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Abstract—The present work illustrates the po ssibility of atomizing the reactant mixture using a n ultrasound spray
nozzle atomizer to increase reactant contact surface area. The more surface area of the mist-like spray generated due to
the atomization provides a means for mixing of reactants, thereby enhancing the reaction rate. Therefore, this work
implements an ultrasound spray nozzle atomizer as a reactor. The micromixing efficiency of this novel reactor was evalu-
ated using the Villermaux-Dushman test reaction protocol. An inlet micromixer was placed upstream of the ultrasonic
atomizer reactor to provide an early mixing of the reactants. Two simple Y-shaped micromixers with diameters of
0.8 mm and 1.5 mm were examined as the inlet micromixers. The effects of flow rate ratio, flow rate, reactant concentra-
tion and inlet micromixer diameter on micromixing efficiency were investigated. Furthermore, the micromixing time
was calculated based on the incorporation model through a detailed mathematical formulation. For the studied ranges of
operating conditions, the micromixing time was in the range of 0.1-1 s. The small value of estimated micromixing times
confirmed that the proposed technique is a valuable concept for intensifying micromixing in chemical reactors.
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INTRODUCTION

Mixing is a fundamental unit operation in many industrial fields:
pharmaceutical, food, cosmetic, and industries involved with poly-
mers, adhesives, and paintings [1,2]. Effective mixing also has cru-
cial importance on chemical reaction performance where different
species must come into contact efficiently. Moreover, all other pro-
cess parameters, such as heat and mass transfer, operating time and
cost, process safety;, and product quality, could be affected through
the mixing process. In liquid-phase chemical reactions, the con-
version a nd selectivity strongly depend on the mixing [3].

Mixing takes place at three different scales, namely, macromix-
ing, mesomixing, and micromixing, as introduced by [4]. Mixing
at the molecular level (micromixing) significantly affects a chemi-
cal process and its characteristics. This is more important in fast
reactions such as precipitation, polymerization, crystallization and
combustion reactions [5]. The micromixing effect in these rapid
reactions is difficult to isolate from the reaction since the mixing
highly depends on the reaction kinetics. Hence, it has been identi-
fied as an especially important phenomenon of chemical systems
dealing with fast reaction kinetics and consequently affects the
final product both quantitatively and qualitatively. If the reaction
characteristic time scale is smaller than, or close to, the micromix-
ing time, the mixing must be realized before the reaction is com-
pleted [6].

Mixing intensification has been the subject of research in mix-
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ing technology and is still developing quickly. To intensify mixing,
several different reactors, including stirred tank reactor, tubular reac-
tor, centriﬁ,lgal pump, jet reactor, Kenics static reactor, microreactor,
tee mixers, Couette flow reactor, rotor-stator mixers, aerated stirred
tank, static mixer, ultrasound reactor, aerated stirred tank, static
mixer, semi-batch reactor, electrohydrodynamic mixer, sliding-sur-
face mixing device, impinging stream reactor, rotating packed bed
reactor, have been devised and studied so far [7-9].

Due to the importance of the mixing process, quantitative exper-
imental methods have been developed to characterize and evaluate
micromixing performance. Among many different characterization
techniques developed over the past years, competing chemical reac-
tion methods are widely used. Reaction selectivity and yield are used
to characterize the extent of micromixing performance [10,11].
The Villermaux-Dushman method (iodide-iodate reaction) is the
main test reaction commonly applied to investigate micromixing
efficiency for new proposed mixing devices and has been imple-
mented in numerous publications by many authors [6,10,12-14].

To intensify micromixing, many researchers have used microre-
action technology in laboratory and industrial-scale field applica-
tions in recent years. Among the many proposed microstructured
devices, micromixers and microchannels have been subjected to
much attention, innovations and developme nts in chemical engi-
neering applications [15-17]. Micromixers benefit from short dif-
fusion length between the fluids, high interfacial area, and small
internal volumes, which provides high transfer rate capacity, includ-
ing heat and mass transfer (an improved micromixing efficiency),
compared to other conventional types of chemical reactors [17-
20]. Hence, the main applications of microchannels are compact
heat exchangers, micromixers, and microreactors [15]. In micro-
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channel devices, the reduced channel dimensions lead to an in-
creased fluid shear rate, thereby making diffusion the predominant
mechanism of mass transfer [1]. Hence, the flow mainly runs in the
laminar regime at low Reynolds values. As diftusive mixing (diffu-
sion mechanism) limits the mixing process at the molecular level,
the fluid mixing and, thus, the chemical reaction rate run very slowly.
The mixing process in the microchannel devices can be performed
by convection and diffusion depending on the geometry (channel
confluence, twist, bend and obstructions) and the applied operat-
ing conditions [14,21,22].

Moreover, atomization can significantly improve the mixing per-
formance of a reactional system since the larger surface area gen-
erated by forming droplets will result in better mixing of reactants.
Atomization methods are familiar with specific household applica-
tions and other applications, e.g., spray painting and spray com-
bustion. Atomization is the process in which the bulk of the liquid
is broken down into small droplets conventionally dispersed in a
gas known as a spray. Ultrasonic atomization involves the genera-
tion of surface waves on the thin liquid film surface flowing over
the vibrating surface (atomizing surface) and subsequently breaking
up these waves into a fine mist spray (aerosol). Ultrasonic atomizers
offer several unique advantages over conventional pneumatic atom-
izers, making them preferred [23]. As the ultrasonic frequency speci-
fies the droplet size in ultrasonic atomization, it is possible to generate
extremely fine droplets along with the excellent ability to control the
particle size and very narrow droplet distributions [24-27]. It seems
efficient, especially for chemical reaction and mass transfer, since
smaller drops can provide a larger surface area per volume and a
smaller diffusion length for reactants and mono-sized drops. Mono-
sized drops are also desired in a reaction where ultrasonic atomi-
zation can establish narrow size distributions [24]. Other ultrasonic
atomization characteristics include the simplicity of the process, low
working pressure, non-clogging characteristics, and low energy con-
sumption. An added advantage of these atomizers is the lower veloc-
ity associated with the atomized droplets as the droplet formation
and ejection are decoupled processes. This characteristic is advan-
tageous in particular applications like granulation and coating pro-
cesses. So far, ultrasonic atomizers have been widely applied in
combustion, humidification, spray drying, spray cooling, metallic
powder preparation, polymeric microparticle production, and espe-
cially in spray coating applications [23,28-30]. To our knowledge,
no work has yet been published on ultrasonic atomization of a
reaction.

As micromixing is critical in process engineering, developing novel
reactors with excellent mixing performance to obtain the desired
products is always in demand. In the present work, the micromix-
ing efficiency of an ultrasonic nozzle atomizer is studied. Indeed,
the main purpose of this research was to investigate the positive or
negative effects of ultrasonic atomization on the mixing quality in
a novel reactor. The ultrasonic nozzle atomizer could simultane-
ously serve as the atomizer, mixer and reactor. The idea behind this
research is that by increasing the surface area of reactants through
the atomization process, high mixing quality can be achieved. In
fact, increasing the surface area of reactants increases the number
of collisions. Colliding particles more frequently can intensify mix-
ing. Evaluating the micromixing generated by the ultrasonic atom-
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izer to intensify micromixing and reaction in the atomizer reactor
was the main objective of this work. The widely used Villermaux-
Dushman protocol was adapted to assess the mixing performance
of the reactor quantitatively.

THEORY

1. Theory of Villermaux-Dushman Test Reaction

Several techniques have been employed to evaluate mixing per-
formance. Employing chemical reactions as molecular probes has
been invented to characterize the mixing performance [8,14,21].
The competitive parallel iodide-iodate reaction, known as Viller-
maux-Dushman reaction, was proposed by Fournier et al. [11] and
developed by Guichardon and Falk [31] for evaluating micromix-
ing performance. This test reaction is widely used for characteriz-
ing mixing in batch, semi-batch mode, and continuous flow mi-
cromixers [11,15,31-34].

The present work implemented the successive well-known Vil-
lermaux-Dushman test reaction in the ultrasonic nozzle system.
This test reaction makes it possible to quantify the micromixing
spectrophotometrically. It also offers the advantages of being sim-
ple, cheap, straightforward analysis, reasonable sensitivity; and repro-
ducibility.

