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[lenbio paboThl sIBAsieTCs MOJCTHPOBAaHHME IIpoliecca JIBHIKCHUS
BOJBI B KCHJIEME pacTeHMIl ¢ y4eTOM THIpPaBIMYECKUX MOTeph Ha
OJJMHOYHON OKaiiMICHHOM IOpe ¢ TOPYCOM, a TaKke Ha COBOKYITHO-
ctu nop. Ilpu 3ToM yuuThIBaETCS, UTO, KaK CISAYET U3 psiaa myOiu-
KaIyii, KOpHEBOe JaBlIcHHE He SBISICTCS MEXaHW3MOM, obecredu-
BalOIMM TIOJBEM BOJBI B pacTeHMsX. MopenbHOE Mpe/cTaBlICHUE
MOCTPOCHO B MPEIIONOKECHHH, UTO OCHOBHOM NPHUKMHON MopbeMa
BOJIBI B PacTCHUSIX SBIIETCS MOBEPXHOCTHOE HATSKCHHE B MEHUCKE
Kanusipa KeuneMsl. 1Ipn sToM HeoOXOoAMMO YUHMTHIBATH OCOOCH-
HOCTH CTPOCHMS KCHIEMbI XBOWHBIX U JIMCTBEHHBIX JIE€PEBLEB.
VYpaBHeHHe A pacdeTa NOJbeMa BOJBl B KallHJUIAPE KCHUIIEMBI
pacTeHHil ¢ TpaxeuJalbHOH NPOBOIMMOCTHIO BLIBEICHO € YUETOM
aHaTOMHUYECKOTO CTPOCHHUS TpaxeWa M OKaliMJICHHBLIX Mop. YpaBHe-
HHUe II03BOJSIET ONPEACTUThL HU3MEHEHHE T'MAPaBIMYECKAX IOTEph
IpU JBUKCHUM BOJBI Uepe3 OJWHOUHYIO OKalMICHHYIO HOpY H
Yepe3 UX COBOKYITHOCTh ¢ YUETOM OpPHUEHTALIUN HocHeJHUX. Moenn
MI03BOJIMJIA PAacCUUTATh BBICOTY MOJbeMa BOALI B KAaIMIISpax KCH-
nemsl. IlokaszaHo, 4To yBenMUeHHE JUaMeTpa IOJIOCTH TPaxeUasl U
JUaMeTpOB OKaWMIICHHON TOpH W Topyca ITIPH IMPOYUX pPaBHBIX
YCIIOBHSX IPHBOJUT K POCTY THAPABINUCCKUX TTOTEPE.

KiioueBrIe ciioBa: KcHujaceMma, OKalMJIcHHas Tnopa, Tpaxeuja, CTBOJ,
pacTCHHUC, KalnuJusIp.

The work objective is a water movement modeling in the plant
xylem allowing for the hydraulic loss on a single bordered pit
torus, as well as on the pore population. However, as it follows
from a number of publications, root pressure is not a mechanism
providing water rising in plants. A model representation is based
on the assumption that the main reason for rising water in plants
is the surface tension in the meniscus of the xylem capillary. At
this, it is necessary to take into account the xylem structure fea-
tures of the needle-leaved and broadleaved trees. The equation to
calculate the water rise in the xylem capillary of plants with tra-
cheidal conductance is derived with account for the anatomy
structure of the tracheids and bordered pores. The equation allows
determining the change in the hydraulic losses in the movement
of water through a single bordered pore and through the pore
population taking into account the orientation of the latter. The
model allows calculating the height of the water rise in the xylem
capillary. It is shown that an increase in the diameter of the tra-
cheid cavity and in the diameters of the bordered pore and torus,
ceteris paribus leads to the rising of the hydraulic losses.

Keywords: xylem, bordered pore. tracheid, trunk, plant, capil-
lary.

Brenenne. Hannune BepTHKAILHOTO BOCXOAIETO MOTOKA BOJALI B KCHIEME PACTEHHMN OOBACHSETCS JEHCTBHEM CHIBI T10-
BEPXHOCTHOTO HATSDKEHHSA BOJBI B MeHUCKaX Kamwuiapos [1]. [Ipu oObsAcHEHWH oIheMa BOJB B KaWLIAPE pajmyca 7 Ha
BEICOTY /4 TPUITHOHHO PACCMATPUBAIOT TIOTPY KEHHLIA B BOJY CTEKISHHEIN BEPTUKAILHEINA KAWLIAD U 3alUCHBAIOT YCIOBUE
paBEHCTBRA JIBYX CHIL:
— cuTkl, 0OYCIOBIEHHOM BECOM cTONGA BOJIBI B KAMMILIAPE P, HANPABIECHHON BEPTUKAILHO BHHS,
—CHJIBL TOBEPXHOCTHOTO HATSKEHHS BOJBI B MEHHCKE KATIMILIAPA Fy, HAPABICHHON BBEPX.
VpaBHeHWe PABHOBECHS THX CHUJI JUIS [TATHHIPHYECKOTO KAMILIAPA 3aIACKIBAETCA B BUJIE

P =Fq < m? hpg=2mrocos a, (1)
I7IE p, g, G, G — COOTBETCTBEHHO IIOTHOCThL BOJIBL, YCKOPEHHE CBOGOIHOTO TIa/IeHHs, YTOJI CMaYMBAHKA U KO3(QUIHEHT TI0-
BEPXHOCTHOTO HATSDKEHHS BOJIBL
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U3 (1) crenyer m3BecTHasa dopmyna XKiopeHa, TO3BOISIONIAS ONPECTUTh BEICOTY MOIbEMa BOJBI B BEPTHKAIBHOM
kanusipe [2]:

2ocosa
N = ——. 2
rpg ( )

