N

N

Viscous resuspension of droplets
Mehdi Maleki, Clément de Loubens, Hugues Bodiguel

» To cite this version:

Mehdi Maleki, Clément de Loubens, Hugues Bodiguel. Viscous resuspension of droplets. Physical
Review Fluids, 2022, 7, pp.L011602. 10.1103/PhysRevFluids.7.L011602 . hal-03376433v2

HAL Id: hal-03376433
https://hal.science/hal-03376433v2
Submitted on 30 Jan 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03376433v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

2110.06108v2 [cond-mat.soft] 17 Jan 2022

arXiv

Viscous resuspension of droplets

Mehdi Maleki, Clément de Loubens,* and Hugues Bodiguel

Univ.

Grenoble Alpes, CNRS, Grenoble INP, LRP, 38000 Grenoble, France

(Dated: January 19, 2022)

Using absorbance measurements through a Couette cell containing an emulsion of buoyant
droplets, volume fraction profiles are measured at various shear rates. These viscous resuspension
experiments allow a direct determination of the normal stress in the vorticity direction in connection
with the suspension balance model that has been developed for suspensions of solid particles. The
results unambigously show that the normal viscosity responsible for the shear-induced migration of
the droplets is independant on the capillary number, implying that particle deformation does not
play a great role. It is similar to that of rigid particles at volume fractions below 40% but much

smaller at higher ones.

Inspired by margination in blood vessels [1-3], there
is a growing interest for flow-induced structuration phe-
nomena in suspensions of soft microparticles in order
to design cells sorting microfluidic systems for biological
analysis [4-6]. Understanding and modelling migration
in suspensions of soft particles is considered a veritable
challenge because of the non-linear coupling between hy-
drodynamic interactions and the dynamics of deforma-
tion of the particles [7, 8]. In fact, the deformability of
the particle is a major ingredient to break the symmetry
of inertialess flow. It generates normal forces and par-
ticle migration across the streamlines [9, 10]. The role
of soft lubrication interactions between particles has also
been questioned as a collective mechanism of migration
[11, 12]. Up to now, the problem has been addressed
by full numerical simulations which consider the inter-
play between the flow, the dynamics of deformation of
the particles and their mechanical properties [8, 13-16].
Even in a simple flow, the dynamic of deformation of
soft particles is the complex result between the nature
of the flow and the mechanical properties of the particle
[17, 18]. These complex dynamics would seem to play
a role in particle migration [19]. In contrast, this paper
shows that all these sophisticated details do not need to
be considered to account for migration in suspension of
particles in a large range of volume fractions and shear
rates.

The limiting case of rigid particles, where pair trajec-
tories are perfectly reversible is worth discussion [20, 21].
Irreversibility has been discussed to be due to many body
hydrodynamic interactions [22-24] but is now recognized
to be more likely due to solid frictional contacts between
rough particles [20, 25-28]. These are thus likely to play
a major role in the shear-induced migration observed in
heterogeneous flows of suspensions [29, 30]. Recent ex-
perimental results on viscous resuspension [31, 32] sup-
port this idea since migration was found to vary non-
linearly with respect to the shear rate, which has been
interpreted as a manifestation of non-Coulombian fric-
tion. Numerical investigations also highlighted the role
of frictional contacts on the rheological properties of sus-
pensions, but only at high volume fraction, since lubri-

cation interactions are dominate for intermediate volume
fraction [28, 33, 34]. The exact role of contact contri-
bution on particle migration thus remains to be clari-
fied, and has important theoretical implications [35, 36].
When reducing particle stiffness, it is expected that solid
contacts between particles will eventually be precluded
by a lubrication film. Therefore, studying shear-induced
migration of deformable particles should also shed some
lights on its physical origin in suspensions of rigid parti-
cles. A transition from a contact driven migration to a
deformability driven one could thus be expected. It has
been evidenced for pair trajectories [21], but remains to
be investigated for suspensions of soft particles.

