DOIL: 10.22034/jmeut.2022.11539 - Jols _idgh — YSA-YH) amio AFee ybims) F oylois DYl AY oLy 0ylocd 4y paf oSl Silko  susniigpo &

= T S e gl oy ik 0 ka8 o > B LojT cantliae

s.karimi@jsu.ac.ir )|yl ¢ Jo330 ¢ Jsd30 ;aalis (gim Saio oSl ( goud s 09,5 ¢ Loliul LS“)S 19800

Olpledsdzs (Jsdse jauls gauz ciaio olSaily ( cand (cwdigw 09,8 )| ulil IS < 6T
ana.abiri1991@gmail.com o
shafiee@jsu.ac.ir o)l ol ( Jg350 «J3939 92l gtz (ctnio olKtils ¢ cond (owidige 098 JLolinl 2l ixo
Olpledsdss (Jsd3e jals gauz caio olSaily ( cand cwdign 09,8 )| ulil IS 831} 55
negin.mohamadzadeh@yahoo.com "
oS

o8 o8 o (ALl a4 2l anlllae o el (il mle) 536wtz slaglz o 5l Gl Eobis 51l b o)l Julss om0 0l
225 310 s 5 51 sl ailebs 5l jslite (al (sl ol oad s lsyy cdi T S it mha o G jsee G 5 2l G5 Sl 090 5l 58
Soishes ¥ B Y gosgame o alols sopkd b g 0t e ol b slaoly I Sy 3 ond 28,5 S ol i cosliil o g0 ki sl o0 oolic
a3 o Gl bl el o i Ll g anglie ladsee b smli@u)"l loools b odal sy dry oyg0u slael polie asals ol jo ol sad J 8
ol 8 b ile ol s cypizman e LS g 308 o ol Sl Comd Gl L 5 Conl (S5t 90 45 0kad S5 as Jlasl Ll 4o a8
Sy 5 go,kad wile ploj (it ln dlal) e ool I 0pa SYolee b gls sanlie b g Culed 50 S (o0 S95m SIS s

sl 00

9 0 w0, lad slel Cans wile o (sl ple S i grhaw 1Ko a5 i 1 gudS slaojlg

Experimental Study on a Rising Oil Droplet through a Water-Qil Interface

S. Karimi Chemical Engineering Department, Jundi-Shapour University of Technology, Dezful, Iran

A. Abiri Chemical Engineering Department, Jundi-Shapour University of Technology, Dezful, Iran

M. Shafiei Chemical Engineering Department, Jundi-Shapour University of Technology, Dezful, Iran

N. Mohamadzadeh Chemical Engineering Department, Jundi-Shapour University of Technology, Dezful, Iran
Abstract

Todays, the discussion of the droplets interaction with fluid is one of the most challenging topics in multi-phase (liquid-liquid) flow.
In the present work, an experimental study was done to investigate the oil droplet rising through a stagnant fluid water and crossing
the water-oil interface. Thus, an image recording and processing have been used. The employed oil in the experiments is a heavy
crude oil extracted from an Iranian oil reservoir and the drop diameter is controlled in the range of 2 to 3mm. Firstly, the range of the
obtained dimensionless numbers was compared and validated with the experimental data of the other works. The results showed that
in the applied conditions, the drop shape is ellipse-like and the Weber number decreased by increasing aspect ratio. Moreover,
residence time versus drop diameter did not follow a uniform procedure. Finally, the best correlation was introduced to predict the
residence time of oil droplets by comparing the experimental results with the presented empirical equations.

Keywords: Heavy crude oil, Liquid-liquid interface, Residence time, Droplet aspect ratio, Weber number.

V] caslongy st slale; 1o bys 5 sla s o Spubie 51 SO
cdiddee i LBy, o Olye 4 ol Gete ,0 G i (g el
J5 5l depe Yo sgas Jgl W 50 aS al &l eansS 2OLal)

doddo —)
2 b o oskd oS adllas faio leo )5 alex )
oaiioms wled &)l Jll cple-mle gl el 4 Gles g0 Caio
gleo 5 oL adar ( S glte Slkos STy sagl >
2 Jle plsre 408 o)lal ool 5 ol (e (290 (bt

el by, onl ooyl g oogdle Lol gals ) jLal alaii jo o suis
w850 Olhlad ass 10 g esd i g ol G oxbaw Gi ialS
esdg0 ol YU Ceenl 339 b Lol Y] gt o 0,5 53, ol o

90 S it gl (e 5l 0)ka8 B8 > (65, 0ad plonil Blalllas joie
ot Slr 6 Gl eads bl oo S9ame Sl Jlw
5 Sl g mlegbe able o 3 oxbaw G )bl
35 65l o,k lalllas wany gla Lo ;o s plowl [F] o Sl
Jbe glyie & [Ve-0l o8 ©jg0 Gliie 51 Ko (S by
9 K0 g S e ple-ple S i gl 4 0)had S g
S Gl L WS ol T 28,5 15 adllae 5y50 oS

e o b5 s oy S | (S S gl w3
Sl e ool o cis wlbl i SleaS sl aiiee
il b Sl LS5 el le 5 S5 IS o (o 2t
ol o ol s slaws Il D9l o0 (Bl slol o ol 259 5 Dslaie
Y o Ol mhw jo b Bk ay a5 > by asS e s il
5 i Ay eabes F/A dgus YoV L o aies o JSCis
aS 05 by Bas j0 D8 B0 jlal oo 85 s S35 el

