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Boe,nenHe 

Ouy6llHKODBHHbte K HaCTOSltUeMy apeMe!rn pacqeTbl ceqenHfi o6paaoaaHHH COCTaBl-1O1"'O H,npa 

B pea~m-rnx C Tst.menbtMU HOH8MH, OCHOB8Hllbl8 Ha Mo.nenH 11epnoro H.npa C pe3KHM KpaeM. nH6o 

HMeJOT xo.paKTep Ta6nuu .0.JIH ue6onblllOI'O I.J:HCna KOHKpeTHblX CHCTeM
1,1 /, nII6o np,e,nCTBBneHbl 

B 8H8lllITHtt8CKUX Bb1pam:euustx
121 

f a He B BH.ne Ta6nm1 H l'p8¢HKOB, 6onee y.no6HblX ll.llSI npax

THttecxoro HCflOllb3OD8HHH. 

UenblO' H8CTOHI.LteA pa6oTbl HBIIS10TCSI H3J1Q)K0HH0 peaynhT3TOB pa6oTb/
21 

no ceqemH1M, 

.n.ononHeHH~IX pacqeTBMH cpen.HHX MOM8HTO. H KB8LlP8Ta MOM0HT8 COCTBBHOro H.apa B BHLlP., yao6-

HOM .0.JlH rrpOCTbIX Ii 6ucTpblX oueHOK. Ta6nHUbl II rpa¢HKH IlOCTpoeHbl TBKHM o6paaoM, t{T06bt 

OXBBTHTb o'ieHb WHpoKyro o6naCTb BO3MO)KHbIX. KOM6HH8UHfi B38HMOL10ACTBYIOUlHX HOHB H H.Opa 

MHWeHn; npnaeaeHbl T8K}K0 COOTB0TCTBYJOWH9 (popMynhl. KpHTepneM npHM0HHMOCTH peaynhTB

TOB B paMKBX Ll8HHOA Mo.a.enH S1Bllst0TCH BbIIlOJlHer-rn:e ycnoBIUI KB83HKnaccHttHOCTH .ll.BH>KeHHSI HOHa 

71 ... -5~'1..2 > > J • KOTopoe HM00T MeCTO npaKTHqecKH BO ace.x. peBKUHSIX C TSl>KenhlMH HOHa-

1i'v 
MH I aa HCKIIIO'l8HHeM CBMblX nerKHX si.a.ep MHWeHH. 

Cne.oyeT OTM0THTb,, qTQ paccqHTaHHbl0 cetteHHSI H cpe.am1e MOM0HTbI COOTBGTCTBYIOT cyM-

MG p~BKUHA nonaoro CJIHHHHSI H TBK H83blB80MblX K8C8T0JlbHbIX ( grazing ) 

lllHX K HenonHOMY CIIHSIHHIO! 

+ (1 • 

peaKuHA:, ItpHBO.O,SI-

Paa.n.anHTb 3TH .a.ae peBKUHH, BKnlOttBIOlll.He HHT0HCHBHOe Slll0pHoe B38MMo.neAcTBHe, B p8.MK8X 

MO.o.enu: .. qepHoro SI.O.pa C pe3KHM Kp80M H0BO3MO>KHO. noaTOMY cpaBH0HH0 pacc 1rnT8HHbiX ceqe

HHA. npOBOLlRTCSI C 3KCnepHM0HT81IbHbIMH . .ll,~HHhIMH/J/ no .neneHHIO g.a,ep u 238 
no.n .o.eACTBReM 

TSl>K0llbIX HOHOB B o6naCTH aneprHA BbtWe 6~pbepa, Kor'.na MO>KHO npene6peqb T8KHMH THnBMH 

peaKUHA, KBK KYIIOHOBCKOe aoa6ym.nemie H TyauenbHbie nepeXOllhl HYKIIOHOB. TTpoae.aeHO TSK>Ke 

Cp8BH0HH0 C - IlOIIHhlMH cetteHHHMH peaKUHH, H3MepeHHbIMn no ocna6neHHIO nyl.fK8 HOHO~ B MHUle-

HHX H3 cpe.OHHX H nerKHX H.nep
141

• 06cym.naeTCSI paanu:qae C COOTB0TCTBYIDU1HMH OU0HK8MH 

ToMac/
11• 

YnoTpe6nSJeMbie o6oauaqeHHH 

Pa.llHyc B38HMoneficTBHII uoHa ( A
1 

, Z
1

) c ,iJ:lpOM MHWeHH ( ,1
2

, Z 2 ) 

R =r 0 ( A~1iA!13
J cj:,. 

ro - e.OHHCTBeHHhIA napaMeTp, BXOLlSJlUHH B paCCMOTp0HHe, .aon>Kell no.n611paTbCSI nyTeM cpasae

Hl!SI C OilbITOM. 

KynoHOBCKHit 6apbep B CRCT9MO U9HTpa. n:nepUlHI 

z, z,, 
A113 +All3 

l 2 

Mas. 

3 



1.\ 

KynouoBCKHA 6apbep B na6upaTopuoA CHCTeMe 

B=Buu·(1+-A,.)=L±I Z, Z~ 
. • A2 ro A'f '+ A~' 

np1-1ae.aeaaast Macca CHCTeMbI( m -Macca HyKnoHa) 

µ=~m. 

(1+-~) 
.1, 

Mas 

• ~+~ 
OTHoweHHe pa.a.Hyca B38HM0.O.efiCTBHH K .nnuHe ·aonHbl H0H8 B CH:CTeMe ueHTpa HHepumI npu 

aneprHH. paaHol1 KyllOHOBCKOMY 6apbepy, 
x) 

P _ R = .IJ;;._-tr 'JI,.\ j. = 0,2:iJ 
- Ya U.H. tr \ · 

½., Z Z A A (]7J:;Fif 
1
0
v~~-3 1+:-s 2 

A 1 + A 2 

3ueprm1 HOH8 (na6opaTopuan CHCTeMa) s 8J:lHHHU8X KynoHOSCKOro 6apbepa 

E na6 a=--•,. 
B 

KpHTepHeM n'plfMe~e:Mocru: peaynbTaToa srnns:i:eTCH a aTux 06oaaattemH1x yc11oa0:e 

½ p >> 1. 

