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Synopsis

We present experimental findings and matching modeling concerning the effect of water droplets on
the rheology of a high viscosity alkyd resin. In the flow regime where significant droplet
deformation occurs, the shear viscosity of the fluid containing highly extended filaments was found
to be lower than that of the alkyd resin on its own. A theoretical mechanism for this high shear rate
viscosity reduction is proposed, and reasonable agreement is established with experimental
observation. At intermediate shear rates a crossover between viscosity enhancement and viscosity
reduction correlates with a capillary number close to 1. At low shear rates classic viscosity
enhancement was observed. ©2001 The Society of Rheology.@DOI: 10.1122/1.1410371#

I. INTRODUCTION

In this article we are concerned with the emulsion rheology of systems for which the
viscosity ratio is very low, i.e., water in a high viscosity resin phase. Our interest is
motivated by a desire to understand the rheology of emulsions of water in lithographic
printing ink. Such emulsions are formed on the roller chain of a printing press, and are
typically composed of about 10% micron sized water droplets dispersed in an oil phase,
the viscosity of which is about 5–10 Pa s@Rosenberg~1985!; Bassemir and Featherstone
~1992!#. It is commonly found that the color density of ink on the paper decreases as the
water feed to the press is increased, and printers sometimes make the qualitative judge-
ment that the viscosity of the ink~at high shear rates! is reduced by emulsification of the
water.

For many emulsion systems, particularly those stabilized by viscoelastic layers of
nonionic surfactants or polymers, the rheology at low shear rates may be approximated
by the Einstein equation for hard spheres@see, for example, Dickenson~1998!#. At higher
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shear rates it becomes necessary to take into account both the deformation of the droplets
and the flow of the liquid within the droplets. The degree of deformation~D! is often
described as a scalar combination of the lengths of the major~L! and minor~B! axes of
an elliptical droplet:D 5 (L2B)/(L1B). The important dimensionless parameters are
the ratio of viscous stresses to interfacial stresses, defined as the capillary number,Ca

5 hmġa/G (hm is the viscosity of the continuous phase,ġ is the shear rate,a is the
droplet radius, andG is the interfacial tension!, and the viscosity ratio~l! defined asl
5 hd /hm (hd is the viscosity of the dispersed phase!. Taylor ~1934! showed that for

small deformationsD is given by

D 5 CaS19l116

16l116D . ~1!

By calculating the velocities inside and outside the droplet, and requiring continuity of
the velocity and tangential stress at the interface, Taylor~1932! was able to calculate that
the macroscopic steady state viscosity of a suspension of fluid droplets (he) is given by

he 5 hmF11S11 ~5/2! l

11l
D fG , ~2!

wheref is the volume fraction of the dispersed phase. Equation~2! simplifies in the limit
of smalll to he 5 hm(11f). On this basis the emulsion is predicted to be Newtonian,
and to have a higher viscosity than the continuous phase on its own.

Subsequent workers have extended the perturbation analysis first applied by Taylor to
transient flows@Cox ~1969!#, and extended the validity by performing the calculation to
higher order in droplet deformation@Frankel and Acrivos~1970!#. Choi and Schowalter
~1975! performed similar calculations for a nondilute system by considering each droplet
to exist within a ‘‘cell’’ of the continuous fluid. The boundary condition was modified so
that the local velocity when perturbed by the presence of the droplet should match the
velocity of the unperturbed flow not at infinity, but at the boundary of the cell which is
defined by a simple function of the volume fraction.

Fundamentally, all of these approaches depend on an estimation of droplet shape based
on small deformation analysis as described by Rallison~1984!. This is appropriate only in
cases where the departure from sphericity is small. An alternative approach stems from
the volume averaging method introduced by Batchelor~1970!. The contribution to the
bulk stress due to the presence of droplets can be written as an integral over their total
surface, taking into account the shape of the interface, the surface stress and velocity, and
interfacial tension. For certain special cases the effective viscosity of the emulsion may
be calculated in this way@Doi and Ohta~1991!; Vinckier et al. ~1997!#.