s.karimi@jsu.ac.ir : Seg i Coy oy c0aisS ailSe odimy g
QU F1A sedl s o
VY Gipdy



S i o jo 1) ol (il loy) Cwll ey Wiles ST a
o Saalies plonl s I¥V-YAL 0 dslone by (5 05 o510l 1 5lg0
olyydily 9,0 &5 ol b oogdoe SzsS S ojluil 4 56 o
50 oykad 5 Waisn co mb 4 v 90 Al o cpl o WS oy Coenl
sgro [WY] 059 5 iy [32]10,8 s 8 mhaw b Jol5 les
9 Jj)—‘-'] ‘ujijﬁ-' u511..a c5L“’u‘“-> )l calises ‘_;Lam)l.\.\‘ L lebc)Jaﬁ
i e S e s oy T oS5 5 JSnslS
o LSt ohed ooy gl LT 0005 () LB a0 5 5o
—«Tx])'léjad).’:..i..oa.!a“)a 0,8 Wle loj yuizeen g 0,kad Gl bl
05 OB L Ghey cnl po e,S esliiul e JBs g, Sl s
5 im0l S e mhaw g oykad o oalidl plo 4 O Wld 4 (S,
9 S ((ypied A“Scs“’u’""“"‘) Ske oley oads Sl g_i‘))...._u
ooliul oykd olgte a4 OlpysSilew (£, bsle I [26] ,eSY
coy Sl glite EVlhw o 3l oykad ool jeae b LT i S
oy ohd ES > 65y s, due RS A o sl
e O 51 (bgle dasl iole;] o oads eoliiwl dtwgn 5B .065,5
Of9s &9 90 3l eSS Gl Wb 5o e Sl iS5
48 30,5 @yl Ll el oy ooliiwl calisee slaca3) b oyeSlw
A 50 Cawl Blo bgiuw Job j0 0,kad S YU jalen, sae iy
e Ddse T 65,5 bl oslad Salsn ) sae il L
‘A;S@a)?ﬁdjmch,qgo)kéafsamxa;cﬁmme
C)bwduschw u_;)yadud\fw‘ o0l obul‘s?da.wcl}o‘
2 i e oS a5 ol oyl Ll i Lol 0308 e oS
a5 ams o plas Sldllas S 5ol 4y ool ailas (gamy o,kad L3,
Doy O il g 0sd G SIb maw 4y 0,8 b el 5L A Slej
405,108,506 0,k Sgro ey g SIS wojlsl e alie Jolge
95 S i w69, p Sgr Sl eykd S5 pnss Ko oles
9 b b 59y 2 500 Byb ly p o JUT S a0 9 56
Trelead a8 56 as e opl ol

G895 2 Sl Slalllas a5 ol b Sg oo ala>do a5 yokilen
) Q?SL Ll el o0 ‘al:ul @L‘ St 50 S ,die a).laé MS)?
90 S e Jad jo a5 sl o,ad 059 4y 0,la8 CWlil b 5l Ll
75 wlgd asdllae cpl 50 g, cpl 5l il 48 S yge Sl
W) c\jl)‘ MJJ-\_}T J)Mdmd)l‘sn-mﬁ).m JLL..;‘ o_xidgda_.!o%]a
Oley Bae g UK yhad Lol IS 50 sael Caws 4 sla el )l Ll
22 0l o35 s (Lo U o 53 S tie Juab (55, 1 05k8 sl
Vs, A e slacl uen g oyl dgre e pw cois S 5B
a8 S 18 oy 9 Jelod 350 45 Cenl (5590 9 ol

B plmil (b, ¥
P bojl acgezo —)-Y

Sygo (Y07 O)lase (slod § (5 phunedl jLid 10 o iole;] oles
Syge a8 cpl sl el 2lhb @li.‘:..!Laﬂ acgazme Cuwl 48,5
S ol asgaze (pl cwl oal ool lii VY SE (s o)l b
Tl g s B0 i)l b S Sl i Sl g390s g
oo el U ggim ol el moje o oo Aexhe Ul alads

NRRY R IRUEN PPN ST I JCT I A

S Conle wivgy BB Sy olld oy 5 oS~
el oiST end plowl b Sladlas VY] ols loauzen
Oislesl  gie Slallas g, ol 5l conl 0ogs ool 5 lge 4y 3gue
Oyl el oY 0)la IS g Snlind (o 9 )18, (St sl
g HB 9,0 Lolo g ol S 1> 590 40 00 S Slallas
DY) Ses o Sty NPl g ST 5 55 [10] LS bwg wbo
Sooye aalllan 3 adel Slalllae ol jiiy ad plosl [VA] oo g
OSen 5 Blie dpl ol oas aods 1] G Kes 5 cils
A asllae 590 1) Seigind 5 Seiges DYl (5,0 Sl S >
Sero Jb> 0 Ol S8 aliee laps ), jo wols las Ll .adsls
5 SSile [Ve] cad piy s 95 b IS8 See 2l
Soy » osd B B0 il 5, e b NS
» oy bl Ll wssls plol oo gy y 0,8 Solis
5 oSl B plee 4 Resln 5 W ISR S eSS )
5 sl ploml disgey 5B Glie 4 Ol g Sy e8I (39 TAY Jslone
58 Olsie 4y poriegll Sld Sloskd s ol 2 slagSll e (s
o obbs oS o VY] s 5 995ty ws,S oolitwl ouiSTy
G Ve mpiden, ouae jl gloo s el o 1) Lalls slaailels
Olog Egrb a5 350,5 samlice Ll aisls 1,3 anlllae )90 Voo
o Sz Ll ity 3 (slegs Sl ,T ksl b Lns
SIS alads o Slogind 5 Slags sbooslad gl |y Loy 59505 9 955
Gialdl Ly s lilugs (2l b a8 wiols oylas 5 Wi S aseiee
Ofgy ks )8, sadlllhae & [23] (s g e ;58 Whies
o, kad B Y mm ) Gl sl ke s Sglie sl b sSaken
Ay SOl g > 10 S el -0l Jslme S (39,0 5k
St OG5Sl 0 k8 U8 (59, SlSE g jpam a5 Wil plis
el ciliSsygu a8 ausly o [VV] )18 5 SSola ool 38 56
o,kad S wisls las 5 ab sales o)l ASls 58 5 (5, Baile
B Led a5 (T o @ sl (59,5 (ST mm) SzsS glald )
Cowd 4 Ll iomen cwl e ojlad sl e pnS
mor i 59,5 Sl (G 5l e i 2S5 Sl A s ]
e S Glag s b SOl 4 0pkad S (IS b 4 gt
@ hles &5 55kt slag s 5 Col 08 (09r (59,5 & hles oS
RSBV es o Tl il analy syl o] IS8 s
e o,hd S by ;o SDS) Clidgw Jwsss o ColiSE, g
SalS el CiliSE e iz 48wl s bag] s S adlllas s
ol e 45 Canl ond Ci g O St b o oxbaw A3
lylad JS& Gad Blo sl 5 J5U )0 5iSe o8 Slilad oy 4 e
e G205 Sllad Sgao s p dzm )3 09 (o0