Creyer OTMETHTE, 9TO IpUMeHeHHE (GopMyIbl (2) JUIsl ONEHKH BLICOTHI IOJBbEMa BOJBI B KaWIISIPHOM cucTeMe
JIPEBECHBIX PACTEHHUH HE II03BONSET YUHUTHIBATH CHIY COIPOTHBIICHHUS JBHXKCHHIO BOJBL, OOYCIOBIECHHYIO aHATOMHYECKHM
CTpOEHHEM KalWLIApHOI ceTH kcmleMel. KpoMe Toro, He IpHHAMAETCA BO BHUMAHHUE U cHia, O0YCIOBICHHAS] OCMOTHIECKAM
MOTEHIAAIOM KOPHEBOHM CHCTEMEI W IPUBOJAINAA K MOSBICHHUIO ASHCTBYIOMETO B CTOPOHY Fy KOPHEBOTO JIABIECHUS Prop. Co-
miacHo [3, 4] ero Benu4uMHA JUI PACTEHUH cpeJiHER MOIOCH! IPU OUTHUMAILHBLIX YelIoBUsxX coctapister 0,15 Mlla. Kanuisap
KCHJIEMEL, II0 KOTOPOMY IIOJIHAMAETCS BOJA, HAIIPHMED, Y XBOUHEIX JIEPEBEEB COCTOUT M3 CBS3aHHBIX ITOCPEACTBOM IIOp Tpa-
xeul. B omindre oT XBOMHBIX, KCHJIEMA JINCTBEHHBIX JIEPEBEEB COCTOUT U3 COCYJIOB, CBA3aHHBIX MEXJY co00M MMEIoIIMHCA
HA KX IOBEPXHOCTH MHOTOYHCICHHBIMH HopaMH. CYINECTBYIOT TaKiKe KCHJIEMBl CMEIIaHHOTO THIIA — TpaxeHJalbHO-
cocyaucTEe. Ho 1 B 5TOM Cily4ae CBsI3b MEX/Iy SJIEMEHTAMHU TAKUX KCHIIEM OCYIIECTBIACTCS MIOCPEICTBOM IIOP.

C y4eToM BBIIEH3I0KEHHOTO COOTHOIIEHHE (1) MOKET OBITH 3alIECAHO CISAYIOMHAM 00pa3oM:

P+ Fon=Fu+ Feop < 2 hpg + Fon = 2T 7 G cos o + 2 Pxops 3)
e Fon = Y.¥ Fi — cyMMapHas Cuiia COMPOTHBIEHHAS JBMKEHAIO BOJIBI, 0OYCIOBIEHHAS THPABINIECKAME TIOTEPSIMY HAMOPA
IIPH €€ JIBIKCHUH Uepes3 CIIOKHYIO KAIWIIAPHYIO CTPYKTYPY, CONEPKAINYIO N IOP; Prop — KOPHEBOE JABICHHE.

B nuTepaTypHEIX HCTOYHHUKAX OTCYTCTBYIOT CBEJICHHS O THAPABINIECKHX IIOTEPSAX HAllopa IIPH JBHKECHHUH BOJBI KaK
qepe3 OJJUHOYHYIO IIOPY, TaK U 4epe3 UX COBOKYITHOCTB.

Cpenu GoibIIoOro pasHooOpasus BUJIOB IOP pacTeHHH [S5] HanboJiee MOJNHO M3YUEHBI W ONMCAHBI FEOMETPUUECKUE
pa3MepHl ¥ CTPOCHUE OKPYTIIBIX OKafiMICHHBIX TTOp ¢ TopycoM. OHH MPeAcTaBIsEOT coO0i BEICOKOI(h(EKTHBHEIH BOOTIPOBO-
JUIIUN 2JIeMeHT. B cTpYKType KCHIIEMBI XBOMHEIX JE€PEBBEB TPaXEUNIbl ¢ OKaHMIIEHHBIMHU IIOPaMH cOCTaBIIEOT 90-95 % ot
o0Imero oobeMa JApeBecHHEL . OKkaliMIIEHHBIE IIOPH PACIIONIOKEHH! IPEUMYIECTBEHHO Ha PaJHalbHEIX CTEHKAX Y KOHIIOB Tpa-
XEHJI, KOTOPEIMH Kasklasd TpaxeuJa BKIMHUBACTCS MEXKIY COCEIHUMH, o0pasys IUIOTHOE coeduHeHHUe. 1Iophl B CTEHKAxX JBYX
CMEXHBIX TpaxXenJ| pacIoiararoTcs oJHa IIPOTHB Apyroii, o6pasys mapy. Ha paguanbHOR cTeHKe TpaxeUIbl MOXKET HAXOIUTh-
¢4 1o 90 okaliMIEHHBIX TIOP, KOTOPHIE YIACTBYIOT B IIPOBEICHUH BOJIBL
Hean padoTel. Pacder ruipaBIMdecKiX MOTEPh, BO3HUKAIONX IIPH ABMKEHHUH BOJBI B KCHIIEME JIEPEBLER UepPe3 OJUHOTHYIO
oKaliMIICHHYIO TIOPY C TOPYCOM H 4epe3 HX COBOKYIHOCTD, 4 TAK)KE OICHKA BIMSHHUS STUX IOTEPh Ha BEIUYUHY BBICOTHI IIOIb-
€Ma BOJIEI B KAMJIIAPAX KCHIIEMBL.

OcHoBHan 1acTh. Ha puc. 1 mpejcraBieHa MoJIe)b yaacTKa TPaXeHUABl ¢ BHYTPEHHAM JHaMETpoM Dr=2R;, kKoTopas HMeeT Ha
IIPOTUBOIOIOKHBIX PaIUaIbHEIX CTEHKAX 10 OJHOH 0liHaKoBOH okaiiMIeHHOH ITOpe ¢ OKPYIIIBIM OTBEPCTHEM.
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Puc. 1. MOZ[G.]'IL yJyacTKa Tpaxeuahbl ¢ OKaKWMIIEHHOM HOpOﬁ Ha MPOTUBOIIOJIOKHBIX paJUuaIbHBIX CTCHKaX

