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1 . BBEilEHHE 

8 nocneAHee BpeMR yc~neHH~~ HHTepec B~3~BS~T peaK~HH B3SHMO

A€~CTBHR ABYX cno~H~X RAeP, nony4HBWHe s aaeHCHMOCTH oT aK~eH

Ta HX npORBlleHHH HaHMeHOBSHio1R MHOroHyKJlOHHbiX HJU1 MSCC\11·BHbiX 

nepeAS4, rny60KOHeynpyrHX HllH CHJ1bHOAeMn$HpOBSHHbiX CTOllKHOBe

HHH, HenonHoro CllHRHHR, KBa3HAeneHHR, a TaKme APYfHe. B 3THX 

peaK~HRX, HS3.b1BaeMbiX 3AeCb B COOTBeTCTBHI-1 C CHCTeMant3Sl-'Hel7f 11~ 
noeTopeHHoH a' 121, o6w.1r1M TePMHHOM 11 PeaK~HH KacaTeilbHoro e3aHMO

AeHcTBHR11, Ha611~A811CR PRA HHTepeCHbiX 3KCnepHM6HTallbHbiX $aKTOB, 

He HaWeAWHX YAOBileTBOpHTellbHOrO o6~RCHeHHR B H3BeCTHbiX MOAe

llRX RAepHbiX peaK41o1H. B HSCToRw.eH pa6oTe CAenaHa nonbiTKa noHRTb 

H6KOTOpble H3 3THX $aKTOB Ha OCHOBe KI1SCCH4eCKOrO paccMOTpeH~R 

K~HeMaT~K~ peaK~~H KaCaTenbHOfO B3a~MOAeHCTBHR. B CBR3~ C 3T~M 

B AaHHOH CTaTbe MCTOAOM COnOCTaaneHHR ~3MCHCHHH RACpHoH, Kyno

HOBCKOH ~ Bpa~aTenbHOH 3Hepr~H B peaynbTaTe nepeAa4H HyKno-

HOB /3,4/ nony4CHbl aHam1TH4CCKHC Bblpa)I(CHHR, onpe,QenRIOUJ,HC CnHHbl 

H 3HCPfHIO npOAYKTOB peaK~H~ nepeAa4H. 

2. KHHEMATH4ECKHE XAPAKTEPHCTHKH RllEP 
nocnE KACATEnbHOro CTOnKHOBEHHR 

2.1. »CXOAHOC COCTORHHC ABYX AOCTaT04HO YAaneHHbiX APYf OT 

APyra RAeP XapaKTepH3YCTCR KHHCTH4CCKOH 3HeprHeHE HX OTHOCH

TCnbHOfO ABHmCHHR B C.~.M., nepeMe~aiO~C~CR nOCTynaTenbHO OTHO

CHTenbHO n.c., ~ MOMCHTOM KOnH4CCTB8 ABHmeHHR OTHOCHTenbHO 

4eHTpa Mace "ttL. 
PaCCMaTpHBa~TCR KaCaTenbHbiC CTOnKHOBCHHR C MaKCHManbHO 803-

MOmHbiM H HaH6onee BCPORTHbiM npH AaHHOH 3HeprHH CTOnKHOBCHHR 

MOMCHTOM 

/1/ 

rAe 11.12 =m 1m9"(m 1+m2), R 1.R 2 ,m 1,m 2 - paAHYCbl H Maccbl cranKH

BaiOW.HXCR RACp, 8 12 - KynOHOBCKHH 6apbep AnR HX KaCaTenbHOrO 

c6nHmeHHR. Ha4anbHble cnHHbl RAeP nonaraiOTCR paBHbiMH HyniO, no

CKOnbKY OHH BCCfAa CYW.CCTBCHHO MCHbWC Lmax npH 3HeprHH, HC06-

XOAHMOH· AnR eaaHMOAeHCTBHR CflO)I(HbiX RACP· 

npH conpHKOCHOBeHHH RAep CBOHMH noaepXHOCTRMH npH yCnOBHH 

L-Lmax HX PaAHanbHOC ABH)I(CHHC HC4C3aeT, H BCR Ha4anbHaR KHHe-
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Tl-14ecKafl 3HeprHfl E cocpe,qoT04HBaeTCR e BH,qe noTeH~HallbHOH 
3Hepri-1H KYilOHOBCKOro OTTallKHBaHI-lfl 8 12 1-1 3HeprHI-1 op6HTallbHOrO 
ABI-1*eHI-1fl ELo= E -B 12 • 

2.2. B cny4ae rna,qKoro CTOI1KHOBeHI-1fl, T.e. CTOI1KHOBeH!-1R 6ea 
y4aCTI-1fl Cl-111 TaHreH~I-lallbHOrO COnpOTHB/leHHfl, op6!-1TallbH~e H cnH
HOB~e xapaKTepHCTHKH fl.Qep nocne CTOI1KHOBeHI-1fl He MeHf!IOTCR 

EL12=ELO ,ELh :ELf=y, L12=L,I1=I2 = O, 121 

r,qe ELh 1-1 ELf - 3HeprHR op6!-1Ta/lbHoro ABH*eHI-lfl ~eHTpoe Mace TR

JKenoro (h) 1-1 nerKoro (f) fl.Qep nocne cTonKHOBeHHfl, npe,qcTaeneH
Hafl a,qecb H eea,qe Hl-l*e B C.~.M., EL 12 =ELh+ELt,L 12 - yrnoBOH 
MOMeHT Op6!-1TallbHOrO .QBH*eHHR nap~ R.Qep nocne CT011KHOB~I-1R, 11 
H 12 - cnHH~ R,qep. KaK He " 3•41 • y=A 1/A 2 =m 1/m2 • A 1 s_A,2 ,<ky.::;1. 
KHHeTH4eCKafl 3HeprHfl fl.Qep nocne CTOilKHOBeHHR H HX paaneTa Ha 
.QOCTaT04HOe. y,qaneHHe npH YCilOBHH ynpyroro KYilOHOBCKOro B3aHMQ
,qeHCTBI-1R pasHa 

EK12=EL12+ Bll! • EKh·: EKf =y. /3/ 

2.3. B Clly4ae Herna,qKoro KaCaTellbHOrO CTOI1KHOBeHI-1R BCTyna
IOT B ,qeHCTBI-le TaHreH~HallbH~e CH/1~ noeepXHOCTHOrO TpeHI-1R CK011b
JKeH!-1R F, KOTop~e e~a~eaiOT co6cTeeHH~e apa~eHHR R.Qep. CnHH~ 
R,qep npH 3TOM H3MeHRIOTCR C Te4eHHeM BpeMeHI-1 t Ha Be/11-141-lH~ 

t t va. 
M 1 ':1\1 2 =1 1 :1 2 .. ( FR 1dt: (FR2dt=y .• /4/ 

0 0 

B npl-16111-l*eHHOM COOTHOWeHI-11-1 /4/ ,qeHCTBHeM Cl-111, o6yCI10BileHH~X 
B~3BaHH~M Bpa~eHI-leM - 4aCTH4H~M Ka4eH!-1eM R,qep, npeHe6peraeTCR, 
nocKonbKy, ecn~-1 cne,qoeaTb MaKpocKonH4eCKHM npe,qcTaeneHI-1RM, cl-1-
n~ TpeHHR Ka4eH!-1R Mall~ no CpaaHeHHIO C CH/laMH TpeHI-1R CKOI1b*e
HI-1R. Ha /4/ 1-1 aaKoHa coxpaHeH!-1R MoMeHTa K0111-14ecTsa ABI-1*eHI-1R 

L12 +11 +12 ""L /51 

cne,qyeT 

y113(1-f12)L (1- f12)L 
It = ------, Ih = ' /6/ 

g 1 g 1 
1/& 

r,qe f 12 =L 12 /L , g 1 =(l+y J, 0TciO,qa, ecn~-1 np!-1Hf!Tb ,qnfl Mo-
MeHTa 1-lHep~l-11-1 c$ep!-14ecKoro R,qpa TBep,qoTenbHoe e~pa*eH!-1e J = 
= 0,4mR2 , HMeeM 