ey 0,ka8 08 o 4y bgy e Slalllae o 5005 Solee 5l (S
ol golemgole S i Juad 13 0,08 Sialins o)y Siledlbl 1,4
YO Al goae g aKaslesl job 4 Sl Slalllas 41sdS s oS
gl 4 okd b Sop bl aS sl o s, 2 [YF
S gla” 4l sim Do o b oyad ol S g Sy
el oads (38 VY] 5adgn ) lawgs b odsl 3L ol &5 o

g Wlosls las adle onyay ol a4 Hladoee 1 golawd w4 ol ]

(Olinsy oF oylads DY Al AY Gl o leds 3y oKl Sl pwiigee 4y 505

Kod 5 or,S ysho — FEATF) amio N Fe-

Yey



coliss oF 0 )lot )l QY Sy o)lot ey oSS SilSe (suviign 44 525

e 5 car S gho— TPA-TH) amio ¥+

Yy

el oy oolaiwl 1920%1080 pixel [frame 4 60frames s
ol 50 90 Sl oal eoly lid 58 Y JSE j0 a5 jshiles
B s Siie b e s 5 woger Sypo & ale oyt
OBl 6ol 5 ol g CuhS Sgnn jslate Al i
ot it oS iy ] wogme o 5o cshaod Lo g
s g5 45 008 iy ol ol ot osliziad LED o g oygim
Joe ot 08 5l asl ol mle G5t 53, 2 g SRS Ay
by (s Oy & ouiiS 25 (3483 Jore WS (o0 5505 ol Cus
sl Gale, Plas 4 jshaie 4y el Casay @iz sbocws plel
T s oS J 5ot S5 4 ¥ i il o alStslg]

s oolitul ol azms Olsie

il aslllae 55 oo edlisiul Slge K3 jud (ples —1 Jguor

o | i S5 ls>
Voo | [ S k) IS

<1AA HAAS (e slwees)

2yl gijloy —Y-Y

GB g Sie mhaw o oyhl Selus gaddllhae jelaie 4
ol dned mbe (giw Crons G {0 AT 50 S dawgi o] &S >
Do Oeizmed g 058 (e (pwsin (sla el 0gdge Cud
Cawds polal dcgame Ul oS @ s 51,0 o] o g e
fr SaS &) g0 brsgs o 43S (Ld Ll arlone el
slogle; ;o WSe acgeze 4 Video image master V1.2.5 134l
Image] VI.51 138l o, SoS a4y (s Sl 00 Jows Cilises
505k G Sre (mSe (Go3gaze (535 2 p3Y sl An 5l
S ey e cnl SaS a4 Zalgs )0 wgde patie Jbw
oy S5 go055 55 ] b e oo 5 dlal Comd coykd o
OB oty gy cpl 5l Gl 55500 by, 4 ode] Cewd 4y gl o]
Irol cul oot e Ll

z=L -Y
4 3kl goskad Bl 9 VL 4y 5, CS > gaalllas jeliie 4
logyss gdice sz 0 2 S)ls lagys G g S tie
Gasbed g (b (RES (595 99 «0j9 2 ogde oykd y oly Ll
5epkad pad o sl o (@) S8 @ g92)) siia ((omibs)
G395 (595 4S5k @ 20,1 555 99l e SOl 4y (s 35U
Ol YL a5, 5, 5 J3b sailas ) o)kl adlaz ol S e
@ oykad puile Jate el (xhaw (225 593 Jlie j5 5 Cul
5 9500 ol okl e Sl ey Caled )0 siiee 36
S 4 4z b g JSad ojhd (j9 x99 90 rl Ol
2 S e &8 Wb S 4 (D) G Sl Sl b o1 S
b les b &Sl (mhaw o 25 S 4 it ol
O 0979 Jebs 4 Galojl nl 5o el o )lab po gouiiS S
an 50 g il Gl Gy om0 5Led e gy, cd g o
ly 3 3gdige i 0yk8 Vb & g, S o oldl p3b A

Lol 0dd e cd )l e g Hhie O 5l e e e
i oykad )] 50 a8 el 56 90 S e prlaws dalllas 5550 (G009
b 05 )5 o 56 51 S ptin s Gayb 5l gy o3l 51 50
AW M)f JJAJ N sj)).: (5|aj|..b| 4 ol L§'>l).|a OFw D9 oo s
el 58,5 a0 BB oyl oS > (g, pooyle Dl aST ol
ERVRRVJS JCv PN S B BRCH BT YWOR: [ PRV ON SPS FREYCORIp |8
ool el yo eolatul 8jse slo 3l gl e S 5L Lawes
J3b el o o VIE G o8 U3l gla,kd b lagyiew Giolej]
8 ol Jin (i oy 2 4 piyllani Ayl Sy 3k
I ez (2950 ptalesl S o SRS s09)5 Olyz e e
At oyl slojlail a oo cpl ol ool ol aads i Je
e Sygld S 9 e GRS oy O 03l O 0
Slojlail a4y o,kad g0 o galold pizman el o,kd S caiiS
3590 SVl 23T o S yg0 Ll o (o2iSKed p Mas a5l o
A i g bl sled Ho haie Ol lajilesT ol o eslarul
el Gl Bblie 5 Glpl slaclr 51 (Sl a8 S S

el 0ai 00,91 1 Jgaz 50 ooy coliiwl slge oyl Sajd ele>

(1)

