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'pa;BHTHe MeTO)iHKH pe30HaHCllldX H , YJILTpa3BYKOBLIX 
KaMep noTpe6oBano 6onee rny6oKoro paccMoTpeHHH .1\HHa
MHKH . rtapOBOrO ny3LlpLKa B .>KH,I\KOCl'H. ~!'0 fiOBe,I\eHHe 
onpe,I\emnoT TaKHe uenuueiiHLie npoueccLI,t<aK Tenno-Macco
o6MeH ua .1\BH>KYIUeiicH rpauuue pa3,I\ena <l>a3, nynLcauuu 
H.a C06CTI~eHHOH llaCTOTe H T .,I\., liTO npHBO,I\HT K He06XO,I\H
!docTu paccMoTpEm:HJi cH:cTeMLi iieJiuueiinLix ypaBue8uii /l/ , 
.aHaJIHTB~eC.KOe pell:leHHe KOTOpOH Y,I\ae!CH fiOJIYliHTL JIHWL 
B npoCTeHWHX CJiyllaHx/2•3/.0cHOBHLie pe3yJILTaTLI B 3TOH 
o6nacTH nonylleHLI liHCJieHHLIMH MeTo,I\aMH. HapH.I\Y co 
CBOHMH .1\0CTOHHCTBaMH, OHH o6na,I\aJOT 1-eM: He,I\ocTaTKOM, 
liTO ipe6yJOT 6oni.mux 3aTpaT Mawuuuoro BpeMimu .1\JIH ._.· . ' .. ' . . . 

· nonylleHHH Ka>K,I\oro .KOHKpeTnoro peweHHH. 
. B ,1:\a~HOH pa6oie paCCMOTpeHLI Clle,I\CTBHJI KOBapHaHT· 
H<lCTH ypaimeHHH, onHCLIBaJOIUBX noBe,I\eHHe 0,1:\HOpO,I\HOrO 
napoBoro ny3LIPLKa oTnociiTeJILHo npeo6pa3oBaHHJI ue3aBu-

,, . . ' ' 

CHMLIX nepeMeH~LIX KaK npH fiOCTOHHHOM, TaK H npH nepe-
MeHHOM, 3aBHCHIUeM OT BpeMeHH, ,1:\aBJieHHH B >KH,I\KOCTH, 
B llaCTHOCTH, B ynLTpa3BYKOBOM none. KoBapuaHTHOCTL 
ypaBHeHHH npHBO,I\HT K aBTOMO,I\eJILHOH 3aBHCBMOCTH pa,I\Hy· 
ca ny3LipLKa OT BpeMeHH, liTO fi03BOJIHeT COKpaTHTL 06'LeM. 
liHCJieHHbiX paclleTOB. 

1: Ko1111anc napoebJX ny3blpbK06 npu nocmoJIHHOM 
. oaelleHUU , 

. · Ka'K, H3BecT~o 12 '31 , pocTnapoBoro ny3LIPLKa B nepe
rpeToii. :>KH,I\KOCTH npH fiOCTOHHHOM ,1:\aBJieHHH onpe,I\eJIHeTCH 
B OCHOBHOM npouecCOM nepe,I\aliH Tenna Me>K,I\y >KH,I\KOCTLIO 
H ny3blpbKOM, T.e. ypaBHeHHeM TenJIOBO,I\HOCTH B >KH,I\KOCTH 
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· 2 aT • 3 aT 4 a2T 
R -- + RR v(l-v ) -- =·Dv -at av av2 

. R(t) 
0 < v = --< 1 

c r 

:C Ha'laJU.HLIMH H TpaHH'IHLIMH YCHOBHJIMH 

11/ 

T-{O,v) =Tu(v); •. R(O)=Ri> k aT ( t , 1 ) = -p ... ·LR R 
av 

/2/ 
T(t,l)=T'; T(t,O)=T .• 

"" 

