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ABSTRACT: In the process of industrial crystallization, it is always difficult to
balance the secondary nucleation rate and metastable zone width (MSZW).
Herein, we report an experimental and numerical study for the cooling
crystallization of paracetamol in an oscillatory flow crystallizer (OFC), finding
the optimal operating conditions for balancing the secondary nucleation rate and
MSZW. The results show that the MSZW decreases with the increase of
oscillation Reynolds number (Reo). Compared to the traditional stirring system,
the OFC has an MSZW three times larger than that of the stirring system under
a similar power density of consumption. With the numerical simulation, the OFC
can produce a stable space environment and instantaneous strong disturbance,
which is conducive to the crystallization process. Above all, a high Reo is
favorable to produce a sufficient nucleation rate, which may inevitably constrict
the MSZW to a certain degree. Then, the optimization strategy of the operating
parameter (Reo) in the OFC is proposed.

1. INTRODUCTION

Crystallization is a common and significant phase transition
process that has been widely used in various fields, such as
petroleum chemistry, pharmaceutical industry, fine chemicals,
and even semiconductor materials.1−6 Consideing the
pharmaceutical industry as an example, nearly 90% of the
active pharmaceutical ingredients (APIs) are presented as
organic crystals.7 To fulfill the ever-growing demand for crystal
products, it is particularly important to deeply study the details
and precise control of the crystallization process for the
improvement of the crystal quality, which is determined by its
purity, size, and morphology.8,9 The crystallization process
includes nucleation and growth, in which nucleation is divided
into primary nucleation and secondary nucleation. The
secondary nucleation always accompanies the primary
nucleation, and moreover, the former is apt to be the
predominant mechanism of nucleation.10 The common
industrial crystallization process is a typical secondary
nucleation process, which needs to add a certain number of
seeds. The seeds provide surface areas for growth and the
source of crystals to enable secondary nuclei under suitable
conditions.
Thus, to control the nucleation and crystal growth, it is first

necessary to establish a relatively wide operation window
(metastable zone) to improve the crystallizing efficiency under
relatively high supersaturation, requiring a mild and uniform
crystallization system. Otherwise, the crystallization system
needs a certain disturbance (e.g., fluid shear, fluid mixing) to
complete the secondary nucleation requirements. Simulta-

neously, this disturbance cannot stay at a fixed position for a
long time, which will affect the quality of the crystals (e.g.,
particle size distribution, crystal polymorphs).11 During the
traditional crystallization process, the disturbance can be
provided by the fluid mixing caused by the impeller. However,
the stirred tank always fails to provide an entirely uniform
crystallization environment even with the optimum mixing
characteristics; this is typical because turbulence intensity is
extremely variable in a stirred tank and this is exacerbated as
the scale of the system increases.12 In particular, the shear
stress distribution and turbulent intensity near the impeller will
induce the earlier occurrences of nucleation in the crystal-
lization process, which will generate smaller sizes of crystals
due to excessive secondary nucleation.8,12−14

To avoid the disadvantage of the stirring system which has
been mentioned above, the local disturbance should be
distributed periodically in the internal space of the crystallizer.
Therefore, the development of a comprehensive technique that
can provide both sufficient metastable zone width (MSZW)
and appropriate flow disturbance for secondary nucleation is
imperative for improving the quality of industrial crystalliza-
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tion. Accordingly, an oscillatory flow crystallizer (OFC) has
been considered to be a promising candidate to avoid
mechanical agitation effects,15−23 as it can generate recircula-
tion flow and vortex through the combination of a reactor
structure and oscillation process.24 This unique flow can create
a series of well-mixed volumes, which is beneficial to control
mass and heat transfer.25−28 Furthermore, the appropriate
residence time in the OFC can also improve the quality of the
crystals produced. It is certain that the employment of the
OFC for crystallization can reach the requirement of flow field
mixing; however, the principle on how to balance the
relationship between the stable environment and appropriate
disturbance has rarely been reported. Although many efforts
have been made to study the performance of the OFC based
on operating parameter control related to the product quality
indicators,29−33 the mechanism on how crystal generation is
affected by flow characteristics is still unclear.
Herein, we focus on finding the balance between a relatively

wide metastable zone and appropriate secondary nucleation
rate through controlling the oscillatory flow according to the
flow characteristics on the OFC. The aim of this work is to
provide a basis for the optimization design and operation of
the industrial crystallization process. The specific research
contents are as follows:

