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Y,ll;K 621.039.514 

PAClffiTl>I Y,L(APHOro B03,[(EHCTBJUI TOJIJillBHOro PACTBOPA 
HA KPhIIUKY KOPIIYCA HMIIY JlbCHoro PEAKTOPA 

A. B. Jly1rnu, ,[(. B. XMeJJhHHQKHH 

P<l>fil.J,-BHMMT<l>, 456770, r. CHe)KHHCK 1.-fen.si611HCKOH o6n., a/.si 245 

A11amtTH'leCKH H C nOMOllll,IO 'IHCneHtlblX pac•1CTOB HCCJIC1IOBa111,1 oco6CHIIOCTH ynap11oro 8O3JteHCTBHll )l(HllKOro TOnn1-1ea, pa:rne­
Tato!llerocll nocne HMnyn1,ca neneHHf:i. Ha KpbtWKY KOpnyca paCTBOpHoro pea.KTopa C UHnHHllpH'leCKOH aKTHBHOH 3OHOf:i . 

CALCULATION OF FUEL SOLUTION HOCK EFFECT ONTO THE COVER OF THE PULSE REACTOR VESSEL/ 
A. V. LUKIN, D. V. KHMEL'NITSKI II Analytically and by numerical calculations there were studied specific features of shock effect 
of liquid fuel, sprayed after the fission pulse occurs, onto the solution reactor vessel cover with a cylindrical core. 

OcHOBHblM cpaKTopOM, orpaHH'!HB3IOIUHM 3HeprOBbl­

.D,CJJCHl1e B HMnynbCHOM pacrnopHOM peaKTope, .IIBJllllOTC.11 

.D,HH3MH'!eCKHe Hanp.lllKCHH.11 B KOpnyce, o6ycnoBJJeHHblC 

pOCTOM )laBJICHH.11 B 3KTl1BHOH JOHC (A3). PaccMaTpttBall 

BOJ.D,CHCTBHC TOnJJIIBHOro paCTBopa Ha Kopnyc peaKTOpa 

np11 reHep11poBaHl1H 1-iMnymca .D,CJJCHHH, MOlKHO Bbl.ll,CJJHTb 

.D,BC CTallHH. ITepBa.11 CTallHll COOTBCTCTByeT 11MnyJlbCY 

MOIUHOCTl1, KOTOpblH conpOBOlK.D,aCTC.11 11MIJYJJbCOM )laBJJC­

HUJI B TOnJlHBHOM pacrnope, MaKCHMaJlbHOC JHa'tCHlfC KO­

Toporo onpe.D,CJlllCTC.11 cyM11,tapHbtM 3HeprOBbl.D,CJJCHl1CM Ja 

HMnyJlbC, .D,Jl11TCJTbHOCTblO UMnyJJbCa, KOHcp11rypau11eH A3 . 
,ll,n.11 UIIJ111H.D.pH'ICCKOro KOpnyca A3, B KOTOpOM TOnJJIIB­

HblH pacrnop 11MCCT OJlHY CB060.D.ttyl0 noBepXHOCTb Ha 

rpaH11UC c 6yqiepHblM raJOM, pa3JJCT A3 BO BpCM.11 HMnynb­

ca np011CXO.D,11T B BCpTHKMhHOM HanpaBJlCHIIH. CB060.D.Ha.ll 

noBepxHOCTb TOJIJlHBHOro pacrnopa, nJJOCKal! B Ha'laJlbHblH 

MOMCHT BpeMCHJ,1 B TC'!CHHC HMnymca necpopMnpyeTCll, 

rrp1106pern11 HCO.D,HOpO.D,HblH no paneycy npocjHIJlb. MaK­

CHMMbHOC naBnemre B TOnJJHBHOM pacTBope BO BpCMll 

HMnyJlbCa, KaK npaB11J10, JlOCTlffaeTCll y )lHa Kopnyca AJ B 

MOMCHT BpeMCHII, npH6JlH3HTCJlbHO COBnanaiournw C MO­

MCHTOM MaKCHMyMa MOIUHOCTH. B CJlCJlYIOIUHC MOMCHTbl 

BpeMCHH no Mepe cnana MOmHOCTH MaKCHMYM )laBJlCHHJI 

nepeMemaeTCll B o6nacTH A3 C Ha1160JJbWCH nnOTHOCThlO 

y JlCJlbHOro 3HeproBblllCJ1CHJ,{ll, '!TO o6ycnOBJ1CHO HHTCH­

CHBHblM Bb!JlCJlCHHCM paCTBOpeHHOrO paJlHOJlHTH'ICCKOro 

raJa H HcnapeHHeM BOJlbl B o6pa3YJOIUHCC.II Ha rpeKax 

OCKOJlKOB JlCJlCHHH naporaJOBblC nyJblpbKH B 3ntX o6nac­

TllX. 8 HaCTOlllUCC BpCMll napaMerpbl 1111,rnyn1,ca )lCJlCHHH 

(3HeprOBbf.D,CJ!CHl1e Hero npocrpaHCTBCHHOC pacnpe.D,ene­

m1e, nonyw11p1rna HMnyJlbCa, .D,aBJ1CHl1e B TOnJ111BIIOM pac­

TBOpe II Jlp.) YilOBJleTBOpHTCJlbHO paCC'!HTblBalOTCII B paMKax 

cymecrnyiournx QJITTHKO-MaTeManf'ICCKHX MO.D,CJlett [ 1-3]. 
8Topa11 cTa.D.HH y.D.apttoro BOJ.lleHCTB11.11 11a Kopnyc A3 

o6ycnOBJJeHa TOpMOlKCHHCM TOnJll,IBHOro pacrnopa nocne 

3 

11Mnyn1,ca nene1-111ri. CB060.D,Ha.11 nosepXHOCTb A3 nocne 

HMITYJlbCa - HCnJJOCKa.11, IJ03TOMY MOIUHblH ITl1K naBJJeHIDI 

06ycnosne1-1 a.D,11a6arnciecK11M ClKarneM 6ycpep1-1oro raJa 

HJlH y.D.apOM TOnJJHBHOro pacTBopa Henocpe.D.CTBCHHO B 

KpblWKY KOpnyca. 4aCTb TOJIJUIBHOro pacrnopa, .D.BlllKY­

lllallC.11 C HaH60JlbWCH CKOpOCTblO, Henocpe.D.CTBCHHO BJaH­

MOJlCHCTBYCT C KpblWKOH KOpnyca, OTCTaIOIUall qaCTb 

BJaHMO.D,CffCTBYCT C KpblWKOH qepe3 6ycpepHhtM raJ . 

ITepBblC paC'l'CTbl .D,aeneHHJI y KpblllIKH Kopnyca pac­

TBOpHoro HMIIYJlbCHoro peaKTopa npH TOpMO)l(CUHH pa3ne­

Tal01Ueroc11 TOnJTliBH0ro pacTBopa 6ycpepHblM raJOM 6b(J1H 

BblnOJlHCHbl A. H. Cl130BblM 11 .np. [2, 3] . U.eJTblO HaCTOll­

lUCH pa60Tbl l!Bnl!CTC.11 .D,MhHCHWCC 11CCJ1CJ10B3IDIC y.D.apHO­

ro B03.D,CHCTBl1JI TOnJJlIBHOro pacTBopa Ha KpblWK)' Kopnyca 

C noMOIUblO OUCHOK 11 '!HCJlCHHhlX paC'!CTOB. 

1. TonJJHBHhlH pacTeop - neC:lKHMaeMaSI 

,tClfJl,KOCTh 

PaccMarpHsaeTc11 paJneT TOJIJlHBHOro pacTBopa nocne 

11Mnyn1,ca .D,CJlCHIIH KaK IlJJOCKOC O.JlHOMCpHOe .JlBIDKCL-WC 

HJlCaJlbHOH HCClKHMaCMOH lKl1.D,KOCTH B UHJIHH.Jlp114CCKOM 

Kopnyce, co CTOpOHhl CB060.D.HOM rpaHHUbl KOTOpow Haxo­

JlHTCll 6ycpepHblli raJ. MolKHO CLfHTaTb, '!TO HMnynbCbl 

nasneHll.11 B )KJ,(.JlKOCTl1 11 6ycpepHOM raJe pa.3HCCCHhl no 

BpCMCHH: 11MnyJJbC naBJICHHll Ha .D,HO KOpnyca no speMCHH 

npHMepHO cosna.D,aeT C HMnyJlbCOM )1CJ!CHl1H, nHK nasne­

Hl1.II y KpblWKH KOpnyca BOJHIIKaeT 3Ha1mTeJTbHO nOJ.llHCC 

np11 no.D,JleTe K IICH TOnJlHBHOro pacrnopa. flyCTb K MOMCH­

TY BpCMCHH 11, KOr.D.a HMIJYJlbC .D,CJlCIIHH B Cl1CTCMC JaKOH-

'!IU!Cll II .D,aBJlCHHC Ha .D,HO KOpnyca P(t,) MaJJO no cpaBHC­

HHIO C MaKCHMaJlbHblM peamnosaHHblM, 06bCM 6ycpepHoro 

raJa paseH Vj ' .D,aBJlCHHC B HCM - fj . MO)l(HQ C'IHTaTb, '!TO 

Macca Kopnyca peaKTOpa HaMHoro npeBhrwaeT Macey rnn­

mrnHoro pacrnopa, .D,asnem1e 6ycpepHoro raJa B MOMCHT 

BpCMCHH '1 Mano, n03TOMY HMITYJlbC HCC)l(lfMaeMoro rnn-



Jll,fBHOro paCTBOpa B JTOT MOMeHT BpeMeHl1 MO>KHO orrpc- 11a•taJ!bHOe .uasne1111e nna B KOprryce, MO>KHO yMellbUJaTb 
.uemITb KaK 

,, 
p(/1) =S f dtP(t), 

0 

r.ue S - fUIOllla.Ub ce4eHw1 TOflJll18Horo pacTBopa B Koprryce. 
K1rneTJ1l.leCKaJ1 JHeprnJ1 HeC)l(J1MaeMoro TorrmrnHoro 

pacrnopa Maccol-i M cocTaB11T 

2 
E (I)= p (Ii). 

k I 2M 

KMHeTffC!ecKa.11 :rneprn.11 ToruumHoro pacrnopa Ek (11) pac­

xo.uyeTc.11 Ha amrn6aTl1'-lecKoe C)l(ante 1-1.ueam,1-1oro 6ycjJep­

Horo ra:ia. B MOMeHT 'max fTOJlHOH OCTaHOBKl1 HeC)l(l1Mae­

MOro TOfUll1l3HOro pacrnopa 

Ek(l1)=-
1~T dVP(V)= p~ [( __!i_)y-l -1], 

Vi Y I l Vmm 

r.ue v;nin - o6beM 6ycjJep1-1oro ra:ia B MOMeHT ero MaKc11-

MaJJbHOro C)l(anU1; y "" I, 4 - ITOKa:laTeJlh a.u11a6aTbl .llJ1j! B03-

.uyxa. MaKCHMaJJbHOe .uaBJ1eH11e 6ycj)ep1-1oro ra:ia cocrnBHT 

Pmax = J1 ( __!i_)y = Pi [1 + (y- l)Ek(tl)]/t "" 
l Vmin Pifli 

y 

""p, [(y- l)Ek(t1)Jy-l 
0 n V. ' ro 0 

(1) 

r.ue Po 11 V0 - Ha4aJTbHbte .uaBneHJ1e 11 o6beM 6ycj)epttoro 

ra:ia rrepe.u HMflYJTbCOM .uene1-111fi. 
Comae Ho COOTHOllJeHIOO (1) .llJij! yMeHbUJeHH.SI MaK­

CHMaJlbHOro .uaBJ1emU1 rrp11 y.uape TOITJlHBHOro pacrnopa o 
KpbllllKY KOprryca cne.uyeT ysemPumaTb Macey 6y<pepttoro 
ra:ia. Ha116onee 3<p<peKTlfBHO .uo6HBaTbCH )TOro IJOBbLUie-
1-llieM Ha4anbHoro .uaBJ1eH11J1 6ycjJep1-1oro ra:ia B Koprryce [2]. 
YBe.JIHqemrn ero o6beMa, T. e. npocTµaHcTBa tta.u pacTBo­
poM, Be.UeT K Y13emfl1eHIDO pa:iroHHOH 6a:lbl TOfUl11_BHOro 
pacTBopa 11, cne.uoBaTeJlbHO, ero Kl1_HeTw1ecKoH :rneprim 11 
fTO)TOMY MeHee npe.unO<JTHTeJlhHO. 

Koprryc peaKTOpa MO)l(J-10 C4HTaTb HefTO.UB11)1(HbIM, no-
3TOMY 11MnyJ1bC, nepe.ua11Hbri1 TonmmHoMy pacrnopy np11 
yJlape o KpbllliKY 2 p(t1 ), paseH 11MnyJibcy CHJlbl, o6ycnoB-

neHHoH .uaBJ1eH11eM 6ycjJepHoro ra:ia 11 .unITTeJlbHOCThlO lit : 

I co 2p(t ) 
M""-fdtP(t)""--1 • 

Frnax o P max S 
(2) 

CornaCHO COOTHOWemrlO (2) .unITTeJlbHOCTb y.uapHoro 
B03,UeHCTBKH Ha Kpb!WKY KOprryca o6paTHO nponopu110-
HaJlbHa MaKCMMaJlhHOMY .uasneHl1JO 6ycjJepHoro ra:ia, npo-
113Be,uem1e 3THX BeJ111411H C T04HOCThl0 .uo ITOCTO.SIHHOM 
paBHO lfMfTYJibCY KOpnyca peaKTopa, 06ycJ10BJ1eHHOMY ,uaB­
neH11eM TOfUIHBHOro paCTBopa Ha ero .UHO B Te4emre llM­
fTYJlbCa .ueneHl111. ITapaMeTpbl HMfTYJibCa .ueneHlfH cpaBJ-111-
TeJibHO cna6o 3aBl1C.SIT OT Ha4aJJbHOro o6beMa II .uaoneHI1.SI 
6ycjJepHoro raJa, noJTOMY cornacHo (I), (2), yBem1411Ba.11 

4 

rntKOBOe ,UaBJ1eH11e Ha KpblWKy, BO CTOJlbKO )Ke pa:i pacrn­
rHBa.SI BO BpeMeHM )TOT npouecc. YMeHbWemno M8KCl1-
MaJlhHOrO .uaBJ1eH1LH 6ycj)epHoro ra3a TaK)l(e cnoco6crnyioT 
KOHCTpyKntBllble oco6eHHOCTJ,1 KOpnyca peaKTOpa. 1rarrpaB­
JieHHble 11a yBeJ1114eH11e .un11TeJibHOCTH npouecca nepena•111 
l!MfTYJlbCa TOfTJll18HblM pacrnopOM, Hanp11Mep, B BH,Ue 
"na6Kp1rnTa" s Koprryce peaKTopa 11TPHK [I, 3, 4]. 

YCJIOBHe HeC)l(lfMaeMOCTH )1(11,UKOCTli orpaHJ1t-111BaeT 
o6nacTb rrp11MeHHMOCTl1 cpopMyJI (I), (2) He60JibUJHMl1 IIM­

rryJibCaMI1 TOfTJlHBHOro pacTBopa p(I,) II He CJIHWKOM Ma-

JlblM H84aJJbHblM .uaBneH11eM 6ycpepttoro raJa Po . TaK, HJ 

cpopMyJibl (I) cne.uyeT, "!TO rrpH orpamflleHHOII KHHeTH'Ie­
CKOH :rneprn11 TOfUIH_BHOro pacTBopa MaKCl1MaJJbHOe naB­
nem,e 6ycpepHoro ra3a MO)l(eT 6b1Tb CKOJibKO yrOAHO 

6onbWHM rrpH Po ➔ 0 . Peam,Ho orpaHH4eH11e JTOH Bem1-

'llllihl o6ycnosneHO C)l(I1MaeMOCTblO TOfTJIHBHOro pacTBopa. 

2. ToOJJHBHblH paCTBOp c y'leTOM C)KHMaeMOCTH 

Bo3,UeHCTBHe TOfTJlH_BHOro pacTBopa C y4eTOM ero 
C)l(HMaeMOCTH Ha KpblWKY KOprryca 11ccne.uyeTCJI Ha npH­
Mepe CJTeJlY!Omelf MO,neJibHOl-i 3a,ua411, H.ueanbHall C)l(H­
MaeMa.SI )l(HAKOCTb .UB11)1{eTC.SI B.UOJib OCH Z C fTOCTOJIHHOH no 

o6beMy Ha'laJlbHOH CKOpOCTblO u(z, I= 0) = uo. HmKH.R.SI 

rpafilllla )1(]1,UKOCTH cso60,n1-1a P(z = 0, I) = 0, Ha BepxHei'I 

rpaHHUe B MOMeHT I = 0 BOJHHKaeT KOHTaKT c ynpyron 
cpe,nofl. B pe3yJibTaTe B3aHMO,UeHCTBl1.SI )l(J,JAKOCTl1 co cpe­

,noil Ha l1X rpaHHUe ,netl:cTByeT .nasnemie P(z = L, t) = 
= k t..Z(L, I), me t..Z(L, t) = Z(L, t)- L- CMelll,eH11e rpa­

HH[[bl OT caoero Ha4aJJbHOro ITOJIO)l(eHID! z = L ; k - K03!p­
cp111meHT, onpe.ueJI.SIIOlUHH ynpyrne CBOHCTBa cpe,nbl. 
YpasHemiJI .UBH)l(eHHll )1(11.llKOCTH B narpaH)l(eBblX KOOp.UH­
HaTax (=) lfMelOT BHA [5] 

du(z, t) dP(z, t) dz. d ( 
Po dt = d::. ; Po ,.. = p(z, I) Z ::., t), (3) 

r.u.e p(z, t) - ITJIOTHOCTb )1(11.UKOCTH; Po - ee Ha"!aJibHOe 

3Hal!eHHe. 
,[vlll ypaBHeHH.SI COCTOHHl1.SI BO.Ubl np11 fTOCTOHHHOH 

TeMneparype B s11.ue [6] 

u-uo 
P(u)=-a--, 

Uo 
(4) 

r.ue a= 2,33. [ 04 6ap; Uo = Po' 11 u = p- 1 - Ha4aJTbHblH H 

TeKYUim1 y.uenbHhlH 06beM, KOM6111111py.11 ypaBHeHii.SI (3) II 
( 4), MO)l(J-10 OOJTY'IIITb ypaBHeH11e ,ll)l.SI CMeu~eHH.SI 

o2 /iZ(z, I) a o2 t..Z(z, I) 
----= 

Po oz2 

C Ha4aJTbHblMl1 11 rpaH!f4HblMII ycJIOBHllMH 

ot..Z(O,t) =0· t..Z(L I) + a dt..Z(L,t) =0· 
oz ' ' k dz ' 

A7(- 0)=0· dt..Z(::.,O) -
LlL - , , - zto. 

dt 

(5) 

(6) 



Pewem,e ypaeHeHl-lH (5), (6) OTHOCHTeJJbHO 11.aeJJeHH.II 

Ha rpamme >K11JIKOCTl1 HMeeT BHD. 

P(t) = kD.Z(L, t) = p0u0cq>(X, t IT); 
00 

? sin(ronx) 
q>(x, x)=I - 2 2 dt 

n=J t+x+x (l)n 

(7) 

r11.e c = ✓ _½
0 

- cKopocTb JByKa e >K11JIKOCT11; T = LI c; 

x = .!:..; ron , n = I, 2, 3, ... - KOp1rn ypaeHeH11.11 rotg(ro)=x- 1. 
kL 

Ha p11c. I D.JJ.11 HeCKOJJbKHX JHa4eHKH x rrpe11.cTaeneHa 

JaBHCl1MOCTb <p)'HKUHH q>(X,X), paCC'IHTaHHW! ITO <pOpMyJJe 

(7). 3ae11Cl1MOCTb MaKCHMaJlhHOro ITO ITepeMeHHOH X JHa-

4eHl1.II 3TOH <l>YHKUlrn q>max (x) OT ITapaMe-rpa x ITpHBe)leHa 

Ha p11c. 2. 

<p(x_,x) 
I 

0,8 

0.6 

0,4 

0,2 

5 10 15 X 

P11c. I. 3aBHCHMOCTb qi(x. x) npH X = 0.01 (l); 0.1 (2); 0,5 (3): 

1,0 ( 4 ); 2,0 (5): 4,0 (6): 10 (7); 20 (8): 40 (9): 100 ( 10) 

<pmaxCX.) 
11----------.:: 

0,8 

0,6 

0,4 

0,2 

I Io••••• 
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PHC. 2. 3aBl1CHMOCTb q>max ('X,) 

ITp11 OTCYTCTBHH 6y<j>epttoro raJa TOITJl11BHbl/:\ pacTBOp 

BOJD.ei:icTByeT HenocpeD.CTBeHHO Ha KpblWKY KOprryca, 

C>KH.MaeMOCTblO MaTepHaJJa KOTOporo ITO cpaeHeHmo co 

C>KHMaeMOCTblO pacTBopa MO>KHO ITpeHe6pe4b, 11O3TOMY 

k»a l l , x « l , ron = TC(n - 0,5) H 

~ 2sin(n(n - 0, 5)t I T) } I, 0 < t < 2T, 
q>(X, t I T) = ~----- -= 

n=I n(n - 0 5) 0, f > 2T. 
(8) 
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CornacHO (7), (8) y)lap B Kpb!WKY KOpnyca B 3TOM 

CJJ)"Jae npe)lCTaBJJ.lleT co6o/:\ ITp.RMoyrOJibHblH KMrryJJbC 

)laBJJeHll.11 C aMflJJHTYJlOH PoUoC If .ll.JlHTeJJbHOCTblO 

M=2T = 2L~. 

,[J;pyro/1 npe11.eJJbHblH CJJ)"laH COOTBeTCTByeT y)lapy 

TOflJJl1BHOro pacTBopa B KpblillKY KOprryca qepe3 6y<j>epHbIH 

raJ. 311.ecb C>KHMaeMOCTb >KHD.KOCTH MHOro MeHbWe C>KH­

MaeMOCTH yITpyro/:! cpe11.b1, ITO3TOMY k « a IL, x » I, 

- 112 2 3 ro, ""X , ro 11 "='TCn, n= , , ... 11_ 

(9) 

MaKCl1MYM )laBJJeHIDI Ha6111011.aeTC.11 B MOMeHT apeMeli!-1 

1t ✓pOL 'max = - -- l1 COCTaBJJ.lleT 
2 k 

Pouoc r.:,:, 
P(tmax) = Pouocq>(X, lmax IT)"" ✓x = uovPokL. (10) 

TaKKM o6paJOM, MaKCHMaJJbHOe )laBJJeHHe Ha6mo)la­

eTC.II ITPH B3al1MOD.eHCTBHl1 >KHD.KOCTl1 C )l(eCTKOH CTeHKOH, 

orrpe11.e11.11eTC.II TOJJbKO xapaKTepHCTHKaMJ.I >KH)lKOCTH ( CKO­

pOCTb, IlJ!OTHOCTb 11 C>KHMaeMOCTb) Ii .IIBJUieTC.11 npe)leJib­

HblM BHe 3aBHCl{MOCTH OT CBOHCTB >KeCTKOH CTeHKH. ,[vi.11 

CHH>KeHH.11 MaKCHMa.JlbHOro )laBJJeHl-l.11 cneeyeT IICITOJlbJO­

BaTb 6onee C>Kl-lMaeMble no cpaeHeHJno c TOflJJHBHblM pac­

TBOpOM 6y<j>epHble cpem,1. ToflJJHBHblH pacTBop MO>KHO 

ClJHTaTb HeC)f(J1MaeMblM, eCJJH MaKCH'MaJJbHOe 11.aeneHHe 

JHatJHTeJJbllO MeHblile rrpe11.eJJbHO BOJMO>KHOro, T. e. 

Pmax - 1/2 --- "" x « I . B ITPOTHBHOM CJTY'lae Heo6xo)lHMO 
Pouoc 

)'lJl1TblBaTb C>KHMaeMOCTb >Kl1)lKOCTl1. 

3. PacqeTbl yJJ.apuoro JJ.3BJ1enm1 B 6ycj>epnoM raJe 
no nporpaMMe DSPR 

6onee 11.eTaJJbHoe no cpasHemno c paJ11.enoM 1 11ccne-

11.oeaH11e yJlapHoro 11aeneH11.11 e 6y<j>epHOM ra.Je nposo)lH­

JJOCb C nOMOl.llblO '111CJJeHHblX pac4eTOB ITO ITporpaMMe 

DSPR, OD.HOH HJ ocHOBHblX oco6eHHOCTei1 KOTopo/1 .11en.11-

eTc.11 np116m1>KeH11e "KpyITHbIX" 06nac-re11 ITpH MOD.eilllpO­

eaH1111 JlBl1>KeHH.II >KHJJ.KOCTl1 [I] . Pac4eTI,J ITpOBOD.11Jll1Cb JJ,JlJI 

1..1HJll1HD.p114eCKOH A3 C ITOCTO.IIHHblM ce4elllieM TOflJJHBHOro 

pacTBopa H ero OD.HOMepHblM flJJOCKl1M JJ.Bl1>KeH11eM. BblCO­

Ta TOflJJIIBHOro pacTBopa L = 75 CM, 6y¢epHblH raJa C411-

Ta.JlC.ll 11JieaJJbHblM, ero C)KaT11e - a11.11a6aTH4eCKHM. Pac4e­

Tbl D.JJ.11 scex sap11a11TOB npOBOJJ.11J111Cb C O)lHl1MH HeHT))OH­

HO-<pH3H'leCKl1MH xapaKTep11CTl1KaMH R OD.HO/:\ Ha4aJJbHOH 

peaJ<TlfBHOCTb!O. 8blCOT8 o6beMa HaJJ. TOITJJHBHblM pacTBO­

pOM (H), JaHtrMaeMoro 6y<j>epHblM raJOM, 11 HatJaJJbHOe 

11.as11ett11e 6y<j>epttoro raJa Po eapbHpOBaJJl1Cb. 

,[vi.11 ecex eapHaHTOB 6blJJO ITOJJ)"leHO, 4TO cpeD.H.11.11 

ITJJOTHOCTb 3HeproBbl.UeJieHHJI 8 TOITJJIIBHOM pacTBope 

E(t1)"" I, I KA>KlcM
3, nonyw11p11Ha 11Mrrynbca 11.eneHHH 

T "" 2,2 MC, MaKCIIMaJJbHOe 11.aeneHHe ' Ha D.HO KOprryca 



/1 

PA max"" 1906ap, Jn(t1) = fdtPA(t)"" 0,39 6ap•c npH 
0 

11 = 7 MC. Mai-;c11MaJ1bHOe y11apHoe 11asneHI1e (Ha rpatt1me 

'2 

pacrnopa) Pin~, nonywnpntta I'll, HHTerpan JP = f dtP(t), 
/1 

rne 12 - MOMeHT speMem1, COOTBeTCTB)'lOUlHH OKOH'i8HHIO 

pacqeTa, np1-rneAeHb1 s Ta6n. I .llJl11 pa:mH'-IHbIX H H Po . 

BpeMeHHaH 38BHCHMOCTb AaBJJeHHjj Ha AHO Kopnyca .llJlj! 
sapHaHTa I B Ta6Jl. 1 nOKaJaHa Ha pHC. 3. BpeMeHHble 38-
BHCHMOCTH 11asneHHH 6yqiep110ro raJa npe.llCTaBJleHhl Ha 
p1-1c. 4. OnbIT pacqeTOB no nporpaMMe DSPR, a TalOKe 
npeACTaBJJeHHble 11aHHble no3BOJ111IOT CAeJJaTb CJJeA)'IOUlHe 
BblBO.llbl. 

I . Oi-tKOBOe 11asneHHe 6yqiepttoro raJa CHJlbHO 38BH­
CHT OT :meprOBbIAeJJeHI1JI B TOOJJHBHOM pacrnope 3a HM­

nyJJbC. B cneUHMbHblX pac4eTax 6binO noKa3aHO, 4TO 
CHHlKettHe nnonrocrn :meproBbIAenemu1 s TOnJlHBHOM pac­

Tsope, HanpHMep, JIO 0,81 H 0,56 K,lJ;>KICM3 npHBOAHT K 

CHH>Kemno MaKCHMaJibHOfO AaBJJeHI-IJI e 6yqiepHOM raJe 
COOTBeTCTBeHHO AO 2,8 H 0,31 K6ap. 

2. KaK OTMe4aJIOCb B pa3AeJJe 1, K CHH>KeHmo ffifKa 
.nasneHHjj BeAeT nOBbllJJeIDte H8'1MbHOro AaBJJeHHH 6yqiep­
HOro raJa (pHc. 4). B o6nacrn 3tta•iettHH napaMeTpOB, rJie 
paCTBOp HeJJb3H C'iHTaTb HeClKHMaeMblM, :na 38BHCHMOCTb 
He CTOJlb pe3KM, KaK 3TO cneeyeT 113 qiopMym,1 (1). 

3. I1ttTerpan OT AaBJJeHHjj 6yqiepttoro raJa no speMeHH 

JP (-ra6n. 2), nponopu110HanbHblH HMnynhcy pacrnopa 

nocne OKOH4aHHlI HMnynbca Aenemti1, npaKTH'!eCKH He 
3aBHCHT OT H8lfaJlbHOro A8BJleHH11 6yqiepHoro raJa B KOp­

nyce pea,rropa. HecKOJJbKO MeHbWHe 3Ha'!etlHll JP Jln1I 

HMnyJJbCOB c Po= 6 tt 8 6ap (eapHaHTbl 4 1-1 5 e Ta6JJ. I) 

06ycnosneHb1 npeKpameH.HeM pacqern AO MOMeHTa nontto­
ro cnaAa AaBJJeHHH 6yqiepttoro raJa s nHKe H3-3a noTepH 
ycTOH'-IHBOCTH 'IHCJJeHHOII cxeMbl. 

4. YsenH'-!eH.He paCCT011llHH OT CB060AHOH nosepxHO­
CTH pacrnopa AO Kpb!WKH KOpnyca np11 npo•rnx paBHblX 
ycJJOBHlIX Bbl3bl8aeT CllBHr mtKa 11asneHHlI 6yqiepttoro raJa 
Ha n03AHee speMlI 11 IlOBbllJJeHHe ero MaKCHMyMa 3a C'leT 
ysenH'-leHHH H.MnyJJbCa (H KI-rnenflleCKOH 3Heprirn) TOOJlHB­
HOro pacrnopa so epeMlI paJne-ra, o6ycnoeneHHoro yeen1-1-
'!ett11eM pa3rOHHOH 6aJbl. 

5. Ha clKarne 6yqiepttoro ra3a pacxoeyeTclI He sc11 
KHHeTH'-!eCKM 3HeprnlI .UBH>Kyruerocl! TOTIJJHBHOro pacrno­

pa. TaK, .llJlH nMnynbca .nenett11i1 c H = 45 CM, Po = l 6ap e 

MOMeHT speMem1 11 = 7 MC Kl1Hen14eCKM 3HeprnH 11 HM­

nyJJbC TOOJllIBHOro pacrnopa COCTaBHJlH Ek (ti) = 

=0,54M,lJ;>K 11 p(t1)=7, 0-103(Kr·M)/c, a Ha ClKarne 

6y<j>epttoro raJa 6bmo 3aTpa'!eHo 0,22 M,lJ;>K npH 113Mette­
tt1111 HMnyJJbCa TOTIJ111BHOfO pacrnopa npH OTpa>Kemm OT 

Kpb!WKl1 Kopnyca l'lp=5,4 -103(Kr •M) / c. JTli pe3yJJbT8Tbl 

c01-1.neTeJ1bCTBYfOT, '!TO nocne nttKa .uasnemm 6yqiepttoro 
raJa TOOJlliBHblH paCTBOp KaK uenoe npOllOJllKaeT ABHf8Tb-

6 

c11 s ttanpasnettrrn KpbtWKII, 11 cnycTlI HeKOTopoe speMl! 
nocne nepsoro m1Ka .nasnem1ii MO>KHO O>Kl1.llaTb noBTOptto­
ro, 6onee cna6oro nHKa AasneHHjj 6y<j>epttoro raJa. 

