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ARTICLE INFO ABSTRACT
Keywords: Micro-mixing plays a crucial role in controlling performance and quality of products from anti-solvent crystal-
Engulfment model lization, reactive precipitation and nanoparticle synthesis. In this work, micro-mixing was characterised using

Fluidic devices
Villermaux Dushman reaction
Energy dissipation rate

the Villermaux Dushman iodide-iodate reactions in three fluidic devices namely a pinched-tube, a fluidic
oscillator and a vortex-based cavitation device operated in a loop configuration. A three-environment engulfment
model was developed to simulate mixing and reactions in these devices operated in a flow loop. The loop was
operated at different flow rates to cover a broad range of energy dissipation rates (¢ = ~ 10~ -10* W/kg) with
the three devices. The considered fluidic devices exhibited micro-mixing times in the range of 28-160 ms. The
micro-mixing times estimated from the engulfment model were found to be proportional to £ %!7. Among the
investigated devices, the fluidic oscillator had the lowest micro-mixing time of ~28 ms. The pinched tube
exhibited a micro-mixing time in the range of 30-74 ms while the vortex-based cavitation device exhibited a
micro-mixing time in the range of 33-80 ms before the inception of cavitation. For the conditions where cavi-
tation occurred in the vortex-based cavitation device, the usual method of estimation of micro-mixing time was
not suitable since oxidising radicals generated by cavitation interfere with the Villermaux Dushman reactions.
The presented model, data and discussion will be useful for selecting appropriate fluidic devices for mixing
applications and further work on characterising mixing in cavitation devices.

stirred vessels [5-10]. There is an increasing trend to develop and use
fluidic devices offering intensified mixing as “enabling technologies”
[11]. A large variety of fluidic devices without any moving parts have
been developed for a variety of applications [12-17]. One of the most
striking applications of such devices was the production of mRNA-lipid
nanoparticles (LNPs) vaccine during the COVID-19 pandemic by Pfizer-
BioNTech that aimed to reduce the risks related to the virus. Pfizer-
BioNTech [18] produced the mRNA encapsulated LNPs (more than
three billion doses) by rapidly mixing two streams — an organic solvent
containing lipids and antisolvent containing mRNA in a confined
impinging jet mixer. The devices without any moving parts (sometimes
called passive devices) which require less maintenance and facilitate
number up (operating multiple devices in parallel) are gaining increased
attention. For widening the application horizons of such fluidic devices
without moving parts, it is essential to characterise their micro-mixing
characteristics.

Relatively few studies characterise micro-mixing performance and

1. Introduction

Mixing plays an important role in controlling the overall perfor-
mance and product quality in a variety of industrially important pro-
cesses. Realising mixing on a molecular scale is essential for any process
operation such as reactions or anti-solvent crystallisation/ precipitation
which involves mixing of two process streams. Mixing on the molecular
scale occurs via the continuous reduction of scale and intensity of mixing
[1-4]. Depending on the length and time scales of mixing, it is broadly
categorised as macro-mixing (governed by convection and mean flow),
meso-mixing (governed by turbulence and shear at intermediate scales)
and micro-mixing (governed by engulfment and molecular diffusion). In
this work, we have characterised micro-mixing in three fluidic devices
namely pinched-tube, fluidic oscillator and vortex-based cavitation de-
vice operated in a loop configuration.

Several types of mixers are used in practice including ubiquitous
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Nomenclature

T Mean residence time in the reactor (s)

tmicro Micro-mixing time (s)

tnacro Macro-mixing time (s)

tr Reaction time scale (s)

E Engulfment rate (inverse of micro-mixing time) s

\% Total reactor volume (m>)

Cyj Concentration of species k in environment j (mol L

C, Outlet concentration of species k (mol L

T Temperature (K)

At Time step for engulfment model transient differential
equations (s)

Re Reynolds number

Greek Letters

13 Energy dissipation rate (W kg™1)

€ Molar extinction coefficient of triiodide (M~ ecm™!)

p Density (kg m™>)

u Dynamic viscosity (Pa s)

v Kinematic viscosity (m?s1)

the majority of the micro-mixing studies focus on microfluidic devices.
Table 1 shows the different devices that have been studied for micro-
mixing performance. Microfluidic devices exhibit a better micro-
mixing performance due to smaller diffusion length scales compared
to conventional stirred reactors [19]. However, these devices lack
scalability due to low throughputs of pL min~! to a few mL min 7,
expensive fabrication and limitations on process conditions [20]. Thus,
there is a need to develop fluidic devices that are scalable, have high
throughput capacities and exhibit the same or better micro-mixing
characteristics as that of microfluidic devices. Despite the promising
results obtained with pinched-tube [12,14], fluidic oscillators
[16,21,22] and vortex-based cavitation devices [23-25] for a variety of
applications, the micro- mixing performance of these devices has not yet
been characterised. The present work attempts to bridge this gap by
characterising micro-mixing times in three fluidic devices. These devices
were studied using the loop configuration (discussed later in Section 2)
s as to realise a wide range of energy dissipation rates (10~ — 10* W/
kg).

In a pinched-tube, the pinching produces alternate converging and
diverging sections that alternately accelerate and decelerate the fluid
flow, inducing changes in the velocity and flow directions resulting in
turbulence and enhanced mixing [12]. In a fluidic oscillator when a
liquid jet comes out of a nozzle into a free surrounding, it entrains and
mixes with fluids in the surrounding of the jet. The presence of a surface
close to the jet, limits the entrainment in that region. As flow accelerates
to balance the momentum transfer, a pressure difference is generated
and eventually the jet attaches to the surface. This phenomenon gen-
erates self-sustaining oscillations of the jet of fluid that induces
enhanced mixing [21]. A vortex diode is a cavitating device which
generates cavities when a liquid passes through a low-pressure region;
these cavities grow, oscillate and finally collapse in a high-pressure re-
gion [23]. The oscillation and subsequent collapse of cavities creates
high shear microjets creating turbulence and hence intensify mixing
[26]. In this work, micro-mixing in these three devices is characterised
using fast competitive reactions, as they are sensitive to mixing at mo-
lecular scales.