A viscosity decrease with increasing disperse phase concentration is a well-known
phenomenon for polymer blends. Viscosity reduction by more than that predicted on the
basis of linear mixing has been attributed to slip between layers of polymer in telescopic
flow @Lin ~1979!; Zhao and Macosko~2000!#. However such a mechanism does not seem
realistic when the viscosity of the disperse phase is very low, as is the case in the current
study.
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Grace~1982! showed experimentally that the critical capillary number (Cacrit) nec-
essary for breakup depends strongly on the viscosity ratio. If the viscosity ratio is very
small, extreme deformation of the droplet is possible without inducing breakup in the
steady state. Hinch and Acrivos~1980! calculated that the critical capillary number in
simple shear is given by

Cacrit 5 0.054l22/3. ~3!

In the present work we present experimental data for the rheology of water in alkyd resin
emulsions for which the viscosity ratiol is about 1024. The key finding is that at the
highest shear rates studied (Ca 5 1 – 10), the shear viscosity of the emulsion is less than
for the alkyd resin on its own. We argue that the droplets do not break up, but deform into
shapes which we approximate as filaments of circular cross section. We calculate the
limiting viscosity from the change in viscous dissipation using a cell model similar to that
used by Choi and Schowalter~1975! to set the outer boundary condition. Our approach in
effect ignores the contribution of the interface to the bulk stress at highCa; we consider
it more important to take into account the effect of the water filament on the velocity
profile in the surrounding resin, i.e., that at smalll it is not safe to make the assumption
that the deformation will be homogeneous. The observations of droplet stretching atl
5 0.095 and zero interfacial tension recently published by Comas-Cardona and Tucker

~2001! appear to support this view.

II. EXPERIMENT

A. Preparation of emulsions

The alykd resin used was Terlon 3~Lawter International, Kallo, Belgium!. The resin is
substantially a Newtonian liquid with viscosity of 9.8 Pa s at 20 °C and there is no
solvent. The chemical structure is a polyester backbone with pendant fatty side chains.
Fifty gram samples of emulsion were prepared, dispersing the water with a 4 cmdisk
impeller blade on a Dispermat stirrer~Fullbrook Systems, Hemel Hempstead, UK! rotat-
ing at 4000 rpm for 1 min. A small amount of water evaporates during the mixing
process; the exact water content was determined by weighing the sample before and after
stirring.

B. Emulsion characterization

The droplet size of the emulsions was measured by laser diffraction~LS230, Coulter
Corporation, Miami, Florida! after suitable dilution with mineral oil. The mean droplet
diameter depends weakly on the amount of water emulsified, and is of the order of 1mm.
Direct observation of the emulsions under the microscope confirmed that individual drop-
lets were only just distinguishable.

Droplet morphology was studied using the CSS 450 shear cell~Linkam Scientific,
Tadworth, UK!, shown schematically in Fig. 1~a!. The emulsion sample was placed
between two quartz plates, one of which was rotated to generate a simple shear field. The
optical stage was mounted on a standard Olympus microscope, and the images recorded
in the flow–vorticity plane with either high speed video~Kodak Motion Corder! or a
standard charge coupled device CCD video camera~TK1280E, JVC, London, UK! at an
exposure time of 1 ms.

The emulsions prepared on the high speed disk impeller were too fine to allow mean-
ingful observation of distortion behavior on the CSS 450. To observe droplet deformation
behavior, coarse emulsions were prepared by hand stirring water into the alkyd resin, and
centrifuging at low speed to remove entrapped air bubbles. The level of stress required to
start to distort the droplets of finer emulsions was estimated using Eq.~1!. The shear rate
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was increased stepwise from 0.1 to 150 s21, causing breakup of the larger droplets.
Nevertheless highly elongated droplets were sustainable as shown in Fig. 1~b!, confirm-
ing the observations of Grace, and the theory of Hinch and Acrivos@Eq. ~3!# at very low
viscosity ratio. The shape of such droplets was stable and did not change significantly
over a number of revolutions of the shear cell.

It is of interest to know whether the cross section of the sheared drops is circular, or
whether the stable shape is flattened with an elliptical cross section. The degree of
flattening was estimated by comparing the apparent volume during shear with the volume
after retraction. A typical experiment is shown in Fig. 2~a!. The volume of the droplets in
image~i! was calculated by summing volume elements shown in Fig. 2~b!, assuming a
circular cross section and that the droplet is sufficiently aligned with the flow that the
orientation angle can be ignored. The ratio of this volume to the volume of the retracted
drop, shown in image~ii !, was about 1.35. It was concluded that the cross section of the
filaments of water in steady shear is moderately distorted as shown in Fig. 2~c!. However,
the observed droplets is relatively large in comparison with the gap between the plates
~200mm! and it is possible that wall effects accentuate the degree to which they become
flattened. The flattening calculated from image~iii ! at the initiation of flow is much
greater, but the shape quickly approaches the steady shear form, image~iv!.