Ta6J11rna 

Pac'!eTHble napaMeTpbl HMnyJJbCOB .neneHJtH 

lloMep 
H,CM Po, Pmax, /!;(, Jp, 

eap11a11Ta 6ap K6ap MC 6ap·c 

I 45 I 7,1 0.031 0.30 

2 45 2 4.6 0.045 0.30 

3 45 4 2,1 0,099 0,30 

4 45 6 1,2 0.173 0.28 

5 45 8 8,5 - 0.27 -0.26 
6 25 I 4.7 0,036 0.21 

7 35 I 6.1 0,033 0,26 

8 55 I 8,0 0,031 0,33 

F!,.. 6ap 

160 

l'.!O 

80 

40 

00 '.! 4 6 f. MC 

Puc. 3. 3aaHCHMOCTb .uaeneHHll Tonmm11oro pacTBopa Ha AHO 
Kopnyca Pa(t) oT epeMe1111 t llllll w,rnynhca neneH11i1 c 

P0 = t 6ap. H = 45 CM 

P, K6ap 

6,0 

2 

4,0 

2,0 

4 

5 
7,4 7,5 7,6 7,7 f , MC 

P11c. 4. 3aBHCHMOCTb naaneHHll 6y~iepHoro raJa P(t) OT epeMeHH / 
HMnynhcoe c H = 45 CM np11 JHa,1em111x Po (6ap) = I ( I); 2 (2): 

4 (3); 6 (4); 8 (5) 

6. CornacHO ll8HHblM Ta6JJ. I HaH60JJbWee pac'!eTHOe 

JHa'!ett11e 11asneHl{jj 6y<pepttoro raJa Pmax = 7, 1 K6ap, no-

ny4ettttoe Jln1I HMnynbca c H = 45 CM, P60 = I 6ap (sapH­

aHT I B Ta6JJ. I), B .usa pa3a npeBb!WaeT aHMHTH'leCKyJO 



oueHKY MaKCl1MaJJbHOro .uanneHm1 npH y.nape pacrnopa o 

HenOJI.BH)KH}'fO )KeCTKYJO KpbllllKY Kopnyca Pmax (x ➔ 0) = 

== (u~) - 3,5 K6ap. 3To o6cTOHTeJibCTBO cs11.ue-
max 

TeJl'bcTByeT O TOM, t{TO MO.l(eJib "KpynHblX" o6nacTeH [ l] He 

rrpHMeHHMa Jl]lll pactfeTHOro HCCJie.UOBaHHJ! .l(OCTaTOlfHO 

C11JU,HOro y.uapa TOITnHBHOfO pacrnopa O KpblWKY KOpnyca 

113-Ja HeB03MO)KH0CTH MO.l(eJIHpOBaHIDI B03HHKaJOmHX B 

TaKOM rrpouecce y.uapHbIX BOJIH. 

4. qHCJieenoe MO,I.\CJIHponanHe B33HMO,I.\CUCTBHH 

p33JieTaJOmerocH TORJIHBHOro paCTBOpa 

C KpblWKOH KOpnyca 

lulcneHHoe Mo.nem1posaHHe BJa11Mo,nei-tcrnHJ1 pa.Jne­

TaiomerocH nocne HMITYJibca .ueneIDrn TOIUlJ,IBHOro pacrno­

pa c KphIWKOH Kopnyca, yq11TbIBaJOU1ee pacnpocTpattemte 

y.uapHblX BOJIH (CHJlbHb[X pa.3pblBOB napaMeTPOB), rrpoao­

.UHJIOCb C 11CITOJib30BaJrneM cne.l(YJOLUHX npH6m1JKeH11ii: 

- .UB11JKemIe TOITnHBHOro pacTBopa, MO.UeJurpy10mee 

y.uap B Kpb!WKY KOpnyca, paCCMaTPKBaJIOCb np11 apeMeHax 

t ~ tI , cymecrneHHo rrpeablmruomHX apeMH :rneprosbI.ue-

nelil1Jl B Tel!eI-rne apeMeJrn 11Mnynbca .ueneHwi-1; 

- B KatfeCTBe Ha'laJibHblX pacrrpe.ueneHHM no BbICOTe 

TOITJIHBHoro pacrnopa c1<opocT11 .!lBIDKefUUI semecrna, .naa­

neH11H, ITJIOTHOCTl1 11 06beMHOH t:(OJIH ra.JOBOH q>a.Jbl rrp11-

Hl1MaJl!iCb pe3ynbTaTbl pacqern rro rrporpaMMe DSPR Ha 

MOMeHT BpeMeHH t1 ; 

- paccMaTPl1BaJIOCb Ot:(HOMepttoe ITJIOCKOe .UBIDKemi:e 

TOITJll1BHOfO pacrnopa KaK 11ii;eaJibHO C)KHMaeMOH )l(Ht:(KO­

CTl1 B narprutJKeBbrx KoopmrnaTaX; 

- TeMneparypa )1(11)],KOM 11 ra.Joo6pa3HOH qJa.3 TOITJll1B­

HOfO pacrnopa aonaranacb OJXHHaKOBOH 11 He11JMeHHOii, 

napoo6paJosaH11eM H npoueccaMH pacrnopeHHH lUl11 BbI.ne­

neHHJ1 pa.!ll10JI11n1qecKoro raJa npette6peraJJOCb. 

8 paMKaX on11caHHOH MOt:(em1 nose,neH.He CHCTeMbl, 

COCTOHLUeH 113 TOl1JlHBHOro pacTBopa, 6yqiepHoro raJa 11 

)KeCTKOH KpblWK.11 KOpnyca, OITl1CblBaJIOCb ypasHeIDUIMl1 

COCTOllHI1H 11 .UB11)KeHl1H. YpaaHeHHJ! COCTQfilfJ,!J[ JlJ]H )KJ,f.l(­

KOH qJa.Jbl TOITJll1BHOfO pacrnopa B a11ii;e (4) 11 11ii;eaJibHOro 

raJa JlJ]Jl napora.JOBblX fIY3blpbKOB, 11CTIOJlb3yeMble B npo­

rpaMMe DSPR, 6b1J111 npeo6paJ0BaHb1 K B11JlY 

[
u(/)-u, ( Fi )] P(t)=fi-a --~+g1 1-- , 

Uo P(t) 
( I l) 

rne yneJibHbIM o6beM pacrnopa u I = u(z, t1), .nasneHHe 

Fi == P(z, t1) 11 06beMHM (no OTHOWemuo K HatfaJibHOMY 

06beMy A3) llOJlH fa.JOBOH qJaJbl B pacrnope gl = g(z' l1) 

COOTBeTCTBYJOT MOMeHry speMeHlI 1, OKOHlfaHHH no npo­

rpaMMe DSPR. 

YpaaHeHIUI .l(Bl1JKeHHJ! HlleaJibHOH )1(11.UKOCTH Cq>OpMy­

Jl!ipOBaHbl B narpaH)KeBhlX KOOpL1I1HaTaX =, KOTOpbie COOT­

BeTCTBYJOT B paccMaTPHBaeMOM cnyqae KOop.u11HaTaM 8 

MOMeHT speMeHl1 /1. ,[{Jill peweH11Jl ypaBHeHIIH l1B11JKeHID1 

11CITOJlb30BaJICll KOHe•rno-paJHOCTHhlH MeTO.u Mei1.uepa [5] 
C OllHOpO.UHOH KOHCepsaTl1BHOH cxeMOM C nceB.UOBH3KO-
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CTbl-0, no3BOJIJ!J-OLU11H paCC'-IIITbIBaTb Tet.JeHl-lll )1(11.l(KOCTH C 

y.uapHblMl1 BOJIHaMl1, a TaK>Ke C KOHTaKTHblMl1 pa3pbIBaMH 11 

rpaH11UaM11 C }ll1HaMl1"IeCK.l1Ml1 rpaHHtJHb[Ml1 ycJIOBl1llMl1. 

TTp11 TIOCTpOeHl1H npocTPaHCTBeHHO-BpeMeHHOli ceTKl1 

BblCOTa A3, paBHM L, paa110MepHO pa.J611BaeTCll Ha N ll"l!e­

eK (6.:' = LIN). HyMepauHJ1 HtfeeK c I ii;o N, ttyMepaIJ.HJl 

y311os oT O (Hl1»<HIIB) .uo N (aepXID!H). H11)KHHll 11 sepXHJ!ll 

qJl1KTl1BHhJe lllfeiiKH HMeIOT HR}leKCbl O 11 N + l COOTBeTCT­

BeHHO. PaJHOCTHall ceTKa no BpeMeHH onpe.uemieTCH COBO­

KYITHOCThlO ueJTbIX {j 11 nonyueJJblX 'j+l/2 speMeHHblX 

cnoea. Ha TaKOH ceTKe JHJiepoaa Koop.uH.Hara Z;,j onpene­

JIHeTcH B y3nax ZJ 11 Ha ueJJblX BpeMeHHJ,IX CJIOHX f j; CKO­

pOCTb Ut,j - B y3nax Z; 11 Ha nonyueJlbJX apeMeHHblX CJIOHX 

Tj == (t j - 1 + I J) / 2; .uaaneHHe P,,J 11 JIJJOTHOCTh Pi,/ (y.nem,­

HhlH o6MM u,,1 )- s ueHTPax g-qeeK z; =(z1_1 +z,)/2 Ha 

ueJihlX speMeHHhIX CJIOHX t j ; nceB.UOBH3KOCTb q,,j - B 

ueHTPaX RtieeK zj Ha nonyueJlhIX cnoHX Tj. 

fpynna yJJJOB Haqam.Horo apeMemmro cnoll t 1 =O H 

6nIDKaiimero K HeMy nonyuenoro cno,r Tj=o rrpe.uHa.JHaCJe­

Ha Jl]lll 3a.l(afUUI HaqanbHbfX YCJ10B11H: zi,j=O == Zi, 

== q((Po;, uo, ), i = I, ... , N. Y cnos11e Ha HIDKHeJ;i rpaH11Ue 

ui=Oj = 0. B sepXHeii <j>HT<THBHOH ,rqe01<e Ja.uaeTCH .nasne­

HHe 6yqiepttoro raJa 

P,=N=l,J=P=Po( HoJY 
Ho +L-Z;=N,J 

ITp11 MOlleffifPoBamrn y.napa TOITJI[,{BHoro pacTBopa 

Henocpel{CTBeHHO O >KeCTKYJO KpblWKY Kopnyca sepXHHH 

rpaHI-wa TOIIJIHBHOrO pacTBopa ClfHTaeTCH HenO.UBIDl<HOH, B 

Kat.JeCTBe rpaHK'IHOro ycJJOBIDI Ja.naeTCH paaeHCTBO eymo 
cKopocrn ixs11>KeHHH sepxHei1 rpaHI-lllbI pacTBopa 

u,=N,J = 0. CKOpOCTb Ha HOBOM speMCHHOM cnoe 0+1 
HaXOllliTCll fl3 ypaBHeHlill 

l::.tj (P,,j + q,,j )-(P,+l,j + qi+l,j) u,_1+1 =u,,j+------------, (12) 
ru 0,5·(Po; +Po;+1) 

r.ue B 3aBHC11MOCTl1 OT ycJIOBHH Ha sepxHeH rpaH11ue 

i ==I, ... , N, ecJ111 JanaHo .uaanettl!e 6yqiepHoro raJa, m-160 

i =I, ... , (N -1) rrp11 Heno.l(Bm1rnoli rpaHHUe. CeTO'IHM 

cj>yHKUHll KOM6um1posaHHOH nceB.UOBH3KOCTH 3a.uaeTCH 

Bbipa)KeHHeM [5] 

q,., = 

(13) 

s KOTopoM An = 0, 5 11 AK = l - K03q>cp11u11eHTbI mrnei-lttoii 

H KBanpaTU'l HOTI nceB.UOBll3KOCTJ,t; c,,1 - MeCTHaJl CKO-



pOCTb 3ByKa, Bblpa)l(eRHall C y4eTOM llBHoro BH.lla ypaette­
HHJI COCTOllffiUI no cpopMyne 

~ I apo (14) 
c,,j =~op I::.,:; = P,.j I+ ag, (=,~Pi(=,). 

P,,j 

3Ha4eHHJI 3H.11epOBblX KOOp,i:nrnaT 

z,,J+I = Z;,J +Mjul.j+I• i = O, ... ,N (15) 

11cnOJ1b3YJOTCll npli pac4eTe IUIOTHOCTH 113 ypaeHeHl1ll He­
rrpepblBHOCTH H .naBJleHHll 113 ypaBHeHHll COCTOHHHJI B Ka>K­

.llOH .!14ei1xe Ha HOBOM epeMeIDIOM '1+! cnoe 

t,:; 
P,,1+1 = Po; z . z , P;,J+I = P(P,,1+1), 

i,J+I - 1- l ,J+I 

i = l, ... ,N. (16) 

PaccMaTpH.BaeMaH pa3HOCTHall: cxeMa llBJllleTCll ll:BHOH, 
n03TOMy .llJl.!l o6ecne4eHHJI CXO./lHMOCnt HaKJ1a.zn,1BaJIOCb 
orpam1<teHHe Ha Bb16op rnara no epeMeH11 npH nepexo.ne Ha 
HOBbIH epeMeHJ-1oi-t cnoi1 (ycnoe11e ycroi11nmocr11 Kypawra 
[5]) 

(17) 

e KOTOpoM 411cno KypaHTa Bb1611pa.nocb paeHbIM Kr = 0, l. 

TecrnpoeaHHe KOHe'IHO-pa3HOCTHOH cxeMbl opOBO,llH­
JlOCb Ha npHMepe MO,lleJibHOH 3a.na11H 06 y.nape )l(li.llKOCTl1 0 
>KeCTK)'lO Heno.nBIDKH)'lO CTeHKy npH X ➔ 0 (CM. pa.3./1. 2). 

Ha pHC. 5 npe.nc-raeneHbl 3aBHCHMOCTH cpyHKUl1H cp(O, x) 

OT apeMeHJ,t B OTHOCHTeJlbHhlX e.l{HHHUax X = t IT, nony­

'leHHble 'IHCJleHHO 11 C HCITOJlb30BaHHeM BblpIDKeHHJI (7). 
ITp11 xopoweM cornac11w peJyJibTaTOB He6oJlhmoe "pa3-
Mhrrne" cpopMbl HMnyJlbCa .llaBJleHJUI CBll3aHO C BBe.neHHeM 
B pa3HOCTHble ypaaHeHHJI .l{BH)l(eHHJI nceB.UOB.!13KOCTH. 

<p 
I 

-0,5 

-1 

0 0,5 1.5 2 X 

P11c. 5. <l>yHKUHll <p(0, x): mmHll - paclfe-r no <!>opMyne (7); 

TO'-IKH - '-IHCJ1e111Ioe pe111eHHe ypaBHeHHH (3) 

3Ha'!eHHe xapaKTep11CTl1K TOIUIHBHOro pacTBopa Ha 
MOMeHT epeMeHl1 /1 nocne OKOH'laHH.!l l{MnyJlbCa .neneIDlll 

( CKOpOCTb ./lBH)l(eHHll eemecTBa, .naanem1e, IUIOTHOCTb H 
o6beMHall .llOJlll ra30BOA cpa3b1) 6blJ1H nOJlYlJeHhI C HCITOJlb-

8 

3oeaH11eM nporpaMMbI D PR .llJlll A3, onHca1mon e paJne­

ne 3. 11Mnynbc .llJlll A3 c H = 45 CM, Po = I 6ap C'lHTaJlC.!1 

6a30BblM, eapbHpOBaJIHCb Ha'laJibHhle naeneHlill 6ycpepHoro 

raJa Po II pacCTO.!IHHe OT noaepxHocrn pacTBopa no 

KpblWK11 KOpnyca H. MoMeHT ,, COOTBeTCTBOBa.Jl epeMeH11, 

npH KOTopoM e npouecce pac'leTa no nporpaMMe DSPR 
.naBJ1eH11e Ha eepXHei-t rpatt11ue TOIUlHBHoro pacTBopa, paa­
Hoe .naeneH11JO 6ycpepHoro raJa, coc-raeJlll:Jlo 95 % OT cpe.u­
Hero .naeneHHJI no nocne.nttefl, 15-u "Kpynttoi1" 06nacT11. 

Ha p11c. 6 npe.ncTaaJ1eHh1 pacnpe.nenemu, ,naBJieH11ll, 
TIJlOTHOCTH, o6beMHOH .ll0J111 ra30BOH QJa.3bl 11 CKOpOCTH 

.llBl1)1(eHIDI aemecTBa no BblCOTe A3 B MOMeHT epeMeHl1 11 

.llJl.!l eap11aHTOB, OTJ111'laJOlUl1XCH 3Ha'leHl{eM Po, TO'lKH -

pe3yJJbTaTbl pac'leTa no nporpaMMe DSPR, J111Hl{H -
l1X 11HTepDOJl.!IUIUI Ky611'!eCKl1MH CIUlaHHaMl1. CornaCHO 
.naHHhlM Ha puc. 6 Ha1laJlbHOe .naeneHHe 6ycj>epHOfO raJa 
cna6o BJJl1.!leT Ha pacnpe.nenem1e 3THX eemt'll1H a rrp11rpa­
Hl1'1HblX co ceo60JIHOTT noaepXHOCTblO o6naCTJlX pacTBopa. 

P, Kfiap 

100 

80 

60 

40 

0.2 0,4 0,6 0.8 z/Z (11) 

a 

p. r /cM3 

1,0 

0,8 

0.6 

0,4 

0,2 
0 0.2 0,4 0.6 0,8 ztZ (11) 
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P11c. 6. Pacnpe11enem1e llaanem1ll P (a), nnornocrn p (6), ofr&eM­
HOtt llOJlH raJOBOH <jlaJbl no OTHOUleHHIO K lla'laJlbllOM)' 06beMy 
paCTBOpa g (a) H CKOpOCTH B u (r) no BblCOTC TOnJ111-BHOro pac­
TBOpa B om. ell. =IZ(t1) a M0MeHT apeMeH11 11 npH H = 45 H 

Po (6ap) = l(Y); 2(■); 4( ♦ ) ; 8 (• ). OKOH'-1a1rne pHC)'IIKa CM. 11a C. 9 



g 

B 

U,Mlc 

0 0,2 0,4 0,6 

r 

Pi,ic. 6. 0KOH'-laHHe 

6onee CWihHOe enwrm1e Ha nocne.nIDte .nea napaMe-rpa 
nposrem1eTc.11 mru.1h e o6nacrnx pacTeopa c noehill.leHHOH 
fUIOTHOCThlO 3HeprOBbl.Uenemui (MaKCHMYM .nocniranc.si B 
o6nacnr 60-65 cM). Pac'!eTbl no nporpaMMe DSPR noKa-

3aJJJ1, CfTO eapbHpoeam1e H CWlbHee CKaJblBaeTC.11 Ha xapax­
TepHCTl1Kax paCTBOpa B MOMeHT ,, , XOT.11 f.f B 3TOM CJI)"iae 

11X H3MeHeH11e Ha ceo60.UHOH rpaH11ue TOnmtBHOrO paCTBO­
pa Mano. l1CKJ1JO'leID1e COCTaBJU!eT CKOpOCTb .neInKeH11.11 ee­
IUeCTBa, 3Ha'leHl1.!I KOTOpoi-1 113MeHJIIOTC.!I OT 150 .no 250 Mic 
npH 113MeHeHHl1 HOT 25 .no 55 CM. 

Pac'!eTbr napaMe-rpoe 11Mnynbca .uaeneHIDI npH Top­
Mo>KeHHl1 TOMl1BHOro pacTBopa y KpbIWKJ1 KOpnyca npo­
BO./ll1.1111Cb no nporpaMMe CSA W, C03itaHHoi1 c 11caom,30-
eaHJ1eM naKeTa npHKna,uHbrx nporpaMM Borland Pascal 7.0 
11 pean113)'10lll.ei1 '111cne1nme peweH11e CHCTeMbl KOHeqHo­
pa.3HOCTHhIX ypaettemt/1 ( I 2)-( I 7). HaqaJJhHblH o6beM pac­

TBopa - o6beM pacTBopa Ha MOMeHT epeMeHH t1 - pa.3611-

eanc.11 paeHOMepHo Ha N = 300 .si'!eeK. BpeMeHHOH mar, 
qepe3 KOTOpbti1 np0113B0.UHnaCb Bhtl[aqa pe3ynbTaTOB 0 

xapaKTep11cT11Kax paCTBopa, cocraen.sin flt = 5 • I o-6 c. B Ka­
qecTee pe3yJihTaToe pac'!eTa Ha Ka>K.noM ware e <pai-ln 3a­
n11c1,rnan11c1, 3Ha'!eHIDI .naeneH11J1 H fUIOTHOCTH Ka>K.no/1 113 
N .!l'leeK, a TaK:>Ke CKOpocn1 .llBl1)KeHJ1.!I eeIUeCTBa B Ka)K./lOM 
113 N + I Y3JIOB. 

Pe3yn1,TaT1,1 pac•1eToe np1-1 pa3nl-ff{Hbcx H 11 Po np1-1Be­

.neHbI B Ta6n. 2 11 Ha pwc. 7-10. O603Haf{eHIDI BeJil1'lHH B 
Ta6JI. 2 TaKHe >Ke, KaK e Ta6n. I; .nonOJIHI-ITenbHO e Ta6n. 2 
npHBe.neHht 3HalJeHl1JI cne.n)'IOlUHX napaMeTpOB B MOMeHT 
tI : Z(tI ) - KOop.nHHaTa eepxHeH rpamuu,1 pacTBopa; 

P(t1) - .naeneH11e Ha 3TOH rpamuie (paeHo .naeneH1110 6y­

<j,epHoro raJa B MOMeHT ,, ); p(t,) - HMnyilbC TOWIHBHOro 

pacTBopa Ha e11.11H11uy nno1Ua11.11 nonepe'!Horo ce'!eH11J1; 
f,k (t,) - y.nenbHa.11 KHHeTW!eCKa.11 3Hepr11.11 TOfUll1BHOro 

h 

paCTBopa. Bemr'll1Ha JP = J dt P(t) coorneTcTeyeT MoMeH-

11 

Ty epeMeH11 /2 = 8, 7 MC. 

Ha p11c. 7 noKaJaHbI pacrrpe.neneHIDI .naeneH11.11 El cKo­
pocn1 no BhlC0Te pacrnopa B pa3Hble MOMeHTbl epeMeHJI 
.nn.si ynapa e Kp1,11.1.1ry npn P0 = I 6ap 11 H = 45 cM. :>KHp-

Ta61111ua 2 

Pac'!eTHbJe napaMe-rp1,I .naeneHH.si npn TOpMO>KeHRH pacTBopa 

HoMep Po , 6ap 1, ' Z(t1). P(t1), p(l1), Ek(/1), Pmax • t-.t, Jp , 
H , CM 

sap11a~1Ta MC CM 6ap 6ap·c JJ:wJr K6ap MC 6ap·c 
I 45 I 7,324 I 16,82 41 0.41 4,9 3.52 0,080 0,45 

2 25 I 6,492 98,18 39 0,37 2,6 2,42 0,080 0,49 

3 35 I 6.946 107,53 41 0,39 3,7 3,05 0,079 0.48 

4 55 I 7,656 126,08 40 0,43 6,1 3.90 0,082 0.45 

5 45 2 7,286 115,28 47 0,40 4,5 2,95 0,098 0,45 

6 45 4 7,224 112.96 54 0,39 3,9 2,03 0,148 0,49 

7 45 8 7,116 109,40 61 0,38 3,3 1, 10 0,304 0,52 

8 25 0 6,554 100 1.0 0.37 2,7 2.53 0,037 0,49 

9 35 0 6,996 110 1.0 0,40 3,8 3, 10 0,036 0,46 

10 45 0 7,384 120 1.0 0,41 4,9 3.56 0,036 0.44 

11 55 0 7.728 130 1.0 0,42 6J 3,95 0,036 0,42 

9 



Ha.II WTpHX-nyHKTHpHa.11 JJHHHSI COOTBeTcTByeT pacnpe.n.e­

JJeHHIO B MOMeHT epeMeHH ,, ; OCTIUlbHble Jll1Hl1H COOTBeT-

CTB}'IOT pacrrpe.n.enemno C MOMeHTa .ll.OCTH)l(eHH.11 MaKCH­
MyMa .n.aBJJeHIDI 6y<pepHoro ra.Ja c HHTepBaJJOM 0,3 MC; 

CnJlOWHbie JJHHHH - .n.o MOMeHTa OTpa)l(eHH.11 y.n.apHOH BOJJ­

Hbl OT .n.Ha Kopnyca, WTpHXOBbie - nocne OTpa)l(eHH.11. MaK­

CHMYM )laBJJeHIDI 6y<pepHoro ra3a COOTBeTCTByeT nOJJHOMY 
TOpMO)l(eHHJO eepXHeH rpaHHUbl pacrnopa H .n.ocnrraeTCSI B 

MOMeHT lmax =7,469MC (pacCTOSIHHe OT eepxHeH rpatt11-

Ubl pacTBopa )lO CTeHlOI B 3TOT MOMeHT COCTaBJllleT 

~ 0, 1 cM). TTocne 3Toro MOMeHTa epeMeHH rro pacTBopy 

BHl13 pacnpOCTpaHReTC.11 y.n.apHa.11 BOJJHa (CKllbHbrH pa.3pb!B), 

aMTTJlHTY)la 11 CKOpOCTb KOTOpOH yMeHblllalOTC.11 e o6nacrnx 

pacrnopa C 60JJbWBM CO)lep)l(aHHeM ra.JOBOH <pa.Jbl (cpe)l­
m1e 06nacT11) 11 eo3pacTa10T e o6nacrnx, r.n.e co)lep)l(aHHe 

ra.Ja 11 napa MaJJO (B HIDKHeH 4.aCTH A3). 

P, K6ap ........... ..... 1 .............. ·\--· 

.: .. . .. . . .. : 

0,1 

0 02 0,4 0,6 

a 

U,Mlc-----------~-----

250 

200 

150 ~ 

100 

50 

0 

-50 l--_ .. ··~-~ 

0 0,2 0,4 0.6 0,8 

6 

PHC. 7. PacnpeneJJCHtUI Jl8BJleHHll p (a) 11 CKOpOCTH u (6) no Bbl­
COTe pacrnopa B 0TH. e.n. Z / Z(t,) B pa31111'1Hble MOMCHThl BpeMe-

HH np11 H = 45 CM, P0 = I 6ap 

CKOpOCTH OT 150 llO 250 Mi c nasJJeH1Ie B03pacTaeT OT 2.4 

)lO 3,9 K6ap (eapHaHTbl 1-4 B Ta6JI. 2). np11 3TOM paCC4.H­
TaHllble 3HalfeHHR xopowo (orn11l.f11e Mettee 3 %) cornacy-

10Tc.11 C aHaJJHTHLfeCKOH oueHKOH no cj)opMyJie 

Pmax = u(=N) ri; (cM. pa.3Jl. 2). TaKoe cornacHe 03Halfa-V-;;;; 
eT, 4TO np11 HalfaJJbHOM )laBJieHHH Po = I 6ap HaJJH'iHe 

6y<pepttoro ra.Ja He BJ1HJ1eT Ha MaKCHMaJJhHoe )laenem1e 

rrp11 TOpMO)l(eHHH paCTBOpa y KpbIWKH KOprryca. 

P, K6ap 
3 4 

2 
3.0 

2,0 

1.0 

7.0 7.5 8,0 8,5 t, C 

P11c. 8. 3aBHCHMOCTb Jl8B11CHH_Sl 6ycjlep1wro ra:ia p OT speMCIIH I 
npH Po= I 6ap 11 H (CM)= 25 ( I); 35 (2); 45 (3) 11 555 (4) 

P. Kfiap 
4 

3 • 
2 II ,. 

3,0 11 
II 
I I 
I I 
I I 

2,0 I I 
I I 
I I 

I 
I 

1,0 
I 
I 
I 

0 
7,0 7,5 8,0 8,5 t, C 

PHC. 9. 3aBHCHMOCTb ,/laBJlCHHll Ha Bepx11eti rpa1111ue pacrsopa p 
OT BpCMCHH I B OTCYTCTBHC 6y<jlep1mro rma np11 H (CM) = 25 (I); 

35 (2): 45 (3) 11 55 (4) 

Ha p11c. 9 noKa.JaHbl epeMeHRbJe <popMbl HMOYJJbCOB 

.n.aeneH11.11 np11 y.ll.ape TOITJJlmHoro pacTBopa HenocpencT­

eeHHO e KpblWKY Kopnyca e OTCyTCTBHe 6y<pepHOro ra.Ja 
npH Pa.JJJ.H'iHblX 3Ha4eHH.IIX H (eap11aHTbl 8- 11 B Ta6J1. 2). 
3.n.ecb )l(e WTpHXOBOH nmrnett )].Jl.11 cpaBHeHHSI OOKa.JaH HM­

nyJJbC .naaneHJUI 6ycpepHoro ra.Ja npH Po = 16ap, H = 45 cM. 

CornaCHO npe)lCTaBJieHHbIM naRHblM npH ecex JHa'feHH.IIX 

H ITHKOBOe .naBJieH11e npH y.ll.ape TOITJll{BHOro pacrnopa 

Ha pHC. 8 noKa.JaHbl BpeMeHHble cpopMbl HMnyJihCOB Henocpe.n.cTBeHHO B Kpb!WKY H qepe3 6y<pepHbIH ra.J npaK-
)laBJieHHSI 6y<pepttoro ra.Ja npH pa.3JJHLfHblX 3Ha'ielUI.IIX H. TJ-14.eCKH COBna.D.alOT (BapHaHTbl 1-4 11 8- 11 B Ta6JI. 2). 
M O)l(HO 3aMeTHTb, '!TO MaKCHMaJJbHOe )laBJJeHHe nponop- Cne.nyeT OTMeTHTb JIHllJb pa.3JJH4He BO epeMeHHOH q>OpMe 

UHOHaJJbHO CKOpOCTl1 rpaHHUbl pacrnopa: npH yaeJJHLfeHHl1 HMnyJihCOB: npH ynape pacTBopa HenocpencTBeHHO B 

10 
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KpblWKY Kopnyca (pile. 9) nonywwpHHa HMnyJlbCOB .o,asne­

HIDI HaHMeHbWaJI, HO HaH6onee Bblpa)l(eHbl cpaBHHTeJlbHO 

.o,onroBpeMeHHble "XBOCTbl" (BapHaHTbl 8-11 B Ta6n. 2). 
f1pH y.o,ape pacrnopa B KpblWKY KOpnyca Yepe3 6ycj)epHblH 

raJ (pHC. 8) nonywHpHHa HMfTYJlbCOB .o,aBJJeHHJI 60JlbWe, 

AOJlfOBpeMeHHble "XBOCTbl" MeHee Bblpa)l(eHbl (BapHaHTbl 

1-4 B Ta6Jl . 2). Cne.o,yeT OTMeTHTb, '¾TO B TOM H .o,pyroM 

cnyyae nonHb1i1 HMfTYJlbC, nepe.o,aBaeMblH CTeHKe JP 

(ruiomaAb no.o, COOTBeTCTBYJOU(HMH KpHBblMH Ha pwc. 8, 9), 
0.llHHaKOBblH, npaKTJ,fqeCKJ,f He JaBHCl1T OT HaYaJJbHOro 

.o,aBneH11J1 6ycj)epttoro raJa 11 onpe.o,enJ1eTCJ1 KHHeTHYeCKOH 

:rneprnei:i Tonn11BHoro pacrnopa cnycTJ1 npo.o,omKHTenbttOe 

BpeMJI 11 nocne HMnynbca .o,enett11i1. 

Ha p11c. IO ITOKaJaHbl BpeMeHHble cj)opMbl .o,aBneHHJI 

6ycj)epHoro raJa npH y.o,ape pacrnopa B KpblUJKY 1<opnyca 

AJJJI paJJl),ft{Hhrx JHa'!eHHH Po . lliTPHXOBow n11H1-1ei1 060-

3Ha'-leHbl qacnt KpHBblX AJlJI MOMeHTOB BpeMeHH, Kor.ua 

HMfTYJlbC pacTBopa - BeJlH'-IHHa OTPHUaTeJlbHaH. 3aMeTHaH 

3aBHCHMOCTb nHKOBOro )laBJleHHJI 6ycj)epHOfO raJa B MO-

MeHT TOpMO)l(eHHll pacTBopa y KpbIWKH Kopnyca OT ero 

Ha'-laJJbHOro naBneHRJI rrpOJ1BJ1J1eTCJ1 npH Po » I 6ap (sa­

pHaHTbl 5-7 B Ta6Jl. 2). CymecrneHHOe (B HeCKOJlbKO pa3) 

CHH)l(eHHe MaKCHMyMa )laBneHHJI AOCTHraeTCJI npH yBenH­

qemrn tta'!aJJbHOro )laBneHHJI 6ycj)epHoro raJa CBbn.ne 4 
6ap, KOr.o,a TOnJIJ,fBHb(H pacTBop MO)l(HO C'IHTaTb HeC>l<H­

MaeMbIM. YBeJlH'-leHHe 3Ha'-leHHJI Po OT 1 JlO 8 6ap yMeHb-

waeT aMnnHTYAY mrKa .o,asneHHJI H ysemt'-IHBaeT ero AJJH-

TeJlbHOCTb, npH'-leM KMnynbC J p' rrepe)laHHhlH Kpblll!Ke 

KOpnyca K MOMeHry BpeMeHH '2 = 8, 7 MC, B03pacTaeT Ha 

~ 15 %. 

