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Abstrakt

&tO WpWR EDNDOi VNp SUIFH MH DQDO\]JRYDW YOLY GYRN
FKDUDNWHULVWLN\ Y NUpQt WHSQ 1HMSUYH MH QD ]iNC
UHAHU3H RKOHGQ SURXG Qt NUYH SRBV VORERVAOKRES V\V W,
LGHDOL]JRYDQ&FK PRGHO$ WHSRV W XGY RMRW R X WWH Q y DR
HAH@RGHO\ PDMt U$S]QRX YHOLNRVW VWHQY]WD U$]QRX
NRQHp Q provgtdedBQ D YENDOHGNS$ QHMSUYH SUR VWDFLRQiU
Y\EUIiQ MHGHQ PRGHO QD Q P& MH SURY HERXPDV VG MOpAy R
SUIFH MH L DQDO\WLFNEDYSBRRNWi QOD QRPH UWENGP YES

.OtpRYi VORYD
SURXG Qt NUNH)DNUWPOHQW]D PHWRGD NRQHpPQEFK REMHP

The aim of this bachelor's thesis is to anatyeeeffect of double stenosis on flow and
stress characteristics tihe carotid artery. First, based on ttatediterature, a literature
search is conductaeégarding blood flow in the arterial systefnten, the procedure of
creating idealized models of an artery with double stenosis and the procedure of mesh
creation and numerical solution are described. The models have different size of the
stenosis and difirent distance between stenosis. In the final stage, the results are
analysed first for stationary flow, then one model is selected on which is performed the
analysis for pulsating flow. Analytical calculation of pressure drop and comparison with
numericalcalculation is also part of this work.

Keywords

blood flow, carotid artery, stenosis, finite volume method
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3RG NRYIiQt

7tPWR E\FK UiG SRG NRYDO SDQX ,QJ 3DYOX 4aYDQFDURY
]JSUDFRYiQt WpWR EDNDOi VNp SUiIFH ]D MHKR FHQQp UD



Obsah

O LY R Gt 10
2. .DUGLRYDVNXOLUQ.L.NMAV MR ..ot 11
3. [N 12
BORAH.QL.INUY. Heii e 12
5R]G OHQt QHHZW.RQMNAEK . NDSD..cooioeeerrerennn. 14
5 1= 0 Y ST UPPPPR 16
5 5R]IG OHQLI. .Y UVNMEY. i eeeeeeees 16
5 S5\FKORVW.QL.SURLLO. .o 17
5 90LY VWHQVY]\.QD. . UNEKORVMW.Qt..SURILLO..18

5 90LY VP\NRYpKR QDS Wt QD.USVW.DWHURYSNOHURWL
6 BRXPDV.QP. .S EMW. XS e 20
7 SUDNM.LENI DLV M irrme e e e e e e e e e e e e e s seensenneennennnes 23
7.1. Tvorba geometrie MOAEIU...........uviiiiiiiiiiii e 23
7 TYRUED. VLMW .o 24

7.3. ORGHO PDWHULIOX D .RNUDMRY.p.SRGPIQNJ\......25

$QDOEIVWEVORGINR.L.SURXG.QL e 27

74.1. RYChIOSIPrOX G QT e i 27
74.2. L= U PSP UPPRO 31
BPANRY.P.QD.S. Wit 34
$QDOE]BXYEWOMIGEN.B.URXG..QLeeiiiiieeiieeee e 35

5\F K O R/\Oh\akti SystBYXaGlidtoly...........coovvveeiiiiiiiceniic e, 35

7.5.2. Tlak v oblasti Systoly a diaStoly............ooviuiiiiiiieeriiiieeeee e 36

6P\NRYp QDS Wt Y REQDVW.L.VAV.WRON.D.IZLDVWRO)

7.5.4. TAWSS 8 OS..eovoeeeeeeeeeeeeeeeeeees e eees e ee et eeeseems st s e ese e see e reeenes 38
$QDOVW.LENP...HAHQ oo 40

8. ZHY Uttt ettt ettt eeee et e e a“
0. BH]QDP SRXALWAEK.JGURMS oo 45

10. ey A A= 1 14 (= L (] T t o



OYRG

1HPRF ]YDQi DWHURVNOHNYDHRY FpYNMAHKS B$LFISRI®LE YHO N
QHER GRNRQFH ~SOQpPX XFSiQt FpY\ QDS tNODG YOLYH
SOIWX GRFKi]Jt N QHGRVWDWHpPQpPX SURNUYRYiQt RUJIQ
PUWYLFH pL LQIDUNWX 6 S LEEDDE!tERGRENHPVWH § LOHGNR'
NGHMDNp FpY\ QHY\KQH ]JHMPpQD S L VRXpDVQpP &LYRW
WDEiNRYp YEUREN\ ]DKUQXMt GR VYp VWUDY\ WXpQp SR
VH Y\WWDYXMt VWUHV X

yDVWR |[NRXPDQéP D GRVXG QH ~SOQ REMDVQ QéP S tSD
VWURP NUpQGWHQWHSRNMDLY XMt MHKEMY B RIGRXH BR NEX1® |
Y]GiOSt€y]\ MH PRAQR FKLUXUJLFN\ RGVWUDQLW DY&DN ¢
]JQHPRA& X MH LFKN.&J KiN U R IR VBIJRRR X WBHDG Y $viiHi Gicky
RGVWUDQLWHOQRX VWHQY]X Y\MPRXW pL SRQHFKDW ]GI
SRGPtOURXG Qt Y GDQpP Flp X@QMIPUP\VWXRBEXH XYiG Mt YEKR
steny]\ MLQp JEBMHSROKFKIQt VWHQVY]\
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.DUGLRYDVNXOiUQt VA\VWpP

+ODYQtP ~NROHP NDUGLRYDVNXOiIiUQtKR V\VWpPX MF
XGUARYiQt NROREMKXUHDOHL]RYIQR SRPRF2IXVSR iGiQt VU
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Zbytek téla
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m=p Krev nesouci oxid uhliéity
=== Krev nesouci kyslik

2EUI]HN =Qi]RUQ Qt BUHWOWR REKKXDYHQR ] > @

6UGFH MH VORAHQR ]H VSHFLILFNp VUGHpPpQt VYDORY
ptPa IXQJXMH MDNR pHUSDGOR GRGiYDMtFt NUYL SRW HE
VitQ SUDYp VtQ OHYp NRPRU\ D SWUWXHXWRP RGWN\\RO & pidC
MH& MH QiVOHGQ Y\WODpPpHQD ] SUDYp NRPRU\ GR SOLF
VH ] SOLF S HVXQH GR OHYp VtQ D ] OHYp NRPRU\ MH R
SUSWRNX NUYH Y VUGFL MH XPRaQ QD FKORSQ PL > @ >

&pY MVRX WUXENRYLWp ~WYDU\ VORXatFt N UR]YiG Q
YOiIVHPQLFH > @ OH]L QHMY WA&at FpY\ SDW t WHSQ\ MHaA
SUSP U Y OLGVNpP W OH GRVDKXMH Da PP DSLY WYH
Da PRtO\ MHMLFK&a SU$P U PP SRKEBEMMH MHIHY GR VUG
WHSQiP MH MHMLFK WORX&"ND VW Q\ PHQat D MVRX Y\V
QHMPHQAt FpY\ SDW t YOiIVHPQLFHIO -PINDL¥ K &I lGHM U \WHH] YW
visWY\ HQGRWHORYéFK EXQ N > @ -HMLFK KODYQtP ~NR
GRGiIQt aLYLQ D RGYHGHQt RGSDGQtFK OiIWHN > @

11



3. Krev

.UHY VH SRYDaXMH ]D WHNXWé RUJIQ MHQ& NROXMH
ALYRWQ G$OHALWEFK IXQNFt MDNR MH Y\AaLYRYiQt WNiQ
EXQ N pL WHUPRUHJXODFH 6NOiGi VH MDN ] NDSDOQEéFKk
FKDUDNWHULVWLN\ MHMtKR SURXG Qt > @