(@)

()

S PSS
i

o ) o)l 3o g0 4y (A (BIK LojT s gazmo ) S
il J30 15 ¢ 5y oy F cad b Sy puid ¥ 130y Y LED
9L g Vi 0T @lo (g )3 dgmo Jlo o i o5k F

By pgad (0 tpgai 0310y dlobu A ¢ (g A clbo
dgro Jlo 53 s 0ykad 519515 slog ps 6,0 2 S led (g tas goseo

e ps b Canon SX540 Hs Jow po,90 51 g o ppgad sl



1E+05+ {aﬂ Mo=3.6E-14

oMo=26E-11

1E+04 4

1E+03 4

1E+02 4

Re

1E+01 4
Mo=2.4E9

1E+00 4

Moo= 1L6E.
1E-01 4

Mo=19E2 //;
’ Hu-'—-lﬂl;‘/ 07 )70

Mo=9.5E10

=

1E-02+ Ao=1.0OET

1E-03 ; ’ /- "
1E-02  1E-01 1E+00 1E+01 1E+02  1E+03

Eo

bghs ) polo )5 Sllos godgumo (40,5 i -F JSCb
[¥a] oy Kon g wlyF s b o amalio g (e alais

Slayl G —V-Y

S 0 ol [0 dgmo oy oykd L Eds peas XSS
O adlee VP g </ 3 a8 9o (sl 1) caiiol S i Juad
25 Edd o,had (sl oals aseine S pl jo a5 jghailes a0 o
) o ool s 5, cnl 5 el UK (s Lo 2l 50
4 ool 00l 00yl ¥ Jgaz j0 g pSeslal wliole;] pled (slp
9 (Bl jommo b oaz )0 U aygl) (gogas Jld (n iS5 G S
bl Cd (B jeme b4z o sho ayl) (B Gl S5
g o 4285 (Aspect Ratio)

ool M 4 5o g cal Syl sl s 55,5 5 gl
IS8 a5 eud gl 658 Sl okl il e Syl sae
IS o)l o 4y slal Cod ol Seop bl 0 s
P85 sedee Gl Y Jgar @l 0,8 (o0 093 4 wiile (oo
A8 Gl Ly ol g S5 4 S o )kd pole oliles]
O 5n b Sike 4 b 2l o)k sl cons (56
b ol amsi osdion 550 55,5 Sl ) 0T IS8 (28 (g0 8
i oyhad sgy p oS Y] ol g ol Lawgs ouel oy gl
YU L Jloteen ol oud plosl T 05,0 Sgno Jl> o als
olT, 1 50) ColiSS ygms jgam 5 (iU L suds camlive iglis g )l
el S0 15 90 jo atd; S 4 56 ks ol o ([VF] 5o
5B 090 0,kad o8 > (6l sl s 5o saal sy slul Cas lade
b Conl Laseine a5 jelailen a5 ol oel Gy JAD lp wilo O
a5 ol les VSl o Kea g g, o)l calhae yols |5 mbs
oo Lyl phn Lyl palls T o ol oyl S
Al oo rals Cod pl LSS 5

@ lagl Gom aY ogbice el Slule jo (xbaw (AAS (5950
53 by czse ol men TPl a8 e platS Y &0
S i v 4y 285 0ykad Gldl a5 5 e 4 mle mlaw
il Gloy wae 5 IS8 sla Sy aslllae cpl o VA sgs s
Lol 428,558 gy 3550 S i mhaws o 0,lad
Swr g slael 5lokd psly lag s sadllas jslae 4
el 00l oolaiwl (MO) (5550 sae 5 (BE0) gl (Re) jalen,
Lol Syl 1 goamnslis Re = pydegVi/ i) jilsm, soe
g o 0ol 55 (B0) Wil sae oS (Eo = prgdZq/0) ugl soe
G Cod SS9y Gl godumolis SVl Swlns o
Oee e b eSS o sae pl el (b piS glag s
sgno Jlo 50 oyl S8 gouS s (Mo = gufAp/pfc?)
5 bl Salis myid gl 4 wese ol oldlhs ool
5 505y sae 90 5l Feailie gl sae Sgmo > 50 slacl>
ol addllan ;5 65 any yeoy slasl e [YA FYICwl (550

el 00 03,51 ¥ Jgox 50

5399 3(E0) (i (Re) 5l oy 94 Sl e Y Jpor

J3b iz gla ka3 5o(Mo)
(rosheo) J3b 58 | Mox 107 Eo Re

e YO+ YSA VIAYYYVABAS | \YSAAYAAVSE
-y I8+ YSA N-AYEYO0LS | \YEYAVSE-f
<A Y0+ YSA AIBYYYYA- £ Y IYOOFVA
-/ YIO-YFA AANAARATA N VYYA- DAYYYY
VY YIO-YFA /YAy OfaYs \YF/OOVVOYA
\V/f YIO-YFA VV/VAVYOYYY VEF/-YYEYVYIA
AV YIO-YFA A\Y/AAPYEYYY VOO/AAYEE - ¥
\Vid Y/0-YFA AR ARARAY VPY/A-Y-AYS