PacqeTHhte cpopMynht 

KaK Il0K834HO B pa6oTe
1~1 

t BCSI o6naCTb 3Heprua HOHOB paa6HB80TCSI Ha TPH HHTepaana, 

BHYTPH KB:>K.aoro H3 KOTOpbIX MO)KHQ n6nyttHTb 8H811HTift19CKH0 Bbipam:eHHSI .llllSJ cetteHHSI. 

no,[l6apbepHaB o6naCTb: 

OKono6apbepuaB o6nacTb : ' 

HaJ:16apbepuaB o6nacTb: 

2 - 1_ 1 2/3 
1 1 > ( ___ ::q__ va ) a- 9p a 

2--l, 1_ /f 3 • 
1 1_ -11< r9-;;- va a 

1 2-1 
1- - > ( _ _a. 

a 9p 

1 2/ 3 

-;;;;: ) . 

(ta) 

(16) 

(ts), 

CWHB8II COOTBeTCTBYIOIUIIe Bblp8)KeHHSI Ha rpaHHUBX IIHTepaanoa, nonr1aeM cne.uyromu:e 

UHTepnonSIUHOHHbie q:JopMynbI JJ.nH ce~IeHHH peaKUUH ( oe - napuHenbHOe ce'leHHe) 

o = '£ o = "R
2 

I (a, p ) 
f= O f 

2 1 2Jl -1 ---
l(a,p) =--- exp[ -pJa (- arctg _]C___ -2J_1_ -1) ] , 

pa312 a 2 __ 1_ a 
a 

• 2 2 1 •2/3 
l(a,pJ = --c--1 0,227 + o,292[ 1 + ( ~ J ( 1 --1 J l I, 

pJa 9pJa a 

x) BaeneaHoe a.aecb p OTnHqaeTCst OT p s pa6oTe 
121 

Ha MH0>KHTenb 

c.TBY p stBnSieTCSI napaMeTpOM KB83HKnacCH'IHOCTH! p = 211 • 

4 

Ja • 

(2)' 

(2a) 

(26) 

no cywe-

-~ ':, 

l(a,p)=l-_l__( 2 --L fl'+· 1,62 (2-...j-) 
a 9pJa PVa 

(2a) 

AHanorHqHbIM o6pa30M RMeeM .ons cpe.uaero MOMeHTa KOn1:111eCTB8 .llBH>KeHHH B CHCTeMe 

cnHBBlOlllHXCSI ( nonHOCThlO HnH qacTJiqHQ) g,oep: 

rJ:le 

f', 

" - 1 .., e~ - ... f of 
0 f=o 

- v,ii,- ___!_,. 
f(a,p)= 2,/2 ( 1-a) 

1 ' 
f(a,p) =A,(p) +~ p213a113[ 1-.L+( 2- a /13 1,12 

_ ( a, p) a 9pJ a ' 

A, (p) = J;i, ---, 
2J2 1-rz, 

a
1 

(p) - 011peJ:1e1IBeTCll H3 ypasHeHm1_ 

1 2/3 2---) 
_L_ - 1 = ( 9pJa

1
' a, 

.L 
f(a,p)=A,(p)+A

2
(p) + PVa ~[1-_l_-( 2- a )213]312 

l(a,p) 3 a 9pJa 1 

A,(p) = ~ p213a11t 1 _ _ 1_ )3/~ 
f(a2 ,p) 2 a 2 

(3) 

,(3a) 

(36) 

•r· 
(3s) 

a2 (p) - onpeJ:1en!leTCll H3 ypasHeHHB 

HbI a Ta6nHue 4 •. 

1 2-L 2/1;, 
1 - -- = ( __!!.Z._) • 3H8'18HH9 

a 2 9p,fa:, 
a 1 (p) H a

2 
(p) 11puaeJ:1e-

CpenHH~ Kaa,npaT yrnoaoro MOM9HT8 CHCT9MbI 

Shl'IHCnBnC!I no .cpopMynaM: 

2 

~ 2 
t"=.!...Itof 

· o f =o 

f (a,p) = p 

2,/1-a 

2 
f /a, p) K (p) + 1,26 sl, s/1 [ 

' ---p a 1 

1 ' 
2-

+ ( a /31, 
l(a,p) a 9pJ--;; 

K, (p) 
p 

2,J 1 - a 1 (p) 

.. f
2
(a,pJ. 

' 1 2 
K

1 
(p) + K2 (p )_ + ½ --_ - p a [ 1 

f(a ,p) 

1 . 

a 

5 

2- .!_ · 2/3 2 
(~) "] 

9pJa 

(4) 

(4a) 

(46) 

(4s) 

1J 



: I 
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[[ 

K,(p) 
5,04 ,!, .1. 1 2 

----p a ( 1--) 
f(a

2
,p) 2 a 2 

PeaynbTaTbI pacqeTa H o6cy:m.nettHe 

3Ha'<{eHHSI !})yHKlUIH I (a, p) H'. BbJtHICneHHbJe C ee IJOMOlUblO 3Hat.J:eJIHH f( a. p) H ?(a I p ) 

x) 
a HHTepsanax uaMettem•rn napaMerpoa: 

0,90 :': a 5 2 , 

15 5 p '.: 510 
npHse!leHhI B Ta6m-:1uax 1-3 H Ha pHcyHKax.~ 1-3. Btte yKa3attHoro m-1Tepnana no a cne.ayeT nonb-

aonaTbCS1 npH a < 0,90 cj:,opMynaMH (2a), (3a) H (4a); npH a > 2 - COOTBeTCTBeHHO cpop-

MYll8MH (2B), (3n) H (4B), J-1HTepnan no p 6blll BhI6paH TaK, 'IT06bI nepeKpbITb npaKTH'leCKH 

seCb llH8TI830H B03MO)KHbIX B H8CTOSII.Uee apeMSI CHCTeM: ycKopeHHbJil: HOH .,.SI.OpO MHW0HH. 

