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Y,l(K 621.039 

Onpe,ae.Tieuue 0TH0CHTeJJLH0ro pacnpe,aeJieHHH 3Hepr0BLl,aeJJeHHH 

B reTeporenHOM peaKTope no pe3yJJLTaTaM H3Mepeuuii 
14>4>eKTOB peaKTHBH0CTH H «l>YHKU.HH 1.J,CHH0CTH ueiiTpOHOB 

A.A. Eo6poa, E.C. I'llyiuKoa, A.A. 3UMu11, A.B. Kanumo11oaa, 
I'.B. K0Mna11uel{, B.H. Hocoa, P.II. llempywe11Ko, O.H. CMup11oa, 

HMU. "Kyp•-iarnscKHH HHcrnryT", 123182, MocKsa, nJI. KypYarnsa, 1 
IlocrynHJia s pe.uaKUHJO 18.03.2011 r. 

Tipe.lVIO)KeH MeTOJ.J, 3KCnepHMeHTaJlbHOfO onpeJ.J,eJJeHH.s! OTHOCHTeJJbHOro pacnpe.neJJeHH.s! 3HeproBbl­
,ueneHHSI B reTeporeHHOM peaKTOpe, OCHOBaHHI,JH Ha H3MepeHHSIX 3cpcpeKTOB peaKTHBHOCTH Tonmrna H 

u.eHHOCTH HeHTPOHOB Ka.JlHcj)OpHHeBoro HCTOllHHKa. OTPa60TKa MeTO.na npoae.neHa Ha J.J,Byx KOHcpHrypa­
U,H.s!X KpHTH'-JeCKOH c6opK11 cTeHJ.J.a HAPUMCC B H.11U "KypYaTOBCKHH HHCT11TyT", Mo.uen11py1-0m11x 
Manora6apHTHblH reTeporeHHblH peaKTOp. l13MepeHHe ue11HOCTH HeHTPOHOB BbtnOJIHeHo Ha cna6o no.u­
KpHTH'-leCKOH c6opKe H c6opKe B KpHTHlleCKOM COCTOSIHHH. noKaJaHO, '-!TO p83pa6oTaHHblH MeTO)l Hap.si­
.ny C TPa.ll.HUHOHHO HCnOJJbJyeMblMH aKTHBaUHOHHblMH MeTO,ll,aMH MO)KeT npHMeH.s!TbCSI ,ll,JUI 3KCnep11MeH­
TaJJbHOfO HCCJJe)lOBaHHSI oco6eHHOCTeH pacnpe.ueJJeHH.s! 3HeprOBbl,ll,eneHHSI B KpHTH'-leCKHX c6opKax J,f 

peaKTopax 
K r11011e6ble C,706a: MaJJOra6apHTHblH reTeporeHHblH .si.uepHblH peaKTOp, 3HeprOBbl,UeJJeHHe, MeTO)l 113-

MepeHH.s! 3HeprOBbJ,ll,eneHH.s!, 3cpcpeKTbl peaKTHBHOCTH TOnJJHBa, u.eHHOCTb HeHTpOHOB Kan HcpOpH11eaoro 
HCTO'-IHHKa, Kp1-1TJ.1'-leCKaSI c6opKa, 3KCnep1-1MeHT. 

Determination of Power Density Distribution in a Heterogeneous Nuclear Reactor Based on 
Measurements of Reactivity Effects and Neutron Importance Function. A.A. Bobrov, E.S. Glushkov, 
A.A. Zimin, A. V. Kapitonova, G. V. Kompaniets, V.I. Nosov, R.P. Petrushenko, O.N. Smirnov, NRC 
"Kurchotov Institute", I, Kurchatov Sq., Moscow, 123182. 

A method of experimental determination of relative power density distribution in a heterogeneous re­
actor, based upon measurements of fuel reactivity effects and importance of californium source neutrons, 
has been proposed. Development of the method has been implemented at two configurations of critical 
assembly of the NARCISS NRC "Kurchatov Institute" facility, modeling a small-size heterogeneous nu­
clear reactor. The neutron importance measurements have been carried out at a subcritical assembly and a 
critical assembly. It has been shown that the method developed aJong with traditionally used activation 
methods can be applied to experimental studies of peculiarities of power density distribution in critical 
assemblies and reactors. 

Key Words: Small-Size Heterogeneous Nuclear Reactor, Power Density, Power Density Measure­
ment Method, Fuel Reactivity Effects, Importance of CaJifomium Source Neutrons, Critical Assembly, 
Experiment. 

Bee.lleHHe 

O.LlHOH H3 HaH60Jiee Ba)KHblX HeHTpOHHO­
<pH3MYeCKHX xapaKTepHCTHK (H<l>X) MaJJora-

6ap11THblX reTeporeHHblX peaKTopos CJJY)KHT 
npOCTµaHCTBeHHOe pacnpe.[leJJeHMe 3HeproBbl­
.ueJieHH51 B aKTHBHOH 30He (a.3.), KOTOpoe on­
pe.[leJI51eTCSI pacYeTHblM nyTeM H HCCJie.[lyeTC51 
3KCnepHMeHTaJibHO Ha KpJ,ITH'-JeCKHX c6opKaX, 

8 KOTOpblX MO)leJIHPYIOTCSI qrn3w-1ecK11e oco-
6eH HOCTl1 pa3pa6aTb1BaeM blX peaKTopos [ 1]. 

MeTO)l3MH C HCnOJJb30BaHMeM ypaHco.n.ep)Ka­
lll,HX <pOJibr MJJH C IlOMOW.blO rnep.UblX TµeKO­

BblX .[leTeKTOpOB [2]. Hap51.UY C 3THM pa3pa6a­
TbJBalOTC.s! 3KCnep11MeHTaJibHbJe MeT0)J,b) onpe­

.ueneHl-151 H<l>X, ocHoBaHHbie Ha H3MepeHHSIX 
peaKTHBH0CTH B 51.D,epHbJX peaKTOpax [3]. 

11JMepeHHSI pacnpe.ueneH1151 3Heprosb1.ue­
neH11si o6bl'-IHO npOBO)l51TCSI aKTMBaUHOHHblMH 

B uaHHOH pa6oTe npe.lJ.JlO)KeH MeTo.u on­
pe.ueJieHH51 pacnpe.ueJieHH51 3HeproBbI.UeneHH51 
B reTeporeHHOM peaKTope, OCHOBaHHblH Ha 

H3MepeHH51X 3cpcpeKTOB peaKTHBH0CTH TOnJIM­
sa H ueHHOCTM HeHTµOHOB KaJlH<pOpHHesoro 
MCT04HHKa. OTµa60TKa 3TOro MeTo.ua npose­
.ueHa B 3KCnepHMeHTax Ha KpHTHYeCKOH c6op-
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..., 

Ke cTeH)],a HAPIJJfCC Hl'.IU: "Kyp•-:taTOBCKHH 

11HCTHTyT". TTOJ1Y4eHbl pe3yJJbTaTbl onpe.n.ene­

Hl1H OTHOCHTeJJbHOro pacnpe.n.eneHl1H 3Hepro­

BbI)],eJleHHH B .n.syx KOHqrn:rypaUHHX Kp11TH9ec­

KOH c6opKH. 

,D:nH MO,D.emIposaH11H oco6eHHOCTei1 pac­

npe.n.eneHHH 3HeprOBbJ)],eJJeHHH B TB3JJax, OK­

py)l(a!OIUHX KaHaJlb] CTep)l(HeH 6e3onacHOCTH 

peaKTOpOB, B 0)],HOH 113 KOHqmrypau11i1 a.3. 

KpHTHYeCKOH c6opK11 B 3Kcnep11MeHTax pea­

J]l130BaH Kattan 6e3 .n.emi:merocH semecTBa. 

1. MeTOJl onpe]leJJeHHH :meprOBbl,QeJJeHHH 

B reTeporeHHOM peaKTOpe, OCH0B3HHblH 

Ha H3MepeHHHX JcJ,cJ,eKTOB peaKTHBHOCTH 

TOUJJHB3 H 1.1,eHHOCTH HeHTpOHOB 

KaJJHlJ,OpHHeBoro HCTO'IHHKa 

TTporpaMMOH 3KCnep11MeHTOB Ha Kp11Tl1-

qecKOM cTeH.n.e HAPU:MCC npe.n.ycMo-rpettbI 

113MepeHHH 3HeprOBbl)],eJJeHl1H B TOTIJJHBHblX 

cepLJ.e'-lHHKaX TB3JIOB 3Tl1X peaKTOpOB. 3Hep­

fOBbJD.eJ1eH11e B TB3JJax o6bJ9HO 113MepHeTCH 

aKTHBaUHOHHbJM MeTO)J.OM C np11MeHeH11eM 

ypattco.n.ep)l(am11x cponbr. TTpH 3TOM -rpe6yeT­

CH 11CilOJ1b30BaTb q>OJJbrH C KOHUeHTpauHeH 

H,D.ep D.em1merocH 1130TOna, 6JJH3KOH K ee 3Ha­

qeHHIO B TB3Jle, lJTO He scer.n.a B03M0)1(H0. 

KpoMe Toro, .l]JJH 30H C 60JJbIIIBM KOJ111YCCT­

BOM TB3Jl0B aKT11BaLJ,110HHbIH MeTOD. BeChMa 

-rpy,noeMOK 11 np11B0)],HT K 60JJbWl1M D.030Bb1M 

Harpy3KaM. 

B CBH311 c 3T11M B HI1l.J; "KM" pa3pa6ornH 

MeTO,ll 3KCnep11MeHTaJJbHOrO onpeD.eJJeHHH 

3HeproBbILJ.eJJeHHH, OCHOBaHHbIH Ha 113MepemI­

HX 3cpcpeKTOB peaKTHBHOCTl1 TOilJlHBHbJX cep­

LJ.e9Hl1KOB TB3J10B HJ111 11X qacTeH 11 ueHHOCTH 

HeHTJ)OHOB Kam1cpop1-rnesoro HCT09I-H!Ka B 

KpHTH9eCKHX c6opKax. 

1. 1. OnucaHue Memooa. Cornactto TeopI-rn 

B03MyIUeHl1H Bbipa)l(eHHe, xapaKTep113y10mee 

H3MeHeHHe peaKTl1BHOCTH np11 H3BJ1eYeHl1H 

0)],HOro T0ilJ111BHOro cepD.e'-IHHKa 113 KpHTHYeC­

KOH c6opKH BCJleLJ.CTBHe 113MeHeHl1H MaKpoce­

'-leHHH .n.eneHl1H 11 nornomett11H HeHTpottos, 

HMeeT BH)],: 

( M J =-1- [ f dV Jfv I I,/r,E)<l>(r,E)x.(E1)<t>+(r,E1)dEdE1 
- fdv f I, .,(r,£)<t>(r, £ )<t>+(r ,E)d£] , (1) 

K ; l{H)]. V; v, 

( 
11K J l1.3 COOTHOWeHHH (]) 11 (2) MO)l(HO nony-

r.n.e K . - a6con10THoe 3tta'iettHe peaKTHB- lJHTh CBH3h Me)l()],y 3HeproshI.n.enett11eM Q; 11 

rTH' rr _ .n.pyrnMH H<!>X Kp11T119eCKOH c6opK11. 
HOCTl1, ..._., ,u, - ~ 

f IJ 
, + , , TipH npoae.n.eHHl1 npeo6pa30BaHHH COOT-

= dV V I L f (r,E)<P(r,E)x(E )ct> (r,E )dEdE . HOWeHHH (1) Y'-IHTbIBaJJOCb, 9TO B TOnJJHBHOM 
vu 

3LJ.eCb 2.J (r, E) 11 L a(r, E) - MaKpoceYeHHH co­

OTBeTCTBeHHO ,neJJeHHH 11 nornomeH11H HeHT­

poHOB B TOnJJHBHOM cep,ne'iH11Ke i-ro TB3JJa; r 
- pa,neyc-seKTop B o6beMe i-ro TB3JJa; E 11 E" 
- 3Heprn11 HeHTJ)OHOB; <I>(r, E) 11 <!>+(r, E) -
COOTBeTCTBeHHO IlOTOK 11 l{eHHOCTb HeHTJ)O­

HOB; x(E')- cneKTp HeHTJ)OHOB .n.enemrn; V; -

o6beM Tonn11sttoro cepD.el:IHHKa i-ro rn:rna; 

Va.3.- o6beM TOilJ111BHblX cep.n.eqmfKOB scex 

TB3JJOB B a.3.; UH.a - nonHM u,eHHOCTh tteiiT­

poHOB .n.eneHHH B a.3. OcTaJJbHbJe o603Ha9e­

Hl1H HBJIHJOTCH o6menp11HHTbIMl1. 

3tteprOBbJLJ.eJ1eH11e Q; s TOilJlHBHOM cep­

,ne9Hl1Ke i-ro TB3na 3a ct.JeT D.enett11H no.n. .n.ei-1-

CTBHeM HeHTJ)OHOB npe.n.cTaBJJHeTCH B cne.n.y10-

1UCM 811)],e: 

Q; = J dV JL1 (r,E)<P(r,E)dE. (2) 
v, 
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cep.n.eYH11Ke TB3J10B 

:E0 (r, E) = LJ(r, E) + Lc(r, E) (3) 
HJJH 

La(r, E) = :E1(r, E)(l + a), (4) 
r.n.e a = crc5/crf5 - OTH011Iett11e MHKpoceqett1111 

pa,nI-rnwrnottoro 3axsaTa H D.eJJeHHH 
235U a TO­

nnHBHOM cep.n.eYHHKe. 

TTocne npose.n.ett11H npeo6pa3osaH1111 cpop­

MYJJhI (1) C yqeTOM COOTHOWeHHH (3) l1 (4) 
Bbipa)l(eHHe )J.JJH onpe.neneHHH JHeproBbI)],eJie­

HHH B TOnJJHBH0M cep.n.eYHHKe i-ro TB3Jla 11Me­

eT cne.n.y!OIUHH BH,[J.: 

Q, = (M<_~ K); [(H)]. [l[l-(1 +a~~:);)]· (5) 
(¢>/ ); VJ vf (ct>f ); 

B cpopMYne (5) qeprnli csepxy o6o3HaYe­

HhI cpe.n.mIe no JHeprnHM HeHTpOHOB 11 o6be-



MY TOITJIHBHOro cep.uetJHHKa i-ro TB3Jia 3HalJe­

HH.s! H<l>X: 
( <1>;); - ycpe.uHeHHa.si no cneKTPY )],e11e­

H11.si 11 o6beMy u,eHHOCTb HeHTpOHOB .ue11ett11.si 

B TOTTJJl1BHOM cep.ll,ClJHHKe i-ro T83Jia; 

(<I>;), - ycpe.utteHHa.si no 3HeprnH 11 o6be­

MY ueHHOCTb nornoll.l,eHHblX HeHYpOHOB B TO­

TTJlHBHOM cep.ueYHMKe i-ro TB3Jla. 

Pa601:1a.si cpopMy11a .ll,Jl.sI onpe.ll,eJJeHH.sI OT­

HOC11TeJ1bttoro pacnpe.ll,eJieH11.si Q,/Q,,, 3Hepro­

BbI.ll,eJJett11.si B TB3Jiax KpHTl1tJeCKOH c6opKH 

nptt:HHMaeT cne.uyfOUl,HH BH.U: 

Q /Q = (M/ K); (ci>; ),_ (I +oC.). 
I "' (M/ K),n (ci>;), I 

(6) 

3)],eCb HH)],eKc "m" OTHOCHTC.s! K TOnJlHB­

HOMy cep,ne4HHKY MOHHTOpHoro TB3Jia, Ha KO­

TOpblH ocyll.l,eCTBmleTC.s! HOpM11pOBKa 3Hepro­

BbI.UeJJemrn; 

oci =~[(~;); - (~:L]/[1-~ (~;); ]c7) 
VJ (<t>;); (<t>;L, VJ (<t>; ), 

- nonpasoYHbJH 'fJieH. 

TaKHM o6pa30M, ,llJl.s! onpe.uene1-111.si OTHO­

CHTeJibHOro pacnpe.ll,eJieH11.si 3HeproBbI.ll,eJie­

HH.si He06XO,llHMO H3Mep11Tb 3<p<peKT (tiK/K), 
peaKTHBHOCTH TOTTJlHBHblX cep.uelJH11KOB TB3-

JIOB 11 npoeecrn H3Mepem,1e ueHHocrn ( <1>;); 

HeHYpOHOB .ueneHH_.sI B 3THX TB3Jlax. Tionpa­

BOlJHbIH YJieH 8C; onpe.ll,eJI.sieTc.si H3 tteHYpOH­

Ho-cp11311qecKoro pac1:1ern c y4eTOM )],aHttb1x 

3KCnep11MeHTa. 

CoOTHOWemrn (6) M (7) MOryT 6bITb TaK­

)Ke Mcnonh3OBaHbI .ll,JI.si oueHKH pacnpeJleJie­

HH.si 3HeprOBbI.ll,eJieHH.s! B 4acn1 TB3Jla, HanpH­

Mep, e TOTTJIHBHOH Ta6JleTKe ,llHOKCM)],a ypatta. 

Tip11 3TOM B 3KcnepHMeHTaX He06XO.UHMO npo­

BO.ll,HTb H3MepeHMe 3cpcpeKTOB peaKTHBHOCTH 

np11 3aMell.l,eHMH TOilJIHBHOH Ta6JieTKH B TB3-

nax Ha MIOMHHHeByto npOCTaBKy. l13MeH.sI.s! 

ITOJIO)Kem1e 3aMell.l,aeMblX TOITJIHBHblX Ta6ne­

TOK B TB3Jiax Ha pa3HOM y.ll,aJ1eHHl1 OT u,eHTpa 

c6opKH, a TaK)Ke no BbICOTe TB3JJOB, MO)KHO 

onpe.ll,eJIHTb npocTpaHCTBeHttoe pacnpe.ueJJe­

HHe 3HeproBbI)],eJieHH.s! B KpHTH4eCKOH c6opKe 

B (r, z)-reoMeTpirn. 

1.2. MemoObt U3MepeHUR 4eHHocmu Heum­

poHoe. ,[(n.si onpe.ll,eJiemrn pacnpe.ll,eJiettH.si u,eH-

HOCTH ( <1>; ) 1 HeHYpOHOB .ueneHH.H no pa,lll1ycy 

a.3. B 3KcnepHMeHTax np11MeH.HeTC.H Kan11cpop-
v (252Cf) v ( HHeBbIH HCTO4HMK HeMTpOHOB cneKTp 

MCTO4HHKa 6JIJ130K K cneKTPY HeHYpOHOB )J,e­

nemrn 
235U). 

IlpH H3MepettHH oceeoro pacnpe.ll,eJieHH.H 

ueHHOCTH npoeo.u11Tc.H nowarosoe nepeMeU1,e­

H11e Kan11cpopm1eeoro HCTOlJHHKa B,llOJib BbICO­

Tbl ueHYpaJibHOro OTBepCTH.H Tonm1BHOro cep­

,lle4HHKa TB3Jia C onpe.ueJieHHeM u,eHHOCTH no­

cne Ka)K.uoro wara no coornowem110 (6). lb­
Mepett11e u,eHHOCTH HeHTpOHOB KMHcpopHHe­

BOro HCTOlJHHKa B TB3JlaX npOBO.UHTC.s! )lBYM.s! 

MeTO,UaMH. 

H3MepeHHe U,eHHOCTH HeHYpOHOB B fIO,ll­

KpHTl14eCKOH c6opKe (MeTO,ll 1) COCTOMT B pe­

rHCl'pau.1111 ITOKa3aHHH .ll,eTeKTOpa 1-IeHwOHOB 

KaK <pyHKUHH Koop.u1-maTbl 11CT04HHKa 
2 2

Cf B 

MecTe ero pacnoJIO)Kett11.si B TB3Jle a.3. Mano­

ra6ap11THb1H HCT04HMK 1-1ei1TpOHOB 
252

Cf ITOMe­

ll.l,aeTC.H B u,eHl'pMbHOe OTBepcT11e TOTTJlHBHO­

ro cep.ll,etJHHKa TBJJia, r.ll,e <p11Kc11pyeTc.si ero 

TTOJIO)KeHMe B oceBOM HanpasneHHl1. 

l13MepeHl1.s! npOBO,ll.s!TC.H npH COCTO.s!HHH 

peaKTOpa, 6JIJ13KOM K KJ)HTW-ieCKOMY (no.uKpH­

TWiHOCTb p ::::: 0,5 ~ )cj>) , Tip11 3TOM pacnpe.uene­

HHe nJJOTHOCTH fIOTOKOB HeHYpOHOB 11 fIOKa3a­

HH.s! neTeKTopoB (HOHH3aUHOHHble KaMepbl, 

C'-!eT4HK11) 3aBHC.HT TOJlbKO OT ueHHOCTH HeMT­

pOHOB HCTOlJHHKa. 

KaK cne.uyer 113 TOlJeYHOM Mo.ue1111 K1-rne­

THK11 peaKTOpa, fIOKa3aHH.s! N(r;) ,neTeKTopa 

CB.H3aHbl C 3!p<peKTMBHOM MHTeHCHBHOCTblO 

S(ri) MCT04HMKa, pacnOJIO)KeHHOro B ueHT­

pMbHOM OTBepCTHH i-ro TB3Jia, CJie)lyfOUl,HM 

COOTHOUieHHeM [4]: 

N(r;) = £S(r;)lp, (8) 
r,ne E - 3cp<peKTHBI-IOCTb ,neTeKTopa. 

B cJTy•-rne H3O1'pOnHoro HCTO4HHKa 
252

Cf 

co cneKTpOM S(r;) = qcD j (r;), 6J1H3KHM K cne­

KTJ)Y HeHl'pOHOB .ueneHH.s! 
235U, COOTHOilleHMe 

(8) npeo6pa3yeTC.s! K BHJlY 

N(r;) = Eq <1>; (r;)lp, (9) 

r,ne <1>; (r;) - cpe,ntt.si.s! no cneKrpy 11 yrnaM 

u,eHHOCTb HeihpOHOB nenemrn B TOtJKe C KO­

Op,llHHaTOH r;, r,ne pacnOJlO)KeH HCTO'-IHHK 
252

Cf; q - MOUl,HOCTb HCTOlJHHKa, onpe.uen.sie-

5 
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Masi KaK 1U1.CJ1O He.HTJ)OHOB, 11cnycKaeMblX B 

e)J,HHHUY epeMeHH. 

Cne,uyeT OTMernn,, l'..JTO N(r;) B COOTHOWe­

HHH (9) BblpIDKaeT 3aBHCHMOCTb noKa3aHJ,fH 

.neTeKTopa HeHTpOHOB, pacnOJJO)KeHHOro B pe­

aKTope 11J1H BHe ero, OT KOOp)J.HHaTb] r ; pacno­

J1O)KeHJUI HCTOl:IHHKa. 

JilcTOl:IHHK HeHTJ)OHOB npe.ncTaBJJS!eT co-

6ow CTaJJbHYIO aMnyny )J,HaMeTJ)OM 3 MM 11 Bbl­

COTOH 20 MM, co,uep)KanzyIO KanmpopHHH. B 
3Kcnep11MeHTaX Ha cTett.ne HAPU.HCC HCTO'-:1-

HHK Ha aJJIOMHHHeBOH no,ueecKe ycTaHaBJTHBa­

eTCX 8 ueHTJ)aJJbHOM Kattane TOTIJ1HBHOfO cep­

)J,el'..JHHKa TB3J1a H He OKa3bIBaeT 3aMeTHOfO 

BJ1HSIHHR Ha peaKTHBHOCTb. 

Ilonar~, l'..JTO seJJHl'..JHHb] E H q nOCTOSIHHbl, 

a no.nKp11TWIHOCTb p He 3aBHCHT OT noJJO)Ke­

HHSI HCTOl:IHHKa, nony"tJHM COOTHOllJeHHe )J,J1SI 

OTHOCHTeJ1bHOfO pacnpe.neneHHSl ueHHOCTH 

HeHTJ)OHOB .neneHHSI B i-M TB3J1e, HOpMHpO­

BaHHOe Ha ee 3Hal:leHHe B MOHHTOpHOM TB3ne: 

<1>; (r;)/<l>; (rm)= N(r;)IN(rm). (10) 

TaK11M o6pa30M, C yt:1eTOM (10) 3KcnepH­

MeHTaJ1bHaH npoue.uypa npH onpe,ueneHHH oT­

ttoc11TeJ1hHoro pacnpe.nenett11x ueHHOCTH HeH­

TJ)OHOB MeTO)J,OM 1 CBO)J,HTCSI K perHCTJ)aUHl-f 

noKa3aHHH .neTeKTOpOB npH ycTaHOBJ1eHHOM 

KanH<pOpHHeBOM HCTO'-:IHHKe B Kattane HCCJ1e­

.nyeMoro TB3na no.n1qrnrnt:1ecKOH c6opKH. 

IlpH H3MepeHHl1 ueHHOCTH HeHTJ)OHOB B 

KpHTH"lJeCKOH c6opKe c HCTOl:IHHKOM (MeTO,U 2) 
CKOpOCTb J1HHeHHOfO pocTa MOJ.UHOCTH npo­

nopuHOHaJJbHa ueHHOCTH HeHTJ)OHOB, HCnyc­

KaeMblX HCTO'-:IHHKOM, ycpe.nHeHHOH no cneh.'T­

py HeHTJ)OHOB HCTOl:IHHKa. CornacHO ypaBHe­

HH}IM TOl:le"lJHOH KJ1.HeTHKH npH HCnOJ1b3OBa­

Hl1H KaJJH<pOpHHeBoro UCTO'-IHHKa npouecc 113-

Mettemrn MOLUHOCTH c6opKH 8 TO'lHO KpHTHl:le­

CKOM COCTOSIHHH onHCbIBaeTC.H ypaBHeHHeM 

[4] 

dN/dt = q <1>; (r;)A/J)P,,t,.j /11.) , (11) 
j 

r.ne A - speMsi rettepaum1 HeHTJ)OHos; 

Pl<j,.j /11. 1 - xapaKTepHCTHKa 3ana3)J.bIBaIOJ.UHX 

HeHTJ)OHOB. 

B CBSl3H C 3THM )J,JlSI H3MepeHHSl OTHOCH­

TeJ1bHOfO pacnpe.neJ1eHHSl ueHHOCTH HeHTJ)O­

HOB 8 KpHTHl'..JeCKOM peaKTOpe C Y"lJeTOM Toro, 

\-ITO MOlll.HOCTb q HCTO'-IHHKa H <pyHKl.l,HOHaJJbl 

6 

A H '°' (P " . /11. .) He 3as11cRT OT Koop,u11ttaTbI 
L., "••J J 

HCTOl:IHHKa, npHMeHSleTCSI cne.nyIOmee COOTHO­

wem,1e: 

<1>; (r;)/<1>; (r111) = (dN/dt I ~ )l(dN/dt I ,;,,). (12) 

TaKHM o6pa30M, )J,JlSI H3Mepemrn OTHOCH­

TeJ1bHOfO pacnpe.neneHHR ueHHOCTH HeHTJ)O­

HOB KanmpopHHesoro HCTOl.f.HHKa Heo6XO)J,J.1MO 

onpe.nem1Th npoH3so.nttyIO OT n11ttei1Horo H3-

MetteH11si MOLUHOCTH, perHCTJ)HpyeMOH WTaT­

HblMH ,ueTeKTOpaMH HdtTJ)OHOB BO speMeHH, 

npH fIOMeLUeHHH HCTO'-:IHHKa B 11ccne.uyeMblH 

TB3n. IlpH H3Mepem,rnx uettttocTH ttei1-rpottos 

KaJJH!pOpHHesoro HCTOl:IHJ.1Ka HCnOJ1b3OBaHbl 

o6a paccMOTJ)eHHhlX 3)leCb MeTO)J,a. 

B .uaHHOH pa6oTe paccMaTJ)HBaeTCSI pa,uH­

aJJbHOe pacnpe.neneHHe ueHHOCTH HeHTJ)OHOB. 

3TH MeTO.Ubl MOryT npHMeH.HTbCSl TaIOKe ,[{J]SI 

H3Mepett11si ocesoro pacnpe.ueneHH}l uettttoc­

TH. TipH 3TOM cpopAfYJlbl (10), (12) c Y"lJeTOM 

( 11) npHHHMaIOT cne.uyIOLUHH BH,U: 
- + -+ 
<I> 1 (h;) I <I> 1 (hm) = N(h;) I N(hm); (13) 

Cl>+ (h ·) I <I>+ (h ) = dN(h;) I dN(hn,) (l4) 
f I f Ill dt dt ' 

r.ue h; - KOOp.UHHaTa HCTO'lHHKa B oceBOM Ha­

npasneHHH; hm - KOOp,UHHaTa HCTO"IHHKa, pac­

nOJJO)KeHHOro B cepe.UHHe no OCH TB3J1a. 

2. HcnOJlbJOBaHHe MeTO,lla onpe.ueJieHHH 

:rneproBbl,llCJieHHH B JKcnepnMeHTax Ha 

KpHTH'-leCKOH c6opKe cTeH.lla HAPUHCC 

2.1. XapaKmepucmuKu ucc11eoyeMblX KOH­
<j}uzypa14uu Kpumul/eCKOU c6opKU. B CTaJJbHOM 

u111111tt,npH"tJeCKOM Kopnyce c6opKH pacnono­

)KeHbI a.3., sepXHHH 11 HH)KHHH Topuesb1e OT­

pa)KaTeJJH 113 MeTaJJJ1HlleCKoro 6epHJIJIHSI, a 

TaK)Ke eepXHSlSl 11 HH)KHSlSl TPY6Hble )lOCKH. 

A.3. COCTOHT 113 6JJOKOB rn,npH,UUHpKOHHeBoro 

3aMe,ll.J1HTeJ1SI, B KOTOpblX HMelOTCSI 37 KaHa­

JlOB ,UJ1SI pa3Memem1si B HHX CTaJJbHbIX Ha­

npaBJJSIK)J.UJ.1X TJ)y6 H MaKeTOB 3JleKTJ)OfeHe­

pHpyIOLUHX KaHaJJOB (3fK) C TOnJJHBOM 113 

.[l,HOKCH,ll.a BbICOKOo6orameHHOro ypatta. Ka­

HaJJbl B 6noKax 3aMe,un11Tem1 pacnonaraIOTCSl s 

uett-rpe c6opKH 11 Ha TJ)eX KOHUeHTJ)Hl:leCKHX 

oKpy)Kttocrnx c pa.uHycaMH R; = 0; 37,15; 
67,25; 105,35 MM. 



Pa,uHaJihHhIH orpa)KaTeJJh H3 MeTannw-1ec­

Koro 6epHJJJ111.R TOJJW.HHOH 73 MM □pHMbIKaeT 

K Hapy)KHOH nosepXHOCTl1 KOpnyca H COCTOl1T 

113 BKJJa,UbIIIJdt 11 12-TH LJ,11J11-fH.UPWieCKl1X □o­

BOpOTHblX 6apa6attOB peryn11py10W.HX opra­

HOB (PO) CY3, IIJeCTh 113 KOTOpbIX cJJy)l{aT 6a­

pa6attaM11 asap11i1ttoi1 38W.HTbl PO A3, a 6 

.upyrnx - perym1py10II.lHM11 6apa6attaM11 KOM­

nettc11pyJOw.ero opratta (KO), HMeJOW.MMH Ha­

KJJa.UKH H3 6opoco,uep)Kaw.ero c□nasa. 
B COCTaB MaKeTOB 3rK C TO□JJHBOM BXO­

.UHT cne.uyJOII.ll1e 3JleMeHTbI: 

• TO□JIMBHbIM cep,ue4HHK TB3JJa, tta6paHHbIH 

113 Ta6JieTOK .UHOKC11.Ua ypaHa ITJJOTHOCTblO 

10,42 r/cM
3 

B 811,Ue u,11mrn.up0B C ttapy)l(HblM 

.l].HaMeTpOM 17 MM 11 BHyTpeHHHM u,eHTpaJlb­

HbIM OTBepCTMeM .urraMeTpOM 4,5 MM; 

• Topu,eBbie OTpa)l(aTeJIH H3 KOJlbLJ,eBbIX ra6-

JieTOK OK11Cl1 6epHJIJIH_H c Hapy)l(HblM .u11aMeT­

pOM 17 MM 11 u,eHTpaJlbHbJM ornepCTHeM .u11a­

MeTpOM 3,2 MM .[I.JI.ff Ha6opa OTpa)l(aTeJieM Bhl­

COTOM OT 55 .l].O 80 MM; 

• 11MHTaTOp 3Ml1TTepa 113 MOJI116.UeHa C BOJlh­

cppaMOBhlM noKpbITHeM C BHyTpeHHl1M ,UHa­

MeTpOM rpy6hr 18,3 MM H Hapy)l(HhlM ,l].HaMeT­

poM 20,5 MM; 

• HMl1TaTop KOJIJieKTopa 113 MOJIH6,l].eHa C 

BHyrpeHHHM .UHaMerpoM Tpy6b1 21,6 MM H 

Hapy)l(HhIM .UHaMeTpOM 24,4 MM; 

• HanpaBJJHJOW.aH CTaJlhHaH Tpy6a BHyTpeH-

HHM ,UHaMeTpOM 24,8 MM 11 Hapy)l(Hh!M ,l].J1a­

MeTpOM 26, 1 MM, MO,l].eJI11pyIOw.a.11 KaHaJJ Ten­
JJOH0CMTeJHl. 

Orpa60TKa MeTo,ua 3KCnepHMeHTaJlhHOro 

onpe.ueneHH_H :meproBhl.lleJieHH.R npose.uetta 

Ha .usyx KOH<pHrypau,HHX Kp11TI1Y.eCKOH c6op­

K.H. B 0,1].HOM 113 HHX (KOHcjJHrypaU,H.R A) TB3JlhI 

pacnonaranHch so scex 37 Kattanax a.3. , s 

.upyroi1 (KOH<p11rypau,1rn E) KOJIHYeCTBO TB3-
JI0B paBH0 36. 

KpHTWieCKOe C0CTOHHHe c6opKH .uocnrra­

JI0Ch nyTeM ycraH0BKH TB3JI0B B KaHaJibl a.3. C 

K0HTpOJieM KpHTHlJH0CTH npH □0M0W.H nocT­

poemrn KpHB0H o6parnoro yMH0)KeHH.R 1/M. 
B Ta6JI. 1 npe.ucTaBJieHbl HeHTpOHHO-<pl13J1lie­

CKHe napaMeTpbl KpHTHYeCKOH c6opKH K0H­

qJHrypaLJ,HH A H E Ha cTett.ue HAPUJ1CC. 

CxeMa nonepeYHoro ceqemrn: a.3. c 36-JO 

TB3JJaMH (Kattan .NQ 5 He co.uep)l(MT TB3Jia) H 

pa,1].HaJibHOro 0Tpa)l(aTeJIH c TT0B0pOTHhlMH 6a­

pa6attaMH PO CY3 (KoHcjrnrypaLJ,H.R E) npHBe­

.uetta Ha pHc. 1. CxeMa nonepeqttoro ceqeHH.R 

c6opKH KOH<pHrypaLJ,HH A aHaJI0rHYHa. 
T a 6 JI u u a 1. HeHTPOHHo-cp113w1ecK1-1e napaMe-rpb! Kp11rnqecKOH c6o_pKH Ha cTett.ne HAPI.J,v!CC 

N!! 
TiapaMerp 

Pa3Mep-
Koqmrypal(JHI A Koqmrypal..(IDI .6 n/n H0CTb 

1 ,llHaMerp a.3. MM 260 
2 )J,HaMeTp/TOJIIll,HHa CTaJibHOro 6aKa MM 262/1 

3 Hapy)Kttb!H ,nHaMeTJ) K0JibQesoro 
MM 408 6ep11111rnesoro o_'l])a)KaTem1 

4 Bb!COTa 6JIOKOB rn,npH,Ua UHPK0HHSI MM 375 
5 Tonuurna rnpueabJX oma)KaTenei1 MM 55 
6 MaKeT HMHTaT0pa 3fK c TOTIJIHB0M 

6.1 Hapy)KHb1WsttyTpeHHHH ,nHaMeTp 
MM 17,0/4,5 T0TTJIHBH0ro cepJ(eYHHKa TB)Jia 

6.2 BblCOTa T0TIJIHBH0ro cep,ne'fHHKa TB3Jla MM 330 355 

6.3 1-lHcno TB3JI0B lliT. 37 36 (Kattan N!! 5 He 
co,nep)f(HT TB3JJa) 

6.4 Hapy)KHbJH/sttyTpeHHHH ,n11aMeTp/Bb1corn 
MM 17,0/3,2/80,0 17 ,0/3,2/70,0 oTpa)KaTeneii 113 BeO B TB3ne 

6.5 HoMepa TB3JI0B 6e3 sepxttero Topuesoro 
N!! 

1;5; 12; 13;27; l; 4; 12; 13; 14; 15; 
0TJ)a)KaTen.11 H3 BeO* 28;29;23; 32 6;28; 29; 23; 32 

Kp11n14ecKoe noJI0)Kemte PO CY3 
7 Yron nosoporn PO KOS, <p<pHT : 

(ocTaJibHWe PO KO 11 PO A3 Bbrne,neHbI i) 
rpaJ(yC 115,5 122,0 

* 0Tpa>KaTeJIH y~aneHbl no Tpe6osaHHIO 3KcnepHMeHTa ,llJI.R o6ecne'-leHH.R ycTaH0BKH HCTOt.JHHKa B uettrpanb­
HblH Kattan TB3Jia (pa3,nen 2.3) 
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P11c. I . CxeMa nonepe'!ttoro celfeHHll KpiffHlfeCKOM 
c6opKH B KOH<lrnrypau1111 6: 1 - HOMep KaHaJJa, 2 - HO­
Mep 11ccne,eyeMoro rn:rna 

2.2. Pe3yJ1bmGmbT U3MepeHU51 paOUGJ/bHO­

zo pacnpeiJeneHU51 t,1eH1-lOCmU HeumpOH06 KG­

llUcjJOpHUe6020 ucmOI/HUKG B c6opKe. IlpH H3-

MepeHHHX ueHHOCTH HettTpOHOB npHMeHHJJCH 

KaJJHqJOpHHeBblH HCTOqHHK HettTpOHOB, pa3-

Mew,eHHhIH B repMeTHYHOtt CTaJJbHOH UHJJHHJJ.­

p11qecKott aMnyne Hapy)l(HbIM )],HaMeTpOM 3 

MM 11 BbJCOTOH 20 MM. Mow,HOCTb HCTOqHHKa 

BO BpeMH npose,nemu1 3KcnepHMeHTOB COCTa­

BHJia 1,2· 10 Hie. 

TTpH ycTaHOBKe s c6opKy HCTOqHJ,fK noMe­

Ill,aJJCH Ha )],HO TOHKOCTeHHOH CTaJibHOH aMny­

Jlhl (no,n:BeCKH) Hapy)l(HblM )],HaMeTpOM 3,7 

MM. TTo,nsecKa C HCT04HHKOM BBO.D:HJJaCb B 

ueHTpaJJbHOe OTBepcTHe TOITJIHBHOro cep,neY­

HHKa TB3Jia H ycTaHaBJJHBaJJaCb Ha 3annaHHpo­

BaHHOH BblCOTe. IloJJO)l(eHHe HCTOYHHKa q>HK­

CHpOBaJJOCb B c6opKe c noMOill,blO BHHTOBoro 

33)KJ1Ma. ,neTeKTOpaMH HeMTpOHOB npH H3Me­

peHH~X ueHHOCTH CJiy)l(aT cqeTYHKH HeHTpO­

HOB H HOHl13aUHOHHbJe KaMepbl, pacnoJJO)l(eH­

Hbie BOKpyr KpHTH'IeCKOM c6opKH (pHC. 2). 

Bcero np11 H3MepeHHHX ueHHocTH HeHT­

poHoa 3a)],eMCTBOBaHb1 8 CtJeTHblX KaHaJJOB: 

- 4eTblpe CTeH,n:OBhIX HMDYJibCHblX K3HaJJa )],JIH 

H3MepeHHH HHTeHCHBHOCTH HeHTpOHHoro no­

TOKa, KOTOpble pa6oTalOT a KOMnJJeKTe co 

c4faqHKaM11 CHM-I 1, pacnoJJO)l(eHHbIMH Ha 
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P0c. 2. CxeMa pa3Mem.emrn cTett,nOBbIX 11 3Kcne­

p11MeHTaJJhHbTX HeihpOHHblX ,neTeKTOpOB KpHTH­

lfeCKOH c6opKH CTeH,na HAPU,MCC: 1 - HOMep 

KaHana, 2 - HOMep 11ccne.uyeMoro TB3Jia, 3 -
cTeH,nOBbJe HMnyn bCHbJe KaHaJJhJ Cl (csepxy) H 

C2 (CHH3Y), 4 - 3Kcnep11MeHTaJibHhJH TOKOBbIH 

Kattan MK] (KHK-56), 5 - peweTLiaTall o6e4ai1Ka 

BOKpyr c6opKM, 6 - 3KCnepHMeHTaJJbHblH TOKO­

BblH KaHan l1K3 (KHK-56), 7 - 3KcnepHMCHTanb­

HbJH TOKOBblH Kattan HK2 (KHK-56), 8 - 3Kcne­

pHMeHTaJJhHble TOKOBbJe KaHaJJbI IlHP-6 (KHK-
56) no.n onopttOH nnHTOH, 9 - CTCH,D.OBbIC HM­

nynbCHb]C KaHaJibl C4 (csepxy) H C3 (CHH3y). 

Pa3Mepbl Ha pHCYHKe ,naHhl B MM 

paCCTOHHHHX 830 H 840 MM OT ueHTpa c6opKH 

(Cl, C2, C3, C4); 

- TpH 3KCnepHMeHTaJJbHbJX TOKOBblX KaHaJJa 

npH6opa CTM-3 c HOHH3aUHOHHbJMH KaMepa­

MH KHK-56, pacnOJJO)l(eHHblMH non yrnoM 

120° Ha paCCTOHHHH 505 MM OT ueHTpa c6op­

KH (l1Kl, HK2, l1K3); 

- TOKOBbJH Kattan peaKTHMeTpa TTMP-6 c ,nay­

MH napaJJJJeJibHO DO)],KJII04eHHbJMH HOHH3aUH­

OHHhJMH KaMepaMH KHK-56, pacnOJIO)l(eHHbl­

MH ITO)], HJ1)KHeH Tpy6HOH )],OCKOM KpHTH"!eC­

KOH c6opKH. 

PerncTpau~ noKaJaHHH HeMTpOHHhIX ,ne­

TeKropoa J,f o6pa60TKa nonyLJeHHblX MaCCHBOB 



.ua11HbJX npOBO,llHJJHCb C HCnOJJb30BaHHCM 

cneumUJbHO pa3pa6oTaHHbtx .um1 3THx uenei1 

nporpaMM GET_POWER H GET_LINE, co­

OTBeTCTBeHHO. 3KcnepHMeHTIUlbHa.R npoue­

.uypa npH H3Mepemrn ueHHOCTH HCHTPOHOB 

CBO)lHJJaCb K CJJC.llYlOW.eMy. 

CHa'-laJJa onpe.ueJJ.RJJOCb HCXO,lHOe KpHTH­

'-leCKOe COCTO.RHHC c6opKH, npH KOTOpOM see 

6apa6aHbI A3 11 KO (KpoMe KOS) HaXO.UHJJHCb 

B BblBC,l].CHHOM nOJJO)l(eHHH (<p = 180°), a 6a­

pa6aH KOS s npoMe)f(yTO'-IHOM noJJO)f(emrn 

((f)K05Kp11T). 3aTeM npH BblBC,lleHHblX 6apa6aHax 

A3 H sse.n.eHHhIX 6apa6aHax KO KanmpopHHe­

BbJH HCTO'-IHHK Ha no.usecKe 880,llHJJCH B ueHT­

paJJbHOe OTBepcTHe TOnJJHBH0ro cep,lle'-IHHKa 

HCCJJe~eMoro TB3JJa H ycTaHaBJJHBaJJC.R Ha ce­

peD.HHe ero BblCOTbJ. 

TTpH H3MepeHH.RX ueHH0CTH HCHTPOHOB 

MCTO.llOM I see 6apa6aHbI KO (KpoMe KOS) 

ycTaHaBJJHBaJJHCb B noJJO)f(CHHe "BbIBC,UeHo" 

(<pKo, = 180°), a 6apa6aH KOS Haxo.u11nc.R B 

nOJJO)f(eHHH "sse,netto" ( (f)K05 = 0°), o6ecne'-IH­

Ba.R no.uKpHTHl.JHOCTb (p ::::: 0,5 ~)(j>) npH HCCJie­

.n.osaHHH BCeH 3anJJaHHpOBaHHOH napTHH TB3-

JJ0B. 

,[I;anee B Tet.JeHHe 300 C np0H3B0,UHJJ8Cb 

pefl1CTPaUH.R ycTaHOBHBWHXCH BO speMeHH 

noKa3aHHH HCHTPOHHhIX .ueTeKTopos no t.JCTbl­

peM HMnyJJbCHbJM ct.JeTHbJM KaHanaM (Cl, C2, 
C3, C4), TpeM TOKOBbIM KattanaM CTH-3 
(J1K I, 11K2, 11K3) H o.uttoMy T0K0B0MY KaHa­

ny npH6opa IIMP-6 c onpe,nene11HeM cpe.UHHX 

3Ha'-leHHH Ni(t) = canst H C0OTBCTCTBYIOW,HX 

Heonpe.n.eneHHOCTeH. 

TTpH H3MepeHHHX UCHH0CTH He1hpoHOB 

MCTOD.OM 2 c6opKa c HaXO,ll.RW,HMC.R a HCH Ka­

JJHcl>opHHCBblM HCT04.HHKOM npHBO.UHJJaCb B 

KpHTH4.CCK0e COCTO.RHHC, ,llJJ.R t.Jero 6apa6aH 

KOS ycrnHaBJJHBaJJC.R B noJIO)f(CHHe (f)K05Kp11T• 

3aTeM B Tet.JeHHe 300 C np0H3B0,llHJIJ,fCb pern­

CTPaUH.R noKa3aHHH HCHTPOHHblX .ueTeKTOpOB 

no HMilYJibCHblM H TOKOBbIM KaHaJJaMH H HX 

o6pa6oTKa c onpe.ueneHHeM cpe.UHHX 311a4e­

HHH H norpeUJHOCTeH onpe.n.eJJeHH.R yrn0BhIX 

KOJcl>ct>11uHeHTOB (dN(t)ldt)i JJHHei111b1x 3as11ctt­

MocTei1. PerncTpaUHH H o6pa60TKa 3THX 3KC­

nepHMeHTaJJbHblX .uaHHblX TaK)l(e npoB0D.H­

JIHCb C npHMCHCHHeM yKa3aHHblX Bblllle npo­

rpaMM. 

OT,UCJibHO B KpHTH4eCKHX )KCnepHMCJ-JTax 

npose,uetto Hccne,nosam,e B03M0)l<Horo BJIHH­

IIH.R CTaJJbHOH no.usecKH HCT0411HKa Ha H3Me­

HeHHe peaKTHBH0CTH npH ycTaH0BKe ee B HC­

cne.uyeMblX TB3nax . .[(m1 3Toro no.usecKa 6e3 

HCT0'-IHHKa nocJie.uosaTCJibH0 ycTaHaBJIHBa­

JJaCb B T0ilJJHBHblX cep.ue'-IHHKax TB3JI0B Ha 

pa3H0M y.uaneHHH OT ue11Tpa C nocJJe]lylOW,HM 

H3MepeHHCM H3MCHCHl1H peaKTHBH0CTH. Tio­

Ka~aH0, '-ITO 3cl>cpeKT peaKTHBHOCTH Il0.llBCCKH 

H ero H3MeHeH11e nptt nepeMew,emu1 no,usec­

KH B a.3. npeHe6pe)f(HMO MaJJbl. 

B K84CCTBe npHMepa Ha p11c. 3 npHBe}],e­

Hbl pacnpe.neneHH.R noKa3aHHH HCHTPOHHbIX 

.lleTeKTopos 3a spe~rn 11x perncTpaUHH (Ka)f(­

.ua.R 7-.R TO'-!Ka) no HMnyJihCHblM 11 TOKOBblM 

C4eTHblM K8HaJJaM, noJJyt.JeHHbre npH H3Mepe­

HH.RX ueHH0CTH HeHTPOHOB KaJJH<pOpHHCBOro 

HCTOl.JRHKa MeTO,llOM 2 B TB3J18X N~N2 I H 28, 
pacnoJJ0)f(CI-!HblX B UCHTPaJJbHOM H nepHcpe­

pHHHOM Ka11anax Kp11TH4CCKOH c6opK11 KOH-
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P11c. 3. Pacnpe,nene,rne noKa3aHHH HeHTpOHHbIX 

,neTeKTopos so speMem1 npu H3Mepemrn ueHHO­

crn Hett,pOHOB .nm1 ueHTpa.HbHOro H nepmpepHH­

HOfO TB3J10B ,nm, KpHTH'-ieCKOH c6opKH KOHQ>Hry­

pau1111 A )lnll CJJy<IaSI H3MepeHHSI MeTO)lOM 2 (KpH­

TH'-ieCKaH c6opKa). npH pa3Mew.eHHJ1 HCTO'-iHHKa 

Hei1,poHOB B KaHanax c6opKH .M1N2 I 11 28, cooT­

seTCTBeHHO. I H 4 - pe3yJJbTaTbl H3MepeHHSI TOKO­

BblM KaHanOM 11Kl np116opa CTH-3 (+), 2 H 5 -
pe3yJJbTaTbl H3MepeHHSI HMnyJJbCHblM KaHa.JIOM Cl 
(.6), 3 H 6 - pe3yJJbTaTbl 113MepeHHSI TOKOBblM 

KaHa.noM np116opa TTHP-6 (0) 
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-
q:rnrypaum1 A. 

O6pa6oTKa 3apentCTJ)HpoaaHHhIX npor­

paMMOH GET_POWER 3aBHCHMOCTeH N;(t) 
ocymecTamL11acb no cTaH)].apTHOH npoueAype 

)].JUI cpyHKI.J.HJ,i y(x;) = f(x;). A HMeHHO, npH H3-

MepeHHH ueHHOCTH no MeTO)].Y 1 113 cpaiina, 

CO)].ep)Kamero napbl 3Ha4eHHH apryMeHTa X; H 

cpyHKI.J.HH y(x;), c noMOlllhfO nporpaMMhJ GET_ 

LINE onpet1.emin11cb cpe,L1.m1e 3Ha4eHHH 11 

,n11cnepc1U1: 

N / N _ / y = ~y(x,) N, cr2 = ~(y(x;)-y)2 N. 

3.nech N - qJ,fCJIO noKa3aHHH )].eTeKTopoB Hett­

TJ)OHOB 3a apeMH perncTJ)aum-1. 

,D.mr oueHKH Heonpe,IJ.eneHHOCTH cpe,u1-1ero 

3Ha4eHHH npHHHTa seJIH4J,fHa 

~ y = ±10.95:N .J cr2 
/ N , r)].e to,95;N - K03<pq:>HUHeHT 

CTbfO)].eHTa )].JJ.H 95 % -ro )].OBepHTeJJbHOfO HH­

Tepsana 1-1eonpe,L1.eJJeHHOCTH H BbI60pKH pa3-

MepHOCTH N. 
IlpH H3MepeHHH ueHHOCTH MeTO)].OM 2 H3 

cpaiina, co)].ep)Kamero napb1 3Ha4eHHH apry­

MeHTa X; H cpyHKUHH y(x;), C noMOLUbfO npor­

paM Mbl GET_LINE onpe)].eJJ.HJJHCb yron HaK­

no1-1a 3aBHCHMOCTH, KOTopaH npe)].nonaranacb 

JIHHeHHOH, H Heonpe)].eJJeHHOCTb yrna HaKJIO­

Ha. 

Onpe)].ene1-1He napaMeTJ)a A n111-1ei1HOH pe­

rpecc1111 Y(x) = Ax+ B ocymecTBJIHJIOCh MeTO­

)].OM HaHMeHbWHX KBa)].paTOB no CTaH)].apT­

HblM <pOpMyJiaM 

A=( N~Y;X; -~Y;~X;)/( N~x/-~X;~X;} 
o

2 =[ ~y/-( A~y;x; +B~Y;)]/<N-2). 
,lJ.nH oueHKH HeonpetI,eJieHHOCTH HaKJIOHa 

HCnOJib30BaJiaCb seJJH4HHa 
~---------

M=±tO.95: N Ncr/( N~x/-~X;~X;). 
O6o6w,eHHe pe3yJibTaTOB, nonyYeHHblX C 

npHMeHeHHeM acex BOCbMH H3MepHTeJibHblX 

KaHaJJOB, ocymecTBJI51JJOCb C noMOLUbfO npor­

paMMbl GET_MATRIXACTION. Jib 11cxo)].­

ttoro Ha6opa BOCbMH nap )].aHHblX (c;, E(c;)) OT-

6paCbIBaJIHCb MHHHMaJibHOe 11 MaKCHMaJJbHOe 

3Ha4eHIUI H )].JI51 nony<IeHHOfO yceqeHHOfO Ha-

6opa nap )].aHHblX paCC4HTblBaJIHCb cpe)].Hee 

3Ha4eHHe C 11 oueHKH Heonpe)].eJieHHOCTH 
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cpe)].Hero 3Hat.te1-11151 H npe.D.eJJhHOH a6conIOT­

HOH norpew1-1ocrn cpe)].Hero. Ilo11yqe1-1Hoe 

cpe)].Hee 3Ha4eHHe C npHHHMaJIOCb B Ka4eCT­

ae pe3ynbTaTa npose)].eHHH 3Kcnep11MeHTa. 

B pa6oTe [5] npHse.ueHbI cpe)].HHe 3Hat.Je­

HHH noKa3aHHH N; 1-1eHTJ)OHHhIX .ll,eTeKTopos 

no Ka)f()].OMY cYeTHOMY HMnynbcHoMy H ToKo­

aoMy KaHanaM, nony4eHHble npH H3MepeHHH 

ueHHOCTH MeTO,UOM l a c6opKe KOHqrnrypaUHH 

A H E, COOTBeTCTBeHHO. ,lJ.aHbl cpe)].HHe 3Ha4e­

HIUI yrnOBblX KOJ<pqn1uHeHTOB (dN/dt);, nony­

t.JeHHhle no noKa3aHIUIM Ka)f(.n.oro HMilYJJbCHO­

ro H TOKOBOro KamlJIOB np11 H3MepeHH51X ue1-1-

HOCTH HeHTJ)OHOB KaJJHq:>OpHHesoro HCTOt.JHH­

Ka MeT0.11.0M 2 B c6opKe KOHq:>HrypaUHH A. 
Ilonyt.JeHHbie TaKHM o6pa30M 3KCnepH­

MeHTaJJbHbJe )].aHHbJe npe.n.cTaBJieHbl B BM)le, 

y.n.o6HOM .ll.Jl51 HCilOJJb30BaHM51 npH onpe)].eJie­

HMH 3HeproBbI.ll.eJieHHH no COOTHOWeHHfO (6). 
B Ta6n. 2 npe.n.cTaBJJeHbl nonyqeHHble o60HMH 

MeTO):{aMH ycpe.n.HeHHbJe no BCeM HMnyJibC­

HblM H TOKOBblM KaHaJJaM OTHOCHTeJJbHbJe 

3HalJeHIUI ( <1>; );/( <1>; ) 1 ueHHOCTH HeHTpOHOB 

KaJIHq:>OpH11esoro HCT04HHKa B TB3JJax, HOp­

MHposaHHbJe Ha ueHHOCTb HeHTJ)OHOB ueHT­

panbHOro TB3JJa, B c6opKe KOH<p11rypau1111 A 11 

aHaJIOfHt.JHbie pe3yJJbTaTbI, nonyt.JeHHbie MeT0-

.11.0M 1 )],Jrn c6opKH KOHq:>HrypaUHH 6. 
Ha pHC. 4 npHBe)].eHO OTHOCHTeJJbHOe pac­

npe.n.eneHHe ( <1>; );I( <1>;) I ueHHOCTH HeHTJ)O-

HOB KaJIHq:>OpHHesoro HCT04Hl!Ka, HHTepnpe­

THpyeMoe KaK ueHHOCTb HeHTJ)OHOB .n.eneHH51, 

B 3aBHCHMOCTM OT pa.n.11yca pacnOJJO)KeHJ.rn 

TB3JIOB no pe3yJJbTaTaM H3MepeHHH MeTO)].aMH 

1 H 2 . .ll:JJH Harml.UHOCTH 3KCnepHMeHTaJJbHble 

)].aHHble annpOKCHMHpOBaHbl MeT0.11.0M HaH­

MeHbWHX KBa)].paT0B nOJIHHOMaMH 3-H CTene­

HM. 

3.n.ecb )Ke npoae.n.eHa KpHBa51 perpeccHH 

no cpe)].HHM 3Hat.teHH51M ueHHOCTH, nonyt.JeH­

HbIM o60HMH MeT0)].aMH. IlpH"BO)].HMbJe )].aH­

Hble yKa3blBalOT Ha 6JJH30CTb 3aBHCHMOCTeH, 

nonyqeHHblX MeTO.n.aMH I H 2, t.JT06bI B )].aJJb­

HettweM nOJib30BaTbC51 JIHWb 0 )].HHM H3 yKa-

3aHHblX MCT0.11.0B, HanpHMep, MeTO)].OM 1 KaK 

Ha116onee nerKO peaJIH3yeMbIM H TT03BOJIHfO­

LUHM npOH3BO)].HTb H3MepeHHH Ha nO)].KpHTH­

t.JeCKOH c6opKe. 



Ta 6 JJ H u. a 2. Ornoc,neJibHbJe 3Ha'-1eHm1 ( <1>; ), / ( <1>; )1 ueHHocrn Hett-rpo11os 

Kam1¢opH11esoro HCTO•JHHKa B TB:max KPHTH'-!eCKOH c60PKl1 

KoH¢11rypau1rn A Ko11Cjmrypau11.si o 
Pa.n11yc Pa.n11yc pacno-

N!! 
N!! TB3Jia pacnonmKe- Mern.n l Mern.n 2 JIO)KeHH.s! TB3Jia, Mern.n 1 

TB3Jia 
HJUI TB3Jia, MM MM 

l 0 (ueHTp) 1 I l 0 (ueHTP) 1 

5 37,15 0,945 ± 0,005 0,915 ± 0,005 4 37, 15 0,935 ± 0,004 

12 67,25 0,863 ± 0,080 - 6 37, 15 0,954 ± 0,004 

13 67,25 0,844 ± 0,009 0,833 ± 0,005 12 67,25 0,847 ± 0,004 

27 105,35 0,655 ± 0,005 0,756 ± 0,002 13 67,25 0,844 ± 0,004 

28 105,35 0,642±0,007 0,644 ± 0,002 14 67,25 0,873 ± 0,003 

29 105,35 0,663 ±0,003 0,747 ± 0,002 15 67,25 0,872 ± 0,004 

23 105,35 0,621 ± 0,012 0,586 ± 0,005 28 105,35 0,657 ± 0,003 

32 105,35 0,659 ± 0,009 0,620 ± 0,003 29 105,35 0,660±0,003 

0,8 

0,6 

0,2 

OTHocITTenbHoe pacnpeAeneH1-1e 1.1eHHOCT1-1 He1inpoHoa 
Kani,,cpopH1-1eaoro "1CTOYHl-1Ka, 0TH. eA. 

37,15 67,25 

0 50 

105,35 

100 

Pc1A1-1yc pacnono:>KeH1-1~ TB3na, MM 

2 
" 3 

1 

P11c. 4. Pacnpe.neneH11e ueHHOCTH Hdt-rpoHos Ka­
n11$opH11esoro HCTO'-IHHKa B TB3nax no pa.neycy 
a.3. Kp11rnqecKoi:i c6opK11 KOH$11rypau1111 A: Kp11-
sasi l (- - - -) - annpOKCl11\1aUJUI nonHHOMOM 3-i:i 
CTenemt pe3yJibTaT0B 113MepeHH.s! MeTO.[lOM J (<D), 
Kp11sa.si 2 (-. - . -) - annpOKCl1Mau11.si nOJJHHOMOM 
3-i:i CTeneH11 pe3yJibTaTOB H3MepeHl1SI MeTO.[lOM 2 
(@). Pe3ynbrnpy101Uee .nnsi H3MepeHHi:i no MeTO­
.naM I 11 2 pacnpe.u,eneHHe annpOKCHMHpOBaHO 
non11HOM0M Y = I - l .63E-3R - l .97E-6R2 

-

l .26E-7 R3 
- KpHBa.s! 3 (--). PacCTOSIHHe OT 

sepxHei:i rpaH11ll,h1 HH)Kttero Topuesoro oTpa)KaTe­
nsi .no )lHa no.nsecK11 KaJI11$opH11esoro HCTO'-IHHKa 
184 MM 

23 105,35 0,644 ± 0,005 

32 105,35 0,675 ± 0,003 

2.3. Pe3yflbmambr U3MepeHZtJl paouGJ/bHO­
zo pacnpeoeJ1eHufl 3cj)(jJeKmoe peaKmueHocmu 
monm1ea 6 Kpumu'leCKOLt c6opKe. )],m1 OTpa-

6oTKl1 3KCnepHMeHTaJlbHOro MeTO.n.a onpe.n.e­

neHH.s! :rneprOBbID.eJJeHIUI Ha c6opKe KOHcjmry­

pa1.urn A (37 TB3Jl0B) 11CnOJlb3OBaHbl )KCne­

pHMeHTaJJbHbJe ,D.aHHbie no 3cpcpeKTaM peaK­

THBHOCTH TOTTJJHBa, no11yi-1eHHbJe Ha KpHTH4e­

CKOH c6opKe cTeHD.a HAPUI1CC 11 np11se.D.eH­

Hbie B J].OKJla)],e [6]. B )THX 3KCnep11MeHTax 113 
BbI,D.eJleHHOro s TOnmrnHOM cep.neYHHKe o6b­

eMa TB)JJa 113BJJeKaJJHCb Ta6neTKl1 113 .ll,11OKC11-

.ll,a ypaHa H BMeCTO HHX ycrnHaBJJJ1BaJ1aCb 

an1-0M11H11esa.si npocrnsKa TaKoro )Ke pa3Mepa. 

BblCOTa aJJI-OMHHHeBOH npOCTaBKJ.1 COCTaBJJ.s!JJa 

40,3 MM, Macca anJOMHHH.s! 25,1 r. Macca y.ua­

neHHoro rnnmrna paBHa 89 r . 

3KcnepHMeHTaJlbHa.s! npoue.uypa CBOD.H­

nacb K H3Mepemno H3MeHemu1 peaKTHBHOCTH, 

o6ycnosneHHOro 3aMeLUeHHeM rnnn11sa Ha 

aJJJOMHHHH B 48CTH o6beMa O,1).HOro TB3Jla. 

All!OMHHHeBa.si npOCTaBKa paJMemanacb B ce­

pe.u11He TB'.rna no ero BbICOTe, COCTaBJJ.s!l-011.leH 

345 MM. l13MepeHH.s! BbinOJlHeHbl D.JJ.s! 4eTbIpex 

TB3JlOB, pacnOJJO)KeHHbIX Ha pa3HOM y.uaneHHH 

OT ueHTPa a.3. 3cpcpeKTbl peaKTHBHOCTH onpe­

)J,eJJ.s!JlHCb no H3MeHeH11.siM yrna nosoporn 

npeD.Bap11TeJJbHO OTrpa.uy11posaHHOro perym1-

py10mero 6apa6aHa KOS. 
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B 3KC□epHMeHTaX □0Ka.JaH0, 'ITO 3cp<peK­

Tbl peaKTHBH0CTH, BH0CHMbie aJII-OMHHHeBblMH 

npocTaBKaMH, MaJibl 11 HaX0,llHTC» B npe,D.enax 

pe3yJ1bTHpy10w.eii Heonpe.ueneHH0CTH, C0CTa­

BJ1HlOill,eH p = 0,005 ~ Jq>· 

B JKcnep11MeHTax Ha c6opKe KOH<j:rnrypa­

u:1111 6 (36 TB3J10B) D,J1H H3Mepemrn 3cp<peKTOB 

peaKTHBH0CTH T0TTJIHBa npHMeHHJICH 0TD,eJ1b­

HbJH, He BXO.llHill,HH s cocrns 11cc11e,D.yeMOH 

c6opKH, OnI,ITHbIH TB3J1 6e3 sepxttero TOpu;e­

B0ro 0TPa)KaTellil 113 BeO, co,D.ep)Kaw.1111 anFO­

MHH11esy10 np0CTaBKY BbICOTOM 40 MM BMeCT0 

4aCTH T0TTJ1HBHblX Ta6JJeTOK. IlpocTaBKa pac­

TT0JI0)KeHa Ha cepe,D.HHe BbIC0Tbl 357 ,5 MM T0-

TTJ1HBH0f0 cepD,etJHHKa 0TTbJTH0ro TB3J1a. Mac­

ca Y.D.MeHH0f0 T0□m!Ba C0CTaBJUleT 88,3 r, a 

an1-0M11H11eso11 npocTaBKH s s11.ue 0TPe3Ka TPY-

6b1 D,HaMeTP0M 14 MM H TOJIIll,HHOM CTeHKH 

l MM - 4 ,3 r. 

lfaMepeHHe 3<pcpeKTOB peaKTMBH0CTH TOTT­

J1HBa np0B0D,HJJOCb rrpH 3aMeHe Ha O□blTHblH 

TB3J1 nooqepeD.H0 TB3J10B, HaX0D,5lll.l,HXCH B Ka­

HaJiax ,NQ,NQ 1, 4, 12, 13, 14, 15, 6, 28, 29, 23, 

32, c II0M0ll.l,blO nporpaMMbl U:H<pposoro peaK­

TMMeTPa RMD_ V9, ocymecrn11»10w.ei1 onpe­

D,eneH11e peaKTHBHOCTH MeT0,llOM o6paTHOH 

KHHennrn no □0Ka.JaHH5lM T0K0BOf0 KaHaJia 

Ill1P-6 H TPeX T0KOBbIX KaHaJI0B np116opa 

CTH-3. O6pa6oTKa □oJJyqeHHhIX speMeHHhix 

3aBMCHMOCTdt np0113B0,llHJ1aCb Henocpe)J.CT­

BeHH0 IIOCJJe HX perncTPau.1111 C □0M0ll.l,blO 

nporpaMMhJ STARM. 

)],JI» npose.ueH11H 3THX 3KC□epHMeHTOB no­

Tpe6oBaJIOCb H3MeHHTb 11CXO,llHOe Kp11TH4eC­

K0e C0CTOHHHe c6opKH, yseJJl1lJHB 3anac ee pe­

aKTHBH0CTH nyTeM Y.llMeHHH TPex TPY6 HMH­

rnrnpa K0JJJJeKTopa H3 KaHM0B .N!!.NQ 20, 26 11 

33 c6opKH (pHC. 1). 

Pe3yJihTaTbl KpHTH4eCKHX 3KcnepHMeHT0B 

no onpe.neneHHJO 3cp<peKTOB peaKTHBH0CTH T0-

nmrna s c6opKe K0Hcp11rypau11i:i A 11 6 np11se­

,ueHbI B Ta6J1. 3. 3TH )J.aHHbJe npe.D,CTaBJ1eHbl 

TaJOKe B 0TH0CHTeJ1f,HOM BH)J.e H H0pMHposa­

Hbl Ha 3Ha4eHH5l (M/K)/(MIK)1 3cpcpeKTa pe­

aKTHBHOCTH T0ilJ1HBa B ueHTPaJJbH0M TB3Jle. 

2.4. Pe3y11bmambl onpeoe11eHWl paOUQJlb­

HOW pacnpeOeJ1eHUfl 3Hep20eb10e11eHUfl e me3-

11ax Kpumul.fecKou c6opKu. Ilp11 onpe,ue11ett1111 

pa,llHaJlbHOfO pacnpe.ueneHHH 3HeprOBbI,lleJJe­

Hl1H B TO□mlBHblX cep,ue4HHKaX TB3J10B no pa­

.llHYCY a.3. KpHTHYeCKOH c6opKH HC□0J1b30Ba­

Hbl C00THowemrn (6) H (7). I13MepeHHhle B 

3KCnepHMeHTaX 11 H0pMHposaHHbJe Ha u,eHT­

panbHbIH TB3J1 3cpcpeKTbl (M/K)i l(MIK) 1 pe­

aKTHBHOCTH TOilJlHBa H ueHH0CTH HeHTPOHOB 

T a 6 JI H I.I. a 3. 3cbcbeKTbl oeaKTHBHOCTH TOnmrna B TB3JJaX KDHTHYeCKOH c6ooKH 

TB3JJa 

5 

13 

28 

12 

KoHqmrypal.{1151 A KoH,b11rvpauHR 6 

Pa,n11yc pacno­
JJO)Kemu1 
TB3Jla, MM 

~r. Pa,n11yc pacno-
J,!! TB3-

na JJO)l(eHJ,tR TB3-
na, MM 

0 (ueHTP) 0,249 ± 0,005 

37,15 0,218 ± 0,005 0,876 ± 0,020 4 37,15 

67,25 0, I 91 ± 0,005 0,767 ± 0,020 6 37,15 

105,35 0,178 ± 0,004 0,715 ± 0,016 12 67,25 

13 67,25 

14 67,25 

15 67,25 

28 105,35 

29 105,35 

23 105,35 

32 105,35 

0,234 ± 0,002 

0,216 ± 0,002 

(M<IK);I 
l(M<IK)1 

1 

0,920 

0,223 ± 0,002 0,952 ± 0,009 

0,188 ± 0,001 0,800 ± 0,004 

0,220 ± 0,002 0,940 ± 0,009 

0, 188 ± 0,001 0,936 ± 0,005 

0,180 ± 0,002 0,770 ± 0,009 

0,166 ± 0,002 0,708 ± 0,009 

0,164 ± 0,002 0,701 ± 0,009 

0, 165 ± 0,003 0,702 ± 0,013 

0,167±0,002 0,715 ±0,009 



Ta 6 JI H u a 4. 11cxo.llHhle .llaHHhJe 11 pe3yJihTaThJ pac'-!eTHOH oueHKH nonpaBo•-rnoro '-IJJetta DC; 
.llJl» onpe)lenemu1 :mepr0BhJ)leJieHIUI B TB3JlaX KPHTH'-leCKOH c6oOKH 

K0Hdrnrvoau11» A 

Pa.D.Hyc pac-
M! TB3Jia IT0JI0)KeHH» ( <l); ); ( <P; ), DC; 

TB3Jia, MM 

1 0 (ueHTp) 2,444 4,444 0 

5 37,15 2,343 4,279 0,036 

12 67,25 2,121 3,859 0,008 

13 67,25 2,121 3,859 0,008 

27 105,35 1,621 2,837 -0,230 

28 105,35 1,621 2,837 -0,227 

29 105,35 1,621 2,837 -0,227 

23 105,35 1,621 2,837 -0,227 

32 105,35 1,621 2,837 -0,227 

.D,enemrn ( <ll; )i /( <1>; )1 np1,rne.neHbI B rn6n. 2 11 

3, COOTBeTCTBeHHO. 

3Haqem,rn nonpasoqHoro 4JieHa DC; pac­
C4HThrnan11cb no cpopMyne (7) c np11MetteHHeM 
.nsyxrpynnosoi-f nporpaMMbI pac4eTa reTepo­
reHHOro peaKTopa B (r-cp)-re0Merp1111 PNKV 
[7]. Pacc1.J11TaHHbJe no 3TOH nporpaMMe con­
pH)f(eHHhJe cpyHKUHH TIOTOKOB 6bJCTphlX H Ten­
JIOBblX HeHTpOHOB HHTepnpeT11posaHbl KaK 

ueHHOCTH HeHTpOHOB .nenemrn ( <l); ); H norno-

meHHhlX HeHTpOHOB ( <1>; );, COOTBeTCTBeHHO. 

3Ha4eHHH ueHHOCTH HeHTpOHOB H pe3yJibTaTbl 

pacqeTHOH oueHKH nonpaBO4Horo qnetta DC; 
AJIH Ka)l(.D,Oro HCCJie,uyeMoro TB3Jla B 06e11x 

KOHcp11rypau11»x KpHTH4eCKOM c6opKH npe.L(C­
TaBJleHbJ B Ta6Jl. 4. 

B Ta6n. 5 noKa3aHbI pe3yJihTaTbI onpeAe­
neHHH 3HeproBbJ,UeJieHHH B TB3JlaX KpHTJ14eC­

KOH c6opKH, HOpM11posaHHbJe Ha 3HaYeHHe 

3HeproBbI.D;eJieHIDI B ueHTpaJlbHOM TB3Jle. 

,l],m1 1rnmocrpau1m Mero.na .D,aHHhJe ra6n. 
5 npe.ncrnsneHhI TaK)f(e Ha p11c. 5 s s11.ne JaBH­
CHMOCTH 3HeprOBbI)],eJieHIDI OT pa.nHyca pac­

TIOJIO)l(eHHH T83Jla 8 a.3. Tip11 3TOM 3Ha4emrn 

3HeproBbJ)],eJieHHH AJIH TB3JlOB, pacnoJIO)KeH-

KoHC!mrvoau11» 6 

NQ TB)- PaJJ,11yc pac-
IT0JI0)KeHH» (<1>; ); ( <P; ); DC; na 
TB3Jla, MM 

1 0 (ueHTp) 2,499 4,531 0 

4 37,15 2,389 4,348 0,032 

6 37,15 2,389 4,348 0,032 

12 67,25 2,164 3,952 0,058 

13 67,25 2,147 3,877 0,029 

14 67,25 2,147 3,877 0,029 

15 67,25 2,164 3,952 0,058 

28 105,35 1,647 2,912 0, 161 

29 105.35 1,647 2,912 0, 161 

23 105,35 1,678 2,964 0,163 

32 I 05,35 1,666 2,942 0,163 

HhlX Ha O.llHOM H TOM )l(e pa.n11yce, ycpe.ntteHbl. 

3)lecb )Ke np11Be.nettb1 pe3y JibTaTbI pacqera 
pacnpenenemrn 3Heprosb1.ne11ett11H no pa.n11ycy 
a.3., nonyLJeHHbJe C HCTIOJTb3OBaHHCM npor­

paMMbl MCU [8], pean113yi-ome11 MeTOJJ. MoH­
re-Kapno. 

113 npHBe,UeHHbIX Ha pwc. 5 .D,aHHbIX CJie­
.nyer, qro pe3yJThTaTbl 3KCnepHMeHTOB 11 pac­

t.JeTOB cornacyi-oTCH Me)f(Jly co6oi1 s npe,uenax 
Heonpe,L(eJleHHOCTH 3KCnep11MeHTaJibHOro Me­

TOll,a, oueH11saeMoM B npe,nenax or 2 % AJJH 
TB3JIOB B cpe.nttei1 qacrn a.3. 11 .no 5 % .nmr ne­
pHcpepHHHbIX TB3JIOB B c6opKe KOHcp11rypau,HH 
E, a TaK)l{e C yt.JeTOM Heonpe,ueneHHOCTH Me­

TO,Ua CTaTHCTH4CCKHX HCTibITam-111, peaJIH3O­

saHHOro B nporpaMMe MCU. 
J1.3 conocTaBJICHHH .naHHblX, OTHOCHmHXCH 

K c6opKe KOHcp11rypau,1111 E (pHC. 5 11 Ta6JI. 5), 
cne.nyer, qro Kattan 6e3 TB3na oKa3bIBaer Ja­
MeTttoe BJIHHHHe Ha xapaKTep 3HeproBhl,lJ.CJie­

HHH B OKpy)KafOU!HX ero 6JTH3J1C)l(alll,HX TB3-
nax. B CBH3H c orcyrcrn11eM ,nen»meroc» se­
mecrna B 3TOM KaHane npoHCXO,lJ.HT BCTIJTeCK 

HeHTpOHOB 8 3aMe.nn11re11e, '-!TO npHBO.ll;HT K 

3aMeTHOMY (.no 12 ... 16 %) pocry 3HeproBbl­
,ueJieHHH B 6JIH3Jie)l(aW:HX TB3Jiax. 

13 



.. 
T a 6 JJ u u a 5. Ornoc1neJJbHOe noTB3JJbH0e 3Hepr0BhJJ.lenem1e Q;/ Q I 

~ 6 HAPQMCC B a.3. KPHTH<leCK0H C 0PKH 

KottclmrypauH» A 
N!! Pa,nHyc pacnono-

Q;IQ1 
TB3JJ3 )KeHH.H TB)Jla, MM 

I 0 (ueHTP) 1 

5 37,15 0,960 ± 0,038 

12 67,25 0,896 ± 0,040 

13 67,25 0,916 ± 0,04] 
27 105,35 0,840 ± 0,055 

28 105,35 0,860 ± 0,056 
29 105,35 0,833 ± 0,054 
23 105,35 0,890 ± 0,058 
32 105,35 0,839 ± 0,055 

1,2 3HeproBbl,QeneHMe, 0TH. eA. 

0,8 

0,2 

0 

.!. 

37,15 

20 40 

67,25 

60 80 

105,35 

100 
Pa,QMYC pacnono>KeHMS! TB3nOB, MM 

P11c. 5. Pacnpe,nenettHe 3Hepr0BhI,nenem1» B TB3-
nax no p~Hycy a.3. KpHTH'-JeCKOH c6opKH cTett.na 
HAPQMCC. B Kottqmrypaum1 A: 
KpHBaSI 1 (- . - . -) - cnnaHH H3MepeHHblX T0l-JeK 
(0), KpHBaJI 2 (- - - -) - pe3yJJbT3Tbl paC<te'fOB. B 
KOH<jmrypaUHH 6: KpHBa» 3 (--) - cnnaHH H3-
MepeHHblX TOl{eK (6), KpHBaJI 4 (- .. - ··) - pe-
3YJJbT3Tbl pacqeT0B 

3aKJHO'leune 

B pa6oTe npe.nnmKeH Mern.n onpe.neneHIUI 
OTHOCHTeJibHOro pacnpe.neneHml )HeproBbI,Ae­
JieHH.H B reTeporeHHOM peaKTOpe, OCHOBaH­
HhIH Ha H3MepeHHSIX 3cpcpeKTOB peaKTHBHOCTH 
TOnJIHBa J,f u,eHHOCTH HeHTpOHOB KaJIH<pOpHHe­
BOro HCTOl-JHHKa. 

