pa6oTe 

6y,ueT npoBe,ueH aHaJIH3 3Toro BJIHHHH.sl. 

OnpeJJ.eJJenue Ko3cJ>cJ>nnueuToB JJ.Hct,ct,y1uu 

Ha OllbITe 3cpcpeKTHBHbie K03q>q>anHeHTbI 

,llHq>q>YJHH orrpe,neJI.SIIOTC.sl pa3JIH1IBbIMH MeTO­

,naMH, B qacTHOCTH rro KOHUeHTPaUHOHHOMY 

npoq>HJIIO HCCJie,uyeMoro KOMITOHeHTa. 

Ha pHcym<e rrpHBe,lleHa 3KCnepHMeHTaJib­

HM 3aBHCHMOCTb KOHUeHTPaUHH _wiq>q>ytt,llH­

pyroIUero qepe3 nrraCTHHY BeIUeCTBa OT KOOp-
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OnpeneneHHe 3q>q>eKTHBHblX K03q>q>HUHeHTOB 
JlHq>q>y3HH no pe3yllbTaTaM 3KcnepHMeHTa 
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.llHHaTbI. B ToqKe, OTBeqa10meii KOHlleHTPa­

mm .llJIR npHMepa 4 %, rrpoBe,ueHa KacaTerrb­

HM K rpacpHKy. B ,llaHHOH TOtIKe K03q>q>HUH­

eHT _wicpcpy:rnH D = f{c ) HaXO,llHTC.sl KaK TaH­

reHC yrna HaKJIOHa KaCaTeJibHOH K OCH op­

,llHHaT . 

.LJ:m1 onpe,ueJieHH.sl K03q>q>HUHeHTOB .llHcp­

q>YJHH IT)], B TOIIJIHBHbIX KepHax rrpHMeHRIOT 

MeTo,u, B cBoeii ocHoBe 6JIH3KHH K MeTo,uy HC­

rrapeHIDI [l]. TipH 3TOM BMeCTO 3aBHCHMOCTH 

KOHlleHTP3UHH OT KOOpmrnaTbI B MeTO,lle HC­

napeHH51 HCcne,uyeTC51 BpeMeHHM 3aBHCH­

MOCTb BbIXO)la IT)],. 
EcJIH B CITJiaBe O)lHH H3 KOMITOHeHTOB 

HMeeT OTHOCHTeJibHO BbICOKyIO ynpyrocTb na­

poB, rn npH HarpeBaHHll B BaKYYMe OH 6y,neT 

nerKO HCnap.slTbC.sl. ITpH 3TOM B cnnase CO3JJ.a­

eTC.sl rpa.n.11eHT KOHUeHTPaUHH, H B .D.aJihHeir­

rneM 3TOT KOMilOHeHT 6y,neT Hcnap.slThC.sl C n o ­

BepXHOCTH B TOH Mepe, B KaKOH 6y.n.eT o6ecnc­

qeH nyreM .UHq>q>YJHH TpaHcnopT BeIUeCTBa K 

nosepXHOCTH. 

YtJHThIBcUl KOJIHtieCTBO HcnapHBIIIeroc.s1 

(npo,nHcpq>ytt.D.HpoaaBII.Jero) BeIUecTBa, MO)KHO 

onpe,ueJJHTh K03q>q>HUHeHT .llHq>q>YJHH KOMilO­

HeHTa C 60JJbIIIOH ynpyroCTbIO napOB. IlpH 

3TOM 06hitIHO npe,unonaraeTC.sl, l!TO KOHUeHT­

pauIDI Ha noaepXHOCTH o6pa3ua Y.llOBJJeTBO­

p.s1eT ycn OBHIO 

dclax J.t=R =-a(c)l x=R ' (1) 

r.n.e a = a I D , R - 3HaqeHHe Koop.n.HHaThI Ha 

ITOBepXHOCTH, a - " Ko3cpq>HUHeHT Hcnape­

HH.sl". Kor.ua a >> D, TO MO)KHO noJIO)KHTh 

c lx=R = 0 (KOHUeHTPamrn Ha noaepXHOCTH paB­

Ha ttyn10). l1cxo,u.s1 H3 TaKoro rpamt:tIHoro yc­

JIOBH.SI, pernaeTC.sl ypaaneHHe .UHq>q>YJHH. 

Ha OCHOBaHHH H3JIO)KeHHoro p.sl,llOM HCC­

JJe,llOBaTeJJeH [2 .. . 6] pa3pa6oTaH MeTO,u HCIIa­

peHIDI .D.JI.sl onpe.n.eneHIDI K03q>q>HUHeHTa .D.Hq>­

q>YJHH. l1cxo,n51 H3 q>OPMYJJ, npe.n.JJO)KeHHhIX B 

[2], ConoK H ITepe,nHCThIH, a TaK)Ke EynraKOB 

11 HecKyqaea [7] BhIBeJJH p.s1.n. pacqeTHhIX cpop­

MYJJ ,llJUl K03cpcpHUHeHTa .llHq>q>YJHH B cnyqae 

UHJIHH.UpHqecKHx o6pa3UOB. )],n.s1 He CJJHlllKOM 

60JJhlllOro BpeMeHH Harpeaa OHH .uaroT 

D = (R2 /µ ~t)ln(Q0 /Q) , (2) 

r .n;e R - pa.n;11yc o6pa3ua, µ~ = 5, 78, Qo - Ha­

qam,Hoe KOJIHtieCTBO .n;Hcpq>ytt.LlHPyIOIUero Be-



mecTBa B o6pa.3ue, a Q - ero ocrnBrneeca KO­

mr<JeCTBO KO BpeMeHH t. 
IIpH npHMeHeIDrn :noro MCTO,Ua ,UJUI o6-

pa.3UOB, o6na,uaIOillHX ccpepH'IeCKOH CHMMCT­

pHeH, Heo6xo,UHMO BCilOMHHTb pemem1e ypaB­

tteHHH <l>HKa B ccpepH'-ICCKH CHMMe-rpHliHOM 

CJI}"-lae. Boo6me roBOpH, rrpH HCilOJib10B3HIDI 

H3OTOilHbIX MeTO,llHK O,llHHM H3 H3ML:WleMbIX 

napaMeTpOB HBJIHeTCH IlOTOK pa,uwoaKTHBHbIX 

H30TOIIOB, BbIXO.llHIIlHX H3 o6pa.3ua. 

O,uHaKO, B paCCM3TpHBaeMOM CJlyqae Bbl­

COKHX TeMneparyp H ,llOCTaTO'-IHO 60JiblllHX 

napUHaJibHbIX ,uaBJICHHH. napoB ,UHcptpyH.UHpy­

IOIIlHX KOMilOHeHTOB 3a,uaqa MO)KeT 6bITb CBe­

,ueHa K 3a,uaqe C rpaHH'-IHbIMH ycJIOBHJIMH rrep­

BOro po,ua . .lJ:eiiCTBHTeJibHO, rpaHH'-IHOe ycno-

BHC Ha IlOTOK oc I or I r=R B cnyqae 0bICTpOro 

HC0apeHHH KOMIIOHCHTOB C IlOBepXHOCTH MO­

)KCT 6hITb 3aMeHeHO Ha rpaHH'-IHOe ycJIOBHe 

rrepBoro po,ua c I ,=R = 0 . 

IIpa 3TOM 3a,uaqa no onpe,ueneHHIO pac­

rrpe,uenemrn KOHUettrpaUHH MO)KeT 6bITb 33-

IIHCaHa B BH,Ue 

oc(r,t) l ot=D'12c (3) 

HJIH B ccpepH'-leCKHX KOOp,UHHaTax 

oc(r,t) =D(o
2
c(r,t) + 2 oc(r,t))· 

ot or2 r or ' 

t>0; rE(0,R). (4) 

IIpH )TOM HatJaJibHOe H rpaHH'-IHbie ycno­

BHH 33IlHCbIBalOTCH CJie,Uyi<>lllHM o6pa.30M: 

c(r,0)=c0 ; c(R,t)=0; c(0,t):;t 00; 

dc(0,t)/dr = 0. (5) 

IIocne,uHee ycnoBHe rrpe,ucTaBJI.HeT co6oii 

ycJIOBHe CHMMeTpITTI. YpaBHeHHe ( 4) JierKO 

npeo6pa.3yeTCR K BM.UY 

o[rc(r,t)]/ot = Do2[rT(r,t)]/or 2
. (6) 

EcJIH c,ueJiaTb 3aMeHy nepeMeHHbIX 

rc(r,t) = 0 , TO ypaBHeHHe (4) OTHOCHTeJibHO 

0 rrepeXO.L{HT B ypaBHeHHe ,llJIR HeorpaHH'-leH­

HOH IlJiaCTHHbI. qaCTHOe pemeHHe :noro ypaB­

HeHH.H xopomo H3BeCTHO: 

0 = rc(r,t) = [A sin(kr) + 

+ B cos(kr)]e-Dk2t , 

r,ue A , B - KOHCTaHThI. 

Cne,uosaTeJJbHO, 

(7). 

( ) (A sin(kr) Bcos(kr)J-Dk2t 
c r,t = + e . (8) 

r r 

B c1,rny orpaHH'-leHHOCTH <p)'HKUHH c(r,t) 

B = 0 npH r ~ 0 . TaKHM o6pa30M 

( ) - A sin(kr) -Dk2t c r,t - _....;._~e . (9) 
r 

B COOTBeTCTBHH C rpaHH'-IHblMH ycJIOBH.HMH 

c(R,t) = 0 HMeeM sin(kR)IR = 0, T.e. 

knR =mt= µn, r,ue n = 1, 2, 3 .... 

3HatJeHHR µn 6epyrcR, H3'-IHHM C 7t, T3K 

KaK npH n = 0 COOTBCTCTByIOIIlHH 1:lJieH 6y,ueT 

paBeH HYJIIO .UJIH Bcex TO'-leK r < R. O6mee 

pemeHHe HBJIHeTCR C)'MMOH qacTHhIX perneHHH 

rc(r,t) = f Ane-ak,~'sin(knr) . (10) 
n=l 

KottcTaHTbI An onpe,ueJIRlOTCR H3 HatJa.rrb-

HblX ycnoBHH. PaccMOTpHM cttaqana 6onee 

o6mHii cnyqaii c(r,0) = f(r): 

-rc(r, 0) = rf(r) = L cnsin(knr). (11) 
n=I 

EcJJH q>yHKUHH rf(r) y,uoBnernopReT yc-

JIOBHRM .D,HpHXJie, TO ee M0)KHO pa.3JI0)KlfTb B 

PR.ll <l>ypbe. Y MH0)KHM paBeHCTBO (9) Ha 

sin(k"'r) H npoHHTerpHpyeM B npe,uenax OT 0 

,uo R, Tor,ua 
II - R 
f rf(r)sin(k"' r)dr = L f Ansin(knr)sin(k"'r)dr.(12) 
O ntjo 

Mo'lKHO fIOKa.3aTb [8], '-ITO 

An= ! J rf(r)sin(knr)dr. (13) 

IlpH paBHOMepHOM H3'laJibHOM pacrrpe,ueJie­

HHH KOMilOHeHTOB c(r, 0) = Co norryqHM 

~ f rc0 sin(µn ~Jdr = 
R 0 R 

=-(2RY'o/µn)cosµn = (-1)"+
1
2RY'o/µn . (14) 

TaKHM o6pa.30M, OKOH'-laTeJibHO HMeeM pe­

rnem-te IlOCTaBJieHHOH 3a,uaq11 B BH,Ue 

._iju !_] _µ2Dt 
c(r,t) =Rf(-l)n+t-3_~ "R2 (l 5) 

c0 n=I µ n r 

)],nR onpe,uenemu1 BbI IIJe,umero K MOMeHTY 

t KOJIH'-leCTBa ,umpcpytt,nHpyIOIIlero KOMTIOHeH­

Ta Haii:,ueM cpe,nHIOIO DO 061,eMy ero KOHUeHT­

paUHIO: 
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- 3 R 
c(t) = - 3 f r 2c(r, t)dr. 

R o 
(16) 

IIo,ncnIBJUUI B (16) COOTHOIIJem:1e (15) H 

HHTerpHpyH IIO pa,nHycy, HaxO,llHM 

c(t) = f-;exp( -µ;, D!J, 
c0 n=I µn R 

µn = nn (n = 1, 2 ... ). (17) 

To )Ke caMoe COOTHOllJeHHe, O'leBH,llHO, 

cnpaae,llJIHBO H ,llJIH 0THOilleHHH OCTaBmerocH 

B 06pa:3Ue Q(t) Ii HCXO,llHOro Qo KOJIH'leCTB 

.nmP<PYH.llHP)'lOIUero KOMnoHeHTa: 

R=6f ~exp(-µ;,D;J. 
Q0 n=I µn R 

(18) 

EcJiu ,nAA 6om,IIDIX t orpattHl{HThCH nep­

BhIM qneHOM p.s1,na, TO 

R = 6-
1 exp(-1r2 Dt J ( 19) 

Qo n2 R2 

HJIH 

D = (R
2 

/ n2t) ln[6Q0 / (n2Q)]. (20) 

KpHTepHeM npHMeHHMOCTH COOTHOilleHIDI 

(20) HBJIHeTCH ycJIOBHe [6Qo / (n2Q)] > 1. 

B npOTHBHOM cnyqae B03HHKaeT Heo6xo­

,UHMOCTb yqeTa cne,11,yioIUHX tJJieHOB pa.3JIO)Ke­

HHH (18). B MOHOrpaq>HH [ 1] IIpHBe,neHo pe­

meHue attanorH1IBoH 3a,naqH .llAA cnyqa.s1 IJ,H­

JIHH,llpH'leCKOH CHMMeTpHH. IIpH 3TOM yrnep­

)K,ZlaeTCH, l{TO COOTHOilleHHe nma (20) MO)KeT 

CJly')KHTb OCHOBOH ,llJIH onpe,neneHHH K03q>q>H­

IJ,HeHTOB .llHq><pY3HH B 3KCnepHMeHTe. B TaKOM 

cnyqae Ha 6a.3e 3TOro COOTHOIIJemu:r MO)KeT 

6bITb npoae,11,eH aHa.JIH3 BJIHHHHH 3cpcpeKTa 3a­

,uep)KHBaeMOH ,llOJIH Ha 3KCnepHMeHTa.JibHO H3-

MepeHHhie 3Ha'leHHH K03<J)q>m.J,HeHTOB .llH<p<J)y-

3HH B KepHax MHKpOTOnJIHBa BTfP. 

* 
IIycTb Qo - HCXO,UHOe KOJIH'leCTBO H30TO-

* 
na B KepHe, a Q (t) - KOJIH"'leCTBO H30TOIIa, 

ocTaameec.s1 K MOMeHTY apeMeHH -t. IIono)KHM, 

l{TO qacTb aTOMQB paCCMaTplrnaeMoro H30T0ila 

CBH3aHa XHMH'leCKHM B3aHMO,IJ,eHCTBHeM C 

.npyrMMH KOMilOHeHTaMH H He yqacTByeT B 

nponecce ,1J,Hq><pY3HH. O6o3HaqHM qepe3 Qc 

3TY qacTb aTOMOB. Tor.ua HCXO,llHOe KOJlHl{eCT­

BO Bern:ecTBa, yqacTByioIUero B .llHq>q>Y3IUI, 

(21) 
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a KOHe'!Hoe K MOMeHTY BpeMeHH t KOJIH1-leCTBO 

BeIUeCTBa, yqacTByiorn:ero B ,11,mpcl>Y3HH, 

* Q(t) = Q (t)-Qc · (22) 

CoorneTCTBeHHO 3TOMY 

* * Q/ Q(t)=(Q0 -QcY(Q (t)-Qc). (23) 

* 
OTttomeHHe Qc I Q0 = y npencraBJIHeT co-

6011 .nomo aTOMOB paccMarp11s aeMoro K0Mno­

HeHra, XHMHl{eCKH CBH3aHHoro B KepHe H He 

yqacTB)'lOIUero B nponecce JJ.Hq>q)Y3HH. 

,n:mpq>Y3HOHHbIH IlOTOK, KOHetJHO, 3aBHCHT 

OT 3a.uep)KHBaeMOH ,llOJIH, TaK KaK OT Hee 3aBH­

CHT rpa.nHeHT KOHUeHrpauuH KOMIIOHeHTa, 

orrpe.ueAAeMbIH pa.3HHIJ,eH B KOHUeHrpaIJ,HHX 

BO BHYTPeHHeH o6JiaCTH u Ha IlOBepXHOCTH 

o6pa.Jua. 

O.uttaKo, BeJIH"'IHHa K03<p<pHUHeHTa ,llHcp­

<pY3HH OT rpa,nueHTa K0HUeHrpau:HH (B IIpH-

6JIH)KeHHH OTCyTCTBHH KOHIJ,eHrpauHOHHOH 

3aBHCHMOCTH) He 3aBHCHT H 3a,nep)KHBaeMaH 

,llOAA, Boo6me roBOpH, He ,llOJI)Kffa CKa.3bIBaTb­

CH Ha pe3yJibTaTax H3MepeHHH. IlOKa)KeM 3TO, 

0CHOBbIBaHCb Ha COOTHOilleHHHX (18), ( 19), 
nonyqeHHhIX pa.Hee. 

B 3KCnepHMeHTe K03cp<J)HICHeHT ,llH<pq>y-

3HH MO)KeT 6LITb Hair.nett no rpacl>HKY 3aBHCH­

MOCTH OT BpeMeHH perHCrpHpyeMoro IlOTOKa 

KOMilOHeHTa, BblX0MIUero H3 KepHa. KoJIH"tJe­

CTBO Bhlille,llmero KOMilOHeHTa K MOMeHTY 

* * speMeHH t COCTaBJIHeT Qo - Q (t) . Cne,IJ.OBa-

TeJibHO, IIOJIHbIH IIOTOK KOMilOHeHTa paseH 

* Y(t)=-dQ (t) l dt. 

* IloCKOJibKY Q (t) = Q(t) + Qc, a QC OT 

BpeMeHH He 3aBHCHT, B COOTBeTCTBHH C COOT­

HOilleHHHMH ( 19), (23) 
* 

Y(t) = dQ (t) = (Q:-Qc) 
6~ exf -n2 D; J .(24). 

dt R 1_ R 

IIpu 3TOM O'leBH,llHO, tJTO Y(t) 3aBHCHT OT 

y. O.uttaKO npOH3B0,IJ.HaH OT norapHq>Ma DOTO­

Ka OT y He 3aBHCHT. norapHq>M IlOTOKa IIpe,ll­

CTaBAAeT co6oii JIHHeHH)'lO cl>YHKUHIO BpeMe­

HH. ,ll;Hq>cpepeHUHpyH lnY(t) no t, HaXO,llHM 

D = -(R/n)2 dlnY(t)/dt. (25) 

TaKHM o6pa.3oM, rronyqetttthrn no TattreH­

cy yrna HaKJIOHa cpyttKUHH lnY(t) K03<J)q>HIJ,H-



eHT ,n:i,upctJy:nu1. B paccMarp1rnaeMOM rrpH6nH­
)l(eHHH He 3aBHCHT OT 3anep)l(HBaeMOH ,llOJIH 

.lllicll<l>YHJlHpyromero KOMllOHeHTa. 
CnenyeT OTMeTHTh, 4TO xapaKTepHbie Bpe­

MeHa ,llHcpclJY3HH B KepHe cymecTBeHHO MeHb­
me 3THX BpeMeH JlJUI CHJIOBOH 06orroqK11 SiC. 
Ilo3TOMY nponenaHHbJH aHarrH3 HMeeT oope­
.n;erreHHOe 3Ha4emte .n;m:1 noHHMamui: npouec­
coB oepeHoca B Torrmrne B .n;Byx crryqrui:x: BO­
rrepBbIX, Ha HaqarrbHOM CTa.n;HH pa60TbJ peaK­
TOpa mrn B rrepexoL{HbIX rrpoueccax H, Bo­
BTOpbIX, ,n;JUI H3yqeHH.sJ IIOBe)leHIDI TOilJIHBHbIX 
qaCTHll C IIOBpe)KJleHHOH CHJIOBOH 06orro1IKOH. 

3aKJIIO'leHHe 

1. IlpoBe)leH aHaJIH3 BJI~H.sJ 3clJ<peKTa Ja­
.n;ep)l(HBaeMOH JlOJIH Ha H3Mep.sieMbie B om,ITe 

3cpclJeKTHBHbie K03clJ<pHI.(HeHTbl ,!lH<pclJY3HH II,D; 
B KepHax MHKpOTOIIJIHBa BTrP. OTMe1IeHbI 
BO3HHKI.IIHe rrpOTHBOpetIH.sJ B HHTeprrpeTauHH 

rronyqeHHbIX paHee pe3ynhTaT0B. ,D;rr.si pa3pe­
rneHH.sJ 3THX rrpOTHBOpeqHif BbIIIOJIHeHO HC­

CJie)lOBaHHe BJIHHHH.sJ 3<p<peKTa 3anep)KHBae­
MOH ,n;OJIH Ha H3Mep.sieMbie B OIIbITe 3clJclJeKTHB­

Hble K03cp<pHUHeHTbI ,n;Hcp<pY3HH. 

2. IloKa3atto, 1ITO CB.sJ3bIBa1me qacrn: .UH<p­
<pytt.n;Hpyromero KOMIIOHeHTa He CKa3bJBaeTC.sJ 
Ha ero K03<p<pHUHeHTaX .n;H<pq>Y3HH, HO rrpHBO­

.n;HT K cymecTBeHHO .n;pyroMy pe3yJibTaTy no 
BbIXOJlY II,D;. Ilo3TOMY B Hccne,n;oBaHAAX nepe­
Hoca IJ,[l; He06XO.n;HMO HCilOJlb3OBaTb H3BeCT­

Hhie 3cp<peKTHBHbie K03<pqJHUHeHTbl .llH<p<pY3HH 

H BMecTe c TeM orrpenen.sJTb 3a,n;ep)KHBaeMyro 
JlOJilO XHMH1IeCKH CB.sJ3aHHOro KOMilOHeHTa H3 

TepMO,n;HHaMH1IeCKHX pac1IeTOB. 

-

3. TaKHM o6pa30M, K03clJQJHUHeHTbI nmp­
<pY3HH, H3Mep.sieMbie B 3KCnepHMeHTe no TaH­
rettcy yrna ttaKJiotta BpeMeHH0H 3aBHCHMOCTH 
IIOTOKa, B paccMaTpHBaeMOM npH6JIH)l(CH11H 
He 3aBHC.sJT OT 3anep)l(HBaeMOH ,n;OJIH nmpcpytt­

JlHpyromero K0MnoHeHTa H 0Trra.naeT tteo6xo­
JlHM0CTb MOJlH<pHKaUHH 6a3bl ,n;aHHbIX, npHMe­
H.sJeMOH B pacqernx rpattcnoprn Illl-
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Y)],K 621.039.4 

3noJJJOU.HSI HJOTOnHoro cocTana perettepuponauuoro ypaua npu MHoroKpaTHOM 
peu,uKJJe B JJerKOBOJl.HhIX peaKTopax C fiO)l.flHTKOH npupOJl.HhlM ypal-\ OM 

A.IO. C.1ttupHoB, I'.A. Cy:1afiepuo1e, 
HIUIY "Ml1<l>l1", 115409, MocKaa, KaurnpcKoe wocce, 31, 

ll.H. A11eKcees, A.A. ,l{youuKoB, B.A. HesuHu1<a. B.H. llpoce.11Kos, A.B. qu6uHJ1e6, 
P~ " KypY:aTOBCKHH HHCTHTyr", I ~3182, MocKaa, rut. Kyp4aTOaa, I 

IlocTyrrHJJa s pe.naKJJ.HIO 17.07.2009 r. 

,lvu:1 aHaJ1H3a cj>H3H4eCKHX npo6neM MHOfOKpaTHOro HCnOJlh30BaHIDI pereHepHpoaaHHoro ypaHa B TOn­
JlHBHOM U,HKJle nerKOBO.QHblX peaKTOpOB npHMeHeH KOMnJleKCHblH nO)lXO)l Ha 6a3e cornacoaaHHOro MO.l).emt­
poaaIDUI HeHTJ)OHHO-cj>H3H4eCKHX npoueccos H npoueccoa KaCKa.QHOfO pa3.QeJleHH$1 H30TOnOB. PacCMOTPeH 
p$1Jl CL{eHapHeB MHOfOKpaTHOfO HCnOJlb30BaHH$1 perettepHpoaaHHOfO ypatta B nerKOBO)lHbIX peaKTopax. TTpH 
3TOM H36blT04HOe norno1UeHHe HeHTPOHOB H30TOnOM 

236U KOMneHCHpOBaJlOCb )lOilOJlHHTeJlbHblM o6orame­
HHeM no H30TOny 235U. nonY4eHbl yJJ.eJlbHble paCXOJJ.bl npHpO)lHOfO ypaHa Ha )l006orameHHe pereHepHpo­

BaHHOro ypaHa B 3aBHCHMOCTH OT co.uep)l(aHI-UI H30T0na 
232U . 

.KJ,10'-le6ble c11oea: pereHepHpOBaHHblH ypaH, K03cj>cj>HL{HeHT KOMneHCal.{HH, KacKa)l C ~OnOJlHHTeJlbHblM 
noTOKOM nHTaHH$1. 

Evolution of Multi Recycled Uranium Isotope Composition in Closed Fuel Cycle of Light Water 
Reactors with Natural Uranium Feed. A. Yu. Smirnov, G.A. Sulaberidze, National Nuclear Research Uni­
versity "MEPh/", 31, Kashirskoe Sh. , Moscow, 115409, P.N. Alekseev, A.A. Dudnikov, V.A. Nevinitsa, V.N. 
Proselkov, A. V. Chibinyaev, RRC "Kurchatov Institute ", 1, Kurchatov Sq. , Moscow, 123182. The physical 
problems of recycled uranium multiple usage in a light water reactors fuel cycle were analyzed. For that it was 
applied the complex approach on the basis of the simultaneous modeling of neutron-physical processes and 
processes of cascade separation of isotopes. In this study a set of scenarios of multiple irradiation of recycled 
uranium in light water reactors was considered. Thus additional absorption of neutrons by 

236U isotope was 
compensated by additional enrichment on 235U isotope. Specific expenditures of natural uranium for enrich­
ment of recycled uranium were received depending on the contents of 232U isotope. 

Key Words : Recycled Uranium, Compensation Factor, Cascade with Additional Flow Feed. 

Bsei:teHHe 

OTPa60TaBmee H)J.epH0e T0TIJlHB0 (O.5IT) 

6onee tJeM Ha 90 % C0CT0HT H3 ypaHa, 0)].HaK0 

C0BpeMeHH0e C0CT0HHHe H)J.epHOH Hayirn H 

HJJ.epHbIX TeXHOnormi TaKOB0, t{T0 npo6neMa 

npHMeHeHHJI y?Ke .uo61,rroro H 0,llH0KpaTH0 HC­

TI0Jlh30BaHH0ro ypaHa qame scero 0TKJia,llhl­

BaeTCH n1160 Ha oT.uaneHHOe 6y.u)'l.Uee, n1160 

Hascer.ua. OnbIT TI0BT0puoro npHMeHeHHH 

ypaHa B HaCT0HIUee BpeMR HMeeT JlHllih orpa­

HH'-l.eHH0e '-l.HCJI0 CTPaH [I]. O.uHaKo H 3TOT 

HMelOIUHHCH 0TiblT orpaHH'IHBaeTCH JlHlllb 0,ll­

H0KpaTHblM HCil0Jlb30BaHHeM pereHepHp0BaH­

Horo ypatta. IlpH :HOM ero MH0roKpaTHOe 

npHMeHeHHe M0)J(eT CHH3HTh TIOTPe6HOCTH B 

pa3pa60TKe H0BbIX ypaH0BhlX MeCT0p0)l(Jl.e­

HHH H TI0BblCHTb 3cpcpeKTHBHOCTb HCTI0Jlb30Ba­

Hllil y?Ke .uo61,1rnro ypaHa [2]. 
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KaK TI0Ka3hJBaIOT pacqeTI,I, 0CTaT0'IH0e 

co.uep)J(aHHe 
235U B BhrropesmeM Tonrr11se 

BB3P-1000 Bbillle, tJeM B npHp0Jl.HOM ypaHe, 

snnoTh .uo s1,rroprurni1: 60 MBT·cyr/Kr. Ha 

pHC. l ,llJij{ rrpHMepa npHBe,lleHbl pe3yJibTaTbl 

r:ac'IeT0B H3MeHeHHR MaCC0BbIX co,nep)J(aHHH 
35U H 

236U npH o6nyqeHHH B O,llH0M H3 BapH-

% 5~--- ------- -------, 
4 

3 

2 

npi.1pOAHblM ypaH 
... • '1j6""" - ··· · ··· · ··· · ··· - ···;:::;:~·· :..·.,: :..·•·--;.·._: ::..-~ -

_ .. l.J. .. - • - .. _ .. - .. - MBT•cyr/Kr 

0 4 8 121620242832364044485256606468 

PHC. I. Co.u.ep)f(aHHe H30Tonos 235U H 236U B O51T 
BB3P- I 000 s 3asHCHMOCTH OT rrry6HHbI BblfO­
paHID! 



> 

aHTOB nepcneKTHBHbIX TOnJIHBHhIX 3arp)'30K 

BB3P-1000 c tJeTb1pex-llilTH ro.UH'fHbIM rnrr­

JiliBHbIM UHKJJOM rrpH e)l(ero,llHOH neperpY3Ke 

( co cpe.uHeH no BCeM Bbrrp)')KaeMbIM TBC 

rny6HHOH BbiropamUI oKono 56,7 MBT·cyr/ 

Kr). 3m: pe3yJibTaTbl roBopn He TOJibKO O ue­

necoo6pa3HOCTH nOBTOpHoro npHMeHeHHH 

yprurn, BbI,lleJieHHOro H3 O.5IT, HO H Heo6XOJ],H­

MOCTH npoaHaJIH3HpOB3Tb B03MO)l(Hble cueHa­

pHH ero BTopwrnoro HCIIOJib30BaHHJI. 

IloBTOpHoe npHMeHeHHe pereHep11poBaH­

Horo ypaHa, BbIJ].eneHHoro H3 O.5IT, 3aTpy.zrne­

HO 113-33 HaJJHlJIDI B H30TOIIHOM COCTaBe 
236U H 

232U, KOTOpb1e o6pa3YJOTCH np11 o6nyqemrn 

TOIIJIHBa. Ha pHC. 2 nOKa33Hbl OCHOBHbie ue­

IIOlJKH HJJ.epHblX npeBpam;eHHH, rrpHBOJ],HI.U;He K 

o6pa30B3HHJO 3THX H30TOIIOB. KpoMe HHX B 

pereHepHpOBaHHOM ypaHe, ecTeCTBeHHO, npH­

cyrcTBYJOT H ,llpyrHe H30TOilbI, O,llHaKO HX OT­

pHUaTeJibHOe BJIH.SllIHe Ha B03M0)1(H0CTb BTO­

pH1IHOfO HCnOm.30BaHIDI pereHepHp0B3HHOfO 

ypaHa npH H3fOTOBJieHHH HJJ.epHoro TOnJIHBa 

cym;ecTBeHHO cna6ee. 

BmurnHe 
232U Ha HeHTpOHHO-<pH3HtieCKHe 

xapaKTepHCTHKH npette6pe)l(HM0 MaJJO BBH.llY 

HH3K0f0 co.uep)KaHHH 3TOf0 H30TOIIa B TOUJIH­

Be, co.uep)Kam;eM pereHep11poBaHHbIH ypaH. 

O.UHaKO 3TOT H30TOil OKa3bIBaeT cym;ecTBeH­

HOe B03,lleHCTBHe Ha paJ],H3UHOHHbie xapaKTe­

pHCTHKH [ I ... 3]. B TetieHHe .uonroro BpeMeHH 

B PoCCHH rrpH H3fOTOBJieHHH TOIIIDIBa Ha oc­

HOBe pereHep11poBaHHOro ypaHa (JJ.JIH PEMK-

1000, a Brrocne.ucTBHH H BB3P) co.uep)KattHe 
232u -7 

orpaHH.qJ,fBaJJOCb ypoBHeM 2· 10 % OT 

MaCCbl Bcex H30TOnOB ypaHa [ 4]. B HaCTOHlllee 

BpeMJI C yqeTOM BHeJ],peHHH COBpeMeHHbIX 

TeXHOJIOfHH H.3fOTOBJJeHHJI TB3JIOB paccMaTpH­

BaeTCH B03MO)KHOCTb nOBbillleHHJI 3TOro 

ypOBHH. 

BJIHJIHH.e 
236U CKa3bIBaeTCH B J],OITOJIHH­

TeJibHOM rrornom;eHHH HeHTpOHOB H yxyJ],llle­

HHH HeHTpOHHO- (pH3Hl{eCKHX xapaKTepHCTHK 

TOIIJIHBa ( COKpam;eHHe J],JIHTeJibHOCTH TOIIJIHB­

HOro llH.KJJa). ,ll.JIH coxpaHeHHH HeHTpOHHO­

<pH3HqecK.Hx xapaKTepHCTHK Heo6XOJ],HMO 

KOMileHCHp0B3Tb BJIH.Sllllie 
236U nyreM nOBbl­

llleHH:H HCXOJ],HOH KOHlleHTpallHH 
235U [ 4]. Co­

.uep)KaHHe 
234U B pereHepHp0BaHH0M ypaHe 

0TH0CHTeJlbHO MaJJO no cpaBHeHHJO C 
236u H B 

H3CT0HI.U;ee BpeMJI He KOMIIeHCHpyeTCH [4], 

XOTH 3Ta B03M0)l(HOCTb B 6y.uym;eM He 

HCKJIJO'-IeHa. 

IloJJ. K03<pq:>HUHeHTOM K0MIIeHC3llHH no­

HHMaeTCH paBeHCTBO 

K 236 = ( C ~1•; - C ~;~· )/ C :;~ , (1) 

fJ],e c :;~·, C~· - KOHlleHTp3UHH COOTBeTCT­

BeHHO 
235U H 

236U B TOITJJHBe, H3fOT0BJieHHOM C 

npHMeHeHHeM pereHepttpoaaHHoro ypatta; 

C~;~· - KOHlleHTp3llHH 
235U B IIITaTHOM TOU­

mrne. 

K03<p<pHUHeHT KOMITeHC3UHH orrpeJ],eJIHeT­

CH H3 Tpe6oBaHHH coxpaHeHJ-UI .llJlHTeJibHOCTH 

HHTepBana pa60TbI Me)l(.uy rreperpY3KaMH rrpH 

3aMeHe IIITaTH0ro TOnJJHBa Ha H3fOTOBJieHHOe 

C rrpHMeHeHHeM pereHepHpOBaHHOfO ypaHa. 

B pa6oTe [ 4] npHBeJ],eHbl pe3yJibTaTbl c e­

pHH HeHTpOHHO-<pH3WJeCKHX paclfeTOB BbITO­

paHH.H TOnJIH.Ba B peaKTOpax THna BB3P c <pH­

KCHpoBaHHOH HCXOJ].HOH KOHUeHTpaII.HeH 
236u 

V V V 235u 
H pa3JIH.lfHOH HCXOJ],HOH KOHUeHTparmeH . 

