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Streszczenie
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4 Analysis of laminasturbulent transition in micro-channels

Analysis of laminar -turbulent transition in micro  -channels

Abstract

Microscopic particle image velocimetry @PIV) experiments were performed to
investigate laminar-turbulent transition in micro -channels. Flow ofdeionised water mixed
with fluorescent seed particles was used as the working fluid in two investigated
configurations. In the first configuration short (1& &) micro-channel of 400 & height was
formed by a slit of an emulsifier. nP1V flow analysis performed forReynolds numbers ranging
from 991 to 6770 gave no evidence of transition to turbulence in the micrehannel. The
initial transition to turbulent flow was observed only at the micro-channel exit and developed
to fully turbulent flow several millimetres behind it. Our experimental analysis was confirmed
by numerical simulations ONS. Obviously laminarturbulent transition for the flow in short
micro-channels must be shifted into higher Reynolds number3his result hasimportance for
modelling industrial emulsifiers, construction of turbulence dampers and heat exchangers
based on the flow through micro orifices.

In the second configuration flow in a long and flat rectangular micr@hannel is investigated
numerically and experimentally. It was found thatdue to the unique transversal sinusoidal
wall corrugation we may achieve drastic reduction of the critical Reynolds number and flow
destabilization occurs already at the Reynolds number about00. Numerical simulations
(DNS and experimental analysis usiig nP1V technique gave evidence that the introduced wall
waviness generates spanwise instabilities propagating along the channel and disturbing the
flow structure. The new unstableflow pattern, which emerges from the unstable mode has
complex three-dimensional structure promoting mixing properties of the channelflow. The
low Reynolds numberdestabilization of the flow through the wavy channel can be used for
optimization and efficiency enhancement of the micremixers, micro-heat-exchangers and
chemical miao-reactors.
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7 xE®BEOUI GAE OEc¢CAA&x [ EEOI POUAPEUxIT xUAE
DO AET GAEh xUOO6bPOEa 1T A T cec PDPOUAPEUxU U
1 Al ET AOT As ) OO1T EAEA TATE TEAE O0é&xl EAIF AOIA
OESUTUMRAUT Ui E POSBAEI GAEAI Eh CAUEA 1 EAUAU 2AUTI
$1 OEcCAA&x OAEEAE UAIEAUU¢ IiTFETA POUAAA xOU
i EEOI OAAEOI OU AEAIT EAUT Ah T EEOI xUI EATTEEE AEA
OOUaAUAT EAAE OAEEAE Aalu OEs Al EAE 1 AExEodtE
x U0l O00AI 001 PTEA AOOUI Exi GAE xUOAOOAEa DAO/
ET OAT OUx1T 1 Gg [T EAOUATEAh 1 T1TF1IExU Al DPOUAEAUAI
GAEE&aAUAES

Celem niniejszej pracy jest eksperymentalna i numeryczna analiza zjawisk
POUAPEUxT xUAE «x OEAIT E [ EEOI UxE&aUAT UAE U
OOOAOI AT OTuis 01T AATU UI OOATEA PAECT U THPEO DPOU,
ganAA DOUAEGAEXOORAT ET ADACI x OE¢AAUEA 1 EEOI
i TAAT Al OUAAUUxEOOAGCT GCAT AOAOI OA Ai Ol OEE8 " AA
AAOAUT 1T AEA AedOCIi Gg x gtdioqdt AG AIAPAYDEET G /ADH
POo AEF2AjEQHR OO0T 001 ET x1 [ AshA< ODAEBE & VAR QIARA 11 AA
DAOAI AOOUh EO&OA i1 ca xBPE&UxAg¢ 1 A -tbrbutehtdedol EA
00OAAA DI EAUAcCAh A TATE AAAATUAE x 1 EOAOAGOD

E

OUAOI BUGOAA GOAAT EAA EUAOAOI EAUT Ah xAlIT Ui DAO

: AOOT O1T xAT A 1T AOT AA PITEAOT xA O 1 EEOI ATAITTI A

DEAOxOUUAE UAOOI O1 xAd OAE 11 xAE 1 AOI AU Al

mikroskalowych. Wykonanie planoc AT UAE AAAAd AEOPAOUI AT OAI 1T UAE
T UADPOI EAEOI xAT EAI E  UAOAT xAT EAI I OUCET Al

OECAAAEaAACI OE6 U OECAAO [ EEOI POUAPEUXT :
mikroskopu epi-£l OT OAOAAT AUET A¢ci h OECAABOT GEEKADI
i AOAU&xnN ce¢éx1 Ui T AOUSAUEAI AEODPAOUI AT ¢
anemometria obrazowa (ang. PI\¢ Particle Image Velocimetry) zaadoptowana do
PDi il EAOex x OEAIE [ EEOIN
T UAAAT POT xAT EAI Al ci oudbiex 0)6 xUUT AAUAE
obraU& x OUUOEAT UAE DPI AAUAO AEOPAOUI AT 0&xn
T 1 DOAAT xAT EAI Al ¢ci Oudi ex AT Al EUU Ui EAOUT T L
charakterystyk turbulenciji.
0OOAAARh T BPO&AU AT Al EUU AEOPAOUI AT OAIT T AEhR UAxE
i EEOI POUADPEUx OO ADETARAIA GRE OEI dAUIT T UAE DPOUU
I Al EAUAT ET xAci &1 OAT O j1!.393 )T A8Q8 4A AUbGe



T xUA8O 11T AAT O 101 AOUAUT Aci oOUuUi 611 xAT Aci 1 EEOQI
T I POAAT xATEA 1T AOT AUEE 1T Al EAUAdN
T POUADPOI xAAUATEA 1T Al EAVUAGEDOUIUKRAQIUOBR ADLERAODOAR
OECAA 0O&xI1 /Stjl’(oesa ,éa@gEDENSé\ Direct Numerical Simulation) oraz
|

1T xAOUEEEAAE® OUUOEAT UAE x Ul EE& x T 0 AoOuU
rezultatami eksperymentalnymi.

p2
C
—_
C
p2!

0OOUAAOOAxEITA x DOAAU AAAATEA AT OUAUa UAGAA

APl EEAAUET ACiI 8 5UUOEAT A xUTEEE 11Ca AU¢ xUET OUUC
x EOBOUAE xUOO6PbOEa EOBOEEA [ EEOI EAT AR UABBIEBAL
001 0BT ET xI 1T EAxEAIT EEI 1PIOIi EUAOAOI EAUTUI R 11T
APAOAOAAE xUOxAOUAEAAUAE PDPOUAPEUxU 1T AOFUAE 1/
UAAATEA T A POUUEECAA OI UAOAAT EAT EA EOI PAIWVE £AUU
AT Al EUT x AT Ui OEECAAUEA UAOOT O1 xATEA [T EEOIT EAT A¢(

DOUAOOT EBGAEA COAT EAODOMOAIAMENEAMCT 1| A EEELEAIOIDT EO x
Reynoldsa.

7 DOAAU AT AAOEIT x1 xUEAUAT A Ui OBAT EAh KA 1T ADI x
EATACO 11T FA OPT x1T Al xAg UT AAUT A TATEIFIATEA 1 EAUAU

TEAOOAAEITU E 1T AEA PI AUaOETI xA UAAOOUATEA DPOUADE I
CAT 1 AOOEA GAEAT AEh TEA xbPOIl xAAUAE&A widtolhyiiOET x UAE
OO0I PTEO UET OAT OUEEET xAg DPOT AAOU xUi EATU AEADPCA
o1 Aci OI AUAEO 1 EEOI T EAOQUAITEE&xh [ EEOI xUI EATI
chemicznych.
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3 bezwymiarowe xObec AUBKCAERAT EA G

_ a AcOCI G¢ AAIT E GxEA:

0 bezwymiarowe DI xEOGEOQUAT EA 1T AEA]
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Mikro i nano technologie, z uwagi na coraDT x OUAAET EAEOUa 1 ET EAOC
OAAET EAUT UAE T OAU 1111 ExiGeg xUOxAOUATEA 1| AO.
I AAATEA EAAT & U x Al ltdEhhiEz®on)BE 7A UEAQQGIVIET Ad ABIET G,
jakie obejmuje to szerokie p Ei® mikro i nano technologii T EAUT EAOT EA EOOQT ¢
UAEI OEa UEAxEOEA POUAPeUxi xA8 " AAAT EA 1 AAEATE
Dl AOOAxT xUI E Al A xEA1T O AUOAUDPIET 1 AOQET xUAE
AT AT AT OAT xObé& e AUAOY Adiagndsiyki imédgeEngjh Andliz Aibldgidzne
DO AEAT T AES6OI GAEEREOBDAEOUEAE OAAAUDUBEKAE®DAUSD
wielokrotnie mT EAE 1T AA BUWUIAREARE AOT OAMEE 001 U¢ bdtok T A 1
elektroniczneUAOAT x AT A T A Dl wi?A OHDBT £ODANABIOEA DOUUES
AT C1 1 E hdzwal BblorAChip (LOC)Takie miniaturowe systemy analitycznel T ¢a UT OOA
¢ A Ozalitomatyzowane, przez co koszt jednostkowy przeprowadzanej analizy biologicznej
OAEIFA Ol ACA xEAITTEOANTRAI OEIUEAEBGBIOURAEODUOOAI
OECAAU GUWABEDH ABAAUUT AEa AUc¢ 0O&xi EAIr bpAIIARNOSAIL
syntezy AEAT EAUT AE8 - ET EAOOOT xA 1 AAT OAOT OEM HGOHDA

0a U DI xi AUAT EAI T ETEAOOOUUT xAT A E DPOUUAEAOAE
x DACTE DOUAT T[gI-WERA O0AEHDOIGAE OAACAT O8 AEBAT E
AARAUPEAAUAJOOXI DOUABOT CANUAXx AGGAADAEBAEAI EA

xUADAET xARh OUET Al ExA AUU x ET1 (H8sODIOWaA cRBAA /
iTFA AU¢ DO EADAOEARAROUEK UAOAEI-xtdgtfl)E x j TEBD®E O AE
przeprowadzanaEAOO OEI T EA AcCUI OAOI EAUT A (ohdokaAdida T E O
AAUEA OUOE®AU ET AUxE[BOATI DWAE OEBPORERKXUI EAOEE

pecul e&x OITITExEE OéexTEAIF TDPOAAT xATEA 11T xT AL
DI 1 ACAEAAUBEEdMEQ AACACi OECAAO DPOUUCGH O xAT E.
Ei b1 AT AEA xOUAUAPETTUI 1 A6JAUAO OAOADEE x AEAC

: ACAAT EAT EA [T EEOI POUAPEUxT xA Oa EOOI OT A
UAOGOT OT x AT EAAE DOUAIT U dforimatyltiA ElektroBikl WylBga co@t 10 x & E
x UAAET EAEOUUAE E AAOAUEAE UIETEAOOOUUT xAT UAE
EAF AUl  OI EEAI OOAEa OE®6 EAOUA tofaz xi HOEAMMEEO UAE A
przeiAUAT EO T A EAAT IEGQERS URIEX DAQBAET E

00AXxEAET x A UAPOI EAEOI xAl EA OEE AA B8 x i EEOI
i DOUI Al EUAAEA EAE POAAU xUI ACAEa Al ceoAl Aci £
OUaAUaAUAER CAUI DPOAxA OA AUsO0O1T 1 AAEAOQOAEa
T EAODPI OUEAT U x OEAITE [T AEOIi h OO1 061 AE DPil1l A bDi:
PDOUAPEUxAEaAAACI TEITE DPeUT O TTFA DPixi Al xAg

DOUUGAEATTAE TA OOOOEOOO6 DOUADPEUxO8 BOAKOEAL
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rolo6 T ACOUx A xAEOToRNTxAA Ol G¢ GAEAT AE8 01 xEAOUAET EA 1