H,BO;+ H — H;BO; Almost instantaneous  reaction(i) (1)

51 +10;+6H' —2531,+3H,0  Very fast reaction(ii) (2)

The acid-base neutralization reaction (reaction i) competes with
the oxidation-reduction reaction, also called Dushman reaction
(reaction ii), for reacting with acid proton (H'). The Dushman
reaction is very fast but significantly slower than the instantaneous
acid neutralization reaction. Dushmans reaction time is on the
order of the magnitude of micromixing time, while the neutraliza-
tion reaction is almost instantaneous [6,14,15,21].

Reaction rates have been determined experimentally through
kinetic investigations in numerous studies [35-38]. The accepted
ones are given by:

r,=k,[H][H,BO;] 3
With k,=10" L-mol s
1=l [H [ T’[105] 4

where the rate constant of reaction (ii) is the function of the mix-
ture ionic strength and can be written as:

logk,=9.28105—3.6644/" for <0166 mol-L™"
logk,=8.383—1.5112/%+0.23689  for  £>0.166 mol-L™* (5)
The ionic strength zis defined as:
1 2
u== 3 Cz ©

2

i=allspecies

where C; and z; are the molar concentration (mol/L) and the charge
number of ion i, respectively.

As mentioned, the Villermaux-Dushman method is based on
competition between a very fast and an instantaneous reaction.
The sulfuric acid concentration must be in stoichiometric deficit
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to ensure that two reactions will compete with each other. Hence,
feeding a small amount of acid to the buffer solution makes the
product produced depend on the quality of mixing [31,39]. The
acid is instantly dispersed locally and globally within the reactive
mixture under perfect mixing conditions; thereby; it is instanta-
neously neutralized by borate ions (reaction (i)) due to the higher
reaction rate than the redox reaction. In this case, reaction (ii) does
not proceed and the amount of iodine formed is zero.

When the micromixing time is on the order of magnitude or
greater than the characteristic time of the Dushman reaction, mi-
cromixing is poor. In this case (imperfect micromixing), local con-
sumption of H,BOj by reaction (i) subsequently leads to local over-
concentration of acid protons, which makes the reaction (ii) occur
and yields iodine. Thus, the H" ions are consumed competitively
by the above reactions in partial segregation conditions. Therefore,
the more iodine produced makes the micromixing process less
ideal and vice versa. The iodine produced in reaction (ii) will react
with excessive iodide ions present in the mixture to produce triio-
dide ions, according to the following reaction:

L+T <1,

I_

Keginy= [—3], 8)
[LIT]

The chemical equilibrium constant is related to the reaction tem-
perature T [K] by the following equation:

quasi-instantaneous equilibrium  reaction (iii) (7)

555
logK,,iin= T +7.355-2.575logT )
The K, value at 20 °C equals 786 L/mol. The kinetics of the reac-

tion is written as follows [15,40]:

=1, - 13 =k [[][L]- ks [I5] (10)
At 25°C:

ki=5.9x10" Lmol 's ' and k; =7.5x10°s ™"

The amount of triiodide I; at the reactor outlet can be determined
by UV-VIS spectrophotometry at =353 nm. Therefore, the selec-
tivity of the iodine formed can be used to quantify the fluid segre-
gation and quantitatively express the micromixing efficiency. The
segregation index, X, is a criterion that indicates the quality of mi-
cromixing, defined as the relative amount of fraction of acid con-
sumed to produce the unwanted product (iodine). Therefore, lower
values of X correspond to better micromixing. The value of this
index (X) is in the range of 0 and 1 and is defined as [37,38]:
Y
X T (11)
In perfect micromixing, X equals 0, and in total segregation, it equals
1. Y is the ratio between the number of acid moles consumed by
reaction (i) and the total number of acid moles injected, repre-
senting the iodine (undesired product) yield given by Eq. (12).
:2(n,2+nr3) 12
N

For continuous flow reactors, Y is expressed based on molar flow

rate with the following expression [35]:

2F
Y=k (13)
Fi
The excess amount of iodide in the solution shifts the third equi-
librium reaction (Eq. (7)) to the right, and all iodine is completely
reacted to form triiodide. Thus the iodine concentration is assumed
to be zero:

Y~2FE_ 2Q,[1]
Py QuH

For total segregation corresponding to infinitely slow mixing, the
maximum theoretical yield of iodine, Yg; is defined. In this case,
the two reactions (i) and (ii) are instantaneous concerning the mix-

ing rate. Therefore, the acid is consumed in proportion to the local
concentrations of borate and iodide-iodate [37].

(14)

6[10;
Yor= % (15)
6[105],+[H,BOs],
In the above equations, n, F and Q represent the molar amount,
molar flux and molar flow rate, and subscript 0 corresponds to the

initial state at zero time. Finally, X; is calculated as:

Y 2QILVQ,IH

¥ Ysr 6[105],/(6[103]o+[H,BO3 )
Q[L] ( [HzBog]o]

= —|2+ -

Q[H'T\  3[105],

The triiodide concentration is the only unknown variable that is
determined by measurement of absorption intensity at 353 nm by
spectrophotometry and application of Beer-Lamberts law [11,37]:

(16)

A

(17)
353

1=
where A, &s;, and [ correspond to the light absorption, the extinc-
tion coefficient of triiodide ions at the wavelength of 353 nm, and
the length of the optical path of the measuring cell, respectively [41].

The extinction coefficient of triiodide ions at A=353 nm deter-
mined from the calibration curve equals 3,436 m”/mol.

2. Incorporation Model Theory

The segregation index varies with the initial concentration of
solutions, while micromixing models are independent of concen-
tration and can be compared despite different initial concentra-
tion. So, the segregation index alone is insufficient to evaluate the
micromixing quality and estimate the micromixing time, t,,. Con-
centration-independent models provide the possibility of compar-
ing with past studies.

Several models have been developed to estimate the micromix-
ing time based on the segregation index [5,42]. Among the differ-
ent proposed models, the incorporation model has been widely
applied for its simplicity in calculating the micromixing time in dif-
ferent reactors, including batch and continuous flow reactors. The
incorporation model was derived from Villermaux’s earlier studies
and described completely by Fournier et al. Based on this model,
solution 2, which has a smaller volume than other solutions (acid
solution in our experiment), is divided into aggregates. The acid
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aggregates are progressively invaded by solution 1 (Borate Buffer
solution), which surrounds them. While the reactions occur in the
aggregates, they gradually grow and become incorporated with the
surrounding fluid. The characteristic time of the model is consid-
ered equal to the characteristic mixing time on the molecular scale
named micromixing time. The micromixing time, t,, represents
the time at which mixing is assumed to be accomplished. The
growth of the aggregate is assumed to be described by the follow-
ing equation:

V,=V,08(t) (18)

where
- V,(t): acid aggregate volume at t=0
- V, ¢ initial acid aggregate volume at t=0
- g(t): incorporation growth function

The incorporation function depends on the incorporation mecha-
nism and can be described in linear or exponential form as follows:

Linear: g(t)=1+ ti (19)

m

Exponential: g(t)=exp (tl) (20)

The incorporation function, g(t), is a function of micromixing time,
t,,, for both models. In a linear function, the incorporation flow is
constant, and for an exponential function, the flow is proportional
to the instantaneous aggregate volume. The species concentration
in the reactional volume 2 varies due to chemical reaction and trans-
fer from fluid 1 to 2. The equations of the incorporation model pro-
posed by Fournier are expressed using differential equations in Eq.
(21).

dC;
2=, lo—cj)$%9 +r, (1)
where C; stands for the species j concentration and C;,, denotes
the species j initial concentration in solution 1 (Borate buffer sur-
rounding solution which has been travelled to acid aggregates). In
this equation, r; is the rate of production of species j by the reac-
tion, and the g(t) function is responsible for the rate of mass trans-
fer between the aggregates, as discussed above [2,43].

3. Ultrasonic Atomization Process Theory

Ultrasonic spray nozzles generate uniform micron-sized drop-
lets by feeding a liquid at a specified rate through a small orifice at
the end of the nozzle tip vibrating longitudinally using ultrasonic
piezoelectric transducers. Harmonic vibrations of transducers pul-
verize the thin film of liquid flowing on the atomizing surface of
the nozzle into an aerosol. This process is referred to as ultrasonic
atomization [44].