Anpo6au,11» 11 OTpa6oTKa Mern.na npose.ne­
Hbl B )KCnepHMeHTaX Ha .nsyx KOHcp11rypau11»x 

14 

Komjrnrypau11» 6 
N!! Pa.n11yc pacnono-

TB3JJ3 )KeHHJI TB3JJa, MM 
Q,IQ1 

I 0 (uettTp) I 
4 37,15 1,01 I± 0,022 
6 37,15 I ,029 ± 0,023 
12 67,25 1,000 ± 0,022 
13 67,25 1,08 I ± 0,024 
14 67,25 1,041 ± 0,023 
15 67,25 0,934 ± 0,021 
28 105,35 0,904 ± 0,048 
29 105,35 0,891 ± 0,047 
23 105,35 0,916 ± 0,049 
32 105,35 0,887 ± 0,047 

Kp11rn<-JecKoi1 c6opKH cTeH.na HAPIJJ1CC, s 
O,llHOH H3 KOTOpblX peaJIH30BaH KaHaJI 6e3 .ne­
nmu.eroc» sew.ecTBa, Mo,uem1py10w.1111 KaHan 
CTep)l(Hjj 6e3onacHOCTH MaJIOra6apHTHOro re­

TeporeHHOro peaKTopa. 
l13MepeHHe ueHHOCTH HeHTpOHOB KaJIH­

cpopHHesoro HCTOt.JHHKa BbJnOJIHeHO .nsyM» 

MeTo.naMH: Ha nonKpHTHt.JeCKOH c6opKe 11 

c6opKe B KpHTW-leCKOM COCTOSIHHH . I1oKa3aHa 

6JIH30CTb pe3yJihTaTOB, nonyt.JeHHbIX o60HMH 

MeTOJ{aMH. 113MepeHH.H Jq>cj)eKTOB peaKTHBHO­

CTH TOTTJIHBa npose,ueHbl rryTeM cpaBHeHH.H 

KpHTHt.JeCKHX COCTO.HHHH, Bbl3BaHHblX 3aMe­

HOH t.JaCTH TOTTJIHBHhIX Ta6JieTOK TBJJIOB Ha 
aJIIOMHHHeBble npOCTaBKH. 

Ha OCHOBaHHJ,f npose.neHHblX )KcnepH­

MeHTOB onpe.neneHO OTHOCHTeJibHOe pacnpe­

.ue11ett11e JHeprOBh1.nenemu1 no pa,u11ycy 06e11x 
KOHcpmypaU.HH KpHTHt.JeCKOH c6opKH. I1oKa3a­
HO, t.JTO nonyt.JeHHbJe pe3yJibTaTbl cornacyJOT­

C.H c pe3yJihTaTaMH pac<tfaa no nporpaMMe 
MCU s npe,uenax Heonpe.neneHHOCTeii JKcne­
p11MeHTa H pact.Jern. 

I1oKa3aHo, t.JTO KaHan 6e3 ,uen»w.eroc» se­
w.ecTsa MO)l(eT OKa3bIBaTb 3aMeTHOe BJIHSIHHe 

Ha xapaKTep pacnpe,ueneHHSI JHeprosb1.nene­
HH» B 6JIH3Jie)l(aW.HX OKpy)l(aJOW.HX ero TB)­

JlaX, npHBO,llSI K yseJIHt.JeHHIO )HeproBbJ,UeJle­

HH.H s )THX TB)Jiax Ha 12 ... 16 %. 
Pa3pa6ornHHbIH 11 anpo611posaHHbIH s 

JKCnep11MeHTax MeTO,ll Hapn,uy C Tpa.nHUHOHHO 

HCTTOJlh3yeMblMH aKTHBaUHOHHblMH MeTO,AaMH 



MO)l(eT 6bJTb npMMeHeH .um1 3KCnep11MeHTa.Jlb­

HOro HCCJie,UOBaHH~ oco6eHHOCTeH pacnpe.ue­

Jiemrn 3 HeproBbI,UeJieHH~ B KplffMl-!eCKHX 

c6opKax H peaKTopax. 
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ConoCT3BJieHue H3MepeHHOH H paCC1.fHT3HHOH peaKTHBHOCTH 
npu HJMepeuuu 1«t,«t,eKTHBHOCTD asapHHHOH 33DJ.HTLI 

Ha 1Tane «t,u3n11ecKoro nycKa 1ue pro6JioKa .N'!! 3 KaJIHHHHCKoii A3C 

0.10. KaByu, A.H. llonbt«uu, P.A. mea'leH«o, C.A. illeBl/en«o, 
<l>EY "HTU .5IPE", 107140, MocKBa, Mana51 KpacttoceJJbCKa.si yn., )],. 2/8, K. 5 

Ilocrymrna B peJJ,aK1.1,1110 11.10.2010 r. 

Tip1rno,i:vncS1 cpasHeHHSI pacc4HTaHHbIX c 11cnoJih3osam1eM nporpaMMHoro KOMnneKca PA)],Yr A-7.5 [I] 
3cpcpeKTHBHOCTeH asapHHHOH 3aW.HTbl B CTaU.HOHapHOH H HeCTaU.HOHapHOH nocTaHOBKax C 3KCnepHMeHTaJlb­
HbIMH ,naHHbIMl1, norry4eHHbIMl1 np11 H3MepeHl1H seca asapt1HHOH 3aW.11Tbl B npou.ecce <pl13H4eCKOro rrycKa 
BB3P-1000 6noKa N!! 3 Ka.n11tt11HCKOH A3C. Ha ocHosaHHH aHa.n113a nony4eHHbtX pe3yJibTaTOB Jial-OTCSI pe­
KOMeu.nau.1111 no conocTasJieHl1lO H3MepeHHOH H paCC411TaHHOH peaKTHBHOCTl1 11 napaMeTPOB, C noMOW.bl-0 

Hee onpe.nenS1eMhIX. 
I6,10'1eeb1e cJ1oea: BB3P, Ka.n11Ht1HCKaS1 A3C, peaKTHBHOCTh, 110H113au.110HHaS1 KaMepa, 3KcnepwMeHT, 

H3MepeHwe, Mo.nen11posatt11e, pac1.JeT, conocrnanem1e, nporpaMMa PA)],Yr A-7.5. 

Comparison of Measured and Calculated Reactivity at Determination of the Effectiveness of Emer­
gency Control During Physical Start-up of Kalinin NPP Unit .N'!! 3. O.Yu. Kavun, A.I. Popykin, R.A. 
Shevchenko, S.A. Shevclzenko, SEC NRS, 2/8 (bid. 5), Malaya Krasnosel'skaya St., Moscow, 107140. 

Modeling of the emergency control measurement during physical start-up of the VVER-1000 unit 3 of 
Kalinin NPP is discussed. The RADUGA-7.5 code is used. Recommendations for comparing the measured 
and calculated reactivity are provided. 

Key Words: VVER, Kalinin NPP, Reactivity, Ionization Chamber, Experiment, Measurement, Modeling, 

Calculation, Comparison, RADUGA-7.5 Code. 

3cpcpeKTbl 11 KOJ<p<p11UHeHTbl peaKTHBH0C­

TH cny»<aT 0)],HHMH 113 0CH0BHhIX <p113Hl.JeCKHX 

xapaKTepHCTHK peaKTopa. OHl1 TaK )Ke, KaK 11 

JJ,pyr11e BeJJH'-IHHbl, CB.sI3aHHbJe C noHHTHeM pe­

aKTHBH0CTH H onpe)],eJJHeMhJe nyTeM pacYeT0B 

H H3MepeHHH (3cp<peKTHBHOCTh aBapHHHOH 3a­

UJ.HTbl (A3), no,uKpHTHYH0CTh H T.,U.), npHMe­

H.sll-OTC.sl B KaYeCTBe npoeKTHblX H JKCn.rryaTa­

U,H0HHblX npeJJ,eJJ0B. l1x JJ,onycTHMble 3Ha9e­

HH.sl ,D,0JJ)KHbl 6bITb o6ocHOBaHbl B npoeKTe PY 
( n . 2.2.1 Hil-082-07 [2]). B ttacTOHlllee BpeM.s1 

cornaCHO rpe6oaaHHHM HOpMaHIBHblX ,lJ,0Ky­

MeHTOB 3HaYeHHH HeKOTOphlX 113 3THX napa­

MeTJ)OB, nonyYeHHbJe pacYeTHblM nyTeM, ,D,OJJ­

)KHbl 6bJTb no,D,TBep)l(JJ,eHbl H3MepeHH.slMH Ha 

MHHHMaJJbHO KOHTJ)OJJHpyeM0M ypoBHe MOW:­

HOCTH (n. 3.1.1 HTI-082-07 [2]) nepe.D. 3Kcn­

.rryarnu,11eti Ka)K,UOH HOBOH 3arpy3KH. 

Cyrn,ecTByJ-OT onpe,D,eJJeHHble TJ)YJJ,HOCTH 

np11 conocTaBJieHHH 113MepeHHblX 11 paCC'-lH­

TaHHblX BeJJHI.JHH peaKTHBH0CTM H BeJJHlJHH, C 

nOMOllJ,blO Hee no.rryqeHHblX, oco6eHHO npM 
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H3MepeHH.slX peaKTHBH0CTH B COCTO.slHH.slX rny-

60KOH flO)],KpMTHlJHOCTH . .D:n.s1 BepH<pHKaIJ,Hl1 

CTaU,HOHapHbIX nporpaMM, B TOM YMCJJe M se­

pH<pHKaU,HH paCCI.JHTaHHOH no HMM peaKTHB­

HOCTH, HCnOJJh3YIOTC.sl M3MepeHH.sl Ha KpHTHYe­

CKHX c6opKax 11 ,D,ei1crnyJOlllHX PY, r.ue peaK­

THBHOCTb onpe,D,eJI.sleTC.sl no T0KY HOHH3aU,HOH­

HOH KaMepbl (l1K), H3MepeHHOMY peaKTHMeT­

poM BO BpeM.s1 nepexoJJ,HOro npouecca. Ho JTO 

HH0r)],a HJJ,eT " Bpa3pe3" C JJOfHKOH CTaU,HOHap­

HblX pacYeTOB, TaK KaK B ,D,aHHOM cnyyae pac­

CYl1TaHHOe no CT3UHOHapHOH nporpaMMe 3Ha­

t.JeHHe peaKTHBHOCTH eCTb pa3HOCTh 3<p<peK­

THBHblX K03<p<pHU,HeHTOB ( o6paTHbIX) pa3MHO­

)KeHH.sl B .UBYX CTaUHOHapHblX COCTOHH11.slX. 

A np11 H3MepeHH.slX, B 60JibWHHCTBe cny-

1.JaeB, BpeMeHH)'IO 3aB11CHM0CTb H3Mep.s1eMbJX 

napaMeTPOB B paccMaTpHBaeMOH CHCTeMe on­

pe,D,eJJHIOT 3ana3.ll.bIBaI-OIUHe HeHTJ)OHbl 11, eCJ111 

CHCTeMa HaXO,lJ,HTC.sl B,D,aJJH OT KpHTHYecKoro 

COCTO.slHH.sl, rrpOH3Be,D,eHHOe HeCTaU,HOHapttoe 

H3MepeHHe Bem1YHHbl rpe6yeT npaBHJlbHOH 

HHTepnpeTaU,HH ,D,JIH aepH<pHK3U,IDI COOTBeTCT­

BYI-OlllHX BeJJHYHH, nonyYeHHhlX no nporpaM-



MaM CTaUHOHapHoro pacLJeTa. AHaJJ113 pa3JUl4-
Hh!X nO)],X0)],08 K onpe)],eJJemno DOH51TH51 pe­
aKTHBHOCTH npo.nenaH paHee a pa6oTe [3]. 

Eme 0)],Ha npH4HHa paCXO)l()],eHHH BeJJH­
LJHH peaKTHBHOCTH, noJJyLJeHHbIX no nporpaM­
MaM CTaUHOHapHoro pacLJeTa aKTHBHOH 30Hbl 
11 H3MepeHHblX Ha .neiicrny10w,11x 6JJoKax A3C 
c BB3P, CB513aHa co cneu11cp11KOH npoBe,neHHJI 
H3MepeHHM. B '.HOM rnne peaKTopa H3MeHe­
HHe IlOTOKa HeHTPOHOB np11 H3MepeHHH peaK­
THBHOCTH <pHKCHpyeTC51 6oKOBblMH HK, pac­
ITOJJO)l(eHHhIMH 3a KOpnycoM peaKTopa B 6eTo­
He cyxoM 3aIUHTbl. 3To 03HaLJaeT, LJTO OHH C 
HaH60JJbWeM LJYBCTBHTeJJbHOCTblO H 3cpcpeK­
THBHOCThlO "OTPa)l(alOT" HeCTaUHOHapHoe no­
ae,nem,e noTOKa HeMTpOHOB B nepHcpepHMHbIX 
Kaccernx, 6JJH)l(aMwHx K 11K. 

A paCCLJHTaHHa51 no CTaUHOHapHblM npor­
paMMaM peaKTHBHOCTb 51BJJ51eTC51 HHTerpaJJb­
HblM napaMeTpOM 11 xapaKTep1-13yeT noBe,ne­
HHe aKTHBHOH 30HbI B uenoM. Ilo3TOMY HH­
Tepnpernu,1151 H3MepeHHM TPe6yeT onpe.neneH­
HhlX YCHJJHM. 3To HMeeT oco6eHHOe 3HaLJeHHe 
npH o6pa6oTKe H3MepeHHH peaKTHBHOCTH npH 
HeCHMMe-rpH4HblX B03MyIUemrnx, Hanp11Mep, 
npH H3Mepemm 3cpcpeKTHBHOCTH A3 6e3 HaH-
6onee 3cpcpeKTHBHoro CTep)l(H51 c nocJie).J.yIO­
lUHM ero .no6pocoM. 

Ilp11 aHaJIH3e 6e3onacHocrn PY c np11Me­
HeH11eM coapeMeHHblX paclJ.eTHbIX MeT0)],0B H 
nporpaMMHbIX cpe)],CTB HCDOJib30BaHHe nOH51-
THM peaKTHBHOCTH, 3cpcpeKTOB H K03cpcpHUH­
eHTOB peaKTHBHOCTH HeofonaTeJJbHO. .llJJ51 
3THX ueneH MO)l(eT 6bITb Hanp51MYIO peweHa 
HeCTaUHOHapHa51 3a,naqa O npocTpaHCTBeHH0-
3HepreTH~eCKOM pacnpe,neJJemrn 3Heproab1,ne­
neHHJi C yLJeTOM o6paTHblX CB513eH H TeM ca­
M bIM nonytJ.eHbl Henocpe)],CTBeHHO H3Mep51e­
Mble BeJIJ".!LJHHbl, a no HHM y)l(e MOryT 6hJTh 
paCCLJHTaHhl He06XO)],HMbJe cpyHKUHOHaJJbl. 

TeM He MeHee B COBpeMeHHblX CTau,110-

HapHblX nporpaMMax COBMeCTHOro HeH-rpOH­

HO-cpH3HLJeCKOro H Tennor11.npaBJIHLJeCKOro 

(H<l>/Tr) pacLJeTa, np11MeH51eMhIX .D,JJ51 pacLJeT­
Horo conpoBO)l(.D,eHH51 3Kcnnyarnum1 PY c 
BB3P, paccLJHThIBalOTC51 HMeHHO K03cpcfrnu11-
eHThI H 3cpcpeKTbl peaKTHBHOCTH, 3cpcpeKTHB­

HOCTH perym1py10w.11x opraHoB, rpynn pery­
n11py10w,Hx opraHOB, a He Henocpe.D,CTBeHH0 
H3Mep51eMble BeJIHLJHHhl. PaHee OHH HCnOJJb-

30BaJJHCb B KaLJeCTBe HCXO,llHbIX )],aHHbIX )],Jl51 

paCCMOTPeHH51 KHHeTHKH peaKTOpa B TOLJeLJ­

HOH MO)leJJH, a TOM LJHCJie npH o60CHOBaHHH 
6e3onaCHOCTH, a B HaCT051W,ee BpeM51 OHM 

npHMeH51IOTC51 B KaLJeCTBe npoeKTHbJX H 3KC­

nnyarnu110HHhlX npe,nenoa. 
ITp11 3T0M ace coapeMeHHhie npoeKTHbie 11 

3KCrn1yaTaU,HOHHble npe)].eJibl KOJIHLJeCTBeHHO 

HJIH KaLJeCTBeHHO (60JibWe HJIH MeHbWe HyJrn) 

ccpopMyJ111poBaHbl HMeHHO B TepMHHax peaK­

THBHOCTH , non~aeMOH 113 pacLJeTOB no CTa­

UHOHapHblM nporpaMMaM. HanpHMep, no,ll­
KpHTHLJHOCTb OCTaHOBJJeHHOro peaKTOpa ,llOJJ­
)KHa 6hJTb He Mettee 0,02 (n. 4.19 HII-082-07 
[2]), LJTO, KaK yKa3aHO BbIWe, MO)l(HO ycTaHO­
BHTb C TIOMOlUblO peaKTHMe-rpa TOJlbKO npH 

npaBHJJhHOH HHTepnpernum1 H3MepeHHH. 

OrCIO,lla CJJe,nyeT, LJTO npaBHJlbHaH HHTep­

npeTaU1151 H3MepeHHH, a TaK)l(e COOTHOWem1e 

Me)l(.ll.Y 3KCnepHMeHTaJibHblM11 ,llaHHblM11 H pe-

3YJJbTaTaMH CTaUHOHapHblX 11 HeCTaUl10Hap­

HhJX pacLJeTOB eme )],OJJro 6y).l.yT aKryaJihHbIMH 
npH o6oCHoBaHHH 6e3onacHocrn BB3P, no­
CKOJibKY HOpMaTHBHble .D,OKyMeHTbl KOHCepaa­

THBHbl. 

Onpe,lleJJeH11e peaKTHBHOCTH, non~eHHOH 
B pe3yJibTaTe CTaUHOHapHoro pacLJeTa, 51Bfl51-

eTC51 o6w.enpHH51TbTM: 

p = I - 1/ k~. ( 1) 
r,lle k,qi - 3cpcpeKTHBHbIH K03cp<pHUHeHT pa3-

MHO)l(eHHSI. 

B IlO,llKpHTHLJeCKOM COCT051HHH ero MO)l(­

HO ClfHTaTb co6CTBeHHbJM 3HaLJeHHeM COOT­

BeTCTBYIOIUeM CTaUHOHapHOM 3a,llaLJH. B OT­

)leJJbHhJX CJJ~a51X BMeCTO "aeJIHLJHHa peaKT11-

BHOCTH, nonyLJeHHa51 no nporpaMMe CTalU-IO­

Hapttoro pacLJern'' 6y.lleT ynorpe6JJ51ThC51 Bbl­
pa)l(e1rne "BeJJHLJHHa peaKTHBHOCTH" HJIH 

" 3Hat.feHHe peaKTHBHOCTH", TO )Ke caMoe OT­

HOCHTC51 H K napaMe-rpaM, nonyLJeHHhIM C no­

MOlUblO :noro 3HaLJeHH51 peaKTHBHOCTM. 

B pa6oTe [4] npoae.ueHo cpaaHeH11e M3Me­
peHHhIX H paCC"tJHTaHHblX TOKOB 11K npH H3-

MepeHHH 3cpcpeKTHBHOCTH A3 BO apeM51 cpH3H­
YeCKOro nycKa 3-ro 3Hepro6noKa KaJIHHHHC­

KOH A3C. OrMet.feHo, LJTO nony4eHHa51 B co­
orner cTBHH c .ll.OKyMeHraMH [5, 6] Ha OCHOBa­
HHM H3MepeHHM BeJll14HHa 3cpcpeKTHBHOCTH 

A3 Y.ll.OBJJeTBOpHTeJibHO cornacyerc51 C pac­

CLJHTaHHOM BeJIJ,ft.fHHOH. 3a)],a4a HaCT051lUei:1 
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pa60Thl COCTOHT B TOM, t.JT06ht o6paTHTh BHH­
Mam1e Ha TO, t.JTO H3MepeHHaH BeJIHt.JHHa pe­
aKTHBHOCTM H onpe,ueJieHHaH BhIWe pacc1rn­
TaHHaH peaKTHBHOCTb - :no pa3Hbte BeJJH'rn­
Hbl, H o6cy,uHTb 11X conOCTaBJiem1e . .[l,JIH :now 
uem1 npHXO.UHTCH noBTOpHTb OT,UeJihHbJe no­
JlO)KeHHH H pe3yJ1bTaThJ pa60Tbl [3]. 

HeCTaUHOHapHaH CHCTeMa ypasHeHHH ne­
peHOCa HeHTPOHOB 3anHCbJBaeTCH cne,uyfO.LUHM 

o6pa30M [1, 7]: 
I aq, i=N (2) 

- """"\:""= (-L+ Ks +(1-P)/pK 1 )<p+ "'5:)1.J;C; ; 
V Of i=I 

acJar =-t..;C; +P;K 1q,, i = 1...N, (3) 

r.ue K , q,' L<p ' K., <p - COOTBeTcTBeHHO onepaTO­

pbl .ueneHHH (HCTOt.JHHKa HeHTPOHOB), nepeHO­
ca H pacceHHHH (Heynpyroro H ynpyroro); cp -
TIJIOTHOCTh HeHTPOHOB; C; - KOHUeHTpauHH 

npe,uwecTBeHHHKOB 3ana.J,Ubrnarom11x HeHTPO­

HOB i-H rpynnbJ; p, p;- ,UOJIH 3ana3.UbIBafOllll1X 
HeHTPOHOB, ,UOJlH i-H rpynnhJ 3ana3,UbJBafOlUHX 
HeHrpOHOB; fp, f; - cneKrp MrHOBeHHhlX HeHT­
pOHOB, cneKrp i-H rpynnbl 3ana3,UbJBafOlUHX 

HeiirpoHoB; A; - nocTOHHHaH pacna.ua i-H 
rpynnhJ 3ana3,UbIBafOlUHX HeHTpOHOB. 

PacCMOTPHM 3a,Ua'-ly (2), (3) B .UH<pcpy3H­
OHHOM .usyxrpynnoBOM npH6JIH)KeHHH s cne­
.uyromeii TIOCTaHOBKe. fleBbJe '-!aCTH Bbipa)l(e­

HHH (2), (3) - :no MaTpHUbl 2x2, q>-BeKTOp­

CTOJI6eu C KOMTIOHeHTaMH (j)1 H <pi. TaKHM 
cnoco6oM BBO.UHTCH peaKTHBHOCTb a npor­
paMMHOM KOMnneKce (TIK) PA.[l,YrA-7.5. 

MarpWIHble 3JieMeHTbI onepaTOpOB ,ueJJe­
HHH (11CTO'lHHKa HeHrpOHOB), nepeHOCa H pac­
ceHHHH onpe,ueJJHfOTCH CJie,U)'lOlllHMH paseHCT­
BaMH: 

2 

[K /PL =x1 Iv:E.licp/r,t), (4) 
j=I 

X1 = 1, X2 =0; 

[.up], =diag[divD/grad)-I.01 (r ,t)]cp(r,t), (5) 

CHMBOJI diag o6o3Ha4aeT ,UHaroHaJibHYfO MaT­

p11uy; 
2 

[Kscp], = LS1/P /r,t); (6) 
l=I 

S11 =:E1,t1 ;s12 = I.1_2 ;s21 =s22 =0, l , j = l,2. 

<l>yHKUHH, TIO,UJie)l(amHe onpe.ueneHHfO, H 
napaMerpb1: 

cp(r, t) - TIJIOTHOCTb TIOTOKa HeHrpOHOB, C;(r, 
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t) - KOHU,eHTpaU,HH npe.uruecTBeHHHKOB 3ana3-

,Ub1Baf01lll1X HeHTPOHOB i-H rpynnh1; :E1,d - ce­

'-leHHe YBO,Ua H3 nepBOH rpynnhI; :E1 ,2 - ce'-le­
IDie pacceHHl1H H3 nepBOH rpynnhI BO BTOpyro; 

v:Efl, l = 1, 2 - rpynnOBbie 11cTOlJHJ1KH tteHTPO­
Hos; x, - rpynnoBhie cneKTPhI HeHrpo-

ttos; r - npocrpaHcTBeHHaH nepeMeHHaH (Mo­
)l(eT 6hITb BeKTOp c KOOp.UHHaTaMH X, y , z 11 
T.,U.). 

Bse.ueM aeJIH'-lHHY <I> (t ) - HHTerpanbHhIH 
no npOCTPaHCTBY 11 3HepreTJ1'-leCKHM rpynnaM 
nOTOK HeHTPOHOB - H nepeMeHH)'lO 

1/w = Glv1 + l/v2, (7) 

r.ue 
G = cpi/cp2; (8) 

nocne npeo6pa3osaHHH noJJyt.JHM 

(
l)dcl> i=N 

w Tt=-(x,L<p)+ o-p3 <1i)(x,K 1cp)+ ~ A.;C;,(9) 

r.n.e Ha,ut.JepK o6o3Hat.JaeT ycpe,uHeHHe no npo­

crpaHCTBY, <l>(t) - cpe,uH11H no npocTPattcrny 
IlOTOK HeHTPOHOB. l1Hor.ua napaMerp G Ha3bl­
Ba!OT )KeCTKOCThfO cneKrpa. Eonee no.upo6Ho 
BblBO.U ypasHeHHH (9) npOBO.UHTCH s pa6oTe 

[3]. 
Bse,uR speMH )1(113HH HeHTPOHa 

ta=(~ }c:,:~:), (10) 

nonyt.J11M cpopMyJJy 

p(t) - l + t0 dcI> 1 _ t0 1 r )-..C.. (1 l) 
p:l<j, p:l<j, dt <l> pl<j> cl> i=I I I 

J,fa (11) cne.uyer cpopMyna .UJIR k3qi(t): 

k (t ) (x,K1<p) . (12) 
'.><I> N ( l ) d<l> 

<x,Kr <p)(l-P->)+ ~A.;C; - w Tr 

Bse,ueM BeJIH'rntty 
pP(t) = ,¼i(t) - 1. (13) 

no cpopMYJJaM (12) H (13) s TTK PA,UY­
rA-7.5 HaXO.UHTCH peaKTHBHOCTb. Bee napa­
Merpbt, BXO.UHlllHe B 3TY cpopMyny, Bbll.JHCJ1H­
IOTCH B nporpaMMe Ha K~.UOM ware no spe­
MeHH B npouecce peweHHH COBMeCTHOH TIOJ1-
HOMacwrn6HOH tteiiTPOHHO-Tennorn.upasn11-
t.JecKOH 3a,uat.J11. 

PeJyJJbTaTbl pact.teTHOfO MOAeJJHpOBaHHH 

HJMepeHHH peaKTHBHOCTH 

.[l,JIH MO,UeJ111posaHHH 113MepeHHH peaKTHB-



Hocn1 .11cno11b3osancsi ITK conMeCTHoro tte­
cTau1,rnttapttoro H<l>fff' pac4ern PA):J:Yf A-
7,5, Ilpe)l(Jle scero Mo,ne1u1posam-1e H3Mepe­
HHH HanpasneHo Ha onpeJleJ1eH11e ttenocpeJl­
CTBemw H3Mep.sieMott senw-111HhI - TOKa HK. 

Bb1we .11 6onee no,npo61-10 B pa6oTe [3] 
npeJlJIO)KeHo o□pe,ne11ett.11e peaKTHBHOCTH, no­
ny'-leHHOH .113 Hecrnu110Hap1-1oro pacLJeTa. OHo 
cosna,naeT c onpe,ne11e1-111eM (I), HO np.11 3TOM 
k:>qJ MO)l(eT 3aBHCeTb OT speMe1-111. 3To peaK­
THBHOCTb, noJTy4eHHa.si B pe3yJTbTaTe pacLJeT­

HOro MOJleJrnpoBaHH.s! H3MepeHl1H. 

OTMeTHM, lfTO HHKaKoro COOTHOilleHH.s!, 
KpoMe yKa3aHHOro Bblllle, Me)K,ny peaKTHBI-IO­

CTblO (1) 11 peaKTHBHOCTblO, nony'-leHHOH B pe-

3YJibTaTe pac'-leTHOro MO,ne1111poBaHJ,1H H3Me­

peHH.s!, s ,naHHOM pa6oTe He ycrnHaBJ1HBaeTC.s!, 
nocKOJibKY 3TH se11.11LJ11HbI xapaKTep.113y10T 
pa3Hb!e COCTOHIDl.s! peaKTOpa. OnHaKO, ,llJ1H 

paCCMOlJ)eHH.s! HeCTau110Hap1-1oro COCTOHHH.s! 

peaKTOpa BeJ1HlJHHa peaKTHBHOCTH, nony4eH­

Ha51 B pe3yJibTaTe pacLJeTttoro Mo,ne11.11posa­
HHH, MO)KeT 6bITb noJie3HOW. 

Henocpe,ncrne1-11-10 H3MepsieMOH senwrn­
HOH CJIY)KHT TOK HK. 113MepeHHO.H peaKTHB­

HOCTblO 6y,n,eM Ha3bJBaTb pe3yJ1bTaT o6pa6oT­

KH H3MepeHHOfO TOKa l1J< peaKTHMelJ)OM HJIH 

JII06bJM ,npyrnM 113Mep11TeJibHbIM KOM□JleKCOM 

no T04e'-IHOH MO,l],em1 KHHeTHKH C H3BeCTHbJ­

MH napaMelJ)aMH T04e4HOH KHHeTHKH. 

.D,nsi MO,ne;rnpoBaHHH H3MepeHJUI peaKTHB­

HOCTH Heo6XOllHMO MO,nen.11poBaHHe CHfHaJTa 
MK, cpopM.11pyeMoro DOTOKOM HeihpOHOB OT 

aKTHBHOH 30Hbl peaKTOpa. Ilp.11 npose,n,eHHH 

H3MepeHH.H ,n,aHHblH CHI'HaJI 06pa6aTbrnaeTCH B 
peaKTHMeTPe no MO,lleJ111 T04e4HOH KHHeTHKH. 

3TO, no cyTH, JIHillHHH 3TaTI B COCTaBe H3Me­

peHHH. lfro6h1 OH 6hrn KOppeKTHblM, cne,n,yeT 

np.11MeHHTb cornacosaHHbie napaMerpb1 TO­
LJe4HOH KHHen1K11, a TaK>Ke yYHTbJBaTh, LJTO 
CHrHaJI cpopMHpyeTCH ITOTOKOM HettrpOHOB 
n11wb OT 6JIH)Katturnx K HK KacceT 11 MO)KeT 
OlJ)a)l{aTb BpeMeHH0e nose,LJ,eHHe He scdt CHC­

TeMbl, K::lK '.)TO npe,ll,□OJiaraeT MO,D.eJib T04e4-

HOH KHHen-1K11. 
Ilp.siMo H3Mep.sieMyIO sen.111-m1-1y (TOK HK) 

MO)l{HO CB.s!3aTb C TIJIOTHOCTblO noTOKa Tenno­

BblX HettrpOHOB s MeCTe pacnoJIO)KeHHH 11K. B 
CBOIO 04epe,D.b □JIOTHOCTb DOTOKa Te□JIOBblX 

HeHlJ)OHOB CB.s!3aHa C HCTOLJHHKOM HeHrpOHOB 

B aKTMBHOH 30He, ITOJIY'-!aeMblM npH Mo,n,em1-
poBaH11H nepexonHoro npouecca no nporpaM­
Me H<l>/Tf pacyern. B KaYecrne cpas1-1e1-111si 
H3MepeHIUI 11 pac4eTa uenecoo6pa3HO npe,D.no­
)l(HTb cpasHeH11e H3MepeHHoro TOKa HK c pac­
cirnTaHHhJM B npennoJIO)l{eH1111, t:JTO TOK HK 
nponopu.110HaJieH IlOTOKY TeflJJOBhlX Hettrpo­
HOB B MecTe ee pacnoJio)l{eHJ,rn. lfro6b1 3aMK­
HYTh :ny ueno'-IKY, tty)KHO paccLJ.11TaTb nepe-
1-1oc HeHTpOHOB OT aKTHBHOH 301-lbl K Mecry 
pacnono)KeHHH HK. 

.D,m, pac4eTOB DOTOKa TenJIOBbIX Heih-po­
HOB B MecTe pacnoJJO)l{eHMH MK 11cnoJ1b30Ba­
nacb nporpaMMa MCNP-4C c fo16n110TeKoH 
KOHCTaHT DLC-189 [8]. PacC4HTbrnanacb cpyH­
KUHH BJIH.s!HHH KpattHero pH,D.a KacceT (nepBOH 
TODJIHBHO.H 3arpy3KM aKTHBHOH 30Hbl 6JIOKa 
N2 3 Kan11HHHCKOH A3C) Ha nnoTHOCTb noTO­
Ka TennOBblX HeHrpOHOB B MeCTe pacnoJIO)l{e­
HJrn HK. CTp11 3TOM Ka)l{.llaH Kaccern pa3611sa­
nacb Ha IO paBHbIX sepT11KaJlbHb!X pac4eTHblX 
30H [4]. 

Ha p11c. 1 np11so,D.11TCH KaprnrpaMMa nep­
BOH TO□JIHBHOH 3arpy3KH BB3P- l 000 ::mep­
ro6noKa N2 3 Kan.11H11HcKOH A3C 11 noKa3aHo 
pacnoJIO)KeH11e IllTaTHblX H JlOITOJIHMTeJibHblX 
HK, 11cnoJib30BaHHbIX np11 113Mepett.11.six. 

Ha p11c. 2 npHBO)J.HTC.s! ,UHarpaMMa Bmrn­
HHH p.s!llOB KacceT Ha cpopMHpOBaHHe ITJIOTHO­
CTH IlOTOKa Te□JIOBblX HeHTpOHOB B MeCTe 
pac□OJIO)l{eHJUI HK. KaK BH)J.HO H3 ,D.11arpaM­
MbJ, ITOTOK cpopM11pyeTCH B OCHOBHOM Kacce­
TaMH nocne,D.HHX ,n,syx psinos TBC aKTHBHOH 
30Hbl. 

Ha p11c. 3 npHBO,llHTC.H ,llHarpaMMa BJJJ1.s!­
HHH OT)J.eJibHbIX KacceT Ha cpopMHpOBaHHe 
ITJIOTHOCTH IT0TOKa TerrnOBblX HeHlJ)OHOB B 
MecTe pacnoJIO)Kett11si HK. OKono nonoBHHbI 
BKJia,D.a B BeJIH411HY ITJIOTHOCTH Tennosoro no­
TOKa ,D.alOT KpatiH11e KacceTbI nocnenHero p.H­
,D.a. 3TO Ba)l(Ha.H HH<pOpMau1,rn llJ1H HHTepnpe­
TaUHH H3MepeHHH a npouecce ,D.o6poca "3a­
crp.Hswero" cTep)l{HH. 

Pac1.1ernoe MO,D.e1111posa1-111e c6poca A3 
npoBO,llHJI0Ch C IlOMOLUblO HeCTaUH0Hap1-1oro 
pacyfaa no ITK PA~Yf A-7.5. Pe3ynbTaTbI 
3THX pacYeTOB, a TaK)l(e pa3J111'-111.s! napaMeTp0B 
aKTHBHOH 30Hhl np11 pac4eTe c6poca A3 B CTa­
UHOHapH0M 11 HeCTaUHOHapH0M npH6JIH)KeHH­
j{X npHB0JlHTC.s! 11 o6cy)K,ll,aIOTC.H a pa6oTe [3]. 
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0 o6oram;eHBe 3,9 % Do 235u (24 TBC) 

0 o6oram;eHHe 2,2 % no 235u (42 TBC) 

•

o6oram;eime 2,98 % no 235u (37 TBC-
303 TB3na c o6oram;eHBeM 3 % , 9 TB3rOB 
c o6oraII{eu:aeM 2.4 %) 

.,,, o6oramelllle 3,9 % no 235u (24 TBC -
~-1243 TB3na c o6oram;eHHeM 4 %, 60 TB3noB 
~ c o6oram;eHHeM 3,6 % , 9 TB3roB c o6ora-

II{eHBeM 3 ,3 % ) 

o6oram;eBHe 3,9 % Do 235u {12 TBC -
~ 240 TB3noB c o6orameRHeM 4 % 66 
VTB3nOB c o6oram;eHHeM 3 ,6 % , 6,TB3rOB c 

o6oram;eRHeM 3,3 %) 

0 o6oram;eHBe 1,6 % DO 2JSU 
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cxeMa pacnoJio)KeHHSI KaHanos HK, OP CY3 11 11x pacnpe.nenemrn no rpynnaM 

100 

90 

80 

70 

60 

50 

40 
30 
20 

10 

0 

Ben111Y111Ha BKnaAa, % 89,86 % 

·-

-
-
~ 

,_ 

,_ 
9,40 % 

'--
0% 0% 0,01% 0,08% 0,65 % .I._ 
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P11c, 2, BKJia,n Ka)K.noro psi.na KacceT aKTHBHOH 
3.0Hhl B BenwrnHy nnoTH0CTH noT0Ka Tenn0BbIX 
HeHrpOHOB B MeCTe pacnon0)KeHHSI HK 

JI:;rn nonyqemrn pacqern1,1x T0K0B HK npHMe­
H»eTc.H Q)YHKUHH smrnHH.H, onpe.n,eJieHHaH Bb]­

we, Pe3ynbTaTbl pacqeTOB cpaBHHBal-OTCH C 

H3MepeHHb1MH TOKaMH 11K 
B pa6oTe [4] H3JiaraeTc.H npou,e.n,ypa pac­

YeTHoro MO.n,em1poBaHH.H H3MepeHHH TOKOB 

11K .M! 25, onpeJ1,eneHHH peaKTHBH0CTH s npo­
u,ecce c6poca A3, onpeJJ.eneHHH nonHoH 3cp­
<peKTHBHOCTH A3 H 3cpcpeKTHBHOCTH A3 npH 
3aCTPeBaHHH OP CY3 13-36 H 11-38, TTp11 
3T0M 3cpcpeKTHBHOCTb A3 onpe.n.en.Hnacb co­
rnacHo J].0KyMeHTaM [5, 6]. TTpH cpaBHeHHH 
H3MepeHHbIX H paCC4HTaHHb]X TOKOB OHH C4H-
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■ KaCCCTl,I 14-371! 09-42 
(ICJ)afun1e) 

• Kaccen,i 13-38 I! 10-41 

-----------■-K-ttc:J 
PHC. 3, BnHSIHHe 0TAenbHbIX KacceT nocne.nttero 
psi.na Ha cpopMHpOBaHHe nn0TH0CTH 00T0Ka Ten­
n0BblX HeiirpoHos (senwrney T0Ka HK) 

TMHCb B3aHMHO HOpM11posaHHbIMH B M0MeHT 
c6poca A3. 

B Ta6n11u,e npHBOJ].HTCH 3cpcpeKTHBHOCTH 
A3: H3MepeHHa» cornaCHO ,LJ.OKyMeHTaM [5, 6] 
("3Kcnep11MeHT"), nonyYeHHajl s pe3ynhTaTe 
pacYeTHOro MO.n,enHpOBaHHH H3MepeHHH 
("PacYernoe Mo.n,em1posaHHe 113MepeHHH"), 
n0JIY4eHHa» B pe3yJibTaTe CTaU,H0HapHoro 
pacYern no TIK PA;::I:Yr A-7.5 ("CrnuHoHap") 
11 Hecrnu,110HapHoro M0JJ.eJrnposaHH.H c6poca 
no TTK PA;::i:Yr A-7.5 ("}lHttaMHKa"). Pe3ynh­
TaTb1 npHB0,UHTCH nm, ITOJIHOH 3cpcpeKTHBHO­
CTH A3 H "3cpcpeKTHBHOCTH 6e3 Ha116onee 3q>­
cpeKTHBHblX OP CY3". 



-
Ta 6 JI Hu. a pe3ynbTaTOB pac'-leTOB H H3MepeHHH 3QHpeKTHBHOCTH A3 

(peaKTHBHOCTh B % ~k34>) so speWI qm311trecKoro ny cKa 6noKa N2 3 
KanHHHHCKOH A 3C (3KCnepHMeHTanhHble .naHHble B3'1Tbl H3 pa60Tbl [4]) 

3Kcne-
Pac•1eTHoe 

pHMeHT 
Mo.nen11po sam1e CTal.(HOHap ,D.1-rnaMHKa 

H3MepeHHJl 

TTonHM 3cpq>eK-
6,438 6,34 7,27 7,99 THBHOCTb A3 

C 3acrpesamteM 

CTep)l(HJl C KO- 4,5141 4,81 1 
5,491 

7,581 

OpJJ.HHaTaMH 6,4382 6,332 7,272 
7 992 

' 13-36 
C 3acrpesam1eM 

CTep)f(HJl C KO- 5,328 1 5,03 1 5,691 7,641 

OpJJ.HHaTaMH 6,4382 6,332 7,272 
7 992 

' 11-38 
I 

- 3q>cpeKT peaKTHBHOCTH, BBO)lHMOH B aKTHBttylO 3OHY np11 c6poce A3 

c HMHTal.(HeH 3acrpesam-rn o.nttoro OP CY3 
2 

- 3q>q>eKT peaKTHBHOCTH, BBOJJ.HMOH B aKTHBHYIO 3OHY npH .no6poce 

" 3acTPJlBWero" OP CY3 (CYMMapHbIH) 

B rpacpe "PacqeTHoe Mo,nem1posam,1e" 
3<p<peKTHBHOCTb A3 rroJJytJeHa no pacqeTHhJM 
3HaqeHHHM TOKOB MK TaK, KaK npe,nycMarpH­
saeTcH P ,U 30 0151-2004 [ 6). B )J.8HHOM cny­
qae pacqeT npo113so,n11ncH no cpopMyne 

p!p"J<P = 1-( ~a).;n(T)exp(-A.;(t--c))dt } n, (14) 

r,ne p)<jl - 3<p<peKTHBH8JI )J.Oml 3ana3)J.hlB810lJ.lHX 
HeHTpOHOB; a; = p;1p:>q!, r,ne p; - 3<p<peKTHBH8H 
rpynnOBaJI )J.OJJH 3ana3)J.h18810lll,l1X HdirpOHOB; 

A; - nOCTOHHH8H speMeHH pacna)la 51)J.ep-H3JJy­
qaTeJJeH 3ana3)J.bJBalOUJ,HX ttei1rpottos i-11 
rpynnbI; n(t) - 0TH0CHTeJJbHaH H3MepeHH8H 
(paCClJHTaHHaR) MOUJ,HOCTb, rrponopUHOHaJJb­
HaH nOTOKy HeliTpOHOB OT Kpai1Hero p51)].a K8C­

CCT H COOTBCTCTBCHHO nponopu1rnHaJJhHaR 113-

MepeHHOMY (paccl.fHTaHHoMy) TOKY MK. Bo 
scex pacqernx, pe3yJJbTaTbJ KOTOpbIX npe,ncTa­
sneHbI s .naHHOH pa6oTe, n(t) HOpMHposanacb 
Ha HaqaJJbHOe 3H8YCHHe. 

TiapaMerpbl ToqetJHOH KHHCTHKH )J.JJH 6 
rpynn 3an83,llblB810lll,HX HeHrpOHOB, HCnOJib-

3088HHble B pacyfaax no cpopMyJJe (2), COOT­
BeTCTBYIOT napaMerpaM, npHMeHCHHbIM 3KCn­

nyarnpy10me11 opraHH3aUHei1 OAO "Kom.1,epH 
Poc:rneproaToM" B npouecce H3MepeHHH. Ta­
K1-1e )Ke napaMerpbl TOYeqHoH KHHeTHKH HC­

nOJTb3OBaHbl npH MO)J.eJJHpOB8Hl1H nepexo,n­

HblX npoueccos no TIK PA,UYr A-7.5. 

KaK MO)l{HO BH)leTb 113 Ta6JTHUbl, nony-
1:leHHa» 3cpcpeKTHBHOCTb A3 B pe3yJJhTaTe pac-
1:leTHOfO MO,llem1poBaHH51 H3Mepemu1 peaKTHB­
H0CTH xopomo coena,/.laeT C pe3yJibTaTaMH H3-
Mepemu1. HanOMHHM, qTO npH pac4eTHOM MO­
,/.leJJHpoBaHHH peaKTl1BHOCTh onpe,/.leJrneTC51 no 
cpopMyne ( 13). TI pH 3TOM HHKaKHX nonpaBOK 
He BBO)J.HTC». 

B Kp8HHeM CTOJI6ue ",UHHaMHKa" Ta6JJH­
Ubl IIOKa3aHbl xapaKTepHCTHKJ.1 A3 C TeM )Ke 
onpe,lleJJeHHeM peaKTHBHOCTH. O6pamaeT Ha 
ce651 BHHMaHHe ,/.lHHaMH4eCKaH 3cpcpeKTHBHO­
CTb "3acrpHBWJ.1X" nep1,upepHHHbIX CTCp)l{HeH, 
KOTOpaH npe,/.lCTaBJI51eTCH 6onee a,lleKB8THO OT­
pa)l{aJOlll,eH cyTb .nena, He)KeJI1-1 xapaKTepHCTH­
KH, nonyYeHHbie l13 peweHHH CT8UHOHapHOH 
3a,naq11 (npe.unocne)J.HHH cToJJ6eu). 

3aKJJIOl.feHHe: peKOMeH)l.3QHH 

no CODOCT3BJJeHHIO paccqHT3HHOH 

H HJMepeHHOH peaKTHBHOCTH 

lb pe3yJihTaTOB pa6oTbI [ 4) cneii,yeT, YTO 
Ha 3HaqnTeJibH0M speMeHH6M J.1HTepsane 113-
Mepemrn TOKa J1K, BKJTIOYaH HHTepsan, Ha KO­
TOpOM nposonHJIOCb onpeneneHHe peaKTHBHO­
CT.H, speMeHH6e noseneH11e H3MepeHHoro 11 
pacC4HTaHHoro TOKOB 11K xopowo cornacyeT­
CH. Tipeii,naraeTCH <pHKCHpOBaTb cpaBHeHHe 
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npHM0 113MepHeMoi1 aenw-rnHbI H amworwrnoi1 

BeJni'IHHbl, nonycieHHOH B pe3yJibTaTe pacY:eT­

H0ro M0JJ,e1111posaHllil 113MepeHllil, 11 no B03-

M0)KH0CTH npHB0)ll1Tb B npoT0KOJTaX 113Mepe­

HHH 11 LI.pyroti LJ.OKyMeHTaU.H11. 

3cpcpeKTl1BHOCTb A3 )lOIDKHa 6bITb TaK0Ba, 

'-l:T06bI npH He06XO)lHMOCTl1 nepeBeCTH peaK­

TOp s n0LI.KPHTl19eCK0e C0CT0HHHe (n. 2.3.2.2 
HIJ-082-07 [2]). B HaCTOHUl,ee speMH 6e3onac­

HOCTb PY c BB3P 06ocHOBb1BaeTCH nyTeM 

pacCMOTpeHllil npoeKTHblX 11 3anpoeKTHbIX 

aaap11ti, a 11MeHH0, ID( M0LI.e1mposaH11eM c no­

M0lllblO nporpaMM C0BMeCTHOro HeCTaU.110-

HapHoro H<!>/ff pacqern. Ilo 3Tl1M )Ke npor­

paMMaM np11 pacCMOTpeHHl1 asap11H MOLI.eJ111-

pyeTCH nepexo,JJ, peaKTopa B nOJJ,KpHT119eCK0e 

C0CT0HH11e. Ilo HHM )Ke npe)lJiaraeTCH MOLI.e­

JIHp0BaTb H3MepeH11e 3cpcpeKTHBHOCTl1 A3. 

B CBH3H C 3Tl1M u.e11ecoo6pa3HO xapaKTe­

p1130BaTb 3cpcpeKTl1BHOCTb A3, B TOM q}fCJle 

11CXO)lH 113 HeCTaU.HOHapHbIX pacqeTOB. Jfa 
Ta6JI11U.bl CJie)lyeT, qTo HMeJOTCH 3aMeTHbJe 

pa3Jilflfl1_H co 3HalfeHHHM11 3cpcpeKTHBHOCTH A3, 

no11yqeHHOH no pe3yJlbTaTaM CTau11OHapHoro 

11 HeCTaU.HOHapHOfO pacqeTOB. 

3Ha'leH11e 3cpcpeKTHBHOCTH A3, no11yqeH­

HOe 113 CTaU.HOHapHoro pacqern (HanOMHHM, 

'!TO OHO B HaCTOHUl,ee speMH CJTY)Kl,IT npoeKT­

HbJM napaMeTpOM), peKOMeH)lyeTCH nonyqaTb 

no CTaU.MOHapHOMY MO,Uymo nporpaMM COB­

MeCTHOfO H<!>fff pact.JeTa, np11MeHHeMoro 

np11 MO)leJIHposamrn H3MepeHl1H 3cpcpeKTl1B­

HOCTH A3. 3TOT pe3yJibTaT CJJeJzyeT cpaBHHTb 

C pe3yJJbTaTOM pacqeTa peaKTl1BHOCTH, nony­

qeHHbIM no CTaU.HOHapHOH nporpaMMe pacqe­

Ta xapaKTep11CTHK BB3P, Ha KOTOpbie 11Me!OT­

CH npoeKTHble 11 3KCnJiyarnu.HOHHbJe orpaH11-

'1eHl1_H, 

Mo.uen11poBaH11e 113MepeHIDI. peaKTHBHOC­

Tl1 )lJIH BB3P -rpe6yeT pacqern cpyHKU.H11 s1111-

.HHllil pacnpe.uenem-rn MOUl,HOCTH no aKTHBHOH 

3OHe Ha cpopM11pOBaHHe nJJOTHOCTH nOTOKa 

TenJTOBbIX HeHrpOHOB B MeCTe pacnOJTO)KeHirn 

HK. PacqeTbI c ee 11cnoJJb30BaHHeM noKa3b1-

sa1-0T, qTo apeMeHH6e 113MeHeHHe TOKa HK H 

paCC'IHTaHHaH no HeMy peaKTHBHOCTb onpe)le­

JJHJ-OTCH 113MeHeHJ-!eM MOUl,HOCTl1 nocJJe)lHero 

pH)la KacceT aKTHBHOH 3OHbl. 

TaKHM o6pa30M, CBH3h 3Haciemrn peaK­

Tl1BHOCTl1 C 113MeHem1eM MOUl,HOCTH aKTl1BHOH 
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30Hbl MO)KeT 6h!Th no11yqeHa TOJJbKO pact.JeT­

HblM rryTeM. flp11 3TOM CBH.3h C 113MepeHHOH 

BeJJl1911HOH, o6ycJJOBJieHHOH 113MeHeHHeM 

MOUl,HOCTH nOCJle)lHero pH)la KacceT, MO)KeT 

6bITh non yqetta pacqeTHbIM nyTeM TOJlhKO s 

paMKax HeCTaU.HOHapHOH 3a)lal.Jl1. IlpHH_HTa.H 

xapaKTepHCTHKa peaKTl1BHOCTl1, 11CXO.llH 113 

paCCMOTJ)eHHH HeCTaU.HOHapHOH 3aLJ.a9H, no­

Ka3bJBaeT, l.JTO 11CTIOJlb30BaHHe 113MeHeHmI 

cpe)].Hei:i MOil.l,HOCTl1 11 MOI.I..J.HOCTH nocne,uHero 

PHLI.a KacceT naeT 3Ha911TeJJbHOe 411CJJeHHOe 

pa3JIH'i11e B onpe,uenHeMOH 3cpcpeKT11BHOCTl1 

A3 no cpopMyne (14): 0,064 11 0,08 %. 
TaKHM o6pa30M, B 113MepeH1111 3cpcpeKTHB­

HOCTl1 A3 cymecTBeHHYIO pOJJh 11rpaeT pac­

tJeTHaH HHTepnpeTaU.HH. CoOTHOCl1Tb )Ke no­

JTy'leHHYIO 113 113MepeHl1H peaKTHBHOCTb, o6y­

CJIOBJJeHHYIO 113MeHeHHeM MOUl,HOCTl1 TIOCJJe)l­

Hero PH.lla KacceT, 11 peaKTHBH0CTb, noJJy'leH­

HYIO 113 crnu.110HapHoro pacqera, He cJJeLI.yer, 

n0CK0JlbKY nocJJe)lHH_H xapaKTep113yeT ac11Mn­

TOTH'!eCKYIO M0Ul,H0CTb aKTl1BHOH 30Hbl 6e3 

yqeTa 3ana3LJ.bJBalOUl,11X HeHTpOHOB 11 K 113Me­

peHl1H.M Ha 3anaJ.llbIBa10m11x Heiirpottax He 

11MeeT OTHOUieHl1H. 

3To YTBep)K,11eHHe cnpaBe,llJilfBO 11 s TOM 

cnyqae, Korna BpeMeHH6e H3MeHeHHe MOUl,HO­

cn1 Ka)KLJ.OH TOlfKH aKTHBHOH 3OHbl OLJ.HHaKo-

80. OTc1-0na cne.nyer BhIB0.11, qTo nepexon or 

113MepeHHOH peaKTHBHOCTl1 K 3cpcpeKTHBHOCTH 

A3 BB3P cy1UecrneHH0 on11paeTc.H Ha nocrn­

TOtJHO CJJO)KHbJe pacqeTbl, KOTOpble peKOMeH­

.uyeTCH orpa)KaTb B ,uoKyMeHTax no onpe)lene­

Hl1J-O aen11q11HhI A3. TaM )Ke cnenyer yKaJaTb 

CBH3b Me)K,lly 113MepHeMOH BeJ1119HHOH H 3cp­

cpeKTl1BHOCTbl-O A3. flpHMeHHeMbJe np11 3TOM 

pac'ieTHbJe cpencrna peKoMeHnyeTcH aTTecro­

saTb B ycTaHOBJleHHOM nopHJJ,Ke. 

IlpH pacqernx 11 113MepeHHHX 3q>cpeKT118-

HOCTl1 A3 6e3 "Ha116011ee 3cpcpeKTHBHOro" 

crep)KHH cne.uyeT o6paTl1Tb BHl1MaH11e (H 3T0 

cne.uyeT 113 Ta6JIHU.bI), '!TO pe3yJ1bTaTbl CTau.11-

0Hapttoro H HeCTaU.H0HapHoro pacqeTOB 3TOH 

BeJJl1911Hbl 33MeTHO pa3JIHY:a!OTCH. OHH H .llOJl­

)l{Hbl pa3JIH9aTbCH, nOCKOJJbKY 3TO pa3Hble 

paccieTbl, npHB0)lHUl,11e K pa3Hb1M pe3yJ1bTa­

TaM, T.e. K pa3JIHlfHblM pacnpeLI.eJJeH11HM 3Hep­

fOBbJ)leJ1eH11H noc11e c6poca A3. Oco6eHHO 

:no 3aMeTHo Ha 3cpcpeKTl1BHOCTl1 " .uo6pacbIBa­

eMoro" cr ep)KH.H. 



-
HanoMHHM, 'ITO np11 amurn3e asap11i:i K 

)leJiy HMel-OT OTHOWeHHe se11111rnHbl, noJiyqeH­

Hbie 113 peweHHH ttecTau,HoHapHOH 3a)la4H. B 
npou.ecce perneHHH HMeHH0 3T0H 3a)l8'i11 M0-
)le1I11pyeTCH 3acTpesatt11e CTep)Kttei:i np11 113y­
'-leH1111 KOHKpeTHblX asap1111. TipH H3MepeHHHX 

3cpcpeKTHBHOCTH ")lo6paCbIBaeMbIX" CTep)KHeH 
ee seJJHYHHa He HMeeT Henocpe)lCTBeHHoro 
OTHOWeHI-tH K 3cpcpeKTHBHOCTH, onpe)lem1eMOH 

113 peweHHH CTaU,HOHapHOH 38)la'-IH (CM. Ta6-

m1u,y). 
B paCCMOTpeHHOM CJiyqae ")lo6poca" 

CTep)KHeH H3 9-H 11 6-H rpynn 3<pcpeKTHBHOCTb 
onpe)lem1eTC.SI HX BJIH_HHHeM Ha KacceTbl KpaH­

Hero p.H)la H BKJia)lOM B cpopMHp0B8HHe BeJIH­

'-IHHbl TOKa MK. CornaCHO )lHarpaMMe, npIrne­

)leHHOH Ha pHc. 3, ")lo6poweHHb111" OP CY3 
9-w rpynnhI CHJihH0 BJIH.HeT Ha KpaHHIOl-0 Kac­
ceTy noc11e.uHero p»JJ.a, 06Jiana10my1-0 MaKc11-
MaJihHhIM BJIHHHHeM Ha TOK MK. OP CY3 6-11 
rpynnbl CHJibHee BJIH.HeT Ha u,eHTJ)aJibHbJe Kac­
ceTbI nocJienHero pRna, no3T0MY ero BKJian B 
TOK MK MeHhwe, lfeM y OP CY3 9-i-i rpynnbt. 
Eme pa3 OTMeTHM CHMMeTJ)H4HOe pacnOJIO)Ke­

HHe OP CY3 0TH0CHTeJibH0 HK .N2 25, B cny-
4ae paBH0ro BJIHHHHH Ha MK HX 3<p<peKTHBHO­
CHI 6bIJIH fihl 6JIH3KH. 

TaKHM o6pa30M, 3cpcpeKTHBHOCTb "no6pa­
CbIBaeMoro" cTep)KHH onpe.n.eJIReTc.H ero B03-
neif cTBHeM Ha KacceThI KpaitHero p.Hna. YYH­
ThIBaH CJIO)KH0CTb pactfeTOB npH onpeneneHHH 
3cpcpeKTHBHOCTH A3 6e3 HaH6011ee 3cp<peKTHB­
H0ro CTep)KHH, ycJI0BH0CTb BbI6opa "HaH6o­
nee 3cp<peKTHBHoro cTep)Ktt.H", a TaK)Ke ycnos­
H0CTb nepettoca pe3yJihTaTOB 3T0ro BhI6opa 
Ha KOHKpeTH0 M0)leJI11pyeMy1-0 asapmo, npH 
JKcnnyaTau,1111 3Hepro6JIOKa PY c BB3P He 
cne.D,yeT npe.D,ycMaTJ)HBaTb peryJI_Hpttoe npose­
neHHe TaKHX H3MepemtH. O.n.HaKO HY)KH0 no)l-
4epKH)'Tb, 4T0 eCJIH 3TH H3MepeHmr xopowo 
)l0KyMeHTHp0BaHbl, B 4aCTH0CTH, 3aTIHCaHbl 
T0KH MK B npou.ecce 113MepeHHH, TO 0HH M0-
ryT 6bITb noJie3Hbl )lJIH sepHQ)HKaUHH HeCTa­
U,H0HapHblX nporpaMM C0BMecrnoro Hcl>/Tr 
pac4eTa. 
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Y,IJ;K 621.039 
Pe3yJJbT3Thl 3KCnepHMCHT3JlbHOH OU.CHKH IlOAKPHTH'lHOCTH 

K3H3JlbHblX peaKTOpOB 

I'.B. Heoeoea, H.H. A11op10m,eu«o, B.E. )l(umapea, B.M. Ka•1a1wa, 
HMO: "Kypt.taTOBCKHH 1111cn11-yT", 123182, MocKBa, nn. Kypt.taTOBa, 1 

Oocryn11na s pe,naKumo O 1.02.2011 r. 

B 06ecrre'-lett1-1e Tpe6oBaHHH R,nepHOH 6e30rraCHOCTH rrpe.nJIO)l(eH MeTO.Ll oueHKH rro,nKpHTH'-IHOCTH OCTa­
HOBJleHliblX peaKTOpOB A3C 6e3 BblXO,na B KpHTH'-leCKOe COCTORHHe. ITpH pean113au1111 :noro MeTo,na c6paCbl­
BaJOTCR CTep)l(HH CY3 B no.nKpHTH'-leCKOM COCTORHHH peaKTopa. no pe3yJibTaTaM l1'3MepeHHH CKOpOCTeH C'-le­
Ta .D,eTeKTOpOB HeHTPOHOB C HCITOJlb3OBaHHeM ypaBHeHHH TO'-le'-IHOH KHHeTHKH paCC'-IHTWBaeTC}I HCKOMaH 
no.nKpHTH'-IHOCTb. Tipe,nJJO)KeHHblH MeTO,Ll oueHKH no,nKpHTH'-IHOCTH OCTaHOBJleHHblX peaKTopoa orpa60TaH 8 
cepHRX )KCnepHMeHTOB Ha c6opKe CTeH.na PEM K. Ha OCHOBaHJrn np1106peTeHHOro OITblTa ccpopMyn11poBaHbl 
ycnoe1rn, KOTOpble cne.nyeT o6ecne'IHTb ,ll,Jl}I rrony<teHHH ITOJIO)l(HTeJlbHOro pe3yJlbTaTa H3MepeHHH. 3THM Me­
TO,LlOM npoee,neHbl oueHKH no,nKpHTH'-IHOCTH pR,na COCTOllHHH peaKTOpa C11fo.1pcKoro XHMH'-leCKOro KOM6HHa­
Ta (CXK) 11 peaKTopa 2-ro 6noKa JiettHHrpa.ncKOH A 3C. 

K710l/e6ble C.7080: H,nepHaH 6e3onacHOCTb, peaKTOp, no,nKpHTH'IHOCTb, H3MepeHHe. 

Results of the Experimental Estimation of Subcriticality of the Channel-Type Reactors. G. V. Lebe­
dev, N.N. Andryusclzenko, V.E. Zlzitarev, V.M. Kac/za,zov, NRC "Kurchatov Institute", J, Kurchato,· Sq., 
Moscow, /23182. 

The method of evaluating the subcriticality of the NPP reactors without coming of the criticality is pro­
posed. The control rods are thrown down from the subcritical state of reactor. The subcriticality is calculated 
according to the results of the measurements of the counting rates of the neutron detectors using equations of 
point kinetics. The proposed method was validated in experiments on the RBMK critical assembly. The condi­
tions of obtaining the positive result of measurements are formulated. The estimations of the subcriticality of a 
number of the states of the Siberian NPP reactor and reactor of the Leningrad NPP 2nd unit are carried out by 
this method. 

Key Words: Nuclear Safety. Reactor, Subcriticality, Measurement. 

BBe.11.ettue 

Hawa cTpaHa, np11coe,n1-1H11sw11cb K "KoH­

seHu.1111 0 H)].epHOH 6e3onacHocrn" [ 1 ], B3HJJa 

Ha ce6H o6H3aTeJJbCTBa "co.neHCTBOBaTb 3Q)­

cj)eKntBHOH KYJJbrype H)].epHOH 6e3onaCHOCTH" 

11 np113Hana, t.tTO "cymecrnyt-0T ccµopMyn11po­

saHHh1e Ha Me)K.l{yHapo)].HOM yposHe pyKOBO­

.UHI.UHe npHHUHnbl 6e3onacHOCTH, KOTOpble 

nepHO)].Ht.teCKH o6HOBJJHIOTCH H, TaKHM o6pa-

30M, MoryT CJJY)KHTh pyKOBO.llCTBOM B OTHO­

wemrn COBpeMel-:IHhJX cpe)].CTB )].OCTH)KeHHH 

BhJCOKOro ypoBH51 6e3onacHOCTl1". 0,nHHM H3 

OCHOBHblX npHHUHnOB H)].epHOH 6e3onacHOCTH 

CJJY)Kl1T MOHHTOpHHr no,nKp11Tl1LJHOCTl1 OCTa­

HOBJJeHHOro peaKTopa npH npose.neH1111 Ha 

HeM pernaMeHTHhlX pa6oT, s xo.ne KOTOpblX 

H3MeHHJOTCH HeihpOHHO- Q)H3Ht.teCKHe xapaK­

Tep11CTl1Kl1 peaKTopa, a TaK)Ke nepe,D. nycKaMH 

peaKTOpOB. 
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Tio.nKpHTHLJHOCTh no onpe.nenem,10 eCTh 

(1 - keff) , r.ne keff - 3!pcj)eKTHBHhl i1 K03!pq>HUH­

eHT pa3MHO)KeHl1H peaKTOpa. TipocTeHWHM H 

1-:1eo6xo.u11MblM cnoco6oM KOHTpOJJH no,nKpH­

Tl14HOCTH 51BJJHeTCH 113MepeHHe 80 speMeHH 

noTOKa Hei1rpoHOB s peaKTOpe. OcHOBHaH 

Tpy )].HOCTb TaKHX H3MepeHl1H Ha peaKTOpax 

CBH3aHa C OTHOCHTeJJbHO MaJJblM ypoBHeM 

HeHTpOHHOH MOUlHOCTH 11 nOBhIWeHHblM y­
!pOHOM Ha OCTaHOBJJeHHhlX peaKTopax. J.13Me­
peHHH BO speMeHH noTOKa HeHrpOHOB B peaK­

TOpe Henocpe.ncTBeHHO )].a!OT 11HQ)OpMaUHIO 

06 113MeHeHHHX no.uKpHTH4HOCTH peaKTOpa B 

60J1hWYIO HJJH MeHbWYJO ...:rnpoHy. 

,UJJH MOHHTOpHHra no.nKpHTH4HOCT11 B 

06ecnet.teH11e rpe6osaH1111 H.nepHoH 6e3onac­

HOCTH 1-:1eo6XO)].l1MO npHMeHHTb pe3yJJbTaThl 

3THX H3MepeHl1H 8 Kat.teCTBe HCXO)].HblX ,D.aH­

HhIX )].JJH pac'-leTa ( I - kcrr) 113 ypasHeHHH KH­

HeTHKH peaKTOpa. l13MepeHHH nOTOKa HeHTpo-
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HOB OCTaH0BJJeHHblX KamU1bHblX peaKTOpOB B 

0TJJW,ute OT KopnycHhlX OTHOCHTeJJbHO npoCTO 

peaJJH3YIOTCH, nocKOJJbKY HMeeTcH B03MO)K­

HOCTh speMeHHO, Ha nep110J]. OCTaHosa, pa3Me­

CTMTh ,lleTeKTOpbI Hei-1TpOHOB Henocpe,llCTBeH­

HO Bl-IYTJ)b peaKTOpa .H, '-ITO Ba)l<HO, npaKTl14e­

CKl1 B tteo6XOJ].11MOM KOJJHlfeCTBe 11 Tpe6yeMOH 

3<p<peKTHBHOCTH. 

3Kcnep11MeHTaJibHaH annaparypa, HC-

noJJh3yeMaH J].JJH MOHHTOp11Hra IlO,llKp11THl.J.HO­

CTH, )],OJ])l<Ha COCTOHTh 113 JJ.BYX OCHOBHblX lfaC­

TeH: CHCTeMbl l13MepeHH51 ITOTOKa HeHTJ)OHOB 

11 BpeMettH6ro aHaJI.H3aTopa, conpH)KettHoro c 

KOMilbl-OTepoM. 8 Cl1CTeMe 113MepeHHH IlOTOKa 

HeHTJ)OHOB peKOMeHJJ.yeTCH npHMeHHTb 12 .. 18 
J].eTeKTOpOB, pa60Ta10lll,HX B HMilYJJbCHOM pe­

)Kl1Me. 

1. nocTaHOBKa JaJJ.a'IH oueHOK nOJJ.KPHTH'I­

HOCTH peaKTOpOB npH npoBeJ].eHHH Ha HHX 

SIJJ.epHOOnaCHblX pa60T 

Mero.LI yMHO)l(eHHH HeHTpOHOB HCTO'-IHl1-

Ka 51BJJ51eTC51 HaH6onee ITO,llXOJ].Hlll,HM J].J151 oue­

HOK ( 1 - kerr) OCTaHOBJJeHHOrO peaKTOpa [2] 
BCJJeJ].CTBHe npOCTOTbl ero peaJIH3au,1111. OcHo­

BaH MeTOJ]. Ha npe,unoJlO)KeHHH, 9TO B CTau,110-

HapHOM IlOJ].KpHTH4eCKOM peaKTOpe '-lHCJl0 

HeHTJ)OHOB o6paTHO nponopu,H0HaJibH0 no.11-

KpHTHl.J.HOCTl1. 3TO npe,llnOJ10)1(eHHe K0JJH4e­

CTBeHHO onHCbJBaeTCH B paMKax T04e'-!HOH 

MOJJ.em1 KlrnernKH peaKrnpa cne,uy10mei:i cpop­

MyJ1oi1: 

n = Qcfrf/(1 - kerr), (1) 
r.11e n - n0JJHOe 4HCJ10 HeHTJ)OHOB scex 3Hep­

rHH B peaKTope, Qeff - 3<p<peKTHBHa51 HHTeH­

CHBH0CTb BHyTpeHHHX MCT0'-IHHK0B HeHTpO­

H0B B peaKTope, £ - speMH )l(H3Hl1 MrHOBeH­

HblX HeihpOHOB. 

OueHKY (1 - kerr) peaKTopa npoBOJJ.HT s 

)].Ba 3Tana. Ha nepB0M np0B0,ll51T KaJJ116pOBOlJ­

HbIH 3Kcnep11MeHT C ueJ1blO onpe,n.eJ1eHHH 3Ha­

t.J.emrn (] - kerr). Ha BTOp0M 3Tane no pe3yJJh­

TaTaM H3MepeHHH n paCC4HTb!BafOT 113 cpop­

MYJlbl (l) np0H3BeJ].eHHe Qerr.e B Tex )Ke ca­

MhJX e)].HH.HU,ax, B KOT0pbIX .H3MepHeTC51 sen11-

lJHHa n. <DopMy ny (1) M0)KH0 HCil0J1h30BaTb 

J].JJH pac'-!eTa ( 1 - kerr) H s JJ.pyrnx crnu,HoHap­

HhIX C0CTOHHHHX peaKT0pa, ecmt J].onyCTHMO 

C9HTaTb, 'ITO napaMeTp Qeff e He H3MeHHJlC51. 

B npoTHBHOM cny,rne KaJIH6poso4HhIH 3Kcne­

pHMeHT CJ1e.uyeT Il0BT0p11Tb. 

lfaseCTeH pHJJ. MeTo,uos, K0T0ph1e MO)KHO 

HCil0Jlb30BaTh 8 KaJI116pOB04HOM 3KCnepHMeH­

Te J].JIH H3MepeH11H (1 - kerr) 11 nocJ1e.11yfOmero 

Bhl4HCJieHH51 napaMeTpa Qerr.e . OpH Bhl6ope 

0TTTHMaJibH0ro MeT0J].a H3MepeHHH Il0JJ.KpH­

TH'IH0CTH CJieJJ.yeT npHHHTh BO BHHMam1e cne­

UH<pHKY Il0CTaH0BKl1 3KCnepHMeHTa Ha OCTa­

H0BJJeHH0M peaKT0pe. 3m cneu11<pHKa 3aKJlfO­

qaeTC51 B CJle,nyfOill,eM: 

I) Kam16pOBO'IHblH 3KCnepHMeHT J].0JI)l(eH no 

Heo6xOJ].HMOCTH np0B0J].HTbCH 6e3 Bh!X0J].a B 

KpHTHlJeCK0e C0CT0HHHe; 

2) B 06ecne'-!eH11e rpe6osaHHH 11 H0pM RJJ.ep­

HOH 6e3onaCHOCTH [3] Heo6XOJ].HMO l13Mep51Th 

Il0JJ.KpHTH4H0CTb Ha yp0BHHX 0,01 nepe,u nyc­

KaMH peaKTopos H 0,02 np11 neperpy3Kax pe­

aKTopa. 

OpaKT11KyeTC51 ,llJ151 o6ecne4eHH51 J].0CTO­

BepHOCTl1 oueH0K no.11KpHT.Hl.J.H0CTl1 peaKTOpa 

B 3KcnepttMeHTe MCnOJ1b30BaTb MH0ro,UeTeK­

TOpHylO CHCTeMy l13MepeHHH IlOT0Ka Hei:irpo­

HOB. 8 KaqecTBe HCKOM0ro pe3yJ1bTaTa npHHH­

MafOT Ha116onhrnee 3Haqemre kerr 113 H3MepeH­

HhTX C ytJeT0M cnyqaHHb!X norpeWHOCTeH no 

Ka)l<Jls0MY KaHany 3TOH CHCTeMhJ H3MepeHHH. 

B CB51311 C 3THM pa3pa60TaH cnoco6 M3Me­

pemrn napaMeTpa Qerr f H Il0JJ.KpHTH'-IH0CTH, 

pean113yeMhJH s 3KcnepHMeHTe no c6pocy 

CTep)l(HeH CY3 s Il0.llKpHTil~eCKOM C0CTOHHHH 

peaKrnpa [4]. Tlp11 peam13au,HH 3TOro cnoco6a 

CTal.J,110HapHblH TTOJJ.KpHrntJeCKHH peaKTOp B03-

Mylll,atoT nocpe)],CTBOM nepeMelll,eHHH crep)l(­

Heii. l13Mep51fOT CK0pOCTb v(t) C4eTa J].eTeKTO­

pos HeHTpOHOB )],O, so speMR H nocne B03MY­

Ill,eHHH BilJIOTb J].0 .llOCTH)l(emrn K0HetJH0fO 

CTaU,M0Hapttoro C0CT051HH51 peaKTOpa. <D11KCH­

PYfOT TaK)l(e T0 H Ti - 3Ha'-leHH51 speMemt Ha­

qana COOTBeTCTBeHHO nepeMelll,eHl151 H 0CTa­

H0Ba cTep)l(ttei:i CY3 OT HatJana H3Mepem1i1 . 

OnpeJ].eJI51IOT 4HCJ10 r. s"fi 0TC9eTOB 3KCnepH-

MeHTaJlbHOfO .aeTeKTOpa HeHTJ)OHOB B J].Hana-

30He T1...T2 c, rJ].e T2 - speMR 0KOHt.Jamrn tt3-

MepeH11H v(t). 
KaK 0ITTHMaJibHbJe )],Jl51 pea.rJbHblX ycJ10-

BHH peKOMe1-1,uyt0TC51 CJieJ].yJ-Olll,He npHMepHble 

napaMeTpbJ npose)],eHH51 3Toro 3KcnepHMeHTa. 

CyMMapHOe speM51 H3MepeHJ.1H CKOp0CTJ,I ClJe-
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Ta )].eTeKTOpa HeifrpOHOB B 3KCnepHMeHTe T2 ~ 
600 C, )].HCKpeTHOCTb 3THX H3MepeHHH !:J.t ;:; 1 
c. DepeMel.lleHHe cTep>KHeH pery1rnposaHHS1 

Ha4HHaeTc.si c□ycT.si To~ 30 c nocne Ha4ana 

1nMepem1i-f. BpeM.si nepeMel.llemrn cTep>KHeH 

(T1 - To) ;:; 10 C H '-leM MeHbWe, TeM J1Y4we; 

H3MeHem1e nO)].KpHTH4HOCTH BCJle)].CTBJ1e 803-

Myw,eHHSI Afeff ~ 1 %. CKOpOCTh C4eTa )].eTeK­

TOpa HeHrpOHOB B HCXO)].HOM COCTO.s!HHH pe­

aKTopa v0 ;;:: 10
3 

1/c. 

PeKOMeH)].yeTCSI Bbl4HCJlSITb cpe)].HHe 3Ha-

4eHHSI CKOpoCTdi C4eTa Vo H v(T2) no pe3yJlh­

TaTaM H3MepeHHH 4HCeJl OTC'-leTOB )].eTeKTOpOB 

HeihpoHOB s )].HanaJOHax "" 0 ... 30 H "" 570 ... 

600 C, COOTBeTCTBeHHO. Pe3yJlbTaThl 3KCnepH­

MeHTa Vo, v(T2) H Ti ST, npHMeHSIJOTCSI )].Jl.sl no-
1 

CJJe)].yIOI.lleH o6pa60TKH )].aHHbIX. Ecn11 CKO­

poCTb C'-leTa )].eTeKTOpOB HeHrpOHOB B HCXO)].­

HOM COCTOHHHH peaKTopa cyl.lleCTBeHHO MeHb­

we, 4eM 103 
1/c, cne)].yeT MHOroKpaTHO no­

BTOpSITh 3KCnepHMeHT C IlOCJle)].yJOI.llHM cyM­

MHpoBaHHeM )].aHHhIX. Mo>KHO TaK>Ke o6be)].H­

WITh 3KCnepHMeHTaJlhHbie )].eTeKTOpbl B rpyn­

rry nocpe,ll.CTBOM cyMMHpOBaHHSI HX CHrHaJlOB. 

l-1)].e.si MeTO)].a oueHKH nO)].KpHTH4HOCTH 

peaKTOpa 3aKJlJ04aeTCSI B TOM, 4TO npH annpo­

KCHMaU.IDI )].aHHhIX 3TOro 3KCnepHMeHTa C HC­

ITOJlh30BaH HeM ypasHeHHH T04e'-IHOH KHHeTH­

KH Hel13BeCTHbIM OCTaeTCSI e,ll.HHCTBeHHhIH na­

paMeTp - 3cpcpeKTHBHhlH K03q>q>HUHeHT pa3-

MHO>KeHHSI peaKTopa .llO c6poca cTep>KHeH pe­

ry;rnposaHHSI, KOTOpblM 11 cny>KHT uenbJO 3KC­

nepHMeHTa. 

B npou.ecce o6pa6oTKH 3KcnepHMeHTanh­

HhIX )].aHHbIX sapb11pyIOTCSI 3Ha'-leHHSI cpyHK­

UHH kerf(t) s HHTepsane 0 ... 30 c: 

keff(t) = ko np11 0 :S t :S30. (2) 
Tor.ua nocne ocTaHosa cTep>KHeM pery1rnposa­

HHS1 4HCJlO k, - 3Ha'-leHHjl <PYHKUHH kerrCt) B 

HHTepsane T1 .. . 600 C paCC'-ll1Tb1BaeTCSI no 

cpopMyne 

k1 = [voko + v(T2) - vo]lv(T2). (3) 
3a.uaHHOe 3Ha'-!eHHe ko npHMeHSleTCSI TaK­

>Ke .llJlSI onpe.11eneHHS1 npoH3Be,lleHHSI Qerr f no 

cpopMyne (1) H pac4eTa H3 CHCTeMbl ypasHe­

HHM TO'-le4HOM KHHeTHKH 3Ha'-leHHH <PYHKUHH 

kerfCt) B HHTepsane 30 .. . T1 c, T.e. so speMsi ne­

peMel.lleHHSI CTep>KHeH perynHpoBaHHSI. B KO­

He4HOM c4eTe, no 3a.D,aHHOMY 3Ha4eHHJO ko c 
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y4eTOM pe3yJlhTaTOB H3MepeHHH v(t) onpe)].e­

J]SIJOTCSI see 3Ha4eHHSI cpyHKUHH kerr(t) B HH­

Tepsane 0 ... 600 c. 