3 6ORA&HQt NUYH

Plazma WYR-t REMHPX NUYH -HGQi VH R NDSDOQRX V(¢
3 HYDKRX MHMtKR VOR&HQt MH YRGD JE\WHN WYR t |
HOHNWURO\W\ D RUJODY.G NP PN\RROHNX SGOD]P\ MH WUDQVS
REVDAHQEFK Y NUYL 'iOH MHMt UR]SXaW Qp OiWN\ |DFKF
MH QDS tNODG XGU&HQt RVPRWLFNpKR WODNX REUDQD

YVHUYHQp NDXMRIRD NUYH ] SHYQ&FK VORAHN PDMt W
QHMY W&t YOLY -DN MHS3JQ iVRHML KR SU R BUMN B LEXNDR Q
2 P D PDMt VSHFLILFN& ELNRQNiYQt WYDU MHQ& MLP X\

Top view

7.5 micrometers

2.0 micrometers

2 K

Sectional view

2EUIi]3dN *HRPHWULH D UR]JP U\ pHUYHQéFK NUYLQHN 3 HY]DWR ] > @

YyHUYHQpPp NUYLQN\ PDMt WHQGHQFL VH S L PDOéFK VP
Y WatKR FHONX -DN MH 3QiRWY QRMQD REHHARXSURSRMH
GRFKi]Jt N Y WatPX RGSRUX SURXG Qt

12



2EUIJ3EN6t" pHUY HQ é BKHN UL iereiin 2(5]

'DO&t IDNWRU VRXYLVHMtFt V RGSRUHP SURXG Qt MH
WYDU MH WHG\ SRGVWDWQp MHMLFK QDWRpPHQt Y$pL VF
GYD IDNWRU\ 3UYQtP ] QLFK MH %URZQS$Y GRKNWE UMHQ
QDWRpHQt MDN MH ]JREUD]JHQR QD REUiI]NX]D ND&@pURZ
VLWXDFH 'UXKéP IDNWRUHP @ YORKORWHMFtNMPYH G DW RpHH g

QD REUIJNX E  pHUYHQp NUYLQN\ VHHSVIP YUX4ASHR XIGHK
[4].
a) b)
rychlost

%%8 y — S g
o 2 — o2
7 o > __© :

D

—_—
Cﬁ(}-:)c_\;:)

PP =

2EUI]HN D 1iKRGQp XVSR iGiQt NUYLQHN S L NOLGRYpP UH&LP
PpGLBIMY]DWR D XSUDYHQR ] > @

%tOp NUWYRNE S LEOLAQ =REYDHNPX RRUUDKLVP XV &aN|
EDNWHULt YLUS$ D EXQ N

LUHYQt GHMVWRLPS\LEOLAQ REMHPX NUYH 3RGtOHM
D UHJHQHUDFL WNiQt > @
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4 5R]G OHQt QHQHZWRQVNEéEFK NDSDOLQ

.DSDOLQ\ MVRX YLVNY]Qt S L SURXG Qt QHLGHiOQt NI
NDSDOLQD SURXGt GRFKi]Jt NH GY PD W HFtP ~pLQNS$P 3
W HQt PH]L DWRP\ pL PROHNXODPL NDSDOLQ\ 8 GUXKpKF
QiGRE 9 G$VOHGNX WRKR U\FKORVW NDSDOLQ\ QHQt QD
ODPLQiIUQtKR SURXG Qt QD VW Q QiGRE\ MH U\FKORVW N
Y]GIiOHQRVWt RG QiGRE\ U\FKORVW NDSDOLQ\ QDUS$VWi
U\FKORVWtX QiIY MAMYRINR]LWD D VP\NRYp QDS Wt D MH

O=6dv/dy (4.1)
kde:
GY MH |P QD U\FKORVWL
G\ MH ]P QD Y]J]GIiOHQRVWL YH VP UX NROPpP QD VW HGQL

1D REWINMH ]Qi]JRUQ QR FKRYiQt QHZWRQVNp NDSDOL
NDSDOLQ 8 QHZWRQVNp NDSDOLQ\ VP\NRYp QDS Wt OLQ
U\FKORVWL D MHMt YLVNR]JLWD QHQt JiYLVOi QD VP\NRYp
QD VP\NRYp U\FKORVWL NRQVWDQWQt YLVNRJLWD D N LY
neZWRQVNpPPX FKRYiQt SRVXQXWi pL QHOLQHiIUQt > @

(b)

Newtonské

¥
o
‘-\\.
/
0\

Smykova rychlost (s1) Smykova rychlost (s1)

Smykové napéti (Pa)
Viskozita (Pa.s)

2EUIMHN*UDI\ UR]G OHQt QIDGBDW R VNEEKORVWL D VP\NRYpKR QDS \
E YLVNR]JLW\ QD VP\NRYp U\FKORVWL 3 HY]DWR D XSUDYHQR | > @

.UHY VH DGt PH]JL QHQHZWRQVNp NDSDOLQ\ D FKDUL
ELQJKDPVNpKR D SVHXGRSODVWXYLIENPMR W3 HEEDQ JXDWS NP K
Y\WWDYLW XUpLWp KRGQRW VP\NRYpKR QDS Wt DE\
SVHXGRSODVWLFNpKR FKRYiQt VP\NRYp QDS Wt Y ]iYLVC

14



URVWH QHOLQHIUQ SRWp OLQHIUQ ®tRERKVW YALKMMR QW
]JY\&XMtFt VH VPA\NRYRX U\FKORVW!t

9 XUpLWEFK REODVWHFK FpYQtKR V\VWpPX MH PRAC
QHQHZWRQVNpP FKRYiQt.MMY H/ I WZAVORI@VKEWHSQiFK GRVE
VPANRYE&FK U\FKORVWt VH ]F¥EXRN MMt WH WPDNR WRXL &X M H
MH& NRQYHUJXMH NH NRQVWDQW Pt3RDR\G & RAW 1SRG\ ENEDNF ¢
IDNWRU\ PDMt ]D QiVOHGHN S tOL& YHONRX FK\EX S L XY
7\WR IDNWRU\ E\O\ |DKBREZWO $G R UY$] Q6 FaK2 jeyraRE Ui]N X
S HGVWDYXMtFt ]JiYLVORVW VP\NRYpKR QD%Wag@aD VP\NR
S HGVWDYXMtFt JiYLVORVW YLVNR]JLW\ QD VP\NRYp U\FK¢
Y\SRptWDQ&FK V Y\X&4LWtRe§IVVRQRYD PRGHOX N

Casson(v model viskozity krve
03

07

06

Smykové napéti [Pa] .

04

03

02

01 +—

T T T T T T T
0 20 40 60 80 100 120 140 160

Rychlost Uhlové deformace [s1]

2EUiIJHN=iYLVORVW VP\NRYpKR QDS Wt QD VP\NRYp U\FKORVWL NUYH

Cassontiv model viskozity krve

0,016
= 0,014 +— — W | —* 1.aproximace (na mensim rozsahu) m
E'__;. 0.012 B-2 aproximace (na vét&im rozsahu) B
£ 001 Automaticka aproximace B
% 0008 \ .
s 0,006
£ 0004 —— =
S :
N 0,002

O T T T
0,1 10 1000 100000

Rychlost thlové deformace [s-1]

2EUIHN=iIYLVORVW YLVNR]LW\ QD VP\NRYp U\FKORVWL NUYH 3 HY]DV
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5. Tepny

7HSQ\ P$aHPH UR]G OLW QD GUXK\ 3UYQtP ] QLFK
Y\44tFK SU$P U$ D QDFKi]HMt VH EOtdH X VUGFH 3DW t F
MVRX VYDORYp WHSQ\ > @

7THSQ\ MVRX MDY UWM YRQi]JRUQ QRI1. D a8 E Ud XV Y
FKDUDNWHUL]JRYIQD VYéEPL PHFKDQLFNéEPL YODVWQRVWI
PHFKDQLFNéFK YODVWQRVWt MHGQRWOLYéFK YUVWHY
NRODJHQX (ODVWLQ GRGIiYi GDQp YUVWY SUXAaQRVW NI