• First, according to the smooth periodic constrictions of
the OFC, the influence and advantages of oscillatory
flow on controlling the metastable zone have been
investigated through experiments and literature compar-
ison to verify the possibility of a wider operation window
in the OFC.

• Second, the response and evolution of the flow field in
the OFC have been analyzed to prove that the flow field
can satisfy the stability and local disturbance of the
crystallization system at the same time, which are
conducive to crystal nucleus growth and secondary
nucleation, respectively.

• Finally, based on the balance mechanism between the
intensity of flow field disturbance and the MSZW, we
propose a strategy to find the optimal operating
parameter Reynolds number (Reo) in the OFC.

2. EXPERIMENTAL SECTION
This section outlines the details of the crystallization
experiments performed for the measurements of the MSZW.
The cooling crystallization process of the paracetamol−water
solution is chosen as the experimental model. Paracetamol is
supplied by Aladdin, with a purity of 99.9%. The water is
deionized water.
2.1. Experimental Setup and Procedure. Figure 1

shows the experimental system (left) and the size of the OFC
(right). The experimental system consists of three parts: a
cooling circulation system, an oscillation generation system,
and an optical detection system. The crystallizer is made of
quartz glass for optical detection with a total length of 260 mm,
in which an inner tube is a smooth periodic constriction
structure with an inner diameter of 10 mm and a necking
diameter of 5 mm. The outer tube jacket is water-cooled. The
oscillation frequency is provided by a digital controlling motor,
which is set to 1.4, 1.9, 2.3, 2.7, and 4.3 Hz, depending on the
experiment, with a constant amplitude of 0.0115 m. The
corresponding range of Reo is 914−2808. The circulating water
is cooled by a temperature control device (supplied by Julabo),

and spontaneous nucleation is detected by a spectrometer
(supplied by Ocean Optics), whose working principle is
detailed in Section 2.2.
According to the solubility curve equation of the para-

cetamol−water solution regressed by Cruz et al.,34 the
saturated solutions at different temperatures are prepared in
Table 1. The solution is then added to the preheated (10 °C

above saturation temperature) OFC to ensure no nucleation.
To remove air bubbles in the OFC, the solution is oscillated at
a high frequency for 5 min and then reduced to the required
frequency for the experiment. The circulating water in the
jacket is cooled at a specific cooling rate (5, 10, 15, 20, 25, and
30 °C·h−1), while the spontaneous nucleation is detected by
the spectrometer. To ensure the accuracy of the experimental
results, each group of experiments is repeated twice.
The following two dimensionless formulas for characterizing

the oscillatory flow devices are introduced35−37
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where Reo denotes the so-called oscillation Reynolds number,
which indicates the mixing intensity in the crystallizer. The
Strouhal number (St) indicates the propagation degree of
eddies, where d is the diameter of the tube, ρ is the density of
the solution, f is the oscillation frequency, xo is the amplitude,
and μ is the viscosity of the solution.
For the OFC system, the power density, P/V (w·m−3),

represents the input power per unit volume in the system,
which is usually used for “equivalents” comparison with a
stirred tank reactor (STR).8 It can be calculated by the revised
quasi-steady-flow model, which is proposed by Jimeno et al. for
the smooth-edged-baffles of an oscillatory flow reactor, as
shown below38
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Figure 1. Schematic diagram showing the experimental setup (left)
and dimensions (right) of the OFC.

