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Abstract

The hydrodynamic characteristics of liquid-liquid flows in a micro-mixing plate with a ‘heart/spade’ geometry and a
hydraulic diameter of ~ 0.36 mm at the contraction point are studied experimentally in the Reynolds number range of
250 — 1,000. Localised optical observations of the two-phase flow within the micro-mixing device units are performed
using a high-speed camera in combination with an LED-induced fluorescence imaging technique. A qualitative interpreta-
tion of the instantaneous images enabled the development of a regime map with three stable flow patterns, each with a
metastable transitional state. The formation of secondary flows and recirculation zones resulted in the breakup of interfaces
and fragmentation of droplets. The droplet size distribution of an MTBE-water dispersion is studied across a broad range
of the dispersed phase (water) ratios, ¢q = 0.091 — 0.714. The resulting Sauter mean diameter of water droplets is used
to evaluate the improvement in the specific surface area and was correlated as a function of the energy dissipation rate

and the Reynolds and Weber numbers.

Keywords Micro-reactor - Liquid - Drop size - Interfacial area - High dispersed phase concentration

1 Introduction

In recent years, the utilisation of micro-reactor devices with
characteristic lengths in the millimetre scale of the hydrau-
lic diameter at the contraction point has garnered significant
attention in the fine chemicals and pharmaceutical indus-
tries, offering versatile and efficient handling over harsh
multi-phase processes (Mason et al. 2007; Hartman et al.
2011; Malet-Sanz and Susanne 2012; Hessel et al. 2013;
Pastre et al. 2013). For these reasons, they have gained par-
ticular interest in process development and intensification
of traditionally batch or semi-batch synthetic steps. In the
instance of fast reactions taking place in a mass-transfer-
limited multi-phase system (e.g., liquid-liquid processes),
the rate of mass transfer within the reactor is dependent on
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the overall interfacial area of the given phases generated by
the action of static mixing.

Of particular interest for fast homogeneous and hetero-
geneous reactions is the use of micro-mixing plate systems
(Plouffe et al. 2014). These consist of identical two-dimen-
sional static mixing units cascaded in series. A range of
geometries have been developed and optimised for specific
applications, with the ‘heart/spade’ geometry by Corning
Advanced-Flow™ Reactors (AFR) (Corning 2016) and the
‘LL’ geometry by Lonza Ehrfeld FlowPlate® (Ehrfeld 2022)
identified as the most suitable for the formation of liquid-
liquid dispersions (Plouffe et al. 2016b).

Prior studies on the development and scale-up of lig-
uid-liquid processes within mixing plates by Plouffe et al.
(2016a, 2016b, 2016¢) assessed the droplet size distribution
and interfacial area in the drop flow regime through indi-
rect experimental measurements of the overall mass transfer
coefficient for alkaline hydrolysis of 4-nitrophenyl acetate.
No direct measurements of droplet size distribution and
interfacial area of dispersions formed within micro-mix-
ing plates have been previously provided in the literature.
Liquid-liquid dispersions in turbulent flows with the aim of
predicting droplet sizes have been studied by many authors
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in the past, utilising mainly the Kenics mixer (Middleman
1974; Lemenand et al. 2003; Yamamoto et al. 2007) and the
Sulzer mixer designs (SMV, SMX, SMXL,...) (Streiff et al.
1997; Hirschberg et al. 2009; Theron et al. 2010; Theron and
Sauze 2011; Lobry et al. 2011). While the majority of these
studies have been performed with dispersed phase ratios, ¢q
< 0.25, only a few have dealt with a broader range of phase
fractions and their effect on the droplet size distribution.

It is beneficial to contrast experimental values of drop-
let size distribution with well-established correlations. The
commonly referenced theory of turbulent dispersion is
based on the classical theory of turbulence developed by
Kolmogorov (1949) and Hinze (1955) to predict droplet
sizes depending on the energy dissipation rate generated
by the static mixers. Dimensionless form of this correlation
was derived by Middleman (1974) and experimentally vali-
dated for turbulent dispersions in Kenics mixers (Middle-
man 1974). As the theory was initially developed for mixing
in turbulent regime, few authors have worked to address
liquid-liquid dispersions under laminar and transient flow
conditions, where the drop deformation is due to shearing
deformation stresses and vortex stretching (Das et al. 2005).

In recent times, the management of continuous and batch
processes has increased in importance. The accurate control
of the mean droplet diameter and size distribution for assess-
ment of the interfacial area between liquid phases is one of
the main parameters, as enhanced mixing performance is
hailed as a key benefit in the use of micro-mixing plates.
As both ‘heart/spade’ and ‘LL’ geometries were designed
uniquely for the application of heterogeneous liquid-liquid
processing, direct or in situ measurement of these param-
eters is desirable. This can provide further insight into the
overall mass-transfer coefficient for a mass-transfer-limited
reaction.