Ell2""Eih +Elf =2,5(1-f12)2 ELO 'Elh: Ert =y, 

rAe E1 - 3HeprHR co6cTBeHHoro epa~eHHfl RAep. 
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PHc.l. CYMMa 3HeprHH op6HTanb
Horo AB~eHHH H C06CTBeHHhlX 
BpaJ~~eHHH HAeP Eh IE LO I KpHBo
JIHHeHHble rpa4JHKHI, CllHHbl TIDKe
noro Ih /L I npHMOJIHHeHHble rpa- J 

' cPHKH c HHAeKCOM h I H nerxoro .£ o. 
HAeP If I L I npJIMOJIHHeHHbie rpacllHKH ~ 
c HHAeKCOM f I nocne KacaTeJibHo- -: 0.· 

ro CTOJIKHOBeHHH B 3aBHCHMOCTH 
oT ocTaToqHoro yrnoBoro MoMeH
Ta op6HTanbHOro ABH~eHHH 
f12 = f12 /L. y =At /Ah=O,l; I
CKOJib~eHHe, 2 - KaqeHHe, 3 -
CKOJib~eHHe C 6JIOKHPOBaHHb~ 
BpaJIIeHHeM • 

..J 

~ 

0, 

3HeprHR op6HTanbHoro .QBI-1JKeHHR na 

EL 12 = f
2
12 E LO • ELh ·: ELf= Y ' 

QopMyn~ /8/, a TaKJKe /3/ cnpaeeAnHBI 
HOrO CT011KHOBeHI-1R RAeP H HHJKe He no 

CyMMa 3Hepri-1H op6HTallbHoro ABHJKe 

RAeP 

2 
E 12 = E L 12+E112 =(2•5-5f 12 + 3•5 t 12) 

3Ta 3HeprHR H Cni-1H~ RAeP /6/ npeACT 
Ha oTpeaKe oc~-1 a6c~Hcc 5n -s_ f 12 < 1. T 
OTBe4aiOT Ha4allbH~M xapaKTepHCTHKaM, 
CT!-1KaMH nocne rnaAKOrO CTOilKHOBeHHR 

nonHaR 3HeprHR E 12 HMeeT MHHHMy. 
npeKpa~eHHeM AeHCTBHR TpeHHR CKOilblK 
npH f12 =5/7 Ka4eHHeM RAeP 6ea npocKa 
KaK xapaKTepi-1CTHKa Ha4a/la Ka4eHHR R 
B /5/, 

np11 f 12=5/7 HMeeM 

2 10 
11 + 12 = ~-L, EI12 = 4'9ELO 'EL12 

2.4. BMecTo .QI-1CC!-1naT!-1BHoro 
HI-1R CKOilb*eHI-lfl, ae,qy~ero K noTepe 
6Y*AeHI-1e f!,qep, MO*eT 1-lMeTb MeCTO y 
,qeHCTBHe 6ea noTepl-1 aHepr~-11-1 op6HTa 
eo36Y*AeHI-1e. TaK, HanpHMep, KynoHo 



Pac. I. CyMMa 3HeprHH op6HTarrh- 1,0 ,-----,--------. 

HOI'O ,II.BIDKeHHR H C06CTBeHHblX 

Bpa111emril· il/leP E1_ / E LO /Kp>!Bo

JIHHeH:Hbie rpat.iJHKH/ , CTIHHbl T,IDKe

noro lh/L /npaMonHHeHHhle rpa

li>HKH c HH,IT,eKCOM h I H nerKoro 

R,n;ep If I L I npHMOJIHHeHHble rpa~HKH 
c HR,II.eKCOM e I nocne KacaTenbHQ-

I'O CTOJIKHOBeHHa B 3aBHCHMOCTH 

OT ocTaToqaoro yrnoBoro MOMea

Ta Op6HTaiTbHOI'O ,ll;BH~eHHR 

112~112/L. y~Ar/Ah,Q,l;!
cKonb~eHHe, 2 - KaqeHHe, 3 
CKOJlb~eHHe C 6JIOKHpOBaHHbW 

Bpam;eHHeM. 

0~ 

u1 
~ 0.6 
w 

0.2 

0.6 

!8! 

¢opMyllbl /8/, a TaK>Ke /3/ cnpaeeAJll-1Bbl An1'l ecex cny~..~aee KacaTellb

Horo CTOJlKHOBeHI-1~ ~Aep H HH>Ke He nOBTOpJ'l~TC~. 

CyMMa 3Hepn1~ op6HTallbHoro ABVDt<eHI-1~ 1-1 co6cTeeHHbiX epall.leHI-1111 

.AA€P 

/9/ 

3Ta 3Hepn1.A 1-1 Cni-1Hbl ~AeP /6/ npeACTasneHbl Ha p1.1c. 1 rpa$1.1KaMI-1 

Ha 0Tpe3Ke OCI-1 a6C41-1CC 5/7 'S.. e 
12

.<1. TO"''KH rpa¢1.1KOB 1 npt-1 f12= 1 
oTBe"''aiOT Ha4a!lbHbiM xapaKTep~ttcn1KaM, coenaAa~LI.IHM c xapaKTepH-

CTI.1KaMH nOClle rnaAKOrO CTOJlKHOBeHHJ'l. 

nonHa~ 3HeprH~ E 12 VIMeeT MHHI-1MYM np1-1 £12 = 5/7.o6yCllOBJleHHbll:i 

npeKpall.leHI-1eM AeiiiCTBI-1~ TpeHI-1.R CKOJlb>KeHI-1Jl 8 CB.A31-1 C HaCTYnl-1BWHM 

npH £12 ""'5/7 Ka"''eHI-'!eM AAeP 6e3 npocKa!lb3b1BaHH~. 3Ha"''eHHe f 12=:5/7 

KaK xapaKTepi-1CTHKa Ha4ana Ka4eHHA AAeP enepBble 6bt!lo nony1..1eHo 
B /5f.. 

np" f 12~5/7 "MeeM 

2 10 
II+ I 2 ~ ')-L, El!2 ~ 49ELO • E 12 

5 
~ -ELO · 

7 
/10/ 

2.4. BMeCTO AVICCI-1naTI-1BHOro TaHreH41-1allbHoro AAepHoro Tpe-

HI.1A CKO!lb~eHI-1.A, BeAYLI.Iero K nOTepe KI.1HeTI.1"'1eCKOII! 3Heprl-11-1 Ha B03-

6y>KAeHHe RAep, MO>KeT lo1MeTb MeCTO ynpyroe TaHreH41-1allbHOe B3aHMo

AeHCTBI-1e 6ea noTepl-1 3HeprHH op61-1TallbHoro ABH>KeHI-1R Ha Tennosoe 

B036y>KAeHI.1e. TaK, HanpHMep, KYilOHOBCKOe B036Y>KAeHI-1e poTa41-10H-
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H~X ypOBHeH eCTb pe3ynbTaT AeHCTB~R ynpyrHX TOpC~OHH~X CHn, 
o6ycnoeneH~X B3aHMOAeHCTBHeM 3neKTP~4eCKHX KBaApynonbHWX Mo
MeHTOB cTanK~ea~~~XCR RAep. Pa6oTa 3THX c~n no 3aMeAneH~~ 
op6~TanbHOro AB~*eHHR nap~ RAeP He nepeXOA~T B B036Y*AeHHe, 
KaK e cny4ae A~cc~naT~BH~x c~n TaHreH~~anbHoro TpeH~R, a 3a
nacaeTcR B BHAe 3neKTpOCTaTH4eCKOH 3Hepr~~ B3aHMOAeHCTB~R 
KBaApynonbH~X MOMeHTOB, KOTOpaR Ha BTOpOM 3Tane CTOnKHOBeHHR 
nepeXOA~T B 3Hepr~~ COOCTBeHHoro epa~eHHR RAep ~ B~3~BaeT 