DpH HJBeCTHbIX 3Ha4eIDISIX cpyHKUHH 

kerrCt) H H3BeCTHbIX Ha4aJlbHblX ycnOBHSIX HMe­

eTCji 803MO>KHOCTb B pe3yJlhTaTe 4HCJleHHOfO 

peweHm1 ypasHeHHH T04e4HOM KHHeTHKH BbI­

'-IHCJIHTh n(t) KaK <PYHKUHJO, 3a,UaHHYJO B )].HC­

KpeTHOM 811)].e Ha HHTepsane 0 ... 600 C. B co­

OTBeTCTBHH C pa3pa60TaHHbIM anropHTMOM 

3a.D,aeTcsi pji)]. 3Ha'-leHHH k0, HanpHMep, no 

cpopMyne 

kOj = 0,9900- 0,0004}, r.D,ej = 0 ... 100. (4) 
)],nsi Ka>K,n;oro 3Ha4eHI-rn koj B pe3yJihTaTe 

4HCJieHHOro peweHHSI ypaBHeHHH TO'-le'-IHOH 

KH.HeTHKH HaXO)].SITCji n(t) H 3Ha'-leHHSI napa-

Merpa cr.crl )j = ( tn, ), , r)].e N = (T2 - T1)/!:J.t, 

n; = n(t;). KoMnhJOTepHasi nporpaMMa H.3 101-

ro pac4eTHoro 3HalJeHHSI napaMerpa r.cr, BbJ-

6epeT TOT, KOTOpbIH HMeeT HaHMeHbWee OTJIH-

4He no a6coJIJOTHOM BeJIH4HHe OT 3KCnepH­

MeHTaJlbHOro 3Ha4eHHSI napaMerpa r. Sr, , onpe-

)].eJIHT COOTBeTCTBYJOI.llee 3Ha4eHHe HH,ll;eKca j 
H HCKOMOe 3Ha4eHHe 3cpcpeKTHBHOro K03q>cpH­

U.HeHTa pa3MHO>KeHHSI peaKTOpa )].O c6poca 

CTep>KHeH perynHpOBaHHSI no cpopMyJie (4) H3 

p.si.D,a BapbHpyeMblX. 3TH 3Ha4eHHSI ko onpe.ue­

JlSllOTCjj B 3KCnepHMeHTe no pe3yJibTaTaM H3-

MepeHHH CKOpOCTH C4eTa Ka>K)].Oro )].eTeKTopa 

HeHTJ)OHOB. 3a HCTHHHOe npHHHMaeTCjj MHH11-

MaJlbHOe (KOHCepBaTHBHoe) 3HalJeHHe no.u­

KpHTH'-IHOCTH H3 p.si.D,a H3MepeHHhIX C nOM0-

1.llbJO HeCKOJihKHX .D,eTeKTOpOB. 

Ecn11 KOMnhJOTepHasi nporpaMMa no pe-

3YJibTaTaM H3MepeHHM r. sr. He Hati.ueT 3Ha4e-, 
Hirn ko s .D,HanaJOHe 0,99 ... 0,95, TO 6y)].eT Bbl­

)].aHO coo61.lleHf!e kerr > 0,99 HJIH kerr < 0,95. 

TaKHM o6pa30M, ou.eHKa kerr, coorneTcrnyJO­

w,a.si -rpe6osaHflSIM .D,eMCTBYJOlllHX HOpMaTHB­

Hh!X H PYKOBO)].SII.llHX )].OKyMeHTOB no Sl)].epHOH 

6e30ITaCHOCTH, npe,UJlO)l(eHHblM cnoco6oM 

scer)].a 803MO)l(Ha, nocKOJibKY Bcer.na MO>KHO B 

npouecce o6pa6oTKH )].aHHhIX no,n;o6paTb Ta­

Koe HCKOMOe 3Ha'-leHHe koj, np11 KOTOpOM 3KC­

nep11MeHTaJlbHble .D,aHHble HaHJJY'-IWHM o6pa-

30M annpOKCHMHPYJOTCSI pac4eTHOM cpyHKU.11-

eH nj(t) He3aBHCHMO OT BeJl114HHbl kerro B HC-
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X0.ll.H0M C0CT0HHHH peaKrnpa. )].anee pe3yJib­

TaTbl Kam16pOB04HOfO 3KCnep11MeHTa 11Cil0Jlb-

3YIOTCH ,llJIH onpe.neneHJ1}1 3Hat.JeHl1H napaMeT­

pa Qerr.e B e,nHHHUax CK0p0CTH Ct.tern no 

cpopMyne (1). 

2. Pe3yJihT3Tbl ou.eHKH n0)lKpHHl'-IH0CTH 

c6opKn cTeH.lla P6MK, peaKTopoB CXK 
n 2-ro 6noKa JIA3C 

Ha cTeH)le PEMK npoae,nettbl npoaepK11 

Ha C00TBeTCTBl1e pe3yJI&TaT0B H3MepeHHH pe­

aKTHBH0CTl1 np11 c6poce cTep)l(tteH perym1po­

satt11H - anpo611poBaHHbIM MeT0.ll.0M B KpHTH­

t.IeCKOM COCTOHHl111 11 npe,nnaraeMbIM MeT0.ll.0M 

B Il0,llKpHTH'-1.eCK0M. IlOTOK HeihpOHOB 113Me­

p51JIC51 KOMnneKcoM KeHrnBp-KC [5] , BKn10-

'-lasw11M B CBOH COCTaB ,nae n0,llCHCTeMhl C 8-
MblO 11 72-M51 ,neTeKT0paMH - BHYTPl130HHblMH 

KaMepaMH ,lleJieHH51. 

PeJyJibTaTbJ H3MepeHHH peaKTHBHOCTH, 

np1rne,neHHbJe B Ta6n. 1, B 0CH0BH0M cornacy­

lOTC51 Me)l(,lly co6oi1 B npe.nenax cnyqai1tt&1x 

norpewHocTeH. Cnyt.IaHHbie norpewttocrn H3-

MepeHHH peaKTHBH0CTH npH c6poce CTep)l(HeH 

B nO,llKpHTHt.JeCKOM COCTOHHHH B - 2 pa3a 

60JibWe, t.IeM npH c6poce B KpHTCOCTOHHl111, 

BCJie,llCTBHe 6onee Hl13KOH CKOpocn1 C4eTa ,lle­

TeKTopoB HeHTpOH0B. 

3To o6CTOHTeJlbCTBO HecymecTBeHHO y)l(e 

noTOMY, l.!TO MeTO.ll.111.!eCKHe norpewHOCTH B 

HOB H3MepHJICH C IlOMOI.UblO H3MepHTeJibHOH 

c11cTeM&I CKTTP (pa3pa6oTKa Hl11.J, "Kyp'-1.a­

TOBCKHH 11HCTHTYT"), B KOTOpOH npHMeHHJIHCb 

6 ,ll.eTeKT0pOB, pa6oTalOlll,HX s HMilYJibCHOM 

pe)KHMe H ycTaHOBJJeHHbJX B aKTl1BHOH 30He 

peaKrnpa. 

Ha OCHOBaHHH .n.aHHbIX, npirne,neHHhIX B 

Ta6JI. 2, M0)l(HO C,D,eJiaTb 3aKnl04eHHe, lJT0 B 

pe3yJlbTaTe npose.n.eHHbIX 3KCnepHMeHTOB 

rpe6osaHHH npas11J1 H,ll.epHOH 6e3onaCHOCTH B 

qacTH npoae.n.eHttH oueHOK 00,ll.KJ)HTH'-I.HOCTH 

0CTaHOBJieHH0ro peaKrnpa BbITTOJIHeHbI [3]. B 

3KCnep11MeHTax, npH n0CTaHOBKe KOT0pblX He 

rpe6oBaJICH BbIX0,ll. a KpHTHlfeCK0e COCTOHHl1e, 

oueHeHbJ 3Hat.Jemrn kerro .no c6poca cTep)l(HeH 

CY3. IloHBHJiac& B03MO)l(HOCTb y)l(e no pe-

3YJibTaTaM 0.ll.HOro 3KCnepHMeHTa onpe,D,eJIHTb 

napaMerp Qerr .e B C0OTBeTCTBYIOI.U11X Cl1fHaJIY 

.n,eTeKTopos e,D,HHHuax H3 cpopMyJJbl (1) 11 .n,a­

nee HCilOJib30BaTb 3TY )Ke cpopMyny .D,JI51 Bbl­

lJHCJieHl1H kerr(t) no pe3yJihTaTaM H3MepeHHH 

CKOpOCTeH ClJeTa 3Tl1X ,neTeKTop0B B .n.pyrHX 

CTaUHOHapHbIX fl0,ll.KpHTHl.JeCKl1X COCT051HH51X 

peaKrnpa. 

Ha OCTaHOBJieHHOM peaK"fope 2-ro 6JIOKa 

J1A3C c np11MeHem1eM H3Mep1nen&HOH cttc­

TeMbJ CKTT-K [6] , BKJIIOYaBUJeH 12 KaMep .n,e­

neHH51 (TTHK-B) s aKT11BHOH 30He, npoae.n,ettbl 

l.JeTbipe 3KcnepHMeHTa, B xo.ne K0TOpblX H3 He­

CK0JibKHX COCTOHHHH peaKTOpa C HeH3BeCTHOH 

.no OilbJTa 00.ll.KpHTl14H0CTblO c6paCbIBaJIH pa3-

3THX 3KCnep11MeHTax MOryT 0Ka3aTb-

CH Ha nopH)J.OK BbIWe cnytJaHHb]X. 

Ba)l(HbIM HToroM 3TOH cep1111 3KCne­

pHMeHTOB HBmleTCH BblBO,lJ,, l.!TO 

npe,D,JJO)l(eHHblM cnoco6oM MO)l(HO He 

TOJibKO oueHHBaTb peaKTHBHOCTb, HO 

11 np11B0,lll1Tb pe3yJlbTaTbl 113MepeHHH 

C Y'!eTOM cnytJaHHblX norpeWHOCTeH. 

Ta 6 JI u u a 1. Pe3yJJbTaThI H3Mepett1111 peaKrnBHOCTH np11 

c6poce cTep)1rnei1 CY3 B KpHTHt.iecKoM 11 no.n.KpHTHt.iecKoM 

OTPa6oTKa H3MepeHHH TT0,ll.KpH­

Tl14HOCTl1 OCTaHOBJJeHHbIX peaKT0pOB 

np11 c6poce CTep)l<HeH s IlO,ll.KpHTH­

qecKOM COCTOHHHl1 npO,ll.0JI)l(eHa np11 

nocTaHOBKe 3KCnepHMeHT0B Ha 

peaKTopax CXK H 2-ro 6J10Ka 

J1A3C. B rn6n . 2 np1rne,lleHb1 

pe3ynbTaTbI ouettKH kerro B 3-x 

cocTOHHHHX peaKTopa CXK .n.o 

c6poca pa3JIHlfHblX rpynn 

CTep)l(tteH CY3. TTornK Hei1rpo-

6 PEMK COCTORHIUIX C OpKH CTen.n.a 

Pe3YJlbTaTbl H3MepeHHH peaKTHBHOCTH B .n.om1x l3err 
C6poc s KpHTCOCTORHHH C6poc B no.n.KpHrnKe 

72 .n.eTeKrnpa 8 .n.eTeKTOpOB 8 .n.eTeKTopos 

- 0,367 ± 0,006 - 0,377 ± 0,007 - 0,353±0,016 
- 1,47 + 0,01 - 1,37 ± 0,01 - 1,30 ± 0,05 
-2,38 + 0,03 - 2,09 ± 0,02 - 2,02 ± 0,05 
-4,08 ± 0,04 - 3,58 ± 0,04 - 3,66±0,11 
- 9,75 + 0,12 - 7,90 ± 0,04 - 8,1 ± 0,5 

T a 6 JI u u a 2. Pe3yJThTaTbJ oueHKH 3HatJeHHH kerm 
B 3 CXK -x COCTOSIHHSIX peaKTopa 

N!! 3Kcne- N2N2 .n.eTeKTopos HeHTPOHOB 

PHMeHTa I 2 3 4 5 6 
I 0,991 0,991 0,988 0,985 0,983 0,988 
2 0,987 0,994 0,993 0,991 0,993 0,994 
3 0,996 0,998 0,997 - 0,996 0,998 0,998 
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-
mt4Hbre rpynnb1 cTep)t<HeH CY3. 

B 3KCnepHMeHTe .N2 1 c6paCblBaJlaCb asa­

pHHHaSI 3aw.11rn (A3). B 3KcnepMMeHTe .N2 2 

c6paCbIBaJIH A3 11 O,llHOBpeMeHHO rpynny 113 

62-x cTep)t<HeH py4Horo perym1posatt11S1 (PP). 

B JKcnepHMeHTe .N2 3 c6paCb[BaJll1 A3 .H O,ll­

HOBpeMeHHO 40 cTep)KHeH PP. B 3Kcnep11Me1-1-

Te .N~ 4 c6pacbrna11 H 62 cTep)KHSI PP. 

B Ta6JJ. 3 npHBe,lleHbl pe3yJJbTaTbl 3KCne­

pMMe.HTOB: 3Ha4eHl1SI 3cpcpeKTHBHOrO KOJq>qrn­

UHeHTa pa3MHO)Ke1-111S1 no c6poca rpynn cTep­

)KHeH (kerro) 11 nocne c6poca CTep)KHeH (kern), a 

TaK)Ke 3Ha4eHHSl cpentteH (so speMem,1) cyM­

MapHoH CKOpOCTH C4eTa neTeKTOpOB CHCTeMbl 

no c6poca rpynn cTep:>1rnei1 ( Co). 
B Ta6n. 3 yKa3aHbI cnylfaHHbJe norpern-

1-1ocn1 113Mepe1-1.11i:i napaMerpos kerro 11 keffl • Ha 

OCHOBa!-11111 3THX naHHblX MO)KHO cnenaTb 3a­

KJll04eH He, 4TO rpc6osaHHSI npaBHJJ Sl,llepHOH 

6e3onacHOCTH B 4acn1 oue1-10K nonKpHTwmo­

CTH OCTaHOBJJeHHOro peaKTOpa Bbln0J1HeHbl. 

3. AnnapaTypa JlJUI peaJIH33U.HH 

ou,eHOK UOllKPHTH'IHOCTH 

OCT3HOBJleHHblX peaKTOpOB 

,ll.11.SI M0HHT0pHHra TIO.llKPMTH4H0CTH Ka­

HaJibHblX peaKTOp0B B pe)l(HMax OCTaHOBa J,I 

nycKa npe,llJ]araeTCSI HCnOJJb30BaTb OT,lleJ]b­

HblH K0MnJleKT annaparypbl, 6a308b)H sapH­

aHT KOTOpOH npHBe,lleH Ha pHCYHKe. OcHOB­

HbIMH COCTaBJl.Sll-OlliHMH 3TOH annapaTypbl 

cJiy)l(aT cnenyrowHe JJleMeHThr: 

- CHCTeMa H3MepeHHSI noTOKa HeHrpOHOB, co­

CTO.SIIUa.SI H3 12 ... 18 11MnyJ1bCHblX KattaJlOB pe­

rncrpaUH11 HettrpOHOB; 

- BpeMeHHOH attamnaTOp - C.HCTeMa C4eTa 

HMnyJ1bCOB Ha nocnenosaTeJJbHblX speMeHHbIX 

11ttTepsa.rrax; 

- Ka6eJ1bHble TpaCCbl 11 11CT04H11KH nHTaH11S1; 

- nepcoHaJibHbJH KOMnhJOTep PC. 

PC 

1,.l<lK >CIIJJ~Hllff II 

; VICKJlll~lllllllllll II 

UtrlWJlllll lClcKTOf>OII 

13pcM~ll11,>il 

a11:u11·i:n,,p 

DJlOK-CXeMa 6a30BOro BapHaHTa JKcnepHMeHTaJlb­

HOH annapaTypbl ,WU! 113MepeHHSI no,uKpHTH'-IHOCTH 

peaKTopa 

3TOT KOMTTJJeKT annapaTypbl MO)KeT 6bITb 

npHMeHeH n11S1 oueHOK nO,llKpHTH4HOCTH oc­

TaHOBJ1eHHOro peaKTOpa npH nposeneHHH 1-1a 

HeM .S1,uep1-1oonac11b1x pa6oT. 

CywecrnyiomHe H3MepHTeJ1bttb1e CHCTe­

MbJ Ha peaKrnpax PEMK, B 4acrnocrn CKTI-K 

[6], s uenoM COOTBeTCTBYIOT npe,llJJO)l(eHHOH 

cxeMe. OnttaKo rpe6yJOTC.SI pacrnHpem,1e 06-

nacTH napaMerpos speMe1-11-16ro a1-1a11H3a H co­

OTBeTCTBYJOW.He )l.On0JJHeHHSI B nporpaMMHOM 

o6ecne4eHHH. 

3aKJIIOtteHHe 

ITpenno)l(eHo perneH1-1e 3a,D,aL£H MOHHTO­

pHHra nonKpHTH'-fHOCTH KaHaJibHblX peaKTO­

poB s COOTBeTCTBHH c cospeMeHHbl Ml1 rpe6o­

BaHH.SIMH HOpM 11 npas1111 Sl,llepHOH 6e3onaCHO­

CTH. Bb16op onTHMaJlbHOro MeTona oueHKl1 

nO)l.Kp11THlfHOCTH orpaHH411BaeTC.SI cneul1(pH­

KOH pa6oThI Ha peaKTopax A3C. B HaCTOHWee 

speM.SI Ha ,D,eHCTBYIOIU11X peaKTOpax o6menpH­

H.SIT MeTO)l YMHO)l(eHH.SI HeHTpOHOB HCT04Hl1Ka 

KaK HaH6onee nonxonHWHH )111.SI oue1-10K non­

KpHTl14HOCTH OCTaHOBJ1eHHOro peaKTOpa 

Ta 6 JI " ... a 3. Pe1yJibTaTbl JKCnep11MeHTOB 

BCJle)lCTBHe npocTOTbl ero pea.rrH3a­

UHH. l13MepeHH.SI 3THM MeTO)lOM 

Ha OCTaHOBJleHHOM oeaKTOoe J1A3C 
N!! JKcne-

ketm ker11 
PHMeHTa 

I 0,9734 ± 0,0053 0,9640 ± 0,0053 
2 0,9869 ± 0,0001 0,9352 ± 0,000 I 
3 0,97 14 ± 0,0026 0.9317 ± 0,0025 
4 0,9882 ± 0.0001 0,9562 + 0,000 I 
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Co 

4 380 
16 780 
8 015 
16 822 

803MO)KHbl, eCJIH B KaJ1H6pOB04HOM 

3Kcnep11MeHTe onpene1111Tb napa­

Merp Qerr f. 
TTo yCJ10BHSIM JKCnnyaTaUHH OC­

TaHOBJJeHHbJX peaKTopos A3C no­

)l.06Hble H3MepeH1-rn ,UOJ1)1(Hbl nposo­

.llHTbCSI 6e3 BbJXO,lla B KpHTH4eCKOe 



COCTO.SIHHe. 3To cymeCTBeHHO OCJIO)KH.SJeT 

peaJTH3aU,11IO KaJIH6pOB04HOro 3Kcnep11MeHTa. 

flpe)lJIO)KeHO onpe)leJI.SITb napaMeTp Qerr f B 

3KcnepHMeHTe no c6pocy cTep)1rnei1 CY3 B 

nO,UKp11TH4eCKOM COCTO.SIJ-nm peaKTOpa. 8 
3TOM 3 KCnepHMeHTe 113Mep.SieTC.SI BO speMeH11 

nOTOK HettTpOHOB B peaKTope .uo, BO speM.SI 11 

nocne c6poca CTep)lrnei1. 

B npouecce 06pa60TK11 3Kcnep11MeHTaJ1b­

Hb1x ,uattHblX 3a,ua10T p.SI)l 3Hal.leHHH kerro B 

.u11anaJ01-1e, Hanp11Mep, 0,99 ... 0.95 H H3 ypaB­

HeHHH T04e4HOH KHHeTHK11 pacc411Tb1Ba10T 

n(t). 11,ue_si 3Toro MeTo,ua JaKJIIOl.laeTC.SJ B TOM, 

lfTO B npouecce o6pa6oTKl1 11CXO,UHblX ,uaHHblX 

OCTaeTC.SI HeH3BeCTHOi1 TOJlbKO o.u11a BeJJJl'-IHHa 

- 3Hal.lett11e kerro.uo c6poca cTep)KHei-1 CY3, KO­

rnpy10 11 sapbHPYIOT. l1cnoJJb3Y.SJ Kp11Tep11i1 

Ha1,1JTy'-lwero COBITal{eHI-IH )KCnep11MeHTaJlb­

HblX ,uaHHb!X C pe3yJJbTaTaMl1 Bap11aHT!lbJX 

pac4eTOB n(t), ouett11BalOT HCKOMOe 3Hat.Jemte 

keffO 11 paCC4HTbIBalOT Qcrr.e. 

C paBHblM ycnexoM B Kal.leCTBe Bapb11-

pyeMoro napaMeTPa MO)KHO np11Mett.S1Th 11 na­

paMeTP Qerr.e HJJH 3Ha'-leH11e kem nocJJe c6po­

ca CTep)KHeH peryn11posaH11.S1. TTpe,UJJO)KeHHblH 

cnoco6 06pa60TK11 3Kcnep11MeBTaJJhHhIX ,uaH­

HbIX ycTOH'-IIIB, ITOJIO)Kl1TeJ1bHbIH pe3yJibTaT 

3KCnep11MeHTa rapaHT11pOBaH np11 BbHJOJTHe­

H1111 cq>0pMyJ111poBaHHbIX ycJJOBHH ITOCTaHOB­

K11 3KCnep11MeHTa. ,0:JI.SI BbJITOJJHemrn )Tl1X yc­

JIOBHH MO)KHO MHOroKpaTHO ITOBTOp.SITb 3KC­

nepHMeHT J,f o6be,Ul1H.SITb 3KCnep11MeHTaJlbHble 

,ueTeKTOpbl B rpynny nocpe,UCTBOM cyMM11pO­

BaHl1.SI HX CHrHaJIOB. 

Cmtcotc J1nTepaTyph1 

I . KoH6eHt(IIR o HAepHOH 6e3onacttocrn. TTp11HnTa 
B r. Bette 17.06.1994 r. Ha .IJ.11nnoMarn4ecK011 
KoHCp. MA, AT'.3. http://www.bellona.ru/Casefiles/ 
vicnna94 (JlaTa 06paf.llett1111: 05.04.2011). 
2. Kumm jJ:,1c. <l>H3114eCKl1e OCHOBbf Kl1HeT11KM 
11.n.epttbIX peaKTopos. TTep. c a11rn. no.D, pe.D,. 8. A . 
Ky 3 Heu o s a. M.: ATOMHJJlaT, 1967. 
3. Pocmex11ai)3op "ITpaBHJJa si.D,epHOH 6e3onacHo­
cn1 peaKTOpHblX YCTaHOBOK aTOMHblX CTaHU11H 
HTT-082-0T' // .5!.D,epttaH 11 pa.D,ttau1-10HHa11 6e3onac­
HOCTh, 2008, N!l J. 
4. He6eoee I'.B. Cnoco6 onpeAeJ1emu1 noJ1Kp1-1-
TH4Hocrn OCTaHOBJleHHOH H)lepHOH ycTaHOBKH 6e3 
BblXO)la B KpHrnlJeCKOe COCTOHHHe. P<l>. TiaTeHT Ha 
1-1306peTem1e RU N!l 2362222 CJ G2lC 17/104, 
20.07.2009. 
5. }/{11mapea B.E., Ka•1a1106 B.M., Kyopnau.ea 
A.B. u op. Ko~mJJeKc Tex1-11111ecKHx cpe.D,crn JlJJH 
MOJ1Cp111138UH11 annaparypw Kp11Tl1YeCKl1X CTeH)l.08 
I B KH. "C6. TPYJlOB Hay'!HOH cecc1111 MH<l>M-
2008, 21-27 HHBapH 2008 r.", T. 8. c. 35-36. M.: 
Ml1<Dl1, 2008. 
6. AJl(jJepoa B.11., Ezopo6 A.K., Ka•taHOB B.M. u 
i)p. CHCTeMa KOlHpOJJH nycKa H TIO.D.KPHTHYHOCTl1 
CKll-KEHTABP .nnsi PoMK // BAHT. Cep. Tex­
tt114eCKM Q)H3HKa 11 aBTOMan13al.(11H, 2005, Bb!Il. 
59, 4. 2, C. 49-56. 

KoHmaKmllafl 1111¢op.11011uf/. -
Jle6eoee TeHHCIOUll BacU.7be8U'I, c. H. c., me,7.: 
(499)196-78-72, e-mail: lg1·200.:/@lmail.ru 

BonpOChf aTOMHOH ttayK11 H TeXHHKl1. 
Cep. ¢H3HKa HJJ.epHb!X paKTOpOB, 201 J' Bbm. 2, 

C. 24-29. 

29 



-
Y JJ:K 621.039.58 

IlporpaMMHbIH KOMnJJeKc KAPABAH AJJH .nuaruocTHKH, MOHHTopuura 
u nporuoJa paJBHTHH asapnuuou cuTyau.uu ua A3C c BB3P 

A.11. )l(y«aB1111, H.B. <l>eoopoB, P.H. <l>y«c, 
K.A. CnaB111tcK1111, H.A. Kanau,Ka11, A.JO. <l>eoopoBc«uii, 

OAO "j:()K3T", 109507, MocKBa, <l>epraHcKasi yn., 25 
nocTymrna B pe,uaKUHlO 23.12.2010 r. 

TTp1rne.:i.eHa apxHTe1rrypa naKern Konoa KAPABAH, pa3pa60TaHHoro BHl1J1A')C/,LJ,)K3T n1rn 6bJCTPOH 
mrarnocrn,rn Ha :)llepro6JJoKe A3C c BB3P-I 000 aaapHHHblX co6bJTHH, noTeHUHaJJbllO onaCHblX no pam1a­
u110HHbJM nocnenCTBIUIM, MOHHTOpHHra COCTO.!IHH.!I o6opynoaaHHSI B pa3BHBa!OlJ.lCHCSI aaapHHHOH CHTyaUH11 
H )KCnpecc-nporno1a pa3BHTl{Sf aaapHHHOH CHTyaum1, BKJJIOl.faSI panHaUHOHHbJe nocne.D,CTBHSI. 

K1101./e6bte C.1060: A3C. aaapHS!, panHOaKTHBHOCTb, MOHl1TOpHHr COCTOSIHH.!I, JJ.HarHOCTHKa Tel.JeH. 

Code Package KARA VAN for Diagnostics, Monitoring, and Forecast of Emergency Behavior on 
NPP with VVER. A.P. Zhukavin, I. V. Fedorov, R.L Fuks, K.A. Slavinskiy, I.A. Kapatskaya, A.Yu. Fe­
dorovskiy, JSC "GENERAL ENERGY TECHNOLOGIES', 25, Ferganskaya St., Moscow, 109507. 

The architecture of code package KARA VAN is given. KARA VAN was developed in VNIIAES/GET 
for quick diagnostics at NPP unit with VVER- 1000 of accident events which are potentially dangerous to ra­
diation consequences. for monitoring of equipment status in accident process and for express-evaluation of 
emergency conditions behavior, including radiation consequences. 

Ker Words: NPP, Accident, Radioactivity, Monitoring of State, Diagnostic of Leaks. 

B nocneaH1-1e roab1 Ha :rnepro6noKax A3C 
ansi TT0BbIWeHJ,rn 6e3onaCHOCTH WHp0K0 BHen­
pS!IOTCSI CHCTeMbl npe.n.crnBneHHSI napaMe-rpos 
6e3onacHOCT11 (CnTT6). cny)Kaw,11e cpy11Ku11ej;j 
HHcj>OpMau110HHO-BblYHCJIHTenbtlOH CHCTeMbl 

(HBC) A 3C 11 npe.n.ocrnsnsi10w,11e noMOW.b 
onepaTHBII0MY nepcoml.Jly npH HapyweHIUIX 
ttop1\rnnb110H 3KCnnyaTaUHH 11 B aBapHHHbIX 
CHryaUHSIX. Ha31IaYeH11e CilTT6 - o6ecneYe­

HHe nOCT0SIHH0rO K0H'fP0JlSI COCT0.s!HHSI 6apbe­
p0B 6e3onacHOCTH 3Hepro6noKa, ynpe)K,llalO­
w.ee HHcpopMHpoBat-rne nepco,rnna 06 yrpo3e 
ttapyweHHSI uenocTH0CTl1 KaKoro-n1160 113 
6apbepoB 6e3onacHocrn 11 npe.n.ocrnsneH11e 
HHcj>OpMau1111 oneparnpy no onrnMMbH0MY 
cnoco6y npeo.uoneH11si B03H11KWeH c11ryau11H. 

Oco6oe BHJ1MaH11e ,ll,0n)KH0 6bITb y.n.eneH0 
aBap11Hllbl\1 CHTyaUHSIM, noTeHu11anbHO onac­

HblM no CBOHM pa,,1,11au11OHHblM nocne,ll.CTBH­

SIM. K :noj;j KaTcrop1111 0THocsiTcsi s nepsy10 
ot.tepe,D.b aBapHHHble c11TyaUHH, 11CXOJ].llblM co-

6bITHeM K0T0pblX SIBHnaCb Tet.tb TennOH0CH­
Tensi 113 I K0HTypa. B cnyt.tae .n.onon1-111Tenb­
HbIX 0TKa30B, 0TH0CSILU,H>.CSI K KaHanaM 6e3-
onac11ocT11, MO)l{eT BO3HHKHYTb CHTyau11si C 

.n.nHTenbllbl\1 ocyweHHCM aKTHBHOH 3OHbl 

(a.3.) H yxy.llWCHHCM Tennoorno.n.a OT rnnnH-

30 

Ba. B pe3ynbTaTe 3TOro B03M0)KHbJ pa3orpeB 
TB:rnos H HX pa3repMeTl13aUHSI, YT0 npHBe.n.eT 
K Bb!HOCY pa.n.11oaKTl18HblX npo.n.yKTOB H3 a.3. B 

l K0HTYP, 3aIUHTHYlO o6onoYKY H, B03M0)KH0, 
B aTMOCcpepy. 3cpcj>eKTl1BHOCTb Mep no ynpas­
neHHlO TaK0H asapi,iej;j B 3HaYHTenbHOH cTene­
HH 3aBHCl1T OT BpeMeHH, 3aTpat.teHH0ro Ha 06-
Hapy)KeH11e MeCTa H oueHKY pa3Mepa TeYH. 

J(nsi 6hlCTTJOH .n.11arH0CTl1Kl1 11CX0.LJ.H0ro 
co6bITHSI, CBSl3aHH0f0 C TeYblO 1-13 I K0HTypa, 
M0HHT0p11Hra pa3BHsaiow,eroc.H npouecca c 
yt.teT0M C0CT0Sllll1SI 06opy,ll0Bat1HSI, a TaK)Ke 
ycKopeHHoro nporn03a pa3Bl1Tl1.H c11Tyau1111, 
BKJll01-JaSI pa,ll11au11OHHble nocne,llCTBHSI, pa3pa-

60TaH naKeT KO.LI.OB KAPABAH, npoTecrnpo­
BaHHbJH Ha attan11T11YeCK0M -rpeHa)Kepe I 6no­
Ka Bonro.n.ottcKOH A3C. 

Bxo,ll.Hb!MH .n.aHHblMH .n.nsi nporpaMMH0ro 
K0MnneKca (IlK) KAPABAH cny)KaT 3HaYe­
HHSI aHanor0BblX H .LJ.HCKpeTHblX TeXH0n0rH4C­
CKl1X napaMe-rp0B, nonyt.taeMblX co WTaTHOH 
HBC 3Hepro6noKa. TTpH 3Kcnnyarnu1111 :}Hep­
ro6noKa Ha H0Ml1HMbHbIX napaMeTPaX TIK 
KAPABAH 1-1axo.n.11Tc.si B pe)KHMe nocTO.HHH0-
ro MOHHTOpHHra. B cnrrne 8O3HHKHOBeHHSI 

aBapHHHOH cHryaUHH IlK KAP ABAH no no­
crynaJOIUHM .n.aHHblM npO113BO.ll.11T onepaTl1B-



HYIO ,llHarH0CTHKY 11CX0,llH0fO co6blTH.sI H aB­

T0MaTHY.eCKH HatJHHaeT M0,lleJrnposaHHe TeKy­

w.ero pe)lntMa. 

Mo.n.em1poBaHHe TT03B0JI.sieT oueHHTb p.sI,ll 

Ba)KHbJX He H3Mep.sieMbIX WTaTHbIMH cpe,llCT­

BaMH napaMeTp0B, HanpHMep, TepM0MexaHH­

qecKoe cocT0.sIHHe a.3. H s c11yqae ee nospe)K­

.n.eHH.sI BblX0,ll 8 TeTTJl0H0CHTeJib ra3oo6pa3HbIX 

npo.zzyKTos ae11emu1. 3TOT pacqe-r M0)KeT npo­

B0,llMTbC.sI KaK 8 peaJJbH0M Macwra6e BpeMe­

HH, TaK H C ycKopeHHeM, C u,eJJblO nporH03a 

pa3BHTH.sI asapHHHOH CHTyal.lHH. 

CrpyKTypa onhTTHoro 06pa3ua ITK KA­
P ABAH cne.zzyrow.a.sI: 

- APArBH - MoaeJJh rennornapaBJIHKH I 
KOHTypa (peaKrop c a.3., 4 neTJrn c ru,H, na­

poreHepaTOpbl (Tlf) co CT0pOHbl I H II K0H­

rypos, KOMneHcarop .u.asJleHH.sI (K,l{), CHCTeMbl 

6e3onaCHOCTH) H MO,lleJib <pH3HKH a.3. (HeHT­

pOHHa.sI K11HeT11Ka, pacnpe,u.enem,e :rneproBhJ­

.u.eneHHH) (p11c. l); 
- Hf JIA - Mo,u.ynh .u.11arnocTHKH re1.J11 I KOH­

rypa; 

- AKTHBHOCTb - MO)J,j'JJb pacqern Bbrnoca 

fa3006pa3HblX paa11oaKTHBHbIX npo,llyKTOB 

(HaKonnem,e pa,llHOaKTHBHblX npo,u.yKTOB no.n. 

060JJ01.JKOH TB3JlOB, nporHo3 pa3repMeTH3a­

UHH TB3JJ0B, pactJeT BbIHOCa aKTHBHOCTH). 

,[{Jl.sI MO,llem,poBaHH.sI TenJJorn.npaBJIHKH I 
KOHTypa H CHCTeM 6e3onaCHOCTH HCITOJlb3yeT­

C.sI ren11orn.u.paBJJH1.JecKHH KO.U. CMS, OCHOBaH­

HblH Ha HeroMoreHHOH HepasHoaecHOH Mo.ne-

f'ECA03 , Cl_ 
Q:C] 
~ c .:., 1 

rECA03 

JIH Tet.temrn O,UHO- H .nsyxcpa3HblX TTOT0KOB 8 

npoH3BOJlhHOH Ten11or11npasn111.JeCKOH ceTH c 

yqeTOM HanHt.tH.sI HeKo~eHc11pyeMbIX ra30B 11 

np11Mecei1. Mo.u.e1rnpyJOTC.sI Me)K<pa3HblH Ten-

110- 11 Maccoo6MeH, a TaK>Ke Tennosoe B3a11Mo­

,ueiicrn11e MO,lleJibHblX 3JJeMeHTOB. 3TOT KO,ll. 

.sIBJlS!eTC51 6a30BbIM npH pa3pa6oTKe ITOJlHO­

MaCWTa6HbJX 11 aHaJlHTHI.JeCKMX TpeHa)KepoB 

A3C, TaK KaK np11ro,ueH ,ll.Jl.sI Bbmom1eH11.sI M0-

,u.eJTbHhIX pacqeros 6om,woro o6beMa s pe­

anbH0M BpeMeHH m160 C ycKopeHHeM [1 ]. 
)],n.sI .rurnaM111.JecKoro pacYern non.st 3Hep­

roBhI,lleJiemrn B a .3. peaKTopa npHMeH51eTc.sI 

rpexMepHa.sI M0,lleJJb [2], BKJTIOYaJOw,a51 B ce6.st: 

- KBa3HCTaTHYeCK0e np116JJmKeH11e; 

- reoMeTpHtJeCKYIO MO,lleJih c T04KOH Ha Kac-

cery 8 nJJaHe H ceMblO T0YKaMH no BbIC0Te; 

- .n:syxrpyrmosoe ,u11cpcpy3HOHHOe np116m1-

)Kett11e; 

- yqer o6parnhIX CB.sI3eH no TeMnepaType T0-

n1111sa H TeTTJJOHOCHTeJl.sI, a TaK)Ke no TTJlOTHO­

CTH TeTTJI0HOCHTeJT.R. 

Moaenb nepettoca Heiirpottos s a.3. 11c­

ITOJ1b3yeTC.sI np11 aBT0H0MHblX paclJeTax, a TaK­

)Ke B pe)KHMe MOHHT0pHHra COCTO.sIHH51 a.3. Bo 

BTOpOM CJJy•rne npHMeH.sieTC51 KoppeKUH.sI pac­

t.JeTH0f0 TTOJI.sI 3HeproBbl,lleJJeHH.sI no noKa-

3aHH51M ,uaT'-IHKOB BHyrp11peaKTOpHoro KOHT­

porn, - nepHO,llHI.JeCKH npOH380,lll1TC.sI KoppeK­

UH.sI cet.teHHH ,n.eJJeHH51 8 pact.teTHbIX TOl!Kax C 

,uaT'-1HKaM11 np.sIMOro 3ap.sI,ua (,[{03) CHCTeMbl 

BHYTpHpeaKTOpHOro KOHTpOJJ.sI, MHHHMH3H-

.....,....~----­.~~,, -­••1-.t•~ , .. 

c::J 
C3] 

P11c. J. O6opy.nosam1e peaKTopttoi1 ycTaH0BKH, M0JJ,e;mpyeMoe K0.U0M APAfBl1 
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py!OIUaH OTKJIOHem1e noJrn :meprosb1,nenem1H 
B 3THX TBC. 

)],llil TBC 6e3 ,naT'-{HKOB )],TI3 MO)KeT npo­
BOllHTbCH HHTepnOJJ51U1151 no □oKa3aHH51M co­
ce,nHHX ,naT'-{HKOB (p11c. 2) TaJOKe C COOTBeTCT­
sy10meH KoppeKu11ei1 ceY.eHHH ,neneHm1: 

q\y = "f.q/J.mln/J.m, (1) 
r.ue q/J,m (qi, q2, q3) - :meproBhJ,neneH11e s 
514eHKax C ,naT<rnKaMH )],I13, qX)' - 3HeproBbl,lle­
JJeHHe B 514eHKe 6e3 ,naT4HKa )],I13, n11m - q11c­
JIO coce,nHHX 514eeK C ,naT'-{J,!KaMH )],TI3. 

P11c. 2. CxeMa HHTepnoJU1u1n1 noKa3aH11H ,nn3 

KpoMe noKa3aHHH .[(113, B KaqecTBe BXO,ll­
HbIX napaMeTµOB B pe)KHMe MOHHTOpHttra 11C­

nOJJb3YIOTC51 TIOJJHa51 MOIUHOCTb peaKTopa 11 

noJIO)Keffife opraHOB CY3. TaKOH MOH11Top11ttr 
a.3. TIO3BOJI51eT, C O,llHOH CTOpOHhl, paCCl!HTbl­

BaTb pacnpe,nenett11e :meprosb1,nenett1151 c 3a­
,natttto:i1 ,nern.JI113au11ei1, c ,npyroi:i, onepanrntto 
(B peaJibHOM speMeHH) BOCTipO113BO,lll1Tb TeKy­

mee cocTOHtt11e a.3. 11 113MepHeMbie napaMeTµb1 
3HeprOBbI,lleJJeHH51 . MaKCHMaJibHOe OTKJIOHe­

m1e nollil 3HeprOBbl,lleJieHH51 B pe)KHMe MOHH­

TOpmrra - OKOJIO 3 %. 
IIK KAP ABAH MO)KeT pa6oTaTb s Tµex 

pe)KHMax. 
AemoHoMHblU pe:>ICUM - sap11aHTHb1e pac­

YeThI )])151 aHaJil13a npoTeKaHl151 asapHHHbIX 

pe)KHMOB np11 pa3Jil14HblX pe)KHMaX pa60Tbl 
KaHa.rrOB 6e3onaCHOCTH. 

Pe:JK:uM MOHumopuHw - ITK pa6orneT c 
yYeTOM napaMeTµOB COCT051Hl151 o6opy.uosa­
Hl151, np11xo.uH1UHX c 3Hepro6noKa (pac□pe.ue­
JieH11e 3Heprosb1,nenemrn B a.3., crnryc ru,H 11 
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KaHaJIOB 6e3onacttocrn, noJJO)Kett11e OP CY3, 
KOHUeHTµaUH51 6opHOH KHCJJOTbJ B I KOH-rype, 

nOJIO)KeH11e OCHOBHOH apMaTypbl). 3TH napa­
MeTpb1 nepe,na!OTC51 C 3Hepro6JIOKa (HJIH C 
nonttoMacwrn6ttoro Tµetta)Kepa 3Toro 3Hepro-
6noKa s pe)KHMe HaJia,UKH KOMnJJeKca) s KpH-
311CHblH ueHTp KottuepHa "Poc3HeproaToM" no 
cHcTeMaM cnyTHHKOBOH CBH3H. KpoMe napa­
MeTpOB COCTO51Hllil o6opy ,nosaHH51, attaJI113H­

PYJOTC51 H tteK0Topb1e 6a30BbJe napaMeTµbI, 
npe,ncTaBJJeHHbie Hl1)Ke 11 BbinOJJH51!01ll.11e ,llH­

arttOCTHKY HCXO,llHOro co6hJTl151, np11BO,ll.51IUe­

ro K pa3Bl1Tl1JO asapHHHOro pe)KHMa C □OTe­

peH Te□JJOHOCHTeJUI H3 l Kottrypa. 

Pe:JK:UM npo2Ho3a - nocne .u11arH0CTHK11 
asapHHHOH re'-rn 11 nocrynnett11_51 cooTBeTcTsy­
lOIUeH HH<pOpMaUHH TTK KAP ABAH Bb1BO­
,n11TC51 113 pe)KHMa MOHHTOpHHra 11 np11Mett51eT­

C51 ,llJ151 Bhl□OJIHemrn B ycKopeHH0M (B 10 .. . 15 
pa3) pe)K11Me nporno3a pa3BHTH51 asap1111, 
BKJII04a51 aHaJil13 BO3MO)1(HOCTl1 pa3repMeTH3a­

UH11 TB3JIOB 11 BblHOCa pa,n11oaKTl1BHblX npo­

.UYKTOB . 
.[(11arHOCTl1Ka HCXO,ll.HOro co6b1TH_51, CB51-

3aHHOfO C Tel!h!O 113 I KOHTypa, BbinOJIH51eTC51 

C □OMOlll.h!O M0.UYJIH 11rJIA. )],JJ51 pa3pa6oTKl1 
MeTO.U11KH ,n11arHOCTHKl1 Bbl□OJJHeHhl pac4eT­

Hbie attaJUl3bl w11p0Koro cneKTpa Tet.JeH 113 I 
KOHrypa. 

PaccMaTµ11san11cb pa3JJHYHbie Tew 113 xo­
JJOllHbIX 11 ropjl'-{11X HHTOK l KOHrypa B ,u11ana-

30He .[(y25 ... .[(y850, Tel.Jl1 113 I KOHrypa BO 
BTOpOH B ,u11ana30He )],y 13 ... .[(y 100, a TaK)Ke 
Te411, CBjJ3aHHbie C HeCaHKU110HHpOBaHHOH pa-

60TOH npe,noxpaH11TeJ1bttoro Knanatta K.[( (11K 
K)],). Pacl.JeTHble atta.rrH3hJ Bhl□OJIH51JIHCh C HC­

□OJib3OBaHHeM aHa.J1HTl1YecKoro TpeHa)Kepa I 
6noKa Bonro)].OHCKOH A3C, c noMOW.blO K0-
rnporo <popMHposanacb 6a3a )].aHHbIX napa­
MeTpOB B asap11HHblX pe)Kl1Max. 

Ha nepsoM 3Ta□e pa3pa60TKH paccMaTpH­
sa.rr11cb 11CX0,llHbie co6bITl151, CB513aHHbJe C pa3-
pblBOM I K0Hrypa 11Jil1 OTKpbITHeM TTK KJJ: B 
HOMHHa.JlbHOM pe)KHMe 6e3 HaJIO)KeHJrn )].0-

□OJIHHTeJibHblX OTKa3OB. MeTO,llOJIOfl151 ,n11ar­

H0CTHKl1 0CHOBaHa Ha cne,uy!OW.HX nono­
)KeHH51X. 

)],JJjl BbtnOJJHeHH51 ,n11arHOCTHKH MOryT 
6hITb np11MeHeHbl TOJibK0 Te napaMeTµbl, KO­
TOpble <pHKCHpy!OTCjl CHCTeMOH KOHTpOJI.H 11 



MBC :mepro6J10Ka. ,[J:m1 BhIOOJIHemrn: .!J,l,iarHO­

CTl1KH cj:JopMHpyeTC51 nepet:feHb 6a30BbIX napa­

MeTPOB, K KOTOpblM OTHOC51TC51 8 nepBylO Ot.Je­

pe,nb ,nasJiem1e B J KOHType, ypoBeHh B K,[(, 
nepena.D,bl ,naBJJeHJ.UI Ha fQH, ypOBHH B Ilf 11 

rn,npoeMKocrnx (fE) CAO3, TeMneparyphI B 

XOJJO,LtHb]X H rop51t.JHX HHTKaX, MOW.HOCTb pe­

aKTOpa, pacxo,nw TIO,D.Til1TIOI-Tipo,nyBKH,.ZJ,aBJJe­

HHe B 6ap6oTepe. 

O6pa30BaHHe Tet.JH 113 I KOHrypa Ha nep­

BblX ceKyH.D,ax nocne pa3pbrna conpoBO)K.D,aeT­

c51 xapaKTepHblM H3MeHeHHeM (CHH)KeHHeM) 

,naBJJeHH51 B l KOHrype H ypoBH.sl B K,ZJ,. Cyw.e­

CTByeT onpe.D,eJieHHa.sr 3aBHCHMOCTb Me)K.ny 

pa3MepoM Tet.JH H CKOpOCTblO CHl1)KeHH51 .D,aB­

JieHl151 H ypoBH51 B K,[( (MHHHMaJibHbIMH 3Ha­

t.JeHH51MH npOH3BO.D,HbIX) Ha Hat.JaJibHOM :nane 

asapHH (pHC. 3, 4). 
,[J:11.sr onpe.D,eJ1eH11.sr pa3Mepa Tet:fH (Sn:,111, % ) 

H3 rop.H"'leH 11 xoJJO.D,HOH HHTOK neTeJJh no MH­

HHMaJibHOMY 3Hat:feHHIO npOH380,LtHOH ypOBH.sl 

B K,[( (dLKn/dt)min Ha ocHoBe aHaJIH3a 6a3bl 

,naHHhIX no pe3yJJhTaTaM pact.JeTOs pa3pa6orn-
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P11c. 3. 3aBHCHMOCTb ,uaBneHHJI B I KOHrype OT 
pa.3Mepa Te'rn Ha BhIXo,ne 113 peaKTopa: 
1 - 5 %; 2 - 10 %; 3 - 25 %; 4 - 50 %; 5 - 100 % 
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P11c. 4. 3aBHCHMOCTb ypOBH.Sl B K.[I, OT pa.3Mepa 
Te1rn Ha Bh1xo,ne H3 peaKTopa: 
1 - 5 %; 2 - 10 %; 3 - 25 %; 4 - 50 %; 5 - 100 % 

Hbl HHTepnOJ151UHOHHbJe Ta6JJHUbl (Ta6JI. l, 2). 
,l);JJ51 onpe,ueJJeHH51 pa3Mepa Tet.JeH H3 I 

K0HTypa BO BTOpOH npe,nJJaraeTC.sl COOTHOWe­

HHe 

Swrn = 0,062978 (0,2786 - dLKnldt). (2) 
,l);J151 onpe,ueJJeHllil TIOJJO)KeHIDI Tet:fH (Ha 

BXO,D.e HJIH Bb]X0)J.e 113 peaKTOpa) aHaJil13Hpy­

eTC51 H3MeHeH11e nepena,na .n,asneHH.sr Ha fQH. 

Ilp11 Tel.Jax Ha BblXO,Lte H3 peaKT0pa Ha nepBblX 

ceKyH,nax nocJJe pa3pbrna nepenaJJ, ,uasnemrn 

Ha f[(H asapHHHOH neTJIH MaKCHMaJibHhJH 

(pHC. 5). IlpH 3TOM npOH380,llHa51 l13MeHeHH51 

:noro nepena,na ,nasJJeHH.sr noJJ0)KHTeJibHa, B 

TO speM51 KaK npOH3BO)J.HbJe H3MeHeHH51 nepe­

naJJ,OB ,nasnemrn Ha OCTaJibHbIX fQH OTpm.i.a­

TeJlbHbl. 

IlpH Tet:faX Ha BX0.D,e B peaKTop Ha nepBbIX 

ceKyH.D,ax nocne pa3pbrna nepenaJJ,bI ,nasnemrn 

Ha Bcex fQH CHH)l{alOTC51, HX npOH3BO.D,Hhle 

OTPMUaTeJihHbie, nepena,u .D,asneHH51 Ha fQH 

asapHHHOH neTJIH CHH)KaeTC51 6bICTPee (pHC. 

6). 
B cny,rne Tet.JH H3 I KOHrypa so BTopoi-1, 

10 - --- -- ----
dPru.H• CM 

9t----------------- - -

8t------------"""7"'----4~-

7+--------- - - --------

sr------=;::::::::::====:::--:::-
2 5+-------------------
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Pwc. 5. Tiepena,u ,naBneHHJI Ha ru,H npw Te'rn I 00 
% 113 ropJ1YeH HHTKH nernw l: 
I - flJ,H-1; 2- fIJ,H-3 

7 
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Pwc. 6. Tiepenan naaneHHJI Ha fIJ,H np11 TeYH 50 
% H3 xonO)lHOH HHTKH neTJJl1 1: 
1 - flJ,H-3; 2 - fIJ,H-1 
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T 6 a J1 nu a 1 H 6 HTepnon siuHoHHasi Ta nHua .nm1 onpe,neneHHH · :,aJMepa Tet.JJ-1 H3 ro DHt.JeH HHTKH 

S Tea,u % JOO 50 25 10 5 2 2 1 0,35 0,09 

(dLKJJ!dt)"1111
, - 310,3 - 184,4 - 97,4 - 38 

CM/C 
- 17,8 - 6.7 - 6,75 - 3,16 - 1,0 - 0,164 

T a6J1nua 2 l1 HTepnonHUHOHHaH Ta 6 nHua nnH onpe.nenemu1 pa3Mepa TeYH 113 xonoJJ.HOH HHTKH 

S Tesi1> o/o 100 50 25 10 

(dL ldt)'TII" KJJ. ' - 298,3 - 181 ,9 -96,0 - 37 
cMlc 

TaK)KC xapaKTep1ny10meikH CHH)KCHHCM ]laB­

JICHHH B J K0Hrype H yp0BHJI B K)],, aHaJIH3H­

PYlOTCH np0113B0JlHbJe ypoBHCH B nr. qepe3 

HCCK0JlbK0 CCKYHJl nocJie pa3pbIBa npOU3BO}l­

HaSI ypoBHH B asapHHHOM nr pe3K0 B03pacTa­

eT no cpaBHCHHJO C npOH380]lHblMH ypoBHCH 8 

OCTaJibHblX I1f (p11C. 7). 

B cJiytJae o6phrna TPY6onposo}la fE CA-
03 Ha6JIJO}laeTCH CHU)KCHl1C ypOBHH B 3TOH 

fE. 
BMeCTe C TCM ]ll1arH0CTl1Ka 803H11KHOBC­

HHSI TC4J,f 113 l K0HTypa no <paKTopaM CHH)KC­

HHH ]laBJICHIDI BI KOHrype H ypoBHH BK)], 

HY)K)laCTCSI B ]lOnOJIHl1TCJihHOM no]lTBCp)l(JlC­

HHH. 3To CBSI3aHO C TCM, lJTO 3TH cpaKTOpbl 

MOryT 6b1Tb BbI3BaHbl 11 JlPYrHMH HCX0JlHblMH 

co6b1THHMH, He CBSI3aHHbJMJ,f C noTepeH Ten­

JIOHOCHTCJIH H3 J KOHTypa, HanpHMep, co cpa-

6aTbIBaHHCM aaapHi1Hoi1 3am11ThI. 

,ZJ.nsr nO]lTBCp)K)ICHHSI }ll1arH0CTHKJ,I TCLfCH 

aHaJIH3HpyeTCH 113MCHCHl1C MaCCbl TCTIJIOHOCH­

TCJIH B I K0Hrype, K0Topoe onpe}leJIHCTCH. no 

}laBJICHUIO 8 l K0HType, TCMneparypaM B ropSI­

lJl1X 11 X0JI0]lHblX HHTKaX l1 ypoBHlO B K)],. 
Y1.J11TbrnaeTcsr TaK)Ke ]le6aJiaHc pacxo]la no.n-

o.a - --
Lnr, M 

0,7+------------1-- -"-<----

0,6 +------------I'-------

0,5-1------------1--- - ---

0,2-1--------------------a 
t, C 
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PHc. 7. YpOBHH B nr npn pa3pb!Be TPeX Tpy6oK 

nr-1: 1 - nr-1 ; 2 - nr-2; 3 - nr-3; 4 - nr-4 
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5 2 2 l 0,35 0,09 

- 17,5 - 6.6 - 6,75 - 3,16 - 1,0 - 0,164 

TIHTKH 11 npo.LI.yBK11. 

Macca TCTIJIOHOCHTCJISI B I KOHType orrpe­

}lCJIHCTCH cne,uylOll{HM o6pa30M: 

M1 = :EMrn; + :EMx H; + MHKP + M cKP + 
+ M a.J. + :EMnr; + MKJl. (3) 

MaCCbl TCTIJI0HOCHTCJISI B npaBOH lJaCTH 

(3) onpe,ueJIHIOTCSI '-1epe3 o6bCMbl 11 TIJIOTH0C­

TH Mace TCTIJIOH0CHTCJISI 

- B XOJIO,llHhlX (XH) H ropsrlJHX (rH) HHTKax: 

Mrn;cXHiJ = Vrn;cxH,1P(PL Trn;(Xlli)); 
- s HanopHoH (HKP) 11 c6opHOH (CKP) KaMe­

pax peaKTopa: 

M1-1KP(CKP) = Vi-1KP(CKP)P(P1, T11KP(CKP)) ; 
- B a.3. H I1f: 

Ma.J.(Till = Va.3.cnn p(P1, Ta.3.cnn); 

- BK)],: 

MK.ll= VK.ll[p'(P1)LKJVH K.ll + p"(P1)( l-LKJVHK.ll)]. 
TeMneparypbl Tx1-1;(rn;) B XOJIO,llHbIX 11 r o­

pHlJHX HHTKax, .l(asneH11e P 1 B I K0HType H 

yposeHb LK/J. B K,ZJ. BblCOTOH H K.ll BXO.l(HT B ne­

pe'-ICHb napaMCTPOB, 113MepsreMblX Ha 3Hepro-

6JIOKe. 

OcTaJibHblC TeMneparypbl onpe.l(CJI.HIOTCSI 

'-1epe3 TCMnepaTypbl B ropsrYHX H XOJIO,llHblX 

HHTKax nerenb: THKP(CKP) = 0 ,25:ETrn;(XHi). 

Ta.J.= 0,5(T11KP + TCKr), Tnr; = 0,5(Tx1-1; + 
+ Trn;). 

IlJIOTHOCTb TCTIJIOH0CHTCJISI onpe.uensreTCSI 

KaK [3] 
p(P , T) = po(P, T) - 0,001 (] 8 - P)(6,061 T -

- 272,75), P[Mila], T[0 C], (4) 
r ,ue po(P, T) = 797,451 + 235,52(T/ 100) -

- 43,6941 (T/100)
2 

- 85,9301 (T/100)3 + 
+ 40,4045(T/100)4 - 5,4776(T/ J00)5, [ 0 C], 

p'(P ) = 590,2 + 1,8(160 - P), P[arn]; 

p"(P) = P - 55,9, P [arn]. 

TTocne onpe.[\eJieHHSI MaCCbl TenJIOHOCHTe­

JIH s I KOHrype onpe,uensreTcsr ee 11JMeHeH11e 

Ha pacYeTHOM ware 11 cpaBHHBaeTCSI C He6a-



.......----

naHCOM no.n,n11TKl1-npo.n,yBKl1. Ecn11 B Te4eHl1e 

10 c nocne .n,11arnocT11K11 TOH 111111 HHOH Te411 
113 I KOHTypa Ha6mo.n,aeTC.sI ycTOH411BOe CHl1-

)KeHJ.:1.e MaCCbl TenJJOHOCl1Tem1 8 J KOHrype ( C 

y"-leTOM He6anaHca no.n,nl1TK11-npo.n,yBK11), TO 
.n,11arnocT11Ka Te411 113 J KOHTypa nO)lTBep)l{)la­

eTC.sI 11 BbJJ],aeTC.sI COOTBeTCTBYJ-OW.M 11mpopMa­

Ul1.sI (p11c. 8). 
B MOJlyJJe AKTHBHOCTh ocyw,ecTBm1-

10TC.sI paC4eT HaKOTIJieHl1.sI pa)llrnaKT118HblX 

npo.n,yKTOB TIOJl o60JJ04KOH TB3JIOB, aHaJil13 

pa3repMeT113aU1111 TB3JIOB, paC4eT BblHOCa ra-

3006pa3HblX pam,maKrnBHblX npOJlYKTOB. 
Ha JiaHHhlH MoMeHT B ITK KAP ABAH pe­

an113osaHa OTHOCHTeJibHO npocTa.sI MO.l].eJJb 

pa3repMeT113au1111 TBC 11 BhTXOJJ.a aKTl1BHOCTl1. 
ITp11 Heo6XO,Ul1MOCTl1 MO,UeJib MO)l{eT 6b1Tb 3a­

MeHeHa Ha 6onee T04ttyf0. 
B xoae rn)KeJJoH asap1111 c BbIK11naH11eM 

TenJIOHOC11Tem1 TOTIJ1118Hble c6opK11 He nony-
4aIOT )lOCTaTO4HOfO OXJJa)K,UeH11.sI 11 pa3orpe­

BalOTC.sI 3a C4eT OCTaTO'-IHOfO :meprOBbI.l].eJJe­

Hl1.sI. ITp11 6oJihWOM na,uemrn ,uas11eH11.sI B I 
KOHType 8O3MO)l{Ha pa3repMeT113aU11.sI TB3JJOB 

3a C4eT pa3HHUbl ,uasJieHl1H TenJJOHOCl1Tem1 11 

ra3a B TOTIJJl1BHOM 3a3ope, a TaK)l{e pe3KOfO 

nepena.n,a TeMneparyp Ha cTeHKe TB3JIOB. 
B Ka4eCTBe Kp11Tep11.sI pa3repMeTH3aU1111 

11CTIOJ1b3YeTC.sI cpopMyJia 4anMaHa [4] 
Tburst = 273,15 + 3 960- 20,40*/(] + fl)-

- 85 1000*/(1 + H + 27,90\ (5) 
r,ue Tburst - TeMneparypa pa3repMeT11Jau1111; 
a•= cr/6 895 000; H = (dT/dt)/28 ; a= r(P; -
- Pe)le; r - cpe,uH11H pa,u11yc 060JI04KH; e -
cpeaH.sr.sr TOJIW.11Ha 06011011K11; P; - .uas11em1e B 
ra30BOM 3a3ope; Pe - .uas11eH11e TeTIJlOHOCH­

TeJI.sI. 

TaKl1M o6pa30M, Kpl1Tep11H pa3repMeTH3a­
Ul111 CtJHTaeTC.sI BbITIOJIHeHHblM, Koraa 

T ~ Tburs1(0, dT/dt), (6) 
rae T - TeMneparypa 06011011K11 TB3Jia. 

Pac4eT no np11se,ueHH0My BhIWe Kp11Te­

pH10 se.n.eTc.sr oT.n.enbHO .llllil Ka)l{)lOH TBC. 
Moaenb y411TbIBaeT 163 TBC, 11Me10w.11x no 7 
y4aCTKOB no BblCOTe. ITpoq>l1Jib 3HeproBbI,lle­

JleHH.sI s npeaeJJax Ka)l{,llOH TBC C411TaeTc.sI 

paBHOMepHblM no paa11ycy, TIOTB3J1bHblH pac-

4eT He se.n.eTC.sI. ITp11 BbITIOJIHeHHH Kp11Tep11.sr 

pa3repMeT113au1111 no n1060My 113 ceMH y4acT­
KOB TBC no BbJCOTe scsi c6opKa CYHTaeTc.sI He-

[TEYb=~ri 
I 1EYb "'~:i~OOHO~ I 
f PA3Pbl8 K0/1/lEKTOPA nr] 

[ PA3PblB T~6bl rE 

"°HECAHKlMOHv!POBAHHOE 

OTKPbJTll1E nK K.O. 

OH JJ.00.0lv.J 

,Q111ArHOCTl,11<A 
TEYEl/1 

N"nETnv1 

NTE 

CELfEHv!E 
PA3PblBA. % 

3 

0 
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Pwc. 8. Pe3yJJhTaT J111arnocn1K11 Mecrn 11 pa3Mepa 
TeLfH 

repMeTl14HOH H CTaHOBHTC.sI HCT04HHKOM pa­

Jll10ttyKJ111.[l0B )lJI.sI MO,D,eJ111 BblXO,D,a aKTHB­

HOCTH. 
O)lHa 113 Ba)l{Hb!X 3a)laY pa.uHaUHOHHOH 

6eJonacttocrn A3C - nporno311posaH11e Bbl­

xo)la pa.u11oaKTHBHblX npo.n,yKTOB )leJieHl-1.sI 
(PIT)].) 113 aecpeKTHblX TB3JJOB B TeTIJIOHOCl1-
TeJib I KOHrypa. B HaCTO.sIW,ee speM.sI K pewe­
HHIO 3a)lat.Jl1 MaTeMaTl14eCKOfO M0,D,eJ1HpOBa­
Hl1.sI BblXO,D,a PITLJ, 113-TI0.ll o60JJ04KH ,necpeKT­

H0fO TB3Jla B TeTIJIOHOCHTeJlb J KOHTypa np11 
CTaU110HapHblX ycJJ0BH.sIX pa60Tbl peaKTopa 
npe,JJ.JJO)l(eHbl .n.sa IIO)lXO.l].a. 

B 0.UH0M 113 HHX npe.n.no11araJOT, 4TO PIT,[( 
a cJJy4ae nospe)l(,JJ.eH11.sI 0601101.JK11 MoryT M],ff­

p11posaTh s.n,0JJb TB3Jia K )le<peKry H onpe.n.ensi-
10w.11i1 MexaHH3M nepeHOCa - aTOMapHa.sI )lHq>­

¢Y3H.sI PIT,[( B cpe.ue no.u 060110YKOH .n.ecpeKT­

H0ro rn311a; TaKYJ-O M0,D,eJib BhIXo.n,a PIT,[( H3-
no.n. o6oJJOtJKH Ha3bJBaJ-OT .n.11cpcpy3110HHOM. B 
.n.pyroM no.n.xo.n.e (K1-rnern4ecKa.sI Mo.n.enb) no­
naraJOT, YTO CKOpOCTb BblX0,Ua PIT,[( B Ten110-

H0C11TeJ1b nponopu110HaJJbHa cyMMapHOMY K0-
JIH4eCTBY aTOMOB .uaHHoro ttyKn11,ua B cpe.ue 

no.n. o60JI04KOH .n.eq>eKTHOro TB3JJa, a KOHC­
TaHTY nponopuHOHaJJbHOCTH Ha3bJBaJ-OT K03cp­
qmu11eHTOM CKopocrn yTe4KH [5]. 

,[(m1 peweH11.sI noCTasneHHOH 3a)la411 B 

paMKax pa3pa60TK11 J1K KAP ABAH Bh16paHa 
KHHeTH4ecKa.sI Mo.n,eJJb Bhixo.n.a PTT,[( B Tenno­
H0CHTeJib I KOHTypa, cxeMaTHYH0 npe,JJ.CTaB­

JieHHM Ha p11c. 9. 
ITpe,11.naraeMa.sI Kl1HeTH4eCKa.sI MO.ll,eJlb MO­

)l(eT 6bITb om,caHa cne.n,yJOw.ei1 cHcTeMOH 

o6bIKHOBeHHbIX llH<pcpepeHuHaJJbHblX ypasHe­
Hl1H (O,[(Y) [6, 7]: 
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3a3op TennoHoOITenb 

TonnHBO 

P11c. 9. CxeMa MHrpaQHH npo;zyKTOB .n.eJJett.1u1 113 
TOITJJHBa B TenJJOHOCHTCJJh 

dNF.ldt = FY;P + IJ;}--NFJ- (A;+ v; + cr;cp)NF,;; 
dNc./dt = v;NF.i + Ifi1"-NcJ-
- (A;+ Dr,;+ cr;cp)Nc,;; 
dNc,ldt = Dc;Nc.; + Ifi1A;Nc.1- (A;+ Qri/W + 
+ P + 'tcr;cp + UW)Nc,;, 
r.n.e Np,;, Ne,;, Ne,; - KOJ111t.Jecrno aTOMOB i-ro 
HYKJ1J1,1J.a B TOITJ111Be, 3a30pe 11 TeITJ10HOCJ1TeJ1e, 
COOTBeTCTBeHHO; F - cpe.n.mu1 CKOpOCTh .n.ene­

HHR, .uen/(BT·c); Y; - Bh1xo.n. i-ro HYKJ1H,1J.a; P -
Tennosa.H MOll.lHOCTh peaKTopa, BT; A; - nocTo­

RHHa.H pacna.n.a i-ro H)'KJ111.n.a; v; - K03<p<pHUH­
eHT BblXO,ll.a npo.n.yKTOB .n.eJieHH.H 113 TOnmrna B 
3a3op, c · 1; cr; - cet.Jett11e nornoll.lemrn Heihpo­

HOB i-M ffYKJlH)].OM, CM2
; <p - ITJIOTHOCTb ITOTO­

Ka HeihpOHOB, 1/(cM2-c); fu - sepoRTHOCTb 

pacna.n.a ttyKmi:.n.a no uenoYKe; T - OTHOWett11e 
BpeMeHH, npoBe)].eHHOro TeTIJ10HOCJ1TeJ1eM B 
a.3., K 06ll.leMy speMeHH B I KOHType; w -
Macca Tennottoc11TeJIR B I KOHType, Kr; D - .n.o­
JIR nospe)K.n.eHHhIX TB3JJos; L - pacxo.n Tenno­
HOCHTeJJR B Te1:lb, Kr/c; Q - pacxo.n. npo.uyBKH, 
Kr/c; p - KOHCTaHTa CKOpocrn y.n.aneHH.H i-ro 
pa.n.110HyKJ1HJla CHCTeMOH 6opttoro peryJI11po­
BaHHR; TJ; - 3cpcpeKT11BHOCTb <pHJJbTpa 0'-IHCTKH 
OT i-ro pa,ll.HOH)'KJIH,ll.a. 

TaK KaK ocHOBHOH cocrnsnRIOll.leH ocKo­
JJOYHOH aKTHBHOCTH TenJIOHOCJ1TeJI.H cJJy)KaT 

Jieryy11e npo.n.yKThI .n.enemrn R.nepttoro TOITJIH­
sa (HHepTHbJe ra3bl, HO.ll, Tennyp, ue3HH), B 
HaCTORll.leH pa6ore HCCJle)].0BaJiaCb Kl1HeT11Ka 
BbIXO)].a CMec11 pa.n110HyKJJl1)].HOfO COCTaBa, co­

CTO.Hll.lero 113 31-ro npo.n.yKrn .neneHHR, npe.u­
JIO)KeHHoro asrnpaMH pa6oT [6, 7]. 
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TaKHM o6pa30M, ccpopM11posaHHa.H Cl1CTe­
Ma O,D,Y COCTOHT J13 93-x ypaBHeHHH, OITl1Cbl­
Bal0ll.ll1X HaKonnett11e 31 -ro npo.n.yKra )].ene­
HMR B TOTTJ111Be, nepeHOC Ka)K)].oro 113 Hl1X 113 
TOITJ111Ba B ra30BbIH 3a3op TB3Jia 11 BbIXO)]. 11X B 

I KOHTYP Yepe3 .n.ecpeKThI. ,UJIR pewemrn 3TOH 
CHCTeMbI 11cnoJih30BaH Mero.n Pyttre-Kyrra 4-
ro nopR.UKa. 

B onhITHOM o6pa3ue flK KAP ABAH BbI­
ropaHJ,1e TOITJlHBa 3a,LlaHo O,ll,HHaKOBbIM )].Jl.H 

Bcex TBC, B ,ll,aJibHeihueM nnatt11pyeTc.H ssec­
T11 pacYeT rny6HHbl BbirOpaHH.H B COOTBeTCT­
B1111 C .n.aHHOH 3arpy3KOH 11 MOMeHTOM KaM­

namrn. 
BbIXO)].HbIMl1 napaMeTpaMH MOryT 6b!Tb 

cJie,1J.y10ll.lHe seJI11Y11HbJ: AFi(t), A c;(!), Ac;(t) -
aKTHBHOCTb i-ro npo.n.yKTa .n.eJieHl1.H COOTBeT­

CTBeHHO B TOTTJil1Be, 3a30pe H TenJJOH0CHTeJJe 
s MOMeHT BpeMeHH t (EK, Ku); l:AF, l:Ac, l:Ac 
- HHTerpanbHa.H aKTl1BHOCTb no BCeM pac­
CMaTp11BaeMblM pa.n.110HyKJIJ1,ll,aM B TOITJlHBe, 
3a30pe 11 TenJJOHOCHTene, COOTBeTCTBeHHO 

(EK, Ku); l:Accyn.J - y.n.eJibHa.H HHTerpanbHa.H 
aKTJ1BHOCTb renJIOHOCHTeJI.H (EK/Kr, Ku/Kr). 

3aKJJIO'-leHHe 

Pa3pa6oTaHHhII1 ITK KAPABAH MO)l(eT 

6bITh stte.n.peH s CITITE 3Hepro6noKa KaK co­
CTaBHaR qacTb .n.nR no.n..n.ep)l(KH onepaTopa s 
cJiyYae aBapHHHOH c11ryau1111. B ITK KAPA­
BAH MO)KeT 6btTb .no6asJieHa B03MO)l(HOCTb 

onepaTHBHOro aHaJIH3a KpHT114eCK11X cpyHK­

U11H 6e3onaCHOCTH, B TOM YHCJie HX 113MeHe­

HH.H B pe)l(l1Me ycKopeHHOro nporHO3HOro 

pac4ern. 
TIK KAPABAH MO)l(eT np11MeH.HTbCR s 

paMKax no.n..n.ep)l(KJ1 KpH3HCHoro ueHTpa KOH­
ueptta "PoC3HeproaToM" npH asapHHHblX Cl1-

TyaUHRX HJIJ,f TIJiaHOBbIX y4eHJ1.HX rpynnbl 

OTIAC .D.JIR 6bJCTpOH oueHKH aBap11i1ttoi1 c11-

Tyau1111 11 nporno3a ee pa3BHTHR, BKJIIOYa.H pa­
,ll,HaUHOHHbie TIOCJie)].CTBHR; 

TIK KAPABAH MO)l(eT 6hITb .nononHeH 
MO.D,eJJblO repM006beMa )].JI.ff paCYeTa Bb!XO,lla 

aKTHBHOCTl1 B OKpy)l(alOll.lYIO cpe.n.y 11 ee pac­
npocTpaHeHlrn C yYeTOM noro,ll.HblX ycJIOBHH, 
a TalOKe MOLJ,eJiblO T.H)l(eJ1b1x asap1111. )].JI.ff pac­
YeTa napou11pKOHHeBOH peaKU,1111 11 TIJiaBJieHH.H 

a.3. peaKTopa. 
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Y,11,K 621.039.526 

HTepau,HOHHhle MCTOAhl pemeHHH HCJJHHCHHblX 33A31.f 

0 KpHTHl.fHOCTH HAepuoro peaKTOpa 

A.M. KyJbMUH, 

Hl15IY "MJ1<1>11", 115409, MocKBa, Kaw11pcKoe wocce, 31 
Ilocryn11JJa B pe,n.aKumo 18.03.2011 r. 

flpe.ncrnBneHbl HTepauHOHHble MeTO)J.hl pact.JeTa pacnpe.nenemrn 0OTOKa HeiirpOHOB B HenHHeHHhIX 3a­
,na4aX O Kp11Tl1lJHOCTl1 H,ll,epHoro peaKTOpa. PaCCMOTpeHbl anropHTMbl peweHHH ypaBHeHHH )J.JUI BapHaIIHH 
0OTOKa HeHTPOHOB. J1ccne.noBaHa CXO)J.HMOCTb J1Tepau110HHhIX npouecCOB .nnH .IJ.BYX Hen11HeHHhlX 3a,na4, B 
KOTOpblX MaKpOCKO0J14eCKHe ce4emu1 B3a11Mo,neHCTBl1H HBJJHIOTCSI q>yHKUHOHaJJaMJ1 pacnpe,neJJeHHS! HeHTPO­
HOB. B 0)1.HOH 113 HHX pacnpe.nenem-1e HeHTPOHOB 3aBHCHT OT napoco.nep)f(aHHJI B0)1.HHOro TenJJOHOCJ1TenH, a B 
.npyroH - OT TeMneparypbl TOnn11Ba. J1cnonb30BaHbl npOCThle COOTHOIJ.leHHH, CBSl3bJBa10w.11e napoco.nep)f(a­
HHe J,f TeMnepaTypy C TTOTOKOM HeHTpOHOB. 

KAIO'le6ble CJI06a: HeJ111HeHHbie 3a,na411 0 KpHTH'-IHOCTH, pacnpe.nenem1e HeHTPOHHOro noTOKa, J1Tepau11-
0HHble MeTO)J.bl, CXO)J.HMOCTh, ypaBHeHHH )J.JJH Bap11au11ii, anrop11TMbl peweHHS!, MaKpOCKOTTH4eCKl1e Ce'-feHHH, 
MO,nen11 H,nepHblX peaKTOpOB. 

Iterative Methods in Resolving the Non-Linear Critical Problems. A.M. Kuz'min, National Research 
Nuclear University "MEPh/", 31, Kashirskoe Sh., Moscow, 115409. 

The paper presents the iterative methods for determination of neutron flux distribution in non-linear criti­
cal problems. The paper considers the algorithm which can be used to resolve equations for variations of neu­
tron flux. Convergence of the iterative process is investigated for two non-linear problems where macroscopic 
cross-sections are the functionals of spatial neutron distribution. In the first problem neutron flux distribution 
depends on water coolant density while in the second one neutron flux distribution depends on fuel tempera­
ture. 

Key words: Non-Linear Critical Problems, Neutron Flux Distribution, Iterative Methods, Convergence, 
Equations for the Variations, Algorithms, Macroscopic Cross-Sections, M odels of Nuclear Reactor. 

HeihpOHHO-<pH3HYeCKHe pac4eTbl .H,n.ep­

HblX peaKTOpOB, npoBO,ll.HMble C ytleTOM 33B11-

CHMOCTH MaKpOCKomrt.JeCKHX Ce4eHH_H B3aH­

MO,ll.eHCTBHH OT noJJy4aeMblX pacnpe.n.eneHHH 

HeHTpOHOB, CBU3Hbl C peweHHeM HeJJHHeH­

HbIX ypaBHeHHH BH,ll.a 

-L(s)cp(x) + A.Q(s) cp(x) = 0, cp(x)E D~; (1) 

P(cp(x),s(x))=0, s(x)E D~. (2) 

3.n.ecb L(~) , Q(~) - onepaTOpb1 ypaBHe­

HH.H nepeHoca HeHTpOHOB, OITHCb183JOW.He ne­

peMew.eHHe, 33Me,n.JieHHe H 803HHKHOBeHHe 

HeHTJ)OHOB .n.eneHm1; cp(x) - co6crneHHaH 

cpyHKUHH (HJIH aCHMITTOTHYeCKHH ITOTOK Hei:h­

pOHOB), COOTBeTCTBYIOW,a.H MaKCHMaJibHOMY 

co6crneHHOMy •rncny K3'.~ = "A.-I onepaTopa 

L-IQ; ~(x) - cpyHKUHH (TeMnepaTyphI, paBHO­

BeCHb1e KOHUeHTpau.1111 H,n.ep H ,n.p.), O,ll.H03Ha9-

HO onpe,n.eJIHCMb!e H3 ypaBHeHHH (2) C HCJIH-

HeHHblM onepaTopoM j:, ' a X - COBOKYITHOCTb 
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apryMeHTOB, OT KOTOpblX 33BHC.HT paccMaYpH­

aaeMbie cpyHKUHH. 

f1p11 3TOM ypaBHeHH.H (2) Bcer.n.a BKJIIOt.fa­

lOT ycJIOBHe HOpMHpOBKH cpyHKUHH cp(x) Ha 

3a,naHHOe lJHCJIO Tex HJIH HHblX B33HMO,ll.eHCT­

BHl1 HeHYpOHOB C H,n.paMH cpe,ll.bl, a peweHHe 

w. = (s. (x), cp.(x), A. ) Hl.ll,eTCH cpe,n.11 cpyHK-

UHH, npHHa,n.JJe)l(al.ll,HX H3BeCTHblM MHO)l(CCT-

83M D~ HD~. 

B npOCTb]X CJJyYa.Hx y.n.aeTCH peweHHe 3a­

,ll.34H (] ), (2) 3anHC3Tb B aHaJJHTH'-leCKOH cpop­

Me. HanpHMep, B pa6oTe [1] npHBe,ll.CHbl aHa­

JlHTHYeCKHe Bblpa)l(eHHH .ll.JIH HeHYpOHHOro no­

TOKa, nonyYeHHbte B O,ll.HOCKOpOCTHOM )lH<p­

cpy3HOHHOM np116JimKeH1rn ,ll.JJH 60JJbWOro 

ITJIOCKOro peaKTopa C yt.JeTOM HepaBHOMepHO­

ro BblfOpaHH.SI TOITJIHBa. B pa6oTe [2] B TOM 

)Ke np116JIH)l(eHHH H3H,ll.eHO peweHHe ypaBHe­

HH.H (]) )lJJjl CJiyt.JaH JIHHeHHOH 33BHCHMOCTH 

MaTepHaJibHOro napaMeTpa peaKTOpa OT TeM­

neparypbITeITJIOHOCHTeJIH. 



B cJJO)l(HbIX 3an a'-:lax (Korna MaTepHMb­

I-IbIH napaMeTP HCJ111IICHHO 3aBHCl1T OT cj:lyHK­

UHH ~ 11J1H paccMaTPHBal-OTCSI 60J1ee CJ10)l(Hble 

MOllCJlH peaKTOpa) aHaJJHTHYCCKOe peweHHe 

CTaHOBHTC5l CJlHWKOM rpOM03.llK11M llJ15l YHC­

JlCHHOro c'-!ern 1n160 ero He ynaeTC5l noJ1y­

'-IHTb. TioJTOMY npencTaBJ15ll-OT HHTepec HTepa­

UHOHHble MCTOllbl, CBOll5llUHC peweHHe HCJlH­

HCHHOH 3anaq11 K nocJ1en osaTeJ1bHOMY pewe­

HHI-O JJHHeHHbIX ypasHe1-11111. 