The ultrasonic spray nozzle system is equipped with a pair of reso-
nating piezoelectric transducers located inside the nozzle body. A
high-frequency electrical current causes the transducers to expand
and contract. The frequency of the signal is the frequency of the
nozzle. The tip vibrates in an axial motion, and the amount of vibra-
tion depends on nozzle frequency and power level applied. When
liquid is fed through the center of the horn of the resonating noz-
zle, surface waves will form on the atomizing surface due to ultra-
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sonic vibration [26,29,45].

The disintegration mechanism consists of breaking up liquid
into liquid threads or sheets and then into droplets is a common
phenomenon in almost every type of atomization process. The lig-
uid disintegration mechanism during ultrasonic atomization has
been reported in many literature studies [25,46]. Mechanical vibra-
tion of the nozzle actuates the ultrasonic horn, and liquid spreads
over the atomizing surface to create surface waves. The unstable
surface waves formed at the nozzle tip-free surface of the liquid
film play a vital role in atomization and are responsible for droplet
formation. Droplet formation results in two stages: wave creation
on the liquid film surface followed by drop break-up and detach-
ment from wave peaks. When the system reaches the resonant fre-
quency, the oscillation amplitude is sufficient to generate these waves
on the film liquid surface (regular alternation of troughs and peaks).
When the wave amplitude increases, the wave peaks stretch and
become taller, and the troughs of the waves become deeper until
the capillary waves become unstable. This instability causes the wave
peaks to become loose and detach from the bulk of the liquid
film. In the next cycle of oscillation, the ridge that has just formed
a drop retracts to form a hollow; while ridges form from the sur-
rounding hollows and, in turn, create drops. The small droplets
ejected from the collapsing waves generate a low-velocity fine uni-
form spray [26,47,48].

EXPERIMENTAL

1. Examined Concentration Set of Dushman Reaction

The Beer-Lambert law, which relates the absorbance of triiodide
to its concentration, is only linear at low absorbance values. Thus,
the reactant concentrations must be selected to keep the measured
absorbance within the linear range [10]. The examined set of con-
centrations has been proposed by the works of the group of Viller-
maux [31], and Commenge and Falk [40] provided the basis for
this experiment (Table 1). This is the most common set of con-
centrations used in characterizing mixing studies [8,21,38,41].

Different acid concentrations, including 0.0125, 0.025, 0.05 mol/
L corresponding to 0.025, 0.05 and 0.1 H" concentration, respec-
tively, were tested. The H" concentrations are referred to as a com-
plete theoretical dissociation.
2. Solution Preparation

The borate buffer solution and the sulfuric acid solution were
prepared based on the concentrations provided in Table 1. The buff-
ered solution (Solution 1) was prepared as follows: Initially, NaOH
and H;BO; were dissolved in deionized water. Then the as-pre-

Table 1. The list of the concentrations of the reactants

Solution Chemical Concentration
(mol/L)
Potassium iodide (KI) 0.01167
Buffered Potassium iodate (KIO;) 0.00233
solution Orthoboric acid (H;BO;) 0.1818
Sodium hydroxide (NaOH) 0.0909

Acid solution  Sulfuric acid (H,SO,, 0.0125, 0.025, 0.05
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pared solutions were mixed to produce a buffer solution at pH
9.14. Afterwards, iodide and iodate solutions were prepared by dis-
solving potassium iodide and potassium iodate in deionized water.
Iodide/iodate solution was prepared by mixing KI and KIO; solu-
tions. Subsequently; iodide/iodate solution and buffer solution were
mixed and excessive deionized water was added to obtain 1L of
this solution [8,31,41,49].

The sulfuric acid solutions (Solution 2) were prepared by dilut-
ing concentrated H,SO, in deionized water. The concentration of
H,SO, solution was 0.0125, 0.0250 and 0.05 mol/L, corresponding
to 0.025, 0.05 and 0.1 mol/L. H' concentration.

3. Experimental Setup

A schematic sketch of the experimental setup is depicted in Fig.
1. It comprises four main units: the Dushman solution supply unit,
gas supply unit, micromixer, and an ultrasonic atomizer system.

The rig consists of a syringe pump and a peristaltic pump used

2

@

Fig. 1. Experimental setup.

(1) Syringe pump (4) Ring stand and ring clamp
(2) Peristaltic pump (5) Ultrasonic atomizer
(3) Y-micromixer (6) Power generator

to deliver the inlet reagent streams to the Y-micromixer at desired
flow rates through inlet channels continuously. The buffer solution
flow rate was 1-12 mL/min, while the acid solution was injected at
1-4 mL/min flow rates. The mixing performance of the proposed
reactor was measured at four different volumetric flow rate ratios
of buffer and acid solutions (which will be described completely in
section 5.1) in the range of 1 to 4.

All experiments involved injecting sulfuric acid and buffer solu-
tion into the micromixer. To evaluate micromixing performance,
sulfuric acid must be in stoichiometric default to start a competition
between two reactions. The reaction mixture was passed through
the micromixer towards the ultrasonic atomizer using two pumps
in the experiments. The micromixer was fixed in a horizontal posi-
tion throughout the experiment, while the ultrasonic atomizer was
clamped vertically. The flow rates were successively changed, as
reported in Table 2, while the same procedure was repeated each

’ ) (10)
(7) Product container (10) Oil-free air compressor
(8) Compressed air filter
(9) Coil box cooler

Table 2. Values of X, in the ultrasonic nozzle atomizer reactors with and without irradiation

; X in M-2 X in M-1
o Q@ QR OMSO] Q  withou With Without With
irradiation irradiation irradiation irradiation
1 1 1 1 0.0125 2 0.046588246 0.022821394 0.00867213 0.00345581
2 2 2 1 0.0125 4 0.028450671 0.017865891 0.007237642 0.00260816
3 3 3 1 0.0125 6 0.00899815 0.00671601 0.003064587 0.00097806
4 4 4 1 0.0125 8 0.004890299 0.003781831 0.002412547 0.00071724
5 2 1 2 0.025 3 0.094871795 0.080200899 0.02831483 0.01946339
6 4 2 2 0.025 6 0.054795797 0.036237113 0.018289717 0.01515993
7 6 3 2 0.025 9 0.03405278 0.028168121 0.015624504 0.01310600
8 8 4 2 0.025 12 0.019887215 0.014964314 0.013619482 0.01166336
9 4 1 4 0.05 5 0.163009957 0.131223015 0.080200899 0.07029804
10 8 2 4 0.05 10 0.092100626 0.07759274 0.068178915 0.05921337
11 12 3 4 0.05 15 0.07628866 0.070501806 0.059539387 0.04992180
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(a) Schematic view

Fig. 2. Ultrasonic atomizer.

time.

Then the power generator of the ultrasonic atomizer was turned
off, and the experiments were repeated in the absence of the ultra-
sonic irradiation. Each experiment was repeated three times, and
the average values of the segregation index are reported in Table 2.

To study the influence of inlet channel size, two different micro-
mixers, M-1 and M-2, were printed using a 3D printer. After tests
of M-1 were performed, it was replaced with M-2, and the tests
were undertaken (Table 2). The air supply unit issues air to the
ultrasonic atomizer from an oil-free air compressor. The com-
pressed air leaving the air compressor is not generally of a quality
suitable for the intended use. The air supplied to the atomizer for
cooling must be dry and clean. A small amount of dirt or mois-
ture passing through it can cause instrument malfunction or dam-
age to the instrument. So, air treatment is required to obtain clean,
dry air to enter the atomizer. Therefore, it is essential that sufficient
cooling is first carried out to fully condense any water vapor, which
typically means first passing them through a sample cooler, in this
case, a coil box cooler. The cooled compressed air then flows through
filters. This design guarantees compressed air quality while protect-
ing the downstream equipment of the atomizer.

In this study, simple Y-type micromixers, one of the widely used
and extensively studied micromixers, were fabricated using a 3D
printer. Despite the simplicity of the concept of Y micromixers, it
considerably impacts the mixing efficiency. The Y-type micromix-
ers were printed using an FDM 3D printer (Quantum Generous
pro, Persia 3D Industries, Tehran, Iran).