Table 1. Initial Saturation Temperature and Concentration

T*(°C) C*(g·kg−1)

1 30 17.2
2 35 19.9
3 40 23.1
4 45 26.7
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where no is the number of orifices, CD is the coefficient of
discharge of the baffles (0.8), V is the volume of the reactor, A
is the cross-sectional area of the reactor, and α is the baffle-free
area ratio (α = (do/d)

2).
2.2. Spontaneous Nucleation Detection. Since no

complete theory is available to model the nucleation and
crystallization processes, they can only be anticipated through
experimentation; accurate experimental measurements are
essential for understanding crystallization processes.39 A
number of detection methods are used for the metastable
zone in the crystallization process, such as turbidity,39−42

attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy,43−46 focused beam reflectance measure-
ments (FBRMs),44,46−48 and particle vision and measurement
(PVM).47 Most of the methods require a probe to be placed
within the crystallizer, which can affect the crystallization
process more or less.49 In this study, the laser scattering system
performs as a noninvasive detection and avoids the above
effects. The principle of detection that responds to the
nucleation occurrence is laser Mie scattering. When a 632 nm
laser passes through the solution, the Mie scattering intensity is
detected by a spectrometer (supplied by Ocean Optics) in the
vertical direction. The sampling frequency can reach 10 Hz,
and the spontaneous nucleation is characterized by the sudden
enhancement of the scattering intensity. At the same time, the
temperature of the cooling system and the solution is recorded
by the data collector. Therefore, the MSZW can be calculated
by the difference between the saturated temperature of the
solution and the temperature at which the crystals are detected.
As shown in Figure 2, the typical curves of the scattering

intensity and the solution temperature under the specified

solution concentration and the cooling rate are illustrated.
Here, the turning point of the red dotted line is the time of
nucleation and the corresponding solution temperature.
2.3. Theory of Nucleation Kinetics and Experimental

Data Processing. According to Nyvlt’s classic theory of
nucleation kinetics,50 the primary nucleation rate, Jn, can be
written as the following power-law function of supersaturation

= ′ΔJ k C an n
n

(4)

where kn is the number of nucleation rate constant and n is the
nucleation order. ΔC is the supersaturation (ΔC = C − C*),
where C is the concentration and C* is the solubility
concentration. For the cooling crystallization, the rate of the

supersaturation generation can be expressed as a function of
the cooling rate (β = (−dT)/dt) as follows
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where (dc*)/dT is the slope of the solubility curve for a given
saturation temperature. The maximum supercooling (ΔTmax =
T* − Tnuc, where T* is the solubility temperature and Tnuc is
the temperature corresponding to the spontaneous nucleation)
is related to the maximum supersaturation (ΔCmax) as follows
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Basically, while the system achieves the supersaturation
through moderate cooling, the nucleation rate at the beginning
of nucleation is equal to the supersaturation rate in a certain
period. The growth rate of the initial nucleation is ignored
during this period.50 Therefore, the mass and number of nuclei
formed can be written as follows
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where Jm is the mass nucleation rate and kn is the mass
nucleation rate constant. Also, h is the volume shape factor, ρp
is the density of the solute crystals, and r is the nucleus size.
Combining eqs 5−7, the following is obtained
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where ε is a conversion factor (ε = 1).41

Taking the logarithm on both sides of eq 8, we get the
following expression
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A straight line can be fitted by plotting ln(β) and ln(ΔTmax), in
which the slope is the nucleation order n and the mass
nucleation rate constant kn can be obtained with the intercept.

3. NUMERICAL SIMULATIONS
3.1. Model Equations. Based on the continuous

crystallization process, the details of fluid flow in the OFC
are investigated by numerical simulation. The nucleation and
growth of crystals are not considered in the simulation process,
and no particle−particle interaction or particle diffusion in the
liquid phase are included in the model. The simulations are
performed in FLUENT 19.0 using the finite volume method. A
three-dimensional numerical model is established, which is
consistent with the size of the experimental equipment. All
simulations are performed using a laminar solver; this is
consistent with the literature because the solver has been
widely used in the past,51−54 even if the Reo value is as high as
8043.27,55 The set of standard incompressible mass-conserva-
tion, Navier−Stokes, and energy equations (eqs 10−12) are
considered.
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Figure 2. Detection of nucleation by laser scattering.
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where v is the velocity, P is the pressure, μ is the viscosity, Cp is
the specific heat, k is the thermal conductivity, and T is the
temperature.
Since the common industrial crystallization process is a

typical secondary nucleation process, the influence of crystal
particles on the flow field needs to be considered. The
trajectory of each discrete particle is predicted by integrating
the force balance on the particle as follows
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where mp, vp⃗, and ρp are, respectively, the mass, velocity, and
density of the particle. The F⃗D is the drag force, defined as
follows