3.I{e.cL T ( t , v) - .TeMnepa Typa )KH.I{KOCTH ua paccToJI

HHHf=R 
v 

OT ~eHTpa ny3LipLKa B MOMeHT BpeMeHH t , 

T' , p ' - .TeMnepaTypa H nnoTHOCTL napa B ny3LIPLKe, 
KOTOpble B .I{aiiHOM cnyqae He 3aBHCJIT OT BpeMeHH, llOCKOnb
KY .I{aaneHHe B )KHAKOCTH nocTOJIHHO. Too - TeMnepa Typa 
)KH.I{KOCTH Ha 6ecKoHe'IHOCTH, k H D· - Ko34JqJH~HeHTbi Tenno
H TeMnepaTyponpOBO.I{HOCTH )KH,I{KOCTH, ;L - TennoTa napo-
o6pa30BaHHJI. · 

Hcxo.I{JiiH3 xoaapHaHTHOCTH ypaaHeHHJI./1/ H ycnoaHii 
/2/ OTHOCHTenbHO npeo6pa30BaHHJI He3aBHCHMbiX nepeMeH
HbiX 

t-+t=mt /3/ 

2 -2 2 r -+ r = mr /4/ 

B pa6oTe jgj 6binO llOKa3aHO, qTo poeT napoBbiX ny3WpbKOB . 
npH llOCTOJIHHOM ,I{aBneHHH B neperpeTOH )KH,I{KOCTH OllHCLIBa
eTcJI aBTOMO.I{enLHLIM peweHHeM ypaaHeHHJI /1/ T ( t , v) = 
= T ( v ) , a 3aBHCHMOCTL pa.I{ayca ny3LIPLKa OT apeMeHH 
HMeeT BH.I{ 

2 2 
R (t) ~R (0) +At, /5/. 
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/4 s;· 
r,I{e A·> o·. B pa6oTax .· , noKa3aHo, 'ITO Konnanc na-
poaoro ny3LIPLKa npu nocTOJIHHOM .I{aaneHHH TaiOKe onacLI
aaeTcJI. ypaaHeHHeM /1/ c ycnoBHJIMH /2/, npH'IeM T '> T"" . 
0.I{HaKo B 3TOM cnyqae aBTOMo,I{enLHoe TeMnepaTypHoe pac
npe.I{eneHHe H !IJopMyna /5/ c A< 0 He HMeiOT 4Ju3uqeci<oro 
CMbiCna, TaK KaK He Y.I{OBneTBOpJieTCJI O.I{HO H3 rpaHH'IHbiX 

ycnoauii /2/. . _ . 
B ,I{aHHOH pa6oTe paccMaTpHBaiOTCJI cne.I{CTBHJI KOBapll

aHTHOCTH ypaBHeHHJI /1/ H COOTBeTCTBYJO~X Ha'laJU.HbiX 
H rpaHH'IHbiX ycnOBHH OTHOCHTenLHO npeo6pa3oBaHHH /3/, 
/4/, KaK npH llOCTOJIHHOM, TaK H 3aBHCJimeM OT BpeMeHH 

.~ . . I , -
,I{aBneHHH B )KH,I{KOCTH. 

B o6meM .cnyqae ,I{nJI KoaapHaHTHOCTH ypaaHeHHJI /1/ 
oTiwcHTenLHO npeo6pa3o.BaHHii /3/, I 4/. Heo6xo.I{HMO, 'IT06bl 
liJyHK~HJI R 2 ( t) , · onacLiaaromaJI 3aaucaMocTL paJJ;ayca ny-
3LipLKa oT apeMeHH, !1Peo6pa30BLIBanacL cne.I{yromHM o6pa-
30M': 

R 2 (t) .-. R2 (m t)=inR 2(t). /6/ 

Ecnu R 2 ( t) a T ( t, v) JIBnJiroTcJI peweHHJIMH /1/ 
H /2/, ·io npeo6pa3oBaHHLie peweHHJI Bblpa)KaiOTCJI .'lepe3 
HHX a BH.I{e ·.. · 

R2 <t> =rnR 2 < ..!...> m 
- . t T(t, v )=T(-, v) 