Over the past few decades, two reaction schemes have mainly been
studied for micro-mixing characterization — Bourne reactions and Vil-
lermaux Dushman iodide-iodate reactions [27-33]. Considering the
availability of the relevant kinetic data, ease of analysis of the product of
interest using UV-Visible Spectroscopy and, ambient pressure and

Chemical Engineering Journal 515 (2025) 163657

temperature conditions, the Villermaux Dushman iodide-iodate re-
actions were selected in this work to determine micro-mixing times. The
yield of undesired product is used as a measure of micro-mixing — higher
yield of undesired products indicates lower micro-mixing (or longer
micro-mixing time). A mixing model is needed for relating experimen-
tally measured yield of undesired product to quantitative value of micro-
mixing time. The most commonly used models for simulating micro-
mixing include the engulfment model (E-model) [34,35], the interac-
tion by exchange with the mean (IEM) model [36], engulfment defor-
mation diffusion (EDD) model [37] and the incorporation model [38].
These models are primarily developed for conventional semi-batch re-
actors. The previously published models are not directly applicable for
characterising micro-mixing for a loop configuration used in this work.
The classical engulfment model of Baldyga and Bourne [35] was
therefore extended to simulate micro-mixing in a loop configuration as a
three-environment engulfment model. Mixing through a straight tube
with recirculation was selected as the base case and micro-mixing time
in the three fluidic devices — pinched-tube, fluidic oscillator and vortex
diode was determined. These devices and envisaged operating param-
eters encompass a wide range of energy dissipation rates, ¢ (~10"1-10*
W/kg). An anomalous trend in the variation of the micro-mixing time
with energy dissipation rate was observed in the presence of cavitation
(in the vortex-based cavitation device). Control experiments were per-
formed to quantify the potential oxidation of iodide by hydroxyl radicals
generated by cavitation [39] which may interfere with the reaction
pathways and yield. The micro-mixing characteristics of the considered
three devices were compared with the other fluidic devices. The pre-
sented results will be useful for selecting appropriate mixing devices for
desired applications.

2. Experimental
2.1. Experimental setup and operation

The aim of this work was to characterise micro-mixing of pinched-
tube, fluidic oscillator and vortex-based cavitation device over a range
of energy dissipation rates. It should be noted that there is a minimum
flow rate requirement to initiate jet oscillations and mixing in fluidic
oscillator [21]. The flow rate through the pinched-tube and vortex-based
cavitation device also needs to be quite high (0.5-2 L min~Y) to achieve
the desired energy dissipation rates. It is not practically feasible to carry
out Villermaux Dushman reactions with such a high flow rate of re-
actants to achieve high energy dissipation rates. Secondly, more often
than not, these devices are used with re-circulation [13,50,51]. There-
fore, in this work, micro-mixing of these devices was characterised by
operating these devices with a re-circulation (hence forth referred as a
loop configuration). The schematic of experimental setup is shown in
Fig. 1. This loop configuration allowed variation of energy dissipation
rates without changing the net flow rates of reactants.

Two reactant streams are needed for carrying out Villermaux
Dushman reactions (discussed in Section 2.2). A double syringe pump
(Harvard Apparatus PHD ULTRA 70-3005) was used with two 60 mL
syringes to deliver these two reactant streams with equal volumetric
flow rates (10 mL min’l) to the fluidic device in the loop configuration.
The two inlet streams were passed to a four-way junction (internal
diameter = 4 mm) which then connects to the inlet of the fluidic devices.
A peristaltic pump (Longer make — WT6002J) was used for maintaining
the flow of the recirculation loop (0.5-2 L min~1). One outlet stream was
drawn from the recycle loop. The flow rate of the outlet was self-
maintained as the volume of the loop was fixed (22 mL). The recircu-
lation flow rate in the loop was varied to achieve different rates of en-
ergy dissipation within the flow loop. Samples were collected from the
outlet once the steady state was achieved (typically after four residence
times). Briefly, samples were collected after three, four and five resi-
dence times where residence time is the ratio of total volume of the
system to the total inlet volumetric flow rate. There was no change in the
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Table 1

State-of-the-art on micro-mixing performance of different devices.
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Device/mixer

Device design

Studies performed

Key results

Comments

Tee-mixer 90°
bends (Tee90)
[30]

Tee-mixer
[40]

Commercial
chip reactors
(KiloFlow and
Labtrix)

[41]

Syrris
micromixer
and Syrris
plate
microchannel
[42]

Multichannel
micromixer

heat exchanger

(M1 and M2)
[43]

Multistage Y-A
shaped
microreactor
(YA)

[44]

Confined
impinging jet
mixer (C1J)
[45]

OD = 1/16", volume = 0.067 mL;
OD = 1/8", volume = 0.27 mL

Volume = 10-19.5 pL

Volume = 6.25 pL
Mixing channel dimensions = 50 x 125 ym

M1: diameter = 1 mm, volume = 1.27 mL
M2: diameter = 2 mm, volume = 6.07 mL

Channel diameter = 500 pm
Y-angle = 60°
Length of 1section = 20 mm

Nozzle diameter (d) = 0.5 mm
Chamber diameter (D) = 2.38 mm
Distance between impinging zone and chamber = 1.2 D

Micro-mixing with
Interaction by

Exchange with the
Mean (IEM) model.

Re = 100-600.
Micromixing with IEM
model.

Flow rate = 1-20 mL
min !

Micro-mixing with
Incorporation model.

Re = 40-160

Micro-mixing with IEM
model.

Flow rate = 0.1-4 mL

min~!

Emicromixer = 1-6 W/kg
Eplae = 1-8 W/kg

Micro-mixing with IEM
model.