EOBOA x OEAIE [ AEOT 11 GCeAAU AuUg¢ OOAEOI xAT A E/
TEAOexT 1 GAE DI xEAOUAETE Al xUi EAO&x EAT AcOh AAE
EOCEOAOKOIEUI OO0IPTEO ITIFA ITAUEEET xAg DPOUADEUxS

AOF A AEOI BT xAOI G¢ xUCI 6 A1 Ax AQ Qlidthg ReydoltisaAmrzy Oé x 1 E A
EO8OAE TAOO6DPDOEA DPOUAEGAEA U OOAED 1 AIETAOT Aci
zmianie ueCAE&4 DAOAI AOOU PDPOAAU T EOAGI AEaAA AEAEOQOUxTI

i AOUh AUUI E UEAxEOE 1 Ul AAdbAd-Ghif[7]DT AOOAxT xUI x OE
OxACE TA xUiEATETITA AAAEU OEC¢AAéex [ EEOI POUA
TA AAT O 1T1TAATT #ARAUDEBAUPOARBRRAORAAEAT EAUT UAE AUU OAOI

DOUAOOOUAT ERh CAUEA xUIi EAO AEAOAEOAOUOOUAUT U I EA
badaniach empirycznych. Brak jest dotychczas jednoznacznej i bezdyskusyjnej odpowiedai

pytanie, jaka jestCOAT EAA OOl O1 xAl 11 GAE EOUOAOEéx 1 DPEOOEa
“"AAATEA AEOPAOUI AT OAIT A PI UxAI AEa UAOGAI 1T A bi Ul
EAAT T AUAGTI EA | AOAOEAC¢H EOG8OU 1 T1TFA DIl oedOrUg Al

numerycznego[8] czyP OUAx EAUx Ad OAT OAOUAUT UAES

$1T OUAEAUAOI xA AAAATEA UEAXxEOE PDOUADPEUxIT xUAE x
TEAT Al AxAAUEAGAEA 1 AOh 1 EAapdiel) AART YT ABEAT BE |
wszystko EAOO ET T Ah TEI@ x OEAI EE O WHgaytanie AoUndbiel@UT ET 1 |
i AAATEA OUAUAceéi 1 Aci U1l AAUATEAh CAUI bPi 00D x ¢
OEcAAex OilTIT1ExEE ¢AOxa E TEAAOI cCa DPOIi AODEAEs | E
AEAT EAUT UAE AUU OAI ET 1 UAEtypw LabonEhigh O ®UOWIUAAITU AR E G
OE6 Al EAE Al OAU xE awbhkide8i : AP xndQBEARBOEATeBHAAET AU
x OECAAAAE [ EEOODAUADEUKEANPEEBREARAADAI EUU 1 AA
i El EAOOOUUAAEE T A DOl AAGH ERDAORATGEA BH AOWAKA IxW I |
UAAET AUAAUI E x OME:ecAGQWD)D EEBHI AOAARDE Uxi xA AEAOAE(

I OOT EEATI DI xEAOQOUAETE Al 1T AE6OI GAEh UADPAxT EAEa3
AEADPEA 1T OAU AOlI a bl xEA dehficenych, przeprdviadeankcd W fekich a OAAE,

OECAAAAES8 001 EAEOI xATEA E 1DPOUIi Al EUAAEA OEcAAs

DOAAUUUET AcCi xUUT AAUAT EA OODOADA KT MAUREGAEA UL A
DOUAEGAEAI U DOUAPEUxO 1 Al ETl &Odradtgina Zmiana AOOUIT E
ET OAT OUx1 1 GABODBAOBWAT BEEADBAUT UAE AUU 11T F1ExACI
AEADPCAS

Do dzisiejszego dnia | DOAT EET x AT UAE 1UD @OARIHIAG*<ERATAT UAE
UACAAT EAT ET T 1 mrk OisZerégu pragtodepmbwano O EadaliU U | Arfa geluA

I OUAAT x AT EA COAT E A-4urbiedthbdoEomA zinfan X A0 GEITGVCH Tx OP& ¢ AUUI
I DT O&AAOB Ol EAUT UAE8 2&x1 EA DADIAT RODE&T | ABERNAGAIE
DOUAEGAEA-turbueitrie8 AOTTAT Ar ¢ T T +T A BhOAAAR x EOEAAE AT E
DOUAEGAEA U OOAEO 1 AiETAOTAcgi Al OOOAOI AT O1T Aci

i TEAEOUUAE TEI x OEAIE

i AEOT 8 )TTA DPOAKAAUAxEAO,
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x OECAAAAE [ EEOI POUAPEUxI x UABOAGOAREDAABOUABDG]
x EEAOOTEO xUI OUUAE |1 EAUA 2AUuli 1 AOGA8 *AOO 08>
FA AOAE EAOO xUOAIT UAE OélTEA DPITESAUU UEAXE
Opisywane badaniaOET T AAT 00T x AT AANBE EOT MAOBUROOExh EO&
naAl AT EUT xAT A UEAxEOEA8 . AEAUSGAEAE OI UPAOOUXx,
DOUAEOI EO DI POUAAUT Aci T OAU EACT AcE®Ci GAIET H
parametrami AU O Wl AEOT PG ARLI GEOEAUAADGT x AT EA mdzdf 0O E
E xCAGRAEWT GAFECMAIUNh D¢ Ul zB AN OlTtbHWSIKIREXEX AOOT Gg 1 A
xOPec¢cAUUTTEEA POUAxT AUATEA AEADPEAQ8 21 UDPAOGOU
xUETTATU EAODPOEBABAUAIEEUR EAET DAOAI AOODO xOb:
UEAXxEOEA DPi Gl EUCO peUIT O TA GAEAT AA EAT AcOs8

Badania DOUAEGAEA-OOGA Gl AIOOT ACTi EXEODBOBABAEXT xUA
iTFTA Ul AT Are x 1 EOAOAOOOUAR DI GxEMEATN AE AN UACUA
At OCI GAE EEI EAAUEAOGE&AO AUU EEI EAOAO OAUU xEBE
Ol UPDAOOUxAT UAE GOAAT EAAAE xUITT OUAAUAE T A vuvmtli
xUT T OECA EEI EAT AGAEA AUU EBIXEAAOBAOEAQAEEERI
AEAOAEOAOUUT xAt OE6 AKEAWNOAIOI EAVUUVEEN PEBOBEABDA I
nawet do EE1 EOAUEAOESAED OACI bDPIixIT A0 xE®EOUI G¢ b
raczej charakter poznawczif CAUlI OOOAT | Eddyss 0V ADBEERBDBE A/
DOAAOEAAU U OAE xUOI EEI E AEQGT EARAEKIAE SR GOABAAKI
EAOO AOAT xATEA OEcCAA&x IE BAHE | EAEROADD REA O URK
DIl POUAAUT ACiI h POUU UAAEI xATEQ uw AEOTT AOAOXAEUT
aplikacyjne, tladaniaUE A x EOE D OUA B¢ UOHE AANAAEE AxU T QUAEEEOMEE BADAE
AAOAUT DPOVABAGHR TABAE OBAAOOOUA EEAEEABBrachchk EAE
DI GxE6AI T UAE OAEEI OECAAI I 8

1.1. Turbulencja

Zjawiska fizyczneUAAET AUAAA x 1T OAAUAEAAUIUAXDOAGEE DL
ludzi, aOUAUACET T EA [T UGI EREAT £ £EAMEd N UD@EhA W xDiEdA QL
xUEAGT E¢ DOT AAOUh EO& Odd OAA AE]TA UBRRBRN BDOEHO U B O A
x@8A OUAE bPOIMPAROEIxA Oxa TEAUxUET A Uvecitila E
UAET T xAcU DOI AIPDIUAPEUEADAT AEBAUU E CAU&x8 * Ol
Dl AE®CA6 PO PEOO UEAXxEOE UAA Eieriskiej AMeediologicy, &4 O1 1 O
OAT AOAT 01 xA OUAET U , Al T AOAA AA 6ET AE 0&a Al xI
UcT T T1TGAE4a DPeUT AAAE AOBODEXEADEXAAOx| BVMMOB8 ADA
T A b E"Obsénag; the motion of the surface of the water, which resembles that of ich has
two motions, of which one is caused by the weight of hair, the other by the direction of the curls;
thus the water has eddying motions, one part of which is due to the principal current, the other
to random and reverse motion['10].



14 700

eane AVIE

3 H g gtV -
| sl Y o A
\ X \ """d" sAssnry ne RAMD :?.,..,.,‘;n .
\ \ e ‘J:"s"l( oy V'V 4 »

J P ) s m,.\,ﬁ.,{.‘q“vl

g ettt 7 /A

Rys.1.1.Leonardo da VinckOOOAEA OOAOAA 1T AA ADOUI ExEA

2i UxeE | AOAi AOGUEE E DI xOOATEA AUTAIEEE . Axi
AT A1 EOUAUT Aci I PEOO UEAGEICE xADEBADIGU KAUAEISBAT EA

Ol UxAIl AT EA TAAT AADERAKIVIxEEEEDAUBIN Ai 1 UAE Al Al AT €
AT POT xAAUE¢ U dahia NBliefaSokesa: O & x
T—0+ g ®= n+’ 20+® (1.1)

28xT il E OUOPARXXNTEATTEAA T  olowiepdirhi Gakubkari brzegowymi, daje

UAT ETE6OU OECAA 0Oexi Adh AUUIE OE¢CAAR x EOQ&OUI
TEAxEAAT T UAE8 . EA 1T UT AAL O anklifydenielO MU x1EA UAE DA AT @
Al xT1TTACT DOOABAUE£A

U UA

8E EAATT UT AAUTT Gg OynexEaUAT E

Al A UACAAT EAd Awbx Wi BAGIEBAAUAER EOOT EAT EA OT UxEaUA

Al AUEG TEAAGABHA UT AT B8 xT AUEA DOUAAOOAXEITT Ul x

4 AEATBY AgaAT EATEA O 11T FT A EAAT AE Oi UxkaOEKe 1 Oi
Ul

—_—)

x OEOOAE AEAOOEAAEE (I DEA OI UxEaUATEA AEAT OUA
turbulentnego. TakieOT Ux E4a UAT EA QStokdssOod) U.OA GibdkaerEypomocy
metody DNSj AT ¢8 $EOAAO . O AOEAAI 3EI O1 AOEdwe,gh AAEz:
OOeExUI EAOT xA DI T A DOBAEIT GABymulbaiadé BOUARE AGE x PO
OOOAOI AT OT DMsk Ui AQAA&EAAT AE OOI1 OIl xAT EA Bl G611 UAE |
DOl Al Al ex POAEOUAUT UAE 1T AAAT DI OUOEOEA OEos 1 AOT A
T AAUaAUI  EOTIEEEG@I I AAEQT B & opigndi) DOWAUAUE OAT O1 Ab
Reynoldsax AOOT Eéxh DPOUU EO&eOUAE DOUADPEUx 1 AIETAOTU G
ruch turbulentny. Na podstawie eksperymentt x BT 1 ACAEAaAUAE 1T A xEUOAI E
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wody w kanale, przeprowadzonych x A OOCEAE DI ¢lhx EMNA ASAES E k €A
AAUxUI EAOT EDUOEKBEABUx ATl & BACT EARUXBOEA 1 EAU/,
Pl UxAl AEaAa 1T OUAAT xAg¢ COAT[HA dicztaQa jesA stdsinkiegA E  E
AEAEOE x /GRAEIAUMIEE E AUOOUPAOUXxT UAE 1 APEIIGAET
iTFrA AUc¢ UABEIPAT A EAEI]