P, K6ap 

3,0 
2 

2,0 

1,0 

7,5 8,0 8,5 t, C 

PHC. Io. 3aBHC11~10CTb .naeneHHII 6y¢epHoro raJa p OT epeMeHH / 

npH H ~ ~5 CM 11 P1 (6ap) = I(!); 2 (2); 4 (3) H 8 (4) 

TepHO AJlJI pacTBOpHhIX HMITYJlbCHh[X peaKTOpOB, TO BOJ­

MO)l(Ha c11ryauID1, npH KOTOpOH '!aCTb pacrnopa .llOCT11raeT 

KpbtWKH B MOMeHT BpeMeHH, Kor.o,a .o,aBnem1e 6ycj)epHoro 

raJa eme He AOCTaTO'IHO BeJlHKO, '!T06bI OKaJb!BaTb BJlJ,fJI­

HHe Ha npouecc TopMO)l(emui pacTBopa. B 3TOM cny'!ae 

peanHJyeTCH y.o,ap pacTBOpa Henocpe.o,cTBeHHO B KpblWKY 

Kopnyca, H BOJHHKa!OlllHH npH )TOM mtK .o,aBJ1eH11J1 Ha rpa­

HHUe pacrnopa, 1<a1< ~e 6b1JI0 noKaJatto, onpe.nenJ1eTCJ1 

JlHlllb xapaKTepHCTHKaMH pacrnopa, KOTOpbIe, B CBOIO O'!e­

pe.o,b, cna6o JaBHCHT OT Ha'!aJJbHoro .o,aBneHHJI 6ycj)epttoro 

raJa (no Kpawttei:i Mepe, npH .o,aBnemrn .o,o ~ IO 6ap, CM . 

pHC. 6). TaKHM o6paJOM, MO)l(HO yrnep)f(.o,aTb, '!TO npH 

TOpMO)f(eH1'll1 paJneTa101llerocJ1 TOnJIHBHOro pacrnopa Bce­

r.o,a npo11cxoJlJ,fT ero y.nap ttenocpe.ncrneHHo o KpblllIKY 

Kopayca. MaKcHMaJJbHoe .o,aBnettwe, TaK )Ke KaK H nepe­

.o,aHHbltt Kopnycy peaKTopa 11MfTYJlbC, npH )TOM onpe.neJlJl­

eTCJI B OCHOBHOM CKOpOCTblO pacrnopa B MOMeHT y.napa H 

npaKTH'!eCKH He JaBHCl1T OT Ha'!anbHOro .o,aBJieHHJI 6ycj)ep­

Horo raJa. YBeJlH'!eHHe paCCTOJIHHJI OT nosepXHOCTH pac­

TBopa .no KpblWKH Kopnyca npH npOlfRX pasm,rx ycnOBIDIX 

Be.neT K yBeJlH'!eHl-00 CKOpOCTH CB060AHOH noBepXHOCTH 

TOillll1BHoro pacrnopa B MoMeHT y.napa 11, cne.noBaTeJlbHO, 

MaKCHMaJJhHOfO .o,aBJleHJ,UI Ha KpbIIIIKY KOpnyca, XOTJI ne­

pe.naHHblH KOpnycy HMfTYJlbC HJMeHJleTCJI npH 3TOM HeJHa­

YHTeJlbHO (CM. Ta6Jl . 2). 
B JaKJllOYeHHe cne.nyeT o6cyAHTb BJlHJIHHe HeOAHO­

po.nHOCTH CKOpocrn JlBH)f(eHIDI paCTBOpa no ero CB060.11.HOH 

nosepxHOCTH. Y'!eT 3TOH HeOJlHOpOAHOCTH MO)KeT npHBeC­

TH K cne.o,yiomett KapTHHe BJa11Mo)leikTBID1 paJneTa10we­

rocJ1 TOTTJJHBHOro pacrnopa C KpblUIKOH KOpnyca: 

- BO-nepBblX, PaJJl),ft{Hble Y'!aCTKH CB060.11.HOH no­

BepXHOCTH pacrnopa B paJHoe BpeMJI 6y.o,yr .nocnrraTb 

KpbllliKH KOpnyca, npH'!eM y'!aCTKH noBepXHOCTH paCTBO­

pa, nepBblMl1 AOCTHfaJOlUHe KpblWKJ,f KOpnyca {Y'!aCTKH co 

cpeAHHMH 3HaYeHHJIMH pa.o,eyca), 6yAYT B3aHMo.o,ewcrno­

BaTh Henocpe.o,cTBeHHO C KpbllllKOH (6e3 6ycj)epttoro raJa); 

- BO-BTOpbrx, Y'!aCTKli CB060.llHOH noBepXHOCTH pac­

rnopa, AOCTliraJOIJ.(He KpbIWKH Kopnyca nocne)lHHMH, 6y­

AYT BJaHMO.O,eHCTBOBaTb C KpbllllKOH KOpnyca '!epe3 6y­

cj)epHhl H raJ, np11YeM HaA 3THMH yqacTKaMH 6y.neT co6paH 

BeCb 6ycj)epHhlH raJ, nepBOHaYaJU,HO HaX0.11.HBI.IIl1.HCJI B 

KOpnyce peaKTopa, '!TO 3KBHBaJJeHTHO OOBbJIIleHHJO ero 

Ha'!anbHOro nasneHHJI B OJlHOMepHblX pacYeTax (nponop­

UHOHaJJbHO OTHOWemoo nnoma.new COOTBeTCTBYJOU(KX no­

BepXHOCTeH). 

TaKHM o6paJOM, BOJ)leHCTBHe paJJ1eTaJ01UerocJ1 TOn­

JlHBHOro pacrnopa Ha KpbIWKY KOpnyca cne.nyeT C'iHTaTb 

pacnpe.neneHHhlM BO speMeHH H no noBepxHOCTK Kpbll.lIKH 

Kopnyca. TTycTb TaK)Ke ycHJ111J1 B 3JleMeHTax Kpennem1J1 

KpbllliKH Kopnyca cna6o 3aBHCJIT OT KOOp)ll1HaT MeCTa no­

KaJJbHOro BOJAeHCTBHJI '-laCTH TOilllHBHOro paCTBOpa, T. e. 

TToBbIWeHHe Ha'!anbHOro .o,aBneHHJI 6ycj)epHoro raJa B onpe.nenJIIOTCJI B Ka)l(.O,blH MOMeHT BpeMeHH ycpe.o,HeHHblM 

Kopnyce peaKTopa cna6o BnID!eT Ha xapaKTep JlBJ1)l(eHHJ1 no noBepxHOCTH KpblWKH .naBnem1eM (eCTecrneHHO, '!TO 

TOnnHBHOro pacrnopa rrpaKT11-.iecKH Ha Bceif CTaJlHH ero 3TOT TeJHC cne.o,yeT nposepHTb B cneuHaJJbffi>IX pacqernx). 

paJJJeTa 3a HCKJIJOYeHHeM He6onbworo rrpoMe)l(YTKa Bpe- B 3TOM cnyyae BpeMeHHOe pacrrpe.o,eneHHe cpe.o,Hero (no 

MeHH npH HHTeHCliBHOM TOpMO)l(eHHH y KpblWKH KOpnyca, noBepXHOCTH) .o,aBneHIDI Ha KpbllllKY Kopnyca OKa)l(eTCJI 

KOr)la 061,eM 6ycj)epHoro raJa CTaHOBHTCJI O'!eHh MaJiblM. CHJlbHO paCTJIHYTblM BO BpeMeHH ITO cpasHefUl1:0 C HMfTYJlb-

f1o3TOMY ecm1 rrpocj)HJlb CB060.!1HOH noBepxHOCTH TOnJIHB- caMH, nOKaJaHHblMH Ha pHC. 8- 10. TaK, AJlll paCCMOTPeH-

HOro pacrnopa npH paJneTe Heo.uHopOJlHhlH, '-ITO xapaK- HbIX A3 cornacHo pac'leTaM no nporpaMMe DSPR MaKcH-
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Ma.ribHOe (no noaepXHOCTlf) pa3m-Il!Jie B BblCOTe TOllJUfBHO­
ro pacTBopa np11 ero noAJ1eTe K KpbIWKe paatto 
till - 10cM. CKopocTb D.BH)!(eHHll )"!aCTKOB cao60JlHOH 

noaepxHOCTH paCTBOpa, nocJJeJlHHMH JlOCTHra.IOWHX 
KpbillIKH Kopnyca paatta - Umin ~ 250 Mic. OueH.Ka AJ111· 

TeJlbHOCTH y11.apHoro aoJ.nelkTBH.ll pa3J1ern.JOmerocll pac-

tiH 
TBOpa Ha KpbIIIIKY B 3TOM CJJ)"!ae .naeT Ill ~ ---

Umin 

10CM 
- ---- 0, 4MC. Aiui Bap11aHTa C Ha4a.ribHblM .naeJJeHH-

250M/C 

eM 6yq>epRoro raJa Po = 1 6ap rrpH )"!eTe coxpatteHHll HM­

nyJlbca, nepe.naHHoro KpbillIKe Kopnyca, 11 JlattHhIX p11c. I 0 
TaKall ,UJIHTeJlbHOCTb COOTBeTCTBOBa.rca 6bl MaKCHMaJlbHOMY 
.naaJJemno a 11HKe He 60J1ee I K6ap. 

3aKmo11euue 

BbtnOJIHeHHbie HCCJle)lOBaHID! y.napHoro 803,neikTBH.ll 
TOITJlHBHOro pacTBopa Ha KpblIIIKY Kopnyca nOKa3aJJH cne­
.l()'IOWee. 

1. 11H-rerpan no apeMeHJ.t JlaBJleHHll Ha KpbIOJKY KOp­
nyca He rrpeab1waeT HHTerpana no epeMeH.H ,naBJTeHHll Ha 
.nHo Kopnyca. 

2. MaKCHMaJibHOe B03MO)KHOe ,naaJJeHHe Ha KpblWKY 
Kopnyca paBHO puc ' r.ne p - ruTOTHOCTb TOllJTHBHOro pac-

TBOpa Ha cao6o,nHOH rroaepXHOCTH, u - CKOpOCTb ,!lBJ,!)Ke­
IDUI cao6o.nHOH noaepXHOCTH a MOMeHT y.napa, c - CKO­
pOCTb 3ByKa B TOTTJ1HBHOM pacTBope, H He 3aBl1CHT OT xa­
paKTepHCTHK 6yq>epttoro raJa. 

3. EcJJH MaKCHMaJJbHOe .naaneIme MHOro MeHb[l]e, 'leM 
oueHKa no cpopMyne p = puc, TO OHO onpe.nerureTCll napa-

MeTpaM.H 6ycpepttoro raJa. 
4. A,nll cymecTBeHHOro yMeHbIIIeHIDI MaKCHMaJibHOrO 

J1aBJ1emu1 Ha KpbIIlIKY Kopnyca np11 y,nape Tpe6yeTCll cyme­
cTBeHHo yaenwnrrb xapaKTepttoe apeMll y.napa. 

CnucoK J1HTeparyp1>1 

I. JleaaKoB 6. r., JlyK11H A . B ., Mar.na 3 . IT. H .DJ). 

11MnyJJbCHbie J1,nepH1,1e peaKTopbI P<I>.fil.J;-BHI1MT<I> I ITo.n 
pe.n. A . B. JlyKHHa. - CHe)K11HcK: P<I>51U-BHI1MT<I>, 2002. 

2. CHJOB A . H., Konecoe B. <I>., CoJIOBbeB r . r . ,[(11-
HaMHKa roMoreHHbIX BOD.HbTX HMnyJlbCHblX peaKTOpOB. -
BAHT. Cep. HMnyJ1bCH1,Ie peaKTopbI 11 npoCTbie KpHTH<Je­
CKHe c6opK.H, 1985, BblII. I , C. 22- 31. 

3. Konecoe B. <I>. Anep110,n114ecKHe 11MnyJ1bCHb1e pe­
aKTOpb1. - Capos: P<I>5Il\-BHI1vl3<I>, 1999. 

4. Tacl(J,[8 B . 6., l.Jepttoa A. H., Ke.npoa A. B. 11 .np. 
PeJyJibTaTbl l13MepeHl1H 1-rnepuHaJJbHOrO ,naaneHHll B peaK­
rnpe 11fPl1K. - 113B. ay3oa. Cep. 51.nepHall :rneprernxa, 
1995, Ng 1, c. 39-41. 

5. 6a6KttH A. B., KonnaKOB B . H.. , OxHTMH B. H., Ce­
mrnattoa B. B. l.JttcneHHb1e MeTO.!lbI a 3a,na<1ax cptt3ITT<H 
B3pbrna H y.napa. - M.: 1-iJJl-BO MrTY, 2000. 

6. JlyKHH A . B., XMeJlbH.HI..IJ(liH ,[(. B. OueHKa HHTe­
rpa.rcbHbIX napaMeTpOB HMnyJlbCOB .neJTeHttii B paCTBOpHblX 
peaKTopax. - BAHT. Cep. <I>tt3HKa H,nepHbtx peaI<Topoa, 
1990, BblII. 4, C. 32-36. 

CrnTbll noczynHJia a pe.naKUl110 22.03.2004 r. 



Y,LU( 621 .039.573 

IIPO,l(OJDKEHIIE IIOHCKA BAPHAHTOB PEAKTOPA C <I>OPCBPOB.AHHLIMD 
IIAP AMETP AMII lIMIIY JibCOB 

B. <I>. Konecoe, B. X. Xopy:.K11u, C. B. Bopouuoe, B. B. Ee.u;oKHMOB 

P<l>fil.J,-BHlli13<t>, 607190, r. Capos HIDKeropo.n;cKOH 0611. 

npo.nomKeH paC'leTHblH nOHCK BO3MOlKHl,IX pea.IIHJaUHH 6btCTpb1X HMnynr,Cl{l,JX perurropoB, cnoco6HblX reHep11pOBaTb HMnym,CLI 
.neneHHH .!lflHTenbHOCTl,IO MeHr,we 20 MKC 111TH CO3JlaBaTb BblCOKHe <jlmoeHCbl 11-, -y-11Jny1.JeH11i,i BO BHyrpemrnx nonOCTJIX 11 Ha BblXO,!lJI­
IUHX noTOKax. 

A CONTJNUED SEARCH FOR VARIANTS OF REACTOR WITH FORCED PULSES PARAMETERS IV. F. KOLESOV, 
V. Kh. KHORUZHJ, S. V. VORONTSOV, V. V. YEVDOKIMOV //There was continued a calculation search for possible realizations 
of fast pulsed reactors capable of generating fission pulses of duration less than 20 µs or developing high fluences of n-, -y-rays in the 
inner cavities and on the output fluxes. 

Bse.u;eu11e 

IlpOJJ.OJDKeH pac4eTHh1H llOHCK B03MO)l(HblX peanma­

Ul111 6htCTphtx HMllYJlhCHhlX peaKTopoB, cnoco6HbLX reHepH­

poBaTh HMllYJlhChl 11.eneHHi-r JJ.JIHTeJlbHOCTh!O MeHhllle 20 MKC 

HJTH COJ,n:aBaTh BhlCOKHe cpmoeHCbl n-, y-HJJl)"leHHM BO 

BR}'TJ)eHH11X llOJIOCT.IIX [,I Ha BhlXOJJ.HJIJ,HX llOTOKax. P.RJJ. ea­

pHaHTOB ycTaHOBOK 3TOro THna 6hJJI o6cy)KJJ.eH paHee B 

pa6oTax [ l, 2]. B pa6oTe [I] paccMoTpeHhJ eapHaHTbl HM­

nyJlhcttoro peaKTopa B cpopMe Kpyroeoro UIIBHH.!lpa c oce­

BOH llOJIOCTb!O. B Ka4eCTBe MaTepHana aKTHBHOli 30Hhl (A3) 
npe11.nonaranH HCnOJlbJOBaTb ypaH-MOJIH6JJ.eHOBhll1 cnrrae 11 

KOMnOJHTHOe ypaH- rpaq>HTOBOe TOnIIHBO - MaTepHaJJhI, no­

JIO)KHTeJlbHhle CBOliCTBa KOTOpblX HaJJ.e)l(HO JaCBHJJ.eTeJihCT­

BOBaHbl HX rrpaKTH4eCKHM np11MeHeHHeM B .uei1CTBYIOW.HX 

HMnyJlbCHblX peaKTOpax. floHCK np11eMJTeMblX KOHq>Hrypa­

Ul1H peaKTOpa C KOpOTKHM KMnyJihCOM n-, y-1nnyqem111 

ocymecTBJI.RJIJ,l Ha foue CHCTeM C A3 [,13 ypaH-MOJIM6JJ.e­

HOBOro cnnaea, a MOll.lHOro peaKTOpa C 60JlbWOl1 ettyrpeH­

HeH nOJIOCTb!O - Ha 6aJe CHCTeM c ypatt-rpaq>H-TOBOli A3. 
BapHaHTbl peaKTopoe, npenCTaeneHHhle e pa6oTe [l ], 

OTJ1114aJOTC.R 60JlhlllHMJ,l nonocntMH JJ.JI.R 06nyqeHID1 J,lCfihl­

ThlBaeMblX o6pa311,0B, a TaKlKe BhlCOKl1MH ypOBH.RM11 cjJJllO­
eHca HeHrpOHOB 11 JJ.03bl )'-J,l3Jl}"leHl1.R 3a 11Mnynr,c. 011.HaKO 

JJ.JIHTeJibHOCTb reHep11pyeMbrx B HHX HMITYJlbCOB - OT 150 
)].O 200 MKC e peaKTope c ypaH-MOJll16JJ.eHOBOH A3 H 2 MC e 

ypaH-rpaq>HTOBOM peaKTope - He enonHe YJJ.OBJICTBOp.ReT 

nocTaBJleHHhlM Bhlllle rpe6oeaHHJIM. )l{enaTeJlbHO, 'IT06hl 

Ka)KJJ.a.R 113 ycTaHOBOK, HeCMOTP.R Ha 60JibWOH o6beM HX 

TIOJIOCTeH, o6ecne4HBana, B 4aCTHOCTl1, 803MO)KHOCTh re­

ttepHpoeaHH.R HMnyJlbCOB C WHpHHOH Ha nOJIOBl1He BblCOThl 

OT 20 JJ.O 100 MKC. 

KaK rrpOJJ.OJl)l(eH11e no11cKa eapHaHTOB peaKTopa, no 

B03MOlKHOCTH 6onee nOJIHO YJJ.OBJleTBOp.RJOIUHX TIOCTaB-
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neHHhlM BhIIIJe -rpe6oeaHIDIM, a pa6oTe [2] paccMo-rpefill 

OJJ.)iHapHbte (OJJ.HOCeKUHOHHhie) peaKTOpbl C A3 H3 Hemy­

HHH-rannweeoro mrn ypaH-MOJIH6JJ.ettoeoro crrnaea, a TilK­

)l(e CBstJaHHble ,llByxceKUHOHHbte CHCTeMbl B COCTaBe 0)].11-

HapHoro KMnyJTbCHOro peaKTopa H Be)].OMOH HM nO)].KpHrn­

qecKOH c6opKH. B HTOre pac'!eTOB B Ka4eCTBe 61,1crporo 

peaKTopa C KOpOTKHM 11MnyJlhCOM peKOMCHJJ.OBaHa ycTa­

HOBKa c A3 113 ttenryHHH-ranm1eeoro cnnaea c 6onr,rnoH 

(n11aMerpoM 30 CM) BffYTPCl-lHCH DOJIOCTblO. Oh[Jl TaKlKe 

npop11coeatt 06n11K MOIUHoro 6h!CTporo HMnynr,cHoro pe­

aK'fopa c eme 6om,rneii ettyrpeHHeH nonocTb!O, npe11.cTae­

nsr10m1111 co6oi1 11.eyxceKUHOHHhlH HMnynhCHblH peaKTop 

KaCKa.lllloro THna. 3Ta CHCTCMa COCTaBJieHa YKaJaHHblM 

Bhlllle OJJ.HHapHhlM HenryHHH-ranJIHeBhlM anepHOJJ.H4eCKHM 

HMnynbCHhJM peaKTopoM (AMP) 6e3 orpa)l(aTeJIJI 11e11rpo­

HOB 11 nOJJ.KpHTH4eCKOH c6opKOH 113 ypaH-rpaq>HTOBOro 

MaTepHana c o-rpa)KaTeneM H3 )KeJie3a. KoHq>HTypaIDUI no11.­

Kp11TH4eCKOH c6opKH - nonycq>epa HJIH ITOJIYUHlTHHJJ.P C 

60JlbIIJOH nOJTOCThlO, HMe!Oll(eH BH,ll nonycqiepWieCKOH J,lJIH 

TIOJIYUJ,lJIHHJJ.pH4eCKOH HJ,l[ll),f JJ.HaMerpoM 50 CM. 

11 Ta 11 11.pyrast CHCTeMa OTnH~aJOTCS! BblCOKHMH napa­

MeTpaMH HMnym,ca HJJl}"leHHH. B nepBOH CHCTeMe (OJJ.H­

HapHhlli peaKTop) 3TO JJ.OCTuraeTC.R 6naro)].apst HCnOJlhJOBa­

HHJO HCllTYHHst, BO BTOpOH - 6naro11.apst HCTTOJlhJOBaHHIO 

Kottuenu1111 peaKTopoe KacKaJJ.Horo Tlma 11 HenryHHst B o~­

HOM 113 KaCKa,llOB. flepBast CHCTeMa, KpOMe Toro, xapaKTe­

p113yeTCS! 04eHh HHJKOH qyBCTBHTeJlbHOCTb!O K B03JJ.eHCT­

BHIO Ha ee KHHCTHK)' co CTOpOHhl OKpy)l(aJOU(HX rrpeJJ.MeTOB 

11 3arpy)l(eHHhlX B IlOJIOCTb o6beKTOB. 

BMeCTe C TeM YKaJaHHblM CHCTeMaM CBOHCTBeH 11 cy­

mecrneHHblH HeJJ.OCTaTOK - OHH -rpe6YJOT CJIHlllKOM 60Jlh­

woro KOJ1114ecTea Henryttaii-ranm1eeoro cn.riaea (oT 700 11.0 

900 Kr) H ypatta (JJ.O 700 Kr). BBl1JJ.Y :noro 6b1Jl0 npHHllTO 

uenecoo6pa3Hb[M paJJ.H CHIDKeHllil MaCCbl TOTUJIIBa e A3 H 



conyrcTBy1owero YKOp04emrn AJlllTeJJbl-lOCTlt IIMnyJJbCa 

nposeCTl1 pac'!eTbl peaKTOpa C Ul1J11111llp114eCKOH 11Jll1 cq,e­

pOUHJll1Hllp114eCKOH A3 113 1-1enry1-1u11-rrurn11eaoro cnnasa 

HJIJ,f HenernposaHHOfO HenryHl1JI 6e3 nOJJOCTH HJIJ,f C He-

60JihWOH nOJJOCTblO, a TaK)f(e BbinOJIHIITb pac4eTHbltt no­

HCK sap11aHTOB peaKTOpa, cnoco6Horo o6ecne4}1Tb TJ)e-

6yeMb1e ypOBHII cpmoeHCOB n-, y-ll3JIY'1eHl111 Ha BhlXOllll· 

I.Ul1X nOTOKID<. 

HaCTOJ11.UaS1 CTaTbll nOCBJIIUeHa peJyJibTIITIIM pac4eT­

HOfO noHcKa :noro pona. ITpe)f(ne scero 6bm11 onpe11ene1-1b1 

HeHTJ)OHHble xapaKTep11CT11KH sap11aHTOB peaKTopa C 1..\11· 

JlHHllpH'-leCKOH A3 6eJ noJJOCTl1 11 C nOJJOCThlO )lHaMeTJ)OM 

5 CM. B Ka4ecrne MaTep11ana Jrnx peaKTopoa CJIY)l(HJJl1 

Me-ranmt"lleCKHe 1-1enry1-111i1-raJIJ111eBhlH cnnaa J,fJIH Henern­

poaaHHhIH Henrym,r/;i_ .[l;anee 6h1JJ rrpop11coaa1-1 o6JlliK peaK­

TOpHOH CHCTeMbl, He TJ)e6YJOmei1 HOBblX TeXHOJTOrH'!eCKHX 

pa3pa6oTOK, HO, TeM He Mettee, cnoco6HOII COJ11asaTb HM­

fTYJlhCHhle noJTSI n-, y-113JT)"-leHHM KOpOTKOH llJ111TeJJbHOCTl1 C 

llOCTIIT0'-1HhlMl1 AJJJI MHOrl1X uenew ypOBHS!Mlf cjJJTIOeHCOB 

HeHTJ)OHOB 11 Y•JIY'leH. 3Ta Cl1CTeMa COCTIIBJieHa /lBYMSI 

H1IeHTlf'{HblMl1 AMP, pacnoJIO)f(eHHbJMl1 Ha HeKOTOpOM 

pacCTOSIHHH OJIHH OT 11pyroro, pa60TalOlllHMH B pe)f(HMe 

casiJaHHoro peaKTopa, aHanmwrnoro pea",opy EAPC-5 

Bffi1MT<I> [3). Ka)f()lblH Al1P npencrnansieT co6ofi peaKTop 

c npo<pHJIHposaHHhIM )f(eJieJHhlM OTJ)a)f(aTeJieM (lfJIH 6eJ 

Hero) 11 UHJl11H.!lpH'-1eCKOH A3, co6paHHOH lf3 nOJlbIX ypaH­

MOJllf6.neHOBhlX .!lliCKOB. 0CHOBHOH 06JIY'faTeJibHhlH o6beM 

B CliCTeMe - npOCTJ)aHCTBO Me)f(ey 60KOBhlMH nosepXHO­

Cn!Mli AMP. 
Pac'-1eTu1 HeHTJ)OHHblX xapaKTep11cT11K Ka)f(.nofi 113 pac­

CMOTJ)eHHhIX Cl1CTeM BhinOJIHSIJIJ,f C nOMOLUhlO nporpaMMbl 

C-95 [4], ocHoBaHHOH Ha Mernne MoHTe-Kapno. B ueJTJIX 

orrpe11eneHHS1 K03cpqrnUHeHTOB rarneHIUI peaKTKBHOCHI H 

MexaHH"4eCKHX HanpSl.)l(el-U-!H a 11eTaJISIX A3 OTJ)a6oTaH TaK­

)f(e anrop11TM MHororpynnosoro pac'!eTa (c noMOlllhlO npo­

rpaMMhl CATYPH-3 [5]) cpyHKU1111 BOJMyrue1-111i1 peaKTKB­

HocT11, nony4eHhI lffiH yro'-IHeHhI a1-1am1T11'-1eCK11e pewe1-111J1 

lIHHaMH"4eCKl1X Ja11a4 TepMoynpyroCTl1 AJJll ccpepbl 11 )lliCKa. 

AHaJil1T11"4eCKOe pewe1-111e AJJll lll1CKa 11CITOJlb30BaHO 11 B 

pac4eTaX aMMH.TYll Hanpll)f(eHl1JI B )leTaJTllX paCCMOTJ)eH­

HhlX AMP. PeJyJihTaThJ TaKl1X pac'-leTOs AJJ11 lIBYX sap11a11-

TOB AvlP cpaBHeHbl C .naHHblMH npe)f(Hl1X pac'!eTOB, Bhl­

nonHeHHblX c noMOlllblO nporpaMMbl "MeTO/ll1Ka A" [6] . 

1. Il;HJJHHi.pn'leCKIJe sap11aHTbl 6hlCTporo 

peaKTopa C KOpOTKHM HMnyJJbCOM i.eJJeIIHH 

bh(Jlj,f BbinOJlHeHbl pac'-leTbl sap11aHTOB peaKTopa, KO­

TOpble HJlH He 11JlielOT nonocnt, HJlH HMeJOT nOJIOCTh He-

60JiblllOfO paJMepa. feoMeTp11'-1ecKal! cpopMa :>rnx sapua1-1-

TOB peaKTopa UHJ111H/lp11'tecKall, MaTepHaJI - MeTaJIJil1'-le­

CKlie 1-1enrym1fi-rarumeBhIH cnJTas 11JUI HenernpoaaHHblfi 

HenryHHH. ITpennonaranu, '-ITO HeKOTOpble 113 paCCMOTJ)eH­

HhlX aap11aHTOB HMelOT CHJlOBOH Kopnyc HJ CTaJlli. HaJHa­

'-1eHJ1e CHJlOBOro Kopnyca - npOTHBOlleHCTBHe llHHaMH4e­

CKOMY TennosoMy y.napy. 

KaK nOKaJaJTH pac'-leTbl, CHCTeMbl C A3 113 Henernpo­

BaHHoro HenTyHl1ll OTJ1111IalOTCll 04eHb MaJTOH AJJHTeJlhHO­

CThlO 11Mnynhca. 0.11.ttaKO MaJiall AJJ.HTeJlhHOCTb HMnynhca 
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JtMeCT CJte.nCTBl1eM 04ellb BblCOJ,.llH ypoRellb mmaM1!4eCKO­

ro ttarrpl!)f(eHHll a .neTanl!X A3. 

I.I. Bap11aHTbI u11nHH1lp1t'-lecKoro pea,nopa c A3 
HJ ttenTy1111fi-ranm1eeoro cnnaea 

ITepBOHa4aJJhHhJe pac'-leTbl peaKTOpOB C MaJTOH nono­

CThlO 11J111 6eJ nonocrn OTHOCl1JIH K sap11aHTaM AMP C U11-

J1Hll.ll:pH"4eCKOH .!ll1CKOBOH A3, H3fOTOBJleHHOH J,fJ Henry­

HH11-rann11esoro c1TJ1asa. Ope.nnonaranu, '-ITO peaKTOp c 

nonoCTblO HMeeT reoMeTJ)mO, rrpe.nCTaane1rnyJO Ha p11c. I, 
6eJ ITOJIOCTII - Ha puc. 2. 

a 

4 

6 

PHC. I. reovceTpHSI liMITYJlbCHOrO peaKTopa c ITOJIOCTblO s A3: 
a - BHll Al1P s ocesOM CC'ICIIHH; 6 - cxevca nOllBCCKH .llHCKOB; 

I - ocesa11 ITOJIOCTb: 2 - rHJlbJbl·)'C'I"YTTbl BOKpy r BlfYllJern1ej;j 

Tµy61,1 Kopnyca; 3 - nttcKw A3: 4 - Kopnyc A3 

I 

~ 
a 

I 

6 

1 

2 
3 

P11c. 2. reoMeTpHSI 11Mnynbc11oro peaKTopa 6eJ nonoc-rtt s A3: 
a - 01111 AHP s oceeoM celfem1w: 6 - cxeMa nonsecKH llHCKos; 

I - JH1CKH A3; 2 - KOpnyc A3: 3 - rHJlb3bl·YCT)'ITbl OKOJIO BHCW-

HeH UHJIHIIJlpH'ICCKOH CTellKH KOpnyca 

C noMOLUhlO pac'-leTOs no nporpaMMe MoHTe-Kapno 

C -95 [4) llOJJY"4eHbl paJMephl, Kp11TH"4eCKHe MaCCbl 11 BpeMJI 

)f(J13HH MrHOBeHHhJX Hei1TpOHOB AJJSI peaKTopoe C YKaJaH­

HhIMl1 reoMeTJ)HJIMH B s11.ne paBHOBeIDlKHX UJ,fJlHHllpOB C 

3alUlffHblM KOpnycoM 113 )f(eJJeJa T0Jlllll1HOH 0,5 CM. IlpH-



HJITO, '!TO MaTepHMOM A3 ,mmieTCSI cnnaa Hemymin-237 
c rannHeM (Maccosoe coJ1ep)l(aID1e rann1-1n 9 %) co cpeJl­
HeH, npH )"leTe 3a30pOB Me)l(Jl)' JlHCKaMH, nnOTHOCTblO 

3 
14,5 r/cM . Pe3yJJbTaTbl pac'leTOB npeJlCTaBJJeHbl B ra6n. I. 

Ta61111ua l 

TTapaMeTpb1 peaKTopos c A3 '° Hemymrw-rannHesoro 
cnnasa 

TTapaMe-rp 

,D.1-1aMe-rp A3 (no Tonn1-1ey), c~: 

BHYTPCHHHA 

BHCWHHH 

81,1corn A3 (no TonnHBy), CM 

Macca cnnaBa, Kr 

BpeMJI lKH3IIH MrHOBCHHblX 

HCl-lTOOHOB, HC 

PeaKTop 

c nonocr1,1O 6eJ 
llHaMCTpOM nonOCTH 

5 CM 

6 
31 ,6 
31 ,6 

310,6 

5,7 

29,8 
29,8 

270,2 

5,4 

KaK BH.!lHO '° ra6n. I, paJMepb1 A3 H KpHTH'!ecKan 
Macca Henryttlltt-ra.rurnesoro cnnasa s peaKTope c He-
6onblllOH no o6beMy TTOJJOCTblO H Jla)l(e 6e3 TTOJJOCTH OCTa­
lOTCSI 3Ha'!HTeJTbHblMH. Xorn 3arpY3Ka TOTTnHBa B 3THX pe­
axrnpax s cpasHeHHH c AHP, paCCMOTJ)eHHblMH s pa6oTe 
[I], CHH)l(eHa npHMepHO BTJ)Oe, oHa, TeM He Me Hee, see erue 
CJlHlllKOM semtKa. TaKHM o6pa30M, npeJlCTaBJTeHHble JJleCb 
sapHaHTbJ peaKTopa npo6neMY paJtHKMbHOro CIDl)l(eHllSI 
KpHTH'leCKOH 3arpY3KH TOTTnHBa TTOJTHOCTblO He peWHnH. 
no )TOH npH'rnHe pacCJeTbT napaMeTJ)OB HMrryJJbCOB B 3THX 
CHCTeMax He npOBOJll'IJlH. 

