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Te~;n.1o~exefr}!tleCKHH eHa:n-!3 'I'BS>l!a H!'.1.rrynbcHo~o peaKTopa HEP-2 

PaccMarp:~sacrcz 3a.:et.ra o Hec'!'euao!-!a!J;::o~ pacnpe.aeneHI!H re?v~nepe
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neneHHHi 3e.B~!CH:MOCT'b Te!1JlQ(~H!3U~:eCKY.:X napeMe!'pOB OT TeMnepaTypbi
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ponHoC'rb Tervc1epaTypHor-o non~ rro pa.n~tycy 'I'B3IIa). DporpaMMa qucncHHO!"O 

pellief!HH ype.Bf!eH~U{ I'ei!JIOITpOBO.UHOCT%1 U TepMoynpyrOCTH ( B ll!!l!HHA!J?.:~eCKOH 

!"'eO!\I.eTpMa) Y"'H17'!H3tle'I' BJIZSiHHe aKc~en!::.HbtX HHepuHal!:bE!l!X s419eKTOB .. 

Pe6o!'a B!>I!IOJ:HeP.a B na6oparopl!H HeY.rpOHHOli <jla3HKl! 0:15U1. 

Coo6meHKe 06be!!HHeH!!oro HHCTHryra smepHhiX Hccne.aoBaHl!H. lly6Ha 1978 

Lomidze V.L., Melikhov V,V. 3 - 11550 
'I'hermo-Mechc.nical Analysis of JBR-2 Pulse Reactor 
Tuel Pin 

The problem of time deperrlent temperature distribution in 
fuel pin of a fast pulse reactor is considered. The thermo
mechanical stresses in fuel pin cladding are calculated with 
the addition of some aspects which have not been taken into 
consideration in earlier investigations of thermal shocks (the 
hydravlic pressure of the fuel itself and gas fission products, 
temperature dependence of thermal parameters, etc.). The procedure 
of numerical solution of heat transfer and thermo-elasticity equa
tions includes axial effects of inertia. 

The investigation has been performed at the Neutron 
Physics Laboratory, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1978 

© 1978 06f>ellHHeHHbi/I HHCTH:ryT SlJJepHblX HCcne.QOBBHHfi· Jly6Ha 

BBE)l,EHHE 

B npe~naraeMoB: pa6oTe paccMa TPHBaeTcJI 3a~aqa o He
CTaiJ;HOHapHOM pacnpe~eneHHH TeMnepaTypLI B TennOBLI~e
nJIIOIIJ;eM 3neMeHTe HMnyn&CHOrO peaKTOpa H paCC'IHTLIBa· 
IOTCJI HanpJI:>KeHHJI, B03HHI<aiOIIJ;IIe B 060nO'II<aX TB3nOB C yqe• 
TOM r1JaKTOpOB, He paCCMOTpeHHLIX paHee /nnaCTH'IeCI<He 
~e~OpMaiJ;HH, rH~pOCTaTH'IeCI<Oe ~aBneHHe TOnnHBa H ~aB
neHHe ra3006pa3HLIX npo~yKTOB ~eneHHJI, 3aBHCHMOCTb 
TennolbH3H'IeCKHX napaMeTpOB OT TeMnepaTypLI, HeO~HO• 

po~HOCTb pacnpe~eneHHJI TeMnepaTypLI no pa~aycy TB3na/. 
C 3Tou :u;en&ro co3~aaa nporpaMMa qacneaaoro peweHHJI 

ypaBHeHHB TennonpOBO~HOCTH H TepMoynpyrOCTH B IJ;H· 
nHH~PH'IeCKOB CHCTeMe KOOp~HHaT. Pac'leT HanpJI:>KeHHB 
npOBO~HTCJI B "I<Ba3HCTaTH'IeCKOM" npH6nJDKeHHH - 6e3 
yqeTa HHep:u;HanbHLIX 3414leKTOB, nocne~HHe npHHHMaiDTCJI 
BO BHHMaHHe nHWb npH BLI'IHCneHHH aKCHanbHLIX HanpJI:>Ke
HHB. 

' 
1. PACqET TEMIIEPATYPHOFO IIOJIJI B TB3JIE 

TeMnepaTypHoe none T (r , ¢, z, t ) pacc'IHTLIBanoc& 
.ZVHI Haa6onee TennoHanpJI:>KeHHoro TB3na. IlporpaMMa, no 
KoTopoB: nposo~HnHCb pac'leTbl, no3BOnJieT pewaTb CTa:u;ao
HapHoe H HeCTaiJ;HOHapHOe ypaBHeHHe TennonpOBO~HOCTH 

B :u;HnHH~pH'IeCKOB TpexMepHoB: reoMeTpHH. B npo:u;ecce 
BLI'IHCneHHJI TeMnepaTypLI MO:>KeT BLinOnHJITbCJI I<Ba3HCTa
TH'IeCKHB pac'leT HanpJI:>KeHHB B o6onO'II<e TB3na C yqeTOM 
nnaCTH'IeCKHX ~elbopMaiJ;HB. 
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TeMnepaTypuoe none B TB3ne onHCLIBaeTCJ! ypaaueuueM 
TennonpOBO~HOCTH 

