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Streszczenie

.ETEAEOUA DOABRROCGHIEERA: ADDAOEODOOU b OUEAPAAUNATE
i EEOI POUAPEUxT xUAE8 21T UPAOOUT T A  UTlhérékferydiykach x A
CAT 1 AOOUAUT UAEh POI xAAUAAUAE Al UAOAAT BDAOWRODIT Es&
x AOOT GAE 1 EAVUAUOCRABAE T1T ACAED®HAIUA EO0OBADKIOEIWA AR £
1 AAT OAOT OUET U 11T AAl OUAAUUxEO6ART UCARRABAIOAI Al
| EEOT ¥A1T AEAXxEAI EEAE AcOCI GAE | 001 OGIOAE5). A&k&® CI GA
AOAT xA G AMD xAc A AERUADOU K B G Atirbulenthejd &1 kieQriki

xUF OUUAE 1 EAUA RABRAIXTIERAOA dGAADT ET x| T EAxEAI EE
EAAT T AUAOT UI xUOx1T OUAT EAI PDPOUAPEUxO 1T AAOAUT |
TAPO6 AT EAMIFAEIGAENOAMERBA UAE Ccéx1 Ui i AAEAT EUT Al

Ol UPOT OUTTAE xUOxAOUATAE Al Ol OEE8 7 DOAAU bl A/
mikrokanale emulsyfikatora i jego okolicy. Przeprowadzona anaE UA x UEAUAEARh | A >
DOUADP psxA B GAES @awke2064ij AT T APT xEAAA¢ECT 1T EAUAEA 2A
Pl Ul OOAxA¢ 1 AT ETAOT U8 4AE xUOIEA 1 EAUAA 2AUTTIA
EAE Ulpsd&dnéehi OT UBPT AUUT A OE6 Al PEAOI x EBrughl A
Ol UPAOOUxAT U OECAA AUt EATACAI U xpPOi xAAUTT U
Pofalowanietth T EA xPOI xAAUAEaA AT AAOEI xUAE 1| Pl 0éx EU
redukcji krytycznej 1 EAUAU 2AUT T 1 AOMNOo PO A C A OA ABDEDAAEd & U A
xUi AATEATEA DI AUaOET xUAE UAAOOUAd8 3O0OxEAOQOAUTT I
I ATEFUg 0a EOUOUAUT & 1T EAUA®s 2AUTT1AOGA TAxAO b

OOeExUI EAOT xAE OOOOEOOOUA8 / AAAT T dcl I BETTTIARGTHBET AC
znacznym stopniuUx E6 EOUU¢ ET OAT OUx1T 1T G¢g DOT AAOGEx xUIl EAIT
OAEEI OE¢AAUEAS

OOUAAOOAxXETTA AT Al EUA DOUAPEUxO xUETTATA U1 O
Pomiary przeprowadzono przy wykorzystaniu anemometrii obrazowej zaadoptowanej do
DI i EAO&x [ EEOI Oz rhicrdlPArkcle jmadé »/&locimetry). Technika ta pozwala
na bezinwazyjny pomiarA x Ox Ul EAOT xACi AExEI 1Ux AQiOT &#ial AT AJIAE
DOUAOOOUATT &a E AUAEQ xiaepi xEAMEEIOAGIAAE EI T GAE
OiTI1 ExEe¢l DbelTEAEOUa OOAOUOOUAUT & AT AI EUs OUU
OOOAOI AT 0T UAE DPOUAPEUxO8 |/ Al EAUATEA 1 0i AOUAUT A
AAUDPT GOAAT ET iU EQOUDERWB BDAOT xUh T EAOOASdkdsa AOT U
(tzw. DNSz $ EOAAO . Of AOEAAIT 3 EIi GdmpirgcEny matlel tududedcji Q01 OOE &

xUET OUUGAGEE 4 DU UUAEs 2AUTT1 AOARh xbOl xAAUAE&aAa
x AOOT redAi€ i idh fluktuacje (tzw. RANSZ ReynoldsAveraged Navier Stokes equations).
Symulacje DNSAT OOAOAUUEU Al EEAAT UAE EIT & Oi AAEErazl AE

AExEI T xUAE DIl AAE DOOAET GAE Al A AAcCACT UgkEOAOD
| AT EAVUAT EA xUET GRANBDO Wxd AL c U1 AMIOTI T EAOO xUUT AAU
GOAAT EAE 1T OAU ET OAT OUx11 Gg AUOOUDPAAEE Al AOCEE
T 01 AODUAUT A xUETTAT A Ul OReynhdldsaldo pozit ABAIOOKRESOAGREC |
i EAUA 2AU0TT1 AOAh POUU EOBOAE 1T AOO6POEA AAOOAAE

wUi EEE AEOPAOUI Al O& x E i Al EAUAd T 61 AOQUAUI
xUET OUUOOAT UAE OAAETEE DIl EAOI xUAE 1T OAU OF UOUAI
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O& Al OPAAEAITEA UADOI EAEOI xAT A E UAOAT xAT A O
xUETTAT A Uil OOACA AEOPAOUI AT OATT A AUAGe DPOAAUS
Przedstawione w niniejszej rozprawieAAAAT EA 0a xAIFT A U DOT EOO «x
7UT EEE OUUOEAT A Al A EIADE @IAE AxTUAET GO UAUIOIAORA T T ca Al
DOUAI UOGeT xUAE EAE CAT AOAOT ou Ai OIl GEE E AAOT UI I
xUxT ¢ AT AE b1l £ZA1 1 xAT EAT GAEATAE 11T1FA AUc¢ xUET OU
DOAAU | EEO! ITEEABQQIAUTEERIXINEEE x AEADPEA AUU OAI 1 EEC
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, EOOA xAIrT EAEOQUUAE 1T UT AAUAd

Symbol Jednostka Opis

QQ0, a a wymiar liniowy

ot i czas

|, — J i EAOA EaOA DPCEAOEEA

D= Q,0,3 = QO o xOP8CEOUSGAEAOOQEBEAQD

®= 01,0505 = 0,0,0  dji POGAETI G¢ E EAE OES

D 0 OEC¢ A

n 00 AEGIT EAT EA

Y 0,3 temperatura

YQ bezwymiarowe liczba Reynoldsa

e G2ji? A A ¢ E TemeEyia inetyczna
turbulenciji

Jor G2ji? zmodyfikowana energiakinetyczna
turbulenciji

- a?jisd xOP&E¢AUUTTEE AUOOU

Y a?ji? Dl AcOFT A EOT EAEA O

"W G2ji? poprzeczna funkcja struktury

r bezwymiarowe xOP8¢AUUITTEE EIT OAC

’ a?ji 1 ADET G¢ EET Ai AOUAU

‘ 0@, O & ¢ 1 ADET G¢ AUT Al EAUT A

" ™ ac Co 001 Gg

@ % ETTAAT OOAAEAh OO6

0 Ga?ji xOP&c¢AUUTTEE AUZEOU

3 bezwymiarowe xOP&8¢AUUITTEE UACAI

_ G AeOCIl G¢ AAIT E GxEAQC

bezwymiarowe Pl xE6EOUAT EA 1T AEAE
00 bezwymiarowe apertura numerycznaobiektywu
w0 bezwymiarowe AcOCIl G¢g OF AT AUA TA

i EEOI EA
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Cel i zakres pracy

7 xEOBEOUI GAE OEcAAéex [ EEOI POUADPCE UxIinewdkieh U
D06 AE4 GAEH DA EI®EEKA bz riskinil liczbami Reynoldsa, czyli prA B ¢ Uamldarne.
Istnieje obok nichOé xT EAII AOF A COOPA OECAAéexh x EO8BOUAE E
DOOAET GAEAI Eh CAUEA 1 EAUAU 2AUTT1AOA 1T OEaCAEa
UAT EAUU¢ TTFETA DPOUAAA xOUUO QK imikrréaktdrydofidmicand, A U A E
i EEOT xUI EAT 1T EEET AGAOAU 1T DIADOI OEE E AAOIT UITITE8 7 C
TAEXESEOUAE OOOAODI EwdrAze BvzroBténUstopniaUk@nU | EAUVIGAE x U
parametry istotne dla ich pracy, takieEAE ET OAT OUxT 1 G¢ 1 EAOUAT EAh
00001 EAcyxMERET G, T APO6IF Ad GAET AEAAUAES

Celem niniejszej pracy jeseksperymentalna i numeryczna analiza zjat OE DPOUADE Ux 1T x
skalimikroUx E&a UAD O@ & O EAD AERG AE A i-turbuleritngmt ADAAT U UT OOAT E/
opisPOUADPE Ux O O OraA & O Gbsiahighranicab O U A E G A E AturbulertriedoA OT 1
wOECAAUEA [T EEOI POUAPEUxIT xUi h AsAaAUi i:padadyAi Ol
OECAA [ EEOI POUAPEUxT xU AEAOAEOAOUUBEA AAOAUI
(G0<10gh AT UADPAxT ECT DI i-R20dajighOIOAB0H Ed A<HT GARE A O
(3 <100¢). 7UUT AAUTTA Ul OBATEEOE DAOAITTACEOUx b telUgrahicy 1 A
D OU A E GA E Aturbuleitredo/OGOAIAA BT EAUAECAh A TATE AAAAT UA
EAE xUOI EJljegOURAI £Ad &B¢ AUU OAIl ,xGAOAATTE APAA CEALAG00MCIA T E |
At OCT Gg

: AOOT OT xAT A 1T AOT AA DI T EAOI xA Ol i EEOT ATAITTAOD
DEAOXxOUUAE UAOOI 01 xAd OAE 11 xAE 1 AOI AUu AT AAAA
7UETT AT EA Dl Al ékspdrymdnialhycAAEAAHA ¢ T OE6  Ud,

f zaprojektowaniemizbud x AT EAI 1T OUCET A1 T Aci OECAAO AEOD,

OE6 U OECAAO [ EEOI POUAPEUxT xACcli h OECAAO xU
Al O1 OAOAAT AUET Aci h OECAAO 1 GxEAOI AEaAACT 1
T AOUBAUEAT AEODPAOUIDKAGA TAUc AOTAOQWUIT IxAOGEA 1 A
0OAOOCEAT A Yi AcCA 6A1TTAEI AOOUQ UAAAT BOT xAT A Al

1 UAAAT POIT xAT EAT  AIUQT ALOIAEAAOAE ADT IAA ADGWAE I GV
OUUOGEAT UAE PI AAUAO AEOPAOUI Al 08 x

T TPOAAT xATEAI Al cUOBAD®KT WARAI BBU DOOGAET GAE
charakterystyk turbulencji.

00AAAR T DPO&AU Al Al Edwidra Q& EDRA OQU IADIOAAE R E
i EEOT POUyRohdnex iOAOT Aa 1T AE6 O GREBUWEDIdBAWAE ® U
obliczeniowegoFluent (ANSYSnc).4 A AU6 G¢ DOAAU 1T AAEI OEA(q
T xUAeO IMTIGAAMCWAUT Aci OUi 011 xAT Aci 1 EEOI POUADCE
T I DPOAAT xAT EA 1 AOT AUEE 1 Al EAUAdN

Oi AOUAL
Ei AOAUE

D =

1 Prezentowane prace przeprowadzoneU T O O érainach projektu EMMA finansowanego przez
Ministerstwo Nauki i Edukacji Austrii, numer grantu G25.534/1-V1/6a/2003 CONEX.
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T POUAPOI xAAUADEAxEAVGRALUARUGAE DAcT Uh OOBE
O& x1 Ad  -Stkadda A(@nd. DNS z Direct Numerical Simulation) oraz T Al

T xAOUEZEEAAE® OUUOEAT UAE xUT EE& x
eksperymentalnymi.

I O AOUAUT UAE

Przedstawionex DOAAU AAAAT EA Al OUAU&a UACAAT EAd xAIT!

S5UUOEAT A xUTEEE 11Ca AUc¢ xUEI OUUOOATA x OUAO!
xUOOobOEaA EO8OBBA DREREOI EAMAATEBA UAAEIIAMBEHALEU OO O
niewielE E | I D1 Ol i EUAOAQIUEGRQIT @Il hAT AT ¢ca DPOUAT UOET x 1

x UOx AOUDDAURPREBDAOF UAE 1T ADPOo6 I AT EA A za@dhiell AA EBQUAEH A

rozdrabnianie kropelek fazy rozprosi T AE x Al 01 OEAAE AUU AAOT UT 1 AAT
zastosowane | EEOT EAT A¢c O 1 OREAEATAAEGT GBABUAOOT EB AEA

laminarno-O O OA 01 AT 01 Aci x EEAOOT EO xUIFOUUAE |1 EAUA 2A

W pracy dodatkowo x UE AUAT A U lodp@etiniaAkonfigirabja CAT 1 AOOEE GA
EAT AGdO®@BDPT x1 Aknackngi AT EIF ATEA 1 EAUAU 2AUTT1 AOARh DO
TEAOCOAAEITU E 1T ACA DI AUAOEI xA UAAOOUAbIEovan®d OUA B
CAT T AOCOEA GEEAXDOAIXMMWRAIEARAE | BT 0e ki IEANA A EIODA O
stopniu zintensU £EET x A¢ DOIT AAOU xUITARJIAUITLE AHA PR AJ xEE 6l EAOQI ¢

Of AUAEO T EEOT i EAOUAITEEEéxh [ EEOI xUI EATTEE&x AEA

! Prace przeprowadzone wamach grantu- E1 EOOAOOOxA . AOEE E 3 UDIDgZTBAOxA 7

pt. Intensyfikacjaprod OO | EAOUAT EA x. | EEOI POUADPE Ux AAE
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- A~

1. 7000 b
- EEOI E 1T AT OAAET T 11T CEAR U OxACE 1A Ai OAU
OAAET EAUT UAE 1T OAU 1T F+IExiGg xUOxAOUATEA | AOBGAOE,

EAAT & U xAlITEAEOUBAE ACOAADRE Ipkddbenti t0deedkik] EAd
pl Ei& mikro i nano technologiiT EAUI EAOT EA EOOI 601 a bPI UUAE® UAE
"AAATEA | AAEAT EEE bPeUiI &x x OEAIE [ EEOI OO6AgU Ol
T AOET xUAE 1T OAU CACOBUE DOUAI rmé&a AJA O RE BEDI OiC
AEACT 1 OOUEE 1 AAUAUT AE8 ''TATEUU AEIT 1T CEAUT A Al OA
aparatach[2ln E O0& OA nUAAT > Al AE 4 6A EGEY GEAAGEEEFAOBAEOUE&EA S ©
OO0Ua ABATIEDI Ux AE awfelokptie) i EDAUE 1T AABOUARBEARE O OAKEB O
UeT T T A IoptbhéleRidzr@BAOAT xAT A T A DIl 2E?A OdpdvesteEhni© U 6 A &
DOUUE® OA EAT CIA Bsndiv@ Aldbdn-Chip (LOC). Takie miniaturowe systemy
analitycznemoga UT OOA¢ ¢AOx1T UAOOI i AGUUIl xAT Ah POUAU A
AT AT EUU AET T 1T CEAUT AE OAEI A OQIAAEA 1 EB KIAICHO®I GIUAIED
AT A1 EOUAUT UAE -DEBEELEAU UABDOT ABA AUc¢ O&xi EAIF 001 ¢
proAAOBWT OAUU AEAI EAUT AE8 -ETEAOOOT xA 1 AAT OAOQT OE
EOGeOA Oa U bixiI AUATEAT T ETEAOOOUUT xATA E DHOUU
AU 00T x DPACTE DP@IAAEAST DAEs ODGAE UAAAGATED 6ExI A xAd IE
AAUPEAAUAdOOxT DPOUABHOICAANA KATOMRCAE AEEGEI ARREXT EAUT AE
OUET Al ExA AUU x ETTU ObPi 3BA 0IOHAEAR ABRRAA GOROAGOAG
fabryki | AOAOEAEG & x xUAQAE- roty)A &  jEIPEp&efrdwadkzana jest silnie

OUOOAI 8X5].,2#UxeE | EEOIEIIIUTIEAOEE E 1 EEOI T AAEAI
I DPOAAT xAT EA 11 xT AUAOT UAE OUAGQGAEaAUDE ARAATURAA ET £
OECAADO POUUCT OT xATEA E AT UI xATEA 1 AEO x 1T EAxEAI
AEAcT ®BBAAEAT OA
: ACAATEATEA [T EEOI POUAPEUxT xA 0Oa EOOI 01T A ¢

UAOOI Ol xAT EAAE DPOUAUWOET xeUAE 8T AOUEBREE EOIAI AEOOI
xUAAET EAEOUUAE E AAOAUEAE Ui ETEAOOOUUI xAT UAE Ol
Ol EEAI OOAEa OE6 EAOUAUAc corizkkEBGARLE B E ABeiiA G A hb O:
EAAT T OOEs PBIEREANOCEABIERA 8