1.2. BapHaHTbl UHJIHHtipH'fCCKOro peaKTopa c A3 
HJ HeJier11posannoro MeTaJIJIH'fCCKOro HCDT)'HHH 

Eonee 3Ha'lHTeJJbROe CH}l)l(eHHe KpHTH'leCKOH MaCCbl 
.nennruerocsi semecrna, speMeHH )l(IOHH MrHOBeHHhrx HeH­
TpOHOB H, CJJeJlOBaTeJTbHO, ,!lJTHTeJlbHOCTH HMJJ)'JJbCOB Jle­
JJeHHH JlOCTHfttyTO B CHCTeMax IO HenerHposaHHOfO Hen­
TYHHJI. PaccMorpeHbl TJ)H UHJIHHJlpH'leCKHX aapnaHTa pe­
aKTOpa noro nma: C nOJJOCTblO ,!lHaMerpoM 5 CM (p11c. I); 
6e3 nOJJOCTH (p11c. 2); 6e3 nonocrn co CTaJTbHblM CHJTOBblM 
KoprrycoM TOJJLUHHOH 1,5 CM (reoMeTJ)Hn 3TOfO aapHaHTa 
AHP npe,UCTaBJJeHa Ha pHC. 3). B nepBOM 11 BTOpOM sap11-
aHTaX peaKTopa, KaK H B paHee paCCMOTJ)eBHbIX, HMeeTCSI 
3aIUHTHblH (HeCHnOBOH) KOprryc ID CTalll1 TOJJIU11HOH 0,5 CM. 

Pac'leTbl Kp11THl.\eCKHX pa3Mepos 11 speMeHH )1(113Hl1 
MrHOBeHHblX HeHTpOHOB B YKaJaHHblX CHCTeMax no npo­
rpaMMe C-95 npoBO,!ll1JJH C HCTTOJJb30BaHHeM HethpOHHbIX 
KOHCTaHT ENDF /B-V. Pacnpe.neneHHe nnoTHOCTH HeHTJ)O­
ttos B o6beMe A3 H cpyHKUHIO 803MYIUeHHH peaKTHBHOCT11 
onpe.uemurn c noMOLUbJO nporpaMMbI CATYPH-3 [5] H 
8-rpynrrOBblX HeHTJ)OHHblX KOHCTaHT. Ha OCHOBaHlm 3THX 
)laHHbJX, a TaK)l(e attanHTH'leCKHX pellleHJ.-IH 3a,uaq TepMO­
ynpyroCTH .ll.JISI JlHCKa, npHse.neHHblX s 4-M pa3JleJJe CTaTbH, 
HaXO.Ul1JJH K03cpcpHuHeHTbl rarneHHn peaxnmHOCTH B A3. 
CMeLUeHHn MaTepHana A3 B pe3yJJbTaTe pa3orpesa B 3TOM 
CJT)"lae Bblpa)l(aJJHCb 'tepe3 cpyHKUH11 EecceJISI. ITocne)lHl1e 
paCC'lHTb1BaJJl1 C TTOMOUlblO pa3JJO)l(eHl1SI no MHOfO'lJleHaM 
qe6h1wesa [7]. 
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3 

2 

PHC. 3. reoMCTpHJI AMP c CHn OBblM KOpny coM HJ CTanH: I, 2 -
eepXIIJIJI 1-1 HHJKHJIJI nonOBHHbl A3; 3 - CHn oeol,l KOpny c 

ITocne onpe,ueJJeHIDI KHHeTH'!eCKHX xapaKTepHCTHX 
peaXTopa paCC'll1ThlBaJJH napaMeTJ)bl HMrryJThCOB )leJJeHHH C 
TTOMOIUblO 'lHCJJeHHoro pellleHID! ypasHeHHH TO'le'!HOA 
KHHeTHKH [8]. TTapaMeTJ)bl JaTTaJJlbTBalOIUHX HeHTJ)OHOB 

237 
.!lJTJI Np 6panH H3 pa60Tb1 [9], MexamNecxHe 11 Tenno-

237 
cp!OH'leCKHe xapaKTepHCTHKH MeTanJTH'leCKOro Np - HJ 

3 
pa6oThl [ I OJ (p = 20,45 r/cM , E = 180 rna, v = 0,224, K = 

-6 - I = 27,5·10 °C (CMblCJJ o603Ha'!eHHlf napaMCTJ)OB TTOJIC-
HeH s pa3,u. 4). AaHHbre JTHX pac'!eTOs np11se.neHbI HH)l(e. 

1.2.1. AKTHBHaH JOHa c TTOJIOCTblO. PaCCMOTJ)eH pe­
aKTop, aKTHBHaJI 30Ha KOTOporo HMeeT TTOJTOCTh ,!ll,faMeTJ)OM 
5 CM 11 OKpy)l(eHa CTaJTbHb[M CJeXJIOM TOJJUIHHOH 0,5 CM (cM. 
pHC. I). BblCOTa A3 COCTaBJISleT 20,6 CM, BttyTpem-urn H 

BHelllHHH paJleyCbl A3 (no TOnnHBy) paBHbl COOTBeTCTBeH­
HO 3 H I 0,3 CM, Macca A3 pasHa 115,6 Kr. Cpe.nHee speMsi 
)l(H3HH MfHOBeHHhJX HeHTpOHOB 't = 3,6 I HC, 3q>cpeXTHBHaJI 

.!lOJISI 3arraJJlb1Ba10m;HX HeHTJ)OHOB !½<ti= 0,00162. 

B rn6n. 2 npe.ncrns11em.1 aapaMeTJ)bI HMrryJlbcoa J1e-
11eHHH B CHCTeMe B 3aBHCHMOCTH OT MaKCHMaJlhHOH TeMTie­
paryp1,1 A3 s KOHUe HMnyJlbca. B Ta611m~e npKBe.neHhl 
MaKCHMaJJbHaJI TeMaeparypa A3 B KOHI~e HMrry111,ca 8, Ha­
'laJJbHblll o6paTHblil nepHOJl peaxrnpa a , lIOJIHOe 3Hepro­
BbI,!leJJeHHe 3a HMITYJJbC Y H lilHpHHa HMrryJJbCa Ha TTOJIOBH­
He BblCOTbl T. 

Ta61111ua 2 

TTapaMeTJ)bI HMrryJlbcos .ueneHHM s peaKTope c nonow A3 

e, 0c - I Y, M,D.JK T, MKC a , MKC 

200 0, 116 1,98 23,1 
300 0,1405 3,08 18,9 
400 0,1601 4, 18 16,7 
500 0, 1765 5,30 15, I 
600 0,1905 6,39 13,9 
700 0,2025 7,48 13, I 

TTpu Harpese A3 JlO 500 °C (Y = 5,3 MA)!() <j>mo­
ettc HeHTpOHOB B cepemrne 60KOBOH nosepXHOCTH peaK­

TOpa paseH 2,9·10
14 

HettTJ).ICM
2

, a s ueHTJ)e TTOJJOCTH 

10
15 

HettTJ)./CM
2

. 

1.2.2. AKTHBHaSI JOHa 6eJ OOJIOCTH. PacCMOTJ)eH pe­
aKTop C A3 6e3 TTOJIOCT.H. A3 oxpy)l(eHa CTaJlbHbIM '!eXJIOM 
Jll1aMeTJ)OM 0,5 CM (cM. p11c. 2). BblCOTa A3 COCTaBJIJleT 



II 

I 

I 

... 

18 CM, pa.neyc - 9 CM, Macca A3 paBHa 84,3 Kr. Cpen.Hee 
BpeMll lKH3Hl1 MrHoBeHHhlX HeihpOHOB 't = 3,21 HC, 3tpcj>eK-

Tl1BHall ,D,OJlll 3ana3.ZU,1Bal0Il.ll1X HeHTPOHOB ~'.}<ti = 0,00162. 

B rn6n. 3 up1,rneneHb1 napa~rnTpbl 11MfTYJlhCOB n.e11eH1111 
B Cl1CTeMe B 3aB11Cl1MOCTl1 OT MaKCHMaJJbHOtt TeMaeparypbl 

A3 B KOHUe lfMfTYJlbCa. 0603Ha4eHl1ll Te lKe, 4TO 11 B Ta6JJ. 2. 

Ta61111ua 3 

flapaMeTPbl KMfTYJlbCOB nenem-1.H B peaKTope 
co ClliJOJilHOH A3 

0, °C - I Y, M)J,)K T,MKC 0. MKC 

200 0, 127 1,20 20,7 
300 0,151 1,86 17,4 
400 0, 1692 2,52 15,4 
500 0, 1845 3, 19 14,3 
600 0, 1982 3,87 13 2 
700 0,2096 4,53 12.4 

ITp11 ttarpese A3 n.o 500 °C (Y= 3,19 MJ].lK) <jJ1110eHc 
HeirrpOHOB B cepen11He 60KOBOH noBepXHOCTH peaKTopa 

14 2 
paseH 2,2· 10 HeliTp./cM . 

l.2.3. AKTHBH3H 3OH3 C CHJJOBblM KOpaycoM. Pac­
CMOTJ)eH peaKTOp C A3 6e3 IlOJJOCTH, HO co CTaJJbHbJM Cl1-

JJOBbIM KOprrycoM (CM. p11c. 3). A3 B 3TOM CJJYl.fae COCTOl1T 

113 n.syx 6JJOKOB B B11,D,e nHCKOB, o6pa3Y!Q(UID( Ul1JIHH./lp. 
KalK.D.blH 113 n11cK0B OKpYlKeH np11J1eraiom11M CTaJJbHhIM 
KOprrycoM T0.111I{HHOH 1,5 CM. BblCOTa ,D,HCK3 A3 pastta 

9 CM, paneyc 9 CM, Macca sceii A3 pasHa 93,7 Kr. Cpe.D,ttee 
speMll )KH3HH MrHOBeHHblX HeifTpOHOB 't = 3,47 HC 3tptpeK-

Tl1BH8ll noIDI 38na3JJ,I,IB8!0Il.ll1X HeHTPOHOB ~3$ = 0,00162. 

Ko3<ptpHIO'leHTbl raweHl1ll peaKTHBHOCTl1 11 napaMeTpbl HM­

fTYJTbCOB JJ,eJJeHHH JJJJll 3TOH Cl1CTeMbl He paCC411TbIBaJJl1. 

1.2.4. Mexamtt.teCKOe ,rnnpIDKemte B 3KTHBHblX 3O­

Hax H KOpnyce npH M3KCHM3JlbHOt1 TeMnepaType Ha­

rpesa 500 °C. B 0611acrn 61,1CTPb[X HMfTYJJhCHbIX peaKTo­

pos O'leHb B8)1{Ha 11H<pOpM8Ul1ll 06 ypOBHe MexaHH4eCKOro 

HarrpIDKeHHll B neTaJJllX A3. OT ypOBHll 3TOro HanplllKemut, 
B03Hl1J<aIOt.aero B pe3yJJbTaTe mrnaMI-P'leCKOro TelliJOBOro 

y.napa, JaBHCIIT uenocrnocTb CTPYKTYP peaKTopa. }].mi on­
peAenett11.11 Mexamr:iecKoro Harrp.11lKeH11.11 11cno111,3osan11: 

l) attam,rri,p:iecKHe pewel-!llll AHHaMH4eCKHX 3anal1 

TepMoynpyroCT11 .D.llil pa3.JIB4HblX 06beKTOB C npOCTblMl1 

reoMeTPl1l.!eCKHMl1 <jlopMaMH (CM. pa3n. 4); 

2) sepcHIO 4HCJJeHHOH uporpaMMbl "MeTOJJ,1-1.Ka JJ." [6], 

cneUHaJJbHO opHeHTHpoBaHHY!O Ha 6bICTPble AMP. 
DblJIO paCCl£1ITaHO, B 4aCTHOCTH, HarrplllKeHHe B A3 

TPeX paccMOTPeHHbIX B HaCTOll!UeM pa3,nene peaKTOpOB B 

rrpe.nnonolKeHJ.ili MaKCHMaJJbHoif Te~mepai.ypb1 ttarpesa 

500 °C. Pac4eT ttanp.11lKeHI-rn s A3, JaKJJ!04eHHOH s CTaJJb­
HOH CHJJOBOH KOprryc TOJ1Jlll1HOH 1,5 CM, npecneJJ,OBaJJ uenb 

onpeneJJHTb C.D,ep)l(HBalOlUl·ie CBOHCTBa Koprryca 11 ero 
sn11.11H11e Ha xapaKTep paclllllpeHH.11 A3 11 napaMeTPbI 11M­

rry11bca neneHHH. ITpenno11aran11, 4TO Koprryc BbJnOJJHeH 113 
CTaJJH MapK11 l 2X 18H 1 OT. 

Pac4eTbl MexaHH4ecKoro ttanp11)1(eHHR JJJJll nepsoro H 

BTOporo sap11aHTOB peaKTopa npOBO,D,HJJH C nOMOlUblO KaK 

aHaJJHTH"leCKIDC peweHHM, TaK H 4HCJJeHHO, ll.Jlll TpeTbero 
BaprtaHTa - Jll1Wb 4HCJJeHHO. PeJyJJbTaTbl pacL!eTa rrpe.D,-

16 

CTaBJJeHbl B Ta6JJ. 4. TTp1-rBen.eHbl 3Ha4eHl1ll MaKCHM8JlbHOr o 

pacrnnrna10wero Hanp.11lKeH11.11 B n11cKax (11 Kopnyce) A3 B 
38BHCl1MOCTl1 OT Bap11aHTa A3 np11 TOJ11Ul1He n11CKOB B nep­
BOM 11 BTOpOM BapHaHTaX 3 CM. YKa3aHHble B Ta6JJ. 4 3Ha-

4eHl1ll J]JIHTeJJbHOCTl1 11MnyJJbCOB ne11eHJ1H (pac•1eTbl Bbl­

nOJIHllJIJ,f npH 3Tl1X D.JJHTeJJbHOCTllX) HeCKOJJbKO MeHbWe 

npHBen.eHHblX B Ta6JJ. 2, 3. 0Hl1 COOTBeTCTBYIQT paHHl1M 

pacl.feTaM KHHeTl1Kl1 peaKTOpOB, npOBOJl}IMblM C <jlyHKUlleH 
B03MY1UeHHH peaKTH:BHOCTM, paCC4HTIIHHOH B on.ttorpynno­

BOM np11.6m1)1<eHID1.. JJ.m,neJJbHOCTI, HMfTYJlhCa B -rpeTbeM 

sap11aHTe np11ID!Ta TaKOH )l<e, KaK BO BTOpOM. ITOJJYl.feHO 

pa3yMHoe cornac11e Hanp.11)KeH11..11, onpe.neneHHoro 113 aHa-

1111T114ecK11x peweH1111 H 4HCJJeHHO. 

Ta61111ua 4 

MaKCHMaJJbHOe paCTllrHBa10wee Hanp.11lKeH11e B n11cKax 
(11 Koprryce) A3 H3 ttenernpoBaHHoro ttenrytt11..11 

HoMep W11p11Ha HMnynbca Han□l!)Kett11e, rna 
0ap11at1Ta neneHHH Ha nOJIOBHHe t.f11cneHttoe Attan HTH'-IC-

A3 BbICOTbl, MKC oerne1111e CKOe ll eruem1e 
1 16,3 2,96 3 .24 

2 13,4 2,35 2 ,56 

3 13.4 3,56 (A3) 
1,05 (Kop-

nvc) 

ITpencTaBJieHHhle B HaCTOllIUeM Il0.D,pa3,nene .naHHble 

CBHJJ,eTeJJbCTBYIQT O CHl1)1(eHHH no BnOJJHe npHeMJTeMoro 
ypoBHll (84- 116 Kr) KpHTW!eCKHX Mace TOlliJHBa B peaKTO­

pax c l.lHJJHHnpH"-leCKOH A3 HJ HenerHpOBaHHOro HenryHHll. 

KaK BH,D,HO 113 Ta6JJ. 2, 3, 11 ffMayJJJ,Chl JJ,eJJeH1111 B HHX xa­

paKTep113YIQTCll noBOJlhHO Ma.JIOH D.JJHTeJJJ,HOCTblO. Tip11 

peaJJHCTH"IHblX TeMneparypax A3 B 3TBX sap11aHTaX peaK­
TOpa MO)l(HO JJ,OCTl14b J]JlliTeJlhHOCTeH HMnynbca neneHHH 

Ha ypOBHe OT 15 no 18 MKC. OnHaKO MexaHH4eCKOe Ha­

np.11)1(ett11e B HenryHHeBblX .lUICKax, KaK BHAllO H3 Ta6JJ. 4, 
ycrnHaBJJHBaeTCll np11 )TOM CJJHIITKOM BbICOKHM, 3asenoMO 

npeBOCXO!llllUHM rrpenen npO'IHOCTH 3TOro MaTep11ana. 

YKaJaHHblH pe3yJJbTaT 03Ha'!aeT, 4TO J]Jlll coxpaHeHHll 
ueJJOCTHOCTH neTaJJeif A3 11 KOprryca TPe6yeTCll naJJhHeimlall 

MOAeptt1naum1 KOHCTPYKUHH paccMaTPHBaeMoro peaKTopa. 

2. BapuaHThl 6L1cTporo peaKTopa, 

opHCHTHpooauUblC ua 06JIY'ICHHC 60JJbWHX 

o6pa3QOB 

B1,moJTHeH pacl!eTHbLH IlOHCK HOBblX sap11aHTOB peaK­
Topa, cnoco6Horo co3JJ,aBaTb 3Ha411TeJJbH.h1e ypoBIDI <pJJ!O­
ettcoB n-, y-113JJYl.feHHH B 60JiblllHX JKCIIepHMeHTaJJbHhlX 

o6beMax. Pattee 11ccnenosaHHb1e sapHaHTbl TaKoro peaKTo­
pa Tpe6ylOT CJ111WKOM cepbeJH.hlX 3aTpaT HeflryH11}1 11 ypa­

Ha. 8 uem1x CHl1)1(eHHll JaTPaT TOllill1Ba 3,necb paCCMOTPeHhJ 
Bap11aHTbl CHCTeMbl, COCTaBJJeHHOH ABYMR 11neHTHl.!HblMH 

A3, pacnoJIO)KeHHblMH Ha HeKOTOpOM paCCTOllHl1H onHa OT 

npyroif, pa60TaJ01UHMH B pe)l(HMe cs.113aHHoro peaKTopa, 
attanorW1Horo peaKTopy EAPC-5 BHI111T<l> [3]. 11.ne.11 CBll-

3aHHbLX HMnyJibCHblX peaKTOpOB 6b!Jla BblJJ,BHttyTa BO 

BHl-1.113<1> s Ha4ane 70-x ronos rrpolllJ!oro crnnenu1, " 
TOrJJ,a lKe 6brna pa3BHTa 11x Teop11.11 [l I] . Ho BO BHMJ13<l> 



:na 11,ne.11 nonyt-1KJ1a n 11mh 3KCnep11MeHTaJ1hHoe no.nTBep­

lK,llett11e [12], a B J].eHCTBYIOUU,fX ycTaHOBKax He 6h1Jla pea­

JIH30BaHa. MaTep11anb1:1oe BOT1JiomeH11e (o4eHh ycnewttoe) 

B BHJJ.e JJ.ei1CTBYfOl.l..{11X ycTaHOBOK OHa 00.IT)'lfKJJa BO 

BH1111T<I> 11 <1>311 [3, 13]. 
Pac4eTuI BblnOJIHeHbl ,llJl.11 4eTblpex BapmurroB JJ.BYX-

30HHOH cs.113aHHOH c11cTeMb1: JJ.nll ,nByx AHP c rrpocj>KJJttpO­

BaHHblM )KeJJe3HhlM OTPa)KaTeJJeM (pHC. 4) H JJ.JJR JJ.Byx - 6e3 

OTPa_)f(aTeJJll (p11c. 5). A3 Bcex qeTbIpex Bap11aHTOB JJ.Byx-

30HHOH CHCTeMhl lfMelOT 3al.l..{HTHhlH CTaJJhHOH KOpnyc 

TOJllllKHOH 0,5 CM. B paC4eTaX HCOOJlb30BaHl,I CJJeJJ.YfOmHe 

31:1aqe1:111R TeilJlocj>113w1ecK11X 11 Mexam,rqecKHX napaMeTPOB 

ypaH-MOJJK6.UeHOBblX CilJlaBOB [ 14]: 
- cnnas ypatta c MOJ1116.uettoM (Maccosoe co.uep)Katt11e 

Mon116.ue1:1a 3 %): p = 18,2 r / cM
3

; E = 135 rna; v = 0,28; 
K = 169·10-6°C- l· , ' 

- cnnas ypa1:1a c MOJJl16JJ.ettoM (Maccosoe co.uep)Kam,,e 
3 

MOID16.n.e1:1a IO%): p = 17,2 r / cM ; E = 79,4 rna; v = 0,37; 
C\ K = 12,6·10-6 °C- l. 

'vl-- ITapaMeTPbl HMflYJlbCOB .uenemrn s paccMaTPKBaeMbrx 

): CHCTeMax orrpe.ueJJRJJl1 C nOMOLUblO tfllCJieHHOro peweHHR 

I'\ \ ypastteHKR .!I.Byx30HHOH KHHeTHKl1 [ 15]. 
l \J ITepBblH Bap11a1:1T DBVX30Httoro AHP. Ka_)l(Jn,JH 113 JJ.Byx 

(\J K.!l.eHTUlfHhlX KOMflOHeHTOB 3TOH Cl1CTeMhl UMeeT A3 113 

\Y) cflJlaBa ypatta 90 %-ttoro 06orameHID1 c Mon116.neHoM (Mac-

coBoe co.uep)Katt11e MOJI116.ueHa 10 %) 11 npoq>K1111posaHHh1H 

(v )KeJJe3HbIB OTPa_)f(aTeJJb tteHTPOHOB (p11c. 4). B Kp11THlfe­

CKOM COCT0.111:11111 sceA CHCTeMhJ (Ha paCCTO.IIIDll1 60 CM) 

~ BffYTPeHHHH 11 BtternHm':i paJJ.J,1ycb1 A3 (no TOilJIHBY) 10,5 11 

16,5 CM, BblCOTa 30 CM, Macca ypaH-MOJJl16JJ.eHOBOro cnna­

sa BO scew c11cTeMe 444 Kr. HeHTPOHHbie xapaKTep11cT11K11 

Cl1CTeMbl B 3aBHCMMOCTH OT I!,. - paccTO.IIHHR Me)K.uy 6oKO­

BbIMH rroBepxHOCT.IIMH .!lByx A3 - npe,nCTaBJTeHbl B Ta6JI. 5. 

TTpHBe.ueHb1 3Ha4eH11.11 k 12 - K03cpcp1110teHT 1:1el-iTPOHHOH 

CB.11311 .D.Byx A3; 'T - BpeMll )Kl13Hl1 MrHOBeHHhlX HeHTPOHOB 

B Ka_)l(JJ.OH H3 A3; Y - mnerpan ,nenemrli s Ka_)f(.!lOH 113 A3 3a 

HMIJ)'Jlbc; T - WKpHHa HMflYJTbCa .neJJeHHH Ha nOJTOBKHe 

BblCOTbl H <l> - q>JIIOeHC HeHTPOHOB 3a HMflYJlbC. XapaKTe­

pHCTKKH UMflYJlbCa .n.eneHHH OTHOC.IITC.11 K HMflYJlbCY, B 

KOHUe KOTOporo MaKCHMaJJbHa.11 TeMrreparypa A3 pasHa 

600 °C (nOBbrDJeHI-!e TeMrreparyphl 3a HMflYJll,C 580 °C). 
MaKCHMaJJbHOe paCT.llrHBa!Omee HaflpJl)KeHHe B JJ.HC­

Kax nepBoro BapHaHTa .!1Byx30HHOH CHCTeMhJ, B03HKKalO­

IUee B Telfem,e yKaJaHHoro HMflYJibca .n.enemrn, pas1:10 

0,432 rna. 

7 

7 
a 6 

PHC. 4. KoHqlHrypauH.11 JIByx30HHOH CHCTeMbl C npo<~HnHpOBaH­

HblMH )l(ene3HblMH OTP~aTeJI.IIMH: a - rop1130HTanbHOe Ce4eHHe; 

6 - ocesoe Ce4eHHe no nHHHH AA; ( 1-4) - OTPaJKaTen H HeHTpo-

HOB; 5, 6 - aKTHBHble 30Hbl; 7 - nonOCTb 

A 

A a 6 

PHC. 5. KomjlHrypaUHll JIByxJOHHOH CHCTeMbl 6e3 OTP~aTenefi : 

a - ropH301-ITaJlbHOe ce4eHHe; 6 - oceeoe ce<teHHe no nHHHH AA 

Brnpoii Bap11a1:1T DBVX30HHoro AMP. Ka_)l{.D.bJH KOMno­

HeHT 3TOH Cl1CTeMbl HMeeT A3 H3 CflJlaBa ypatta 90 %-ttoro 

o6oramettl1.11 c MOJJH6.D.eHOM (MaCCOBOe co.n.ep)KaHJ1e MO­

JIH6.!leHa IO %) H npocprurnpoBaHHhIH )KeJTe3HhIH OTPa)l(a­

TeJJb tteHTPOHOB (cM. pHc. 4). QmwqHe A3 3TOH CHCTeMhI 

OT A3 npe.m,1.uymeA JaKJ1104aeTc.11 B MettbmeM .D.HaMeTPe 

flOJIOCTH. 8 Kp11THlfeCKOM COCT0.11:HIDI BCeH CHCTeMbl (Ha 

pacCT0.11:HHM 60 CM) BttyTPeHHH.li H BHeWH11ll pa.n.ttycbI A3 
(no TOflJIHBy) 5,5 11 11 ,5 CM, BhlCOTa 25 CM, Macca ypa1:1-

MOm16.neHOBoro CflJlaBa BO BCel-i Cl1CTeMe 248 Kr. Hei:1-

TPOHHJ,le xapaKTep11CTl1Kll BTOpOH CHCTeMbl B 3aBl1Cl1MOCTl1 

OT !!,. - pacCTO.IIIDl.11 Me)K.uy 6oKOBbrMl1 noBepXHOCT.IIMl1 .!lByx 

A3 - npe.n.cTaBJJeHbl B Ta611. 6. XapaKTepHCTHKH HMflYJlhCa 

.neJJeHHH B Ta6JJ. 6 OTHOC.IITC.11 K 11MflYJlbCY, B KOHQe KOTOpO­

ro MaKCHMMbHa.11 TeMneparypa A3 pastta 600 °C (nOBbl­

weHHe TeMrreparyp1,I 3a HMflYJlbC 580 °C). 
MaKCHMaJJbHOe pacrnrHBa!OIUee 1:1anp.11)KeITT1e B .D.MCKax 

BToporo BapHaHTa JJ.Byx30HHOH CHCTeMl>l, B03HHKalOUiee B 

reqe1:111e YKa3aHHoro HMflYJlbca .ne.rreHm':i, paBHO 0,455 fila. 

Ta6nttua 5 

HeHTPOHHbJe xapaKTepHCTHKH rrepBoro BapHaHTa ,nByx30HHOH CHCTeMhl B 3aBHCl1MOCTH OT/!,. 

bl A3 .llO 600 °C 

6., CM k1 2 T, HC 
<I>, 10 He 

Y, MJJ:)I( T, MKC 
UeHTP nonoCTH 

Cepe,nHHa npoMe)l(yrKa 

Me A3 

10 0,061 9 17,2 16 128 8,8 5,9 
20 0,0373 16,9 16 126 8,8 3,36 
40 0,0185 16,7 16 125 8,8 1,58 
60 0,0108 16,6 16 125 8,8 0,98 
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I 

1:: 

I 

II 

'1 

~I 

1, 

I 

.. 

- - - --

HeiiT)) 

Ta6nHua 6 

OHHble xapaKTepHCTHKH BTOporo BapHaHTa .nayx30HHOH CHCTeMbl B 33BHCHMOCTH OT f!. 

6, CM T, HC 

na aMCT bl HMO JlbCa )leneHHH C OOBblWellHeM TCMOe aT bl A3 110 600 °C 

<I>, IO 4 
Hdi-rp./cM

2 

10 
20 
40 
60 

0,0579 
0,0335 
0,0153 

0,00876 

14,6 
14,2 
14,0 

14.0 

Y. M,ll>K T, MKC 

8,4 85,2 
8,4 84,0 
8,4 83,6 
8,4 83.3 

L(eHTp oonocn1 
CepeJIHHa opoMe>KyrKa 

MC>Kll A3 
10 4,6 
10 2,52 
10 1, 12 
10 0.73 

Ta61rnua 7 

HeiiT)) OHHhle xapaKTepHCTHKH T))eTbero eapHaHTa JJ.Byx30HHOH CHCTeMbl B 33BHCHMOCTH OT f!. 

6 , CM 

10 
20 
40 
60 

k12 

0,0450 
0,0265 
0,0125 

0,00734 

T, HC 

12,4 
12,3 
12,2 
12.2 

19,6 
19,6 
19,6 
19.6 

JlbCa JleJlt:HHli c OOBblWeHHeM Te~me a bl A3 llO 600 °C 

T, MKC 

82, 1 
81.9 
81.5 
81 ,5 

14 2 <I>, IO Hei:i-rp./cM 

UeH-rp oonoCTH 

8,5 
8,5 
8,5 
8,5 

CepellHHa opoMe)KyrKa 

Me>K.!l A3 
6, 1 
3.2 
1,4 

0,85 

HettT))O 

Ta6n Hua 8 

HHble xapaKTepHCTHKH 4eTBepTOro eapHaHTa .!lByxJOHHOH Cl1CTeMbl B JaBHCHMOCTH OT f!. 

bl HMO JlbCa Jlene1rni,i C OOBblWeHHeM TeMoe a bl A3 llO 600 °C 

6, CM 

10 
20 
40 
60 

k12 

0,0430 
0.0246 
0,0114 
0,00659 

T, HC 

10,5 
104 
10,4 
10,4 

15,6 
15.6 
15,6 
15,6 

TReTHll BaRHaHT llBVX30HHOro AI1P. Ka)l(,nbtH KOMno­

MeeT A3 HJ cnnaea ypatta 90 %-Horo 

6,neHOM (Maccoeoe co.nep)KaHHe MO­

HeHT 3TOH CHCTeMbl H 

o6orameHJUI c MOJJH 

JIH6,neHa 10 %) H He HMeeT OT))3)K3TeJlR (CM. pHC. 5). B 
KpHTW{eCKOM COCTOJI HHli ecell CHCTeMbl (Ha paCCTORHHli 

BHelll.HH"H pa.nHycb1 A3 (no TOnnHey) 

ICOTa 34 CM, Macca ypaH-MOJlH6,ne­

ej;j CHCTeMe 640 Kr. HeiiTpOliHbJe xa­

H CHCTeMbl npe.ncTaBJleHbI e Ta6JI. 7. 

60 CM) BH)'TpeHHl1H H 

10,5 H 17,43 CM, Bb 

HOBoro cnnaea ao ac 

paKTepHCTHKH T))eTbe 

XapaKTepHCTMKJ,1 HM nym,ca ,neJTeIDIH OTHOCSITCJI K HMnyJJb­

ro M3KCl1MaJTbHaR TeMneparypa A3 cy, B KOHUe KOTOpo 

paaHa 600 °C. 

MaKCHMaJibHOe 

T))eTbero aapHairra .n 
paCTRrHBaIOIUee .HanpR)l(eHHe B D.11CKaX 

ByxJOHHOH CHCTeMbl, B03HHKaIO[Uee B 

HMnyJJbCa .neneHHH, paBHO 0,547 rTTa. Te'-!eHHe yxaJaHHOro 

qeTBeQTblH sag HaHT 11eyxJoHHoro Al1P. K3)1(JJ.bIH 

CTeMbl HMeeT A3 HJ cnnaea ypaHa 

HHJI c MOJJH6)leHOM (Maccoeoe co.nep-

1/o) 11 He HMeeT OT))3)1(aTeAA (CM. pHC. 5). 

KOMnOHeHT 3TOH CH 

90 %-Horo o6oracue 

)l(aHHe MOJtH6.neHa 3 ° 
OrJJW{He 3TOH Cl1CTe Mb! OT npe.Ubt.nyw.eH 3aKJIJ04aeTCR B 

tt MOJIH6.UeHa e ypaH-MOJIH6JJ.eHOBOM 

OM COCTORIDIH eceii CHCTCMbl (Ha pac­

peHHHH H BHelllliIDi pa.n11ycb1 A3 pae­

bJCOTa A3 paeHa 30 CM. Macca ypatt-

MeHbWeM co.nep)l(aHH 

cnnaae. B Kpttn-r4ecK 

CTORHllli 60 CM) BH)'T 

Hl>I I 0,5 H 16,9 CM, B 
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<I>, IO 4 
tteATp./cM2 

T, MKC 
UettTp oonocnt 

CepellHHa opoMe>KyrKa 

Me>Kll A3 

39.6 
39,4 
39,4 
39,3 

7,03 
7,03 
7,03 
7,03 

5,28 
2.77 
1,23 
0,70 

MOJJH6D.eHOBOro cnnaaa BO BCCH CHCTeMe 540 Kr. HeH­

T))OHHbJe xapaKTepHCTHKH 4eTBepTOH Cl1CTCMbl npe.ncTaa­

JICHbl a Ta6JJ. 8. XapaKTepHCTHKJ,! nMnym,ca .uenemrH OTHO­

CJITCR K 11MnyJ1bCY, B KOHUe KOTOporo M3KCHMaJJbHaR TCM­

neparypa A3 paetta 600 °C. 

MaKCHMaJJbHOe paCTJlfHBaIO[Uee HanpJl)KeHHe B ,UHCKax 

4eTBepToro eapttaHTa .neyxJOHHOH CHCTCMbl , BOJHKKaJOIUee B 

Te4CHHe YKaJaHHOro HMnyJJbC3 D.eJJemui, paBHO J ,42 fTTa. 