canlllan ol 50 odel Candy gl (miw Hlel jglate 4 lanl o

2Bioles] slaosls b oanl Cawsy am ey dlael polie amels
Ll aBales] bt cul oads amlial¥al ol Ken 5 oI5
Sdse Jolin |y (y50 5 sl g, slael Sl aps (godgame
5 ool Galgn; dsas aw o gkl geamonlis o> mls
Slhles godgame uwl 0als ools (L ¥ JSE yo a4 cl (5,90
LY o 0 (7<Eo<15 4120 < Re < 165) ,ol> 5
Ol g S bl 5 ¥ IS Gillae col ool asiin fyuzdas
Lulid 6l 5yse mr ey oe sl LAl 590 (godgaze [T
A 50 ol el 75X 1078 < Mo < 8 X 1077 sual cewny
a5 azs] Bl yol> Sliokes] )0 ssel Cands (5,90 sae a5 ol
el Mo = 2.5027 X 1077 L ol csl o 03,91 ¥ Jgaz o
‘5‘:.3.1.;5%.11? 5 5l caiyllae [va] oh)lSen 5 WlF slrosls L oS

| oJ.aT Cewds C.:L;

ot oF ojlats Y Al AY Gl ojlads ¢y oKl SOl qwiigee &y ,08

HSan 5 ar S Lgho— TPATH) amio A ¥+

Y5¥



coliss oF 0 )lot )l QY Sy o)lot ey oSS SilSe (suviign 44 525

e 5 car S gho— TPA-TH) amio ¥+

Y7o

28 SlalyT L IFe] ol5en 5 Sly o] 5 opdle .ol ollas
b 3l 058k (529, 5 OSTL oul osly 2ty Gl 05 >
OO G YO oy ka8 b slacls gl a8 wols olis wisls plail
Las b G2alS 17 4 /8l sl o ol (I8 Ly e

Bl SleFep s pole JKo 50 oo &3l )| s

0.9
...
0.85 - e
= 0.8 L
0.75 - "
0.7 ; ; ;
2 23 26 2.9 32

(o) oles plad
905 30 T Jolro yhad a4y 0 yha8 lsl s Sl —F S5

J -
3
2 _ T L ]
.
P
1
0 | |
2.1 24 i3 3

(FRocke) Jslao a3
058 Jolro ylad cums 1 p19 i Ol ki -0 S0

5 g 5Bl Lol olill s an auf a8 jshiles

oo JE B LIS 4 el aren oniST, 5B o o L
g 00,5 IS YU Ceows 4 s Sljhad waiSTy g ailwgy B
b g0 ol a8 iz (655 sy o0 o @y 0ykB a5 )
IR ]as el cis UL jo e ophad bl el 6 S 2o
SLJSE ol e 05kl (59, p 0d Jlesl (i (55
S S e s 53 05l il IS s 395 e o kab alises
J8 09d o gl SasS Db 4y sl (Soe g 9 99500
el okl o3l g wile lo aile Lasl s 51 (5 sl opkB (s
gy o Jalas (Dld sy 50 [FY] 0,8 15 )y 000
sgbre Jlow g 08 (xban (2559 oL 1 0 Sealudgyue

e i g (Seelusg e (59,0 abal, Lails lodes i

. _ PlVideg s Ls
50 Ol (We = ===0) g s (g s g o) s

aS ol el g sas ili8l el s oydad Hlad zolial ol b
GRS S9 4 (Sesludg e (59 45 s oo plis Rl G
0,08 Cldl yloj ol jieS el g ool LIl o lad $9y° b
Slp pg dm o vas poliae f Jous i wles S i Juad jo

Do o las ) Gglaie slaylad

()

(@)

(@

2l Qe unenl

s e 4
Oy 31 Gy S 50 3900 Sl 50 a0 by guai — ¥ S
[ (A J36 wglae gl ks 4o cati- T S g gl 4
T 30 08 o gxe pgual () oo VP (©) 9 yo o
J PRy

srehab pgei

A e 4]

woldio J30 gl yhad 5o i 0 yhad el Cons =Y Jqu

Grogheo) Jj S5 | (oishee) Jolee ,ab E
Q4 YNNA <IAYZVNEFYAR
A4 YIY SIAEYANMYAA
/A YIYYO < [ADARY Q4
/4 YIVEA < IAOAFOTALD
VY YI£YN <IAYD-FYY P
V/f \iid JAYFAYY A
Vo Y/A <IYEAYAOYY
\lid Y/AVA <IYYAASYYYE

0 oy (3] Jolae yhad sy ol s Sl yems ¥ S o

ol Coluw a5 slo,S 4had b ol ply Jolao Hhad cy i o ol
A Gl &S d, = Jad]n nlpls sl o)kl colis b il
WJS.u)oexS”me ML‘SQ 0).14§ 04 ){5@ @a.w
@z bocwl s Looir Jolee B b olal cons &l pis col
56 50 olSEim wisfon e [VFLol e 4 4f, cldlas
ool S0 e ody (s, GRli8l el aS 5l 89 g atigy
5 ol ouzi 25 59,5 b 51l Senlysg s slag s S
RTINS TR R [vs] oY g S @l azgi b uioren
Ol S ee 35 4 Span JS 5 Sy ok8 IS8 mhe Suo3
2 pol Slaslesl 5l essl Coawss slaosls g osalie b cilsp



ond sunlie 5 w05 se addllas | Lols 5 alie Ly ,s JE
ol CS > o, 5 055 asdlas o 55 (VP L Ken 5 Tgn oo
ovaline ) (39S pd iz 38 08y g ol Sitie mhe )

.A}laa;
6
== =(F ablac)ngand alad,
o " [ o Al glaob
24 .
2 :
2 o« "=-—a n
-g-‘ 2 R
L]
L ]
0 ; .
1.9 23 27 31
(70 o) el Jalea Jlad

058 8 o 1 ile oy ol i —V S5

B cead o T Yo a5 ile e 0 (319t 4 4z s
Obey stmalns (sl (o5 (2575 DVolae (9iST ad 0ls o
3 bl s el oad &l o,lad ly S i pedaw s wike
ool [F0] 5uden - linal salul, 5,8 wealss o,Lal &¥olas oy
b &l 5 S 4 aie cpl )0 oS el (glaka