0CTaHOBHMC5l Ha nsyx 1-nepauHOHHbIX Me­

TO,n,ax ( noCJJe,n.osaTCJlbHblX np116J1H)KCHHH 11 

Hbl-OTOHa - KaHTOpOBHlfa), npe,n.JlO)KCHHblX B 

pa6oTe [3] ,LJ,JJH pernemrn ypasHeHHH s11na 

<j> = B(<j>) c HCJIHHeHHhIM n11cj:lcj:lepe1-1u11pyeMbJM 

no cJ)pewe oneparnpoM B(cj>) . B Mernne no­

cJie,n.osaTeJJbHbJX np116J1H)l<CHHH (MOO) pe­

we1rne <p., 11lUCTC5l C noMOlllbl-0 1nepau1111 

<l>s= B(<l>s-i) , s=l,2,.... (3) 
B MeTo,n.e HbI-OTOHa - KattToposwrn 

(MHK) HTepauHoHHblH npouecc nposo,n,HTC5l c 

HCnOJib30BaHHCM Jll1HeapH30BaJIHOfO B OKpec­

THOCTH <Ps-1 y paBHCHHSI 

<l>f-1 + <><1> = 8( <l>v-1) + 8; ( <1>s-1) <><1> · 

3aMeHa <><1> = <1>s - q>1_ 1 npHBO.LlHT B MHK K 

11Tepau11siM 

<l>, = <\>,-1 + (£ - B;<<1>,-1)r1(<\>,-1 - .B(<\>,-1)),s= l,2, .. . ,(4) 
A A / 

rne E - e,n.HH11'-IHbIH oneparnp, B4> ( <l>s-l) -

npOH3BOllHa5l cJ)pewe B T04Ke <P.1-l . 

Henocpe,n.CTBCHHOe npHMCHCHHe cxeMbI 

(3) K peweHHl-0 ypas11eHH5l (1) npHBOllHT K 

COBMeme1rn1-0 l1Tepau1111 HCTOYH11KOB HeHTPO­

HOB nen eHHSI C HTepaUH5lMH no YTOYHCHHl-0 

cj:ly HKUHH l;(x) . TaKoe COBMClllCHHe ,n.eJJaeT 

HTepaUHOHHblH npouecc HeycTOH'-IHBblM (no 

KpaHHCH Mepe np11 noJ1yYe111111 paBHOBeCHblX 

KOHUCHTPaUHH B 6bICTpblX peaKTOpax 60J1b­

WOH MOIUHOCTH) . 

OoJTOMY npe,n.JJaraeTcSI Ha Ka)Knoi-1 HTepa­

UH11 npH 113BCCTI-IOM pacnpeneneHHl1 S(X) 
paCCYHTbJBaTb co6CTBCHIIYI-O cj:lyHKL{HIO 11 co­

OTBCTCTBYI-OWee co6crne1-rnoe '-IHCJIO. Tor,ua, 

npHHHMa5l s Ka'-:leCTBe HaYaJJbHOro npH6JIH)KC­

Ha5l co6crne1-11-1y1-0 cj:lyHKUl11-0 cp0 (x ) (11n 11 

<T>o(X)) ,l],J15l KaKOH-Jil160 npOCTOH MO,ll.CJ111 pe-

aKTOpa, BMCCTO (3) 11 (4) np11XOllHM K CJle.ll,yIO­

IUHM HTepaUHOHHbJM npoueccaM. 

B cnylfae MITTI 1-1a Ka)K,n.oi-1 11TepauHH 

(s=l,2, ... ) 11MeeM 

P(<Ps-1> Ss)=O, Ss(X)EDE,;} 
A (O) A _ (5) 

-L.1 <P., + A5 Qs<Ps - 0, <Ps (x) E D~, 

r.n.e t = L(ss), Qs = Q(s.) , a A ~O) - se.n.y­

mee co6crne1-11-1oe '-IJ.1CJJO oneparnpa L~'Qs. 
TaKOH HTepaUHOHHbrH npouecc peaJJH30BaH B 

KOMnJleKce nporpaMM WAKOH [5]. 
B cny1rne MHK nocne,n,osaTeJibHO pema-

1-0Tcsi ypaBHCHH5l 

P(<f>.-1,Ss)=O, s.(x)E DC, ;} 
A (0) A - • 

-L. <P.1 + As Q.1 <Ps -0, <p. (x)E D~, 
(6) 

cfa;).I (cps -(ps·-1) + (P{)s ct -s.) = o, 
t(x)E De, ; 

A - (0) A - - (0) A 

-L. cp, +As Qs<Ps --◊As Qs<Ps -
(7) 

-(N~cp)s(~. -s.), <T>. (x)E D~, 

r.n.e cfa;)., (P[).. - npoa3BO)].HhIC cJ)pewe OT 

oneparnpa P no QJYHKUill!M cp 11 s nptt 3tta­

YeHH5lX cp=<p5 _ 1(X), s=s. (x), 

(ii' ) - ct) "'<0> QA' cf!) c, <P.,- - ~.<p. + s ( c, )s<ps , a ½ s' 

(Q~). - npOH3BOllHbie cJ)pewe no <PYHKUill!M S 
OT oneparnpoa f 11 Q np11 S = s. (x). 

06 H3MeHeHH5lX cj:lyHKUHH B npouecce 

HTepaUHH (5) H (6), (7) ,naIOT npe.[1.CTaBJ1e1-111e 

pHC. 1 11 2. Ha HHX Kp11Ba5l cp = f (S) OTpa)KaeT 

3aB11Cl1MOCTb peweHl15l ypaBHeHl1SI (1) OT 

l;(x), Kp11BaSI S = g(cp) - 3aBHCHM0CTb pewe-

HHSI ypaatteHH5l (2) OT cp(x), a peweHHIO CHC­

TCMbl ypasHeHHH (I) H (2) COOTBCTCTByeT TOY­

Ka nepeceYeHH5l KpHBbJX (cp., S•). Ope,nnoJJa-

raeTC5l, '-:IT0 ypaa1-1emrn (1) H (2) ycrn1-1asJ111-

aaJOT B3a11MHO 0)].H03HalJHble OT06pa)KeHl15l 11 

Ka)K,llOH TOYKe Ha mo6oi1 113 K00p)].HHaTHbIX 

oceH CO0TBeTcTByeT 0)],Ha cj:lyHKU115l. 

ITepeX0)],5l K o6cy)K)].eHHIO BbllJHCJIHTeJlb­

HblX acneKTOB MeTO)],0B, 6y.neM ClJl1TaTb, 4TO 

cywecrnyeT orpaHw:1e1-1HbJH o6paTHb1H onepa-

TOp (P[)~', a ,nJJsi npo113se.n.eH11H npo113ao,n.HhIX 

cJ)pewe np11m1To 06031-1aqe1-111e 
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PHc. 1. CxeMa 1-nepaUHH B MTITI: a - 38BHCHMOCTh 

<p=f(S),6-3aBHCHMOCTh s=g(<p) 

Pwc. 2. CxeMa HTepau11tt B MHK: a - 3aBHCHMOCTh 

<p= f(s), 6 - 38BHCHMOCTh S = g(<p) ; (~1 , q>,) -
peweHHe CHCTCMbl JIHHeapH30BaHHblX ypaBHCHHH 

Ha 1-tt HTepaUllH 

Gs =(N~cp)s (P{);' (P~)S' (8) 

Bse,ueM B paccMOTJ)emte conpH)KeHtth1e 

onepaTophl L;, 6; , onpe,ueneHHhie Ha MHO­

)KeCTBe D; TaKHX <pyHKUHH cp+ (x)' '-!TO npH 

cp(x)E Dq,, cp+(x)E o; HMelOT MeCTO paBeH­

CTBa ( cp+, L,cp) = (L;cp+, cp), ( <p+, Q_,<p) = (Q:cp+. cp) , 
B KOTOpblX CK06KH ( ' ) o603Ha1rn10T CKMHp­

HOe npOH3Be,ueHHe cpyttKUHH, CTOHU.J;J,-IX BHYT­

p11 HHX (H pa3,ueneHHblX 3ailllTOH). lb '-!Hcna 

<pyHKUHH MHO)KeCTBa o; B03bMeM co6cTBeH-

HYIO <pyHKUHIO cp; (x) onepaTOpa cl; r' 6: , 
coorneTcTByiomyio co6crnettHOMY t.rncny A~0> 

B 3a,uat.Je 
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-L; cp; (x)+A~0>6; cp; (x)=O, cp; (x)E D; . (9) 

B pa6oTe [4] nOKa3aHO, l.JTO HTepauHOH­

HblH npouecc (5) CXO,llHTCH K perneHHIO 

w. = (~. (x), cp. (x), Ai0>) C TOH )Ke CKOpOCTE,lO, 

'-!TO reoMeTJ)H'-lecKasr nporpeccm1 co 3HaMeHa­

TeJieM q < l . 3TOT BhlBO,ll H ouettKa 3HaYeHHH 

q c,uenattbl ,um1 CJIY'-!aH, KOr,ua Hat.Janbttoe 

np116J11-!)Kem1e 6JII-13KO K perneHHIO w. H MO)K­

HO BMeCTO (5) BOCflOJib3OBaTbCH JIHHeapH3O­

BaHHhlMH ypaBHeHHHMH. Tor,ua ycJIOBHe cxo­

,llHMOCTH 3anHCb1BaeTCH B BH,lle 

q = [1 + llcp:+1111~ <p.11 i ( l - ;i:'. )-1 lit' 11110.11 < 1, (10) 
l<cp. · Q. cp.>I • 

r,ue K;'> = (li0>r 1 - 6JIH)KaHll.lee K t.JHCJIY 

K;0> = (A~O) r' co6cTBeHHOe '-IHCJIO onepaTOpa 

t.16., a see oneparnp1,1 onpe,ueneHhl B TOt.JKe 

w • . O61,1t.rno npHHHMaIOTCH Te '-!Hcna A'.,0i, A'.,'>, 

onepaTOpbl H <pyHKUHH cp: , cp,, , KOTOpb1e no­

JlY'-!eHhl Ha nocne.utteH n-i1: 11Tepau11H MeTo­

.uos. 
HeTpy,uHO ycTaHOBHTb, t.JT0 B 3THX )Ke 

npe.unoJIO)KeIDUIX CKOpOCTb CXO,llHMOCTH HTe­

paUHOHHOro npouecca (6), (7) 6y.ueT TaKOH 

)Ke, KaK y reoMeTJ)H'-leCKOH: nporpeCCHH co 

3HaMeHaTeJieM q2. 3To 03Ha'-!aeT, 'ITO C TO'IKH 

3peHHH npH6JIH)KeHHH K perneHHIO w. O,llHOM 

HTepau1-111 B MHK cooTBeTCTBYIOT ,llBe HTepa­

UHH B MI111. O.uttaKo, C0Kpamem1e '-IHCJJa HTe­

paUHH B MHK conpoBO)K,UaeTcsr npoBe,lleHHeM 

,llOTIOJIHHTeJihHhlX Bbl'-IHCJJeHHH. qT06hl oue­

HHTb CBH3aHHOe C 3THM BO3pacTaHHe BpeMeHH 

cYern, npose,ueM cne,uyiomHe npeo6pa3oBa­

HHH, onHpaiom11ecH Ha H3BeCTHbJe TeopeMbl 

<Dpe,llroJibMa o cymecrnosaHHH perneHHH tte­

o,uttopo.ntt1,1x ypaBHeHHH [6]. 
11cKJIIO'-IHM H3 'IHCJia HeH3BeCTHblX B CHC-

TeMe (7) <pyHKUHIO ~ s H npHBe,lleM ypaBHem1e 

,llllil <pyHKUHH q>s K BH.ZlY 
A - (O) A - - (O) A A --L_,cp, +As Qscps --OA.s Q.,cp_, +Gscp,, (11 ) 

r,lle Y'-!TeHO, '-!TO HOpMHpOBKa co6cTBeHHOH 

<pyHKUHH <i>,-1 (KOTopasr, KaK OTMetJanOCb Bbl-

ll.le, scer.ua ,lleJiaeTcsr npH HaXO)l(,ll.eHHH ~-' ) 



npHBOJJ.HT K pasettcTBy (P~)s<f>,_I = 0 . TTpH 

'.HOM B Kac1eCTBe 0/\.~0) 6epeTC51 3HaYeHHe 

oA.~oi =<cp;, G.Jt>s>/<cp; ,6,, cps> , 02) 
KOf)J.a npasaR 1:laCTb ypaBHeHH51 (11) 6 y .neT op­

TOfOHaJibHa K co6cTBeHHOH cpyHKU.IHl cp; co­

np51)KeHHOH 3a,[J,aYH (9). 
PeweHHe if>s ypasHeHH51 (11) 3anm11eM B 

BH)le 

cf>s (x) = C., ( cp/ x) + f s (x)) , (l 3) 

r.ne cs - npOH3BOJJbHblH (He paBHblH HYJJJO) 

MHO)KJ,fTeJib. qTO KacaeTC51 cpyHKUHH f , (x), TO 

OHa npHtta.nJJe)l<HT OpTOfOHaJJbHOMY JJ.OITOJJHe­

HHIO dlj) E Dlj), Ha KOTOpOM 

<J, (x ) , i)__:cp; (x)) = 0 . TTo.ncTaHOBKa Bblpa)Ke­

HH51 (13) s ( 11) H (12) npHBO)J.HT K ypastteHHJO 
A (O) A - A A • 

-L5 f, (x) + A., Qsf,(x) - - R, cps (x )- R. f s (x) , 

f s(x)E dlj), (14) 

r.ne npHHHO o603HaYeHHe Rs )J.JI51 TaKoro 

oneparnpa, )J.eHCTBHe KOTOpo ro Ha cpy HKUHJO 

\jl(x) = cp
5
(x ) HJJH \j/(x) = f, (x) ,lJ.aeT paseHCT-

A (cp+ G 111) A A 

BO Rs \jf(X) = ·1 ' A 

5 -r Qs cps (x) - G, \jf(X). 
(cp;' Q, cp,) 

O YeBHJJ.HO, YTO npH JJJ06bJX \j/ (X)E D IP HMeeM 

(cp;, k, 'V> = O. 
ITy CTb YCJJOBHe (10) Bb!ITOJimleTC5l He 

TOJlbKO B T04Ke ro.' HO H Ha JJJ060H HTepaUHH 

MHK c HOMepoM s = I, 2, ... (npH 3TOM no,upa-

3yMesaeTC5l, YTO s ee COMHO)KHTeJJH B cpopMy­

JJe JJ.JJ5l napaMeTPa q paCC4HTbIBaJOTC51 ,ll.Jl5l S-H 
HTepaU,HH, HanpHMep, BMeCTO cp.(x), cp; (x) 

6epyTC5l cpyttKUHH cps (x ), cp; (x ), BMeCTO l. -
o nepaTop L, H T .JJ..). Tor,ua tteTPYJJ.HO noKa-

3aTb, YTO )lJJ51 oneparnpa f , = l~1 (A.~0>i)_s + R.,) 
Ha MHO)KeCTBe cpy HKU,HH / , (x)E dlj) 3HaYeHl-ie 

JJt .JJ < l H, 3HaYHT, cymecTByeT o6paTHblH one­

p arnp (E - f, r 1
• EcJJ H ero npe,uCTaBHTb B BH­

.ue cxom 1meroc}] no ttopMe p}],ua Hei1MaHa, To 

cpy 11KUHIO f. (x) B Bblpa)KeHHH (13) MO)l(HO 

0OJJYYHTb B BHJJ,e cy MMbl 

-
f s (x) = L f s(j) (x), ( 15) 

j=O 

perna51 nocne.u.osaTeJJbHO ypastte1-urn 

LJ,' (x)= R,cp, (x),f, (x) e d'l', J =1,2, ... ; 
16 

A 0) A (0) • } 

A ") O A A ( • I . ( ) 
LJ,<' (x) = (A~ >Q, + R) f, J- >(x),J,< 1>(x) E d'I' . 

Ta1G1M o6pa30M, s MHK Ha Ka)KJJ.OH HTe­

pau.111--1 noMHMO onpe.neneHml ~s(x), <p
5
(X) 

(YTO ,uenaeTC5l TaK)l(e Ha O)J.HOH HTepauirn 

MTTTT) Heo6xo,u11Mo nonyqHTb pernemu1 

cp; (x), f s(x) ypaBHeHHH (9) 11 (14), COOTBeT­

CTBeHHO. EcJIH CYHTaTb, 1ff0 B 3a)J.a'-laX BH)J.a 

(1), (2) 0CHOBHbJe pacYCTHbJe ycHJJH_}] C8}]3aHbJ 

C nonyYeHHeM Q)YHKUHH cps(x), cp; (x), J,(x) ' 
a BpeM51 HaXO)l(JJ.eHH5l Ka)K)J.OH H3 HHX 6y.u.eT 

O)lHHM H TeM )Ke, TO Ha OJI.HY HTepau.1110 B 

MHK noTµe6yeTC5l s 1,5 pa3a 6onbwe speMe­

HH, YeM Ha ,use HTepau.1111 s MTTTT. 

Ha caMOM )J.ene TaKa5l oueHKa speMeHH 

cYeTa )J.JJ}] MHK MO)KeT oKa3aTbC5l 3asb1rueH­

HOH, nocKOJJbKY tte yYHTbJBaeT 3aBHCHMOCTH 

1-IHCJJa .HTepaUHH npH HaXO)K,UeHHH f s (x) OT 

napaMeTµa CXO,UHMOCTH q. O1..feB.H,llHO, ecJJH q 
MaJJO, TO p5IJJ. (] 5) 6bJCTPO CXOJJ.HTC5l H MO)l{HO 

orpaHH'-IHTbC}] perneH.HeM He60JJblli0fO 'IHCJJa 

ypasHeHHH (16). KaK BHJJ.HO 113 cpopMyJ1b1 (10), 
He60JJbWHe 3HaYeHJ1_}] q CJle,nyeT O)l{H)laTb B 

Tex cnyYa5lX, Kor.na CHJlbHO pa3JJH'IalOTC}] co6-

CTBeHHble YHCJJa K;0>' K;'> H Mana HOpMa 

JJt .jj. 
B HTepaUHOHHOH cxeMe (6), (7) cpyHKU,HSf 

J, (x) tty)l(Ha JJHWb ,um1 nonyYeHH5l pacnpe,ue-

JJeHH51 if>s (x)' KOTOpoe Heo6sr3aTeJJbHO HCKaTb 

c Bb1coKoH To11ttocTb10. ITo3ToMy )lJl51 coKpa­

meHH5l Bbl'IHCJlHTeJJbHblX 3aTµaT MO)l{H0 BOC­

ITOJlb30BaTbC5l KaKHM-JJH6o np116JJH)KeHHblM 

cnoco6oM peweHJ,f_}] ypastteHJrn (14), ttanp11-

Mep, npoeKUHOHHblMH MeTO,naMH [3], paCKJia­

)lbIBa}] f s(x) B p51JJ. no 3a)],aHHOH HJJH 3apaHee 

paCCYHTaHHOH CHCTeMe Q)YHKU,HH 'l'~i>(x)E dlj): 
j=J 

f •. (x) = :~:)? \j/~iJ (x). (17) 
j=I 

Tor.n.a 3a)],aYa onpe.n.eJ1eHH}] f s ( x ) cso­

AHTC5l K peweHl1K) anre6paH11eCKOH CHCTeMbl 

ypasHeHHH OTHOCHTeJJbHO HeH3BeCTHb!X K03cp-
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q>HI..\HeHTOB b;j) , j = 1...]. I1p11 y.IJ.a4H0M Bbl-

6ope cpyHKUHH o/~j) (x) M0)KH0 B pa3JJ0)Kem,rn 

(17) orpaHl,J4J1TbCH He60J1bWl,JM 4HCJJ0M CJla­

raeMhIX, a 3HaYl1T J1 He60J1hllHIMH 3a-rpaTaMH 

BpeMeHH ,!lJIH HaX0)K,lleHH,S! b?. O,uHaKO, s 

cnyqae npn6JJH)KeHHOH oueHKH cpyHKUHH 

fs (x) YHCJJ0 11Tepaw1t! B MHK M0)KeT B03-

pacn1. 

B 3aKJHOYeHHe paccM0TJ)HM pe3yJJhTaThJ 

peweHHH 2-x HeJJHHeHHhlX 3a,lla4, nonyYeH­

Hble .u11.si Mo,ueneli peaKTopos c .usyMH 30HaM11 

pa.3H0ro C0CTaBa B nJJOCKOH re0Me-rp1rn , 11Me­

IOml1Ml1 To11mHHh1 ~ 1 , ~ 2 • B 3Tl1X 3a,uayax 

n0TOK HeHTpOHOB <p(x) paCC4HThJBaJIC,S! B o.u­

H0CK0p0CTH0M .u11cpcpy3HOHHOM np116mt)Kem,rn 

npH yc11os1-Uix: <p(O) = <p(H) = 0, noTOK H npo-

eKuH.si T0Ka HeHTpOHOB HenpepbIBHbl Ha HH­

Tepsane O ~ x ~ H, H = ~1 + ~2 • 

B KatJecrne HaqanhHhIX □p116J111)KeHHH 

(J)o(x), q>0 (x) npHHHMaJil1Ch pacnpeJJ.eJJemrn, 

nponopUH0HaJJbHhle sin ( UoX) (r.ue Uo = rr/ H ). 

Ha Ka)K,lloH HTepau11H MHK peweH11e f. (x) 

ypaBHeHJ,t,S! (14) HaX0J],HJI0Cb B BH,lle pa3JJO)Ke­

HH,SI (17) no co6cTBeHHbJM <pyHKUIUIM 

'l'~j) (x) (j = 1, 2, 3), K0TOpble C00TBeTCTBYJOT 

(6JJH)KaHillHM K K!0>) 4HCJiaM K?. 
B Mo,uem1 KP (ornoc.siruelic.si K B0JJ.HH0MY 

K11n.sirueMy peaKTopy) MaKpocKonHYecK11e ce­

Yett11.si 3aBHCeJ111 OT cpe.IJ.HHX no o6beMy 30H 

napoco.uep)KaHHH i;u> ' paCC'-IHTbIBaeMbJX B 

npe.unoJJ0)Kem,rn, 4T0 CBOHCTBa T0nJIHBa no­

CT0HHHbl 11 He MeHHIOTC,SI Ha HHTepsane H no­

JJ.0rpesa Te□JJ0H0CHTeJJH: 

l;~J = /;max ff <p(x') dx' dx/~; f <p(x) dx, i = I, 2, 
a;O 0 

r.n,e /;max - MaKCHMaJibHOe □apOC0.Uep)KaHHe. 

OcHOBHhie xapaKTep11cT11K11 Mo.uen11 nepe-

4HCJJeHbJ B Ta6JJ. 1 H np11HHTbl TaKHMl1 )Ke, KaK 

B pa6oTe [ 4]. B Ta6JI. 2 np11BeJ],eHbl 3HaYeHH,S! 

K03Q)Q)11UF!eHTa K!0
> pa3MHO)KeHl1H, cpe.UHHX 

napoco.uep)KaH11H I;~.~ 11 napaMeTpa qs, pac­

C411TaHHhIX B npouecce HTepau1111 (5) 11 (6), 
(7). Ha pHC. 3 npe,ucTaBneHbl 0TKJI0HeH11.si 

ocp, (x) = cp, (x)-cp.(x) 11 O<Pi{x) = <Pi(x)- cp. (x) , 
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TI0CTp0eHHbJe C npHMeHeH11eM H0pM11poBaH­

HblX OJ],HHaK0BbIM o6pa.30M pacnpe.n,eJ1eHl1H 

<p1 (x), q>1 (x), <p. (x) . 

T a 6 JI u u a 1. OcHOBHbie napaMeTphl 
Mo.uem1 KP 

MaKCl1Ma.JlbHOe o6beMHOe napoco.uep-

)KaH11e, ~max 

.D:aanett11e B Koprryce peaKTopa, MTTa 
OTHOWeH11e o6beMOB 80)].bl 11 T0nJlHBa 

BhICOTil H aKTl1BHOH 30Hbl, CM 

Tonw.11tta ~ 1 nepaoi1 30HhI, CM 

.LJ:11aMeTp T0nJJl1BH0ro 6p11KeTa, MM 

O6oraw.ett11e TOrnrnaa, % 

0,7 

7,2 
2,5 
220 
100 

12,l 
2,5 

T a 6 JI u u a 2. lhMeHeH11e xapaKTep11cTHK Mo.ue­
1111 KP a npouecce 11Te pau1111 

MeTO.D. 
HoMep S 

S=l S=2 S=3 
11Tepau1111 

K (O) 
l 

1,0622 1,0230 1,0192 

Mnn 
1;<1) 

O,s 0,1074 0,2486 0,2606 

1;(2) 
O.s 0,5522 0,6652 0,6714 

qs 0,1022 0,2260 0,2278 
K (O) , 1,0622 1,0036 1,0192 

MHK 1;<1) 
0.s 0,1074 0,2538 0,2607 

1;(2) 
O,s 0,5522 0,6688 0,6713 

TlonyqeHHhle pe3yJ1bTaTbl n oKa3bIBaIOT, 

4TO HTepaUH0HHble npouecCbl (5) 11 (6), (7) 
6bICTpO CX0,ll}ITC}I. OTKJJOHeHHe 3HalJeHH,S! KO-

P11c. 3. OTKnottemui pacnpe.uenett11i-t cp1 (x) 11 

<p1 (x) OT cp. (x) , nonytJeHHhie Ha 1-i-t HTepamm B 

Mnn 11 MHK )].ml M0,ll.eJIH KP: a - 0TKJI0HeH11e 

O<p1 = cpi(.x) -cp. (x), 6 0TKJI0HeHHe 

ocp, = c'Pi(x)-cp.(x) 



3<p<pl1Ul1eHTa pa3MHO)l(eHl1SI, noJJy'ieHHoe Ha 

4-w 11Tepau1111, OT 3HaYemrn, np11Be,ll,eHHOro B 

Ta6n. 2 ,ll,JlSI 3-H l1Tepau1111, He npeBblCl1JJO (no 

MO,ll,ymo) 0,0
4
5. 3TO npOHCXO,ll,HT, HeCMOTp51 

Ha 6011bw11e pacXO)l(,ll,eHilll Me)l(,ll,y pacnpe,ll,e­

neHl151Ml1 G)o(X) 11 <p. (x), 113-3a MaJJbIX 3Ha4e-

HHH q, (B TOM 4HCJ1e 11 Ha nocJJe,ll,HeH J1Tepa­

u1111). flp11 3TOM He Ha6JJIO,ll,aeTc51: O)KH,ll,aeMoro 

B MHK coKpameH11S1 11Tepau1111 (no cpasHe­

HHIO c MTITI). TeM He MeHee, KaK BH.ll.HO 113 

rpaqrnKOB, np11se,ll,eHHbIX Ha p11c. 3, pacnpe­

,l],eJJett11e q>1 (x) cna6ee oTJJ111rneTc51 OT noToKa 

cp. (x) (nonyi-ieHHoro Ha nocJJe,ll,HeH 11Tepa-

u,1,m), YeM pacnpe,ll,eJJett11e <p1 (x) . HanoMHHM, 

YTO Ha 2-H HTepau.1111 B MTITI 11cnoJJb3YeTc51 

<p1 (x) , a B MHK - cpyttKUH51 q>1 ( x ). 

B Mo,ll,en11 TP (ornocS1w.ei-icS1 K Tpattc□opT­

HOMY peaKTopy C BbICOK006orameHHblM OK­

CH,ll,HblM TOnJJHBOM B rpacpHTOBOH MaTpHU,e, 

OXJia)K,ll,aeMOM CMeCblO )1(11,ll,KOfO CBHHU,a 11 

BHCMYTa) Y4HTbJBaJiaCb JJHWb 3aBHCHMOCTb 

MHKpOCKOTIHt.JeCKHX ceye1rnH pa,ll,11au110HHOro 

Jaxsarn 11 .lleJJett1151" 51.llep 
235U OT cpe,n.Heii s 

Ka)K,ll.OH 30He TeMnepaTypbl S~) TOTIJJHBa. 

flpHHHMaJJOCb, lJTO 3Ha4em1e si:,> □pOnOpUHO­
HaJJbHO cpe,n.HeM y no 0 6beMy TOTIJIHBa i - M 

30Hbl TenJ10BbJ,ll,e JJeHHIO 11 CB513aHO C TIOTOKOM 

HeHTpOHOB npOCTblM COOTHOWeH11eM 

(i) - / (i) -Sm -T0 +9~TW; E111 ~;W, W-Wi+W2 , 

W; = f1::<j>cp(x)dx, i=l, 2, (18) 

ll, 

r .ne Lj> - MaKpocKon11qecKoe ce4ett11e ,n.eJJe-

HH51, Eu, - 06beMHa51: noJJ51 TOnJIHBa, 
m "'"" 

'Fr, = 600 K, ~ T = l 500 K . CBOHCTBa 30H TIO,ll,0-

6paHhJ TaK, lJT06b1 pa3JJl14He Me)l(,ll,y MHK 11 

MIITI c,ll,eJJaTb 6oJJee 3aMeTHbJM, YeM B npe­

,ll.bI.llYLUeH 3a.LI,a4e. 

B pe3yJJbTaTe Bb16paHbl TOJlLUHHbl 

~I = 30 CM, ~2 = 18 CM H CJle.LI,ylOLUHe 3aBHCH-

MOCTH MaTepHaJibHblX napaMeTpOB 30H a ; OT 

TeMneparypbI si:,>: 
la;I = ( v I/ K (O) -1) a<;> 81<s\:,> ) -

ui c~u> ) u> · -1 2 c19) - ac g ,. ':>111 - ao , t - , , 

r.LI,e v 1 = 2,416, a K03<pcp111..01eHTbl a<;' , a;;> , a6iJ 
H o6beMHbie ,[1.0JIH TOTIJ111Ba e~:,> npHHHMalOT 

3Ha9eHl151, yKa3aHHble B Ta6JJ. 3. KpoMe Toro, 

npHH51Tbl KBa.LI,paT114HbJe annpOKCl1MaU.H11 

cpaKTOpOB pe30HaHCHOH caM03KpaHHpOBKH 
(i) (i) (i) 81(s,,,) , 8c(s,,,) OTTeMneparypbl Sm , TIOCT-

poeHHbJe C np11MeHeHHeM 3Hat.JeHHH 3THX 

cpaKTOpOB 11 .Ll,ODJJeposcKHX npHpameHl1H, KO­

TOpbie COOTBeTCTBYIOT 18-H rpynne s 26-

rpynnOBOM CHCTeMe 5111epHblX KOHCTaHT [7]. 

Yt.JHTbIBa51: COOTHOWeHH51 (18) 11 (19), .Ll,J151: 

HOpMbl llall noJJyYeHO 

IIGI!' ~ r' ( W ~~ ~J [ [ !t.[,IJ j ~' dx + [ :t;,IJ J, ~'dx l r~e r' = max[ ( Lj' ~ J A,, ( L~' ! )' A, l 
_~T[ (l>J dx.· W2 d(lng j>) c2>J d W1d(ln gT)] 

TJ - - a f <p - :-. o> + a f <p x :-. c2J . 
W lli W us,,, lli W OS 111 

Pac1.1eT 3Hat.JeHHH q , C.LI,eJlaHHblM C HC- o<p1 (x) = <p1 (x)-<p. (x), oq>i(x) = (pl (x)-<p.(x) 

TIOJJb30Bam1eM 3THX cpopMyJJ, .LI,aeT .Ll,JISI 1-H OT KOOp.LI,11HaTbl X, noJJyt.JeHHble (KaK 11 paHb-

11TepaUH11 q = 0 ,6571 ' a .Ll,JJSI noc11e)lHeH HTe- we) np11 O.Ll,HOH 11 TOH )Ke HOpMHpOBKe pac-

pau.1111 q=0,7363, 4TO no4rn B Tp11 pa3a npe- npe,n.eneHHH <p1(x), q>1(x), <p. (x). 

Bb1waeT 3Ha9ett11e q B npe.LI,hl.Ll.YLUeH 3ana4e. 

Pe3yJJbTaTbl HTepaUHOHHOro peweHH51 3a­

.LI,alJH, np11Be,ll,eHHbie B Ta6Jl . 4 11 5 , yKa3bJBalOT 

Ha 6011ee 6bJCTpyio CXO.Ll,HMOCTb HTepau1111 B 

MHK. 3TO o6b51CHSleT pHC. 4, r ,ne npe,ll,CTaB-

neHbl 3aBHCHMOCTH OTKJJOHeHHH 

T 6 a JJ u u a 3 n . apaMeTOhl MO,nem-t TP 
HoMep a"> Q (i ) au> 
30Hhl 

f C 0 

l 0,12687 0,05835 0,1023 
2 0,15430 0,07096 0,1320 

e<i> 
m 

0,3 
0,5 
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T 6 a J11fQ3 4 J1 VMnn 3Mettett11e e npouecce 11Tepaum1 xapaKTepHCTHK MO,nem1 TP 
N2 11Tepau111-1 0 I 2 3 4 5 

K(O) - 0,98398 0,98533 0,98547 0,98553 0,98554 s 

-(I) ;-(2) 
<l>s <l>s 1,3439 2,1824 2,3854 2,4163 2,4226 2,4233 

~:!\ - 1 581,0 1 736,6 1 761,3 1 764,8 1 765,5 

~!;,~ - l 119,0 963,4 938,7 935,2 934,5 

KHS - 1,6658 1,7092 1,7155 1,7167 1,7169 

qs - 0,6571 - - - 0,7363 

Ta6J111Qa . 3MeHeHHe e npouecce 11TepauIrn 5 J1 VMHK xapaKTCPHCTHK Mo,neJJH TP 
N2 HTepauww 1 

Oq>1 &{pl 
0,16 I I 

0,12 

0,08 

0,04 

0 

-0,04 

-0,08 

.~ 

I 
' I 

10 
---
~ -

" 

K(O) 
s 

-(I) ;-(2) 
<l>s <l>s 
-(I) ;-(2) 
<l>s <l>s 

~'..'.\ 
~!,;,~ 
KHS 

20 -- --
6 I 

I 
-0,12 "' ~ L/ 

I 

- 0,98398 

- 2,1824 

1,3439 -

- 1 581,0 

- 1 119,0 

- 1,6658 

I 

/ :",.. - ,__ 

V I\ 
I \ 

\ 

I ,,,.-- \ X -- -
---30 40 48 

Pwc. 4. OrKJJoHemrn pacnpen.eneHHH cp1 (x) H 

{pl (x) OT cp. (x) , Il0JJylJCHHbJe Ha 1-H HTepall,HH e 

Mnn H MHK ,nJJ.SI Mo,neJJH TP: a - 0TKJJ0HeHHe 
6cp,=cp1(x)-cp.(x), 6 0TKJJ0HeHHC 

6{p1 =<i>i{x)-cp.{x) 

Ecm, C'IHTaTb, 'ITO 11Tepau1111 npeKparn.a­

lOTCjj, Kor.n.a H3MeHeHMe K03<p<pHUJ1eHTa K!0
> 

pa3MHO)KeHHjj HeI-ITpOHOB He npeBhIWaeT 

0,043, TO Ha 3-tt HTepaUHM MHK 6y.n.yT no11y­

lfeHbI npaKTHYeCKH Te )Ke pe3yJ1bTaThl, lJTO l1 
Ha 5-H HTepaUHJ.-I MOTT. TipH 3TOM OTHOCH­
TeJlbHbJe H3Mettemrn OCTaJJbHblX xapaKTepHC­

THK (cpe,ll.HHX TeMnepaTyp ~'.:.) TOTTJlHBa, OTHO-
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2 3 

- 0,98553 - 0,98554 

- 2,4212 - 2,4236 

2,4072 - 2,4240 -

-

-

-

1 763,7 - 1 765,6 

936,3 - 934,4 

1,7165 - 1,7170 

-()) - (2) 
wemrn cpe.n.HHX no 30HaM noTOKOB <l>s I <l>s 

- (I) - (2) 
(B MTITI) HJTH <l>s f <Ps (B MMK) H K03<pcpH-

UHeHTa KHs ttepaBHOMepHocTH TennosbI.n.e­

nemrn) He npeBbIWalOT 0,003. 

3aKJIIOl.feHHe 

TipHBe,ll.eHHble BbIWe 'IHCJJeHHbie pe3yJlb­
TaTbl OTHOCjjTCjj K 3aJ].alfaM, B KOTOpbIX MaKpo­
CKOITHYeCKHe ceYeHJ,rn B3aHMO,ll.eHCTBHH HBJljj­
lOTCj! <pyHKUHOHaJJaMH HeihpOHHOfO TIOJljj, 
OKa3aJ10Cb, l.JTO npH peweHHH TaKHX 3a)lalf C 
noMOlll,blO npocrnro 11Tepau,110HHoro npouec­
ca (5) y.n.aeTCjj orpaHH'-IHTbCjj He60JJhWHM 
'-IHCJTOM HTepauHH. TipHMeHeHHe 6onee CJTO)l(­
HOro HTepaUHOHHOfO MeTO,lla (6), (7) COKpa­
rn.aeT o6rn.ee KOJTH'-leCTBO HTepaUHH npHMepHO 
s 2 pa3a. O,uHaKo, peaJJHJaUJ.U1 ero Ha npaKTH­
Ke no-rpe6yeT C03,llaHHH pac'-!eTHbIX nporpaMM 
)lJTH pewemrn JlHHeapH30BaHHbIX ypaBHeHHH. 
DblCTJ)O,lleHCTBHe TaKHX nporpaMM H CKOpOCTb 
(HJIH napaMeTp q) CX0)lHMOCTH HTepaUHH BO 

MHOfOM orrpe.n.em110T nepcneKTHBbl HCil0Jlh30-
BaHHR MeTo.n.a. 
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Y)U( 621.039.5 
PactJeT BbirOpaHHSI MCTO.ll.OM BepOSITHOCTCH nepBblX CTOJIKHOBCHHH 

C DOMOlll,blO cpeJJ.HHX XOp.ll. .ll.0 nepBoro CTOJIKHOBCHHSI 

T./0. Kapnyiu«u11, 
Hl1IJ, "KypLiaTOBCKHH 11ttcrnTyT", 123182, MocKsa, nJI. Kyp4arnsa, 1 

nocrymrna s penaKU,HIO 09.11.2010 r. 

TTpe,nCTaBJieH cnoco6 pac'-!eTa BblrOpaH11Jl MaTep11anoB JlYeeK 11 TBC C TI0MOU(bl-0 BOCCTaHOBJieHHblX Ha 
,naHHOM ware no Bblropamno MaTpHU BepOJlTHOCTeH nepBblX CTOJIKHOBeHHH HeHTpOHOB. Omtcatta MeT0.UHKa 
B0CCTaHOBJieHHSI H KoppeKTHI}OBK11 MaTpHU sepOJlTHOCTeH nepBblX CTOJIKHOBeHHH C TIOMOU(bl-0 cpe,UHHX xop.u 
.uo nepsoro CTOJIKH0BeHHSI HeHTpOHa, Bbl'-111CJieHHblX C noMOU(blO reoMeTp11'leCK0ro MO.Uynsi n0CTpOeHHSI CTO­
xacrnYeCKHX TpaeKTOpHH HeHTpOHOB. TTpe,UCTaBJieHbl pe3yJibTaTbl pacYeTa K03cp<pHU11eHT8 pa3MH0)Kemrn 
JJieMeHTapHblX JlYeeK C 113MeHeHHblM MaTep11anbHblM C0CTaBOM 0THOCHTeJibHO penepHoro, a TalOKe pac'-!eTa 
BbiropaHHS! MaTep11anos Jl'-!eeK H KacceT BB3P- I 000. 

K110'1e6b/e c.wea: HeHTpOli, sepOJlTHOCTb, MaTpHUa, xop.n,a, BbirOpaHHe. 

Burn-up Calculation by First-Flight Collision Probabilities Method Using Average Chords till First 
Collision. T.Yu. Karpuslzkin, NRC "Kurchatov Institute ", 1, Kurchatov Sq., Moscow, 123182. 

The method of bum-up calculation for materials of elementary cells and facilities using rebuild matrices 
of the first-flight collisions probabilities on the present time-step is presented. The rebuilding and correction 
method of matrices of the first-flight collisions probabilities using average chords till first neutron collision, 
which are calculated by geometry module of neutrons trajectories construction, is described. The calculation 
results of infinite multiplication coefficient for elementary cells with modified composition, relative to refer­
ence state, is presented. The bum-up calculation results for materials of cells and fuel assemblies of VVER-
1000 is presented. 

Key Words: Neutron, Probability, Matrix, Chord, Burn-up. 

Pac4eTbl M30T0nHoro COCTaBa TOTIJIMBa B 

ttacT05tW.ee ape~rn JIBJIHI-OTC5l pyTMHHOH 3ana­

qefi. ,Un5l peweHM5l ypaBHeHHH H30TOnHOH KM­
HeTHKH He06XO,llHMO 3H3Tb nJIOTHOCTb noTOKa 

HdiTpOHOB B o6Jiacrn, r.ue paCC4HTbJBaeTC5l 

BhiropattHe, M cpe;:tm1e no :mepreTWieCKOMY 

cneKTpy HeHTpOHHbie Ce4eHI15l M30TOTIOB. 3Ta 
HHCpopMaU,H5l .Zl0IlOJ1HHeTC5l uenO'-!KaMM pa,n11a-
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,........ 

LJ,HOHHbJX npespaw.eHHH 1130TOTIOB B pe3yJ1bTa­

Te 51.11.epHblX peaKLJ,HH, TIOCT051HHb1Ml1 pacna.na, 

BbIXO)lOM npo.nyKTOB .ne11eHID1 51)lep. 

PeweHHeM CHCTeMbl .n11cpcpepeHUl1aJ1bHblX 

ypaBHeHI-lH 1130TOTIHOH KHHeTHKH Ha He60J1b­

WOM BpeMeHH0M l1HTepsa11e orrpe,neJUleTC51 

HOBblH H30TOTIHblH COCTaB pa3HblX KOMTIOHeH­

TOB cpe,nbI, Ha OCHOBaHl111 KOTOporo no.nroTa­

smrnal-OTC51 HOBbie ceqeHH51 MaTepHMOB )lJ151 

peweHH51 npOCTJ)aHCTBeHH0-3HepreTHlfeCKOH 

3a.natt11 nepeHoca Hei-tTJ)OHOB Ha c11e.ny1-0w.eM 

ware pacttern Bb1ropaH11H. 

Ha116011ee ycnewHo peweH11e 3THX 3a.na1.J 

pean113yeTC51 .ll:Jl51 npOCTblX reoMeTJ)HH 3J1e­

MeHTapHbIX HtteeK, Kor.na .nmI pactteTa npocT­

paHCTBeHHOro pacnpe,neneHH51 HeHTJ)OHOB MO­

)KHO HCTIOJ1b30BaTb OTHOCHTeJ1bHO npOCTble H 

6bJCTJ)bie MeTO)lbl peweHH51 rpaHcnopTHOH 3a­

)lalfH. Hanp11Mep, pacnpe,ne11ett11e nom1 HeHT­

poHOB B MHOfOCJ10HHOH LJ,11J1HH,llpHtteCKOH, 

TIJ10CKOH HJ1H ccpepHtteCKOH reoMeTJ)HH MO)KHO 

ou,eHHTb C TIOMOUJ.bl-0 aHaJIHTH4eCKHX cpopMyJ1 

pact.JeTa sep051THOCTei-i nepBblX CTOJ1KHOBe­

Hl1H. O,nttaKo, .11.1151 11x pact.JeTa B 6onee cno)K­

HhIX 0611acrnx He06XO)ll1MO np11MeHHTb 4HC­

neHHbJe MeTO)lbl, lfTO conpH)KeHO C 60J1bllil1Ml1 

Bbl '-IHCJ1HTeJ1bHblMl1 3arpaTaMM. 

Tpy )lHOCTH 803H11Kal-OT npH paclfeTe CHJ]b­

HbIX BbirOpa10w.11x nornOTHTeneH, Hanp11Mep, 

ra)l,OJ111Hl151. I1110THOCTb TIOTOKa HeHTJ)OHOB B 

TaKHX MaTep11anax 6bICTpO yMeHbWaeTC51 OT 

nosepxHocrn BHYTJ)b nornonne11H. TipH pac­

lfeTe HY)KHO CJ1e)lHTb 3a 113MeHeHHeM 1130TOn­

HOf0 cocTasa B O'-leHb TOHKHX c110Hx. lb-3a 

60JibWOfO nornow.eHH51 51)lepHa51 KOHU,eHrpa­

U,1151 H30TOTIOB MeHHeTC51 6blCTpo 11 Heo6xo.D,H­

MO npoBO)l,HTb 8b]4HCJ1eHl151 C MeJ1Kl1M spe­

MeHHbJM waroM. 

B HaCTOHW.eH CTaTbe on11caH np116J1H)KeH­

HbJH MeTO)l BOCCTaHOBJ1eHH51 Marp11u sepOHT­

HOCTeH nepBblX CTOJ1KHOBeHHH no 3apattee 

paCCllHTaHHblM penepHblM MaTJ)HU,aM, 3aMeT­

HO ycKOp511-0UJ.11H pactteT C np11eMJ1eMOH T04-

HOCTbl-O. A11ropHTM peMl130BaH B Ka4eCTBe 

)lOTIOJ1Hl1TeJ1bHOfO MOJI.YJ151 nporpaMMHOfO 

KOMn11eKca UNK [I], 11Me10w.ero no.D,po6Hyt0 

6116nH0TeKy 51)lepHblX )],aHHblX Ha OCHOBe cpaii -

110B ou,eHeHHblX H)lepHblX ,naHHblX ENDF/B-6 
11 fo1611110TeKy BblXO)la npo,nyKTOB .ne11eHl151 B 
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3aBHCl1MOCTH OT ::mepr1111 HeHTJ)OHOB, Bbl3BaB­

lli11X .ne11eH11e. 

B nporpaMMHOM MOP.yne BURNUP, HH­

Terp11posaHHOM B naKeT, 113MeHeHHe 51)lepHOH 

KOHU,e1-1rpau.1111 113OTOTIOB Ha speMeHHOM ware 

paCC411TbJBaeTC51 C TIOMOUJ.blO aHMHTHtteCKHX 

cpopMy11. B UNK pean113osattb1 aHa1111rn1.Jec­

KHe MeTO)lbl pac4eTa sep051THOCTeH nepBblX 

CTOJ1KHOBeHHH ,llJ151 O.ll,HOMepHblX reoMeTJ)HH H 

ocHOBaHHbIH Ha MeTo)le xopP, Mo.ny11b •mcneH­

Horo paC4eTa MaTJ)HU sep051THOCTeH nepBblX 

cTonKHOBeHHH AJ151 CJ10)KHh1x re0Merp11i1. 

A11rop11TM peweHH51 3a)l,al.JH BbiropaHH51 B 

o6nacrnx co CJ10)KHOH re0Merp11ei1 c11e,Lzy10-

w.11H. Tiepe,n Ha'-iMOM pac'-leTa BbI4HCJI51IOTC51 

MaTJ)HUbl sep051THOCTeH nepBblX CTOJlKHOBe­

HHH ,llJ151 3a)laHHOH reoMeTJ)HH 11 MHOrorpyn­

TIOBblX ceYem1ii (89 rpynn), xapaKTep1ny10-

ru11x cocT051HHe TBC co cse)KHM Tonn11soM. 

3TH MaTJ)HU.bl 3aTIOMHHalOTC51 B KatJeCTBe pe­

nepHblX. 

B npou,ecce BbirOpaHl151 51)lepHa51 KOHU,eHT­

pau,1151 113OTOTIOB MeH51eTC51, CJ1e,ll,OBaTeJ1bHO, 

MeH51IOTC51 11 rpynnOBbJe cetJeHH51 . .D:llil HOBblX 

cetJeHHH c11e.nosa110 6b1 nepectJHTaTh MaTpHU.hI 

sepOHTHOCTeH nepBblX CTOJ1KHOBeHHH, HO 3Ta 

npou,e,nypa ,n1111TeJ1hHaH H B UNK peanH30BaH 

anropHTM BOCCTaHOBJ1eHJ151 HOBblX MaTJ)HU no 

penepHbIM no Mern.n11Ke [3], KOTopa51 no c y ­

w.ecTsy 3KCTJ)aTIOJ151UHOHHa51. 

J,fa penepHblX MaTJ)HU sep051THOCTeH nep­

Bb!X CTOJ1KHOBeHHH Bbl6HpaeTC51 tta116011ee 

6J1H3Ka51 MarpJ,UJ,a no COCT051HHIO MaTepHMOB 

( C HaH6011ee 6J1113KHMl1 TIOJ1Hb!MH MaKpOCKO­

TIH4eCKHMl1 Ce'-!eHH51MH) Ha .naHHblH MOMeHT 

BbirOpamrn. 3JJeMeHTb1 3TOH MaTJ)HU,bl KOp­

peKTHPYIOTC51 TaK, l.JTO seposrTHOCTb nepBblX 

CTOJ1KHOBeH11H c y4eTOM HOBhIX ceqeHHH yP.o­

sneTsopHeT COOTHOWeHHIO B3aHMHOCTl1 . KaK 

noKa3ana pac'-!eTHaH npaKTHKa, 3TOT anrop11TM 

np11ro,1J,eH }].1151 Tex c11Tyau,11H, Kor.na MaKpoce­

'-ieHHH MaTep11a11os B npouecce Bbiropamrn Me­

H5110TC51 He O'-leHb Cl1J1bHO. 

HoBblH a11rop11TM pac4eTa BbirOpaHH51 OT­

J1Hl.JaeTC51 OT OTIHCaHHOfO MeTO)lHKOH BOCCTa­

HOBJ1eHl151 HOBbIX MaTJ)JH.J, Bep051THOCTeH nep­

BblX CTOJ1KHOBeHHH. Cyw.ecrno ee COCTOHT B 

c11e.ny10w.eM. IlpH pacqeTe penepHbJX MaTJ)HU 

O)l,HOBpeMeHHO paCC4HTbIBalOTC51 " cpe,ll,HHe 

xop)].bl nepBblX CTOJ1KHOBem1i1'', T.e. cpe,[1,HHe 



....-

0TJ)e3Kl1 ny1-ra B)l0JJb npo6era HeifrpoHa, K0TO­

pble OH nepeceKaeT s 30Hax )],O nepsoro CT0JJ­

KH0BeHw1. 11 3Tl1 cpe)].Hl1e xop,ll.bl 3aTeM HC­

n0JJh3YI-OTC51 )],JJ51 B0CCTaH0BJJeHl1R H0BhTX MaT­

p11u. PenepHble MaTJ)l1Ubl paCCL!J1TbJBal-OTC51 

CTaTl1CTl1L!eCKl1M cnoco6oM. 

)lJJjj Ka)K)].OH pernCTJ)aU,110HHOH 30Hbl pa­

BH0Bep0}lTH0 no ee o6beMy pa3blrpb!Bal-OTC51 

T0tJKa crapra HeHTpOHa 11 ttanpasneH11e BbJJJe­

Ta. )lBl1)KeH11e HeHTJ)OHOB 8).1,0J!b :noro Hanpa­

BJJeHl151 np0,ll0JJ)l(aeTc51 )].O Tex nop, noKa cny­

•rni1tto He peaJJ113yeTC51 aKT CT0JJKH0BeHl151. Bo 

speM.si noneTa HeHTJ)OH M0)l(eT CT0JTKHYTbC51 11 

B TOH 30He, f)],e OH p0,llHJJC51, a M0)KeT npone­

TeTb 11 HeCK0JJbK0 pernCTJ)aU110HHblX 30H ).1,0 

nepsoro CT0JJKH0BeHl151. 

t.J:11CJJO CTapTOB NSi 113 30Hbl i cyMMMpyeT­

C.H, cyMM11pyeTC51 11 L!HCJJ0 CTOJJKHOBeHHH NCu 
B 30He j HeHTJ)OHOB, CTapT0BaBUH[X 113 30Hbl ;, 

Bepo51THOCTb Pu onpe,lleJJ5JeTc}l KaK 0THowe­

H11e 1-111cna cToJJKHOBeHHH NCu HeHTJ)OHOB s 

30He j, npHllle,llWHX 113 30Hbl i, K Il0JJH0My 

tJHcJJy cTaprns NSi 113 30Hb1 i: Pu= NCu INSj. 
O )].HOBpeMeHHO C perncTJ)au11eH CT0JJKH0-

BeHHH pernCTJ)l1PYI-OTC51 xop,llbl B Il0CJJe)],0Ba­

TeJJbH0 np0X0)],HMbIX np11 )],811)KeHHl1 HeHTJ)O-

Ha 30Hax. ,[(JJHHa xop,llbl lj,,, - 3T0 nyTb B 30He 

H0Mep m np11 k nepeceqeH1111 HeHTJ)OHa, pon11-

swerocH B 30He i 11 11cnb1Taswero nepsoe CT0-

JJKHosett11e B 30He j. Tor)],a cpe)].HHH nyTh 11n11 

cpe,llH}l}l xop,lla, npOH)],eHHa51 HeHTJ)OHOM B 30-

He m, 

Q,., } 
L ij/11 = Iti/11 QI/I ' 

k=l 
(1 ) 

r )],e Q111 - q11cno CJJYL!aes nepecet.Jemrn 30HhJ m 
HeHTJ)OHOM, p0,lll1BWl1MC51 B 30He i 11 11CTibl­

TaBW11M nepsoe CT0 JJKH0BeHHe B 30He j. 
Mo)l(HO npe,unoJJ0)KHTh, L!T0 ,UJJ.H He i1Tpo­

Ha, p0)],HBWerocH B 30He i 11 HCTibJTaBwero 

nepsoe CTOJIKH0BeH11e B 30He ) , sep051TH0CTb 

HC□bJTaTb 3T0 CT0JJKH0BeHHe 

l [1- exP{-L/ l ijj ) }xj - I .L;11

LiJ111)+} 
P .. =A.. 1\_ 111*1 ,(2) 

I) I} 

+[l-exp(-L/ Lil jjJ )] 

r.n,e Au - HOpMHpOBOl.{HbIH K03<pQr111.J,HeHT, K0-

TOpblH paCCl.{11TbIBaeTC51 H3 ycJI0Bl151 paseHCTBa 

sepO}lTHOCTeH Pu, onpe,lleJJeHHhIX no cpopMyJJe 

(2) 11 □p.sIMbIM pactJeT0M; :Et - Il0JJH0e cetJeHHe 

s 30He m; Lu111 - cpe,llH.H51. xop,na (1), npoti.ueH­

Ha.si HeHTJ)OHOM B 30He m □pH p0)K)lemrn B 30-

He i H CTOJIKH0BeHH11 B 30He ); L( - Il0JJH0e 

cetJeH11e B 30He j; Lw - cpe,nH5151 xop.na, npoi1-

.n,eHttaR HeHTJ)OHOM B 30He j npH p0)l(.D,emm B 

30He i H CTOJJKH0Bemrn B 30He ); Llljjr cpe.n­

H}l}l xop.n,a, npOH)leHHa.H HeHtpOHOM B 30He j 
np11 p0)K)leHHH B 30He j H CT0JIKH0BeHHH B 30-

He j 6e3 npoxo)K)].emrn .upyrnx 30H. K03cpcp11-

u11eHTbI Au 3an0MHHaIOTCH nocne nepsoro 

pacqera H HC□0Jlh3YIOTCH )lJI51 pactJeTa Bepo-

5JTHOCTeH np11 H3MeHHBWHXC51 TI0JJHhlX cetJe­

HH}lX. 

B octtose .n,aHHoro cnoco6a pacqfaa sepo­

HTH0CTeH JJe)KHT cne,nyI-Omee □p0CT0e npe.n­

Il0JJO)KeH11e . flpH np0XQ)l(,lleHHH HeHTpOHa 

CKB03b sew,eCTB0 sep051TH0CTh npOHTH CJJOH 

TOJIIIJ,HHOH L 1 c noJJHbIM ce'-:lemt:eM 1:1 cpe,nhI 

6e3 CTOJJKHOBeHHH ecTh exp(- L 1L 1). ,[(anee, 

sep051TH0CTb CT0JIKH0BeHH51 B CJJ0e UJ., CJJe)ly-

1-0llJ,eM 3a cnoeM L1 11 HMeI-OmeM celJeH11e L 2, 

ecTb [1 - exp(- L 2L 2)]exp(- L1L1). 
Tipe,nnOJIO)l(eHJ.-t:e 3aKJTl0lJaeTC51 B TOM, '-IT0-

6bI npHMeHHTb )laHHYl-0 cxeMy )],Jl51 pactJeTa 

Bep051THOCTeH nepsbJX CTOJIKHOBeHHH )lJl51 

CJIQ)l(HOH reoMeTJ)HH, HMe51 B HaJJHlJl1H cpe.n.­

HHe xop,llbl )l0 nepsoro CT0JJKH0BeHHH. T.e. 

6y,ueM c•rnTaTb, tJT0 ttei1TpoH, BhIJJeTeBWHH H3 

30Hbl i 11 HCilhlTaBWHH nepsoe CT0JJKH0BeHHe 

8 30He ), nocJJe)l0BaTeJJbH0 np0X0)],HT see 30-

Hbl H0Mepa 1 . . . N, 11 T0JJIUHHa CJJ051 Ka)l()lOH 

30Hbl eCTb BeJJH'-111Ha cpe.n,HeH xop.Ubl .uo CT0JJ­

KH0BeHl151 )],JIH .n,aHHOH 30Hbl npH ycJI0BHH po­

)K)leHHR B 30He i H CTOJJKH0BeHHH B j. 
TaKHM o6pa3oM, cpopMyna (2) )],JJH pacqe­

Ta BepOHTHOCTeH nepBblX CTOJIKHOBeHl1H 11Me­

eT npOCTOH 4)11311'.f'eCKHH CMblCJJ: nepsoe CJJa­

raeMoe ecTb sep0HTH0CTb HeHTpOHOB, p0,llHB­

Wl1XC51 B 30He i , }l0JJeTeTb )10 30Hbl j 11 HCilbl­

TaTb B HeH CT0JJKH0BeH11e, BT0poe - sep0HT­

H0CTb HeHTJ)OHOB, p0)],HBWHXC51 B 30He i, HC­

nhITaTb CT0JJKH0BeHHe B Hdi )Ke. JilcnOJib30Ba­

HHe 3TOH cpopMyJibl )lJJ51 .upyrnx cet.JeHHH B 

cpasHeHHH C TeMH, np11 K0T0pblX pacc•rnTaHbl 

penepHbJe MaTpHUbl, Be,UeT K npaBHJihH0MY 

H3MeHeH111-0 sepoHTHOCTei1. Hanp11Mep, ecm1 s 

KaKOH-TO 113 30H Ha nyrn HeHTpOHa H3 i B j 
Il0JIH0e Ce'-lemte CTaHeT 6eCKOHeLJHO MaJJhJM, 

npocTO o6ttyJJHTC51 BKJJa)], B COOTBeTCTBYI-OIUHH 
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OTITHt.JeCKHH nyTb H Bepo.HTHOCTH KoppeKTH­

pyl-OTCH B H)')KHYl-0 CTOpoHy. 

B npouecce BblropaHHH IlOJIHble cet.J.eHHH 

MaTepHaJIOB B 3OHax 6y.n,yT MeH.llTbC.ll. Ilo.n,­

CTaBHM s cpopMyny (2) HOBbie cet.JeHHH Lj1> H 

CKOppeKTHpyeM sepO.llTHOCTl1 Pu C yt.JeTOM 

HOpMHpOBKH Ha e.D,HHHUy: 

P;°' = P,/t,P,. (3) 

CKoppeKTHpyeM He,zrnarOHaJibHbie 3Jie­

MeHTbJ nonyt.J.eHHOH MaTp11Ubl C nOMOll.lblO co­

OTHOllJeHH}l B3aHMHOCTH 

p ~I) = 0 5(P.(O)v_L(_1) + p (O>v_L(I) )/(VL(~)) (4) 
I) ' IJ I /I JI I IJ I II ' 

.D:ttarOHaJibHble 3JieMeHTbl Bb]t.J.HCJI.lll-OTCH KaK 

N 

p CI) = 1-" p ~I) (5) 
ti L...J I) • 

j# 

BoccTaHOBJieHHbJe TaKHM o6pa30M MaTpl1-

Ubl sepmITHOCTeH nepBblX CTOJIKHOBeHJ,fH .D,JIH 

HOBhIX cet.J.eHHH Lf) np11MeH511-0TCH .n,nH pewe­

HHH 3a,uat.J.H nepeHoca. Ha cne.n,yJ-Oll.leM ware 

no BbirOpaHHl-0 sepo.HTHOCTH BOCCTaHaBJIHBa­

JOTCH C nOMOll.lbl-0 HOBblX IlOJIHbIX cet.JeHHH 

L}2). 
Bhrt.J.HCJI51eMbJe tta Ka)K,D.OM mare no spe­

MeHH TIOnHble cet.Jemrn .D,J151 .n,aHHOH 3HepreTH­

t.JeCKOH rpynnhl MOryT CHJlbHO OTKJIOHHTbCH 

rt, llcM 

0 0 

gl 
g2 

0 .. g3 

0 0 

0 
0 

0 
0 

2 3 4 5 6 
HoMep 30HbI 

PHc. 1. Bb16op -rpex penepHbJX :mepreTHYeCKHX 
rpynn c ttaH6onee 6nH3KHMH nonHhJMH ce'-!emrn­
MH: 1 - cet.J.eHHSI Ja.[\aHHOH rpynnbl Ha O'-lepe.n.1-10M 
ware no speMeHH 
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OT nepBOl-lat.JaJibHbIX penepHbIX cet.J.eHHH B TOH 

)Ke rpynne. IlmrnMy npe)l(.n,e t.JeM no.ucras­

JI.l!Th cpe.n,HHe xop,D.bl ( 1) s COOTHOWeHHe (2) 
npOH3BO.D,HTCSI IlOHCK TpeX rpynn penepHblX 

cet.JeHHH, HaH6onee 6mnKHX K cet.J.eHH.llM 3a­

.uaHHOH rpynnbr Ha O'-lepe,uHoM ware no spe­

MeHH (pHc. 1 ). Bb16Hpa1-0TCH TpH penepHbJe 

rpyrrnhJ g1, g2, g3 C HaHMeHbWHM cpe.n,He­

KBa,upaTH4eCKHM OTKJIOHeHHeM 

N 2 

X = L [ I.:t - L;] , r.n,e I.~g) - nOJIHbie Ma-

i=! 

KpOCKOilHtJeCKHe cetJeHHH 3HepreTH4eCKOH 

rpyrrnhl g, .llJlH KOTOpblX Tpe6yeTC.ll pacct.J.H­

TaTb MaTpHUY BepO.llTHOCTeH nepBbJX CTOJTK­

HOBeHHH; L - nOJIHhle MaKpOCKOilH'-leCKHe 

rpynnOBbJe ceqemrn, ,LI.JI.ff KOTOpb!X paCCt.JHTa­

Hbl cpe.llHHe xop,ub1. 

CyMMHpOBaHHe npOH38O,D.HTCH no BCeM 

reoMeTpHt.JeCKHM 3OHaM. Tor.n,a cpe,uHHe xop­

.D.hI H K03cpcp11u11eHTbl Au ,UJlH no.D,CTaHOBKH B 

COOTHOWeHH.e (2) KoppeKrnpyJOTCH npOCTOH 

HHTepnoJI.llUHeit 

(B) = [tx(g,r' B"' ]/tx(g,r', 
r.n,e B KaYeCTBe B (k) ITO,UCTaBJJHI-OTCH 3HaYeHH.ll 

r<k> LJJ(k) A (k) 6 
L ijm , jjj , ij , Bbl paHHble ,D.ml TpeX rpynn 

C MHHHMaJibHblM cpe,uHeKBa,upaTH'-leCKHM OT­

KJlOHem,eM X(g1), X(g2), X(g3). 
Ilonyt.JeHHble cpe,D.HHe xop,Ubl (pHC. 2) 11 

K03cpcp11u,HeHTbl HCTIOJlb3YI-OTCH B BOCCTaHOB-

g=l :nt 
g=2 7ft 
g=3 7{; 
g= 4 m{; 

l ; 

! 
g=89 m,-.R 

i ♦ J ~ 

<L> 

/ 

PHC. 2. Bb16op cpe.D.HHX XOPA (g = 1 ... 89 - HOMepa 
3HeprenP-1eCKHX rpynn; L,jm - MaCCHB cpe.D.HHX 
xop.n.; <L> - pe3ynbrnpy10ll.l,HH MaCCHB cpe,nHHX 
xop)l) 



JleHHH sepOHTHOCTeH )lJIH HOBblX ce'-leHHH 

L ~g) c noMOW,blO COOTHOWellHH (2) . . . (5). 

3¢cpeKTHBHOCTb pa3pa6oTaHHOH MeTO)lH­

KH nposepeHa np11 pac'-1fae ::>neMeHTapttoH 

H'-leHKH. reoMeTpHH ::rneMeHTapHOH H'-IeMKH 

Q)HKCHpOBaJiaCb, 11 3anOMHl-laJil1Cb penepHble 

M aTp11Ubl BCpOHTHOCTeM nepBblX CTOJlKHOBe­

HHH 11 xop)lbl TOJJbKO )lJJH )lByx 3HepreT111.Jec­

KHX rpynn. Docne 3Toro pacc'-IHTbJBaJ1HCh 

Jlpyrne (no MaTep11a11hHOMY cocrnsy ) st':leHKH 

C np11MeHeHHeM 3THX .usyx penepHblX M3TpHl.1, 

H xop)l. 

TaKoH )Ke pac'-leT BhmonHeH 11 .unH cny­

YaH, KOr.ua 3a noMHH3JJHCb 89 penepHblX MaT­

p11u BepOHTHOCTe H H COOTBeTcTBy 10w.11x HM 

cpcnH11x xop .u (Jl.'lst scex ::m epreT1111ecK11x 

I py1111). Pac(.,1.JHJaB 25 }14~1.!K p a3HOro COCTaBa, 

B I,() I ._)pbl)I. ueCk:OIIC4 llblM K0'3Q)Q)HUHe 1rr pa3-

\ll JO,KCIIWI ~1 ~ IL IIH, JCH 01 0,3 ,llO 1,5, cpaBIIH­

.111 C p ac<1eTOM. rne 11cnOJ1h30BaJI11Cb a llaJI HTH­

lJC( d 1e ¢ o p,1y.11,1 l JUI sepoHTHOCTeH nepBhlX 

CH 1hHOBe1rnii. 

Kai;: s 11 'lHO Ha p11c. 3, s cnyy ae pacYeTos 

TOrfb l(() C ' IBY1'H1 pen epHblMH MaTpHUaMH n o­

r pe1mwc r1, B pac'-!eTe Ky He npe BbIWaJia 4,5 
'Yr:. a 11p11 pac'-lernx c 89 p enepHblMH MaTp11-

11cP,U1 MaKCH\13JlbH3H n orpeWHOCTb COCTaBnn a 

0,37 %. C m :! 1ye·1 o n 1eT11TL, l lTO ce4e1rnH Ma-

1 -.-- --! ~-on• on o □- ~ - - □□ " ~ □ ~a~i 
-3 -I 
4 i 

I 
I a) 

(1) 
'i ' S'. o.2t r 

(1) 
r 
0 
~ 
f-u 

0 

-0,1 

-0.2 

-0,3 · 

-0 4 I I I I 

4 7 10 13 16 19 22 
HoMep pac1.iera 

Ill.. 3 0 1 K.I0 llt:HIIC 6 e cKOHeLJHOro KOJ<p<jrnuHeH­

l,1 p ,15:\ll!Oiht:IIIUI OT TO'-IHOrO pac LJera npH HC-

0 II, lOB,1 111111 pL!ll:pll t,I ', ~tar p11u BCpOllTIIOCTeH: a) 

HI) x ; 6) - B0Cb MH;leC.HTII ,neBllTH 

TepHaJJOB B penepHblX pac'-!eTaX B HeCKOJlbKO 

pa3 OTJlH'-laJJHCb OT aHaJJOrJ,l4HblX ceLJeHHH .llJlH 

KOHKpeTHOH HYeMKH. 

IIpoH3Be)leH pac'-!eT 6ecKoHe'-IHoro K03cp­

cp11u11e11Ta pa3MJIO)KeHHH ypal!OBOH H'-leHKH 

BB3P-J 000 s npouecce Bb1ropaH11H, Ton1111so 

KOTOpOH pa36HTO Ha IlHTb KOJJbUeBblX 30H 

(pHc. 4). PenepHble MaTpHl.l,bl 11 xop,LI,bl BblllHC­

JleHbl Ha HaYaJibHOM ware. )J:anee M3Tpl11J,bl 

BepORTHOCTeH nepBblX CTOJIKHOBeHHH BOCCTa­

HOBJJeHhl Ha Ka)K)],OM ware no speMeH11. War 

no BpeMel-111 - flHTb cyTOK. 

l13MeHeH11e Koo c Te'-leHHeM speMeH11 no­

Ka3aHo Ha p11c. 5. )],aHHbJM pacYeT npose)],eH s 

cpaBHeHHH C pac'-leTOM, r)],e MaTp11Ubl sepoHT­

IIOCTeH nepBblX CTOJIKHOBeHHH BbllJHCJISI.IOTCH 

no a l taJIHTHYeCKHM 33B11CHMOCTHM Ha Ka)K)lOM 

ware Bb!rOpaHml. KaK nOK333HO Ha pHC. 6, 
M aKCl11\13.JlbHOe OTHOCHTeJlbHOe OTKJJOHeH11e B 

Kr,;; OTHOCHTeJJbl-10 paC4eTa Yepe3 M3Tp11Ubl, 

--1 

3 

PHc. 4. JI<1eHKa B8'3P-l000: I - so,na; 2 - o6o­

n04Ka; 3 - Tonmrno U02 

1,2.-- --------------, 
K. 

0,8 

BpeMfl, cyr 
0,6 ':----''---L----'----'-- ~ L--l 

0 500 1000 1 500 2 000 2 500 

PHC. 5. 3 aBHCHMOCTb 6ecKOHeYHOro K03q>q>HUH· 

e11Ta pa3MH0)KeHI-UI OT speMeHH BbrropaHHR HLJeH­

KH BB3P-1000 
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-
0,3r--:::-------,-,------------, 

OTKil0HeH111e, % 

BpeMR, CYT 
-01:--~::----:---:L:--:--:-'---~---'--

' 0 500 1000 1 500 2 000 2 500 

PHC. 6. OTHOCHTeJihHOe OTKJJOHeHHe 6ecKOHeYHO­

ro K03cpcpm.1,HeHTa pa3MHO)Kemu1 RtteHIOI BB3P-

1000, paCC'-IHTaHHOro no MeTOJ].HKe cpe.11.HHX xop.11., 

OT K03cpcpHU.HeHTa, pacCYHTaHHOro C TIOMOIUb!O 

amUIHTHY.eCKHX 3aBHCHMOCTeJf MaTplHf. aepOHTHO­

CTeH nepshrx CTOJIKHOBeHHH 

BbIYl1CJieHHbie aHaJil1Tl1'-leCK11, He npeBbJWaeT 

0,23 %. 
KaK BH.UHO H3 p11c. 7 a), .um1 BHeurnero 

TOnJil1BHOro CJIO51 MaKCl1MaJibHOe OTKJ1OHett11e 

Ko 
2350 V HUett-rpau1111 OT 3Ha'-!emrn np11 attaJIH-

Tw-1ecKoM Bbl'-IHCJieHHH MaTp11U Bep051THOCTeH 

,llOCTHraeT 6 %. O.uttaKO Ha nporn)KeHHH nep­

BblX 520 cyT OTKJlOHeHHe He npeBblillaeT 1 %. 
MaKCHMaJibHOe OTKJIOHeHHe KOHUeH-rpau,rn 
2380 (pHC. 7 6)) He npeBbllllaeT 0,02 %, a 

239Pu 
(pHC. 7 B)) - 1 %. 

Onpe.uenetto Bbiropam-1e MaTepHaJIOB qipa­

rMeHTa TBC BB3P c Bbiropaiow,HM ra.uo11H­

m 1eBbIM nornonne11eM (pHC. 8) C nOM0W,blO 

0 r--~------------
-1 
-2 
-3 a) 
-4 
-5 

0 _5 L--~--~--~-...:::::::~::!::::::!~ 
cf:. 0 01 ,---- -------- -----

g 0.005 I ! 
I ~i~i, ._=

5

=) ==:::::=====::::::====:::::=~====::::===="~· 
0 :~:if 

~:;Ll 8_) ~>~:::. ··~~:~~-•~] 
' 5 1 005 1 505 

BpeMH, CYT 
2005 2 505 505 

PHC. 7. OTHOCHTeJJbHOe OTKJJOHeHHe K0HU,eHTpa­

Ul1H H30Tona npH pacYeTe aepOHTHOCTeH MeT0)],0M 

cpe)],HHX xop.11. OT KOHU,eHTpaUHH npH pactJeTe ae­

pOHTHOCTeH no aHaJIHTHYeCKHM 3aBHCHMOCT51M: 

a) 235U; 6) 238U; B) 
239

Pu 
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a) 6) 

P11c. 8. <l>parMeHT TBC BB3P c Bbiropa!OIUHM 

nornOTHTeJJeM (l - TOnJIHB0 ,ll,HOKCH)], ypatta; 2 -
so.11.a ; 3 - UHpKOHHH-HH06HeBaH 060110'-IKa; 4 -
ra.11.0JIHHHeBbIH nornoTHTeJJb): a) C pa36HBKOH no­

fJIOTHTeJIH Ha KOJJbUeBbie 30Hhl; 6) - C pa)],HaJJbHO­

a3HMYTaJibHOH pa36HBKOH Ha 30HhI 

pacqera Ma-rpHU Bep051THOCTeH nepBblX CTOJIK­

HOBeHHH MeT0.U0M MoHTe-Kap110 Ha Ka)K,U0M 

ware BbirOpaHH51 (3TOT pac'-!eT C4HTaJIC51 pe­

nepHblM), npH Il0M0W,H MeTO,UHK [3] 11 cpe.u­

HHX xop.u. Ka)K.l].bIH TB3J1 c ra,n:oJIHHHeBbJM no­

rnoTHTeJ1eM pa36HT Ha TPH pa.UHaJlbHble KOJlb­

ueBbTe 30HbI .UJI51 6011ee no.upo6Horo pac'-leTa 

BbirOpaHl151. 

Ha pHC. 9 npe)].CTaBJleHbl pe3yJ1bTaTbl pac­

'-leTa no BCeM TpeM MeT0,UHKaM Ha apeMeHH0M 

11HTepsaJie HaH6011ee aKTHBHOr0 Bb!ropaHH51 

nornOTHTeJ151. KaK BH)].HO H3 p11c. 10, OTHOCH­

TeJibHOe OTKJIOHeHHe npH pacqeTe K00 C TIO-

1,02 K_ 

1 

0,98 

0,96 

0,94 

0,92 

0,9 

BpeMs:i, cyi-

50 100 150 200 250 300 350 400 

P11c. 9. EecKoHeYHbIH K03cpcp11u.HeHT pa3MHO)KeHHll 

cpparMeHTa TBC B 3aa11c11M0CTH OT speMeHH Bbt­

ropaHHll: • - pactteT C BblYHCJJeHHeM MaTpHU. se­

ponHOCTeH nepBblX CTOJJKHOBeHHH MeTO)],0M 

MoHTe-Kapno Ha Ka)KJJ.OM ware BbtropaHHH; A -
paCY.eT C BblYHCJJeHHeM aepOHTHOCTeH nepBblX 

CTOJJKHOBeHHH no MeTOJ].HKe [3] Ha Ka)K.l].0M ware 

BblrOpaHHH; D - paC'-leT C BOCCT8H0BJJeHHeM MaT­

pHU sepOHTHOCTeH Yepe3 cpe,nHHe xop,D.bl 
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PHC. 10. OTHOCHTeJJbHOe OTKJJOHeHHe 6eCKOHeLJ­

HOro KO)cpcjmuHeHTa pa3MHO)l{eHHSI <pparMe~Ta 

TBC B 3aBHCHMOCTH OT BpeMeHH Bbtropamrn OT 

penepHoro pact.fern: - pact.feT c BbJLJHcne­

HHeM BepOS!THOCTeH nepBblX CTOJJKHOBeHHH no 

MeTOJJJiKe [3] Ha Ka)l{.[l0M ware BbirOpaHHSI; 

- - pact.feT C BOCCTaHOBJJeHHeM MaTPHU se­

pOS!THOCTeH qepe3 cpe,ll.HHe xop,ll.bl 

MOUJ.blO BOCCTaHOBJleHJUI MaTJ)HU. MeTO,llOM 

cpe,UHHX xop.n, OT pac'-leTa C Bbl'-IHCJleHHeM 

MaTJ)HU. MeTO,llOM MoHTe-KapJJO Ha Ka)K,llOM 

ware BhiropaHH,Si He npeBhJUiaeT 0 ,5 %, B TO 

speM,Si KaK MaKCMMaJlbHOe OTHOCI-ITeJJbHOe OT­

KJlOHeHHe npH BOCCTaHOBJleHHH no MeTO,llHKe 

[3] OT penepHoro pac'-!faa cocTaBHJJO 2,4 %. 
)],JI,Si rnro )Ke <pparMeHTa TBC npoBe,UeH 

pac'-!eT c a3HMYTaJJhHOH pa36MBKOH nornow.a­

iow.ero )JleMeHTa (pHC. 8 6)). Ha pHC. 11 ,llJl,Si 

BOCbMOfO K0JlbU.eBoro CJlO,Si np11Be,UeH0 OTHO­

U1em1e KOHU.eHTpau.m-1 
154Gd ,llJlH cerMeHTa, 

o6paw.eHHOfO K BO,lle, K KOHU.eHTJ)al.l,HH 
15➔Gd 

.un.si cerMeHTa, o6parn.eHttoro K Tonmrny. 

BbrnOJJHeH pact.feT BbirOpaHH.s! MaTep11a­

JlOB KacceTbJ BB3P- l000 c MOX TOnJ111BOM H 

,llBeHa.n.uaTblO TBJraMH (p11c. 12). Pac'-leTHa.si 

1~---- ---------- ~ 
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P11c. 11. OTttoweHHe KottueHTpaum-1 
154Gd s cer­

MeHTax, o6pa~eHHblX K BO,!l.e/Tonmrny, B 3aBHCH­

MOCTH OT BpeMeHH BbirOpaHHH 

-10 -5 0 

L\eHTpailbHbl~ K8HaI1 

CTep>KeHb ynpasneH"1fl 

T B3!lbl __,/' 

C MOX T0n!l"1B0M -.......____ 

Ts3r (U-Gd) 

5 10 

P11c. 12. KapTOrpaMMa TBC c MOX TOITJJHBOM 

MOUIHOCTb 108,1 BT/CM
3

, BpeMeHHOH Uiar 5 

cyT, K0J111t.teCTBO HeHTJ)OHHblX HCTOpHH 4-107
. 

Pac'-!eT MaTJ)HI.~ sepOS!THOCTei-1 nepsh1x cToJJK­

HOBeHHH HeHTJ)OHOB MeTO,llOM MoHTe-KapJJO 

npOI-1380,llHTC.s! T0JlhKO Ha Ha'-!aJlbHOM 3Tane 

,llJlSJ "cse)Kero" Tornrnsa, Ha Ka)l{,UOM ot.tepe,ll­

HOM Uiare no speMeHH H0Bble MaTpHUbl Bbl-

411CJ1.s!}OTC,Si C noMOW.blO MeTO,llHKH cpe,UHMX 

xop,n. Ha p11c. 13 npe,llCTaBJleHbl pe3yJlbTaThl 

JToro pac'-!eTa. 

ilapanneJJbHO c pac'-!eTOM no MeTo.n11Ke 

1,22r------------------, 
K. 