. ~ ( ) aT dlV ( ,\ v T ) + q v r , ¢ , z , t • c v F /l/ 

c rpaHH'IHbiM ycnooHeM ua auewueil noaepxuocTH uunuu~pa 
(r -R2 ): 

aT (R2,rf> ,zt) 
,\(R2 ,rf>,Z)-----+a(cp,z)[T(R 2'rf>,z,t)-El(z,t)],.O. /2/ ar 
TeMnepaTypa TenJIOHOCHTeJIJl 8( Z, t) CBJl3aHa C TeM-

nepa TypoB: auewueB: noaepxuocTH o6ono'IKH TB3na T(R2 ,rf> ,z ,t) 
ypaBHeHHeM 

ae pF ae R2 277 
dz +a aT,. -G- I a [T (R2 ,rf>,z,t)-8(z,t)]drf>' /3/ 

cp o 

r~e G (t ) - aecoaoB: pacxo~ TennouocuTenJI ~JIJI o~uoro 
TB3na, F - nnoma~b nonepequoro ce'leHHJI ua o~HH TB3n 
TellJIOHOCHTeJIJI. 

B cTauuouapuoB: Ja~aqe no~orpeo TennouocHTenJI Bbi
'IHCJIJleTCJI C llOMOU.\biO COOTHOWCHHJI 

dE) R 277 
c G 0-d- - { { q r dr drf> , 

p z 0 0 v 
e(O)=eBX /4/ 

Ypaaueuue Tennonpoao~uocTH npeo6paJyeTCJI B cucTe
MY ypaBHeHHH, JanHCaHHbiX B KOHe'IHO- pa3HOCTHOH tlJopMe. 
CHCTCMa pewaeTCJl HTCpaUHOHHbiM MCTO~OM npH C06JIIO~e
HHH ycnoBHJI Tennoaoro 6anauca B yJnoBbiX TO'IKax. 

B cTauuouapuoB: Ja~aqe npoue~ypa HTepauuB: BblnonuJleT
cJI no MeTo~y llH6Maual 11 : 

T j(n+l) .. T~n) (1-{3) +/3 

m 
!. K.T. +Q. 

j •1 I I J 

!. K. 
i~t I 

/5/ 

3~ecb f3- Ko34l4JHUHCHT, ycKOPJIIOU.\HH cxo~HMOCTb; T ~n) 
TeMnepaTypa j -B: yJnoaoB: TO'IKH nocne n-il HTepauuu; 
T i - TeMnepaTypa o~uoB: Hl M To'leK, JIBJIJIIOU.\HXCJI coce~uu-

. Fi ,\ i 
MH no OTHOWeHHIO K TO'IKe j; K. =--X---- ' 

I . 
I 

4 

,\ . - K034J
I 

clJHUHeHT TennonpOBO~HOCTH Me>K~y TO'IKaMH i H j ; Fi -

nnoll.\a~b qacTH noaepxuocTH /3neMeHTapuoro o6"LeMa/, 
OKpy>KaiOU.\eH j - iO Y3JIOBYIO TO'IKY, B HanpaaneHHH i - H 
COCe~Heii TO'IKH; Xi - paCCTOJIHHC Me>K~y TO'IKaMH i H 
j ; Q j aqvj Vj - MOll.\HOCTb TenJIOBbiX HCTO'IHHKOB 
B 3JieMeHTapHOM 06beMe V j . 

B ueKOTOpblx yJnoBbiX TO'IKax MeTo~ llu6MaHa MO>KeT 
6b1Tb pacxo~Jlll.\HMca:. B 3TOM cnyqae B HTepauuouuoM npo
uecce HCnOJib3yeTCJl o2 -npouecc 3HTKHHa, KOTOpbiH )J,aeT 
OCUHJIJIJlllHOHHYIO CXO~HMOCTb / 21 . 

B uecTauuouapuoil Ja~aqe clJopMyna ~nJI Bbi'IHcneHHJI 
TCMnepaTypbi HMeeT BH~ 

m 

Tj (t+L\t)-Tj (t)+~jt I ;tKi [Ti(t)-Tj (t)]+Qj(t) l, /6/ 

c· 
r~e :-\ t < ( _1_] - :meMeHTapHLIH war BO BpeMCHH; 

- !. K i min 

c j ~ cvj • v j - TennoeMKOCTb 3JieMeHTapuoro o6"LeMa vj 
3aBHCHMOCTb y~eJibHOB TennoeMKOCTH TOllJIHBa OT TeM

nepaTypbl ucnonb30Banacb B clJopMe 

2 
cv.-A 1 +A2 Tj + A 3 /Tj 

I 
/7/ 

llpe~nonaranocb, 'ITO B Te'leuue KaMnaHHH peaKTopa 
MC>K~y TOllJIHBOM H 060JIO'IKOH COXpaHJICTCJI KOHTaKTHOe 