In order to shed light on the collective mechanisms
governing the migration of soft particles, we experimen-
tally studied viscous resuspension of buoyant droplets,
which are the simplest model of deformable particles, in
a Taylor-Couette geometry, Fig. 1-c. In this configura-
tion, migration occurs in the vorticity direction and is
mainly the result of collective interactions between the
droplets without interfering with other migration mech-
anisms such as wall effects and gradients of shear rate.
An elegant way of interpreting migration in flow of sus-
pension is to refer to a two-phase momentum balance
model, the suspension balance model (SBM) [37, 38],
which had been developed for rigid particles. The in-
terest of the SBM, compared to diffusive models [39-41],
that it connects the particle migration to the suspen-
sion rheology. More specifically, the flux of particles is
given by a momentum balance between the divergence
of the particle stress tensor, buoyancy and the viscous
drag. For rigid particles, constitutive relations between
particle stress, volume fraction and shear rate have been
determined [29-32, 39, 41-44]. For emulsions, earlier the-
oretical work [45, 46] predicted that migration and nor-
mal stress depends on both volume fraction and capillary
number Ca = ny¥a/o (a being the droplet radius, 7o the
suspending liquid viscosity and o the surface tension),
which is verified in the dilute case [47]. However, there
is a serious lack of experimental data about droplet mi-
gration in semi-dilute regime, despite a few observations
suggesting that shear-induced migration in emulsions is
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FIG. 1. (a) Monodisperse and (b) polydisperse suspensions of oil-in-water droplets. (c) The suspension was sheared between the
two concentric cylinders of a Taylor-Couette cell and visualized by light transmission in the region of interest (ROI) according
to @2. h is the height of the resuspended suspension. (d) Transmitted light intensity I in the ROL (e) Volume fraction of the

droplets ¢ o log,,(Io/I) in the ROL

effective [48, 49]. Here, by filling this gap, we show that
the SBM fully accounts for the viscous resuspension in
emulsions, and unexpectedly, that the normal particle
stress is linear with respect to the shear rate and inde-
pendent of Ca, similarly to the rigid case.

Emulsions of non-Brownian droplets were made by dis-
persing a medium chain triglyceride oil (Nestlé, Switzer-
land) in an aqueous solution of glycerol (84 % w/w,
CAS number 56-81-5, VWR) and were stabilized with
1% w/w sorbitan trioleate 85 (CAS number 26266-58-0,
Sigma-Aldrich). Monodisperse emulsions were produced
with a microfluidic T-junction, radius ¢ = 143 + 5 um
(Fig. 1-a), whereas a membrane emulsification device
[50, 51] (Micropore LDC-1, Micropore Technologies Ltd,
UK) was used to produced polydisperse suspensions, @ =
47 pm (Fig. 1-b, see Supp. Mat.). The viscosity and
density of both phases were measured with a rotational
rheometer (DHR3, TA instruments) and a densimeter
(DMA 4500M, Anton Paar) and were 7g = 50 mPa.s,
ne = 85 mPa.s and p; = 943.42 kg/m?, p. = 1218.52
kg/m? at 23°C, respectively. The surface tension o be-
tween the two phases was measured by the pendant drop
method and was 5 mN/m.

Resuspension experiments were carried out in a home-
made transparent Taylor-Couette cell, 50 mm high and
made from PMMA. (Fig. 1 -c¢) driven by a DHR3
rheometer (TA instruments). The inner and outer radii
of the cell were Ry = 20 and Ry = 24 mm, respectively.
The gap was large enough to accommodate at least 10
droplets, while minimizing the variations of shear rate 7.
The suspension of droplets was poured in the cell and left
to cream for several hours to obtain a layer of creamed
droplets of height hg. The emulsion was sheared at differ-
ent increasing steps of 4 from 6 to 260 s~!. For each step,
we waited until that the concentration profile reached

a steady state. The maximal value of 4 was chosen to
keep the Reynolds number Re = pQQR; (R — Ry)/no suf-
ficiently low to avoid the emergence of Taylor vortices,
i.e. Ta= Re?2(Ry — R1)/(R1 + R2) < 900. It also made
it possible to avoid the secondary currents which arise at
higher shear rates from the combination of the centrifugal
force and buoyancy [31]. This range of shear rate corre-
sponds to a variation of Ca between 1072 and 0.4. Be-
yond this value, break-up of droplets was expected [52].
To ensure the absence of droplet break-up and/or coa-
lescence, we tested the repeatability of the measurement
at the smaller shear rate. Coalescence was furthermore
avoided using surface treatment of the cell. Although
these precautions were sufficient for the two monodispere
emulsions studied, we were only able to limit coalescence
for the polydisperse emulsions. However, we quantified
it and corrected the hy values (see Supp. Mat.).

The resuspension process was visualized with a color
camera in a region of interest (ROI), which was cen-
tered along the axis of rotation of the inner cylinder
(Fig. 1-c), see Supp. Mat for details. The concentra-
tion profile ¢(x3) was inferred by light absorption tech-
nique. The optical indexes of both phases of the emul-
sion were precisely matched. A non-fluorescent colorant
(E122, Breton) was added to the continuous phase to pro-
vide light absorbance contrast (Fig. 1-d). ¢ = KA was
then inferred from the measurement of the absorbance
A = logyy(Io/I) for each pixel, where I is the light in-
tensity, Iy the intensity of the background and K the
coefficient of attenuation (Fig. 1-d,e).

