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ABSTRACT: Heat transfer coeﬃcients in a continuous oscillatory baﬄed crystallizer (COBC) with a nominal internal diameter of
15 mm have been determined as a function of ﬂow and oscillatory conditions typically used under processing conditions. Residence
time distribution measurements show a near-plug ﬂow with high Peclet numbers on the order of 100−1000 s, although there was
signiﬁcant oscillation damping in longer COBC setups. Very rapid heat transfer was found under typical conditions, with overall heat
transfer coeﬃcients on the order of 100 s W m−2 K−1. Furthermore, poor mixing in the COBC cooling jacket was observed when
lower jacket ﬂow rates were implemented in an attempt to decrease the rate of heat transfer in order to achieve more gradual
temperature proﬁle along the crystallizer length. Utilizing the experimentally determined overall heat transfer coeﬃcients, a
theoretical case study is presented to investigate the eﬀects of the heat transfer rate on temperature and supersaturation proﬁles and
to highlight potential fouling issues during a continuous plug ﬂow cooling crystallization.
ﬂow platform devices. Beneﬁts of operating within tubular
platforms in contrast to tank systems may include better
control of residence time distributions (RTDs) and local
mixing, more eﬃcient heat transfer resulting from a higher
surface area to volume ratio, improved control over temperature proﬁles, and improved scale-up capabilities, hence
reducing process development time from the laboratory to a
manufacturing scale.10−12
Irrespective of platform choice, there are a number of key
design features that will directly inﬂuence the control over a
crystallization process.13,14 For example, when cooling
crystallization procedures are implemented, heat transfer
characteristics will dictate the rate at which supersaturation is
generated. Poor heat transfer leads to temperature gradients
resulting in supersaturation gradients within the bulk solution,

1. INTRODUCTION
Crystallization is one of the major unit operations for the
production of materials over a spectrum of industrial sectors
including food, agrochemicals, pharmaceuticals, pigments, and
dyes. Attention to platform performance, characterization, and
process control is highly important due to the sensitivity
associated with crystallization, that is, variables including
mixing, ﬂow, sheer, cooling rates, supersaturation, and
antisolvent addition rates, dictating the physiochemical
properties of the resulting product. Thus, for the regulation
of material properties that can inﬂuence product performance
such as taste, stability, bioavailability, and color, an understanding of inﬂuencing factors must be addressed to develop a
well-controlled crystallization process.
Continuous manufacturing has been gradually adopted
across many industrial sectors including food and chemicals,
and more recently, it is of growing interest in pharmaceuticals.1
Crystallization has been traditionally performed in agitated
tanks and other similar equipment, and some of these have
been successfully adapted to continuous operation.2 Continuous crystallizations can also be performed in a variety of
tubular platforms3−9 often somewhat simplistically referred to
as plug ﬂow reactors, including segmented ﬂow and oscillatory
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thus potentially impacting processes including nucleation and
growth. Conversely, if rapid heat transfer processes occur, care
is needed to control bulk supersaturation levels to prevent
large supersaturation spikes and associated undesirable
nucleation events. Similarly, with antisolvent crystallizations,
mixing can be the dominant parameter dictating supersaturation uniformity within a given crystallizer design.
Oscillatory baﬄed ﬂow devices have been increasingly
investigated for their applications as chemical reactors and
crystallizers.15−20 The basic principle stems from a series of
periodically spaced oriﬁce baﬄes onto which an oscillation is
applied. As the ﬂow interacts with the baﬄes, eddies are
created. This repeating oscillation cycle ensures strong radial
mixing within the tubular vessels. An advantage of utilizing
such a technology for crystallization is that mixing is
independently achieved through the oscillations and thus
decoupled from the overall net ﬂow.21 The ability to extend
the mean residence time, under plug ﬂow conditions, at a
similar mixing intensity, is advantageous to slow processes such
as crystallization, where there is a need for longer residence
times. The platform of interest within this study is the
continuous oscillatory baﬄed crystallizer (COBC), and further
information on relevant theory and operation can be found in
the Supporting Information.
RTD experiments have been carried out previously in
various setups of the oscillatory baﬄed ﬂow equipment with
internal diameters between 4 and 50 mm.22−28 These
assessments suggest that operating conditions ensuring nearplug ﬂow operation can be achieved in these systems and that
superior heat transfer can be obtained when using oscillatory
baﬄed ﬂow conditions when compared to no oscillation and/
or no baﬄes present. Studies measuring axial dispersion in
oscillatory ﬂow systems have utilized a wide range of
geometries and operating conditions,29−40 and a summary of
this literature can be found in the Supporting Information.
Previous studies23,27 in other COBC geometries have shown
that signiﬁcant diﬀerences exist between liquid and solid axial
dispersion at low mixing intensities but that under near-plug
ﬂow conditions, particles will experience similar dispersion
characteristics to the bulk solution.
Heat transfer, in terms of Nusselt numbers, has been
characterized in some oscillatory baﬄed ﬂow geometries (inner
tube diameters of 5 and 12 mm), with improvements reported
when compared to their conventional tubular equivalents.22,28,41 However, the overall heat transfer coeﬃcients
have not been previously reported, and therefore, temperature
proﬁles alongside individual COBC crystallizer sections have
generally been unknown. Several studies15,19 using oscillatory
baﬄed reactors for the application of continuous crystallization
have reported fouling upon the internal heat transfer surfaces
of the cooling jackets as a result of the cooling being too rapid
(see Figure 1). However, the potential negative impact that
enhanced heat transfer rates may have on continuous
crystallization processes has not been previously addressed.
Therefore, in addition to characterizing the heat transfer
performance of oscillatory baﬄed crystallizers, we should use
this understanding to better control heat transfer rates and
prevent unwanted nucleation and/or fouling.
The COBC with a nominal internal diameter of 15 mm
(DN15) is of particular interest due to its wide use in the
academia and industry.15,18−20 This work therefore seeks to
assess the performance of a DN15 COBC by quantifying
overall heat transfer and liquid-phase axial dispersion under
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Figure 1. Examples of fouling upon the internal heat transfer surfaces
of jacketed COBCs during (A) agrochemical15 and (B) L-glutamic
acid19 crystallizations.