ConOCTaBJICHHe rrpe.ncTaBJICHHbIX 3.UCCb napaMeTpOB 

pa:3JJH4HblX eapHaHTOB llBYXJOHHOH CHCTeMbl npHBO,UHT K 

JaKJTJO'-leHaJO, 4TO Hal160JlbWero BH11MaHHJI, no eceH BHllH­

MOCTH, JaCJJ)')KHBaJOT BTOpOH H 4CTBepThlH eapHaHTbl. BTO­
poii eapHaHT OTJIH4aeTCR cpaBHHTeJTbHO He60JlhWOH KpaTH-

4eCKOH Maccoll TOnJJHBa (248 Kr) H HCBblCOKHM ypOBHCM 

MaKCHMaJJbHOro HanpJl)l(CHHJI B llllCKax (0,455 fTTa), 

4CTBepTbTH - MaJJOH AJJHTCJlbHOCTblO HMnyJJbCa .neJ1eID111 

(- 40 MKC) rrp11 JHa'-IHTeJTbHOM 061,eMe nOJJOCTH B A3. Mtt­

HKMaJJbHblH ypoeeHb cpJJIOCHCa HCHT))OHOB B npoMe*YTKe 

MC)l(Jzy A3 rrpH paCCTQjfH}{J,f MC)l(.UY HKMJI, HanpaMep, 20 CM 

COCTaBJIReT B 3THX eapHaHTax .uayxJOHHOH Cl1CTeMbl 2,5 11 
14 2 

2 ,8 · IO Heihp./cM COOTBCTCTBeHHO, a e nOJJOCTSIX A3 
15 

D.11aMeTpOM COOTBCTCTBeHHO IO 11 20 CM - I H 0,7· 10 

HCHT)).ICM
2

. He6JJaronpHRTHhlMl1 oco6eHHOCTllMH 4CTBep-



Toro aap11aHTa .llB)'X30HH0H CHCTeMbl llBJllllOTCll 6om,Ulall 
KpHT111-1ecKall Macca ypatt-Mom16aeHoaoro cllJlaaa a A3 
(540 Kr) H otteH.b 3HattHTeJlbHbli1 ypoaeHb MexaHl{'{eC1<0ro 
Hanpll>KeHIDI B )lHCKax ( I ,42 fTTa). Yt<a3aHHb!e ypOBHH 
t<pHTJ11-leCKOH 3arpy3I<H TOnnHBa l1 MexaHllttec1<oro Hanpll­
>KeHHll llBJllllOTCll cepbe3HbtM nponrnoaecoM JaMeqaTenb­
HhIM HeHTPOHHblM xapaI<TepHCTHKaM 3TOfO aapHaHTa JlByx-
30HH0H CHCTeMI,J. 

3. MeTO.UHKa MHororpynnoeoro paclfeTa 

DJlOTHOCTH '.3HeproBbl,UeJleRHH H BOJMy~eneii 

peaKTHBHOCTII 

B AMP c MeTaJ1J1W1eCKOH A3 pea1<THBHOCTHall o6paT­
Hall CBJ13h ocymecTBnlleTcll JIHIU.b nocpet1CTB0M Tennoaoro 
pacwHpeHID! CTPYI<TYPH.blX 3neMeHT0B peaI<Topa. CBll3b 
mMeHeHl-tH 1<03<pq>HUHeHTa pa3MH0)KeHIDI HeHTP0HOB kJQJ 

c t1ecj>opMal.lIDlMH cpeJl.bJ A3 H peat<Topa a uenoM Jat1aeTcJ1 
c TT0MOIUblO cj>yHKI.lROHana [ 16) 

MJQJ (t) = f u(r,1)gradW(r)dr, 
V 

B KOTOpOM u(r,t) - BeKTOp TepMOynpyrnx CMeIUeHIIB, 

W ( r) - cj>yHKI.lliJI B03Mymemui peaKTHBH0CTH, onpet1e­

J1J1eMaJI 1<a1< H3Mettem1e kJQJ npH attecemrn BffYTPb peat<To­

pa a TO'-ll<Y r He6omworo o6pa3ua li3 MaTepHana peaKTo­
pa a 3TOH T0ttKe, orneceHHoe 1< o6'heMY o6pa3l.la. 

HaH6onee ttaCTO HCilOJlb3yeMbJMll 3)leCb reoM~H'!e­
Cl<HMH cj>mypaMH 3JieMeHTOB A3 JIBJIJIIOTCJI wap J,f .l(HCI<. 

MeTOJl.bJ onpet1eneHID1 TepMoynpyrax cMem.emra ii (r, t) 
JlJlll )TH)( cj>myp npe)lCTaBJieHbt B pa3.lleJie 4. <l>yH1<I.(HIO 

W ( r) JlJ1ll 6b!CTPbIX AMP pattee paCC'tHTh!BanH npeJ.fMY­

mecTBeHHO B 0.llHOrpynnOBOM npH6JIJ,f)KeIDrn [16). 3t1eCb B 
3TID( uemrx npHMettem,r .llBYMepm,re MHororpynnoBbie pac­
tteTbr. HaCTOJll]].IDi pa3.nen co.nep)KHT 0IIHCaRl!e MHOfO­

rpynnoBoro pactfeTa W(r), a Tal()Ke nnOTH0CTH 3Hepro-

Bhrt1eneHJ-u1 F(r), orrpe.nemnomei-i pacape.neneHHe TeMne­

paryphI a o6beMe A3. 

3. 1. <I>opMyJJLI tlJIR IlJIOTHOCTH :meprOBbl,!leJJeHHR 

H B03MYIUeHHH peaKTHBHOCTH 

YpaBHeH11e .llJIJI 1lJ10TH0CTH rIOTOI<a Hel:tTPOHOB N B 
MHOrorpynnOB0M npu6JIH)f(e}UUI MO)KHO 3anRCaTb B BH.lle 
[17): 

rt1e 

Qi (r,n )= L Jdn'M1j (r,n-n')N1 (r,n') . 
j 

8 ypaaHeHHH .llJlll conpJl)l{eHI-IOH q>yttKI.lHH Nf (r, Q) 
Q; ➔ Qt; B Qt MaTPHI.la M ➔ Mr. HopMHpOBaHHall Ha 

1 flJI0THOCTb 3HeproBblt{eJieHHJI 
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L f dfia'.J-(r)N1 (r,fi) 
F(r) = i - . - . 

L Jar f dncr1 (r)Ni (r,n) 
i V 

<l>yHI<llliJI B03MymeHIDI peat<THBH0CTH 

~ JdfiNt (r,-fi )[ Qi (r,fi )-a: (r)Ni (r,fi )] 

w(r)=....:....,_L_Jar-rJ-dnN---t-(r-,-n--)-Qr,-,(-,,n--)--
i V 

3.uecb cr'.J- cetteHHe .ueneHIDI; a: - rronttoe cetfeHHe; 

Qr, - qJleH B Qi' C0OTBeTCTBYJOW.Kli )l;enemno. 

PactfeT <pyH1<1u1!i F(r), W(r) 6bm peanH3oBaH a 

paMI<ax KOMnne1<ca CA TYPH-3 JlJ1ll JlBYMepsoii 1.1,HJIHH.ll­

pl{gecKoH reoMeTPHH [ 18). 

3.2. 0 paclfeTe Ja)la"I no KOMDJieKcy nporpaMM 
CATYPH-3 

KoMnneKc nporpaMM CATYPH-3 [5] npe.usa:3HatfeH 
JlJ1ll t{J,fCJleHH0fO pemeHIDI CJie.llYJOIUHX KJiaCC0B CTaUHO­
Hapm,rx H HeCTaD,HOHapHbrx MHOroMepH.blX Ja.uaq: 

- JlByMepHbrx H TPeXMepH.bIX HeCTaUH0HapHbrx MHO­
rorpynn0Bb!X 3aii:aq rrepeHOCa Hel:\TPOH0B C YtfeT0M KI-rne­
THKH Hel:\TPOHHO-lltlepH0fO B3aHMO.UeiiCTBliJI If 3HeprOBbl­
)leJleIDIJl (.llByMepHb1e H TPeXMepHb1e 3aii:aq11 TY); 

- .l(B}'MepH.bIX HeCTaUHOHapHblX HeJIKHeltH.bIX MH0ro­
rpynnOBbIX 3at{aq nepeHoca 3Hepnm TellJI0BblM mnyqeHH­
eM (JlBYMepHb1e 3atla'lll <I>O); 

- CTaUH0HapHbIX MHOrorpynnOBblX 3a.ua'I pacqeTa 
KpHTH'leCKRX napaMeTPOB (.uayMepHb!e H TpeXMepHbie 3a­
.uaq],I nOMA). 

,[(ml 'IHCJieHHoro Mo.n:e;rnpoaaHIDI npoueccoa nepeHo­
ca a 1<0MllJle1<ce CA TYPH-3 HCIIOJib3yJOTCll pa3JIHtfllbie 
cj>H3H.KO-MaTeMaTH'!eCKHe rrpH6JIJ,f)KeHHJI. 

IlepeHoc aeilTPOHOB: 
- MHororpynnoaoe KHHeTH'1ec1<oe apH6JIH)KeID!e .llJlll 

2D H 3D Ja.n:att 3HeproBhl.UeJieHID1; 
- MHororpynnoaoe t1Hcj>cj>y3HOHHoe npH6mra<eHHe tlJlll 

3D 3a.uaq ICHl-leTHK11 J1t1epHbrx 3HepreTH'leCKID( YCTaH0BOK. 
TTepeHOC <pOTOHOB: 
- MHOrorpynnoBoe KHHeTH'leCI<Oe npH6ffil)KeHHe .llJlll 

2D 3a.llaq nepettoca HepaBHOBeCHOfO peHTreH0BCK0fO 1{3-

nyqeHHJI; 
- MHororpynnoaoe .uHcj>cj>yJHoHHoe npH6nH)KeHHe tlJlll 

2D 3aii:aq nepettoca HepaaHoaecttoro H30TPOIIHoro H3JIY· 
tteHHH; 

- npw6nH)KeHHe Tennonpoao.uHOCTH .llJ1JI nepettoca 
paBHOBeCHoro H3JiyqeHHJI. 

OcHOBHble nplllil.lRTibl 'IHCJieHHoro MO.UenHpoeaHID1: 
- pa36HeHMe CHCTeMbI Ha C'leTHbie (MaTeMaTH'leCKHe) 

o6nacTH; 
- pacwennett11e no cj>HJH'lec1<HM npoueccaM; 
- npHMeHeHHe BffYTPH Ka)l<JlOH MaTeMaTfftleCKOlt 06-

JiaCTH CB0HX pa3H0CTHbfX CeT0K; 
- yqeT B3aHMH0fO BJIHJIHHff MaTeMaTH'-leCKHX o6nac­

TeH 11ocpet1CTBOM o6MeHa BeyTPeHHHMH rpaH.H'IHbIMH yc­
JI0BHllMH; 



- Y'-leT B K8lK.llOH M8TeM8TH4eCKOH o6nacrn CBOero 

Ha6opa <pH3H'leCKHX npoueccoa; 

- BOJMO>KHOCTb rrpHMeHeHHll pa3JJH4Hb!X MaTeMaTH­

'leCKHX npH6Jlll)l(em1i1 A/lll onttoro <pHJH'lecKoro rrpouecca. 

3.2. I. YpastteHHH nepettoca, pewaeMbte B KOM­
nneicce CA TYPH-3, MeTO.llbl annpoiccnMaunu " •mc­
Jiettttoro peweHHH. 2D H 3D JanaCJH nepettoca tteihpottoB 

pemalOTCll B rpynnOBOM KHHeTH'leCKOM np116mOKeHHH C 

y'leTOM aHH30TpOITH.H paccel!mu, BTOpH4HblX ttewrpOHOB. 

CHCTeMa rpyITIIOBblX ypaeHeHHH nepeHoca Hewrpo­

HOB, Jan11caHHblX B UHJJHH./lpH4eCKOH CHCTeMe KOOpAHHaT, 

HMeeT BHA: 

P%,(N/4'0J+ ,:, (,✓1-µ2 -coscpNi )+ 

+ ! (µN, )+ ![ ~ ,;"~N, ]-

-~[P ·sincpNi]+PLCV(k) L ar1Ni = 
acp r k ne(y,j,E,s) 

= PLLCV(k) I crJ' vJ' s}7 x 
J k ne(/,E,s) 

I 11 

x f aµ'fN1f(µo)dcp'+pQ;, 
- I O 27t 

rne i,j - HOMepa 3Heprenfl!'eCKOH rpynru,1 ttei1Tpottoe; k -
HOMep HJOTOna; n - HOMep peaKUHH (paccMaTpHBalOTCll 

peaKLUrn CJeTblpex nmoa: y (3axaaT), f (neneH11e), i;: 

( n ➔ En) H s (paccel!lrne); t - epeMH; r , z, <I> - UHJJHHnp11-

4ecKHe KOOpnIrnaTbl noJJOJKeHHll 4aCTHUbl; /' - pacCTOllHHe 

OT TO'IKH HaxOJK.lleHHll 'laCTHUbl no OCH Z; = - KOOp.ll}rnaTa 

4aCTHUbl B.llOJlb OCH Z; <I> - yroJJ MelK.llY nJJOCKOCTblO ( ce-

4e1:1.11eM), npoxo.lllliuew CJepeJ ocb Z H conepJKamew qacrn­

uy, H HeKOTOpblM Ja,naHHblM Ce'leffileM, yroJJ OTC'IHTbmaeT­

Cll OT Ja.naHHOro ceqeHHll B HanpaBJJeH.HH npOTHB CJaCOBOH 

CTpeJJK.H; Q = fi(µ , cp) - e.lllUIH'-IRblH BeKTOp B Harrpaene­

HHH noJJeTa HeHTpOHa; µ = cos0, 0 - yroJJ Me>K.llY BeKTOpOM 

Q H OCblO Z; cp - yron MelK.llY npoeKUHeH BeKTopa Q Ha 

nJJOCKOCTb, npOXO,llllfUYIO 4epeJ T04KY (r, =. <I>) nepneH,llH­

KYJJllpHO OCH z, H BeKTOpOM B 3TOH nJJOCKOCTH, HanpaB­

JleHHI,IM HJ T04KH OCH Z K paCCMaTpHBaeMOH TO'IKe (r, z, 
<I>) (pHc. 6); -I < µ < I , 0 < <p < 21t; v, - cKopoCTb HeHTpO-

HOB rpynnhl i; N, = Ni (t, r, z, <I>, µ, cp) - nOTOK HewrpoHOB 

rpyITITbl i, JieTHLUHX B HanpaBJleHHH (µ , <p); <p(k) (t, r, z, <I>) -

KOHUeHTpaUHH ll.llep HJOTOna C HOMepOM "le'; aJ' - ceqe­

HHe HeHTpOHHO-ll.llepHOH peaKUHH, HOMep n Ha eemecTBe 
.. ,.,, ~ . kn 

II, .llJlll HeHTpOHa rpynnbl 1; VJ - 'll!CJJO BTOpH4HblX HeH-

i:kn 
TpOHOB; ~Ji - .llOJIH p336pacbtBaHHll BTOpH'!HbIX HeHTpO-

HOB HJ rpynm1 j B rpynrry i; Q, = Qi (t, r, z, <I>) - HeJaBH­

CHMbIH HCT04HHK HeHTpOHOB; f (µo) - nJJOTHOCTb Bepo­

HTHOCTH pa36paCb1B8HHll no yrny BTOpH'IHblX HeHTpOHOB. 
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PHc. 6. OpraHH3aUHll K0MnJleKca CATYPH-3 

AnnpOKCHMaUHll MHOrorpynnOBblX K.HHeTH'!eCKHX 

ypaetteHH11: 

- no epeMeHH: HeJIBHall cxeMa C BeCOBbIMH MHOlKHTe­

JIJIMH; 

- no yrnOBbIM nepeMeHHbJM: MeTO.ll l!HCKpeTHblX op­

.lllofHaT ( Sn -KBa.npaTYPb1); 

- ITO rrpocTpaHCTBeHHblM nepeMeHHbIM: Ha pacw11-

peHHOM wa6JJOHe [ 18] .llJlll HeopTOrOHaJJbHbIX npOCTpaHCT­

BeHHblX CeToK; 

CBOHCTBa cxeMbl c pacwHpeHHbJM wa6JJOHOM: 

- KOHcepeanmHa; 

- CXO.llHMOCTb K peweHHIO ypaeHeHHll nepeHoca co 

BTOpblM nopll.llKOM T04HOCTH Ha rrpOH3B0JlbHblX HeopTOro­

HaJJbH.b!X rrpOCTpaHCTBeHHbIX CeTKax; 

- BbIITOJJHeHHe ycnOBHll .llH<p<pyJHOHHOro npe.nena B 

onTWieCKH nJJOTHhlX cpe,nax; 

- HcnonhJyeT KBanpaTYPbl DSn-Mernna A/lll arrnpoK­

cHMauHH ypaaHeH.Hll rrepeHoca no yrnoeblM nepeMeHHhJM. 

3.2.2. MO.llHIJ>HK3I..UIH KOMDJieKca nporpaMM 
CA TYPH-3. OcHOBHhIM peJyJ11>TaTOM peweHHll Ja,naq B 

,naHHOH pa6oTe llBJIHeTCH pac4eT <pyHKUHOHaJJOB, B KOTO­

pblH BXO./lllT <pyHKUlffl yrnoaoro pacrrpe.neneHHll npJ1Moro H 

conpHJKeHHoro nOTOKOB, a TaKJKe <l>YHKUH.H HCTO'IHHKOB 

neneHHJI HeHTpOHOB. ,[vill npose,QeHHll pac'leTOB 6hln B3llT 

Ha6op nporpaMM KOMnJJeKca CATYPH-3 peweHHll CTa­

UHOHapHbIX npocTpaHCTBeHHO .llByMepHblX 3a)la4 Ha none 

<j>yHKUIDi HeCTaUHOHapHoro peweH.11J1 (THIT J8Jl84H TY 113). 

np11 pac'leTe B KOM11JleKce CT8Hll8pTHO HCnOJJb3yeTCll He­

pa3,neneHHall M8TpHUa o6pa30B8H.HJI BTOpH4HblX HeihpoHOB. 

,[vIJI pac4eTa peJyJlbTHPYfOLUIDC <l>YHKUHOHaJJOB e KOMn­

neKce CA TYPH-3 pean.HJOBaHbI cne.llYf01UHe MO.llH<pHKaUHH: 

- HaITHCaHa nporpaMMa pactJeTa <l>YHKUHOHaJJOB; 

- pean11JoBaH paJ.lleJJbHbJH pac4eT MaTpKU iieneHHll H 

paccellHHJI HewrpOHOB. MaTp11ua ,lleJJeHHll coxpaHl!eTCll B 

MO,llyJlbHOM .llHHaMH4eCKOM MaCCHBe 11 ,no6aBJJlleTCll K MaT­

p11ue paccel!HHll .llllll coxpaHeHID! HeHJMeHHOH OCHOBHOH 

Cl.JeTHOH qacrn KOMITJJeKca; 

- peaJJHJOBaH ,nayxwaroBhIH pac'leT 3ana'IH. Ha nep­

BOM ware peillaeTCJI conpH)l(eHHall Ja)la4a. ,[vill 3Toro MaT­

p11UbI ,neJJeHHJI H paccel!HHll HeHTpOHOB, a TaKJKe MaTpHUa 

K03c}l<pHUHeHTOB pa3nO)KeHID! H MaTpHUa paccel!HHJI no 

rapMOHH_KaM TpaHCnOHHPYfOTCll OTHOCHTeJlbHO rpyrrn Ha­

JJeTeBWHX H BTOpK4HbIX HeHTpOHOB; 



- nocne pac'-!eTa nepsoro wara cpyttKUHH yrnosoro 

pacnpe11.e11emu1 H KOHuem·paUHH HeHTpOHOB coxpaIDUOTCll 

B MOll.YJlbHblX 11.HHaMH'-!eCKHX MaCCHBax; 

- Ha BTOpOM mare BblnOJIHlleTCll pac'-!eT npllMOH Ja}la­

'-IH 6eJ TpaHcnomrposaHHll MaTpHU BTOpH'-IHbTX ttei-i'rpOHOB. 

TTo OKOH'laHHH pac'!eTa BTOporo wara npoHJBO}lHTCll pac­

'-!eT peJyJJbTHp)'IOUlHX <PYHKUHOHaJlOB. 

Bo scex pac'-!eTax no KOMnJJeKcy CATYPH-3 HcnoJTb­

Josanacb yrnosall KBaJlparypa I 0-ro nopllJlKa. TolfHOCTb 

cseaeHHll HTepaulfH - I 0-6. 

4. Pernenue i:.ueaM11'-1ec1rnx JaAa'-1 
TepMoynpyrocTH AJIH mapa H AHCKa 

A,Jui pac'-!eTa K03q>QJHUHeHTOB raweHID1 peaKTHBHOCTH 

6blCTpblX AMP HHOr}la H MexaHH'leCKOro Hanpll)KeHHll s HX 

aKTHBHblX 30Hax Tpe6yioTCll attaJJITTH'leCKHe peweHHll }lH­

HaMH'!eCKHX Ja,ua'l TepMoynpyrocnr rrpHMemrreJJbHO K 

COCTaBJJJIJOil.(J,fM A3 }leTaJlllM. YlMelOTCH s BHll.Y npH 3TOM 

3a}la'!H TepMoynpyrocrn He C KaKHMH-TO ynpomeHHblMH, a 

c JTI06blMH npocTpaHCTBeHHblM H epeMeHHblM pacnpe}leJJe­

HHllMH TeM□epaTypbJ B npe}leJJax paccMaTpruJaeMOH CTpyK­

TypHOH e11.HHHUbI A3. Ec1111 MexaHMecKoe ttanpl!JKeHHe B 

A3 MO)KeT 6bJTb onpe11.e11etto TaJOKe C nOMOIUblO JlByMep­

HblX l.f TpexMepHblX 1-IHCJJeHHbIX rrporpaMM, TO .ll)UI pac'leTa 

.!lHHaMl.fl{eCKHX K03cpq>HUHeHTOB rameHHll peaKTHBHOCTH 

Tpe6yioTCll EIMeHRO aHaJTHTH'leCKHe pemeHH.11. TOJlbKO TilKHe 

K03<pq>HUl1eHTbl rameHIDJ peaKTHBHOCTH MO}KHO a}leKBaTHO 

BCTpOHTb s ypaBHeHIUI }lHHaMHKH 6blCTpbIX AHP [ 16]. 

311.ecb rrp1,rne.ueHbl pememur JJJ{HaMl.fl-lecKHX Ja,uaq 

TepMoyrrpyroCTH .ll)UI cuapa, JaKJilO'-!eHHOro B CHJJOBOH 

Koprryc, " ,!lJ]ll TOHKOro .UHCKa. PeweHID! .ll)UI mapa 6eJ CH­

JJOBOro Koprryca H JIJ]ll .!111CKa 6b!JlH nOJTY'-leHbJ paHee, eme B 

60-x ro}lax [ 19, 20], a npH6mDKeHHoe pewemte .!lJlll wapa B 

CHJJOBOM KOprryce TTOJTY'-leHO J,!leCb. Cnen.yeT OTMeTHTh, '!TO 

npHBe}leHttb1e B pa6ornx [19, 20] pemeHIDI. .ll,1UI wapa 11 

,!lHCKa, npaBHJJbHbte no CO}lep)l(amno, 6biJJH He }lO KOHl{a 

OTWJJHcposaHbl no q>OpMe. CTpeMJJeHHe IlOJ,!lHee rrp11,uaTb 

HM 6011ee KOMnaKTHblH BH}l npHBeJJo no He}lOCMOTpY K He­

TO'IHOCTH HX 3aJlHCH [21]. 3.uecb 3Ta HeTO'IHOCTb YCTpatteHa. 

4.1. PeweHHe .!lHH3MH'-leCKOH 33.113'-IH TepMoynpyrocTH 

.!lJJSI wapa B CHJJOBOM Kopnyce 

.D:11ttaM11'-!eCKall Ja.uaqa TepMoynpyrocrn .ll)UI CJl.JIOlll­

Horo wapa B TOHKOH 0601101.fKe (cHJTOBOM KOpnyce) Jam1-

CbJBaeTCll B BH.!le ypaeHeHIDI [ 19, 2 I] 

a2u 2 au 2 p(O) 00 p 82u 
-+----u----=---- (I) 
ar2 r or r2 A+2µ or A+2µ 0,2 

rrpH tta<[aJlbHOM ycJlOBIDI 

u(r,0)=0 (2) 

11 rpaHHl.fHbJX ycJJOBHllX 

u(O, t) = 0; (3) 

n (I) (I) o2
u(R) 

rr = -h p 2 ot 
2h(I) E(I) 

( 
(I)) 2 u(R), 

1-v R 
(4) 
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r.!le r, t - pall.Hye H BpeMll; R - paJlHyc wapa 6eJ o6onolfKR; 

u(r, t) - TepMoynpyroe CMewelllie B TO'IKe r rnapa B MO­

MeHT t; 0(r, t) = 0o(r)q(t)- TeMneparypa rnapa, OTCl{HTbI-

saeMall OT HalfaJJbHOro JHa'1eH11ll; q(t) - 3HeprOBbl.!leJleHHe 

s HMITYJJbCe s JaBHCHMOCTH OT t ( q(O) = 0) ; p(O) = 
Ev E 

=(3).+2µ)K; A= ( )( ) ; µ= ( ) ; E, v -
l+v 1-2v 2 l+v 

MO.UYJJb IOttra 11 K03<pcpHUHeHT flyaccotta MaTep11aJJa wapa; 

K, p - 1111tteHHblH K03QJ<pHUMeHT TeMneparypttoro pacw.H-

pettHll H nJJOTHOCTb MaTep11a11a rnapa; h(l), p(l), E(l), yCI) -

TOJTlUHHa 11 Jlpyrwe MaTepHaJJbHble xapaKTepHCTHKH 060-

n ou 2). (0) 
JJO'IKH; rr = (). + 2µ )-+-u-P 0(r, t) - paJlHaJ11>ttoe 

or r 
Harrpll)!(ett11e B wape. 

("\ 

HH)!(e TTOTpe6yioTCll TaKJKe 

=A. au+ 2(1..+µ)u_p(O)e(r, t) 

060Jttal.feHID1 <pep = 

or r 
TaHreHUHaJlbHOe Ha-

npll)KeHHe B mape H 
n E{I) 

<p<po = ( ) u(r) - TattreH!lH-
1-v<1> R 

aJlbHOe ttarrpll)l(eHHe s o6oJJOlfKe . 

TipHMeHHTb MeTO.!l PaJJJO)l(eHHll ITO co6cTBeHHbIM 

cpyHKUHllM HenocpeJlCTBeHHO K 3TOH Ja,!la'C!e He Y.!laJJOCb HJ-

33 llpHCYTCTBWI B rpaHJNHOM ycJJOBIDI (4) □pOHJBO,!lHOH no 

speMeHH ( CJJaraeMoe c npoHJBO.nHOM no epeMeHH s yc110-

s1111 ( 4) npe}lCTaBJJlleT HHepUHOHHOe llpOTHBO,!leHCTBHe 

o60JJO'lKH ycKopeHHOMY ABlf)l(eHHIO rpattH'IHOM 0611acrn 

mapa). IT03TOMY pemanH BH.UOHJMeHeHH)'IO npH6JJH)l(eH­

H)'JO Jan:atJy, B KOTOpofi Macca 06011o'!Klf BKJJIOl.feHa B Mac­

CHB OCHOBHOro rnapa TTYTeM COOTBeTCTB)'IOIUero yeeJJl.fl{e­

HIDI ero Jl.JIOTHOCTH. BHJJ:OH3MeHeHHoe ypaBHeHHe H rpa­

HH'-IHOe yc11oe11e HMeIOT CJJe.!l)'IOIUHM BHA: 

o2u 2 au 2 p(O) iJ0 p• o2u 
--+----u ------= -----. 
or2 r or r2 ).+2µ or ).+2µ 012 ' 

(5) 

n 2h{I) E(I) 

rrlr=R = - (1-vCI) )R2 u(R), (6) 

• 
r.11e p - 3cpq>eKTlfBH3ll llJIOTHOCTb mapa C BKJIIO'-leHHOH B 

Hero MaCCOM 0601101.fKH. 

HalfaJJbHOe ycJJOBHe (2) H rpaHH'!HOe ycJJOBHe (3) He 

H3MeHHJJHCb. fpamNHoe ycJJOBHe (6) MO)l(HO JanHC3Tb KaK 

au 2 [A h<1
> E<1

) ] 13<
0
> -+-- -+-,----,-- u---0(r,L)=Olr-R· 

or ). + 2µ r (t -v<1) )R2 A+ 2µ -

(7) 
lfro6b, c.11e11aTb rpaHH'!HOe YCJJOBHe (7) 0.!lHOpOAHblM, BBe­

}leHa JaMeHa nepeMeHHbIX 

p(0)0(R, I) 
u(r, I)= u(r, t) + 

2
h(I) E(I) , 

3).+ 2µ + ( ( ) 1-v I) R 



B KOT0p0H u(r, t) orrpe.aeJUleTC.8 ypaettem-1eM 

a2u 28u 2 p. 82u 
-+--- -u- f(r , t) = ---, 
ar2 r or ,2 A.+ 2µ a,2 

(8) 

npH H)'JieB0M Ha"laJTbH0M ycnoe1m H rpaffi{qHblX ycJI0BHHX 

u(r, 0) = 0 ; 

u(r, t)lr=O = 0 ; 

au 2 [ A. h<
1
) E<1

) l 
or + A.+ 2µ -;- + (1 - yCI) )R2 u I r=R = 0 . 

YpaeHeHHe (8) pemetto MeT0.!l0M pa:3JI0)l(eHID! no co6-

cTBeHHblM <PYHJCUWIM. OKOH"!aTeJibHOe pellleHHe HMeeT 

BH,D.: 

u(r,t) = Arq(t) + f [p(O) D1<1> /t)-A 61q(t)} /r); 
1=1 

n 
rr(r, t) = (3A. + 2µ)Aq(t)- p(0)90 (r )q(t) + 

00 

[ ] [ du • 2A l + L p<0)D1<l> •(t)-Af;' -q(t) (A.+2µ)-1 +-u . ; 
. 1 1 dr r 1 

J=I 

TaHreHl.lHaJibHbie HanpH)l(eHIDI 

n E(I) 

<p<po (t) = ( (I)) u(R, t); 
1-v R 

R 

f r3u/r)dr 

61=---~---­

fr2u7(r)dr 
0 

h1 cosh 1 r sinh 1 r . _ 
u 1(r) = -=----'-- -

2
- (j - 1, 2, 3, ... ) - co6cTBeH-

r r 
Hble <PYHKUHH; 

h1 - K0pHH TJ)aHCUeH.aeHTH0ro ypaeHeHH.8: 
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(
I+ h2R2 )tghR=hR ; B = 2 [A+ h(l)E(l) ]; 

BR - 2 R(A+2µ) (1 - /1) )R 

<l> 1(1) = f q(s)sin ro 1(1- s)ds ; oo 1 = h1 )A+ •
2

µ . 
0 p 

IlonyqeHHoe J.aec& pemem1e npHMeHHM0 JU11llb e cny­

qae oqeHb T0HK0H CHJIOB0H o6onoqkJ1. 

4.2. PemeHHe .!lHHaMH'ICCKOU Ja.!la'IJI TepMoynpyrocTH 

)lJISI .!lHCK3 

YpaeHeHHe .!lHHaMH'leCK0H TepMoynpyrocTH .!lJl.8 T0H­

K0ro KOJibUeo6paJHOro .!lHCKa c BH)'TJ)eHHHM H BHelllHHM 

pa.aeycaMH a H b HMeeT BH.!l (20, 21] : 

82u 1 8u u 00 (i -v2
)P a2u 

-+-----K(l+ v)- =-- · (9) a,2 r or , 2 or E at1 ' 
9(r, t) = 9o(r)q(t) 

ope eyneBblX HatJaJTbHblX ycJI0BHHX H rrpH rpaHH11HI,JX yc­

JT0BIDIX 
n n 
rr(a, t) = rr(b, t) = 0 ; 

;;.(,, t) = ~[au +v~-(l+v)K9(r, t)]; 
1-v or r 

~(r, t) = _£_2 [v ou +~-(1 +v )K9(r, 1)]. (I 1) 
1-v or r 

PemeHHe Ja,/la'IH (9- 11) JaID!CbIBaeTCll KaK 

u(r, t) = { G, [1-t 4;11>, (A; ri]+ 

+G2 [,- f Djl6, (A1r)]}q(t)+ f KDa1)61 (A 1r)<l> 1(1) ; 
}~ }~ 

rr(r,t)=--
2 

-G1L4l) Ai6o(A1r) - -61(A1r) + n E { 
00 

[ 1 ] 
1-v J=l r 

+G2 [1 - t 11/1 ( A10o(A;r) - ~OJ (A;rl) ]+ 
+ vG, [1- f LF)e1(A1r)]+ 

r J=I 

+ v;'[,-t [1/l /li (A ;r) ]} q(I) + 

E ~ (J)[ 1-v l +--
2 

LJAJKD0 6o(A1r) - -61(A1r) <l>/t)-
1-v J=I A/ 

EK 
- -90(r)q(t) ; 

1- v 



abK ( I + V) ( eg - e?) 
G1 =-------'---~· 

v(a-b) ' 

M(J) =[ ~1(A1b)0g - a61(A1 a)0? -

-l. 1 j,e,(, >lio(l-J' )d, ]/j,O/(l. i,)d, ; 

e? = 00(a) ; 

eo, 15( - KOM6KHaUHJI q>yHKUHH 6eccem1: 

eo (A 1 r) = 1 o (Af) + A 1 Yo (A/) ; 

e1 (A 1r) = 11 (t.. 1r) + A1Yj (A/); 

(1 - v )11 (A 1b) - A 1b10(Ai) 
A =------'-----'------'--' 1 A1bY0 (A1b) - (l - v)Yj().1b) ' 

A J - KOpHH ypaeHeHHJ1: 

(1 - v )11 (Aa) - Aa.fo(Aa) _ (1 - v )11 (Ab) - Ab10 (Ab) 

AaY0(Aa) - (t - v)}i(Aa) - AbY0(Ab) - (t - v)Y1(Ab). 