Two Y-shaped microchannels with different internal diameters
of 150 um (M-1) and 250 pm (M-2) were designed and used. The
inlet and outlet channel length was 15 mm for the two micromixers.
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(b) Real view with the power generator

In FDM 3D printers, the channel can be consistently smaller than
in the CAD model due to the spreading of the polymer as it is
extruded. To measure the exact channel width, a red dye solution
was pumped through the micromixer using a syringe pump. Dif-
ferent snapshots were taken with the digital microscope (dual-pur-
pose digital microscope, model # 44325, built-in 1.3MP digital camera
and equipped with 10x, 60x, 200x power (magnification)), using
200x magnification. The channel sizes and geometries were evalu-
ated by comparing the channel width measurement using ImageJ
software and a needle with a known outside diameter (21G and
20 G). The actual channel diameter of M-1 and M-2 was equal to
0.8 mm and 1.5 mm.

The Iran BTA ultrasonic atomizer constructed by Behin Tamin
Ahura Company (LLC.) was used for experimentation. The ultra-
sonic atomizer system consists of an ultrasonic spray nozzle and
power generator (Fig. 2(a)). The ultrasonic power generator sup-
plies the electrical energy required for the operation of the ultra-
sonic atomizer. The power generator controls the ultrasonic fre-
quency and power of the piezoelectric transducers. The ultrasonic
nozzle is constructed from titanium alloy because of its superior
acoustic properties, excellent corrosion resistance, and high strength.
Housing made of stainless steel protects the internal nozzle com-
ponents.

The ultrasonic atomizer composed of two piezoelectric discs
tightens between a backing which acts as a mechanical amplifier
and a mechanical transformer. The free end of the mechanical trans-
former is the conical front horn which provides the atomizing sur-
face area. Each atomizer is designed to work at a particular resonance
frequency. A schematic view of a typical ultrasonic atomizer is dis-
played in Fig. 2(a), and the real picture of the ultrasonic atomizer
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Fig. 3. Spray generated using the ultrasonic atomizer.

used in the present study is depicted in Fig. 2(b).

The liquid mixture of reactants flows downstream of the Y junc-
tion to the atomizer. The reaction mixture is supplied to the atom-
izer through the internal liquid feed channel (Fig. 2(a)). The liquid
feed channel provided in the horn running through the length of
the nozzle is a non-clogging channel with an internal diameter of
10mm. Due to the nozzle-specific design, the reaction mixture
within the nozzle only comes into contact with titanium, which is
resistant to chemical attack. When the mixture is introduced into
the liquid feed channel, it spreads over the atomizing surface to
form a thin liquid film. The piezoelectric disk transducers receive
electrical energy from the power generator and convert it into
mechanical energy to actuate the ultrasonic horn at the same fre-
quency, which is then absorbed by the liquid passing through the
atomizing surface. Mechanical vibration of the nozzle transferred
into the liquid induces surface waves on the liquid film surface.
Then the amplitude of the waves grows, and the resonance is
reached, resulting in droplet ejection from wave peaks of unstable
surface waves [26,47]. Finally, the micron-sized droplets are dis-
charged through the 0.9 mm nozzle as a mist-like uniform spray.
The main factors affecting mean droplet diameter and droplet size
distribution are frequency and liquid properties. Fig. 3 shows the
typical image of spray ejected from the ultrasonic nozzle at the total
flow rate of 10 mL/min.

The ultrasonic piezoelectric transducers worked at an opera-
tional frequency of 41.85 kHz; thus, all experiments were conducted
at this working frequency. A specific resonant frequency of 41.85
kHz applied in this work dictates the mean droplet size of about
34 um regardless of the effect of flow rate according to Lang cor-
relation [50]. The liquid was atomized at a fixed flow rate in each
experiment with a frequency of 41.85 kHz. The power of the ultra-
sonic power generator was set to 50 W. The power intensity was
calculated by dividing the delivered power to the surface by the
vibrating surface area.

The sum of three areas gives the vibrating surface area: (i) the
lateral area of a truncated cone with D;,..;. and Dy,.,;. as bases and

Di—nozzlg
Di-nozzie 7 mm
Lact 84.5 mm
Drt.nozzie 5 mm
L
fick Diip 7 mm
Dgp
S 7 Hiip 3.5 mm
Di;—n_nzzle 5 d ' Do 0.9 mm
Htip

Fig. 4. Ultrasonic atomizer nozzle and relevant dimensions.

L, as height, (i) the lateral area of a truncated cone with bases
Dy, and D, and height H, and (jii) the annulus area with exterior
and interior diameters of D;;, and Dy, The relevant dimensions
of the ultrasonic nozzle are illustrated in Fig. 4.

Ultrasonic energy dissipation due to the vibration and the vis-
cous dissipation leads to an increase in liquid temperature passing
through the nozzle. Liquid heating in an ultrasonic atomizer is not
desirable; hence the ultrasonic spray nozzle system has air tempera-
ture control ports (Fig. 2(a)). Moreover, the transducers are tem-
perature constrained and must be maintained at a specified tem-
perature range. Thus, cold air was admitted into the nozzle atom-
izer to inhibit the rise in temperature of the piezoelectric transduc-
ers, and the liquid spreads over the atomizing surface. This was
done in such a way that guaranteed the constant temperature of the
reaction. Note that all experiments were conducted at room tem-
perature.

MODEL
1. Micromixing Time (t,,) Determination

For exponential incorporation function, g(t)=exp(t/t,), Eq. (21)
transformed to the following equation:

dC. . —C.
?Ctz:(_gc’lto D, @2)

m

Then the mass-balance equation (Eq. (22)) was written for each
chemical species (H', T, 105, L, I, H,BO;, H;BO,) involved in
the reactions (i-iii) by adopting the following nomenclature [5,6,
13,51]:

A=H', B=T, C=IO;, D=L, E=I;, F=H,BO;, G=H,BO,

dCc, -C
d_::ﬁ_rl_&z (23)
dC; Cz,-C _
d—::%g—Srz—r;-kg (24)
dCc C¢10—-Cc

dt - t _r2 (25)

m
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Fig. 5. Micromixing time determination of incorporation model using 4" order Runge-Kutta method (RK4).
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dTE-:-tI—):—-t-E—I-)+3r2—r;+r3 (26)
c%:_t—(jE r; Iy 27)
d_&(_;t_(_;:CG, 1to_CG I (29)

In the above equations, the difficulty lies in treating the r;, r; and
1; reaction terms because reactions (i) and (iii) are instantaneous
and equilibrium reactions, respectively. Thus, using the following
transformations (W=C,—Cy Z=Cz—Cp, U=Cyz+C;, X=C+Cy),
the r;, 13, and r; reaction terms are omitted in mass-balance equa-
tions. The transformed equations are as follows:

AW _Cu10-Cr10=W

1217

the species concentrations were not determined, and W, Z, U, X,
and C were just calculated.

The iteration stops when the concentration of H" approaches
zero. In this work, 10™* mol/L was taken as the criterion for total
acid consumption.

From the chemical equilibrium constant of reaction iii, K=

L] G

LI CoCa
and U-Cg, a quadratic equation on Cj is obtained as follows:

C§+(

By solving this equation, Cj is found. Hence C;, C¢, Cp, and Cj are
known so far. For calculating the remaining unknown species con-
centrations, C,, Cy and Cg, the definition of the first dissociation
constant of orthoboric acid is written:

and by substitution of C, and C; with Cy-Z

1

~2)-Cy =0 (34)
eq(iii) eq(iii)

_[H'I[H,BO;]_C,4-Cp

- k,= = 35
i ™ 6r, (30) «~ " H,BO, C. (35)
dZ Cp10=Cp 1y—Z Crand C; can be substituted with C,-W and W+X-C,. Then, the
at t,, —8r, (1) C, is found by solving the below quadratic equation:
dU_Cpu*Cru-U_, - Ch+ (k, = W)-C, =k, (W+X)=0 (36)
av_ZBTEEWTY o
dt t : k,, is equal to 5.8x 107 mol/L in water at 25 °C [52].
dX _ Cr10t+Cg10-X (33) Finally,
dt b r=k,=l,[H'T T 10;1=k,CiC3Cc
Egs. (30)-(33) and Eq. (25) with known initial concentrations based 71K .. +J(Z—1/K Y +4U/K, . :
. e : —kC eq(ii) eqlii) eqii)
on experimental conditions can be solved by assuming a value for 2L 5
t,- These differential equations were solved using the fourth-order )
Runge-Kutta (RK4) method for the initial conditions (W=C,,., W-k,+ J (W- ku‘)2 +4k, (W+X) 7
7=0, U=0, X=0, and C;=0). Due to the earlier transformations, ' 2
Xs vs. tm
100 [ JL) I T |
w0 ]
XU)
1021 ]
L Ll o ]
102 10! 10° 10' 102
tﬂ’l
Fig. 6. Micromixing time plot for test #11 (M-1 micromixer, with irradiation).
Korean J. Chem. Eng.(Vol. 40, No. 5)



1218 M. Basiri and M. Rahimi

The final calculated species concentrations of all substances allow
the calculation of the segregation index correspondingly according
to its definition (Eq. (16)). The theoretical value of X; for each pre-
sumed value of micromixing time is calculated using this procedure.

