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The seminal study by G. I. Taylor (1923) has inspired
generations of work in exploring and characterizing
Taylor–Couette (TC) flow instabilities and laid the
foundation for research of complex fluid systems
requiring a controlled hydrodynamic environment.
Here, TC flow with radial fluid injection is used
to study the mixing dynamics of complex oil-in-
water emulsions. Concentrated emulsion simulating
oily bilgewater is radially injected into the annulus
between rotating inner and outer cylinders, and the
emulsion is allowed to disperse through the flow
field. The resultant mixing dynamics are investigated,
and effective intermixing coefficients are calculated
through measured changes in the intensity of light
reflected by the emulsion droplets in fresh and salty
water. The impacts of the flow field and mixing
conditions on the emulsion stability are tracked
via changes in droplet size distribution (DSD), and
the use of emulsified droplets as tracer particles
is discussed in terms of changes in the dispersive
Péclet, Capillary and Weber numbers. For oily
wastewater systems, the formation of larger droplets
is known to yield better separation during a water
treatment process, and the final DSD observed here
is found to be tunable based on salt concentration,
observation time and mixing flow state in the TC cell.

2023 The Author(s) Published by the Royal Society. All rights reserved.
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This article is part of the theme issue ’Taylor–Couette and related flows on the centennial of
Taylor’s seminal Philosophical Transactions paper (part 2)’.

1. Introduction
The range of flow states accessible in the flow between two rotating concentric cylinders, or
Taylor–Couette (TC) flow, can be used to explore the effects of hydrodynamics on complex
fluids and processes. In G. I. Taylor’s seminal work in 1923 [1], Taylor aimed to establish a
mathematical representation of flow instability between two infinite parallel planes and perform
a detailed comparison between results from analysis and experiments. Since it is impossible to
carry out experiments with an infinite plane, a set-up with flow between two concentric cylinders
was used. Taylor mathematically determined the stability criterion of a given specified initial
disturbance and determined that Rayleigh’s criterion for stability for inviscid flow is a limiting
case of the criterion for a viscous fluid. Taylor also measured the speed for the first appearance
of an instability, where he observed that after the symmetrical vortex system, a wavy vortex flow
could be accessed. This seminal study by G. I. Taylor (1923) has inspired decades of work in TC
flows by providing a dynamic platform to study the flow instabilities. Following Taylor’s work,
several additional flow states were identified by others [2–9]. Flow states such as Taylor vortices,
wavy vortices, modulated wavy vortices, laminar spirals, interpenetrating spirals and some
turbulent vortices were mapped as a function of the inner and outer cylinder Reynolds numbers
for Newtonian fluids. The versatility of TC platform was also extended beyond Newtonian
fluids into non-Newtonian fluid dynamics with exploration in effects of material properties
like shear thinning [10,11], viscoelastic nature [12,13] and rheological properties [14] of the
fluids on TC flows. Newer flow states like rotating standing waves, disordered oscillations,
oscillatory strips, diwhirls, helical vortices, jellyfish-like vortices and viscoelastic turbulence
have been observed for non-Newtonian solutions further expanding the usefulness of TC flows
[15,16].

The wide variety of precisely controlled and well-studied flow states accessible by the TC cell
made it an ideal platform to study complex fluid processes, such as those observed in polymer
drag reduction, catalysis, filtration and water treatment [17–30]. For example, efficient and safe
heparin anticoagulation has been a problem for continuous renal replacement therapies [18], and
Ameer et al. tested a device based on TC flow to study simultaneous separation and reaction
of heparin removal. TC flows have been used as a rotating wall vessel, which is a suspension
culture vessel optimized to produce laminar Couette flow and minimize mechanical stresses on
cell aggregates in cell cultures [23–25]. Another example comes from the use of the uniform fluidic
motion and mass transport in TC flows for uniform polymer coating on carbon black to control
its density and surface charge to achieve black images in electrophoretic displays [26]. Kong &
Dennis [27] also demonstrated that a continuous flow Taylor vortex algal photobioreactor can be
used to produce and sustain high biomass production and carbon dioxide capture rates. Krintiras
et al. [28] demonstrated that simple shear flow and heat in the Couette cell can induce fibrous
structural patterns to granular mixture of plant proteins for the production of soya-based meat
replacements. The TC cell has also been used for improving the efficiency of heterogeneous
photocatalysis by nearly a factor of three [29] and commercialized for animal cell cultures in
suspension due to the hydrodynamics and mass transfer characteristics it offered [30]. The
authors of the current study previously used TC flows and mixing to study hydrodynamic flow
field, solution ionic strength and polyelectrolyte molecular weight effects on floc size, growth rate
and floc microstructure during the flocculation process [19,31].

The common factor relating these studies is the precise control of the hydrodynamics in
the TC cell, and exploration of mixing and axial dispersion dynamics within these flows is of
the utmost importance. Recently, the determination of mass transport in the TC cell has been a
subject of interest of many studies [26,27,32–40]. For example, Nemri et al. [33] have explored the
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mixing properties of TC flows and the effects of these properties on axial dispersion of a passive
tracer using both experiments and numerical simulations. Mass transport has been studied in
terms of advective transport from vortex structures with two different mechanisms: inter- and
intra-vortex transport. Whether it be experimentally through residence time distribution [33–35],
laser-induced fluorescence [33,36] or modelling the vortex as a two zone [37] or well-mixed
reactors [35], several of the prior studies that explored mixing and mass transport have done
so for one or two flow states. In addition, there have been mechanical restrictions from the TC
geometry for single injection locations either through the top of the annulus or through holes in
the outer cylinder. These restrictions might affect the precise control over the flow as the presence
of capillary in annulus can alter the local flow profile. Wilkinson & Dutcher [41,42] designed a
new and modified TC cell that incorporates 16 injection ports uniformly distributed axially and
azimuthally into the inner cylinder. The non-intrusive nature of the design allows injection of
large fluid volume into the annulus during the co- and counter-rotation operations of the TC cell.