For direct measurements and control of droplet size dis-
tribution within the operating system, several on-line ana-
lytical techniques have been developed in addition to the
classical off-line sampling ones. These measurement tech-
niques are characterised as either direct in sifu measure-
ments (e.g., laser-induced fluorescence, video microscopy)
or ex situ measurements at the outlet of the mixing unit
(e.g., light back-scattering turbiscan), in which surfactants
are commonly added to stabilise developed droplets from
coalescing. A comparison of these techniques with all their
corresponding advantages and drawbacks was discussed
extensively by Lobry et al. (2011). In this direction, a high-
speed imaging technique for the accurate identification of
phases in a liquid-liquid mixing plate with in sifu quantifica-
tion capabilities of the droplet size distribution for a broad
range of dispersed phase ratios could be immensely ben-
eficial. Furthermore, imaging techniques could additionally
provide insights into the evolution of the flow regime within
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individual units of the micro-mixing system enabling opti-
mal scaling of the reactor design.

To this end, the purpose of this study is to provide in situ
measurement of hydrodynamically-controlled droplet size
distribution within an in-house constructed ‘heart/spade’
micro-mixing plate using a light-emitting diode (LED)-
induced fluorescence imaging technique. The experiments
were performed by discretely adjusting the individual flow
rates of two immiscible fluids, namely deionised water
and Methyl tert-butyl ether (MTBE) seeded with Pyr-
romethane-567 (PM-567), from 0.5 mL/min to 5.0 mL/
min to achieve a broad range of dispersed phase ratios,
¢4 = 0.091 — 0.714 in a laminar to transient flow regime
of the Reynolds numbers 250 — 1, 000. The observations of
the flow pattern evolution in the initial micro-mixing units
have been validated by computational fluid dynamics simu-
lation and the underlying mechanisms were expanded upon.

Following this, a statistical representation of the droplet
size distribution was obtained through post-processing of
a selected set of instantaneous images to estimate the key
droplet sizing parameters, including the Sauter mean droplet
diameter, dss. The evaluated values of Sauter mean droplet
diameters were contrasted with the well-established Hinze-
Kolmogorov correlation for energy dissipation rates and the
Middleman’s dimensionless correlation together with its
alternatives for laminar and transient flow conditions.

2 Experiment and simulation
2.1 Experimental facility and optical configuration

The micro-mixing equipment was designed based on the
‘heart/spade’ geometry within Corning Advanced-Flow™
Reactor with channel sizing corresponding to the Low
Flow module (Fig. 1) (Corning 2016). Mixing channels
were milled out of Stainless Steel 316 (SS316) plate using
a computer numerical control (CNC) machine to a depth of
~ 0.36 mm, see Fig. 2. The width of the channel at the con-
traction point was designed to be ~ 0.36 mm, resulting in
the hydraulic diameter of the nozzle, d;, ~ 0.36 mm. The
micro-reactor employed in the present study was made up
of 31 identical micro-mixer units (shown in Fig. 2) cascaded
in series with a total internal volume, Vg, of ~ 0.228 cm?.
Experiments were performed using an immiscible liquid-
liquid mixture of MTBE (99%, pure, Thermo Scientific
Chemicals) and deionised water, with their physical proper-
ties of density, p, viscosity, i1, and associated interfacial ten-
sion, o, specified in Table 1. MTBE and water were pumped
into the micro-mixing system at pre-determined flow rates
using dedicated calibrated Jasco PU-1580 Intelligent HPLC
pumps for each fluid. The pressure drop across a series of
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Fig. 1 Composition of the experimental ‘heart/spade’ micro-mixing
plate manufactured in close accordance with the geometry of a Corn-
ing Advanced-Flow™ Reactors (AFR) Low Flow micro-reactor: 1 -
top cover plate, 2 - quartz glass, 3 - FEP sealing foil, 4 - bottom plate
with embedded micro-channels

Fig. 2 Design of the ‘heart/spade’ micro-mixing units: (a) 3D isomet-
ric view of an individual micro-mixing unit with an indication of its
dimensions, and (b) top-view photograph of the manufactured channel

Table 1 Physical and thermodynamic properties of the working liquids
at standard temperature (20 °C) and pressure (1 bar) conditions

Solvent o (mN/m) p (kg/m®) 1 (Pa s)
MTBE 9.298 745.189 3.454x 107
Water - 990.078 1.002x 107°

micro-mixing units (i.e., 4, 11, 18, 25, 31 in number, dic-
tated by the design of the mixing plate) was measured using
Labom PASCAL CS2110 pressure transmitters. The inlet
temperature was monitored using a K-type insulated ther-
mocouple. The temperature and pressure were monitored
and logged into a file at a rate of 1 datapoint per second
using an OMEGA DAQ USB-2400 series system.

The fluorescence technique used in the present research
is an extension of laser-induced fluorescent (LIF) measure-
ment approaches the authors used in previous studies of
immiscible liquid-liquid flows (Morgan et al. 2013; Ibarra
et al. 2018). Here, Pyrromethane-567 (CAS: 131083-16-4,
Mw = 318.21 g/mol), a hydrophobic fluorescent dye, at a
concentration of 1.57 pmol/dm® was employed as a fluo-
rophore and was uniformly dispersed into MTBE. A blue

light-emitting diode (LEDs) array with a total power of 54
W and a peak irradiance at the wavelength of 460 nm (full-
width half maximum (FWHM) = 10 nm) was used as an
excitation source for the fluorophore. The fluorescent dye
absorbs a portion of light from the LED array and emits
longer wavelengths between ~ 540 nm and ~ 575 nm with
a characteristic peak at ~ 560 nm.