Interfacial tension was measured following the droplet retraction method of Guido and
Villone ~1999!. The interfacial tension was calculated from the rate of retraction after
cessation of shear using

lnS D

D0
D 5 2S 40~l11!

~2l13!~19l116!
D Gt

hmR0
. ~4!

D is the deformation parameter (L2B)/(L1B), D0 is the deformation at time zero,l is
the viscosity ratio,G is the interfacial tension, andR0 is the radius of the undistorted
drop. The angle of rotation was not measurable directly with the apparatus used, so the
observed length of the droplets was not the true value ofL, but was its projection in the
flow–vorticity plane. The true value ofL was calculated by conservation of volume,
making the approximation that during the latter stages of the retraction, which are used
for the calculation, the two minor axes were the same and equal to the observed breadth
of the droplet.

FIG. 1. ~a! Schematic of the CSS 450 shear cell.~b! Droplet extension at 150 s21. Gap of 200mm between
plates.
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Figure 3 shows a number of frames from the retraction experiment and the exponential
decay of the deformation with time. The interfacial tension was calculated from the linear
portion of Fig. 3~b! and found to be 661 mN m21 over a number of experiments with
different droplets.

FIG. 2. ~a! Droplet shape changes at cessation and restart of shear.~i! Steady shear at 50 s21, ~ii ! at rest,~iii !,
~iv! at restart. Relative times are given in the caption. Gap of 200mm between plates.~b! Scheme for the
calculation of apparent droplet volume by a summation of the elements.~c! Estimated cross-sectional shape of
droplets, based on volume conservation.
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C. Rotational rheometry

The rheology of the water in alkyd emulsions prepared with the high speed disk
impeller was measured using a Bohlin CS50 rheometer with concentric cylinder geom-
etry after aging for 1 day to deaerate the sample. Measurements are reliable only to shear

FIG. 3. Droplet retraction following shear at 10 s21 for 1 s ~g 5 10!. ~a! Images at the times given after the
cessation of flow;~b! corresponding measured values of lnD/D0 andc ~observed breadth of droplet! vs. time.
Gap of 400mm between plates.
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rates of about 200 s21. At higher shear rates the sample is expelled from the gap. A
first-order correction was made using the equation of Krieger and Elrod~1953!. The radii
of the bob and cup used for the majority of experiments were 7.00 and 7.70 mm, respec-
tively. Almost identical results were obtained with a 12.50 mm radius bob rotating in a
13.75 mm radius cup, thereby confirming the absence of slip at the wall.

The results from the Bohlin rheometer are shown on the left-hand side of Fig. 4. On
the right-hand side are the high shear data from the multipass capillary rheometer that
will be discussed later. Both sets of data are presented as apparent viscosity as a function
of applied shear stress. The base resin was substantially Newtonian, as were the emul-
sions at low shear stresses up to a volume fraction of 17%. For small additions of water
the viscosity of the emulsion was less than that of the unemulsified sample, and this effect
is explored further by the data of Fig. 5~a!. The minimum viscosity occurred for a water
addition of about 0.5% and coincided with the onset of turbidity; for smaller additions of
water the sample was clear and water droplets could not be observed under the micro-
scope. Small droplets were easily observable in emulsions containing higher amounts of
water. We attribute these results to the dissolution of a small amount of water in the resin
phase. Conversely, the viscosity of water extracted from the emulsion by centrifugation
was unchanged from the initial value, although we did note slight turbidity.~This experi-
ment was only possible atf 5 0.286 since the droplets are almost neutrally buoyant.!
At a high volume fraction the water in alkyd emulsions become mildly elastic as shown
in Fig. 5~b!.