AHanH:3 nonyqeHHbIX pe3yJibTaTOB pac'-leTOB 

npHBO,llHT K BblBO.llY, '-ITO .um OITbITHbIX rrap­

THH Tonn11Ba BB3P-l 000, co.uep)Kam;ero pere­

HepaT, MO)KHO peKOMeHJ],0BaTb K03<p<pHII.HeHT 

KOMIIeHCaUHH 
236U, paBHbIH 0 ,3 ±_0,05. Peanb­

HO 3TO 03Ha'-laeT, '-ITO Ha Ka)l(,[{bIH 1 Kr 
236U CO­

,llep)KaHHe 
235U He06XO.llHMO YBeJIH'fHTb Ha 

300 ±_50 r no cpaBHeHHIO c ero co.uep)KaHHeM 

B IIITaTHOM TOIIJIHBe Toro )Ke o6oram;eHHH [ 4]. 
B HaCTOHI.U;eH pa6oTe .llJlH aHaJJH3a <pH3H­

qecKHX rrpo611eM MHOfOKp3THOro HCilOJlb30Ba­

HHH pereHepHpOB3HHOro ypatta B TOilJIH.BHOM 

UHKJJe nerKOBO.llHbIX peaKTOpOB npHMeHeH 

KOMnJieKCHblli no.uxo.u Ha 6a3e cornacoBaHHO­

ro MO,lleJIHpOBaHHH HeHTpOHHO-<pH.3HlfeCKHX 

npoqeccoB H npoueccos KacKa.UHOro pa3.uene­

HHH H30TOilOB. 

C11e1-wpuu pe1.fUKJ1upoea11.uR ypa11.a 

B Kalfecrne TOIIJIHBa HaqanbROH 3arpY3KH 

paccMaTpHBaJJOCb TOIIJIHBO, □OJIHOCTblO H3fO­

TOBJieHHOe H3 npHpO.llHOfO ypaHa, KOTOpoe 33-

TeM o6nyqanocb B peaKTope. l130TOilHbIH coc­

TaB cBe)Kero TonnHBa, □onyqeHHoro o6orame­

HHeM npHpO,llHOfO ypatta B KaCKa.ue H3 fa30-

BbIX qeHTpH<pyr, paCClfHTaH HCXO,llH 113 cne.uy­

lOlllHX rrpe.unono)KeHHH: 

71 



--
..

) 
N

 

""O
 

:s:
 

.(
)
 

N
 e -0
 "' '"'J s: (1

) 

:i:
: -l
 

;:
: 

(1
) 

::
I 0 .r.
 

(1
) 

;,;
 

:,
0

 
J;

:, (1
) 

-0
 

:i:
: r:r
 
~
 

::
I 

] 0
:,

 
-0

 
r:,

, .E
 

(1
) 

:i:
: :s:
 

:S
:<

 
::

i 
-0

 
:s:

 
0 O

'I 
::

i 
'<

 
.r.

 
(1

) 

:i:
: :s:
 

:s:
 

-l
 

0 ::
I 

::
i :s:
 

0
:,

 "' 0:, "' ~ 0
:,

 
:i:

: 
0 :S

:< 
c,.

., 
0 :i:

: 
(1

) 

:z
 

:m
ll

ly
 

... 
a 

,., oo
.,,

 

a: 
=

r 

Q
-

a:
 

13
19

2 '
IE

S
J 

1,.s
-. ,

is
, 

Q
 

11
12

.!l
d JJ
+ 

"
' 

q
z
2

r 
Q

.IU
 

a 
2 

..
 u

•1
t,

,.
, 

a 
fl

l 
• .,

'f
 

... 

a 
o1

Q
Q

•·
a

1_
 

a 
-
•
 

Q
 

,"
3

9
'1

C
'l

y
 

a 
18

:
y 

"-
-1

, 
:4

., p (n
.r)

 

{X
 

1
:0

0
, 

JJ
-

•Q
.•h

 
a fl
!m

y
 

(
!
 

-r
-D

) 

-
-
-
-

-~
 



- paCCMO'rpeH H.lJ,eaJII,HJ,IH KaCKa.l), ( C HeCMe­

II1J1BaHHeM B "y:rnax" KaCKa,ua no KOHUeHrpa­

UHHM KOMIIOHeHTOB 
235UF6 H rnUF6); 

- K03q>q>HUHeHT pa.3.l),eJiemrn CTyneHH npHIDIT 

paBHbIM 1,2 [5). 
B paCCMOTpeHHhIX cueHapI-UlX nocne 06-

nyqeHHH B peaKTope nma BB3P no 3a.lJ,aHHOH 

rny6HHhI BhirOpaHHH TOrrmmo BhI.l),ep)KHBaeT­

CH B Te'!eHHe 10 JieT H ,nanee nepepa6aThmaeT­

CH. BhI.l),eJieHHhIH m orpa6oTaBruero TOIIJIHBa 

ypaH HanpaBJIHeTCR .llnR IlOBTOpHoro HCilOJib-

30BaH1'.I.R B Ka'!eCTBe R).{epHoro TOilJIHBa. 

,[{ml pacqeTa KOJIHqecTBeHHOro COCTaBa 

CBe)l(ero TOilJIHBa C pereHepaTOM ypaHa npH­

MeHeHa MO.lJ,eJib KB3.3ID:l,ZleaJihHOro KaCKa.l),a C 

.l),OilOJIHHTeJil,HhIM IlOTOKOM mnamui: (MO.l),eJih­

HhlH KaCKa.l)., HCilOJib3yeMhIH B TeopHH pa.3.lle­

JieHHR MHOrOKOMTIOHeHTHhIX CMeceii), B KOTO­

poM HapH.llY C IIOTOKOM F IlHTaHHR npHpO.l).­

HhlM ypaHOM npenycMorpeH JlOilOJIHHTeJihHblH 

BXO.llHlllHH noToK E, no;J.IIHThmaIOIUHH KacKan 

pereHepHpOBaHHhIM ypaHOM [6] (pHC. 3). 
IlocKOJihKY B pereHepHpOBaHHOM ypaHe 

npHcyrcTByeT H3OTOil 
236U, 3KBJilBa.JieHTHrul 

MaCCOBaH KOHUeHrpaHJUI C~seq 
235

U B IIOTOKe p 

o6orameHHoro npO.llYKTa pacctJHThIBaJiach no 

A-. C. =C'' +K Cr Cp 'i'OpMyJie 2.35eq 23Sna1 236 236 , r.l),e 235nat -

KOHUeHrpaUHH H3OTOna 
235U B o6orameHHOM 

IIPOJlYKTe, nonyqeHHOM H3 ypaHa npHpO.l).HOro 

KacKa,!lHoe 
o6oraweHHe 
npHp0,!lH0ro 
y paHa 

PereHepaT 

npHpO,!lHblH U 

PereHepaT 

npHpO,UHblH LJ 

KacKaAHoe 
o6orameHHe 

KacKa,!lHOe 
o6oraweHHe 

~HKJl I 

O6nY'teHHe O51T 

LJ.HKJl 2 

... 1-{HKJl N 

F, C,i: 

E, C,r: 

l 

W,C,w P,C,p 

P11c. 3. CxeMa pa.3JlemneJ1hHoro Kac 1- :\ f.(a c JlOnon­
HHTeJibHhIM noTOKOM n11Tamu1: P - 11/JTOK npO.IzyK­

Ta (oroop), W - noToK ornana, E - ,wnonHHTenh­

HhIH noTOK nHTaHHR (pereHepaT). F - OOTOK 

nHTaHHR (np1-1po.D.HhIH ypaH), C,p - KOHU.eHTpal.{HR 

i-ro 3neMeITTa B noToKe oroopa (npo.n.yKTa), Cov -
KOHU.eHTPau.m, i-ro 3JleMt:HTa B noTOKe OTBana, 

C,r: - KOHU.eHTpau.1-1.H i-ro 3JleMeHTa B )J.OnOJlHH­

TeJibHOM nOTOKe nHTaHHji, C,F - KOHL{eHTpaU.H.H 

i-ro 3JleMeHTa B nOTOKe nITTaHHR 

COCTaBa; C~6 - KOHUeHrpaUHH H3OTOna 
236U B 

IlOTOKe OT6opa. 

Ilocne Toro, KaK CBe)Kee TOilJIHBO, H3rOTO­

BJieHHOe C npHMeHem1eM pereHepaTa, BHOBh 

o6nyqeHo s peaKrnpe, ero onHTh BhI.Uep:>1nrna­

IOT B Te'!eHHe 10 JieT, 3aTeM rrepepa6aTbIBaIOT 

H BHOBh HanpaBJIRIOT B o6oranneJihHbIH Kac­

Ka.l),. TaKHM o6pa.30M, paCCMOTf)eH pHJl cueHa­

pHeB MHOroKpaTHOro peUHKJIHpOBaHHR ypaHa 

s JierKOBOJlHhIX peaKTOpax (pHC. 4), OCHOBHhie 

rrapaMeTf)hI cuettapHeB rrp1rneJlett1,1 HH)Ke: 

8bI,!leplKKa" 
nepepa6oTKa 

PereHe aT 
• • e LJ.HKJl 2 

Bbt,!leplKKa" ,____ • • • LI.HKJl 3 Pere HepaT nepepa6oTKa 1-----, 

Bbt,!leplKKa II PereHepaT 
nepepa6oTKa 

LI.HKJl N 

P1-1c. 4. CueHapHH MHOrOKpaTHOro HCnOJlb30BaHH.H pereHepHposaHHOro ypaHa 
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rnyforna Bbrropamrn: - 48 MBT·cyr/u; 

06oramemfe ( C~Snat) - 4,0 %; 

C0,Uep)KaHHe 
235U B II0T0Ke 0TBaJia C~~s - 0,1. 

PacCMOTpeHbI CJJe,I.J,yrolllHe orpaHHtJeHllil 

Ha C0,I.J,ep)KaHHe 
232U B II0T0Ke rrpo.I.J.yKTa 

( c;2 % Ul)KeJJbIX aTOMOB): 

• c;2 '.S 2 · l 0-
7 % TIDKeJJblX aT0M0B, 

• C~2 '.S 5-10-
7 % Ul)KeJJbfX aT~MOB, 

• 6e3 orpaHH1-i:eHHH. 

HH)Ke Ha ,I.J,HarpaMMax (pHc. 5 ... 8) rrpHBe­

,I.J,eHbI 0CHOBHbie pe3yJJbTaTbl pacqeTH0fO M0-

,I.J,eJJHp0BaHllil 3THX cueHapHeB ,I.J,ml CO,I.J,ep)Ka­

lllero pereHepHpOBaHHbIH ypaH TOIIJJHBa C 

o6orameHHeM, 3KBHBaJieHTHbIM 4,0 %, C yqe­

T0M KOMIIeHCaUHH rrornomeHH.ll HeitrpOHOB 

H30T0II0M 
236U C ,I.J,0II0JJHHTeJJbHbIM o6orame­

HHeM 110 H30TOIIY 
235U. 

KaK )')Ke CKa3aH0 BbIIUe, paCClfHTbIBaJI0Cb 

BbIT0pairne ,I.J,O 48 MBrcyr/ Kr THIIHqHoro TOII­

JJHBa BB3P-1000 c o6orameHHeM 4,0 %. C 

3TOH uenblO HCII0JJb30BaJiaCb reTeporeHHrul: 

M0,I.J,enb TOIIJIHBHOH .HtJeMKH. PacqeT cKopoc­

TeM peaKUHM rrp0BO,I.J,HJJH C rrpHMeHeHHeM rrpo­

rpaMMbl MCNP5, B KoTopoii peaJIH30BaH Me­

TO.I.J. MoHTe-Kapno. HeMTpOHHbie ,I.J,aHHhie rro­

nyqeHbI rrpH II0M0IUH rrporpaMM1>1 NJOY99 

(BepCH.ll 99.161) H3 q>aMJJOB oueHeHHbIX .H,I.J,ep­

HbIX .naHHbIX ENDF/B, JEFF H JENDL. 

JJ:mi: Ka)K,I],oro HYKJJH.I.J.a rro.nroToBneH Ha-

6op BeJJHtJHH .ll,I.J,epHbIX ,I.J,aHHbIX ,I.J,llil Tpe6ye­

MbIX TeMIIepaTyp. CHCTeMa ypaBHeHHH H30-

TOilHOH KHHeTHKH 0TH0CHTeJJbH0 e,I.J,HH0ro Be­

KT0pa T.ll)KeJJI,IX .ll,I.J,ep H 0CK0JJK0B ,I.J,eJJeHllil pe­

lllaJiaCb B TonnHBHOM 30He pacqeTH0M .HtJeMKH. 

IlpH n0M0IUH nporpaMMbI MCNP5 .I.J.llil TIDKe­

filIX .H,I.J,ep 110,I.J,fOTOBJJeHbl ceqeHJUI peaKUHH 

cr(n, y), cr(n, fission), cr(n, 2n), cr(n, 3n), cr(n, 
n' + a), V1ota1; .I.J.llil 0CK0JJK0B .neneHllil - cr(n, y). 

IlapaMeTpbl pa,I.J,HOaKTHBHhIX pacna,I.J,0B ( a, 

p-, p- + n, P-), B TOM qHcne napaMeTpbI pacna­

.I.J.0B B ,I.J,oqepHHe HYKJJH,I.J,bl B rrepB0M B036)')1<­

.neHH0M C0CTO.llHHH, p+ -pacna,I.J,0B, H30MepHbIX 

nepeX0J.J.OB H3 nepBoro B036y)KJ.J.eHHOfO C0CTO­

.llHllil B 0CH0BH0e, H30MepHbIX nepexo,I.J,0B H3 

BT0poro B036y)KJ.J.eHHOro C0CT0RHllil B nepBoe, 

napaMeTpbl CII0HTaHH0ro ,I.J,eJJeHHR - rronyqe­

Hbl H3 6H6JJHOTeK pacna,I.J,a q>aHJJOB oueHeH­

HblX RJ.J.epHbIX ,I.J,aHHbIX ENDF/B-6. 

IlapaMeTpbI np0J.J.YKT0B .neneHllil nonyqe­

HbI C )"IeTOM ,I.J,aHHblX no BbIX0,I.J,aM rrp0.I.J.YKT0B 

.neneIDU1 H3 ENDF/B-6. C HCII0fil30BaHHeM 

crrel(HaJibHOH np0I.le,I.J,ypbl pa3MepH0CTI, BeK­

T0pa BbIX0,I.J,a np0J.J.YKT0B ,I.J,eneHllil CHH)KeHa C 

1 325 ,I.J,0 1 098, ,I.J,llil HeK0TOpbIX HYKJJH,I.J,0B ,I.J,0-

KOHL1eHTP8l..1"151 U-232 B pel..1"1KflaX ypaHa 
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10 neT oxn. 

48 MBT-cyr/Kr 

Pe411Kn 5 

10 neT oxn. 

48 MBT-cyr/Kr 

Pe411Kn 4 

10 neT oxn. 

48 MBT-cyT/Kr 

Pe411Kn 3 

10 neT oxn. 

48 MBT-cyr/Kr 

Pe4HKn 2 

10 neT oxn. 

48 MBT-cyr/Kr 

Pe4HKl11 

10 neT oxn. 

48 MBT-cyTIKr 

Cee>KHH 
~ 

!.l C(U-232) < 2E-7 % 

l:ll C(U-232) < 5E-7 % 

■ C(U-232) 6e3 orpaHH4eHHll 

0,0E+00 2,0E-07 4,0E-07 6,0E-07 8,0E-07 1,0E-06 1,2E-06 

KOHL1eHTP8l..1"15l U-232 s ypaHe, % Mace. 

n2 · 
PHc. 5. l13MeHeHHe M8CC0B0H .nonH u B npou.ecce MH0f0KpaTHoro peU.HKnHposamu1 



KoHl..leHTpal..l~fl U-236 s pel..l~Kflax ypaHa 

10 ner OXJ1. 

48 MBr-cyr/Kr 

Pe4MK11 5 

10 ner OXIl. 

48 MBr-cyr/Kr 

Pe4MK11 4 

10nerOXIl. 

48 MBr-cyr/Kr 

Pe4HK11 3 

10 ner OXIl. 

48 MBr-cyr/Kr 

Pe4HK11 2 

10 ner OXJ1. 

48 MBr-cyr/Kr 

Pe4HK111 

10 neroxn. 

48 MBr-cyr/Kr 

Cee>KHH 

0 0 ,2 0,4 

.I 

I 

0,6 0,8 

Ill C(U-232) < 2E-7 % 

l::'3 C(U-232) < SE-7 % 

■ C(U-232) 6e3 orpaHK4eHMR 

1,0 1,2 1,4 1,6 

KoHl..leHTpal..l~fl U-236 s ypaHe, % Mace. 

PHc. 6. I13MeHeHHe MaCC0B0H .l).0mf 236U B npou.ecce MH0roKpaTHOro peu.murnpoBaHH51 

KOHl..leHTpal..l~fl Pu-238 B pel..l~K/laX ypaHa 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe411Kt1 5 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe4HK11 4 

10 ner OXJl. 

48 MBr-cyr/Kr 

Pe4MK11 3 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe4MK112 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe411Kt1 1 

10 ner OXJl. 

48 MBr-cyr/Kr 

Cee)Kllii! 

0 2 3 

121 C(U-232) < 2E-7 % 

l::'3 C(U-232) < SE-7 % 

■ C(U-232) 6e3 orpaHK4eHIIR 

4 5 6 

KOHl..leHTpal..l~fl Pu-238 a nnyTOH~~. % Mace. 

PHc. 7. 113MeHeHHe MaCCOBOH ,lJ.OnH 
238Pu B npol..(ecce MH0f0KpaTH0ro peu.HKnHp0BaHH.51 

6aBJieHI,J ,llaHHhie H3 q>aHJIOB ou:eHeHHhIX ,llaH­

HhIX JENDL-3.2 TaKHM o6pa3oM, t.JT06h1 KO­

HeqHhie HYKJIH,llhl u:erroqeK pa,llHOaKTHBHOro 

pacna.na H (n, y) peaKUHH npHHa,D.Jie)l(aJlH far K 

0.l{HHM H TeM )Ke BeKTOpaM rrpO.ll)'KTOB l(e­

JieHJ,UI, 

Be~o.sITHOCTH o6pa3oBaHH.sI 
236mNR s peaK­

U:HH 
23 

Np(n, 2n), 242
mAm B pea1aurn 

41Am (n, 
y), 242

m Am B peaKUHH 
243 Am (n, 2n), 244

m Am B 

peaim1-m 243 Am (n, y) ycpe,llHeHhI no cneKTpy 

TonJIHBHOH 30HhI .siqeiiKH. C ycieTOM 3THX .n:aH­

HhIX aBTOMaTHlJeCKH q>OpMHpOBaJI8Ch MaTpm.ta 
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KoH4eHTpa4111~ U-233 s pe4111KJ1ax ypaHa 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe411K11 5 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe411K11 4 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe4MK11 3 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe411K11 2 

10 ner oxn. 

48 MBr-cyr/Kr 

Pe4MK11 1 

10 ner oxn. 

48MBT,cyT/Kr 

CeelKMH 

I 

--
- ~ 

!"..I C(U-232) < 2E-7 % 

l\l C(U-232) < 5E-7 % 

• C(U-232) 6e3 orpaHM4eHMSl '-

0,0E+00 2,0E-07 4,0E-07 6,0E-07 8,0E-07 1,0E-06 1,2E-06 1,4E-06 1,6E-06 

KoH4eHTpa4111~ U-233 s ypaHe, % Mace. 

PHC. 8. l13MeHeHHe MaCCOBOH .n.onH 233U B npouecce MHOrOKpaTHOro peuHKnHposaHHll 

.SI.D,epHbIX npeapameHHH, nocne qero cHcTeMa 

ypaBHeHHH H30TOTIHOH KHHeTHKH qHCJleHHO 

pernanacb Ha Ja.D,aHHbIX HHTepaanax o6ny­

qeHffjl. 

},fa pe3yJibTaTOB pacqeTOB cne.uyeT (pHC. 

5 ... 7), "l!TO npH OTCYTCTBHH orpaHHqeHHH Ha 

MaCCOB)'lO KOHUeHw,aumo H30TOna 
232U KOH-

11.eH-rpaUHH 
232U H 

2 6u B03paCTaIOT C qJiCJIOM 

pe[(HKJlOB. TaIOKe B03pacTaeT MaCCOBa.SI KOH­

ueH-rpaUH..SI 
238Pu B o-rpa6oTaBrneM TOTIJJHBe. 

BJJlijlHHe acex YKaJaHHhIX cpaKTopoB, c 

O.D,HOH CTOpOHbI, rrpHBe,lJ.eT K 3a-rpy.n.tteHHj{M C 

TOqKH 3peHlijl IIOBTOpHoro rrpH.MeHeHHjl pere­

HepHpOBaHHOro ypaHa H3-3a pocTa KOHU.eHT­

pauIIB HJnyqaTeneii )l(eCTKHX raMMa-KBaHToB; 

C .upyroii CTOpOHbl, H3-3a poCTa KOHUeH-rpa­

UHH a-aKTHBHOro 
238Pu 6y.n.eT 3a-rpy.uHeHO HC­

TIOJlb30BaHHe Bbl.UeJJeHHoro HJ o-rpa6oTaaruero 

TOITJJHBa ITJJYTOHH.R (HarrpMMep, B BH.D.e MOX 
rnnmrna). KoHJ:.leH-rpau:H.S1 

233U TaIOKe B03pac­

TaeT C qHCJlOM peUHKJlOB, O,UHaKO BCJle,l).CTBHe 

oqem MaJJbIX KOHUeH-rpam1ii BJllijlHHe :noro 

H30TOIIa Ha pa3MHO)l(aIOIUHe CBOHCTBa TOITJIH­

Ba npette6pe)l(HMO MaJJO (pHc. 8). 
Bae.n.emrn orpaHHqeHHH Ha co.n.ep)l(aHHe 

232 U B CBe)l(eM TOIIJlHBe, H3rOTOBJleHHOM C 

rrpHMeHeHHeM pereHepaTa, npHBO.D.HT (rrpH 

BhI6paHHOM cnoco6e .n.006orameHH.S1) K ycrn-
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HOBJlemno paBHOBeCHbIX MaCCOBbIX KOHUeHT­

paUHH 
236U H 

238Pu, rrpH :noM O.D,HaKo B03pac­

TaeT rro-rpe6neHHe npHpo.n.Horo ypatta, 3a-rpa-

1rnaaeMoro Ha .n.oo6orameHHe perettepaTa .uo 

Ja.D,aHHbIX napaMe-rpoB (pHc. 9). 
<l>H3HqeCK)'lO CYIUHOCTb .SIBJiemrn, B03HHK­

lllHX npH orpam-11.JeHHjlx Ha co.n.ep)l(am1e 
232U 

B CBe)l(eM TOITJlHBe, npOH.JJJIIOCTJ)HpyeM Ha 

npHMepe BToporo peUHKJJa pereHepHpoaamro­

ro ypaHa npH orpattHqeHH.H C~2 :::; 5 • 10-1% . 

KaK BH.D.HO H3 rpa~HKa 3aBH.CHMOCTH KOHUeH­

-rpaUHH H30TOIIa 
23 u B IIOTOKe OT6opa OT Be­

JlH.lfilHbI OTHOCHTeJibHOro IIOTOKa ,lJ.OilOJlHH­

TeJlbHOro mnaHH.SI (rroTOK pereHepaTa ypatta) 

E / P (pHc. 10), co6n10.ueHHe ycnoBH.R 

C~2 :::; 5 · l 0-7% B03MO)l(H0 TOJibKO .l).0 orrpe.n.e­

JieHHOH BeJIHqHHbI E / P . 3aMeTHM, qTo Ka)l(­

.n.a.R TOqKa Ha np.SIMOH c~2 = f (E/ P) rrpe.D,CTaB­

JI.SleT co6oi1 KacKa.n., 06ecrre1maa10mHH Ja.D,aH­

Hbie KOHUeH-rpaUH.H no ueneBOMY H30Tony. 

BH.D.HO, "l!TO CBbillle "KpHTH.qecKoro 3Haqe­

HH.SI" E / P rroc-rpoenH.e KacKa.n.a, 06ecrreqH­

Ba10mero )l(eCTKO Ja.D,aHHble BtternHHe napaMe­

TJ)bI H BbillOJIHem,1e YCJJOBH1i C~2 :::; 5 · 10-7%, 

a TaK)l(e B03BpaT IlOJlHOro KOJIHqeCTBa perene­

paTa H3 npe.D.bI.D.YIUero UHKJJa, HeB03MO)l(HO. 
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l:J C(U-232) < 2E-7 % 

~ C(U-232) < 5E-7 % 

■ C(U-232) 6e3 orpaH114eH11fl 

8,7 8,75 8,8 8,85 8,9 8,95 9 9,05 9,1 9,15 

PHC. 9. y JJ.eJlhHblH paCXOJJ. npHpOJJ.HOro ypatta (a), perettep1-1posaHHOrO ypatta (6) Ii yJJ.eJlbHbJe 3a-rpaTbl 
pa60Thl pa3JJ.eJJeHH,SI (s) B 3aBHCHMOCTH OT l{!iCJla peumrnos 

3To CBji3aHO C TeM, 'ITO BeJIH'IHHa £ / p 

HMeeT orpattwieHlij{, BhI3BaHHhie tteo6xo,nu­

MOCThIO co6JI10,nemrn 3aI<OHa coxpaHeHHj{ se­

mecTBa, TaK KaI< B pa3,nemtTeJibHOM KaCKa,ne 

BCer.na ,D.OJI)l(Hbl BbffiOJIIDITbCj{ ypaBHeHlij{ rro­

KOMilOHeHTHOro 6aJiaHca H 6anattca BHeILIHHX 

IlOTOKOB KaCKa,na 

PC,P + wc,w - FC,F - EC,f. = 0, (2) 

P + W - F - E = 0, (3) 
B KOTOpblX HCilOJib3OBaHbl o603HatJemui: B co­

OTBeTCTBIUI c puc. 3. 
l·h (2) H (3) MO)KHO IlOJIY'{HTb CBji3b BeJrn­

'lliH E / P u F / P B su.ne 

FI p = (CJ' - c,., ) / ( c,, - c,., ) -

-(E/P)(c~ -c ... )/(c., -c,,, ). (4) 

3aMeTHO, 'ITO npH !pHKCHpoBaHHblX 3HatJe­

Hlfj{X KOHUeHTpaUKH KOMilOHeHTOB CMeCH Be­

IllilJHHa F / P )'MeHhIIJaeTCj{ c pocTOM E / P , 

'ITO cornacyeTCji C 3aBHCHMOCTblO Ha puc. 11. 
C .npyroii cTopoHhI, c pocTOM E / P B03pacrn­

eT BJilij{Hlie 11pHMeCHbIX H3OTOilOB Ha 11pouecc 

pa3,D.enemui:, 'ITO rrpHBO,Ll,HT K yseJIHtJeHHIO 

y,neJibHOH pa60TbI pa3,lleJieHHj{ (pHc. 12). 
J,fa pHC. 13 ... 15 cne,nyeT, 'ITO rrpH OTCYT-

~ 232u 
CTBHH orpaHHqeHHH Ha co.nep)KaHHe B 

CBe)KeM TOIIJIHBe cymecTByeT ycTOHlJHB~ 

TeH,lleHIJ.Hjl K pocTy MaCCOBOH KOHUeHTpauHH 
232U (K 

236U) s oTpa6ornarneM rnnmrne. flpu 
~ 232u 

HaJIH'UI.H orpaHWieHHH Ha co,nep)KaHHe 

3Ta TeH,neHUHj{ IlOCTerreHHO CMeHj{eTCj{ TeH­

,neHI{HeH BbIXO,D.a MaCCOBOH KOHIJ;eHTpaUHH 
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4 

3 Ci32 = f(EIP) 

2 

EIP 

0 0, 1 0,2 0,3 0,4 0,5 0,6 0, 7 0,8 

PHC. 10. 3aBHCHMOCTb KOHL(eHTpaUHH H3OTOna 
232U B oT6ope H3 KaCKa.na OT BeJlH'lHHbl OTHOllle­

HHJI nOTOKOB El P 

FIP 
6,4 

6,3 

6,2 

6,1 

6 

5,9 

5,8 

5,7 

5,6 

5,5 

5,4 0 
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

PHC. 11 . 3aBHCHMOCTb BeJlH'lHHbl OTHOCHTeJlbHOro 

noTOKa OCHOBHOfO n11Tamu1 FIP OT BeJ1H4HHbI OT­

HOCHTeJlbHOfO nOTOKa .nonOJlHHTeJlbHOro nHTaHH~ 

EIP 

1.2E-06 
KoH1,1eHTpa1.11,1s:1 U-232 e ypaHe, % 

1.1 E-06 L -# I --1.0E-06 -, -- --9.0E-07 - -
I • -8.0E-07 

7.0E-07 

6.0E-07 - -
5.0E-07 

4 .0E-07 

3.0E-07 

2 .0E-07 

1.0E-07 

0.0E+00 

0 10 20 

--. 

30 

-

AIP 
8,96 

8,95 

8,94 
8,93 
8,92 

8,91 AIP = f(E/P) 
8,9 

8,89 \ 
8,88 
8,87 
8,86 BP 

0 0, 1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

PHC. 12. 3aBHCHMOCTb BeJ1H4HHbI y,neJlbHOH pa-

60Tbl pa3,neneHHJI Alp OT BeJ1H4HHbl OTHOCH­

TeJlbHOfO noToKa .nononttHTeJlbHOro nHTaHHJI EIP 

232
U (H 

236U) B o-rpa6oTaBilleM TOilJIHBe B paB­

HOBeCHe, oco6eHHo ~pkO 3TO npOjIBJI~eTCH B 

cnyqae orpattHqemur C~ 2 ~ 2-10·1. 

CJie,llyeT OTMenlTb, qTo Bpe~ Me)K,Uy Bbl­

rpY3KOH H nepepa60TKOH 0611yqeHHoro TOil­

JlliBa (10 neT), npmuuoe B ttacTOHIIIeH pa6oTe, 

He HBAAeTCH OilTHMaJibHbIM C TOqKH 3peHHH 

MHHHMHJau,HH co.nep)KattIDI 
232U B o-rpa6ornB­

rneM TOilJIHBe. 

)J;pyrHMH CJIOBaMH, B HaCTOHIIIeH pa6oTe 

CMO,lleJIHpOBaHa CHTyau,HH, KOr,lla nepepa6oT­

Ka TOilJJHBa OCYIIIeCTBJIHeTCH B TOT MOMeHT, 

KOr,lla MaCCOBa.H ,llOAA 
232U 6JIH3Ka K MaKCH­

Ma.JThHOH, T.e. B ycJIOBHIDC, npH6JlH)KeHHblX K 

HaH6011ee He611aronpHHTHblM. KaK BH,llHO HJ 

pHC. 13 ... 15, c TO'lflGI 3p emur IlOBTOpHoro 

npHMeHeHIUI perettepHpOBaHHOro ypatta OilTH­

MaJibHOe Bpe~ Haqana nepepa60TKH 0.5IT 

- - Pe1,1HKI11 -- I - -Pe1,1HKI12 :_J - - • Pe1,11-1KI1 3 - -· Pe1.11-1KI1 4 

- - • Pe1,11-1KI1 5 -- - -cee>KHH 

--48 MBT"cy'r/Kr T.a. 

- - - 10 neT BblAep>KKl-1 

· · • · • 40 neT BblAep>KKl-1 

BpeMs:t, neT , 

40 

PHc. 13. BpeMeHHcUI 3aBHCHMOCTb MaCCOBOH KOHUeH-rpaUHH 
232U npH p a3J1H'·IHOM 4HCJ1e pel(HKJlOB 6 e 3 o rpa­

HH'l'eHHH no co.nep)KaHHIO 232U 
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KoH4eHTpa1..1i.111 U-232 e ypaHe, % 
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PHC. 14. BpeMeHHru! 3aBHCHMOCTb MaCCOBOH KOHQeHTPaQHH mu npH Pa3JIH1-IHOM 4HCne peQHKJIOB npH orpa­

HH'ieHHH Ha COJ].ep)f(aHHe mu :S 5· I 0·7 o/o 

KoH4eHTpa1..111111 U-232 e ypaHe, % 
6.0E-07 

.-J.- --5.0E-07 - -Pe4111KJ11 

J I ---· -Pe4111KI12 
~ . 4.0E-07 ., ---- - - Pe4111KI1 3 Ji I 

Pe1..1111KI1 4 I 
3.0E-07 - - • Pe4111KI1 5 

-CeelKl-'I~ 

2.0E-07 --48 MBT·CYTIKr T.a. 

- - - 10 neT BblAep>KKl-'I 

1.0E-07 • • • • • 40 neT BblAep>KKl-'I 

BpeM11, neT 
0.0E+00 

0 10 20 30 40 

P11c. 15. BpeMeHHru! 3aBHCHMOCTb MaCCOBOH KOHQeffTPaQHH 
232U npH pa3nH1-IHOM 4HCJie peQHKJIOB npH orpa­

mNeHHH Ha COJ].ep)f(aHHe mu :S 2· 10·7 o/o 

.llOIDKHO 6bITb KaK MO)l(HO 6Jlli)Ke K MOMeHTY 

Bhrrpy3KH H3 aKTHBHOH 30HhI. 

3aKJIJO'lenHe 

B pa6oTe paccMoTJ)eH npouecc 3BOJJIOUHH 

H30TOilHOfO COCTasa MHOfOKpaTHO pereHepH­

poBaHHOro ypaHa B TOTIJJHBHOM llHKJle nerKO­

BO,llHbIX peaKTOpOB C no,unHTKOH npHpO,llHbIM 

ypaHOM. I1ccne.uosaHI,I ·CJJe.UyIOIUHe 3aKOHO­

MepHOCTH: 

- BJlH.SIHHe 1UICJia peUHKJlOB Ha y,ueJJbHOe no­

TJ)e6neHHe npttpo,uHoro ypaHa, 

- 3aBHCHMOCTb y,ueJJbHOro TIOTJ)e6neHH.SI npH­

POllHOfO ypaHa OT orpaHHtJeIDIH Ha co.uep)Ka­

Hlle 
232U B CBe)KeM TOilJlliBe, 

- oco6eHHOCTH ,llOCTH)KeHH.SI paBHOBeCHOfO 

COCTaBa TOTIJJHBa npH HaJIHtfliH orpamrCJ:eHHH 
232 

Ha co.uep)KaHHe U. 
AHamt:3 .llaHHhIX, nonyqeHHhIX B pe3ynh­

TaTe Bbfl-IHCJieHHH, II03B0Jl.SieT ccpopMyJIHpo­

BaTb CJJe,UyIOIUHe BblBO,llbl IIpHMeHHTeJibHO K 

paCCMOTJ)eHHbIM cueHapH.SIM. 

l. MHoroKpaTttoe ucrroJJh30BaHHe pereHepu­

posaHHoro ypaHa 6e3 orpaHH'leHHH Ha co.uep­

)KaHHe H30TOna 
232U CHIUKaeT 3aTJ)aThI IlpH­

pO.UHOfO ypaHa rrpHMepHO Ha 16 % IIpH rny­

forne BhrropaHH.SI 48 MBr·cyr/Kr. 