5 5R]G OBQt YUVW

Tunica intima- YQLW Qt SUX&Qi piVW WHSQ\ MHMtad WORX.
Q NROLN PLNURPHWUS$ > @ 6NOiGi VH ] HQGRWHORY&FK
NUYt D ED]iOQt PHPEUIQ\ QD Qt& HQGRWHO XVHGi 6
endoletemVXEHQGRWHOLIOQt YUVWYD MHA& ]QHKRGQRFXMH
1Y WEXMH D NOHVi MHMt SUX&QRVW 7HQWR MHY Pi ]D Qi
PHP& VSRptYi XNOiGiQt U$]JQEFK OiWHN XYQLW YUVWY\
RGSDOBMN\ONRODJHQRYi YOINQD QHER ILEULQ +URPDG
DWHURVNOHURWLFNé SOiW MHQA& P$aH Y&UD]Q SURQLNI

Tunica mediaa VW HGQt piVW WHSQ\ MH& MH ] YQLW Qt D
SUXAQRX PHPEUIQRX N6ME FEJ pKHR [VEXO@VWYD D | YOINHQ +
8VSR iGiQt YOINHQ GRGIiYi YUVWY Y\WRNRX SHYQRVW
PDO&P VWRXSiQtP FR& XPR& XMH RGROiYDW Y\VRNéP |D
WDN L Y REYRGRYpP

Tunicaexterna YQ M&KVWYD WHSQ\ MH& MH YROQ XORAHQTL
-HMt WORXA&a"ND ]JiYLVt QD W\SX WHSQ\ X HODVWLFNEéFK N
QHa X VYDORYéFK WHSHQ 6NOiIGi VH ] ILEUREODVWS$ SUR
elastin a ze W Q MA&tFK NRODJHQRYé&FK YOINHQ > @ MH& PDN\
VYDORYéFK YOINHQ Y PHGLL QHER" S L ]JY\aXMtFtP VH
WHQGHQFL VH QDURYQiYDW ptPa HIWHUQD GRVDKXMH Y

16



Tunica media

Tunica externa Tunica intima

Jemné

R Endotel

Vnéjsi
pruzna
membrana

Vnitrni
pruzna
membrana

2 E Ui]9Nstrukturatepnys HY]DWR D XSUDYHQR ] > @

5 5\FKORVWQt SURILO

.G\& NDSDOLQD XUpPLWRX GREX SURXGt Y LGHiOQt W
SURILOX MH SDUDEROLFNi &pY\ YADN QHMVRX LGHiIiOQ
VWHQY]RX pL DQHXU\VPD®IHP GRL RG/AWAXK tRDS/M JHRPH
GHIRUPXMH MHMt U\FKORWW QM HS J®ilJlIRU Q1Qt REBKERVWQ
NDSDOLQ\ YVWXSXMtFt GR URYQp GORXKp WUXEN\ NGH
REGPOQtNRYpPX WYDUX D S@HGRVIAH@H XSIApRXG XYGVi
U\FKORVWQtKR SURILOX Pi WYDU SDUDERO\ > @

—Inlet length—

=]10 553

Parabolic velocity profile

2EUIJHHN3US$E K U\FKORVWQtKR SURILOX NDSDOLQ\ S L YVWXSX GR UI

17



5 90LY VWHQVY]\ QD U\FKORVWQt SURILO

=H ]DFKRYiQt SUSWRNX Y\FKi]Jt &H NDSDOLQD YVWX
SU$ H]X ]JY\AXMH VYRX U\FKORVW WXGtad QHMY W4at U\FK
SU$ H]X 9OLYHP ]DN LYXMtFt VH JHRPHWULH VH Y&DN ]I
YEVWXBKMPHQA&tKR SU$ H]X ]DFKRYiYDMt VY$M VP U 1HM
QHMPHQA&4tKR SU$ H]X QEEUA& NRXVHN S HG QHMPHQA&tP S
GRViKQH VP UX RV\5@HBIQRU2EMH BN RXG Qt VNB]HBHSQX
YEVWKS QHMPHQAtKR SU$ H]X WHSQ\ MH R XUPLWRX GpO|
]QiPé MDNR 9HQD, SRQMRUDKYOWt WRKRWR ERGX VH VP U
DS HG VWHQVY]RX Y]QLNi YtU > @

Proudnice

Nejmensi

Proud )l )
- prurez

(w¥ena contracta

Proudnice

2EUIHN=Qi]JRUQ Qt SURXGX WHQINR XYDASIR \] \oH

5 90LY VP\NRYpKR QDS Wt QD U$SVW DWHURVNQO

7HSQ\ MVRX SRG QHXVWiOéP |[DWt&aHQtP -VRX S HGHS
YOLY SURXG Qt NUYH VWiOH E\8@QRSWVtW B\ \MY\R/XV DRV
Y\MPXWt WHSQ\ ] W OD VH WHSQD JNUiIWt QDYtF SR QiVC
7HSQ\ MVRX YOLYHP NUYH Y\WWDYRYiQ\ WODNHP D VP\NF
QDS Wt KUDMH G$OHALWRX UROQIVBXR/UGVWp DW BRRFIN O/
]JDFKRYiYDW NRQVWDQWQt KRGQRWX VP\NRYpKR QDS Wt
]liw &8H QiKOH ]Y&34LO SUS$SWRN NUYH ]Y&&ELOR E\ VH L VP\I
VP\NRYp QDS Wt MVRX VFKRSQ\ UHIX® RYBD WWRGIR S & UHV
SUSWRNX NUYH VH SUR ]JDFKRYiQt KRGQRW\ VP\NRYpKR C
S tSDG VQtaHQt SUSWRNX NG\ VH SUSPRE FigXNX QD R\GDRI;
]JQiIJRUQ Q\ HQGRWHORYp EX N\ S EyzZiBJQENK ISREPRON
VP\NRYpKR QDS Wt YH JGUBY&MBK 3VHSQDRR WBFK SRGPtQ
HQGRWHORYp EX N\ XVSR iGDQp YH VP UX SURXGX NUYH
M H 3D SRG WRXWR KRGQRWRX MVRX HQ ®RWOH CSROYQt E .
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VYRX IXQNFL W VQLW FRa QDSRPiKi N USVWX DWHURVNC
GRNRQDOEéFK I\]LRORJLFNéEFK SRGPtQNiFK D S L GRNRQC
SURVDNRYiQt NY$OL NUXKRYpPX WYDUX HQGRWHORYEéFK

D 6P\NRY p2QLbPaw t E 6P\NRYp QDS Wt 2 3D

2EUIJHN=Qi]RUQ Qt RULHQWDFH HQGRWHORY&FK EXQ N QD DRUW Nl
QDS Wt 3 HY]DWR D XSUDYHQR ] > @
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6 BRXpPDVQpP S tVWXS\

Tato NDSLWROD REVDKXMH Y\EUDQp pOiQN\ MH&a VH ]DE
V GYRMLWRX VWHQVY]RX

9 pOIQNX > @ ] URNX JNRXPDOL SURXG Qt NUYH G
V Q NROLND VWHQY]DPL 'YD SDFLHQWL E\OL SRGUREHQ
DSOLNRYiQt MRGRYp VXEVWDQFH GRYQLW FpY\ 3R QiVC
VH Y\WYR t ' PRGHO GDQp FpYQt VRXVWDY\ OHWRGRX N
$16<6 )OXHQW SRpPtWDOL SUS$E K\ SU$P UQpKR VP\NRYp]
VPA\NRYH RCOEGHYHGOL &H VH JY\XMtFt VH Y]GIiOHQRVW¢! |
PD[LPiOQt KRGQRWD WODNX Y REODVWL PH]L VWHQY]DPL