Fig. 2 shows the concentration profiles obtained on
one of the emulsions used. At rest, the front of ¢ showed
a sharp transition between ¢ = 0 and 0.6. However, con-
trary to hard spheres, ¢ was not constant in the dense-
packed zone and increased from 0.6 to 0.8. It is an indica-
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FIG. 2. Steady state concentration profiles ¢(Z3) for each
shear rate step 4 (colored dots) and Eq. 4 with ¢, = 0.8 and
A3 = 1 (colored dashed lines) for mono-dispersed suspension.
In the insert, the relative height increment of the resuspended
layer is plotted as a function of the Acrivos number, A =
aSh/ho. The solid lines are the SBM predictions.

tion of droplets deformation, because the droplets at the
top of the layer underwent the hydrostatic pressure of the
layers below [53]. We defined a local Laplace number La,
as the ratio of this pressure over the Laplace pressure, i.e.
La = a [ $Apgdz/o and showed (see Supp. Mat. ) that
¢ is, at rest, a unique function of La up to 0.3.

The increasing shear rate <, the height h of the sus-
pended layer increased as the mean value of ¢ decreased,
due to volume conservation. Integration of ¢ showed that
the volume of droplets was conserved throughout the ex-
periment, which validated its measurement (see Supp.
Mat.). In the SBM framework, the steady state volume
fraction profiles result from the momentum balance in the
particle phase, i.e. $pApg+ V -3,. Under the hypothe-
sis of linearity with respect to the shear rate, the parti-
cle normal stress could be written as X, ;; = 1onn.:(¢)|7]
where 7,, is the non-dimensional normal viscosity [37, 38].
If the momentum balance is simplified, we easily obtain

O dng do
Sh dé dzs

(1)

where Z3 = wz3/a and Sh = n9y/Apga is the Shields
number. Thus, integrating Eq. 1 along the resuspended
height provides a measurement of 7, 3 over a range of ¢
which depends on Sh (or ¥)

1 h/a

M3 = Sh . o(u)du. (2)

The results of this integration are presented in Fig. 3.
Unambiguously, most of the data fall on the same master-
curve. Deviations observed for the smallest shear rates
at low ¢ are not relevant since the corresponding volume
fraction profiles tend towards zero very sharply, over a
distance that is about the size of a droplet. For the high-
est shear rates, a small deviation could also be seen at
the very top of the resuspended layer. It can have several
origins (contribution of Ca, inertia, radial migration ...).
For rigid particles, the normal viscosity is given by

My = X" (1= ¢/¢m) ™", (3)

where \; are anisotropy coefficients, ¢,, the maximal vol-
ume fraction, and where the exponent n has been found
to be 2 [30, 31, 38] or 3 [32, 43]). The evolution of 7, 3(¢)
is very well fitted by Eq. 3 with n = 2. The validity of
these fits was also tested directly on ¢(Z3) which are more
sensitive to the values of the coefficients. For n = 2, the
concentration profile is given by [31]

= R —1/2
o@) g _ [1 + ;jgh(h - 553)} (4)

where the normalized height of the suspension in the
steady state h is

Sh. (5)

The experimental and analytical profiles of ¢(Z'3) are in
very good agreement (see Fig. 2, and supp. mat.), except
for the highest value of 4. The relative height increments,
(insert in Fig. 2) also show a very good agreement with
Eq. 5.

These results shows that a simple constitutive equa-
tion of 7,3 for a suspension of deformable droplets is
sufficient to catch migration phenomena without further
sophistication of the SBM. Strikingly, even when droplet
deformation cannot be neglected at rest, i.e. for Laplace
number above 0.05, it does not affect the normal viscosity
under shear up to La ~ 0.3. The linear dependency with
respect to the shear rate rules out some significant con-
tribution of migration mechanisms due to drop deforma-
bility in the vorticity direction. This result is consistent
with some simulation results showing a weak dependence
of the normal forces when varying Ca [54].

The polydisperse emulsion exhibited a very similar be-
havior, with only small differences in the coefficients.
This result is rather surprising as some size segregation
of the droplet under shear could be expected. Our results
indicate this kind of behaviour does not affect the macro-
scopic particle viscosity or the maximal volume fraction.