) Y Y
YO= — Kk —, (1.2)

gdzie 'Yi 0 0a 1T APl xEAAT EIl AEAOAEOAOUOOUAUIT'UIE OE,
odpowiednio | ADETAGAIEAI ERUEET Al AOURDBIEBBACT  Co RerioldsA E &

UADPOT BT 1T xA¢ OhdtodoO OAIOW-ORDIRWA Al E A16]OZaimdpiodianyO O A E
DOAAAT E +*1 01l A6Ah bDi OOAEODI xAg OOOADI AT OTWA xEC
termodynamice statystycznej. PrzU 1T PEOEA DOUADE Ux guwagiOaGohO1 Al

AEAT OUAUT a 1 AOGBOO6h UAUxUAUAE TEA EAOGO bl OUbd
AExEI T xA DPI1T A DPOBAEI GAE AUU OAIF xUUT AAUAE&A;
podobnie jak w termodynamice stafDOUAUT AE T EA EAOO DI OUDEE x /
konkretnej pojedynczej AU & GyériE E6 EOUA UT AAUAT EA [ AEa OOOA
AEAOAEOAOUUBOEAAA DPOUADPEUxH bl AT ATEA EAE «x

i AEOT OET BT xA8 2AUT T 1 ABEl OIDAQTTxUA AR EARU BA ¢ TTRAE A0 6 G
EACI £l OEOOAAEA j OUx8 AAET I DBIUUAEA 2AUTT 1 A
Oéex1 AT EAAE OOAEO A1 AAOGEIT xUAE 1 ADPO6FAdh 1 AUx,

2T UxE&aUAT EA OAE Ui T AU E E e jést jetdAakdopieéo pd dbkbnaid A E O
AT AAGET xUAE UA¢i I Ad AAZET EOEAAUAE OA 1T APO6I Al

AATTTATTITCEAUT Aci DPOT EOO xEAUATEA EOOI C
xUO0Os6 Pl xAT EA OOOOE OOOE AEENT GAEAMEA EI8 (e B ARAIEE  OT (
turbulentnym istnieje szeroki zakres skal przestrzennychz czego EAT A Q&0 RAUx UA U
UxEaUAT A U xUi EAOAI T AOUAOO AUU AHINAXNEAKOWRAGe
AT AOCEEh DOUAU Al OOAT OBIPO®E A A A BBAEIAARA B 8K AE 1IAK
UAxEAOAEa ccex1 EA PDPOUAAUEAE AUOOUDAOUxT U8 >
POUAPEUxO hCce&a RACT EAOO POUARAEAUUxAT A 1T AExXEGE
nbi i i xATEA6 A1 AOCEEUACOOADDRADAEUE 8 x EQIExAB E® O
ET AOAUET UAEh OI UPAAAEa OEo 1T A I 1TEAEOUA xEOUR
ET 1T AET A CAT AOGAAEA A1 OAU O1 1 1TEAEOQUUAE xEO&x38
prowadzi do powstania tzw. kasd AU AT AOCEE 2EAEAOAOI T Ah x EO
przekazywana U xESO EOQOUUAE OEAXUCKMIAUI EEABGEDAOAE AAU>
Ol UPAADO OOOOEODOO xEOI xUAES8h 7x GOAIA AWAD x EICIORIAEOS (BA
Ei 1 AETUAE CAT AREAEROKkBEOBAE T ARUEACUxAd EITAO/
)y T AOAUET A EAOEAAA AT AOCEE EIdAUU OEs T A OEAI A
kinetycznej. 3DAEOOOI OEAI OOOAOQI AT AEE UxUAUABEAT 6 A
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UAAET AUE AAUxe¢AAT T GAET xADOBADEBEAA RUAOQCE&EACED AU
OT UPOAOUAT A EAOO AT AOCEA EET AQUAUT A POUAPEUxOS
(stacionad AE x OAT OEA OOAOUOOUAUT UIq xBA6&OAWEXITAE
OGOAATEITAI & 0000 EATEI xE Al AOCEE EET AOUAUIT AEh
*AOO 11 0Oex1 EAIFI O0&xT U OOO0OI EATEI xE AT AOCEE EET AC
RoZ¢ AA AT AOCEE EET AOUAUT AE OOOAOI AT AEE x DPOUA
[17,18lh EOe OA 1T PAOOA EAOO T A Ax&8AE UACT AT EAAES8 0

xAOOT GAE | APET GAE 'EGOAANABUAODPEE ABDOUT BEjessEUOOUDA

TEAUATAITU BAOJEMPEUGAEBAT EAR UxAT A TTEAITAa EU
AOT AT T OEAT T xA OOOAOI AT AEARh Al A | AdstOstalysiydzAid 1 EA A O
TEAUAT AT A T Aorazh fedt bolBgeni€zEaA lizotropowa i ustalona (tzn. gst

OOAOUOOUAUT E TEAUATAFTA T A POUAI EAOUAdddadh 1T AOIT
+1 ¢l T Cci ol xA ceil OEh A OOAOUOOUAUT A x¢cAOT T GAE 1A
AxA DAOAI AODHE] GDAREEGx OPEcAUUT I EHA ABOODUBREABE AU,
Reynoldsax ¢ AOT 1| GAE OOAOUOOUAUT A x OEAITE AAUxe¢AAT T GA

$1 AAOEI xih 1A Di AOOAxEA AT Al EUU xUi EAOI xAER +1
POAxAI DI AT AEAdTOOxA O 7 Of 1 x ¥ jUARY? O@dzie 6 = DOSAET
Gati 60, 6EAODO OECAAI xa DOGAED GREAIXAUGERIOG A EEE AIODA G

x UAaQl DT xETTA AU¢ OT ExAOOAI T AR 16 ktbhRefrolisha T A DOL

0i xUF OUA UAIALTi Ge (i+A OAKUABO % BOMEOT BAEBO DD O
6t O 6,1813.413, (1.3)
gdziet EA OO T1ABKIOMS O GAc 84 OT ExAOOAI Tas8 0i ATATEA (111A

AOT EAEA OOOOEOOOU i8I AATARCAA cGA Bl  CCABDMAONAEEGE OE¢C AA
Funkcje struktury | ACOUx AEAOITE®OI ©1 8AT Al EUEA PDPOUADPCEUxe& x

i EOAGI AEaA OOAOUOOUAUT & xObececUAIT AITT Geg OEECAAT xI
Ol T UAE POTEOAAE POUAPEUxO8 &OTEAEA OOOOGEOOOU A
OBERU DPOBAEIT GAE x Axg8AE bPOT EOGAAE T AAAITTTUAE T b

OAci xAEOI OA8 $1 A AAT AE OECAAT xAE DPI T A DPOGAEIT GA
funkcje struktury. " AU xAEOT O OAPAOOE&aAU EAOO Oeéxpolal ACEU A
DOSAET GAEh | & x Efinkkji dtrukturyhA ¢ O TAB EA GO pépdcdél PAAC U

AOT EAEE OOOOEOOOU8 $ALEET EAEAT ABUAERATIEAE AEN EAE
D06 ABLIGARE U AcOCT @AE4d AOARWAOAADE OAT A EAET

=00, 0+ Gd 0y G 20 (1.4)
YA =00, G+ o Oy aa 20 '
o ATATEA UAAEETEIT xAT A 11 ca AUc¢ DI DPDOUAAUT A AOT EAI

DO AEI GAE E OAE OAI AE AcOCi GAE OAPAOAAEEQ(
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"W = 00, 008+ a 66 2C
%‘ 00, 00 o QA 20 (L5)

“)?0200(1 w+ (X(X (')(:1 ()Q(X 20
: AECAAAEAAR A xCAGRAEXUSBEOPAUABREUWAI Al a EAA
xOP&eE¢AUUITEEA AUOOUPAAEEN +1T ¢l 1T CT Ol x Bl 0¢ Oc¢
AEAOAEOAOUOOUAUT A OEAT A AT A TAEITEAEOQUUAE 00C
1 OEAl 6 AcOCI GAE(
,3 1j4
-= — (1.6)
1 OEAl 6 AUAOO(q
vo1j2
t= - ) (1.7)
1 OEAil 6 DOOAEI GAE(Q
=_ . ls 18
+ T (1.8)
, EAUAA 2AU01TT1 AOA AT A OUAE OEAI EAOO 0O0&x1 A EAA
t— U414 34
YQz,—sz 1. (19)
/ UT AAUA Oih +A AT A xEO&x | OIUI EAOAAE bl 0éx1 L

0a OACT OMITAQECQUdADET GAET xA8

Al EROUAUA DT AEOAGI Ech A OAI OFE Miewjnikd ohaCi OF >
U O0éx1 Ad30APDEADA AT A T PAOOA AUECA T A 1T AOAOX
Ol xEAUAT EA OAE OAT OEE U DOAxAI E AUl Al EEE xAE
mechaniki.

o1 i

E6AU
T AUUxAT U

1 ET OAOI EQGAT OT Uh TEOAGITTU xC
, (1.10)

gdzie s EAOO AUAOGAI h x EO&OUI POUAPEUGAAUDERAWDOWAI
czasem (rys.p 8¢ Q8 *AGI E xObeghAWol 1068 E OBIAG AGMHﬂﬁIM&Eﬂ
TAOI T EAOO x DPACTE OIUXEIEGOAIO[& BEISA A GQAOA
bl @éicho<r <1,00AE i A AEAOAEOAO DPOUAEGAEI xUS8
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u u u
ruch laminarny te |
L te |
ruch przejsciowy ruch turbulentny
t t t
Rys. 1.2 Al AL 11 Gcoddvasholl GADOAES 1 Al ET AOT ACI A PO

yTTui DPAOAI AGOAT AEAOAEOAOUUKIEGA U0 Uurludrgie 0 OOOA DI |,
I EOAGhpolisfx EA xAOOI GAE G@&AI EAE DPOSAEIT GAE
o+ "Y2
L1
wxﬁ, @D, (1.11)
o Y2

gdzie'YEAOO 1T EOAOAI OGOAAT ErdchiEtdriailenthdgt OT BT MO8 AKAGAE
UAPEOA¢ EAET ¢

o= Or @® (1.12)

OECAAICAUMEAES | p8pcq I TFHTA UAPEOAc T AOO6DPOE&AAT ¢
0y = %QGF 0¥, 04= d’)w@- oZ, éu = (’quF (V)&ae (1.13)

)1 OAT OODOAGE Al AEE [ 1 inidwarkufako: x OAAU UAAAE

o . T Y
006220 062 "Or 0020
"O: AT S il
Ko €]

W=

(1.14)

gdzied Of UT AAUA xAOOI Goore@®Ahhd Bamop2dAl @il EOAEA OOOAOI
T AUUxAI U EUT OOT BT xas8



