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The effect of continuous-phase rheology on the coalescence time of single water drops
at an organicraqueous interface was in®estigated experimentally. For Newtonian fluids,
the coalescence time increases monotonically with the continuous-phase ®iscosity at a
fixed drop diameter and with the drop diameter at a fixed continuous-phase ®iscosity.
Elasticity in the continuous phase caused significant increases in the coalescence times
for drops of less than 1 mm diameter in the systems studied, but had no discernible
effect on the coalescence of larger drops. Estimates of the interfacial shear rates were
used to demonstrate that the elasticity of the continuous phase becomes significant in
the coalescence process as the drop size decreases. These results indicate that emulsion
stability may be increased without the use of surfactants by adding a suitable polymer to
the continuous phase and control of the dispersed-phase drop size.

Introduction

The ability to control the stability of emulsions or the rate
of coalescence of drops at an interface is important in many
applications. For example, many foods such as salad dress-
ings, mayonnaise, and ice creams are emulsions and the sta-
bility of these emulsions is important to their performance as
foods. Emulsion liquid membrane processes used for water
treatment also require stable emulsions in order to minimize
mixing of the external and internal aqueous phases. By con-
trast, in processes such as solvent extraction, one phase is
dispersed in another to enhance mass transfer and then the
phases are separated; this phase separation is usually rate
limiting at high throughputs, and so increased coalescence
rates would be beneficial.

In many applications of emulsions, the stability of water
drops in a continuous oil phase is of great interest. However,
the stability of an emulsion is an extremely intricate phe-
nomenon, and it is useful to first study the coalescence of
single water drops at an oil-water interface to reduce the
complexity of the investigation. Coalescence will usually oc-
cur when a drop approaches a fluid-fluid interface, where an
interfacial film forms, drains to a certain thickness, and then

Ž .ruptures. Film rupture is very rapid Hartland, 1967b , and so
the life of the interfacial film is largely determined by its rate
of thinning. A significant distribution of coalescence times is
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often observed, which may be attributed to the random na-
ture of the disturbances which cause the film to thin and
break, such as vibrations, corrugations at the interface, ther-

Žmal, velocity, and interfacial tensions gradients Vrij and
.Overbeek, 1968; Lang and Wilkie, 1971 . Dell’Aversana et al.

Ž .1996, 1997 have shown that coalescence can be prevented
under special conditions involving the flow of the interfaces
Ž .such as those driven by applied thermal or shear gradients .
However, such conditions cannot be imposed on emulsions in
practical applications.

A variety of models exist relating drop coalescence times
to the physical properties of two-fluid systems. Early models
considered coalescence to be a purely hydrodynamic phe-

Ž .nomenon: for example, Gillespie and Rideal 1956 assumed
that the fluid interfaces behave as two flat plates to obtain
the following expression for coalescence time

5a m D r g 1 1c
ts y 1Ž .2 2 24g h hc i

However, dimple formation and tilting tend to result in the
draining film having nonuniform thickness, so models which
assume a uniform thickness have been found to underpredict

Žthe rate of film drainage Hartland, 1967a; Murdoch and
.Leng, 1971 . Furthermore, interfacial mobility and interfacial

forces also have significant effects on the draining
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process and need to be included in a feasible model. Hart-
Ž .land 1969 developed a model for the drainage of a film be-

neath a rigid sphere approaching a deformable fluid inter-
face, accounting for interfacial mobility via the empirical pa-
rameter n , ‘‘the number of immobile interfaces’’i

22 23n m 2p a 1ycos a 1 1� 4Ž .i c
ts y 2Ž .2 216p F h hc i

Some more recent models have attempted to account for
other significant factors including interfacial tension gradi-
ents, fluid circulation within the phases, and surface viscosi-

Žties Barber and Hartland, 1976; Zapryanov et al., 1983;
.Hartland and Jeelani, 1994 . However, it is generally not pos-

sible to experimentally determine all of the parameters such
as the gradient of interfacial tension in the draining film, re-
quired to make accurate predictions using these models. Nu-
merical modeling techniques have been used to predict drop
shapes and film drainage rates for the limiting cases of nearly

Žfully mobile or fully immobile interfaces Yiantsios and Davis,
.1990 . However, even these limiting calculations involve sig-

nificant simplifying assumptions such as negligible inter-
molecular forces and very small drops.