The main difference with rigid particles concerns the
value of ¢,, which is comprised between 0.53-0.63,
whereas it is 0.8 for the emulsions. As highlighted in
Fig. 3, the particle normal viscosity is therefore much
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FIG. 3. Relative normal viscosity 7,,3 as a function of the local droplet concentration ¢ for shear rates in the range of ¥ = 6
to 260 s™'. 7,3 is inferred by integration of the concentration profile, Eq. 2. The solid lines are the best fit of Eq. 1 (using
n = 2). Left: Monodisperse emulsion with a = 185 pum, ho = 3.6 mm, ¢,, = 0.8 and A3 = 1 Middle: Monodisperse emulsion
with a = 143 pm, ho = 5.4 mm, ¢,, = 0.8 and A3 = 1 Right: Polydisperse emulsion with @ = 47 ym, ho = 4 to 6 mm, ¢,,
= 0.76 and A3 = 0.69. The color represents the Laplace number which denotes particle deformation. The dashed and dotted
lines correspond to the experimental results on rigid particles of references 31 and 32, respectively.
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FIG. 4. Variation of the total height h of resuspended layer,
when the shear rate is suddenly changed from 41 to 42. The
corresponding steady state heights are h; and hso, respectively.
The time is normalized by 7 = noho/Apga®. Several experi-
ments are plotted together for each system (¥ ranges from 10
and 100 s~ 1), and collapse on a single curve. The solid lines
are the calculated solutions of the SBM (see text).

higher for rigid ones than for droplets when ¢ > 0.4. At
these volume fractions, frictional contacts dominate the
rheology of rigid ones [34] whereas droplets are likely to
be frictionless.

Let us now discuss the dynamics of resuspension. Mo-
mentum balance in the direction x3 and mass conserva-
tion of the particulate phase read

O%p3s  9mo ¢ _ _
87¢ + 6¢up73
ot 8x3

where u,, and u are the velocities of the particle phase and

=0 (7)

suspension phase, respectively. The second term in Eq.
7 corresponds to the viscous drag on the particle phase.
f is the hindered settling factor which is given by (1 —
®)5 [55]. For suspensions of droplets, f also depends on
the viscosity ratio between the dispersed and continuous
phases k. Several expressions were proposed in Zinchenko
et al. [56] and Ramachandran et al. [46] in the limit
of small ¢ and Ca. The simplest expression was fy =
(264 2) / (9% + 6). We extend their results finite values
of ¢ and Ca by writing f = fo (1 — ¢)5. The system of
equation 7 was solved for us = 0 and using the normal
viscosity determined in steady state. They are compared
to the experimental results shown in Fig. 4. An excellent
agreement is found for monodisperse emulsions. In the
range of parameters investigated, the kinetics is governed
by a single characteristic time, 7 = noho/Apga?, and
does not significantly depend on the shear rate. For the
polydisperse case, the kintetics is about two times faster,
but this is not surprising as it is very sensitive to the
particle size.

We conclude that the SBM quantitatively accounts for
the viscous resuspension of droplets. Moreover, the par-
ticle normal stress is linear with respect to the shear
rate, and proportional to ¢?/(1 — ¢/¢,,)?, similarly to
rigid particles but with a higher maximal volume frac-
tion. This result has important consequences. The first is
the role of the droplet deformability. The normal stress,
which is in principle a function of ¢ and Ca, does not
depend on Ca up to 0.4. This implies that in the vor-
ticity direction collective effects prevails over the cou-
pling between particle shape and flow. The second con-
sequence relates to the role of contact forces in shear-
induced migration of particles. Leaving aside the small
shear-thinning that has recently been reported for sus-
pension of rigid particles [31, 32], it is striking to observe
that switching from rigid particles where frictional con-
tacts dominate the rheology at high volume fractions, to



droplets which could be considered as a frictionless par-
ticles, the normal stress is greatly reduced for ¢ > 40%.
This highlights the crucial role of frictional contacts in
dense suspensions. Outlooks of this work deal with size
segregation that should occur is the polydisperse case.
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I. DROPLET PRODUCTION

The oil-in-water emulsions were produced with two
different methods: microfluidics and membrane emul-
sification. Monodisperse emulsions were fabricated by
microfluidics method while polydisperse emulsions were
produced by membrane emulsification. The aqueous
phase consisted of water-glycerol mixture (glycerol 84 %
w/w, CAS number 56-81-5, VWR) and added food grade
colorant (0.001% w/w, E122, Breton). The oil phase
was composed of medium chain triglyceride oil (Nestlé,
Switzerland) with sorbitan trioleate 85 (1% w/w, CAS
number 26266-58-0, Sigma-Aldrich). Table I shows the
physical properties of oil and water phases of the emul-
sions.