The test section is optically accessible from only one side,
therefore, illumination and video recording were imple-
mented through the same port which was made from a 6 mm
thick fused quartz window equipped with a ~ 200 pm thin
transparent fluorinated ethylene propylene (FEP) foil that
acted as a transparent sealing gasket sandwiched between
the quartz window and SS316 micro-reactor (Wright et al.
2017). The fluorescence emission was registered using
a CMOS Phantom VEO-310L high-speed camera (digit
capacity = 12 bit, full resolution = 1,280 x 800 pixels, max-
imum recording rate = 3200 fps at full resolution, minimum
exposure = 1 us) at full resolution with an exposure of 50
us and recording rate of 100 Hz, fitted with a Sigma 105
mm /2.8 EX DG Macro lens in combination with a 36 mm
extension ring and a long-pass filter with cutoff edge at 560
nm to selectively register the fluorescence emission of the
dye. The optical magnification and spatial resolution of this
configuration of the imaging system schematically shown in
Fig. 3 was ~ 2x and ~ 10 um/pixel, respectively.

The static contact angle of MTBE and DI water on an
unpolished SS316 surface was measured to be ~ 17° and ~
34°, respectively, using a goniometer. MTBE with the lower
contact angle and, thus higher surface wettability, compared
to DI water, represents the continuous phase, an aspect that
finds support through visual observation in Fig. 7.

2.2 Data processing and analysis

Each experimental run involved the recording of sequences
of background images, with only MTBE seeded with the
fluorescent dye circulated through the micro-mixer plate
(Fig. 4a), and test images, where both water and MTBE flow
through the micro-mixer at pre-determined flow rates (Fig.
4b). The time-lapse background image sequence consisting
of 1,000 individual snapshots was averaged and binarised
using an intensity threshold determined by the Otsu method
(Otsu 1979) to distinguish the metallic walls of the micro-
mixer from the region occupied by MTBE, see Fig. 4c.
This binarised picture was then overlayed onto the test
image sequence and the background intensity distribution.
Using the information on the local intensity of the average
background image, a procedure of adaptive segmentation
was applied to indicate regions occupied by the dispersed
phase (water droplets) as 1, while keeping areas occupied
by both metallic walls and MTBE (continuous phase) as 0.
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Fig. 3 Flow diagram of the experimental apparatus displaying the relative arrangement of the visualisation system. TT and PT indicate the tem-

perature and the pressure transmitters respectively

Fig.4 Flowchart describing the
image processing steps. (a) Refer-
ence background image with the
test channel completely filled with
dye-seeded MTBE, (b) represen-
tative experimental image at the
dispersed phase ratio ¢4 = 0.5

and the flow rates of the continu-
ous @mTBE = 2.5 mL/min and
dispersed phase Qwater = 2.5 mL/
min, (¢) Segmented regions of the
reference image, (d) Identified
blobs along with their correspond-
ing bounding box (blue rectangles)
to display each detected droplet

Image
segmentation

3 6 9 12

Meanwhile, the image scale factor was estimated by calcu-
lating the number of pixels covering the maximum width
of each micro-mixing unit which was known beforehand to
be ~ 6 mm. In the present study, the spatial scale of the
recorded images was ~ 10 pm/pixel.

Using the watershed transform on the final binarised pic-
ture, where the regions occupied by droplets were indicated
by 1, connected (i.e., in contact) blobs were separated from
each other. Following this, a drop detection methodology,
as described in the image processing toolbox of MATLAB,
was employed to quantify their sizes in all experimental
conditions. An eccentricity (0.9 < e < 1.2) and size-based
filter (10 pum < D < 0.40 mm), were applied depending on
the experimental conditions to remove spurious detections
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of the droplets. After their identification, a bounding box
was overlayed on each droplet, see Fig. 4d.

The above steps of image post-processing were repeated
for randomly selected unbiased samples of 100 consecutive
snapshots of the 30" and 31%* micro-mixing units in all flow
regimes. The data on blob equivalent diameters extracted
from each image were collected together to reconstruct a
droplet size distribution. For a given size range (d;) in the
histogram with a bin width of ~ 10 pm and the correspond-
ing number of detections in each bin (n;), the Sauter mean
droplet diameter, d32, was estimated through:

iy nid;
d2 = Sh—% (1)
D1 nid?
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Apart from this, diameters corresponding to 10%, 50% and
90% of the cumulative probability distribution function
(CPDF) obtained by summing up the probabilities of indi-
vidual bins in Fig. 5, were evaluated to calculate the span of
the histogram through:

_ dgo — d1o

A
S dso

2

In the present study, the dispersed phase ratio, ¢4, is defined
with respect to the total volume flow rate, Qot, by relating
individual flow rates of the given phases as:

__Qa_ Qa
Qe+ Qa Qo

¢a 3)

where (). and Q4 denote the flow rates of the continuous
and dispersed phases, respectively.

