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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].
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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
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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 >
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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
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=0, (3.2)

7 BT AATUI OECAAUEA 0&xT Ad 1 EAxEAAM,bYJilogoraba OOUU
AEGT 81T BEAOOUUI AT EGI U UAOGAI UAITETEsOU OECAA 0&xi
niewiaAl | UAE EAOO 0&xT A8 01 DOAxT A O& OI 6¢i1 xd1 EA UA/
x AOOT Eéx AOUACIi xUAEh EO&eOA OUATAFTEITA Oa 1A
DOiT AT AT & 1T OAU CcAT i1 AGOEE AT T AT U 1T Al EAUAT ET xAE8
x AOOT EE AOUACi xA ) OI AUAEO j xAOOT AE S$EOEAEI AOAQH
1 ®= ®g-dl A GAEAT EE Ao AAaAAE x11 OAi AT Al Ol OUEEE,
1 N=Nus -Al A GAEAT EE A6AAAAE RYI-ARDBAT EAT BAOTI OUABE
1 @=0-1TA DI UI OOACUAE GAEAT EAAE AIEABDIOWAITAEAAUAIG
GAEAT A AIEMA BB AU TEQD GO GAEAT AA
5ECAA Oéex1 Ad O&lL0&EAQEKQABEUj] csd®O1 EATE AOUACIT x
Ol UPAOOUxAT U x DOAAU bDOI Al Al  EEUUAUIT U "AUDI GOA
OECAADO 0Oeéx1 Adh OUT 8 OI UxEaAUUxAT EA ydaAribdelix DOT x AA
OOOAOI AT AEEh x 1 01 AOGUAUT AE 1 AAEAT BRSkangpBireck & x 1T AU
. Ol AOEAAT 3EiI O1 AGEiIT s 7 1 AOI AUEA OAE xUI EATEII
UAEOAOO OEAT OOOADI AT AEER UAOeé xIAICT P OBA GO EVAEITT A
Oui Oi AAEE 1 OOUUI OEAT U AT ECAAT Uh DPACT U T PEO AEXxEI
7 DOAAU OEcAA oBeql A Ux&a@UxAT U Auce¢ 1 01 AOQUAUI
OET dAUI TUAE8 $1 OIUxE&AUATEA Oéxi1 Ad O&EH@EAUET xUA
AT E )YI Pl EAEO -AOGET A Al O 00AOCOOO0OA |, ET EAA %wNOAOQE]
TA DOUAI EAT OECAAT xUAE [BX) 86} EDodakdvo Wykokzystand E GT E AT F
OOAT AAOAT xA xAOOI GAE xODP&c¢AUUIT EEEx mieduOAT AEOA

I Al EAUAT ET xAci 1T OAU OAEAT AO 0O&l 1 EAT xUordddOOCEACI
ObxET AQqQh x EOGeOUiI DI AEI AT A APOI EOUIT xAT A EAOGO |
POU&EA6h x UATAITTI GAE T A EEAOOBTEO POUAPEUxOS

3.2. Obliczenia z wykorzystaniem modelu RANS

W obliczeniachRANSx U E T O U U O-éndpirytznybmddel’ @ -h A O& x1 AT EA 11 AAI
OOOAOI AT OT U DOUAPEUx DEUT O 1 O0OUUIATT DPI-DOUAU A
Stokesa (ReynoldsAveraged NavierStokes equations) [57]. Metoda RANS polega na
Ol Vel OEEBAT xUAE xAEOI O&x DOSGAET GAE 1 OAU DI UT 00/
DOUUPAAEO AEGI EATEAQ TA xAOOI G¢ GOAATEa 1T OAU £l C
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000 W00 = 0p0AA + 0BAGEO,
QW W0 QW W0 BW WO (3.3)
naaed =g + NEanngo, (3:4)

gdzie 6,04 OECAAT xUI E x AROVNECA ERAO ERE IBGATECROAAEAEAL A

xEAT ET GAE Al QOOfxEAOA. AOBACOVAAET T AOT ACi  DPOUA

o TAE T Tég Tén T —0

L g = byl 199 010% T Lmme . e 123

T %% o T Tan Tom T O%80 € (3.5)
T 0
—‘:0, .
7y (36

gdzie EAOO CaRBCGAAUNBMEE GAEa AUT Al EAUT & DEUT 08

/| 6ouui AT A 0ex1T ATEA Oa El AOUAQIT A BA OGO AL
OGOAATETTACI h OUOPACGTEITUIE T OOAOTEI AUeiTAI

TADO6l ATEA 2AUTT1 AOAQ8 : OxACE 1T A AOAEETUxEs
I AAAT iIcGec AWATT O DI xi AOGEAh A OEECAA 0O&x1 Ad 1P
OE¢AAAT TEAUAITETEoOUI 8 2T UxEaUATEA OAEEACT U
UAI UEAEAAAER OOAT T xEaAAE AT AAOET xUh T EOAGI A
Zastosowany w peeprowadzonych obliczeniach modelQ - wprowadza dwa dodatkowe

OexT ATEA T EOAGI AEaAA 1T ADPOsI AT EA 2AU0TT1 AOA8 |

DPOUAU xUOAI AT EAQ

g, 199,100 2. .
O%”Q_ o} T (‘Q)+T (.‘OQ 3 ] QDQ (37)

gdzie' ;T UT AAUA 1 APET GAT AOQEOGT EEOADIVANT & OOOAODI Al

1 ——
o= > 6%%. (3.8)
| OOAOGAAUT EA OGOAAT ERIOAEDGAT Al AA OOABGEADOAOT AC
T EAGAEGI ExAEh OxUCI 6 A1 EAEgako: x UOAI AT EA j o8xQh
! L tn T Toq 100 21 .
— " O = —t — ‘(‘) T ——‘”Q,
T %27 fapta 0 Tam Tam 37 (3.9)

G 1,23
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—= 0, (3.10)

Niewiadome 6,,0,,05 i 1 x Bl xUlF OUUAE 0éx1 AT EAAEh x EO&OUAE
DI T ETEsOT Ul AE OGOAAT EATEARh T UT AAUAEa xAOOI GAE (
Model Q@ - AEAOAEOAOUUOEA AxA DAOAI AOOUdQi kjl AOCEA

dyssypacja-. PaA i AOOU OA bPI xEaUAT A Oa UA OI Aa EATTITATTI]
w3j 2
_:2_ (3.11)
0

gdzie 0 EAOO AEAOAEOAOUOOUAUT & OEAIi &a AcOCi GAE8 01
DOUUOAAUAT UI EOF 1TTAAT O +1¢iiTcioilxAh EOeOU OOxE
EAOO DOUAEAUUxAT A EAOEAAT xI 1T A xEOéx 1 AOIAE
ostatecznie ndO O6 POEA EAR7 BBOOWRAEAFM AA TEAXEAAT T A x 08

jo8png xUUI AAUAARED ik ODIAABUT T EBEEI ADPEI GAE OOOAOD
‘b: 0. ”TQJ-Z[‘): 6"@g- 1 (312)
I OAU Ax@&AE O&x1 AdQOEI T EAVERBDUAEOCARAAE

zmianaQ = dyfuzjaQ + produkcja™@  dysypacjaQ

zmiana- = dyfuzja- + produkcja- dysypacja-
Al I T+rT A UAPEOA¢ EAEIT 4
T—‘"TQFQ:T—‘ ‘+‘0¥2+‘() T—OQ"'llliglll—OQ o
T wy T wy Ty Ty TpT w (3.13)
) , ) T- . T0q 101 0g , -2
— "0 =~ '+t e ——+0 4 —t+t— —= "= 3.14
Ta, = Tay Tay PO Tap TamTaQ 20 (3149
30A6A 6, i 6, Oa xUUlT AAUATA TA DI AOOAxEA AAAAd
DPOUADPOI xAAUT T UAE 1T Al EAUAT EAAKowdl 6 GOAXEI= PAAUUEG®G OA >
6 = 192][53].

7 1Al EAUAT EAAE 1 01 AOUAUT UAE 0Oéx1 ATEA jo8wq E .
O0a nil A DOUAI EAT 6h OUT 8 Ul ATQR ; x0O @A -OROIAM T G EATE OAE
jo8wq E jo8pmngs8 01 OIUxEaUATEO OUAE 0éex1 Ad 100!
Oéex1 Ad jo8pocQ E jo8ptqgqh bHi EO8EOUAE OChiUxE&aUAT EOD

001 AAAODOA OA PIi xOAOUAT A EAOO x EAIFAUI EOIEO EOAC
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DA Oi UxE4A4UATEA DI xUIFOUACT OECAAO 0Oeéxi1Ad 1
AOUACT xUAE E DI AUAOEI xUAEh TEA OW-BiI EAmGADT | /
TEA Oa UI AT A8 7 DOUADPOI xAAUITTUAE 1Al EAUAT EA

kO OUAE %XAO®T c¢BBAIFITTA DPOUAU ET OAT OUxT1T Gg OOOA
~ L1 2.
= 71 (3.15)
os 3
. . a2 PO s e A " .
E OEA|60@é63¢4%e)Agazie0||l-A AU¢c xUOAIFTTA DPOUAU b«

0 = 0.07 ¢Og, [53].
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4. ' T Al EUA AEODPAOUI AT OAIl ERODBABRAE UXxO DI

4.1. Model eksperymentalny

Przedmiotem omawianej w pracy AT AT EUU AEODPAOUI AT OAT T AE AU
De AOEE Al IODADIUAEE A OT @botatoryhymA adpokvigdnikiem rzeczywistego,
osiowosymetrycznego generatoraemulsiji [60, 61]. Emulsyfikator (rys. 41) UAOAT x At U AU
AxeAE EAT Acéx x11 O0i5a0AE OUAQBEINEEEREOA DI Cx Al
Ui TEAEOUAT EO xUOT ET GAE Ox1i OUUeoWw hA O AlQBEEdiIGEAAT |
AcOCi1GhrE Ao AaARUice Al AR &T ARAUUI & All-O8 EOQIAEATADY
TAOO6PT EA DI CaAUITA AUCU U EAJGAE ADUAQ@INEIOG AR |
#ACEI xEOA Ac¢OCIi Gg 1 AAET Eda, alwylddwegd 8.5 ax AdyT OE ¢
UADAxT E¢ AT 006D T BOOAOUWEEBAOIxOA OBUMSI T 1 ExEg
AT AT EUU OOOOEOOOU DPIAAGARBPAREAGAED] QU BF & ABl GA
OUECA8 01 Ul OO0 AUAEEAEIADT AOAO Uk UAIT @riinh ghecykyihgj Blezdicé.i T OE
#EOI DT xAOI GoixBxk ¥ EDAOUA B A UN AARNT OA Ui OOAEA DOU
precyzyjnego profilometru Hommel Tester T8000 nanoscan$ | A 1 1T OE6 T UAE DI
AOAUT x AT UAE Ul EAOUIT 1T A UG OAAERERAZA E & ablbAiAMGTAdcO & x
szklanych'Y; = 208¢10 8 ah AT AAx ACAEOI WG IxeAMdTaGech T AT EAOET
i EEOI ERATAACEODEA UAOO

glass walls
/|
’ /
[
processing “
element |

Rys.41.- T AAT AEOPAOUI AT OAIT T U Ai O1 OUEEEAOI OAqd xEA
OAEAT AGUAUT U DPOUAEOEEN AUAOxTT A OOOUACEE xOEAL
Rysunek 8p DOUAAOOAxXxEA £ OI COAZEES AEOACI AT OO 11 A/
g Ol & GARABAUEDAEATI AOUAUT U DOUAE W& igsunkul cietwdnal U
OOOUACEa UAUT AAUT T U OBAG®UI E B OTERAGIDA ARRIEITEHGAWN U
DEUOEA ceOla E AilT1a OGARBEAERa OAEBAIOOBEEEAOIAJ

1- T AAT Al Ol OUZEEE A Ol LabbrateryUdt CHeritalUPhyAits cand Engineering, Faculty of
Chemistry, University of Sofia, Buaida j EA A A1 U DPAOOT Adex OAUEMMA EAUS
finansowanego przez Ministerstwo Nauki i Edukacji Austrii, numer grantu GZ 45.5344¥1/6a/2003

201 | EAOU AEOI DI xAOI GAE xUEITAIA Ui 0OAEU DPOUAU Al A
7A000xU 7EAOUAETEAE : AECAAO -AAEATEEE - AOAOEACéxh
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DE ADOWAT EA OUI AOOEKEODI *EHEROMIME a A OxT Ea @EOUWARIEGA ERAT x |
EAT Acéx xI1 10T xUABaalx xiUEHETEGAEA ¢ U 400 & . KigrGnekE T GA E
DOUADEBADOXx AicA OEAxAE Al DOAxAE OO6O0OI T Uh OAE EAE
schemaE A DOUAEOI EOQ | B)MA X A2 AOW6 GO 6AAEGSGAE DPOUADPEUxO
w kanale wlotowym, w mikrokanale oraz w kanale wylotowym przedstawionego
emulsyfikatora.

Przedstawiond OECAA EAOO OUI AOOUAUT U xUCIi 6 AAl DI UEIT | AE

EOOI O1 Aci xbPeUxO DPOUAPEUxO x Ail1TUl 1 EEOTEAT AT,
CeOl AE AUGGAE8 7 UxEaUEO U Oui x OOAEAEA AU6GA
DOGAETIGAMEURAEAT T T U OUI AOOUAUT E O EAOGUAUITU 1TEE

DI AAxAT U OO0006i EAd AEAAUU DPOUADPEUxAE EAAUTEA DPOU
EAT A¢ 8

4.2. Stanowisko pomiarowe

| BOUAUT A AUobGg OOATT xEOEA DI i EAOT xACI

Al EUA AEOPAOUI AT OATT A POUAPEUxO DOUAU 1 EEOI
AU A x 1 bAOAE O ZbudowmAyAErantaéhiiniefsz@j)pracy systemnd ) 6 OEE AAA¢
OE6 U [ EEOI OEIi bOh EAI AOU AUAEOI x AEdedwy dcherdeh O x ACT
cU6 GAE 1T POUAUT AE OOAT T xEOEACOAET EAODWAOT EBOYBAODA
reex1T Ul AT AT AT OAT  OO0AT T XvedcdncyjiyANbdh ECLIPEEBEODET B ADE

xUDT OAFTTU x UAOGHEN Ok OUOACER | A DI AT AEOD.
UAECAAAE T EOAUU ETTUIE xUEITATEA DPITEAOeEx TA b
xUIl T 0T xAci Ai O1 OUERAEEAOT OAh ETTEAAUT A Awel OF UA

i E1 Eil AOOI xAE AeOCI GAE O AT AURBT sMdCicT € ACeo0BI BE G4
GAEAT EEh EO&76GhG). T WIUIVDBDEAA DI T EAOU xUETTAT A AU
POUUOOI O1 xAT Aci AT Dl i oiieRpwa Nikeh QU ©14nOFudrd AW ET UAE
EOT O1T Ul Dl rapetuz®niikdnEsej0d = 030E Ag OCIT GAO=QT546 AUA