TABLE I. Physical properties of oil and water phases of the
emulsions at 23 °C.

Density  Viscosity Refractive Index
Phase kg.m > mPa.s nD
Oil Phase 943.42 50 1.44948
Water Phase  1218.52 85 1.44948

* clement.de-loubens@univ-grenoble-alpes.fr

Monodisperse oil-in-water emulsions were produced
with a custom-made PMMA T-junction microfluidic chip
with a cross-section 1x1 mm. The inside of the chip
was treated with acetone in order to render the surface
hydrophilic. As shown in figure 1-right, the continuous
aqueous phase was injected through the main channel
while the dispersed oil phase was introduced through the
perpendicular branch via a round glass capillary (CM
Scientific Ltd) of 300 pm inner diameter. The flow
rates were controlled by two syringe pumps (neMSYS,
CETONI). To improve the production rate, T-junction
chip was modified by narrowing the intersection area to
strength shear forces. Two monodisperse emulsions with
different droplet sizes were generated at volumetric frow
rates of oil phase 0.2 and 0.3 mL/min while the flow rate
of aqueous phase 2 mL /min in both cases.

The lab-scale membrane emulsification system was
purchased from Micropore Technologies Ltd (UK) under
the commercial name Micropore LDC-1. The system in-
cludes a micro-engineered emulsification membrane with
20 pm cylindrical laser etched pores under a paddle-blade
stirrer (Figure 1-left). The rotational velocity of the stir-
rer was controlled by a DC motor. The thin flat nickel
emulsification membrane was chemically treated on one
side to have a hydrophilic surface. The pore spacing and
porosity of the membrane were 200 um and 0.91% re-
spectively. The array of pores was located in an narrow
annular region on the membrane to limit the variation of
shear rate and thus homogenize the droplet size distribu-
tion [1]. The aqueous phase was stirred with the paddle
at 500 rpm and the oil phase was injected by a syringe
pump (neMSYS, CETONI) through the membrane with
a flow rate of 2 ml/min.

II. SIZE DISTRIBUTION

The estimation of the droplet size distribution was
based on bright field microscopy images. A large amount
of droplets was placed on wide microscope slides and
put under an inverted microscope (IX-73, Olympus)
equipped with 4, 10, and 20 fold objectives. The mo-
torized stage (Marzhauser) was automatized to perform
a tile scan on the entire specimen and the pictures were
acquired with a digital camera (ORCA-Flash 4.0, Hama-
matsu). The droplet size was measured with a custom
written software based on the Matlab (The MathWorks,
Inc.) image processing toolbox. The average radius of
the monodisperse droplets were a = 143 and 185 um
and polydisperse droplets a = 47 um with a sampling
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FIG. 2. Probability density of volumic size distribution of
droplets. Polydisperse emulsion was resulted from membrane
emulsification system and monodisperse emulsion was pro-
duced by microfluidic system.

rate over several thousand. The size distribution of the
monodisperse and polydisperse emulsions is shown in
Figure 2.

III. PARALLAX ISSUE

In this section, we analyze the parallax issue raised
by the finite distance between the camera and Taylor-
Couette geometry. In the experimental setup, the light
source was a 2D LED panel with a homogeneous and sta-
ble light intensity. It was placed parallel to the Taylor-
Couette geometry with 10 cm of distance. As shown in

figure 3-right, light beams traveled through the suspen-
sion and geometry, then they were collected by a camera
(Basler, acA2500-14gc), located at a distance of L from
the geometry.

By considering a finite value of L, the camera received
the incident light beams within an angle of 0 to « rela-
tive to the horizontal direction. This lead to a smoothing
effect on the concentration profile in the vertical direc-
tion 23 through a length of [ (figure 3-right). This means
that the measurement of the droplet concentration was
vertically averaged in this length. Consequently, the er-
rors induced by smoothing could be considerable where
the vertical concentration sharply shifted to zero at the
nose of the suspension as shown in figure 7. Note that,
measuring of normal viscosity 7, 3 and determining expo-
nent n in SBM model depends strongly on the precision
to detect the curvature of the concentration transition to
Zero.