Ll,nsi onpe.oenenttSI aau6onee no.n.xo.nsnuero attatJ:eHHSI napaMeTpa r
0 

6bmo npoHase.netto 
238 

cpaatteHHe paccquTaHHbIX ceqem1H c H,'3MepeHHhIMH nonHbIMH ceqemHIMH nenem-rn: su1ep! U non 
4 II 12 14 16 _20 /3/ 

.neHcTnHeM ycKopeHHhIX HOHOB He , B , C I N , 0 • Ne H c uaMepeHHhIMH 

IIOJIHblMH ceqemISIMH peaKUHH 114 Mas HOHOB C 
12 

H 150 M3B HOHOB Ou Ha pH.ne cpe,llHHX 

, /4/ B 
H nerKHX si.nep: Be , C , Al , fe 1 Ni 1 Cu • -Ag , S~ , Ta , Au • cny'4ae .neneHHH 

H.llep ypaHa MO>KHO 6hmo npe.nnonaraTb1 G:TO a o6nacTH aHeprm1 M wro ahlwe KynottoacKoro 

6apbepa ce1.1eHHe aeneHHst onpe.a.enneTCH .llBYMH OCHOBHbIMR TIIIl8MH peaKUHii : nonHhIM cnUHHHeM 

(o6pa30B8HHeM COCT8BH0f'O sinpa C ce'teHHeM a } H HenonHbIM cnHSIHHeM ( grazing ) C ceqe-
' C /4/ 

HHeM a T.e. a = a + a • B cny1.1ae 6onee nerKHX Hnep npH 6onhWHX aHeprHHX HOHOB 
g J I c I . /51 

nonHoe ce'48HHe peaKUHH T8K:>Ke onpe.nenHeTCH (cM., HanpuMep, ) 3THMH .ll~YMH THil8MH p~aK: 

UHH 1 T.,e., a = a + a 
R c I 

KaK noKaaan npose.neHHhiii attanua1 Bb16op .nnSI a_cex HOHOB (sa HCKmo'ieHHeM lie 
4 

} 3Ha

'teHHSI to = 1,41 .a.aeT xopowee coana.oeHHe paCC1.{HT8HHblX ce1.1eHHfi C H3MepeHHhIMH a, B Ha.n-

6apbepHOil o6nacTH. Ha pHc. 4 IlOK838Hbl 3TH peayJibT8ThI. 3KcnepHMeHT8JlbHbie TO'iKH B3HTbl H3 
. ·13I . 

pa60Thl f a CllJlOlllllble KpU:Bbie npencTBBJlSIIOT xo.a. paCC'iHT8HHbJX ceqeHH8. BH.llHO, 1.{TQ C IIOHH-

)KettrreM atteprHH pacqeTHast KpuaaH H8'4frnaeT H.llTH HH)Ke 9KCnepHMeHT8JlbHhJX 3H8l!eHHil al • TeM 

C0J1bHee OTKnOH~stCh1 qeM MeHhWe aHeprHst. 

TaKoe rroae.oeHHe npencTasnsteTCSI ecTeCTBeHHhIM BBH.O.y cunbH0:8 .o.enHMOCTH sinep ypaaa. 

.YaenJf'teHHe nprr 3Hepr-HHX, 6nHSKHX K KYJIOHOBCKOMY 6apbepy, OTHOCHTenbHOii ponH peaKUHil, He 

onHCbtaaeMbIX ,ll8HHOil MOLl,e1Ibl01 8 HM9HHO: TYHHeJlhHbIX nepexo.a.oa onaoro HJIH HeCKOJlhKHX HyK

JlOHOB, KynoHOBCKOro B036y)K.neHHSI H, 6bITb MO.>KeT I wpanttenb-atj:)tj:)eKT8 ( T.e. peaKUHH pacwen-

,1.eHHSI Hoaa a none Ts:i>K.e.1oro s:inpa c nocneny10LUHM aaxaaToM cf)parMeHTa) npHBO.llHT K yaenu-

qemuo tta6nronaeMoro ce 11eunS1 11e.neaus. KpoMc Toro, cae,!lyeT nMeTb n anny, qTo a6JIH3H 

x) 3ttaqeHHH P npnscne1-1b1 a HaH6o~,e'e HHTepecHoM nHTepaane a >" 0,98, r.n.e ceqettHe 
nonnoro cnHS1HIH1 nocTaT0 1-rno aemtKO H f7 xapaKTepu3yeT cpe.OHIOIO sseprmo npameHnsr 
cocTaBaoil CHCTeMht. 

6 

l1, 

6apbepa MoryT qyecTDOBaTbCSI H9KOTOpbie OTKnonem-rn :;,cprf)eKTHBHOf'O 31Hll!eHirn r O OT cpenaero 

.ll,JlH acex HOB OB ( r O ::, 1 ;41} KllK ncne.ocTBHe paann:l!HOil CTPYKTYPhl, T8K. It ncne.ocTnHe B03MQ)K

HbIX .ll,e(fJOpMauuil noHa B none H.opa-MHWemr. O.a,11aKo, OCT8B8HCb B_ p8MK8X o6cym:.aaeMoll a.oecb 

Mo.nenn, MO.>KHO nonaraTh, l!TO nocne..OHHe scf:,LJ)eKTbI He oqeHb cymecTneHHLI. 

TaKaH TQqKa apeHHSI uaxo.onT HeKOTOpoe flO.llTBep:m.neHHe Ha npnMepe HOHa He,,. Ey,ayqe: 

CJinbllO CBSl3,aHHOl1 CHCTeMoii H o6na.o.aH cpaBHHTenhHO He6onbWHM 38pH.O.OM I a -qacTHU8 ne 

MO>KeT BbI3B8Tb peaKuHA: Tnna TYHHenbHoro nepexo.o.a Hnn _saMeTHoro KynoHonCKoro Boa6ym:.neHHS1. 