AanbHeHwee 3aMeAneH~e opfiHTanbHOro ABH*eH~R. 3To OTBeTHOe AeH
CTBHe TOPCHOHH~X CHn OnHC~BaeTCR TaK*e /4/ H /5/ H npHBOAHT 
K /6/-/9/, HO CnpaBeAnHB~M npH 3/7 _:;; f 12 .~ 5/7. npH nonHOM 
B03BpaTe 3ana·ceHHOH 3HeprHH 

f12 = ~-; 11 +12 ""i_L; E 112""~LO; E L 1:f _!_ELo•Et2""E LO • /11 I 
7 7 49 49 

KHHeMaTH4eCKHe xapaKTepHCTHKH RAeP nocne KOHCepaaTHBHOrO 
TaHreH~HanbHOrO CTOnKHOBeHHR AaH~ Ha PHC. 1 TaK*e rpa~HKaMH 1, 
HO Ha y4aCTKe OCH afic~~CC ft2:3/7~5/7-.----

CpaBHeHHe /11/ H /10/ noKa3~aaeT, 4TO noA AeHCTBHeM KOH
cepeaTHBH~x TaHreH~~anbH~x cHn 3HeprHR co6cTBeHHoro epa~eH~R 
RAep nocne CTOnKHOBeHHR OKa3~BaeTCR B 4eT~pe pa3a 6onbWeH, 4eM 
3HeprHR nOA AeHCTBHeM HeynpyrHX AHCCHnaTHBH~X CHn. 3TOT pe3ynb
TaT aHanor~4eH ~3BeCTHOMY COOTHOWeH~~ AnR nepeAa4M K~HeT~4e-

. CKOH 3Hepr~H AflR ynpyrHx H nonHOCTb~ HeynpyrHx ~eHTpanbH~x 
i cHn. Hao6opoT, 4aCTb KHHeTH4eCKOH 3HeprHH RAep, o6ycnoeneHHaR 

E L 1!'oKa3biBaeTcR npH KoHcepeaTHBHOM TaHreH~HanbHOM B3aHMOAeH
CTBHH B 2,8 pa3a HH*e, 4eM 3HeprHR npH nonHOCTb~ HeynpyroM 
TaHreH~HanbHOM B3aHMOAeHCTBHH. 

2. 5. A~CCHnaTHBHOe CKOnb*eHHe RAeP nepeXOAHT npH f 12 = sn 
e Ka4eHHe 6e3 npocKanb3~BaHHR RAPa no RAPY, xapaKTepH3yeMoe 
paBeHCTBOM nHHeHH~X CKOPOCTeH noaepXHOCTeH RAep B T04Ke HX 
ConpHKOCHOBeHHR 

w12 (Rl+~ )m2/(m1 +m2) -w 1R1"" 

=w2R2 -w12(Rl+R2)ml/(ml+m2) • 

rAe w1 , w2 H w12 - yrnoe~e CKOPOCTH COfiCTBeHH~X H opfiHTanbHO
ro epa~eHHH RAep, HnH B APYrOH ~pMe 

Ll2/~'t2(Rl+R2)"" 511/2mtRt +512/2m2R2. /12/ 

KHHeMaTHKa RAep npH TaKoM c~enneHHH HX noeepxHocTew onpeAenR
eTcR rnaBH~M o6pa30M MOMeHTaMH TpeHHR Ka4eHHR, OTnH4a~HMHCR 
no AeHCTBH~ OT MOMeHTOB CHn TpeHHR CKOnb*eHHR H MOMeHTOB CHn 
TpeHHR Ka4eHHR /eM., HanpHMep,/6/ I H nony4HBWHMH a npHMeHe-

" 

, .. 



HHH K paCCMOTpeHHID Ka4eHHR RAep Ha3BaHH~ MOMeHTOB BTOporo no

PRAKa·/?/ H3-3a HX KBaApaTH4HO~ 3aBHCHMOCTH OT napaMeTpa nepe

Kp~THR RAep. MOMeHT~ BTOpOro nOPRAKa ypaBHHBaiDT yrnos~e CKQ

POCTH C06CTBeHH~X spa~eHHH RAep, 3aMeAflR~ npH 3TOM HX op6H

TanbHOe spa~eHHe. ~e~CTBHe MOMeHTOB BTOporo nop~AKa He B~pa

~aeTCR npocT~M COOTHOWeHHeM THna /4/, OAHaKO H3 /12/ H, ec

TeCTBeHH0,/5/, HMeeM He MeHee onpeAeneHH~e, 4eM /6/, s~pa
~eHHR 

/13/ 

rAe g, 3 =1+~3/S=l+y, g 4 =1-?
1~.npH 3Ha4eHHH f =5/7 - 061!leM 

AnR ABYX paccMoTpeHH~x s~we THnoa·c~enneHHR noaepxHocTeH RAeP, 

$OpMyn~ /13/ H /6/ Aa~T OAHH H Te ~e 3Ha4eHHR. npH y=1 AnR 
Ka4eHHR RAep, KaK 6yAeT noKa3aHO B pa3Aene 3.3, B03MO~HO TOnb

KO 3Ha4eHHe f 12 = 517, . npH KOTopoM H3 I 131 cneAyeT 1e = ~ = j_L, 
HeCMOTPR Ha g = 0. 7 

Hcnonb3YR /'3/, HaXOAHM 

5y2g2 2g.; 2g 8 2 
Elf= 1[ 1 -2(1 + -'--"'}112 +(1+ --Jt 12]ELo 

2gggi 5yg 1 5yg 1 

5yg2 2yi!Sg 2y l~ilg 2 
E 1h = --~ [1-2(1+ --8 Jt 12+(1+ ~ftJELo 

2gsg4 5g I 5g I 
/14/ 

2 yg I 
E 12 = - 2-[2,5 -7f 12 + 3,5(1 + 

g4 

rAe g6 =1 +y 518 • 061!lee e~pa~eHHe AnR ~ 12 =Elh +Elf' 3AeCb He 

npHBOAHTCR Ha-aa ero rpoM03AKOCTH. 

CTaAHR Ka4eHHR RAPa no RAPY 3aKaH4HaaeTCR OCTaHOBKO~ Ka4e

HHR H npeKpa~eHHeM AeHCTBHR MOMeHTOB BTOporo nOPRAKa. 3TO Aa

eT MHHHMYM Ei2 npH 
5yg2 

f =f = --~- /15/ 
12 sl2 5yg2 +2g g 

1 s 5 

5 



ls12 0 0.2 
__ __L_~_---.l. 

lt12 

0,8 

0,6 

0,4 

0,2 

0 

0,4 0,6 0,8 Cl'1 

.. .. . . I PHc. 2. Yrnoaofi op6HTanbHbJH Mo

~fs 12 B 3aBHCHMOCTH OT y = 
= Ay/A h /KpHBaJI I I 11 yrnoaofi 

op6!1TanbHbni MOMeHT f t12 B 3aBH

CHMOCTH OT a= A/A 2 /KpHBa.ff 2/ 
HnH a- 1= A2 /A 1 /KpHBaH 3/. 

nonHaR 3Hepr~R epa~eH~R ~ cn~
Hbl pa3neTaiO~~XCR Ha CTa,Q~~ Ka4e
H~R CTOnKHYBW~XCR R,Qep C y =0,1 
npe,QcTaeneH~ Ha p~c. 1 rpa$~Ka-

0 
M~ 2. 3Ha4eH~R f~s 3aB~C~Mo-

0,2 °·4 0·
6 0

·
8 ~.<1 CT~ OT y ,QaH~ Ha p~c. 2 KP~BOH 1 • 

3aMeT~M, 4TO np~ 3HaKe 11MeHbWe 11 BMeCTO 3HaKa 11 paBH011 B O,Q
HOM ~3 paBeHCTB 1131 ~MeeM CKOnb3R~ee Ka4eH~e COOTBeTCTBYIO~e
ro R,Qpa, a np~ 3HaKe "6onbwe" - 6y1<cy10~ee Ka4eH~e. B 4aCTHO
CT~, np~ cKonb>KeH~~ R,Qep c TpeH~eM lrpa$~K~ 2 np~ 517 < ~ 12::; 1 I 
nerKoe R,Qpo ~cn~T~saeT CKOnb3R~ee, a TR>Kenoe - 6yKcyiO~ee Ka4e
H~e. Ha BTOpOM 3Tane KOHCepBaTHBHOrO TaHreH~~anbHOrO B3a~MO
,Qel1cTB~R lrpa$~K~ 2 np~ 317 s_ f 12 <517 I c~Tya~~R o6paTHaR. 