For rheologically complex fluids, coalescence phenomena
have only received limited investigation and little modeling
has been attempted. The squeezing flow between parallel
discs may be used as a first approximation, which has been

Ž .solved for Newtonian Stefan and Sitzgber, 1874 and power-
Ž .law Scott, 1931 fluids. For the case of squeeze-film flow un-

der constant force, many authors have predicted that vis-
coelastic films will thin at faster rates than a Newtonian film
Ž .Tanner, 1965; Kramer, 1974; Brindley et al., 1976 , which is

Žcontradictory to experimental results Brindley et al., 1976;
.Leider and Bird, 1974 . The model developed by Metzner

Ž .1971 predicts that a viscoelastic fluid will squeeze out less
rapidly for a given applied force in the case of fast squeezing
flows. This result is especially apparent for very rapid squeez-
ing, where the elastic fluid exhibits solid-like behavior, as the
polymer molecules do not have time to realign. Although
Metzner’s model predicts the correct trends, Leider and Bird
Ž .1974 expressed concern over numerous deficiencies in this

Ž .model, especially that it does not reduce to Scott’s 1931
equation for power-law fluids when the fluid’s relaxation time
is zero. In contrast to the experimental and theoretical re-

Ž .sults described above, Williams and Tanner 1970 found that
normal stress and elongational effects were negligible in a
thin film and were, therefore, not important in viscoelastic
lubrication.

Ž .Leider and Bird 1974 proposed that the inadequacy in
previous models lay primarily in the choice of the rheological
equation used in describing the fluid. Equation 3 was devel-
oped for a power-law fluid to describe the force on the upper
plate. They were able to correctly predict trends in their ex-
perimental data, but warned that the solution is only to be
regarded as an indication of the ‘‘right’’ approach, not as an
analytical answer. The quantity in braces is the deviation from
the solution for a power-law fluid, where l is the relaxation
time of the fluid, and c and c are constants, each of which1 2
may be assumed to be approximately equal to one

n n nq3˙y h 2nq1 p mR
F s 2q1rn ž /ž / 2n nq3h

1rn˙y h 2nq1 h y ti
= 1q c Rty1 exp12q1rn ž / ž / ž /ž /½ 52n 2 c nlh 2

3Ž .

Ž .McClelland and Finlayson 1983 also developed a model
Ž .for a power-law fluid including normal stress effects Eq. 4 .

They were able to correctly predict the constant force results
for both fast and slow squeezing, but the equation was found
not to apply to constant velocity data

n n nq3˙y h 2nq1 p mRŽ .
F s 2nq1 ž /2n nq3h

nX
X Xn X n q2˙y h 2nq1 p m RŽ .

q 4X Ž .X2 n ž /2n n q2h

The rheological parameters m, n, mX, and nX are defined by
ms mg ny1 and N sy mXg nX

. A numerical procedure was˙ ˙1
also developed for fluids having viscometric functions of arbi-
trary form. McClelland and Finlayson reanalyzed Brindley et

Ž .al.’s 1976 model using revised rheological equations and
boundary conditions, and found that it did then predict ex-
perimental results correctly. However, Phan-Thien et al.
Ž .1987 did not believe that either normal stresses alone nor
elongational effects could account for observed stiffening in
squeeze-film flow of viscoelastic fluids. They demonstrated,
using numerical modeling, that a stress overshoot mechanism
was needed to account for the observations in constant speed
or constant load squeezing flows when shear flow is started
suddenly. Viscoelastic effects were predicted to be significant

Ž .for Weissenberg numbers Wisy lu rh greater than 0.5 fori
constant speed squeezing.

These models were developed for the squeezing of a film
between two flat plates. Therefore, their applicability to coa-
lescence is limited, as they do not allow for interface defor-
mation or mobility. They do, however, give an indication of
the predicted effect of elasticity on squeeze film flow, but the
fact that the models significantly overpredict the coalescence
time means that interfacial mobility is an important mecha-
nism in coalescence.

Experimental Techniques
Apparatus

Ž .The primary apparatus Figure 1 consisted of a 355-mm
Ž .long glass tube IDs39 mm , enclosed at the base. The tube

was filled with water until the level was about 70 mm from
the base, and then filled with oil to about 30 mm from the
top of the tube. Filling was performed in a laminar flow hood
to minimize contamination. The top of the tube was sealed
with a tight fitting teflon bung and, through the center of the
bung, a stainless steel syringe needle was threaded. The glass
tube was placed in a tight fitting cup, which was attached to a
platform that was able to be moved vertically by means of a
screw. Two pairs of PN gallium arsenide infrared emitting
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Figure 1. Coalescence apparatus.

Ž .diodes peak emission wavelength 900 nm, NTE No. 3028
Ž .and silicon phototransistor detectors NTE No. 3032 , ob-

tained from Stewart Electronics, were clamped to vertical rods
on opposite sides of the glass tube. The first was situated
about 80 mm from the syringe tip and the second was 43.7
mm lower to record the terminal velocity of the falling drops.