[NaOH] = 0.125
[H3BO3] = 0.25

K1) = 0.0116

[KIOs] = 0.00233

[H"] = 0.072
(concentrations in mol
LY

Flow rate = 600-1200
mL min~!, e = 4-3000
W/kg

Micromixing time
determined using
mixing
time-absorbance
correlation given by
Commenge and Falk
[30]

Flow rate = 1-10 mL

min

Micro-mixing
(competitive reactions
of neutralization and
dimethoxypropane acid
hydrolysis)

Scaling-model based on
momentum diffusion
from Kolmogorov
length scale.

Re = 100-3000

Micro-mixing time of
12-100 ms.

—0.45
tmicrox€

Micro-mixing time of
32 ms and 199 ms for
1/16" and 1/8" tee-
mixer respectively at
20 mL min~?.

tmicro = 1.6Xs for set
2B

tmicro = 0.08X5 for set
2B.

Micro-mixing time of
about 1 ms.

Micro-mixing time of
40-60 ms over the
range of epsilon
studied.

.—0.1
LmicroX€

tmicrom1 = 8 mS
tmicrom2 = 15 ms

tn = 2.55Xg
M1:tmicroexe™
M2:ticrooxe %22

0.13

Micro-mixing time of
about 40 ms at the
highest flow rate.

tmicro = 4Xs for set 2B

Micro-mixing time of
9.5 ms at Re of 3000.

-15
tmicro XU
u: average velocity of
stream

Micro-mixing time
shows an increase
when Re is between
500 and 600.

IEM model with
complete dissociation
and step wise
dissociation of
sulphuric acid. No
difference observed.

Low micro-mixing
time due to chaotic
advection compared to
conventional tubular
reactors.

Dispersion number <
0.01.

Micro-mixing time
decreased when &
increased from 1 to 2
W/kg and then
levelled off for higher
€.

Micro-mixing time
does not solely depend
on pressure drop and e.
It depends on various
‘design factors’ of the
devices.

Decreasing the
dimensions of mixing
device by half, the
micro-mixing time
reduced by half while
maintaining the same
e

tmicro iS NOt solely a
function of e.

The micro-mixing time
decreased did not level
off. There is a
possibility of it to
decrease further if flow
rates above 10 mL
min~"! are tested.

Flow splitting and
recombination is
responsible for low
micro-mixing times at
such low flow rates.

(continued on next page)
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Table 1 (continued)
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Device/mixer

Device design

Studies performed

Key results

Comments

Impinging Jet
Mixer (IJM)
[46]

Annular rotating
flow mixer
(ARFM)

[47]

Microannular
rotating bed
(MARB)
[48]

Impinging jet
flow on
spinning disk
reactor
(structured
surface)
(IJSDR)

[49]

Pinched-tube

(Present work)

Fluidic oscillator

(Present work)

Nozzle diameter = 1 mm

Solution B

Solution A
Inner cylinder diameter = 12 mm
Outer cylinder diameter = 14-17 mm
Volume = 1.71-4.78 mL
Tangential feed inlet

Inlet
Stator

Rotor / D

Motor
Stator diameter = 220 mm

Rotor diameter = 204 mm
Annular gap = 1 mm

Disk diameter = 200 mm
Depth of grooves = 0.2 mm Width of grooves = 2 mm

Tube ID = 8 mm

R/a=4

Total length = 145 mm

Angle between successive pinches = 90°
Volume = 7 mL

|.—|40—.|
T

60 et

Direction of flow

210 |

Hydraulic diameter = 2.25 mm

Total length = 240 mmDistance from inlet to backflow limbs = 70 mm
Diverging angle = 27.7°

Volume = 7.5 mL

Micro-mixing with
incorporation model.

Flow rate = 1-10 mL

sfl

£ =2-20 W/kg

Micro-mixing with
Incorporation model.

Flow rate = 9-45 mL
min~

Rotation speed =
0-5400 rpm

Re = 100-500

& =100-4000 W/kg

Micro-mixing with
incorporation model.

Flow rate = 0.6-6 L

min
& = 50-4000 W/kg

Flow rate ratio of buffer
to acid = 10.

[H3BOs] = 0.1818

[KI) = 0.01167
[KIO5] = 0.00233
[H'] = 0.45

(concentrations in mol
LY

Surface of spinning
disk-radial and
concentric grooves.

Micro-mixing with
incorporation model.
Rotating speed =
300-1500 rpm.

Micro-mixing with
three-environment
engulfment model.

Re = 1300-5300
e=0.3-12 W/kg

Micro-mixing with
three-environment
engulfment model.
Re = 4700-14,000

£ =12-220 W/kg

Micro-mixing time of
about 4 ms at ¢ of 20
W/kg.

Same micro-
mixedness ratio at
higher flow rates.

—0.5
Emicrox€

Micro-mixing time of
the order of 0.1 ms
over ¢ range of
100-1000 W/kg.

tmicro = 0.072X3%8 for
set 1C

tmicm “870.52

Micro-mixing time of
0.1-1 ms.

tmicro = 0.29X3%7

Micro-mixing time in
the range 0.04-2.19
ms.

.—0.374
LmicroX€

Micro-mixing time
was estimated using
the relation tyicro =
3.4X; for set 2B

Micro-mixing time in
the range 30-70 ms

Micro-mixing time in

the range of 28-42 ms

Mixing volume is
concentrated in a small
area of impinging
zone.

Experimental energy
dissipation rates
results showed good
agreement with the
ones obtained from k-¢
model (CFD).

Device with moving
parts.

Micro-mixing time
decreased with an
increase in ¢ till 1500
W/kg after which it
showed an increase in
micro-mixing time
which was attributed
to ¢ in the entrainment
region.

Pressure drop was not
considered in energy
dissipation rate. Only
energy input for
rotation was used.

Slope of tmicro VS € Was
significantly higher
(1.4) compared to
standard correlations
(0.45-0.5). It was
attributed to higher
energy efficiency of
MRB.

Device with moving
parts.