--! 
/6' I 

m 
. . 2 

PaaeHCTBo /6/ 03Ha'laeT, 'ITO 3aBH~HMOCTH R ( t) o6-
pa3yiDT-O.I{HonapaMeTpaqecKoe aBTOMO,I{enbHOe CeMeHCTBO, 
OT,I{enLHble Kp.HBbie KOTOporo CBJI3aHbl .I{pyr C .I{pyroM npe
o6pa30BaHHeM llO.I{06HJI C JieHTpOM llO.I{06HJI _B Ha'lane KOOp-
.I{BHaT. : . .;: . . ... ' 2 

Ha puc. 1 npuae.I{eHLI 3aBHCHMOC"I:H R ( t), .. onucLiaaro-
mue _3axnonLIBaHBe ny3LIPLKOB pa3nH'IHbiX Ha'lanLHLIX pa.I{ay
coa B )KB,I{KOM BO.I{OpO.I{e npH llOCTOJIHHOM .I{aBneHBH, nony
'leHHbie 'IBCneHHbiM HHTerpBpOBaHHeM 6onee o6meii CHCTeMbl 
ypaa8eHBii, y'IHTLIBaromeii KaK noaepxHoCTHoe HaTJI)KeHHe, 
TaK H .I{BHaMH'IeCKHe 3fixlleKTbi, o6ycnoaneHHble HHep~eii 

• )KH.I{KOCTH /I/. BH.I{HO, 'ITO no.I{o6ue KPHBLIX R 2( t) .I{eiicT-
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BHTellLHO HMeeT MeCTO, npHqeM YCllO)I(lUIIOU\He ciJaKTOpLI . 
OKa3LIBaiOTC.H: HeCy~eCTBeHHLIMH. 

PaCCMOTpHM paBeHCTBa /3/ H /6/ B uaqanLHLIH MOMeHT 
BpeMeHH t =0 H B MOMeHT 3aXllODLIBaHH.H: llY31>lpLKa t ~ 

.R 2 (0)=rnR2 (0),·:t*=rn t*; 

· ucKnK)qax . napaMeTp npeo6pa3oBaHHH rn, nonyqaeM KaK 
cne.u.cTBHe· aBTOMo.u.enLHOCTH KPHBLIX R 2{t), .qTo 

t * - 'R 2 <o> t * 
R 2(0) 

, T. e. BpeMH :lKH3HH ny3LIPLKa nponopuuouanLHO KBa.u.pa TY 
uaqanLuoro pa.u.uyca - pe3ynLTaT, OTMeqaBWHHCH npu que-

+ 
l 
} 

? 

. /5/ 
neHHLIX pacqeTaX .Cyll\eCTBeHHO, qTo uaqanLHOe TeMnepa-
Typuoe pacnpe.u.eneuue T

0 
(v) MO:lKeT 6LITL npoH3BonLHLIM, 

·uo WHKCHpoBaHHLIM. 
B npHuuune, ciJyHKUHIO R2(t) .u.nx ·Konnanca ny3LIPLKa 

npH llOCTOJIHHOM ,IJ.aBneHHH MO:lKH? nonyqHTL auanHTHqecKH 
H3 peWeHHJI HHTerpanLHOro ypaBHeHHJI. ., 

«ll(x' r) ~ Idr 'j _E£_ <ti<e 'r ')[ F (;') <e +1)3_1 +2.] aG(x, r,e,r ') 
. 0 0 ~+l . ~+ 1 ax 

KOTOpoe cne.u.yeT H3 /1/ H /2/ npH npeue6pe:lKeHHH BllHJIHHeM 
uaqanLuoro TeMnepaTypuoro pacnpeAe.rieuux T 0 ( v ) , r .u.e 

F(r) _1_ dR(r) = kl\T «ll(O,r) 
~ R (r} d r p 'LD 

ell (X ,r ) 1 aT(x,r) ,L\T=T'-Too 
L\ T . ax 

t dt 
r=D /RI{t) X = ( r- R _) 

R 

'. 
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G(x,r,~,r')= 1 [e 

2yrr(r-r') 

2 
(X~~) 

4 (r..:r ') 
..;..e 

(x+~)2-
4(r,;_r') . ' ' ' ] 

/G - 4JyHKUHJI rpHHa KaHOHH'IeCKOrO ypaBHeHHJI Tennonpo
BO~HOCTHj.PemeHHe :noii_ 3a~aqu. Tpe6yeT npeo~oneHHJI_3ua
'IHTenLu:hlx MaTeMaTH'IeCKHX Tpy~uocTeii. _, 

3aMeTHM, iiTO cllYHKUHJI .R2(t). 3aBHCHT O.T napaMeTpOB 
~T, k ,p',•L B.KOM6HHaUHH (k~n/(p'•L)_. 

