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AJJropHTMbI pacqeTa KOMnoueuT o6o6~euuoro TpaucnopTHoro TeHJopa 
C yqeTOM IlOBepXHOCTHblX TOKOB 

M.H. I'ypeBu11, M.A. KaJ1yzun, A.B. llp1111u1111uK06, O.B. Te.rtbKOBCKa.R, /(.A. IlIKapoBcKuu, 
PHU: "KypqaTOBCKHH HHCTHTYf", 123182, MocKBa, nn. KypqaToBa, 1 

IlocTynHna B pe.n:aKilHIO 30.03.2010 r . 

PaccMaTpHBaeTc.11 MeTO.ll. sepo.11THOCTeH nepBblX cTomrnoseHHH (BIIC) s CHCTeMe c rpaHH'llihIMH ycJIOBH­
.IIMH B BH,IJ.e 3a,IJ.aHHblX TOKOB HJIH 6eJioro OTpIDKeHH.11. YpasHeHHJI MeTO,IJ.a o6o6meHbI Ha aHH30TpOnHblH cny­
'laH nyTeM BBe,IJ.eHH.11 8 KIDK,/J.OH 3OHe HeCKOJlbKHX yrnOBblX MO,IJ.. 

K11101Jeeble CJloea: o6o6meHHbIH MeTO.ll. BIIC, rpaHH'IHbie ycJIOBH.11, TOKH, 6eJioe OTpIDKeHHe. 

The Algorithms for Calculation of the Components of the Generalized Transport Tensor Taking in­
to Account the Surface Currents. M.I. Gurevich, M.A. Kalugin, A. V. Pryanichnikov, 0. V. Tel'kovskaya, 
D.A. Shkarovsky, RRC "Kurchatov Institute ", 1, Kurchatov Sq., Moscow, 123182. The first collision proba­
bility (FCP) method was applied to system with given currents or white reflection boundary conditions. Equ­
ations was generalized to anisotropic case by means of introduction of several angular modes in each region. 

Key Words: Generalized FCP Method, Boundary Conditions, Currents, White Reflection. 

Bse,ueuue 

.LJ:aHmUI CTaTb..11: ..11:BJI..11:eTC..II: npo,n;OJI)l(eHHeM 

pa60Thl [ 1 ], B KOTOpOH np1rne.neHbI MeTO.D:HKH 

H q>opMynLI MeTo.n;a o6o6rueHHhIX BIIC. Me­

To.n;oM BllC pemaeTc..11: CTaUHOHapHoe KHHeTH­

qecKoe ypaBHeHHe OTHOCHTeJibHO c(r, Q, E) -
ITJIOTHOCTH CTOJIKBOBeHJIB HeHTPOHOB: 

c = l:tT q; q = Sc + Ge + Q , 
r.ne C - IIJIOTHOCTb CTOJlJ<HOBeHHH, Sc - IlJIOT­

HOCTb pacce.sIHH..11:, Ge - IlJIOTHOCTh reHepaum1 

HeHTPOHOB .n;eneHIDI, Q - BHeIIIHHH HCTO'-IHHK, 

a q - coBoKynHLIH HCToqHHK. CHMBonaMH T, 
s H G o603HaqeHbl COOTBeTCTByK>IUHe orrepa­

TOpbI. 

B KJiaccwi:ecKOM MeTo,n;e BIIC npe.n;rrona­

raeTc..11:, 'ITO Bee 4>YHKUKH He 3aBHC..ll:T OT Ha­

npaBJieHH..11: Q :u nocTo..11:HHbI Ha KOHe'-IHOM qJfc­

ne npocTPaHcTBeHHbIX o6nacTeH. B pa6oTe [1] 
KJiacc .n;onycTHMbIX q>YffKilHH pacurnpeH ny­

TeM npe,n;CTaBJieHK..11: 4>YHKUHH JIHHeHHblMH 

KOM6HHal.{H..ll:MH yrJIOBbIX rapMOHHK. PaccMaT­

pHBaIOTC..11: m160 6eCKOHeqm,1e CHCTeM.bI, JIH6o 

CHCTeM.bI C IIOJIHbIM nornorueHHeM Ha rpaHH­

ue. B .naHHOH pa6oTe MeTO.n o6o6rueHHbIX 

BIIC pacurnpeH Ha cHcTeMbI c rpaHH1llibIMH 

ycJIOBK..11:MH. HaIIOMHHM OCHOBHbie 0603Haqe­

HH..11: H q>OpMyJibl pa60Tbl [1]. 
PaccMaTPHBaeTc..11: cBo6o)llfbIH noneT qac­

THU OT TOqKH po)l(JleHIDJ. HJIH pacce..11:HH..11: .no 

CTOJIKHOBeHH)I. Bo3MO)l(H0, qTO B paccMaTPH-

BaeMOH CHCTeMe HMeeTC..11: rpynna CHMM~HH 

C H30MeTPH'-IeCKHMH npeo6pa30BaHIDlMH B 

TPeXMepHoH reoMeTPHH, q>Yff.l(aMeHTaJibHM 

o6nacTb 3TOH CHCTeMl>I HaJbIBaeTC..11: KOHTeHHe­

poM. 3aBHCHMOCTb ceqeHHH OT 3Hepnrn: no.n;­

Pa3YMeBaeTC..II:, HO ..11:BHO He YKaJLmaeTc..11:. 

TotfKa (r, .Q, E) q>aJoBoro npocTPaHCTBa 

3ailHCbIBaeTCH KaK (r, Q), r.ne r - IIOJI0)l(eHHe 

qacn1ub1, Q - uanpaBneHHe rroneTa, a E -
3Hepr HH. JJ:anee 6YKB1,1 r , h , B03MO)l(HO, c HH­

.neKCaMH o603Ha'-Ia10T pa.n;Hyc-BeKTOpbl 3THX 

ToqeK. C'-IHTaeTCH, 'ITO BCH CHCTeMa pa36HTa 

Ha HenepeceKaIOIUHeCH o6naCTH, Ha3bIBaeMbie 

3oHaMH. CHMBonaMH a H 13 6y.n:YT 060JHa­

qaThc..11: HOMepa 30H, a CHMBOJIOM Z13 - qacTb 

30Hhl C HOMepoM 13, IIpHHa.n;Jie)l(aruM KOHTeH­

uepy. O6naCTb, 3aHHMaeMM KOHTeHHepoM, 

o6o3HaqaeTC)I C. 
Ilo.n Xa noHHMaeTC..11: xapaKTepHCTWieCKM 

QJYHKUH)I 30Hl,I C HOMepoM a, a no.n; H(Q) -
npoeKl..{H..11: o6naCTH C Ha illIOCKOCTb, IIepneH­

.D:HKYJI..11:PHyK> .Q H pacnono)l(eHHyIO TaK, qrn 

BC..11: o6naCTb C Jie)l(}fT B TOM nonynpOCTPaH­

CTBe, Ky.na HanpaBneH BeKTop Q . C,nnaeTc..11:, 

qTo IIJIOCKOCTb H(Q) 3a,n;aHa 0.ZlH03Ha'-IHO, Ha­

npHMep, OHa KaCaeTC)I OIIHCaHHOH cq>epbl. 

CHMBOJI h o6bJqH0 o603HaqaeT Toqicy Ha 

IlJIOCKOCTH H(.Q), dh IIOHHMaeTC)I KaK 3Jie­

MeHT nnorua.n:11. AHanorH'IHO ao.n dr noHHMa­

eTc..11: 3JieMeHT 061>eMa, a no.n; d!J. - 3JieMeHT 

TenecHoro yrna. 
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B ,[(aJlbHeHIIJeM KOHTeHHep Bcer,n;a npe,n;­
IIOJiaraeTC.ll BhlIIYKJThIM, IlO3TOMY OKa.3bIBaIOT­
C.ll OCMhICJJeHHhIMH cne,n;yromHe onpe,n;eJieHIUI. 
Ilpe,n;CTaBHM Jl}"I B BH,[(e { r + fit}, t > 0, r,n;e t 
- napaMeTP. EcJIH rryq HMeeT HenycTOe nepe­
ceqelllfe C BHYTPeHHOCThlO KOHTeirnepa, TO 
4(r, fi) eCTb pacCTO.llIIHe ,n;o TO1IKH BhlXO,n;a r+ 
= r + fit+. EcJIB K TOMY )Ker Jie)KHT BHe BHy'T­
peHHOCTH KOHTeirnepa, TO L(r, fi) O3HaqaeT 
paCCTO.llHHe ,n;o TOlIKH Bxo,n;a r - = r - fiL 

,L(m1 JJI06hlX ,n;Byx TQqeK rI H r2 cl>YHKUIDI 
T(r1, r2) onpe,n;eJI.lleT BepO.llTHOCTb qacTHUe H3-

6e)KaTb CTOJIKHOBeHH.ll Ha OTPe3Ke [r., r2], T.e. 

T(r,, r,) ~exp(-! cr(r, +!lt)dt} (1) 

r,n;e D = lr1 - r2I eCTb reoMeTPHqecKoe paccTO­
.llHHe Me)K.[(y To1IKaMH r1 H r2; fi = (r1 - r2)/D; 
cr(r) - IIOJIHOe MaKpOCKOIIJiqeCKOe ceqeHHe B 
TO1IKe r. 

CHMBOJIOM Q(r, fi) o603HaCJaeTC.ll 0606-
memn,rn HCTOCJHHK, T.e. COBOKynHOCTb BHeIII­
Hero HCTOtIHHKa, reHepaUHH ,n;enemur H pace­
.llHIUI B T01IKe (r, fi). AHaJio~o c(r, fi) -
IlJIOTHOCTb CTOJIKHOBeHHH, a <I>(r, fi) - IlOTOK. 
B 3THX TepMHHax IIJIOTHOCTb CTOJIKHOBeHIDI 
3aIIHCbIBaeTC.ll KaK 

c(r,fi)=cr(r)<I>(r,fi), <I>(r,fi)= 

-
= Jr(r, r-fit)Q(r-fit,fi)dt. (2) 

0 

B ,[(aJibHeHIIIeM 6y,n;YT HCIIOJib3OBaTbC.ll 

cl>YHKUHH T}a~(h, fi), r,n;e h E H(fi), H MaTPHUa 
H, onpe,n;eneHHbie cne,n;yiomHM o6pa.3oM: 

11«~ (b,!l)= 

'· -
= J J T(h + n1, h + lli )xa(h + lli )xlh + n, }Jtds. 

' - s 

B o6o6rueHHOM MeTO,n;e BIIC cqHTaeTc.sr, 
qTo HCTO'-IHHK npe,n;cTaBJieH pa.3JIO)KeirneM 

Q(r,fi)= L,qaµ 'I'µ (fi)xa (r ), (3) 
a,µ 

r,n;e 'I'µ (µ = 0, 1, 2, .. . ) - HeKOTOpbIH Ha6op 

nonapHO OpTOrOHaJlhHhlX cl>YHKUHH Ha e.n;H­

HffqHOH ccpepe, HOpMHpOBaHHbIX paBeHCTBOM 

I ( 'I',, r dfi = 41t. A.HaJIO~HbIM o6pa.30M pac­
n 

KJla,[(bIBaeTC.ll IIJIOTHOCTh CTOJIKHOBeHHH 

4 

C (r, fi) C K03q>q>Hl{HeHTaMH ell,. , B 3TOM cny­

qae ypaatteHHe nepeHoca 3anHcbmaeTc11 qepe3 

K03q>q>HIIHeHTbl pa.3JIO)KeHH.ll KaK 

- crll ~ 
ell,. -v: LIHaµJl1-qaµ' 

Jl aµ 
(4) 

r,n;e a, f3 HOMepa 3ou; µ, A - HH,n;eKCbI 

cpymcuHH pa.3JIO)KeHJUI; Haµp-A. - KOMIIOHeHTbl 

TeH3Opa H, onpe,n;e11.s1em1e COOTHOllleHHeM 

HaµJlA =-
1 J J Tlap(h, fi)'l'ifi)'l',_(fiffbdfi.(5) 

41t !lH(!l) 

1. IloeepXHOCTHbie TOKH H DOTOKH 

MO)KHO BMeCTO paCCMOTpeHH.ll 6ecKOHe'-I­

HI,IX CHCTeM paccMaTPHBaTb ,[(HCKpeTH3aUHIO 
KHHeTJiqeCKOro ypaBHeHH.ll BMeCTe C ,[(HCKpe­
TinauHeH Ha rpaHHIIax. B Kaqecrne BO3MO)K­

HbIX rpaHH1IBbIX ycnOBHH paCCMOTPHM HCToq­

HHK Ha rpamme H 6enoe OTPa)KeHHe. r pattHIIy 

KOHTeirnepa 6y,n;eM o603HatJaTb tJepe3 r, KOTO­

pa.sr C'-IHTaeTCR pa.3folTOH Ha KYCKH f = f I U 

f2 . .. u rM-
Bxo,n;HOH TOK B CHCTeMy o6o3Ha'-IHM CHM­

BOJJOM L(r, fi), r,n;e r E r, a BblXO,[(HOH - KaK 

J+(r, fi). ,L(JJR mo6oi1 TOCJ.KH r, npHHa,n;Jie)Ka­

ruett rpa~e, qepe3 n(r) o6o3HaqaeTc.sr e,n;H­

Hli'IHhrli BeKTop BHeDIBeH HOpMaJIH. <l>opMyJJa 

(2) BepHa JJHillb ,[(Jl.ll 6eCKOHe'IHbIX CHCTeM HJJH 

cHCTeM c noJIHoii YTe1IKOH na rpaHHIIe, TaK 
KaK B HeH He yqHTbIBaeTCR BXO,[(HOH TOK. 

Ha rpaHHl.{e CHCTeMbI cyruecrnyeT COOT­
HOIIIeHHe Me)K,[(y TOKaMH H IIOTOKOM: 

<I> ( r, fi Xfi, D) = J/r, fi) npH (fi, n) > 0 , 

-<l>(r,fiXfi,n) = J_(r, fi) IlpH (fi,n) < 0. (6) 

Ha KacaTeJibHOR IlJIOCKOCTH H(fi) K k-ii: 
rpaHHue r k BBe,n;eM cJJe,n;yroruHe xapaKTepHc­

TJiqecKHe cpymau,m: X-ih) = 1, ecnH r_(h, fi) 
E r k , B IIpOTHBHOM cnyqae q>yHKUHR paBHa O; 
X+k(h) = 1, eCJJH r+(h, fi) E f k, B IIpOTHBHOM 

cnyqae <PYHKUHR paBHa 0. 
C yqeToM c,n;enaHHbIX 0603uaqeHHH yYOCJ­

HHM 3aBHCUMOCTH BblXO,[(HOro TOKa H o6beM­

Horo IlOTOKa OT HCTO'-IHHKOB H BXO,[(HbIX TO­

KOB. <l>opMyny (2) MO)KHO aepeID1caTb a BH,[(e 



'· 
<I> (r,f!) = J T (r,r-f!t )Q (r -f!t,f!)dt + T (r,r+)<l> (r+, f!), (7) 

0 

r.ue t+ = t+(r, - f!), r+= r+(r, - f!). 
3Ta <j}opMyJJa BepHa KaK ,llJUI BHyrpeHHHX 

ToqeK KOHTeHHepa, TaK H ,llJJ.SI ToqeK rpaHHUbl. 

ITo.u J+k(f!) nOHHMaeTC.11 q}ICJJO qacTHIJ;, rrpo­

xo.um.umc qepe3 noaepxHoCTh rk B HanpasJJe­

HHH f! H3 KOHTeHHepa 3a O.UHY ceKytt,Uy. EcJJH 

Ha HeKOTOpOH qacTH noaepxHOCTH BbIIlOJJHR­

eTC.11 ycJJOBHe (n, f!) < 0, TO .IICHO, qTo qepe3 

:ny qacTb B Hanpaanemrn f! HH o.uHa qacTHUa 

He BbIXO,llHT H3 KOHTeHHepa. O603HaqHM f +k = 

= f +k(f!) = {rEfk:(n(r), f!) > O}. ITpoeKUHH 

r +k Ha H(f!) B,llOJlb f!, oqcBH,llHO, cosna.uaeT C 

HOCHTeJJeM cpyttKUHH X+k· B 3THX o603HaqeHH-

5lX HMeeM 

r.ue ds eCTb JJJeMeHT IlJJOllla,UH nosepXHOCTH. 

CJJe.uosaTeJJbHO, 

,, ' 
J*(!!)= f Jr(r,r-f!t)Q(r-f!t,f!)dt+T(r,r+Jl>(r+, f!) (n(r),f!)ds. 

3aMeHHB HHTerpHpOBaHHe ITO r HHTerpH- (n, f!)ds, IlOJJyq.HM 

poBaHHeM no H(f!) H 3aMeTHB, qrn db = 
,~~~ ' 

J*(f!)= f X+k (b) f T(h+f!t,r+)Q(h+f!t)dt+T(r_, r+Jl>(r_, f!) db~ (8) 
H(O) t_(h,0 ) 

r.ue r+ = r+(h, f!), r_ = r_(h, f!). 
no aHanonrn c cpyttKUHRMH Tla13(h,f!) BBO-

rh VS sv ss A 
,ll5lTC5l 'i'YHKUHH T)ak, 11~ , 11,k, B KOTOpbIX a., I-' 

- HH.UeKCbI 30H, k n l - HH.UeKc1,1 KycKOB rpa­

HHUI>I, a BeJJHq],fHbl l +, r_, r + Te )Ke, qTo B 

cpopMyne (8) : 
'• ri: = f X+k(h)Xa(h+f!t)T(h+f!t,rJdt, 
I_ 

,. 
11:; = f x_,(h)xp(h+f!t)T(r_,h+f!t)dt, 

,_ 

11:; = x_, (h)x+* (b)T(r_,r+). (9) 

B 3THX TepMllliaX IIBTerpaJJ BbIXO,llHOro 

TOKa 3anHCbIBaCTC5l KaK 

Jk(!!)= f (rri:(h,f!)2Q(f!)+Iri:(b,f!)t>(r_,f!))dh. 
H(O) a I 

(10) 

KaK H BCIO.UY, B :nou cpopMyJJe npe.unoJJa­

raeTcH, qTo B npe.uenax O,llHOH 30Hbl HCTO"CJHHK 

He 3aBHCHT OT npOCTPaHCTBCHHOH KOOp,UHHa­

Tbl. AHaJJOrH'IHO 

<l>fl ( f!) = J <I> (r,f! )dr = J (r Tlap (h,f! )QQ.(f!) + I ri~; (h, f! JI> ( r_,f! ))db . 
Z" H(O ) a / 

ITo.u OTpa)l{CHHCM noHHMaeTC5l TaKoe rpa- MH IlOTOKOM H TOKaMH, IlOCJle,llHee paseHCTBO 

HH'-IHOe ycnoBHe, npH KOTOpOM q],fCJIO BbIXO- MO)l{HO nepenHCaTb CJie,UyIOlUHM o6pa30M: 

.ll.lllllHX qacTHU qepe3 yqacTOK nosepxHOCTH J ""( "'X n \,1n o -v r , :i., n,:i.,?:i." = , 
COBna.uaeT C q],fCJIOM BXO,llfilUHX. 3To 03Haqa-

(11) 

eT, '-ITO J J +df!= f J _df! , r.ue B nepaoM cny-

n n 

qae HHTerp11posaH11e J + se.uerc.R no nonyccpe­

pe S+ = {f!:(f!,n) > O}, a HHTerpHpoaaHHe J _ 

- no ,llOilOJIHHTCJihHOH IIOJiyc<pepe s_ Tionh-

3Y5lCb COOTHOilleHHCM MC)l{,lly nosepXHOCTHbl-

n 

r.ue HHTerpHpOBaHHe Be,UeTCR ITO BCCH c<pepe. 

TaKHM o6pa3oM, ecJIH npoao.zn1Tb pa3no-

)l{CHHe IlOTOKOB BblXO.ll5llllHX H BXO,ll.RlllHX qac­

THU no HCKOTOpOH CHCTeMe cpyttKUHH OT Han­

paBJICHH5l noneTa, TO, Bo-nepBbIX, :na CHCTCMa 

MO)l{eT 3aBHCeTb OT HaIIpaBJICHHH HOpMaJIH, 

80-BTOpblX, B Ka'-leCTBe CKaJJ.11p1-rnro rrpOH3Be-
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,ueHH.II ,Ullil BbIXO.[{HOfO IlOTOKa CJie,uyeT HC-

IIOJib30BaTb HHTerpHpOBaHHe no BHenrneii no­

nyccpepe c aecoM ( n, n). 
AHanorwrno cKan.R:pHoe rrpOH3Be,ueHHe 

,Ullil BXO,UHhlX ITOTOKOB ecTb HHTerpHpOBaHHe 

no BH)'TJ)eHHeii nonyccpepe c aecoM (-n, n) . 
TaK KaK B Bbl'IBCJIHTeJibHOH MO,UeJIH HeJib3.II 

TPe6oBaTb co6mo.ueHIDl paaeHCTBa ( 11) B mo-

6oii TO'llCe, ero Ha.[{O ocna6HTb ,UO paBeHCTBa 

ff <t>(r,n)(n,!!)d!!ds = 0. (12) 

2. <l>opMyJJhl 6enoro oTpa,rcenuB 

3TO caMbIH rrpocTOH CJIY'laH OTPa)l(eHH.II, 

Kor,ua IIOTOK Ha rpamme He 3aBHCHT OT Ha­

npaanemrn H IIOCTO.R:HeH Ha rpaHHUe r k· B 
pa3JIO)KCHHH rrpHCYTCTByeT JlHlllb TO)l(.[{eCT­

BeHHaJ! ellHHHUa, T.e. CHCTeMa 6aJHCHblX <l>YH­

KUHH He 3aBHCHT OT HOpMaJibHOro BeKTOpa, 

TaK qrn yqacnrn rpaHHUhl MOrYT 6bITb H KpH­

BOJIHHCHHblMH. 

IlOTOK Ha yqacTKe ITOBepXHOCTH rk 6yneT 

rrpH6mrn<eH KOHCTaHTOH /kO- TaKOH noTOK co­

OTBeTCTByeT BXO,UHOMY HHTerpany TOKa 
n /2 

f J _dn = f,, f ds f 2ncos8sin8d8 = rrSkfk, 
n rt o 

r.n,e sk - nnoma,ub k-ro yqaCTKa noBepXROCTH. 

HcnOJib3 ,:r: 0 M JI (10), IlOJIY'UfM 

f,, =-
1 f dQ f (r 11:{h,!!)Qa(Q) + L, 11:{b,!!)J; l,n, _ 

nSk n H(!l) a I f .. 
C yqeToM pa3JIO)l(eHH.II (3) cpopMyny no­

BepxHOCTHoro IIOTOKa fi MO)l(HO neperrHCaTb B 

BH,D,e 

I,,=; (LH~oqCJI.I + L,H,~kof,J, (13) 
k CJI.I I 

r.ue 

H;~0 =.!_f f 11:Z(h,fi)'l'µ(fi)'l'odhdfi, 
1t !l H (!l) 

H~ko = .!.J f 11:t(h,fi)'l'o'l'odhd!!. (14) 
1t !l H(!l) 

<l>opMyna (4) TaK)l(e nom1rna 6bITb H3Me­

HeHa, T.e. 

Cp>. = ~ (LHaµP'Aqaµ + °IH;;p>.J;J, (15) 
p aµ I 

r.ne qaµ - K03<p<pHUHeHT pa3JIO)KeHIDI 061,eM­

Horo HCTOqHHKa B 30He a, KOMTIOHeHTbl 

Haµr,>. TeH3opa onpe.ueneHbI cpopMynoii (5), a 

KOMIIOHeHTbl TIOCJie,D,Hero TeH30pa - COOTHO­

rnem1eM 

H,5;r,>- =-
1 f f ri;p'(b,fi)'l'o'I'>. (!!)1bd!!. (16) 

41t !lH(!l) 

IlpH6JIH)KeHHoe HHTerpHpoaamce .llJI.R: 

cpopMyJI (14) MO)l{HO npoBO,UHTh no TOH )Ke 

BhI60pKe nyqeii, qTo apHMeH.R:IOTC.II .llllil BhI­

'lliCJieHIDI Haµr,>.. 
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Me)l(.[{y KOMIIOHeHTaMH BHOBb BBe,D,eHHbIX 

TPeXBaJieHTHblX TeH3OpOB cymecTByeT COOT­

HOIIIeHHe. Me)l(.[{y rrnocKOCT.IIMH H(Q) H H 
(- !!) cymecTByeT oqeBH,UHbIH H30MOp<pH3M 

pn. .51ctto, qrn rrpeo6paJOBaHHe pn => P- n 
ecTh TO)l(,llecTBeHHoe npeo6paJoBaHHe. B 
.UaJihHeiimeM .llIDI Hero HH,UeKc n 6y,ueT onyc­

KaTbC.R:. JlerKO BH,ll,HO cne.uyiomee CBOHCTBO: 

r+{h,Q) = r_(p(h),-!!), r_(b,fi) = r+(p(h), ...,.fi) . 
Cne,uoBaTeJihHO, <pYHKI{HH X-k H X+k, onpe­

,ueJieHHhie Ha nJIOCKOCTH KaK H(Q), TaK H 

H(-!!), y.uoBJieTBop.lIIOT cooTHorneHH.IIM X-ih) 
= X+k(p{b)) H X+k{b) = X-k(p(b)). 

113 3TOfO H H3 cpopMyn (9) HeMe.uneHHO 

cne,uyeT TO)l(,llecTBo 11:Z {h, !!) = 11~: (b, !!) . 

YIHTerpHpoaaHHe no <pOPMYJiaM (14) H (16) 
,uaeT 

(17) 

r,ue 3HaK nmoc HJIH MHHYC onpe,uen.1:r:eTc.1:r: qeT­

HOCThIO HJIH HeqeTHOCThlO cpyttKUHH \jl A ( fi). 

3. PaC':leTHble 4>opMyJ1hl ,!),JIB KOMDOHeHT 

TeH3OpOB 

IlepeceqeHHe JIY'la c JOHOH ecTb o,uHH 

HJIH HeCKOJibKO OTPe3KOB. B cpopMyne (9) MH­

Terpan no [t.., l+] MO)l{HO 3aMeHHTb Ha CYMMY 

HHTerpanoB no 3THM OTPeJKaM. BHYTPH o,uHo­

ro OTPe3Ka HHTerpa.n 6epeTC.R: aHaJIHTH'•IeCKH. 

JlerKO B-H.D;HO, lffO OH HMeeT BH,U ( 1 - exp 



(-ta))exp(-ta+)lcra., KOTOphrn 6y,ueT o603Ha­

qaThCJI KaK g;5 (h,fi)' ta+ - OnTH'IeCKa.ll ,l],JIHHa 

OTPeJKa OT TO'IKH ta no TOqK_H t+. EcnH nyq rre­

peceKaeT 3OHY HeCKOJibKO pa3, TO g;5 (h fi) 

npe,ucTaBAAeT co6oH C)'MMY no OTPe3KaM. B 

3THX o603HaqeHIDIX cpopMyJiy (13) MO)Kl{O ne-

penHCaTb KaK 

~--------------------, 
H;';. =I_f f X+k(h)g;5 (h,fi)'1'µ(fi)'1' A(n)dhdn. 

7t n H(fl ) 

(18) 

AHaJIOrHqffO MO)Kl{O nepeIIBCaTb cpopMy­

JIY (16), HO B 3TOM HeT Hy')K,l],hl H3-3a BbipIDKe­

HH.ll KOMilOHeHT H vs qepe3 KOMilOHeHThl HSY 

(cM. cpopMyny (17)). <l>opMyJia nm1 pacqern 

KOMIIOHeHT TeH3Opa fi55 IIOJiyqaeTCJI IIpJIMOH 

IIO,UCTaHOBKOH: 

Ht:,H =I_ f f X-, (h)X+k (h)T(r_(h,fi),r+(h,n))'l'µ(n)'l'A(n)dhdfi. (19) 
7t flH(fl) 

Bhrpa)KeHHe ,!],JUI HaµP'>- IlOJJyqeHO B pa6o­

Te [1] B BH,l],e 

Haµp';. =-
1 f f gcxlh,n}vµ{n}vA(n)dhdn.(20) 

4n: fl H(fl) 

CoBOKyrIHOCTh cpopMyJI (17) ... (20) ,uaeT 

BO3MO)Kl{OCTh BhPIHCJIHTh KOMIIOHeHThI Bcex 

'leTbipex TeH3opoB ,um1 TPexMepttoro cnyqa.s1. 

MY yrny 0 BBO,UHTC51 ,l],Jl.ll cpopMyJihI (18) 
BHYTPh CYMMHpOBaHHJI. 

EcJIH HCI1OJlh3OBaTh B Ka'leCTBe 6aJHCHhIX 

cpyttKUHH ccpepH'IeCKHe cpyttmHH, TO cpym<­

UHli 'I' A ( n) COOTBeTCTByeT ccpepuqecKa.ll 

cpyttKUHJI Y,n ( fi) , -i :5 n $ i . B 3TOM cnyqae 

B .UBYMepHOM cn ~----"'-----"-------'-----------------~ 2Kn K"' 21t n / 2 

H;'>- = ' 1 f 'l'n(cp)'lfm(cp) f L f g;pf-il(cos0)Plm1(cos0)sin
20d0dpdq> 

7t O l.(q,) I 0 

r,ue cpyttKUHH 'I'µ (n) COOTBeTcTByeT ccpepH­

qeCKa.ll cpyttmH.ll Yt ( n); - i::; n::; i ; 

fi = ( COS <p, Sin q>, 0) ; p - Ha'l.aJibHa.ll TO'I.Ka 

nyqa Ha npoeKUHli OilHCaHHOH ccpepbl ua IlJIO­

CKOCTh XOY; t(p, cp) - onn1qecKliH IIYTh OT 

TO'I.KH r_ no TO'IKH r+ COOTBeTCTBYJOlUHX h = 
= (p, O); plnl ( cos 0) - noJIHHOM Jle)KaH,upa 

( 

( 

)

0,5 
2(2i+l) i+n)! 

CTerreHH n · Kn = ------ - K03rh-
' I (i-n)t 'f' 

<pHUHeHT rrpH ccpepH'IeCKOH cpyttKUHH [ 1]. 

<l>yttmH.ll g'; (h, Q) cpaKTH'leCKH 3aBHCHT 

OT cp, p H exp(-t/ sin0). B [ 1] IIOKaJaHO, qTQ 

plnl ( cos 0) sin 2 0 B .UBYMepHOM cnyqae CBO­

.UHTCJI K CYMMe CTeneHeH OT sin 0 BH,l],a 

sin"+2 0 . Tio:nOMY 11p.H HHTerpHpOBaHHH 

Bbipa)KeHHM 

sin"+
29 ( 1-exp ( t 1 /sin 0) }xP(-t1• /sin 0) OHH 

A) t J+ > 0 : Kin+J ( t J+ )- Kin+J ( t J + t J+ ), 

B) 1:1+ = 0: Kin+J (0)- Kin+3 ( tJ, 
rne Kin (i:) -cpymaurn bHI<JIH 11op.s1,uKa n. 

4. CooTHOWenue J].JIH cyMM K0MD0HeHT 

ITpe,uIIOJIO)K}IM, 'ITO CHCTeMa He JIBJUleTCJI 

COBepIUeHHO 6eCKOHetJHOM. KaK H paHbIUe, 

6y,ueM C'IHTaTh, 'ITO Jiyq, ,l],OCT~THYB rpaHHUhI 

KOHTeHHepa C rpaHH'IHbIM ycJIOBHeM CHMMeT­

pHH, npO,UOJI)KaeTCJI no Tex rrop, IIOKa He BhIH­

,ueT Ha HCTHHH)'lO rpaHliUY r k, KOTOpOH. COOT­

BeTCTByeT 6enoe OTPa)KeHHe c aJib6eno. 

TipOHHTerpHpyeM Bbipa)KeHHe (20) B,UOJih 

nyqa no rpaHHUhI r k· TipoHJBe,ueM JaMeHy ne­

peMeHHhIX HHTerpHpOBaHHJI, HO yqTeM, 'ITO 

nepece'-leHHe nyqa c CHCTeMOH MO)KeT 6hITh 

KOHe'IHbIM: 

CBO,l],SITCJI K O.l{HOMY H,-3_.l{B~iyx.__CJI_:Y'f,__:a_e_B_: ------------ ----, 
I 

4n:Haµp'>. =ff f Xp(x+nt)T(x,x + nt)\lfµ{!l}ll/A(n)dtd.Qdx , 
z. n o 
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r.ue r+(x, !l) = r+ = x + !lt+. 
IlpOC}'MMHpyeM IIOCJlC)lHee paBCHCTBO no 

p C BeCaMH O'p , IIOJlY'fflTCji Bhipa)Keirne 

'· 41tL crflHo.µfl, =ff \jl in )Iv,.( n )J dT( x, x + n, 'yl!ldx = 
fl z. n o 

z. n 
C.i:tenaB attarrorJPrnyro 3aMeHy rrepeMeH­

HhIX B cpopMynax )lJljl TCH3opa Hvs H npOCyM­

MHpOBaB no k, rronyqHM 

1t LH::UCi. =ff \jlµ (!!)\j/i. (!!)T(x,r+)d!la'x. 
k 

Cno)KHB o6e cpopMYilhl, nonyqHM 

LcrflHa,,p>. +.!. rn;,. = Va8µ>.. (21) fl 4 k 

AHarrorHllHO ocymecTBn,reTc,r 3aMeHa ne­

peMeHHhIX HHTerpHpOBaHM )lJljl KOMITOHCHT 

H,;fl,. TCH30pa: 

,. 
4nH:i1.. = f ds f '1'11 (!!)'1',.(!!)(!l,-n(s))f T(s,s+!lt)Xp(s+!!t):itd!l. 

r, S_(s) 1_ 

CYMMHPOBaHHe no p c BCCaMH crp )laeT 

4n LcrflH;:fl,. = f ds f '1'11 (n)'l'i. (!! )(!!,-n)(l -T(r_,rJ )d!l. 
fl r, S_(s) 

C .upyroH CTOpOHhl, TaK~ )KC 3aMeHa )laeT 7t LH,~,. = f ds f 'I'µ (n)'I',. (n )(n,-n )r(r_,r+)d!l. 
k r, S_(s) 

Cno)KHB o6a paBeHcTBa, nonyqHM 4 IcrflH;;,. + LH~,. =.!.ff '1'11 (n )'I',. (!!)(!!, -n ):isd!l = s,8µ>.. 
fl k 1tr,s_ 

5. AllaJIHTH'leCKOe HCKJIIO'leHHe 

nosepXHOCTHblX IIOTOKOB 

YpaBHCHHjl (13) H (15) MO)KHO CBCCTII K 

<popMe ypaBHCHM (4). ,[(m1 :noro 3anHI1ICM HX 

B MaTpHllHOM BH)le. YpaBHCHHe (13) B 3TOM 

cnyqae BbITJljl)lHT KaK 

Jout = pvs X q + pss X J'" , (22) 

f.L{C 3JICMCHThl BCKTOpOB Jout , J'" , q 3anHCbl­

BaJOTC,r B BH)lC J:t = /,,";:1 - BhlXO)ljllllHH TOK, 

J;~ = /,,i~ - BXO.lVllllHH TOK, q k>. - BCKTOp HC­

TO'IHHKOB. 3neMCHTbl MaTpHU onpe,llCilCHbI 

CJIC.L{YJOIIJ.HM o6pa30M: 

P~,_ =H;~,_/sk, P,;:u =H,~,./sk. 
YpaBHCHHC 

cfl). =; (rHaµfl>.qaµ + In;fl,./,µ) 3anHillCM 
fl aµ /µ 

B BH.L{C 

C = P X q + psv X J'" , (23) 
r)le BCKTOp C H 3IlCMCHThl MaTpHU 3anHCbIBa­

JOTCjl TaK: C - BCKTOp CKOpOCTH CTOJIKHOBC-

HHH, ~µfl'>.= crflHaµfl)./~' P,;,. = crflH,:vfl'>. /vfl. 

8 

YpaBHCHHjl (22) H (23) CBK)KCM o6o6rn.eHHbIM 

ycnOBHCM OTpa)KCHIDI 

i" = AxJou1
, (24) 

r.i:te A - o6o6meHH~ aJih6e.LtH~ MaTpHlla c 

3JICMeHTaMH a,µk>. . 

lfoKJIJOtJHB H3 ypaBHCHHH (22) .. . (24) TO­

KH, nonyqHM ypaBHeHHe, coBna.uaromee no 

<pop Me c ypaBHCHHCM ( 4 ), C = pw x q , r.ue o6-

o6rn.eHH~ BCpOKTHOCTb pw 3anHCbIBaeTc,i: 

pw =P+ PsvxAx(E-PssxAf xPvs_ (25) 

B o6meM cnyqae B arrh6C)lHOH MaTpHUe 

MO)KHO nocTaBHTb arrb6C)lHbie ycnOBH'1:, CB'1:-

3bIBalOIUHC He TOJlbKO BXO.l{HOH H BhlXO)lHOH 

TOKH Ha O)lHOH rpaHH, HO H CB.ll3aTb BXO)lHOH 

TOK Ha O)lHOH rpaHH C BhIXO)lHblM TOKOM Ha 

.LtpyrOH rpaHH. 3TO n03B0AACT 3<p<peKTHBHbIM 

o6pa30M yqHThIBaTb B3aHMHOe BJIHJIIDle pa3-

JllilfHbIX ,i:qeeK B noJI.ID£lICHKe. B crryqae 6eno­

ro OTpa)KeHHjl Te 3JieMeHThl MaTpHUbI A , KO­

TOpbie COOTBeTCTBYJOT HeHyneBbIM MOMeHTaM, 

CTaHOB'1:TC'1: paBHbIMH 0. 
3aMeTHM, tJTO B crryqae CHCTeMbI c O)lHOH 

rpaHHUeH H ycnoBHeM 6enoro OTpa)KeHH'1: 

Bbipa)KeHHe (25) nepeXO)lHT B H3BCCTHYJO 



q>opMyny Jlllil pacqeTa eepO.slTHOCTH c 6eJibIM 

OTJ)a)l(eHHeM 

pa; = pall + Prisv aPavs / ( 1 - p ss a). 

3aKJIIOlfeHHe 

I1011yqeHHhie B CTaTbe <POPMYJibI no cpaB­

Hemno C 6011ee paHHHMJ,f pa6oTaMH IlO3BOJUI­

IOT HCilOJlb3OBaTb ycJIOBH.sl 6e11oro OTPa)l(eHH.sl 

BMeCTe C yrJIOBbIMH 3aBHCHMOCT.slMH H pa36H­

eHHeM rpaHHU Ha yqaCTKH. I1pH 3TOM nonyqe­

Hbl Bee o6o6II{eHHR ycJIOBHH 6anaHca u CHM­

MeTJ)HH, H3BeCTHbie .[{JI.sl 6eCKOHeqHbIX CHCTeM 

HJIH cucTeM c ycnoBIDlMH YTe'IKH. 

Y cnoeue 6e11oro OTPa)l(eHH.sr qacTo npu­

MeH.sreTc.sr npu pacqeTe .srqeeK 11 nonHRtieeK. 

Xorn OHO He coorneTcrnyeT ID1KaKOH pea11b­

HOH CHCTeMe, OHO CJI~HT xopOllIHM npH6JIH­

)l(eHHeM JlJI.sl JlOCTaTO'IBO O)lHOpO.[{HbIX CHC­

TeM, B KOTOpbIX nOTOK HeHTPOHOB Ha rpaHm.(e 

Mano OTJIH'IaeTc.sr OT H3OTPOnHoro. KpoMe To­

ro peaJibHOe yrnoBoe pacrrpeL{e11em1e noToKa 

Ha rpaHHUe HeH3BeCTHO. 3To rrpH6JUl)l(eHHe 

paHee HCnOJib3OBaJIOCb npH pacqeTe UHJIHH.[{­

pH3OBaHHbIX H'JeeK. 3TO 061,.srCH.slJIOCb TeM, 

'ITO rpaHHqffbie ycJIOBH.sl, nonyqeHHbie H3 .[{BH­

)l(eHHH HJIH OTPa)l(eHHH TPeXMepnoro npocT­

paHCTBa, He MOrYT 6bITh COITOCTaBJieHhI UH­

JIHH.[{pH'IeCKOH rpaHHUe 6e3 eme 6011ee rpy-

6b1x npH6JIH)l(eHHH . .[(eHCTBHTeJibHO, HHKaKa.sl 

JlHCKpeTHa.sl rpyrrrra H3OMeTPH'IeCKHX npeo6-

pa30BaHHH B TPeXMepHOH reoMeTPHH He MO­

)l(eT HMeTb UHJIHH)lp B Kaqecrne q>ynJlaMeH­

TaJibHOH 0611aCTH. 

I1pu6JIH)l(em1e 6e11oro OTPa)l(eHH.sr xopo­

llIO 3apeKoMeH.IlOBano ce6.sr JlJI.sl pacqeTa Bepo­

.srTHOCTeit B ITOJU[,Slqeefucax, H36aBJI.slR OT Heo6-

XO)lHMOCTH npOBO.[{HTb Jl}"IH 3a npeJleJil,I KOH­

TeHHepa. Bcne.[{CTBHe noro BpeMR pacqern 

TeH3opa onepaTopa nepeHoca CHJibHO j'MeHb-

1IJaeTc.sr. KpoMe Toro, npu npHMeHeHHH 6eno­

ro OTJ)a)l(eHHH H JlBOHHbIX nyqeit o6ecrretJH­

BaeTc.sr TO'IHOe BbIIlOJIHeHHe ycJIOBHH CHMMeT­

pHH TeH3opa KaK B KJiaCCH'ieCKOM cnyqae IIJ]O­

CKHX IlOTOKOB, TaK H rrpH HCilOJib3OBaHHH pa3-

J10)1(eHHH no yrnoBbIM rapMOHHKaM. BBe.[{eH­

HOe e L{aHHOH pa6oTe pa36HeHHe rpaHHUbI Ha 

CKOJ1b yrOJlHO MeJIKHe yqacTKH o6ecne<mBaeT 

BO3MO)l(HOCTb yqeTa HeOL{HOpOJlHOCTH no­

BepXHOCTHbIX ITOTOKOB ua pa3JJH'IHbIX yqacT­

Kax rpaHHUbI. 

Pa6oTa BbinOJIHeHa npH IlOJl.[{ep)l(Ke rpaH­

Ta P<l><l>H N!! 07-08-13648 O<l>HQ. 
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Y.L(K 621.039.5 
PacqeT BbU'Op3HHH qepuoro norJIOTHTCJIH ueiiTpOHOB 

M. C. lOOKe6u'l, 
PHU "KyptrnTOBCKHH HHCTIHyr", 123182, MocKBa, rrn. KypqarnBa, 1 

TiocTynm1a B pe.uaKUmo 27.04.2010 r. 

O□HCbIBaeTCSI MeTOAHKa pac'-leTa BbLropaHHJI TOnJlHBa H CHJlbHOro nornOTHTenSI HeirrpOHOB B Sl,!1.epHOM 
peaKTope. ITpe.unaraeMbIH MeTOJJ. no3eonsier o6oHTH TPYJJ.HOCTH, cesi3aHHbte c reTeporeHHOH 6noKHpOBKOH 
ce'-!eHHJI nornomeHHSI. 3cp<peKTHBHOCTb MeTO.na .neMOHCTpHpyercsi Ha npHMepe. 

Kmo'le6ble CJ1oea: peaKTop, Bbtropam1e, rereporeHHbIH nornOTHTenh. 

Burn-up Calculation of a Black Neutron Absorber. M.S. Yudkevich, RRC "Kurchatov Institute", 1, 
Kurchatov Sq., Moscow, 123182. The method of a fuel and strong absorber bum-up calculation is described. 
The method proposed allows avoiding problems related with heterogeneous blocking of absorber cross sec­
tion. The example illustrating method efficiency is provided. 

Key Words: Reactor, Bum-up, Heterogeneous Absorber. 

Bse.neuue 

O.uua H3 3a.uaq HeihpOHHO-cpH3H"ieCKOro 

pacqeTa peaKTopa - nporHo3HpoeaH.He H3Me­

HeHIDI B rrpouecce KaMnaHHH H30Tonuoro co­

cTaea ero .uemuu.HXcsr H nornomaroru.HX MaTe­

pHanoB H Bhl3BaHHoro 3THM H3MeHeHHSl 3cp­

cpeKTHBHOro K03q>q>HUHeHTa Kerr pa3MHO)Ke­

HHSI: eeHTPOHOB. B pa3HhIX uayquhIX oprauH-

3aum1x pa3pa60TaHO HeCKOJihKO rrporpaMM­

HhIX KOMIIJleKCOB, pernaIOIIJ.HX 3TY 3a,naqy C 

rrpHMeueuHeM MeTo.ua MouTe-Kaprro, uanpH­

Mep, MCU-REA (PHI.J. "KM") [l] H CONKE­
MO (fHll. P<l>-<1>311) [2]. 3TH KOMnJieKCbI .ua­

IOT npeUH3HOHHOe perneuHe .UJI.ll pa3MHO)KalQ­

meu HeHTPOHhl CHCTeMhI npOH3BOJlhHhIX reo­

MCTPHH 11 coCTaea. 
O.uuaKO eCTh npaKTH"ieCKH Ba)KHhlli crry­

"iaH, Kor.ua ,ll;a)Ke .UJISl cpaBHHTeJibHO npOCThIX 
BapHaHTOB pacqeT 3aHHMaeT O"ieHh MRoro 

BpeMeHH. TaKasr CHTyauHSl HMeeT MecTO npH 

e:cnorrb3oBaHHH B KOHCTPYKUHH peaKTopa Jrre­
MeHTOB C 60J1hllIHM Ce"ieHHeM nor11omeHHH 

HeHTPOHOB ("qepm.rn IlOrJIOTHTeJrh"). B CTa­

The OilHChIBaeTCH aJihTepHaTHBHaSI: MeTO.UHKa 

pacqeTa CHCTeM C CHJlhHhlM norJJOTHTeJJeM 

HeHTPOHOB, KOTOpasr 6e3 noTepH TO"iHOCTH pe-
3YJ1hTaTOB Kap,nHHaJlhHO COKpamaeT pacqeT­

uoe epeMsr. MeTO,IJ;HKa nporpaMMuo peanH30-
eaua B MCU-REA, uo MO)KeT 6hITh npHMeue­
ua H B .upyrnx rrporpaMMax. 
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1. CTaH.llapTHaH MeT0.QHKa pac'leTa 

KHHeTHKH H30T0DH0ro C0CTaBa 

PaccMaTPIIBaeTCH CHCTeMa H3 HeKOTOporo 

'IHCJla MaTepHaJIOB H3BeCTHOro COCTaBa, BO 

Bcex HJlH B qaCTH KOTOphIX HMeIOTCH .nerrmuH­

ecsr H30TOIThl. KaK npaBHJlO, 3TO cpparMeHT pe­

aI<Topa (srqeiiKa, rrorrHS1:'leiiKa, KacceTa BB3P, 

Kauan P£MK) mm peaKTop ueJJHKOM. B 
.UaJibHeiimeM .UJISl npOCTOThI Ha30BeM JTY CHC­

TeMy peaKTOpOM. 

B pe3yJlhTaTe pa3.Jlli'l'IHbIX peaKUHH ueih­

poua c sr.upaMH H pacrra.ua pa.u1rnaKTHBHhIX 

npO.UYKTOB peaKUHH H30TOITHhlli COCTaB MaTe­

pHaJIOB MeH.Sl.eTC.ll BO epeMeHH. 3a.uatJa COCTO­

HT B TOM, 'IT06hI onpe,neJJHTb COCTaB B 3a,IJ;aH­

HOe BpeMsr T rrocne uaqana 0611yqeuHH. 

Ey.ueM C"iHTaTh, "iTO peaKTop pa6oTaeT ua 

IIOCTO.llHHOH MOIIJ.HOCTH P. 3TO ue .llBJJ.lleTC.ll 

orpaHH"ieHHeM, IlOCKOJibKY KaMIIaHHSl peaKTO­

pa ecer.n;a .uenHTc.si: ua OTPe3KH c nocTO.llHHOH 

MOIUHOCThIO. 

IlpHCBOHM Ka)K)];OMY H30TOIIY IIOp.ll.UKO­

Bhlli HOMep i " o603Ha"iHM ero KOHIJ.eHTPa­

UH.IO C, - co.uep)KaHHe sr.uep B e.uHHHUe 061,­

eMa. B Ka)K)];OH TO'lKe npocTPaHCTBa 3aBHCH­

MOCTh KOHUeHTPaIJ.HH H30TOITOB OT BpeMeHH 

OITHChIBaeTC.ll cne.uyromeii CHCTeMOH ypaBHe­

HHH: 



3)lee1, <I>= J f(E)dE - noTOK HeiirpoHOB, 

f{E) -ero 3HepreTH'IeeICHH eneKrp; 

(1) 

CJ
1
, =(fCJP(E)f(E)dE)/<l> O.llHOrpyrrnoBoe 

eeqeHne HJOTOITa j e o6paJOBaHHeM H3OTOIJa i; 
A.Ji - eKopoeTh paerra)la H3OTOna j e o6paJOBa­

HHeM H3OTona i. 
CReTeMa ypaBHeHHH ( 1) )lOilOJIIDleTe.Sl ye­

JJOBHeM HOpMHpOBKH noTOKa HeHrpOHOB Ha 

MOlUHOeTh P= fI(CJ E c) <l>dr , r)le (E1); -
i j j I 

:meprH.Sl, BhI)lemnowrui:e51 npu )leJieHRH .SIJlPa i. 

• paeqeT npoerpaHeTBeHHo-:mepreTH1IeeKo­

ro paerrpe)leJieHH51 HeHTpOHOB B peaKTope 

rrpH HJBeeTHOM HJOTOnHOM eoeTaBe JOH; 

nonyqeHHe epe,znmx no JoHaM JHa'IeHHH 

IIOTOKa HeHrpOHOB H rraprmanhHhIX eeqe­

HHH H3OTOilOB. 3Ty npoue.nypy qaeTO Ha-

3bIBa10T "paeqeT eOCTO.SIHH.Sl"; 

• paeqeT H3OTOIIHOro coeTaBa BhlrOpa10wux 

JOH B KOHile BpeMeHH6ro mara, KOr)la H3-
BeeTeH coeTaB B Haqane mara, a TaK)Ke Ja­

BHeHMOCTh noTOKa H ceqeHHH OT BpeMeHH. 

3TO BhITIOJIIDleT nporpaMMa paeqern BbITO­

paHHH, B MCU-REA - 3TO nporpaMMa 

BURNUP (3]. CxeMa paeqeTa HJIJI10erpu­

pyeTe51 pHe. 1. 

Bee K03q>qnmneHT@ B 
ypaBHemrax (1) (KpOMe 'J..) 
JaBne.si:T OT eneKrpa HeHT­

pOHOB, KOTOpbIH B eBOIO 
oqepe)lb 3aBHeHT OT pae­

npe)leJJeHH51 R3OTOnOB no 

061,eMY peaKTopa. TaKHM 
PHc. 1. CxeMa nornaroBoro pac4eTa H30Tonttoro cocTaBa 

o6paJOM, ypaBHeHH.Sl ( 1) HeJIHHeHHbI KaK no 

KOOp)lHHaTaM, TaK H no BpeMeHH. ,nmi: HX 

JIHHeapH3aIJ;HH uenOJih3YJOT o6hl1Ulb]e )lJI5I 

BbPIBeJIHTeJibHhIX MeTO)lOB npn6JIIDKeHH.Sl. 

Bo-nepBhIX, peaKTop pa36HBaeTe51 Ha reo­

MerpH'IeeKHe 3OHhI, pa3Mep KOTOpbIX )lOeTa­

TO'IBO Man, t:{T06bl B npe)lenax Ka)K)lOH HJ HHX 

MO)l(HO 61,rno npHIDITh, t:ITO <I> H CJ Beex H3OTO­

ITOB He JaBHe.SIT OT KOOp)lHHaT H paBHhI epe)l­

HeMy 3HaqeHH10 no 061>eMy 3OHbl. CooTBeTeT­

BeHHO, 061>eKTOM paeqeTa eTaHOB.SlTe.Sl epe.ll­

HHe no 3OHe KOHUeHrpaunH H3OTOITOB. 

Bo-BTOpbIX, Beeb HHTepBan BpeMeHH T )le­

JIHTe51 Ha N noeJie)loBaTeJihHhIX orpe3KOB (ma­

roB) Ctn-I, tn), to= 0, fN =TH paetieT npoBOJlHT­

e51 noeJie)lOBaTeJibHO "mar 3a maroM". IlpH 

3TOM nonaraeTe51, 'ITO Ha Ka)K)loM mare anpH­

opHo H3BeeTHhI JaBHeHMOeTH <l>(t) H CJ(t). B 

npoeTeiimeM npu6JIH)KeHHH <l> u CJ He JaBn­

e51T OT t H paBHb] 3HatieHH.SIM B Ha'Iane mara. B 

MCU-REA TaIOKe )lorryeKaeTe51 n, KaK npaBH­

rro, npnMeH.SleTe51 mmeHHM JaBHeHMOeTh OT t. 

Iloene mrneapu3auuu ypaBHeHHH (1) Ja­

)laqa Ha Ka)K)lOM mare paena)laeTeH Ha .llBe 

qaen1: 

Ilpu HCilOJil,30BaHIDI peaKTOpHbIX npor­

paMM, oeaoBaHHhIX Ha MeTO)le MoHTe-Kaprro, 

BpeM51 perneHIDI 3a)la'IH ena6o 3aBHCHT OT 

'IHeJia reoMerpHt:IeeKHX 30H, HO npHMO npo­

noprmoHaJibHO 'IHerry BpeMeHHbIX maroB. 3Ty 

BeJIH'IHHY Ha)lO erpeMHTbe.si: YMeHbIIDITh JlJI.Sl 
eoKpameHH.Sl BpeMeHH paeqeTa. 

2. Oco6eHHOCTH BLrropaHHH ypaua 

H norJI0THTeJUI 

PaeeMOTPHM JlJIH rrpHMepa npoeTeiimyro 
no reoMerpKH Ja)laqy - paeqeT BhrropaHH51 

ypaHa u ra}lOJIHHID:I B 6eCKOHe'IHOH no BbieOTe 

meCTurpaHHOH .Sl'IeHKe, norrepe'IBoe eeqeHHe 

KOTOpOH ITOKaJaHO Ha pHe. 2. 
U:eHTJ)aJJhHhIH IIOrJIOWaJOWHH eTep)l(eHb 

eo)lep)l(HT eeTeeTBeHHbIH ra)lOJIHHHH. ~eJI.Sl­

IUHHe51 MaTepuan (TB3JI) eo.nep)KHT ypatt 25-
npoueHTHoro 06orameHID1. MowuoeTh 3Toro 

"peaKTopa" paBHa 0,1 MBT Ha Kr ypaHa. 

Co BpeMeHeM B .n.eJI.S1IUeMe.si: MaTep11ane 

BhirOpaeT 235U, o6pa3YJOTeH H3OTOIIhl nnyTO­

HH.Sl H .npyrnx rpaHeypaHOBbIX 3JJeMeHTOB, Ha­

KannHBalOTeH npOJlYKThl )leneHH.Sl. B norrro­
ma10weM MaTepHane MeH.SleTeH 0THOeHTeJJb­

HOe eo}lep)l(aHHe pa3JIH"t:{HI,JX H3OTOilOB ra)lO-
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TB3Jl 

nornonrrenb 

PHC. 2. r eoMeTJ)HJI wecTHrpaHHOH .llYeHKH 

illlHHH, OOHBllillOTCH 
159Tb H HeCKOfilKO H3OTO­

rrOB .UHCrrpO3HH. 

EcTecTBeHHblH ra,UOJIHHHH co.nep)KHT 7 
CTa6HJibHbIX H3OTOOOB. I-fa HHX 

155Gd H 
157Gd 

HMeIOT oqeffb 6onhrnoe ceqem1e rror11omeHID1 

HeHTPOHOB B TenJIOBOH H pe30HaHCHOH 0611ac­

TIDC JHepr1rn. Co.nep)KaH.He B ecTeCTBeHHOH 

CMeCH KIDK,ZlOro H3 3THX H3OTOilOB 6JIH3KO K 

15 %, a ceqeHHe B TeIIJ10BOH Toqxe paBHO 

npHMepHO 60 u 250 TbTCH'IaM 6apH, COOT­

BeTCTBeHHO. 

B paccMaTPHBaeMOM npHMepe ,uHaMeTP 

rrornom.awm.ero cTepifCHJI BO MHoro pa3 rrpe­

BbIIllaeT .nmrny cBo6o.nttoro rrpo6era HeHTPO­

HOB B HeM, IIO3TOMY CHJlbHaH rrpOCTPaHCTBeH-

:c 
a. 
ro 

15 000 

: 10 000 
C) 

S'! 
IX 
:s: 
:c 
Ql 
3" 
0 

E 
0 

~ 5 000 

I I 

I 

I 

-

I 

I 

I 

HM 6JIOKHpOBKa HeHTpOHHOro IlOTOKa npHBO­

.UHT K TOMY, qTo BbITOpaHl•le rrornomaIOlllHX 

H3OTOilOB rrpOHCXO.UHT B
0 

Y3KOH 0611aCTH, KOTO­

paH .UBH)l(eTCH OT rroBepXHOCTH CTep)l(H}I K ero 

u.eHTPY-

CpaBHHTeJibHbie pac'leTbI 3cpcpeKTHBHOro 

K03cpcpHU.HeHTa Kerr pa3MHO)Kemrn HeHTPOHOB 

IlOKa3aJIH, ~o .llAA IJOJI)'1{eHHJI rrpaBHJibHOro 

pe3y11bTaTa nornom.a10mHH cTep)KeHb c11e.nyeT 

pa36HTb He Mettee, qeM Ha 40 3OH paBHOro 

061,eMa. B TB3Jle 6110KHpOBKa MaJia, 3TOT Ma­

TepHaJI .UOCTaTQqHo pa36HTb Ha 3 3OHbl. Pa3-

Mep BpeMeHHOro rnara He .UOJI)KeH rrpeBbIIIIaTb 

10 CYTOK. 

HeHTPOHbI pa3JIHqffbIX 3Heprnii 6110KHpy­

IOTCH no-pa3HOMY, no3TOMY crreKTP HeHTPO­

HOB, a c11e.noBaTeJll,HO, IlOTOK H O,UHorpynrro­

BOe ceqeHHe 3aBHCHT OT paCCTOHHHH .no u.eHT­

pa cTep)KHJI. KaK ceqeHue 
157Gd B pa3m,rx 

MecTax rrornowa10mero cTep)KHJI JaBHCHT OT 

speMeHH, IlOKa3aHO Ha pHC. 3. 
Pe3yJibTaTOM TaKoro rroBe.neHHH ceqeHHH 

u 6JIOKHpOBKH HeHTPOHHOro IlOTOKa HBJIJieTCH 

CJIO)KHaH KapTHHa npOCTPaHCTBeHHO-BpeMeH­

tt6ro r,acnpe.neneHHJI BbITOpaIOIIJ.HX H3OTOilOB. 

,D;m1 
1 7Gd JTO .neMOHCTPHPYeTCH puc. 4. 

CoBeprneHHO HHaH KapTHHa B .ne.JUlllleMCH 

MaTepHaJie. 3.necb see KpHBbie rna.nKHe H Me.n-

I I I 
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PHC. 3. 3aBHCHMOCTb OT BpeMeHH o6nYt.JeHHJI ceYeHHJI nornomeHH.ll 
157Gd B pa3J1H'!Hb[X YaCT.llX norno­

lllaJOUlero CTeplKHH: R - pa.ueyc CTep)KH.ll, r - BHeWHHH pa,ll,I,f)'C 30Hbl 
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PHc. 4. 3asHCHMOCTb OT speMeHH 06nyqemu1 co.nep)KaHJ-u1 I57Gd B pa:rnHlfHhlX '-laCTID( nornomruomero 

cTep)KIDI: R - pa.neyc cTep)KHSI, r - BHelIIHHH pa.neyc 30Hbl 

JieHHO MeIDIJOTC.11 BO BpeMeHH H npoCTpaHCT­

Be. 

XapaKTepHhie BpeMeHa H3MeHeHIUl KOH­

u.eH-rpai.urn H30TOIJOB B .nellilIUeMC.11 H rrorno­

ruaiorueM MaTepHanax OTJJH'iaIOTC.11 B }leC.IITKH 

pa3. 3To Il03BOJI.lleT Ha cpaBHHTefilH0 6om,­

lllOM rnare npoBOJlHTb pacqeT BbITOpaHIDI ypa­

Ha H norJIOTHTeJI.11 He3aBHCHM0, T.e. npH pac­

qeTe H30TOIIHOro COCTaBa )leJI.11IUeroc.11 MaTe­

pmUia He )"IHTbIBaTb H3MeHeHHe COCTaBa no­

rJIOTHTeJI.11, a rrpH pac'-leTe BhrropattH.11 norno­

THTeJI.11 C'-IHTaTb, '-ITO OH 0611yqaeTC.ll OOCTO.IIH­

HbIM BO BpeMeHH 0OTOKOM HeH-rpOHOB· . 3To 

npH6mrn<eHHe II03BOJI.lleT II0CTJ)OHTb 3K0HO­

MH'-1HyIO pacqeTHYJO cxeMy. 

3. BLiropaune norJIOTHTeJIH s ueiiTpOHHOM 
IlOTOKe CTau;nouapuoro HCTOlfHHKa 

IlycTb HMeeTc.11 nornoma10muiic.11 MaTepH­

a.n, KOTOphIH CO}lep)KHT TOJibK0 He.nerurnJ:HeC.11 

CTa6HJJhHhie H30T0ObI. TaIOKe CTa6HJibHbI H 

H30TOIIbl, o6pa3YJOIUHeC.ll npH 3axBaTe HeHT­

pOHOB. B OKpY)KaIOmeM npoc-rpaHCTBe Ha OT­

pe3Ke BpeMeHH M II0CJie}lOBaTeJThHO po)KJlaeT­

C.11 Nq Heil:-rpOROB, qacn KOT0pbIX 3axBaTbIBa-

• Ha 3T0 HeCK0JlbK0 JJeT Ha3a.u o6panUI BHHMaHlle H 

HCO0Jfb30BaJJ B CBOeH pa6oTe Jl.B. MaHopoe [4] . 

eTc.11 B KaKoii-m1:60 30He nornoTHTeJI.11. IlpocT­

paHCTBeHHoe H 3HepreTH'-lecKoe pacnpe}leJie­

HIDI 3Toro HCT0\ffiHKa HeH-rpOHOB IIOCT0.IIHHhl 

BO BpeMeHH. Tpe6yeTC.ll HaHTH cpe)lHHH 110 

o6beMY H30TOilHbIH COCTaB Ka)KJlOH 30Hhl B 

KOHI.le o6nyqeHH.ll. 

MeTO.llOM MoHTe-Kapno 3TY 3a}laqy MO)l(­

H0 pe1m1Th CJJe}lyi<>lllHM o6pa30M. Cnyqaii­

HbIM o6pa30M BhI6epeM Ha'-laJJhHbie KOOp.llHHa­

TbI H 3HeprHIO HeH-rpOHa HCTO'iHHKa, pa3bITpa­

eM ero HCT0pHIO H qJHKCHpyeM, B KaKOH 30He 

H Ha KaK0M H30T0IIe OH norn0THJJC.11. 

Ecm1: Heii-rpoH nornoTHJJCH Ha .11.llpe H30To­

na HOMep i, 3T0 .IIJlP0 HC'-le3JIO H BMeCT0 Hero 

IIOHBHJIOCb .ll.ll£0 H30Tona H0Mep j (B CJJ~ae 

ra}l0JIHHH.11 
15 Gd nepeXOJlHT B 

156Gd, 1 6Gd 
nepexo}lHT B 

157Gd H T.Jl.). B pe3y11bTaTe B 30-

He, r}le npoH30lllJJ0 nornomeHHe, K0HD:eu-rpa­

U.H.11 H30TOIIa i }'MeHblllHJiaCb Ha Benwnrny 

8C = 1/V, a Kouu.ee-rpaIJ.H.11 H30Tona j YBeJIH­

'-IHJJacb Ha TY )Ke BeJIH'illHy. 3}leCb V - o6beM 

30Hbl. OTMeTHM, qTo 3Hal.JeHHe OC O,llHHaKOBO 

}lJI.11 Bcex H30TOII0B 30Hbl H He 3aBHCHT OT KX 

K0HUeH-rpau.1m. 

TaKHM o6pa30M, 0KOHqaHHe HCTOpHH 

Heil:-rpoua conp0B0)KJlaeTC.11 H3MeHeHHeM H30-

TOIIH0f0 COCTaBa TOH 30HbI, r}le O}! norJJOTHJJ­

C.11. McTOpH.11 c11e}lyi-olllero Heitrpona pa3bITphI­

BaeTc.11 B CHCTeMe C HOBblM MaTepHaJJhHbIM co-
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~ 
I 
I 
I 
I 
I 

<l>(tn-1) 
a(t,,_,) 

Kcff 

) 

,D.OBaTeJibHhIX OTpe3K0B 

(tn-1, tn), HO Tenepb M0)K­

HO HCIIOJib30BaTb MH0f 0 

66JiblllHH mar, IIOCKOJib­

KY OH orrpe,D.eJUleTCH 

TOfilK0 CKOpOCTbIO BbirO­

paHH.SI ypaua, a He no­

rJIOTHTeilll. 

I I 

Ha K8)K,LI.OM OTpe3Ke 

BpeMemt: Mn pacqeT H30-I I 

•-----------------------------------------<E----------------------------· 
TOIIHOfO COCTaBa TB3Jia 

PHc. 5. CxeMa He3aBHCHMOrO pacl.fera H30TOOH0ro COCTaBa )J.eJUlll.lHXCSI H H IIOfJI0THTCJUI npOBO-
nornomatOLUHXCSI MaTepHaIIOB 

CTaB0M_ ITocne p03bITJ)bIIIJa 11ocne,D;Hero HeHT­

poua 3a,D;aqa perneua. 

B cnyqae peaKTopa HCTO'IHHKOM HCHTpO­

HOB CJI)')KaT HCHTpOHI,I JlCJieHH.SI ypaua H Jlpy­

fHX JlCJUIIUHXC.SI H30T0IIOB. 

Ka)KJloe ]lenemre .Sl]lpa conpoBO)KJlaeTc.H 

BbI,D;eJieHHeM JHeprnH E1 ( cpe,D;HHM no JlCJI.SI­

IUHMC.SI jlJlpaM) H po)KJleHHeM V HCHTpOHOB. 

MoIUHOCTb peaKTopa M0)KeT 6bITb IIOCTOj{ff­

HOH BO BpeMeHH, TOJibKO eCJIH KOJ!p!pHUHCHT 

pa3MHO)KCHH.SI HCHTpOHOB Keff = 1. IToJTOMY 

6y.LJ;eM paccMaTpHBaTb He peaJibHy'IO CHCTCMY, 

a ycJIOBHO-KpHTHqecKyio, Jlilll qero BMCCTO V 

6y]leM HCIIOJll,30BaTb BCJIH'IBHY v/ Keff - 3TO 

06bJqffbIH npHeM B rrpaKTHKe peaKTOpHbIX 

pacqeToB. 

IlpH pa6oTe peaKTopa Ha IIOCTOj{HHOH 

MOWH0CTH p B Teqem1e BpeMeHH M pO)K,D;aeT­

C.SI Nq ueHTpOHOB. <l>opMyna Jlilll Nq oqeBHJl-

Ha: Nq = P/1t _::_. 
El K.rr 

O1llfCaHHhIH MeT0Jl pacqera H30TOilHOfO 

COCTaBa BbITOpa10ruero rrorJIOTHTeJI.SI peaJIH30-

BaH B rrporpaMMe MCU-REA, .D.JI.SI qero HaIIH­

caHa crreuHanbHM IIO.D.IIporpaMMa USER. Oua 

OTCJie)KHBaeT Koueu HCT0pHH K8)K,LI.Of0 HCHT­

poua H, eCJIH HCTOpH.SI KouqaeTC.SI B 30He 110-

rnomaromero MaTepHana, HJMelij{eT B uei1: 

KOHUeHTpaUHH H)')KHhIX H30TOil0B. 

4. KoM6HHHpOBaHHLIH paC'leT BLiropaHHH 

BhIIIIeCKaJaHHOe Il03BOJIHJIO pa3pa6oTaTb 

JKOH0MH'ffi)'JO C ToqKH 3peHH.SI 3aTpaT BpeMe­

HH nporpaMMY pact.J.ern BhITOpaHH.H ]leJU1mero­

c.S1 MaTepHana H IIOrJIOTHTeJI.SI. 

KaK u B CTau.D.apTHOH MeTOJlHKe, BpeMj{ T 
pa60TbI peaKTopa pa36HBaeTC.SI Ha N IlOCJie-
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,LI.HTC.SI no pa3HbIM anro­

pHTMaM. CxeMa pact.J.eTa II0KaJaHa Ha pHC. 5. 
OIIHllICM ee. 

l_ Ilo rrporpaMMe MCU npoBOJlHTC.SI pacqeT 

COCT0.SIHH.SI peaKTopa C MaTepHaJibHbIM COCTa­

BOM B uaqane rnara t = tn-1; Bhl'-lHCJij{IOTC.SI Kerr 
H cpe,D;HHe 110 30HaM IlOTOKH HeHTpOHOB H 

ceqeHH.SI H30TOIIOB. 

2. C rroMOlllhIO nporpaMMbI BURNUP Bbl'IHC­

n.HeTc.H COCTaB TOJibKO ypauco.uep)KamHx 30H B 

KOHUe mara ( = f n. 

3. MeTO.D.OM MouTe-Kapno M0,D.eJIHpyioTcH 

Nhist HCTOpHH HeHTpOHOB. ,[{ml JT0ro BTOpuq­

HO IIpHMelij{eTcH 11porpaMMa MCU, HO Ha 

JTOT pa3 Jl0ilOJIHeHHaH IIOJlIIporpaMMOH 

USER. B pe3yJihTaTe orrpeJJ;eJI.HeTCj{ cocTaB 

30H IIOfJIOTHTeJIH B KOHUe mara ( = tn. 
4. BcnoMoraTeJihHM rrporpaMMa CBO.D.HT pe-

3YJibTaTbI rrn. 2 H 3 H IIOJlf0TaBJIHBaeT HCX0Jl­

Hbie )J;aHHbie Jlilll CJieJJ;yioIUero BpeMeHH0fO 

rnara Ctn, tn+ 1). 

OTMeTHM, qyo BMecTo MCU M0)KeT 6b1Th 

HCIIOJib30BaHa JII06a.H Jlpyra.H rrporpaMMa pac­

qeTa HeHTpOHHO-!pHJHqecKHX xapaKTepHCTHK 

peaKTopa MeTO.llOM MouTe Kapno, a BMecTo 

BURNUP - .D.pyraH rrporpaMMa BhrropauH.H_ 

B n. 3 MO,D;enHpyioTc.H Nhist HCTOpHH uei1:T­

pouoB. 3HaqeHHe Nhist HHKaK He CB.HJauo c 

HCTHHHbIM 'IBCJIOM HeHTpOHOB, pOJlHBllIHXC.SI 

3a BpeMj{ Mn, H M0)KeT 6hITb Ja.nauo JII06bIM, 

JIHIIIb 6bl OHO 6bIJIO JlOCTaTO':IHO 60JibllIHM, 

qTo6hI o6ecrreqHTb CTaTHCTH~ecKyio Jl0CTO­

BepHOCTb pe3ym,TaTOB. IloJTOMY K8)K,LI.OMY 

MOJJ;eJrnpyeMOMY HeHTpOHY npIDIHCbIBaeTCH 

Bee W = Nq I Nhist H nocne nornomeHH.H Heii­

TpOHa B 30He C o6beMOM V .Sl]lepHbie K0H­

ueurpauHH napbl H30TOII0B MeHHIOTC.SI TaK: 

Pru v 1 
C, ➔ C, - /1C, CJ ➔ CJ + t:::.C, t:::.C = -KV­

Ef elf 
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Bb1ropaH1o1e, MBT·cyn<wKrU 

PHc. 6. CpaBHeHHe p3.3Hb!X MeTO)lOB pactfeTa BblropaHIDI ypaHa H fa)lOnHHHR Ha npHMepe ll"leHI<H 
(BbiropaHHe 1 MBT·cyrKHIKrU JlOCTHraeTCR 1¾epe3 10 cyroK nocne Hatfana pa6oTbI peaKTopa) 

,[(ml .aeMOHCrparurn 3<p<peKTifBHOCTH ope.a- ABTop npH3HaTeJieH M.A. KanyruHy H 
JiaraeMOH KOM6HHHpOBaHHOH cxeMbI paCCMOT- C.B. Map1rny 3a OJIOJJ,OTBOpHOe o6c)')Kl(eHHe 
pHM pacqeT Kerr .srqefurn, OOKa3aHHOH Ha pHC. pe3ym,TaTOB H aKTHBHyID DOMOIUb B npoBe,lle-
2. Pe3yJibTaThI, nonyqeHHhle pa3HhlMH MeTO- mrn pacqeTOB. Pa6oTa BbillOJIHeHa IIpH IIO.U-
JJ,aMH, JJ,aHhl Ha pHc. 6. .n.ep)KJ(e OAO "OKEM A<l>PlfKAHTOB". 

Cnnournru1 KPHBaJI nonyqena no CTaH,Uap­
THOH MeTO.ZlHKe c pacqeTHbIM rnaroM 10 cy­
TOK. ,[(ml 3TOro no1-pe6osanuc1, 180 o6pame­
HHH K peaKTOpHOH nporpaMMe, 3aHHMaIOIUHX 
OCHOBHOe BpeMJI pacqeTa. Tolf.KH nonyqeHbl 
no KOMfornHpOBaHHOH MeTO.UHKe C pa3HbIMH 
maraMH. 

Ilpu6rrH)KeHHbIH KOM6HHHpOBaHHhlH Me­
TO.ZJ. npH mare dT = 200 cyr .n.aeT nprucrHqecKH 
Te )Ke caMhle 3Haqemui: Keff, qTo H 
CTaH.UapTHblH, npu 10-KPaTHOM BbIHrpbIIIIe BO 
BpeMeHH cqeTa. Bo3MO)KHOCTb yseJIJ1qeHID1 
pa3Mepa mara H TeM caMbIM .ZJ.aJibHeiirnee co­
KpameHHe speMeHH cqeTa onpe.n.eIIJ110Tc11 rpe-
6osaaueM K TOqttOCTH pe3yn1>TaTa. 

3aKJiro11enue 

Ilpe.n.naraeMaJI MeTO.ZJ.HKa pacqeTa B1>rropa­
HH11 CHJibHOro reTeporeHHoro OOrIIOTHTeJIJI 
Kap,Z1.HHa.JlbHO COKpamaeT BpeMJI pa60Tbl rrpor­
paMM, npHMeIDl:IOIUHX MeTO.ll MottTe KapIIo. 
MeTO.ll peaIIH30BaH B rrporpaMMe MCU-REA, 
tJTO .llaJIO B03MO)KHOCTb HCIIOJib30BaTb 3TY 
rrporpaMMy .ZlJIJI MaCCOBbIX npoeKTHbIX pacqe­
TOB. 
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Y)U( 621.3.002 
BbiropaHne ponuenoro M3 B BB3P-1000. 