D. Capillary rheometry

The high shear rheology was measured on a multipass rheometer~MPR!, a capillary
instrument developed at the University of Cambridge@Mackleyet al.1995# that is shown
schematically in Fig. 6. The two pistons operate in tandem, and are used to drive the fluid
sample through a capillary insert. The pressure difference across the capillary was cal-

FIG. 4. Rheology of water in alykd resin emulsions with the volume fractions of water given in the caption.
Data to 1000 Pa from a concentric cylinder rheometer. Data above 1000 Pa from a multipass capillary rheom-
eter.
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culated from the output from two pressure transducers mounted either side of the capil-
lary, and an estimate of the viscosity obtained from

h 5
DPr4

8LR2Vp

, ~5!

whereDP is the measured pressure difference across a capillary of lengthL and radiusr.
R is the radius of the barrel, andVp is the piston velocity.

The results for the emulsions made on the high speed disk impeller are shown on the
right-hand side of Fig. 4. A 1.1 mm diameter, 28.3 mm long capillary was used. The
excess pressure drop due to the entrance effect was known from previous~unpublished!
work to be less than 2% for this capillary and was ignored. The shear rate was rescaled
by a factor of 0.83, following the method of Laun~1983!. The method takes advantage of
the idea first introduced by Schu¨mmer that for non-Newtonian fluids there must be some
radius at which the true shear rate is equal to that expected for Newtonian flow. It can be
shown that assuming this radius to be 0.83r leads to an error of less than 2% in the
calculated viscosity so long as the sample is only moderately shear thinning@with the
calculation based on a power law fluid with 0.2, n , 1.3, Macosko~1994!#. In effect
the viscosity is calculated not at the wall, but at a radius of 0.83r .

The emulsification process draws air bubbles into the sample. These can be conve-
niently eliminated by pressurizing the whole apparatus to 50 bar. The viscosity results
were accordingly adjusted down to the expected value at 1 bar using a pressure coeffi-
cient of 2.7 kbar21 measured using the same apparatus.~This amounts to an adjustment
of 14%.! Shear heating was ignored, but is believed to be responsible for the apparent
shear thinning of the base resin at shear stresses above 10 000 Pa.

The lower shear end of the capillary data picks up the same trends as those found with
the concentric cylinder system: the viscosity decreases upon addition of the first 2% of
water and thereafter increases for larger additions of water. The degree of~apparent!
shear thinning becomes much greater as the water content rises, to the extent that flow
curves for the emulsified samples cross over at a shear stress of about 10 500 Pa. At
higher shear stresses the emulsified water has the effect of decreasing the macroscopic

FIG. 5. ~a! Steady shear viscosity at 14 Pa of the alkyd resin as a function of the volume fraction of water
added.~A Bohlin C14 concentric cylinder system was used.! The broken lines show the predictions of the
Batchelorhe 5 hm(112.5f15.2f2), Einsteinhe 5 hm(112.5f), and Taylorhe 5 hm(11f) models.
The Taylor model is quoted for the limit of negligible internal phase viscosity.~b! Phase angle as a function of
applied stress~4 cm diam, 4° cone oscillating at 1 Hz!.
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viscosity below that of the continuous phase. The relative viscosity,
hemulsion/hcontinuous phase, decreases to a value of approximately~12f! at the highest
shear stresses used. We have considered the possibility that the viscosity reduction is the
result of the formation of a thin layer of water at the wall. If this were the mechanism the
apparent viscosity would be highly dependent on the thickness of the lubricating layer,
and the repeatability of our results suggests that this is not the case. Further experiments
with capillaries of different diameter or with a roughened wall~screw thread! were
consistent with this conclusion@Thompson~2001!#.

One of the advantages of the multipass rheometer is that the pistons can be returned to
the starting position and the same sample tested over a succession of passes. The results
for 10 successive passes are shown in Fig. 7~a! for f 5 0.17 of water and at a corrected
shear rate of 3592 s21 ~stress 30 kPa!. Sufficient time was allowed between passes~2
min! for the heat generated by the previous pass to dissipate. These results indicate that
the overall emulsion rheology is not affected by the shearing action, and suggest that the
emulsion morphology is little changed during one or more passes.

The emulsion stability was tested in a more demanding way by repeating the full set

FIG. 6. Multipass rheometer.
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of measurements after a period of alternate upward and downward passes at very high
shear rates. The pressure difference measurements before and after such a period of high
shear are compared in Fig. 7~b!. The pressure differences, and hence viscosities, in-
creased slightly at moderate shear stresses. However, at the highest shear stresses tested
there was little change in the results and the emulsion viscosity was still less than the
viscosity of continuous phase.