0O0AxEACT xA UADPOI EAEOI xATEA OECAAéx [ EEOI DOUAE
EAE DPOAAU xUi ACAEa Al ccoAl Aci DI UIT ATEA UEAxEOE
DOAxA OA AUs0O0T T AAEACAEa 1 A , adsmmikany Wiskall makeE UA
001 061 AE PiIT A Pi xEAOUAET E GAEAT AE OAEEAE OECAAs
DI xT ATl xAg xUOI 00 xbpeUxO GAEAT AE E xAOOOxU DPOUU
x OECAAAAE | EEOIEBR®U O codgrnyyic WBET 6 AEAT BT x AOT G¢g G/
01T xEAOQUAETEA 1T 1TEAxEAI EEAE AEOI biI xAOI GAEh EO0&O
CEAAEAR bPi T AT EAOCEATEO OI Ui EAOO TEAOexT I GAE DI x
AEOI PT xAOI G¢g xUCIi ®OAU&Ah OBO®POEOx I EIOD 11T AUEEET xAg
xDe&Ux GAEAT AE 1 OAU EAE AOFA AEOI Bi x AGQIO®UcBR UCI &
2AUTT1 AOAR DPOUU EOEOAE 1 A0OC6DPOEA DPOUAEGAEA U O
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skokowej zmianieulegE & DAOAI AOOU DPOAAU 1T EOAGI AEaAA AEAEOU

i AOGuUh AUUI E UEAxEOE 1 Ul AAdb-AnCE®7].DT AOOAXxT xUi x O
OxACE T A xUiEATEITTA AAAEU OE¢AA&x [ EEOIDOU
ARAT O 1 TAATT xATEAUADOIUAKGE xi AKEAT EAUT UAE AUU OA

DOUAOOOUATER CAUEA xUIEAO AEAOAEOAOQOUOOUAUT U i1
badaniach empirycznych. Brak jest dotychczas jednoznacznej i bezdyskusyjnej odpowied&

pytanie, jaka jestgAT EAA OOT O1 xAl 11T GAE EOUOAOEeé x TBRdAMmOE &4 AL
AEOPAOUI AT OAT T A DI UxAIT AEa UAOGAI TA PIUTATEA T A
i AOAOEAEh EOG&OU 1T FA DIl oedlFUg Al xAOU/BIEAAEE

pPOUAxEAUxAd OAT OAOUAUT UAES

$7T OUAEAUAOI xA AAAAT EA UEAxXxEOE DOUAPEUxI xUAE x
AxAAUEAGAEA 1 AOh TEA AhapaicA ARUUT AA UIGEERK EX D IEED,
ETTAR TEF x OEAIE | ADAKNB AUNDOAD EIAETOTI 1TIHAM EIAIORA B G
UT AAUAT EAh CAUII Pl 00D x OAAETTITCEE DPOI AOEAEE
TEAAOI ca DOl AOEAE® [ EEOI xUI EATTEEex AEADEAh 1 E
Ui ET EAOOOUUIT x AlypuAlBborGdhiphA ABQUUA UUT EAEaA OEos AT |
upowszechnienia w praktyce8 .\ xhgl BAOHx EOEA AUAAET ROEXMAA,
i EEOT POUADPGUWAUWAQRAIET EAx PDEETAEAA AATOAT E mibiaturyZadi nac B ¢ U x
DOl AAOU 1 EAOUAT EROEOA UOE ADIUAGEADICABI E BDOT AAOAI E
OECAARARAEBAU | EEOI POUADPEUxT xA AEAOAEOAOUUOEA OE
I AE6OT GAEh UADPAxT EAEaA OUi OAi Ui OOAT O&EAO AOL L
EAOAT EOUAUT & EAQANAEMERE PABEPADPOT xAAUAT UAE x OAEEA
I POUI Al EUAAEA OECAA&x [ EEOI POUAPEUxT xUAE xUI AC/
DOUAEGAEA-OOQAAEINl AIOOTTACI h CAULI xOAU U DOUAEGAE?
AOOUI ExACT AO0AMMDBALNEA Ui EAT A ET OV GDAG &I xG AEE Al BEAAQNX
iTrHT ExACT Al DOUAEMDEIABA 00001 EAT EA

Do dzisiejszego dnial D OAT EET x AT UA El BUOAGGRNEE EXOEAN ITAUAE UACA
i EEOT B OUD W szefegu pracpodejmowano O EAT Al E U U nal c&liE asBaBowanie
COAT EAU D OUAE@GBulednegd Az tmdadT1xIAO0OT GAE xObH®dI ODEGT 1 |
hUAOAOI EAUT UAES8 2é&x1 EA BADAIAA OB 1 AEGIAONMBAG GERE A
laminarno-turbulentne8 T AT AT ¢ 1T T I TTATDOARAR AEGEQEAAE [ EEO
1 Al ET AOT Aci AT OOOAOI AT 61T Aci 1T AOGO6DPOEA POUU 1 EX
i AEOT 8 )T TA DPOAAA UAxEAOAEa 1T A0t ITRAOCO® OGDPOARA
i EEOI POUAPEUXxT xUAE nmhardotCBEYON ODAUDEBAREA PONAOOT ES O
xUF OUUAE 1 EAUA 2AUlT1AOGA8 *AOO 0&x1 EAI OUAOAC
x UOAI'T UAE O8I TEA DIITE6AUU UEAxXxEOEAI E. OpPiQWBAD ¢ U x |
badaniaOET T AAT 00T AAXRNURAAUAT EO DPAOAI AOOe& anhlizowade& OA |
UEAXxEOEA8 . AEAUGGAEAE OI UPAOOUxATI OO0OAE xbeL
DI POUAAUT Aci 1T OAU EACT AcOCIi GAB HAODIUOET PAOBD AT
OActhropowatocG¢ GAEAT DEOCBARADODRAT EA rotzhj60 xEAGAE®T DOE
(gaz z AEAAUR DPcecUT zDbAWOI TtbBA@GEEx x AOOT G¢ 1 APETI GAE E
DPOUAxT AUATEA AEAPEAQ8 21T UPAOOUxATT O&xT EAI xpbg!
i EEOI DPOUADPEUxT xUh EAEI DAOAI AOOO xOP&ECAAAUAOE4A
GAEAT AA EAT Ac Os8
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BadaniaD OUAEGAEAOD @A &Il AIOOT ACT E kOIOEGAABAAE= T x UAE h
UT AT Ar¢ x 1 EOAOAOOOUAKh DI Gx BEIAIUMARE AUEBDATAAAA KR E
EEI EAAUEAOEaAO AUU EEI EAOAO OAUU xEOGEOUAE 1A
Ol UPAOOUxAT UAE GOAAT EAAAE xUTT OUaAUAE TA vumnti
xUT T OECA EEI EAT AGAEA AU BEHEIXE ADAOIERAI0 EGACE H AE | (BH cAAOK
OE6 AAOAUI AGUVBIOAOTI BEAORUEEN GAAHuhisioE EOBDANEABE

AAO&ex8 : OACT DPixT AO xESEOUI G¢ POUADPOI x ARAUGAUWAE
OO0BOATT EAOO BIOARD IUEDEEG U-OARADEAAU U OAE xUOI EEI E
UA ODPIIOATAEIXAT EA AEIGERLON WAEAT x AT EA OEcAAeéx il EAE

iTriTExeA AOFAE OUAOI EIi GAE DOUAEOTI EO biI DBDOUAAUI
xUOTdeti G OxACE T A AOIA Ul danAERAEAD] DOVADE VAR x B/
OPAAUAZAEAUT UAE Ok EDQAIOAE ¢ AMORBHEIA U DJ allaiiZBAL telath20 x|
EAEEAEET | x Eobiacachb i GAB&A DT UAE OAEEI OECAAIIT 8

1.1. Turbulencja

ZjawiskafizyczneUAAET AUaAA x | OAAUAERAUDAKkAOAGREAREAI]
aOUAUACel TEA T UGI EREAT E EEAEES H UD EHA h xDEGAQU 8 UD!
POl AAOGUh EO&OA UAAEd GAEARQ xbOmM@EBESHA URAA8 EAEOAA
DOT AAGARCEU 1T A Oxa 1T EAUxUEIT A U¢iFiTa E DPOUAU Oi
UxEaUMQUABEUxAT E AEAAUU E CAUeéx8 *OIF kAo ODBBOO
UEAxEOE UAAEIT AU azetdkig (Meteofolddich), @ redeSatisBwe ryciny Leonarda da

6 ET AE Oa Al xT AAi T A EACi EAOAUT AAEs E UAET OAOAC
1.1).01 AOOI 1T xOEaA Ox1 BET A E O MNAe&LBEAgtdiof the surface of the

water, whichresembles that of hair, which 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 tion" [10].

—

“h Ay s Vit
P T VA LA At N sl
> Hodtoss, 7R 0N AT A

Rys. 11.Leonardo da VinciOOOAEA OOAOAA T AA RAQOUI ExEA
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2T UxeE | AOAi AOGUEE E DI xOOAT EA AUl Al EEE . AxOi1l
I PEOO UEAxXxEOE DAOAPOUxAKBPAESBDOUUAI EI AT EAnadAT T Ol

®
—0+ b¢g ®= N+’ 20+0 (1.1)

28x1T Al B OUODPAEA IEA AdpdwigdnimiGwattinkaii brzegowymi, daje

UAT ETEsOU OECAA 0O¢g 'h AUUI E OE¢AAh x EO&OUI |
.EA TUT AAUA O EA = h  dnalitycz@i& O AB x EBAOAT UT I1AA AUTAC
DOUADPY OOOEAT EA E EAATTUT AAUTT G¢g OUUERA BATAE AUATIA
dwuwymiarowych [12lh A AT x&8A T A EOOT EAT EA OI UxE&aUAT EA x
znany. " AUOEaAA T A AT xT AUEA DPOUAAOOAxETT UI  f13,pwxp

zagaAT EATEA O 1T T A EAAT AE Ol UXE@QBACcxODBOADHAAE EL
Ol UxEaUAT EA AEAT OUAUT A T bE adtmldntndgd® Takid O1 WD>ORIAEGIARE
Oéx1 Ad -Sikedad@ OB O E Odbdenie@rzydpomocy metody DNS(ang. Direct Numerical

3EIi Ol AOCET 1T gqh AAE&aAAB xBARAEIQOOREXEEERAEKAR PAEAEPOS

DOUA D Symulddnie DOUADE Ux & x OO0 A ODNBwyiriaga Adbinaki sfodbivahia

pi 06T UAE [ TAU 1T Al EAUATEI xUAE E Al A DOT Al Al &x
DOUUAT EIITT UAES

T AAUAAUI EONEBAIN AAEAT BHBpisaneDOBAUAUDAT OT AG A
x AOOT Eéexh PHPOUU EOEOUAE DOUAPeUx 1 AIETAOT U OIA
turbulentny. Na podstawie eksperymentt x BT 1 ACAEAAUAE T A xEU®@AI EUA
kanale, przeprowadzonychx AOOCEAE Dl ¢h xBAAMBBISEIxEARKEO T AAUXx
EOQOUOAEIRAAD&AT a4 ERRLITT BAMRIXIEODEA 1 EAUAa 2AUT 11 AOAR

OOAOAAUT T GAE [14BOUABAUAAXx OA EAOO OOI OGAEEAUAEA £

AUOOUDAOUxT UAE ji ADET GAET £BAEQI % I A1 ADQUBRDEDAT &

l " T\{‘) T\f)

gdzieio0a | APT xEAATET AEAOAEOAOUOOUAUIl" WipewiedfioAl Al E
1 ADETAQANEAMI ERAUEERT AT ADUROIEAACT CB8OQIAGAELA AO UADPOI DI
OO0AQUOGEIHAT 80T UxE&aUUx AT EA [16p xI: AET @WEEAE Ox AT U  DOA
pi OOAEOI xAg OOOAOI AT OT A xEOU Al Awl termdiyhénicd EAE
statystycznej.,PrzU | PEOEA DOUADCE U>xOCsxA CEO O MO IEAEOTAEAME RO UA UT &
TEA EAOO bPi OUOEExAT A GAEO¢EA AExEIT xA OI UxE&aUA
xUUT AAUAE&AA OOAEAEOI OEs DI EAAUT AUACI Al AT AT O
statyOOUAUT AE TEA EAOO bDi OUOEE x Al phjedyhdzé A A . DT ¢ 1
7TESGEOQOUA UT AAUATEA 1 AEa OOOAE OGOAATEITA xEAIEI
OAOI T AUT AT EAA EOOT 0T A Oa xEAI ET GAE | Afofra®yETl DT x

Di AUEAG¢ TA AUbGg GOAAT Ea DPOUAPEUxO E EACI A
3Pb1I xT AT xA¢lT O DI EAxEATEA OE6 x 0éx1 AT EAAE OOAI
TAPO6FATEAITE 2AUT T 1 AOA8 21 UxE&aUAT EA wé jed jedndki A U Al

12
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dopiero po dokonaniu AT AAOET xUAE UA¢iT I Ad AAZET EOEaAaAUAE
AT T ETESOAEA OECAAO 0eéexi Ad(Q

AATTITATTITCEAUT Aci DPOTEOO xEAUATEA EOOI O1
xUO0O6bBI xATEA OOOOEOOO xEQAEBAE TPAOGEIET UNBRUxEEKD
turbulentnym istnieje szeroki zakres skal przestrzennych z czego EAT A @& BAUx UAU
UxE&aUAT A U xUI EAOAT TAOUAOO AUUODI GBDHDESOUK SE AD(
DOUAU Al O0a 1T ADPI xEAAUEAITA BEADBAIT GBIAOG ADd A GIA
ccexT EA POUAAUEAE AUOOUPAOUxT U8 »0eAcAi Al AOCE]
EO8OA EAOO DPOUAEAUUxAT A TAEQEAEQDUI DKEDAT EAX DU,
. AEXESOEOUA OOOOEOOOU xEOI xAh xOEOOAE 1T AAUEAG Ux/
EO8OA OexT EAF 117 ca AAI AE OEso OI UPAAAch Oxi OU&aA
to mechanizm przekazywaic A AT AOCEEh EO&OU DOI xAAUE Al DIl
2EAEAOAOI T AR x EOEOAE AT AOCBA XxEBEAOUABT HEEROAI

xUtaAUT EA xOEOOAE AAUxEAATT GAET xACI Ol UPAAO
DOUADE, Uwak k& zmni€e OUAT EAT  OEo OEAIE EITAET UAE CAIl
I AAUEA¢UxAd ET AOAUET UAE AT 1 ADPET GAEI xUAE8 )1 AO.

EOEOUAE 1T AOO6DPOEA 1 APEA /ASpadtidtd BkalAudbllendilziycrgiéng EE T
dzieli sE6 T A OOUU ©OFA 16A EA DAGKEGEIGAE T AOOGDPOEA DI
turbulencj, POUAAUEA G &I ABDGQUEGUIU UAAET AUE AAUxCAATT GAL

DOUAAUEAE RAUSOUWEBDAEOWHET UOT UDOAOUAT A EAOO AInAOCEA

Ol UxET E6OARE E OOOAITTAE OOOAOI AT AEE j OOAAETT AOI
lepkiej- EAOO O&xT U OGOAATEITAI O 0000i EATET xE AT AOCE
OOOAOQI AT OT U8 *AOO 11 0&xI Edtyczné), drzdkdzywend) @ Rdskadeie ET x E
energii.

2T UECAA AT AOGCEE EET AOUAUT AE OOOAOI AT AEFL7;x DO
18lh EO&OA 1T PAOOA EAOO T A Axe&AE UA¢T AT EAAE8 O0E/
1 ADET GAE EEEAT AOWAANTRAEx ®D& ¢ AUUT T E-EE AODO OIUDARAIEA |

| ADEBOGAEEA UA¢CT HATEAh UxATA 1T EAITA&a EUT OOl PE&ah
Al A AT OOAOAAUT EA AEGRODE ODEAUAOCUVAUT EA ACdA jgsh1 Al 1
EiiT CAT EAUT Ah EUT 001 PT xA E OOOAITTA jOUT8 EAC

I AOi 0éx E 1 AAEc¢ OEZAKROEAOPEEOUGRAOIUAEQECEI OEh I A
TAEITEAEQUUAE OEAI 0a 1T EOAGI T IGK EOUG EA ATEEO LAWD 845>
dyssypacji lepkiej-, a dA AOFUAE | EAWAK AQIAIUGAE AGOAOUOOUA
AAUxe¢ AAT T GAET xAE 0Oa I.baateivd hafod&advik ErialzydwydiddwajU

+1 ¢ TCiTI Ol x PTEAUAEh A EAUIOODEA ©F OOI CARAT DA Ex Diet
Yo;j 113-13 (gdziezd, =6 w+i 0w, 0EAO0O OECAATI xa DO6AKNaGAE x|
I Al Acei GAEa 1dA®UIXIEA T AUALQIF OT ExAOOAI T Ah TIBAUAI /
1 EAUAU 2AUT T 1AOAIST Todex UITOIURA @A AUc¢ xUOAL T
struktury [17]:

I A POU

ot O §,1¢13-¢8i3, (1.3)
dziet EAOCO 11 EGQRAL, OOAc A OT ExAOOAI T a8 o1 AT ATEA 111
O1

g
AO0T EAEA OOOOEOOOU iibDITTOGTACAA cGA Bl CHAERMOODN AEECE OE € A/
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OOAOUOOUAUT & xOP&cUAI ArT1 Geg OECAAT xUAE £ OEOOA,
DOUAPEUx0O8 & QI EMAERCERATIOEMIMOAO T PEOOEA GOAAT EA |
AxeAE DOT EOAAE TAAATTTUAE 1T DPAxEAT xAEOI Oh x U
OEC¢AAT xAE PDPI1T A DPOVAEIGAE 1 T1TFTA UAAEET EI Gl x U,
wektor separOE&a AU EAOO 0OeéexT 11 AceU Al OI UPAOOUxATAE

x UA ¢ Oturlkcli Btrukturyh A CAU EA QO pdpodcade) furxd)i Atcukiury. Definicja

x UAE OF'T UAE A£G EAEE -OROGEROQU A oibghA AU MAEAE 4 DOA B A
al THFA AU¢ UADPEOAT A EAEIT (

00y G+ a0 Oy GG 20
004 MG+ a 0y a 20

“% d

Y (1.4)

o1l ATATEA UAAEETEI xAT A 11ca AUc¢ DI POUAAUT A £&EOTE
DO AET GAE E OAE OAI AE Ae¢OCIi GAE OADPAOAAEEQq(,

W= 00, 00+ d O ad 2C
¥ 50y 06 o Qa 2Q (1.5)

