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PaccmoTpeHna 3agaqa o Bo30DyXAeHUMN CTALMOHAPHBIX LMPKYASILUOHHBIX TEHEHWNIA B KaHale, 3aM0HEHHOM Hemar-
HUTHOW XKNAKOCTbIO C BHEAPEHHLIM OBIakKOM heppOXKNAKOCTU MOA AENCTBMEM OAHOPOAHOrO BPALLAOLLEroCs
MarHuTHoro nons. llccnegosaHne NpoBOAUTCS C LENbIO Pa3sBUTUS METOAA MHTEHCUMKaLUM TpaHCnopTa Jie-

KapCTB B KPOBEHOCHbIX COCyAax. nOKa3aHO, HTO Npn peanCTnHeCKNX 3Ha4€HNAX NnapamMmeTpoB CNCTEMbI, B KaHa-

ne LI.IVIpI/IHOﬁ HECKOJNIbKO MUNJTIMMETPOB MOTYT PAa3BUTbCA TEHEHUA CO CKOPOCTbHO NOopsAKa HECKOJNIbKUX MUANN-

METPOB B CEKYHAY, HTO MOXET 0DECneqnTb CYLECTBEHHYIO NHTEHCUGUKALNIO TPAHCIOPTa B TPOMOUPOBAHHbIX

cocynax C OCTaHOBUMBLLUMNMCA KPOBOTOKOM.
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1. BBEJAEHUE

IIpobGmema mHTEHCHPUKAIINE W ATPECHOTO TPAHC-
mopTa JIEKAPCTB B OPraHW3Me MPH MOMOIIH BHEITHUX
9JIEKTPUUECKAX W MATHUTHBIX TOJIeH SIBISeTCS Tmep-
CTIEKTUBHBIM HAMPABIEHNEM DA3BUTHS COBPEMEHHON
MeaunuHbl (CM., Hanpumep, 0630p B [1]). OauHoit us oc-
HOBHBIX CJTIOYKHOCTE Teparmn TpoMOO30B KPOBEHOCHBIX
COCY/IOB, M, B 9aCTHOCTH, TPOBOIIMPYEMBIX UMH HHCYJTh-
TOB, ABIAETCS CIUIIKOM MeJJIeHHbIH Tuddy3nOHHbIH
TPAHCIIOPT TPOMOOTUTHKOB TIPU OCTAHOBKE KPOBOTOKA
B cocysie. [lepCeKTHBHBIN METOJT PEIeHnst 3a,1a91 HH-
TEHCU(DUKAIIHE TPAHCIOPTA JIEKAPCTB B TAKUX YCJIOBHU-
X OBLT MPEJIOKEH U 3amaTeHToBaH B [2,3]. Kmodesas
U7 3TOTO METO/IA COCTOUT BO BBEJIEHUU (MHIKEKTUPO-
BaHUW) B TPOMOUPOBAHHBIN COCY/I KAILIN HAHOIUCIIEPC-
HOIT (PePPOKUIKOCTH HA OCHOBE BOJBI WK APYTHX OHO-
COBMECTHMBIX PACTBOPUMBIX KUIKOCTEH. /lamee K 310~
MY COCY/Ty TMPHUKJIAIBIBAETCS OCIUJLINPYIONIee MarHuT-
HOE TI0JIe, BOBJIEKAOIEe MATHUTHBIE HAHOYACTHUIIHI BO
BpaIlaTeIbHOE U TIOCTYMATeTHhHOE TBUKEHIE. DTH JTBHU-
JKEHUST JACTHUI] TIePETAIOTCS COMEPIKAIIEH KUIKOCTH U
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PeHEePUPYIOT B Hell [UPKYJISAIMOHHBIE TeUeHUs, WHTEH-
cudUIUpPYIONIIe pacIpOCTPAHEHIE JTEKAPCTBA B COCYIE
M, 33 CIeT 3TOTO, ero J0CTaBKy K TpoMOy. HecmoTps ma
TO, YTO WCCIIEJOBAHNUIO ITUX TEUeHWH W WHTEeHCHpUKa-
I[WM MU TPAHCIIOPTA JIEKAPCTB MOCBSIIEHO HECKOIBKO
uccnenoBanuii [3-6], scrHoro GuU3MYECKOro MOHNMAaHUS
IPUPOJBI ITUX TEYCHUT U UX ONTUMAIBHOMN, C IIPAKTH-
9eCKOif TOUKW 3pEHNsI, OPTaHW3aINK He JOCTUIHYTO.

Teopernveckuii aHaan3 TaKUX TeUYeHUH B CHUCTe-
Max co chepruIecKUMU 9aCTUIIAMIY IO IefCTBHEM Bpa-
IAIOIIEroCsd CUJIBHO HEOMHOPOIHOIO IMOJs OBbLT HAMHI
BBINIOJIHEH B HenaBHeil pabore [6]. B wactaocTn, Gbi-
JIO TIOKa3aHO, YTO 3TH TeYeHWs BO3HWKAIOT B CHUCTe-
MaX C IPOCTPAHCTBEHHO HEOJIHOPOJHBIM paclpe/ieie-
HHUEM 4YaCTHIL, eC/IU I'PAJUeHT HAIIPAKEHHOCTH 1014 J0-
crarouno Beswk. OIHAKO HA MPAKTHKE CO3/IATh MOJIE C
HEOOXOMMBIM MPATHEHTOM HAPSIYKEHHOCTH HE TTPOCTO.
[TosTomy mpecraBisger HHTEPEC WCCIEIOBAHUE CUTYa-
i, KOTrJa KeJaeMble TeUYeHUd B HeCyHeil KUJIKOCTH
TEHEPHUPYIOTCS B CJ1a00-TPAJUEHTHOM U/ BOOOIIE B OJI-
HopogaoM nose. OTMernm, 9To TpoHIeMa reHepUpOBa-
HISA MAKPOCKOIIMYIECKUX TEICHH B OHOPOIHOI (beppo-
KUJKOCTH, TIO, AefiCTBUEM OJHOPOIHOTO BPAIIAIOIEro-
csd 10J1sg, OBCYKIAeTCs JOBOJIBHO JABHO (CM., HANPH-
mep, [7,8] u ccbuiku B rux paborax). Teopusa Bpa-
IATEIHHOTO JIBUYKEHNS (HhePPOKUIKOCTH C MPOCTPAH-
CTBEHHO OTHOPOJTHBIM PaCTpeeeHneM YacTHIl, TToMe-
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MIEHHON B MUINHAPUYECKNAHN COCYJ, TION NeHCTBUEM OI-
HOPO/IHOTO 11015, BPAIIIAIOIIEr0cd B IJIOCKOCTH, IIePIIeH-
JIMKYJSIPHOM OCH IWJIMHIApa, OblIa Npenjiokena B [7].
B [8] mokazano, 4TO 3Ta TEOPHST MPUBOINT K PACXOXK-
JEHUIO C dKCIepUuMeHTaMu, IIPUMepHO, Ha 4YeTbIpe Je-
CATUYHBIX MMOPATKOB BEJIUYUHBL.