ŽA continuous wave infrared laser diode module 780 nm, 25
.mW, Vector Technology Ltd. and a further phototransistor

detector were also clamped to the rods at a position where
the laser beam bounced clearly off the oilrwater interface,
which was approximately 250 mm from the syringe tip. This
enabled the time a drop sat at the oilrwater interface to be
measured, which was defined as the coalescence time. The
tube and base, as well as diode rods, were all mounted on an
optical rail, and experiments were conducted in a 20"18C
thermostated room.

The drop delivery system consisted of a 1 mL gas tight sy-
ringe connected to a needle of 0.65 mm inside diameter and
50 mm length via a Luer lock joint. Stainless steel chromatog-
raphy tubing of ID 0.25 mm and OD 0.50 mm was inserted
into the needle and soldered from the outside. The needle
tip was threaded through a support tube, which was then in-
serted through a general purpose miniature solenoid. The

solenoid was connected to a multifunctional digital timer to
control the time of drop release. The syringe and needle parts
were obtained from SGE Scientific, and the electronics from
RS Components. The movement of the syringe plunger was

Žcontrolled at a constant rate by a syringe pump Sage Instru-
. Ž .ments . The size ds0.3 to 2.5 mm of each drop released

was controlled by adjusting the timer and syringe pump set-
tings.

The data-logging device was a PC30D analog IrO board
Ž .Boston Technology linked to an IBM compatible computer.
It had dual channel direct memory access with a throughput
of 200 KHz. Data acquisition was performed using the sup-
plied software package, Waveview, and the sampling fre-
quency was set at 180 Hz.

Materials
ŽThe Newtonian fluids consisted of n-decane )99% pure,

. Ž .Sigma-Aldrich and Hyvis 3 polybutene fluid BP Chemicals
mixed in various proportions to give a viscosity range of 2=

y3 Ž10 to 0.70 Pa ? s. Small quantities of PIB Exxon Vistanex
.140-MML polyisobutylene, MWs2,100,000 were added to

some of the Newtonian fluids to make them elastic. The
steady shear viscosities of these elastic fluids showed no more
than 10% variation over a shear rate range of 1 to 100 sy1.
The approximate compositions of the fluids, made on a weight
basis, are given in Table 1. Water distilled in an all glass ap-

Ž y4 y1.paratus k -10 S ?m was used as the aqueous phase.

Procedures
The organic phase was purified and filtered before use by

trickling the mixed fluid through a glass column containing
Žgranular activated carbon and two glass frits pore-size range

.f16]40 mm . Once sufficient fluid had drained through the
column, the fluid was gently mixed on rollers for at least eight
hours to ensure it was homogeneous, and then left for at least
an hour to allow any entrained air bubbles to be released.
The column was regularly cleaned and refilled with fresh ac-
tivated carbon.

Table 1. Approximate Compositions of Organic Phases
( )wt. % and Their Physical Properties at 20"18C

r gm% % %
y3 y1Ž . Ž . Ž .Fluid Hyvis 3 n-decane PIB mP ?as kg ?m mN ?m

A 20 80 } 2.20 757 44
B 32 68 } 3.72 773 46
C 53 47 } 11.7 802 30
D 60 40 } 19.8 818 25
E 70 30 } 38.6 825 28
F 70 30 } 42.4 825 34
G 73 27 } 71.4 834 31
H 77 23 } 124 840 29
I 85 15 } 376 854 30
J 88 12 } 699 858 48
K 20 80 0.05 2.58 762 31
L 73 27 0.05 107 840 27
M 85 15 0.05 397 852 31
N1 82 18 } 294 851 31
N2 82 18 } 290 850 46
O1 82 18 0.05 295 851 42
O2 82 18 0.10 295 849 44
O3 82 18 0.15 300 847 42
O4 82 18 0.25 305 852 47
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All surfaces that came in contact with the experimental flu-
ids were cleaned thoroughly before use. Glass and teflon ma-
terials were washed in detergent, rinsed with water, and then
soaked in a freshly made solution of concentrated sodium
hydroxide for about an hour. They were then thoroughly
rinsed with distilled water and dried in an oven. They syringe
tip was thoroughly rinsed and flushed with distilled water.