MeTOUHKa onpeneJieHHH JIHBeiiHoro JHeproBblAeJieHHH no noKa3aHHHM M3 

A.JO. Kyp'le1tK06, 
PHIJ; "Kyp'IaToBcKHii HHcnnyr", 123182, MocK.Ba, nn. Kyp'IaToBa, 1 

IloCTynHJia B pe.uaKllmo 19.02.2010 r. 

OnHcbrnaeTCSI MeTOJ.J.HKa onpeJ.J.eJieHH.SI JIHHeaHoro :meproBbUJ.eJieHHSI Tennosb1J.J.eJIS110ll.leH c6opK11 (TBC) 
BB3P B MecTe pacnoJIO)l(eHHSI poJ.J.HeBoro J.J.eTeKTopa npsiMoro 3apsiJ.J.a (,[{I13). YTottHJleTCSI 3aBHCHMOCTb 
Bb1ropaHHJ1 ,[{I13 OT npoTeK11Jero ttepe3 Hero 3apsrJ.J.a. 

K.11101/e6ble CJI06a: J.J.eTeKTop npSIMOrO 3apSIJ.J.a, CHCTeMa BttyrpHpeaKTopHoro KOHTPOJISI. 

A Rhodium Self-Powered Neutron Detector (SPND) Burn-up in VVER-1000. The Method of Line­
ar Power Definition by SPND Reading. A. Yu. Kurcltenkov, RRC "Kurchatov Institute ", 1, Kurchatov Sq. , 
Moscow, 123182. This article is described a method of VVER fuel assembly linear power definition in the vi­
cinity of rhodium SPND location. It is specified here a SPND bum-up dependence on the integral charge. 

Key Words: Self-Powered Neutron Detector, In-Core Noise Diagnostic System. 

Bse,llenne 

B OTJIH'IHe OT BCex pacqeTHbIX nporpaM­

MHbIX KOMTIJieKCOB, HMIITHp)'IOUIHX pacnpe.ue­

rreHHe 3ReproBhI)J.erreHllil B 30He peaKTopa, 

nporpaMMHoe 06ecne1JeHHe (ITO) XopTHI.{a-M 

[1, 2] onHpaeTCH rrpH BOCCTaHOBJiemrn 3Hep­

rOBhI)J.eJieHllil B 3OHe TOJibKO Ha ITOKa3aHHR 

J:(TI3 C HCilOJih3OBaHHeM MeJIKOCeTO'IHOro 

HeHrpOHIIO-cpH3H'IeCKOro pacqera H KpyTIHO­

CeTO'IHOfO .UJIR HHTepnommHH norreH HeHrpo­

ROB B KacceTax, He co.uep)KfilllHX .L(TI3. B CBH-

3H C 3THM npaBHJihRaH HHTepnpeTal.OUI IlOKa-

3amrn J:(TI3, a KOHKpeTHo cpYJIK.rnrn nepexo.ua 

OT TOKa J:(TI3 K JIHHeHROM)' 3HeproBhl,lleJieHmo 

(.uarree K03cpcpmmeHThl 'I)'BCTBHTeJihHOCTH) 

TB3JIOB, OKp)')KaIOmHx J:(TI3, Hrpaer onpe.uerrR­

IOIU)'IO pom, B BOCCTaHOBJieHHH 3HeproBhI)J.e­

neHllil aKTHBHOH JOHhI peaKTopa. CTeneHh .uo­

CTOBepROCTH 3TOH HHcpOpMaUHH B 3HaqHTeJih­

HOH Mepe onpe.ueJIReT 6eJonaCH)'IO H 3KORO­

MH1IH)'IO pa6oTy peaKTopa. 

CHCTeMa BHyrpHpeaKTopHoro KOHrpOJIH 

(CBPK) Ha BB3P-l 000 npoeKTa B-320 cocTo­

HT HJ CJie,D;)'IOIUHX OCHOBHhIX qacTeH: 

- nepBH'IHhIX HJMepHTeJihHhlX rrpeo6pa30Ba­

TeJieH (.uaT'IHKOB ); 

- JIHRHH CBHJH; 

- HHcpOpMal..UfOHHO-H3MepHTeJII,HOH annapa-

TYPhl RIDKHero ypOBHH; 
- Bhl'IHCJIHTem,Horo KOMTIJieKCa BepXHero 

ypOBHH; 
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- CileUHaJIH3HpOBaHHOfO (rrpHKJia,llHOfO) TIO. 

B COCTaB nepBHqHblX HJMepHTeJII,HhIX 

npeo6pa3oBaTenei1 CBPK, pa3MemaeMbIX BHY­

TPH peaKTopa, BXOJlHT .uarqJfl(H KOHrporrH Heii:­

rpoHHoro nOTOKa THna .L(TI3 H TeMTiepaTyphl 

TeIIJlOHOCHTemi:. 

J:(TI3 B KOJIHtJecrne 7 IlITYK, paBHOMepHO 

pa3MemeHHhie no BbICOTe aKTHBHOH 30Hhl, 

BXO,llHT B COCTaB c6opKH BHyrpHpeaKTopHhIX 

.uereKTopoB (CBP.L(), B KOJIH'IeCTBe 64 (54) 

illTYK pacrrpe.ueneHHhIX no ropH30HTaJihHOMY 

ceqeHHlO aKTHBHOH 30Hhl. TaKHM o6pa30M, 

rronyqaeTCH 448 (3 78) ,ll8T'IHKOB KOHTPOJIR 

HeiirpORHOro noTOKa, paBHOMepHO pacnpe.ue­

neHHhIX no o6beMy aKTHBHOH 30Hhl. 

.L(JIH rrepexo.ua OT TOKa po.u1-1eBoro .L(TI3 K 

cpe.uHeMy JIHHeHHOMY 3HeprOBhI)J.eneHHlO 

mecTH 6JIH)KaHmHx K .uaT'IHKY TB3JIOB .llJlR 

Ka)K,llOH TBC no.uroTaBJIHBalOTCH K03cpq>HUH­

eHThl 'I)'BCTBHTeJihHOCTH (nepexO,llHaH q>YJIK­

Ullil). Cne.uyeT OTMeTHTh, 'ITO B OTJIH'l'He OT 

.upyrnx H3BeCTHhIX CBPK 3TH q>YJIKI.Urn nepe­

xo.ua OT TOKa K JIHHeHHOMY 3HeprOBhI,lleJieHHlO 

He nepeKarrH6pOBbIBalOTCH B npou;ecce 3KCIT­

nyaTaI.J;HH. 

B CBHJH c oco6oH Ba)KHOCThlO TO'IHoro 

onpeneneHHR K03q>q>HI.J.HeHTOB 'I)'BCTBHTeJJh­

HOCTH TBC c ,UTI3 QHM6anoB C.A. [3] pa3-

pa6oTan H pearrH30BaJI HX npHMOH ,lleTaJihHhIH 

pacqeT ,nrrH Ka)K,llOH KacceThI BB3P. TioKaJa­

HO, 'ITO 6e3 IlOTepH TO'IHOCTH pacqeT K03cpcpH­

u;HeHTOB 'I)'BCTBHTeJihHOCTH B KacceTax BB3P 



MO)l(HO pa.36HTb Ha qeTbipe He3aBHCHMbJe 
COCTaBJUIJOIUHe: 

- pacqeT 3JieKTpOHHO-q>OTOHHOro KaCKa)la 
)U13, T.e. TOKa .ueTeKTopa Ha O.llHO nornorue­
HHe B Ka)l()lOH Bb16pa1:1HOH UHJIHH.UpHqecKOH 
30He po.um:c (He 3aBHC5UUero OT THna KacceTbl 
H BbrropaHH51 pO.llIDI); 

- HeHTpOHHO-cpH3HqecKHH pacqeT aKTHBau1m 
HeBbirOpa10ruero po.uI-rn B )U13 B peanbHbIX 
cneKTpax Ka)l(JloH KacceTbI BB3P; 
- arrnpOKCHMauIDl q>yttKUIDI nepexo.ua OT TO­
Ka )U13 K JIHHeHHOMY 3HeprOBbl)leJieHHIO no 
BhrropaHHIO TBC H napaMeTpaM cocTo5IHIDI 
aKTHBHOH 30Hbl peaKTopa; 

- yqeT BbITOpaHIDl ,[(Il3. 
PacqeT 3JieKTpOHHO-q>OTOHHOro KaCKa)la 

)U13 IIpOBO)lHTC51 C rrpHMeHeHHeM rrporpaMM 
MCU_EGS4 [4] rum MCNP. HettTpOHHo-qrn-
3uqecKHtt pacqeT aKTHBaUHH pO.UIDI H cpe.uHeH 
MOIUHOCTH TB3JIOB, OKp)')KaIOIUHX .uaTqHK, 
rrpoBO)lHTC51 C HCilOJih30BaHHeM rrporpaMMbI 

TBC-M [5, 6] .UJUI Ka)l()lOro THIIa KacceT c 
yqeTOM BCex B03MO)l(HblX ycJIOBHH Bhrropa­

HIDI. 

B HacTo.11ruee BpeM51 cpoK cn~fo,1 CBP ,[( 
COCTaBJUieT 4 ro.ua. 3ToT npe.uen CB513aH B TOM 
qJ,ICJie C Y13e.JIHllliBa10meHC51 norpellIHOCTblO 
yqeTa BbITOpaHIDl )U13 H, CJie)loBaTeJihHO, orr­
pe.ueneHIDl JIHHeHHOH MOillHOCTH TBC. B ttac­
To.11mei1: pa6oTe OIIHCbIBaeTC51 MeTO)lHKa pac­
qeTa rrepexO)lHOH q>yttKUHH, pa.3pa6oTaHHa51 
C.A. U:HM6anOBbIM, H YTOqIDleTC5l cpopMa yqe­
Ta BbITOpaIDUI: po.uHesoro )U13. 3TO s .!lailb­
HeihneM )'BeJIHqHT cpoK cn~6hl CBP ,[(, qTQ 
oco6eHHO aKTYaJibHO rrpH BHe.upeHHH 18-TH 
MeC5lqffh!X TOilJIHBHbIX UHKJ10B. 

1. MeTO}lHK3 pacqeToB KOlcJ>cJ>nuneHTOB 

qyecTBHTenbHOCTH 

1.1. Pac'lem JJleKmponno-<jJomomwzo 
KQCKQOQ 6 ,4II3 

1.1.1. Pac11em eep0Rm1tocmeu Bb111ema 
3JleKmp0H06 U3 pCl3llUI/HblX CJl0e6 

poiJueeo20 3Mummepa 
B pe3ynhTaTe nornorueHIDl ttei-iW.oHa M­

poM CTa6HJibHOro H30TOna pO)lH51 IO Rh B03-
HHKaeT pa)lHOaKTHBHblli H30TOil 104

Rh. 5!.upo 
104Rh cpa.Jy nocne 3axsaTa HaXO.UHTC5l B B03-
6~eHHOM COCT05lHHH H rrpaKTuqecKH MrHO-

BeHHo "c6paCbIBaeT" B036~eHHe, HCIIYCK35l 
raMMa-KBaHTbl. B pe3yJibTaTe :noro OCHOBH35l 

qacTb B036y)l(JleHHbTX .11.uep nepeXO)lHT B oc­
HOBHOe COCT0.5IHHe H30Tona 

104Rh C rrepHO.UOM 

IIOJIYP3Cila)la T..,2 = 43,2 C. qaCTb B036~­

)leHHhIX .11.uep (OT 7 )lO 8 %1 nepeXO)lHT B Me­
TaCTa6HJibHOe COCT0511rne I mRh C nepHO.UOM 
rronypacna.ua T., 12 = 4,34 MHH. 

6eTa-pacrra)l 104Rh rrpOJ,tcxo,llHT no .llBYM 
KattanaM. 99,55 % npeTCpnesaeT pacna.u, B 
pe3ym,TaTe KOToporo 06pa.3yeTc.11 51.Upo cTa-
6HJlbHOro H30Torra rranna.uH.11 104Pd: 

104 Rh-----=L.t 104 Pd+ e- + v.. (1) 
Ilo BTOpOMY Kattany c )lOJTei-i 0,45 % IIpOHCXO­
)lHT 1103HTpOHHbIH pacrra}.J., B pe3ym,TaTe KOTO­

poro Il051BJUleTC51 MPO CTa6HJibHOrO H30TOJia 

PYTeHHH 
104

Ru: 
104 Rh~ 104 Ru + e + + v. . (2) 

lb MeTaCTa6HJibHOro COCT051HH51 I 04mRh 

IIpOHCXO,Zl51T H30MepHblH nepexo.u B OCHOBHOe 

COCT051HHe 104Rh (99,87 %) HJIH 6eTa-pacna.u, 
aaanornqffbtii nepBOMY KaHany pacna.ua 11.30-
TOna 104Rh. 

TaKHM o6pa.30M, MO)l(HQ CqJ,IT3Tb, qTo B 

pe3yJihTaTe 3axB3Ta HeHTpOHa 51.ZlPOM po)lm:[ 
103Rh pam11.Ie HJIH 1103)1(e IIOHB5lTC51 3JieKTpo­
HhI 6eTa-pacna)la 104Rh. IlpH 3TOM He06XO,llH­
MO )"lllTblB3Tb, qTo Il05lBJieHHe Il03HTpOHa BO 

BTOpOM KaHane pacrra.ua 
104Rh H ero IlOCJie)ly­

lOilla.sl aHHHrHJI5lllIDl 6y.uYT KOMileHCHp0B3Tb 
O.llHH 6eTa-pacna)l. 

Ha )laHHOM 3Talle MO)lenHpOBaHH51 CHrHa­

na B ,[(Il3 peruaeTc5l 3a.uaqa nepeHoca 3JieKT­
pottoB s xapaKTepHOH o6naCTH BOKpyr po.uHe­
BOH rrpOBOJIOKH. B1,16op pa.3Mepa o6nacTH H 
.ueTaJIH33UH51 KOMilOHeHTOB )leTeKTopa orrpe­

.uemnoTCH B03MO)KHOCT51MH rrpHMeH5leMOH 

rrporpaMMbI H npe.usap11Tem,HoH oueHKOH 
O)KH)laeMoro 3q>cpeKTa. B KaqecTBe xapaKTep­
HOH o6naCTH MO)l(HQ BbI6paTb: TOJibKO rrpOBO­

JIOKY, H3omnop H KonneKTop; BCIO CBP,[(, 
BKJ110q351 JIHHHIO CB513H H qexon; CBP,[( B 
TBC. 

11:CTOqffJ,IKOM 3JieKTpOHOB )lQJI)l(eH 6hITb 
q>HKCHp0B3HHbIH HCTQqHHK HJIH JIOKailH30BaH­

HbIH B O.llHOH 30He po.uHeBoi1 rrposonoKH, HJIH 
pacnpe)leneHHbIH no 30HaM, rro,Ao6Ho pacrrpe­
)lenemno CKOpOCTH pa,[{HaUHOHHOro 3axBaTa 

HeHTpOHOB. 11:CKOMbIM q>yttKUHOHailOM MOrYT 
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6hITb HJIH 0,1.lHOCTOpOHHHe TOKH :rneKTPOHOB 

qepe3 rpaHHl{bl pa3,uena cpe.u, HJ1H CKOpOCTH 

nornomeHH.si: :rneKTPOHOB Ha aToMax cpe,ub1. 

TaKHM o6pa30M, Ha ,uaHHoM 3Tarre perua­

eTc.11 3a,uaqa nepeHoca 3J1eKTPOHOB c BHernHHM 

HCTO'IHHKOM 3J1eKTP0HOB pacrrpe,ueneHHbIM 

no npocTPaHcTBy H 3Hepnrn.. B pe3yJihTaTe 

perneHHH ,uaHHOH 3a,ua'IH orrpe,uellileTc.si: Bepo­

HTH0CTh PP.act (r) 3J1eKTp0HY, "po)l(J.leHHOMy'' B 

apoBOJIOKe 3a cqeT 6ern-pacrra.ua, BHeCTH 

BKJla,U B CHIBaJl .[(II3. 

1.1.2. PactJem 6epoRmHocmeu 6blllema 

3JleKmpOH06 U3 pa3llUI/HblX CJ10e6 pooue6020 

3Mummepa U3-3a 63au.Mooeiicm6UR 2aMMa­

K6aHm06, 603HUKa10u,ux 6 npoqecce 3ax6ama 

H.eumpOH06 6 pOOUU, C 3J/eKmpOH.G.MU 

6eu,ecm6a J(fl3 
KaK OTMe'leHo B npe,ub1,uymeM pa3,uene, 

B03HHKa10mee B pe3ynhTaTe rrornomeHHH HeH­

TPOHa "B036y)l(J.leHHoe" .si:,upo ucnycKaeT raM­

Ma-KBaHThI pa3JIHt.J:HOH :meprHH. Pacnpe,uene­

HHe CKOpOCTH 3aXBaTOB HeHTPOHOB no pa,uey­

cy po,l.lHeBOH rrpOBOJlOKH H3-3a IIpOCTPaHCT­

BeHH0-3HepreTHqecKOM 6JIOKHpOBKH 6y,ueT 

HepaBHOMepHbIM. lfcTO'IHHK 3axBaTHbIX raM­

Ma-KBaHTOB, KaK H HCTO'iHHK 3JJeKTPOHOB, 3a­

BHCHT OT pa,uuyca 0,1.lHHaKOBblM o6pa30M. 

llHTeHCHBHOCTb HCTOt.J:HHKa 3aXBaTHbIX 

raMMa-KBaHTOB rrp.si:MO rrporropUHOHaJlbHa 

CKOpOCTH pa,uHal..{HOHH0fO 3aXBaTa HeMTPOHOB 

.11,1.lpaMH pO,UIDI. O,uHaKO B OTJIHtrne OT 3J1eKT­

pOHOB, J.lllil KOTOpbIX Ha 0,1.lHH 3axBaT rrpHX0-

,1.lHTC.ll 0,1.lHH 3JJeKTPOH, ,l.lJI.ll raMMa-KBaHTOB Ha 

0,1.lHH 3axBaT npHXO,l.lHTC.ll OT ,usyx ,uo TPeX 

KBaHTOB B 3aBHCHMOCTH OT BbI6paHHOro 3Hep­

reTH'IeCKOro pacnpe,ueneHHH. Ilo3TOMY Ba)K­

HLIM 3TaIIOM MO,UenHpOBaHH.ll ,UaHH.bIX npouec­

COB CJJ)')KHT BbI6op CIIeKTPa 3axBaTHbIX raM­

Ma-KBaHTOB H HX KOJIHt.J:eCTBa Ha 0,1.lHH 3axBaT 

HeHTPOHa MPOM po,uHH. 

Ha ,uaHHOM 3Tane Mo,uenHpOBaHH.ll CHrHa­

na B ,[U13 pewaeTc.si: 3a,uaqa rrepeHoca 3axBaT­

HhIX raMMa- KBaHTOB H 3J1eKTPOHOB, IIO.llBJI.lllO­

IUHXC.ll B pe3yJ1bTaTe B3aHMO,UeMCTBH.ll raMMa­

KBaHTOB C aTOMaMH cpe,UbI, B xapaKTepHOH 06-

naCTH BOKpyr ,uaT'IHKa. KaK H Ha 3Tarre rrepe­

HOCa 3J1eKTPOHOB, BbI6op pa3Mepa o6naCTH H 

,ueTamna1.urn Mo,ueneif TB3JJOB H ,ueTeKTopa 

onpe,ueJUll-OTC.ll B03MO)KHOCT.!IMH HCJIOJib3ye-
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MOM rrporpaMMbI. B Ka'!ecTBe xapaKTepHOH 

o6naCTH MO)KHO BbI6paTb: )::(113, ueHTPaJlbHblli 

Kattan, TBC peaKTopa. lfcTOlffiHKOM peaKTop­

HhIX raMMa-KBaHTOB ,l.lOJl)KeH 6bITb q>HKCHpo­

BaHHbIM HCTO'IHHK, J10KaJIH30BaHHbIM B TB3Jiax 

TBC. 

11:CKOMbIM q>yttKUHOHaJlOM MOfYT 6hITb 

HJJH 0,1.lHOCTOpOHHHe TOKH 3JJeKTPOHOB qepe3 

rpaIDtUhI pa3,uena cpe,u, mm cKopocTH norno­

meHIDI 3JJeKTPOHOB Ha aToMax cpe,uhI. TaKHM 

o6pa30M, Ha ,uaHHoM 3TaIIe pewaeTc.H 3a,uaqa 

cornacoBaHHoro nepeHoca peaKTopHLIX raM­

Ma-KBaHTOB H COIIYTCTBYIOI.UHX HM 3JJeKTPO­

HOB C BHeilJHHM HCTOtfHHKOM raMMa-KBaHTOB, 

pacrrpe,ueneHHbIM no rrpOCTPaHCTBY H 3Hep­

nrn. B pe3ynhTaTe perneHIDI ,uaHHOM 3a,ua,rn 

MO)KHO oape,ueJJHTb Bep0.8:THOCTb Pr.act (r) 
3JJeKTPOHY, "po)l(J.leHHOMY" B npoBonoKe 3a 

C'IeT B3aHMO,UeMCTBH.H 3axBaTH0ro raMMa­

KBaHTa C aTOMaMH pO,UH.ll, BHeCTH BKJla,U B CHf­

HaJl )],IJ3. 

1.1.3. Po/lb U30.llRmopa J(fl3 
6 cjJopMUp06GH.UU CU2HQJlQ 

l130llilTOp B )::(113 OT,UellileT KOJJJJeKTop OT 

3MHTTepa. OH ,uomKeH o6ecne'IHTb BbICOKOe 

3JJeKTPH'IeCKOe conpOTHBJleHHe npH orpaHH­

t.J:eHHbIX T0JIIUHHax, He 3MHTTHpOBaTb B 6oJib­

llIOM KOJIWieCTBe 3ap.H)KeHHbie qacTHUbl, cno­

co6Hble HCKa)KaTb nOKa3aHH.ll ,UeTeKTopa, H 

nponycKaTh 3ap.H)KeHHbie qacTHI.IhI, HcrrycKae­

MLie 3MHTTepoM. 3neKTPOHbl, IIOIIa)laIOIUHe B 

H30J1.HTOp, M0fYT llOrJIOTHTbC.ll B HeM. IlpH 

3TOM H30J1.llTOp IIpHo6perneT 061,eMHblli OTPH­

uaTeJJbHbl.M 3ap.si:Jl, 3JJeKTPH'!eCKOe none KOTO­

poro 6y)leT BJJH.HTb Ha ,l.lBIDKeIDte 3JieKTPOHOB, 

BbIJieTaIOIUHX H3 3MHTTepa. 

B pa6oTe [7] npose,uea TeopeTHt.J:eCKHH 

aHaJ1H3 BJIH.HHH.ll o6beMHOro 3ap.si:,ua Ha ClffHaJl 

)],I13. B pe3yJihTaTe Il0Ka3aHo, t.J:TO BHYTPH 

H30llilTOpa MO)KHO BbI6paTb KpHTH"leCKYIO IIO­

BepXHOCTb, KOTOpa.si: pa3,uen.si:eT H30J1.llTOp Ha 

,use qacTH. B CTaUHOHapHOM COCTO.ll:HHH 3ap.si:,u 

H30Jl.llTOpa He 6y,ueT H3MeH.S!TbC.ll, TaK KaK "Ha­

TeKaHHe" 3ap.!l,l.la KOMIIeHCHpyeTC.ll ero "cTeKa­

HHeM" Ha 3MHTTep H KOJJJJeKTop. EcnH 3JJeKT­

pOH nornomaeTc.si: B 3oae, rrpHMbIKa10meu K 

3MHTTepy, TO OH "cTe'IeT" Ha 3MHTTep, a eCJJH 

B 30He, npHMbIKaIOIUeH K KOJJJJeKTopy, TO Ha 

K0JIJieKTOp. )],m1 orrpe,ueneHH.ll KpHTHt.J:eCKOro 



pa.z:{Hyca B UHJIHH.ZQJHlfeCKOM HJOJUITope B pa-

6oTe [7] rrpe,unaraeTC$1 cne.n)'lOIUM <popMyna: 

1-(r, lr2 )
2 

rk = r2 2 ln(r2 Ir, ) ' (3) 

r.ne r1 H r2 - BHYTPeHHHH H BHeWHHH pa.z:{Hycbl 

H3OJl$1TOpa,cooTBeTCTBeHHO. 

B pa6oTe [8] YKaJbIBaeTC$1, tffO s UHJIHH,U­

pH"leCKOH reOMeTpHH Ha 3MHTTep CTeKaeT OT 

44 .no 46 % JapMa, aornomeHnoro s HJOJUITO­

pe B paBHOBeCHOM pe)KHMe. 

TaKHM o6paJOM, ,UJIJI pacqeTa sepOJITHOC­

TeH P~.act (r) C YlfeTOM npouecca HaKOilJieH],lj{ 

3ap.S1.,ua B HJOJI.SI.TOpe ,l]JI3 MO)KHO npHMeH.sITb 

,UBa a.nropHTMa. B o60HX npOBO,UHTC$1 pacqeT 

nepeuoca 3JieKTPOHOB OT e,UHHH'IHOro HCTO'I­

HHKa, pasuoMepuo pacnpe,uenenHoro no i-H 
3OHe 3MHTTepa C COOTBeTCTB)'lOIUHM pacnpe­

,ueJJeHHeM no 3HeprHH. 

B nepBOM a.n:ropHTMe paCC"IHTbIBalOTC.SI. 

CKOpOCTH nornorueH],lj{ 3JieKTPOHOB B 3MHTTe­

pe - R3 H B qaCTH HJOJI.SI.TOpa co CTOpOHbl 

3MHTTepa .no KpHTH'IeCKOH rpaHHUbI - R1,f3. B 

3TOM cnyqae sepO.sITHOCTb pjl.act (r) MO)KHO BbI-

paJHTb KaK 

P11.ac1(r)=l-R3-R113. (4) 

.[(Jul pacqeTa CKOpOCTeH R3 H R113 MO)KflO 

HCilOJibJOBaTb KaK O,UHOCTOpOHHHe TOKH :rneK­

TPOHOB qepe3 rpaHHUbI COOTBeTCTB)'lOI.UHX 

JOH H 6a.naHCH)'lO <popMyny, TaK H np.srMOH 

pacqeT cKopocTeH nornomeH],lj{ 3JieKTPOHOB s 

COOTBeTCTB)'lOIUHX 3OHax. 

Bo BTOpOM anropHTMe paCC"IHTblBaIOTC.SI. 

CKOpOCTH nornorueH],lj{ 3JieKTPOHOB B 3MHTTe­

pe - R3 H BO BCeM 061,eMe H3OJIJITOpa - R11. 
IlpH 3TOM sepO.sITHOCTb pjl.ac:t (r) MO)KHO Bbipa-

3HTb KaK 

(5) 

r.ne e - ,UOJUI JapMa HJOJI$1TOpa, cTeKaromero 

Ha3MHTTep. 

B o60HX a.nropHTMax ueo6xo,uHMO BbI6-

paTb O,UHH ,UOIIOJIHHTeJibHbIH napaMeTP: KpH­

TH'lJ:eCKHH panHyc B nepsoM cnyqae H rrapa­

Me-rp e BO BTOpOM. Heo6XOllHMOCTb BbI6opa 

llOilOJIHHTeJibHOfO rrapaMe-rpa, C OllHOH CTOpo­

Hbl, BHOCHT llOilOJIHHTeJibH)'lO ueonpeneneH­

HOCTb B OKOHlfaTeJibHblli peJyJibTaT MOlleJill­

posaHH.SI., HO rrpH 3TOM IlO$18Jl$1eTC$1 llOilOJIHH-

TeJibHM B03MO)Kfl0CTb ananTaUHH MaTeMaTH­

qecKOH MO,UeJJH K 3KCnepHMeHTaJlbHbIM pe-

3YJibTaTaM. 

Cne.n;yeT OTMeTHTb, qTo BbI6paHHM MO­

,neJib yqeTa 3ap.S1.,na B H30Jl$1TOpe B peJyJibTH­

p)'lOIUeM TOKe )U13 xopowo pa6oTaeT B cny-

1Iae ,UOCTaTO"IHO He60JibWOro 061,eMa HJOJUI­

TOpa C OITTHMH3HpoBaHHbIM corrponmneHHeM. 

3necb no.n onTHMHJaUH.eH HMeeTC.SI. B BH.UY KaK 

BbI6op MaTepHa.na H30JlflOpa, TaK H TO, 'ITO 

IIpH CJIHlliKOM 60JibWOM corrpOTHBJJeHHH H30-

Jl.SI.TOpa ysenHl{HBaeTC$1 senwmua HaKannHBa­

eMoro B HeM 3ap$1.na H, KaK cne,ncTsHe, 6onee 

Henpe,nCKaJyeMO ero BJIHmHe Ha pe3yJibTHpy­

lOIUHH TOK npH pa3HbIX pe)KHMax o6nyqemui: 

,l:{I13. 
C .npyroif CTOpOHbI, npH HHJKOM conpo­

THBJJeHHH H30JUITOpa H llOCTaTOtfHO 60JJbillOM 

conpOTHBJieHHH JIHHHH CB$13H B03HHKalOT 

60JibIIIHe TOKH YTe'IKH, 'ITO yseJIHlfHBaeT no­

rpeIIIHOCTb H3MepeHHJI. O'IeHb Ba)KffbIM Ka'Ie­

CTBOM H30Jl.SI.TOpa ,rsm1eTC.SI. cna6oe H3MeHeHHe 

ero CBOHCTB no Mepe o6nyqeHH.SI.. HanpHMep, 

nopOIIIKOBbIH H30Jl$1TOp MO)KeT cneKaTbC.SI. H 

Meffj{Tb <popMy H KOJJHqecTBo co.nep)Kameroc.S1. 

Ha HeM 3apj{,l{a, "ITO CJIO)l(HO cnporH03HpOBaTb 

pacqeTHbIMH MeTO,UaMH. B ,UaHHOM cnyqae 6y­

llYT paCC"IHTbIBaTbCj{ K03<pq>HUHeHTbl qyscT­

BHTeJJbHOCTH llllil KaCCeT c )U13 THna KHM5E, 
B KOTOpOM 061,eM, IlJJOTHOCTb H conpOTHBJJe­

HHe H301UITOpa OilTHMH3HpOBaHbI. 

B cnyqae ,l:{Il3 C ueonTHMH3HpOBaHHbIMH 

o6oeMOM, IlJIOTHOCTblO 11 corrpOTHBJJeHHeM 

HJOJI.SI.Topa cne.nyeT pernaTb 6onee CJJO)KH)'lO 

3a_naqy BJJHjlffH.sJ JapMa HJOJJ.SI.Topa Ha ero pe­

JYJibTHp)'lOIUHH TOK. 3TOT 3ap.Sl.ll p(r) o6paJy­

eT B H30JlflOpe 3JieKTPH"leCKOe IIOJie, IIOTeH­

UHaJI P(r) KOTOporo paseH HYJJIO Ha BHeIIIHeH 

H BHYTPeHHeH rroBepXHOCTJIX HJOJUITopa, a 

BHYTPH onHcbmacrc.S1. ypaBHeHHeM Ilyaccoua, 

3aBHCjilUHM OT BpeMeHH H ycJJOBHH o6nyqe­

HH.sl. 

Beeb Jap.S1..n, KOTOpbIH uaxo,nHTCR 6JIH)Ke K 

OCH ,uaT"IHKa, qeM 6JJH)l(aHIIIHH K nett 3KC-rpe­

MYM noTeHUHaJia, CTeKaeT B 3MHTTep. 3apM, 

KOTOpbIH HaxOllHTC.SI. OT OCH naT'lJ:HKa llaJJbIIIe 

caMoro llaJlbHero 3KCTJ)eMYMa 0OTeHUHaJia, 

CTeKaeT B KOJIJieKTop, T.e. "B 3eMJJIO". TOT Ja­

PRll, KOTOpbIH pacrrOJIO)l(eH B H30AATOpe Me)l(­

.ny 3THMH 3KCTJ)eMYMaMH, paseu B CYMMe Hy-
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JllO H B3aHMHO KOMneHCHpyeTCH, He .n.enM HH­
KaKH.X BKna)J.OB B CHrHan. 

B mo6oM cnyqae, ecnH .D.JIH ,DJB c orrTH­
MH3HposaHHbIM H30JIHTOpOM pacqeT sepoHT­
HOCTeH BhilleTa 3JieKTPOHOB H3 pa3nH'lHhIX 
cnoes po.n.Hesoro 3MHTTepa 3aBHCHT TOJihKO 
OT ero reoM~HqecKHX pa3Mepos H He 3aBH­
CHT OT ycnOBHH o6rryqeHIU[ H )J.IDKe BhITOpa­
HHH po.n.ID£, TO .D.llil .n.pyrn:x ,ATI3 :no 6onee 
CJIO)KHM 3a.n.aqa, pernaeMM cKopee scero 3KC­
nepHMeHTanbHO, rro.n.6opOM IIO)J.XO)J.IDIJ.HX 3a­
BHCHMOCTeH rrpH 60ITbllIOM onbITe 3KCirnyaTa­
UHH. 

1.2. HeumpOHHO-<j,U3U'leCKUli pac11em 
aKmUBQl{UU pOOUR 6 J(ll3 u cpeoueu MO~­
HOCmu mecmu 0Kpy:,1ca10~ux ezo mB3ll06 

,[l;nH KoppeKTHoro pacqeTa pacrrpe.n.eneH­
Horo HCTOt.fHHKa 3JieKTPOHOB H 3aXBaTHbIX 
raMMa-KBaHTOB no pa.n.eycy po.n.Hesoi:i rrposo­
JIOKH neo6xo.D.HMo 3HaTb pacnpe.n.eneHHe CKO­
pocTH pa.n.HaUHOHHOro 3axBaTa HeHTPOHOB B 
HeH, KOTopoe paCCt.[HTbIBaeTCH s 10-TH UHJIHH­
APH'IeCKHX cnoHX, HMeIOIUHX OAHHaKOBhIH 
o6'heM. OCHOBHOH H)J.epHOH peaKUHeH s ,D;TI3 c 
po,nHeBbIM 3MHTTepoM HBnHeTCH peaKUHH pa-

~ 103Rb )J.Ha:I~HOHHOro 3aXBaTa HeHTPOHa RApOM . 
Tionttoe cet.i:eHHe peaKUHH pa.n.HaI(HOHHoro 3a­
xsaTa 103

Rb rrpHse.n.eHo Ha pHc. 1. 
B cet.i:emrn IIpH 3Hepnm OKOJIO 1 3B rrpH­

CYTCTByeT nmpoKHH pe3onanc. TioJTOMY pac­
rrpe,lleneHHe cKopocTH pa.n.HaUHoHHoro 3axsa­
Ta no pa.n.Hycy pO)J.HeBOH rrpOBOJIOKH 6y.n.eT 
HepaBHOMepHbIM H3-3a npOCTPaHCTBeHHo-
3HepreTHqecKOH 6noKHpOBKH. 3TO npHBO)J.HT 
K TOMY, qTo .n.a)l{e npH Ka)KymeiicH TOHKOCTH 

10 000 

1000 

100 

10 

0,1 

E, aB 
0,01 -t-................. ...,-~~..,-~~.....-~~.....,--~ ........ '"'I""~ 

0,001 0,01 0,1 10 100 

P11c. 1. Ce'-leH11e pa,n11al.lHOHHoro 3ax.saTa HeHTpo­
Ha ~.L(pOM 103Rh 
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IIpOBOJIOKH (.n.HaMeTP IIOpH,llKa 0,5 MM) npH 
MO)J.enHposamrn H.D.epHbIX npoueccos s ,l(II3 
po.n.Hesyio IIpOBOJIOKy Heo6XO)J.HMO pa36HBaTb 
Ha HeCKOJihKO 30H. B .n.aHHOH pa6oTe po,UHe­
BM npOBOJIOKa pa36HsaeTCH Ha )J.eCHTh paBHO­
o6'beMHhIX 30H. 

HenTPOHHO-cl>H3H1IecKHH paclfeT aKTHsa­
UHH pO)J.llH s ,[1;113 H cpe)J.HeH MOIUHOCTH rnec­
TH OKp~a:IOIUHX ero TB3JIOB BbIIIOJIHHeT crreK­
TPanhHM nporpaMMa TBC-M Allil CTal.lHOHap­
noro cocTOIDIHH TBC. Tiporpa:MMa TBC-M 
npoH3B0.UHT 2-MepHhrn pacqeT norrepeworo 
ceqeHHH TBC s 48-MH JHepreTHt.feCKHX rpyn­
nax. Mcnom,3yeTcH ycoseprneHcrnosaHHhIH 
MeT0)J. BepOR.THOCTH nepBblX CTOJIKIIOBeHHH 
(BTIC). TipH 3T0M B na.n.Tennosou o6nacTH 
(rpyrrrrbI 1 .. . 24, o6naCTb 3Hepmu E > 0,625 
3B) rpyrrnOBhJe KOHCTa:HTbI II0)J.rOTaBJIHBaIOT­
CH B npe.n.BapHTenbHOM MHOroTOt.fet.fHOM ( OT 
3 000 .n.o 5 000 ToqeK pa36HeHHH) pact.i:eTe 
Ha)].TeilJIOBOH o6naCTH, t.[T06hI )"IH.TbIBaTb 
IIpOCTPaHCTBeHH0-3HepreTH'IeCKYJO 6JIOKH­
pOBKY HeHTPOHOB npaKTHt.feCKH 6e3 rrpH.6nH­
)l{eHllff. 

TiporpaMMa IIpOBO)J.HT MHOro30HHhIH pac­
t.i:eT H3MeHeHHH HYKflH)J.HOro COCTaBa B Ka)K­
)J.OM TBJJie 11 Ka:)K)J.OM nornorua10rueM CTep)l{He 
TBC, B TOM t.fHCJie n s po,uHesou nposonoKe. 
Cne.ayeT 0TMeTHTb, qTo H3-3a CHJihHOH npocT­
paHCTBeHH0-3HepreTHtJeCKOH 6noKHpOBKH 
HeHTPOHos, c o,n;Hon cTopom1, H cymecrneu­
HOH 3aBHCHMOCTH sepOR.THOCTH BhilleTa 3JieKT­
pOH0B OT MX MeCTa po)K)leHHH, C ,n;pyroi:i, H~­
HO pa36HBaTh po.n.Hesyio IIpOBOJIOKy MHHH­

M)'M Ha 1030H. 
CooTHOIIIeHHe Me)K)ly cpe.n.HeH MOIUHO­

CThIO coce.n;HHX TB3JIOB H IlOKa'.3aHHeM ,aeTeK­
TOpa onpe.n.eMeTCH Ha OCHOBe ,llaHHhIX, rrony­
t.i:eHHhIX no rrporpaMMe TBC-M. PacctJHThma­
eTcH no YKa3aHHOH nporpaMMe cpe,UHRR. MOIU­
HOCTb 3THX TB3JIOB H 0)J.HOBpeMeHHO pacnpe­

.ueneHHe :E:U, (r) CKOpOCTH nornorueHHH HeHT­

pOHOB no pa,n;Hycy 3MHTTepa. IlpoBO)J.HTC.sf ce­
pH.sr rrpe,usapHTeITbHhIX pacqeTQB BhrropaHHM 
KacceT C sapHaUHHMH nJIOTHOCTH H TeMIIepa­
Typhl TeIIJIOH0CHTeM, MOIUHOCTH KacceTbl, 
KOHUeHTPaUHH 6opa s TellJIOHOCHTeJie, c pa3-
HOH HCTOpHeH HaXO)K)leHHR B KacceTe KnaCTe­
pos H a1,rropa10mHx rrornoTHTeneu. 



1.3. Pac11em K03r/H/Juu.uenmo6 
llY6Cm6UmeJlbll0CmU U annpoKCUAtau.uu UX 

no napa.Mempa.M cocmoRIIUR peaKmopa 

CooTHOllleHHe Me)f(Jly cpe.D,HeH. MOIUHO­

CTblO TB3JIOB, OKp)')KalOIUHX JleTeKTop, H no­

Ka.3aHHeM JleTeKTopa onpe.IJ.eJUleTCH Ha OCHOBe 

JlaHHhIX, nonyqeHHhlX no nporpaMMe TBC-M. 

AKrHBaUHOHHM COCTaBJI51JOIUM TOKa, o6pa.30-

BaHHOro B 3MHITepe, paBHa 
-R 

J.,,. = ecJ f <p(r,E)P11,.,,.(r )r..,,.(,.£)27trdrdE, (6) 
0 0 

r,D,e P11.ac, (r) - pacnpe,D,enem1e nJIOTHOCTH Be-

poHTHOCTH BblJleTa 6eTa-1:1aCTHU, o6pa.30BaH­

HblX npH 6era-pacna.IJ.e aKTHBHpoBaHHbIX H,D,ep 

pO,D,HH, H yqaCTIDI HX B TOK006pa.30BaHHH. 

IlOJIHbill TOK, o6pa.30BaHHbIH B 3MHITepe 

.neTeKTopa, paBeH 
- R 

J = ec ff cp (r,E)P 10i(r )r..,,.(,.£) 27trdrdE, (7) 
0 0 

r.IJ.e P101 (r) - pacnpe.IJ.eJieHHe nnoTHOCTH Bepo­

HTHOCTH BbIJieTa 6eTa-1:1acTHU, o6pa.30BaHHbIX 

KaK npu 6ern-pacna.IJ.e aKTHBHpoBaHHbIX H.IJ.ep 

pO,D,HH, TaK H B pe3yJibTaTe KOMilTOHOBCKOro 

pacceHHIDI H cpoT03JieKTPH'IecKoro nornome­

HHH Pa.IJ.HauHOHHbIX raMMa-KBaHTOB, HcnycKa­

eMbIX MTHOBeHHO rrpH Pa.IJ.HaUHOHHOM 3axBaTe 

pO,D,1-leM. 

Ilepexo,D,HM cpyttKUHH paBHa OTHOmeHmo 

cpe,D,HeH MOIUHOCTH TB3JIOB, OKp)')KaJOIUHX ,D,e­

TeKTop, K TOKY, o6pa.3oBaHHOMY B 3MHITepe 

.neTeKTopa: 

S = q/J MBTIMKA. (8) 
B CBH3H c TeM, 'ITO naJIJia.IJ.HH, o6pa.3yio­

IUHHCH npH BbITOpaHHH po.nHH, npaKTH"leCKH 

He OTJIH'laeTCH OT PO.llHH TIO CBOHCTBaM B3aH­

MO)leHCTBHH c 6eTa-qacTHIJ,aMH, pacrrpe.nene­

HHe eepOHTHOCTH BbIJieTa 3JieKTPOHOB H3 

3MHTiepa .neTeKTopa pacc9:HTbIBaeTcH 3apaHee 

TIO cneIJ,HclJibHbIM nporpaMMaM (HanpHMep, 

MCU-EGS4 [ 4, 8] HJIH MCNP). 

IlepeXOJlHM cpyttKUIDI S, a TOqHee K03cp­

q>HUHeHThl aHaJIHTH':leCKOro BblpIDKeHHH (12) 
onpe,D,eneHhl TaK, 9:TO o6ecnequeaeTcH He3a­

HH)KeHHe MaKCHMaJihHOH mrneHHOH MOIUHOC­

TH TBC, KOTOpM 061,I1IH0 HMeeT MeCTO Ha 

1 ... 2 ro.n;y pa6oTbl TBC. MOIUHOCTH CHJibHO 

BhrropeBUJHX TBC 061,11:1tto 3aMeTHo MeHbUJe 

cpe.D;HHX 3Haqemrn H 3aHH)KaJOTCH rrepeXOJl­

HOH q>yttKUHeu. 

.ll:nH onpe.IJ.enemrn K03q>q>HIJ,HeHTOB an­

npoKCHMaum1 nepexo.IJ,HOH q>yttKUHH BbinOJI­

HHIOTCH CJie.IJ,)'IOIUHe pacqeTbI: 

- BepOHTHOCTH BbIJieTa 6eTa-qacTHU H3 3MHT­

Tepa .IJ.eTeKTopa; 

- 3Ha':leHHH nepexo.IJ,HOH q>yttKUHH JlJUI Ha6o­

pa COCTOHHHH C yqeTOM BepOHTHOCTeH. BbIJieTa 

6eTa-qacnm H3 3MHITepa .IJ,eTeKTopa; 

- anrrpOKCHMaUHH Ha6opa 3Ha1:leHHH nepe­

XO)lHbIX q>yttKUHH aHaJIHTHqecKHMH <l>YHKUIDI­

MH MeTOJlOM HaHMeHbillHX KBa.D,paTOB (9] H 

HOpMHpOBKH nepexo.IJ,HbIX <l>YHKUHH. 

B peaKTope HeHTPOH0-1:IYJ3CTBHTeJibHhIH 

MaTepHan ,D,eTeKTopa BbITOpaeT H IlO3TOMY B 

npouecce pa60ThI .neTeKTopa ero CHTHan 

YMeHl>IIIaeTCH. B1,rropaHHe ,D,eTeKTopa c xopo­

IIIeH TO':IHOCTblO MO)l(eT 6hITb npe.nCTaBJieHo B 

3aBHCHMOCTH OT OJlHOro aprYMeHTa - HHTer­

pana TOKa JleTeKTopa IIO BpeMeHH: 

(9) 
0 

~ OIIHCaHHH BbITOpaHHH JleTeKTopa 

06b11:1Ho npHMeIDleTCH CJieJl)'IOlUM 3KCIIepH­

MeHTaJibHO no.nTBep)f(JleHHM 3aBHCHMOCTb 

IlOKa.3aHHH BbITOpeBmero H CBe)Kero JleTeK­

TOpOB: 

J0 =Jn(Y)!(l-11Yt, (10) 

r.ne Jn (Y) H J0 - IlOKa.3aHIDI COOTBeTCTBeHHO 

BbITOpeBlllero H CBe)l(ero JleTeKTopoB; Tl H p -

napaMeTpbI, xapaKTepH3)'lOIUHe BbITOpaHHe 

.neTeKTopa. 

Cne.n;yeT OTMeTHTb, qTO B OilHCbIBaeMOM 

anropHTMe pacqera JIHHeH.HOH MOIUHOCTH 

TBC TIO noKa.JaHIDIM ,n:II3 nepeMeHHhle no 

BhrropaHHJO TBC H .[(II3 pa.3.neneHhI. B nep­

BYJO 01:1epe,D,b 3TO CBH3aHO C TeM, 'ITO ,n:I13 Bbl­

ropaIOT B pa.3JIH'lHbIX TBC H KOppeKTHO OT­

CJieJlHTb HCTOpHIO BbITOpaHIDI ,n:I13 B pa3HbIX 

Kaccernx oqeHb TPY.IlOeMKo. C .IJ.pyrou cTopo­

HhI, npH JlHaMeTPe pO,D,HeBOH □pOBOJIOKH 

MeHbUJe 0,5 MM KacceTa He 'l{y'BCTByeT BbITO­

paHHH .[(II3 (TipHCYTCTBHe )Ul3 B KacceTe CJia-

60 3aMeTHO TOJibKO H3-3a BbITeCHeHHH BOJlbl 

CBP.n:). 

B1,rropaHHe )Ul3 B KacceTax c pa.3JIH'IHbIM 

06ora[lJem1eM (B pa3HblX HeHTPOHHblX cneKT­

pax) TO)l(e npaKTH':leCKH He pa3JIHqaeTCH. Ha-
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npHMep, eCJIH .ll:Il3 OKOJJO '-leThrpex JleT BhITO­

paeT B KacceTax c o6orameHHeM 4,9 % H 060-

rameHHeM 1,6 % ( 4 ro,[{a .IJ.JJK KacceThr c 060-

rameHHeM 1,6 %, KOHe'-IHO, :no pac'-leTHOe ,[{O­

nyrueHHe), TO pa3HHUa B cpopMyne (10) COCTa­

BHT BCero 1,5 %. 
CTauHouapuaK mrneirnaK MOillHOCTh TBC 

B MeCTaX pacnOJIO)l(eHH.sl .ll:Il3 onpe,[{eJlHeTC.sl 

no cpopMyne 

<pHUHeHT, 6JIH3KHH K e,[{HHHUe (nonyq:eu npH 

cpaBHeHHH MOIUHOCTeH KacceT TIO TIOKa3aHJ1-

HM )U13 H TepMorrap, B uaCTOHIUee BpeMH 0,[{H­

uaKOB ,[{Jl.li Bcex THTIOB KacceT); KA - ,[{OJlH aK­

THB3UHOHHOH (3ana3,[{bIBaIOIUeH, rrpHMepHO 

0,94 ,[{Jl.li ,[{aHHOro THIIa )U13) COCTaBlliIIOllleH 

B TOKe .ll:Il3; L - ,[{JIHHa 3MHTiepa. 

IlepeXO,[{HM <pyuKUHK s, 3aBHC.lilllM OT 

cneKTPa HeHTPOHOB B po,D,HH H coce,[{HHX TB3-

Q = SM J n K.,. K ( ll) nax, pacrrpe,[{eJJeBHH j[JlepHOH nJIOTHOCTH po-

L ( 1 - riYt A' ,[{H.li H K,[{epuoro TOIIJIHBa no pa,[{Hycy, HX TeM-

r,[{e Q - JIHHeiimui: MOIUHOCTb TBC; S - nepe- nepaTyp, rrpe,[{CT3BJ1HeTC.li B BH,[{e (p}'HKUfUI C 

XO,[{HaK 'PYHKUH.li OT TOKa, o6pa30BaHHOro B K03{p{pHUHeHTaMH, rronyqeHHbIMH B pe3yJlhTa-

3MHTiepe ,[{eTeKTopa, K cpe,[{HeH MOIUHOCTH Te armpoKCHMaUHH JTOH {p)'HKUHeH 'ua6opa 

meCTH TB3JIOB, OKp)')KaIOIUHX ,[{eTeKTop; M - 3Ha'-leHHH nepeXO,[{HOH <pyuKUHH rrpH pa3JIH'l-

KOJIH'-leCTBO TBJJIOB 8 TBC; Tl 11 p _ napa- Hhrx rrapaMeTPaX TBC H cpe,[{bI. Ilepexo,[{HM 

MeTPbI, xapaKTepH3YJOlllHe CKOpOCTh BbITOpa- cpyuKUHH, o6ecne'-IHBaIOilla.li He3aHH)KeHHe JlO-

HH.li ueHTPOHO-qYBCTBHTen1,uoro MaTepHana 8 KaJihHhIX MOIUHOCTeH B ua116onee uarrp.l{)KeH-

,[{eTeKTope; y - HHTerpan TOKa JMHrrepa no HhIX TBC, ,[{AA BB3P-1000 (oxBaTbIBaIOTc11 

BpeMeHH pa60Thl ,[{eTeKTopa; Jn - TOK JMHT- TaK)Ke TBC C COBMeCTHblM pacIIOJIO)KeHHeM 

Tepa ,[{eTeKTopa; K.,,, - a.[{anTaUHOHH.hrn KOJ<p- CBP.D: HOP CY3) npe,[{CTaBJUleTcH B BH,[{e 

S =P.(1 +,PiW + ~W2 +P.iW3 + PsW4 )[1 +~(I+ ~W)(G-Go)][I + Pg(l +PgW)(C-C0 )][1 +(Pio+ P.,W)(Q/Q, - t)]x 

x[I + Pii(N -4)][(1 + P.iV,. + P.iW-W0 )W,,)(~/ KJ+(l +Pis+ P.6W0 + P.1Wn(W0 / Kc0 )] , (12) 

r,[{e P1 ... P17 - KOJ<p<pHUHeHThI anrrpOKCHMa­

u1m; W - TeKyruee BhITOpauHe TOnJJHBa; w. -
BhITOpaHHe TOIIJIHBa npH BBe,[{eHHOM rrorno­

THTeJJe (OP CY3); G, G0 - TeKyruM H orrop­

HM IIJJOTHOCTH B0,[{hI; C, C
0 

- TeKyruM H 

orropuaK KOHileHTPaUHH ecTeCTBeHHoro 6opa 

B BO,[{e; Q, Q, - TeKyruM H onopHM y,[{eJJb-

Hbie MOillHOCTH; N - HOMep ,[{eTeKTopa no Bbl­

COTe c6opKH; W0 - ,[{OJJ11 ,[{eTeKTopa, ue rrepe-

KpbITM nornoTHTeJJeM (OP CY3); W8 - ,[{OJJ.li 

,[{eTeKTOpa, rrepeKphITM qacThIO OP CY3; Kc 

- KOJ<p<pHUHeHT HarpY3KH TB3JJOB, OKp)')KaIO­

IUHX TPy6Ky c ,[{eTeKTopoM, B TBC 6e3 yq:eTa 

norp)')KeHH.sI OP CY3, pacc11HTbIBaeTc11 Men­

KoceToquoii HeHTPOHHO-<pH3H'-leCKOH npor­

paMMOH c yqeTOM peanbHoro OKp)')KeHHK TBC 

B aKTHBHOH 30He peaKTOpa; Kee - KOJ<p<pHI~H­

eHT uarpY3KH TB3JJOB, 0Kp)')K3IOIUHX TPY6Ky C 

,[{eTeKTopoM, B TBC c yq:eToM norp)')KeHHH 

6opHoii (HJIH ,[{Hcnpo3HeBoii) qacTH OP CY3. 

OnopHble 3HaqeHH11 IlJJOTHOCTH BO.Ubl, 

KOHUeHTPaUHH 6opa 11 y.ueJJbHOH MOlllHOCTH 

COOTBeTCTBYJOT 3Ha'-leHHHM, rrpH KOTOpbIX Bbl-
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IlOJJHeHbI ope,[{BapHTeJibHhie pacqeTbl COCT011-

HHH no nporpaMMe TBC-M. 

Cne,[{yeT OTMeTHTh, '-ITO npH IIO,llrOTOBKe 

K03<p<pHUHeHTOB ,[{aHHoii cpopMYJJhI ,[{eJJaeTc.sI 

rrpe,[{nOJIO)KeHHe, qTo raMMa-COCTaBJUIIOIUM 

peaKTOpHoro H3JJ}"IeHHH B pe3yJihTHpyIOmeM 

CHrHaJie )U13 rrporropUHOHaJJbHa aKTHBaUHOH­

HOH COCTaBJJ.liIOIUeH H BXO,[{HT B a,[{anTaD;HOH­

HhlH K03<p<pHUHeHT K.,.. Ha caMOM ,[{eJJe BKJJa,[{ 

3TOro TOKa B o6mHH CHTHaJI 6y)leT pa3HhIH B 

CBe)KHX )U13, HaxO,[{.sllllHXC.sI B KacceTax c pa3-

JIH'IHhIM o6orameuHeM, C 0,[{HOH CTOpOHbl, 

YBeJIH'-IHBMCh no Mepe BhrropaHIDI )U13, a c 

.[{pyroii, )'MeH.hIIIMCh no Mepe Bhrropau11.s1 Kac­

ceTbI. 3TO npHBO,[{HT K 3aHH)KeHHlO KOJ<p<pH­

UHeHTOB qYBCTBHTeJJbHOCTH IIpH BbITOpamrn 

TBC. 

TaK)Ke cne,[{yeT OTMeTHTh, qTo rrpH onpe­

,[{eJJeHHH TeITJJOBOH MOIUHOCTH peaKTOpa no 
)U13 He }"IHTbIBaeTC.sI 3HeprID1 aJib<pa-'laCTHU, 

o6pa3YJOlllHXC11 npH 3axBaTe HeHTPOHOB 60-
poM B TeIIJIOHOCHTene (npHMepHO 0,3 % OT 

HOMHHaJJhHOH MOIUHOCTH), qTo TO)Ke rrpHBO­

.llHT K ,[{OnOJIHHTeJlhHOH He,[{OOUeHKe K03<p<pH­

UHeHTOB qYBCTBHTeJihHOCTH K KOHUY KaMna­
HHH. 



2. Y11eT BLlfOpaHHH .L(II3 

,[(ml om1caHIDl C00TH0IIJeHJrn Me)l()l}' T0-

K0M Jo CBe)Kero .ueTeKT0pa H H3MepeHHhIM T0-

K0M J BhIT0peBmero .ueTeKTOpa )J,JUl .[(II3 c )J,H­

aMeTP0M pO,llHeBOH nposonoKH = 0,5 MM H 

,D.flHHOH 250 MM o6hP:lHO HC□0ilb3YeTCSI 3KCile­

pHMeHTanbH0 no.n.rnep)K.lJ.eI-rnasr 3aBHCHM0CTb 

(10), r.ue p = 0,94, Tl= 0,00345 I/Kn, Y - npo­

TeKIIIHH qepe3 )J,eTeKT0p HHTerpanbHbIH 3apH,ll. 

IlpHMeIDUl pacqeTbI no nporpaMMe TBC-M c 

BbIT0paIOIUHM H HeBbIT0pa!OW.HM po.uHeM B 

)],II3, no11po6yeM no.uTBep,D.HTb 3TY 3aBHCH­

M0CTb H no B03MQ)KHQCTH YT0qHHTb ee. 

B H3Mep.sreMhlH CHTHan )],Il3 onpe.n.en.sr10-

IUHH BKna)J, BH0C.SIT MrH0BeHHM H 3ana3,IJ,hIBa­

IOW.M C0CTaBil.SllOJllHe, CBSl3aHHhie C aKTHBa­

UHeH p0.UIDI. Ew.e eCTb Q)OHOBblli TOK OT nH­

HHH CBSl3H, era BI_<Jia)J, YBeJIH'IHBaeTCSI )J,0 15 % 
B nonH0M CHrHane no Mepe BhIT0paHIDI .ueTeK­

T0pa H, cne)J,0BaTenhH0, era HeTQqffblli yqeT 

M0)KeT 3aMeTH0 HCKa3HTb 3aBHCHM0CTh BhIT0-

paHIDl )],II3 OT npoTeKmero 3apS1,1J,a. B coBpe­

MeHHhIX c6opKax .u.eTeKTopoB, c Q)OHOBhIMH 

)l(HnaMH .u.n.sr Ka)K,D.oro .u.a~Ka H anrrapaTHOM 

Bbl'IHTaHHH napa3HTHOro TOKa, !pOHOBhlli TOK 

MO)KHO He paccMaTPHBaTh. J.fa HMeIOII.lHX 3a­

MeTHYIO senwmHy OCTaeTC.SI TOK, B03HHKaIO­

W.HH B .u.ereKTope 3a cqeT raMMa-HnyqeHIDl pe­

aKTopa, Ha30BeM ero raMMa-COCTaBn.SIIOW.eH. 

3TOT TOK 3aBHCHT T0JihKO OT MOIUHOCTH 

KacceThI, reoMeTPHH H MaTepHanhHOfO COCTa­

Ba c6opKH )],Il3 H He 3aBHCHT OT BhITOpaHIDl 

po,nIDl. OH TO)Ke .u.errHTcSI Ha MrHOBeHiryro 

(raMMa-KBaHThl, B03HHKaIOII.lHe npH .ueneHHH) 

H 3ana3,1J,h1Ba10w.yro (raMMa-KBaHThl OT 11po­

,IJ,yY<TOB .ueneHHH) COCTaBJUllOIUHe. H3BeCTHO, 

qTO B CTauHoHapHOM COCTO.SIHHH 3TH COCTaB­

ilSIJOW.He rrpHMepHO paBHhl. IlepHO,IJ, 11onypac­

na.u.a OCHOBHhlX npO.U.yKTOB .u.enemrn, .uaroIUHX 

BKna)J, B 3aIIa3)J,h1Ba10w.yro COCTaBn.SIIOII.lYIO 

raMMa-H3nyqeHIDl peaKTopa, npHMepHo B 2,5 
pa3a 60nhllle, qeM y 3aIIa3,Zlb1Ba10meH COCTaB­

ilSIIOII.leH, CBSl3aHHOH C aKTHBauHeH po)J,JUl . .5Ic­

HO, qTO BKna)J, 3TOro TOKa B o6IUHH CHrHan 6y­

.ueT pa3HhIH s CBe)KHX )],II3, HaxO,IJ,SIIUHXCH s 

KacceTax c pa3mPrnhIM o6orameHHeM, c o.u­

HOH CTOpOHhl, YBeilH'IHBMCh no Mepe BhirOpa­

HHH )],TI3, a c .u.pyroii, YMeHhIIJMCb no Mepe 

BhITOpam-uI KacceThl. 

.[(onycTHM, 'lTO B CHrnane )],IT3 0TCYTCT­

BYeT cocTasn.sr10ma.S1 peaKTOpHhIX q>oTOHOB. 

Ilo Mepe 3OHHOro BhITOpaHIDl po,ZlHeBOH npo­

BOil0KH nepepacnpe.uenS1eTc.S1 30HHM aKTHBa­

rurn pO,ZlHSI, MeH.SleTC.SI (YMeHhmaeTC.SI) HHTer­

panbHM BepO.SITHOCTb BhlneTa 3neKTPOHOB H, 

cne.uosaTenbHO, YMeHblUaeTC.SI TOK ,[(TI3 Ha 

O)J,HH aKT nornomeHIDl HeHTPOHa B pO,llHH 

(TOK, CBR3aHHbIH C MrHOBeHHOH COCTaBn.SIIO­

w.eH, YBenHqHsaeTc.sr). 

lllTaTHaR q>opMa Y'{eTa BhIT0paHHH .[(TI3 
cuaqana 3aBbIIIJaeT nHHeHHYIO MOillHOCTh, a 

npH HHTerpanbH0M 3ap.S1,1J,e 6onbllle 130 Krr 
(npH .unHHe po.u.HeBOH npOBOnOKH 25 CM) 3a­

ID1)KaeT ee. Ha pHc. 2 noKa3aHa pa3HHUa B 

npoueHTax B nHHeHHOH MOIIIHOCTH, norryqen­

HOH C HCIIOflb3OBaHHeM OTHOllleHIDl J/Jo, pac­

cqHTaHHOro no TBC-M, H c npHMeHeHHeM 

IllTaTHOH q>opMynhI (10) B crryqae, ecnH co­

CTaBJUllOillM peaKT0pHbIX !pOTOHOB pasHa 0, 
1,5 u 3 % OT II0JIHOro CHrHana CBe)Kero ,uaT­

'lHKa. 

BH.UHO, qTo COCTaBil.SllOJllM peaKTopHhIX 

!pOTOHOB )J,OCTaTO'IHO CHflhH0 BnHHeT Ha q>op­

MY yqern s&rropaHIDl .[(TI3. TaK KaK cno)KHO 

3apanee CMO)J,errHpOBaTb peanbHYIO HCTOpHIO 

o6nyqeHHR Ka)K,D.oro ,uaTqHKa B peaKTope, a 

30HHoe BhrropaHHe po,ZlHeBOH nposonoKH cna-

60 3aBHCHT OT o6orameHH.SI TB3n0B, OKp)')KaIO­

IllHX .ua~HK, 6y.u.eM cqHTaTh (.u.m y1rnq>HKa­

UHH q>opMbI yqera BbIT0paHHR .[(TI3), ~o 

BKna)J, peaKTOpHhIX !pOTOHOB (MrHOBeHHbIX H 

3ana3)J,bIBaIOIIIHX) B rronHhIH CHTHan CBe)Kero 

.u.aTqHKa C0CTaBil.SleT 3 % H He 3aBHCHT OT 

o6oraw.eHIDl TB3ilOB, OKP)')KaIOIUHX ,uaT'IHK. 

KaK BH)J,BO Ha pHC. 2, npH HHTerpanhHOM 

3ap.S1,1J,e 151 Kn .u.n.sr rrposorroKH .u.mrnoii 25 CM 

lllTaTHM q>opMa (10) j"IeTa BhiropaIDUI .[(TI3 
coBrra,uaer c pacqeraMH no TBC-M npH 

Jgam = 3 %, qTo xopomo cornacyercH c 3Kcne­

pHMeHTanhHhlM aHaJIH3OM BbITOpaHIDl .[(TI3 
npH npoTeKllleM 3apRAe 6 Krr Ba 1 CM. He-

6onhlllYI0 pa3HHUY M0)KHO 061,srcHHTb nH60 

6om,meH 8 pearrhHOCTH COCTaBJISIIOIUeH peaK­

TOpHoro raMMa-H3nyqeHIDl B nonHoM CHrHane 

)],IT3, nH6o HenonHbIM HCKn}Oqem1eM !pOHO­

BhIX T0KOB H3 npoTeKIIIero 3apH:,lla. 

}],m MHHHMH3aUHH norpemH0CTH q>opMbl 

j"IeTa Bbir0paHIDl )J,JISI )J,eTeKTopa .ZlflHHOH 

25 CM nocne .ueTanbH0f0 HeHTPOHHO-!pOTOH-
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r 

5,0E+00 ~-=-.---------,,--,,-,,~--,----. 
4,0E+00 +------1 -- dQn(Jo = O) % 

3,0E+00 +-------1--+- dQn (+3 % J0 ) % 

2,0E+00 +-------1 
1,0E+00 t------{_ _ ____::...:__.:..___:_~~.,__~..___, 

0,0E+00 ""-::--''-----+---+---7"'-'---+?l-=--.,f"'-i 
-1,0E+00 ~:!'!!llliiiii~ ~....c_.;..___..,;-,::::.___;_-::::'ill"""----:il,.._--; 

-2,0E+00 t----=~--=~--~:__--::.-,~--l 
-3,0E+00 i-----_.::_~!!!!!11-al!!!!~:._:____:__.j 
-4,0E+00 _________ n_po_T_e_KW_ll....,M,--3_a_p!IA-, c-:Kn-1 

-5,0E+00 ..__-------~---~~~ 

Pwc. 2. Pa.3HHQa B npoueHTax B onpe.neneHHH 
nHHeHHOH MOmHocTH dQn c wcnonh30BaHHeM 
OTHOU1emu1 JIJ0, nony'-leHHoro no nporpaMMe 
TBC-M H lllTaTHOH cpopM)'ne ( I 0) ( npH 
cocrnsmnomei-1 peaKTOpHoro H3Jl)"{emui B nonHOM 
cwrnane )U13 Jg= 0; 1,5; 3 %) s 3aBHCHMOCTH OT 
npoTeKUJero 3apR.na 

Horo pacqeTa o6nyqeHIDI )U13 npeAJiaraeTCjl 

3aMeHHTb llITaTHYJO 3aBHCHMOCTh (10) Ha 

q>OpMyJiy 

Jo= J(Y)/(1 - (2,65E-3) Y - (3,8 lE-6) Y 2
). (13) 

B AaHHOH pa6oTe ~aMeTp pOAHeBoH npo­

BOJIOKH npHmrr 0,484 MM, a ee AJIHHa paBHOH 

245,2 MM. TaK)Ke CJieAyeT o6paTHTb BHHMa­

HHe, qTo Bmuurne cneKTpanhHhIX xapaKTe­

pHCTHK TBC Ha BhrropaHHe )J:rl3 3Haq]iTCJihHO 

MeHbllle 3MBJICHHOro pa36poca ero Ha'Ianb­

HOH qYBCTBHTeJibHOCTH ( ± 0, 7 5 % ). 

B 3aKJilOl[CHHe H~O OTMeTHTh, KaK 00-

rpellIHOCTh cpopMbI yqeTa BhITOpaHIDI ,11:rB 
CBj13aHa c ero Haqam,HoH '-IYBCTBHTeJihHO­

CThI-O. Ha pHC. 3 IlOKaJaHa 3aBHCHMOCTh 

onrn6KH B yqeTe BbITOpaHHjl )U13 OT npoTeK­

rnero 3apj{Aa Ami cnyqaeB pa36poca Ha'Ianh­

HOH qyBCTBHTCJihHOCTH. HanpHMep, npH YBC­

JIH'IeHHH na'la.Jll,HOH 'IYBCTBHTCJibHOCTH Ha 2 

>< (') 5 ..,c ,._q 4 :r D: 
Q) s 3 ::r :r 
0"' 2 O.o. 
C: 0 
m ._ 1 
"' J5 :;rm 0 -d(1 %) s"' 
iUi -1 -d(2 %) 
[~ -2 -d(S %) 
I ~ -3 -d(- 1 %) -o. * 0 -4 -d(- 2 %) 

'5"-& -d(- 5 %) m -5 

Pwc. 3. IlorpeUJHOCTb )"{eTa Bb1ropamui ,DJI3 .nnR 
Cn)"{aJ! pa.36poca Ha'-lanbHOH lfYBCTBHTenbHOCTH 
± 1, ± 2, ± 5 % B 3aBl1CHMOCTH OT npoTeKUJero 
3apR.na: d(a %) - OTKJIOHeHHe B npoueHTax B 
3Ha'-leHHH cpopMynhl ( I 0) npH OTKJIOHeHHH 
Ha'lfanbHOH lfYBCTBHTefilHOCTH )U13 Ha a % 
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% npH npoTeKllJeM 3apMe B 150 Kn OllIH6Ka B 

cpopMe yqeTa BbiropaHHjl ,11:rB BbipacTeT AO 2 
% H, CJICAOBaTeJibHO, CYMMapR8jl norpew­

HOCTb COCTaBHT 4 %. 

3aKJIIO'lenue 

OnncaHa MCTOAHKa pacqeTOB (pyttKIJ,HH 

rrepeXOAa OT TOKa )U13 K JIHHCHHOMY :mepro­

Bbll{eJieHHlO TBC B BB3P. ,l],Jijl rrpaBHJihHoro 

yqeTa BbiropaHJ,fjl HCHTpOHO-tJYBCTBHTeJibHOro 

AeTeKTOpa C MHHHMaJll,HOH norpellIHOCTl,l-0, 

He HaKaamrnaJOmettc11 no Mepe 06nyqemt11 

AaTtJHKa, cneAyeT nposecTH pa6oThI no YTO'I­

HeHHJO peaKTOpHOH raMMa-COCTaBllillOIUCH B 

CHrHane poAHesoro ,l],Il3. TaK)Ke cJieAyeT OT­

MeTHTh, qTo Aa)Ke Ami CJI)"IM CBe)Kero, HeBbl­

ropesrnero )U13 BKJiaA peaKTopHOH raMMa-co­

cTaBmnomei-i B perHCTpHpyeMOM ClffHane B 

KacceTax c pa3HblM o6orameHHCM 6yAeT OT­

JIH'IaTbCjl H 3TO Heo6XOAHMO )"IHTbIBaTb. 

Cnucotc JJHTeparyphl 

1. C6uoemenbcmeo o rocy.napcrneHHOH perncTJ)a­
UHH nporpaMMbI JJ.nll 3BM N!! 20096 I 2729 "Ilpor­
paMMHhIH KOMnneKc XopTHQa-M JJ.nJI cwcTeMbI 
BH)'TpHpeaKTopHoro KOHTJ)OJlR peaKTopos THna 
BB3P". 3aperncTPHPOBaHO s peecTJ)e nporpaMM 
.D.nll 3BM 28 McUI 2009 r. 
2. KanuHyUIKUH A.E., MumuH B.H., Cf!ftt'leHK06 
/0.M. 11 .np. CospeMeHHcUI CHCTeMa KOHTPOnR 3KC­
nnyaTaQHH RJJ.epHOro TOnJlHBa Ha peaKTOpax THna 
BB3P, ee sepHQ)HKal.(HR 11 aan11.naUHJ1 Ha KanH­
HHHCKOH A3C // BAHT. Cep. <l>H3HKa ll.D.epHbIX 
peaJCTopoa, 2009, Bhm. 3, c. 3-12. 
3. /.(UM6ano6 C.A. XapaKTepHCTHKH po.nwesoro 
J].eTeKTopa HeHTJ)OHOB ,[(113-1 M. IlpenpHHT H.A3-
3899/4, 1984. 
4. Gorodkov S.S., Marin S. V., Tsimba/ov S.A. In­
core SPND response calculation with MCU and 
EGS4 codes / Proc. of the tenth cymposium of 
AER. Moscow, 18-22 September 2000, pp. 735-
738. 
5. IlpozpaM.Ma TBC-M (aepcHll 1.4). PerncTJ)a-
1.(HOHHbIH HOMep nacnopTa a1TeCTaQHl1 IlC N!! 239 
OT 23 .09.2008. M.: <l>e.nepanbHaJ! CJTy)K6a no 3KO­
norl1'-teCKOMY TeXH011orH'-leCKOMY H aTOMHOMY 
HaJJ.30py, 2008. 
6. CudopeHKO B.,l(., EonbmazuH C.H., Kyp11e11K06 
A.JO., JI03apeHKO A.lI., l.(eemK06 B.M. IlporpaM­
Ma TBC-M. OnwcaHHe anropHTMa 11 11HCTJ>YKUHll 
JJ.nR nonb30BaTenll. 0r'-leT PHIJ, 'Kyp'-laTOBCKHH 
HHCTHTyT" HHB. N!! 32/1-18-203, 2003. 



7. Ober T. G., Malloy J. W. An advanced model for 
the prediction of the total bumup-dependent self­
powered rhodium detector response I Proc. Int. 
Conf. on Mathematics and Computations, Reactor 
Physics and Environmental Analysis. Vol. 2. P. 
22-31 , Portland, Oregon, 1995. 
8. Gorodkov S.S., Gomin E.A. et al. Calculation of 
rhodium SPND sensitivity with the Monte-Carlo 
code MCU-REA. Int. symposium safety related 
measurements in reactors, l 0-12 September 2002, 
Moscow. 

9. llunnuK 10.B. MeTOJJ. HaHMeHbUJHX KBanpaToB 
H OCHOBbl TeOpHH o6pa60TKH Ha6moneIDIH. M .: 
<l>H3MaTrH3, 1968. 

Ko11maKm11aR u11¢opMatfUR -
Kyp'leHK06 AlieKcanop !Opbe6u'I, c. H. c., mell. : 
( 499)196-72-11, e-mail: s327@vver.kiae.ru 

BonpOCbl aTOMHOH HayKH H TeXHHKH. 
Cep. <l>H3HKa .11,11,epHhlX perucropoB, 2010, Bbtn. 3, 

C. )6-25 . 

Y,L(K 621.039.58 
Pac11eTHOe MO,ll.MHpOBauue pe)KHMa C OTKJIJO'leHHeM JJ.BYX H3 'leTbipex 

pa6oTarow.ux rn:H ua uoMHHaJILuou Mow.uocTH 6noKa .N!! 3 KaJIHHHHCKOH A3C 

B.A. TepeiuoHoK, JI.B. KpRKBUH, B.C. CmenaHoB, 
OAO "BHHHA3C", 109507, MocKBa, yn. <l>eprattcKrui, 25, 

0./0. KaByH, A.H. llonb1Ku11, P.A. llleB11eHKo, C.A. llleB11e11Ko, 
<l>fY "HTQ 5IPE", 107140, MocKBa, yn. Manrui KpacttoceJlbcKrui, .n. 2/8, K. 5 

IlocTynHna B pe.naKUHIO 11.08.2009 r. 