B s7o0it pabore MBI TIpearaéM TeOPETHIECKYIO
MO/Ie/Tb ITUPKYJIAIMOHHOIO TeYeHUsd, NeHePUpyeMoro B
HeCyIeit HeMarHuTHONH YKUJAKOCTH MPOCTPAHCTBEHHO
HEOTHOPOIHBIM 00JIaKOM  (hepPOKUIKOCTH MO JIeii-
CTBHEM OJIHOPO/IHOIO Bpallalomerocda IoJjid B TOH-
KOM KaHaJe, MOJSTUPYIONeM KPOBEHOCHBIH cocy . JLms
MaKCUMAaJILHOTO YIIPOIIEHUsT BHIYUCIEHI U ITOOBI 10~
JNYy9IUTh (PUBUIECKN SICHBIE PEe3yIbTAThI B 0003PUMOit
MAaTEeMATHYIECKO# (popme, Mbl PACCMATPUBAEM MOJIE/Thb-
HYIO 3aJady, B KOTOPOil KaHas TMpEeJCTaBIsieT coboii
IUTOCKYIO IeTb € OEeCKOHEYHBIMU pa3MepaMu B ee
wtockocTu. [losryaeHHbIe Pe3yIbTaThl MOKA3BIBAIOT, ITO
MTPOCTPAHCTBEHHO HEOTHOPOJTHOE paclpenesieHne dvac-
THUI B KaHAJe MOYKET MTPUBOJINTH K JIOCTATOYHO WHTEH-
CUBHBIM MAKPOCKOIUYECKUM TE€IEHUSM CPEIIbI, CIIOCOD-
HBIM, B YaCTHOCTH, CYIIECTBEHHO MWHTEHCU(DUIITPOBATH
TPAHCIIOPT JIEKApPCTB B COCYIAX.

2. MATEMATNYECKA S MOJEJIb 1
OCHOBHBIE ITPUBJIN>XKEHU A

Paccvorpum  6eCKOHEUHYIO IJIOCKYIO IETb TOJ-
IUHBI [, 3aMOJIHEHHYI0 HEeMArHWTHOHN KHUAKOCThI0. B
9Ty KWJKOCTh BHEIpEHa Karis (heppoKUIKOCTH, CO-
CTOAIIEH M3 OAMHAKOBBIX SJIIUMNCOWIATBHBIX MarHUT-
HbIX HanovacTui. K KaHaay MpHIOYKeHO BpAaIaiolie-
ecsl OJHOPOJHOE MArHWUTHOE ToJie C KOMIIOHEHTAMHU
H, = Hysinwt; H, = Hycoswt. dTa MouenbHas CuU-
Tyallisi ¢ BBIOPAHHONW CHCTEMOM KOOPIMHAT MMOKA3AHA
Ha puc. 1.

Heobxomumo oTMeTuTh, 9TO B KPOBEHOCHBIH COCY
JIOTKHA WHIKEKTHPOBATHCS (DEPPOKUIAKOCTH HA OCHO-
Be Cpejibl, PAaCTBOPUMOIl B IJIazMe KPOBW — WHAYe ca-

4 AZ
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Puc. 1. Wnntoctpauyusa paccMaTprueaemoli MoAenn 1 BbibpaH-
HOW cucTemsbl KOOpANHAT. 3}'IJ]VII'ICOI/I,D,I>I — MArHWTHblIE€ HAHO-
yactuubl. MacwTtab He cobnropeH

Ma WHYKEKTUDOBAHHAS KATJIsI MOYKET TPOMOUPOBATH CO-
cyn. Ilpu BBemeHUM B COCyn pacTBOPUMOiT (DeppPOXKII-
KOCTH 3T KAILIA, 33 caeT audDy3un, TOIKHA JTOBOJIb-
HO OBICTPO «PACHOJ3TUCH> B MOHA00ME «0bjakay ¢ 00-
Jlee WU MeHee ILJIABHBIM MTPOCTPAHCTBEHHBIM DACIIpPe-
JenerneM dactut. [losToMy B manbHeiineM MbI Oymem
BMECTO TEPMHUHA <«KAaIlJIsT» HCIOJb30BATH TEPMUH «00-
JTAKOY.