In this study, the TC cell designed by Wilkinson & Dutcher [42] is used to explore the formation
and dispersion of model oily shipboard wastewaters in a variety of different TC flow conditions.
Oil leaks from machinery and maintenance activities mixes and combines with water collected in
the bilge, which is the lowest chamber, of a naval ship, resulting in the formation of complex
wastewater emulsions. Various types of fuels, lubrication oils, cooling water, detergents and
solvents are contained in these emulsions. Bilgewater pollution accounts for around 20% of
millions of tons of oily wastewater discharged into the ocean [43–45]. Hence, oily emulsion is
regulated by MARPOL Annex 1 and for Armed Forces vessels, DoD Regulation (U.S. DoD 2017),
where the discharge oil content must be below 15 ppm [46,47].

A key challenge for on board oil abatement systems is the presence of small droplets, where
oil droplets less than 20 µm in diameter are particularly difficult to separate [48]. One key tool
that can be further optimized to help with the oil treatment is the hydrodynamic flow field
the emulsion experiences during treatment. The distribution of droplet sizes in an emulsion
during treatment is influenced by the mixing intensity or the flow conditions [48], as mixing
and shear effects can impact droplet dispersion and droplet-droplet interactions. Farzad et al.
[49] investigated the droplet size distribution (DSD) of liquid–liquid emulsions in TC flows,
where dispersion effects dominate over diffusion, influencing the number of collision events
between droplets. In addition, shear-induced coalescence of stabilized emulsion droplets under
simple shear flow or Couette flow has been explored in various studies [50–55]. In general, the
surfactant concentration or surface charge distribution can become heterogeneous under shear,
leading to destabilization and coalescence when two droplets come into contact [55,56]. Our
recent concurrent work has focused on the stability of pre-prepared oil-in-water emulsions under
a variety of shear rates available in TC flows and complexity of dispersion and DSD in TC flows.

In the current work, we explore the intermixing rates, mixing dynamics and emulsion DSD of
chemically complex oil-in-water emulsions injected into well-controlled flow states established
within the TC cell. The dispersion is quantified via the determination of apparent intermixing
coefficients in both distilled water and in a saltier environment. The DSD of the emulsion is also
determined at various stages of mixing to identify the effects of mixing speed and observation
time scale on the stability of the emulsion formation.

2. Materials and methods

(a) Materials
The emulsion systems used here are complex oil-in-water emulsions, made with specifications
provided by the Strategic Environmental Research and Development Program (SERDP) and
Naval Surface Warfare Center Carderock Division (NSWCCD). A Navy Standard Bilge Mix
(NSBM#4) consisting of 50% (vol/vol) Marine diesel fuel (MIL-PRF-16884), 25% (vol/vol) TEP
Steam Lube Oil 2190 (MIL-PRF-17331) and 25% (vol/vol) Diesel Lube Oil 9250 (MIL-PRF-9000)
was specified as the dispersed oil phase for this system and will be referred to as NSBM#4
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from here on in this study. The NSBM#4 oil has a density of 853 kg m−3, kinematic viscosity
of 31.2 × 10−6 m2 s−1 and interfacial tension of 17.2 mNm−1 at 20°C [57]. A detergent blend of
50% (vol/vol) Type-1 General Purpose Detergent (MIL-D-16791G(1)), 25% (vol/vol) commercial
liquid Tide Ultra® detergent, and 25% (vol/vol) degreasing solvent (MIL-PRF-680C, Type III)
was specified as the surfactant mixture pre-loaded into the continuous water phase and will be
referred to as SERDP surfactant mix from here on.

All concentrated emulsion samples used in this study were blended with a rotor-stator
homogenizer (IKA: T-25 digital Ultra-Turrax) for a fixed duration (120 s) and at a fixed
homogenization rate (20 000 r.p.m.). A 4% (vol/vol) NSBM#4 with 100 ppm SERDP surfactant mix
was prepared using the homogenizer for a total volume of 50 ml. This concentrated emulsion was
used for injection into the annulus and prepared immediately before performing each experiment.
The annulus of the TC cell was loaded with 100 ppm SERDP surfactant mix in distilled water
(Premium Water, Inc.). This was mixed before loading into the TC cell using a Jiffy mixer
attachment for 30 min in 1 L glass jars. The concentrated (4% NSBM#4) emulsion and emulsion-
free surfactant water solution were prepared in such a way to obtain a final concentration of 0.1%
NSBM#4 and 100 ppm SERDP surfactant in the solution after injection into the annulus of the cell.
For the salinity studies, the solutions were prepared in the same way, with the addition of NaCl to
yield a final NaCl concentration of 10 mM. It is anticipated based on work with a similar oil and
surfactant mix system [58], though with synthetic seawater aqueous phase, that the interfacial
tension values at this concentration would drop to near 8 mN m−1. The kinematic viscosity of
the final 0.1% (v/v) NSBM#4 mix solution at 22°C was measured to be 9.803 × 10−7 m2 s−1 and
the density 0.997 g ml−1. While the system studied here is informed by a specific application of
shipboard water treatment, certainly the insights of hydrodynamics on emulsion stability can be
generally extended to chemically stabilized oil-in-water emulsions in a variety of applications.

(b) Taylor–Couette geometry and flow visualization
The TC cell used in this study is a custom TC cell design that houses 16 injection ports evenly
spaced axially and azimuthally along the inner cylinder. These injection ports do not protrude
into the annulus, and the port covers are contour-matched to the inner cylinder so that the flow
profile of the resultant vortices is not modified during operation. The design has been described
in previous work [41]. In brief, the inner cylinder is made of anodized aluminium and the outer
cylinder is made of borosilicate glass. The inner diameter is 13.54 cm, the annulus height is 51 cm
and radial gap width is 0.84 cm, resulting in a radius ratio of 0.89 and height-to-gap (aspect) ratio
of 60. The top and bottom of the annulus are fixed to the outer cylinder and kept stationary in the
current work. Each injection port is connected to a check valve with 10 psi crack pressure and a
flow restrictor to normalize flow between injection ports.