9 pPOIQNX > @ ] URNX SURYHGOL H[SHULPHQW QD
$QDO\V]RYDOL SURXGRYp FKDUDW WG DWPW DANRtY W e PV DY
9\WYR LOL Q NROLN YDULDQW PRGHOX NGH NRPELQRYDC
SUSWRN D YHOLNRVW VWHQyY]\ | KOHGLVND &NUFHQt SU
SRX&LOL VP V U$]QEFK OiWHN WMWY YRDWWR RWWH VB S
biVWLFH SRO\PHWK\OPHWKDNU\OiWX MH& XPRA& XMt SRP
3L SURYHGHQt H[SHULPHQWX JMLVWLOL &H S L JPHQA&XN
SUDYG SRGREQRVW Y]QLNX WXUEWHOQYVDPU6R DAURKE Q'
JNRStURYiQ ] pOiQNX D MH Y Q P ]Qi]JRUQ QR VFKpPD QDV

l:' o Continuous
[0 Q DPSS laser
-
. Function generator
Reservoir 5
ooooof
w{ww Laser sheet optics
Pump
Flow meter model

[ —

High-speed camera

2EUI]JHINFKpPD QDVWDYHQt HISHULPHQWX 3 HY]DWR ] > @
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9 pOIQNX > @ 8 ]NRNRDOL YOLY GLVWIiOQt VWHQyY]J\ S
NRURQiIUQtGWRBIQWRX VWHQY]RX 3UR ]JtVNiQt PRGHOX \
LQWUDYDVNXOiUQt XOWUD]JYXN VSROHPQ V DQJLRJIUDIL
Y]GIiOHQRVWt PH]L VWHQY]DPL OHWRGRX NRQHpPpQEFK
QXPHULEFNEé& YESRPHW 62/SURJUPRKVEAOOL &H GLVWIOQt
SURXG Qt |DQHGEDWHOQé& YOLY Y REODVWL PH]L YVWXS
VWHQY]\ BRUIMHRA E\O [NRStURYIQ ] pOiQNX ]JQi]JRU X1
MHGQRWOLYp YDULDQW\ PCGOIIDG R 8 VP PPGIHIO X WWQY]DPL S
PRGHOX MH Y]GIiOHQRVW [ X PRGHOX MH Y]GIiOHQR

[' ' Y\MDG XMH VW HGQt KRGQRWX SU$P UX Y\SRptWEC
Y&VWXSX

Axial Length (cm)

—4—Model 1

—+=[Vlodel 2

—o—Model 3

-10 =#=Model 4

PP "‘\.‘.‘QxQ:’:Q:.zQ-

Pressure Drop (mmHg)

2EUIBENUDI| JREUDNEMKRtVBODNS SUR U$]Qp YDULDQW)\ Y]GIiOHQRVWt P

9 pOIQNX > @ ] URNX SRX&LOL PDJQHWLFNRX UH]F
NUNDYLFH MH& VH Y WYt QD YQLW Qt D YQ M&t NUpQt WH
QD YQLW Qt NUpQt WHSQ D VDPRVWDWQi V3Midd@ly]D QD N
] QLFK& RGVWUDQLOL VWHQyY]\ = MHGQRKR PRGHOX E\(
GUXKpKR GYRMLWi VWHQyY]D QD YQLW Qt NUpQt WHSQ D
SURE KO Y SURJUDPX $16<6 J)OXHQW 9 SRURNahoQt PH]L ¢
VWHQY]RX Y&SRpPHW SURNiI]DO Y\ddt KURJEX GYRMLWp V\
QDS Wt -H Y4aDN S HGSRNOiGIiQR &H VWHQyY]D Y NUNDY
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VWHQY]\ YH YQLW Qt NUpQt WHSQ 6RXpiVW WRKRWR
aterRVNOHURWLFNpPpKR SOiWX 8 RERX VWHQyY] VH REMHYLO

9 pOIQNX > @ ] URNX Y\WYR LOL PRGHO FpY\ V H
VWHQY]RX XPtVW Qp ]D VHERX =NRXPDOL MDN Y]GiOHQI
L)5 P HQt I WDt KHPRG\QDPLFNp YODVWQRVWL NUYH :
Y\SRPWHQ\ YEVOHGN\ SRPRFt SURJUDPX $16<6 )OXHQW
JPHQ&AXMtFt VH Y]GIOHQRVWt PH]L VWHQY]DPL URVWH FK\
VWHQY]DPL QHPi QERRKCGEN K @WMSR VHGPNUIW Y\d4t QHA
P HQt L)5 Pi Y]JGIOHQRVW PH]L VWHQy]®PE\ PDJNHRGEDRWH Q C
] pOiI@KOU Y Q P ]Qi]RpsoQdrcepro U$]Qp YDULDQW)\ Y]GiOHQ|
VWHQY]DPL

Velocity
Streamiine 1 [m s*1)

2EUIBBNEQIJRUQURKGQLF SUR PRGHO\ V U$]QéPL Y]GIiOHQRVWPL F
[17]

9 pOIQNX > @ ] URNX SURYHGOL H[SHULPHQW Nt
JiYLVORVWL QD Y]GIiOHQRVWL PH]L GY PD VWHQY]DPL S L
Experiment byl pRYHGHQ QD VSHFLiOQtP VWROH SRPRFt pHU
XPR& XMtFt XUPRYDW SRGPtQN\ SURXG Qt 6WHQy]\ E\
Y\PRGHORYiQ\ GR WYDUX WUXEN\ V YQLW QtP JNRVHQtP C
PR&QpP P QLW Y]GiOH@RVIN @B X UpWWEOFKDPtVWHFK P LW
-DNR SURXGtFt PpGLXP E\OD SRXALWD GHVWLORYDQi YR
251- f& 8YHGOL &H WODNRYi JWUIWD VNU] GYRMLWR X
WODNRYp JWUiW\ VINWHM M GQXM W NBYYXGIiOHQRVWt PH]L \
JWUiWD VNU] GYRMLWRX VWHQY]X EOtdt KRGQRW GYRMQ
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7 3UDNWLFENI pivVW

ONROHP WpWR NDSLWRO\ MH Y\WYR LW Q NROLN YDUL
SGYRMLWRX VWHQY]RX ORGHO\ VH EXGRX OL4LW YHOLNR
a QiVOHGQ DQDO\RYDW SURXGRY p jpdndHd $nddRlY pudeK D UD N
VWHQY]D |DVDKRYDW GR GXWLQ\ WHSQ\ YH YéaFH SU$
9]GIOHQRVWL PH]L VWHQY]DPL EXGR6XD 410xD. SU$SP U WHSC

7.1. Tvorba geometrie modelu

9 pOIQNX > @ SURYHGOL P HQt YQLW Qt NUpQt WHSQ
X 8HQ YQLW Qt SUS$SP U YQLW Qt NUpQt WHSQ\ “ PP C
EDNDOi VNRX SUIFL E\O YROH®Q tap@LMW6 Qim. SWSP U PR
DWHURVNOHURWLFNpPKR SOiWX E\O S HY]DW ] pOiQNX >
MDNR LGHiOQt YIiOFRYp W OHVR D E\O Y\WYR HQ Y SURJU
QipUWX MHQA& MH ]JREUDEHQ SDRRBIGH@X\EXINXWt YH VP
NROPpP QD VW HR®QRW IV HES®MH YROHQD WDN DE\ VH Yé&3
SU$SP UX WHSQ\ 6WHMQ WDN MH WR L X D VWHQ)
]JDFKRYiQt YD]JHE ]P Qt KRGQRW\ Y NXO BWOKKGRY RB R HIKG
lilH VH GpOND VWHQyY]\ ]JP QLOD QD PP

10 = 20 £

(8,036) (38,893)