2. IlpH HaJIH'IHH orpa1nrt.JeHHH Ha co.uep)KaHHe 

H3oTona 
232U Bbrnrphilll s pacxo.ue npHpO.llHO­

ro ypaHa CHH)KaeTc.si (.uo 7 % B cnyqae orpa­

HHtJeHH.SI 2-10·7 % Mace.). 
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3. BBe.uemte orpam1:qeHHH Ha co.uep)KaHHe 

H30T0IIa 
232U II03B0mieT 0CTaH0BHTh p0CT 

MaCCOBOH ,U0JIH ypaHa 
236U B CBe)KeM T0IIJJHBe 

H II0JJ)"IHTh rrpaKTHqecK.H He MeIUilOm.eecH C 

H0MepoM peuHKJJa co.uep)KaHHe :noro H30T0-

rra. Cne.uyeT OTMeTHTh, qTo qeM Ha 6onee HH3-

K0M yp0BHe rrpH BhI6paHHOM crroco6e .uoo6o­

rameHHH ycTaH0BJJeHO orpaHHqeHHe Ha co­

.uep)KaHJie H30T0ITa 
232U, TeM 6onee HH3KHM 

0Ka3bmaeTCH co,uep)KaHHe H30T0IIa 
236U B CBe­

)KeM T0ITJIHBe (H C00TBeTCTBeHHO co,uep)KaHHe 
236u, 238Pu H 

237
Np s OTPa6ornsrneM TOilJJHBe). 

4. C poCT0M qHCJJa peUHKJJ0B BeJJHqHHa Mac­

COBOH K0HileHTPauHH 
232U B OTPa60TaBIIIeM 

T0ilJJHBe paCTeT, npH HaJIHqHH orpaHWJ.eHHH 

Ha K0HUeHTPauHIO 
232U B CBe)KeM T0IIJJHBe ,Ha 

TeH,UeHUHH CMeHHeTCH Il0CTeneHHhIM rrepexo­

,U0M K HeK0T0p0MY CTauHoHapH0MY 3Haqe­

HHIO. Oco6eHHO :na 3aK0H0MepH0CTb npoHB­

JIHeTCH B cnyqae orpaHWieHHH 2· 10-7 % Mace. 

A1nopbl pa60Tbl Bbipa)KalOT CB0IO npH3Ha­

TeJJbH0CTh COTPY.UHHKY lUIP PHU "KM" Tarn­

yposy A.JI. 3a BbICKa3aHHbie HM 3aMeqaHHH, 

cnoco6cTBOBaBII1He YJJ)"IIIIeHHIO CTaTbH. 
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Y,LJ;K 621.039.5 
K Bonpocy 06 onTHMaJihHOii cTpyKcype palBHTH.H »Aepttoii JttepreTHKH PoccHH 

A.B. KnUMe11Ko, 
HH.5IY "Mlf<l>H'', 115409, MocKsa, KaurnpcKoe rnocce, 31 

IIocTyn1rna s pe,D,aKUHIO 17 .03.2010 r. 

BhmOJIHeHbI pac'feTbl onTHMaJihHOH CTJJYKTYPht pa3BITTHll ll,nepHOH 3HepreTHKH (513) Pocc1111, 1-1cn oJ1h-
3Yll MaTeMaTH'feCK)'JO Mo.uenb onTHMH3aUHH pa3BHTHll 3HeprocHcTeMhI KOMm,JOTepHoro Ko,na TOBAS H HC­

XOJlHbte )laHHble Me)K,l{HCUHCTJIHHapHoro HCCJle,noBaIDUI M accal.fycercKoro TeXHOJIOrHLfeCKOro HHCTH'ryra. 
OnTHMaJibHall CTJ)yKT)'pa 513 npe)lCTaBJleHa B KOHKypeHUHH C yrOJlbHOH 3HepreTHKOH H 3HepreTHKOH Ha 

npHpOAHOM raJe. C,neJiaHa oueHKa BbtrOAHOCTH 3aMKttyrOro l!Aepttoro TOlliIHBHOro UliKJla (..sITI..D no KpHTe­
pHIO cyMMapHbIX npHBe,neHHbIX 3aTJ)aT Ha BCIO nporpaMMY pa3BHTHll 3HeproCHCTeMbl Ha 6eCKOHe'fHOM HH­

Tepsane IlJiaHHpOBaHHll. 
l6lTO'le6ble CJI06a: OnTHMaJlbHall CTpyKT)'pa, ll)lepHall 3HepreTHKa, 3HeprocHCTeMa, KOHKypeHTOCnoco6-

HOCTb, llAepHbie 3HepreTH'feCKHe ycTaHOBKH, ll)J.epHblH TOlliIHBHbIH l.(HKJl. 

Optimal Structure of Development of Nuclear Power in Russia. A. V. Klimenko, National Research 
Nuclear University "MEPh/", 31, Kashirskoe Sh. , Moscow, 115409. The calculations of optimal structure of 

development of nuclear power in Russia are carried out, using mathematical model of optimization of power 
system development of a computer code TOBAS and results of interdisciplinary Massachusetts Institute of 
Technology study. The optimal structure of nuclear power is submitted in a competition to coal and natural 
gas power. The advantage of the closed nuclear fuel cycle by criterion of the total discounted costs on an 

infinite interval of planning is evaluated. 
Key Words: Optimal Structure, Nuclear Power, Power System, Competitiveness, Nuclear Power 

Installations, Nuclear Fuel Cycle. 

3Ta CTaThH HBJUleTCH nepBOH s UHKJie 

"MaTeMan1qeCKM M0,D,eJib 0IITHMH3auHH 

:rneprocHCTeMbI H ee npHJIO)l(eHIDI"' C0CT0R­

meM H3 'leTb1pex CTaTeH. H rry6JIHKyeMhIX B 

)l(ypttane BAHT. Cep. <l>HJIU(a j{J{epm,ix peaK­

T0pos. BTOpM CTaThR IIOCBRIUeHa npHJI0)l(e­

HHRM - pacqernM KOHKypeHTOCIIOC06HOCTH 

j{J{epHhIX :mepreTHqecKHX ycTaH0BOK (.5I3Y) H 

oueHKe BhIT0,D,H0CTH 3aMKHYTOro .5ITI.I; ,D,JIR 

PoccHH. B TPeTheH CTaThe 6y,D,eT ,D,aHo MaTe­

Marw-i:ecKoe 0IIHCaHHe CHCTeMbI orpaHHqe­

HHH, nopo)l(,ll,aIOIIJ.eH IIp0CTPaHCTB0 ,ll,0ilYCTH­

MhIX IIJiaH0B B M0,D,eJlH pa3BHTHR :mepr0CHCTe­

Mhl. HaKoHeu, s lfeTBepTOH CTaThe npHB0,D,HT­

CR orrncaHHe <i>YHKUHOHana, II0,D,Jie)l(amero 

0IlTHMH3aUHH Ha MH0)l(eCTBe ,ll,0ilYCTHMhIX 

nnattos, H HHCTPYMeHT0B onTHMHJaUHH -

npHBe,D,eHHhIX npH6bIJIH, BblpyqKH, JaTPaT, ue­

HhI :meprHH, a TaK)l(e ,D,aeTCR pa60Tal01UHH an­

ropHTM 0IITHMH3aUHH Bblp0)l(,ll,eHHhIX 3a,D,alf 

60JI.hlli0H pa3MepH0CTH, K K0T0phlM OTH0CHTCR 

3a,D,aqa pa3BHTHH :mepr0CHCTeMbl. 

TaKHM o6pa30M, npe,D,II0JiaraeTC'1, 'ITO y 

tIHTaTeJIH nocne 0JHaK0MJieHHR C 3THM UHK­

Jl0M CTaTeH CJI0)KHTCH )].0B0JlhH0 II0JIH0e 

npe,D,CTaBJieHHe 0 KJiacce HapO,D,HOX03RHCTBeH­

HhIX 3a,D,aq 0IITHMH3aUHH )].Jlj{ npHHRTHR perne­

HHH 0 BB0,D,e B 3KCIIJiyaTaUHIO 3HepreTHtiec­

KHX ycTaHOBOK (3Y) H cpe,D,H HHX .5I3Y. 

Bse,!leHue 

B pa6oTe [ 1] C,D,eJiaH BhIB0,ll, 0 TOM, tIT0 Ha 

CB060,D,HOM pbIHKe 513 HeKOHKypeHTOCilOC06-

Ha B cpasHeHHH C 3HepreTHlfeCKHMH TeXH0JI0-

rHRMH Ha yrne H npHp0,D,H0M r aJe, T.e. CTOH­

M0CTh ee 3HeprHH BhIIIIe. KoHKypeHTOcnoco6-

HOH 0Ha CTaH0BHTCR, ecJIH yqeCTh rrnaTy 3a 

spe,D,Hbie Bh16pochI CO2 B pa3Mepe ~ $200 3a 

T0HHY BbI6pocos. IlpH 3T0M .5I3Y BhIT0,ll,H0 

rrpHMelUlTh B 0TKpbITOM 5ITI.I;. TaM )Ke pacqe­

TaMH IIOKaJaHa 6onee 'leM lfeTbipexKpaTHM 

3K0HQMHqecKM Bhlf0 ,D,a OT HCII0Jlh30BaHHR 

0TKpbIT0ro .5ITU: no cpasHeHHIO C 3aMKHYThlM 

( cpaBHHBaJIHCh T0ilJIHBHhie C0CTaBJlj{lOIIJ.He 

y,D,eJihHhIX pacqeTHhIX JaTPaT 3JieKTP0JHep­

nm). PacqeTbl BhIIl0JIHeHbl ,ll,JIR 
0

T1UaTeJThHO 

II0,D,r0TOBJieHHhIX HCX0.D.HhlX ,D,aHHhIX H npe,D,­

nonaraIOT sso,D, .5I9Y .n.o c epe.llHHhI XXI seKa, 

a ,D,aJiee paHee BBe,D,eHHbie M0IUH0CTH Bbipa6a-
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TbIBaIOT CBOH cpoK, TaK l.JTO HHTepBa.rr ITJiaHH­

poBamui: COCTaBJUleT OKOJlO 90 JieT. B pa6oTe 

OCTOpmKHO oroBapJrnaeTCR, lJTO 3TH BhIBO.Llhl 

c,ueJiaHhI ,unsr ycnoB11u pa.3BHTHR ClllA. 

Pa6oTa [ l] Ha.3BaHa, 11 no cym RBJIReTCR, 

Me)K,[{11CU11IlJIHHapHbIM HCCJieJJ,OBaHHeM, BhI­

IIOJIHeHHbIM 6onbllll1M KOJIJieKTHBOM 3KCrrep­

TOB ysa)KaeMoro B MHpOBOM HaYt.J:HOM coo6-

ruecTBe Maccat.J:yceTCKoro TexHonor11qecKoro 

HHCTl1TYTa. BhIBO.Llhl c,neJiaHbl cepbe3Hbie, a 

BhICOKHH Ha)'11Hblli npeCTIDK MaccaqyceTCKO­

ro TeXHOJior11qecKoro 11HCTl1TYTa 3acTaBJIReT 

BHl1MaTeJibHO OTHeCTl1Ch K 3TOH pa6oTe H ee 

BhlBO,[{aM. 

B 3TOH )Ke pa6oTe OTMet.J:aeTcsr, t.J:To B 6y­

.LlYIUeM CHTYaIIHR MO)KeT 113MeHl1ThCR Hac­

TOJihK0, T.e. M0rYT 113MeHHTl,CjJ HCX0.L{Hbie 

,naHHhie H ycoseprneHCTBOBaTbCJI Mo.n;emt: 11CC­

Jie,uoBaHIDI, qTo CTaHeT BhITOJJ,HhIM 3aMKHYThIH 

.51Tll,. OTMeqaeTCJI TaK)Ke, l.JTO He 6hIJIO rrpose­

,ueH0 Cl1CTeMHOH OilTHMH3aU1111, a see pacqeTbl 

BhIIIOJIHeHI,I no 6a.rraHCHhIM C00THOUieHIDIM 

(ypaBHeHl1JIM) .LlJIJI YM03p11TeJibHO nocrpoeH­

HhIX npas.n;ono.uo6m.IX cxeM .513 11 .51Tll,. 

Yt.J:HThIBM Ba)KHOCTh CJJ,eJJaHHhIX B (1] BhI­

B0.Ll0B, on.eHHM BhITOJJ,HOCTh .513 li 3aMKHYTOro 

51Tll, ,UJIJI Pocc1111, MaKCl1Ma.JlhHO 11CIIOJJh3YJI 

11CXO.n;Hble ,naHHhie pa60Thl [ 1] 11 np11MeHl1B 

MaTeMaT111:1eCKYIO MO,UeJih OilTl1Ml13aumi: 3Hep­

roc11cTeMbI [2]. 

1. HcXO,llHble ,llaHHble. 

OCHOBHbJe ,ll0nymeHHH u onpe,lleJieHHH 

B pacqernx cTpaTerni1: 3Heproc11cTeMh1 

Pocc1111 npHH11Ma.JIHCh CJie)lYIQIU11e 11CXO.LlHhie 

.uaHHh!e. 

1.1. HopMa oucKonmupoBaHuR u 

3cjHjJeKmUBHaR npotfeHmHaR cmaBKa 

CYIUeCTBOBaH11e mo6oi1: crpam,1 npe.u110-

naraeT nporH0311poBaH11e ee pa3B11Tl1Jl. Jbo-
6oi1: sap11aHT 11porno3a (npe.ucrnsneHIDI 06 113-

MeHeH1111 BO BpeMeHH) 3KOHOM11qecKOH )KH3Hl1 

CTpaHbI BKJIIO'faeT npe,unonaraeMbrn CIIl1C0K 

o6beKTOB (X03JIHCTBeHHbIX Meponp11fl11H) 11 

M0MeHThl 11X " BBO)la B 3KC1IJ1yaTau1110". EcJil1 

KaqecTso Bapmuna 11portto3a 011pe,ueJIJ1Th 3Ha­

tJeHHeM HeK0T0pOH BeJil1l.JHHhl (ueneBOH <l>YH­

KU1111, <PYHKD.110Ha.rra), TO cpaBHemre Bap11aH-
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TOB npe.unonaraeT 3HaHHe KpHTepIDI 0IITHMH-

3au1111 (MaKCHMH3aUH11 HJIH MHHHMH3au1111) 

<PYHKD.HOHa.rra. 

CaM <PYHKUHOHa.rr, OIIl1ChlBalOIUHH rrpor­

H03 BBO)la B 3KCITJiyaTaUHIO o6T,eKTOB B pa.3-

Hble MOMeHThl BpeMeH11, ,llOmKeH yq_HTbIBaTb 

ueHHOCTh caMoro BpeMeHH )lJIJI pa3BHTl1JI. 

,ll.pyrnMH CJJOBaMH, <PYHKUHOHaJJ ,UOJI)KeH C 

IIOMOIUhlO cpyttKUHH ueHHOCTH BpeMeHl1 o6ec­

net.J:HBaTb He TOJihKO COH3MepeHHe pa.3HOBpe­

MeHHbIX q>arcropoB, HO 11 HX 11p11Be)leH11e K o,u­

HOMY M0MeHTY BpeMeHlt: (Hanp11Mep, MOMeHTY 

Ha1:1a.rra HHTepBa.rra npOrH03HpOBaHID1.). 3TO 

o6ecnetJHBaeT COII0CTaBHMOCTh cpaBHl1Bae­

MhIX 3HaqeHHH q>yttKUHOHaJia pa3JIJ1qHhIX Ba­

pHaHT0B nporH03a . 

<l>yttKUHJI ueHHOCTH BpeMeHH Ofihl'IHO 

BKJIIOqaeT nepeMeHHYIO BO BpeMeHH HOpMy, 

Ha.3bIBaeMYIO HOpMOH p = p(t) .LlHCKOHTHp0-

Bamrn; caMy )Ke <l>YHKIJ.HIO ueHH0CTl1 BpeMeHH 

IIpHHJITO Ha.3bIBaTb cpyttKUHeH: Jl,HCKOHTHpOBa­

HIDI. HopMa .LlHCK0HTHp0BaHIDI. CJJ~HT O)lHHM 

113 Ba)KHeHIIIHX peryJIJ1TopoB 3KOHOM11qeCKHX 

11 cou11anhHhIX npoueccos s o6ruecTse. B pa3-

BHThIX CTpaHax cymecrnyeT Mexa.Hl13M OTCJie­

)Kl1Bamrn 3TOH BeJIHtJl1Hhl, HaIIpHMep, C IIO­

MOIUhIO yqeTHOH CTaBKH peq>HHaHC11pOBaHHJI 

ueHTpa.JJhHOrO 6aHKa. 

qeM 6onbIIIe 3HatJeHHe p, TeM 66nbIIIM 

.UOJIJI 6oraTCTBa o6mecTBa rrpoe,naeTCR 11 TeM 

MeHbIJiaJI TpaTl1TCJI Ha pa3Bl1Tl1e (11n11 6y,ny­

mee norpe6neH11e). Ecn11 uapo,nHoe X03RHCT­

BO pac110JiaraeT He60JJhilI11M KaTIHTa.JIOM, TO 

3anycK MexaHl13Ma ynpaBJJeHHJI 3KOHOMl1KOH, 

HanpaBneHttoro Ha rro.Ll,Llep)KaH11e HH3Koro 

3HatJeHIDI HOpMbI ,lll1CKOHT11pOBaHIDI, 11 c6a­

JiaHCHpOBaHHOe 3KOHOM11qec1<oe pa.3Bl1Tl1e 

o6ecnetJaT BhICOKHH ypoBeHh )KH3Hl1 1:IJieHOB 

o6ruecrna B 6y,uyrueM [3]. 
PerneH11e 3aJJ,atJH rrpOBO,Ul1JIOCh npH qeTbl­

pex 3Hat.JeHHJIX HOpMbI Jl,HCKOHTHpOBaHHJI: 

0,00; 0,05; 0,10 11 0, 15 ro,u-
1 

(11n11 0; 5; 10; 15 
% / ro.u), orpa)Ka10m11x pa.3HOe COCTOJIHHe 3KO­

HOMHKH. 

Ha3Hat.JeHHe p = 0_,00 ro,u-
1 

B O,llHOM 113 

pact.JeTHhIX Bap11aHTOB IIpO,Ul1KTOBaHO Teope­

TH'feCKHM HHTepecoM. B HaCTO.SO.Uee BpeMJI B 

MHpe pa.3pa.3HJICJI 3f\OHOMHt.JeCKHH KpH3HC. 

MHor11e crpaHhI EspOilhI, a TaK)Ke ClllA, cH11-

)Ka10T yqeTHYIO CTaBKY · pecl>HHa.HCHpoBaHl1JI 



> 

CBOHX uettrpam,HbIX 6aHKOB, OTBeTCTBeHHbIX 

3a BbIIIYCK rocyAapCTBeHHbIX ueHHblX 6j'Mar 

( ofol3aTeJibCTB) H npe)K)].e Bcero AeHe)l(HbIX 

3HaKOB, H TeM CaMbIM CHH)KaIQT rrpoKaTHYIO 

ueHy .netter. <I>e.nepanbHaJI pe3epBHaJ1 CHCTeMa 

ClllA ( 1rncTHhrn attanor ueHTJ)aJihHoro 6attKa 

B ClllA) JieToM 2009 r. o6MIBHJia o CHIDKemrn 

cBoew cTaBKH .no 0,5 % B ro.n, a EBponeikKHH 

ueHTJ)aJibHbIH 6aHK HaqaJI BbIAaBaTI, KpeAHTbl 

6aHKaM IIOA l % B ro.n. 

B [l] B KaqecTBe HOpMbl AHCKOHTHpOBa­

HHH npHMeHeHa 3cpcpeKTHBHaJI npoueHTHaJI 

CTaBKa Petr, Ha KOTOpyIO opHeHTHpOBaHa HX 

MeTO.UHKa aHaJIH3a .UJIH ycnoBHH CllIA. TipeA­

nonaraeTCH, ':ITO Alli!: CTJ)011TeJI1,CTBa, 3KCIIJiya­

TaD;lfH H BbIBOAa H3 3KCIIJiyaTaUHH mo6oro 

3HepreTHqecKoro o6neKTa C03AaeTCH aKn;HO­

HepHoe 06ll!eCTBO, H nporpaMMa q>HHaHCHp o­

BaHHH 3TOTO o6neKTa qacTH-i.rHO HCIIOJib3yeT 

6aHKOBCKHH 3aeM, a ocTaJibHYIO ee qacTb coc­

TaBllil:IOT cpeACTBa aKD;HOHepoB. 

B 3TOM cnyqae 3cpcpeKTHBHaJI rrpoueHTHaJI 

CTaBKa BbI'IHCJIHeTCH KaK Cj'MMa IIpOH3BeAe­

HHH rrpoueHTHOH CTaBKH 6aHKa (3aeMHoro Ka­

IIHTaJia) Ha ,llOJIIO 3aeMHoro KaIIHTaJia H CTaB­

KH O)KH,n:aeMoro AOXOAa aI<IlHOHepOB Ha ,llOJIIO 

aKn;HOHepHoro KaIIHTaJia. B AaJibHeiirneM H3-

JIO)KeHHH, rrpHHHMaJI TepMHHOJIOrHIO H JIOTHH­

KY [I], 6yAeM IIOJib30BaTbCH CJie.UyIOlllHM rpy-

6hIM .nonymeHHeM: AHCKOHTHpOBaHHe BCex 

cpaKTopoB 3aAaqH (3arpaT Bcex BHAOB, Bhmyc­

KOB rrpOAyKIJ;HH H T . .n.) npOH3BeAeM no CTaBKe 

p(t) = Peff(t). 
TaKHM o6pa30M, BKJIIQqaH B aHaJIH3 3Ha­

lJeHHe p = 0,00 ro.n-
1 

cpe.nH rrpo~rnx, MO)KHO 

Ha.neHTbCH Ha ycTaHOBJieHHe TeH.neHI{HH IIOBe­

.neHHR OIITHMaJihHOro IIJiaHa 3HeprocHCTeMbI. 

1.2. l1Hmep6a.Jl nJlaHUp06QHUR 

HcTHHHbIH OIITHMaJihHhIH IIJiaH .UHHaMH­

'IeCKOH OIITHMH3aUHOHHOH 3a,n:a1JH rronyqaeT­

CH, KOrAa B HHTepBaJie (0, 7) IIJiaHHpOBaHHR 

era .nmneJibHOCTb T = + 00. TipH perneHHH Ta­

KHX 3a,n:aq q11cJieHHbIMH MeTO.UaMH OCb BpeMe­

HH IIpHXOAHTCH pa36HBaTI, Ha IIOAbIHTepBaJihl 

H .UJIH Ka)K)],oro IIOAbIHTepBaJia 3aIIHCbIBaTb 

CHCTeMy OrpaHUIJeHHH, CBH3bIBaH 3TH IIO.UbIH­

TepBaJihHhle CHCTeMhI ycJIOBHRMH Ha rpaHH­

u;ax IIO.UhIHTepBaJIOB. qT06bI rrpH6JIH3HTbCH K 

npaBHJibHOMY perneHUIO 3aAalfH qJ,JCJIO no.n-

bIHTepBaJIOB BpeMeHH rrpHXOAHTC». yseJIHqH­

BaTb, H3-3a t.Jero pa3MepHOCTb 3a,n:a1IH pacTeT 

He Mettee IJeM 3KCIIOHeHUHaJihHO. 

3a,n:at.Ja nonyqaeTCH 60JiblllOH pa3MepHOC­

TH H Bh13bIBaeT cepbe3Hble TPY.UHOCTH rrpH ee 

peweHHH (AO CHX rrop HeT 3cpcpeKTl1BHblX Me­

TO.UOB perneHHH CHJibHO BblpO)K,lleHl-IbIX OIITH­

MJBaUHOHHbIX 3a,n:aq 6oJibllIOH pa3MepHOCTH, 

K KOTOpbIM OTHOCHTCH 3a.naq11 OOTHMaJibHOro 

rrnatt11p0Bamrn Hapo.nttoro xo3Aficrna). 3rn 
rro6~aeT HCCJie,n:oBaTeJieH CHH)KaTh 'IHCJIO 

IIO.UbIHTepBaJIOB BpeMeHH, a BMecTe C HHM 

j'MeHhlllaTb .UJIHTeJibHOCTb T HHTepBaJia IIJia­

HHpOBaHH.Sl. Tiocne,n;Hee ynpoll!eHHe rrpHBOJlHT 

K TOMY, qTo IIOJiyqeHHOe perneHHe CHJibHO OT­

JIH1-IaeTCH OT OIITHMaJihHOro. 

TI03TOMY 60JihllIOH HHTepBaJI IIJiaHHp oBa­

HHH HBJIHeTCH Heo6xo,n:HMbIM rpe6oBaHHeM 

,llHHaMH~eCKHX OIITHMH3aUHOHHblX 3a,n:aq IIJia­

HHpOBaHIDI. CymecTByeT MHHHMaJibHOe rpa­

HHqHoe 3HaqeHHe .UJIHTeJihHOCTH T HHTepBaJia 

IIJiaHHpOBamrn, MeHbllle KOToporo peIIIeHHe 

JlHHaMHlfeCKOH OIITHMH3au1mHHOH 3a,IJ;a'IJH 6y­

]leT HCKa)KeHo. KaK I10Ka3aHo B [3], eCJIH H)l)K­

HO noJiyqHTb OIITHMaJibHOe perneHHe Ha 6JIH­

)KaHUJee 6yJlymee, TO HHTepBaJI JIJiaHHpOBa­

HJUI CJie]lyeT BbI6HpaTh H3 COOTHOIIleHml pT ~ 
?. 6 ... 7. 

qTOfibI YllOBJieTBOpHTb 3TOMY COOTHOllle­

HHIO .llJl.Sl 3HaqeHH.Sl HOpMhl .UHCKOHTHpOBaHHR 

(H 3cpcpeKTHBHOH rrpoueHTHOH CTaBKH Petr), 
paBHOro 0,05 roll- I, HHTepBaJI T .llOJI)KeH 6hITb 

He MeHee 125 ... 140 JieT. 0rrTHMH3aUHH npH 

3Ha'IJHTeJibHO MeHbllleM T .nacT perneHHe, KO­

TOpoe 6y,neT CHJihHO OTJIHlfaTbCH OT OIITH­

MaJibHOro [3] )!)Ke Ha Ha'IaJibHOM yqacTKe HH­

TepBaJia IIJiaHHpOBaHH.Sl, HanpHMep, Ha nep­

BbIX 10 ... 20 ro.nax. TaK, rrpu pT= 3 . .. 3,5 3Ha­

qemrn napaMeTJ)OB Ha nepBOM IIO.UbIHTepBaJie 

HCKa)KaIOTCH B ,n;Ba H 6onee pa3, B CBH3H C IJeM 

npHHHThie B npaKTHKe HallleH crpaHhl HHTep­

BaJihl IIJiaHHpOBaH.HH JlJIHHOH BCero JIHIIIb B 20 
HJIH .na)Ke 30 neT Bbl3bIBalOT 60JibIIlyIO rpeBO­

ry 3a HX HayqHYIO o6ocHOBaHHOCTh. Bo H36e­

)KaHHe 3TOTO B pacqeTax HHTepsan IIJlaHHpO­

Bamrn npHIDIT paBHbIM 150 roA aM. 

Heonpe.neneHHOCTh .naneKoro 6y.nymero 

BemiKa. ,nJul 60JihlllHX HHTepBaJIOB nnaHHpO­

BaHHH BJIHHHHe 3TOH Heoripe.neneHHOCTH CHH­

)KaeTC.Sl, TaK KaK Bee cpaKTOpbI, BXOJl.SlIUHe B 
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cpyttKUHOHaJI, y'MH0)l<alOTC.H Ha <pyttKUHIO .!lHC­
K0HTHpOBamrn. IlpH 60JJbIIJHX BpeMeHax t 
3Ha4eHmI <pyttKUHH .!lHCK0RTHp0BaIDUI MaJlbI H 
.uo6aBKH "6y.rcymHX rrepHO.!lOB" B <pyttKUHOHaJI 
HeBeJJHKH. Mbl M0)l<eM oum6HTbC.H B orrpe.ue­
JJeHHH rrnaH0B Ha da;zeKoe 6y.uymee, HO ero 
cne.uyeT yqecTh B mo6oM BH.Ue, 4T06hI rrpa­
BHJJhH0 orrpe.nenHTh Harue 6Ru:J1CauU1ee 6y.uy­
mee. IlocTyrrHT H0Ba.H HH<pOpMaUH.H 0 6y.uy­
meM li Mhl CM0)l<eM CK0ppeKTHpoBaTb Harne 
6JJH)l<aarnee 6y.uymee c yqeT0M )')Ke rroc-rpo­
eHHoro HacTomuero. 

KoHe'IHO, .!lJlHHhl 3T0ro HHTepBaJia B 150 
JJeT Re.U0CTaT0tIH0 .UJJ.H pacqeT0B ITO CTaBKe p 

= 0,00 ro.u- 1, T.e. 6e3 .!lHCKOHTHpOBaHH.H. IlpH 
3TOM HHTerpaJibl B cpyttKUHOHaJJe rrpH r - + 00 

CTaH0B.HTC.H Heco6cTBeHfilIMH II pacxo.zurmH­
MHC.H, ecmi: BepXHHH rrpe.rcen HX HcKyccTBeHH0 
He orpaHHtIHTh. IlOHHMaR BCIO ycJJ0BH0CTh 

pac'-leT0B IIO CTaBKe p = 0,00 ro.u- 1, HHTepBaJI 
1rnamrpOBaHH.H B 3T0M crryqae TaK)l<e rrpHH.HT 
paBHhIM 150 ro.uaM. 

B pacqeTax yqTeHa ::mepreTHtieCKa.H rrpe.u­
hICT0pH.H .uo Haqana HHTepBana IJJJaHHpoBa­

HH.H, T.e. Ha HHTepBaJie (- oo, 0). 

1.3. 3Hep2ocucmeMa u cnpoc Ha 3Hep2wo 
Ilo.u 3HepreTHtieCKOH CHCTeMOH 6y.ueM 

IJ0HHMaTh :rneproCHCTeMy llJiaHeTbI JJH6o K0H­
THHeHTa, JJH60 rpyrrnhI c-rpaH, JJH6o CTpaHhI, 
m160 o6nacTH c-rpaHhI, JJH6o paitoHa o6nacTH, 
JJH6o 0.!lHY 3Heprorrnoma.ZlKy, Ha Kornpoi-i pa3-
MemeHhI 3Hepro6JJOKH, HJJH .ua)l<e 0.UHH 3Hep­
ro6rroK. 

CueHapHH rno6aJJbHOro pa3BHTH.H MHpo­
BOH 3HepreTHKH o6hl'IHO OCHOBbIBaIOTC.H Ha 
.!lHHaMHKe MHp0B0ro 3Heprono-rpe6JJeHHR. He­
K0T0phie HCCJJe.U0BaHH.H [ 4 ... 7] pactIJleH.HIOT 
MHp Ha reorpacpHtieCKHe pern0Hhl (CeBepHa.H 
AMepHKa, JlaTHHCKa.H AMepHKa, 3ana.rcHa.H EB­
pona, BocTO'-IHa.H EBporra, AcppHKa, bJJH)KHRH 
BocToK H Cay,uoBcKa.H ApaBH.H, A3HaTcKo-TH­
xooKeaHCKHH pernoH), npornoJnpyroT TeMnhI 
poem HaceneHH.H B HHX, y.!leJJhHoe rro-rpe6ne­
HHe 3JJeKTp03HeprHH Ha nyrny HaceneHH.H H 
TaKHM o6pa30M BhIX0)lRT Ha CYMMapH0e rro­
-rpe6neHHe 3JJeKTp03HeprHH no pernoHaM H 
MHpy. 3TH oueHKH rrpe.urrorrararoT .IIJJR 2050 r . 
CYMMapHoe HaceneHHe no BCeM perH0HaM OT 
8, 7 .!l0 11 ,3 MJJP.!l- qeJJ0BeK H MHHHMaJlhH)'IO 
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IJOTpe6HOCTh B rrepBHtIH0H :rneprHH B pa3HhIX 
BapHaHTaX pa3BHTH.H OT 690 no 1 407 3)1,)K, a 

.!lJl.H 2100 r. - C00TBeTCTBeHH0 OT 7 .110 15 
MJJp,Zl. qeJJ0BeK H 827 ... 2 228 3)1,)K . 

B HaCTO.HIUeM HCCJJe.UOBaHHH ,UJJ.H PocCHH 

H CTpau, Ky.Ila Moryr 6bITh rrp0.!laHhl ee 3Hep­
rH.H H 3HeprorrpOH3BO.!l.Hllla.H rrponyKUH.H, T.e. 

.!lJl.H :mepreTH'-lecKoro phrnKa Poccm1, B3.HTa 
O)lHa H3 nocne,nHHX H, no MHeHHIO aBTOpa, cy­

mecTBeHHhIX 3KCIIepTHhIX oueH0K [ 1 ], K0T0-
pa.H KpHTHqecKH aHaJIH3HpOBaJia cpe,UH npo­

'-IHX H 3KcnepTHhie oueHKH MAr AT3. B ee 
OCHOBe JJe)KaT MHpOBa.H .UHHaMHKa H ycJJOBHOe 

pacqneHeHHe MHpa Ha aHcaM6JJH c-rpaH no 

CTeneHH HX pa3BHTOCTH (1 - pa3BHTbie c-rpa­

HhI; 2 - c-rpaHhI, K0TOpb1e BO BpeMetta CCCP 
BX0.!lHJJH B CoBeT 3KOHOMH4eCKOH B3aHMorro­

MOIUH (C3B); 3 - HaH6onee pa3BHTbie c-rpaHhI 
H3 ~rncna pa3BHBaIOlllHXC.H c-rpaH; 4 - MeHee 
pa3BHTbie c-rpaHbI H3 'IHCJJa pa3BHBaIOIUHXC.H 

c-rpaH; 5 - HaHMeHee pa3BHTbie c-rpaHhI). 
3Ta oueHI<a npe.[(rronaraeT, '-ITO .!l0 2050 r. 

pa3BHTbie CTpaHhI H c-rpaHhl, BX0,uHBIIIHe B 
C3B, nponoJJ)KaT TeH.rceHUHIO YMepeHHoro (He 
6onee 1 % B ro.!l) YBeJJHtieHH.H HCIJ0Jih30BaHH.H 
3JJeKTp03HeprHH Ha .!lYllIY HaceneHH.H, a pa3-
BHBaIOmHeCR c-rpaHbI rrpH6JJ.H3.HTC.H K OTMeTKe 

s 4 000 KBT·tiaC Ha qeJJ0BCKa s ro,[( (ecJJH ,[(0C­
TH)l<eHHe ee .UJJ.H HHX BOo6me B03MO)KH0). )J,JI.H 
2050 r. CYMMapHoe MHpoaoe no-rpe6neaHe 
3JleKTp03HeprHH oueHHBaeTC.H BeJJH4HHOH 39 
000 TBT·'-lac. 

)J,JJ.H onpe,ueneHH0CTH 6y.neM C'-IHTaTh 
3HeprorrpOH3BO.IIRIUHM pbIHKOM (3HeprOCHCTe­

MOH) PocCHH TaKOH pbIHOK, KOTOpbIH BKJJIO'la­

eT rro-rpe6HOCTH H B03M0)KHOCTH He T0JlhK0 
PocCHH, HO H c-rpaH, K0T0pbie BO BpeMeHa 
CCCP BX0.UHJJH B C3B, a TaK)Ke qacTh no­
-rpe6HocTeii a3HaTCKHX c-rpaH. 

Heorrpe.rceneHHOCTh .naHH1>IX o cnpoce Ha 
3HeprHIO B HaCTO.HIUHX pacqeTax 3a,UaBaJiaCh 

HHTepBaJJhH0 [8, 9]. OroioH rpaHHUeH :noro 
HHTepBana KBJJ.HeTC.H HanpR)l<eHHOe pa3BHTHe 

HapO.!lHOro X03fflCTBa, COOTBeTCTB)'IOIIIee 

aepxHeMy yp0BHIO (BY) cnpoca Ha 3HeprnIO, 
.upyroii rpaHHUeH - CIIOKOHHOe (H )la)l<e Me.U­
JJeHHoe) pa3BHTHe, COOTBeTCTB)'IOIIIee HH)l<­

HeMy yp0BHIO (HY). BY. H HY cnpocos Ha 
3HeprHIO scex BH.!lOB npHBe.rcem,1 K 3KBHBa-
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neHTHblM yp0BHJIM cnpoca Ha 3JieKTJ)0-

3Hepnuo. 
Ilp1-1MeH.sui: 3KClICpTHyK> ou.eHKY [1], B 

Ta6n. 1 .uaH o6rn.HH crrpoc Ha 3Heprmo B cooT­
BeTCTBHH C Bbllil(!np11Be.ueHHbIMH .uonymeHH.SI­
MH, a B Ta6n. 2 - cnpoc Ha 3Heprmo, KOTOpblH 
M0)KeT 6bITb Yl~0BJieTBopeH 3a cqeT pa3BHTH.SI 
.sr,uepH0f0 T0ilJIHBH0-3HepreTHqecK0fO KOMIT­
neKca. 3a "ttyneBoii" ro.u npHH.SIT 2000-H ro,u. 
)];e-ranbH0e npe.ucTasneHHe cnpoca Ha 3Hep­
rHIO, HCTI0Jlh30BaHH0e B pacqe-rax, .uaH0 Ha 
pHC. 1. 