TTpHBOJJ.HTC.A onHCaHHe pe3yJJbTaTOB H3MepeHHH napaMeTpOB mrnaMH4.eCKOro pe)KJ,!Ma, 06ycnoBJ1eHHOro 
OJJ.HOBpeMeHHhIM OTKJJJ04.eHHeM nayx rnaBHbIX UHPKYJUH.{HOHHhIX Hacocoa (rI.UI) Ha 6noKe N!! 3 Kanmurn­
CKOH A3C. OrnenhHb1e napaMeTphI naHHoro pe)l(J-tMa pacc4.HTaHhI no nporpaMMHOMY KOMnneKcy PA.l{YI' A-
7 .5 . .[Lrut :noro c HCnOJlh30BaHHeM nporpaMMhI WIMSD-5B pa3pa6oTaHa H eepHQ)HUHpoBaHa 6tt6JJHOTeKa 
nayxrpynnOBblX KOHCTaHT .IJ.JI.A HOMeHKJJarypbl KacceT, npHMeIDleMblX B aKTHBHOH 30He (a.3.) 6JJOKa .N!! 3 Ka­
JIHHHHCKOH A3C. TTpencTaBJJeHo cpaeHeHHe pe3ynhTaTOB pac4.eTOB H H3MepeHHH. Pe3yJJhTaThl H3MepeHHH H 
paC4.eTHOH oueHKH OT,lleJlbHbIX napaMeTpOB pa3Mell{eHbl B 6aHKe 3KcnepHMeHTaJJbHblX naHHbIX no H30TOn­
HOMY cocTaBy OTPa6oTaHHoro TOnnHsa peaKTopHbIX ycTaHOBOK (PY) c BB3P H PBMK H pe3yn1,TaTaM ,11,HHa­
MH4.eCKHX H3MepeHHH Ha c6opKax H PY c BB3P, HcnofilJyeMblX B HTU RPE .1J.J1.A eepHQ)HKaUHH H 3Kcneprn-
3bl nporpaMMHhrx: cpencTB. 

&101/eeble c,waa: 8B3P, KanHHHHCKa.A A3C, aaapHHHhIH pe)l(HM, ocTaHOB, fUH, 3KcnepHMeHT, H3Me­
peH1-1e, pac4.eT, nporpaMMa PA,[(YfA-7.5 . 

Calculation of a Transient with Shutdown of Two Main Circulation Pumps of Four at Unit .N"!! 3 of 
Kalinin NPP Nominal Power Level. V .A. Tereslwnok, L. V. Kryakvin, V.S. Stepanov, JSC " VNIIAES ", 25, 
Ferganskaya St., Moscow, 109507, O.Yu. Kavun, A.I. Popykin, R.A. S/1evc/1enko, S.A. Shevcl,enko, SEC 
NRS, 2/8 (bid. 5), Malaya Krasnose/'skaya St., Moscow, 107140. The measurements during transient with the 
simultaneous shutdown of two main circulation pumps (MCP) at Kalinin-3 NPP are described. Some parame­
ters of this transient were calculated with RADUGA-7.5 code. For this purpose two-groups constant library 
was developed and verified. Cross section data were generated with the WIMSD-5B code. Comparison be­
tween results of calculations and measurements of this transient is presented. Measured and calculated data are 
available on the SEC NRS experimental data bank. This experimental data bank is used by SEC NRS for 
codes verification and validation. 

Key Words: VVER, Kalinin NPP, Transient, Shutdown, MCP, Experiment, Measurement, Calculation, 
RADUGA-7.5 Code. 
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1. Onncauue HJMepeauu napaMeTp0B 
pe)KHM3 C OCT3HOBOM ,ll.Byx rII;H 

ua 6JJoKe .N!! 3 KaJJHHHHCKOH A3C 

l13MepeHne H perm:TpaUIDI napaMeTpOB B 
HCCJJe,L(yeMOM )lHHaMW{eCKOM pe)IC}IMe ocyrue­
CTBJJJUIHCb C ITOMOD.lbIO UJTaTHbIX cpe,ucTB -
cucTeM BepXHero 6no'illoro ypoBHH (CB6Y) H 
BHyrpupeaKTOpHoro KOHTpOJUI (CBPK), a TaK­
)l(e )lOITOJIHHTeJJbHOrO H3MepHTeJJbHOro KOMIT­
neKca - CHCTeMbl 3KCIIepuMeHTaJJbHOro KOHT­
pollil. 

B HCXO,L(HOM COCTO.HHHH napaMeTpbl PY 
HMenu JHaqeHH.H, npHBe,ueHHhie B Ta6nnue B 
cTon6ue "Mcxo,uHoe cocTorurne" (,uaHHbie 
CBPK Ja ucKJJIO'leHHeM KOHUeHTpaunn 6op­
HOH KHcnonI B peaKTope, onpe,ueneHHOH no­
cpe,uCTBOM na6opaTOpHoro XHMamunna). Co­
CTO.HHHe o6opy,uoBaHH.H n CHCTeM perynupo­
BaHH.H COOTBeTCTBOBaJJO npoeKTy. PeaKTOp Ha­
XO,IJ.HJJC.H B pe)KHMe CTaUHOHapHoro OTpaBJJe­
HIDl Xe-135. KoHileHTpal(H}I 6opHOH KHCJJOThI 
B TeITJJOHOCHTene I KOHTypa, KOMIIeHcaTope 
.IJ.aBJJeHHj[ (K,[Q H B CHCTeMe no,ummrn 6bIJJa 
BblpOBHeHHOH. ABTOMaTuqeCKHH perynnop 
MOD.lHOCTH (APM) naXO,L(HJJC.H B pe)KHMe "T" 
no,L(.IJ.ep)l(aHH.H ,IJ.aBneHH.H B rnaBHOM napOBOM 
KOJlJleKTope (fITK), COOTBeTCTBeHHO 3JJeK­
TpOHHM qacTb CHCTeMbI perynnpoBaHH.H 
(3qCP) Typ6HHhI - B pe)IC}IMe "Per. N" no.u­
.uep)l(aHHj[ HarpY3KH Typ6oreHepaTOpa (Tf). 

B 9 qac 9 MHH 3,28 c 05.10.2005 (BpeMH 
no ,IJ.aHHbJM CB6Y) c aBTOMaTH3HpoBaHHoro 
pafioqero MeCTa Ha'laJJbHHKOM CMeHbl peaK­
TOpHoro uexa Ha 6no'illOM rryttKTe ynpaBne­
HIDI O,IJ.HOBpeMeHHO OTKJJIOqeHbl fU:H N!!N!! 3 
H 4 - ,L(Ba CMe)l(HblX HJ qenIpex pa60TalOillHX 
fU:H. 

ITapaMeTphI, 3aperncTpHpoBaHHbIe no 
OKOH'laHHH nepexo,L(Horo npouecca, o6ycnoB­
neHHoro O,IJ.HOBpeMeHHbIM OTKJJIOqeRHeM fU:H 
N!!N!! 3, 4, npuBe.LleHbI B Ta6nnue (cTon6eu 
"KoHe'lHoe COCTOj[H_He") H Ha KapTorpaMMax 
pHC. 1, 2 ( CTpOKa "KoHetJHoe COCTO.HHHe"). 

B Ta6JJHI(e: T 3<j) - 3cpcpeKTHBHOe BpeMH pa-
60Tbl peaKTopa, 3cpcp. CYT; Na.3. - cpe.IJ.Hj[j[ 
(cpe.uHeBJBerneHHa.H) TeilJJOBM MOD.lHOCTb pe­
aKTopa, MBT, % NHor.i; N 1K - TeITJIOBa.H MOW­
HOCTh peaKTopa, paCC'IHTaHHM no rrapaMeT­
paM TerrnouocnTeAA I KOHTypa, MBT, % NHor.i; 
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N2K - TennoBM MOWHOCTb peaKTOpa, paCC'IH- . 
TaHHM no rrapaMeTpaM IlHTaTeJJbHOli BO)lbl, 
no.uaBaeMoH B naporeHepaTOpbI (ITr), MBT, % 
NHor.i; Nnm - TerrnoBM MOWHOCTh peaKTopa, 
paCC'IHTaHJiajl no nOKaJaHH.HM ,IJ.aT'lliKa np.H­
MOH 3ap.H.IJ.KH ()Ul3), MBT, % NHor.i; NaKHn -
TeITJJOBM MOWHOCTb peaKTopa, paCC'lliTaHHM 
no ,IJ.aHHbIM annapaTypbl KOHTpOJUI HeHTpOH­
Horo noTOKa (AK.HIT), MBT, % Nuor.i; N)n -

3JJeKTpnqeCKM MOWHOCTb (aKTHBHa.H) Tr, 
MBT; H, - nono)KeHJ-1e B a.3. i-H rpynrn,1 opra­
HOB peryJJHpoBaHH.H (OP) CY3 (i = 1 . . . 10), 
CM, %; C6K - KOHUeHTpallH.H 6opHOli KHCJJOTbI 
B TennoHocuTene, r/Kr; T x ; - TeMIIepaTypa 
TennoHOCHTellil B "xono,IJ.HOH" HHTKe i-H neT­
JJH (i = I. . .4 ), °C; ~ T ITT ; - cpe]lHHH nonorpeB 
TeITJJOHOCHTellil B i-H nerne (i = 1.. . 4 ), °C; T BX 

- cpe,L(IDUI (no neTJUIM C pa60TaIOWHMH fU:H) 
TeMITepaTypa TeflJIOHOCHTeJJ.H Ha BXO,IJ.e B pe­
aKTop, °C; ~Tm - cpe.LlHHH nonorpeB Terrno­
HOCHTen.H, °C; PIK - ,UaBJJeHHe (H3fibITO'lHOe) B 
I KOHType, MTia; MP - nepena.u .uaBneHHj[ Ha 
peaKTOpe, MITa; M ruH ; - nepenan ,uaBneHH.H 
Ha i-M fU:H (i = 1 .. .4), MITa; Gm; - pacxon 
TefIJJOHOCHTeJUI B i-H nerne I KOHTypa (i = 
= 1.. .4), M3/qac, T/qac; Gp - pacxo.u TennoHo­
CHTeJUI qepe3 peaKTOp, M3 /qac, T/qac; LKJJ. -
ypOBeHb TenJJOHOCHTeJUI B K,[(, CM; Lnr 1 - ypo­
BeHb KOTJJOBOH BO,IJ.bl B i-M ITf (i = 1.. .4), MM, 
CM; Gns ; - pacxo.u IIHTaTeJJbHOH BO,L(bI B i-H 
ITT (i = 1. . .4 ), M3 /qac, T/qac; T ns ; - TeMIIepa­
Typa nHTaTeJJbHOH BO.Ubl Ha BXO)le B i-H rrr (i 
= 1. . .4), °C; Pnr; - )laBJJeHHe (H36bITO'IHOe) 
napa B i-M rrr (i = 1.. .4), MITa; PmK - ,IJ.aBJJe­
HHe (u36hITO'illOe) rrapa B rrrK, MITa; oWIJ.nJ ­
aKCHaJJbHblH ocpceT no L(fl3; o Wa.J. - aKCHaJJb­
HbIH ocpceT, paCC'lliTaHHblli no BOCCTaHOBJJeH­
HOMY non10 3HeprOBhI,IJ.eneHH.H B a.3.; Kq r.iaKc -
MaKCHMaJJbHOe 3HaqemIe K034)4)HUHeHTa He­
paBHOMepHOCTH OTHOCHTeJJJ,HOH MOWHOCTH 
TBC, 0TH. e.u.; Kv M3KC - MaKCHMaJThHOe 3Haqe­
HHe K034)4)HJlHeHTa HepaBHOMepHOCTH 3Hep­
rOBbl)leneHHj[ B 061,eMe a.J., OTH. e,u.; ~ T K r.iaKc 
- MaKCHMaJJl,HblH no,uorpeB TennoHOCHTeJ]j[ B 
KacceTe, °C. 

Oocne OTKJJIO'leHHj[ fIJ:H N!!N!! 3, 4 co6b1-
TH.H paJBHBaJJHCh B cne,uywweii nocne,uosa­
TenbHOCTH: 
- qepe3 I 42 C (3,IJ.eCh H HH)l(e OT MOMeHTa 
BpeMeHll OTKJJIOqeHHjl fU:H NQ.N°Q 3, 4) 
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P11c. 1. 0rHOCHTeJibHOe 3HeprOBbl,lleJieHHe B TBC B HCXO.UHOM H KOHe4HOM COCTQj{HllilX B nepeXO.UHOM npo-

1.(ecce, o6ycJIOBJieHHOM 0.llHOBpeMeHHblM OTKJU04eHHeM .nsyx fl...(H 113 4eTb1pex pa60TaJOlll,HX (KanHHHHCKasl 

A3C, 6JIOK N!! 3, ) -ji TOnJIHBHasl 3arpY3Ka): I<.,- K03<p<pHL(HeHT ttepaBHOMepHOCTH :rneprOBbl,D:eJieHIDI no KaC­

CeTaM, 0TH. e.n. 

cpa6oTano ycTpOHCTBO pa.3rp)'3KH" orpaHH­
tJeHml MOIUHOCTII (POM) peaKTopa - rrporneJJ 
cHrttan "PA3rP4 OTKJI 214 rQH II3-1 
2KOM"; 
- qepe3 1,43 c cpa6orana ycKopeHHaJI npe.ny­
npe,n:HTeJJhHaJI 3alllHTa (Yil3) CIITHaJJ 
"OTKJI 2fUH >l,4C 1 Yil3 IKOM"; 
- qepe3 1,44 c cpa6oTana Yil3 - cHrnan 
"OTKJI 2fUH > 1,4 C 1 YII3 2KOM"; 
- qepe3 1,46 c cpa6oran POM - CIITHaJJ 
"PA3fP4 OTKJI 2/4 ruH Il3-1 lKOM"; 
APM no cpaKTopy cpa6aTbIBaHIDI "Il3-1" ne­
peKJIJOqJUJCH HJ pe>KHMa "T" s pe)l(J,IM "H" 
ITOMep>KaHIDI MOIUHOCTH peaKTopa H OTKJIIO­
'IHJJCH or ynpaBJJeHIDI OP CY3; 
- qepe3 2,44 c, nocJie CHIDKeHHH MOillHOCTH 
peaKTopa HH>Ke 75 % NHoM (scne.ncrnHe na.ne-

HIDI rpynnbI YII3), CHHJIHCb CHrHaJJbl "OTKJI 
2fQH >1,4C N> 75% YII3 2KOM" H "OTKJI 
2fU:H >1,4C N > 75% YII3 lKOM"; cpaJy 
)Ke nocJie 3TOro B roqHOM COOTBeTCTBHH C an­
ropHTMOM Ha 4-H c CRH.JIHCb CIITHaJJbI 
"PA3fP4 OTKJI 2/4 fQH Il3-1 IKOM" H 
"PA3fP4 OTKJI 2/4 fUH II3-l 2KOM", qTo 
npHseno K CHHTHIO c1-1rHana "Il3-l" H BKJIIO­
qeHHJO APM B pe>KHMe "H", npH :noM APM 
"3arroMH1,lJl" KaK ycrasKy 3HaqeHHe MOIUHOCTH 
peaKTopa BO BpeMH BKJIJOt:[eHIDI. TaK KaK 3Ha­
qeHHe ,n:aHHOH ycTaBKH OKa.JaJJOCb BbIIIIe Te­
KyrQeH MOIUHOCTH peaKTopa, TO c 3-ii ITO 7-IO 
ceK)'H.D.bI APM s pe)l(HMe "H" orpa6oran "Ha 
6oJibllle" H HJBJieK I 0-10 rpynny OP CY3 Ha + 
8 CM (or 88,07 .no 90,34 %). 3aMeTHM, qro .no 
CHHTHH CHrHana "Il3- l" pa60TOH ycrpOHCTBa 
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P11c. 2. Tionorpes TenJJ0H0CHTem1 B TBC no nattHbIM TepM0K0HTpOJJR CBPK s 11cxonHoM H K0He'-lHOM co­
CT0RHIDIx B nepexonH0M npo1..1ecce, o6ycJJOBJJeHHOM onHoBpeMeHHhTM 0TKJJIOtJeHHeM nsyx fl.UI H3 4eTbipex 
pa60Ta10ll(HX (Ka.nHHHHCKaR A3C, 6noK N!! 3, 1-R T0nJJHBHaR 3arpy3Ka): ~TK- nonorpes Tenn0Hoc1-1Tem1 B 
K-H KacceTe (K = I ... 95), °C 

POM I 0-H rpyrrrra OP CY3 6brna rrorp)')KeHa 
Ha 2 CM 0THOCHTeJihHO Hcxo.znrnro IlOJI0)KeHJUf 
(OT 88,64 Jl0 88,07 o/o). 

Cnycrn 6,45 c OT Haqana npouecca, a 
HMeHHo qepe3 4 c rrocne CHHTIDI CHTIIana "II3-
1 ", rrponurn cwrttanhI "PA3fP4 OTKJI 2/4 
fU:H 113-1 2KOM" H "PA3fP4 OTKJI 2/4 
ru:tt 113-1 IKOM", APM oTKmoqwncx oT 
ynpaBnettllil OP CY3, a POM Haqan CHH)KaTh 
M0II.(HOCTh peaKTopa rrorp)')KeHHeM 10-H 
rpynrn,1 OP CY3, KoTopoe ocymecTBJ1HJioc1, B 
Teqettwe 36 c (Jlo 43-H c rrpouecca), rrocne qe­

ro POM rrpH NaKHn = 40 % NHoM OTKJIJOlJHJICH H 
BKJI10tJHrrcx B pa6oTy APM B pe)KHMe "H". 
Ilorro)KeHHe I 0-H rpynrr1,1 OP CY3 rrpH 3TOM 
C0CTaBJIHJI0 69,89 o/o. 

B rrocrreJlYIOllleM APM rroMep)KHBan 
MOlllH0CTh peaKTopa no AKHIT B JlHanaJotte 
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38,2 .. .40,0 % NHoM H3BneqeHHeM 10-H rpynrr1,I 
OP CY3 OT 69,89 % JlO BepXHero K0HIJ;eBoro 
BhIKJIJOqaTeJJH, IIpOJlOJDKaBUIHMCH c 51-H II0 
134-10 c rrpouecca. Ha 150-H c orreparnp Ha­
llan H3BJieKaTh H3 a.3. 4-10 rpyrrrry OP CY3 
(rpyrrrry YI13) apw pa6oTe APM B pe)KHMe 
"H". MOlllHOCTh peaKTopa NaKHn npH 3T0M 
IIOMep)KHJ3anacb s HHTepBane 38,4 .. .41,7 % 
NHOM• 

B 10 qac 6 MHH 8 c (Ha 3 424-if c rrpouec­
ca) rpyrrrra OP CY3 N!! 4 6brna H3BJJetJeHa s 
Kpairnee sepxHee rrorro)l(eHHe. IIono)l(eHHe 1 O­
H rpynn1,I OP CY3 npH 3T0M paBIDUIOCh 59,66 
%. 

3a cqeT Ila)leHHH rpyrrrrnI YI13 MOII.(HOCTh 
peaKTopa no )laHHhIM AKHII CHH3HJ1ac1, Ha 

serrH1IHtty !).N = - ( 46 .. .4 7) % NHoM ( c yqeTOM 
"orpa60TKH" OTPHI.laTeJlhHhIX o6paTHhIX CBH-



Ta6JIH .. a 0CH0BHbIX napaMerpos I H II K0Hrypos B HCX0JJ.H0M H K0He'-IH0M C0CT0$1HI-UIX B nepeX0JJ.HOM 
npou,ecce, o6ycnosneHHOM 0JJ.HospeMeHHhIM 0TKJUO'-leHHeM nsyx fl.U-I H3 '-!eTbipex pa6onuomHX 
(KamrnHHCKaJI A3C, 6noK N2 3, l-$1 TOfl/IHBHaJI 3arpY3Ka) 

3Ha'-!eHHe 
TTapaMerp 

J1CXOJJ.HOeCOCT0$1HHe KoHe'-!Hoe cocT0$111He 

.l(aTa 05.10.2005 05.10.2005 
BpeM$1, '-!ac:MHH:c 9:09:00 9:13:34 
T ?J<b, 3Q)$. Cyr I 30,60 130,60 
Na.3., MBT 2 908 I 239 
NIK, MBT 2 941 I 202 
N2K, MBT 2 877 I 275 
Nnm, MBT 2 900 I 243 
NaKHn, MBT 2 939 1 203 
N'lII, MBT 990 406 
H1.3 S-9, CM(%) 352(100) 352 (I 00) 
HIO, CM(%) 312 (88,64) 298 (84,66) 
ll4, CM(%) 352(100) 48 (13,64) 
C6K, r/Kr 3,60 3,60 
Tx,, °C 288,50; 287,89; 288,09; 287,56 285,40; 285, 13; 285,24; 285,50 
!!,.T ITT/, oc 29,29; 29,07; 28,90; 29,60 18,21; I 9,91; - 9,73; -9,90 
T.x, °C 288,01 285,26 
/!,.Tm, °C 29,21 19,06 
Pi., Mna 15,59 15,26 
Mn, MDa 0,38 0,38 
MruHh Mna 0,566; 0,566; 0,563; 0,559 0,361; 0,365; 0,062; 0,05 I 
Gm,, M3/4ac 22 336; 22 155; 21 784; 21 816 26 764; 26 875; - 4 589; - 4 177 
Gn, Mj/'-!ac 88 092 44 872 
LKD., CM 869 733 
Lnr,, CM 222;220;221;222 219; 216; 221; 213 
G0 .,, Tl'-lac 1 437; I 369; l 378; 1 378 1 149; 1 146; 0; 0 
T0 .,, °C 215,90; 215,70; 216,70; 214,90 192,30; 192,70; 214,50; 212,00 
Pnr,, Mna 6,26; 6,27; 6,25; 6,25 
Pm., MTia 5,97 
OWnm,% -4,73 
ow.3.• % - 1,14 
Ki MaJ<cffBC 1,27/08-25 
!!,.TKMaKc, °C/fBC 28,49/08-25 
K.. Mm/(TBC/cnoi-i) 1,48/(10-27 /5) 

3eH no M0IUHOCTH peaKTopa c ypOBHSI 97 ,97 % 
NHOM B HCXO)lHOM COCTOSIHHH )J.0 ypOBIDI 51 % 
NHoM Ha I 0-ii c rrpouecca). 

llpo)lOJI:lKaBllleecS1 nocne 0Kottqauru1 pa-

6oTbI POM tta 43-ii c rrpouecca CHH)KeHHe 

MOIUHOCTH peaKTopa H Bbl3BaBlllee, HatJHHM C 

51-ii c, cpa6aTbIBaHHe APM "Ha 6onbrne" 

o6ycnoBneHbl Ha'-IaBWHMCSI OTPaBJieHlieM pe­
aKTopa KCeHOHOM-135. 

3l.J:CP npH pa6oTe s pe:lKHMe "Per. P" 

II0)l)lep:lKaHHSI )laBJieHHSI B rTIK pe3KHM IIpH-

6,04; 6,08; 5,88; 5,89 
5,89 

-12,50 
- 10, 10 

1,42/10-27 
30,84/08-25 

1,75/(l 0-31/2) 

KpbITHeM KJianauos Typ6oarperarn (TA) Ha 

HHTepBane BpeMeHH npHMepH0 c 7-H no 44-JO 

c rrpouecca (oT 47,5, 28,5, 35,8 H 32,5 % JlO 

COOTBeTCTBeHH0 20,2, 11,6, 17,0 H 17,4 %) K 

50-H C CHH3HJia 3JieKTpHtJeCKyJO M0IUHOCTb OT 
HCX0)lH0ro 3HaqeHHSI, C0CTaBJISIBIIIero 988 

MBT, Jl0 450 MBT. 3aTeM BCJie)lCTBHe CHH:lKe­

HHH P rn• perynHpyromHe KJiana.HhI TA K 90-ii 
C npouecca IIpHKpbUlHCb C00TBeTCTBeHHO )l0 

18,4, 9,8, 15,0 H 16,0 %. llpH Il0CJie)lOBaBllleM 

pocTe .AasneHHx rrapa B rTIK pery1mpyromHe 
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KJJarraHI,I K 162-H c npouecca npHOTKpbillHCh 

COOTBeTCTBeHHO )lO 19,6, 10 9, 16,4 H 17,0 %, 
nocne qero HX TIOJIO)KeHHR H3MeH}IJIHCb He-

3HatJHTeJihHO. 

3JieKTPHqeCKM MOlllHOCTh Tf K 105-H C 

npo{lecca CH.H3Hnacb .uo 363 MBT (M.HH.H­
Ma.m,HM B HCCJie.uyeMOM pe)KHMe BeJIHqJrna), 

IIOTOM npHMepHO K 170-H C 803pocna .uo 407 
MBT, nocne qero H3MeHRnach He3HatJHTeJihHO 

OTHOCUTeJibHO 3HaqeHU}I 400 MBT, T.e. ct>aK­

T~eCKH rrpHse.ueHa K BeJIHtJHHe, COOTBeTCT­

syiomei-i TeIIJIOBOH MOlllHOCTH peaKTopa. 

CKopocTh CHH)KeHHR NJn Ha HHTepsane spe­

MeHH c 7-i-i no 44-10 c npouecca cocTaBHJia 

npuMepHo 14,5 MBT/c. 

OcTaHOB H nocne.uyiomee U3MeHeHue Ha­

rrpaBneHHR IIOTOKa TeTIJIOHOCUTeJIR B neTJIRX 

,NQ.NQ 3 H 4 I KOHTypa HalJaJIHCb Ha 25 ... 30-H c 

rrpouecca. 

OTMeTHM, "ITO BeJIHtJHHbl Gm3 u Gm4 ' a 
TaK)Ke H Gp, npuMepHo .uo 105-i-i c npo{lecca 

onpe.ueneHbI C 60JihlIIOH norpeIIIHOCTblO (.uo 

oKoHqaHHR Bh16era fQH .NQN!! 3, 4). Cs}l3aHo 

3TO c TeM, qrn s CBPK OTCYTCTBYeT Mo.uenh 

BhltJHCJieHHR pacxo.uos TeIIJIOHOCHTeJIR B neT­

JIRX I KOHTYPa Ha HHTepsa.ne speMeHH Bh16era 

fQH. YBenHqeHHe pacxo.uos TemIOHOCHTeJIR 

s neTJIRX c pa60TalOlllHMU fQH ,NQNQ 1, 2 

o6ycnosneHo CHIDKeHueM rH,llpoconpoTHBJie­

HH}I I KOHTypa (s nepsyio oqepe.uh peaKTopa) 
H3-3a cHIDKeHH}I qepe3 Hero pacxo.ua. 

3aMeTHM, qTo Ha HHTepsane speMeHH ne­

pexo.uHoro npouecca npHMepHo .uo 105-ii c 

3HaqeHUR Nm i MOIIlHOCTeH neTeJih I KOHTypa 

(i = 1.. .4) H NIK onpe.uemlIOTC}I C 60JiblIIOH 
norpeIIIHOCThIO, TaK KaK 

- He,llOCTOBepHbI 3HaqeHHR Gm3 H Gm4; 
- He yqHTbIBaeTC}I TpaHcnopTHOe BpeMR no-

TOKOB TeIIJIOHOCH_TeJIR, qTO He06XO,llHMO B 

nepsyio oqepe,llh )lJI}I neTeJih c OTKJIJO'•rneMhI­

MH fQH, oco6eHHO Ha HHTepsane BpeMeHH 

npHMepHO .llO 90-H c, Kor.ua IIpOHCXO,llRT ne­

pepacnpe.ueneHHe H cTa6HJIH3aUHR pacxo.uos 

TeIIJIOHOCHTeJl}I B I KOHType. 

Boo6me rosop}I, onpe.uen}leMb1e CBPK 

3Ha'leHIDl Nm, .ua)Ke s cTaUHOHapHhIX pe)KH­

Max HMeIOT 60JlbIIl}'lO norpeIIIHOCTh, o6y­
CJIOBJieHH}'lO norpeIIIHocnrMH U3MepeHU}I KaK 

pacxo.uos Te0JIOHOCHTeJIR B IleTJIRX I KOHTypa, 
TaK H ero TeMnepaTyphI s "rop}l•mx" HHTKax 
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3THX neTeJib. )J;eHCTBHTeJlhHO, H3-3a rrnoxoro 
nepeMellIHBaHHR TeTIJIOHOCHTeJl}I nocne BhIXO­

.ua 03 a.3. U3Mep}leMM illTaTHhIMH cpe.ucTBaMH 
TeMnepaTypa TeIIJIOHOCUTeJI}I B "rop.sr'IHX" 

HHTKa.x neTeJib J KOHTypa CHJlhHO 3aBHCHT OT 

pacnpe.ueneHU}I ·non}! 3HeprosbI.UeneHUR no 

pa.uHycy a.3. (l]. 
TaK, HanpHMep, .llJl}I paccMaTpHBaeMoro 

3Hepro6noKa .N!! 3 KanuHHHcKoH A3C npH 

qeThipex pa60TalOlllHX fU,H CMemeHHe IIOJl}I 

3HeproBbl.lleJleHUR K uettTpy a.3. npHBO)lUT K 

}'BeJIH"leHHIO (MaKCHMYM Ha 5 QC) H3Mep}le­

MOH CBPK TeMnepaTyphI s "rop}l1:J:HX" HHTKa.x 

npH IIOCTO.llHHOH MOIIlHOCTU peaKTopa, a rrpu 

CMemeuHH IIOJIH 3HeprOBhl,lleJleHIDI B nepHcl>e­

PHHH)'IO qacTb a.3., Hao6opoT, K yMeHbIIIeHHIO 
(.uo 5 QC) H3Mep}leMoH TeMIIepaTyphI. IlpH He­

IIOJlHOM KOJluqecTBe pa60TaIOlllHX fQH Ha 

HeO,llHOpO,llHOCTb TeMIIepaTypbl TeIIJIOHOCHTe­

JIR no ceqeHHIO Tpy6orrposo.uos "rop~" 

HHTOK neTeJib I KOHTypa c pa6oTaIOlllHMH 

fQH )lOIIOJlHUTeJlhHO OKa3bIBaeT BJIIDIHHe 

□O)lMelllUBaHHe TeIIJIOHOCHTeJIR H3 "ropj{q}!X" 

HHTOK IleTeJib C OTKJIIO"leHHbIMH ru,H. 

2. Pac'leTHaH o~emca HJMepeuuii napa­
MeTpoe pe)KHM3 C OCT3HOBOM .ueyx rQH 

ua 6J10Ke .N'!! 3 KaJtHHHHCKOii A3C no 
nporpaMMHOMY KOMilJleKcy P A,l{IT A-7 .5 

2.1. lloo20moeKa 6u6J1uomeKu oeyx2pynnoebzx 
ou(jJ(jJy3uoHHblX KOHcmaHm 0/lR BB3P-1000 

6J10Ka M 3 Ka/luHuHcKou A3C no npo2p{1Jl,u1te 
WIMSD-5B 

Ha rrepsoM 3Tane Mo.uennposaHHR ,llHHa­
MHqecKoro pe)KHMa C OTKJIIoqeHHeM .UByx 

fQH s HTQ fil>E C03,llaHa 6H6JIHOTeKa Hei-i­

TpOHHHO-<PH3HqecKHX ceqeHHH .UJIR a.3. PY B -
320 3Hepro6noKa .N!! 3 Ka.JIHHHHCKOH A3C. 

)J;JIR C03,ll.aHUR 6H6JlHOTeKH HCIIOJlh30BaJIC}I 

pa3pa60TaHHbIH B OT.[(eJie }l,[(epHOH 6e3orrac­

HOCTH HTQ 5IPE nporpaMMHblli KOMIIJieKC 

LC 1000, s OCHOBe KOTOporo Jie)KHT nporpaM­
Ma WIMSD-5B (2]. EH6JIHOTeKa paccqHTaHa 

)lJl}I MaKCHMaJibHOro BhITOpaHHR TOIIJIHBa, 

pasHoro 61 500 MBrcYTITU, qTQ cooTBeTCT­

syeT MaKCHMaJibHOMY BhITOpaHHIO TOIIJIHBa 3a 

4 ro.ua pa6on1 s peaKTope. Illar no Bhrropa­

HHIO BhI6Hpanc}I H3 coo6pa)KeHHH YTOqtteHH}I 

.UHHaMUKH BbITOpaHHR ra.uomrmrn, T.e. rrepBbie 



200 eyroK H30TOIIHhIH eoeTaB nepeeqHThIBa.JI­

eH e maroM B 20 ,LJ,Heii, noene - e IIJarOM B 50 

JlHeH. Beero nonyqHJIOeb 37 ToqeK no BhITO­

paHHJO. 

IlepBM TOIIJIHBHM 3arpY3Ka a.3. peaKTopa 

6noKa N!! 3 KarrHHHHeKow A3C YKOMIIJieKTo­

BaHa H3 TBCA (TBC a.JibTepHaTHBHM) pa3pa-

6oTirn OKEM (r. H . Hoeropo.Zl) e ypatt-ra.uo­

JIHHHeBhIM TOilJIHBOM H 6e3 eTep:iKHeH BhlfO­

pa10ruero TIOrJIOTHTem1. B eoeTaB ,lJ,aHHOH TO­

IlJIHBHOH 3arpY3KH .ZlO ee BhITOpaHHH 96 3q>q>. 

cyroK BXO.ZlHJIH fij{Th THnoe TBCA (pue. 3). 

OTMeTHM, qTQ TBCA HMeIOT pe6pa )KeCT­

KOeTH, KOTOphle TaK )Ke, KaK Ff aanpaBJrnIOIUHe 

KaHaJihl H ,lJ,HCTaHUHOHHp)'IOIUHe peIIJeTKH, H3-

fOTOBJieHbl H3 I{HJ)KOHHeBoro errnaBa 3-635. 

Ilocne 3Kcm1yaTaUHH 3TOH TOilJIHBHOH Ja­

rp)'3KH B Te'leHHe 96-TH 3q>q>. eyroK OKaJaB­

IIJMeH ,LJ,eq>eKTHOH KacceTa C KOOp.ZlHHaTaMH 

07-32 (pue. 3) e nepBOHaqa.JlbHhIM o6orarue­

HHeM 2,2 % Bee. no ypaHy-235 JaMeHeHa Ha 

"cBe)K)'IO" llITaTH)'IO TBC c o6orarueHHeM l,6 

% Bee. no ypaHy-235 . .nueTaHUHOHHP)'IOIUHe 

peIIJeTKH H HanpaBJIHIOIUHe KaHaJihl ,LJ,aHHOH 

TBC H3fOTOBJieHbl H3 Hep)KaBeIOrueu CTa.JIH. 

CxeMa paeCTaHOBKH TOilJIHBa B a.3. peaK­

Topa 6noKa M! 3 KarrHHHHCKOH A3C nocne Ja­

MeHhI ,LJ,eq>eKTHOH TBCA Ha IIJTaTH)'IO TBC 

npHBe,LJ,eHa Ha puc. 3. Ha KapTOrpaMMe npe,LJ,c­

TaBJieHa TaK)Ke exeMa paenoJIO)KeHHH OP CY3 

peaKTopa H ux pacnpe,LJ,eneHHH no rpynnaM. 

16 18 20 22 24 26 28 30 32 34 36 38 
I I I I 

01 

02 

03 

04 

05 

06 -

07 

OB -

09 

10 

11 

12 

13 

14 

15 
I I I 

17 19 21 23 25 27 29 31 33 35 37 

40 

I 
39 41 

42 

2.2. MooellupoeaHue pe;JICUMa c ocmaH0BOM 
OB)'X I'L(H Ha 6JZoKe Ng 3 KaJ1uHuHcKoii A.JC 

Mo,LJ,enupoBaHHe pe)KHMa npOBO.[{HJIOCb 

no nporpaMMHOMY KOMTIJieKcy PA,l],YTA-7.5 

[3], OCHOBHOe HaJHaqeHHe KOTOporo - HeCTa­

UHOHapHblli COBMeCTHbIB, IlOJIHOMacmTa6HhIB, 

TpeXMepHbrn, HeHTpOHHO-TeTIJJOrH,ZlpO,ZlHHa­

MJl qecKHH pacqeT npoueccoB B nepexo,ZlHbIX H 

aeapHHHhIX pe)KHMax B PY THna BB3P. 

IlporpaMMHhIH KOMTIJieKc PA,nYfA-7.5 
yqHTbIBaeT pa3JIHqff0fO po.ua HapymeHHR B 

pa6oTe CHeTeM 6e3onaCHOCTH. Bo3MO)KH0 MO­

,LJ,eJIHpoBaHHe pa60TbI perymrropa MOIUHOCTH, 
.ZlBIDKeHIDI OT,lJ,eJibHbIX opraHOB CY3, rpynn 

eTep)KHeH CY3, rraceHBHOH H aKTHBHOH cue­

TeM sso.ua nornonneJJH, HecuMMeTpHqttOH 

no.uaqu 6opupoBaHHOH, 'IHeToH, xono,ZlHOH H 

ropH'leH 80,!lbl B I KOHTyp, HeCHMMeTpH'IHOfO 

3aXOJIIDKHBaHHH neTeJih I KOHTypa H T.,Zl. 

IlporpaMMHhlli KOMTIJieKe p A,nYf A-7 .5 

MO,!leJmpyeT Tequ H3 I KOHTypa KaK B JaIUHT­

H)'IO o6ono~y, TaK H s nr, onpe.ue1raeT TaK­
)Ke cocToHHHe TOTIJJHBa PY: cpe.uH1010 H MaK­

eHMa.JibH)'IO TeMIIepaTypbI TOTIJIHBa H o6ono­

qeK TB3JI0B, MHHHMa.JlhHhlli Janae ,Zl0 KpH3HCa 

Tennoo6MeHa. IlpH Mo.uenHposaHHH nepexo,n­

HhIX npoueecos B PY oeymecTBJIHeTCH K0HT­

ponh Ha.ll npocTpaHeTseHHbIM rrepepacnpe.ue­

neHHeM MOlllH0eTH 3Hepr0Bhl,[{eJieHHH H ,LJ,aB­

JieHHeM B peaKTope. IlpH npeBbillleHHH .uonye­

THMhIX 3HaqeHHH 3THX BeJIHqmf M0,ZlerrupyeT­

CH epa6aTbIBaHHe A3. 

... ,, 
'] o6orall{eBBe 3,9 % no U-235 (24 TBC) ,, 

0 o6oraI!leBBe 2,2 % no U-235 (42 TBC) 

• o6orameHBe 2,98 % no U-235 (37 TBC -
303 TB3Jla c 06oramea11eM 3 % , 9 n::1roB 

c 06or3IIleBBeM 2,4 %) 

, · . o6orameJIHe 3,9 % no U-235 (24 TBC -
. 243 TB3Jla c o6orameaaeM 4 ¾ , 60 TB3JJOB 

·• c o6orameaaew 3,6 o/o, 9 TB3I'OB c o6ora-
m;ea&eM 3,3 ¾) 

~ o6orameHHe 3,9 % no U-235 (12 TBC -
240 m.3JIOB c 06oramem1eM 4 %, 66 
TB3JIOB C o6or3IIleBBeM 3.6 ¾, 6 TB3TOB C 
06or3IIleHHeu 3,3 ¾) 

go6orameRHe l ,6 % no U-235 
(.lt'HCTaB.QHOHHpyiom;:ae pemeTDI H IUllpaB• 
WDOIIUle xaa.a.m.i: B3 aep.1taBe10meii crana) 

P11c. 3. CxeMa paccTaHOBKH Ton1111sa B a.3. peaKTopa 6110Ka N2 3 KamtHHHCKOH A3C nocne 3aMeHbt .o.ecpeKT­
HOH KacceTbl 
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KoMrnieKC yqHTbIBaeT pa6oTy TeXHOJIOrH­

qecKHX CHCTeM I H II KOHTypos, B TOM 'I.Hcne 

rH.npoeMKOCTeH CHCTeM asapHHHOfO oxna)K,Ue­

HHH a.3. (CAO3), rracCHBHOfO OTBO,z:ta Terrna 

(CIIOT), 6blcTpo.nei1cTBYJ:OlllHX pe.z:tYI<IlHOH­

HhIX yCTaHOBOK c6poca rrapa s aTMOCqJepy 

(EPY-A), B KOH,z:teHcarnp Typ6HHhI (EPY-K), 

rrpe.noxpaHHTeJibHbIX KJiaIIaH0B H T.,z:t. 

YpaBHeHHe KHHeTHKH s o6meM BH,z:te B 

D.H4)4)Y3HOHHOM npH6JIIDKeHHH D.illl 6bICTpOH 

rpynilhI HMeeT BHD. 

l dF. 
--

1 = V(D,V(F;))+ \J'(l-~)+ 
Tl; dt 

n 

+ L, A,C, -(:E,.,. + L01 )F; ; 
1=1 

D.llil TenJIOBOH rpynIIbI : 

ldF2 ( )) --= V D2 V(F2 + L33MF; -L02F;, 
Vi dt 

r.ne F - IIOTOK HeHTpOHOB; V - CKOpOCTb HeH­

TpOHOB; D K034)4)HUHeHT D.H4)4)Y3HH; 

'¥ = v 1 1L 1 1F; + v 12L 12F; - HCTO'IHHK HeHTpO-

Hos; V / - BblXOD. HeHTpOHOB Ha aKT .neneHH.H:; 

LI - ce'!eIDfe .neneHH.H:; A - IlOCTOHHHM pac­

na.na HCTO'IHHKOB 3alla3,z:tbIBalOillHX HeHTpO-
n 

HOB; ~ = L~, - .nonH 3ana3,z:tbIBaIOIUHX HeHT-
1=1 

poHoB; C - KOHUeHTpaIJ;IDl HCTO'IHHKOB 3ana3-

,z:tbIBaIOIUHX ueJi:TpoHos; LJaM - cetJeHHe 3a-

Me,nnemUI; L
0 

- ce'!emt:e rrornomeHHH. 

YpaBHem1e D.llil 3aila3,z:tbIBaIOmHX HeHTpO­

HOB pemaeTCH B Ka)l(J:{OM pac'!eTHOM Y3Jie a.3., 

npH'IeM rrpe.nycMOTpeH yq:eT 3aIIa3,z:tbIBaIOIUHX 

HeHTpOHOB BIIJIOTb .no 21-H rpynm1: 

dC,/dt = P,'¥ -).,,C,. 
TpeXMepHbie HeCTaIJ;HOHapHbie IIOllil 

JHeprOBbI,z:teJieHH.H: B a.3. onpe,rtellilIOTCH rIYTeM 

pemeHH.H: .nsyxrpynnoBoro D.H4)4)Y3HOHHoro 

ypaBHeHH.H: HeHTpOHHOH KHHeTHKH MeTO,z:tOM 

ceToK. CHcTeMa ypaBHeHHH HeCTal.{HOHapHoro 

nepeHoca HeHTpOHOB pemaeTc.sr B reKcaro­

HaJibHOH reoMeTpHH MeTO,z:tOM KOHe'!HbIX pa3-

HOCTeH C yq:eTOM 3ana3,z:tblBaIOIUHX HeHTpO­

HOB. ITepeTeKaHHe TeIIJIOHOCHTeJUI Me)l(Jly co­

ce,z:tHHMH KacceTaMH He yq:HTbIBaeTCH. 
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flpHMeHeHHe rrpOCTpaHCTBeHHOH MO,z:teJIH 

a.3. Il03BOllileT KOppeKTHO Mo.nem1poBaTb D.H­

HaMHKY IIOJieii :meprOBbI,Zlenemrn, BKJIJO'IM 

rrepepacnpe.nenemrn nom1 JHeproBhT,z:teJieHHH, 

BbI3BaHHOe HeCHMMeTplf'IHOH p a60TOH opra­

HOB CY3, HeCHMMeTJ)H1IHOH rro,!la'!eH Tenno­

HOCHTellil B 30HY, 3axOJia:>KHBaHHeM TenJIOHO­

CHTellil B IleTJI.slX H T.,z:t. 

flpH pac'!eTe nornomeHHJI HeHTJ)OHOB HC­

IIOJib3YeTCH TpeXMepHM HeCTal(HOHapHM MO­

,!leJib paCIIpe,neneHIDl Xe, Sm H Hx H,!lep-npe.n­

rnecTBeHHHKOB. flpH paC'!eTe BJIHHHIDl OTpaB­

JieHIDl Xe H Sm MO,z:teJIHPYJ:OTCH KaK HCXOD.HOe 

OTCyTCTBHe OTpaBJieHH.sl, TaK H paBHOBeCHOe 

OTpaBJieHHe YKa3aHHbIMH H30TOIIaMH (He3aBH­

CHMO .npyr OT .Zlpyra). KpoMe TOro, HCXO,/lHM 

KOHUeHTpal(ml Sm MO)KeT HCilOJib30BaTbC.sl H3 

IIpe,z:tbl,Zl)'IUero pactJeTa nocne neperpY3KH TO­

IIJIHBa. 3To CB.ll3aHO C pacna.noM Pm H HaKOII­

neHHeM Sm B o6nyq:eHHhIX TOilJIHBHbIX Kacce­

Tax IIOCJie D.JIHTeJibHOH CTO.llHKH peaKTopa. 

TerrnorH,!lpaBJIH'IeCKM MO.UeJih peaJIH30-

BaHa s npH6JimKeHHH roMoreHHOH HeC)KHMa­

eMOH )KH.llKOCTH. 

B COOTBeTCTBHH C paC'IeTHOH cxeMOH 

(pHc. 4) CHCTeMa ypasHeHHH )lBH)KeHHH 6y,ZleT 

HMeTb BH,z:t 

PHc. 4. Pac'leTHM cxeMa I KOHTypa s co­

OTBeTCTBHH C KOHCTJ)YKTHBHOH cxeMOH PY 

THna BB3P: 

1 - rH.npoeMKOCTb 1-H CTynem1; 2 - rH)J.pOeM­

CKOCTb 2-H CTYIIeHH; 3 - IlOD.IIHTKH B KOHTyp; 

4, 5 - IlOD.IlHTKH COOTBeTCTBeHHO B sepxmmo 

(BKC) H HIDKHIOJO (HKC) KaMepbI cMerneHHH; 

KO - KOMnettcarnp o6'beMa 



r,ue PKO - ,uaBJieHHe B KO; i - HOMep KaHana; 

n - MaKCHMaJJhHOe KOJIHqecTBO BXO.WUUHX Ka­

HaJJOB; l - ,umrna KaHana; f - rrpOXO,UHOe ceqe­

HHe Kattana; p - UJIOTHOCTh; P1 ,2,J - ,uaBJieHHe 

cooTBeTCTBeHHO B BKC, HKC H Ha Bhrxo,ue H3 

a.3.; h - BhICOTHaJI OTMeTKa; g - Harrp.SDKeH­

HOCTh rpaBHTfill.HOHHOro nomi:; G - pacxO,UhI; 

~ - MeCTHhie COIIpOTHBJieHHJI; p H3C - uanop 

uacoca; HH,UeKChl OTHOCHTCH: z - K KattanaM 

a.3.; IT - K neTJlj{M I{HpK)'mIIlHH; 0 - K o6me­

MY TID'OBOMY yqacTKy. 
PemeHHe ypaBHeHIDI npOH3B0,UHTCH npH 

crre.nyroIU.HX .uonymeHIDDC OOTOK TeilJIOHOCH­

TeJijl roMoreHHhIH; )KH,llKOCTh HeC)KHMaeMa; 

CTeHKH )KeCTKHe, IlOCTO.HHHOro ceqefilUI.. 

EcrrH npeHe6pe% C)KHMaeMOCThlO )KHJll(O­

CTH H .llHCCHnauHeH JHepnrn:, TO ypaBHeHHe 

coxpaHeHHH JHepnrn )lJijl oT.nerrhHoro Y3na 

IlpHMeT BH,ll 
dH n m 

M-= L G.XH BX - L G.blXH BblX + Q; 
dt 1=1 1=1 

r,ue M - Macca TennoHOCHTeJIH B Y3ne; H -
cpe.nIDUI JHTaJihilIDI TeITJIOHOCHTeJIH B Y3Jie; 

Gex - pacxo.u Ha BXO,lle B )'3en; Hex - JHTaJJh­

IlHJI TeUJIOHOCHTeJijl, BXO,llHIU.er o B Y3en; m -
MaKCHMaJJhHOe KOJIHqecTBO BhIXO.WUUHX KaHa­

JIOB; Geblx, HBblX - COOTBeTCTBeHHO pacxo,u H 

JHTaJJhilHJI TeTIJIOHOCHTeJijl Ha BhIXO,lle H3 Y3-

11a; Q - MOIU.HOCTh HCTO'iHHKa Tenna. 

Ilpe,unonaraeTCH, 'ITO TenJIOHOCHTeJih, 

BXO,llHIU.HH B Y3eJI, MrHOBeHHO rrepeMellmBaeT­

CR C TeUJIOHOCHTeJieM B Y3Jie, cne,uosaTeJibHO, 

JHTaJihilIDI BhITeKa10mero H3 Y3Jia TeUJIOHOCH­

TeJijl paBHa cpe,uHeii JHTaJihIIHH Y3Jia. 

YpaBHeHHe KOHUeHTpallHH 6opHOH KHC­

JIOThl HMeeT cne,uyromHH BH,ll: 

dC n m 

M-= IG.XCBX - rc.blXC+GnOJJ.cnoJJ, > 
dt 1=1 1=1 

r,ue C - KOHUeHTPfill.IDI 6opa; GnoD. - pacxo.u 

IlO)lilHTKH; CnoD. - KOHUeH1paUHH 6opa B Ten­

JIOHOCHTeJie 00,UTIHTKH. 

B nporpaMMe yqHThIBaeTCH Jq>q>eKT He­

IIOJIHoro rrepeMeIIlHBaHHH TeUJIOHOCHTemi:. 

2.3. Onuca,me ucxo0HblX oaHHblX MO0eJlU PY 
ORR MOOeilupoeaHuR U3.Mepe1-tuu 

no npo2paM.M1-t0MY K0MIVleKcy P A,l(YT A-7. 5 
)].o Haqana JKcnepuMeHTa peaKTop rrpopa-

6oTan 130 Jq>q>. CyTOK. Mo,uen1-1posauue BhI­

ropaHml TOilJIHBa .no YKa3aHHOfO MOMeHTa 

BpeMeHH BhIIlOJIHeHO no CTfill.HOHapHOMY Ba­

pHaHTY nporpaMMHor o KOMUJieKca P A,[{Yr A-

7.5. Ha 96-e CyTKH c Ha1:1.ana pa6oThI PY npo­

H3se,ueHo Mo,uenHposaHHe neperpY3KH ,uecpeK­

THOH KacceThI. 

O6mee COCTOHHHe o6opy,uosaHHH Ha M0-

MeHT Haqana npoBe,ueHrui: JKcnepHMeHTa Ha 

6noKe N~ 3 KanHHHHCKOH A3C, cMo,ueJIHpo­

BaHHoe no nporpaMMHOMY K0MUJieKcy PA­

,[{Yf A-7 .5 : 
- TennosaJI MOIUH0CTh PY - 2 997 MBT; 

- KOHUeHTpaUIDI 6opHOH KHCJIOThl B I KOHTy-

pe - 3 ,5 r/Kr; 
- .uasJieHHe TeITJIOHOCHTeJijl B I KOHType -

15,75 Mila; 

- cpe,llIDUI TeMITepaTypa TeilJI0HOCHTellil B a.3. 

- 305 °C; 

- cpe.llHXR IIJlOTHOCTh TeIIJJ0HOCHTeJIH B a.3. -

714,42 KrlM3
; 

- cpe.UHHR TeMTiepaTypa TOOJIHBa B 30He 

736,81 °C ; 

- ypoBeHh TerrnoHOCHTeJijl s K)]. - 8,57 M; 

- noJio)KeHHe OP CY3 - rpynnhI 1 ... 9 Ha 

sepxueM KOHUeBHKe, rpynna 10 (peryJJupyro-
IU.aJI) - 80 %; . 
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- .uaBJieHHe B rITK - 6,0 Mila. 

3TO COCTOHHHe (6JIH3KOe K HeMy) IIOJI)"Ie­

HO IIO rrporpaMMHOMY KOMilJleKcy p AJ(YT A-
7 .5 B pe3yJibTaTe crauHoHapHoro pacqera Ha 

MOMeHT HaqaJia nepexo.uHoro npouecca, Ha':IH­

tta10merocH qepe3 5 c pacqeTa ncxo)lHoro cra­

UHOHapttoro COCTOMIIDI. B 3TOT MOMeHT OTK­

moqaJOTCH )lBa cMe)KHbIX fUH N2.N°!! 3 H 4. 

IlocJie OTKJ110qeHJU1 fUH HaqaJiacb pa3rpY3Ka 

PY H 3a BpeMj[ OKOJIO 100 C MOlllHOCTb CHH3H­

JiaCb C HCX0)lH0ro 3BatJeHffj[ .ll0 40 %. IlpH MO­

.uellHpOBa.HHH rpynna YII3 (1:1eTBepT~ rpynna 
OP CY3) 6bma noJIH0CThJO norp;')KeHa B Te­

tJeHHe 4-x c, npn 3TOM MOlllHOCTb CHH3HJlaCb 

Jl0 52 % OT HOMHHaJihHOH. 
OTMeTHM, tITO B nporpaMMH0M K0MilJleK­

ce PAJ(YTA-7.5 np0B0)lHTCH COBMeCTHhIH He­

CTaunoeapHhIH HeHTpOHHO-TeilJIOrHJlPaBllH­

qecKHH pac1:1eT, Il03TOMY B HeM He HCIIOJlh3y-

10TCH HHKaKHe BBellIHHe )laHHbie 06 3q>q>eK­

THBHOCTH OP. l1x 3q>q>eKTHBHOCTb q>opMHpy­

eTCH B pe3yJibTaTe npoTeKaHHH MO)leJIHpyeMO­

ro npouecca. 
IloJIO)KeHne ynpaBJIH10IUeii 10-ii rpynnb1 

OP CY3 Ha M0MeHT Ha'laJia nepexo.uHoro 
npouecca cocTaBllilJI0 80 %, K 54-ii c pacqera 

Jl0CTHrJlO 3Ha'lemui: 53,33 % H )laJiee ee H3-

MeIDUI0Cb. 3.uecb CJie)lyeT OTMeTHTb, tIT0 II0-

Jl0)KeHHe OP B pactieTH0M M0JleilllpoBamm 

OT.Jlll'laeTCH OT .uaHHbIX H3MepeHffj[ (npH H3Me­

peHHHX APM c 51-ii no 134-10 c H3BJieKaJI 10-

IO rpyrrny, a orrepaTop Ha'laJI H3BJie'leHHe tieT­

BepTOH rpymibl Ha 150-H c npouecca - CM. 

pa3)leJI l ), HO 3T0 He UMeeT cymecTBeHH0ro 

BJIHHHHH Ha IIOJiyqeHHbie pe3yJibTaTbI, TaK KaK 

OCHOBH~ ueJib MO)leJIHpOBaHHH - HCCJle)lOBa­

HHe xapaKTepHCTHK I KOHTypa PY Ha Ha'laJib­

H0M narre nepexo.uHoro npouecca. 

K 50-ii c npouecca 3aperncTpHpoBaHbI 

noJIHOe npeKpameHne npHMoro pacxo.ua 1:1epe3 

OTKJ110'leHHb1e rreTJIH H Ha'laJIO o6paTHOro 

pacxo.ua, B 3KcnepnMeHTe o6paTHbIH pacxo.u 

3aq>HKcnpoBaH Ha 25 ... 30-ii c npouecca. 

OTKJiroqeHne .UByx fUH npnBeJio K CHH­

)KeHHIO napaMeTpOB I KOHTypa H M0IUHOCTH, 
OTBO)lHMOH 1:1epe3 Ilf OTKJllOIJeHHhIX UeTeJib 

BO II KOHTyp. KaK cJie.UCTBHe CHH)Keliffj[ rrapa­

MeTpOB II KOHTypa - yeeJIU'leHHe ypoBm[ KOT­
JIOBOH B0)lbl B Ilf, CHH)KeHHe IIO)!a':IH paCX0)la 

IlHTaTeJlbHOH BO.Ubl B Ilf H ero rrpaKTHIJeCKH 
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IIOJIH0e npeKpameHHe K 80-H c B rrr OTKJllO­

'leHHbIX neTeJib. Bo BpeMH nepexo.uttoro npo­

uecca He 6bIJIO BMelllaTeJibCTBa CHCTeMbl 6op­
HOro peryrrnpoBaHHH. 

Mo.ueJIHpOBaHHe II KOHTypa B IJaCTH H3-

MeHeHHH )laBJieliffj[ Ha BXO)le B Tf He IIOJIHO­

CTblO COOTBeTCTBOBaJIO ycJI0BHHM npoBe)leliffj[ 

H3Mepemrn:. Ha Bxo.ue B Tr B Te'leHHe ecero 

BpeMeHH MO)lell_HpOBaHIDI IlO.ll.llep)KHBaJICH 

pacxo.u, q>opMHpyeMbIH B napOBOM K0JIJieKTo­

pe. Ilo 3TOH npH'IHHe HH)Ke npHBOMTCH TOJlb­

KO HeKOTOpbie pac':leTHbie BeJIHqHHbl, OTHOCH­

mnecH K I KOHTypy. 

2.4. Pe:Jyllbmambl pac'lema HeKomopblX napa­
Mempoe pe:J1CUMa c ocmaHoeoM oeyx I'l.(H 

Ha 6lloKe N9 3 Ka!lUHUHCKOU A3C 
lfa puc. 5 (1-R cmp. t1eemHou BKJtaOKu) 

CJie.UyeT, tITO nporpaMMHbIM KOMITJleKCOM 
P A.L{Yf A-7 .5 )l0CTaTO'lH0 xop0llI0 M0)leJIH­

PYeTCH ".uHHaMH'leCKaH" 3cpq>eKTHBHOCTb 

c6pachmaeMoii 4-u rpynnbI npn cpa6aTbma­

HHH YII3, K0T0paH onpe.ueMeT pa3BHTHe ne­

pexo.unoro npouecca. Ilo.u CJIOB0M ".unHaMH­

qecK~" 3)leCb IlOHHMaeTCH 3cpq>eKTHBHOCTb 

rpynnhI, orrpe,neMeM~ B xo,ne HeCTaUH0Hap­

Horo pac'leTa. HeKoTopoe pa3JIHlffie B xo.ue 
KpHBbIX H3MeHeHHH M0IUH0CTH no OCH a6c­

UHCC M0)KeT 6hITb CBH3aH0 C He,Ll0CTaTO':IHOH 

"cnHXpOHH3au11eii", T.e. pa3JIH'IHeM B onpe,ne­

JieHHH HatiaJia npoueccoB H3MepeHHH n pacqe­

ra. CJie,nyeT OTMeTHTb KOHcepBaTH3M pe3yJlb­

TaTa (3aBbIIIIeHHe MOIUHOCTH), rrorryqeHHOro 

pac'leTHbIM TIYTeM. 

Ilo rrporpaMMH0MY KOMTIJieKcy P AJ(YT A-
7 .5 II0JiyqaJOTCH 6JIH3KHe K H3MepHeMbIM He­

CTaIJ,H0HapHbie paCX0Jlbl no neT1l_HM (pHc. 6). 

3To rOB0pHT O Jl0CTaT0':180 a,neKBaTHOH, X0Tb 

H npOCTOH TenJiorn.upaBJIH':leCKOH (TeIIJIOrH)l­

po,nHHaMH'leCKOH) MO,LleJIH, HCIIOJlb30BaHHOH 

B nporpaMMH0M K0MIIJieKce ( CM. II. 2.2 Ha­

CTOHIUeH pa60TbI). PaclJeTbI 0IIHCbIBalOT 06-

paTHbIH pacxo.n no 3-if nerne. CKa'lOK B paH­
oHe 60 C CBH3aH C B03M0)KH0 HeTOlJHhlM 3a,na­

HHeM M0.UeJIH fUH B nporpaMMH0M K0MTIJieK­
ce HJIH HeTO'lHOCTblO H3MepeHHH. 

3aMeqaHHe, c.ueJiaHHoe no noBo,ny pnc. 6 

0 HeilOJIHOH a,neKBaTHOCTH MO,LleJIHpoBaHHH 

npouecca B paHOHe 30 ... 60 c, OTH0CHTCH n K 

pHC. 7. B .uaHHOM CJiyqae HHTepeC0BaJI o6IUHH 
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KOttrypa no TepMoconpOTHBJieHHHM B nepeXO)l.HOM 

npouecce, o6ycnoeneHHoM OTKJIJOlfeHHeM rIJ,H 
N!!N!! 3, 4 H3 lfeTbtpex pa6oTaJOl.llHX 
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paCXO,llOB TeilJJOHOCHTeJJ.si no neTJJHM. TaIOKe 

HeCOOTBeTCTBHe MO)KeT 6J:,ITh Bbl3BaHo pa.3JJH­

'IIDIMH B MeCTaX pacnOJJO)KeHHH TepMonap H 

CTaH,napTHOH Bbl,lla'ieH pe3yJJhTaTOB nporpaM­

MHOro KOMTIJJeKca PA)~YTA-7.5. 

A.lia.JIH3 H cpaBHeHHe rronyqeHHhIX pe-

3YllhTaTOB C 3KCnepHMeHTaJihHhIMH ,naHHbIMH 

IlOKa.3bIBalOT, 'ITO Ka'ieCTBeHHO Bee npHBe,lleH­

Hhie MO,lleJJHpyeMhle 3aBHCHMOCTH COOTBeTCT­

ByIOT H3MepeHHHM, BKillO'laH IIO.SIBJJeHHe 06-

paTHOro pacxo,na B ncrm,x C OTKilfO'leHHbIMH 

fl.{H. HaH6onee cyruecrneHHhI pa.3JJH'IH.si pe-

3YJJhTaTOB MO,lleJJHpOBaHHH BpeMeHH0H 3aBH­

CHMOCTH TeMnepaTypbI B "xoJJO,llHhIX" HHTKax 

OTKJJlO'leHHI,IX neTeJJb (pHC. 9). 3TOT ct>aKT 

Tpe6yeT ,nononHHTeJJbHoro cornacoBaHH.si pac­

'!eTHOH Mo,neJJH H H3MepeHHH. 

CYMMHPYH pe3ynbTaThI cpaBHeHHH H3Me­

peHHhIX H paCC'lHTaHHhIX BeJJHqJfH, MO)KHO 

cKa.JaTh cne.nyIOmee. Hcnonh30BaHa crnH,nap­

THaH, T.e. HHKaK He a,nanTHpOBaHHaH K ,naHo­

MY H3MepeHH10 KOMTIOHOBKa nporpaMMHOro 

KOMTIJJeKca. B TaKOH KOMnOHOBKe B03MO)l(Hhl 

pacqeThI mHpoKoro cneKTJ)a nepexo,llHhIX 

npoueccoB B ycnoBHHX HOpMaJibHOH 3KCilJiya­

Tal.{HH H OTKJIOHeHHH OT HHX, BKJJIO'laH aBa­

pHHHI,Ie pe)KHMhl. OcHOBHaH uenh IIpHBO,llH­

MOro pacqeTa - nonyqeHHe H3MeHeHIDI MOIU­

HOCTH B paccMaTpHBaeMOM npouecce. 3,nec1, 

nonyqeHhI Y.llOBJJeTBOpHTeJJbHbie pe3yJJbTaTI,I. 

Pac'leTbI ,npyrnx napaMeTpoB (pacxo,noB 

no neTJJHM H TeMUepaTypbl TenJIOHOCHTeJJH) 

TIOKa.3bIBalOT, qTo 6JJH30CTh pe3yJJhTaTOB H3-

MepeHHOH H pacc'!HTaHHOH MOillHOCTeii He HB­

JJHeTcx cnyqaiiHOH. 
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3aKJIIOl.feHHe 

Pe3yJJhTaThl MO,lleJIHpoBaHHH no nporpaM­

MHOMy KOMTIJieKcy P A,[(Yf A-7 .5 nepeXO,llHO­

ro rrpouecca, BbI3BaHHoro OCTaHOBOM ,nByx 

CMe)l(HblX ruH PY c BB3P-1000, KaqecTBeH­

HO cornaCyIOTCH C pe3yJJbTaTaMH H3MepeHHH 

OCHOBHhlX napaMeTpOB PY, HMeBllIHMH MeCTO 

npH OCTaHOBe ,llByx CMe)l(Hb!X fIJ;H Ha 3Hepro-

6JJOKe NQ 3 KanHHHHCKOH A3C. OT,nenbHhie 

KOJJH'ieCTBeHHble pa.3JJH'IHli npe.urronaraeTCH B 

,llaJlhHei-hneM ycTpaHHTh nYTeM YTOqHeHH.si co­

OTBeTCTBH.s! rrapaMeTpOB paC'leTHOH MO,lleJJH 

peaJihHhIM napaMeTpaM PY. 
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Y)];K 621.039.58 

ConocTaBJJeuue H3Mepeunoro H paccttHT3HH0ro T0K0B HOHH33U.HOHHOH KaMepLI 
npu H3Mepeunu JclHl)eKTHBHOCTH asapuituoit 1am;HTLI ua JTane cJ)u1nycKa 

JueproonoKa X2 3 KanuunncKoif A3C 

B.A. TepemonoK, JI.B. KpRKBUH, B.A. llumullUMOB, B.C. CmenanoB, 

OAO " BHMHA3C", 109507, MocKBa, yn. <l>epraHCKaJI., 25, 
O.IO. KaByn, A.H. llonwKun, P.A. llieB11e11Ko, C.A. llleB'lellKO, 

<l>fY " HTQ .fil>E", 107140, MocKBa, yn. ManM KpacHocem,cKaJI., JJ.. 2/8, K. 5, 
A.JI. EzopoB, 

PHQ "KyptiaTOBCKHH HHCTHTYT", 123182, MocKBa, nn. Kyp'IaTOBa, 1, 
B.H. Ky11UK06, 

OAO ''ronoBHOH HHCTHTYT "BHHITl13T", 197183, C.-IleTep6ypr, yn. CaByrnKHHa, 82 
IlocTynHna B peJJ.aKUHIO 18.03.2010 r. 

CTpHBO.!lHTCll cpaatteHHe H3Mepl!eMoro TOKa HOHH3aU.HOHHOH KaMepbl (HK) npH onpe.neneHHH 3q>q>eKTHB­
HOCTH aaapHHHOH 3aJ..UHTbI (A3) Ha 3Tane q>H3H'lecKoro nycKa BB3P- l 000 3ttepro6noKa N2 3 KanHHHHCKOH 
A3C C COOTBeTCTBytOUJ,eH BeJJH'IHHOH, nony'leHHOH paC'leTHblM MO)lemrpoaaHHeM H3MepeHHJI BbinOJIHeH­
HhlM Ha octtoae nporpaMMHoro KOMJUleKca PA.[{YfA-7.5. 

Iv11011eeble Cfl06a: BB3P, KanHHHHCKal! A3C, aaapHHHhIH pe)l(HM, HOHH3aU.HOHHal! KaMepa, 3KcnepH­
MeHT, H3Mepemte, pacqeT, nporpaMMa PA.[{Yf A-7.5. 

Comparison of Measured and Calculated Currents of the Ionization Chamber for Measuring the 
Effectiveness of Emergency Protection during Physical Start-up Unit .N'2 3 of Kalinin NPP. V.A. 
Tereshonok, L. V. Kryakvin, V.A. Pitilimov, V.S. Stepanov, JSC "VNJIAES", 25, Ferganskaya St. , Moscow, 
109507, O.Yu. Kavun, A.L Popykin, R.A. SJ,evchenko, S.A. SJ,evchenko, SEC NRS, 218 (bid. 5), Malaya 
Krasnosel'skaya St., Moscow, 107140, A.L. Egorov, RRC "Kurchatov Institute", 1, Kurchatov Sq. , Moscow, 
123182, V.L Kulikov, JSC "East-European Leading Scientific Research and Design Institute for energy 
technologies", 82, Savushkina St. , St. Petersburg, 197183. The measured current of ionization chamber at 
SCRAM efficiency determination during the physical start-up of the WER-1000 reactor on Kalinin 3 NPP is 
compared with the corresponding values obtained by calculation modeling of measurements made with 
RADUGA-7.5 code. 

Key Words: VVER, Kalinin NPP Transient, Ionization Chamber, Experiment, Measurement Calculation, 
RADUGA-7.5 Code. 

Beet1,euue 

IlpH q>HJnycKe 3Hepro6noKa .Mi 3 KanH­

HHHCKOH A3C rrpoBeJJ.eHo 3Ha'lHTem,Hoe crn:c­

no q>H3HtJeCKHX JKCIIepHMeHTOB, 'ITO o6ycnos­

neHO OCBOeHHeM HOBOH TOilITHBHOH 3arp}'3KH 

aKTHBHOH 30Hbl (a.3.). l13MepeHHe H perHCTPa­

l{IDl napaMeTPOB B XOJJ.e npoBeJ].eHIDl q>H3HtJec­

KHX JKCIIepHMeHTOB Ha JTarre q>H3IIYCKa ocy­

mecTBflSlflHCb C IlOMOUJ;blO l11TaTHblX cpeJJ.CTB: 

CHCTeM BHYTPHpeaKTOpHoro KOHTPOllil 
(CBPK), KOHTPOllil, ynpasneHIDl H JJ.HarHOCTH­

KH (CKY)].), BepXHero 6no1IHoro ypoBIDI 

(CBEY) H JKcrrepHMeHTanbHoro KOffTPOJUI 
(C3K). B apxHsax CBPK, CKY)]. H CBEY c 

nepHOJ].H1IHOCThlO COOTBeTCTBeHHO 1 c H 10 c 

perHCTPHPOBanHCh MOillHOCTb peaKTopa B 

nycKOBOM H pa6otJeM JJ.HanaJoHax annapaTy­

phI KOHTPOflSl HeHTPOHHOro IIOTOKa (AKHil), 
IIOITO)KeHHe opr aHOB perynHpOBaHIDI (OP) 

CY3 H JJ.pyrne napaMeTPbI. 
H3MepeHHe Jq>q>eKTHBHOCTH A3 BB3P­

l OOO H o6pa6oTKa pe3ynbTaTOB IIpOH3B0llH­

nHCh cornacHo OTPacneehIM PYKOBO,nSllllHM 
JJ.OK)'MeHTaM P)]; 30 0150-2004 [1] H P)]; 30 

0151 -2004 [2]. l13MepeHHOH cqHTaeTCSl peaK­

THBHOCTb, paCC'!HTaHHaSl no H3MepeHHOMY TO­
KY 11K no MOJJ.eJIH TOtJetJHOH KHHeTHKH. ToKH 

11K B npouecce H3MepeIDUl 3aIIBChIBanHcb 

C3K Ha BHellIHHH HOCHTem. c HHTepBa.JIOM 0,1 
C. B COCTaBe H3M~peHHH npHBOllfiCSl pacqeTbl 

peaKTHBHOCTH, npe.nycMOTPeHHbie ,nOK)'MeH-
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TOM [2] c HCIIOJih30BairneM TO'-iecrnoi-l: MonerrH 

KHHeTHKH. 

PacqeTHoe Mone1rnpoBaHHe c6poca A3 

rrpOBOllHTC.sl C IIOMOIIJ.hlO HeCTaUHOHapuoro 

COBMeCTHOro HeHTpOHHO-QH13Hl{eCKOro H Ten­

nornnpaanwrecKoro (H<DrIT) pacqeToB no 

nporpaMMHOMY KOMnneKcy PA,L{YTA-7.5 [3]. 

1. Mo,!J,eJJHp0B3HHe HJMepeHHB 

peaKTHRHOCTH 

~ MO,AeJrnpoBaHH.sl H3MepeHH.si: peaKTHB­

HOCTH Heo6XOllHMO CMO,AenHpOBaTb CHTHaJI 

MK, cpopMHpyeMhIH nJIOTHOCThlO IlOTOKa Ten­

JIOBhIX HeHTpOHOB OT a.3. peaKTopa, nocne qe­

ro naHHhlli CHTHaJI o6pa6aTbIBaeTC.sl no MO,Ae­

JIH ToqeqHOH KHHeTHKH. ToK MK MO)KHO CB.si:-

3aTh C IIJIOTHOCThlO IlOTOKa B MeCTe pacno110-

)l(eHH.sl MK. B llaHHOH pa6oTe npeJJ;JIO)l(eHo B 

COOTBeTCTBHH C P.lJ: 30 0151-2004 [2] C'IH­

TaTb TOK MK np.si:MO nponopUHOHaJihHhIM 

IIJIOTHOCTH IlOTOKa TeTIJIOBhIX HeHTpOHOB B 

MecTe pacrroJIO)l(eHH.si: HK. 
B CBOIO oqepe,Ab IlJIOTHOCTh TIOTOKa CB.sl3a­

Ha C HCTOl{HHKOM HeHTpOHOB B a .3., nonyqae­

MhIM npH MO,D,eJIHpOBaHHH nepeXOllHOro npo­

uecca no nporpaMMe uecrnu1rnuapHoro H<D/ 

Tr pacqern. B KaqecTBe cpaBHemui: H3Mepe­

HH.si: H pacqern ue11ecoo6pa3HO rrpe,D,JIO)KHTh 

cpaBHeHHe H3MepeHHoro TOKa HK c pacc'IH­

TaHHhIM. qT061,1 3aMKHyrh JTY uerrO"IKY, Heo6-

XO,AHMO paCC'IHTaTb rrepeHOC HeHTpOHOB OT 

a.3. K MecTy pacno11o)l(eHID1 HK. 
3m 3aJJ;aqa pernanac1, .D.BYM.sl rryr.si:MH. 

O.AHH H3 pacqeTOB npOBO.ll;HJIC.sl Ha OCHOBe 

CHHTe3a OJJ;HOMepHoro H .D.BYMepHoro peme­

HHH ypaBHeHH.si: nepeHoca. 3TOT MeTO.D. xopo­

rno 3apeK0MeHllOBan ce6.si: rrpH npoae,D,eHHH 

paC"!eTOB IlJIOTHOCTH IlOTOKa HeHTpOHOB C 

ueJJhIO onpe,D,eJieHIDI xapaKTepHCTHK pa,D,HauH­

OHHOro oxpyn':IHBaHH.si: Kopnyca peaKTopa. 

O.D.HaKo, paccMaTpHBaeMa.si: 3anaqa cno)l(Hee 

H3-3a BKJIIOl{eHH.sl B paCCMOTpeHHe 3aMe,D,ne­

HH.sl HeHTpOHOB B 6eTOHHOH 3aLU.HTe. 