2.3 Errors and uncertainty

Errors in setting-up of the governing integral parameters
determining the flow regime can be related to the measure-
ment of the flow rate, fluid temperature and pressure drop
across the experimental apparatus. In the experiment, we
employed K-type thermocouples, native to the OMEGA
DAQ system without the need for calibration, to an accu-
racy of + 1.5 °C. The pump flow rates were calibrated by
repeated volume-over-time measurements using a beaker
to an accuracy of + 0.05 mL/min. Each pressure transducer
had an accuracy of + 2 mbar. The maximum uncertainty in
the pressure drop was found to be ~ 4.4%. Uncertainty of
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Fig.5 Dependence of the probability distribution function for droplets
found in 100 successive images for the dispersed phase ratios ¢q =
0.16, 0.50 and 0.67 at the flow rate of the continuous phase QnTBE =
2.5 mL/min. The bin width in the histogram is equal to ~ 10 gzm which
corresponds to a digital scale of 1 pixel

the estimation of the equivalent diameter is mostly related
to the blob-detection algorithm. For 90% confidence in the
droplet identification, the binary image region occupied by
a blob should be at least 5 pixels in size, which corresponds
to ~ 50 pm. The estimation of the dso involves statistical
analysis of several instantaneous images, and as a result, the
average variance in the value of dso is given by its two-
standard deviation values which is found to be < 13%, with
the maximum variance < 35% under conditions associated
with high Ag.

2.4 Numerical method

The mathematical model for the two-phase flow inside
the microfluidic  ‘heart/spade’ micro-mixer, illus-
trated in Fig. 2, consists of solving the full set of the
Navier-Stokes equations in a three-dimensional domain
x = (z,y,2) € [0,19.125] x [0,6.12] x [0,0.37) mm?. The
governing equations for the transport of an incompressible
two-phase flow are:

V-u=0
0
p<£+u~Vu>:prJrV-/L(VunLVuT)JrF 4)

Here, u is the velocity, p is the pressure, and F is the local
surface tension force at the interface. The physical properties
of both phases, such as density and viscosity, are defined in
the entire domain using a spatio-temporal function H (z, )
considered zero and unity in the continuous and dispersed
phase, respectively:

p =
p(t) = e+ (g — p) Hix, t) ®)

where the subscripts ¢ and d stand for the continuous
(MTBE) and dispersed (water) phase, respectively (see
Table 1).

The construction of the ‘heart/spade’ shape follows the
same approach as in Kahouadji et al. (2018) and Kalli et al.
(2023), where a static distance function is used. The func-
tion is positive for the fluid domain, which includes both
phases and negative for the solid wall. Finally, the contour
shown in Fig. 6 represents a zero iso-contour of the static
distance function. The Navier-Stokes equations (4) are
solved by the classic projection method by Chorin (1968),
where temporal discretisation follows the second-order
Gear scheme by Wang and Wen (2006). The computational
domain is discretised with a uniform fixed 3-D finite-differ-
ence mesh (1600 x 512 x 32) following the procedure of
standard staggered MAC cell arrangement by Harlow and
Welch (1965). All three components of the velocity field u
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(@) Qurge=1.0 mL/min
Quater = 3.0 mL/min

(b) Qurge =2.0 mL/min
Quater = 1.0 mL/min

Fig. 6 Flow pattern modification within the initial unit of the ‘heart/
spade’ micro-mixer with changes in the flow conditions specified in
the experimental snapshots (upper row). The photographs are placed
next to the calculated contours of the dispersed phase (middle row).

are defined on the corresponding cell faces while the pres-
sure field p, considered here as a scalar variable, is located at
the cell centres, and all spatial derivatives are approximated
by second-order central differences. Finally, the treatment
of the interface relies on our high-fidelity hybrid front-
tracking/level-set method, which uses a Lagrangian triangle
interface mesh. We refer readers to Shin et al. (2017, 2018)
for more details, where the interfacial force F in eq. (4) is
also defined.

3 Results and discussion
3.1 Flow patterns and regime map

The evolution of the flow pattern was observed experimen-
tally within the initial units of the ‘heart/spade’ micro-mixer.
The CFD simulation, outlined in Section 2.4, was performed
using the fluid properties given in Table 1 and dimensions
of the micro-mixer. The visual observations were compared
with the results of the CFD analysis demonstrating good
agreement in terms of tracing the flow pattern evolution
as shown in Fig. 6. The CFD simulation also enabled the
visualisation of secondary flow patterns and vortices/eddies
formed as a result of jetting of the dispersed phase through
the nozzle and its subsequent hit at the concave front surface
of the C-shaped static barrier.
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(C) QMTBE =5.0 mL/mln
Quater = 1.5 mL/min

(d) Quree =4:0 mL/min
Quater = 0.5 mL/min

The lower row shows the flow streamlines obtained by CFD for
each regime to highlight the formation of both secondary flows and
vortices/eddies

For the stable and transitional parallel flow regimes in
the region of Qure < 1.5 mL/min and Qwater > 3 mL/
min, the core region of the micro-mixing units was occupied
by water while MTBE was predominantly distributed at the
periphery of the channel and in the stagnation zone behind
the centrally-located C-shaped static barrier, shown in Fig.
6a. This parallel pattern was observed throughout the micro-
mixer apparatus with the purely laminar nature of the fluid
motion featured by recirculation zones produced behind the
C-shaped barrier and nozzle walls (see Fig. 6a).