T a 6 JI a u a 1. Cnpoc Ha 3Hepnuo, 
npoH3BOJJ.HMYIO 3HepronpOH380)].llll{HM pblHKOM 

Pocc»», TBT·'iaC 

~ HY BY 
y 

0 1 202 1 202 
50 I 598 I 598 

100 I 598 2 635 

150 I 598 2 635 

T a 6 JI H u a 2. Cnpoc Ha 3Heprmo, 
bIHKOM 513 Pocc1rn, TBT·tJac 

B roJJ.Y 
HY BY 

0 213 213 

50 433 677 

100 714 1 116 

150 714 1 116 

0,35 

0.3 

0.25 

0,2 

0, 15 

0,1 

0,05 

O· 

TBT•ro.n 

X 

-5 0 10 20 30 40 50 60 70 80 90 100 

PHc. I. Cnpoc Ha :meprosupa6oTKY JJ.Jill PoccH11: 
a) cyMMapHbIH BY cnpoc:i; 6) cyMMapHblH HY 
cnpoca; B) BY cnpoca JlJlll 513; r) HY cnpoca JlJlll 
513 

1.4. Pecypcbz nepBU'IHblX ::mepzoucmo'lHUKOB 

11HTerpanbHa.SI ouettKa 3anacoB TPa.uHUH­
OHHhIX nepBffqtthJX H3BJieKaeMbIX T0TIJIHBHhlX 
pecypcoB ,llJI.SI PoCCHH B3.SITa 113 [ 10] H .uatta B 
rn6n. 3. OuettKa 3arracos ypatta .un.sr PoccHH 
B3.SITa H3 pa60Thl [11] H CBe)J,eHa B T36JI. 4. 

T a 6 JJ H u a 3. OueHKa TP8JJ.H'-lHOHHbIX 
nepBH"IHblX ITTBJieKaeMbfX TOITJlliBHblX pecypcoB 
JlJlll Pocc1111, fT H.3. 

BHJJ. TOnJI»Ba 
PaJBeJJ.aHHbie TipOfH03HpyeMble 

3anacbI 3anacbI 

Yronb 12 1 894 

Cb1paS1 Heq>Tb » 
raJOBbIH 45 62 

KOHJJ.eHCaT 
no11oOJJ.HblH r33 40 200 

Ta 6 JI Hu a 4. 3anaCbl P<l> no ypaHOBblM pecypcaM B 3aJie)KaX (B TOHHax npHpOJJ.HOr0 ypaHa) 

KaTeropHll 3aJie)KeH ypaHa CTOHMOCTb JJ.06bl\Jl1 1 Kr npHpOLlHOrO ypaHa, $ 

no KJiaccHcb»KaUHH MArAT3•1
> <40 < 80 < 130 

RAR 66 100 145 000 HeT JJ.aHHbIX 

EAR-I 17 200 36 500 HeT JJ.3HHbIX 

EAR-II 0 56 300 104 500 
SR·~, HeT J].aHHbfX HeT )].aHHblX 550 000 

•I) KaTerop11» 3aJie)KeH ypaHa no KJ1acc»cjl11Kau1111 MAr A T3: 
I. RAR (Reasonable Assured Resources) - 3anachI ypaHa oueH»BatOTCll no xapaKTep11cTHKaM o6p33UOB H 
napaMeTPaM nJiaCTOB 3aneraHHl1 ypaHa. 8bICOK3ll CTeneHb Ha.l].e)KHOCTH oueHOK. 
2. EAR-I (Estimated Additional Resources - Category I) - JJ.OnonHHTeJibHbie 3anacbI ypaHa, oueHHBaeMbie no 
HMelOll{HMCll HJIH nOXO)KHM o6p33UaM. Mettee Ha)].e)l(HaSI CTeneHb oueHKH, t:teM RAR. 
3. EAR-II (Estimated Additional Resources - Category II) - nonontt11TeJibHbIe npeJJ.nonaraeMbie 3anacb1, 
oueHeHHb1e rnaBHblM o6p330M no TeH)].eHUH.l!M H xapaKTepHCTHKaM nOJJ.06HblX, xopowo H3BeCTHblX 

3aJierattHH. Eme MeHhWal! cTeneHb Ha)].e)KHOCTH oueH0K, t:teM EAR-I. 
4. SR (Speculative Resources) - B JJ.0nonHeHHe K npeJJ.bIJJ.Ymeii KaTerop1111 EAR-II npe,D.nonaraeTcll, t:tT0 3TH 
3anaCbl ypaHa cymecTBylOT rnaBHblM o6p330M Ha 633e K0CBeHHblX CBHJJ.eTeJibCTB 11 reOJIOrH4eCKHX 3KCTpa-
nOJil!UHH. 
•2) I3 KaTeropHH SR YK33aHO JJ.0ITOJIHHTeJibH0 450 000 T np»p0JJ.H0r0 ypaHa 6e3 onpe.n,eneHHSI CTOHM0CTH 

JJ.06b1t:t11. 
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KpoMe Toro, K 3anacaM yprurn .n;mr Hy)K,n; 

.5!3 6e3 onpe.n;eJieHH.sr CTOHMOCTH OTHeCeHhl 

500 T BblCOK006orarneHHOro op~eHHOro 

ypaHa, a TaK)Ke 300 000 T OTBaJihHOfO ypaHa c 

KOHUeHTpauHeH 0,36 % ypaHa-235, HaKOI1JieH­

HhIX ,llO Haqana HHTepsana nJiaHHpOBaHH.sr [8]. 
3anac1,1 xpaIDillleroc.sr nnyTOHH.sr ( op~eiiHoro 

Ha TOnJIHBHhIX c6opKax), ,llOCTynHoro PocCHH 

,llO HatJana HHTepsana nJiaHHpOBaHJUI, npHHH­

Ma.JIHCh paBHhIMH 200 T [12, 13]. 

TepMHH "3arrac1:,1" OTHOCHTC.SI K H3BeCT­

HblM ycJIOBHhIM pecypcaM, KOTOphle MOfyT 

6hITh H3BJ1eqem1 C IlpHMeHeHHeM cyrnecTByro­

w.eii TeXHOJIOfHH B COBpeMeHHhIX 3KOHOMHtJe­

CKHX ycJIOBH.SIX npH pa3JIHtJHOH CTOHMOCTH H3-

BJieqeHJI.SI. 3aMhIKa10meii TeXHonorHeii .n;o61:,1-

1IB ypatta B pacqeTax npHHHMaJiaCh TeXH0JI0-

rH.sr ero .n:061:,iqH H3 BO,llhI MHposoro oKeaHa no 

IIeHe OT 500 ,llO 1000 $/Kr . 

1.5. CmoUMocmu nepeOeJ1oe JITI{ 
B Ta6JI. 5 npHBe,UeHhl CTOHMOCTH nepe.n;e­

JIOB .5ITU:, oueHeHHbi e B pa6oTe [ 1] B ,llOJIJia­

pax CWA 2002 r. 3TH .n;aHHhie 6panHch 3a oc­

HOBY B pacqernx. O.n;HaKO, nOCKOJlhKY MROrHe 

nepe,n;eJihl B HaCTOSIIUHX pactJeTax OnTHMH3H­

po1:!aJIHCb, TO HeT Heo6XO,llHMOCTH npHHHMaTh 

3a HCTHHY BCe CHJlhHO ynpomeHHbie <pHKCHpo­

BaHHhie 3HatJeHH.sr CTOHMOCTeH Ta6n. 5. Ha­

npaMep, HeT CMhlCJia HCnOJih30BaTh CTaTblO 

"3aKynKa py.n;hl" no u;eHe 30 $/Kr npHpo.n;Horo 

ypatta, eCJIH B pacqerax onTHMH3aUHOHHa.SI 3a­

,naqa caMa onpe.nen.srer TeMII .n;o6hltJH py.n;1,1 

(T.e. nOT0KH .uo6bl'-IH npHp0,llH0ro ypaHa) IIpH 

T a 6 JI e n a 5. CrnHMOCTb nepe.LI.enos .ll.J1ll O.LI.HOKparnoro JI.TU H 51TU c nosTopHbIM HCnOJih30BaHHeM 
rnnJIHBa (MOX-rnnmrna) 
CocTaBJilllOLIJ.al! OECD/NEA DOEGEN-IV .. l Fetter, Bunn, HaHJI}"-IWHe peKo-
CTOHMOCTH (2002)*) Holdren ... > MeH.LI.au:1u1 [ 1] 
3aKynKa PY.LI.bl, 20-30-40 .... ) 20-30-80 33 30 $/Kr 
Ilepepa6oTKa 

3-5-7 3-5-8 4-6-8 8 
DY.LI.bl, $/Kr 
l13oTonttoe 
o6oraw.eHHe, 50-80-110 50-80-120 50-100-150 100 
$/KrEPP 
113roTOBJieHHe 
ypaHOBOfO Ton-

200-250-300 200-250-350 150-250-350 275 
JIHBa (UOX), $/Kr 
TM 
XpaHeHHe H 3axo- 0-150-300 
poHeHHe ORT, 410-530-650 2 10-4 10-640 (60JibWe, lfeM .ll.J1ll 400 
$/KrTM BAO) 
Ilepepa6oTKa 
UOX-TOnJIHBa, 700-800-900 500-800-1 100 500-1000-1 600 1000 
$/KrTM 
Ilepepa6oTKa 
MOX-TonnHsa, 700-800-900 500-800-1 100 - -
$/KrTM 
XpaHem1e H 3axo- 0-150-300 
pOHeHHe BAO, 63-72-81 80-200-310 (MeHbWe, lfeM .ll.Jlll 300 
$/KrTM O51T) 
l13fOTOBJJeHHe 
MOX-TonJIHBa, 900- 1 100- 1 300 600-1 I 00-1 750 700- 1 500-2 300 1 500 
$/KrTM 

•ioECD/NEA, Accelerator-riven Systems and Fast Reactors m Advanced Nuclear Fuel Cycles, 2002 . 
.. >DOE, Generation 4 Roadmap - Report of the Fuel Cycle Crosscut Group, 200 I . 
... )Fetter, Bunn, Holdren. The Economics of Reprocessing vs. Direct Disposal of Spent Nuclear Fuel, 1999. 
··••) 

Jlesoe 3Halfem1e seJIHlfHHbI 03HalfaeT HIDKHIOIO rpaHHIJ:Y, npasoe - sepXHIOIO, cpe.LJ.Hee - npoMe-
)l(YTOYHoe 3HalfeHHe Me)l(.LJ.y HH)l(HJ,IM H sepXHHM r paHHlfHblMH 3HalfeHH51MH. 
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-
)')Ke 3a.[laHHbIX ycnoa11:s1MH 3a,ua•n1 3anacax 

npHpo,rurnro ypaHa no CTOHMOCTHl>IM KaTero­

pIDIM (Ta6n. 4). Bee )Ke ,umI onpe,ueneHHOCTH 

H o6IUHOCTH npHBe,UeM 3TY Ta6nmzy. 

1.6. 3Hep2emu11ecKue mexHoJZ02uu u y11acmue 

ux 6 noKpbzmuu cnpoca Ha :mep206bzpa6omKy 

3ttepreTH'-leCKHe TeXHOJIOfHH, yqacTByro­

ruHe B IlOKpbITHH cnpoca Ha 3JieKTP03Heprmo, 

npe,ucrnBnmoT co6oi1 H,uepHbie 3HeproTexHo­

norHH, a TaK)Ke 3HeproTexttonorHH Ha opraHH­

qecKoM T0IIJIHBe: yrne H npHpO,UH0M ra3e. 

ll!HpoKHH cneKTP 3HeproHcTOqHHK0B (HecpTb, 

fH,Up03HeprnH, C0JIHeqHaH 3HeprHH, BeTP0BaJI 

H T.,u.) s HaCTOJIIIleH pa6oTe, KaK H s pa6oTe 

[l], He paccMaTPHBaJICH, II0CK0JibKY uenb -

Il0Ka3aTb, HaCK0JibK0 Bbir0,UHbl 3aMKHYThIH 

51:TU H opHeHTHpoBaHHhie Ha ero HCII0JI1>30-

BaHHe 513Y, T.e. mc cnoco6HOCTb KOHKypHpo­

BaTb He T0JibK0 c .upyrnMH 513Y OTKpbITOro 

5ITU. HOH c Tpa.UHUH0HHhIMH 3Y. 

B rn6n. 6 rrpHBe,ueHbl TeXHHK0-3K0H0MH­

qecKHe xapaKTepHCTHKH 5I3Y, a B Ta6n. 7 -
yronhHhIX 3Y H 3Y tta npHp0.UH0M ra3e. B 
Ta6JI. 8 ,uaHbl o6mHe <pH3HKO-TeXHH'-1.eCKJ•ie xa­

paKTepHCTHKH 5I3Y, a B Ta6JI. 9 - xapaKTe­

pHCTHKH TOIIJIHBHbIX UHKJI0B peaKTOp0B 5I3Y 

,UJIH pac'IeTHbIX aapHaHT0B, T.e. sapHaHTOB C 

cymecTB)'IOIUHMH 3Y, cpe,uH K0T0pbIX 5I3Y c 

JI,UepHbIMH peaKTopaMH THna: 

• PEMK-3-l000(U-Pu)- ypaH-ITJIYTOHHe­

BbIH KaHaJibHblli peaKTop ,UJIH pa60Thl B 3aMK­

HYTOM 5ITU; 

• BB3P-O-1 000(U) - ypaHOBhrn so,D;o-so,uH­

HOH 3HepreTH'IeCKHH peaKTop ,UJIH pa60Tbl B 

OTKpbITOM 5ITU; 

T 6 a JJHUa 6 T eXHHK0-3K0H0MH-iJeCKHe xapaKTepHCTHKH R3Y 

JI3Y PEMK-3- BB3P-O- BB3P-3- EH-3-

TTapaMeTp 1000 (U-Pu) 1000 (U) 1000 (U-Pu) 800 (U-Pu) 

I. YposeHb HH(pJU!UHH, % 0 0 0 0 

2. YtteTHrui 6aHKOBCKrui CTaBKa, % Iron, npw 

Perr= 0 0,0 0,0 0,0 0,0 

Petr= 5 5,0 5,0 5,0 5,0 

Perr = IO 10,0 10,0 10,0 10,0 

Petr = 15 15,0 15,0 15,0 15,0 
3. O)KHJ.I.aeMa.ll Jl.0X0Jl.H0CTb Jl.Jl,Sl aKUH0Hepa, % / roJ.I., npH: 

Perr = 0 0,0 0,0 0,0 0,0 

Petr = 5 5,0 5,0 5,0 5,0 

Petr= 10 10,0 I 0,0 10,0 10,0 

Perr= 15 15,0 15,0 15,0 15,0 

4. OTttowettHe 3aeMHOro KanHTana 
50/50 50/50 50/50 50/50 

K aKUH0HepH0MY 

5. CpoK B03BpaTa 3aeMHoro 
10 10 10 10 

KanHTana, neT 

6. CpoK cny)l(6b1 3Y, IIeT 40 40 40 40 

7. Y.D.eIIbHblH pacxo,D. TonnHsa, 

r H.3. ' l/(KBT(3 )-ttac) 
- - - -

8. CTOHMOCTb I KBT 

ycTattosneHHOH 3JieKTpHtteCKOH 2 000 2 000 2 000 2 000 
M0[UH0CTH 6e3 npoueHT0B, $ 
9. TTpO,D.OJl)KHTeJibHOCTb 

5 5 5 5 
CTP0HTeJibCTBa, neT 

I 0. TTepHO.D. nocne CTP0HTeJibCTBa - - - -

11. AMopTH3auHoHHblH ycKopeH- ycKopeH- ycKopeH- ycKopeH-

pernaMeHT, IIeT HbIH, 15 HblH, 15 HblH, 15 HblH, 15 

12. MoJ1epHH3aUH.ll: 

,D.0II.ll 3aTpaT, % 20 20 20 20 

speMeHH0H nepH0.D., ttepe3 Ka)l(Jl.ble 20 JieT 20 JleT 20 IleT 20 JieT 
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T a 6 JI u u a 6. OKOHlfaHHe 
I 3. ,ll;oJIJI 3a-rpaT Ha CHnHe C 

17,5 I 7,5 17,5 17,5 3KCilJIVaTaLU1H, % 
14. ITp11pOCTHble KanHTaJJbHhle 

20 20 20 20 3aTpaThl, $!( i<llr( 3 )-4ac) 
15. IToKynttrui uetta TOrurnsa, 
$/Ttt.3. 

- - - -

16. 3cKanauHJ1 (TcMn pocTa) 
0 0 0 0 CTOHM0CTH T0flJJ HBa, % 

I 7. C6op Ha .sr.D.epHbie 0TX0.lJ.hl, 
c$ .. >/(KBT(3 )·lJac) 0, l 0, I 0, l 0, 1 

18. <l>HKCHpOBfillHbie 3aTpaTbl Ha 
3KCruryaTaUHIO H TeXHH'•leCK0e 

63 63 63 63 o6CJJ}')KHBaHHe, 
$/(KBT(3)lro.D.) 
19. ITepeMeHHhle 3aTpaTbI Ha 3KC-
ruryaTaumo H: TeXHJ,fqecKoe 06- 0,047 0,047 0,047 0,047 
CJTY)KHBaHH:e, c$/( K BT( 3 )-4ac) 
20. 3cKanautt.sr (TeMn poem) 
paCX0,ll.08 Ha 3KC[lJJyaTaUHIO 11 0 0 0 0 
TeXHHlJeCKOe o6CJTV)l(HBaHHe, % 
21. O[lJJaTa ymep6a OT 
e,ll.HHHlJHOH asapHH C nOJJHOH 20 20 20 20 
noTepeH TenJJ0H0CHTCJJ.sr, I'$ 
· J .. ) . r H.3. - rpaMMhl Hecjns1Horo 3KBHBaJJeHTa, c$ - ueHThl .D.0JJJJapa CWA 

T 6 a JIHQa 7 T . exHHK0-3KOHOMHlJCCKHe xapaKTePHCTHKH TJ)a,ll.HUHOHHblX 3Y 

~ 3Y-Yl 3Y-Y2 3Y-fl 3Y-r2 
eT 

I. Ypose11b HHcbn.sru.1:rn, % 0 0 0 0 
2. Ylfen1rui 6aHKOBCKrul CTaBKa, % /ro,ll., npH: 

Deff = 0 0,0 0,0 0,0 0,0 
Perr= 5 5,0 5,0 5,0 5,0 

Peff = 10 10,0 10,0 10,0 10,0 
Derr= 15 15,0 15,0 15,0 15,0 

3. O)1(1.f.llaeMrui )l0X0)lHOCTb ,ll.JJ.sr aKUH0Hepa, % I ron, IlPH: 

Derr = 0 0,0 0,0 0,0 0,0 
Peff= 5 5,0 5,0 5,0 5,0 

Peff = 10 10,0 10,0 10,0 10,0 
Detr = 15 I 5,0 15,0 I 5,0 15,0 

4. 0THOWCHHC 3aeMHOfO 
60/40 60/40 60/40 60/40 KarJHTaJJa K aKUHOHePH0MY 

5. CpoK so3spaTa 3aeMHoro 
IO IO 10 10 KanHTana, 11eT 

6. CpoK c11V)l(6b1 3Y, JJeT 40 40 40 40 
7. Yne11bHhlH pacxon Ton1111sa, 

233,4 233,5 180,6 160,6 r H.3./(KBT(3)·qac) 
8. CTOHMOCTh l Klh ycTattosneH-
HOH 3JJeK-rpHlJeCKOH. M0LUH0CTH I 300 I 300 500 500 
6e3 npoueHTOB, $ 
9. ITpO,ll.OJDKHTeJJbHOCTh CT{)0H-

4 4 2 2 TeJlbCTBa, JleT 
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• 
Ta 6 JI n n a 7. OKoH1.Ja1-JHe 
10. TieoHO.ll, nocne CTD0HTeJlbCTBa - - - -

11. AMopTH3aUHOHHbIH ycKopeH- ycKopeH- ycKopeH- ycKopeH-

pernaMeHT, neT HblH, 15 HblH, 15 HhlH, 15 HblH:, ]5 

12. Mo)lepm13au1-rn: 

.n.om, 3amaT, % 20 20 20 20 

soeMeHH6i1: neoH0.ll., 4epe3 KIDKLlbie 20 JleT 20 JleT 20 JieT 20 JieT 

13 . .[(on.sr 3aTpaT Ha cm1rne c - - - -
3KCnJIYaTaUHH, % 
14. TipHpOCTHbte KanHTaJlbHbie 

15 15 6 6 
3aTpaTbl, $/( KBT( 3 )-qac) 

15. TioKynHa.sr uetta TonJ1HBa, 
$IT H.3:> 

47,8 47,8 139,5 139,5 

16. 3cKanauHR (TeMn poc-ra) 
0 0 0 0 

CT0HM0CTH T0n.mma, % 
17. C6op Ha R.n.epHbte 0TX0)lht, - - - -
c$/(KBT(3)·4ac) 

18. <l>HKCHpOBaHHbte 3aTPaTbl Ha 
3KcnnyaTaUH10 H TeXHH4eCKOe 06- 23 23 16 16 
CJlY:>KHBaHHe, $/( KB'r( 3 )/ro)l) 

19. TiepeMeHHhte 3aTpaThl Ha 
3KCn.JiyaTaUHJO H TeXHHl.JeCKOe 06- 0,338 0,338 0,052 0,052 
CJMKHBaHHe, c$/( KBT( 3 )-4ac) 
20. 3cKanauH.sr (TeMn poc-ra) 
paCX0.ll,0B Ha 3KCnnyaTaUH10 H 0 0 0 0 
rexm14ecKoe 06cJ1y)lrnBaHHe, % 
21. 3neKrpH4eCKa.sr M0I.I.\HOCTh 

1000 1000 1000 1000 
(Herro), MBT 
22. Ko3cpq>HUHeHT HCn0J1b30BaHHR 
ycTaHOBJieHHOH M0I.I.\H0CTH 0,80 0,80 0,80 0,80 
(KHYM), 0TH.e)l. 

' ), T H.3. - T0HHa HecprnHoro 3K.BHBaJleHTa 

T a 6 JI H n a 8. O6mHe Q)H3HKO-TeXHH4eCKHe xapaKTepHCTHKH 513Y 

513Y PEMK-3- BB3P-O- BB3P-3- EH-3-

TiaoaM~TD - 1000 (U-Pu) 1000 (U) 1000 (U-Pu) 800 (U-Pu) 

I. BH)l 51Tl.J, 3aMKHYTbIH: 0rKPhIThlH: 3aMKHYTblH: 3aMKHVTbIH 

2. TioJIHa.sr Terumsa.sr M0I.I.\H0CTb, 
3 200 3 200 3 200 2 100 

MBT 

3. 3JieK.rpHlfeCKa.sr M0I.I.\H0CTb 
913 1000 1000 800 

( He'IT0 ), MBT 

4. K.n.)l. (HeTTO), % 28,5 31 ,2 31,2 38, 1 

5. KHYM, om. e)l. 0,80 0,80 0,80 0,80 

6. T1-1n 3aMe)lJIHTeJIR roaqiHT BO)la B0)la -

7. THn renJl0H0CHTeJI.sr 
B0)J.a + B0)l.ll-

B0)J.a HaTPHH 
HOH nap 

so.n.a 

8. BepORTHOCTh asapHH c nOJIHOH 
noTepei1: TenJI0H0CHTeJIR, I 0-6 I 0-6 I 0-6 10-6 

(peaKTop·ro.n.Y1 

9. THn oeaKTooa KaHaJlhHblH: KOPnyCHOH KOpnyCHOH: KOPnyCHOH 
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T a 6 JI u u. a 9. XaoaKTe0HCTHKH TonJIHBHhtX UHKJl0B pcai-."Topoa 5!3Y 

513Y P6MK-3-
TiapaMeTP ---- 1000 (U-Pu) 

I 
I. 811.A T0nJIHBa: 
aKTHBHrul 30Ha UO2 -PuO2 
6oKOBall 30Ha B0CIT(10H3B0,!!CTBa 
Topuesrui 30Ha socnpo113B0.ll.CTBa 
2. Macca T0OJIHBa, T TM: 
aKTHBHrul 30Ha 
nepsrui T0nJIHBHrui 3arpy3Ka 162,4 
CTfil{HOHapHblH' pe:a-;:HM 214 
60KOBrul 30Ha socngoH3B0JCTBa 
T0pl(eBrui 30Ha B0Cn00H3B0.ll.CTBa 
3. BpeMll Me>K.lly neperpY3KaM11 l 
T0nJlHBa, f0.ll. 
4. Cpe.ll.Hllll )].JlHTeJlbH0CTb 3 
KaMnaHHH T0nJlHBa, ro)]. 
5. BpeMll npe6&1BaHHll T0nJIHBa BO I 
BHeurneM T0ITJlHBH0M UHKJle, f0.ll. 
6. O6oraruettHe 0TBaJibHoro ypatta, 

0,2 
% ypaHa-235 
7. Cpe.ll.Hllll rny6HHa BbtropaHIUI 
Bbirp)')KaeMoro TOnmrna B cTau:110- 20,0 
HapHOM pe)KHMe, MBT·cvr/Kr TM 
8. E)KerO.ll.HbtH pacxo.n. T0nJIHBa B 
CTaUHOHapHOM pe)KHMe npH 46,7 
KHYM = 0,80, T TM/ro.ll. 

• BB3P-3-1000(U-Pu)- ypaH-IDiyrOHHe­

BhIH BOJJ;O-BO,ZUlHOH 3HepreTH'IeCKHH peaKTOp 

JJ;llil pa60Tb1 B 3aMKHyrOM JITI.t 

• EH-3-800(U-Pu) - ypaH-nnyroHHeBbIH 

6bICTPhlH HaTPHeBbIH peaKTop .n;llil pa60T1>1 B 

3aMKHyroM JIT[(. 
XapaKTepHCTHKH 5I3Y B3j{Tbl H3 [14 ... 

16], OTHQCj{TCjl K 1990-M ro.n;aM H, c TO'll<H 

3peHHJ1 cero.n;MmHero JJ;FUI, OTPIDKaJOT neccH­

MHCTHqecK)'I:O Kapnrny Q)H3HKO-TeXHHqecKHX 

xapaKTepHCTHK. TeM He MeHee B 3THX pa60TaX 

npe,n;CTaBJieHbl no.n;po6HO H3OTOIIHbJe COCTaBbl 

TOnmrna nepBbIX 3arpY3OK H ycTaHOBHBillero­

CjJ pe)KHMa oeperpY3OK, qTQ j{BJJjleTCjJ HeCOM­

HeHHbIM JJ;OCTOHHCTBOM 3THX pa6oT, IlOCKOJTh­

KY cospeMeHHhie Mo.n;em1 onTHMH3aUHH CTPY­

KTypbI 5!3 H ee JIT[( cnoco6Hbl yqecTb OTITH­

MaJI1,HOe ".ABIDKeHHe" BO BpeMeHH H npOCT­

paHCTBe COTeH DOTOKOB H3OTOTIOB, qTo B CBOIO 

oqepe.n;b 6onee npaBHJihHO onpe.n;eMeT MO­

MeHTbI BBOJJ;a B 3KCTIJiyaTall,HlO 5I3Y H, cne.n;o­

BaTeJibHO, CTPYKTYPY 513. 
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BB3P-O- BB3P-3- EH-3-
I 000 (U) 1000 (U-Pu) 800 (U-Pu) 

2 3 4 

UO2 UO2 -PuO2 UO, -PuO, 
U(MeT.} 
U(MeT.) 

70 70 
70 70 12,65 

.Ll..,_il 
11 ,72 

I I 0,48 

3 3 -

l I I 

0,2 0,2 0,2 

41,0 45,0 -

22,8 20,8 -

Tpa.n;HUJ{OHH~ 3HepreTHKa B pacqeTax 
rrpe,n;CTaBJleHa 3Y C xapaKTepHCTHKaMH, B3jl­
Tb1Mll H3 [} ]: 

- Ha yrOJlbHOM Tonmrne C ycJIOBHbIM Ha3Ba­
HHe~I "3Y-Yl" H "3Y-Y2"; 

- Ha npHpOllHOM ra3e C ycJlOBHbIM Ha3BaHHeM 
"3Y-fl" H "3Y-f2". 

MbI C03HaTeJibHO yqHTbIBaJIH B HaCTOjJ­
lUHX pacqe-rax TOJibKO .n;eHCTB)'I:OlUHe 3Hepre­
THqeCKHe TeXHOJIOrHH s OTHOWeHHH 5I3Y 
(npas.n;a, EH-3-800(U-Pu) TOJlbKO CTPOHTCjJ, 
HO B HH)KeHepHOM nnaHe OH 6JIH30K K .n;eHCT­
B)'I:OlUeMy EH-600 Ha ypaHOBOM TOIIJlHBe). B 
OTHOilleHHH 3Y Ha npHpOllHOM ra3e yqHTbIBa­
JlHCb TaK)Ke nepcneKTHBHbie 3HeprenrqecKHe 
Texttononrn 3Y-f2. KoHeqHo, Ha rrnaHOBOM 
HHTepsaJie B 150 JleT 6y.n;yr pa3pa6oTaHbl 1-1 

BBe.n;eHhl HOBbie, 6011ee 3KOJIOrHqecKH tffl.CTbie, 
6e3onacHb1e H 3KOHOMH'IHbie 5I3Y, 3Y Ha 
TPallHUHOHHOM TOIImrne H 3Y, HCIIOJ1b3)'1:0-
1UHe B0306HOBJijleMbie HCTO'iHHKH 3HeprHH. 

TTpWieM pa3pa6oTKa nepcneKTHBHbIX 
5I3Y .n;aeTc» TPYllHee TaKOBOH .n;mr 3Y Ha TPa­
JJ,HUHOHHOM TOTIJIHBe H He scer.n;a MO)KeT 
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y'BeHLJaTbCH ycnexoM. y LJeT TOJlbKO )leikTByJO­

lllHX 5I3Y, 6011ee )lOporHX B cpaBHeHHH C 

npoeKTHpyeMbJMH, npHBO)lHT K 60JiblIJHM 3Ha­

':leHHHM <pyHKUMOHaJia H 3aBe)lOMO )lenaeT 

513Y Mettee KOHKypeHTOCrroco6HbIMH c JlPY­

nt:MH 3Y. TeM Ba)l(Hee nonyqHTb cpaBHHTeJlb­

HyJO oueHKY KOHKypeHTOCITOC06HOCTH 5I3Y. 

B rn611. 6 H 7 rrpIIBe,AeHbI 3Ha':lemur xa­

paKTepHCTHK, B3j{Tble H3 [ l]. HcKJIIOLJeHHeM 

CJIY)KaT npHHHTbie aBTOpOM ,AJIH pac':leTOB 3Ha­

'leHIDI ypOBHH HHcpmmHH, yqeTHOH 6aHKOBC­

KOH CTaBKH, O)KH,AaeMOH ,AOXO)lHOCTH aKUHO­

Hepa, xapaKTepHCTHKH MO,AepHH3aUHH 3Y H 

ClUITHH ee C 3KCIIJiyaTaUHH, a TaK)Ke onrraTa 

yruep6a OT e,AHHif".IHOH aBapHH c ITOJIHOH rro­

TepeH TeITJIOHOCHTeJIH. 3To o6b.sICHHeTCH CTPe­

MnemreM BI,IIIOJIHMTb pacqeTI,I pOCCHHCKOH 

3HepreTHKH He TOJlbKO )lJIH 3KOHOMWieCKHX 

ycJIOBHH CllIA, HO H paCCMOTpeTb 6onee IIIH­

pOKHH ,ARailaJOH H3MeHeHHH 3KOHOMH':leCKOH 

CHTyauHH. 

CTOHMOCTHbie xapaKTepHCTHKK, eCJIH 3TO 

cneuHanbHO He oroBapHBaeTCH, ,AaHbI ,AJIH 

2002 r. B rn6n. 8 H 9 rrpHBe,AeHbI 3HaLJemur 

xapaKTepHCTHK TOJibKO .AJIH 513Y. 

1.7. IlocmaeKa Kopnycoe 
OAA ROepHblX p eaKmopoe 

ilpHHHManOCb, lJTO MamHHOCTPOHTeJibHM 

rrpOMbIIIIJieHHOCTb cnoco6Ha ITOCTaBJIHTb KOp­

rryca H,AepHbIX peaKTopoB TPe6yeMoro accop­

THMeHTa ua HHTepBane ITJiaHHpoBaHHH co CJie­

.AyYOllleH HHTeHCHBHOCTbIO: 2 Koprryca B ro,A 

Ha IJO.AhIHTepBane (0, 30 neT), 4 Koprryca B ro,A 

Ha nom,rnTepBane (31, 40 neT), 6 KoprrycoB B 

ro,A Ha ITO,AbIHTepBane ( 41 , 50 JieT). Ha':IHHaH c 

51 ro,Aa orpaHHLJeHHe Ha IlOCTaBKY KOprrycoB 

CHHMaJIOCb, T.e. npe,AnoJiaranocb, lJTO 11106oe 

TPe6yeMoe OITTHMaJibHbIM nnaHOM KOJIHLJ:eCT­

BO KopnycoB 6y,AeT IlOCTaBneHO. 

EcJIH OKa)KeTCH, 'ITO Ha orpamPHITeJibHOM 

IlO,AbIHTepBane (0, 50 JieT) OITTHMH3a[lHH 3Hep­

rOCHCTeMbI ycTaHOBHT npe,ATIO':ITHTeJibHOCTb 

HCil0Jlb30BaHHH 5I3Y C KoprrycHbIMH peaKTO­

paMH, HO HHTeHCHBHOCTb ax IlOCTaBKH 6y,AeT 

He,AOCTaTO'IHa, TO nexBaTKa H,AepHbIX 3Hepre­

THLJeCKHX MOlllHOCTeH MO)KeT 6hITb BOCilOJIHe­

ua 5I3Y c KaHanbHbIMH peaKTopaMH THna 

PEMK-3-1 OOO(U-Pu). PaJYMeeTcH, orrTHMH3a­

UHH ycTaHOBHT BhITO)lHOCTb npHMeHeHHH 

513Y c KaHanbHhIMH peaKrnpaMH THna PEMK-

3-lOOO(U-Pu) H B .Apyrn:x cnyqaHX. 

HecMOTPH na noTepro ArnMMarna (r. Bon­

ro,AOHCK PocTOBCKOH o6nacTH), rrpHIUITaH HH­

TeHCHBHOCTb ITOCTaBOK KOpnycoB rrpe)lCTaB­

JIHeTCH ocymecrnuMOH cunaMH Poccuu H 

qemcKoH Pecrry6lliil<H. 