O,AHH H3 BbIBO,AOB, C,D,eJiaHHhIX H3 aHaJIH3a 

cepHH pacqeToB, - pac11eT a6comoTuoro 3Ha­

'leHilll IlJIOTHOCTH TIOT0Ka B MeCTax pacnono­

)l(eHH.si: HK H ero cpaBHeHHe c H3MepeHH.si:MH c 

Heo6XO.ll;HMOH TO'IHOCThlO .slBJI.sllOTC.si:: .ll;OCTa­

TO'IHO CJIO)KHOH 3a,Aa'leH. 3To BhI3BaHo p.si:,uoM 
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Heonpe,D,eJieHHOCTei-l: pacqeTHOH Be.JIH'IHHhI 

nJIOTHOCTH Il0TOKa TeIIJIOBhIX Hei:iTpOHOB, CB.sl-

3aHHhIX C HCTI0Jlb30BaHHeM pa31IH"!HhlX 6H6-

JIHOTeK KOHCTaHT (yqeT 3cpcpeKTOB TepMaJIH3a­

UHH ), HeorrpeneJieHHOCTblO conep)l(aHH.sl BO,ll,bl 

B 6eTOHe cyxoi-l: 3aLU.HTbI H np. flpH 3TOM HMe­

ror.u.a.si::c.si: 6a3a H3MepeHHH ue,D,ocTaTOtJHa ,D,n.si: 

o6ocHOBaHH.si: pac11eTHhlX MeTOll0B H IIpHMe­

HHM0CTH npo6neMHO-OpHeHTHpOBaHHhIX 6H6-

JIHOTeK KOHCTaHT. 

flo:noMY ue11ecoo6pa3Ho cpaaHHBaTb 

T0JihK0 BpeMeHH6e noBe,D,eHHe pacC'IHTaHHoH 

IlJIOTH0CTH TeilJI0B0T0 Il0TOKa HeHTpOHOB B 

MeCTe paCIIOJIO)KeHH.si: MK (KOTOpblli np.si:M0 

nponopuI10HaneH TOKY HK) C H3MepeHHbIM 

TOKOM MK, COBMer.u.a.si: rrpH 3TOM Ha"!aJibHhie 

3HatJeHIDI H3MepeHHOH H paCClJHTaHHOH BeJIH­

l{HH nyreM HOpMHpOBKH Ha Ha':laJibHOe 3Haqe­

HHe. BTopoi-l: BhIBO,ll, KacaeTC.sl Toro, l{TO BeJIH­

lJHHa nnOTHOCTH TeITJIOBOro IIOTOKa B MeCTe 

paCII0JIO)l(eIDUl MK cpopMHpyeTC.sl B 3HaqH­

TeJibHOH CTeneHH (60Jibllle 90 %) IIOTOKOM 

HeHTpOHOB OT nepmpepHHHOro p.si:na KacceT. 

Cyr.u.ecTByeT H BTopoi-l: nyr1, perneHIDI 3a­

,D,atJH norryqeHH.sl IlJIOTHOCTH IIOTOKa TeIIJIOBbIX 

HeHTpOHOB B MecTe pacnono)KeHH.si: HK, KOT0-

phli-l: npe,D,CTaBJieH B HaCTO.ITIUeH pa6oTe. OH 

3aKJIIOtJaeTC.sl B HCIIOJlh30BaHHH nporpaMMbl 

MCNP-4C c 6H6JIHOTeKoH KOHCTaHT DLC-

189 [ 4 ], no KOTOpOH paCC'-IHThIBaJiaCb cpyttK­

UH.sl BJIH.si::HH.sl KpaHHero p.si:,D,a KaCCeT Ha IlJIOT­

HOCTb IIOTOKa B MeCTe pacnoJIO)l(eHH.si:: MK. 
fl pH 3TOM Ka)l(,Aa.sl KacceTa pa36HBanacb Ha 10 

paBHhIX sepTHKaJibHbIX pac'leTHbIX 30H. 

CBOHCTBa BeJIHlJHHbI nnOTHOCTH IlOTOKa 

TeIJJIOBbIX HeHTpOHOB, no11yqeHHOH C no­

MOLU.hlO 3TOH q>yttKUHH BJIH.si::Hilll, B MeCTe pac­

IlOJIO)l(eHJUl HK Te )Ke, 'ITO H rrepe':IHCJieHHbie 

Bblllle, noJiyqeHHbie B pe3yJihTaTe paCtJeTa rry­

TeM CHHTe3a peweHHH ypastteHHH O,ll,H0Mep­

Horo H D.BYMepHOro rrepeHoca. OHH HJIJilOCT­

pHpyroTc.si: Ha npHBO.[lHMbIX HIDKe pHCyttKax. 

Ha pHC. 1 npHBO,A.slTC.sl KapTOrpaMMa rrep­

BOH TOilJIHBHOH 3arpY3KH peaKrnpa BB3P­

l 000 3ttepro6JioKa Nci 3 KanHHHHCKOH A3C H 

pacnOJIO)KeHMe IllTaTHhIX H .[lOilOJIIDITeJibHhIX 

HK, HCnOJib30BaHHbIX npH H3MepenH.si::x, a Ha 

pHC. 2 - ,D,HarpaMMa BJIH.si::HH.sl p.si:,D,OB KacceT Ha 

cpopMHpoBaHHe IIJIOTHOCTH IIOTOKa TeIIJIOBbIX 

Hei-iTpouos B MecTe pacnoJIO)l(eHH.si: HK. KaK 
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-~ o6oram:eBBe 3,9 % DO U-235 (24 TBC) 

0 o6oram;eHRe 2,2 % DO U-235 (42 TBC) 

•

o6oram;eHRe 2,98 % DO U-235 (37 TBC -
303 TB3113 C o6o~eHHeM 3 %, 9 TB3["0B 

c o6oram:eBBeM 2.4 %) 

o6oram;eHRe 3,9 % Do U-235 (24 TBC -
243 TB3113 c o6o~eRBeM 4 % , 60 TB3/IOB 

C o6oram:eBBeM 3.6 %. 9 TB3J'OB C 060:ra­
meBBeM 3,3 %) 
o6oram:eBBe 3,9 % DO U-235 (12 TBC -

~240 TB3JIOB c 06oram:eBHe11o14 %, 66 
~TB31JOB c o6orall{eBBeM 3,6 % , 6 TB3roB c 

o6o:ram:eBBew 3,3 %) 
o6oram:eHBe 1,6 % DO U-235 

0 (JlJICTamtBOBBpytOII{Be pemeTILB B Ba- -

DpaBJIJUO~e ~ H3 uep:a:aae10m:ea 
CTaJlB) 

Pwc. I. KapTOrpaMMa nepsoH TonJJHBHOH 3arpY3KH peaKTopa BB3P-1000 :mepro6noKa N!! 3 KanHHHHCKOH 
A3C H cxeMa pacnonmKemu1 KaHanos 11K, OP CY3 H HX pacnpe)lenemu1 no rpynnaM 

BH,ll.HO H3 mi:arpaMMbI, IlOTOK cpopMHpyeTCjl B 

OCHOBHOM KacceTaMH nocJJe,LJ.HHX ,LJ.Byx pR,ll.OB 

TBC a.3. 

Ha pHC. 3 npHBO,ll.HTCR mi:arpaMMa BJJJ,fj:1-

HJ,fjl OT,LJ.eJJbHbIX KacceT Ha cpopMHpOBaHHe 

IlJJOTHOCTH IIOTOKa TeruIOBbIX Heii'rpoHOB B 

MecTe pacnoJJO)KeIDUI HK. 0Kono noJJOBHHbI 

BKJJa,LJ.a B BeJJWIHHY IlJJOTHOCTH Tennoaoro no­

TOKa ,LJ.aIOT KpaifHHe KaCCeTbl IlOCJJe,LJ.Hero p»­

.n.a. 3TO BaxttaH HHcpOpMari;H» ,ll.llil HHTepnpe­

TaUHH H3MepeHHH B npou;ecce .n.o6poca "3a­

CTpjiBIIIero" cTep)KHR. 

2. CpaseeuHe DOJ1r1eHHLIX pelyJibTaTOB 

IlpH BbIIIOJIHeHHH pa60TbI paCCqJ,fTaH Ba­

pHaHT, B KOTOpOM IlJJOTHOCTb nOTOKa Tenno-
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1-H Pll.ll 2-1! psi.a 3-1! Pll.ll 4-1! psi.a 5-1! psi.a 6-1! psi.a 7-1! psi.a 

PHc. 2. 8KJJ8)l KIDK,ll.0ro psi)la K8CCeT a.3. B BeJTH­
lfHHY nJJ0TH0CTH noT0Ka TenJJ0BblX HeihpOHOB B 
MeCTe pacn0JJ0)l(eHHSI HK 

BbIX HeHTpOHOB B MeCTe pacnoJJO)KeHHR l1K 
cpopMHpoBanacb ttanpRMyro B npouecce c6po­

ca cTep)KHH, npH'IeM pacqeT nepeHoca HeiiT­

poHOB OT KpaHHero p».n.a K MecTy pacnoJJO)Ke­

HIDl l1K ocymecTBAAJJCR no nporpaMMe 

MCNP-4C c yqeToM BhlCOTHoro pacnpe.n.ene­

HIDI MOIIUIOCTH B TBC, no.rryqeHHoro no npo­

rpaMMe PA,Z:{YTA-7.5. 

3TOT paCl.leT .n.aeT TOT )Ke BpeMeHHOH XO,ll. 

IlJJOTHOCTH IIOTOKa B MeCTe pacIIOJJO)KeHJUI 

HK, qTO H paCl.leT C nOMOmbIO OIIHCaHHOH Bbl­

me <pyttKI.J;HH BJlJUIHlUl. IlpH 3TOM no.n.TBep)K­

.n.eH TPHBHaJJbHbIH BbIBO,ll., l.lTO <pyttKI.J;HR BJJHH­

HIDI IlOCTOHHHa BO BpeMeHJ,i, OTpa)KaJI TOT 

cpaKT, l.lTO BpeMeHHa.513aBHCHMOCTb nJIOTHOCTH 

TeIIJJOBOro IlOTOKa B MeCTe pacnOJJO)KeHHR HK 
onpe.n.ellileTc» 3anaJ,LJ.bIBa10mHMH HeHTPOHaMH 

a.3., a nepe.n.a•rn curttana - MrHOBeHHl>IMH 

HeHTPOHaMH. 

• KacceTht 14-37 
H 09-42 (KpaHHHe) 

KacceTbl 13-38 
H 10-41 

• KacceTb1 12-39 
H I J-40 

PHc. 3. Bmu1HHe OT.D.enbHbIX KacceT nocne,!l.Hero 
psi,!l.a Ha qiopMHpOB8HHe nJJ0THOCTH n0T0Ka 
TennoBblX HeHTpOHOB (senHlfHHY T0Ka HK) 
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TaKHM o6pa.30M, IIOJIY1IeHHM cpymcu.1u1 

BJIIDIHIDI .u11.11 pacqern apeMeHH0ro H3MeHeHIDI 

IlJIOTHOCTH IlOTOKa TeITJIOBblX HeitrpoHOB B 

MecTe pacnoJIO)l(eHH.11 MK npoaepetta .uaa)l(,Zlbl: 

nyreM pacqern .UBYM.ll pa.3nWIHbIMH cnoco6a­

M.H no O.UHOH H TOH )Ke nporpaMMe MCNP-4C 

H nyreM cpaBHeHH.ll C He3aBHCHMbIMH pacqe­

TaM.H MeTO,ZlOM CHHTe3a O,ZlHOMepttoro H .llBY­

MepHoro perneHHH ypaaHemrn nepenoca. 

Ha pHc.4 rrpHBO.UHTC.ll cpaBHeHHe H3Me­

peHHbIX H paCC'IHTaHHblX TOKOB I1K .N'!! 25 npH 

ITOJIHOM c6poce A3 6e3 HM.HTaUHH 3aCTPeBa­

HH.ll CTep)l(ID{. Ha pHC. 5 llOKa.3aHO H3MeHeHHe 

JIOrapH<pMOB 3THX BeJIH'IHH. lh pHCyttKOB 

MO)l(HO y1m,ueTb, 'ITO npH c6poce A3 KaqecT­

BeHHM H KOJIH'leCTBeHHM 3aBHCHMOCTH H3Me­

peHHOro H paCC'IHTaHHOro TOKOB MK .llOCTa­

TO'IHO xoporno COBna,naIOT. 

1 ToK, HOpMHpoeaHHblH Ha Ha'la.JrbHOe 3Ha'leHHe, 0TH. e11. 

1 
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Ha pHC. 6 H 7 npHBO,ZlHTCH cpaBHeHHe TO­

KOB l1I( .N'!! 25 npH c6pocax A3 6e3 HaH6011ee 

3cpcpeKTHBHbIX OP CY3. B Kaqecrne TaKOBblX 

BbI6paHbl HaXO}lHIUHeCH B ceKTope HanpOTHB 

MK .N'!! 25 OP CY3 rpynn .N'!!.N'!! 9 H 6. Ha pHc. 

8 H 9 IlOKa.3aHbl H3MeHeHH.ll JIOrapHQJMOB 3THX 

BeJIH"'!HH. Ha 3THX )Ke pHCyttKax Te )Ke caM11e 

3aBHCHMOCTH npH c6poce A3 6e3 HaH6onee 

3cp<peKTHBHoro CTep)l(H.ll KOJIH'ieCTBeHHo pa.3-

JI1ftlaIOTC.ll. 3TH pa.3JIHqH.H CB.ll3aHbl C TeM, 'ITO 

npH IIOJIHOM c6poce A3 H3MeHeHHe TOKa HK 
BOCnpOH3B0,ZlHT H3MeHeHHe MOWHOCTH KpaH­

Hero pH.na KacceT (pHc. 2). 
TipH c6poce A3 6e3 HaH6011ee 3cpcpeKTHB­

HbIX CTep)l(HeH TOK MK cpopMHpyeTC.ll, HCXO,Zl.ll 

H3 BJIH.llHH.ll "3acTPHB1I1HX" cTep)l<Heif Ha Kpaii­

HHH P.ll.Zl KacceT. TipH 3TOM CJie,uyeT )"IHTbI-
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PHC. 9. l13MeHemre norapHQ)MOB paCC4HTaHHb[X H 

H3MepeHHblX T0K0B HK B npouecce c6poca A3 c 

3aCTPeBaHHeM CTep)Kllil 6-H rpynnbt (KOOp.llHHaTbl 

11-38) H nocne.nyJOlllHM ero .no6pocoM Ha 42-H c 

BaTb pa3rrHqHoe BJTH.IIIDle KacceT KpaHHero p.11-

.ua Ha TOK MK. HaH60JibIUee BJIH.IIHHe HMeJOT 

KacceTbl, Hax0,ll.lII.UHeC.II Ha Kpa.lIX rpaHH 

(pHC. 3, KacceTbl c K00p.UHHaTaMH 14-37 H 09-
42). OTCIO,lla pa:rnwrne B H3MepeHH.IIX BeCOB 

OP CY3 9-H H 6-ii rpyrrn, CHMMerpHquo pac­

noJI0)KeHHbIX 0TH0CHTeJibH0 11K N!! 25, HO He­

CHMMerpl-PIBO OTHOCHTeJJbHO KpaHHHX KacceT 

B rpaHH. 

ITpH 3TOM uorpellIHOCTb pacqeTa B cnyqae 

c "3acrpeBaHHeM" cTep)ICHeH 6orree 3Ha'IH­

TeJibHa, uocK0JihKY onpe.ueJI.1IeTc.11 norpenrno­

CThIO pacqern HeCTaUHOHapHOro 3HeproBbI.Ue­

JieHH.II B OT,lleJibHOH uepmpepHHHOH KacceTe. 

3aMeTHM, qTo 11K N!! 25 (.uonOJIHHTeJib­

Ha.lI KaMepa .UJI.II npose.ueHH.11 H3MepeHHH) 

HaXO,llHJiaCb no BhlCOTe HanpOTHB uettrpa a.3 ., 

a no a3HMYTY cMemeua Ha 12° no qacoBOH 

crpeJIKe 0TH0CHTeJibH0 ueHrpa rpaHH. 

ITo pacqcrm1M 3Haqeffil.lIM T0K0B MK pac­

C'lllTaHhl 3CpcpeKTHBHOCTH A3, KaK 3T0 npe.uyc­

Marp1rnaeTC.II .U0KYMeHTOM [2], BhlqHCJI.IIeMbie 

no cpopMyne 

p/p3<j> = 1 - ( Ia
1 

A1n('t)exp(- Ait - 't))d-r)ln, (1) 
J 

r.ue p3<j> - 3cjJ<peKTHBHa.lI .U0JI.II 3ana3,llbIBaJOIUHX 

HeiirpottoB; a1 = P/PJ<j>, P1 - 3cpcpeKTHBHa.lI .uo­

JI.II 3aDa3.UbIBaJOIUHX HeHrpOHOB j-H rpynm1; 

Aj - 110CTO.II.HHa.lI BpeMeHH pacna.ua .11.uep-H3-

nyqaTeJieH 3aIIa3,[(bIBalOUlHX HeHrp0HOB j-H 
rpynm1; n(-r)- 0TH0CHTeJibHa.lI H3Mep.11eMa.1I 

M0II.J.H0CTh, nporropwrnHaJihHa.lI rroToKy HeHT­

poH0B OT rpynru,I KacceT, H3Mep.11eM0M)' HJIH 

pacctrnTaHH0M)' T0KY 11K H T.,ll. (B .uaHHOH pa-

6oTe BCer.ua H0pMHp0BaHa Ha HallaJibH0e 3Ha­

qeHHe ). 

ITapaMeTI)hIToqe'ffioH KHHeTHKH, HCD0Jih-

30BaHHbie B pacqcrax DO 3TOH cpopMyne, ,llJI.II 

rneCTH rpyrrD 3aDa3.UbIBaIOIUHX HeHrpOHOB Te 

)Ke, qTo npHMeHeHhI 3Kc1myanrpyIOmeif opra­

HH3auHeH B rrpou:ecce H3MepeHHH. OHH )Ke HC­

Il0Jlh30BaHbI B pacqcrax DO nporpaMMH0MY 

K0MilJieKcy PAWf A-7.5 . 
B Ta6JIHI.{e rrpHB0.U.IITC.II H3MepeHHbie 3q:>­

cpeKTHBHOCTH A3, Il0JIH0CThlO C00TBeTCTByIO­

WHe o6pa60TKe H3MepeHHoro T0Ka MK DO 

cpopM)'Jle (1). TaM )Ke npHB0,ll.lITC.II 3HaqeHH.II 

3cpcpeKTHBHOCTH A3, nonyqeHHble H3 speMeH­

H0ro H3MeHeHIDI M0UIH0CTH rpyrrnhl KaCCeT 

rrocne.uHero p.11.ua, K0Topoe paccqHTaHo DO 

K0MTineKcy PAWf A-7.5. ToKH 11K paccq1na­

HhI C npHMeHeHHeM cpyttKUHH BJIH.IIHIDI, 0IDl­

caHHOH Bbillle, a peaKTHBH0CTH - no cpopM)'ne 

( 1). 
B o6omc CJI)"la.lIX H3MepeHHM H rronyqeH­

Ha.lI B pe3yJibTaTe pacqeTH0ro M0,lleJIHp0BaHH.II 

BeJIH'IHHbl, Ha3BaHHbie "3cpcpeKTHBHOCThlO 

A3"' He HHTeprrperHpyIOTC.II H He CB.II3bIBa­

lOTC.II C 3TOM BeJIH'IHHOH, norryqeHHOH ~pyrn­

MH cnoco6aMH, HanpHMep, H3 pe3yJihTaT0B 

cTaUH0HapHoro pactJ:eTa. 

Qenh HaCTO.IIIIIeH pa60Tbl - cpaBHeHHe C 

pacqeTHhlMH HeDocpe.UCTBeHH0 H3Mep.1IeMbIX 
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Ta 6 JI Hu a pe3ynbTaTOB paC'-leTOB H 3KCnepHMeITTOB no H3MepeHHIO 3cpcpeKTHBHOCTH A3 BO speMR 
cpH3H<tecKoro nycKa 3Hepro6noKa N2 3 KanHHMHCKOH A3C (npe.ncrnsnettbI 3Ha<teHHR peaKTHBHOCTH s % 
~ ' nony<teHHb1e no noKaJaHmiM MK N2 25) 

3 Kcne- Pac<teTHoe Mo.nenH-
PHMeHT posaHHe H3MepeHHSI 

TionHaR 3cpcpeKTHBHOCTb 
6,438 6,34 

A3 
C 3acTpesam1eM cTep)l(HR 4 5141 4 81 I 

c KOOD)].HHaTaMH 13-36 6,4382 6 332 

' 
C 3aCTpesaHHeM crep)l(Hll 5,328 1 5,03 1 

C KOOP.lJ.HH8TaMH 11-38 6,43s2 6 332 

' 
3cpcj>eKTHBHOCTb CTep)l(HR 

1,924 1,52 
C KOOP)].HHaTaMH 13-36 
3cpcpeKTHBHOCTb CTep)l(HR 

I , I I 1,3 
C KOOP.D.HHaTaMH l )-38 
1 - 3cpcpeKT peaKTHBHOCTH, 880)].HMOH B a.3. npH c6poce A3 
c HMHTal..lHeH 3acTpesaHHR o.n.Horo OP CY3 
2 

- 3cpcpeKT peaKTHBHOCTH, 880)].HMOH B a.3. npH .no6poce 
" 3acT0Rswero" OP CY3 ( CYMMaPHbIH) 

senwnrn B rrpo.u;ecce orrpe,lleneIDU1 3cpcpeKTHB­

HOCTH A3, a HMeHHO, TOKOB MK rrpH c6poce 

A3. IlpH 3TOM TOKH lfK C'lllTalOTCR rrpRMO 

rrporrop.u;HoHaJII,HbIMH IIJIOTHOCTH IJOTOKa Terr­

JIOBhIX HeHTPOHOB B MeCTe paCDOJIQ)l(eHHR 

MK. Pac':leTHhie TOKH HOPMHPYJOTCR Ha H3Me­

peHHbie B Ha':laJihHbIH MOMeHT. B )laHHOH pa-

6oTe H3MepeHHhie H pacc':IHTaHHbie TOKH MK 
HHKaK He CBR3bJBalOTCR C 3cpcpeKTHBHOCTblO 

A3, rronyqeHHOH no rrporpaMMe crn.u;HoHap­

Horo pacqern. 3m 3a)la':la .llIDI OT)leJlbHOH pa-

6oThI. 
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Y)U( 681.6 
Pac11eT 3ua11euuu peaKTHBHOCTH no TOKaM HOHH33UHOHHblX KaMep 
C pa3HblMH ua6opaMH KHHeTH'lfeCKHX napaMeTpOB npu na)J;eHHH A3 

BB3P-1000 3-ro 6JioKa KaJIHHHHCKOH A3C ua JTane 4>u3u11ecKoro nycKa 

M.H. 3ll3UH, 
PHI.I; "KypqaTOBCKHH HHCTHTyr", 123182, MocKBa, rrn. KypqaToBa, l, 

C.H. Ju3una, JJ.B. KpRKBUH, B.A. llumullUMOB, B.A. TepemoHOK, 
OAO ''BHMMA3C", 109507, MocKBa, <I>epraHCKaJI y11., 25 

IlocTynu11a B pe.D.aKUHJO 18.02.2010 r . 

TipoBe)leH aml.11H3 paclfeTOB 3cpq>eKTHBHOCTH aaapHHHOH Jal.l.(HTht (A3) BB3P-1000 no TOKaM HOHH3a­
U.HOHHhrx KaMep (HK) C pa3HhlMH Ha6opaMH KHHeTHlfeCKHX napaMeTpOB C )'lfeTOM H30TOnHoro COCTaBa npH 
paClfeTe 3THX napaMeTpOB. HaH6onee "npaBHJlhHble, 3CTeTHlfeCKH npHeMJieMble" pe3yJihTaTbl )laeT HCOOJTb-
30BaHHe BOChMHrpynnoBhIX KOHCTaHT POC<I>OH,Zl; (EHAE-Pel>). PaJHHUa Me:>1<.ey MaKCHMaJihHblM H MHHH­
MaJihHhtM 3HalfeHHJIMH 3cpcpeKTHBHOCTH A3, BhllfHCJleHHhlMH C pa3HhlMH Ha6opaMl1 KHHeTHlfeCKHX napaMeT­
pOB, cnerKa npeBhlWaeT 2 p. BonpOChl BHeceHHll nonpaBOK Ha npOCTPaHCTBeHHble 3cpq>eKTbl B )laHHOH pa-
6oTe He paccMaTPHBaJIHCb. 

lvi10'1e6ble CJ10ea: BB3P-1000, 3cpq>eKTHBHOCTh aeapHHHOH JaUJ.HTbt, EHAE-78, 6HAE-90, ENDF/B6, 
ENDF/B-VII.0, TBC-M, EHAE-P<I>. 

Calculations of the Reactor Scram System Effectiveness Using the Ionization Chambers Currents 
with Different Sets of Kinetics Parameters in VVER-1000 of the 3-rd Unit Kalinin Power Station at 
the Physical Start-up. M.N. Zizin, RRC "Kurchatov Institute ", 1, Kurchatov Sq., Moscow, 123182, S.N. 
Zizina, L. V. Kryakvin, V.A. Pitilimov, V.A. Teres/wnok, JSC " VNIIAES "', 25, Ferganskaya St. , Moscow, 
109507. The VVER-1000 reactor scram system effectiveness is analyzed using ionization chambers currents 
with different sets of kinetic parameters, taking into account the isotopic composition in the calculation of 
these parameters. The most "correct", and "aesthetically acceptable" results are obtained using 8-group data 
library ROSFOND (BNAB-RF). The difference between the maximum and minimum values of the reactor 
scram system effectiveness, calculated with different sets of kinetic parameters, is slightly more than 2 p. 
The spatial effects in this study were not considered. 

Key Words: VVER- 1000, Reactor Scram System Effectiveness, BNAB-78, BNAB-90, ENDF/B6, 
ENDF/8 -VII.0, TVS-M, BNAB-RF. 

8h16op KHHeTHqecKHx napaMeTpOB H cno­
co6 HX oueHKH cyrueCTBeHHO BJlHRIOT Ha Be­
JIH'lliHhl peaKTHBHOCTH npH o6pa60TKe IIOKa-
3amm I1K, 11011yqeHHhIX Bo BpeMR nepexo.D.­
HbIX npoueccoB, oco6enno Ha eenwmHy 3q>­
q>eKTHBHOCTH A3. 3.l].eCb KHHeTUqeCKHe rrapa­
MeTpbl - 3TO OTHOCHTeJlbHbie BbIXO.l].hI a; 3a­
IIa3.l].bIBaIOll.{HX HeHTpOHOB H IIOCTOHHHbie "-i 
pacna.l].a rrpe.urneCTBeHHHKOB 3aila3.l].blBaJOll.{HX 
HeHTpOHOB. 

B HacToru.uei1 pa6oTe rrpoaHaJIH3Hpoeaao 
BJlHRHHe KHHeTH'leCKHX napaMeTpOB Ha 3Ha­
qeHHe 3q>q>eKTHBHOCTH A3, no11yqaeMoe C IIO­
MOll.{bIO o6parn.eHHoro perneHIDI ypaBHeHHH 
KHHeTHKH (OPYK), C HCIIOJlb30BaHHeM TOKOB 
l1K, 3apernCTpHpOBaHHbIX rrpH H3Mepemrn 
3cpq>eKTHBHOCTH A3. l13MepeHIU1 npOBO.l].H­
JlHCb .l].JlR nepBOH TOilJlHBHOH 3arpY3KH 3-ro 

6110Ka KanHHHHCKOH A3C rrpH pa6oTe Ha MH­
HHMaJihHO KOHTp011HpyeMOM ypOBHe MOIUHO­
CTH Ha 3Tane q>H3H'IeCKOro rrycKa [ 1]. 

PaccMaTpHBaJIOCb rra.ueHHe A3 12.02.2005 

B 9 qacoe (t = 362,6 c) c JaCTpeBaHHeM H .uo6-

pocoM cTep)l(HR 13-36 (9-H rpYIIIIa) qepe3 20 

C. nonpaBKH Ha cpOHOBblli TOK COCTaBJIJUIH 
0, 190·10-IO, 0, 180·10-IO H 0, 105·10-IO .l].llil I1I( 

N!ilf2 3, 14 H 25, COOTBeTCTBeHHO. 3<flq>eKTHB­
HOCTb A3 paCCllHThIBaJlaCb c IlOMOll.{bJO IIpor­

paMMbI, Ha11ucaHno11 Ha MathCad. B rrpor­

paMMe peanH30BaHa HHTerpa..TlbHaR q>OpMa 

OPYK no a.rrropHTMY, onucaHHOMY B pa6oTe 
[2] . PactieTbl rrpOBO.D.HnHCb KaK c YtfeTOM q>O­

HOBOro TOKa, TaK H 6e3 Hero. 

Pe3y11bTaThI pacqern rrpoBep.llJIHCh c rro­
MOll.{hIO rrporpaMMbI Ha <I>opTpaHe, B KOTOpOH 
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peaJIH30BaH TOT )Ke HHTerpaJibHhIH anropHTM. 

TaIOKe IIOJIY'{eHO IIOJIHOe COBIIa,ZleHHe pe3yJih­
TaTOB C pactJeTaMH, mo6e3HO npoBe,ZleHHblMH 

,ZlJI.sl Hae QbITaHOBbIM C.B. PeaJIH30BaH H .nmt>­
cpepeHUHaJibHblli a.rrropHTM, pacqeThl C IIOMO­
IUblO KOTOporo ,ZlJUJ rna,ZlKHX KpHBbIX ,ZlalOT Te 
)Ke pe3yJihTaTbI npH ycJIOBHH BbI6opa 6onee 

no.upo6Horo rnara no BpeMeHH. )J,JIR o6pa6oT­
KH 3KCnepHMeHTaJlbHbIX ,ZlaHHbIX ,ZlHcpcpepeH­

UHaJibHblH a.rrropHTM He ro,ZlHTCR. TaKHM o6-
pa3OM, KoppeKTHOCTb peaJIH3aUHH 'lHCJieHHbIX 

MeTO,ZlOB B HCIIOJlb3OBaHHbIX rrporpaMMax 

IIO,ZlTBep)l(,ZleHa IlOJIHbIM COBna.uenHeM pe3yJih­

TaTOB HeCKOJlbKHX nporpaMM npH omrnaKo­
BhIX HCXO)lHbIX ,ZlaHHbIX. 

O.UHH H3 acneKTOB npo6JieMbl - yqeT H30-

TOIIHOro COCTaBa npH pactJeTe napaMeTJ)OB 3a­

Ila3,ZlbIBalOIUHX HeHTpOHOB. Ha6opbl napaMeT­
pOB KHHeTHKH ,ZlJlR ,ZleAAIUHXC.sl H30TOIIOB OT­
JII,1qa10TC.sl ,ZlJIR pa3HI:,IX ttyKJIH,ZlOB. 3TO npHBO­

,ZlHT K CJIO)l(HOCTH npH cpopMHpoBaHHH Ha6opa 

napaMeTJ)OB KHHeTHKH ,ZlJI.sl peaJibHOro TOIIJIH­

Ba, B KOTOpOM .nenemte npOHCXO,ZlHT O,ZlHO­

BpeMeHHO Ha HeCKOJlbKHX HYKJIH,ZlaX. 

)J,JIR TeIIJIOBI,IX peaKTopoB o6bI'-lHO npOBO­

,Zl.slT reTeporeHHbIH MHororpynnoBoH pactJeT 

RtJeeK, Ha OCHOBe KOToporo r OTOBRT roMoreH­

Hbie MaJiorpyrmOBbie cetJeHH.sl. Ha 3TOM 3Tane 

,ZlOJDKHbI fOTOBHTbC.sl H KHHeTH'-leCKHe napa­

MeTJ)bI, KOTOpbie 3aTeM npHMelUIIOTC.sl npH 

npOCTpaHCTBeHHO-BpeMeHHbIX pac'-leTax. 3TH 

)Ke napaMeTpbl MOryr HCilOJlb3OBaTbC.sl H npH 

o6pa6oTKe noKaJaIIBH MK npH ycnoBHH yc­

pe.rmeHJUI 3THX napaMeTpOB IIO (pH3HtieCKHM 

30HaM peaKTopa. 
O,ZlHaKO rrpH o6pa6oTKe 3KCIIepKMeHTaJlh­

HbIX ,ZlaHHbIX no peaKTHBH0CTH ,ZlO CHX nop 

eme 6bITyeT npaKTHKa HCTI0Jlb30BaHHR napa­
MeTJ)OB 3aIIa3,Zlb1BaIOIUHX HeHTpOHOB ,ZlJI.sl OT­
,ZleJibHbIX HYKJIH,ZlOB. B TaKHX CJIY'{aRX )l(eJia­
TeJibHO HCIIOJlb3OBaTb npoue.uypy ycpe,ZlHeHH.sl 

3THX napaMeTpOB C npe.usapHTeJibHO oueHeH­

HbJMH BeCaMH. B pa6oTe [3] peKOMeH.nyeTC.sl 
npHMelUITh cne.uywmHe <popMyJihI ycpe.uHe­

HHR no HYKJIH,ZlaM: a, = 2,(1::Aa: ), 
A 

A, = a, I 2,(1::Aa: n : ), r.ue i - HOMep rpynIIhI 
A 
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3anaJ,11hrna10urnx HeHTpOHOB, A - 1-rn.ueKc 
A ~ HYKJII·Ula, e - Bee yqHTbIBalOIUHH BKJia)l .ue-

JICHHH na HYKJIH,Zle A. 
Cne.uyeT 0TMeTHTb, 'ITO B0TipOCbl BHece­

HH.sl nonpaBOK Ha npOCTpaHCTBeHHbie 3<pcpeK­
Tbl H cnoco6bI oueHKH BeCOB ,ZlJI.sl ycpe.rmeHH.SI 

napaMeTpoB B .uaHHOH pa6oTe He paccMaTpH­
BaJIHCh. 

B OPYK HCIIOJib30BaJIHCh cne.uyiomHe 
IlOHYKJIH,ZlHbie Ha6opbl napaMeTp0B K.HHentKH 
(rn6n. 1): EHAE-78 (KHIIHH) [4]), EHAE-90, 
E DF/B6, ENDF/B-VII.0, napaMeTphI H3 

TBC-M (pe.uaKUHR KOHCTaHT 2008 r.), EHAE­
P<D. 

ITapaMeTpbI .un.sr EHA6-78, EHAE-90, 
ENDF/B6 B3RThI H3 ,ZlHcceprnui-m [5], soc1,­
MHrpynnoBh1e napaMeTpbI 6HAE-P<D - H3 

6H6JIHOTeKH JEFF3.1 (oueHKa B.M. flHKcaii­
KHHa) H BKJIIO'leHbl B PocCHHCKYIO 6H6JIHOTe­

KY <paHJIOB oueneHHhIX neHTpOHHbIX ,ZlaHHbIX 
POC<DOH,ll (http://www.ippe.ru/podr/abbn/ 
libr/rosfond.php). 3TH ,ZlaHHbie coo6meHbI 3a-

6po.ucKOH C.B . ,[laHHbie H3 ENDF/B-VII.0 
no.uroTOBJieHhI CHHHUeH B.B. ITapaMeTphI H3 
TBC-M [6] (pe.uaKUHR KOHCTaHT 2008 r.) JII0-
6e3no npe,Zl0CTaBJieHbI C.B. 1..(1,rraHOBblM. 

KHHen11.JeCKHe rrapaMeTpbI npHMeIDIJIHCb 

B cne.uywmax cotJeTaHHRx: 

• OT,ZleJibHhIH U-235 - TOJibKO ,ZlJIR EHAE-78 
(KHIIHH); 

• .ZlAA cMecH U-235 H U-238 c secaMH Eu -
235 

= 0,85 H e u-
238 = 0, 15. TaKoe npHMepHoe co­

OTHOlllem1e BeCOB peKOMeH,Zl0BaH0 C.B. Q1,1-
raHOBbIM .ZlAA cse)l(ero TOIIJIHBa BB3P-I 000. 

Pe3yJibTaTbI pactJeTOB npHBe,ZleHbl B Ta6JI. 
2 H Ha rpa<pHKaX (pHC. 1.. .4 ). B cpaBHHTeJib­
HOM aHaJIIne HCIIOJib30BaJIHCb ,ZlaHHbie, norry-
11eum1e Ha OCHOBe IIOKaJamrn J.1K N2 3. 

BpeMR, npH KOTOpOM <pHKCHpOBaJIOCb 
npHBO,ZlHMOe B Ta6JI. 2 3HatJeHHe peaKTHBHO­
CTH, BbI6paHo TaKHM, 'IT06bI peaKTHBHOCTI, 

coBnana c npi-rne.ueHHOH B pa6oTe [ 1] npH o6-
pa6oTKe IlOKa3aHHH J.1K N2 3, H paBH.slJIOCb 
400 c (BpeMR HatJana ,ZlBH)l(eHH.sl CTep)l(HeH A3 
364 7 c, Illar no BpeMem1 0,1 c). B pa6oTe [1] 
peaKTHBHOCTb pacC'IHTbIBaJiaCb C npHMeHeIDl­
eM KHHenfl-IeCKHX napaMeTpOB KHTIHHa TOJlb­
KO ,ZlJI.sl ypaHa-235. 



a J1HQ3. ,rneTHttecKHe napaMeTPhl T 6 l K 
Oraoc,nenbHblH BblXO)J. i-H rpynnbl TTocTOSIHHrul pacna)J,a npe.nwecTBeHHHKOB 

3aml3)J.btBalOLUHX HeHTpOHOB, i-11 rpynrrbI 3ana3.Ub1Ba10mHX HeHTPOHOB, 

i 
a, ).., 

C~e.ll.HHe C~e~HHe 
U-235 U-238 EU-2 S = 0 85 U-235 U-238 EU-2 5 = 0 85 

' ' ' EU-238= 0 15 
' 

EU-238 = 0 15 , 

6HAE-78 (K1m1-1H) 

I 0,033 0,013 0,03000 0,0124 0,0132 0,01251376 
2 0,219 0,137 0,20670 0,0305 0,032 I 0,03072975 
3 0,196 0,162 0,19090 0, 111 0, 139 0, 11445846 
4 0,395 0,388 0,39395 0,301 0,358 0,30836454 
5 0, 115 0,225 0,13150 1, I 4 1,41 1,17371297 
6 0,042 0,075 0,04695 3,01 4,02 3, 12787867 

6HAE-90 
1 0,0350 0,0139 0,031835 0,0133 0,0136 0,01334415 
2 0,1807 0, 1128 0, 170515 0,0327 0,0313 0,03248207 
3 0, 1725 0, 1310 0, 166275 0,1208 0, 1233 0, 12116851 
4 0,3868 0,3851 0,386545 0,3028 0,3237 0,30576125 
5 0,1586 0,2539 0, I 72895 0,8495 0,9059 0,85750812 
6 0,0664 0,1031 0,071905 2,853 3,0487 2,88073754 

ENDF/86 
l 0,0350 0,0139 0,031835 0,0133 0,0136 0,01334415 
2 0,1871 0, 1128 0, 175955 0,0327 0,0313 0,03248207 
3 0,1725 0,1310 0, 166275 0,1208 0,1233 0, 12116852 
4 0,3868 0,3851 0,386545 0,3028 0,3237 0,30576125 
5 0, 1586 0,2540 0, 172910 0,8495 0,9062 0,85754836 
6 0,0643 0,1031 0,070120 2,853 3,0492 2,88080478 

ENDF/B-VU.O 
1 0,0319727 0,0103413 0,02872799 0,0124906 0,0124942 0,01249114 
2 0, 166371 0,114820 0,15863836 0,0318241 0,0302552 0,03157847 
3 0,161310 0,127807 0,15628457 0,109375 0, 115938 0, 11031167 
4 0,459647 0,451836 0,45847535 0,316990 0,341476 0,32043657 
5 0, 133499 0,233507 0, 14850020 1,35398 1,31863 1,34855700 
6 0,0471998 0,0616887 0,04937313 8,63638 9,97903 8,81427097 

TBC-M 
1 0,038 0,013 0,03425 0,0127 0,0132 0,01277257 
2 0,213 0, 137 0,20160 0,0317 0,0321 0,03175936 
3 0,188 0,162 0, 18410 0, 115 0,139 0, 11805761 
4 0,407 0,388 0,40415 0,311 0,358 0,31724745 
5 0, 128 0,225 0, 14255 1,4 1,41 l ,40149081 
6 0,026 0,075 0,03335 3,87 4,02 3,89178228 

EHAE-Pct> 
1 0,0328 0,0084 0,029140 0,0125 0,0125 0,0125 
2 0, 1539 0,1040 0,146415 0,0283 0,0283 0,0283 
3 0,0913 0,0375 0,083230 0,0425 0,0425 0,0425 
4 0, 1969 0, 1370 0, 187915 0,1330 0, 1330 0,1330 
5 0,3308 0,2940 0,325280 0,2925 0,2925 0,2925 
6 0,0902 0, 1980 0, 106370 0,6665 0,6665 0,6665 
7 0,0812 0, 1281 0,088220 1,6348 1,6348 1,63488 
8 0,0229 0,0931 0,033430 3,5546 3,5546 3,5546 
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T a 6 JI n u a 2. PeaKTHBHOCTb npH na,n.emrn cTep)lrnew A3, 
paCCLfl,fTaHHaJI c pa3HblMH K0HCTaHTaMH (t = 400 c) 

p, $ 6e3 y<TeTa p, $ C Y4eT0M 
Q)OHOBOro T0Ka Q)OHOBOfO T0Ka 

KoHcTaHTbl CfeAHHe 
EU-i 5 = 0 85 TOJibKO 

Cpe,nHHe 
EU-235 = 0 85 

' ' ' , U-235 EU-238= 0 15 EU-238= 0 15 
' 

, 
6HAE-78 (KHITHH) - 8,02 - 8,71"' -8,08 

6HAE-90 -6,63 -6,68 
ENDF/B6 -6,80 -6,85 
ENDF/B-YII.0 -6,46 
TBC-M - 7,83 -7,89 
6HAE-P<l> - 8,06 -8,12 
a) 6e3 Y4eTa cpoHosoro T0Ka p 

r- s 
0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

I 
I 
I 

"1K No25 I 
/ I 

/ "1KNo 14 I 
/ \ I 

\ I 
\ 111K No 3 

\ \ / , C 

350 370 390 410 430 450 470 490 

P1-1c. 1. PeaKTlfBHOCTb p $ npH na,n.eHHH cTep)l(HeH 
A3. KHHeTH4eCKHe napaMeTPbI 6HA6-78 (KHITHH) 
T0JihK0 AJISI U-235 (c Y4eT0M <pOHOBOfO TOKa) 

p. $ 

0 

-1 

-2 

-3 

-4 

-5 

-6 

I 
I 
I 

111K No 25 I 
/ 111K No _!4 I 

_L \ I 
I 111K No 3 I ---, 
l \ \ I 

-7 

-8 
~ c l 

350 370 390 410 430 450 470 490 

P1-1c. 3. PeaKTHBHOCTb p, $ np11 na,n.e,urn CTep)l(HeH 
A3. KHHeTH4ecKHe napaM~hl 6HA6-90 c Eu-

235 = 
0,85, EU-iJs = 0, 15 ( C Y4eT0M <pOHOBOfO TO Ka) 

3aKJJroqenue 

1. BoChMH.rpynnoBble KOHCTaliThl 3ana3-

.l{h1Ba10mmc HeHTJ)OHOB, IlO.l{I'OTOBJieHH1>1e .[{JUI 

CHCTeM1>1 KOHCTaHT POC<l>OH):{ (6HAE-P<l>), 

.uaIOT npaKrn'IeCKH TOT )Ke pe3yJibTaT, qTo H 

KOHCTaHThI KmrnHa (EHAE-78), c npHeMJie­

MOH KapTHHOH noBeneIDUI peaKTHBHOCTH BO 

BpeMeHH. npH yqeTe BKJia.ua .ueJiemui: U-238. 
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-- 8,64 $ 

r. s 
0 

-1 

-2 
-3 

-4 

-5 
-6 

-7 
-8 

111KNo2: 

\ 
\ 111K No 1< 

-.l, 111KNo3 --
I \ \ 
I \ \ 

-9 IC 

350 370 390 410 430 450 470 490 

P11c. 2. PeaKTHBHOCTh p, $ npH na,n.eHHH cTep)lrnew 
A3. KHHeTH"lecKHe napaMeTpbI 6HA6-78 (K11mrn) c 
Eu-

235 
= 0,85, EU-2JS = 0, 15 (c Y4eT0M <pOHOBOfO TOKa) 

p.$ 
0 

-1 I 
-2 
-3 

111K f11!15 

-4 

-5 

-6 

-7 
-8 

/ 
/ 111K No 14 

~ 
I 111KNo3 

I \ \ 
-9 f C 

350 370 390 410 430 450 470 490 

P11c. 4. PeaKTHBHOCTb p, $ np11 na,neHHH cTep)l(Hew 
A3. KHHeTH4eCKHe napaMeTpb1 6HAE-P<l> c Eu-

235 = 
0,85, EU-

233 = 0, 15 ( C Y4eT0M <pOHOBOro TOKa) 

2. HaH6oJiee "npaBHJihHbie", 3CTeTH'IeCKH 
npHeMJieMble KapTHHKH6

) .uaeT HCIT0Jih30BaHHe 

KOHCTaHT POC<l>OH):{ (EHA.E-PcJ)) C Eu -
235 = 

0,85, EU-
238 = 0,15. 3-ro CJI)')IOIT OCHOBam1eM 

nm1 BHHMaTeJihH0ro OTHOllleHIDl K HallleMy 

6)<l>HJHqecKHH 3aKOH Jl,OJI)KeH 6bJTh MaTe­

MaTH'IeCKH H3.suuea. IT.A.M. ,D,ttpaK. 



--

COBeTy no HX BHe.n;pemno B npaKTHKY pacqe­

TOB H o6pa60TKH 3KCnepHMeHTaJlhHbIX pe-

3ym,TaTOB. B OTJIWIHe OT KOHCTaHT KmmHa 

.EHA6-P<l> co.n;ep)l(HT 3HaqHTerrI>HO 6orree urn:­

pol<.Illi CTIHCOK HYKJIH,lJ;OB . .JJ:AA BOCbMHTpyn­

IlOBhIX KOHCTaHT CHHMaeTCH npo6rreMa ycpe.n;­

HeHH.si: A.,, nOCKOJibKY OHH He 3aBHC&T OT HYK­

JIH,n;a. 

3. flpH HCl10fil30Bamrn BeCOB Eu-
235 = 

0,85, EU-
238 = 0, 15 3Hal.:leHHe 3cpcpeKTHBHOCTH 

A3 y-Mem,maeTc.si: npHMepHo Ha 8 % no cpas­

HeHHIO c npHMeHeHHeM KHHeTHqecKHX aapa­

MeTPOB TOJibKO U-235. 

4. l1cnorr1>30BaHHe KHHenP1ecKHx rrapa­

M~OB H3 ENDF/B6 H octtosaHHbIX Ha HHX 

KOHCTaHT .EHA6-90 .n;aeT HenpaBHJibHble H 

noXO)l(J,fe KapTHHhI noBe.n;eHHH peaKTHBHOCTH 

BO speMeHH. CHTya:UH.H IJOBTOpHeTCH H npH 

Hcnorr1>3osaHHH ENDF/B-VII.0. ,l],rrx HJJJIIOCT­

pauHH 3TOH KapTHHbl 3.z:i;ecb npHBO)lHTCH KpH­

Ba.H peaKTHBHOCTH TOJibKO .EHA.E-90. 

5. YqeT cpottosoro TOKa YBem1~aeT 3Ha­

'ieHHe 3cpcpeKTHBHOCTH A3 Ha 7,7 % H BJIHHeT 

He TOJibKO Ha seJIH'lliHY peaKTHBHOCTH, HO H 

Ha Ha:KJJOH KpHBOH, 'ITO 3aMeTHO ,lJ;JIH KOHCTaHT 

TBC-M. 3rn 06CTOHTerr1>cTBO TPe6yeT 6orree 

TIUaTeJibHOro paCCMOTPeHHH. B uerroM KOHC­

TaHThl TBC-M .n;aIOT npHeMJieMbIH pe3yn1>TaT. 

6 . l.J,enecoo6pa3HO BKJIIO'IllTh s nporpaM­

Mbl reHepamm Man:orpynnOBbIX KOHCTaHT 

B03MO)l(HOCTb norryqeHH.si: MHKpOCel.:leHHH .n;e­

rreHH.si:, Heo6xo.n;HM1>IX .n;JI.H oueHKH .n;orreH .n;e­

rreHH.si: Ha OT,lJ;eJibHbIX HYKJIH,llaX KaK B ,i:qeH­

K_ax, Ta:K H B pea:KTOpe. MO)l(HO H npHMO ou:e­

HHBaTh ,llOJJH ,lleJieHH.si: Ha Ka)l(,lJ;OM HYKJIH.Ue B 

Hl.:leHKe. 

7. Pa3HHIW Me)l(,lJ;y MaKCHMafilHl>IM H MH­

HHMa.JibHblM 3Ha'ieHHHMH 3cpcpeKTHBHOCTH A3, 

Bbll.:IHCJleHHbIMH c pa3HbIMH Ha6opaMH KHHe­

THqecK.HX rrapaM~os, enema rrpes1>1illaeT 

2 ~-

Asrnp1>1 6rraro}lapHT 3a6po.n;cKyro C.B., 

3HMHHa B.r., 11BaHOBa JI.,n:., fIHHerHHa A.A., 

CHHHUY B.B., l.J,hrraHoBa C.B. H lllumKosa 

JI.K. 3a npe,n;OCTaBJieHHbie MaTepHa.Jibl H 06-

c~eHHe IIOCTa:BJieHHbIX s pa6oTe npo6rreM. 

OT}leJibHa:H 6naro.n;apttocTb Hm<onaeBy M.H., 
npoqHTa:smeMy rrpe.n;BapHTeJibHYIO sepcHIO 

CTaTbH H BblCKa3aBrneMy PM KpHTH'ieCKHX 

3aMe1.JaHHH, 3Ha'IJITem,ttyro qacTI> KOTOpbIX 

aBTOphI IIOCTapan:HCh yqecTb. 

CnncoK JIHTepaTypbl 

l. TepeUIOHOK B.A. U op. Pe3yJibTaTbl HCCJie,!J,OBa­
HHH HeHTpOHHO-cpH3H'-leCKHX xapaKTepHCTHK ro­
JIOBHOH TOruJHBHOH 3arpY3KH BB3P- l 000 6noKa 
NQ 3 Ka.rrHHHHCKOH A3C Ha :nane ¢H3HlfecKoro 
nycKa. Ort.teT BHIB1A.3C HHB. NQ 03-3395/2005, 
2005. 
2. Memoou1<u paclfeTa HeHTpOHHO-cpH3Ht.tecKHX 
xapaKTepHCTHK no ,!J,aHHblM ¢H3HlfeCKHX 3KCnepH­
MeHTOB Ha 3Hepro6JJOKaX aTOMHblX 3JieKTp0CTaH­
UHH c peaKTopaMH BB3P- l 000. PYJ<OBO,!J,lll.l(HH 
AOKYMeHT P.D: 30 0151-2004. 
3. Tuttle R.J. Delayed-Neutron Data for Reactor­
Physics Analysis Nuclides // Nucl. Sci. & Eng., 
1975, 56, p. 37. 
4. KunUH /(.P. <l>H3Ht.tecKHe 0CH0Bbl KHHeTHKH 
R,!l,epmrx peaKTopos. M.: ATOMH3,!J,aT, 1967. 
5. 3a6poocK0.1l C.B. Hosbre THilbl ,!J,aHHblX B cHc­
TeMe EHAo-93 ,!J,Jlj! paClfeTa pa,!l,HaUHOHHblX xa­
paKTepHCTHK . .D:HcCepT. Ha C0HCK. yt.teHOH creneHH 
K.cp.-M.H. O6HHHCK, rl-IlJ. P<l>-<1>311, 2001. 
6. Ammecmal{uo1m1,1ii nacnopT rrporpaMMHoro 
cpe,!l,CTBa TBC-M (BepcHR 1.3). PerncTpal{HOHHblH 
HOMep nacnopTa arreCTaUHH TIC NQ 135 OT 
21.02.2002 r. 

KoHTaKTHaR HHcpopMaUHJI -
3H3HH MHXaHJI HHKonaeBH'-1, r.H.c., Ten. : (499) 
196-71-93, e-mail: zizin@adis.vver.kiae.ru 

BonpOChl aTOMHOH ttayKH H TeXHHKH. 
Cep. <l>H3HKa Jl,!l,epHbrX peaKTopoB, 2010, Bblll. 3, 

C. 43-47. 

47 



Y,LJ;K 621.039 
H3MepeHHH 34>4>eKTHBHOCTH CTepiKHeii peryJIHpOBaHHH 

MOJJ.epHH3Hp0B3HHblM MeTO)].OM o6paTHOH KHHeTHKH 

A.A. Eo6po6, I'.B. J/e6eaeB, JO.A.He11ae6, 
PHU: "KypqarnBCKHH HHCTHTyf", 123182, MocKBa, nn. KypqaTOBa, 1 

IIocTynHna B pe,LlaKUHIO 05.04.2010 r . 

ITpe.nc-rasneHbl pe3ynbTIITbl H3MepeIDU! 3cp<peKTHBHOCTH CTep)KHeH perynwpoBaHHll KpHTH4eCKOH c6op­

KH Ha cTeH.ne " AcTPa" PHU. " Kyp4aTOBCKHH HHCTHTYT" · HJMepeHHll BbmonHeHbl no MO.LlH<pH~HposaHHOMY 

MeTo.ny o6paTHOH KHHeTHKH (MOK), ocHosaHHOMY Ha wcnonh30BaHHH 3KcnepHMeHTaJibHOH HH<popMa~HH 06 
H3MeHeHHH nOKaJaHHH .ne-reKT0pOB 4HCna HeHTPOHOB B peaKTope T0nbK0 nocne BBe,neHHll B03MYLl.leHHll no 

peaKTHBH0CTH. MeTO,n He TPe6yeT BBe,neHHll pac4eTHblX nonpaB0K. Pe3ynbTaTbl H3MepeHHH He 3aBHCJIT OT 

nono)KeHHll .ne-reKTopos Hei1TpoHOB. 

K111011eeble cnoea: ypaBHeHHll KHHeTHKH, peaKTop, H3MepeHHe. 

Measurements of Control Rods Worth by Modified Inverse Kinetic Method. A.A. Bobrov, G. V. Le­
bedev, Yu. A. Nechaev, RRC "Kurchatov Institute, 1, Kurchatov Sq. , Moscow, 123182. Results of control 

rods worth measurements on the critical assembly " Astra" of RRC "Kurchatov Institute ' are demonstrated. 

Measurements are carried out by modified inverse kinetic method, which is based on the use of experimental 

information about the variation of neutron detectors readings after the reactivity inserting only. The calculate­

ed corrections are not required. Measurement results are not dependent on the neutron detector location. 
Kev Words: Kinetic Eauations, Reactor, Measurement. 

BBe,aeune 

M3MepeHIDI 3QHpeKTHBHOCTH CTep)l(HeH 

perynupoBaHIDI .SIBllilIOTC.SI o6uaTeJibHbIMH 
3KCnepHMeHTaMH, KOTOpbie npOBO,Ll.SITC.SI B 

rrpou;ecce 3KCilJiyaTau;HH peaKTOpOB. B PYKO­

BO]l.Slll.(HX ]l0K}'MeHTax [ 1, 2] peKOMeR,uyeTC.SI 
BhmorrllilTh 3TH H3MepeHH.SI c noMomhlo MOK. 
O6hJtIBO c6paCbIBaIOT HCCJie]lyeMbie CTep)K}ll 
perynupoBaHH.SI H3 KpHT!fqeCKOro COCTO.SIHH.SI 

peaKTOpa, H3Mep.SIIOT TOKH HJIH OTC'leTbI 3KC­

nepHMeHTaJibHOro ]leTeKTOpa Hei-lTJ)OHOB ]lO, 
BO BpeM.si: H nocne c6poca 3THX cTep)l(Hei,i. 

McKOMYJO peaKTHBHOCTh, CJIY)Kamyro Me­

pOH 3cpcpeKTHBHOCTH CTep)l(HeH perymipOBa­

HH.SI, pacC'IHThIBaIOT H3 ypaBRemf.H T01.JeqHoi1: 
KHHeTHKH no IlOKa.JaHH.SIM 3KCnepHMeHTaJib­

HOro ]leTeKTopa BO BpeMeHH B npe,LlilOJIO)l(e­

RHH, qTo IlOKa.JaHH.SI ]leTeKTopa nporropUHO­

HaJibHbl n(t) - 1.JHCJIY HeHTpOHOB B peaKTope. 
3TOT K03cpq:>HUHeHT nponopUHOHaJihHOCTH 

Ha.3bIBaIOT "3cpcpeKTHBHOCTbIO JKCnepHMeH­

TaJibROro ]leTeKTopa". 
B pe3yJlbTaTe IlO]l06m.1x JKCIIepHMeHTOB 

BeJUf.'lliHa Jq:>q:>eKTHBHOCTH CTep)l(HeH perynH­
poBaH11.S1 6yJleT H3MepeHa c .LJ.B}'M.SI xapaKTep­
HhIMH MeTO]lHqecKHMH norpelllHOCTJIMH. Mc-
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TOl.JHRKOM nepBOH H HaH6onee cymecTBeHHOH 
MeTO]lHl.JeCKOH norpeUIROCTH .SIBJI.SleTC.SI H3Me­

HeHHe npOCTJ)aHCTBeHHO-3HepreTJPieCKOro 

pacnpe,LleneHIDJ (noJI.S1) HeHTpOHOB no 06-beMY 
peaKTopa B pe3yJih Ta Te B03MYmeHH.SI H, KaK 

CJie]lCTBHe, H3MeHeHHe 3cpcpeKTHBHOCTH 3KC­

nepHMeHTaJibROro ]leTeKTOpa. McTO'IHRKOM 

BTOpOH MeTO]lHqecKOH norpelllHOCTH CJIY)KHT 
H3MeHeHHe BpeMeHH reHepau,HH MI'HOBeHHbIX 

HeHTJ)OHOB B peaKTope. B MROro'IHCJieHHhIX 
JKCnepHMeRTax, IIOCTaBJieHHhlX Ha peaKTopax 

H KpHTHl.JeCKHX c6opKax, IlOKa.JaHo, qTo 3TH 
MeTO]lHl.JeCKHe norpernHOCTH MOrYT 6hITb cy­
meCTBeHHbIMH. 

.[(n.si: o6ecneqemui: MeTponornqecKOH aT­
TeCTaUHH H3MepeHHH peaKTHBHOCTH B COOT­

BeTCTBHH C Tpe60BaHH.SIMH rrpaBHJl .Sl,LlepHOH 

6e3onacHOCTH ]lOJI)l(eR 6hITh, B qacTROCTH, 

npoBeJJ.eH aHaJIH3 3KCIIepHMeHTaJibHhIX nor­

pelllHOCTeH H3MepeHHH peaKTHBHOCTH, T.e. 

onpe,LleJiem.1 HCTOtJHHKH norpelllHOCTeH, pac­

Cl.JHTaHbl HX BerruqHHbl " YKa.JaHbI cnoco6bl 
BBe]leHH.SI nonpaBoK. Pac1.JeT nonpaBOK Ha H3-
MeHeHH.si: 3q:>q:>eKTHBHOCTH 3KCIIepHMeHTaJibHO­

ro neTeKTopa H BpeMeHH rettepauHH MrHOBeH­
HhIX HeHTpOHOB .SIBJI.SleTC.SI 3a]la1.JeH, no CJIO)K­

HOCTH cpaBHHMOH C pacqeTOM co6cTBeHHo 3q:>-



cpeKTHBHOCTH CTep)KHeH perymrpoBamrn: 6e3 

npHMeHeHHR JKcrrepHMeHTaJibHblX .llaHHl>IX. 

flpH 011peneneHHH 3cpcpeKTHBHOCTH CTep)l(HeH 

perynHpoBanrur Ba)KH0 TaK)Ke onpeneJ1HTb 

npoMe)Kyr0K BpeMeHH, B TeqeHHe K0T0poro 

IIp0HCX0,llHT H3MeHeHHe non.SI HeHTPOHOB. 

B MOHOrpacpHH (3] IIpHB0.llHTCR cne.nyio­

ruee yrBep)K.lleHHe: "flocne BBe.lleHHJI B peaK­

Top HeK0Toporo JI0KaJibH0f0 B03M)'IUeH.IDl 

rapM0HHKH 6onee BblC0K0fO nopR,nKa 6bICTPO 

3a-ryxa10T, H pacrrpenenettHe noToKa BCKope 

rrpHHHMaeT BH.ll, onHCbIBaeMbIH OCHOBHOH HJili 
'' ..... ,, ..... 

aCHMilT0THqecK0H rapM0HHK0H. O6b}qH0 

.llnHTenhH0CTb 3Toro nepexo,nttoro 11pouecca 

C0CTaBllileT HeCK0ilbK0 BpeMeH )KH3HH MfH0-

BeRHblX HeHTPOHOB". 

B pa6oTe [ 4] aBTOpbI npe.lllIOJI0)KlffiH, qro 

3cp<peKTHBHOCTb 3KCI1epHMeHTaJibH0f0 ,neTeK­

T0pa BCJie)lCTBHe H3MeHeHH.SI nonR Hei-trp0HOB 

M0)KeT H3MeIDITbCR 3a BpeMR 11epeMemeIDU1 

CTep)KHeH peryilllp0BaHHH .ll0 HeK0T0poro 3Ha­

qemu1 H )J.anee 0CTaeTCH TaK0BbIM .ll0 K0HUa 

H3MepeHHH n(t). Ha 0CH0BaHHli JT0f0 rrpe.nrro­

JI0)KeHID! 110 pa3pa6oTaHHOMY aBT0paMH aTlf0-

pHTMY orrpe)J.eneH0 H3MeHeHHe 3<l>cpeKTHBHOC­

TH JKcrrepHMeHTaJibH0fO )leTeKTopa, a B pe-

3Ynh TaTe JKCrrepHMeHTa - J<p<peKTHBHOCTh HC­

cne,nyeMbIX CTep)KHeH perym1poBaHHR C HC­

II0ilb30BaHHeM MOK Ha ocHoBamrn T0JibK0 

JKcnepHMeHTaJibHblX ,naHHblX. 

1. Mo.[{uct,uuupoBaHHLIH MeTO,[{ 
o6paTHOH KHHeTHKH 

Pa)J.HKanbHbIM peweHHeM 3a)laqff H3Mepe­

HH.SI 3cpcpeKTHBHOCTH CTep)KHeH peryJIHp0Ba­

HH.SI cn~T HCn0nh30BaHHe B JKC_11epHMeHTe 

pe3ynhTaTOB H3MepeHHH n(t) nocne c6poca 

npH HeH3MeHH0M 11one Hei-trp0HOB. B CBR3H C 

JTHM rrpe,nJI0)KeH Mo,nepHH3Hp0BaHHhIH MOK 

(5], OTPa60TaHHblH B cepHH 3KCI1epHMeHTOB 

Ha KpHTHl'.J:eCK0M CTettne PEMK [6]. ,n:ocTOKH­

CTB0 JT0f0 MeTo,na B TOM, qTo npH era peanK-

3a1.urn. He 11pHMelUIIOTC.sl HaqanbHble ycn0BIDI, 

cne,noBaTeJibH0, 0TCyrCTB}'lOT MeT0)lffqeCKHe 

11orpelllH0CTH, xapaKTepH.ble .llllil H3MepeHH.H 

peaKTHBH0CTH C HCII0ilb30BaHHeM "cTaH,napT­

HOro" MOK. JiorapH(pMH'IeCKa.sI 11p0H3B0AHa.sI 

d 
dt ln(n(t)) B 3TOM JKCIIepHMeHTe .sIBilReTCH Me-

poi-t peaKTHBH0CTH. 

MO)KHO npHMeH.sITb B KaqecTBe MepbI pe­

aICTHBH0CTH H0pMHp0BaHHYJO nJI0IUa)J.b noi:r. 

KpHBOH n(t), a HMeHH0, J(p/~3<1>) = 

-(!, n(()dt }n(t'), rne t, • 12 - MOM<HTLI epe­

MeHH nocne c6poca cTep)KHei-t, t" - nro6oi-t M0-

MeHT BpeMeHH BHYTPH HHTepeana [t1, t2]. JJ:nH 

YMeHhllleHH.SI cnyqaHHOH 11orpelllH0CTH JKCIIe­

pHMeHTa uenecoo6pa3HO HCII0Jih30B~Tl, .llilR 

H0pMHp0BKH Bee pe3ynhTaThl H3MepeHHH n(t) 
BHYTPH HHTepBana [!1, t2], a He T0JibK0 HeK0-

T0poe n(t°). B CBR3H C JTHM rrpH npaICTHl'.J:eC­

KOH peanH3anHH M0,!l,epHH3HpoeaHHoro MOK 

.llllil onpe)J.eneHHH J<pcpeKTHBHOCTH CTep)KHeH 

perynupoBaHHH no pe3yJibTaTaM H3MepeHHH 

n(t) npHMeID!eTCR 11apaMerp Sv 
J J 

= ~:>JI,(1/vk), r)J.e VJ, Vk - 0TC'IeThl (TOKH) 
J=I k=I 

,!l,eTeKTOpa 11ocne c6poca cTep)l(HeH perym1po­

BaHIDI, H3MepeHHbie C HHTepBan0M .llHCKpeT­

H0CTH !':!.t B Te'IeHHe J!':!.t ceKytt,!l,. 

3aBHCHMOCTh Me)K.lly J<p<peKTHBHOCThlO 

CTep)KHeH perynHpoBaHHR H 11apaMerpoM Sv 
ycTaHaBilHBaeTCR no pe3ynhTaTaM qffCileHH0ro 

M0,nenupoBaHHR JKCnepHMeHTa C HCII0ilb30Ba­

HHeM ypaBHeHHH TO'Ie'-rnoi-t KHHeTHKH, K0HK­

peTHoro 3Ha'IeHHR 11poMe)KyrKa epeMeHH !':!.t, B 

TeqeHHe K0Toporo nepeMeruanHCh cTep>KHli 

perynHpoeaHH.sI, a TaK)Ke HaqanbHhIX ycnoBKH 

npK HeH3MeHHhIX 3Ha'IeHH.SIX 3cp<peKTHBHOCTH 

JKcnepHMeHTanhH0f0 )leTeKT0pa H BpeMeHH 

reHepaUHH MfH0BeHHbIX HeHrpOHOB. 

2. PeJyJILTaTLI HJMepeHHH Jct,ct,eKTHBHOCTH 
CTep'.lKHeii peryJiupoBaHHH npu ux c6poce 

HJ KpHTHqecKOfO COCTOHHHH c6opKH 
cTeH.[{a "AcTpa" 

Ha KpHTH'-!eCKOH c6opKe BTrP cTeH)J.a 

"AcTpa" npoee,!l,eHa cepHR JKcrrepuMeHT0B no 

H3MepeHHIO 3cpcpeKTHBHOCTH CTep)KHeH KO-2, 

KO-4, KO-6, PP-1. CTep:>KHH c6pacbIBaJIHCh 

H3 KpHTH'IeCK0fO C0CT0RHIDI c6opKH. ITOTOKH 

HeHTp0H0B H3MepAAHCh C .llHCKpeTHOCThlO !':!.t 
= 0, 165 C B 0CH0BH0M 6-10 T0K0BbIMH KaHana­

MH, npH H3MepeHH.sIX 3cpcpeKTHBHOCTH CTep)K­

IDI KO-2 npHMeH.sIJIHCb IIRTh T0K0BhIX KaHa-
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T a 6 JI u Q a 1. Pe3yJibTaTbt H3Mepem11-1 3q>q>eKTHBHOCTH cTep)KHeH 

ITTH'leCKOH c6 osaHHbtM MOK 
Ha11MeH0BaH11e 

CTe >KHSI 
KO-2 KO-4 KO-6 PP-I 

3q>q>eKTHBHOCTb 

CTe >KHll, $ 
2,96 ± 0,04 2,34 ± 0,04 4,9 ± 0,2 0, 1268 ± 0,0005 

JJOB. B KpHTHqecKOM COCTOHHHH TOKH HOHH3a­

UHOHH1,IX KaMep (I1I() 6h1m1 Ha ypoBHe 

~ 10-7 
A . BpeMeHa rra.u,eHHH cTep)KffeH KO 

~ 1,5 c, CTep)KJUI PP-I ~ 2,8 c . 

Ha pHC. I rrpe,D.CTaBJJeHI,I HCXO.lJ.Hbie (rrep­

BHqHbre) 3KCnepHMeHTaJl1,Hbie ,[{aHHbie npH 

peaJJH3aIJ;HH H3MepeHHH 3q>q>eKTHBHOCTH 

cTep:>KHeH pery1rnposamui: ua KpHTHqecKOH 

c6opKe cTeH,D.a "AcTPa". IIocKOJJbKY 3HatJeHHSI 

norapHq>MH•-IeCKOH npOH3B0,[{HOH He 3aBHCHT 

OT MeCTa IlOJJO)KeHHH .HK, TO pe3YJibTaTbl H3-

MepeHHH n(t), npHBe,D.eHHbie Ha pHC. I , HaKJJa­

.llbIBaJOTCH .D.pyr Ha .[{pyra. 3TO eCTb 3KCrrepH­

MeHTaJJbHOe IIO.D.TBep)K.[{eHHe B03MO)KH0CTH 

orrpe,D.eJUITb peaKTHBHOCTb 6e3 xapaKTepHbIX 

MeTO,D.H1IeCKHX rrorpeurnocrnii, rrocKOJThKY 

rrpH o6pa60TKe rrepBHtJHblX 3KCnepHMeHTaJJb­

HblX ,D.aHHbIX HatJaJJbHhie ycJJOBHSI Herrocpe,D.­

CTBeHHO He HCilOJJb3yJOTCSI. 

Pe3ym,TaTbI o6pa6oTKH 3KcnepHMeHTaJJb­

HhIX ,[{aHHbIX, rrpe.[{CTaBJJeHHbIX Ha pHC. I, 

npHBe,D.eHbl s Ta6JJ. 1, r ,D.e YKaJaHbl crryqaHHbie 

CTaH,D.apTHbie norpeIIIHOCTH H3MepeHHH B .D.0-

JUIX $. qHCJJa Sv H COOTBeTCTByJOll{He HM HC­

KOMbie 3Haqemur 3q>q>eKTHBHOCTH CTep)l(HeH 

KO H PP-I onpe.D.eneHbI no CYMMe TOKOB I1I(_ 
,lvrSI cpaBHeHHSI Ha p HC. 2 . . . 5 rrpHBe,lleHbl 

3HaqeHHSI 3q>q>eKTHBHOCTH CTep)KffeH, H3Me-

n(t) 

peHHbie B 3TOH cepmt: 3KCnepHMeHTOB C rro­

MOll{blO MOK no .uaHHhIM, noKaJaHHbIM u a 

pHC. l 6e3 yqeTa B03MO:>KHbIX H3MeHeHHH 3q>­

q>eKTHBHOCTH TOKOBbIX KaHaJJOB H BpeMeHH 

reuepau;1m MTHoseHHbIX ueifTPOHOB. ~cnaMH 

I . ... 6 Ha pHCyuKaX npoMapKHpOBaHbl JJHHHH, 

OTo6pa)KaJOIIJ;He pe3yJJbTaTbl H3MepeHHH peaK­

THBHOCTH rrpH IIOMOIIlH pa3JIHtJHbIX 11K. Pe-

3YJibTaTl,I H3MepeID1H peaKTHBHOCTH MO,D.ep­

HH3HpOBaHHbIM MOK H3o6pa)KeHI,I IIITPHX­

II)'HKTHJ)HbIMH JIHHHHMH. 

Ila .uaHHI>IM, rrpe,llCTaBJJeHHbIM Ha pHC . 

2 ... 5, MO)KHO BH.lleTb xapaKTepHyJO 3aBHCH­

MOCTb pe3yJThTaTOB H3MepeID1H C HCilOJTh30Ba-
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P11c. I. HopM11posaHHb1e pe3yJihTaTbr H3MepeHHH 

TOKOB J1K B cepHH 3KCnep11MeHTOB Ha KpITTw-1ec ­

KOH c6opKe cTeH)la " AcT pa": x - 11..K-1, + - 11K-2, 
□ - HK-3, 0 - 11.K-4, 0 - 11.K-5, • - 11.K-6 
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PHcyHOK K crnTbe B.A. TepelUOHKa H )],p. 
'Pacqen10e MO.llemtpOBaHHe pe)KHMa C OTKJII04eHHeM )],BYX 113 4eThlpex pa60TaIOI.I..\HX fUH 

Ha HOMHHaJihHOH MOI.I..\HOCTH 6JioKa N2 3 Kan11tt11scKoi-i A3C" 

N, % 
100 I 

90 

- PA.D,Y[A 
.. ... ~ 2 

' - NJ 

80 
- N,. .... 

I - NS 
I N6 I 
\ 

70 
I 
I 

I 
60 

I 
I 
ll r I ........... 
\ 

50 

40 

\ ~ -
~ , ··-~ ~ .. :-::--;-... ~ . ~ 

~ ~ 
~ ... , . .-- .. , ..... .... -- ,_ 

30 BpeMH, c 

0 10 20 30 40 50 60 70 

P11c. 5. l13MeHe1rne MOlUHOCTH peaKTopa no p33JJH4HbJM KaHaJiaM 113MepeHHH AKHTI 
no .naHH.blM CBEY 11 paccq11TaHHOe no rrporpaMMHOM)' KOMnneKcy PA.D,YfA-7 .5 
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pa60TalOll.lHX; Ni - MOll.lHOCTb, 113MepeHHa51 no i-My .aaT411KY 

P11:cyHK11 K CTaThe B.E. ~Y)KHHHHa 11 .ap. 
"MCTO)],HKa 11 rraKeT np11KJI8.llHbIX rrporpaMM nnaHwposaHHH rreperpy3oK TOIIJ111Ba PEMK" 

PHc. 5. PernaMeHT11pOB8HH8H cpopMa pacnpe.aeJJCHH$1 3HeproBbl.llCJ1emrn 
)],JI51 nJiaH11posaH11H neperpy3oK 



a) 6) 

PHC. 9. KapTOrpaMMa OTKJJOHeHHH pact.ieTHblX H 3KCnepHMeHTaJJbHblX 3Hat.ieHHH 
rny6HHbJ Bb1Topamu1 TBC: a) - 2D pact.ieT, 6) - 3D pacqeT 

>< 

a) 6) 

PHc. I 0. KapTOrpaMMa OTKJIOHeIDIH pacqeTHbLX Fl 3KCI1ep11MeHTaJibHblX 3Hal.feHHH 
rny6HHbJ BbiropaHH.SI Heneperpy)KeHHbTX TBC: a) - 2D pacqeT, 6) - 3D pacqeT 

----
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PHcyHKH K CTaTbe A.A. Ce.n.osa, A.A. cDponosa 
"PaCLieTHOe 11CCJ1C,ll0B81·rne BJ1H.HHl1.8 HeK0T0pblX CHCTeMaTHqecKHX cpaKTopoB Ha TeMuepaTYPhI Tonmt:Ba 

B CBepXBbJC0K0TeMneparypH0M f830B0M peaKTope C np113MaT11qeCKHMl1 TBC" 

TBC C O'Tll,PCTII OM An• Cttpl<Hft CY3. 
~ npowe.AWM O.A;HH 1,lHJat awropaHu" 

l!fir: TBC c otsepc:,-ueN .11n• c:,-ep:cH• A3, ,. 
,'-t' npowe,11uwr 0,1111H t1H1cn awropaHn• 

TBC. npowe,IIWM 0,1111 • 
l{M.Y..n ewropaHHR 

• Cse:c .. TBC c O'Tllepc:,-Hew 

• .11n• C1",Pll!Hft CY3 

• Cae:c .. TBC c OTBepcn,ew 
• 11M c:,-ep:r:w, A3 

~ c ..... TBc 

......_,,...... 