OxaliMiIeHHBIE TIOpPHL, 0Opa3yIoIuecsl B CTEHKaX TPaxeW/J M COCY/IOB, XapakTEPU3YIOTCS TEM, UTO IOJOCTh IOPHI
CyXaeTcsl B HalIpABICHUN OT 3aMBIKAIOINeH INICHKW K BHYTPEHHEMY OTBEPCTHIO IIOPHL B okaliMieHHOM mope MOXHO pa3iu-
IUTH BOPOHKOBH/IHBIH MOpOBHIHA KaHan (1), pacmupsrormuiics 1o HapaBIeHUIO K 3aMBIKafoIne mieHke (2). Bropuunas cren-
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HUM OTBEPCTHEM € KaMepoil IopHl, a BHYTPEHHUM (anepTypa Iopsl) (6) — ¢ nonocThio (7) caMoll Tpaxenasl. DTO XOPOIIo
BHHO Ha (oTorpadusx, BEHIIOIHEHHEX ¢ IOMOILIO ONTHYECKOTO W IEKTPOHHOTO MHKPOCKOIOB [6]. CpennHHas TacTh 3a-
MBIKaoIell IIeHKN okalMIeHHON ITOpPHI IMEET YeueBUIIc00pasHOe YTOIIIEHHE, Ha3sBaeMoe TopycoM (8). Topyc coequneH ¢
3aMBIKAfOINEeH IIeHKOH TOHKHMHE HUTAMH (9). Mekny HUMH HeT HHKakoi IepenoHKku. [1o3ToMy 4acTh 3aMBIKAIOINEH INICHKA
IIOPHL, Ha KOTOPOIl MOJBEINIEH TOPyC, HE SABISETCS CIUIOIHON IIEpEropoIKOll M He cO3/1aeT MIPEITCTBH IIPHU ABMKCHUH BOJIBL

VY paHHUX Tpaxeuja cpeJHHH paJualbHEIA pa3Mep COCTABIAET JUIA JINCTBEHHBIX U XBOMHBIX IIOPOJ, COOTBETCTBEHHO
521070 u 40-107° M, a y mosauux — 22-107° 1 20-107% M. TanreHnuanbHEL pasmep B 06oux ciydasx mpumepro 30-1076 m [7].

Juamerp oxaiiMieHHbIX Op Dy Kojieliercs or 8- 10°1031:10°%M, a JIUaMETP BXOJHOTO M BBIXOJHOTO OTBEPCTHH B
nopax da, (aneprypa) — ot 4-1076 g0 8-107° M. JTuamerp Topyca (dr) Beerna Gonblne da. UnCIEHHLIE JAHHBE O COOTHOIICHHN
JIHaMeTpa Topyca, InaMeTpa IOphl B MakCHMalIbHOU ero TosmuHs (A4, eM. puc. 1) B TUTepaTypHBIX HCTOYHUKAX HE IIPHBO-
Jsrest. Tolmuaa BIOpHYHON CTEHKH IIOPHL § MOXKET Jocturarh 10-1076 M.

JUnst onpeieleHHOCTH OMOKKM, UTO TT0pa CHMMETPHYHA OTHOCHTENHHO BEPTHKAIN U TOPU30HTAIN U 3a30p O (TIopo-
BEI KaHaJI) MEX/y TOPYCOM H CTEHKOIl IOpHI OJJMHAKOB Ha BCEM IIyTH ABMKEHHs BOJHL. IpH sTOM MakcHMalbHAas TOJNIWHA
Topyca paBHa 10-10°° M — Tommmue Bropmunoil kmerounoit cremxm. Torma mytw ABA|=AB141= [, mpoxoaumble BoJOH
BHYTPH IIOPHl B YKa3aHHBIX BHIIIE NIpejeNax Auala3oHa JUaMeTpoB Dy, OJMHAKOBEL U HAXOMATCA B CIEAVIOINEM HHTEpBAIE:
5:10°<7<30-10°m.

B cmy ogrHaKoBOCTH IOp OOIMUH MOTOK BOJHL (), NlepefaBaeMBIif U3 TpaXeUasl K CMEXKHBIM C Hell TpaxemnaaM, Jie-
JTUTCS HOMONIaM, M B KaX/IyIo MOpY MOCTyIaeT oOheM BOJB, paBHBIM O/2. B mopoBoit kamepe Boja 06TeKaeT TOPyc BOCXOSI-
UM U HACXOIAIUM ITOTOKAMH, KaX(bI U3 KOTOPHIX UMeeT 00beM g = 0/4.

OO6reM Q 3aBUCHT OT CKOPOCTH IIOABEMAa BOJIEL B PACTEHUH V), BeIMYUHA KOTOPOI BappbUpyeTcs B MUPOKKX IIpesieNax
1 3aBHCHT OT BHJIa PACTCHUs, BPEMEHH CYTOK M ce30Ha. B [8] mpescraBiieHEl 3HAUEHHUs CKOPOCTEH OABEMA BOJEL B KCHIIEME
pacrenuit. BOTbIMUHCTBO U3 HUX — B mpeenax ot 1 o 10 m/a. B [9] npuBoasiTcsa AaHHEIE, COTTACHO KOTOPHIM MaKCHMAaTbHAS
CKOPOCTE JBUKCHISI BOJIBI B XBOHHBIX pacTeHUAX — 1,2 M/, B IMCTBEHHEIX 3HAYUTEILHO BBHITE, a B Iy O0e — 2740 M/t

JUis olipeieNleHus BEIMYHHEL IOTEPh THAPABINIECKOTO HAIIOpa BOJBI IIPH IIPOXOXKICHUH e€ depe3 OKaliMIIEHHYIO I10-
Py ¢ TopycoM Boctionb3yeMest popmytoi lyaseiins, onuckiBaromel 3aKOHOMEPHOCTD TEUCHIUS BSI3KOH HECKUMaEMOM KHJIKO-
CTHU B TOHKOH IMIKH/[puueckoi kanmusipuoit tpyoke [10]:

g=nd*(p1—p2) /(128 [ w), @)

e ¢ — CeKYHINBIH 06BbeMHEIH pacxo BOALL, MY/c; p1—p2 = Ap — Tlepeliall JaBlIcHHAs Ha BXOJE M BBIXOJC U3 OKaliMIeHHOMH
mopeL, [1a; d — auamerp xammusapa, M; L — koG GUIMeHT TnHAMAYEeCKO# BA3KOCTH BOJEL [la-¢; [ — AnmHa Kammwuisapa, M.
W3 (4) cnenyer:
pi—p2=Ap=1281pnq/(nd* (5)