Ž .Experiments for very small drops d-2 mm , performed
using fluids N2 and O1]O4, could not be performed in the
manner described above because the drops were too small to
break the laser beams and, thus, no readings could be ob-
tained. Therefore, for all of the experiments using these flu-

Ž .ids ds0.3 to 2.5 mm , measurements were made in a 100
mL beaker with a Teflon lid. Drops were released in the same
manner as described above, and the coalescence times were
measured by stopwatch. In this case, measurement of the co-
alescence time of discrete drops would lead to large errors,
due to the low coalescence time and drop volume, so the
time for a batch of twenty drops to coalesce was measured.
The drops were released at one-second intervals to minimize
the time delay between the release of the first and last drops.
The coalescence time was defined as the time for 90% of the
drops to coalesce, as it was not possible to determine the
time for 50% of the drops to coalesce accurately. Cockbain

Ž .and McRoberts 1953 measured the coalescence time of
groups of drops at an interface and found little difference in
the median time obtained from that for single drops, which
was attributed to the drops coalescing with the interface in
preference to each other. In these experiments the majority
of drops coalesced with the interface, although a portion al-
ways coalesced with each other, leading to larger drops and
differences in the coalescence time. No difference was ob-
served in droprdrop coalescence behavior among the differ-
ent fluids, so any errors caused by this behavior were as-
sumed to be constant. At least ten measurements of the coa-
lescence time were made for each fluid at each drop size and
the results averaged. These experiments were designed to de-
termine whether elastic effects are dependent on drop size;
therefore, the coalescence times are only meaningful for
comparison with each other.

Interfacial tensions were measured using the digital imag-
Ž .ing of pendent drop profiles technique Lyford, 1996 . The

results from at least three drops were averaged to determine
the interfacial tension. Steady shear viscosity was measured
using a Carri-med CSL100 constant stress rheometer, used in
the steady rotational mode with a cone and plate geometry.
Measurements were made over a range of at least two orders
of magnitude in shear rate. Extensional viscosity measure-
ments were determined using a Rheometrics RFX opposing
jet apparatus with the 5, 3, 2, 1, and 0.5 mm diameter noz-
zles. This apparatus was selected, because it allows measure-
ment of elasticity in low viscosity fluids. Despite the acknowl-
edged difficulties with the measurement of a ‘‘true exten-

Ž .sional viscosity’’ Hermansky and Boger, 1995 , comparisons
of data obtained for different fluids as a function of shear
rate provides valuable insight into flow behavior under high
shear rates where extensional flows can be at least as signifi-
cant as shear flows. The experimental method is described in

Ž .detail elsewhere Hermansky and Boger, 1995 . Rheological
results are given in Table 1 and Figure 2. All measurements
were made at 20"18C.

( ) ( )Figure 2. Trouton ratio for fluids a J–M, and b N1 &
O1–O4.

Results
Analysis of drop rest time data

As expected, a spread of drop rest times was obtained for
all systems. For the experiments using fluids A]M in the pri-
mary apparatus, reproducible coalescence times could be ob-
tained with upwards of twenty measurements, although,
where possible, a much greater number of drops were mea-
sured. As the overall drop stability increased, less data points
were obtained and the spread of data increased. The median
coalescence time was used to describe the data, as this has
been found to be an accurate measure of the coalescence

Ž .time Nielsen et al., 1958 . The drop rest time data was found
to be more accurately described by a log-normal distribution
rather than the more commonly assumed Gaussian distribu-
tion, especially for large coalescence times. The drop half-life
t and geometric standard deviation s for each system1r2 g
were obtained from log-normal distribution plots, as shown
in Figure 3, and the results are given in Table 2. Details of

Ž .the analysis have been described by Davis and Smith 1973 .

Median coalescence time
The properties of the organic continuous phase fluids are

given in Table 1. Figure 4 indicates that the median drop
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Figure 3. Sample drop rest time data plots based on the
log normal distribution function.

coalescence time increased monotonically with the continu-
ous phase viscosity for the fluid systems with interfacial ten-
sions of approximately 29 mN ?my1. The addition of high
molecular weight PIB to the continuous phase had little ef-
fect, within experimental error, on the coalescence time of
the drops with a diameter of approximately 2.5 mm. It was
also evident that interfacial tension had a significant effect
on coalescence time, and, as the interfacial tension increased,

Žbecause of greater purity, the coalescence time decreased see
.Tables 1 and 2 .

Coalescence time results for the experiments conducted
with the Newtonian fluid N2 for drops of diameter 0.3]2.5
mm are shown in Figure 5, along with the predictions of two
simple coalescence time models. The results are only mean-
ingful for comparison within the group, due to the different
experimental technique used. The coalescence time de-
pended linearly upon the drop diameter within the experi-

Ž .mental error. Thus, the model of Hartland 1969 was able to
successfuly fit the data n , a , h , and h were taken as ad-i i c
justable parameters incorporated into the proportionality
constant for this model; thus, their values could not be deter-
mined individually from this data. Gillespie and Rideal’s
Ž .1956 model, by contrast, does not allow for interfacial mo-

Table 2. Drop Stability Results for Fluids
y1Ž . Ž . Ž .Fluid d mm u mm ? s N t s Avg. s1r2 g