-4 2 
conpoTHsneuue, paauoe 2 • 10 M K/ Bm. P acqeTbl npoao-
.Il.HJIHCh ~nJI HMnynbcuoro peaKTopa, pa6oTaiOll\ero a pe>Ku
Me 5 c -1 Ha ypOBHe cpe~ueil MOlllHOCTH 4 MBm. no Bbl
COTe H = 0,444 M TB3n 6bln pa36HT ua 12 cnoeo. 3a nyne
BYIO OTMCTKY npHHHManaCb HH>KHXR 'laCTb CTOJI6HKa Ta6ne
TOK. HH>Ke npHBe~eHbl HCXO~Hble ~aHHbie )l,JIJI TOnJIHBa, 
060JIO'IKH H TCnJIOHOCHTCJIJI. 

1. Tonnuao /~ayoKHCb nnyTOHHJI/. ~HaMeTp Ta6neTKH 
2R O = 7 ,42. l0-3 M, K034><PHUHeHT TennonpOBO~HOCTH A= 
= 1,7 Bm/M·K, y~enbHaJI TeMnoeMKOCTb/ 31 

6 2 10 2 
c -2,6906-10 +5,83·10 .T -3,839·10 /T . 

v 

2. 06ono'IKa. Buewuu:B ~HaMeTp 2R2 = 8,6·10-
3

.M, 

TOJilllHHa 0 = 4,5• 10-4 M, K034l4JHUHCHT TennonpOBO~HOCTH 
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A = 20 Bm/M·K, 
= 4,44 ·106 ,[(JtC/M 3K. 

y,IJ,enbuaB TennoeMKOCTb c = v 

3. TennouocHTenb /uaTpHB:/. Ko3cWIHu.HeHT TennooT
,IJ,a'IH a = 131,4 KBm/M 2K, TennoeMKOCTb cp = 
= 1,345 K,[(JtC/M 3K, pacxo.D. G 0 = 5,756 .to-2 Kz/c, nnoT--s -5 2 
uocTb p = 838 KZ/M , nonepequoe ceqeuue F =1 ,82"10 M . 

Pe3ynbTaTM pacqeTa uecTau.uouapuoro pacnpe,IJ,eneuHB 
TeMnepaTypM B TB3ne ,IJ,nB Ce'leHHB C KOOp,II,HHaTOH Z = 
= 0,204 M npe,IJ,cTaBneuM ua puc. 1-4. ,lJ.nB 3Toro cnoB 

o6'beMuoe TennoBM,IJ,eneuue B TonnHBe paBuo 6,38· 108 Bm/M 
/B cpe,IJ,HeM no BMCOTe TB3na qv= 5,05·108 Bm/M 3/. 

YBenH'IeHHe nO,IJ,OrpeBa TOnnHBa B uanpaBneHHH OT 
IJ.eHTpa K nepuwepHH TB3na /puc. 2/ 06'bBCHBeTCB 3aBHCH
MOCTb10 y,IJ,enbHOB TennoeMKOCTH TOnnHBa OT TeMnepaTypM. 

AT 

201 '-t""" I I I 

1 0 1"'o.. ........_ I I 

0,05 0,10 0,15 

6 T ,--T--,----.----'· 
6To 

1.2 I-- I I I / 1 

1.1~ I I /1 I 

1,01 .--r: I I I 
0. 0,2!5 0,50 0,7! ro/R 

6 

t 

Puc. 1. 3a6ucuMocmb 
meMnepamypbl monAu-
6a ~T=T -To om 
6peMeHu/c/6 npoMe
JtCymKe M eJtCOY 06YMJI 
COCeOHUMU UMnyAb
caMU MOiqHOCTTlU: 1 -
Ha ocu 1Tl63Aa /T0 = 
= 1950°C/; 2 - Ha 
no6epxHocmu mon
AU6H020 cmepJtCHJI 
/T

0 
= 609° C/. 

Puc. 2. PacnpeoeAe
Hue nooozpeaa mon
AU6a 30 UMnYAbC 
MOUIHOCJIU no Ce'le
HUIO cmepJtCHJI I ~To= 
= 3JOC, R = 3, 71 MM/. 

.a.T 

.a. To 

1.1 I V I \. I - I 

0,9 I ! V · 1 '" I' I " ( 

0.1 I II I I I '\:\ I 

0,5 1-L-----1---L--~-....1:-
0 0,25 0,50 0,75 Z/~ 

li.T 

1, 5 

0,05 0,10 0,15 

Puc. 3. PacnpeoeAe
Hue nooozpe6a mon
AU6a 30 UMnYAbC 
6 oce6oM Hanpa6Ae
HUU I ~To = 31° c , 
H = 0,444 M/. 

Puc. 4. Ilooozpea 
~T-T-To 6Hy111peH
HeiJ /1, Tg = 391°C/ 
u aHewHeu /2, T0 = 
= 367°C/ noaepxHo
cmeu o60AO'IKU U no
Oozpea •enAoHocu-
111eAJI Ha 6biXOOe U3 
QK111U6HOU 30Hbl . /3, 
T0 = 405°C/ KaK 

t ¢yHKijUU 6peMeHU. 