7006 D 19

12. 3000EOOOA DPOUABGBEARA -BADEDADTI DT A x OECAAAAE
i EEOI POUADPEUxT xUAE

*AE EOF Ul 00A¢T xODPI i1 EAIladiarn®tUriuiehtriedo wiskaiC O AT F
mikro nadal wzbudza dyskusja A T ADPT x EAAI 1 AjedhoEnAczrE[AdpaU A.URAA T GE:
OAIF EAOTT xBUAADOURT EO0BAA [1d0d Ak U R ArppAvEz@ A E A
DOAAA DPIGxESAI T A ERNAICRAUABAEXT o8 Uh A COATE
laminarno-OO OA O1 AT OT ACi  x | EEOIT EAT AchRaéyBoldda AnadzrieA E O A
TEFOUUAE 1T EF x Reteddn20,21AEAOTEE ADQMJAK EFA DI I EAOE x
E T AAEAOAT ACI OOSBHAGBAUEREWREAACAI A POUAPEUxD x
I GOAAT EAAAE EIBRQAOIEAE] WABAJIT AAFE EOAUVUEADE S AEC
DOUAEGAEA Al OO@A fickbAdh Ré&ymoldda A £akrés@o0 € AQ< 1500, przy
czymta EOQUOUAUT A 1 EAUAA 2AUTT1AGA 1111061 1TEAUT EA
EUAOAOQI E A UiPddabne EbAdardac Kordynuowali Mala i Li[22]h E O@IOWXA L Al E
DPOUAPEUx xT AU PDOCARAEBDEMAID A wykonane ze stopionej
krzemionEE 1 OA OOAT E 1 EAOAUAxT AEh AEA&aA x OAT ODPI
DOUAU EATACU 1T GAEATEAAE EURARI EHEOE&xANABI EAGEUW
pe Ul ®ONRAU EADPEI Adel x~<BEAMNAE&EAA EI xAOOI GAE |-
wyznaczyli charakterystyki B OU A P & U x @hwieliE fréygadkach w znacznym stopniu
I AAEACACUAEAOAEOAOUOOUE xUUT AAUTTUAE OAT OAOL
zaobserwowali A1 A POUAPE Ux & x U xE6EOULprteE kapildfyA O AAI[ E
TAEITEAEOUUAE GOAATEAAAE8 *AAT AE xOAU UA xUC
2AUT T 1 AOAR Ui EAOUITA xAOOI GAE ODPAAEO AEGIT EAI
x AOOT GAE xUUT AAUT 1T UAE OAT OA O Wtorkybod) AAT A ADBBR A D
Ol UPAOOUx AT UAE DOARAEGEAEIAMECARE OOOADOI AT AEE  OT Ut
Reynoldsa z zakresu300 < 'YQ< 900, a przd¢ Ux x DACT E OOOKGI AU
1000 < 'YQ< 1500. Mala i LIUAT AOAOx 1 x Al ElZAQraEndwanii lakiego samego
wydatku wody, OAEEAE OAI AE dJdOORAT ERAIVATEAM DA ADEOT BT xAOD
x A x1 6 O @pbtyAfdrauliczne wkanAl A x UET T AT Ul U xEoEDUVAT 118
kanale ze stali nierdzewnejj x EAAAUU O 1 x EQOEODURAD | A DARAL
wykonane zi AOAOEAEO EUAOT £EI1 1T xACT TEIF EUAOI & Al x A
OAT OAOUAUT Ui E 0O&x1 EAI x OEAIE | AEOI 8

“AOAUT xAlITUI DAOAI AGDAIx 1 dpard hfcradlilieznd (ak i na
COAT EAd6 DPOUAEGAEA 1 AIETAOIT OOOAOI A1 OT ACi h E/
@AAT EA AEOI Bl x A GhoBrowaral preézAcartidk ETAE AZ3D W zakresie
DOUAPeEUxex 1 Al ET AOTIUAET BESCERIT kA Ok BE UDOAT Ak T BT (
Dl DPOUAEGAEO Al DPOUADPEUxBAIOSOOMOE AT OTAEQIT BT PA
Ul AAUaAT xUOAOOAEa xOAU UA2AUx#&BOIODIAK AdTEGEUAVU
pox | AOEA Oex1 EAI (NEAA UD AU ApEC AdGhdenifeld & 1 kierankd
T El @ 0ozbAReynoldA8 0OUU AQIF AE QAADHAIEA I GRLEINATAE 61
EUAOADI EAUT AE ouytti OOOAODI ExURAARENC BHONRAPHEHEBACD AO |

POUU 1 EAUAEA 2AUTT1 AOA 0O&xT AE ynms
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x 11 Ax EMARIAUARE BEARMAAER 11b AW A EA
AE UxE&aUAT UAE UA Ui EAT a AEAO/
Ut GAEAE T EAOQUITT OPAAAE AEGI EA]
AAEAOAT UOEDQUANLEOP CIUWJOUIUA AGABET AE
x AOOI GAEAI E OAT OAOUAUT Ui ER xUI EAUTTUIE Ai A DPOUAE
xAOOI GAEAAE 1 EAUAU 2AUiTT1AOGA OI UPTAUUT AEa OES®
xUl EAUTTUAE8 7 OAT ObPI OeAmADAI GAEAOCOBAERO UAEAID
O0000i EATEA AEADPEARh OUAAT x Aluibulel@rdogo] iz cwzynb @eJ AE GAE A
otrzymywano tutaj informacji o struktuOUA DOUAPEUxdd cé Ui BBUQU TARMOAU]
AOIFIUIE AEC6AAT Eh CAUI | EA Ophikiet jedyeAvimikibkadale,Gle EAT EA 1
O00i a OPAAE&x x [ EEOIEATAIA E OECAAUEA Al DOl xA
70EOO0AE OACI xUITEEE E x1ETI OEE 1 PEOUxAT A x OUAE
dostatecznie wiarygodne i pewne.
$T ECAAT A twhbulénthdf OQDOOOEOOOU woiOAEAMicaokiGAET ExA AuUcU
dopiero po opracowaniu technik eksperymentalnychbi Ux Al AEOABABODODAAES DOb6A
DPOUAPOUAO EEI EOI AOODO AUU 1 AxAO EKI BEOWUERAITY AIE ¢
mikrometrowych rozmiarach.. AEAU8 GAEAE Ol UxAl a OAAEIT EEah DIl Ux

AExEI T xUAE bDwskalit®o EBEOGAEO0)6 | AT c8 1 EAOI O0AOOEAI

71 ET OEE UAxAO
DAOAI AOOex x080
AAAAAA A

A

¢]
-
E

A
U
A
0000i EAd AEADEC I
A

[27]. Jedna z pierwszych prac BT GxEo@&biUEA OOOAOI AT AEE x [ EEO
xUET OUUOOOBaAA) BAAEDDRA I & F0D5wdkil phzezdlLh O @k ¢iDldeded A
[28]. . A DI AOOAxEA PiilEAO&x AExEI T xUAE bel DO6AEIT

i EEOI EARASOCII®AEI wymiarach przekroju poprzecznego 320° & 330 &

wykonany z PDMS(polydimethylsiloxane) autorzy wyznaczyli COAT EA6 DOUAEGAEA |
turbulentnego jako'YQ, = 1535[28,29]8 7 AO0O01I G¢ OA EAOO AEaci A 11 EAE
U PITEAOEx | ARWUIUOEGRAH xBDBABAXxEAUxAd OAT OAOUAUT UAT
znacznieil T EAEOUA TEI Al A xAOOi GAE POUUOAAUAT UAE xA

TA PIiil EAOAAE OPAAEDO AEGI EATEA x [ EEOI EAT Al A8

Najnowsze | DPOAT EET xAT A AAAATEA DI EAUOEah A Al A
ET ¢l xUAE E ExAAOAOI x UA E Iprzelkdjulpbprzécznégh ale)FAosunkE OUOA ¢ O/
xUOT ET GAE E OUAOI Ei GAE UAT EFT T UI Al EAAT T GAET
OOOAOI AT OT Aci 1 AOOsPOEA DPOUU 1 EAUAAAE 2AUTT 1 AOA

makro [30, 31, 32,33,34,35].. EA UAT ACAOxT QAN T EDexT BADOEOOOUA ¢
Dl I E6 A @uhikr® Endakro. Sharp i Adrian[30) POUADOT xAAUEI E BITAA pum
D OU A b ¢iétzy w szklanych kapilarach o0GOA AT E AS@ & Edo 24%& & . Podczas tych
AEOPAOUI Al 0& x OAE A OO OIbadaryrE mikioRahadlefokaz WiyEngeali,dal E A x

Dl AOOAxEA bDi i DA®sx DA AO6tAET GAE GOAATEAE E A1 O
I AT ET AOT UI AT E OAUO TEA UAT AOAOxT x Adoietycink 006 B 00 x
Al A POUADPEUxDe 0l Erhdaddd AMBIAEAA DOUA BudAléntkegd AT ET AOIT
ATE OAUO T EAOOWBAOACAA xAOOi GAE WDOABRWEE GA OE!/
granicach 1800 < 'YQ< 2300. 01 AT AT A x1T ET OEE O&hOi O6 % & A0 A ARE 8AK0
DT AOOAXxEA DI i EAO&x DOUADCGOANAT £ARIBE doi38BAl, AC AAE
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0t O0UTT Gg OexT ATEA 01T EOAOEI T A8 A O& xridizAlhegox | E
AEAEOO bPIGI EUCO T A AGAMEAEARBEIEAIAE O pddobowd & U
powierzchni. Podobne wyniki otrzymali Rands, Webb i Mayne§33] nawet w kapilarach o
GOAANBAMUWUAEOAOEA 1 AT ET AOTUI TEA OOxEAOAUEI E
xUT EEAI E AEOPAOUI AT OAT T UI E E OAT OAOUAUT UI EF
01T EOAOBIATABAGh PAO U A Et@Bulerinedo Adotisérwowdli Hla liczb Reynoldsa z
zakresu2100 < 'YQ< 2500.

W jednej z najnowszych publikacji Wibel i Ehrhard34) UAT EAGAEIT E xUT EEE (
E DPOAAUUUET UAE bHbi EAO0O®O ABDGEBEOGUIDOFABRUEAT Ac
GOAAT EAU EUAOAGHE &hA UB AlEU OBUIAEDT I EAOU OA xUETI
o&lr 1 Ui 001 OOTEO xUOI ET GAE Al OUAOIT ET GAE j ¢
DOUAAOOAXET T UAE DPOAA AUl OOxEAOCQWAA BEshSkall CT AT
mikro i makro oraz, F A AT A EATAEO 1 DPODAHABEGAELx AAOAX
TAOO6DOEA DPOUU 1 EAUAZ0A € YO AR200. WraA 22 AvzrdstentUstoudkli © O
OUAOI ET GAE Al xUOT El GAE EATAcO 1T AOOoadEA b
OOOAOQI AT O1 Aci x EEAOOT EO xUlFOUUAE 1T EAUA 2A
intermitentnego. Dla D OUAEOT EO OEADAEBO I pqdgec DOUAEGAEA Ol
2AUT T 1 AOAL9RDE& YDU2EEM, a dla stosunku 1:5 2300< 'YQ< 3400.

0 AGOI T xOEaAh 1TAETT xOUA bDOAI EEAAEAR x 1T AOe
AT AOa UCT AT T Gg  x UzmiarE struktunp DIl E AOSXOPABEABAEX O bDC
EAPEI AOU 1T QeAd i gizAvudywaaxmbiédretycznymi E OAUO1 OAOAT E ¥
b O Ucka Ba@inarno-turbulentnego w skali makro8 . EA D1 Ox E A @dstildwiariegoO & x 1
w pierwszych publikaciach DPOUAOOT E6 AEA COAT E Awrbulendépd BWG A E A
EEAOOT EO T1TEIFOUUAE 1T EAUA 2AuUli1AOGA8 7O0OUUOOEE
POUAB&UX EEOTI OEAI T xUAE x EATACAAE 1 Ul AAUT UAE
OAUU xEGEOUUAE T A EAE GOAAT EAU GEIUKORAIOE EMAIA AKA
DPOUADPEUx0O8 *AATHAEAADIOABAGBIUALT AAOAUT AOFA 1 DI
OECAARh xWi ARAEGAAUI OOUAT EAADOBRPEOAOEAOESAED
AEGI EAd DI i E6SAUUEAI AdAB E ©OBCT OAIUCIT cAMEGIcz OUU O
AEAOAEOAO PI UT AxAUUh [ AEaADODUADCAAI @ UAHEWGIOEM
APl EEAAEAAE DOAEOQUAUT UAE x D Wi nkfoAkaliAjesE hudn® AE A«
Ecl Pl O ExR8 POSAET GAE PDPOUAPEUxO 11ca AuUg¢ xU
i EEOI POUADPEUxT xUAE 1T OO1 OD1T ET Al O0&dBXEKRI EERAEO
jednak POAA DI GxEAATTUAE AT Al EUEA OOOOEOOOU HOU
Pl 0éexT UxAITUAE U EAE xWAAOAUECANTEEQRI AT P 6
niniejsza praca.
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2. Metody analizy eksperymentaln ej