1.8. Bbt6pocbl 31tep2omexHoJZ02U5l.Mu 
epeOHblX XUMU'-ieCKUX coeouHeHUU 

6 OKpy:J1CalOU{,YIO CpeOy 
B Ta6JI. 10 ,AaHbI y.AeJibHbie BeJIHlJHHbl 

yLJHTI,IBaeMbIX Bpe,AHhIX XHMH'leCKHX coe,AH­

Hemrn, Bhl6paCbIBaeMbIX B aTMoccpepy npu HC­

Il0Jlb30BaHHH COOTBeTCTByJOlllHX 3HeproTex­

HOJIOfHH H HX TOilJIHBHbIX UHKJIOB: H)lCpHOro, 

yrOJibHOfO, HecprnHoro H Ha npHpO)lHOM raJe 

[ 17]. 3aMeTHM, 'ITO ,AJIH 5ITU: ,AaHHblC Ta6n. 10 

OTPa)KaIOT peaJlbHOCTH cero,AHHIIIHero )lHH, 

KOr,Aa OT)lCJlbHbie rrepe,AeJibl H,AepHOfO TOITJIH­

Ba IIpHMCHHIOT 3JieKTP03HeprHIO H Terrno pa3-

HbIX noTeHUHaJIOB, Bbipa6aTbIBaeMbie Ha Terr-

Ta 6 JI H u a 10. ATMOCcpepHble Bb16pocbl OT pa.3JIH'-IHblX TOruIHBHblX 

U.HKJIOB, BKJII04a~ CTa,llHIO npOH3BO.D.CTBa 3JieK1l)o:meprnH, r / (KBT·4ac) 
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SOx 
NOx 
co 

Tsep.ubre 

4aCHILJ.bl 

1,500 
0,400 
0,010 
0,005 
8,000 

0,400 

YroJibHhlH 

12,50 
3,00 
0,24 
0,05 

I 100,00 

0,90 

HecpTSIHOH 
Ha npHpO.D.HOM 

8,30 13,70 
4,50 3,40 
0,61 0,06 
1,25 0,01 

640,00 530,00 

0,86 0,14 



D 

JJ0BbIX 3JJeKTp0CTaHUmlX H B K0TeJJI,HbIX, a 

TaIOKe )lH3eJJbH0e T0nJJHB0 )lJJ.sI MH0r0T0HHa)J(­

l{blX rpY30BHKOB, HCnOJJb3yeMbIX npH )l06bit.Je 

ypaHa Ha PY.llHHKax H B OTKpblTblX Kapr,epax. 

B 6y.n)'llleM Hj')l(,nbI 5ITU B 3Heprm1 Mo­

ryT Y.llOBJJeTBOp.sITbC.sI 3a cqeT .si:nepHbIX 3Hep­

roTeXHOJJOrHH, BCJJe)lCTBHe qero )laHHbie Ta6JJ. 

10 ,n11.s1 5ITU M0rYT CHJJhH0 H3MeHHThC.sI B crn­

poHy CHH)KeHH.sI. 3acTaBJJ.sI.sI 5!3 on11aqHBaTb 

mrpaq>hI 5ITU 6y,nyruero no "pacueHKaM" ce­

ro)lHJlllrnero )lH.sI, Mbl TeM caMhlM HCKYCCTBeH­

H0 CTaBHM .si:,nepHbie 3HeproTeXHOJJ0I'HH B He­

BbIT0)lHOe nOJJO)KeHHe no cpaBHeHHIO C Tpa)lH­

Uij0HHhlMH 3HeproTeXH0JJ0rJUIMH. 

B ra611. 11 npirnenea1,I 3HatJ.eHH.sI neHe)K­

HhIX llITpaq>OB (B HeMeUKHX MapKax - DM 3a 

TOHHY Bhl6pocoB), pa.3pa6oTaHHbIX s HHCTH­

TYTe npHKJia)lHOH 3KOJJOrHH (Institute for 

Applied Ecology / Oeko-Istitut, repMaH11.s1) 

[17]. Crapa.si: neHe)KHa.si: e.umrnua - DM nettcT­

B0Ba.Jia B repMaHHH no nepexona Ha 

o6meeBponettcKyro Ba.JIJOTY EURO. 

Ta611. 10 11 11 HeTPY.llH0 nepec'lHTaTh s 

3KBHBa.JieRTHhie Bhl6poc1,1 CO2 " IllTpact,1,1 3a 
HHX (ra6JJ. 12). IlpH nepecqeTe rrpHHHMa.JIOCb 

BO BHHMaHHe, tJTO B f epMaHHH B Te 'leHHe 

.llJIHTeJJhH0ro nep11ona BpeMeIDI n epe.D, nepe­

XO)l0M Ha cospeMeHH)'lO )leHe:>1rny10 e,UHHHUY 

EURO cyruecTBOBa.JI Kypc .no11napa CWA : $1 

= 1,65 DM. 
113 Ta6JJ. 12 CJJe,nyeT, qTo tJ.eM 60JJhllle Bhl-

6pocoB CO2 rrpHXOJ.(HTC.sI Ha 3KCnJJyaTaUHIO 

3HeproTeXHOJJOI'HH, TeM MeHhllIHM WTpaq>OM 

c11enyeT ee o6naraTh ! Ilo 3TOH nor HKe rro11y­

qaeTc.s1 caMOH 3KOJJ0rHtJ.eCKH qHCTOH yrOJihHa.sI 

3HeproTeXHOJJOrH.sI, eH ycTyrraeT Hect,T.sIHa.sI, 

3aTeM - Ha npHp0)lH0M ra.Je, a caMOH 3K0JJ0-

rnqecKH rp.si:3HOH - 5!3, Ka)l(Jlj'IO TOHHY Bbl-

6pocos CO2 KOTOpoH c11enyeT Hemanno (MHO-

Ta 6 JI H u a 11. ill 
8H)J. 

Bb16 oca 
SOx NOx 

lllT a 5 000 4 000 

roKpaTHO) illTpaq:>oBaTh B 0TJJHtJ.He OT TaKOH 

)Ke TOHHhI CO2 yroJJhHOH 3HeproTexH011ornH. 

HaM npencraBJI.sieTc.si:, q To 3KcrrepThI HHCTH­

TYTa npHKJia.llHOH 3K0JI0rnH n onycTHJJH 11or11-

qecKyio 011IH6Ky. K C0)KaJJeHHIO, HMeHH0 3TH 

peKoMeH.naUHH q:>HrypHpj'lOT B pacqernx H 

3KCnepTHbIX oueHKax, K0TOpbie BbllI0JJHIDOTC.sI 

YBa)KaeMbIM HHCTHTyrOM )lJJ.sI CTpaH Espo­

C0I03a. 

JlorHtJ.Hee He OTJl:-lB3Tb npeHM)'llleCTB HH 

O)lHOH 3HeproTeXHOJJ0flrn H, CJJe)lOBaTeJJbHO, 

)lJI.sI Bcex HHX C'lHTaTb llITpaq:> e)lHHbIM. B 
3TOM c11yqae )leJJO CB0)lHTC.sI K onpene11eHHIO 

BeJJHtJ.HHbl llITpaq>a, )lOCTaTO'lHOH )lJI.sI nepeB0-

)la 3K0JJ0rHqecKH rp.sI3HhlX 3HeproTeXHOJJOI'HH 

B pa.3p.sI.ll 3aMhIKalOlllHX 3KOJJOrH'leCKHH 6a­

JiaHC H )la)J(e 3KOHOMWieCKH HeCOCTO.sITeJib­

HbIX. TeM He MeHee Ta6 JI. 11 Ba)l(Ha, TaK KaK 

.u.aeT )lHq>q:>epeHUHpOBaHHbie oueHKH llITpaq:>OB 

,llJI.sI pa.3Hh1X Bpe,UHhIX XHMHqecKHX coe,nHHe­

HHH, a lIOJJyqeHHaH HaMH Ta6JJ. 12 CBH)leTeJib­

crnyeT, qTo 3TH oueHKH lllTpaq>OB He onTHMH-

3HposaHbI. OnTHMH3HpOBaHHbie oueHKH 

mrpaq>OB 3a TOHHY BhI6pocoB XHMH'ieCK0ro 

C0e)lHHeHH.sI He ,llaBa.JIH 61,1 npeHM)'llleCTBa HH 

0.llH0MY BM.UY T0nJJHBHoro UHKJJa. 

B [1] peK0MeH,nyIOT ycTaH0BHTb " yrne­

pO,llHhIH Ha.nor" (Ha.nor Ha Bb16poc1,1 CO2) B 

pa.3Mepe OT 50 )l0 200 $IT, Ctrn:Ta.sI, tJT0 BeJIH­

'lHHa "yrnepo,nHoro Hanora" B 200 $/ T cnena­

eT 5!3 KOHKypeHTOCilOC06HOH. 

Ta6n. 12 CTaBHT 5ITU B 3aBe,noMo tteBhI­

ronHoe noJJ0)KeHHe no 0TH0illeHHJO K yroJlh­

H0MY, Heq>T.sIHOMY H Ha n pHpO,llH0M r a.3e TOTI­

JJilBHbIM UHKJiaM. qT06bI BOCn0JJh30BaTbC.sI B 

pacqeTax. )lHq>q:>epeHUHpOBaHHbIMH 3HatJ.eHH.sI­

MH llITpaq>OB 3a Ka)K,llhlH BH)l BhI6pocos, B 

Ta6JJ. 10 H 11 H~H0 HHBeJJHp0BaTb HBH)'IO 

HeJJ0rH'IH0CTh 3THX llITpaq>OB B OTHOllieHilli 

OCbI B aTMOC e , OMIT 

CO CI-Li CO2 

500 2 000 10 . .. JOO 

Tsep)J.bie 

43CT HQbl 

l000 

Ta 6 JI H n a 12. 3KBHBaJieHTHbie WTP3<pbl 33 BbI6 pocbI B aTMOCcpepy 

co $/ 2 ,WU! P33HhIX TOTIJIHBHblX QHICJlOB, T 

TonnHBHbIH 
5ITU YronhHhlH H ecjJT.siHOH 

Ha npHpO.ll.HOM 

UHICJl r33e 

illT pa<b 720 ... 730 48 .. . 102 66 .. . 120 100 ... 155 
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5ITQ. 3TO M0)l(H0 c,neJiaTh, ecm1 B0CII0Jib30-

BaTbC.II 3KcrrepTHOH oueHKOH [1], B KOTOpOH 

crrpoc Ha 513 MHpa H PocCHH o60CHOBaH H 

,neTepMHII Hp0BaH. 

2. CpaBHHTeJlhHLIH 3Ha.rJH3 pe1yJ11>TaTOB 

lfro6bI 0TBeTHTb Ha Borrpoc, Bhrro.nen JUI 

3aMKHyrhrn 5.ITU: ,nm1 PoccIDI, HY)KH0 nposec­

TH cne.nyiorn.He 0IITHMH3aUH0HHbie pact.JeTbI. 

OIITHMH3aUH.II 3Hepr0CHCTeMbI, B KOTOpOH Ha­

PHAY c 5I3Y cso6o,nHo K0HKypHpyioT yronh­

Hbi e 3Y H 3Y Ha IIpHp0,L\H0M raJe, ,nacT 0IITH­

MaJibHbIH mrnH co CB0HM 3Hat.Jem1eM cpyttK­

UH0Harra. B 3TOT IlJiaH MOryr BOllTH KaK 5I3Y, 

pa6oTaIOIUHe s 0TKpbIT0M JITU:, TaK H 5I3Y, 

pa6oTaIOIUHe B 3aMKHyr0M JITU:. 

B o6meM cny•rne, ecnH 5I3Y, pa6orn10-

ma.1I B 0TKpbIT0M HJIH 3aMKHyr0M JITU:, He 

BXO,L\HT B OIITHMaJibHbIH rrnaH, TO M0)l(H0 HC­

KYCCTBeHH0 3a,naTh cnpoc Ha ee np0AYKUHIO, 

H Tor,na 3a,naqa 0IITHMH3aUJlli BKJIJ0 <UIT ee B 

nnaH (HHat.Je napyrnaTC.II orpaHHt.Jem1.1I na y,no­

snernopeHHe HCKYCCTBeHH0 3a,naHH0ro cnpo­

ca), - B 3T0M cnyqae 6y,neT nonyqe u JI0Karrb­

Ho-onTHMarrbHhIH IlJiaH co CB0HM 3Hat.Jem1eM 

<PYHKUHOHarra, 66nhIUHM no se1m1.urne, t.JeM 

3HaqeHHe q>ynKUHOHarra B 0ilTHMaJihH0M rrna­

He ( ecJIH <PYHKUHOHaJI OilTHMH3aUHOIIHOH 3a­

,nat.JH MHHHMH3HpyeTC.!I). rro BeJIH•nrne pa3H0-

CTH 3Hat.JeIDiH cpyttKUHOHaJIOB "noKaJibHO-Oil­

THMaJlbHOro" J,f "onTHMaJibHOro" IIJiaH0B 

M0)KH0 cy,nRTh, HaCK0JibK0 ,narreK0 0TCTOHT 

"JIOKaJibHO-OIITHMaJlbHhlH rrnaH" OT "orrTH­

MaJibHOro", T.e. 0 CTeIIeHH BhIT0,L\H0CTH "no­
KaJibH0-0ilTHMaJibH0ro IIJiaHa". 

Pact.JeTbl 0IITHMaJibHbIX H JIOKaJlbH0-0ilTH­

MaJibHbIX IIJiaH0B 3Hepr0CHCTeMbl Ha BCeM 

pacqeTHOM HHTepsane (- oo, 150 JieT) BpeMeHH 

rrpose,neHbI ,nn.lI BY H HY cnpoca Ha Bb1pa6a­

T1>1BaeMyio 3HeprHIO ,nJUI urnpoKoro mrnrraJo­

Ha H3MeHeHHH 3Hat.JeHHH 3cpq>eKTHBHOH rrpo­

ueHTHOH CTaBKH Petr: O; 5; 10; 15 % / ron. 

TioCKOJibKY .[\JUI cpaBHHBaeMbIX sapHaHT0B 

rrpH 0IITHMH3aUHH 3Hepr0CHCTeMbI II0Jib3a OT 

pa60TbI 3HeproCHCTeMhl 6brna 0,nHa H Ta )Ke 

no ycJI0BH.IIM 3a,nat.JH, TO 0IITHMH3aUH.II rrp0B0-

,llHJiaCb ITO KpHTepHIO MHHHMYMa <PYHKUHOHa­

na - cyMMapHbIX rrpHBe,UeHHbIX 3aTpaT Ha BCIO 

rrporpaMMY pa3BHTH.II 3HeproCHCTeMhl Ha BCeM 
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pact.JeTH0M HHTepBaJie BpeMeHH - B 0IITHMH3a­

UHOHHOH M0,neJIH 3Hepr0CHCTeMbI K0,na 

TOBAS [2]. 
qT06hI cpaBHHTb CTOHM0CTb 0TKpbITOro H 

3aMKHyroro JITQ, B HCX0.llHbIX .lWHHbIX 

ynenbHbJe KaIIHTaJlb l-lbJe 3arpaTbJ, TeKymHe 

3KcnnyaTaUH0HHbl(' paCX0,llbI 6e3 T0IIJIHBHOH 

C0CTaBJI.IIIOIUeH H BpC,llHbie BbI6pochI XHMH'•le­

CKHX C0e,llHHeHHH ,1JJSI Bcex THII0B 5I3Y rrpH­

H.IITbJ 0,L\HHaK0BbIMH (KaK H s pa6oTe [1]), TeM 

caMbIM MaKCHMaJihH0 CHH3HB BJIH.IIHHe Ha CT0-

HM0CTb JITU: cpaKTOpOB, Herrocpe,ucTBeHH0 He 

CB.II3aHHbIX C .II,llepHbTM T0ilJIHB0M. I10JIHOCTbIO 

H36aBHTbCSI: OT BJIHSl:HH.II YKa3aHHbIX cpaKTopoB 

He y,naCTC.II. 3TO CB.II3aHo C TeM, '-ITO B OIITH­

MH3aUHOHHOH M0,UeJJH 3HeproCHCTeMbl [2] on­

THMH3HpyioTC.II M0MeHTbI BB0,lla 3HepreTH'-leC­

KHX o6'beKTOB J,f cpe,UH HHX - 3Hepro6JIOKOB, B 

':IaCTH0CTH, JI3Y pa3HbIX THil0B. 

MoMeHTbl BB0,na .IIBJUIIOTCH yrrpaBJI.IIIOIUH­

MH napaMerpaMH OIITHMH3aUHOHHOH M0,neJIH 

- TaK q-ro, eCJIH B KaKOH-TO M0MeHT BpeMeHH 

y,neJJbHbie KaIIHTaJlbHbJe 3arpaTbI, TeKymHe 

3KCIIJiyaTaUH0HHbie pacxo,nbJ 6e3 T0IIJIHBHOH 

COCTaBJIHIOIUeH, Bpe,llHbie BbI6pocbl XHMHt.Jec­

KHX coem111eID1H, T0IIJIHBHa.lI C0CTaBJI.IIIOllla.lI 

.[\JI.II 5I3Y HH)l<e TaK0BbIX ,llJUI yr0JJbHhIX 3Y 

HJIH 3Y Ha IIpHp0,nH0M raJe, TO H3 3T0ro He 

cne.uyeT , 'lTO BbIT0,L\H0 BB0,llHTb 5I3Y; 5I3Y 

M0)KeT He BBeCTHCb B 3KCIIJiyaTau mo no rrpH­

t.Jlrne Tor o , '-ITO .[\JUI ee T0IIJIHBa, BKJIIO'IaIO­

mero CJI0)l<Hyio K0MII03lil(HIO H30T0II0B, K 

3T0MY M0MeHTY eme He HaK0IIJieH Ha CTa,llIDI 

cpa6pHKaUHH T0IIJIHBa 0,llHH H3 H30T0II0B K0M­

II03HUHH H H~0 eme 110,L\0)l(,llaTb. 

TaK TOIIJIHBHhIH UHKJI 5I3Y qepe3 M0MeH­

ThI BB0,lla 3Y (H Hao6opoT) BJIH.lleT Ha Bee co­

CTaBJIHIOIUHe 3arpaT, H3MeHeHH.II KOT0pbIX 

yqHThIBaIOTC.II B cpyttKUHOHarre 110 MeHhIIJeH 

Mepe ,llB0.IIK0: nocpe,ncTB0M rrpHBe,neHH.II BO 

BpeMeHH H KaK <PYHKUHH ycTaH0BJieHHbIX 

MOll].HOCTeH, B CB0IO 0t.Jepe,n.b 3aBHC.llll].HX OT 

M0MeHT0B BB0,na. B 3T0M C0CT0HT HeKoppeKT­

H0CTb cpaBHeHH.II 0TKpbIT0ro H 3aMKHyroro 

JITU: T0JihK0 no BeJIH'-IHHe TOilJIHBHOH C0CTaB­

JI.IIIOIUeH <PYHKUHOHarra. I1o3TOMY cpaBHeHHe 

KOHKypeHTOCIIOC06HOCTH 3Y H BbIT0,L\HOCTH 

3aMKHyroro JITU: rrpoB0,L\HJI0Cb no BeJIH'-IHHe 

<PYHKUHOHarra BCeH 3Hepr0CHCTeMbl. 



HecMOTJ)H Ha TO, 1ff0 y.n.em,Hhie KaIIHTaJih­

J-Ibie 3aTpaThl, TeKymHe 3KcnnyaTaUHOHHhie 

pacXO.Ilhl 6e3 TOIIJlHBHOH COCTaBJUIIOIUeH H 

Bpe,UHbie BhI6pOChl XHMH'-leCKHX coe.n.HHeHHH 

.UJIJI scex THIIOB .513Y npHHHThl 0.IlHHaKOBhIMH, 

513y c EH-3-800(U-Pu) HH B O.IlHH onTHMaJih­

J-Iblli nnaH He BOIIInH IIO npw-mHe HCII0Jlh30Ba­

J-IWI HMM 6onee .uopororo Torrmrna B cpaBHe­

mrn: c .upyrnMH .513Y. lfoaqe roBopH, rrpHMe­

HeHHe .5I3Y c EH-3-800(U-Pu) -rpe6yeT 3anyc­

Ka 6onee .uopororo 3aMKHyrnro .5ITU:. 

Bo Bcex orrTHMaJJhHhIX rrnaHax B CTJ)YKTY­

PY .513 BOIIIJJH TOJlhKO .513Y c peaKTopaMH TH­

na BB3P-O-1000(U) H BB3P-3-1000(U-Pu). 

.5I3Y c KaHaJihHhIMH peaKTopaMH THrra PEMK-

3-l000(U-Pu) B orrTHMaJibHhIH rrnaH He rrorra­

JJH, 'ITO 110-BH.UHMOMY CBH3aHO C HCIIOJih30Ba­

HHeM B pacqenx ycrnpeBIIIHX (.usa.uuaTHneT­

HeH .uaBHOCTH) q>H3HKO-TeXHHtJ:eCKHX xapaKTe­

pHCTHK 3THX peaKTOpOB, - TaK '-ITO npHH.slTaH B 

II. 1. 7 HHTeHCHBHOCTb IIOCTaBOK KOprrycoB 

H.D.epHhIX peaKTOpOB OKa3aJiaCb .ll.OCTaTOqJJOH. 

Bo Bcex OIITHMaJibHhlX IIJlaHax He6om,IIIHe 

ycmIIDl, K0TOphie -rpe60Ba.JJHCh OT pa6on,1 3a­

MKHYTOro .5ITU:, CBH3aHhl B OCHOBHOM C nony­

tJ:eHHeM H30TOIIOB IIJJYTOHHH H HeIIT)'HIDI, 

BXO,lVIIUHX B COCTaB TOIIJlHBa .513Y THIIa 

BB3P-3-1000(U-Pu). 
1fro6hI 3aCTaBHTh pa6oTaTb 3aMKffYTblli 

.HTU:, IIOJlOBHHa cnpoca Ha 3HeprHIO, IIOCTaB-

3,S0E-01 

3,00E-01 

2,S0E-01 

2,00E-01 

l,S0E-01 

1,00E-01 

5,00E-02 

0,00E+00 
0 10 20 30 40 50 

JUleMyIO B 3HeproCHCTeMy ..513, a.upeCHO (HC­

KYCCTBeHHo) nepe.uaBaJiaCb .II.JUI Bhlpa60TKH 

.513Y c EH-3-800(U-Pu). B 3TOM cJiy1-rne npH 

OIITHMH3aUHH 3HeprocHCTeMhI nony,1anc>1 Jl0-

KaJJhHO-OllTHMaJJbHb[H IIJlaH. 

Ka)l(.lJ.hrn orrTHMaJJhHhIH HJJH noKarrhHo-on­

THMaJJhHhIH TIJlaH 0IDfCbIBaeTCH cornacoBaH­

HblM II0Be.UeHHeM 0K0JIO 1000 q>YffKUHH spe­

MeHH. lfa-3a rpoMa.n.Horo 061,eMa '-IHCJieHHOH 

HHq>OpMauHH npHB0.D.HTb ero llOJlHOCTblO HMe­

eT CMhICJJ TOJibK0 B HayqHo-TeXHH'IeCKHX 0T­

qernx. Ilpe.ucrnsneHHe o CTJ)YKTYPe pa3BHTHH 

3HeprOCHCTeMbI PocCHH B OIITHMaJJhHOM H JIO­

KaJJhH0-OIITHMaJJhH0M IIJiaHaX, HanpHMep, .UJIH 

3cpcpeKTHBHOH npoueHTHOH CTaBKH Peff = 10 

%/ro.u H BY cnpoca Ha 3HeproB1,ipa60TKY, 

MO)KHO IIOJlyqHTh H3 pHC. 2 H 3, a .ll.JIH HY - H3 

pHC. 4 H 5. 
CTpYKTYPa .uaHa B BH,ne rpaq>HKOB 3arpy:3-

KH TeKymeH M0[UHOCThlO BOille.D.lllHX B nnaH 

3Y, TaK '-ITO BbI.UeJJeHHbie Ha pHCYffKax IIJI0-

rua.n.H 0TpIDKaIOT 3HeproBhipa60TKY 3THMH 

3Y. HecMOTJ)H Ha TO, '-ITO 0IITHMH3aUHH rrpo­

BO.lJ.HJiaCh Ha HHTepsarre 150 neT, nmi: scex sa­

p1-rnttT0B OKa3aJJ0Cb .ll.0CTaTO'-IHO pecypcos (3a­

nacos ypatta, yrn.si: H rrpHpO.ll.HOro raJa). 113Me­

HeHHH B CTJ)YKTYPe 3HeprocHCTeMhI .n.mi: KIDK­

.uoro rrnatta nerKo 061,.si:cllillOTc.si: rrpHBe.n.eHHhI­

MH BhIIIIe HCX0.lJ.HhIMH .uaHHhIMH H HanpaBJie­

Hhl Ha o6ecrretJ:eHHe MHHHMaJJbHOro 3Ha'-leHH$1 

60 70 80 90 100 

P11c. 2. rpaqmKH TeKy~eli MO~HOCTH (3arpy3KH) so speMem-1 s onTHMaJlhHOM nnaHe )J.JIJI BY cnpoca Ha 

3Heproab1pa60TKy PoccHH npH 3<p<peKTHBHOH npoueHTHOH cTaBKe IO % s ro.n 
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P11c. 3. rpaqmKH TeKymeii MOI.J..{HOCTH (3arpy3KH) BO BpeMeHH B JlOKaJlbHO-OITTHMaJlbHOM nnaHe .DJ].A BY 
cnpoca Ha JHeprosb1pa60TKY Pocc111-1 np11 3Q>Q>eKTHBHOH npoQeHTHOH CTaBKe l O % B ro.n 
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PHC. 4. fpaq>HKH TeKymeii MOI.J..{HOCTH (3arpy3KH) BO BpeMeHH B OnTHMaJlbHOM nnaHe AA.A HY cnpoca Ha 
JHeprosb1pa60TKY Pocc1111 np11 3Q>Q>eKTHBHOH npoQeHTHOH cTaBKe 10 % B ro.n 

<pym<IU,iOHaJia :noro rrnaua. PacqeTbI Il0KaJbI­

BaIOT, qTo, HarrpHMep, B 0KpeCTH0CTH cepe,uH­

HbI XXI BeKa B :meproCHCTeMe BbIT0,UH0 HC­

II0Jib30BaTb BB3P-O-l 000(U), BB3P-3-l 000 

(U-Pu), 6H-3-800(U-Pu) H 3Y-f2, ecnu ua­

po,nuoe xo3fill:CTBO 6y,ueT c6anaucupoBaHo H 

.uocnrrtteT BblCQqai;tmero yp0BHR np0H3B0.l{H­

TeJibH0CTH Tpy.zra (Pelf= 0 %/ro,u). 
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EcnH )Ke 3K0H0MHKa CTpaHbI ,uocTHrHeT 

c6anaHCHpOBaHHOCUI H 3KOHOMHqecKHH poCT 
o6ecrreqffT npueMJieMyro ,n:mr pa3BHTIDI MHHH­

MaJibHYJO H0PMY npH6bI.JIH (Peff = 5 ... 10 %/ 
ro.n;), TO B 0KpeCTH0CTH cepe.n;HHbl XXI BeKa B 

3HeprocHcTeMe BbIT0JJ;H0 npuMeHRTh BB3P­

O-1 000(U), BB3P-3-l 000(U-Pu), EH-3-800 

(U-Pu) H 3Y-Y l , 0CTaBHB :mepreTuqecKoe uc-
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PHc. 5. rpacpmrn TeKymeii MOlllHOCTH (3arpy3KH) BO BpeMeHH B nOKaJlbHO-OOTJi!MaJlbHOM nnaHe )lJUI HY 
cnpoca Ha :meprosb1pa60TKy Pocc1-m npH 3cpcpeKTHBHOH npoueHTHOH CTaBKe IO % s ro.o. 

IlOJU,30BaHHe npHpOJlHOro ra3a Ha K0Hel.{ Te­
Kymero BeKa H ttaqano cne.nyromero ( ecJJH K 
TOM)' BpeMeHH eMy He HaHJlyr 6onee .llOCTOH­
HOro npHMeHeHlUI). 3m )Ke Kapnrna CTPYKTY­
pw pa3BHTHH :meprocHCTeMhl OCTaeTC.SI Bep­
HOH H JlJI51. BhICOKOH 3<p<peKTHBHOH npoueHT­

HOH CTaBKH (Petr= 15 %/ro.n), Kor.na Hap0JlHOe 
X03HHCTBO no pa3HhIM npHtIMHaM BhIH~eHO 
MHoro IIOTPe6JJRTh H MaJJO mrneCTHpOBaTh, 
T.e. MaJJO BKJla.llhIBaTh B 6y.nymee IlOTPe6JJe­
HHe. 

OTMeTHM TaK)Ke, tITO s JIOKaJJhHO-OilTH­
MaJJhHhJX nnaHax JlJJ.SI BY crrpoca Ha 3Hepro­

Bhrpa6oTKY JlJIH Petr= 5, 10, 15 %/ro.n (cooT­

BeTcTBeHHO Ha pHC. 3 JlJJH Perr = 10 %/ro.n) 
.513Y THna BB3P-O-1000(U) pa6oTaJOT He 
TOJihKO B aaqane HHTepsana ITJJaHHpOBaHHR, 
HO H Ha KOHeqHQM ero yqacTKe. B 3TOM cny­
qae COtieTaHHH BY cnpoca H 3<p<peKTHBHhlX 
rrpoueHTHhIX CTaBOK Ha KOHetIHOM yqacTKe 
HHTepBana nJJaHHpOBaHHR 0Ka3hIBaeTC'1 6onee 
BhITOJlHOH CJJe.llyrolllaH CTPaTenui:: o6nyqeH­
HOe H.llepHoe TOIIIDIBO nepepa6aThIBaeTC'1 Ha 
pa)lHOXHMH'IeCKHX 3aso.nax JlJJ.SI IlOJJytieHH.SI 
IIJiyr0HH.SI H .npyrux HeypaHOBhIX aKTHHOHJlOB 
B OCHOBH0M JlJl.SI 3anycKa H IlOJlITHTKJ,f 5I3Y C 
61ICTIH,IMH peaKTopaMH EH-3-800(U-Pu) H 
JIHIIIh 0TtiaCTH )lJJH IlO.llilHTKH BBeJleHHhIX pa­
Hee u BBOJlHMhIX B TeKyIUHH MOMeHT 5I3Y c 

TenJJOBhIMH peaKTopaMH BB3P-3-l 000(U­
Pu); .no6h~a )Ke ypaHa Be.neTc.SI B 061,eMe, He­
o6xo)lHMOM )].JI51. 3arrycKa H ITOJlITHTKH 5I3Y 
THilOB BB3P-O-I00O(U), BB3P-3-I000(U­
Pu), EH-3-800(U-Pu). IlpHqeM 5I3Y nma 
BB3P-3- l 000(U-Pu) BB0.ll'1TCH, Kor.ua JlJJR HHX 
JaTPaThJ Ha 5ITIJ, crneoBHTC'1 paBHhIMH JaTPa­
TaM Ha 5IT1.( JlJJ.SI 5!3Y THrra BB3P-O-1000 
(U), T.e. 5I3Y nma BB3P-3-1000(U-Pu) cpe­
JlH nepetrn:cJJeHHhIX 5I3Y 51.BJJRJOTCR 3aMhIKalO­
IUHMH. 

OnwcattHaR CTPaTerHR JlJIR KOHetrnoro 
yqacTKa HHTepsana JlJJaHHpOBaHHH IT0BTOp51.­
eTC'1 H .ll.JI51. JJOKaJJhHO-0ilTHMaJJhHhIX IlJJaHOB 

JlJIR HY cnpoca Ha 3HeproBhipa6oTKy .LI.JUI Petr 
= 5 w 15 %/ro.n. J1oKaJJhHO-OJITHMaJJbHhlH 
rrnaH JlJJH HY crrpoca Ha 3HeproBhipa6oTKy Ha 

pHC. 5, COOTBeTCTBy'lOIUHH Perr = 10 %/ro.n, 
IlOKa3hIBaeT, tITO B 3TOM cnyqae COtieTaHH'1 
HY cnpoca H 3cpcpeKTHBHOH rrpouearnoii 
CTaBKH .D.JJR KOHeqaoro yqacTKa HHTepsana 
IlJJaHHp0BaHHR BhITOJlHOH HBJJReTC.SI JlpyrM 
CTPaTerH.SI, npH KOTOpOH nepepa6aThIBaeTC.SI 
o6nyqeHHoe .S!Jlepaoe TOITJJHBO B KOJJJiqeCTBe, 
B TOl{HOCTH paBHOM JlJI51. IlOJJytieHHR IlJJYfOHHR 
H tteypaHOBhIX aKTHHOH.llOB JlJI51. 3arrycKa H 

Il0JlITHTKH 5!3Y c 6hlCTPhIMH peaKTOpaMH EH-
3-800(U-Pu) H JlJI.SI IIO.llilHTKH BBe.lleHHhIX pa­
Hee u BBO.llHMhIX s TeKyIUHH MOMeHT 5I3Y c 

97 



TennoBhIMH peaKTopaMH BB3P-3-1 OOO(U­
Pu); no6hP-Ia )Ke ypatta Be.neTCH B 061,eMe, He-

06xo.D,11MOM .UilH 3anycKa H IIO.UIIHTKH 3THX 

peaKTopos. 

Teopm1 npHHRTIDI pemeHHH peKOMeH,uyeT 

npH paccMorpeHHH H3MeHeHHH (BapHaUHH) 

60ilbllJHX HapO.UHOX03HHCTBeHHhIX CHCTeM, 

KaKosoi1 no onpe.uenemuo n. 1.3 .smnReTCH 

3HeprOCHCTeMa, onHpaTbCH Ha <pyttKQHOHan 

BCeH CHCTeMhI. CpaBHeRUe BenwmH <pyttK­

UHOHanOB OIITHManbHbIX H noKanbHO-OnTH­

ManbHbIX rrnaHOB pa3BHTHjl 3HeproCHCTeMbI 

.UnR ycnoBHH PoccHH, T.e. cpasHeHHe sapHaH­

TOB pa3BHTHjl 513 C OTKpbITbIM 51Tl.J: H 3aMK­

HYThIM 51TU:, .UaHO B Ta6n. 13. B Hett HapH.UY 

co cpasmmaeMbIMH 3HaqeHHnrn <pyttKIIHOHa­

noB .uaHO HX OTHOCHTem,Hoe H3MeHeHHe 8, on­

pe.ueneHHOe B rrpoueHTax KaK OTHOIIJeHHe pa3-

HOCTH <pyttKUHOHanOB noKanbHO-OIITHManbHO­

ro H OIITHManbHOro nnaHOB K <pyttKIJHOHany 

OIITHManbHOro nnaHa. 

qHcneHHOe 3HaqeHHe <pyttKIIHOHana CYM­

MapHbIX IIpHBe,UeHHbIX 3arpaT Ha BCIO rrpor­

paMM)' pa3BHTHH 3HeprOCHCTeMbI Ha BCeM pac­

qeTHOM HHTepsane BpeMeHH IIOKa3bIBaeT, B 

KaKYJO CYMMY ,ueHer o6oi-i,ueTcH peanH3au1-rn 

3TOH rrporpaMMbl B MOMeHT, K KOTOPOMY rrpH­

BO,UHTCH BCe 3arpaTbI ( o6hl'iHO 3TO MOMeHT 

npHHHTHH peIIJemrn), qTo6hI o6ecrre~Tb non­

Hoe ee <pHHaHCHpOBalllie. EcnH H3MeHHTb MO­

MeHT npHBe,UeHHH, TO H3MeHHTCR TOilbKO a6-

COillOTHOe 3HaqeHHe <pYHKIJHOHana, a OIITHMH-

3HpOBaHHbIH paHee rrnaH npH 3TOM He H3Me­

HHTCR. 