At low flow rates of both Qwater & @QviTBE < 2 mL/min,
the core region in the parallel flow was broken up into mod-
erate sized droplets, thereby resulting in the establishment
of the slug flow pattern (Fig. 6b). The oscillatory behav-
iour of the dispersed phase jet is detected before hitting the
C-shaped barrier as a consequence of the development of an
asymmetric Plateau—Rayleigh instability, visually observed
in the form of capillary pinching. The oscillatory behaviour
is contrary to the cases seen in Fig. 6¢ and 6d, and resembles
the flow dynamic commonly observed in fluidic oscillators.

Increasing both Qater and Qnrpr makes the dispersed
phase jet take a purely cylindrical shape, as seen in Fig. 6c¢.
The capillary pinching effect begins to manifest itself only
far downstream, after passing the C-shaped barrier, where
an increase in the cross-sectional area results in a decrease
of the mixture velocity. When the ratio of QnrBE to Qwater
is increased at a higher total flow rate, the continuous phase
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Fig.7 Flow regime map of the MTBE-Water mixture in the ‘heart/spade’ micro-mixers visualised within the 30" and 31°* micro-mixing units
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Fig. 8 Dependence of the Sauter mean diameter, d32, of water droplets
on the total flow rate, Q+ot, at a range of the dispersed phase ratio, ¢q

shears the dispersed phase through the contraction point
thanks to the mechanism of Kelvin-Helmholtz instabil-
ity. Thus, the drop flow regime is established in the initial
micro-mixer unit as a result of the effects of shearing and
capillary pinching, shown in Fig. 6d.

Visual observations at each flow rate within the final 30"
and 31%* micro-mixing units involved recording a sequence
of images that enabled classification of the developed flow
patterns into six distinctive regimes which include three sta-
ble states: (a) parallel, (b) slug, and (c¢) drop flow along with
corresponding metastable transitional regimes in between.
By identifying the flow patterns for each experimental
condition, a regime map was eventually constructed as
shown in Fig. 7. A representative image for each developed
stable and transitory flow pattern was provided for visual
identification.

3.2 Effect of total flow rate on in situ droplet size
measurements

The statistical analysis of droplet sizes was carried out by
post-processing a randomly selected set of 100 images
for QnvraE > 2 mL/min, which corresponded to a broad
range of the dispersed phase ratios, ¢q, from 0.091 to 0.714.
Moreover, for the same flow conditions, increasing the total
flow rate (Qrot = QMTBE + Qwater) led to a rapid decrease
in the expected values of the Sauter mean diameter, dso,
starting from ~ 270 um and asymptotically converging to
the minimum quantifiable diameter of ~ 50 m covering an
image region of ~ 5 pixels, see Fig. 8.

The plausible reasons for the asymptotic plateau of dss at
high total flow rates can be attributed to the total kinematic
energy of the flow available for the vortex-induced breakup
of the interface between the phases, an aspect that forms the
basis of discussion in Section 3.3.

The histogram span, Ag, expressed by Eq. 2, is a measure
of droplet size distribution uniformity. For example, when
Ag is closer to zero, the droplet size distribution is more
uniform and the size consistency is high. When Ag = 1, the
droplet size distribution is symmetrical. Ag is visualised
with respect to Qiot in Fig. 9. While the majority of the
evaluated Ag fall within the higher uniformity in the range
of 1.1 — 1.6, a lower uniformity of the droplet size distri-
bution with Ag > 1.6 is visible at higher dispersed phase
ratios, ¢q > 0.6, which is associated with the transitional
parallel — drop flow pattern, as shown in Fig. 7. These
observations of the Ag behaviour with Q. match the prior
findings by Lobry et al. (2011).
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Fig.9 Dependence of the droplet size distribution histogram span, As,
on the total flow rate, Q+ot, at a range of the dispersed phase ratio, ¢4

3.3 Role of energy dissipation in breakup of liquid
interface

Within the investigated micro-mixer system, the Reynolds
number of the continuous phase is defined using the total
mixture velocity at the contraction point, wutt, density of
the continuous phase, p., and its dynamic viscosity, (i, as
follows:

d
Re. = Pc ;ut0t7 (6)

which ranged from 100 to 1,000. Under these conditions,
the two-phase flow was laminar. However, the presence of
the ‘heart/spade’ geometry in the micro-mixing channel,
designed specifically to aid in the formation of recircula-
tion zones that enable the mixing, resulted in shearing of
the water droplet (dispersed phase) interface, leading to its
disruption followed by the formation of numerous smaller
droplets at increased Qo4, as seen from Fig. 8. It is impor-
tant to note that all the values of dss shown in Fig. 8 corre-
spond to the flow rate range of 2.0 — 5.0 mL/min of MTBE
(organic continuous phase) and, as a result, the reduced
range of Re. = 250 — 1,000. Additionally, a plateau in
Sauter mean diameter, dso, is observed upon increasing
the total flow rate, Qtot, in Fig. 8 and increasing the energy
dissipation rate, €, in Fig. 11, indication the camera system
reaching its spacial resolution of ~ 10 pm/pixel, as outlined
in Section 2.1.