2.6. np~ OCTaHOBKe Ka4eH~R R,Qpa no R,QPY BCTynaiOT B ,QeHCTBHe 
c~n~ TpeH~R noKoR, np~BO,QR~He K cn~naH~IO R,Qep ~ spa~eH~IO c~c-

TeM~ Ka K O,QHoro ~enoro. B 3TOM cny4ae cu 1 = cu 2= cu 12 ~n~ so 
BTOPOH $OpMe 

51 1 l2m1 R f = 512 /2m2 R ~ = L 12 / p. 12 (R 1 + R 2 ) 2 • 116/ 

H3 /161 ~ 151 ~n~ ~3 113/ ~ /14/ np~ ycnosH~ /15/ cne,QyeT: 

2gsg5L 5/3 
ly~lh=y ' 11+ 12 = 

5yg21+ 2g3g 5 

5/3 /171 
lOyg ~gS g5E LO 

E '·E =y ' ' Jt · Ih E - ----- 2 
I 12 - (Syg 2 + 2g 

3 
g 

5
) 

1 

25y 2g fELo __ ' 
E - --- )2 L 12 - (Syg~ + 2g

3
g 

5 

E .. ELf= y ' Lh. 

5 g
2

ELo · y l -- .. E 12 = 
5yg; +2g3g6 

6 

] 

J 



3aMen1M, 4TO lH1CJ1eHHble 3HaYeHlrt.R E12 /E LO 111 Pst2 np1r1 3TOM 

paBHbl. BnepBbl€ YaCTV14Hoe paccMoTpeHVIe KVIHeMaTVIKVI epa\11ai011.1HXC.R 

cm1nwVIXCfl f!.Qep 6bi110 AaHo e /3/:. 

2.]. B TOM CJ1y4ae, KOrAa KS4€HVIe OAHOrO 1-13 fiA€P no APYrOMy 

H€B03MO~HO, HanpHMep,, 1-13-aa 4aCTVI4HOH H€C$€pH4HOCTlrt ero noeepx

HOCTlrt /3TO noKa3aHO YC1108HO 8 npaeoH CP€AHeH 4aCTVI pVIC. 1/ npo

lrtCXOAVIT CK011bmeHVI€ 3TOrO .RAPS C ycnOBVI€M ero orpaHV14€HHOrO 

BPS\11€HVI.R w 
1 

=W 12 11111111 

/18/ 

rAe VIHA€KCOM 1 0603Ha4€Hbl napaMeTpbl Hec$epV14eCKOro fiAPa. l-13 

/18/ " /5/ cneAyeT 

2a 2/3 a3£ 12L 
I I ~ 

5a~ 
5 2· 2 E 

E I I ~ ~G_L_~= 
2a2/3 a 3 

E 12 ~ 

~•NELL 
2a 3 

2a 3a 5 
+ (1 + ---)0 + 

5aa 2 
I 

5a 1 

I 2 ~ [ 1 -(1 + 
2a 213a 3 

5a 2 
I 

2 213 3 I 2 
a 3 -12 ELO 

5af. 

2a 2/3 a 3 
------ )P 12 + 

5a 2 
I 

2a2(3 as 2 
-----)1 12]E LO • 

5a 2 
I 

5a 1 
a:;l; I - ----o 

) I 12 ]L , 

p t12 =--------. 
5a1 +2a113a3 

tl2- 5 2 2(3 a 1 + a a 3 

/19/ 

3AeCb a~ A/A 2 , 0:0 a'S. ~ ; ai (a)= gi(y) , i~l.3,5, Hanpw 
Mep, a 1 =1+ a 113, i 1 =1 1 /L,i 2 =1 2 /L, fu2 - aHa4eHHe yrnoeoro 

MOMeHTa op6HTSJ1bH0ro BPS\11€Hlr1A, npVI KOTOPOM HSCTynaeT 6J10KVIPOB

Ka 8pS\11€HHA CKOJ1b3fl\11€rO HeC¢epHY€CKOrO AApS. 

KHHeMaTH4eCKIIIe xapaKTepiiiCTIIIKIII ABYX AAep c a =0.1 A11A 3Toro 

C11Y4afl C'-'enneHVIfl lo1X noeepxHOCTeH TSK}I(e AaHbl Ha PVIC. 1 rpa$~rtKa-

MY1 3. Kp111eaA A11.R E 12 /E LO lo1MeeT MHH1o1MYM np111 E 12 -= E 812 • 
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3Ha4eHI1fl f u 2 np11 B03MOlKHbiX OTHOWeHI1fiX Mace At/A 2 CTaJl-
K11BaiOLqi1XCfl fiAeP npeAcTaBJleHbl Ha p11c. 2 KPI1BbiMI1 2 11 3. TaM IKe 
AaHbl 3Ha4eHI1fl f 12 = 517 11 2 12 .;.a/7-, --OTBe4aiOLql1e MI1HI1MaJlbHbiM 
Op611TaJlbHbiM MOMeHTaM, AOCTI1lKI1MbiM COOTBeTCTBeHHO np11 AI1CCI1na
TI1BHOM 11 KOHCepBaTI1BHOM CKOJlblKeHI111 f!Aep. ~3 pi1C.2 B11AHO, 4TO 
nepeXOA AI1CCI1naTI1BHOrO CKOJlblKeHI1fl B CKOJlblKeH;e-c-6JlOKI1pOBaH
HbiM epaLqeHI1eM HeC$epl14eCKOrO fiAPa B03MOlKeH TOJlbKO Allfl 6011ee 
11erKoro 113 napbl CTaJlKI1BaiOLqi1XCfl fiAeP If u 2 2:. 5/7 np11 a~ 1 I. 
np11 nOJlHOCTbiO KOHCepBaTI1BHOM Ha4aJlbHOM CKOJlblKeHI111 MOlKeT 6b1Tb 
BOBJle4eHO B CKOJlblKeHI1e C 6JlOKI1pOBaHHbiM epaLqeHI1eM 11 TfllKeJlOe 
fiAPO, HO TOJlbKO np11 ycJlOBI111, 4TO A1 /A 2 .~ 3,0 /ft 12 ?:,317 np11 
a -1 '2:. 0,33 I. 

2.8. Anfl CKOJlblKeHI1fl C 6JlOKI1POBaHHbiM BpaLqeHI1eM B03MOIKHO 
AOnyLqeHI1e KOHCepeaTI1BHOCTI1 C11Jl TaHreH~11aJlbHOrO conpOT11BJleHI1fl, 
o6ycllOBJleHHbiX ynpyri1M CKPY411BaHI1eM f!Aep. K11HeMaTI14eCKI1e xa
paKTePI1CT11KI1 fiAep B 3TOM CJly4ae onpeAeJlftiOTCfl $OpMyJlaMI1 /19/, 
Ho np11 f12<f 8 12:. Ha p11c. 1 3TI1 xapaKTepi1CTI1KI1 4aCTI14HO npeACTae
lleHbl WTPI1XOBbiMI1 rpa$11KaMI1 3. 

3. K~HEMAT~4ECK~E XAPAKTEP~CT~K~ nPO~YKTOB PEAKU~~ 
nEPE~A4~ HYKnOHOB 

K11HeMaTI14eCK11e xapaKTepi1CTI1KI1 HYK1111AOB, o6pa3yiOLq11XCfl e pe-
3YilbTaTe nepeAa411 HYKJlOHOB OT fiAPa K fiAPY np11 KacaTeJlbHOM 
CTOJlKHOBeHI111, MOryT 6b1Tb onpeAeJleHbl AOCTaT04HO OAH03Ha4HO TaK
lKe Ha OCHOBe 3aKOHOB KJlaCCI14eCKOH MexaHI1KI1, eCJ111 nOCTY1111POBaTb 
onpeAeJleHHbiH Tl1n C~enJleHI1fl noeepXHOCTeH $OpMI1py10Lqi1XCfl $parMeH
TOB. 