» O8 Ac Al GxEAOCA x DOUADPOI xAAUIT T UAE AEOPAOUI AT OA
(SoloPIV NdYAG Lasers, New Wave Research)ldkl E O OFrirbsékundowe impulsy
GxEADAAODCT GABRta AAdndigii 3061 TEAUEA GxEAOECA xUAEI AU4?Z
xPOT xAAUT T A AUCA Al OE¢ AAGMOYNA | EEO GERA B 1BUDUI Al LB CAIC T <
E AAUPEAAUT U ODPI O8A OEEAOI xA¢ ERI dilie x£iao GO A All E
optycznegoA | EEOI OET DAl O EAOOOWAUD UV} QAAAT OR@AAT AAOD
xEaUEs OAEh AAU PI xbOi xAAUATEO Al 1 EEOI OEI PO 1
EAT Acéx DOl xAAUAAUAE Oa xE&AaUE6 xAxT aldOU 1 EEOIC
obiektyw i dotaOAEO AT AT Al EUT N AGABGIA ¢ B O AR xIDAOUAO xE.
mikroskopem (zobacz rys. 2.4, str. 338 O0OUU &I OI T xATEO E xbPOIl xAA
mikroskopul AT A U UAAET xA¢ 1 0001 +T 1 Gegh CAUIF 1T EAOI EAES
AUOU OAIF TEAPOAAUUUET A xbDOI x ABNIUAIT AlAx ART OOBEDAOCR
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Dl AUAODPI ¢éx 18 EEECOOOECPBOT A OET I Dl EET x AlohecnOAT x
001 OI xATUAE 1T AEAEOUx8WAUIAEEROI GRAI DEAOAER EAOO
TEAAOI AE AT AOCEE EIiI POl 08x 1 AOGAOA . Ad9!' 8 7 UA
TAT A AclT OA&I Oi 1 xAg xEaUE®o GxEAO¢Ah EOeOA | EA
1566 E AUEA T EAUT A@B Ulomrdd)80 I 4UMEEEAN T GVET GIET A ADIEBRAT £B ¢
PDiiiAa UEi I Al EA  AolografiEznejTdliAQIAGEAGA CRUAE@ BRAEH, ECEO
Shaping Diffuser, Physical Optics CorporatjorTorrance, CA, USA)& T O1 C O&K&ER®& O
Al OI T xAT EA x Ea UE BysibknWd.A Riendsrasacieivka o dgAiskowej 2004 &
UATTTOT xATA AUCGA TA EIdA&xAA 06«E dtd doczéwRiOU A U
Ol EAOUAUfollaA 38T EaAEA OO0 OADURA ERU A U Bécehkka EAE
xDOT xAAUACA Ul EAT 6 aBDEEGA QI BABKI <l GHE x&E @QEA Ah
OOx1T OUATEA U OAE xEaWEEO®DDI DI PAUR B G &EED GHGA L
bi AT ATa Al GxEAO¢tA DOUAAET AuaAAci bDOUAU OEc¢A.
PDAxT 1T Gech A TEQEIT ADOCEAEXBAGCEE 1 AOGAOA T A bBI UT
OECAAD E EAE AxA1 OOAI T Roa®d &dudiil, RGFOOASETT AARBCEA
soczewka o ogniskowej+62464. 4 AE O&I Oi T xAT A xEAUEA AUCA
ustawianaw ositorudcGx EAOI AEAAACT [ EEOI OET PO E xbOI xAAU

pi I aAAT AE
UATTT OTOIAMIBAxEa OAFAOUABR08Ga4] folil holbgEafitEnk) X B 107 i soczewki
sferycznej+62a &

EATTTU ETI1T O GxEAO®BOAT 3% & )EAMIDAMDEOA dhigZng
jakie BT xET T U D flubréséeAckine A U & O @rfadznikowe wykorzystane w
eksperymentach. Ich maksimum wzbudzeniab1 x ET T 1 AU¢ EAE 1T AEAAO/

AcOCi GAE AZ£ATE GxEAOCA 1 GxEAOI ABAlEA QI BUOOAD U A8
polistyrenowe x UOx T OUT 1T A P Oukd (Bciendliie e, o ke OA x AAc OC A
Al OOAOAUT T UAE DOUAU bpOi AGAAT OA 1 AEa 1 AEOEI O]
542¢ah A 1T AEOUI AT T A ET OAT OUx11 G¢ A BRLHEEG xEEAGE 1A
AAOxEA AUAOxTTAEQ8s $1EcCAAT & AEAQMEDRER)OOU B
£l O OAGAAT AUET UAE AU&aOOAE dostdrokohy IprzeZ | protuBeita D O U
rysunek 43.$ AT A OA U1 OO0AEU DI OxEAOAUTT A DOWkdan DI | |

1#7 Ul OO0AET T EAOOAOGU Ai PEOQUAUT EA OOxEAOAUITA x OOA
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Optics RH0008 : I EAOUT T A xEAI T UAOARGE R A B Uagaishdtd ¢ A |

oAt OCIi G22ka MEAGTE T EAT Al EMRAT OUAUT A U OUO8 1

20000

542”"': .\512"”‘ "+ Excitation
| ! WL —= Emission
16000 || 1
o \
g 1 1 1
§ .l )
£ 12000 P
£ i
-
[ ‘ \
8 .
2 i |
¥
t |8
4000 y \
'
‘ ‘ | e

0
250 310 370 430 490 550 610 670 730 790
Wavelength [nm]

Rys.43.3 DAEOOOI xUAOAUATEA E AT EOEE O UOUAB2 A&l O ¢

T AEaA AcOCIi Gg AT E sBRGEAOCE A All GRIEADT A€ A DDIUA L
(612¢aq 1T T ExA AU¢ci AT AOAT EA x¢& AGAfluerds@ihcyjnkdgol EO  AEE |
$1 A Pl AAT UAE A SvwganGoEtypERRITC GEx HO/Z5EDM 565, BA 605/55),

x EO&OUI [EI @eDOONABBAEDANU Bk OGIEADY AU KOT ET GAEA

nl ETA DOUADPOBIAN A BIxAROAEAACT AEAEOI EAULA [ EA¢
DOUADOOUAUAT EFestewWiAAAT AOBAET £E1 00 j Al EOUET UQ DHOU/
At OCI ®BREG EARLBGUAOT EBBAE 44 OIETHROUART EAQT ABRUUAUE EAC
AT AAOGET xU £E1 00 1 AAET AE a4 A B708@x(#dalrtrys. 24 nalstodi€ | GAE /A
33gh AAU UADPAxT Eg EAE 1 AEPAcCT EAEOUA xUAIT EITETI
x UAODAUAE&AAACIi h PiUxAl AEAaA DPAAAEOUIGXxEAOCAABNED
AT EOI xAT Acl DPOUAU & 61 OAGAAT AUET A AUaOOEE Ul AAUT

2RAREAOOOAAESG 1T AOAU&x xUEABEAIAE BABMAA EGH EORDD ADD Ad
AAAUET xAlT AE Al SenkiCam/ADOuble Shotlers PCO IMAGING 51 1 1 ExEACA
zapis 12-AEQT x UAE T AOAUeé x | Ol UA UESkrichkddiragsh Eamepyc Y T @ p T G T
i AOAOA xUETTAT A AUEA b QA thini®nsyAderénizedLA Grib@,ial EUA OT O
EAE DPOAAA 11T CeA AUg¢g OOAOI x ADTA ®OTAEXNITTEUA AE B 14 EBX
E 1 AOAOA DPi UxAIl Aeg 1T A OAEAOOOAAES PAO UAEs6¢ U IE
xUl T OUaocRliE AU OO0T O1 Exi GAEa OA BAX) @aranicfenie@ AEEAE |
Ei i GAE UAEo6c¢ 1 1F1ExUAE Ai UADPEOAI EA PDAIEAAEAE <
I DAOAAUET AE ET 1 DOOAOA O GE apNALK Aljedib@zoWkAA x UT T G
zarejestrowanieseriil ET &1 pg¢nm DPAO T AOAUE& x 8
5ECAA xUi OOUAEaAAU DPOUADPE Ux

. A PT OOUAAU DOUADOI VADAI IxAAE i I EREIEXUUOOAT |
xUi OOUAERABx DDOUAU 11T AAT Al OIl OUEEEAOT OA8 01 UxAI
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i EAOUTTAE x TEEOIEAT AT A mMOABEOUAUI EAPT AEAARAT A

OEAOxOUWAOQRE AAT U Apiecyzyind) miird D EIAD U Udiighah GeArE
Pump, Coldarmer Instrument Ch  x UD T O&A I ¢ d 15sE&idnoShoe Pump Headole
Parmer Instrument Co$ 1 AAQOET x 1 OECAA OECAAAE OEs UA 1
DIl EAT T T GR®w ¥ BEEHGUAxT Aé x 18660 AAd AFBUAUVAEOU(yDEE AA
44a).01 1 DA UAOUOACA AEAAU UA UAET OTEEA xUO&x1 A
Ai Ol OUEEEAOT OA U bDi x0Oil OAIACOASRAAMIA UVAPAWAEAD
00001 EAd 1 i A@Qix@A EiAx VA B AA B35 33 & cobriy otwartym tylko
jednym mikrokanale emulsyfikatoral ABDI1 x E A A & Rdynoldsa W bhifirékanaleYQ-3300.
Przedstawiony system zaprojektowanotak, AAU BDOAAT xA¢ x OE¢fRAUEA
TAEITEAEORAUD] MERBDASAE AE Al EACT 1 APAcT EAT EA
AETTTTEAUT UI ER CAUI OFUxAT A EAET bl OEAx £ OI
AOI CEA8 30AOAE&AaA OEO6 UI ETEI AT EUT xAg¢ 1 AdaioOl Gg
Oex1 EAF TREAAIGOOAE Ul AAUT EET x UA Eprzéprow@dzdnia OA T LU
AEOPAOUI AT O0& x8

7 POAAU UAPIATT xATT xUETTATEA »UI GB0AB0, PBIUL
EOe AUEA.E AUCA x OOAT EA UADA AN cElg wyQuszd xEAA Ab U A BpEAU -
U xBWEI E DOVAEI GAEAI E UADPOI EAEOT xAT T E UAOAIT x
cieczy (rys. 44b), AUESGEE EO8OAI O i1 FiExA ARtdwi3dUdOEAIT
Pl UxAl A¢T T A 1T OEaci ESAEA 1 EAUAU 2AU01TT1 AOA x |
Ax8AE [ EEOI EAT Ac AKE ¢ AIAOIORAD £EEEAN AAMqQ8O0ES U A D«
AEGI EAT ET xACI UAET OREBRAAUVEDOASCH Ax ABKk & ABczz UAE]
UAOGEI AEaAACi E 1T AAET OAUACI 1T OAU OUOOGAI & DOU/
AEGI EAT EA8 w%aAAT A DOSAEIT G¢ DOUAPEUxO 1T OEAaCA
wyznaczonego x AUAGk EAROT AAOEA EAI EAOAAEEh AEGI-EAT E,
regui AAUET Ui 8 1UI O UCcOli AAUTTU x OUiI UAET O1 EEOD
xUi OOUAE DOUAPEUx xI AU x T1EI UAxAOOAE DOU/
I AAET OAUACI 8 ! AU UAAEI xA¢ OOActa x/Al0i@OUABAA

DOUABXREUKA EAF [ OOEAET AuUc¢ OOOUUI UxATA TA OOAcCU

|
AU¢ AT caAUTT U UAEOACEGEAAWEIEURIEABREGGAICET OO0T1 ¢
xEOGEOQOUA T A TAE®ROAGADARAE A& BRIAMLE GO POBAEA. AEO
Pozwd A¢ 1 o)} DOUUE4c UACT FATEAR +A DI AAUAO

xUoOe x1 AGMAQIGT AAUET UI T EA O1 ACA UIEATTI jx.OUAA
ppbh Al EAOO AAGGAI GIAH sBhA AARABABMOA OAEA EI 1T OOOO0E.

pracU nAEaccAE0 OECAAO8 $1 AOACi DBOUU bDOI EAEODIT >
ObPi1 x1T AT xAT EA OUUAEEACI E ¢AOxAcCci bDixO0i 6060 AEAZ
Z tego powodu AET OT EE | AAET OAUU AU¢ OI EAOQUAUTT U «x
wyki T AT AE EAAT AE DPOEAEA DPIiilEAOI xAER T A UAET O
AEGI EAT EA AUT O66h Ai DI UxAI Agi T A COAxE@AAUET
UAOGET AEAOMAMOJE T A ET OUO AUDGGAE ADT AORDRIOBYE D OUDASHE
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OFr UOAEh AEARQWUDAAEART OREFOLARBRAOETI 1 G¢ AEAAUU xUO
OAAT EUAAED DPOUAPEUxO OOxAE&xAEAREREI POCABAEOUABDALE]
10-15 DA0 1T AQy@WaU OBAAT x Al AEa A4 polnlarbvyeh, T AATUABE T 4
statystycznej analizy ruchu turbulentnego, ET T EAAUT A AU¢CIT TAxAO E

Ei EOD

@ | (b)
OAT T xEOET Bl EAOIZOK 6 GAA DI &D4 OOWAG EAL DOU
U6 AAGQBEBAA U xUi OOUAT EAlI DOUAPEUxG DOUAU ODAAE

0CUT O6dAEGDMPAOUI AT O& x

70UUOOEEA AEOPAOUI AT OU &OUWAID GNAEAAEUITTx AU ABIhU EE
bl | EAOAd dflgazdwhda poprzez kilkukrotre doprowadzenie do stanu wrzenia.Do
Dl | EAOewkdbltyrenowych AUa OOAE Ul AAUT EE R U(Rlorestent GOA AT E
Polymer Microspheresz aqueous, Duke Scientific Ing. Optymalna koncentracia AU & OOA E
inT@EﬁmﬁﬁmjArAéo Ei T AGODDARBEOAINU Ul GOAY dADST A
pracy). Aby Uil T EAEOUU¢ 1 APESAEA T ©0 AlaateBrEnBiEA (E4 xGRA E
przygotowanej zawiesiny dodano substand powierzchniowo czynnd SDS (Sodium Dodecyl
Sulfate, Polskie Odczynniki Chemiczne $.A. O 06 mdsdwgn®0.001%.$1 DI I EAO& xh x
EO8OUAE xUET OUUOOAT A AUECA bDii DA 30DaA Aaiksing AT Al Ag
AUa OOAE U1 AAUT EET xUAESD® Al AMTUI DTATBAOE xChWU Ax  EO& Ol
xUl OOUAT U Au¢ UA pPiiiT AREDIBSERRAO AEGI EAT ET xACI

43. 0OUAAEAC AEODPAOUI Al O& x

0OOUAPEUxU OOOAOI AT OTAnh U OxACE 1T A AEAT OUAUT &
x UET OUUOOAT EAI OOAQUOOUAIAWA B A EIBA OWal AR CTi A GDRATI/
AEODPAOUI AT O& x 1 AlddstiatdcnieA QICDT EIAINGEcAAT UAE DI 1 EAOT x
do tej analizy statystycznej.Pomiary przeprowadzono w kilku wybranych lokalizacjach
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UAAZEET ET xAT OAET DPGOERAES OEYRAKRS 40DRYOUB ART EC
I EOAGAARA bPiceci I ATEA xOUUOOEEAE DIl EAO&xh xU
PEAOQUAUUUT U xUIT O x AEw,iPEA@UAAIVAG © CEBOAABEBT AFAE
(kierunek e E BDEAOUAUUUT U OUIi AOGQEE AAcCACT 11T AAI O i

y

(0,0) X

]

Rys.45.01 ¢TI ATEA GOI AEA OEctAADO xObPecOUBAT UAE xXesi
DOl 001 PAAEU Al Pa@d-OlURIUAAIA GE ADAGEA @A OUAOT ET GAE
symetrii)
3SPAAUZLAEEA OAAETEEE 0)6 Dl xiI AGEAh A xUl EEE
AEOPAOUI AT OAAE EAOO AxOxUi EAOI xA Dil A DO6AE
7EAI ET Gg OAci DBIT A TEOAGITTA EAOikbskdgdvego BT x E
I OAU Ol Ui EAO 1 AOOUAU ##$ EAIAOU E EARE 1T Al Ace
OxT oUuTiU EAOGO I AOAU b1 UT OT U I AOGAOxT xAT ACI
DPOUADPOI xAAUTTA AUucU DBOUU EAAT (AT zandidszczény tw/EE C O
rozdziale 4.2), a rzeczywisty OT Ui EAO EAl AACI Ui EAOUT T AcCT bl
854'a 683 a.

7O0UUOOCEEA PIiTEAOU xUETTATT x OAT ObPI O6&eAh |
DOV AET GAEQ BRawszéllA T DETAIUEx AE B¢ AOUA U WI=T0&E®), aOUIT A
Ui EAT DPTETFATEA AT ET 1T Ux Al i Pénkydomididve, zazniiczohed U A U
na rysunku 4.6 niebieskimi, zielonymi i czerwonymi kropkami, zlokalizowano w wybranych,
charakterystycznych obszarach modelu: w kanale wlotowym (punkty Po), w mikrokanale
(punkty Py, R i P2) oraz w kanale wylotowym (punkty Ps, P.i Ps). Dla obszaru BB T ¢ T F T 1T ACI
36d POUAA x1 1T OA1 A= I458&E)OI ERAITIARIG BT T EAOU T A B
x UOT ET @R BOY@EU OFEIALETI Of AAE 66 A E IP®A ZEAD ICE AbgiA GAGIAA E A

E AT 11 a8 alokalitowahé jgshi A0 x1 T AEA Al od BElE®) xE ABDTAZTOx GA
EACI xUQi=E02mAH E DI Oex1 i1 1T AAEI BGEA 1T AOUAO E
piecixA DPIiT1T A DPOBAEI GAEQ E x [ EEOIEAT AT A jAC

zlokalizowane0a BT T EAOU | LizAMUET A EAEIEAAT A BT ¢T xA |
i EEOT EAT AT AR A & ODQPunfepm .1 BA a1 &I Bjil €T xEA AcOCT
(o= 056aqh T A OOUAAE -Oikebi ®AGBAUDEWRE xUOIEI G
GAEAT EAT E CHODAAEEAT AT AUPOAILnh Guhku 4561 zdznatrbnd T | A
tylko jeden punkt pomiarowUh BT T T T U x DI el xEA). W UaddleET GA
x Ul 1T 01 xUIi Al 01 OUEEEAOT OA xUEITTATI D iwi/ldiuA O U

i EEOI E AF AxaOidDT ¢ T I AbEFKaQq BT &1 HAdraz b= @ha § BT ¢TI AT E

Ps).OT &1 I AR EPAwkerunkuosiol AAET T xAgU T AOUAO T A ceol AE
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(b=0aaN x OUAAUUxEOOI GAE DPEAMXNGOWU ADICIEA @G >GAEIAN Alad
daw= 01aaq AT EACT DI UEI i AEO=PBAAWAUUUT U OUIi AOOEE j

P P P12

[ AN N

i |

Rys. 46.01 ¢TI ATEA DOT EOGéx DHIITEAOI xUAE x AEODPAOQUI
punkty |l ADT xEAAAEaA DI T EAOT T HOUU YRERD AR3R, bunkyighiekkie A
pomiarom przy'YQ= 6770h A AUAOx T T A'Y@x5991x GEBEiI'YDAG7701 A

EOPAOUI AT OU xUETTATT Al A POOABR] WA &EY WwbBA A
2804 i 3337 A1 A DT &, RARIdPs. ® AAT O OPOAxAUATEA OOOOEOOOL
xUll OUUAE DOSAEI GAEAAEh xUEITATT AT AAOGET xA DBIi i EA
dlabl &1 k,RdR, BiPs.