The procedure for finding micromixing times consists of assum-
ing a series of t,, solving the reduced equations (Egs. (25), (30)-
(33)), and calculating concentrations of the species correspond-
ingly. Species concentrations found by the Runge-Kutta iterative
method, are updated during each iteration step, and the kinetic
data. The theoretical X, is calculated from the final concentration
data, corresponding to the presumed t,,. The algorithm developed
for these calculations is shown in Fig. 5.

Different theoretical segregation indexes are produced by apply-
ing the algorithm mentioned above for many micromixing times.
Next, the calculated segregation indexes versus the t,, are plotted.
A straight line is drawn at the experimental segregation index to
facilitate the determination of micromixing time.

The script is run for different experimental conditions, ie., experi-
ments in the presence and absence of ultrasonic irradiation. Fig. 6
represents the plot of X vs. t,, for test 11 (Table 2) in the M-1 micro-
mixer and in the presence of ultrasonic irradiation.

RESULTS

The effects of acid concentration at the constant acid volumet-

ric flow rate, the acid concentration at constant base volumetric flow
rate, base volumetric flow rate, total volumetric flow rate, ultrasonic,
and the inlet micromixer size on the segregation index were stud-
ied. The experimental segregation indices, calculated from Eq.
(16), and the variables taken in the experiments in this study are
given in Table 2.

1. Effect of Initial Acid Concentration at a Constant Acid Vol-
umetric Flow Rate

The volumetric flow rate ratio R was defined as follows to assess
the influence of acid concentration and volumetric flow rate ratio
on the segregation index [6,53]:

Q,

R= 3 (38)
Q, and Qg denote the volumetric flow rates of buffer and acid solu-
tions, respectively. To change the volumetric flow rate ratio R, Qg
may change at a constant Q,, or Q, may change at a constant Q.
By increasing the flow rate ratio R (ie., lower Q; or higher Q,), the
acid concentration Cj increased to keep the stoichiometric ratio
constant according to the following equation:

n C C
nal) e &
n; Qz\C C
Accordingly, at constant n,/ng, each volumetric flow rate ratio, R,
corresponds to a specific acid concentration since the buffer solu-
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Fig. 7. Effect of initial acid concentration at constant acid volumetric flow rate and volumetric flow ratio on the segregation index.
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tion is constant in all experiments, as indicated in section 3.1 (Table
1). The experiments were conducted for three different concentra-
tions of acid, 0.0125, 0.025, and 0.05 mol/L, to assess their influ-
ence on segregation indices which correspond to R=1, 2 and 4 flow
rate ratios, respectively. Two test series were carried out to investi-
gate the effect of acid concentration and, consequently; volumetric
flow rate ratio. For this purpose, the acid concentration was changed
at constant Q, and Q.

In the first part of the experiments, the acid flow rate Qg was
fixed, and different buffer flow rates Q, in the range of 1-12 mL/
min were applied to adjust the R-value. For example, if the initial
acid concentration is halved, the base flow rate should become
half too, since the n,/n; ratio is constant (see Eq. (39)).

Fig. 7 exhibits the influence of acid concentration on Xg mea-
sured in the atomizer setup with the different inlet micromixers in
the presence and absence of ultrasonic irradiation. They represent
the effect of acid concentration and flow rate ratio on the segrega-
tion index at four different acid volumetric flow rates.

As shown in the figures, the segregation indices remarkably in-
crease in all cases by increasing the acid concentration and the
corresponding R-value. It can be noticed that, for a given micro-
mixer at constant acid volumetric flow rates, under four examined
fixed acid volumetric flow rates, the segregation index increases
similarly in both setups as the acid concentration increases. The
reason is that the acid is consumed competitively by reactions (i)
and (ii); with regards to reaction rates (Eqgs. (3) and (4)), the Dush-
man reaction is more sensitive to acid concentration since the order
of reaction with respect to acid concentration is twice of the neu-
tralization reaction [6,8,38]. So, as the acid concentration increases,
the Dushman reaction accelerates more, and more iodine is pro-
duced accordingly. Thus more triiodide will be produced, and the
Y value in Eq. (12) will be larger, which leads to a larger segrega-
tion index (ie., poor micromixing efficiency). On the other hand,
a lower acid concentration notably makes the Dushman reaction
slower. In this case, less iodine is produced, leading to a lower X,
meaning an intensified mixing. Thus, it can be stated that the pro-
duction of triiodide is more sensitive to acid concentration. Hence
as a result of increasing acid concentration, the micromixing effi-
ciency is reduced, and X; is increased. Results clearly indicate that
the segregation index depends on the acid concentration. The mini-
mum value of Xg was achieved at the lowest acid concentration
(0.0125). From Fig. 7, the segregation index increases as the acid
concentration increases from 0.0125 to 0.05 mol/L. In fact, X; in-
creases sharply by increasing acid concentration. At the same time,
Fig. 7 shows the effect of the volumetric flow rate ratio on the seg-
regation index at four acid volumetric flow rates. The influence of
the volumetric flow rate ratio is similar to the effect of acid concen-
tration at a constant acid volumetric flow rate since each R-value
corresponds to a specific acid concentration at a constant acid vol-
umetric flow rate. Hence, X values increase by increasing the flow
rate ratio.

As seen from Fig. 7, in low volumetric flow rate ratios, X;<0.05
indicates excellent micromixing efficiency; however, the micromix-
ing efficiency decreases out of this range. So, the effect of R can be
explained using macromixing status as follows. Contact between
streams A and B is essential for mixing the reactants to conduct

the reaction. At lower R values, mixing of A and B solutions is much
easier, while at larger flow rate ratios, for example, at R=4, for con-
tacting each piece of B with four pieces of solution A simultane-
ously, stronger macromixing is needed, which needs a longer time
and leads to a worse mixing efficiency (larger X) [7].

The effect of the acid volumetric flow rate Qg at the constant
acid concentration on the segregation index is also included in Fig.
7. Under constant acid concentration conditions, Fig. 7 indicates
that segregation index values decrease with increasing acid volu-
metric flow rates. That is, the mixing performance is intensified at
higher acid volumetric flow rates. This is straightforward as higher
acid volumetric flow rates lead to a more intensified collision be-
tween A and B in the Y confluence junction and thus induce bet-
ter mixing. The other reason is that the residence time of the acid
solution in the micromixer and the ultrasonic atomizer is reduced
with an increase in the acid volumetric flow rate. The decrement
in acid residence time at constant acid concentration decreases the
effective local overconcentration of H" ions. Lower local acid con-
centration notably makes the Dushman reaction slower, while the
neutralization reaction occurs instantaneously. The less iodine pro-
duction by reaction(ii) implies good micromixing efficiency (lower
Xy).

By analysis, it was found that the segregation index decreases
with increasing acid volumetric flow rate at constant acid concen-
tration and decreases with decreasing acid concentration at the
constant acid volumetric flow rate, indicating good micromixing
efficiency. In conclusion, it was found that good micromixing effi-
ciency (small X;) can be obtained by increasing acid volumetric
flow rate at a constant acid concentration or decreasing acid con-
centration at a constant acid volumetric flow rate. Therefore, low
acid concentration and high acid volumetric flow rates are favor-
able for enhancing mixing performance. These results agree with
other authors’ previous results reported in the literature [6,21,49)].
2. Effect of Initial Acid Concentration at a Constant Base Vol-
umetric Flow Rate

As mentioned, the experimental investigation included two series.
For the second series of experiments, different acid volumetric flow
rates were fed in the ultrasonic nozzle setup at constant basic incom-
ing fluid flow rates. During these experiments, the extent of reduc-
tion in the local concentration of the injected H" (reduction of the
amount of injected acid) at lower acid volumetric flow rates was
compensated by increasing acid concentration to maintain the stoi-
chiometric ratio of ny/ng constant (see Eq. (39)). For example, if the
acid flow rate is halved, the acid concentration must be doubled.