relevant processing conditions and assess the eﬀects of heat
transfer on local temperature and supersaturation proﬁles in
order to improve the continuous crystallization process design
and control.

2. MATERIALS AND METHODS
2.1. Materials. Sodium benzoate (purity ≥99.0%, CAS
532-32-1) was purchased from Fluka. Deionized water was
sourced on-site from a Thermo Scientiﬁc Barnstead RO water
puriﬁcation unit. Experiments were performed in an airconditioned laboratory at 20 ± 2 °C.
2.2. Equipment. Experiments were completed in DN15
COBC (Nitech, U.K.) platforms, each consisting of a series of
jacketed glass tubes (straights) and nonjacketed bends, ca. 70
and ca. 20 cm in length, respectively. Fluid oscillation was
provided by a ﬂuid-ﬁlled bellow unit controlled by custom
electronics (housed in a control box). Peristaltic pumps
(Watson-Marlow 520S) supplied the COBC with water stored
in an independent stirred tank reactor. The geometry of the
COBC straights and an example of the setup are shown in
Figure 2.
2.3. Oscillatory Flow Background. Continuous oscillatory ﬂow may be described by three dimensionless numbers:
Reo, the oscillatory Reynolds number; St, the Strouhal number;
and Ren, the net ﬂow Reynolds number.42,43 These are
governed by the following equations
2πfχo ρD
Re o =
μ
(1)
St =
Ren =

D
4πχo
ρuD
μ

(2)

(3)

where D = column diameter (m), χo = center-to-peak
amplitude (m), f = frequency (Hz), ρ = density (kg m−3), μ
= ﬂuid viscosity (kg m−1 s−1), and u = mean velocity (m s−1).
Reo describes the intensity of oscillatory mixing applied within
the tube, where 2πfχo is the maximum oscillatory velocity (m
s−1). St is the ratio of the column diameter to the oscillation
amplitude and is a measure of the eddy propagation inside
each interbaﬄe zone. St is inversely proportional to χo. Ren, the
classic dimensionless number describing ﬂows in pipes, is the
ratio of inertial to viscous force within a ﬂow.
B
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Figure 2. COBC tube geometry and setup. Schematic of a cross-section of a DN15 COBC straight (left) with dimensions indicated and a
photograph of a COBC setup (right).