Narysunku8 @ UEAT T T A EOI PEE 1 API xEAAAEa AEOPAOUI A
Reynoldsa z zakresi991 3337, kropki niebieskie pomiarom przy YQ= 6770, a czerwonez
UAO& xT 1T Dl | EYRO®OL 3387, Aak i 'YQ= 6770. Zestawienie wszystkich
xUET T AT UAE DPI T EAO&xh xOAU U EAE DI ¢i AT EAIl x 11/
2AUTT1 AOAh DPOUU EOEOUAE Ultah@ilcay AUBADEDAR OQIAAEA
pracy.

$1 A EAFAAE OAOEE bPii EAWI 2AGT jIAAOA HEAOOAGAT A E
i TAAT 6 UAOAEAOOGOT xAT 1T T A pnnm Al uvnnuwthakceE]l | x UAE
x OUUOOEEAE AEOPAOUI AT 6ex UAOAEAOOOI xATiT x OO1 EA
UAPAGCT ECU TETCT pegm'" POBAGOOOAI E OLAGRICK A D OBIRIAEC

44. 7U1 EEE DI i EAOQO8 x

*AE EOIF xOPiil1TEATT 1T A xOO6DPEA UAOAAT EAUU AAI
PDOUAPEUxO x (1 AAI Ai 01 OUEEEAOI OAh UEAATFOUEEET x
turbulentnego w | EEOT EAT Al A OAcCi Al 01 OUEEEAOT OA 1T OAU
i AEOUI AT TUAE xAOOI GAE AUOOUBPAAEE A1 AOCEE OOOAOI /
CAT AOAAEE 1 AEIi T EAEOQUUAE EOI PAI Al Ol OEEsPIVST A UOA
EEI EAT AGAEIAI EONDGEBOAREEIT GAE x EEI EOAUEAOGEOSGAED | EAE
i EEOT EAT AcOh x [ EEOIEAT AT A E 1T AOUAOUPbmianytd 1 0O U
DI UxT 1 EEIUI GIAET xU 1T PEO DPOUAPEeUxO x OUAE xUAOAI

reprezentatywne dlad A1 EUU OOOOEOOOU DPOUAPEUxO E bellT EAEOL
numerycznymi. Wynikiem jednego pomiarunPIVAUGAIEx ET T xA BT 1T A Ax&AE OE

A
¢]
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D06 AEG, GBI AEOUI ATTU ActaA DI [5BADodatek A.lUAyskan&) T T OF

AExEI T xA DiE MiIEAa-ABIAGAOa®w xqED d ibdhtdeh 864 T BIY' .

" O0AT Gg AT Al EUT x AT AEEA OOA GOx A B IEAENRST UAED x  OT UA|

x UT | OE 36f & (DadhtekD).Mi | IxE ®OUUEach A OUUOGEAT A DIl £

projeckcE6 DI 1 A POSAETI GAE T A xUAOAT & PeEAOUAUUUI 68
' AU T PEOA¢ OOOAOI AT OT U AEAOAEOAO POUAPEUxO

x UUT AAUAT A Auci bl AwoclEizdE GAAABDE U A8 AA O O IGRALEAE

éd): d)co()"" (’)i, éd = d,)u()"" (V)gz, (41)

gdzie®WOEAOO xAOOI GAEa GIRAUDIGRNE ab OB AEICEMEANUEA & D06
pei £l OEOOAAEE D06 AKAGCRAIBIBAMICEA GBEA ABUAIUX Ac OOC
"WO= 05 BHEO- BEOF BEO. 4.2)

7 DOUADPOI xAAUT T UAE AE6mAG Ui AU IOAMEA TOM AEUD EE 4A x C
PO AET GAEh DOUAU Al 1 EAA ERIGOEJ AifietycEnsj Aurbuteddi T A A U
"wox AAe¢OC AAEET EAEE jt18¢qQ8 : OACI bl x1A®UADGH
turbulencji 6Qsh  UAAZET ET xAT a EAET ¢

I, = 02O B0 (4.3)

# A1 Al UAAAAT EA POOBEAGIAEKIAON ACETAOTI EAOU xUEI T
x UAAOE&x DOUADPEUxOh UxEGEOUAEaA OUI OAIUI 1E
6770.$1 A EAL AACT DI T EAOO 1 O60UUI ATT EEI EAOCRG AEx
300 do 800ET AUx EAOAIT T UtAEA Ex AEGOTAOBIXEAUAA ET & Of AAEE
UAOE& xT 1 DOUAOOOUAT T UAER EAE E AUAOIXIUAE AAL
DOUAAOGOAxEITT Al A EiilAET UAE | EAUdkaz ol ehefgi AOA
kinetycznej turbulencji 6, UT EAOUT T A x [ EEOI £RAJiR) dha pizédrojg 1 I Al
w= 02a4a.

Wyniki przedstawione na rysunkach 4.7 i 4.8 otrzymano odpowiednio dl&YQ= 991 i
'YQ= 183%h AUUI E POUU T EAI Al AxQOEOI OT Ui UxESEOQOUAI
t8yA DPIEAUATA Oa DPilA DOSAET GAE GOAAI EAE U
0T EAUATA TA OUOBI EAAE 18XA E T8WA xAOOI GAE A’
te fluktuacje. Dla'YQ= 991 energia 6{; wynosi maksymalnie 0.2 ?j i 2, a dla’YQ= 1839 7

I#ExEI T xA PI 1T A DOBAET GAE TnPBUUAXEAOAGAUDI OAAYA AR
PTA 1

Jednak z uwagi EAxEAI Ea EITAAT OOAAEs AUAaOOAE Ul AAUT EEIT

300 800 DOT EO& x AT Al EUT xAT Agi T AOUAOOh x UAIAFTT GAE
OAEAOGOOT xAT Ui TAOUAOUA POUAPEUxO x AEx&I EDOIAEAG
xUli ACAeA ET OAOPI 11T xATEA 1T O0OUUI AT UAE xUlEE&x T A OA

otrzymywano w rezultacie pole65 52x AE OT O& x 8



52 AnalizZA AEOPAOUI AT OATT A DPOU

045a%ji%?8 * AAT AE XA&“QA,JE'XGAI,‘NAEI' GRUBA Al AeBRia & A iR ROLOEE %) i 2, co
AAEA AT A TAO 1T EAUA 2AUTTI1 AGAT GOBAATIE&R ATAODODA
maksymalnej na poziomie 56%.

u__[mis] the__ [m%s?)
Xz Xz
02
28
0.18
275
0.16
27 0.14
_ - _ 0.12
1S £
= = 0.1
N N
26 05
. 0.06
0.04
25
0.02

600 -B00 700 -600 500 -400
X [um]

(b)

Rys. 4.7. Liczba ReynoldsaYQ= 9918 7 AEOT O x A B¢ d RA [EEDeRérdid hgezna
turbulencji 6CR, (b) zmierzone w lokalizacji R>x | Al AoRaéd BAE Cé& O1 anikrGRAATAA
+7 17T 00U TAPI xEAAAEa xAOOI GAE AAUxUCIi 6 AT AE PIilA
pel DO6AET gA®E 6aBlal OU4

the_ [m%s?)
Xz

0.45

z [Iu.m]
z [um]

-800 -500 -400 -300 -200 -100
 [um] x [um]

-500

() (b)
Rys. 4.8. Liczba ReynoldsaYQ= 18398 7 AEOT O1 x A B3 0 AAA {aEeieidial kindkyEzna
turbulencji 6CQ, (b) zmierzone w lokalizacji R>x | Al AoRéd BAE Cé& O1 ankrGAATAA
+7 170U TAPT xEAAAEa xAOOi GAE AAUxUCi 6 A1 AE PIiiA
pel DOGAEI gA'E %831al OUa

141 OEOOAAEA DOGAET GAE 0Oa DEAOXxEAGE fiehwiiastdk zokMfeCEE EET A
OAr DI xOUAAET EA OOIRMEROAtz Mdan-Bahaded.i A OOA |
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Na kolejnych rysunkach 4.9 i 4.10 przedstawionaanalogiczne wyniki uzyskane dla
POUADPEUx&x U 1 ERSAAIE. ~AKEUTITIIAGA ABA U UGHE 6 E C
I EAUAU 2AUTT1AGA TEA ODPI xT AT xA¢i EOOI O Aci  x
Dla 'YQ= 2804 i 'YQ= 3337 GOAAT EA A1 AOCEA EETAQUAWEHIAT OC
015a2%i2h AT AAxAC lodpimi OEOOGAIAEAA DI UEITTEA t8xbp
maksymalnej

the_ [m?/s?]

z [um]
Z [um]

-400 -300 -200 -100
X [um]
()
Rys. 4.9. Liczba ReynoldsaYQ= 28048 7 AEOT O x A G O A {aEChekekdial kindbyEzna
turbulencji 6CR, (b) zmierzone w lokalizacji R>x | Al AocRad BAE Cé& Ol anikrGEAATAA
+7T 1T 00U TAPI xEAAAEa xAOOI GAE AAUxUCIi 6AT AE PIilA
pel DO6AET gA®E 6aBlal OU4

tke _ [m%s?]
Xz

z [um]
Z [um]

-500 -500 -400 -300 -200 -100 -600  -500
X [um] X [um]
(a) (b)

Rys. 4.10. Liczba ReynoldsaYQ= 33378 7 AEOI O1 x A Bd 4 AMA (affichkdefgta ikigely&zna
turbulencji 6 (b) zmierzone w lokalizacji R x T Al A0Rad BRAE C& Ol anikrGBAEIAA
+i1T0U 1T APi xEAAAEa xAOOi GAE AAUxUCI 6 AT AE piniard
pbel DO AET gAE 63B1al OU4

* AE | Zatenit UAA O x Adortimo ponad trzykrotnego wzrostu liczby Reynoldsaod 991 do
3337, 1 AGAOxT xAT A £ OEOOAAEA DBIT A PDPOSAETI GAE 1 E/
maksymalneh AUUI E | EAOUAU&A OE® -4 I QOAN KAEAMAE POUUEG ¢



54 'T Al EUA AEODAOUI AT OAIT A

2AUTTTAOGA 11 EAEOQUABEUN AIERIGHDO xU DUADAAUIT EEDO EAT A
KolejneDT AxT EAT EA 1T EAUAU 2AUTT1 AOA Al xAO@HaGAE ¢@x X
niewielkich fluktuacji BT 1 A DPOSAET GAEUAI EIEIEIODERAT Al AxAUAGI EAEO

GxEAAAUAAOAEGT IUAMAOOUAT EO(rys.0.nAaru x O

O

2
U, [mis] !‘ke m?/s> ]

R
15

0.9
14
13 0.8
12

07
11 E

06
10 R

05
o

-500 -400 -300 -200 -100 -600 -500  -400

x [um] X [um]

(a) (b)
Rys. 4.11. Liczba ReynoldsaYQ= 67708 7 AEOT O1 x A B3 4 AM (afEckielgi kil dna
turbulencji 6y (b) zmierzone w lokalizacji R § x1 1 O AT | eZaipd M AgODI a
+7 17T 00U TAPI xEAAAEa xAOOi GAE AAUxUCIi 6 AT AE PiiA
pel DO6AET gAE $aBldal OU4

z [um]

the__ [m?/s?)
Xz

09
0.8
E €
=] =S 0.7
N N
0.6
0.5
0.4
500 -400 -300 -200 -100 -500
x [um] X [um]
(a) (b)

Rys. 4.12. Liczba ReynoldsaYQ= 67708 7 AEOT O1 x A B3 4 AM (afdkielgia kiGeiydna
turbulencji 6B, (b) zmierzone w lokalizacji P (wylot zi EEOT EAJaA ®OM C& 0T a GA
i ADT xEAAAEaA xAOOI GAE AAUxUCI 6AT AE DPI1T A xAEOI (
DO AET GAB54%aU 16830 4

}:,AQAEA‘OE‘)OT}ATAT ,D'l',A'[ Al p UQI‘OAAT U Di UET | /E] OEOOAAEEN
i AEOUT AT TAEN AAUxUCI 6AT A xAOOI G¢ Al OEudb@ndiEstn, x UOAI T 1
i AUUxEGAEA Oi Aceeaa?iE6 EOUAT EORh Al
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)y OOT EAEaAAA £ OEOOAAEA bPi 1 A TPAGEsAUR TOGMAE xQitdFDRAGH OF
2AU0T 11 A® pozidnie 4-5% PO AET GAE | AIEIOIWMedD OB EBsmato | A
znacznego przekroczenia krytycznej liczby Reynoldsap OUABE Ux x QU ol
Pl Ul OOAEA 1 AT ETAOT U8 )1 OAOAOGOEaAAA EAOCO ip &
POUAPEUxO DPOUAA x11 OAI Al 1T EEOI EATACO E x 1A
OAUOI OAOU Pi i EAOEx x Di OOAAE xAOOI GAE OGOAAT |
4.13a pokazany jestb OT £E|1  ®BQankelzdnyGW Eanale wlotowym emulsyfikataa o

xUOT E1IscA&E 001 £E1 Uil O0OAE xUEOAGI T 1 Ua WA OiexA ®A BBG
DOUAOOOUATE jAExEIT xA DPI1T A POBAET GAE Auc¢i DO
DI AUAOEA jGOAATEA U xEAI O AExEI | xOKE T BB A
CEOAT ET GAEAAE EATACO j a&Ehl AT *xAGRRAGABC* OBUEOABG
DOl £ZE1 E DOV AET GAEh a®BAERS & @ UREEEKDA 32 Soekazufel taki
xUUT AAUTTA DPOT £ZET A DPOSAET GAE oldsaod BDOAHABIT.U x & x
MaksymalnaD O6 AET G¢ UAOAEAOOOI xAT A AUCA 'YOEA337BOUAD
x UT T OFC2&74ji.

i A
(o)

0 0
—a—— Re=991 Re=091
0.2 B s T — = Re=1839 0.2 Re=1839
—o—— Re=2804 Re=2804
——8—— Re=3337 Re=3337
04 A 04
I T PO T N T P TTTTE Q.8 b B
E E
£ 4 £
: 08 L — ,Oe T A N B T P
A+ Ak
3 Y
12} i 12k
v :
14} : 14f
L 1 1 i L 1 i I
0 1 2 3 4 5 0 0.02 0.04 0.06 0.08 0.1
u, [m/s] tke,, [m?/s]
@) (b)

Rys. 413. 7UT EEE P IinPIE A aénale wlotowym emulsyfikatora (lokalizacja B) dla liczb
Reynoldsa z zakresuYQ= 991 3337N A Q DOl EBEDA Ayl BrofiGehdigii kinetycznej
turbulencji 60,

Na rysunku 4.13b zamieszczono profilex AUAGT EAE U dnArgiEkinélyiczneh 1 A E
turbulencji 6, § x UE OWEAG AT A =117 01T xui Al OI OUEAEEAOT OA:
POUADPEUx&x U 1 EAUAAT ¥Q=2A U B3R AOAO RAEAEODOS 1 /
I ET@R5642%i2do0050%i?28 4AE 1 EOEEA xAOOI GAE GxEAAAU:
DOUADPCEUxEAxIX OF ATUAT PAOAE EAOO UT AAUAAUAE £ OEC
Ul 0O0A¢ TEOAGITTU EAET 1 AIETAOTUS

+AT At xCkOE ©OUzmhigsBAEAA Ox1 Ea xUOI ET G¢ DOUAZ
i EEOT EAT At AisGIAOUEEEADE DA U [ AEOUI'RE®67a0 1 EA

nAOOs POEA OOOAET BOE T b @& UABEDIUIIEAIHE AOpiz_akroju wlotowym
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I EEOI ERysuhek®D14A DOUAAOOAxEA Ui EAOUITA POT £ET A PO6A
AEAaGCEUI E UAUT AAUTTT DOT Akd jAGOD QALE | /ICAAGET SAE(Q & AIEE
xUUT AAUTTA Al A POUAPEUx&x U |1 EAUAAIBI7T?2 DEBRICAAOA
xAOOd,60a4jis $1 A DOURRAEY WD Geyaoldda BjNDSAGT70 wyznaczono

D 06 A Bi oBszarze wiotowym (R) i wylotowym (P.q | EEOT EAT ACOB00TI&AROUT 1
UAUT AAUTTA Ul OGak LEAEA OQUERANERDEER DOT&E OU IXATELOUOA
UAOxALF U¢gh A T AEOUI Al T Al DOSIAIEAKBGA AIA OREROIOHA XA @
144jih UAG T A wWojil4AAFEA AE8A DPOBAET G¢ xAODABE x E EARAARA
Reynoldsa 'YQ= 6770 (wyznaczona x | DAOAEO | x UOT EG=@@0 a4) EEOT EAI
bl xT AOGEAh A OUAOAATEITA EAOO PDPOUUDOOUAUATEA I
mikrokanale. Przedstawione na rysunku 4.1% profile energii kinetycznej turbulencji (‘f%

x OEAUOEa EAAT AE 1T A AAOAUI 1T EOEEA xAOOI GAE £l OF
072a%i%.. EAxEAT EEA & OEOOAAEA TA xUITAEA U 1 EEOIE
i AEOUI AT T AER GxEAAAU&a | AOAEO EOOI ONWKWAEOEBLAAODO
OPT AUEAxAch A x AAl QUABDxAQCEGAER AU GEE-EWAICE Od\e
TEAxEAI EEA UAAOOUATEA AoAa xUIi AATEATA E x EIT O/
turbulenciji.