W& =004 it 60 0y A 20
L AECAAAEAAR A x&AGAEBCIUGEE OBEGIMBEUxDAT Al a EAAU

xOPecAUUTT EEA AUOOUDPAAEEN +1T ¢ 1 CT Ol x pi 6¢OCcO

T OEAlT 6 Ac¢OCI GAE(,

y3 14
= — (1.6)
T OEAI 6 AUAOO(
v 1j2
T= - , (17)
T OEAlI 6 DPOBAET GAE(
¢=%’-“4. (1.8)

, EAUAA 2AUTT1AOA Ai A OUAE OEAI EAOO OexT A EAATI

t 1414 34

Y= —p—=1 (1.9)

/ UT AAUA Oih A Al A xEO8x 1T OI Ui EAOAAE DI 0@&i1 Ux/
OAcCi OAI ACiT OBBGWA D APET GAET xAS8

. Al EAGUAUA Di AEOAGI Ech A OAT OE ANietviydika or@aizOl x A
Oéx1 Ad -3DOEARAOAR A1 A 1 PAOOA AUEA T A TAOAOXAAEE (
OAT OEE U POAxAI E AUT Ai EEE xAEal OOATI.xE AOIFIA xU

14
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ol i E6AUU OOAEAI 1 AIETAOT UI
E = i E )

e A AAGEI xEAEA 000
TAUUxAT U OAL EAE] 0

Jh T EOAGITTU xObeg
: (1.10)

gdzie EAOO AUAOAI h x EO8OUI DPOUADLUAAXEBEAEODA AD
(ys.p8¢d8 *AGIE xODP&gAWONI OEE OPREGA GBIADO®ATUWODEACT EA |
DACTE OIUxETE6OAI O OOAEI xE[f =Q®OM0IAAT OABRDOGAEADE
0<r <1,00AE I A AEAOAEOAO DPOUAEGAET xUS8

u u u
ruch laminarny tc
tc
ruch przejsciowy ruch turbulentny
t t t
Rys.12.: Al AL+ T 1T Gg oddcrashodl GABOAEO 1 Al ET AOT Aci h BPOU/

YT T Ul DPAOAT AOOAT AEAOAEOAOED ®RAA Dlirbllén@GAEE ODGRADI A
napodstx EA x AOOI GAE G@AE AT EAE DPOSAET GAE
o+ "Y2
a1 .
o= =, O, (1.112)
0 "Y2

gdzie'YEAOO 1T EOAOAI OGOAAT Eéhu mAwentiedolf O 1 © AD G @RI FEDE;
jako:
®= o+ & (1.12)

gdzie@E A OO A&l OE O OvhstoBuaku BBODOAEIOG GESA Al BN QWA UACET T UAE

OAl AAEo jp8pcq TTFTA UAPEOAg 1T AOCO6DPOEAAT ¢
0y = Q0,0 08, 0= 0,0 08, 04 = 00,0 OF. (1.13)
)T OAT O0HIDAGE AT AEE 1 1 inidwarajakp: x OAAU UAAE
L 66%20r 0 0% “OF 0 6820

(1.14)

EE ’
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gdzie 6 01T U1 AAUA xAOQOI GGOO@ZM%EECE@C)@”@I- DiE OAEa 0660
T AUUxAIT U EUIT OO1 P1 xas

1.2. 3000EOOOA POUABGHAED EBAOEDADT OT A x OECAAAA
| EEOI POUADPCEUxT xUAE

*AE EOIF Ul O0A¢cT xODPIi1TEAT Ah b udbllenfhdgo W skeiOAT E /
mikro nadal wzbudza dyskusja A 1T ADT xEAAT 1 AjedhoEndczriEd OUBRAAOREAA
wyznaczone paAl AOOUh EOQO&OA 1 I1QE¥AT @AGIU x AORIchviste Adtabe
DI GXxE6AITTA UAREEAT BAUEBPEADKT ©€BEURh A COATEARAA bHC
OOOADI AT 6T AciT x [T EEOI EATh2 ABEI T AOREBEAAWBT PDUUEI
makro.Peng i Peterson [19;20] T A DPi AOOAXxEA DPiil EAO&x OPAAEO |
00001 EAT BDOxBEARVBI ER A Al A POUAPEUxO x1T AU DOl
hydraulicznych od 133' 4 do 367°d E Ac¢ OXIl GEEI EOAUEADEDPARBRAEGAR K I
Il EAUAA 2AUTT1AGA 1111 O61TTEAUTEA 1Al AEA xOAU UA
Podobne badania kontynuowali Mala i L[21]h E GBI QIXUAEQUAB E Ux xT AU oDOUAL
GOAAT E A& A Ho 254A& wykonane ze stopionej kzemionki lub OOAT E T EAOAUAXT A
OAT Obl 6eA OPOAxAUE¢ EAEEA 04 O0O&lF1T EAA x DPOUADEC
hydrofobowych.! T AT EUOE&A Ui BDAOURIAA EWU AAOEIE A6 x BExA AMAE 4EA £
x AOOT GAE | Pl 0& x, wEnadeyh AdbdraktéydtikU BB UA D E Ux Ow widude OA
przypadkach w znacznym stopniu | A A E A Acharhkterystyk wyznaczonych teoretycznie.
BUAUACEIT TEA AOIA aD&IIA ERAUARBRT BOROx10U x x ES E Qtadri E 1 1
EADPEI AOU 1T 1T AEITEAEXSHUAGBAGOBAT ADABDAK AGOAAT EA
I EAUAU 2AUT i1 AOAR Ui EAOUITA xAOOI GAE ODPAAEDO AE
x AOOT GAE xUUT AAUT T UAE OAT OAOU Awdray fosU AR A x ABMIELhA DE |
Ol UPAOOUx AT UAGRPDOBEDGEBRAAT OOOAOI AT AEE OT UPT AUU
zakresu 300< 'YQ< 900, a przdE Ux x DAECTE OOCORBR®I BIMIEM< 1600U x E E A
Malai LIUAT AOAOx T x Al M2k xdvolakiithkiego samego wydatku wodytakiej samej
GOAdy kapilaryl OAU D1 AT AT AE AEOI bl x AOI Gdpéry pdravlEzZAOW A ET E
kanAl A~ xUETT AT Ul U x E6H8AHnKarblE #e stalilhietdzewnejj x EAAAUU Ol
xE6 EOUUAE OWABXARED BPPOUAU EAT ADBOEAXED T EUA OTUEE ]
EUAOT &I AT xAci h AT UCi ATA EAOO POUAXxEAUxATEAIE O

"AOAUT xAITUI DAOAI BAOA k TopoRy hyliraulidzrie,fad iInaC OAT EA 6
DOUAEGAEA 1T AT ETAOTT OOOAOI Al ® AGRAE AIERD Gé&lAdUALd G M
AEOI BT x AOT Gg¢ urbrmewans (ptidy Fokntiar EAT AZ2B 7 UAEOAOEA DOl
1 AT ET AOT UAE AEQI BDIEAABBIAGEEOADPEUXx T A 1DHPI OU DPOUAD

wzrostem liczby Reynoldsg23].# EOT DT x AOT Gex xAGE A AOAx PEAI td AAUIT

DOUAEGAEA -O0BA &Il AIOOT ACT x EEAOOT EOA8T EBOUUAEAOD
AEOT PI xAQRGARAEIKKAG A T GOAAT EAU EUAOAOI EAUT AE ¢
Ol UDbIi AUWUA A GOE 6+ A4R35)EEGAOBOUU 1 EAUAEA 2AUTT 1 AOA Oc¢

Whnioski zawarte w omawianych DOAAAAE 1T PAOOA AucU EAAT AE EA

DAOAI AOO&x xO0&Ol UAE UxEaUAT UAE UA Ui EAT a AEAOAE
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. AEAUSBGAEAE [ EAOQUITT OPAAAE AEGIEATEA x POUADPEe!
odbierany przez B¢ U1 I A GAEAT AEs 01 bl 0exT ATEO 1T O0OUU
OAT OAOQUAUT UI Eh xUI EAUTTUIE Al A DPOUAPecUxO 1Al EI
Il EAUAU 2AUTT1 AOA OIT UPT AUUT AEa OE6 O1T UAEAITT GAE

OPl OB ADBAXxEA Ui EAOUTTUAE xAOOI GAE OPAAEO AEG
COAT EA® D OUA Et@bulEndnegd, ArizyE dzyinOhid otrzymywano tutaj informacji o

struktuOUA DOUAPeUxOBCOUII BB@UUITGA AOFUIE AcoAdi Eh (
AEGI EATEA TEA Aueg OPAAEEAI EAAUTEA x [ EEOI EATA
AT POT xAAUAE&aAUI E 1T APOT xAAUAE&aAUI DPeEUI 8 tlOEOOA

| EA 0a AT OOAO
OUsAO EEI EOT AOODO AUU 1T AxAO EX] EARAEA dietravich EEDO
rozmiarach. . AEAUS6 GAEAE OFUxAT a OAAETEEanh bl UxAI AEaA
DOo6 ABMskaAEkroEAOO t0)6 | AT Cc8 1 EAOI [28)A&6eE gidrwhzyghi A CA
prac Bl GxEo&biUBA OOOAOI AT AEE x UHIEEWI EAORALMME OAA |
I DOAT EET x AlvAR003JrbkO Praez Ah  %x TilOkEMA[A7].. A BT AOOAXxEA DI
AExEI T xUAE Dél DPOOGAEI GAE xI AU ARCASaAEwynia@dkAE D (
przekroju poprzecznego 320°ad 330° & wykonany z PDMS (polydimethylsiloxane)autorzy

wyznaczyi COAT EA6 DOUAEGAEA | Al AGBIR7T,QEDADABDOOGCACD/
AEaci A TTEAEOUA T A xAOOI GAE Ul AMIVLWAEOAlN ®BAOURAE
OAT OAOGUAUT UAER Al AUTQANITERA EABABOEDS TEIF Al A x
x AUAGT EAEOUUAE bDPOAI EEAAEAAEh 1 PAOOUAE T A PBITEAO
Najnowszel DPOAT EET xAT A AAAAT EA DI EAUOEanh A AT A 11
kwadratowych, albo o innych kszA & O ArAekroju poprzecznegh A1 A OO1 OOT EO
OUAOI ET GAE UATEFTTUI AT EAATT GAEhR DOUAEGAEA U
Il EAUAAAE 2AUTT1AOA UATEFTTUAE [2b; 30) 81; 3203R]ONid x AT U
zaobserwowano € x T EAl O&I T EA x OOOOE OO0 @unikro imakidd Sharppix O D1
Adrian [29) POUADPOT xAAUEIT E DI 1T AA p ciecazyw Bzkldngch kKapilaractbdO U A D ¢
GOAAT EAsAA&Edo 24848 01 AAUAO OUAE AEOPAOUI AT 6bex OAE
badanym mikrokanale oraz wyznaczalil A BT AOOAXxEA DI 0OEAD&E DI | AOPOD
GOAAT EAE E &1 OEOOAAEA DPOVGAEIT GAE8 7 UAEOAOEA 1 AI
x AOOT GAE x UtebtethokrieiI ATVMAEDOUADCE Ux. @ & 81 Eifacrénh igrAnicd
D OUA E GA E Aturbuleitriedo ADTET OAUO TITEARO CUEEAAKXA ¢TAA x AOOT GAE
makro, meOUA O& A x COBBOI<EYRAZRE0.01 AT AT A x1 ET OEE @@ Oi O¢
OOxEAOAUAEAA T A DPiI AOOAxXxEA DPAEBAGe N BOFND dAAB E x
3266ah 0O0eOOUT I Gg O&xT ATEA 01 EOQOAGEI 1 ABA 0&x1 EAL
mierzalnegoA ZFAEOO DBI1 Gl EUCO 1 AAIGA EAA BRI AQ\ & lidhgdéadobolvéf\ B A D
powierzchni. Podobne wyniki otrzymali Rands, Webb i Mayne$32]T Ax AO x EADPEI AOAAE
166'6¢. WUAEOAOEA 1 AT ETAOTUI TEA OOxEAOAUEIE IT1E
AEOPAOUI AT OATTUI E E OAT OAOQUAUT UI Eh xUI ELDAINTERIBE
D O U A E G A E A-turbulentriedo Azé@bbserwowali dla liczb Reynoldsa z zakres2100 < 'YQ<
2500.

W jednej z najnowszych publikacji Wibel i Ehrhard33] UAT EAGAEITI E xUT EEE Ol

DPOAAUUUET UAE Pl PEAAE P00 GEHIBG®EEOUNIOARIUAU EAT AcU 1
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EUAOAOQI EAUI38EHh OPOQURBE AUUI DI T EAOU OA xUETTATA
001 601 EO xUOT ET GAE Al OUAOIT EI GAE jpdqph pdc E pg
OOxEAOAUAT EA UCT AT T BAB ABDW &kl inikrd inakbokdADIELD ODIAA EAT A
przekroju kwadratowym DPOUAEGAEA Al OOOAOI AT AEE 1 AOOsDPOEA
1900< YQ< 22008 7 OAU UA xUOT OOAT OO01 661 EO OUAOI ET GA
DOUAOGOT EBAEA COAdmo-DOOAOUAEGREAT | AT EEAOOT EO xUI
x UOT 0O OUAOI ET GAE POUABRWEMAE® E®ORODEDBRIIPYLACDBOUS
i EAEOAA Al A 1 EAUB50xAN4 2700A2QA sta3inkuil:B 2380< 'YQ< 3400.

PodsumowdE 4 Ah T AET T xOUA DOAI EEAAEAR x 1T AOeéel 1 EATE
UCT AT T Gg xUT E Bwianstrikiudy PAO & x D GOVEABGEAEx O DPOUAU EADE]
nawet 16.6' & z przewidywaniami teoretycznymi E  OAUO1 OA O AD GU AEE d ABFABO E1xA [ [
turbulentnego w skali makro8 . EA D1 Ox E A O Adstuldwanegd & x pieBvBzych
publikaciach D OUAOOT E6 AEA COAT EDDOBROUAEGREGI 1 Al EEAQION |
2AUTT1 AOA8 7OUUOOEEA DOAAA DI GxESAT T Ralowddhowd E A /
EAT ACGAAE 1T U1l AAUT UAE A¢dOCi GAEAAEh EEI EAAUEAOEa4
EUAOAODI EAUT AE8 -ERRUxBT EOABAXxREAADPACT ADOUADCE Ux(
EAAT T AUAGI EA AAOAUIT AdIFA 1 PI OU bowdeh svwmusaenid® OUA U
DOUAPEAxAO EEI EOAUEAOCESAEDO AAOI xAE OelEEANE QEGI
OACl xUCI 6A0 POVLEBEAQAAUWAE AADPDOAAROCAO DIl @ A<UNEAIN EIA
ziawisk DPOUADPE Ux| xUAE x AOEEEBAEALEED] BOKREOUAUT UAE xDI
A E GiwEnfkdoskali EAOO OOOAT As &+ AECH @d OF IEGARB DPOUADPEUxO i
EAAUT EA x OECAAAAE [ EEOI POUAPCUAYG GCHAGAEl AT WD o@D
| EOAOAODOOUA AOAE EAOO EAAT AE DPOAA DI GxEAAI T UAE
AcOClI GAEAAE DI 0&x1T UxAITUAE WAEBEUAOQOAEABAT EODPDDC
niniejsza praca.
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2. Metody analizy eksperymentaln ej

2.1. Klasyczna (makroskalowa) anemometria obrazowa

Anemometria obrazoweh Ux AT A x OEO&AEA 0)6 | ATEGR8O 00 A AGH A
pomiaru chwilowegoD A ¢ TERAICITA BA&AMBAUAE a4 A A ¢34], 0dEd € Brii alemi
OAAUET xAUUETAGAE 1T OAT OAOUAUT UAMIE AREOMMEGRANAT AAAAT
Wymagany jestiedyniel DOUAUT U AT 006 b Al ET OAOAOIDER ABRQGE OU AIC
AU¢ DOUAUQITAEXKARAOUOa OO0 PITEAOU DPOUADOOKaEAUAEAT (
TEAxEAI Ea DOOAETI GAEah EAE OAFr DOUADPEUxéx AOO
DI T EAOT xU 1 EIEOI xATU EAOO CCeEXEAEDADENAERDOAA
AT OOAOCAAUT EA UDT EEADUBREREBAE b OWED G dedatk&id zA O U
I APT xEAAT ET  AOI a0 TAWEAGOT O IEACGAEA UAOAEAOOOT x Al
AUAOT xUAE OAExAT AEE 1 AOAU&x AUBDOOABC Ux ARDAKET x
I OAU Pel'TEAEOUUI xUUT AAUAT EOQU I D GOAA TUE A GIOUAAENT GOMEA E
PeU7T@81T A EAMWGHOOEEU UT AAUT EET xAh UxAT A BT OEAxAI
UAT AFTT GAE T A AT Al EEiex<ATUACIT E CRUGALOREQU xEOIBIAEEA AAUIT A TG
OPACT EAT BERA IxAA DA AERD AU&a GOARAEU 1GOAOEE AU COTATABBA A LT E € £
OAT xU{ @Al Ei ETT xAg xbP&Ux COAxEOAAE Bozrid pdwinidhUUT T E
AUc¢c AT OOAOAG© O Gk Gagbakdzie) b A IAE | ICI6 O ORIGAIEA AA Q. ReiF A ERAG
tych C6 OQIO@ABIACETI TEA x DOUUPAAEDO DPPUADPAUxAg A&EAD
DOV AET GEEADAOVIOAE Ul AAUT B EA ~xAURED OMGEA BE (RGNS (BERA E