Dominant oscillatory ﬂow is required to maximize the eﬀect
of the eddy shedding cycle. That is, for the oscillatory ﬂow to
be eﬀective, and to ensure that the ﬂow is fully reversing, Reo
must be equal to or greater than Ren. A velocity ratio, ψ, was
proposed to relate the oscillatory velocity to the net ﬂow
velocity and is described by30
Re o
ψ=
Ren

diﬀerential equation constant (k) in the diﬀerential equation
is given by
k=

uL
L2
=
E
Peτ

where a = heat-exchange area per unit volume (m ) and Axs =
cross-sectional area (m2). With the knowledge of the overall
heat transfer coeﬃcients and making certain assumptions, the
diﬀerential equation can be solved either numerically or
analytically to obtain the solution temperature (T1) at any
COBC length (x). Depending on which assumptions are made,
the temperature proﬁle model may have three levels of depth.
Level 1 assumes that the jacket temperature is constant and
that there are no heat losses from the jacket. Level 2 assumes
that the jacket temperature varies and that there are no heat
losses from the jacket. Level 3 assumes that the jacket
temperature varies and that there are heat losses from the
jacket. Details of the diﬀerential equations and analytical
solutions associated with each level of the temperature proﬁle
model can be found in the Supporting Information.
2.5. RTD Experimental Methods. For RTD experiments,
the COBC setup consisted of 22 straights and 11 bends. Tracer
experiments were completed by manually injecting 2.3 mL of
0.5 % w/w sodium benzoate (Figure 3). The time evolution of

(4)

(5)

Pe numbers of approximately 1 suggest a back mixed ﬂow
behavior (CSTR-like), whereas Pe greater than 50 suggests a
near-plug ﬂow environment.32
2.4. Heat Transfer Equations. The overall heat transfer
coeﬃcient (U) is a measure of the overall ability of a series of
conductive and convective barriers to transfer heat and is
commonly applied to the calculation of heat transfer in heat
exchangers. Considering that the COBC essentially takes the
form of a shell-and-tube heat exchanger, the heat transfer
performance of the DN15 COBC can be characterized by a set
of overall heat coeﬃcients for a range of ﬂow and oscillation
conditions.41 For a jacketed COBC straight, the overall heat
transfer coeﬃcient is determined by the following equation
U=

(8)
−1

Peclet numbers (Pe) are often used to describe the deviation
from the ideal ﬂow behavior in tubular systems; the higher the
value, the more plug ﬂow-like the system is. The axial
dispersion coeﬃcient (E) is another term that can be used for
ﬂow identiﬁcation, and the relationship between these two
numbers can be expressed as follows31
Pe =

UaA xs
m1c p1

m1cp1ΔTsol
AΔTlm

Figure 3. Injection port and in-line UV probe for RTD experiments.
Photograph of the COBC setup showing the injection port (left); a
syringe is connected to the port via Marprene tubing. Photograph of
the UV transﬂectance probe ﬁxed inline on the DN15 COBC via a
connecting PEEK collar (right).