Ob6o3HaUNM JTIOKATBHYI0 OOBEMHYIO KOHIIEHTPAIIUIO
gacrun, P(x, z,t) W, JyIst MAKCUMAIBHOTO YITPOIIEHNST
aHAJIN3a, PACCMOTPUM JIBYMEPHOE TTPUOIMIKEHHUE, TTPE/I-
rmojarasi, 9To Bce (PU3MIECKHE COOBITHSA TIPOUCXOIAT
B TIocKocTH (x,z), MoKa3aHHo# Ha puc. 1. JIpyrummn
CJIOBaMM, MBI TIPEHEOPEraeM 3aBUCUMOCTHIO BCEX BEJIHU-
9UH OT TPETheil KOOpAuHATHI Y. MbI Oyaem mpemosra-
rarth, 9T0 KOHIeHTpains P(z,z,t) mMana, He TPEBOC-
XOJUT HECKOJBKWUX MPOIEHTOB. [103TOMYy MOMXKHO Tpe-
HeOpedh ee BIMIHUEM Ha JOKATHHYIO 3(P(OEKTUBHYIO
BSI3KOCTD 1) (DEPPOKUIKOCTH U W3MEHEHUEM JIOKATHHO-
ro mMarHuTHOTO ToJist H 3a cuer pazMarHMUmBArOIIAX
s dexros. CoorBercrBerno, OygaeM npenedperarh Bbi-
3BAHHBIM 3TUM P PeKToM c1abbiM 1eOPMUPOBAHIEM
KAILIA B HATTpaBjeHun mojisg. OTMernmM, 9To mpudImKe-
HUE MAaJIbIX KOHIeHTparmii ¢ COOTBETCTByeT OrpaHu-
YeHUAM, TUKTYEMBIM OHOJOTMIEeCKOil 0e30macHOCTHIO
MPUMEHEHUsT MATHUTHBIX HAHOYACTHUIL B MEIUIINHCKUX
TEXHOJIOTUSIX.

YpaBHeHUsI TeUEHUS HAMATHUIUBAIONIEHCS KUTKO-
CTH B MPOCTPAHCTBEHHO OJHOPOJHOM MATHUTHOM ITOJIE
MIPU MAJIBIX YUCIaX PeifHO b Ica MOTY T OBIThH TPeICTaB-
neHbl B Buje [8,9]

P o1~ “og 1At 5 g, (00
0, op 1 0
__9p _19 1
0
%UI‘F%'UZ—O

3necs A = 86; +8‘3—; — omeparop Jlamraca, I' — craru-
CTHYECKU CPETHEE 3HAYEHUEe MATHUTHOTO MOMEHTA, CHI,
JIEHCTBYIOMNX Ha €INHUIYY OObeMa YACTHUIBI, T. €. Be-
JINYUHA, MOMEHTa, CUJI, JeHCTBYIONINX Ha, YACTHILY, OT-
HeceHHas K ee 0bbeMy. Benmmamua %CI)F SIBJISIETCST AHTH-
CUMMETPUYHBIM HAMPSKEHNEM, JTeHCTBYIOMUM B YKUJI-
KocTH, Graromapsi Mmomenty cnit I [8,9]. Vemorue npn-
MEHUMOCTH TIPUOIMZKEHAsT MATBIX ducen Peifnonbaca K
paccMaTpuBaeMoil CHTyaluu Mbl 0OOCYJIUM B KOHIIE Pa-
6OTHI.

dBHbI Bua MOoMeHTa cma [ ompemensiercs mar-
HUTHBIMHU CBOWCTBAMHU 9aCTHUIL (PEPPOKUIKOCTH. 3716eCh
pPACCMOTPUM  CJIyYall  OJWHAKOBBIX  OZHOIOMEHHBIX
HAHOYACTHUI] C MOCTOSHHBIM MATHUTHBIM MOMEHTOM

10*
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m MV xaxnpas, rome M — HaMardaumgeHHOCTH
HACBIMIEHUs JacTuipl, V — ee obobem. Cunraem, 4To
MATrHUTHBI MOMEHT YACTHIIBI HANPABJIEH BIOJIb OCH
CUMMETDPUN YACTHUIBI, YTO THIHUIHO JIJIsI BBITSHYTHIX
deppouacrur. [Ipemedperas MeRKIaCTHIHLIMA —B3a-
UMOJIEHCTBUSIME, 9TO ONPABIAHO, €CIu OObeMHas
KoHIeHTpaIust ¢ HAXOAUTCS B MpEIeIax HECKOIbKUX

uporenTos, umeeM [9,10]
I'=poHM ({ex)h, — (€)hy) .

3aech (ez) U {€;) — CTATHCTUYECKH CPEIHHE KOMIIO-
HEHTHI €IUHUYHOTO BEKTOPA €, HAMPABJIEHHOTO BIOJD
MArHUTHOTO MOMEHTA YaCTHIL, T. €. BIOJIh €€ OCH CHM-
Merpun, h, = coswt, h, = sinwt — KOMIIOHEHTHI €11~
Hraroro sektopa h = H/H, rne H — marunTHOe 110716
BHYTPH IIEJIHN C JKUIKOCTHIO.

O6ozHaunm w(e) GyHKIMO pacnpegenenus (MaoT-
HOCTH BEPOSAITHOCTH) TIO OPUEHTAIIUAM €IUHUIHOTO BEK-
TOpa €, U BBIOMPAEM YCIOBHE ee HOPMHUPOBKU B CTAH-

/wdezl.

OyHKINA W MOKET ObITh HAHIEHA KaK PEIeHne COOT-

JapTHOM BUIE:

BeTcTByMoIIero ypasuenns ®oxkkepa—Ilramka, KoTopoe
y/I00HO 3amMucaTh B CHCTEME KOOPIWHAT, BPAIAIOIEHCst
Bmecre ¢ momem H. B 3roii cucreme KoopaumHAT TOTE
HETIOBUKHO, HECYIIas YKUIKOCTh BPAIIAeTcst C yrio-
BOIf CKOPOCTHIO — W, & cTaruoHapHoe ypasHerne Pok-
kepa—IInanka umeer Buz [9]

dw ow
! ’ —D €.t — Ny ) —— 2 A
wegrey = — m[(ezez h;) e, + wez]
0? 0 0
=D, (55 —2ei - —cie; ), (2
(863 ¢ 8ei ee]aeiﬁej)w ( )
_ mH kT
REHROTET T T ey
2 P41
or)y== —————.
" =31 N - N
Bmech i, 7 = ', vy, 2/ — Bpamatommecs ¢ momem H