A laser diode (Thorlabs, 450 nm, 1600 mW max) in combination with a laser line generator was
used to create a laser light sheet tangential to the inner cylinder. A Basler Ace camera (1280 × 1024
pixels, 60 fps maximum frame rate) with a Tamron 25 mm c-mount lens was vertically adjusted
such that the field of view was between the third and fourth injection port row covers from the
top of the TC cell. The frame rate on the camera was set to 60 fps with an exposure time of 8 ms for
all experiments. The solution containing 100 ppm SERDP surfactant mix and distilled water (or
10 mM NaCl in salt cases) was transferred into the TC cell using a tube connected to the base of
the cylinder assembly. A figure detailing this process can be found in previous studies by Metaxas
et al. [19,31].

(c) Injection flow calibrations
As mentioned in Wilkinson & Dutcher [42], the mass injection through the inner cylinder was
first calibrated. To perform the calibration, the inner cylinder and port covers were removed
from the assembly. Scintillation vials were attached to the end of each injection ports and fluid
sample masses were measured at a variety of injection times at 30 psi pressure. Figure 1 shows
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Figure 1. Injection mass flow rate calibration with 30 psi injection pressure for 4% (v/v) NSBM#4 concentrated emulsion. The
solid lines represent the best-fit linear regression used to quantify themass flow rates. The dashed lines are the 95% confidence
intervals for the linear regression. (Online version in colour.)

the mass flow rate calibrations with 95% confidence intervals. All experiments were performed
at a 30 psi injection pressure at a calibrated injection rate of 5.23 g s−1 for both no salt and 10 mM
NaCl cases.

(d) Mass transfer experiments
The TC cell can generate a wide variety of flow states as a function of cylinder speed and fluid
properties. TC flow dynamics are characterized by the Reynolds number (Re) for both inner and
outer cylinders, defined as

Rein, out = Ωin, outRin, outd
v

, (2.1)

where Ω refers to the angular velocity, R is the cylinder radius, d is the width of the annulus,
or gap, between the two cylinders (d=Rout - Rin), and ν is the kinematic viscosity of the fluid
enclosed within the annulus. Five different Re values, over three different flow states, were used in
this study, including (i) laminar wavy vortex flow (LWV), (ii) turbulent wavy vortex flow (TWV)
and (iii) turbulent Taylor vortex flow (TTV). The ‘turbulent’ cases of the wavy vortex and Taylor
vortex physically resemble their laminar counterparts, with additional turbulent features such
as eddies [9]. The desired flow states were established using a constant rotation speed prior to
emulsion injection: 0.20 s−1 (LWV), 0.56 s−1 and 0.74 s−1 (TWV) and 1.11 s−1 and 1.48 s−1 (TTV).
These cylinder rotation speeds were selected so the corresponding Re number falls in the range of
relevant flow states [9,41].

The pixel brightness of the concentrated oil emulsion was used as a way to visualize the
transfer between vortices and ultimately calculate vortex mass transfer. The field of view was
restricted between two rows of ports to increase spatial resolution. A LabView code was used to
control the injection of the concentrated emulsion from the inner cylinder ports into the annulus
as well as to record visualizations of the entire mass transfer process. To start the experiment, the
inner cylinder drive shaft and injection ports were primed with the emulsion. The flow state was
established at a fixed cylinder rotation speed, maintaining the rotation rate for 10 min for the flow
states vortices to stabilize before the start of the experiment and recording was then started. After
an initial delay of 30 s, 50 ml of concentrated 4% (v/v) NSBM#4 emulsion was injected through the
inner cylinder into the annulus at an injection rate of 5.23 g s−1. This was maintained for 30 min to
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allow the emulsion to disperse into the cell, and 20 ml samples were collected every 10 min from
the start to measure the corresponding DSD using a laser diffraction size analyser.

After completion of each experiment, the TC cell was disassembled and cleaned. All speeds
were repeated three times for statistical accuracy for both salt and no salt cases, resulting in a
total of 30 complete assembly steps. Since in the wavy states of LWV and TWV, the boundary
moves axially, the midpoint of each azimuthal wave was identified visually, and the average axial
location was used. Time-dependent spatial variations in concentration after injection were used
to determine the mass transport coefficients, which are described below. Fourier analysis on the
time and spatial variations was also used to confirm the vortex structure type in the flow and the
detailed process is described in Dutcher et al. [9,41].

(e) Image analysis
As mentioned in Wilkinson & Dutcher [42], the concentration of emulsion was measured by
quantifying the intensity of light reflected by the emulsion droplets in the solution. The pixel
intensity of each vortex is averaged, producing a single concentration per vortex, based on a
linear intensity-concentration scaling. The intensity to concentration calibration per vortex can be
described with the following equation:

C= I − Io
If − Io

× m
Vo + (m/ρ)

, (2.2)

where C is the concentration of the emulsion (g L−1), I is the instantaneous average pixel intensity,
Io is the zero concentration (pre-injection) intensity, If is the final concentration intensity, m is the
mass of the emulsion injected in grams and ρ is the density of the concentrated solution, which
was measured to be 997.6 ± 1.1 kg m−3. Vo is the initial volume of distilled water in the annulus
and end cap area, which is equal to 1.95 L. Further details can be found in previous work [42].

Once the time profile of emulsion concentration for each vortex was obtained, an intermixing
coefficient can be determined by regression. Analysis methods similar to [42] were used, which
are based on equation (2.3) by Ohmura et al. [34]. Similar to [42], each vortex is treated as an
individual well-mixed vortex reactor. The mass transfer across the interfacial area between the
adjacent vortices was averaged for each vortex to obtain a single concentration per vortex per
frame. The mass balance for the nth vortex can be calculated using the following equation.

Vn
dCn

dt
= kS(Cn+1 − 2Cn + Cn−1), (2.3)

where Cn is the concentration of the nth vortex (the vortex of interest) and subscripts n+ 1 and
n – 1 correspond to adjacent vortices. Vn is the volume of the nth vortex [π (ro2 – ri2)Ln], S is the
interfacial area between vortices [π (ro2 – ri2)] and k is the intermixing coefficient.