Cpe,IJ,uHe no pa,IJ,uycy H no BCeMy o6'beMY cTep>KHB no,IJ,orpe
Bbl TonnHBa 3a HMnynbC paBHbl ~TR = 34,7° C H ~Tv= 27 ,5°C. 
H3Meueuue nepena,IJ,a TeMnepaTypbl cTeHOK o6ono'IKH TB3na 
,IJ,OCTHraeT MaKCHManbHOrO 3Ha'leHHJI 0,8° C CllYCTJI 0,025 C 

nocne noJJ:BneHHJI HMnynbca MOIIJ.HOCTH I puc. 4/. 

2. AHAJIH3 HAIIP.R)l(BJIHH B OEOJIOllKB TB3JIA 

B 3TOM pa3,IJ,ene auanH3HPYJOTCJI uanpJJ:)I(eHHJI, B03HHKa10-
IUHe B o6ono'IKe TB3na OT cne,IJ,YJOIIJ.HX WaKTOpOB: rpa,IJ,HeHTa 

7 



TeMnepaTypbl, ru~pocTaTuqecKoro ~asneHHJI Tonnusa, Ten

nosoro y~apa B Tonnuse, a TaK)I(e 6blcTporo no~orpesa 
060JIOqKH Ja cqey TeiiJIOBbl~eJieHHJI OT y -KBaHTOB, BOlHH

KaiOUUIX B MOMeHT IIOJIBJieHHJI HMIIYJILCa MOIUHOCTH. 

2.1. K8a3UC111a111u'leCKuil pac'le111 

Hanp.RJK€HUU 8 o6oAO'IKe 11183/IQ 

HanpJI)I(eHHJI H ~ecllopMan;uu BblqHCJIJIIOTCJI B JaBHCHMO

CTH OT BblropaHHJI TOIIJIHBa, TaK KaK B npon;ecce pa60Tbl 

peaKTOpa, uaquHaJI C MOMeHTa IIOJIBJieHHJI HMIIYJILCa MOIU

HOCTH, Hl- Ja Bbl~eJieHHJI ra3006pa3HbiX npo~yKTOB ~eJieHHJI 

H3MeHJIIOTCJI rpaHHqHble YCJIOBHJI Ha BHyTpeHHeH IIOBepXHO

CTH o6onoqKu. KpoMe Toro, paccqHTbiBaroTcJI HJMeHeHHJI 

HaiipJI)I(eHHH BO BpeMeHH Me)l(~y COCe~HHMH HMIIYJILCaMH 

MOIUHOCTH. llpe~IIOJiaraeTCJI, qyo 060JIOqKa pa~HaJibHO- CHM

MeTpuqua, HlOTpOIIHa H HaXO~HTCJI B IIJIOCKO~ecilopMHpOBaH

HOM COCTOJIHHH; IIOJIHaJI ~ecilopMai.J;HJI COCTOHT Hl Tpex CO

CTaBJIJIIOIUHX: ynpyroB:, TepMuqeCKOH H IIJiaCTHqecKOH ~ecilop

Mai.J;HH, T.e. 

c "'[a -f1(a 8 +a )]/E + a~T+ f 
r r z pr 

ce -[a 8 -f1(ar+az )1/E +a~T+ fp8' 

f z E [ a - f1 (a e + (J ) 1/ E + a~ T + f 
z r pz 

IBal 

1861 

IBBI 

3~ecL H ~anee o6oJuaqeHHJI o6menpHHJITble, KpoMe oco6o 

yKalaHHbiX. 

Cne~y10mee ~onymeuue ocuosauo ua TOM, qyo MaTepuan 

HeC)I(HMaeM B IIJiaCTHqeCKOH 06JiaCTH: 

f +f e + f ,. o. 
pr p pz 191 

HanpJI)I(eHHOe H ~ecilopMHPOBaHHOe COCTOJIHHJI 060JIOqKH 

TB3Jia OIIHCbiBaiOTCJI ypaBHeHHJIMH paBHOBeCHJI: 

da ar -a e 0 
..::!.!::..L+----s' 
d r r 

daz az- =o: 

ypaBHeHHJIMB COBMeCTHOCTH ~ecilopMai.J;HH: 

8 

1101 

d fe f[j - f r 0 + .u,.__"" • "dr- r 
..<:~=0, 
dr 

1111 

C rpaHHqHbiMH YCJIOBHJIMH Ha BHyTpeHHeH H BHeWHeH IIOBepx

HOCTH 060JIOqKH: 

a .:-P r g 
npu r-R 1 ; ar --PT npu r=li2 1121 

H YCJIOBHeM paBHOBeCHJI: 

R2 
L 2 2 1 2 2 

fa z r dr • 
2 

( R 1 P g - R 2 P T )+ "2 (R 2 - R 1 ) a*in . 
R1 

/131 

B 3THX cilopMynax Pg - ru~pocTaTuqecKoe ~asneuue Ton

nusa ua o6onoqKy, PT - suewuee .n:asneuue, ari; - npo

.n:oJILHble nanpJI)I(eHHJI, o6ycJIOBJieHHble BOl~eHCTBHeM Ton

JIHBa ua o6onoqKy luanpuMep, npu TennosoM y~ape, eM. 