Ha6nro.aoeMoe cel.JeHHe pe8KUHH no.a. .oeilcTnHeM a -qaCTHU .oon>KHO Il03TOMY COOTBeTCTB0B8Tb 

pac qeTHOMY npu acex 3HeprHHX. KaK· B~.0.HO 113 puc.4, f7 BCIO.OY n.neT necK0,1bKO HH>Ke pac-
-- ••• _. • ., __ ,. ..... - I 

qeTHOro ( a He BbIWe , KBK .ans: Tst)Ke!lbIX HOHOB). 3'To .PBCXO)KlleHHe MO)KeT 6bITb ycTpaueHo, 
!' • L • 

ecmr y1.1ecTh, t:ITO a .naHHOM cny1.1ae aaMeTeH BKnaJ.l (a,nx) t(a,pnx)H (a,a'n) K,auanoa pacna.oa 
131 . ~ 

cocTaBHOt1 cncTeMhI. YqeT ceqemrA (cM. , p11c. 3) 3'.fHX peaKuHi\ npuso.nHT K xopoweMy cor.,a-

. CHIO C TeopeTnqeCKOfi Oll9HKOi1. 

Pac'teTbI npn attaqemn1 r 
O 

=t,41 .onsi ce1.1ettnif peaKUHH Ha 6onee nerKHX aneMeHTax_ 
141 

T8K)K9 .a.aro~ y.aoaneTBOpHTenhHOe cornacue C lf3MepeHHbIMH ' ceqeHHSIMH, KaK 3TO BHllHO H3 

Ta6nmu,1 5. 3a HCKJUo:eHHeM CBMhlX ner-KHX 3JleMeHTOB, Kof'na Mo.nenb H.llpa C pe3KHM KpaeM 

CT8HOBHTC51 cntUllKOM rpy6oi1 H Henb3H Q)Kif,OBTh xopowero cornaCHSI, Ha6nro.aaeTCSI paCXO)K.lleHHe no

PSJ.OKB HeCKonbKHX npoueHTO~. np1-1se.oeHHhJe B pa6oTe
141- 3~eprOTHl!eCKH0 38BIICHMOCTH ceqeaui-i 

peaKuHii Al + C , Al + O 

MH. 

H Ag + 0 TaK>Ke Hennoxo OllHCbIBBIOTCSI pacqeTHhlMH KpHBh1-

0TM0THM 6onee 6nH3KOe K OU~HK8M H3 .npyrnx 3KCnepHMeHTOB 3Ha1.leHHe napaMeTpa r = 1,41 
Ill 0 

BMeCTO r0 = 1,50 , o6bt1.IHO ynoTpe6nsieMoro a aHanorlfl!HbIX pac'teTax • C:>r-nacne pac1.1eT0B 
Ill • 

ToMaca I OCHOB8HHbIX TBK)Ke Ha MO.oenu qepHoro SI.O.pa C pe3KlfM KpaeM, HO npu r = 1,5 
131 . 0 J 

C H3MepeHHhIMH B Ha.o6apbepHoit o6nacTH MO:>KHO_ IlOHHTb, ecnu yqecTb, qTo, KBK y>Ke OTMe-

qanocb paaee
121

• HCXO.OHBH KBBHTOBo-MexaHHciecKaSI t:pop,Myna 

a= 
2 

,de~ 
2 

2 

f=o t.f+ (KR+sf) 

4Ic~~e 

He .o.aeT B Knacc0qecKOM 11pe.oene (-fi ➔ O) KnaccuqecKoro ce'teHHst 

llOK838Tb, IICITOnb3 yg 8CllMilTOTH't9CKII9 Bb1pa)KeHHSI ,ang KynoHOBCKBX 

q>OpMyny. '!TO ce'!eHne CTpeMHTCS1 K npe.o;eny 

:i 1 
a = 11R (1--~ Mo>KHO 

o a 
'PYHKUHil, BXO,IJ;S11UHX B 8TY 

a = 11R
2 -sc'.!.. - 21n2)(1 - Li= 0,912a •• 

2 a (5) 

f)o3TOMY .nnsr nonyqeanH cornaCHSI C 3KCnepHMCHTBnhHhIMH .oaHHhIMH ~- Ha.LJ.6apbepHOi:t o6naCT~, 

K:Or- .a.a ceqeane np06ne::>KaeTCSI K reoMeTpHEieCKOMY' B 3TOM cnyqae npHXOLlHTCH 6paTb 38BbIWeH-

HOe 3H8EI9HHe r • CoOTBeTCTBeHHO saHHmaeTCH bueHKa KynoHOBCKOro 6apbepa, H npe: ManbIX 
0 . ~ 

3HeprHSIX pacqeTHbl0 ceqeJtnH ll.O.YT cymecTBeHHO BbIWe Ha6nIO.LJ.8eMbIX Ha OilbITe ( CM.HanpHMep I 

pnc. 2). 

KaK y:>Ke IIQ.LJ.qepKHB8Jl0Cb Bbillle, paCC1.IHT8HHbie C pOMOWblO T<9:6J1HU H1III rpafPHKOB .OJISI 

f(a,p) ceqeHHSI HBJIHIDTCH cyMMoa ceqeHHR o6paaoaaHIIH (a peaynbTBTe nonaoro cnHHHHH) co-

CTasttoro si.apa H ceqeHHH peaKUH8 HenonHOI'O cnHSIHHSI ( grazing J CoOTB9TCTB9HHO '3TOMy, 
- 2 

paCC1.{HT8HHbie cpe.o.mre 3H8'!8HHSI f ( a, p) H f ( a, p) OTHOCHTCSI K COCT8BHOA CMCTeMe, Morymeil 

7 



f· 

!· 

I 
I· 

! 

ripHBCCTlt KBK K nO.'lltQMY I TDK H IICUOJlHOMY c.numuuo. TaK KaK grazing pcaKIUfH H.OYT D COCTOSI-

HHSIX C MOKClfMn.,hHLl:..1'.H yr.'lOBlAMH MOMeHTllMH, TO cpe.onue MOMeHTbJ COCTll.BHOro SI.Opa 5ynyT 

MP.Hhllll:io. Hx vt:O ✓KHO ouennTb, ccnu tt3DeCTHO COOTHOWeHue MC.IK.lly ce"leUHSIMH O lu = X 1 
• e 

o=or.(J+x). 

