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ABSTRACT

This paper analyzed colloidal characteristics of a bimodal distribution emulsion system using bulk rheological and numerical
approaches. The experiment measured simple shear to confirm emulsion shear thinning and viscosity tendencies. Numerical
models employed the multi-component lattice Boltzmann method to express interfacial tension, surfactant movement, and
viscosity of liquid phases. Numerical models were helpful to implement interactions between two or more varied-sized liquid
droplets, since they express droplet deformation and interaction forces and can also provide rheological analysis, whereas shear
flow experiments cannot. In monodisperse systems (i.e., uniform droplet size), larger droplets decrease emulsion relative viscosity.
However, mixture viscosity for bimodal systems (small droplets mixed with large droplets) was lower than that for the monodis-
perse system. The reduced viscosity was related to increased droplet deformability and decreased shear stress at the droplet

surface.

Published under license by AIP Publishing. https://doi.org /10.1063 /1.5083858

I. INTRODUCTION

Bimodal size distribution of an emulsion system is com-
monly observed due to coalescence or droplet breakup. For
many practical applications, emulsions of different bimodal size
distributions have been found. For example, in oil transportation,
petrochemical, food, and cosmetic industries, emulsion environ-
mental or formulation parameters change continuously during
manufacturing and storage. The cause of these changes can be
easily explained by various factors related to emulsion size dis-
tribution, including mechanical factors, e.g., disperser rotation
speed causing different shear stress,' and chemical factors such
as surfactant concentration effects on surface tension” or con-
tinuous phase pH due to surfactant ionic characteristics.”

Bimodal emulsions due to mechanical and chemical influ-
ences have unique rheological properties. Previous studies have
shown that controlling the size distribution can modify viscos-
ity and shear thinning tendencies,””’ with related changes in
storage and loss modulus due to modifying the bulk rheology.
Although several studies have suggested that the various inter-
actions could differ depending on the emulsion size distribu-
tion, the studies were limited to bulk rheology investigations
with highly concentrated solutions.

The development of macroscopic rheometric techniques
using microfluidic channels has enabled studying the macro-
scopic environment. For example, droplet coalescence and
break up mechanisms could be represented by continuous flow
through a microchannel with a varying cross-section area,
which allowed interfacial tension conditions to be investigated.”
Changes in surface tension and surfactant motion for fluores-
cent surfactants were measured by droplet deformability and
mobility,” and droplet deformation in simple shear regions has
also been investigated in coaxial channels.” The surfactant
concentration was found to be related to droplet deformability
and surface tension, but experimental studies using microflui-
dic channels limited the available emulsion density range,
causing difficulty in observing emulsion interactions.

Microscopic studies have also been conducted using
numerical methods. Several studies have employed these
methods to analyze interaction forces between droplets, con-
sidering emulsions as hard particles. Leba et al.” modeled
homogeneous (consisted of emulsions with same size) spheri-
cal emulsion droplets using particle cluster aggregation
models to confirm emulsion aggregation. Langevin dynamics
were also applied to compare flocculant structures for a

Biomicrofluidics 13, 014109 (2019); doi: 10.1063/1.5083858 13, 014109-1

Published under license by AIP Publishing.


https://doi.org/10.1063/1.5083858
https://doi.org/10.1063/1.5083858
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5083858
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5083858&domain=aip.scitation.org&date_stamp=2019-02-07
http://orcid.org/0000-0002-7611-0068
mailto:joonlee@yonsei.ac.kr
https://doi.org/10.1063/1.5083858
https://aip.scitation.org/journal/bmf

Biomicrofluidics

mono-distribution system as a function of emulsion concen-
tration.'” Zhang et al.” investigated the probability of coales-
cence in an electric field for mono-distribution droplets using
an interaction force model. However, these interaction
models considered the droplets to be hard spheres.

Cristini et al."* considered deformable droplets and investi-
gated droplet breakup processes under shear stress in exten-
sional flow. Homogenously sized deformable droplets were also
considered using a moving surfactant model.” However, they
could only observe surfactant concentration and flow change
near the interface, which are difficult to validate by microscopic
experiments.

Figure 1 summarizes the approach taken in the present
study. We analyzed emulsion bimodal distribution effects in
dilute solutions, which was a major limitation of previous
studies.””’ To investigate bulk rheology, we made an emulsion
droplet solution, estimated the droplet size, and measured
the viscosity; and we employed the multi-component lattice
Boltzmann method (LBM)." To study microscopic rheology,
LBM can describe multiple droplets using a surfactant diffu-
sion model under shear flows. We analyzed microscopic fluid
flow near the droplet interface, along with droplet arrange-
ments and droplet deformation. Simulation and experimental
results were compared using the fine emulsion volume, V;.