KaK BH.UHO H3 rn6n. 13, HCIIOilb30BaHHe 

3aMKHYTOro 51TU: B cpaBHeHHH C OTKphIThlM 

.uopo)l(aeT no Mepe CHH)Kefffljl 3<p<peKTHBHOH 

npoueHTHOH CTaBKH. 3To y.uopo)l(aHHe .UOCTH­

raeT MaKCHManbHOro 3HaqeHHjl .UnR Peff = 0 % / 

ro.u, paBHOro ~ 5 ... 8 % OT <pyttKUHOHana BCe.H 

3HeproCHCTeMb1 PocCHH. 3HaqeHHe Peff = 0 % / 

ro.u COOTBeTCTByeT COCTORHHIO c6anaHCHpo­

BaHHOH 3KOHOMHKH o6mecTBa, B KOTOpOM 

Bech .uoxo.u o6mecTBa pacxo.uyeTcR Ha co3,ua­

HHe HOBhIX TeXHonorHH, ManrnH, o6opy.uosa­

HHR H T.n., T.e. Ha TO, ~o B KOHe'lHOM cqere 

IIOBbllliaeT npOH3B0.UHTeilbHOCTb rpy.ua o6me­

CTBa H n03B0IlHT eMy )l(HTh nyqIIJe B 6y.uy­

IUeM, H npaKTH'leCKH HH'lero He rpaTHTCR Ha 

TeKYlllee norpe6neHHe. 3To norpamt:'llloe co­

CTOHHHe o6mecTBa. 

,l(pyraR KpaHHOCTb COCT05IHHJI o6mecrna, 

B KOTOpOM Beeb .uoxo.u o6mecrna rpaTHTCR Ha 

TeKYIUee rrorpe6neHHe, He ocrnBnRR mi:qero 

.UilH 6y.uYIUeH )l(H3HH, COOTBeTCTByeT 6onh­

IIJHM 3HaqeHHRM Peff• 3HaqeHHe Peff = 15 % / 

ro.u eme He COOTBeTCTByeT 3TOH Kpa.HHOCTH, 

HO, KaK BH.UHO H3 onTHMH3aUHOHHhIX pacqe­

TOB, BCe )Ke BenHKO. ,[vul 3Toro 3HaqeHHH y.uo­

po)KaHHe 3aMKHYTOro 51T[( B cpaBHeHHH C OT­

KpblThlM COCTaBilReT 0, 1 % OT <pyHKIIHOHana 

Bcei1: JHeprocHcTeMbI PoccHH. 

IlpoMe)KYTO'lllbie 3HaqeHHjl Petr = 5 H 10 

% /ro.u COOTBeTCTBYJOT peanbHbIM COCTORHHRM 

o6mecrna. L(nH 3THX 3Ha'leHHH y.uopo)KaHHe 

3aMKHYTOro 51TU: B cpaBHeHHH C OTKpbITbIM 

HaXO.D,11TCR B ,[{Halla30He OT 0,3 .uo 1,6 % OT 

<pyttKIJHOHana BCeH 3HeprOCHCTeMbl PocCHH. 

T a 6 J1 H Q a 13. 3Hattemu1 Q>YHKU.HOHaJlOB (T$) OTITHMaJlbHOro H JlOKaJlbHO-OTITl-lMaJlbHOro 

TIJlaHOB H HX OTHOCHTeJlbHOe H3MeHeHHe O )J.)lll BY H HY cnpOCOB Ha :meprOBblpa60TKY 

MJJ 3HatteHHH 3q>q>eKTHBHOH npoueHTHOH cTaBKH Petr: O; 5; IO; 15 % / ro.11. 

oc Ha 3Heprmo BY HY 
TToKa3aTeJJb 

JIOKaJlbHbl H JlOKaJlbHblH 
OTITHM)'M 

OTITHM)'M C EH OTITHMYM 
OTITHM)'M C EH 

Perr = 0 % / ro.11.. <l>YHKUHOHaJJ 24,047 25,889 19,151 20,254 
o , % 7,7 5,8 
Petr= 5 % / ro.11.. <l>YHKUHOHaJl 3,883 3,946 3,936 3,980 
o , % 1,6 1,1 
Petr = IO % / ro.11. . <l>yHKUHOHaJl 1,977 1,985 2,016 2,022 
o , % 0,4 0,3 
Petr = 15 % / ro.11.. <l>yHKUHOHaJl 1,474 1,475 1,489 1,490 
o , % 0, 1 0,1 
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J,hlaqe rosopH, ,UJIH peanhH0ro eoeT0HHIUI 06-

meeTBa y.nopo)KaHHe 3aMKHyTOro 51TU s 

epaBHeHHH e 0TKphIThIM 51TU eoernsmreT se­

Jiff-q}fHY nopH,nKa 0,UH0ro-,nByx npoueHTOS. 

3aKJirotJ.enHe 

KoMIIhIOTep npo,neJihIBaeT see shrqHene­

HHH e MallIHHHOH, T.e. ShieOKOH TQl{HQeThlO. 

EeJIH M0,nem. sepHa, TO see Shl'lHeJieHHH sep­

Hbl e TQqHQeThlO HeX0,UHhJX ,UaHHhIX. Heonpe­

.ueneHH0eTh HeXO.UHhIX ,naHHhJX (H oeo6eHHO 

,naHHbIX no 3anaeaM npHp0.UHhIX pceypeos s 

Ta6n. 3 H 4) s paeqernx eoeTaBJIHeT TI0-SH,UH­

M0MY ,neeHTKH npoueHTOB. 3m Heonpe.neneH­

aoen, ,naHHhIX 6y,neT npeene.nosaTh Heene.no­

BaTendi: Beer.na, H36aBHTheK OT Hee He y.naeT­
eH HHKor.na, a eHH3HTh ee MQ)KHQ Ka)K,llO)lHeB­

HOH PYTHHHOH TeopeTH'-leeKoH H npaKTHqee­

KOH Hayqao-Heene.nosaTeJiheKOH H npOH3SO,ll­

eTBeHHOH pa60TOH. 
TeopHH 0ilTHManbH0ro TIJiaHHp0BaHHK He-

110Jlb3yeT npHHUHil, B eo0TBeTeTBHH e K0T0-

phIM HeJih3SI "nOCT{)OHTh" onTHMa.JII,HOe pa3-
SHTHe HaeTo.suuero, He "noerpoHB" 6y,nymero 

(HHor.na npasHJihHee eKaJaTh: He "npe.nern­

sas" 6y.uymee). llo 3TOH TeopHH 6y.nymee on­

pe,neJIKeT Haern.suuee (06 3TOM Y*e rosopH­

rroeb s n. 1.2 npH onpe.neneHHH HHTepsana 

nnaHHpOBaHHH). qeM ShllIJe HOpMa J:U,ieK0HTH­

posaHHH (s HarneM erryqae - 3cpcpeKTHSHaK 

npoueHTHaK eTaBKa), TeM s MeHhllleH eTeneHH 

6y.nymee SJIHHeT Ha IlpHIDITHe perneHHH: cpya­

KqHH ,UHeKOHTHposamrn HHBenHpyeT cpaKTOphl 

6y.nyruero s cpyttKnHOHane. llo 3TOH npH'-1.HHe 

srrrunrne Heonpe.nerreHH0eTH HeX0,llHl,IX ,llaH­

HbIX ShIIIIe ,UJIH HH3KHX 3HaqeHHH HOpMbI ,llHe­

K0HTHposaHHK. lfa 3T0ro ene,nyeT, '-ITO 66Jih­

IlIHM 3Ha'leHHKM y.nopo)KaHHH 3aMKHYT0ro 

51TU s epasHeHHH e 0TKphIThIM eoorneTeTBy­

eT H 66nhlllaK Heonpe.neneHH0eTh. 3TH 3Ha'-le­

HHH BMeeTe e HX ,ll0BepHTeJlhHhlM HHTepsan0M 

JIH6o BKJIIO'-IalOT BeJIH'il1HY y.nopO)KaHHH s 

0,UHH-,llBa npoueHTa, JIH60 npH6JlH)KaJOTeK K 

Hei1:. 

.D:nH HH3KHX 3Ha'leHHH 3cpcpeKTHBHOH npo­

UeHTHOH eTaBKH, .UM KOT0phIX HHTepsan nna­

HHp0BaHJ,UI 6onhwe I 00 neT, y'MeCTH0 HanoM­

HHTh 06 yposHe Heonpe.neneHH0eTH TaK: eme 

100 neT Ha3a,ll 0 513 He Il0MhIIllJlKJIH, KaK H He 

HMemi: HH Maneihnero npe.neTasneHHH o 3an a­

eax npHpo,nHoro ypaHa. 
Heonpe.neneaaoeTh AaHHhIX no 3anaeaM 

ypaHa, HanpHMep, L{eeHTHKpaTHhIH poeT eTOH­

M0eTH npHpO,llH0ro )'l'aHa, npHB0,llHT K poeTy 
eTOHM0CTH (y,neJibHb[X pacqeTHhIX 3arpaT) 

3JieK1'p03HeprHH B CllCTeMe C TenJJ0ShlMH pe­

aKTOpaMH Ha 30 . .. 35 % [14]. lfaMeHeHHe 

eTPYKTYPhI 513, sse:~em1e onpeAeneHHOH .no­

JIH peaKTOpOB-pa3MHO)Kl-l.TeJieH, ynyqrnemrn 

51TU: TellJlOBhIX peaKTopo s Il03BOJUleT .ua)l(e 

npH TPH.UUaTHKpaTH0M y.nopo)KaHHH ypaHa, 

BKJ110qa10mero 3anae1,1 ypaHa B so.nax MHpo­

soro oKeaHa, y.nep)KaTh poeT y.nenhHhIX pac­

qeTHhIX 3aTpaT 3JieKrp03HeprnH Ha ypOBHe He 

6onee 30 %. 
Ha 3T0M <t>oHe aeonpe.neneHH0eTH cne.ny­

eT npH3HaTh Bhff0.UH0eTh .UJIK Pocem-1 3aMKHY­

T0ro 51TU:, a ero y.nopo)Kamre s cpaBHeHHH e 

0TKphIThIM 51TU HeeymeerneHHhIM. lloeKOJih­

KY BO seex onTHManhHhIX nJiaHax B erpJ'KTYPY 
513 BOlllJIH 513Y e peaKTopaMH THna BB3P-O -

1000(U) H BB3P-3-1000(U-Pu), TO 3TO roBo­

pHT 06 HX KOHKypeHTOCilOC06HOCTH C yrOJih­
HblMH 3Y H 3Y 1-ra npHp0.lJ.H0M raJe. C yqe­

T0M He0OJihlllHX pa3JIH'-IHH B 3Hat.JeHHHX cpyttK­

UHOHana JIOKanhH0-OilTHMaJlhH0r0 H 0ilTH­

MaJlhH0ro IlJiaH0B H 60JibIUOH Heonpe,neJieH­

H0eTH HeX0)J.HhTX .naHHhlX M0>KH0 f0BOpHTh 0 

KOHKypeHTOCIIOC06HOCTH 513Y THna EH-3-

800(U-Pu). 
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Y,LIJ( 621.039.5 
Ou:emca KOHKypeHTOCDOC06HOCTH 3HepreTnqecKHX TeXHOJJOrHii 

H 3aMKHYT0ro HAepuoro T0DJlHBH0ro U:HKJla B 3HeprocuCTeMe PocCHH 

A.B. /0,.uMe11Ko, 

HlUIY "MM <l> 11", 115409, MocKBa, KanmpcKoe rnocce, 31 
TiocTynHna s pe.uaKUmo 17.03.2010 r . 

BbtnOJlHeHa cpaBHHTeJlbHall 01..(CHKa KOHKypeHTHblX npeHM)'IUeCTB ll.ll.CpHblX 3HepreTH4eCKHX ycTaHOBOK 
(513Y), yronbHblX 3tteproycTaHOBOK (3Y) H 3Y Ha np11poJJ.HOM raJe, a TaK)l(e JaMirnyroro RJJ.epHoro TOn­
mrnHoro UHKJla (.~TU), .lUUl pa3BHTHJI 3HeprocHCTCMbl PocCHH no HCXOJJ.HblM JJ.aHHblM, oueHeHHhIM B Me)l(­
Jl.HCl..(HnJlHHapHOM HCCJleJJ.OBaHHH MaccaqyceTCKOro TeXHOJ10rH4eCKOro HHCTHTYTa. 

Kll10'1e6ble cnoea: 3HeprocHCTeMa, KOHKypeHTOcnoco6HOCTb, RJJ.epHble 3HepreTH'-leCKHe ycTaHOBKH, 
yrOJlbHble 3HeproycTaHOBKH, 3HeproycTaHOBKH Ha npHpOJJ.HOM raJe, RJJ.epHblH TOnJlHBHblH UHKJl. 

Estimation of Competitiveness of Power Technologies and Closed Nuclear Fuel Cycle in Power 
System in Russia. A. V. Klimenko, National Research Nuclear University "MEPhl", 31, Kashirskoe Sh., 
Moscow, 115409. The comparative estimation of competitive advantages of nuclear power plants, coal power 
plants and natural gas power plants, and also closed nuclear fuel cycle for development of power system in 
Russia is carried out. The initial data based on interdisciplinary Massachusetts Institute of Technology study 
are used. 

Key Words: Power System, Competitiveness, Nuclear Power Installations, Coal Power Plants, Power 
Plants on Natural Gas, Nuclear Fuel C cle. 

100 



3Ta CTaTMI .srnm1eTC.ll BTOpOH B umrne 

"MaTeMan1qecKa.s1 MO.lleJih onTHMH3aUHH 

3HeproCHCTeMI,I H ee npHJIO)l(eHm1", COCTO.ll­

meM H3 qeTbipex CTaTeH H ny6JIHKyeMbIX B 

)f(ypHane BART. Cep. <l>H3HKa .ll.llepHhIX peaK­

TOpOB. 

BseueuHe 

B rrpe.llhl.ll)'IlleH pa6oTe [ 1] BhlllOJI.HeHbI 

pacqeThI OIITHMaJibHOH CTpyKTypbl pa3BHTHH 

3neprocHCTeMI,I PocCHH H ee nO)lCHCTeMhI -

R)lepHoro TOnJIHBH0-3HepreTl{qeCKOrO KOMil­

JieKCa (51T3K), BKmoqarorn.ero B Kaqecrne 

CBOHX CTIJYKTYPHhlX 3BeHbeB .ll)lepHyro 3Hep­

reTHKY (513) H 51TIJ,. 3Ta pa6oTa HHHUHHpO­

BaHa ,D.ByMH HeOp,D.HHapHbIMH BhIBO,D.aMH Me)l(­

.llHCUHIIJllfHapHOro HCCJie)lOBaHH.ll [2], BblllOJI­

HeHHoro 6oJibllIHM KOJIJieKTHBOM 3KCnepTOB 

ysa)l(aeMoro B MHposoM nayqttoM coo6mecrne 

MaccaqyceTcKoro TexHonoruqecKoro HHCTH­

Tyra. 
IlepBbIH BbIBO.ll COCTOHT B TOM, qTo Ha 

CB060.UHOM pbIHKe 513 HeKOHKypeHTOCnoco6-

Ha B cpasHeHHH C 3HepreruqeCKHMH TeXHOJIO­

rIDIMH Ha yrne H npHpO,D.HOM ra3e, T.e. CTOH­

MOCTb ee 3Hepnrn BbIIIIe. KoHKypeHTocnoco6-

HOH OHa CTaHOBHTC.ll, eCJIH yqecTb nJiaTy 3a 

spe,uH1,1e Bb16poch1 CO2 B pa3Mepe ~ $200 3a 

TOHHY BhI6pocoB. 

Brnpoi-1 BhIBO.ll yrnep)l(.llaeT, qrn 513Y BhI­

ro,uHo HCnOJib30BaTb B OTKpbITOM 51TIJ,, IlpH­

qeM pacqeTaMH noKa3aHa 6onee qeM qeThipex­

KpaTHa.sl 3KOHOMHqecKa.sl BbirO,D.a OT npHMeHe­

HHH OTKpblTOro 51TIJ, no cpaBHeHHIO C 3aMK­

HyrhIM. Ilocne,uttee yrsep)l(.lleHHe c,D.enaHo Ha 

OCHOBaHHH cpaBHeHHH TOilJIHBHbIX COCTaBJI.ll­

lOII.J.HX y,D.eJibHbIX pacqeTHbIX 3aTpaT 3JieKTp0-

3HeprnH B OTKpblTOM H 3aMKHyrOM 51TIJ,. B 

pa6oTe OCTOpO)l<HO orosapHBaeTCH, qTo 3TH 

BbIBO,UbI C,D.eJiaHbI .llJI.ll ycJIOBHH pa3BHTHH 

ClllA. 

Y aBTOpa 3TOH CTaTbH He HaIIIJIOCb OCHO­

BaHHH He HCilOJIJ,30BaTb TII.J.aTeJihHO no,D.rOTOB­

JieHHbie H o6ocHOBaHHble HCXO,UHhie ,uaHHbie 

[2] .llJI.ll pacqeTOB onTHMaJibHOro pa3BHTHH 

3BeproCHCTeMI,I PoccHH C ueJiblO npo.llCHHTb 

B0IIp0Cbl KOHKypeHTOCilOC06HOCTH 513Y H 

BbITO,UHOCTH 3aMKHyroro 51TIJ,. B pa6oTe [ 1] 
no,upo6Ho OITHCaHhI HCXO,D.Hbie ,uaHHbie [2], 

HCilOJib3OBaHHble npH OilTHMH3aumi: pa3BHTH.ll 

JHeprocHcTeMhI, BKmo"laromew 513Y, yronh­

Hhie 3Y H 3Y Ha npHpO.IJ.HOM ra3e. 

Pa3JIHqJ,ie COCTO.llJIO B TOM, 'ITO BMeCTO 

.usyx THilOB .5J3Y C TeTIJIORhl\1 (nerKOBO,D,HbIM) 

H 6bICTpbIM peaKTOpaMH, pa6oTarommrn s 0T­

KpbITOM H 3aMKHyrOM 5!T ll,, B [2] HCilOJib-

30Ba.IDICb qeTbrpe .5I3Y C poccHHCKHMH peaK­

TOpaMH: PEMK-3-l000(U-Pu) - ypan-rrnyro­

HHCBbIH KaHaJihHhIH peaKTop ,D,JIH pa6oThI B 3a­

MKttyroM .5ITIJ,; BB3P-O- l 000(U) - ypaHo­

BhYH BO.UO-BO,UHHOH 3HepreTHqeCKHH peaKTOp 

,un.si pa6oThI B OTKphIT0M 5IT[(; BB3P-3-l 000 

(U-Pu) - ypaH-nnyrom1esbIH BO.UO-BO,Ufil!OH 

3HepreTHqecIGiH peaKT0p J].JI.ll pa60Tbl B 3aMK­

HyrOM .5ITIJ,; EH-3-800(U-Pu) - ypaH-rrnyro­

HHeBhili 6bICTpblli HarpHeBhlli peaKT0p .llJI.ll pa-

60Tbl B 3aMKHyrOM 51TQ. 
qTOfibI nonyqHTb 6onee IlOJIHyIO KapTHHY 

no B0rrpocaM KOHKypeHTOCilOC06HOCTH .5I3Y 

H BhITO,lJ,HOCTH 3aMKHyroro 51TIJ,, pacqeTbl 011-

THMaJibHI,IX H JIOKaJibHO-OTITHMaJibHbIX nna­

HOB 3HeproCHCTeMI,I Ha BCeM pacqeTHOM HH­

Tepsane (- oo, 150 ner) speMeHH npose,D.eHhI 

.IJ.JI.ll sepXHero (BY) H HH)l(Hero (HY) yposHeH 

crrpoca Ha Bhipa6aTumaeMyro 3HeprHIO )J.JI.ll 

WHpOKOro ,D.HaITa3OHa H3MeHeHiffl 3Haqemrn 

HOpMI,I ,D.HCKOHTHpOBaHHH (3cpq>eKTHBHOH npo­

ueHTHOH CTaBKH Petr ): 0; 5; 10; 15 %/ro,u. 

3TOT )J,Hana30H 3cpq>eKTHBHOH rrpoueHTHOH 

CTaBKH BKJIJOqaeT 3KOHOMJ,{qeCKyIO CHTyal.{HlO 

JlJI.ll ycnoBHH ClllA, paccMoTpeHHyro B [2]. 

IlocKOJihKY .UM cpasmrnaeMbIX sapHaHTOB 

IlpH OilTHMH3aUHH 3HeprocHCTeMbI IIOJib3a OT 

pa60TbI 3HeproCHCTeMhI 6bma 0.[I.Ha H Ta )Ke 

no ycJIOBH.llM 3a,D.aqH, TO OilTHMH3aUHH npoBO­

,D.HJiaCh no KpHTepHIO MHHHMyMa q>yttKUHOHa­

Jia - CyMMapHbIX npHBe,neHHI,IX 3arpaT Ha BCIO 

nporpaMMY pa3BHTH.ll 3HeprOCHCTeMbI Ha BCeM 

pacqeTHOM HHTepsane speMeHH - B OilTHMH3a­

UHOHHOH MO.lleJIH 3neprocHCTeMhI KO.Ila TO-

BAS [3]. 
CpaBHeHHe KOHKypeHTocnoco6HOCTH 3Y 

H BblfOJJ,HOCTH 3aMKHyroro .5ITIJ, npOBOJJ,H­

JIOCh, BO-rrepBbIX, no seJIH1IHHe q>yttKUHOHaJia 

JHeprocHcTeMhl; so-BTOphrx, no senwnrne 

y,D.eJlbHhIX pacqeTHbIX 3aTpaT ,D.JI.ll 3HeprOCHC­

TeMbI, ee IlO,UCHCTeM (TonJIHBH0-3HepreTJ,{qeC­

KHX KOMTIJieKCOB (T3K) - yroJibHOfO, Ha npH­

pOJJ.HOM ra3e, .ll,UepHOfO ), 3Y. Y ,ueJihHbie pac-
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qeTHbie 3aTpaTbI paCC'lllTbIBaJIHCb )lJUI nony­

qeHHhIX OilTHMaJihHbIX H JIOKa.JlbHO-OilTHMa.Jlb­

HbIX rrnaHOB pa3BHTHH :meprOCHCTeMbI H yc­

JIOBHH MaKCHMa.JlbHOH rrpH6blnH :meprocHCTe­

Mbl, ee rro)lcHcTeM, 3Y. 

B [ 1] OTMe'laJIOCb, 'ITO eCJIH 3Y BOIIrna B 

OilTHManbHbIH nnaH pa3BHTIDI :meprOCHCTeMbI 

PocCHH, TO OHa )')Ke KOHKypeHTOCI10C06Ha C 

)lpyrHMH 3Y, BOllie)llllHMH B OilTHMa.JlhHbIH 

rrnaH. Ilo3TOMY BOIIJe)lm11e B orrTHMaJihHhIH 

rrnatt 5I3Y THna 8B3P-O-1 000(U), B83P-3-

1000(U-Pu), a TaIOKe BOIIIe)lllIM B JIOKaJlbHO­

OilTHMa.JlbHbIH nnatt 5I3Y THna EH-3-800(U­

Pu), OKa3bIBaIOTCH KOHKypeHTOCnoco6HbIMH c 

3Y Ha yrne H npHpO)lHOM ra3e. AHaJIH3 3Ha­

qeHHH cpym<UHOHaJIOB OilTHMa.JlbHOro nnaHa, 

Ky.ua He B0IIIJrn 5I3Y nma IiH-3-800(0-Pu), H 

JIOKa.JlbHO-OilTHMa.JlbHOro nnaHa, Ky,Zla BOIIIJIH 

5I3Y T11na EH-3-800(U-Pu), no3BOnHJI c.ue­

naTh 3aKnIO'leHHe O BbirO,ZlHOCTH 3aMKHyroro 

5ITU: .um1 PoccHH. 

O.uHaKO B (2) 3HeproCHCTeMa He 0ilTHMH-

3HpOBaJiaCh, a cpaBHeHHe 3KOHOMH"'IHOCTH 3Y 

BeJI0Cb DO y.uenbHbIM npHBe,ZleHHbIM (HJIH, 

HHaqe, pacqeTHbIM) 3aTpaTaM, BbJqHCJieHHhIM 

Ha HHTepBane cpoKa CJI)')K6hI 3Y. Ha OCHOBa­

HHH q11cJieHHbJX 3Ha'leHHH 3TOro IlOKa3aTeJUI 

C,ZleJiattbl BhIBO,Zlbl O .uoporOBH3He 5I3Y B cpaB­

HeHHH C )lpyrHMH 3Y. 
IlpoBe,ZleM cpaBHHTeJihHhIH attaJIH3 5I3Y H 

JlpyrHX 3Y 3HeprocHCTeMbI no KpHTepHIO 

y.ueJibHbJX pacqeTfilIX 3aTpaT, B0CIIOJlb30BaB­

IIIHCb He 6aJiaHCHOH M0,Zleill>IO 3HeprocHCTe­

MhI, KaK 3TO c.uenaHO B (2), a 0DTHMH3aUH0H­

HOH MO,ll,eJibIO (3), T.e. Bbl'IHCJIHM y.n.eJibHI,Ie 

pacqeTHbie 3aTpaTbI )lJIH OIJTHMa.JlbHI,JX H JIO­

Ka.JlbHO-OIITHMa.JlbHbJX nnaHOB, OIIHCaHHbJX B 

(1]. 
Ilpe)K,lle Bcero IlOHCHHM, qTo TaKoe y.ueJib­

Hhie pacqeTHbie 3aTpaTbI. IlpocTM, CHJibHO 

ynpomeHHM MO,ZleJib )leHTeJlbHOCTH npe.n.rrpH­

HTIDI npe.uDonaraeT, tJTO npe.n.npIDITHe, ocy­

wecTBJIAA 3aTpaTbI Ha BhlnycK np0.ll.YKUHH B 

pa3Mepe ce6eCTOHMOCTH (BKJIIO'IM KpOMe 

o6hltJHO npHHHTbJX COCTaBJUIIOillHX TaIOKe no­

KynKy CblpMI, MaTepHaJIOB H CTOpOiilillX yc­

nyr) Ha Ka)K,llyIO e,ZlHHHUY npo.n.yi<UHH, 3aTeM 

TIOCTaBJIHeT (npo.uaeT) 3TY e,ll,HHH.UY npo.uyi<­

UHH n0Tpe611Temo no onpe.n.eneHHOH uette. 

Ecmf npe.n.npHHTHe IlOCTaBJIHeT HeKHlf 

061,eM npOH3Be)leHHOH rrpO.Zl)'KUHH, TO npOH3-
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Be)leHHe ce6ecTOHMOCTH Ha 3TOT 061,eM .uaeT 

CTOHMOCTb HJIH BeJIH'lHHY 3aTpaT rrpe.urrpHH­

nur Ha BhmycK 3Toro 061,eMa npo.n.yi<UHH, a 

npOH3Be)leHHe ueHbl npO,Zl)'KUHH Ha 3TOT )Ke 

o6beM .uaeT BbipyqKy 3a npo,ZlaHHbJ}I 061,eM 

npO.Zl)'KUHH. Pa3HJ,[Ua Me)K)l)' BblpYtJKOH H 3a­

TpaTaMH .n.aeT npH6hIJll, OT npOH3Be; teHHOro H 

npo.n.aHHOro 061,eMa npO,ll,)'KUHH. 

qaCTb 3TOH npH6hrnH IIOCJie Bcex o6H3a­

TeJibHbJX BbJqeTOB OCTaeTCH npe.unpIDITHIO H 

xapaKTep1:13yeT Kaqecrno ynpasneHIDI npe)l­

npIDITHeM. 3Ta npOCTM CHTyaUHH COOTBeTCT­

ByeT CTaTH'leCKOH (HeH3MeHHOH BO BpeMeHH) 

CHTyaUHH. 

EcJIH paccMaTpHBaTh pa6oTy TaKoro 

npe)lnpIDITIDI B ,ZlHHaMHKe C HerrpepbIBHO Me­

HfilOilleHCH KOHbIOHKTypoH phrHKa, TO MecTo 

CTOHMOCTH 3aHHMaIOT npHBe)leHHbie 3aTpaTbI, 

MeCTO BblpYtJKH - npHBe)leHHM BblpyqKa, a 

MeCTO rrpH6bIJIH - npHBe)leHHM npH6bIJlb. 

3ToT 6onee 06m11i1 cnyqaii nopo.u11n no­

Ka3aTeJih pa60TbI npe.n.npm:ITHH, YtJHTbIBaIO­

IllHH ,ZlHHaMHKy. 3TOT TIOKa3aTeJib Ha3bIBaIOT 

y.ueJibHbJMH pacqeTHbIMH 3aTpaTaMH, OH IlO)l­

Jie)KHT MHHHMH3aUHJ-I. J,fHor.ua OH y.uo6eH npH 

cpaBHHTeJibHOM aHaJIH3e HeKpynHhIX npe.u­

npIDITHH, K KOTOpbIM OTHOCHTCj[ 3Y, Bbrpa6a­

Tbma10w11e 3JJeKTp03HeprnIO. 

B OTITHMa.JlbHOM nnaHe 3HeprOCHCTeMbI 

,ZlJUI OIITHMa.JlbHOro noBe,ZleHHj[ TaKoro MeJIKO­

ro npe.urrpHHTHK, KaK 3Y, npHBe,ll,eHHM np11-

61,rn1, 3Y MaKCHMaJibHa 11 paBHa tty1110 (4). Ec­

nH Beeb cneKTp BhmycKaeMoH 3Y np0.UYKUHH 

3aMeHHTb O,ll,HHM 3KBHBaJieHTHbJM BH,ll,OM -

3JieKTp03HeprHeH C HHTeHCHBHOCTbIO Bbrpa-

60TKH q,(t), npo)laBaeMOH Ha pbIHKe no e.n.11-

HOH ueHe u:i(t), TO 113 paBeHCTBa HYJIIO npHBe­

,ZleHHOH rrpH6hIJIH 3Y cne.uyeT 

- -J qi(t) . 
0- -( )u,(t)q,(t)dt -1).Z. (1) 

-- q> tp 
3.uech cnpasa nepBhIH qneH - npHBe)leH­

HM BblpyqKa OT rrpO)la)KH rrpO.ll.YKUHH 3Y, a 

BTOpOH - npHBe,ZleHHbie 3aTpaTbI, CBK3aHHhle C 

BBO,ll,OM, 3KCITJiyaTa.uHeH, MO,ZlepHH3aUHeH, 

CH'1THeM C 3KCIIJiyaTaUHH H .upyrHMH cpaKTO­

paMH )KH3HH 3Y; q>(t) - cpyttKUHK ,ll,HCKOHTH­

pOBaHIDI (npHBe)leHIDI) K MOMeHTY . t = 0 ; 

q>(t)/q>(tp) - cpyttKUHK ,ll,HCKOHTHp0BaHHK (npH­

Be,ZleHHj[) K MOMeHTY lp BpeMeHH. Ey.n.eM C'IH-



TaTb u,lt) IlOCTOIDiHOH. H paBHOH. U
3 

, TOf,Zla ( 1) 

MO)l(HO nepemrcaTb KaK 

r.ue 

·- (t) 
IT J-<p - q· (t)dt = t::,.Z } (t ) 3 _ <p p 

l1JIH u, = !::,.Z I q~ll) , (2) 

,..,, (t) 
q~Jl) = J _!__() q)(t)dt - rrpHBe,UeHH<UI K 

- (j) tp 

MOMeHTY l p Bbipa6oTKa 3JieKTp03HeprnH. 

flpaB)'lO qacTb (2) o6bl'IBO Ha3bIBaIOT 

y.ueJibHbIMH rrpHBe)].eHHbIMH (pactJeTHbIMH) 3a­

TpaTaMH HJIH pactieTHbTMH 3aTpaTaMH Ha npo­

H3B0,1lCTBO e,UHHH[(bl rrpo.ny1<1.(HH (B HarneM 

cnyqae 3JieKTp03HeprnH). Y.neJibHbie pactieT­

m,1e JaTpaTbl HaXOJljiT .neJieHHeM .ZJ.Byx rrpHBe­

,ueHHbIX {K 0)].HOMY MOMeHTY BpeMeHH) BeJIH-

11HH: 3aTpaT H BbIIIYCKa rrpO.ZJ.YK[f.HH. 

Cne.nyeT OTMeTHTb, tJTO Bblpa_)l(eHHe (1) 
QTpa_)l{aeT npHHU.HII OKynaeMOCTH B orrrn­

MaJibHOM IlJiaHHpOBaHHH, H3 qero CJie,uyeT, 

tITO B OilTHMaJibHOM IlJiaHe 3Y OKynaeTCjl, To­

r.na y.neJibHbie pactieTHbie 3aTpaTbl u) MO:>KHO 

TpaKTOBaTb KaK IIOCTO~HH)'lO u.eHy OKynae­

MOCTH. 

1. CpaBHHTeJlbHhIH auaJIHJ KOH1cypeHTO­
cnoco6uocTH 3Y no noicaJaTe.rtlO yi.em,HhlX 

paC'leTHblX JaTpaT C yqeTOM Bpei.m,IX 
u1,16poc0B B oKpy,Karouzyro cpei.y 

BocnOJib30BaBIIIHCb Bbipa)KeHHeM (2), 
MO:>KHO BbltIHCJIHTb y ,ueJibHbie pactJeTHbie 3a­

TpaTbl )].JI~ Ka)K,1l0H. 3 Y B OIITHMaJibHbIX rrna­

Hax 3HeproCHCTeMbl. Y ,ueJibHbie pactieTHI,Ie 

3aTpaTbl Ka)KJlOH J-13 IIO.D.CHCTeM (51T3K, 

yro111,Horo T3K, T3K Ha rrpHpO.D.HOM ra.Je) 

MO)KHO OTHeCTH K HeKOH. "3KBHBaJieHTHOH 

3Y" 3TOH IIO,ZlCHCTeMbI, Bo6paBIIIeH. B ce6jl yc­

pe.nHeHHbie xapaKTepHCTHKH Bcex 3Y no.u­

CHCTeMhr, BOIIIe,UIIIHX B OilTHMaJibHbIH. ITJiaH 

3HeproCHCTeMbI. flpH onpe.ueneHHH KOHl<Y­

peHTOCI10C06HOCTH 3Y IlO)].CHCTeM HMeeT 

CMbICJI cpaBHHBaTb Me)l(Jly co6oii y.neJibHbie 

pactieTHbie 3aTpaTbl IlO)].CHCTeM. 

B Ta6JI. 1 rrpHBe)].eHbI BbltIHCJieHHbie .nm1. 

OITTHMaJibHblX H JIOKaJibHO-OIITHMaJibHbIX rrna-

T a 6 JI H n a 1. y JJ.eJibHbJe pac'-!eTHbJe 3aTpaTbl C Y'-leTOM BpeJJ.Hb[X Bb16pocos B OKpy)Ka!Ouzyio 

cpe.uy JVUI :meprocHCTeMbl Hee nOJJ.CHCTeM B onTHMaJJbHblX H JIOKaJJbHO-OITTHMaJJbHblX TIJJaHax 

Ha BCeM pac'-leTHOM HHTepsane (- oo, 150 neT) )lJISI 3Ha'-leHHM J<p<peKTHBHOH npo~eHTHOH CTaBKH 

Perr: 0; 5; 10; 15 % /ro.n, c$/(1<lh·'-lac) 

~HJ n BY HY 

JIOKaJibHblH JIOKaJJbHblH 
onTHMYM 

OITTHMYM c 6H 
onTHMYM 

onTHMYM c EH 
5I3Y 

Petr = 0 % / ro,n 2,87 4,41 2,96 4,34 
Perr= 5 % / ro.LJ. 5,35 6, 19 5,27 5,99 

Petr = 10 % / roJJ. 7,54 7,80 7,51 7,72 
Perr = 15 % / roJJ. 10,57 10,64 10,54 10,61 

3Y Ha vrne 

Perr= 0 %/ro.LJ. 66,74 66,74 66,74 66,74 
Petr= 5 % /ro,n 24,37 24,37 23,69 23,69 

Petr = 10 % / ro.LJ. 26,44 26,44 26,16 26,16 
Petr= 15 %/ro.LJ. 27,69 27,69 27,69 27,69 

3Y Ha IlPHPO.UHOM ra.Je 

Perr = 0 %/roJJ. 10,99 10,99 11 ,03 11,03 
Petr= 5 % /ro,n 13, 71 13,71 13,76 13,76 

Perr= 10 % / ro.LJ. 15,45 15,45 15,45 15,45 
Perr = 15 %/ro.LJ. 15,45 15,45 15,45 15,45 

flo BCeM 3 HepfOCHCTeMe 

Perr = 0 % / roJJ. 7,86 8,46 8,32 8,80 

Perr = 5 % /ro.LJ. 13,72 14,07 14, 19 14,35 
Perr = 1 0 %/roJJ. 14,77 14,83 15,08 15, 12 
Peff = 15 %/roJJ. 16,42 16,44 16,59 16,61 

103 

... 