1, 17 

1, 12 

1,07 
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P11c. 13. 3aBHCHMOCTb 6eCKOHet.fHOro KO)<pq>HUH­

eHTa pa3MHO)l{ett11si TBC OT BpeMeHH BbiropattHH 
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PHC. 14. OTHOCHTeJTbHOe OTKJTOHeHHe B 3aBHCHMO­

CTl1 OT speMeHH BbirOpaHHff 6eCKOHe4HOro KOJcj>­

cj>HUHeHTa pa3MHO)l(eHH.II cpparMeHTa TBC. pac­

C4HTaHHoro no MeTO,n,HKe cpe.nHHX xop,n, OT pac-

4CTa no MeTO,U.HKe [3] 

cpc.rumx xnp;.i npo1nso;111 1cS1 pac,1i:T s1,1ropa-
111rn c JJOT\Hltdi.10 ,10;1y. rn UNKPIJ 113 n .. c 1. 

UNK, 111,1,1i1 HltlULc10 Ma1p11111,1 Bil(' ,_1:rn 
1511 I , 

' ll1CJ!t;II IUI l\ 

KaK n11 lll I L 

o6eHM l\lCl O,,:UtKal\1 XOj)l)[JH COi n.icy,o 1 CH \te­

iK.,lY cooc,ii 11p11 pac,,e·, c I BC BB'-1P- 1000. 
M aKCllT\ta:IbHOC paCX.OiK!lelrnC COCTaB.1.IICT HC 

60.1ee 0, I l !fr. 

la".110Yet111e 

no ''-IIIILIL JJOKU%1Halol, 

LJTO MCH)TJ.' I fl B(h.'CtaHOHJlCllllH Bcpm11 HOClt'lf 

L!t:pe~ er e \ I l HCIIO Jl,3()-

Ball.l "l l 1➔ 1' 

n 
H0131101I pCC) i..; or II 

peamnau,11J.1 MeTO,UHKH cpe.nHHX xop.n, - :no 

naMHTb 3BM, 11 ee npHMeHeHHe BMeCTO np.11-

Moro pacLJeTa BepO..!!THOCTeH MeTO)].OM Mmne­

Kapno .naeT B03MO)l<HOCTb cymecrneHHO co­

KpaTHTh BpeM..11 pac'-!eTOB 11 BbinOJTH..l!Tb HX C 

BbICOKOH CTenellbl-0 .uernn113au,1111. MeTOD,HKa 

..IIBJJ..lleTC..11 .neTepMHHHCTHLJeCKOH, '-!TO □03B0Jl.11-

eT Hanp..11My1-0 ou,ett11saTb pa3Horo po.na He-

6onbw11e B03Myw,eHH..II, Ba)l(Hble .nm1 npaKTH­

lJeCKoro npoeKTHpOBaHH..11. 
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Pacl.feT HeiiTpOHHO-<l>H3HlfeCKHX xapaKTepHCTHK 
6hlCTporo peaKTOpa s CTaU,HOHapHOM peJKHMe neperpylOK 

A.H. He611n111(a, B.H. Mam6ee6, B.TO. CmozoB, B.A. t/epnb11"i, 
<DrYn "fHU P<l>-<D3l1", 249033, r. O6HHHCK Karry)KcKow o6n., nn . .6oH.napeHKO, l 

nocryni:1na B pe.naKLlHJO 22.11.2010 r. 

Tipe.ucTaBneHO om1caHHe aJJropHTMa H rpexMepHOH .umj><j>y3HOHHOH nporpaMMhl pacYeTa HeHTpOHHO­
qlH3H~eCKHX xapaKTepHCTHK 6hlCTpOro peaKTOpa, pa60Tat0ruero Ha HOMHHaJJbHOH MOIUHOCTH B CTaU.HOHap­
HOM pe)KHMe paBHOMep11O-•1acTHYHhIX neperpy3oK TBC. ,[l,m1 06ecne4em,u1 Heo6xo,uHMoro Janaca peaKTHB­
HOCTH onpe.uem1eTCji rpe6yeMoe Konwtecrno rnnmrna B TBC, 3arpy)KaeMhIX B peaKTop. PacYeT KOJIHYecrna 
TOfiJIHBa ocyrueCTBJijieTCji npH ycnOBl1J1 Bh!paBHHBaHHji nOJijf 3HeprOBbI,UeneHf,fjf no pa.uwycy aKTHBHOH 3OHhl. 
TiporpaMMa Mo.uenHpyeT peaJJhtty1O cxeMy neperpy'loK TBC, Kornpajf xapaKTepH3YeTCji npoH3BOJibHhIM pac­
nono)KeHJ-teM neperpy)KaeMhJX rpynn TBC H 3a,uaHHeM pa3nHYHOH KpaTHOCTH wx neperpy3OK. Pa6orn npor­
paMMht npo,n.eMOHCTpHpoeatta pacYeTOM o6oraruettHjf TonnHBa TBC peaKTopa EH-600. 

Kmo'le6bte CJ1oea: 6h1CTphIH peaKTop, neperpy3KH TBC, K'xJ>, none :>HeproBhI,n.eneHf,fjf, o6oramettHe TOnnHBa. 

Calculation of the Fast Reactor Neutron Physics Characteristics in the Fuel Reloadings Equlibrium 
Regime. A.I. Nevinitsa, V.I. Matveev, V. Yu. Stogov, V.A. Cherny, Obninsk Institute for Physics and Power 
Engineering, 1, Bondarenko Sq., Obninsk, Kaluga Region, 249033. 

It is presented the algorithm and the three-dimensional diffusion code for the calculation of the neutron 
physics characteristics of the fast reactor operating at the nominal power in the stationary regime of the uni­
formly partial refuelings. It is defined the fuel quantity in the subassemblies loaded into the fast reactor which 
is required to provide the necessary reactivi ty margin. The fuel quantity calculation is done under the condi­
tion of the power flattening along the reactor core radius. The code models the real scheme of the subassem­
blies refuelings characterized by the refueled subassemblies groups arbitrary arrangement and by the refueling 
different multiplicity. The work of the program was demonstrated by the fuels rods subassemblies enrichment 
calcu lation for the BN-600 reactor. 

Key Words: Fast Reactor, Subassemblies Refueling, K,,r,. Power Density Field, Fuels Rods Enrichment. 

BoeJJ,emte 

O.nHa 113 0CH0BHbIX 3a,lla'-I npoeKTHp0Ba­

HH.sl peaKTOpa 11a 6hJCTJ)blX HeHTJ)OHax 3aKJIJO­

YaeTC..sl B pacYeTe era Ba)l<HeHWeH HeHTpOHHO­

q>H3H4eCKOH xapaKTepHCTHKI1 - KOJIH'-leCTBa 

rnnn11sa B TBC, 3arpy)KaeMbIX B aKTHBH)'JO 

30HY B CTaL{H0HapH0M pe)KHMe paBH0MepHO­

YaCTH'-IHbIX neperpy30K, co.nep)KaHHe KOTOpO­

ro .ll.0Jl)l(H0 o6ecne'-IHTb Heo6XO.LJ.HMbJH Janae 

peaKTHBHOCTH npH YCJI0BHH BbipaB~IHBaHH.sl 

3Hepr0BbI,lleJieHH.sl no pa.ni:1ycy aKTHBHOH 30-

Hbl ,llJI.s! pa60Tbl peaKTopa Ha HOMHHaJibHOH 

M0lllH0CTH Me)l<.LJ.Y neperpy3KaMH. 

PeweHHe 3TOH 38.LJ.a'-IH OCH0BaH0 Ha M0,lle­

JIHp0BaHHH pa60Tbl peaKTOpa B CTallH0HapHOM 

pe)KHMe paBH0MepHo- YaCTH'-IHblX neperpy30K 

[] ]. 3Ta MeT0,llHKa npHMeHeHa paHee ,llJI..sl Ma­

TeMaTH'-leCKHX Mo.neneH 6bICTJ)Oro peaKTopa, 

pa6oTaJOWero a CTallHOHapHOM pe)KHMe pae­

H0MepH0-'-laCTH'-IHhlX neperpy30K B 0.ll.HOMep-

HOH R , .neyMepHOH HEX- , .nsyMepHOH R,Z- H 

TJ)exMepHOH HEX,Z- reoMeTJ)H.six, KOT0pb1e 

peaJIH30BaHbl B nporpaMMax, pa3pa6oTaHHblX 

l loeHKOBCKOH E.11., 3HHHHhIM A.11., CycJJo­

BhIM 11.P . [2 .. .4]. 
B .naHHOH pa6oTe 3a.naya peweHa .nn.si Ma­

TeMaTHYeCKOH M0,lleJIH 6bJCTJ)Oro peaKTopa B 

TJ)exMepHoH HEX,Z-reoMeTJ)HH .llJl.sl peanbH0 

HCfiOJih3yeMbJX cxeM paBH0MepHO-'-laCTH'-IHblX 

neperpy3oK TBC. 

1. HeKOTOpb1e oco6eHHOCTU MeTO,ll.HKH 

pac'ICTa CT3UHOHapttoro pe,teHMa 

CTallHOHapHblH pe)KHM pa60Tbl 6blCTJ)Oro 

peaKTopa 3aKJIJO'-laeTCSI B TOM, '-IT0 B K8)K.llYJO 

neperpy3KY Bbirpy)KaeTCSI 0,llH0 H TO )l(e KOJIH­

YeCTBO BhiropeswHx TBC, a secb npouecc pa-

6oTbI peaKTopa M0)KeT 6b1Tb npe.ncTaBJieH psi­

,ll0M 0,llHHaKOBblX LlHKJI0B. O'-leBH,llHO, '-ITO op­

raH1naL{Hjf TaK0f0 pe)KHMa B03M0)KH8 npH Ha-
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Jil1411M s aKrnBHOH 30He rpynn TBC pa3HOH 

rny611Hbl BbirOpaHJ.Ul, ccpopM11posaHHbIX TaK, 

4TO K MOMeHry neperpy3Kl1 O,IJ,Ha 113 Hl1X .n.oc­

Tl1raeT MaKCMMaJibHOro BhIropaHl1Jl, see no­

c11e.uy1-0m11e OTCTOHT OT Hee Ha speM.s1 't npo­

,IJ,OJI)Kl1TeJibHOCTH O,IJ,Horo U11KJia, 2't - .n.syx 

U11KJIOB 11, HaKOHeu,, kt u,11K11os. Ha MecTo BhI­

rpy)l{eHHhJX TBC 3arpy)l{a1-0TC.s1 TBC co cse­

)l{MM TOnJIHBOM. 

Ka)l{,IJ,bIH UHKJI pa6oThI ttall11HaeTc.s1 c co­

CTO.sJHH.sJ, Kor.n.a CTep)l{Hl1 KOMnettcau1,rn peaK­

TMBHOCTl1 (KC) BBe,IJ,eHbl B aKTHBHyl-0 3O1-lY 

CBOHMl1 nornomaI-Oll.{11MH 4aCTSIMH J,I B aKTl1B­

Hyl-O 30HY 3arpy)l{eHa "nopu11.s1" TBC co cse­

)l{HM TOTTJil1BOM, HMettyeMoro llQ'laJIOM U,UKllQ 

(cocmoRHUe.M nocfle nepe2py3Ku). B Te4eH11e 

UHKJia npo11cxo.n,11T Bh1ropaH11e Tornrnsa, a KC 

BblBO,Il,.slTC.sl 113 aKTHBHOH 30Hbl, o6ecne4J1Ba.sl 

Kp11TH4eCKOe COCTO.slHHe peaKTopa. KoHe'iHOe 

COCTO.slHMe UMKJia xapaKTepw3yeTC.sl nOJIHO­

CTbl-0 BhIBe,IJ,eHHblMH KC B KOHU,e U,UKJIQ (co­
cm0RHUeM nepeo nepe2py3KOU) 11 MaKCHMaJib­

HhIM BblropaHHeM TOnJIHBa B onpe.n.eneHHOH 

qacrn TBC aKTMBHOH 30HbI. 

B HTore 3a.n.at.Ja pac4eTa crnu110HapHoro 

pe)l{11Ma pa6oTbI peaKTopa 3aKJII-OtJaeTc.s1 s pac-

4eTe Ka)K.n,oro TaKoro nosTop.s11-0meroc.s1 UHKJia 

(MuKpOKa.Mna11uu) pa60Tbl peaKTOpa Ha HO­

MHHaJibHOH MOll.{HOCTl1 - OT 3arpy3Kl1 CBe)l{HX 

.n.o BblrJ)Y3KH 0Tpa60Tasw11x TBC 11 s onpe.n.e-

11eH1111 HalfaJihHoro co.n.ep)l{att11.s1 Tonn11sa s 

TBC. 

2. KpaTKOe onucattue aJiropHTMa 

3a.n,aqa onT.HMaJibHOro Bblp8BHl1B8Hl1.sl no­

Jl.sl 3HeprOBbl,IJ,eJieHH.sl [5] COCTOHT B pac4eT­

HOM onpe.n.e11eH1111 TaKoro COOTHOWeHl1.sl Me)K­

.uy co)lep)Kam1eM rnnn11Ba B TBC pa3JIHt.JHbIX 

no,IJ,3OH peaKTOpa no pa.n11ycy 8KTl1BHOH 3OHhl, 

llT06bJ MaKCl1MaJihHbie 3HalleHH.sl 3HeproBbI)le­

JieHH.sl B TBC 3THX no.n3oH s Te1Iett11e M11Kpo­

KaMnatt11H peaKTOpa 6bIJIH 6bl O,IJ,HHaKOBbl. 

Pacnpe)leJJeH11e 3HeproshI)lenemrn QW no 

06beMy peaKTOpa paCCl.fHTbJBaeTC.sl no cpopMy­

Jie 

r.ne 

A = CPW/ fQW(r)dV. (2) 
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B cpopMynax (1), (2) o6o3Ha1IeHb1: 

A - HOpM11poBO'IHbIH MHO)KHTeJih, onpe.n.e11.s1e­

MbJH Ha OCHOBe 3a)laHHOfO (HOM11HaJihHOro) 

yposH.s1 MOlll.HOCTl1 PW (KBT); 

I ; ( r ) - MaKpOCK0nHIIecKoe ce1IeH11e .n,e11e­

H11.s1 g-M rpynnbl HdhpoHOB B paCCM8Tpl1Bae­

MOM cp113114ecK011 30He; 

""g 1 
( r )- TO )Ke, pa.n.11au11ottHoro 3axsaTa; 

L...11.y 

C - Ko11114ecrno .ne11ett11i1 .s1.nep Tonmrna Ha 

KBT MOIUHOCTH. 

MaTeMaTH4eCKa.sl MO,lleJib pac4eTa noTOKa 

HeHTpOHOB on11catta B pa6oTe [2] . PaCC411Tbl­

saeMblH no Hett noTOK HeihpOHOB <l>(r) B Ka)l{­

.llOM pact.JeTHOM cnoe TBC .s1s11.s1eTc.s1 cpe.ntte­

o6beMHhIM. Ilo3TOMY 3Heprosb1.ne11eH11e s .e -
CJIOe paBHO 

qr=_!_ LL; f <Dg (r)dV , (3) 
½ g v, 

r.ne V; - o6neM .e -ro cno.s1, 11 TaIOKe .s1sn.s1eTc.s1 

cpe.n.He06beMHblM )lJl.sl scex Y3JJOB TpexMep­

HOH pacl.feTHOH ceTKH. 

Bb1pasm1BaH11e no11.s1 3HeproBhI.lleJ1eH11.s1 

cor11actto Tpe6osattH.sJM nocTaHOBKM 3a.na411 

3,lleCb ocymecTBJI.sleTC.sl no TaK H83bJBaeMOMY 

"cpe,nHeMaKCHMaJibHOMy'' 3HeprOBbI,lleJJeHl11-0, 

no11y1IeHHOMY Ha OCHOBe MaKCl1MaJibHbTX 

3HeproBbJ,IJ,eJieHHH no paccMaTpl1BaeMblM 30-

HaM peaKTopa. O6o3ttaLJa.sJ tta ocHose onpe.ne­

neH11.s1 (3) ero seJIH4HHY QW,,, , nonyLJ11M 

QW111 =( ~q'7ax V; }v,, (4) 

r)le q,~ax - MaKCHMaJihHOe 3tteproBhI.llenem1e 

l-ro cno.s1 B i-11 30He peaKTopa; V; - o6beM i-11 

30Hhl peaKTopa; V, - cyMMapHblH o6beM 30H 

peaKTopa, B KOTOpblX ocymecTBJJ.sleTC.sl npocp11-

JI11posaHHe. 

,[{n.s1 pewett11.s1 3a.na411 Bb1pasmrnamrn 

3HeprosbI)leJ1eH11.s1 sse.neM cne.n.y1-0m11e onpe­

)lenett11.s1 [5]. 
OnpeoeJ1eHt1e J. Pacl.feTHhIH npocp11n b 

3HeproBbl,lleJJeHH.sl P, B i -11 30He peaKTOpa on-

pe.nen.s1eTC.sl B BM.Ile OTHOWeHl1.sl MaKCHMaJibHO­

ro 3HaLJeH11.s1 3Heprosb1.n,eneH11.s1 s Hei-t K onpe­

.neneHHOMY BbIWe "cpe.nHeMaKCHM8JlbHOMy'' 

3HeprOBb],lleJJeHHI-O ( 4) 
p- max/ QW 

i -qli m · (5) 
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Onpeoe11eHue 2. Ornoc1neJ1bHbJM yposeHb 

OTKJIOHeHHSI pacqeTHOro npo<pHJJSI :meprOBbl­

,JJ,eJieHHSI B i -H 30He peaKTopa B cpasHeHHH C 

3a,JJ,aHHblM onpe,JJ,eJISleTCSI OTHOWeHHeM 

µ;=P,/P, ,nv• (6) 

r.D.e P,_nv - Ja,JJ,aHHbJH npo<pMJib 3HeproBhI,JJ,eJie­

HHSI (o6o3Ha4eH "nv", T.e. "necessary value"). 

TonmrnHaH KOMn03HUIDI Ka)l(.D.OH H3 ,JJ,eJJS1-

m11xcH 30H peaKTopa npe,JJ,cTaBJUleT co6oi1 ro­

MoreHH3HposaH HbJe no o6oeMy no,JJ,30Hbt 

(sfLJJOTb .D.O o.D.HOH TBC s ttetl) KOHUeHTpawrn 

H30TOTIOB (HH,JJ,eKC "K") CBe)l(ero TOnJJHBa (HH­

,JJ,eKC "T") no cpopMy11e 

P.,T= P~% Ev_Txff, (7) 

r.ne p (O) - Ha4aJJbHblH H30TOnHblH COCTaB TOn-K,T 

JJHBHOH KOMnOJ11u1rn s no.nJoHe; X rr - 06ora-

mett1-1e cse)l(ero Ton1111sa; E, .. T - o6oeMHaH .D.O­

JJSI CBe)l(ero TOTIJJHBa. 

11.3 cpopMyJJhJ (7) cne,JJ,yeT, 4.TO no11yqett11e 

roMoreHl13HpOBaHHOI'O COCTasa, a 3Hal!HT, H 

803,JJ,eHCTBHe Ha npo<pHJih 3HeproBh1.QeJieHHSI 

[6] MO)l(HO ocyw,eCTBJIHTb .D.BYMSI cnoco6aMH: 

U3MeHeHUeM 0602au,e1-1Wl npH <pHKCHposaH­

HOH o6beMHOH )].OJie TOTTJI11Ba HJJH U3MeHel-lU­

eM e20 06beM11oi"i 00J1u npH cp11Kc11posaHHOM 

o6oraw,eHHH TOTIJIHBa. 

Bo BTOp0M CJT)'4ae, K0r,JJ,a o6beMHaSI )].0JIH 

T0nJJHBa B TI0)].30He C0CT0HT H3 ,n,syx t.t:acTdi -

.ne11S1w,erocH MaTep1-1ana H pa36aB1uem1, oHa 

pasHa 

(8) 

r,JJ,e E ,,.ff - o6beMHaH ,JJ,0JIH CBe)l(ero T0TIJI11Ba 

( o6o3HatieHa "ff ", T.e. "fresh fuel"); E, .. d -

06oeMttaS1 .D.OJJ.si pa36as1uem1 ( 060JHa1:1etta 

"d", T.e. "dissolver"). 

Tor.na B03.D.eHcTBHe Ha npo<pHJJb 3Hepro­

BbJ.D.eJieHHH MO)l(eT npO113BO,lJ,HTbC.SI H3MeHeHl1-

eM KOJIHl!eCTBa .nen.siw.eroc.si MaTepHana B T0TI­

mrne, T.e. ero 06beMHOH )].0JIH B HeM npH co­

xpaHeHHH 3a,JJ,aHHOH cyMMapHOH o6beMHOH 

)].0JIH T0ITJJHBa (8) B TI0)].30He. 

B HTore pacqer fOMoreHH311pOBaHHblX 

KOHUeHTpaul111 CBe)l(efO TOITJIHBa npH 3a,JJ,aHHOH 

seJIH4.HHe noJIHOH o6beMHOH ,JJ,01111 TOITJIBBa 

E,,.T B TIO,JJ,3OHe npOH3BO.QHTC.SI no cpopMyJiaM 

(9) 

11 )].JI.SI coxpattemu1 6anaHca T.S1)1(eJibIX H.D.ep 

(111) _ ( (m- 1) ) 
PK,d -P.,d E,,.T - E.,,ff , (10) 

r,JJ,e PK.ff - H30TOITHhIH cocTaB cse)l(ero Tonm1-

sa; PK.d - H30TOTIHbIH cocrns pa36aBHTeJU1. 

B pe3yJ1bTaTe Ha 0CH0Bamn1 (9) H (10) no­

JIY4HM c11e,n,y10w,He pa6oq11e cpopMyJihI ,n,JI.si 

nepecqeTa KOHUeHTpaUHH TOnJIHBHOH CMeCH: 

(m) _ ( (111- l) / ) 
PK.ff - PK,ff E11,T E.,,rr Ev,T ' (11) 

(m) _ (m-1)/ ) ( 2) 
PK,d -PK.dEv,T (1- Ev,ff E v,T l 

)].JIH cny1.._iag <pHKCHpOBaHHOH BeJJH1:111Hhl 060-

eMHOH )].0J1H T0ITJIHBa Ev,T (8). 

PacLJeTHhlii npo<pHJJh 3HeproBbJ.QeJJeHl1.SI 

P, (5) cornactto nocTaHoBKe 3a.n.a411 6 onpeoe-

J1e11uu 1 .D.0JJ)KeH y,n,os11eTBopHTh rpe6osaH1110 

(µ; -1) ~ tµ,i• (13) 

r,JJ,e Eµ_;- 3a,JJ,aHHaSI TO'-IHOCTb OTKJJOHeHHSI 

pac1:1ernoro npocp1111.si 3Heprosh1,JJ,e11eHHS1 s i-H 
TIO,lJ,3OHe peaKTopa OT 3a,JJ,aHHOro npo<pHJJ.SI 

(T01:IHOCTb npo<pHJIHposamrn). 3TOT pe3yJibTaT 

MO)l(eT 6b]Tb no11yqeH HanpasneHHblM no.n,60-

poM CO0THOWeHHSI o6beMHbIX ,lJ,OJJeH T0ITJ1118-

HblX 1130TOnOB H pa36aBHTeJISI ( Ev,ff, Ev,d) B 

nO,lJ,3OHax npO<pHJIHposaH1151 Ha OCHOBe npH­

MeHeHID! TeopHH 803Myw.eHHH K peweHHIO 3a­

,JJ,al!H npO<pHJJHposaHHSI [6]. 
Heo6XO,lJ,HMble cpopMYJJbl ,lJ,JlH nepecqeTa 

o6beMHhlX ,D,OJJeH TOilJJHBHblX MaTepHaJJ0B no­

Jiy4alOTCSI, HCXO,lJ,51 113 npe,n,nOJIO)KeHHH O npo­

nopu,11OHaJJbHOCTH LiQtax 11 Li Kerr H3MeHeHHIO 

seJil14HHbl Li Ev,ff H B CBOIO 0LJepe.D,b µ; (6), 

T.e. B HTOre 113MeHeHHe MaKCHMaJJbHOfO 3Hep­

rOBbJl{eJieHH.SI nponopu110HaJJhHO npHpame­

HHJO o6beMHOH ,JJ,OJIH .n,eJIHI.UefOC.SI MaTep11ana: 

( 
(111) _ (111- l))/ (111-I)_ (µ(111)_ (m- 1))/ (111-l) (l4) 

t v.ff.i Ev,ff,i E,.,rr_;-aµ i µ; µ; , 

E~'.~~ = c\:;~') [1 +aµ (1/ µ(m-l) -1) ]A(m-i)_ (15) 
AttanorH1:1Ho, .n,n.si pac1:1era npocp1rn11posa­

HHH np.S!Mb]M H3MeHeHHeM o6oraw.eHl151 T0TI­

Jll1Ba cpopMyJia ,D,JIH ero pacqern Mo,n,11cp11u1-1py­

eTcH K cne,n,y101.UeMy BH,l1,y: 

X ~;") = X l;r•- l) [ 1 + aµ ( 1/ µ (m- l) -1)] A (m-l) , ( 16) 

np11 3TOM seJIH'-IHHa A"' coxpaHsieT csoe npe)K­

Hee 3Ha1:1eH11e (m - HOMep np116m1)Kett1rn). 
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B HT0re 8 o60HX CJJ~a51X nepec4eT roM0-

reHH3HposaHHhIX KOHUeHTJ)aUHH TOnJJHBa J{JHI. 

npocpHJrnposaHH51 3HeprOBbJ,l],eJJeHH51 TOTIJJHBa 

npOH3B0Jll1TC51 no cpopM)'JJaM (9), (11 ), (12). 
Be1n141,rna A 111 

s 06011x c11y4a51x onpe.ll,eJrn­

eTcH no cpopM)'ne Teop1111 B03M)'W.eHHH [3], 
HCX0,l],51 113 rpe6osaHH51 Keff.nv = 1, 0 . HcxO)l51 

H3 3Toro ycJIOBH51, OHa paBHa 

A (m) = I +[(Keff,11v -K~;~))/ak ]/Keff.111·, (17) 

r)le seJIH4HHa ak c11y>1rnT csoero poJla Mepoi1 

4YBCTBHTeJihH0CTH serrH4HHhl Kerr K H3MeHe­

HHIO K011H4eCTBa .ue1151w,eroc51 MaTep11ana s 

peaKTope. 

Be11111rnHa a,1 s Bb1pa)l(eH1rnx (14) ... (16) 

5181151eTC51 TIOJTY3MTIHpH4eCKOH 11 B K34eCTBe 

K03cpcp11u11eHTa '4YBCTBHTeJibHOCTH 3aBHCHT OT 

cneKTJ)a peaKTopa (Jl1151 6b1cTJ)bIX peaKTopos 

a,,> 1 ). )],JI51 peaKT0pa C 3a,l],aHHh!Ml1 CBOHCT-

BaMH OHa nocT051HHa 11 KoppeKTHpyeTc51 Ha 

OCHOBe OTibJTa pac<JeTOB. 

TI011yqem1e 3a.UaHHoro pacYeTHoro npo­

q:>HJI51 3HeproBbJ)leJieHH51 C BhlBO)lOM Ha 3a)laH­

HYIO se1111'111Hy Kerr 3aKaH4HBaeTc51 np11 OJlHO­

speMeHHOM BblflOJJHeHHH ycJIOBH51 (13) H CJie­

)lYIOW.ero yc11os1151 : 

1

Kerrm--K~';;)1~EK, (18) 
' cff 

r)le EK B cpopM)'JJe ( 18) ecTb TJ)e6yeMa51 
eff 

TOI.JHOCTb pac'leTa Kerr I-Ia KOHeu UHKJia. 

3. KpaTKoe onucattue nporpaMMbl 

PaclleTHoe MO)lem1posaH11e nocTas11eHHOH 

3a)lat.J11 s uenoM pean113yeTCH npHMeHeHHeM 

TJ)a.UHUHOHHhlX MaTeMaTH4eCKMX MO,l],eJieH, 

HCTIOJih3yeMblX npH onpe,ll,e11emrn q:>H3H4eC­

KHX xapaKTepHCTHK 51,ll,epHblX peaKTOpOB Ha 

6bICTJ)blX HeHTJ)OHax, 11 yc11OBHO MO>l<eT 6hJTb 

pa36HTO Ha HeCKOJlhK0 ypOBHeH paclJeTa: 

• BblpaBHHBaHHe (npocp111111poBaHHe) TIOJJ51 

3HeproBhJ)leJJeHJ151 )],1151 3a)laHHOH KOMTIOHOBKH 

peaKrnpa; 

• pac4eT BbiropaHH51 51,ll,epHOfO TOTIJlHBa B 

Te4eHHe MHKpoKaMnaH1111; 

• BbIBOJl peaKTOpa Ha TJ)e6yeMylO BeJIH4HHY 

KpHTHI.JHOCTH B KOHUe UHK11a (nepe)l nepe­

rpy3KOH) C pac4eTOM "no)lnHTOlJHbIX" o6ora­

w.eHHH Torr1111sa JlJJ51 ee 06ecne<1eH1151. 
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TaK KaK MaTeMaTH4eCKHe M0)leJIH pac4eTa 

TIOT0K0B HeHTJ)OHOB H BblI'0paHH51 Hll,epHoro 

T0TIJJHBa MHOroKpaTH0 on11caHhl, B H3110)1(eH­

HOM BblWe anropHTMe paccMaTJ)HBaeTC51 11Hllib 

peweHHe 3a.ua4H pacqera co)lep)l(aHH51 TOTI11H­

sa B TBC )],1151 o6ecne4eHH51 KpllTH<JHocrn H 

BbipaBH H BaHH51 :.rnepr0BbJ)leJieHH51. 

Monen11posaH11e peanhHOM cxeMhl nepe­

rpy3oK TBC s 6h1CTJ)OM peaKTope H pe3yJihTa­

Tb1 ee paci:iernoi1 pean113awrn np11se)leHhI B 

pa6oTe [6J. )J,1151 npose)lemrn pacqeTa peanb­

HhTX cxeM neperpy3oK TBC HCTIOJih3yeTc51 

.usyxyposHeBa51 CTJ)yKrypa pacqeruoi1 Mo.n;e-

11H, HMeiow,eii BHewHHH (MOOeJ/b peaJ1bHOl1 
cxe.Mbl nepe2py30K) H BHyTJ)eHHHH (pacIJem­
HaJl MOOeJlb peaKmopa) ypoBHH. 

B npouecce MO)le111-1posaHHH pa6oThl pe­

aKTopa cneUHaJlbHhJe nporpaMMHbJe M0.UYJTH 

npoH3BO)l51T asToMarnyecKyio 1-1acTpoiiKy na­

paMeTJ)OB HCXOJlHOW pacYeTHOH M0)leJJH peaK­

Topa B CO0TBeTCTBHH C TJ)e6osaHH51MH CMeH51-

IOW,HX .upyr ,ll,pyra MaTeMaTH4eCKl1X MO)],e11ei1. 

ABTOMaTH4eCKa51 CMel-Ia pacYeTHhIX M0-

)leJTeH peaKTopa Ha scex ypoBHHX ero paclleTa 

npH)laeT Henpepbl8f/OU pac'/em1-1ou cxeMe Ma­

TeMan-11.JeCKOfO M0)leJ111posa1-11151 neperpy3oK 

ceoucmeo HepacnpocmpaHeHuR owu6oK uc­
nommme.rm. 

4. Pac11eT o6oraw,ettun TOnJJuea TBC, 
1arpymaeMblX B peaKTOp Tuna 6H-600, 
pa60T3IOW,HH B CTaQHOHapHOM peiKHMe 

neperpy10K 

)],1151 ,l],eM0HCTpaUHH pa3pa6oTaHHOH npo­

rpaMMbl BbITIOJJHell paCI.JeT o6oraw,eH1151 T0TIJJHBa 

TBC, 3arp~aeMbTX s aKTHsHy1O 301iy peaKTopa 

runa EH-600, pa6orniow.ero s crau110HapHOM 

pe)l(HMe paBH0MepH0-'!aCTW!HhlX neperpy30K. 

Heo6XO)lHMbie )lJ15I TI0)].fOTOBKH paC4eTHOH M0-

)leJJH HCXO.[(Hble D,aHHbJe, T.e. reOMeTJ)H4eCKHe 11 

MaTepHaJThHble napaMeTJ)bl 3JJeMeHT0B peaKTopa, 

ero xapaKTep11CT11KH M51 crau110Hap1-1oro pe)l(H­

Ma neperpy3oK TBC H pa60Tu1 Ha HOMHHaJTbHOH 

M0W,H0CTH, 83HTbl 113 pa60Thl [7]. flp11 3TOM B 

KalJeCTBe HCXO)lH0ro 06oraw.emu1 TOllilHBa )lJ15I 

scex TBC aKTHBHOH 30HbI 3a)laH eOUHbzi'J, T.e. 

O.UHHaKOBhlM )lJ15I scex 30H U30mOnflbll/ cocmae 
n1011T/U8a, KOTOpblM ecreCTBeHHO He 06ecne1.JJ1BaJJ 

BbrpaBHl1B3HHe 3HeproBbI)leJTeHH51 11, B03MO)l(H0, 

-rpe6yeMblH 3anac peaKTHBHOCTH. 



-
PeJynhTaTbl pacqfaa sem-1tJHH o6orame­

HHM ( o6orameHHj! ypaHa no 
235U) TOilJlHBa 

TBC, 3arpy)KaeMbIX B 30Hbl Manoro (3MO), 

cpeJJ.Hero (3CO) H 6oJTblllOro (3EO) o6orame­

HHH peaKTopa THna EH-600, pa6orn10mero B 

CTaUHOHapHOM pe)KJ1Me neperpyJOK, np1rne­

,n:eHbl B Ta6m1ue. 
T a 6 JI H u a 06oraw.emu1 Tonmma TBC, 3arpy­
)l(aeMbIX B aKTHBH)'IO 30HY peaKTopa THna EH-600, 
pa6orn10mero B crnu,11ottapH0M pe)KHMe neperpy-

m 235u 30K, -10 CO ,!],ep)l(aHHe B ypatte 
TJm 30Hbl [7] PactJeT 

3MO 17 16,3 

3CO 21 19,7 
360 26 25,6 

He3Ha'-IHTeJlbHOe pacXO)K)].eHJ.-1e paCC'-IHTaH­

HhlX s HaCTOHlUeH pa6ore H npe)].CTaBJieHHbIX a 

[7] 06orameH11i1 rnnn11sa o6ycnoBJJeHo TeM, 

'ITO pacqe-r npOBO)].HJICjj )].JUI CHMMeTpH30BaH­

HOH KOMTIOHOBKl1 aKTHBHOH 30Hhl B OTJllfl-lHe OT 

peanbHOH. CHMMeTpH3amrn )].OCTHranacb TeM, 

'-ITO BMeCT0 JJ.BYX nornomaIOlUHX CTep)KHeH AP 
ycrnHasmrnamtcb ,D,Be TBC, 'ITO 11 npJ.rneno K 

yMetthwett1110 o6oramettllil Tonmrna. 

OTMeTHM, '-ITO pac1IeT H,D,epHO-QJH3HtJeC­

KHX MaKp0K0HCTaHT )].JlH peweHJ.UI JJ.HQJQJY3H-

0HH0ro ypaBHeHHH H 6JJOKHpoBaHHblX MHKpO­

K0HCTaHT )lJlH pac'-leTa BblropaHJ.Ul Tonmrna 

npOB0)].HJlCjj C HCTI0Jlb30BamteM CHCTeMbl KOH­

CTaHT EHAE-93 [8]. 

3aKJJIO'-ICHHe 

Pa3pa6ornHa H npourna Heo6xonHMY10 

nposepKy TpeXMepHM ){HQ)Q)Y3HOHHM npor­

paMMa a HEX,Z-reoMeTpHH )].JJH pacYern co­

.nep)KattJ.ui Tonn11sa B TBC, 3arpy)KaeMhIX B 6bI­

CTpbI H peaKTop B CTaUHOHapHOM pe)KHMe paB­

HOMepHO-'-laCTl1'-IHblX neperpy30K, KOTOpoe 

)lOJJ)KHO o6ecne'-IHTh tteo6xon11MhTM Janae peaK­

THBHOCTH C BblpaBHHBaHHeM 3HeproBbJ)].eJJeHllil 

no pa)lJ,lycy aKTHBHOH 30Hbl ,ll,JUI pa60Tbl Ha 

M0LL\H0CTH peaKTopa Me)K)].y neperpy3KaMH. 

C npaKTw-1ecKoi1 TOtJKH 3pettHj! Ba)KHO 0T­

MeTHTb peaJJH3aUHIO B nporpaMMe ,D,BYX nyTeH 

pacYeTa: 

• npH TIOCTOHHHOM 06beMHOH )].OJle T0TTJlHBa 

BO Bcex TT0)].30Hax aKTHBHOH 30Hbl B HHX pac­

C'-IHTbIBaeTCH Tpe6yeMoe 11 COOTBeTCTBeHHO 

pa3ttoe o6orameHHe rnmrnsa B TBC (peaKTO­

pbI rnna EH); 

• npH 0)].HHaKOBOM o6oraw,eHHH TOnJJHBa BO 

scex TIO)l30Hax aKTHBHOM 30Hbl B HHX pacc•rn­

TblBaeTCj! Tpe6yeMM 11 CO0TBeTCTBeHHO pa3-

HaH o6beMHaH )lOJJH TOTIJlHBa, KOTopaH o6ec­

ne'-IHBaeTCH npHMeHeH11eM B TBC pa3HbIX ,D,H­

aMeTpoB TB3JI0B (peaKTOphI nma EPECT). 
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Y,LJ:K 621.039 
IlapaMeTphl ypau-BOAHOii pemen~u, 

06ecne1.rneawmue MaKCHM3JlhHhlC pa3MH0,K3IOIQHC CBOHCTBa 

H.B. Apma.MOHOO, A. C. Cuoopoo, 
OAO "AToMJHepronpoeKT", 105005, MocKsa, £aKyH11HcKa51 yn., 7, cTp. l 

Ilocryn11na s pe.llaKUl1JO 19.10.2010 r. 

TTp110e.u,eHbl pe3yJJbTaTbl pacqeTOB K03qJqJ111(1'1eHTa pa3MHO)KeHHSI ypaH-BOP,HblX peweTOK C wapOBbJMH 
TOnmrnoco)lep)Kall\11Ml1 3JleMeHTaMl1 pa3HblX p_11aMeTPOB. Bapb11pOBaJJl1Cb nJJOTHOCTb 11 TeMnepaTypa BOP.bl, 
aMHTHBHajl nJJOTHOCTb 11 TeMnepaTypa UO2, OTHOllleHHe HpewlDwap• 

/(;i10'-le6ble CJ/06a: YCTPOHCTBO J10KaJJl13aUH11 pacnnasa, ypaH-BOP,HaSI pemeTKa, BO)],o-ypaHOBOe OTHOWe­
HHe, K03q_)qJHU11eHT pa3MHO)KeHl1$1 . 

Parameters of Uranium-Water Lattice Ensuring the Maximum Multiplying Characteristics. N. V. 
Artamonov, A.S. Sidorov, JSC "Atomenergoproekt", 7 (bid. I). Bakuninskaya St., Moscow, 105005. 

Calculations of different U-H20 grids for various sphere diameters in dependence of density, temperature 
of water and UO2, additive density UO2, H8r;iD,phre ratio were conducted. 

Key Words: Melt Locating Device, Uranium-Water Grid, Water-Uranium Ratio, Multiplication Factor. 

B T5l)KeJ1bJX asapI,rnx c noTepeJ,1 Tenn0Ho­

c11Ten51 npo11cxo.[l51T pa3pyweHJ-Ie 11 pacnnas­

neH11e aKTHBHOJ,1 30Hb] peaKT0pa 3a cqeT 0CTa­

Toqttoro TennosbJ,lleneHH51. Bcne.llCTB11e 3Toro 

pacnnasneHHbJe 3neMeHTbI KottcrpyKQHH pe­

aKTopa, a np11 )l0CTaToqHo Bb!C0KMX TeMnepa­

rypax 11 T0nJ111B0, nepeMeUWIOTC}I Ha .llHHlUe 

Kopnyca peaKrnpa, 06pa3y51 Kop11yM. 

Ilp11 0TCYTCTBl111 3cpcpeKTJ1BHOf0 0XJia)K)le­

Hl151 Kop11yMa BHYTPH K0pnyca peaKTopa npo-

11CX0)ll1T pa3pyweHHe )lHHlUa K0pnyca 11 K0p11-

YM nepeMel.l.l,aeTC}I B ycrpOJ,!CTBO J10KaJI113alll111 

pacnnasa (YJIP), pacnoJio)Kettttoe s 6eTOHHOJ,1 

waxTe peaKTopa 11 npe,lltta3Haqettttoe )lJI51 no­
KaJI113allHl1 H 0XJia)K)leHJ.151 K0p11yMa, qT06bJ He 

)lonycTHTh npoHHKH0BeH11e pacnnasa 3a npe­

)leJibI 6eTOHHOJ,1 UJaXTbJ 11 3al.l.l,HTl1Tb 0CH0Ba­

HHe repM006onoqK11. 

BHyTpeH!-IHJ,i o6beM Kopnyca YJIP 3anon­

HeH )KeprneHHbJM MaTep11aJI0M ()KM) Ha oc­

H0Be 0KCH.[l0B )KCJIC3a 11 aJ110MHHl151, npe,llHa3-

HaqeHHblM .[lJl}I .ll00KHCJieHl151 K0pHyMa, ero 

pa36aBJJCHl151 B ueJJ51X yMeHbWeHH51 nJJ0TH0CTH 

o6beMHOro 3Hepr0Bhl.[leJieHH51 11 ysemIqeHHH 

nosepxttocT11 TenJ1006Metta pacnnasa c Kop­

nycoM YJIP, 0XJia)K.[laeMhlM cttapy)Kl1 80.[lOM. 

AHaJil13 pacqeTHblX 11 3KCnep11MeHTaJib­

HblX ,llaHHblX .[lJlH pa3pyweHHOJ,i aKTHBHOJ,1 30-

Hhl peaKTopa TMI-2 []], 3KCnepHMCHT0B B 

paMKax MC)K.zlyHapO.zlHOJ,1 nporpaMMbI MAC­

KA [2], 3Kcnep11MeHTOB CODEX-3 [3, 4], CO-
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DEX-B4C [5], PHEBUS B9R [6] 11 .llP- c pe­

aJihttb1M11 MaTep11aJ1aM11 noKa3bIBaeT, 4T0 <pl1-

HaJlbHa51 saHHa pacnnasa, HaX0.ll51IUa51C51 B 

Y JIP 11 Ha .[lHMl.l.l,e Kopnyca peaKTOpa, 51BJI5leTCH 

CJ10)1(HQJ,1 MHOfOKOMTTOHCHTHOJ,i MH0f0MaTepH­

aJihHOJ,1 nopHCTOH CHCTeMOH, xapaKTep113yJO­

l.l.l,eJ,1C}I CJlO)KHQJ,1 ,11,11arpaMMOM C0CT051Hl151. 

TaKOM c11cTeMe np11cyIUH CBOJ,iCTBa a.ll)l11-

THBH0CT11 - 3T0 Te CBOJ,iCTBa CJ10)1(H0f0 Bel.l.l,e­

CTBa, 911CJl0B0e 3Ha4eHHe K0T0pblX M0)KeT 

6h1Tb n0JIY4eHo cyMM11posaHl1CM 9HCJI0BblX 

3Ha4eHHH CBOJ,!CTB 0T.[leJlbHblX C0CTaBJlHl-011.lMX 

4aCTeJ,1 3T0f0 CJ10)KH0f0 Bel.l.l,eCTBa HJlH Bbl-

4HCJieHo no npas11ny CMewett1151. AMHTHBHaH 

nJI0TH0CTb Bel.l.l,eCTBa, BX0.[l511.l.1,ero B C0CTaB K0-

p11yMa, paccqHThJBaJiaCb nyTeM YMH0)KeHl1H 

MaCCOBOJ,i )l0JIH Bel.l.l,eCTBa B Kop11yMe Ha nJI0T­

H0CTb K0p11yMa TipH 3TOM pa3Mep 11 nnoT­

H0CTb 4aCTl1ll, o6pa30BaBUJ11XC51 B asap11MHblX 

ycJI0BH51X, H3MeH51JOTC51 B .[l0CTaT04H0 w11po­

K0M .[l11ana30He. 

],h TeopeTl14eCKHX 11CCJ1C,l],OBaHl1J,I 113BCCT­

H0, qT0 Ha1160J1bWHMH pa3MH0)KaJO!lll1MH 

CBOJ,!CTBaMH o6na.[lalOT ypaH-80.[lHbJe peweT­

Kl1, C0CT05l!lll1e 113 ccpep11qeCKHX YaCTHU. Ilo-

3T0MY, yq11Tb1Ba51 TeopeTJ14CCKHe CBe.[leHl151 0 

BJil151Hl111 reoMeTp11qecKOH cpopMbl YaCTHU Ha 

pa3MH0)Kal01.l.1,11e CBOJ,iCTBa K0pHyMa 11 3KCne­

p11MeHTaJlbHbJe ,llaHHble 0 pa3pywemrn T0nJ111-

B0C0.llCp)l<a1lll1X 3JleMeHT0B aKT11BHOH 30Hbl, 



,..... 

sb1fo1paeM ,u1rn ,UaJJbHeihlmx 11ccne,uosam111 

TOJlbK0 qacTHUbl ccpep114eCKOH cpopMbl. 

no Tpe6osaHJUIM H0pMaTHBHblX .U0KyMeH­

T0B [7' 8] np11 xpaHeHHH J,f rpaHcnoprnp0BKe 

Tonmrna A3C Heo6xo.u11Mo 06ecne4emfe no.u­

KpHTH4HOCTH He MeHee 0,05 (K,<t> < 0,95) ,UJJSI 

pe)KHMOB HOpMaJibHOM JKCnnyarnum-I 11 B 3a­

npoeKTHblX asapm,x. ,Il,JJSI K0HCepsaTHBH0ro 

pac4eTa K1<1> q>HHaJlbHOH BaHHbl pacnnasa J,f 

BbJn0JIHemrn Tpe6osam1H H0pMaTHBHblX .uo­

KyMeHTOB [7, 8] HY)KH0 HaHTH pacn0JIO)KeHJ-te 

MaTepHaJIOB s K0pHyMe, K0Topoe o6ecneqHsa­

eT MaKCHMaJibHble pa3MH0)KaJ-Ollll-fe CBOHCTBa 

o6pa30BaBweHCSI CHCTeMbl. 

Cne.uyeT yqHTb!BaTb TaKoe K0JIH4eCTB0, 

pacnpe.ueneHHe 11 nnoTH0CTh JaMe.n.n11Tem1 (B 

qacTH0CTH, BO,Ubl) B CHCTeMe B pe3yJJbT8Te HC­

X0,D.HblX co6bITl1H, K0TOpoe np11B0,D.11T K MaK­

CHMaJJbll0MY 3cpcpeKTl1BHOMY K03cpcp11u11eHry 

pa3MH0)KeHHSI HeMTpoHoB. B cny4ae, ecm-1 no­

ny4eHHoe JHa11ett11e K,<t> cpm-1aJihHOH saHHbl 

pacnnasa 60JibWe 0,95, B MaTepHaJJbHblH coc­

TaB pacnnasa Heo6xo.uHMO .uo6aBHTb norJio­

THTeJib HeMTpOHOB. 

OnacHOCTb nosTopHOH KpHTHLJHOCTH MO­

)KeT B03HHKHYTb np11 no.ua11e BO.Ubl ,[J.JJSI 0XJia­

)1{,[l.eHHSI KOpHyMa B C04eTaHHH co CJie.n.yiow.H­

MH ,UOTTOJIHHTeJlbHblMH ycyry6nSIJ-Olll,HMH cpaK­

TopaMH: 

- OTCyTCTBHeM nornoTHTeJJSI HeMTpOHOB B 

pa3pyweHHOM TO0JIHBe; 

- onTHMaJlbHblMH ,[J.JISI pa3MHO)KaJ-OW.HX CBOH­

CTB KOpHyMa <paKTOpaMH, TaKHMH KaK BO,D.0-

ypaHOBOe OTH0WeHHe, 0JIOTH0CTb BO.ll,hl, reo­

MeTpH4eCKJ1e napaMeTpbJ. 

O6ocHoBaHHe 00,D.KpHTHLJHOCTH KOpHyMa 

OCHOBaHO Ha KOHCepBaTHBHOM pacLJeTe K,q>• 
AHaJJH3 CJJO)f{Hb]X reoMeTpHLJeCKHX KOM003H­

U1111 KOpHyMa noKa3bJBaeT, 'HO 3TH KOM00311-

U1111 HeB03MO)KH0 KOppeKTHO MO,D.en11poaaTb 

npH pacLJeTe no nporpaMMaM, peaJIH3YK>W.HM 

CeT0'-IHble MeTO,[l.bl. Bo3MO)KH0CTb KoppeKTHO­

ro MO,D.eJIHpOBaHHSI OOSIBJISleTCSI np11 HCTTOJlb-

30BaHJ1H nporpaMM, peanl13YJ-OW.HX MeTO.ll, 

MoHTe-Kapno. O.n.HaKO rnaBHblH He)].OCTaT0K 

3THX nporpaMM - 60JJbllJOe speMSI C4eTa. 

O'-leBH)].HO, 4TO B 3aBHCHMOCTH OT KOHK­

peTHOro cueHapHSI aaap1111 803HHKaeT MH0)Ke­

CTB0 sapHaHTOB KOMTT03HU11H pa3MHO)KaJ-Omeii 

CHCTeMbl, 0TJIH4alOW.HXCSI pa3HblMl1 COLJeTamt-

SIMH MaTepHaJios aKTHBHOH 30HbJ. Tio3TOMY 

.n,JISI onpe.neJ1eH11SI K,<1> HY)KHO pacc1mTaTb K0-

3cpcp11u11eHT pa3MHO)KeHl1SI HeCKOJlbKHX KOM-

003HU11H pa3pyrneHHOH aKTHBHOH 30Hb1 np11 

sap11au.H11 HeCKOJlbKMX napaMeTpOB ypaH-80,[I.­

HblX peweTOK (nJJOTHOCTfil 80,Ubl, MaTep11aJJb­

Horo COCTaBa, BO,UO-ypaHOBOro OTHOllleHHSI). 

Bap11aHTHble pact:feTbI 003BOJJSIIOT nocrpo­

HTb 3aBfilC11MOCTb K)q> OT aapb11pyeMblX napa­

MeTp0B fil onpe.ueJIHTb ycJJOBHSI, npH KOTOpbIX 

pa3pyweHHaSI aKTHBHaSI 30Ha Kp11TH4Ha. 3To 
.uaeT B03M0)KHOCTb B ,D.aJibHeiiweM BbUIBMTb 

Heo6xo.n.11Moe K0JJ114eCTBO norJIOTHTeJISI HeHT­

poHOB, ero Xl1MHLJeCKHH COCTaB H reoMeTpH­

LJeCKHe napaMeTpbI )].JISI o6ec□e4eHHSI rny6o­

KOH 0O.ll,KpHTl14HOCTH KOpHyMa B npouecce 

ero JJOKaJil13aUMfil 11 0XJia)K,D.eHHSI. 

TiapaMeTpbl, 0K83b!BalOW,He BJlHSIHHe Ha 

Kxt>, .D,JJSI attaJ1113a KpHTH'lHOCTH ueJiecoo6pa3-

HO pa3,D.eJIHTb Ha ,[I.Be rpynnbl: BHyTpeHHHe J,f 

BHeWHHe. BHyTpeHHHe <paKTOpbl o6ycJIOBJJe­

Hbl H3MeHemteM TepMOMeXaHH4eCKOro COCTO­

SIHHSI, C0CTaBOB KOpHyMa J,f )KM, HaXO,D.H1Uero­

CSI s YnP. BHeWHHe cjJaKTOpbI o6ycJIOBJieHbl 

BHeWHHMH B03,lleHCTBHSIMH Ha pa3orpeTylO 

aKTHBHYl-0 30Hy. 

BHelliHHe B03,lleHCTBHSI, BHOCHMble CHCTe­

MaMH aaapHHHOro pacxoJJa)KHBaHHSI aKTHBHOH 

30Hbl, KOTOpble MOfYT cpa6aTbl88Tb B mo6oe 

speMSI pa3BHTHSI asapHH, cymecTBeHHO H3Me­

HSIIOT cueHapHH npOXO)K,D.eHMSI asapHH J,f BJlfilSI­

IOT Ha war ypaH-BO.D.HOH peweTKH, pa3Mep re­

TeporeHH0 pa3MemeHHblX 'l8CT11U KOpHyMa, 

CTeneHb OKl1CJleHHSI MaTep11anoB, BXO)].Sllll11X B 

KOPHYM, aA,D.HTHlrnyio 0JIOTHOCTb KOp11yMa. 

IlpoCTOH nepe6op B03MO)l{HblX KOM6HHa­

U11H HeocywecTBHM Ha npaKTHKe 113-Ja 6oJih­

woro 4HCJJa sapHaHT0B. TioJTOMY, 4T06bl oue­

HHTb B03M0)KH0CTb B03HHKHOBeHHSI noBTOp­

HOH KpHTJ,fl{HQCTl1 B KOpHyMe, He06X0)].11MO 

onpe.nen11Tb napaMeTpbI ypaH-BOAHOH peweT­

KH, C00TBeTCTBYIOW.11e ee MaKCl1M8JlbHblM pa3-

MHO)KaJOUJ,HM CBOHCTBaM np11 B03)].eHCTBHl1 

BHeWHHX 11 BHyTpeHHHX cpaKTOpOB. Tipe.uno­

Jiarae.\'1blH no,uxo.n, 003BOJISleT pe3K0 CHH311Th 

4filCJI0 paCC'll1TbIBaeMblX KOMTT03HUHH KOpHy­

Ma 11 Bbtn0JIHHTb 11CCJie)].0B8Hl1SI MaKCHMaJih­

H0ro K03Q)Q)HUHeHTa pa3MHQ)KeHJrn pa3py­

weHHOH 8KTHBHOH 30Hhl. 
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B .n.aHHOH pa6oTe np11B0)].HCH pe3yJJbTaTbl IlpH npoae.n.eHHH pactJernoro aHan113a L 
pacYeToB no onpe.n.enettmo napaMeTP0B ypaH- JJ.JJH :meMettTapHOH 514ei1K11 np11MeHeHa npor-

BOJJ.HOH peweTKH, cooTBeTCTBYJOlll11X ee MaK- paMMa MCU-REAl [9], arrecT0BaHHa.51 Poc-

c11MaJ1bHbJM pa3MH0)KaJO!lll1M CBOHCTBaM npH TeXHa}].30p0M }].Jl.51 pac'-leTa cpparMeHTOB aKTHB-

803,IJ.eHCTBHH BHelllHHX cpaKTOpOB. Hb!X 30H peaKT0pOB rnna BB3P MeTO}].0M 

KoHcepBaTl1BHOCTb TPexMepHOH Mo.n.em-1 MottTe-KapJio. Bee pacYeThI no nporpaMMe 

::rneMeHTapHow 51'-lewrn o6ecne4HBaeTcH Bbl- MCU-REAI npoBOJJ.HJJHCb npH cneJJ.yJOIUHX 

noJ1Hett11eM cne.n.yJOIUHX yc110BHH: paccMaTP11- napaMeTPax: 

BaeTc51 CBe)Kee Ton1111Bo o6oramettHeM 5 % no - NTOT = I 000 - 4HCJJ0 HeiiTpOHOB B noKo-

235U c TeMneparypoi1, paBHOH 20 °C, c reTepo- neHHH; 

reHHbIM pa3MemeHHeM B np116J111)KeHH11 6ec- - MAXSER = 300 - Kon114ecTBo npoMo.n.e-

KOHe'-IHOH CHCTeMbJ. MaTepHaJlbHblH C0CTaB mrpoBaHHblX cep11i1; 

paccMaTPHBaeMbIX CHCTeM npeJJ.CTaBJJeH B - NBA TCH = 10 - K0JJH'-lecrno noKoJJeHHH 

Ta611. 1 H 2. '-laCTHU, Ha3bIBaeMbIX ceplUIMl1, KOTOpble C'-111-

T a 6 JI 1-1 u a 1. 51.n.epHbie KOHIJeHTPaU,IUI npOCTblX semecTB, TalOTC.51 He3aBHCHMblMH. 
sxo.zu1m11x s Tonn11so ::meMettrnpttoi-1 reTeporeHHOH H4ei-lKH, CTaTHCTH'-lecKaH norpelllH0CTb pac-

B 3aBHCHMocrn OT a,1UJ,11rnstto11 nnornocrn U0, tJeTa K,x, cocTaBHJJa 1 %. Ha pHc. 1 11 2 -
AMHTHBHaH 

ITJlOTHOCTb 
U02, r/cM3 

51.n.epHaH KOHU,eHTpau,H.ll :rneMeHTa, 
] /(6apH·CM) 

~j)u i.isu 160 

npe,IJ.CTaBJJeHbl THnbl ypaH-80)].HblX pe­

weT0K. 

3,14 3,5073E-04 6,6638E-03 J ,4029E-02 3a6UCUMOCmb Koo om n.riom1-wcmei, 

U02 u H20 OJlJl Hpeu/Dwap = I ... I ,5. 5 2,1771E-Ol 1,0598£-02 2,23121E-02 
7 7,8093£-04 1,4837E-02 3,L237E-02 

3acpHKCHpyeM 3Ha'-leH11e Hpeu/Dwap 
10,7 1,1937£-03 2,2680E-02 4,7748E-02 

H HaH.,IJ.eM napaMeTPbl ypaH-B0}].HOH pe­

weTKl1, npH K0T0pbIX Koo )].0CTHraeT MaKCl1-

MaJlbH0fO 3Ha'-leHJ151 )].Jljl BbI6paHHbIX all)].H­

THBHblX ITJlOTHOCTeH U02 OT 3, 14 .no 10,7 
r/cM

3
. 

T a 6 JI H u a 2. 51.n.epHaH KOHU,eHTPaU,HH 160 11 
1
H 

B 3aBHCHMOCTH OT nJJOTHOCTH BO,[\bl 

TTnoT- 51.n.epHrui KOHU,eHTPaUJ-rn 
HOCTb BO- 3JleMeHTa, 1/(6aoH·CM) 

Jtbl, r/cM3 iH 160 

0,01 6,69E-04 3,34E-04 

0,1 6,69E-03 3,34E-03 

0,2 1,34E-02 6,69E-03 

0,3 2,0lE-02 l,OOE-02 

0,4 2,67E-02 l,34E-02 

0,5 3,34E-02 l,67E-02 

0,6 4,0lE-02 2,0IE-02 

0,7 4,68E-02 2,34E-02 

0,8 5,35E-02 2,67E-02 

0,9 6,02E-02 3,0lE-02 

1 6,69E-02 2,34E-02 

Ilp11 pactieTe K oo ypaH-80)].HOH peweTKH 

BapbHpoBaJIHCb cne.n.yJ01Ul1e napaMeTpbl: 

-THn perueTKH; 

- 0TH0UJeH11e HpewlDwap OT 1 .n.o 1,5; 
- paJJ.HYC wapa OT 0, 1 )].0 4 CM; 

- nJJOTH0CTb BO}].bl OT 0,0 I )].0 I r/cM
3
; 

- all)].11THBHaH ITJl0TH0CTb U02 OT 3, 14 }].0 

10,7 r/cM
3
. 
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Ha p11c. 3 ... 5 npe,nCTaBJJeHbl 3aBHCHM0CTl1 

Koo OT ITJ10TH0CTl1 B0)lbJ )].Jljl H peu/ Dwap = 1 11 

> / "1 , .. /.r 
'<_, 

.1 Bolla 

,~ I H 1 ... .a 

P11c. l. Heo.n.Hopo.n.HoCTb "ccpepa B Ky6e" .n.n.i1 Ky-
61-1'-lecKoi-l peweTKH 

P11c. 2. Heo.n.Hopo.n.­
HOCTh "ccpepa B Ky-
6e" .n.1rn rpaHeu,eH­
TpHposaHHOH pe­
weTKH 
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1.5 
K_ 

1.-1 

1,3 

1.2 
-+-R wap = 2 CM 

--- R wap = l CM 

l.l ~R wop= -I CM 

-- R Wllf = 2.3 c.r. 
1.0 I I ~ Rwap = 2.4 c.r. 

0.9 

IlJJOTIJOCTh BCl;J;l,I, r 1CM 
0.8 

0 0. 1 0.2 0.3 0.4 0.5 0.6 0 7 0.8 0.9 

P11c. 3. 3aBHCHMOCTb Ka, OT nnornocnf BO)lbl .nm1 

U02 nnOTHOCTblO I 0,7 r /cM3 npH Hpeu/Duiap = I 

1.-1 

K_ 
I 

-
../'.'."..I ~~ 

I /? ~ 

1.3 
/J V,<"" I I 

J~ I -+-~,= 2 C~I -
I.'.! 

1.1 

1.0 

/~ V --R,...,= 1.3 CM 

~/ --+-R I -I~~, -
W,tJI 

/4! _._Rm..,='.!.3CM -
-9-R'"", 25 CM 

-
§/ 

-)" 
--+--R ..... , 3 CM 

-
', 

09 
I I 

I, I L 

I I JIOTII IClJ, B );n.J CM' 

0.8 
0 0. 1 0.'.! 0,3 0.-1 0.:- 0 6 o.- 0.8 0.9 

P11c. 4. 3aBHCHMOCTb Ka, OT nnoTHOCTH BO)lbl .nm1 

U02 nJIOTHOCTblO 7 r/cM3 npH H pewf Dwap = I 

1,6 

1.-1 

1.2 

I. I 

1.0 

0.9 

0.8 

K_ I I 

I I 
~r I I 

./ I 
~ I i I 

/ I I I I 
) I I 

/ 
/ -+-R = '.! CM t wap 

1 ' I --R111..,=2,3 CM 

I I I I 

~ 
I 
I 

I ,.. 
I!. 01110 ThBC ~ . fl U' 

0 0. 1 0 2 0.3 0.4 0.5 0.6 0 - 0.8 0.9 

P11c. 5. 3aBHCHMOCTb I<,,, OT nJIOTHOCTH BO)lbl )lJl.11 

U02 nJIOTHOCTblO 3,14 r/cM3 npH Hpew/Dwap = 1 

1.6 

I 5 

1.-l 

K_ r, -- - ,- ~ __,.,,,J 
~ -x-

I ./' ,___. , 
,) l -- ·~ .. ...... 

1,3 

I.'.! 

./ V , ./ 
) / /' 

/ / ./ J 

/ ./ J /~ 

1.1 

1.0 

I I / 
I / I - x- nnomocn llO, ~ 7 1 cM' 

I '/ I 
//1 I --nnomocn. UO2 = 10,7 r lCM1 

0 ,9 
IH -o-nn om ocn, t:02 = 3 .1-1 r 1n.13 

-;V I 
f· n ;romOCTh so!:nJ, r. lb1 

0.8 
0 0,1 O.'.! 0.3 0.-1 0.5 0.6 o.- 0.8 0,9 

P11c. 6. 3aBHCHMOCTb I<,,., OT TIJIOTHOCTH BO)lbl )lJl.11 

HpeJDwap = 1 11 Rwap = 2 CM 

npH H3Me1-1emn1 a.n.uHTHBHOH nJJOTHOCTH U02 
OT 3 .uo I 0,7 r/cM

3
. l,13 3THX pHCYHKOB BH.UHO, 

t.JTO npH yBeJJHlJeHH H TIJJOTHOCTH U02 MaKCH­

MaJibHOe 3Hal.JeHHe I(.. J1.0CntraeTC51 npH yBe­

JJHt.Jemm pa.uHyca wapa. 

CpaBHHM Me)K.uy co6oH 3aBHCHMOCTH K.. 
OT IlJJOTHOCTH BOJJ.bl ,mm pa3JIHlJHblX IlJJOTHOC­

TeH npH O.UHHaKOBbIX pa.u11ycax wapoB. Tiony-

9eHHOe cpaBHeHHe npe.UCTaBJJeHO Ha p11c. 6. 
MaKCHMaJJbHble 3Hat.Jemrn K., .UOCTHra!OTC51 

n pH MeHbWHX a.n.uHTHBHblX IlJJOTHOCT51X U02. 
TaKHM o6pa30M, onpe.ueJrnJOlll,di 3aBHCHMO­

CTblO K.. OT nJIOTHOCTH BO.Ubl 6y.ueT 3aBHCH­

MOCTb, nonyt.JeHHaH ,llJ151 a.n.uHTHBHOH nJJOTHO­

CTH U02, paBHOH 3,14 r/cM
3
, 11 Rwap= 2 CM. 

TipH MaJIOM o6beMe 3aMe,llJJHTeJI51 HaH-

6oJibWee 3Ha4eHHe K.. .UOCTHraeTC51 npH HaH­

MeHbilleH IlJJOTHOCTM U02, Kor.ua HMeeT MeCTO 

Ha11Mettbwee nornomeHHe. 

AHaJJOrHt.JHbIM o6pa30M HaH,lleHbl napa­

MeTpbl ypaH-BO.UHOH peweTKH, o6ecnet.JHBaJO­

IJ.ll1e ee MaKCHMaJJbHbie pa3MHO)KaJOmHe CBOH­

CTBa ,llJJ51 OTHOWeHH51 H pew/ Dwap OT 1, J .UO 1,5 
n p11 pa3JJHt.JHblX TIJJOTHOCT51X U02. Ha pHC. 7 H 

8 npe.ucTaBJJeHbl 3aBHCHMOCTJ,f MaKCHMaJibHbJX 

3Hat.JeHHH K., OT IlJJOTHOCTH BO.Ubl ,llJJH COOT­

HOilleHHH HpewlDwapOT 1,0 .UO 1,5. 

3aeucUMocmb K,,, om meMnepamypbl U02 
uH20. 

,ll,1151 O1.1.eHKH BJJHHHHH TeMnepaTypbI U02 
Ha BeJJHt.JHHY K~ ypaH-BO.UHOH peweTKH npo­

Be.UeHbl pact.JeTbl K.. ypaH-BO.UHOH peweTKH C 
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PHC. 7. 3aBHCHMOCTb MaKCHMaJlbHOfO 3HaYeHHSI 

I(.., OT llJlOTHOCTH BO.LI.bl .ll.JlSI H p,,J Dwap = 1,2 

pa3JUl4HOH TeMnepaTypoi:f U02; ocTaJlbHhie 

napaMeTpbI ypaH-sonHoH p e w eTKH, 06ecnelfH­

saIOm11e MaKCHMaJlbHbie pa3M HO)l{aIOl.l.lHe 

CBOMCTBa, OCTaBaJIHCb 6e3 113MeHeHHH (reoMe­

TJ)HlfeCKHe napaMeTJ)bl , TeMneparypa 11 llJIOT­

HOCTb sonbr). P e3yJibTaTbl paClft!TOB npenc­

TaBJieHbl B Ta6JI. 3, a BJil1511111e TeMnepaTyphl 

BO.LI.bl ypaH-BOnHOM peweTKH Ha ee pa.3MHO)l{a­

IOl.l.l11e CBOHCTBa - B Ta6J1. 4. 
T a 6 J1 u u a 3. 3HaYemrn Ko. ypaH-BO.lJ.HOH pe­

weTKH .D.JlSI HID = I , I , Rwap = 2 CM 11 llJlOTHOCTH 

BO.LI.bl 1 r/cM
3 

npH pa3JlH4HbIX TeMnepaTypax U02 

TeMne- A.n.ll.HTH BHaSI n JlOTHOCTb UQ~, r / CM 
1 

parypa 3,14 5 7 10,7 
U02, °C K_ 

20 1,473 16 1,50544 1,5 1344 1,5009 
500 1,47079 1,49953 1.50019 1.48302 
970 1.461 1 1,49122 1,49553 1,47761 

1 290 1,45571 1,49007 I ,48828 1,46952 

T a 6 J1 H u a 4. 3HaYett11si Ko. ypaH- BO.D.HOH pe­

weTKH .ll.JlSI HID = I, I, Rwap = 2 CM, o6beMHOH 

nnoTHOCTH U02 3, 14 r/cM
3 

npH pa3J1HlfHblX TeM­

Typax H llJlOTHOCTSIX BO.LI.bl nepa 

Tel\me- O JlOTHOCTb BO.LI.bl , r/CM 
1 

paTypa 0,01 I 0,5 
H20 , °C K_ 

20 0,91778 I I ,53253 
200 0,91718 I 1,53 139 

I1p11 y BenHYe HHH TeMneparyph1 H20 H U02 3Ha­

t.JeH11si K,, yMeHbWaIOTCSI. 

TiposeneHHbie aHaJIH3bl 1103BOJll1Jll1 ycTa­

HOBl1Th napaMeTpbl ypaH-BOnHOH peweTKH, 

xapaKTepHbie nn51 ee MaKCl1MaJibl-lhJX pa3MHO-
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P11c. 8. 3aBHCHMOCTb MaKCHMaJlbHOro 3HaYeIHISI 

I<.,, OT nJlOTHOCTH BO.LI.bl .D.JlSI Hpew/Du,ap = 1,5 

)KalOl.l.lHX CBOHCTB np11 npoTeKaHl1H 3anpoeKT­

HOH asapmt c pa3pyweH11eM aKTl1BHOH 30Hhr: 

Hpeu/Dwap OT I no J ,5; a.ll.lll1Tl1B11a51 llJIOTHOCTb 

U02 OT 3, 14 n o Io. 7 r /cM\ ITJIOTHOCTb H20 OT 

0,0 I .n.o 1,0 r/cM
3

• 

TTpen cTaBJieHHble Ha puc. 3 ... 8 3aBHC11MO­

CTl1 noKa3bIBaioT ttanKp11TJ1LJHOCTb pacLreTHOH 

MO)leJIH KOp11yMa, COCT0511.l.lero 113 U02 060-

rameHHeM 5 % no 
235U . .[{1151 nepesona Ko­

p11yMa B no.n.Kp11T114eCKOe COCTOHHHe B )KM, 
Haxon51W.HeC51 B YJIP, no6aBJ1HIOT nornorn­

TeJib HeHTpOIIOB, Macca KOTOporo onpeneJI5leT­

CH Ha OCHOBe HeHTJ)OHHO- cp113H'-leCK11X paclfe­

TOB. )KM B Y JIP COCTOHT 113 OKc11noo )KeJie3a 

11 an10M11H1151. KpoMe rnro, B YJIP B pe3yJ1bTa­

Te 3anpoeKTHOH asap11H nepeMemaeTC51 '-!aCTb 

KOHCTJ)YKUHOHHblX MaTep11anOB aKTl1BHOH 30-

Hbl. Bee 3TH MaTepHaJlbl, a TaK)l{e np11Mec11, 

BXO)l511.l.ll1e B COCTaB TOTTJll1Ba, 6y.n.yT norno-

1.l.laTb HeHTPOllbl 11 CHl1)1{aTb Ha)lKp11Tl14HOCTb 

KOpHyMa. 

)],nH onpe)leJieHl1SI pean11CTl1YHOH MaCCbl 

Cl1JlbHOfO nOfJIOTl1Temr HeHTJ)OIIOB, Hanp11Mep 

Gd20 1, np11 nposeneH1111 HeHTJ)OHHO- cp~n114ec­

K11x paclfeTOB Heo6xon11MO Y411TbIBaTb Macey 

11 XMMHlfeCKHH cocrns KOHCTPYKU110HHhJX Ma­

Tep11an os aKTHBHOH 30Hbl 11 )KM YJIP, Haxo­

Jl511.l.ll1XC51 B KOpHyMe, TaK:>Ke CJie)lyeT Y411Tbl ­

BaTb npMMec11 B Tonn11se 11 06orameH11e Ton­

n11sa no 
235U. PaclfeTbJ HY)l{HO nposon11Tb c 

napaMeTJ)aM11 ypaH-son HbIX pewernK, npen­

crnsneH1-IbIMH s Ta6JI . 5 ... 7. 



T a 6 JI 11 u a 5. IlapaMeTpbI ypaH-BO.l{HOH peweT­
KJ1 npH HpewlDwap = 1, 06ecne•mBat0mHe MaKCH­
MaJlbHbie pa:3MHO)!<a!Oll{He CBOHCTBa CHCTeMbl np11 
pa:311HYHbJX nJJOTHOCUIX 80.l{bl 

AMHTHBHasi 

IlJJOTHOCTh 
0JJOTHOCTb 

80.l{hl, r/cM3 UO2, r/cM3 

3,14 
Pa.nHYC wapa, CM 

0,1 2 
0,2 2 
0,3 2 
0,4 2 
0,5 2 
0,6 2 
0,7 2 
0,8 2 
0,9 2 
1 2 

T a 6 JI 11 u a 6. ITapaMeTpbJ ypaH-BO.l{HOH pewer­
KJ1 npH HpewfDwap = 1,3, o6ecneYHBaJOll{He MaKCH­
MaJJhHhJe pa:3MHO)KaJOll.l}1e CBOHCTBa CHCTeMbI npH 
pa3HhIX 0JJOTHOCTSIX 80.l{hl 

A_n.nHTHBHall 0JIOTHOCTh 
IlJJOTHOCTb UO2, r/cM3 

80.l{hl, r/cM3 10,7 7 5 3,14 
Pam,1yc wapa, CM 

0,1 3 
0,2 3 
0,3 3 
0,4 2 
0,5 1,4 
0,6 1,4 
0,7 0,9 
0,8 0,9 
0,9 0,9 
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KoHCTPYKTHBH3H cxeMa KOpnyca peaKTOpa C HHBepCHbll\1 pacnpe,ll,eJJeHHeM 
ttanpH,Kettuit. CpaBHHTeJJbHbIH aHaJJHJ uanpH,KeH1di s asapuiiHOM pe,KHMe 

P.K. Ta.nu.Moo, ll.A. AReKca,u)poo, 
HHU "KyptJaTOBCKHH HHCTHTYT", 123182, MocKaa, nn. KyptJarnaa, I 

TTocryn11na a pe.uaKu,HIO 25.12.2010 r. 

PaccMaTp1rnaeTCH KOHCTPYKU.HH Kopnyca peaKTopa nma BB3P c HHBepcHbIM pacnpe.n.eneHHeM HanpH­
)l(eHHH. BHyTpeHHHH 060JI0'-1Ka, npHJierat01.Ua1I K o6JiaCTH BbICOKoro )laBJieHHH H BbICOKHX TeMneparyp, Haxo­
JlJHCH B C)l(aTHH, a BHeWHHe '-!aCTH KOpnyca, r)le OCJia6JieHO H3JIY'-leHHe H HH3KaH TeMneparypa, HaXOJJ.$1TCH B 
paCTH)l(eHHH. TipHae.n.eHbl pe3yJibTaTbl pac'-!eTa HanpH)l(eHHH B npH6JIH)KeHHH 6eCKOHe'-IHOro U,HJIHHJJ.pa. Pac­
CMOTpeHa rnnoTeTH'-leCKaH asapHH C He06XO)lHMOCTbIO OXJia)l(J].eHHJI BHyTpeHHeH CTeHKH KOpnyca. Pac'-leT 
noKa3an KapJJ.HHaJJbHOe yMeHbllJeHHe HanpH)KeHHH npH pe3KOM OXJia)l(Jl.eHHH KOpnyca npe.n.naraeMOH KOHCT­
PYKllHH no cpaBHeHHIO C TpaJJ,IHJ.HOHHOH. OTMe'-laeTCH npOCTOTa TeXHOJIOrHH H3fOTOBJieHHH H BblCOKaH Ha­
J].e)l(HOCTb Kopnyca. 

K'l10'le6b1e CJ1oea: peaKTop, BB3P, Koprryc, HanpJ1)KeH11e, asapHH. 

Constructive Scheme of Reactor Pressure Vessel with Inverted Stress Distribution. Comparative 
Analysis of Stressed-Deformed State Dynamics in Emergency Operation Mode. R.K. Galimov, P.A. 
Aleksandrov, NRC "Kurchatov Institute", 1 , Kurchatov Sq., Moscow, /23182. 

Below considered is a constructive scheme of VVER-type reactor pressure vessel with inverted stress dis­
tribution. Internal pressure vessel shell, adjoining the high pressure and high temperature area, is in the state of 
compression, while outer parts of the vessel, where the temperature is low and the radiation is reduced, are in 
the state of stretching. Calculation results for endless cylinder approximation are produced. Hypothetical 
emergency with necessity of cooling the reactor vessel internal surface is considered. The calculations have 
shown the cardinal stress reduction under the impact of sharp cooling of the reactor vessel of proposed con­
struction compared to the traditional one. The simplicity of construction technology and high reliability of the 
reactor pressure vessel are observed. 

Key Words: Reactor, VVER, Pressure Vessel, Stress, Emergency. 

Bse,nenwe 

3aonlOU.HH peaKTopoa THna BB3P, cocTa­
BJIHI-Oll.lHX TeXH0Jl0rHlJeCKYIO 6a3y ,llJlH pa3BH­
THH aTOMHOH 3HeprernKH PoccHH, 6m13Ka K 
HClJepnaHHIO nyTdi coaepweHCTB0BaHHH. 
,ll.aJJbHeHl.l.IeMy pocry 3KOHOMHlfeCKOH 3cpcpeK­
THBH0CTl1 3.UeCb npenHTCTByeT PH.ll TPY.llH0-
pa3peWl1MblX npo6neM. Kopnyc peaKrnpa 
npe.ucTaBmleT co6oi1 U,HJll1H,llp11lJeCKYIO rpy6y 
BHyrpeHHl1M .u11aMerp0M 4,5 ... 5 M 1-1 T0Jlll.lH­
HOH CTeHK11 190 ... 250 MM, 3aKpbITYIO c rnp­
U,0B MaCCl18HbIM11 BbinYKJlbIMl1 .llH0M H KpblW­
KOH, 11Mel-Oll.leH MH0rolfHCJleHHbie TeXH0Jl0fH­
lfeCKl1e 0TBepCTHH ,llJlH CHCTeM ynpaaneHHH 11 
K0HTP0JIH 3a pe)Kl1M0M pa60Tbl peaKTopa. 