Micro-mixing time
decreased with
increase in € and
levelled off at & >
2000 W/kg.

(continued on next page)
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Table 1 (continued)
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Device/mixer Device design

Studies performed Key results Comments

Vortex-based

cavitation inlet

device (vortex >

diode) .

(Present work)

t (. 33 100
3 fo o ‘ -
5 . al v
® § 3 Axial port -, ) ) $'

3 .68,

Throat diameter = 3 mm
Length of swirl chamber = 18 mm
Volume = 0.7 mL

Oxidation of iodide
from the feed due to
cavitation effect needs
to be accounted.

Micro-mixing with
three-environment
engulfment model.

Micro-mixing time in
the range of 33-80 ms.

Re = 700-14,000
&£ = 2-9600 W/kg

Pressure
outlet
(1atm)

*All the studies are with Villermaux Dushman reactions unless otherwise specified. *For concentration set 2B and 1C refer to Supplementary Information S5. *All

figures produced with permissions from Ref. 30 and [40-49].

Flow Meter

Syringe Pump

e

|
| Y

|

A |

a I

Pressure Gauge
Solution Solution
A B

A

Recirculation Pump

Outlet

Y

Fluidic Devices

Syringe Pump

Fig. 1. Schematic of the experimental setup.

product concentration after four residence times confirming that the
steady state was reached. Convenient arrangements were made to
replace the different fluidic devices in the setup. These arrangements did
not disturb the other sections in the experimental setup. Three fluidic
devices — pinched-tube, fluidic oscillator and vortex diode along with a
straight tube (25 cm long) as a base case were studied for the micro-
mixing. The dimensions of the fluidic devices and tubing used in the
set-up are included in Supplementary Information (see Section S4). Di-
mensions were verified by the suppliers as well as through measure-
ments of key characteristics in the lab. The characteristic length scales

Table 2
Characteristic length scales and characteristic area for devices under
consideration.

Device Characteristic length scales Characteristic area (A.)
(d;) (mm) (mm?)

Straight tube 4.0 12.56

Pinched-tube 8.0 50.27

Fluidic oscillator 2.25 3.98

Vortex-based 3.0 7.07

cavitation device

and areas for the pinched-tube, fluidic oscillator and vortex-based
cavitation device used in this work are listed in Table 2. Vortex diode
and fluidic oscillator were fabricated using CNC machines and had very
small manufacturing tolerances. The pinched-tube used in this work was
fabricated by taking a commercial straight tube and pinching it in an
internal workshop. It was not possible to measure dimensions of the
pinched section very accurately and the dimensions mentioned in the
Supplementary Information may be considered with an accuracy of +5
%. Before performing the micro-mixing reactions in the fluidic devices,
the hydrodynamic characteristics — pressure drop and rate of energy
dissipation were studied.

The pressure drops across all the different fluidic devices were
measured independently with water instead of reactant streams using a
digital pressure meter (Digitron 2000P Differential Pressure Meter)
having a range of 0 — 700 kPa (accuracy = 0.1 %). The flow rates were
monitored using a digital flow meter (Krohne make — AF-E 400). The
pressure drop measurements were carried out at least three times for
each flow rate. The error in the pressure readings was less than 0.5 %. A
relationship between the flow and pressure drop was established using
the pressure data for different flow rates. The energy dissipation rate per
unit mass, ¢ (W/kg), was calculated as:
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QAP
e = p—v (€))
where, Q is flow rate through the device (m3/s), AP is the pressure drop
across the device (Pa), p is the density of fluid passing through the device
(kg/ms) and V is the volume of the device (rn3). The micro-mixing
performance at different rates of energy dissipation was investigated
by varying the recirculation flow rate to cover a broad range of energy
dissipation rates (¢ = ~ 10~ '-10* W/kg).

2.2. Experimental procedure for characterising micro-mixing

The Villermaux Dushman iodide-iodate parallel competitive reaction
system is used for characterising micro-mixing [30,43]. Villermaux
Dushman reaction system comprises of two parallel competitive re-
actions R1 and R2. The first one being a neutralization reaction
(instantaneous) and the second one being a redox reaction (fast — re-
action time scale comparable to micro-mixing time).

HzBO:; +H+—>H3303 (Rl)
I0; +5I" + 6H" —3I, + 3H,0 (R2)

In addition to these two main reactions, a third reaction R3 also needs to
be considered. The iodine formed reacts with iodide to form triiodide
which is a quasi-instantaneous equilibrium [30,43]:

L+I=I; (R3)

These reactions are carried out in such a way that the acid (H") is the
limiting reactant. The reaction R1 is much faster than the reaction R2.
Therefore, if micro-mixing is fast (compared to the characteristic time
scale of the reaction R1, borate ions (H,BO3) will rapidly consume H*
and there will be no opportunity for H" to react with iodide (I") and
iodate (IO3) - that is the reaction R2 will not occur in such a case. If
micro-mixing is not rapid, there will be opportunity for the reaction R2
to occur since a part of H™ which is not reacted with borate ions (H,BO3)
will be available. The yield of the product from the second reaction R2
(I2) is therefore used to quantify the micro-mixing efficiency of a mixer/
reactor. Since the I, formed via reaction R2 reacts with I~ and forms
triiodide (I3), it is necessary to account for reaction R3 for appropriately
calculating the yield of I,. The kinetics of these reactions has been re-
ported by many previous studies [28,30,42,43] and therefore not
repeated here. For the sake of completeness, the details of previously
reported kinetics are included in Section S1 of the Supplementary
Information.