(6)

where m1 = solution mass ﬂow rate (kg s−1), cp1 = solutionspeciﬁc heat capacity (J/kg °C), ΔTsol = solution temperature
change (°C), A = total heat transfer area (m2), and ΔTlm = log
mean temperature diﬀerence (°C).
Assuming that the jacket temperature is constant and there
are no heat losses form the jacket, the temperature proﬁle in
the COBC can be modeled by utilizing the following
diﬀerential equation
dT1
= k(T2 − T1)
dx

the tracer was monitored using a Hellma UV transﬂectance
probe with a 5 mm path length (Figure 3). Absorbance time
data were collected using a Carl Zeiss MCS 501 UV
spectrometer equipped with a CLD500 deuterium lamp
(220−620 nm). Signals were recorded at 5 s intervals over a
range of 190−320 nm using Aspect Plus software version 1.76.
The λmax of sodium benzoate was determined to be 226 nm,
and a calibration model of y = 27.079x (R2 = 0.9988), where y
is the absorbance (A.U) and x is the concentration (g/L), was
used to calculate a concentration time response.

(7)

where T1 = solution temperature (°C), T2 = jacket temperature
(°C), x = COBC length (m), and k = diﬀerential equation
constant (−). Assuming plug ﬂow in the COBC, the
C
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Figure 4. COBC setup for heat transfer experiments. Schematic (left) and photograph (right) showing the COBC setup used for heat transfer
experiments operated in counter current (arrows indicate the direction of ﬂow).

oscillation experiments (shell side and tube side) were set to a
frequency of 1 Hz and an amplitude of 30 mm (trough-topeak). The solution mass ﬂow rate ranged from 50 to 200 g/
min, whereas the jacket mass ﬂow rate ranged from 50 to 2700
g/min. Full details of the experimental conditions are given in
the Supporting Information.
2.7. Theoretical Case StudyDemonstrating the
Eﬀect of Rapid Heat Transfer on Temperature and
Supersaturation Proﬁles in the Seeded Continuous
Cooling Crystallization of Paracetamol. During seeded
cooling crystallization processes, supersaturation levels should
always remain within the metastable zone (MSZ) to control
crystal growth and avoid unwanted nucleation. In addition to
nucleation, there is also the need to avoid fouling of the
crystallizer walls over time when operating at a steady state,
which can be achieved by operating under the fouling
threshold for that system. The concept of a fouling threshold
has been demonstrated for oscillatory baﬄed crystallizers in a
previous work.44,45 It should be noted that the fouling
threshold is an empirical quantity that can be determined for
speciﬁc crystallization conditions and vessel materials and the
speciﬁc values are not a-priori known. If the MSZ width is
narrow or the fouling threshold is low, then a lack of
understanding around temperature (supersaturation) control
can quickly result in uncontrolled nucleation and fouling of the
crystallizer. Therefore, an accurate understanding of heat
transfer along the crystallizer length is required to avoid
operating in an undesired region.
This theoretical case study looks at the seeded cooling
crystallization of paracetamol in a water/IPA (60/40 wt %)
solvent mixture as a continuous process in the DN15 COBC.
The model developed here applies the knowledge of the heat
transfer performance of the DN15 COBC with a typical set of
crystallization kinetics to determine the corresponding temperature and supersaturation proﬁle associated with this
crystallization process. With consideration of both the decrease
in temperature and the increase in the total crystal mass with
respect to the COBC length, the solution concentration (thus
supersaturation) can be determined. The decrease in solution
temperature, due to cooling, over the length of the COBC is
described in eq 7 which is a diﬀerential equation with a
constant given by eq 8. The increase in the total crystal mass,
due to crystal growth, over the length of the COBC can be
represented by the following equation