ρ= | − | −F C A v v v v
1
2

( )D d p p p (14)

where Ap is the cross-sectional area of the particle and Cd is the
drag force coefficient, calculated as the spherical drag law
proposed by Morsi and Alexander.56 F⃗ includes the so-called
virtual mass, F⃗VM, and the pressure gradient force, F⃗PG.

ρ
ρ

= −
i
k
jjjjj

y
{
zzzzzF m

v
t

v

t
1
2

D
D

d

dVM p
p

p

(15)

ρ
ρ

=F m
v
t

D
DPG p

p (16)

where D/Dt is the material derivative.
3.2. Grid Sensitivity Analysis. A uniform structured

hexahedral mesh is created and a sensitivity analysis is carried
out to ensure that the numerical calculation results are not
affected by the grid density and time step. The simulation runs
for several oscillation periods until the difference between the
results from one oscillation period to the next is negligible, and
the result is considered stable. Table 2 summarizes the

dimensions of the five meshes employed for the analysis. The
volume-averaged vorticity magnitude is tested for meshes #1,
#2, #3, #4, and the relative error with respect to the solution in
mesh #5 is computed according to

=
⌀ − ⌀

⌀
× =ierror (%) 100, 1, 2, 3, 4.i 5

5 (17)

where ⌀ is the physical quantity evaluated, which represents
the vorticity magnitude in the paper.
Configuration #3 is selected since it shows the better

relation between computational cost and the accuracy of the
results.

3.3. Numerical Method and Boundary Conditions.
The pressure-based solver is used. The least squares cell-based
gradient method is selected, with the second-order scheme
used for pressure and momentum.57 Finally, the SIMPLE
pressure−velocity coupling scheme and second-order implicit
for the transient formulation have been used.
In oscillatory flow conditions, the inlet velocity (eq 18) with

a net flow rate and a superimposed periodic oscillation is
adopted to ensure that the volume of periodic oscillation is
constant under different oscillation frequencies. The inlet
temperature of the solution is 313.15 K. For the cooling
crystallization process, the wall temperature is set at 303.15 K.
The inner surface of the tube wall is prescribed nonslip, and
the constant gauge static pressure of 0 Pa is prescribed at the
tube outlet. To minimize the effect of boundary conditions on
the main flow, the first two and the last baffle cells are
discarded in the calculation of fluid information. Paracetamol
solution (ρ = 976.1 kg·m−3, μ = 0.00108 kg·m−1·s−1) is the
selected fluid for this study. Paracetamol granules (ρp = 1263
kg·m−3, particle diameter: 95 μm) are selected as seeds with a
volume fraction below 10%. Monosized spherical particles are
modeled for the purpose of simplicity. The net flow rate is
0.005 m·s−1

π π= +u fx ft u2 sin(2 )0 net (18)

4. RESULTS AND DISCUSSION
4.1. Effect of Reo on the MSZW. The evolution trend of

the MSZW changing with the Reo is shown in Figure 3, in

which the solid black line indicates the solubility curve. From
Figure 3, it can be seen that the crystallization temperature of
the solution gradually increases with an increase in Reo,
resulting in a narrower MSZW. Such a result is in accordance
with the previous research on the agitation system.41,58 From
Figure 3, it can be carried out that the Reo decreases from 2808
to 914, and the MSZW increases by 123%. Moreover, Table 3
shows that the average MSZW in the OFC is about three times
of that in the stirring system44 when it is provided with the
similar power densities (OFC-1.9 Hz, 370 w·m−3 and STR-350
rpm, 340 w·m−3 data from literature49), indicating that the
OFC system has a more stable crystallization environment
than the stirring system, which can provide a wider operating