3aKJllO'ICJIHC 

8binOJ1HeH pac'leTHblH ITOHCK eapHaHTOB peaKTopa c 

O'leHb KOpOTKl1M 11MITYJ1bCOM .neneHHH H peaKTopa, cno­

co6i-1oro COJ,naeaTb Ha BbIXO,llJIIUHX ITOTOKax 3Ha'IHTeJlhHble 
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~)JllOeHCbl HeihpOHOB ,!l,JHI 06nyqeH11J1 60JibWHX o6pa:moe. 

A3 eapHaHTOB peaKTopa c KOpOTKHM KMnyJihCOM He HMeeT 

ITOJlOCTH HJIH HMeeT ITOJlOCTb He60J1bWoro .ll.HaMeT))a. Ma­

TepHaJJOM ee JIBJllleTCJI HenTyHHl-i-raJIJlHeBblH CWJaB HID! 

HenernpOBaHHbll-i HerrryHHH. Orpll)l(aTeJlh HeirrpoHoe B )TOM 

peaKTOpe OTCYTCTeye-r. BapHaHTbI peaKTopa .llJIJI 06nyqettID1 

60J1bWl1X o6pa:rnoe COCTaBJleHbl JlBYMJI H,lleHTH'IHblMH A3, 

pacnOJlO)((eHHbIMH Ha HeKOTOpOM paCCTOJIHJ,fH 0.llHa OT .a;py­

roH, .a;eHCTBYKHUHMH B pe)KHMe CBJl3aHHOl-i peaKTOJ)HOl-i 

CHCTeMbl. MaTepHaJJOM A3 .lrBJlJleTCJI ypaH-MOJ1H6.neHOBbll-i 

cnnae c MaCCOBbIM co.a;ep)((aHHeM MOJ1H6.a;eHa IO HJJH 3 % . 
BapHaHTbl )Toro THna peaKTopa HJIH He HMeJOT OT))a)KaTe­

JIJI, HJJH HMelOT npOq>HJIHpOBaHHblH OT])a)KaTeJlb. 

no MHeHHJO aeTOpOB CTaTbH, H3 paCCMOT])eHHbIX pe­

aKTOpOB C KOpOTKHM HMnyJlbCOM Ha116onee .llOCTORHhI 

BHHMaHHll Al1P c A3 H3 HeJierHpOBaHHOro HerrryHHJI. lliH­

pHHa HMnyJlbCa Ha TTOJlOBHHe BblCOTbl B TaKHX AHP 

MeHbWe 20 MKC, TTOJlHaJI Macca HenTyHIDI e A3 paeHa 80 -
120 Kr. He.a;oCTaTKOM 3THX peaKTopoe llBmreTCll CJIHWKOM 

BbICOKHl-i ypoaeHJ, MeXaHH'leCKHX Hanpll)((emd! B .a;eTaJIJIX 

A3. B uen,rx CHH)((eHHJI yKaJaHHoro HarrpJ1)((eHHJ1 T])e6yeT­

Cll .D;aJlbHeHUJaJI Mo.nepmnaul-UI 3THX CHCTeM. 

1,13 peaKTopoa npe.!UlaJHa'!eHHbIX .llJlll 06nyqeHID1 

60J1bWHX o6pa3UOB, B KatteCTBe HaH6onee 3aC.ll)')KHBaJOlllHX 

BHHMaHHJI Bbl,lleJleHbl ,llBa eapHaHTa .llByxJOHHbIX AMP: 

- AHP C npOq>HJJJl])OBaHHblMH )((eJ1e3Hb(MH OT])a)KaTe­

Jl.lrMH HeirrpoHOB, C 1..lHJlHHJlPH'!eCKHMH A3 113 cnnaea ypaHa 

c IO % MOJ1H6,neHa. lliHpHHa HMnyJlbCa Ha TTOJIOBHHe Bbl­

COTbl B 3TOM AHP COCTaBJlJleT 85 MKc; qimoeHC Hel-iTpOHOB 
15 2 

a TTOJlOCTH ,llHaMeT])OM 10 CM l ·IO Heli-rp./cM ; MHHH-

MaJlbHblH qimoeHC e rrpoMe~Ke Me)K.a;y A3 IT])H paCCTOJl-
14 

HHJIX 10, 20, 40, 60 CM COOTBeTCTBeHHO 4,6· l 0 , 
14 14 14 2 

2,52·10 , 1,12·10 H 0,73·10 Heirrp./cM ; nonHaJI Macca 

cnnaaa a A3 248 Kr; 

- AHP 6e3 OT])a)((aTenll, c UHJJHH.llpHttecKKMH A3 

H3 cnnaaa ypaHa c 3 % MOJ1H6.a;eHa. lliHpHHa KMnym,ca 

Ha TTOJlOBHHe BbICOTbl B 3TOM A11P COCTaBJIJleT 40 MKC; 

qimoeHc Hel-iT])OHoe a nonocrn .n11aMe-rpoM 20 CM 

0,7·10
15

Hel-iTp.lcM
2

; MHHHMaJlbHbIH q>moeHC e npoMe­

)((YTKe Me)((.a;y A3 np11 paccTOJIHHH 10, 20, 40, 60 CM 
14 14 14 

COOTBeTCTBeHHO 5,28·10 , 2,77·10 , 1,23·10 H 
14 2 

0, 70· IO HeHT]).ICM ; TTOJlHaJI Macca cnnaea a A3 540 Kr. 

B uenllx onpe.neneHHJI K03q>q>HUHeHTOB rameHHJI pe­

aKTHBHOCTH H MexaHWteCKOro HanpJl)KeHHJI B paCCMOT])eH­

HblX AMP OT])a6oTaH MeTO.n MHOrorpyrrnoaoro pactteTa 

q>yHKUHH B03MYllleHHH peaKTHBHOCTH, YTO'IHeHbI paHee 

TTOJJY'leHHble H Hali,neHbl HOBbie aHaJJITTH'!eCKHe peweHHJI 

.llHHaMH'leCKHX 3a,natt TepMoynpyrocTH .llJlll cqiepbl H ,llHCKa. 

ABTOpbl C'IHTaJOT CBOKM .nonrOM Bblpa3HTb 6naro.nap­

HOCTb A . IT. 6oTOeoli Ja nOM011lb e pac'!eTax no nporpaM­

Me C-95. 
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AHOMAJIHH KPHTJlllHOCTH C:60POK C KOMII03HqHOHHI,IMH OTPA)KATE.IDIMH 

IO. H. lfepuyxuu, B. A. Tepexuu, C. H. CTpeJJbQOB 

P<D~-BHill1T<!>, 456770, r. CHe)KHHCK t.Jem16irncKoi1 0611., aJy. 245 

Ha OCHOBamrn paC'-leTOB, npoBe)leHHblX MeTO)lOM MoHTe-Kapno, nOll)"-leHbl peKOMeH,llaI.[IUI )lllll JKCnep11MeJITaJlbHOro no11cKa 11 
11CCJle)lOB8Hl1JI aHOMaJ111H KpHT11'JIIOCTl1 c6opOK BbJCOK006orameHHOro ypaHa, H113K006orameHl!Oro ypai1a 11 nnyro1111J1 C pa3ll11'-1HblMH 
KOMn03HU110HHblMl1 re-reporeHHblMH OTpa)l(aTeJll!MH HdiTpOHOB. On1e'-1eHo, '-!TO TaK11e HCCJle.!lOBaHHll MOryr npeJlCTaB)lj[Tb 1-lHTepec Jl)lj[ 
cneUHaJlHCTOB no ll)lepnoii 6CJonacHOCTl1 H eepH(pl-lKaI.(1111 C)'llleCTBYIOlllHX 6116J1HOTeK ll)lepllblX .uamlb!X. 

ANOMALfES OF CRITICALITY OF ASSEMBLIES WITH COMPOSITE REFLECTORS/ Yu. I. CHERNUKHJN, V. A. 
TEREKHIN, S. I. STREL'TSOV // On the basic of calculations made by Monte-Carlo method, recommendations were obtained for 
experimental search and study of anomalies of assembly criticality out of highly enriched uranium, low enriched uranium and plutonium 
with various composition, heterogeneous reflectors of neutrons. It was noted that such studies could present interest for the specialists of 
nuclear safety and verifications of existing libraries of nuclear data. 

B HaCTO.RIUee epeM.R HaKormeHO 60JlbWOe KOJlH'!eCTBO 

paC'-!eTm.rx 11 JKCrrepHMeHTaJlbHblX JJ,aHHblX O Kp11TH'fl-lOCTl1 

pa:rnoo6pa.3HbLX c6opoK C ,llenYilUKMHCY. MaTep11anaM11 

(,[(M), 113}"-leHT,I OCHOBHb!e 3aKOHOMepHOCTH :noro .!IBJleHJ.rn 

(cM., Hanp11Mep, [1-3]). OJJ.HaKo npoBe.lleHHblH e pa6oTe 

[4] aHanl13 HOKaJan, qTo B rrpo6neMe Kpl1TWlHOCTl1 cym.e­

CTByeT MHO)l(eCTBO, Ha nepBblH B3rll.RJJ., napa,llOKCaJlbHblX 

Jcp<j>eKTOB. OHM 110.II}"-IH.llH Ha.JBaH11e aHOMcl.llID{ Kpl1TMHO­

cn1. 5e3ycnoBHO, napa.llOKCaJlbHOCTb ecex BblJIBJJeHHh!X 

aHOMaJTHH KpHTHqHOCTH HOCl1T Ka)l(yl.Ul1HCY. xapaKTep 11 

ecerJJ.a KMeeT crporoe o6b.RCHeHHe. O6wrno OHH CBllJam,1 

C TeM, qTo ycnOBIDI JJ.OCTIDKeHl1.!I KpHTH'-IHOCT11 (K, cji = I) 
CJlO}l{HblM o6pa.JOM 3aBHCllT OT 6oJ!bWOro '-IHCJla pa.3H006-

pa3HblX cpaKTopoe: pa.JMepoe 11 npocrpaHCTeeHHOro pac­

rrpe.lleneHID! COCTaBHblX '-laCTeil: CHCTeMbI; IlJlOTHOCTH, Xl1-

M 111:feCKOro 11 1130TOTTHOfO COCTaea ,[(M; pa.36aeneHHJI .[{M 
l1HepTHblMl1 MaTepttanaM11; HaJlJ,f'-IHJl, XHMCOCTaBa 11 lUIOT­

HOCTH orpa}l{aTenei1 tteihpoHoe; B CJI}"-lae rpyrrnbr c6opoK 

H3 ,[(M - OT HeHTpOHHOfO BJaHMOJJ.eHCTBl1Jl Me}l{.ll)' Hl1MH H 

T. n. OTMe'-leHHbJe cpaKTOpbl JJ.0110JlH.!IIOTCfl He MeHee CJlO}l{­

HOH JHeproyrnoBOH 3aBl1Cl1MOCTblO Ce'-leHHH B3aHMO,[leHCT­

BH.!I HethpOHOB c eemeCTBaMH, BXOJJ.JtlllKMH e COCTae c6o­

poK, B c,rny qero aHOMaJTl1J1 KpHTlflUIOCTH qacTO 06fl3aHbl 

cneKrpanbHblM oco6eHHOCTllM JTHX Ce'-leHHH. 

nocne)lHee o6cTOl!TeJlbCTBO MO}l{eT 6b1Tb 11cnon1,3oea­

HO JJ.Jl.!I Jl0110JlHHTeJlbHOH cneKrpanbHO-l{)'BCTBHTeJlbHOH 

anpo6aum1 cymeCTBY!QlllKX 6116m10TeK Hei1rpoHHo-cp11311-

'-leCK11X KOHCTaHT, '-ITO HMeeT BIDl<HOe cpyHJJ.aMeHTanbHOe 

3Ha'-1eH11e. KpoMe Toro, 110HCK Ii 113yqem1e aHOMaJJHH KpH­

TH'-IHOCTH npe,llCTaBJlllJOT HeCOMHeHHblH npHKJtaD,HOH 11HTe­

pec, npe}l{JJ.e ecero JJ.Jl.R cneu11an11cToe no ll.llepttoi1 6eJo­

nacHocrn (516) e l1X noece)lHeBHOH npaKTHKe no npe./lOT­

epamemno HeO)l(}l,!J,aHHblX ll./lepHbIX 11HU11D,eHTOB, BeJJ.Ylll11X, 

KaK npaeHJt0, K TJl}l{eJlblM nocneJJ.CTBKJ1M. B JTOM nnaHe 
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0,[{HOH HJ HaH6onee HHTepeCHblX l1 HaHMeHee HCCJte.[{OBaH­

HblX aHOMaJlHH llBJl.ReTC.!I aHOManHfl KpHTl{"lfHOCTH c6opoK c 

KOMl103HUHOHHb!Ml1 HJlH reTeporeHHbJMH orpa}l{aTeJlllMH 

HeihpoHoe, cocTO.Rl.l.(HMl1 1-13 JJ.Byx HJIH 6onee cnoee. Cyn, 
ee 3aKJ110'-1aeTCll B TOM, lJTO npH HeKOTOpbtx ycnoBIDIX J<p­

<peKTHBHOCTb KOMl103HUHOHHOro orpIDKaTeJIJl C 110JlHOH 

TOJlLUHHOH T OKa3blBaeTC.!I Bblllle, 'leM y Jtl06oro O)lHOp0,!1-

HOro orpa)KaTeAA TOH }Ke TOJIIl{HHb) (7) 113 MaTep11anoe, 

BXO.WUIUIX B COCTaB KOMI103HUHOHHOro OTpIDKaTeM (no 

npHHUl1Tl)' "ny-qwe JI}"-llllero"). 

3aMeTKM, '-ITO 3cpcpeKTl1BHOCTb roMoreHHb!X ( OD.HO­

CJlOHHbrx) orpIDKaTeneit HeHrpOHOB e npo6JteMe KpKTHqH0-

CTl1 H3}"-leHa xopOlllO. Ka3aJJOCh 6bl, noro BflOJIHe JJ.OCTa­

TOlJHO JJ.Jtj[ pelllelIBJI eonpocoe JIB H e cny-qae oKp~eHJ,lll 

,[(M KOMn0311Ul10HHbIMH orpa}l{aTeJlflMH, COCTOH!IlUMH 113 

HeCKOJ!bKliX cnoee pa3Hb!X eemecTB, ecn11 KOMil03HUllOH­

HhlH orpa)KaTeJlb B oueHI<aX KpHTH'-IHOCTJ1 3aMeHHTb Ha 

COOTBeTCTBYIOllll1H 0./lHOpOJJ.Hhl_M OTpaJKaTeJlb l,{J eew,ecTBa 

C Hal1.II}"-IWKM11 (JJ.Jl.!1 KOHKpeTHOH KOMnOJKUHH) orpa>Ka­

TeJlbHblMH CBOHCTBaMH. KaK npaeHJIO, TaKM oueHKa KpH­

TH'-IHOCTl1 6yJJ.eT MIDKOpHpY!Qlll,eH ceepxy, HO He ecer,lla! 

3KcnepHMeHTbl C ncee,[{OC<pepaM11 H3 fHJJ.PHJJ.a BblCO­

KOo6orameHHoro ypaHa, OKpy}l{eHHblM11 JJ.ByxCJtOHHhlM 

oTpa}l{aTeneM H3 HHKen.11 (Ni) 11 npHpO./lHOro ypaHa (Ued, 
110Ka.Janli, '-ITO TaKOH KOMl103fil(HOHHblH OTpa}l{aTenb 113 

CJ!Oll Ni TOJTlll,HHOH - 1,27 CM H cneJJ.YIOmero 3a HHM T0Jl­

CTOfO CJ10J1 UeCT rrpKBO./l11T K MeHbWeH KpHTH"lfeCKOH Macce, 

'-leM KaJKJJ.b)H m JTHX OTpa}l{aTeJteH e OT)leJlbHOCTH [5]. 3Ta 

pa6orn flBHJlaCb nepBblM YKa.JaHHeM Ha cymecTBOBaHHe 

aHOMaJlHH KpHTl1"'-IHOCTl1 c6opoK C KOMnOJHUHOHHblMH 0T­

pa}l{aTeJlflMH. 

B pa6oTe [6] e pe3ynbTaTe npoeeJJ.eHttoro uenetta­

npaeneHHoro no11cKa 6b1na pacqeTHO o6Hapy}l{etta, a JaTeM 

JKCnepHMeHTaJlbHO nO)lTBep)l(JJ.eHa aHOMaJll-lJI KpHTH'-IHOCTH 
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c6opKH 113 BblCOK006ora1UeHHOfO MeTaJJJlH'ieCKOro ypaHa C 
.llBYXCJlOHHblM o-rpa)l(aTeJJeM, COCTOlllllHM H3 nOJJH)THJleHa 
1-1 6epH/IJIHll. bblJlO nOKa.JaHO, '-ITO Jcj>cj>eKTHBHOCTb TaKoro 
o-rpa)l(aTeJlll MO)l(eT 6b1Tb BbtUJe, tteM y 6epHJ1J1Hll 1-1 TeM 
6onee nomnrnnetta rrpu TOM )Ke TOJllUHHe T, <JTO H y KOM­
noJHUHOHHoro OTJ)8)1(aTeJJl! . .[vui paccMo-rpeHHLIX c6opoK c 

CH2 - Be o-rpa)l(aTeJJeM OTMe"!eHHblH Jcj>cj>eKT HMeeT MeCTO 

npu T > 4 CM, npH 3TOM OITTHMaJJbHall TOJIIJlJ.iHa rrpHJJe­
raIOmero K ,l(M CJIOll ITOJIH)THJieHa B KOMnOJHTe COCTaBJlll-

eT = I CM. ,lvill paccMo-rpeHHLIX c6opoK c Be - CH2 o-rpa­

)l(aTeJieM YKa.JaHHal! aHOMaJJHll B03HHKaeT npH 8 CM < T < 
< 20 CM, npH )TOM OTITHMaJJbHall TOJllUHHa BHeUJHero CJJO.sr 
nOJIH)THJleHa B KOMil03HTe COCTaBJllleT 3-4 CM. 

3.necb H .nanee B o6o3Ha'!eHHH COCTaBa KOMIT03HUHOH­
HOro o-rpa)l(aTeJill Ha nepBOM MeCTe YKa.JblBaeTc.sr CJJOH Be­
mecTBa, rrpHMb1KaI01Uero K ,l(M. 

UenbJO .nattHOH pa60Tbl l!BnlleTCll AaJibHem1urn noucK 
11 HJyqeHHe aHOMaJIHH KpHTW'IHOCTH c6opoK c .llByxCJIOH­
HblMH KOMIT03HUHOHID,IMH 0TJ)8)1(aTemtMH. Mccne.uoeaHHe 
6b1Jl0 npoee.neHO C ITOMOU]bJO pactJeTOB MeTO.UOM MoHTe­
Kapno. YttHTb!Ba.sr ITOHCKOBblH xapaKTep pa60Tbl, B pactte­
TaX onpe.ueJI.srJiaCb 3aBHCHM0CTb Jcj>cj>eKTHBHOro K03q>cj>H­

UHeHTa pa3MHO)!{eHl'UI HeJ:i-rp0H0B (K'.lcj>) B H,!leaJIJ.i3HpOBaH­

HLIX ccj>epH'!eCKH-CHMMeTJ)H'!HblX CHCTeMaX OT T0JllUHHbl 
0.llHOfO H3 CJIOeB K0Mil03HTa (t) npH cj>HKCHpoeaHHLIX 3Ha­

<JeHJ.i.srX pa.ueyca c6opKH HJ AM (Ro) H CYMMapHoJ:i T0JIIIIH­
HLI KOMIT0311UJ.i0HH0ro 0TJ)8)1(aTeJl.lf (1). TlpH 3TOM pa.neyc 

3HTil, npH TOJJIIII1He T Haxo.nHnaCb npHMepHO B KpHTHttec­

KOM coCTOl!HHH (K'.l<!JI RO, T = 1 ). Tor.n.a npH3HaKoM aHoMa­

JJHH 6y.ueT HaJIJ,fl{He MaKCHMYMa B 3aBHCHM0CTH K3<1J(I) rrpH 

O<t < T. 

Bbl'-IHCJieHH.sr cj>yHKUHH K3cj>(l) 6bIJ111 npoee.n.eHLI .llJlll 

CH2 - Be, Be - CH2; H2O - Be, Be - H2O; ZrH 1 6- Be, 

Be - ZrH1 ,6; CH2-BeO, BeO - CH2; Be -
238

U; Be - Ni; 

H2O -
238

U , 
238

U - H2O; CH2-
238

U; CH2- Fe KOMn03H­
UHOHHbIX o-rpa)!{aTeJieH npH cyMMapHOH T0JllllHHe KOMTI0-
3HTHB0B T = 12 CM 11 HecKOJILKHX cocTaeax AM: 
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- MeTaJJJIJ,i<JecKoro ITJIYT0HH.sr (Pu) - Puo,os, p = 

= 19 5 r /cM
3
· , ' 

- MeTaJIJlJ.itJecKoro e1,1coK006oramettHoro ypaHa 
235 3 

(BOY) - U 1 ,0, p = 18, 7 r /cM ; 
- MeTllJl.JIWlecKoro HH3Koo6orameHHOro ypatta c o6ora-

235 238 3 
meHJ.ieM E = 20% (HOY!) - Uo,2 Uo,8, p= 18,7 r/cM ; 

- MeTil.lUIH'lecKoro HH3Koo6orame1-01oro ypatta c o6ora-
235 238 3 

ll]eHJ.ieM E =IO% (HOY2)- Uo,1 Uo,9, p = 18,7 r /cM ; 

- HH3Koo6orameHHoro ypaHa c o6orameHHeM E = 4,4 % 
(HOY3) e roMoreHHOM CMeCH c C0CTaBOM, xapaKTepHblM 
.llJl.l[ 3aT0ITJJeIDILIX TeITJIOBLI,lleJJJIJOlllHX c6opoK peaKTopoe 

235 238 
BB3P-I000 - Uo,044 Uo,956 04,93 Hs,86 Zro,83, p = 

3 = 4,32 r/cM . 
B Ta6JI. I e KatJeCTee npHMepa rrpHBe.ueHLI peJyJILTaTbl 
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paet{eTOB .llJlll CHCTeMLI (cM. TaJOKe pHCyttOK) c CH2 - U 

Ro no.n611pancll TaKHM o6pa30M, 'IT06Lt CHCTeMa C 0.llHHM H CH2 - Fe K0MIT03HUl10HHbIMl1 o-rpa)!{aTeJlllMH. 
H3 O,llHOpO.llHLIX o-rpa)l(aTeJJeH, BXO.lll!IUHX B C0CTaB KOMilO-

T a 6n 11 ua I 
238 

3aBHCHMOCTb K3cj>(t) .llJlll CHCTeM c CH2 - U, CH2 - Fe K0Mil0JHUHOHHLIMH 0TJ)8)1(aTeJlllMH npH T= 12 CM 

K (la< 0, 1 %) 

I , CM CH2-LJ!Su CH2-Fe 
BOY HOYI HOY2 HOY3 BOY HOY! HOY2 HOY3 

0 0,997 0,997 0,998 1,000 0.889 0,925 0,973 0,975 
I 1,010 1,022 1,018 1.028 0,945 0,990 1,009 0,995 
2 1,020 1,057 1,048 1.042 0.968 1,017 1,027 0,999 
3 1,021 1,071 1,063 1,040 0.971 1,021 1.028 0,995 
4 1,014 1,068 1,065 1,031 0,967 1,017 1,025 0,992 
6 0,986 1,043 1,045 1,010 0,956 1,012 1,023 0,991 
12 0,950 1,005 1,021 0,986 0,950 1,005 1,021 0,986 

BOY, HOY 1-3 CH2 
235 238 

Uo,oos Uo,995 
l,')(IC,:.Y,tl,'fi' •','y'.' (',.',(,"~~I - -! / ·' '/,t:/ // //// '///'///I ::, r 
0 Ro Ro+ I R0+T 

P, r/cM3 0,9 18,7 
a 

BOY, HOY 1-3 CH'l Fe 

1~'>').. 'x'>NY',~,:,"'x'.v" ~ - - - .• - - b , 
\ ~' ' ' ' ' ' , ::, r 

0 Ro Ro+ I Ro+T 
P, r /cM3 0 ,9 6 7,8 

238 
Pac'!eTHWI cxeMa CHCTeM c CH2 - U (a) 11 CH2 - Fe (6) KoMno311u110HHblMH o-rpa)l(aTeJUIMH: BOY - Ro = 6 cM; HOY I - Ro= 16,5 cM; 

HOY2 - Ro = 31 cM; HOY3 - Ro = 23,3 CM; T= 12 CM 
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Aua.norn<tHhle pe3Y,nbTI\Tbl 6b1Jlll flOJl)'4CHbl II .nm, CHC­

TeM C JJ.pyrn.MH paCCMOTpeHHblMH KOM□0311UHOHHblMl1 OT­

pa)l(aTeJlllMH. O6061.UeHllO OHJ,f npeJJ.CTI\BJleHbl 8 IB6J1. 2, me 

t.K)<j, = K3it,(t,,,) - KJq>,,, > 0. 

3JJ.eCb ,,,, - TOJJUUfHa rrpHMblKaJOmero K Jl.M CJIOJI B KOM□0-

31-fTe, np11 KOTOpOH Ha6mo)laeTCJI MaKCH.MYM 8 3aBHCHMO­

CTl-f K3it,(t) np11 cp11KC11pOBaHHblX 3Ha'femuix cyMMapHOH 

TOJII.Ul1Hbl KOMn0311l.(110HHOfO OTpa)l(aTeJlJI T 11 pamryca 

c6opK11 Ro; KJ<j> m = max (K3it,1, K3qi2), a KJ<j,l, K34>2 - 3Ha-

4emu1 :icpcpeKTHBHblX K03cpcpHUHeHTOB pa.3MHO)l(eHIUI Hett-

-rpoHOB JlJHI TOtt )l(e c6opKH C paJJ.HYCOM Ro C ro11-10reHHhIMH 

OTpa>KaTeAAMl1 TOJllUlfHOH T, BXOAJ!l.UHMH B COCTaB JJ.Byx­

CJIOHHblX KOMIT0311l.(110HHblX OTpa)l(aTeJJeH, COOTBeTCTBeHHO. 

Attamt3 JTl1X )laHlfl>JX ITOKa.Jb1BaeT, 4TO aHOMaJJIH1 

Kpl1TW!HOCTl1 Jl.M C KOMIT03J,1U110HHblMl1 OTpa)l(aTeJlJIM11 

Ha6mo)lalOTCJI Jl,JlJI 60JlbllHIHCTBa paCCMOTpeHHblX CHCTeM. 

np11 3TOM npe8b!WeH11e :icpcpeKTHBHOfO K03cpcpHUHeHTa 

bHO 6b1na IT0JJ.-

CMbl, COCTOJUUCH 

KaK OTMe<teHO pattee, 3KCnepHMeHTa.Jl 

TBeplKJJ.eHa 11 aHOMaJJIDI Kp11TJ11.IHOCTH CHCT 

113 c6opKH BOY c CH2 - Be KOM□0311ll.110 

JJeM [6]. B 3T0H pa6oTe Ha ycraH0BKe <I> 
nneKT0M JJ.eTaneI1 POME ttccne.uosaHbr 

c6opK11 HJ MeTaJJJlJ,fl-JeCK0ro Bb!COK006ora 

(JJ.HaMeTpOM 20 CM) C 'fl1CT0 6epH11Jll1eBb 

pa)l{aTeJJeM c OAH0H cropoHbl 11 c CH2-B 

Hb!M 0Tpa>KaTeJJeM TOJllllHHOH TC .upyroH 

B.!lOJlb OCH CHMMeTpH11 c6opoK p8.36HBaJJ 

MepHO paBHbJe qacTH C 3a.30pOM h Me)l{.uy 

Mepemurx onpe.ue11J111acb 3aBl1CHMOCTb KPH 

HHblM OTpa)l{aTe-

KEH-M C KOM-

UHJl IIBJlpH'feCKHe 

mettttoro ypatta 

IM TOpUCBbJM OT-

e KOMIT0311U110H-

. AKTHBHaJI 30Ha 

acb Ha JJ.Be □pH-

HHMl1. TTpH 113-

TWJeCKOro 3a.JO-

B KOMIT03111.ll10H-pa (hKp) OT Tonm11ttb1 CH2 cnon ( tcH2 ) 

HOM OTpa)l(aTeJJe np11 ero cp11Kc11posaH 

TOJJIUHHe T. PeJyJJhTaTbl mMepem1H np11 

'feH11J1X T np11Be.ueHbl B Ta6JJ. 3. l•fa Ta6JJ 

.llJJJI 11ccne.uoeaHHhlX c6opoK 113 BOY c C 

HOH cyMMapH0H 

HCCK0JlbKl1X JHa-

H_l.(hl Bl1JlH0, 4TO 

H2-Be KOMn03R-

Ta6n11ua 2 

3Ha'feHllil M 34> 111111 .llJJJI c6opoK c BOY, HOY I - 3, Puc KOM□OJHUJ-toHHblMH o-rpa)l{aTeAAMH np11 T= 12 CM 

KoMnoJ11u110HHb1i1 
orpalKaTeJJb Pu BOY 

CH2-Be ~ 0,5-1/~ 0,5 

Be---CH2 ~ 9/~ I ~ 91~ 1,5 

H20-Be ~ 0,5/~ 0,5 

Be- 112O ~ 9- 10/~ 0.5 ~ 9/~ 0,5 

Zrll[6-8e ~ 0.5-1 ,5/~ 0.5 

Be-Zr!l1 ~ 8- 9/~ 0,5 ~ 9/~ I 

CH2-BeO ~ 0,5I~ I 

BeO-CH2 ~ 8/~ 1,5 ~ 8-9/~ 1.5 

Be-Ni ~ 10/~ 0,5 ~ 9-10/~ I 

~ 2- 3/~ I 

u ~ 2-3/~ 2,5 

C!l2-Fe ~ 3/~ 2 

pa.3MHO)l(eHIIJI HeHTpOH0B t.K:,<j> B CHCTeMaX C .usyxcnoH­

HblM11 KOMIT0311U110HHblMl1 OTpa)l{aTeJIJI.MH np11 O□THMaJJb­

HOM COOTHOWemrn T0JJJ.l.(11H cnoes, BXO.llJII.I(IIX B l1X COCTaB, 

Ha)l 3cpcj>eKn18HbJMl1 K03cpcpmmeHTaMl1 pa3MHOJKeHJ-UI HeH­

TpOHOB B CJICTeMaX C COOTBeTCTBYIOlUHMl1 fOMOfCHHbIMl1 

OTpa)l{aTeJIJIMli TOH )Ke TOJIUlH_Hbl (7) MO)l(eT 6bJTb )lOCTa­

TO'fHO 60JlbWl1M. 

KaK cne.uyeT 113 ra6n. 2, tta116onee CHJlbHO paccMa-rp11-

saeMblH 3cpcpeh."T aHOMaJJHl1 Kp11Tlf'-lHOCTl1 npOJIBJlJleTCJI Jl,JlJI 

c6opoK C HIIJK006orameHHblM ypaHOM. ,D.nJ1 HHX B c.nyqae 
238 238 U 

H2O - U 11 CH2 - U KOM□0311UHOHHblX 0TpaJKaTene11 c 

CYMMaptto!-l TOJJLUl1HOH cnoes T = 12 CM 3Ha'feHHJI M J<j, 
MOryT )lOCTllraTb 4-7 %. B pa6oTe [7] no.ny4eHbl 3Kcnep11-

MCHTaJJbHblC JiaHHblC, no.ureep)l(JJ.alOLU11C HaJJK411e 3TOH 

att0Man1111 Jl.JlJI c6opoK s s11JJ.e BOJJ.o3anontteHHblX peweroK 
238 

113 .!l110KCl1)la HIIJK006orameHHOfO ypatta C H2O - u 11 

H2O- Fe KOM□OJHUHOHHblMH OTpa)l(aTCJIJIMH. 
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,,,, (CM) IM() (%) 

HOYI HOY2 HOY3 

~1- 1,5/~3 -

~ 9/~ 3 -
~ 1- 1,5/~ 3 -

~ 91~ 1,5 -
~ 1,5/~ 4 -

~ 8-9/~ 1.5 -
~ 1- 1,5/~ 4,5 -

~ 8-9/~ 3 -

~ 10/~ 0.5 -
~ 3--4/~ 7 ~4/~ 4 ~ 2-3/~ 3,5 

~ 3/~ 6,5 ~ 3--4/~ 4,5 ~ 2-3/~ 4 

~ 3/~ 1,5 ~ 3/~ 0,5 -2/- 1,5 

HOCTH □pOJIBJIJI-UIIOHHhlM OTpa)l{aTeJICM aHOMaJJHl1 KpHTK'f 

IOTCJI np11 T~ 4 CM 11 TOJII.Ul1He CH2 CJIOJI / = 1-[,5 CM. 