3. 1. K11HeMaTI14eCKI1e xapaKTepi1CTI1K11 CJ111nWI1XCfl $parMeHTOB Ha 
CTaA1111 11X $OPMI1pOBaHI1fl 11 nOCJleAYIOLqero pacnaAa CI1CTeMbl, onpe
AeJlfteMble 3aKOHOM COXpaHeH11fl MOMeHTa KOJ1114eCTBa AB11lKeHI1fl 
L 34 + 13 + I 4 = L 11 ycJlOBI1eM epaLqeHI1fl CI1CTeMbl KaK eA11Horo ~e
Jloro CiJ S =CiJ 

4 
= cu

34 
, BblpalKaiOTCfl CJleAYIOLq11MI1 $OpMyJlaMI1: 

8 

I 3 + 14 
2dsd5L 

58d ~1 + 2d d ' It : I h = 8 5/3 
s 5 

f 34 =f 834 = 58d~ /(58d f + 2d 3 d 5 ) , 

10yg~d ~1/3 d6 ELO 

~sra(-;d-2 -2~2' 3 1 + 3 5 

EI34 E If ·: E lh = 8 5/3 
' 

,t 

~ 



1201 
E LO ~ E- B 12 • 

3AeCb 1-!HAeKcaMI-1 3 lo1 4 OTMe4eHbl napaMeTpbl KOHe4HbiX npOAYKTOB 

6HHSPHOH peaK~I-11-1 nepeAa41o1 HYKDOHOB, Ag lo1 A 4 - MaCCOBble 4HC

.na npOAYKTOB peaK1.4HH, YAOBJleTaopRIOtQHe paseHCTBy Ag+A4 =A 1 +A2 ; 

8~A3/A 4 , A;t5A 4 ,0:<;8-s_l; di(o)~gj(y),i~l,:l-5, B 34 - 3Hep

rH~ 1.4eHTpS11bHOrO 83SHMOAeHCTBHR KOHe4H~X nPOAYKTOB peaK4Hio1. 

~OpMBJlbHOe OTJ11o14He /20/ OT SHBJ10rH4HbiX ¢opMy11 /3/, /8/, 
I 17 I cocTOVIT a aaMeHe HHAe-Kcoa 1 , 2 Ha 3, 4, naPaMeTpa y Ha S, 
<I>YHK~"H gj Ha dj "seJm4"Hbl ELO Ha yg~d~/3EL0/gf3 odf. 
noc.neAHAR 3SMeHa OTpamaeT H3MeHeHHe MOMeHTa HHeP4HH op6HTS.nb

HOrO epatqeHHA CHCTeMbl B pe3Y11bTaTe nepeAS4H HYK110HOB. npH OT

CyTCTB"" nepeAa4" HyKnOHOB (8:y)<I>OPMYnb1 1201 nepeXOART B 131, 
181 " 1171. 

<l>"3"4eCKoe pa3n"4"e <l>opMyn 131, 181, /17 I c OAHOi1 CTOPOHbl 

H $OPMY11 /20/ - C APYrOH, COCTOio1T B TOM, 4TO nepable acerAa 

YAOBJleTBOpAIOT 3SKOHY COXpaHeHio1fl 3HepnH1, TOr AS KSK BTOpble -

TOflbKO npH 8~nonHeHHH onpeAeneHH~X ycno8H~. B 4aCTHOCTH, npH 

0 .< y, T. e. npH yMeHbWeHHH MOMeHTa HHepu,HH A80i:1HO~ RAepHOi:t 

CHCTeM~ 8 peaynbTaTe nepeAa4H HyKnOH08 H coxpaHeHHH CYMMap

HOrO MOM€HTa KOnH4eCT8a A8H~eHHR, nOilHa.R 3HeprH.R A8H~eHHR CHC

TeM~ 8oapacTaeT H Tpe6yeT C8oero nononHeHHR aa c4eT 3HeprHH, 

8~AenReMo~ 8 peaK~HH. ~ Hao6opoT, 3HeprHR, norno~aeMa.R npH 

nepeAa4e HyKnOH08, MO>KeT 6~Tb noJ1y4eHa 8 cny4ae L=L max TOilb KO 

3a C4eT yMeHbW€HH.R 3HepntH Op6HTailbHOrO H C06CT8eHHbiX 8pa~e

HH~ $parMeHT08. 3TO H3MeHeHHe 3HeprHH npOHI1Il~CTpHp08aHO pHc.3 

AilR A8YX nap npOAYKT08 peaK~HH nepeAa4H C 0 = 0,1 H 0=0,7~ 
y=0,5. CocTORHHR cnHnWHXCR 8pa~a~~HXCR $parMeHT08 npeACTa8ne

Hbl MHHHMyMaMH KPH8~X, ne>Ka~IIIMH npVI £834 =0~323 H f. 834 =0,703. 
B o6~eM cny4ae ~nR nononHeHHR aHeprllllll A8H>KeHHR 8pa~a~eHc.R 

CHCTeM~ 3a C4eT RAePHO~ H KYI10H08CKO~ 3HeprHH H Ha060pOT AOil>K

HO 8~nOI1HRTbC.R yCI108He 

E 34 S ELO + Q + q, 121 I 
2 

rAe Q =C (m 1+m 2-m 3-m 4 )- BHYTPYIRAepHaR 3Hep~HR, a Q=B 12-~ 34-
3Hepriii.R BHeWHero 3IleKTPOCTaTH4eCKOrO 83aHMOAeVICT8HR $parMeH

TOB, B~Aeil.ReM~e npH nepeAa4e HYKI10H08. 3HaK pa8eHCTBa B /21/ 
OT8e4aeT KOHCepBaTHBHOMy B3aHMOAei:tCTBH~ 6e3 B036Y>KA€HH.R ~par-
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1,4 B.r.> =0.1 1 2 3 
PHc.3. To JKe, ttTO H Ha pHc.l, .,u 

1,0 3 2 1 3 2 1 6,p =0.7 

J 0.8 
:. 

HO AJIH npOAYKTOB peaK~HH nepeAa

tJ:H HYKJIOHOB • y = 0 '5 ' 8 = 0' I 0 
(G+Q)/ELo = 0,35 H8 = 0,7, 
(Q +Q) /ELo =-0, 12. I - KatteHHe, 
2 - CKOJlbJKeHHe C 6JIOKHPOBaHHbiM 

Bpa~eHHeM, 3 - CKOJlbJKeHHe C MH
HHMaJibHOH CyMMOH 3Hepi'HH co6cT

BeHHbm Bpa~eHHH q,pai'MeHTOB. 

w 
~ 0.6 .1' 

£ 

_J 

~ 0,4 

0.2 

o 0.2 0,4 0.6 o.s r 
ll, r-~__l___J_ _ _J __ --"--~~ 

0 

0 

3 
2 

0.2 0.4 

I 

j 
0,6 0,8 l3, 

PHc. 4. BepxHHH H HHJKHHH rpaHH~bi 

B03MOJKHbiX 3HatteHHH yrnoaoro op-

6HTaJibHOI'O MOMeHTa llPOAYKTOB 

peaK~HH nepeAattH HYKJIOHOB Ps4 = 
= Ls4/L a 3aBHCHMOCTH oT acHM

MeTpHH HX Mace 8 =ApIA h HJIH 
f3 = A3 / A 4 , I - cnHnwHecH q,par

MeHTbi, 2 - KatteHHe, 3 - CKOJib

>KeHHe C 6JIOKHpOBaHHbiM Bpa~eHH

eM, 4 - CKOJlbJKeHHe C MHHHMaJib

HOii 3HeprHeH C06CTBeHHbiX Bpa

~eHHH <PparMeHTOB. 