The influence of the acid concentration (or volumetric flow ratio)
at a constant base volumetric flow rate (Q,=4 mL/min) is presented
in Fig. 8 for two mentioned setups with different micromixers in
cases of the presence and absence of ultrasonic irradiation. The
figures demonstrate that at a constant base volumetric flow rate,
the segregation index (X;) can be plotted as a function of acid con-
centration, volumetric flow ratio, or even acid volumetric flow rate.

The figures indicate that segregation index values increase sub-
stantially with the increase in acid concentration or volumetric flow
ratio, as stated in the previous section. That is, the mixing perfor-
mance is enhanced at lower concentrations of the acid solution
and lower volumetric flow rate ratios. The possible reasons for this
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Fig. 8. Effect of initial acid concentration at constant base volumetric flow rate and volumetric flow ratio on the segregation index.

can be summarized as follows. The first reason ascribed to the
higher order of rate equation of Dushman reaction with respect to
acid was described in detail in section 5.1. The other reason is
that, as the acid concentration Cj increases at a constant flow rate
of A, Qg will decrease to keep the stoichiometric ratio constant.
The decay of Qp at a constant flow rate of A led to a less intensive
collision between A and B at the confluence; hence the segrega-
tion values were enhanced. However, depending on the flow rate,
in the first stage, the mixing was controlled by the molecular diftu-
sion and convection in the microchannels. The variation in the
segregation index could also be related to molecular diffusion [54].

A similar trend is also observed for the influence of the acid vol-
umetric flow rate. The higher the acid volumetric flow rate, the lower
the values of the segregation index obtained. The reasons for this
were discussed before, and this argument is described in detail in
the previous section. The results of this section are consistent with
the previous results.

3. Effect of Base Volumetric Flow Rate on X§

For exploring the influence of buffer volumetric flow rate on
micromixing performance, Q, must be varied. The plots of segre-
gation index vs. base volumetric flow rate were derived from exper-
imental data under identical conditions (increasing Cj at constant
Q) presented in section 5.1. Fig. 9 depicts the results for the two
inlet micromixers before and after employing ultrasonic irradia-

May, 2023

tion to the reaction media. Figures indicate that the X changes
with the base volumetric flow rate. As analogous to the effect of
initial acid concentration at the constant acid volumetric flow rate,
the general trend of the results shows that with an increase in the
flow rate, X; values increase; hence the same discussion is applied
to the reasons.
4, Effect of Total Volumetric Flow Rate on X

The liquid flow rate directly affected the reactor throughput in
chemical reactions. In addition, the role of flow rate in mixing per-
formance is quite obvious. So, studying the effect of liquid flow
rate has significant importance. In this work, the effect of the total
volumetric flow rate (acid and buffer solution flow rate) was inves-
tigated and plotted in Fig. 10. As shown in the figures, the segrega-
tion index decreases with the increase in total flow rate, which is
attributed to the higher velocity of the streams. With an increase in
the velocity, more intensified impinging in the convergence region
will occur in the micromixer, contributing to more efficient mix-
ing. Moreover, as the total flow rate increases, the energy dissipa-
tion rate increases with the volumetric flow rate, further enhancing
the micromixing efficiency. The more enhancement in the micro-
mixing performance makes the neutralization reaction proceed
more; hence most H reacts with borate ions (Eq. (1)), and the
amount of iodine formed is almost zero (Smaller X;). In conclu-
sion, lower X; values indicate better micromixing efficiency, so a
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Fig. 9. Effect of base volumetric flow rate on the segregation index
for two micromixers.

high volumetric flow rate is favorable for the mixing of reactants.

At higher volumetric flow rates, it was found that X decreases
more slowly with increasing flow rates. This is ascribed to the fact
mentioned above, where the more enhanced micromixing efficien-
cies make the acid consumed by reaction (i). The trends of these
figures are similar to the results previously reported by [3,6,21,34,49].
5. Effect of Inlet Micromixer Diameter on Xg

As a matter of fact, in the ultrasound spray nozzle atomizer, the
mixing is accomplished both in the micromixer and the following
ultrasound spray nozzle chamber. The inlet micromixer plays an
important role in the mixing performance since, in the inlet micro-
mixer, the reactant solution streams make contact first at the con-
fluence point. Hence, to assess the influence of the inlet micromixer
size on the mixing performance and find its contribution, two
apparatuses with different inlet micromixers were tested. The vari-
ation of X in the atomizer setup with M-1 (ID of 0.8 mm) and
M-2 (ID of 1.5 mm) were compared. By comparing the obtained
values of X; in the two setups, differences in mixing efficiency will
be ascribed to the inlet micromixer. Hence the effect of inlet micro-
mixer size on micromixing can be determined.

The effect of micromixer confluence shape on mixing has been
investigated earlier by other authors. The mixing performance of
simple designs of T, Y and arrow-shaped (oriented Y) micromixers
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Fig. 10. Effect of total volumetric flow rate on the segregation index
for two micromixers.

has been compared and characterized by the Villermaux-Dush-
man protocol in these studies [6,14]. Among these simple design
micromixers, the arrow-shaped micromixer offered the best mix-
ing performance, while the Y-shaped micromixer provided the
least performance. In the present work, the least effective conflu-
ence shape (Y-type) micromixer was selected to clarify the effect of
ultrasonic atomization on a chemical reaction.

Fig. 11 shows a comparison of X values as a function of the
base flow rate for two Y-micromixers with difterent diameters, M-1
and M-2, at four acid flow rates in cases of the presence and absence
of ultrasonic irradiation. The similar base and acid flow rate effects
are observed as described comprehensively in the previous section.
At the same time, the figures illustrate the influence of inlet micro-
mixer diameter on the segregation index for two different sizes of
micromixers located at the entrance of the atomizer. It can also be
noticed that whichever the micromixer, the segregation index de-
creases when the inlet micromixer diameter decreases. In Fig. 12,
the X change against the total flow rate for identical conditions as
Fig. 11 is presented, and the same result is drawn.

The difference between X for the micromixers shown in the
figures is quite obvious, confirming that the inlet micromixer sig-
nificantly affects the mixing performance in our setup. By com-
paring the results, it is obvious that M-1 always provides smaller
segregation indices than M-2 for equal base flow rates (Fig. 11) or

Korean J. Chem. Eng.(Vol. 40, No. 5)



1222 M. Basiri and M. Rahimi

= QB=1, M-2
= @ = QB=1, M-1
== QB=2, M-2
= © = QB=2,M-1
= QB=3,M-2
= = QB=3,M-1
=@ QB=4,M-2
= @ = QB=4,M-1

R=4

8 10 12 14

(a) Without irradiation

0.14
g QB=1,M-2
=@ =QB=1,M-1
=== QB=2, M-2
=©=QB=2,M-1
o= QB=3,M-2
= & = QB=3,M-1
== QB=4, M-2
=@ = QB=4,M-1

0.12

0.1

R=1

(b) With irradiation

Fig. 11. Evolution of the segregation index with the base flow rate,
determining the effect of inlet micromixer diameter.

total flow rates (Fig. 12). By decreasing the size of the inlet micro-
mixer at a constant flow rate, the following two phenomena, at-
tributed to the two mixing mechanisms (molecular diffusion and
convection), improve the mixing quality. One reason is that by de-
creasing the size of the inlet micromixer, fluid velocity and hence
the fluid kinetic energy increases. As expected, large eddies induced
by higher fluid velocity lead to enhanced interaction between the
streams and an increase in energy dissipation rate. Higher energy
dissipation is desirable for mixing reagents and leads to higher
micromixing efficiency. The other reason is the short diffusion
length between the fluid. Both relate to the small characteristic di-
mensions of micromixers and extremely fine droplets generated
by the ultrasonic atomizer, leading to intensified mixing [3].

Thus the smaller the inlet micromixer diameter, the lower the
segregation index, and therefore the better the micromixing. Fur-
thermore, it is clear from the figures that, for a given total flow rate,
the difference between micromixers segregation values is more
distinct at a higher acid concentration (see Fig. 12) due to more
driving forces.

Moreover, the segregation index data confirm that the effect of
inlet mixer size is more significant at lower total flow rates. In com-
parison, at higher total flow rates, only a small effect of inlet mixer
size on X was observed. This observation can be explained as fol-
lows. As previously discussed, X; decreases with the increase of the
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Fig. 12. Evolution of the segregation index with the total flow rate,
determining the effect of inlet micromixer diameter.

liquid flow rate; however, the X decreases more steeply using M-2
compared with M-1, ie, the segregation index is more sensitive in
M-2.