E. Light scattering experiments

A specially designed optical flow cell was fitted between the two barrel ends of the
multipass rheometer. The flow cell is essentially a slit with windows, the dimensions of
the slit being 12 mm long by 10 mm wide by 0.30 mm deep. A laser beam~wavelength
of 670 nm, peak power of 1 mW, from Coherent, Lindbergh, St. Auburn, California! was
focused onto the emulsion sample, and the scattering pattern was recorded on video using
a CCD camera focused on the reverse side of a sheet of tracing paper 30 mm from the
slit. The experimental arrangement is shown in Fig. 8~a!. The pistons were used to force
the sample through the slit; the wall shear stress was calculated from the measured
pressure difference. The optimum water loading was found to be 1%. Higher volume
fractions of water caused the beam to be obscured, so it was not possible to directly
correlate light scattering data with rheological data for emulsions of practical interest.

The scattering pattern was isotropic at rest and at low shear rates. At wall shear
stresses above about 50 000 Pa, a weak equatorial scattering band could be detected at
right angles to the flow. We suspected that the scattering was weak because the extended
droplets became too small to scatter the 670 nm laser beam. A coarser emulsion contain-
ing droplets up to 10mm in diameter was prepared using a paddle stirrer at 200 rpm. This
emulsion gave much stronger scattering patterns some of which are shown in Fig. 8~b!.
The scattering became isotropic immediately when the shearing stopped.

III. DISCUSSION AND MODELING

A key aspect to our discussion is the capillary number,Ca 5 hmġa/G , being the
nondimensional parameter which will determine whether or not the viscous stress will
overcome the interfacial tension and cause the droplets to extend.

FIG. 7. ~a! Pressure difference measurements, with error bars, for 10 successive passes at 3592 s21. ~b!
Comparison of raw pressure difference data before and after a 1 minperiod of shearing at about 14 000 s21.
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The measured value of the interfacial tension was 6 mN m21. The droplet size distri-
bution of the high speed impeller emulsions has a weak dependence on the volume
fraction, but for simplicity we take typical value ofa 5 0.75mm. The interfacial stress
G/a is calculated to be about 8 000 Pa, although some variation arising from the distri-
bution of droplet sizes is expected.

We discuss the rheology over three ranges of shear stress:

FIG. 8. ~a! Schematic diagram of the apparatus used for the scattering experiments.~b! Selected results at wall
stresses given in the captions. The images are in the flow–vorticity plane with the flow being from top to
bottom. Coarser emulsions were used than were for the rheology experiments with droplets up to 10mm in
diameter.
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Shear stress, 80 Pa, Ca , 0.01,

80 Pa , Shear stress, 8000 Pa, 0.01, Ca , 1,

Shear stress. 8000 Pa, Ca . 1.

A. Capillary number < 0.01

The low stress data of Fig. 5~a! are compared with the predictions of some well-known
models of suspension mechanics. The volume fraction was corrected for the amount of
water dissolving, and the base viscosity is taken as the minimum value in Fig. 5~a! when
the resin is fully saturated with water. The viscosity of the dispersed phase may be
increased a little by the dissolution of components from the alkyd, but our results indicate
that the effect is very small and well within the limit of about 0.1 Pa s at which the Taylor
calculation@Eq. ~2!# would start to be affected. The Batchelor~1977! model gives the
best fit to the experimental data. The coefficient off2 used is 5.2 and not 6.2 because
Brownian motion will not be important given the high matrix viscosity. We conclude
from these results that the water droplets behave as hard spheres at low shear rates, and
that there is no circulation of the water within the droplets. Such a result is typical of
systems containing an emulsifier@Dickenson~1998!# but is more surprising when no such
agents are specifically added. We speculate that the alkyd resin itself orientates at the
interface to give a structure that is essentially immobile at low levels of stress.

The existence of an orientated interface would call into question the applicability of
Eq. ~4! for the calculation of interfacial tension from droplet retraction experiments.
However, the capillary number during the preceding flow was of the order of 1, which we
assume is sufficient to disrupt any interfacial structure. Furthermore, the retractions were
complete and linear, which suggests that significant reorganization does not take place
over the duration of the measurement. Even if this were not the case the overall conclu-
sions in this article would not be affected by a change in the absolute value of the
interfacial tension.