2.1. Klasyczna (makroskalowa) anemometria obrazowa

Anemometria obrazowsh UxAT A x OEOEAEA 0)6 jAT @& O0ACQC
i AOT Aa PITEAODAAEREI Ax DQAEAGBIVAEAAACI36],GEE DEL
g¢ & yrhi zaletAl E AAYET x AUUETAGAE | @AI OA OU Adldo BhataktefuC OA T
AAAAT ACl  pWumadadyUesOedynie | BPOUAUT U AT 006D Al ET (
Di OOOUAE&a AR E@EOUPEWOE AUl XOAUAO0DI AOUBOUEAO
laminarnych charaktetU UOE &4 AUAE OE® 1 EAxEAI Ea DOOGAET GAEATF
Ul AAUT UAE DOOGAET GAEAAES8 : AEOAO PI T EAOI xU 1EI
Oi MIExEAEaAa OAEARIOCOOABGEAUIN ADABRIT £ EBREGU EBAA 5@ EB
U AOI UAEI ®AEddtkewo U T APT xEAAT ET A QIPémiarApolegd 6 O1 E
UAOAEAOCOOT xATEO x Ul AT UAE T AOO8PAAE AUAOT xUAE
dodanych doD OUAPE Ux AEAARQAU ADONT T EEABROUUI xUUT AAUAT E
AUa OOONER GAT Ui DOBAET GAE 7ATT AU E£ADQIO OBE Ui WADS
UxAT A DI OEAxAi h AucU 1T ADPI xEAATEIT AT AOAT A «x
' ¢éxT Ul EOUOAOEOET EBEAUWIT AGOOOEARADIOEAA TCEDA Ex AQGIC
AUc DUl OAOOGAEAT O11 aryOSDACT EEA OBRUBTKK@S ETT xAg  x
COAxEOAAEE 1| OAU AUUIITUEBERAXO BT AXCGEA LEEAI T U AARUIR 6 BV EOGA
jak najbardziefUAT E | ICI6 0 ORGAIEA AA Q. R8I A BEE 6 OQOGABACEIT 1 E
DOUUDAAEO DOUADPEUxeml xITEANGOMCAEAG DR UAEh B0a BBR
Ul AAUT EET x UA B A oMaa @©6AdE ABEWABWRI(RAA E

gdzieo, i 6,04 ADT xEAAT ET DOGAET GAEa AUaOOAE,ULAAUTE
CoO0AGABDDAE E COOGOFME &£ ABc AUBADDREAER AUT Al EA
7A001 AE 1T COo®DI IGBREEAUAO0OAE E DeUT O EABO EADU
DOV AET GAE x AE AdomidshviainetenODAAD&Ex EA O G stdshndkd UT ¢
" aOOO0AE EAODCOBOAO OUOEaAA8 ! AUEGWAAEEI AT BUD
inercyjnych Aa+ U OE® AT OFUxAT EA AAGQAdd zakrdsi0B A A U4
Q<5a.7 DPOUAPEUxEA T EAOOAAETTAOT Ui h CGAAUAJeHAA
EAOO EAAT AE AACGEIT xEOA xUAI EIETT xAl EACOQEDBEEAU

OAT AEOCAAEER DIAEWGsHTx AA 6 AGHDISEA BB BEORAACT UA O
Ui EAT T4 DPO6AETI GAEah UAAEZETEI xAT U EAOO EAET ¢

t= G o 2.2)
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QUaO@dsiewu | OOUa AuUc¢ OAE AT AOAT Ah AAU bDi AAT U AUA
T AEI T EAEOUUAE OEAI AUAOI xUAE AT Al EUI xAT AGClT DOUAE

cCTATT G¢d GABo ABa OOAE UT AAUT EET xUAE E OUAAUUXxE
pe Ul Oh AT EAOO OUAUAcel TEA xAITA x AT Al EUEA OU
I EOAGI A 1 EAUAX, Bdiriowdndako [V a OOAE

Y = o (2.3)

gdzie fo EAOO AEAOAEOAOUOOUAUT & OEAIT & AUAOT xa AT AT
DOUUEI OEA QEODAURAOOEIEA UT AAUT EET xA 1T AxUI Ol xOEa (
AT ECAAT T GAEa A{HBEOUA TEI wwb

00UU DPOUADPOI xAAUATEO PI i EAOEx DPOABAJEERA 0) AxAQ
DOUADPEUxAAE 1 AT ET AOT UAERh UCIT AT UAE U DPOAxAI 01 EO.
TEA EAOO AT ECAATEA Oex1 A POSAEI GAE O11 OuaAAci E
nbl Gl EUCO6 j AT cs O1I ED OAl IOKE GUWag OWAIEA IEU xi A OUWAII &
[38]:

(2.4)

,_1,.9°
O[ZEOG%

gdzie 6, EAOO GOAAT Ea DOpAEGKkGAEERET @OBA MEOAKB WA T I AT EC
xAOOT G¢ OAciT PIGIEUCO 1 T1TFA xUTTOE¢ 1 AEOQUI AITE/
I OOUUI OBMJAaUNOEIEA i1 ca 1T EA¢ GOAAT EA6 Al ptbhp xUOIEI
OAT EAOO UAxOUA OPACTEITUR CAUI xAUAGI EAE xUI E
OF UAEA AU&AaOOAE 1 UT AAUTEA I TEAEOUUAE GOAAT EAAAEES

AT AU OAEFTA PAIEoOAch WABOAUEBAOEBRxUT AAWUKELE x &
DOUAPEUxDO x AAUDI GOAATEI OaOEAAUOxEA GAEAT AE E
bl AAEah F+TA AUaOOEA O1 1 OUITA POUAU DPOUAPEUx 1 OE
DOUAPEUxO x 1 Al ACOAGA A UiaBOEIEE (BBESOAADEA

#UaOOEE Uh AADIOERIUx AOPACT EAT EA xUI AIEOOUGI EAT E|
- AT OOAOCABPADUAC OGKkERBOI A EEGRLAU i B O UGB AUt
EEE UARCAOADOBAGEB EAVEOCCAI | OUABABBLwWw EA bceUI

X
VA
AAUT Ul . Oo@dtkéwio kddcer@racja pdsiewu niepowinna AUGAUO AOF Ah
C

(@]
(D¢
X

i TAAATT Ge¢ TEA 17TAUEZEETI xAC6A OOOOEOOOU A
DA OA T Ande€hamicznych,chemicznych i termodynamicznychO E ¢ AAUG: O GSigvél ni®

Ppi xETTU OAI AU¢ xUEITATA U i AGAOEA¢é&xh ,jgkODs OUAE
Oex1 EEAN Bl xET T U DI xiin&dczedad | BTl @lsté@idviiska pomiarowego.
.AEAUEGAEAEBAUAOO0ER W1 DOWIUPRAIAELD PiiELHAOE OOBAG OKS

>

O @

O ox >
m > ]>l m

kropelki mieszaniny glikoluiwodyh T A T Ccé&¢ T1 GCORANBESAANE AT A Oa 08 x1
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AUaOOEE U Ol AT E@200D41001 EAGOAARA) BAAODBADPEUxO Al
TA 1Tcee¢ U OrUAEAI AUaOOAE xEAITETAG\uBkehaAychEzET E O
Iateksu albo innych tworzyw sztucznych * A E I D'I' OE A x IM'XGS@I AA LO:Ja@/OCDe xQ
Ux E®UEAT EA OOT P1T EA @l@a@m@wﬁlama©DEmmEAwnammTE
A TAAATEA AT OAU OWAAOEAEEAI Updisoén BILOKk ERERE A
(lycopodium) [40].

W tradycyjnej, makroskalowej technice PIV [36, 377hn  AAU OxEAT AUT E
UT AAUT EET xA x DBl OOAAE EAOT UAE bPOIT EOEx T A EAA
bi Al ACA OAEAOOOAAEE AUAEOI xa EAI AOah T AIAFU A
xa0Ea xG60BAOKT ah OUx8 11TFAI GxEAOITUIh OA& Oi
AUl ET AOUAUT a8 7 OAT ObPi 0eA xEAT AUT U EAOO OUIE
jest zaciemniona i nie podlega rejestracjirys. 2.1).
Image
acquisition
s_\'stcm
Image
processor
Rys.21.3 AEAT AO OOAT AAOAT xACi OOAT T xEOEA DIl EAQITX
* AET ' O8 AcGOT GOEAOXOES 1 Al DU EAITTCATT xAh A
Ei pO1 01 xA 1 O0A GxEAAaAA GxEAOEcAI AEacecuis /G
TAxAO TTEAE TEF EAATA 1TATT OAESGT AAh AT A ET OF

otrzymanie T EAOT Ui UOUARBR U4 Q@AMEIe xT AAUT EET xUAE bHOUU
POUADYUAXABUU OAEAOOOI xAT A Oa DPOUAU AUAEOT xa
I GxEAOI T 1T ACI POPAHABREO EADBO8 APY AOI xUAE DBl UxA
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AEXxEUUAE® 1 EAUT HBAEECOOPBBREDEEI QUCOAAEFAc DI AAAT A
komputerowe oprogramowanie PIV.
OOUAOOOUATTUh ABxEUA40OQAEOI WEAAWI EET xUAMERh Ul AE

T GxEAOTTTUI TAQUAICHAADOURADE OXEBBLSIDOUAU UAES& O

, (2.5)

c-=<- ka.|G<~ ._'\<‘

gdzie Yo= Oeiptio EAOO x AEOT OAdej ARIIAOIOEAT ExXA OO ExUI EAOT xAE
DOUAPEUOB8UATERAAA OEBACIOOBDO GAE OIGKE AjOCBOAT Gg T 1 I
Dl ¢i AT EA xEAT AUT UAE AUAOOAE T pEQGXxAT A EAOO OUIE

Y

Ao

Uktad obrazujgcy
kamery

Warstwa $wiatta o grubosci AZ

os$wietlajgca fragment
% przeplywu

s

Ptaszczyzna fotografii
Rys.22. 3AEAT A0 0OUOOI xATEA 1T AOAUO TA DBEAOUAUUUT 6
T AxUIl Ol xAT U EAOHDI PpPDUACEEAEAAB] EWRO & O COAEEE
| AOAU AUaOOAE Ul AAUT EET xUAEEAUAOUxAAUI B
220 E UADPEOUxAT U EAET AxOxUlI EAOI xA AUEOI xA & O
OO ExUI EAOI xAE DOUAOOOUATE 1 ADPI xEAAAEaA EAE e
fotografii. Zbiorowis| ABDT xEAAA UAE&O

Iy
i
r= &, (2.6)

lg
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gdziein= aaon EAOO DI CDAAT EAROAUO AUAOOAAUEE 4 A b
i EAUAAT I GAEa UAEI 008 +AlI AARE AUaOOAA Ul AAUTE
Al 01T COAZEEER AT A TEA I10B0H 1 ®AOQGIUGA HIAKALBI &f AMRJIE
I AxUT O x AT EAT  x E 8 A A Erzetznistej BrdestizehiESpovatawaie et tox

OUIih A AUAaOOEE wmnAxCBA OEGA UVABDE MAHEAZGDHOODE x AT /
OAIl T TEAEOCAA TA £ OIQOAEEEBRAAENAGMGAE GUAET 08 x

& 0. 2.7)
7 AEOPAOUI AT OAAE 0)6 AalU OEs A1l OAci h AAU

I OEAaCAT A EAOO POUAU O&EI OIT xATEA TTIA GxEAOITA
OPACTETTU Aue xAO0O1 AEq

: L 1. (2.8)