P11c. 3. TioKacceTHoe :rnepr0BbJJ.leJieHHe B peaKTope NGNP )],JUI sap11aHTa c .n.syxKparnoi1 
neperpy3Koi1: BOC- 3Haqe~rne :rnepr0BbI.D.eJieHJ,rn B HaYane QHKJJa, 0TH. e.n..; EOC- 3HaYeHHe 
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PHc. 6. Tl one TeMneparyp remrn tta BhIX0.l.le 

113 aKTHBHOH 30HbI peaKTopa NGNP, °C 

P11c. 7. Pacnpenenett11e noAA TeMneparyp 
B nonepe9H0M ceYeHHH M8KCHM8JlbH0 

HanpsrnceHHOtt TBC peaKTopa NGNP Ha 
BbJC0Te, r.n.e .D.0CTHraeTC.8 M8KCH"MaJibH8.8 
TeMrrepaTYPa T0ITJIHBH0ro K0MnaKTa, °C 
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P11c. 8. Pacnpe.n.eneHwe nom, TeMneparyp B MaKCHMaJibH0 
Hanp.H)l(eHHOH H"!el1Ke TBC peaKTopa NGNP, °C 
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PHc. 5. Pe3ynbTaTbI H3MepeHHH 3cpcpeKTHBHOCTH 

PP-1 c noMOI.UblO MOK H MOJJ.epHH3HpoaaHHbIM 

MOK 

HHeM MOK J<p<peKTHBHOCTH CTep)l(HeH OT 

MecTa pacnoJJO)l(eHJ-ui: HK. B p)'KOBo,rvrrueM 

]lOKy'MeHTe [ 1] peKOMeH]l)'IOT y'Mem.maTh Me­

TO]l.H'IeCKYJO norpernHOCTh peaKTHMeTpa no­

cpe]lCTBOM rrpHMeHeHHj[ "curHaJJOB OT 68 ]lO 

128 BHyrpH30HHbIX HeHTpOHHbIX ]laT'UIKOB" C 

IlOCJJe]l)'IOIIJ,HM C)'MMHpOBaHHeM JTHX "curHa­

JJOB". 

AHa.JIB3upy,r npe,ncTaBJJeHHbie Ha puc. 

2 .. . 5 pe3yJibTaTbI H3MepeHHH 3cp<peKTHBHOCTH 

CTep)KHeH perynHpoeamur, MO)KHO yrnep)l(­

JlaTb, 'ITO HCDOJJb30BaHHe JTOH peKoMeH]laUHH 

IIpHMeHHTeJJ.bHO K H3MepeHH.srM 3<p<peKTHBHO­

CTH CTep)l(HeH perym1poBaHm1 C HCilOJJ.b30Ba­

HHeM MOK He scer]la cnoco6cTByeT nonyqe­

HHIO Ha]le)l{Horo pe3yn1,TaTa u B mo6oM cny­

qae He j[8Jlj[eTCj[ o6ocHOBaHHeM 3MBJJeHHbIX 

norpeUIHOCTeH JKCnepHMeHTa. 0]lHaKO, rrpH­

MeHeHHe MHOro]leTeKTOpHOH CHCTeMbJ npH 

H3MepeHHH J<p<peKTHBHOCTH CTep)l(HeJi pery­

mt:pOBaHffj[ MOJlepmnupoBaHHbIM MOK see-

r,na npHBO]lHT K y'MeHhllleHHIO JKCIIepuMeH­

TaJJbHOH norpeUIHOCTH. 

3. MaTeMaTH"leCKOe M0lle.rIHp0BaHHe HJMe­

penuii 34>4>eKTHBHOCTH CTep,KHeH peryJJH-

poBaHHH M0l{epHH3Hp0BaHHLIM MOK 

.L(llil ouemrn JKcnepHMeHTaJihH.bIX nor­

peUIHOCTeH H ]lHailaJOHOB H3MepeHHH peaK­

THBHOCTH MO]lepHH3HpOBaHHbIM MOK npoBe­

]leHo MaTeMaTH'leCKOe MO]leJJHpoeaHHe JKCJie­

pHMeHTa no c6pocy cTep)l(HeH perynupoaaHIDI: 

H3 KpHJHtJeCKOro COCTQj[HHJl peaKTopa. Mo]le­

JJHpOBaJJCj[ c6poc CTep)KHeH "secaMH" B 3, 5, 
10 H 15$ c H3MeHeHHeM J<p<peKTHBHOCTH JKC­

nepHMeHTaJJ.bHbIX ]leTeKTOpOB Ha ± 20 % no 

JIHHeHHOM)' 3aKOH)' B TeqeHHe 5 C na,neHHj[ 

CTep)l(lUI perynupoBaHHR. 3a,naBaJJHCb 3Haqe­

HHj[ CKOpocTeH CtJeTa ]leTeKTOpOB ]lO c6poca 

v(t = 0) = (10; 100; 1000) :r<l'u, o6mee speMR 

H3MepeHHH BbI6HpaJJOCb paBHbIM 180 c, ]lHCK­

peTHOCTb H3MepeH..H.H CKOpoCTeH Ct:JeTa ]leTeK­

TOpa /).t = 1 C. 

Cnyqawtta,r norpernHOCTh H3MepeHHH 'IHC­

Jia OTCt:JeTOB ]leTeKTopa 3a]laBaJJaCb paBHOH 

KOpH1O KBa,npaTHOM)' H3 'IHCJJa OTCqeToB. Ifa 
CHCTeMhI ypaBHeHHH TOtJeqHoH KHHeTHK.H rrpH 

JTHX rrapaMerpax pacctJHTbIBaJIHCb COOTBeTCT­

B)'IOillHe 3Ha'leHHj[ qucerr OTCtJeTOB ]leTeKTopa. 

B Ta6JJ. 2 rrpHBe]leHbl 3HatJeHHj[ 3cpcpeKTHBHO­

CTH CTep)l(HeH perynHpOBaHff_j[ H HX cnyqaH­

Hhle a6com0Tm,1e norpeIIIHOCTH no pe3yJihTa­

TaM o6pa60TKH MO]lepHH3HpOBaHHbIM MOK 
CMO]leJJHposaHHbIX qucerr OTCtJeTa ]leTeKTo­

pOB. 

J,fa Ta6JJ. 2 MO)l(HO BH]leTb, HaCKOJJ.bK0 

yaeJIH'IHBaIOTCj[ cnyqaHHbie norpeIIIHOCTH 

IIpH o6pa60TKe JKCnepuMeHTaJibH.bIX ]laHH.bIX 

MO]lepHH3HpOBaHHbIM MOK B HCCJJe]lOBaHH_j[X 

co c6pOCOM CTep)l(HeH perynHpoBaHIDl no Me­

pe yaenWieHIDI ax "seca". Ilpu aTTecTauuu 

IIOJl06HhIX H3MepeHHH Ba)l(HO, 'ITO pact:JeT no­

rpeuJHOCTeH B cnyqa,rx o6pa6oTKH JKcrrepu­

MeHTaJJbHhIX ]laHHbIX MO]lepHH3HpOBaHHhIM 

MOK HMeeT rro.n co6oi1: HayqHoe o6octtoaa­

HHe. 

B 'laCTHOCTH, qpe3MepHO 60JibIIJHe nor­

peIIIHOCTH JlJJ.SI p,r}la cnyqaea B onpe]lerreuuu 

"secos" cTep)l<HeH 061,,rcmnoTc,r TeM, 'ITO npu 

"sece" cTep)l(HeH 6orree 5$ H3MeHemrn qucna 
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T a 6 JI H Q a 2. 3Ha4emu, 3cpq>eKTHBHOCTH CTep)f(HeH pery1rnpoBaHHJI B pe3yJTbTaTe o6pa60TKH 
Mo.nepHH3HP0BaHHblM MOK CM0.UeJTHP0BaHHblX 3Ha4eHHH CK0p0CTeH ClfeTa .neTeKTopa 

Bee cTep)KHJI, $ 
l13MeHeHHe 3cpcpeK-

THBH0CTH .UeTeKTopa, % 

3 +20 

-20 

5 +20 
-20 

10 +20 

-20 

15 +20 

-20 

HeHTJ)OHOB BO BpeMeHH II0CJie c6poca CTep)K­

ueH CJia6o 3aBHCHT OT peaKTHBH0CTH. 3Ta Ja­

BHCHM0CTI, CTaH0BHTC'1 TeM CJia6ee, qeM 60JI1,­

Ille Bee HCCJie,nyeMoro CTep)l(IDI H 'ieM .UaJibllle 

BpeM'1 uaqana HHTerpHp0BaHIDl t, B HHTepBaJie 

[t,, t2] 0TCT0HT OT M0MeHTa 0CTaH0BKH c6pa­

c1,maeM0ro CTep)KH,i. Ilo:noMY, npu H3Mepe­

HIDlX peaKTHBH0CTH rny6oKO II0.UKPHTHqec­

KHX COCT0'1HHH M0.UepHH3Hp0BaHHhIM MOK 

.ll0JI)KH0 61,1Tb y.ueneuo oco6oe BHHMaHHe Ka­

qecTBY H3MepeHHH CKopocTeH cqeTa (TOKOB) 

,lleTeKTopoB HeHTJ)OHOB. 

3aKmoqenue 

IlpHMeueuMe MO.llH<pHI.lHpoBauuoro MOK, 

0CH0BaHHoro Ha HCII0Jih30BaHMH 3KcnepHMeH­

TaJibHOH HHcpopMaI.{HH 06 H3MeHeHHH II0KaJa­

HHH ,neTeKT0p0B 'iHCJia HeHTJ)OHOB B peaKTope 

T0JibK0 Il0CJie BBe,UeHIDl B03MynJ.eHM'1 no peaK­

THBH0CTH, 06ecne1IMno onpe,lleneHMe 3cpcpeK­

THBH0CTH CTep)KHeH perynHp0BaHIDI Ha KpH­

THqecKOH c6opKe CTeu.ua "AcTJ)a" 6e3 BBe,ne­

HIDI pacqeTHbIX nonpaB0K. 

Bo3MO:>KHOCTb npHMeHeHIDI Mo,nepHH3H­

poBaHH0ro MOK Ll,llil H3MepeHHH 3cpcpeKTHB­

H0CTH CTep)l(HeH peryJrnp0BaHM'1 KpHTH'ieC­

KHX c6opoK H peaKT0p0B npoaep'1eTC'1 B XO.Ile 

3KCrrepHMeHTa. 3KcrrepHMeHTbl TaK0ro po,lla, 

npoBe,UeHHbie, B qacTH0CTH, Ha peaKTopax TH­

na BB3P H P6MK, II0,llTBep)l(JlaIOT, qTO 3ua­

qeuID1 JiorapH<pMM'ieCKH:X np0H3B0.llHhIX, cny­

)l(aIUHX Mepoii peaKTHBH0CTH, He 3aBHCjff OT 

MeCTa paCII0JI0)KeHIDl ,lleTeKT0p0B HeHTpOHOB. 

3TOT cpaKT eCTb ueo6XO,llHMOe H ,ll0CTaToquoe 

ycn0BHe HCII0Jib30BaHIDI M0,llepHH3Hp0BaHH0-
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3Ha4eHHR CKOPOCTeH ClfeTa .neTe"--ropa, Kfu 
10 100 1000 

3,0 ± 0,3 3,0 ± 0,1 3,00 ± 0,03 
3,0 ± 0,4 3,0 ± 0,1 2,97 ± 0,03 

5 ± 1,6 5,1 ± 0,4 5,1±0,1 
5.± 1,9 4,9 ±0,5 4,9 ± 0,1 
10 ± 7 10 ± 3 10,4 ± 0,8 

9±8 9±4 9,4 ± 0,9 
16±24 16 ± 8 16 ±3 

14 ±27 14 ± 7 14±3 

ro MOK .UJIR HJMepeuHii 3cp<peKTHBHOCTH 

cTep:>KHeH peaKTopoB THna BB3P H P6MK. 
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reuepaTOphl CTpaTerHH ynpaBJieHHH AJIH HJJ:epHhIX peaKropoB 
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O6c)')KJJ.at0TC.11 reHepaTopb1 c-rpaTerHH ynpas11ettID1 (rCY) - nporpaMMHhie cpe)J.cTBa, npeJJ.Ha:rnaYeHHble 
J]..)1.11 nOBblllJeHH.11 3cpcpeKTHBHOCTH pa60Tbl onepaTOpOB A3C. B CTaThe npHBeJ].eH aHaJIH3 B03MO)f(HOCTeH OTe­
qecTBeHHblX H 3apy6e)f(HblX f CY. 

f(J11o'le6ble Cll06a: onTHMH3aUIDI, CTpaTern.11 ynpaBJieHIDI, rettepaTop CTpaTefHH ynpaBJieHIDI, BOJ].O-BO.LJ..11-
HOH peaKTop. 

Nuclear Reactors Operating Strategy Generators. D.A. Solovyev, A.A. Semenov, N. V. Shcltukin. The 
"MEPhl" National Nuclear Research University " Federal Stale Budgetary Educational Establishment, 31, 
Kashirskoe Sh., Moscow, 115409. There are considered the operating strategy generators, i.e. the software 
intended to increase the nuclear power plants operators work efficiency. The analysis of domestic and foreign 
possibilities of operating strategy generators is presented in the article. 

Key Words: Optimization, Operating Strategy, Operating Strategy Generator, Pressurized Water Reactor. 

1. renepaTop CTpaTeruii ynpasJJeHHH 

OcHOBHM uenh JKcrrnyarnuHH A3C 

rrpoHJB0JlCTB0 JJieKTPOJHeprHH. HaHnyqmHM 

pe)l(HM0M pa60ThI 3HepreTHtJeCKHX .sm,epHbIX 

peaKTopoB C T0<JKH 3peHID! 6e3orraCHOCTH H 

Ha,l(e)KH0CTH ~illleTCH pe>KHM pa60Thl Ha H0-

MHHaJihH0M yp0BHe M0IUH0CTH. Ho 3T0 B H,l(e­

ane, a Ha rrpaKTHKe 3HeprocHCTeMa HaKJia,l(hI­

BaeT CB0H -rpe6oaaHIDI H, CJie,l(OBaTeJihHO, He­

o6XO,l(HMO HMeTb B03MO)KHOCTH H3MeH.HTh 

MOIUH0CTh 3Hepro6noKa, lJT06bl o6ecrretJHTh 

pe>KHM cnenosamrn Ja HarpyJKOH. 

3a.naqa yrrpaBJieHHH COCTOIIT H3 -rpex oc­

HOBHhIX KOMIT0HeHT - Ha6opa yrrpaBJUIIOIUHX 

BoJ.neucTBHH, nepetJHH orpaHK'leHHH H uene­

aoro QlYHKllHOHaJia. B JlaJihHeurneM orpaHH­

. lJHMCH paCCMOTJ)eHHeM A3C C B0.LJ.0-BOJlj!HbI-

MH peaKTopaMH non nasneHHeM. 

.l1;illl yrrpaBJieHIDI MOIUH0CThlO peaKTopa 

Ha A3C c BB3P orreparnp MO)KeT HCIT0Jih30-

BaTh 6opHoe pery1rnposam1e, opraHhI perynH­

poaaHIDI (OP) CY3, HJMeHeHHe TeMrrepaTyphI 

TeIIJI0H0CHTeJIH Ha BX0,Ue B aKTHBHyIO 30Hy. 

Ha pe)KHM HeceHIDl HarpY3KH HaKJiaJ{blBa­

lOTCH orpaHHtJeHIDI, KOT0pbie M0fyT JlHKT0-

BaTbCH neTepMHHHp0BaHHhIMH BHellIHHMH 

IIpHtJHHaMH, HarrpHMep, TJ)e6oBaHH}lMH co 

CT0pOHhl 3HeprocHCTeMbI HJIH cnyqaHHblMH 

BHYTJ)eHHHMH rrpHtJHHaMH, HanpHMep, OTKaJa­

MH o6opynoBaHH.II CTaH[lHH. 

IlpH yrrpaBJieHHH peaKTOpHOH ycTaHOBKOH 

(PY) JlJIH 06ecneqeHID1 Ha,l(e)KHOH 3KcIIJiyarn­

UHH oneparnpy Heo6XOJlHMO y.nep>KHBaTb pe­

>KHMHbie napaMeTJ)bI B 6eJoIIaCHbIX rrpe.nenax. 

OrpattHlJeHIDI Ha H3MeHeHHe napaMeTJ)OB o6y­

CJIOBJieHbl )KeJiaHI-1eM H36e)KaTb 0TKa30B 3Jie­

MeHTOB PY HJIH KOHCTJ)YKTHBHhIMH oco6eHHO­

cTHMH o6opy.noaaHHH. .l1;illl aKTHBHOH 30Hhl 

3T0 IIOBpe)KJleHHH TB3JIOB H KoprrycHoro 060-

py.noaaHHH. OcHOBHhIMH xapaKTepHCTHKaMH, 

Ha K0T0phie HaKJiaJlbIBaIOTCH orpaHHqemui:, 

cn~aT: 

• JIHHeHHrur HarpY3Ka Ha TB3JI; 

• O<pCeT II0JIH 3HeproBhI,UeJieHHH; 

• pacxon TennoHOCHTenH qepe3 TBC aKTHB-

HOH 30HbI; 

• naaneH.He B I KOHype; 

• rr0JI0)KeHHe OP CY3; 

• CKOp0CTH BB0,l(a-BblB0,l(a 6opHOH KHCJI0TbI 

H ,l(HCTHJIJIHTa; 

• rpaHHllbl H3MeHeHIDI BXO,l(HOH TeMITepa­

TypbI. 

U:eneBble !p)'H.KUHOHaJihI yrrpaBJieHRH B 

HaCTOHIIIee BpeMH He HBJUIIOTCH :>KeCTK0 !pRK­

CHp0BaHHI,IMH. Ilo3TOMY orrepaTop aoneH ca­

MOCTOHTeJibH0 BbI6HpaTh CTpaTermo yrrpaBJie­

HHH PY, HCTIOJib3YH 0JlHY HJ 6oJihIIIOro cnwcKa 

ueneu. IlpH oueHKe KatJeCTBa yrrpaanemrn 

qacTo rrpHMeHHIOT cneny10ru11e ueJIH : 

- MaKCHMH3a[lHH K03(p(pHUHeHTa HCITOJlh30Ba­

HIDI ycTaHOBJieHHOH M0IUHOCTH (KHYM); 
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- MHHHMH3aUHH II0TepH :meprOBbipa6oTKH; 

- MHHHMH3aUJUI 11orpelllH0CTH rrpu Hecemrn 

3a,uaHHoro rpaqrnKa Harpy.nm; 

- HaHCKOpdirnee 110,llaBJieHHe KCeHOH0BhlX 

KOJie6aHHH; 

- MHHHMH3aUIDI pacxo.ua T0llJIHBa; 

- npo.uneHHe pecypca o6opy.uosam:rn; 

- MHHHMH3aUJUI HaKOIIJieHJUI pa,uH0aKTHBHbIX 

0TX0,ll0B; 

- MHHHMH3aUJUI ,ll030Bb1X Harp)'30K; 

- M0rYT IIpHMeHHTbCH H pa3JIH'IHhle KOM6H-

HaUHH rrepe•mcJieHHhIX Bblllle KpHTepHeB. 

CrpaTermo ynpaBJieHHH M0:>KH0 Bbipa6a­

TbIBaTh Ha pa3HbIX ypOBHIDC 3HeprocHCTeMbl, 

aTOMHOH CTaHUHH HJ1H 0T,lleJibH0ro 3Hepro-

6JIOKa. .[{nx Il0MOillH onepaTOpy PY 3Hepro-

6JIOKa B perneHHH 3a.uaq ynpaBneHHH pa3pa6a­

TbIBaJOTCH cneuHaJIH3Hp0BaHHhie rrporpaMM­

Hbie cpe.ucTBa - r CY. 

B HacTO,rmee speMJ1 cymecTBYJOT pa3JIHq­

Hbie BH,llbl fCY, BbIII0JIIDllO!llHe CJie.L{yK>IllHe 

4>YHKUHH B pa3HhlX KOMfornaum1x: 

• nporH03 II0Be,lleHHJI ycTaH0BKH IIpH 3a,llaH­

H0M 3aKOHe ynpaBJieHHH; 

• IIp0BepKa Bblil0JIHeHHH 3KCIIJiyaTaUH0H­

HblX orpaHHqeHHH; 

• norryqeHHe OIITHMH3HpOBaHHOH rrocne.uo­

BaTeJibH0CTH BbIII0JIHeHHJI 011epal.(HH 110 

YIIPaBJieHHIO PY; 

• pacqeT I.(eJieBbIX q>yttKUHOHaJIOB. 

HeKOTOpbie fCY HMeIOT 3aKOttqeHHbIH 

BH.U H npe.unararoT oneparnpy onTHMH3Hpo­

BaHHYJO ll0CJie,ll0BaTeJibHOCTb Bbill0JIHeHHH 

ynpaBmIOWHX onepa.a;Hi-i, .upyrne o6ecne'IB­

saIOT npe,llCKa3aHHe II0Be,lleHHH PY IIpH 3a.ua­

BaeMOH orrepaT0pOM II0CJie,ll0BaTeJII,H0CTH 

,lleHCTBHH H 0I.(eHKY I.(eJieBbIX qlyttKI.(HOHaJIOB. 

H, HaK0Heu, CaM0e 3JieMeHTapuoe - IIp0CT0 

IIpe,llCKa3bIBaIOT nose.ueHHe ycTaH0BKH. 

OueHKH II0Ka3bIBaIOT, qTo HCITOJib30BaHHe 

onTHMaJibHOH CTPaTerHH yrrpaBJieHH51, s1,1pa-

60TaHHOH fCY, ITO cpaBHeHHIO C rrpHMeHeHH­

eM CTpaTerHH, Bbipa60TaHHOH 0IIbITHhIM orre­

paTOp0M PY' CHH:>KaeT K0JIHqecTB0 y.uanne­

MOH H3 l K0HTypa pa,uHOaKTHBHOH :>K.H.llK0CTH 

Ha 10 ... 12 % B npouecce KaMITaHHH. 

3a C'-leT 3TOro CHH:>KaeTC51 HarpY3Ka Ha 

CHCTeMy cneuB0,ll00'-lHCTKH, YMeHbII.IaeTCH K0-

JIHqecTB0 HaKHIIH B BbmapHBaTeJihHblX ycTa­

H0BKax, CHH:>KaIOTCH 3arpH3HeHHe H0HHbIX 

q>HJibTPOB H KOJIHqecTBo HCIIOJlh3yeMbIX 0'-IHC­

THTeJihHblX peareHT0B, T.e. np0HCX0.L{HT 

YMeHbllleHHe o6mero K0JIH'IeCTBa Bhipa6aThl­

BaeMhJX A3C pa,uH0aKTHBHhlX 0TXO,[l0B. 3TO B 

CB0IO 0'-lepe.L{b rrpHB0.llHT K CHIDKeHHIO ,ll030-

BhIX Harp)'30K Ha o6CJIY:>KHBalOWHH rrepC0HaJI. 

IlOBhIII.Iemi:e H,llepHOH H pa.uHal.(HOHHOH 

6e30IIaCHOCTH 3KCIIJiyaTaUHH .5:I3Y TaK)Ke O'le­

BH,llHO, TaK KaK orrepaTopy IICHX0JI0rH'leCKH 

nerqe rrpHHHMaTb pellleHHH npH HaJIHqHJf npo­

rH03H0ro pac11eTa. 

2. PaJJJHqHble cnoco6bl DOCTllHOBKH Janaqu 

B JIHTepaType BCTPe'-laIOTCH .nee rpynnhI 

3a.ua11: B rrepBOH HaX0,llHTCH 3a,ua'IB C HBH0 BhI­

pa:>KeHHhIM TeXHHK0-3K0HQMHqecKHM 3cpcpeK­

T0M, KO BTOpOH rpynne OTH0C51TCH Ja,lla'IH, 

.UHKTyeMbie CJI0)l(HBilleHC51 npaKTHKOH ynpaB­

JieHJUI peaKTopoM. HaH6onee xapaKTepHhie 3a­

.ua'IH nepe'IHCJieHI,I B Ta6JI. 1. 
3TH 3a,lla'-IH B OCHOBH0M CBO,llHTCH K T0MY, 

qTQ Ha BX0,lle B rcY 3a,uaeTCH npemmcaHHbIH 

rpacpHK HeceHHH HarpY3KH, a 11porpaMMa ,ll0JI­

:>KHa rrpe.unaraTb pellleHHe 3a.uaqn 0IITHMaJih­

uoro ynpasneHHH, KOTopax c MaTeMaTHqecKoi-i 

TOqKff 3peHJUI HBAAeTCH 3a.ua11ei-i 0 MHHHMH3a­

UHH a,ll.llHTHBH0ro ueneaoro cpyttKI.(HOHaJia J C 

Gdt MHHHMH3aUHJI so oo6MeHa 

Wdt 

a MOlnHOCTH 
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orpaHH'{eIDUIMH THITa HepaBeHCTB H paBeHCTB. 

PacmuneM 6onee rro.npo6Ho rrocTaHOBKY 3a­

,naq nepBOH rpyrrIIbI. 

Mw-tUMU3a4UR eoooo6MeHa. YnpaaneHHe 

BO,AO-B0,Ajl.HbIMH peaKTOpaMH ocyruecTBJIJl:eTCjl 

rnaBHbIM o6pa30M H3MeHeHHeM ITOJIO)l(eHHH 

cTep)l(He.H CY3 H Kottuem:-pauHH 6opHOH KHC­

JIOTbI. Ka)l(.[{hrn H3 3THX cnoco 6oB o6na.naeT 

CBOHMH ,nOCTOHHCTBaMH H He.nocTaTKaMH. Ile­

peMerueHHe opraHOB CY3 fl03B0Jl '1CT 6bICTpO 

B03,AeHCTBOBaTb Ha MOillllOCTb peaKTOpa, o.n­

HaKO IlpHBO,AHT K CHJibHbIM JI0Ka.JJbHbIM B03-

MyrueHIDlM H 60JiblllHM rpa,nHCHTaM B none 

3HeproBbI,neJieHHH. 

l13MeHeHHe KOHUeHTpaUHH 6opHOH KHC­

JIOTbI paBHOMepno BJUUleT Ha 3HeprOBbI,nene­

HHe B aKTHBHOH 30He, o.nHaKo CKOpOCTb ee 

BBO,na-shrno.na npH so.noo6MeHe orpaHwiena. 

KpoMe Toro npH 3TOM npOHCXO,AHT y,naneHHe 

H3 I KOHTypa pa.n11oaKTHBHOH BO.Ahl, Tpe6yio­

rueH nepepa6oTKH, B pe3yJibTaTe KOTOpOH 

rrpOHCXO,AHT HaKOIJJiem1e pa,uHOaKTHBHbIX 

OTXO,AOB. Bo.noo6MeH liaH6onee HHTeHCHBeH 

npH MaJibIX KOHI.{eHTpaUHHX 6opHOH KHCJIOTbJ 

B TeITJJOHOCHTene I KOHTypa. 

3a,naqy OI1TH.MH3auHH CTaBU KaK 3a,naqy 

Ha CHIDKeHHe BO,noo6MeHa G(t) np11 3a,AaHHbIX 

orpaHHqeHHHX H COOTBeTCTBHH TeKyrueH 

3JieKTpHtieCKOH MOIUHOCTH W(t) ycTaHOBKH 

3a,naHHOMY rpacpHKy HeceHH_jl HarpY3KH Wo(t) 
Ha HHTepsane speMeHH OT O .no T: 

T 

J = f G(t)dt, W(t) = Wo(t). 
0 

Ma1<cUMu1a4UR 3Hep2oeb1pa6om1<u. B He­

KOTOpbIX cHTyaumi:x, HarrpHMep, no Tpe6osa­

HHIO 3HeprOCHCTeMbI HJIH B CJI}"IMX OTKaJa 

o6opy.nosaHH_jl Tpe6yeTC'1 KaK MO)l(HO 6bICTpee 

CHH3HTb, a 3aTeM Ha6paTb MOIUHOCTb, IIpH 

JTOM Heo6xo,nHMo co6n rocTH Tpe6osaHH_jl per­

JiaMeHTHbIX orpaH.HtieHHH. 

3Ta 3a_naqa OI1THMH3aUHH CTaBHTCH KaK 

3a,naqa MaKCHMH3aUHH HHTerpanbHOH 3Hepro­

Bbipa60TKH W(t) 3a Beeb nep110.n ynpaBJieHH_jl 
T 

IIpH 3a.llaHHbIX orpamPieHHHX: J = f W(t)dt. 
0 

Jaoa'la CO LUmpaqJHOU <j}y HKl(UeU. qaCTO 

3a,uaqa c orpatt11:qemrnMH THIJa HepaaeHCTB 3a­

MeHHeTCj1. Ha 3a,naqy 6e3yCJIOBHOH OTITHMH3a­

QHH co mrpaqrnow cpyttKUHeit Bse,neM 

WTpaqrnyio <l>YHKUHIO cne.nyroruero a11,na: 

{

x-xmin ' if x < xmin; 

R(xmin'X,Xmax)= x, '.fxmin s;xs;xmax; 

x-Xmax , tf Xmax <x. 
T 

3a,naqa c orpaHHtieHHeM: J = f W(t)dt , 
0 

Q(t) s; Qo(t). 3a,uaqa co rnTpacpHoH <l>YHKUH-
r 

ei-i: J° = f(F(t)+aR 2(-~,Q-Q0 ,~)~t . 
0 

B Ta6JI. 2 H 3 3a,uaq11 B TaKOH IlOCTaH0BKe 

6y.nYT o603HaqaTbCH +*, a He+. 

3. TpH KHTa rCY - MaTeM3TH'leCK3H 

MO,lleJlb, CHHXpOHH33U,HH MO,lleJIH, 

aJiropHTM ODTHMH33UHH 

K Mame.Atamu'leCKOU Mooe.nu 06be1<ma yn­
pa811eHUJl rrpe,n1>.smJij1.10TCH nponrnopetIHBbie 

Tpe6oBaHH_jl - crroco6HOCTb c BbICOKOH TOtf­

HOCTblO pearHp0BaTb Ha ynpaBJieHlll H B0C­

npOH3B0,AHTb rrpH JTOM IJ,eJieBbie q>YHKI(HO­

HaJibI, C O,AHOH CTOp0HbI, H BbICOK0e fihICTpO­

,neHCTBHe (Heo6xo.n11Moe .nJiji npoae,neHHjl 

MaCC0BbIX sapHaHTHbIX pac'leTOB rrpH OITTH­

MHlaQHH), C ,npyrOH CTOpOHbl. 

3TO 11p0THB0peq11e B cyrueCTBYJOIUHX 

fCY pa3pernaeTcH .ns~ cnoco6aMH. O.n11H 

JaKJIIOtiaeTcsi: B pa3,nenemm Mo,neJIH Ha .ne­

TaJihH}'IO ("Me,nneHHyIO" ) H IIpH6JIH.)KeHHyio 

( " 6h1cTpyio" ) . JJ:eTaJibHM MO,nenb HCIJ0Jib3yeT­

CH .nnsi: H,AeHTHq>HKaUHJ-1 TeKyruero C0CTOJIHH.H 

H npoBe,neHmi: nporH03HbIX pactfeT0B. bbICT­

po,neiiCTByIOIUM: MO,neJib ( cy6Mo,neJib) npHMe­

HHeTCH ,AJIH rrpos~,neIDUI. OIJTHMH3aUHH. IlpH­
Mepbl 6bICTpO,AeHCTByIOIUHX Mo,neneii: .nsyx­

TOt{e'IHbie (SCORPIO [l], TRIAX [2]), O.l{HO­

MepHbie (OSG [3]), cneu11an11311posaHHb1e 

TpeXMepHbie (:6O:6P [4]). 
BTopoH crroco6 - HCII0Jih30sam1e TOfilKO 

,AeTaJihHOH MO,AeJIH. TaKHe fCY CHJibH0 orpa­

HHtieHbl B B03M0)l(H0CTH perneHHH OilTHMH3a­

UHOHHbIX 3a,naq. B fCY BT0poro THIIa qarue 

scero npHMeHJIIOTC'I cyrueCTByIOillHe MaTeMa­

THtieCKHe Mo,neJIB jl_nepHoro peaKTopa, npe.n­

HaJHatJeHHbie .unsi: perneHHH .npyrHx 3a,uaq 

( q>H3H'IeCKHe paC'IeTbI ,AM o6oCHOBaHilll 6e3-

orraCHOCTH, o6yq:eHIDI nepconana, c11cTeMl,J 

B0CCTaHOBJieHH}I IIOJI'1 3HeprOBbJ,neneHHH no 
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DOKaJaHIDIM .na'f'IHKOB H T.n.). K HHM OTHO­

C.llTC.ll, HanpHMep, nporpaMMbI POWERTRAX 

[5], fumrnrnp PeaKTopa (HP)[6]. 

Alz2opumM cuH.XpOHU3a4uu cocmoRHUR 
MOOe.JlU. qT06bI reHep11pyeMaJI CTpaTenu1 yn­

paBJieHH.ll Morna HCDOJII,30BaThC.ll npH JKCDJiy­

aTauHH ycTaHOBKH, Heo6XO.UHMO CHHXpOHH3H­

poBaTb COCTO.llHHe MO,UeJIH, npHMeH.lleMOH mm 

ODTHMH3aUHH, C TeKyruHM COCTO.llHHeM PY. 

Bee ODHCaHHhie B JIHTepaType fCY norryqaIOT 

HallaJibHOe COCTO.llHHe .UeTaJibHOH MO,UeJIH Me­

TO.UOM ycTaHOBJieHHSI, T.e. DYTeM BOCnpOH3Be­

,ueHJUI rrpe.UbICTOpHH ynpaBJI.lllOII{HX B03,UeHCT­

BHH C IlOMOIUblO caMOH MaTeMaTHlleCKOH MO­

.uerrH. 

r eHepaTOpbI, HCilOJib3YJOIUHe 6bICTpO,UeH­

CTBYJOIUYJO MO,UeJih, .UODOJIHHTeJibHO npOBO­

,u.llT apeo6pa30BaHne COCTOSIHH.ll ,ueTaJihHOH 

MO,UeJIH B COCTOKHHe 6bICTpO,UeHCTBYJOIUeiL 

Ha6op B03MO)l(HhIX aJ120pumMOB onmu..Mu-
3a4uu oqeHb nrnpoK. CIIHCOK MeTO.UOB B03-

rnaBJIJIIOT DO.UXO.llbl, B KOTOpbIX anropHTM on­

THMH38UHH npOCT - oneparnpy npe,unHCbIBa­

eTC.ll CaMOMY IIpH.UYMaTh CTpaTerHIO ynpaBJie­

HHSI (MP). 
BBH.llY CJIO)KHOCTH 3a,uaq11 onTHMHJaUHH 

MHOrne aBTOpbI HCilOJTh3YJ0T cna6o cl>opMaJIH-

30BaHHYJO HTepau;HOHHYJO rrpoue.uypy - MHO­

roJTaIIHbIH rrponecc OnTHMHJaUHH (Multistage 

Optimisation Process) KaK, ttarrpHMep, B 

POWERTRAX. 

MaTeMaTWieCKH KOppeKTHM ODTHMH3a­

llH.ll MO)KeT ocyruecTBJI.llTbC.ll, HanpHMep, Me­

TO.UOM noKoop,unHaTHoro cnycKa (SCORPIO), 

Ha OCHOBe npHMeHeHIDI npHHUHna MaKCHMy'­

Ma IloHTpKrHHa (OSG), MeTO.UOM .UHHaMHqec­

Koro nporpaMMHpoBaHH.ll EennMaHa (EOEP). 

4. CpaBHHTeJlbHblH aHa.JIH3 rCY 

B Ta6JI. 2 npHBe,ueHa KpaTKM HHcl>opMa­

llH.ll DO paCCMOTpeHlil,IM rCY. KaK IlOKa3aJI 

T 6 a JJena 2 06 . 30P rcY 
POWERTRAX OSG 

A1nop Moon Turinskv 
<l>HpMa Siemens Westinghouse 
PeaKTop PWR PWR 

3D Mo.nenb PRIZM NESTLE 
Cy6Mo.nenb - 10 
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aHaJIH3, BCe fCY npOXO,U.llT CJie,UYJOll.lHH JBO­

JilOUHOHHblH IlYTb pa3BHTH.ll. 

I. HH,uHKallHSI BIDKHhlX .um1 oneparnpa peaK­

Topa pe)KHMHI:.IX napaMeTpoB TeKymero co­

CTOSIHHJl PY. 

2. AHaJIH3 pe)KHMHblX napaMeTpOB TeKymero 

COCTO.llHJUI C neJiblO Bhl.llBJieHH.ll HapyrneHHH 

ycnoBHH HOpMam,Hoif 3KcnnyaTaUHH. Oaepa­

rnp Ha 6noqHOM Il{HTe ynpaBJieHHK PY o6na­

.uaeT JTOH HHcl>OpMau11eu, HO .UJI.ll y.uo6cTBa 

HCDOJib30BaHIDI OHa ,llOJI)l(Ha OT06p8)KaTbC.ll H 

BfCY. 

3. Ilporno3 pa3BHTH.ll CHTyaUHH npH 3a,uaHHOM 

3aKOHe yapaBJieHHSI peaKTopoM. 

4. BbI'IHCJieHHe cl>YHKUHOHaJIOB, xapaKTepH3y­

lOIUHX Kaci:eCTBO ynpaBJieHH.ll (Kl1YM, o6'beM 

Bo,uoo6MeHa B I KOHTYPe, pacxo.u pecypca 

06opy,uoBaHJU1 H T.n.). Oneparnp MO)KeT ca­

MOCTOKTeJibHO Bbipa6oTaTb npHeMJieMyro 

CTpaTerHIO Ha OCHOBe HMeIOll.lHXC.ll oueHOK Ka­

qecTBa yapaBJieHIDI. 

5. Bb1pa60TKa pa6orncnoco6ttoif (tteonrn­

MafilHoii) CTpaTernH. TaKHe CTpaTenrn MOrYT 

6bITb IlOCTpOeHbl Ha OCHOBe o6o6meHH.ll OIIbl­

Ta yapaBJieHH.ll JiyqIIIHX onepaTOpOB PY. 

6. Bbipa60TKa OITTHMaJibHOH CTpaTernH ya­

paBJieHHSI npH Ja,uaHHhIX neneBbIX cl>YHKUHO­

HaJiax. 

7. OpraHH38llH.ll apouecca apoBepKn Kaci:ecTBa 

CTpaTenrn ynpaBJieHH.ll: rettepauH.ll cTpaTern11 

- aposepKa Ha IlOJIHOMaCIIITa6HOH MO,UeJIII -

rrpoBepKa Ha pealibHOM 061,eKTe yapaBJieHHSI. 

Bo3MO)KHOCTH peweHH.ll BbIIIIenepetIHC­

JieHHhIX Ja,uaq .llJl.ll pa3HhlX fCY npe,UCTaBJie­

HbI B Ta6JI. 3. OTCYTCTBHe cl>YffKUHOHaJibHbIX 

BOJMO)KHOCTeif B rm. I , 2 Ta6n. 3 o6'b.llCH.lleTC.ll 

TeM; t{TO 3TH B03MO)KHOCTH peaJIH30BaHbI B 

CHCTeMax, cl>opMaJibHO He OTHOC.llll{HXCSI K 

JTHM fCY. BH.llHO, 'ITO BO Bcex fCY peaJIH-

30BaHa B03MO)KHOCTh rrporH03HOrO pacci:cra. 

BoJMO)KHOCTh reHepauHH pa6orncnoco6-

Hoif 11 ODTHMaJihHOH CTpaTerHH ynpaBJieHH.ll 

SCORPIO HP EOEP 
Mk:Ellin <l>HJJHMOHOB ConosbeB 

IFE PHl( "KM" MM<l>H 
PWR BB3P BB3 P 

PANTHER EillIP-7 ITPOCTOP 
2-T04e4HaJI - 30 



T a 6 J1 H ... a 3. Bo3M0)KHOCTH rcY 
POWERTRAX OSG SCORPIO HP EOEP 

I . l1tt.D.HKau,,rn napaMe1-pos TeK)'mero cocT0j!HHR 

+ + 
2. AHaJJH3 TeK w.ero C0CT0JIHHJI 

+ + 

+ + 
HKUH0HaJJ0B Kal.feCTBa TI 

+ 
5. 8b1 a6oTocnoco6HoH HeonTHMaJJbH c aTernH 

+ +* + + + 
a60TKa onTHMaJlbHOH C 

7. n 

pa:31IWIHbIMH rCY xapaKTepH3yercH Ta6JJ. 4, 
,uaroweii 6onee pa:3BepHyroe orrncaHHe rm. 5, 
6 Ta6n. 3. TIOCKOJibKY 3a,L{a'-Ia Bbrpa6oTKH 0fl­

THMaJJbHOH CTPaTerHH ynpaBJieHHH CJJ0)l(Ha, 

MH0rHe rrporpaMMbl orpaHHqHBalOTCH Bbipa-

6oTKOH pa6orncnoco6HbIX CTPaTemH, 0CH0-

BaHHbIX Ha IIpHMeHeHHH rrpoCTbIX anropHTM0B 

perynHp0BaHIDI. TI03TOMY MHHHMH3HpyeMhie 

B 3THX 3a,L(aqax Q))'HKUHOHaJJbl He o6ecrreqHBa­

lOT HBH0 Bbipa)l(eHHoro TeXHHK0-3K0H0MHqec­

K0ro 34>4>eKTa. 

HanpHMep, 3a,uaqa MHHHMH3aUHH Bo,uoo6-

MeHa 3aMeHHeTCH 3a,naqej;i no.u.uep)l(aHHH K0H­

ueHTPau1m 6opHOH KHCJI0Tbl B 3a,LlaHH0M )lHa­

IIa:30He. 3TH <l>YHKUIDI 0IIHCaHbl B pa:3,uene 

"PerynHpoBaHHe" Ta6n. 4 H co BpeMeHeM .uorr­

:lK.HhI 0TMepeTb BCJle,llCTBHe rrepexo.ua K perne­

HHlO MaTeMaTHqecKH K0ppeKTHbIX 3a,uaq 0II­

THMH3auHH, 0TMetJeHHbIX B pa:3,uene "OIITH­

MH3aUIDI" Ta6Jl. 4. 
B HaCTOHWee BpeMH ewe HH 0./lHH H3 rCY 

He rrpornerr 3BOJllOUHOHHhlH nyrh ,uo Kouua. 

T a 6 J1 e ._. a 4. U:eneBble ©VHKUHOHaJlbl 

+ 

+ 

HaH6onee norrHo BCeM TPe6osauHHM, 

npe,U'hm3JJHeMbIM K rCY, C00TBeTCTByeT 0Te­

qecTBeHHaH pa:3pa60TKa 6rroxa 0IITHMH3aUHH 

6opHoro perynHpoBaHIDI (EOEP) [4], ocyme­

CTBJJHlOWero MaTeMaTHlJeCKH K0ppeKTHYIO 0II­

THMH3ailHIO MeT0}l0M .zumaMHqeCK0r0 npor­

pa.MMHp0BaHIDI. .[(rrH fT0BbillleHIDI CK0p0CTH 

pacqeTa B anropHTMe 0ilTHMH3aUHH HCil0Jib-

3YlQTCH 3BpHCTHt.J.ecKHe II0.UX0.Ubl )lJlH 0Tceqe­

HIDI He3<t><l>eKTHBHblX BeTBe.H pacqern H 0Kpyr­

JieHHe rrepeMeHHbIX C0CT0HHIDI 3a,uarrn. 

B EOEPe npHMeHHeTCH 6bICTPO.lleHcTBy­

l-OillaH TPeXMepHaH M0}leJib aKTHBHOH 30HhI. 

TipH Il0CTP0eHHH M0,UeJIH npHIDITbI cne.uyro­

WHe QlHJHqecKHe H MaTeMaTHlJeCKHe npH6JIH­

)l(eHIDI. l<Ba:3HCTaUHOHapHble M0,UeJIH HeU:T­

p0HH0ro II0JJH (6bICTPhie nepeX0}lHhie npouec­

Cbl He yqHThIBalOTCH) H Bbl)leJJeHHH Terma B 

T0ilJIHBe H TeIIJJ0H0CHTeJJe (3HeprOBbI,lleJieHHe 

B T0IIJJHBe ypaBH0BerneH0 TeITJIOC'heMOM), no­

CT0HHHbie 3HaqeHIDI Bhlr0paHHH T0IIJIHBa co­

Kpawa10T Kpyr paccMaTPHBaeMbIX Q)H3H"leC-

POWERTRAX OSG SCORPIO J,iP EOEP 
Pery1rnposaHHe 

Ao(t) + - - - -

Aband(t) + +* - + + 
min(A - Ao)(!) + +* + + + 

WA band(t) + +* + - + 
Ca(t) - +* - - -

OnTHMH3aUH.ll 

JGdt - * - - + 
JWdt - - - - + 
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KHX rrpoueccoB H IIOBbilllalOT 6bICTPOJleHCT­

BHe. 

,[(ocTaTOlfilaJl ToqHOCTb BOCilpOH3Be}];eHmI 

TPeXMepHblX IIOJleH JlOCTHraeTCH 3a CtJ.eT HaCT­

pOHKH MOJleJIH Ha BbI6paHHblH MOMeHT KaMna­

HHH Jlllil 3a}];aHHOro :mepro6JJOKa H HCI10Jlb30-

Bamui: 6a3HCa rnaBHblX KOMilOHeHT (Principal 

component analysis) [7] Jlllil npeJlCTasnemui: 

HeHTPOHHOro IIOJJH H KOHUeHTPaUHH HYKJJH­

JlOB. ,[(rrH norryqeHIDl JlHHaMHtJ.eCKOH MOJlellH H 

IlOBblllleHH.sl 6bICTPOJleHCTBH.sl rrpHMeHJleTC.sl 

MeTOJl BbI6opa MHHHMaJJbHblX IIOJlMHO)KeCTB 

(Minimal subset selection) [8]. 
KpoMe Toro, JlllH JlOllOJlHHTeJibHOro IIOBhI­

IlieHH.sl CKopocn-1 pactJ.eTa B EOEPe HCIIOJib3y­

IOTCH cospeMeHHbie TeXHOJlOfIDI pacrrpeJle­

JJeHHblX MHororrpoueccopttbIX BhJqHCJJemrn. 

fCY Jlll.sl BOJlO-BOWIHblX peaKTOpOB aK­

THBHO pa3BHBaIOTC.sI H CB.sl3aHO JTO C TeM, 'ITO 

IIOCTPOeHHe fCY Jla)f(e C HeIIOJlHblM rrepeq­

HeM <pym<UHH cyJJHT 3Ha'-!HTeJlbHbie BbITOJlbl. 

B Hacrn.si:mee speM.si: JlIT.si: r CY pa3pa6oTaHbI 

arrropHTMbl CHHXpOHH3al..{IDI C TeKynlHM co­

CTOIDIHeM JHepro6JJOKa, peaJJH30BaHbI <pyttK­

UHH HHJ];HKamrn H aHaJJH3a TeKymero COCTOH­

HH.sl, HMeIOTC.sl B03MO)KHOCTH rrporH03HOro 

pacqera. 

OJlHaKO, HeCMOTPH Ha xoporno pa3BHTyIO 

TeopHIO OIITHMaJibHOro ynpasneHH.si:, JlaJJeKO 

He BCe fCY IIpHMeID[l()T MaTeMaTH"tJ.:eCKH KOp­

peKTHI,Ie arrropHTMbI IIOCTPOeHIDl OIITHMaJJh­

HhlX CTPaTern.H ynpaBJJeHH.si:. O JlHOH H3 IIpH­

'-IHH noro .smJJHeTc.si: OTCYTCTBHe 6hICTPOJlei1-

CTByIOmHx MaTeMaTHt.fecKHX MOJleJJeH PY, 

cnoco6HhlX c BbICOKOH TO'lHOCThlO pearHpo­

saTb Ha ynpasneHH.si: H BOCIIpOH3B0JlHTb rrpH 

JTOM ueneBhle <l>YHKUHOHaJJhl. 

B CBH3H C JTHM B HaCTo.si:mee speM.si: Heo6-

XOJlHMO cocpeJlOTOqHTbC.sl Ha pa3pa60TKe Me­

TOJlHK noc-rpoeHH.si: 6hlCT})OJleHCTByIOmHx Ma­

TeManrqeCKHX MOJleJJeH peaKTopos, llpeJlHa3-

HaqeHHbIX .llllil pemeHH.si: KOHKpeTHbIX 3a}];atJ., 

6e3 qero HeB03MO)KH0 J <p<peKTHBHOe perneHHe 

OIITHMH3allHOHHblX 3a)la'!. 

Pernem1e J TOH 3a)lat.fH 6y)leT COIIpIDKeHo C 

OTMHpaHHeM PYJlHMeHTapttbIX <pyuKUHH fCY, 

peaJJH30BaHHhlX B BH)le npOCTeHUIHX anr opHT-

62 

MOB ynpaBJJeHH.si:, H B pe3yJJhTaTe rrpHBe)leT K 

perneHHIO MaTeMaTH'-IeCKH KOppeKTHbIX 3a}];atJ. 

OIJTHMH3aUHH. 

CnHCOK JIHTeparyphl 

I . Hornaes A., Porsmyr J., Berg 0., Boda/ T. 
User interface design and system integration 
aspects of core monitoring systems. Proc. of the 
workshop on core monitoring for commercial 
reactors: Improvements in systems and methods, 
October 4-5, 1999. 
2. Yoicltiro Sl,imazu. Application of three axial 
offsets trajectory method for load follow operation 
control in PWRs II Nuclear science and 
tech no logy, 3 8( l 0): 809- 818, October 200 l . 
3. Turinsky P.J. , Jiangqing Y. Pressurized water 
reactor core maneuvering utilizing optimal control 
theory II Nuclear science and engineering, 
129(2):97- 123, 1998. 
4. CeA1e1106 A.A., Co1106be6 ,l(.A. EnoK onTHM1na­
UHH 6opttoro pery1rnposaHHJ1 JJ.JUI CHH)KeHHJI Ha­
KonneHHJI )KJUKHX pa,u.HOaKTHBHblX OTXOJ].OB B ne­
peXOJ].HblX pe)l(HMax BB3P-l 000 II Hay'-IHIUI 
ceccm, MH.<l>H.-2009, l :48, 2009. 
5. Caves J.R., Moon H., Beczkowiak M. Operating 
strategy generator method and utilization in 
POWERTRAX PWR core monitoring system. In: 
Proc. of the PHYSOR 2000 ANS Int. topl. meet. 
on advances in reactor physics and mathematics 
and computations into the next millennium, may 7-
12, 2000, Pittsburgh, Pennsylvania, USA. CD­
ROM, ANS, 2000. 
6. MaA1u'le6 B.B., <l>wtUMOH06 ll.E., A6epbRH06a 
C.ll., Ko6eJlb A.H. PaJBHTHe, sHe.npeHHe H 
cospeMeHHOe COCTO.sIHHe pac'-!eTHOH nporpaMMbl 
"H.MHTaTop peaKTopa" II ATOMHIUI JHeprn.si, 
OKT.sI6pb 2008, T. ] 05, Bbln. 4, C. 237-240. 
7. Gorban A.N., Keg/ B., Wunsclt D.C. , Zinovyev 
A. (Eds.) Principal manifolds for data visualization 
and dimension reduction, series: Lecture notes in 
computational science and engineering, 58, 
Springer, Berlin - Heidelberg - New York, 2008, 
8. Miller A. Subset selection in regression, second 

edition. Chapman and Hall/CRC, 2002. 

KoumaKmHCIJI. uurjJopAWlfUR -
CoJ106bee /J,eHuc AlleKceeeu11, uu::»eeHep, mell.: 
( 495)323-95-99, e-mail: and@els.mephi. ru, den@ 
eniko. ru 

BonpOCbl aTOMHOH HayKH H TeXHHKH. 
Cep. <l>H3HKa .si.nepHbIX peaKTopos, 20 I 0, Bbm. 3, 

C. 57-62. 



Y,nl( 621.039.5 

MeTOllHKa H naKeT npHKJJa,aHhIX nporpaMM UJJaHHpOBaHHB 

neperpy3oK TOnJJHBa PliMK 

B.E. J(pyJ1Cu11u11, 10.B. IllM011u11, P.B. llnexa110B,J(.A. llbicoB, A.C. He.MupoB, K.H. CMup110B, 
OAO "BH1111A3C", 109507, MocKBa, <I>epraHCKM yn., 25 

IlocTynHJJa B pe,uaKUHIO 11.11.2009 r. 

l13JIO)l(eHbl nocTaHOBKa 3a.Qa4H H MeTOJJ.OJIOrH.11 nJlaHHpOBaHH.11 neperpY30K .IIJJ.epHoro TOnJIHBa PEMK, 
cpopManH30BaHHbte B paMKax oTpacnesoii "THnosoi-1 MeTOJJ.HKH nnam1poBaHH.11 neperp)'JOK Ha A3C c 
peaKTopaMH PEMK". OnHcaHbt OCHOBHbte noJIO)l(eHH.11 MeTOJJ.HKH, naKer OITEPA-M npHKJiaJJ.HbIX nporpaMM, 
npeJJ.Ha3HaLieHHbIH JJ.JI.11 nnaHHpOBaHH.11 neperpy30K, H pe3yJibTaTbl ero TeCTHpOBaHH.11. 

[(J110'-le6ble CJI06a: P6MK-I 000, neperpYJKH TOnJIHBa, TeXHOJIOrH'feCKHe orpaHHLieHH.11, paCLieTHbte KOJU,I, 
pacnpeJJ.eJieHHe ::meprOBbIJJ.eneHH.11, rny6HHa BbiropaHH.11 T0nJIHBa. 

The Technique and the Package of Applied Programs for Refueling Planning of RBMK. V.E. 
Druzhinin, Yu. V. Sl,monin, R. V. Plekl,anov, D.A. Lysov, A.S. Nemirov, K.I. Smirnov, JSC "VNIIAES", 25, 
Ferganskaya St., Moscow, 109507. Statement of a task and methodology of RBMK reactors nuclear fuel 
reloading planning which are formalized in frames of the branch document "Typical technique of refueling 
planning on the RBMK type NPP" are stated. Philosophy of the "Typical technique ... ", the OPERA-M 
package of applied programs, intended for a refueling planning, and results of its testing are described. 

Key Words: RBMK-1000, Refueling, Technological Restrictions, Calculation Codes, Power Distribution, 
Burning-out of Fuel. 

1. MeTO)).HKa nJJaHHpOBaHHH neperpyJOK 

TODJIHBa 

KoHCTpYKJ.lH.SI PEMK-1000 rrpe,uycMaTpH­
BaeT B03M0)KH0CTb rrpoBe,ZleHIDI neperpY30K 
T0ilJJHBHhIX KaHaJJ0B (TK), co,uep)l(aIIIHX Ten­
JJ0BhI}leJJ.SllOIIIHe c6opKH (TBC) H ,Zl0il0JIHH­
TeJJI,Hhie nornon1TeJJH ()];IT), KaK npu pa6oTe 
peaKTopa Ha M0illH0CTH, TaK H Ha 0CTaH0B­
JJeHH0M peaKTope. 

Ha 0CTaH0BJieHH0M peaKTope neperpy3KH 
TK B 0CH0BH0M npoBo,uncSI: 
- JlJJ.SI o6ecnetJeHH.SI K0HTp0JJ.SI H JaMeHhI TK 

peaKTopa; 
- npH q>OpMHpOBaHHH 3arpYJKH aKTHBHOH 30-
Hbl B xo,ue M0,ZlepHHJau1rn CHCTeMbI K0HTp0JJ.SI 
H ynpaBJieHH.SI peaKTopa. 

IlpH pa6oTe peaKTopa Ha :mepreTH11ecKoM 
YP0BHe M0IIIH0CTH rreperpY3KH TBC K0MIIeH­
CHpyroT BbrropaHue .SI,Zlepnoro Tonmrna H 
o6ecneqnBaJOT noMep)l(aHHe orrepaTHBHoro 
Janaca peaKTHBH0CTH (O3P). 

3a CtJeT neperpY30K TK, np0B0,ZlHMbIX KaK 
Ha 3HepreTHtJeCK0M yp0BHe M0illH0CTH, TaK H 
ea 0CTaH0BJJeHH0M peaKTope, ,Zl0JJ)l(Ha cpopMH­
P0BaThCSI 3arpY3Ka aKTHBHOH 30Hbl peaKT0pa, 
06ecne11nBa10ma.SI: 

- 6eJonacHyro 3KcnnyaTaUHIO peaKTopa npH 
pa6oTe Ha H0MHHaJJhH0M (paJpemeHHOM) 
yp0BHe M0IUH0CTR npH co6JIJO,ZleHHH 3KCITJiya­
TaUH0HH.hIX npe,ueJJ0B TeXH0JJ0rHtJeCKHX rrapa­
MeTpOB; 

- II0Jl.l{ep)l(aHJ-Ie HeHTpOHHO-q>H3H'IeCKHX xa­
paKTepHCTHK peaKTopa B YCTaH0BJJeHHbIX npe­
,uenax; 
- co6n10,ueHHe HaJHatJeHHoro pecypca H cpo­

Ka CJIY*6hI TBC H JJ:Il; 
- pauH0HaJJbH0e HCII0JJb30BaHHe .Sl}lepHoro 
Tonmrna. 

Oco6eHHOCTH K0HCTpYKUHH aKTHBHOH 30-
Hhl PEMK He no3B0JijiIOT cBeCTH 3a,ua11y rrna- · 
HRp0BaHH.SI neperpY30K TK K BhIIl0JJHemno 
pa3pa6oTaHHOro Ha6opa npaBHJJ HJJH npRe­
M0B, onpe,lleJJSIJOillHX rrop.SIJl0K rreperpY30K, 
Hanp11Mep, no rny611He BhrropaHIDI TBC. 
Cne}lOBaTeJlhHO, HeoneMJJeMbIM ycJJ0BReM 
3Kcm1yarnu1rn PEMK SIBJISieTc.SI HaJJHtJHe 
"onepaTHBHOH" CHCTeMbI IIJJaHHp0BaHH.SI ne­
perpY30K TK. 

TaKM CHCTeMa BKJJIOtJaeT: 
- ,ueikTBYIOillHe MeT0JlHKH R HHCTpyi<UHH II0 
IIJiaHHp0BaHHIO neperpy3oK; 
- nporpaMMHoe o6ecneqeHHe JlJlj[ Bhin0JIBe­

HH.SI HeHTpOHHO-cpU3HtleCKHX pacqernB; 
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- rpynny COTPY.UHHKOB A3C, KOToprui: BhI­
noJ1m1e-r pacqeTbI H roTOBHT 3a,mume Ha nepe­

rpY3KY TK. 
OcHOBHbIM HOpMaTHBHbIM .D.OKj'MeHTOM 

no rrnaHHposaHH10 neperpY30K ,nm1 PEMK-
1000 CJly')KHT "THilOBcUI MeTO.D.HKa nnam1po­

saRID1 neperpY30K Ha A3C c peaKTopaMH 
PEMK-1000" [ 1]. Me-ro,nHKa pa3pa6orntta 
BHMMA3C coBMeCTHO co cneu;HaJJHCTaMH 

OAO "Kom~epH Poc:meproaToM", HMKM3T, 

P~ "Kyp'IaTOBCKHH HHCTHTYT", KypcKoii, 
JleHHm-pa,ncKoii H CMoJieHCKOH A3C. 

B paMKax "THIIOBOH MeTO.lJ.HKH .. . ": 

- q>opMaJJH30BaHbl OCHOBHbie :narrbI npoue­
,nypbl IlJiaHHpOBaHIUI neperpY30K TK; 
- npHBe,neH Ha6op TeXHOJIOrH'IeCKHX orpaHH­
qeHHH; 
- onpe,neneHbI napaMeTI)hI, xapaKTepH3)'10-

1UHe KpiiTepHH npHeMJieMOCTH neperpyJOK H 

Ka'IeCTBO q>opMHpOBamui: 3arpY3KH aKTHBHOH 

30HhI; 

- C4JOPMYJIHpOBaH.bI OCHOBHble HarrpaBJJeHllil 

H peKOMeH,nauHH no paUHOHaJJbHOMY npHMe­
HeHHlO jl.lJ.epHoro TOnJIHBa; 

- npHBe,neHhl 1"pe60BaHH.ll K pac'IeTHblM KO­
.lJ.aM, HcnoJih3yeMLIM ,nn.ll nJJaHHposaHJUI nepe­

rpY30K Ha A3C. 
Henocpe,ncTBeHHO Ha A3C c PEMK-1000 

.D.Jl.ll nJlaHHpOBaHH.ll neperpyJOK npHMeJUllOTC.ll 
HHCTIJYKUHH, no,nroTOBJieHHhie Ha 6aJe "TH­

nosoii MeTO,UKKH ... " C yqeTOM cneUHqJHKH 
IlJlaHHposaIDUI neperpyJOK Ha A3C. B "TH­
noBoH MeTO.D.HKe .. . " 3a,naqa rrnam1poBaHH.ll 

neperpyJOK TK ,nm1 PEMK paJ,nerreHa Ha 
CTI)aTenuo neperpY30K H TeKymee nnaHHpo­
BaHHe. 

CTI)aTenI.ll neperpY30K cl>opMHpyeTC.ll Ha 
OCHOBe paC"leTHblX HCCJJe,nosaHHH no MO,nem1-
poBaHH10 neperpY30K peaKTopa Ha ,nmnem.­
Hhrn nepHo,n c yqeTOM oco6eHHOCTeH KOHCT­

PYKUHH aKTHBHoii 30Hhl, ycJJOBHH 3KCITJ1yarn­
UHH peaKTopa, THITa H o6orameHH.ll jl.lJ.epHoro 
Tonmma H TeXHOJlOrH""leCKHX orpaHH"leHHH. 

HeManosa)KHoe 3Hati:eHHe npH pa3pa6oTKe 

CTI)aTernH neperpY30K HMeeT o6o6meHHe 
OnbITa 3KCIIJiyaTaUHH H IlJiaHHpoBaHllil nepe­

rpY30K Ha A3C. 
IlpH pa3pa60TKe CTI)aTerHH neperpyJOK C 

HCIIOJlb30BaHHeM pac'IeTHOro MO.D.eJIHpOBaHH.ll 
pa6oTbl peaKTOpa c neperpY3KOH TK TeMH 
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HJJH HHblMH MeTo,naMH peI11aeTCH OilTHMH3a­

UHOHHcUI 3a,na1rn. B Ka'IeCTBe ueneBOH <l>YHK­

UHH o6br<rno npHMem,eTC.ll pacxo,n cse)Kero 
TOilJIHBa ,nm1 no,nnHTKH peaKTOpa, a B Ka'IeCT­

Be orpaHH'leHHH - npe,neJJbHbie 3Ha'IeHHH Tex­

HOJIOflflieCKHX H HeHTI)OHHO-q>H3H'IeCKHX xa­

paKTepHCTHK peaKTOpa (HanpHMep, MaKCH­

MaJJbHcUI MOIUHOCTh TBC, JIHHeHHM HarpY3Ka 
Ha TB3Jl, napOBOH K03q>q>HI.{HeHT peaKTHBHOC­

TH H T.,n.). 

Ha ocHose TaKHX HCCJJe,nosaHHii no,nro­

TaBJIHBalOTCH peKOMeH.nauHH IIO HCIIOJib30Ba­

HHlO COOTBeTCTB)'lOIUHX npoq>1rneH pacnpe,ne­

JieHJUI 3HeproBbI,lleJieHHH H 3HeprOBbipa60TKH 

TBC B aKTHBHOH 30He, Bb16opy anropHTMOB 

11epecTaHOBOK TBC npH neperpY3Kax, ,nonoJJ­
HHTeJlbHhIX orpaHH'IeHHH H anropHTMOB no,n­
roTOBKH CilHCKa KaHaJJOB-KaH,nH,naTOB Hane­

perpY3Ky. 3TH peKoMeH,nauHH c noMOIUblO 

3KcrrnyaTHpyromeii opramnauHH ,noso,nHTCH 
,no A3C B BH,ne ,nonoJJHeHHH K "THnosoii Me­

TO.D.HKe ... " H peaJJH3)'lOTCH B paMKax npHK­

na,nHblX rrporpaMM, npe,nHaJHa"leHHblX .D.JIH 
nJJaHHpoBaHllil neperpY30K Ha A3C. 

B cooTBeTCTBHH c "THnosoii MeTo,nH­
Koif: ... " nocTaHOBKa 3a,na"IH TeKymero IlJJaHH­

pOBaHHH neperpY30K CTI)OHTCH HHa"le. OcHOB­

HcUI uerrh TeKymero nnaHHposaHHH neperpy-

30K - 06ecne1IeHHe 6e3onacHoH pa6oThI peaK­
Topa Ha MOIUHOCTH npH co6J110,neHHH ycrn­

HOBJieHHbIX orpaHH'ieHHH Ha HeHTI)OHHO-q>H-

3H"leCKHe xapaKTepHCTHKH H TeXHOJJOrHqec­

KHe napaMeTI)bl. IlpH 3TOM IlJlaHHpOBaHHe ne­

perpY30K rrpoBO.D.HTCH, HCXO.UH H3 ycJJOBIDI 

no,n,nep)KaHHH 3a,naHHoro pernaMeHTHposaHo­
ro npoq>HAA 3HeproBhI,lleJieHirn no pa,nHycy 
aKTHBHOH 30Hbl peaKTopa, peKOMeH,noBaHHOro 

C yqeTOM 3KOHOMHH pacxo,na jl.lJ.epHoro TOII­

JJHBa. 

CqiopMHpoBaHHM B xo,ne neperpY30K 
TOilJIHBa 3arpY3Ka aKTHBHOH 30Hhl PEMK-
1000 onpe,neJIHeT HeHTI)OHHO-qJH3H"leCKHe xa­

paKTepHCTHKH peaKTOpa H TeXHOJJOrfflleCKHe 

napaMeTPbI, 3Ha"leHH.ll KOTOpbIX orpaHH"leHbI 

1"pe60BaHHHMH H,nepHOH 6e3onacHOCTH, npo­
eKTa H TexHonornqecKoro pernaMeHTa nc 
3KcnnyaTau1rn. OcHoBHbie H3 1rnx: 
- K03q>q>HUHeHT 3anaca (KJan) ,no ,nonyCTHMOi 

npe,neJJbHOH MOIUHOCTH (no KpH3HCY TenJIO 

o6MeHa) TK; 



JIHHeiimUI TeIIJIOBaH ttarpY3Ka Ha TB3JI H 
MaKCHMaJihHM MOIUHOCTh TK; 
-03P; 
- IIO.L{KJ)HTWIHOCTh peaKTopa; 
- 3cpcpeKTHBHOCTh CTep)KHeH aBapHHHOH 3a-
IUHThl (A3); 
- TeMTiepaTypa rpaq:rnTOBOH KJia,llKH; 
- K034)qJfillHeHThl H 3<p<peKThl peaKTHBHOCTH; 
- Ha3HaqeHHhIH cpoK CJJ)?K6h1 TBC; 
- Ha3HaqeHHhlH pecypc (rnyforna BhITOpaHIDI 
Bhrrpy?KaeMoro TOIIJJHBa) TBC H .D,TI. 

ToJlhKO qaCTh 3THX xapaKTepHCTHK MO)KeT 
6hITh H3MepeHa rrpH pa6oTe peaKTopa Ha MOIU­
HOCTH HJJH Ha OCTaHOBJieHHOM peaKTope. Oc­
TaJihHhie xapaKTepHCTHKH 51BJUIIOTCH pacqeT­
HhIMH. Ilo,u.rnep)K,l],eHHe 3HaqeHHH ocHOBHhIX 
TeXHonornqecKHx napaMeTPOB peaKTopa rroc­
Jie rreperpY3KH BhffiOJJHHeTCH no ,llaHHhlM CHC­
TeMhI KOHTPOJIH peaKTopa. OueHKa H no,urnep­
)K,l],eHHe 3Haqemtii pacqeTHhIX HeHTpOHHO-cpH-
3J,1qeCKHX xapaKTepHCTH.K npOBO.UHTC.sl Ha na­
ne rrJiaHHpoBaHH11 rreperp)'30K C HCil0Jlh30Ba­
HHeM pacqeTHhIX KO,llOB. 

TeKymee nJJaHHpoBaHHe neperp)'30K TK 
Ha A3C c PfiMK-1000 ocymecrnm1eTc.s1 B co­
oTBeTCTBHH co CJie.zzyIOlllHMH OCHOBHhlMH 3Ta­
naMH: 
- IlO,llrOTOBKa CIIHCKa KaHaJIOB-KaH.llH,llaTOB 
Ha neperp)'3KY, 
- cpopMHpOBaHHe IlOCJJe,llOBaTeJlhHOCTH nepe­
rp)'30K TK C yqeTOM BhlllOJJHeHHH orpaHHl:Je­
HHH H Kp1nepHeB rrpHeMJJeMOCTH rreperpY30K, 
- 00,llfOTOBKa 3a11.aHHH Ha neperpY3Ky. 

1.1. IloozomooKa cnucKa KQllaJI06-KQll­
ouoamoo 11a nepezpy1ry npoBO,llHTCH H3 "IHC­
Jia TBC C MaKCHMaJlhHhIM BhITOpaHHeM C yqe­
TOM TeXHOJIOrHqecKHX orpaHHqeHHH Ha rrepe­
rpY3Ky TK. TipH HaJIHqHH B 3arp)'3Ke peaKTO­
pa TBC c pa3HhIM o6orarueHHeM rny6HHa Bhl­
ropaHHH Bhlrpy?KaeMhIX TBC BhI6HpaeTCH c 

yqeTOM 3aBHCHMOCTH Koo OT BhITOpaHHH ,llJUI 

Ka)K,l],oro THna TBC. 
Ha6op TeXHOJiornqecKHX orpaHHqeHHH Ha 

neperp)'3KY TK ccpopMHpoBaH, HCXO.llH H3 TPe-
6oBaHHii npoeKTa, 3KCITJIYaTaUHOHHhIX rrpe.u.e­
JIOB H OilhITa IlJlaHHpoBaHR11 neperpY30K. B 
KaqecTBe npHMepa HIDKe nepet{HCJieH p.s1.u. oc­
HOBHhIX TeXHOJJOrlflieCKHX orpamt:qeHHH npH 
neperpy3Ke TK: 

- 3anperuaeTc.s1 3arpy3Ka TBC H )];TI B TK c 
3arrpemeHHhIM paCXO,llOMepHhIM TPaKTOM HJIH 

C HeHcnpaBHhlM 3arropHo-peryJIHP)'IOIUHM 

KJianaHOM KpOMe neperp)'30K THrra OTBC ⇒ 
cB1) H .nn ⇒ CB HJIH .nn ⇒ CB ⇒ ,nn, 
CB513aHHhIX C 3aMeHOH nap.snneii npoKJia,llKH 

HJIH BhrropeBinero )];TI Ha "cBe)KHif'; 
- 3anpemaeTc.s1 nI-06M rreperpY3Ka B TK Kp0-

Me rreperpY3KH TBC ⇒ CB rrpH HaJIH'lllH B 
Henocpe.ucrneHHOH 6JIH30CTH OT Hero ( OKpy­
)KeHHH 3 x 3) .llByx H 6oJiee TK c HeHcnpaa­
HhIM pacxo.uoMepHhIM TPaKTOM; 

- JanpemaeTCH 3arpY3Ka CBe)KeH TBC B TK, B 
6JIH)KaHrneM OKpy?KeHHH KOTOporo (3 x 3) Ha­
XO.UHTCH TBC c 3HeproBhrpa6oTKOH MeHee 
200 MBT·CYTffBC (.uorrycKaeTcH ycrnHOBKa 
He 6onee .UByx TBC c 3Hepr0B1,1pa60TKOH Me­
Hee 200 MBT·cYTITBC B coce.uene no .u11aro­
HaJIH TK, ecnH 0HH o6a rpaHHqaT B rrepBoM 
pa.u11yce c )];TI); 
- pa3pernaeTcH 3arpY3Ka cae)KeH TBC no Tex­
HOJJorwiecKHM rrpH'lllHaM (napH111M HJIH He­
repMern:qffM TBC) B TK, pacnoJIO)KeHHhIB B 
rrepBOM pa.u11yce OT TBC c 3HeproBhlpa6oT­
KOH Mettee 200 MBT·CYTffBC, ecJIH OHa He 
rpaHlfllHT Ha rrepBOM pa.uHyce co CTep:>K.HHMH 
aBTOMaTHl:JeCKOro perynHpOBaHIDl (AP) 11 A3 
(BhlllOJIHeHHe TaKOH neperp)'3KH .UOJDKHO IIO.U­
TBep)K,l],aThCH pacqeTHhIMH KpHTepHHMH rrpH­
eMJJeMOCTH no BeJIH"lHHe IIOJIO)KHTeJlhHOH pe­
aKTHBHOCTH, BO3MO)l(HOCTH KOMIIeHca.QHH pac­

rrpe.ueneHHH 3Hepr0Bhl.UeneHJ{jl B paftotte ne­
perp)'3KH CTep)l(Hj{MH CY3 H 3cpcpeKTHBHOCTH 
cTep)KHeH A3); 
- aeJJH'IHHa KJan ,ll0JDKHa 6hITh He Mettee 1, 1 

BO Bcex TK, OKpy?KaI-OIUHX npe.unoJiaraeMhIH K 
rreperpY3Ke TK. 

TipH II0,UfOT0BKe CIIHCKa KamUlOB-KaH,UH­
.uaT0B MOrYT 6hITh BBe,UeHhI ,ll0IIOJIHHTeJihHhie 
orpaHHqeHHH, o6ycnoBJieHHhie CTPaTerneH 
rrJiaHHpOBaHHH neperpy3OK HJIH ycnOBHHMH 

npose.ueHHjl peaKTOpHhIX HCilhITaHHH OilhIT­

HhIX napTHH TBC, )];TI HJIH cTep)KHeH CY3. 

1.2. <JJopMupooa11ue noCJ1edooame.J1b11oc­
mu nepezpyJOK TK ocymeCTBJ]jleTC11 C HC­
IlOJih30BaHHeM MH0rOKpHTepHaJihHOro anro­
pHTMa oT6opa TK HJ q11cna KaHaJJOB-KaH.UH-

l)CB - He3arp}')KeHHbIH KaHaJl ("CTOJJ6 80.l).bI") 
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,llaTOB Ha rreperpY3Ky Ha OCHOBe pacqeTHOro 
aHaJJH3a COCTOHHJUI peaKTopa, BhIIIOJlHeHHOro 

no noJIH0Macn1Ta6m,1M 2D mm 3D HeHTPOH­
HO-q>H3HqecKHM KO,llaM. B COOTBeTCTBHH C 

npHIDITOH B HaCTO.Sllllee BpeWI npaKTHKOH 
IlJlaHHpOBaHIDI neperpY3OK q>opMHpOBaHHe 

nocne)lOBaTeJlhHOCTH neperp)')KaeMbIX TK 
ocymeCTBJl.lleTC.SI H3 ycnOBH.SI noMep)l(aHH.ll 

pernaMeHTHpOBaHHOH q>OpMhI pacrrpe,lleJJeHH.SI 
:meproBhmeneHIDI (Q03) npH pa6oTe peaKTo­
pa Ha MOlllHOCTH. 