A 2.36 92.98 101 8.1 1.52
B 2.20 66.23 89 32 1.96
C 2.38 31.65 129 170 1.99
D 2.96 19.46 47 500 2.45
E 2.40 11.87 47 600 2.92
F 2.36 11.44 45 550 2.99
G 2.50 7.431 28 1,400 2.63
H 2.38 2.600 18 1,000 4.43
I 3.22 1.130 16 5,800 1.95
J 2.48 0.352 35 1,100 3.65
K 2.54 88.91 200 3.7 1.83
L 2.38 4.310 73 510 2.24
M 2.68 1.170 28 4,100 2.46

Figure 4. Median coalescence time vs. continuous-
phase viscosity for fluids with interfacial ten-
sion approximately 29 mN ?mI1 and drops of
diameter approximately 2.5 mm.

bility, and the best fit to the data, obtained by adjusting the
values of h and h , did not match the observed dependencei c
on drop diameter.

Figure 6 shows the average coalescence time results for the
non-Newtonian fluids O1]O4 as a function of the drop diam-
eter, plotted as the ratio of the non-Newtonian to the Newto-

Ž .nian N2 fluid result vs. drop diameter. The 95% confidence
limits for these data were within "10% of the mean. These
non-Newtonian fluids were very similar in all of their physical
properties to the Newtonian fluid N2, except in their degree
of elasticity, as they contained varying amounts of high
molecular weight PIB. Thus, the differences in coalescence
behavior observed at very small drop sizes can be attributed
to the elasticity of the continuous phase.

Figure 5. Comparison of experimental results and
( )model predictions for a Newtonian fluid N2

over a range of drop diameters.
Coalescence time data are the average of 10 experiments
each with 95% confidence intervals indicated by the error
bars.
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Figure 6. Influence of continuous-phase elasticity on
mean coalescence times for 90% of 20 drops

( )for non-Newtonian O1–O4 fluids in compari-
( )son to a Newtonian fluid N2 of the same

steady shear viscosity.

Discussion
Ž .For the Newtonian fluid N2 , the coalescence time was

found to depend linearly on the diameter of the coalescing
Ž .drops, fitting the model of Hartland 1969 . As expected, the

simple hydrodynamic approach of Gillespie and Rideal
Ž .1956 , was not able to adequately predict the relationship as
it does not allow for interfacial mobility or nonuniform film
thickness.

For the 2.5 mm drops in fluids with interfacial tensions of
approximately 29 mN ?my1, the addition of high molecular
weight polymer had little effect, within experimental error,

Ž .on the drop coalescence time Figure 4 . This is in agreement
Ž .with Williams and Tanner 1970 , but is in contrast to many

Žexperimental and theoretical results Tanner, 1965; Metzner,
1971; Kramer, 1974; Leider, 1974; Leider and Bird, 1974;

.Brindley et al., 1976 .
Ž .The models of Leider and Bird 1974 and McClelland and

Ž .Finlayson 1983 both reduce to the Scott equation for the
case of zero relaxation time, that is, for an inelastic fluid.

Ž .Leider and Bird’s model Eq. 3 predicts that the drainage
time increases as the fluid’s relaxation time increases, with
the upper bound of the solution for a constant viscosity fluid
given by

259pm h R 1 1c i
ts y 5Ž .2 2ž /64F h hc i

Ž .In Leider and Bird’s model, the term exp y trc nl is ap-2
proximately equal to 0 for trl)0.01, as c and n are equal2
to one for this case. Thus, if the relaxation time is of the
order of 15 ms, as it was for fluid M, then for any time greater
than 1.5=10y3s, Eq. 3 reduces to the Scott equation. There-
fore, for these fluids, elasticity has an effect only at the onset

Ž .of film squeezing, which is in agreement with Metzner’s 1971
findings. McClelland and Finlayson’s model does not reduce
to an explicit solution for highly elastic fluids, although the
model does predict that the force required to squeeze out an

elastic film will be higher than that for a Newtonian fluid. To
obtain the solution for this force, a nonlinear differential
equation must be solved for each different fluid.