Cor.,aCHO K1HlCCIP-tCCKOii. Monem.f 1.fCpHor0 sr.opa, cymccTnyeT M3KCHMllabHblH yr;1O~OH MO'-1:eHT 

f m npu KoTopoM noaMO✓KHO 06paaoaam1e CGcTaanoH cuc·reMbr. EcTecT:;e1-mo npe.a.rrono>KHTb, 

1.(TO npu f I M<?Hbll.JlfX HeKOToporo f O 1 11pOHCXO..'lHT nonnoe CJ1H8HUe, a npH f ~ < f < f m 

rtpOU:CXO.OHT grazing peaKUHSI. Tor.l],'l 6y.oeM HM~Tb: 

0TKyJla r 
0 

2 

rm 
J + X 

0 =-= 11K. J f ~ 

oc-=- "~2y 2 
0 

"="x'ce'-r'). 
• m O 

X ~L 
u. 

Cpe.a.nuH MOMeHT coc-ranHoro srnpa paeeu npn 3TOM: 

2 2 
=--f=T 

30 \ll+x 

em 

B KnaccuqecKoi'l: 

rroilxoae cywecTnyeT 

2 - . 
K8pTHHe 

3 
f m = f - cpenHeMy MQMeHTY• npu KBBHTOBO-MeX8HH1.(eCKOM 

f m 3ct,qJ. - 3cfHJJeKTHBHhtfi M8KCHMllnbHU8 MOMeHT onu.ny 6hICTporo crra.aa 

K03clxPnuueaTa npununaHHSI npn 6onbwux f • nponopuuouanblIOCTb KBaHToBoMexaHuqecKoro aHa

tieHusr f H f m stjJqJ. npu 3TOM C xopomeH T0"1HOCTbJO .non>KHa, coxpaHSJTbCSI. nosTOMy Mom.HO 

nonom.HTb: 

e. (a • p ) ~ 
V 1 + X (6) 

3Haq i?HIHl (pyHKUHH f ( a , p j • BbJ"1JfCneHHhte .ang pa3JIJfqffblX 3Haqem,a nepeMeHHh!X a H p , 

npu:se.aeHbI s Ta6nuuax 2a, 26 H Ha pucyHKax 2a, 26. 

AHanornqHbIM o6paaoM nonyqaeM: 

e: (a. p) 
P'ra' p (7) 

1 + X 

3tto!iqeausr f 
1
( a, p J npuae.neuw a Ta6nuuax 3a, 36 u Ha pJJcyttKax 3a, 36 .. 

Cpenaue 3H8"1eHHSI MOMeHTOB .onsi CHCTeM. B KOTOpbIX ocywecTonsreTcst qacTuqHoe cnHstHii:e 

(grazing) paBHhl COOTB0TCTBeHHO! 

- - ,!, 
1 • (a,p) ~ f (a,p) (1 +x) -1 

x( 1 + x) 

2 --1·· 2+:C 
e,(a,p)=f (a,p)--

1 + X 

nponnnJOcTpnpyeM ucnonb3oaattue rpa(tmqecKoro u Ta6nuquoro MaTepuana Ha npHMepe 
12 231 

peaKuu11 c, + U
92 

npn Ena6 =124 J\,\sm. 6yaeM npeanonaraTb r 
O 

= 1,41. 

A 1 - 12 

R 1.41 ( 2,29 + 6,20) ~ 12.0 q, 

s 

/,, - 238 

2 

"R 4520 mb, 

(8) 

., 

8 - 1,02 -~ '. 9_?_ ( 1 t 0,05 ) = 69,6 M·,ae 
8,49 ' 

124 
u = - :_ __ = 1,78 , 

______ __§9,(i_ ___ --·-

p ~ 0,312 \ _6 '}!_2 • 12 • 238 : 8,49_ ~ 72,J 
250 

1,13 pnc-ynKa la HBXD,'J.11~ ,~paay I (a,µ) O.'J.?· Eonee Toquoe 3Haqemte uaxoll.HTCSJ .»HTep-

no~'lupona!u~eM 11a Ta6mtUbI~ J a. 

TaKUM o6paaoM, 

f ( 1. 78 : 72, J ) 

a£ a;- I a= 1,80 
p~70 

_il_f_ I 
i!p a= 1,80 

p= 70 

. at 
f ( 1,80 ; 70 J • -

a a 

0,032 

0,10 
0,32 

.\ a + ~ .'\p 
i)p 

. A a - 0,02 

O, OO! 7 -. 0.-0006 , ,\ p = 2,3 , 
5 . 

f ( 1,78; 72,3) ~.0,475-0;0064:-0,0014 ~0,467' 
1 

u ="R
2
!=4520•0,467=2110 mb. 

Aaanof'Hl{HbJM o6pa30M HBXOllHM H3 Ta6nHu 28 H 3a: 

r r 1,78; 72,3 J = 55,6 - 2. 7 
0,02 + .!.-~2,3 = 55.6 - o,s4 + 1,80 

0,1 5 
56,9, 

e < 1,78; 72,3 i = 20so - ~ 0,02 + JOO 2,3 = 20so - 46 + 138 = 2140. 
0,1 5 

Ec~,u B3SITh 3Haqeune x = CT / CT H3 pa6oTh/
61 

x 
• e 

0,33 , TTOJJY"1HM cne.o.yrowrte OU0HKH .£lJl51 

cpe.llHHX MOMeHTOB COCTasuoro SI,llpa: 
e ~ 56,9 

• v 1.~i3 
2140 2 

e. 
1,33 

49,2 

= 1610 ; 

Cpe.o.Hue MOMeHTbI B peaKUUSI.X l.f8CTffl{HOro CnHHHHH npn 3TOM paBHbl! 

(1,33/1,- 1 
P • = 56,9 ----== = 81,0 ! 

0,33 \I 1,33 

P 
2 

= 2140 
2
•
3!._ = 3750 

• 1,33 

3aKnroqe11He 

npencTaaneHHbJe a .llBHilOH pa6oTe pacqeTbl ce"1eHHli u cpenHHX MOMeHTOB COCTaBHbIX cuc

TPM OCHOBBHbl H8 MO.UeJIH qepuoro sr.a.pa C pe3K?M Kp8eM. K8.K noxaawsae'! npuae.neHHhlA BblWe 

8HBJJU3, 3Kcnepn:MeHTaJtbHbie .llBHHbie He npuso.a.RT K SlBHOMy. npOTHBOpeqmo C 3TOA Mo.o.enbIO. 