For carrying out these reactions, sulphuric acid (H2S04) (Fischer
Scientific, 98 % concentrated) was chosen as the source of H' ions. The
buffer solution was prepared in a basic environment to avoid any pre-
mature triiodide formation [27]. The borate buffer was prepared using
sodium hydroxide (Fischer Scientific, 98 % pure) and boric acid (H3BOs)
(Fischer Scientific, 994+% pure). Potassium iodide (KI) (Fischer Scien-
tific, 99 % pure) and potassium iodate (KIO3) (Sigma Aldrich, >98 %
pure) were added to this buffer solution, to match the required con-
centration. For all the chemicals, the % indicates wt.%. The different
concentration sets were chosen from the literature and the nomenclature
of the concentration sets has been retained as given by Commenge and
Falk [30]. Villermaux Dushman test reactions are independent of the
reactant concentrations used [30,32,44]. The same has been verified
with two different concentration sets (see Supplementary Information
section S5) and concentration set 2B was selected for studying micro-
mixing of the fluidic devices. The details of this concentration set 2B
used in this study are given in Table 3.

The samples from the outlet, Fig. 1, were collected after four resi-
dence times of operation to ensure steady state. The collected samples
were analysed for triiodide concentrations using a Shimadzu Spectro-
photometer (UV-1800) equipped with high-precision quartz glass
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Table 3
Concentration set used in the study.

Component Concentration set 2B
(mol L)

H' 0.03

H3BO3 0.045

NaOH 0.045

KIOs 0.003

KI 0.016

cuvettes (Hellma Analytics 114-10-40) of 1 cm path length. Before
analysing the samples, a calibration curve with the known concentra-
tions of triiodide was obtained by measuring the absorbance at 353 nm
[27,30,31,41] (see Supplementary Information section S2). The molar
extinction coefficient (€353) was 22,527 L mol ! em™! as determined
from the calibration curve. Guichardon et al. [27] earlier reported that
the sample remains stable up to 30 min after acid injection. The samples
were therefore analysed within 30 min of the experiment.

Furthermore, there has been a lot of discussion on the choice of acid
in Villermaux Dushman reactions. Sulphuric acid is commonly used acid
as a source of H" [27,40,43,44]. There are also published studies with
monoprotic acids like perchloric and hydrochloric [32,44,52]. The use
of perchloric acid poses problems of corrosion regardless of concentra-
tions and it becomes unstable in cases of contact with hot surfaces and
higher friction. This leads to the danger of an explosion [53]. Thus, due
to safety concerns perchloric acid was not used in this work. As far as
hydrochloric acid is considered, Guichardon et al. [54] reported for-
mation of I5Cl which would result in lower yield of triiodide ultimately
underestimating the micro-mixing time. On the contrary, Schmitz [55]
reported that the chloride ions act as catalysts for iodide oxidation
leading to higher triiodide yield compared to other acids. Commenge
and Falk [30] reported that there is no significant impact of acid
(perchloric vs sulphuric) in Villermaux Dushman reactions. Sulphuric
acid was selected in this work to eliminate any ambiguity and ensure
accuracy in the triiodide yield.

The pH of the buffer solution and final reaction mixture was
measured offline using a pH meter (DFRobot’s Gravity pH meter V2).
Prior to using the pH probe, it was calibrated with known buffer solu-
tions of pH = 4, pH = 7 and pH = 10. The pH of the buffer solution is a
crucial parameter. At strongly basic pH, no iodine can form from iodide
and iodate [53]. Furthermore, if the pH is far above the iodine dis-
mutation pH ~ 7, the formed iodine will be thermodynamically unstable
[27,53]. Thus, the working pH should be slightly above the iodine dis-
mutation pH. Guichardon and Falk [27] reported that the pH of the
buffer solution should range between 8.5 and 9.5. In this work, the pH of
the borate buffer was 9.47 + 0.05 over different set of experiments
conducted. The pH of the product in all the experiments was found to be
around 8.52 + 0.02. Thus, in this work, all the required conditions for
pH for the Villermaux Dushman reactions were satisfied.

It is essential to calculate the concentration of iodine from the
measured triiodide concentration for calculating the extent of second
reaction — quantified here in terms of the segregation index (Xs) defined
as:

Y

Xg — —
5™ Yer

(2)
Where Y is the ratio of moles of acid consumed in the reaction R(2) to the
moles of acid fed and Yy is the limiting value of Y [27] which are given
as:

v 2(q1 +42)(C, +Cr)
qch‘o

3

6CIO:; 4

| P L —
5 6Cio;0 + Ch,B0;0

@
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For perfect mixing, Xs = 0. In the case of total segregation, Xs = 1. The
relevant mass balances for iodine species and determination of iodine
concentration from triiodide concentration has been explained in the
Supplementary Information (Section S3). The experimental results of Xg
were used to estimate micro-mixing time using the model discussed in
Section 3.

3. Computational model to estimate micro-mixing time
3.1. Engulfment model for the loop configuration

As discussed in Section 2.1, the experimental set-up includes an in-
ternal recirculation loop. The circulation within the loop (0.5 - 3 s) is
orders of magnitude lower than the residence time (60 — 90 s). The
characteristic reaction time scales of R1 (109 s) are much smaller than
the circulation time. Considering the range of energy dissipation rates
(107! - 10* W/kg), it is expected that micro-mixing time scales (0.01 —
0.2 s) are also smaller than the circulation time. Therefore, it can be
assumed that mixing is complete before one circulation time and the
completely mixed streams which are depleted of the limiting reactant
are circulated back after part of it exited via the outlet. The schematic of
this physical picture is shown in Fig. 2.

Ranade [2] has discussed appropriate reactor modelling approaches
for different scenarios having different extents of micro-mixing and
macro-mixing. It will be useful to estimate characteristic time scales for
the considered case in this work as:

Reaction time scale, tg = kllco = 10719,

Where k; is a second order rate constant of reaction R(1) and Cy is a
characteristic concentration of reactant.

Macro-mixing, tpacro = tc = o= 0.5 —3s.

Where t, is a circulation time, V is a reactor volume and Q. is the net
circulation flow rate.

Recycle Loop

Excess Reactan
q-

Limiting Reactant
a1
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Micro-mixing time, tmicro = 17.25,/2 = 0.01-0.2s.

Where v is kinematic viscosity and ¢ is energy dissipation rates.