)];llil noaroTOBKH pernaMeHTHpOBaHHOH 

q>opM1>1 pacnpe.lleJ1eHH.S1 3HeproBhmeneHHH 

npHMeH.SleTCH pernaMeHTHpOBaHHbIH npoq>HJih 

pacrrpe,lleneHH.H 3HeproBhmeneHH.H no pa.llHY­

cy aKTHBHOH 30Hhl Q03(r) - 0.llHOMepHa.si: q>ytt­

KUH.SI pa,lleyca aKTHBHOH 3OHhl peaKTOpa. ITpH­

Mep Ha6opa THnOBhIX pernaMeHTHpOBaHHhlX 

npoq>HJleH npHBe)leH Ha pHC. 1. OCHOBHhIMH 

OTJIH'IBHMH npoq>HJJeH CJl)')KaT pa,llHYC 3OHhl 

nnaTO H KPYTH3Ha cnaaa Ha nepHq>epHH aK­

THBHOH 30Hhl, onpe,llemnoma.si: )lOJllO pa,llHaJJh­

HOH YTetIKH HeHTPOHOB. 

ITpH pactieTe npoq>HJieH 3Hepropacrrpe.lle­
neHIDl .llllil peanbHhlX COCTO.SIHHH peaKTopa Bhl­

'IHCllileTC.SI cpe)lHee 3HeproBhI.llenemrn TBC 
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Pace-
0 

no pa,llHaJJhHhIM KOJibUeBbIM 30HaM peaKTopa. 
B KOHKpeTHOM COCTOHHHH peaicropa npoq>HJlh 
pacnpe,lleJieHHH :rneproBhI.lleneHH.SI no panHy­
cy aKTKBHOH 30Hbl PEMK-1000 MO)l(eT ornH­
qaThCH OT THnosoro. 3-ro 06ycJ10BJ1eHO oco-
6eHHOCTHMH TeKymHx neperpY30K H KOMIIeH­
cauHH pacnpe.ueneHH.SI 3HeproBhI.lleneHIDJ 
CTep)l(H.llMH CY3. O,llHaKO ycpe,llHeHHl>Ie npo­
q>HJJH HOCHT )lOCTaToqHo YCTOH'lliBhIH xapaK­
Tep. IIpHMep peanhHhIX rrpoq>Hneif pacrrpe.lle­
neHIDJ: 3HeproBhI.UeJieHH.ll no paneycy aKTHB­
HOH 30Hhl .llllil pa3HhlX 3Hepro6JJOKOB C 
PEMK-1000 npirne)leH Ha pHc. 2. 

)];n.ll )leMOHCTPaUHH B3aHMOCB.ll3H Me)l()ly 

3a.llaHHhIM npoq>HJieM pacnpe,lleneHH.H 3Hepro­

BhmeneHIDI no panHycy aKTHBHOH 30Hhl H co­

OTBeTCTBYJOIUHM eMy pa,llHaJlhHhIM npoq>HJJeM 

BhITOpaHH.SI Ha pHC. 3 npHBe)leHbl pe3yJlhTaTbl 

pacqeToB no npoq>HnHpoBaHHIO pacnpe,llene­

HH.SI 3HeprOBhI)leJieHJrn 3a cqeT H3MeHeHH.si: Bhl­

ropaHIDI TBC no KOJJhUeBhIM 30HaM peaKTopa. 

PacqeT BhffiOJlHeH .llllil crryqa.si:, KOr,lla CTep)l(HH 

pyqHoro peryJIHpoBaHH.ll (PP) H AP ycTaHOB­

neHhI Ha 0.llHHaKOBYJO rny6HHY norp)')Kemrn, 

KOTopa.si: COOTBeTCTByeT pernaMeHTHOMY 3Ha­

qeHHIO Be.JI.HllHHhl O3P. 

11 lpoqrnm, 6 1 ITT ,cf> 5 I ,- :po l.fnb 
✓- I 
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" "', ~ 
-1 [Jpo<>Hnb2 I \ ' ~ v\ 

~ ' ~ ,\ I ' I 

I 
~~ ~~ 

I "i 
I 

I 
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P1-1c. l. PernaMeHT11poBaHHbJe npoq>HnH pacnpe.uenettl1jj :meproBbt.ZJ.eneHHSI no pa.u1-1ycy aKTHBHOH 3OHbt 
PEMK-1000 
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P1-1c. 3. ITpocpHJIH pacnpe.n.eneHH.ll BbtrOpaHH.ll no pa.u1-1ycy aKTHBHOH 30Hbl, COOTBeTCTB)'lOl.llHe nmOBblM 
npocj)HJI.llM 3HeproBblJ].eJieHIUI 

Ilpocjnrnb pernaMeHrnposaHHoro pac­

npe.nenemrn ::rnepros1,1,ne11emu1 s1,161-1paeTcx, 

HCXO,lUI 113 ycJIOBHH MHHHMH3al{Hll yreqyrn: 

HeihpOHOB ( 1uo 06ecrre'n1BaeT 3KOHOMHOe 

HCilOJib30BaHHe H,nepHoro TOilJIHBa) H Henpe­

BhllllemIH rrpe]leJibHO-JlOITYCTHMOH MOlllHOCTH 

TBC H MaKCHMaJihHOH mrnetiHoH HarpY3KH Ha 

TB3JI. 
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)],.IUl cpopMHposamui: pernaMeHTHposau­
HOH cpopMbI pacrrpe)leneum1. :rneprosbmene­
HIDI. npHMeHHIOTCH rronpasKH, )"IHThJBaIOm.He 
CTPYJ<TYPY 3arpY3KH aKTHBHOH 30Hhl peaKTo­
pa, IJOJIO)KeHue H pacnpe,lleneu11e cpymai;Ho­
HaJihHhIX rpynn cTep)KHeH CY3. I1x ucnon1,-
3osauue MO)KHO no.HCHHTh na cne.nyiomeM 
npuMepe. 

IlocKOJibKY CTep)KHH A3 He npHMeHHIOTC.ll. 
.ll.lUl peryJIHposaHIDI. pacnpe,lleneHH.H JHepro­
BhI.lleJieHHH, BCIIJieCKH JHeprOBbI,lleJieHIUI., 803-
HHKalOm.He npH 3arpY3Ke cse)KeH TBC s6n113u 
CTep:>KIDI A3, TPY.l{HO KOMTieHCHpOBaTb. ,[{n.ll. 
CHH)KeHH.ll. BCIIJieCKOB JHeprOBbI)leJieHIUI. rrepe­
rpY3KH s6JIH3H CTep)KHeH A3 MOrYT nposo­
JlHThCH C HCI10Jlb30BaHHeM nepecTaHOBOK 
TBC. OnnaKo, nos1,1meuue BhrropaHH.ll. TBC 
BOKpyr CTep)KHeH A3 npHBO,llHT K CHH)KeHHIO 
HX 3cpcpeKTHBHOCTH. 

3aBHCHMOCTb 3cpcpeKTHBHOCTH CTep)l(HeH 
A3 OT rny6uu1,1 BbITopaHH.ll. TBC, pacrrono­
)KeHHhIX BOKpyr HHX, npe,ucTasneua ua puc. 4. 
IlpHsenem,1 pe3ynhTaTbI pacqern H3MeneHH.ll. 
3cpcpeKTHBHOCTH CTep)l(HeH A3 )lJI.ll. XOJIO,llHOro 
pa30TPaBJieHHOro COCTO.ll.HH.ll. peaKTopa npH 
H3Menemrn rny6HHbI BbirOpaHH.ll. B 'leTbipex H 
BOChMH TBC, OKp~a10m11x cTep)l(HH A3, s 
)lHaTia30He OT 80 AO 115 %. f Jiy6HHa BbITO­

paHHSI sapb11posanacb .llJI.ll. TBC, uaxo,llHIUHX-

CH s nepBOM pa,uHyce OT CTep)KHdi A3 HJIH s 
nepBOM H BTOpOM pa,lluycax O,llHOBpeMeHHO. 
3a cqeT H3MeHeHH.ll. rny6HHbl BbITOpaHIDI TBC 
s6JIH3H CTep)KHeH A3 Ha 20 % HX 3cpcpeKTHB­
HOCTb MO)KeT 6hITb H3MeHeHa Ha sem1q11uy 

0,5 ... 0,8 r3)(j)-
,[(n.ll. CHH)KeHHH BC0JieCKOB JHeprOBbmene­

HIDI B6JIH3H CTep)KHeH A3 H o6ecneqeHH.ll. HX 
3cpcpeKTHBHOCTH npH nnanHposaHHH neperpy-
30K HCilOJih3yeTCH ,llecpopMaUH.ll. pernaMeHTH­
posaHHOH cpopMhI pacnpeneneHHH JHeproBbI­
.lleneHH.H. Oua OCYIUeCTB.IUleTcH c rrpHMene­
HHeM anropHTMOB KOppeKUHH HeHTPOHHO-cpH-
3HlJeCKOro paC'leTa Ha H3MeHeHHe IIOJIO)KeHHH 
cTep)l(HeH CY3 nporpaMMbI IIP113MA [2]. 
K03cpcpmmeHTbl ,llecpopMaII,HH onpe,llemnOTCH 
ua OCHOBe paC'leTHbIX uccne.uosaHHH H OilbITa 
3KCOJiyaTaII,HH. 

Ha pac. 5 (1-Jl cmp. 1,/BemHoii 6K1zao1<u) 
np11Be,lleH npuMep pernaMeHTHpOBaHHOH cpop­
Mhl pacrrpeneneHH.H 3HeproshmeneHH.H, Hc­
nonh3yeMoro ua CMonencKou A3C, ccpopMH­
posauuoii c yqeTOM Q03, pacnono>KeHH.ll. )],II, 
CTep)KHeH A3 u ,naTqHKOB ,[(K3-B. 

1.3. llpoBepKa Bblno1111enu11 ozpauui,e­
uuu u KpumepueB npueM.lle.Mocmu nepezpy-
30K rrpoBO.llHTCH nocne neps11woro Bb16opa 
nocne,llOBaTeJibHOCTH neperp~aeMbIX TK )lJI.ll. 

3,6 ~ ----------------------------------, 

3,4 
.nm, OKPY)[(eHJ,UI H3 8-MH .ll'ieeK 

32 
.n11.11 OKPY)l(eHH.11 H3 4-x .llt.teeK 
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PHc. 4. 3cpcpeKTHBHOCTb A3 B 3as11c11MocT11 OT H3MeHeHH.H BbiropaHH.11 TBC, pacnono)KeHHblX p.11.noM c o 

CTep)l(H.IIMH A3 
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TBC TBC TBC TBC TBC TBC TBC 
45 2,8% 2,8% 2,6% 2,8% 2,8 % 2,8% 2,8% 

£=960 £=520 £=2 440 E= 1 620 £=800 £= 1 370 £=680 
TBC TBC TBC TBC TBC 

44 2,8% 2,6% Yen 2,8% 2,6 % 2,8% KPO 
£= I 180 E= 2 920 £= 1 240 E=2 650 E= 1 610 

TBC TBC TBC TBC TBC TBC TBC 
43 2,8% 2,8% 2,8% 2,6% 2,6% 2,6% 2,8 % 

E= 1 740 £=880 E= I 640 E=2 880 E=2 360 E= 2 780 E= 580 

TBC2,8% TBC TBC TBC 
42 pp 2,8 % 2,8% A3 2,8% LITT £=270 

E= 1 060 £=850 E= l 660 
TBC TBC TBC TBC TBC TBC TBC 

41 2,8% 2,8% 2,6 % 2,6% 2,8 % 2,8% 2,8% 
£=620 E= 2 050 E=2 880 E=2 480 E= 2 150 £=980 E= 1 470 

21 22 23 24 25 26 27 
P1-1c. 6. <l>parMeHT aKTHBHOH 30Hbl peaKTopa (THn TBC, E - rny61-1Ha Bb1ropattHJ1 MBT·cYTffBC, 
KPO - KJl8CTepHh1H perym1py10W.HH opraH Yen -yKopocieHHblH CTep)KeHb-nOrJJOTHTeJlb) 

Ka)K)lOH rreperpY3KH, BKJllOl.frul npoBepKy BO3-

MO)l(HOCTH KOMTieHcaum1 cTep)l(H.SlMH CY3 

BCirneCKOB 3HeproBbI.UeneHHJI H nHHeHHOH 

TennOBOH Harp)'3KH Ha TB3J1. 

B "THnOBOH MeTO}lHKe ... " }ln..si: o6ecneqe­

HIDI paBHOMepHOCTH pa3MHO)Ka10IUHX CBOHCTB 

3arp)'3KH aKTHBHOH 3OHhl, BbipaBHHBaHIDI pac­

rrpe}leJJeHIDI 3HeprOBhI}lenemra H 06ecne1:1e­

HID1 co6J110}leHHH rpe6oBaHHH IIO IlO}lKpHTH':l­

HOCTH c<popMyrrHpOBaHbl cne)lYJOIIH{e orpaHH­

qeHIDI Ha BenH':IHHY pa}lHaJibHOfO K03<p<pHUH­

eHTa HepaBHOMepHOCTH pacnpe}leJieHH..H )Hep­

fOBbI.UeJieHHH (K,): 
- BeJIH"IHHa K, )lJl..SI "pafioqero"

2
) COCTOHHH..SI 

peaKTopa rrpH Bcex H3Bnet.JeHHhIX H3 peaKTopa 

CTep)l(IDIX CY3 He .UOJJ)KHa npeBbllllaTh BeJJH­

l.fHH)' 2,5; 

- Benwurna K, )lJl..SI XOJIO.LlHOfO pa3OTpaBJJeH­

Horo COCTOHHHH peaKTopa npH scex, KpOMe 

A3, norp~eHHhIX B peaKTop cTep)l(mlx CY3 

He .LlOJI)KHa rrpeBbilllaTb BeJJH'-IHHY 3,5. 

Pac1:1eT K03Q)Q)HI.UieHTOB HepaBHOMepHoe­

TH pacnpe}leJieHH..H )HeprOBbJ}leJJeHHH npOBO­

)lHTeH C npHMeHeHHeM yenOBHO-KpHTHt.JeeKOH 

pacqeTHOH Mo.ue1rn. 

)].Jl..SI PEMK-1000 nepBoro noKOJJettmi:, 

HMeIOIUHX HepaBHOMepHyIO perneTKy CTep)l(­

Heii CY3, .uonyeKaIOTeH neperp)'3KH TK no 
TeXHOJiornqeeKHM npH-q],IHaM e npeBbIUJe1rneM 

2)p ~ a6ol!HH ~Han830H TeMneparyp H paBH0BeCH0e 
0TpasneH11e 

3Hal.feHHJI K, .LlJlJI XOJlO.LlHOro pa3OTpaBJ1eHHOro 

COCTOHHHH rrpH co6rr10.uemrn }lOilOJJHHTeJJb­

HbIX KpHTepHeB rrpHeMJJeMoeTH no IlO}lKpH­

THl.fHOCTH peaKTOpa, IIOJJO)KHTeJlbHOH peaK­

THBHOeTH, BHOeHMOH npn neperpY3Ke, H IIO}l­
TBep)K)leHHH BO3MO)KHOeTH KOMileHeauHH Berr­

neCKOB )HeproBbl.LleJieHIDI eTep)KHHMH CY3. 

3<p<peKTHBHOCTb HeIIOJTh30BaHHJI TeXHO­
norwieCKHX 11 pae1:1eTHbIX orpaHHt.Jemrn no se­

JIHLIH.He K, MO)l(eT 6hITh npo,neMOHCTJ)HpOBaHa 

Ha ene}lyiollleM npHMepe. )].J1..SI peanbHOro eo­

CTOHHHH 3arpY3KH aKTHBHOH 30HhI PEMK-

1000 npoee,neHo Mo.ue1rnpoeaHHe neperpY30K 

TK e HX HapymeHHeM. 
B HCXO.UHOM "pa6o4eM" eoeTOfiliHH (Bee 

CTep)KHH CY3 H3BJJel.feHbI) K, = 1,88, a B xo­

JJO.UHOM pa3OTpaeneHHOM eOCTOHHHH (Bee 

eTep)KHH, KpoMe A3, norp~eHbl) K, = 2, 78. 
Mo.uemrpyeTcH noene,uoeaTeJJbHaH yern­

HOBKa 20-TH eee)KHX TBC B OKp~eHHH TK 

43-24. Ha pHe. 6 npe)leTaBJieH <pparMeHT 3a­

rp)'3KH aKTHBHOH 3OHbl peaKTopa, Ha KOTOpOM 

o603Hat.JeHbl rny6HHa BbITOpaHHH H THII TBC. 

TK, B KOTOpbie ycTaHaBJIHBalOTCH CBe)KHe 

TBC, 3aTeMHeHhI. 
IlposepKa B03MO)KHOeTH BbipaBHHBaHIDI 

paenpe,ueneHH..H 3HeproBhl}leneHHH B pa601:1eM 

eocTOHHHH apH TaKHX neperpy.lKax BblilOJIHJI­

Jlaeb c npnMeHeHHeM paet.JeToB no ero npo<pH­

JJHposaHHIO CTep)l(HHMH CY3. AnropHTM rrpo­

qrnmrpoBaHH..SI peanH30BaH B nporpaMMe OII­
THMA [ 4, 5]. OrpaHffl-IeHHe no Benn'Ilille K, 
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IlpH H3BJietJeHHhlX CTep)l(H.S[X CY3 B "pa6o­

tJeM" C0CT0HHHH peaKT0pa HapyrneH0 rrocne 

rrpoBe,UeHml 10-TH rreperp)'30K. IlpaKTH'IeCKH 

0,ZlH0BpeMeHH0 (rrocne 9-TH rreperp)'30K) Be­

JIHtJHHa Kr ,un.sr rrpocpHJrnpoBaHHoro pacrrpe,ue­

JieHH.si: :meproBhl,ZleJieHH.sl apeBhTlllaeT ycTaH0-

BJieHH0e ,uorrycTHM0e 3HatJem1e 1,5 (pHC. 7). 
)];AA X0JI0,ZlH0fO pa30TPaBJieHH0ro C0CT0.sl­

HH.sl ,ZlJI.sl 3THX )Ke rreperp)'30K Bhill0JIHeHhI pac­

tJeTbl fI0,ZlKpHTH~0CTH peaKTopa H 3cpcpeKTHB­

H0CTH CTep)KHeH A3 6e3 0,ZlH0ro HaH6onee 3cp­

cpeKTHBHOro cTep:>KIDI (A3-l). OrpaHH'IeHHe 

rro BeJIH'IHHe Kr rrpH Bcex, KpoMe A3, ao­

rp~eHHbTX CTep)KH.s[X CY3 ,ZlJI.sl X0JI0,ZlH0fO 

C0CTO.slHH.sl peaKTopa HapYllleH0 rrocne Ilp0Be­

,ueHH.si: 5-TH rreperp)'30K (pHC. 8). IlpaKTHtJec­

KH o,uHoBpeMeHH0 ,uo Hm1rnero ape,uena ( 1,5 

PJ4>) CHH)KaeTc.si: 3cpcpeKTHBHOCTh A3-l H HatJH­

HaeT YMeHhlliaThC.sl fI0,ZlKpHTH'IH0CTh peaKT0-

pa. 

IlpoBepKa K0MfleHCaQHH BCITJieCK0B 3Hep­

fOBhl,ZleJieHH.si: CTep)l(H.s[MH CY3 H JIHHeHHoH 

TefIJIOBOH Harp)'3KH Ha TB3JI rrpoB0,ZlHTC.sl C HC­

fI0Jib30BaHHeM 2D H 3D K0,Zl0B, M0,ZleJIHpyio­

IUHX yapaBJieHHe pacrrpe,ueJieHHeM 3Hepr0Bhl­

.uenemrn cTep)KH.si:MH CY3. 
IleperpYJKH TK, ,ZlJI.s[ K0TOphrx He BhlfI0JI­

H.slIOTc.sr orpaHHtJeHIDl H KpHTepHH IlpHeMJie-

5,0 

Kr, 0TH eJJ;. 

4,5 

4,0 

M0CTH, H3 CfIHCKa HCKJIIOtJalOTC.sl. .D;anee Il0 

rrpoa.e.uype, om1caHHOH Bhlllle, HJ crrHcKa ne­

perp~aeMhIX TK cpopMHpyeTC.sl 0K0H'IaTeJih­

Ha.sl fI0CJie,Zl0BaTefilH0CTh rreperp~aeMhlX 

TK. 

1.4. 3ada11ue 11a nepezpy3KJ! TK co,uep­

)l(HT: 

- oqepe,UH0CTh H K00p,ZlHHaThI rreperp~ae­

MhIX TK; 
- xapaKTepHCTHKH Bhirp~aeMoro H 3arpy­

)l(aeMoro HJ,ueJIHH (nm, o6orameHHe, 3Hepro­

Bhipa6oTKa); 

- xapaKTep rreperp)'3KH (rrnauoBa.si:, HerepMe­

THtIHa.si:, rrap.si:rua.si: H T.,u.). 

IlO)U'OTOBKa 3a,ZlaHHH Ha neperp)'3KY BhI­

rromui:eTC.sl B JaBHCKM0CTH OT ycJIOBHH 3KCfl-

11yarnu1rn peaKTopa H uanwm.si: BHerrnaH0BhIX 

neperp)'30K rro TeXH0JI0rH'IeCKHM rrpHtJHHaM, 

K0T0phie rrp0B0,Zl.s[TC.sl B rrepB00tJepe,ZlH0M rro­

p.si:,[{Ke. IlpH rreperp)'3Ke TK rro TexHonorn­

tJecKKM rrpH1IHHaM rrp0H3B0JJ;HTC.sl Bhlrp)'3Ka 

TBC c JaMeHOH Ha CB. IlocJie 3TOro Bhmon­

H.si:JOTc.si: pa6oThl rro fI0)U'0T0BKe H0B0ro Ja,ua­

HH.sl Ha rreperp)'3KY, B K0T0p0M rro B03M0)1(­

H0CTH ape,uycMaTPHBaeTCH 3arp)'3Ka B 3T0T 

TK cBe)l(eH HJIH BhrropeBllleH TBC. 

/ 
I 

3,5 - -1 ace cTep)f(HH CY3 H3Bnel!eHbI ! / 

I 
I I 

3,0 

2,5 

2,0 

~ 
/ 

I __,,,.,,-~ 
~ .... 

J---- ~; npH npocjlHnHpOBaHHH ~ 

..------- pacnpe.n.eneHHH 

-- :meoroab1nenemrn 

I --i..---

1,5 

Kom1Yec TB0 nepe rpy30K, IJJT. 
1,0 

I 3 5 7 9 11 13 15 17 19 

PHC. 7. 113MeHeHHe K03cj>cj>m.1,HeHTa pa.n.HanbHOH HepaBH0MepHOCTH pacnpe.n.eneHHH :meproBb!J].eneHHH B 
"pa6o4eM" C0CT0HHHH peaKTopa 
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31,0 --.-------r-----r------r-------r----~--~--~--- ---~10,0 
Kr, 0TH e.u. no 

no,uKplinttJHOCTb pea.J<Topa 9,0 

8,0 

7,0 

6,0 

J<f>q>eKTHBHOCTb CTep)l<HeH 

A3 6e3 O,z\Horo tta.116onee 

3q>q>eKTHBHOf0 CTep)f(Hjj 

4,0 

3,0 

2,0 

1,0 

1,0 +------+---+-----+----+---f-----+------+---'-1-'-=--------'-+-- 0,0 

3 5 7 9 13 15 17 19 

PHC. 8. l13MeHeHHe K03q>q>HUHeHTa pa,z\H3.nbHOH Hepa.BHOMepHOCTH B ·xoJlO,UHOM COCTORHHH, 3q>q>eKTHBHOCTH 

CTep)l(HeH A3 6e3 O,z\HOro Ha.116onee 3q>q>eKTHBHOro CTep)KHR H nO.ll;KpHTH4HOCTH pea.KTopa 

IIpH BbirpY3Ke TBC no TeXHonorw1ecKHM 
npH1IBHaM HJIH HeBO3MO)KHOCTH 3arp)'3KH 

TBC, npe.nycMOTPeHHOH 3a,naHHeM Ha nepe­
rp)'3KY, )lJI.SI ao.u.uep:>KaHH.SI 3a)laHHOH seJIWIH­
HM O3P .nonycKaeTc.si: apose)leHHe cJie)lyro­
m;HX o,nHOH-)lByx neperpy:30K no nop.si:JlKy 3a­
.namui: Ha neperpy:3Ky TK. O)lHaKo, He3aBHCH­
MO OT nonyqeHHhlX napaMeTPOB 3arp)'3KH aK­
THBHOH 3OHhl 3a.nami:e Ha neperpy:3Ky KOppeK­

THpyeTC.SI. 

2. IlaKeT npHKJI3,UHblX nporpaMM 

DJl3HHp0B3HHSI neperpylOK 

KaK OTMeqaJIOCh BhID.Je, OTIHCaHHa.SI MeTo­
.UHKa OJ1am1posaHH.S1 neperpy:30K PEMK-1000 
npe.n;nonaraeT HC0OJih30BaHHe COOTBeTCTBYJO­
lllHX pacqeTHhIX KO)lOB, Heo6XO.l{HMhIX KaK 
.nn.si: pa3pa60TKH H o6ocHOBaHIDI CTPaTernH 
neperpy:30K, TaK H 06ecaeqeHH.S1 TeKyn1ero 
nmurnposaHH.SI neperpy3oK Ha A3C. l1x 
Pa3BHTHe o6ecaeqeHo uanHqHeM cospeMeH-
1:lOH Bhl'-IHCJIHTeJihHOH TeXHHKH, opraHH3aUH­
eif onepaTHBHOH no.uroTOBKH .n;aHHhIX O co­
CTO.SIHHH :mepro6JIOKOB no cneUHaJIH3Hp0BaH­
HhlM KaHanaM CB.Sl3H, pa3pa60TKOH sepmpHUH­
POBaHHhIX H arrecT0BaHHbIX aporpaMM HeHT­
POHHo-q>H3ffqeCKHX pacqeTOB. 

Ha A3C c PEMK-1000 B Hacrnm:uee spe­
M.SI npHMeIDDOTC.SI nporpaMMHbie KOMIIJieKChl 

nnami:posaHH.si: aeperpy:30K T0ilJIHBa, pa3pa6o­
TaHHhle Ha OCHOBe KO.lJ.O8 KOMTIJieKca 

3HEPnUI (BH1111A3C), Ko.n;os sADco 
(Hl1Kl13T) H STEPAN (PHQ "Kll") . 

,[(n.si: peruemrn 3a)laq rrrraHHpOBaHH.SI nepe­
rpY30K BH1111A3C pa3pa6ornH MO.UYJihHbIH 
naKeT OIIEPA-M npHKJia)lHhIX nporpaMM, B 
COCTaBe KOToporo HCilOJih3OBaHhI Bepm:pHUH­

poBaHHhie H arreCTOBaHHhie KO.Ubl KOMTIJieKca 

3HEPrIDI: POLARIS, TPOMKA, EOKP, 
OIITHMA, a TaK:>Ke 6H6JIHoTeKa KOHCTaHT 
EOKP-PEMK [4 .. . 7]. 

IlaKeT npHKna)lHhIX nporpaMM npe,uHaJ­
Ha qeH )lJI.SI: 

- MO.l{eJIHposaHH.SI pa60Th1 peaKTOpa C npHMe­
HeHJ{eM pa3nH'-!HhIX CTPaTen-IH neperpyJOK H 

nepecTaHOBOK TOIIJIHBa Ha )lJnfTeJihHhie nepH­

O.l{hI BpeMeHH; 

- M0,l{eJIHpOBa.HH.SI .neHCTBHH onepaTOpa peaK­
Topa no ynpaBnemno pacnpe)lerreHHeM 3Hep­
roBhI.UeneIDU1; 
- aHaJIH3a H3MeHeHH.SI HeffTPOHHO-q>H3:H'IeC­

KHX xapaKTepHCTHK PEMK-1000 npH HCII0Jih-
3OBaHHH pa3JIH'IHhlX CTpaTerHH neperpY3OK 

TOIIJIHBa H BHe.upeHHH HOBhIX THTIOB TOIIJIHBa; 
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- pa.3pa6onrn c-rpaTernH neperpy3KH TOIIJIHBa 

H rroaroTOBKH peKOMeHaaUHH anH TeKymero 

1rnaHHpOBaHHH rreperpY30K Ha A3C c PEMK-

1000; 
- TeKymero IlJiaHHpOBaIDUI rreperpY3OK Ha 

A3C. 

B paMKax rraKeTa nporpaMM cpopMaJIH30-

BaHhI OCHOBHble 3TaIIbl H MeTOaOJJOrH}I IIJiaHH­

poBaHl{}I neperpY30K, rrpeaycMo-rpeHHhie "TH­

rroBOH MeroaKI<oH .. . ". B cocTaB muceTa BKJII0-

1IeHh1 cneaYJOmHe rrporpaMMHhie MoaynH: 

- BhI6opa KaHaJIOB-KaHaHaaTOB Ha neperpY3-

KY C yqeTOM TeXHOJJOrH'IeCKHX orpaHH'IeHHH 

H c-rpaTerHH rreperpY30K TonnHBa; 

- cpopMHpoBaHl{}I rrocneaoBaTeJJhHOCTH nepe­

rp}')KaeMhIX KaHaJIOB; 

- npoBepKH BhIIlOJJHeHl{}I TeXHOJJOrH'IeCKHX 

orpaHH'IeHHH H pac1IeTHhIX KpHTepHeB npH 

rreperpY3Ke; 
- npocpHJJHpoBaHHH 3HepropacnpeaeneHH}I 

cTep:>KIDlMH CY3 (MoaenHpoBaHHe aeHCTBHH 

onepaTopa no ynpaBJJeHHIO 3HeproBhiaeneHH­

eM cTep)KH}IMH CY3); 

- pacqera 3HeproBbipa6oToK TBC; 

- pac'IeTa HeH-rpOHHO-cpH3H'IeCKHX xapaKTe-

pHCTHK (K03cpcpHUHeHTOB H 3cpcpeKTOB peaK­

THBHOCTH). 

C-rpyKTypa naKeTa nporpaMM no3BOJI.HeT 

npoBoaHn JaMeHy HJJH noaKJI101IeHHe aonon­

mneJihHhIX paC'IeTHhIX MoayneH. O6MeH aaH­

HhIMH Me)l(Jly Moay.lUI.MH ocymeCTBmeTCH C 

HCIIOJlb30BaHHeM 6a.Jbl aaHHhIX O COCTO.suIHH 

PY KOMIIJJeKca 3HEPBU[ H Ha6opa cpa11.noB 

o6MeHa aaHHhIMH. B paMKax KOMIIJJeKca rrpe­

aycMo-rpeHa B03MO)KH0CTh KOppeKTHpOBKH 

BXOaHhIX H HHTepcpeHCHhIX aaHHbIX OTaeJJb­

HhIX rrporpaMMHhIX MOeyJJeH B 3aBHCHMOCTH 

OT pernaeMOH 3aaa1IH, a TaIOKe B03MO)l(HOCTh 

cpopMHpOBaHIDl rn6KHX ueno'-IeK pa60Tbl MO­

.nyneH. 

2.1. Mooy11b VIBOR ,PopMUp06QllUR 
cnucKa Kauouoamo6 ua nepezpy3,ry onpeae­

meT CIIHCOK KaHaJIOB-KaHaHaaTOB Ha nepe­

rpYJKY c yqeTOM rny6HHhI BhiropaHHH TBC H 

TeXHOJJOrH'-IeCKHX orpaHH'IeHHH Ha neperpY3-

Ky. MHO)l(eCTBO KaHaJIOB-KaHaHaaTOB Ha ne­

perpy3KY JaaaeTC}I cpopMynoi1 

P = (M/(Ml UM2))UM3 , (1) 
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r.ne p - MHO)l(eCTBO KaHaJIOB-KaHaH,naTOB Ha 

neperpY3Ky; M- COBOKynHOCTh Bcex TK B aK­

THBHOH 30He; Ml - coBOKyrrHOCTh TK c rny-

6HHOH BbirOpaHl{}I MeHbIIIe JaaaHHOH (am 
Ka)l(Jloro THrra TK); M2 - coBoKynttocTh TK, 

3anpew,eHHbIX K neperpY3Ke IIOJJb3OBaTeJieM; 

M3 - COBOKyrrHOCTh TK, peKOMeHayeMbIX B 

KaHa11aaTbI Ha neperpY3KY cneUHaJIHCTOM 

A3C. 

Moaynh VIBOR MO)l(eT npKMeHRThCR anR 
noaroTOBKH CIIHCKa KaHaJIOB-KaHa11aaTOB Ha 

rreperpY3KY, rrposepKH 3a,naHHOro CIIHCKa Ha 

BbIIlOJJHeHHe TeXHOJJOrH'IeCKHX orpaHH'!eHHH, 

rroaroTOBKH CIIHCKa KaHaJIOB-KaHaH)laTOB Ha 

neperpY3KY C YlJeTOM IIOBTOpHoro HCIIOilh3O­

BaHH.H. 

IlpH MOaenHpoBaHHH arrHTeilbHOro rrepH­

oaa pa60ThI peaKTOpa CIIHCOK KaHaJIOB-KaH­

aHaaTOB o6HoBmeTCR nocrre MO,nenHpOBaHHR 

OaHOH HilH HeCKOilhKHX neperpY3OK. IlpH no.n­

roTOBKe 3a,naHHH Ha rreperpY3KY Ha A3C crrH­
coK rroaroTaBJJHBaeTC}I am pacqeTa Ka)l(Jloro 

3a,naHl{jl Ha 6 ... 10 neperpY30K. 

O□HCaHHhlli rroaxo.n IIOZOTOBKH CIIHCKa 

KaHaJIOB-KaH,nHaaToB o6ecrre'-IHBaeT: 

- Bh16op aAA neperpY3KH KaHanos, co,nep)l(a­

mHX TBC c MaKcHMaJihHOH HJIH 6JIH3KOH K 

MaKCHMaJihHOH rny6HHOH BhirOpaHHH (pa.JHOH 

arr.s1 Ka)l(Jloro THrra TBC); 

- Bh16op aAA neperpY3KH KaHanoB, coaep)l(a­
rn,Hx TBC C 3a,naHHblM ,nHaIIaJOHOM 3Hepro­

Bbipa6oTOK anH nepecTaHOBOK TBC; 
- BhIIIOJJHeHHe TeXHOJIOrH'-IeCKHX orpam-f'le­

HHH Ha neperpY3Ky. 

2.2. Mooy11b OPERA ,PopMupo6a1tuR no­
CJ1e006amenb11ocmu nepezpy3oK HCIIOJih3yeT 

cneaYJOD.lHH anropHTMa cpopMHpoBaHHR no­

crreaosaTeJJhHOCTH rreperpY30K. 

lfa ccpopMHpOBaHHOro CIIHCKa KaHaJIOB­

KaHaH,naTOB HaMeqaeTC}I HeKOTOpoe ql{CJJO N 
KaHaJIOB TaKHX, 'ITO rrpH 3a,naHHOM cpHKCHpO­

BaHHOM IIOJJO)l(eHHH CTep)KHeH CY3 neperpY3-

Ka N KaHaJIOB cpopMHpyeT CTOrr6eu MaTPHIJ.hl 
W pacrrpe,neneHHR 3ueprosh1aeneHHR, HaH6o­

nee 6rrH3Koro K perrraMeHTHpoBaHHOMy rrpo­
cp11n10 wpern 3HeproBbiaeJleHH}I. Ilocne Ka)l(­

aoH rreperpY3KH B paMKax Mo,nym1 rrposoa11T­
c.s1 rrposepKa BhIIlOJIHeHHR pacqeTHbIX KpHTe­

pHeB, 06ecrre'-IHsa10m11x cpopMHposaIDie cpH-



-

3J,fl-leCKH paBHOMepHOH 3arpy3KH aKTHBHOH 30-
Hbl peaKTopa. 

B MO,ll,yne npHMemi:eTca 2D HJIH 3D perne­
HHe ycnOBHO-KpHTHqecKOH 3a,l),atJH B ,ll,Byx.­
rpyrrnOBOM ,ll,HcpcpY3HOHHOM npH6nH)l(eHHH. B 
KatJecTBe 2D 6noKa HCIIOnb3yeTCJI nporpaMMa 
:60KP, a B Ka1-1ecTBe 3D 6110Ka - nporpaMMa 
POLARIS. 

ITpe,ll,CTaBHM ypaBHeHHe ,lJ,JlR pactJeTa 
3ueprOBbI,ll,eJieHJ,U1 B BH,ll,e 

W=AW/k><l>. (2) 

MarpH1IHblli onepaTOp A onHCbIBaeT npo­
ueccbI ,ll,eneHHR, nornoweHHR H ,ll,HcpcpYJHH 
HeHrpOHOB B peaKTope. <l>H3HtJeCKHH CMbICn 
BXO,ll,XIUero B ypaBHeHHe (2) nHHeHHOro one­
parnpa A 3a.I<J1IOqaeTCR B TOM, 'ITO k-My no­
KOneHHIO HeBrpOHOB COOTBeTCTBYeT none 

JHeproBhI,ll,eJieHHR A (k)W npH YCJIOBHH, 'ITO 
HyneBOMY ITOKOJiemuo COOTBeTCTByeT none 
JHeproBhl,ll,eneHHR W. 

PacCMOTPHM OIITHMH3auHOHHYIO 3a,ll,aqy 

IIO HaxO)K,lJ;eHHIO ua6opa {K, }:, KOOp,ll,HHaT N 
KaHaJIOB H3 MHO)l(eCTBa p TaKoro, lJT06hI rroc­
ne 3arpYJKH cBe)l(HX TBC B KaHaJihl c Koop,ll,H-

HaTaMH {K, },:, ,ll,OCTHraJICj{ MHHHMYM H0pMbI 

jw - W pen 11 · 3,ll,ecb W - perneHHe (2) npH 3a­

,ll,aHHOM nono)KeHHH cTep)l(HeH CY3. 
PerneHHe OI1THMH3aUHOHHOH Ja,ll,atJH Ha­

XO,ll,HTCR nYTeM nepe6opa Bcex B03M0)1(ffblX 
BapHaHTOB. BnonHe npHeMJieMbIH ,l),Jljl rrpaK­
THKH KOMnpOMHCC Me)K,lJ;y TOtJHOCThIO J,f Bpe­
MeHeM 11onyqeHHR pe3yJibTaTa ,ll,aeT cne,ll,YJO­
IUHH IIO,ll,XO,ll,. 

.nnx Ka)K,lJ;Oro Ka Hana ( H3 MHO)l(eCTBa P) 
BbllJJ,fCJijleTCR K03cpcpHUHeHT a, no cpopMYne 

a, =(rw;pernro,J/(rw; ro,J, (3) 
Jen, /en, 

f,ll,e w; 011pe,ll,eJijleTCR H3 (2), / - H0Mep KaHa­

na, oo, - BeC0Bbie MHO)l(HTeJIH. 

B (3) CYMMHPOBaHHe se,ll,eTCJI no HOMepaM 

KaHanoB H3 IIOJ1HRqeHKH IT, pa3MepHOCTH 
(5 X 5), B ueHrpe KOTOpOH pacnono)l(eH i-H Ka­

ttan. ITeperp~aeTCR npHHa,ll,Jie)l(alUHH MH0-

)KecTsy p KaHaJI C MaKCHMaJihHbIM a,. 

Ilo,l],rOTOBKa wpern OCYIUeCTBJljleTCR Ha oc­

HOBe THnoBoro npocpJ,fJljl pacnpe,ll,eJieHHR 
3HeproBbI,ll,eneHHR IIO pam1ycy aKTHBHOH 30-

Hhl peaKTopa, 0TKOppeKTHpOBaHH0ro Ha pac­

nOJlO)l(eHHe CTep)l(HeH A3 H "cTaH,ll,apTHoe" 
noJIO)KeHHe cTep)l(HeH CY3 [3]. 

,l(anee npoBO,ll,HTCH pacqe-r1,1 no nposepKe 
BbIIIOJIHeHHR KpHTepHeB npHeMneM0CTH 11epe­

rpY3KH no 3HaqeHHRM K03cpcpHU,HeHTOB HepaB­

HOMepHOCTJ,I 3Hepropacnpe,ll,eJieHIDI ,lJ,JlR "B03-

MYIUeHHOro" C0CTOHHHJI (nocne rrpoBe,ll,eHHH 

neperpY3KH) H pacqeT 110 npoBepKe B03MO)l(­
HOCTH K0MITeHCaUHH pacnpe,ll,eneHHH 3Hepro­

Bhl,ll,eJieHHH J,f nHHemrnH TeITJJOBOH HarpY3KH 

Ha TB3J1 CTep)l(HHMJ,f CY3. I1pH HapyrneHHH 

3THX orpaHHqeHHH neperpY3Ka oropaKOBbIBa­

eTCJI. 

IlpH pacqe-re HeCK0JlhKHX neperpY30K 

npHpameHHe 3Hepr0B1,1pa60TKH i-H TBC 3a 
speW! 11T Me)K,lJ;y ,ll,BYMJI nocne,ll,oBaTeJihHhI­
MH neperpy3KaMH onpe,ll,eJIJieTCH cpopMynow 

/1£, = W,11TC, (4) 

r,ll,e C BbllJ.HCJljleTCJI IIO cpopMyne 

C=PP/tw,. (5) 

3,l),eCb pp - TennOBM MOIIlHOCTh peaKTopa, a 

N me - tJHcno TBC B peaKTope. 

EcnH tJHCnO neperp~eHHhIX KaHaJIOB 

MeHbllle N ( o6bl'IHO I $ N $ 10), TO BhI6Hpa­
eTCH CJJe,ll,YIQIIlHH KaHan H3 CIIHCKa KaHaJI0B­

KaH,ll,H,ll,aTOB HJIH IlO,ll,TOTaBJIHBaeTCH HOBhIH 
CITHCOK no anropHTMY COOTHOllleHHH (1). 

TaKOH 110,ll,XO,ll, o6ecnetJHBaeT: 
- paBHOMepHoe pac11pe,ll,eneHHe neperpY30K 
no aKTHBHOH 30He peaKTOpa; 

- cpopMHposrurne 3arpY3KH C cpH3HtJeCKH paB­

HOMepHl>IMH CBOHCTBaMH; 

- pauH0HaJJhH0e HCII0Jib30BaHHe TOilJIHBa 3a 

cqeT MHHHMH3aUHH pa,ll,HaJJhHOH yretJKH HeHT­

p0H0B. 

2.3. Mooy11b npoq,u11up0Bau.u11 pacnpeoe-
11eHu11 :mepzo6blOe.neHu11 cmep:»eHllMU CY3 
npe,ll,Ha3HaqeH ,ll,JIJI rrposepKH BbITI0JIHeHHR 

TeXH0JI0rHtJeCKHX orpaHHtJeHHH no MaKCH­

MaJihHhlM M0lllH0CTH KaHaJia H mrneHHOH Teil­

nOBOH HarpY3Ke Ha TB3n. O,ll,HOBpeMeHHO npo­

BO,ll,HTCR oueHKa CO0TBeTCTBHR nonyqeHIIoro 

pacnpe,ll,eneHHX JHeproBhl,ll,eneHHH pernaMeH­
THpoBaHHOMY, ITpaKTH'leCKH npOH3B0,ll,HTCR 

MonenHposaHHe ,ll,eHCTBHH onepaTopa no yrr-
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pairneHHIO pacrrpe,ueneHHeM :rneproBhl.Uene­
HIDl B peaKTope. 

,[(JUI npoBe,n.emUI 2D MO,UeJIHpOBaHIDl B 
naKeTe rrporpaMM HCilOJih3yeTCSI MO.llYJih, oc­

HOBaHHhIH Ha nporpaMMe OTTTl1MA [ 4, 5]. 
IlpoqmnHpoBaHHe pacrrpe,uenem1S1 :meprOBhI­
,n.eneHHSI npoBO,ll,HTCSI 3a C'-leT H3MeHeHHSI rny­
forn norpy')KeHHSI cTep)l<HeH CY3. IlpH 3TOM B 
rrpouecce HTepaUHH no HCTO'-lHHKaM ,n.eneHHH 
MHHHMH3HpYeTCSI cpe,n.HeKBa,LJ,paTH''leCKOe OT­

KJIOHeHHe HCKOMoro pacnpe,n.eneHIDl 3Hepro­
BhI,D.eneKH.Sl OT 3a,D.aHHoro 3a CtJeT noIIIarOBoro 

nepeMemeHH.Sl cTep)lrneii CY3 ( W ➔ W,.,, ) . 
PeJynhTHPYIOll.lee pacnpe,LJ,eneHHe 3Hepro­

BhI,D.eneHHSI, KOTopoe nonyqaeTCSI nocne KOM­
neHcauHH Ka)K)J.OH neperpyJKH TK CTep)KHSIMH 

CY3, npHMeIDreTCSI B (4) ,l],JISI BhNHCJieHHSI 

npHpameHIDl 3ueproBb1pa60TKH TBC ( M , ) 
Ha Ka)K)J.OM BpeMeHHOM mare no BbITOpaHHIO. 

,[(AA ,n.eTanbHOrO MO,LJ,eJIHpOBaHH.SI KOMneH­
cauHH neperpY30K TK CTep)l(HjlMH CY3 B na­
KeTe npHKJia,D.HbIX nporpaMM HCnOJih3yeTCSI 

Mo,n.ynh, octtoBaRHhIH Ha nporpaMMe PILOT 
[8]. B 3D reOMeTpHH C YlJeTOM 01-pa60TKH 
CTep)KHeH JIOKanbHOro aBTOMan11IeCKOro pe­

rynHpOBaHJrn (JIAP) pernaeTc.Sl 3a,n.aqa o6pa-
6oTKH HHq>OpMal.{HH ,D.AA BhI6opa JIOKanbHbIX 
yqacTKOB aKTHBHOH 3OHhl peaKTopa ,l],JI.Sl one­

paTHBHOro BO3,UeHCTBH.Sl. TTpH pernemm 3a,n.a­

'-IH npHMeHeH MeTOA KJiacTepuoro aHanHJa [9]. 
HaH6onee Ba)KHblMH H cymecTBeHHhIMH 

q>H3~eCKHMH xapaKTepHCTHKaMH ,ll,AA aHanH-

3a COCTO.SlHIDl aKTHBHOH 3OHhl .SlBJI.SlIOTC.Sl cne­

.llYIOlllHe: 
- TeilJIOBM MOlllHOCTh KaHana, 
- K03q>q>HUHeHT Janaca ,l],O KpH3HCa Tenrro-
o6MeHa, · 
- BeJIH'lHHa mrneHHoH TennoBOH HarpyJKH Ha 

TB3JI, 

- TeMIIepaTypa rpaq>HTOBOH KJia,LJ,KH B6JIH3H 
KaHana. 

IlpH perneHHH 3a,LJ,a'-IH YlJHTbIBaeTC.Sl rrpo­

c1-paHCTBeHHOe B3aHMOpacnOJIO)KeHHe BhI-

6paHHhIX JIOKanbHblX yqacTKOB aKTHBHOH 30-
Hhl. Ilocne Toro, KaK 3OHhl onepaTHBHOro BO3-

,LJ,eHCTBIDl JIOKanH3OBaHbl, pernaeTCSI 3a,LJ,a'-la 

Bb16opa cTep)l(HeH CY3 ,LJ,JISI perynHpoBaHH.SI 
[8]. 

3a,n.aqa CBO,l],HTCSI K CJie,LJ,YIQllleMy. Cyme­
CTByeT MHO)KeCTBO { C} cTep)l(HeH CY3, c no-
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MOlllhIO KOTOpbIX BO3MO)KHO yrrpaBJieHHe pac­

npe,ueneHHeM 3HeproBhI,LJ,eJieHH.Sl B aKTHBHOH 

30He peaKTopa. I-fa HHX Heo6XO.UHMO BhI,D.e­
JIHTh q>HKCHpOBaHHhIH Ha6op { P} CTep)KHeH, 
peKOMeH,llOBaHHhIX Ha norpy')Kemte, H <pHKCH­

posaHHhlH Ha6op {R} CTep)l(HeH, peKOMeH,D.0-
BaH!lhIX Ha H3BJietJeHHe, TaKHM o6pa30M, '-ITO-

61,1 B pe3yJihTaTe BhillOJIHeHH.Sl npe,ll,JIO)KeHHOH 
c1-paTerHH yrrpaBJieHH.SI ,ll,OCTHraJICSI MaKCHMYM 
pa3HOCTH rrpH ycJIOBHH coxpaHeHH.SI KpHTH'-1-

HOCTH peaKTOpa, T.e. 
min(WTenn.Aon - Wrenn.i), (6) 
min(WnHH.Aon - WnHH.i), (7) 

r,n.e i - HOMep TOITJIHBHoro KaHana; Wrenn.Aon -

,LJ,onyCTHMOe 3HatJeHHe TenJIOBOH MOlllHOCTH; 

WnHH.Aon - .n.onycTHMoe 3Ha'-leHHe JIHHeHHOH 
HarpyJKH Ha TB3JI. 

B1,1paBHHBaHHe pacnpe,n.eneHH.SI 3Hepro­
BhI.Uenettm1. nocne neperpyJKH B nporpaMMe 
PILOT npoHJBO,D.HTC.Sl c yqeToM 01-pa60TKH 
CTep)KHeH JIAP. 

Mo,LJ,yn1, PILOT pacclJHThIBaeT peKoMeH­
,n.yeMYIO KOMneHCal.{HlO BO3M)'IlleHHSI npH ne­

perpyJKe TK Ja cqeT nepeMemeHHSI cTep)l(HeH 
CY3, a MOAYJih TTPOrHO3 - nporuoJHoe pac­
npe,n.enemie 3HeprOBhI.UeneHHSI c yqeToM 
npe,LJ,naraeMOH KOMTiettcaUHH H 01-pa60TKH 
cTep)KHeH JIAP. Ilocne :noro npoHJBO.UHTC.Sl 
pactJeT JJHHeHHOH TeilJIOBOH uarpyJKH Ha TB3JJ 

C HCnOJih30BaHHeM 3D MOAYJISI, OCHOBaHHOro 
Ha nporpaMMe POLARIS. OKOHtJaTeJibHOe 
1-pexMepHoe pacnpe,n.eneHHe 3HeproBhI.Uerre­
HHSI BhNHCJI.SleTC.Sl YMHO)KeHHeM HaH,UeHHOfO 

pattee .llBYMepHoro 3Hepropacnpe.ueneHHSI W 
Ha IlOKaHaJihHhlli BhICOTHhIH npo<pHJih 3Hepro­

pacnpe,LJ,eJieHIDl, pacc'-IHTaHHhIH no nporpaMM­
Me POLARIS. 

HecMOTJ).Sl Ha OTCYTCTBHe npoue.uyphl on­
THMH3al.{HH aKCHaJihHOro pacnpe.ueneHIDl 

3HeproBhI,D.eJiemrn, MO.llYJih npH MO,UeJJHpOBa­

HHH neperpyJOK .uaeT aKCHaJihHoe pacnpe.ue­
neHHe 3HeproBbI,UeJieHH.Sl, KOTOpoe Y.llOBJieT­

BOpSleT ycJIOBHIO HenpeBhIIIIeHH.SI 3a,UaHHhIX 

orpaHH'-leHHH no JIHHeHHOH TeIIJJOBOH HarpyJ­
Ke TB3Jia. 

CxeMa Bhl'lHCJieHHH c npHMeHeHHeM npo­
rpaMMhI PILOT CBO.UHTCR K cne.uYIQmeMy. B 
MO,UeJib BHOCHTC.Sl BO3MymeHHe (neperpyJKa 

TK). IlpOH3BO,llHTC.Sl pacqeT pacnpe.ueneHIDl 

3HeproBbI,UeJieHH.Sl B B03MymeHHOM COCTOR-
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HHH. B6JIH3H Ka)K,L{oro H3 CTep)l(HeH CY3 pe­

rynHpoBaHH.SI BbNHCJI.ileTC.SI cpe.D,HeB3BellleH­

}iOe OTKJIOHeHHe OT pernaMeHTHpOBaHBOfO 

pacnpe.D,eneHIDI :rneproa1,meneHID1, JIHHeHHOH 

TenJIOBOH HarpY3KH Ha TB3JI H T.IT. 

B KaqecTBe o6naCTH HHTerpHpOBaHIDI BbI-

6HpaIOTC.SI KaHaJibI, HaXO.ll,.SIIUHeC.SI a npe.D,enax 

TPeX 6nmKaii:umx pa.D.Hycoa a6JIH3H jfqeMKH c 

CY3 (B lliarax pellieTKH). nonyqeHHbie 3Haqe­

HHR copTHp)'lOTC.SI ITO y6hrnaHHIO. ilpH aHaJIH-

3e OTCOpTHpOBaHHOro MaCCHBa BbI6HpaeTC.SI 

CTJ)aTerH.SI KOMileHcau.HH B03MymeHIDI - H3-

BJieqeHHe HJIH norpy,KeHHe CTep)KH.SI CY3. 

,[(JI.SI 3a}].aHHOfO KO.JllilleCTBa CTep)KHeH 

CY3 cpopMHpyeTcH nepeMemettHe. 1-hMeHeHHe 

IIOJIO)KeHH.SI CTep)KffeH CY3 npOH3BO.ll,HTC.SI 

nponopI{HOHaJibHO OTHOCHTeJibHOMY OTKJIOHe­

HHIO napaMe'fl)OB BOKpyr CTep)KH.SI CY3. Bhl­

ITOJIHReTcx pacqeT H3MeHeHIDI IIOJIO)KeHIDI 

CTep)l(HeH: JIAP B COOTBeTCTBHH co IIlTaTHbIM 

anropHTMOM HX pa6oTbI [2]. nocne pacqera 

.ll,JIH HOBOro IlOJIO)KeHH.SI CTep)KHeH rrpoa:ecc 

DOBTOp.HeTC.SI. BbIXO.ll, H3 rrpou.ecca ocymecT­

BJI.SleTC.SI npH OTCYTCTBHH nepeMemeHHH CTep­

)l(HeH CY3 no OTHOllieHHIO K npe.D,bI.D.ymeMy 

mary. 

B KOHQe pa6oTI,I npOH3BO.ll,HTC.SI TJ)eXMep­

HbIH pactJeT pacnpe.D,eneHIDI JHeproBhl.D.eJie­

HH.SI, JIHHeHHbIX TeIIJIOBbIX HarpYJOK Ha TB3JI H 

K 3<J> no nporpaMMe POLARIS. OTMeTHM, qrn 

a6COJIIOTHOe rrepeMemeHHe CTep)KHeH JIAP 
OTHOCHTeJibHO HCXO.ll,HOfO COCTO.SIHIDI KOCBeH­

HO nO.D,TBep)K,L{aeT Ka':leCTBO rrpe.D,JIO)KeHHOH 

KOMIIeHcaa:HH (qeM MeHbllle H3MeHHJIOCb ITO­

JlO)KeHHe CTep)l(HeH: JIAP' TeM rryqllie KOMileH­

CHpOBaHO B03MYII.J.eHHe). 

OITHcaHHa.SI cxeMa s OCHOBHOM 11crron0Jy­

erc.S1 rrpH TeKymeM nnaHHpoaaHHH neperpy-

3OK, a TaK)Ke .ll,JI.SI MO.D,eJIHpOBaHH.SI neperpY3OK 

B TeqeHHe OT 1 ... 2 MeC.SIQeB .ll,0 1 fO.D,a pa60Tbl 

peaKTopa . 

.n:JI.SI MO.D,eJIHpOBaHIDI neperpY3OK Ha .ll,JIH­

TeJibHbIH nepHO.ll, pa60Tbl peaKTopa C yqeTOM 

BbipaBHHBaHIUI o6beMHOro 3Hepropacnpe.ne­

JieHH.SI Ha ocHose rrporpaMMbI POLARIS pa3-

pa6oTaH TpexMepHbIH MO.D.YJib rrpocp11n11posa­

HHj1 3Hepropacnpe.D,eJieHH.SI CTep)KIDIMH CY3. 
ITp11MeHemie 3Toro M0.ll.YJI.SI rro3B0JI.SleT nposo­

AHTb MO}].eJJHpOBaHHe rreperpY3OK C .D,eTaJib-

HblM yqeTOM aKCHaJihHOro npoq>HJI.SI 3Hepro­

Bhlpa6oTOK TBC. 

OrrTHMH3aUIDI o6beMHoro 3Hepropacrrpe­

}].eJieHIDI npoBO.ll,HTC.SI nyTeM H3MeHeHIDI rny-

6HHhI norpy,KeHiiH CTep)KffeH CY3 HTepaa:H-

0HHbIM cnoco6oM. Ha Ka)K}].OM mare (HTepa­

I.J.HH) npH 3a.D,aHHOM IIOJIO)KeHHH CTep)KHeH 

CY3 BbID0JIHHeTC.SI pactieT rpexMepHoro pac­

npe.D,eneHIDI 3HeproBhl.D.eJieHHH no nporpaMMe 

POLARIS H orrpe.D,en.S1eTc.S1 HOBoe IIOJIO)KeHHe 

cTep)KHeH CY3, 06ecrre'lllBaiomee yMeHorne­

HHe KpHTepIDI OITTHMH3aI.J.HH. 

Bb16op HaITpasneHH.S1 H aeJIHtJHHbI nepe­

Mern.eHIDI Ka)K,L{OfO CTep)KH.SI CY3 BblilOJIBjleT­

C.SI C yqeroM 3HaqeHHH cne.ll,)'lOlllHX qJ)'HKUHO­

HaJIOB: 

- MaKCHMaJibHaH MOIUHOCTb TK Ha 3a.D,aHHOM 

paCCTO.SIHHH OT Ka)K,L{oro CTep)Km CY3; 

- MaKCHMaJibHa.SI JIHHeHHa.SI TeIIJIOBa.SI HarpY3-

Ka Ha TB3JI Ha 3a.D,aHHOM paCCTO.SIHHH OT Ka)K­

.D,Oro cTep)KHH CY3; 

- OTKJI0HeHHe OT pernaMeHTHpoBaHHOfO 

3Hepropacnpe.D,eJieHH.SI cpe.D,HeH MOlllHOCTH 

TK no o6naCTH BOKpyr Ka)K,L{0fO CTep)l(JUI 

CY3; 

- OTKJIOHeHHe 3cpcpeKTHBHOro K03<pq>HUHeHTa 

pa3MH0)KeHH.SI OT 3a,naHHOro 3HaqeHIDI; 

- OTKJIOHeHHe CyMMapHOH MOil.{H0CTH TK ITO 

IIOJIOBHHaM peaKT0pa; 

- OTKJIOHeHHe aKCHaJibHOfO pacnpe.D,eJieHIDI 

3HeprOBbI}].eJieHH.SI OT 3a}].aHHOfO. 

IlepeMern.eHHe CTep)l(HeH CY3 npoBO.ll.HT­

C.SI TaKHM o6pa30M, qT06bI MHHHMH3HpOBaTb 

CyMMY YKa3aHHbIX qJYffKUHOHaJIOB, KOTOpbie 

3a.D,aHbl C pa3JIH""IHbIMH secaMH npH BhI6paH­

HbIX orpaHHtieHHHX Ha rrepeMeIUeHI-le CTep)K­

HeM CY3. Bb16op HarrpaaneHIDI nepeMeII.leHIDI 

CTep)KffeH CY3 OCHOBaH Ha anpHOpHOM 3Ha­

mrn, ':ITO npH norpy,KeHHH CTep)KH.il B aKTHB­

H)'lO 30HY MOIUHOCTH, JIHHeHHhie TeIIJIOBbie 

HarpY3KH Ha TB3JI H 3cp<peKTHBBbIH K03qJ<pH­

U:HeHT pa3MHO)KeHH.SI (peaKTHBHOCTb) )'MeHb­

rnaIOTC.SI, a npH H3BJiet.J.emrn cTep)KH.SI - Hao6o­

poT, B03pacTaIOT. 

lfrepauHH 3aBepllialOTC.SI npH .llOCTH)KeHHH 

3a.D,aHHbIX npe.neJJOB no MaKCHMaJibHbIM MOlll­

H0CTH TK H JIHHeHHOH TeIIJJOBOH HarpY3Ke Ha 

TB3JI, a TaK)Ke B TOM cnyqae, eCJJH ':IHCJJO HTe­

paI.J.HH rrpeBblCHJIO 3a,naHH0e MaKCHMaJibHOe 

3Ha1:1eHHe. 
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OnncaHHhIH MOJJ.ym, HcnoJib3yeTCH JJ,Jrn 
pacqeTa rpeXMepHoro pacnpeJJ,enemui: 3Hepro­
BbIJJ,eneHH,i: H mrneHHbIX TeIIJIOBblX HarpY3OK 

Ha TB3JI. Pe3yJ1bTaTbI pacqeTa rrpHMemlI-OTCj{ 

JJ.Jijl oueHKH KoMITettcaum-1 neperpY30K cTep)l(­
Hj{MH CY3, HX OT6paKOBKH n pacqeTa BbITO­
paHHj{ TOITJIHBa. 

2.4. Modyne.M pac11ema 11eumpo11110-tJ>u-
3u11ecKux xapaKmepucmuK peaKmopa cny­
)l(HT rrporpaMMa TPOHKA [ 4, 7], B KOTopoi-i 
peaJlH30BaH anropHTM pacqeTa rpexMepHOH 
crnunoHapHOH MOJJ.eJIH PEMK B JJ.Byxrpynno­
BOM JJ.H<pqlY3HOHHOM IIpH6JIH)l(eHHH. HcxoJJ,­
Hbie ypaBHeHHj{ JJ,HCKpeTH3HpoBaHbI Ha ceMH­

T0'ie'iHOM pa3H0CTHOM wa6JIOHe. PerneHHe 
ypaBHeHHH ocyruecTBAAeTC.ll HTepaUHOHHhIM 

cnoco6oM C HCI1OJII,3OBaHHeM BHelllHHX HTe­

paUHH - no HCTO<JHHKaM Hei-irpoHoB JJ,eJieHn,i: 
H BHyrpeHHHX - IIO nOTOKaM HeHTpOHOB. 

llpH pellleHHH rpexMepHoro ceTOt.JHoro 
ypaBHeHHj{ pelllaeTCj{ .llBYMepHOe ypaBHeHHe 

JJ.AA Ka)l(,lloro cno,i: no BhICOTe peaKTopa, a l{Jle­
Hhl ypaBHeHHH, COOTBeTCTBYI-OIUHe aKCHanb­

HhIM nepeTe1IKaM HeHTpOHOB, JJ.06aBJij{K)TCjJ: K 
HCTOtfHHKaM HdiTpOHOB B cno,i:x. PemeHHe B 

Ka)l(JJ.OM CJI0e npOBOJJ,HTCj{ no MeTO.llY HenoJI­

HOH q>aKTopH3aUHH H.0. EyneeBa B co'ieTa­
HHH C ycKopeHHeM no )l(eCTKOCTH cneKTpa. 

,[(ml ycKopeHHH BHelliHHX HTepaUHH npHMeHj{­

eTCj{ MeTOJJ, IIepeMeHHOfO CJJ,BIITa C "qefihIIIJeB­

CKHMH" napaMerpaMH, ynopHJJ,OtfeHHhIMH IIO 
anropHTMY B.11. J1e6eJJ,eBa. 

JJ:AA pactfeTa IlJIOTHOCTH rrapOBOJJ,HHOH 

CMeCH B TOIIJIHBHOM KaHane Hcnon1,3yeTCj{ MO­

JJ,eJib, B KOTOpOH npeJJ,ITOJlaraeTCj{, tfTO Ha'iano 

KHneHIDI BOJJ.hI IIO BhICOTe TK HMeeT pe3KO 
Bbipa)l(eHHYI-O rpam1uy C 3KOHOMaH3epHblM 

yqaCTKOM 011peJJ,eJieHHOH ,llJIHHbl. lloTepei,i 

JJ,aBneHHH Ha 3TOM yqacTKe npeHe6peraeTc,i: 
( CtfHTaeTc,i:, 'ITO JJ,aBJieHHe Ha BCeM 3KOHO­

MaH3epHOM yqaCTKe paBHO JJ,aBnemno Ha BXO­

JJ,e B Kattan). 3HatfeHHe .naBJieHHH Ha JIHHHH 
Hac1,nueHHj1 npHMeffj{eTC.ll KaK KoppeKTHpye­

MhIH napaMeTp, .naK>IUHH 3Ha'ieHHe cpe.nttei-i 
IlJIOTHOCTH TennoHOCHTeAA B KaHane npH 

"perrepHhlx" 3Ha'ieHHHX napaMerpa WTK/GTK 
(WTK - MOIUHOCTh KaHana, GTK - pacxo.n TeII­
JIOHOCHTen.ll qepe3 Kattan) TaKHM )l(e, KaK B 
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pac'ieTax IIO 6onee .neTaJihHbIM TennorHJJ,paa­
JlH"tfecKHM KO,llaM. 

MaccoBoe napoconep)KaHHe B KaHane pac­
C'iHTbIBaeTCj{ no TeIIJIOBOMY 6anaHcy. llnoT­
HOCTh napoBO,llmOH CMeCH Ha HCnapHTeJibHOM 

yqaCTKe paCCtfHTbTBaeTCj{ C yqeTOM npocKanb-
3bIBaHJ{j{ q>a3 (BOJJ,bl H napa). lloKaHaJihHbie 

pacxOJJ.bI Bo.m,1, naBneHH.ll B 6apa6aHax-cena­
paTopax H 3Ha'ieHHj{ TeMnepaTypbl BO.llhl BO 

BCaCbIBaI-OIUHX KOJIJieKTopax HCOOJib3YI-OTCjJ: B 

KaqecTBe BXOJJ,HOH HHq>OpMau1rn nporpaMMhI. 

PacnpeJJ,eneHH,i: nnoTHOCTeH TennoHOCH­
Ten,i: no BbICOTe KaHanOB onpeJJ,eJij{IQTCjJ: B ca­

MOCOrnacoBaHHOM pacqeTe ITJIOTHOCTeH Ten­

JIOHOCHTeAA H TpexMepuoro pacnpe.neneHH.ll 
3HeproBbl,lleJieHHj{ BO BHeurneM HTepaUHOH­

HOM rrpouecce rrpH peweHHH CHCTeMbI JJ.Byx­

rpynnoBbIX JJ.Hq>q>Y3HOHHblX ypaBHeHHH. 
OIIpeJJ,eJieHHe aKCHanbHOro rrpocpHJijl 

3HeprOBbipa60TOK TBC no BbICOTe peaKTopa 
ocyruecTBAAeTCj{ C rrpHMeHeHHeM CTaUHOHap­
HOH rpexMepHOH pacl.JeTHOH MOJJ,eJIH peaKTOpa 
H IIOKa3aHHH (HJ1H MOnenHpOBaHHj{ nOKa3a­

HHH) BHYTpHpeaKTOpHblX JJ,aT'IHK0B (BP,[{) 
KOHTpOJijJ: BblCOTHOro 3HeproBbIJJ,eJieHJUI. 

PaC'ieT HeHTpOHHO-cpH3K'-leCKHX xapaKTe­

pHCTHK no nporpaMMe TPOHKA rrpoBOJJ.HTc,i: 
B cneJJ.yromei-i nocne.noBaTeJibHOCTH. Bbmon­
Hj{eTC.ll BOCCTaH0BJieHHe o6beMHoro pacnpe­
.neneHHj{ 3HeproBbipa6oTOK H 3HeprOBbl,llene­
HHj{ no noKaJaHHHM BP.D: H npoBO.llHTC.ll caMo­
cornacoBaHHhIH HeHTpOHHO-TeITJiorH,npaBJIH­
qecKHH pactfeT, a TaK)Ke pactfeT ueHHOCTH 
HeHTpOHOB JJ.AA oueHKH 3cpcpeKTOB peaKTHB­
HOCTH no Teopml BO3MyrueHHH. 

3cpcpeKTbl peaKTHBHOCTH MOfYT onpene­
AATbCj{ H npHMbIM pacqeTOM, IIO.ll KOT0pbIM 

noHHMaeTC.ll pa3HOCTh K!! H K~l, IIonyqeH­

HaH JJ,JI.ll .llByx COCTOj{HJ,{H. B 3TOM cnyqae pe­

aKTHBHOCTb onpe;:teJijleTCj{ CJieJJ,yroIUHM COOT­
HOIIIeHHeM: 

p = (K~> - K~)l(K~> K!!)- (8) 

llpH MO,nenHpOBaHHH pa60Tbl peaKTOpa Ha 
JJ,JIHTeJibHblH cpoK BMeCTO nOKaJamrn BP,[{ HC­
nOJib3YI-OTCj{ pe3yn1,TaTb1 pacqera pacnpe,ne­
nemrn 3HeproBbrneneHH,i: no nporpaMMaM 
POLARIS HJIH OTTT11MA. 

HH)l(e npHBe,ll,eH nepeqeHh oCHOBHhIX Hei-i­
TpOHHO-cpH3HqecKHX xapaKTepHCTHK, paCC'iH-



TbIBaeMbrx rro rrporpaMMe TPOHKA. J,fa pac­
qeT0B Ha K31j> nm1 pa3mPIBhIX cocTomrHH pe­

ruc:Topa orrpenemnoTC.ll cnenyiom11e xapaKTe­

pHCTHKH [10]: 
- C)'MMapHM 3cpcpeKTHBHOCTb opraH0B CY3; 

- 3cpq>eKTHBHOCTb opraH0B A3, 3cpcpeKTHB-

H0CTb opraH0B A3 6e3 0,l(H0ro HaH6onee 3cp­

cpeKTHBH0ro; 

- 3cpcpeKTbI o6e3BO)KJ,fBaHIUI K0HTypa CY3 H 

KMIII.J:; 
- Il0.llKPHTHqH0CTb peaKTopa B COCTO.slHHH C 

MaKCHMaJibHbIM K31j>; 
- K03cpqnnlHeHT peaKTHBHOCTH no TeMIIepa­

Type TOnJIHBa; 
- K03cpq>HIJ.HeHT peaKTHBHOCTH no TeMnepa­

Type rpacp11rn; 
-O3P; 

- JIHHeKHM TennoBa.11. ttarpY3Ka Ha TB3JI. 

bbICTPhlli MOll{HOCTHOH K03cpq>HUHeHT pe­
aKTHBHOCTH paCC'IHTbIBaeTC.ll H3 COOTROIIIeHH.ll 

- d<p dTl 
aw - a<p dw + at dw ' (9) 

rne <p - OTR0CHTeJihttoe o6beMHoe napoco­

.uep)KaHHe, T1 - TeMIIepaTypa TOTIJIHBa. IlpoH3-

BO.l(HM d<pldw paccqHTbIBaeTc.11. npH H3Mette­

HHH MOillHOCTH Ha 50 MBT. 
IlpH pacqcre napOB0ro K03<pq>HUHeHTa 

peaKTHBHOCTH npHMeIUieTC.ll TeopH.ll MaJibIX 

B03Myru:emrn. 

3. TecTHp0B3HHe rraKeTa npHKJI3JlHblX 

nporpaMM nJI3HHp0B3HHH neperpy30K TK 

KaK )')Ke OTMeqanocb, B Kat.IecTBe MO.lly­

neii naKcra npHKJia.llHhIX nporpaMM nnaHHpo­

BaHH.ll neperpY30K HCnOJib30BaHbI BepHq>HUH­

pOBaHHbie H aTTeCTOBaHHble pact.IeTHbie KO.llbl. 

Hx BepH<pHKaUH.ll npOBO.llHJiaCh Ha OCH0BaHHH 
cpaBHeHH.ll pe3ynbTaTOB pacqeTOB C npeUH3H­

OHHbIMH KO.llaMH, a TaK)Ke naHRbIMH H3Mepe­

HHH HeHTPOHHO-<pH3H'-leCKHX xapaKTepHCTHK. 

IlpoBepKa npHMeHMMOCTH naKeTa OIIE­

PA-M nporpaMM .llJI.ll MonenHpoBaHIDI nepe­

rpY30K TK PEMK-1000 npoBenetta nYTeM co­
nocTaBnemrn pacqeTHblX H 3KCnepHMeHTaJib­

HblX .llaHHhIX, nonyqeHHbIX npH 3KCnnyaTa­
rurn. 

B Ka'ieCTBe npHMepa mnKe npHBe,neHbl 

pe3yJ1bTaTbI TeCTHpOBaHH.11. naKeTa nporpaMM 

Ha peanbHblX COCTO.llHIDlX 3Hepro6noKa N!! 2 

CMoneHcKOH A3C. TecTHpoBaHHe npoBO.llH­

nocb .llJI.ll KaK .llB)'MepHoro, TaK H TPeXMepHoro 

Mo,uyneK pacqern MOIUHOCTeH H KOMIIeHcauHH 

neperpY30K TK CTep)l(IDIMH CY3. 
B Ka'leCTBe HCXO,UH0ro COCTO.llHHJI HC­

nOJib30BaH0 cocTo.11.HHe PEMK-1000 3Hepro-

6noKa N!! 2 CMoneHcKoii A3C oT 27.12.2007. 

IlpH npoBe,UeHHH paC'leTOB npHMeHeH "cTaH­

.uapTHbrn" ,un.ll 3Hepro6noKa N!! 2 CMonencKoH 

A3C npoq>HJlb pacnpeneneHH.ll 3HeproBbI,Ue­

neHH.ll no pa,u11ycy aKTHBHOH 30Hbl C 30HOH 

rrnarn pan11ycoM 4, 75 M. 