In order to deeper understand the role of the mechanism
of vortex-induced droplet breakup, the total energy dissipa-
tion rate, e, was related to Qo of the micro-mixer system
and the measured cumulative pressure drop, AP, across a
set reactor volume, Vy:

_ APQtot
e = — 2

P VR ™
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Fig. 10 Energy dissipation rate, £, as a function of the total flow rate,
Qtot, at a range of the dispersed phase ratio, ¢q

In the present study, AP in the micro-mixer system was
measured using two pressure transducers across a total of 31
micro-mixing units, as indicated in Fig. 3.

The total energy dissipation rate is directly related to the
size, frequency and kinetic energy of vortices formed by the
C-shaped physical barrier. These vortices must cause shear
deformation of the liquid-liquid interface. Perturbations
induced by the vortices at the phase boundaries resulted in
droplet breakup into smaller-sized blobs at higher total flow
rates, which finds support in the form of the dss decline
shown in Fig. 8. This reduction in the droplet size at high
Qtot led to a rapid growth of AP across each micro-mixing
unit resulting in an overall increase in €, as seen in Fig. 10.

The Hinze-Kolmogorov theory (Hinze 1955; Kol-
mogorov 1949) postulates that the energy contained in
large-scale vortices is progressively transferred without dis-
sipation to smaller length-scale vortices within the inertial
and viscous (dissipation) ranges until a minimum vortex
size is reached, commonly termed as ’Komologorov length
scale’, l), which can be estimated through:

,LL3 0.25
m:(;> ®)
pie

Vortical structures/eddies smaller than this length-scale can-
not exist as their kinetic energy is quickly dissipated to heat
due to the viscous effects and, therefore, cannot contribute
to the interface breakup. Hence, the fragmentation of drop-
lets down to I requires a significant increase in € (seen evi-
dently in Fig. 11), which can subsequently lead to a larger
pressure drop. In the present study, d3o values for all experi-
mental conditions were estimated to be at least an order of
magnitude higher than [); defined by Eq. 8, as visible in Fig.
11.

The graph in Fig. 11 suggests that, by increasing the
number of the micro-mixing units above 31, it may hypo-
thetically be possible to reduce the size of the droplets down
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Fig. 11 The Sauter mean diameter of droplets, dz2, and the Kol-
mogorov length scale, li, against the total energy dissipation rate, ¢, at
a range of the dispersed phase ratio, ¢q
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Fig. 12 Specific interfacial area, a, in the drop flow conditions as a
function of the total energy dissipation rate, €, at a range of the dis-
persed phase ratio, ¢q

to the theoretical limit given by lx. However, increasing
the total number of the micro-mixing units would lead to a
significant increase in the total pressure drop, which might
affect the scalability of this micro-mixer design and forms
the scope of future studies.

Using the definition of ds2, the specific interfacial area,
a, in a fully-developed drop flow regime can be related to
¢4 through:

6

0 =iz ©)

As d3o and € have complementary trends with Qyot, @ was
found to increase significantly, by nearly 14 times as ¢q
grows from 0.091 to 0.714 and ¢ rises from ~ 16 to ~ 193
m?/s3, as seen in Fig. 12.

Increased a is highly beneficial for the performance of a
mass transfer limited chemical reaction in any micro-mix-
ing continuous flow reactor. It is easier to comprehend this
aspect through the fundamental relation for the overall mass
transfer coefficient, Kq.¢a, given by:

Note that this experimental research was performed spe-
cifically to understand the hydrodynamics of various flow
regimes taking place inside the present micro-mixing sys-
tem. Hence, further discussion related to the performance of
chemical reactions and improvements to K¢ is beyond the
scope of this study.

3.4 Prediction of droplet diameter

Many correlations have been proposed in the literature over
the years to predict the droplet size from dispersion in static
mixers, as summarised by Lobry et al. (2011). It is important
to note that the majority of these empirical correlations are
based on the Hinze-Kormologov theory (Kolmogorov 1949;
Hinze 1955), which assumes a homogeneous and isotropic
turbulence flow field. These formulations enable the predic-
tion of the maximum stable droplet size, dyax, at a given
energy dissipation rate, €, and the correlations observed by
different authors vary in the value of a proportionality con-
stant, K. A detailed evaluation of the maximum droplet size
capable of withstanding the turbulent stress forces based
on the Hinze-Kolmogorov fundamental theory is provided
in Appendix. In general, the mathematical formulation of
dmax through the available empirical correlations based on
€ within the micro-mixing system can be expressed as:

o 0.6
o =1 ()00 (1
pe

A generalised proportionality between dy,.x and dss, inde-
pendent of the flow environment and conditions, was pro-
posed by Lemenand et al. (2003). Due to the simplicity of its
measurement, dgg corresponding to 90% of CPDF (see Sec-
tion 2.2) is commonly used instead of dyax. The two-fold
proportionality, as outlined by Lemenand et al. (2003), is:

dmax ~ dQO ~ 2d32 (12)