Process time scale or residence time, 7 = m = 60—90s.

It can be seen that for the case considered here, the reaction R(1) is
very fast with characteristic time scale smaller than micro mixing time
scales and the macro-mixing time scale is much smaller than the resi-
dence time of the reactor. In such cases, the performance of a reactive
flow process is controlled only by the micro-mixing. Several micro-
mixing models have been developed to simulate such reactive flow
processes. Some of the widely used models are:

‘Engulfment Deformation Diffusion (EDD)’ model of Baldyga and
Bourne [37]

‘Interaction by Exchange with the Mean (IEM)’ model of David and
Villermaux [36,56]

e ‘Engulfment (E)’ model of Baldyga and Bourne [35]

In this work, we used the engulfment model and extended it so as to
make it applicable to the experimental set-up used in this work. Instead
of the classical two-environment model of Baldyga and Bourne [35], we
used three-environments represented in the schematic shown in Fig. 2.
The net internal circulation flow rate is:

Q=q+¢g+Q (5)

Where Q! is the flow rate through a recycle loop.

The Environment 1 which is a reacting zone corresponds to a stream
carrying a limiting reactant. The volume of Environment 1 will grow by
engulfing Environment 2 (second feed stream) as well as Environment 3
(recirculated stream). The volume of Environment 3 will reduce with
time. The volume of Environment 2 may increase initially via engulf-
ment of Environment 3 and will eventually reduce because of engulf-
ment by Environment 1. The growth of the volumes of these

Outlet

Environment 1 Environment 2 Environment 3

Fig. 2. Schematic of reactor in loop configuration [Environment 1 contains the limiting reactant and is the only environment where reactions take place. Envi-
ronment 1 engulfs Environments 2 (corresponding to feed stream 2 containing other reactants) and Environment 3 (corresponding to recirculation stream)].
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environments and species balances may be written as:

dV] V1 V3 V1 Vz

By o tEY (6)
% _ EV1VV2+ EV2VV3 -
%: 7EV1VV37EV2VV3 ®
dVi+Va+Vs) _ ©

dt

Where E is engulfment rate (which is a reciprocal of micro-mixing time
scale) and t is time.

The species balance for the segregated environments may be written
as:

dc V- 1%
d—t“ :EVS(cks —Cu) +EV2(ck2 —Ci) +Ra (10)
dc V-
d—t“ :Evs(ckg —Ci2) 1n
dCys

a ° 12

Cy;j is concentration of species k in environment j. It is assumed that at
the end of one circulation time, all three environments are mixed since
the characteristic micro-mixing time scale is smaller than the circulation
time scale. The concentration of species k in this mixed stream will be
same as the concentration of species k in the outlet (Cy,) and is calcu-
lated as:

_ViGu + VaGho + (V-1 — V3)Cis
\4

Cko 13
This outlet stream is recirculated back to the reactor where the incoming
streams encounter species with these concentrations as the bulk zone.
Initial conditions for these ODEs may be written as:

Att =0:

Vi =tq1, Vo =tq2, V3 =V-V1 V3

Where t; is a characteristic feed time which may be assumed to be a
small fraction of circulation time, t.. In this work, t; was set to 0.01 times
t.

Cr1 = Crii, Crz = Ciai; Chs = Cyo

Where subscript i indicates inlet stream.

These transient ODEs are solved till all the limiting reactant is
consumed or V; = V or t = t., whichever is earlier.

The three-environment engulfment model described in this section is
a generalized model applicable to any reaction scheme and reactor
operated in a loop configuration. Villermaux Dushman reactions contain
six components namely H*, H,BO3, H3BOs, I, IO5 and I,. The first two
reactions (R1 and R2) were simulated using the model. The concentra-
tion of I; was calculated using the equilibrium constant which was then
used to find Xs. The micro-mixing time, tmicr, was an input to the model
and Xs was calculated once all the concentrations were obtained from
the model. Large number of simulations covering the broad range of
characteristic micro-mixing time were carried out. The simulated results
exhibit the following linear relationship between Xs and tpico (s) over
the considered range in this work as (see Fig. S3a of Supplementary
Information):

tmicro = 3.4Xs 14)

The model developed here exhibits non-linear relationship between Xg
and tpicro at higher values of Xs. A review of previous studies reveals
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broadly two groups: one group reports the multiplier of X5 appearing in
Equation (14) as ~0.1 while the other group reports it as ~3. Gobert
et al. [41] have reported a slope of 0.08 for the concentration set 2B.
Chen et al. [47] reported tmicro = 0.072X3%® (for a different concentra-
tion set with annular rotating flow mixer — refer to Table 1). The micro-
mixing times reported by Gobert et al. and Chen et al. are therefore quite
small (in the range of 0.1-1 ms) compared to those reported by others.
El-Shazly et al. [44] have reported the slope of t,;, vs X for concentration
set 2B as 4. Guo et al. [43] reported a slope of 2.55 for their concen-
tration set. The micro-mixing times reported by this second group of
investigators are therefore in the range of 10 to 100 ms. In the present
work, the linear fit was adequate for the considered range and therefore
Equation (14) was used for relating experimentally observed Xs with
tmicro- Falk and Commenge [57] reported that with Villermaux Dushman
reactions and any method of mixing time determination, the accuracy
cannot be better than +30 %. Equation (14) was used to estimate micro-
mixing time scales of three devices for different operating conditions.
The +30 % variation of the parameter in Equation (14) encompass the
range from 2.4 to 4.4 which covers the parameters reported in previous
studies. The micro-mixing times estimated using Equation (14) are dis-
cussed in the following section.

4. Results and discussion

Micro-mixing performances of fluidic devices (micro-mixing times)
are usually evaluated with reference to mean energy dissipation rate, ¢
[34,35]. The pressure drops as a function of flow rate through the fluidic
devices was therefore characterised to enable the calculation of mean
energy dissipation rates using Equation (1). The measured pressure drop
values were then reported as a function of Reynolds number and are
shown in Fig. 3a. Characteristic length scales (d.) and characteristic area
(A.) were used to convert flow rates to Reynolds number as:

Re=——~ s

Where p is the viscosity, p is the density of the fluid and Q is the volu-
metric flow rate.