Uenh TeCTHpoBaHHH - nonyqeHHe pacnpe­

,uenemrn rny6HHhI BhrropaHH.ll TBC nocne MO­

.uen11poBaHHJ1 O,UHOro 3cpcpeKTHBHOro ro.ua pa-

6oTbI peaKT0pa C HCnOJib30BaHHeM peaJibHOro 

CTIHCKa rrpoBeJleHHhIX neperpY30K. TeMTI rre­

perpY30K BbI6HpaJIC.ll HCXO,U.ll H3 ycn0BH.ll no.u­

nep)Kalilrn K31j>. ,[];ml oueHKH TO'-IHOCTH MO,Ue­
JIHpOBamrn npOBO,UHJICs.! aHaJIM3 OTKJIOHeHHH 

pac'ieTHhIX 3Hat.Iemrn rny6mn,1 BhrropaHHJI 

TBC H peanbHhIX, nonyqeHHbIX npH 3Kcrrnya­

TaJJ.llli. 
OTKJIOHeHH.ll paCC'-IHTbIBaJIHCb no cpopMy­

ne 0nm = (Ereal - Eca1c)/<E0u1>x 100, r,ue OTKJI 

- 0TKJIOHeHHe B nponeHTax; Ereal H Ecalc - co­
OTBeCTBeHHO peanbHM 11 pacqeTHM rny6HHa 

BhrropaHH.ll TBC; <E0 u1> - cpe,nHJl.ll rny6HHa 

BhrropaHHJ1 Bhrrp)')KaeMbIX TBC, npHMeHJI­

eMa.ll JlJI.ll pacqern (= 2 769 MBT·cYTITBC). 
KapTOrpaMMbI OTKJIOHeHHH pacqeTHbIX H 

pea1IbHhIX 3Ha'leHHK rny6HHhl BbITOpaHIDl 

np1rneneHh1 Ha pHc. 9 (2-R cmp. tfBem1-1oii 
BK1za<JKu). Ha KaprnrpaMMe 9a) .UaHhI pe3yJih­

TaThI MonenHpOBaHH.ll C HCTIOJib30BaHHeM 2D 

MonyneK pacqcra H npocpHnHpoBaHHJI pacnpe-
. JleJieHIUI 3HeproBbI.UeJieHH.ll . .[(HcnepCHs.! OTK­

JIOHeHHH 3Ha11eHHH rny6HHhI BhrropaHH.ll TBC 

COCTaBJI.llJia 2,6 (%)2, a MaKCHMaJibHOe OTKJIO­
HeHHe 6,5 %. PacqeTHOe 3HaqeHHe KOJil,fl'leCT­

Ba 3cpcpeKTHBHbIX CYTOK pa60Tbl peaKTopa OT­

JIHqacrc.ll OT peanbHOro MeHee, qeM Ha 4 %. 
Ha KaprnrpaMMe 96) IlpHBe)].eHbI pe3yJih­

TaTbl MonenHpOBaHHJI C npHMeHemteM 3D M0-

.11.yneH. ,[1,HcnepcH.ll OTKJIOHeHHH 3Ha'leHHH 
rny6HHbI BhrropaHIUI TBC cocTaBJrnna l, l 
(%)2, a MaKCHMaJibHOe OTKJIOHeHHe 4,4 %. 
Pact.IeTH0e 3HaqeHHe KOJIHqeCTBa 3cpcpeKTHB­

HbIX CYTOK pa6on,I peaKTopa OTmIqaeTC.ll OT 

peanbttoro Ha 1 %. 
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A.Hanorwrn1,1e pacqeTI>I npoae.ueHI>I c BM-

6opoM CIIHCKa neperpy3oK TK no Mo.uymo 

VIBOR, npH :noM cnHCOK neperpY30K OTJIH­

qaeTCR OT peaJlbHOro. CpaBHeHHe 3HaqeHHH 

rny6HHbI BbITOpaHHR npOBO,llHJIOCI, ,llllil Hene­

perpy')KeHHbIX TBC. Ha pHc. l O (2-R cmp. 
i,eem1-1oii 6Klla0KU) npHBe,lleHbI KapTorpaMMbl 

OTKJIOHeHHH pacqeTHbIX H 3KCnepHMeHTaJlb­

HbIX 3HatieHHH rny6mn,r BbITOpaHHR Heneper­

py')KeHHI,IX TBC npH 2D (a) H 3D (6) MO)J.eJIH­

poBaHHH. OTJIHqffR a CIIHCKe peanbHblX H pac­

tieTHbIX neperpY30K Ha KapTorpaMMax OTMe­

qeHI,I 3H3KOM (x). MaKCHMaJlbHOe OTKJIOHeHHe 

3HaqeHHH rny6HHJ,I BbITOpaHHR TBC COCTaB­

JUleT 5,2 % {2D pacqeT) H 6,2 % (3D pacqeT). 

Ha pHC. 11 IlOKa3aHO H3MeHeHHe aKCHaJlb­

Horo npocpHJIR BI>rropaHHR OTJJ.eJibHhlX TBC 3a 

O,llHH ro.u pa60TI,I peaKTOpa. l13MeHeHHe pac­

CtJHTaHO KaK pa3HOCTb Me)l()J.y KOHetIHJ,JM H 

HatJaJlbHl,IM npocpHllilMH BI,ITOpaHH.SL ~ B03-

MO)KHOCTH COTIOCTaBJieHHR .uaHHI,IX no aKCH­

aJlbHOMY npocpHJIIO BhITOpaHHR OHH HOpMHpo­

BaHhl Ha 1. 
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IlpHBe,lleHbI "xapaKTepHMe" rrpO(pHJIH .llJIR 

TBC, pacnoJIO)KeHHhIX B6JIH3H YCII, cTep)K­

Reif PP, a TaIOKe .un.i1 TBC c ornocHTeJII>HO 

MaJlblM H 60JiblllHM 3HatJeHHRMH rny6HHbl 

Bhiropamrn. Ha pHc. 12 H 13 (3-R cmp. 
i,eenmou 6Kl1GOKU) IlOKa3aRO, KaK MeHRJIHCI, 

BO BpeMeHH xapaKTepHhie aKCHaJlbHhie npo­

qJHIDI BbITOpaHHR )).JI.ii TBC C 60JiblllHM H 

MaJil,JM BbITOpaHHRMH. 

IlpH Mo.ue1mpoBaHHH rreperpy3oK PEMK­

l 000 3Hepro6noKa NQ 2 CMoneHCKOH A3C B 

cooTBeTCTBHH c TPe6oaaHIDIMH "THIIOBOH Me­

TO.llHKH ... " KOHTP0mrpOBaJlCR flOJIHl,lli ua6op 

orpaHH'-leHHH H KpHTepHeB npHeMJieMOCTH rre­

perpy30K. BeJIH'fHHa MaKCHMaJlbHOH JJHHeH­

HOH TeTIJIOBOH HarpY3KH Ha TB3Jl He rrpeBhillla­

JJa 3HatJeHHR 330 BT/CM, a BeJIHtJHHa MaKCH­

MaJlbHOH M0LUH0CTH KaHana - 2,9 MBT (T.). 

3aKJIIO'ICHHe 

OnHcaIII>I 0CHOBHbie noJJO)KeHHR "THno­

BOH MeTO)J.HKH nnaHHpOBaHHSI neperpY3OK Ha 

A3C c peaKTopaMH PEMK-1000", B paMKax 

ctJ r 
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HoMep CJJQj! no BblCOTe (oT sepxa aKTHBHOH 30Hb1) 
I I I I I I I I I '1 I I I I I 

I 2 3 4 S 6 7 8 9 IO 11 12 13 14 15 16 17 18 19 20 2 l 22 23 24 25 26 27 28 

P1-1c. 11. I13MeHeHHJI aKCHaJihHoro npoqrnm, Bhiropamui TBC 3a O.llHH ro.n pa6oTbI peaKTopa: 1 - TBC c 
6onbWHM Bh1ropatt1-1eM· 2 - TBC c MaJihlM Bb1ropatt11eM; 3 - TBC, pacnoJJO)KeHH3jj OKOJJO cTep)l(Hj! PP; 
4 - TBC, pacnono)KeHH3jj oKono YCTI 
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-
KOTOpOH cpopMa.JIH30BaHa 3a,naqa IlJiaHHpOBa­

HIDl neperpY30K TI( C npHMeHeHlieM pac'leT­

HhlX KO,llOB. ITpHBe,lleHO OilHCaHHe naKeTa 

OIIEPA-M np1u<Jia,llH1:,rx. nporpaMM nnattupo­

saHH.SI neperpY30K TOnmrna, pa3pa6oTaHHoro 

Ha 6a3e KOMrrneKca rrporpaMM 3HEPOUI, B 

KOTOpOM pea.JIH30BaHbl OCHOBHbie IIOJIO)KeHH.SI 

H IlO,llXO,llbl "TnnoBOH MeTO,llHKH ... ". 

IlaKeT nporpaMM IT03BOJI.SleT BbillOJilUITb 

pac'leTbI no TeKymeMy rrnam1.poaaHmo nepe­

rpyJOK TK, a TaIOKe rrpoBO,llHTb pacqeTHbie 

Hccne.uosamui: pa3JIHl{HhIX CTPaTerHH nnaHH­

posaHH.SI neperpY30K TOilJIHBa, rrposepKy Ka­

qecTBa cpopMHpOBaIDUI 3arpY3KH aKTHBHl,IX 

30H PEMK-1000 H oueHKY 3cpcpeKTHBHOCTH 

HCIIOJib30BaHH.SI TOIIJIHBa. IlpHBe,lleHbl peJyJih­

TaThI TeCTHpOBaHH.SI naKeTa nporpaMM Ha oc­

HOBe pea.JibHbIX 3KcnnyaTaUHOHHhIX .uaHHhIX, 

IIO,llTBep)K,llalOIUHe ero pa60TOcrroco6HOCTh. 
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y~ 621.039.5 

PacqeTHOe HCCJie,UOB3HHe BJJHHHHH HeKOTOphIX CHCTeMaTuqecKHX <t>aKTopoB 

Ha TeMnepaTypbI TODJ1HB3 B csepXBblCOKOTeMnepaTypHOM ra30BOM peaKTope 

c npH3MaTuqecKHMH TBC 

A.A. CeooB, A.A. <I>po110B, 
PHI( "KypqaTOBCKHH HHCTHTyr", 123182, MocKsa, nrr. Kypqarnsa, 1 

IlocTynHrra s pe.naKIU110 12.04.2010 r. 

IIpose.n,eHO HCcne.uosaHHe BnHJIHIDI OCHOBHblX CHCTeMaTHt.teCKHX cpaicropos neperpesa (TaKHX KaK He­

paBHOMepHOCTH 3HeproBbl.D,eneHHSI H "xonO.D,Hble npoTet.tKH" TennOHOCHTenSI) Ha TeMneparypbl TOnnHBa B 
csepXBbICOKOTeMneparypttoM ra30BOM peaicrope (CB Tr P) NGNP (Next Generation Nuclear Plant) c npH3Ma­
THt.tecKHMH TOnnHBHblMH 6noKaMH. PeJynbTaTbl pact.teTOB nOKa3blBatOT BblCOKYJO t.tyBCTBHTenbHOCTb TeMne­
paryp TOnnHBa K CHCTeMarnt.teCKHM cpaicropaM neperpesa. ,UaHHOe o6cTOSITenbCTBO rosopHT O Heo6xo.D,HMOC­

TH npeUH3HOHHOro rpexMepHoro MO,llemtposaHHSI fa30.llHHaMHKH H Tennoo6MeHa B aKTHBHOH 30He npH npo­
eKTHpOBaHHH .uaHHOro THna peaicropoB. 

Kll10'ieBble c/loea: CBTrP, NGNP, raJO.llHHaMHKa, Tennoo6MeH, cHcreMaTHt.tecKHe cpaicropb1 neperpesa, 

npoTet.tKH TennoHOCHTenJI, HepaBHOMepHOCTH 3HeproBbl,lleneHHSI. 

Calculation Study of Impact of Some Systematic Factors on Fuel Temperatures in Very High 
Temperature Gas Reactor with Prismatic Fuel Assemblies. A.A. Sedov, A.A. Frolov, RRC "Kurchatov 
Institute", 1, Kurchatov Sq. , Moscow, 123182. Investigation of influence of main systematic overheating 

factors (such as power non-uniformity and "cold" bypasses of coolant) on fuel temperatures in very high 
temperature gas-cooled reactor NGNP with prismatic fuel assemblies has been done. Computation results 

demonstrate high sensitivity of fuel temperatures to the systematic overheating factors. This fact results in a 
need of precise 3D modeling of gas dynamics and heat transfer in the core while designing a reactor of such 
type. 

Key Words: VHTR, NGNP, Gas Dynamics, Heat Transfer, Systematic Overheating Factors, Coolant By­
passes, Power Non-uniformity. 

Bee)lenue 

B TeqeH11e nocrre.nHHX rreT npe.nnpHiillT 

p.sIJJ. Me)l(Jl)'HapOJJ.HhIX I1Hl1UHaTHB, B paMKax 

KOTOphIX paccMaTPHBaJIHCh cpe.nHe- H .norrro­

cpOqffbJe nepcneKTHBhl pa3BHTIDI .sI.llepHOH 

:mepreTHKH. Cpe.nH TaKHX HHHUHanm MO)KHO 

HaJsan, . npoeKT "Me)l(Jl)'Hapo.IJ.Hhrn cpop)'M 

"Generation IV", HHHr:UrnTopoM KOToporo BhI­

CTynHJII1 ClllA. ,[(aHHhIH Me)l(Jl)'Hapo.IJ.HhIH 

npoeKT OpHeHTHposaH Ha COBMeCTH)'IO oueH­

KY H pa3BHTHe HOBhIX peaKTOpHhIX TeXHOJIO­

rHii, Ha OCYIUeCTBJJeHHe HHOKP H .neMoHcT­

pauHio .sI.llepHbIX :mepreTH"leCKHX CHCTeM qeT­

sepToro IlOKOJieHIUI, KOTOpbie M0fJIH 61,1 o6ec­

IIeq_HTI, BhICOKHH yposeHb 3KOHOMHqeCKOH 

3cp<peKTKBHOCTH, 6e30IIaCHOCTH, HaJJ,e)KHOCTH 

H cooTBeTcTsosarrH TPe6osaHHHM ycTowq11so­

ro pa3BHTH.l1 aTOMHOH 3HepreTHKH. 

.[{rr..s1 .llaJibHeihIIHX COBMeCTHI,IX HCCne.no­

BaHHH H pa3pa6oTOK IIO KOHKypcy OT06paHbI 

rneCTI, HHHOBaUHOHHhIX KOHUeIIUHH peaKTOp-

80 

HhIX TeXHOJIOfHH, K0TOpbie JlOJDKHhl TaIOKe 

CJI~Th B KaqecTBe opHeHTHpOB .llllil HHHOBa­

UHOHHI,IX npoeKTOB Hl1OKP. O.IJ.HOH H3 HHX 

.sIBmreTc.s1 KOHUeIIUH.sI CBTfP (VHTR) [1] -
peaKTOpa C rpacpHTOBI,[M JaMe.llJIHTeJieM H re­

JIHeBbIM OXJia)l(Jlem1eM, HMeIOruero 0TKpbIThIH 

ypaHOBI,IH TOilJlHBHhlH U,HKJI. 

,[(n.s1 CBTf P nrraHHpyeTc.sI HCIIOJihJOBaTh 

TeXHOJIOrKH H 3JieMeHTH)'IO 6aJy, pa3pa60TaH­

Hhie B npoeKTax BhICOKOTeMIIepaTypHhTX raJO­

BhIX peaKTopos (BTfP). KoMIIOHOBKa peaKTO­

pa s npoeKTax CB Tr P aHarrornqffa KOMIIo­

HOBKe BTfP: paccMaTPHBaIOTCH sapHaHTbI pe­

aKTopos c npH3MaT111-1ecKHMH TBC (PMR) 11 

rnaposoJi: 3ac1,mKOH (PBMR). O.nHaKo JJ,aHHbTe 

KOHUenu1m fa30BhIX peaKTOpOB HMelOT p.s1.n 

He.IJ.OCTaTKOB, KOTOphie JaTPYJJ.IDUOT HX pearrH­

Jau,mo JJ.IDKe c yqeTOM TPe6osam1_w BTrP. 

O.IJ.HH 113 3THX He.nocTaTKOB JaKJIEQqaeTCH 

B TOM, qTo pacxo.IJ. raJa qepe3 KaHaJihI npH3Ma­

THqecKHx TBC peaKTOpa, HMeEOlllHe uaH60Jih-



Ill)'JO M0illH0CTb, MHHHMaJJeH, BCJle)lCTBHe 1.J.e­

ro 3J1eMeHTbl aKTHBHOH 30HbI peaKTopa pa30-

rpeBalOTCH )lO 3Ha'-niTeJibHhIX TeMnepaTyp. 

BhICOKHe TeMIIepaTypb1 aKTHBHOH 30HbI Herro­

cpe.ncTBeHHO CBH3aHbl C 6e3onaCHOCThlO BCeH 

ycTaHOBKH, TaK KaK C pOCTOM TeMnepaTyp 

TOilJlHBa HeJlHHeHHO pacTeT BblXO)l pa)lHOHYK­

JlH)lOB H3 Hero B TeITJ10H0CHTeJ1h C )laJlbHeH­

IIIHM rrepeH0COM H OCIDK,lleHHeM B I KOHType 

ycTaHOBKH. 

CornaCHO TPe6oBaHIDIM COBpeMeHHOH 

TexHonorHH MHKpOTB3J10B BTf P THrra TRISO, 

MaKCHMaJlhHhie TeMITepaTypbl TOIIJlHBa C Yl.J.e­

T0M CHCTeMaTH1.J.eCKHX H CTaTHcrnqecKHX 

cpaKTOpOB rreperpeBa )l0J1)KHbI orpaHHqffBaTh­

CH ypOBHeM 1 250 °C [2]. O)lHl1MH H3 OCHOB­

HhIX CHCTeMaTHqecKHX Q)aKTOpOB neperpeBa 

TOIIJlHBa B peaKTOpe HBAAIOTCH HepaBHOMep­

HOCTH :meproBhI)leneHHH B aKTHBHOH 30He H 

BJIIDlHHe npoTe'ieK TeIIJlOHOCHTeAA 1.J.epe3 Tex­

HOJ10fH'ieCKHe 3a30pbl peaKTopa (Me)l(KaCCeT­

HhlH 3a30p, 3a30p Me)K)ly 3aMeHHeMhlM 60KO­

BbIM rpacpHTOBbIM OTPa)KaTeJleM H He3aMeID!e­

MhIM CTaJlhHbIM OTPa)KaTeneM), a TaK)Ke 'iepe3 

KaHaJJbI CY3 H A3. 

qT06bI orrpe.uem-lTh MacrnTa6 BJlHIDIHH 

3THX cpaKTOpOB B CBepXBblCOKOTeMOepaTYP­

HOM peaKTOpe, npoBe)leHO paC'-leTHOe MO)leJlH­

poBaHHe fa30)lHHaMHKH H TeIIJ1o06MeHa B pe­

aKTope B nenoM, B ero aKTHBHOH 30He H MaK­

CHMaJlhHO HanpH)KeHHOH TBC. B Ka1.J.eCTBe 

061>eKTa Hccne.uoBamur B3HT npoeKT CB Tr P 

NGNP [3, 4]. 
B xo.n;e HCCJle)lOBaHlUI rrpHMeHeHa MeTO­

.n;HKa BJlO)KeHHOro TPeXypOBHeBoro MO)leJ1H­

poBaHJU1. JJ:nH pac'-leTa TPeXMepHhIX rrondi 

CKOpOCTeH, TeMITepaTyphl H )laBneHIDI JlJ]jl Te­

qeHIDI HeC)KHMaeMOH (HO TepMH'-IeCKH pacam­

pxeMoH) cpe)lbl B IIOpHCTblX H IlOJlbIX o6nac­

THX HCIIOJ1b30BaJJCH KO)l FM-3D, pa3pa60TaH­

HhIB B P~ "KypqaTOBCKHH HHCTHTyT" [5, 6] 
AJIH perneHIDI IlO)l06HhIX 3aD,a'-I. B 3TOM KOJle 

HCITOJ1h3yeTCH MeTO)l KOHTPOJibHhIX 061,eMOB 

AJijl perneHHH 3aaaq TeIIJ1006MeHa, fH)lpO- H 

fa30AirnaMHKH B Tenax pa3J1H'iHOH reoMeTPHH. 

,lvix o6pa60TKH pe3yJlhTaTOB paC'-leTOB (nocT­

poeHIDI H306pa)KeHHH TPeXMepHblX IIOJleH 

TeMTiepaTyp) npHMeIDUiacb nporpaMMa Para 

v-iew 3.6.2 [7]. 

1. Onucauue peaKTopa CBTrP 
c npH3MaTuqecKHMH TBC 

B )laHHOH pa6oTe )lAA H3ytJeHmI B Ka'ieCT­

Be npornnma peaKTopa CBTfP BhI6paH npo­

eKT Idaho National Engineering and Environ­

mental Laboratory (CIIIA) peaKTopa NGNP c 

npH3MaTHqecKHMH TBC [3, 4]. 
Pa3pa60TqJiKH 3Toro peaKTopa npe.unara­

IOT HCIIOJ1h30BaTh ero )lJlj{ Bbipa6oTKH 3J1eKT­

p03HeprHH C BhlCOKHM K.II.)l. (ra3oryp6HHHblli 

~KJ1), KaK HCTOqHHK npOMhllIIJleHHOro Terrna 

,IJ,JUl rrpOH3B0)lCTBa 6eH3HHa, 01.J.HllleHlUI Hecp­

TH, IIpOH3B0)lCTBa nnacTMacc, y.ao6peHHH 

(TaK)Ke npHMeHeHHe CBTfP B rrpOMhllllneH­

HOCTH CHH3HT BhI6pocbI CO2 B aTMOCcpepy) H 

Terrna )lAA IIpOH3BO)lCTBa BO,llopo.ua. 

PeaKTOp HMeeT TeIIJlOB)'lO MOillHOCTh 600 
MBT, oxna)K)laeTCH renHeM, B KatJeCTBe 3a­

MeAJ1HTeAA HCIIOJlh3yeTC». rpacpHT. KoMIIOHOB­

Ka peaKTOpa npHBe)leHa Ha pHC. 1. BHyrpeH­

HHH 3aMeID!eMhlli OTPa)KaTeJlh OKp}')KeH KOJlh­

U.OM TOIIJlHBHbIX 6J10KOB, cpopMHpYJOW.HX aK­

THBHYJO 30HY, KOTopoe B CBOIO oqepeAb OKpy­

)KeHO BHelliHHM 3aMeIDleMhIM OTPa)KaTeJleM. 

QHpKyAA~ TeIIJlOHOCHTeJIH qepe3 peaK­

TOp ocywecTBAAeTCH CJleA)'lOillHM o6pa30M: 

reJlHH, HMeIOmHH TeMITepaTypy 490 °C, BXO­

AHT B KaHaJJbl )lJlH nom,eMa TeIIJlOBOCHTeAA, 

IIOAHHMaeTCH IIO HHM B KOJIJleKTOp ( ero BhIC0-

Ta paBHa 4 M), IIOCJle qero orrycKaeTCH BHH3 

'iepe3 TOIIJlHBHhle 6noKH (rrpH 3TOM qacTh re­

JIH». H)leT qepe3 OTBepcTHH )lAA rrpoxo.aa Ten-

t. 

I 
Ii 
11 ,, 
\\ 
II -~ 

/~~-, I ,, 

2 

6 

P11c. I. KoMnOHOBKa peaKTopa NGNP: I - KamU1b1 

,D,JUI no,nbeMa TenJIOHOCHTem1, 2 - He3aMeHReMbIH 

OTPa)f(aTeJib, 3 - BHellIHHH 3aMem1eMblH OTPa­

)l{aTeJib, 4 - KaHaJibI CY3 H A3, 5 - rnnJIHBHhle 

6110KH, 6 - sttyrpettHHH 3aMem1eMbIH OTPro1<are11b 
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JIOHOCHTemi:, a qacTh - qepe3 Me)l{KacceTHhIH 

3a30p ), BHelllHHH H BHyrpeHHHH 3aMeID1eMb1e 

OTPa)KaTenH, KaHanhI CY3 H A3, 3a30p Me)K,ny 

BHellllUiMH 3aMeHJleMhIM H He3aMelUleMbIM OT­

pa)KaTemlMH. J,fa peaKTOpa TennOHOCHTenh 

BhIXO.UHT co cpe,nHeCMernaHHOH TeMnepaTy­

poii 950 °C rrpH ,naBneHHH 7,12 MITa. 

AKTHBHrul 30Ha Ha6paHa H3 1 020 reKca­

ronam,HbIX IIpH3MaTH'leCKHX TOnJIHBHbIX 6no­

KOB c pa3MepoM no.a Knl0'-1 360 MM H BhICOTOH 

800 MM, co6paHHhlX B 102 KOJIOHHhI TBC no 

10 6JIOKOB. KomtmrypauIDI TOIIJIHBHOro 6noKa 
npHBe,neHa Ha pHc. 2. 3aMeHJ1eMbrn OTPa)Ka­

Tenh Ha6paH H3 uen1,uorpaq>HTOBhIX 6nOKOB C 
TaI<HMH )Ke pa3MepaMH, KaK H TOIJJIHBHhle. 

Me)KKacceTHhIH 3a3op, KaK H 3a30p Me)K.lly 
BHeUIHHMH 3aMemi:eMbIM H He3aMeIDleMhIM OT­

pa)KaTemi:MH, paBeH 2,5 MM. 

ToIIJilIBHhIH 6noK co.uep)KHT UHnHH.llpH­

qeCKHe KOMilaKThl ,UliaMeTPOM 12,5 MM 11 Bhl­

COTOH 50 MM, COCTOHIUHe H3 CMeCH TOnJIHB­

HbIX 'IaCTHU TRISO C MaTepHanOM Ha OCHOBe 

rpaqmTa. OTBepCTIDI no.a TOnnHBHbie KOMIIaK­

TbI HMeIOT ,UHaMeTP 12, 7 MM. Me)K.lly T0IIJIHB­

Hl,IM KOMIIaKTOM H CTeHKaMH OTBepCTIDI no.a 

KOMilaKT HMeeTC.sl ra30BbIH 3a30p, 3aIJOJIHeH­

Hl,IH reJIHeM. Illar pellleTKH OTBepCTHH B TOII­

JIHBHOM 6noKe paBeH 19 MM. 
ToIInHBurui: qacrnua TRISO HMeeT KepH 

,[{HaM~OM 425 MKM, H3rOTOBJieHHbIH H3 CMe­
CH UCO-UO2, a TaK)Ke 1IeTh1pe 3aIUHTHbIX 

cno.si:, O.UHHM H3 KOTOphIX cn~T cnoii SiC. B 
TOIIJIHBHOM 6noKe HMeIOTC.sl OTBepCTIDI .urr.si: 

npoxo.ua TeITJIOHOCHTemi: ,UHaM~OM 16 MM. 

Pacxo.u renH.si: qepe3 peaKTop cocTaBJI.si:eT 250 

Krlc. 

PHc. 2. K0Hqmrypau1-U1 TOMHBHOro 6noKa peaK­

Topa NGNP: I - TO[UJHBHbIH KOMnaICT, 2 - oTsep­

CTHe .LI.JUI npoxo.n.a TenJJOHOCHTeJUI, 3 - rpacj>HT 

TO[UJHBHOrO 6JJOKa 
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Pac'-1:eThl rrpoBe,neHbI .urr.si: :meproBhl.Uene­

HH.si:, CO0TBeTCTBYJOIUero Ha'lany KaMITaHHH B 

BapHaHTe pa60Thl peaKTOpa C .UByxKpaTHOH 

rreperpY3KOH, aKCHanhHhIM H pamrnm,HhlM rre­

peMemeHH.slMH T0IIJIHBHhIX 6JIOKOB. )],JIHHa 

KaMITamrn peaKTOpa paBHa 526-TH 3cpcpeKTHB­

HbIM CyTKaM, npH )TOM .UOCTHraIOTC.sl cpe.nHee 

no aKTHBHOH 30He BhITOpam,1e 99,9 fBT·CyT­

KHIT H MaKCHManhHOe BhrropaHHe 188, 1 fBT· 

CyTKWT. O6orameHHe ypaHa - 14 %, IIOTOK 

61,1cTPhIX ueiiTPOHOB (E > 0, 18 M3B) He npe­

BhirnaeT 4· 1021 HlcM2
. 

IToKacceTHOe 3HeprOBhl.UeneHHe B peaKTo­

pe H pacrrpe.neneHHe 3HeproBbl,nenemrn B TBC 

B3.sl:Thl H3 [8]. IToKacceTHOe 3HeproBbl,UeneHHe 

B peaKTOpe .UJI.sl BapHaHTa C .UByxKpaTHOH ne­

perpY3KOH npe.UCTaBJieHO Ha pHC. 3 ( 4-Jl cmp. 

1,f6emHOU 6Kl la0KU). 

Pa,uHaJihHOe pacnpe.neneHHe 3HeproBbI.Ue­

neHHH B TBC, npHMhIKaromeii K BHyrpeHHeMy 

3aMeHJleMoMy OTPa)KaTeJIIO, B Haqane KaMna­

HHH JJ.JI.si: BapHaHTa C .UByxKpaTHOH neperpY3-

KOH n0Ka3aHO Ha pHC. 4, a BhICOTHOe pacnpe­

.ueneHHe - Ha pHc. 5. 

2. Onncanee MeT0JlHKH BJJo~eunoro 
Tpexypoeueeoro M0JleJJHpoeanHH 

B HCCJie,n;oaaIDrn npHMeHeHa MeTO,n;HKa 

BJI0)KCHHOro TPeXypOBHeBoro MO.n;enHpoaa­

HH.sl, cyruHOCTh KOTOpOH 3aKJIIO'-laeTC.sl B npo­

Be,n;eHHH nocne,n;oBaTeJihHhIX B3aHMOCB.sl3aH­

HhIX pac'-1:eTOB ra:30.UHHaMHKH H Tennoo6Meua 

B peaKTope no Mo,n;eJI.si:M peaKTopa, TBC ( 10 

TOIIJIHBHblX 6noKOB, CTO.slIUHX ,n;pyr Ha ,n;pyre), 

.sr:teiiKH TBC. HH)Ke npHBOJJ.HTc.si: OilllcaHH.e 

HCIJOJih3yeMhlX MO.n;eneii. 

I) Mooe.fib Jl'leUKU TBC. OrpaHH'-ICHHOCTh 

HMCIOIUHXC.sl BhI'IHCJIHTCJlhHhIX MOIUHOCTeH He 

II03BOJI.si:Jia KoppeKTHO IlOCTPOHTb pac'-leTHYJO 

CeTKY ,n;n.si: Mo,n;enH TBC, yqHThmaromeii HanH­

'-IHe ra30BOro 3a30pa MC)K.llY TOilJIIIBHbIM KOM­

naKTOM H rpaq>HTOBhIM 6noKOM. )],rr.si: perneHml 

3TOH npo6neMbI rrpe,n;no)KeHa yrrpomeHHrui: 

Mo.n;enh TBC, B Kornpoii ra30BhIH 3a30p oT­

CyTcTByeT, a ero TepMH'-ICCKOe conpOTHBJie­

HHe, BnH.si:IOIUee Ha MaKCHMaJihHYJO TeMnepa­

TYPY TOnJIHBH0ro KOMIIaKTa, yqHTbmaeTC.sl 

BBe,neHHeM cneUHanhHOH 3aBHCHMOCTH K03q>­

q>HUHCHTa TennonpoBO,ll;HOCTH TOnJIHBHOro 



PHc. 4. Pa,LVtcUlbHOe pacnpe.u,enemte 3Heprosb1.u,eneHID1 s TBC peaK.Topa NGNP, npHMb1Kat0meH K BHYT­
peHHeMy 3aMeH.lleMOMY OTpll)!GlTeJIIO, B Ha'-JaJie KaMnaHHH ,ll,JHI sapmuna C .D.ByxKpaTHOH neperpY3KOH 

KOMilaKTa OT TeMrrepa­

Typbl. IlepBbl.H mar K IIO­

nyqemno 3TOH 3aBHCHMOC­

TH - pacqeT IIOJUI TeMIIe­

paTyp B H1IeifKe TBC, 
KOTOpax BKmoqaeT B cefo1 

1/6 qaCTb TOilJIHBHOro 

KOMIIaKTa, 1/12 qacTb OT­

sepCTIDI ,umr npoxo,ua Ten­

JIOHOCHTemr H pa3,uemno­

IIJ,He HX raJOBbl.H 3a3Op H 

rpaq>HT. 

2) Mooe/l b ynpOUf.eH­
flOU R'leiiKu TBC aml.Jlo-

c:i: 
2,0 

(1.) 

1 8 i 
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I... 
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200 400 600 800 1000 I 200 
BblCOTa, CM rH'llla 

TBC 
MO,[(eJIH 

11cKJU0qem1eM 

Toro, '-ITO B ttdi. OTCyrCT­

BYeT ra3os1,1if 3a3Op Me)K­

ll.Y TOIIJIHBHbIM KOMIIaKTOM 

H rpaq>HTOM TOilJIHBHOro 

6110Ka, a Pall.Hye KOMIIaKTa 

PHc. 5. BhtCOTHOe pacnpe.D,eneHHe :meprosbt.D,eneHID! s TBC peaKTopa NGNP 
s Ha4ane 1:<aMnaHHH .ll.JUI sapHaHTa c .U.ByxKpaTHOH neperpy3KOH: a) pacnpe­
.D,eneHHe s TBC I; 6) pacnpe.D,eneHHe s TBC 2; s) pacnpenenem,e s TBC 3; 
r) BbtCOTHoe pacnpenenem,e :meproBbl.D,eneHHR, ocpenHeHHoe no aKTHBHOH 
30He (noJio)l(eHHe TBC I, TBC 2 H TBC 3 yKaJaHo Ha p11c. 3) 

YBeJIJ{qeH Ha semf'llliHY 3Toro 3a3opa. B /J,aH­

HOH MO/J,eJIH no,uo6paHa 3aBHCHMOCTb TeilJIO­

npoBO/J,HOCTH KOMilaKTa OT TeMnepaTypbl HC­

XO,l))I H3 Toro, qT061,1 MaKCHMaJibHbie TeMIIepa­

Typ1,1 KOMIIaKTa, pacclf.J1TaHHhie B MO,AeJIH yn­
pom,eHHOH .srqeHKH TBC, 6hlJIH 6nH3KH K MaK­

CHMaJibHblM TeMnepaTypaM KOMIIaKTa, pac­

CtnfTaHHhIM s Mo.n;enH .srqe:iiKH TBC. B /J,aJih­

HeirrneM 3Ta 3aBHCHMOCTb npHMemmach IIpH 

pacqeTe MOJJ,enei1 TBC. 

3) Mooe/lb 1/12 l.lacmu TBC. PacqeTbl 

3TOH MO/J,eJIH C TOIIJIHBHblMH 6noKaMH H Kacc­

CeThl OTpa)KaTemI IIO3BOJ1HJIH oueHHTb 3Haqe­

HHe rHJJ,pasnH~ecKoro conpOTHBJieHH.sr ,AaH­

HhIX KacceT' a TaK)Ke BeJIHqJ,IHY yreqKH qacTH 

pacxo.ua renIDI s Me*KacceTHhIB 3a3Op. 3Ta 

HHq>OpMa[{H.Sl HCilOJlb3OBaHa ,ll,Jl.R. pacqeTa MO­

,lleJIH peaKTopa. 

4) B MOOellb 1/6 11acmu peaKmopa BKJilO­

qea1,1 KaHaJihI ,ll,JI.sr IlO/J,1>eMa TeIIJIOHOCHTeJIJI, 

83 



KOJIJ1eKTop H aKTHBHM 30Ha peaKTOpa. PacqeT 

no .ll,aHHOH MO.ll,enH n03BOnHn nonyq:HTh pac­

npe.ll,eneH.He pacxo.ll,a H TeMTiepaTyphI renm1 

no 3neMeHTaM peaKTopa. 

5) Mooe/lb JI] 2 11acmu MQKCUMaJlbHO Ha­

npR:>ICeHHOU TBC attanorn1rna MOJJ.eJrn 1/12 

qacTH TBC c TOnmt:BHhIMH 6noKaMH, HO 3Hep­

roBhIJJ.eneHHe H pacxo.D. TennoHOCHTem1 qepe3 

Hee 3a,L{aHbl paBHhlMH COOTBeTCTBy'IOil{HM Be­

nwnrnaM B MaKCHManbHO HanpIDKeHHOH TBC, 

OIJ,eHeHHhIM a MO.ll,eJIH l/6 qaCTH peaKTopa. 

PacqeT 3TOH MO.D.emt: .D.an pacnpe.D.eneHHe pac­

XOJJ.OB no KaHanaM JJ.illl npoxo.ll,a TeIIJIOHOCH­

Ten51 H Me)Kl(aCCeTHOMY 3a3opy JJ.illl MaKCH­

ManbHO HanpIDKeHHoi1: TBC, a TaIOKe npe.D.Ba­

pHTen1,m,1e OIJ,eHKH TeMTiepaTyp B KOHCTpYK­

Il,JUIX H TOIImt:Be .D.aHHOH TBC. 

6) Mooe/lb MQKCUMa!lbHO HanpR:JICeHHOU 

R11euKu TBC aHanorwrna MOJJ.eJIH H1Iei1:KH 

TBC, HO 3Heproa1,meneHHe H pacxo.D. Tenno­
HOCHTenH qepe3 Hee 3a,L{alil,I paBHblMH COOT­

BeTCTBy'K)Il{HM Be.JilllfHHaM B MaKCHManbHO Ha­

rrpIDKeHHOH H1Iei1:Ke TBC, oIJ,eHeHHhIM B MOJJ.e­

JIH 1/12 qacTH MaKCHManbHO Hanp51)1(eHHOH 

TBC. PacqeT 3TOH MO.D.enH YTOqffHn 3HatJeHHe 

MaKCHMaJibHOH TeMTiepaTypbI TonnHBHOro KO­

MnaKTa B MaKCHManhHO HarrpIDKeHHOH TBC. 

3. Onucauue ucnoJJhJ0Banuoro 

pac11eTuoro Ko.ua 

Ko.D. FM-3D pa3pa6oTaH .D.mI npoBe.D.eHHJJ 

TpeXMepHblX pactJeTOB cpmOH.ll,HOH .ll,HHaMHKH 

H TeIIJI006MeHa B 061,eKTax cnO)l(HOH cpopMbI, 

CO'IeTalOII(HX HanHwe rnep.D.OTenbHhlX KOHCT­

PYKD.HH H O.ll,HOq>aJHblX TerrnoHOCHTeneH C 

803MO)l(HOCTblO yqeTa 061,eMHhlX HCTO'IHHKOB 

3HeprOBbI,UeneHHJJ B HHX. Ko.ll, n03BOJIHeT KOM-

6HHHpOBaTb B pa3HblX qaCTHX cnO)l(HOro 061,­

eKTa .ll,Ba IlO,L{XO.ll,a MO.ll,enHpoaaHHjl cpmOH.ll,HOH 

.D.HHaMHKH - perneHHe ypaBHeHHH .ll,BH)l(eHIDI 

(B npH6JIH)l(eHHH Haa1,e-CT0Kca HJIH PeiiHo­

nh.ll,ca) .D.AA CB060JJ.HbIX TeqeHHH nH6o q>HfilT­

paD,HOHHhlX ypaBHeHHH B npH6JIH)KeH.lrn aHH-

30TpOIIHOro nopHCTOro Tena. Ko.D. Bepmf>HIJ,H­

poBaH .L{JIH perneHHJJ pH.D.a 3a.L{at:J, a HMeHHo: 

• nlJJ.PO.D.HHaMHKa H Tennoo6MeH a KaHanax c 

HeH3MeIDieMOH reoMeTpHeH (Tpy61,1, KOnhIJ,e­

Bbie KaHan:1,1, nyqKH TB3nOB B TBC peaKTopoB 

THIIa EH H BB3P) [9]; 
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• rH.D.pO.D.HHaMHKa H Tennoo6MeH a IIOJIOCTHhIX 

~Koconea1,rx peaKTopax [6]; 
• raJOJJ.HHaMHKa H Tennoo6MeH B TBC c Ja­

ChIITKOH MHKpOTB3nOB, OMbmaeMblX raJ0BblM 

renHeBblM TeIIJIOHOCHTeJieM, B aKTHBHOH 30He 

peaKTopa ErP-1000 [ l O]; 
• Tennoo6MeH B 3neKTpoo6orpeaaeMoM KpH­

THt:JecKoM cTeH.ll,e ACTPA [11]. 

,[(mi: perneHHH 3a.ll,a'I raJOJJ.HHaMmrn H Ten­

noo6MeHa BTrP c .llB~ THnaMH aKTHBHOH 

30Hhl ( C 3aCbIIlKOH rnapOBhlX TB3JIOB HrrH C 

npH3MaTH'!eCKHMH TOIInHBHhIMH 6noKaMH) 

npoBO.D.Hnac1, cne.n:yiomM BaJIH.D.aIJ,H51 pacqeT­

HC~ro KOJJ.a FM-3D: 

- cpaBHeHHe pacqeTHbIX .ll,aHHblX c 6eH'IMapK-

3KCnepHMeHT0M no np0CTpaHCTBeHHOMY pac­

npe.ll,eJieHHlO TeMnepaTyp B MOJJ.eJIH 6yttKep­

HOH aKTHBHOH 30HhI HTGR, rronyqeHHhlM Ha 

3neKTpoo6orpeaaeMOM CTeH.D.e SAN A-I [ 12]; 

- pactJeTbl noneu CKOpOCTH, .ll,aBneHHjl H TeM­

nepaTyp raJOBoro TennOH0CHTen51 B aKTHBHOH 

JoHe peaKTopa GT-MHR Ha HOMHHaJihHOM 

ypOBHe MOIUHOCTH IIO HCXO}lHhlM .ll,aHHbIM 

6eH'IMapKa !NEEL GT-MHR Benchmarking 

[3]; 
- pact:JeTbl IIOJieH CKOpOCTH, .ll,aBneHH51 H TeM­

nepaTyp raJOBOro TerrnOHOCHTeJIH B aKTHBHOH 

30He peaKTopa GT-MHR Ha HOMHHaJibHOM 

ypOBHe MOil{HOCTH no HCXO.ll,HblM .ll,aHHbIM 

6ett'IMapKa IAEA CRP-3 Benchmark Problem 

for GT-MHR PU Burner [13]. 

4. Onucauue HCD0JJb30B3HHblX MO,UeJJeit 

raJ0,UHH3MHKH D0T0K'.3 

)],AA OITJfCaHHjl nom1 CKOpOCTeH TennoHO­

CHTem1 B MOJJ.eJIHX H1IeHKH TBC H 1/12 qacTH 

TBC npHMemrnac1, cHcTeMa .D.Hq>cpepeHIJ,Hanh­

HhIX ypaaHeHHH PeitHOJihJJ.Ca B .D.eKapTOBhIX 

KOOp.llHHaTax [ 14] 

op o 
-+-(pu,) = O; 
ot ox, 

~(pu,)+~(pu,u )= - op+ in!/ ' 
ot ox, ' ox, ox, 

r.ll,e p - IlJIOTHOCTb TerrnOHOCHTem; t - nepe­

MeHHM BpeMeHH; x,,x; - KOOp.ll,HHaTbl B i-M H 

j-M HanpaBneH11HX; u,, UJ - i-51 H j-51 KOMIIO­

HeHTbl CKOpOCTH TennOHOCHTeJUI; p - .ll,aBne-



HHe TerrnOHOCHTeIDI; " !i - TeH30p KaCaTem,­

HbIX Hanp.SDKeHHH. 
.D,mI 3aMbJKamuI .UaHHOH CHCTeMbl ypasHe­

HHH ucnoJlh30BaHa cTaH.zrapTHM k-£ Mo.zrem, 
[15], OTHOCRIUMC.sl K MO.UeIDIM Typ6yneHTHhIX 
MOMeHTOB nepsoro H BTOporo nop.si:.zrKa, OCHO­
saHHM Ha ypaBHeHIDIX nepeuoca .UIDI Typ6y­
neHTHOH KHHeTH'IeCKOH :meprnH (T.K.3.) k H 
CKOpOCTH .UHCCHilaUHH T.K.3. (£). CTaH.UapTHM 
k-£ Mo.zrenb .UOCTaTO'IHO XOpOIUO OilHCbIBaeT 
pa3BHTbie TypfiyneHTHbie TeqeHHH B KaHanax 
.UIDI queen Re > 104. 

B 3THX ypaBHemurx µ - MoneKyn.si:pHM 

B.sl3KOCTh; µ, - Typ6yneHTHM B.sl3KOCTh; Gk, 

Gh - HCTOqHHKOBhlli 'IJieH reHepaIJ.HH T.K.3. 3a 

cqeT rpa.zrueHTa CKOpOCTH H IlO.UbeMHhlX. cun, 

COOTBeTCTBeHHo; CIE, c 2E , c 3E, (Jk H (JE -

MO.zrenhHbie KOHCTaHThI, nonyqeHHble 3KCile­

pHMeHTaJibHO. 

TeH30p KacaTenhHhIX uanp.IDKeHHH pacnu­
CblBaeTc.si: KaK 

't =(µ+µ)(~+au1 _~8 au,J 
I} , a a 3 /J a ' X1 X, X; 

r.ue 8/J - 8-q>YHKUHjl. Typ6yneHTHM B.sl3KOCTb 

µ, Bhfl.JHCIDieTC.sl KaK cne.uyrorurui: KOM6HHaUH.sl 

k u £: µ, = pCµk21£, r.zre cµ - MO.Uenbtta.si: KOH­

CTaHTa. 

B MO.UeIDix HqeHKH TBC H l/12 qacrn: 
TBC Yl.JHThIBaJic.si: KOHBeKTHBHhIH nepeuoc 
Tenna H nepeHoc Tenna TennonpoBO.llHOCThIO. 
,[(rr.si: OilHCaHH.sl IlOIDI TeMaepaTyp HCilOnh30-

BaJIOCb cne.uyroiuee ypasueHHe coxpaHeHHH 
3Hepruu: 

a a ~ arJ 
i;j.PE) + ax, [ u,(pE + p)] = ax A "-err ax} + s,,' 

r.zre E = h- p I p+ u 2 
/ 2 - aonttrui: JHeprn.si:, h 

- 3HTaJihmrn, U - Mo.uynh BeKTopa CKOpOCTH 

Ilpu CHIDKemrn lfHcen PeHHOnh.zrca .zro 
5 · l 03 pacl.JeTHbie OIIIH6KH Bb}ql{CneHIDI nom1 
CKOpOCTeH paCTyT H .UOCTHraIOT 15 %, a pac-
1.JeTHble OIUH6KH BbJtrnCneHH.sl KOJq>qrnn,HeHTa 
TPeumI - 25 %. Ilpu eme 6onee HH3KHX Re 
Mo.zrenh uenpHMeHHMa. B Kattanax TBC peaK­
TOpa NGNP TeqeHHe TennouocuTeIDI xapaKTe­
pu3yeTc.si: 1IBcnaMH Re > 5-104, noJTOMY k-£ 
MO.uenb BDOnHe npHMeHHMa .UIDI paC'leTa ra30-
.UHHaMH'!eCKHX H Typ6yneHTHbIX xapaKTepuc­
THK TennoHoCHTen.si: B TBC. 

T.K.3. k H CKOpOCTh ee .UHCCHIIaUHH c Bhl­
'IHCn.sllOTC.sl B cne.zryroWHX ypaBHeHH.slX nepe­
HOCa: 

TeilJIOHOCHTenjl; T - TeMnepaTypa; sh - BHe­

IllHHH HCTO'IHHK Tenna; "-ctr =A + A.1 - Jq><peK­

THBHM TerrnonpOBO.UHOCTb, A - MoneKynjlpHM 

TeITJioaposo.uttocTh, A, = c pµ, I Pr, - Typfiy-

nettrnrui: TennonpOBO.UHOCTh, cp - TeDJIOeM­

KOCTh, Pr, - TypfiyneHTHOe qucno IlpaH.UTIDI. 

B Mo.uenH 1/6 qaCTH peaKTOpa npHMeIDI­
nocb npu6nmKeHHe TeopHH nopucrnro Tena 
[16] . YpaBHeHHjl coxpaHeHJ,ijl MaCCbl u: MO­
MeHTa .UJIH OilHCaHH.sl IIOIDI CKOpOCTeH B TeO­

pKH nopHCToro Tena HMeIOT BH.U 

acrP) a 
~+ ax, (ypu,)=0, 

a a op en k pu 
~ypu) +_::__typuu ) = ---'V- + -v-2--~ at I ~ J 

I 
J I OX I OX 2 1

' 
I ) 

r.ue y - nopHCTOCTh Tena, BbP-IHCJIHeMM KaK 
OTHOII1em1e 061,eMa, 3aHHMaeMoro s Tene Ten­

nouocuTeJJeM, K noJJHoMy 061,eMy Tena; kfr -

K03q>q>HUHeHT TPeHIDI. 

KOJq>q>HUHeHT TPeHHH BbJqHCJ1HJIC.sl KaK 

k _ l M' (l J2 
rr- /pu2/ 2 y ' 

r.ue / - BhICoTa nopucToro Tena, M' - ycpe.u­
ueHHbie ITOTepH Ha TPeHHe B KacceTe H Me)K­

KacceTHOM 3a30pe (.un.si: KacceT OTPa)KaTeneii -
noTepH: Ha TpeHHe TOnhKO B Me)KJ(acceTHOM 
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3a3ope), rronyqeHHh1e B xo.ue pacqern MO.Uellil 
1/12 qacTH TBC. 

r,n;e p I H EI - COOTBeTCTBeHHO rrnoTHOCTh H 

IIOJIHrul 3Heprml TeIIJ1OHOCHTem1, Ps H Es -
COOTBeTCTBeHHO IIJIOTHOCTh H rronHrui: 3HeprID1 

TBep.uoro Tena, A.err = 'YA 1 + (1-y)A, - 3<pq>eK-

THBHrul TeIIJlOilpOBO.UHOCTh, A./ H A.
5 

- Terrno­

IIpOBO,D;HOCTh COOTBeTCTBeHHO TeIIJIOHOCHTellil 
H TBep.uoro Tena. 

Terrnoq>H3H'-lecKHe CBOHCTBa renmi: H rpa­
q>HTa B pacqernx B3.S!Thl H3 [ 17], Terrno<pH3H­
qecKHe CBOHCTBa TOIInHBHOro KOMIIaKTa - H3 
[2]. 

5. Onucauue paclfeTHbIX Mo,ueneii 

Mo,n;enH .siqemrn: TBC, 1/12 qacTH TBC H 
aKTHBBrul 3OHa B MO,UenH 1/6 qaCTH peaKTOpa 
no BhlCOTe paBHOMepHO pa36HThl Ha 65 HHTep­
BaJIOB. B Mo,uenHX 3a,uatto cryruem1e pacqeT­
HOH ceTKH Ha rpamm;ax reJIHSI H TOilnHBHOfO 
KOMilaKTa, r.ue O)KH,llaJIOCh 3Ha'-IHTeJihHOe li3-
MeHeHHe TeMnepaTyphI. Ha BXO,Ue TennOHOCH­
TeJI.SI B H'-leiiKy, TBC HJIH KaHan .umI rro.u1>eMa 
TeIIJIOHOCHTellil B peaKTope 3a,uaBaJIHCh ero 
TeMTiepaTypa H pacxo.u, Ha BhIXO,n;e - .uaBne­
HHe 7,12 Mila. Ha rrnocKOCT.SIX Mo,ueneii, rra­
pannem,HhIX OCH BhlCOThI, 3a,UaHhI 3epKaJihHO­
CHMMeTpH'Illhie rpaHH'-IHhie ycnOBH.SI. (Ilpe.u­
nonaranoch, qTo paccMarpHBaeMrui: HlleiiKa 
TBC, qacTh TBC HnH peaKTopa OKp~em.1 Ta­
KHMH )Ke, KaK OHa, coce.u.si:MH, rrepeTe'-leK Terr­
na H TerrnoHOCHTen.si Me)l(Jly HHMH HeT.) Ha 
OCTaJihHhIX rrnOCKOCT.SIX IIOCTaBneHO rpaHH'-1-
HOe ycJIOBHe CTeHKH. 

B MO.UeJIH HlleiiKH TBC 3HeproBhI.UeneHHe 
B TOIInHBHOM KOMIIaKTe B rrorrepe'-IHOM ceqe­
HHH 3a,uaHO IIOCTOIDIHhIM, )"-IHTbIBaJiaCh He­
paBHOMepHOCTh 3HeproBhI,lleJieHIDI no BbICOTe 
(puc. 5). 

B Mo.uenH 1/12 qacru TBC yre'-IKa •rncTH 
renIDI B Me)l(KacceTHhIH 3a3Op yroqlUIJlacb 
HTepaUHOHHO .uo TeX nop, noKa nepena,llhI 
.uaBneHH.si Ha Kattanax TBC H Ha Kattane Me)l(­
KacceTHoro 3a3opa He CTaHOBHnHCb paBHblMH. 
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YpaBHeHHe coxpaHeHIDJ 3Hepnrn .umI 
OIIHCaHIUI IIOJUI TeMrrepaTyp B TeopHH rropHC­
TOfO Tena 

B .uaHHOH MO,UeJIH 3a,llaHa HepaBHOMepHOCTh 
3HeproBbI,n;eneHmi: IIO TOIInHBHhIM KOMTiaKTaM 
B rronepeqHoM ceqeHHH TBC H no BhlCOTe 
TBC (pHC. 4 H 5). 

B MO,n;enH 1/6 qacTH peaKTopa HCIIOnh3O­
BaHa Teopmi: nopHcToro Tena [16]: rrpe.unona­
ranoch, qTo aKTHBHrul 3OHa H OTJ)a)l(aTenH, OK­
p}')KaJOmHe ee, rrpe.ucrnBn.SII-OT co6oii rropHc­
Thie Tena. IlopHCTOCTh KacceTbI aKTHBHOH 3O­
Hhl paccqHTaHa KaK OTHOIIIeHHe CYMMbI IIJIO­
ma.ueii KaHaJIOB no,n; TerrnoHOCHTeJih H OKpy­
)l(aI-OIUero KacceTy raJoBoro 3a3opa K CYMMe 
rrnoma.ueii rrorrepe'-IHoro cetJeHmi: KacceThI H 
OKp}')Ka10mero ee raJoBoro 3a3opa. IlopHc­
TOCTh KacceThl OTJ)a)l(aTellil paCC'-IHTaHa KaK 
OTHomeHHe rrnoma,n;H OKp}')Ka1-0mero KacceTy 
raJoBoro 3a3opa K CYMMe nnorua.ueii rronepeq­
Horo ceqeHIDI KacceThI H OKp}')Ka1-0mero ee 
raJoBoro 3a3opa. 

IlopHCTOCTh He3aMeH.SleMoro Orpa)l(aTeJI.SI 

paCC'-IHTaHa KaK OTHOllleHHe rrnorua.uH 3a3Opa 

Me)l(Jly BHellIHHMH 3aMeH.SleMhlM H He3aMeH.Sl­

eMblM o-rpa)KaTen.si:MH K CYMMe rrnoma.ueii He-
3aMett.sieMoro OTJ)a)l(aTen.si H ,n;aHHoro 3a3opa. 
KaHaJihl .Ullil IIO,UoeMa TeIIJIOHOCHTellil BhI,lle­
neHhl B OT,UeJibHble rropHCThie Tena C rropHCTO­
CThI-0, paBHOH 1. Ha.u aKTHBHOH 30HOH H o-rpa­
)l(aTeneM MO,uenHpOBaJIC.SI KonneKTop - nopHC­
TOe Teno C IIOpHCTOCThI-0 1. Ilo BhICOTe KOn­
neKTOp paBHOMepHO pa36HT Ha 80 HHTepBa­
noB. Y'-IHThrnanach rroKacceTHrui: HepaBHOMep­
HOCTh 3HeprOBhI,UeneHIDI (pHc. 3). Ilpe.urrona­
ranoch, '-ITO 3HeprOBhI,n;eneHHe B norrepe'IHOM 
ceqemm Ka)l(JloH oT,uenhHOH KacceThI o,n;HHa­
KOBO, )"IHTbIBaJiaCb HepaBHOMepHOCTh 3Hepro­

BhI,UeJieHH.SI no BhlCOTe (pHc. 5). 

6. PeJyJibT3Tbl pacqeTa MO,!leJieH 

ITo peJyJihTaTaM cpaBHeHIDI pacnpe.uene­
HH.SI TeMnepaTypbl ueH-rpa TOIInHBHOro KOM­
rraKTa yrrporueHHOH ,rqei:fKH TBC no BhICOTe c 
pacrrpe.ueneHHeM TeMrrepaTyphI ueH-rpa KOM­
naKTa .siqeiiKH TBC c raJOBhIM 3a3opoM MO)I(-



HO c.uenan, BbIBO)l O TOM, 'ITO BBe)leHHaJI 3a­

BHCHMOCTb TennonpOBO)lHOCTH KOMilaKTa OT 
TeMnepaTypbI }laeT CXO:>l<He 3Haqemi.Sl MaKCH­

MaJibHOH TeMOepaTypbI TOIIJIHBHOro KOMilaKTa 

B yriporueHHOH H TO'fHOH MO}leJI.slX .sltJeHKH 

TBC. Ornwrne TeMTiepaTyp ueHTPa TODJIHB­

Horo KOMTiaKTa, nonY'IeHHOe B pacqeTax o6e­

HX MO}lenei1 .srqeifKH TBC, ue npeBbnnaeT 20 
°C. MaKCHMaJibHaJI TeMnepaTypa TOilJIHBHOfO 

KOMnaKTa yripow,euuoit .srqei1KH TBC c TO'IHO­

CTbIO JlO 2 °C COBna}laeT c MaKCHMaJibHOH 

TeMnepaTypOH TOilJIHBHOfO KOMilaKTa B MO}le­

JIH H'IeHKH TBC c raJOBbIM 3a3opoM. 

CornacHo pe3yJibTaTaM pacqera MO}leJIH 

1/ l 2 qacTH TBC B Me)l{KacceTHbIH 3a30p yxo­

Jllff 3,5 % pacxo.ua renHH, no}laBaeMoro Ha 
BCIO TBC. Pacnpe}leJieHHe pacxo}la TeTIJIOHO­

CHTeJIH qepe3 3JieMeHTbI peaKTOpa npe}lCTaB­

neHO B Ta6JI. 1. 

T a 6 JI H ._. a 1. 0rHOCHTeJibHoe pacnpenenem1e 

pacxona rennoHoCHTeJIJI l!epe3 :rneMeHTbI 

peaJ<Topa NGNP 

3neMeHT peaKTopa 
.D:011.11 pac-

xona, % 
aI<THBHa.11 30Ha 90,77 
BHYTJ>eHHHH 3aMeH.lleMbIH OTPll)KaTeJib 2,04 
BHeIDHHH 3aMeHl!eMbIH OTpll)KaTeJib 3,43 
KaHaJJbl CY3 H A3 1,5 
3a30p Me)l(Jly BHeIDIDtMH 3aMeHl!eMbIM 

2,26 
H He3aMeH.lleMblM Orpll)KaTeJillMH 

B ANL (CllIA) npoBe}leHo Hccne.uoBaHHe · 

pacnpe}leJieHIDJ pacxo}la TennoHOCHTellil qe­

pe3 3JieMeHTbl peaKTOpa }lJIH npoeKTa fa30BOro 

peaKTopa GT-MHR [18]. PeaKTopbI GT-MHR 

H NGNP HMelOT CXO)l{He KOMilOHOBKy, MOIU­

HOCTb, TeMTiepaTypy H .uaBJieHHe TermOHOCH­

TeJI.sr-reJIHH Ha BXO}le B peaKTop, pa3Mepbl H 

MaTepHaJibl TOilJIHBHbIX 6JIOKOB H 6JIOKOB 3a­

MeID1eMbIX OTPa)l{aTenei1. Cpe}lHecMernaHHrui: 

TeMTiepaTypa TeilJIOHOCHTeJIH Ha BblXO)le H3 

peaKTopa GT-MHR paBHa 850 °C. 

Benwnrna pacxo}la TennouocHTenx qepe3 

KaHaJI CY3 B npoeKTax fa30BbIX peaKTOpOB C 
npH3MaTHt:JeCKHMH TBC BbI6HpaeTc.sr, HCX0Jl.sl 

1-13 Heo6xO}lHMOCTH o6ecnet:JeHIDI OXJia)l(JleHIDI 

CTep)l{HH CY3, H pery;rnpyeTc.sr .upoccenHpyro­

lD.HM YCTPOHCTBOM, pacnono)Kettm,1M ua BbI­

XOJle H3 KaHana CY3. ,UpoccenHpyrow,ee ycT­

POHCTBO rapaHTHpyeT, 'ITO )la)Ke npH ITOJIH0-

CThlO H3BJie'IeHHOM CTep)l(He pacxo}l TellJI0HO­

CHTellil qepe3 Kattan CY3 He npeBbICHT orrpe­

,neneHHOro 3HaLJ:eHH.sr. B uacToHw,eM Hccne,no­

Bamrn H B Hccne,noBaHHH ANL rrpe,nnonara­

JIOCb, '-ITO pacxo.n TeITJI0H0CHTellil, OTBOJlllMblH 
B KaHaJibI CY3 H A3, He npeBbllliaeT 1,5 % OT 

IlOJIH0f0 pacxo,na TellJIOHOCHTeJIH qepe3 peaK­

TOp. 
IloTepH ,n;asneHHH B TBC H Me)l{KacceT­

HOM 3a30pe, paCCtJHTaHHbie ,D;JIH peaKTOpa 

NGNP, paBHbI 55,8 Kila. Cornacuo pacqernM 

ANL noTepH ,n;aBJieHIDI B TBC peaKTopa GT­

MHR paBHbI 50 Klla. Pacnpe}leJieHHe pacxo,n;a 

TeilJIOHOCHTeJIH qepe3 3JieMeHTbl peaKTopa 

NGNP B cpaBHeHHH c oneHKaMH ANL Jlllil pe­

aKrnpa GT-MHR npe,n;cTaBJieuo B rn6n. 2. 

T a 6 JI H ._. a 2. 0rHOCHTeJibHOe pacnpene11em1e 

pacxona TenJIOHOCHTeJill l!epe3 3JieMeHTbl 

NGNP GT MHR o/c oeaKTOOOB H - ' 
0 

NGNP GT-MHR 
3JieMeHT peaKTOpa ( Hacro.11m11_ii (no natt-

oacqer) HbIM ANL) 
oTBepcnu1 TBC )lJill npo-

87,59 90 
xona TenJJOHOCHTeJlll 

3a30pbr Me)l(Jly TBC, a 

TalOl<e 3a30pbl B orpIDKa- 10,91 8,5 
TeJI.IIX 

KattaJibI CY3 H A3 1,5 1,5 

IlOJIY1IeHHOe B HaCTOHllJ,eM pacqere Il0Jie 
TeMTiepaTyp reJIHH Ha BblX0)le H3 aKTHBHOH 

30HbI peaKTopa NGNP noKa3aHo ua pHc. 6. 
Pacrrpe.ueneuHe nollil TeMnepaTyp B nonepeq­
HOM Ce'IeHHH MaKCHMam,Ho Hanp.sr)KeHHOH 

TBC peaKTopa NGNP ua BhIC0Te, r.ne ,n;ocTH­

raeTcx MaKCHMaJihHM TeMOepaTypa TOilJIHB­

HOro KOMilaKTa, npe}lCTaBJieHO Ha pHC. 7, a B 

MaKCHMaJibHO uanpIDKeHHOH HtJeHKe TBC pe­

aKTopa NGNP - Ha pHc. 8. Puc. 6 ... 8 noMe­

u,eHbl Ha 4-ii. cmp. i,BemHou 6KJlaOKU. 

MaKCHMaJibHaJI TeMnepaTypa TOIIJIHBH0fO 

KOMrraKTa peaKTopa NGNP, YT0qHeHHaH B pe-
3ynhTaTe pacCJeTa MO,D;eJIH MaKCHMaJibHO Ha­

np.sr)l{eHHOH .s1LJ:eHKH TBC, paBHa 1 500 °C. 

CTOHT OTMeTHTh, tJT0 JlJI.sl COBpeMeHHOH TeX­
HOJIOrHH MHKpOTB3JIOB BTr p THTia TRI SO 

npHeMJieMbie MaKCHMaJibHbie TeMrrepaTypbI 

T0IIJIHBa ( C yqeTOM CTaTHCTH'IeCKHX cpaKTOpOB 

rreperpeBa) orpaHH'lliBaIOTCH ypOBHeM 

1 250 °C. 
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Ilpoae,neHHbie paC'IeThl IIOKa3aJIH, 'ITO B 

npoeKTe peaKTopa NGNP npH6JIH3HTeJihHO 

10 % OT pacxo,na TeIIJIOHOCliTemi:, IIO,llaBaeMO­

ro B peaKTop, npoxo,llHT qepe3 TexHonorHqec­

KHe 3a3Opb1 60KOBbIX O'Ipa)KaTeJieH, r,ne npaK­

THqecKH He no,norpeaaeTCH. B BbIXO,llHOM KOJI­

JieKTope peaKTopa TerrnoHOCHTeJib, npome,n­

IIIHH qepe3 O'Ipa)KaTeJIH, CMeunrnae-rcH c Terr­

JIOHOCHTeneM, BhIIlle,llillHM H3 aKTHBHOH 3OHbl, 

TeM caMbIM CHH)KaJI cpe,nuecMernaHHyio TeM­

nepaTypy Ha BhIXo,ne 113 peaKTopa. qT06hI 

noMep)l{aTb ,nauuyio TeMrrepaTypy ua 3a,naH­

HOM B npoeKTe ypOBHe, npHXO,llHTCH YBeJIH'IH­

BaTb TeM.IIepaTypy BhlXO,lla H3 aKTHBHOH 3OHbl, 

CJie,llCTBHeM qero HBJIHeTCH IlOBbillleHHe TeM­

rrepaTyp TorrJIHBa peaKTopa. 

PacqeThI npoBe,lleHhI B rrpe,nnOJIO)KeHHH, 

'ITO B peaKTope pa3Mepbl TeXHOJIOrH'IeCKHX 

3a3OpOB COOTBeTCTBYJOT CBOHM npoeKTHhlM 

3Ha'leHHJIM, H IIOKa3aJIH 3Ha'IHTem,Hoe rrpeBbl­

rneHHe MaKCHMaJibHbIX TeMnepaTyp TOilJIHBa 

Ha,ll 3HaqeIDU£MH, ,norrycKaeMbIMH COBpeMeH­

HOH TexuonorHeH npoH3BO,llCTBa TOIIJIHBa. B 

peaJibHOM peaKTope C yqeTOM CTaTHCTH'IeCKOH 

Heonpe,neneHHOCTH pa3MepoB TexuonorHqec­

KHX 3a3OpOB, ,llOIIYCKOB Ha HX BeJIH'IHHhI, He­

onpe,neneHHOCTH 06orameHID1 Torrmrna H npo­

'IHX q>aKTopoB MO)l{HO O)KH,llaTb eme 66JlhrnHe 

BeJIH'IHHbl TeMITepaTyp TOilJIHBa. 

,[(Jui: Bh16pauuoil KOHCTJ>YKUHH TBC H36a­

BHThCH OT TeXHOJIOrH'leCKHX rrpoTe'leK TeilJIO­

HOCHTemi: HeBO3MO)l{ffO. KpoMe Toro, HaJIH'IHe 

3a3OpOB Me)l{,lly TopuaMH CTO.sn.uHX ,npyr Ha 

,npyre TOilJIHBHhIX 6JIOKOB BCer,na 6y,neT npH­

BO,llHTb K ero nepeTeKaHmO B Me)l{KaCCeTHhle 

3a3Ophl. IlOHH3HTb TeMITepaTypbI TOIIJIHBa B 

CBTrP THIIa NGNP BO3MO)l{HO 3a cqeT yae­

JIHtieHHH pacxo,na TeITJiouocHTeAA qepe3 peaK­

TOp ('ITO YMeHI,rnaeT TeMITepaTypy BhlXO.Ua H 

3Ha'!HTeJihHO yaeJIH'IHBaeT 3a'IpaThl Ha npo­

Ka'lKy TeIIJIOHOCHTemi:), CHH)l(eHHH TeMITepa­

TypbI BXO,lla TeIIJIOHOCHTeJIH B peaKTop (.uau­

HaJI Mepa ynyqrnHT ycJIOBHH pa6oTI,I KOHCT­

PYJ<UHOHHbIX MaTepHaJIOB KOpnyca peaKTopa 

H l KOHTypa), YMeHbllleHHH 3HepronarrpH)KeH­

HOCTH aKTHBHOH 3OHhl (qTo TaK)l(e CHH3HT 

q>moeuc Ha rpaq>HT TOIIJIHBHbIX 6JIOKOB), on­

THMH3auHH IIOJIH 3HeproBh!)leJieHHH B aKTHB­

HOH 3OHe peaKTopa (KOTOpaJJ: ,nAA NGNP ~e 

npoBe,lleua) HJIH pa3pa60TKH HOBbIX KOHCT-
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PYKUHOHHI,IX H TOilJIHBHbIX MaTepHaJIOB ,llJIH 

CBTrP (TJ>e6ye-r npoBe.ueuHH Macmrn6Horo 

HHOKP). 
C ueJihlO H3yqeHHH BO3MO)KHOCTH CHH)l{e­

HHH TeMnepaTyp TonnHBa B CBTrP c npH3Ma­

THtiecKHMH TBC rrpoBe,llen pac'leT peaKTopa c 

KOHCTpyicuHeH, aHaJIOrH'IHOH KOHCTpYKUHH 

NGNP, TeMH )Ke, 'ITO H B NGNP, pacxo,llOM 

TeIIJIOHOCHTeJIH H IIOJieM 3HeprOBhI)leJieHHH, 

HO co CHH)l{eHHhlMH ,llO 400 °C TeMnepaTypOH 

BXO,lla TellJIOHOCHTeJIH B peaKTop H ,llO 

450 MBT TenJIOBOH MOlIIHOCTblO. Cpe,llHeCMe­

rnaHHaJI TeMIIepaTypa BbIXO,lla TellJIOHOCHTemi: 

H3 ,naHHoro peaKTopa COCTaBJIReT ~ 750 °C. 

Pac'leT MO,lleJIH 1/6 qaCTH peaKTopa IIOKa-

3aJI, 'ITO pacnpe,neneHHe pacxo,na TennoHOCH­

TeAA qepe3 3JieMeHTbI peaKTOpa npaKTHqecKH 

He OTJIH'laeTCH OT pacnpe,lleJieHIDI, paCC'IHTaH­

uoro .umi: peaKTopa NGNP. MaKCHMaJihHaJI 

TeMITepaTypa TOIIJIHBHOro KOMIIaKTa, IIOJiy­

'leHHaJI B pe3yJihTaTe pacqern Mo,uenH 1/12 
qacTH MaKCHMaJihHO uanpH)KeHHOH TBC, paB­

ua 1 130 °C. MaKCHMaJibHaJI TeMIIepaTypa 

TOIIJIHBHOro KOMITaKTa, YTO'IHeHHaJI B paC'leTe 

Mo,uenH MaKCHMaJihHO uanpH)l(eHHoH j{l{eHKH 

TBC, paBHa 1 180 °C. TaKHM o6pa30M, npe,n­

JIO)l{eHHb1e Mepbl CHl{)l(alOT MaKCHMaJibHhie 

TeMnepaTyphI TOITJIHBa B CB Tr p C npH3MaTH­

qecKHMH TBC ,no ypoBffj{, npHeMneMoro c 

TO'IKH 3peHID1 pa6orncnoco6uocTH MHKpOTB3-

JIOB. 

3aKmoqeuue 

B npe,llCTaBJieHHOH pa6oTe IIpOBO)lHJIOCb 

pac'leTHOe HCCJie,llOBaHHe BJIHHHHH OCHOBHhlX 

CHCTeMaTH'IeCKHX q>aKTopOB rreperpeBa TOil­

JIHBa B peaKTOpe - HepaBHOMepHOCTH 3Hepro­

Bbl)leJieHIDI B aKTHBHOH 3OHe H npoTe'leK TeII­

JIOHOCHTeJIH qepe3 TeXHOJIOrH11ecICHe 3a3Opbl 

(Me)l{KacceTHoro 3a3opa, 3a3opa Me)l{,lly 3aMe­

HHeMhIM 6oKOBbIM rpaq>HTOBbIM OTp~aTeJieM 

H He3aMemi:eMhlM CTaJibHhlM OTp~aTeJieM), a 

TaK)l{e qepe3 KaHaJihI CY3 H A3, Ha MaKcH­

MaJihHYJO TeMITepaTypy TOIIJIHBa B COBpeMeH­

HhIX npoeKTax CBTf P c npH3MaTH-.iecKHM.H 

TBC ua npHMepe npoeKTa peaKrnpa NGNP. 

Pac'leT IIO3BOJIHJI oueHHTb ypoBeHb TeMilepa­

TYP, KOTOphIH MO)l{eT ,llOCTHraTbCR B TOIIJIHBe 

,llauuoro peaKTOpa npH COBpeMeHHOH TeXHO-



norHH peaKTOpOCTJ)OeHHH. Mccne.noBaHHe 

npoBO.UHJl0Cb c IlOM0illblO KO.Ua FM-3O, pa3-

pa60TaHHOrO B PI-IIJ; "Kypt.J.aTOBCKHH HHCTH­

Tyr". 

Pe3yJlbTaTbl 01.(eHoqHbIX pacqeTOB, npoBe­

.neHHbIX Ha OCHOBaIDrn .naHHbIX O rrpoeKTe 

NGNP, HMeIOll.lHXCH B OTKpbITbIX HCTOl.f.HHKax 

HHq>OpMaUHH, .neMOHCTJ)HpyI-OT TOT <paKT, 'ITO 

,nIDKe 6e3 yqeTa CTaTHCTHl.J.eCK.HX <paKTopoB 

neperpeBa TeMIIepaTypbI TOilJlHBa H KOHCT­

PYKUHH TBC aKTHBHOH 30Hbl B CB Tr p C 

rrpH3M8THl.J.eCKHMH TBC Moryr .U0CTHr8Th 

1 500 °C, 1ff0 3HatJ.HTeJlbHO npeBOCXO.l{HT .no­

nycTHMblH ypoBeHh TeMnepaTyp ROpMaJJbHOH 

3KCIIJJyaTaUHH T0IIJJHBa (1 250 °C), HeCMOTJ)H 

Ha TO, lffO B npoeKTe NGNP rrpe.nrrpHHHT pg,n 

Mep no BblpaBRHBaHHIO TIOJleH 3HeprOBbl.l{e­

JJeHHH B aKTHBHOH 30He peaKTopa. 

PaclJeTbl TaIOKe TIOKa3aJJH, 'ITO CHH)KeHHe 

BXO.UHOH TeMIIepaTypbI TeIIJJOHOCHTeJJH .no 

400 °C H :meproHanpH)KeHHOCTH B peaKrnpe 

Ha 25 % npHBO.UHT K Il0IDI)KeHHIO ypOBHH 

MaKCHMaJJhHblX TeMnepaTyp TOTIJJHBa npHMep­

H0 Ha 300 °C, 'lJT06bI sa.ne:JKHO HCil0Jlb30BaTb 

MHI<pOTOTIJl.HBO, H3fOTOBJJeHHoe no OCBOeHROH 

TeXHOJJOrnH TRlSO. l{eHa TaKoro crroco6a 

Il0BbIIDeHHH TenJJoTeXHHqeCKOH Ha.l{e)KHOCTH 

TOTIJJHBa aKTHBHOH 30Hhl - CHH)KeHHe MOWHO­

CTH peaKTopa c 600 .no 400 MBT rrpH coxpaHe­

HHH pa3MepoB Kopnyca peaKTopa H TeMnepa­

TyphI ra3a Ha BhlXO.ne H3 peaKTopa C 950 .no 

750 °C. 

ilepBOHa'iaJJbHO B rrpoeKTe NGNP rrpe.n­

nonaranocb, qTo cpe.nHecMemaHHaH TeMTiepa­

Typa raJa Ha Bbrxo.ne H3 peaKTopa paBHa 

950 °C , O,llHaKO cei1:qac cornaCHO O<pHUHaJJb­

B0MY HHTeptteT-caJ1Ty npoeKTa .nnH .naHHOH 

TeMnepaTypbl paccMaTpHBaeTCH .UHaTia30H 

700 .. . 950 ° C [19] , T.e. npe.nycMaTJ)HBaeTCH 

B03MO)KHOCTb CHH)KeHHH TeMnepaTypbl TeilJJO­

HOCHTemI Ha BbIXO,lle peaKTopa. 