To determine the best-fit k for each experiment, the fsolve function in MATLAB was used to
minimize the mean square error between the predicted vortex concentrations over time and the
measured values. The experimentally measured concentrations in the vortices located just above
the fourth-row injection port and the vortex located just below the third-row injection port were
used as boundary conditions in the determination of k. The intermixing coefficient can then be
linearly converted to an effective dispersion coefficient as Dz

∗ = 2λk [34,42], where λ is the axial
wavelength and Dz

∗ is the effective dispersion coefficient. For consistency with our prior study
[42], the vortex height is used here as the axial wavelength, which is of order of approximately
1 cm.

(f) Droplet characterization: laser diffraction particle size analyser
To determine the influence of dispersion and shearing on the emulsion stability, measurements
of the emulsified DSDs of samples taken both before, during and after experimentation were
performed. Laser diffraction particle size analysis was conducted using a Bluewave Laser
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Diffraction Particle Size Analyzer (Mictrotrac®). The method is based on the scattering of
a laser beam from the emulsified droplet, where the angles of diffraction are correlated to
the particle size. Number-based size distributions, volume-based size distributions and oil
volume concentration of different diameter peaks and mean volume diameter were collected in
all cases.

3. Results and discussion

(a) Mass transfer analysis
Mass transfer experiments were conducted at five Re values: a single Re value for LWV (Re= 700)
and two different Re values for TWV (Re= 2040 and 2700) and TTV (Re= 4050 and 5400) and
corresponding intermixing coefficients (k) were determined from equation (2.3). For each of the
nominally turbulent flow states, Re values were selected such as one was near the lower end
and the other near the higher end of Re range for that flow state, so that both the effect of
changing Re as well as changing flow state can be explored. A concentrated (4% v/v) NSBM#4
oil emulsion was injected at a specified Re value for the corresponding vortex structure using the
16 injection ports that are uniformly located along the inner cylinder. The modelling of the mass
transport of the injected liquid in stable TC flow fields has been discussed previously in an earlier
publication [42], where each vortex was treated as a well-mixed reactor and the intermixing
and dispersion coefficients were determined. The timescale used for non-dimensionalization
is the viscous timescale based on the gap, τ ν = d2/ν, matching that used previously [42] and
corresponding to the timescale for vortex decay for higher aspect ratio systems [59], similar to
that which was used here (Γ =H/d= 60, with H, height and d, gap). However, it should be noted
that this is only one example of the Rayleigh viscous timescale of τ = L2 /ν for TC flows, where
L is the characteristic length. Other viscous timescales include those based on length of the cell,
H2 /ν [60–62], a combination of length and gap, Hd/ν [61,63–65] or the timescale for spin-up of
fluid between a pair of rotating discs, H /(νΩ)1/2 [60,66], where Hd/ν is found to more correctly
account for the steady state for the onset of vortices in the flow [59].

An example of emulsion injection and dispersion is shown in figure 2 for the lowest flow
state tested, LWV, Re= 700. The axial location of annulus between two injection port rows was
captured after injection and the intensity was regressed to find the intermixing coefficients,
according to equations (2.2) and (2.3). The corresponding concentration profiles (figure 2b)
shows the respective changes in the concentration of different vortices with time and collapse
to a final value. The rate of collapse to the final equilibrium concentration depends on the
intermixing rate which was used to qualitatively compare the dispersion between different
flow states and Re. The apparent intermixing coefficient (k) for the LWV was found to be
(1.37 × 10−1 ± 9.21 × 10−3) cm s−1 and was calculated from the average of three runs per flow
state. The intermixing coefficient can be linearly converted to the effective dispersion coefficient,
resulting in a value of (2.75 × 10−1 ± 1.84 × 10−2 cm2 s−1) for LWV flow. Figure 2b highlights
the changes in the vortex concentration based on the brightness of the vortices, vortices 1 and
9 start with high concentration as the injection takes place in these vortices but gradually the
concentrated emulsion was dispersed between the vortices present between the injection port
rows.

The next flow state tested was the TWV, at two different Re values (2040 and 2700). Figure 3
shows that the emulsion disperses faster here compared with LWV. Using the same method as
above, the intermixing coefficient, k increased to (2.35 × 10−1 ± 2.87 × 10−2) cm s−1 for Re= 2040
and (2.50 × 10−1 ± 2.06 × 10−2) cm s−1 for Re= 2700. Interestingly, the increase in Re resulted in
only a slight increase in the intermixing coefficient within the TWV flow state. By contrast, the
intermixing coefficient for TWV was approximately doubled compared with LWV. In addition
to the turbulent nature of TWV, other complex droplet-flow effects discussed in later sections
might be responsible for the difference. As before, the intermixing coefficient can be converted to
dispersion coefficient, Dz

∗, for TWV and was found to be (4.70 × 10−1 ± 4.28 × 10−2) cm2 s−1 for
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Figure 2. Mass transfer results for LWV structure (Re= 700) at 30 psi, 50 ml injection. (a) Snapshots (0.84 cm wide) of
portions of the annulus between two injection port rows after injection of the concentrated emulsion, illustrating the spatial
concentration in the projected θ -z plane evolving in dimensionless time, t/τ ν , of each image. (b) Temporal profile of the
concentration, based on equation (2.2), in several vortices (solid lines) and the model (dashed lines) using the best-fit
intermixing coefficient from equation (2.3). The y-axis is normalized by the final equilibrium concentration of emulsion, and
the x-axis is dimensionless time, time divided by the viscous timescale (τ ν = 71.97 s). The black (vortex 1) and grey (vortex
9) lines correspond to the outermost vortices that are used as the input boundary conditions in the model regression. (Online
version in colour.)

Re= 2040 and (5.00 × 10−1 ± 4.13 × 10−2) cm2 s−1 for Re= 2700. The value of dispersion coefficient
within the flow state does not significantly increase, even with an increase in Re.