JIEKAPTOBBI KOOPIWHATHT; OCh 2z’ HATPABJICHA, BIOH MO-
a5 ock &’ HaxXomwTest B miockocTn (x,z) (em. puc. 2),
hy =1, hyr = hy = 0; D, — xoaddurnuent spama-
TenpbHON Muddy3un YaCTUIBL; 1) — BA3KOCTH HECYyIeit
xunkoctw; kT — abCOMIOTHAS TeMIepaTrypa B JHEP-
PEeTUYECKUX EINHUIAX; I' — ACIMEKTHOE OTHOIIECHUE -
surnconia (OTHOIIEHUE €rO OCU CUMMETPUH K JMaMeT-
py); N(r) — pasmarauumnBaoimnii GakTop 3JTHICON-
Jla BJIOJIb ero TiaaBoii ocn. Aswbrii Bun dbynkuun N (r)
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Puc. 2. VinnocTpauus BpallatoLLeiicss cuctTeMmbl KOopanHaT
y', 2'. Ocb 9/ He nokasaHa

MOKHO HaiiTH, Hanpumep, B [10]. B caywae BoITsiHyTOrO

QJLTUIICONJA C aCIIEeKTHBIM OTHOIIECHUEM 7
r

Nﬂ—l_l[mln(rer)l}

Ormernm, uro B (2) 1 Iajee NCIOMb3yIOTCsS 06O3HAYTE-
HUS DUHINTEiHA CyMMWPOBAHAS TIO TIOBTOPSTIONTAMCST
WHJIEKCaM i, j.

B obmeM cioydae TOUHOE aHATWTHYECKOE perreHue
ypasuenus (2) ve uzsecto. K xopormmm npubinykenu-
M TPUBOAAT MATEMATHIECKH TTPOCTOH MeTos 3 dek-
THBHOTO TIOJIsI, TIPEJJIOXKEHHBIH B pabore [11]; ero o6-
cy’KJeHne MOXKHO Haiitm B Kuwurax [9,12]. Cuexys oc-
HOBHOW HJIe€ 9TOr0 METOA, YMHOKHM O0€ 9aCTh ypaB-
Henusd (2) HA KOMIOHEHTBI €,/ U €,/ U IPOUHTErPUPY-
€M pe3yabTaT Mo BCEM HANpaBIeHns BeKTopa e. ITocme
BbIYUCJICHUT IPUXOAUM K COOTHONIEHUSAM (JI€Taju CM.

5 [9])
—%(eﬁ +wlew) +6 (1= (e2)) he =0, (3)

1
_§<€I/> — w<ez/> — 'k“‘(ew'ez/)hz/ = 0,

/...wde.

st Toro 9ToOBI OTMPEIETNTh BTOPHIE CTATHCTHIE-
ckne MoMeHTHI (€2,) U (egre,r), cremys [11], mbr mpe-
CTABUM HEW3BECTHYIO HEPABHOBECHYIO (DYHKIIUIO W B
BUJIE PABHOBECHOI (DYHKIINK, HO He B MCTHHHOM TIOJ€
H, a B nekoTopom abdexrnrrom moae H, ¢, Kommonen-
ThI KOTOPOTO MPEJICTOUT HANTH:

Ref

o mHef
shres '

T (4)

exXp (K'ef : e) Kef = Mo

ITpocThie OIEHKN TOKA3BIBAIOT, YTO JJIS TUTHIHBIX
deppoKuIKOCTEeH Ha BOIHON OCHOBE, COCTOAININX W3
qactur, guamerpom 10-20 mm, ko3ddurnment Bpara-
renbHOM Audbdy3un D, MO TOPSAKY BEJIMIHHBI Pa-
Bern 10°-10% ¢~!. D10 maMHOTO GOMBIIE, WeM yraoBas
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CKOpPOCTh W TOJST B TUMWYHBIX SKcmepumentax. Coe-
JIOBATETBHO, MOXKHO PACCMaTpPUBAaTh (DYHKIUIO W KaK
mouTtn paBHOBecHyio B moje H. Maremarmdecku 310
o3raqaeT, 9To 3 dexTnrHoe mojae H.r m0mKHO OBITH
oueHb Om3Kko K ncruanomy momo H. TTostomy mommo-
xuM Hep = H+ 0H unu Koy = Kk + 0k u npumem, 4to
BBITIOTHSIETCST CUIbHOE HepaBeHcTBO 0 H < H.
Ncnonn3ys dopmy (4) B ypasaernu (3), BEIUUCISS
CTATUCTUYECKUE MOMEHTbI (...) B JimHefHOM npubiu-
JKEHUW TI0 TTApAMeTpy 0K W OTHOIIEHNIO w /Dy, MbI IPH-
XOJMM K JIMHEHHOMY a/re0panveckoMy YPaBHEHUIO OT-
HOCUTE/IbHO KOMIIOHEHT 0K W, KaK CJIEJICTBUE, K ypaB-
HEHWSIM OTHOCHTENILHO CTATHCTHYECKNX MOMEHTOR (€, )
u (e, ). Omyckasi MOAPOGHOCTH, KOTOPHIE MOTYT GBIThH
Haiizennbl B paborax [9,11,12], npusenem pesyiabrar:

w  L(k)

(e2r) = L(k), *D—T m,

(€xr) =

L(k) = cthk — l
K
Ormerum, uro dbyukimsa L(k) HasbiBaerca dyHKIueNt
Jlamxesena. Vcmonp3ysa BpaIamoONIyIOCsS CUCTEMY KO-
opmunar z’, vy, 2’, MOXKHO HaliTH BEJIMYUHY MOMEHTA,
cun I

T = uoHDM/ e,)

Ucnonw3ys coornomienue (5) B ypapuenusax (1), mory-
qaeM

0 vy, dp
=7 Av, —
P a1 8x+n Ve
1 w L) 0
7§MOHMD_Tin—L(m)@®’ (6)
dv,  Jdp
Pt~ g, TnAvt
1 w Lk 0
S poHM Y P9 g
gk D, k—L(k) 0z '
0

%UI‘F%'()Z:O.