For the highest volume fraction of water~f 5 0.286!, the sample became shear
thinning, even at very low applied stress. In addition, the sample became mildly vis-
coelastic and the phase angle dropped from close to 90° for the base resin to about 87.5°
at f 5 0.286. It is unclear at this stage whether the shear thinning arises from the
distortion of oversize droplets or the disruption of a weak floc structure. The dynamic
results could be consistent with either explanation. The origin of any floc structure is not
the primary interest in this article, but we note a similarity with the aggregation phenom-
ena in water-in-oil emulsions observed by Leal-Calderonet al. ~1996!, and speculate that
interactions between the pendant fatty chains of polymer molecules orientated away from
neighboring water droplets may provide the necessary driving force for flocculation.

B. 0.01 < capillary number < 1

This stress range covers the overlap between the rotational and capillary measure-
ments, and the combined data are shown in the center part of Fig. 4. The agreement
between the two methods of measurement is reasonable, with the small mismatch at low
f being within the error expected due to the uncertainty of the capillary radius, which
enters into the calculation as the fourth power. Emulsification of water causes an increase
in the macroscopic emulsion viscosity, but now by less than the hard sphere limit. The
emulsions become more strongly shear thinning as the water content is increased, so that
the relative viscosity (he /hm) decreases with increasing shear stress. The mismatch of
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the data atf 5 0.286 is more significant, and perhaps a consequence of the longer time
scale available for migration and coalescence to occur in the concentric cylinder experi-
ment.

Observations made with larger droplets on the CSS 450 demonstrate that the distortion
of the droplets is discernible when the capillary number exceeds about 0.01. For droplets
of 0.75 mm radius this corresponds to an applied stress of 80 Pa. If the emulsion is
prepared using a water based dispersion of chalk particles as the aqueous phase, the
internal phase can be seen to rotate. For a spherical droplet this does not necessarily
imply that there is shear within the water phase, since the droplet could rotate as a solid
body with a rigid interfacial shell. However once the symmetry is broken, and the ends of
the droplet become aligned with the flow, any rotation implies that there must be a degree
of shear within the water phase. In addition, the properties of the interfacial layer may
change as it is stretched and compressed on its trajectory around the rotating droplet
@Janssenet al. ~1994!#.

We are not aware of a model that satisfactorily predicts the emulsion viscosity in this
range. Qualitatively, one expects the viscosity to fall below the Batchelor~1977! predic-
tion and in this respect the Taylor~1932! model and subsequent improvements@e.g.,
those of Choi and Schowalter~1975!# seem attractive. However none of these models
captures the role of an interfacial layer which effectively confers an infinite viscosity on
the internal phase at low shear rates, but has diminished influence as the shear rate
increases. In principle this may be taken into account by including in the calculation the
shear and dilatational viscosity of the interfacial layer@Flumerfelt~1980!# but the calcu-
lations reported concern only droplet deformation and do not extend to the prediction of
an effective emulsion viscosity. We recall in addition that all these models are applicable
only when the degree of droplet deformation is small. Numerical modeling may extend
the validity @see, for example, Stone and Leal~1990!#, but there remain uncertainties
concerning the physiochemical behavior of the resin which may become less well orien-
tated on the interface as the shear rate increases.

C. Capillary number > 1

Referring once again to Fig. 4, the emulsion samples continue to shear thin as the
shear stress is further increased, and at a wall shear stress of about 10 500 Pa~represent-
ing a capillary number of about 1.3! the emulsion curves cross each other. At shear
stresses exceeding the crossover value the measured viscosity of the emulsions is in all
cases lower than that of the water-saturated resin, the reduction in viscosity being ap-
proximately proportional to the volume fraction of water present.

The viscosity ratio for our system is about 1024. The critical capillary number nec-
essary for a deformed droplet to break up is not easily measured in the CSS 450~because
the drop is quickly swept out of the field of view! but the experimental observations of
Grace~1982! and the calculation of Hinch and Acrivos~1980! both suggest a critical
capillary number of about 25. We have confirmed experimentally with the CSS 450 that
at Ca . 1 elongated water droplets can exist as stable entities. The situation in the
capillary or slit is more complicated than for parallel plate geometry because of the stress
gradient from the midpoint to the wall. It follows that, if the capillary number evaluated
at the wall is greater than 1, the droplets will be highly extended near the wall but less
extended towards the center of the capillary or slit. The light scattering results qualita-
tively support the conclusion that it is possible to form elongated structures in the slit if
the wall stress exceeds the capillary pressure. We conclude that in the flow regime, where
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we observe a viscosity below that of the continuous phase, the aqueous emulsion exists as
deformed entities, similar to those shown in Figs. 1 and 2.