Ta6JJHUa 3 

OY c CH2-Be 3asHCJ,1MOCTb hKp ( tcH2 ) Jl.JlJI c6opoK 113 B 

KOMIT03HUl10HHblM OTpa)l{aTeJJe M [6] 

/CH2• h ,MM 

CM T=2cM T=4cM T=8 CM T= 15 CM 

0 8,8 12,9 8,7 3,2 

0,5 8,7 13,4 9,7 4.0 

1.0 8,5 13.4 10,1 4,5 

1,5 8, 1 13,3 10,1 4,5 

2,0 7.7 13,0 9,9 4.3 

2.5 12,9 9.6 3,9 

3,5 8,6 3,0 

i 

I 

I 

I 

I 

I 

I 

'I 

I 



3aKmoqeuue 

Tipoee.neHHb1e pac'!eTbJ Jl.Illl 6onee 'ICM 250 ccpepWie­
CKH-CHMMeTPH4H.blX c6opOK li3 BblCOK006orameHHOro ypa­
Ha, HH3Koo6orameHHoro ypaHa (c o6oramettHeM HJOTonoM 
235U E ~ 20 %) Ii ruryTOHIDI C TOJlCTblMH (T = 12 CM) ,nsyx­
CJlOHHblMH KOMn03HWfOHHblMH OTpa)f(aTerurMH (CH2- Be, 

Be-CH2; H20-Be, Be-H2O; ZrH1 .6- Be, Be-ZrH1 .6; CH2-
238 . 238 238 

BeO, Be0-CH2; Be- U; Be-N1; H20- U, U-H2O; 

CH2- 238u; CH2-Fe; J,necb Ha nepaoM MecTe yKaJaH cnoi-f, 
npHMblKaJOlllHH K .nem,weM)'Cll MaTepHany) noKaJaJJH, 'ITO 
npH onpe.neneHHOM COOTHOIIJeHHll TOJJI.IlliH cnoea B KOMIT0-
3HUHOHHOM OTpa,)l{aTene TOJll[{HHOH T }lJlll 60JTT,WlfilCTBa H3 
HHX 3cpcpeKTHBHOCTb Bbl We, 'ICM ,llJlll roMoreHHbIX ( O,llHO­
CJIOHHblX} OTPa,)l{aTenei-i TOH )f(e TOJllllHHbl (7) H3 MaTep1ta­
JIOB, BXO,lllll[{l!X B COCTaB KOMfl03HUHOHHOro OTPa)f(aTeJIJI. 
Ha116011ee Cl1JlbHO 3TOT 3cpcpeKT npoKBJIJICTCll }lJlll c6opoK C 
IDl3K006orameHHbIM ypaHOM. B mrrepa,ype OH ITO.IT)"UUI 
HaJBaHHe aHOMaJIIDI KpHTH4HOCTH H paHee 6bIJJ OTMe'leH 
TOJlbKO B TPeX pa60TaX [3, 6, 8] . 

PeJyJibTaTbI HaCTO.lfllleH pa6oTbI .neMOHCTPHP)'IOT, 'ITO 
aHOMaJIHH KpHTwrHOCTH c6opOK C KOMTI03HUHOHHb[Ml1 OT­
pruKaTeJ'UIMH OTHOCllTCll K 'IHCJJY He HCKJIIO'IHTeJibHhlX, a, 
CKopee, ,llOCTaTO"IHO pacnpocrpaHeHHbIX llBJieHHH Ii fl03TO­
MY Jacny)l<HBalOT TlllaTeJlbROro RCCJJe,llOBaHlill. HHTepec K 
TaKHM 11ccne.noBaH.llllM BbJ3bJBaeTCll npe)f(,lle scero TCM, 'ITO 
OHH, Bo-nepBblX, MOryT .naTb .nonOJJHHTeJibH)'IO, cneK­
TPaJibH0-4YBCTBHTeJ1bH)'IO HHcpopMaUl{IO }lJIJI coeepweHCT­
BOBaHl1JI KOHCTaHTHOrO o6ecneqeHHJI HCHTPORHO-cpli3H-
4CCKHX pac"leTOB, llOCKOJJbK)' paCCMOTPeHHble aHOMaJIHH B 
3HatJHTCJlbHOM CTeneHH o6ycnoeneHbl CileKTJ)aJJbHblMH 
oco6eHHOCT.lfMH Ce"ICHHH B3aHMOJleHCTBHll HeHTPOHOB C 
MaTepHanaMH, BXO,lllllll,liMH B COCTaB c6opoK C KOM1103HID{­
OHHblMH OTPruKaTeJillMH. I1 B0-BTOpblX, HCCne.noaaHHJI atto­
MaJIHH KpHTH'IHOCTli c6opoK C KOMfl03HUHOHHblMH OTPa-

)f(aTeJJJIMH HMCIOT BruKHOe rrp11JU1a)lHOe 3Ha'leH.11e }lJIJI pe­
WCHHJI 3a,na4 06ecnetJeH11J1 ll.ZlepHOH 6e3onacttocT11 npH 
o6pameHHH C ,neJIJII.IlHMHCll MaTep11anaMH. 

CnucoK JIHTepaTypbl 

I. ,lzy6oacKHH E. r . 11 .np. Kp11TH'ICCKHe napaMeTpb1 
CHCTeM C .neJJlllllHMHCll aeruecTBaMH 11 ll,nepHaJI 6eJonac­
HOCTb. CnpaaotJHHK. - M.: ATOMHJJlaT, 1966. 

2. ,[(HeB JI. B ., P.11JaHOB 6. r., Mypawos A. n. H .np. 
Kp11TH"ICCKHe napaMeTPbl .neJJ.Hlll,HXCll MaTepHaJIOB 11 ll.Zlep­
Hall 6e3onacHOCTb. - M.: 3tteproaTOMH3.llaT, I 984. 

3. Paxton H. C., Pruvost N . L. Critical Dimension of 
. . 235 239 233 

Systems Contammg U, Pu, U. Report LA-10860-
MS. - LANL, 1987. 

4. Clayton E. D. Anomalies of Criticality. - Nucl. 
Techn., 1974, vol. 23, p. 14. 

5. Linenberger G. A., Orndoff J. D., Paxton H. C. En­
riched-Uranium Hydride Critical Assemblies. - Nucl. Sci. 
And Eng., 1960, vol. 7, p. 44. 

6. Chemukhin Yu.I., Perezhogin V .D., Teryokhin V .A . 
Et al. Composite Polyethylene-Beryllium Neutron Reflec­
tor. Anomaly of Criticality. - Proceedings of the Fifth In­
ternational Conference of Nuclear Criticality Safety. Albu­
querque. - USA. 1995, vol. II, p. 12.30. 

7. Bierman S. R., Clayton E. D. Criticality Experi­

ments with Subcritical Cluster of 2.35 and 4.31 wt% u235 

Enriched UO2 Rods in Water with Steel Reflecting Wale. -
Nucl. Technol., I 981 , vol. 54, p. 13 I. 

8. Coonfield D. C., Tuck G., Clark H. E., Ernst B. B . 
Critical Mass Irregularity of Steel-Moderated Enriched 
Uranium Metal Assemblies with Composite Steel-Oil Re­
flectors. - Nucl. Sci. and Eng. 1970, vol. 39, p. 320- 328. 

CTaTbll nocrynHJJa a pe.naKUl110 22.03 .2004 r . 



Y,D;K 536.71 

K OIJ,EHKE OIITIIMAJThHhIX YCJIOBHH BOCilPOH3BO)I:CTBA 233U H3 232Tb B KBC 

r. A. Heanoe, A. B. JlyKun, )I:. B. XMeJJbHH1-KHH 

P<D5I.LI;-BHMJ1T<I>, 456770, r. Ctte)J(l,tHCK lJem161-1ttcKoi1 o6n., ah. 245 

233 232 
Onpe.ueneHbl OITTHMaJlbHble ycnOBHll eocnpoHJBOJlCTBa u lf3 Th B Korne BHyrpeHHero cropaHHll. CornaCHO oueHKaM TJ)e6y-

CTCll pacnonOJICeHHe 6nattKeTa e6m-1J11 OT HCTO'IHHKa HeHTpOHOB, 06ecne'leH11e B 6naHKeTe JIOCTaTO'IH0 JICeCTKOro :mepreTH'leCKOr0 
D 2 _ ll3 

cneKTpa 11eHTp0HOB If 8btropam111 Th JIO ~ 50 %. B 3TOM CJty'lae noTeHUHaJlbHO llOCTH)l(HMblrl BblX0JI u MOJICeT COCTaBITTb ~ 25 % 
23~ 

OT nepB0Ha'laJlbllOro 'IHCna llJiep -Th. 

ON ASSESSMENT OF OPTIMAL CONDITIONS OF REPRODUCTION OF 233U FROM mTh IN INTERNAL 
COMBUSTION REACTOR/ G. A. IVANOV, A. V. LUKIN, D. V. KHMEL'NITSKI II Optimal conditions of reproduction of 233U 
from 232Th in the internal combustion reactor are determined. According to the assessments there should be positioned a blanket near the 
neutron source, supplied a hard energy neutron spectrum and burnt-out of 232Th up to~ 50 % in the blanket. In this case the potentially 
achievable yield of 233U can be ~ 25 % from the initial 232Th nuclei number. 

O.nHHM HJ ea)l{HhtX eonpocoe pa3pa6onrn JaMKHyroro 

TOnJUlBHOro UHJ<Jla B3pb1BHOH .neArep11eeoA 3Heprern.KH [I] 
232 233 

irnm1eTCH 06ecneqeH11e KOHBepcm-1 Th a U. 

Ouemm OITTHMaJlbHblX ycnOBIIB TaKOH KOHBepc1111 
232 

BblITOJJHeHbl B npe.llJ!O)KeHH11, '!TO 6JJaHKeT 113 Th ycTa-

llOBJJeH B Henocpe.ncTBeHHOH 6mlJOCTH OT B3pb1BHOrO ycT­

pOHCTBa H nona.naiomwe a 6JJaHKeT HeHTPOHbl WMelOT O.UH-
232 

HaKOBYJO 3HeprWIO. B 3TOM cny11ae KOHUettTPaUHH Th H 
233

Th COOTBeTCTBeHHO N 2 ( r, t) H N 3 ( r , I) B TO'!Ke r B 

MOMeHT epeMet-111 I y.uoBJJeTBOpl!lOT ypaetteHHllM 

dN2 (r,t) 
dt 

dN3 (r,t) _ _ _ _ 
-~dt~ = q,(r ,t)cr2N2 (r ,t) - q,(r ,t)cr3N3 (r ,t) ; 

N2 (r,I = 0) = N20; N 3 (r,I = 0) = 0. 

(I) 

232 
3 .uecb cr2 - MH:KpocKomf'!ecKoe ceqem1e Th(n, y)- pe-

aKuI111; cr3 - cyMMa MHKpOCKOnH'!ecKtrx ce11ettwi1 norno­

meHwH tteHTPOHOB H.npaMH 
233

Th a (n, y)- H (n-, /)- peaK­

U(,U!X [2]; q>(r, t) - ITJ!OTHOCTb ITOTOKa HeHTPOHOB B T04Ke 

;: B MOMeHT epeMeHl1 / . 

,[vlll oueHKH ycnoel111, np11 BblITOJJHeHHH KOTOpblX B 

6 - mTh JJaHKeTe .UOCTllraeTCll MaKCHMaJlbHbll1 BblXO.U Ja 

epeMH pa60Tbl TepMOH.Uepttoro HCT04HWKa HeHTPOHOB, on­

pe.uenlleTCH COOTHOWeH11e Me)K.uy KOHUeHTPaUKl!MII 

N2 (r,t) w N3 (r,t) B npowJBOJlbHblH MOMeHT epeMeHH. 

.l(eneHwe Ka)K.uoro HJ ypaeHeH1111 (I) Ha N 20 - nepeotta-

232 
4aJlhttyto KOHUeHTPauw10 Th, 11 no'tJJeHttoe .ueneHwe 

BToporo ypaeHeHID! Ha nepeoe .uaJOT 

29 

dy = - I+ k!..-
dx x ' (2) 
y(x =l) =0. 

N2 (r,t) 232 
3.uecb X = --~ - .llOJlll H.Uep Th ( OT ~IX nepe0Ha-

N20 
'laJlbHOro 4WCJJa) B TO'!Ke r, He WCITbITaBJ.llHX H.UepHoro 

N3(r,t) 
npeepameHllil K MOMeHTy t; y = --'-~ - .llOJ!H ll.llep 

N20 
232 

Th (oT wx nepaoHa4aJ1bHOro '!HCJJa) a T04Ke r, npeepa-

THBWHXCH B pe3yJ!bTaTe HeffTPOHHblX peaxu1111 B H.Upa 
233 

Th, HO He yqacTBOBaBWHX B .upyrnx H.UepHbfX npeepa-

w.eHIDIX, T. e . ITOTeHUHaJlbHblH BblXO.ll H,llep 
233

LJ B e,lll1Hli­

UaX N20 K MOMeirry t; k = cr3 / cr2 - OTHOWeHHe M11KpO-

CKOITH'leCKHX ce4eHHH 3axeaTa HeHTPOHOB HllpaMH 
233

Th tt 
232Th. 

PeweH11e ypaeHeHIDI (2) HMeeT BHJJ. 

_ X (I k-l) y - -- -x . 
k-1 

(3) 

ITp11 3a.uaHHoM JHa'!eHW11 napaMeTPa k MaKCHMaJlbHOe 

JHa-lfeHwe y = Ymax .UOCTWraeTCH ITpl-1 3Ha4eHHW X = Xmax , 

cooTBeTcTByIomeM omHMaJlbHOMY Bb1ropattl{JO 
232

Th, 

paBHOMY 1-Xmax : 

I 

( 
I )k-1 

Xmax = k ; 
k 

= Xmax = (J.)k-1 
Ymax k k · (4) 

1'13 nocne.UH11X COOTHOWeHHH cne.uyeT, 4TO MaKCH-
233 

MaJlbHhltt BblXO.U Th B 6JJaHKeTe Ymax 11 COOTBeTCT-



BYJO!Uee BbirOpam,e Cblpbesoro HJOTOna 1- Xrnax OllHO-

3H8lJHO onpellemnoTCR OTHOWeHHeM cet.JeHHll HeHTPOHH.blX 

peaKUJiH k = cr3 / cr2 ' B KOTOpblX BbirOpaeT ( 0-3) H 06pa-

3yeTCR (cr2) 
233

Th. CneeyeT OTMeTHTb, 'JTO :no yTBep>Klle­

HHe cnpaBellJIHBO .llJUI mo6ow TOYKH 611aHKeTa a mo6ow 

MOMeHT speMeHH np11 npOHJBOJJbHOM pe>KHMe 0611Y4eHID1 B 

ycJJOBIDIX KOpOTKOro HeHTPOHHOro HMnyJJbCa. MaKCH­

MaJibHOe JHa'JeHHe Yrnax ""0,368 llOCTHraeTCR npH JHa'Je-
232 

HHH napaMeTPa k = l , npH 3TOM Bbtropam,e Th llOJJ>KHO 

COCTaBJJRTb I - Xrnax "" 0, 632 . 
232 233 

AHaJIHJ JaBHCHMOCTH ceqeHIDi Th(n, y)-, Th(n, 

y)- 11 
233

Th(n, /)- peaKUHH noKaJaJJ, 'JTO Ha11MeHLwee JHa­

YeHHe napaMeTPa k = a3 I a2 , pasHoe ~ 2, llOCTHraeTcR a 

0611acrn 3HeprnH HeHTPOHOB 40- 200 3B S: E:,; 2 M38 [2). 
113 <j>opMyn (4) cneeyeT, qTo np11 k"" 2 JHat.JeH11J1 

Xmax ""0,5 H Ymax ""0, 25. TaKHM o6paJOM, KOHCTPYKUHR 

611aHKeTa llOJJ>KHa o6ecnet.JHBaTb 3HepreTK'JeCKHH cneKTP 

HeHTPOHOB C M8KCHMYMOM B 0611acn1 BbHIJe ~ 200 38 H 
232 

BbtropaHHe Chlpbesoro KJOTona ( Th) llO ~ 50 %. 8 3TOM 

cny4ae oueHKa npellCKaJblBaeT noTeHJ . .(HaJJhHO BOJMOlKHbIH 
233 

BbIXOll Th llO ~ 25 % OT nepBOH3l{aJJbHOro q11c11a Rllep 

232Th. 

232 
IlpH cet.JeHKH Th(n, y)-peaK111n1 cr2 - 5 6apH .llJUI 

llOCTIDKeHl1JI BbffOpaHl1JI I - Xmax - 0, 5 TPe6yeTCR q>moeHC 

HeHTPOHOB (j) - ( I - Xmax) I cr2 - 0, 5 · 1024 
CM -

2
. IlpH 

B3pbme YCTPOHCTBa KBC (KoTeJJ BttyTpeHHero cropaHMR) c 

3Heprosb1lle11em1eM 25 KT THT H BhIXOllOM S - 3 • I 025 

HeirrpoHOB [I] TPe6yeMblH q>moeHc o6ecne•msaeTCR Ha 

paCCTORHHH R "" ✓ s - 5 CM. CJJellOBaTeJJbHO, 6JJH3KJ1e K 
41tq> 

OnTHMaJJbHblM BblropaHHe Cblpbesoro HJOTona J,f BblXOll 

RllepHoro rop10Yero a yc11os11Rx KBC BOJMO>KHbl. 6eJyc-

11osHo, 3TH JHa'JeHHR nonyt.JeH.bl C nOMO!UhlO llOBOJJbHO 

rpy6b[X oueHOK 11 nOllJle>KaT YTOYHeHKIO. 

TaKHM o6paJOM, a peJyJibTaTe oueHOK onpelleJJeHbl 

onTHMaJihHble YCJIOBHR socnpOHJBOllCTBa llllepHoro rop!O­

t.Jero a yc11OB11J1X KBC. CornacHo oueHKaM 3TH ycnosHR 

BbinOJJHRIOTCR npH BOJMO>KHO 6JJH3KOM pacnOJJO>KeHHH OT 

HCTO'lHHKa HeHTPOHOB, o6ecne<JeHJ-rn a 6naHKeTe llOCTa­

TO'JHO >KeCTKOro 3HepreTH'JeCKOro cneKTPa HeHTPOHOB 

(c 3HeprnRMH 40- 200 38 S: Es: 2 M38) H BbrropaHKll 
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Cblpbesoro HJornna ( Th) llO ~ 50 %. IloTeHJJ,HaJibHO 

llOCTIDKHMbIH BbIXOll 
233

Th npH 3TOM MO>KeT COCTaBHTb llO 

~ 25 % OT nepBOH8l{aJJbHOro lJJ,fCJJa 11.nep Cblpbesoro 1'13O­

TOna. 
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METO,ll;HKA O1.(EHKH CTEIIEHH 3AII(HII(EHHOCTH IIO)J;3EMID>IX BO)]; OT 3ArPH3HEBIDI 
B P AHOHAX CK.JIA,[l;IIPOBAHIDI OTXO)J;OB ATOMHOH IIPOMLIIDJIEHHOCTH 

B. H. Cepreee, T. r. lliuMKO, M. JI. KyJJewoea, E. B. IleTpoea, H. IO. CTenanoea 

fY HHMU. M11H11cTepcrna 06pa3osaHHR P<l> "Ea:mc", r. MocKBa 

Me-rOJUIKU OCHOBaHa Ha 11cnonb3OBaHl111 rpyHTOBOH TORIUl1 3O111,J a:Jpau1111 8 KalfeCTBe reOXHMH'leCKOfO 6ap1,epa Ha nyrH pacnpo­
CTpattemu1 pa.n.uoaKT11sH1,1x JneMeHTOB. Ha ocHosru11111 KOMnneKca na6oparopHbIX 11ccnenosamri1 pa3pa6ora11 cnoco6 Kon1111eCTseH11ol1 
O11eHK11 npc.nenbIIO .nonyCTHMOH rex11ore1111oi1 Harpy3Kl1 Ha rpyHTOBYIO TOnmy 8 3OHe ll3paw111. 

TECHNIQUE OF AN ESTIMATION OF A DEGREE OF SECURITY OF UNDERGROUND WATERS FROM 
POLLUTJO IN THE AREAS OF DUMPING OF WASTE OF THE NUCLEAR l DUSTRY /V. I. SERGEEV, 
T. G. SHIMKO, M. L. KULESHOVA, E. V. PETROV A, N. Yu. STEPANOVA // The technique offered by authors is based on using 
of foundation layer in aeration zone as a geochemical barrier to the downward migration of radioactive elements. On the basis of a com­
plex of laboratory works the method of a quantitative estimation of maximum-permissible technogenic load on foundation layer in aera­
tion zone is developed. 

BeeAenue 

YlfaCTKH CKJ1ai:u,rpoeamu1 pa.1n10aKTHBHblX OTXOJlOB 

(PAO) 0Ka:ir,rnat0T OTI)H1..\aTeJ1b11oe BOJJlelicrnHe Ha OKpy­

>KatOlll)'lO cpeJlY, B TOM lfHCJJe Ha OJlHH H3 ee Ba)l(HeHWIP( 

KOMnOHeHTOB - ITOJl3eMHble BOJlbl [I, 2, 3], HBJU[J()JIUJeCH BO 

MHOrnx paHoHax crpaHbf HCTOlfHHKOM ITIITbesoro BOJlOCHa6-

)l(eHHH. B peJyJJbTaTe HH<pHJlbTI)au,rn >KHJlKOH <paJbl OTXO­

JlOB, COJlep)l<all.lHX pamioaKTHBHble JJleMeHTbl, lfepe3 rpyH­

TOBOe OCHOBa~me npOHCXOJ:lHT 3arpH3HeHHe non_JeMHblX BO,ll. 

flpe.llJlaraeMcUI MeTOJlHKa CTaBHT ceoeli ueJJblO HC­

ITOJlb30BaHHe HaKoruTeHHoro onbrTa no pewemno npo6neM 

JalUHTbl ITO,ll3eMHhlX nprrpO.llHblX B0.ll OT 3arpH3HeHH.II B MeC­

TaX CKJJaJ:ll-ipOBaHHH npOMbIWJieHHbIX OTXO,llOB, co.nep>KaIUllX 

pam1oa1rrHBHble JJJeMeHTbl - 3arpH3HHTeJJ11 no.nJeMHblX 80,ll. 

Heo,llHoKparno anpo6HpoeaHHbIH npe.llJlaraeMbif1 cnoco6 

3all.ll1Tbl OCHOBaH Ha HCITOJlb30BaHHJ1 rpyHTOBOH TOJJIUl1 

30Hhl a.Jpau1111 B OCHOBaHIIH MeCTa CKJ1a,u.11poeaHH.11 OTXO,llOB 

e KalfeCTBe ecTeCTBeHHOfO reoXHMHlfeCKOfO 6apbepa .llJJH 

3arpH3Hl1TeJJeM no.nJeMHhlX BO.U. [4]. Tio.n 30HOH a.Jpaum1 

ITOHHMaeTCH eepxHHH 30Ha 3eMHOH o60JJ04KH Me>KJlY ,llHeB­

HOH noeepXHOCTblO 11 noeepXHOCTblO rpyHTOBbIX 80.ll. 

KoMITJJeKC TeopeTHlfeCKJfX H JKCnepHMCHTaJJbHblX HC­

CJJeJlOBaHHH, BblITOJIHeHHblH KH>KeHepaMH-reonoraMH, 

rpyHTOBC.l:(aM11, rn.u.poreonoraM11, remmMHK3MH, XliMHKa­

MH, MaTeMaTHK3Ml1, IT03BOJIHCT ocymecTBJIHTb o60CHOBaH­

llb(H BbI6op MeCTa CKJlaJlHpoeaHJUI OTXOJlOB 11 o6ecnelfH­

BaTb B OTHOWeHl1J1 ITO,ll3eMHblX BO.II. 3KOJIOfl1lfeCKYIO 6e30-

naCHOCTb MeCTa HX CKJ1a,u.11poeaHH.11. TaKOM Bbl60p 6a:i11py­

eTCH Ha KOJIH'-IeCTBeHHOH oueHKC CTeneHH 3all.lHIUeHHOCTH 

no,u.JeMHbIX eo.u. or 3arp11311e111111 e npeJleJJax ecett nnomam-1 

npoeKTHpyeMoro Mecra CKJJaJlHPOBaHHH 11 OT,lleJJbHblX ero 

Y4aCTKOB. KoJJl!lfeCTBeHHaH oueHKa BKJIIOlfaeT pac4eT npe-
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,u.eJJbHO .u.onycTHMOro epeMCHH JKCITJ1yarau1-rn Mecra CKJia­

LlHpOBaIDUI (npH 3a.uaHHOil TeXHOreHHOH HarpY3Ke). Tio.u 

npe,llCJlbHO .nonycntMblM epeMeHeM 3KcnnyaTau1111 ITOHH­

MaeTCH epeMH, B TelfeHHe KOTOporo 11CKJIJO"ICHO 3arp.113He­

HHe ITO,ll3eMHblX 80,ll Jll06blM 113 BblHBJJeHHhlX pa.11.KoaJ<THB­

HhlX )JleMeHTOB. 

Tip11 oueHKe CTenemt 3all(lllileHHOCTH TIO.U3e.MHblX 80,U. 

OT 3arpH3HeHHH YlfKTbIBaeTCH ITOfJJOll(a!Oll(aH cnoco6HOCTb 

ecex JIHTOJJOfWlCCKl1X pa3HOCTeH, CJJafaJOl.l.(HX rpyHTOBYfO 

TOJII.l.lY 30Hhl a3paUH11, a TaK>Ke HCKyccTBeHHoro rJJl1HKCTO­

ro 3KpaHa, ecmt OH npeJlYCMOrpeH, B OTHOWeHHH BhlJIB­

JJeHlfbIX 3arpH3HHTeJieH H MHrpaUMOHHhle napaMeTpbl no­

cnenIDrX. 

Heo6xomtMble nIDKe11epuo-reo.rroru'lecK11e 

MaTep11aJJbJ npu OQeHKe rpynTOBOH TOJIUUI 30Hbl 
a3paQUH e Ka~1ecTee reoxnMH'lecKoro 6apbepa 

fpyHTOBaH Tomua 30Hbl a.Jpau[,J[,J Ha TeppKTOp1111 .neli­

CTBYfOl.l.(ero HJ111 npoeKTHpyeMOfO MCCTa CKJ1a,u.11poeaHHH 

PAO .u.om,rna 61,1Tb no.npa:i.nenetta Ha KBa.JHO.!J.HOpO.llHhle 

Y4aCTKl1 - no reHe3HCY, Ha6opy JlHTOJJOfHlfeCKHX pa:iHO­

CTeH, cocTaey 11 crpoemno. B npe,u.enax 01,1.neneHHOro Y4a­

CTKa CJ1arat01.ID1e ero Jll1TOJ!OfHlfeCKl1e pa:iHOCTH 30Hbl 

a3pau1111 MOryT OTJJHlfaTbCH TOJlbKO MO!llHOCTblO. ,[vIH Bbl­

nOJJHeHIDl TaKOH pa60Tbl Heo6XO,llKMO npe>K,u.e ecero HMeTb 

JIIITOJJOflflfeCKYfO H TOITOJJOrHlfeCKYfO KapTbl, a TaK>Ke Kapry 

lfeTBepTHlfHblX OTJJO>KeHHH Macwra6a He Mettee I :5000. 
np11 OTCYTCTBHH TaKlfX KapT B npe.nenax Tepp11TOpHH nei1-

CTBYfOIUero HJJH npoeKTHpyeMoro Mecra cKJia.U.HpoeaHH.11 

PAO Bb!ITOJIHHCTCH COOTBeTCTBYJOI.l.laH CbeMKa. reoJJOfl{lfe­

CKaH, fK.11.pOreoJJOfHlfeCKaH 11 Kapra 4eTBepTI1'1HbLX OTJJO­

)l{CHHH .U.OJJ>KHhl conpOBO>K,U.aTbC.11 pa:ipe3aMH. 



0epe411CJleHHble MaTepHaJibl SIBJHflOTCSI OCHOBOH .llJ(SI 

BbI6opa KOJIH4eCTBa pa.3ee,no4HblX CKBall<H.H Ha TeppHTOpH.11 

npoeKrnpyeMoro MecTa cKJ1a.n.11poeal-iH.S1 PAO. Kon.114ecrno 

CKBa>l<HH onpe.neJU1eTCH He06XO,llHMOCTblO pellleHH.SI cne­

A}'lOl.l.lHX 3a,na4: 

- B 30He a3paUHH Ha TeppHTOpHH rrpoeKT11pyeMOfO 

MeCTa CKJJa.D.HpOBaHH.SI PAO D.OJJ>l<Hbl 6b!Tb Bb!SIBJICl-ibl see 

mITOJJOrH4eCKHe pa.3HOCTH, cn.araiom1-1e ee; 

- no Ka>l<}lOH JJ.HTOJJ.OfH4CCKOH pa.3HOCTH He06XO,llHMO 

HMCTb }laHHbJe 06 lf3MeHeH.HH ee MOl.l.lHOCTH B npe.nenax 

TeppHTOpH.1-1 npoeKTHpyeMoro MeCTa CKJ1a.n1-1pOBaHH.SI 

- 113 ecex Jll-lTOJJ.Orl-l'leCKIDC pa.3HOCTeH }lOJJ.>l<Hbl 6bITb 

oTo6paHLJ o6pa3Ubl rpyHTa .llJIH cneJ..U1aJJ.bHLIX 1-1ccn.e.n.oea­

HH.H, BblnOJJ.HCHHIO KOTOpblX npe.nrnecTByeT onpe.n.en.em,e 

MHHepaJibHOfO J,f rpattyJJ.OMeTPH4eCKOro COCTaea. 

Ha OCHOBamm nony4eHHLJX MaTepl-taJJ.08 CTPOHTCH Kap­

Ta cneUJ,laJibHOfO H.H>l<eHepHo-reOJJ.OfHl!eCKOfO paifoHHpoea­

lUIJI, Ha KOTOpOH BbJ}lemDOTCSI KBa3HOAHOp0JlHbJe Y4aCTKH. 

Mo,11,ennpoeaaHe opoo.ecca MHrpao,HH pa,11,HoaK­
THBHbIX JJieMeHTOB (TeopeTHtteCKUe OCHOBbl) 

PellleHHe npOrH03HblX 3a}la4 no oueHKe pa60Tbl rpyH­

TOBOH TOJll.l.lH 30Hbl a3paumr B Ka4eCTBe reoXHMH4eCKOfO 

6apbepa Ha nyTH pacnpOCTPaHeHHR pa.n11oaKTHBHblX JJJ.e­

MeHTOB 6a3HpyeTCH Ha KOMilJieKce n.a6opaTOpHb1X pa6oT, 

TI0380Jlj{J()l.l.lHX ITOJJY41-!Tb ,naHHbJe .llJISI pac4eTa MHrpaUHOH­

HbIX napaMeTPOB 3arp.R:3ID!TeJTeH, 1-1 MaTeMaTH4CCKOM MO­

.neJJ.Hpoeamrn rrpouecca pacnpocTPaHeHIDI JJJ.eMeHTOB-

3arpa3HHTenetl: e rrpe.nenax JTOro 6apLepa. 

OJlH0CJJ0HHaSI rpyHT0BaSI T0Jiuta. MaTeMaTH4CCKOe 

MOJleJJ.HpoeaHHe rrpouecca MHrpaUHH 3arp.R:3ID1Ten.e11 e 

rpyHTOBOH TOJll.l.le 30Hbl a3pau1,rn B OCHOBaHH.H MeCTa CKJla­

JlHpoaaHH.R: OTXO}lOB OCHOBaHO Ha HCTIOJJ.b30BaHH.H MO,nen.11 

MHKpOllHCnepcm, [5, 6]. ,lvul OITHCaHIDI 3TOii MO}leJJH HC­

ITOJlb3yeTC.R: CJTe.nyIOmasr CHCTeMa .nmt>clJepeHUHaJibHblX 

ypaaHeHHH J,f rpaHH4HblX ycnOBHH: 

n dc(x,t) = D d
2
c(x,t) -v dc(x,t), (I) 

dt c1x2 dx 

r.ne ' - epeM.R:; ' > O; X - paCCTOSIHHe BllOJlb nyrn qJl11lbTPa­

U11H O <X < CXl. 

Ha4aJibHOe ycJTOBHe: 

c(x, 0) = c0 - qJOHOBaR KOHUeHTPaumr. 

fpaHl.ftfHLJe ycnoeH.R:: 

C ( 0, I) = co - HCXOAHaR KOl-iUCHTPaUH.R: B T04Ke X = 0 ; 

C ( CXl, I) = c0 - HCXO}lHaSI KOl-iUeHTPaUH.R: B T04Ke X = oo, 

r.ne n - 3qJqJeKTHBHaSI nopHCTOCTb; D - KOJ<!><!>HUHeHT 

MHKpo.n0cnepc11.11; V - CKOpOCTb <1>111lbTpaUHH. 