Pacxo>K,'l,eHn~ Bbl'-UfCJJe·HHhIX ToMBCOM/l/ CetfeHHA H II3MepeHHblX ceqeHH~ .a.eneHHSI sinep U
231 

noa .a.ei\CTBneM Tfl)Kf>:JbIX HOHOB o6'bSICHsteTCSl , KSK H8M Ka:>KeTCSI, aa'BhIWeHH~A aenuquHo:t napa-

MCTpa r O 

aHaqem1S1 r 
0 

1,50 • XoTSI H Ha6nro.aaeTCSI HeKOTOprut TeHll.eHUHSJ K ynennqeHHIO acpcpeKTiIBHoro 

nirn 6o.r1ee T:fl)Ke.'JblX HOHOB, MQ)KHO p9KOM9H.00B8Tb aHa"qeHHe r O ,.,. 1,41 , 

9 



.narowee ynoaneTBOPHT9nbHOe OilHCSHHe ce11eHHA ot5pa30B8HHH COCTSBHOA CHCT0Mbl .nnSI acex 1:10-

HOB. no.n COCTSBHOA CHCTeMOA Mbl no.apa3yMesaeM CHCT0My HOH + H.apo MHW0HH B COCTOSIHHSIX, 

npnBO.!UllllHX na6o K nonHOMY cnHSIHHIO, T.e. COCTSBHOMY SI,apy, ne6o K HenonHOMy cnHSIHHIO, 

T.e. grazing peaKuu:u:. B p8MK8X .O.SHHOA MO.c.enu: Henb3I paa.aenHTb 3Tli .naa M0X8HH3MS 

a3au:Mo.a.eACTBHSI. nosTOMY npu: OU8HK8X cpe.llHHX MOMSHTOB COCTSBHOro SI,apa ·~a.no 3H8Tb SKCne

~PU:MeHTMbHOe' COOTHOWSHU:0 M0>K.O.Y ceqe~HSIMH nbnHoro H nenonHoro CIIIHIHHSI. 

TeopeTH11(:'!CKOe paccMOTpeHH0 HS OCHOBe OilTH'l0CK011 M0.0.01IH 51.0pa C pa3MbITblM KpaeM, 

. Bep,051TH6, Il03BOnHT npOH3B0CTH T8K00 paa.neneHu:e. HCHO, 11TO TSKH0 BbJtlHCll0HHH MO)KHQ 6y .neT 

IlpOH3B0C'J'.H TOllbKO .nnR KOHKpeTHhlX CHCTSM HOH + SI.ape MHW0HH. ~ STOM Hanpaaneam1 nonytteHhI 

IlOKS TOllbKO nepBble pesynbTSTbl, npu ytf.eTe TOllbKO B81U0CTB8HHOA tf.8CTH g.a,epaoro Il0T0HUHS-

/ 1/ ,/3/ ,/7 / 
na • 

noaTOMy I H8CMOTpSI Ha TOT (paKT, 'I.TO, srnneHB;SI, npOHCXOJlSllUHe npu B38HMO,O.eitCTBHH 

H.o,ep, 0'10Hb cno>KHbl H He HC'tlepnhIBSlOTCSI npocToit MO.ll0llbl0 ttepHoro st.npa C peaKHM KpaeM, 

nonyqeHHbl0 HS ee OCH0B0. pesynbTSTbl SIBIISIIOTC~ ,flOKa e.nHHCTB0HHbIMH,. KOTOpbl8 MO)KHQ npHMe

HSITb B WHPOKOM .rre:anaaoHe KOM6HH8UHA g,aep t5e~ cno>KHbIX qHcneHH~X pacqeTOB H KOTOpbl0 

MoryT 6hITb none3Hhl .anH 9KCnepHM8HT8TOpoa, pa6oT8lOlllHX B o6naCTH cl>H3HKH TSI>KenbIX HOHOB. 

ABTOP 6naroJlapea B.H.MapKoBy sa 6onbwyro _npaKTH:ecKyro D0M0LUb H HHTepec, cnoco5-

cTB0Baswae no,rnneHHIO aToll pa60Tb1, a TaK>Ke E.A.norHHOBoll, A.Jl.MaKapeHKOBOll H P.A.Xpe

Hoaoa aa npoaeDeHue qucneHH~x pacqeTos. 
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lfO {26 142 157 · I i 

Ta6nHua 3a, 

ll(d.,f) ' 

~ 15 20 25 30 35 40 115 50 55 60 65 70 75 80 85 90 95 100 105 HO 

0,90 .e.v 31,6 .39,S 47,4 5~3 63,3 7-1,/ '19,{ 97,0. 94,9 103 111 ,(19 127 ,f~ IJ.t2 ,{50 ,{59 166 17'! 

0,92 26,5 35,3 4'1,2 53,0 6{,9 70,7 7g,5 88,4. 97,2 106 {(5 l2J; 1.33 ,{J;( l.50 {.59 168 177 186 19'f 

0,9it 30,6 40,8 S{,O 61,2 73,'i 81,6 91,9 102 ,((2 122 {33 143 (5J 163 {74 IB'f 19'{ 20/{ 2/1{ 221/ 

0,96 37,S !50,0 ~,. 7S,0 8~5 100 112 (25 {38 (.5() {63 175 187 J?OO 212 225 238 250 /263 275 

0,98 .3~7 57,9 77,S 98,6 121 {id 159 m 19'f 2-12 230 247· 26S 283 300 318 336 353 371 389 

1,00 '12,S 59,2 79,S ./01 {21' /lt8 ,(7?, 199 226 2SJ/ 282 3{1 3111 372 40J i/34' 466 5()0 533 !367 

l,Oit 43,0 62/J 84,7 I08 133 160 188 218 21/9 282 3{7 352 390 t/28 i/69 !5{0, 553 .598 6ffi/ 6fll 