1:oB 3HaqeHml y,D,eJIJ,HhIX pacqeTHhIX 3a-rpaT, 

.6!<JII01-IalOlllHe lJeT:.,1pe COCTaBllilIOlllHe (KaIUI­

TlJibHyIO, 3KcnnyaTaI.VIOHHyIO 6e3 TOilJIHBa, 

TOfIJlliBHyIO, OIIJiaTy Bpe,D,HI,IX Bh16pocoB BOK­

py')KaIOlllyIO cpe.D.y) B c$/ (KBrqac) (3,D,ec1, c$ -

~eHThl JlOJJJiapa ClllA) )lJUl "3KBHBalI.eHTHI,IX ~ 
3Y" Ka)l(,[{oi1 H3 rro,D,cHcTeM, a TaIOKe ,D,JIH nceii 

:meproCHCTeMhl B neJIOM. CpaBHHBaTh Ily')ICHO 

3Ha1IeHJUl ,ll,JIR pa3HhIX "3KBl1BalI.eHTHhIX 3Y" B 

O,ll,HOM CTOJI6l]e ,D,JIH O,ll,HOro H Toro )Ke 3Haqe­

HnH 3cpq_1et<THBHOH apoueHTHOH CTaBKH. 

J,fa Ta6JI. 1 1mm:o, "llTO ,ll,JIR "3KBHBaJieHT­

noi1 513 Y" .n.nanaJoHy 0 ... 15 % / ro,D, H3MeHe­

H ,UI 3<1'q:ieKnnm,);i npoueHTHOH CTaBKH COOT­

BeTcTByeT ;z.nrnnaJon 2,87 ... 10,64 c$/ (Kl3rqac) 

113-MeHeHJLl )'!l,efilHhIX pacqeTHhlX 3aTPaT, & 

6onee peanhHOMY ,D,HarraJotty 5 .. . 10 % / ro.n. H3-

MetteHHR 3cpcpeKTHBHOH npol]eHTHOH CTaBKH 

COOTBeTCTBYeT )J.Ha11a3OH 5,27 .. . 7,80 c$/ (KBT 

qac) H3MeHeHHR y.n.en1,m,rx paC"lleTHhlX JaTPaT. 

~ "3KBHBaJieHTHOH yronhHOH 3Y" 

aHanorwrnhle ,D,HanaJOHhI y.D.eJihHhIX pacqeT­

m,rx 3aTJlaT 6y.D.YT 23,69 ... 66,74 H 23,69 ... 
26,44 c$/ (KBT·"llac ). J.1:1ui: "3KBHBaneHTHOH 3Y 

tta rrpHpOJlHOM ra3e" ananoru•rn1,1e ,uHanaJo­

HhI BbffJIH,ll,HT TaK: 10,99 ... 15,45 H 13,71... 
15,45 c$/ (KBT·qac). HaKoHeIJ, ,D,llil Bceii 3Hep­

rocHcTeMhI attanoruqtt1,1e ,D,1rnnaJott1,1 6y.D.YT 

TaKHMH: 7,86 ... 16,61 H 13,72 ... 15,12 c$/ (Kl3T 

qac). 

CpaBHe1rne 3KOHOMH'lHOCTH 5I3Y C 

)TOJILllI,IMH 3Y u 3Y Ha rrpHpO,D,HOM r:ne no 

llOKa3aTemo y,D,eJll,HhlX pacqeTHhIX 3aTPaT C 

yqeTOM Bpe,D,HhlX Bhl6pocoB s OKpy')KaIOlllYJO 

4,50E+o I c$/(KBT•lfac) ' 
i< r) 

4,00F+0l 

2,S0E+ol 

3,00E+0l 

2,S0E-+ 01 

2,00E+0I 

l ,SDE+0l 

l ,00E+ol 

5,00E+00 

0,00E+00 
- 20 - 10 0 1(1 '.!0 30 40 50 60 70 80 90 100 

Puc. I. fpaq,11KJ1 tieH Ha :meKTp03Heprmo B om11-
MaJ1bH0M 11 Jl0KaJlbH0-0nTl1MaJlbH0M nnaHax pa:3-
BHTWI :meproc11cTeMb1 Pocc1111 JUJll BY cnpoca Ha 
:meprOBblpa6oncy 11 3cpcpeKTHBHOH npou.eHTHOH 
CTaBKlf: 0 ¾fro.n - rpacpHK a); 5 %froJJ. - rpacj)HK 
6); IO %.'ro.u - rpaq,11K s); 15 %fro.a - rpa<jmK r) 
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cpe.D.y o6Hapy')KHBaeT, "llTO y 5I3Y 3TOT fIOKa-

3aTeJih HaHMeHhllIHH (HH.)l{e, qeM y yroJihHhlX 

3Y - He Mettee, qeM B 2 pa3a; HH)Ke, qeM y 3Y 

na rrpupo~HOM raJe - He Mettee, qeM B 1,5 pa-

3a), "llTO fOBOpHT O KOHKypeHTHOM rrpeHMy­

mecTBe 5I3Y. CpaBBeHHe 3TOro ITOKa3aTeng 

,l),Jlj[ 5I3Y C TaKOBhIM ,ll,JIH 3HeprOCHCTeMhI 06-

F-Iap)')KHBaeT, qTQ y 5I3Y 3TOT IlOKa3aTeJII, 

MeHhllle, H 3TO 3Ha"llHT, "l{TO 5I3Y B 3Hepro­

CHCTeMe pa6oTaIOT C rrpH6hIJihlO, 60JihllleH 

HOpMaTHBHOH, T.e. 6om,rnei:i HOpMhI ,ll,HCKOH-

1HpOBaHHH (3cp<peKTHBHOH rrpol]eHTHOH CTaB­

KH). 

TaKHM o6pa30M, ecJIH BeCTH cpaBHeHHe 

3KOHOMH"llHOCTH H KOHKypeHTOCIIOC06HOCTH 

3Y IIO IIOKa3aTeJIIO y,D,eJihHhIX pacqeTHhlX 3aT­

paT c yqeTOM Bpe,ll.HbIX BhI6pocoa B OKp)')Ka­

lOII.lyIO cpe,D,y, BI,J"l{HCJieHHOM}' ITO O11THMaJII,­

HhIM IIJiaHaM, KaK :no H npe,D,ITHChIBaeT TeOpHH 

rrpHH.SITHR perneHHH, TO ,ll,JIH POCCHH rronyqaeT­

CH, 'ITO 3KOHOMH4HOCTh H KOHKypeHTOCIIOC06-

HOCTh 5I3Y Bhlllle, qeM TaKOBhie ,ll,JIH yrom,­

HhIX 3Y H 3Y Ha rrpHpO,D,HOM ra3e. 

Cne,D,yeT 3aMeTHTh, qTo .u;ett1,1 3JieICTpo-

3Hepnrn B OilTHMaJII,HI,IX H JIOKaJII,RO-OIITH­

MaJihHI,IX IIJiaHax 3HeprocucTeMhI B OTJIWIHe 

OT fIOCTOHHHOH l]eHl>I OKyaaeMOCTH (y.D.eJII,­

HhlX pacqeTHbIX 3aTPaT) Be)J.YT ce6H CJIO)KHO H 

OTPa)KaJOT H3MeHeHHR Bcex nepeMeHHI,IX MO­

,D,eJIH 3HeprOCHCTeMhl B apouecce ee OIITHMH-

3aumr. Ha pHC. 1 H 2 fIOKa3aHhI rpacpHKH Ta­

KlfX l]eH COOTBeTCTBeHHO ,l),Jlj[ BY H HY crrpo­

ca Ha 3JieICTpO3HeprHIO .D.ITH PoccHH. Ha.116onee 

CHJII,HOe BJIHHHHe Ha H3MeHeHHe 3THX o;eH 

3,S0E+0I 

3,00E+ol 

2,S0E+0l 

2,00E+ol 

l ,50E+0l 

l ,00E+0I 

5,00E+00 

0,00E+00 
- 20 - 10 0 10 20 30 40 50 60 70 80 90 100 

Puc. 2. rpacj)HKH u.eH Ha 3JleKTJ)03Hepr111O s onn1-
Ma.J1bH0M H Jl0KaJlbH0-0nTl1MaJlbH0M nnaHax pa:3-
RHTHSI 31-lepr0ClfCTeMbl PocCHH .D)lll HY cnpoca Ha 
31-1eprosb1pa60TKY If 3cpcpeKTHBHOH npou.eHTHOH 
cTaBKH: 0 %fro.a - r pacpHK a); 5 %fro.a - rpacp11K 
6); IO %fro.a - rpacp11K s); 15 %/ro.n - rpacpHK r) 



or<a3bIBaIOT MOMeHTI,I H3MeHeHmI OilTHMaJib­

}IOH CTJ))'KTypbI :meprOCHCTeMbl. 

HanpHMep, .llJUI cepe)lHHbI XXI ser<a ueua 

3neKTp03HeprHH B 3HeprOCHCTeMe PocCHH 

npH npHH51TblX B paCtJeTax HCXO)lHbIX )la.HHbIX 

H3MeH51eTC51 B ,llHaila30He OT 10 )lO 25 ... 30 c$/ 

(KBT·qac) .lln51 .llHana3oua 3HatJeHHH 3q>q>eK­

THBHOH npoueHTHOH CTaBKH Petr OT 0 .llO 15 % / 

ro.ll- EcIDI K 3TOMY speMeHH CTJ)ana .llOCTHTHeT 

c6anaHCHpoBaHHOCTH Hapo.znrnro XO3miCTBa, a 

3KOHOMH1JeCKHH pOCT 6y)J.eT COOTBeTCTBOBaTb 

BblCOKOpa3BHTOMY o6mecrny C 3q>q>eKTHBHOH 

npoueHTHOH CTaBKOH ~ 5 % /ro)l, TO MO)l(HO 

O)KJ,l)laTb, qTo ueua 3JieKTJ)O3HeprHH s 3Hepro­

cHcTeMe 6y.lleT ~ 25 c$/ (KBT·tJac). 

2. CpaBHHTeJlbHblH aHaJIH3 K0HKypeHT0-
cnoco6uocTH 3Y no noKaJaTe.riro y,n:eJibHblX 

pac'leTHblX JaTpaT 6e3 y'leTa Bpe,n:HblX 
Bb16pocos B oKpy,tearonzyro cpe,n:y 

B (2] C)leJiaHO cpaBHeHHe KOHKypeHTO­

CIIOC06HOCTH 3Y KaK C yqeTOM, TaK H 6e3 

yqern spe.llHbIX Bb16pocos s OKpy')Karomyro 

cpe,lly. B rrocne.nueM cnyqae 513 soo6me He­

KOHKypeurncnoco6ua .UM ycnos11ii CllIA. 

C)lenaeM cpasueu11e ,UJI51 y cnosHii Pocc1111, KaK 

H s n. 1, HO no IlOKa3aTemo y,ueJibHbIX pacqeT­

HbIX 3aTJ)aT 6e3 yqeTa Bpe)J.HbIX BbI6pocoB B 

OKpy')Ka10myro cpe.lly. 

B Ta6JI. 2 npe.l].CTaBJieHbl 3HatJeHmI y,ueJib­

HbIX pactJeTHblX 3aTJ)aT, BKnIOtJaIOIUHe TOJihKO 

TJ)H TPa.uHUHOHHbie COCTaBJI51IOIUHe (Kam1-

TaJihHyro, 3KCirnyaTaUHOHHyro 6e3 TOilJIHBa, 

TOilJIHBHyro ). Jfa Ta6JI. 2 BH,UHO, tJTO ,UJI51 "3K­

BHBaJieHTHOH .513Y" ,uuana3oHy 0 .. . 15 % / ro,u 

H3MeHemui: 3cpcpeKTHBHOH npou;eHTHOH CTaBKH 

COOTBeTCTByeT ,UHana3OH 2,25 ... 10,01 c$/ (KBT­

qac) H3MeHeIDUI y)leJibHbIX pacqeTHbIX 3aTJ)aT, 

a 6onee peani,noMy ,llHana3oHy 5 ... 10 % /ro)l 

H3MeHeHmI 3q>q>eKTHBHOH npoueHTHOH CTaBKH 

COOTBeTcTByeT .[(Haila3OH 4,64 ... 7,17 c$/(KBT· 

qac) H3MeHeHmI y,lJ,eJibHblX pacqeTHbIX 3aTJ)aT. 

,[(AA "3KBHBaJieHTHOH yroJibHOH 3Y" aHa­

nor11qub1e .[(HaCTa3OHbI y)leJibHblX pacqeTHbIX 

T a 6 JI H .. a 2. y )),eJibHble pac'-leTHble 3a-rpaTbl 6e3 y'-leTa BpeAHhrx. Bb16pocoB B OKpy')KaJOuzyio 
cpe,!J,y AJUI :.rneproCHCTeMbl H ee no,ncHCTeM B OnTHMaJTbHbrx H JIOKa.JihHO-OnTHMa.JihHbIX nnaHax 
Ha BCeM paC'-leTHOM HHTepsane (- oo, 150 JieT) .11,JUI 3Ha'-leHHH 3q>q>eKTKBHOH npol.(eHTHOH CTaBKH 
Pelf: O; 5; 10; 15 %/ro))., c$/(Klh·qac) 

~ fl BY HY 

JIOKa.JibHbIH JJOKa.JihHblH 
onntMYM 

OnTHMYM C EH onTHMYM 
OnTHMyM C EH 

.513Y 
Pelf = 0 %/ro,!J, 2,25 3,78 2,33 3,72 
Perr = 5 %/ro.n 4,72 5,57 4,64 5,37 

Pelf= 10 %/ro.n 6,92 7, 17 6,89 7, 10 
Pelf = 15 %/ro.n 9,94 10,01 9,92 9,98 
3Y Ha yrne 

Perr = 0 %/ro.n 55,49 55,49 55,47 55,47 
Pelf = 5 %/ro,n 13, 12 13, 12 • 12,44 12,44 

Pelf= 10 %/ro,n 15, 19 I 5, 19 14,91 14,91 
Pelf= 15 %/ro,n 16,44 · 16,44 16,44 16,44 

3Y Ha IlPHPO.llHOM ra3e 

Pelf= 0 %/ro.n 2,79 2,79 2,83 2,83 
Perr= 5 %/ro,n 5,51 5,51 5,56 5,56 

Perr= IO %/ro.n 7,25 7,25 7,25 7,25 
Pelf = 15 %/ro.n 7,25 7,25 7,25 7,25 

ITo sceii :meprocHCTeMe 

Perr = 0 %/ro.n 2,63 3,24 2,73 3,21 
Pelf = 5 %/ro.n 6,89 7, 12 6,95 7, 11 

Perr= 10 %/ro.n 7,99 8,04 8,07 8, 11 
Pelf= I 5 %/ro.n 9,37 9,39 9,40 9,42 
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3arpaT 6y.nyr 12,44 ... 55,49 H 12,44 ... 15,19 
c$/(Kl3T·qac ) . ,[(JUI "3KBHBaJleHTHOH 3Y Ha 

npHpO,D.HOM ra3e" aHaJIOfH"'llibie J].HanaJOHhI 

BbirmIJJ..SIT TaK: 2,79 ... 7,25 H 5,51...7,25 c$/ 

(KBT•qac). HaKOHeu, )].JUI BCeH 3HeprocHCTeMbl 

aHaJIOfH"l'HbJe m1anaJOHbI 6y.nyr TaKHMH: 2,63 
... 9,42 H 6,89 . .. 8,11 c$/(KBT·qac). 

CpaBHCHHe 3KOHOMH'-IHOCTH .513Y C 

yrOJJhHblMH 3Y no IlOKa3aTemo y,nenhHhIX 

pac'ieTHbIX 3arpaT 6e3 yqeTa Bpe,D.HbIX Bb16po­

COB B OKp)')KaIOill,YJO cpe.ny o6Hap)')KHBaeT, 

qTo y 5I3Y 3TOT nOKa3aTeJJh MeHbille, qeM y 

yronhHhIX 3Y He MeHee, qeM Ha rpeTh, qTO 

roBOpHT O KOHKypeHTHOM npeHMymeCTBe 

.513Y IIO cpaBHeHHIO c yronhHhIMH 3Y. 

CpaBHeHHe 3KOHOMWIHOCTH .513Y C 3Y Ha 

rrpHpO.UHOM raJe IIO 3TOMY )Ke noKaJaTemo 06-

Hap)')KHBaeT, 'iTO y .513Y 3TOT ITOKa3aTeJ1h 

MeHhllie B J].HaIIaJOHe H3MeHeHH..SI 3cpcpeKTHB­

HOH npoueHTHOH CTaBKH O ... 10 %/ro.u, 'iTO 

fOBOpHT O KOHKypeHTHOM npeHMymecTBe 

5I3Y no cpaBHeHHIO c 3Y Ha npHpO,D.HOM 

raJe. 

C pocTOM 3cpq>eKTHBHOH rrpoueHTHOH CTa­

BKH OT 10 .no 15 % / ro.u IlOKaJaTem, y.uenhHhlX 

pac'leTHhIX 3arpaT 6e3 yqern Bpe,nHhIX BhI6po­

coB B OKp)')KaIOill,YJO cpe.uy J].Jl.SI .513Y paCTeT 

6hICTJ)ee TaKOBOro .UAA 3Y Ha npHpO,D.HOM ra-

3e, TaK 'iTO Ha 3TOM HHTepBa.ne 3q>q>eKTHBHOH 

rrpoueHTHOH CTaBKH 3TOT IIOKa3aTeJJb CTaHO­

BHTC.SI OJJ.HHaKOBhlM ,D.JUI o6oHX BH.UOB cpaBHH­

BaeMbIX 3Y, HO B OKpeCTHOCTH 3Ha'ieHIUI 15 
%/ro.n 3cpcpeKTHBHOH npoueHTHOH CTaBKH TIO­

Ka3aTeJJh )].AA 5I3Y Bblll1e, qTO rOBOpHT O KOH­

KypeHTHOM npeHM)'Il]eCTBe 3Y Ha npHpOJJ.HOM 

raJe. 

B ueJJOM )].AA Bcero .[{HanaJOHa H3MeHeHH.SI 

3q>q>eKTHBHOH npoueHTHOH CTaBKH O . .. 15 % / 

ro.u MO)KHO roBOpHTh O npHMepHO O,D.HHaKO­

BOH KOHKypeHTOCnoco6HOCTH .513Y H 3Y Ha 

npHpO.UHOM raJe no 3TOMY nOKa3aTenro. IlpH­

MepHO O,D.HHaKOBa.SI KOHKypeHTOCilOC06HOCTh 

5I3Y H 3Y Ha npHpOJJ.HOM raJe ,nenaeT B03-

MO)KHOH HX B3aHM03aMem1eMOCTh. 

CpaBHeHHe IlOKa3aTem1 y,neJJbHhlX pacqeT­

HhIX 3arpaT 6e3 yqeTa Bpe,nHhIX BhI6pocoB B 

OKp)')KaIOill,YJO cpe,ny ,nm1 .513Y C TaKOBhIM J].Jl.SI 

3HeproCHCTeMbl o6Hap)')KHBaeT, 'iTO y .513Y 

3TOT noKaJaTeJlh MeHbllie B J].HailaJOHe O ... 10 
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% / ro.u H3MeHeHH.SI 3cpcpeKTHBHoj:i npoueHTHOH 

CTaBKH H paBeH HJIH qyrh Bblllle TaKOBOro .nm1 

3HeproCHCTeMh1 3a npe,neJJaMH J].HanaJOHa 0 ... 
10 % / ro,n. 3TO 3Ha'iHT, 'iTO eCJJH 3TOT nOKa3a­

TeJ]l, J].Jl..SI .513Y MeHbllle, TO .513Y pa60TalOT C 

npH6hIJJhlO, 6on1,II1eH HOpMaTHBHOH, ecnH )Ke 

noKaJaTeJJH paBHhl HJIH noKaJaTeJ]l, JJ.AA .513Y 

Bblllie, TO .513Y pa60T8IOT C npHfihim,IO, paB­

HOH HOpMaTHBHOH; B nocne,D.HeM cnyqae OHH 

3aMbIKaIOT 3HepreTH'ieCKHH 6a.naHC. 

TaKHM o6pa30M, ,nn.H ycnoBirn PoccHH .na­

)Ke )].AA TaKoro HJ].eaJIH3HpOBaHHOfO cpaBHe­

HH.SI TIO IlOKa3aTenro y,neJJbHhlX pacqeTHbIX 3a­

rpaT 3JJeKTJ)03Hepnrn 6e3 yqeTa Bpe,nHhIX Bhl-

6pocoB B oKp)')Karomyio cpe.uy o6Hap)')KHBa­

eTC.H, '-ITO 3KOHOMH'IHOCTh H KOHKypeHTOCTIO­

co6HOCTh 5I3Y BhIIUe B cpaBHeHHH c yroJJb­

Hb]MH 3Y H npHMepHO OJJ.HHaKOBhl c 3Y Ha 

npHpO.D.HOM raJe, eCJJH BeCTH cpaBHeHHe He no 

6a.naHCHhIM, nycTb ,na)Ke Ha B3fJ1.H)]. 3KCnepTOB 

[2] o'leHh npaB,norro,no6m,IM, IlJlaHaM, a no on­

THMaJJhHhIM nJJaHaM pa3BHTH.SI 3HeproCHC­

TeMbl. 

3. OueHJca BLiroi:.H0CTH 33Mlrnyroro .SITIJ; 
no 0OK33aTeJIIO yi:.eJILHLIX paclfeTHLIX 

JaTpaT eceii 3HeprocncTeMLJ 

B [ 1] TIOKaJaHo, 'ITO 3aMKHyr1,rn 5ITU .uo­

po)Ke OTKpbITOro Ha BeJJH'iHHY nop.Sl,D.Ka O,D.HO­

ro-,nByx rrpoueHTOB, eCJJH cpaBHeHHe BeCTH no 

q>yttKUHOHaJlY HHTerpa.nbHhlX npHBe,neHHbIX 

3arpaT Ha BCIO nporpaMMy pa3BHTH.SI Ha 6ec­

KOHe'!HOM HHTepBa.ne nJJaHHpOBaHH.SI BCeH 

3HeprOCHCTeMbI PocCHH. 3TO pa3JJH'ilie Ha­

MHOro MeHbllie Heonpe,neJJeHHOCTH cpyttKUHO­

Ha.na, nopo)K.[{eHHOH Heonpe.neneHHOCTblO HC­

XO,D.HhIX ,D.aHHhIX, TaK 'ITO B paMKax 3TOH He­

onpe,neJJeHHOCTH MO)KHO C'lHTaTb paBHO 3KBH­

BaJleHTHh1MH JJOKaJlbHO-onTHMaJll,Hhle nnaHbl 

c 3aMKHyrhIM 5ITU H onTHMaJihHhie rrJ1att1,1 c 

OTKpbIThlM 5ITIJ, (B nocne,z:{HeM He3Ha1unen1,­

HO yqacTByeT JaMKHyrhIH 5ITU B CB.Sl3H c no­

na,naHHeM B onTHMaJJhHhIH nnaH .513Y THna 

BB3P-3-l OOO(U-Pu)). 

C,neJJaeM TaKOC )KC cpaBHCHHe no Il0Ka3a­

TCJ1IO y,neJJhHhlX paC'lCTHhlX 3arpaT. B Ta6JJ. 3 
H 4 npHBC.UCHbl Bhl'iHCJJeHHblC no Ta6JJ. 1 H 2 
3HalJCHH.SI OTHOCHTCJlhHOfO H3MeHCHIDI y,neJJh-



l:lblX pacqeTHbIX 3aT})aT BCeH 3HeproCHCTeMbI B 

npoueHTax KaK OTHOlllemte pa3HOCTH 3THX no­

I<aJaTeJieH B JIOKaJibHO-OITTHMaJibHOM H OIITH­

r,iaJibHOM nrraHax K y,ueJibHbIM pac'!eTHbIM 3a­

TPaTaM OITTHMaJibHOro nrraHa. 3TH 3Ha'!eHIDl 

npaKTJP:leCKH COBna,uaIOT co 3HaqeHHKMH OT­

HOCHTeJibHOro H3MeHeHIDI q>yttKUHOHaJia B [ l]. 
pa3nH1-me c [ l] Ha l % Ha6nro.uaeTcH TOJibKO 

.unH BY cITpoca H Peff = 5 %/roll. 

Ta 6 J1 u u a 3. 3Ha'-!eHIDI 0TH0CHTeJlbH0ro 
H3MeHeHH.!I (B npoueHTaX) y,neJlbHblX paC'-leT­
HbIX 3aTpaT BCeH 3HeproCHCTeMbl C Y'-ieT0M 
epe,llHblX Bb16pocoa B 0Kp)')KalOl.l.lYIO cpe,uy 
.nn.11 BY H HY cnpocoa Ha 3Heprosb1pa60TKY 
.nn.11 3Ha'-!eHHH 3q><peKTHBHOH npoueHTHOH 
CTaBKH eff: 0; 5; 10; 15 %/ro,n 

Cnpoc Ha 3HeprHJO 
3q>q>eKTHBH BY HY 
n oueHTHa.11 cTaBKa 

eff = 0 %/ro,n 7,7 5,8 
eff = 5 %/ro,n 2,6 I, I 

eff = I O %/ro,n 0,4 0,3 
eff = I 5 %/ro,n 0, 1 0, 1 

T a 6 J1 u u a 4. 3tta'-!eHHJI 0TH0CHTeJlbHOro 
H3MeHeHHji (B npoueHTaX) y,neJlbHblX pac'-!eT­
HblX 3aTPaT BCeH 3Hepr0CHCTeMbl 6e3 Y'-leTa 
Bpe,nHblX BbI6pocoB a 0Kp)')KalO~yJO cpeJJ.y 
,nJIJI BY H HY cnpocoe Ha 3Heprosb1pa60TKY 
.nn.11 3Ha'-!eHHH 3q>q>eKTHBHOH npoueHTHOH 
CTaBKH eff: 0; 5; 1 0; 15 %/ro,n 

IIpoc Ha 3HeprHJO 
3q>q>eKTHBH BY HY 
n 01..{eHTHa.!I CTaBKa 

eff = 0 %/ro,n 23,0 17,6 
eff = 5 %/ro,n 3,3 2,3 

eff = 10 %/roJJ. 0,7 0,5 

Petr = I 5 %/roa 0,2 0,2 

.[J;Hana30H HeoITpe.ueneHHOCTH BbJqHCJie­

mrn YlleJihHbIX pactieTHbIX 3aT})aT oueHeH B 

[5). Heonpe.ueneHHOCTb .uaHHbIX ITO 3anacaM 

ypatta, HanpHMep, lleCHTHKpaTHbIH pocT CTOH­

MOCTH IIPHPOllHOfO ypaHa, npHBO,llHT K pocTy 

CTOHMOCTH (y.uerrbHhIX pac'!eTHbIX 3aT})aT) 

3JieKT})03HeprHH B CHCTeMe C TeTIJIOBbIMH pe­

aKTOpaMH Ha 30 ... 35 %. l13MeHeHHe CT})YKTY­

pbI 513, BBenem1e onpeneneHHoii noITH peaK­

TopoB-pa3MHO)l(HTeneii, ynyqrneHHe xapaKTe­

PHCTHK 51TU. TeTIJIOBbIX peaKTOpOB n03B0JIJII-OT 

.ua)l(e npH T})H.ImaTHKpaTHOM YllOPO)l(aHHH 

ypaHa (nocrre.uuee BKmoqaeT B o6opoT 3anacb1 

ypaHa B BO,llax MHpOBOro OKeaHa) y.uep)l<aTb 

pOCT y.uenbHbIX pac':leTHbIX 3aT})aT 3JieKT})0-

3Heprm-1 Ha yposHe He 6onee 30 %. 

Ta6n. 3 ( c yqeTOM BbI6pocoB B OKp~aIO­

IUYI-0 cpe.uy) CBH,lleTeJlbCTByeT, ':ITO ynopO)l(a­

HHe 3aMKHyTOro 51TU. B cpaBHeHHH C OTKpbl­

TbIM 51TIJ. COCTaBJIHeT BeJIH'lHHY nopH.UKa l % 

(HJIH HeCKOJihKHX npoueHTOB), qTo lIOJIHOC­

Tbl-0 YKJia,llbIBaeTCH B 30-npoueHTHbIH .UHana-

30H Heonpe.uerreHHOCTH BbI'lHCJieHHH y.uenb­
HblX pac':leTHbIX 3aT})aT, CBH3aHHblH C Heonpe­

.ueneHHOCTbIO HCXO.UHbIX .uaHHhIX . 

J,fa rn6n. 4 (6e3 yqern BbI6pocoB B oKpy­

)l(aIOIUYI-0 cpe.uy) BH.UHO, qTQ H B 3TOM cnyqae 

.UJIJI ,llHaIIa30Ha H3MeHeHIDI 3q>q>eKTHBHOH npo­

ueHTHOH CTaBKH Perr = 5 ... 15 % /ro.u y.uopo)Ka­

HHe 3aMKHyTOro 51TlJ. B cpaBHeHHH C OTKpbI­

ThIM COCTaBrrHeT HeCKOJibKO npoueHTOB H 

TOJibKO IIpH Pelf = 0 % /ro.u 3TO y.uopo)l(aHHe 

COCTaBJIJleT OKOJIO 20 %. H ,[{a)l(e B 3TOM no­

cne.uHeM cnyqae OTHOCHTeJibHoe y.uopo)l(aHHe 

3aMKHyrnro 51TU. He npeBhIIllaeT 30-npoueHT­

HbIH ,[{HailaJOH Heonpe.ueneHHOCTH BbJTIHCJle­

HIDl y.uenbHhIX pac':leTHbIX 3aT})aT. 

TaKHM o6pa30M, OTITHMaJibHOe nnam:1po­

BaHHe pa3BHTIDI 3HeprocHCTeMhI ITO lIOKa3aTe­

JIIO y.uenbHbIX pac':leTHbIX 3aT})aT BCeH 3Hepro­

CHCTeMbI C yqeTOM H 6e3 yqeTa Bpe,UHhIX Bbl-

6pocoB B OKp~aIOIUYI-0 cpe.uy BbIJ1BJIJ1eT y.uo­

po)l(aHHe 3aMKHyTOro 51TlJ. B cpaBHeHHH C OT­

KpblTblM B npe.uerrax O,llHOro HJIH HeCKOJibKHX 

npoueHTOB ,!lJUI .UHaITa30Ha H3MeHeHIDl 3q><peK­

THBHOH npoueHTHOH CTaBKH Pelf = 5 . . . 15 % / 

ro.u. 

HaH6om,lllM serrH':IHHa y.uopo)l(aHHH co­

OTBeTcTByeT COCTOHHHI-0 o6mecTBa c Pelf = 0 

% /ro.u, T.e. oco6oMy COCTOHHHIO, s KOTOpOM 

6ecnrraTHbl Kpe,UHTbl .UJIH BBO,lla, 3KCIIJiyarn­

UIDf H Bbmo.ua H3 JKcnnyarnu1rn JHepreT}lqec­

KHX o6'beKTOB, paBHO KaK .llJIJI .upyrnx npoeK­

TOB. B 3THX noporoBbIX ycnOBHJIX y,uopo)l(a­

HHe 51TIJ, He BbIIIIe CTeneHH Heonpe.ueneHHOC­

TH BbJqHCJieHHH y,ueJlhHblX pactieTHbIX 3aT})aT. 

3TH pa3mflnrn 3aMKHyroro H OTKpbITOro 51TU. 

He Il03BOJIJII-OT rosopHTb O HeBbirO)lHOCTH 3a­

MKHyrnro 51TlJ.. 
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4. OueHKa Bbir0JlH0CTH JaMKHyToro HTI..J, 
no Il0KaJaTemo YJleJibHbIX paC'leTHbIX 

3aTpaTHT3K 

CpaBHem1e JaMKHyroro H OTKphIToro 

5ITIJ, no <p)'HKUHOHarry HHTerpaJihHhIX npHBe­

}leHHhIX JaTPaT H no noKaJaTemo y}leJlhHhIX 

pacqeTHhIX JaTPaT Bceii 3HeprocncTeMhI noKa-

3hmaeT BhITO.L(HOCTh JaMKHyroro 5ITIJ, B 3Hep­

rOCHCTeMe. IlocJJe,L(HIDI npemonaraeT BhICO­

K)'IO CTerrem, KOHUeHTPaUHH co6CTBeHHOCTH 

(HanpnMep, s BH.L(e aKl.{HOHepHOH co6cTBeHHO­

CTH HJJH HHOH <pOpMhI cocpe.L(OTOqeHHJI co6cT­

BeHHOCTH B 3HeprocuCTeMe ). 

IlOJlCHCTeMa 5IT3K o6na.L(aeT MeHhmeH 

KOHUeHTPauneii co6crneHHOcTn. EyJleT nu 
BhITO.L(eH 3aMKHyrhrn 5ITIJ,, ecnu pa3BHBaTh 

ero KOpnopaTHBHO KaK 3JleMeHT co6cTBeHHOC­

TH nO.L(CHCTeMhI 5IT3K? 

B Ta6Jl. 5 u 6 npnBe,L(eHJ,I BhJtlliCJleHHhie 

no Ta6n. 1 " 2 3HaqeHH51 OTHOCHTeJlhHOfO HJ­
MeHeHHJI y.L(eJlhHE,IX pacqeTHhlX JaTPaT B rrpo­

ueHTax JlJlJI 5IT3K (paccMaTPHBaJJHCh CTPOKH 

Ta6n. 1 H 2 JlilJI 5I3Y). 

T a 6 JI u n a 5. 3Ha'IeHHJI 0TH0CHTeJlbH0ro 
H3MeHeHJ-UI (B npoueHTax) y,neJlbHblX 
pac<IeTHblX 3aTpaT RT3K c yqe-roM spe,nHblX 
Bb16pocos B 0Kp)?Kaioazy10 cpeny ,nm, BY H HY 
cnp0C0B Ha :meprOBblpa6oTKY .nm, 3HatieHHH 
3cpq>eKTHBHOH npoueHTHOH CTaBKH Perr : 
0; 5; 10; 15 %/ roJJ. 

rrpoc Ha 3Heprn10 
3cpcpeKTHBHruJ BY HY 

eff = 0 %/ roJJ. 53,6 46,9 
eff = 5 %/ ro.D. 15,8 13,7 

eff = 10 %/ro.D. 3,4 2,8 
etT = 15 %/ro.D. 0,67 0,67 

T a 6 JI H Q a 6. 3Ha'IeHHjj 0TH0CHTeJlhH0ro H3-
MeHeH!ijj (B npoQeHTax) y,neJlbHblX pac<IeTHhlX 
3aTpaT RT3K 6e3 y<IeTa speJJ.HhlX Bb16pocos s 
0KPY)l(alOIUYIO cpeJJ.Y .ll.Jljj BY H HY cnpocos Ha 
:meproBblpa6oTKY .ll.Jl,11 3Ha'-leHHH 3cpcpeKTHBHOH 
n oueHTHOH CTaBKH eff : 0; 5; 10; I 5 %/ ro.D. 