The last flow state, TTV, was tested at two different Re values (4050 and 5400). At this highest
flow state, shown in figure 4, the emulsion spreads at a significantly faster rate in the annulus of
the TC cell compared with the lower order flow states. The intermixing coefficients, k, were found
to be (6.05 × 10−1 ± 3.64 × 10−2) cm s−1 for Re= 4050 and (7.12 × 10−1 ± 3.75 × 10−2) cm s−1 for
Re= 5400. The intermixing coefficient was found to be significantly higher than the values found
for TWV and LWV, approximately three times the value of TWV and five times the value of
LWV. In addition, the intermixing coefficient observed an increase of approximately 20% over
the Re range from 4000 to 5400. Likewise, the Dz

∗ for TTV was found to be (1.21 ± 7.28 × 10−2)
cm2 s−1 for Re= 4050 and (1.42 ± 7.50 × 10−2) cm2 s−1 for Re= 5400. The dependence of apparent
intermixing coefficient normalized by injection velocity on Re is shown in figure 5 (filled symbols
for the 0 mM ‘no salt’ systems).

In the salt case, 10 mM NaCl was added to the emulsion system to determine the effects
of salinity on the emulsion dispersion and stability since these oily wastewater emulsions are
usually formed in a saline environment. Experimental protocol similar to the ‘no salt’ case
was followed, where the desired flow states were established at the specified Re values. The
full set of mass transfer results, including the visualization and the temporal concentration
profiles, for all cases with the aqueous salt solutions are provided in the electronic supplementary
material, figures S1–S3. The resultant intermixing coefficients are also shown in figure 5 (open
symbols, for the 10 mM systems). For LWV, the intermixing coefficient, k, was found to be
(2.61 × 10−1 ± 7.67 × 10−2) cm s−1, approximately twice the value of the no salt case, indicating
a faster spread of emulsion in the presence of salt. The TWV flow state observed a similar
increase in k values, where k was found to be (3.22 × 10−1 ± 6.70 × 10−2) cm s−1 for Re= 2040
and (3.66 × 10−1 ± 6.47 × 10−2) cm s−1 for Re= 2700. Lastly for the TTV flow state, the intermixing
coefficients, k, were measured and reported as (6.70 × 10−1 ± 3.44 × 10−2) cm s−1 for Re= 4050 and
(8.35 × 10−1 ± 8.47 × 10−2) cm s−1 for Re= 5400. The dispersion coefficient values were found to
be higher for all salt cases compared with no salt cases, possibly due to changes in the DSD
and droplet stability, reported and discussed in the next sections, but the percentage of increase
reduces with increasing Re. Overall, it is clear that as Re increases, inter-vortex mass transfer

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 M

ay
 2

02
4 



9

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220128

...............................................................

11.9
10.7
9.5
8.3
7.1
5.9
4.8
3.6
2.4
1.2

0

0.41 0.49 0.56 0.63 0.69 0.97 1.25 1.53 2.08 2.78
ax

ia
l h

ei
gh

t (
h

d–1
)

t/τν

11.9

10.7

9.5

8.3

7.1

5.9

4.8

3.6

2.4

1.2

0

0.41 0.49 0.56 0.63 0.69 0.97 1.25 1.53 2.08 2.78

ax
ia

l h
ei

gh
t (

h
d–1

)

t/τν

10 2 3 4 5
t/τν

6 7 8

10 2 3 4 5
t/τν

6 7 8

1.5

1.0

0.5

0

C
/C

eq

1.5

1.0

0.5

0

C
/C

eq

vortex 1
vortex 2
vortex 3
vortex 4
vortex 5
vortex 6
vortex 7
vortex 8

vortex 1
vortex 2
vortex 3
vortex 4
vortex 5
vortex 6
vortex 7
vortex 8
vortex 9

(c)

(a)

(d)

(b)

Figure 3. Mass transfer results for TWV structure at 30 psi, 50 ml injection for (a,b) Re= 2040 and (c,d) Re= 2700.
(a,c) Snapshots of the annulus between two injection port rows after injection of the concentrated emulsion, illustrating the
spatial concentration in the projected θ -z plane evolving in dimensionless time, t/τ ν , of each image. (b,d) Temporal profile of
the concentration in several vortices (solid lines) and themodel (dashed lines) using the best-fit intermixing coefficient. (Online
version in colour.)

as measured by changes in light intensity with the mixing of emulsified droplets also increases
(figure 5), as expected [33,42]. Slight deviations in the trend may be due to additional dynamics
of the emulsified droplets, as these droplets can coalescence, aggregate and deform under shear.
The changes in the DSD of emulsion are explored in the next section, with comparison of key
dimensionless groups for the emulsified droplets compared with solid flakes, in the section to
follow.

(b) Droplet size distribution in mixing Taylor–Couette flows
The correlation between the intermixing and DSD of oil-in-water emulsions in the TC flows was
examined at two different stages of mixing during the experiments, to determine the effects
of timescale of observation as emulsions are inherently unstable and destabilize over time. As
explained in the Methods section, samples were collected at the 10 min mark for the initial mixing
stage and at the 30 min mark for the final mixing stage; time was normalized in plots by the
viscous timescale (τν = 71.97 s). Furthermore, the results discussed here are in the terms of the
volume size distribution plots along with volume mean diameter, Dmv , and the per cent of oil
volume distribution in the largest diameter peak (third diameter peak), Dp3 of the volume DSD,
as the larger droplets have the most effect on destabilizing and creaming of the emulsion. Initially,
in the emulsion prepared for injection, the concentrated emulsion (4% v/v NSBM#4) showed a
Dmv = 11.72 µm and no third diameter peak, Dp3.
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Figure 4. Mass transfer results for TTV structure at 30 psi, 50 ml injection for (a,b) Re= 4050 and (c,d) Re= 5400. (a,c)
Snapshots of the annulus between two injection port rows after injection of the concentrated emulsion, illustrating the spatial
concentration in the projected θ -z plane evolving in dimensionless time, t/τ ν , of each image. (b,d) Temporal profile of the
concentration in several vortices (solid lines) and the model (dashed lines) using the best-fit intermixing coefficient. (Online
version in colour.)
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For the initial mixing stage, the effects of intermixing on the DSD of the emulsion are most
apparent. A lower dispersion rate means that the concentrated emulsion does not disperse
uniformly in the annulus between the vortices, but rather remains longer in a single vortex nearest
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Figure 6. (a,b) DSD by volume per cent at (a) initial mixing stage t/τ = 8.33 and (b) final mixing stage t/τ = 25.01 for Re
ranging from 700 to 5400. (c) Mean volume diameter, Dmv and (d) per cent of oil volume distribution in the third diameter
peak, Dp3 for TC flow states ranging from LWV, TWV and TTVwith a final concentration of 0.1% NSBM#4 oil mix, 100 ppm SERDP
surfactant mix in distilled water at initial and final stages of mixing after injection. (Online version in colour.)