2EUI[HN1ipUW ]Qi]RU XMtFt UR]JP U\ Y PP D WYDU VWHQy]\

3R GpOFH VWHQy]\ E\OD Y\WVXQXWD WUXEND V YQLW QtP
]DVDKRYDOD GR YQRWVONKR QSQ$P BXHE\WHPQpPKR PD!
PRGHO VW Q\ WHSQ\ %\OR Y4DN W HED Y\WYR LW PRGF
SURXGt NUHY 'R WHSQ\ VH WHG\ Y\VXQXO YiOHF 3R S tN
UHSUHJHQWXMtFt YQLW QfRKEMHR Wi SSQU RMdel MWUHYyY
JNRStURYIQ X XPtVW Q ]|D GUXKéP PRGHOHP E\O WHG\
VWHQY]DPL XPtVW Qé&PL ]D VHERX V S tVOXAQRX Y]GiOHQ
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SUR XVP UQ Qt WRNX S L QXPHULFNDPP YRQRPAMKXRSURGOR
PP &HONRYé PRGHO JHRPHWURH MH JREUD]JHQ QD RE

2EUIJHN*HRPHWULH LGHDOL]RYDQp WHSQ\ V GY PDVWHIYPDPL XPtV

7 IYRUED VtW

6t" MH WYR HQDSWHMWDR ISANEW\LDYUVWYDPL X VW Q\
DQDO&]X YOLYX YHOLNRVWL SUYNX QD Y&VOHGN\ E\OD
VWHQY]DPL D VH Y]GiOHQRYWt$Y RGN Lp B WRIQy |QIRIR p Q RV W
~VSRU\ PtVWD QD GLV38X460ptvky &' MHY FRREQD]HQD7.RD REUI]
&HONRY& SRpHW SUYNS$ MH U$]Qé SUR MHGQRWOLYp YD

VWHQY]DPL D SRK\EXMH VH Y UR]PH]t RG GR
je 0,105PP 1D VW Q PRGHOX WENPPOWRREEWKR YWBVWHY Y U\
SUYNX ' WHG\ PP GDO&t YUVWY\ VH ]Y Wa

2EUITHN=Qi]JRUQWOdel VWHQYH thQpP KX YEVWXSXRERGMWX EWHQy]!
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7 ORGHO PDWHUL I®SXKGEP tRMNYDMRY p

BURXG Qt E\OR H&AHQR S HV PHWRGX NRQHpPpQEéFK REM
SRXAaLW SURJUDP $16<6 )OXHQW 3URXG Qt E\OR XYDAaRY]
E\OR SUR MHGHQ PRGHO SRXALWR SXOVXMtFt SI&hRXG Qt
NUYH NH JNRXPiQt VP\NRYéEFK QDS Wt Y SUDYp NRURQIU
QXPHULFNpP YESRpWX WpWR EDNDOiI VNp SUiIFH SRXAaLWw
YLVNR]JLWD MH SRSViIQD URYQLFt

4?5

alLa E:4 F & ;>sE:alf606 (7.1)

kde:

MHNXWHpPQi YLVNR]JLWD S L GDQéFK SRGPtQNiFK SURXG
' MH YLVNR]JLWD S L QHNRQHpQpPP VP\NRYpP QDS Wt D Mt}
o MH YLVNR]JLWD S L QXORYpP VP\NRYpP QDS Wt D MHMt

MH UHOD[DpQt LQGH[ D MHKR KRGQRWD MH v
UdH VP\NRYi Y\FKORVW >V
Q MH UHRORJLFNé LQGH] >
3UR GRSOQ Qt MYRXD@M@ tRERGIHX\ QHQHZWRQVNpP NUYH

2EUIfMMNLHQHZWRQVNpPp PRGHO\ NUYH

1D REUASNKH ]Qi]JRUQ QD JHRPHWULH WHSQ\ V GYRMLWR)
YHOLpL@PDWMYRE WODN\ QD YVNMHK SK DV ROOW SORFKD MHAE C
VWHQY]RI¥ QHMPHQA&t SUSWRNMYR S CRFMMDR pQp U\FKORVW |
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YEVWXIKVRX GpON\ QD MHGQRBWD23Me FKl, =0 @tk K= O
0,0046 m.

2EUiJ#BNEQi]RUQ Qt JHRPHWULH WHSQ\ V GYRMLWRX VWHQY]RX S L

+PRWQRVWQt SUSWRN D WODN E\O\ YROHQ\ SRGOH p0OiQ
RE YHOLpPLQ\ SRptWDpPRYRX VLPXODFt P HQ\ D Y\NUHVO
YHOLPLQ E\O\ GLJLWDOL]JRYiQ\ SRPRFt SURJUDPX :HES3
hodnoW\ KPRWQRVWQtKR SU$WRNXXDQ GVO PRXYRYBBWHIRNHP
REUITEXIVRX ]JQi]RUQ Q\ JUDI\ SUR SUSE K WODNX D KPRW

2EUiI[#6NFUDI SUR D WODN E KPRWQRVWQt SUW$SWRN SUR SXOVXMtFt F
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Pro VWDFLRQiUQt SURXG Qt E\O WODN S Y[RJetyiqQolen 3D D

NJ V FRA& MVRX I\]JLRORJLFNp SHR GP K@ RWRGRS/R\YQ GHORV &F
VH Y\SRptWi SU$P UQi U\FKOR\QD ¥ VWWKRORX W\OH B RVl 8 URIIQ D )
0 Ov

> L 208 Ues (7.2)

NGH ! MH KXVWRWD NUYH MW{Mtda KRGQRWD MH
43 4 £B

W1 =W2= 54 4) Cﬂéﬂ-48'2_0’5109 m/s

NJ P

-DNR GDOEBIORUBNRXG Qt XYD&RYiIQR MDNR SXOVXM
S HFKRGRYp DQDOé]\

W}YT v Z} v} } %E}PE up Co *%p“3"v AE%} 3SU
08 JS}YAEU }% E Vv_u *Ce3 u uU % u"s_ o'
% E} *}E uX WEDIAAE %F v3 3

i vl
Z D ~%}ul]ls ov
1}v Ev_Z} % E}n "v

_8EA o
% E}A v} 186 18 E _X
7 $QDOE]D YYWDHERPIUQt SURXG Qt
7 5\FKORVWL SURXG Qt

1D REWITMX¥RX SUR YAHFKQ\ YDULDQW\ VWHQVY]\ ]RE
YH Y\EUDQ&FK H]HFK PRGHOX D SURXGQLFH SR FHOp Gy
MH QD YVWXSX ]SOR&W O& U\FKORVWQt SURILO 7HQ Y]Q

GR QXPHUEBRpWK YU\FKORVWQt SURILO QD YVWXSX PRG
tvaru.
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2EUIJHN=Qi]JRUQ Qt D U\FKORVWQtFK SURILO$ YH Y\EUDQé&FK H]HFK
PRGHOS$ V VWHQY]DPL

3R YEVWXSX ] D VWHQY]\ YIQLNOR NORX g JORUBQ\
U\FKORVWQt SURILO\ QD Y&VWXSXVWH Qgi@w]iDD QD YV
Z Y\SRPWHQ&FK YéEVOHGN$ MH YLG W &H Y REODVWL QD
biVWL NH Y]QLNX UHFLUNXODpPQtKR SURXG Qt

2EUITHANEQIJRUQ Qt U\FKORVWQtFK SURPHQS$VW HOMHIDAID Yé 8 WX K X]
VWHQY]\ E QD YVAUXSX GR VWHQy
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1D REWIQMX¥RX SUR YAHFKQ\ YDULDQW\ VWHQVY]\ ]RE
YH Y\EUDQé&FK H]HFK PRGHOX D SURXGQLFH SR FHOp Gp

SRURYQiQt V VWHQY]RX Y]QLNDMtSXFKORWWQY]S WRIQC
YVWXSX GR VWHQyY]\ VH YEUD]Q OL&t 7RGV M VI\DVBEXQPR & |
SR YEVWXSX ] VWHQyY]\ MH ]DYt HQt PRKXWQ M&at QHA& ]

GRFKIiXtNMLGQ Qt Yt HQt S HG YVWXSHP GR GUXXp QU H QY
QHXNOLGQLOR.ID QIDRREQIIRX Q Q\ U\FKORVWQt SURILO\ Q
QD YVWXS Xpro veniand @0y |\

2EUIJHN=QiI]JRUQ Qt SURXGX SUR YAHFKQ\ YDULDQW\ VWHQY]\ D U
HJHFK E SURXGQLFHPL SR FHOp GpOFH PRGHOX 9\NUHVOHQR s
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2EUITHIN=Qi]RUQ Qt U\FKORVWQtFK SURILO$ Y REODVWL @PHINRWHQY]!
PH]L VWHQY]DPL ' 9SUDYR MH U\FKORVWQt SURILO QD Y&VWXSX ]
GR VWHQy]\

9 UIPFL WpWR EDNDOi VNp SUiFHeE\OVWH QW] XY \¥&BR HON R
V SRXALWIP S tVOX&aQ® VIW RFEHINRNEKY\HU JRRRYGH O X VWHC

GpONRX PH]L VWHQY]DPL "V SRpWHP SUYNS$ PLOLYQS$
nekonvergovaly.