0 0
—a—— Re=991 : —a—— Re=991
———— Re=1839 ——— Re=1839
—6—— Re=2804 —6—— Re=2804
o1k —=—— Re=3337 01l : —=—— Re=3337
- T ¢ Re=6770 ' +  Re=6770
\
|
£ f 3
£ 02 ¥ . - E 02f # .
= ; > /
] inletregion - outlet region outlet region inlet region
] \ 2 (P,) A
I of the micrachannel 03 of the microchannel
03k T, YO S S (Re=6770) 03 F (Re=6770)
— :
P12
’ i i i
045 5 70 15 20 044 0.2 0.4 06 0.8
u, [m/s] tke,, [m*/s)
(a) (b)

Rys. 414.7 UT EEE D hiINEV Qikrokanale emulsyfikatora (lokalizacja R, P i Pi2) dla liczb
Reynoldsa z zakresuYQ= 991 67700 AQ DOI £EDA Al Rroficehdigii kinetycznej
turbulencji 98 , ET EA AE&aCE¢A D OUIAKAIZDA R-E ADBdatkovid| Zazaadczonb
TEAAEAOEEIE OUI AT T AITE x EOUOAGAEA AEAI Al Oa)xi
wylotowym (P2 | EEOT EAT A¢Oh xUEIT T AT UAE AVQA6MOUADPEUxO

001 £E1 A &,0 ¢ehekigli Gidetycznej turbulencji 6T, wyznaczone w kanale
wylotowym emulsyfikatora (lokalizacje P, i Ps) pokazane na rysunkach 4.15 i 4.16

pi OxEAOAUAEa DPOUAxXxEAUxAT EAh A OEITA UAAOOUAT EA
wylotowym emulsyfikaOT OA8 7 BAd RE&cix@wWAE OO | EEOI BAdaAEc O DO

POUADEUxO U | Kd(Gh7ai ORDTA | KROEOU i1Addl iarys< A6 b G
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x AOOT G¢ AT AOCH|E= 7T6OPRPIOANIOBEE 8puvAQs | xEAAAUU C
DOUA®E & 1 Al0Reii GAEE O1 AE GAEATEE EATAEO xUli O
Uil TEAEOUATEO x DI O&xT ATEO U DPOGAEI GAEa Ui EAO
Ol AceA PITAA AUEAOEGAET EOI OT AT O UxEGEOUATEOS

0 e
Ak s
o —a—— Re=991 —
E ——v—— Re=1839 £
E L —e— Re=2804 = 2t
Re=3337
—o—— Re=6770
D& Re=991
——%—— Re=1839
——&—— Re=2804
3L 3tk Re=3337 |-
Re=6770
0] 5 10 5 0 2 4 5 E 10
u, [m/s] tke,, [m*/s]
@ (b)
Rys. 4.15.7 U TE EE D hAlEAKarilke wylotowym emulsyfikatora, 366 T A x Ui T OO0 i

= E
£ E
S Ll = 2] g
Re=991
——v—— Re=1830 - Re=1839
al | —e—— Re=2804 | | —&—— Re=2804
Re=3337 Re=3337
Re=6770 ——o6—— Re=6770
i i
5 10 5 10 15
u, [m/s] tke,, [m*/s?)
(a) (b)

Rys. 416.7 UT EEE D hAIMEwAkariale wylotowym emulsyfikatora,8ad T A x U1 T OO i
(lokalizacja P) dla liczb Reynoldsa z zakresiYQ= 991 6770n AQ D OI AED A Q) NkEs(il
energii kinetycznej turbulencji 6CR;

70AU UA UxEOEOUAT EAI T Al Acei GAE TA xUIT OO
GAEAIAERA O xUlTOi xA¢gci OI ACA UiTEAEOUATEOh U E
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oMy = 138G 2ji2

"AUOEAA T A xUIEEAAE POUAPOI kAAUAT ODAREADABDEQS x
x1 1T 01T xui Al O1 OUEEEAOI OA E EACI [ EEOI EAT AT A DPOUA
OOOAE EOOI O1T UAE UAAOOUARd AeceEAA OBOOAAQAELT APom AED GA
fluktuaciji, pomimo wysokiej liczby Reynoldsa Q= 6770) pozostaje na niskim poziomie,
i AEOUT A1 1T EARA7205¥T.LNOAOOCAEAABATUEA DPOUAPEUxOh xUOAI
Ai Ol OUEEEAOT OA8 O0OUADPEUX iA OOOAE OOOOEOOOHG
i EEOT EAT AC O E DI A aQAaAsl AMAC T xO BECHIREOT] 8680 A &bt GAE 1 Ol
rys. 4.5 na str. 49. Im dalej od wylotu mikOT EAT A¢d OUI 060061 EAd OAT O
nOl Ul UAEO6Hh OUIT 8 xOEOOAE [ EAOUATEA GABAOIU ED&GQYT Al
OACi OO0O00i EATEA O1 ACA UxEBGEOUAT EOh A DOSGAET Gg |
AEAAUU UAxAOOAE x 00ROl BATEEGM ABYS GIAEAUIU AEAAUA
DOSAET GAEh xUPA¢CT EANROEASOAEATOMRCT x UTEHAGWAU&E Ah T A C
AOIFLAE E 1 ACAE DOGAEI GAE T AOO6DPOEA EOOT OT U xUOI C
profilach widoczne jest to jako verost energii turbulencji 6Q;h EO& OA x [ EEOT EAT Al
TEOEa xAMOAOTGUDATr T EA O1 0¢ A xOAU U 1T AA@{drASEAI OES
414b, 415b i 4.16b). 7 AOOT OAI UAOxAl Uch ©BAT U E AGnkAOQORIES
recyrkulacji. 7 BT A1 EIF O C&8OT AE GAEATEE EATAEO xUIT Of x4
AT AAOT Eah EOEOA T KRE BIEEDAAKIGEA AACAQE ABABAEAT EE C
zerail AOO6 DT EAh DPOUU AAI OUUI izAidnA kidingk(Go Widoéznel A ¢ & Ol
EAOO EAET xAOOI G&kys.@868)i71 MITA ER A ABIEO OUI,LAWOOEE Ai
DOUADPCEUxEA U 1 EAUWE 6720004 ABAIOR¢ OplHd @i 01T A6 x OOO0A
I OEACA x Adadil. Gg Al

Podsumowanie Ul EAT ET OAT OUxT 1T GAE &l OEOOAAEE DOSGAET

rysunku 4.178  7UEOAGI T 11T TA TEI Al AOMEw fulkgillidlyUAUT a O
2AUTT1 AGA AT A DI OUAUACeI TUAE 11T EAIEUAAEE x Al ¢
(lokalizacja R i P..q OADOAUAT OO0®4 wyzndcepael @ipoiviednio w kanale

x1 1T 01T xUI T OAU x [T EEOIEAT AT A8 $1 A OQUAE 1T AOUAO&x >
1 EAUAU 2AUTTTAOGA TA xAOOI G¢g A UDRQONFA Adrckbsb QLA ET G/
liczou 2AUT T 1 AOA PIUI OOAEa T A 1T EOEEI boaET | EAS8

I AGAOxT xAT U EAOGO x EAT AT A xuUlil Ol xui Al Ol OUEEEAO
Ul O0AEU T ADT xEAALIBP} TAAIAADE ek EBAABE 1 ©O | EEOT EAT
Widzimy tutaj szybki, monotoniczny i niemal liniowy wzrost energii turbulencji wraz ze

x UOl OOAI 1 EAUAU 2AUli1AGA8 /Ul AAUAg O1T 1 TFAR I A
i EEOT EAT AcOh 1 AOO6 b aibllenbeOtld AGCABHA xAAUVEBOQRADE Ux |
OE6 DOUADPEUxAI x DPAECTE AOOUI ExUI 8

Ui 00AE U DIiwphkURAIUE A£G EAEA OOOOEOOOU AOOCEACT oOU
Ul O0AEA x1101 HAAEIAARa T1TA OOAOUOOUAUT & xObeécUAI A
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DOOAET GAE [ EAOUITUAE x IHITURE ARG ExQAEA EO UBUOOJOAAE
OT UxT EO OOOAODI AT OT UAE xEOéx x AT Al EUI xAT Ul |
gradientami polaDO6 AET GAEh EO8OA xUOOsPOEa T A DOUAEC

xAOOT GAE 4&O1T EAEE OOOOEOOOU GxEAAAUa 1 AOI AE
I AAATT GAE xEOé&x 1 AOFrAE AT AOCEE8 .EIi 0a 1T1A U,
xEO& x 8
10 :
9fF| —=a— P,
—A—Pl_z
8F P,
S PS
F ;
6_
£ st
£
g% 4F
3._
2r ”'i‘ri‘lé‘t'r‘égio'r;‘""""'”
b of the gap (P,)
: : : of the gap (P,)

i i i i i i
1000 2000 3000 4000 5000 6000 7000
Re

Rys. 4.17. Energia kinetyczna turbulencuoﬂ‘gn wyznaczona na podstawie danych eksperymentalnych

, ETEA DPOUAAOOAxEAEa&a xUIEEE Al A Dl OUAUACeI 1T UA
I AxO8ATT A OOBEEaOU JujEW VIBErde wiviovlym QEJ x Wylotowym (P2)
i EEOI EAT AcOh Al A POUAMDZ &8 OVOUBAOEEA2RBT EAAGY!
x 1T Al RPoéd IGREC& OT AE GAEAT EE Al 01 OUEEEAOIT OA

W przedstawionej analizie funkcje struktury UT O Owyéndczone BOUU UACT | A

ETTTCATEAUT T GAE DPiI1T A DPOBAEI GAE x 1T AOUAGWA 1 Al
i EAE EOI Ul O06A¢T mDBI bl EDUVAR DHAOCEAOG ¥ xUAA Ex |
kamery CCD czyli w rozpatrywanym przypadku 854‘'d  683'a). SUEG EE OAI & UA
EAIFAA AExEI T xA PI1T A DPO6AENNMEUEDDIAEXIAAdA x UDT
obliczenia funkcji struktury zCT AT EA UDPITARAEEd EWAIaMI 1.9wGokdzidld 151,
W niniejszej analizie wyznaczonoGOA AT EA U E x édhiilowyh® OO sAIEH ESAMERE A E
DOT EGAAE T AAATTTUAE T DAxEAIT ategdviekdraONa rysunkachi A I
418 i 419 DT EAUAT A Ul 06A¢cU 1 ETEA | AOADDHEGRAGAEA
OGOAAT ET T UOBOOEEZODBAEEOE OA Ul OOAEU xUUT AAUT 1T
DO6AET GABPIM. AOT Aa

)
i
A

>

1*AE UT OO0Acl TADPEOATA xAUAGI EAER U OxACE TAAQQA
AOGOUI ExUAER Al A EAIAACI UAAZETEI xATAGi Di¢it Al EA

EEI EOOAO AExEI T xUAE DIl EAOEx DOdAETRAET EAE(Al" AE3Rp e
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Rys. 4.18. Poprzeczne funkcie DOEOOOU AOODBA BES BB BGT AAUI T A
CEoAl ET GAE x EATAIA | O&F UM AA®OICE ARG BddBYOH ¢
[ EEOT EAB) A BQ Di ¢4 (8hd BlAwylow | EEOT HAGAEADEUXx U 1 E.
'YQ= 6770

Rysunek 4.Ba przedstawia poprzet) T A £O0T EAEA OOOOEOOOU 6,001 AAUT
DO AET GAEh Ul EAOUIGKAIEA xx Ull AIOBHCCIT BCRAE EADAM O (1 1E
DPOUADPEUxEA U TYBAG2aW t2jlokhlizhcyi db&eAvowany jest gybki wzrost

poprzecznej funkcji struktury AT A 1T A UAE A ¢ OCH GALD (0DRMOARIEET GAE
0.24 & (linia czerwona), 0.3a & (linia zielona) oraz 044 & j 1 ET EADTIAS ¢@BACD 4 GAEAT
EAT Ac O x UIWzOst xeA @lega wyhamowaniuAl A xE8 EOUUAE Ac¢OCI GAE
(6> 045aa). M T A xQCA AOET x Aanhle wyldtowym emulsyfikatora wb 1T Al EI O

i EEOI EATAcO AT I ET OEa 1 AecAh AT A UA 001568811 A 00O
I AAAT A x DOUADCE UxEAo=1024aCdoscdl BROGAE Ul Al AEOUI Al T a
ET OAT OUx1b=GAB&x. Al AAT AGQ&ITGFAEXUI T 0O 1 EEOI EAT AcO |1
T AEGEI 1 EAEOUA COAAEAT OU DOSAEIT GAG= 10BdBA@Gs T x AT A C
4.18b, linia zielona).0 OUAT EAOUAUAE A A= 036 a Kk AEBROBT EO Cce Ol AE ¢
EAT AcO xUlwEO026A Qo= jol1aa @ T OAU x EEAOOTEO DPEAOUA
(w= 044d 10646q T AOGAOXxOEAI U OPAAARAE xAOOI GAE xUUT AZ

JednakOBPAAAE OAT 1 EA EA GCOukt@ryvlirowdA xTT B1h O DO AGOTAGOT ET x
AT AOCEE 1T AAAT A odé&= QawmdAdoti=-GAGBARE " AUOEAA 1T A OI UE
funkciji struktury dla lokalizacji Ps i Ps T 1T I T A OOxEAOAUEc¢ch A TAOUAO 7

AOIL Ui E COAAEAT OAT E DOSAET GABOI HOPDODEt xkABBAKEBA
xUl T 00 1 EEOCT BEAEREOUA Ox1 Ea €00AAGDS I xAUAGNT BAIT GEcAQ
i EEOI EAT AcO8 *AAT T AUAGI EA POUU xUIT AEA [ EEOI EAT
wiry (< 0156aqh A xOAU UA xUOI OOKAT AADAQE IOGAE OPA ORER
OAUEAE 08 x isthuldry. x E6 EOQUA

x AOOI GAEAT E GOAATEIE UA xOUUOOEEAE A&O1 EAEE O0OO0OO00OEODOD
AExEIT T xACiT DBI1T A PO6AEI GAES
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S0 [m¥s?)