to the injection port. The longer it remains in a vortex (the smaller the dispersion rate), the higher
chances of collisions and coalescence events within that concentrated vortex. As the emulsion
disperses, it becomes diluted, and the chances of collisions and coalescence between the emulsion
droplet are reduced. In our previous work, we have found that DSD varies non-monotonically
with shear rate, indicating an existence of optimal shear rate at which the droplet coalescence
is maximum. Exceeding this critical shear rate results in reduced bridging time and increased
collision frequency in the higher shear rate mixing environment leading to droplet breakup.
From the measurements of DSD for the initial mixing stage, as shown in figure 6a at t/τν = 8.33,
coalescence increases at an optimal shear rate of TWV, where the volume mean diameter, Dmv , was
found to be highest (approx. 71.5 µm) for TWV at Re= 2040 and reduces on further Re increase.
The lowest Dmv values were found for highest Re flow states, corresponding to a combined effect
of the droplet breakup at higher mixing rates. This shows that higher intermixing rates spread the
emulsion droplets more effectively and uniformly between vortices, reducing the time available
for intra-vortex mixing and coalescence, hence the Dmv values were reduced at higher dispersion
rates. It should be noted that LWV offers the lowest intermixing rate, but also has a lower amount
of shear rate and internal mixing within the vortex compared with TWV, which relates to the
optimal shearing rate for increasing collision frequency while providing enough bridging time
for coalescence and aggregation.

For the highest flow state TTV, Dmv was found to be around 25–30 µm for both Re= 4000
and 5400. However, the reduction in Dmv was relatively insignificant within the range of TTV,
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compared with a large increase in Re, indicating there might be limits to which droplet size can
be affected by mixing rates. The per cent of oil volume distribution in the third peak diameter,
Dp3, shown in figure 6d, and the peaks that can be seen in figure 6a around approximately 100 µm
droplet diameter, demonstrate similar results. Higher percentages of oil volume distribution were
found for TWV (Dp3 = 109 µm at 60% for Re= 2040 and 117 µm at 43% for Re= 2700) and LWV
(Dp3 = 119 µm at 40%) but volume distribution per cent of Dp3 = 112 µm reduced to 19% for
TTV, showing that injection at lower flow order flow states results in more per cent of volume
distributed in larger droplet sizes (higher coalescence at lower intermixing rates). By contrast, the
higher dispersion rate of TTV disperses the emulsion more effectively and breaks up the droplets
due to higher shear rate, this results in formation of more stable emulsions with smaller droplet
mean volume diameter.

Even after the dispersion was completed and the emulsion was uniformly distributed in the
annulus, the DSD continues to evolve as emulsion are inherently complex and their behaviour
depends on surface chemistry, mixing rate as well as timescale of observation. For the final mixing
stage, the samples collected at t/τν = 25.01 (shown in figure 6b) were used to analyse these long-
term timescale effects in correlation with mixing and shearing on emulsion stability. It can be seen
from figure 6b that the overall values of the DSD are lower for the final mixing stage compared
with the initial stage, mainly due to the emulsion destabilizing over time and larger size droplets
separating out of the solution, this is further explained in the next section with the help of settling
time. For both LWV at Re= 700 and lower end of TWV at Re= 2040, the mean volume diameter,
Dmv , was largest among the final mixing stage at 49 µm and 58 µm, respectively. The per cent
volume distribution of Dp3 also observed similar higher values at Dp3 = 120 µm at 36% for LWV
(Re= 700) and Dp3 = 102 µm at 48% for TWV (Re= 2040). The higher values of Dmv correspond
to the optimal shear rates present at LWV (Re= 700) and TWV (Re= 2040), which increases the
frequency of droplet collisions and provides enough bridging time for maximum shear-induced
coalescence. Moving to higher Re of TWV and TTV, as shown in figure 6c, the mean volume
diameter decreased for TWV (Re= 2700) and TTV (Re= 4050) but increased slightly for higher Re
TTV (Re= 5400). The higher shear rates present at high Re value flow states can result in increased
collision frequency leading to increased droplet breakup, lower bridging times and ultimately
decreased droplet coalescence. In general, lower Re values of LWV and TWV form less stable
emulsions, compared with higher Re TTV flow states, as the emulsion formed at lower Re exhibits
higher mean volume diameter and higher per cent of volume distribution in the largest diameter
peak at both the initial as well as the final stages of mixing. The TWV state at Re= 2040 was found
to be the optimal mixing state of those explored for forming the most unstable emulsions with
higher mean volume diameter, Dmv (approx. 71.5 µm and 58 µm) and highest per cent volume
distribution at Dp3 (Dp3 = 109 µm at 60% and Dp3 = 102 µm at 48% for Re= 2040) at both initial
and finals stages of mixing, respectively.