ARTICLE scitation.org/journal/bmf

1l. METHODS
A. Emulsion fabrication and measurements

Emulsion experiments were optimized based on the sim-
ulation environments and solution stability. A relatively stable
oil-in-water emulsion was chosen, following Boyd et al."”
using olive oil, deionized water, and glycerol (DAEJUNG
Chemicals and Metals Co.). Glycerol was mixed in water at 20
wt. %, with added 2 wt. % Triton X-100 surfactant.

Fine and coarse sized oil-in-water emulsions were
prepared (70 ml of each), with the same oil concentration
(approximately 29% of volume). This is a common practical
concentration and is sufficient to eliminate creaming
effects.'” The emulsion solutions were prepared by bulk stir-
ring with an IKA T-25 homogenizer, as shown in Fig. 2, to
produce the desired size distribution. The size distribution
for each emulsion is expressed in terms of V;.

A stress control rheometer (TA instruments DHR-1) was
used to perform simple shear tests. Rheology tests were
performed using the cone-plate geometry (diameter: 40 mm,
angle: 2°), with a plate temperature maintained at 25 °C, and the
applied stress was increased linearly as a function of time.
Phase contrast microscope images were used to compare emul-
sion droplet sizes, and all microscope samples were handled

/ N1/M2,dy d; \

Simulation

» Surfactant effects ‘5"55%\“_“
(convection-diffusion) H\\;ﬁi‘

* Droplet arrangement UO [
and interaction @) $C

D &

* Droplet deformation
OO [

tmaxA init

* Peeling * Relative viscosity

Experiment
¢ Emulsion faction
Bulk fabrication with shear rate control

* Droplet size
O

*  Viscosity measurement

Microscopic image

Stress control rheometer

Flow test 17=; r=nd—”=m"
v dy

Microscopic droplet behavior

Bulk rheology

wlidation, Viscosity w

* Multiscale rheology of bimodal distribution emulsion characteristic

* System characteristics with fine emulsion volume
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FIG. 2. Seven mixtures made for a specific size distribution. The upper value indicates coarse emulsion volume, and the lower value indicates fine emulsion volume.

and photographed within 3h. Imagel® software (U.S. National
Institute of Health, Bethesda, MD, USA) was used to estimate
emulsion sizes.

B. 3D lattice Boltzmann model for immiscible
two-phase fluids

The D3QI9 LBM Gunstensen LBM'®?°™** was used to
simulate two fluid phase systems in an emulsion solution

filx +ciby, t + 6¢) — filx, t) = — % [filx, t) — fO@)] + di(x), (1)

where f; is the density distribution function; ! is the equilib-
rium distribution function; i=1,...,19 denotes the velocity
vectors; §; and &y are the lattice time step and space, respec-
tively; ¢ = 8,/ = 1. The speed of sound, ¢; = ¢/+/3, is applied
to calculate fluid pressure p = pc? and lattice relaxation time,
7 =1/, where 1 is the physical relaxation time, and the other
parameters are shown in Fig. 3.

Kinetic viscosity and the relaxation time can be
expressed as

v=(r—0.5)c%s, (2)
and Eq. (1) has the equilibrium distribution function

9(ci-uw)’ 3u?
2 l(:4 S22 ©)

3
fi(eq) = pw; 1+C—zci U+

where w; is the weighting factor that defines the relative prob-
ability of a molecular motion in the ith direction; and p and u

are the microscopic density and velocity,
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respectively, and Q is the number of velocity vectors, depen-
dent on the type of LBM model.

A two-immiscible fluid emulsion was simulated using the
Gunstensen model,"® and the two fluid domains in Fig. 3(b)
can be expressed using the following total distribution
function:

fil, t) = f(x, ) + f(x, ), ®)

where fR and fP are the red and the blue fluid distribution
functions, respectively. The interface between the two fluids
can be tracked as™’

N pR(xv t) — pB(x7 t)
P D= rx, 1)+ P, 6 ©
The phase field value is in the range —1 < pN < 1 with pN~1
considered to be the inner fluid domain and pN = —1 is the
outer domain. The pressure difference at the interface
between the fluids is maintained through surface tens1on
which is applied with the following macroscopic force:*

Fx) = — %akVpN, ™)

where « is the interfacial tension parameter and k is the inter-
facial curvature. The model for the relationship between the
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Gunstensen model,"®

source term ¢;(x) and the macroscopic force F(x)** can be
expressed as

809 = o (1- 3 ) B~ )+ el ®)

and

1[& 1

where the corrected velocity, u”, is used to calculate the equi-
librium function. This parameter is affected by local interfa-
cial tension, which has mutual influence on the surface
tension.