By increasing the distance L between the camera and
the geometry, the angle o and the vertical averaging
length [ reduced. Consequently, the spatial smoothing of
the concentration profile in the vertical direction became
less effective. The experiments were performed with a
distance of L up to 5 m, whereas the height of the sus-
pension in the measurement zone was 2 cm. To have
high resolution images (5 pixels for a droplet diameter)
we used a lens with a large focal length. Figure 3-left rep-
resents an image of the geometry with two similar rulers
placed at two sides of the geometry. We can observe
that the parallax in the measurement zone was negligi-
ble. However it became more decisive near the bottom of
the geometry. In such configuration of the experimental
setup, we estimated o = 0.11 degree and vertical aver-
aging length [ = 96 um. The ratio of [ to the diameter
of monodisperse and polydisperse droplets is I/a = 1/3
and 1 respectively. These small ratios indicated a neg-
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FIG. 3. Parallax issue along the vertical direction solved by increasing the distance L between the camera and Taylor-Couette
cell up to five meters. To have high resolution pictures of measurement zone a lens with a large focal length has been used. A
ruler behind and front of the Taylor-Couette cell indicates a negligible parallax issue.

ligible effect of the parallax on the concentration profile
measurement where it experienced a sharp transition to
zero. Consequently, the parallax did not impact the com-
parison of our measurements with SBM model.

IV. TUNING REFRACTIVE INDEX

Balancing the refractive index between the droplets
and suspending fluid was crucial for our experimental
method. Light refraction between the two phases in the
emulsions could give rise to considerable errors in the
measurement of the concentration profile ¢(x3). The re-
fractive index of the oil phase was measured with precise
refractometer (Abbemat 350, Anton Paar) n = 1.44948
nD at T = 23 °C and wavelength A = 589 nm. Note
that the resuspension experiments were conducted at the
same temperature and a wavelength band of A = 525+15
nm. Figure 4 illustrates the difference of refractive in-
dex between the droplets and suspending fluid for var-
ious glycerol volume fractions in the suspending fluid.
The zero contrast was estimated with a glycerol volume
fraction around ¢ = 84.68% w/w. Then after preparing
the solution, the contrast was refined to a precision of
An = 0.00000 nD with drop-by-drop addition of glycerol
or water and mixed. After that 1 mL of the solution was
pipetted from different cites in the solution volume. The
refractive index of these samples was measured to the
precision An = 0.00000 nD and in the case of mismatch
the process was repeated.

V. CHARACTERIZING THE ABSORBANCE

The vertical concentration profile of the resuspended
emulsions ¢(z3) was obtained by the light absorption

0.05

An = 0.00000
¢ =84.6888%

0 20 40 60 80 100
Glycerol Concentration (% m/m)

FIG. 4. The difference of refractive index between the droplets
and suspending fluid as a function of glycerol volume frac-
tion at 23 °C and wavelength A = 589 nm. A zero contrast
of refractive index was estimated with glycerol concentration
¢ = 84.6888%. The final contrast was refined to a precision of
An = 0.00000 nD by adding some drops of glycerol or water.

technique.  Since the droplets and suspending fluid
were both completely transparent, adding a colorant to
the suspending fluid provided a contrast in the light
absorbance degree between the two phases. A non-
fluorescent food-grade additive, E122 (Breton) was used
as the colorant. UV-Vis spectrophotometry analysis of
the colorant was performed in a quartz cuvette (Hellma
Analytics) with a light path of L = 2 mm and a portable
spectrometer (RedLite, Ocean Insight). Figure 5-left
demonstrates the absorption spectra of the colorant dis-
solved in the suspending fluid with the concentration
ranging from ¢ = 0.001% to 0.04% mg/ml. The ab-
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FIG. 5. Characterization of the light absorbance of the colorant, Left: The light absorbance of the colorant for concentration
ranging from ¢ = 0.001% to 0.04% mg/mL in visible light wave length measured by a spectrometer in a L = 2 mm cuvette,
Right: Absorbance of the colorant at wave length A = 525 nm as a function of ¢L, where ¢ is the colorant concentration and
L is the traveled length of light in the sample. The measured absorbance by the spectrometer in a cuvette with L = 2 mm has
an excellent agreement in the linear part with measured absorbance by the experimental set-up in the Taylor-Couette cell. A

bandpass filter with the center wavelength, A = 525 + 15nm was used in the experimental set-up.

sorption spectrum was a broad band with a maximum
absorbance peak at A = 520 nm.