The present study provides a visualisation of the proportion-
ality between dss and dgg in Fig. 13. The deviation from
the expected proportionality is significant for ¢4 > 0.6, as
it was also indicated in the span analysis in Fig. 9, which

@ Springer
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Fig. 13 Proportionality of the maximum droplet diameter characterised
by dgo to the Sauter mean diameter of droplets, d32, at a range of the
dispersed phase ratio, ¢q. The solid line corresponds to dgo = 2 X d32
and the dashed line to the actual slope of linear fit forced through the
origin
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Fig. 14 Dependence of the Sauter mean diameter of droplets, dz2, on
the total energy dissipation rate, €, according to the model developed
from the Hinze-Kolmogorov theory of turbulence (Eq. 13) at a range
of the dispersed phase ratio, ¢q

corresponds to the transitional parallel — drop flow regime.
It is important to note that both dss and dyg were quantified
through in situ measurements, and therefore, directly rep-
resent the hydrodynamic breakup of droplets without add-
ing surfactants to limit their coalescence. By combining Eq.
11 and Eq. 12, the modified prediction model for d32 with
experimentally observed values of £ can be written as:

1 p 0.6
dso = =K () g 04 (13)
2 Pe

Several prior studies of liquid-liquid dispersions have shown
good prediction capability for dy,.x based on £. The empiri-
cal constant was shown to be system-dependent with slight
discrepancies, with the reported values of K equalled 0.725
by Hinze (1955), 0.940 by Streiff etal. (1997),0.770 — 0.892
by Lobry et al. (2011) and 0.718 by Plouffe et al. (2016c).
In our study, the estimated K value is approximately 0.358

@ Springer

(K2=0.179), showing a large deviation from prior findings.
Prior experimental studies differ from current analysis by
previously stabilizing droplets formed in a turbulent flow
regime using a surfactant and evaluating dgz at the outlet of
the static mixer.

In our study, it was estimated to be K ~ 0.898, which is
in line with the earlier findings by the other researchers. The
outcome of the model given by Eq. 13 yielded a root-mean-
square error (RMSE) of 10.2% to the observed values of
dsa, illustrated in Fig. 14.

A non-dimensional approach based on the Hinze-
Kolmogorov model to estimate dss was first derived and
experimentally validated by Middleman using the Weber
and Reynolds numbers for the continuous phase (Middle-
man 1974). For this, data from dispersions formed in Kenics
static mixers under turbulent flow conditions (Re >3,000)
with a characteristic channel diameter, D, was used. The
functional form of this non-dimensional model is:

% = KWe, "0f=04, (14)

where f'is the Fanning friction factor (Al Taweel and Walker
1983; Lobry et al. 2011). It is important to note that the
Reynolds number of the continuous phase under turbulent
flow conditions, Re. > 2,300, has a Blasius-like depen-
dence on the Fanning friction factor, i.e., f Re /4 (Stre-
iff et al. 1997; Bird et al. 1960). Thus, in the present study,
the model for estimation of d3o in the micro-mixer channel
is associated with the hydraulic diameter at the contraction
point (dy, ~ 360 pm) as follows:

@ = KWe;O'(SReg'l (15)
dy

The proportionality constant, K, was shown by Matsumura
et al. (1981) to be dependent on the viscosity of the emul-
sion, leading to the introduction of physico-chemical param-
eters into the correlation, for example, the viscosity ratio by
Haas (1987). After Middleman (1974), a similar correlation
was developed for Sulzer mixers (SMV, SMX, SMXL) by
Streiff et al. (1997), followed by correlations assuming that
the flow through static mixers is analogous to that through
porous media by Legrand et al. (2001), and considering the
impact of shear rate by Das et al. (2005). The developed cor-
relations are listed in Table 2.

According to Legrand et al. (2001), in a flow through
porous media, the Reynolds and Weber numbers are
expressed as follows:

_ PedpUtot

Re
P fhe

(16)
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Table 2 Models developed to correlate the mean droplet diameter of dispersions formed within static mixers

Authors Static mixer Correlation Flow type K RMSE
Middleman (1974) Kenics % = KWe_ 96Rel! Turbulent 0.592 16%
Streiff (1977) SMV % = 0.21We_ *5Rel15 Transient, Turbulent 0.037 >500%
i _ _ 0.5 i i 0
Haas (1987) Kenics % — 1.2We 065 Re 02 (%) Laminar, Transient, Turbulent 2.425 14%
Legrand et al. (2001) SMX % = 0.29We, *-?Rep, -1 Laminar, Transient, Turbulent 1.120 3%
P
Das et al. (2005) SMX fixcran - 0.33We;0'33 Transient 1.369 15%
P
1 07 1.5 0.7
Middleman Das et al.
0.8 0.6 1.2 * 0.6
t .
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Fig. 15 Ratio of the Sauter mean diameter of droplets to the hydrau-
lic diameter of the micro-mixing units, d32/dp, as a function of the
Weber, Wec, and Reynolds, Rec, numbers based on the Middleman
correlation for the Hinze-Kolmogorov theory of turbulence

2
PedpUio
b

We, =
P o

(17)

where the subscript p denotes relation to porous media, the
density of emulsion/dispersion, pe, is given by:

pe = dapa + (1 — da)pe, (18)
shifting the range of the observed Reynolds numbers to
266 — 1,163. In the correlations listed in Table 2, the char-
acteristic channel diameter, D, and the one of the pore, dp,,
can be assumed to be equivalent to the hydraulic diameter of
the micro-mixing units at the contraction point, dj,.