After the collision step, the fluid is segregated” into red
and blue fluids®’

f(x t+6r) = Pt Bfl(x t+6r)
R B
+ ,8 5 i COS (67 — 6;)|ci (10)
and
Fo0t 80 = Fi(x, t 480 — i (x, t+8), (1)

and (c) the movement of surfactant molecules by flow-induced convection and interaction-forces-induced convection.

where ﬁ and ff are the post-collision and the post-
segregation distribution functions for the blue and red fluids;
fi is the post-collision distribution function; 6; and 6; are the
polar angle in the color field, and angle of the velocity link,
respectively; and f is a segregation parameter.

The droplets tend to interact when they are close to one
another. LBM includes the coalescence driving force, which
makes droplets to pull each other and eventually merge
together. Therefore, a repulsive force was heuristically imposed
based on the distance between interfacial nodes, d < v/2 [lu],
where [lu] is the lattice space unit. The repulsive force is
applied as follows:

S(x) = cipA(@)a(x), (12)

where ¢}, =f(c;,/cl") is the nonlinear function for initial
surfactant coverage, c;, and minimum coverage ratio, c'™", sup-
presses coalescence in a particular mixture.”* The LBM interfa-
cial tension parameter A(a) is a dimensionless nonlinear
function a(x). Further details regarding this model can be found
in Farhat et al.””

Figure 3(c) shows an example of near-droplet convection
flow. Typically, convection occurs at the interface due to
external flow. When they experience the repulsive force,
external flow convection is reduced and the interaction force
induced convection dominates. Therefore, near-droplet
flow variation was modeled following the time-dependent

Biomicrofluidics 13, 014109 (2019); doi: 10.1063/1.5083858
Published under license by AIP Publishing.

13, 014109-4


https://aip.scitation.org/journal/bmf

Biomicrofluidics ARTICLE

SALIDPUNOG I1POLIdJ

(b) Fine emulsion volume : V; =

*  Domain dimension .
Width (W) =62.5 pm
Hight 2H) =122 ym
Depth (D) =36 um .
Coarse droplet (d1) =30 um  Streamwise(x) and span wise(y)
Fine droplet (d2) = 15 um
2n Continuous phase viscosity ~ Upper and lower
(n1) = 0.002814 Pa.s
Dispersed phase viscosity
(n2) = 0.0614 Pa.s
Density (pq,p2) = 999 kg/m?
Lattice = 127 X 74 X 248
Volume faction (®) =0.291

scitation.org/journal/bmf

Variables

Shear rate (y) 150 1/s ~700 1/s
Fine emulsion volume (V) 0 ~ 1
Boundaries

Periodic boundaries

Dirichlet boundaries

(fine emulsion volume)
(total emulsoin volume)

o

f .
o $0 Less fine emulsion ¢ 5 More fine emulSl% 8880
0.0 0209
090 990 9098 282
%0 % o0 S6%0 ©geg
330 0c% 099 ©%o

o
8 g8 g

08000 )
O 0P 0P 4R %

FIG. 4. (a) Emulsion droplet and boundary conditions and (b) droplet fine emulsion volume. V¢ = 0 consists of 6 coarse droplets and V¢ = 1 consists of 48 fine droplets.

convection-diffusion equation:””
T + Vs - (usT) + kT'uy, = DV, (13)

where T is the surfactant concentration; the velocity compo-
nents are divided into surface and normal velocity (us and u,,
respectively); and D is the surfactant diffusivity. These param-
eters were calculated using the molecular dynamics (MD) sim-
ulation proposed by Choi et al.”® The expression AT is the
regional surfactant concentration related to time; Vs - (usI) is
the convection term associated with us; and kI'u, is the inter-
facial curvature k associated with u,. The right-hand side
(DsV2T) is the diffusion term.

We used the hopscotch explicit finite difference method
to solve Eq. (13)”” and coupled it with the Gunstensen LBM.'®

TABLE I. Numerical cases used to investigate mixed emulsion relative viscosity.