The drag coefficient vs. Reynolds number curve, given in
Figure 7, indicates that during their descent, the 2.5 mm drops
behaved as solid spheres. The slight deviations were due to
inaccuracies in drop-size measurement, and drop oblateness.
The majority of the data is in the creeping flow region and,
therefore, inertial effects may be ignored for modeling pur-
poses. A correction for wall effects was deemed unnecessary
as the drop diameter divided by the column diameter was
always less than 0.1 and, therefore, retardation caused by the

Žproximity of the walls was negligible Strom and Kintner,
.1958 . In creeping flow, the maximum shear rate on the sur-

face of a sphere is given by 3u r2 a. Thus, for fluids K, L, and`

M, the shear rates on the surface of the falling drops were
105, 5.4 and 1.3 sy1 respectively. As all the fluids used in this
study had constant steady shear viscosities, the Trouton ratio
Ž .Figure 2 can be used to characterize their elasticity as a
function of shear rate. Thus, at the calculated shear rates on
the surface of the falling drops, the effect of elasticity was
small. Also, in creeping flow, the influence of elasticity is in-
significant, due to the absence of inertial forces with which
elastic forces could interfere. Therefore, the addition of high
molecular weight polymer had no effect on the velocity of the
falling drops for low Reynolds numbers, and, at higher
Reynolds numbers, the elasticity of the fluid was still low and,
therefore, also had little effect.

The velocity of the fluid squeezed out between the drop
and the interface will depend on the mobility of both inter-

Ž .faces. Lee and Hodgson 1968 developed Eq. 6 for the case
of immobile interfaces, and Eq. 7, when allowing for slip at

Žthe interfaces, assuming the interfaces are plane parallel r
and z are the radial and axial positions in cylindrical coordi-

.nates

22 Fr h
2u s y z 6Ž .r 4 ž /2pm Rc

2­gr­ r h
2u su q y z 7Ž .r s ž /m h 2c

Figure 7. Drag coefficient vs. Reynolds number curve
for 2.5 mm drops falling in fluids A–M.
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Using Eq. 6 to estimate the velocity of the fluid in the film
if the interfaces are immobile with r s R at zs0 and hs
10y6 m, the maximum velocity for 2.5 mm drops was given by
us8=10y8rm . For the viscosity range investigated, this cor-c
responded to Reynolds numbers in the draining film of 10y5

to 10y11. If the interfaces are mobile, the velocity of the fluid
in the film will be higher than that estimated for immobile

Ž y1.interfaces. The velocity of the interface u m ? s was cal-s
y3 y1 Žculated as 2=10 m ? s using Eq. 8 Jeelani and Hartland,

.1994 , where the interfacial tension gradient was calculated
to be y0.33 N ?my2 from experimental data using Eq. 9
Ž .Hartland and Jeelani, 1994 . Although Eq. 9 assumes immo-
bile interfaces, it is the only method available to calculate
­gr­ r, and was, therefore, used as an approximation. Substi-
tuting this value into Eq. 7, the second term was found to be
much smaller than the surface velocity and, therefore, the
radial velocity was initially approximately equivalent to the
surface velocity

3Fah p R ­gi
u s 1q 8Ž .s 3 ž /ž / ž /2 Fh ­ rpm R Riid

­g 2 Fhi
sy 9Ž .3ž /­ r p RRi

The calculated surface velocity corresponded to Reynolds
numbers of 2=10y6 to 8=10y4 for the viscosity range inves-
tigated. When the interfaces are fully mobile, the interfacial
tension gradient is zero and, therefore, from Eqs. 6 and 7,
the velocity of the film was estimated to be 0.2 m ? sy1, which
corresponds to Reynolds numbers in the range of 2=10y4 to
8=10y2. The above calculations indicate that flow of the
squeezed film for 2.5 mm drops was laminar and, in the
creeping flow region, even when the interface was fully mo-
bile. Therefore, due to the absence of inertia in the squeez-
ing film, elastic effects are expected to be small for drops of
this size.

For Newtonian fluids, the shear stress at the interface is
equal to the viscosity of the fluid multiplied by the velocity
gradient. This relation also holds for the viscoelastic fluids
used in this study, because their viscosities were independent
of shear rate, as is the case for Newtonian fluids. If the inter-
faces are assumed immobile, Eq. 6 may be used to calculate

Žthe velocity gradient, which leads to Eq. 10 Jeelani and
.Hartland, 1994; Lee and Hodgson, 1968 . Equation 11 is ob-

Žtained upon substitution for R Derjaguin and Kussakov,
.1939

2 Fh
Xt sy r 10Ž .r 4p R

3r28 3g
Xt sy h 11Ž .R 1r2 ž /3ž / 23a D r gŽ .

From Eq. 11, the maximum shear stress at the interface for
a 2.5 mm diameter drop was y0.33 N ?my2, occurring at the
film periphery. This corresponded to shear rates of 129, 3.1,
and 0.8 sy1 for the fluids K, L, and M, respectively. At these
low shear rates, the corresponding Trouton ratio for each

Figure 8. Maximum shear rates at the surface of the
falling drops, and at the interface of the
squeezing film.
Rates calculated using Stokes law and Eq. 11, respectively.

non-Newtonian fluid was approximately that of a Newtonian
fluid, so elastic effects were small. When the interfaces are
mobile, the velocity gradient will decrease and, therefore, the
shear stress, and the corresponding shear rate, will also de-
crease. This will decrease the effect of elasticity. As the inter-
faces were likely to have a significant degree of mobility, elas-
ticity is not expected to have had a significant effect on the
coalescence time for 2.5 mm drops in these fluids, and this
was confirmed by the experimental results in Figure 4.