Crrpoc Ha 3Heprn10 
3cpcpeKTHBH BY HY 
n oueHTHruJ CTaBKa 

eff = 0 %/ro,n 68,6 59,5 
eff = 5 %/roJJ. 17,9 15,6 

etT = IO %/ roJJ. 3,7 3, I 
etT = 15 %/roJJ. 0,72 0,64 
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HJ Ta6n. 5 H 6 BH.L(HO, 'ITO OIITHMaJJhHOe 

rrnaHHpOBaHHe pa3BHTH51 5IT3K KaK KOMIIO­

HeHTa 3HeprocncTeMhI no noKaJaTemo yJlenh­

HhIX pacqeTHhIX JaTPaT 5IT3K C yqeTOM H 6e3 

yqeTa Bpe.L(HhIX BhI6pocoB s OKp)')KaIOIU)'IO 

cpeny JlJJJI peaJJhHhIX cocTOJIHHH o6wecrna c 

Petr= 5 ... 15 % /ro.L( BhIJ1BJ1J1eT YJlOPO)KaHHe Ja­

MKHyroro 5ITIJ, B cpaBHeHHH C OTKpbIThIM B 

npenenax OT 1 no 18 %. 3TH JnaqeHHJI yK.ria­

JlhIBaIOTCJI B 30-rrpoueHTH)'IO JOHY Heorrpene­

neHHOCTH BhNHCJleHHJI ynenhHbIX pacqeTHhIX 

JaTPaT. 

HaH6onhmaJ1 sen~Ra ynopo)KaHHJI ~ 69 
% COOTBeTcTByeT oco6oMy COCTOHHHIO o6me­

CTBa C PelI = 0 % /ro.L(. B 3THX rroporOBhIX yc­

JlOBHJIX y.n.opO)KaHHe 5ITIJ, BhIXO.LJ.HT 3a rrpe.ne­

Jlhl 30Hhl Heorrpe.n.eneHHOCTH. 3TH pa3IlH'-llf j[ 

3aMKHyroro H OTKphITOro 5ITIJ, He II03B0Jljl !OT 

roBOpHTh O HeBhITO.L(HOCTH JaMKRyroro 5ITIJ, 
JlJU'- peanhHhIX cocTOHRHH o6wecTBa c Perr = 
=5 ... 15 % /ro.L(, H TOJlhKO .L(JlJI COCTOJIHHH c Petr 
- 0 JaMKHyrhIH 5IT1( MO)KHO oueHHTh KaK 

HeBhITO,llHblli B cpaBHeHHH C OTKphIThlM 5IT1( 

H3-3a ero JaMeTHOH JlOporOBH3HhI. 

Cne,llCTBHeM ucnOJlh3OBaHHH KpHTepH51 

yJleJlhHhlX pacqeTHhIX JaTPaT IIO.LJ.CHCTeMbI 

5IT3K .L(JlJI rrpHH51TH51 pemeHHJI s 0TH0llleHHH 

BhITO.L(HOCTH JaMKHyroro 5IT1( B cpaBHemrn C 

OTKphIThIM 5IT1( CJl)')KHT KOHCTaTaUHH <paKTa: 

qeM Mem,me nO,llCHCTeMa 5IT3K s CT0HMOCT­

HOM Bhlpa)KeHHH, T.e. qeM MeHhme ee Kam1-

TaJJ, TeM MeHee BhIT0,L(eH JaMKHyrhIH 5IT1(, H 

Hao6opOT. liJ.Haqe rosopH, BhITO.LJ.HOCTh JaMK­

Hyroro 5IT1( JaBHCHT OT BeJlH~hl 5IT3K s 

CTOHMOCTHOM Bhipa)KeHHH, T.e. OT 061,eMa 

KOHUeHTPaIVUI KaIIHTaJia s 5IT3K. 

3aMKHYThlH 5ITIJ, Bhrro.n.eH, ecm1 3Hepro­

cncTeMa CTPaHhI (Poccnn) 6yneT e.n.HHhIM (oJl­

HHM) aKUH0HepHhIM o6wecTBOM; OH TeM 60-

nee Bhrro.n.eH, ecm1 CTPaHa PoccHJI 6y.n.eT e.LJ.H­

HhIM (OJlHHM) aKUH0HepHbIM o6wecTBOM (B 

3TOM cnyqae Karnnan o6mecTsa, qacThIO KO­

Toporo HBJlHeTCJI H 3HeprocHCTeMa, MaKCHMa­

neH ). OH MO)KeT 6hITh BhITO,L(eH H s c.rryqae 

KOpnopaTHBHOro o6ne,llHHeHH51 co6CTBeHHOC­

TH B e.LJ.HHhlli 5IT3K. 
TaKHM Jl0CTaTOWhIM KaIIHTaJIOM B CCCP 

o6na,L(aJJO MHHHCTepCTBO cpe.L(Hero MallJHHO­

CTPOeHHH, BIIOCJie.L(CTBHH MHHHCTepCTBO 

aTOMHOH 3HepreTHKH H npOMhlillJleHHOCTH. 



pacqeThI, rrp0B0)lHBlllHeC.ll B Ha)"rn0-HCCJie)l0-

BaTeJihCKHX HHCTHTyrax :noro MHHHCTepCTBa, 

noKa.3bIBaJIH BhIT0)lH0CTh JaMKHyroro .51Tl.J, 

,nn.si: CCCP. O.llHaKo, ecm.f KaIIHTaJI .51T3K He­

,uocTaTOqeH, JaMKHyrhrn: .51Tl.J, M0)KeT 0Ka.3aTh­

C..ll HeBhIT0)leH. flo3TOMY JaBe)l0M0 HeBbIT0)lH0 

coJ)laBaTh JaMKHyrhIH .51TU 0T)leJihHhIM He-

6oJihllIHM crpaHaM. BhITO)lHhIM JaMKHyrhIH 

.51Tl.J, M0)KeT CTaTb )lJUI 06be)lI.fHemrn crpaH. 

5. O1.{eHKa BLir0)J,H0CTH 3aMKHyroro .SITU: 
no TOHJIHBnoii cocTaBJIHJOUleii YAeJILHLIX 

pactteTHLIX 3aypaT .RT3K 

B [2] K0HKpeTHbie cxeMhI JaMKHyroro u 

0TKphIT0ro .51Tl.J, cpaBHHBaJIHCh no Benwnrne 

TOIIJillBHOH COCTaBmuomeif y,neJibHblX pacqer­

HhlX 3arpaT .51T3K H 3TO cpaBHeHHe II0Ka.3aJI0, 

qTo JaMKHyrhIH .51TU .nopo)Ke 0TKphIToro B 4,5 
pa.3a. 

CpasHeHHe BCeB03M0)l(HhlX sapHaHT0B Ja­

MKHyroro H 0TKphlToro .51TU rrp11 0IITHMHJa­

UHH pa.3BHTllil 3HeproCHCTeMbI B HaCTO..llIUeH 

pa6oTe no BeJIHqHHe TOilJIHBHOH C0CTaBJij[}()­

mei-i y,neJibHhIX pacqeTHhlX 3arpaT CBe)leH0 B 

Ta6n. 7, 0TKy,na BH)lH0, '-ITO C p0CT0M 3cpcpeK­

THBHOH rrpouettrnoi-i crnBKH pa.3nHtJIDI B BeJIH­

tJHHax TOJJJIHBHOH COCTaBmnomei-i y,neJibHhIX 

pactJeTHhIX 3arpaT JaMKHyroro H 0TKphIT0ro 

.51TU YMeHhlllaIOTC.ll. TaK, .llJUI Peff = 0 %/ro.n 

JaMKHyrhili .51TU y.uopo)Kaer TOJJJJHBHYIO coc­

TaBJUIIOIUYIO y,neJibHhIX pacqeTHbIX 3arpaT B 

14 pa.3, a .llJUI Peff = 15 %/ro.n - B 1,07 pa.3a 

(T.e. Ha 7 %). 
CHTyaumi:, paccMorpeHHaR B [2], sap1,u­

pyeT )lHCKOHTHpOBaHHeM, T.e. senwnrnoi-i Petr, 
B )lHaJJa.30He 3HaqeHHH OT 8 %/ro.n (6aHKOBC­

KHH apoueHT) )lO 15 %/ro.n (,n;OXO,llHOCTh aK­

UHOHepoB), a C yqeT0M )lOJieH 3aeMHoro H aK­

UHOHepHoro KaJJHTaJia JT0T )lHaIIa.30H c~aeT­

C.ll )lO 3HaqeHHH 11,5 %/ro.n )lJUI rrepBbIX .nec.ll­

TH neT JKcnnyarna;mr .513Y H 15 % /ro.n .nm1 
rrocne.nYIOIUHX neT JKCirnyaTaUHH .513Y 

BJJJIOTh )lO OKOH'IaHllil cpoKa JKCIIJiyarnuHH. 

J,13 rn6n. 7 BH)lHO, qTQ JTOH CHTyaQHH co-

0TBeTCTBYeT y.nopo)KaHHe TOJJJIHBHOH COCTaB­

JI.llIOIUeH y,neJibHhIX pactJeTHhIX 3arpaT 3aMK­

ttyroro .51TU B cpaBHeHHH c OTKphIThIM MaK­

CHMaJihHO B 1,4 pa.3a, ecnu cpasHeHHe rrpOBO­

)lHTh He no KOHKpeTHhIM cxeMaM .51TU, a no 

OIITHMaJihHhIM. TeM He MeHee TaKoe cpasHe­

HHe JaMKHyroro H 0TKphIToro .51TU no seJIH­

tJHHe TOIIJIHBHOH COCTaBJij[J()IlleH y.nem,HLIX 

pacqeTHhIX 3arpaT, KaK ~e 0TMetJaJIOCh B [l], 
HenpaBOMOtJHO H Orpa)KaeT HecosepmeHCTBO 

6anaHCHOH pacqeTHOH Mo.nenH, He ytJHThIBaIO­

mei-i B3aHMHOe BJIIDIHHe MOMeHTOB BBO)la 

.513Y Ha ycraH0BJieHHhle M0IUHOCTH 11 pe)KH-

Ta 6 JI no. a 7. Tonmmttrui cocrns11.R10ll{M y,neJibHhIX pac'4eTHbIX 3a-rpaT >IT3K 

(B c$/ (KBrtJac)) H KpaTHOCTb (oTHOIIJeHHe TOnJIHBHbIX COCTaBJUIIOI..UHX B JIOKaJlbHO­

onTHMaJibHOM H onTHMaJibHOM nnattax) JJ.JUI BY H HY cnpocos Ha Jtteprosb1pa60TKY 

.n.1u1 3Ha'4eHHH JcbcbeKTHBHOH npoueHTHOH crnBKH Petr: O; 5; 1 O; 15 %/ro.n 

~ BY HY 
b 

I JIOKaJibHblH I 
JIOKaJibHbIH 

onTH M onTHMYM 
MY OnTHMVM c 6H OnTHMYM C EH 

Petr = 0 %/ro.n 

TonJIHBHa.Sl COCTaBmIIOI..U!UI 0,12 I 1,66 0,11 I 1,58 
KpaTHOCTb 13,9 14, I 

Petr = 5 %/ro.n 

TonnHBH!UI COCTaBml!OI..U!UI 0,49 I 1,28 0,41 I 1,03 
KpaTHOCTb 2,6 2,5 

Petr = IO %/ro,n 

Ton.nHBHM cocTaBJU110I..Ua.Sl 0,40 I 0,56 0,37 I 0,52 
KpaTHOCTb 1,4 1,4 

Peff = 15 %/ro,n 

TonnHBHM cocTasJU110J..Uall 0,42 I 0,45 0,40 I 0,42 
KpaTHOCTb 1,07 1,06 
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Mhl 3arpY30K HX, a KaK CJie,UCTBHe, Ha pa6oTy 

.5IT[(. 

MoMeHThl BBO,Ua .llBJI.lllOTC.ll ynpaBllillOIUH­

MH napaMerpaMH OTITHMH3al.{HH B MO,UeilllX 

pa3BHTH.ll H pa3MerueHH.ll 061,eKTOB HapO,UHOro 

X03.llHCTBa. EcJIH HX He OTITHMH3HpOBaTh BO 

B3aHMOCB.ll3H C nepeMeHHhIMH MO,UeJIH, HanpH­

Mep, :meprOCHCTeMbI, TO He 6y.uer Hau,ueH on­

THMa.JlhHhIB IIJiaH. B ny•nIIeM cnyqae 6y,ueT 

nonyqeH c6anaHcHpoBaHHbrn: nnau, H ecilll 

TIOBe3eT yra,uaTh, TO )TOT TIJiaH 6y,ueT JIOKaJih­

HO-OTITHMaJihHhIM. B [ 4] IIOKa3aHo, qTo B Ta­

KHX 3a,uaqax qly'HKUHOHaJI JIOKaJihHO-OTITH­

MaJihHhIX TIJiaHOB Be,UeT ce6.s1 nonoro B6JIH3H 

OIITHMYMa, a B,llaJIH OT Hero pa3rr~ CHJihHl,J 

H COCTaBllillOT pa3hl. 

EcJIH 6anaHCHa.ll MO,lleJih COCTaBJieHa KOp­

peKTHO, TO B ueu ¢m<eHpYlQTe.ll MOMeHThl 

BBO,Ua 3Y (061>eKTOB), a Bee oeTaJihHhie IIepe­

MeHHhie MO,UeJIH eB.ll3hIBalOT e 3THMH MOMeH­

TaMH BBO,Ua. B 3TOM enyqae MO)KHO Ha,D.e.llThe.ll 

Ha IIOJiyqeHHe JIOKaJihHO-OTITHMaJihHOro TIJia­

Ha. Bonpoe, HaxO,UHTe.ll JIH 3TOT IIJiaH B6JIH3H 

OIITHMy-Ma HJIH B,UaJieKe, oeTaeTe.ll OTKphIThIM 

H MO)KeT 6hITh pellleH OilTHMH3aUHeH MOMeH­

TOB BBO,L{a. 

HerrpaBOMOqHoeTh HeIIOJih30BaHH.ll TOTI­

JIHBHOH eoeTaBJI.lllOIUeH y,ueJihHbIX paeqeTHbIX 

3arpaT MO)KRO TIOHJITh H3 ene,UYlQIUHX npoe­

TbIX no.s1eHeHHH. Tiyen, 3a,uaHhl MOMeHThl BBO­

.ua pa3Hl>IX 3Y 3HeproeHeTeMbI H epe,uH HHX -

MOMeHThI BBO,Ua .5I3Y pa3Hl>IX THIIOB. TiyCTh 

KaqeeTBO IIJiaHa oueHHBaeTe.ll BeJIHqHHOH 

y,ueJihHhIX paeqeTHhIX 3arpaT, BKJI}Oqa}OIUHX 

eoeTaBJI.lllOIUHe: KallHTaJihHYlO, 3KennyaTarm­

OHHYIO 6e3 TOIIJIHBHOH coeTaBJI.lllOIUeH, Bpe.u­

Hhie BhI6poehI XHMWieeKHX eoe,UHHeHHH, TOII­

JIHBHYlQ. 

EeJIH ,UJI.ll 3TOH KOM6HHaUHH MOMeHTOB 

BBO,lla BCe eoeTaBJI.lllOIUHe y.uenhHhIX paeqeT­

HhIX 3arpaT .un.s1.5I3Y KOHKpeTHOro THTia HIDKe 

TaKOBhIX ,UJI.ll yroJihHhIX 3Y HJIH 3Y Ha rrpH­

po.n;HOM raJe, TO H3 3Toro ue ene,uyer, qTo BhI­

ro,uHo BBO.UHTh .5I3Y 3TOro THna; .5I3Y MO)KeT 

He BBeeTHeh B 3KennyaTaII.HlO no npHqHue To­

ro, 'ITO ,L{Jl.ll ee TOTIJIHBa, BKJIIOqaIOIUero eJIO)K­

HYIO KOMTI03HUHIO H30TOIIOB, K 3TOMY MOMeH­

TY erue He uaKorrneH ua eTa,UHH ¢a6pHKaumr 

TOTIJIHBa O,UHR H3 H30TOIIOB KOMTI03HII.HH H 

Hy')KHO eIUe TIO,llO)l(,llaTh. KaK ene,ueTBHe, rrpH­

,ueTe.ll OTO,llBHHYTh s 6y,uyruee MOMeHT BBO,Ua 
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.5I3Y, KOTOphIH epa3y )Ke IIOBJielJeT 3a eo6ofi 

H3MeHeHHe seex eoeTaBJIJUOIUHX y,ueJlhHhIX 

pae'IeTHhIX 3arpaT 3TOH .5I3Y. 

TaK TOIIJIHBHhIH O:HKJI .5I3Y qepe3 MOMeH­

ThI BBo,ua 3Y (H uao6opoT) BJIHReT ua see eo­

eTaBJI.llIOIUHe y,ueJihHhIX paeqeTHbIX 3arpaT, 

H3MeHeHH.ll KOTOphIX yqHTbIBaIOTC.ll B '-PYHK­

UHOHaJie IIO MeHbllleH Mepe .l{BOHKO: IIOepe.u­

eTBOM npHBe,UeHH.ll BO BpeMeHH H KaK '-PYHK­

UHH yeTaHOBJieHHhIX MOIUHOeTeH, B eBOIO oqe­

pe,Ub 3aBHeHIUHX OT MOMeHTOB BBO,Ua. TIO 3TOH 

IIpH'lliHe epaBHeHHe OTKpbITOro H 3aMKHyroro 

.5IT[( ene.uyer Been1 IIO BeJIH'IHHe TIOJIHOro 

KpuTepHR (B HallleM cnyqae, y,uem,HhIX pae-

1IeTHhIX 3arpaT), OrpIDKaIOruero H3MeHeHIDI 

Beex era COCTaBJI.lllOIUHX rrpu MaJieHII.LHX H3-

MeHemurx B 5.ITI.l 

3aKmoqeune 

BhITIOJIHeHHhie paeqeThI OIITHMH3aO:IDI 

pa3Bl1Tl1.ll 3HeprOCl1CTeMhI Poee1rn ,UJI.ll Hexo.u­

HhIX ,llaHHhIX, oueHeHHhIX B Me)l(,llHeUHTIJIH­

HapHOM HeeJie,UOBaHHH MaeeaqyeeTeKoro Tex­

HOJiornqeeKoro l1HeT11Tyra [2], eKoppeKT11p0-

BaJil1 HX BhIBO,llhI 11 TIOKa3aJil1, 'ITO ,UJI.ll PoeeHl1 

KOHKypeHTHhie npeHMyrueeTBa .5I3Y Bhillle Ta­

KOBhIX ,UJI.ll yroJihHhIX 3Y 11 Bhlllle HJIH paBHhI 

TaKOBhlM ,UJI.ll 3Y ua rrp11po,UHOM ra3e, a 3aMK­

HYThIH .5IT[( e yqeTOM ,uHanaJoHa Heorrpe,ue­

neHHoeT11 HCXO,llHhIX ,uaHHhIX BhITO,UeH ,UJI.ll 

PoeeHH. TioKa3aHO, qTo epaBHeH11e 3aMKHyro­

ro 11 OTKpbITOro 5.IT[( IIO BeJIH'IHHe TOTIJIHB­

HOH eoeTaBJI.llIOIUeH y,ueJibHhIX paeqeTHhIX 3a­

rpaT HenpaBOMoqHo. 

BhITO,llHOeTh .5IT[( paeTeT no Mepe poeTa 

(KOHUeHrpau11n) KaIIl1TaJia aKUHOHepHoro 06-

IUeeTBa, Ky,ua OH e11cTeMHO BXO,L{l1T, H .uoeTl1-

raeT MaKeHMYMa .UM e,u11Horo H o.n:uoro aK­

UHOHepHoro o6rueeTBa, KaKOBbIM MO)KeT 6hITh 

Be.ll crpatta PoeeHR. KoppeKTHpOBKa BhIBO,llOB, 

e,uenaHHhlX B [2], eTana ene,ueTBHeM np11MeHe­

HHJl ,llJIJ[ aHaJil13a KOHKypeHTHhIX npeHMY­

rueeTB 3Y H BbITO,llHOeTH JaMKHyroro .5IT[( 

OIITHMl13ai.r,110HHOH MO,UeJil1 pa3BHTH.ll 3Hepro­

eHeTeMhl B OTJIH'IHe OT 6anaHeHl>IX MO,Ueneii, 

rryeTh ,uIDKe seehMa npas.uono,uo6HhIX, .Ho He 

enoeo6HhIX rrepe6paTh Bee MHO)KeeTBo BOJ­

MO)KRhIX noerpoeHHH 3HeproeHeTeMhI H .5IT[( 

KaK 3JieMeHTa 3Heproe11eTeMhI. 
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IlpaBHJia ofj>opMJieHHH cTaTeif 

TipH IIO,llroT0BKe eTaTI,H B e6opHHK aBTOp ,llOJI)l(CH PYKOB0,lleTB0BaTbe.Sl eTaH]lapTOM 

" OpHrHHanhI aBTOpeKHe H TeKeTOBbIC H3,llaTeJibeKHe" (OCT 29.115 - 88). K aBTOpCKHM 

opHrHHMaM, rrepe)J.aBaCMbIM )J.n.Sl H3)].aHH.Sl, rrpe,ll'b.SIBMIOTe.Sl ene)J.yromHe TPe6oBaHH.Sl: 

1. 3K3eMTimlp eTaTbH )J.OJI)l(CH 6bITb rrepBbIM, 0TrreqaTaH Ha 0,llHOH eTopoHe JIHCTa cpopMaTa A4 
wpHcl>TOM X!! 12 qepe3 2 HHTepBaJJa. CTaTMI ,ll0IDKHa fibITb eoeTaBJICHa B ene,llyroll{eM rrop.Sl)J.Ke: 

HH)J.CKe Y.[{K; Jarnaoue; HHHl.(HaJJbl H cJ>aMHJIHH aeTopoe; MCCTO pa60T1,I Ka,K,lloro aBT0pa C 

DO'lfT0BblM a,LlpecoM; aHH0Tal.(HH (He 6oJJee 10 CTpOK); KJIIO'lfeBbie CJI0Ba Bee 

BbllllCilepeqHeneHHOe Ha pyccK0M H aHrmtHCKOM H3bIKax; TeKeT; enHC0K JlHTepaTypbI; Ta6JIHD;hl ; 

pHCyttKH; IIO,llpHCytt0'IBbie Il0,llllHCH (Ha 0T,llCilbHOM IDICTe). 

2. CTaTb.Sl ,llOil)l(Ha TaK)l(C rrpe,U0CTaBn.SITbe.Sl 06.si:JaTCJlbHO B BH,Lle 3JJeKTp0HHOH eepcHH 

o6LI'lfHblM mpH4>TOM .N!! 12 Times New Roman, Me,K,llyCTp0'lfHbIH HHTepeaJJ - 0,LlHHapHbIH, B 

pe.uaKTope Word 97 MITH 6orree II03,llHHX BepeHH. TeKCT He cpopMaTHpyeTe.Sl, B KaqeeTBe HMCHH 

<t>auna HeII0Jih3yeTe.Sl <I>MO rrepBoro aBTOpa eTaTbH. KaBbl'lfKH B TCKeTe CTaB.SITC.Sl npH aHrJJHHCKOH 

pacKJJa,LlKe KJJaeuaTypbI (" •• "). 

3. Co.uep)l(aHHe eTaTbH .uomKH0 6bITb KpaTKHM H qeTKHM. MeKJI10qa10Te.S1 o6mHe pacc~emrn, 

H3BCeTHbie llOJIO)l(CHIDI. He .uorrycKaeTe.Sl .lly6JrnpoBaHHC MaTepHana B TCKeTe, Ta61rnuax, 

llO,llpHcyttoqHbIX Ha,UIIHC.SIX. Heo6xo,UHMO eo6JIIO,lJ.aTb e,UHH006pa3He B HanHeaHHH TepMHH0B, 

HaHMCHOBaHHH q>HJJ{qCeKHX BCJIH':IHH " C.UHHHll H3MepeHH.Sl, ycJI0Blil>IX o603Ha':leHHH, eoKpameHHH, 

eHMBOJI0B. HaHMCHOBaHH.Sl H o603Ha'IeHH.Sl C,UHHHU q>H3H'1CCKHX BCJIH'IllH Heo6XO,lJ,HMO npHBO,llHT.b B 

CHeTeMe CM. 

Heo6xO,UHMO o6pamaTb BHHMaHHe Ha HanucaHHe np0DHCHblX u CTp0'IHl,IX 6YJCB: pyccKHe u 

rpe'lfeCKHe 6yKBbl (a., IJ, y, 'P H T.,U.) Ha6upa10TCH npHM0, a JJaTHHCKHe (x, y, z, w H T.lJ.) -
KypCHB0M. Te )KC TPC6oBamrn B o603Ha':leHH.SIX H~O co6JIIO,UaTb npH HaIIHCaHHH HH,UeKeOB H 

eTeneHeH B q>OpMyrrax. O60JHa'leHHH MaTpHn H BeKTopoe Ha6upa10TCH Il0JJYiKBPHblM 

mpHcJ>TOM npHM0. <I>opMyJibI, BKJilO':ICHHbie B TeKeT, CJie,D,yeT Ha6HpaT.b 6e3 yseJrnqeHH.Sl HHTepBana 

Me)l(,Uy CTP0KaMH, HarrpHMep bid, exp(xle). 
4. Ta6JIHI.J:bI HYMCPYJOTC.Sl, Ka,K,llaH Ta6JJHl.(a )J.OJJ~a HMeTb Jar0JJ0B0K. CoKpamemrn B 

rpaq>ax Ta6JIHUbl He .rr.orryeKaIOTe.Sl. B TCKCTe Heo6XO)J.HM.bI cebIJIKH Ha Bee Ta6JIHI.{bl. KaiK,LlaH 

Ta6JJHl.(a ne'lfaTaeTCH Ha 0T)J.eJJbH0M JIHCTe, a B 3JJeKTp0HH0M BH,Lle npei:.craBJJHeTCH B 

0T)J.eJJbH0M cJ>aiiJJe. 

5. <I>opMyJibl H 6YKBCHHbie o6o3Ha9:CHH.Sl BCJIH':IHH ,UOJI)l(HbI 6bITb pa3MC':ICHbI H epa3y 

pacIIIHcppoBaHbI. <I>opMyJihI HYMCPYJOTC.Sl apa6CKHMH UHq>paMH, H0Mep CTaBHTe.Sl e rrpaBOH CT0p0HbI 

JlHCTa B KpyrJibIX CK06Kax. HyMepoeaTb CJJe)J.yeT T0JlbKO Te cJ>opMyJJbl H ypaeHeHHH, Ha 

K0T0pbie eCTb CCbIJJKa B noCJJe)J.y10meM HlJI0:>KCHHH. <l>OPMYJibl Bbill0JJIDIIOTC.Sl B pe,llaKTOpax 

I I 
Equation 3.0 HJIH MathType npH HCB03M0)1(H0CTH Ha6opa Ha KJiaBHaType ( x;,y;,✓x, f x,- H T.,ll.). 

0 y 

Ilo.ucTPOtfHbie " Ha.llCTP0':IHbie HH.llCKCbI BBO.ll.S1Te.S1 e KJiaBnaTyphI (x3, KM
2 

H T . .ll.), rpe11ecKHe 6YKBbI 

BCTaBJI..SIIOTC.Sl 1:1epe3 MeHIO BcmaeKa ➔ CUM60ll . 

6. B TCKeTe CTaTbH pucytt0K ofoIJaTCJlbHO npe,llCTaBmleTC.Sl Ha 0T,llCJlbH0M JlHCTe q>opMaTa He 

6orree A4. Ha pHeyttKax .uorrycKaeTC.Sl MHHHMMbH0e 'IHCJI0 o603Ha':leHHH - KpaTKHe UHq>pOBbIC (no 

nop.si:,nKy H0MepoB crreBa HarrpaBo HJIH no 1:1acoBOH eTPerrKe) urrH 6YKBeHHbie 0603ua1:1eHH.S1. Bee 

Il0.SleHeHH.Sl BbIH0C.SITe.Sl B rro,upucyttO':IHblC IIO,llIIHCH. Ha o6opoTe Ka)l(,!J.0ro pucyttKa y'Ka3hlBaIOTe.Sl 

<paMHJIUH aBTOp0B, Ha3BaHHC CTaTbH, H0Mep pncyttKa, 060JHa11eHH.S1 Bepxa " HH3a. BHYTPCHHHe 

Ha)J.nHCH Ha pucyHKaX Ha6upalOTCH mpH4>TOM .N!! 11. BHH3Y Ka)l(,U0I'0 pHeyttKa ,lJ.OJl)l(Hbl 6hITb 
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np:irne.neHhl ero HOMep H D0JJ.pHCYH0'IHaH D0JJ,IlHCL wpHCj>TOM .N!! 11. ITpH mUIMtiliH HeCK0JibKID( 

pa.3Jilfl-!HhIX rpaqrnKOB Ha O,llHOM pHCyttKe Ka)K,llhIH H3 HHX o603Ha'!aeTCH pyccKHMH 6YKBaMH a), 6), 

B) ~ T.,U. H pacrnmppOBbIBaeTCH. 

B K0MDLIOTepH0M BHJJ,e pucyHKH npeJ.J,CTaBJJHIOTCH B 0TJ.J,eJJLHLIX «t,aiinax, BbillOJIHeHm,Ie B 

rpaqrnqecKHx pe.uaKTopax Paint, PhotoShop, Core/Draw B qeptto-6erroM UBeTe ( q>oTorpaqrnH B 

paCTp0B0M q>opMaTe tif, dpi-300). PHC)'HKH B Word He BCTaBJIHTb KpOMe crryqaeB, Kor.ua pHCyttOK 

H3Ha'iaJibHO BblflOJIHeH B Word. 

7. CcbIJIKH Ha JIRTepaTypy n TeKCTe ,llaJOTCH no nopH,llKY apa6cKHMH UH<ppaMH B KBa,UpaTHI,IX 

CK06Kax. CnHCOK JIHTepaTyphl C0CT3BJJHeTCH B TOH ,tee Il0CJJeJ.J,0BaTeJJLH0CTH, B K0TOpoii 

npHB0J.J,HTCH CCLIJIKH ua JIHTeparypy. <l>aMHmm H HHHUHaJibl aBTOpOB Ha6HpalOTCH norryxrnpHbIM 

KypCHBOM. 

8. CnucoK JIHTepaTypbl crre.nye-r Oq>OpMJlj{Th B COOTBeTCTBHH c rocy,llapcTBeHHbIM CTaH,llapT0M 

"EH6JIHOrpaq>H'ieCKM CChIJIKa" (rOCT P 7 .0.5-2008), B qacTHOCTH, Heo6xo,llHMO )'Ka.3aTh : 

a) ,llJljl )l(ypHaJihHbIX CTaTeH - cl>aMHJIHH H HHHUHaJihl aBTOpOB (He MeHee Tpex rrepBbIX), 

Ha.3BaHHe CTaThH, Ha.3BaHHe )l(ypHarra (6e3 KaBhI'IeK), ro.u, TOM, BhIIIYCK, H0Mep, CTpaHHUhl; 

6) ,llJl.sl KHHf - cpaMHJIHH H HHHUHaJihl aBT0pOB, IlOJIHOe Ha.3BaHHe KHHTH, MeCT0 H3.llaHHH, 

H3,llaTeJihCTBO (6e3 KaBhilleK), ro.u H3,llaHHH; 

B) ,llJI.sl aBTopecpepaTOB ,llHCCepTaUHH - cpaMHJIHIO H HHHUHaJlhl aBTOpa, Ha.3BaHHe aBTopecpepaTa 

,ll"HCCepTaUHH, Ha C0HCKaJrne KaKOH yqeHOH CTeneHH HaIIHCaHa ,llHCCepTaJll{j[, MeCTO H f0,ll 3amRThI; 

r) )l"Jlj[ rrpenpHHT0B - cpaMHJIHH H HHHUHaJihl aBT0p0B, Ha.3BaHHe rrperrpHHTa, HaHMeH0BaHHe 

H3,ll"aJOmei1 opraHHJal{IDI, IIIH<pp H H0Mep, MeCT0 H ro.u H3,llaHHH; 

.u) JJ.AA rraTeHT0B - q>aMHJIHH H HHHUHaJihl aBT0p0B, Ha.3BaHHe rraTeHTa, crpatty, HOMep H KJiacc 

naTeHTa, .n.aTy H ro.n. 3MBJieHHH H orry6JIHKOBaJIHj[ naTeHTa; 

e) ,llAA 0T'IeT0B - <paMHJIHH H HHHUHaJihl aBT0p0B, Ha.3BaHHe 0T':leTa, HHBeHTapHbIH .NQ, 
HaHMeH0BaHHe opraHH3al.lHH, fO,ll BhmycKa; 

)IC) J.J,JJH JJJeKTp0HHLIX HCT0'IHHK0B - IlOJIHLIH JJJeKTpOHHLIH aJ.J,pec (BKJIIO'l3H J.J,aTy 

o6pameHHH K HCTO'IHHKY), Il03B0Jlj[JOIUHH o6paTHThCH K rry6JIHKaU:HH. 

9. B KOHi.le TeKCTa )'Ka.3bIBaeTC.sl K0HTaKTHM HH(pOpMallH.sl 06 aBTopax CTaTbH: <paMHJIHH, HM.si: H 

0T'leCTB0 (IlOJIHOCTbIO), ,U0JI)l(H0CTh, Teneq>OH, e-mail H II0 )l(eJiaHHIO aBTOpa - ,llOMaII.11ilili II0'ITOBhIH 

a.upec. 
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YTo•-rnenHaH HHd>opMaUHH IlJIH '-IHTaTeJieif 

Hay'-IH0-TeXHH'-leCK0ro c6opHHKa 

"BonpOCbl 3T0MH0H uayKH H TeXHHKH. Cepmt: cl>HJHKa H,!lepHblX peaKTopos"! 

Pe.llKOJrnenui: c6opm-t:Ka "BAHT. Cep. <l>H3HKa H]lepHbIX peaKTopos" HH<popMHpyeT asTo­

pos H 'UlTaTeJieH c6opHHKa 06 opraHH3al.(HH IT0,!lOHCKH Ha "BAHT. Cep. <l>H3HKa jlJlepHbIX pe­

aKTopos". Ilo,!lIIHCHbie HH,!leKChI OAO AreHTCTBO "PocnelfaTb": 66675 co II nonyro,!lHjl 2007 

r. s KaTa.nore "li3,!laHHjl opraH0B Hayq:H0-TeXHHlfeCKOH HH<pOpMaUHH" H 32067 c 2010 r. s Ka­

Ta.JIOre ''f a3en,1. )l(ypHa.JibI". 

HanoMHHaeM, lfT0 "BAHT. Cep. <l>H3HKa jlJlepHbIX peaKTopos" no-npe)ICHeMy H3JlaeTCji s 

Ypex BhrnycKax: <l>H3HKa H MeT0,!lbl paClfeTa jl)lepHbIX peaKTopos, ,[(HHaMHKa H 6e3onaCHOCTb 

jlJlepHbIX 3HepreTKlfeCKHX ycTaH0BOK H liMnyJibCHbie peaKT0pbl H npoCTble KpHTH'-IeCKHe 

c6opKH. 

IlpH3bIBaeM 3aHHTepecosaHHbIX cneuHa.JIHCT0B IT0Mep)l(aTb aKTHBH0H ITO,!lTIHCKOH c6opHHK 
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