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Abstract

Ihis 
i,^eytqliot: i:.a slu.dy aJ the lcneth of tine v,herc drcps can exist at dn oit-\ratet inte(ace befarc caatescence

-. .e\  pta..  , ! i !h n bdlk orrhe sa'ne pkate at tke dtap, Many fa.rct t  aJ.. . , .nB th? r iac al  ,aat, , .u.c, ,rc, ! t ,J i"J i , t
: i):h,:'tisihon which in.lu(Jed: 

.hp, ryL d ohav 17ow rctL. continrou, ph.,7.h..ishr. h;!c ,i:. ia d,st,bLbt. t,h.iry
: :U.te ' tc,  D.^1, 'a phr ' , ,  and j ; ,osiry rct !rc ot ort"okt syt! ,n:  cntta) inp lhac t iqt idt tFtJ ,)s! . t r , :
'.rcrena/water, gasailhatet' and hetune/watet. Hisher wruc al coarcscence t.rc 'iai t.:ts ar a.t,nth fow rare, s\cn.eight and .7nm dianeb af hole far eas oiywate/ systen, and toi'e/ w/,e *as 0.Ss at A3hts Jtow ;tu, t\cDt heighljd lnn dianctet oJ hole Iar he:a e'iatet svsten. tt is obsened that time af caatescence incrcased vith incrcase in:.' rtv'ote t phd\e rtow tatc,,:ontinh.l" rhose haight, hare lize in dilribntar, and scasity ratia afait\rater syna,t.
Tne.reslrs have been analvzed by dinenioha! and statisli.at anatysk, an.l a corrarauin was.tcreloped rckri g
:.alescence tike with the aperattngfactors and the physicat prcpeties afthe !ht.ee oil/wdtet systens.

lieyrazls: liquidJiquid system, drop coalesceno€.

lntroduction
Coalescence is associated with the decrease in fiee

,'rergy of the liquidliquid inrerface and is aided by the
:rppression of turbulence, which helps $e droplets to
:ggregate to form a heterogeneous dense packed zone at'jre main interface between the bulk phases. The rate ol
rigration of droplers ro the coalescing main inteface
:epends on the type of dispersion and the properties and
.rterfacial characreristics of the system. The acrual
:oalescence mechanisms are complex, involving the
:ctors thal govern rhe thinning of the conrinuous phase
::lm.between the two coalescing interfaces; dependrng on
:ondrtroos, coatescence may occur either at the plane
:rrerfac€ or at the drop/drop interface. Coalescence ar $e
:lane interface occurs at lhe exit end of a contacior after
rass transfer is over, whereas drop-drop coalescence
-ises both wirhin the droplet band awaiting coalescence
::rd lvithin the contacior Il]. The sysrefi of forces acting
::r a drop during th€ coalescence process was ge erally
:\lremely complicated. These forces may be divided into
=ee categories [2]:

L Driving forcest those pushing ihe droplets towards the

2.Repelling forcest those in the opposjte direction,
rcpelling the interfaces from each other.

3, Resisting forces: rhose hindering the flow ofthe film of
connnuous phase, genemlly 1he h)drodynamic

Numerous studies ofthe coalescence of drops at plane
interfaces had been made for two-component systems.
These studies with fiar inrerfaces had helped in the
understanding ofcoalescence without the complexities of
drop-drop and mulr idrop inreraLl ions. In\e,t igJrofs had
found that lhe r ine inrervdl bel$een lLe arr i \al  of  l
droplet at an interface and final coalescence is not
constant but exhibi ts a distr ibui ion of r ime al though rhe
dislr ibut ion is approximarely Gaussian [3] .  furthermore,
all workcrs accept drat the coalescence processes takes
place through five consecutive stages 14l:
LThe approach ofthe drop ro the inrerface, resutring in

defo.marion ofborh lhe drop and l t re inrerfd(e.
2. Darnped osci l la l ion of lhe drop ar rhe inrerfrce.
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$as used the column wall distorrion due ro c rvature was
avoided by using a Perspex box filled wirh 

"ater 
which

surrounded the column. Kl inger 061 used the same
Iechnique to measure the drop sizes and investigate the
phenomenon ofdrop coalescence and breakage in pulsed
packed exlraction column.