2EUI[HINGt" V PLOLRQ\ SUYNS$ Y\WWYR HQi QD PRGHOX WHSQ\ VH \Y
1D
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7.4.2. Tlak

1D REWiIJAMVRX SUS$E K\ WODNS$ VWHQY]\ SURTMBHGQRWC
MVRX SUS$E K\ SUR VWHQY]X SSLREUSIINGRE® B WVWHI OPK :
oblastech WHS Q\ GRFKi]ttiaku@DYéaHMHQyYy]\ MH QHMQLaat WODN
S HG YEVWXSHP ] VWHQY]\

2EUITHIR3USE K WODNX QD FHOpP LQWHUYDOX WHSQ\ SUR YaHFK!
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2EUIJHIN3U$E K WODNX QD FHOpP LQWHUYDOX WHSQ\ SUR YaHFK!

1D REWiJAMVRX ]JQi]JRUQ Q\ ~VHN\ QD QLFKA& VH Y\KRG
SU$SFKRGX GYRMLWRX VWHQY]RX 8 VWHQY]\ ~VHN OHA&
MH ~VHXWRVXOP RG VW Q\ PRGHOX

2EUI[HIMN=Qi]RUQ Qt ~VHNS$ SUR D VWHQY]X V GPONRX PH]L VWHQy
PH]L VWHQY]DPL

2EUiJHIS ]Qi]RU XMH WODNRYp SRNOHV\ S L SU$FKRGX
~VHFtFK J]Qi]JRUQ Q&FIK ODDREIWLURNX VWHQyY]\ XND]XMH Y
VWHQY]DPL NGH WHSQD QHQt SRVWLAHQD VWHQY]RX X
WODNRYé& SRMWICHW Qt3WRIONRYp JWUiIW\ PH]L VWHQY]DPL
Y\NUHVOHQt JUDI$ ]NUiWLO\ WDN DE\ SURFKiJHO\ SRX]F
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Y\WYR HQ\ JUDI\ JQiI]RU XMtFt WODNRYRX JWUIWX QD

Y\H[SRUWRYD @D p]VPIFKEGLH X YDULDQW\ ' JMLVWLOR
KRGQRWD MH 3D 6WHMQéP ]S$VREHP VH JML&"RYDO\ Q
WODNRYi JWUIWD QD VWHQY]H 3D X 3D X 3

VWHQW]HWHOQpP &H VH WODN PH]L VWHQY]DPL QDYéa
*UDI QDYtF MDVQ XND]XMH &H ptP Y W&t MH Y]GIiOHQRV W
]JWUIWD QD VWHQY]H 8 YDULDQW\ ' MH WODNRYi JWUiV
' 3D D X 3D = JUDI$ MH ] HWHOQp &H GpOND |
WODNRYRX JWUIWX QD VWHQyY]H 7ODNRYi JWUiWD QD

3D D X VWHQY]\ 3D

2EUITHIE=Qi]RUQ Qt WODN$ SUR MHGQRWOLYp YDULDQW\ D VWHQ\
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7 6P\NRYp QDS Wt QD VW Q

.ULWLFNi KRGQRWD VP\NRYpKR QDS Wt QD VW Q WHSH
D VWHQY]\ 1DIRMEWRMNXQiJRUQ Q\ REODVWL Y&VN\WX
SUR YDULDQWX ' NULWLFNp REODVWL MVRX @B%YEVWXS.
VWHQY]X VH YEVOHGN\ S tOLa4 QHOL&t NULWLFNp KRGQR!

2EUIJHI® 6P\NRYp QDS Wt Y REODVWL VWHQy] SUR VWHQY]X D YDU
KRGQRWX VP\NRYpKR QDS3Wt prHUQY W & U YA PRV XX Y 3K RGH & 3D

8 VWHQY]\ MVRX X YAHFK YDULDQW QD YEVWXSX RE
KRGQRW 1DIREVRXXNQI]JRUQ Q\ REODVWL NULWLFENéFK KF
YDULDQW ' D ' 3R YEVWXSX ]H VWHWLF NG RK NKR GIRRG/N
ERpQtFK VWUDQIFK PRGHOX MHa&a X YDULDQW ' D ' M\
VWHQyY]DPL D X YDULDQW "D 'VH VSRMLO\ Y MHGQX RE
VH NULWLFNp REODVWL QHREMHYLO\

2EUIJHIN6P\NRYi QDS WQy]\ QW D D VWHQY]H SUR YDULDQWX ' E
YEVWXSX VWHQY]\=HRH QD EDDYWXQi]JRU XMH KRGQRWX0MP\NRY pKR
3D PHUYHQIi ]Qi]JRU XMH KRGQRWX Y\d4t QH& 3D

3R YEVWXSX ] VWHQY]\ Vi [RUIQNVQ F NHD RGO\ K
YHOLNRVWt SRGREDMt REODVWHP SR Y&EVWXSX ] VWHQ

PH]L YEVWXSHP ] VWHQyY]\ D Y2BWRGRPE KRG HOXO REQRM
PH]L MHGQRWOLYé&PL YDULDQWDPL
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2EUIJHIR .ULWLFNp REODVWL ]QiJRUQ Qp PHJL YEVWXSHP ] VWHOQy]
YDULDQW\ VWHQYy]\

7 $QDOE]D Y&BXMH/XNWMEFt SURXG Qt

9 WpWR SRGNDSLWROH EXGRX DQDO\]JRYiIQ\ YEVOHGN
jeden model, 50%VWHQyY]X VH Y]GIOHQRVWt ' = G$YRGX pDVR
~VSRU\ PtVWD QD GLVNX MH Vt" WYR HQD SUYN\ 1
VWHMQ MDNR Y S HGHAOEéFK YéSRpWdédmbia YiastalleRal UD P X
S HFKRGRYi DQDO&]Dp SIRNGRPtRNULEWMO\ JDGiIiQ\ pDVRYp SL
KPRWQRVWQtKR SUSWRNX WODN E\O ]DGIQ QD YVWXSX
YEVWXSX PRGHOX WHSQ\ =tVNiQt RERX YHOLPLQ MH SF
QDVWDYHQ pDVRYé& NURN HW IWMH PDFLPiJQtpORRYE NURI

WRNX E\OR QDVWDYHQR PDVRYEéEFK NURNS$ SXOV WUY
WHG\ Y\WYR t SXOVDpQt FANO\ D S L QiVOHGXMtFt DQI
SRVOHGQtFK PDVRYéFK NURNS$

75.1. 5\FKORV W L vQbl&sKXsystQly a diastoly

1D REUIINIMVR X 1Qi]RUQ Q\ U\FKORVWQt SURILO\ D SUR
NURFtFK SXOVXMtFtKR H\SDOXV XOMpBtVAH\N®XYVY Y REODVWL C
v oblasti systoly. V oblasti sys@\ Y]Q ERDYW&VW XSHFK JVRER XV W M Q]
Y\dadt U\FKORVWL SURXGX
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2EUIJHIN=Qi]RUQ Qt D U\FKORVWQtFK SURILO$ E SURXGQLF Y REODYV