Apgd?®
_ MApg M

t
40717

Syze 4 gl Syiie mhe o Cusl osd 58 aaly cnl o
3 B R B R
Gl sk slalaly 5o [F2] ailijle ol sas s o

1wl 00,5 &l 5 & jse 4 wile ylo) (gale

3, (a1
t=—n'u|—| = Y
1enn”‘[aj(ﬁ] ™
saY LS 50 sanS J3I Sl zokaw olaws 11 ] jo oS

bog 50 aelie Ly, ool ol gy ley o ead sl
2wl oley samale sl [FA] col 5 [FY] gV s i

1wl 00l c\jl)l J8ie ol uxie con>

2032 0.18
=1.32x10° [M] (ﬁj {M_dj )
o d o

2 -1.24 1.03
1=3.1x10° [ﬂj [ﬁ] [”—d) )
o M. o

a ab gl albre slp lablal, 5o [Fa] cw b gias

el 00 S &l 5 & ye0
K 0651 0.203
1 =4.846x10° [ﬂ] [£] [ﬁj (”—dj ®)
o d H, o

st (F galolas) Coronsl galal, i [sS5e Luls) o Sl
Ozt el 03,8 ey (Jo3i 1) ol B 4y e il e
aS aes oo las HSde SYslee b ol @liﬁ.il.aﬂ =l sanlas

We

Jib aliseo 5o yhad 55 9w (yguy S Hladio —F Jgua

(hookeo) J3U 8 | Grogghoo) Jolono s | We

4 YA \/OFag .

-1y YIY VOYFYYY
<IN YIYVO V/EYN-f
-/ YIVEA V/IOAYASY
VY Y/FYY \V/FFYY -Q
\V/f \tid VIVA-YYY
VO YIA V/avears
\Vid Y/AYA Y/AYFPY

olas 1y oydad Jolee Hhad 4 Cad g dae Sl O JSS
a0 g J5U s il b cal jasie oS jshiles aws o
silidl s Dieo 4 g sae lade woyhd Jolre a8 iul3dl
Sealdg)ded (598 B30 LIS iS5 &5 jshailen 5 Wb
Gl doml jo g yiion ojlal gy (e (IS (595 4 o
ol 2 edle ol a5 yiine Jad ;0 0,ad Cldl o o yieS
&S caol G151 (S0 5 F Gla s 5l oael Casds s samslie
O P IS js a4 Wb pe GRalS g sae lade bl o al38IL
el 00l 00ls u,..JLm «_xlf.,_u

2.4

2 4 .

= .

""" W,
1.6 - T
12 T T T
0.7 0.75 0.8 0.85 0.9
E

29908 & 0,ha8 H8 Conud (Simly —F S

S o el 53 0,3 wile (yloj ~Y-Y
oad ool lis Syie mhw o oykd wile by VO SS ys
3ok s b wile yley st 995 oo ali>de a5 jshailen .l
Sy sl Sl L (Gle 4 S e FBIES Ng,
& s ol e il oo Rl S pite a4 05k o,
Gl ol et oS 25 50 4 Sitie Y JS5 40
P 9l 3bj oyl e Az e Bkl g el sl Gl
95 ool 5l et i el gl (VL mle 4l JIE a5 ale
slate il go cnl il 5L o5kad (ol some sln s itde Gloj Do
Ol opdle eul oud wile oy Sk o S5eS e el
ke s 0l 5o bl bl s S it o Loyl 095
@5 Ml St mhe Gy o egbe ol pad g
WS oo Sl Ol e 9 00,5 035 393 55 1) 9555 5l Jol>
SISy e 50 Tuad 55 S i e oS IS e cnl - [FY]
Sl s Ko L o 5 asmt ol alie ool I8 5T Wil ol
S b SVl S jiies mhaw 50 Oli> ad gowe a5 Sy [FS]

ot oF ojlats Y Al AY Gl ojlads ¢y oKl SOl qwiigee &y ,08

HSan 5 ar S Lgho— TPATH) amio A ¥+

vos



ol oF o)lad OV Al AV Gl o)lad 5 olSKils SO cmwiiges 4y 58

Kos 5 ar S Iysho — FEATF) asio ¥

Yey

&l -F

[1] Brakstad OG., Nordtug T. and Throne-Holst M.,
Biodegradation of dispersed Macondo oil in seawater at low
temperature and different oil droplet sizes. Marine pollution
bulletin. Vol. 93, pp.144-52, 2015.

[2] Tao Z., Bullard S. and Arias C., High numbers of Vibrio
vulnificus in tar balls collected from oiled areas of the north-
central Gulf of Mexico following the 2010 BP Deepwater
Horizon oil spill. Ecohealth, Vol. 8, pp. 507-11, 2011.

[3] Dave D. and Ghaly AE., Remediation technologies for marine
oil spills: A critical review and comparative analysis.
American Journal of Environmental Sciences, Vol. 7, pp 423,
2011.

[4] Sternling Ca. and Scriven L., Interfacial turbulence:
hydrodynamic instability and the Marangoni effect. AIChE
Journal. Vol. 5, pp. 514-523, 1959.

[5] Hennenberg M., Bisch PM., Vignes-Adler M. and Sanfeld A.,
Mass transfer, Marangoni effect, and instability of interfacial
longitudinal waves: I. Diffusional exchanges. Journal of
Colloid and Interface Science, Vol. 69, pp. 128-137, 1979.

[6] Hennenberg M., Bisch PM., Vignes-Adler M. and Sanfeld A.,
Mass transfer, marangoni effect, and instability of interfacial
longitudinal waves. II.  Diffusional exchanges and
adsorption—desorption processes. Journal of Colloid and
Interface Science, Vol. 74, pp. 495-508, 1980.