The UV transﬂectance probe placed at positions 1 at 2, ca. 4
m and 16 m away from the injection port respectively. Two
ﬂow rates, 50 and 200 g/min, were investigated corresponding
to residence times of 15 min and 1 h, respectively. With regard
to the COBC operating conditions, the oscillation frequency
was either 1 or 3 Hz, and the oscillation amplitude ranged from
9 to 66 mm. Using the methods described elsewhere,31 the
experimental data were ﬁtted to a plug ﬂow with the axial
dispersion model exploiting the imperfect pulse technique.
Ideally, the tracer absorbance would be measured at multiple
positions simultaneously. However, due to the access of a
single UV probe, multiple experiments were carried out in
order to measure absorbance and subsequently calculate the
concentration−time response at various distances downstream
of the tracer injection port. The full set of operating conditions
and a detailed explanation of the experimental data ﬁtting can
be found in the Supporting Information.
2.6. Heat Transfer Experimental Methods. For heat
transfer experiments, the COBC setup comprised six jacketed
glass straights and six unjacketed glass bends (Figure 4). This
smaller COBC setup was selected to simulate a typical single
temperature zone of a larger COBC setup. Water coolant was
circulated through the jackets in a counter-current manner by a
heater/chiller (HC) (Lauda Eco RE 630S). The feed tank was
controlled by an independent HC (VWR water bath 1187P)
and internal ﬂow rates were varied, alongside the variation in
jacket ﬂow rates. The feed solution was maintained at either 50
or 70 °C (to simulate an undersaturated feed solution for a
cooling crystallization process), and the HC controlling the
jacket was set to either 20 or 25 °C. The temperature of the
solution inside the COBC, and that of the COBC jacket ﬂuid,
was measured at 12 corresponding points along the COBC,
with the use of 24 temperature probes. Utilizing eq 6, overall
heat transfer coeﬃcients were calculated, and utilizing eqs 7
and 8, a temperature proﬁle model was created (full details are
given in the Supporting Information).
Two diﬀerent modes of ﬂuid ﬂow were used for experiments: the traditional “single oscillation” where the tube side
undergoes a net ﬂow with superimposed oscillations (with a
net ﬂow only on the shell side) and the modiﬁed “double
oscillation” where the tube and shell side both experience net
ﬂow with superimposed oscillations. Within each design, the
bulk solution and jacket mass ﬂow rates were varied to
investigate the eﬀect on the temperature proﬁle. Oscillatory
settings for both single-oscillation (tube side) and doubleD
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Figure 5. (A−H) Experimental data (orange color shows input and blue color shows response) and imperfect pulse model responses. Experimental
data are in very good agreement with the ﬁtted model response overlaid (dotted black).

dmx
= ((3kgNT1/3ρc1/3 /(msCs)n )m x1/3
dx
(mt − m x − msCs)n )/v

where mx = mass of API in the solid phase (kg), x = COBC
length (m), kg = growth rate constant (m s−1), NT = total
number of crystals (−), ρc = crystal density (kg m−3), ms =
solvent mass (kg), Cs = saturation concentration (kg/kg), n =

(9)
E
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growth order (−), mt = total mass of API (kg), and v = velocity
of the solution (m s−1). By simultaneously solving eqs 7 and 9,
the solution concentration, and therefore the supersaturation,
is known at any length along the COBC. The full details of the
model can be found in the Supporting Information. In this case
study, three diﬀerent overall heat transfer coeﬃcients were
utilized with a typical set of experimental conditions in order to
observe the eﬀect heat transfer performance has on the
temperature and supersaturation proﬁles.

3. RESULTS AND DISCUSSION
3.1. RTDs and Axial Dispersion. The experimental RTD
responses were analyzed using the imperfect pulse method.31
Representative examples of the model ﬁtting procedure can be
found in Figure 5. It can be observed that the ﬁtted responses
are in agreement with the experimentally measured proﬁles
downstream, thus the axial dispersion model is found to be
valid over the operating conditions tested.
The axial dispersion coeﬃcients and Peclet numbers for each
experiment were determined, and results can be found in Table
1. Over the experimental conditions investigated, Pe is shown
Table 1. Experimental Conditions and Results from
Imperfect Pulse Modeling
amplitude (mm)

frequency (Hz)

ﬂow Rate (g/min)

Pe

38
38
38
38
66
66
66
66
9
9
30
30
14
14

1
1
1
1
1
1
1
1
3
3
3
3
3
3

50
50
200
200
50
50
200
200
50
50
200
200
50
50

150
550
650
1100
110
250
210
290
5500
4000
1800
1600
350
650

Figure 6. Axial dispersion coeﬃcients plotted in terms of the
dimensionless numbers describing oscillatory ﬂows. (A) Axial
dispersion coeﬃcient E vs oscillatory Reynolds number Reo and (B)
axial dispersion coeﬃcient E vs velocity ratio ψ for two diﬀerent net
ﬂow rates.