Recently, The Particle Inlage Velocimetry (PlV)
nethod was employed to determine vertically planar
!elocify fields ofdrops sLrrrounded by Iiquid ambienr rhat
rnderwent coalescence. ln addirion, high-speed video
caflera was able to track the extremely rapid thin filnr
ietraclion follorying rupture and rhe intcrfacial
ieformation during drop fluid collapse nrto the
underly ing l iquid (17).  Kassim and Longmirc (18) also
lsed the Padicle lnrage Velocimerry (PIV) method to
Jetennine instantaneoLrs velocit) and vofiicity fields in
.er l ical  planes of now and to idcr. i t )  interei  ng -egio1,
and events throughout the impact.

Experimental Work
Equipment Descriplion

lD this study, the following faciliries were used ohe
general  v icw of dre equipment is shown in Fjg. L
Coalescence column is gnduated QVF column of 8cm
i.ner diarncler and 40cm heighr was used to show the
.oalescence of droplets at oi l -$ater iJrrerface. Distr iburor
lvas of 9.8cm diameter placed a! lh€ bottonl end of rhe
colLrmn. Thc dispersed phase distriburor at dre bo om of
the colunn was construcled ofPerspex so that it was not
wetted by the aqueous phase. There were five differen!
distr ibutor plates, each one contained three holes of 3,  5,
7, 9 and l lmn ir  diamerer for each disrr iburor,
re pecri \c.y.  lhey scfe perfor. l l .d "s rhe r  an;Lidr f  

. ,  l
rnd 2.5c1 r l .e dr, lan.c bcr$een "d_rcenl hole5 'L ' j  cfo$ 1
in Fig.2. Dosing pump used ro dralv rhe oil fluid from ojl
vessel and pass through the distributor a! dr€ end of the
column to create a different flow rate.

Fig.2 Photograph ofthe coalescence cohrmn

Photographing equipment
Photography was used io measure time of coalescence

while showing dmp coalescence at oil,water interface. The
carnera used ryas a Surfbam, will USB digital video camem.
Tlre lighting was provided by a 100 watt, ftosted bulb,
reflector type, and flaneproofmercury discharge lamp. Whitc
r€flective plate was put on dre side ofdre colLmn opposire to
tle cajnem in orde. lo rcflect the liglrt liom rhe lamp, which
wasi posjtioned nonnal to the cam€m. Thus, lamp liglx
passing t|rough dre meniscus near 1e column wall would be
reliac{cd leaving Lr d.uk section. To avoid rhis problcm, thc
ligit was incliDed downward tluough rhe liquidliquid
interface. An image viewed at a high incidence angte with lhe
interfbce would be slightly distoded. This dhtorrion h
enhanced during intefacial oscillations rhat occu during and
aft€f impact. To clinrinate rhis prcblem, the camem was
inclined dovwward slighdy to view rlrough the intertuce fion
up. The inclination mgle was approximately 20". Since lhe
camcm was positioncd at an angle, he venical and horizontal
dircctions were calibmted independently. From dre calibmtion
measurements, the actual camem angle was obtained from the
following equation:

, = -, [#iJ (4)

Wherc M, and M, were the x{irection and ydircction
calibrations in unils of pixelycm, respectilely, lyru an
dssorirred unccruinly of 1". Tlre r(rJrt in8te. qcrc l.casured
dnccrl) Iiom d La b?rion im.ge ' '. TIe devclopment of rlc
captund image was carried out using compuief aidcd inrage
analysis progmm of Windows Movie Mal,er of Microsoft
Corpomtion.

Experjmental procedure

At the sian ofeach experimenr, the coalescenc€ equipnrent
lvas cleaned. The glass p3ns of column lvere initjally
de$eased widr sohrtion of aqueous washcd powder, then
rinsed with water. The inlcmal sections were cleaned byFig. I  Plrorographic view ofrhe equiporenr
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Ace coalescence in liquid'liqxid svsteDl

Table I Physical properties ofthe systein

(c)
30.5
3 0
30
30
t0
30

l . 2 l 5 x  l 0 '
0 .84 ' lo  r

2. t25" loJ
0.84,10 r

0.345'  l0r
0.84 ' l0  r

^",k"t:,Tr,,.,
3 9 . 4 5 i  l 0 '

Densit!