10 —y=0.2
y=—0.3
y==0.4

—y=—0.4

—y=-0.6

. y=—1.0

310" 10" 410" 310° 107" 4107
I [mm] | fmm]

(a) (b)
Rys.419.WzA ¢ OF 1T A £OT EAEA OOOOE OO0 &y pokarateq BiaICIdgar@nticankj
xUUT AAUTT A AT A O&lTUAE CeEoAT ET GAE xiAKATAIIA Bdc
(Qaa i A xUi T 00 | EEOI EAT Ag@phi A qx Wil IAO M 1 i¢HréethilaieiinidC
DOiI OOA Pi EAUOEa AU AaRE] xBCEKWEAIART EE 1T AAEU
(¢# 3) wyrysowanych krzywych.0 OUAPE Ux U | Ev@16ra 2A U111 AOA

Na rysunkach 4.19a i 4.19b pokazanow skali logarytmicznej wzA ¢ O Ifunkkje struktury

xUUT AAUTT A OAE EAE DbHpOBALIN BGIAEAT Al GRAOMA BOAKE x
xUIl 1T 00 1 EEOI EAT ArgsO4.8a)i BaA 1 AE IALNEIAO® | EEOT EAT AE O
rys. 419b) x DOUADPEUxEA U YMQEB/UBA $2 A XIUIEIOA®Ape dwiel ¢ 4 Al
AT AAGET xA T ETEA OAPOAUAT OCE&ZMRAOGRIEXWKAAAIEA ORAI

AUOOUDPAAUET ACT T OAL - typoviy sl Akal oliszai® énerdyjblego[15, 63].
ST T A VAOAKBABRROORT Astruedly E ABRAT AT EA EAE DPI DPOUAAUI
i AEOUT AT T A 1T An=coezndl €1 SAH A UAE xAEO& wéoku OAD

lokalizacjach (B i PsQ 1T AAEUI AT EA &O01 EAEE @&60GH OOGYUE AWM

AUOOUDPAAUET UI AEAOABORODAUAAUEARERAB8O7O0AU UA xU

separacjiai T FT A UAT AORBAT 8Ad AAEUI ATEA 1 ETEE bDOUA
AOT EAEA OOOOEOOOUSB 1 EAT U OA Aal &3 /Dlalokadci CT E ¢
Ps; funkcje struktury niA B O U UdaEhflédidd®2h DHOUAU AT 1T 1T A OOxEA
xUl 1060 1 EEOI EAT AcO DPOUAPEUx [ A AEAOAEOAO «x

EOOI 01 UAEEUABEUKRAGAES 000U 1 AAAI Al(BAlIizadER, | A
rys. 419b) obed A O& EOIOEBAGBE xAUOOUDAAUET AR EAE E E
T AREUI AT EA 401 EARE OODOEGBOOUI DEGAR At QCHIGAE

Al A T ACUAE OOOOEOOO POUAREUXAQ xEOADUUAEE Bic DiC

separacji 8 -1 1A UAOAI OOxEAOAUEcCh +A UCi Al EA U
Al O OUEEEAOT OA DOUADYR6T7ME A GER UBQ U LB A A ik OG0 O
EOGsOUI T AAAT A EAOO EAOEAAA Al AOCEER DOUAE/

AUOOUDAAUET AEhRh CAUEA 1 AOO6POEA EAE OI UPOAOUAI
$1 A DI OxEAOAUATEA 1T AAATT GAE OEI T UAE n@OOO0E
rysunku 4.20 zamieszczconoD OUUEE AAT xA AExEI T xA DI 1T A xAEOT (
036a T A CeOiEa GAEAcC O x| DANB @ISAYR-E6X70 Rysunki 420a,
4200i420A POUAAOOAxXxEAEaA EIT 1 AET 11083 Ai 8OadAVAdUGA E >
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i EEOI EAT A¢ 08 7EATAUT A O0a OOOAE OEITIAA UBGEDD &xWBX E.
ma chaotyczny, burzliwy chaakter.

Uy, [m/s]
/'///_.__.__.—»—.\.\

2 //—’-“———-—\\ 8.0
y 7 _>

e ———

~ ~ N\ —
~ NN, .=

A W ——===

(©)
Rys.420.7 AEOT O xA AExEI T =&, UBDITEIAD UD O & ARDID@HESE EIETAE I AE

GA E AdecBaf dia lokalizacji B (164 UA x Ui T OAI 1 EEOI EAT Ad Bad za/
xUl T OAI 1T EEOT EAT AcOqBacAGA Ax A1 11 GAIANEBEAQIEEADIVA ¢i(
xAEOT O xAE OOI EA 0O&f dyRrecyvhiste wihtatydb&arGpbriarub 1 1 A o
xUT | é0@ 683 a

Przeprowadzone pmiary nPIVI OAU AT Al EUADTEEAEIAR Uk EEEEOT EAT Al
emulsyfikatora, BT 1T EI T AOFAE DOGAETI GAE xUT i8Gfiadka E | AEOL
xUOI EEAE 1 EAUAUYRZATID,DOBABE 02 xDAREGI OOAEA 1 Al ET AOT
xEOGEOUUAE £l OEOOCAREIEx AHO AGT GAES8 A3BiUg OOI 00T ET x
EAT AcOh x Di 0&x1 Al E®Q=UadE A ia =264 EI GAEAaDOUAAET AL
EAT AeDO xi11 01 xAci Al 1T EEOI EAT A¢O UIT AAUT EA UxEBEO
EAAT AE DOUAAUxA UAUO BOGLET Alx 1 ELKIOINIEAEAAAEAOCOD
xUi T ATEATEA UAAOOUAdh AAU Al b &irbulermineds.c Brald | DOUA
OOOADI AT AEE TEA Al EIEI OEA EAAT AE EOOT EATEA x A
GAET AEAAUAER xUxi ¢AT UAE PAYSOVEUTGAAE®I UiAD Opd AA EMAT GGAA

AUOOUDOE&AAAE AT AOCEE EET AOQUAUT AE OOOAOQI AT AEEnN
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kropelek fazy rozproszonej w procesach takich jak emulsyfikacja czy wytwarzanie aerozoli

[64, 65,66]. 31 AOAQIAEQAIAOAT XA  BECAUAO U DI xT AUAT EAI
OECAAAAE bDPOT ACEOEAAUAE Al Ol OBIAx GOAAMNAGIEUIX AIBE H
EOI PAT AE EAUU OIT UPOT OUTTAE 1TFA TAOO6DI xAg x
xUI T OT xUI DOUAPEUx OOAEAT GEWI hPOWABUOGAAN UIOO
AUOOUPAAUET Ui h GCAUEA 1T AOO6bBPOEA OI UPOAOUATE
teoOEa 1 DEOOEaAa Okl AUMAIUEA xAEGIOWAIBDOOAT A AT  O1 U
emulsji [66].
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5. ' T Al EUA 101 AOUARD WA B OIURBDG UKDl A ¢

0OOUADPOI xAAUT T A Ppi i EAOU pai DO AEIT GAEHh
AEOPAOUI AT OAT T UAER T EA AAEa 1AI DpAcT AcCi i A
i EEOI EAT Al A8 0AeT AcCi I PEOCO AT Al EUT xAT AcCi i
przestrzennych i AUAOT xUAEh 1T FA AT OOAOAUU¢ xEAOQUCT AT
sUi 61 AAEA 1 01 AQGUAUT A POUAPeUxO DBOUAU 11T AAT A

I AE6OI GAE OET dAUT T UAE Ayi OADNEEDODIAAD Eaand: iDOAIA
1 O AOUAUT UAE UAxAOOU Byndiace®dNSAT ODANANBEAE B AQE
ET £ Of AAEE 1 AExEI T xUAE OI UECAAAAE AEGI EAT EA
UAEOAOO OEAUADLO®IANT UAER EAE E AUAOI xUAEh A
PDAtT UAE AEAOAEOAOQOUOOUE OOOAOI AT AEE OUI OI 1 xA1d
model RANSPT UxT 1 E€U xUUT AAUU¢ TAOQOI T EAOO xAOOI Gg
dyssypacji energii kiretycznej. Wszystkie obliczenia przeprowadzono w domenie o geometrii

EAAT OUAUT AE U 11 AAT Al AEOPAOUI AT OATTUI R A x¢/
OAEEAR EAE Al A AEAAUU OFUOAE x AEOPAOUI AT AEAS

5.1. Geometria domeny obliczeniowej oraz siatka obliczeniowa

. A DPi OOUAAU DOUADOI xAAUT T AE AT Al EUU 1 0Oi
Ai 01 OUEEEAOTI O UAAEET EI xATT ATi AToe 1Al EAUATEI
eksperymentalnym. Niestacjonarne gmulacie DNS POUADPOI x AAUT T A AucU
I Al EAUAT ET xAE T API xEAAAEAAAE DAcT AEtzn. cbkd i AO«
xDOl xAAUAT EA D& A MU fddjoharhym MadlélovenEE - wykorzystano
natomiast AT | AA®A & Aa gnedeld éépErgmentalnego (rys. 5l), ze zdefiniowanymi
AxEAT A PEAOUAUUUT AidE GIbt A OIEEAU paENEIRHT @48 jUx 1 1 E¢
TA Ul AAUT & OAAOGEAE®6 OI Ui EAOO OEAOGEE 1 Al EAUAT
Ui T EAEOUAT EA xUi ACAT AE EI 1 GAAKh DIAERjAIS AgkdnEnid A O A A
OUAE 1T Al EAUAdS

'AU POAxEACT xI 1T AxUT Ol xA¢g 1 AEI T EANSURO XD |
Ul 0OOA¢ xUETTAT A POUU OFUAEO AT OOAOAAUT EA cos0C
Ol Ul EAO PI EAAUT AUAEAET AUQEEEBREAGBE ODIUXEA OEAI
$1 AOGACI OArh DOT AAO CAT AOAAEE OEAOQOEE 1| Al EA
x UUT AAUAT EAT OEATE +1¢iTCi Ol xA8 3EAT A OA x Al
I OUAAT xAl EARe B33%A1 DE®T AUUT AAUAT EA OEAT +T €11 ¢C
$1T AACEO % T A EITdAO DPOAAUQ8 7UCAT AOT xAT A OEAC
EIT I pOT T ECAT PIITEB6AUU AT ECAATT GAEa 1T AxUT OF xAl
AUAOGAT T AT EAUAd8 7 1 EKEDITEAT AULARE AGTI xBAAE TGO
OUAGAEATT&a U xAOOOxa DOUUGAEATT&ah A x Pl Ul

I
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AUx1 Ol GAEAT 148 7 OACEITEA [ EEOI EAT Acéexh T AEITEA
xUT T @BdA AT DI UxAl Aecl EARAOCBARAI POUBEAL OBARKA +T1T ¢l 1
DOAxEACT xI 1T AxUI Ol xAT A j OUAUAcegi T EAR I A Ul EEE
xUOAI'T UAE &1 OEOOAAEE DPOGAEI GAE x [ EEOI EAT Al An
OUAAUUXxEOOA OEAT A +1¢i1 1 Cl @lock dracovandjly @ B A WA GsAcUd E A
Dodatku E).

badany mikro-kanal

<> _ 10
80 20
Rys. 5. 3AEAT AO CATi AOOEE Al OIl OUEEEAOI OAh UAAEEI]
POUAAOOAXEITA EAOO AT I AT A xUET OUUOQANA As AR AR
emulsyfikatora

01T AT ATEAh xUA8O OAEAI AOOB AUOEOAOBUUAAEE Aue DA
AT ECAATT GAEa 1Al EAUAd E AUAOAI BMSEkale&eUdsd Ol x AAU
Ei OUUOOBGAT EA UA OAEAI AGex 1 1 EOEEAE AUOOUDPAAEE 1

odwzoOT x AT EA 1 ACUAEh OEIT i Pl EEIl xAT UAE OOGOBEODHO xEO
T P8 OAEAI AOGU AAT OOAIT T-ABE A IEIAOOMN OA BAE T OIAUAKA 10T A,

I Al EAUA®ACT OAIFI x DPOAAU UAAAUAT xAlT 1T OE@&31xUET OUU«
OAEAI AO AOOCEACT OUoAO-i gARD ODEaEBAQMT E&s @®RAA D kA
OAEAI AO-WAAOGABRI6h AT A T UT AAUT AE AUOOUDPAAEE 1 0Oi A
DOUADPOI xAAUTTT AT AAGET xA 1T Al EAUAT EA ®DDEEAMA aAj
7UETTATT OAOGOI xA 1T A1l EAUATEA DPOUAPEUxO DOUAU Al

Il EAUAE 2YAY67VOEA G U OO A E a4 Asetdddordedubwind Ar@zCre schematu

Third-Order MUSCIh E 08 OU ¢€¢&aAUU AAAEU OQpwnd i v oracznkrh 1 OOAT T £
001 DT EOh x Dl Oé x1 vplvied® OADOAEBAAODUAOOOUATT & Al E
Di DPOUAU OAAOEAEa AUSBOUPALEIEAIT DA ADWAODREANB c kDT E|
FA O&lTEAA xUTEEAEaAA U O&F1TUAE ODPI Ol Aex AUOEC
GOAAT EAE AU¢CU 1 EAnhideirozEEAMN OUANDGAEHE AEEOAR OUAUT AE C
DOUAEOAAUACU EEIEO DPOI AAT 68 01 UXINITEAITA ®OUWMO D0 G
OUUAAEAE UAEAuphidd®ie xOEBAT PO®OAxT EA T AxUT 0O0Ea x0OU
i AAAT UAE x OUI Oi i xAT Ui DPOUAPEUxEAS

1 MUSCIz Monotone UpstreamCentered Schems for Conservation Laws
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Na rysunku 8¢ DT EAUAT I OEAOE® 1T Al EAUATET xa «x
otoczenih U xEAT AUT Ul xUA QOOWRAOWAT EXAITT OT xUil AT 1 EE
GAEAT EAAE j xAOOOxA DPOUUGAEATT AQ8s #ACET xEOA
symulacjach DNS x UT 1T O H45830. pNV obliczeniach opartych na modelu @ - OF UOT
podobnej siatkih OE¢ AAAEAANBE| DEOARBATAQI xAT A AUCA TT1TA

AACAE T AE6OI GAE |11 A& VORDEERO B AAGAGANGACTOAE C
EAE O UOAE DNS Dolatkowd IZAREEOT x AT T  AUT Al EAUT A UAGC

obszarach, gdzie bezwymiarowy gradienpréo AET GAE AUE xE®OEOUU TEIF ms8

-0.2

y [mm]

-0.4

3 08 06 04 02 0
% [mm]
Rys.52.3 O0OOEOOOAI T A OEAOEA OUAGAEATTA U xA0OOOxa
DI T EBAUU xoUECAI BEGaOEAOEE xUT 1T OEE A

OOUAA OI UPIT AUBAEAT x¢AGAExUAE 1| Al EAUAdRh «x
Co00l G¢ OEAOEEh DOUADOIT x AzietgdhktiukturalOyons siatkakh (WA 1 E A
obszODUA | EEOT EAT Aceqg E DBAET UK AQA DG G AE A AEO AJE]
457473 ET 1 8 OAEQ8 ! AU EI T GAEI x1I DIl 0O&x1 A¢ xUIT EEE
e

UAAEZET ET xAT T xO ¢ A U GCl{atg EGrid) GoBvRrgende tldx) wpBstad E E
[67]:
0p  Oq
"BC= P Ir?gl #100% , (5.1

gdzie PEAOO xOP&8EC¢AUUI T EE&AIIOGAADDEBSABATOOXxAROAT AC
OUi 611 xAT ACci POUAPEUxO j DOUUESOI [ AEOUIGIT a

odpowiednio dla rzadszej Q ET | e OAE OEAOQOEEQQET Ce OAD UiASA OEE «
xOP&8EAUUT T EEEAI UACOOUAUATEA ORADEBHEAOOI OODBE:
FA Al Al OEA@BIEGRE! | sAEA EO&OAE b OUikeddliczediaA UT 1 1
numeryczne, b &A OT UxE&AUAT EA BEADOA URCEIEU xd8pgyEO O
Ol UxEAUATEA T A C6001 G¢g OEIADEEI dADOOBGAANAK AOOU
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52. 0OUAAEAC 1 Al EAUAd

'T AT EUA 101 AOQUAUT A POUABE UIxOA ED OBE BNS DI GU A£E E
obliczenia z wykorzystaniem modelu™@ -, x UET T AT A UI OOACA A1 A CATITAO
i TAAT Al AEOPAOUI AT OATTUI8 7EA0T T GAE DOUADPEUxAEa4