Shear rate (s™")

150 0, 0.17,0.33, 0.5, 0.67, 0.83, 1
200
300
500
700

Fine emulsion volume range (V;)

The surfactant concentration in this model tends to locally
exceed the critical micellar concentration (CMC), which was
prevented by applying a concentration limit.

Figure 4(a) shows the simulation domain and boundary
conditions for the bimodal emulsion. The domain has width =W,
height =2H, and depth=D. Fine and coarse emulsions were
modeled as homogenous size according to the experimentally
measured Sauter mean diameter. Therefore, droplet size distri-
butions were classified into two sizes using the coarse and fine
droplet diameters, d1 and d2, respectively. Viscosity of the con-
tinuous phase, #ny, disperse phase, 7., and the volume fraction, ¢,
of the dispersed phase were the same as those used in the
experiment. Densities of the two phases were also the same and
the surfactant concentration was represented as I'.

Figure 4(b) shows bimodal emulsion based on the
number of fine and coarse droplets. The volume of the coarse
droplets is 8 times that of the fine droplets. Table I shows
mixed emulsion cases for different shear rates and V;.

I1l. RESULTS AND DISCUSSION
A. Emulsion droplet size and viscosity as V¢

Figure 5 shows microscopic images of the droplets in the
solution and the subsequent estimated volume distributions,
which are typically normal due to the bulk stirring method
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FIG. 5. Phase contrast images for (a) coarse and (b) fine emulsions prior to solutions mixture. Insets are the size distributions obtained from ImageJ. These solutions

were used in the experiments.

employed. Coarse and fine emulsions correspond to V; = 0 and
1, respectively, as shown in Fig. 2. The Sauter mean diameter
for coarse emulsion is two times larger (D, = 32.78 yum) than that
of the fine emulsion (Dy=15.46 um), and hence the fine emul-
sion had a significantly narrower volume distribution. The two
emulsion solutions were mixed on a volume basis as shown in
Fig. 2 and the viscosities measured for the seven mixtures.
Figure 6 compares flow viscosity. Fine emulsion shear
thinning is more significant than that for the coarse emul-
sions, with the V; = 0.17 exhibiting the lowest viscosity. The
viscosity difference increases as the shear rate increases.

B. Gunstensen LBM simulation

To study bimodal emulsion rheology at the microscopic
level, their relative viscosities were evaluated in a numerical
model, which was validated by comparing with the experi-
mental data, as shown in Fig. 7. The fine emulsion system
employed produced narrow size distribution emulsions
[Fig. 5(b)] with an average droplet size D =15.46 ym, similar to
that used in the simulation (D =15um). The shear rate was
between 150 and 700 s~', and the simulation shows close simi-
larity with experiment for high shear rates.

Fine emulsion volume (V)
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FIG. 6. Experimentally measured emulsion viscosity and the shear rate from the rheometer flow test. Insets show viscosity for specific shear rates.
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FIG. 7. Numerical simulation validation against experimental data.

C. Shear rate dependent viscosity

The fine emulsion volume can directly affect relative vis-
cosity. Consider the ratio between effective and continuous
phase fluid viscosities, 7y = 77 /Mmig- The two emulsions
have various interfacial interactions, related to droplet size
effects, and relative viscosity under simple shear flow can be
expressed as

2H ou
Threl = WZE' (14)
where H, D, W, and V are the respective domain height,
depth, width, and velocity, as shown in Fig. 4(a). Z direction
velocity gradients were evaluated on the upper and lower

10 ——Cross v; 0.0
Cross model ---- Cross Vi 0.17

N No — N —-—Cross ¥y 0.67
Ny) =N + 1+ (k)/)n — — Cross 7 1.0
= 700
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n= .
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Numerical results
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FIG. 8. Relative viscosity and the shear rate from numerical simulations com-
pared with the Cross model outcomes [see Eq. (15)].
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nodes in adjacent layers, and the time evolution of the viscos-
ity trends was similar to our previous study.”’ Therefore, rela-
tive viscosity was compared in the steady-state phase.
Generally, oil-in-water emulsions show non-Newtonian
behavior (shear-thinning), and many previous studies have
detailed this behavior, such as the Cross model by Howe et al.?®

. Mo — Moo
M) =N + s R (15)

where 7., and 7, are viscosities at infinite and zero shear rates,
respectively; k is the time constant; and n is the shear-thinning
index. Figure 8 compares the measured and Cross model rela-
tive viscosities. The model predicted n=0.72-0.95 and was
consistent with the measured results, and the viscosity trends
from Pal et al.*”’

Figure 9 shows shear stress effects on the mixed emulsions.
Shear thinning (the viscosity difference between shear rates)
becomes trivial at low V;. The current data exhibit similar results
to Pal et al’s “? high concentration model when shear rate =
20057}, i.e., where Vi = 0.17 has the lowest relative viscosity.