To validate our experimental approach, we measured
the absorbance of the colorant with a digital camera
(acA2500-14gc, Basler) in Taylor-Couette Cell and com-
pared the results with a spectrophotometer. As shown
in figure 5-left, the wavelength related to the peak of
absorbance was around A = 520 nm, thus we used an
interference bandpass filter with the center wavelength
A = 525+ 15 nm. Beer-Lambert law formulates the ex-
ponential decay of the light intensity passing through a
solution. Thus we related intensities and a distance L
and calculated the absorbance as:

Iy — 14
I, = Id) =ecL (1)

A = log(

where Iy is the light intensity after traveling the sus-
pending fluid without colorant as well as the transparent
container cell of sample, I; is the traveled light inten-
sity with contribution of the colorant, I; is the measured
light intensity by the insulated camera which represents
the noise and ¢ is the attenuation rate of light for the col-
orant. Contrary to the cuvette, in Taylor-Couette cell,
the traveled length of the light beam through the sam-
ple was not constant. By determining the corresponding
traveled length L for each pixel of the captured image,
a 2D light absorbance map was obtained. As expected,
for the homogeneous colorant solution in Taylor-Couette
cell, we obtained an uniform 2D absorbance map. Figure
5-right demonstrates the absorbance of the colorant at
wavelength A = 520 nm, measured by the spectropho-
tometer and the experimental setup as a function of ¢.L

where ¢ is the colorant concentration and L is the trav-
eled length of light in the sample. The measurements
show an excellent consistency in the linear regime. The
experiments were conducted in such fashion to keep the
corresponding absorbance values within the linear part.

VI. COALESCENCE ISSUE

As the droplets were less dense than the suspending
fluid, they creamed on top of the Taylor-Couette cell.
The droplets could be deformed under the buoyant force,
which causes them to coalesce [2]. The droplet coales-
cence was inhibited with a surface treatment of the ge-
ometry for monodisperse suspensions. However, this sur-
face treatment proved to be inefficient for polydisperse
suspensions. Figure 6-a shows the concentration map of
the polydisperse droplets in x1 — x3 plane for shear rates
ranging from ¥ = 0 to 87 s~! in steady state. It il-
lustrates the emergence and then stabilization of the oil
layer caused by coalescence at the top of the geometry.
Additionally, we observed that the creamed suspension
underwent a similar transformation over a short period
of time even at rest. However, under a shear stress, this
process slowed down. We had to make a correction in the
experimental data in order to discard the coalesced part
and took into account only the true quantity of droplets
in the suspension. This was necessary since the migration
phenomenon in the resuspension experiments depended
on the droplet quantity. Moreover, comparing the migra-
tion rate in the same suspension as a function of shear
rate was possible only if the non-coalesced droplet quan-



551 11 st

- |
[ ]
0.2} 4 2. 1
43 st MR
s 1 AR50 2
0 e s -
0 5 10 15

x3 (mm)

22 s 43 571 87 57!

RS SN N EE

1
D05
. I 0

C)

1 . .
140
120 e
0.8} o " 1
= 100 A
06 0 50 100)
he 5 (s7)
0.4} 1
e 5 s! NG
11 7! i
0.2F a 22 s Qe ]
43 s i3
87 s7! 5%
0 . [ S S —
0 5 10 15
r3 (mm)

FIG. 6. Coalescence issue for polydisperse suspensions despite surface treatment, a: 2D concentration profile of droplets in
x1 — x3 plane and presence of an oil layer at the top of the Taylor-Couette cell resulted from coalescence of droplets, b: The
concentration profile of droplets in steady state along the resuspension direction x3 for shear rates ranging from 4 = 0 to
87 s~ 1. The coalesced part was detected by sharp increase of the concentration. Insert figure is the total volume of oil phase
calculated by equation 2. c: CoArrected concentration profile of droplets as a function of x3. Inset figure is normalized height of
the creamed suspension at rest ho = h/a calculated by the equation 3 as a function of shear rate. h is the height of resuspension

in the steady state and a is the average size of the droplets.

tity was taken into account.

Figure 6-b shows the vertical steady state concentra-
tion profile of droplets ¢(z3) for shear rates ranging from
4 = 0 to 87 s~! . The total volume of the oil phase
(droplets and coalesced part) was calculated by integrat-
ing ¢(x3) over zs:

H
V:ﬂ%fR@A o) des ()

where Ry = 20, Ry = 24 and H = 50 mm are the inner,
outer radii and height of the Taylor-Couette cell respec-
tively. The total volume of oil phase (inset figure 6-b) was
V= 3.691 & 0.033 ml for shear rates up to ¥ = 43 5!
which corresponds to a relative standard deviation from
2.7 % up to = 5.2 % at 4 = 87 s~!. This variation
increment originated from the optical issues at the sur-
face of oil layer with the air. The coalesced part was

detected by a sharp increase in the concentration profile
near 3 = 0. Figure 6-c shows the same concentration
profiles after eliminating the part related to the coales-
cence. Consequently, each concentration profile was a
representation of the droplets migration as a response to
the shear rate but with different quantities of particles
in the suspension. Based on the mass conservation, by
integrating the concentration profile over the normalized
length T3 = x3/a, we estimated the normalized height of
the creamed suspension at rest ﬁo for each concentration
profile:

N n
%%:A¢@M% (3)

where h is the normalized height of the suspension in
steady state, and took ¢,, = 0.76. The inset of figure
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FIG. 7. Corrected concentration profile of polydisperse suspension of droplets for shear rates in the range of 4 = 5 to 87 s~ L.
The circles are the experimental data from section VI and solid lines are the analytical profiles based on the Suspension Balance
Model with n = 2 and calculated from equation 4 with ¢,, = 0.76 and A3 = 0.69.