Bennmunny d B (5) BeIOepeM, HCXOAA U3 cleIyoIuX cooOpaskeHnH. llocTymatommas depes alepTypy B IOpy Boja
JIBIDKETCS Ha yuacTke BAB| BIOIb KOHAYECKOTO 3a30pa. [IpH 3ToM 110 Mepe ee NPOJBIDKEHHUS KOIUIECTBO BOJBI, IIPUXOIAIIE-
ecs Ha €IMHAIYY ILIOMAJH IIOIIEPEYHOTO CEUEHHUS 3a30pa, YMEHBIIAETCsl — CIIEIOBATENBHO, YMEHBINAETCS CKOPOCTh €€ JIBU-
JKEHUA U TrpaBiudeckue norepu. Ho Ha yaactke B4 B koHHYECKOe pacIIUpEeHUE CMEHIETCSI YMEHBIIEHUEM ILIOIMa i ceve-
HUA 3a230pa. DTO IPUBOJUT K YBEIMIEHHAIO CKOPOCTH JABHKEHHS BOJBI U YCHJICHHUIO MMJIPaBIMIECKOIO COIPOTHBRIEHUA. B pe-
3yJIBTATE B CHIIY CHMMETPHHU THJIPAaBINYECKUE IIOTEPH OYAYT ONPENEIAThCA TOIBKO BEIHMYAHON IIYTH, II0 KOTOPOMY JIBHXKETCS
B 3a30pe BojJa. [losToMy IBHIKEHHE BOABI B 3a30P€ MOKHO pacCMaTpHBAaTh KakK IIPOUCXOJAINEE B KallWLIsApe JIHHOH [ npn
d=23.

Hcexons 03 BO3MOKHBIX COOTHOIIEHUH Dy U da, 3aa{UM JAUANA30H U3MeHeHus d: 2-10° <38 <8-10° M. ITpumem nua-
naszon maMenenus V: 0,28-102 < V'<2.2-107 m/c.

B Ta6n. 1 mpuBeeHbl BEIUIUHB 00beMa Bojbl ¢ = Q/4 (O = m R2 V/4), mpoxo isuneli 3a ceKyHy depes 3a30p & 1o
nytd ABA| MexXay IOBEpXHOCTBIO TOPyCa W BHYTPEHHEH ITOBEPXHOCTBIO BTOPHYHON CTEHKH OKalMIeHHOU Hopsl. [Ipu sTOoM
JIUaMeTpEl Tpaxen Dy pasusr 20-1076, 30-107% m 40-107° M, H BoJja IIPOXOJHUT Yepe3 CMEKHLIE CTCHKA TPAXEH ¢ Pa3HBIM KO-
mmIecTBOM Hop N. B kax/IoM ciydae cKOpocTh o ibeMa BoJIH B kewieMe V' — 1, 4 u 8 M/1. MoXHO BHAETH, 9TO 00BEM BOJIHL,
IIPOXOJIAIEH depe3 OAMHOYHYIO IIOPY B TEUEHHE CEKYHIBI, YMEHBIAETCs IPAMO IPONIOPIUOHANBLHO N U YBEJIHUHBACTCS IIPs-
MO IIPOIOPUUOHANEHO V.
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Tabmua 1

OOBEM BOJILL, IPOTEKAIOIMEH B CEKYH/LY UePE3 3a30p MEXK/Y TOPOCOM M MOBEPXHOCTHIO OKaMIICHHON TIOPH

g 108, v¥c
D:-10%, M V103, Mlc N
1 10 25 50
0,28 0,22 0,022 0,0088 0,0044
20 1,10 0,87 0,087 0,0348 0,0174
2,20 1,74 0,174 0,0697 0,0350
0,28 0,50 0,050 0,0198 0,0100
30 1,10 1,96 0,196 0,0780 0,0390
2,20 3,90 0,390 0,1550 0,0770
0,28 0,87 0,087 0,0350 0,0178
40 1,10 3,50 0,350 0,1390 0,0700
2,20 7,00 0,700 0,2790 0,1400

Ha puc. 2 mpuBesieHBl paccduTaHHbEE IO Gopmyre (5) BEIUIHHE HOTEPH JABICHUSI Apyum BO BPEMS IPOXOXKIACHH

BOJIOW OKaWMIEHHOM TOpHI NPH MHHUMAIBHBIX 3HAYEHHAX BENWUUH Vi = 0,28 103 M/c, NMum =1, haw=5-10°M n

Sy = 2-107° M, mpUHATHIX B paccMarpuBaemoit Hamm Mogeny. Jlmamerpsl Tpaxeng — 201076, 30-10°° 1 40-10°6 m. U3 pucys-

Ka CIEYET, 9TO TPH IPOXOKJEHAN BOJIB UEPE3 OJUHOYHYIO TIOPY € Sy = 21070 M BeNWUMHA APy BO3PACTAET TIPH Y BENH-
IEHUH JUAMETPa TPaxCHuIbL.
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Puc. 2. 3aBUCUMOCTE Apyun OT IMameTpa Tpaxerabl Di Dy 1070, m

Ha ocroBanuu (5) MOTYT OBITH ONIPE/CICH BENUIUHEL Ap /UL IPYTUX 3HaUCHHUN YKa3aHHBIX BEINIE BEIMMIH IO Clle-

§ JAVIOIUM COOTHOIICHUAM.

-

él VBennuenue / IIPUBOAUT K YBEIUICHHAIO IIOTEPH AaBICHUS, TO €CTh

o L _ _Ap

el 1 - A s (6)
‘_\4' MHH P mun

é VBenumdyenue KOINUECTBA OKaiMICHHLIX II0P, YIaCTBYIOIIHUX B IIPOBCACHUM BOJLIL, IIPUBOJUT K YMCHBIIICHUIO IIOTCPH
8 JIaBJICHUSI, a UMCHHO

Z N A

= — pMI/IH’ (7)
d NMHH Ap

=

<=

VBennueHue CKOPOCTH IIPOJBUIKCHUS BOJLI B TpaxenJgax KCUIICMBI YBCJIMIUBACT ITIOTCPH JIABJICHUS, YTO OIIMCHLIBACTCA

COOTHOIICHUCM
v Ap

VMHH  AD yun

(®)
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VBenuuenue 3a30pa d IIPUBOJAUT K U3SMCHCHUIO ITOTCPL AaBJICHN, KOTOPOC OIIMCLIBACTCS COOTHOMICHUCM
8 4{ Ap
= - (€))
Smun AP vun

C yderom naHHBIX Tab1. 1 ¥ puc. 2 o cOOTHOIEHUAM (6)—(9) IPOBENEHHI pacdeThl BEIUIHUHEL IAAlla30HA W3MEHEHHUS
Ap. TIpu 5TOM paccMarpuBaroTes u3Menenust [ B upezenax 5-10° <7 <30-10°m u V, 8 — B npeznenax 0,28-10° < V<22
103 Men2100<8<810°m

B Ta6i. 2. mpeAcTaBIeHBl PE3yILTATEL pacuera JUisl Tpaxen]| auamerpaMu Dy, pasabiva 20-1076 M u 40-1076 m. TIpu

STOM paccMaTpUBAaeTCs IBHXKEHHE BOJABI Uepe3 oJWHOUHYIO mopy (N=1) u gepe3 50 (N = 50) oIHOBpEMEHHO IPOBOIAIIIX
BOJIy TIOpP Ha CTEHKE TPaAXEHJIEL.