D. Averaged droplet deformation and peeling effects

Figure 10 shows that shear flow induces droplet deforma-
tion and shear stress changes on the surface. Droplet defor-
mation due to shear flow changes periodicity and peeling due
to shear stress occurs over time as the degree of droplet
interaction. To explain this interaction, interfacial droplet
area rate (Ar) and the peeling effect (interfacial shear stress
related) were analyzed.

The interfacial droplet area rate (A,) describes the
uneven droplet deformation as follows:

A = Amax — Ainit i (16)

1vLmaxAmit

Shear rate y (1/s)

2.8+
—a— 150 (1/s)
26 —=—200 (1/s)
—A— 300 (1/s) f'l
L 244 v 500 (1/s) /
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2 227 ; / a—
z /
g 201
‘E & Vi
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e e "
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FIG. 9. Numerical simulation for relative viscosities, evaluated from average
steady-state phase along the shear rate.
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FIG. 10. Numerical simulation for droplet deformation: V; =0.17, shear rate = 150 s~". Droplets were deformed into elliptical shapes with close contact due to shear flow.
Droplet contour exhibited surface shear stress, with maximum deformation at approximately 0.06 s. Peeling effects due to contact are also shown.

where Apgx and A, are the maximum and initial droplet
surface area, respectively; and tmqy is the time step.

Figure 11 shows the relationship between A, and the nor-
malized surface shear stress with V; to analyze peeling effect.
A, was obtained when droplet deformation was maximum
because the droplets tended to deform and recover when
passing through the steady-state phase. Therefore, A, repre-
sents the system flow adoptability. For a monodisperse

system, adoptability is purely determined by the droplet size,
whereas for a bimodal dispersion, the presence of a small
number of small droplets (V; = 0.17) exhibited significantly
higher flow adoptability.

High shear stress at the contact point between droplets
can be represented by the peeling effect as proposed by
Kondaraju et al.”’ to droplet breakup relationships in the
aggregate state. The sum of the surface velocity gradients at

Area rates (4,)

Numerical results |

Shear stress decrease as
the volume of fine emulsion to smaller

Normalized surface shear stress

Shear stress

0.54

Shea’r rate 150 I/S 0.0000 0.0035 0.0070 0.0105 0.0140 0
T ¥ T ¥ T i T L T L T
0.0 0.2 0.4 0.6 0.8 1.0
Fine emulsion volume (Vy)

FIG. 11. Numerical simulations for interfacial droplet area (A;) and surface shear stress for V;. Insets show typical deformed droplets and surface shear stress contours at
tmax- Open triangles arga normalized surface shear stress for the mixed emulsion in the steady-state region. Both values were normalized to 1.0 and simulated at constant
shear rate y = 1505~ .
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each node was used for the surface shear stress. However,
this surface shear stress changes with time. Thus, we took a
time normalize in the steady-state region. The normalized
surface shear stress temporally and spatially proves the inter-
action between individual droplets. The normalized surface
shear stress in the steady-state region was dependent on Vy,
where the flow disturbance increased with increasing shear
stress and vice versa. Therefore, reducing V; will distribute
the shear force more evenly on the droplets.

IV. CONCLUSION

This study compared experimental shear flow viscosity
and rheological LBM simulations to investigate bimodal distri-
bution emulsion colloidal properties. We presented rheologi-
cal analysis for dilute emulsion solutions that are difficult to
identify experimentally. Experimental results confirmed the
relative viscosity correlation with bimodal distribution emul-
sion. The simulation model provided micro-scale analysis of
emulsion properties including relative viscosity, droplet
deformation, and surface shear stress.

A mixture of fine and coarse emulsions was analyzed, and
mixtures containing a small amount of fine emulsions were
found to have a lower relative viscosity and shear thinning due
to droplet deformation and surface shear stress. Flow adopt-
ability was the primary cause for low viscosity in the bimodal
emulsion system.

The limitation of this study is droplet size homogeneity.
Practically, even monodisperse solutions contain various
emulsion droplet sizes. If this criterion was met, the shear
thinning tendency and the relative viscosity in the simulation
would have been similar with those in the experiment. Future
work will consider the size design and the droplet number to
fit a normal distribution rather than a monodispersed system.
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