] Q)
Of] OQ (% g E (21)

gdzie 6, i 604 ADI xEAAT ET DOG6AEI GAEa AUaOOAE",UT#4AUT EE
CoOO0TAQAMEXOAE E CAOEPOGCGAERE Dx URAOADFAENAEA AUT Al EA
7A001T AE 1T CcO®OOI IGRAE AUAOOAE E DPecUT O EA®I | EAORUG
DOV AET GAE x AE AAwhiabdtmaunekiteAOITAdieke EAOOzshbdumek UT O
"Wi"qOOOAE EROCOCOHD0AO OUOEaAA8 | AUEOAEAEEI Al EAN L
inercyjnych Aal U OE6 AT Ol UxAT EA AAOAUT 1| ABDAEQAUAOO0A
5.7 DPOUAPEUxEA TEAOOAAEITTAOT Ui h GBMAUARACEXKREEAODO
AAéETxEOA xUAT EI ETT xAT EA 0&I 1 EARR HCHisA#EKsaGiAE® AUa
EOQ& OQUI ABACODEET A 1T OEAaCAEabcBO@AMAICGe UAAAEBI ET x

DOOAET GAEah UAAEETEI xAT U EAOO EAEI 4
_q@_
t= g 2.2)

QU4 Offosiewui OOUa Aug OAE AT AOAT Ah AAU DT AAT U AUAO
skaak AUAOT xUAE AT Al EUT xAT AGCT DPOUADPEUxOS8
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:CIATT Geg POOBAET GAE AU&AOOAE UT AAUTEEI xUAE E 0L
EAOO OUAUACEITEA xAFrTA x Al Al EUEA OUUAET Ul EAT I
3 01 E A OA™Y Aztesinid@ahdiako [35]:

Y= (2.3)

gdzie FEAOO AEAOAEOAOUOOUAUT & OEAIT & AUAOI xa AT Al EL
OEd6h TAO0BRRBAOOEE Ul AAUTEET xA T AxUT Ol xOEa 0000
xE6 EOUAE [5E wwbk

O0OUU DPOUADPOI xAAUATEDO bDPii EAOex OAAETEE& 0)6
DOUAPEUxAAE 1 AT ET AOT UAEh UCI AT UAE U DPOAxAI 01 E¢
EAOO AT ECAATEA O&xT A DPOGAET GAE O1T1 OUaAAQlPIER BBE
i ATcs O1l EbD OAITTAEOUQ UATA+U T A xUCI 381 Aci xUI EA

., 1,
Oi = 59 % , (2.4)

gdziedy EAOO GOAAT E4a DOGSOXIUDA Ed GB @A AERIVAGIA C T I AT EON
OACi DI GI EUCOI AHOW A{UIEIAOExcP DOV AET GAE GOAAT EAE

AUaOOEE 1i1ca 1 EA¢ GOAATEA® Al ptb xUOI EI GAE E
OPACTET T URh CAUIF xAUAGITEAE xUIEATEITA xUI ACAT E,
UT AAUT EA | édeicAddOUUAE GO

. AT AU OAEIFIA DPAITES6OA¢ch A AUaAaOOEE Ul AAUT EEI

DOUAPEUxO x AAUDPI GOAATEI OaAaOEAAUOxEA GAEAT AE EA
AUaOOEA O1T 1T OUITA POUAU DPOUADPEUx | OEQICAD ®OARED X
I Al Aceil GAE TET ¢l ¢ BOAATEA T A GAEATEE EAT A¢O
#UaOO0OEE Uh ARDOEEDU xBAPACT EAT EA xUIMHABO AU I GBAATEE A
dostatecznym stopniu ro® OAOUA¢ Gx EAO¢IThU BGsOIU i b dUd-oEABIET 10/A
UAC AT AERDABAOBAGRAEALE O1 1 OU4a A AUy déstatecEngn stopniui OO U
O & |. IDddatkowo koncentracja posiewu niepowinna AUPAUO AOFAh AAU EACI
i TAUEEET xAcA OOOOEOOOU AAAAT A©RA OAIOABB@EMExEh, | OAU
chemicznych i termodynamicznychOE ¢ A#Al0A OOEE ®EIAxBAx@ETNT U OAlI AUg
i AOAOEAEExh EOEOUAE xAUAEAEAR GADIOEDIOOEIAIAR BT AN
DOUUDAAED Pi i EAOKDI D& A x OE & U & Ak pAABwhbetycziydhAnp.i U1 | /
DEHSz Di-Ethyl-HeksyFSebaceR @ E OT1 GI ET 1 UAEh EOI PAIhREHE Al EAXA
GOAAT EAAMAE3 d8\ 51 UxAT A ODEEe U BDAIAT EDa @120A5®. T GC
OTTEAOU 0)6 DOUAPEUxO AEAAUU xUETTOEA OEs 1A 1
EEIl EOA UE AIOEA @d@@EendnyerEz0ateksu albannych tworzyw sztucznych Jako posiew
Al G¢ AIUBODI A O8dx OBIXTEAOAAE DPOUAPEUxO AEAAUU DO«
AWl TAPUITTTA 1 AOGAUARIEA OONIBPG EGx E®I B OAMAGUIAE EAU &3
znacznikowymih AAxT EAE AU 00T A 1T AAAOBA ORAXOAEKWB I OPpAA EEA
sosny dbo x E A & Kddgbdiym) [38].
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W tradycyjnej, makroskalowej technice PIV[34; 35lh AAU OxEAT AUT E¢ AU&O0OO0
Ppi OOAAE EAOI UAE DOI EOGEx T A EAAT AER xUAOAT AE D¢
AUAEOI xa EAI Adah 1T Al AxkBAQAREAT ¥ DAAADPBUxDPOUAEOT EO
Ouxg8 1T1TIFAI GxEAOITUIih O OITxATUI 1 AEAUBGAEAE
xEAT AUT U EAOO OUI EI AAAAT U DPOUAEOEER A DI UI O0A«
rejestraciji (rys. 2.1).

hnag;
acquisition
system

Image
processor

Rys.21.3AEAT AO OOAT AAOAT xACi OOATT xEOEA bDi i EAQ35K A

*AET T 08 A0l OBDERRAGGEAY | Ai DU EAT T CATT xAh A T AAA
GxEAAaAA GxEAOCAI AEaceUi 8 / GxEAOI ATEA DPOUADBPE U:
TATT OAEOT AAh AT A ET OAT OUx1 U otyntaried EIA®A IUE U@URALO J A
AUaOOAE Ul AAUTEET xUAE DHDOUU ANOAER) BARGEAEG GRON ExAM E
AUEOI xa EAI AOs OOOAxEITTa DBOIT O01 DA BIp A gcid lkamdr Gx E A
AUAEOT xUAE DI UxAT A TA AOOT T AOUAU # OXEEAEBPEAEGa | BA
poddane analizie przez komputerowe oprogramowanie PIV.

oOUAOOOUAT ) Uﬁ &E&@E‘l‘ld@%@ CD’J'l'TU&E&d’JAA‘EET XRJAITEIG;;X BRAERDI

, (2.5)

c'< (Dz,\',<— .:<

gdzie 'Yo= Qeinty EAOO xAEOI OAGe) MUEOOHAE EA OOBExUI EAOI
DOUAPE UxDBUAIAFAAAA OED ACGIOORIOGCGAEDIGEEADICA
DT e¢TIATEA xEAT AUT UAE AUAOOAE 1T pm@ix AT A E

A" [ G¢g 1
00

0
A Oul
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Y

Ao

Uktad obrazujgcy
kamery

Warstwa $wiatta o grubosci AZ

os$wietlajgca fragment
X przeptywu

W,

Ptaszczyzna fotografii

Rys. 22. 3AEATI AO 0OUOOI xATEA 1T AOAUO 1T A BDEAOUAUUUT 6

T AxUT Ol xAT U EAOBI PpDUACEEAEAAB]. ERO &l Ol COAEEE

/| AOAU AUaOOAE Ul AAUT EET x UAEE AU xTAA Ui AGOYWA b OtH
UAPEOUxAT U EAET AxOxUI EAOI xA AUAEOI xA & Ol COAEEA
DOUAOOOUATE 1T API xEAAAEa EAE 1 AOAUU | ZviordwxDx Ul E
I APT xEAKAA UAEe€O

_ 2
r= 8 (2.6)

gdzie in= iy EAOO DI CDART EATAOAUO AUaOOAAUEE 1A DE.
| EAUAAT | GAEa UAETI 008 +AF AAE AUAOOAA U1 AAUT EET x A
1 EA | OOE O AW FilA xRIOWIT GAIEE ARBA * ABAT | AADKGT x Al
1 El EAAT A RrechWistepuirisfizerk 3 D1 xi Al x ATA EAOO O OUIHR |
UAOE AiEASBAR | OA x EISTAME ¢ AWDGBOE x ATA x O OAIT I
7EAI Ei GAGi OPBRODEAEA UAOAT UAI AL17 Ggq

e 0. (2.7)
7 AEOPAOUI AT OAAE 0)6 Aalu OEs Al OAcC
I 1T A

EAOO POUAU OA&I OI T xATEA TTF+A GxEAOI
warunek:

h AAU AEAE
I 1T Al OO6AOD

‘LL (2.8)

G

DAET EAT EA 8xokmadddh EOA} ©OAXxEA EAIFI AA OUAAUUxXxEOOA AU:
fotografi.: AOOCEAE OOOTT U COOAT Gg xAOOOxU TTFA GxE/
Dl OOOUAGEAAT BEol OA 1 AWA OO AEOT xOX0 ®OVAU PA 1 Eofejnymb OGAE
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70PD8C¢OUBATA T A DEAOUAUUrit EA & Ol COAEAEE UxEa

. W
W= +—
V)

e

L= (2.9)

70Ppec ABETAIGKE xOPecAUUT T EEEAI OEAIT xAT EAh EOGeOU
OEAIT T xATEA OECAAODO DPii EAOI xACIT 8

01T AAUAO AEODPAOUI AT OO o0)e6 OAEAOOOI xAT A 0a Axy
znanym I AOOS PEA Yof) ADEADIx OUA U Ax arBgieAw chwili AyExafEH YB
| OOUUI OEAI U xEoA AxEA &£ O COAEEA UAxEAOAE&aAA EI
AUaOOAE ®1 AABAEBAE&E &I OI COAZEE 1T ITA UAARAEEQET xAg
i3 8 7 DOAE®DUAIMOEAGRET OU TEA Al QUAUa OAcCi OAI A
A U & OnddAdznych na pierwszym obrazie, w czasi/o |l T+ A 1 DOGAE¢ EAAO EAI
UAOAEAOGOOI xATA T A AOOCEI 1T AOAUEA8 01T ATATEA TA A
AU¢ U cznd& daipierwszej fotografi.7 UAT AT T GAE T A WEOBUGAR EIOOA
TT 1A GxEchaakterdppl AEEE Ux Oh 1 EAUAA TAAD al OAOOA B AxCEAAL AAALE  UARS

Zbiorys ¢ iz I T AT U UAPEOAg x DBl OOAAE OOIi U bPi AUAET O¢

39 3% & 3G, (2.10)
30 =3 0 3 0.

Zbiory oznaczone indeksem) UAx EAOAEa BT T AT EA OAcCT OdiokCcl UA
i ABEGEO6Q™ OAIT a 1 EAUUy6zbidny demadzond éndeksemi UAx EAOAEA 1T AO]
Pl ¢TI Al BFA BiadiOAE O0a OUl ET x EAAT AE AExEI E AUAOQOI]
0T AT ATEA EAE DI DPOUAATEI h OUAAUUxEOOUI UAET O]

rQ =y @ i &,

‘ N (2.11)
(o =1, Q9.

Tutaj podobnie, zbiory oznaczone indeksedh UAxEAOAE&a EIT £ DUAABAER B

widoczne O &a obu fotografiach, a zbiory z indeksem informacie o BT ¢ 1T I AT EO BT UT «
AUa OORAERAUT UAE OUI ET T A PEAOxOUUI 1 O6A OUIET TA
*AFATE 1 EAU[,T BAOOUAEE DEBAW T IGA E;, WwApErh Goéografii
zarejestrowanych w chwilach ¢ i & UAxEAOA ET &£ Oi AAEs 1 DOUAI
UT AAUT EET xUAEh E ET & Oi AAEA OA 1 TFA AU¢ nxUAI
Al CT OUOI & x WhAaKkyteRvgriagabe j@is AAU AT 1T AEI T EAE e¢emnb AU

na obu fotografiach.

00T COAIT U 0)6 nxUAT AUxAEaAAo6 EIT & Of AREA 1 PO
AAUOEa cecexIT EA T A Al CiOuUlOi AAE POUAOxAOw#Ea AUAE
Pl AT AEAdOOx T A EIT1AET UAE AISGIAC O ABRAAAE UMAEMRIOME: /
OE6 CcOOPo6 AUaAaOOAE UT AAUT EET xUAEh UAOAEAOOOIT xAT /
AT A TECAU 1T EA Oidiniokeldl MIUAAI0 TAme A EEAMAB AEGOAER AdAa.
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DOUAT EAOQUAUAT EA OE6 Al Al §BA ® A bzA&KeibBnad)i Adbezultej Oh |
COOPU AWd EEAEDAWT | yOOARD OPE Bise OOAE xEOI xUR 000,
U Pl xi Agx OAAET EAUABDAEBAEE AEQEOE AE GAEAITAUAER 1T EAO
I GxEAOI ATEA AUU OUygrbwej EI AGGURALE EAATAA AU O ®a chvlili AEOQ
obecnej i UxET Ed OUAE Al @IOGAWadnt &xBFh AEO8 OA | AEa DI ATT O
uzyskiwanychwynE E€é x EEARAUIUE ExOAx VEKRAT ET T A AAEL O AAEA T A

2.2. Anemometria obrazowa w skalimikro -t 0) 6

Technika anemometrii obrazowej, zaadopO 1 x AT A AT DI | EA O&azywanaw EE Ol
OEOEAEA t0)6 jAT C8 [ EAQpozviaamdEEIOA OFATALIABBA | O BED
DOOAET GAE U [ EEOI T AOOT xa [& 40)A70 EIAE RO B5@ [ AulyaHlOUAAOK
iTA AOAE [ EAEOCARAI A IDOAXEARAECT KIDAUSKEA QAOAQI £ Ag L
UT AAUT EET xUAEh BAsDOOCI GEREGAUVUBEGXxEAOEA xEAUEAI
I GxEAOI ATEA E xUAT O@1)pc AOUAUUUT U OAEAOOOAAEE

7 EI AOQUAUT AE OAAET EAA 0)6 xUA8O PEAOUAUUUT U O
AEAT Ea x AOGxjadnegopizék@ic A4 A1l EUT x AT ACh DOUBPEUOYIO COC
x AOOOxU EAOGO 1 TEAEOUA TA CcoAE 10001 GAE 1 AEAE
UT AEAOE a AIUGEE AR ol 1 AGa] ODOA@8OAcU 1T AOUAO AT Al EUI
jest zaciemniony i nie podl €A OAEAOOOAAEER OUIT 8 AU&AOOEE Ul AAL
GxEAOITUI TEA Oa xEATAUT A TA UAOAEAOOOI xAl UAE
GxEAOIT AQOOAT GAE OU6AO [T EEOI I AOOeéxh xbOI xAAUATE
Uoex1T ATABAAW UG HEELAAOT GABAOOE®DAEDOUA [ZiteGokpovioduA T T I 1
UAUxUAUAE OOT O x AA Ac AdOO AQd~x EFMI8 A BELX O 1T OO0OA xE
AUaOOEE Ul AEAOGE&aAA O mliektywu mikroskopuA U Al TAEIA OIOEG G O TA®ME
D& AOUA U U btbraz pozikioaA 6 A alABA DT | alPAUIOUR G 30EAOT AE OUCT A
OUOi 6h UAAEET ET xAT U EAET OOICOAIARE AFALE | GAOE 1100 C
onewidoczneh 1T AT EI AT U EAOG EAIOKA OH TAAIE EBAD TAAT O\ GIBIEAR R E
AU¢g x CEAOxU OPT OeA AACGET xEAEA xUAI EIETT xAT A Bl |
AUaOOEAI E & O1 OAOGAAT AUET I E8UAMAWNOEED & OB JOROMIA
i AEOCI GAE a £EGIxEQ OAT EOOEAAOXxEA EITTAE TEIF GxEAO¢I
GxEAO¢CA Al EOdawsZelxkEQIEOBAOCDEI BXBABAECA xBAOAOGO! Eb
OTUxAT A O TA TAEZEEI OOI xATEA GxEAOCA xUAOAHRIAE A A
EAAUT EA GxEAOCA AIEOI xAT ACci DPOUAU AUaOOEE Ul AA
Ao AaAACT 1T AOAIUAE A GEIBAOWMAE DG RAD U A bhiditiwiu EROOOT GAE T I 1
Jednak p DPOUAU OT UOGaAAT A Al AOAT E Ayctbekspdd UR DD O & x DOUAD DK
ITATEFATEA xbPEUxO noudbi 6 O6cAd Al AEAADPOIT xAlTACI
DI T EAOex U UAAT xAl ABEGEAI AU ITEGAMEE T GAGESEITAE CEEQNAIGGO |