6. Effect of Ultrasonic Wave Irradiation on Xg

Experiments were conducted with and without ultrasonic waves
to explore the effect of ultrasound irradiation under the same con-
ditions. Figs. 9 and 10 display the segregation index as the function
of the base volumetric flow rate and total volumetric flow rate,
respectively, in the presence and absence of ultrasonic irradiation,
that is, on and off ultrasonic atomizer. It can be noticed that when
the ultrasound (41.85 kHz) is present, a more efficient micromix-
ing, i, lower segregation index values, is obtained compared to
when ultrasound is absent. Referring to these figures, at each acid
concentration, the X values in the presence of ultrasonic irradia-
tion are lower than the X, values in the absence of ultrasonic irra-
diation. The differences in segregation indices explain using two
mechanisms of ultrasonic atomization: cavitation and capillary wave
hypotheses [27,44,55].

The cavitation hypothesis is generally attributed to systems oper-
ating at high frequency and energy intensity [48]. Acoustic cavita-
tion is obtained following the propagation of sound waves, also
called pressure waves, in a liquid at rest. The implosion or collapse
of the bubble causes a very high-intensity shock wave that pierces
the free surface of the film and initiates its disintegration by direct
expulsing of droplets [56]. This hypothesis assumes that microjets
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produced by cavitation break up the capillary wave to produce atomi-
zation.

In an ultrasonic nozzle system, cavitation bubbles are formed
inside the liquid film, provided that the liquid film thickness on
the vibrating surface is small. During the implosion of cavitation in
the liquid film, particularly cavities close to the liquid surface, high-
intensity shock waves are generated. The enhanced micromixing
caused by ultrasonic atomization is relevant to these hydraulic shock
waves induced by cavitation [27,48].

The capillary wave hypothesis manifests by the development of
capillary waves when the system resonant frequency is reached,
and the oscillation amplitude is sufficient to generate these waves
on the film surface (regular alternation of troughs and peaks) until
they become unstable. The capillary waves become unstable and
atomization occurs by tearing away the waves peaks from the lig-
uid bulk.

By referring to previous investigations, at low ultrasonic intensi-
ties, it was found that the droplets were produced due to the growth
of capillary surface waves, while at high ultrasonic intensities, cavi-
tation in the vicinity of the surface accompanies the development
of the capillary waves to produce the fog [25,27,44,45].

The conjunction theory couples these two theories into a single
theory. In the conjunction theory, the ultrasonic oscillation gener-
ates small cavitation bubbles which, by their implosion, excite the
peaks of the capillary surface waves, thus causing the atomization
of the liquid film. In this theory, atomization is supposed to arise
from cavitation bubble implosion and capillary surface wave insta-
bility. The conjunction theory seems to be the most reasonable
mechanism of droplet formation in ultrasonic atomization [27,57].

We cannot draw any conclusions about the enhanced micro-
mixing results. However, the two mechanisms proposed to explain
ultrasonic atomization, the acoustic cavitation and capillary waves,
lead to an efficient micromixing of the reactants. As the result of
the ultrasonic atomization, a medium is created, offering excellent
conditions for intensifying micromixing and mass transfer effi-
ciency. The results indicate that the segregation index and, conse-
quently; the degree of the micromixing can be significantly influenced

Table 3. Comparison between mixing and residence time data

by ultrasonic atomization of the reactants.

From the above two section results, a significant conclusion can
be drawn as follows: when the ultrasonic atomizer is applied in
combination with a micromixer at the inlet, the effect of decrement
in the inlet micromixer diameter seems to dominate the mixing in
the presence of the ultrasonic irradiation in the ultrasonic atomizer.
The effect of ultrasonic irradiation on micromixing seems negligi-
ble when an inlet micromixer with a certain diameter is used at
the inlet.

7. Interpretation of Micromixing Time Results

Mixing time is an important parameter of fast reactions, mea-
suring how fast the mixing process is used to assess the mixing
efficiency. The principle in fast chemical reactions is based on the
competition between the two characteristic time scales, i.e., micro-
mixing time (t,,) and reaction time (tz) [2,5,6,31,58]. The segrega-
tion index is a result of the coupling of chemical reaction processes
and a mixing process which depend on the kinetics of chemical
reactions (i) and (ii) (with characteristic reaction times of ty, and
tz,) and the hydrodynamical operating conditions, respectively. Thus,
the segregation index considers the influence of hydrodynamical
conditions on the chemical selectivity of products [31,59].

The characteristic reaction time (ty) of fast chemical reactions is
very small. Excellent mixing in these systems is required to decrease
the characteristic micromixing time, t,,, to less than the character-
istic reaction time tg for achieving a high yield and selectivity. In
this case (t,,<tg), the process is controlled by the intrinsic kinetics
of chemical reactions and not by the micromixing; in the case of
the Dushman reaction, the H" participates only in the quasi-instan-
taneous reaction (reaction i), and the second reaction does not
have the chance to occur (tg, <<tg, and t <<t,,) [8,49,58].

However, when the characteristic mixing time is comparable to
the characteristic reaction time, the chemical reaction is controlled
by micromixing. In the case of the Dushman reaction, the H' jons
consumed competitively by both reactions (reaction i and ii) and
the micromixing efficiency can significantly affect the segregation
index. The reactor should be designed in such a way as to inten-
sify the micromixing to reach the region where t, <t [5,49,58].

M-2, without M-2, with M-1, without M-1, with
irradiation irradiation irradiation irradiation
Q @ R [HSO] QI3) ; — X — ) - ;
Residence Mixing Residence Mixing  Residence Mixing  Residence
time (s) time (s) time (s) time (s) time () time (s)  time (s) time (s)

1 1 1 00125 2 1201870366 4487372 5601548601 4487372  2.0681932 4479785  0.82605102 447.9785
2 2 1 00125 4 706543156  224.3686  4.34108743  224.3686  1.72118974 2239893  0.61276453  223.9893
3 3 1 00125 6 2.14753115  149.5791 1.59540127  149.5791  0.72303704 149.3262  0.23496141 149.3262
4 4 1 00125 8 1.15763898  112.1843  0.89317869  112.1843  0.56825438 111.9946  0.16861722 111.9946
2 1 2 0025 3 1.84091462  299.1582  1.51233616  299.1582 048492498 298.6524  0.32804995 298.6524
4 2 2 0025 6 0.98485642  149.5791  0.62941382  149.5791  0.30764534 149.3262  0.25363605  149.3262
6 3 2 0025 9 0.58923964  99.71939 048230161 99.71939  0.26166443 99.55079  0.21866715  99.55079
8 4 2 0025 12 0.33544586  74.78954  0.25025548  74.78954  0.22729191  74.66309 0.1941149  74.66309
4 1 4 005 5 041478747 1794949  0.31419057 1794949  0.17505276 179.1914  0.15106403 179.1914
8 2 4 005 10 0.20554777  89.74745  0.16857044  89.74745  0.14599425 89.59571 0.12453392  89.59571
12 3 4 005 15 0.16534076  59.83163  0.15154465 59.83163  0.12530358 59.73047  0.10348326  59.73047
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In perfect mixing conditions or at low concentrations of reac-
tants, hydrodynamical conditions (t,,) would have a negligible influ-
ence on X, and the segregation indices are very small. Therefore,
to increase the sensitivity of this method, the concentration of reac-
tants should be increased in a domain where tg, is almost equal to
t, (tp=t,) [2,31]. At the constant initial concentration of reactants
and constant flow rates, the variation of X accurately considers
the variation in t,,. In contrast, at constant hydrodynamical operat-
ing conditions, namely constant t,,, X5 only depends on chemical
reaction conditions. Under non-constant reaction time and hydro-
dynamical conditions, micromixing analysis is more complex, and
a micromixing model coupling mixing and reaction should be uti-
lized [59].

The reaction time can be calculated directly from experimental
conditions. However, the micromixing time depends on the hydro-
dynamic conditions, can only be determined according to experi-
mental data by micromixing models [6,8,21,49].