Co007 68982pach A 1 APEIT G¢ ' =A0W0100BBRA & Bia Obliczenia
xUETTATT Al A OAEEAE OAi UAE xAOOIi GAE 1 EAUA 2/
eksperymentach, tzn. dlaYQ= 991,1839,2804,3337 i 6770. SymulacjeDNSdla wszystkich
I EAUA 2AUTT1AOA xUETTATI Al A Ax8AE Ei1T EZECOOA’

mikrl EAT ACAT E 1T OAU 1 OxAOOUI OUI EIT EAATUI R ceol Ul
I AT xEAAUEA¢ T A DUOATEA AUUh E AxAT OOAITEA x E
xDeEUxA T A OOOOEOOOG DOUAPEUxO x ceoOl Ui 1 EEOIE.
wylotowego emu OUZLZEEAOT OA8 *AOO OiI EOOI 01T A PUOAT EAh ¢
Ul OOACA DPOUU T Ox mRiOBIAT AOUAET0IERAHEAODAUAT EA UAcT I A
EAAT Ui [T EEOT EATATA TEA bDixi AGEA Ui EAT OOOOEODOC
zaniedbanieprzyd A1 EUEA xUT EEé&x EI &£ Ol AAEEh x EAEEAE EI 1
T EATU 1T EAUAU 2AUTT1AOA OUI O1T xATACT DPOUADBPEL
UAAAxAT ACT OO0O00I EAT EpizeziedusifikafoQwody,bod @ F 8.01AE) i
dla liczby ReynoldsaYQ= 991E 1T Ox AOOACIT OUI ET BALORMTHI daEEOT EAT
YQ= 6770E | Ox AOOUAE Ax&AE [ EEOI EAT Acé&x8

Krok czasowy niestacjonarnych symulacpNSUAAAT T AAUOE&aA T A 1T OUAAT x
skAlT E AUAOO +1¢i1 diOTEKIAdAGTAAORAEqQan $1 A POUAPEUxO
ReynoldsaE OT E AUAOI mar 1xUh 1 OBE Al A 1T AExIT 11T EAEOQUACT 1
Reynoldsa 'YQ=991 EOT E OAT 30cU0POEAI AU DI AEOAGI Ech A
ETTEAAUT I GAE ET OUBGOANERDEE AAAAUEOEOBEBAE EOI Eé& x
DNS 0a AAOAUI AUAOT AECTTT A8 7 DOUADPOI xAAUT T UAE

Reynoldsa 'YQ= 6770, przy wykorzystaniu komputera klasy Pentium4 3GHz jedna

53. 7UT EEE 1 Al EAUAd

OOUAAOOAxEATIEA EAWAEE S AUEAT TTT TA AxEA AU6GA
Ul OOAT & OAUOI DNslotaz wiykhhcfoneA AsE iEh  podstawie charakterystyki
AT A1 EUT xAT AcCI DOUAPEUxO8 7 AOOCEAE RANSGAE UA
xUET OUUOOOE 4 AQA-E Dodatkdwd 1 UAT EAOUAUIT T 1 Dl 0&x1 Al EA

numerycznych ONS i RANS z x AOOT GAEAIT E Ui E4 @rizeprbwadzénychbi AAUA
AEODPAOUI AT 6éxh 1T DPEOAT UAE x DI DPOUAAT EAE Ol UAUEA¢ A
0T AT ATEA EAE AAAATEA AEOPAOUI AT OAIT T AR AT Al EU/
O00OOEOOOU POUAPEUxO x 11T AAIT O Ai 01 OUEEEAOI OAR U
laminarno-turbulenOT ACT x [ EEOI EAT AT A OAci Al Ol OUEEEAOQI O/

i AEOUI ATTUAE xAOOi GAE AUOOUDPAAEE AT AOCEE OOOAOQI /



I'T AT EUA 1061 AQDUAUT A PpOUAPeEUxO DPOUAU 1| EEC 69

CAT AOAAEE 1 AEIiTEAEOQUUAE EOI PAI Ai 01 GEE8 |/ E
DPOUADPXUxACUI 1T TAAT O E bDeéerit EAEOUA bi 0&xl Al E/
zmierzonymi w wybranych obszarach, uznanych za reprezentatywne dla analizy struktury.
#A1 Al UAAAATEA DOOABQGREROIN ACIET AOT DI AAEA xUEI
liczb Reynoldsa analogicznych z przeprowadzonymi pomiaramiWykonano symulacje dla

x UAAOE&xh EO&OA 1 ADI x EAJOA c1839, i28DA (BBI7 [orazBAWIT T 1 A
$1 AACEiI xih U OxAGCEh A AUo0Ge¢ BiiEAO&x xUEITA
Oul EI EAAT Uliem, | pzépiadzbhoA dbliczenia BT O x E A O AQRAEGWNAT G

PDOUUE S OBT AAUAO AEOPAOWI RRO&UAT BREBABREALAAAT ACT
xPEUxA T A OOOOEODOO6 POUAPEUxO FUARGEBEEOUREEODAE
bi OOAAE Dl 08 xODRAAEIAGAEOT GREA AT ERAE | OAU ATWOCEE
OUUOEAT UAE AiT A TAO CAi i1 AOOEE 1 OxAOOA AxA A
Ul 00AecU x AT AAGEO ( 1T A EiIdAO POAAUS

5.3.1. Wuyniki symulacji DNS

Symulacie DNS BT UxT 1 EEU xUUT AAUU¢ ABExERAZRAI DI T A/
Al 01 OUEEEAOI OA8 / Al EAUATEA xBEASGACIUA BT AIEEIO
emulsyfikatora, nawet dla liczby ReynoldsaYQ= 6770 D OU A D ¢ Wbliski IEndirAr®emu, a
GOAAT &R0 obA Ebfaenérgii kinetycznejturbulencji 6, § T EOAGI T T AEh DI Al
przypadku analizy eksperymentalnej, wzorem 4.3) wyznaczone naDbET T 1 xAE DP&EAOU

20001 AE uv80A DPOUAAOOAXEA, GIORAPBHAADI UAD PO
Ol UPAOOUxAT & 1 EAUAG 921RUBT EROAhT OOODAE OGOAAT E
pel DOGAEI GAEh 1T ABRMi ocBAANBEEOREACT EAOAOO DPOUAD
i EEOT EAT ACAT xUT080&jid AEOUEROT EAT AT A 1TAOO6DOEA
DPOUAPEUxO ABISHOIAMOIGERD AcOCI GAE [ EEOT EAT Ag Oc¢
EAT AT A xUITO1T xUI Al Ol OUEEEA©E BDDOOPBARBE U x O Ui
COAT EAAAEh bDEUT AaAUAE T A xUITOO 1 EEOI EAT AcO D
Ai Ol OUEEEAOI OA8 006DBDGEAPBUAAEBKDI AUBEOO Al
A x AUBGAE AAT OOAITTAE EATAEO xUITOI xAci DPO6A
OUih +A POUAPEUx EAOO UOPACGTEA TAIEI AdRRWI B 1
zawartego w strumieniach przemA OUAUAEAAUAE OHB TEAOWAGAEANT EA
xUPA¢cT EAEaAUI AAT OOAI1Ta AUOGE E XK DEOOABEEODT >OA
Ol UPAOOUxAT Ui DOUAPEUxEA DPi OxEAOAUA DI EAUAT A
turbulencji 6,8 : A Owé kahale wlotowym, jak i w mikrokanale i kanale wylotowym
AT AOCEA OA EAOO 0O&xi A TEAI Al UAOIT R Al GxEAAA
I Al ACCT GAE T A xUI1 00 I EEOI EAT A¢Oh Al EOET EI d
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Rys.5.3. Wyniki symulacjiDNSAT A DOUADC Ux O UYQ: A @)paeDDA RIEIN IGAEA
KlTTOU TAPT xEAAAEA xAEOIT O1 x AEi 6018 enErdia kiddlyEzAaditiirbulonjE

tkee8 OOUAAOOAXETTA xUT EKIEA xDEM IATAUA Esfnidi de@ubBpikaibia 1
(a=0)

: xEOGEOUATEA DOOGAET GAE DPOUAPEUxO T API xEAAAE&AA
YQ= 1839 OP1 x1T AT xA¢T Al G¢ xUOAria Ui EAT & OOOOEOOOU
OECAAOh TEA DPixi AOEaA EAAT AE EOOI O1 UAE Ul EAT x
OTEAUATA TA OUOOTEO uvstA GOAATEA DPIi1T A DOSAEI G

chwilowych, odpowE AAAE &a0MBAGUAAUUxEOOACI A U0ACSAA E ID®¢J A B¢ U x
i EEOT EAT AT A xUl660Eh OGAOAUEATEAIRA 2bdjOivwk khhale T ET €1
x Ul T 01T xUi Al 61 OUEEEAOI OA UAOxAIFU¢ 1T FTA Al Gg xUC

Pl 0&xT ATEO UA OO&AOOGEGOO& DAOADEUXxEA YOrQLEAUAE -
3000i EATEA xUDPEUxAE&aAA U [ EEOI EAT Ac&xh xOAU UA
i AEa AT OAU ITEAEOUaA DO ABI ecoga EAUAUEEADA | €EEOREAT
: AOxAF AT T A UAAUGORAAEA U O&xAKROOAB T UI T AOUAOUA
7O0EAUOGEA O h FTA A1 A POUADPEUxO U 1 EAUAa 2AUTTIT A
i EAEOAA UAxEOI xAT EA DPOUADPEUxOh DixT AOEAAA [ EAOL
xUPEUxAEA4AUAE U [ EEOTEACAE&aAUIU xbcARRODOAUA AE 1
wylotowego.
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Rys.5.4. Wyniki symulacjiDNSAT A DPOUADPE Ux O UYQ: BBBAA A q2 BT 1Al DDA
ZkiTTOU 1T ADPT xEAAAE x AEOT O1 x AEo, D& B Aener@d kinktfickna
turbulencji tkec8 O0OUAAOOAxXxEITA xUIEEE xUUT AAUTTA Uil
emulsyfikatora (& = 0)
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Rys.5.5. Wyniki symulacjiDNSAT A DPOUADPE Ux O UYQ: BBAA0A A q2 BT 1Al DG4
ZkilTiT OU T1TADPI xEAAAE x AEOT O x AEo, D& B Aenergid Einktiickzna
turbulencji tkec8 O0OUAAOOAxEITA xUIEEE xUUT AAUTTA Ui
emulsyfikatora (& = 0)
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71 ET OEE OA DI OxEAOAUA xUEOAGITTU TA O0OUOOIEOD
turbulencji Q8 7 EAT ACAAE x11 O0i xUAE OECAAO 1 OAU x 1IEE
oexT A TEAT Al UAOT h Al GxEAAAUU 1 AOAEO &I OEOO/
$1 DEAOI x EATAT A xUITOIxUIh xOEOOAE 1 EAOUAT E/

i EEOI EAT Acex U DeUT Al xUPAcT EAEaAUl AAT OOAITa £
xUOAITT A £ OEOOAAEA DPOGAEIT GAES8 IMATE EIEESBZIGACT EAO
widoczny na rysunku 5.4b.

3UI O1 AAEA DPOUADCEUx3Q=p804 EAUAAURIABITT AOAUT EEE U
symulacji dla'YQ= 1839.; OAAT EA DPi 1 A DPO6AET GA&EN WibczoAd AOCEA
TA DT AOOAxXxEA yp AEDNS([162&iUckasu rietzyistEgn)) pratdstawione
Ul 00AcU 1T A 7TOUOBEGIDEAIBANIBA E x EATAT A x1101 xUi A
PO AET GAER Al OEOOEOEA UAOImyx xAOAEGAEDUADAREED
(rys. 5.5b). Podobnie jak poprzednih OOOOCE DeUIT O xUPEUxAE&aAA U EE
I ET @dji (rys. 5.5a)f EAOUAE&a OE6 U bPeUI A xUPAeCT EAEa&aAUI
wzrost S AT x AOOT BURH ? (fy€ 5.5b).
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Rys.5.6. Wyniki symulacjiDNSAT A DPOUADPE Ux O UYO: BBMA A Q2 AT Al DDA
ZkiTi OU TAPI xEAAAEa xAEOI O x AEd, 08, B Amergid Einkthckna

turbulencji tke.8 O0OUAAOOAxEITA xUIEEE xUUTAAUTTA Ui
emulsyfikatora (& = 0)

. A OUOOT EAAE uv8¢ E uvu8x UAIEAOQOUAUITA Ui 06AEU x
U 1T EAUAE YORAE37TI YOAEG7X0.! T AT EUA DPOUADPEUxOBYQE3IMBEAUAA 2,
i DAOOA AUECA T A poeyx AExHEG7dixczhbuErze@ywistdgdhE A OV AEE BB E 3

Reynoldsa'YQ= 6770 - na 528 polach chwilowych § OxACE 1 A EO&éOEE EOI E A
tylko 5.284{ czasu rzeczywistego)7 1 AO DOUUPAAEAAEh DI Al ATEA EAE
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i A PT O0OA¢ OEITUAE OOOGEDAIERAT AtP& U EA EAEACA B AW
EAT AcO xUI T O1 xAcCi x EEAOOTEO xUIiT 060 OEEAAC
j xUIl EAGUATEO U bpeulAi i Ul AAUT EA T EAEOQUAE
wylotowym) x T Al AQO¢ NS8AEI A xUI T 00 | BEDOEADAYDOE U |
ReynoldsaYQ= 3337DO6 AET G¢ Pl DOUUQOEAOCEBAT BOAT A1 1 BT &U
x | EEOI EAT AT A xAOOT G¢ MLIAEIGUWUASE &hs ed\sapal a$ 11AE Texd
ReynoldsaYQ= 6770D 06 AET GAE OA x UT530j0 aw khnAl®Wwictoiymiorag |
234ji x [T EEOI EAT AT A j OUO8 uvsxAqQs o1 EAUATA TA
kinetycznej turbulencji 6@y, x OEAUOEa 1T A AOAE xUOAIT UAE & OE
i EEOI EAT Agéx E EAT Acewkanak WDOKkYWAEHh OBADA®BT A
Reynoldsa 'YQ= 3337, jak i 'YQ= 6770, energiad@Q; | OEa CA xAOOI GAE Al |
I EEOI EAT Al A nlezha@ty @odfhA A ARE AT x AnBKich @IAEQ=167470 OUI A
GOAAT E A dmAvOKrogapale wynosi 1.66 %ji2)h ABAa Cl A DOUADEUx 11
laminamny. : T AAUaAA £ OEOOAAEA DOVAEI GAE Pl EAxxEAE
Al 61 OUEEEAOI OAh bPi xi AOEaAh F+TA Al A DPOUAPEUxO
OOOAODI AT AEE 1 OEaCA x AGO&AFEi2hi AE QU I AA 1 Eva)eitmBe<U xad
Ny e 236422
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Rys.5.7. Wyniki symulacjiDNSAT A POUADE Ux O UYQk &7A0QA A q2 AU Al AO4
2kiTTOU T APTI xEAAAEA xAEOQI O x AEo, O E) lener@id Einkthickna

turbulencji tkex8 O OUAAOOAxEITA xUIEEE xUUT AAUTTA Ui
emulsyfikatora (& = 0)

Przedstawione wyniki symulacji DNS O & ucti AT A U xAOOI GAEA
AEOPAOUI AT OATTEA E Pl OxEAOAUAEa x1EIMEBEV DPIT O
wybranych obszarach emulsyfikatora | A T A x1 1T AEA Al [ EEOI EAT A¢
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OT UPAOOUx AT AE 1 EAUNGE 67278 BIkIiODIAAGA OOYIALE GAE O0a 1 E
GxEAAAUa 1T OOAAEI DAOXEBDARUPOUADEWXEAI R A x E
DOUABCAUxDT OBIAGUAE 00001 PAUED BEEGT EABEE EAT At Oh U,
DOSBAETI GAE x | AOUAODOAEERODAIAIOWIAS EA OUAE 00001 E

TEFOUAE DOBAET GAEh xUPACT EAEaAAUI EAT A¢ x Ul T Ol
energii kinetycznej turbulencji c‘f%.