$1T AeO AUaOOBAE Ui AAUT EET xUAE

#UaOOEE UOAAUAERTI xA PI hEAODBB Ut ARAE DI AAT UAE
OAAET EEE o0)6h [ O00Ua OPACT EA¢ EEIEA Ai AAOET xUAE
i ACADe AT AOAE EAQ&EOGAE EIT OAI AAREA AT OOAOAUU xEAOU
struktuOUA AT AT EUT xAT ACT: Al QI B AWDA BHeAU x0801 Ea OI UAUI
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xUl ACAT a DPOUU OAci OI AUAEO Dbiil EAOAAER OUAUAceIl
COAAEAT OAT E j1P8 x T EITEAU GAHEAIAAE OPAanieddsth 1OVE
i AexA DT 0exT ATEO U OlT Uil EAOAT EATAcO E OEAI a AcOC
I AAAIORGETERA 1 1 I A pdiabddéneddAGUADE Ux O8

*AE EOI Ul OO0A¢T xObPii1TEATAh x OAAETEAA (0)6
prUADPEUxOh AT Dl x1 AIGEMA 1811 EEAXRECA T E8IU GEFEGEDENER #d® A
szumudo EAOT T GAE 1T AOAUé&x AUAaOOAE A6 AaAUAEBMsamynt AOU
AT E¢ A bizdpGwadzanychD1 | EAO&éxh x GAEOEU ObiI @UMA EU AIVAIOD
znacznikowych, ich koncentracie x UOT ET GAE EAT A¢Oh x EOCOOUEI GF AA
A xUOT EIl G¢ EATAcdO EAOO U cegou 1T AOQOUOBATTAR A O
EUAOT AUT ATl EAUT UAE E CAT I AOOUARIA QA EA OG0 AN IEAG skAd A

AT G¢ OUAOT EEI UAEOAOEA 11T AUAEEI xATU EAOO EITTAA
ETTAAT OOAAEE EAOO OPUDAWE AAAT 4 THAADK ATl BAETSARKE Ao A
DEAOUAUUITEA 1 0001 GAE BIAUAOIGM AnKa/Ao@BAEAUA f#4GEA U A

zdefiniowana jako[43]:

220, & i, “+O

W= —
“oIdg D2+ 1490 +122 ¢j602 1

(2.12)

gdzieQ EAOO GOAAT EAa AUDQOBGE! Bl AAMKEEAKHOBEBOADAUULUIT
DI I EAOI xAE 1T AhGABAABE EDAEICAE G ACAGIxDx ARDAERDDE AC
GOl AEDOT EEGREFGY2), _7 AcOCI GAEa EKIEE xGXEDLOAAKEAT (
mikroskopowego, ¢ z x OP& ¢ AUUT T EEEAI UA¢C AT AIHA sGUBA G cAE AEIOA
AAAAT UI OECAAAT 1 E &8O ABDONDACEREOEx 1TxAU 1 A0 Ui AQiT Al A QAsEl AGEACE
I AOAOxT xAT AE AUAOOEE 1T A ORAKRAEOD x [ AagdErd U E00ALT AC
pO&C OI UAUEAI AEaAU OUCi Ag BIAAAGUBLOIAGhE AR GMBIEQIET »
70P8CAUNT T KBOAI ATQE OE AjJOO8 picEAUAA AUBODABREORH AMAAE E
EAAT T OOAA I AE6 Ol GAE peUl 08 | ®OUT ADAAA xAODOT 6.
AEOPAOUI AT OAT T EAR EAET UARBT xADAEGSBABAEDDPODI EQ B
E EITAAT OOAAEAa AUa GAAE[a3]8: /11 AMAAD AOAB AOGO QM EA DA OAIT |
OOAT T xEOEARh xEAUEAI 11 Geg AUAaOOAE 11T FA AUcolbxES ECQC
DOUAU UITEAEOQUAT ERB SUQAI EOGME TEMNEACED T AALODAAEE
AU¢ UxEOGEOUTTA DOUAU O UAER, ahd) iyodxstanieiobiektjwt AE O U .
i EEOT OET DT xACI 1 xESGEOUMB ABAQGE@EWIEGT &i ACAKEANE
UAT AU T A PixE6BBGUERER TAEAEOUGAE OI AT AUAE

+1 OUUQOARAE A21DEGAOUUET OEad= x6HE A WE Ml IxiUewd AAUUG T

ol = 2@0% 20y, @ ig O+O
4502 02+ 1490 +122 §j062 1

100%. (2.13)

O xUIF OUA 1T COAT EAUATEA bPi x1 AOE&h doAadddid fdsinkolodA t 0)
AEAT EEAE xAO0O0O0Ox Dl ¢ypoadidoBaiA A 5 & . OEyWgruliszythiwa@rbtwach
OUUOEAT EA UAAT xAl AEaAACT OOI1 edieEvdkutekcgegdppr@iaryAT O
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iTcac ADAAOCAUT T A UAUDT AOAQIER ABid BOAIVUE AT A | AGT EEE
wiarygodne.

7 AEODAOUI AT OAAE t0) @D ©NAUALA]I DEA UCAWEDOUR
i AGUAE AUaAOOAE Ul AAUT EET xUAEh 11 ca DbiI EAxE¢ OES®

Di i EAOAAE | AEOI OEAT T xUAE BAIU xCBAdE Oxhiikfogdirowgeh & E &
AUaOOAES8 00UU AA b #atejestrdwAny bbAal wkudek Q)aviSka Ayfrakcji nie jest

AT ECAAT U 1T AxUT O xAT EAI CAT 1 AOGOEE AUaOOAES8 -1
Aeco AT Acl T EOAGI ATEA bpiciFATEA AUaOOAE E OUi O
$O0OCEI UEAxEOBBARHh Ui ABLAUEA POUU bPI T EAOAAE 1 0)
EOOT EAT EAI OOAEOOUODI AT A1l BEUBAOAEST 11T UAE POUADPCEU
AAOAUT [T ACUAE AUaOOAER AE6AU DPITEAOO xUxI ¢AT A «
OxUCI 681 BITTERX AAT A AT Al EUA AcoAé&x xUxIT e¢AT UAE UE
OOAEex " Ol xT A UAI EAOUAUTTA UI OO6AEA x UAcaAUlI EEOD

7 OAAET EARATIOD) 6DECAOUAUUUT U OAEAOOOARBEAQJIIEGA
PIT T E6BAUU AAAAT UI i EEOT EAT Ac Al » A TEABAEOUOBRACITI |
wspomniane, A E 1 ni O00A6 E EAOIT A DOTEOU xEATAUWNA Ab
odpowE AAT EAE 1T A1l ACeT GAE T A T AEAEOUxOhw Wakstwi®®AOUA |
COOANGARE OA x ARQAKMAMUUXK AT AE CE6AEa 1 O0OO0OI GAE 1 EEO
[42; 44]:

i, t60
66 2" 00 ¢

(2.14)

1q= )
gdziet EAOO xObPeéec¢AUUITEEEAI UACGAI ATEA GxEAOCA 1 AAE
AAAAT U OECAAAI [ EEDAOOUADOOKGADEN EAI E GXxEAOCA
fluorescencyjne, 66 EAOO ADPAOOOO& 1 Oi AOUAUT & OFrUQARdt 1T AE
AACET PEGEIOCECOBREEAD | EEORQAEAEITIxEARCEGWUaA T Al Acel GAE
nOl UPT UT AT A6 DPOUAU AAOAEOI O UT AEAOGEaAAU 7006  x

DPOUUDAAEO OF UAEA EAI AODI AE&GIUVA B BEADD. AOIE 11 Al Ace

obiektyw mikroskopu

mikrokanat

STPIENEE g o 5,008 oo 0 28 S B 81, 8 corr

Rys.23.7UA8 0 DPEAOUAUUUT U OAEAGEBODENM Axkaphaig} EAA

7 OAAETEAA to)eh OOAAUAUET A GCEO6AEA 1 0001 GAEh x
x EAT ET GAE O WiGUMEN EAU &xQ@AEH OT UOUAOUTTA EAOO Al

korelacji1 g [42]:
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32= N 2.16Q, N
00 2 tan—

Q. (2.15)

1 i =

gdzieQ, EAOO GOAAT EAa AUaS6OAEOUI ARU U EEROOAER PAOT | EA
GxEAOEA Ox1 OUAAUIE 1TAOAU 1T AOAOxT xAT Aci DPOTEOOD
I B OUAApédrtdra numeryczna 66 I T F A AUc¢ DI xE&aUAMOAOWDOEABAT UAI

00 = €sin— (2.16)

gdziet EAOO xOP&cAUUTTEEEAT UACAT ATEA GxEAOEA bPEUTC
7OUUOOEEA AUAOOEE UT AAUTEEN A48 UnAENOEDAAxDE

Al CT OUOI AKlI @9 60AKUEAGT ¥ @dvlesEdhdjoelAd &4 Gradziikoweh A6 AaAA

pozax AOOIQp& O&x1T EAI Al E O Gfezobigkiyi doéietald kariedydc dora®p

0a EAAT ABE ni ERT@DOAUET OUUOOUx AT A P OUA Udodahiegdb OU O

OAEAOOOT x AT wspdmindndgoPp o0& ©i O Oc A8

Stanowisko eksperymentalne

4UPl xU OAEAT AO OOAT T xEOEA (0)6 DOUAAOOAxXEIT
Al Al AT OAI OECAAO HAub@gencyjiy & CddioEddlo dBobaEym zestawem
I AEAEOUxéx E A£EI O0Oéx | POEUADT WAEWTI AOPI ANKEOT ¥ aAT &
OECAAAT 1T PBOUAUT UI & Of OEaAUlI xE&aUE6 GxEAOEA E
pierwszych opublikowanych pracach[26] I O A Al GxEAOEA AUECA Ai EOOQOE.
OOBAET xA8 : A PI i thAZzZA AERICOOOP AEDOOOVIBRDAQARAABAC A

barwah DI EOUxAE&aAA OE6 U | AEOEI 6i xUAOAUAT EA OI Ut

AT AATA AT TAOAOxT xAT Aci DPIT A [T EEOI OEIl PAi DPOUADEC
DOUAPEUx Eh AODRTGHA PI xE6 EOUAT EA DPOUAOOOUATTACT h

xUCI 6 AT Ul DPOUAI EAOQUAUATEAT T A OAEAOOOI xAT UAE |
AUaOOAE xUi ACAcil xUETTUxATEA &£ OIl COALZEE U AOQ!I &
SECDAU EAOI xA xUPT OAITTA x 1 AIiPU OO6AEI xA TEA A
GxEAO¢cAh TEAUAoAT AE AT UAOAEAOOOI xAT EA Al AOAE

Al AGAci OAIF OEcCAAU OAEEA i1 ca AUc¢ x UlninaroyhxrOU x Al

T EAxEAI EEIE DPOOAEI GAEAI E8 3 UUAET Ui EATTA DOI AAO
DI I EAOI xUAE xUl OUAE OI UAUEAI AUI GAE AUAOIMHALER x|
Pi UxAil AEAAUAE T A OAEAOOOAAESs AGEWic MIIAd ENUsxADR
EO8OEAa [ ECAxEas 7U0Ui AcAegil O EAAT AE UAOOI O1 xAT E
i Al PA OO6AEI xA TEA AUCA x OOATEA UADPAxT Ec¢ EI T G/
UAEd¢ x OAE EOEOEEAExAUBDAADZ ACAUx GAEADE HOI0OOIA
Al EOOEa GxEAOG¢T 1T1T1TTAEOI T AGUAUT A 1T AAOxEA UCT Al
51 UAEA 1 AOAOéEx EipbdOi Ol xUAE E OIEEAITUAE EA[IAO
PDii EAOex 0)6h OUAQUREER UAEOAODO DPOSBAEIT GAEh EOB&(
t0)e6h Al afi Bde:&47]l8 ¢/iwUT AAUA Oih A POUU OFUAEO 1T

AUEAOEGAET EOT O Ui PkWEODOUDAODEHOAT Al AGNUAAD &A1 EALLL;

nanosekund.
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OOUAAOOAXETTU TA OUOOITEO c¢8t1 OEECAA xUDPI OALTI1
EOe OACI GxEAO¢I UA bPiiiTAa OEcCAADO Ol AUAxAE E

kiecrowane AT | EEOT OEI pO8 400OAE xEAUEA DPAAA TA AITE /
Al AT A1 6ex 1 BDOUAUT UAEd Ax&AE &EEI 00&8x E UxEAOAEA
zadanieodseparowanieUA GxEAO¢ A AEACGACIT h DIl AETxAEAAGIA Aich 8

i EEOT OET POh GxEAOEA 1T AAOxEA UAITEIFITTAE Al DAOI A
WDOUUDPAAEDO ET OUUOOGATEA U 1TT1T1T1TAEOI T AOUAUT ACT I
stosowania tego filtru. . A OO 6 Mdnéchomatyczna x Ea UK EA GAMA T A UxEAO,
AEAEOT EAUT Ah EO8OA EAOO Al Al AT OAT 1T POUAUT UI 1T AZ
DOUAPOOUAUAEaAAUI Pl xUlFAE OAE Ac¢OCIi GAES : x EAOA

COATEAA DIiTE6AUU DAGDDOIOUABAEEAT DA AEATBABA OES

x UAOAUATEA E AiIEOEE AUaAaOOAE UiT AAUT EET xUAE8 O0I

dociera POUAU T AEAEOUx | EEOT OET PO Al AAAAT Aci OE¢
£l O OAOGAAT AUET A AUan® acmzd 8 VA DBT BEIa-QOELT DRAE ®IE ax |
GxEAOGecT 1T ETTAEh xE®GEOUAE AcCOCIi GAE AZAITE jEITAE
GxEAOCA AIEOI xAT Aci DPOUAU AUaOOEER Al 1T AEAEOI

x UAOAUAEAAABAERAKDAEATDMAADO: AONE OBT AAUT EET xUAES

EAI Ada AUAEOI xa DI Al ACA EAAUTEA GxEAOET Al EOQI xA
I AAET AT A DPOUAU UxEAOAEAACT AEAEOI EAUT A E AOOCE
elemAl 6ex 1T POUAUT UAEhR OOl DOUAA EAI Ada AUs0O01I OIE
ET dAT xA T AZE]I OO1 xAT EA GxEAO¢A xUAOAUAEaAACI E b

AUaOOEES
CCD camera
\ l
¥y low pass filter

A=570nm
2=532nm A / | — filter block
7 i) N
- epi-fluorescent
/ / filter cube
beam

expander Tt ;
microscope
lens
double pulsed /
Nd:YAG laser microfluidic
a— device

N N\

Rys. 2.4. Schematstosowanego w badaniacistanowiskab 1 | EAOT x ACT { 0) 1

+1 OAT AAEA T AOAU&
EOPAOUI AT OU 0)6 x OEAIE [ EEOI x Ul AAUaAU Obi

i AEOT 8 . AExE®EOU&a O&l1EAa x OUUOEExAT UAE 1 AO.
znacznikowymi jest ich niewielka koncentraciaz 1 AEAU® GAEAE UAUO 1| AgAh
Al CcTl OUOi U Ei OAI OEaAA 1TiceU x PDPOAxEAGBUAR AP G
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WPDOUADPOT xAAUT 1T UAE AAAAT EAAE OFUOT x&AOT dgriu DOT (
PIV-Kor autorstwa Piotra Korczyka,opracowanegox : AECAAUEA - AAEAT EEE E
PANT A PT OOUAAU AT Al EUU DPOUARSa xDO I CEITITIW URO 1AGED AG

OE6 T A OOAT AAOAT xT xUET OUUOOUxAT UIE xI AOANEIxEA A/
x UEOUxAT EO POUAI EAOUAUAJd bpi EAAUT AUUAE AUaOOAES
nDAOOEAEA OOAAEET GCo6 E I 11 AROMlgx AN BOSEA AGEAEA V1D

AUaOOEAI E Ul AAbréjestidolanyod d&razachOa xE6 BOWOUATI EAOUAUA
OEAOxOUUI AOADPAI AT Al EUU 1T AOAUé&x Auci i AOU
Ul AAUT EET xUAE T A UAOAEAOOOI xAT UAE 1 AOAUAAE E
UAx EAOOBEKRIA AT A EAMOGOED 1AM GEE8OUOT | EARBBUEAAT
x UAOAT & ApiehasoeDfitagO AVAEEEh A x OU U @ddteEfotagrafl Majn@jgzA &t E U

OUAE 1T Al ABO U GAKODPT i 1T EAT UI  UA¢T I AT EOhmniéjske oB OUAI
I Al Acel GAE Pl I EBAA U0 AWBEAOOCEIATI EGUAT EAOQUAUAT mdi  OA
obu fotografiach,OF UOA AT 1 Al EA WOAT B A OWORA AlT Al ECJIEAABDa 01 U

EOI EOh x EO&OUI xUAEAOAI U fotédralfiiNigzymy poRdwaiev@Estkiel A D |
iTrT ExA T AT AcEiT GAE Al AU&AaOOAE T A AOOCEAE & Oi C
OP1 08 A DI O&IUEGRDAUIUDVAAIA UT OOAT 4 xOQUUOOGEEA Dici I/
SUUOEAT A x OAT ObPiT O08A UT OOATEA 1 AAEAOU UAxEAC
znacznikowych, zarejestrowanych podczas eksperymentu.