711.82
995.56
8t0.69
995.56

653
995.56

49-43

-
99%

43.24'  Io j  
' :

53.06 '  l0r  -

scrubbine with solution and finally with water' Three sets of

"*o".inli't. 
*.o p"tfor[n"d using oil (kerosene' gas oil and

hexane) as a dispersed phase and water as continuous pnase;

the physical properties of the liquidliquid systems empbyeo

are summarized in Table I
the coolescence colLrnn $as flled firsr widr diqtilled wrter

to certain heigb! liom dre sliter QVF glass vess€l Then' lhe

anrinp ounp 
-*as 

stated at cerbin flow rale and oil Iiom $e 5

ri"i 
-oVe 

*r^t ve)sel was pushed rc disribulor wh;ch

in.iuaia..nlin nozzr" tit* at b;nom ofcoldmn to creae and

"[-. 
J. at* lo the oil-waler inledace The schemalic

diagmm ofdrc whole €quipnen! is sbown in Fig 3'

in lhe illuminaled rcgion. The capRxed images were sared In

compuLer and anallzld to calculare tlR lime of coalescence

droo firoueh oiFqaLer inlerfa.e The experimenhl da|, were

Ju,i*J-i" ,ri *o uy .t'*8ing one variable {the heishr or
continuous phar€ and {low mtes of dispersed phase \''rere

,-""" ,l'. '*irUr.. changed) $lile keepiflg $e odrer

."*,i,. ii". now mtes uire obhined for each heighr ol

conrinuous phrse (waLet heighl) Hence ditLillcd water \'ras

oo*.a ,o .itrtn io u*v rt'e heighl At the end value of rhe

i";eLioi 
"ontinuor. 

ptt*", distributor with od€r nozzle siz€

\,ri"of"*d. ft'.t. u.pt *.€ canied oul at $e next Jet of

sv\rem and 50 on, fin;lly all inlet and oLtlet valves $ere

ciosed at the sane time, and the dosing pump and the camem

Results and Discussion

Effect of the dispersed phase flow rate

fie expenmental results sbow that increasing flow mte of

aisoened'phase lead to high increase in tb€ velocity at the

nozzles or-rLleu r,he disp*ed phase liquid irsues as a Jet aro

,i .lo*- l"ul't inro u r.e. nuinber of small liquid droplets

.t 
".fr". 

a;""* t"'" 'l1.-nozzles Tlus. Lhe increase in flow

." r |q", t  *r .J.  ' ta*e the drop ' ize $her€d dre bul^ of

i,"". ."ilai"* -a coales(ilg with o rer neiglrbodng drops

becausc ofrhe nrbulence in (onlinuo'rt phase lr can be seen

('carly firt $e coalescence Iime ;rcreasesviLl rle'ncrca"e rn

flow rareofdspened phase. as il is clarified in fi8 a'6'

Dosing
pump

Fig.3 Schematic diagram oflhe equipment

About flve minutes were given for the equipment to

a.hiele a 
"Leady 

.Lare mndirion The (dmem w15

synchroni4d wifi the hghrilg _o caprure the drop coalescence

FL()@rE(dt

Fis. 4 Time ofcoalescence vs flow rate at bole diameter
' 

ofSmm for Kerosene/Water System
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5 Time ofcoalescence vs. flow rate al bole diameter
of3mnr for Gas oil/Water Syslen

Fig. T f ime ofcoalescence vs. cort inuous phase heighr at
hole diamcter of3mln for kcfosene/warer system

3 '

rlo@rE1n6)

i ig.  6 Time ofcoalescence vs. f low nte at hoie dianteter
ofSmm for hexane/wnter system

=iJect of continuous phase height
A series of coalescence lime deteuninations werc made

,:i tle oifwaler systems under vanous conditions to
:restigate tle effect of changing dre distance of asceDsus of
:.3 droplels to lhe interface. It is observed that tim€ of
::3Lescenc€ increascd widr increase in tle height of
:::tin!rous phase due to increase in the ascensus of $€
--rplets. Tire drop r€leased,iom tie hole by uttefir]ost
'-':oci$, is in column boflom to certain height in fie
::rdnuoLrs phase, It anives to tenninal velocib, at height
irro\ir arcly 20crn. llle arnplitude of drop size ir!rcases
.:en dre dislance ofascensus incrcases. This is likely to have

:: incrcasing effect on rhe bounci'rg of the drop and therefore
: +e time of coa e5cence as re disunce of rcelsLs