ITo nmopsaaKy BeTWYINHBI XapaKTEePHOE BPEMs WHEP-
MOHHON PEeTaKCANK KAJIKOCTH B IIEIW [THPWHOR [
MOYKeT OBITH omeHeHo Kak [2p/n. s deppokumko-
cTeil Ha OCHOBE BOJIBI, 3ATIOTHSAIONTUX MIEJIN MTUPUHON [
~ 1 MM, 310 Bpems mopsaka 1 c. [Tosromy 31ech Mbr
npenedpekeM KOPOTKUM I[ePUOJIOM HHEPIMOHHOIO ITe-
pPexo/ia OT COCTOSHUS TIOKOS YKUJIKOCTH K ee TEeUEHUIO,

nperebperas B (1) mpon3somHOi %vti'
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Brenem dyuknuo moroka ¥ mo cTaHIAPTHOMY CO-
OTHOIIIEHHTO,

_ oY
9z’

oV

7%5 (7)

Vg

ABTOMATHYECKN 00ECMEeTNBAIOINIEMY BHITTOTHEHHE YCIIO-
BUS HECXKHMaeMOCTH KuJkocTd. [logcrasnss (7) B
ypasuenus (6), npenebperas MpOU3BOIHOL %’jj, mocJyie
MPOCTHIX MPeOOPa30BAHNIT TPUXOINM K YPABHEHHUIO

poHM w  L(k)
n D, k—L(k)

AD.

Ay = L (8)
2

Cpanuunbie ycioBus (8) COOTBETCTBYIOT HENPOHUIAE-
MOCTH TPAHUIL N U OTCYTCTBUIO CKOJIbYKEHUS JKUI-
KOCTH HA HUX. Y 9UTHIBAsA, YTO HA DECKOHEYHOM PAaCCTO-
SHUY BIOJIb OCH X OT 0O/Taka (heppPosKUIKOCTH HECYITAST
JKUJIKOCTH JOJI’KHA, OBITH HEMOIBUKHON, 9TU yCIOBUS
MOTYT OBITH 3AIMUCAHBI B BUIE

ov
v =0, 5:0 mpu z =0; z=1, 9)
U — 0 npu & — 0.
Ormernm, 9ro koopauHara z = ( pacmosokeHa Ha

HUKHeH TiTacTuHe Imenn Ha puc. 1, 2.

B mpocTpaHcTBEHHO OIHOPOTHOM MATHHUTHOM ITO-
Jie ypaBHEHHE 1711 00bEeMHOI KOHIIEHTPAITUN IacTuIl P
AMeeT BHJ,

/P

5,2+ (- V)@ = DAY,

3nece D — ko3ddunment TpaHCaAAnmuoHHONH auddy-
3UU 4aCTHIl. [ paHUYHbBIE YCIOBUS K 9TOMY YPaBHEHUIO
HMEOT BU/L

0o

P 0, mpu z = 0,1;

® — 0 mpu © — oo, (10)

b = Og(x,2), upu t =0,

rme &g — HaYATBHBINH TPOMUIH KOHIIEHTPAINHT.

B ofmem ciaygae 3azada (8)—(10) moxer GbITh pe-
[IeHa, TOJBKO YHCJICHHO. 37eCh MbI PACCMOTPUM Ha-
YATBHYIO CTAJMI0 TEHEPAIMA TEYeHHsl, MPEIoIaras,
9TO KOHIEHTpanus $ coBNagaeT co CBOMM HAYAIBLHBIM
nmpodusem Pg(x, z). Ijist ONMpeeNeHHOCTH Mbl BRIOHDa-
€M TayCCOBO PACIPEIETCHIE KOHIIEHTPAIUN:

Py = DY exp ( (

3nech Trouku x = 0, z = Z COOTBETCTBYIOT IEHTPY
«obirakay (eppodacTull, o, , — AUCIEPCHU pacIpejie-
JIEHUsT KOHIIEHTPAIMH YACTUIL B COOTBETCTBYOIINX Ha-
TTPABJIEHNSIX; OHW 3a/IaI0T XapaKTepHbIH pa3mep o0sa-

=)

(z—2)°

2
oz

(11)
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ka. Ormernm, uro pacnpenenenue (11) BmosHe coot- 3.0 Vx (w/cex) le(M/Cek‘)
BETCTBYET CUTYalMH MHXKEKTHPOBAaHUS B KaHal ¢ep- i N X, 6 X
POXKMUIKOCTH, PACTBOPUMOII B HECYIIeit cpeie, ¢ HEeKO- 4,001 - X A i
X

TOpBIM e IudY3NOHHBIM PA3MBIBAHUEM K MOMEHTY 0 - 0 =
BKJIFOYEHHSI BPAIAIOIMIEroCs MOJIs. 20001 NX2 L\,

Jlaxke IpHU UCIIOTL30BAHNE TPUOIUKEHISA C HATATb- 20.002 T -0.001 ) ) 1 )
Hoit Kommentpanueit ® = ®g(x,z) obmee perenne 0 02 0;] 0.6 0.8 0 02 04 /10.6 08 1