7.5.2. Tlak v oblasti systoly a diastoly

1D REUAROI¥ ]Qi]RUQ QWSDMNES KSUR Y\EUDQp pDVRYp NU
F\INOX 1HMQL&&t WODN Y]QLNO Y REODVWL |D D S HG Yé\

2EUIJH2A3US$E K WODNX SUR pDVRYé& NURN SXOVXMtFtKR FANOX Y REO

1D REUIPIXVRX SRPRFt JUDI®NRWRBRNQOHVO S L SU:
GYRMLWRX VWHQY]RX SUR pDVRYp NURN\ Y REODVWL V\V
WODNRYé& QiU$SVW Y RECDRWUIJNXLMMWIDYUIL &H WOD
SUSFKRGX RE PD VWHQY]DPL MHLYS &%t K RO R E WD VMWW G
WODNRYi JWUiIWD 2ORARODOVINEL dsstvyNeRt@aRov] W BAIVEa.U
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systoy MH WODNRY i YW NitdHpAQED steny | H . B Blastoly MH WODNRY i
WU IiW DVOVDRAYHEHN?. sterny | H40Pa

2EUiI]JHN*UDI\ SU$SE KX WODN$ SUR D pDVRYé& NURN Y REODVWL V\VW
7.5 6P\NRYp QDS Wobl&g3ihsygtdly &diastoly

1D REWi2AMVRX ]Qi]JRUQ Qp REODVWL VP\NRYpKR QDS '
Y\EUDQp pDVRYp NURNY OVRYMPFNRRMW GKDVWRO\ MVR.
WHSQ\ PQRKHP Y Wit NULWLFNp REODVWL QH& QD VSRG
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KRUQt VW QVRVEBS@SBIN Y pDVRYpP NURNX SUR GLDVWRO
Y pDVRYpP NURNX SUR VIVWROX MVRX YLGLWHOQpP NULW

2EUIJHR .ULWLFNp REODVWLYVREDDYWPKIR FHIJB WEVWXSHP ]  VWHQy]\ I
Y pDVRYpP NURNX SUR D V\VWROX E GNVBRERO X W2DXi WK DK R EUJ(
KRGQt VW QX WHSQ\ =HOHQi EDUYD ]Qi]RU XMH REODVWAPY¥P\NRY pKI

7.54. TAWSS a OSl|

=H ]JGURMH > @ E\O\ S HY]DW\ YJWDK\ SUR Y&@SRpHW

SXOVDpPQtKR F\NOX 7%$:66 >3Dd® PRIAUMHY E BB |QHSVKEGY Y R]P T

]JQi]JRU XMH MHGQRVP UQé WR NelkoSNL V P\ MRIY RN QNCRSO W/
VW MH GiQR Y]WDKHP

IWSS| = |n. 2| (7.3)

kden QRUPIORY @ 2YMill WRID TR U VP \NPYWRYR SDSPWIRYDQi YH
VPA\NRYpKR QDS Wt7GD6¥ WHQVSRIS QYN LQWHIUDFt SRGOH D

TAWSS =21, f- (7.4)
kde T je perioda cykKlu.
PoRVFLODpPpQt VPEERBEODQYWEH][

4 [WWlir

. 75
OSI F Fmre (7.5)
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Vprogramu$16<6 QHQt XP Ra&@otih&dnoly TAWSS a OSlI, pro jejich
JtVNiQt E\O Y\XaLW SURJUDP C§D /Mo%byly SSRIPRRIFIDYPXULSW
Y\H[SRUWRYiQ\ KRGQRW)\ :66 SUR SRVEGRGQREKBRYtEDWRX
SHULRG VUGNMMKABUFENOXY\WYR HQ\ VNULSW\ VFKRSQp
a OSI podle rovnic 6.6, 6.7 a6.8.DNWR Y\SRpW HalpctKria Ga@rEhwtepily
E\O\ SRWRP QDpWHQ\ ]S W GR SURJUDPX &)' 3BRVW D ]RE

1D REUIPRXH ]Qi]JRUQ Q SUSHLKWRPW MEMREODVW ]Qi
REUIiTIRa), vznikla QD VSRGQt VW ¥ & WHSRNWPMHHIQY]\ D YEVWXS
PRGHOX NGH PD[LPiOQt KRGQRWD RSDp&RPVKHER WHSQ

]Qi]JRUQ QR QD2REUIMRLNOD YHONR®RE OHAWY KRS E X M
UR]JPH]t S LE-O3&Q

2EUIJHN3USE K 26, QD REODVWL PH]L YVWXSHP VWMQYD DVHEDW XS
E QD WRWQt WHSQ\

1D REUAPMXIH SU$SE K KRGQRWEUHNN MH GEDMNQat aH
KRGQRWD VP\NRYpKRDQDSVWHQOMNIHN 9\VRNi KRGQRWD VF
YJQLNOD WDNp QD YVWXSX PRGHOX 7R ahH ]JBS$OREHQI
]SOR&W OpPX U\FKORVWQtPX SURILOX QD YVWXSX PRGHO
smykRYp U\FKORVWL WXGtad L Y\VRNi KRGQRWD VP\NRYpKF
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2EUITHM 3USESK$SP UQpKR VP\NRYpPKR QDBAWMBS SXOVDpQtKR FINOX

2 E Ui |H28zobrazuje hodnotyN UL W L FN 8 F&: 6R6E QLWL ]LNRY M&t R
MH Y PtVW PH]JL VWHQY]DPL 'DO&t NULWLFNp REODVWL
RERX VWHQyY] W\ MVRX Y SRURYRO®t V QHMUL]JLNRY M4t |

2EUiI]H28 yDVRY SUS$P URYDQi YHOLNRVW VP\NRVSEK R HYLY$ Qvit EDOU WDV
]JQiJRU XMH KRGQRW\ Y\i4at QHA 3D RVWDWQt QL&&t QH& 3D

7 $QDO\WLFNp H&HQt

Tato %o} | %0]3}0 o H | EA S v oC3] IEu AE%} S u $o
% EY Z} p A}i]SIH o3 velluX A8 vel pu  pAT}A VvV i1} o}v
SOIU“>I}uX WE} AE%} 8§ Co ACuild u} o « @di9 I-Tv_u <« Al

it X WHp vvvydAE} pv'IE8 E E}Av] Ui %Z Al § 1T p v]
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e ]%0}u}A % @E €70 C0 %Z Al § RIS Z % E} S0 I1JA}p IE§E §

as ! %z (7.6)

kdle MH JWUIWRYE VRXPLQLWHO >
VH VNOIiIGi ]H VRXpLQ kW HARK [PLt § WD HIKH | & pDBIRW & FK JW U
m 7.7)

BUR YESRpHW GpONRYEFK J]WUIW SODWt
| /! (7.8)

kde:

MH VRXPLQLWH]JO [WUiW\ W HQtP >
/| MH GpOND WHSQ\ >P@
"MH SU$P U WHSQ\ >P@

PoODPLQiUQt SURXG Qt SODWt
5H (7.9)

NGH 5H MH 5H\QROGVRYR ptVOR D SODWt SUR Q M

Ss; U&
4 AL 56 (7.10)

kdle6MH NLQHPDWLFNi YLVNR]JLWD SUR Qtd SODWt
6= a/ E (7.11)

4854044 48t64:4

Re zas7se (118
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'PONRYpPp JWUIW\ MViR>a Q D rdvrito® B.A/Midé Fady O = + I3 + Is. Pro
variantu 10D jedrovno 0,046 m.