AT EAT EA 8)Adaatz& O A 8DOAXxEA EAIAA OUAAUUxE(
OADPOAUAT OAAES TADOEERECODLBEE® COOAT G¢ xAOOOxU
OuUl A AOIAh AAU AUGHBIOGEIEE ADTI10®A U EdbAdh waB@y 01 D A A

70PD8c¢OUBATA T A PEAOUAUUITEA & Ol COAZLZEE UxE

DOUAEOUOACAAT EAT 1T ETEI xUI g
an_ W@
W= +—,0= +. (2.9)
V) V]

70D ¢AWVUEAGE xOP&8ECAUUITEEEAT OEAI T xAl EARh EO&
DOi AAOEA OEAI T xATEA OECAAD DPiil EAOI xACIi 8

0F AAUAO AEOPAOUI AT OGO 0)6 OAEAOCOOI xAT A Oa A
znanymi AOOSDPEA YWY ADPEAOKk OUA U AFEdiuli& i chwili oAEx EYO.E
| OOUUI GEAI U xEo6A AxEA A& Oi COAEAEA UAxEAOAEA4;
DOUAOOOUAT T UI ABAAGOKAI WAEAUVEIEEAODAELAEE 11T A
AUaOOAE UBIGAALG BEAJ DOAEBGUAARAE OAI BUAET OU 1T EA
OAi ACi UAET 0O A U4 O Owidobznyehid pierwAzyrnd GbcazieAw azas@A E
iiT-A T PpOGAEc EAAO EAI AOU E TEA AU¢ UAOAEAOOO
i AOAUEA (i ca bDiEAxEc¢ OE adoczAd) aaOpieBrvEzej fofo@afiiOMm 1 E /
UAT AT 1T GAE T A A& GAUGAEA EJ GOORAG xGAREBarbkietu ArU SR EB OD R
i EAUAA AUaOGAE IxAERTIANGAURAEA E  ABdAidBAI T08AIT A 8U A BAEC

x bl OOAAE OOIi U PI AUAET 08 xd,

3 =3 & o,

) N (2.10)
30 =3 O 3 0.
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Zbiory oznaczone indeksemb UAx EAOAEA DI ¢i I AT EA OACT O&i ACi UAI
O z1 ABGESG&E OAIl a 1 EAUR Zbidry BzhaBdor® dndeksemi UAx EAOAE &

TAOT T EAOCO Pl &l EREBDAARAUAOOAEOUI ET x EAAT AE AEXEIE
01T AT ATEA EAE DI POUAATEI h OUAAUUxEOOUI UAET OT I

Q=& [, 2.11)
o =0 0.
Tutaj podobnie, zbiory oznaczone indeksembh UAxEAOAE&a ET £l GQUADBRER DI
EO& OA x ©Ara dohul fdtografiach, a zbiory z indeksenmi informacje o BT ¢ 1 | AT EO
Dl Ul OOACUAEARNBDOAEROUI ET TA PEAOxOUUI 1 O6A OUIEI
*AFAT E 1 EAQ EAGQO UVAEde@tara fotdgrafii zarejestrowanych w
chwilachq, i UAx EAOA ET £l Of AAREs 1T DOUAT EAOQUAUAT EAAE AL
OA 1TFA AU¢ nxUAT AUOAG U OUAE & Oi COAEBE POUU
praktyce wymagane jestjednakh AAU AT T AEIi T EAE onb AU&AOOAE U
fotografiach.
00T COAI U 0)6 nxUAT AUxAEaAAd EIT &£ OIl AAEA 1T DPOUA
AAUOEa ccex1 EA T A Al cioudi AAE POUAOxAOUAEAAUAE
bl AT AEAdOOx 1T A EIITAET UAE AE COAEBDAABDU ARNAAEAQRR

PDi OOOUAEaAa OE6 COOPo6 AUaOOAE Ul AAUT EET xUAEh U/
AUAOOh Oa DI AT AT Ah Al A 1 dirgoidgo B ERA QO EB AATAO UAAAET ARG
AUaOOAEh AsAaAAcCi OEOOEEAI cb O WO URADGE WAEGBAD G AAA DS |
szeregAA £l Oi AAEE 1T ACAUQUDBREABRDOABUT AOADBBOBRDHUIT & x
OOAE xEOI xUh OOOAOI AT 6T ugh EAE OAFr U pPixiI Agx O
elemen0& x 1T DOUAUT UAER 1 GABEa®iy $zinky Anariydy kakdécyfrowej i

ETTUAE Al Al AT O& xDo Ahwil dbéxaef il AR HAEGEBA E AU ICO @AINDIT &xE Al
[36, 37, 41lh EOeOA [ AEa DI ATT OEg AT ECAATT Gge OUUOEE
TEAxOAINaEWUEEAT ET T A AAZELOI AAEA T AOAUE x

2.2.  Anemometria obrazowa w skali mikro -{ 0) 6
Technikaanemometrii obrazowej, zaadopd1 x AT A AT BT 1 EAOrazywara | EEOT Ol

wOEOEBAEA t0)6 j AT C8 [ EAOIpozvdlaOn@ERE AT O EAARMIx BUK] T AE

OO0OOEOOOU DPOBAET GAE U i EEOI T AOOI[274 42].0WUAUEAT A
i EEOI POUA BEXUMCAEA EThRA UAOAE | EABMAAGI 11 AA TEBEOMA xTEIAICA x@x E A
OF UAEA AAOAUT 1 ACUAE AU&aOOAE Ul AAUT EET xUAEh AU

xEAUEAITACIh xUlACATU EAGO EITTU OPi O8A3.I GxEAOI Al
7 EIAOGUAUT AE OAAETEAA 0)6 xUAS8O DEAOUAUUUIT U
i Gx EAGIEAN A x AOGONEE | GEEAAGCMCT DOUAEOT EQraAl Al EUT >



Metody analizy eksperymentalnej 29

AUUI COOAI Gg OAE xAOOOxU EAOO I TEAEOUA 1T A ¢
x OUUOOEEAET AMAIAMEKBAED & K E OEIST 1xA 6 &) xOOMAGKBEAOAE U 1 A
AT A1 EUT xAT ACT DOUAPEUxO EAOO UAAESHK znhdednikode E 1 E
Ul AEAOEaAaAA OEo DI UA 111 Al GxEAOITUI TEA Oa
OAAET EAA t0)6 OA& OI lixAGERATTGAEA CGEKEARD 1 ITAKGT 1 AC
ci AT AT AT EUT xAT ACT DOUADEUx O OFE c@hdic x © AljesRa AA G
DOAEOQUAUT EA. Z1tdgd pdwbdu BARAx UAUAE OOT O1 xATRBRACBEDO
AAAAT ACcT HOBAPCAEKIO T OO0OA xEAT AUT A Oa AUaOOEE
I OO Odbieklykiu mikroskopuh A AU&a OOEE A6 AaAA ddladhhzmiyh DS A
Ao AGEADIT I arpBOUAR B3 ORAOT AE oOuci AecdO Al OUdi 6h U/Z
EAOT I GAE 1 OO CGOAR BEWE®ORA EOAANE 1TA AE CREOWUAA &I AT U
dodatkowo przez EAOET T AAEEERAR MU A8GHAERIOBARA U x EAOxI
AACET xEAEA xUAITEIETT xATA DI POUAU OFUAEA AUa
£l 01 OAOGAAT AUET Ui E8 #UaOOEE &I O1 OAGAAT AUET A DI
fal) emituja GxEAO¢T 1 AAOxEA ETTAE TEIFI GxEAOET xU
AT EOT xAT ACci EAOO UAxOUA xEBEOUA 1T EI GPRomA®EA x
Oi TA T AEEI 001 xATEA GxEAOEA xUAOAUAEZAAEGRA UECE
GxEAOEA AIEOI xAT Aci DOUAU AUaOOEE Ul AAUT EET »
AsAaAACT T AOQAIUAMEAREAaBAOAE OE®& OUAUodiektywu JeshOOT G
TEAIT I Dedrak8p DPOUAU Ol UOa AT A AT AOAT EA npA OAT /
ekspeOUT AT O& x [ TTHAEKIAATEERAOOxDE UxO nOUOI &6 O¢As6 Al
Oi Tl ExEAEAAACT DPOUADPOI xAAUAT EA DI i BRI XA U0 GA
UAOExTT DPOUADOBDURTABAOT x4a8
$1 A0 AUaOOAE Ul AAUT EET xUAE

#UaOOEE Ul GIAWA £IEA xA DI IREAODADEAG 0 ARAE DI /
i AEOT OEAT T xAE OAAET EEE 0)6h 1 0O0OUa OPACT EA¢ EE
UAOAEAOOOT xAT EAT AADBUEDEIVGAE EIT OA1 AAEA Al 00
AT ECAAT UAE ET £ADOBRAAERATI EVDOADECDAT xBQI PAOAD AU
Ol UAUEAT AUT G¢ POUAOOOUATT A xUi ACATa DPOUU OAC
AT A1 EUEA Dbel DOSAEI GAE U OEITUIE COAAEAT OAI E
znaczneE i x A 1 O0U&l xARAT E’RD PAODE xT ATEO U 01 Ui EAOAI
AEOCI GAE 1T AOAOxT xAT UAE OOOOE®DBRBDOUAPA puad B O P\
badanegob OUAPE Ux 08

*AE EOI Ui OO6A¢T xObPii1TEAT AR x OAAETEAA 0
i AE6 OIUGDE URORh Al bl x| AIDEARI 1B 1ERAxAERT AU OEG O IO ¢
Sosunek tego szumudo EAOT T GAE 1 AOAU& AUaOOAE Ab6A&aAU
obiektywu, A OUI OAI Ul préepré&n@adidnychbiici EAO&xh x GAEOEU O
xEAT ET GAEE ORUAOOAE Ul AAUT EEI x<UAHRE | BAE EIAT AAIC
AT A1 EUOEAT W ODOBADEAAS A xUOI EI G¢ EAT AcO EA

OF UOUAE AUaOOAE UATAIrU T A PAOAI AOO&Ex EUAOT AUl
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DOUAD®UACHN AOOAINT IEAOe®U¢ x AT Gg OUAOT EEI UAEOAOE
ETTAAT OOAAEA AUaOOAE8 +OUOAOEOI AT AT OO 1T DOUI AITZ
nxEAUEAAU Y4 @@IAMAUT EET xUAE AO6AaAUAE x BDEAOUAUUITE
Ao AaAUAE Dl UA76A UE &di&ikGfnibwdndjdko45]:

WA2i, & iy G+O

“GOZ0Z®+1490 +122 ¢j0b2 1

(2.12)

gdzie Q, EAOO GOAAT EAa AUAOQABOIUEAGAE®HEEAUAE®DHh GAEA

PEAOUAUUUT U DI i EAOTh AEOU AU GEAGBAG 4E EIl AEOMI (hpcidia AT U E A C
DIl EAOex 1T AU®IOHE BE&OAG=002), _ z AcOCI GAEa AAKE GxEA!
DI xESIEEONA OECAAD | BEODOEEAUWRCEEREEAI UACAI ATEA Gx

DI i E6AUU T AEAEOUxAIih A AAAATUI (OECABAOOOIOBRE OI
T Ol AOUAUT & 1, AEREDAgORGCRAEGxT x AT AE AUAOOEE T A TA

I Al AcC Oil @A dvigkiywu). Parametrf T EOAGI A PO&C OI UAUEAI AEaAU

EACI xAOOI G¢ DPi AARMBIE EADOCEABKIUCAST AUEBADPOSBDPEAUA
AUaOOAE Ul AMWWEREOBABAEAE OE6 x EAATT OOAA 1T AE6OI G
widziall T GABIT OOAEA xUUT AAUIT A AEOPAOUI AT OAT 1 EAR E.
DI T ESBAUU xAOOI GAEa OOI OOT EO Ouci Acgd A1 0OuUdi 6 E
154518 $1 A OOOAI T 1T UAE DPAOAI AOOex 1 DPOUAUT UAE OOA
AUc 6BOBET T A DI DPOUAU Uil EARBIOCWAT BAU AW EUIEN B ARG DOARL
EAT 8 O$1 A OOOAT T 1T AE EI T AADIGOAM EAU A UGH-ORDAEMU IxTEM UEEG