2. HoeeoeHue nyablpbfa e me'ieHue pa6o~ezo f#UK/la 
K/laCCU~eCKOU ny3blpbKOBOU KaMepbl 

,IJ;o cux nop paccMaTpHBanocb noBe~euue napoBoro 
ny3LIPLKa npu nocTOJIHHOM ~aBneHHH B ·')KH~KOCTH. O~uaKo 
l3 ny3Lip~KOBbi;x KaMepax poeT H Konnanc napoBLIX ny3_blpb
KOB npOHCXO~HT npH H3MeHJIIOIUeMCJI BO BpeMeHH ~aBneHHH. 
IlocKoni.Ky ~aBneuu~ B KaMepe H3MeHJieTcJI ~ocni.To.ffio 
Me~neHHO, TO HHepUHMbHLIMH-3cllclleKTaMH MO:>KHO npeue6pe'lb. 
Tor~a noBe~euue n)'3blpbKa MO:>KHO onucaTb ypaBHeHHeM /11 
C uaqanbHbiMH H rpaHH'IHbiMH ycnOBHHMH ·: 

T(O,v)=T0 (v)~_,R(O)=R0 . ·t _ 
' . ' - 171. 

T ( t , 1) = T ' ( t) , T ( t, 0) =.T oo 

(•L~+c p')dT' =-i_(k aT(t, 1)+p'LRi{), 181 
dT, s dt :a2 av 

r~e y~enLHaJI TennoeMKOCTb uacblrueuuoro napa c8 H npo-

H3BO~HaJI • ~ 
. dT' 

Bbi'IHCnJIIDTCJI B~Onb KpHBOH.clla30BOrO 

paBHOBeCHJI. TeMnepaTypa napa 3aBHCHT OT BpeMeHH T '(t), 

8 

.. ~·· .... ··-~-

1 
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I 

. ~1 
'l 

-J 
l 

'ITO o6ycnoBneHO COOTBeTCTByroJUeH 3aBHCHMOCTbiD OT Bpe
MeHH- ~aBneHHJI B )IQI~KOCTH H onpe~enJieTCJI H3 ycnOBHJI 
TepMo~HHaMH'IeCKoro paBHOBecHJI :>KH~KOCTH. u napa T '=f ( P) 
BenH'IHHa, CTOJIIUaJI B neBOH 'laCTH COOTHOWeHHJI 18/, 3aBH
CHT TOnbKO OT TeMnepa Typi.I · T '(t ). HeTpy~HO npoBepHTb, 
'ITO cooTuomeHHJI 17 I H · 181 icoBapuauTHbl OTHOCHTenLHO 
npeo6pa3oBauuii 137,141./6/, npH'IeM ocTaiDTCJI B cune pa
BeHCTBa 16' I, KOTOpbie cne~yeT ~ononHHTb cooi'BeTCTByro-
IUHM npeo6pa3oBaHHeM ~aBneHHJI · 

- - t 
P(t)=P {-) . 

rn. 
:/91 

H3 KOBapHaHTHOCTH ypaBHeHHH 111, 171 H 18/ cne~yeT 
aBTOMo~enLHOCTb CpyHKUHH .R2(t). Ha puc. 2cmiomuoiiKpH
BOH npe~cTaBneuo qucneuuoe pemeuue · o6rueii . cucTeMbl 
ypaBueuuii /1/, nonyqeuuoe npu. Tex 3Ha'leHHJIX TepMo~ua
MH'IeCKHX napaMeTpOB, KOTOpble peanH30BaHhl:B·Te'leHHe 
pa6oqero UHKna >AH~KOBO~OpO~HOHllY3blpbKOBOH K8.Mepbl /6/. 
H3Meueuue ~aBnlimHJI B KaMepe npe.U:cT~l.Bneuo H:a HIDKHeM .. / 
rpacllHKe. IlyHKTHpOM npe~CTaBneHbl 'IHCneHHble pemeHHJI, 
~OTOpble COOTBeTCTBYIDT npeo6pa30BaHHbiM 3aBHCHMOCTJIM 
P(t) npH rn =2 H 4. · ·· 