Table 2. Results of Grid Sensitivity Analysis

mesh elements (reactor cell) (k) vorticity magnitude (%)

1 110 24.8
2 150 25.1
3 190 0.7
4 280 0.5
5 340

Figure 3. Variation of the MSZW with Reo at the cooling rate 30 ° C·
h−1 (MSZW is the difference between the saturation temperature of
the solution and the detected temperature of the crystal).
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window for the crystallization process. Even though the power
density is increased by 11 times, the MSZW is still larger than
that of the stirring system. It is not difficult to infer that the
system with a wider metastable zone means a large
supersaturation is required for nucleation. Therefore, the
process of nucleation for a given crystallization system can be
easily controlled in the OFC.12

4.2. Effect of Cooling Rate on the MSZW and
Determination of Nucleation Kinetic Parameters. Figure
4a shows the effects of different cooling rates (β) on the
MSZW when Reo is chosen 1763. The overall effect is that the
faster the cooling rate, the wider the MSZW becomes, which is
similar to the previous literature.39,41,47 This is attributed to
that a faster cooling rate usually leads to a faster increase in
supersaturation. Coupling with a delayed nucleation response,
the nucleation rate cannot keep up with the concentration
gradient, and the MSZW consequently becomes larger.
Compared with the STR system in the previous literature,44

the OFC system has a wider metastable zone at a similar
cooling rate, for example, 30 or 5 °C·h−1, as shown in Figure
4a.
Except for the MSZW, it is also necessary to test whether the

nucleation kinetic characteristics in the OFC system are similar
or at the same level as the STR system. In this work,
experimental data at a saturation temperature of 30 °C are
adopted to plot the relationship between the cooling rate and
MSZW according to eq 9. The nucleation kinetic parameters
are obtained by linear regression (R2 = 0.97), as shown in
Figure 4b. Table 4 compares the nucleation order n and the
mass nucleation rate constant kn in the OFC system with those
in the STR.41 The results show that the nucleation rate of an
OFC is close to that of an STR in a certain operating range,

which indicates that the OFC has similar nucleation capability
and that the increase of MSZW is not at the expense of the
nucleation rate.

4.3. Operating Advantages Provided by the Flow
Characteristics of OFC. 4.3.1. Distribution and Evolution
Characteristics of Vortex and Shear Strain Rate (SSR) Inside
the OFC. To demonstrate the operational advantages and
clarify the mechanism underlying the continuous crystallization
process in the OFC, the detailed flow characteristics inside the
OFC are investigated numerically. The two-dimensional
velocity distribution inside a middle cavity of the OFC in a
typical oscillatory period is illustrated when Reo is chosen to be
914 in Figure 5a. According to the characteristics of the sine
curve, the oscillation process of a single period can be divided
into six stages. Initially, at the moment of t/τ = 0.18 in the
oscillation cycle, the axial velocity is the highest at the
contraction of the tube, and eddies form at the bottom of the
tube. Then, at the moment of t/τ = 0.28, the regions of higher
velocity become stretched in the axial direction, and vortexes
begin to strengthen and extend, exceeding half a cavity length.
Next, at the moment of flow reversal (t/τ = 0.5), the vortex
began to detach from the baffle edge, which also reduces the
intensity of the core flow. Similar characteristics of vortex
distribution occur in the next half of the oscillation cycle.
Those results also show that the generation of vortices is
nonaxisymmetric and the flow becomes chaotic, especially at
the moment of flow reversal (t/τ = 0.5 and 0.98). Distributions
of vorticity and SSR are also demonstrated in Figure 5b,c, and
it reveals that their developments are highly matched with the
vortex region in the velocity field. This result first proves that
the OFC can produce periodic disturbance to the flow field
and avoid the long stay of fluid in a fixed position, thus
preventing the formation of persistent and strong disturbance
locally.
Then, the evolution of the local vortex intensity is analyzed

in detail. Figure 6a shows the instantaneous distribution of the
mean vortex intensity on the X−Z cross sections along the Y
direction. It can be seen that the vortex intensity is periodically