..rea9es, Tlpicnl resLrlb for dnce oiywater ryst€nts arc
:.J$r in Fig.7-9. Variation ofcoalesccnce time with heigh!
i :rost likely tlre resuk of distubances caused by impact of
'-i. drcps witi rhe iflcrface. Such disturbances \yould increase
. ,ie enerry possessed by l-he drops betorc impact increased
:-:i is with increasirg lengdt of ascensus, drop size, and llte
::proach velocity of die drop to rhe interfuce. It might be
r-ought initially fiat an incr€ased dkturbarce would rcduce

coNlNuousPMseHEcrrlcm)

Fig. I  Tinre ofcoalescence vs. cont inuous phasc height ar
hole diamcter 3mm for gas oil,,warer system

Fig. 9 Tinre ofcoalescence vs. cont inuous phase height ar
hole dianrcler 3mm for hexane/water systenl

dre drops slability, but he distufuance would eject dre drops
ftom dre i erface and drer€by increase dre riickness of the
drainage filn rnd consequently rime ofcoalcscenc€. Because
ofthe forces acting on rre drops, the dlnamic forces due to
dre turbulent eddies in conrinuous phase altempting ro brea-k

6
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Drcp inte(ace caalescence in I

uo Lle drcpr, the sunace forces aflempLing lo rcsisl bredl up

ii"* r""i' *ti ai"*arion or ne &ops dep€lds on $e

;il;:t;;;i;;;:;J ph)qicar prcpeares of.svstem" Ir the

iJi.'ii iir" r:l*e" ;;rprei virh rhe 'crrc ortrrburence
dre drops \Yill liagment.

Effect of disiributels hole size

Fre. l0 show" $e etrect of hole size on.d'e l;me of

.oaf.-"c.n"e ur differenr oivwdler slsrems A( hnLe srze

-".* .* tb" Ll*. 
"t""a.s(ence 

will increase But in fie gas

iii''fr., .t".," ,r,. ,n" 
"f 

coalescence decreases marled\

", ^ n 
""a 

ff mm dbmeler of hole sizes becJuse of Lhe

il;;#' ilil;"Lr b) the variaLion in \ero(ilL of

Ji.'xn.a pLase at nozzle' orrLleL in the nxbulent conrrntrous

"i1.. "niJ.*." 
drffercnl dvnamic prcssure 3r direrent

i"l"* 
"" 

*. surfa'es of $e dops and also caLse

i.foinu,ion of,rr. a'opt rrte dispersed ph'rse before reledse

"ii-". i' n.* * " iir 
tr'e iel size is relaled lo the hole size

ii'if i'*".a O,i'. now de since he drop' sizes mav

i" ,oot*i'i""ry j . I ti"e' the holes sizes ar l^w flow mres

ii"''ii"" l""rJ*** 
"r 

o-ps might occur at Lhe disuibulor

ili. 
".rr,l"g 

in unpredknbilib' of drop beh*ior' thdt

:;';;;- ; the distdbutor can be avoided bv higher

velociti€s in tbe saeaningjet region

rend to\\"ds stabilily when lhere is a small dilfercnce in

;;;;-;;- * d".* and a raryer drop s'ze a' shown in

i'". ri. a' '1" n"ri a;"."rer increale' tlr etrecr of den"rtv

ai-r.**" i"."r* and he curle con\en ftom concave to

"."""- 
a* a incrsse in the buoyancy force atrecting the

film drdin€€

o

3

oTFFERENCE oF oE{srfl ucit)

Fi' t I Time ofcoalescence vs deniity dilTeren(e at 0 3ml/r
'no;rale 

and 1ocm heighL for lhree oil water sysrens

Effect of viscosity ratio oi oil/water systems

I ia l? show, $e eff€.t of increasing phase visco:iry rari

,.r'i", o-" tl. ,1.. of*a.s(ence lt L cle3rly shosm lhal lh

l;1i';il;il;..; 'il""* with increasins viscosiry ,uri

iue to increase in rhe draindge force that assist Lhe rupRre (

il d'*'i'l; ^ will be exleoed becaLre the-rFsi'unce i

;;;; ;i;. film is irrcreased rhe rime of coale'cen'

i^i"^lr. ^ tr'. n"r" ti* i"creases due Io incrc"se :r\ the drc

li",i,"-J "iJ"ru 
i'tn"' 'i'cosiry' $e h;sher drainase ion

ii."i'.ii *' l'. '.i"".n 'n rine or coaes'e* aL r'o

aiui"i* s -a irt' -a "iscosiry 
mtio above 1 8 is due

break up of large dmp !o smaller drop slze'

srzE oF HdE {mm)