We would like to find a mixing rule that predicts the experimentally observed reduc-
tion in viscosity caused by the presence of elongated water droplets in the high shear
limit. Empirically he 5 hm(12f) gives a good fit to our data, wherehe is the macro-
scopic viscosity of the emulsion,hm is the viscosity of the resin when just saturated with
dissolved water, andf is the volume fraction of emulsified water droplets.

If the system is modeled as a two-dimensional structure composed of alternate layers
of resin and water, then the reciprocal mixing law given by van Oene~1978!, is appli-
cable, but leads to a predicted viscosity that is much lower than the experimental result.
@The mixing law given by van Oene is 1/he 5 f/ha1@(12f)/hb#, whereha andhb
are the viscosities of the two phases andf is the volume fraction ofa.# If, however, one
considers the water exists as elongated filaments, then a different result is achieved and
this is the subject of the modeling discussed in Sec. III D.

D. Modeling at Ca > > 1

We consider the change in viscous dissipation induced by the incorporation of fila-
ments of water into a simple shear flow with constant velocity gradient. The approxima-
tion is made that, asCa approachesCacrit , the shape of the water inclusions can be
represented by cylindrical filaments aligned with the flow direction as shown in Fig. 9~a!.
We recognize that the filaments will be flattened to some extent, but our measurements of
droplet breadth during shear and after retraction suggest that departure from the circular
cross section is not large.

The calculation is made on the basis of a cell model similar to that employed by Choi
and Schowalter~1975!. Each filament of water, radiusb, is considered to exist within a
cell of matrix fluid, centered on the origin as shown in Fig. 9~b!. A steady state is
assumed, and the filament is considered to be long enough that the behavior at the
extremities is unimportant. The diameter of the filaments will be at most of the order of
the radius of the undeformed droplets, so the Reynolds number within the water phase,

rġb2/hw is less than 531023 at the highest shear rate used in our experiments. Ac-
cordingly, we ignore inertia, and apply the equations of creeping flow.

The first step is to calculate the way in which the velocity of the matrix is perturbed by

the presence of the filament. If the macroscopic velocity gradient isġ, then by taking the
origin to be the axis of the filament, the unperturbed velocity profile is given by

uz 5 ġr cosu, ~6!

wherer is the radial position, andu is as defined in Fig. 9~b!. The velocity of the resin
phase must be found such that it satisfies

¹•s 5 0, ~7!

wheres is the stress tensor, for which only the componentss rz andsuz are nonzero. We
assume that in this regime the viscous stresses within the continuous phase are much
larger than those supported by any residual interfacial structure or indeed by the water
phase itself, and make the approximation that the shear stress components rz at the
interface is zero. The second boundary condition comes from the requirement that the
perturbed velocity field must, by symmetry, take its unperturbed value at the boundary of
the cell, the radial coordinate of which we denote byd 5 b/f1/2.

Equation~7! and the boundary conditions are satisfied by the following expression for
the velocity of the continuous phase:
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uz 5 ġ cosu S d2r

~b21d2!
1

b2d2

~b21d2! r
D ~8!

which is to be compared with the unperturbed velocity,

uz
0 5 ġ r cosu. ~9!

The perturbed and unperturbed velocity fields are shown in Fig. 9~c!. The relative vis-
cosity he /hm can now be calculated from the ratio of the perturbed dissipation to the
unperturbed dissipation in the resin phase, neglecting dissipation within the water phase:

he

hm
5

*0
2p*b

dhm~¹uz!
2rdrdu

*0
2p*0

dhm~¹uz
0!2rdrdu

, ~10!

which after some manipulation yields

FIG. 9. Modeling scheme for extended water filaments.~a! Position of the filament within the flow.~b!
Definition of the coordinate system.~c! Velocity perturbation induced by multiple filaments: the dashed line
shows unperturbed velocity, and the solid line shows perturbed velocity.~d! Comparison of the model with
experimental results. The relative viscosity,he /hm , was calculated under conditions of equal wall stress. The
intercept with the relative viscosity axis is athrel 5 0.88 because a small amount of water dissolves in the
continuous phase.
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he

hm
5

@12~b2/d2!#

@11~b2/d2!#
5

~12f!