[7] Nakache E., Dupeyrat M. and Vignes-Adler M., Experimental
and theoretical study of an interfacial instability at some
oil—Water interfaces involving a surface-active agent: I
Physicochemical description and outlines for a theoretical
approach. Journal of Colloid and Interface Science, Vol. 94,
pp. 187-200, 1983.

[8] Slavtchev S. and Mendes M., Marangoni instability in binary
liquid-liquid systems. International journal of heat and mass
transfer, Vol. 47, pp. 3269-78, 2004.

[9] Slavtchev S., Hennenberg M., Legros J-C. and Lebon G.,
Stationary solutal Marangoni instability in a two-layer
system. Journal of Colloid and Interface Science, Vol. 203,
pp. 354-368, 1998.

[10] Slavtchev S., Kalitzova-Kurteva P. and Mendes M.,
Marangoni instability of liquid-liquid systems with a surface-
active solute. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, Vol. 282, pp. 37-49, 2006.

[11] Dong T., Wang F., Weheliye WH. and Angeli P., Surfing of
drops on moving liquid-liquid interfaces. Journal of Fluid
Mechanics, Vol.892, 2020.

[12] Angeli P. and Hewitt GF., Drop size distributions in
horizontal oil-water dispersed flows. Chemical Engineering
Science, Vol. 55, No. 3, pp. 133-143, 2000.

[13] Sajjadi S., Zerfa M. and Brooks BW., Dynamic behaviour of
drops in oil/water/oil dispersions. Chemical Engineering
Science, Vol. 57, pp. 663-75, 2002.

[14] Lasheras J., Eastwood C., Martinez-Bazan C. and Montanes
J., A review of statistical models for the break-up of an
immiscible fluid immersed into a fully developed turbulent
flow. International Journal of Multiphase Flow, Vol. 28, pp.
247-78, 2002.

[15] Cox B., On driving a viscous fluid out of a tube. Journal of
Fluid Mechanics, Vol 14, pp. 81-96, 1962.

[16] Taylor T. and Acrivos A., On the deformation and drag of a
falling viscous drop at low Reynolds number. Journal of
Fluid Mechanics. Vol. 18, pp. 466-76, 1964.

[17] Wellek R., Agrawal A. and Skelland A., Shape of liquid
drops moving in liquid media. AIChE Journal, Vol. 12, pp.
854-62, 1966.

[18] Soo SL., Fluid dynamics of multiphase systems. Waltham,
Mass, Blaisdell Publishing Co, Vol. 524, pp. 206, 1967.

[19] Clift R., Grace J. and Weber M., Bubbles, Drops and
Particles, Academic Press, New York, Vol 5 Nos 1-4, 1978.

[20] Oshaghi MR., Shahsavari M., Afshin H. and Firoozabadi B.,
Experimental investigation of the bubble motion and its
ascension in a quiescent viscous liquid. Experimental
Thermal and Fluid Science Vol. 103, pp. 274-85. 2019.

[21] Haycock P. and Gamner F., Circulation in liquid drops.
Proceedings of the Royal Society of London Series A4

Slaslesl wile ok ot 4 0B plaS e Cuenl salal, 5> 4

Shosel Cassy s ¥V USE jo axil el e Syge 4 ol
el ool dslie pol> GmLi."‘...an)'T 2l b Coanl galal,

Gy -F
a5 5 2l Ol Jlas (g0 2 0)ld 08 > 5l adllas o
ol oS 285 JIE )y 0p90 S0l St gl S o
SeS 4 a5 AD ) p peal Gmyes S dhewsy Jlew (rl 0950
@l 59y » 435 Djyge Slaslxe 5 odal Cussy pglas (B3loy
9 o Aile g (o slael g wile Gloy bl cons sla il )l
IS ses e ol GtalesT ol o sdel ey gl il oy
Jdo Bl cpl & Cwl Gpam Sype a4 dgne Sl o)kl
Ol @l ol oMo a3l (oo i o (555 2 003 35 (slog s
Fas3 895 ol QT JSS (i gopkad s 255 b es s
Sealodg)aem (slag s (Byme sln pg dmr g dae dlal; 098 o0
Ol dlaly 4y 425 b o5 09 oo ooliisl o)la8 (Jg)s (rlaw 2255
5 a8l (Bl pg sae wo)lad Jld Al L oS B85 e (g o
oy (Sgyd (rlaw RES 9y 4 (Sealiadg ;e (5950 At o
T S e b 4 ey wile loj oad cly g sl ot
om0 aile gloy pall o oldi Lo 4l relS e
O g7e ooy GRalil g okad ylad at iy Jlys e (I
Somy FF1PSe 2 5l oplad sile ploj w0ykd x> ljl s @
ont 4l o¥ols o alaylesl cloools sauslio j S w
Gmli&..ltnﬂ sosls b oo Ly 3355 ;0 OYolas a5 0l jaseiee

Loles -0
(mm?) o ,ké colos A
Sbose Bo
(mm) Jolxo s d o
ohisllces  E
ool s Eo
(m/s%) 2l 5 s g
Pge Sde Mo
g0, sae Re
(8)bo olej t
ryoae We
(Pl 6 cy) UL
(ep)onsly ey L,
(kg/m)jlogs o Sz ST Ap
(kg/mM)ously 6 J&=  p,
(kg/m’) age 56 JS A
(N/m) 36 99 oy gl 5 o



[43] Singh K., Gebauer F. and Bart HJ., Bouncing of a bubble at a
liquid-liquid interface. AIChE Journal. Vol. 63, pp. 3150-7,
2017.

[44] Singh K. and Bart H-J., Passage of a bubble through the
interface between a shear-thinning heavier liquid and a
Newtonian  lighter  liquid.  Chemical  Engineering
Communications, Vol. 207, pp. 790-807, 2020.