The pressure drop and mean energy dissipation rate were correlated
with the Renolds number as:

Re \°
AP = APge—5000 (m) (16)
Re b+1
€ = ERe=5000 (m) aa7)

where, APg._5000 and eg—s000 are the values of pressure drop and rate of
energy dissipation corresponding to Re = 5000 and b is a fitted
parameter. The value of b was found to be 1.64 for all the devices. The
rate of energy dissipation as a function of Re is shown in Fig. 3b. The rate
of energy dissipation was calculated using Equation (1). It can be seen
from Fig. 3b that the devices studied in this work cover a wide range of ¢
—lowest being exhibited by the straight tube and highest being exhibited
by the vortex diode.

After characterising energy dissipation rates of these devices, the
Villermaux Dushman reactions were carried out and concentrations of
the products were used to calculate the segregation index, Xs. The
segregation index, Xs calculated based on the measured values of
triiodide as a function of Re for the devices considered in this work is
shown in Fig. 4.

It can be seen that for three fluidic devices - straight tube, pinched-
tube and fluidic oscillator, an increase in Re leads to reduction in
segregation index. This reduction in X indicates improved mixing with
an increase in Re (or in mean energy dissipation rates). It can be seen
that pinched-tube and fluidic oscillator lead to lower Xs values
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Fig. 3. Flow characterisation of fluidic devices considered in this work with (a) pressure drop as a function of Reynolds number (b) mean energy dissipation rates as
function of Reynolds number for all fluidic devices. Symbols denote experimental data. Dotted lines indicate predictions using Equation (16) and (17).
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Fig. 4. Experimentally measured segregation index as a function of Reynolds number of the fluidic devices used in this work. Symbols denote experimental data.

Dashed lines show power-law trend lines (Equation (18)).

compared to the straight tube. The dashed lines shown in Fig. 4 indicate
power law behaviour as per the following equation:

Xg = pRe % 18)
The value of parameter p was found to be 1.7 for straight tube,0.45 for
pinched-tube, 0.4 for vortex diode (before the inception of cavitation)
and 0.60 for fluidic oscillator. For the cavitating device, the measured
segregation index was found to increase with an increase in Re once the
cavitation inception occurs (for Re > 4000). The cavitation inception
occurs at around Re ~ 4000. Cavitation leads to the formation of hy-
droxyl radicals [26,39,58] which interfere with the Villermaux Dush-
man reactions and cause an increase in Xs with increase in extent of
cavitation [59,60]. Hence, additional control experiments were con-
ducted in the absence of [H,BO5 . Initial experiments were carried out to
examine the potential decomposition of KI due to hydrodynamic cavi-
tation. A 0.016 M KI solution was passed through the vortex diode. No
triiodide peak was detected with recirculation flow rates of 0.3 - 2 L
min~!. In the Villermaux Dushman reactions, acid is present in the
system which may influence the oxidising performance of hydrody-
namic cavitation. Two sets of experiments were therefore carried out at
two different acid concentrations in the absence of [H,BO3]. In the first
case, the acid concentration was kept the same as in the Villermaux
Dushman reactions ([H*] = 0.03 mol L™ and in the second case, 200
times lower acid concentration was used ([H"] = 0.00015 mol L. The
increase in concentration of triiodide with reference to that measured
just before cavitation inception with respect to Reynolds number for
these cases is shown in Fig. 5.

10

It can be seen that at high acid concentration, hydrodynamic cavi-
tation leads to triiodide concentration even in the absence of [H,BO5].
The conventional method of measuring micromixing time using the
Villermaux Dushman reaction therefore is not directly applicable to
cases where cavitation occurs. Micromixing time of cavitating devices
may therefore be estimated before the inception of cavitation and may
be extrapolated for cavitating conditions.

The micro-mixing time in the fluidic devices under consideration as a
function of ¢ can be obtained as:

045
tmicro = tmicroe=1€ b+l (19)
where, tpciro.—1 i the micro-mixing time corresponding to ¢ = 1 W/kg.
Using the known value of b, Equation (19) can be written as:

0.17 (20)

tnicro = tmicroe=1€
The values of tyicro.—1 for straight tube, pinched-tube, fluidic oscillator
and vortex diode are 146 ms, 50 ms, 66 ms and 85 ms respectively. The
micro-mixing time is usually reported as a function of rate of energy
dissipation, . The micro-mixing time of all the considered devices as a
function of energy dissipation rate is shown in Fig. 6. All the devices
exhibit micro-mixing time proportional to e~%17. It can be seen that for a
given rate of energy dissipation, the pinched tube outperforms the
vortex diode and fluidic oscillator, which show almost the same per-
formance. For the case of vortex diode, the segregation index was found
to increase with energy dissipation rate after the inception of cavitation
— which indicates a higher micro-mixing time scale. However, this



A.N. Joshi et al.