,l],aaneHHe 11 TeMnepaTypa pa6otJero Tena 
a Kopnyce ,ll0CT11ra10T 160 ... 200 a TM 11 300 °C, 
C00TBeTCTBeHH0. TTp11 3T0M Macca K0pnyca 
CTaH0Bl1TCH Kp11THlfHOH ,llJJH ero rpaHcnopTH­
p0BKl1. 3KOHOMl1lfeCKaH 3cp<peKTHBHOCTb peaK-
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Topa pacTeT C TTOBbIWeHHeM .uaaJJeHHH H TeM­

neparypbl pa6olfero Tena. O.uHaKo yposeHb 
HanpH)KeHHO-,llecpopM11posaHHOro COCTOHHHH 

(H)].C) Kopnyca 6nl130K K npe.uenbH0 .uonyc­
THMOMY H TT03TOMY .D,aJJbHei1wee TTOBbIWeH11e 

napaMerpoa pa6otJero Tena B03M0)KH0 JJl1Wb 
3a ClfeT nporpeCCHBHOro poem MaCCbl KOpny­

ca. 
PaclfeTHbIH cpoK cny)K6bJ BB3P onpe.ue­

JJeH a 60 JleT. ,l],nH ero yaeJJ11lfeHl1_H HY)KH0 
CHH)KaTb yposeHb H)].C CHJJOBbIX 3JJeMeHTOB. 

3m npoT11sopelf11T rpe6oaaH1110 pocTa ero 
3KOHOMHlfeCKOH 3cp<peKTl1BHOCTH. MaKCl1-

MaJJbHbJe HaTip$1)KeHl1SI H TeMneparypbl ,llOCTl1-

ralOTCH Ha BHyTpeHHeH noaepXH0CTl1 K0pny­
ca, lfTO ycyry6nHeT TPY.UHocrn pa3pewem-u1 
yKa3aHHbIX npornaopelfHH. 

,l],o6aBHM, 1tT0 .uaHH0e K0HCTPYKTl1BH0e 
peweHHe peaKTopa orpaHHlf11saeT CTeneHb ero 
ynpaanHeM0CTH 11 ycnmKHHeT .UHarnocTHKY 
ero TeKymero COCTOHHHH no TaKHM noKa3aTe-



JI51M, KaK MaCWTa6 poem TpellU,iH 11 Koppo311H 

B CHJlOBbIX '.:)JleMeHTax. 8 pe3yJibTaTe ero pa-

6oTocnoco6HOCTb oueH11saeTc.H no JMn11pw1e­

CKOMY Kp11Tepmo " TeL!b nepen pa3pyweH11eM". 

1. KoHCTpyKTHBHO-CH.110B3SI cxeMa 

KOpnyca peaKTopa C HHBepCHblM 

pacnpeJJ.MeHHeM HanpstiKCHHH 

TaKl1M o6pa30M, ,l].JlH nOBbIWeHHH 3KOHO­

M11YeCKOH 3cpcpeKTHBHOCTl1 peaKTOpa 1-1eo6xo­

.lll1MO CH.HTb orpa1-111YeHl1H Ha npeneJlbl-lYIO 

Macey, CHl13l1Tb HanpH)KeHHH Ha BHyTpeHttdt 

nosepXHOCTH Kopnyca, nOBbICl1Tb y poseHb 

onepanm1-1oro ynpasJie1-111H no TeKyweMy co­

CTOHHl1!0 11 06ecne1:111Tb csoespeMe1-11-1y10 ,n.11a­

rnocT11Ky peaJlbHOro COCTOHHl1H '.)JleMeHTOB 

KOHcTpyKu1111. TTpencTas11HeTCH, YTO B 3Ha1:111-

TeJ1hHOH Mepe 3TH npo611eMbl MoryT 6bITb pa3-

peweHbl B paMKax KOHCTJ)YKTl1BHO-Cl1JlOBOH 

cxeMbl HHBepcHoro Kopnyca, on11caHHOH B 

[ 1 ]. 
KopOTKO pacCMOTJ)HM pe3yJJbTaTbl 3TOH 

pa60Tbl. OcHOBHble YepTbl HHBepCHOH cxeMbl 

Ha Kal.feCTBeHHOM ypOBHe MO)KHO 113JlO)1<11Tb 

,ll.JIH KOpnyca 6ecKOHe4HOH BblCOTbl; nonpaBKl1 

Ha KpaeBbre YCJ1OB11H ,llJlH peaJlbHOro Kopnyca 

OCTaBHM Ha nOTOM. 3aMeTHM, YTO aHaJlOrHY­

Hbie sonpocbI paccMaTp11sam1cb paHee [2]. 
TionepeYHoe ceYe1rne 11HsepcHoro Kopnyca 

noKa3aHo Ha p11c. 1. 
O6oJJOYKa 1 3,necb C)KaTa 06)1<HMHblM 

KOJlhU.OM (OK) 2, Ha pe6pa KOToporo noca)KeH 

C 3a,llaHHbJM HaT.HrOM naKeT, COCTOHlll,HH 113 

KOJJbUa 3 onpaBKH c HaMOTKOH 4 CTJ)YHbl c 

3a,llaHHblM Yl1CJIOM CJJOeB 11 nporpaMMOH Ha­

TH)KeHI1H Ka)K,LJ.Oro CJlOH. 3aMbIKaeT naKeT 

BHeWH.HH 060J10lJKa 5, TaK)Ke noca)KeHHaH Ha 

HaMoTKY CTJJYHhI c 3ana1-1HhJM 1-1arnroM. B 06-

weM c11y9ae B03MO)l(HO Hapaw11saH11e YHCJJa 

naKeTOB, BHCWH11X no OTHOWeHl1!0 K ,n.aHHO­

My. 3)leCb paccMaTpHBaeTCH O)ll1H. 

B Me)Kpe6ep1-10M npocTpaHcTBe u11pKy1111-

pyeT )1(11IlKl1H oxJJan11TeJib, TeKyW.11M11 3HaYe­

HHHMl1 nas11eHl1H 11 TeMneparypbl KOToporo 

MO)KI-1O ynpaBJlHTb; OXJJa)ll1TCJlb peaJ1113yeT 

pOJJb areHTa ynpaBJlCHl1.H 11 CHH)KaeT TTJlOT­

HOCTb HCHTpOHHOrO flOTOKa. TaKl1M o6pa30M, 

HMeeM 6oJTbWOe lJJ1CJTO napaMeTpOB ynpaBJJe­

H11H 11 ynpaBJTH.IOWHe ¢YHKU1111 ,llJIH peryn11po-

I _2_ 

3 

PHc. I. nonepe<rnoe ceLJeHHe peaKTopa c HaMOT­
KOH CTPYHhl c BHYTPeHHHM .u.asJJeHMeM 200 aTM: I 
- 0601101.JKa Kopnyca; 2 - OK c pe6paMH c npoMe­
JKYTO'-IHhIM .u.asne~rneM; 3 - KOJlbl..(O o60JIO'-IKH, Ha 
KOTopy,o HaMaTbJBaeTC.sl CTpyHa; 4 - HaMOTKa 
CTPYHh1 ; 5 - sHewHHH KoJKyx 

BaH11H TeKyLUero COCTOHll11H peaKTopa. B (]] 
nOK3.3aHO, 4TO BbJ6opoM BCJIHLIHH '.)THX napa­

MeTpOB MO)KHO peaJll130BaTh Wl1p0Kl1H )ll1ana-

30H pacnpe,n.eneHHH 1-1anpH)Ke1-111i1 no JJJeMeH­

TaM tt1-1sepc1-1oro Kopnyca. 

B YaCTHOCTl1, B pa6oYeM pe)K11Me MO)KHO 

JJ:0CTl14b C)Kl1Ma!Olll,HX KOJibUCBblX HanpH.)Ke­

HHH Ha BHYTJ)CHHeH nosepx1-1ocTH BMecTo pac­

nrrnsaiow.11x 200 MTia )lJIH Kopnyca BB3P 

Tpa)lHU.HOHHOH KOHCTJ)YKUHH. Tlo)lo6Hble pac­

npe)leJJeHHH no TOJIUJ,HHe CTeHKl1 )lJIH. KOJlbUe­

BblX 11 pan11aJJbHhTX HanpH)KeHl1H []0Ka3aHbl Ha 

pHC. 2: JICBblH rpacj:JHK - )lJIH KOpnyca Tpa)lH­

UHOHHOro BB3P, npaBbIH - )lJIH 111-1sepc1-1oro 

Kopnyca. 

}lb rpacpHKOB BH)lHO, '-!TO TOJJUJ,HHa CTeHKH 

BO BTOpOM cnyyae Ha nopH.JlOK yMeHbIIJeHa 11 

no pa)l11ycy HanpH)l(emrn npaKT111-1ecK11 1-1e Me­

HHIOTCH; pa)lHaJlbHbie HanpH.)l(CHHH no BCJil1-

YHHe paBHbl )laBJICI-11110 B Kopnyce (20 MTTa). 

OK noca)l(etto Ha o6oJJOYKY c 1-1arnroM B 20 
MTia. B pa6oYeM pe)KHMe ero KOJibUCBbJe 1-1a­

npH)KCHl1H BblpacTa!OT no 180 MTia (p11c. 3, 
JICBblH). Pa6oYHe 1-1anpH)l(CHl1H KOJlbUa onpaB­

KH 3H3411TeJJbHO J-IH)Ke (pHC. 3, npaBh!H). 

TTporpaMMa HaM0TK11 CTJ)YHbI no CJJOH.M 

noKa3aHa Ha pHc. 4 (I). B11n1-10, YTO nporpaM­

MHble 1-1anpH)l{CHl1H Bb!COKH. B pa6o4eM pe)l(H­

Me peaKTopa OHH ew.e yseJIHYHBa!OTCH (p11c. 4 
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o, MTTa 

200 

100 

2 

O o, Mna 

-100 

2 
0 L~;=:::::::::::::=:::::::==:=2 r, MM - 200 4-------------r::-::-:MNt 

2 500 2 550 2 600 2 650 2 700 2 750 
a) 

2 500 2 505 2 510 
6) 

2 515 2 520 

P11c. 2. Hanpa)f(em,u1 B Kopnyce peaKTopa pa3HOH KOHCTJ>YKU1rn: a) - TJ)a.D.HUHOHHblH Kopnyc: J - KOnbueBble 
ttanpa)f(eHHa o6ono4KH Koprryca, 2 - pa,n.11anbHb1e Hanpa)f(ett11a; 6) - Kopnyc c HHBepcHblM pacnpeJleneHHeM 
Hanpa)f(eHHH, BHyTpeHHHJI o6on04Ka: 1 - KOnbueBble Hanpa)f(eHHH o6on04KH KOpnyca, 2 - pa)lHMbHble Ha­
npJl)f(eHHH 

cr,MTTa 

100 

0 

-100 
2 

L....;===:::;:::=~=;::===::::;::======:;r,MM 
2 520 2 530 

a) 

2 540 2 550 2 560 

cr,Mna 
40 

20 

0 

2 
- 20 -+------------...... -------------.... -_-_-_-_-_-_--,_-_-_-_-_-_-__,-r, MM 

2600 2605 2610 2615 2620 

6) 

P11c. 3. Hanp51)f(ett11e B OK 11 o6e4ai1Ke: a) - H)].C OK: 1 - KOnbUeBb1e Hanpa)f(ett11a, 2 - pa.n.11anbHb1e ttanpa­
)f(eH11a; 6) - H)].C o6ono4KH, Ha KOTopyio HaMaTbJBaeTCH CTpyHa: 1 - KOnbUeBbJe Hanp.ll)l(eHHJI, 2 - pa)lHMb­
HbJe Hanpa)f(eHJ.rn 

(2)). 3TH pe3yJ1bTaTbI C00TBeTCTBYJOT pa6oLJe­
MY .naBJleHHJO a Me)Kpe6epHOM npOCTPaHCTBe, 
paBH0My 10 MTia. 

TaKHM o6pa30M, HHBepcHoe pacnpe.nene­
HHe Hanp51)KeHHH peamnoaaHO - B HaHMeHb­
wei1 Mepe Harpy)KeHa o6onoLJKa ueHOH BbJco­
KHX Hanp51)KeHHH nepmpep11i1Horo naKeTa. OT­
MeTHM, 4TO BbI6op pacLJeTHbIX YCJlOBHH 3,necb 
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o6ycnOBJ1eH CTPeMJleHHeM Harn51.D.HO noKa3aTb 

BO3MO)KHOCTH HHBepcHoro KOpnyca. Pe3yJ1h­

TaTbJ pacLJeToB HOCH 111111JOCTPaTHBHbJH xa­
paKTep, BonpOCbJ OTTTHMH3aUHH napaMeTPOB 

He CTaBHJlHCb. 

IlpeHMyw.ecrna .naHHOH cxeMbJ nepe.n TPa­
.D.HUHOHHOH COCT051T B CJle,nyJOW.eM. O60J104Ka 
Harpy)KeHa cna6o, no3TOMY npoueccb1 poem 
TPeW.HH, Kopp03HH H nomY4ecn1 MeTanna B 



a, MTia 

480 

460 

440 

420 

400 

380 

360 

/ 
2 620 2 640 2 660 2 680 2 700 2 720 

a) 

0 
a, MTia 

- 2 

-4 

- 6 

-8 

- 10 

- 12 

- 14 

- 16 

- 18 

2 620 2 640 2 660 2 680 2 700 2 720 

6) 

P11c. 4. Hanp}l)l(eHH}I B :rneMeHTax KOHCTPYKUHH KOpnyca: a) - KOJlbUeBble Hanp}l)l(eHH}I no CJJO}IM HaMOTKJ.i 
CTPYHbl: 1 - nporpaMMHbie, 2 - pa60Y11e; 6) - pa6o'-IHH pe)l(HM, pa,n11aJihHb1e Hanp}l)l(emrn 

ycJIOBIUIX BbICOKHX TeMneparyp 3,lleCb 3aTop­

MO)KeHbl. CHJIOBbJe 3JleMeHTbJ C BbICOKHM 

ypOBHeM HanpSI)KeHHH noMew.eHbl s o6naCTh 

noHH)KeHHbIX TeMnepaTyp H nJIOTHOCTH nOTO­

Ka HeHTpOHOB, 4TO cnoco6crnyeT nOBbIWe­

HHJO HX ,llOJlfOJieTHSI. HaMOTKa crpyHOH HMeeT 

pew11TeJ1hHb1e npe11Myw.ecrna nepe.D. o6ono4-

KOH cnnournoro MeTaJIJia TOH )Ke T0JIW.HHhJ. 

J,faseCTHO, 4TO TeopeTH4eCKaSl np04HOCTb 

CTaJIH Ha nopSI.llOK BhJWe KOHCTPYKT11BHOH. 

TipwrnHa B ,ll,HCJlOKaUJUIX H WJiaKOBblX BKJIJO­

'-!eHHSIX, KOTOpblMH o6peMeHeH MeTaJIJI. O4HC­

THTb OT wnaKa TOHKYIO crpyHy HecpaBHeHHO 

nef4e, '-!eM Toncryt0 nonocy MeTanna. B pe-

3ynhTaTe 3Ha'-1111eJibHO BblpacrneT (•no nO,ll,T­

sep)K,ll,alOT 3 KCnep11MeHThl) npe,lleJI npO'-IHOCTH 

crpyHhl H ee HaMOTKa 6e3onacHO BhI,llep)K11Ba­

eT Harpy3KJ1, He,ll,OCTH)l(HMbJe ,ll,JISI TOJICTOH 

060JIO'-IKH. 

TipHHU.HnHaJihHO MeHSleTCSI pa,ll,HaJibHblH 

xapaKTep 113MeHeHHH KOJlhUeBblX HanpSI)l(eHHH 

B 3JieMeHTax KOHCTPYKU.1111. )J.nSl KOpnyca 

BB3P OHH onpe.D.eJISIIOTCSI seJIH4HHOH pa6o­

qero nasneHHSI 11 MOHOTOHHO yMeHbWalOTCSI 

no pa,ll11ycy (p11c. 2.). B HHBepcHOM Kopnyce 

pacnpe,ll,eJ1eH11e KOJlbUeBhlX HanpSI)KeHHH no 

CJlOSIM HaM0TKH (p11c. 4 (] )) cpopMHpyeTCSI B 

npouecce ero npoeKTHposaHHSI c uenbJO ,llOC­

TH)l(eHHSI MaKCHMaJibHOH Ha,ll,e)l(HOCTH o6beK­

Ta. 

TipHHUHnHaJibHbie npe11Myrn.ecrna cxeMbl 

HHBepcH0fO peaKTOpa nepe.u CTaH,ll,apTHhIM 

BB3P ,ll,aeT ero TexHonorn4eCKoe pewett11e. 

l1HsepcHhIH Kopnyc npe,llcTaBJISleT co6oti 

c6optto-pa36opttyt0 KOHCTPYKU.HJO, scne,ll,CT­

s11e qero npo6neMa ero npe.D.eJihHOH MaCChI 

CHHMaeTCSI. Ilpoue.uyphl )lHafHOCTHKH peaKTO­

pa y npo mat0TCSI, HX Kal.feCTBO pacTeT. IlOBbl­

waeTCSI y poseHb Ha,l],e)l(HOCTH - np11 tteo6xo­

.UHMOCTH OT,ll,eJibHhlH 3JleMeHT MO)KeT 6hITb 3a­

MeHeH cornaCHO pe3yJ1bTaTaM TeCTHpOBaHl1SI 

ero TeKyrn.ero COCTO.SlHHSl. 

2. CpaeHHTeJibHhlH aHaJIHJ 

J.J,HH3MHKH H,[J,C HHBepCHOro KOpnyca 

B HeWT3THOM pe:iKHMe 

BbJWe KpaTKO paccMorpeHbl sonpOCbl 

oueHKH H)J.C HHBepcHoro peaKTOpa B pa6o­

'-leM pe)KHMe. O.D.HaKO ,llJISI oueHOK ero 3KOHO­

MH4eCKOH 3q>q>eKTHBHOCTH 3T0f0 He.ll,OCTa­

TOlfHO. TipH BCeH He3HalfHTeJlhHOCTH aepOSIT­

HOCTH asap1111HOH c11ryaum1 B cnyqae peam1-

3aUHH TaKOBOH CMbICJI 3KOHOMHlfeCKHX noKa-

3aTeJiei1 Kap,llHHaJlbHO MeH.SieTCSI, lJTO TTOKa3a­

Jia 113BeCTHaSI rparH'lleCKaSI npaKTHKa. 

3 ,lleCh M0)KHO nposeCTH JIHWb Ka'-!eCTBeH­

HhlH aHaJIH3 cpaKTopoB Ha.ll,e)KHOCTH J].JISI 

BB3P rpaJJ.HUHOHHOH cxeMhJ 11 HHBepcttoro 

peaKTopa H Ha OCHOBaHHH pe3yJibTaTOB 3TOfO 

aHaJIH3a C,ll,eJiaTb npe,llBap11TeJ1bHbie cpaBHH-
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TeJlbHbJe ou.eHKH ypoBHR noTeHUHa.na Ha,LJ.e)K­

HOCTH .nnR 3THX KOHCTPYKTHBHbJX peweHHH. 

l-h scero MHO)KeCTBa B03M0)1(Hb!X HewTaTHbIX 

c1nyau11i1 HH)Ke paccMaTpHsaeTCR o.ntta - no­

TepR KOHTpom1 tta.n COCTOSIHHeM pa6oqero pe­

)KHMa c Heo6XO.llHMOCTblO 6b!CTporo OXJia)l(­

.neHHR peaKTOpa. B 3TOM aHa.nH3e ,LJ.11HaMHKa 

Tennosoro nonsi Kopnyca s npou.ecce ero ox­

JJa)K,neHHSI 3a,naHa RBHO napaMeTpH4eCKOH 

¢YHKUHei1. 

Ha cTa.n1rnx 11ccne.nosatt11si, Kor.na 06-

JJHK HHBepcHoro peaKTOpa B ueJIOM He 

ccpopM11posaH, .n.eTaJibHbIH pacqeT npou.ec­

cos Tennonepe,naq11 no 3JJeMeHTaM KOHCT­

PYKUHH nyTeM KOHBeKTHBHoro Tennoo6Me­

Ha He npe,nCTaBJIReTCSI: 803M0)KHbIM. C .npy­

roii CTOpOHbl, sapbHpysi napaMeTpaMH 

¢YHKUHH Tennosoro nonsi:, MO)KHO nony-

4HTb pe3yJibTaTbl JlJl.SI: IJJHpOKOH 06nacn1 

H3MeHeHHH BHellIHHX KpHTH'-lHblX napaMeT­

pos, 4T06bl C}leJlaTb onpe.neneHHbJe BblBO)J.bl 

0 JlOCTOHHCTBaX H He}lOCTaTKaX HCCJle}lye­

MOH KOHCTPYKTHBHOH cxeMbI peaKTopa. 

.[(syMsi nonepe'-lHblMH Ce'-leHHSl:MH OTHOCH­

TeJlbHO OCH peaKTopa BbJ,IJ.eJIHM nmOBOH 3Jie­

MeHT aHa.nH3a . .[(nsi peaKTopa Tpa}lHU.HOHHOH 

KOHCTpYKll.HH 3TO KOJibUO C BHyTpeHHHM pa­

JlHYCOM rk H sttewHHM Rb = rk + h, h - TOJillJ.M­

Ha CTeHKH Kopnyca peaKTOpa. Pac'-leTHblMH 

3Ha4eHHSIMH .llJ1R BB3P npHHSITbl rk = 2 130 
MM, h = 190 MM . .[(nsi HHsepcttoro Kopnyca 

BeJIH'-lHHa BHyTpeHHero paJlHyca o60JI04KH B 

pacqernx coxpaHetta: rk = 2 130 MM, TOJilllHHa 

CTeHIOI yMeHbWeHa. TionaraeM, '-ITO TepMH'-le­

CKHM rpa,uHeHTOM B,UOJib OCH 3JieMeHTa MO)l(­

HO npette6pe%. 

,lJ;JIHTeJibHOCTb tk OXJI~,IJ.eHHSI: BHyTpeH­

HeH nosepxHOCTH KOJibUa np11MeM e.n.11tt11ueu 

H3MepeHHR BpeMeHH npH scex pe)KHMaX ox­

Jia)K,UeHHSI:: tk = 1. 3To TT03BOJJReT He Y'-lHTbl­

BaTb 3aBHCHMOCTb pea.nhHOro speMeHH oxna­

)K}leHHR OT TeXHOJIOrHH pe)KHMa OXJia)K,IJ.eHHR 

peaKTOpa - TaKHe sonpOCbI OCTalOTCR 3a npe­

.n.enaMH ,IJ.aHHOro atta.nH3a. ,lJ;JIHTeJlbHOCTb tb 

oxna)l(.n.emrn sttewtteti nosepxHOCTH OTJIH'-la­

eTcsi: OT tk BCJie,IJ.CTBHe TeTTJlOBOH 1rnepu.m1 

KOJibU.a. TipH no.n.aqe OXJ1a)K,IJ.a10I1J.eH )KH,ll.KOC­

TH BHYTpb Kopnyca lb 2: h-
XapaKTepHCTHKH MeTaJIJla onpe}leJJeHbl 

.llBYMSI: <PYHKUHRMH TeMnepaTypbI: MOJlYJlSI yn-
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pyrocrn E(t) H Tennosoro pacnrnpemrn G(t) 
MeTanna, KaK rna.nKHe annp0Kc11Mau111-1 Ta6-

JIH4Hh1X ,IJ.aHHblX [3]. 11cnOJih3yeMble B pacqe­

TaX ¢YHKU.HH - E(t), G(t) (E1(t:) cooTBeTcTBy­

eT CTaJUIM nep11HTHOro KJiacca, E2(t) - BblCO­

KOJiernpoBaHHblM CTaAAM). AHa.nOrH'-lHO - .n.m1 

G(t). O60JI04KH HHBepcttoro peaKTopa MOryT 

6hITb co6paHbl KaK naKeTbl 113 pa3JIH4HbTX Me­

Ta.flJIOB. B 3TOM cnyirne E = E(r('r)) M G = 
= G(r(t)). AHa.nH3 Be}leTCSI: B TepMHHaX 6e3-

pa3MepHOH TeMneparyph1 1: t = T/To. To = 20 
°C - 6a30BblH yposeHb cornaCHO <PYHKUHH 

Tennosoro pacwHpeHHR G(t) Mernmrn [3]. 
. ,l1;11HaM11Ka Tennosoro nom1 3a.n.atta MHO­

ronapaMeTpH'-leCKOH ¢yttKU.HeH t.(r, tlP), KOTO­

paR B 3aBHCHMOCTH OT BeKTOpa p napaMeTpOB 

MO)KeT MeHSITbC51 B IJJHpOKOM ,LJ.Hana30He OT 

JIHHeHHOH .n.o cyI1J.ecrnettHo HeJJHHeHHOH. Ha 

BHyTpeHtteti cTeJ-IKe Kopnyca s tta'-laJJbHhIH 

MOMeHT speMeHH TeMneparypa paBHa 300 °C: 
T(O) = 15. K MOMettry h= I otta CHH)KaeTcR .no 

30 °C: t(l) = 1,5 . .[(JJ51 Ha4a.nbHOH TeMnepary­

pbl BHeWHeH CTeHKH paccMaTpHBaJ-OTC51 .nsa 

3Ha'-leHHSI - 250 HJIH 300 °C. Ha pHC. 5, 6 .n.a­

Hbl. Bb16opKH t (r, tlP) .llJ1R BHyTpem1ei1 no­

sepxHoCTH KOJihU,a r = r k H BHernHeH r = Rb. 
HH)KH-5151 Kp11sa51 I rpaq>HKa Ha pHc. 5 co­

orneTcrnyeT 6blCTpOMY OXJla)K,IJ.eHHIO BHYT­

peHHeH nosepXHOCTH KOJlbU.a, sepXH5151 2 - pe-

oc 
300 

250 

200 

150 

100 

50 

PHc. 5. ,ll;HHaMHKa TeMneparypbJ BHyYpeHHeH no­

BepXHOCTJ,f KOJlbU.a B OTHOCHTenbHbJX e.D,HHHU.aX 

.n.m, pa3Hb!X pe)KHMOB oxna)K.ll,eHHSI 
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P1-1c. 6. ,ll.1-1ttaM11Ka TeMneparyphl BHerrrneii no­
aepxHOCTH KOnbu,a 

)l(HMY ee JaMe).J,neHHoro oXJ1a)l().J,eH1rn. Htt)l(H5151 

KpHBa51 0 rpacpttKa Ha p11c. 6 OTBelfaeT pe)l(l1MY 

OXJla)l().J,eHJ,UI BHeurneii nosepxHOCTH KOJTbUa, 

np11 KOTOpOM ee TeMneparypa ).J,OCTHraeT KO­

HelfHOH sem1lfHHbl T = 30 °C 0.llHOBpeMeHHO C 

BHyTpeHHeH nosepXHOCTblO; 3TO B03MO)l(H0 

np11 Me).J,neHHOM OXJTa)l(.lleHJrn peaKTopa, 11 ee 

HHTepnpeTaLJ,J,HI - nnaHOBOe OXJ1a)l().J,em1e KOp­

nyca. BepXH5151 KpHBa51 2 OTBelfaeT pe)l(11MY 

Me.nneHHoro oXJTa)l()],emu, BHewHeii nosepx­

HOCTH KOJlbU,a, MO).J,eJrnpy51 pe)l(HM 6bJCTpOro 

OXJla)l().J,eHH51 BHyTpeHHeH TIOBepXHOCTl1 KOp­

rryca, KOr).J,a KOHBeKT11BHbJH Tennoo6MeH He 

ycnesaeT oro6paTb Tenno no ronm11He 060-

JlOlfKH; ee 11HTepnpeTaUIDI - HeWTaTHblH pe­

)1(11M OXJ1a)l(.neHl151. 

Ha pttc. 7 ).J,aHbl BbI60pKH .llJ151 ).J,J1HaMl1Kl1 

).J,aBJ1eHH51 Pk(t) Ha BHyTpeHHeH nosepXHOCTH 

Kopnyca - ).J,asneHtte np11 oxna)l(.neH11M CHM)l(a­

eTc51 OT pa6oqero ypoBH51 Pk(O) = 200 aTM s 

Ha'IanbHblH MOMeHT ).1,0 0).1,HOH aTMOC<pepbl B 

KoHue npouecca oxna)l(.netttt51. Pk(t) TaK)l(e 

paccMarp1,rnaerc51 KaK cpyHKU1151 ynpasneHl151 

).J,MHaMHKOH HJJ:C Kopnyca. OTMeTHM, t.JTO )],J151 

BB3P Tpa).J,HU110HHOH KOHCTpYKUHH ynpasne­

Htte pe)l(MMOM OXJTa)l().J,eHH.SI 11 .nasJ1eH11eM B03-

MO)l(HO JTMlllb Ha BHyTpeHHeM nosepXHOCTH 

Kopnyca. 11HBepcHhIH Kopnyc ).J,onycKaer Ta­

Koe ynpasneHHe KaK Ha BHy1J)eHHHX, TaK H Ha 

BHeWHHX nosepXHOCT51X CHJlOBblX o6onoqeK. 

o, MITa 
200 

150 

100 

50 

0 0,2 0,4 0,6 0,8 1,0 

P1-1c. 7. ,ll.11HaM11Ka ,naaneHH51 Ha BHyTpeHHeii no­
aepxHocrn KOnbu,a 

2.1./.(uHa.MUKa HJ(C Kopnyca BB3P 
mpaOUlfUOHHOU KOHcmpyKl/UU 

B TelfeHMe BpeMeHl1 OXJla)l().J,eHH.SI MaKCl1-

MaJlbHbJe KOJlbUeBbJe Hanp51)1(eHl1.SI peantt3y­

JOTC51 B pa3Hble MOMeHTbl speMeHH B pa311Hlf­

HbJX pa,il.HaJlbHbIX celfeHIDIX KOJlbUa (p11c. 8) B 

JaBHCMMOCTH OT ero TepMttlfeCKOfO COCT051-

Hl151. XapaKTepHbIM .SIBJl.SleTC.SI .llOCTH)KeH11e 

MaKCHMaJlbHblX KOJibUeBhlX HanpH)l(eHMH Ha 

BHyTpeHHeii nosepxHOCTM. Hx .n1-rnaMHKa 

npe).J,crasneHa Ha pttc. 9 MH c11e.ey10mttx 

BHeWHl1X ycJlOBHH: npo<pl1JJb Tel\meparypbl 

BHy1J)eHHeH nosepXHOCTH 3a.naH KpHBOH 2 Ha 

p11c. 5. 3TO caMblH Me.nneHHbIH pe)l(HM oxna­

)1(.lleHM.SI M3 npe.ncTaBJJeHHbI X Ha pHC. 5; HH­

Tepnpern.pyeM ero KaK pe)l(HM nnaHoso,o ox­

J1a)l().J,eHH51. 

PaccMOTpeHbl )],Ba pe)l(HMa CHH)l(eHl1.SI .naB­

neHM.SI Pk(t) BHYTpH Koprryca: u11cppaM11 0, 1, 2 
noMe'IeHa .llHHaM11Ka Pk, 3a,naHHa51 Ha pMC. 9 
KpHBOH 1; u.mppaMH O', 1 ', 2' - KpHBOH 2. rra­

paMeTpOM paclfeTa CJiy)l(aT pe)l<HMbl OXJTa)l(­

.neHM51 BHewHeH nosepXHOCTM (p11c. 6). qeM 

6bICrpee OXJla)l().J,eHHe BHewtteM nosepXHOCTH, 

TeM HM)((e np11 npo4ttX paBHhIX ycnosm,x TeM­

neparypa BHyrpeHHeH cTeHKH. He TaK 0).1,HO­

JHa'IHO BJlH51HHe ).J,MHaMHKH .nasneHIDI BHYTPH 

KOpnyca, lfTO MO)l(HO BM).J,eTb 113 cpaBHeHH51 

KpHBbIX OM 0', ] H f, 2 H 2° Ha pMC. 9. 
IlpH Me.nneHHOM OXJ1a)K).J,eHl1H BHeurneii 

CTeHKH BbffO.llHO 6onee 6b1crpoe CHl1)KeH11e 

.nasnemrn pk - ypoBeHb MaKCMMaJlbHblX Han-
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o, MTTa o, MTTa 

0,3 
0,5 

0,4 

0,2 0,3 

0,2 
0,1 

0, I 

0 0 

- 0,1 
- 0,1 

-0,2 

- 0,3 -0,2 
rlro - O 4 . 

1,00 1,02 1,04 1,06 1,08 1, 10 1,00 1,02 1,04 1,06 1,08 1, 10 

a) 6) 

Pwc. 8. Pacnpe.ueneHHe KOJlbQeBblX HanpS!)KeHHH: a) - .1vrn pn.ua MOMeHTOB BpeMeHH ; 6) - no pa.u11anbHbJM 

ceqeHHRM KOJibQa 

p.H)l(eHHM npH 3T0M nomuKaeTC.H, 0CTaBa.HCb 

BbTC0KHM - )lO 0,25 ... 0,35 flla. OTMeTHM, ttT0 

npeaen nponopuHoHaJJbHocrn )lJJH pactternoro 
KJiacca CTa.JJeH B 38)l8HH0M ,n:11ana30He TeMne­

paryp paseH 0,39 ... 0,43 rna cornacHo cnpa­
BO'-lHbJM MaTep11a.JJaM [3]. TipH 6blCTPOM ox­
JJa)l()leHHH BHenrneH CTeHKH CH'fY8UHH MeHH­

eTC.H )lO o6paTHOH - ffHK Hanp.H)l(eHHH CHH)l(a­
eTCH npH Me)lJJeHHOM CHH)l(eHHH )laBJJeHHH 
a, Mna 
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Pwc. 9. )J,HHaMHKa KOJJbQeBbIX Hanpsi)KeHHH Ha 

BHyTpeHHeH noBepXHOCTH KOJJbUa, nnaHOBOe ox­

JJa)K.!l,eHHe 
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Pk(t) B Ha'-la.JJhHhIH nep11oa. 
3n1 pe3yJihTaTbl rosop.HT B ITOJJb3Y Te3HCa 

cymecTBosaH1rn onTHMa.JJbHOH CTPaTerww yn­
pasneHM.H pe)l(HMOM OXJI8)1(,1leHH.H KOpnyca ny­
TeM Bb16opa nporpaMMbT )lHHaMHKH aasneHH.H 
Pk(t) 11 TeMneparypHoro pe)l(HMa. 

Ha p11c. 8 noKaJaHo xapaKTepttoe pacnpe­
aenem1e KOJibUeBbJX Hanp.H)l(eHHH no TOJllllH­
He KOJibU,a )lJIH p.H)la MOMeHTOB speMeHH. Ha-
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P11c. 10. )J,HHaMHKa KOJibUeBhJX HanpR)KeHHH Ha 

BHyTpeHHeH noBepXHOCTH KOJibUa, aBapHHHOe 

oxna)K.ueHI-1e 



npIDKeHJHI <pOpMHPYIOTC.s! KaK cyMMa ynpyrnx 
H TepMH4eCKHX KOMnOHetlT. Pacnpe.ucne,rne 

TepMH4eCKHX Hanpst)l(eHHH np11 CH.s!THH BHeW­

Hero H BHy-rpeHHero .uasJJeHHH cP~(r) = Pb(!) = 
== 1 aTM) noKa3allO Ha pHC. 9. TeMnepaTypa B 
Ha4a.JlbHblH MOMeHT BpeMeHH nOCTO.s!HHa no 
TOJllllHHe KOJlbua: -r(0) = 15 (300 °C). 

J,,13 rpacpHKa BHJ].HO, 4TO npH paBIIOMCp­
HOM nporpese KOJlbUa ypoBeHb ero TepMH4eC­

KHX 11anp.si)l(e1111i1 HesenHK. C Te4CIIHCM spe­
MeHH TeMneparypa BIIYTPCHHeH nosepXHOCT11 
6btCTJ)O na.uaeT cornaCHO KpHBOH I Ha pHC. 5 
.UO t0 (rk, 1) = 30 °C; TeMneparypa BHewHdt 
nOBepXHOCTH Mew1eTC.s! Mano: t

0
(Rb, 1) = 284 

°C. Hanpst)l(eH11.si pacT.si)l(eHH.si np11 r = n. 11 
C)l(aTHSI npH r = Rb pacryT no BeJlH4HHC, .uoc­
THra.si 3Ha'-!eHHH BbIWe npe.uena ynpyrOCTH. 

Co'leTaHHe 6btcrporo oxna)l(,uem1.si BHYTPeH­
tteii nosepxHOCHI C Me.LI.JlellHblM }].JUI BHCWHeH 
coJ.uaeT yrpo3y asapHHHOH c11ryau1111. 

)].11HaMHKa KOJlbUCBblX Hanp.s!)l(CHHH Ha 

BHyrpeHHeH nosepXHOCTH KOpnyca np11 He­

llJTaTHOM 0XJla)l(.[leHJ,fH noKa3aHa Ha p11c. I 0. 
O60JHa'leH11.si Te >Ke, '-ITO 11 JIJl.s! p11c. 9. Orn11-
411e B TOM, 'ITO pac1.1eTbl npose.ueHbl .LI.Jl.s! pe­
>KHMa OXJla)l(,D.CHH.s! CTCHKH, 3a,D.aHHOro KpHBOH 

I Ha pHC. 5. B cpasHeHHH c KpHBOH 2 BH,D.HO, 
4T0 B nocne,nHeM cnyqae oxJJa)l(JleHHe cTeHKH 
npOBOJlHTC.s! cyUleCTBeHHO 6b1crpee. B HTOre 
ypoBeHb KOJlbUeBblX HanpstiKeHHH BblpOC B 

cpaaHeHHH C pe)l(HMOM nnaH0B0fO OXJla)l(J].C­
HH.s! - np11 HeWTaTHOM OXJla)K)lellHH HX nHKO­

Bble 3Ha'-!eHH.s! npeBbtWalOT 3a.sisJ1eHHblC npe­

.UCJlbl TeKy'-leCTH MaTep11a.na KOJlbUa Ha sen11-

'-IHHY, .uocTaT0'IHYIO nn.si nepexo.n.a peaKTopa B 
asapHHHOe COCTO.s!HHe. 

2.2. J(w1GMUKa HJ(C zmeepcH020 Kopnyca 
e peJ1CZwe oxJ1a:J1COeHuR 

O6ono1.1K11 HHBepCHoro Kopnyca s cpasHe­
HHH c BB3P .sisn.si10Tc.si TOHKOCTeHHbIMH, no­
:noMy OHH He BblJJ,epiKHBalOT ypoBHSI pa601.1e­
ro nasneHH.si Pt= 20 Mna s KOpnyce np11 aT­
Moc<pepHOM JiasneHHH Ha sHewtteii nosepx­
Hocrn. O,uHaKO KOHCTJ)YKUH.s! peaKTopa He .uo­
nycKaeT TaKOH c11ryau1rn BCJlC)lCTBHe Ha.JlH'-IH.s! 

6onbworo ~rncna pe6ep Me)l(.n.y 060110YKaM11 
(pHC. 1 ). B nepBOM np116n11iKeHHH .ueHCTBHe 
pe6pa MO)l(eT 6btTb 3aMeHeHO )KBHBa.JleHTHblM 

.n.asneHJ-teM. 

o. rna 
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P11c. 11 . Pacnpe.neneHHe KOnbUeBblX Hanpsi)l(eHHH 
no pa.n11ycy. TTapaMeTp t: Pb(t) = Ps.(t), . ,,(t) = • k(t) 

)].asneHHe H TeMnepaTypa s Me)l(pe6ep­
HbtX npocrpaHcTBax 06011o'leK HHBepcttoro 
Kopnyca no csoeH npHpo.ue cny)KaT ecTecT­
seHHbl 'vf H Q)YHKUH.s!MH ynpasJJeHH.s! ero TeKy­
lllHM COCTO.s!HHeM. Ynpasn.sieM0CTb HHBepCH0-
ro peaKTopa Bb1we ynpasn.sieMocrn BB3P -
Hap.siJJ,y C i-paAHUH0HHblM ynpasneHl1eM u.en­
HOH peaKUHCH 4epe3 KpblWKY 3.[leCb A06asne­
Hbl cpe.ucTBa ynpasneHJ-rn 4epe3 60Kosyt0 no­
sepxHOCTb KOpnyca. 

TipH aHa.nH3e H)].C y3na (o6onO'-IKa + OK 
06UleH TOJllllHHOH 90 MM, pa3Mep npOH3B0Jlb­
HblH) npHMeM TeMneparypy BHeWHCH nosepx­
HOCTH OK paBHOH TeMneparype OXJJa)l(.n.alO­
llleH )l(HJlKOCTH, T.e. cso6o.n.Ho H3MeH.s!CMOH B 
onpe.ueneHHbIX rpatt11uax. To )Ke cnpase.umrno 
s OTHOWCHHH .uasJJeHH.s! s Me)l(pe6epHOM npo­
crpaHCTBe. OJ1H3KHM K onTHMa.JlbHOMY 6y)leT 
pe)l(HM ynpasneHH.si Pb(r) = Pk(l) H -rb(t) = -rk(l) 
- .uasneH11e 11 TeMneparypa Ha o6eHx noaepx­
HOCT.s!X KOJJbUa cosna)lalOT B Ka)l(D.blH MOMeHT 

speMe1111. 
Pacnpe.ueneHHe KOJJbUeBhlX Hanp.si)l(eHHH 

npH )THX ycJJOBH.s!X noKa3aH0 Ha p11c. 11, r.ue 
napaMeTJ) speMeHH t np11HHMaeT p.si.u JlHCKpeT­
HblX 3Ha'-leHHH Ha [0, I]. 3a,uaH pe)KHM MaKCH­
Ma.JlbHO 6blCTJ)Of0 OXJla)l(.[leHH.s!: nporpaMMa 
PA(t) - cornaCHO KpHBOH 2 Ha pHC. 7, npor­
paMMa -rA(l) - cornacHO KpHBOH 1 Ha pHC. 5 . 
Xopowo BH.UHO BJlli.s!HHe TeMneparypbl - He-
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P11c. 12. Bo3My~eHHbie MaKCHMaJJbHbJe K0JJbUe­

Bbie Hanp.si)KeHH.s! 

6oJihWHe pacrnrnsal-OUJ,He K0Jibl.\eBbJe Hanp.H­

)KeHH.H peamnyl-OTC51 T0JibK0 B6JU13H BHyTpeH­

HeH noBepxH0CTH, HO ecm1 B HaLJaJibHhIH M0-

MeHT (t0 (0) = 300 °C) 0HH CHH)Kal-QTC.H c MaK­

CHMaJibHhIM no M0)zyJil-0 rpa.n.HeHT0M, TO B K0-

HeLJHhIH M0MeHT (!0 (1) = 30 °C) nocne,LI.HHM 

Ml1HHMaJieH. B ueJIOM KOJJbUO no.n.sep)KeHO 

tte6om,illHM C)KHMal-OmHM Hanp5DKeHJ,l51M. 

rpaq>HK Ha p11c. 11 0TPa)l(aeT 11.n.eaJibHYI-O 

CHTyaUHl-0 - ynpaBJieHHe T0LJH0 BbJn0JIH51eT 

11HCTPYKUHH Pb(t) = Pk(t), -cb(t) = 'tk(t) H <pyHK­

UHH Pk(t), -ck(t) TOLJHO OTPa)l(al-QT COCT051HHe 

K0JJbUa Ha r = rk B ,naHHhIM MOMeHT BpeMeHH. 

Eonee peaJihHa51 KapTHHa npouecca oxJJa)l(.n.e­

HH51 OTBepraeT o6a 3TH TI0JI0)KeHH51. Ha pHC. 

12 ,naHbl pe3yJihTaThl pacLJeT0B TOH )Ke CHrya­

UHH npH .n.onoJJHHTeJJbHhIX ycJI0BH51X: Pb(t) = 
= Pk(t)(l ± /:ip), -cb(t) = -ck(t)(l ± /:i,); B03Myme­

HH51 /:ip, /:i, orpaHHLJeHbl npe.n.eJiaMH O :s /:ip, /:i, 
:S 0,15. 

TaKHM o6pa.30M M0,nen11pyeTC.H CHCTeMa 

ynpasneHH51 C OTHOCHTeJibHO Bb!COKOM norpe­

WHOCTbl-0. ,UJJ51 ,naHHOro MOMeHTa speMeHH 

onpe,neJI51eTC51 pa.n.Hyc, Ha KOTopoM .n.ocrnra­

eTC51 MaKCHMaJibHOe KOJibUeBoe Hanp51)f(eHHe; 

,LI.HHaMHKa TaKHX Hanp51)1(eHHH npe,ncTaBJieHa 

Ha rpacp11Ke. <l>yHKUHH Pb(t) H -cb(t), paccMaT­

pHBaeMhle KaK He3aBHCHMble cJiyLJaMHbJe npo­

uecCbl, 3a,naJ-OTC51 CHMMeTpHl!HhlMH pacnpe.n.e­

neHH51Ml1 OTHOCHTeJJbHO onopHOM KpHBOH. 

Onoptta51 KpHBa51 (cnnowtta51) noKa3hrnaeT pe-
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P11c. 13. MaKc11MaJJbHb1e ttanp.si)KettH.si ,un.si co­

CTasHoro K0JJbUa: £,(-r), G,(-r) - napaMeTJ)bl CTaJIH 

sttyTJ)eHHero K0JJbUa, Ei(-r), G2('r) - sttewHero 

amnau.111-0 npouecca npH /:i,, = /:i, = 0. KaK 

BH,llH0 H3 rpa<pHKa, ,LI.Jl51 pe3yJihTHPYI-Oll.leJ'O 

npouecca maxcr,(r , /:ip, /:i,) CHMMeTPH.si pacnpe­

.n.eneHH51 HapyweHa. 

O,n.HaKO, eCJIH JlHCnepCH51 cpopMHPYI-OlllHX 

npoueccoB MaJia, 0CH0BHa51 Macca BblX0,LI.HblX 

TPaeKTop1111 cocpe,noToLJeHa s MaJioH oKpecT­

H0CTH 3TOH onopHoi1Kp11so1111 sepo.HTH0CTh 

60JihWHX OTKJIOHeHHH Mana. Hanp.H)l(eHH51 oc­

rn10TC.H Ha □0p51,L1.0K MeHbWe nony1.1eHHblX ,llJ151 

BB3P TPa.n.11u110HHOM K0HCTPYKUHH s aHaJI0-

r111rnb1x ycJI0Bl151X. Cpasttem1e c 3a,na1-0utHMH 

npoueccaMH Pk(t), -cb(t) noKa3bJBaeT, YTO .n.11c­

nepc1151 BblX0,LI.H0f0 npouecca 0TCJie)l(HBaeT 

)],HCnepcHH cpopM11pyt0utHX - 60JibWa51 B Ha­

qaJie npouecca, 0Ha cymecTseHH0 yMeHbWa­

eTC51 K era 3asepweH111-0. 

EcnH K0JibU0 51BJI51eTC51 c6opKOH 113 .n.syx 

HJIH 6onee K0HUeHTpH4eCKHX K0neu C pa3JIJ1Lj­

HhlMH MaTep11anaMH ,llJl51 Ka)l()],0ro, TO pacnpe­

.n.enett11e K0JlbUeBblX Ha□p.H)l(eHMH n o ero T0JI­

Ll.ll1He 0TJ1H4aeTC51 OT pacCM0TpeHHhlX BhJWe, 

ljTQ BH,llH0 113 rpa<pHKOB Ha pHC. 13, 14. 3.n.ecb 

pacCM0TpeHa c6opKa H3 .UBYX KOJieu; TOJllll,HHa 

BHYTPeHHero paBHa 40 MM, BHewHero - 50 
MM. P11c. 13 C00TBeTCTByeT 11C□0Jl b30BaHHI-O 

.n.m1 BHYTPeHHero K0JihUa CTaJIH c napaMeTPa­

MH E,(-c), G1(1:) H JlJ151 BHeWHero - C napaMeT­

paMH £2(1:), G2(-r). 

,Un51 CHTyaUHH pHC. 14: napaMeTPbl BHYT­

peHHero K0JlbUa £2(1:), G2(1:), BHeWHero -
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PHc. 14. MaKCHMaJJbHhie ttanp»)l{eH1-u1 wu, co­

CTaBHoro KOJJhua: £ 1(1), GI(1) - napaMeTphl CTaJJH 

atteurnero KOJJhUa, E2(1), G2(1) - BHyTpeHHero 

£ I ('r), G I ('r). Ha rpaH1-1Ue K0HTaKTa K0JibUeBbJe 

HanpmKemrn pa3pb1BHbl - B nepB0M CJI)'1-Iae 

C)KHMaJOLI.ll1e Hanp5DKeHH.SI Ha BllyTpeHHeM 

K0JibUe nepexo,u.SIT B pacrnrnBa10u.111e Ha BHe­

nrneM KOJlbU,e, BO BT0p0M - KapTHHa o6paT­

Ha.51. B 06011x cnyYaSix KaK pacrnnrna10m11e, 

TaK 11 C)KHMaJ01J.J.l1e HanpSI)KeHH.51 no BeJil14HHe 

60JibWe B cpasHeHHl1 C O,UHOpO,UHblM KO.JlhUOM 

(p11c. 11 ), OCTaBa51Ch cpaBH1-1Te.J1bHO Ma.JJhlMl1. 

Ecn11 OK tta,uesaeTc51 Ha o6oJIOYKY c 3a­

,uaHHhJM HarnroM [I], TO nocne c6opK11 OK 

no,usep)Ketto pacTH11sa10m11M, o6onoYKa -

C)KJ1Ma10w.11M Hanp.S1)KeH11SIM. TepM11tJecK11e 

ttanpSJ)KeHJ1SI 6y,uyT ,uonOJIHHTeJibHblMH; B 

cyMMe BeJIH4HHa HanpSI)KeHHH o60JIOYKH 11 

OK ysen11Y11Tc51 s nepBOM cnyyae (p11c. 13) 11 

CHl1311TC.SI BO BTOpOM (p11c. 14). TaKl1M o6pa-

30M, MO)KHO HanpaBJISITb npouecc cpopM11po­

BaH11S1 H,UC Kopnyca nYTeM Bb16opa xapaKTe­

p11cT11K np11MeH.S1eMblX MaTep11a.JIOB. 

OaKeT HaM0TK11 CTJJYHbl M0,Uen11pyeTC.SI 

K3K TpeX3BeHH0e K0.JlbU0. BttyTpeHHee K0.JlhU0 

TOJIIJ.J.11HOH 30 MM 11 Hapy)Ktt0e TOJIW.11HOH 20 
MM BbinOJJHeHbl 113 CTaJIH C napaMeTpaMl1 

£1(1), G I (1). Cpe,uttee - co6crneHHO ttaMOTKa 

CTJJYHbl TOJIW.11HOH 60 MM 113 CTaJil1 C napa­

MeTpaMl1 £ 2(1), G2(1). Hcxo,uHoe ,uaBJiett11e 

BHYTPM KOJibUa nonpe)l{HeMy paBH0 Pk(O) = 20 
MTia. HaYa.JibHa51 TeMneparypa CHM)KeHa B 

nepB0M cny,-iae (p11c. 15) .uo 200 °C, BO BTO­

poM (p11c. 16) - .uo 100 °C. OcTaJihHbie napa-
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PHc. 15. MaKCHMaJlbHb(e KOJlbUeBbJe Hanp.!!)l(eHIHI 

naKeTa H8MOTKl1 CTPYHbl, H848JlhH8.!I TeMnepaTypa 

200 °C 

MeTphl pe)K11Ma oxJia)K,ueH11.S1 coxpaHeHbl. B 

06011x cJiyYa.SIX BHyTpeHHee 11 BHeWHee KOJJh­

ua npe6hIBaJOT B COCTO.SIHl111 C)KaTHSI, HaMOTKa 

CTPYHbl - B COCTO.SIHl111 paCT51)KeHl151. I-fa rpa­

<pl1KOB Bl1,UHO, YTO .uonOJIH11TeJibHble TepM11Ye­

CK11e Hanp51)KeHl151 HeBeJJ11Kl1. 

CpasH11Te.JJbHbIH aHa.Jil13 noKa3an, YTO no­

TeHu11an 3cpcpeKTl1BHOCTl1 11HBepcHoro Kopny­

ca BhJWe TaKOB0fO ,UJl51 Tpa)];11U110HH0ro BB3P 

0 , rna 
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~ -,_ -
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I -Ir k 
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Pttc. 16. MaKCHMaJJbHhle KOJlbUeBble Hanp.!!)KeHHH 

naKeTa H8MOTKH CTPYHbl, H848JlbH8H TeMneparypa 

100 °C 
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KaK B pa6ot.JeM pe)KHMe 3KCnnyaTaUl·H1, TaK 11 B 

cnylrne pean113au11J,1 HewTaTHott c11Tyaum1. 

,z:i:m1 HHBepcHoro Kopnyca HeT npo6neMbT npe­

,nenhHOH MaCChJ; xapaKTep11CTl1Kl1 pa6ot.Jero 

Tena, npe,nenhHbJe )].JJH BB3P, M0ryT 6bITb 

n0BhillleHbl 11 3T0 o6ycnaBJ111BaeT pocT 3K0H0-

Ml1'-leCKOH 3cpcpeKTHBHOCTH peaKTOpa. KoHCT­

PYKTMBH0-TeXH0JJ0rHtJeCK0e pernem,1.e 11HBep­

cHoro Kopnyca o6ewaeT eMy n0BbIWeHHble 

HaJJ,e)KH0CTb H cpoK cJJy)K6br. 

Bo3MO)KHQCTb 0)].H0BpeMeHH0fO H3fOT0B­

JleHHH pa3JJ11'-1Hh1X y3noB 11 napannenhHOH 

c6opKH noTeHUHaJJbH0 CHH)KafOT cp0KH H3fO­

T0BJleHJ,rn 1rnaepcHoro Kopnyca 11 TeM caMbJM 

ero CT0HM0CTb. HewTaTHaH c1nyau11H, pa3py­

llll1TeJJbHa.K )].JJH 1-pa)].HUH0HHoro BB3P, He HB­

JrneTcH TaKOBOH )].JlH J,fHBepcH0fO peaKTopa; 

ero K0HClpYKTHBH0e peweHHe BKyne C B03-

M0)KHQCTHMH rn6Koro ynpasnem,rn CHH)KaI-OT 

caMYI-0 Bep0HTH0CTh B03Hl1KH0BeHHH HewTaT­

HOH CHTyaum-1. 
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npoam1.1111311poaattb1 MeTO,D.1-iKH 11 npe,uJJo)KeHa cpopMyna pacqera npe,uenoB o6ttapy)Kemrn 3neMeHTOB Pd, 
Ag 11 Cs, o6pa3ylOll.lHXCSI B npouecce ,uenemrn SI,ll,epHOro TOMl1Ba. Pacl!eT OCHOBaH Ha pe3yJihTaTaX JIOKaJib­
HOro peHTrettocneKYpaJ1bHOrO aHaJil13a, nonyl!eHHblX Ha MonepHH3HpOBaHHOM MHKpoaHaJJl13aTope MAP-3. 
BnepBbJe B OTelleCTBeHHOH npaKTHKe ,[l,JlSI HCCJie,ll,OBaHHSI 3JieMeHTOB O M C np11MeHeHbl BbICOKOBaKyyMHbJe 
cop6Ul10HHbJe HaCOCbl l1 pettTreHOBCKOe 3epKaJIO MMC, '!TO cymecrneHHO ITOBbJCl1JJO llYBCTBHTeJibHOCTb, Ka­
qeCTBO H Ha,Ue)KHOCTb nonyqaeMbJX pe3yJibTaTOB MHKpOaHaJil13a. no pac'!eTaM aBTOpOB, npeneJibl o6ttapy)Ke­
HJ.UI JJJeMeHTOB Pd, Ag 11 Cs ,uocrnra10T seJJH'IWH 61 (0,0061 sec. %), 46 (0,0046 sec. %) 11 10 ppm (0,001 
sec. %), COOTBeTCTBeHHO. no 3aKJIIOl!eHHIO aBTOpOB, npH 11CTIOJib30BaHHH BbJCOKOKa'leCTBeHHblX peHTreHOB­
CKHX 3epKaJI C nep11onaMl1 peweTOK 3epKan, paBHhIMH ,ll,JJHHaM BOJ1H La, 3JJeMeHTOB, B03M0)KH0 nOHH)KeHHe 
npenenos 06Hapy)KeH11SI 3JJeMeHTOB Pd, Ag H Cs B MHKpornJnax RnepHoro Tonn11sa no sen11l!11H nopS1nKa tte­
CKOJJbKHX e,uHHHU ppm. IToKa3aHo, '!TO np11Me11ett11e pettrreHOBCKoro 3epKaJia s cneKYpOMeTpax MAP-3 ,uaeT 
KOJ111l!eCTBeHHYIO HHQ>OpMau.1110 0 conep)KaHHl1 yrnepona l1 KHCJJOpona B CJJOSIX MHKpOTB3JlOB. 

K111o'le8b1e cnoea: M11KpoaHanH3, peHTreHOBCKoe 3epKano, M11Kp0Tonn1100, Pd, Ag, Cs. 

Local X-Ray Analysis of HTR Microfuel. V.A. Churin, A.S. Deyanov, A.M. Kovalyov, A.S. Ivanov, 
A.A. Rusinkevich, NRC "Kurchatov Institute ", 1, Kurchatov Sq., Moscow, 123182. J.M. Romanenko, Insti­
tute of Experimental Mineralogy of Russian Academy of Sciences. Chernogolovka, Moscow region, 142432. 

The methodology is analysed and the formula for calculating the detection limits of fission products Pd, 
Ag, and Cs is proposed. The calculation is based on the results of local X-ray analysis, obtained on a 
modernized micro-analyzer MAR-3. For the first time in domestic practice for the investigation of elements 0 
and C were used high-vacuum sorption pumps and X-ray mirror MIS, which significantly increased the 
sensitivity, qua I ity and reliability of the results of microanalysis. According to authors calculations the 
detection limits of Pd, Ag, and Cs reach values of 61 (0,0061 Wt. %); 46 (0,0046 Wt. %), and 10 ppm (0,001 
Wt. %) respectively. According to the authors conclusion, the use of high-quality X-ray mirrors with mirrors 
lattice periods equal to the wavelength La, may decrease the detection limits of Pd, Ag, and Cs in microfuel to 
the order of several units of ppm. It is shown that the use of X-ray mirrors in MAR-3 spectrometers allows to 
obtain quantitative information about the content of carbon and oxygen in microfuel layers. 

Key Words: Microanalysis, X-Ray Mirror, Microfuel, Pd, Ag, Cs. 

Bse,lleHHe 

B HaCT051llJ,ee BpeM51 paccMaTpHBaJOTC51 

B03M0)KH0CTH C03,ll,8HlUI MHKp0TOnmrna (MT) 
C KepttaMH 113 0KCH,D,a nnyT0HH51, 0KCH,D,a ypa­

Ha, MOX Tonn11aa, ronnHaa, co.n,ep)Kaw.ero 

TOpHH, 11 .n,p. Pa3pa6oTKa H0BhIX a11.n,os MT 

,D,J151 BTfP, o6ecne4HBaJOLUHX rny6oKoe Bbiro­

pattHe, TPe6yer cyw.ecTBeHHoro pa3BHTH51 Ha­

lillfX 3HaHMH. Bo MHornx cny4asix peweHHe 06 

3KcnnyaTaU,HOHHOH Ha,D,e)ICH0CTH MMKp0TB3-

JI0B He M0)KeT 6bITb npHH51T0 Ha 0CH0Be 11Me­

lOLUeroc51 00bITa. 

TT p0Be,D,eHHe np51MblX 3KCnepHMeHT0B ,ll,J151 

nony4eHH51 Heo6XO,ll,11MOH HH<pOpMaU,HH, ecTe-

CTBeHH0, )KeJiaTeJ1bH0, HO conpSJ)KeH0 C 60J1b­

Wl1MH CJ10)KH0CT51MH 11 3aTPaTaMH. B CB513H c 

3THM CT8H0BHTC51 oco6eHHO aKrya.JlbHbIMH 

pa.3BHTHe MeT0,Ll0B nporH03HpoBaHIUI, 0CH0-

B8HHblX Ha HCn0Jib3088HHH 6onee rny6oKHX 

<pH3H4eCKHX H cpH3HKO-XHMH4eCKHX MO,D,eJleH 

noBe,LleHH51 T0ITJ1J1Ba npH rny6oKOM Bblropa­

HHH, H pa.3pa6oTKa C00TBeTCTBYJOLUHX pac4eT­

HbIX K0,ll,08. 

O}lHHM H3 88)1(HblX acneKTOB npo6J1eMbl 

518J151eTC51 HCCJ1e,D,0BaHHe H3MeHeHH51 MOpcpono­

nu1 COCTaBa H crpyKrypbJ T0nmlBHblX 4aCTHU, 

a npou.ecce npaK1w-:1ecKH nonHOH TpaHccpop­

MaU.HH KepH0B. CJO.n,a )Ke npHMbIKaeT M npo-
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611eMa BhlXO)W npo,uyKTOB ,ueneml.SI KaK 113 no­

Bpe)K,UeHHhIX, TaK 11 Henospe)K,lleHHhIX M11Kp0-

TB)J10B [l]. K.nJOYeByJO ponh B )HIX npouec­

cax 11rpa10T pacYeThl TepM0,1ll1HaMl1Kl1 11 Tep­

MOMeXaHHK11 MT. O ;lHaKo B HacTo.Rw,ee spe­

M.R He cyw,ecrnyeT nporpaMM, ,ueTaJlhHO pac­

cLJ11ThIBa10w,11x TepMO}l11HaM11KY CTOJlh CJ10)1(­

HblX CHCTeM, KaK 51,UepH0e TOnJ111B0, np11 rny-

60KOM BbiropaHJ.111. 

Cyw,ecTByJOw,He M0,Ue1111 11 K0,Ubl Tecrnpo­

BaHbl 1-:t.a }lOCTaT0'-JHO npOCThJX CHCTeMax, co­

}lep)l(aW,HX JlHWb HeCKOJlbKO X11Ml1LJeCKH pea­

rnpy10w,11x K0Mil0HeHTOB. Tio3TOMY ,UJ151 Cl1C­

TeM C rny6oKHM BhlropaH11eM O,UHa 113 Ha1160-

nee aKTyanbHblX 3a,naLJ B npo611eMe co3,IJ.aHH51 

HOBhTX BH,UOB MT - npose,uett11e TecTOBblX 

3KCnep11MeHT0B C np11MeHeHHeM peaJlbHhlX 

MH KpOTB3JIOB. 

Xopowo 113BeCTH0, '-!TO )].0CTH)l(eHHe 

60J1hilll1X Bh!rOpam111 B M11KpOTB3JiaX BTf p 

npe,UCTaBJl.ReT co6oi1 BeCbMa CJI0)l(HYJO Texm1-

1.JeCKYIO npo6neMy. 3TO CB513aH0 npe)l(,Ue BCe­

ro co 3HaLJHTeJ1bHbIM pOCT0M BHyTpeHHero 

.n.aBJieHl151 B npouecce BhirOpaHJ.151 BCJie,UCTBHe 

o6pa30BaH11.R 0KCH,UOB yrnepo}la. B 11oc11e.n.­

H11e ro.n.h1 npose,ueH aHMl13 pa3nW-1HhIX pewe­

HHH, cyw,eCTBeHHO I10BbJWaJOW,11X 3KcnnyaTa­

UH0HHYIO Ha,Ue)l(HOCTh MT c TRISO noKph1-

n1eM B npouecce BhiropaH11.R. 

Bo-nepBbIX, 3T0 11cnOJib30BaH11e pa36aB­

neHHhlX KepH0B. Pa36aBJ1eH11e KepHOB .n.aeT 

B03MO)l(HOCTb, C O,UHOM CT0p0HbJ, 3aMeTH0 

CHH3HTb Hapa60TKY npo.n.yKT0B .n.eneHl1H, a C 

}lpyroti, ysenl1'-111Tb CB060)].HhlH o6beM, aKry­

My1111py10W.l1H ra3ht. B Ka1.Jecrne MaTepHa11a 

pa36aBHTeJ151 MO)l(eT 6hITb np11MeHeHa .UBY­

OKHCb u11pK0HHH. TipoBe,UeHHhTe MH0f0'-111C­

neHHbJe HCCJie,UoBaHH.R CTa6HJ111311poBaHHOH 

11TTPHeM ZrO2( Y-FSZ) B KaLJecrne KaH.n.11.u.arn 

Ha pOJih 11HepTHOH Marp11Ubl B M11KpOTB3Jiax C 

nnyTOHl1eBhlM TOnJIHBOM Il0Ka3aJil1 xopowHe 

)].aHHhie no pam1auHOHHOH CTOHKOCTH, MaJlO­

MY pa.n11au,110HH0MY pacnyxaHHIO B Tpe6ye­

MOM HHTepBane TeMneparyp, cpa30BOH CTa-

6HJibHOCTH 11 COBMeCTl1M0CTl1 C pa3J111'-IHhlM11 

npo.nyKTaMJ.1 ,ueneHl1H H,UepH0ro TOnJIHBa. 

Bo-BTOpbIX, Heo6XOLl,11MhlM 3JTeMeHTOM 

paccMarp11BaeMbIX M11KpOTB)J10B C nJTyTOHHe­

BhIMl1 KepHaMH CJIY)l<HT reTTep KHC110po.na, 

pe3KO CHJ.i)l(aJOW,HH KOHUeHrpau1110 co B npo-
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uecce BhiropaH11.R . B HaCTo.Rw,ee speM.R npose­

D,eHbJ D,eTaJlbHble pacYeTHO-TeopeTH'-leCKHe 

HCCJie)].OBaHHH TepM0).].HHaMHKH MT C pa36aB­

JieHHhlMl1 KepHaMH 11 rerrepaMH KHCJI0poD,a Ha 

ocHoBe SiC 11 ZrC B npouecce Bh1ropatt11.R [2]. 
TToKa3aHo, YTO 11cnoJTh30BaH11e reTTepa 

K11cnopo.n.a ZrC .u.aeT cymecrneHHhJH noJTO)lrn­

TeJibHblH 3cpcpeKT no CHH)l(eHHIO )laBneHH.R B 

MT 3a c'-leT CHH)KeHHH .n.asneH11.R oKCHJlOB yr­

nepoD,a, '-ITO oco6eHHO Ba)l(HO np11 60JibWl1X 

BbTr0paHH.RX H TeMneparypax. Tip11MeHeHHe 

reTTepa KHCJIOpoJJ,a npHBO)].HT K 3Ha'-IHTeJ1hHO­

MY yseJIH'-IeHmo MeTa111111YecK011 cocrnsnHJO­

w,eii B MT oco6eHHO ,um1 TaKHX Mernnnoa, 

KaK Cs, Rb, Zr, Sr, Ba ,Y , La, Ce, Pu, Mo H 

Cd, '-!TO MO)l(eT npHBOJJ.HTb K yseJIHYeHHJO Bbl­

xo.na 3THX KOMnOHeHTOB l13 MT. 

l1cnoJ1b30BaH11e reTTepa K11cnopo.na SiC 

TaK)Ke npHBO)J.HT K cyw.ecTBeHHOMY CHl1)Ke­

HHIO .nasneHHH OKCH)J.0B yrnepo.na np11 TeMne­

parype )J.0 1 600 ° C. BMeCTe c TeM HMeJOTCH 

CBe)J.eHH.51 0 TOpMO)l(eHl-'.111 B3al1MO)J.eHCTBHH 

SiC C OKCH)J.aMl1 yrnepo.na B paccMarpHBae­

MhIX ycJIOBIHI.X H HeKOTOpOM CHH)l(eHl1H 3Q)­

cpeKTHBHOCTl1 npHMeHeHH.R SiC no cpaBHeHHIO 

cZrC. 

B MT C BHeWHHM reTTepOM KHCJJOpo.na 

SiC .no TeMneparyphl ~ I 500 °C MaccoBbie 

)J.OJI H KOMnOHeHTOB, KOT0pble MoryT Haxo­

)J.HTbC.R B )1(11).].K0M COCTOHHHH, neHaMHOro Bhl­

we, YeM B MT c reTTepoM KHcnopo.na ZrC. Ho 

np11 60J1ee BblCOKHX TeMnepaTypax 3a C'-leT 

o6pa30BaHHH Cl1JIHKaTOB 11 Cl1J1HUH)J.0B npo­

JJ.YKTOB .neneHH.R tta6nJO.u.aeTCH 3HaLJ11TeJibHbIH 

poCT )l(H)J.KOH cpa3bl. O)J.Hl1M 113 HBHblX npe11-

Myw,eCTB 11CITOJib30Bamrn BHewHero reTTepa 

SiC no cpasHem-110 c ZrC cny)l(HT npaKrnYec­

Kl1 noJIHOe OTCYTCTBHe B3aHMO)J.eHCTBH51 KOM­

IlOHeHTOB KepHa c SiC noKphITHeM MT. 

Bhmonttem,e nepeLJ11cneHHhIX pewett1111 

06ecne1.J11BaeT BbJCOKl1e 3Ha'-leHHH 3KCITJIYaTa­

UHOHHOH HaJJ.e)l(HOCTH MT np11 Bb1ropatt11Hx 

.n.o 80 % FIMA (fissions per initial metal 

atom). 

Pean1nau11.R JKc1rnyarnuHoHHOH Ha,1le)l(HO­

cT11 TOnmrna □pH rny60KHX Bh!rOpaHl151X Tpe-

6yeT npose.neHHH u,enoro cneKTJ)a M0JJ.eJihHhJX 

3Kcnep11MeHT0B H cyw,ecrnettttoro pacw11pe­

HH.R K0HTPOJ151 Ka'-!eCTBa H3rOT0BJ1eHHH M11K­

poTB3JI0B. 8 CB51311 C nocTaBJJeHHbIMH 3a)J,a'-!a-



► 

MH B03HHKaeT Heo6XO,ll11MOCTb npHBJleLfeHHS! K 

BbJnOJIHS!eMblM 11CCJ1e,llOBaHHS!M psi.ua aHaJ111-

TH'-JeCKl1X MeTO,UOB, B 4aCTHOCTl1, JlOKaJlbHOro 

peHTreHocneKTpaJJbHoro attaJJ 11Ja. 

1. Mo,llepHH3HpOB3HHblH 

MHKp03H3JIH33T0p MAP-3 

.Attan113aTop npe.utta3ttal.fett ,llJJsi perncTJ)a­

u,1111 peHTreHOBCKoro 113JlyYeHHS! aTOMOB, B03-

HHKa1ow,ero npH s3a11Mo.uelkrn1111 nyYKa :me­

KTpOHOB ,ll11aMeTJ)OM 1 MKM 11 3HeprneH .llO 50 

K3B c MaTep11aJJOM o6pa3l.l,a. KottcTpyKu11si 

aHaJJH3aTopa COCTOl1T 113 "nywK11" 3JleKTJ)O­

HOB, onT111-1eCKOH KOJIOHHbl, KaMepbl o6pa3-

l.l,OB, BaKyyMHOM CHCTeMbl, 3JJeKTJ)OHHOro 060-

py.n.osaHHS! H 4-x cneKTJ)OMeTJJOB. 

CneKTpOMeTpbl BKJJJ04alOT npOTOl.J.HO-

nponopUHOHaJJbHble CYeTYHK11, Kp11CT3JJJJbl­

aHanH3aTOpbl PET, RAP, LiF. Pa.u11yc Kpyra 

Poymn.n.a cneKTJ)OMeTJ)oB - 0,23 M. )],JJsi nepe­

Mew,eHHS! CTOJIHKa o6pa3UOB 11 KpHCTaJlJlOB 

npHMeHS!JOTcsi warosh1e .us11raTem1 nrna 

,D;WM-200. 

MeTO,ll pacYeTa KOHUeHip3Ul1M 3JJeMeHTOB 

[3] OCHOBaH Ha YHCJleHHOM cpasHemm BeJJH­

"ll1H MaKCHMYMOB HHTeHc11sttocTeH K, L H M 
cep11H 3JJeMeHTOB, B036y')KJJ.aeMblX B 06pa3ue C 

HJBeCTHOH KOHU,eHTp3UHeH 11 B 3HaJJH3Hpye­

MOM o6pa3l.l,e. OTHowem,e M3KCl1MYMOB HH­

TeHCHBHOCTeH nOJIY'-:'11JIO Ha3B3Hl1e "K-OTHO­

rnem,e". no H3BeCTHOMY K-OTHOWeHJUO B paM­

Kax CTaH,llapTHblX MeTO,lll1K PAP [4] 11JJH ZAF 
[5] MOryT 6b1Tb onpe.n.eJJeHbl KOHU,eHipal.1,1111 

:meMeHTOB B HCCJJe.uyeMOH o6JJaCTl1 o6pa3l.l,3. 

)J;m1 peweHl1S! nOCTaBJJeHHblX 33)].34 no 

BTrP npoBe,uetta cymecrnettttasi Mo.n.eptt11-

3au,11si Y3JJOB 11 6J10KOB 3H3J11133TOpa, pa3pa-

60T3Hbl H ycTaHOBJleHbl cop6u110HHbJe BaKy­

YMHbJe H3COCbl ,LI.JIS! OTK3YKl1 KOJlOHHbl H 

cneKTpOMeTpOB, n03BOJ1S!JOW,11e BeCTl1 B03-

6y)K.uem1e cneKTpaJJbHbJX J1HH11H np11 .n.asne­

HHH 5,0 · 10-
6 

MM. pT. CT. J,f perncTpHp0B3Tb 

peHTreHOBCKOe 113JJyYeHl1e npH ,ll3BJ1eHHH 

2,0-10 -
4 

MM. pT. CT. B OKHax CYeTYHKOB H 

cneKTpOMeTpOB ycTaHOBJJeHw 6epHJJJJHeBwe 

H no1111npon1111eHOBb1e nJJeHKl1. 

,nJJsi aHaJJH3a Ha JJerKHe 3JJeMeHTbl O 11 C 

HJrOTOBJJeHo 11 ycTaHOBJJeHo peHTfeHOBCKOe 

3epKaJJo [6, 7] c nocTosiHHOH d = 42,8 A pe-

weTK11. 8 CHCTeMy perHCTJJ3U1111 3H3J11133TOpa 

BKJIJOt.JeHa CTaH,uapTHaR nJJaTa c6opa .ll3HHblX 

JIA-2M5PCJ C u11cppOBblM BblBO)].OM 11HTeHCl1B­

HOCTeM Ha nepcoHaJJbHbJH KOMnbJOTep. )],mr 
rpacp11'1eCKOH o6pa60TKl1 HHTeHCl1BHOCTei1 

pa3pa6ornHa cneu11amtta.si nporpaMMa. 

2. OueuKa npeJJ,eJJa o6uapy'.lKeHHH JJJeMeH­

T0B Ag, Pd H Cs e o6oJJ0'-1Kax MHKp0TBJJJ0B 

TTp11 peweH1111 3a,1:i.aY no .n.11cpcpy31111 npo­

.UYKTOB ,ueJJeH11si B o6ono4Kax MT cymecrnyeT 

tteo6xo,n.HMOCTb onpe.ue11ett11si npe.uenos o6Ha­

py)Kem,rn 3JJeMeHTOB. Csepxy BeJJH411HhJ KOH­

ueHTpau1111 orpaH11 1-JeHbl npe.n.eJJaM11 pacrno­

p11MocT11 3JJeMeHTOB. )],oCTOBepHasi 11Hq>OpMa­

Ul1S! o npe,n.eJJax pacrnop11MocT11 aecbMa orpa­

HHYeHa, HO l13BeCTHO, lfTO HX 3HaYeHJ-Ul MOryT 

COCTaBJIS!Tb HeCKOJlhKO ,n.eCS!TKOB ppm. B Ha­

CTOS!l.I.l,eH pa6oTe npose,uettbl oueHKl1 npe.n.e­

JJOB 06Hapy)Kett11si 311eMeHTOB Ag, Pd 11 Cs. 

B KaYecrne Hcxo,uHoro MaTepHaJJa .D.JJS! 

nposeneHllil aHan113a Ha 3JJeMeHTbl Pd 11 Ag 

11CnOJJb30B3Hbl MeTaJlJibJ C KOHUeHTpau1rnM11 

3JJeMeHTOB, 6JJl13Kl1Ml1 K 100 %. )],nsi aHaJ11133 

np11Mettett nopowoK CsCI, cMewaHHbJH c TO­

Konposo.usim11M KJJeeM Ha cepe6p.srno/;i octto­

se. )],nsi perncTpau1111 cpoHa n11tt11ti OT cJJosi 

SiC 11cnOJ1b30BaH MaTep11an c o,uttopo.utthIM 

co.n.ep)K3HHeM KpeMHl1S!. l·b BhI6paHHbJX MaTe­

p11anoB npHroTOBJJeHhl JTaJJOHbl ,llJJS! 113y1:1emrn 

JJl1Hl1H xapaKTep11cT11YeCKOro peHTreHOBCKOro 

113JJYYeHl1S! (x.p.11.). ill11H<pbl 3TaJJOHOB 113fO­

TOBJJeHbl no CTaH.n.apTHOH MeTO,llHKe. 

l13MepeHHe HHTeHCHBHOCTeM npOBO,llH­

JJOCb np11 ycKOpS!JOIUeM Hanp,si)KeHl111 V = 25 

KHJlOBOJlhT nyYKa 3JleKTpOHOB. TOK norno­

w,eHHblX JJJeKTpOHOB Ha 3TaJ10H3X Pd, Ag 11 

Cs: npH 3aMepe HHTeHCHBHOCTeH cneKTpaJlh­

HhIX Jll,IHHH (pHC. 1. .. 3) - 4,5 · 10-
8

, 2,35 · 10 -8 

J,f 2,35 ·IO -8 
A, COOTBeTCTBeHHO; np11 3aMepe B 

TOYK3X M3KCHMYMOB 11 Ml1Hl1MYMOB (cj)oHa) 

JJHHHM (rn6J111ua) - 1,04· 10-7 
A .unsi Ka)K.n.oro 

J,13 JJJeMeHTOB. BpeMS! 33Mepa HHTeHCHBHOC­

TeH B T04K3X COCTaBJlS!JJO /.m = 100 C . .L(m1 33-

IlHCl1 CHfHaJJa npHMetteHbl KpHCT3JJJlbI-aHaJJl1-

3aTOpbl PET. 
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P11c. 1. HHTeHCHBHOCTb ,1J,y6nern PdLa 

12 000 
11M:n1c 
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4 000 

2000 // 
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\ 
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I I I I 0 
0,468 0,47 0,472 0,474 0,476 0,478 

sin8 

P11c. 2. l1HTettc11sttocTb ,1J,Y6JJeTa AgLa 

Ta OJJ Hu a pe3y JJbTaTOB 3aMepos HHTeHCHBHOCTeii 

MaKCHMYMa 11 Q)OHOB JJHHHH 

l13Mep}leMrui Atta.rr11311oveMbIM JJJeMeHT 

sem11-urna Pd A!! Cs 
MaKCHMYM n0Ka 

811 232 1 186 590 8 042 500 
Jll1HHl1, HMITVJJbCbl 

<l>oH·, 11MIJYJJhCbl 7 800 36 640 355 300 
<l>oH\ 11MITVJJbCbl 4600 16 660 276 600 

<l>oH Ha Si, HM-
1 210 2400 3 500 

IJVJlbCbl 

3aMepbl cpotta JIHHHH npoBO.D,HJIHCb B )],Byx 

TOqKax: CO CTOpOHbl MeHbWHX 3Ha4eID!H Sine 

- cpoH- H 66JlbWHX 3Ha4eHHH sine - cpoH+. Pe-

3YJibTaTbl 3aMepos HttTeHCHBHOCTeH JIHHHH 

npe.D,CTaBJleHbl s Ta6nm.1,e. l1HTeHCHBHOCTH 

JIHHHH B HMITYJibcax B ceKyH.D.Y 3anHCbIBaJIHCb 

B B11.D,e q],fCJlOBbIX cpaHJIOB, a.D,eKBaTHbJX HH­

TeHCHBHOCTSIM B HCCJie.D,yeMblX TO4KaX o6pa3-
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15 000 

10 000 

5 000 

□~--~---'-----'------L------' 
0.315 0.32 0,325 0,33 0,335 0,34 

sin8 

P11c. 3. l1HTeHCHBHocn, Ay6n ern CsLa 

u.a. fpacpHKH HttTettcHBHOCTei1 JIHHHH PdLa, 
AgLa 11 CsLa np11se,uettb1 tta p11c. 1 ... 3, 113 

KOTOpblX BH,UHO, 4TO a6comoTHble MHHHMYMbl 

cpotta JIHHHH .uocT11ra10Tc.R B o6nacrnx cnpasa 

OT MaKCHMYMOB JIHHHH npH sine > 0,506, 
0,480 11 0,340, COOTBeTCTBeHHO. 