1,08 43,7 61/,9 8E,8 {15 ,/J/11_ 176 21( 2Ji8 288 330 375 422 473 525 580 637 697 ,sr; 824' 892 

1,12 442 69,I(- 95,4 126 {60 199 2J/0 286 335 387 i/1111 51)1/ S67 635 70o 18{ 858 939, 1020 1110 

1,16 1;7,2 72,8 (03 1.38 '177 223 272 327 385 41./9 5n tl}O 667 7'19 836 928 1020 {120 12.30 1J30 
··" 

1,2o_ 49,6 77,B ,t/2 (52 191 21t9 306 369 438 5(2 592 678 769 86~ 968 /070 ,(190 {3{0 llt.30 ./560 

,l,30 S6,3 91,6 (35 (87 247 316 .393 479 57( 673 782 90{ ,(030 ({60 IJOO 1450 {6IO {780 /950 211;0 

✓,'tO 649 106 (60 22lt 299 386 483 5g{ 709 838 977 1130 {290 11/60 ,(640 {84'0 2040 2250 2470 2710 

~50 7{9 (22 ;as 262 352 456 573 701( 847 1000 1170 1360 1550 1760 1980 2220 2460 ~7.30 .3000 3290 

/,60 .so,1 (38 2fl 30{ i/06 528 666 818 987 1(70 1370 1590 ./820 2060 2330 26IO 2900, 3210 3.530 3870 

1,70 88,6 1.511 238 3i/O 46{ 600 757 931-t 1(.30 1340 11570 1820 2080 2370 2670 2990 33.30 3680 4060 /.t/;50 

,1,80 97,I ,/70 265 379 515 673 B~ {050 {270 ISltl mo 2050 2.350 2670 3020 : 33Bo 3760 I J(/70 4590 501(() 

1,90 106. {87 291 419 570 71(5 91;3 1(60 1410 1680 {970 228:J 2620 2980 336013770 4190. 4650 .5{20 5620, 

·2,00 {15 2ol( 319 459 6~5 818 ;ol{O 1280 1.550 -1850 2170 2510 2890 3280 .3100 4t5() l 1-t6.30 i sl.3o .5660 6210 
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Ta6miua 36 

. « 130 
1 

150 170 190 210 230 I 250 '270 290 .3IO .3.30 .350 .370 .390 MO t,30 450 t,70 "t90 510 

OJJB 

' 1,00 

{,04 

-1,08 

1,12 

1,16 
1,20 

1,30 

l,'-tO 
1,50 

1,60 

1,70 

,1,80 

1,90 

2,00 

I5 

0,96385 

I,C'4CC 

75 

460 S.30 

708 857 

895 ({20 

,f/90 1S20 

,{500 191(0 · 

6(){ 672 • 71(2 81?, I 881{ 95S ,(020 ({00 ./170 .. 121(0 l!HO l.380 /1(50 1520 {590 ,(660 ./730 1800 
I 

1010 1170 fJl{O 15{0 ! {690 {870 2060 2250 21(50 2640 28.50 .5050 3270 3480 3700 .3920 l,(lfO lf.570 

/?,60 1630 ,{920 2230 ! 2560 2910 .3280 .5670 '1080 '1500 i 1/950 5420 59(0 6410 69'10 7'190 8050 86!0 

1890 2290 27tio- 3220 \a11to if29o 1t880 .5510 6170 6a10 1600 8!J7o 9110 101-1o'- f09·d 11s-1tl 121-1rJ1 m-io'-
21iso 2980 3580 if2lfo11;9t,O 5700 6510 ,7,380 8290 9260 103·/rfl l(J•IOa 12S·/01 136•(0• (JB,{O• (6/•~ 115·{02:/88·{01 

./BIO 2360 2980 I :3670' J{/f?,O S.26016160 7120 8150 9260 /0'{,,{r/ N7·fu' /JO•lo' 1'13,to' 158·10' /73·(o' IIIUo' 205•{/1 222-flr2'10·lll' 

21.30 2190 Jlf1;0 J{310 .,290 5290 i 7380 B5so s.500 11110• 126•,v" ,~1·10'\1s1-10• 173-10' 191,to' 209,to• 22s-10• 21;8-ld 269,10• 290,,o2 

291fo 38"/0 4930 6120 74_30 8870 i1~1,,-1.?2 121-10' {Jg,/~ (58· IO'- 179·{0' ';ol·t0'i2;1(-./01 2'18-101 271(,{0 300•{()' 328 to' ?,57·IOl.;88·lo',1t20101 

3750 lf960 6340 7880 9530 lllf•l<~IJS,10" 157-101 {/J0·,101 206·10' 233•{tr ,Z6f-lO'i291·{0,..323·10. 351,10• 392-102 Jf2B·/O· 1(67·/0" 507-1.?2;.sl(Blo' 
• I al ' . 

lf570 6050 •77lfo 951,0 ll7·to2 llfthr:f 16S•IO' ISJ•1o'Z2NO''f-5J·IO f?86•Kn,:,2NO !J59·/0'2 .39s:10• 4Jfo-to' +Ba•to• s2B-1rr,
1

s'16•10• 625·to'6nrD' 
/_ I, Jj ,J' I 

538.) I 7{J{0 91S0 ((/(,/02 139-lo' (66•/o' l96•ttf 228-lo' 26J·{trFOO•IO 1,31;0•{0 r82·(,r1't2(N01't79•101 52.3·10' 5'/Lf,{O' 629·10':685·/P 7Jfll'lo',1806{o' 

6ROO I 8,?JO -I06·1C' 132• ✓0• 160-IO' 192,,o'227-lo'\264•1ft .30'1·10a:,3't8·IO' .39'i:'°1Jf~2-IO~~lf91.f·I0•5lf8,IO 606-10,666-to' 729101 .. 791(,/0" 863·/02 934,,o' 
, ; ~ . ~ ,1 I . 

1020 9330 120-,0• 149-# ,a2,1r'- 21s-✓0~' 2sa•1d 300•1ff J',6•'02 ,39s-~m,,.,1.1° 1 so.;-10 .s62-,o- s2a•lfl 689·~ 1s1-ID" a2g to 9ot1-10 gsurr 10010! 