Tabmuia 2
[Torepn faBneHns IpHU NPOXOXK/CHAHN BOJIOH OKaliMIEHHO TOpHI
Wureppan usmenenus Ap, [la
N D;-10%, M V103, Mlc 5-10%, M ’
’ ’ ’ mpu 5-10°<7<30-10°%m
2 281 + 1690
0,28
8 1,1 +6,6
20
2 2220 + 13340
2,2
! 8 8,7+52
2 2200 + 13200
0,28
8 44 +263
40
2 8940 + 53200
2,2
8 35+210
2 5,6 =34
0,28
8 0,02+1,3
20
2 45 + 268
2,2
8 0,17+ 1,05
50
028 2 22 +135
8 0,09 = 0,52
40
2 179 = 1080
221073
8 0,7+4,2

Kak BugnaO M3 Tabm1. 2, ecnm N = 1, BenmanHa Ap pacTeT IpH yBeaudeHun /, V' u Dr. YBenndenue § mpu IpovIux pas-
HEIX YCIOBHSIX IIPUBOJNUT K YMEHBIICHHIO Ap. AOGCONIOTHAs BenMINHA Ap B IIpejerax paccMaTpUBacMOTO M3MEHEHHUS I1apa-
METPOB BapbUPYET B MHUPOKUX Ipeaenax oT 1,1 mo 53200 I1a. Ilpu s5ToM moTepH yMEHBINAOTCS ¢ POCTOM N, a MaKCAMAJIBHBIE
WX 3HAYEHMs UMEIOT MecTo Ipu N = 1.

[Ipw yBeIM4IEeHNN KOIMIECTBA IOpP Ha CTEHKE Tpaxernnl 10 50 Ap 3HAIUTEIHLHO YMEHBLITACTCS ¥ BAPBUPYETCS B IIpe-
nenax oT 0,02 mo 1080 ITa.

Kak 6p110 OTMEUEHO BHIINE, BHKCHAEC BOJH B KOHHIECKOM 3a30pe OKaiiMICHHON MOPHI B CHITy CHMMETPHH (I3HIC-
CKHUX IIPOIIECCOB MOXXKHO paccMaTpHBaTh Kak JABMXXEHHE BOJBI B KaWLIsApe /UInHOM [ n quamerpoM O. JleficTBUTENBHO, ecii
IPUHATH 32 TMOJMOKUTENBHOE HAIPaBICHUE ICHCTBYIOMAX CHI B CTOPOHY CIJIBI IIOBEPXHOCTHOTO HATSIKEHHSI, TO JISl YIaCTKOB
AB, BA1, AB1, BiA\ MOXHO 3ammcaTh CIeAyIoIee YpaBHEHHE PaBHOACHCTBYIONMEH CIIIEL Fpy, OOYCIOBICHHON paclpeieneHn-
€M Beca BOJIHL B 3a30pe (pHc. 3, a):

Fin=—AP sin (90 =2 ) + AP 5in (90 = %) + AP 5in (90 =2 ) — AP sin (90 - L) = 0. (10)

To ecTh Ha BBIXO/IE U3 OPH Fpp paBHA HYJIIO, M B OTOM CMEICIE [IOpa «HEUTpaIbHay.

Curyarus U3MEHSIETCSI P OTCYTCTBHH CHMMETPHH. ECIH MOBEPHYTH OCH II0 9acOBOI cTpeNKe Ha VIol Y/2, TO cTo-
pourl B4 1 AB IpAMYT BepTHKAILHOE TONIOXeHUE (pHC. 3, 6). B 5TOM ciIydae B CTOPOHY CHIIBI IOBEPXHOCTHOTO HATSIKCHHS
Oy/IeT HallpaBICHO JICHCTBIE Beca JIBYX CTOIOUKOB BOJIEL, paBHOTO 2AP. B To e BpeMs cTopoHH AB n B4 okaxyTcs pacio-
JOXEHHBIMH II0JT VTJIOM Y K TOpH3OHTaNu. Torja aAst paBHOASHCTBYIOMEH CHIIEL Ha BHIXOJE BOABI M3 HMOPHI MOXHO 3aIMCaTh
COOTHOIIIECHHE:

Fon=—AP sin (90 —y ) + AP + AP — AP 5in (90 —y) =2 AP (1 —sin (90 —y ) £ 0. (11)
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Puc. 3. Pactipeaenenue cui B 3a30pe oKalMIeHHO MOpPLI, BEPTUKAILHO OPUEHTUPOBAHHOM (@) M HAKIIOHEHHOH IO, YTTIOM K BepTUKaIH (6)

Tpaxena He SBISETCS BEPTUKAILHEIM IAIHHIPOM, a KIHHOBHIHO CYXKACTCs PaUalbHEIME CTEHKAMH K KOHITAM, O/I-

HOM TPETHIO MOBEPXHOCTH CONPHKACAsICh ¢ KIMHOBHAHLIMH IIOBEPXHOCTSIME KOHIIOB Tpaxen/]| caeaAylomux yposaeit [7]. Ilo-

STOMY BEpPTHKaIbHasi OCh CHMMETPHH HIOPHI MOXKET OBITh HAKIOHEHA. YTOI Y KIMHA Ha KOHIIE TPaxeHAbl JICKHUT B IIpeerax
17-22 rpagycoB. Bennanna Fpn B OJJAHOTHOM HOPE B 3aBECHMOCTH OT Y MOET IPUHUMATh 3HAUCHHS] B IIpe/ieax:

For = (0,015 + 0,035) AP = (0,015 + 0,035) nd%pg [ /8 = (0,002 + 0,0044) nd? pg I (12)