V4

ypaBuenus (8) OuYeHb CJIOXKHO, TaK KakK OHO COJep-
JKUT TMPOU3BOIHBIE YeTBepTOoit crenenn pyHkmmr ¥ 1o
koopauHaTaM. [IpuBeIeHHBIN HIXKE aHAIN3 MOKA3hIBA-
er, 4T0 HambOjee WHTEHCUBHOE TeHEepUPOBAHUE Tede-
HUsl, CJIe0BATETHLHO, HANOOIee WHTEPECHDBIH, ¢ TOYKH
3peHus MPAKTHIECKOTO MTPUMEHEHNSsT, CIy4Iail COOTBET-
CTBYET CUJIHLHOMY HEPABEHCTBY 0, > 0., O3HAYAIOIIE-
My, 9TO pa3mep OOJaKa B HAMPABIEHUH MPOIOIBHOM
ocl x HAMHOTO OOJIbIITE pa3Mepa BJIOJb MOMEePedHO
ocu z. usnueckn JTOOUTHCST ITOTO MOYKHO, HATIPUMED,
UCIOIB30BAHUEM , [IPU WHIKEKTUPOBAHUU (DEPPOKUIKO-
CTH, CTAIMOHAPHOTO MATHUTHOTO MOJIsI COOTBETCTBYTO-
meit KoHdurypanun, KOTopoe MOXKET OBITH BHIKJIFOTEHO
[IPU BKJIOYEHUH BPAITAIOIIErO MOJst, 9TO0bI HE 3aTPy/I-
HATDH ,ZLBI/I}KeHI/Ie qaCTI/m B STOM cnyqae CI/IJ’[beIe Hepa-
BEHCTBA, 6— > aw 6Z2 > BIQ, 624 > 6 =1 JOJIKHBI
BBITIOJTHATHCS 71T BCEX (DUBUYECKUX BEJIMYUWH 33a9H.
B pamkax sroro npubiuzkenus ypashuenue (8) MOxKeT
OBITH TIEPENICAHO KaK

L(k) 02
k—L(k) 022

4
o,

1 w
9 24 _'ﬂof{AI

- By
D, 0

Periere sToro ypaBnenusi mmeer Buf,

\I/ = OO —+ C’lz —+ 0222 —+ 0323+

z £
//(I)Oacgdgd§
0

Baecy C; — MOCTOAHHbIE WHTEIPHPOBAHHS, KOTODbIE
OTPEIENISTIOTCST W3 IPAHWIHBIX yCIoBuii (9):
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[
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Ormernm, uro dyarnus moroka ¥V, u ciaegoBaTeIbHO,
KOMTIOHEHTHI CKOPOCTH TEYEHUS U, HE 3aBUCIT OT Bpe-
MeHHW. JTO O3HAYTAET, U9TO OTHOPOIHOE BPAIIAIONIEECs
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Puc. 3. lMNpogonbHas v; KOMMNOHEHTA CKOPOCTN FEHEPUPYEMO-
ro TedeHust gns cycneHsum cdepudeckux dactuy (r = 1).
MapameTpbl CUCTEMbI: HAMArHNYEHHOCTb HACLILLEHUSI MaTe-
puana vactuy M = 450 kA/m (MarHeTuT); WwupnHa wenu
I = 2 mwm; HanpsxenHocTs nons H = 50 kA/wm; anamerp
vyactuy d = 15 HM; obbemHas KOHUeHTpaums B LEeHTpe 06-
naka ®° = 0.05; xapakTepHbiii pasmep obnaka B Npogosb-
HOM HanpasneHun o, = 1 CM; B NONEpPeHHOM HanpasneHuu
0. = 1/5 (a) u 0. = /2 (6). Uentp kannu naxogutcs Ha
yposre Z = 1/2 (cepeguna wenn). CUMBONBLI y KPUBbIX —
NPOAOJbHbIE KOOPANHATLI, AJIsi KOTOPbIX OMNPEAENSIETCst CKO-
pOCTb TEYEHUs T1 = O'x/4; To = 04 T3 = 20,. Pac4eTsl BbI-
MOsHEHbI Npu KomHaTHOI Temnepatype (KT ~ 4 - 10721 [1x);
yrnoBas 4acTtoTa spateHus nons w = 10 ¢ *,
cTByeT skcnepumenTam [2, 3]

4TO COOTBET-

v(m/cex) v (m/cex)
0.001 0.001 = =
X4 a 1 0
0 X2 X 0 A s
-0.001 T -0.001 : . 3 -
0.2 0.40.6 0.8 0 02 04 06 08 1
z/l z/l

Puc. 4. To xe, 4to Ha puc. 3 npn Z =o0./2 (0. =1/2)

TIOJIE TIOPOKIAET CTAIMOHAPHBIE TIOTOKW B PACCMATPH-
BaeMoM KaHasie. [ToguepkueM, 9To /1)1 FeHePUPOBAHUS
9TUX TMOTOKOB HEOOXOINMO, ITOOBI KOHIIEHTPAIIAA Tac-
il $ 3aBucesa OT MPOCTPAHCTBEHHBIX KOOPIWHAT.

3. PE3VJIBTATHI 1 BBIBO/IbI

Hekoropble pe3yabTaThl  pacdeToB  MPOIOJIBLHOI
KOMTIOHEHTBI CKOPOCTH V,,, TPEICTABISAIONIEH HANDOIb-
A UHTEPEeC ¢ TOYKH 3PEHUs TPAHCIOPTA JIeKapCTBa
WA JIPYTOi HEUTPAJIbHON MPUMECH BJOJb OCH X KaHa-
Jla, TpUBeNeHbl Ha, puc. 3—5H. OTMerum, 9TO MUPUHA
KaHata | BBIOMpATACh Tak, 9TOOBI OHA COOTBETCTBO-
BaJIa XapaKTePHOMY JUAMETPY KPOBEHOCHOTO COCY/Ia,
TPOMOMPOBAHNE KOTOPOTO MOYKET BBI3BIBATH OMACHOCTH
JIIS 37IOPOBBS W XKU3HU YEJTOBEKA.
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v (w/cex) v(m/cex)
0.1 a 0.04 6
L ) - L
0 3
N N ©
- N i 4
-0.1 L1 -0.04 : . . L
0 02 040.6 0.8 0 02 04 06 08 1

z/l z/l

Puc. 5. To e, 4To Ha puc. 3 ans BbITAHYTLIX 3AJNNCOUA0B C
acnekTHbIM OTHOLeHuem 17 = 20