In addition to the effects of shearing and mixing timescales, salinity is another key factor for
emulsion stability as these types of emulsion are typically formed in a saltwater environment.
Historically, it is evident from studies like [57,67,68] that salt decreases the stability of oil-in-
water emulsions stabilized by ionic and non-ionic surfactants. Church et al. [67] observed that
addition of NaCl in the presence of surfactants reduced the interfacial tension to a varying degree,
depending on the amount added, resulting in lower interfacial tension, which indicates formation
of smaller droplets as the energy requirement is reduced. However, as confirmed by other studies
and visual observation, emulsions are less stable in the presence of NaCl. This difference is
explained by another work on the topic by Davis et al. [69], where lower interfacial tension due
to the addition of salt can lead to the formation of smaller droplets that can reduce the number
of coalescence events, while other destabilizing mechanisms like flocculation, aggregation and
creaming were still observed due to the reduced electrostatic repulsion between the droplets. The
combined effects of salt, timescale of observation and mixing at different speeds complicates the
understanding of the process. Here, the changes in DSD were determined for the system with
10 mM NaCl like the no salt case, shown in figure 7. Initially, the injected concentrated emulsion
(4% v/v NSBM#4 with 10 mM NaCl) was found to have a Dmv = 11.77 µm and no third peak,
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Figure 7. (a,b) DSD by volume per cent at (a) initial mixing stage t/τ = 8.33 and (b) final mixing stage t/τ = 25.01 for Re
ranging from700 to 5400with 10 mMNaCl. (c)Meanvolumediameter,Dmv and (d) per cent of oil volumedistribution in the third
diameter peak, Dp3, for TC flow states ranging from LWV, TWV and TTV with a final concentration of 0.1% NSBM#4 oil mix,
100 ppm SERDP surfactant mix, 10 mMNaCl in distilled water at initial and final stages of mixing after injection. (Online version
in colour.)

Dp3, similar to the no salt case. At the initial mixing stage (figure 7a at t/τ ν = 8.33), the highest
mean volume diameter, Dmv , was found for LWV (Re= 700) and TWV (Re= 2040 and 2700), to
be around approx. 40 µm, and reduced on further increase in Re to approximately 30 µm for TTV
(Re= 4050 and 5400), as shown in figure 7a. As before, the lower dispersion rates found at lower
order flow states resulted in higher Dmvvalues, since more coalescence events can occur in the
vortex where the emulsion was injected. The volume distribution as well as the values found
were lower than the no salt case due to a decrease in interfacial tension with the presence of
salt. However, the overall trend with mixing rate and flow state in the determination of DSD of
emulsion stays similar in the initial mixing stage. The per cent volume distribution in the third
peak diameter, Dp3, followed a similar trend, with the highest concentration found for LWV
(Dp3 = 95 µm at 38%) and observing a reduction with increase in Re. The lower Dmv (26 µm and
32 µm) and per cent volume distribution of Dp3 (Dp3 = 115 µm at approximately 16%) of TTV
highlights the effects of intermixing rate as well as salt in forming relatively stable emulsions in
the initial mixing stage.

For the final mixing stage, the highest mean volume diameter, Dmv , was observed for
TWV, similar to the no salt case. However, for all turbulent cases, the mean volume diameter,
Dmvincreased for all Re values tested, with the highest values of around 50 µm found for TWV
at Re= 2040 and TTV at Re= 5400. In the absence of salt, we observed coalescence was only
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dominant in the lower order flow states (LWV and TWV). We observed a combined effect of
flocculation, aggregation and creaming leading to higher mean volume diameter but overall
lower peak due to emulsion droplets potentially separating out. The salt effects make the
analysis highly complicated; however, we found the emulsion to be less stable in the presence
of salt as time progressed, even at higher flow states. At initial mixing stage with smaller
timescale of observation and the reduced interfacial tension due to the addition of salt results
in smaller diameter and a lower number of coalescence events. While this study provides an
initial look at the salt effects, timescale and mixing rate effects, further detailed work is required
to fully understand the stability of oily wastewater emulsions considering their highly complex
nature.

(c) Dimensional analysis
The intermixing rate coefficients from the current study are of a similar order of magnitude
with that by Wilkinson & Dutcher [42] using solid Kalliroscope tracer particles. However, certain
differences between the two studies, such as the slight deviations from a power law type trend in
the TWV regime, highlight that emulsion droplets are not necessarily perfect passive tracers of the
flow. Other processes including separation, deformation, breakup and droplet-droplet dynamics
influences mixing in flow. Using the typical droplet sizes determined in the prior section, the
relative importance of these droplet processes can be determined through calculation of key
dimensionless numbers in this section.

The emulsion oil droplets (ρoil = 853 kg m−3, droplet size (D) varying from 20 to 120 µm,
determined in the prior section) were used in the current study to track the inter-vortex
mass transfer instead of solid Kalliroscope tracers (ρflakes = 1620 kg m−3, particle size of
6 × 30 × 0.07 µm3) [70], used in the previous work. A first step of looking at the differences in
behaviour of the two systems, the settling velocity can be calculated using vt = g D2 (ρoil –
ρmedium)/18µ. For the emulsion droplets, using the diameter of 50 µm and 100 µm, the settling
velocity was found to be 2.02 × 10−4 and 8 × 10−4 m s−1, and settling time of 42 min and 10.55 min,
respectively, based on the annulus height. By comparison, the settling velocity of Kalliroscope
flakes, assuming an effective diameter of approximately 1.44 µm, was 7.21 × 10−7 ms−1 and
settling time of the order of several hours (approx. 200 h). The passive tracers used previously
can therefore stay suspended for a much longer duration compared with the larger emulsion
droplets. By contrast, the largest emulsion droplets have the potential to separate out during the
observed experiment time, which would conflate the measured intermixing coefficients.

The importance of the settling relative to the dispersion can be better determined by calculating
a dispersive Péclet number, Pe=Dvt/Dz

∗, based on the settling timescales to the dispersion
timescales. A 100 µm droplet diameter has a Pe= 2.93 × 10−3 at Re= 700 and 5.65 × 10−4 at
Re= 5400. These values are all substantially less than unity, though especially at the lowest
mixing speeds and largest droplet sizes (greater than 100 µm), a slight upward movement and
separation of the droplets may occur, influencing both the measured intermixing rate and the
DSD. By comparison, the solid tracer particles observed a much lower Pe number ranging from
approximately 3.79 × 10−8 at Re= 700 to 7.32 × 10−9 at Re= 5400, indicating the creaming process
to be much less significant for the small flakes than for the emulsified droplets.