Bu~uo, 'ITO cllaKTOpbi, uapym~roiUHe aBTOMo~·enLHOCTl>, 
u B 3TOM cnyqae uecyruecTBeHHLI. Ilpe~cTaBnJieT HHTepec 
npoBepKa aBTOMO~enbHOCTH 3KCnepHMeHTanbHO, .T.e. ,nony
qeuue ~aHHbiX, cooTBeTCTByroiUHX npeo6pa3oBaHHbiM 3aBHCH-:o 
MOCTJIM -~2(t) H :i'(t), cornacuotjlopMynaMI6 'I 
H/91: . 

3. IIoeeoeHue nyabtpr.Ka e yllr.mpaaeyKoeoi1 nyar.tpr.Koeoi1 
KaMepe 

. ~- YpaBHeHHJI 111. f2i H 18/ cnpaBe~nHBbl, ecnupaccMaT
PHBaiDTCJI ~ocTaTO'IHO 6onbmue ny3LIPLKH. Ilpu nepexo~e 
K MeHLWHM _pa3MepaM ueo6xo~Mo y'IHTbiBaTi.,BnHJIHHe cun 
~noBe_pXHOCTHOrO HaTJI:>KeHHJI.- IlpH- 3.TOM.B npaBoii 'laCTH, co
OTHOWeHHJI 181 noiBnJiroTcJI ~ononHHTenLHble cnaraeMLie 111, 
ilapywaioruue ero KOBapuauTiiocT:b.: Y11e'i" uuepuuu ~i<ocTH~ 
cyruecTBeiiH:biH • npH 6McTpOM H3MeHeHHH. ~aBneHHJI·, oriuc~-

: ·g 
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P&c: 2; 3aBHCHMOCTH R2 (t) B Te'leHHe pa6oqero U.Hima 
>KH,I\KOBOAOPOAHOH • ny3hlpLKOBOH KaMepbl • npH pa3nH'IHLIX 
pe)I(JIMax~ CnnowHaJI xpaaag cooTBeTcTByeT. 3KcnepRMeH
TanLRhiM ,1\aHHhiM !61 . .. Ha ·. HR'!'HeM . :rpaclJaxe npe,I\CTaaneHLI 
COOTBCTCTBYIOIIJ.RC. 3aBRCRMOCTH. ,1\aBnCHHJI B KaMepe. OT 
upeMeHR P(t) i · · · · · · 

:10 

BaeTCJI ypaBHCHRCM PeneH, KOTOpOe TaK>Ke HCKOBapHaHTHO 
npa npeo6pa30BaHRsx /3/, /4/ R /6/. TaKRM o6pa3oM, 
nOBC,I\CHRC ny3hlpLKa B ym.Tpa3BfKOBOH KaMepe onpe,I\enHeT
CJI B o6~eM cnyqae HCKOBapRaHTHOH CRCTCMOH ypaBHCHHH. 
0,1\HaKO B pa6oTaX / 1/ 6blnO noKa3aHO, 'ITO pOCT O.I\HOpo.ziiJ:o
ro napouoro ny3hlpLKa B ynLTpa3BfKOBoii KaMepe onpeAe
nHeTCJI BhlnpHMneHHOH TennOBOH ARciJciJy3HCH. 3To 03Ha'laeT, 
'ITO ypaBHCHHe /1/ C ycnOBRJIMH /7/, /8/ R B 3TOM cnyqae 
·arpaeT CYIIJ.CCTBCHHYJO ponL, R, cne,I\OBaTenLHO, RX KOBa
pHaHTHOCTL OTHOCRTenLHO npeo6pa30BaHRH /3/, /4/ R /6/ 
,1\0n>KHa CYIIJ.CCTBCHHbiM o6pa30M CKa3biBaTLCJI Ha CBOHCTBax 