[45] Sinegribova O., Andreev A., Voronin O., Dvoeglazov K. and
Logsdail D., The Influence of Silicic Acid on the
Coalescence of Drop in the Extraction System TBP-HNO3
(HC1). Solvent Extraction in the Process Industries. Vol. 3,
1993.

[46] Hartland S., Coalescence in Dense Packed Dispersion,
Ivanov, IB, Ed., in “Thin Liquid Films”. Marcel Dekker, New
York, NY; 1988.

[47] Jeffreys G. and Davies G., Coalescence of liquid droplets
and liquid dispersion. Recent Advances in Liquid—Liquid
Extraction, Pergamon, pp. 495-584, 1971.

[48] Laddha G. and Degaleesan T., Dispersion and coalescence.
Handbook of Solvent Extraction, Wiley New York,1983.

[49] Khadiv PP. and Mousavian SMA., Suggestion of new
correlations for drop/interface coalescent phenomena in the
and absence and presence of single surfactant. [ranian
Journal of Chemistry and Chemical Engineering, Vol. 23,
No. 1, pp. 79-88, 2004.

Mathematical and Physical Sciences, Vol. 252, pp. 457-75,
1959.

[22] Winnikow S. and Chao B., Droplet motion in purified
systems. The Physics of Fluids, Vol 9, pp. 50-61, 1966.

[23] Kurimoto R., Hayashi K. and Tomiyama A., Terminal
velocities of clean and fully-contaminated drops in vertical
pipes. International Journal of Multiphase Flow, Vol. 49, pp.
8-23,2013.

[24] Rao A., Reddy RK., Ehrenhauser F., Nandakumar K.,
Thibodeaux LJ., Rao D., et al., Effect of surfactant on the
dynamics of a crude oil droplet in water column:
Experimental and numerical investigation. The Canadian
Journal of Chemical Engineering. Vol. 92, pp. 2098-114,
2014.

[25] Blanchette F. and Bigioni TP., Dynamics of drop
coalescence at fluid interfaces. Journal of Fluid Mechanics,
Vol. 620, pp. 333, 2009.

[26] Mohamed-Kassim Z. and Longmire EK., Drop impact on a
liquid-liquid interface. Physics of Fluids, Vol. 15, pp. 3263-
73,2003.

[27] Reynolds O., On the floating of drops on the surface of water
depending only on the purity of the surface. Proc Lit Phil Soc
Manchester. Vol. 21, 1881.

[28] Cockbain E. and McRoberts T., The stability of elementary
emulsion drops and emulsions. Journal of Colloid Science,
Vol. 8, pp.440-51, 1953.

[29] Linton M. and Sutherland K., The coalescence of liquid
drops. Journal of Colloid Science, Vol. 11, pp. 391-7, 1956.

[30] Charles G. and Mason S., The mechanism of partial
coalescence of liquid drops at liquid/liquid interfaces.
Journal of Colloid Science, Vol. 15, pp. 105-22, 1960.

[31] Gopinath A. and Koch DL., Collision and rebound of small
droplets in an incompressible continuum gas. Journal of
Fluid Mechanics, Vol. 454, pp. 145, 2002.

[32] Burrill K. and Woods D., Film shapes for deformable drops
at liquid-liquid interfaces. III. Drop rest-times. Journal of
Colloid and Interface Science, Vol. 42, pp. 35-41, 1973.

[33] Burrill K. and Woods D., Film shapes for deformable drops
at liquid-liquid interfaces. II. The mechanisms of film
drainage. Journal of Colloid and Interface Science, Vol. 42,
pp. 15-34, 1973.

[34] Grace J. and TH N., Shapes and velocities of single drops
and bubbles moving freely through immiscible liquids.
Trans. Instit. Chem. Engrs, Vol. 54, No. 3, pp. 167-173,
1976.

[35] Karimi S., Shafiee M., Abiri A. and Ghadam F., The drag
coefficient prediction of a rising bubble through a non-
Newtonian fluid. Amirkabir Journal of Mechanical
Engineering, Vol. 52, pp. 71-80, 2019.

[36] Mao N., Kang C., Teng S. and Mulbah C., Formation and
detachment of the enclosing water film as a bubble passes
through the water-oil interface. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, Vol. 586, pp.
124236, 2020.

[37] Karimi S., Shafiee M., Ghadam F., Abiri A. and Abbasi H.,
Experimental study on drag coefficient of a rising bubble in
the presence of rhamnolipid as a biosurfactant. Journal of
Dispersion Science and Technology. 2020 (in press).

[38] Zhang C., Zhou D., Sa R. and Wu Q., Investigation of single
bubble rising velocity in LBE by transparent liquids
similarity experiments. Progress in Nuclear Energy, Vol.
108, pp.204-13, 2018.

[39] Grace J., Shapes and velocities of bubbles rising in infinite
liquid. Transactions of the Institution of Chemical Engineers,
Vol. 51, pp.116-20, 1973.

[40] Wang S., Zhang Y., Meredith JC., Behrens SH., Tripathi
MK. and Sahu KC., The dynamics of rising oil-coated
bubbles: experiments and simulations. Soft matter, Vol. 14,
pp. 2724-34,2018.

[41] Zawala J., Krasowska M., Dabros T. and Malysa K.,
Influence of bubble kinetic energy on its bouncing during
collisions with various interfaces. The Canadian Journal of
Chemical Engineering, Vol. 85, pp. 669-78, 2007.

[42] Komrakova AE., Single drop breakup in turbulent flow. The
Canadian Journal of Chemical Engineering, Vol. 97, pp.
2727-39, 2019.

(Olinsy oF oylads DY Al AY Gl o leds 3y oKl Sl pwiigee 4y 505

Kod 5 or,S ysho — FEATF) amio N Fe-

YZA