1321 I. YqHTbiBaJl I 131, npo~oJILHYIO ~ecllopMaUHIO npH 

IIJIOCKO~ecilopMHpOBaHHOM COCTOJIHHH MO)I(HO npe~CTaBHTb 

B BH~e 
R2 

r~e 

c =[(R 2
1 

P -R 22PT)+(R22-R21 )a*-2{I~ rdr]/E(R
2

-R
2
1)f14l 

z g m R z 2 

iz =f1(ae+ar)-E(a~T+fpz). 

Ecnu ssecTH o6oJuaqeHH.II 

e ~ (f r +ce Hz -3fR)/3 

g = ( fr -( e + f z -3 c ~/3 . 

1 

1151 

1161 

1171 

TO peweuue cucTeMbl 110,111 JanuweTCJI cne~yromuM o6-

pa3oM: 

e"' 
_1_-_2~/1- [ f -2 f + J _f_pr_-_c..I!@_ dr] + 1-2-H f + B , 
3 (1- f1) pr R R r 3 z 1 

1 
1181 
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r 1 2 g ~ - 2(1 + ,gJ_ . j_ r f r dr + - J1 [ f - 2 f -
3(1-Jl) r 2 R R 3(1- J1 ) pr R 

1 

1 r f 
- --y ( ( ( + f e ) r dr] + _z_ + B 1 r 2 

r R pr p 3 2 
1 

/19/ 

3~ech 

2(1-J1)(1+J1) [R2p -R2(p +G)], 
B---2-2-1g 2T 1 

3 E (R 
2

- R 
1

) 
/20/ 

2 R2 
2(1+J1 )R_!__2_[p -P +G]. B----- 2 T g 2 
3E(R; -R1) 

/21/ 

R 
E 1 2 1 G--[-- ( -(£ -f _)dr 

1 _ J1 2(1+ 11 ) R r pr p(f' 
1 

1 R2 

R2 ( f r dr 
1 R R 

1 

R2 
_ .L-2JL_ ~ J (f + f_tl)rdr]. 

2(1 +Jl) R
2 

R
1 

pr ~"-' 
/22/ 

KoMnoHeHTW uanpH~eHHH H ~e~opManuu MO~Ho 3anucaTh 
B BH~e 

a _ 3Ee + 3Eg E 
r 2(1+J1)(1-211) 2(1+J1) + 1+-;-(2fR-fpr -£z),/23a/ 

10 

a , .. - 3 Ee - ...aE...g_ - _E__ (f + f ) ' 

e 2(1+ 11 )(1-2 11 ) 2(1+ 11) 1+ 11 R pe 

a 
z 

3eEe E 
- --- (f + f -f ) 

2(1+J1)(1-2J1) 1+J1 R pz z' 

£r -3(e+g+2£R)/2 - ( ' z 

£ - 3 ( e- g)/2 . 
() 

/236/ 

/23s/ 

/24a/ 

/246/ 

I 
I 

I 

3KBHBaneHTHMe HanpB~eHHB H nnaCTHqecKHe ~e~OpMaUHH 
BMqHcnBIOTCB no ~OpMynaM 

2 2 2 '12 
ae -[3(Sr +Se +Sz )/2], /25/ 

[ 2 2 2 ]'12 fpe- 2(f +f e +f )/3 ' pr p pz /26/ 

r~e S r , S () H S z - ~eBHaTopw HanpB~eHHH. 
B /18,19/ ocTaiOTCB ueonpe~eneHHWMH nnacyuqecKue 

~e~opManuu o6onoqKu. MeTo~. no KOTopoMy npoBo~BTCB 
HTepanuouuwe BMqucneHHB B nporpaMMe, BKnJOqaeT cne
~YIOIUHe :nanM: 

1 - 3a~aiOTCB nnacTuqecKHe ~e~opMaUHH f , f () 
pr P 

f pz ; 
2 - BWqHCnJIIOTCJI 3HaqeHHJI e H g; 
3 - paccqHTWBaiOTCJI ~CBHaTOpW ~e~OpMaUHH er , e () , 

e z H MO~H~HUHpOBaHHWe 3KBHBaneHTHWe ~e~OpMaUHH 

e - [ 2 ( e 2 + e 2 + e 2 )/3 ] '12 te r e z /27/ 

4 - a e H fpe BWqucnJIIOTCJI 83 ypaBHeHHH: 

e •f +2(1+J1)a /3E, te pe e /28/ 

f(a ,T)"'f + e pe ae /E, /29/ 

r~e nonua11 3KBHBaneHTHaJI .Aetl!opManHJI r (a
6 

, T ), KaK 
~YHKUBJI 3KBHBaneHTHWX HanpJI~eHHi a e H TeMnepaTypw 
T, cqaTaeTCJI H3BeCTHOH 83 ODWTa; 