The proportionality constant K used in the Middleman
correlation (see Table 2) was determined in this study by
the slope of the linear fit in Fig. 15, with 16.0% RMSE of
the observed data to the model. The correlation for an SMV
static mixer introduced by Streiff et al. (1997) showed a high
degree of error and, therefore, omitted here. Despite devia-
tions from the prior observed values of the proportionality
constant, K, the other three correlations developed specifi-
cally for laminar and/or transient flow conditions by Haas
(1987), Legrand et al. (2001) and Das et al. (2005) showed
an improved fit with reduced RMSE. The correlations by

Fig. 16 Ratio of the maximum droplet diameter to the pore diameter
in the case of a flow through porous media, dmax/dp, as a function
of the Weber number, Wep,, based on the correlation for the Hinze-
Kolmogorov theory of turbulence suggested by Das et al. (2005)

Haas (1987) and Legrand et al. (2001) approximated our
data points similarly to that by Middleman. However, the fit
by Das et al. (2005) revealed a greater tendency to discrimi-
nate data points with low droplet size distribution unifor-
mity (see Fig. 16), which is also evidenced by Ag in Fig. 9.

Finally, it is worth noting that, although the breakup of
liquid interfaces and the formation of dispersion were ini-
tially described by the Hinze-Kolmogorov theory of turbu-
lence, valid only for developed turbulent flows, there are
alternative dimensionless models for this type of two-phase
flow based on the same principles. Some of them were dem-
onstrated to be applicable in describing dispersion forma-
tion under laminar and transient flow conditions influenced
by secondary flows and vortices/eddies induced within the
‘heart/spade’ units of static micro-mixers.

4 Conclusions

Hydrodynamic characterisation of the two-phase flow
inside the ‘heart/spade’ units of a micro-mixing plate
with a hydraulic diameter of ~ 0.36 mm at the contrac-
tion point was studied using an LED-induced fluorescence
imaging technique supplemented with CFD simulations.

@ Springer
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Experiments were performed using two immiscible fluids:
MTBE seeded with Pyrromethane-567 fluorescent dye and
deionised water. The droplet size distribution analysis was
conducted for a broad range of the dispersed phase (water)
ratios, ¢q, from 0.091 to 0.714. The recorded instantaneous
images were qualitatively interpreted to develop a regime
map featuring flow patterns: parallel, slugs, and droplets,
along with their respective transitional states. An instanta-
neous image sequence for the droplet size analysis was post-
processed using an in-house developed MATLAB-based
image processing code to obtain a cumulative probability
distribution of droplet diameters.

Following this, a statistical analysis of the resulting drop-
let diameters was performed to obtain corresponding histo-
grams and to understand the dependence of the Sauter mean
diameter of droplets, ds2, and the distribution span under
various flow conditions. The vortex-induced breakup of the
droplet interfaces at increased flow rates was identified to be
likely the key mechanism leading to the overall reduction of
droplet sizes in the Reynolds number range of 250 — 1, 000.
The reduction in the droplet size resulted in a maximum ~
14-fold increase of the specific surface area, a, for the con-
sidered range of flow conditions. The obtained values of d3
were empirically correlated with different dimensionless
models based on the Hinze-Kolmogorov theory of turbu-
lence. Improved fitting was achieved with alternative cor-
relations derived specifically for laminar and transient flows
by Haas (1987), Legrand et al. (2001) and Das et al. (2005),
with the latter found to be more discriminative towards
higher droplet size distribution spans.

Appendix: Hinze-Kolmogorov energy
dissipation model

The Hinze-Kolmogorov theory of turbulence enables the
prediction of the maximum droplet diameter, dy,,x, as an
equilibrium of the turbulent pressure stresses and the sur-
face tension, defined through the droplet Weber number:

padu®(d)d

g

Weq = (19)

where du2(d) represents the two-point spatial autocorrela-
tion of the longitudinal (streamwise) component of fluctu-
ating velocity at a distance d equal to the drop diameter.
Within the inertial field of isotropic turbulence, du?(d) was
expressed by Batchelor (1953) through the Kolmogorov
constant, C, as:

6u2(d) = Cge?/3d?/3 (20)

@ Springer

Droplet breakup takes place as the Weber number reaches
its critical value, We., (Lemenand et al. 2013). The maxi-
mum diameter of a droplet that can resist the breakup by
turbulent forces can be obtained by combining Eqgs. 19 and
20 and rearranging them for the droplet diameter:

We 0.6 p 0.6 p 0.6
e () () e () e
Ck Pc Pe
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