OTH pe3yNbTaThl MOKA3LIBAIOT, YTO MIPU BIIOJTHE Pe-
AMCTUIECKUX TTapaMeTpax CHCTEMbI MOYKHO TeHepHpO-
BaTh TEYCHUS C IPOIOTBHON CKOPOCTHIO BBIIIE HECKOITb-
KUX MUJLTEMETPOB B cekyuy. OTmernm, 910 B pabo-
re [3] remn muddysnorHOro Tpamncmopra TpoMGOIN-
THKOB B TPOMOWPOBAHHBIX COCyIaX OBLIT OIEHEH KakK
0.8 mrM/c. CieoBaTEIbHO, KOHBEKTHBHBIE TEYEHHS C
XapaKTepPHON CKOPOCTBHIO MOPSAKA MUIIHMETPa B Ce-
KYHJIY, TeHCTBUTEIHHO, MOTYT CYIIECTBEHHO WHTEHCH-
dbunupoBaTh TPAHCIOPT JIEKAPCTBA B TAKUX COCY/IAX.

VYMeHbIlIeHnEe MONEePEIHOr0 Pa3Mepa KaIlld o, M0
CPABHEHWIO C MPOMOJIBHBIM O,, MPU MPOYUX PABHBIX
YCJIOBHUSAX, MPUBOJUT K 3aAMETHOMY YBETHYIEHUIO CKO-
poCTH TeHepUPYeMOoro Tedenns. V3MeHeHne meHTpaib-
HOTO YPOBHS MOMEPEYHOTO pa3mMepa / Karin ciabo
BJIMSIET HA BEIUYMHY CKOPOCTH TedeHus. DPdekT ke
dopMbl FacTHIl BeCbMa CHJIEH — BBITSHYTHIE SJLTHUII-
COMJATIbHBIE YaCTHIIHI TeHEPUPYIOT CYIIECTBEHHO boee
CUJIbHBIE TeueHus, dem cepudeckne. [1o mepe ymase-
HUSA, BIOTb OCH X, OT BHEJIPEHHOTO 00JIaKa (PeppPOXKII-
KOCTH, CKOPOCTh T€HEPpUPYEMBIX TE€UeHUH OBICTPO 3aTy-
XaeT. JTO 3HAYUT, 9TO (PEePPOKUIKOCTH HYIKHO MHIKEK-
THPOBATDH 1O BO3MOXKHOCTH OJM3KO K TPOMOY.

OnennM IpPaBOMEPHOCTH HPUMEHEHHUS IIPHOJIHZKE-
HUS MaJioro uncia Peiinonbaca Re nas paccMaTpuBa-
emoif curyanuu. IlycThb IUIOTHOCTHL M BA3KOCTH JKHJI-
KOCTH paBHBbI TaKOBBIM Juist Bogpl (p ~ 10% kr/m® u
n~ 1073 IMa-c), a mwmpuHa MEIN COOTBETCTBYET JHa-
MeTpPy KPOBEHOCHOTO COCY/A, TPOMOWPOBAHUE KOTOPO-
0 OTIACHO /17T 3/10poBba denoseka (I ~ 1073 ). Torna
Re ~ 1 ipnt vy ~ 1073 M/c. DTO 3HAUWT, UTO Pe3YIIh-
TATHI, MPEJCTABICHHBIE HA PAC. 3 1 4 COOTBETCTBYIOT
BepxHeil rpanulle, Korjaa jauHelinbe ypasuenus (1) mo-
IyT OBITH HCIIOIL30BAHBI, PE3YJNbTATHL K€, MPEICTaB-
JIEHHBIE Ha, PUC. 5 — BHE OOJIACTH TIPUMEHUMOCTH ITUX
ypasrennii. OQHAKO pe3y/IbTaThl, MPEICTABICHHBIE HA,
pHC. 5 KAYeCTBEHHO YKA3LIBAIOT HA TO, YTO IPHU HC-
MOL30BAHNN JJIWHHBIX CTEPsKHEO0PA3HBIX YACTHUIL BME-
cTO chepUIECKUX BPAIIAIONICE MOJIE MOYKET MeHEepUpO-
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BaTh TEYEHUS ¢ Topaso 60JbIoi ckopocThio. Komnye-
CTBEHHBIN K€ pacder Tpedyer YUCIEHHOrO UCCIeI0Ba-
uust ypasaerus Hapbe—CToKca ¢ yIeTOM HEJIMHEHHOTO
WHEPIIMOHHOTO YJIeHa.

OnennM xapakTepHOE BpPEMsi MMEepUoa, MPU KOTO-
POM MOXKHO TpeHedpedsh m3MeHeHneM KoHmeHTpannn P
3a CYeT KOHBEKTHBHOTO MEPEeHOCa YaCTHI] TeHePHupy-
eMbIMU TeueHnaMu. [lo mopsanKy BeTwdIuHy 3TO Bpe-
Mg MOXKET ObITb OLIEHEHO KakK 0, /v,. Eciau BoiGparh
or ~ 1072 M u v, ~ 1073 M/c, TO, IO HOPSAIKY Be-
JIMIUHBI, 3TO BpeMs okojo 10 ¢, 9To BMOJHE JT0CTa-
TOYHO [IJIs1 SKCIIEPUMEHTAIHLHOTO HADJIIOIEHUS OMUCAH-
HOI 3/1eChb HAYaJbHOU CTA/IMU TeHepaluyd TeYeHuid, Co-
oreercrByIomeit puc. 3 u 4. [locme sToro cyrmecTren-
HBIM CTAHOBUTCS M3MEHEHHWe KOHTeHTparnn ¢ 3a cuer
KOHBEKTUBHbBIX SBJIEHAN. YUeT 3TOro OOCTOATETHCTBA
nenaer 3anady (1) cymecrBeHHO HeJIMHERHOl, JoMmyc-
KaloIeit TOTLKO YUC/IeHHbIe perenns. Mbl mianupyem
B OmmKaiiiee BpeMsi IPOBECTH MCCIEIOBAHNUE TTOTHOMN
HEeTMHEHHON 3aa9u, BKIIOIAONEH B ceda ypaBHEHHe
Hasre—CroKca ¢ KBaIPATHIHBIM 110 CKOPOCTH UJIEHOM
u yueT m3MeHenus xKoutentpainnn ¢ co spemenem. Ilo-
JIy9eHHBIEe 3/1eCh Pe3yJIbTAThl CBUIETETbCTBYIOT O TEp-
CTIEKTUBHOCTU TaKUX WCCJIEIOBAHWI W OYIyT CIyKUTH
OCHOBOWM JJI HUX.