1,0 

0,8 

0,6 

0,4 

,_, L-~ !-"·'-' 
0 ----,-·- ,..---· .----r---r 

0 0,2 0.4 0.6 0.8 O,p 

MeHTOB, 3HaK 11MeHbwe11 - A11CCio1naTio1BHOMY c noTepei:\ Klo1HeTI14ecKoi:1 

3Heprlo111 Ha eo36Y*AeHI1e, o6ycnoeneHHoi:1, Hanpi1Mep, pa6oToi:1 npo
TI1B Cl1n TpeHI1R np1o1 B3ai1MOAeHCTBI111 RAeP AO nepeAa411 HyKnOHOB. 
MaKCI1ManbHaR noTepR 3Heprl111 e 3TOM cny4ae onpeAenReTCR pa3-

HOCTbD 3Hepri1H Ha4anbHOrO 11 HI13Wero COCTORHI1H cn11nWio1XCR 
11CXOAHWX RAeP y=0,5, npeACTaBneHHWX Ha p11c.3 T04KaMI1 C a6C~I1C-
CaMI1 £

12
=1,000 11 t 812 = 0,673. --

AnR $parMeHTOB, Cnl1nW11XCR np11 lo1X $OpMI1POBaHI11o1, Ofi~ee ycno-

BI1e /21/ npi1HI1MaeT B11A 

5yg ,d ft1 3 Q + q ' ---------------< (1 + ---).. /22/ 
g 8/3 (58 d 2 + 2d d ) - E 

3 l ·.8 5 1.0 
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8eiH44\IIHa Q + q VIMeeT KOHKpeTHOe 3Ha4eH\IIe _AJlfl 3S,QaHHbiX y \II 0 
\II MOJ«eT 6b1Tb KSK nOJl0>K\IITeJ1bHOi1 7 TSK VI OTp\ll~aTeilbHOa::i .. 0,QHSKO 

,QJ1R 06~ei1 VIJlil~CTpa~\11\11 ,Qea::iCTBVIR COOTHOWeH\IIR 1221 MO>KHO nono-

}f{\IITb (Q+Q)/ELO =0, TeM 6onee, 4TO 3TO paaeHCTBO \IIMeeT MeCTO 

He3aBHC\IIMO oT aenvt4\11Hbl Q + q np111 ELO >> (Q + q). Ha PHc.4 KpYJ-

aoi1 1 npe,QcTaaneHbl ao3MO»<Hble 3Ha4eHHR 0 111 fs; 34 Ail.R y=0,5 

npl4 (Q+ q) IE LO =0, nony4eHHble Ha ocHoaaH\1114 122/. CI4IlbHO acvtM-

MeTP144Hbte no MaccaM napbl $parMeHTOB (& < 0,125) 14 nonHoe cni4R-

HI4e A,Qep (0= 0) 3HepreTvt4eCK\II aanpe14eHbt. 

t·f3nomeHHbli1 Bbtwe MeTOA paccMoTpeH~t~R ycnoaltiH Ail.R ocyw.ecTane

HltiR fiAePHOi1 peaK~1414 Ha OCHOBe conOCTaBileHI4fl 143MeHeH14i1 B npo

~ecce peaK~ltlltl R,QepHOi:1 lt1 KYilOHOBCKOH 3HeprvtH C OAHOH CTOpOHbl 

"" nonHoH 3Heprvtvt op6vtTailbHoro 111 co6cTBeHHoro apaw.eHHW - c APY

roW, 6biJ1 npe,QJlO}f(eH 8 pa6oTe.f3/, a 3aTeM npltiMeHeH B:/4/ ,QJ1A K(JHK

peTHbiX paC4eTOB Kpi4H14eCK14X yrnOBbiX MOMeHTOB 80 BXOAHOM KaHane 

peaK~ltiH nOilHOrO CJllti.RHlti.R \II MI4H14MaJ1bHO B03MO}f(HOi1 lcyw.ecTSeHHO 

MeHbweH B 12 + Q I 3Heprlt114 so36Y>KAeHlt1R KOMnayHA-RAep. 

PacCMOTpeHI4e 1 aHailOri44HOe /3,4/, HO BblnOJlHeHHOe 8 MeHee KOHK-

peTHOi:1 $OpMe, ASHO B ·181.. . 

3.2. K~t~HeMaTlt14eCKlt1e xapaKTeplt1CT14KI4 npo,qyKTOB peaK~ltlltl - A,Qep, 

KaTRW.HXCA ,qpyr no ,Qpyry npH 14X o6pa3osaHlt1lt1 1t1 nocneAY~W.eM pa3-

aane C\IICTeMbl, onpe,QenA~TC.R 143 ycnoavn71 /51, 1121 c 3aMeHoi1 a- HYIX 

VIH,QeKCOB 1 lt1 2 Ha 3 14 4 14 143 YCilOBltlfl 1211. 3TO ,QaeT $OPMYilbl 

I 131- I 151, 14.3MeHeHHble cor nacHo yKa3aHlt1.RM s pa3,qene 3. 1 . Hanpi4-

Mep, 

64/,3 2d3 
--[(1+ ---lf -1]L, 

d4 5odl ·34 

5yg2d 5/3 2d 
___ I __ .3 ___ ( 1-2(1 + _•._3 )£34 

2g,:1 3 d~ 5Bd 1 

2d 3 2 
+(l+--)134 JELO 

56d 1 

/23/ 

111 T.A. H3 1211 cne,QyeT ,qononHvtTeJlbHOe orpaHvt4eH~t~e Ha ao3MO>KHble 

3Ha4eHvtR ~ 34 
/24/ 

rAe 1 934 onpeAeneHo s /20/, a 

gS/.3 d 2 2d d Q d d 112 
, ~!~[ 1 + s 4 ( 1 + __ 3.L)( 1 +~)- _•3-LJl 

7 yg~dy3 56d f ELo Bd ~ 
npltl 0=1 He3aBVICio1-MO OT BeJllo1414H G+Q 14 y >1MeeM f = 0 lt1 €:34 = 5/7 
lnocne,QHee 3Ha4eH14e 6bt.no vtcnonb3oBaHo s pa3,qene 2.51. 

,lJ.onycTI4Mble 3Ha4eHI4R E34 , I h vt If a 3aBio1CHMOCT\II oT f 34 

npeACTaaneHbl Ha PHC.3 KpHBbiMH 2 AJl.R ABYX nap KaTR~VIXC.R $parMeH-

11 



T08, lo1Mei011.1HX 8 = 0,1, (Q+Q)/EL0"'0,35 H t; .. O,],(Q+q)/Et1J0,12 
npH y .. 0,5. 

Ha PI-1CYHKa cneAyeT nonRpHaa~HR cnHH08 $parMeHTo8, o6paTHaR 
(lh<O, If< 0) Ha4anbHOMY MOMeHTY, Hanpa8neHI-1e KOTOporo onpe-
AenReTCR Hanpa8neHHeM napaMeTpa YAapa, a 3HaK npHHHMaeTCR no
no~lo1TenbH~M. AHanorlo14Hoe yKaaaHHe o 803MO~HOCTH OTPio1~aTenbHOH 
nonRpHaa~HH cn1o1Ha $parMeHTa nony4eHo 8

191, Ho APYrHM MeTOAOM. 
3TOT peaynbTaT noKa3~8aeT HeOAH03Ha4HOCTb HHTepnpeTa~HH 3HaKa 
yrna 8~neTa $parMeHTa, npeAno~eHHOH ~101,no aHaKy ero nonRpl-1-
aa~HH. 

rpaHI-1~~ 803MO~H~X 3Ha4eHHH f34 npH Ka4eHio11o1 KOHe4H~X $par
MeHT08 8 3a8HCio1MOCTio1 OT 8 npH y .. Q,5 lo1 (Q+q)/ELO .. Q, HaHAeHH~e 
no $OpMynaM /24/, npeACTaBneH~ Ha pHc.4 KPH8~MH 2. 

npH8eAeHH~e Ha PHC,4 Klo1HeMaTH4e~xapaKTepHCTio1Kio1 AnR cny-
4aR Ka4eHHR $parMeHT08 nony4eH~ HCXOAR H3 3aKOH08 COXpaHeHHR, 
onpeAenRIOII.IHX He06XOAHM~e, HO He 06R3aTenbHO AOCTaT04H~e ycno-
81o1R AnR HX peanH3a~lo1H. 