7 AAI O ¢CAOxEAEOUAE AT Al EUU EI T GAEIT xAE DPOUUOT Al
El OOOOAAEAAE D OURcAN® profie IOIEA A B o, DEDBIAET GAE GOAAT EAE
pionowe profile energii kinetycznej turbulencji 6(;. WyznaczonoEA Al A DOUADE Ux &
T AOAOGOAEAAAE 1T EARIAABAUAA®T T UABA 1 KEATI EUAAEAAER C
OAPOAUAT OAOGUxT A AT A AT Al EUU OOOOEOOOU DPOUAPEUxO

7 1T EEOT EAT AT A Al Ol QUWBRBAOTGEA 11AA GOvmdsRiE A OUAT E
TEAUT AAUT AR AT A UAOxGU APOANABR EXAD AT AOOBABEDDO Ac OC
zobrazowaniatychUi EAT Uh BT 1T EFAE Ul OOAT & POUAAOOAXEITA b
x1 1 O xAE [ EEOI EAT Ac) xABB &V dbatMh E KA Adijdgp | 0x
AEOCI GAE j b EACHEBAKEMKOADA] T OAU x DEAOUAUUIT EA
i EEOT EAT ACO 1 % EGRd BAGALIAA 0
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Rys. 58. Wyniki symulacjiDNSx B¢ AOQUAUUITEA x1 1 01 xAE [ EEOT Hdd
liczb Reynoldsa z zakresi¥Q= 991 67700 AQq DOT £FE1 g b)drifil apdidt kir@tQeAn|l
turbulencji 6CR;,

7 DEAOUAUUIT EA xI {lokdizacfaf)hi EPEODINICGREEN OEA x AOODIT ¢
maksymalne od 294ji AT A DPOUAPeUxO U 'YOERD doa184xAildid 1 AOA
'YQ= 6770 (ys. 58A Q8 O0OUAAOOAxEiI T A DPOi ZEI A DOGAEI GAE O
OOCAOI xAg ADOOUI ExU AEAOAE Odiitak viygnbicAoba: nd pddstawie | EE O E
AExEI T xUAE bPé&l DOSAEI GAE AMADQEUBEIEEERONAODAGODC
niskie (rys. 58b)h 1T OEACAEAAA AREODONEBBAX O 2Wxiei7do AOA
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T AEx Ux DOQ@T G zalédivie D.G65G2%i2 maE OUT AT T A &£l OEOOAAEA b
pierwiastkiem z oQ;h 6a UAOAT T A DIUEITTEA ppkp DOGAET G

x AUAGT EAEOUA ODPT OOOUAFATEAR A TA xITAEA AT |
DOGAET GAEh DOUAPEUmy. I A AEAOAEOAO 1 AT ETA
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Rys. 59. Wyniki symulacji DNSx BT ¢ xEA A& OCI GAE | EEOT EAT Afdhn
liczb Reynoldsa z zakresi¥Q= 991 67700 AQqQ DOIT £FE1 g b)bifil apdidt kingt@rinajT
turbulencji 6CRy
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Rys. 5.10. Wyniki symulacjiDNSx B¢ AOUAUUI T EA xUl T OT xAE | EEOIE
dla liczb Reynoldsa z zakresuYQ= 991 67700 AQ DBOI £E1 D& 1B Piofl ArErgii (
kinetycznej turbulencji 6Ty
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7 PIcixEA AcOCi GAE | K0T OO A®OUUI AEAT AEA ERLT 0

2AUTT1 AOA 0OexT UAE E xE®OBEOUUAE T A pyowh UAOxALI

OPOAXEAE&AACIH 001 RARIOCEKEUD®OOADI AT AEE x OUi 1T AOU
DIl EAUOEa OEAIT T A &,AO@GUnGASEBA ® OHIAE TIGRAEx UF OUAE OT UPACG
2AUT T 1 AOA 0&xT AE oexxm x [ EAEOCADO @AUESKG)xUOUOI x
DOUAAET A Denergdbl; DOK&E QA Al G¢ 507 (B @ys. 890)0Iedt G ¢
EAAT AE xAOOI G¢ 11 EAI TARA xIUAxQo@DonBaERRKBEEAGAE
i EEOI EAT A¢ 08 (@AAIT £AAOAR OO f5A1 EUAAEERh OGOAATETTA
AEacCi A EAOO 1 Eo42APsEA. EFAT * BREOEAAT AER 1T T EATTA
UAxEOI xAd 1T A AU¢ [ EAEOAAI AAOOAAEI EUAAEE DOUA

7 DOUARAEOTEO xUITOI xUI [T EEOI EALAI @A CEE & ULCRADOIUARUIE
001 £ZE1 DPQwWokdiidfagg RE EA DOUUEI OEA EOI xAOOi GAE OEAIT
ruchu wirowego (rys. 5.10a). Jednakenergia kinetyczna turbulencji w przekroju wylotowym
i EEOT EAT A O T OE&ACT BEANIHAEIT GABDITXUIxERA GACT AEOCIT
OUT A¢ UA POAxAUExA xAUAGI EAEOUA POUUDPOOUAUAT EAnR
AT11TAE GAEATAA T EEOT EAT AecdOh 11 +A AU¢ I O8AcCAl AAC
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Rys. 511.2 1 UEEAA A1 AOGCEE E B OwrAdddonkitna to@sanii® 328 EhiiBvich

Ol UxE&aUAdJDNBR2IT WEAMRE xUUT AAUTT U x [ EEOT EAT Al Anh

Al A D OUAD aReynBIdsdYQF & AU A

'AU Ul T EAI EUT xAg x [ EEOI E Ahktuadjadn, madyguhku 51 1T AEOEI
przedstawiono x DI x Eo EOUAT daddgii &iU€c AELEOT EAT AT A AT A TA
analizowanej liczby Reynoldsa'YQ= 67708 . EAT Al x AAcUI T 8QLUAOUA i
DOUUEI OEA TEOEEA xAOOI GAEh DI UA EAATUI xUOATIT UI
GAEAT AA 1T EEOI EAT At O Energidd(myixE IO | E A EIA x£RI IEED8 T AOUA
x AOOT G¢ Al MBG2AIB AAUGNTAA DPOAxAT Pl AT ADPAELKADBPAOK GUA
Ul AAUaAA AAOOAAEI EUAAEA DPOUAPEUxO E DI EAxEATEA
wzmacnianiu. : AUO [ A¢A OT UAUEAT AUT G¢ POUAGRMOUAT T A xU
DI UxITEEA TA AEOPAOUI AT OATTA PTI OxEAOAUAT EA EOOITE
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Rys. 512. Wyniki symulacji DNSx EAT A1 A x U1 T O xui Al OuwéGUoivfcduo
i EEOT EAT A¢ O sjdialicEb/ReyBditidak EakresiyQ= 991 67700 AQ DOl £EI1 b
0, b) profil energii kinetycznej turbulencji 6CR;,

0
2k
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Rys. 513. Wyniki symulacji DNSx  EAT AT A xUIT 1T O xUl Al OBGUoEEHAMO

0, b) profil energii kinetycznej turbulencji 6CR;,

001 £E1 A QDOAAEX* GBE GOAAT EA B x0E0 A0 11 ARl Ax A
xUIl T 01 xUi Al O OUZEEEAOI10 & lokalizadialf Bd a (Iskalizasia A)CE T G/
oraz8a & (lokalizaciaRq 1T A xUI T OO 1 EEOI EAT Ac¢Oh DI EAAT A
5130raz 5.4 D1 OxEAOAUAE4a xAUAGI EAEOUA ODI OOOUALI AT E
bl O0A¢ Ax&AE xUOAIT UAE OO0O0O&I EMIFhueidBdE wrAZZAE B
i AAAT AT EAT OEo T A xUIiT OO 1 EEOI EAT AcdOh xOEDOOA

peul Al UT AEAOE&aAUI OE6 x EATAT A xUll O xUlh U;

f—
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OPAAEO EAE DOGAET GAEGATIIEROd ERAKEADIOCGROAGTd EiI 04 OEA
xUl 1T OO0 1 EEDAEAT AOOAE 1T AEITEAEOUaA COOAiI2®ca E 1T AEx
energia kinetyczna turbulencjil OE&4 @£ OQUI Al 1 &4 x A@SHI?GT (ryd. ER2.1

70AU UA TUxAEo EIGUIAACET GAE T A 300h1 OO AREEGEt EADAODEAT
zredukowaniu, z jednoczesnym wzrostem energioty AT T Bda&jii2 A1l A POUADPEUxO

I EAUAA 2YRY6770I(rfs5A3b).
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Rys. 514. Wyniki symulacjiDNSx  EAT AT A x Ul 1T OT xUi A OBU&EHMO
i EEOT EAT A¢ O 5)jdla'|'iCEb/RbyEq.lﬁ9aR EaliresYQ= 991 6770 AQ DOT £EI b
0., b) profil energii kinetycznej turbulencji 0CT,

DalszeUx E6 EQUAT EA 1T Al AC¢E T GAdé 8daA powddujel déisay wizrBsE OT EAT A
COOAT GAE OOOOI EATE 1T OAU 1 Ady,EysAS1ap z jedAdez@dnymA 1 T AE E
DIl EAxEAT EAI OE®6 x AAT OOAITAE AU6GAE EATAEO xUO
DOVET G@AE AT AET AUAAJUAE* AOO O AT xT AAi T A OIh A >
xUIl T 01l xAcl EOOI EAEA OEIT A OOOAEA OAAEMEHAI AAEEh
omy, 1 AOT T EAOGOh x DI OexT ATEO U Al AGgER G1AOGROK T x
zmniejszeniu do kilkunastua?ji?8 * AAT AE COOAI G¢ OO&HMAi A-CE@I EEA
UT AAUT AT O UxEGEOQUATEO8 -TFTA UAOAI xUx1TEI OET xAg
i EEOI EAT AcO xUAEOIF EATAEO xUlTOi xAcih T1TAOUAO
IOEOOAAEA DOOAEI GAE | AAEI OEA AT OAU xE®SEOUa AUb
UT AAUaAA &£ OEOOAAEA xUOO6PIT x A BEONANU T EAOT XA Ex AEO X3
GAEAsASA2A qh A x dahli ACXIUGABO 1 EEOT EAT AcO OOOAEA O
OEO6 CA2%a&TT Al GAEAT AES

Narysunkach5.275.14h OUAUACEI T EA Al A T AExUYW®BAE 1 EAUAL
j TETEA AUAOT A TA DIi{dUHGAUURLEDxANEIGA OBAEIQA T EAOUI
WUEOAGI T T UAE DBOT £EI AAjakh entrdii Qidetydzrie] tutbQléndi&N.G A E
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Rys. 515. Uzyskanyw wyniku symulacjibNSD OUAAEAC x A UA OE Ao, @tadzdnly dab
lokalizacji P12, P3, Py i Ps (czyli odpowiednio dlaw= 054 &, ®= 1066,0= 3.04dd i o= 8.044)w
T Al AQRbGBIEA Cc& Ol AEGAEDI0E®I)N AQ xUT EEE Al A POUA
'YQ= 991, b)'YQ= 1839, c)'YQ= 2804, d)'YQ= 3337 oraz €)'YQ= 6770
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. AEAAOAUEAE DPOAxAI PT Al AT a OACcCI DOUUAUUT & EA
OGOAAT EATEA8 7DPDOAXxAUEA xUEOAOU Ai A 1 EAUAU 2AUT]
Dl AOOAXxEA 1T AExXxEOEOUAE 1 ER UjAucg (A EEX&EIN G hx UAIEA P& 1 b D006 A
OAE OUi OI AREE 1 AEEO&OOUACTih EDRVAD AGADANXBLENT BA Oyl
528a4i. Rysunek 5.5A DI OxEAPBDIAOA@W®D 8 |/ EOAOG ACOCI T EOAOT x
I Al AC&IGaGAE xUI T OO0 | ©OBOTEGRRIMED EAUI ACA Ul AAUT EA
AUAOGex OGOAAT EAT EAS

YT OAOAOGOEAaAA EAOO DPOUAAT Al EUT xAT EA OUUAET GAE
x UATAFTTGAE T A xAOOI GAE 1 EAUAU 2AUTiT1AOGA DPOU/
OECAAUEA tdd Ol QyoumeiEsA6 UAT EAOQUAUTTT DOUAAEACE AUAC
DO AEI, cARUAOAT UAE DOT EOAAE OEcCAAO8 *AEI OADPOAUA
T AOO6 ba2tergy BAT EOUY 1 AFraAU T A GOl AbH 0BxadCrieGAE | EE
ACOEERQBAQh xUIT 00 | &f Oddk Alinid diébieskie), 36 a od wylotu
i EEOI E AFE 8@3a@, lipie zielone) oraz8aa T A x Ul T OO | &E806 & ArieAc O j
czerwone). W kierunkuwj PET 1T xUIi @ xOUUOOEEA x Ui BbAdakbd A DOT E
cCe®l GAEAT Ea EAT AdD 0Rx00).ENa &aejhych fydunkach: 5.5a, 5.5b,
5.15c, 5.5d i 5.15A UAI EAOQUAUIT A Ul 00A¢U poUAAeilgdh AUAOIT x
xUFAE DPOT EOAAE 1 API xEAATET Al A DPOUAPEUx&x U 1 E/
3337 oraz 6770.

$1T A POUAPEUxO U 1 EAUAa 27aUwel wszgikish Wtranyclhk wwp |
DOl EOAAE DOSGAEI G¢ xUEAUOEA T EAxEAI Ea Ul EATITIT Gg
DOUAPEUxDO x AACAE AiTATEA T Al EAUAT ETAAIER O GALA E.
x AOOT GAE T 1T ITA UAT AGAOKXA xAQgl XOD Al BEOT BAEAcO 1 EI
rysunku 5.15Aq8 * AAT AE 1T AAEUI ATEA OA O0a 1T A OUI A 1TEAx
GxEAAAUGOOAOI EUAAEE POUADPEUxOh céhwyck Aahuizeriadh |1  AE x|
DOUADBUAOSUI OUUAE TElI wwp 15843188 @ AKlTGE GGOWA B AO LbGX®I

0a EOIF AAOAUT xUOATT A8 7 T AOUAOUA [ EEOI EAT Agd i

GxEAAAUU T AAOAUT | Ac AIEGAES O GAK]T Adl EOE OORAA EIEA DOV
j ETTAETT TETEA TEAAEAOEAR UEAI T 1ok, B a AgbADPxT T Ah 1

DI xT AOEA xUOATT U xUOT 006 Ai bl EOOAU Ui EAT DPOBAET GA
AU6 001 Ol ExT G¢ UOBAE DAOANBEGHHDT €O0OAAER AT A AT A O
DAUTT 1 AGA j1ETEARA OACI OAIACi ET BbizsAse)liA I HIAOUAUA
OOxEAOAUEg O&xT EAIFh 180 QAU T UAOAUDDOAAEUXEADT
wykazuje coraz bardziejszybkozmienny charakter.

4AEE AEAOAEOAO Uil EAI DOSAETI GAE DI OxEAOAUA 1
xUEAUAcUR 1A x PITATEFO xUIT OO 1 EEOI EAT AcDO ATl ET
xOAU U T AAAT ATEAI POEBOEBQUAEE OCORBRBEAADUHI EAODT EOO/
kaskady przekazywania energii.

7 AAI O UAET OAUAcCI Ul AOAUT xATEA xb
POUAPEUxO xUAcOFr 1 TAAT O Ai©OkOBEEBADI

I EAUA
A EBIU C

(@}

X

¢u
bA D

O
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kinetycznej turbulencji 6,8 * ABA [UAGx Al U¢ch x EAT AT A x1T1OT x|
dla wszystkich rozpatrzonych liczb Reynoldsa wyznaczona numerycznie energia turbulencji

jest na bardzo niskim poziomie. Jej wzrost obserwowany jest dopiero w obszarze wylotowym

i EEOT EAT AcOh A AMABROIGAE GEMEQOUIA x EAT AT A xUIl 1
6aa T A [ EEOI EAT Ac 08 7A001 0Oeéexl EAIYEIAAOEXUER I A
EAT AT A xUITOI xUi AOAE EAOO xUOAIT UAE &£ OEOOA
UxESEOUAT EA i BEhdIAKiugx)l sPonadGtizykrotny wzrost liczby Reynoldsa od

'YQ= 991 do 'YQ= 3337 OPi x1T AT xAg¢ xUOT OO0 AT AOCEE EET AOU
xUT T O xUi T A xAOOI GAE AT4BJOBEAEAT WABG AIET JIE]
UxEBEOUAT EA 1 EABLLOOT GAET lpix X&A xAixT ¢ AcT 1T EAT AT |

OOOAOQI AT AEEh AT xMOOI’GAE Oexi AE DPOAxEA

= Re=991

8]
Py =
o
[o2]

10 12 14 16 18 20 22 24
X [mm]

Rys.516.2 1 UE¢ AA AT AOCEE E kb AWQaiakzonefvEsyndu@dan8rONSAT EE E A
xUAEOLF 17T AAT O Al Ol OUGEE BAGH ADAA TN GJeashAUAEE GAEEAU 2
x OEAUOE] tkecAVD EA®AE T A BT AAUAO AEODPAOUI AT 6éx | EO
TEAxUPACT ETTUI OUIATITTiI TA 1TETEAAE AEAaCEUAE x

—

N

Narysunku5.6DA ¢ T dymbE 1 AT E UAUT AAUTTT xAOOT GAE AT A
AAUTTA TA DPiAOOAxEA AExEI T xUAHD PEI] j DOVABA
OUi ATTE TADPI xEAAA OUIATITIT TA 1EIEAAE
U BOUOOBREI et AURBE&x 1 0i AOUAUT UA
I xOEAUOEa T A TEAxEAI Ea xAOOI Gg¢
h U xUOArtuih AOIUI xUOT O0AI x EAI