AUa OOAE T |1 EQ &l Wwikarzyaoid doiekEydwmikroskopowego ox E6 EOUA E
aperturze numeryczneji68 7 EAUEAI 11 G¢ OUI ET x 1T EAxEAI EEI OO0l
obiektywu 0 E EACT 1T Al Ac¢ci GAE Ol AT AUAE

+7 OUUADABARARI2) GAPOUUEI OEaA=2ERUERAT ix@ET AAUUG
I DOUI Al Ta ETTAAT OOAAfdcznikdwigch s jlkA ET xa AUaOO0AE
ol — 20T 20y & ip O+O
4502 02@+ 1490 +122 662 1

100%. (2.13)

01 xUFOUA 1T COAT EAUATEA DPixi AOEah I Ado G&ldnal EEA 1 (
001 00T ETl x1 AEATEEAE xA0O0OOx bPi OO0OWABad Py OE6 D
COOAOUUAE xAOOOxAAE OUUOEATEA UAAT xAl AsiseAACT OOI
xOEOOAE AUACT Dl EAGQOAWVIICA WGAUODIT AGQIAUNER AB S o AAT |
I OOUUI AT A S RicHE x ERADULT AT A

7 AEOPAOUI AT OAAE t0)eh OUAUACeITEA CAU bDPOU/
OEOAETEA | ACUAE AUaOOAE UT AAUT EEI xUAEh 1ica bDIE
TEAODPTI OUEAT A x Diil EAOAAE { REORK OEMIR | WEDEQWAWAE MO A |
i EEOT I AOOTI xUAE AUaOOAES8 o00UU AAOAUI [ ACUAE AUa
UEAXxEOEA AUAEAOAEAEE TEA EAOO Ai ECAAT UI i AxUT Ol
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AT DOT xAAUE¢ Al T EAPOAAUUUEGIAICAIhEAAECA WA AQAE TE
xPOI xAAUAT EA TEAAT ECAAT T GAE DPi i EAOO8 $0OCEI

PDi i EAOAAE: t@OMEU " O1 x1 A AU &G @ AMéhabtydznyrAi Wdctadil x U A
P11 AEGECODEGWT AT Al EVUEA DPixT 11 UAE ODOUABAD x &A OIAAI
AUaOOAER A¢oAU DPIiiEAODO xUxl ¢AT A OOGAEAIE "O
OxUCI 681 Bl EAAAT A AT Al EUA A¢oAé&x xUxi e¢AT UAE U
OOAEEx " Oi xT A UAI EAOUAUITA Ui OOAtdy. x UAéaAUTE

7 OAAET EAAIT O®) ®@cAOUAUUUT U OAEAOOOAAEE Al EI
DI TEBAUU AAAAT UI [ EEOI EAT AcCAFABE EAQAEABDOOAIRIT
wspomniane, AET n1 O0O0OA6 E EAOTR DOOHAEIOBDA xEVWL GBER U
odpowE AAT EAE 1T Al ACET GAE T A 1T AEAEOUxOh warswiede AOU
COOANGAE OA x ABOAXIAAUUN AT AE CEo6AEa 1 OOO0I GAE I E
jako[44,46]:

1= =5t =5 (2.14)

gdzie¢e EAOO xObP&c¢AUUTTEEEAI UACAI ATEA GxEAOCA 1A
A AAAAT Ui OEEAAAI |=E EOODONAOCUGARAI HEATI E GxEA
AUa OOEE £l GoBAOAARBRAEDADA 1T O0i AOUAUT a OF WOACIT
EAOO AADEXEBEGOIOEEBAD | EEOIQOEADI xBEEAUA 1 Al AC
iTrA AU¢ nOl UDPI UT AT A6 DPOUAU AAOGAEOI O UT AEA
mikroskopu z w przypadku O UAEA EAI AOU AUAOIPDNAESBANOO PEEO
matrycy CCD.

obiektyw mikroskopu

mikrokanat /
\ Y.
6}', ‘Sm.r.r

Rys.23.7UA&8 0 DEAOUAUUUT U OAE AAGEBOODRE Akatpleing, E A A

7 OAAETEAA t0)e6h OOAAUAUET AACEOAEAEE O OOAIGAIETHA
E xEAI EI GAE OIFUOUAE AU&aOOAE U1l AAUT EET xUAEhR (
CEOAEA "Rl A1 AAEE

o %=+21&%+ )15

jdiii - Db 2 tan — ’ ( . )
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gdzie Q EAOO GOAAT EAa AUaOGAEAEOUAAUT DED IxBEAEAUUA
DOI I EATEAIE GxEAOEA Ox1 OUAAUIE TAOAU T AGAOxT x AT /
EACIT 1 OE aApdrt@dOnumddyczaatd | T I A AUc¢ DI xEaDAOCDsOOEaDAI
UAT ArT1T GAEa CAT 1 AOOUAUT agq

00 = & sin— (2.16)

gdziet EAOO xOPSEEAUUT T EEEAI UACAI AT EA GXxEAOEA DEUT O

7OUUOOEEA AUAOOEE Ul AAUT EBjpxAE GOREBDEHRAAADEA
AoAaAA MGG E O8x1 EAL Al E O GizobickyiEdbdstaiddikarieys OA B
Ich obrad) O& EAAT AE hEEAGAGRUEADA DOUAU Al Ci OUOI U
Pi x| AMGERMAT EA AT OAEAOOODKAELADUON OB O A 8

Stanowisko eksperymentalne

4UPT xU OAEAI AO OOATT xEOEA t0)6 DPOUAAOOAXEITU
Al AT AT OAT OEc¢c AAO -fudedc@ncyjng E adpoigdni® doBréngm zestawem
I AEAEOUx&x E A/£EI O0&x 1 POUAUTUAER xUDBI OAFTTU AT/
GxEAOBGRE AWMAT 1T DPOUAUT UI &I Ol OEaAUI xEAUES8 GxEAO
mikroskopu. W pierwszych opublikowanych pracach[27] I O& AE Al GxEAOEA AUcCA
GxEAO¢T AEACA 1 AIPA OOBAEI xABAACACDHI IOPAE O&EEI O G
AEAcsBparox AT A AUucA EAAT A AAOxAh bDPI EOUxAEaAaAA OEos U
AUa OOAE &£ O1 OAOAAT AUET UAE8 #U&aOOEE OAn AT AATA
DPOUAPEUxOh 1T AxAO POUU TEAxEAI EEAE DPOOAEI GAEAAE
przestrzennego, chara®AOUUT xA¢cU OE®6 AAOAUI AOLI Ui xUCI 6 AT |
OAEAOOOT xAT UAE 1T AOAUAAE8 $O0I'A xUCi 6AT A DPOUAI EAO
£l 01T COAZEE U AOFra AUbOOI Ol Exi GAEa E EOeOEEI AUAC
x 1T Al DU 006481 xA OORAA EAUUAPAxT E¢ AT OOAOAAUT AE E
UAOAEAOOOT xATEA AT AOAE EAEI GAE ZAIOMAAEI U0 AR OeREE

OAEEA i1 ca AUg¢ xUEI OUUOOUxAT A Al AT Al EUU EAAUTE
DO AET GAEET BBEAJUWA DPOT AAOGU [ EEOI POUAPCEUxIT xAh

DI I EAOI xUAE xUlF OUAE O1T UAUEAI AUT GAE AUAOI xAERh xU
[477h  DPT Ux Al AEAAUAE 1T A OAEAOOOAAES UAE6¢ AT Al EL
AU OO01 Ol ExT GAEa 701 BQAOGEA O EEMAAHEAE UAOOT O1 xAT EA
 Oe AcA GxEAOEARh CAUI 1 AiPA OOCBAEI xA TEA AUCA x
DOAxEACT xACl xUEITTATEA UAEs¢ x OAE EO&8OEEAE AU
GxEAOEA OOACUA CEBEQGGEBAOGRE A0 1111 AEOT T AGUAUT 4

x UAOAUAT EAI AUaOOAE &I 61 OAOAAT AUET UAE8 51 UAEA |
AUEOT xUAEh OPAAEAI T EA UADPOI EAEOI xATl UAE Al Dii EAC
DOS6AET GAEh EOEBDAUIITAa0AAET EE &/i {48, 01%eh /AUT AARIA 10Ichy
POUU OFUAEO 1T AEAEOUxO | EEOI OEl Pi xACI i AUEAOI
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x UET OUUOOUxAT A AT ATATEUU t0)6 I OOU300OLA&asOAE A
AEOPT UUAEBUAELAIAIUAL HEIEO T AT T OAEOT As

CCD camera \
low pass filter
F_q‘/ A=570nm
2=532nm VA | — filter block
@ i) N
1 epi-fluorescent
/ / filter cube
beam
expander )
microscope
|
double pulsed / ens
Nd:YAG laser microfiuidic
\ 4 device

N I

Rys.243 AEAT AO OOT1 01 xAT A¢ciT x AAAAT EAAE OOAI

OOUAAOBAXETTU T A OUOOBTEDO ¢81 OECAA xUDIT OALI I
EO8OACT GxEAOET UA pPiiil Aa OEcdponi@nicdtbrddwdne AE E
EEAOT xAT A Al [ EEOI OEI pO8 400AE xEaUEA DAAA 1
OOUAAE Al Al A1 68x 1 POUAUI UAEd Ax&AE AZ£EI 00&x E
i A UA UAAATEA 1T AOAPAOI xAREEAMUVBAAGIxEROBA UAR MG

xAET AUaAACT Al 1T EEOI OEIl pOh GxEAOG¢EA 1T AAOxEA

AUaOOAE UT AAUT EETI xUAE8 7 DOUUDPAAEO ET OUUOOAT E
lasera, nie ma potrzeby stosowania tego filtru. NOOs6 T EA 1111 AEOT I AQUAUIT
DAAA T A UxEAOAEAA¢CT AEAEOI EAUT AR EO&EOA EAOGO
DI TEFAE UAAAT AE Ac¢OCIi GAE ZAIT Eh A DPOUADOOUAL
AEAEOT EAUT A DPIxETTI AUc AAOABT I EloA@AT ABAOCAARU
DOUADOOUAUAT EA Ul AEAT xAEA OEb DI TE6SAUU DA

Ul AAUT EET xUAE8 01 1T AAEAEO T A UxEAOAEAACA AE]
i EEOT OET PO Al AAAAT AcCi OECAAD | ADAIAD AQUWAD AU <A
znacznikowe dodane do przBE Ux 08 #UaOOEE Q@AEOOEXxUBGOBAARE
xE6 EOUAE Ac¢OCI GAE AZAITE jEITAE AAOxEAQ TEI G:
AT EOI xAl ACi DPOUAU AUAOOEER Al RAEAKGWOOI I KBACL
i AAEOA T A GAEAT AE EAT Aged AUU OAI T A AUaoobAeE U
pi Al ACA EAAUIT EA GxEAOGET AIiEOI xAT A POUAU AU&O
UxEAOAEAAECT AEAEOI EAUDAACE ADACHBEIEERAODT &« GDHOA
i DOUAUT UAER OO PDPOUAA EAI Ada AUs0061 Oi EAOUA
ET dAT xA T AZEE]I 001 xAT EA GxEAOCA xUAOAUAE&aAACT |
DOUAU AUaOOEES
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+1 OA1T AAEA 1T AOAUE& x