5 - paccqHTWBaiOTCJI uoswe nnacTuqecKue ~e~opMa
UBH no ~OpMynaM 

f ~ f e /e 
pr pe r te f e ""( ee !e p pe te £ •f e /e 

pz pe z te 

/30/ 

UlarH 2-5 nOBTOpJIIOTCJI ~0 TeX nop, noJCa He 6y,lleT ~OCTHr
HyTa ~enaeMaJI TOqHOCT.Io. 
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Ilpu pacqeTax ucnonLlOBanucL cneJJ.YIOUUie )l.aHHLie JJ.nJI 
MaTepuana o6onoqKu141: KOJI}Ml>uuueHT nuueB:uoro pacwu
peHBJI a= 1,926-1o-5 1IK, K031}Ml>BUBeHT IlyaccoHa 11 = 
= 0,3; MOJJ.ynL ynpyrocTB E = 1,687·104 KziMM 2;npeJJ.en 
TeKyqeCTB aT = 28,545·1,255 T ( K2/MM 2) ; nonHaJI 3KBB· 
BaneHTHaJI JJ.ecilopMaUBJI 

f(a ,T)sa /E+k(a /Ef, e e e /31/ 

rJJ.e 

k ... ..a_(E/a )n-t, n .. 5,5+7J1.10-20T 7
•
03

, ([T]-°C). 
7 T 

PeJynLTaTLI pacqeTa npeJJ.cTaBneHLI B ma6Auije u ua 

puc. 5,6. 

Ta6Auija 1 

ru)l.pOCTaTBqeCKOe )l.aBneHBe TODnBBa B uanpJI)I(eHBJI 
B o6onoqKe TB3na B 3aBBCBMOCTB OT CTeDeHB BLiropaHBJI 
6e3 yqeTa TennoBoro y)l.apa B TonnuBe /Buewuee )l.aBneuue 
PT =2,4amM/ 

••• 0 0,02 0,42 1,75 2,50 2, ffi 3,20 13,50 4,0 5,L 

P,,UJI 5 45 95 145 190 245 2'i'O 28) 290 D) 

Ha .. J!piiKII DOIIp!aOC~ oGOIO•&• 

••. un-2 5,8 3,4 4,2 8,0 12,1 17,4 19,8 20,8 i2I,7 22,6 
~· 

•• uw -5,8 -2,2 2,4 7,1 II,6 17,4 20,0 21,8 ~.o 23,0 

••. u~ -5,8 -4,3 -2,3 0,2 1,8 4,5 5,9 6,4 6,9 7,4 

8& ...... DOIIJIUO~ OCSOIO ... 

••. u/•2 5,4 8,3 11,5 14,7 17,4 20,6 22,;.! 22,8 23,4 24,0 

.•. ~--;.;. 5,4 9,u 12,9 16,7 19,8 23,6 25,4 26,1 26,8 27,5 

•.JUtwt 5,4 7,2 9,2 II,1 12,6 14,4 15,1 15,4 15,7 16,CJ 

12 

600 
0,2 

0 

-0,2 

-O,It 

L 
0 0,05 0,10 0,15 t 

Puc. 5. H3MeHeHue 
1/IQHZeHijUQAbHbiX Ha· 
npJIJtCeHuil I [ Aa 0 ] = 
= Kzl MM 2 I eo epe
MeHu MeJKOy COCeO· 

HUMU UMnyAbCOMU 
MOUIHOCIIIU Ha 6Hym
peHHeU 11 I u eHeru
Heil 121 noeepxHo
CIIIJIX 060AO'IKU 6e3 
yt~ema menAoeozo 
yoapa e monAuee. 

301 I I V I I 

251 I I / I I I 

201 ...... -r: I /1 I I 

151 I :A" I I I 

10~---+----~----+-----+---~ 

2 3 4 W,% 

Puc. 6. 3KeueaAeHmH&re HanpJIJtCeHUJI Ha eHeruHeil noeepx
Hocmu o6oAO'IKU me3Aa e 3aeucuMOCIIIU om cmeneHu e&rzopa
HUJI monAuea: 1 - 6e3 yt~ema, 2 - c yt~eiiiOM menAoeozo yoapa 
e monAuee. 
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113 puc. 6 /KpHBaJI 11 BH,IJ;HO, qTo 6e3 yqeTa Tennoaoro 
y,IJ;apa B TOnJIHBe o6onoqKa 6y,IJ;eT HaXO,!J;HTLCJI B ynpyroii 
o6nacTH annoTL ,IJ;O 5o/o·uoro BLiropaHHJL 

2.2. HHepl,lUaAbHble HanpJIJICeHUJI, o6ycAoeAeHHble 
menAoebiM yoapoM e monAuee u 6bJcmpbiM 
HazpeeoM 3a c~em Y- U3Ay~eHUJI 