4. BAKJIFOYEHUE

B macrosimeit pabore wcciaemoBaHa MOJENIbHAS 3a-
Jlada O TEeHEPAIuU [UPKYISAIUOHHBIX TEYeHUN B Ka-
HaJle ¢ HeMarHUTHOW YKMUIKOCTHIO W WHIKEKTUPOBAH-
HOIl B Hee kareii (obmakoM) HanomucepcHoit heppo-
JKUJKOCTH MO, JIEHCTBHEM OJHOPOIHOTO BPAIIAIOIIEro-
CsT MArHUTHOTO MOJis. Pacdersl MOKa3bIBAIOT, 9TO, MIPU
BIIOJTHE PEATUCTUIECKUX TTAPAMETPAX CHUCTEMBI, TaCTO-
THI ¥ HAMPSKEHHOCTH MATHUTHOTIO TIOJIs, B KAHAJE MO-
ryT ObITH TEHEPUPOBAHBI TEUCHHSA CO CKOPOCTHIO C aM-
MIMTYI0# mopsizika, 1 MM/c. DT TedeHns: MOTyT CyIe-
CTBEHHO MHTEHCH(UIITPOBATEH TPAHCIOPT HEHTPATLHON
MOJIEKYJIAPHOIT npumecu (JIeKapcTBa) B HECYILEH KuJi-
KOCTHU, UTO TIOATBEPYKIAET WICI0, BHICKA3AHHYIO B Pa-
6orax [2,3] 0 TEPCIEeKTHBHOCTH MeToja TeHEepHpPOBa-
HUsI MATHUTOWH/YIIMPOBAHHBIX TEYEHU B TPOMOUPO-
BAHHBIX KPOBEHOCHBIX COCYAAX JJIsi WHTEHCU(DUKAINH
B HUX TPAHCIOPTa TPOMOOIUTHKOB. Harmm pesymibra-
ThI MOKA3BIBAIOT, YTO UCHOIb30BaHue (hePPOKUIKOCTH
C JUTHHHBIMU CTEPyKHEOOPAZHBIMEI YACTUIIAMHU, C TOUKA
3pEeHust TeHePUPOBAHNS TEUCHUT, MOYXKET OBITH rOpa3/Io
6ostee 3(pPEeKTUBHBIM, UM UCIOTL30BAHIE TPATAITAOH-
HBIX (PEePPOKUIKOCTEH €O CPepUICCKUMA TaCTUIIAMHI.
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[Ipencrapierrble aHAIUTHIECKIE PE3YILTATHI MOy e-
HBI B MPEJIOIOKEHUN O BBIMOJHEHUU JOBOJTHHO CHITh-
HBIX yIpolnenuii (Masbie uncia Peiinonbaca; coxpame-
Hue mpouIsa KOHIEHTPAIIMNA BHEAPEHHBIX MATHUTHBIX
HAHOYACTHUIL B HEU3MEHHOM HAYaJIbHOM BuUje). Bbixos
3a paMKH 3THX TPHOINKEHUH TpedyeT IUCIeHHOrO HC-
CJIEIOBAHUS HEJIWHEHHBIX ypaBHEHUN (HepporuIpoIm-
HAMWKHU U MEPEHOCA TPUMECH, YTO JIOTKHO ObITH Mpe/I-
METOM OTIENbHOI pabOTHI.

[Ipencrasiienubie pe3yabTATHI MOTYT OBITH OCHOBOIT
JIsT TaKuX ucciaenoBanuii. Heobxoanmo oTMeTuTh, 9o
B 9TOi paboTe MBI HE YUNTHIBAIN BIUSHHE TPOMOA HA
rerepupyembie Tedenns. Takast 3a7a4a, B CHIIY CyTiie-
CTBEHHOTO W3MEHEHWsI TPAHWUYHBIX YCJIOBHUl, Tpedyer
OT/IETLHOTO UCCIICOBAHS.

Cremyer TakyKe OTMETHTH, YTO, B MPUHIUIE, JIBU-
JKEHUe MATHUTHBIX YACTHUIL BO BPAIIAIOIIEMCS MOJIe MO-
JKeT BBI3BIBATH HAIDEB COJEpIKAIIEHl WX JKUIKOCTH.
Oror addexr (MarHuTHAA TULEPTEPMEs) AKTUBHO HC-
cjIe/lyeTcs B INTEPATYPE B CBS3HU C TIEPCITEKTHBAMU €ro
[IPUMEHEHUs JIJIs JIEYeHUsT OHKOJIOTHYeCKUX 3ab0eBa-
uuii (cM., wamnpumep, [13,14]). U3 muOrouucieHHbx
TEOPETUIECKUX W IKCIEPUMEHTAJHHBIX pabOT U3BECT-
HO, YTO 3aMETHBIN HAPER KUIKOCTH C BAZKOCTHIO BOIBI
[IPOUCXOUT MPU FACTOTAX TOJS MOPSIKA JECATKOB W
coren Kujorepit. I[Io3ToMy Mpu paccCMOTPEHHBIX TaCTO-
rax nopsaaka 10 ['1 CKoIbKO-HUOYIH OILY TUMBIX T€PMU-
qeckux 3P PeKToB He OyIerT.

Buaaromgapaoctu. Pabora BbImOMHEeHA TPH TOI-
nepxke POOU (rpant 21-52-12013) m Munncrepersa
Hayku u obpasoanus P® (npoekr FEUZ-2023-0020).
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