532. 7UT EEE T Al EAUAd U xURANSUUOOAT EAIT 11T AAI O
"AAATEA 1001 AOUAUT A POUAPEUxé&x 1T 1 EAUAAAE 2

0a POT xAAUTTA DPOUU UACTFHATEO EOOTEATEA xAOOI

x UET OUUO O OHANS gddied friorAUAEC AAA OEo EOOT EAT Eykh OAEE
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x AOOT EAAER EAE xOEAUA¢U AEOBDNS thiblldndgalma frando Ui O1 AA
Pl EAxE¢ OE6 Al DPEAOT x Etbdurkdwd wysolidhili€lh Reyrolisa E =~ O
(2280408 7UAAEA OE® EAAT AE jakbjésOWytikisimiulAch prapMIORAIxTATURA E A
(RANSAT A AAcAci AAAAT ACi UAEOAOO Ui EAT 1 EAUAU 2AU
(YQ=991),Al Al xAOOI GAE bPiI xOUAAET EA DPOUUEI T xAT UAE E
(YQ= 677008 * AE U Abficzehia RANSHUET T AT A D O0delu rbuleAck O |

E
A

Q -h AT Al AEAOABGKRAD xbOWEAEE U8 EFTTA Al OAUODI
symulacjach DNS oraz wyznaczonych eksperymentalnie0 T T EBAEAAOOAXET T A UT O
OAUOI OAOU DPOUADPOI xAAUTTACT 11T AATT xPeynbldsa @d A ET 1 A

wwp Al oexxmQs8 $I1 A EAIFAAE QNI EBVOWAWNX A TAA BT 10U AU ET
DO ABBABI 1T A xAEOQI §,ixBADOBIAIEOGAE DI 1 A AACET xEOAE
turbulencji TKE zdefiniowanej wzorem 42 na gronie 51. Polax AEOT OT xA DPOS6AET GAE
EI T OO0U PO AEKEcABUBT ARRACE&EAA Al A PEITI xAE DEAO
(@=0).+1117T OUh UAOexiiT TA DPIi1 O EITOOOI xUI DOSAET GA
AcOCT GAE xAEOT O x AR, i 6,0 NaibmiaStEkdIArA haxKdnuEbowym polu

AACET xEQOAE A1 AOCEE TKHE 1 TADWIAVE RAEA BD OAHD Al GEE OAE A
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GOAATHEARE OU T APT xEAAAEA xAEOQI O x A& i @) polk wahtBrowk /
DOV AET GARE OGO ANJi &&AH AQq Ademid kinetycOna turbulencji TKE Przedstawione
xUT EEE xUUT AAUTTA UT 606A¢U Al Asyixédra (d=>00E D& AOUAL
Wynikii T AAT T xAT EA POUAPeEUxO U 1T AETEIOUa OT UPAOOL
2AUT T 1 AOAYO=1991| AarkiesZczond) | O/dysunku 578 - 1T F AT U UAOx ALl Ug



I'T AT EUA 1061 AQDUAUT A PpOUAPeEUxO DPOUAU 1| EEC 83

podobnie jak w przypadku symulacjibpN$1 PO6 AET G¢ | AEOUI A1 T A 1T OEacC
iwynosii ET &2laji (rys.5.17Aq8 7 EAT AT A xuUl 10l xUi DHDOUADBEU
CAUEA DPOUU ce&oOil AE GAEATAA x DPIATEIFIDO xUIT OO U
i AEOUI AT TAE DPOAEIRGAER OAKEDOEAT Al A8 7 AU6GAE |
TAOIT T EAOO POSAET G¢ | dodaskdwo,GDSAEEADAT 1 READUAH

recyrkulacji, EAOO DOUAAExT EA OEEAOI xAT A TEI OO0 EAd

Energia kinetyczna turbulencjiTKEx AOOT G¢ [ AEOUI AlZisa%i2n0sixdma A |

xUl T AEA T EEOT EAT AeOh OOF PmUU EACI AT1TAE EOA
a) o s (D _ .
0 1 2 3 4 5 6
0 — —
T -
£
>
278 15 20 25
b) 0 == T B
= RN St
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Rys. 5.18. Wyniki modelowania RANSAT A POUADE Ux O UYQE ESRY &) poleD DV K IE

GOAATWEARE OU 1T API xEAAAEA xAEOQI Ol x A& i Q0 ok wabtbrows /
DOV AET GARE OGOAN]i &&A7 AQq AdemiB kinetycOna turbulencji TKE Przedstawione
xUT EEE xUUT AAUT T A (nbzErGrAysswnethi erdulsyBikatorh  >=0) E D ¢
"AOAUT DI AT AT A OOOOCEOOOA DOUAPEUxO TAOAOX
Reynoldsa'YQ= 18398 4 OOAE x [ EEOI EAT AT A 1 CeRajdhAda Za EAC
i EEOT EAT AcAl POUAPEUx [ HAOOBHKEEREA PPOORAE ADEN 1
GAEAT AA EATAed xUiT O xACih U AT AOUA xEAT AUI
AAT OOAT T AE O#aciSA86). Widodiyena ystinku 5.8A OT UEE ARKE AT AO
Dl EAUOE Aimujeloda, ppdolinie fak poprzedniox AOOT GAE | AE®Owylotdm T A C
i EEOI EAT Ac0O8 7 OUI POUUDMKEEDIT k AB Bl . oNarkoE OU |
UAOx Al Weah ze whostem liczby Reynoldsa z 991 do 1839 06 AET G¢ 1| AEOU
x UO& ® prawie 70% (od 32aji do 544ji), a maksymalna x A O O énérgii TKE o
T EAOBIA% (od\2842ji?do3a?i?).01 AEOAGI E¢ OAIF OOUAAAR I A
Il EAUAA 2AUTT1 AOA 0Oéxla wwph EAE E puyowh x IE
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turbulencji TKEPOUUET OEA 1T EOEEA1La4SROBDI GAE GxBIAKRAIUAE T 1 Al
DOUAPEUxDO x [ EEOT EAT AT A AT A OUAE 1 EAUA 2AUTT1 AOA
a) uy s m .
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Rys. 519. Wyniki modelowania RANSAT A DOUADPEUx O UYQE 2sanA 8A q2 AU T TA
GOAAZ AR OU 1T API xEAAAEA xAEOQI Ol xAg i @00 ok weBrows /
DOV AET GAR OGO AN &AH AQq Ademid kinetycOna turbulencji TKE Przedstawione
xUT EEE xUUT AAUTTA U1 O0OAcU Al Asylik&idra(d=~<0hE Dc AOUAL

$Al OUA UxESEOUATEA DOGAEI GAE DPOUAPEUxOh A OUi
kolejno do 2804, 3337 i 6770 (kolejno rysunki 519, 5.2, 5.21q h TEA OPT xT AT xA¢il U
Uil EATU x OOOOEOOOUA DOUADECE Uzadaiych Tlickbx Re)noldsd. A 1 AE »
| AOGAOxT xAT 1T EAAUTEA xUOI OO0 1T AOAOxT xAT AE DOGAEI
OOOADI AT AEE8 7 EAT AT A xUI 101 xUI DOUAPEUxDO Al x (
U OEITUI O0000iI EATEAI POUU BDOORBEGGREAKkAROIEAA As
AAT OOAIT 1T AE OECAAOS

: AOAAT EAUA Oél 1T EAA PI EAxEAEa OEo T AOI 1 EAOGO Al 4
i symulacie DNSx OEAUOEah A DOUAPEUx x [ EEOIEATAI A EA
energii kinetycznej turbulencji 6y T EA D OU A E O26&jU A diai liczidy AReynoldsa
Oex1 AE o@xxm8 [TKENAkrekAnale dlad0delGRANIJAx EAOA @EBo?> T A n8m
Al A POUADEI9IXAD U Ed2EiP dla'YQ= 6770.
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a) o is] [ .
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Rys. 520. Wyniki modelowania RANSAT A DOUADPEUx O UYQE B3RTMA 5A @2 AU TTTA
GOAAIHAERE OU 1T APT xEAAAEA xAEOQI O x A& i @) ok wahtBrowk /
DOV AET GAE OGO AN &RE A A ¢ E lenefyid Ainetyczna turbulencji TKE Przedstawione
xUT EEE xUUT AAUTTA UT 606AcU A1 A PETTd>=0E DEAOUAL
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Rys. 5.21. Wyniki modelowania RANSAT A DOUAPE Ux O UYQE B7AANA 8A Q2 AU T 1A
GOAATWEARE OU 1T API xEAAAEA xAEOQI O x A& i @0 ok webtbrows /
DOV AET GAE OGOAN]i &A7 AQq Ademi kinetycOnh turbulencji TKE Przedstawione
xUT EEE xUUT AAUTTA U1 OOAc U Al Asylikéidrad (=00 E DB AOUAL
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7 AAT O ¢CAOxEAEOUAE AT Al EUU EI | GRENSpdand© UUOE AT |
jak w przypadku symulacjiDNSrezultaty T A1 EAUAd DOUAAOOAXETTIT x Pl 004
OE¢ AAbxBA@S6 AET GAE 1T OAU POl £ZE1 E AACEI xHKEAME AT AOC
wybranych lokalizacjach domeny obliczeniowe;.

Na rysunku 52 DOUAAOOAXEITTI POl EEIT A x UEOAGITTA A
emulsyfikatora, w lokalizacji B (0= 4.04 @), dla kolejnych, naA OOAEA AUAE 1 EAUA 2A
70AU UA xUOI1 OOAT 1 EAUAU 2AUTT1AOA TA wwp Al o@xXx

0;,0d 08aji do51daji (rys. 5.2AQ8 2&x1 1 AUAGI EA T AOOabPEE xUOI O
TKET A DOAEOUAUT EA UAOA AITA ADAU Aduépuoadd 2jUt @dEcAIUA 4 2
YQ=67708 -1 1T A O&éx1 EAr UAOxAlIU¢h A AT AOCEA EETA
i AEOUT ATTA x TEAAAT AEETI hOAOEAABDRDNGEAAGAGAE ABAEAD
x AOOT GAE xUBADT BEOAGI BOARE AART ARATIADIADxT xAT A x EAI
T AExUI OUAKER AOémstRji2h EAOO xAOOI GAEa OO 001 ET x1 1
ol AT ET AOT T GAE POUAPEUxOS

0
Re=991 "
Re=1830 |
Re=2804 |
Re=3337 |
Re=6770
L
05
Re=991
T T v Re=1839
£ £ L —=o6—— Re=2804
= = Re=3337
Re=6770
-1
L,
1
L -1. L e v T i
6 7 50 0.1 0.2 0.3 04
TKE [m*/s]
(b)

Rys. 522. Wyniki modelowania RANSw kanale wlotowym emulsyfikatora (lokalizacja B) dla liczb
Reynoldsa z zakresuYQ= 991 67700 AQ DOI £EI D&QOL BrbfiGA L EF GABGIA
kinetycznej turbulencji TKE

7 TAOUAOUA 1T EEOI EAT AcO DOi £EI Al BAOITEAN W STAR  Tx
lokalizacji Pi» (b= 05aa). Narysunku 5.83A BT EAUAT A U1 OOAEU Uil EAT U |

0o AT A T AOAOOAE&AAUAE 1 EAUA 2AUTT 1 AOA83GDIGRAET Gg |
DOUAPEUxO U 1 EAUAa 2AUIT1DS0A OdaYOB67T08 Dwp AOAT T E AT E
AT xUT EE& xDNSUI 108 MAGEx EAOAUTTT OOOAE 1T AAATT GAE xE

xUxl ¢ATUAE TEI OEAIT UM <GENAGAE ADAEAHT GAEOT O |
DPOUADPEUxO | Bl %ag Erdedi& kinbtyeMa turbuncjiTKET A GOT AEO Ac¢ OCIT ¢
i EEOT EAT AeO DOUUEI OEA xAOOBCAE (YO-ARWUI AT T RETT&Al 1
10472ji? (yYQ=677008 -1 1T A UAOxAl Uc¢ch A DDON§ieAdiggA EAE

EET AOQUAUT A OOOAOI Al AXADOD GAEE ixOEAN 14 AIEOAZh) GAE | EE
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87
*AAT AE UoOél T EAT xATEA xAOOT GAE OAE AT AOGCEE DI
UT AAUT EA TTEAE OEITA TEI BNSPDUO®ABEEOAQBE BRAE S |
COOAT G¢ OOEGA AUAOAOXERADA Oa TREVOKE DO UUAAAE GA K
modelowaniaRAN® EAOO UT AAUT EA xESGEOUAMMNSEI DOUAxEAL

o

—a—— Re=991

v Re=1838
. —6—— Re=2804
Re=991 Re=3337

——»—— Re=1839
—=6—— Re=2804
Re=3337
Re=6770

—=6—— Re=6770
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Rys. 5.23. Wyniki modelowaniaRANSx  P1 ¢1T xEA Ae¢ OCI GAE
dla liczb Reynoldsa z zakrestiyQ= 991 67700 AQ DOl £EI
energii kinetycznej turbulencji TKE

i EEOT EAT A
DR, 6bj\ BrafilGAAAEE EG (

0
S ) ST (YOVTIPFTTITONE SATTITINTIN VNPT unveerpTs: socorees [ '/ | (ST SR SRR (R
—_— b —_—
E E
£ £
= 2+ -
——a— Re=991 Re=991
’ @ Re=1839 @ Re=1839
3k —6—— Re=2804 —=o6—— Re=2804 | |
Re=3337 Re=3337
——6—— Re=6770 ——o—— Re=6770
_3?5 i 1 Il i Il i
5 10 15 20 5 10 15
u, [mis) TKE [m?/s’]
(a) (b)

Rys. 5.24. Wyniki modelowaniaRANSx  EAT AT A x Ul T 0T x Ui Al Olld @ bdAskylétA
I EEOI EAT A¢ O sjdialicebReyRdliiga’k FakrestyQ= 991 67700 AQ HOT AEI B
0z, b) profil A A & E T endidd Wirletycznej turbulencji TKE

Na kolejnych trzech rysunkach (5.2, 5.5 i 5.26q Bi EAUAT A U1 OOAT EAh

OOODOEODOOH whKatak Bvyldiowdn emulsyfikatorah A OUI  OAT Ui EOU
D06 AEd,GArergii TKET A 1T Al Acel Gg 1T A

x Wyrysavéhe mabEnEld | E AT
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rysOT EAAE POT £ZEIT A A6 Aa DI EA WY albogeneiiTKEh 0 ITAU EGeAGN AEEO
GAEAT EE EATAcD xUIl T&H0gqAQIT JEAGH & ¢cOIVBERAINIAAE DPeAOU]
i xObé ¢ &Y o (ABAG )L

Rysunek 52 x UET T AT U UT OO0OABaaAIAA xIUATI KO T1TGEAERDT EAT A O |
Ps). Podobnie jek w przypadku symulacjiDN$1 DOUAPEUx | A OOOAE DI OO0Ac¢ (
TEAXxEAI EEAE COABARAGARENROOUI TEEQU LE UGRARI GARE EIAA AG WDIBA 1
strumienia 04 OOOAE UAIGIAIEIONIAKT 1 ODABEAK | EEDBEABRAI A 1 E
"YQ= 6770), a wcentrainef AUS GAE EAT A D06 AET GATKE xG&0 OA IGREE E A
i AEOUI ATT A OAEIA POUUEI OEA x DI AIEIFID c&801 AE GAE

I EAUAa 2YRUG7V0IOMO0 A AIOOE @i AT T A x1Bd?[iGE T ET ¢

E E
E E
- 2f -
——a—— Re=991 ——a—— Re=991
| ¢ Re=1839 v Re=1839
alt] —e—— Re=2804 afff —e— Re=2804 |
Re=3337 Re=3337
| ——e— Re=6770 ——6—— Re=6770
_3?5 1 L 1 il _3?5 - i Il
0 5 10 15 20 0 5 10 15
u, [mis) TKE [m?/s’]
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Rys. 525. Wyniki modelowaniaRANSx  EAT AT A x Ul T 0T x Ui Al (8 @ bdAskdiiA
i EEOT EAT Ac¢ O .)jdialicEo/ReyRdiidak EakresiyQ= 991 67700 AQ DHOT £EI b
0., b) profil energii kinetycznej turbulencji TKE

7 T Al AMBITGAEUI T OO 1 EEOI EAT AcO DPOSBAEIT G¢ 1 AEOUI
PDOUU cCceOl AE GAEAT AA EAT Ax50ji dYd=Q91EA ¢TAS&UT | OE 1 E
dla'YQ= 6770 (rys. 5.5A Q8 : AOx Al AT T A UAAUUT A OAI Auc¢ OOOAE
AUb GAE E AJd=AB7 i jicbly Reynoldsa'YQ= 6770 DO 6 A Eol,©¢1.65d]j 1),
GxEAAAUAAA 1T EOOT EATEO OOOA EtergdTKE pryjindd thidh EE  x O/
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UT AAUT & AU6Geg EAT AcO xUIT O xAci 8 0OUAOOT EBAE
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