3aBRCRMOCT.eii R 2. ( t) . (R ( t) - cpeAHRH 3a nepao; 

paARYC ny3LipLxa/. B eTa TR'IecxoM npa6nR)l(eHRR /npeHe6pe
>KCHRC RHCPU.RCH )l(R,I\KOCTR/. .,1\aBneHRC napa B ny3blpLKe 
onpe,I\enseTCJI ciJyHKU.RCH BR,I\a p = p ( f t ) , r,I\e f - 'laCTOTa 
ynLTpa3Byxouoro nons. IIpeo6pa3oBaHRe /9/ AnH TaxoH: 

ciJyHKU.RR 

p ( t) = p ( .!!_ ) = p cf t ). ' 
rn /10/ 

£=L /11/ 
rn 

npRBO.I\RT K CBH3R MC>KAY KPRBLIMR R 2 ( t), cooTBeTcTuyro-

. lli.RMH 'laCTOTaMR f R f ~ 
Hcxnroqag napaMeTp npeo6pa3oBaHRH rn R3 paaeHCTB 

/6/ R /11/ B: nepeXO,I\JI K H3MepeH1110 BpCMCHR B nepHOAaX 
ynLTpa3BYKOBOro nonH, npRXOA&M K YHRBepcanLHOH 3aBH

CRMOCTH 

F( n) =fR 2 ( n) =fR 2
( n), /12/ 

r,I\e n - ~Reno nepRO,I\OB ynLTpa3BYKOBOrO nonH •. Ha puc. 3 
npe,I\CTaBnCHbl 3aBRCRMOCTR fif 2(n) npR pa3nR'IHbiX 'laC
TOTaX, nony'leHHble 'IRCneHHbiM HHTerpRpOBaHHeM 06IIJ.CH 
CRCTCMbl ypaBHCHRH / 1/, npH ciJRKCHpOBaHHhiX Ha'lanLHOM 
TeMnepaTypHoM .pacnpeAeneHRH T 0 (v ), cTaTH>iecxoM Aa~ne
HRR Po.= · 4,6 · 6ap u aMnnHTYAe ynLTpa3ayxouoro nons 
P 1 = 2,03 6ap u TeMnepaType JKH,IJ;Koro BOAOPOAa T .,.,'~26 ° K. 

Ha'lanLHble paARYChl ny3hlpLKOB Bb16paHLI:TaK~M o6pa3oM, 
'IT06bl COOTHOWCHlie /12/ .zins .. HRX HMCJIO MCCTO·. Pa3ni£aiae 

·.II . 
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XO,ll;a OT,ll;ellbHbiX KpuBbiX M0)1910 C'IHTaTb Mepoii HapymeHHJI 
. aBTOMO,ll;CJIJ.HOCTH cPYHKI.tHH ,Jl2{t), o6cynoaneHHOrO BnHJIHH
eM .HHepnuu ~Koc~u npu nyn»canu11x napouoro ny3W~»
Ka no;:t .u.eiiCTBHeM ynLTpa3syxosoro nonJI. 

Kax u cne,ll;oBano o:lKBJl:8.TL, no Mepe pocTa ny3wpLKa_ H 
npu6nu)KeHHJI er_o pe3oHaHCHoii _qacToTw K qacTore yJILTpa-
3ByKa, CYIQCCTBCHHYIO ponb HatiHHaiOT lii'paTl. 'HHepn~~oHHwe 
:Jc)clleKTbl H aBTOMO,ll;CllbHOCTL HapymaeTCJI TCM paHLWe, 
'ICM BbiWe tiaCTQTa ynLTpa3BYKOBOrO UOJIJI. 

.. ,lJ;llJI JtOCTa TO'IUO HH3KHX "'aCTOT aBTOMO,ll;CllhHOe UOBC,ll;e
HHC KpHBLIX !l2{t)' . HMeeT MCCTU, 'ITO U03BOJIJICTTIOJIY"'HTL 
3TH 3aBHCHMOCTH, He npu6eraJI K _'IHCllCHHbiM pacqeTaM. 

B 3aKniO'IeHue asTopw 6naro;:tapJIT B.A.Axynuqesa ::u 
B.A.Xyxosa 3a HHTepec K pa6oTe. 
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