~HCCHnaTH8H~e Cl-1nW TaHreH~HanbHOro TpeHHR, AeHCT8YI011.1He npl-1 
Ka4eHHH Me~AY CTanKH8aiOII.IHMHCR RApaMH 1 H 2 1o1n1o1 $parMeHTaMio1 3 
H 4 npH nepeAa4e HyKnOH08, MOryT CHH3HTb Ha4anbH~H MOMeHT L·~ 
TOnbKO AO f 34 "'f aM'. eCnH l>.<y, HnH AO f34"' f s12, ecnH lJ'>y, 
nOCKOnbKY npH CnHnaHHH RAep AeHCT8He CHn TpeHHR CKOnb~eHHR H 
Ka4eHHR npeKpa11.1aeTCR, 

TaHreH~HanbH~e cHnw, B03HHKa1011.1He Me~AY $parMeHTaMH 8 peaynb
TaTe nepeAa4H HyKnOH08, onpeAenRIOTCR cno~H~MH KHHeTH4eCKHMH 
ypa8HeHHRMH THna MaCTep-ypaBHeHHH HnH ypa8HeHHH $oKKepa-nnaHKa. 
0AHaKO AnR 8~RCHeHHR HanpaeneHHR AeHCTBHR 3THX CHn 8 npeAenax, 
onpeAenReM~X 3aKOHaMH COXpaHeHHR, AOCTaT04H~ npOCT~e AHHaMH4e
CKHe paCCMOTpeHHR CHCTeM~ H3 ABYX CBR3aHH~X C801o1MH no8epXHO
CTRMH $parMeHT08. 

npH 8<y H (Q+q)>Q Me~AY $parMeHTaMH B03HHKaiOT CHn~ npw 
TR~eHHR, KOTOp~e o6ecne4HBaiOT C~enneHHe no8epXHOCTeH RAep H 
COOT8eTCT8YIOII.Iee yaenH4eHHe nonHOH 3HeprHH 8Pall.leHHR. 3HaK CHn~ 
83aHMOAeHCT8HR OnpeAenReTCR 3HaKOM 8enH4HHW (Q+q)/((R g+R4) - -
-(R t+R 2)), rAe (R 1 +R2) H (~8 +R4 ) MOHOTOHHO yeenH4H8aiOTCR OT 
1 , 00 R c AO 1 , 59 R c npH H3MeHeHHH y HnH 8 8 HHTep8ane 0-1 , 
Rc - paAHYC B03MO~Horo KOMnayHA-RAPa C MaCCOH m 1+m2 .. m3 +m4 .• 
YaenH4eHHe 3HeprHH apa11.1eHHR npoHCXOAHT a peaynbTaTe AeHCTBHR 
COCTaBnRIOII.IHX ~eHTpanbHWX CHn npHTR~eHHR, KaCaTenbHWX K TpaeK
TOPHRM ~eHTPOB $parMeHTOB, HMeiOII.IHM B CHCTeMe ~eHTpa Mace 8HA 
CKPY4HBaiOII.IHXCR cnHpaneH. YeenH4eHHe 3HeprHH apa11.1eHHR CHCTeMW, 
B 3TOM cny4ae onpeAenReMoe npaaoH eeTBbiO napa6on~ nonHoH 3Hep
rHH ABH~eHHR, BeAeT K yaenH4eHHIO t 84 B HHTepsane f slZ .;t584 (1+£ ), 
nocneAY1011.1ee AeHCTBHe CHn TpeHHR KaTRII.IHXCR APYr no APYrY $par
MeHToa CHH~aeT f.84 AO t 884 • TaKHM o6paaoM, AnR aoaMo~H~x 3Ha4e-

12 



1s34 .':: P 34 '.:. 1 s34 (1 + ,) · 125/ 

npYI 0 >y ).1 (Q+q) .<0 KOMnOHeHTbl CHil npHTfi>KeH~-tfl ¢JparMeHTOB, 

KaCaTeJlbHbl€ K TpaeKTOplr1fiM L.J,€HTpOB, HMei0!41-1M $OPMY paCKPY'-H1BaiO

L4YIXCR CnHpane~, 3aM€AJ1RIOT spa14eHHe CYICT€M~. 3TO BeAeT K CHH

ll(eHitiiO f'34: BnilOTb AO f e34, €CI1YI nepeAa4a HyKJlOHOB npOH30WJ1a 

np1o1 f 12>E834 , Hillll K soapacTaHI-110 f 34 , onpeAenReMOMY neeotll seTBbiO 

napa60I1bl, B npeAenax 14HTepsana f s12 -f s34 , eCJllll nepeAa4a HyK

JlOHOB npolt13owna np1r1 f 12 ?:f8 12 14 f12 :5 f 934 • B 3TOM cny1.1ae 

1
512 :S 1 34 :S 1 s34 ( 1 +,) np~ 1 s 12 > 1 s34 (1 - <), 

/26/ 

B cny4aex 8<y " (Q + q) .< 0 HI1~ 8>y ~ (G+ q) >0 Ae.,cTBYKlT 

CYIJlbl OTTaJlKHBaHHR M€~AY ¢lparMeHTaMH, npenRTCTBYIOL4YI€ cu,enneHHIO 

¢lparM€HTOB Yl A0CTio1>KeH1410 npeAeilbHbiX COCTOAHYIVI 1-13-·3a npe)f{A€Bpe-

M€HHOrO pa3pb1Ba Clr1CTeMbl. npl-1 8< y 1.1 (Q +q) .<0 3aC€JlReTCfl Ta 

>Ke 06JlaCTb COCTORHIII~, 4TO \II npYI 0 < y, (Q +Q)·>O, HO B o6paTHOM 

HanpaeneH\11\11 OT fS 34(1+e) K f. 834 • ripYI 0-> y \II (Q+Q) >0 Heaa-

BYIC\IIMO OT COOTHOWeHYIR Me>KAY f \II f .
34

(1-e) 3acenRIOTCR CO-
s12 s 1 

CTORHYIR OT f534 AO f s34 (1-e) B HanpasneHHH yMeHbWeHHR 34 • 

B 3TOM cny4ae BbiAenReMaR npH n~peAa4e HYKnoHoB 3HeprHR (Q+Q) 

npoRBnReTcR aHanorH4Ho 3HeprHH ynpyroro TaHreH~HanbHoro OTTan

KHBBHHR, paCCMOTpeHHOrO B pa3Aene 2.4. 

Bo3MO>KHble 3Ha4eHHR f; 34 "' 0 npH Ka4eH!4lrl ¢parMeHTOB B npo

~ecce ~r~x ¢opM~r~posaHYIR, onpeAenReM~e ¢opMynaMI4 /24/-/26/,npeA

cTasneHbl Ha pHC. 4 3awTplr!XOBSHHOH o6naCTbiO. 

3.3. KHHeMaTH4eCK~r~e xapaKTepHCTHK\11 npoAYKTOB peaK~HH, OAHH 

\113 KOTOp~x CKOnb3YIT no APYrOMy C 6noKYIPOBSHH~M Bpa~eHHeM, on

peAenRIOTCR aHanorH4H~M o6pa3oM H3 ¢opMyn /19/ c AOnonHHTenbHOH 

3aMeHo~ a Ha (3 = A 3 / A 4 , 0.5 fJ . .::; oc , rAe A 3 - Maccosoe 4\o1cno 

CKOI1b3Rtlle ro <t>pa rMeHT a , a j (a) Ha b j ( fJ ), rAe b.j ({J) ~ a j (a) , i=1;3,5. 

HanpHMep, 
2/8 2 8/8 2 

2fJ bsf;ML yg1b;3 f34ELo 
!3 = ELi84= --- ~ T.A· /27/ 

5b2 g813{Jb2 
1 3 1 

~14ana3oH so3MO>KH~x 143 ycnoBHR /21/ 3Ha4eHHH £
34 

ABeTcR ¢opMy-

naMH 

f 834 ( 1 - ') .:: £34 -::. f 834 ( 1 + '), 

5{Jb 'l+ 2b,-h 0 2g \"3 Q I 
<=11+ ____ -: ____ [ (1+ _:!:i_)-1]1 1 2 

5{Jb ~+2fJ 518 b 3 5yg fb ;'8 ELo 

/28/ 

l3 



H AOnonHHTenbH~MH orpaHH4eHH~MH /25/ H /26/. Hnn~cTpa4H~ pac
cMoTpeHHoro cny4a~ TaK~e AaHa Ha pHc.3 rpa~HKaMH 2 H Ha pHc.4 
KPHB~MH 3, OAHaKO 6e3 WTPHXOBKH o6naCTH 3acen~eM~X f,34 • ---