6-c shows the calculated iALO for each concentration Izgoﬁle
which is in the range of 100 to 128 . The increase of hg for
shear rates 4 = 43 and 87 s~! can be attributed to the
break-up of the large oil pockets which did not coalesce
with the oil layer located at the top of the geometry. To
compare our results, such as the normal viscosity 7y 3,
the evolution of suspension height h and concentration
profile ¢(Z3), to Suspension Balance Model (SBM) we
used the corrected data.

VII. CONCENTRATION PROFILES AT REST

At rest and after creaming during about 12h, the vol-
ume fraction was not uniform but exhibited a gradient
from about 0.6 at the bottom of the emulsion layer up to
0.8 at the top. This effect was the signature of droplet
deformability, since - at least for monodisperse systems -
a volume fraction of 0.8 cannot be obtained with spher-
ical droplets. When comparing the particle stress, given

by Y,33 = [ Apgodrs with the Laplace pressure, we
indeed found that the particle stress was a non negligi-
ble fraction of Laplace pressure, which allowed significant
deformation of the droplet.

In Fig. 8, the volume fraction at rest is plotted for the
three systems studied as a function of the Laplace num-
ber, La = ¥, 33/(7/a). The two monodisperse systems
nicely collapsed on a master curve, which was roughly an
affine function of La. This validated the above hypoth-
esis that the droplet deform due to the buoyant mass of
the layer underneath. The polydisperse system slighlty
deviated from this behaviour in the bottom of the layer,
which might indicate that a size segregation existed in
this case.

VIII. CONCENTRATION PROFILE OF

POLYDISPERSE SUSPENSION

Based on the theoretical framework of the Suspension
Balance Model (SBM), in the case of n = 2, the concen-
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FIG. 8. Concentration profiles at rest (¥ = 0) as a function of
the Laplace number L 4 for monodispersed and polydispersed
suspenions of droplets.

tration profile of the droplets was calculated analytically
as [3]:

#(73)
bm

where the normalized steady state height of the sus-
pension h is

Pm
A3Sh

=1- {1 + (h — 33)] o (4)

Sh (5)

Figure 7 represents the corrected concentration profiles
of the polydisperse suspension and the analytical profile
calculated by equation 4 for shear rates ranging from
4 =5 to 87 s~!. Jamming concentration was ¢, = 0.76
and the best fit was found with free parameter A5 = 0.69.
The experimental results for shear rates ¥ = 5 to 43 s~ !
were in good agreement with the theoretical prediction
in equation 4. In the case of ¥ = 87 s~! the inertia
effects came into play. Furthermore, the discrepancies
between the experimental and theoretical results could
originated from the structuration of the droplets caused
by size polydispersity.

IX. SUSPENSION HEIGHT EVOLUTION

Normalized height of the suspensions for shear rates in
the range of ¥ = 5 to 1355~ ! is presented in figure 9 as a
function of Acrivos number. Acrivos number is defined:

M0y
= 6
Apghg ©)

which is the ratio of viscous force to buoyancy force as
Shields number Sh but with hg for the characteristic
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FIG. 9. Variation of the normalize height of resuspended
monodisperse and polydisperse suspensions as a function of
Acrivos number. Solid line is the correlation with n = 2,
¢m = 0.8 and A3 = 1 for monodisperse droplets and dashed
line with n = 2, ¢, = 0.76 and A3 = 0.69 for monodisperse
and polydisperse droplets respectively.

length. The analytical correlation presented in equa-
tion 5 is traced for monodisperse droplets (solid line)
with n = 2, ¢,, = 0.8 and A3 = 1 and for polydis-
perse droplets (dashed line) with n = 2, ¢,,, = 0.76 and
A3 = 0.69. We observed that the experimental results for
both monodisperse and polydisperse suspensions were in
excellent agreement with the theoretical correlation in
the range of 0.1 < A < 1. In contrast, a divergence was
found for higher values of A which can be due to the
inertial effects.
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