Toraa npyn MEHEMaNFHOM ¥ MaKCHMaTLHOM KOJIMIECTBE TPAXECH/] Ha OJJTHOM IIOTOHHOM METPE BEINIHHA Fpy COOTBET-

CTBEHHO paBHA:
(0,33 +9) wd? pg lu (8 + 19) nd? pg I

C y4eTOM BBIINIEU3IIOKEHHOTO YPaBHEHHUE (3) MOXKET OBbITh 3alIUCAHO B BHJIE
P+ Fou— Fou=Fu+ Feop © W hpg + Fon — Fpu = 21 7 6 €0S @ + 7 Prop. (13)

ITozcrapiss B (13) aHaTHTHYECKHE COOTHOITEHUSA JUISL BENMYAH For = T RZ2 Ap 1 Fpp w3 (11) 1 mostaras, 910 B CTBOJIAX
JIEPEBLEB XBOUHBIX MOPOJL JUIMHA Tpaxeu i Ah HaxouTcs B Ialia3oHe oT 2,5 1073M 10 5-1073Mm [7], momyunm:

T REhpg +32 mRES- [ V/ N & — 18 pg I(1 — sin (90 — ¥ ) =27 Rr 6 ¢os & + TR prcy. (14)

Coxpamas (14) Ha © RZ2pg ¥ yUuTHIBas (2), HOTYIHM:

32R72~luV _ 182(1—sin(90 —v)) __ 20cosa Pxop _ Prop
h (1 AN §%pg Ah RZ =orr Tog et (15)
Orcrona:
_ Prop 32R§lpv  18%(1=sin(90-v))
h=(hx+ pg)/ (1 +AhN84pg Y ). (16)

VYparuenue (16) mO3BOISIET OIPEICTUTH BLICOTY IOABEMa BOJH B KAMIIISIPE KCHIIEMBI, COCTOSINEH W3 BEpTHKATHLHON
TIETIOYKH TPaxXensl, ¢ yIeTOM aHaTOMHIECKOTO CTPOCHIUS OKaMICHHBIX IIOP.
Hcnonpsys ypaBuenus (13) u (14), MOXKHO BBISICHUTH CTEIIEHb YUaCTHsl KOPHEBOTO JIABIEHUS B MIOJILEME BOJIBL B KCH-

JICMC. I[J'I;I STOI'0 COCTaBUM OTHOIIICHUC CHUJI.
FonlFep =32 T RE=-1 11 V| N 6 TRE prop =32 RE h [0 V' / AN 8 prey. (17)

Ecnun Feu/Frop = 1, TO BoJla IOA ficiicTBHEM CHITBI Fy MIOTHAMAETCS Ha BBHICOTY /iy, TaK KaK KOPHEBOE JIaBICHUE KOM-

NIEHCUPYET THJIPABINIECKHUE [TIOTEPHU LIPH JIBUNKEHIU BOJBI UEPE3 IIOPHL.
IIpn Fen/Frop < 1 KOpHEBOEC AaBICHHE CIIOCOOCTBYET HOALEMY BOJLI, M OHA IIOJHHUMACTCS Ha BEICOTY, OOJLIIVIO Jx.
P s s
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3anucas (17) B BUjie

Ahs*
hfplcop 32R72~l|,lVN (18)

1 TOJAaras prop = 0,15 MIla, MOKHO OIIpeIeNHTE, NIPH KaKUX IlapaMeTpax clipaBe/uimBo (18).

Tak, h <1,34 N npu Ry =10-10° M, [=5-10CM, p=1,002-103I1a-c, V=0,28-103m/c, §=2-10%m, Ah=2,5-10"
M. Torga mpu N = 1 w ipu N = 50 BEICOTa KCHIEMEL, Ha KOTOPOH MPOMCXOMUT KOMIICHCAIS KOPHEBLIM JABICHAEM CHIBI CO-
HPOTHBIEHNA Fey, OKA3BIBAEMOTO IOPOH, COCTABISET cOoOTBETCTBeHHO 1,34 m 66,9 M. Ilpm 8 =8-10° 1 mpoumx paBHLIX
yenosustx h <341 N. Bripaxenue h <0,014 N sepuo npu Rr=20-10°m, [=30-10°m, V=22-10" M/, §=2-100nm,
Ah=5-107 M, anpu d=8-10°M h < 3,63 N. 3anaBas N, MOXKHO OIPEIEIUTE /.

Bonpmas BapuaTHBHOCTE epeMeHHEIX B (18) He mo3Boisger mepedopoM mapaMeTpoB HATIISUTHO MPEICTABUTE PE3YIIb-
TaTHl BOBMOKHEIX BAPUAHTOB WX COUETAHUS. PEIMUThH 3TO MOXHO TaOyIUPOBAHUEM PE3YIbTaTOB pacdera. OTMETHM CIEAYIO-
mee. Kaxmgasa Tpaxenja ofHOYM CBOeH TPETHIO BKIMHUBACTCS PaAUaTbHEIME CTCHKAMHU MEXKAY pajnalbHBIMHA CTEHKAMH JIBYX
Tpaxeu/] cISAVIONETro VPOBHS, I/Ie M paclolokeHa OCHOBHAS Macca oKalMIeHHBIX 1mop [7]. I[Ipu sToM Ha OJHOM HMOTOHHOM
MeTpe MOXeT OBITh pasMmerieHo oT 260 jo 530 tpaxeus (B cpeauaem 395). [lomaras, 4To Bee TpaxeWAbl IO BLICOTE KCHIIEMBI
HMCIOT OJIMHAKOBYIO JUTMHY U MCHOJNB3Y S JaHHEIE Ta0I. 2, MOXHO OTPEICINUTE IUAa30H IOTeph JaBICHUS HA OJWH NOTOHHEIH
METp TPaXeuJaTbHOTO KAMWIIApa KCWIEMEL Pe3yIbTaThl TAKOTO pacdeTa IPeICTaBICHE B Ta0l. 3.