The terminal velocities of the smaller drops could not be
measured, so they were estimated using Stokes’ law. Figure 7
indicates that Stokes law was followed for large drops falling
in fluids with a similar viscosity to fluids N2 and O1]O4, so
for smaller drops, the assumption of creeping flow was ap-
propriate. Using this method, the terminal velocity of drops
with a diameter of approximately 0.3 mm, for example, was
calculated to be 0.025 mm ? sy1. The maximum shear rate at
the surface of the falling drops was thus estimated to be less

y1 Žthan 2 s for drops of less than 2.5 mm diameter see Fig-
.ure 8 . At such low shear rates, the influence of elasticity on

the falling drops was expected to be negligible, based on the
ŽTrouton ratio, except for the more elastic fluids studied O3

.and O4 , where a small effect was expected.
For squeezing film flow, Eq. 11 indicates that the shear

stress at the interface is inversely proportional to the drop
radius cubed. Therefore, as the drop size decreases, the shear
stress and shear rate increase significantly, as shown in Fig-
ure 8, assuming immobile interfaces. The experiments con-
ducted with drops of different diameters confirmed that elas-

Žtic effects on coalescence are dependent on drop size Figure
.6 . For very small drops, elasticity in the continuous phase

significantly increased the coalescence time, whereas no sig-
nificant effect was detected for drops of 1.5 mm diameter or
larger. This cannot be simply explained by the stress over-

Ž .shoot mechanism proposed by Phan-Thien et al. 1987 , al-
Žthough the estimated Weissenberg numbers approximately

.0.8]50 for fluid O4 are greater than the cutoff they deter-
mined for viscoelastic effects in constant-speed squeezing.
The overshoot mechanism implies that viscoelastic effects in-
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crease as the fluid elasticity increases, as we observed, but
also that they increase as the initial squeezing velocity in-
creases. The initial velocity in these coalescence experiments
is expected to be related to the terminal approach velocity of
the drop falling towards the interface, which decreases with
decreasing drop size, whereas the effects of elasticity were
observed to increase as drop size decreased.

It is proposed that the observed dependence of elastic ef-
fects on drop size occurred because the shear rate at the in-
terface of the smaller drops was high enough for the non-
Newtonian fluids to exhibit some elastic characteristics. As
shown in Figure 8, the maximum shear rate at the interface
of the squeezing film increases rapidly with decreasing drop
size and with increasing film thickness. Sample curves are
shown for squeezing film thicknesses of 1 mm and 30 nm,
chosen to be representative of the initial and final film thick-

Žnesses during the coalescence process respectively Murdoch
.and Leng, 1971; Liem and Woods, 1974 . For a film thickness

of around 1 mm, the maximum shear rates at the interface
are expected to be relatively large for drops of less than about
1 mm. This would result in the Trouton ratio for the non-

Ž .Newtonian fluids O1]O4 being much larger than that for
Ž .the Newtonian fluid N2 when the film began to thin, and so

elastic effects would be significant. It must be noted, how-
ever, that the interfaces are not immobile, as assumed in Eq.
11, and that the shear rate will decrease as the film thins.
Furthermore, Eq. 11 is only valid if the interfaces are plane
parallel and so, only applies after the drop has deformed when
it is very close to the interface. Therefore, the elastic effects
were probably less than predicted by the upper curve in Fig-
ure 8, but for the smaller drops it was still expected that the
non-Newtonian fluids would exhibit elastic effects for a sig-
nificant part of the coalescence process. It may be inferred
that elastic effects are most significant when the drop just
reaches the interface, before notable thinning has occurred.