Among many models, the simple and practical incorporation
model was chosen for estimating the micromixing time in our con-
tinuous plug-flow reactor. At constant hydrodynamic conditions,
the model is not dependent on the reactant concentrations. The
incorporation model was used to extract the micromixing times
from the experimental values of segregation indices. According to
the described procedure in section 4 (the algorithm presented in
Fig. 5), the micromixing time values were calculated for each ex-
perimental value of the segregation index for all the studied exper-
iments presented in Table 2. Note that the model estimates the
order of magnitude of micromixing time.

As discussed, tg,=t,, yields the highest sensitivity of the Viller-
maux-Dushman. Therefore, the reaction time must almost equal
the micromixing time (small t;) to have a high sensitivity. At the
same time, too fast reaction times are not desired [2,15]. The reac-
tion must be sufficiently slow to characterize the mixing perfor-
mance throughout the reactor rather than just the initial mixing at
the inlet [1]. So, the reaction time is determined due to the trade-
off between characterizing the mixing performance and reaching
the best possible sensitivity.

The mean residence time was calculated by dividing the reactor
volume by the total volumetric flow rate.

The calculation results of micromixing time (t,,) and the resi-
dence times (7) for all experiments listed in Table 2 are found in
Table 3. From Table 3, it is clear that micromixing times are orders
of magnitude smaller than residence times in all experiments, de-
monstrating that the reactions have been completed before UV
measurements. The results in Table 3 show that at a constant volu-
metric flow rate ratio, the micromixing time decreases with in-
creasing the total flow rate, confirming that the micromixing level
remarkably depends on the velocity.

Fig. 13 depicts the plot of segregation indices against the calcu-
lated micromixing times for different volumetric flow rate ratios.
The X-t,, plot (Fig. 13) gathers t,, data of two micromixers before
and after applying ultrasonic irradiation on a unique curve. A lin-
ear relationship between X and t,, was observed in each case. The
equations obtained through regression are displayed in the figure.
As discussed above, the micromixing efficiency remarkably depends
on the segregation index when the characteristic micromixing time
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Fig. 13. Relationship between X; and t,,.

is comparable to the characteristic reaction time. However, micro-
mixing time has a negligible influence on the segregation index at
low acid concentration. The regression line slope demonstrates X;
dependence on t,,, whose value is about 0.004, 0.05, and 0.4 for
the acid concentration of 0.025, 0.05, and 0.1, respectively.

From Fig. 13, the X values are generally increased by increasing
the micromixing time. The micromixing time ranging from 0.1 to
12 s was obtained according to the size of the micromixer and the
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chemical reaction conditions. According to Fig. 13, micromixing
times in the magnitude of 0.17-12s, 0.19-1.84 s, and 0.1-0.4 s were
observed in the volumetric flow ratios of 1, 2, and 4, respectively.

At constant volumetric flow rate ratios (Fig. 13), the highest mi-
cromixing times are obtained at the lowest volumetric flow rates
among all studied flow rates, indicating poor mixing performance.
The estimated micromixing times provide the possibility of com-
paring the micromixing levels generated by two studied micro-
mixers and the effect of ultrasonic atomization under different
experimental conditions. As illustrated, for example, for R=1, the
micromixing time of M-2 and M-1 lies in the range of 1-10's and
0.5-2s in the absence of ultrasonic irradiation, which can reach
0.8-5s and 0.1-0.8 s, respectively, in the presence of ultrasonic irra-
diation. This confirms the positive effect of the ultrasonic atomiza-
tion on micromixing conditions as well as the superior micromixing
efficiency of M-1 compared with M-2. M-1 generates a better
micromixing level than M-2 due to its smaller hydrodynamic
diameter. Furthermore, the ultrasonic atomization concept makes
it possible to decrease the micromixing times. Hence, it was found
to be efficient in micromixing enhancement.

The estimated micromixing times were in the range of 0.1-1s
for most operating conditions in both setups. However, the lowest
micromixing times are attributed to the M-1 after applying ultra-
sonic irradiation, where the micromixing times exactly lie in the
range of 0.1-1s.

Note that the micromixing times in this work are higher than
most of the works done in the micromixers, which are in order of
milliseconds. However, Kashid et al. [42] reported that the micro-
mixing time ranges from 0.01-10s at 1-18 mL/min flow rates. The
range of the estimated micromixing times in this work (0.1-10) is
in accordance with the volumetric flow rates studied here (2-15
mL/min). Results reveal that the present novel ultrasonic atomizer
reactor could simultaneously provide an enhanced medium for
mixing with reaction.

From Fig. 13, a linear trendline was noticed, marked by the line
crossing the data. It is clear that some points overlap each other.
This indicates that the same micromixing times could be obtained
in micromixers with different sizes or even before or after apply-
ing ultrasonic atomization. Therefore it can be concluded that the
same micromixing performance could be provided by applying
different micromixers in the presence of ultrasonic atomization or
only by crossing the reaction mixture through a micromixer and a
duct. This is an interesting result since the micromixing performance
would result in a trade-off between different operating chemical reac-
tion conditions and the energy dissipation costs.

CONCLUSION

This paper focused on atomizing the mixture of reactants to maxi-
mize the surface area of impingement of two reactants and increase
the number of collisions between them to intensify the micromix-
ing using an ultrasonic nozzle. The Villermaux-Dushman test
reaction coupled with the incorporation model was used to study
the mixing characteristics in the simple Y micromixer, followed by
the ultrasonic spray nozzle atomizer as the reaction chamber.

The effects of ultrasonic irradiation and inlet micromixer diam-

eter were considered in terms of segregation index and micromix-
ing time by conducting the experiments in two micromixers with
different diameters within the ultrasonic atomizer in the presence
of ultrasonic irradiation and in the case of off ultrasonic atomizer
in the absence of ultrasonic irradiation. All the experiments were
conducted under various operating conditions, ie., volumetric flow
rate ratio, reactant flow rate, total flow rate, and reactant concen-
tration.

The results confirm the positive effect of ultrasonic atomization
on micromixing and the superior micromixing efficiency of smaller
micromixers. The coupled system of M-1 micromixer and the
ultrasonic atomizer irradiated by ultrasonic irradiation was the
best combination, with segregation indices of 0.05-0.003, leading
to intensified micromixing,

Based on the incorporation model, the estimated micromixing
time of the reactor was found on the order of 10-10°s for the stud-
ied total volumetric flow rates, between 2 and 15 mL/min.

NOMENCLATURE

A :light absorption

C, :molar concentration of the buffer solution [mol-L ']

Cz  :molar concentration of the acid solution [mol-L ]

: species j molar concentration [mol-L™']

Cj1o :species j initial concentration in buffer solution [mol-L™']
D  :diameter [mm]

F  :molar flux [mol-s]

F,  :molar flux of species j [mol-s ']

g(t) :incorporation growth function

k,  :rate constant of reaction (i) [L-mol'-s']

k,  :rate constant of reaction (i) [L*-mol *s']

+ . rate constant of forward reaction (iii) [L-mol '-s™']

k;  :rate constant of backward reaction (iii) [s™]

:first dissociation constant of orthoboric acid [mol-L™']
K,, :equilibrium constant of reaction (iii) [L-mol ']

I : spectrophotometer cell path length [cm]

N  :mole number [mol]

n, :moles number of the buffer solution [mol]

ng  :moles number of the acid solution [mol]

n;  :moles number of species j [mol]

Q  :volumetric flow rate [mL-min ']

Q, :buffer volumetric flow rate [mL-min ']

Qp  :acid volumetric flow rate [mL-min™"]

Q  :flow rate of species j [mL-min™']
R :volumetric flow rate ratio

r, :rate of reaction (i) [mol-L"-s7']

r, :rate of reaction (ii) [mol-L™"-s™]

r;  :rate of forward reaction (jii) [mol-L"s']

r;  :rate of backward reaction (iii) [mol-L"-s™']

r;  :rate of production of species j by the reaction [mol-L™"s™']

T  :Temperature [K]

t,  :characteristic micromixing time [s]

tg  :characteristic reaction time [s]

tn,  :characteristic reaction time of reaction (i) [s]
tr,  :characteristic reaction time of reaction (ii) [s]
V, :acid aggregate volume at t=0 [m’]
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V,, :initial acid aggregate volume at t=0 [m’]
Xs  :segregation index

Y  :yield of iodine (undesired product)

Ygr  :yield of iodine at total segregation

z;  :ion i charge number

Greek Symbols

&5 :molar extinction coefficient [m?*-mol™']
A :absorption wavelength [nm]

4 :ionic strength [mol-L™']

T : residence time [s]
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