IlpoBe,lleHHOe paclJeTHOe HCCJie,llOBaHHe 

llOKa3aJJO, 'ITO }lroKe Ha :nane KOHUeTITYaJJb­

Horo npoeKTHpoBaHHH peaKTopa CB Tr P He­

o6xo,nHMO npoBe}leHHe aKKypaTHblX TJ)eXMep­

libIX paC'leT0B ra30}lHHaMHKH peaKTopa, aK­

THBHOH 30HbI, TBC, H1IeeK TBC c yqeToM 

Bcex <paKTOpOB, KOTOpbie Mor yr npHBO.UHTb K 

CHCTeMaTH'leCKOMY neperpeBy KOHCTJ)YKUHH H 

TOTIJIHBa. Eonee Toro BbI6op KOHCTJ)YKUHH 

TBC, 6noKoB OTJ)a)KaTerrH, nepH<pepHH peaK­

Topa H BCeH aKTHBHOH 30Hbl B l(eJJOM H~O 

rrpOB0.UHTb B HTepauHHX C pactJeTaMH ra30}lH­

HaMHKH H TeMrrepaTypHbIX norreH B aKTHBHOH 

30He peaKTopa . 
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Y,[J:K 532.574.2; 536.242; 661.85 
3KcnepuMeHTaJibHOe HCCJICJJ:0BaHue IlOJJeH TeMnepaTyp u CKOpOCTeii B BblC0K0-

TeMneparypH0M Il0T0Ke THJKM0ro JKHJJ:K0MeTaJIJIH"leCK0r0 TCIIJI0H0CHTMH 

A.B. Ee111.oco6, C.10. CaBUH.OB, 0.0. Hoso:»eUJ1osa, M.A. A11.mo11.e11.KoB, 
HrTY HM. P.E. AneKceesa, 603950, r. liIDKHHH Hosropo.u, yn. MHmrna, 24 

IIocTyrrHna B pe.uaKI.{mo 02.09.2009 r. 

TTpe,nCTaBneHbl pe3ynbTaThl 3KCnepHMeHTanbHOro Hccne.nosaHHj{ noneH TeMnepaTYP H CKOpOCTeH npH 
Te'¾eHHH CBHHUOBOro H CBHHeU-BHCMYTOBOro TennOHOCHTeneH B Kattanax Kpyrnoro H KOnhuesoro Ce'¾eHHH 
npH sapbHpyeMblX co.nep)KaHHH KHCnopona B TennoHOCHTene H xapaKTepHCTHKax 3neKTpOH30nHpYJOW.HX no­
KpblTHH. McnblTaHHj{ npOBO,!J.HnHCb npH cne.nyrow.Hx pe)K).{MHblX napaMeTpax: J) 3BTeKTH.Ka CBHHeU-BHCMYT ­
TeMneparypa T = 400 ... 520 °C, TepMo,n11ttaMH'¾eCKa11 aKTHBHOCTb KHcnopo.na (T,[{AK) a = l 0·5 

.. . I o0
, cpe,ntte­

pacxo,ntta11 CKOpOCTh TennOHOCHTeJUI w = 0,12 ... 1,84 Mic, semt'¾HHa MarHHTHOH HHJlYKUHH B = 0 ... 0,85 Tn, 
'¾Hcna PeHHOnb,nca Re = (0,24 ... 3,5)· 105

, fapTMaHa Ha= 0 . .. 500 H TTeKJ1e Pe= 320 .. .4 600; 2) CBHHUOBbIH 
TennoHOCHTenb - T = 400 .. . 550°C, T,[{AK a= 10·5 

... 10°, w = 0, l. .. 1,5 Mic, Re=(2,36 .. . 2,99)·105 H Pe = 
= 500 ... 7 000. . . 

l<Jl1011eeble CJI06a: Tj{)KenblH )KH,!J.KOMeTannH'¾eCKHH TennoHOCHTenb, none CKOpOCTH, none TeMneparyp, 
6bICTpblH peaKTop, TepMOll,nepHbIH peaKTop. 

Experimental Research of Heavy Liquid Metal Coolant Velocity and Temperature Structure. 
A. V. Besnosov, S.Yu. Savinov, 0.0. Novozltilova, M.A. Antonenkov, Nizhniy Novgorod State Technical Uni­
versity by R.E. Alekseev, 24, Minin St. , Nizhny Novgorod, 603950. Results of experimental research of lead­
bismuth and lead coolant velocity and temperature structure at a varied content of oxygen admixture and char­
acteristics of oxide covers are presented. Experimental studies were carried out for the following operation 
parameters: 1) lead-bismuth coolant - temperature T= 400 ... 520 °C, thennodynamic activity of oxygen 
a= 10·5 

..• 10°, the coolant velocity w = 0, 12 .. . 1,84 mis, the magnetic induction value B = 0 ... 0,85 T, the Rey­
nolds number Re = (0,24 ... 3,5)-105

, the Hartmann number Ha= 0 ... 500, and the Peclet number Pe = 320 ... 
4 600; 2) lead coolant-T=400 ... 550 °C, a= 10·5- 10° w = 0, 1. .. 1 5 mis, Re=(2,36 .. . 2,99)· I05, Pe = 500 ... 
7 000. 

Key Words: Heavy Liquid Metal Coolant, Velocity Structure, Temperature Structure, Fast Reactor, Ther­
monuclear Reactor. 

90 



Bee.r.euue 

TH)Kem,1e )l{Hl{KHe MeTcl.JIJII,I, TaKHe KaK 

CBHHeu, fa.JIJIHH, 3BTeKTHKH CBHHeU-BHCMyr H 

CBHHeU-JIHTHH, CJI)')KaT nepcneKTHBHbIMH Te­

IlJIOHOCHTemlMH l{Jlj{ ycTaHOBOK C peaKTOpaMH 

Ha 6bIC'fPbIX HeH-rpOHax (PEH) H peaKTOpOB 

ynpaBm1eMoro TepM0Rnep1-1oro CHHTe3a 

(T5IP). Co3l{aHHe TaKHX ycTaHOBOK -rpe6yeT 

npoBel{eHIDI ue11oro pRJJ.a KpynHMx TeopeTH­

qecKHX H 3KCIIepHMeHTa.JlbHbIX pa6oT, B qacT­

HOCTH, HCCJie}],OBaHHJI npoueccoB TeIIJI006Me­

Ha H fHJJ.POJJ.HHaMHKH TJDKefilIX )l{Hl{KOMeTa.JI­

JlH'IeCKHX ()KM) Ten110HOCHTeneir (T)I(MT). 

OcHOBHbIMH <t>aKTopaMH, BJJH.SUOIUHMH Ha 

npouecCbl TeIIJI006MeHa H rHl{pO)lHHaMHKY 

IIOTOKa B CHCTeMax C T)J(MT' RBMIOTCR co­

,aep)KaHHe KHCJIOpOJJ.a B TeilJJOHOCHTeJle H xa­

paKTepHCTHKH OKCHJJ.HbIX IIOKpbITHH Ha CTeH­

Kax KaHa.JIOB, orpaHH'IBBaIOIUHX IIOTOK :lKHJJ.­

KOro MeTa.JIJia. 

B HaCTOHIUee BpeMJI npaKTH'IeCKH OTcyr­

CTBYIOT 3KCnepHMeHTa.JlbHbie )laHHbie O pac­

npe,aeneHHH noJieH TeMIIepaTyp H CKOpOCTeH 

(JJ.aBJieHHH) B IIOTOKe DKMT npHMeHHTeJlbHO 

K HaTypHbIM ycnoBIDIM PEH H T5IP. Tionyqe­

HHe 3KCIIepHMeHTa.JlbHhlX l{aHHbIX II03BOJ1HT 

H3YtJHTb npoueccbI Tennoo6Metta H rH)lpOJJ.H­

HaMHKH T)J(MT, a TaK)Ke C03)laTb Ha HX OCHO­

Be rrporpaMMHbie KOJJ.bI JJ.M pactJeTa Tennoo6-

MeHHbIX IIOBepXHOCTeH H fH)lpaBJIHKH TeIIJI0-

06MeHHOro o6opy,aoBaHHR C T)I(MT. 

[{eJlb KOMTIJieKCa npoBe}].eHHbIX pa6oT -

HCCJie}],OBaHHe IIOJieH CKOpOCTeH H TeMIIepa­

Typ rrpu Te1IeHHn T)I(MT B KaHa.Jiax pa3JIWI­

HOH cpopMhl IIpH ueneHanpaBJleHHOM BapbH­

poBaHHH xapaKTepHCTHK OKCH.L{HbIX IIOKpbITHH 

H co.uep)KaHIDl KHCJIOpo.n;a B TeIIJIOHOCHTeJle. 

,[(mi: l{OCTff)KeHHR IlOCTaBJleHHOH ueJIH B 

HH)Keropo.ncKoM rocynapcTBeHHOM TeXHH1Iec­

K0M yttHBepCHTeTe HM. P.E. A.neKceeBa Ha Ka­

q>e.upe " ATOMHble, TeilJI0Bbie CTaHUHH H Mel{H­

UHHCKM HH)KeHepHR" C03l{aHl,I BbICOKOTeMTie­

paTypHbie )KM cTeH.L{bI <l>T 1 H <l>T2 co CBH­

HeU-BHcMyrOBhlM H CBHHUOBbIM TeIIJIOHOCH­

TeJl.slMH, COOTBeTCTBeHHO. 

1. Ooucauue 3Tanoe u MeT0AHKH 
3KcnepHMeHT3JlbHhlX pa6oT 

3KcnepHMeHTa.Jll>Hbie HCCJie)lOBaHIDI no­

JieH TeMrrepaTyp H CKOpOCTeH B IIOTOKe BbICO-

KOTeMITepaTypHoro T)I(MT BKJIJOl{aJIH B ce6R 

cne.nYIQIUHe 3Tallbl Hccne.nosaHHH noneii TeM­

nepaTyp H cKopocTett: 

- rrpH Te1IeHHH 3BTeKTHKH CBHHeQ-BHCMyr B 

KaHane Kpyrnoro cetJeHHH npH ueneHanpaB­

neHHO H3Mem1eMbIX xapaKTepHCTHKaX 3aIUlff­

HbIX OKCH.L{HbIX 3JieK-rpOH30JIHPYIOIUHX no­

KpbITHH H co.nep)l{aHHH KHCJI0po)la B TenJIOHO­

CHTeJie c HaJIO)KeHHeM nonepetJHoro MarHHT­

Horo IIOM Ha IIOTOK T)I(MT; 

- rrpH TetJeHHH CBHHIIa B KOfilQeBOM 3a30pe 

npw ueneHanpaBneHHo H3Mem1eMbIX xapaKTe­

pHCTHKax 3aIUHTHbIX OKCH.L{Hl,IX. IIOKpbITHH H 

CO)lep)l{aHHH KHCJIOpO)la B TeIIJIOH0CHTeJie IIPH 

BepTHKaJibHOM H ropH30HTa.JlbHOM pacnono­

)KeHIDIX KaHana. 

Ha Ka)l{.L{OM H3 :nanos onpe.neJigJiaCh oce­

BM COCTaBMIOIUM CKOpOCTH. 

Hccne,aosaHHe noneir TeMIIeparyp H cKo­

pocTeii Ha nepsoM 3Tane ocymecTBmrnocb 

IIpHMeHHTeJibHO K ycnoBHRM CHCTeM TellJIOOT­

BO)la T5IP. 

Hccrre)lOBaH}lj{ IIOJieH TeMTiepaTyp IIpOBO­

)lHJlHCb rrpH CJie.UYIOIUHX pe)KHMHhJX rrapaMeT­

pax: TeMIIepaTypa 3BTeKTHKH CBHHeU-BHCMyr 

T = 480 .. . 520 °C, T,IJ;AK a = \0-
5 
.. . 10°, Mar­

HHTHM HHJJ.)'KUHjl B = 0 ... 0,85 T11, Re= (0,24 

. .. 3,5)· 105, Pe= 320 . . . 4 600, Ha= 0 ... 500, 

pacxo.u 3BTeKTHKH 1Iepe3 3KCIIepHMeHTarrbHblli 

yqacTOK (3Y) Q = 0 ,2 . . . 3,3 M
3
/qac, CKOpOCTb 

TeIIJIOHOCHTem1 s 3Y w = 0 , 12 . .. 1 ,84 Mic, Te­

IIJIOBOH ITOTOK q = 23 KBTIM
2

• 

IloJIH CKOpOCTeH onpe)leJIHJIHCb npH cne­

.UYIOIUHX pe)l{HMHhIX napaMe-rpax: T = 400 .. . 

420 °C, a = 10
4 

... 10°, w = 1,0 ... 1,7 Mic, B = 0 

. . . 0 ,65 T11, Re = (1,6 ... 2,7)· 10
5

, Ha = 0 . .. 365. 

HccJie)loBaHHj{ IIpOB0)lHJIHCb Ha CTeH.ne 

<l>Tl co CBHHeU-BHCMYT0BbIM TeITJIOHOCHTe­

neM. Hccne)loBaHHe nonei-i TeMTiepaTyp ocy­

mecTBJIHJlOCb nocpe.UCTB0M TerrnocpH3H1IeCKOH 

3KCIIepHMeHTa.JlbHOH c6opKH, IIOMeIIJ,eHHOH B 

3a30p 3JieK-rp0MarHHTa. Ilo OKOH'lamrn 3KCITe­

pHMeHTaJibHbIX HCCJie)lOBaHHH IIOJJeH TeMIIe­

paTyp TerrnocpH3lfCleCKM c6opKa Bbrpe3anacb 

H3 KOHTypa H Ha ee MeCT0 ycTaHaBJJHBaJiaCb 

3KcnepHMeHTa.JlbHM c6opKa C .uaTt:fHKOM CKO­

pOCTH .UM H3MepeHIDI IIOJieH CKOpOCTeH B no­

T0Ke T)KMT. 

3KcnepHMeHTaJibHaR TennocpH3H1IeCKM 

c6opKa .L{JlHHOH L ~ 2 000 MM BbllI0JlHeHa H3 
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KpyrnoH TPY6bI BHYTJ)eHHHM .zmaMeTJ)OM 

deH = 25 MM H TOJIIUHHOH CTeHKH 8 = 3,5 MM 

(MaTepHaJI TPY6b1 ayCTeHHTHaJI CTaJib 

08X18H10T). TenJIOBOH IIOTOK HanpaBJieH OT 

CTeHKH 3Y K IlOTOKY TeilJIOHOCHTem1. lfaMe­

peHHe IIOJie:H TeMnepaTyp B IlOTOKe TeIIJIOHO­

CHTe.illl IIpOH3BO,llHJIOCb TepM030H,llOM, B coc­

TaB KOTOporo BXO,llfl IDITb xpoMeJib-KOIIeJie­

BbIX TepMonap. BeJIHlJHHbl TeIIJIOBOro DOTOKa 

H TeMnepaTypbl CTeHKH 3Y H3MepIDrnCb 110-

cpe,llCTBOM xpoMeJib-KOileJieBbIX TepMonap, 

HH.SI IIOJIH CKOpOCTH DpOH3BO,llHJIHCb B IlJIOCKO­

CTH, nepneH,llHKYJIHpHOH CHJIOBbIM JIHHHJIM 

MarHHTHOro IIO.illl. ,[(aTq_HK CKOpOCTH H3MepH­

eT IIOTeHUHaJibHblH HnOT H IIOJIHbIH Hnon Hano­

pbl IIOTOKa TH)KeJioro )KH,llKOro MeTaJIJia. Ilo 

pa3HOCTH IlOJIHOro H IlOTeHUHaJibHOro Hano­

poB BbJllHCJIJleTCH 3HaqeHHe oceBOH COCTaB­

JIHJOIUeH JIOKaJibHOH CKOpOCTH IlOTOKa 3BTeK-· 

THKH. 

OIIHcrurne cTeH.l{a <I>Tl, 3KcrrepaMeH­

TaJibHbIX c6opoK, YCTJ)OHCTB ,llaT'lliKa CKOpoc-

3a,lleJiaHHblX Ha BHYTJ)eHReH H BHeUIHeH no- TH H TepM030H.l{a, a TaK)Ke pacnOJIO)KeHHH 

BepxBOCTHX 3Y B HeCKOJibKHX H3MepHTeJib- TepMonap B TepM030H,lle H H3MepHTeJibHbIX 

HbIX ceqeHHJIX no BbICOTe c6opKH. Bee Tep MO- cetJeHHHX IIO,llp06HO H3JIO:>KeHO B [ 1 ... 3]. 

napbI, BXO,llHIUHe B COCTaB 3KCIIepHMeHTaJib- Ha BTOpOM 3Tane HCCJie,llOBaHHe IlOJieH 

HOH c6opKH, HMeJIH HH.l{HBH.llYaJibHyJO rpa,lly- TeMnepaTyp H CKOpOCTeH s BbICOKOTeMDepa-

HpOBO'IHyJO xapaKTepHCTHKY C norpeurnoc- TypHOM IlOTOKe DKMT ocymeCTBJijJJIOCb npH-

TblO rpa.llYHPOBKH ± 0,2 °C. MeHHTeJibHO K YCJIOBHHM KOHTypOB C peaKT0-

3KcnepHMeHTaJibHaJI c6opKa c ,llaT'lliKOM paMH ,lleJieHHH TH)f(eJII,IX Ji,Uep co CBHHUOBbIM 

CKOpOCTH BbillOJIHeHa H3 TJ)y6bI (MaTepHaJI TenJIOHOCHTeJieM. 3KcnepHMeHTaJibHble pa6o-

TPY6b1 - aycTeHHTHaJI CTaJib 08X18H10T) Tbl npoBO,llHJIHCb B HeH30TepMHqHOM KOHType, 

BHYTPeHHHM ,l{Jt:aMeTJ)OM deH = 26 MM H TOJI- COCTOHIUeM H3 .l{Byx TeIIJIOci>HJHqecKHX CTeH-

IUHHOH CTeHKH 8 = 3 MM. YqacTOK rH,llpO,llHHa- .l{OB <I>Tl H <I>T2, 061,e,llHHeHHbIX nocpe,llCT-

MHqecKOH CTa6HJIH3ailHH OT Haqana npHMoro BOM .l{Byx 3KCIIepHMeHTaJibHbIX c6opoK. Cxe-

yqacTKa 3KCIIepHMeHTaJibHOH c6opKH .l{O ,llaT- Ma 061>e,llHHeHHOro Tem10ci>H3H"'IeCKOro CTeH-

tJHKa cKopocTH cocTaBJijJJI L = 20 deH- M3Mepe- ,lla <I>Tl-2 rrpe,llcTasneHa Ha pHc. l. 

~ - -=-~ = = = = 7__-=--=--=--=--=-- ----=--=--=--=--=--=--,-=--=--~_jr 1 -; , -_--=--_ - -

i ------ i L JL/1 I I 
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I 

PHc. I. CxeMa o6beJlHHeHHoro TeOJ1o<pH31.P-1ecKoro CTeH,na <DTl-2: I, 18 - OJ1aBHJ1bHblH 6aK; 2, 15 - 6ycpep­

HaJI eMKOCTb; 3, 23 - KOHJJ.eHCaTop; 4 - BaKyyMHhlH Hacoc; 5 - )KM Hacoc; 6, 20 - 3)l(eKTop; 7 - qlHJlbTp; 8, 
13 - MepHaJI eMKOCTb; 9, 21 - )KM pacxoJJ.oMep; IO - KOJIJieKTop 3)l(eKTopa; 11 - KonneKTop rrnaaHJibHoro 

6aKa; 12 - KOJineKTop HH3Koro JJ.aaneHID1; 14 - )KM 3JieKTpoHacoc; I 6 - <pHJibTp 3anonHeHm1; 17 - ropH30H­

TaJibHblH 3Y; 19 - c6opHHK yrrnoTHeHIDI; 22 - nl30BblH paCXOJJ.OMep; 24 - 6aK o6pa3UOB noKpblntH; 25 -
KOJIJleKTop BblCOKOro JJ.aaneHHR aproHa; 26 - KOJIJleKTop HH3KOro JJ.aBJleHl-111 aproHa; 27 - KOJIJleKTOp BOJJ.Opo­

.na; 28 - HarpeeaTeJib; 29 - KOMnpeccop; 30 - BOJJ.OpOJJ.HhlH 6aMoH; 31 - aprOHOBblH 6aMoH; 32 - aepTH­

KaJibHhlH 3Y; 33 - JJ.aTlJHK CKOpOCTH ropH30HTaJibHOro 3Y; 34 - J].aTlJHK CKOpOCTH eepTHKaJihHOro 3Y; 35 -
H3MepHTeJlbHble 6alJKH; 36 - KOJIJleKTop BblCOKOro JJ.aBJieHl-111 ,naTlJHKOB CKOpOCTH; 37 - KOJIJleKTOp HH3KOro 

JJ.aBneHl-!j! JJ.3TlJHKOB CKOpOCTH; 38 - MaHOMeTpbl H3Mep,-neJibHblX 6alJKOB; 3JleMeHTbl I .. . 3, 5 ... 12 BXOJJ.j!T B 

COCTaB CTeH,na <DT 1, 3JleMeHTbl 13 ... 28 - e COCTaB CTeH,na <l>T2 
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11ccnellOBaHHe IlOJJeH TeMnepaTyp np0BO­

J).HJJOCh O.UHOBpeMeHHO Ha " XOJJO.UHbIX" H "ro­

pwrnx" Y'-IaCTKax KOHTypa npH CJJe,ll}'IOlllHX 

pe)KHMHhIX napaMeTPax: T = 400 .. . 550 °C, a = 
= 10-

5 
.. . 10°, Pe= 500 ... 7 000, w = 0,1. .. 1,5 

Mic; q = 50 . .. 160 KBTI M
2

. ITomi cKopocTeii orr­

pe.uemumc1, np11 cne,uymmHX pe)KHMHhrx na­

paMe1l)ax: T = 500 ... 550 °C, a= 10-5 
• .. 10·1, 

w = 0,64 .. . 1,0 Mic, Re = (2,36 .. . 2,99)· 105
. 

B COCTaB o6be,llHHeHHOf0 CTeH,lla <l>T l-2 

BXO.UHT BepTHKailbHa,i: H ropH30HTailhHa,i: Ten­

JIO<pH3HtJ:eCKHe 3KCnepHMeHTailhHbie c6opKH: 

1) BepTHKailhHhIH 3Y BhinOJJHeH B BH.Ue 

JJ.B)'X BepTHKailbHhIX KOaKCHailhH0 pacnono­

)KeHHhIX 1'py6 (d2/d1 = 4,2). BuennulJI 1'py6a 

.u11aMeTIJOM d2 = 45 MM, .UJJHH0H L = 1 570 MM 

H TOJllllHHOH 8 = 2,5 MM H3fOTOBJieHa 113 ay­

cTeHHTHOH cTanH 12X 18H 1 OT, a BH)'TPeHHAA 

npe.UCTaBJIHeT co6oi1 cneuHanbH0 C03.UaHHhIH 

TPY6tJ:aThIH 3JieK1l)oHarpeBaTeJib (T3H) H3 

cpeppHTHO-MapTeHCHTHOH CTaJIH l 6X 12MBC 

<l>EAP-ill .UJJHHOH L = 2 100 MM H aKTHBHOH 

qacTbIO I = l 600 MM co llITaTHOH o6onotJ:Koi% 

TB3Jia npoeKTHpyeMoro peaKTopa EPECT-O)].-

300. HanpaBJJeHHe ,llBIDKeHHH nOT0Ka B KOJib­

ueBOM 3a3Ope - CH1i3Y BBepx; 

2) ropH30HTaJihHhlH 3Y pa3MemeH C yK­

JIOH0M 3 DO ,llBH)KeHHlO CBHHll,a B BH.Ue ,llB)'X 

KOaKCHaJihHO pacnoJIO)KeHHhIX 1'py6 (d2/d1 = 

= 2 ,35). BuellIHAA TPY6a .UJIHHOH L = I 348 

MM, .UHaMeTpoM d2 = 45 MM, TOJIIUHHOH 8 = 

= 2 ,5 MM H3f OT0BJieHa H3 aycTeHHTHOH CTaJIH 

12Xl8H10T, a BH)'TpeHHAA 1l)y6a .UJIHHOH 

L = 2 095 MM, .UHaMeTIJOM d1 = 17 MM, T0JJ­

lllHHOH 8 = 3 MM - H3 cpeppHTHO-MapTeHCHT­

H0H cTanH 10X9HCM<l>E TPY6KH naporeuepa­

Topa npoeKTHpyeMoro peaKTOpa BPECT-O)].-

300. .lI,BH)KeHHe CBHHU0BOfO TeilJIOHOCHTeJJH 

npOHCX0,llHT B KOJibUeB0M 3a30pe, 3BTeKTHKa 

CBHHeU-BHCM)'T .UBH)KeTCH BO BH)'TPeHHeH 

1'py6e. 

B C0CTaB o60HX 3Y BXO,llHT TepM030H.Uhl, 

nocpe.ucTBOM KOTOpbIX ocymecTB.IUIJIOCh H3-

MepeHHe IlOJieH TeMnepaTyp B BhlC0KOTeMne­

paTypH0M IlOTOKe CBHHU0BOfO TeilJIOHOCHTe­

JlH. B cocTaB ropH30HTanbHOro 3Y sxo.u11n11 

.UBa .UHaMe1l)aJibHO pacnoJIO)l(eHHhIX TepM0-

30H,lla, co,uep)l(am11x rro tJ:eThipe xpoMeJib-anIO­

MeneBbIX TepMonap1,1 Ka)K.llbIH. B BepTHKaJih­

HOM 3Y )'CTaHOBJJeH O.UHH TepM030H.U, B coc-

TaB KOTOporo BXO.UHT tJ:eTblpe xpoMeJib-anlO­

MeneBbie TepMonapbI. ;::I:.IUI H3MepeHHH BeJIH­

'!HHhl Tennosoro noToKa B .UByx cetJ:eHIDlX no 

BblCOTe B o6oHX 3Y ycTaHOBJieHhl TepMonapbI 

Ha "BH)'TPeHHeH" H "BHemueif' IIOBepXHOCTHX 

Tpy6 3KCIIepHMeHTailhHhlX c6opoK. Bee Tep­

MOIIapbl, BXO)J.HlllHe B COCTaB 3KcnepHMeH­

Ta.JlbHhIX c6opoK, HMeJIH HH)J.HBH)J.)'ailhH)'JO 

rpa.uyttpOB0tJ:H}'IO xapaKTepHCTHKY C norpern­

HOCThlO rpa.uyttp0BKH ± 0,2 °C. 

flo OKOHtJ:aHHH 3KCilepHMeHTaJihHhIX pa-

60T Hccne.uosaHHH noneH TeMTiepaTyp c6opKH 

.ueMOHTHpOBanHCb H3 CTeH,ua, IIOCJie qero B 

Ka)K.ll}'IO H3 IDlX ycTaHaBJIHBanCH .uaTtIHK CKO­

p0CTH H 3KcnepHMeHTailhHhie c6opKH B03Bpa­

lllailHCb o6paTHO B CTeH.u . 

KoHCTIJyKUIDI ,uaTtIHKa CKOpocrn. ,llJJ.SI H3-

MepemUI noneH cKopocTdi B KOJihUeBOM 3a30-

pe CXO)l(a C KOHCTIJyKUHeH ,uaT'IHKa ,ll.lUI 

H3MepeHHH rrpoq>HJIH CKOpOCTH B KpyrnoH 

TPY6e, npHMeueuuoro ua nepBOM 3Tane 

HCCJie.UOBaHHH. CxeMa .uaTtJ:HKa CK0pOCTH, 

ycTaHOBJJeHH0ro B BepTHKanhH0M H 

ropH30HTailbHOM 3Y, npe.acTaBJieHa Ha pHC. 

2. ;::I:aTtJ:HK H3MepHeT pa3HOCTb 

noTeHUHailhH0fO HnoT H non uoro Hnon 

HanopoB IlOT0Ka )KH,llKOro MeTanna, no KOTO­

poH Bhl'-IHCJIHeTCH oceBa,i: COCTaB.IUIIOllla,i: 

Jl"KaJlbHOH CKODOCTH B 3anaHHOH TOtIKe IIOT"-
5 ,,.__..,..__-" K 6a'IKY 113Me peH11J1 6 

l!ill:~~=-no11Horo Hanopa 

K 6a'IKY 11JMe peH11J1 

n0TCHU11aJ11,JI0f 0 Hanopa 

9 

~ 

P11c. 2. CxeMa ,!J.aT'-!ttKa CKOpOCTH: I - ornepcTHe 

H3Mepem-u1 noTeHU.HaJlbHOro Hanopa; 2 - KanHJJ­

m1pHaJ1 Tpy6Ka; 3 - T3H; 4 - TepM030H,!J.; 5 -
30H,!J.; 6 - WTaHrH onopHble; 7 - WTIHJlbKH ,!J.HCTaH­

LlHOHHpyJOUlHe; 8 - raHKH nepeMemaJOmHe; 9 -
,!J.HCTaHU.HOHHpy1omajj nnaCTHHa; l O - CHJlbQ)OH; 

11 - Tpy6Ka coe,!J.HHHTeJlbH~ 
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Ka. IlOJIHbIH Harrop H3Mep.SleTC.SI C rrOMOIUblO 

KarrHJillilpa (Tpy6KH BHyrpeHHHM .IlHaMeTpOM 

d = 1 MM, TOJIIUHHOH CTeHKH 8 = 0,25 MM), ero 

CB060AHbIH KOHeu HarrpaBJieH HaBCTpeqy 11O­

TOKY CBHHUOBOro TenJIOHOCHTeJI.SI. 

qepe3 KarrHJIJI.SIP H CHCTeMy Tpy6onpOBO­

AOB )KM TeITJIOHOCHTeJib rrocTynaeT B 6aqoK 

H3MepeHH.SI IlOJIHoro Hanopa rrOTOKa. IloTeH­

UHaJibHbIH Harrop HJMep.si:eTc.si: qepe3 ornepc­

THe B CTeHKe 3Y, e OAHOM rronepeqHoM ceqe­

HHH Tpy6hl KOTOporo HaxOA.SITC.SI CB060AHbJH 

KOHeu KaITHJIJI.SIPa H OTBepcTHe Ami H3MepeHIDI 

rroTeHI{HaJibHOro Hanopa B CTeHKe. qepe3 OT­

BepCTHe H3MepeHIDI rroTeHUHaJibHOro Harropa 

CBHHeU qepe3 CHCTeMY Tpy6onpOBOAOB noczy­

rraeT B 6aqoK H3MepeHH.S1 IIOTeHUHaJibHOro Ha­

nopa. 

CxeMa cTeHna, KOHCTpYKUH.SI 3Y, a TaIOKe 

pacrroJIO)KettHe TepMonap B TepMoJoHAax H 

HJMepHTeJibHbIX ceqeHH.SIX rronpo6tto orrnca­

HbI B [4, 5]. 
Ka)K,L{blH HJ :nanoB HccnenoeaHH.S1 noneH 

TeMrrepaTyp H CKOpOCTeH COCTO.SIJI H3 ue­

CKOJibKHX rron:nanoB, Ha Ka)K,L{OM H3 KOTOpblX 

AOCTHfaJIHCb 3aAaHHhle 3HaqeHH.SI BeJIH1lHHbI 

T.L(AK H xapaKTepHCTHK OKCffAHblX rrOKpbI­

THH, nocne qero npoHJBOAHJIC.SI JaMep rroneH 

TeMnepaTyp HJIH CKOpOCTeH rrpH pa3JIJfqJ{blX 

JHaqeHH.SIX pacxona TennOHoc11Tem1 qepe3 3Y. 

Ha rrepBOM :narre HCCJJeAOBaHHH npH yrroM.SI­

HyTbIX JanaHHblX 3HaqeHH.SIX H3MepeHHe no­

JieH TeMnepaTyp H CKopocTeH npOH3BOAHJIOCb 

IIpH pa3HbIX 3HaqeHH.SIX BeJIHqHHbI MarHHTHOH 

HHAYKUHH oooepeqHoro MarHHTHOf O IlOJUI. 

11:JMeHeHHe conep)KaHH.SI KHcnopona B Te­

nnoHOCHTene H xapaKTepHCTHK O((CH.I{HblX no­

KpbITHH Ha CTeHKax, orpaHH'lliBaIOIUIDC IlOTOK 

)K}fAKOrO MeTaJIJia, AOCTHraJIOCb IlyTeM o6pa-

60TKH TerrJIOHOCHTeJUI BOAOPOAOM HJIH KHCJIO­

POAOM B COCTaBe aTMOC<pepttoro BO3Ayxa. 

3KcnepHMeHTaJibHO DOJiytieHHbie IIOJUI 

TeM1IepaTyp npencraeneHbI B BHAe rpa<pH1Ie­

CKHX JaBHCHMOCTeH e = j{rlro), rne e = (T -
- Tj)l(Tw - T1) - 6e3pa3Meptta.si: TeMIIepaTypa. 

,[(JIJI 3Y Kpyrnoro ceqeHIDI T - TeMnepa­

Typa TeIIJIOHOCHTeJI.SI Ha TeK)'I.UeM panHyce, 

°C; TJ- TeMnepaTypa TeOJIOHOCHTeJUI B UeHT­

pe IIOTOKa (Ha OCH 3Y), °C; Tw - TeMrrepaTypa 

Ha BHyrpeHHeH OOBepXHOCTH 3Y, °C; r - Te-
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KYIUHH panHyc ( OTClfHTblBaJIC.SI OT BHelJ.IHeH 

IIOBepxHOCTH 3Y), MM; ro = 12,5 MM - BHyT­

pemnm: PaAHYC 3Y. 

,[vi.SI eepTHKaJJbHOro 3Y C KOJibUeBbJM 3a-

3OpOM T - TeMIIepaTypa TeilJIOHOCHTeJI.SI Ha 

TeK)'I.UeM paAHyce KOJibUeBoro 3a3Opa, °C; T1-
TeMnepaTypa TerrJIOHOCHTeJUI B KOJibUeBOM 3a-

3Ope Ha paAHyce r = 13,75 MM, °C; 7;,, - TeM­

rrepaTypa Ha BHeorneH noeepxHOCTH T3Ha 

3Y, °C; r - TeK)'I.UHH pai:myc B KOJibUeBOM 3a-

3Ope (pacCTOJllllie OT BHemHeH OOBepx HOCTH 

T3Ha no TeKymeH TOqKH B KOJibUeBOM JaJO­

pe ), MM; ro = 15 MM - panHyc KOJibUeeoro Ja­

Jopa OT BHeIDHeH noeepXHOCTH T3Ha no BHY­

TpeHHeH noeepXHOCTH BHemHeH Tpy6w 3Y. 

,[(JIJI ropH3OHTaJibHOro 3Y C KOJJbUeBbIM 

3a3OpOM 0 = (T - Tw)l(T1 - Tw); T - TeM­

rrepaTypa TeITJIOHOCHTeJI.SI Ha TeK)'I.UeM panHy­

ce KOrrbueeoro JaJopa, °C; T1 - TeMITepaTypa 

TeIIJIOHOCHTeJUI Ha paAHyCe r = 9,7 MM, °C; T111 

- TeMIIepaTypa Ha BHeIDHeH IIOBepXHOCTH 

BHyrpeHHeH Tpy6hl 3Y, °C; ro = 11,5 MM - pa­

AHYC KOJib[{eBoro 3a3Opa OT BHemHeH noeepx­

HOCTH BHyrpeHHeH Tpy6bl no BHyrpeHHeH rro­

eepXHOCTH BHerrrneu Tpy6b1 ropH3OHTaJibHOro 

3Y. 

3KcrrepHMeHTaJJbHO IIOJJytieHHbie IlOJUI 

cKopocTeH rrpencraeneHbI B BHAe rpa<f>Hqe­

CKHX JaBHCHMOCTeH u = j{rlro), rne u - 6e3-

pa3MepHa.si: CKOpOCTb. 

,n:m1 3Y Kpyrrroro ceqeHH.SI U = 1 - VI Va, 
rne V - CKOpOCTb TeIIJIOHOCHTeJUI Ha TeKymeM 

panHyce, Mic; Va - CKOpOCTb TeIIJIOHOCHTeJUI B 

ueHTpe DOTOKa (Ha OCH 3Y); r - TeKymHH pa­

AHYC, MM; ro = 12,5 MM - BHyrpeHHHH PanHYC 
3Y. . 

,[vi.SI 3Y C KOJibUeBbIM 3a3OpOM V - CKO­

pOCTb TeilJIOHOCHTeJUI Ha TeKymeM panHyce 

KOJibUeBoro 3a3Opa, Mic; Va - 3HaqeHHe JIO­

KaJibHOH CKOpOCTH Ha panHycax r = 12,75 
(eepTHKaJibHbIH 3Y) H 9,75 MM (ropH30H­

TaJibHbIH 3Y), Mic; r - TeKymHH pan wyc B 

KOJibUeBOM 3a3Ope, MM; ro = 11 ,5; 15 MM - pa­

AHYC KOJib[{eeoro JaJopa OT BHerrrneH noeepx­

HOCTH BHyrpeHHeH Tpy6bl (T3Ha) AO BHyT­

peHHeH noeepxHOCTH BHenrneH Tpy6bl ropH-

3OHTaJibHOr o H eepTHKaJibHOro 3Y, COOTBeT­

CTBeHBO. 



2. PeJyJibTaTbl ucnb1Tanuii 

TipoBe,lleHHbie 3KCaepHMeHTaJibHhie HC­

cne.uoBaHH51 nondi: TeMnepaTyp B BbICOKOTeM­

aepaTypHOM IIOTOKe T)f(MT IlOKa3aJIH, 'ITO BO 

BCeM ,llHana:JOHe pe)KHM II blX napaMeTpOB C 113-

MeHeHHeM pacxo.ua TennoHOCHTeJI51 npo11cxo­

JlHT H3MeHeHHe CTpYI<Typbl npoqrnJUI CKOpoc­

TH. Hano:lKeHHe nonepeq}foro MarHHTHOro no­

JI51 Ha IlOTOK TaK:lKe npHBO,llHT K nepeCTpOHKe 

npoqrnmi: CKOpOCTH. TioJUI TeMnepaTypbl B 

6e3pa3MepHblX KOOp.ll;HHaTax npH TetJeHHH 3B­

TeKTHKH CBHHeU-BHCMyr B KaHaJie Kpyrnoro 

cetJeHH51 B norrepeqHOM MarHHTHOM IIOJie rrpH 

3HatJeHH51X Pe < 2 000 HMeIOT aapa6oJIBllec­

Kyro cpopMy. YBeJIH"tJeHHe q11cna IleKJie (pac­

xo.n;a TeIIJIOHOCHTeJI51) rrpHBO,llHT K o6pa30Ba­

HHIO rmaTO TeMnepaTyp B 51,llpe IIOTOKa. TipH 

nocne.uyrorueM y'BeJIH'IeHHH pacxo.n;a Terrno­

HOCHTen51 rrpOHCXO.lJ.HT JJ.aJihHeHllla51 nepecT­

poi-iKa npocpHIDI TeMnepaTyp npeHMymecTBeH­

HO B 51,llpe nOTOKa. IlpocpHilh CKOpOCTH np1106-

peTaeT W-o6pa3HyIO cpopMy, T.e. MHHHMaJib­

HOe 3HaqeHHe TeMI1epaTypb1 H3 ueHTpa (r/r0 = 

= 1) HeCKOJibKO CMeIUaJIOCh Ha nep11cpepmo 

noTOKa (rlro = 0,6 ... 0,7). IlpocpHnh TeMnepa­

Typ B rrpHCTeHHOM CJIOe H3MelUUIC51 cna6o. 

Hano:lKeHHe noaepetJHOro MarHHTHoro aomi: 

Ha nOTOK 3BTeKTHKH rrpHBOJJ.HJIO K "BbIT.s!THBa­

HHlO" npO(pHJ151 TeMnepaTyp no cpaBHeHHIO C 

rrpocp11neM npH TeqeHHH TennoHOCHTeJ151 BHe 

MarHHTHOro noJUI. 

Ha116onee 3aMeTHa51 JJ.ecpopMaUH51 npocpH­

mi: TeMnepaTyp c y'Be1mqeHHeM pacxoJJ.a Ten­

nouoc0TemI OTMeqeHa B pe:lKHMax C BbICOKHM 

co.uep)l<aHHeM KHCJIOpOJJ.a B TeIIJIOHOCHTene (a 
::::: l ). B 3TOM pe:lKHMe OTMe'IeHa HaHMeHbllla51 

cTeneHh BJIH51HIDI aonepequoro MarHHTHoro 

rromi: Ha nOTOK TeIIJ1OHOCHTeJ151 H, cne.l).OBa­

TeJlbHO, apO(pHJlb TeMilepaTyp, 'ITO CB513aHO C 

cpopMHpoBaHHeM OKCH.lJ.HhlX IlOKpbITHH Ha 

CTeHKax 3Y H cno51 OTJIO:lKeHHH npuMecei-i, 

o6na.uaIOIUHX 3HatJHTeJ1bHblM 3JieKTpH'IeCKHM 

corrpOTHBJleHHeM. <l>opMHpOBaHHe TaKHX no­

KpbITHH Bhl3BaJIO y'MeHbllleHHe Mf )].-conpo­

THBJieHH51 IlOTOKa :lKH.l).KOro MeTaJIJia. CMerue­

HHe MHHHMy'Ma TeMIIepaTyp B npocpHJie C y'Be­

JlH'ieHHeM pacxo.n;a TeIIJIOHOCHTemi: MO:lKHO 

o6n51CHHTh y'Be.lllf'leHHeM HHTeHCHBHOCTH pa­

.llHaJibHOro nepeMernHBaHH51 B ,i:JJ.pe IIOTOKa 

)Kff.lJ.KOro MeTaJIJia. BbITMHBaHHe rrpocpHml 

TeMnepaTyp, BhI3BaHHOe HaJIO:lKeHHeM Ha no­

TOK nonepetJHoro MarHHTHoro non,i:, o6n51CHJl­

eTC51 IIO.l).aBneHHeM Typ6yneHTHhlX rryJihCaUHH 

B IIOTOKe MarHHTHbIM noneM, 'ITO npHBO.lJ.HT K 

J1aMHHap113a1..urn IlOTOKa. 

IlpH TetJeHHH CBHHUOBOrO TennoHOCHTeJrn 

B KOJlbUeBOM 3a3Ope TaK:lKe o6Hapy')KeHO H3-

MeHeHHe npocpHJI51 TeMnepaTyp rrpH H3Meee­

HHH pacxo.l).a TeI1J1OHOCHTeJ151 BO BCeM ,lJ;Hana-

3OHe peanH3OBaHHbIX pe:lKHMHhIX rrapaMeTpOB. 

B BepTHKaJibHO OpHeHTHpOBaHHOM 3Y rrpH 

3Haqemu1x Pe ?: 2 500 npocpum, TeMrrepaTyp 

HMeeT nonoryio rrapa6oJIH'IecKyro cpopMy. 

TeMIIepaTypa rrnaBHO H3MeHJieTC51 OT MaKCH­

MaJihHOH Ha BHeIIIHeH IlOBepXHOCTH T3Ha 

(rlro = 0) no MHHHMaJlbHOH Ha BHyTpeHHei-i 

noBepXHOCTH BHeUIHeH Tpy6hI (rlro = l). YBe­

mfqeHHe pacxo.l).a TeITJIOHOCHTeJUI npHBOJJ.HT K 

CMerueHKIO MHHHMy'Ma TeMrrepaTyp B o6naCTb 

KOJihUeBoro 3a3opa (rlro = 0,5 ... 0,6). Ha1160-

nee 3aMeTHoe H3MeHeHHe npocp11n51 TeMIIepa­

TYP c y'Benw:i:eHHeM pacxo.l).a OTMe'IeHo B pe­

:lKHMax c a = 10-5 
... l 04

. B uenoM npocpHnH 

TeMnepaTyp HMeIOT 6onee "BbIT51Hyryro" cpop­

MY no cpaBJ-leHHIO C rrpocpHAAMH, rronyqeHHhI­

MH B pe:lKHMe ca::::: l. 
IlpH pa3JIH"'IlihIX 3Ha'leHK51X pacxo.n;a Terr­

JIOHOCHTeJ151, T )].AK B TennOHOCHTeJie H Mar­

HHTHOH HH.lJ.YKI.J.HH o6Hapy')KeHO, 'ITO npR Te­

qeHHH 3BTeKTHK.H CBHHeU-BHCMyr B Kpyrnoi-i 

Tpy6e B rrorrepe'IHOM MarHHTHOM none rrpH a 
~ 10-5 

... 104 
H Re= (l,8 ... 2,0)·105 

rrpocpKJib 

CKOpOCTH HMeeT napa6on0qecKyro cpopMy. 

HaH6onee pe3KOe H3MeHeHHe IlOJUI CKOpOCTH 

B .l).aHHOM pe:lKHMe C HaJIO)KeHHeM Ha IIOTOK 

MarHHTHOro IIOJI51 npOHCXO,llHT B npHCTeHHOH 

o6naCTH, B 51,llpe IlOTOKa JIOKaJihHa51 CKOpOCTb 

nnaBHO BO3pacTaeT, ,llOCTHra51 MaKCHMy'Ma B 

ueHTpe llOTOKa. IlpH ,llOCTH:lKeHHH 3HaqeHHH 

Re = (2,6 .. . 2,8)· 105 
npOHCXO.ll;HT H3MeHeHHe 

CTpy'KTypbl llOJUI CKOpOCTeH. C y'BeJIH'IeHHeM 

pacxo.l).a TeI1J1OHOCHTemI 3HaqeHHe CKOpOCTH B 

rrpucTeHHOH o6nacTH (r/r0 = 0 ... 0,2) so3pac­

TaeT, rrpocpHJlb CKOpOCTH B 51.l).pe IlOTOKa rrpH­

o6peTaeT 6onee nonoryio ~ opMy. 

B pe:lKHMaX C a ~ 1 O" ... 1 o0 
BO3paCTaHHe 

CKOpOCTH B npHCTeHHOH o6nacTH rrpH Re = 

= (1,8 ... 2,0)-105 
6onee pe3Koe (rpaJJ.HeHT CKO­

pocTH 60J1bille), 'leM B pe:lKHMe C MaJihIM co-
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.uep)l(aHHeM KHCJJOpo.ua npH TCX )KC 3Hat.teHJUlX 

KpHTepmi: Re. no JlOCTH)l(CHHH 3HaqeHHH Re = 
= (2,6 ... 2,8)· 105 

3Hat.tHTeJJbHbIX H3MCHCHHH 

npoqrnm1 CKOpOCTH KaK B npHCTCHHOM CJJOe, 

TaK H B g,upe OOTOKa B '.HOM pe)l(HMC He npo­

HCXOJlHT. bOJJee pe3KOe B03pacTaHHe CKOpo­

CTH B npHCTCHHOM CJJOe sepogrHo CBjl3aHO C 

H3MCHCHHCM Q)H3HKO-XHMHtJCCKOTO COCTOjiHffjl 

IIOKpblTHH Ha IIOBCpXHOCTH KaHana, orpaHH­

t.tHBa10meH noToK )l(H,llKOro MeTanna. B ueJJOM 

npocpHJib CKO~OCTH B g,upe TIOTOKa B pe)l(HMC C 

a ~ 10-1 
••• 10 HMeeT 6oJJee nonoryro Q)OpMy 

no cpaBHCHHIO C npocpHJleM B pe)l(HMC C a ~ 
10-5 ... 104

. 

HaJIO)l(CHHC nonepeqHoro MarHHTHOro 

TIO]Ijl Ha IIOTOK 3BTCKTHKH rrpHBO,llHJlO K nepe­

CTJ)OHKe TIO]Ijl CKOpOCTH, npOQ)HJlb npHHHMaJI 

6oJJee "BbITHHYThIH" napa6oJJuqecKHH BHJl. 

ITpH Teqemrn: TCIIJJOHOCHTCJljl B nonepe'-IHOM 

MarHHTHOM IIOJJe npOHCXO,llHJJO YMCHbllJCHHe 

JlOKaJJbHOH CKOpOCTH s npHCTCHHOH o6naCTH 

(rlr0 = 0 ... 0,2), B anpe noToKa (rlro = 0,5 ... 1) 
CKOpOCTb HCCKOJlbKO B03pacTaeT. TaKoe H3Me­

HeHHC rrpOQ)HAA CKOpOCTH MO)l(HO o6bHCHHTb 

TCM, qTo B JlHaIIa30He Re = ( 1, 7 ... 2,8)· 105 
Ha­

JIO)l(eHHe rrorrepe'llioro MarHHTHOro IIO]Ijl (Ha 

= 280 ... 360) npHBOJlHJlO K rronaBJlCHHIO Typ-

6yneHTHbIX IIYJibCaUHH s IIOTOKe, BCJIC,UCTBHe 

qero YMeHbmanacb CTeneHh Typ6yneHTHOCTH 

IlOTOKa H 3TOT 3Q)cpeKT rrpeo6nanan Ha,ll 3cp­

<peKTOM f apTMaHa, CBji3aHHbIM C ynnorueHHCM 

IIpO!pHAA CKOpOCTH. 

HaH60JibillM CTeneHb BJIHjlHHJI. MarHHT­

HOfO nona Ha IlOTOK TeOJIOHOCHTC]Ijl o6Hapy­

)l(CHa B pe)l(HMC C a ~ 10-S ... 104
, HaHMCHblllM 

- C a ~ 10-1 
... 10°. 3TO, KaK H B cnyqae C IIO­

JICM TCMIIepa-ryp, Bbl3BaHO TCM, '-ITO B pe)l(HMC 

C BbICOKHM co.uep)l(aHHCM KHCJlopona B TCIIJIO­

HOCHTCJle Ha CTCHKaX KaHaJia npOHCXO.UHT o6-

pa30BaHHe OKCHJlHbIX 3JleK-rpOH30JlHpyrommc 

IIOKpbITHH H CJIOjl OTJlO)l(CHHH IIpHMeCeH: Ha 

IIOBepXHOCTHX KaHaJIOB, 06na.ua.10ruHx BbICO­

KHM 3JlCKTJ)OCOilpOTHBJleHHeM. ITpHCTeHHblH 

CJlOH YMeHbmaeT 3JlCK'rponpoBO,UHOCTb CTe­

HOK KaHana, qTo npHBO,llHT K ocna6JJeHHIO CTe­

neHH BJIHHHIDI. MarHHTHOfO OOAA Ha OOTOK 

)l(HJlKOfO MeTaJIJla. 

B pe3yJlbTaTe 3KCnepHMCHTaJlbHOro HC­

CJIC.UOBaHIDI. noneH: CKOpOCTeH npH TeqeHHH 

CBHHUa B KOJlbUCBOM 3a30pe o6Hap~eHO pe3-
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Koe H3MeHeHHe JIOKaJJbHOH CKOpOCTH B npH­

CTeHHOH o6nacTH r/r0 = 0 ... 0, 1; 0,9 ... 1. fpa­

JlHeHT CKOpOCTH y BHyrpeHHeH IlOBepxHOCTH 

BHCllJHeH -rpy6h1 60Jlbllie, tteM y BHCIDHeH no­

BepxHOCTH BHy-rpeHHeH -rpy6bI BepTHKaJJbHO 

OpHCHTHpOBaHHOro 3Y BO BCCM ,llHaOa30He 

pe)l(HMHbIX napaMeTpOB, peaJIH30BaHHblX B 

JKcnepHMeHTe. BKmoqeH11e T3Ha npHBo,uuno 

K HCKOTOpOMY yMeHbmeHHIO BeJIWIHHbI JlO­

KaJlbHOH CKOpOCTH B6JIH3H BHemHeH nosepx­

HOCTH T3Ha npH Tex )Ke pacxo.ue TeIIJIOHOCH­

TCJljl H T.l(AK B TeIIJIOROCHTene, 'ITO, BepogT­

HO, Bbl3BaHO H3MCHCHHCM BH3KOCTH B npH­

CTeHHOH o6nacTH. B jl,[(pe IIOTOKa JIOKaJibHag 

CKOpOCTb TCIIJIOHOCHTCJljl H3MeHHJiaCb IIJiaBHO, 

MaKCffMYM CKOpOCTH HaXO,UHJlCjl s o6nacTH 

rlro = 0,3 ... 0,7. B n:enoM npOQ)HJlb CKOpOCTH B 

KOJlbUeBOM 3a30pe HMCJl BH.U YIIJJOIUeHHOH rra­

pa60Jibl co CMerueHH.bIM n;eH-rpOM. 

B pe)l(HMe c TepMO.UHHaMHqecKOH aKTHB­

HOCThIO a = 10-3 
... 10-1 

3KCnepHMCHTaJJbHO no­

JI)"ICHHhTe rrpoqrnnH CKOpOCTH HMeIOT 6onee 

"BbITHHYTYJO" cpopMy no cpaBHCHHIO C pe)l(H­

MOM c a = 10-) ... 104
. ITpH BbICOKOM co.uep­

)l(aHHH KHCJIOpona B TCOJIOHOCHTeJie H3MeHe­

HHC CKOpOCTH B npHCTeHHOH o6naCTH HMeno 

6onee IIJiaBHbIR xapaKTep, qTo, B03MO)l(H0, 

BbI3BaHO HaJIWIHeM ttaCTHU OKCH.UOB TCITJIOHO­

CHTCJIH Ha IIOBepXHOCTHX 3Y, orpaHH-irnBaIO­

IUHX IlOTOK MeTaJIJla. 

rro]Ijl CKOpOCTeH H TeMIIepaTyp, nonyqeH­

Hbie npH Tel.feHHH 3BTCKTHKH CBHHeU-BHCMYT 

B KaHane Kpyrnoro Cel.fCHIDI, HMeIOT CXO)l(HH 

napa6oJIH'!CCKHH BHJl. Ha pHC. 3, 4 npe.ucTaB­

JleHhI npocpHJIH CKOpOCTH H TeMnepaTypbl B 

6e3pa3MCpH.bIX KOOp,UHHaTax, HaJIO)l(CHHblC 

npyr Ha .upyra. Bo BCeM ,llHana3oHe pe)l(HM­

H.hIX rrapaMe-rpoB He o6Hap~eHO CMCIUCHHjl 

MHRHMaJI.bHOro 3Hat.teHIDI. 6e3pa3MepHOH CKO­

pocni, KaK B cJJyqae npoqmna TeMITepaTypbI. 

B pC)l(HMe c a ~ l 04 
(pHC. 3) OTMeqeHo nepe­

ceqeHHe 6e3pa3MCpHbIX npocpHJleH TCMIIepa­

Typ.bl H CKOpOCTH B o6naCTH rlro = 0,15 ... 0,3. 
lf3MCHeHHC CKOpOCTH B npHCTCHHOH o6naCTH 

npoHCXO.UHT 6onee pe3KO no cpaBHeHHIO C 

TeMIIepaTypOH. B jl,[(pe OOTOKa npo<pHJJb CKO­

pOCTH HMCCT 6oJJee IlOJJoryro Q)OPMY no cpaB­

HCHHIO C npOQ)HJleM TeMnepaTypbI. 

Hanm1<eHHe nonepe'IBoro MarHHTHoro 

IlOJljl Ha IIOTOK 3BTeKTmrn B ,[(aHHOM pe)l(HMe 
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CK0p0CTJ,f npH Tel.feHJ,fJ,f 3BTeKTHKH CBHHeU-BHCM)'T 

B KaHcUJe Kpyrnoro ceYemu1: □ -
0 = llr/r0) Re= 2 36· 105 Ha = 290 a~ 10-5. o -

J\ ' ' ) ' ' 
U = .firlro), Re = 2,22 · I 05

, Ha = 280, a ~ I 04 

npHBO.llHJlO K yMeHbllieHHIO pa.3HOCTH 3Haqe­

HHH 6e3pa3MepHI,IX TeMnepaTypbl H CKOpOCTH 

B npHCTeHHOH 0611aCTH. ITpH .llOCTIDKemm aK­

THBHOCTH KHCJIOPO.lla a ~ 1 B 3BTeKTHKe (pHc. 

4) npOHCXOJlHT COBMemettHe npoqnmeH TeM­

nepaTypbl H CKOpOCTH B npHCTeHHOH 0611acTH. 

HaJIO)KeHHe MarHHTHOfO IlOllil Ha IlOTOK )KHJl­

KOfO MeTanna B 3TOM pe)KHMe He npHBO.llHJlO K 

3aMeTHOMY H3MeHeHHJO noneii cKopocTeH H 

TeMnepaTyp. 

IToilll CKOpOCTeH H TeMnepaTyp rrpH Teqe­

HHH CBHHUOBOfO TeITJIOHOCHTem1 B Kattane 

KOJlhUeBOH <pOpMhI TaK)Ke HMeJOT CXO)KyJO 

!pOpMy. Ha pHC. 5 H 6 npe.llCTaBJiem.1 HaJIO-
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)KeHHbie .llPYf Ha .llpyra npO<pHJIH TeMnepaTyp 

B 6e3pa.3Mepm,IX KOOp.llHHaTax. Ilpoqrnm, TeM­

rrepaTyp no cpaBHeHHJO C npo<pHJieM CKOpOCTH 

HMeeT 6onee ynnom:eHHyJO <pop My, a H3MeHe­

HHe rrpo<pHJIH CKOpocn1 B rrpHCTeHHOH o6nac­

TH - 6011ee pe3KHH xapaKTep. 

3aKJIIO'leHHe 

B pe3ynhTaTe rrpoBe.lleHHhIX HCCne.n.oBa­

HHH BrrepBbie 3KcrrepHMeHTaJibHO nonyqeHbI 

rrpO!pliJIH CKOpOCTH B KaHanax KpyrJIOH H 

KOJlbUeBOH <pOpMhl rrpH BapbHpyeMhIX CO.llep­

)KaHHH KHCJIOPO.lla B IIOTOKe T)KMT H xapaK-
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P1-1c. 6. .6e3pa3Mepttbte npocjmnH TeMneparyphI H 

CK0p0CTH npH Tel.feHHH CBHHUa B K0nbUeB0M 3a30-

pe: ■ - 0 =.firlr0), Re = 2,98· 105
, a = 10-1

; □-
U = .firlro), Re = 3,3· I 05

, a = 10·1 
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TepHCTHKax 0KCH,UHhlX noKpbITHH. IloJrn CK0-

pocTeH H TeMnepaTyp H3MepeHbJ npHMeHH­

TefilH0 K HaTypHbIM ycrr0BHHM CHCTeM Tenrro-

0TB0,Ua PEH H T5IP. 

3KcnepHMeHTaJihHO norryqeHHhie ,uaHHbie 

M0rYT 6bITh HCTT0Jih30BaHbl npH C03,JJ;aHHH 

nporpaMMHhIX K0.U0B no pacqeTy CHCTeM Tt:n­

noorno.ua c T)l(MT. 
Ha 0CH0Bamm norryqeHHbIX ,uaHHhIX c.ue­

rraHbI cne.uyromue 0CH0BHbie BhIB0,UhI. 

1. O6Hapy')KeHo, Il0MHM0 pe)l{HMa Te'Ie­

HHH, BIDUlHHe co.uep)KaHHJI KHCrropo.ua B Ten­

JI0H0CHTerre H xapaKTepHCTHK 0KCH,UHhIX rro­

KpbITHH Ha Il0JIJI CKOpOCTeH H TeMnepaTyp B 

KaHaJiax KpyrrroH H KOJibUeBOH <popMbl. 3To 

o6ycrrOBJieHO TeM, qTo HaJIH'IHe KHCJI0po.ua B 

TerrJI0H0CHTerre H 0KCH,n;HhlX llOKpbITlili Ha no­

BepXH0CTHX, orpaml.'IHBalOIUHX Il0T0K )l{H,UK0-

ro MeTarrrra, rrpHB0.UHT K H3MeHeHHIO xapaKTe­

pHCTHK ( CBOHCTB) npHCTeHHOH 06rracn1. 

2. H3MeHeHHe C0CT0JIHIDI. npHCTeHH0ro 

crro,r BhI3BaHo o6pa6oTKOH T)l(MT KHcnopo­

.U0M HJIH B0.U0p0.U0M, npHBO.UHIUeH K H3MeHe­

HH10 n1.upo.n;HHaMHKH H rrpoueccoB Tennoo6-

MeHa Me)l{.uy II0T0K0M TerrnoH0CHTellil H no­

BepXH0CTblO KaHaJia, orpaHl{ql{BaJOilleH TT0T0K 

)Kff,UKoro MeTarrJia. 

3 . H3MeHeHHe co.uep)KaHHH KHCrropo,ua B 

TellJI0H0CHTerre H xapaKTepHCTHK 0KCH,n;liblX 

3aIUHTHhIX TTOKpbITHH npHB0)lHT K H3MeHeHH10 

cTerreHH BJIHHHHH norrepeL£Horo MarHHTHoro 

II0JIH Ha Il0T0K )Kff)J;K0ro MeTaJIJia. 

4. IlOKa3aHa B03M0)KH0CTh <pOpMHpOBa­

HHJI H H3MeHeHIDI. xapaKTepHCTHK 3aIUHTHhIX 

0KCH,UHhlX Il0KpbITHH Ha CTeHKax KaHaJI0B 3a 

C'ieT H3MeHeHHH 0KHCJIHTeJibH0ro Il0TeH..qHaJia 

TeIIJI0H0CHTellil, .U0CTHraeMoro IIYTeM o6pa-

60TKH T)l(MT KHCJI0p0.U0M HJJH B0.U0p0,ll0M. 
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IlpasuJia 04>opMJ1eHHH cTaTeu 

IlpH TJO)lroTOBKe eTaThH B e6opHHK aBTOp )lOJDKeH pyKOBO)leTBOBaTbe.ll eTaH,napTOM 

"OpHrnmuu,1 aBTopeKHe H TeKeTOBbTe H3)laTem,eKHe" (OCT 29.115 - 88). K asTOpeKHM 

opHrHHanaM, rrepe,nasaeMbIM ,n.IDI H3)laHH.II, npe,n'b.1IBJI.1IIOTe.ll ene,nyroume TPefioBaHHH: 

1. 3K3eMn1I.llp CTaTbH )lOJI)KeH 6bITb nepBbIM, OTneqaTaH Ha O)lHOH eTopoHe JIHeTa cpopMaTa A4 
wpHcJ,TOM .N"!! 12 qepeJ 2 HHTepBaJJa. CTaTb.ll )lOJI)KHa 6bITh eoeTaBJieHa B ene.nyromeM nOp.ll)lKe: 

HH,neKe y ,[(K; Jarnasue; HHHUHaJlhl H cJ>aMHJIHH aBT0pos; MeCT0 pa60Thl Ka,aw,oro aBT0pa C 

R0'IT0BLIM a.upecoM; aHH0TaUHH (He 6oJJee 10 CTpOK); KJIJO'leBhle CJI0Ba Bee 

BbllllenepeqI{eJieHHOe Ha pyccK0M H aHrJIHHCKOM H3h1Kax; TeKeT; enHeOK JIHTepaTypbI; Ta6JIHI..{bI; 

pHe}'HKH; IlO)lpHeyHOqHbie IlO)lill-leH (Ha OT)leJibHOM JIHeTe). 

2. CTaTb.ll )lOJI)KHa Tal()Ke npe,noeTaBJI.llTbe.ll o6.II3aTeJibHO B BH,lle 3JleKTpOHHOH sepCHH 

o6Ll'IHLIM wpHcJ,TOM .N"!! 12 Times New Roman, Me,aw,ycTp011HhlH HHTepBaJJ - O,llHHapHLIH, B 

pe,naKTope Word 97 HJIH 6onee Il03)lHHX BepeHH. TeKeT He cpopMaTHpyeTe.ll, B Ka'leeTBe HMeHH 

q>aifna HeIIOJibJyeTe.ll <1>110 nepBoro aBTOpa eTaTbH. KaBLl'IKH B TeKeTe CTaB.llTe.ll npH aHrJJHHCKOH 

pacKJJa,llKe KJJaBHaTyphl (" •• "). 

3. Co,nep)KaHHe eTaTbH )l0Jl)KHO 6bITb KpaTKHM H qeTKHM. 11eKJIIO'laIOTe.ll ofimHe paee~eHIDI, 

H3BeCTHbie IlOJIO)KeHH.ll. He ,nonyeKaeTe.ll ,ny6nHpOBaHHe MaTepHana B TeKeTe, Ta6m1uax, 

no,npHeyttO'IHbIX Ha,nnHe.llX. Heo6XO,llHMO eo6mo,naTb e,nHH006pa3He B HanHeaHHH TepMHHOB, 

HaHMeHOBaHim q>HJHqeeKHX BeJIHqI{H H e,UHHHU H3MepeHH.ll, yenOBHblX o603HaqeHHH, eoKpamemm, 

eHMBOJIOB. HaHMeHOBaHH.II H o603HaqeHH.II e,nHHHU cpH3H'leeKHX BeJiuqHH HeofiXO)lHMO npHBO)lHTb B 

eHCTeMe CH. 

Heo6XO)lHMO o6pam.an. BHHMaHHe Ha uanucauue nponHCHLIX H CTp0'IHhlX 6ytCB: pyccKHe H 

rpeqecKHe 6yKBhl (a, p, y, (j) H T.,ll.) ua6upaJOTCH npHM0, a JiaTHHCKHe (x, y, z, w H T.,ll.) -

KypCHB0M. Te )Ke TPefioBaHH.ll B o603Ha'leHIDIX H~O eo6mo,naTb npH Harrneamrn mmeKeOB H 

eTeneHeH B cpopMynax. O601Ha1JeHHH MaTpHU, H BeKTopoB ua6Hpa10TCH Il0JJY,KHJ>HhlM 

wpHcJ,TOM npHM0. <I>opMyJThI, BKJIIoqeHHbie B TeKeT, ene,nyeT HafiHpaTb 6e3 y'BeJIH'leHU.ll HHTepBana 

Me)K)ly eTPOKaMH, HanpHMep bid, exp(x/e). 

4. Ta6IDIUb1 HYMepyroTe.ll, Ka,aw,aH Ta6JJHU,a ,ll0J13ala HMeTL Jar0JJ0B0K. CoKpamemui: B 

rpacpax TafiJJHUbl He ,nonyeKaIOTe.ll. B TeKeTe Heo6XO)lHMbl eebIJIKH Ha Bee Ta6JIHUbI. Ka~aH 

Ta6JJHUa ne11aTaeTCH ua 0T,lleJJLH0M JIHCTe, a B 3JleKTp0HH0M BH,lle npe,llCTaBJJHeTCH B 

0T,lleJJhH0M cJ>aitJJe. 

5. <I>opMyJibl H 6yKBeHHbie o603HaqeHIDI BeJIHtJHH )lOJI>KHbl 6hITb pa3Me'leHbI H epa3y 

paelllUcppoBaHbI. <I>opMyJihI HYMepyroTe.lI apa6CKHMH UHq>paMH, HOMep CTaBHTe.ll e npaBOM eTOpOHbI 

JIHeTa B KpyrJihIX e1<06Kax. HyMepoBaTL CJJe,llyeT T0JILK0 Te cJ>opMyJJLI H ypasneHHH, ua 

K0T0phle eCTh CChlJJKa B Il0CJle,llyroiueM HJJI0:>KeHHH. <I>opMyJibI BbIIlOJIH.IIIOTe.ll B pe,naKTopax 
I I 

Equation 3.0 HJIH MathType npH HeB03MO>KHOeTH Hafiopa Ha KJiaBHaType (x!,Y:,F,f x,- H T.)l.). 
0 y 

Ilo.ncTPOqffbJe H Ha.neTPO'IHhle RH)leKehI BBO)l.llTe.ll e KJiaBHaTypbI (x3, KM2 H T.,n.), rpe11eeK.He fiyi<.BhI 

BCTaBJI.lllOTe.ll 11epe3 Memo BcmaeKa ➔ CUM6011. 

6. B TeKeTe eTaTbH pHeyttOK o6H3aTeJibHO npe,neTaBJI.IIeTe.ll Ha OT)leJibHOM JIHeTe cpopMaTa He 

6onee A4. Ha pHeyttKax ,norryeKaeTe.ll MHHHMaJibHOe tJHeno o6o3HatJeHHH - KpaTKHe UHq>pOBbie (no 

nop.ll)lKY HOMepoB enesa Hanpaso mm TIO 11aeosoi1 eTPeJIKe) HJIH fiyKBeHHhie 060Jtta11eHH.ll. Bee 

IlO.lleHeHH.ll BbIHOe.llTe.lI B no,npHeyttOt{Hbie IlO)lITHeH. Ha o6opoTe Ka)K)loro pHe)'HKa yKa3bIBaIOTe.ll 

cpaMHJIHH aBTOpOB, Ha3BaRHe eTaThH, HOMep pHeyttKa, o603HatJeHJUI Bepxa H HH3a. BnyYpeHHHe 

Ha,llnHCH ua pucynKax na6upa10TCH wpHcJ,TOM .N"!! 11. BHH3Y Ka)K)loro pHeyttKa )lOJDKHbl 6bITb 
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np1rne,uem,1 ero H0Mep H no.npacyuo•rnaH IlO,!J,IlHCL wpHcl>TOM .N"!! 11. IlpH Ha.lllf'JH}I HeCK0JJhKlfX 

pa3JJH'iHbIX rpacpHKOB Ha 0)lH0M pHC)'HKe Ka)K)J.hlH H3 HHX o603HaqaeTCR pyccKHMH 6y'KBaMH a), 6), 

B) H T.,ll. H paCllIH<j)poBbIBaeTCR. 

B KOMilLJOTepHOM BH,!J,e pHCYffKH npe)lCTaBJIHIOTCH B OT,!J,eJILHLIX ct>aiiJiax, Bhill0JJHeHHbie B 

rpacpH1-IeCKHX pe.naKTopax Paint, PhotoS!wp, Core/Draw B qeptto-6enoM usere (<j)oTOrpacpHH s 

pacrp0B0M cpopMaTe tif, dpi-300). PHCy'HKH s Word He BCTaBJIRTb Kp0Me crryqaes, Kor.ua pHC)'H0K 

HJHaqaJihH0 BhmonHeH B Word. 

7. CcbIJIKH Ha JIHTepaTypy s TeKCTe ,JalOTCH no nopR.llKY apa6CKHMH umppaMH s KBa,ll"paTHhIX 

CK06Kax. CnHCOK JJHTeparypLI COCT38J1HeTCH B TOH ace noCJJe,!J,oBaTeJILHOCTH, B KOTOpoii 

npHBO)lHTCH CCLIJJKH Ha JIHTepaTypy. tDaMHJIHM H HHHUHaJibl asTOp0B Ha6HpaIOTCR TI0Jiy')KllpHbIM 

KypCHBOM. 

8. CnMCOK JIHTepaTypbl cne.uyeT o<jJopMJIRTb s C00TBeTCTBHH c focy,uapcTBeHHbIM CTaH.uapT0M 

"EH6JIHOrpa<j)HqecKaH CCbIJIKa" (rOCT P 7.0.5-2008), s qaCTH0CTH, Heo6XO.llHMO YKa3aTb : 

a) ,llJIH )KypHaJibHbIX CTaTeH - <paMHJJHH H HHHUHaJihl asTopos (He Mettee rpex rreps1,1x), 

Ha3BaHHe CTaTbH, Ha3BaHHe )KypHana (6e3 KaBbl'IeK), ro.u, TOM, BblllYCK, H0Mep, crpaHHUhI; 

6) ,llJIH KHHr - cpaMHJIHH H HHHUHaJibI asTopos, II0JIH0e Ha3BaHHe KHHrH, MeCT0 H3)laHMR, 

H3,UaTeJibCTB0 (6e3 KasbJqeK), ro.u H3,llaHHR; 

B) .UJIR aBTOpecpepaTOB ,llHCCepTaUHH - <jJaMHJIHIO H HHHURaJihl aBT0pa, Ha3BaHHe aBTOpecpepaTa 

)lHCCepTaum1, Ha C0HCKaHHe KaKOH yqeHOH CTeneHH HaTIHCaHa )lHCcepTaUHR, MeCT0 H ro.u 3aIUHThI; 

r) .um1 rrpenpHHT0B - cpaMRJIHH H HHHl{HaJibI asrnp0B, Ha3BaHHe npenpHHTa, HaHMeH0BaHHe 

H3)lalOIUeH opraHH3aUHH, urncpp H H0Mep, MeCT0 H ro.u H3)laHHH" 

.u) ,llJIR naTeHT0B - <j)aMMJIHH H HHHUHaJibl aBT0p0B, Ha3BaHHe naTeHTa, CTpaHy, H0Mep H KJiacc 

rraTeHTa, ,UaTy H ro.u 3MBJieHHR H ony6JIHKOBaHHR naTeHTa; 

e) ,llJIR QTqeT0B - <j)aMHJIHH H HHHUHaJibI aBT0p0B, Ha3BaHHe QTqeTa, HHBeHTapHblH N!!, 
HaHMeH0BaHHe opraHH3auHH, ro.u BbITIYCKa; 

)K) )lJJH 3JleKTpOHHLIX HCTO'IHHKOB - DOJJHLIH 3JJeKTpOHHhlH a)lpec (BKJJIO'l3H ,!J,3TY 

o6paw.enHH K HCTO'IHHKY), II03BOJIRIOIUHH o6paTHTbCH K rry6JIHKaUHH. 

9. B K0HUe TeKCTa yI<a3bIBaeTCH K0HTaKTHaH HH<pOpMaUHH 06 aBT0pax CTaTbH: cpaMH.llllR, HMR H 

0T'IeCTB0 (rroJIHOCTblO), )l0JI:>KH0CTh, TenecpoH, e-mail H no )KeJiaHHIO aBTopa - .llOMaIIIHHH rroqTOBhlH 

a,upec. 
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YT0~1neHHaH HH<bopMaUH.H llJIH quTaTeJieH 

nayqHo-TexnnqecKoro c6opuuKa 

"BonpOCbl aTOMHOH uayKH H TeXHHKH. CepHH: <l>HJHKa HaepHbIX peaKTopos"! 

Pe.uKoJIJierIDl c6opmU<a "BAHT. Cep. Cl>HJHKa .smepHhIX peaKTopoa" HH!popMHpyeT aaTo­

poa H '-IHTaTeneii c6opHHKa 06 opramBamrn no.unucKH Ha "BAHT. Cep. Cl>HJHKa .smepHbIX pe­

aKTopoa". Ilo.urrncttb1e 1rn,ueKChI OAO AreHTCTBO "Pocne'-laTh": 66675 co II nonyro.UIDI 2007 

r. a KaTanore "J,iJ,uaHH.sl opraHOB Hayqtto-TeXHH1IeCKOH HH!pOpMar:orn" u 32067 c 2010 r. a Ka­

Ta.JJore 'Ta3eTbl. )l(ypHa.JJbl". 

HanoMJrnaeM, 'ITO "BAHT. Cep. Cl>H3HKa .s1.uepHhIX peaKTopoa" no-rrpe)KHeMy u3,uaeTc.s1 B 

rpex BhIIlYCKax: Cl>HJHKa H MeTO,llbl pacqeTa .s1.uepHbIX peaKTopoB, .ZJ:HHaMHKa H 6e3onacHOCTb 

.s1.uepHblX 3HepreTH'-leCKHX ycTaHOBOK H 11MTiynhCHhie peaKTOpbI H npOCTbie KpHTH'IeCKHe 

c6opKH. 
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