For two fluids, one Newtonian and the other non-Newto-
nian of the same shear viscosity, the effective viscosity in
squeezing, or elongational flow, is greater for the non-Newto-
nian fluid, providing the shear rate is high enough. The
greater effective viscosity reduces the rate at which the film
thins, thereby increasing the coalescence time. This result is
significant in relation to the stability of emulsions formed with
non-Newtonian fluids. It is apparent that elastic effects are
dependent on shear rate, which varies with drop size. For
elasticity to affect coalescence rates, the drop size must be
small enough that the fluid will exhibit elastic characteristics
at the interfacial shear rate. Therefore, in considering the
effect of large polymers on emulsion stability, the fluid elas-
ticity should be determined to enable prediction of the shear
rate at which elastic effects become significant. Combining
this with knowledge of the fluid’s physical properties, and us-
ing Eq. 11, the critical drop size at which elasticity will affect
emulsion stability may be determined. It should be noted that
the calculations for shear rate and drop size assume immo-
bile interfaces, so the results will be an overestimation of the
values required. Allowance for this should be made when de-
signing an emulsion system. For drops larger than the critical
size, elasticity will be insignificant and the stability of Newto-
nian and non-Newtonian emulsions of the same continuous
phase viscosity will be the same. Below the critical drop size,
the non-Newtonian emulsion will be significantly more stable

than the Newtonian case. For the fluids used in this study,
the critical drop diameter calculated such that elastic effects
are significant even when the film thins to 30 nm, and assum-
ing immobile interfaces, was estimated to be in the range
0.8]1.1 mm. This corresponds with the experimental results
shown in Figure 6, which show the coalescence time for the
non-Newtonian fluids increasing relative to that for the New-
tonian fluid at drop diameters of 0.8 mm and lower. It is not

Žunreasonable to expect this drop size in an emulsion Lorbach
.and Hatton, 1988; Stevens et al., 1996 and so, with careful

formulation, enhanced stability may be obtained, using elas-
tic non-Newtonian fluids.

The above finding will have a significant effect on the for-
mulation of many emulsion systems. For example, with emul-
sion liquid membranes, increased stability may be achieved
by the addition of a suitable high molecular weight polymer,
rather than increasing the bulk viscosity which would de-
crease mass transfer, or by adding surfactants which can also

Žhave adverse effects on mass transfer Mikucki and Osseo-
.Asare, 1986 . It has been shown that for an emulsion liquid

membrane, greater chromium extraction may be achieved us-
ing a viscoelastic membrane, rather than a purely Newtonian
one, which was attributed to greater stability of the viscoelas-

Ž .tic membrane Stevens et al., 1996 . The increase in effective
viscosity, caused by polymer addition, does not decrease mass
transfer if the polymer is only present at dilute concentra-
tions, because the rate of diffusion is largely dependent on

Ž .the solvent viscosity Metzner, 1971; Ponter and Davies, 1966 .
If a too high a polymer concentration is used, however, diffu-
sion rates may be affected, and dispersion of the internal

Ž .phase may be hindered Stevens et al., 1996 .

Conclusion
The effect of continuous phase viscosity and elasticity on

drop coalescence time at a planar interface was investigated.
It was found that the effects of elasticity in the continuous
phase caused significant increases the coalescence times for
drops of less than 1 mm diameter in the systems studied. As
predicted from the estimated interfacial shear rates and the
measured Trouton ratio of the fluids tested, elasticity be-
comes significant in the coalescence process as the drop size
decreases.

The results indicated that emulsion stability may be in-
creased by the addition of a suitable polymer to the continu-
ous phase. The extent of stabilization was dependent on the
rheological properties of the polymer solution, and the dis-
persed-phase drop size. A method has been proposed which
enables an estimation of the conditions at which elastic ef-
fects become significant. This relies on knowledge of the
physical and rheological properties of the continuous and dis-
persed phases, in particular, the Trouton ratio of the contin-
uous phase.
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Notation
asdrop radius, m

C sdrag coefficient, 4D r dgr3r u2
D c
dsdrop diameter, m
F sforce, N
g sacceleration due to gravity, m ? s2

hsfilm thickness, m
h sfilm thickness at drop rupture, mc
h sfilm thickness when drop initially rests at interface, mi

m, mX spower law parameters, N ?my2 ? syn ,nX

M sgeometric mean, sg
n, nX spower law slopes

Nsnumber of drops
N sprimary normal stress difference, N ?my2

1
Rsradius of barrier ring, m

ResReynolds number, r udrmc c
tstime, s

Tr sTrouton ratio
usvelocity, m ? sy1

u sinitial velocity of top plate in squeezing flow between twoi
plates, m ? sy1

u sradial velocity, m ? sy1
r

u sterminal velocity, m ? sy1
`

WisWeissenberg number
a sangle of the edge of the film to the vertical axis
g sinterfacial tension, N ?my1

g sshear rate, sy1˙
k sconductivity, S ?my1

lsrelaxation time, s
m scontinuous phase viscosity, Pa ? sc
m sdispersed phase viscosity, Pa ? sd

r sdensity, kg ?my3

s sgeometric standard deviationg
t X sshear stress, N ?my2

t X sshear stress at radius r, N ?my2
r

t stime taken for half the drops to coalesce, half life, median1r2
coalescence time, s

t stime taken for 90% of the drops to coalesce, s90 %
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