Table 3. Power Density (P/V) for the OFC at the Cooling
Rate 30 °C·h−1

type of crystallizer and operating
conditions

P/V
(w·m−3)

average MSZW
(°C)

OFC, 1.4 Hz (Reo = 914) 148 25.9
OFC, 1.9 Hz (Reo = 1241) 370 23.9
OFC, 2.3 Hz (Reo = 1502) 843 22.3
OFC, 2.7 Hz (Reo = 1763) 1062 19.0
OFC, 4.3 Hz (Reo = 2808) 4292 11.6
STR, 350 rpm 340 8

Figure 4. (a) Relationship between the cooling rate and MSZW (data of red and green dashes are from ref 43). (b) Apparent nucleation orders
estimated from the MSZW data for a saturation temperature of 30 °C.

Table 4. Evaluation of Nucleation Kinetic Parameters

type of crystallizer n kn(kg·m
−3·min−1)

OFC 1.89 0.240
STR 1.68 0.206
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distributed on the same section, while the vortex intensity is
periodically distributed along the Y direction with time.
According to classical nucleation theories, the mechanism of
secondary nucleation includes contact nucleation (particle−
impeller, particle−particle, and particle−wall) and fluid shear

nucleation. Because the OFC can avoid stirring, the driving
force of the particle−particle and particle−wall collision is
provided by the flow field in the OFC alone. Therefore, the
local instantaneous strong vortex disturbance in the OFC is
conducive to secondary nucleation. Simultaneously, the vortex

Figure 5. Contours of velocity vector (top-a), vorticity magnitude (middle-b), and SSR field (bottom-c) at different times in the X−Y plane under
Reo = 914.

Figure 6. Instantaneous distribution of the (a) vortex intensity and (c) SSR with different cross sections along the Y direction (Reo = 914); time-
averaged distribution of the (b) vortex intensity and (d) SSR with different cross sections along the Y direction under different Reo.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03890
ACS Omega 2021, 6, 28912−28922

28917

https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03890?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which circulates along a specific route in the internal space
periodically can avoid the persistence of the strong disturbance
at a fixed position. Furthermore, combined with the statistical
data about the time-averaged distribution of the vortex
intensity shown in Figure 6b, it can be seen that the average
vortex intensity is relatively stable and weak in space, indicating
that the overall crystallization environment provided by the
OFC is stable and moderate, which is beneficial to the growth
of the crystal nucleus and the maintenance of the operation
window.
The above analysis about the influence of the flow field on

contact nucleation is based on the concept of the vortex
intensity. At the same time, fluid shear nucleation, another
mechanism of secondary nucleation, also plays a crucial role in
nucleation.59,60 Therefore, it is necessary to further analyze the
evolution characteristics of the shear flow in the OFC. The
shear flow is caused by periodic oscillation, which can be
characterized by the SSR. The instantaneous distribution of the
SSR on the X-Z cross section along the Y direction and the
time-averaged distribution of the SSR under different Reo are
shown in Figure 6c,d. The result shows that the distribution
characteristics of SSR are similar to those of the vortex
intensity. The instantaneously strong SSR is conducive to shear
nucleation, whereas a periodical circulation of strong SSR
indicates the shifting of intensive shear nucleation sites. The
average SSR also indicates that the OFC system is moderate
and stable, which is conducive to the growth of the crystal
nucleus and the maintenance of the operation window.
Based on the above analysis, the OFC can produce both

moderate and disturbed crystallization environments, which
reveals the internal mechanism of OFC. The locally
instantaneously strong vortex disturbance and SSR are
conducive to the secondary nucleation. As the vortex is
generated along a specific route, the formation of a persistent
strong disturbance at fixed positions is avoided. Meanwhile, the
time-averaged vortex intensity and SSR are uniform and even
at a low level, which can supply a moderate environment for
the growth of the crystal nucleus and the maintenance of the
operation window.
4.3.2. Temperature and Supersaturation Field Evolution.