Cnesa Ha n11Kax HHTettc11BHOCTe11 .D.y6ne­
TOB La (pHC. 1.. .3) 3aMeTHbl TO'-:lKH nepern6a 

KpHBblX. J13secrno [8], qTQ JIHHHH La 3Jie­

MeHTOB Pd, Ag 11 Cs - ,uy6n eTbI H BKJIJ04alOT 

JIHHHH: PdLaI (A. = 4,368 A), PdLa2 (A. = 4,376 
A); AgLa1 (A.= 4,154 A), AgLa2 (A. = 4,163 
A); CsLa1 (A. = 2,892 A) 11 CsLa2 (A. = 2,902 
A), cooTBeTcTBeHHO. J,fa pHcyHKOB BH.UHO, LJTO 

pa3pewett11e JlHHJ1H 3aBHCHT OT .D,JIHHbl BOJlHbl. 

JlHttHH AgLa1 H AgLa2, CsLa1 11 CsLa2 

pa3pewa10Tc.R 6on ee cna6o, 4TO CB.R3aHo c 

60JibWJ1MH a6comOTHblMH pa3HOCTSIMl1 ( ~1 H 

~ 2, COOTBeTCTBeHHO) Me)l()ly BeJIH41lliOH Me)l(­

nJIOCKOCTHOro paccTO.RHH.R KpHCTaJIJia-aHaJJH-

3aTOpa PET (d = 4,371 A) H .UJIHHaMH BOJIH 

JIHHHH .uy6nerns. )].n.R ,uy6neTa LaPd (PdLaI H 

PdLa2) pa3HOCTH ~1 H ~ 2 paBHbJ 0,003 A H 

0,005 A, cooTBeTCTBeHHO, 4TO Ha nop.R.UKH 

MeHbUJe, qeM pa3HOCTH ~ 1 H ~ 2 ,UJJ.R Ag H Cs -
0,217, 0,208 11 1,479, 1,369, COOTBeTCTBeHHO, 

no3TOMY JIHHHH PdLaI 11 PdLa2 pa3pewa10Tc.R 

nyqrne. 

Ilpe.D,en o6ttapy)l(emrn 3JieMeHTa - HaH­

MeHbWa.R KOHU,eHTPaU.HSI 3JieMeHTa, KOTopy10 

MeTO.D,H4eCKH MO)l(HO o6ttapy)l(HTb C Bepo.RT­

HOCTblO 67 %. 3ttaqeHHe npe.D,ena o6Hapy)l(e­

HH.R onpe.D,em1eTC.R B pa6oTe [9] HHTeHCHBHO­

CTblO JlHHHH B TOqKax MaKCHMyMa 11 MHHHMY-
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Ma JJHHHH :naJIOHa (N)T, N4>) 11 cpe,UHl1M11 3Ha­

'-!eHH.HMl1 11HTeHCHBHOCTeH JIHHHH B TO'!Kax Ha 
,, rh - " ,, rho + :narroHe "cneBa - '!'OH 11 cnpaBa - '±' H . 

flo pe3yJ1bTaTaM pa6oTbl [1 OJ Cmin MO)KHO 

pacc'lHTaTb no 1..1e110My p51.UY cpopMyn. Ha1160-

nee npocTOH BH.U npe.QJJO)KeH B pa6oTe [9]: 

Cmin= C.,,K-.}2N<Pj(N,T -N<P) (1) 

H B CTaTbe [10]: 

Cmin= C"'KN · ✓2 / ( N 1T ' ✓ N cj,MaT), (2) 

r.ue N3T - HHTeHCl1BHOCTb n11Ka JIHHHH Ha :na­
JIOHe; N4> - HHTeHCHBHOCTb Q)OHa JJl1H11Jil Ha 

JTa.JIOHe ; Ncj)MaT - HHTeHCHBHOCTb MaKCHMyMa 

JIHHHM aHa.rrH311pyeMoro JJieMeHTa np11 ycTa­

HOBKe MalpHl.(bl; C3T - KOHl.(eHTpaU.H.H JJieMeH­

Ta s JTa.JIOHe; K - KBaHTHJJb. 

IlpH K = } 3Ha'leH11e Cmin paBHO npeoe.J1y 
o6Hapy:»eeHUR JJleMeHTa - KOHl.(eHlpal.(HJil 

JJieMeHTa B MaTJ)11u.e, KOTopyio MO)KHO o6Ha­

PY)Kl1Tb c sepo»THOCTbJO 67 % . AHaJIOrH'lHO, 

np.11 K = 2 BepmlTHOCTb o6Hapy)KeHJ151 JJle­

MeHTa cocrnsn»eT 95 %. Ilp11 K = 3 aepo5IT­

HOCTh 06Hapy)KeH1151 JJieMeHTa paBHa 99 %, a 

np11 K = 6 MO)KHO ,llOCTOsepHO onpe,ueJJ.HTb 

JJieMeHT l1 BeCTH pac'leTbJ KOHU.eHTJ)au.1111. 

<l>opMyna (1) OTJIH'laeTC.H OT (2) HCTIOJJb-

30BaHHeM )lJ151 pac'leTa Cmin TOJlbKO pe3yJibTa­

TOB 3aMepa UHmeHCUBHOCmeu JIUHUU H.G 3ma­
JIOHe: n11Ka 11 cpoHa. B cpopMyne (2) Y'lHTbJBa­

JOTc» pe3yJ1bTaTbl 3aMepa 11HTeHCl1BHOCTH JIH­

HMH (B T04Ke MaKCHMyMa) om UCCJleoyeMOU 
MampUlf bl U UHmeHCU8HOCmb nuKa JIUH.UU Ha 
3ma.noHe. Y'leT Q)OHa OT MaTpHUbl B cpopMyJJe 

(2) C'll1TaeTC51 np11op11TeTHblM, a y<!eT Q)OHa OT 

JTaJJOHa He Y'-111TbJBaeTC51. Attan113 KOJlH'-!eCT­

Bettttoro OTJ111q1151 np1,rne,ueH HH)Ke. 

Pac'-!eT npeOeJla o6Hapy:»eeHUR MO)KHO 

BeCTl1 H no npe,uJ1araeMOH aBTOpaMH eTaTbH 

cpopMyJ1e 

Cmin=C.,,aN<P/( N.,, · -./N<j,MaT), (3) 

ytJHTbJBaJOI.J.J;eM see cp11311qeeK11e BeJIHtJHHbI: 

Nm N4> H Ncj)MaT· <l>opMyna (3) MO)KeT 6bITh co­

rnacoBaHa c cpopMyJ1aM11 (]) 11 (2) np11 pa3-

J1119HhIX 3Ha4eHH5IX a nyTeM epaBHeH1151 .UJI51 

pa3HbIX 3Ha'leHl1H BpeMeHH t 113MepeHH51 11H­

TeHeHBHOCTl1. 

Ilp11 a= 0,386 H 3aMeHe Nm N4> 11 NipMaT Ha 

(t/t3 Kc)Nm (t/t3Kc)N4> 11 (t/t3Kc)N4>Man COOTBeTeT­

BeHHO, r.ue t 113MeH5leTe51 B npe.uenax OT 10 .llO 

2 000 c, pactJeTbI no cpopMynaM (1) H (3) .llllil 
Ag nonoeTblO c0Bna.uat-0T, a pacqeTbJ no cpop­

Myne (2) 6y.uyT OTJ111lJaTbe51. IIpH 3aMeHe B 

<j)opMyne (1) N4> Ha NqiMaT pe3yJihTaTbl pacYeTa 

no Q)OpM)'JiaM (1) 11 (2) TIOJIHOCTbl-0 cosna.ua-

1-0T, '-!TO .uaeT OCHOSaHJ151 YTBep)K.uaTb, '-ITO np11 

pacYeTe npe.uena 06ttapy)f<eHID1 JaBHCHMOCTb 

OT Nct,MaT eTaHOB1uc» eyI.J.J;eeTseHHOH, a pe-

3YJ1hTaTbl pacYfaa no cpopMyne (2) 6y.uyT 

TOtJHee (no.upo6Ho OTMe'-!eHo B pa6oTe [I OJ). 
,[(n» pae'-!eTa npe.uena 06Hapy)Kem1» JJie­

MeHTOB Ag, Pd 11 Cs s MaTp11ue Si 11cnOJib30-

sattb1 pe3yJ1bTaTbJ 3aMepa HHTeHCHBHOCTH J111-

Hl1Jil 11 !pOHOB JJleMeHTOB 11 MaTpHIJ.b] (Ta6J111-

1..1a). PeJyJihTaTbI pacqern npe,uenoB o6ttapy­

)f(emrn Cmin JJieMeHTOB Ag, Pd H Cs no cpop­

MyJ1e (1): 140 ppm (0,014 Bee. %), 200 ppm 
(0,02 Bee. %) 11 100 ppm (0,01 sec. %). Te )Ke 

pacYeTbl no cpopMyne (2) .uaioT 61 ppm (0,006 
Bec. % ), 46 ppm (0,0046 Bee. % ), l O ppm 
(0,001 sec.%), eooTBeTeTBeHH0. 

IIpoBe.ueHHbie oueHKH noKa3hIBaI-OT cyI.J.J;e­

crnettHoe pa3JIJ1tJ11e npe.uenos 06ttapy)f(eH11» 

JJJeMeHTOS B 3aSHCHMOCTH OT np11MeH»eMbJX 

cooTHornem1i1, 'ITO yKaJhrnaeT Ha tteo6xo.u11-

M0CTb yqeTa KaK cpoHa MaTpH.Ubl, TaK H Q)OHa 

n11Ka JIMHHH. Eonee TO'-!Ha» HHq>OpMal.(HR 0 

BJ1115IHH11 paceMaTp11saeMblX <pOHOB Ha npe.ue­

Jlbl o6Hapy)f(eHJ-Ul MO)f(eT 6b1Tb TIOJJyYeHa npH 

11enOJib30Samm 3Ta.JIOHOB C 3a,UaHHOM HH3KOH 

KOHUeHrpau.11ei1 HCCJJe,n:yeMoro JJJeMeHTa B 

HCCJJe.uyeMOH MaTpHtJHOH cpa3e. 

3. OQeHKa BOJM0iKH0CTH npHMeHeHHH 

M0AepHH3Hp0B3HH0ro MHKp030HA3 MAP-3 
AJJH HCCJJe,U0B3HHH MT 

)];JI» oueHKH S03MO)KHOCTeH HCTIOJ1b30Ba­

HH51 MO,llepHH3HpoBaHHOro M11Kp030H,Ua Bbl­

TIOJIHeHbl TeCTOBbie JKcnep11MeHTbI Ha M0-

.ueJibHOM o6paJu.e MT. Heene.uyeMbJH 06pa3eu 

- MHKpOTBJJJ ,UHaMerpoM ~ 600 MKM e KepHOM 

H3 ZrO2. Mo,ueJibHblH MHKpOTBJJl COCT0HT H3 

KepHa H 4eTbipex ecpepHYeCKWX 060J1ot.JeK 

(pHe. 4), pa3JIH'-laJOI.J.J;HXC51 no XWMH1:JeCKOMY 

COCTaBy. ,[(Be o60JIOlJKl1 H3fOTOSJ1eHbl H3 PyC: 
O.UHa, npHMbIKalOIIJ.M K Keptty, HMeeT Tonru.11-

HY ~ 55 MKM, .upyra51 o60J10YKa TOJilll,HHOH ~ 
70 MKM. O60J10lJKa 113 KpeMHWH HMeeT T0JIIIJ.H­

HY ~ 30 MKM, a BHeWH51.SI o60JIOtJKa TOJllll,WHOH 
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Zr PyC 

HMll/C 

7 200 

5 760 

Zr 4 320 

0 2 880 

1 440 

0 

HMJIC 

7 200 

5 760 

Si 4 320 

C 2 880 

1440 

0 27 54 

PyC 

81 108 135 162 189 21 6 

r, MKM 

243 270 

= 25 000 B. CKopocTb ne-
peMeru,eHH.H 06pa3u,a 
1,875 MKM/C. 

JlH.HH.H. SiKa H Zrla 
aHaJU13H.pOSaJil1 Ha Kp11-
CTaJIJJe RAP, JJHHHH OKa 11 
CKa - Ha peHTreHOSCKOM 
3epKane. l1HTeHCHSHOCTH S 
H.Mnynbcax B ceKyHAY 3an11-
CbIBaJJHCb Ha nJTaTe c6opa 
JJ,aHHhlX B BHJJ,e lfHCJJOSblX 
<Pai1noB. Pe3yJJhTaTbI 3aMe­
poB HHTeHCH.BHOCTeH x.p.H.. 
npeJJ,CTaBJJeHbl rpaq)H'IeCKH 
Ha pHC. 4. 

PHc. 4. Pacnpe.neneHHe HHTeHCHBHOCTeH. x.p.H. :meMeHTOB Zr, Si, C H O 8 
o6onolfKax H KepHe MT: r - paccTO.siHHe no paJu,1ycy MT OT nep11cpepHH K 
ueHTPY 

IlpH.Memrn nporpaMMY 
PAP 11 yq11TbIsa.si np11cyTcT­
BH.e TOJJbKO Zr 11 0 B uettTpe 
KepHa MT, MO)KHO TTOCTpO­
HTb 3aSHCH.MOCTb K-OTHO­
WeHH.H O H Zr no sceMy 
JJ,HaMeTpy MT. Atta­
norHYHO, yYHTbJBa.si 0TcyT­
crn11e O 11 Zr Ha yqacTKax s 
cnoe Si, MO)KHO paCCYH.TaTb 
K-oTHowett11.si 3JJeMeHTOB C 
11 Si no JJ,H.aMeTpy MT. Ilo 
H3SeCTHbIM K -OTHOllJeHHHM 
JJ,JJH. npHMepa paccq11.TaHbI 
secOBble KOHUeHTpaLJ,HH 
3JJeMeHTOS B TOYKe 120 
MKM, S JJ,H4)4)Y3HOHHOH 30He - 15 MKM H3fOTOBJieHa H3 UHpKOHHH. 

ITocKOJihKY Hae HHTepecoBana B03MO)K­
HOCTb perncTpaUHH KHCJIOpo.na JJ,Jrn 113yqemrn 
npoueccoa OKH.CJJeHHH pa3JIWIHbIX cnoeB MT, 
B qacTHOCTH, CJIOH rerrepa KHCJIOpOJJ,a B pe­
aJibHblX MT, npoBeJJ,eHo npeJJ,BapHTeJJbHOe 
OKH.CJJeHH.e H.ccneJJ,yeMoro 06pa3ua. M11Kpo­
TB3JI noMelUaJIH. B THfeJJb H nporpeBaJIJ,f B aT­
MOCq)epe .UBYOKH.CH. yrJJepo.na npH. JJ,aBJJeHH.H 
1,1 aTM. H TeMneparype 1 300 Ka ne1.rn TH.na 
CWBJI-0,6x2/25 B TeYeHH.e 1 yaca. 

Ilocne BbICOKOTeMneparypHoro nporpeBa 
MHKpOTB3Jl 3aJIHBaJIJ,f CJJOeM TOKOnpOBOJJ,HI.Ue­
ro KJieH H. no CTaHJJ,apTHOH MeTOJJ,H.Ke H.3fOTaB­
JlJ,fSaJJH w;rncp JJ,HaMeTpaJibHOro ceqettmr cno­
es MT. Hal.{aJJbHaH ToqKa MHKpoattaJJH.3a Sbl-
6ttpanacb Ha BHe11rne11 060JJOYKe MT. 3aMep 
HHTeHCHSHOCTH npOBOJJ,HJJCH npH. JJ,HaMe-rpe 
rryqKa 1 MKM H ycKopH10meM ttanpmKeHHH. V = 
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nepsoro PyC 11 Si cnoes: Si - 49,8 Bee. %; Zr 
- 0,4 sec. %; C - 38,8 sec. %; 0 - l 1,0 Bee. 
%. 

3aKJitOqeHue 

ITpeJJ,eJJbI o6ttapy)KeHJrn 3JJeMeHTOB Pd, 
Ag 11 Cs np11 H.cnonb3osatt1111 MeTona JTOKaJib­
Horo peHTrettocneKTpaJJbHOro attan113a JJ,OCTH­
ra10T 3HaYeHHH 61 ppm (0,0061 sec. %), 46 
ppm (0,0046 sec. %) 11 10 ppm (0,001 sec. %), 
COOTBeTCTBeHHO. ,nnH JJ,aJibHeiiwero TTOHH­
)KeHHH npenena 06ttapy)Kett11.si 3JJeMettrns pe­
KOMettJJ,yeTc.si npHMeHHTb peHTfeHOBCKH.e 3ep­
~ana C nep110.naM11 pellJeTOK, pasHblMH 2,892 
A, 4,154 AH 4,368 A )].JJH 3JJeMeHTOB Cs, Ag 11 

Pd, COOTBeTCTBeHHO. B 06Jiacn1 ,ll,JIHH BOJIH OT 
5 .uo 12 A 3epKana y)Ke cymecrny10T [6, 7]. 
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y CTaHOBKa Ka4eCTBeHHhlX 3epKan C 6onee 

BhlCOKHMl1 K03cpqmu11ettTaM11 OTPa)KeHl1R no­

Hl1311T npe)].eJihl o6ttapy)KeHJUI 3JieMeHTOB )].0 

3Ha4eHl1H nop.HJ:J.Ka HeCKOJlbKl1X e)].HHHU ppm. 
)KeJJaTeJJbHO TaK)Ke 11CnOJJb30BaTb MaTeMan1-

4eCKYJO nporpaMMY no pa3J:J.eJJeH11JO cneKT­

paJJhHhTX JI11tt11i1 .n:y6neTOB La. Ilp11Mettem,1e 

pettTreHOBCKOro 3epKaJia B cneKTJ)OMeTPaX 

MAP-3 J:J.aeT KOJJ11'-:tecrnetttty10 11ttcpopMaumo 

0 CO)].ep)KaHJ111 yrnepoJJ,a 11 K11CJJOpOJJ,a B CJJO.HX 

MT. TaKHM o6pa3oM, MOJ:J.epHH311posaHHhIH 

cneKTJ)OMeTP MAP-3 MO)KeT HcnoJih30BaTbC.i:t 

npH npoBeJJ,eHHH MOJJ,eJibHblX 3KCnepHMeHTOB 

11 B npoueJJ.ypax KOHTPOJI.i:t Ka4ecrna npH arre­

cTaum-1 MT, COJ:J.ep)Kamero rerrepbI K11c11opo­

.n:a Ha OCHOBe Kap6H)].0B KpeMHH.H 11 UHpKOHM.H. 
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Y)J:K 621.039.58 
OcaJK,LJ.euue npo.LJ.yKToB ,LJ.eJieHHH H.LJ.epuoro T0DJIHBa 

BO BHepeaKTOpHhlX neTJieBhlX HCUhIT3HHHX 

H.B. BacUJ1be6, A.C. HBanos, 
HMU "Kyp4aTOBCKHtt HHCTHTYT", 123182, MocKBa, nn. Kyp4aToBa, 1 

nocrymrna B pe,uaKu.1,no 20.12.2010 r. 

PaccMaTp11BaeTcH 3a)J.aYa o nepeHoce H oca)l(.nemrn npo.nyKToB .neneHHH H3 noTOKa ra3a Ha BHyTpeHHIOIO 
noBepXHOCTb rrpHMOH TPY6bI KOHe'-IHbIX pa3MepoB, npHBO)J.HTC.ll cpopMyJibl )J.Jl.ll pac<JeTa pacnpe,neneHHH npo­
.UYKTOB .neneHH.ll B ra3e H Ha noBepxHOCTH no )J.Jll1He Tpy6bl B 3aBHCHMOCTH OT BpeMeHH. Pa3pa6oTaHa pac­
'leTHa.ll MeTO)J.HKa )J.JIH onpe.neneHHH CKOpocrn OCa)l()J.eHHH aTOMOB Ha ITOBepXHOCTb Tpy6bt, a TaIOKe M_eTO)J.HKa ., 
oueHKH MHHHMaJibHOro trncna aTOMOB Ha CM- nosepXHOCTH Tpy6bt, KOTOpoe BO3MO)l(HO ysepeHHO H3Mep11Tb 
rrp11 perncTpaUHH HaKonneHHOH aKTHBHOCTH Ha nosepXHOCTH TJ))'6bl. DonylleHHa.ll pacYeTHaR MeTO)J.HKa HC­
nom,3OBaHa B npoeKTe MO)J.epH113aill1H UHPKYJI.l!UHOHHOro ren11eBoro CTeH)J.a )J.JIH BblnOJIHeHH.ll nporpaMMbl 
BHepeaKTOpHblX nerneBb!X HCnbITaHHH no TeXHOJIOrHH TpaHcnopTa npo)J.yKTOB )J.eJieHH.ll MO)J.)'JlbHOro remdi­
oxna)l()J.aeMoro peaKTOpa c ra3oryp6HHHOH ycTaHOBKOH. 

K.Jt10'1e6b/e CJ/060: BblCOKOTeMnepaTypHhle ra3OOXJia)l()J.aeMbie peaKTOpbl, npO)J.)'KTbl .n:eneHH.ll, nepeHOC, 
aKKOMO)J.aUH.ll, oca)l()J.em,e, .necop6u11si, .llHQlQJY311.ll B MaTepHan CTeHKH, 3arp»3Hemie KOHrypa TennOHOCHTen.si. 

Deposition of Fission Products of Nuclear Fuel in Out-Pile Loop Tests. /. V. Vasil'ev, A.S. Ivanov, 
NRC "Kurchatov Institute", 1, Kurchatov Sq., Moscow, 123182. 

The problem of the transfer and deposition of fission products from a gas stream on an internal surface of 
a direct pipe of the restricted sizes is considered, formulae for calculation of fission products distribution in 
gas and on a surface depending on pipe length and on time are resulted. The calculation technique has been 
developed for determination of speed of deposition of atoms on a pipe surface, and as a technique of an esti­
mation of the minimum number of atoms on sm2 of a pipe surface which we can confidently measure at regis­
tration of the accumulated activity on a pipe surface. The developed calculation is used in the project of mod­
ernization of the helium circulating loop for the program of out-pile loop tests on technology of fission prod­
ucts transport in the modular helium-cooled reactor with gas-turbine plant. 

Key Words: High-Temperature Gas-Cooled Reactors, Fission Products, Transfer, Accommodation, Depo­
sition, Desorption, Diffusion in a Wall Material, Pollution of a Contour of the Heat-Carrier. 

Bse}leuue 

B 3a}lat.JaX, CBH3aHHhlX C TIOCTaHOBKOH H 

npoBe)],eHHeM HCCJie)lOBaHHH Ha neTJieBblX yc­

TaHOBKax, tty)J{eH 6onee TOt.JHhIH y11eT npouec­

cos, onpe,ueJIHlOLUHX nepeHOC pa,llHOaKTHBHhlX 

HYKJH1)l0B B fa30BOM TIOTOKe H 0Ca)l{)],em1e HX 

Ha nosepXHOCTH TPaKTa. B HaCTOHLUee BpeMH 

3TH 3a,ua11H OKa3aJIBCh aKTYaJihHhlMH B CBH311 C 

nnaHHpyeMOH MO)],epHH3aUHeH UHpKyJIHUHOH­

HOfO ren11esoro cTeH,ua (U,fC) HMU "Kyp4a­

TOBCKHH HHCTHTYT", Heo6xo,u11MOH ,um1 pewe­

HHH 3a)],a4 no nepeHocy npo,uyKTOB .ueneHHH 

».uepHoro TOTTJIHBa. 

B ,UaHHOH" pa6oTe npHBO,U51TCH OCHOBHhle 

ypasHemrn HCXO)],HOH MO)],eJIH nepeHoca H 

OCa)J{,UeHHH, npHBO)lHTCH HY)J{Hble )],JIH pac11eTa 

xapaKTepMCTHKH H 3KCnep11MeHTaJlhHble napa­

MeTPhl OT)leJibHhlX npou.eccos. Pa3pa60TaHa 
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MeTO)],HKa )],JIH pac4ern pacnpe.ueneHHH aKrnB­

HOCTH npOJlYKTOB .ueneHHH B TenJIOHOCHTeJie J,f 

Ha nosepXHOCTH no )ln11He KOHTypa B 3aBHCH­

MOCTH OT speMeHH npH H30TepM1111eCKOM Te-

4eHHH fa3a. IlpHHU.HTTHaJlhHa51 CXeMa l.J,fC H3-

o6pa)l{eHa Ha p11c. 1. 
IlpH MO,UepHH3aUHH CTett,ua BCTaeT p».u 

sonpocos, TPe6y10w.11x ,uernJihHOro paccMoT­

peHHH, a HMeHHO, BonpOCbl 06 onpe)leJieHHH 

CKOpOCTl1 OCa)K)leHHH pa)],HOHYKJIH)lOB, 0 pe­

fHCTPaUHH HaKonn eHHOH aKTHBHOCTH, 06 

oueHKe Heo6XO)ll1MOH MOIUHOCTH HCTOYHHKa, 

0 qmJibTpau.1111 ra30BOro nOTOKa H BOnpoCbl 

6e3onaCHOCTH 3KCnnyarnu1111 CTeH,ua. IlOHH­

MaHHe npouecca oca)K)leH11si npo,uyKTOB )lene­

HHH 113 ra3osoro noTOKa Ha CTeHKY TPY6h1 HB­

nsieTCH KJIIOt.JeBbIM 11 ,uaeT B03MO)KH0CTb OTBe­

THTh Ha 3TH BonpOCbl. 



► 

0 Toq101 mMepemui TeMaeparyphl 

T H.cTO'IHl-n< T 
p 3.[{HO~ OB 

t 
~ ~~~~~~~ 

raMM3-.[{eTek'TOphl 

tL--_.-~----J..----+-_________ __. 
P1-1c. 1. TTpHHUHTIHa.JJbHasr cxeMa u11pKynsruHOHHoro cTeHJ:ta 

Teopen1YeCKHe MeTO)J,bl )J,JHI pacYeTa CKO­

poCTH OCa)K,!J,eHH» npO.LzyKTOB ,!J,eJieHH» H3 ra-

3O8Of0 noToKa Ha CTeHKY TPY6hI, no,1J,xo,1J,.s111me 

K om1caHHIO BHepeaKTOpHb]X neTJieBhIX HCnhI­

TaHHH, paCCMOTPeHbl s p}l,!I,e CTaTeH [1. .. 3]. 
Ha 6a3e pa3BHTblX TaM MO,!J,eJieH npoBe,!J,eHO 

HCCJie,!J,OBaHHe HaKonJieHH}l npO.LlYKTOB )J,eJie­

H~ Ha CTettKe Tpy6bl. 

lbyYeHHe pa3HblX CTO,!J,XO,!J,O8 YTOYHHJIO 

MaTeMaT11YecKy10 nocTaHOBKY 3a,1J,aY11 ,!J,JI}l 60-

nee ,1J,eTaJihHoro y"YeTa scex npou.eccoB B Me­

XaJJl13Me nepettoca H oca)K,!J,eHH}l H Bh16pano 

MeTO,!J,, KOTOpblH, BO-nepBbIX, np11 onpe,!I,eJieH­

HbIX ,!J,Orrywem-t}lX )J,aeT ,!J,OCTaTOYHO KOppeKT­

HYIO ouettry KOJ111YecTBa ocesw11x B KOHType 

npO.LlYKTOB )J,eJieHH}l H, 8O-BTOpblX, o6ecneYH­

saeTC}1 s )J,0Jl)KHOH CTeneHH Heo6xo,!J,HMblM Ha-

6opOM 3KCnepHMeHTaJlbHbIX qm311YeCKHX na­

paMeTPOB. 

1. MeT0.£1.HICa paclfeTa ocaiKJJ,eHHH 
u ee npuMeHettue 

ITpou.ecc nepettoca H oca)K,!J,eHH}l npo.LlyK­

TOB ,!J,eJieHH}l paccMaTPHBaeTC}l ,!J,Jl}l CJiyYa}l yc­

TaHOBHBWerOC}l TeYeHH}l ra3O8Of0 TeITJIOHO­

CHTeJI}l B np}lMOH O.LlHOpo.uttoH TPY6e (.uHaMeT­

poM d) B HanpasneHHH X C noCTO}lHHOH CKO­

pOCTblO V. 3a OCHOBY 83}1Ta TPeXCJIOHHa» MO­

.uenr, [ 1 ], cxeMaTHYHO npe.ucTasneHtta}l Ha 

pHc. 2. Tinorn,a.uh A nonepeqttoro ceYeH11}1 H 

nep11MeTp IJ nOCTO}lHHbl no BCdt .UJIHHe TPY-

6r,1. KottueHTPaU.H.sI npHMeCH Ha sxo.ue B TPY-

6y nOCTO»HHa H pasHa No. 

l1ccne,1J,yeTc}1 H3MeHett11e KottueHTPaUHH 

YaCTHU B ra3e - N(x, t) H Ha nosepXHOCTH -

M(x, t) no .umrne TPY6bl B 3aBHCHMOCTH OT 

BpeMeHH. Kottu.eHTPaUH}l N(x, t) »sm1eTc.si 

cpe.uHeH no ce"YeHHlO TPY6bl BTIJIOTb .LlO norpa­

HH'iHOro CJIO.sl (CJIOH 2 Ha pHC. 2). KottueH­

TPaU.H.sl aTOMOB s norpaHH'iHOM cnoe JIHHeHHO 

yMeHbrnaeTC.sl OT N(x, t) )J,0 N ..,(x, t) - KOHUeH­

TPaUHH B npHCTeHO9HOM cnoe (CJIOH 3 Ha pHC. 

2). C11cTeMa ypasHeHHH, OTIHCbIBalOw,a» pac­

CMaTPHBaeMylO MO,IJ,eJib, HMeeT BH,!J, [I] 

aN aN 4 
-+ V-+-h(N-N ) +'AN= Q. (1) 
dt dX d 1\1 , 

d/2 

CTCHJ<a 
2 3 

E'(' N(x., t) 0 

~ 
"' "' ::a 
"' :, . N..,..('r:, t) 
f:-.. 
I:( 
0 

"' h(N-N,.) "' 
15 ., 
re ., 
~ 
ij 
~ 

fv 
HanpaBJJCHJIC OT cepeAJl!lhl Tpy6bl I( CTeJil<C 

Pttc. 2. CxeMaTHtJHoe 11306pa)Kem1e Mo,nem1 oca­

)K.ZJ.ett11sr 
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h(N - Nw) + vM - crKN w = 0; 

oM / a, + ().. + v )M - pa KN w = 0 ; 

K = ✓kbT /(21tm) ; 

N(0, t) = No; 
M(x, 0) = 0. 

(2) 

(3) 

(4) 

(5) 
(6) 

YpaBHeHHe (]) onHCbIBaeT H3MeHeHHe 

KOHUeHTpau,rn N(x, t) yacrnu B ra3e B cJJoe 
06beMHOro Te4eHHH (CJJOH l Ha pHC. 2). KoH­
ueH-rpau111-0 Nw(x, t) MO)KHO onpe,uem1Tb, 3a­
n11caB ypaBHeHHe ,llJlH nOTOKa 4aCTHU 4epe3 
rnnoTeTwiecKyio nosepxHOCTb pa3,uena Me)l(­
JJ.Y 06J1acn,1-0 o6beMHOro TeYemrn 11 norpa­
Hl14HbIM cnoeM. YpaBHeHHe (2) npeLlCTaBmieT 
co6ot:i ycnoBHe cw11saH1-rn Ha rpam1ue norpa­
Hl14Horo cnoH. ITpe,unonaraeTCH, 4TO B norpa­
HHYHOM cnoe HeT HaKonneHHH 4aCTHU Hero 

o6beM npeHe6pe)KHMO Man, T.e. 80 << A. Co­
OTHoweHHe (3) on11Cb1BaeT H3MeHeH11e KOH­
ueH-rpau1111 M(x, 1) 4aCTHU Ha nosepXHOCTH 

-rpy6b1. Coornowemrn (5) H (6) npe,ucTaBJJHIOT 
co6ot:i rpaHH4HOe 11 Ha4anbHOe ycnOBIUI. 

CooTBeTcTsyiow.11e p11c. 2 noTOKH aTOMOB 
onpe.ll,eJIHI-OTCH cne,uyiow.11M o6pa3oM: 
/ 1 = pcrKN11 - noTOK aTOMOB Ha cTeHKy; h = 
= (] - cr)KNw - noTOK aTOMOB, o-rpa)KeHHbIX 
OT cTeHK11; /3 = (J - P)aKN .. - noTOK aTOMOB, 
npOHHK81-0W.HX B CTeHKy; /4 = (A.+ v)M - CTOK 
aTOMOB co CTeHKH BCne,UCTBHe pa,u11oaKTHBHO­

ro pacna):la 11 JJ,ecop6u1111. 
3,uecb h - K03cpcp11u11e11T Macconepettoca 

[ 4, 5]; D - K03cpcp11u11eHT JJ.11cpcpy31111 npo,uyK­
TOB )leJleHIDI (6, 7]; K - K03cpcp11u11eHT BbIBe­
JJ,eHHH Ha CTeHKY (3a)laeTCH COOTHOWeHHeM 

(4)) [8]; k6 - nOCTOHHHaH OOJlbUMaHa; m -
Macca 4aCTHUbI; (J - K034Jcp11u11eHT aKKOMOJJ,a­
UHH [4]; V - K03cpcp11u1-1eHT JJ,ecop6u1111 [9]; A -
noCTOHHHaR pacnaJJ,a; l - p - K03(p<pHUHeHT 
npoH11uaeMocrn [5]. 

ITpm13se.ueHbI trncneHHbIH aHanH3 .uaHHOH 
3a,lla4H 11 pacYeT KOHUeH-rpau1111 ocesw11x aTO­

MOB Ha CTeHKe B 3aBHCHMOCTH OT HCXO,llHbJX 

napaMeTpOB 3a,lla4H. Heo6XOLll1MbJe ,llJlH pac-
4eTa ):laHHble npe,llCTaBJJeHbl B Ta6n. I. ITpose­
,lleHO cpasHeH11e cKopocn1 oca)l(.uemu1 .unH 
pa3HblX MO,llendi B cny1.Jae, COOTBeTCTBYIOW.eM 

3KcnnyaTaUHH MO,llepHH311pOBaHHOfO l..{fC 
(cM. p1-1c. 1). Ha p11c. 3 npe.ucrnsneHo cpaBHe­
m1e pac4eTa KOHUeH-rpau1111 ,llJIH pa3HblX MO-
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):leJleH npH OLlHHaKOBblX napaMe-rpax CHCTeMbl. 
BpeMH HCnbtTaHHH 1 Yac. 
T a 6 JI u u a 1. Heo6XO,llHMbJe pacYeTHble n.aH­
Hbte 

TTapaMeTp Benwnrna 

CKOJ)OCTb, CM/C 1000 
,[{HaMeTP TPY6bJ, CM 5 
,UaaneHHe raJa, aTM 10 
Ko3<l>q)J,fu,HeHT aKKOMO,nau.1111 I 
Mom1pHa.11 Macca H3OTona, r/Monb l 10 
TeMnepa-rypa ra3a, K I 173 
Macca rpaMMoneKynbI raJa, a.e.M. 4 
XapaKTepHbIH pa3Mep aTOMa 

0,288 
H3OTOna. HM 
XapaKTepHbtH paJMep arnMa 

0,062 
ra3a, HM 
HaYa.JJbHa.11 KOHU.eHTPau11.11 H3OTona 

6,18·108 
.3 

Ha sxon.e, CM 
TTOCTO.IIHHa.11 pacna.na H3OTOna, c·' 32·10"9 

War no speMem1, c 40 
BpeM.11 onb1Ta, c 3 600 
War no n.n11He, CM I 
,[{nHHa TPY6hr, CM 200 

B11.uHo, YTO .unsi .usyx MO,lleneH KOHUeHT­
pau11si 4acrnu np11 pacYeTe nonyyaercH npaK­
THYeCKH O,llHHaKOBOH 11 npocJJe)l(J,fBaeTCH 3KC­
noHeHUHaJJbHaH 38BHC11MOCTb KOHUeH-rpa~1111 
YaCTHU, oceBWHX Ha CTeHKe, OT pacCTOHHHH 
OT BXO,lla B -rpy6y. Ho .unsi 3-H MO,UenH 38B11-
CHMOCTb KOHUeHTpau1111 48CTHU, oceBWHX Ha 
CTeHKe, OT paCCTORHHH OT BXO,lla s -rpy6y, CKO­
pee, HMeeT n11HeHHbIH xapaKTep, a caMa sen11-
4HHa KOHUeH-rpaUHH pa3HHTC.R r,ue-To B 2 pa-
3a no cpasHem110 C 2-MH .upyrHMH MO.UCJlRMH. 

3 

2,5 

2 

1,5 - - - _ 

0,5 

- --

. MOAenb 1 111 
-MOAenb2 2) 
- - Mo enb_lli 

PacCTORHllle OT BXOA8 B rpy6y, CM 

0 25 50 75 100 125 150 175 200 

P11c. 3. CpastteH11e pac4eTa KOHUeHTPau.1111 .nn.11 
pa3HblX MO,neneii npH O)].HHaKOBbIX napaMeTPaX 
CHCTeMbl, speM.11 HCTibIT8HH.II I Yac 



3 

2,5 

2 

1,5 - - -
1 

0,5 

PacCTOf!Hl.18 OT BXO,Qa B Tpy6y, CM 

0 25 50 75 100 125 150 175 200 

PHc. 4. CpaBHeHHe pacYeTa K0HUeHTJ)aUHH ,nm1 

pa3HblX MO,[(eJJeH npH 0,[(HHaK0Bb!X napaMeTJ)aX 

CHCTeMbl, BpeM.H HCilbJTaHH.ll 10 qacoB 

B u,eJIOM, HHTerpanbHO, KOJIHl.JeCTBO oceBWHX 

qacn,u, Ha noaepxHOCTb Tpy6b1 cosnaJJ,aeT .n,m1 

scex rpex MO)leneti. 

Ha p11c. 4 npe.n,crnsneHo cpaaHeHHe pac­

qern KOHU,ettrpau,HH ,D,JI.s! pa3HbJX MO)],eJieH npH 

O)lHHaKOBbIX napaMerpax CHCTeMbl. BpeM.si 

HCnbITaHHH 10 qacos. BHJJ.HO, '-ITO c yaenw-Ie­

mIeM apeMeHH HCnbITaH1-1.si JJ.JIH JJ.Byx MOJJ.eJieH 

KOHU,eHrpau,HH qacTHu, np11 pae1.JeTe nonyqa­

JOTe.si O.D,HHaKOBblMH H see TaK)l(e npoeJie)l(H­

BaeTCH 3KCnOHeHU,HaJibHaH 3aBHeHMOeTb KOH­

ueHrpaum, qacTHU, oeeBWHX Ha eTeHKe, OT 

paeeTO.s!HH.s! OT SXO)],a s rpy6y. Ho )],JI.s! 3-H 
MO)],eJIH 3aBHeHMOCTb KOHU,eHrpau,HH see eme 

HMeeT nolJTH JIHHeHHbJH xapaKTep. 

KaK BH.D,HO H3 npHBe.D,eHHOro SbJWe epaB­

HeHID!, nonyqeHa ou,eHKa Ha KOHU,eHrpaUHJ-O 

aTOMOS, oeeBWHX Ha CTeHKY, H eOOTBeTCTBeH­

HO OTelO.n,a MO)l(eT 6b!Tb paeC'-IHTaHa eKOpOCTb 

OCa)l()],eHH.s!, a HMeHHO, KOJIH'-leeTBO a)],eop611-

pyeMbIX aTOMOB Ha CM
2 

noaepxHOCTH Tpy6bI B 

CeKyH,n,y. TaK MO)l(eT 6hITb Bbll.JHCJieHa .n,oeTo­

sepHa.si ou,ettKa CKOpoeTH OCa)l()],eHHH npo.n:yK­

TOS ,n,eneHH.s! B yeJIOBH.s!X, npe,l1,nonaraeMbIX BO 

speMH pa6oTbl MonepHH3HpOBaHHOro u,rc 
TaK KaK nony1c1aeMb1e aem1'-IHHbJ no no­

p.s!JJ.KY eoana,lJ,aJ-OT, TO rpexenoHHa.si MO)leJib, 

B3.s!Ta.si KaK oeHOBHaH, nO)lTBep)l(,D,aeTe.si pe-

3YJibTaTaMH pael.JeTOB no ,n,pyrnM MO}leJI.s!M. 

TaKHM o6pa30M, CKOpOeTb oca)l(,D,eHHH npH Ta­

KHX napaMerpax eHCTeMbl MO)l(eT 6bJTb ou,eHe­

Ha KaK 5-109 
aTOMOS Ha CM

2 
noaepXH0eTH 

TPY6bI. CooTBeTCTBeHHO, ou,eHHB eKopoeT b 

oea)l(JJ.emrn eepe6pa, MO)l(HO nepeHTH K pewe-

1~- --- 1--Nal(I1)63x63I 
-o-,W'AJ{-80 

0,001+------.-------.---£_, K_
3
_
8
_~ 

10 100 1000 10 000 

PHc. 5. O6w.11i1 Br!,[( rpa,ny11pOB0'!HhlX xapaKTep11-

CTHK no Jcj)<peKTHBHOCTH perHCTJ)al.{HH raMMa-

113JJyqemrn: Nal(Tl)63x63 - CUHHTHJJJJ.s!UHOHHbIH 

,QeTeKTop c KpHCTaJJJJ0M pa3Mepa 63x63 MM, 

,ll,r,ll,K-80 - repMaH11eso-n11THeBbIH nonynposo,n­

HHKOBbIH reJJHeBbIH ,[(eTeKT0p 

HHIO aonpoea o perHerpau111-1 HaKon11eHHOH 

aKTHBHOCTH Ha noaepXHOeTH Tpy6bl 

2. PerHCTpaUHH H3KOOJJCHHOH 3KTHBHOCTH 

EaJOBhJM aonpoeoM, peweH11e K0Toporo 

He06XOJl)1MO )],JI.s! pea.rIH3aUHH ITOCTaBJieHHOH 

3a}la'-IH MO,l1,epHH3aU,HH U,rC, CJIY)l(aT Bbl60p 

M0II.lHOCTH HCTO'-IHHKa 11 B03M0)1(H0eTb pen,e­

rpau,HH H3JiyqeHH.s! 3a npHeMJieMoe BpeMH S 

3a.D,aHHblX ycJI0BHID( 3KenepHMeHTa. Ilp.HBe­

)],eM ou,eHKY xapaKTepHbIX napaMeTJ)OB. 

O6w,HH BH)], rpa.n,y11pOB0'-1HbIX xapaKTep11-

CTHK no 3cpcpeKTHBHOCTH perneTpau,1111 raMMa­

H3Jiyqemrn )lJI.s! cneKrpoMerpos c pa3HbIM.11 

pa3MepaMH lJ)'BeTBHTeJibHOH o6naern rrp.11Be­

)leH Ha pHC. 5 [ 10]. 
J13MepeID:1e BHeurnero raMMa-H3JIY1clemrn 

HCTO'-IHHKa npOB0.D,HTe.si B Tex )Ke reoMeTp.H'-Ie­

CKHX ycJI0BHHX, .D,JIH K0TOpblX nony'-leHa rpa­

JI.yHpOBO'-IHaH xapaKTepHCT.HKa cneKTp0Merpa. 

Tip11 3TOM )].Jl.s! pacqern aKTHBHOCTH nOJib3Y­

J-OTCH cpopMynoH [ 10] A; = //(lj_a6c B;,a6c) , r .n,e fJ 
- cKopocTb cqern j-ro nHKa non ttoro norno­

w.eHIDI 3a BbJ"L!eTOM cpoHa (.11M11/c); Bj,a6c - 3cp­

cpeKTHBHOCTb pernerpau.1111 Q)OTOHOB j -H JIJ,f­

HHH e ,lJ,aHHOH :rneprnei-t; h a6c - BbIXOLI. (.n,011.si) 

raMMa-KSaHTOS Ha paenan Ll,Jrn j-H JIHHHH. 

.n:JI.s! ycTaHOBJieH.H.s! MMHHMa.ribHOrO KOJIH­

LJeeTBa N pa)lH0aKTHBHbIX aTOMOS cepe6pa, 

)].0eTaTO'-IHOro )].Jl.s! HX ysepeHH0ro )leTeKTHpo­

BaHHH, npoBe,l],eM CJieL1,y10m11e SblKJia)lKH. ,n:n.si 

y- KBaHTa C eaMb]M 60Jibll!HM h a6c 3aLI,a.D,HM / 1, 
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COOTBeTCTBeHJ-IO )].JUI OCTaJibHblX JUIHHH j 3aJI,a­

,UHM CKOpOCTb Ct.JeTa, paBttylO f;= /1/;,a6J/1,a6c-

TaKHM o6pa3oM, B351B HeCKOJihKO JIHHHH, 

nony1.rnM HeCKOJlhKO 3Hat.JeJlHH N; C HeKOTO­

pOH norpeWHOCThlO /j.Nj, )J:anee nOC'IHTaeM 

cpe.utteB3BeweHttoe 3Halfemte N no nonyt.JeH­

HOH BhJ6opKe. EcJIH /j_M 6y.neT MeHbWe N, TO 

B03MO)J(H0 yBepeHHOe ,ueTeKTHpoBam:1e 3TOro 

'-1.HCJia aTOMOB. 3a.naqa COCTOHT B TOM, LJT06hJ 

MHHHMH311pOBaTb 1, , a COOTBeTCTBeHHO H N, 
LJT06bl /j_M OCTaBanacb MeHbWe N. 

Ilorpewttocrn, .uaJOm11e BKJia,u B M, on­

pe.neillllOTCH TaK: norpelIIHOCTh Af; = 1/-5
, TaK 

KaK I; no.n-.-111m1eTc.si 611HOMHaJihHOMY pacnpe­

aeneHHIO. IlorpelllHOCTH OCTaJihHblX BeJIHl!HH 

no cpaBHeHHJO C Af; MaJlhl, ITOTOMY "ITO HX 

3HaLJeHH5I 6panHCh H3 cnpaBOl!HHKOB. TaKHM 

o6pa30M, OTHOCHTeJihHa5I norpelllHOCTh fj_N;fNj 
6y.neT pasHa M;ll;, Y:TO .naeT /j.Ni = N;!i1;flj. 

3Hat.JeHH.SI lj, f.;,a6c, ha6c, li/1, N1, /j_Ni np11-

Be,UeHbl B Ta6JI. 2 H 3. BeJIHt.JHHa ITOCT05IHHOH 

pacna.na cepe6pa 6panach KaK 3,20869· 10·
8 

c ·
1
, 

f.;,a6c - H3 pHc. 1 ,UJI5I NaI(Tl)63x63 [ 10] , a Be­

JIHt.JHHhl f ;,a6c - H3 [11] . 

Ta6JJuua 2. PacqeT eem1t.J11H N 6.N '/ Ii npH / 1 1= 

l j Af/ /J / j,a6c £1,a6c Nj 6.Nj 

l 1 0,947 0,192 l ,7· 108 1,7· 108 

0,113 2,97 0,107 0,167 2,0·108 5,9· 108 

0,237 2,06 0,224 0,1 3,3· 108 6,8·108 

0,77 I, 14 0,729 0,088 3,7·108 4,3·108 

0,362 1,66 0,343 0,079 4,2·108 6,9· 108 

0,257 1,97 0,243 0,069 4,8· 108 9,4· 108 

0,176 2,38 0,167 0,15 2,2· 108 5,2·108 

0,138 2,69 0,131 0,066 5,0· 108 1,3·108 

,8 Cpe.nHeB3BeIUeHHoe N noeyqaeTcsi 2,227 10 
C 6.N = 0,863· 108 

TaKHM o6pa30M, BH)lHM, t.JTO MHHHMaJih­

HOe 'IHCJlO N pa)lHOaKTMBHhlX aTOMOil cepe6pa 

nop5IJI,Ka 10
8
. Tenepb, oueHHB CKOpOCTh OCa)K­

)leHH.SI cepe6pa, MO)KHO CKa3aTb, KOf)la 6y.ueT 

B03MO)J(H0 ysepeHHO H3Mep5ITb KOJJHLJeCTBO 

aTOMOB cepe6pa Ha nosepXHOCTH o6pa3UOB. 

Ilp11 nnattHpyeMhJX ycnosmrx JKcnepH­

MeHTa nonyt.JHM cpeHOMeHOJIOrH<IecKylO oueH­

Ky CKOpOCTH OCa)K)leHH.SI cepe6pa ~ 5-10
9 

aTO­

MOB/c Ha CM
2 

IlOBepXHOCTH. CooTBeTCTBeHHO, 
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Ta 6 JJ u u a 3. Pac'IeT eentt'IHH Ni 1-1 D..N, npH 
/ 1 = 0 l , 

11 Af/ 11 1i.a6c tj.a6c Nj 6.Nj 

0,1 3,162 0,947 0,192 J ,7· 107 0,54·108 

0,0113 9,407 0,107 0,167 2·107 1.9· I 08 

0,0237 6,503 0,224 0,1 3,3· 107 2,1·108 

0,077 3,604 0,729 0,088 3.7·107 l ,3·108 

0,0362 5,255 0,343 0,079 4,2· 107 2,2· 108 

0,0257 6,244 0,243 0,069 4,8· 107 3·108 

0,0176 7,538 0,167 0,15 2,2·107 l,7·108 

0,0138 8,513 0,131 0,066 5·107 4,2·108 

., 
Cpe.nHes3seweHHoe N nonyqaeTcsi 2,24· 10 c 6.N 
= 2,36· 107 

2 
'-IT06bI ITOJJY'IHTh Ha CM MHHHMaJlhHOe yse-

peHHO )leTeKTHpyeMoe l!HCJIO pa)lHOaKTHBHhIX 

aTOMOB cepe6pa np11 ll,OJJe pa11.11oaKTHBHblX 

aTOMOB B HCTO'IHHKe OT 10·
5 

.no 0, 1 %, Hall,O 

npOBO)lHTb 3KCnepHMeHT OT 10
8
/(5· 10

2
) JlO 

108
/(5-10

6
) c, T.e. BpeM.SJ BapbHpyeTC5I OT He­

CKOJlhKHX CeKyH)l )lO 56 qacos. 

Cne,uyeT OTMeTHTb, t.JTO np11 HCITOJ1b30Ba­

HHH HCTOt.JHHKa MaKCHMaJibHOH paccMaTpHBa­

eMOH MOlllHOCTH, co;xep)l{amero 0, 1 % aKTHB­

HblX aTOMOB cepe6pa, HMeeTC.SI B03MO)KHOCTh 

nonyqem:1JJ HHQJOpMau1111 0 KHHeTHKe OCa)KJI,e­

H115I npH cymecTBeHHO 6onee HH3KHX napuH­

aJihHhJX aasneHH5IX napoB cepe6pa ( ~ 10·
13 

aTM). 

HTaK, npH npoeKTHpyeMOM HCTOt.JHHKe 

MO)KHO sapbHposaTb B JI,OCTaTOLJHO urnpOKHX 

npe,uenax ero MOlllHOCTb, napu11anbttoe 11.asne­

HHe napos 11ccne,n.yeMoro H30Tona H spet\rn 

pa6oTbl ycTaHOBKH, Heo6XOll,HMOe )lrnl yse­

peHHOH perncTpaturn KOJJH'Iecrna oces11111x 

aTOMOB. 

laKJIIO<teHne 

1. Ilpose.netto cpasHeHHe cKopocrn oca)l{JI,e­

HH.si )lJl5I pa3JJHLJHhJX MOll,eJJeH. 110 pe3yJJbTa­

TaM cpastteHH5I nonyYeHO, t.JTO cpe.UH5I5I CKO­

pOCTb OCa)K)leHI15I B YCJJOBHSIX, npe)lTIOJlarae­

MhJX )lJl5I pa60Thl 1..1,fC, ITO IlOp.Si)lKY BeJJHt.JHHhl 

COBTia,[{aeT )lJ15I Bcex MO)leJleH 11 MO)l{eT 6bJTh 

HCTIOJlb30Batta B Kat.Jecrne ,UOCTOBepHOH BeJlH-
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qHHbI L(Jrn pewemrn KJJIOt.JeBbJX eonpocoe MO­

,nepmnau,HH cTeHL(a. 

2. IloKa3aHO, '-ITO CKOpOCTb oca)l(L(emu1 aTO­

MOB Ha noeepXHOCTb Tpy6bJ L(JUI np1rneL(eH­

HbJX 3Ha4eHHH napaMeTPOB cocTaBJUieT 5- 109 

aToMoe/c Ha cM
2

. 

3. TipoeeL(eHO J,fCCJieL(OBaHHe B03MO)KH0CTH 

perHcTPaum1 HaKonneHHOH aKTHBHOCTH B pa-
110A 6ot.JeM y'-laCTKe. TToKa3aHO, l.JTO L(JI.sl g MM-

HHManbHa.si noeepXHOCTHa.si TIJIOTHOCTb aTO­

MOB, KOTopyIO MO)KHO yeepeHHO H3MepHTb, 

paeH.sieTC.sl 108 
CM-

2
. IlpH 3TOM epeM.sl, Heo6-

XOL(HMOe L(JI.sl □oJiy'-leHlrn L(OCTOBepttoro H3Me­

pemrn, eapbHpyeTcH e npeL(enax OT HeCKOJib­

KHX ceK)'HL( L(O 56 '-laCOB B 3aBHCHMOCTH OT 

MOIUHOCTM HCTOl.JHHKa. 

4. Ilony'-leHa oueHKa Heo6XOL(11MOH MOIUHOCTH 

HCTOl.JHHKa B 3aBHCl1MOCTH OT 3aL(aHHOH CKO­

poCTH oca)K.ueH11.si H B03MO)KHOCTeH perncTPa­

U,HH. ,D.on.si pa,11,11oaKTHBHbIX aTOMOB B HeM MO­

)l(eT eapbMpoeaTbC.sl OT 10-5 
.uo 10-1 %. 
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Y ,ll,K 621.039.003 
3(j>(j>eKTHBHOCTL COBMeCTHOro H pa3)J.eJILHOro npOH3B0,llCTBa 

3JieKTpnqecKOH H TeDJIOBOH 3Heprnn B D,llepnou H 

TP3.llHUHOHHOH 3HepreTHKe na opranuqecKOM TODJIHBe 

H.A. Ee.no6, 10.</J. l/ep111muu, ll.H. AJ1e«cee6, 
HHU "KypqaTOBCKHH HHcrnryT", 123182, MocKBa, nn. KypYaTOBa, 1 

TTocrymrna B pe.n,aKU.I.fJO 05.03.2011 r. 

Uenh pa6oTbt - cpasmITeJibHhtH attan113 TepMOJll1HaM114eCKOH 11 3KOHOMl14eCKOH 3cpcj>eKTl1BHocrn cosMe­
CTHoro 11 pa3,n.eJJbHOro npo113BO)],CTBa JJJe1<TpwiecKoi1 11 Tennosoii JHeprn11 a .st)].epttoii 11 rpa)],11u110HHOH Jttep­
renIKe Ha opraHI-PieCKOM TOilJll1Be. Tiptrne)],eHa MeTO)],HKa 01..1eHKl1 TepM0)],HHaM114eCKOH 11 3KOHOMl14eCKOH 
Jcj>cj>eKTHBHOCTH COBMeCTHOro 11 pa3)],eJJbHOro np011380)],CTBa 3JleKTJ)l14eCKOH 11 TenJJOBOM 3Heprn11 B .st)],epHOH 
3HepreTHKe 11 B 3HepreTHKe Ha opraH11<1eCKOM T0ilJll1Be. Ha OCHOBe )],aHHOH MeT0)],11K11 BblflOJIHeHbJ Ka'-leCT­
BeHHble pac4eTbl 3q>cj>eKTHBHOCTl1 np011380)],CTBa 3Heprn11 11 npose)],eH cpaBHl1TeJJbHblH attaJIH3 nonyt.teHHblX 
pe3yJJbTaTOB. J1cnOJJb3yeMbJe )],JI.st cpaBHeHH.st CT011MOCTHbte Il0Ka3aTem, 3JieKTp03Hepnrn, Tenna 11 TOnmrna 
OCHOBaHbl Ha )],eikTByIO~l1X TapHq>ax. 

K1110'1e6bte cJ106a: Tennosa.st 11 aT0MHa.st JJ1e1<Tpocrnttu1111 (T3C, A3C), TennoJJJeKTpouettrpanb (T3U, 
A T3U), TepMO.UHHaM11'-1ecKa.st 11 JK0H0Mw-1ecKa.st Jq>q>eKrnBHOCTh. 

Efficiency of Cogeneration and Separate Generation of Electric and Thermal Energy in Nuclear 
and Organic Power. /.A. Belov, Yu.F. Chemilin, P.N. Alekseev, NRC "Kurchatov Institute", I, Kurchatov 
Sq., Moscow, 123182. 

The work purpose - the comparative analysis of thermodynamic and economic efficiency of cogeneration 
and separate generation electric and thermal energy in nuclear and organic power. The methodology of an es­
timation thermodynamic and economic efficiency of joint and separate manufacture of electric and thermal 
energy in nuclear power and in power on organic fuel is resulted. On the basis of the given methodology the 
qualitative calculations of efficiency of a production of energy are executed and the comparative analysis of 
the received results is carried out. Applied cost indexes of the electric power, heat and fuel are grounded on 
acting tariffs. 

Key Words: Thermal and Nuclear Power Plant, District Heating and Electricity Production Power Plant, 
District Heating and Electricity Production Atomic Power Plant, Thermodynamic and Economic Efficiency. 

BeeJJ.eHHe 

HcTopHYeCKH nepBbIM .SIBmieTC.H pa3.UeJib­
HblH cnoco6 nonyqeHH.sI 3JieKTpHYeCKOH H Te­
TIJIOBOH :rnepmH Ha :rneKTp0CTaHUH.stX H B K0-
TeJibHbIX, pa6oTaJOW,HX Ha opraHHqecK0M HJIH 
.st)],epH0M T0TIJIHBe. O.D.HaKO cnpaBe.llJIHB0 cq11-
TaeTC.st, YT0 3Ha4JilTeJibH0 yMeHbWHTh o6mee 
noTpe6nettHe Tonmrna M0)KH0 nyTeM opraH11-
3au1111 OTITHMaJihHOI'O pe)KHMa COBMeCTHOro 

npoH3B0)lCTBa 3JieKTpw-1eCKOH Jil Tennosoii 
3HeprHH Ha TenJJ03JieKTP0UeHTpan.stx (T3U 
HJIH aTOMHhIX T3U - A T31.l). 

<DopMHpOBaHHe CHCTeMbl KOMMYHaJibH0-

6bITOBOro TenJIOCHa6)KeHH.sI B Haweii CTpaHe 
6a311pyeTc.s1 Ha 11cnoJJb30BaHHJil T3U KaK oc­
HOBHOH CTpYKTYPHOH cocrnsnm-0mei1. )],on.s1 
Tennosoii 3Heprn11, npoH3Be)],eHHOH Ha T3U, 
B o6w,eM o6beMe np0H3B0)],CTBa B HaCT0.sIW,ee 
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BpeM.sI C0CTaBJI.steT ~ 32 % ( ~ 640 MJIH rKan B 
ro)l HJIH B nepeso.n.e Ha ra3 ~ 82 Mnp.u M3 ra3a 
B ro.u). CospeMeHHbie TernrnqrnKal..(HOHHbJe 
ryp6HHbl B onTHMaJibHOM pe)KJilMe Ha npOH3-

B0)],CTB0 3JJeKTp03HeprnH pacxo)lyJOT - 55 %, 
a Ha npOH3B0.UCTBO Hl13KOnoTeHUHaJibHOro Te­

nna - 45 % o6mero pacxo.n.a Tonn11sa. 
Pa3BHTHe Tenno- H 3JieKTpOCHa6)KeHH.sI Ha 

nep110)], .n,o 2030 r. npe.D.ycMaTp11saeT )laJib­
Heiiwee ysenw-1eH11e )],0JIH 3HeproycrnHoBoK c 
COBMeCTHhlM npOH3B0)],CTBOM 3JieKTpH4eCKOH 

11 Tennosoii 3tteprn11 (T3U,, A T3U). Ho np11 
60JihWHX Macwrn6ax KOMMYHaJibH0-6bJTOBO­

ro TeTIJIOCHa6)KeHH.sI npHMeHeHHe T31.l npH 
onpe)],eJieHHblX ycJIOBH.stX HX 3KCTIJiyaTaUHH 

MO)KeT OKa3aTbC.sI 3KOHOMHYeCKH y6blT04HbJM. 

C TepMO)],HHaMJilYeCKOH TO'lfKH 3peHH.sI co­

BMeCTHOe npOH3BO.UCTBO 3JieKTpJilqecKOH Jil Te­

TIJIOBOH 3HeprnH H B .sI)],epHOH, 11 B Tpa)lJilUH-
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OHHOH JHepreTHKe Ha opraHH'ieCK0M Tornrnse 

11MeeT 0'ieBHJJ.HOe npe11Myw.ecTBo - MaKCH­

MaJlbHOe HCnOJib30BaHHe TenJIOBOH 3Hepr1111 

Ton1111sa. O,LJ,HaKO TepMOJJ.HHaMH'ieCKOe 06oc­

HOBaH11e C TO'iKH 3pet-rnSI 3KOHOMl111 TOnJIHBa 

He Y'iHTbIBaeT CTOHMOCTHbte noKaJaTeJIH npo-

113B0,Ll,HMOH npOJJ.YKUHH - 311eKTp11'1ecTBa H 

HH3KOTeMnepaTypHoro Ten11a. no TepMo,LJ,1111a­

MH'iecKoii MeTOJJ.HKe, np11MeHSieMOH B CTaTbe 

11111-1 aHaJIOrH'iHOH eii, B cepeJJ.HHe npow11oro 

seKa npHHHMaJIOCb peweH11e o ue11ecoo6pa3-

Hocn1 coopy)l(eHHSI T31J.. O6w.enp113HaHHbte 

ceii'-laC MeTOJJ.HKH C y'ieTOM CTOHMOCTH Kan11-

TaJia B TO speMSI ew.e He 11cnOJ1b30BaJIHCb. 

CospeMeHHble MeTO.D;HKH C Y1-JeTOM CTOH­

MOCTH KanHTaJia OCHOBaHbl Ha BbJllHCJieHHH 

TaKHX noKaJaTeJidi, KaK 'iHCTblH JJ.HCKOHTHJ)O­

saHHblH .n;oxo.n;, HH,LJ,eKC JJ.OX0JJ.HOCTH JJ.HCKOH­

THpyeMblX 3aTpaT, HH,lleKC JJ.0XO.D;HOCTH HHBec­

THUHH, BHYTJ)eHHSISI HOpMa ,llOXO,llHOCnl, JJ.HC­

KOHTHposaHHblH CJ)0K OKynaeMOCTH HHBeCTH­

UHH. O6menp113HaHHbJMH MeTO.D;HKaMH c11y­

)l(aT TaK)l(e MeTOJJ.HKH 6e3 y'ieTa CT0HMOCTH 

KailHTaJia C Bbl'iHCJieHHeM TaKHX noKa3aTeJieH, 

KaK np116blflbHOCTb npo.n.a)I(, np0CTaSI H0pMa 

npH6btnl1 Ha HHBecrnu1111, npOCTOH cpoK OKY­

naeMOCTH HHBeCTHUHH, T0'iKa 6e3y6blTO'iHOC­

Tl1, TO'iKa n11aTe)l(ecnoco6HocT11. 

,lJ;nSI pac'-!eTOB 3THX noKa3aTe11ei1 11 ocy­

mecTsnett11SI Ha 11X 0CHOBe conocTaB11TeJlhHblX 

oueHOK pa3JIH'iHblX 11HBeCTHUHOHHblX npoeK­

T0B Tpe6y10TCSI HCXOJJ.Hble .n.aHHbie, KOTOpble 

HMe10T CJ,iJibHYIO speMeHHYIO 3aBHCHMOCTb 11 

6oJibWYlO CTeneHb 11eonpe.n.e11eHHOCTH, a 11HO­

r.n.a B0JIIOHTapH3Ma. ooJibWYIO cTeneHb Heon­

pe.n;eneHHOCTH HMelOT CO0TBeTCTBeHH0 H pac­

C'iHTbIBaeMbie pa3H006pa3Hbte noKa3aTeJ111. 

3n1 MeTO,llHKH HCn0Jib3YlOTCSI .D;Jl.SI oueH0K 

KOHKpeTHblX HHBeCTHUHOHHbIX npoeKT0B, 

npH'ieM BbI60p Ha HX OCHOBe pewem,rn B 

IlOJib3Y Toro HJ111 HH0ro sapHaHTa npoeKTa 

'-laCTO 6bJBaeT 3arpy.llHHTeJ1eH. 

)],JISI conOCTaBHTeJibHbIX oueHOK B ueJIOM 

Pa3JIH'iHbIX cnoco6os npOH3B0JJ.CTBa 3JTeKTJ)H­

'ieCKOH 11 Tennosoii 3Hepnn1 no pa3HbJM Tex­

HonorHSIM 3TH MeTO,llHKH, KaK npaBHJIO, He 

IlJ)HMeHSilOTCSI. B ,llaHIIOH pa6oTe npe.n.npHHSI­

Ta nonbJTKa JJ.0ilOJ1Hl1TeJibHO K TepMOJJ.HHaMH­

'-lecKoMy atta11113y 11cnoJ1b30BaTb MeT0JJ.11KY 

cpantt11TeJ1bHOrO aHaJil13a 3KOHOMH'ieCKOH 3Q)-

cpeKTHBHOCTH COBMeCTHOH 11 pa3)].eJibHOH Bbl­

pa6oTK11 3JieKTJ)H'ieCKOH H TenJlOBOH 3Hepn111 

B SI,n;epHoH 11 TpaJJ.HUHOHHOH 3HepreTHKe Ha 

opraHH'ieCKOM TOilJ111Be C np11MeHeHHeM o6-

w.enp11HHblX CTOHMOCTHbJX noKa3aTeJieH -

pernoHaJihHbIX Tap11Q)OB. B HaCTORllleH pa6oTe 

11CnOJib3YlOTCSI CTOl1MOCTHbie noKa3aTeJIH, oc­

HOBaHIIble Ha .ueHCTBYIOlllHX perHOHaJlbHblX 

Tap11cpax [1...7]. 
TaKHM o6pa30M, JJ.JISI cpasHeHl1SI COBMeCT­

H0ro 11 pa3J].eJibH0ro np0113BOJJ.CTB 3JieKTJ)H'ie­

CKOH 11 TenJIOBOH 3Hepr1111 B SIJJ.epHOH 11 rpaJJ.11-

UHOHHOH 3HepreTHKe Ha opraHH'-leCKOM TOn­

JlHBe np11MeHeHbJ JJ.Ba no.n.xona (.n;se MeTOJJ.H­

KH) - TepMOJJ.11HaMH'-JeCKl1H C TO'iKH 3peHHSI 

pacxo.na TOnJ111sa H JKOHOMHt.JeCKHH (HJIH Tex­

HHKO-JKOHOMHlJeCKHH) C T0'iKH 3peHHSI JJ.0-

XOJJ.H0CTH OT npo.n.a)l(H 3JieKTJ)OJHeprnH 11 Te­

nna. 

1. COBl\leCTHOe u paJ)],eJJbHOe npOHJBOJl,CTBO 

JJJe1npu'-leCKOH " TenJJosoif '.3Hepruu 

3cpcpeKTHBHOCTb T31{ oueHHBaeTCSI no 

pa3HbIM MeTOJJ.HKaM [8 . . . 12]. O6menpHHSITOH 

H Ha116011ee npe,ncTaBHTeJibHOH ClJHTaeTCSI 

oueHKa C T0lJKH 3peHHSI 3KOHOMHH TOnJIHBa: 

X = Bnc + B.aT = 11~"Jll + 11~,u 
Bnu 11,-x- 11.o, 

(I) 

3JJ.eCb X - TepMOJJ.HHaMH'ieCKaSI 3cpcpeKTH­

BHOCTb np0113BO.D;CTBa Ha T3IJ, no cpasHeHHK) 

C pa3)].eJibHOH Bbipa60TKOH :rneKTJ)HlJeCKOH J,f 

TenJIOBOH 3HeprnH Ha T3C 11 B KOTeJibHbJX; 

Br3c, BKoT, Bnu - ro.n.osoi1 pacxo.n. Tonn11sa 

(3HeprnSI, BhIAemnomaSicSI np11 ero cropaHHH) 

Ha T3C, s KOTeJibHOH H Ha T31{, C00TBeTCT­

BeHHO ()],)I( 111111 T ycn.TOnn.); 

11~ u = Prlu,/ Bn 11, ll~ ·Ju = Qn ,1/ Bn 11 - K.n . .n;. 

T3IJ, no Bblpa60TKe COOTBeTCTBeHHO JJieKTJ)H­

'ieCKOH H Ten11osoi1 JHeprn11; 

11nc = Prxl Brx ' 11.o, = Q.(Yf! BrnT - 3JieKTJ)H'ie­

CKHH K.n.n. T3C H Tennosoii K.n . .n.. KOTeJib­

HOH, cooTBeTcTBeHHo; Pnu H Pnc - ronosaSI 

Bblpa60TKa 3JleKTJ)Ht.ieCKOH 3Heprn11 Ha T3IJ, 11 

T3C, COOTBeTCTBeHHO (,lJ;)I( HJIH T yc11.Tonn.); 

Qnu H QKOl - ro,LJ,oBaSI Bbtpa60TKa TenJIOBOH 

3HeprHH Ha T3U. 11 B KOTeJibHOH, C00TBeTCT­

BeHHO (.D,)I( HJIH T ycn.TOnJI.). 
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<DopMyna (I) no11y'-leHa np11 yc11os11H pa­
BeHCTBa Bbipa60TKH 3JleKTpH4eCKOH H Ten110-

BOH 3Hepnn1: Pntt = Pnc, Qn u = QKoT• 
,Um1 $1,UepHOH :)HepreTHKH npH cpaBHeHHH 

coaMecnroro (Ha A T3U) H pa1,ueJ1bHoro (Ha 
A3C 11 ACT) npOH3Bo,ucrna 311eK-rpw-1ecKOH H 
Ten11osoi1 JHeprnH ncnoJ1bJyeTC$1 aHaJ10rH'-I­
HaS1 cpopMy11a 

) 1 

X BAK + B,.,, 1 = llt-.nu + llt-.n ll (2) 
B Anu ll,.,,c llACT 

3.uecb X - TepMO.UHHaMH'-lecKasi 3<pcpeK­
THBHOCTb npOH380,QCTBa Ha A T31J, no cpaa­
HeHHl-0 c pa3,UeJlbHOH reHepauHdi 3JleKTJ)H'-le­
CKOH 11 Ten11osoi1 3HeprnH Ha A3C H ACT; 
BAJC, BAcT, BAnU - ro.uosoi1 pacxo.n rnn1111aa 
(3HeprnS1, Bb1,nenmomaS1cH npH ero cropaHHH) 
Ha A3C, ACT 11 AT3U, coorneTCTBeHHO (.U)I{ 

111111 T yen.Tonn.); ri:nu = PA rm/ BAnu, 

..,; >u = QA nu/ BAJ.)U - K.n.,u. A T3U no Bbtpa-

6oTKe COOTBeTCTBeHHO 3JleKTJ)HLJeCKOH H Ten­

JlOBOH 3Hepr1111; llAx = PAX/ BAx , 

n - Q /B - 311eK-rn114ecKHH K.n.,u. 'IACl - ACT ACT • t' 

A3C H Ten11oaoi1 K.n . .n. ACT, coorneTcTBeH­
Ho; PATJU H PA')C - ro.uosasi Bbtpa6oTKa 311eK­
TpHLJecKOH 3Hepnrn Ha A T3U H A3C, cooT­
seTcTBeHHO (.LJ:)I{ HJlH T ycJ1.TOTTJ1.); QAT3U 11 

QACT - ro.uosasi Bb1pa60TKa TenJlOBOH 3Heprn11 
Ha AT3U 11 ACT, coorneTcTBeHHO (,U)I{ mrn T 
yc11.Ton11.). 

<DopMyna (2) no11y4e1-ia TaK)l{e np11 ycno­
BHH paaeHCTBa Bbipa6oTKl1 3JleKTJ)l14eCKOH H 

TenJIOBOH 3HeprnH: p AT1U = p A3C, QA nu= 
= QACT· 

Tip11 X > 1 (11n11 X*) pacxo.n rnnn11sa np11 
pa3.neJihHOH Bblpa6oTKe 3JleKTJ)H'-leCKOH H Ten­
JlOBOH 3HeprnH 60JlbWe pacxo.na TOTIJlHBa np11 
COBMeCTHOM npOH38O.!J.CTBe, T.e. COBMeCTHOe 

npOH3BO.UCTBO TepMO.!J.HHaMH'-leCKH 6onee 3<p­
cpeKTHBHO. Tip11 X < 1 COBMeCTHOe npoH3BO.U­

CTBO MeHee 3cpcpeKTHBHO. 

Ecn11 C3K0HOMJieHHOe Ton1111so YMHO)l{HTb 
Ha ero CTOHMOCTb, TO MO)l{HO TIOJlY'-IHTb He­

KYl-0 3KOHOMH'-leCKYI-O oueHKY 3cp<peKTa, HO 

TOJibKO C TO'-IKH 3peHHSI TOTIJIHBHOH COCTaBml­

lOllleH. OT.nenhHO MHHHM11311py1-0TCS1 cp11HaH­
cosb1e 3aTpaTbI npH coopy)l{e11m1 11 JKcnnya­
Taum-1 :rneproo6beKTOB. 

B Ka'-lecrne HCXO.!J.HbIX .uaHHblX ,LI.JISI pac4e­

Ta TepMO,LI.HHaMHlfeCKOH 3cpcpeKTHBHOCTH COB-
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MeCTH0rO H pa3,UeJibHOro npOH3BO,QCTBa 3JleK­
TJ)H'-leCKOH H TenJlOBOH 3HeprnH B si.uepHOH H 
-rpa.nHUHOIIHOH 3HepreTHKe Ha opraHH'-leCKOM 
TOTIJ111Be npHMeHeHbl THTIH'-IHble .!J.JISI Hawei:i 
c-rpaHbl 3HalfeHHSI K.n . .u. 3HeproycTaHOB0K H 
K03cpq>HLU,1eHTbl -rpaHcnopTHbJX noTepb 3JleKT­
p01HeprHH H Tenna OT HCTOlfHHKOB 3HeprHH 
.no n0Tpe611Tenei1, %: 

K.n . .u. T3U c TITY: 
JJieKTpH4eCKHH 0,33 
Ten11osoi1 0,57 

K.n . .u. T3U, c ITfY: 
3JieKTJ)H'-leCKHH 0,45 
Tennosoi1 0,41 
3JieKTJ)J,fl-JeCKHH K.n.,u. T3C c TITY 0,42 
Ten11osoi1 K.n . .u. KOTeJibHOH 0,90 
311eKTJ)H~ecKH11 K.n.,u. T3C c ITfY 0,52 

K.n . .u. AT3U c TITY: 
3JieKTJ)HlfeCKHH 0,25 
Tennosoi1 0,67 
3neKTJ)HlfeCKHH K.n . .u. A3C c TTTY 0,3 1 
( cep11HHbIH BB3P-1000) 
Tennosoti K.n . .u. ACT (ACT-500) 0,95 

TpaHcnopTHble n0Tep11: 
3JleKTJ)03Heprmt 20 

Tenna: 

T3U 30 
AT3U, 40 
KOTeJlbHblX 17 
ACT 22 

TioTepH 3HeprnH OT HCT0'-IHHKa .uo no-rpe-
611TeJ1S1 11 3a-rpaTbl Ha 06c11y)l{HBaHHe ceTeBOH 
HHcppac-rpyKTypbl MOryT OKa3aTb cyw.ecTBeH­
HOe BJlH$1.HHe Ha 3q>cpeKTHBHOCTb 3Heproo6ec­
nelfeHHSI. TaK, TpaHcnopTHbJe n0Tep11 Ten110-
soi1 JHeprm-1 B cpe,uHeM no c-rpaHe paBHhI 20 
%, HO B HeKOTOpblX pernoHaX OHM )lOCTHral-OT 
30 ... 35 % H 6onee. TTpH4eM OT KOTeJlbHblX H3-
3a HX 6onee 6JlH3KOfO pacnOJIO)l{eHHSI K no­
-rpe611TeJIS1M noTepM Tennosoi1 3Heprn11 cyw.e­
crneHHO Hl.f)l{e, lfeM OT T3U M oco6eHHO 
A T3U, 6onee y.ua11eHHbIX OT no-rpefo1Tensi. 

8 paclfeTaX 3cpcpeKTHBHOCTH no cpopMy­
JlaM (1 ). (2) c ~eTOM -rpaHcnopTHbIX nOTepb 
K.n.,u. 3HeproycTaHOBKH YMHO)KaeTCSI Ha C0OT­
seTCTBYI-OW.HH K03(pq>HUHeHT noTepb. TpaHC­
nopTHble noTepH 3JieK-rp03Heprn11 npMHSITbl 
O,UHHaKOBblMH )lJlSI acex HCTOlfHHKOB 3HeprnH. 

K.n . .u. 3HeproycTaHOBKH MO)KH0 paCC'-IH­
TaTb KaK no npoeKTHblM noKa3aTeJlSIM, TaK H 
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peaJJbHbIM 3KCITJJyarnu110HHbl M, Hanp11Mep, no 

cpe)].Hero)],oBoH oTnYI.l.leHHOH 3JJeKTPHt.JeCKOH 

H TeilJJOBOH 3Heprn11 11 cpe)],Hero)],OBOMY pac­

X0)].Y TOrrJJ11Ba. B 3TOM cnyt.Jae 3JJeKTJ)Ht.Jec­

KHe 11 TeITJJOBbie K.n.)],. 3HeproycTaHOBOK M0-

ryT 3HalJl1TeJJbHO OTJJHl.JaTbCH OT onT11MaJJb­

HblX npoeKTHbIX 3Hat.JeHl1H, oco6eHHO )],JlH 

T3IJ, 11 A T'.31(. 