Chemical Engineering Journal 515 (2025) 163657

0.1

; O Normal Villermaux Dushman reactions
. O no[H,BO:; ]and [H+] =0.03mol L™’
a | O no[H,BO; ]and [H+] =0.00015mol L™
':l 0.08 + . = . =Cavitation Inception
o) |
E .
£ |
€ 0.06 + |
(@) . O
= | O
© . O
= |
8 .
2 0.04 —+ | o O
O .
O
m l
< ;
o
0 0.02 —+ .
= |
= ©
|
. O
0 S S } S S S
0 5000 10000 15000

Reynolds Number, Re (-)

Fig. 5. Measured triiodide concentration beyond cavitation inception in vortex diode for three cases — normal Villermaux Dushman reactions and in absence of

[H2BO3 ] with different acid concentrations.

increase is because of interference of cavitation with Villermaux Dush-
man reactions. If the data points are extrapolated from the results ob-
tained prior to inception of cavitation (along the blue dashed line in
Fig. 6), the vortex diode would exhibit the lowest micro-mixing time
among the studied devices since it offers much higher energy dissipation
rates. When the absolute values of micro-mixing times are compared, the
straight tube has the largest micro-mixing time among the studied de-
vices. It exhibits micro-mixing time of about 100 ms at ¢ of about 10 W/
kg. For the same energy dissipation rate, the pinched-tube exhibits the
lowest micro-mixing time of ~30 ms while the fluidic oscillator and
vortex diode exhibit about 40 ms and 50 ms respectively. For obtaining
micro-mixing time of 30 ms, the energy dissipation rate needs to be
increased to nearly 80 W/kg for the fluidic oscillator and 200 W/kg for
the vortex diode.

Once clear trends of micro-mixing time as a function of rate of energy
dissipation were obtained for the devices used in this study, the micro-
mixing times obtained for the three devices were compared with those
reported in the published studies in Fig. 7. The solid lines denote power
law relationship similar to Equation (20) with the ty;., proportional to
g7015 7030 =045 =060 for the pink, green, orange and blue lines
respectively. Commenge and Falk [30] and Baldyga and Bourne [61]
reported that the micromixing time is proportional to e %4> and ¢ 0>
respectively. It is evident from Fig. 7 that the micro-mixing time of de-
vices considered in this work and many other devices/mixers from
published studies falls in the range proportional to e *15 and £~°3. Chen
et al. [47] investigated micro-mixing characteristics of a rotating
annular flow mixer using Villermaux Dushman reactions and obtained a
trend, where beyond a certain ¢ (1500 W/kg), the micro-mixing time
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increased with an increase in ¢. They attribute the increase in the micro-
mixing time to the ‘entrainment regime’ where the energy utilization is
low. The multichannel heat exchanger designs reported by Guo et al.
[43] (M1 and M2) show behaviour similar to the devices in the present
study. The micro-mixing time obtained for M1 and M2 was found to be
proportional to £ %2, The impinging jet mixer (IJM) shows proportion-
ality as e %, The Syrris micromixer shows a flat trend across the range
of energy dissipation rates. The MARB mixer shows higher slope than
the standard correlations and the authors have attributed the same to
high energy utilization of the mixer. The micro-mixing time for IJSDR
shows dependence as e 4. Abiev et al. [62] reported micromixing time
of a swirling flow micromixer having two tangential inlets to propor-
tional to £ %2! (not shown in Fig. 7). The reasons for these observed
differences in the dependence of micro-mixing time with ¢ may be
because of specific flow structures and the way shear and turbulence are
harnessed for accelerating mixing. Detailed computational fluid dy-
namics models developed for the pinchedtube [12] , fluidic oscillators
[63,64] and vortex diode [65] need to be extended further for simu-
lating micro-mixing in these devices for developing better understand-
ing of micromixing in these devices. The presented data will be useful for
validating such models.

The pinched-tube, fluidic oscillator and vortex-based cavitation de-
vice investigated in this work offer a wide range of energy dissipation
rates and therefore micro-mixing times from 30 ms onwards. The pre-
sented results will be useful for appropriate selection of devices and their
operating parameters for desired applications like reactive precipitation,
nanoparticles synthesis, anti-solvent crystallization, etc. The key quality
attributes of the products of such processes are strongly influenced by
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micro-mixing times. For example, results of Song et al. [66] indicate that
there is a direct link between the micro-mixing time and the size of lipid-
polymer hybrid nanoparticles produced. Similar results were reported
by Gradl and Peukert [67] for barium sulphate nanoparticles synthe-
sized by reactive precipitation. It is therefore essential to first identify
the desired micro-mixing time and then select an appropriate fluidic
device and corresponding operating parameters to achieve the desired
micro-mixing time. The work presented in this manuscript provides a
methodology to estimate micro-mixing time using Equation (19). Once
the desired micro-mixing time is identified, Equations (16), (17) and
(19) may be used to identify appropriate Reynolds number and hence
the recirculation flow rate through the loop. Depending on the range of
desired micro-mixing time, Fig. 6 may be used to select an appropriate
fluidic device. As a part of future work, we are working on the synthesis
of lipid nanoparticles via antisolvent precipitation using these fluidic
devices. The objective is to tailor the particle size and polydispersity of
the particles using these fluidic devices and controlling micro-mixing
times and other relevant process parameters.

5. Conclusions

In this work, we have investigated micro-mixing characteristics of
pinched-tube, fluidic oscillator and vortex-based cavitation device over
a wide range of operating parameters and energy dissipation rates (10!
to 10* W/kg). A three-environment engulfment model was developed
and used to simulate micro-mixing in these three devices operated in a
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loop configuration. The key conclusions of this work are:

e Pressure drops across the three fluidic devices studied in this work
were found to be proportional to Reynolds number to the power 1.64
(Equation (16)

o The developed three-environment engulfment model led to linear

relationship between the segregation index, Xs and micromixing

time, tmir, Over the operating range considered in this work (Equa-

tion (14).

The estimated micro-mixing time was proportional to %7 for all

the devices (Equation (20)

For ¢ of 10 W/kg, the pinched-tube exhibited the lowest micro-

mixing time of about 30 ms. The fluidic oscillator requires ~80 W/

kg and the vortex diode requires ~200 W/kg for realising micro-

mixing time of about 30 ms.

e The measurements of micro-mixing times for the vortex-based
cavitation device was hampered by the inception of cavitation. The
segregation index was found to increase with further increase in
energy dissipation rates beyond cavitation inception. Villermaux
Dushman reactions are therefore not suitable for characterising
micro-mixing in cavitating devices.

The mixing results presented in this work provide a basis for selec-
tion of appropriate device and associated operating parameters for
carrying out processes that are kinetically fast and mixing controlled.
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