For the cooling crystallization process, in addition to the

influence of the flow field, the heat transfer characteristics of
the flow process, as well as the evolution of the temperature
and relative supersaturation (S) field should also be
investigated. Figure 7 shows the temperature and relative
supersaturation changes during a cycle under Reo = 914. The
temperature declination first occurs at the location, where the
vortex appears and evolves according to the vortex flow field.
The relative supersaturation presents the opposite trend, which
is relatively higher at the location, where the vortex appears. It
shows that the heat transfer enhancement area in the OFC is
coupled with the vortex and shear enhancement area.

4.3.3. Stirring Effect without Impeller in the OFC. The
spatially averaged values of the SSR in the OFC under different
Reo are obtained by numerical simulation results, as shown in
Table 5. Among them, STR-600 and STR-800 are the SSRs of

the paracetamol aqueous solution on the crystallization
experiment in the stirring system.31 It can be found that the
OFC provides higher SSR and promote crystallization
nucleation. However, it can be inferred that MSZWSTR‑350 >
MSZWSTR‑600 > MSZWSTR‑800 taking the changing rule of the
metastable zone in Figure 3 into consideration, which proves
that the OFC provides a wider metastable zone. This implies
that the nucleation of the STR-600 and STR-800 systems is
mainly caused by mechanical stirring.
The results of McGlone8 showed that volume-averaged

shear rates of OFRs are an order of magnitude larger than
those of an STR. Although it may be satisfactory to consider
the average SSR when correlating power, velocity, and other

Figure 7. Temperature and relative supersaturation fields on the X−Y plane (Reo = 914, Z = 0).

Table 5. SSR under Different Operating Conditions during
Crystallization

type of crystallizer operating conditions volume-averaged SSR (s−1)

OFC 1.4 Hz 77
OFC 1.9 Hz 107
OFC 2.3 Hz 132
OFC 2.7 Hz 157
OFC 4.3 Hz 254
STR 600 rpm 18
STR 800 rpm 20
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data in fluid mixing applications, it is not the case in some
applications involving the deformation and breaks of bubbles,
granular aggregates, and biological cells, where the maximum
shear rate needs to be considered. At the same time, Wu61

found that the maximum SSR is obviously localized on the
impeller blade surface, which is several orders of magnitude
higher than the average SSR. Therefore, unlike STR, OFC
avoids the high shear characteristic near the impeller, providing
a relatively stable environment for the crystallization process. It
can also be indicated that the OFC suppresses the premature
occurrence of spontaneous nucleation and increases the
MSZW.
4.4. Optimal Operating Parameters of OFC. For a

specific size of the OFC with smooth periodic constrictions,
the Reo is particularly crucial for the crystallization process.
Figure 8a shows the instantaneous distribution of the volume-
averaged vortex intensity at different Reo in any two periods. It
can be found that the vortex intensity changes periodically with
time. At the same time, it can be seen from Figure 8b that the
time-averaged vortex intensity is linearly related to the Reo.
With the increase of Reo, the vortex intensity of the fluid
increases, which is conducive to the formation of secondary
nucleation.
Simultaneously, the influence of Reo on the SSR is

investigated in Figure 8c. The SSR of the whole crystallization
system increases with the increase of Reo and changes
periodically, which are similar to those of the vortex intensity.
Figure 8d shows the time-averaged SSR is linearly related to
the Reo, which further indicates that the increase of the SSR is
beneficial to the flow shear nucleation.

Finally, based on the experimental and numerical simulation

analysis of the OFC, the increase of Reo is conducive to

secondary nucleation, but the MSZW becomes narrow, and the

operating window of the crystallization process will be limited.

Therefore, it should be an optimization interval for the Reo to

balance the MSZW and the secondary nucleation rate, thus

optimizing the crystallization process. As shown in Figure 9,

when the saturation temperature is 30 °C and the cooling rate

is 30 °C·h−1, the optimal operation range for Reo is 1862−
1881.