EksperymAT OU 0)6 x OEAIE [ EEOI x Ul AAU&aAU ObI 0&gA
OEATE 1T AEOI 8 . AExEGEOUa O&lTEAa x OUUOEExAT UAE
znacznikowymi jest ich niewielka koncentraciaz T AEAUS6 GAEAE UAUO 1 AcAh A,
algorytmU ET OAT OEAaAA 11 CeU x DOAxXxEACT xOUNDI DEAODAE 4
WDbOUADPOI xAAUT T UAE AAAAT EAAE O U0l x&AOT Acl poOIi
programu PIV-Kor autorstwa Piotra Korczyka,opracowanegox : AEGEAAUEA - AAEAT EEF
ocuUT eTPNOARA DI OOUAAU AT AT EUU DPOUAB®BUSHDrzony ET 1 1T OU.
POT COAI T EA T PEAOAE OEs 1T A OOAT AAOAT xI xUET OUL
ET OAl AAEE 1T AOAUéxh A TA xUEOUxATEO POUAI EAOUAUA
I EOAOAOOOUA TEOAGI AT U EAOO EAET npanliyd AORAEGOAAEE
x EOQ&IOUIAECEITIGREAUU AUAOOEAIA WAQREAEEDIxUATEUAE 1T A
xEo EIGUADOUAT EAOUAUAd OUAE AUaOOAE PIi ESAUU EITITAE

OEAOxOUUI AOAPAI AT AT EUU 1 AOAUe&ex AUET 1T AOUOE
Ul AAUT EET xUAE T A UAOAEAOOOI xAT UAE 1T AOAUAAE E UA
UAXxEAOAEAAAE xObecOWONDT EAF MARCT DUDHO OEERHABDANUAC |
EAAT ah x UA O Aplerivszeh 0tagOAEEER A x OU U OdbUgig ifofograiilu &8 OOE Al
. AEITTEAEOUA Uh ODAEU | ADAICkT BAEEUI UAeT I ATEOh +A b
i TEAEOUA T A 1Al Acel GAEE AT OEGRAIUUIA UB @OWDEIAE EGUAUAT

0T ¢TI Al Edaobuloiogr&idcEO UOA AT 1T Al EA @RIEEAA QORCEA AITAR AeC 1
Ol UDAOOUxATA x ETITAETUI EOIEOh x EO&OUI xUAEA

Al O1T COAZEEh 1 EAUUI U PIiTTxTEA xOQUUOOGEEA 11 1F1ExA

xUAEAOAT U TAEITEAEOUAa U 1 EAE®Bh 7AIDIT AD RN QU DA AJesA
xOUUOOEEA DPic¢ci+tATEA AUAOOAE T A PEAOxOUAE & Oi cO,
UAxEAOAE&aAA PIic¢iFATEA E DOUAI EAOUAUAT EA AUaAOOAE
eksperymentu.

7 1 00UUI ATUAE xUTEEAREGTI Ac®a ADREAREOI OU DPOUAT I
UAxOUA EAOCO OPAcTEITA UAci+ATEAR A T A1 ACET GAE
DOUAI EAOUAUAd8 -1 +A OE6 UAAOUUg¢h A AUaOOEE OAI

1TO01 xi h x Al Al E U1 pedédadirbjestac) ka2 iAW A@AB AEAT x A¢ Al EOE
siebiezT A OUT A AT EOETh A T A1 Acel g¢ OA UI OO6AT EA pPOU

AUaOOAE8 2éx1 EAI AUb8Ge¢ U AUaOOAE 1T AAATUAE TA E

drugiej (wskutek wsB1 I T EAT ACi EOI 1 BPOOUAUATEA AUU xAET AU
I OOOI GAE 1| EEOIT OET POQh Al iTrA ODPI xT ATl xAg AcoAl
ETTEAAUT A EAOO DPOAAUUUET Ah AT A E 1T 0001 ITA £EEIC
OOO0T EBAEA Aol UAEOAAU EEARE UAOOT O1 xAT 1T £EI 00 1 AA

Filtr medianowy

W praktyce, w pomiarach PIVAT G¢ OUDBIT xA EAOO OUOOAAEA DBOUAAC
CAUEA x DOUUECAAT xUio AEETIGA Ex Ao G AXIAE OIOEHO BAIC 0 TAA ME 4
DI xOOAT EA 1T EAAE&QXITAGAE UOAXIEADAT A8 U Al EI ET AAEa
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DI EAxECU OE6 Oéxi T AUAGIEA U 1 DPOAAT xAT EAI E DE

OOOT EBAEA OAEEAE ACoAT UAE x jihddibnowef36,50REAUS GAE A

fAAAN
AAAAN

//Y = 4

AF
N

Rys.25.0 OUUEEC AAT xA PIT A xAEOI Ol xA DPOSAET GAE

&El 00 OPOAxAUA EAIFAU xAEOI O 1 O60UUI AT Aci bl
O4aOEAATEI E xAEOI OAI E8 : A¢é&l i Uh | d&brdnych @diA x A U
xAEOI Ox U EACIT 1 AEAI EI OUA Cdyotizytmiijdiny AbisEOA81 | a4 AU
elementowy. Niechelementy OACT UAEI OO0 AosAa 1 &EADQE RALA EI
: AAEET EQOEI U GOAAT Ea O&pEl MO UpdaiziiesdEWOT OSAE OT OA|

. Bygol®g @
Vg —2d% (2.17)
n

$ATAE 1T 1AITU UTAIAre xAEOI O 1 AARAEAT T xUh EO8O/
UATAILTT Ggq

a’= argmin 3q (2.18)
*AGI E xOUUOOEEA xWBEDBI 00 UADUABAE Ax AERAT UI bBOI
OO0x1T Q0OAGDPOT EO&8xh EOEOAE O UAEACET Gygy. Wekir@, A EA OA

EAOO xAEOI OAih EOG&OACT Ei 1l md5sDOl BEBALHEAODERED
GOAATABAA CE 1 GA Etgj griphb GIOE G\ O x E ABIABDAQAT AEs AAT ACI
G OPDOAxAUAT U EAOO TAOO6DPOEAAU xAODT AE(

W &wms Yom (2.19)
3PDAET EATEA OACI xAOOT EO 1T UT AAUAR A OAOOI xA
xAEOI BDAR®OG xEoA U TEIE Ei EAOAT 6T U8 7 DPOUAAExI L
Al DA&l:EAE

@ Bps> Yam. (2.20)
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wektor & nie jest koherentny z wektorami otoczenia U A& A x AT BT AT AEAd OO x /
EAOGO O1 xAEOI O Ac¢ 6 Alweidor &8 O0A DjpskpiEawek®dAd . AC &4 Ah

-TAUEEEAAEA E AAI OUU Oi UxeE OAAETEEE t0)6

I AAATEA Oa ET OAT OUxT EA OF UxEEATA OeérTA 17T AUA
UxEOEOURAEROCGAAEE AU&AOOAE Ul AAUT EET GUWATEACKAUATUI |
Oubi 6 1T OAU AAEaAA 1T t+1ExI Geg PIiTlEAOEx DPOOGAET GAE
DPOUADPEUxAAE 1 AI ETAOTUAE iITIr1ExA EAOO Oi AUEGEE

DOUADC UAKDT Wi ATAUAO00EAI E UT AAUTEET xUIi ER POUAU AJ

Ul AAUT EET xUIi E Ul AEAOEaAUi E OEo EAAUTEA x xUAOAI

CEOAE 1 0001 GIBH8 | )EIEIOA OET1 DAOAOOEAAA 11 AUEEEAAEA (
DI i EAO POSAEIT GAE x xAOOOxEA DPOUUGAEATTAE [ EEOIE
TATT i AOO&x [b2f8 GABAIEXEA EAOO O AUEGEE xUET OUUOO

OUUAET UAT EEREQAaAaMA I Bl x OOAE&AAa DPOUU AACGEIT xEOQUI
i EAOO O OUx8 1 AOT AA 4)2 T A AT CEAI OEEAE TAUxU 41
EAAUT EA xAOOOXOAT Wl G Ai EEI EOAUEAOEGAEDO Al EEIE
EAT ARDB AUAOO0OEE Ul ARAUT EET xA OO0TkGbénk | OGHABRDBAE
kilkunastu zEE1 EOAUEAOESAED T AT T 1 AOOexh EO&OA bi Al AT EA
GxEAOG¢T 1T ETTAE AAOxEA TEI GxEAOET xUAOAUAEaAAS8
OOUADPOI xAAUTT A xO0B1RAI DEARDAOEGDYT VAT AOU 1T AOD
OA 1 AEa EAAT AE UAOOI O xAT EA EAAUTEA Al A POUADPE

iTCEU AUc¢ xUET OUUOOATA x 11 AxEAT UAE OOOAE AAAATE
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3. Metody analizy numerycznej

'T AT EUA 101 AOUAUT A POUAPEUxeéex xUEITTATA Ul O
OrUAEO ET i1 AOAUET AcCI PDAEEAODO Al I Al EAR&ld DO
408ExUI EAOI xU PDPOUADPCE Ux TAxOI 11T xOEEAEHR T EAG,
Obl O AAIl Eq Pl POUAU AAUPT GOAAT EA Ol UxE&aUU -~
TEAOOAAEIT T AOT ACT O BbkedaGzwdsSziDiett Nunfedzal Siddlation)

I OAU OO éfipiyazAy nmbdek turbulencji @ -h  xUET OUUOOOE&AAU A
2AUTT1 AOA j EEPTI OAUs 2AUTT1 AOAQh xbOI xAAUAEAA
GOAAT EA E E RANS)ABYOHDOBNSEA OPAOAUUECU Al ECAAT UA
AExEIl T xUAE ABQBEAMAEMAE OAU AExEI T xUAE DBI 1 AAE E
UAO&xTT PDPOUAOOOUATTUAER EAE E AUARANDABRIT AEE L
xUUT AAUU¢ xAOOI G¢ DPOSBAET GAE GOAATEAE 1 OAU EITC

Wewszystt AE DOUADOI xAAUT T UAE 1T Al EAUAT EAAER U ¢
OexT ATEA UAAET xATEA AT AOCEE8 $1 AAOET xI DPOUUES
Ol UPAOOUxAT Ui POUAPEUxEA TEA UAAET AUEEU cdOUAI

7O0UUOO0EEA 1T Al EAUAT EA xb OUADIOD AGAQE G1A TUD I A0,
-AAEATEEE E &EUUEE 0¢ Wmé&x A)x00 4E T d 1.0 A @ OrBdA@A IAI
klaster obliczeniowy Mosix Clustef54].

3.1. Symulacja DNS

L Q)

Ruchil GOT AEéx AEACEUAER x OUI 0Oex1EAI OOAE
301 EAOAh Ao AaAA Oexi AT EAl UAAEI xATEA DPoAdO8 5
UAAET xATEA 1 AOUqQq E 1T ADPI xEAATEIE xAOOI EAI E AOQC

OexT AdBDADBUOAIUACT UACAAT EARICE A AD&AX T AT EA UAGEX

J0 0 T00  TOn  TOo _ TR, T20w+T2()¢)+T20w

7o e Tt N T et Ta e T

06 , L T0, 10, 10, TN | 120, 120, 120

o7 %t %Te %Te T et Tw Te e Y
,,Té¢r+,, ,Té¢ ,T(')(:, ,Té(;_ Tr‘]+‘ Tz(')(:x Tz(')(:x Tz(')(:x

T TR TR %Yy T fa T® TR 7@

! ReynoldsAveraged NavierStokes equations . o .
224-D01 AAOI Oi xU OAOxAO 1 O6i AOUAUT U xUbPi OAFTHU x pcy' "
POl AAOTI Ol xU OAOxAO U oc¢'" DAIESGAE 21! -8



















































































































































































































































































































