7 1 O00UUI ATUAE xUTEEABBAT ACxABODEAVEOPOOBRH EAOUAL
EAOO OPACGTEITA UACTIATEAR A TAI Acel GAE DIl EsAU
OE6 UAAOUU¢h A AUaOOEE OAT OAOUAUT EA O1T Ui EAOGUAI
D OUA D& U x EsArijestrdji AbkddulA 6 AGEWT AEAT xA¢ AZ EAEOUOEAAELO
I Al Acei G¢g OA UiT OOATEA DPOUAU Al ci oudi 1T AAUUOAT A
AUaOOAE T AAATUAE TA EAATAE U & Ol COALEEE nkggA Ao
EOF T POOUAUATEA AUU xAETAUATEA AUAO0OAE x pgh
OPl xT AT xAg AcoAT A xUTEEE EIT OAl AAEE8 : OAci bl x
EEI 00T xAT EA OUUOEAT UAE DOUAI EAOUAUAdhHh rasy tehAT O
UAOGOT O xAT T £EI1 00 I AAEATT xUh TPHPEOAT U PBITEIAES

Filtr medianowy

Z N oA N s o~ooaA o

W praktyce, w pomiarach PIVAT G¢ OUDPI xA EAOO OUOOAAE AgdAeOUA A (
x DOUUECGAAT xUI DidOEXAEDI OI kAABOOEN BNCHIAAQE & AU
NAAEACET GAEO @AKITAT I TABEAUAT A U Al EI ET AAEa Ac¢o
OexT T AUAGIEA U 1T POAAT xAT EAI E PEAOxOUUI xUEI OUU
Aco AT UAE xAEOI O0&x 1 AEAUG6 GABAM. 001 OOEA OEos £&£EI 00
Filtr sorAx AUA EAI AU xAEOT O 1 O00UUi AT Aci BIT A DOosA

O4aO0EAATEIE xAEOI OAI E8 : Acel i Uh I Ag dnychO&OA x AU A
xAEOT 0ex U EACT 1T AEAI EI OUACI & dtreymulehd Ebe 08+ 1 a4 AUT |
elementowy. Niech elementy OACIT UAET OO0 AoAa 1 OTEAQ@I8xMI1A  ET

: ARAZEET EOET U GOAAT Ea O&{El OARD UDiaizdedA DU OAE OT OAI
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Vs : (2.17)

v i
$ATAE TTFAT U UTAITAre xAEOI O 1 AAPAREkBAc EDAOAC
UAT AIFTT Gegg

6= argmin s (2.18)

*AGIE xOUUOOEEA x ARG OB WABUAPEKCAIXAGAAT Ui DOT &
OOxi OOGDOT EO&xh EOSOAE Of UAEACET Gep \Bokilr@ e OA E ¢
x AEOT OAT h EOEOACT EilEAA gy hOAGDEROEOOT AEAREIGA
i A1 ACEi GAE atej ripy BOT BGay OOxEAGREROAI AES AARACIH
ODOAxAUAT U EAOO 1AOCO6DOEAAU xAOO] AEQ

& ®ms Yo (2.19)

3DACT EATEA OAci xAOOTEO T UT AAUAR A OAOOT xAT U >
EAOO xEOA U TEIE ETEAOAT OT U8 7 DOUAAExT @dy: xUDAA

& Bmns> Yo, (2.20)

wektor @, nie jest koherentny z wektorami otoczenih U A EGIBEAx AT DT AT AEAdOOx A

x AEOT O ACGO6AT U8 | Awektdr &)@ OO0B6 ®jeBviektdd AGA A h

fAAAN
AAAA

//7 > 4

/ - /r\

P

N

Rys.250 OUUECAAT xA DI 1T A xAEOI Ol xA POSAEIT GAE

Z s s o~ oA

-TAUEAEEAAEA E AAI OUU Oi UxeE OAAETEEE (0)6

| ARATEA Oa ET OAT OUxTEA OIUxEEATA O&FrTA 1TA
UxEOEOUATEA ETTAAT OOAAEE AU&AOOAE U4 UAGA WA &iimuiAkiU A E
I OAU AAE&aAA 1711 ExI Geg EATIARAMISE TDOCEBEGANBPAEBR x
DOUAPEUxAAE 1 AiETAOTUAE 111 ExA EAOO O AUEGE

DPOUAPEUxO U Al AAT Ui E AU&AaOOEAIE UT AAUT EET xUIl Eh
UT AAUT EET xUI E UT AEAOEaAAUIi E OEo EAAUTEAT A gUAAE
I 0001 GAE I([MBOT)dEHIAOET OAOAOOE&aAA |11 AUAEEAAEA OA
DOV AET GAE x xAOOOxEA DOUUGAEATTAE [ EEOI EAT AcO

5«
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ITA GADBI EBE 1 ExA EAOO O AUEGIEEA QAGIOUIU OMALD A U A
AEACT aAah bDbi xOOAEaAa DPOUU AACGEI xEOUI xAxT 800UT L
AT CEA1T OEEAE T AUxU 471 O6A1 Y1 OAOT Al 2A&E AAOGEI 1 Qs

COOAIT GAE T A EEI EDAUEADEOADOe AT I EEGEDBAT EE EAT Acg(

001 OOEA OEo OO0 OuvantowkA U >GUOAUA B ARIOH BEEHEOAIVAB OG0 AEO 1
EOCeOA PI AT ATEA EAE AU&aOOEE #& O OAOAAT AUET A AT EO

PUADOT x AAUT T A x 0006 p9; A0 DIORARA CMAEXI U AUAT AOU 1T AG
i AEa EAAT AE UAOOI 01 xATEA EAAUTEA Al A DPOUADEUXEX

wykorzystane w omawianych tutaj badaniach.
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3. Metody analizy numerycznej

'TAT EUA 1 0i AOUAUT A DPOUAPEUxeéx xUETTATA Ul 004
OFrUAEO ETi AOAUET AcCI DAEEAOO Al I Al EAUMA]. POU
408ExUI EAOT xU DOUAPEUx 1T AxOI 11 xOEEAER 1T EAGAEGI
poprzez PAUDT GOAAT EA OIT UxE&aUUxAT EA PAcT ACi h OO0e&ExI
Oé x1 Ad -Stakeda AW/MDNSz Direct Numerical Simulation)i OAU O Ol-emfifycank D& ¢
model turbulencji Q -h xUET OUUOOOE&aAU AAET I PTUUAES 2AU
wpOi x AAUAEaAa DPiAUEAE DOOGAEI GAE E AEGI EANBEA 1 A
Symulacje DNSAT OOAOAUUEU Al EEAAT UAE EIT &£ O AAREE | AE
AExEI T xUAE DIl AAE DPOOAET GAE Al A AAc¢ Aigtasomydhica®DA OO
I Al EAUAT EA xUET RANBEDIOWWEIaIARAE U T>ARUT AAUUg xAOOI Gg
ET OAT OUx1 1T G¢ AUOOUDPAAEE AT AOCEE EET AOUAUT AES

7A xOUUOOEEAE DPOUADPOI xAAUI 1T UAE 1 Ai EAUAT EAAEN
Ooex1 AT EA URAEOGREEAST AAOCET xI DPOUUESOT UACT I AT E/
Ol UBDAOOUxAT UI DPOUAPEUxEA TEA UAAET AUECU DOUAIE

70UUOOCEEA 1T AI EAUAT EA W Odbdkamotum= AiddnATUA UIUT O BLE B
-AAEAT EEE E &EUUEE 0cym e xAy3A 0BT i0DOBGA SdBDUBBKA R 11 1
obliczeniowy Mosix Clustef52].

3.1. Symulacja DNS

20AE 1 GOI AE&x AEA&AGCEUAEh x OUIi 0Oéxi EABtokeSHOAE A
Ao AsORAkT AT EAI UAAET xATEA DPOAO8 5UOPACT EAEAA EA
i Abuq E 1T ADPTI xEAATEIE xAOOIEAIE AOUAGCIi xUIiE 100
Ol UDPAOOUxAT ACi UAGCAAITENTEAOAOBIXITIATAE AUA AEDEACOAx DI

L0 0 . Toy  TO,, ,TO, TN, 120, 120 120,

To o %Te %Te T %Te T fe T@ @ T

106 . Tog 1O ,TO,  ThH T2, 120, 120,

o OQT(b+O°bT(b+O¢‘T¢ = m+ '|'<b?+Td)2+T(12 , (3.1)
MOy L T, T6u T8 | Th L 176 1% 1%

1o “To 1o “1a  Ta T TP T

A OUODACT EAEaAaAA O&xT ATEA AEacCe¢i GAE EAET ¢

lReyno\ldsA:vera,ged\Navier\Stok’es eguatior!s o o . o . )
22401 AAQGT O xU OAOxAO 1T O0I AOUAUT U xUBI OAl T-pragesorowpt ' " DA
OAOxAO U o¢'" DAIEGAE 2! -38
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10, 106, 10g
75+75+T3_0 (3.2)

7 DT AATUI OECAAUEA 0O&x1 Ad T EAxEARQDBJithil BAO4 AGGU & A
ng / OOUUI Al EGI U UAOGAI UAIT ETES6OU OEc¢ A AdontyénhxdstA d h
gx1T A8 01 POAxT A O& OI 6¢1 xAT EA UAAATEA xUI ACA EA
¢ OA OUATAITEITA Oa 1 A /EUUdblehbdoral gedniethi@dmeyA O O
| EAUATET xAE8 $1 A O UPAOOUxATACT PDPOUAPeUxO HO
OEAEI AOAgqh EO&OA UADPEOATIT EAEIT 4

1 ®= ®ey- Al A GAEAT EE A6 AAaAAE x11 OAT Al Al Ol OUEEE
N=Nuas - Al A GAEAT EE mkénulsyfikhtbra ¢y F ABAT EAT EA 1T O1 AUA
T ®=0-TA PI UI OOACUAE GAEAT EAAE ATT AT U 1Al EAUAT

=

SECAA O&xT Ad Oel-ToBAUFET «xQAE Y o8AO00T EAIE AOUAC
rozpatrywany w pracy problem fizyczny. RUDT GOAAT EA 1 O0i AQUAUT A o1 U
OECAADO O&xT Adh OUT 8 OITUxEaUUxATEA AAU xbPOIl xAAU/
x 1 00 AOUAUT AE 1 AAEAT EAA D& UT & PNS(aAgU Direch NuknerieaR 0O >
Simulation). W metodzie tej wymid ET T A O&xT ATEA OI UxE&aUUxAT A Oa

OOOADI AT AEEhRh UAOex1 1T DOUAOOOUATTACI EAE E AU/
I OOUUI OEAT U AT EcCAATUR PACT U TDPEO AExEIT xACI DIl
7 DOAAU OECAA- O ADTAjaBpBAUE 1T 01 AOUAUT EA |/

OEIl dAUT T UAES8 $1 OIUxE&aUATEA Oéx1 Ad Oél 1 EBRET x U,
Implicit Method for Pressure Linked Equaton§lh EO& OU bHIi 1 ACA TA 1Al EA
DOUAT EAT OE¢ AAT x UA E nidD[88o54] EDoGatkd@wo WyRdkziistar® EtGriddtdawe

x AOOT GAE xObPeéecAUUTTEE&x bl AOAI AEOCOAAEE x AAT O
OAEAT AO O&I1T EAT xU AOOCE dethdor@et dphitiqhbDx A EDODONO PA
aproksymowana jest ilorazemOé& | T EAT x Ui nxOO0AAU6 1 OA nx DOUEA
DOUAPEUx D8

3.2. Obliczenia z wykorzystaniem modelu RANS

W obliczeniach RANSx U E T OU U O @rAginjcznybndodel @ -h A Oé&x1T AT EA 11

OOO0AOI ATOT U DPOUADPEUx DEUI BOGIORAAU EIAATEIA mstekasdAU . A

(ReynoldsAveraged NavierStokes equations) [55]. Metoda RANS Bi 1 ACA T A Ol U¢
OECAAT xUAE xAEOQOI Oéwl DOAABABAEOI BABEDPOEAI AOT UAE
TA xAOOI G¢ GOAAT Ea TUGDUE O&icOH Q@OXHBDIOE aAil i T 1 A

bl B0 = bahGE + 6BHHEO,

QW W0 QW WC PBUWWC (3.3)

N Qaeo =Nlaunda + NEnwago, (3.4)
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gdzie6g0a OECAAT xUI E x ApAOd QIAE BIOBAIEd GIAERA xXAEAEaA A OAE
AT Oeéex1 Ad-3 QTARREOMOAAT A OOAAET T AOT ACi DOUADPEUxO

T ., TAar 1 T0q T 0q ) = e

— " O = —t— N x N " 0% a?, (¢ 1121

T °®27 g '+Tub T@§+T‘ +Tub o%g: © 3 (3.5)
T 0q
— =0, .
Ty (36)

gdzie” EAOO CoAOGIGREHBMEEN GAEa AUT Al EAUT a4 bpeul O8

/| OOUUI ATA 0O0é&xT ATEA Oa EiI AGQUOAEBAOVAE POSAPATUE D B
OUOPAECTEITUIE 1 OOAOGTEI AUuci 1 AI UAxEAOAE&AUI (
2AUTT1 AOAQ8s : OxACE T A AOAE UxpBd%kAAT IGE GOk A WD
bl x1T AOEAh A OECAA 0Oéx1 Ad | PEOBEAAUAE OOAE 060
2T UxEaUATEA OAEEACI UACAAT EATEA xUI ACA OA& 0Oi O«
AT AAGET xUh T EOAGIATU TA Tcecec Al DEOreptnwadzdhychOE ¢ A A
obliczeniachmodelQ -xBDOT x AAUA AxA AT AAOEIT xA Oéx1 ATEA T EO

| OOAOGTE AU¢TT x 08x1 ATEO jo8uq UAOOaAaPEITU EAOO
TOQTOQ 2 %
05— — =" 3.7
0= o g G 3 | @9 (3.7)

gdzie' T UT AAUA |1 APET GAT AOQEOI EEORDUANT & OOOAOI AT AE

h:%@%. (3.8)

—_—) ~

OOAOAAUT EA OGOAATEI-I@I EAOAT AAIEA OQGAOKERIOAAOT ACI
EAGAEGI ExAEh OxUCI 6 AT EAE dako: x UOAI AT EA jo8xqQh i1

! ., ™ 1 T0q T 0g 21 o~

— "0®qg = —t+t— ' o —t+ — -— " Q; r 123 .

T °®27 o fa © ° Tay Tan 3 oo ¢ (3.9
T 0q
—‘=0, .
T (3.10)

Niewiadome6,,0,,05if)x BT xUlF OUUAE Oéx1 AT EAAEh x EO&OUAE A
Ul AE OGOAATEATEAR T UT AAUAEa xAOOi GAE OGOAATEITA

Model @ - AEAOAEOAOUUGEA AxA DAOAI AOOUJ QiRJejA OCE A

dyssypacja-. Pa i AOOU OA Pi xEAUAT A Oa UA Oi Aa AT ATl
3 2
_:Q,, (3.11)
V)
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gdzieDEAOO AEAOAEOAOUOOUAUT & OEAI &4 AcOCI GAES8 01 xUl
i TAAT O +1T¢iTCi Ol xAh EOeOU OOxEAmA |es przekadywarkal A OC |
EAOEAAT xiI T A xEOé&x | AOFAE OEAITE Al xEO&x |
dyssypacja [17:56]8 " OAEQOEa&A TEAxEAATT A x 0&x1 AT EAAE
UAT AAAERAIEK OBD&a EABUT T EE 1 APET GAE OOOAOQI Al OT AE

o= 62 = 6 G- 1 (3.12)

I OAU Ax@AE Oéxl AdQOEIT EAUEAWUREOABAAE

zmianaQ = dyfuzja®Q + produkcja®@  dysypacjaQ

zmiana- = dyfuzja- + produkcja- dysypacja-
AT 1T TFTA UAPEOA¢ EAET q
. Q O g T O
T—‘"'QFQ=T—‘ ‘+‘()T—‘+‘(‘)T—‘Q T—QT—Q "-,
Iy I a T oy Ty Taptd (3.13)
L A O N D A
T, ©° Tay °Tay 0 Tan TapTaQ 20 '

30/EA, 16,08 xUUI AAUAT A TA Di AOOAXxEA AAAAd AEODAC
i Al EAUAT EAAE Ui O0AEU DPOUIDBOA 144D BN, | EOAOAOD

7 i Al EAUAT EARE 107 AOUAUT UAE O&xT ATEA jo8wq E
ni A DOUAI EAT6R OUT 8 Ul Al AQiU, xai CAAKERA TAE A EAGIA OGE
jo8pmqas 0f O UxE&AUAT EO OUAE 0& x4 AT A OB UATAT A& xiA
E jos8ptqh DI EOSOUAE Of UxEaURI‘E Brockdr®t Pdwtireahd A O
EAGO x EAFAUI EOI EO EOAOAAEES

$1A Oi UxEaUAT EA DI xUFOUACI OECAAD O&xiAd 1
AOUACT x UAE E TEEA UGUOEH ix URIEA DI 1 A DodenA B dgwicliie 1 AA U
6a U1 AT A8 7 DOUADPOI xAAUI T UAE 1 Al EAUAT EAAE Ui O

x AOOicA&E xUOAIFTTA POUAU ET OAT OUxT1 Gg OOOAOI AT AE
1 2.
T — =70, (3.15)
s 3
. R, = . s e L. , R
E o&xmoa;lucw«:m?“‘%), gdzie0 i T F A AU¢ xUOAFTTA DPOUAU bC

0 = 0.07 gOg[51].