784'0 ': IOl,,,//1 ,{Jl{o/~I /67•,o• 204•124'4'•~ 288•{i 336•/0f,387•/0j t,~2·_ 5ol·;~ 563:~629·10' 699•{0' 772-~o•Js"g,IO' 9213./o' 101-/0
3 

l{O 10'/119-10J 

8660 l ll.5·102 1.+-8•10'21195•1'1' 22s-,1270,,0 319•1rr1372•lo'I .+-29·!0'[ 1,90-10 555~ 624·115!17,IO'' 77'1·10' 855·1191;0~ 1 '03•trl 11,NO' ,22·11/.32'/0J 

Taonuua 4. 

20 25 :~r. 35 40 45 50 55 f.() 65 70 · 

0,96990 0,97392 0,97681 C,9790I C' ,98075 C,98217 0,9fl835 O, 9B4:~5 
I,0327 I,C280 I,0247 

(', 985.2,2 f',9b597 (',986611 
I,0222 I,0203 I,CI6'7 I,0I7t1 I, 0I63 I, f'I54 I ,Oil16 l ,0139 

80 85 9C 
. 

95 ICC: 105 IIO I30 
0,98722 0,9B776 

150 I7C .i:9C 
0,96823 0,98867 0,989(16 0,98942 0,98976 C,99<'066 

1,(1132 I,OI27 I, 0121 I, OII7 
0,99IW C',99T90 <',992511 o, 993("/ 

I, C'Il3 r,mro I,0105 I,OIC2 r,oan r, rrn2 I,OC76 I,OO?I 
2W 230 25C 270 29(' 3IC 830 350 87(1 390 II!(\ 11~:io 0,99352 0,99389 0,99422 0,99451 0,991}76 0,99499 0,995I9 o,995:~8 0,99554 0,99570 0,995133 I,0066 I,0062 I,C'059 I,0056 I,0053 

0,99596 
I,OC5C I ,C<J49 I ,0047 I ,0045 I,00111 l,C042 I,0<'41 -450 470 49(1 510 

0,99608 C,9962C 0,99630 C'·,99640 

I ,00110 I,CC'36 I ,003}l I,0036 



Ta6nHua 5. 

HOH : Enaa Au. Ta, : .S11- : A~ : Cu. . . : 
i • /4~. ~T .. f• (6'") ... ( 6T'--f· (~,d ... , : b-re.•r· . (_6d ,..(. l t-r ... r- . ·(£e) .... , . : {; '"t0 £· (t(l_) ... e 

cl2 II4 · 1960 1930 ! 140 2000 1900:!;150 1990 1950:!;80 1930 2000 + 80 1800 18501;70 

016 150 201,0 2070 ! 180 2070 1950:!;150 2060 1940:!;80 2010 1980 :!; 90 1900 2040;t70 

;;; 
Enaa : /Vi : i:-e : Ae : C. : Be 

: HOH 
! toe. ! t 7 · ((,it-)"'' ! ,T.,.t· l?L),..C : t 7,,.,_. : ~g_) .,.f, : t Te.ot· ~ .z) ... e C ... tot· (fa.> .... e l•f'. 

cl2 II4 1710 1710:80 1830 1710:!;80 1490 1520.:60 l?.10 1010:70 II70 II40:50 

016 150 1830 1950:!;60 1740 1780;!:70 1570 1730:!;70 1300 1270:60 1250 1380:40 



,--v.._ ____ 1------1-----------------------1 
0.90 0,91( 096 098 

Puc. la 

19 



lrd.,f) 
0.1./0 

--·~------+- "- ·--·-----·-·- +--------

0.30 

Q20 

a,s 

0.10 

0.09 

0.08 !-?L-+ / / X//// /#'H~ 

0.07 I / / / ///1/////,f, 

0.06 'r/-/--/-1-1////,1/////-/.-1-/-

0.05 l-,L./ ll/ll/lll/l 11 l I-

OOJ/ 1///////IIII I H 

Qo.3 1//lllll J J ,, 

0.021--'CL.-L-..l.----+-----+-------l-----+--------L ol 
,(.00 I.Olf I.OB 1.(2 1.16 {20 

Puc. /8 

20 



/(rJ.,'3) 

0.70 
f=/5 

ao 
Q60 25 ·:,o 

35 
s,o 

0.50 "s .,0 
55 
60 
70 

0.40 90 
(10 
170 
270 ,,o 

Q30 

'="-"---,,._--~---,l....---.1----1-----l-c----+,,--~ oL 
1.2 ./.3 : I.I( {.~ 1.6 ,f.1 I.B 1.9 2.0 

Puc./!. 

21 



li,.S>R---.-----:------"T-r-~---r--.------,__, 

90 

so 

10 
I --+-··· 

.l 

60t---+---

50 

.. 

so 1--HHIIAI 

20 \--If/Ill/IX/ 7L ./•--: ; ,,. <l'."" I =--------= I I 

9,,., 

IOS 

,.,, 

9' 

90 

85 

so 

75 

., 

...---+----j 15 

"I f7-q__..----= ~ 

o~.9-~(~0-~t~,-~~~--'1,---'1,,---'-1s~-,~G--/~7--l~B-~IL•-~ao~i 

Puc.2o. 

22 





&2(d.,9) 

1:•·,----,---,-----,---,-------,---,------,-----

5 
. --- f-· 

5 .Y.L/4L/ .A'/. 

I 
_,f=UO 

/OS ,oo 
95 
90 
85 
80 
75 
70 
65 
BO 
55 

50 

45 

L,O 

35 

30 

_L_.. --=125 

-i-- ---J--__...j 20 

15 . 

~ I ~ 
1.0 I.I 1.2 13 l.'1 iS 1.6 1.7 1.8 19 2.0 13 

P1.1c.3a 

24 

,-:;,_ 



290 
270 

2SO 
~30 

210. 

190 

flO 

•130 

5·/0"1---1--+-;--1---1---1----+-----4-----l----1--~----+,----1---:f c,(_ 
1.00 1.2o 1.30 1-+o 1.~o l.60 no 1.eo 1,90 2.00 
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