Fie. lO I ime ofcoale'cence vs hole size al0lTl 's f lo$

rate and IOcm herghl for lhree oi l  waler ' ) \ rems

Effeci of density difference between phases

Phhical prop€rie, have a considemble influence on

;;ft:J il The effe't oi dersitv diflerence qill be

;#;";;;' Lhe increased deformalion of drop (i e

ii,'""r"."i at"o 'r,.'gr' increase of densiry difference \ ill

;Ji;.-;,J; i" u-'i a'rn"e' rorce and 'ome dropre*

*rrii;"t -a coale(ing qith o$rr adj"cenL droplels or

;*uijni ;-.tt.' on the oivtr€rer inrerface . 
becdLre o'

L"H,'n* i "ru. 
*r'ta ea(h drop or !'ider -rne 

inrerfa(e

i.i""r" 3r *. *u"r** in corlinuous pha'e This is anins

;,h;il"4;*"""ce time However' there is a slight
I ip. 12 fiTe of(oalescf,nce vs \iscos:r) rario ld/p' ar 0 Jl

- 
now rare ar,a t 0c m height for Lhree oiVwater syslens
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Theoretical approach
The turgoing discussion showed drat dr€ J:ctors affeding

'ie time of coalescence aiq velociry of dispeBed phase UN,
.ontinuous phase heigh! L, physical propedies of both phase
and hole size d^-. E:rli€r str.dies sboli'ed a variery of
rrrdngement ofthese liclors witl the time ofcoalescence !0,
;1, l3l. For lhe pr€sent work, all these facro$ were corerated
:'or lhe systenrs studied. The qualitative results of tle slatisrical
analysis were laken as fie basis of the d€velopment of a
.onelation for coalescence time t ofthe fonn:

F( p, !., !.i UN, L,1, g, dN) (5)

Mcan size ofdrop entering the

Acceleration du€ to gra!ity
Dislance offall or ascensus ofdrop

Timc of drop coalcsccncc
Mean coalescence tinie

Velocity ofdispesed phase at th€

/ Intcfacial tcnsion
I  Inc l inat ion msle of l ishr ins
, Ac(rxrl carncra aiglc
I Viscosir!
t. Viscosily ofcontinuous phase
l/ Viscosity ofdispeNcd phase
pc Dcnsity ofconllnuous phasc
p,/ Density ofdlspcrsed phasc
Ap Density differcncc bclwccn pirascs

Nomenclature

c
L

T
UN

.C

0.3mlh

t s

ity mtio

ily mtio

fie drop
3e lorce

nhere K is constant, Capillary rrumber Ca= (|.UN /.f), and
Froude number Ff= (1,1,%dN). The STATISTICA compurer
progam (99 Edition by Stalsoli, Iic.) $as used to find dre
constant and ihe indiccs in Equation 6. For all oil/water
sysienrs studied, 2625 data points werc used to obtain $e final
conElation of the fo1ml

Funler dimensional analysh showed dre corelation
. fdre openring co dihor. .urd ph)s:(al  piopenies is:

v : , = r l v u . , .  I  l a - l  l _ r  I  c , , r . ., r  \  r .  )  \ ! , )  1 , 1 ^ . )

q, t=r65r. rl , (44,,u."rL) 
"'

.@'l""(+)""**",,*"
\ / j ,  )  \dN )

N/n

des.

, . : t - j

Conclusions
l.The increase in dispersed phase flow rate caused an

increase in the t inre ofcoalescence.
2.The effect of increasing the height ofcont inuous phase

was always to i rcrease the t ime ofcoalescencc and t le
stability ofdrops. When the drop ardves to the terminal
velocity, the amplitude of drop size increases. This is
likely to have an increasing effect on the bouncing of
the drop.

3.For dislr ibutor 's hole size greater than 7mm, unstable
drops were formed lvbich break up to a smaller drop
size. The increasing ofthe holc size by 5l% is l ikely to
have an increasing effect on the drop size and therefore
on the t ime ofcoalescence.

4.Ther€ was a slight tend tolvards greatef stability of
drops through oil-water inlerface when there was a
snal l  di f fercnce in denshy ber$een rhe pl  rsec.

5.The increase in phase viscosily rario fud/p.) caused
increases the t ime ofcoalescence as wi l lbe expected.

6.An empir ical  correlat ion was developed for ihe range
of var iables studied $' i th a conelat ion coeff ic ient of
0.975 and 22.44% absolutc average percent errof.
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