Another difference between the larger droplets and the passive tracers is the ability of the
droplets to deform in the flow. Using a conservative estimate of flow velocity experienced by
the droplet based only on the global shear rate of the annulus, the capillary number, defined
as Ca= vin μ/γ (where vin is the velocity of the inner cylinder, μ is the dynamic viscosity
of the solution and γ is the interfacial tension, which was approximately 8 mN m−1 as found
previously for similar oil and surfactant concentration in [58,67]), Ca was found to be ranging from
1.00 × 10−2 at Re= 700 and 7.69 × 10−2 at Re= 5400. While less than unity, these values are still
large enough to expect some small deformation due to the flow. In fact, the small deformations
of droplets in response to an extensional flow field in a similar low capillary number regime
are used for calculations of properties like interfacial tension [58]. As the droplet deforms in
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response to the local flow, its ability to act as a perfectly passive tracer similar to that of the solid
Kalliroscope flakes is diminished. In addition, the presence of mixed flow kinematics also adds to
the deformability of the droplet, as the regions of more extensional flow that occur in turbulent
mixing and at the boundary between two vortices will lead to larger deformations than shear
alone.

For emulsion dynamics in turbulent or higher Reynold number flows, a more relevant
dimensionless quantity on droplet deformation, or even droplet breakup, is the Weber number,
We= ρmedium

∗vin
2∗D/ γ , which is the ratio of inertial forces to interfacial forces. A critical

We defined in terms of turbulent fluctuations, such as the minimum eddy fluctuation velocity
sufficient to breakup a droplet, has been used to determine droplet breakup in turbulent flows
[71,72]. The We found here using the simpler expression above increased from 0.08 for Re= 700 to
4.94 for Re= 5400. In the turbulent regimes like TTV and TWV, the conditions found in this study
indicate the droplet breakup is a plausible contributing explanation of the changes in DSD.

Finally, it should be noted that these systems are known to be unstable, with noticeable
destabilization in jar tests of the order of tens of minutes to hours, depending on surfactant
type and salt content [57,67,73]. Even during current experiments, the 4% NSBM#4 emulsion
destabilized within 10–20 min, as observed with the change in the DSD even in the absence
of flow. This destabilization required preparation of fresh sample before each experiment run.
The salt can act to further destabilize the emulsion, by screening the charges on the ionic
surfactants and decreasing the disjoining pressure in the film between the two droplets. Overall,
the coalescence process is a balance of hydrodynamic, surface and disjoining forces [74,75].

Oily bilgewater emulsions are highly complex systems, which are different in a number of
ways from passive tracers previously used. The relatively higher dispersive Pe indicates slight
droplet upward movement and separation from solution, especially at lower Re, in contrast to
the passive tracers, which can stay suspended for hours. The Ca and We indicate the potential for
deformation of droplets, especially at higher order turbulent flows, indicating that in addition to
the anticipated coalescence processes, changing the DSD in the TC flows can also be influenced
by droplet breakup.

4. Conclusion
In this work, we have investigated the mixing dynamics of chemically stabilized oil-in-water
emulsions in a well-controlled hydrodynamic environment established by our TC cell with radial
fluid injection. The apparent intermixing rates of concentrated emulsions for three different flow
states including LWV, TWV and TTV at five different Reynolds numbers were determined in both
distilled water and saline environment. In addition, the DSD of the emulsion was measured at two
different stages of mixing to observe the intermixing rate, observation timescale and salinity effect
on the emulsion stability.

The apparent intermixing coefficient, k, was generally found to be increasing with increasing
Re. This increase is similar to previous studies by Nemri et al. and Wilkinson & Dutcher [33,42].
However, there were certain slight differences in the rate of increase between these studies since
emulsion droplets were used here for tracking the intermixing coefficient instead of solid tracer
particles, which were used previously. Emulsion droplets can affect the mixing in the TC cell due
to their settling time, ability to coalesce, aggregate and deform/breakup in the flow, and relative
position in the vortex flow. Hence the apparent intermixing coefficients calculated here are likely
influenced by these characteristics.

In addition to the apparent intermixing coefficients, the DSDs of the emulsions were measured
at different stages of mixing to determine the effects of observation timescale on destabilization
as emulsions are inherently unstable and tend to destabilize over time. The time of observation
was divided into initial mixing stage (10 min) and the final mixing stage (30 min). From the
DSD analysis, it was found that for both initial and final mixing stages, the intermixing and
DSD were closely related. Mixing in the TC flow leads to a variety of effects, including shear-
induced coalescence, flocculation, aggregation, breakup and creaming in emulsion as previously
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discovered for simple shear flow [50–55]. In fact, the presence of radial inflow may also cause
enhanced mixing dynamics over traditional TC flow [76,77]. The relatively lower mixing rates
of LWV and lower end TWV flow states resulted in more shear-induced coalescence and higher
mean volume diameter, Dmv , and higher oil volume fraction of third diameter peak, Dp3. The
higher intermixing rates of TTV flow state resulted in smaller droplets with more uniformly
distributed emulsion with lower Dmv . The effects of the emulsions destabilizing over time can be
seen in the final mixing stage. The highest Dmv observed was 58 µm for TWV at Re= 2040, which
was lower than the initial mixing stage, potentially due to the emulsion destabilizing over time by
creaming and larger oil droplets separating out of the solution, accounting for the reduced droplet
size. Overall, the lower Re range of TWV was found to be optimal for forming unstable emulsion
both at initial mixing stages due to lower dispersion rates, and at the final mixing stage due
to optimal shear rates to drive maximum droplet coalescence. These types of emulsion formed
during mixing at TWV would be easier to treat during a liquid–liquid phase separation process,
as more oil volume fraction is concentrated in larger sized droplets.

Lastly, the impact of a saline environment in combination with the observation timescale
and mixing rates on the emulsion droplet size changes provides a preliminary look at the
effects of salt on emulsion stability in TC flow. Initially overall, the Dmv and Dp3 oil volume
fraction values found for the salt case were lower compared with the no salt case. Whereas
in the final stages of mixing, the salt resulted in higher droplet sizes and more unstable
emulsion. In the presence of salt, the apparent intermixing coefficients, k, were also found
to be higher than the no salt case, presumably due to the changes in the droplet size and
stability. Ultimately, the work performed in this study can be helpful in creating unstable
emulsions for easier separation and treatment by controlling the formation conditions and mixing
dynamics.
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