35



38 "CIHdBAEEUA POUAPEUxO OOOAd@pradwh dkidkskd x | EEOT EA

~ s~

4. ' 1T Al EUA AEOPAOUI AT OAIT T A POUAPeUxO DI

4.1. Model eksperymentalny

Przedmiotem omawianej w pracyAT A1 EUU AEODPAOUI AT OAI T AE AU¢ b
model AT O1 OUAEE A QI OA lfeboratohyinyiré A Ad@dwiednikiem  rzeczywistego,
osiowosymetrycznego generatoraemulsji [58;59]. Emulsyfikator (rys. 41) UAOAT x A1zU AU
Ax8AE EAT Acéx x11 QIlsdbAE OUAQBIKEGAEDOe OA DBl CxA¢
Ui TEAEOQUATEDO xUOT EI GAE OxIl OoUuU#wW aAx OURGEET IEAEAC
Ac OCLOGAE Ao ABXATAUICEAT AT AT OAT n Ol ALL.ABBOIGE Al AOd W UiEk ¢
DI ¢aAUITA AUDUT O BAT AE AbadEl DIUVAOHEEBGHEREED x EOA A
T AAET EA x1 1 O x Axyl, a wyldtowwegnE78. 8 d .o A8V UAPAXxT E¢c AT 006D
xT 6 OOUA Al OIl OUEEEAOI OA E OiiTl1ExE¢ OIFUAEA OAAE
Cén® i donA GAEATEA Al Ol OUEAEEAQIAOA OUBEOBAE 01 KIUED A ¢
emulOUZEEEAOT OA x UET #zA hafpredayjielfreddrce] # BEOFE ab1T x AOT Gg DI x|
xAxT 6 00UT UAEUUITIAMMAIIG A Ul OOAEA DBOUU xUET OUUOOAI
Hommel Tester T8000 nanoscan$ | A I 1T OE6 T UAE DI xEAOUAET E A&AOAU]
AEOT BT »AIDTT GETIR4¢10 % o, adlaAl AT AlszRd@nych'Y,= 2.08¢10 & &, co
AAxAcT xAECDI6BAITaAOT Geh T AT EAOCET Tl AlEBOBDI GBAGAE 1 |

glass walls
y

processing
element [

Rys.41. -1 AA1 AEOPAOUI AT OATT U Ai OI OUEEEAOI OAd xEA

OAEAT AOUAUT U POUAEOEEN AUAOxTT A OOOUAEGEE xOEAU
Rysunek 8 p DOUAAOOAXxEA &I O COAEES AOAKA REQOUA T BAE O
GAEAINI AU OAEATI AOUAUT U DPOUAE.ONakysuixdi Azénddnd @O GUBAIC E ®
UAUT AAUTTU EAOOOCOEEOUERUAERODABREBIUE oD BHUWEA ide O a
AT11Ta GAEAT EAa0AUOEAUGEEAOUDBABEIAI ABDcBAEAOUAUUIT EA
CxA¢ Ol xAEEROUWME 4 A Ox1 Ea COOOOANEGEA ERAl xBH AN TAxGAsExA x 1 1 O1
156a x | EEOT EAT A¢ 4Wooia.«EOD &l IGA ED A B AR #od kevFdo prawej
000TTUh OAE EAE DI EAUOCEEZEAODPORBEOT ECODH®AEAE AU A C
DOGAET GAE DOUADPEUxO AT ET T Ux AW Aikrdkandledorax w EKaAdleAT A
wylotowym przedstawionego emulsyfikatora.

- T AAT Al Ol OUEEEAOIT Qdboratory Bfil Gheéimical Ph§dits anc Engineering, Faculty of
Chemistry, University of Sofia, Bulgarig E A AAT U DAOOT Aoex OAUAEMOIAEAUA A
finansowanego przez Ministerstwo Nauki i Edukacji Austrii, numer grantu Gz25.534/1-V1/6a/2003

CONEX).

2 Pomiary chrodi x AOT GAE xUEI T AT A UT OOAEU POUAU AT A8 AO EA
7A000xU 7TEAOUAETEAE : AECAAO .- AAEATEEE - AOAOEA¢éxh ) o0
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Przedstawiond OE¢AA EAOO OUi AOOUAUT U xUcgi oAAl DI UETI

EOOT O1T ACl xbPeUxO POUAPeUxO x AT1TUI [ EEOI EAT AI
AU GAE8 7 UxEaUEO U OUi x OOAEAEA AUBGAE DIiiE
cAAUUR AT 1TU OUIi AGOUAUTEA OI EAOQUAUITU 1 EEOT EAT .

AEAAUU DPOUADPEUxAE EAAUTEA DPOUAU ¢ce&Ol Uh AT Al EUT x

4.2. Stanowisko pomiarowe
| POUAUT A AUbGeg OOAT T xEOEA PI T EAOI xACT

'TAT EUA AEOPAOWIAATEOOIAUA TEECAONEXAd A¢ Al O OUEEEA
x | DAOAEO 1 oohdokanyEviE tamathMipidsaej pracy systemmd ) 6 OEE¢ AAA¢
i EEOT OET POh EAI AOU AUAEOI xAE E 1AGAQI xABEAITGUG O
optycznej stanowiska pomA OT x ACT DPOUAAOOAXxEIT T U Ul 0@Ac¢' & &x IOWIO
elementem stanowiska jest mikroskop epfluorescencyjny Nikon ECLIPSE-EOiIh  x UBT OAI T 1 L
UAOOAx 1 AEEKE @pyesmych..E OxACEh A DI AT AEOPAOUI Al O¢&
wykonAT EA DI T EAOCEx T A DIUEITIT AE DBEAOUAUUITEA OUI /
ETTEAAUT A Auci OFrUAEA 1 AZEAEIOIxKOOOGT xACH AEHhO GNTGAEAE
xUOTl ET GAE EAT AcO xUIT O xACl C CcOQ@AddaG.cwszgskiol A E
DI T EAOU xUET T AT ADPAQUUOOPOUUVAIOAQWAEDI DI | dbidk@sux £l O
Nikon LU Plan Fluoro 10-E OT OT Ui D1 xapett#z® dulnerctneji6 = 030 E AE OCIT GA
roboczej 0= 175648 » Oe ACAl GxEAO¢cA A€ OBAVAD A1l OAAET TAWKE
laser typu Nd:YAG $oloPIV Nd¥AG Lasers, New Wave Research)lBd E O (BEhandsekundowe
Ei DO1 OU oQuEOACH 6GB3PLG Abrerfi 3060l TEAUEA GxEAOQOEA xUAET A
xPDOIl xAAUTTA AUcA Al OBRCABGHhHDATI EAE A PPOWAUECI
AAUPEAAUT U ObPI O8A OEEAOI xAg Ea EBi dASIxsEGOURDAIIE
optycznegoA | EEOT OET PAI Oi EAOQUAUTT U Ui OOAec OECAA 11
xEaUE6 OAEh AAU DI xDPDxAKBRATEALUPOAOCUEBEEAT OE6 1
EAT Acéex DOl xAAUAAUAE Oa xEAUEo6 xAx1 ad0OU I EEOI O
dotaOAEO AT AT Al EUTIx@d BREDT AOA ADAILIEK O A OU Acth (zebEdx T AU
rys. 2.4, str. 28. Przy faOi T x AT EQO E xbDOT x A hmikrdskopuOl AX A4 WE EU AAIE |

I O0O0T T 1T Ggh CAUI TEAOI EAEcOT U A1 Ao Al Ai A1 68>
xPDOIl xAAUAT EA Al i EEOT OET PO 1 TFA OPIT x1 Al =AZc OO
OxACE 1A OET | Bl E Bnviele Asbczeweld @ ATAAG E A 001 O1 xAl UAE

mikroskopowych, SUAUAC&1 T EA ¢AOxT EAOO AT POT xAAUEwe Al L
x] 800UO T AEAEOUxO E EACI OOUET AUATEARh TAxAO PO
zbudowanym w ramach ninePUAE DOAAU OECAAUEA 1T Al Al AeclT OA& OI
TA xAEGAEO Al [ EEOQOISO(EPAUGCAAREBRAD AN BLDnidl). TakieDAEA |
OFI OI T xATEA xEAUEE 1 OEaci Es Ol UA hdobréfitzAeg foliUe T | A
rozpraszA E 4, AREH3I $H, ECEO 3EAPET C $EAEDOAGhANCH) GAUGHRAAT |
&1 O1T COBZEEAODO Al Ol T xAT EA  x E aryséinku 4R ORikAvAZz® Qdkzelikh ToT T /
ogniskowej +2006 & UAT T 1T OT xAT A AUCA T A ET dAexAA GBIAGEAT EA

od tej soczewkiO i EAOUA Ufolia A3 dBcRa AEA OLOIhD CEAGBUOM EPAD AW A A A

t#7 U1 O6AET T EAOOGAOU Ai PEOUAUT EA OOxXxEAOAUITA x OOAEA]
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Ol AUAXxEA xbPOI xAAUAECA Ui EAT 6 EalOA OT UAEAITT GAE
EAUDOxT OUATEA U OAE xEA&ABERAOPOI HOI -0OQIA BEdhHE OO DA
bl 0O6A¢ DI AT AT a Al GxEAOEA POUAAET AUaAAcCi PDPOUAU
PAxT T Gech A TEA TAOGO&ADPE Ul C1 E OE leméniadh optyeziyahU E E
OECAAD E EAE AxA1T OOAI 1 AoaG&d bii ABABDIEAARXx HT TTAT RACEA
soczewka o ogniskowejr 620 6.4 AE O&I O I xAT A xE&AUEA AUECA 1 AOOHE
I OE O1 00 1 GxEAOI AEaAACT BAHOIXOBIGIUAS xbOIl x AAUAT

Rys.4.2.&1 O COAZEA OECAAO 1 BPOUAUT Aci jnAAAT A@bPAIl
Di I aAAT AE bDi OOAAEh OHaAdwAEWAACHT dREGAEBATIEAETT E
UATTT OTIANWBAxEa O&FEAOUA BRMG a4l folil M@lbgeaficEniejt DN 10J i soczewki
sferycznej+ 624 & .

CEATTTU ET iwieOl BEEADOB T 582650 )EMIOA O A © 1 optyZnE jakie
DT xET T U HloeEehdyjdeccAUa OOEE  Ulwykdraydtabes W ekBperymentach. Ich
maksimum wzbudzenia BT x ET 1T 1 AUc EAE 1 AEAAOAUEAE UAI EI

I GxEAOI AEaAACIT 8 7 DOUAPOUERAAUUDOAE ipoligdyiecbord OE & E
x UOxT OUT 1T A muke®didntificeEnO 1 B5Oe OA x AA¢ OC AAT UAE AT OOAO,
i AEa [ AEOEI O xUAOAUAT EA42hE AMOG AAIEGIUT Ad © QI GEA O AL/
pasma wzbudzenA E Al EOEE OF UOUAE &1 O OAOAAT AUET UAE

dostarczony przez producentarysunek 43. $ AT A OA U1 OOAEU bi OxEAOAU
wykonane spektroskopemOcean Optics RM0008 : | EAOUT T A xEAI T Ai EOEE |

GxEAORNI xIUAO T ABRQAGEE MEEABREAI EBAT OUAUT A U OUO:

20000 "+ Excitatior
542nl.‘n f'\'%612nm -= Excitation
4% ] \ ‘ —— Emission
16000 JER
. AR
c
QQ
8 ]
£ 12000 i |
£
3
E LRI
2 8000 j 1
2 ' J \
s I
2 \
4000 el b 1
] = / A

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

Rys.43.3 DAEOOOI xUAOAUATEA E Ai EOEE OF UOUAmBOLAI O C
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1T AEaA AcOCI G¢ AAIl E 53@aBA Gc AA TTEEN ExAD 1A/CHEaL AT A Ui

iT1FTExA Auci AT AOAT EA x¢& A GA E-fulréscendjhelyof a pdelarydh O & x
AcOCl GAE vAldno GIXIEAROOWBDO 42)4# | %@ vinmFfcuh $- v
x UAOA U MEeDOWOUAUACE OUI ETACGKE SBBEd zZEAIdEl ET GAE 4 nl
DPOUAPOOUABHKEA NAERDAEAAECT AEAEOI EAOUADPIOCOAAIUATC AT
jako 565¢ah A AOOCE £EI 00 jAI EOUET UQ bDOUMEBEOWAUAC
nOUAOI ET G%BEa 4 &6F ADOUAA EAT BOAUYAEARDORWA Al AAOQGEI
GxEAOeT 1 Ac OCHIGAE(zobadkins. 2B Inh BttodieE2gh AAU UADPAx1T
T AEPACT EAEOUA xUAI EI ETT xATEA OAEAOOOAAEE UEAITI
TA TEAUAECEAT KkEADAKLEARORDAREBAG h Al EOT xAT ACl B
znacznikowe.

2AEAOOOAAES 1 AOAUE x UEJAIEAICTAE b ODW A BAIUBEOU AAI
AAAUET xAT AE Al SénsiCai AAublec Shlttpr6PCO IMAGING 51 1T I 1T ExEAEA
12-bitox UAE T AOAU&x 1T O UAUEAI| ASyhth@AiZacja kampry @ gasecat D E

xUETTAT A AUCA DOUU OQUAUWERD/SYDdhionizer LA iIGERNAZDIEh(praca
iTceA AUc OOAOI xAT A POl QOAIGKHIAEDWTI EEVADBEGALOED A i
Pl UxAl Ae T A OAEAOOOAAE® DPAO UAEs6c¢ U 1 ETEIAITTUI
200ti E AUB6OOIT O1 ExT GAEa OARRFXBO JAATEAE EGAKEAA AFFA 1 B AEQ | GEBAA
Al UAPEOAT EA x EAATAE OAOEE bDiopefadyjod) kohmputerd U ¢ A
OOAOOE&AaAACT h3®Eée OA Ux Bddib@#ddckakejestrowanieseriil ET €1 pgmnm

. A Pl OOUAAU DPOUADPOIT xAADWAI VAIET DPE | XAUEE -OUUOOAI

xUl OOUAEDEAx DPOOKNAU 11T AAT Al Ol OUEAEEAOT OA8 01 Ux¢
I EAOUTTAE x [T EEOI EAT AT A ROANEOUABT EAADARx BABDACITAT
I EAUAEA 2AUTT 1 ACOAnikjoEARAOAH OewUBEET 6 ¢ 1

0 EAOx OU buddEATA A U E précyzyjndjmlitE-AT | DU  UDighalAGedr Pump,
ColeParmer Instrument Chv  x UBDT OA I CE R Kuétidrdo Shoe Pump HeadColeParmer
Instrument Co$ T AAOET xI OECAA OECAAAE OE6 UA UAET O EE
300063 i pPOUAxT Aéx T18aGROAAREABNAUAEOUIyDESRANIOD DA UAOUO/
AEAAU UA UAEIT Ol EEA xUO&x1T AxAUACIi E DOUAOEAAUAE
Ux OAAAECA Al: AOBBXOTCERHABUADAXxT EAE¢ [ AEOUpodawdna 00O
AEAAUU | @&é& 8593 i, coprzy otwartym tylo jednym mikrokanale emulsyfikatora
tak, AAU DOAAT xA¢ x OEQGABAEAT AE| EEAMOL AT BA U AGAMKE A EA
T ADPACT EAT EA8 01 AUEOT xAT A O Augl xUCl 6 AAT E AE
£l O OAOAAT AUET A AUaOOEE UT AAUT EET xA O0a AAOAUT A
OFrUxAT AE Al DBl iIBADREIx OEATEEMAN ENGALGAAE UT AAUT EET >
samymkosztyp OUADOT x AAUAT EA AEOPAOUI AT O&x38

7 DOAAU UADPIATT xATT xUETT AT EA bxUIIEGRDEABDD OAJU
EO& OUBRAE AUGCA x OOATEA UADAxW ély winusddc BEAADPOURA DA U X<
xEOBUI E DPOSAET GAEAI E UADOIT EAEOI xAT 1T E UAOAT xAT I
(rys. 44b), AUEGEE EOQO8OAI O 11 FiExA A218di3 iU UGE ADIEGRx AU

i OEaCci E6AEA 1T EAUAU 2AUT T 1T AOA x | EEOT EMXBIAE Oc¢
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| EEOT EAT ACAAE RAEODADUEZEEAOEOAQdAcC OE6 hU AEGIHIERAT EA
UAET OT EEA x0Re®i AKBBT ACi h Ax&8AE UAEI OT EEé&x 1A
I OAU OUOOAI O DPOUAxT Agx AEGI EAT EATxBIAE h LaAIMAAIT O& B
POUAPEUxO 1T OEAaCAT A AUCA PI POUAU WANAGESEAREADI xE
EAI EAOAAEER AEGIT EAT E AegwacyjhynE Az6tizgfoin&dzoryUhCnamxzbioknikd U |
AU¢ EEAOI xAT U Ai UAET O1 bBEAPYAOEKABBAAACTI EE WHAKAC
i EEOT OECAA Al UAEIT OTEEA 1T AAET OAUACi 8 ' AU UAAEI
AEGIex AT BOUAEA AR EBDO ERDE UXDOEAET AUc OOOUUI UxAT A
Pl xIT AO Al OEcAAO 1ALE AU @G&ARLONBWAET D o BDEDALCI
storazyx E6 EOUA 1T A 1 AEalOA IGABEA GAAEONA UKW GE DR Ob Oe AEA AEOF
07T UxAl A¢i O DOUUEac UA¢i+tATEAR +A DPIAAUAOG DI
regulacyj Ui T EA OI ACA Ui EATTIT j x OUAA8 UxtErO OA G AEA A& G
EC&eDBE A UAI BAEAODORO OAEA EI T OOOOEAEA TEA UAD
$1 AOGACT DPOUU DOl EAEOI xATEO OECAAO | Edebkiegd iA Ox
cAOxACT bDixO0i 60 AEAAUU UA UAET OT EEA 1 hidreik OAUA
I AAET OAUU Auc¢e Oi EAOUAUTT U xUFAE TEII UAET Ol EE UA

I A UAET Ol EEA UAOEI AEaAACT T1T1AAGN AATA BIUGA ATxARGT EIE
Pl x0e®0 AEAAUU UA WAEIUQIOEE A EAAREIN OAUAEGIOUO AUaodo.