Figure 8. Instantaneous distribution of the (a) volume-averaged vortex intensity and (c) SSR at different Reo; the time-averaged value of the (b)
volume vortex intensity and (d) SSR varies with the Reo.

Figure 9. Operation parameter optimization of the OFC (T* = 30
°C).
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5. CONCLUSIONS

The cooling crystallization process of the paracetamol−water
solution is studied using the OFC with smooth periodic
contractions, and the dual effects of oscillatory flow on the
MSZW and the secondary nucleation rate are investigated.
From the experimental results, the MSZW decreases with

the increase of Reo and increases with the increase of the
cooling rate in the OFC. The Reo falls from 2808 to 914, and
the increment of MSZW is 123%. Moreover, at the same
power density, the MSZW of the OFC is about three times
that of the conventional STR. Even though the power density
is increased by 11 times, the MSZW is still larger than that of
the stirring system, indicating that the OFC can provide a
wider operating window and a relatively stable environment for
the crystallization process.
Combined with the numerical simulation analysis, the local

instantaneous strong vortex intensity and SSR in the OFC are
conducive to the secondary nucleation. Moreover, the vortex
generated by the oscillatory flow circulates through the internal
space periodically along a certain route, avoiding the formation
of a persistent strong disturbance at a fixed position.
Meanwhile, the time-averaged vortex intensity and SSR are
uniform and even at a low level in space, indicating that the
overall crystallization environment provided by the OFC is
stable and moderate, which is beneficial to the growth of the
crystal nucleus and the maintenance of the operation window.
For the cooling crystallization process, the temperature and
supersaturation fields evolve in accordance with the evolution
of the vortex.
Above all, the increase of Reo will promote the secondary

nucleation and decrease the MSZW. Therefore, the appro-
priate operating conditions should be selected by balancing the
nucleation rate and the crystallization operation window.
Under the process conditions of this study, the optimal
operation range for Reo is 1862−1881. Since the scale-up of the
OFC can be linearly treated, the optimization parameter
should be valuable for the industrial crystallization process.
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■ NOMENCLATURE
API active pharmaceutical ingredient
ATR-FTIR attenuated total reflection Fourier transform

infrared spectroscopy
FBRM focused beam reflectance measurements
MSZW metastable zone width
OFC oscillatory flow crystallizer
OFR oscillatory flow reactor
PVM particle vision and measurement
SSR shear strain rate
STR stirred tank reactor
A reactor’s cross-sectional area, m2

Ap cross-sectional area of a particle, m2

C concentration, g·kg−1

C* solubility concentration, g·kg−1

ΔC supersaturation, g·kg−1

CD discharge coefficient of the baffles
Cd drag force coefficient
CP fluid specific heat, J·Kg−1·K−1

d tube inner diameter, m
F force, N
f oscillation frequency, Hz
FD drag force, N
FVM virtual mass force
FPG pressure gradient force
g gravity, m·s−2

h volume shape factor
Jm mass nucleation rate, kg/min−1·m−3

Jn nucleation rate, #/min−1·m−3

k thermal conductivity, W·m−1·K−1

kn′ number nucleation rate constant
kn mass nucleation rate constant
mp particle mass, kg
no number of orifices
P pressure, Pa
P/V power density, w·m−3

Reo oscillation Reynolds number
r critical nucleus size, m−1

S relative supersaturation, S=(C − C*)/C*
St Strouhal number
T temperature, K
t time, s
unet net flow rate, m·s−1

V reactor’s volume, m3

v⃗ velocity vector, m·s−1

vp particle velocity vector, m·s−1

xo amplitude, m
α the ratio of the area of orifice over the area of the

tube (the restriction ratio)
β cooling rate, °C·h−1

ρ fluid density, kg·m−3

ρp particle density, kg·m−3

μ fluid viscosity, kg·m−1·s−1

τ oscillation period, s−1

ε conversion factor
⌀i physical quantity
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