,[vu1. peweHH.11 llaHHOii CHCTeMbl HCnOJJ.b3yeTCSI HHTe­

rpaJibHOe npeo6pa.Joeam1e JlaITJ1aca - KapcoHa, Kornpoe 

Ja.n.aeTC.11 B BH}le 
CX) 

c =p f c(t) exp(-pt)dt , 
0 

(2) 

r.ne p - napaMeTP npeo6paJoeaHJ-ut. PellleH11e HMeeT BM: 

c(x, t)-co I ( ✓ 2 ) c(x, t) = 
0 

=- erfcE,+exp(Pe)erfcE, +Pe, 
C -Co 2 

(3) 
nx-vt vx 

r.ue C, = JD;; ; Pe = - - 4HCJTO TieKJJe; C ( x, I) - OTH0-
2 Dnt D 

CHTeJTbHal! KOHUeHTPaUHR; 

2 CX) 

erfc(x) = , f exp(-x
2 )c1x. 

-..J1t X 

B rpyHTOBOH TOJUUe 30Hbl a3paUHH, □pe,nCTaBJJ.eHHOH 

cyrmtHHCTblMH OTJJ.O>l<eHHRMH MOl.l.lHOCTblO I M 11 6on.ee, 

qiopMKPYIQTCSI TPH o6JTaCTH OTHOCKTeJJ.bHblX KOHUeHTPa­

UHH 3arpS13HHTe11.11: I) c = l; 2) 0 < c < I; 3) c = 0. B 3TOM 

crry4ae BTopoe c11araeMoe ypaeHeHID! (3) CTPeMHTCll K 0, H 

HMeeT Mecrn np1-16n11>1<eHHoe pelllemIe 

c(x, t)-co I 
c(x,t)= 

0 
=-erfc(E,). 

C -Co 2 
(4) 

JTO peme1rne rrpH H3BeCTHblX MHrpaUHOHHblX napa­

MeTPax IT03BOJJ..lleT onpeAeJJ.IITb KOHUeHTPaumo 3arp.R:3HH­

TeJI.R: a mo6oii MOMeHT apeMeHH a mo6oii TOl[J(e nopoeoro 

npOCTPaHCTBa rpyHTOBOH TOJll.l.lH, 4epe3 KOTOpy10 <pl11lbT­

pyeTC.!I >l<HJlKaSI <!>a.Ja OTXO}lOB. 

Pean1uau11sr pewemIsr (4) onpe.nen..R:eTC.R: B03MO)l{HO­

CTblO norry4eHH.R: MHrpaurmHHblX napaMeTPOB BblllBJJeHH.bLX 

3JleMeHTOB-3arpl!3mtTeJleH B )l{H}lKOH qJa3e OTXOAOB. 

,lvul nony4eHHS1 MHrp8UROHHbIX napaMeTPOB (n HD) 11 

pac4eTa nornomaromeii cnoco6ttocTH (N) rpyma e OTHO­

memrn Toro HJTH 11.Horo pa.a:11oaKTHBHOro JJJ.eMeHTa Heo6-

XO.llHMO ITOJTyqHTb "BblXOllHyio KpHByio". 

"BblXOllHa.R: KpH.Basr" - eCTb H3MeHeHHe OTHOCHTeJJ.b­

HOH KOHUeHTPaumr 3arp.R:3HlffeJT.R: BO apeMeHl1 C = f (I) , 
KOTOpoe Ha6mo.uaeTCll e xo.ue <l>HnbTPaUHH )l{J,fJlKOH <!>a.Jbl 

OTXO)lOB npH ITOCTOSI.HHOH CI<OpOCTH 4epe3 o6pa3eU rpyHTa, 

paccMaTPH.BaeMoro e Ka4eCTBe reoxmrn1:JecKoro 6apbepa. 

3aBHCHMOCTb c = f ( 1) onpelleJll!eTCll e JTa6opaTOpHbIX 

ycnOBHRX Ha o6pa.Juax rpyttTa, OT06paHHOro B OCHOBamrn 

npoeKnIpyeMoro Mecrn cKJJa.a:HpoealUIJI oTxo.uoe. 

I1MeSI "BblXOllHYIO Kpl-1.BytO" a BH.[J:e TO'leK c ( t), Heo6-

XOAHMO Ka)KJlOMY 3Ha4emno KOHUeHTpaumI ITOCTaBHTh B 

COOTBeTCTBHe 3Ha4eHHe C, 

~=inf etfc(2c), 

rlle inf erfc - <l>YHKUHR, o6paTHasr erfc. Dpeo6pa.Jysr Bb1pa­

)l{em1e .llJfll E, , non.Y4aeM ypaeHeHHe np.11Moi1 nt-11:1..Ht-1 

✓f n V l t 
E,-=-----·- HID! y=A-B-. 

X 2 ..{i5;z 2 ..{i5;z X X 

OnpelleJJHB, HanpHMep, MeTO)lOM HawMeHbWHX KBa.upaTOB 

napaMeTPbI npsrMoii, npoxoMmeii 4epe3 JKcnep11MeHTaJib-

E,✓t I 
Hble T04Kl1. B KOOpllt-1HaTax --, -, MO)l{HO Bbl4HCJJ.HTb 

X X 

HCKOMble 3Ha4eHHSI M11rpau110HHblX napaMeTpOB 
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-

A1• 11 
n=-; D=--. 

B 4A2 

B ecTeCTBeHHblX ycnOBl1.!IX 3OHa a3pau1111 'laCTO 6b1Ba­
eT rrpellCTaBneHa HeCKOnbKIIMH cnORMH rpyHTa, OTnH'lalO­
lUl1M 11c11 no cocTaBY H CTPYKT)'pe. Ka)l(llbIH TaKofi cnoi1 
MO)l(eT xapaKTepH3OBaTbCJI npHCYlUHMH eMy MHrpaUHOH­
HblMH napaMeTPaMH. TTpH'leM 3TH napaMeTPbl Moryr JlO­
BOnbHO JllaLJHTenbHO OTnHlfaTbCJI .ll,JUI p8.3HblX rpyITTOB, 
cnara10mHX }laHH)'IO Tonmy. 

Cnr1a11 }lnyxCJ1ofiHoit cpeJ.J.bJ. I1cxo}lJI m rrpeJlno­
CbtnKH, 'ITO B Ka)l(}lOM cnoe MHOrocnof'rnoi1 rpyHTOBOH 
Tonw11 npouecc Mrtrpaurrn npoHCXOllHT attanorwrno 3TOMY 
npoueccy e OJlHocnorIHoA Tonme (HanpHMep, no MOJlenH 
MHKpom1cnepc1rn), MaTeMaT11LJ.ecKoe om1caHHe MOJlen11po­
BaHID1 npouecca MHrpau,rn B llByxcnoHHOH rpyHTOBOH 
TOJTlUe MO)l(eT 6b!Tb npe}lCTaeneHO e <f>opMe 

dc1 (x,t) d 2c1 (x,t) 
111 --'---'- = D1 2 

dt dx 

dc2 (x,t) d 2c2 (x,t) 
172 ---=Di 2 

dt dx 

Ha'la.JJbHoe ycnoe11e: 

dc1(x,t) 
VJ --'---'-, ( > 0, 0 < X < r; 

dx 

dc2 (x,t) 
vi-----'---'-, l > 0, r < x < oo. 

dx 

c, (x, o) = C2 (x, 0) = c0 - <f>oHOBaH KOHUeHTPaUIDI. 

rpam1LJ.Hb1e ycnoem1: 

c, ( 0, t) = Co - MCXO}lHaJI KOHUeHTPaUIDI; 

c1 (r, t) = c2 (r, t); 

C2 ( oo, () = CO, 

r}le n1 H n2 - 3<f><f>eKT11BHb1e nopwcTOcrn 1-ro H 2-ro cnon; 

D1 H D2 - Ko3cp<f>Hu11eHTbl JlH<f><f>yJHH 1-ro H 2-ro cnon; 

v, H V2 - CKOpOCTH Q)KnbTPaU1111 B 1-M H 2-M cnoe. 

,lI.Jul peweHMJI }laHHOH CHCTeMbl BBO}lJITCJI HOBble oc­
pe}lHeHHble nepeMeHHbJe MH Ka)l(}lOfO cnoH, KOTOpb!e Ja­
mtCbJBalOTCH KaK 

( 
• ) _ C( ( X, ()-CO . c, .x, t - O , 

C -Co 

( )
- c2 (x, t)-c0 

C2 X, ( - O 
C -Co 

Tor}la MCXO,llHaJJ CHCTeMa npHHHMaeT Bll}l 

dc1 (x,t) d 2c1 (x,t) dc1 (x,t) 
n1 --'---'- = D1 2 

-v1 --'---'-, t > 0, 0 < x < r; 
dt dx dx 

Ha'lanb11oe ycnoe11e: 

Ct (x, 0) = c2 (x, 0) = 0. 

fpamtlf.Hble ycnOBHJI: 

c1(0,t)=l; 

c1 ( r, t) = c2 ( r, t); 
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Ha nepeoii CTaJlHH npouecca MHrpauww pacnpocTPa­
HeH11e 3arpR3HHTenn npoHCXO}lHT B nepBOM cnoe. 11epeaH 
CTallltll MHTCJI .llO Tex nop, ITOKa 3arpR3HHTeJ1b He JlOCTlff­

HeT rpaHHUbl Me)l(ey CJlOSfMH ( X = r) ' T. e. c, ( r' I) = 

= C2 (r, l) = 0. B 3TOM CJlY'!ae pewemrn MO)l(HO npe,llCTa­

BHTb B BH}le pewel-UlH MHKPOJlHCnepCHOH MO,lleJlH B O,/lHO­
CJlOHHOH TOJ1U1e: 

c1 (x, t) = }.__erfc( 
11JZ)• 0 < t < to; 

2 2 D1n1t 

C2 (x, t) = 0. 

,D.rrn H8XO)1(}leHl1JI peweHIDI Ha cnell)'IOIUHX CTallIDIX 

rrpouecca MwrpaU1il1 3arpHJHHTem1: 0 < c1 ( x, t) < I, 

0<c2(x,t)<l (2); c1(x,t)=I, 0<c2(x,t)<l (3); 

c1 (x, t) = I, c2 (x, t) = I (4) nepecpopMYnHpyeM Jaita"Y, 

Bee}leM rrpe}lnono)l(ett11e, LJ.TO perneHHe e nepsoM cnoe 
TaKOBO, KaK eCJlH 6bl CJlOH npO.llOJllKa.JJCJI ,llO 6eCKOHe'IHO­
cn1, T. e. 

TOr}la Ha rpattHue nepsoro 11 BToporo cnon KOHUeHTPaUHJI 
Bbl'IHCJTReTCJI KaK 

8 3TOM CJTY"ae MO,llem1poeaHHe npouecca M1u-pau1111 
BO BTOpOM cnoe OITHCbJBaeTCJI CJlell)'IOweH CHCTeMOH llH<P­
cpepeHUT1a.JlbHbJX ypastteHHM 11 rpaHH'!HblX ycnoe1ri1: 

dc2 (x,t) d 2c2 (x,t) dc2 (x,t) 
n2 -~-= Di 

2 
v2 ---, r <x< oo, I > 0; 

dt dx dx 

c2 (r,t) =}.__{erfc( n~)+exp(~r)erfc( 
11
~]}-

2 2 D1n1t D1 2 Din1t 

rpaHIILJHOe ycnos11e B TOLJ.Ke x = r; 

c2 ( oo, t) = 0 - rpaHH'!ttoe ycnoewe B rnqKe x = oo ; 

c2 (x, 0) = 0 - HattanbHOe ycnoewe. 

TTpHMeHReM npeo6pa.JoeattHe Jlannaca 
00 

c(x, s) = fc(x, t)exp(-st)dt, 
0 

r}le s - napaMeTP npeo6pa.Joeattun 11 <f>opl\fYJlbl onepauH­
OHHoro HCLJ.HcneHIDI, M norry4aeM pewettwe B BHJle 

( ) 

1f I { .r, (112(x-r)-v2Q) C2 x, t = - erJ c ~ + 
0 2 2vDin2Q 



TipH npo,noJDKemrn rrpouecca MacconepeHoca, T. e. 
t » 0 MO)l(HO HCTIOJih3OBaTb CJiel[)'JOIUee npH6JIIDKeHHOe 
pemeHJ-1e: 

Cnyirnil TpexCJJoilHoii cpe,nbt. AHanorwrno CJI}"IaJO 
.nsyxcnoHHOH cpe,nb1 MaTeManNecKoe orrncam1e Mo.nenH­
poaaHIDI npouecca MHrpaum1 a cnyqae TPexcnoi1Hoi1 rpyH­
TOBOH TOJil.1.{H 6y.neT HMeTb BH,ll 

dct (x,t) _ d 2ct (x,t) dct (x,t) . 
nt --'----'- - Di 

2 
Vt -~--'-, l > 0, 0 < X < 'l, 

dt dx dx 

dc2 (x,t) d2c2 (x,t) dc2 (x,t) 
n2 ---'--'----'-=Di --~- v2 --- , 

dt dx2 dx 

dc3 (x,t) d2c3 (x,t) 
n3 dt = Dj dx2 

Ha'!aJihHOe ycJIOBHe: 

ct (x, 0) = c2 (x, 0) = c3 (x, 0) = c0
. 

rpaHH'-!Hble ycnOBIDI: 

Ct ( 0, t) = Co; 

Ct (rit) = C2 (rtf); 

C2 (r2t) = C3 (rit) ; 

C3 (oo, t) = c0
. 

ITocne ocpe.nHeHIDI CHCTeMa npHHHMaeT BH,ll: 

dc1 (x,t) _ d 2
c1 (x, t) dct (x, t) . 

n1 - -'----'- - Di 
2 

v1 - -'----'-, I > 0, 0 < x < r1 , dt dx dx 

dc2 ( x, t) d2 c2 ( x, t) dc2 ( x, t) 
n2 ----'-----'- = Di ----'----'-- V2 ----'-----'- , 

dt dx2 dx 

t > 0, rt < X < Ii; 

dc3 (x,t) d2c3 (x,t) 
n -~--'- - D - ---'------'-

3 dt - 3 dx2 

Ha'!aJibHoe ycnos11e: 

c1 (x, 0) =c2(x, O) = c3(x, 0) = 0. 
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rpaHH'IHble YCJJOBIDI: 

ct(O, t) = l; 

c1 (r1t) = c2 (r1t ) ; 

C2 (rit) = C3 (rit) ; 

C3 ( oo, I)= 0. 

PaCCMOTPHM CTa,llHH pa38HTH11 npouecca MHrpamrn 8 
cnyqae TPeXCJIOHHOH rpyHTOBOH TOJIIUH H COOTBeTCTB)'IO­
IUHe HM peweHIDI. 

f1epsa11 CTa.nH11 npouecca MHrpauHH - nepeHoc npo-
11cxo,nHT B aepBOM cnoe rpyHTOBOH TOJIIUH .no Tex nop, 
noKa He ,llOCTHJ'HeT rpaHHW,I Me)l(Jzy nepBblM " BTOpblM 
CJ1O11MH. PerueHHe B ,naHHOM CJI}"Iae cj>aKTH'-leCKH onpe.ne­
JI11eTC1! nepBblM CJIOeM " HMeeT BH,ll 

Ct (x, t) =..!.erfc( n~); 
2 2 D1ntl 

c2 (x, t) = O; 

c3 (x, t) =0. 

BTOpa11 CTa,nID! npouecca wrrpaum1 - nepeHoc 3a­
rp113HHTeJI11 rrpOHCXO,llHT B nepBOM H BTOpOM CJIOHX .no Tex 
nop, noKa He .llOCTHrHeT rpaHHUbl Me)l(Jzy BTOpblM H TPeTb­
HM CJ1O11MH. PeweHHe B 3TOM CJI}"Iae cj>aKTHl.!eCKH aHaJIO­
rH'-IHO pemeHHIO ,nsyxcnOHHOH cpe,llbl: 

Ct (x, t) = ..!.e,fc( n~); 
2 2 IJin1t 

C3 (x, t) = 0. 

TpeTb11 cTa,n1111 rrpouecca - MHrpau1111 3arp113HHTen11 s 
TPeX cno11x. ,l.vul HaXO)l(,ne1-11111 peweHWI a :noM cJI}"Iae ne­
pecj>opMynHpyeM 3a,na'!y. 6y,neM C'lHTaTb, '!TO npH6JlmKeH­
HO peweHHe BO BTOpOM cnoe TaKOBO, K8K ecnH 6b! CJIOH 

npO,llOJI)l(aJIC11 Ha CX)' TOr,na B TO'!Ke X = ' 2 6y.neM HMeTb 

cnel[)'JOmee rpaHH'!Hoe ycnos11e: 

c2(ri,t) =..!_ J{erfc(n2(r2- 1'j) - v2Q)+ 
2 0 2✓lJin2Q 

+exp(!l..(ri - ri) )erfc(
112 h~2QJ]x 

D2 2 D2n2Q 

x --'--- exp - --;===== dQ. 'i ~I [ ( n1rt -v1(t-Q)l
2

] 
2(t - Q) rclJi (t - Q) 2JD1n1 (t - Q) 



Pac'leT npeAeJibHO AOUYCTHMOro BpeMeHH 
JKCnJiyaTanuu y'laCTKa CKJiaAHposannH PAO 

(6) 

)].aHl-lble O pacnpeaenemrn KOHUeHT))aLUUI BbHIBJleH­

HblX 3arpRJH11TeJ1eli no r.lI)'61rne B npeaenax rpyHToso11 

TOJ11Ul1 30Hbl a3pau1111 Ha 3a,D;aHl-lbIM nep11oa 3KCn.lI)'aTaUJill 

yqacTKa cKJ1aa11posaHMJl PAO no3som110T nepeMT11 K pac-

'lery npeaenhHO aonycrnMoro speMeHM (rnp) 11cnOJTb30-

sam1.11 paccMaTp1rnaeMoro yYacTKa. 

TTpi1HUHn oueHKl1 OCHOBaH Ha 11CKJUO'leHJ111 B03MO>K­

HOCHI nona,D;aHllll mo6oro 113 3arpH3HHTeJleH B nepBblH OT 

nosepxHOCTII 80,D;OHOCHblH rop1130HT. HaM Heo6XO,D;l1MO 

onpeaemtTb speMH (rnp ), B Te'leH11e KOToporo rpyHTOBM 

TOJll..Ua 30Hbl a3pau1111 6yaeT IIOJlHOCTblO nornowaTb see 

3arpll3HHTem1 11 Hl1 O,ll;HH I□ Hl1X He nonaaeT B 80.llOHOCHblH 

rop1130HT, T. e. orrpeaeJ111Tb .llOnyCTliMOe speMll 3KCII.II)'aTa­

U1111 MeCTa CKJ1a,D;11poBaHHll. 3To 03Ha•1aeT, '!TO He06XO.lll1-

MO onpe.lleJ111Tb speMll, KOr.lla KOHUellT))aU11ll CaMoro aK­

TIIBHOro 3arpl13HJ1TeJ1l1 Ha sepxHei1 rpatt11ue rpyHTOBblX 80.ll 

6y.lleT MeHbWe rl)].K. 
Pac'!eT Tnp .llJlll O.llHOCJlOHHO» rpyHTOBOH TOJllUH, ne-

peKpb1Ba10weii 80.llOHOCHblH ropH30HT, npOBO.llllTCll no 

<j>opMyne 

r.lle /1'/ - MOIUHOCTb rpyHTOBOii TOJllUII, nepeKpb1Ba101UeH 

BOJlOIIOCHblH ropH30HT; 1; - ocpeaHeHJ-IQe 3Ha'!em,e rrpe­

.lleJlbHO .llOnycTHMOH KOHUeHT))au1111 3arpll3HHTeJlll Ha 

sepxtteii rpam1ue soaottocttoro rop1130HTa: 

(TT.D;K - npe.lleJlhHO .llOnyCTJ!Mall KOHUeHT))aUHH 3JleMeHTa; 

co - 11CXO.llHall KOHUeHT))aUllll aaHHOro 3JleMeHTa Ha sepx-

HeH rpatt11ue 30Hbl a3pamrn). 

.D;nll rpyHTOBOH TOJ11Ul1 KaK MHOrOCJlOHHOH cpe.llbl ue­

necoo6pa3HO IICIIOJlb30BaTb HTepau110HHbll1 MeTO.ll Bbl'lHC-
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JlHTeJlbHOH MaTe~1aTHKII. l-1cnoJ1b30Batt11e <j>opMyJl (4), (5) 11 

(6) 11 HTepaUHOHHOro MeTO.lla no3BOJ1HeT paCC'IJ1TblBaTb 

Tnp , np11 KOTOpOM 11CKJ1IO'!aeTCH B03MO)KHOCTb BblXO.lla 3a 

npeaeJlbl rpyHTOBOii TOJllUH 30Hbl a3pauirn mo6oro 113 Bbl­

llBJleHHblX 3arpll3HJ1TeJleH. 

Onemca cTene1111 JamumeunocTn nOAJeMHblX 

BOA OT JarpH3HeHUH 

8 paitoHax CKJla.llHpOBaHJ-ui OTXO.llOB CTeneHb 3alUH­

weHHOCTH IIO.ll3eMHblX 80.ll OT 3arpll3HeHHll onpe.lleJlHeTCll 

nornowalOLl..(HMH CBOMCTBaMH rpyHTOBOH TOJllUH, nepe­

Kpb1Ba101Ue/.i nepBbIH 80,ll;OHOCHblH rop1130HT. 

nornomaeMoCTb 3arpH3H11Tene11 onpeaenHeT T))H Ka­

Terop11.11 yYaCTKOB no cTeneHH 3am11meHHocTJ1: 

I) 3aw11meHHble yYaCTKH, r)le rpyHTOBaH TOJlWa, ne­

peKpb1Ba101Uall nepBblM OT rroaepXHOCTH 80.llOHOCHblH ro­

p1130HT, Ha npoTH>KeH11lf acero nep110.lla 3KCn.lI)'aTaUlfH 

MeCTa CKJla.l).HpOBaH!fH llOJlHOCTb!O nornomaeT ace 3arpHJ­

HHTem1, np11cyTCTBYIOIUHe B <p11J1bT))YJ01UeHCll )!(H,ll;KOH <j>a-

3e OTXO,ll;OB; 

2) ycJJOBHO 3alUJilllleHHble yYaCTKH, r.lle rpyHTOBaH 

TOJlllla, nepeKpbIBa!OlUM nepBblH B0.llOHOCHblH ropH30HT, 

cnoco6Ha nornoIUaTb 3arpll3HHTem1 He tta secb nepHO.ll 

3Kcnnyarnu1111 MecTa CKJla,D;HpOBaH!fH PAO, a B Te<reH.He 

6onee KopoTKoro speMeHH; 

3) He3ammueHHbie yYaCTKH, r)le rpyHTOBall TOJlllla, 

nepeKpbIBaJO!Ilall nepBbIH 80.llOHOCHblli ropH30HT, He o6na­

.llaeT nornoma101UHMJ1 CBOHCTBaMII B OTHOUJeHIDI. 3arps13-

HIITeJleH, np11cyrcTBYJOil.lHX B <pHJJbT))YJOWei-1 >KHJlKOM <j>aJe 

OTXOLIOB. 

OueHKa CTeneHH 3alUHlll,eHHOCTH BblnOJlHlleTCH B npe­

)leJlax Ka>K.llOro 113 Bbl,D;eJleHHbLX yYaCTKOB Tepp11Top1111 

npoeKT11pyeMoro MeCTa cKJ1a,D;Hposam1H PAO. C 3Toii ue­

JlbJO no BCeM pa3Be.llO'IHbIM CKBa>KHHaM Ha Tepp11rnp1rn 

paccMaT))11BaeMoro yYaCTKa onpe.lleJ1HeTcll MHHlfMaJJbHaH 

MOlUHOCTb Ka)K.l).011 113 JTHTOJlOrH'ieCKHX pa3HOCTeH, CJla­

raJOLUHX rpyHTOBYJO TOJllUY, nepeKpbIBaIOLU)'IO 80.llOHOC­

HblH ropH30HT. )].anee CT))OITTCH YCJlOBHblH pa3pe3 no yqa­

CTKY C Ml1HHMaJlbHbIMH MOLl..(HOCTllMH JllfTOJlOrH'!eCKHX 

pa3HOCTel1 11 pacC'!HTbIBaeTcll Tnp. Ecnw Tnp 60J1bwe npo-

eKTHOro speMeHII 3KCII.II)'aTaUIHI MeCTa CKJ1a.ll11poaaHID1, 

aHaJJH3JrpyeMblll y'!aCTOK cneeyeT OTHeCTH K KaTeropHH 

3a1UJ111leHHbIX. TTp11 Tnp MeHhWe npoeKT11pyeMoro nepHO-

.lla 3KcnnyaTau1111 MeCTa CKJ1an11poaaHHS1 Heo6XO,ll;HMO Bbl­

IlOJlHHTb 6onee )leTaJJbHblH aHaJ1113 no pac'!ery CTeneHH 

3aW.H1UeHHOCTH nO)l3eMHblX 80.ll. C 3TOH ueJlbIO cne.ayeT 

onpeneJJHTb Tnp no BCeM pa3pe3aM, nOCT))OeHHbIM npH 

6ypeHlfl1 pa3Be.llO'!HblX CK8a)KJ1H. TToJTYlfeHHbie )laHHbie 

SIBJllllOTCSI OCHOBOH .llJlSI BbI.lleJleHMJl B npe,ll;enax paccMaT))H­

BaeMOH Tepp11Top1111 y'!aCTKOB 3alUHLUeHHblX 11 ycJlOBHO 

3aLUH1UeHHblX. 8bI.l).eJleHHe He3aLUHLUeHHbIX y'!aCTKOB ocy­

meCTBJllleTCSI B rrpe.lleJlaX TeppHTOp11H npoeKT11pyeMoro 

MeCTa CKJ1a.ll11posaHIISI TaM, rae HH O,D;Ha 113 J111TOJ10rl1'!e­

CKHX pa3HOCTeH, CJ1ara101U11X rpyHTOBYIO TOJll..l.JY 30Hbl 

a3pau1111. He o6na.llaeT nornowa1omeii cnoco6HocTbIO s 

OTHOWeHHl1 Bcex BbIJIBJleHHblX 3arpR3HHTeJ1ei1. 3TOT <j>aKT 



11erKo ycrnHaemrnaeTc.11 e na6opaTOpHbJX ycnoe11.11x npH 

noJJ)"leHHH "BbIX0,UHbIX KpHBbIX". fpyHT He o6na.uaeT no­

rnowaiowew cnoco6HocTblO e oTHowemu, Toro Hm1 HHoro 

3arp.!!3Hl1Ten.H, eCJJH nepea.H T04Ka "BbIX0AH0H KplIBOif' HMe­

eT 3Ha4eHHe 0TH0CHTeJlbH0li K0HUeHTPaUHH, 6JJH3KOe K I. 

Pacll.feT MHHHMaJlbHO ueo6XOAHMOH MOIUHOCTH 

ncacyccTeeuuoro cop6upyww.ero JKpaua 
H3 MeCTHblX rJllfH 

IlpH oueHKe 3alUH1UeHH0CTH no.u3eMHbIX BOA OT 3a­

rp.!!3HeHH.H e npe,uenax TeppHTOpH.H npoeKTHpyeMoro Mecrn 

cKJia.a.HpoeaHH.H PAO M0)KeT 6b1Tb BblllBneH )"-laCT0K, rJJ,e 

0TCYTCTBYJOT JlHT0Jl0fH"!eCKlile pa3H0CTH, nornorua10mHe 

BblllBJleHHbJe 3arpll3HHTeJTH. TTpH He60JibWOH nnomaJJ,H 

TaK0f0 yqacTKa perueHHe npo6neMbl M0)KeT 3aKJIJO'IaTbC.s! B 

co3JJ,aHrui HCK)'CCTBeHH0ro nornowa10mero 3KpaHa H3 Me­

CTHbIX rnHHKCTblX MaTep11anoe. AHanorwrnoe pewem,e 

M0)KeT paccMaTPHBaTbCll, ecnK nornomaiowa,i cnoco6-

H0CTb rpyttT0B 30Hbl a3paulffl B npeJJ,enax npoeKTHpyeM0f0 

MeCTa CKJiaJJ,Hp0BaHIDI HJJH 0T)J,eJlbHblX ero )"-laCTK0B He­

JJ,0CTaT0l.(Ha H He IT03B0JllleT 3KCnnyaTHp0BaTb MeCTa CKJia­

JJ,HpoeaHIUI Ha npoT.H)Kem,rn Heo6xom1Moro nepH0JJ,a epe­

MeHH. 

803MO)KH0CTJ, C03JJ,aHIDI HCK)'CCTBeHH0f0 fJIHHKCT0ro 

3KpaHa B 3Ha4HTeJlbH0H CTeneHH onpeJJ,eJJ.HeTCll ero CT0H­

M0CTblO H HMH'lHeM JJ,HcnepcH0f0 MaTepHana (rnKHa, cyr­

JlHH0K, cynecb), cnoco6Horo nornowaTb Bbill'BJieHHb1e 3a­

rp.!!3HHTeJJH. CTOHMOCTb Tal<0f0 3KpaHa 6yJJ,eT onpeJJ,eJlll!b­

C,S! CT0HM0CTblO JJ,06b!4H, TPaHcnoprnp0BKH H yKJiaJJ,KH Ma­

TepHana. B )TOH CBll3H TPe6yeTCll onpeJJ,eJJeHKe MHHH­

MMbHOH' (Heo6XO)J,11.MOH H )J,OCTaTOl.(HOH') M0lUH0CTH 3Kpa­

Ha, K0T0pb!!-i 6yJJ,eT CJiy>KHTb HaJJ,e)f(HblM re0XHMH4eCKHM 

6ap1,epoM Mll 3arpll3HHTenei-i Ha npoT.11)Kemrn ecero ne­

pH0JJ,a 3KCnnyaTaUHH MeCTa CKJlaJJ,Hp0Bamu1. 

Pac'-!eT MH.HHMMbH0H M0UlH0CTH 3KpaHa M~111fl , K0-

rJJ,a rpyHT0Ball T0mua B 0CH0BaHHH npoeKTHpyeMoro MeCTa 

cKJiaJJ,HpoeaHH.H He o6na.a.aeT nornomaiomei-1 cnoco6Ho­

CTblO, ocymecTBJJ.HeTc.11 no qiopMyne 

Mmin =;(vTnp +2~.JDnTnp), (8) 

rJJ,e Tnp - 3aJJ,aHH0e epeMll 3KcnnyaTaUHH 3KpaHa, npH K0-

T0p0M He 6yJJ,eT TTp0HCX0,llHTb 3arpoHeH11.H nomeMHbIX 80)1,. 

8 TOM cnyqae, K0r)J,a rpyHT0Ball T0JJIUa 30Hbl a3pau,m 

o6naJJ,aeT nornoma10meii cnoco6HoCTblO, HO He .uocTaT04-

Ha ,lln.11 3aLUHTbl n0JJ,3eMHJ,IX 80)1, B Tel.(em1e TPe6yeMOfO 

epeMeHH, MH.HHMaJJJ,Hall He06XOJJ,HMa.s! M0IUH0CTb HCKYCCT-

eeHH0f0 3KpaHa. llBJUUOUlefOCll 3)1,eCb .uononHeHHeM K npH­

pOJJ,H0H 3aIUHTH0H cnoco6HOCTH rpyHT0B, paCC4HTbl8aeTC,S! 

C HCIT0Jlb30BaHHeM 0)1,H0fO 113 HTepaUli0HHblX MeT0)J,08 

Bbl4HCJlHTeJlbH0H MaTeMaTHKH H np,rneJJ,eHHblX BblWe pe­

wem1i1 (4), (5) H (6). 
Pacl.(eT MHHHMMbH0H M0lUH0CTH 3KpaHa )J,QJl)l(eH 

np0H3B0JJ,HTbC.!I nocJie onpeJJ,eJJeHH.H MHrpaUH0HHhlX napa­

MeTP0B 3arp.s!3HHTeneli B fJIHHHCT0M MaTepHane, K0TOpb!H 

nnaHHpyeTCH HCIT0Jlb30BaTb )J,Jlll C03JJ,aHIUI HCK)'CCTBeHH0f0 

3KpaHa. 

3aKJIJOtJeuoe 

ITpe)J,JlaraeMall MeT0JJ,HKa IT0JB0JI.HeT Ha 0CH0BaHtm 

HeCJJQ)l(Hb(X na6opaTOpHblX pa6oT IT0JJ)"laTb K0Jlli'¾ecTBeH­

HYJO oueHK)' CTeneHH 3atUHIUeHH0CTH n0JJ,JeMHblX 80)1, OT 

3arpll3HeHIUI paJJ,H0aKTHBHhlMH 3JleMeHTaMH )lllll .a.eiicT­

BYJOIUero HJIH npoeKTHpyeMoro y4acTKa JaxopoHeHHll 0T­

X0A0B aTOMHOH np0MbllllJleHllOCnt. 
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