HuepuHaJILHLie 34><tleKTLI HMeeT CMLICJI yqHTLIBaTL JIHIUL 
,!J;JIJI npo,D;OJILHLIX HanpJI)I(eHHB, nOCKOJILKY TOJILKO B OCeBOM 
HanpaaneHHH nepHO,!J; KOJie6aHHB TB3Jia cpaBHHM C ,IJ;JIHTeJIL• 
HOCTLIO HeBTpOHHOB BCnLIIUKH. 3TOT 34><ileKT HMeeT MeCTO 
npH YCJIOBHH, qTo TOnJIBBHLie Ta6neTKH conpHKaCaiOTCJI . 
,D;pyr c ,IJ;pyroM, o6pa3yJI "nonyynpyrHii" cTep)l(eHL. B 3TOM 
cnyqae B nepBLie MOMeHTLI BpeMeHH nocne BCnLIIUKH MOIU· 
HOCTH TOnJIHBO OKa3LIBaeTCB C)l(aTLIM. PenaKCaUBB HanpJI· 
)l(eHBH C)l(aTBJI npBBO,!J;HT K MexauHqecKOMY y,D;apy TOnJIBBa 
no ,IJ;OHLIIUKY o6onoqKB. B o6onoqKe B03HBKaeT 6eryiUaJI 
BBepx BOJIHa HanpJI)KeHBH lpaCTB)I{eHBBI. 

B pa6oTe /5/ nonyqeua cne,IJ;yiOIUaJI 3aBBCBMOCTb aM
nnBTY,IJ;LI uanpB)I(eHBJI B o6onoqKe oT cpe,D;uero no o6beMy 
CTep)I(HJI nO,IJ;OrpeBa TOnJIBBa 3a BMnyJILC 

a* 
m 

E a ~ T { o a + o -~in TT ~2 
- T V 0 17 y / 2 -

c /c (1+y) .. T 1/y , 

0:::;, y:;, 1. 

1321 
y > 1' 

3,IJ;eCL 0 a H o0 • KOMnOHeHTLI aKCBaJibHOrO K034><tlHUBeHTa 
uepaauoMepuocTB TennoBLI,IJ;eneHBB; y "" ESc T I E TS Tc -

)l(eCTKOCTL o6onoqKB, ET , 8 T , C T (E , 8 , C) • MO,IJ;YJIL 
ynpyrOCTH, ceqeuHe, CKOpOCTL 3ByKa ,IJ;JIJI TOnJIBBalo6onoq· 
KHI; Y :1,15.cTE) 'h /H, E)'h • nonyiUHPHHa BMnynLca. 

llo,IJ;cTaBnBB qucneuuwe 3uaqeuHJI napaMeTpoa o6onoq
KB, Tonnuaa TB3na HliP-2 (aT= 1,5.10-51/K, ET == 
= 0,945·10

4 
KZ/MM 2, CT = 3·10 3 M/C, C = 4,8•10 3 M/C, 

E) 11z = 94 MKC, o0 = 0,754, Oa = 0,519 ), nonyqHM 

a~= 0,137.~TV (Kz/MM 2 ). 1331 

14 

TaKBM o6pa30M, npH 
= 3,75 KZ/MM 2 . 

~Tv = 27,5 °C nonyqaeM a* -
Ill-

qaCTOTa npO,D;OJILHLIX Kone6aHBH o6onoqKH OUeHBBaeTCB 
a 3-10 3 c-1. B pe3ynLTaTe ,IJ;Hccunauuu 3HeprBB Kone6auuii 
aMDJIHTy,IJ;a HanpB)I(eHBH 6y,IJ;eT yMeHLIUaTLCB BO BpeMeHB. 
ITo npe,IJ;aapuTenLHLIM oueuKaM, Kone6aHBB 3aTyxaiDT y)l(e 
I< oqepe,IJ;HOMY HMnynLcy MOIUHOCTH I ,IJ;a)l(e npu qacToTe 
50 c-1 1. 

BLinonueuuaB oueuKa ,IJ;HHaMuqecKBx uanpB)I(eHBii MO)I(eT 
6LITL BBe,IJ;eua B ypaaueuue I 131. 

H3- 3a nornoJUeHHB Y - KBaHTOB, noBBJIBIOIUBXCB ao ape
MB HMnynLca MOIUHOCTH, B o6onoqKe TB3Jia npHCYTCTBYIOT 
"MrHOBeHHLie" HCTOqHHKB Tenna C nnOTHOCTLIO TenJIOBLI,IJ;e
neHHB q v = 2,2 ·106 ,4x/M3

.llo,IJ;orpea o6onoqKu, o6ycnoa
neHHLiii BLI,IJ;eneuueM TaKoro KonuqecTaa 3Hepruu, paaeu 
~TY = 0,5 °C. HuepuuanLHLie uanpJI)I(eHHJI, KOTOpLie npu 
3TOM B03HHKaiOT, MO)I(HO OUeHHTL no cilopMyne a z = 

E a ~T}'/ 2 (1-Jl.) I 0,27 KZ/MM 21. KaK BH,IJ;HO, OHB 
He3uaqHTeJILHLI H He MOryT OKa3aTL CYIUeCTBeHHOrO BJIHB
HHB ua COCTOJIHBe o6onoqKH TB3Jia. 