TepMO)],HHaMHl.JeCKaH 3cpcpeKTHBHOCTb co­

BMeCTHOro 11 pa3)],enbHOro npOH380)],CTB 3neK­
TJ)Hl.JeCKOH 11 TennOBOH 3Hepr1111 B TJ)a)],HLJ,H­

OHHOH 3Heprenme Ha opraHHl.JeCKOM TOITJTHBe, 

pacct.JHTaHHaH no cpopMyne (1), COCTaBJJHeT 

1,32 ... 1,53 11n11 1,25 ... 1,46 c yqeTOM TPaHC­

rropTHbIX noTepb. 8 H)].epHOH 3HeprernKe Tep­

MO,UHHaMHl.JeCKaH 3cpcpeKTHBHOCTb, paCC'lH­

Tlil!HaH no cpopMyne (2), COCTaBJJHeT 1,51 11Jll1 

1,34 c y-qeTOM TPaHcnopTHbIX TIOTepb. 

811)].HO, lJTO 11 B H:)].epHOH, 11 B TPa)].HI.IJIOH­

HOH 3HepreTl1Ke Ha opraHHl.JeCKOM TonnHBe 

COBMeCTHOe np0113B0)],CTBO C TOI.J.Kl1 3peHHH: 

3KOHOMHl1 TOruIHBa 6onee BbirO)],HO. O)].HaKO 

npaKT11Ka noKa3hIBaeT, t.JTO LUIH T3IJ, 11 A T3IJ, 

peaJJbHbie 3JTeKTPHYeCKl1H 11 TennoBOH K.n . .IJ.. 
MOryT cyw,ecTBeHHO OTJJHl.JaTbCH OT npoeKT­

HblX B TenJJO<pHKaU,HOHHOM pe)Kl1Me C MaKCH­

MaJJbHbIM K03 <p<pHU,HeHTOM 11cnOJJb30BaHHH 

Tenna TOITJTHBa. CooTBeTCTBeHHO TepMO.lJ,HHa­

MHl.JeCKOe npeHMynJ.eCTBO T3U. 11 A T3U. MO­

)KeT 3HaYHTeJJbHO (Ha 10 . . . 25 % 11 6onee) 

yMeHbWMTbCH. 

Tip11 pa3pa60TKe MeTO)].HKl1 pact.JeTa 3KO­

HOMMl.JeCKOH 3cj)cj)eKTMBHOCTH COBMeCTHOro 11 

pa3)],eJJbHOro npOH380)],CTBa 3neKTpHt.JeCKOH H 

TennosoH 3Heprn11 np11MeHeH TaKOH )Ke no)J,­

xo.u, KaK 11 B MeTO)],HKe TepMO)],l1HaM111.JeCKOM 

OU,eHKH. 

U.eHHOCTb 3JieKTP03HeprnH, np0113B0)],11-

MOM Ha T'.31.J, 11n11 T3C, MO)KHO npe)].CTaBHTb B 

BH)],e 

z;x = C,Pnc/(CronBrx ) = Z,TJ nc ; (3) 

z.~ tl = C.,Pn u/ (C,u,,Bn u) = Z,TJ~ u, (4) 

r.ue CJ - u,eHa 3JieKTp03Hepr11H s cpe.uHeM no 

CTJ)aHe HJJl1 TapHcp JI,JJH Ka)K,UOro pernoHa HJJH 

OTPaCJJH npOMbIWneHHOCTH (py6.IT yen. 

Tonn.); CTon - u.eHa opraH111.JeCKoro Tonm1Ba 

(np11po.uHoro ra3a) B cpenHeM no CTpaHe HJJH 

Tapwcp )],JJH Ka)K)],Oro pernoHa 11n11 OTpaCJIH 

npoMblWJJeHHOCTH (py6./T yen .Tonn .); z., -

OTHOCHTeJJbHaH CTOHMOCTb :rneKTp03Hepnm 

(ueHa 3JleKTp03Heprnw, .ueJJeHHaH 1-1a u.eHY To­

rnmsa). 

l.I,eHHOCTb Ten110BOH 3HeprHl1, npOH3BO.UH­

MOH Ha T3IJ, 11 B KOTe11bHOH, MO)KHO npe.ucrn­

BHTb B BH)],e 

z:01 = CTQKOT/CronBKOr = z, TJ .oT; (5) 

z ~ll = CTQnu/(CTO,,Bnu) = Zr TJ~ u , (6) 

rne CT - 1.1,eHa Ten11osoH 3Heprm, B cpe.uHeM 

no CTJ)aHe 111111 rnp11cp Ha Ten110 .um Ka)K.uoro 

perMOHa HJJH OTpacnH npOMb11.11JleHHOCTl1 

(py6./T yc11.TOn11.); ZT - OTHOCHTeJJbHaH CTOH­

MOCTb TeITJIOBOH 3HeprnH (1.1,eHa TenJIOBOH 

3HeprnH, )],eJJeHHaH Ha 1.1,eHy TOilJJMBa). 

CyMMapHaH 1.1,eHHOCTb Bbipa6aTbJBaeMOH 

Ha T3U 311eKTJ)M1.JecKoii' 11 TennosoH 3Heprn11 

paBHa 

Zr Z' Z ' , r (7) r::iu = nu + n u= Z)'Tl n u + ZrTJr:>u · 

CyMMapHaH 1.1,eHHOCTb 311eKTp03HeprnH, 

Bb1pa6aTb1BaeM011 Ha T3C, H Ten110BOH 3Hep­

nrn, Bhlpa6aTbJBaeMOH s KOTe11bHbIX, paBHa 

Zix+.or = z;x + z;OT = z, 11rx: + z, Tl.or · (8) 
3KOHOMl1l.JeCKYIO 3cpcpeKTl1BHOCTb COBMec­

THOro npOH3BO)],CTBa 311eKTJ)Hl.JeCKOH H TeITJJO­

BOH 3HeprnH MO)KHO onpeneJIHTb KaK OTHOWe-
i: l: 

tt11e ZT3C+Kor K Znu : 

Y = Zix+.0,/Z~u . (9) 

_nnsi H)],epHOH 3HepreTHKH rrpH cpaBHeHHH 

COBMeCTHOro (Ha A T3IJ,) 11 pa3)],eJibHOro (Ha 

A3C 11 ACT) npo113soncrna 311eKTpH1.JeCKOH H 

TenJJOBOH 3Heprm-1 11cnOJJb3YeTCH: attaJIOrHl.J­

Hasi: cpopMy11a 

y • = z;'X+ACI /z;rJU • (lQ) 

Tip11 Y > 1 (11.1111 Y*) 3KOHOMHt.JeCKaH: 3cp­

cj)eKTl1BHOCTb pa3)],eJibHOro npoH3B0,ll.CTBa 311e­

KTPH1.JeCKOH 11 TenJJoBOH 3Hepr1111 Bbillle 3K0-

HOMHt.JecKoi1 3cpcpeKTHBHOCTH COBMeCTHOH Bbl­

pa60TKl1 (6011bWe ,UOXO)].), np11 y < 1 COBMeCT­

HOe np0113BO.UCTBO 3KOH0Ml1l.JeCKI1 6oJJee 3cp­

cj)eKTHBHO. 

Tip11 3K0HOMl1l.JeCKOM cpasttemrn pa3.UeJJb­

HOro H C0BMeCTHOro np0113BO,ll.CTBa 311eKTp0-

3HeprnH 11 Tenna ,LI.ml O,llHHaKOBbIX TeXHOJJO­

nfH (,L1.11H TenJJOBOH 3HepreTH.Kl1 11.1111 ,ll.JIH: si:.uep­

HOH) np11HHT0, l.JTO T0nJJHBHble COCTaB11.H:IO­

w,11e (OTHOWem-1e 3aTJ)aT Ha TOITJJHBO K cyMMe 

scex 3aTpaT, BKJllOYaR KaITl1TaJIOBJJ0)KeHHH B 

BH)],e aM0pTH3aLJ,HOHHblX OT411CJJeHl1H, 3KCilJJY-
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aTaUHOHHble 3aTJ)aTbl H ,llp.) npHMepHO pal:H-Ibl. 
11x OTJlH'iHe y1c1TeHO TOnbKO npH cpae11eHHH 
,llaJJee aTOMHOH :mepreTHKH c Tennoeoli, KOr,lla 
'3TO OTJll14He BCnHKO. 

,[(m1 '.)KOHOMH4eCKHX OUCHOK npHMCHeHbl 

,llei1erny1ow.11e e 2009 r. pernoHaJJbHbte rnp11-
cpb1 Ha 3neKTp114ecKy10, Tennoayio 3Heprnio H 

TOnmrno (Ta6Jl. I), paCC411TaHllble Ha OCHOBe 
MeTO,Zll14CCKHX yKa3aJ-IHH no pery1111poeatt1110 

TapHcpOB C HCnOnb3OBaHHeM MeTO,lla ,llOXO,llHO­

CTH 11Heecrnpoeam-1oro KarrnTana [4] . 3m Me­
TO.LJ.H1iecK11e yKa3aHl1H onpe,11enHIOT nopH,llOK 

cpopM11poeaHl1H He06XO,ll11MOH BaJJOBOH Bbl­
PY'iKH, npHHHMaeMOH K pac1c1ery npH ycTaHOB­
JleHHH rnpmpoe, H BKJJIO'-IalOT e ce6H npae1111a 
pac1c1eTa HOpMbl ,llOXO,llHOCTH H pa3Mepa HHBe­

CTHpoeaHHOfO KanHTaJJa, onpe,lleneHHH eTOH­

MOCTH aKTHBOB H Be,lleHHH HX y'-leTa, a TalOKe 

,llOJirocpo1c1ttbIX napaMeTJ)OB peryn11poeaH11H c 
np11MeHe1111eM MeTo,11a cpae11eHHH aHanoroe. 

Bee TapHQ)bl npHHHTbl He 3ae11eHW.HMH OT 

rnna 3HeproycTaHOBOK (T3JJ,, A T3JJ,, T3C, 
A3C, ACT 11 KOTeJibHbie): 
- MHHHMaJJbHbJe H MaKCHMaJlbHble TapHcpbl Ha 

3J1eKrp111c1eeKy10 [ l] 11 TenJioeyio [2] 311eprnio 
e cpe,11HeM no pernoHy 6e3 ,ll11cpcpepeHuHau1111 
no rpynnaM no-rpefo1Tene11 (6e3 H,O:C), 
- MHHMManbHble H MaKeHMaJJbHbJe TapHQ)bl Ha 

3neKTJ)O:rneprnio .LJ.JIH HaeeneHHH ( c H,0:C) [3]. 
B pae'-lernx np11HHTb1 epe.LJ.HHe Ja ro.LJ. on­

TOBbJe ueHbl Ha ra3 [5], .LJ.06brnaeMbIH OAO 
'Ta3npoM" H ero acpcp111mpoeaHHhIMH m-1ua­
MH, ,llJlH HaceneHHH (6e3 H,[(C). 3TO M11HH­
MaJibHaH ueHa. 11Mel0Te51 TaK)Ke OITTOBble ue­
Hbl ,llJIH npOMblWJieHHbIX npe,11npMHTHH 3a 11e­

Kn10'-leHHeM ra3a, pean1nyeMoro norpe611Te­
JIHM. B OTHOWeHHH KOTOpblX HenOJib3YIOTeH 

np11HUHITbI rocy,11apcTBem1oro pery1mpoeaH11H 
[6]. 3Tl1 ueHbl npHMep110 B 1,3 pa3a BbJWe, 
4eM ,llJ151 HaCeJieHHH. 

11 eCTb npe,11enbHble MHHHManbHble 11 MaK­

eHMaJibHbJe onTOBble ueHbl Ha ra3, pean,nye­

MblH ITOTJ)e61-1TeJ1HM, e OTHOllleHHH KOTOpblX 
np11MeHHIOTCH npHHU11nbl rocy,11apCTBCHHOro 

pcrym1poeaH11H [7]. Ott11 np11MepHo e 1,3 ... 
1,8 pa3a Bb!We, '-ICM ,llnH HaceneHHH. KpoMe 

')Toro cyw.ecTBYIOT, HO ITOKa ITO'-ITH He 11C­

I1OJlb3YIOTeH, onTOBbie UCHbl Ha ra3, pean113ye­

MblH noTJ)e6HTCJHIM Ha BHyTJ)ellHCM pbIHKe 
(KpOMe HaceneHHH), pace'iHTaHHble HCXO,llH 113 
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np111-:1u11na paBHOH ,llOXO.L{HOCTH nOCTaBOK Ha 

BHeWHHH H BHY1 peHHHH pblHKH [13] (~rnpo­
BOH ypoeeHb ue11). 0HH npHMepHO B 4, I .. .4,7 
pa3a BbIWe, '-ICM .n,nH HaeeJJeHHH. 

TapHQ)bl Ha 3neKTpH4eCKYIO, Tennoey10 

3Heprnl0 H TOnJlHBO, Bblpa)l(CHllblC B npHBbl4-

HblX TIOKaJaTeJJHX, C rIOMOll.lblO nepeBO,lJHblX 

K03Q)Q)HUHCHTOB [ 14] npeo6pa3ylOTCH K 0,l],HO­
MY 011.n,y py6.IT ycn.rnnn. 

CTOHMOCTb OKeH,l],HOfO 51,llepHOfO TOITJIHBa 

.n,nH A3C H ACT npHHHTa paBHOH 2 000 .D.on.l 
Kr 002 [ I 5] 111111 72,6 Tbie. py6. 3a 1 Kr ypaHa 
(no Kypcy 32 py6. 3a 11,0JJ.) - CTOHMOCTb TH­

nH4HOrO TOnn11ea ,lJJIH cepHHl!bIX BB3P- l 000 
C OTKpb!TblM TOITnHBHblM UHKJJOM C Y\iCTOM 

,lJ06bI4H H KOHBepCHH npHpO,llHOfO ypa11a, ero 
o6orameHHH .n,o ~ 4,5 % 11 H3rOToeneHHH TBC 
(.linH ACT ueHa 51,11epHoro Tonn1-1ea 11,on)l(Ha 
6b1Tb HeMHOfO HH)Ke). 

TTp11 BbirOpaHH11 TOnnHBa 41 fBT·eyT!T 
O.UHH Kr ypaHa eoorneTCTByeT l 25,7 T yen. 
Tonn. H, cne.n.oeaTCJJbHO, CTOHMOCTb H,llepHoro 
Tonn11ea B nepee'-!eTe Ha T yen. Tonm10a 6y,1JeT 
COCTaBJJRTb 577,5 py6./T ycn.TOnn. 3Ta uetta 
'-laCTH'-IHO Y'iHTbJBaeT 3aeepwa10myio CTa,llHIO 
o6pameHHH c orpa6oTaBWHM H,llepHblM TOn­
JJHBOM. IlpH yeenH'-lemrn rny6Jrnbl BblropaH1151 
51,llepHOro Tonn11ea ero CTOHMOCTb B nepec'-Je­
Te Ha T yen. Tonmrna 6y.1l.eT cm1)1(aTbeH. 

Crn.n11H o6oraw.eH HH COCTaBJJHCT 15 ... 20 
% eTOHMOCTH H3fOTOBnCHHH TOnJil1Ba. IlpH 
yeenH'-leHHH o6orameHHH TonnHea e .nea pa3a 
(11 COOTBCTCTBCHIIO B ,lJBa pa3a 60JJbWCH rny-
6HHe BblropaHHH) ero CTOHMOCTb 803pacTeT 
He 6onee, '-!eM Ha 500 Jl.OJJ.!Kr 002• rip11 rny-
6Htte BblfOpaHHH rnnn11ea 82 fBT·CYT IT 11 

CTOHMOeTH OKeH,llHOfO TOnJJHBa 2 500 ,lIOn.!Kr 
U02 eTOHMOeTb si.n,epttoro TOilJIHBa 8 nepe­
C4eTe Ha T yen. TOnn11ea 6y.1l.eT eocTaBnHTb 
360,9 py6./T ycJJ.TOilJI. (Ta6n. 1 ). 

3KOIIOMH4eCKaH 3cj)cj}eKTHBHOCTb COBMee­
THOro 11 pa3,llenbHOfO npOH3BO,l1,eTBa 3neKTpH-

4CCKOM 11 Tennoaol1 3Heprn11 e Tpa.uHUHOHHOH 
3Hepren1Ke Ha opraH111c1ecKOM Tonm10e 11 

H.n,epHOH 3HeprernKe npe.ucrnenetta a rn6n. 2. 
811,lJHO, '-ITO 11 B 51.n,epHOH, H B TJ)a,llHUHOHHOH 
31IepreTHKe Ha opraHH'iCCKOM TOnnHBe COBMe­

CTHOe npOJ.138O,l],eTBO 3neKTJ)H4CCKOH H TeITJJO­

BOH 3Heprn11 3KOHOMH'-!eeKH 3Ha'-IHTCJlbHO Me-



.....---
T a 6 J1 H Q a 1. HcxO)J.Hbie )J.aHHhJe )].JUI paClfeTOB )KOHOMl-fl!eCKOl-1 3cbcbeKTIIBHOCTH 

TiaoaMeTP MocKBa C. -TieTeo6vor Hm1<erooo.D.CKaH o6n. 
MHHHManbHble 11 MaKCHMaJJbHbie Tap11<j)bJ Ha 

3JleKTJ)03Hepnuo B cpe.D.HeM no pernoHy: 

KOn./J<lh-qac 208,99 ... 212,36 180,52 ... 186,85 166,77 ... 181,64 
nv6.!T yen.Tonn. 6 066,5 ... 6 164,3 5 240,1 ... 5 423,8 4 840,9 ... 5 272,6 
MHHHManbHble 11 MaKCHManbHble TapH<j)bJ Ha 

3neKTp03Heprmo .D.n51 HaceneHHH: 

Kon.h<BT·tfac 292 ... 301 228 ... 235 185 ... 191 
nv6./T YCJl.T0llil. 8 476,1...8 737,3 6 618,3 ... 6 821,5 5 370, 1 .. . 5 544,3 
MHHHMaJlbHble H MaKCHManbHble Tap11<pbl Ha 

TennoByIO 3Heprn!O B cpe.D.HeM no pernotty: 

py6./rKaJI 475,07 ... 479,18 437,34 .. .459,26 525,70 ... 581,01 
n v6./T VCJl.TOnJl. 3 197,0 3 224,6 2 943,1.. .3 090,6 3 537,7 .. . 3 909,9 
OnTOBbie u.eHbl Ha ra3 )J.JlH HaceneHID! B 

cpe.D.HeM 3a ro.D.: 

py6./Tb!C. M3 
1 516,8 1497,8 1 475,5 

ov6.IT YCJl .TOTTJl. 1 3 l 4,3 1 297,9 1 278,6 
OnTOBbre u.eHbJ Ha ra3 .D.n51 npe.D.np11HT11H 

(M11HMManbHbie 11 MaKCHManbHbJe): 

py6.fTbJC. M3 
2 094,3 ... 2 841,4 2 022,8 . .. 2 744,2 1 933 ... 2 622,4 

ov6.IT yen.Tonn. 1 814,8 ... 2 462,2 1 752,9 ... 2 378 1 675 . .. 2 272,4 
QeHa 51.D.epHoro TonnHBa, .D.on./Kr U02 
(py6./T ycn.rnnn.): 

npH rny611tte BbiropaHH51 41 fBT·cyTIT 2 000 (577 ,5) 
0011 rny611He BbiropaHH51 82 fBT·CVTIT 2 500 (360,9) 

T a 6 J1 H Q a 2. 3KOHOMHlfeCKa51 3Q)<peKTHBHOCTb COBMeCTH0ro 11 pa3)].eJJbHOro npOH3B0)].CTBa 
V V 

3JJeKTOl1YeCKOH 11 TennOBOl1 3Hepr1111 

3KOHOMHlfeCKa51 3cpcpeKTHBHOCTb MocKBa C.-TieTep6vor H11)1{erooo.D.cKa51 o6n. 
B H.D.epHOH 3HepreT11Ke 1,33 ... 1,35 1,34 ... 1,35 1,36 
Y* = ZAX+ACTIZAT)II (1,45 ... 1,49)* (1,47 ... 1,5) (1 ,52) 
B -rpa.D.HU.HOHHOH 3HeprernKe Ha opra- 1,25 ... 1,49 J ,3 ... 1,51 1,41... l ,58 
HHlfeCKOM TonnHBe Y = ZTx +.o, IZn11 (1,31. .. 1,58) (1,38 ... 1,61) (1,51. .. 1,69) 

* B CK06Kax YKa3aHa 3<p<peKTIIBHOCTb C YlfeTOM TpaHcnopTHblX noTepb 

Hee BblrO)],HO, lJeM pa3)],eJibHOe npO113BO.UCTBO, 

- Ha 30 .. .40 % 11 6oJiee. 

Bo3MO)KHa5J pa3H11Ua B TOTTJlHBHblX COCTa­

BIDHOI.U,HX, Hanp11Mep, .UJI51 T3C 11 T3U 11J111 

.llJ151 A3C 11 A T3U He MO)KeT 6bJTh HaCTOJibKO 

60JlbWOH, '-IT06bI Ka'-leCTBeHHO 113MeHl1Tb 3TOT 

Bhrno.u. CyI.U,ecTBeHHO 6oJiee BbJCOKOH 51BJ151eT­

c51 pa3H11ua B rnp11cj:>ax, y 1-1TeHHa.H s pactJernx. 

CJie,uyeT O)1(11.llaTb, YTO np11 nepexo)],e OT 

)],eikTBy1:0w11x B Hacrnmu,ee apeM51 peryJrnpy­

eMblX TapHcpOB Ha pbIHOYHbie u.eHbJ 3KOHOMl1-

'ieCKa51 3cpcpeKTHBHOCTb pa3,ueJibHOH Bblpa6oT­

KH 3JieKTpHlJeCKOH 11 TenJIOBOH 3HeprHH 6y)],eT 

BO3pacTaTb. KpoMe rnro, pa3,ueJ1bHoe npo1n­

BOJJ.CTBO yeeJIHYHBaeT npHBJieKaTeJibHOCTb .ue­

UeHTpaJ1113au1rn 3Heproo6ecneYemrn, oco6eH­

Ho TenJIOCHa6)KeHJrn, 3a ClJeT Ml1HHMH3au1-rn 

TpaHcnopTHbIX noTepb :rneKTpw-1eCKOH 11 Ten­

JIOBOH 3HeprnH OT HCTOlJHHKOB )],O noTpe611Te­

J1eH. Tip11 JTOM ynpowaeTc.H CTJ)yKrypa 11 yee­

J1HlJHBaeTc51 peryn11pyeMOCTb (MaHeBpeHHO­

CTb) 3HeproHCTOlJHl1KOB np11 nOKpblTl111 6a30-

BblX, noJiynHKOBblX H nHKOBbIX Harpy3OK. 

2. ConOCT3BHTCJlbHble OUCHKH 

H,llepHOH H TP3.llHUHOHHOH JHepreTHKH 

Ha opraHH'ICCKOM TOnJIHBe 

TepMO)J.11HaMl1lJeCKa.H 3cj:>cpeKTHBHOCTb pa-

60Thl T3C 11 KOTeJJbHb!X no cpaBHeHl1lO C 

A3C 11 ACT ou.ett11saeTC51, 11cxOJJ.51 113 ouettK11 

3KOHOMHH TOTTJHIBa: 

X .. = Brx:+BKo-r - llTJrx: +alTJKoT (11) 
BAx+BAc, l/TJA3C +alTJAcT' 
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r.ue X** - TepMO,UliHaMHl.feCKru! 3qJcpeKTHBHO­

CTb pa3,ueJJbH0f0 np0H3B0,UCTBa 3JleKTPHYec­

KOH 11 Tennosoi1 3Heprn11 Ha T3C 11 KOTeJJb­

HbIX no cpastteHmo c A3C 11 ACT; a = 0, 1 ... 
0,9 - OTHOWeHHe TenJJOBOH M0lll,HOCTH K0-

TeJlbH0H (mrn ACT) K 3JJeKTPHYeCKOH MOW.HO­

CTM T3C (111111 A3C) ( npH ycnoBMH paBeHcrna 

MOW.HOCTeH Pnc = p AJC H QAcT = Q KOT) , 

TipH X** > 1 pacxo.u opraHMl.feCKOfO T0n­

JlMBa (npMpO,UHOro ra3a) B pa3,UeJlbH0M npoH3-

B0,UCTBe 3JJeKTPMYecKOH H Tennosoi1 3Hepr1111 

6011bwe pacxo.ua H.Uepttoro TO□JJHBa, T.e. 

H,UepHml 3HepreTHKa TepM0,UMHaMHYeCKH 60-

nee 3cpqJeKTHBHa, npH X** < 1 TepMO.UHHaMH­

YeCKH 6onee 3cpcpeKTHBHa 3Heprenrna Ha op­

raHHYeCKOM TO□JlHBe. 

TepMO.UHHaMH'-!eCKaH 3qJqJeKTHBHOCTh 

pa3,UeJlbHOH Bblpa6oTKH 3JJeKTPHYeCKOH H Te­

□JlOBOH 3Heprm,r B aTOMHOH 3HeprenrKe (Ha 

A3C 11 ACT) x .. = BT'X- + BKOT ::::: 0,75 .. . 0,8. 
BAX +BACT 

BH.UHO, '-!TO pacxo.u npHp0.UH0ro ra3a B 3Hep­

reTHKe Ha opraHHl.feCK0M T0□JlHBe MQ)KeT 

6hJTh Ha 20 ... 25 % MeHhwe pacxo.ua H.UepHoro 

T0□JlHBa. O,n.HaKO, YYHThIBaH, '-!TO CT0HM0CTb 

3HeproeMK0ro H,UepHoro T0□JlHBa 3Hal.fHTeJib­

H0 MeHbWe CT0MM0CTH opra1-1111-iecKoro Tonm1-

Ba (CM . Ta6JJ. ]), B CTOMM0CTH0M Bblpa)KeHJ,iH 

3Hal.f HTeJihHOe npeHMyw.ecTB0 MO)KeT HMeTb 

aTOMHaH 3HepreTHKa. 

,[(JIH cpaBHJ1TeJ1bHOH oueHKH 3KOHOMHl.feC­

KOH 3<pqJeKTHBHOCTH H,UepHOH H TPa.UHUHOH­

HOH 3HepreTHKH Ha opraHHLJeCKOM T0□JlHBe 

BOC□OJlh3yeMCH cpopMyJiaMH , aHaJlOfHYHbJMH 

(3) ... (10), HO C yYeTOM cyw.ecrneHHOro pa3-

JIMYHH TOTIJIHBHOH COCTaBJlHIOlll,eH B CTOHMOC­

TH npo113so.ucTBa 3JieKTPHYecKOH H Te□JIOBOH 

3HeprHH. 

3KOHOMMl.feCKYIO 3qJqJeKTHBHOCTb H,Uep­

HOH 3HepreTHKH C pa3,uenbHblM npOH3B0,UCT­

BOM 3JJeKTPHYeCKOH H Tennosoi1 3HeprnH 

MO)KHO oueHHTb no cpopMyJie 

Ytt 2 1 /21 n = A3C+ACT DC+.oT · pH CpaBHeHHH OT-

,UeJJbHO A 3C c T3C HJJH ACT c KOTeJibHOH 

Y••• z /Z y ••- I = A')C ,x, =ZAcr z,OT. 
B npe.unaraeMOH MeTO.UHKe conocrasne­

HHH 3cpcpeKTHBHOCTH H.uepHOH H TPa.UHUHOH­

HOH 3HepreTHKH Ha opraH11YeCKOM TOnJTHBe 

pa3JJHYHe TO□JlHBHOH COCTaBJIHIOlll,eH B CTOH-
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MOCTH npOH3B0,UCTBa 3HeprnH MO)Kl-10 y4eCTh 

nyTeM BBe)leHHH B cpopMyJibl (3) ... ( 6) K03cp-

4)H UHeHTOB TOTIJJMBHOH COCTaBJJHlOIUeH: 

Z,\c = KncC,PTx/(CTOnBT'¼C ) = K,xZ,Tl nc, 

Zlx- = KA')('C,PA,<jcc:nsA'X") = KA')Cz:11:x' 

z:o, = K,o, C,Q,01 /(C,ollBKOT) = K.OTz.,11.01 ' 

z;CT = KACTCTQACT/cc;onBAc·,) = KAcrz>i:c, . 
flp11 Y** > 1 (Y***, Y****) 3K0HOMH4ec­

KaH 3qJcpeKTHBHOCTb H,UepHOH 3HepreTHKM BbI­

rne, □pH Y** < 1 H.uepttaH 3HepreTMKa 3KOH0-

MMl.feCKH Mettee BbffO.UHa. 

Ha )leliCTBYIOW.HX aTOMHblX 3Heprore1-1e­

pwpy10W.HX o6beKTax npH t.i:aCTH4H0M y4eTe 

3aTPaT Ha TI0JIHOe o6paw.eHHe C OTPa6oTaB­

WHM R,uepHbJM TOTIJJMBOM TO□JlHBHaH COCTaB­

JlHlOW.ruI He npeBbIWaeT 15 ... 20 % [15). 3a­

BepwaJOW,ru! crn,u.11H 5ITU, BKJJJ04aR xpa1-1e1-1He 

.11 OKOH4aTeJlbHOe o6paw.eHHe C OTµa6oTaB­

WHM TOilJlHBOM, M0)KeT yaem14HTb o6w.yJO 

CTOHMOCTb np0H3B0,UCTBa 3JleKTp03HeprHH 

eme Ha 10 %. Cei1YaC B MHpe CTOHMOCTb 3a­

Bepwa10w.ei1 CTa,UHH 5ITU. BKJIIOl.faJOT B TOTI­

JIHBHYJO COCTaBJIHlOW.YJO CTOHMOCTH npOH3-

B0.UCTBa 3JieKTP03HeprnH, □03TOMY 01-1a coor­

sercrneHHO B03pacraeT .uo 25 ... 30 %. 
CorJiaCHO oueHKaM TOTIJlHBHru! COCTaBJJH­

lOll.l,aH 3Heproo6beKTOB, pa60Ta!Olll,HX Ha ra3e, 

cpopMHpyeT 75 ... 80 % COBOKYTIHblX npm13-

BO,UCTBeHHblX 3aTPaT. C y4eTOM 3Konornqec­

KOH COCTaBJJHJOll.l,eH (nnaTa 3a BhI6pocbl nap­

HHKOBblX fa30B) o6maH CTOHMOCTb npOH3B0,U­

CTBa 3HeprnH MO)KeT 6b!Tb ysem1YeHa Ha 5 %. 
EcnH 3TH 5 % BKJllOYHTb B TOTIIDIBHYIO COCTa­

BJl.::llOlUYlO, TO OHa yBeJIHl.fHTCH C0OTBeTCTBeH­

HO ,UO 80 ... 85 %. 
,[(m, HOBhlX 3HeproHCTOYHHKOB Ha CTOH­

MOCTb np0H3B0,UCTBa 3JJeKTP03HeprnH MOryT 

OKa3bIBaTb cymecTBeHHOe BJlHHHHe ,U0TI0JlHH­

TeJibHbie cpaKTOpbI, HanpHMep, cxeMbl qrnHaH­

CHpOBaHHR, Kpe,UHTOBaHHH CTPOHTeJJbCTBa H 

Hanoroo6Jio)KeH.11H. flpH4eM Ha H,ueptty10 

3HepreTHKY 3TH cpaKTOpbl 0Ka3bIBalOT 3aMeTHO 

60JibWee BJJHHHHe, 4eM Ha 3HepreTHKY Ha op­

raHHl.feCK0M TOTIJJHBe. 

)];m oueHOK HCTIOJlb30BaHbl npe,n.eJJbHhle 

MHHHMaJlbHbJe H MaKCHMaJlbHbJe 0TITOBbJe ue­

Hbl Ha ra3, peanw3yeMblH TIOTµe6HTeJIHM, B 

0TH0WeHHH KOTOpbIX npHMem,eTCH rocy.uap­

CTBeHHOe perynHp0BaHHe [7], a TaK»<e cpe.u-



m,1e no pentOHY MHHl1MaJlbHbie 11 MaKCHMaJlh­

Hble rnpmpb1 Ha 3JJeKTp11Y.ecKy10 H TenJJosyJO 

3Heprn10 [l, 2] 6e3 ,D.11cpcpepettu11au,1111 no 

rpynnaM noTpefoneJJdL K03cpcp11u,11eHT rnn­

JJl1BHOH cocrnBJJRtollleH np11m1T paBHbJM Knc 
= 0,75 ... 0,85, KKOT = 0,75 ... 0,85, KA3C = 0,15 
... 0,3, KAcr= 0,15 ... 0,3. 

ITpose,D.eHbl pacY.eTHbie ou,eHKH 3KOHOMl1-

Y.eCKOH 3cpcpeKTl1BHOCTH B BeCbMa urnpOKOM 

)l)1a□a3OHe 3Ha4eHl1H K03Q)Q)HU,HeHTOB TOTTJJH­

BHOH cocTaam110w,e11 11 onpe.n.eJJeHhI ycJJ0B11S1, 

np.11 KOTOpblX aTOMHaSI 3HepreTHKa CTaHOBHT­

CH 3KOHOMH'-leCKH BblrQ,lJ.HeH TenJJOBOH np11 

Jito6hJX pa3yMHblX 3HaY.eH1151X 3THX K03cpcp11-

u11eHTOB. 

CJJe.n.yeT OTMeT11Th, 4TO a paccMaTpJ.rnae­

MOH MeTOJU1Ke npHB513Ka Q)HKCHpOBaHHOH TO­

flJJHBHOH COCTaBJJRtollleH B CTO.HMOCTH npO.113-

B0.D,CTBa 3Heprn11 K .n.e11crny10lllHM ueHaM Ha 

TOTTJJHBO MO)KeT 6bITb He BflOJJHe KOppeKTHa. 

EoJJee TOY.HblM 6b1JJO 6bJ HCnOJJb3OBaHJ-1e pe­

aJlbHblX K03Q)Q)HUHeHTOB. Ha T04HOCTb oueH­

KH MO)KeT TaK)Ke 3aMeTHO BJJHJ!Tb Heonpe.n.e­

JJeHHOCTb peaJibHhJX K.n . .n., 3aTpaT Ha TpaHC­

nopTHpOBKY 3JJeKTJ)HY.eCKOH 11 TenJJOBOH 

3HeprHl1, CTOHMOCTH TOIIJJ11Ba B KOHKpeTHbJX 

per110Hax. Heo6xo.u11Mo TaK)Ke s .D.aJibHei1rneM 

yY.eCTb BJJHHHHe e)].HHHY.HOH MOlllHOCTJ,f 3Hep­

ro6JJOKOB Ha paccMaTJ)HBaeMbJe xapaKTep11c­

THKH. Otto pa3JJRY.HO )lJJH H,D.epHoH 3HepreTHKH 

H 3HepreTHKl1 Ha opraHHYeCKOM TOnJIHBe. 

B Ta6JJ. 3 np11se.neHa 3KOHOMHY.eCKaSI 3cp­

cpeKTHBHOCTb si,D.epHOH (A3C H ACT) 11 Tpa­

.n11u110HHOH (T3C 11 KOTeJJbHb1e) :rneprernK11 

Ha opraHH'-leCKOM TOflJJHBe .D,JISI .nsyx 3Ha'-!e­

HHH rny6HHbJ BhiropaH HSI 51.D,epHoro TOTTJJHBa 

41 H 82 rBT·CyTIT (11 COOTBeTCTBYIOlllHX ueH 

Ha TOTTJil1BO - CM. Ta6JJ. 1) np11 pa3HbIX uettax 

Ha 3Hepronpo.nyKTbJ, opraH11'-leCKOe TOilJIHBO 

(M11HHMaJlbHbJX 11 MaKCHMaJlbHblX )lJJS! TpeX 

pernOHOB) 11 pa3Jil14Hb]X K03cpcpm..1,HeHTaX TOn­

Jll1BHOH COCTaBJJHIOllldi. 

IlpH cpasHeH1111 A3C c T3C paccMOTpe­

HhI .nsa sapHaHTa T3C - c ITTY H nrY. MH­

HHMaJlbHb!e 3Ha'-!emrn 3KOHOMHY.eCKOH 3cpcpeK­

THBHOCTl1 nOJJY'-!eHbl np11 MHHHMaJJbHOH CTOH­

MOCTH 3JJeKTpHY.ecKoH 11 Tennoaott 3Hepnrn 11 

MHHHMaJJbHblX 3Hal.feHHJIX K03cpcp11u11eHTOB 

TOTTJJHBHOH COCTaBJJJllOllleH, MaKCl1MaJlbHbJe -

np11 MaKCl1MaJlbHbJX 3Ha4eH1151X 3THX napa­

MeTpOB. 

lib aHanl13a Ta6JJ . 3 BH)].HO, Y.TO np11 Hbl­

HellJHeM 3HaYeHHH cpe.nHeH rny611Hb] Bhiropa­

Hl1R H.D.epttoro rnnmrna Ha A3C 11 ACT, pas­

HOM 41 rBT·CyTfT, He60JibllJOH 3KOHOMJ1l-leC­

KHH BhrnrpbIW H.D.epttoH 3HepreTHKH npocMaT­

p11saeTCSI' TOJJbKO np11 aTOMHOM TennocHa6)Ke­

Hl1H (ACT). Ho ecn11 6b1 np11 Tex )Ke Tap11cpax 

Ha 3JJeKTpHYecKy10 11 TennoayJO 3Heprmo y)Ke 

ce114ac npHMeHHJJHCb MHpOBbJe ueHb] Ha ra3 

T a 6 JI H ... a 3. 3KOHOMH'-leCKcUI 3q>q>eKTHBHOCTb .11..llepHOM H TPa.D,111..(HOHHOM 3HepreTHKH 
Ha opraHH4eCKOM Tonmrne 

TTapaMeTp MocKBa C.-TTeTep6ypr HmKeropo.n,cKcUI o6n. 

fny6HHa Bhiropamrn 
.11.n,epHoro TOilJlHBa, 41 82 41 82 41 82 
fBTcyT!T 

3KOHOMH4eCKa.ll. 
3q>q>eKTHBHOCTb 

... I Y = ZA'Jc Znc 

A3C H T3C c TTTY 0,63 ... 0,82 1,01...1 ,32 0,61 . .. 0,8 0,97 ... 1,27 0,58 ... 0,76 0,93 ... 1,22 
A3C c ITTY, 0,51 ... 0,67 0,81...1,07 0,49 ... 0,64 0,79 ... 1,03 0,47 ... 0,61 0,75 ... 0,98 
T3C c TTrY 

Y .... = z /z 0,89 ... 1,17 1,43 ... 1,87 0,86 ... 1,13 1,38 ... 1,81 0,83 .... 1,08 1,32 ... 1,73 
ACT KOT (0,84 ... 1,1)* (1 ,34 ... 1,76) (0,81 .. . 1,06) (1 ,3 . .. 1,7) (0,78 . .. l ,02) (1,24 ... 1,63) 

Y--=Zix+ACT/ ~ +Kar 
A3C H T3C c TTTY 0,77 ... 1,01 1,23 ... 1,61 0,75 . .. 0,98 1,2 ... 1,57 0,73 ... 0,96 1,17 .. . 1,53 

(0,74 ... 0,97) (1 ,19 ... 1,56) (0,72 ... 0,95) (1 ,15 ... 1,51) (0,7 ... 0,92) (1,12 .. . 1,47) 
A3C c ITTY, 0,69 ... 0,91 1,11. .. 1,45 0,67 ... 0,89 1,08 ... J ,42 0,67 .. . 0,88 1,07 ... 1,4 
T3Cc ITfY (0,67 ... 0,88) (1 ,07 ... 1,4) (0,65 . .. 0,86) (1,04 .. .1 ,37) (0,64 ... 0,84) (I ,03 . . . 1,35) 
* B CK06Kax yKa3aHa 3q>q>eKTHBHOCTb C y'leTOM TPaHcnopTHblX noTepb 
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[ 13 J, rn H,UepHaSI :rnepreTHKa s ueJlOM npH Hbl­

Hew11eH ueHe }l,llepHoro Tonmrna 6hrna 6b1 

3KOIIOMl14CCKH 6onee npHB.rJeKaTeJlbHa. 

3aKJHO'-leHHe 

,[(Jl}l conocTaBJlemrn COBMCCTHOfO H pa3-

,llCJlbHOfO np0113B0,llCTBa 3JleKTP11'-ICCKOH 11 Te­

OJlOBOH JHeprnH B }l,llepHOH J,f Tpa.UHU110HHOH 

:mepreTHKe Ha opraH111-1ecKOM Tonmrne 11c­

noJ1b30BaHbI ,usa no,nxo,LI.a (.use MCTO.UHKH) -

TepMO,llHHaMH'-ICCKl1H C T04Kl1 3pelll1}l pacxo.ua 

TOnJJl1Ba H 3KOHOMH4eCKl1H (11J111 TeXHHK0-

3KOHOMH4eCK11H) C T04KH 3pCHJ.-f}l ,llOXO,llHOCTl1 

OT npo.lla)lrn 1neKTPOJHeprHH 11 Tenna. 

,ll.OCTOHHCTBO MeTOJ].11Kl1 3K0HOMH'-leCKOro 

cpasHeHHH COBMCCTHOfO M pa3)].eJlbH0fO cno­

co6os npOH3BOJ].CTBa 3JleKTpH4CCKOH J,f TC0JlO­

BOH JHeprn11 s H.UepHoH H Tennosoii 1HepreT11-

Ke B ee npocTOTe, ,llOCTynHOCTH 11 06oc1-1osaH­

HOCTH npHMCHSICMblX HCXO,llllblX ,uaHHbIX, B 

npHMOH aHaJ1HTH4CCKOH 3aBHCHM0CTl1 OT pe­

aJlbHbIX 3KOHOMl14CCKHX 11 TeXHl1K0-3KOHOMH­

'-ICCK11X noKa3aTenei1 :rneproreHep11py10w.11x 

o6beKTOB H ceTeH. 

J1 s }l)].epHOH, M s TPa.llHUHOHHOH 3Hepre­

T11Ke Ha opraHl14CCKOM TO0JlHBe TepM0,lll1Ha­

MH4eCKa}l 3cpcpeKTHBHOCTb COBMCCTHOfO npo-

11380,llCTBa JJ1CKTPl1YeCKOH 11 Tennosoi1 JHep­

rn11 B 60JlbWHHCTBe cnyyaes Bb!We, YeM pa3-

,llCJlbHOro (mrn<e pacxo.u TOnmrna), 3a cY"eT 60-

nee BbICOKOfO K03cpcp11UHCHTa 11C00Jlb30BaHl1}l 

Tenna TOnmrna. Ho 3K0HOMH4CCKa}l 3cp<peKTH­

BHOCTb COBMeCTHOfO npOH3BO,llCTBa M0)l<CT 

OKa3aTbCSI 3Ha411TCJlbH0 MeHbWCH - Ha 30 .. .40 
% H 6oJJee. Bo3M0)KH0, '-!TO )TOT Bb(BO,ll roso­

p11T O Heo6XOJ],11MOCTl-1 6oJJee yrny6JJeHHOfO 

a1-1aJJ113a 11 nepecMOTpa cyw.ecrny10mei-t Ta­

p11cpHOH 0OJ111Tl1Kl1. 

TepMO.lll1HaM114eCKaSI 3cpcpeKTl1 BHOCTb 

3HepreTHKl1 Ha opraHHYeCK0M T0TIJJl1Be BblWC, 

'-ICM s »JJ,epttoH (pacxo,u Tonmrna HH)l(e). O.ll­

HaKo, YYHTbJBaSI, '-!TO CT0HMOCTb 3HeproeMK0-

ro si.aepH0fO TO0JJl1Ba 3HaLIHTCJlbH0 MeHbWC 

CTOHMOCTl1 opraHH4CCKOf0 Tonmrna, B CTOH­

MOCTHOM Bbipa)KeHl1H 3Hal.JHTCJlbll0e npe11My­

w.ecTBO M0)KCT HMCTb, Hao6opoT, si,uepHa'1 

:rnepreT11Ka. 

np11 ysemr'-ICHl111 cpe,uHeH rny6HHbl Bblf0-

paHHH H.llepttoro TOnJJ11sa tta A3C 11 ACT s 
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,LI.Ba pa3a H,llCpHaSI JHepreTHKa npH aTOMH0M 

TCOJ10CHa6)KCHl111 11 pa3,lleJJbH0M np0H3BO,llCT­

Be 3JlCKTpH4CCKOH 11 TenJIOBOH 3Hepr11H CTa­

HOBl1TCSI 3K0H0MH'-ICCKl1 BblfO,llHCH TPaJJ,11U11-

0IIHOH :mepreTHKH Ha opraH11YeCKOM TO0JJHBe 

npH n106b1x ueHax 11a 11-1epronpo,uyKTh1, opra-

1-111YeCK0C TOnmrno 11 KOJcpqrnu11ellTaX T0OJ111B­

HOH COCTaBJlSIIOW.e.H. 

JKOI-IOMl14eCKl1H npo11rpblW 803MO)KeH 

TOJlbKO npH cpaBHCHHH 0T,lleJJbHO A3C c 

T3C. O,uHaKo, np.11 nosh1wem111 K.n.,u. A3C 

n.o 35 % 11 BbJWe A3C Bb111rpbrnaeT y T3C c 

TTTY, a npH ysen11YeH11H K.n.,u. A3C n.o 40 % 
11 BbIWe A3C BblHrpbIBaeT 11 y T3C C nrY. 

C11e,uyeT Y411TbIBaTb, 4TO nocTOSIHHa.H Mon,ep­

H11Jau1rn opramtYCCKOH 3HepreTl1Kl1 TaK)l(e 

np11BOD.11T K J].aJlbHe.HWCMY pocry K.n.Jl. 

B ue110M npe11Myw.ecTsa TOH 11n11 11pyroi1 

TeXH0J10fl111 onpeJlCJlSII0TCSI BO MHOfOM ueHO­

BOH nOJIHTHKOH. l13MCHCHl1e Tapmpos B 3as11-

Cl1MOCTl1 OT pernoHa 1111H OTPaCJ111 np0MbIW­

JlCI-IH0CTl1, a TaK)l(e nepeX0Jl OT BHYTPeHHl1X 

peryn11pyeMbIX rnp11cpos, JJ.eikTsy10w.11x B Ha­

cTosiw.ee speMH, Ha M11p0Bble pblHOYHble UCHbl 

M0)KeT 3aMCTHO n0BJ111SITb Ha 3KOH0Ml14CCKYIO 

3<pcpeKTHBHOCTb. 

OTMeYeHHblC 3KOHOMH4CCKHe BhmrpbIWH 

MOryT ,llOCTl1faTbCH B Tex CJlyYasix, KOfJla J].JlSI 

TapHcpos, Bblpa)KeHHbIX B 0,lll1HaK0BblX CJ].HHH­

uax, Bb!TIOJJH}l!OTC}l CJ1CJlYIOW.11e yc110B11H: 

- CT0l1M0CTb 3JlCKTp03Heprn11 11 TenJJa 60JlhWC 

CT011.MOCTl1 Tonmrna, 3aTPaYCHH0fO Ha 11X 

np011.3BOJ].CTB0; 

- CT0.11M0CTb JJleKTPOJHeprnH 60JJbWC CT0l1-

MO~Tl1 Hl13KOTeMneparypHoro TenJJa; 

- CTOHMOCTb Sl"JlCpHoro TO0Jll-fBa MCHbWC 

CTOHM0CTH opraHl14CCKOfO. 

3TH ycJJ0BH}l BblTI0JlH}llOTC}l cei1YaC M 

,llQJJ)l(Hbl Bbin0JlHSl"TbCSI B 6y11yw.eM He3a811.Cl1-

M0 OT perHOHaJlbHblX OTJ111411H, B11,lla 11C00J1b-

3YCMOf0 opraHHYeCKOfO TO0J111Ba (ra3, yronh 

11 ,up.), OT e,lll1.Hl14HO.H M0W.II0CTH JHepro6J10Ka 

u ,LI.pyrnx cpaKTOpos. IToJTOMY C}lCJlaHHblC Bbl­

B0Jlb( He Jl0Jl)l(Hbl 113MCHl1TbCSI. 

B pernOIIaJlbHOH CTPaTefHH pa3B11THSI 

3HepreTHKH CTPaHbl 3K0H0Ml1'-leCKl1 6onee 06-

0CHOBaHHOH M0)l(CT CTaTb op11e11Tau11si Ha pa3-

JlCJlbH0e np0H3B0,llCTBO 3JlCKTpM4CCKOH 11 Ten­

JlOBOH JHeprnM He3as11c11Mo OT Hcnonb3YCMOH 

TCXH0Jl0fHH. 



.....--
TTptt onpe.n,eneHHOM ysem-1tteHMH cpe.n,Heii 

rny6HHbl Bbiropam,rn R.n,ep1-10ro TOnJJHBa H 
K.n . .n,. A3C R.n,epHaR :rnepreTHKa CTaHOBMTC}l 
3KOHOMH4eCKl1 6onee np1rnneKaTeJJbHOH, tieM 
rpa.n,HJ.).MOHHa.SI. 

,D:nR Bblpa60TKM HM3KOTeMnepaTypHOfO 
Tenna 1-1epau,MOHaJibHO np11MeHRTb BblCOKO­
TeMnepaTypHoe opraHMYecKoe Tonn11so. 3a­
Mew.e1-1Me TenJJOBblX 3HeproHCT04HHKOB Ha 
aTOMHbJe uenecoo6pa3HO HaYaTh s ccpepe ren­
nocHafoKeHM.SI nyTeM coopy)KeHMR ACT pa3-
JJH4HOH MOlll.HOCTM. 

B 4aCTHOCTH, Ha nnow.a.n,Ke 3aKOHCepBH­
posaHHOM BopoHe)l<CKOH ACT HaMJJ)"-11111111 
sapHaHT Bb16opa 3Hepro11cTOtJHMKa (ACT, 
A3C, A T3U, T3U, T3C) - peaHHMaUHR ACT 
B TIOJJHOM o6beMe. ACT - e.n,11HCTBeHHbIH 80-
.ll,}IHOH peaKTOp, He rpe6y10rn.11i1 HH naposoro 
UHKJJa, HM rn.n,pocoopy)KeHMH, HM cyx11x rpa­
.n,11peH. 3TOT peaKTOp B CBOe speMR npH31·IaH 
caMhlM 6e3onaCHb(M B MHpe M HMeeT y)Ke yT­
sep)K.n,eHHble HOpManrnhI no pa3Mew,eHl1IO, 
MaKCHMaJlhHO np116nm1<eHHOMY K TIOTµe611Te­
mo (BopoHe)KcKaR ACT- 6,5 KM). 

CnHCOK JIHTeparypbl 

I. llpw10me11ue 1 K npHKa3y <l>eJiepanbHOH cny)l(-
6b1 no TapHCpaM OT 5 aBrycra 2008 r. NQ 127-3/1. 
http://www.fstrf.ru/dep/electro/doc/56/Pr _ 127-e_ 1 . 
doc ()J.aTa 06paUJ.eHJ.u1: 10.04.2010). 
2. llpu1<a1 <!>e)J.epanbHOH cny)l(6b1 no rap11cpaM OT 
8 aBrycra 2008 r. NQ 135-3/1. hLtp://base. consult­
ant.ru/cons/cgi/online.cgi?req=doc;base=LA W;n= 
79584;0d=134;dst=l00013 (.llaTa 06pa1Uemrn: JO. 
04.2010). 
3. llpw10:>1ce11ue 2 K npHKa3Y <!>e)J.epanbHOH cny)l(-
6b1 no Tap11cpaM OT 5 asrycTa 2008 r. NQ 127-3/1. 
htlp://www.f~trf.ru/dcp/electro/doc/56/Pr 12 7-e I. 
doc ()J.aTa 06pa1Uettm1: 10.04.2010). 
4. llpw10:>1ce11ue K np11Ka3y <!>e)J.epanbHOH cJ1y)l(-
6b1 no TapHCpaM OT 26 HIOWI 2008 r. NQ 231-3. http: 
I lwww.fstrf.ru/otrasl if electro/ /viewdoc?url=/fst/dep 
/electro/doc/54 ()J.aTa 06pa1UeHm1: 10.04.2010). 
5. llpUJ10J1ce11ue 1 K np11Ka3y <!>e)J.epanhHOH cJTy)l(-
6b1 no TapHcpaM OT 24 )J,eKa6pH 2008 r. NQ 413-
3/ 1l.http://www.fstrf.ru/dep/gas/doc/231/090811_ 
prilozhenie_3.xls/ (nara 06pa1Uemrn: I 0.04.20 l 0). 

6. llpu.rwmeuue 2 K npHKa3Y <t>e)J.epanbHOH cny)f(-
6b1 no TapHcpaM OT 24 )leKa6pH 2008 r. NQ 413-
3/ 11. http://www.fstrf.ru/dep/gas/doc/23 J/090811 _ 
prilozhenie_3.xls/ ()J.aTa 06pa1Uett11H: 10.04.20 I 0). 
7. llpUJ1ome11ue 3 K np11Ka3y <t>e)J.epanbHOH cny)f(-
6b1 no Tap11cpaM OT 24 )leKa6pH 2008 r. NQ 413-
3/1 J. http://www.fstrf.ru/dep/gas/<loc/23 I / 0908 11 

prilozhenie 3.xls/ (.u.arn 06pa1Uemrn: 
I 0.04.2010). 
8. Institutional Handbook for CHP. Production 
with District Heating. BASREC, 2002. 
9. Co1<01108 E.H., Mapmb11t06 B.A. 3Kceprern4ec­
KHH MeTO.ll pac4era noKaJaTeneii TennoBOH 3KOHO­
MH4HOCTH T3~ // TenJJ03HepreTHKa, 1985, NQ 1, C. 
49-53. 
10. Memoou1<a onpe)J.eneHHH y)J.eJihHhIX pacxo~oB 
TOnJlHBa Ha Ten110 B 3aBHCHM0CT11 OT napaMeTP0B 
napa, 11cnoJ1b3yeMoro )J.JJH uenei1 Ten11octta6>Ke­
mrn. M.: CTIO OPrP3C, 1997 . 
11. )/(ap1<08 C.B. 0 np11op11TeTax pa3BHTIUI 3Hep­
rern4ecKoi1 ra3oryp6HHHOH TeXHHKH // I'a30T)'p-
6HHHhle TexHonorn11, 2007, N!! l 0. 
12. llo1<po8c1<uii JI.JI., PyCJtanoB I'.B., Tapaoau 
A.M. Pacnpe)J.enett11e Tonn11Ba np11 npoH3B0)J.CTBe 
3Heprn11 Ha T3~ // HoBoCTH rennocHa6)1(eHID!, 
2000,NQ02. 
13. lloJto:,,cenue 06 onpene11eHHH cpopMynhI onTo­
Boi-1 ueHhJ Ha ra3, yrnep>K.lleHHOe np11Ka30M $CT 
Pocc1111 OT 05.07.2007 NQ 156-3. http://www.fstrf 
.ru/otrasli/gas/viewdoc?url=/fst/dep/gas/doc/249/ 
(narn 06pa1UeH11H: 10.04.2010). 
14. llocmaH08JleHue rocKOMCTaTa OT 23 11IOHH 
1999 r, .N°Q 46 "06 yrnep>K.U.eHHH MeT0)J.OJlOfH4ec­
KHX nOJlO>KeHHH no pac4ery TOnJlHBH0-3HepreTH-
4CCK0fO 6anattca Pocc11wcKow <l>e)J.epau1111 B cooT­
BeTCTBHH C Me>K)J.yttapo)J.HOH npaKTHKOi-1". http:// 
base.consultant.m/cons/cgi/online.cgi?req=doc;bas 
e=EXP:n=287954 ()J.aTa 06paruett11H: 10.04.2010). 
15. The Economics of Nuclear Power, January 
2009. http://www.world-nuclear.org/ (~aTa 06pa-
1UeHHH: 10.04.2010). 

KoHmaKmHaR zm<jJop.MaZfUR -
EeJ10B Hem, A1wmoJ1beBU1J, Hal/. J1a6., me,1.: 
8(964)775-42-61, e-mail: bianl956@akado.ru 

Bonpocb1 aTOMHOH ttayKH 11 TeXHHKH. 
Cep. <DH3HKa H)J.epHbIX peaKTOp0B, 201 1, Bbrn. 2, 

C. 88-97. 

97 



CO,ll.EP)KAHHE 

Eo6po6 A.A, I'.1ywKOR L.C, Ju\11111 A.A., Kanumo-
11060 A.B., Ko.1111a11ue11 I'.B., Hoc:oB B.11., flempy­
iue11Ko P.fl., C1wp110B 0.H OnpeJ1e11e~rne ornocH­
TeJ?bHoro pacnpe.ne11emu1 :rneproshr.neneHH.si B re­
TeporeHHOM peaKTOpe no pC3YJlbT8T3M H3MepeH1{M 
3!pq>CKTOB peaKTHBHOCTII H <PYIIKUHH ueHHOCTJ,f 
HeHTpOHOB ............... ................. . ......... . .. .3 
Ka«yH 0.10., flonb11w11 A.11., Wee1Je111<0 P.A., 
WeRtJew-:o C.A. ConocrnsnettHe H3MepeHHOH 11 
paCC'll1T3HHOH peaKTl1BH0CTH np11 113MepeHl1H )!p­
cpeKHiBHOCTl1 asapHHHOH 3alUHTbl Ha 3Tane cp113-
nycKa 3Hepro6noKa N2 3 Kan111-111HCKOH A3C ... 16 
Jle6eiJeB r.B., A11op10111e111<0 H./1., )!{umapeB B.E., 
Ka1Ja1106 B. M. Pe3y11hTaTb1 3Kcnep11MeHTaJ?bHOH 
oueHKH no.nKp11Tl1'1HOCTl1 K3H3JlbHblX peaKTO-
pos ......................... .. .... ............... ....... 24 
)!{y1W6lll/ A.ll., (/)eoopo« l1.B., (/)yKc P.Jl., C;,a-
6111/CKUlJ K.A., Kanal{KQJI. l1.A .. (/)eoop06CKUII A.JO. 
TTporpaMMllblH KOMnJJeKc KAPABAH .nn.si .nuar­
H0CTHKH, M0Hl1TOpH1rra 11 nporH033 pa3Bl1Tl1SI asa-
p11HHOH CHT)'3U11H 113 A3C C BB)P ................ 30 
Ky3b.11w1 A. M. l1Tepau1101-1Hb1e MeT0Jlbt peweH1151 
HeJJHHeHHbIX 33.ll.3Y O Kp11TH'IHOCTl1 Sl,nepHoro pe-
aKTopa ............ ... . . ..................................... 38 
KapnywKu11 T.JO. Pac'lcT Bb1ropaH11S1 MeTO.UOM se­
po.siTHOCTeH nepBhlX CTOJJKHOBeHHH C nOMOlUblO 
cpe.nHHX xop.n .no nepsoro CTOJJKHOBeHl1SI ....... .45 
Heeww11a A.l1., MamBee6 B.11., Cmo206 B.JO., 
L/ep11b1i1 B.A. PacYeT 11eHTJ)OHHo-qnnHYecK11x xa­
paKTep11cT11K 6bJCTporo peaKTOpa B CT3UHOH3pHOM 
pe>KHMe neperpy3oK ......... ........................ 53 
Apmm101106 H.B., Cuoopo« A.C. napaMeTJ)bl 
ypaH-BO)lHOH peweTKH. o6ecne'!HB3lOIUHe M3KCH-
M3JlbHble pa3MHO)Ka!OIUHe CBOHCTBa ............... 58 
TamHoB P.K., A,1eKca110JW6 fl.A. KoHCTpyKrnB­
HM cxeMa KOpnyca peaKTOpa C HHBepCHblM pac­
npe.ne11eH11eM HanpS1)KeH11H. Cpastt11TeJ1bHbIH aHa-
11113 Hanp51.)KCHHH B asapHHHOM pe)KHMe ............. 64 
L/ypw1 B.A., ll,eR11oa A. C., K0Ba1e6 A. M., l16a110B 
A.C., Pycw1KeBu•1 A.A., Po.11011e11Ko 11.M. JloKaJJb­
HhlH peHTrettocneKTJ)aJJbHb!H 3HaJJl13 MHKpOTOn-
JJHBa BTrP ............................................ 75 
Bacu1be6 H.B., lleaH06 A.C. Oca)K,neHHe npO.U}K­
TOB )],eJleHffjl 51,nep11oro TO0Jll1Ba BO s11epeaKTOp-
HblX neTJleBblX HC0blT3HHSIX ............................. 82 
Ee106 l1.A., l./ep11u.w11 JO.(/)., NleKcee6 fl.H. 3cp­
cj)eKTHBHOCTb COBMeCTH0ro H pa3,UeJJbll0ro npOH3-
B0.11CTBa )JlCl<TpH4eCKOII H Ten'lOBOH 3Heprn11 B 
R.nepHoH 11 Tpa.n11u110HHOH JHeprernKe Ha opratt11-

YeCK0M TOnmrne........ . ...... ··········· ··········· .. 88 

98 

CONTENTS 

Bobrov A.A., Glushkov E.S., Zimin A.A., Kapitono­
va A. V., Kompanrets G. V., Nosov V.I., Petrushenko 
R.P., Smimov 0.N. Determination of Power Den­
sity Distribution in a Heterogeneous Nuclear Reac­
tor Based on Measurements of Reactivity Effects 
and Neutron Importance Function ................. 3 
Kavun 0. Yu., Popykin A.I., Shevchenko R.A., Shev­
chenko S.A. Comparison of Measured and Calcu­
lated Reactivity at Determination of the Effective­
ness of Emergency Control During Physical Start-
up of Kalinin NPP Unit N2 3 ....................... 16 
Lebedev G. V., Andryuschenko N.N., Zhitarev V.E., 
Kachanov V.M. Results of the Experimental Esti­
mation of Subcriticality of the Channel-Type Reac-
tors .. . . ........................................ . .......... 24 
Zhukavin A.P., Fedorov I. V., Fuks R.L., Slavinskiy 
K.A., Kapatskaya I.A., Fedorovskiy A. Yu. Code 
Package KARA VAN for Diagnostics, Monitoring, 
and Forecast of Emergency Behavior on NPP with 
VVER ................................................................ 30 
Ku:'min A. M. Iterative Methods in Resolving the 
Non-Linear Critical Problems ....................... 38 
Karpushkin T Yu. Burn-up Calculation by First­
Flight Collision Probabilities Method Using Aver-
age Chords till First Collision ...................... .45 
Nevinitsa A.I., Matveev V.J., Stogov V. Yu., Cherny 
V.A. Calculation of the Fast Reactor Neutron Phy­
sics Characteristics in the Fuel Reloadings Equlib-
rium Regime ........................ .................. 53 
Artamonov N. V., Sidorov A.S. Parameters of Urani­
um-Water Lattice Ensuring the Maximum Multi-
plying Characteristics .............................. 58 
Galimov R.K., Aleksandrov P.A. Constructive 
Scheme of Reactor Pressure Vessel with Inverted 
Stress Distribution. Comparative Analysis of Stres­
sed-Deformed State Dynamics in Emergency Ope-
ration Mode .................................................. 64 
Churin V.A., Deyanov A.S., Kovalyov A.M., Ivanov 
AS., Rusinkevich A.A., Romanenko I.M. Local X-
Ray Analysis of HTR Microfuel. ...... .......... ... 75 
Vasil'ev I. V., Ivanov A.S. Deposition of Fission 
Products of Nuclear Fuel in Out-Pile Loop 
Tests ..................................................................... 82 
Belov I.A., Chemilin Yu.F., Alekseev P.N. Effici­
ency of Cogeneration and Separate Generation of 
Electric and Thermal Energy in Nuclear and Or-
ganic Power. ........................................... 88 



Ilpasuna mj>0pMJieHHH cTaTeii 

DpH no.nroT0BKe CTaTbH s c6opHHK aBT0p A0JI)KeH PYK0B0ACTB0BaTbCJI CTaH,napT0M 

"Op11rnHanh1 asTOpcKHe H TeKCTOBhJe 1n.naTeJihCK1-1e" (OCT 29.115 - 88). K asrnpcKHM 

opHrnHanaM, nepe.nasaeMblM AJUI 1-13,naHHJI, npe,nI,51BJI51IOTC51 cne.ny10m1-1e Tpe6osatt1u1: 

1. 3K3eMnJI51p CTaTbH A0JI)KeH 6bITb nepBbIM, ornel.faTaH Ha OAHOH CTOp0He JIHCTa cpopMaTa A4 
wp1ut,TOM .M! 12 qepe3 2 HHTepBaJJa. CTaTb51 A0JI)l{Ha 6b1Tb COCTaBJieHa B ene.ny10meM nOp51,UKe: 

HH,UeKC Y,[(K; 3arnaene; HHHUHaJJbl H ct,aMHJIHH aBT0poe; MeCT0 pa60Tbl Kailm0ro aBT0pa C 

n0'IT0BblM a.LJ.pecoM; aHH0TaU.HH (He 6oJJee 10 CTpOK); KJJIO'leBble CJI0Ba see 

BbJWenepe'-!HeneHHOe Ha pyccK0M H atffJJHHCKOM H3b1Kax; TeKeT; cnHe0K JlHTeparypbl ; Ta6J1Hllbl; 

pHCYHKH; no,up11cyHO'-IHble IT0,UITMCH (Ha OT)].eJlbH0M JIMCTe). 

2. CTaTb51 ,UOJl)l{Ha TaK)Ke npe,n0CTaBJI51TbC51 06513aTeJibHO B BH.LJ.e 3JJeKTpOHHOH eepCHH 

o6bl'IHblM wpnct,ToM .M! 12 Times New Roman, MeilmycTpO'IHblH HHTepeaJJ - O.LJ.HHapHblH, B 

pe,uaKTope Word 97 11JlH 6onee n03AHHX sepe11H. TeKeT He cpopMaT11pyeTeJ1, B KatiecTBe HMeHH 

cpaHJla HCITOJib3YeTC51 <DI1O nepsoro asTopa eTaTbH. KaBbl'IKH B TeKeTe eTaB51TC51 npn anrJlHHCKOH 

paCKJla.LJ.Ke KJJaBHarypbl (" •• "). 

3. Co,n.ep)l(aHHe eTaTbH )].OJI)KHO 6bITb r<paTKHM H YeTKHM. J1cKJIIOYaIOTC51 o6LLI.He paeey)l(,lleHHJI, 

H3BeCTHbJe nono)KeHH51. He .nonyeKaeTe51 .ny6m1posatt11e MaTep11ana B TeKcTe, Ta6n11uax, 

no.np1-1eyHOYHblX Ha,UnHeJIX. Heo6xo,UHMO co6mo,n.aTb e)].11H006pa311e B Ham1caHHH TepMHHOB, 

HaHMeHOBaHHH cpH3HYeeKHX BeJIH'-IHH H e,llHHHU H3MepeHH51, yeJIOBHblX o603Hal.feHHH, cor<pameHHH, 

CHMB0JI0B. HaHMeHOBaHIDI H o6o3Hal.feHH51 e,UHHHU cpH3HYeeKHX seJIH'IHH Heo6xo,UHMO npHB0,UHTb B 

eHeTeMe CI1. 

Heo6xo,n.HMO o6pamaTb BHHMaHHe Ha HanHCaHHe nponHCHblX H CTp0'IHblX 6yKB: pycc1rne H 

rpelfeCKHe 6yKBbl (a, Jl, 1, (j) H T • .LJ..) Ha6npa10TCH npHM0, a JJaTHHCKHe (x, Y, z, w H T.,n..) -

KypcHB0M. Te )Ke Tpe6oBaHH51 B o603Ha'IeHH51X HY)KHO co6mo,n.aTb npH Ham1eaHI1l1 1rn,ueKC0B H 

eTeneHeH B cpopMynax. O6oJHalfeHHH M3TpHU. H BeKT0p0B Ha6npalO_TCH noJJyiKHpHblM 

wpnct,T0M npHM0. <DopMYJlbl, BKJlIOYeHHbJe B TeKCT, cne.uyeT Ha6HpaTb 6e3 yseJJHYeHHJI HHTepsana 

Me)K,uy eTpoKaMH, ttanpHMep bid, exp(x/e). 

4. Ta6JIHUbl HyMepy1-0TeJ1, KailmaH Ta0JIHUa .LJ.0JliKHa HMeTb JaroJJ0B0K. CoKpaLLI.eHH.sI B 

rpacpax rn6m1Ubl He .nonyeKal-OTCJI. B TeKCTe He06XO,UHMbl eeblJlKH Ha see Ta6JIHUbl. KaiK,UaH 

Ta0JJHLJ,a ne'laTaeTCH Ha 0T.LJ.eJJbH0M JlHCTe, a B JJJeKTp0HH0M BH.LJ.e npe.LJ.CTaBJJHeTCH B 

0T.LJ.MbH0M ct,aiiJJe. 

5. <J.>opMyJibl H 6yKBeHHble o6o3HaYeHH51 BeJIHYH_H .UOJI)KHbl 6bJTb pa3MeYeHbl l1 cpa3y 

pacurncpposaHbJ. <DopMyllhI HyMepylOTCJI apa6eKHMH UHcppaMH, HOMep eTaBMTe51 e npasoH CTOpOHbl 

JIHCTa B KpyrnbJX eKo6KaX. HyMepoeaTb CJJe.nyeT T0JlbK0 Te ct,opMyJJbl H ypaeueHHH, Ha 

K0T0pbie eCTb CCblJJKa B nocJJe.LlylOUJ.eM H3JI0iKeHHH. <DopMyJJbl Bbin0JJH5!l0Te51 B pe,uaKT0pax 
I 1 

Equation 3.0 HJIH MathType np11 HeB03MO)KHOern tta6opa Ha KJJaBHaType ( x,:, y;: ,J;, Jx,- M T.,u.). 
0 y 

Tio.ueTpOYHble H Ha,n.eTpOYHbJe 11H,UeKebJ BB0,ll51Te51 e KJiaBHarypbl (x3, KM
2 

H T.Jl.) , rpeqeeKHe 6yKBbI 

BeTaBJI51l0Te51 Yepe3 MeHIO BcmaeKa ➔ CUMBOJI. 

6. B TeKcTe CTaTbH p11eyHOK o6513aTeJibHO npe.neTaBJ151eTC5! Ha OT)].eJlbHOM JlHCTe cpopMaTa He 

6onee A4. Ha pHeyHKax .uonyeKaeTCJI MHHHMaJlbH0e YHeJIO o603HaYeHHH - KpaTKHe UHq>pOBbie (no 

nop51.llKY H0Mepos enesa ttanpaso 111111 no yacosotf eTpenKe) 111111 6yKBeHHb1e o6o3Ha'-leHH51. Bee 

IT051CHeHH5! BbJHOe5!Te51 B no.n.p11eyH0'-!Hble TIO,D.TI11CH. Ha o6opoTe Ka)K)J.0ro p11eyHKa YKa3bJBaJ-OTe51 

qJaMHJJHH aBT0pOB, Ha3BaHHe CTaTbH, H0Mep p11eyHKa, o603Ha'-!eHH51 sepxa 11 Hl13a. BnyTpeHHHe 

Ha.LJ.nHCH Ha pncyHKaX Ha6npa10TCH wpHct,TOM .M! 11. BHl13Y Ka)K,D.oro pHCYHKa )J.OJI)KHbI 6bITb 
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np11Be)J.eHbl ero H0Mep H no,llpucyHO'-IH3H nOJJ.UHCh rnpuct>TOM .N'!! 11. OpH HaJH1YIHi HeCK0JibKHX 

pa3JIH1.JHbJX rpa<pHKOB Ha 0.UH0M pHCYHKe Ka)l()lblH Ji13 HHX o6o3HaYaeTC.s! PYCCK11MH 6yKBaMH a), 6), 

s) 11 T.)J.. 11 pacnrncppoBbIBaeTc.si. 

B KOMOhlOTepHOM BH.LJ.e pucyHKH npe,llCT3BJ1HIOTCH B OT,lleJihHhlX ct>aifJiax, Bbin0JIHeHHbie B 

rpa<p111.JecKHX pe.uaKTopax Paint, PhotoShop, Core/Draw B t.JepHo-6enoM l.(BeTe (cpornrpacp1111 s 

paCTP0B0M cpopMaTe tif, dpi-300). P11cyHKl1 B Word He BCTaBJI.s!Tb KpoMe cnyqaeB, Kor.ua p11cyH0K 

H3Ha-4aJibH0 Bhm0JIHeH B Word. 

7. CcbIJIKl1 Ha JIHTepaTypy s TeKCTe ,Ua!OTC.s! no rrop.s!.UKY apa6CKHMH UHq>paMl1 s KBa.upaTHbJX 

CK06Kax. CnuCOK mneparyphl COCT3BJ1HeTCH B TOH me nocJie.[lOBaTeJJbHOCTH, B KOTOpOH 

npHBOASITCSI CCblJJKH Ha JJHTepayYpy. <l>aMHJIIHI 11 11HHIJ;TifaJibl aBT0p0B Ha611pa10TC.s! noJiy)l(HpHbIM 

KypcHB0M. 

8. CnHCOK JIHTeparyphI cne.uyeT ocpopMJI.s!Tb s C00TBeTCTBl111 c focy.uapcrneHHblM CTaH,ll.apTOM 

"E116Jrnorpacp111.JecKa.s1 ccbIJIKa" (fOCT P 7.0.5-2008), B t.Jacrnocrn, 1-1eo6xo.u11Mo yKa3aTb: 

a) )J,JUJ )l(ypHaJibHhlX CTaTeH - cpaMHJIHJil H HHHUHaJibl aBT0p0B, Ha3Ba1-111e CTaTbH, Ha3B3HHe 

*YPHaJia (6e3 KaBbJt.JeK), ro.u, TOM, BhmycK, H0Mep, CTPaHHUbI; 

6) )J.JI}I KHJff - cpaMHJIHH 11 HHHUHaJibl aBT0p0B, IT0JIH0e Ha3BaHHe KH11fH, MeCT0 113,Uamrn, 

J,f3)].aTeJibCTB0 (6e3 KaBbilfeK), ro.u 113.U3HH.s!; 

B) )J,Jl}I 3BTopecpepaTOB .UHCCepTal.(HH - cpaMHJIJillO H HHHUHaJibl aBTOpa, Ha3BaHHe asrnpe<peparn 

)J.HCcepTaU,Hlif, Ha C0HCK3HHe KaKOH yYeHOH CTeneHH ttanHCaHa .u11ccepTaUH.s!, MeCTo 11 ro.u 3al.LJ,HThJ; 

r) )J.llil npenpHHTOB - cpaMHJIHH Jif HHHUHaJibl aBT0p0B, Ha3BaHHe npenpHHTa, HaHMeH0Batt11e 

H3.Ua101.LJ,eH opratt113au,111-1, nrn<pp 11 H0Mep, Mecrn 11 ro.u H3.UaH11.s1; 

.u) )J,JI.s! □aTeHT0B - cpaMHJil111 11 HHHU11aJihl aBT0p0B, Ha3BaHHe rraTeHTa, CTJ)aHy, H0Mep 11 KJiacc 

naTeHTa, .nary 11 f0)J. 3a.s!BJieHH.s! 11 ony6Jil1KOBaHH.s! naTeHTa; 

e) JJ.llil 0Tt.JeT0B - <paMl1Jil1H 11 HHHLl,HaJihl aBT0p0B, Ha3BaHHe 0T'-leTa, l1HBeHTapHbIH .N°!!, 
HaHMeH0BaHHe opraHH3aUHH, ro.u BhmycKa; 

)I<) .[lJJH :meKTpOHHhlX HCTO'-IHHKOB - UOJJHhlH JJieKTpOHHblH 3,llpec (BKJII0'-13H .[l3TY 

o6pameHHH K HCTO'-IHHKY), IT03BOJI.s!JOIUHH o6parnTbC.s! K ny6JIHKaUHH. 

9. B K0HU,e TeKCTa yKa3bIBaeTC.s! K0HTaKTHaSI 11H<pOpMaLJ,11SI 06 asrnpax CT3Thl1: <paMl1Jil1SI, HM.s! 11 

0TlfeCTB0 (nOJIHOCTblO), .U0JI)l(H0CTb, TeJie<poH, e-mail 11 no )l(eJiaHHlO asrnpa - .UOMaWHl1H n0YTOBblH 

a.upec. 
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► 

HoeaH HHCJWpM3QHH 

.ll.JIJI q1uaTeJieH HayqHo-TeXHH'IecKoro c6opITTil<a 

"BonpOCbJ aTOMHOH HayKH H TeXHHKH. Cepwr: <l>H3HKa .R:,ll,epm,IX peaKTopoa"! 

Pe.n.Konnenrn c6opHHKa "BAHT. Cep. <l>H3HKa jl.n.epHbIX peaKTopos" HH<popMHpyeT aaTo­

pos H qurnTeJieH, qrn HaqHHaj{ C 2011 r. B Cep. <l>H3HKa .R:,ll,epm,rx peaKTOpOB H3,ll,aIOTCj{ BbI­

nycKH "<l>H3HKa H MeTO,ll,bl pacqern j{,ll,epHbIX peaKTopos" (3 BhirrycKa B ro.n.) H "HMrryJibCHbie 

peaKTOpbI 11 npocn,1e KpHT11qecKHe c6opKH" (1 BbmycK B ro.n.). IIo.n.m1cKa Ha "BART. Cep. 

<!>H3HKa j!,lJ,epHbIX peaKTOpos" c 2012 r. 6y.n.eT ocymecTBJij!TbCji TOJibKO no KaTa.JIOry "fa3eTbI. 

)I(ypHan1,1" OAO AreHTCTBO "PocneqaTb" (no.n.nHCHOH HH,ll,eKc 32067). 

BOIIPOCbl ATOMHOH HAYKH H TEXHHKH 

Ce p 11 11: <l>H3HKa 11,uepHbIX peaKTOpOB 

BMnyctc 2 

OrneTCTBeHHbIH Ja s&mycK C.M. 3apm .. urnn 
(Ten./cpaKc: ( 499) 196-71-98, e-mail: zaritsky@adis.vver.kiae.ru) 

Pe,uaKTOp B.B. Il'leJJHH 

(Ten./cpaKc: (499)196-99-44, e-mail: pchelin@adis.vver.kiae.ru) 

TTo.u.m1caHo e ne'-laTb 30.06.11. <t>opMaT 70x108/l 6 
Ile'-laTI, ocpce-rHaR. Yen. ne'l. n. 12,5. Y'l.-HJJJ.. n. 14. 

T11pa)K 200. I1.H.u.eKC 3646. 12 CTaTei:i. 3aKaJ 50 

OTne'laTaHO a Hl1lJ, "Kyp'laTOBCKHH HHCTHTYT" 
123182, MocKBa, nn. AKa.u.eMH1<a Kyp'-laTOea, I 
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