~11f!
. ~11!

The analysis underpredicts the relative viscosity in the high shear rate limit as shown in
Fig. 9~d!. This is to be expected because in practice the filaments break up before they
achieve cylindrical form, and there will always be a zone along the axis of the capillary
where the droplets are not extended. Shear heating enters into the problem and therefore
the tendency of the droplets to act as heat sinks will cause the experimental viscosity to
be greater than otherwise expected. Finite element simulations using Polyflow 3.7~Poly-
flow SA, Louvain la Neuve, Belgium! indicate that the increase in average heat capacity
caused by the presence of the droplets could raise the apparent viscosity by as much as
8% under the most extreme conditions employed. Migration of extended droplets away
from the immediate region of the wall will also tend to push up the experimental viscos-
ity, but will reduce the effect on shear heating because the droplets are no longer located
in the zone of maximum heat generation. Furthermore, there will be a contribution to the
effective viscosity from interfacial tension for the case in which the droplets are not fully
extended. Nevertheless we feel that the modeling sets a useful limit on the viscosity
reduction by emulsified water within the assumption that the filaments are of circular
cross section. An extension to the case of small but finitel was given by Thompson
~2001!. The inviscid limit is seen to be an adequate approximation forl , 1022.

Our experimental work was performed with a Newtonian continuous phase. In prin-
ciple the calculation is also valid for the effect of water droplets on an elastic matrix
because in simple shear no work is done by the normal forces and they do not therefore
contribute to the dissipation. In practice the situation may be more complicated because
normal stress components may cause the cross section of the filaments to become sig-
nificantly distorted@see, for example, Levittet al. ~1996!# so that our circular cross
section approximation would no longer apply. If this were the case, we would expect the
reduction in viscosity to be greater than that predicted by Eq.~11!.

IV. CONCLUSIONS

Experimental data were presented on the macroscopic rheology of emulsions of water
droplets in a high viscosity alkyd resin. At shear stresses which are insufficient to distort
the droplets, the emulsion viscosity was higher than that of the continuous phase, and was
well predicted by the Batchelor~1977! model for hard spheres. The emulsions started to
shear thin once the shear stress became high enough to start to deform the droplets, that
is, at aboutCa 5 0.01. Nevertheless the macroscopic viscosity was still higher than that
of the continuous phase.

At shear stresses for whichCa . 1, the measured emulsion viscosities were less than
that of the continuous phase. Empirically the apparent viscosity of the emulsion was
found to be given byhe 5 hm(12f), wherehm is the viscosity of the continuous
phase taking due account of the dissolution of a small amount of water, andf is the
volume fraction of water present as emulsion droplets.

We have presented evidence from the observation of droplets under shear and from
light scattering experiments that highly elongated bodies of water can exist under the
high shear conditions prevailing near the wall of the capillary. Indeed, this result is to be
expected from the theoretical predictions of Hinch and Acrivos~1980! and the experi-
mental observations of Grace~1982!. We conclude that extensive distortion of the water
droplets is a necessary condition for the observed reduction in viscosity.
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The empirical result ofhe 5 hm(12f) may be deceptively simple given the com-
plexity of the microstructure and the inhomogeneity of the flow field within a capillary.
We have attempted to predict the modest reduction of viscosity found experimentally by
modeling the extended water droplets as cylindrical filaments within the resin phase. Our
model in effect calculates the expected viscosity for an inviscid disperse phase with zero
interfacial tension. In practice, the water does have finite viscosity, so the droplets will
break up if the capillary number is sufficiently high, and therefore there will be a shape
beyond which the droplets cannot deform. Furthermore, the stress decreases linearly
towards the center of the capillary and therefore not all the droplets will be fully extended
in the way that the calculation assumes. The contribution of interfacial tension to the bulk
viscosity will be greater for droplets that are less extended. The calculation is expected
therefore only to give a lower bound for the emulsion viscosity in steady shear. The
transient deformation of the water droplets is not taken into account, but this component
is similarly expected to scale the macroscopic viscosity with~12f! so long as the
deformation is affine.

We would expect the macroscopic viscosity under high shear conditions to be sensitive
to the presence of viscoelasticity and/or surface active components in the continuous
phase, and this is the subject of further work.
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