1 = 0,08991*(0,023 + 0,046 + 0,023)/0,0046 = 1,798

9 GLSORPRYp SUIFL > @ MH XYHGHQ Y]WDK SUR Yés
WOXVWRVW QQp FORQ\

6
s t s oS
- FsF—=U—-FspFtU-F 7.
P FsFgU=FspFtU=-F sp (7.12)

é ué

Rs LI

kde:
lie SRP U SUSWRpPQEFK SORFK

% je koeficient kontrakce

3RGPtQND SUR SR.X%jeWDnYRW DKMH K\GUDXOLFNNaSUS$P U
REUI]NX MH JQi]JRUQ Qit BHW&W RPN PHIREEKR SU$ H]X Wi

2EUIIH2 3U$ H] WHSQ\ Y PtVW QHMPHQAt SUSWRpQiFRIORMK\ S O\REION
SUSWRNX
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9]WDK SUR K\GUDYGLANEDSWEE U@ D SODWt SUR Q M

v
&y L —~ (7.13)

NGH R MH REYRG SUSWRpPQp SORFK\ >P@

3 L ]DQHGEiIQt ]DREOHQt 5 SQDWt SUR Y&ESRPHW SORFK\ )
Fo= Fu/2 (7.14)

3 L]DQHGEIQt ]DREOHQt 5 SODWt SUR YESRpHW REYRGX
R & ' (7.15)

D = 802 M 48-
h (H6>H 60 M&a48:6>4448;

=0,002811 m

I2/Dn = 0,019/0,002811 = 6,759 > 0,5

-HOLNR& MH JHRPHWULH VWHQY]\ VWHMRQ i &MDNR YIHRF
VRXPLQLWHO P&V WQ t mKZp\ahj¢ 26 HE\OD S HY]RW DKRGQRW
&HONRY& VRXpPLQLWH K R EVQIRIE BEX+ BWWASAZAP i WHG\

M® ! m )* S¥2=1060%7,24+ 1,798)*0,516@= 1250 Pa

3R RGHPpWHQt KRGQRW ] QXPHULFNpKR YéSRpWX MH WOD
WODNRY i ]Wil2ga3MI580\=HL263 Ba.
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8.=iY U

V UHGHUY®@t EDNDOi VNp SU@RHFKMRYVMUNXPOH YREW S Qi
MVRX MHMt SURXGRYp FKDUDNAVDRNGV R YW XN\HBHOL YYQ EQ\D\OW
VRXPDVQEFK S tVWXS$ S L YESRPWRYpP D H[SHULPHQWiI
NUPpQt WHRMLWREYWL YtFH SRPHWQRX VWHQY]RX

9 SUDNWLEWY iMWWIR HLR5% B0l T5% dvojitol W H QRIpR X
NDAGRX YHOLNRVW VWHQy]\ E\O\ Y\WYR HQ\ YDULDQW\ Y
[' [SU$P U WHSQ\ [ ['D [ 9 SURUWDWX RSHEX6 VEW
PRGHOS$ D QiVOHGQ E\OSISRRWWMDBHIR YABRPBWRXG Qt 8
YESRpHW ERKXAHO Q bByNoRGUEHUE KR PHOW '8XHDVXMtFtKR F\NO

VWHQY]\ V GpPONRX PH]L VWHQY]DPL

3L DQDOE]H YEVOHGNRXGDELSRIRNDRIXMH YHOLNRVW
P Q\ 8 VWMIQW\REODVWL PH]L VWHQY]DPL S HYi&Q
JWUiWD QD VWHQY]H MH X YAHFK YDULDQW S LEOL&Q
JWUiW\ QD 8 VWN®WHByY]\ VH WORM ¥ RBUDBFWRGH]L VWH
]JY\EXMH X YAHFK YDULDQW RHRLYVAEH QWHIDPLG i O/H) RYRV V |
WODNRYp JWUiW\ QD VWHQY]H SRGREL W&RGRRFE RWD
VPA\NRYpKRQ®DS WWWHESOWUQi ]P QD NULWLFNE&FK REODV
GpOFH PH]L VBWHQYM®PQY]\ MVRX QHMNUNYWVLWW SWHEPt REOI
VWHQY]\ D YEVWXSHP PRGHOX 9 W FKWR PtVWHFK GpON
NULWLFNp REODVWL

3 L DQDOé&]HpuOAWIDHG KR RKNRGXQ RFHRYDO\ KRGQRW\ SU|
krokyy, MHGHQ Y REODVWL V\VWR GO DN éWYD RE O BPIE KARLAX/
steny]DP Lu 8§sfoly WpP [ Y Wat QHAa > HADY WRIKB¥W IKRIGQRW
VPANRYpKRVEODBEWMHYLO\ X RERXDPEDMY O@BK KN BRNEHFK W
3RWp E\Ot SRRBBEDPX OPWOQEKRSRRW)\ RVAb@@ERQtKR VP
OSIlaSU$P UQpKR VP\NRYpKR QDaWs8s S XREOCDHNVQVK RP AN ¢ V W
z VWHQY]\ D Y&VWXS HBaf RGsokpX haydnotalNaBY pP FRA&

MH KRGQRWD NG\1MM NWURN NARO tWDIYREODV W dbRIEB QR W\ 7 ¢
PH]L VWHQY]DPL

1D ]iY U E\O SWRIYFNEHQESRPpHW poEFBIOR Y@ pIMBUHWEH S Q \
Y\44t Y]GIiOHQRVW lie Bofilkroe W B Q yN\DPHQ y ] HQP@ QWR PQRW W't
1.steQ yljsor OL VWHQyY]\ EOt& YWHIEHD QB W OFeBRaipie QL At
D Q D O \VELFRYEHEW WIS QD V VY & QHRR VWt PO 3/ WHQy]D|
SRURYQiQt PH]L DQDO\WLFN&P YESRpWHP D QXPHULFN&P
tODNRYip]W DQ\DID\WLFNpP 358BR [BWLX Q' REID L F N26B PA& SR p W X
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106 H]QDP SRXAaLWéFK JNUDWHN
TAWSS- pDVRY SU$P URYDQi KRGQRWD VBKNRYpKR QDS Wt
OSI- RVFLODpQd VREGNHRY Y &sQlatory shaar iddex
U6VP\NRYi UFKORVW
2 VPA\NRYp ®DPS Wt >
D-SUS$P U WIHSQ\ >
-VNXWHpPQi YLVNR]JLWD S L GDQ&FK SRGPtQNiFK SURXG

- YLVNR]JLWD S L QHNRQHpPQpPP VP\NRYpP QDS Wt D MHMt
o- YLVNR]JLWD S L QXORYpP VPA\NRYpP QDS Wt D MHMt KR
-UHOD[DpQt LQGH[ D MHKR KRGQRWD MH V
UVP\NRYi U\FKORVW >V

n- UHRORJLFNé LQGH][ >

p, P2- KRGQRW\ WODNX QD [P¥WXSX D QD YEVWXSX

Fi- SU$Wphpna nezdeformo® Qp piVVIRd WHSQ\

Fo- SUSWIRPBY PtVW QHMPHQAtK® SUS$ H]X WHSQ\

Wi, W2a- SUSWRPQpP U\FKORVWIMED YVWXSX D YEVWXSX

lis- GPON\ QD MHGQRap[MY éFK ~VHFtFK
H-KPRWQRVWS}SU$WRN

I - hustota krvgkg/mq]

WSS-sm\NRYp QDS WR4QD VW Q

ni- QRUP i @®RoOf &

2- WHQ]JRU VP\NRYpKR QDS Wt

T - perioda cykiUs]

(p- WODNRYRIWUiIiWD >

-FHONRY& |WUiWRYE& VRXpLQLWHO

m- PtVWQt IWUIWR)Yé& VRXpPLQLWHO

mi, m- PtVWQt pWRXWRQYQWHOD [-VWHQVY]H
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- GPOMNRWUIWRY& -VRXPLQLWHO >
-VRXPLQLWHO JWUiW\ W HQtP >
L- GpPOND[WYHSQ\

Re- 5SH\QROGVR]YR ptVOR

6- NLQHPDWLFN¥SLVNR]LWD

1- SRP U SUSWRPREFK SORFK

%k - koeficient kontrakcé-]

Dh- K\GUDXOLFNE SUS$SP U
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