2.3. TaHzeHI,lUaAbHble HanpRJICeHUJI e o6oAo~Ke me3Aa, 
o6ycAoeAeHHbJe paouaAbHbiM pacwupeHueM monAuea 
80 epeMJI UMnyAbCQ MOI/4HOCIIlU 

Bo BpeMJI HMDYJILCa MOJUHOCTH TOnJIBBO pacnyxaeT H 
oKa3LIBaeTcB npH)I(aTLIM K o6onoqKe. Ta6neTKB Tonnuaa, 
nO,IJ;OrpeBai01UBeCJI B 3TO BpeMJI, CTpeMJITCJI paCWBpBTLCJI 
H OKa3LIBaiOT ,!J;ODOJIHBTeJILHOe nepeMeHHOe ,D;aBneHHe Ha 
o6onoqKy. HanpJI)I(eHHJI, o6ycnoaneHHLie BMnynLCHLIM ,IJ;aa
neuueM TODJIBBa Ha o6onoqKy, MO)I(HO OUeHBTL, peWBB 
nnocKyiO 3a,IJ;aqy o uanpB)I(eHHJIX B 6ecKouequoM uunBH,IJ;pe, 
CBOHCTBa KOTOporo CKaqKoo6pa3HO H3MeHJIIOTCJI B pa,D;HaJIL • 
HOM HanpaaneHBH. llOCKOJILKY TOJIIUHHa o6onoqKH Mana, 
To HHepuHanLHLIM 34><tleKTOM MO)I(HO npeue6peqL, Peweuue 
3TOH 3a,IJ;aqH ,!J;JIJI pa,D;HaJILHLIX (a ) H TaHreHUBaJibHLIX 

u r 
(a e ) HanpJI)I(eHBH HMeeT BH,!J; 

ar -(R2 2 -r-2 )EC(t)/(1+J1.). l34al 
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-2 -2 
a() ,. (R 2 H )E C(t)/(1+/l ), /346/ 

rAe 

(1 +/-( T )aT~ TR(t) c (t) z . 

2(1-/l )R-
2

2+[1+(1-211 )(1-IL )E/E T(t- 11 )](R- 2 -R-2 ) 
T 1 2 

/35/ 

lloACTaBnBx qacneuuwe 3HaqeuaB napaMeTpos o6onoq
KB B Tonnusa, a TaK*e 3Haqeuue swqucneuuoro B pa3Ae
ne 1 cpeAHero no paABYCY noAorpesa Tonnusa Ja BMnynLc 
1\TR = 34,7°C, BMeeM AnB r =R 1 : . 

a = -0 034·~TR = -1 6 K2/MM 2 · r , , • 
a() = 0,312 • ~TR = 10,8 K2/MM2. 

H3 puc. 6 /xpaBaB 2/ cneAyeT, qTo c yqeTOM Taureu
uaanLuwx uecTauuouapuwx uanpB*eHBH B o6onoqxe TBJna 
llOBBBTCB OCTaToquwe AecllopMaUHB npB BWropaHHB TOllnHBa 
6onee 2,4~. 

B.b/BOJ(.bl 

CoJAaHHaB nporpaMMa qacneuuoro pacqeTa uecTauuo
HapHWX TeMnepa TYPHWX none a B uanpB*eHBH B TBJnax 
BMnynLcuoro peaxTopa noJsonuna ycTaHOBHTL cneAYJOIUee: 

1. llynLcauuu cpeAHea TeMnepaTypw TennouocuTenx 
ua BWXOAe B3 aKTHBHOH 30HW HEP-2 npu pa6oTe peaxTopa 
ua cpeAHea MOIUHOCTB 4 MBm c qacTOTOH HMnynLcoB 
5 c-1 

He3uaqaTenLHW H COCTaBnBIOT 0,2°C. 

2. ITynLcauuu uanpB*eHHH B o6onoqxe oT H3MeHeHBB 
nepenaAa TeMnepaTypw Me*AY COCeAHBMB BMnynLCaMH 
TaK*e Manw- 0,44 KZ/MM 2. 

3. Ocuosuoa sxnaA B nynLcauuu uanpB*eHBH B o6o
noqxe BHOCBT TennOBOH YAap B TOnnBBe. llpB HOpManLHOH 

16 

pa6oTe peaKTopa HliP-2 ua qacToTe 5 c·1 aMnnBTYAa oce-
2 BWX BHepuaanLHWX HanpB*eHBH AOCTBraeT 3,75 KZ/MM , 

a TaureuuuanLHwx - 10,8 KZ/MM2. 

4. llnaCTHqecKHe AecllopMaUBB o6onoqKH TBJna llOBBBTCB 
npu BLiropauuu Tonnusa 6onee 2,4* npH pa6oTe ua MOIU
HOCTH 4 MBm c qacToToa cneAoBaHHB HMnynLcoB 5 c-1 

B swropauuu 6onee 40/o npu qacToTe 10 c -1. 
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