Tabmmma 3
HOTCpI/I JaBJICHUS HA IOTOHHOM METPE TpaxeHuJajJlbHOI'O Kalluiijisipa KCUJICMbL
Wurepsan nuzmenenus Ap,Mlla
N D:-10%, M Vo103, m/e 510, M upu 5-107° <1< 30-107° M u kosnyecTBe Tpaxeu Ha 1 M
260 (MUHAMYM) 395 (cpennee) 530 (MakcuMyM)
028 2 0,073-0,439 0,111-0,667 0,149-0,895
20 ’ 8 0,000286-0,0018 0,00043-0,0026 0,0006—(0,0035)
55 2 0,572-3,468 0,087-5,27 1,77-7,07
1 ’ 8 0,0022—(0,0045) (0,0034)-0,021 (0,0049)-0,029
028 2 0,572-3,468 0,87-5,21 1,78-7,07
40 ’ 8 0,0011—-(0,0068) 0,0018—(0,011) 0,0023—(0,0138)
55 2 2,324-13,83 3,53-21,0 4,74-28,19
’ 8 (0,0091)-0,055 (0,014)-0,083 0,0186-0,111
028 2 0,0014—(0,0088) 0,0022—(0,013) 0,00297-0,018
20 ’ 8 0,000005-0,0003 0,00008-0,0005 0,00001-0,0007
29 2 (0,0117)-0,069 0,018-0,106 0,024-0,142
50 ’ 8 0,00004-0,00027 0,00007-0,0004 0,0009-0,0006
028 2 (0,0057)-0,035 (0,0087)-0,053 0,0012-0,072
40 ’ 8 0,000023-0,00014 0,000036-0,0002 0,00005-0,0003
55 2 0,046-0,28 0,071-0,427 0,0948-0,572
’ 8 0,000182-0,001 0,00028-0,0017 0,00037-0,0022

Kak OplIO OTMEuEHO BHIINE, MaKCHMalbHAS BEIUYHHA Prop HE IpeBbimacT 0,15 Mlla. 3amaBast yCIOBHEIE BBICOTEI
(mampuMep, 100, 50 u 10 M), B3 JaHHEIX Tabl. 3 MOXKHO OIPEJICINTh HHTEPBAJEI H3MEHEHH BXOJAINUX B (18) BeIM4HH, B KO-
TOPHIX Ap IPEBHINAET Prop B KAIMILIAPAX Pa3sHON BHICOTHL. 3HaueHHWs Ap B paccMaTpHBaeMOM HHTEpBale W3MeHeHus [ (Ap He
IIPEBHIMIACT Prop) IPH BHIcOTaX KALIApoB 100, 50 1 10 M BHIJIETEHE COOTBETCTBEHHO KHPHBIM IMIPUQPTOM, KYPCHBOM C HOA-
YepKUBaHMEM W CKOOKaMH. B ocTalbHBIX cinydasx (mpudt Oe3 BhIeIeHU) BeudnHa Ap JIr00 3HAYUTSILHO TPEBOCXOAUT
Props THOO PABEHCTBO BO3MOKHO IIPH MEHBITIMX BHICOTAX KalMILISIPa.

AHanu3 1aHHbIX Tadl. 3 mokaspBaeT cineayromee. [Ipu Maxex 6 uw N =1 BenuauHa Ap pacTeT ¢ YBEIWICHUEM /, V 1
D;. [Ipu yBenudeHUH JUIMHEL TPaXeH (bl OHA YMEHBINAETCs U YK€ Ha OJHOM IIOTOHHOM METpe KallWIIsApa HaXOAHUTCS B IIpeJie-
aax 0,073 + 28,19 Mlla, 9To 3HaUUTENHHO IPEBLIMIACT Piop. 110 Mepe yBenmueHus! O (IPH NPOYNX PABHLIX YCIOBUSIX) BEMHIH-
ua Ap ymenninaercs:: mpu 8 = 81076 M ee auanason — 0,000286 + 0,111 MITa. Ona yBeIUIUBACTCSI IPSAMO MPOTIOPIHOHAILHO
[, TakKe YMEHBIIAsICh IIPH VBEINICHAHN JUIMHBL TPaXeu sl Ah.

C yBenmueHHeM N IOTOK BOJHI Uepe3 KaXKAYIO OKaMIICHHYIO IIOPY YMEHBINAETCS, YTO IPUBOJUT K CHIKEHHIO Ap.
Tax, mpu N=50 u 3=2-10"° M Ha 0THOM OTOHHOM METpE Kanmwuisapa Ap Haxomutes B mpenenax 0,0014 + 0,572 Mlla s
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pana sHawenwit I, V, D, W JUIMHBL TPaxeWmbl Ap <peop. llpm 3=8-10° M Ap<pwp W HaxomuTcs B TpENENTax
0,000005 =+ 0,0022 MIIa.

Maras BenmnvuHa & XapaKkTepHa JUIA MENKUX 1op ¢ Dy mopsaka 81076 M. B stoMm ciyuae, yuaursiBas pasmep topyca,
KOTOPBIH HE MOKET OBITH MEHBINE d, 3230P & MEXK/Ty HUM M CTEHKOM TOpHI He MOXKeT OhITh GombIne 21076 M. CrietoBarennbho,
Ap BeIWKO, U KCHJIEeMa C TaKAM pasMepoM IIOp HE MOXET IIOJHHMATh BOJIY Ha OOIBIIYIO BEICOTY. [ KPYIHOM IOpPEHL €
Dr=30-10°Mu da = 8-107% M Benmumna 8 Mmoxer gocturath 8- 1076 M. Tpu 5ToM Ap He BEIUKO, U KCHIEMa ¢ TAKAME TIOPAMH
HA CTEHKax Tpaxe’J| MOKeT IIOJHUMATE BOJY Ha GONBINYIO BEICOTY. DTOT PE3yJIBTaT XOPOIIo coriacyercs ¢ [7], rae ckasaHo,
qTO Ha paJHalbHBIX CTEHKAaX, OCOOEHHO Y KOHIIOB PaHHUX Tpaxeun, mMeercs oT 70 no 90 kpyIHBIX OKaMMIIEHHBIX IIOp C
OKPYIVIBIMH OTBEPCTHAMH.