3.4. neH~eHHe npOAYKTOB peaK4HH C npocKanb3~Ba~~HM HnH 6yK
cy~~HM Ka4eHHeM OAH03Ha4HO He onpeAeneHo, B OTnH4He OT aHano
rH4HOrO B3aHMOAeHCTBH~ noeepXHOCTeH npH CTOnKHOBeHHH ~Aep 6e3 
nepeAa4H HyKnOHOB, OnHCbiBaeMoro COOTHOWeHHeM /4/. 0AHaKO An~ 
npOAYKTOB peaK4HH nepeAa4H MO~HO B~AenHTb npeAenbH~e cny4aH. 
B 4aCTHOCTH, MOmHO B~AenHTb KOHCepeaTHBHOe CKOnb~eHHe npoAyK
TOB peaK4HH C MHHHManbHOH CYMMOH 3HeprHH HX C06CTBeHH~X epa
~eHHH npH ~HKcHpoeaHHOM f 34 . TorAa H3 Tpe6oeaHH~ ycnoeHoro 
3KCTpeMyMa dE 13 /dli 3 +dE 14 / dl 4 = 0 npH I 3 +I 4 ~ L-L 34 , AOnon
HHTenbH~A aHanH3 KOTOporo noKa3~BaeT, 4TO 3TO MHHHMYM 
(d 2E 13 /dli +d 2 E 14 /dl:) > 0, cneAyeT 

ly : I h = 8 518 

H3 /5/, /21/ H /29/ HMeeM 

E 134 

EL34 = 

E34 

5yg2d 518 (1-f34 )2 ELo __ 1.___3 -- . -. E a ·• E "6/8 It · lh =u 
2g 813 d 

3 5 

y g ~ d r 8 
f 3~ E L o 

--g 8/3 Sd-2-·---' 
8 1 

ELh:ELy=8 

2 5/3 d d 2 
Y8td3 5 (5 3 5 )f ]E 
--=~---[ --- 5f 34 + 2 + 2 34 LO, 
g~/3 5 2 8d1 

( =I 2d5 [ 
5 yg~ drs (1 Q +Q )(1 2d8d6 ) d8 112 

+ + ---- - --11 
E LO 58 d f Bd ~ • 

1291 

/30/ 

KHHeMaTH4eCKHe xapaKTepHCTHKH npOAYKTOB peaK4HH C MHHHManb
HOH cyMMoA 3HeprHA co6cTBeHH~x epa~eHHA ~parMeHTOB AaH~ Ha 
pHc.3 rpa~HKaMH 3 ,H Ha pHc.4 KPHB~MH 4. H3 pHc.4 cneAyeT, 4TO 
B paCCMOTpeHHOM cny4ae f S4 > 1, T. e. (I 8+ 14 ) < 0, An~ npOAYK
TOB peaK4HH C 8 > y:. npH 3TOM apH~MeTH4eCKa~ CyMMa CnHHOB npo
AYKTOB peaK4HH, npo~Bn~~~a~C~, HanpHMep, B MHO~eCTBeHHOCTH 
y -KeaHTOB ~ 6yAeT 6onbwe L(1 -f34 ). 

t10~HO B~AenHTb TaK~e KOHCepeaTHBHOe CKOnb3~~ee /6yKCY~~ee/ 
Ka4eHHe ~parMeHTOB c HaH6onbweA eo3MO~HoA cyMMoA 3HeprHA co6-
CTBeHH~x epal!.leHHA npH <IJHKCHpoeaHHOM t 34 • TorAa H3 !51 H /21 I 
cneAyeT: 

14 

-·· 

c 
c 
H 

c 
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8
513 

(1- 1 34 )(1 ± OL 
--~------, 

(1-1 34) (1 + o 513 g) L 
--------------. 

d5 
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Ha /32/, Hanp"Mep, HaxoA"M g=O np" y= 0,5 o = 0,125, 
Q+Q =0"' Y34 =f 834 =0,378, 4TO cornacyeTC.R c npHse,qeHHbtM Bbtwe 

3SI<I1104eHH6M 06 O,QHOM 803MQ}I(H0M COCTO.RHV1l4 npr-1 YKS3aHHbiX napa

M6TpaX peat<U.HH, 

3.5. AHanoroM rna,QKoro pacce.RHH.R cTailKl4BSIO~HXC.R .R.Qep a 
peaKU.YI.RX nepe,QS'-11-1 HYKJlOHOB RBJ1FI6TCfl 6eapa,Qit1Sl..lf..'fOHHbl~ FI.Q6PHbli7s 
3$¢et<T A}l(oae¢coHa - ycl4neHHa.R KBaHToeo-MexaHr.14ect<a.R TYHHenb
Ha.R nepe,qa4a nap HYKilOHOB OT O.QHoro .R.Qpa csepxTeKy4ero Tl4na 
K ,qpyroMy aHanor~t~4HOMy FI.Qpyl1,1_1fat<a.R nepe,qa1.1a, onpe,qenfleMa.A 
YCilOBHeM COxpaHeHl4.R CBepxTeKY46CTH 8 KOHe4HOM COCTQ.RHl4l4, npo
HCXO,QHT 6e3 TpSHC$0pMSL.J.l4l4 op6l4TSilbHOrO yrilOBOrO MOM6HTS 8 CnH
Hbl ¢lpart-16HTOB H 6e3 B036Y>!<,Q6Hit1.R KOH64HbiX npO.QYKTOB peaKI..II-11-1 

Is= I 1, I4 = I 2 , L34 = L , 

K Tpe6osaHI-110 

yg~ d f3 
gsr38 d 2 

3 I 

4. 3AKI110YEHHE 

/33/ 

/34/ 

B HacTo~~e~ cTaTbe nony~eH nonH~~ KoMnneKT K~HeMaT~~eCKI-1x 
xapaKTep~CTI-1K npOAYKTOB 6~HapHoH peaKI..II-1~ KacaTenbHOrO B3aHMO
A€~CTBJ.1~ ABYX cno>~<HbtX ~Aep 6e3 nepeAal..ll-1 1-1 c nepeAal..le~ HyKnoHos. 
PaccMOTpeHbt see so3MO>f<Hbte I-13BeCTHble J.1 r~noTeT~~ecKHe cnyl..la~t~ 
Cl..lenneHH~ H 83a~M0Ae~CTBH~ noaepXHOCTe~ ~A€P B npol..lecce CTOnK
HOBeHH~ 1-1 nepeAa~l-1 HyKnOHOB. 6 l..laCTHOCTH, BB€A€Hbl V1 Bnepsble 
paCCMOTpeHbl CKOnb>f<eHHe C 6nOKI-1pOBaHHbiM spa~eHJ.1€M OAHOrO RApa, 
CKOnb>f<€HHe C MIIIH~ManbHO 803MO>f<HbiMI-1 1-1 Hai-160nbWI-1MJ.1 B03MO>f<HbiM~ 
C06CTB€HHbiMI-1 Bpa~eH~-tRMVI ¢lparMeHTOB, KOHCepBaTHBHO€ TaHreHI..IHanb
HOe B3aHMOAei1CTB~e TOpCY!OHHOrO THna, rnaAKOe TaHre.HI..I~anbHOe 
cronKHOBeHHe RAeP c nepeAa4e~ HyKnoHos. CpaaHeHHe reopeTHI..Ie
CKHx pe3ynbTaTOB C 3KCnepHMeHTanbHbiMI-1 AaHHbiM\.1, KOTOPOe nnaH~
pyeTCR l..lacTHI..IHO cAenaTb a cneAYIO~e~ cTaTbe, no3son\.1T CYA~Tb 
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0 npOAYKTHBHOCTH npeAnOmeHHOrO MeTOAa H B 3aBHCHMOCTH OT pe-
3ynbTaTOB CpaBHeHHR KOHKpeTH3HpOBaTb MeXaHH3M C~enneHHR H 
B3aHMOAeHCTBHR noeepXHOCTeH RAep B peaK~HRX KacaTenbHOrO 
B3aHMOAeHCTBHR. 

B 3aKn~4eHHe aeTop e~pamaeT 6naroAaPHOCTb y4aCTHHKaM ceMH
Hapa - COTPYAHHKaM fla6opaTOPHH RAePH~X peaK~HH H fla6opaTOPHH 
TeopeTH4ecKOH ~H3HKH OH~H 3a o6cymAeHHe pa6oT~. 
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