O xT EAIF OOAOATITAE®BE® dcC OB EMPED QADMAAERDT OARSNEIOE ¢ A A
4AEA EIT G¢ ABAABU OALWOGAAAEAE POUAPEUxO OOxWAE&AA4
EAAT AE DO& AEAdo WO ABDOG A GAPIU OBAAT xAl AEaAa EI T
pomiarowych, T E A U A déoAstatystycznej analizy ruchu turbulentnego,ET T EAAUT A Auc¢i

EEI EOABEEOE®T A OOOAEAI EAT E Aegdsribdapomniais. O E BT x OAOU

ys. 44.30AT T xEOET DI EAOTI xBEORAEVERAT DOYA
U AAQAEBAA U xUiI OOUAT EAI DPOUAPeEUxO DPOUALU.

0CUT GAE@MPAOUI AT O& x

70OUUOOEEA AEOPAOUI AT OU DOQUADOIARAEAUITEUT x AT /OF RU /
Bl I E A O Alodgazdwdria poprzez kilkukrotre doprowadzenie do stanu wrzenia$ I BT I EAO& »
ul U @dlistyrenowych AU& OOAE UT AAUT E E bt xAlbdrésceint Pay@rAMictogphetes
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Z aqueous,Duke Scientific Ing. Optymalna koncentraciaA Ua OOAE 3% &66@%%(; AT A& O
koncentracji c22a OOAE 1T DPEOAT U UITOOAET kA CBAbBBIOAEDLEOU UG T A
powierzchniowe E 1 C O AdalEskdndp & U & QdO BrEygotowanej zawiesiny dodano substand
powierzchniowo czynna DS (Sodium Dodecyl SulfatePolskie Odczynniki Chemiczne $.Av

006 I dhdsdviin 0001%.$1 DI T EAO&xh x EO&EOUAE xUET OUUOOAI
POUUCT O x30eum SIVEAIxeEIAOET U AUaOOAE UT AAUT EEDSaWd E  x
DI i EAO&xh x EO8BOUAE DPOUAPEUx xUi OOUATE]I K& UA b

43. 0OUAAEAC AEODAOUI AT Oé x

0OUADPEcUxU OOOAOGI AT 6T Ah U OxAce 1A AEAT OUAUI
x UET OUUOOAT EAT OOAOUOOUAUT UAE8 I AONOAQE OAOAPAA,
TAT AL AET UWeateckneA@®E@ EI T Ge AAT UAE DIl EAOI xUAENR
statystycznej.0 T i EAOU DOUADPOI xAAUTTT x EEIEO xUAOAT UAE
*AET GOl AAE OEGA®S 430D& QU ARL EGRABIOAKLRA Dici A
x OUUOOEEAE PiiEAO&xh xUAOATT DHOTEO AsAaAU DOUA
(kierunek &), DE AOUAUUUT U CeOl AE GAEA] EE BDEA®IAWIACWD OU
modelu (kierunek ¢).
Y

]

ARO xODEEOUSAT UAE xieqt]
A B ADAGEAGXEA OUAOI Ei GAE

Rys.4501 ¢T+ AT EA GOI AEA OE¢
POl 001 PAAECU Al paa-00AIvAR
symetrii) .

3PAAUELEEA OAAETEEE 0)6 ©Dixi AGEAR A xUIEEEA
AEOPAOUI AT OAARE EAOO AxOxUI EAOI xA DPidAs POEAEEGSH
OAci DPI1T A TEOAGITTA EAOO POUAU PI xEBEOUATaEA O
i AOOUAU ##%$ EAI AOU E EAE T AIACETI GAE T A PEAOUAUL
Pl UT OTU 1T AOGAOxT xAT ACcl POUAPEUxO8 7OUUOOEEA DI il
konfiguracji stanowiska (opis zamieszczony w rozdziale #£), arzeczywisty O Ui EAO EAI A
Ui EAOQUTTACT PIlT A BOGABBGAE AUE 0&x1 U

70UUOOCEEA DPIiiEAOU xUEITATT x OAT ObPI OeAh I A
DOGAETI GAEQ #wszdl IAl TDEETAUX AE DEAOUAUGE 0aE A a Owan AOOE
DI CTEAATAT ETT UxAT T EAAWT &Runky pobniardve (zdrhhtkzbrie Balrysunku
4.6 niebieskimi, zielonymi i czerwonymi kropkami, zlokalizowano w wybranych,

charakterystycznych obszarachmodelu: w kanale wlotowym (punkty Po), w mikrokanale (punkty
P1, P12 i P2) oraz w kanale wylotowym (punkty Ps, Py i Ps). Dla obszaru BB 1T & 1T I 13k Apgzed
x1 T OAT AT 1T GEGEAIUEID AT T DI T EAOU 1T A DPEGkBRE Oél i
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OUUOEWEI Of AAEd 6IAEPGAEEDPO I POAU T e @RKI 18 GE Ad LEGAI IEA
zlokalizowane jestT A x1 T AEA Al ot ElBO) EAPAcOxkEA EAQi= xUOI
0266q E DI 0ex11 1T AAEIi OEA 1T AOUAO DPOUAA 1 EEOI EA
i EEOT EAT AT A | AOOCA Pic¢ci xA DbwakeORODAEEADEQSE UD AAI
P,zOUI ETh A EAATA PieixA EAAOO Ul AEAGEAINED x
Punkty P, T AlFa x DPT T xEA Ac OEI0BAEQHI EIEOT @6AUAAD - pet i
OT Ui EAOQUAUT T UAE xUQGEAH AGAEMIAE G0 B ARCEA TTTAT aA GGUOA
Pl ¢TI AJrB Aysutiku 48 ¢ UAUT AAUTTT OUI ET EAAAT DOTEO b
x UOT ET GAE ). BAE kahale Anlyldt@vgm emulsyfikatora wykonano pomiary w trzech

I Al ACE T GuybBtd MikrokaTAA ¢axdlad j BT ¢ T I ADhEFGQ BT ¢ 1 FAdrd2A 0
w=8ad j BT &1 A0 EAT 104 TRE & wokierunku osi T AAET T xAecU T AOUAO
GAEAT EE Al @Gi=O0OdEE BXA ODWAAJUxEOOT GAE PEAOx@GUod DI i E
Ce Ol AESWEADYI Eladd AAT EACT DI UET T AE0=P38ABO@WAUUUT U

Pi//}i//ﬂ P—5\\\

P, P, Pi2

/A

§

Rys.46.01 ¢TI AT EA DOT EOCéx BITEAOI xUAE x AEODAOpuhKdyl
I ADT xEAAAEa DI TEAOI T DOUU |'¥AOAA 2387, punkty inibiegki® &
pomiarom przy 'YQ= 6770h A AUAOx T 1 A 'Y@r4991x B88&il'YDA677201 A

EOPAOUI AT OU xUEITTATT Al A POUAPEWIxEE WdwdHE Adyd
3337 Al A DT &,1P2ARI dPs. W celu sprawdzenia struktury przeb¢ Ux O DOUU x Ul
DPOSGAET GAEAAEh xUEITTATT AT AAOGEI xA PITEAOU BOUU I
P, B, Pi Ps.

Na rysunku 8¢ UEAITT A EOI PEE 1 API xEAAAEa AEOPAOU
Reynoldsa z zakresu991 3337, kropki niebieskie pomiarom przy 'YQ= 6770, a czerwonez
UAOexT 1T Dl I"@QA@I | 333%]jak i 'YO= 6770. Zestawienie wszystkich wykonanych
DI 1T EAOé&xh xOAU U EAE DI ciFATEAI x 1T AAT O Al &1 O

EOsOUAE Ui O0AGU Kok ARl ARAEDHOBAT A EiI dAO DOAA
$1 A EALAAE OAOEE DIl EAOI xAE j AATA xAOOI Gg 1 EJ

UAOAEAOOOT xATT TA pnm Al ouvnmn AEx @itrbkeidisEystkizié | D C
AEODPAOUI AT 0ex UAOREAOCOEGT e Al lumx OOOEGAU DHPAO T AOA
pgm' " DOUAOOOUATE AUOEI xAE EI i POOAOA EIT1 0011 OEa
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44, 7TUT EEE PI I EAOEXx

*AE EOI xODPIITEATT TA xOO6bPEA UAOAAT EAUU AAI
x 1T TAAT O Al 01 OUEEEAOI OAh UEAAT OU £E Edrbuldninggd w A x AT
i EEOT EAT AT A  OAcCI Al 01 OUEAEEAOTI OA 1T OAU ADODIEAA E |
AUOOUDPAAEE AT AOCEE OOOAOI AT AEER A6AAaAUAE DOAx/
EOI DAl Al O1 OEE8 $1 A UOAAI EUIPNAEE EAOAGAEAAIODOED |
DEPOOAET GAE x EE|I EOAUEAOEGAEDO | EAEORAAE | EGOA K.
I AGUAOUA xUI T 060 U | EE®@IQBATOACICE AJOA ORI TER IAUSM & AFEE 1
DPOUAPEUxO x OUAE xUAOATUAE 1T AOUAOAAER OUIT AT UAE
MPIVAUREXETI T xA BT T A Ax8AE oQibgal AEXQLA EA T B Q) AAETaGA DT |
x U1 1T ®&@odatek A.5 UUOEAT A AExEI T xA PIT A DPO6AEDI GAE DI
i ABdzmiar 854'd 683'a8 ' OBAIAGEUT xAT AE x ABOOG UO®OIUA bk DK
OT UAUEAIT A ¢ 8c¢x Cl¢io @ 36 (Dobhtek BYAVE || BxA ®OUUEach A Ol
DI 1T A xAEOI Ol xA OOATIT xEa DPOI EAEAES DPI1T A POSAEIT GA

' AU T PEOAg OOONOI D DA ae UXBAOAKEION EAI AACT Ul E/
x UUT AAUAT A AU¢T Dl 1 Awomk@EGAAEBE X AERAADODIGALAE

é(bz (ADMO!F o?j, é@ = (iﬁ¢(§5+ 689, (4.1)

gdzieWOEA OO xAOOI GAEa GBI GEALE ab OB AFEIODMEANUEA & DPOG AE

"WO= 05 BEO+ RO ©EO. (4.2)

7 DOUADPOI xAAUT T UAE AEGDASOUIXAIUO MME) ADAARIUEREAE Ax O
DO AET GAEh DOUAU AT 1 ERA BN Gusrdil AietyicAef hirbutentjUtv @A U AT |
xAA¢OC AAEET EAEE j18¢Q8 OAci Pl xT A0 xbOIl xA
turbulencji Syh U A A EgakdE T x AT &

Oy = HEOH

>

VEOQ (4.3)

#A1 Al UAAAATEA DOOABGAERAOINMAGCIET ADT EAOU xUETT A
xUAAOEEéx POUAPEUxOh UxEOEOUAEaAaA OUI OAI Ui 1 EAU/
$1 A EAIFLAACT DITEAOO T OOUUI ATT EEI EAOAGI3B0E®E] T x
800 ET AUXxEAOAT T MAZAEx AE@H e kEAUAA ET & Of AAREE Oi Tt
przestrzennych, jak i czasowych charakterystyk pola turbulencjio T T EIF AE DOUAAOOA:
ETTAETUAE 1 EAUA 2AUT T 1 Af@rpolalebexgk kinketycZnej ButbudleAcji )6 AET G
Ui EAQUIT T A x 1 EEOT EPYI R dApriekojué® I 0RbEA 0

1#ExEI T xA DI 1 A bPreavAdziltaid BnalkydO)Us) | BAx EAOAEaA DI ocoym xA|
*AAT AE U OxACE T A TEAxEAI Ea E faktyBzAd idf@dnmiadj& zawakaljeéstOdA E U1
300 800 POT EO&x AT Al EUIT xAT AcCI I AGUAOOh x UAT Al lwl GAE
OREAOOOI xAT Ui TAOUAOUA DPHAUAGYA xAOT A1 REA EIl EBOWU ii £ATADOB b
ET OAOPT i 1T xATEA 1 O0OUUI AT UAE xUl EE&x T A OAcCOiI Adi a OEAC
rezultacie pole65 52x AEOT O& x 8
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the_[m?/s?]
Xz
0.2

z [um]

-400 -300 -200 -100

X [um]
(@) (b)
Rys. 4.7. Liczba Reynoldsa 'YQ= 9918 7 AEOT O1 x A DG 0 A A (apd#ekih GiAcR/czna
turbulencji 6CRy (b) zmierzone w lokalizacji R x T Al AGRéé ®AB C& Ol amikiGAAIAA
|

o1
+7 170U T APIi xEAAAEa xAOOi GAE AAUxUCI 6 AT AE Pil A

tke__[m°/s?]
Xz

Z [um]

800 -700 -600 -500 -400  -300
X [um]

(b)
Rys. 4.8 Liczba Reynoldsa’YQ= 18398 7 AEOI O1 x A D& O AA (adiifeisih Gidelyczna

turbulencji 6y (b) zmierzone w lokalizacji R> x T Al A@xét ®AEB C& Ol amikGRAATAA
+1 110U 1T API xEAAAEA xAOOT GAE AAUxUCI 6ATAE DITA x
POOAEIT GAB54A 1 d8DW.4

Wyniki przedstawione na rysunkach 4.7 i 4.8 otrzymano odpowiednio di&Q= 991 i 'YQ= 1839,
AUUI E POUU 1T EAIT Al AxOQOEOI O1T Ul UxEaBQUWAITEE G 8IyEA PA U
Pi 1 A DPOe@EAIGHEdEENnymi T EAUT AAUT UI E TEAEAATT Ol GAEAI E:
18xA E 18¢yA xAOOI GAE AT AOGCEE EET AOQUAUTWEQNQDOOOAD
energia 6(R wynosi maksymalnie 024 %) i?, a dla’'YQ= 1839 7 045a4%ji28 * AAT AE xAO
GOAAIMEA UT T OUa 1T AB04aHiRADME? (2 co daje dla obu liczb Reynoldsa
GOAAT Ea xAOOIKGIGE A EDEIGOAREEDO6 AET GAE6%W. AEOUIT AT 1T AE
Na kolejnych rysunkach 4.9 i 4.10 przedstawionoanalogiczne wyniki uzyskane dla

PoUdD»&Ex U 1 EAUAAIE 2AWAEI AOA T & yAUA @ADL olpRESS E OU AT

1&1 OEOOAAEA DPOOAET GAE Oa DEAOxEAGNE piehviiastek z N AERCEE AR
powszechnie stosowanym parametrenRMS(Root z Mean- Square).
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2AUT T 1T AGA TEA ODPI x1T AT xA¢Id EOOT O1 AcCI xUOl 660
'YQ= 2804 i 'YQ= 3337 GOAAT EA AT AOCEA EET AOUAUIGASGaHBOAOT AT .

AAxAcT M OBRIOCOBRALIAET 1T A DI UEIT | Bhdksymangjp E 18¢P DOO

u__[mis] the__ [m2/s?]
XZ Xz
0.6
7.7
0.55
7.6
0.5
7.5 0.45
74 0.4
5 E
E— 7.3 E 0.35
N 7.2 N 0.3
7.1 025
P 0.2
0.15
6.9
0.1
6.8
-400 -300 -200 -100 -600 -500  -400
X [um] X [um]
(a) (b)

Rys. 4.9. Liczba Reynoldsa'YQ= 28048 7 AEOI Of x A DG O AA (&FQiebkrgia Knkticzna
turbulencji 0T, (b) zmierzone w lokdizacji Pio x 1T Al ARaé ®ARB Cc& Ol amikiGAATAA
i

+IT1T0U 1TAPIi xEAAAEa xAOOI GAE AAUxUCI 6AT AE PIT A »

-500 -400 -300 -200 -100

X [um]
@) (b)
Rys. 4.10. Liczba Reynoldsa’YQ= 33378 7 AEOI Oi x A DG 0 RA [@E0enbrgid Knltyczna
turbulencji 6(0, (b) zmierzone w lokalizacji R> x T Al A@eé ®ABR C& Ol amkGAAAA
+T1T0OU T API xEAAAEA xAOOI GAE ARRAUINIKE GO ABJITEEHAQU
DOV AET GAB54A 1 d8DW.4

* AE | Zaterh BA O x Apotdigmo ponad trzykrotnego wzrostu liczby Reynoldsaod 991 do

3337, T AOGAOxT xAT A &£l OEOOAAEA DPIT A DOBAEI GAE 1 EA
maksymalneh AUUI E [ EAOUAU&a OEo6 I ICHOAU EARRE BOLWVDa D
2AU0T T 1 AOA 11 EABROADERIXA FFAIOKB 0N BHDARBAUI EEQADEAT A (

DT AxT EATEA T EAUAU 2AUTT1AOGA Al xAi®GtaGiewielkcly x 1 D
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