Crenyer 3aMETHUTh, UTO KOPHEBOE JABJICHHE HE ABJAECTCSA NOCTOSHHOM BenMUMHOW. OHO 3aBHCHT OT YCIOBHH XKH3HE-
JIESITEILHOCTH KOPHS M TaKUX (paKTOPOB, KaK: TEMIIEpaTypa, BpPeMsI CYTOK, CE30H, HATMINE W KOHIICHTPAIUs B ITIOYBCHHOM pac-
TBOpE U KJIETKaX KOPHs MUHEPAJIBHEIX BEIECTB, BOJBL, KUCIOPoAa U Ap. KopHeBoe faBIeHHE MOKET OBITh 3HAUUTEIBHO HUKE
0,15 MIIa. TlosToMy KOpHEBOE HaBIECHHE YACTHYHO WIHM IIOJHOCTBIO KOMIIEHCHUPYET Ap, IO3BOJISASA CHJIAM IIOBEPXHOCTHOTO
HATSDKEHUS B KaIIIIIIAPaX KCHJIEMBI IOIHATE BOJY Ha MaKCHMAalIEHO BO3MOSKHYIO BRICOTY. H ecili kopHeBoe TaBICHUE IaJlaeT,
HaIlpUMep, IIPHA HEJOCTATKE BIIATH B IIOYBE, TO CHJIAM IIOBEPXHOCTHOIO HATSKEHUS IIPUXOIUTCA IPEOJIOIEBATh CUIILL COIIPO-
THBJICHAS. OHU HE MOTYT IIO/HTH BOAY Ha MPEXKHIOIO BRICOTY, M pacTeHUE HaUWHACT VBSAAaTh ¢ BEPXHUX YPOBHEH, T/e nedu-
IIUT BOJBI GOJBIIE.

BLIBOJLI.

1. ITony4deHo ypaBHEHHE, IIO3BOJISIONIEE ONIPEJIEINTE BEICOTY IIOJ/beMa BOJBI B KalMIIIAPE KCHIEMBI PacTeHHH ¢ Tpa-
XeUJAIBLHON IPOBOJUMOCTEIO. [IpH 5TOM yUUTEIBaeTCA aHATOMHUYECKOE CTPOECHHE TpaxXeul X OKaiMIIEHHEIX 110D, a TAKKe OpH-
eHTanusaA nocie uux. [lokazaHo, 4To JBHKEHHE BOABI YePe3 OKaMMIIEHHYIO IIOPY MOXKHO paccMaTpHBaTh KaK TEUCHHUE BOJEL
4yepes Kalmuisap. Ero JUliHa paBHaA Iy TH, KOTOPBIA IPOXOJUT Boja IIpH 0OTEeKaHUH TOpyca, a AMaMETp PaBeH BEJIMYMHE 3a30pa
MEXJIy TOBEPXHOCTHIO TOPYCa U BHYTPEHHEN CTEHKOH TpaxeuJIbL.

2. OnpeneneHbl TpaHUIBI H3MEHEHHs THAPABIMYECKHX IIOTEPh IPH JBIJKEHHHM BOJBI — KaK Yepe3 OAMHOUYHYIO
OKa¥IMIICHHYIO IIOpY, TaK M 4Yepe3 UX COBOKYIIHOCTh B 3aBHCHUMOCTH OT 3a30pa W JUIMHBI IIyTH, IIPOXOJUMOTO BOJIOH B IOpE.
ITokazaHo, 94TO CONPOTHBICHHE OAWHOYHOM OKaliMIEHHOHM IOpHI BEIUKO W IIPH CKOPOCTSX IOABEMa BOJBI B KcHieMe 1-—
8 M/gac Haxoaures B mpenenax 0,073-28 Mlla. [lpu yBenrndeHNH KONHIECTBA [IOP HA CTECHKE TPaXEHAbl THAPABIMICCKUE TO-
TEpPHU YMEHBINAIOTCS U COCTABILIOT JUISI TEX e ckopocTelt aBuxkenust Boasl 0,000005-0,057 MlTa.

3. YBenu4ueHne JuaMeTpa MOJOCTH TPaxen Ibl, AMaMeTpa oKaliMIIeHHOH IOPHL B Topyca (IIpH IIPOYHUX PaBHBIX YCIOBH-
$SIX) IPABOJIAT K POCTY IMJIPaBIMIECKUX IIOTEPS.

4. YBenudeHUe JIMHBI TPaXeUOBl U 3a30pa MEXIY HMOBEPXHOCTSMH TOpyca M BHYTPEHHEH CTEHKH TpaxeWJrl (IIpH
IIPOYHX PABHBIX YCIOBUAX) IPHBOJUT K CHIKEHUIO THIPABIHYECKHX ITOoTepk. [locnennee oOyCIOBIEHO CHIKEHAEM CKOPOCTH
IIOTOKA B 3a30Pe.

5. Ilpn HaKJIOHHOM IIOJIOJKEHUH HOPHL Ha CTEHKE TpaxXxerAbl HeOOXOAUMO YUHATHBATE HAIIPABICHHYIO B CTOPOHY ITO/b-
€Ma BOJBI JIONOJHUTENBHYIO CHIY, BO3HHKAIOINYIO HM3-3a IIepepaclipe/ielicHUs Beca BOZBL, JEHCTBYIOIErO Ha IOBEPXHOCTH
TOpyca U CTEHKH IOPHL

6. OCHOBHOI CHIIOH, OCYIIECTBIIOMEH IIOJbeM BOJBI B KCHJIEME PACTEHUH, sIBIAETCS CHJIa IIOBEPXHOCTHOIO HATA-
JKEHUS B MEHUCKAX KalWUIAPOB.

7. IlomydeHHBIE Pe3yIbTATHl IIO3BOJBIOT MPEANOIOKNTh, 9TO IPH JUIUTEIHFHOM Je(pUIUTE BOJILI HIH BLICOKOM CO-
JIEpXKaHUU COJIeH B IIOUBEHHOM PAacTBOPE KOPHEBOE JABJIECHHE MOXKET OBITh Mallo, OJIM3KO K HYJNIO U Jake OTpHIaTelbHo. B
STOM CJIy4ae CHJIaM IOBEPXHOCTHOTO HATSKEHUS IIPUXOMUTCS IPEOIONEBaTh COIPOTUBRICHAE IBMKEHHUIO BOJBI OKaliMIICHHEL-
MH IIopaMH. B pesysbTare BoJia B KCHIEME HE MOKET IIOJJHUMAThCS Ha IPEXKHIOK BBICOTY, UTO CIIOCOOCTBYET YBsJIaHHIO, KO-
TOpOe HAYMHAETCS ¢ HanOollee YIATCHHBIX OT KOMIISI KOHIIOB CAMBIX JUIMHHBIX BETBEH BEPXHUX SIPYCOB PACTEHHUSL
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