parameter on which comparison with other conditions and
geometries can be based.
3.2. Oscillation Damping. Observations made during this
study suggested discrepancies in the achieved ﬂuid oscillation
amplitudes when using the same input setting on the control
box but at a diﬀerent setup length. A calibration was carried
out by positioning an unbaﬄed glass straight vertically at the
outlet of the COBC (Figure 7), ﬁlling it partially with water

to be above 100, which shows that deviations from plug ﬂow in
the liquid phase are insigniﬁcant. These results are in good
agreement with previous studies,24,25,27 which utilized similar
operating conditions with the same internal geometry,
demonstrating that the DN15 COBC can operate within a
plug ﬂow regime when appropriate operating conditions are
used.
The corresponding axial dispersion coeﬃcients are further
plotted in Figure 6 in terms of the dimensionless numbers
describing oscillatory ﬂows. The axial dispersion coeﬃcient E
increases as Reo and ψ are increased, as expected. Increasing
the oscillatory Reynolds number Reo (and thus the velocity
ratio, ψ, at a ﬁxed net ﬂow rate) corresponds to increasing
oscillation intensity and thus more eﬀective local mixing, hence
increased axial dispersion, which shows strong power-law
dependencies on both Reo and ψ. It can also be seen from
Figure 6 that the axial dispersion coeﬃcient depends only little
on the net ﬂow rate (and thus Ren) under the conditions
investigated here. These observed trends agree well with the
previous literature,24,25,27 which used similar operating
conditions with the same DN15 COBC geometry. Therefore,
the oscillatory Reynolds number Reo is an appropriate scaling

Figure 7. Schematic showing the setup for oscillation calibration.

and visually monitoring the displacement at various control
box settings without net ﬂow. The results of this calibration
(Figure 8) showed a signiﬁcant oscillation damping eﬀect with
respect to the setup length.
Oscillation damping along the COBC is thought to be due
to the oscillatory wave losing energy (overcoming friction at
the vessel walls and during ﬂuid contact with the baﬄes for
example) as it dissipates through the system. Oscillation
damping has potentially signiﬁcant implications for ﬂow
control, particularly for larger volume/length crystallizers.
While oscillation damping did not have an impact on the
measurement of accurate RTD curves, it raises interesting
questions for crystallization in terms of the impact of variable
oscillatory mixing. For example, damping of oscillations could
F
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Figure 8. Calibration of oscillation amplitude in a DN15 COBC at various setup lengths. Graph (left) illustrating a decrease in amplitude as the
number of straights in the COBC system is increased (ﬁxed frequency of 3 Hz) and a graph (right) illustrating the achieved amplitude with
increased frequency (measured in a ﬁxed setup of 12 COBC straights).

be advantageous in situations where more intense mixing is
required, at the start of the process, to induce nucleation
readily. Oscillation damping may also have application in the
control of shear-sensitive systems, as a reduction in shear, due
to reduced mixing intensity, along the length of the system
could minimize the formation of ﬁnes. Conversely, oscillation
dampening could also be problematic as more intense mixing
may be needed to suspend the crystals as they grow to larger
sizes. In such a situation, this damping eﬀect would be
unfavorable. A greater understanding of the change in mixing
intensity along the tubular crystallizer is required to permit
accurate control over critical process parameters. These
observations also highlight the need to develop better
engineering solutions for the oscillation control. Options
include operating the system with a double-acting piston unit
and operating several COBCs in series to ensure control and
suﬃcient oscillation intensity at the end of the COBC system.
The results presented here assume that no oscillation damping
occurs.
3.3. Heat Transfer Coeﬃcients and Temperature
Proﬁle Modeling. To assess solution temperature proﬁles
along the crystallizer length, a series of experiments were
carried out and the temperature data were acquired with
respect to the COBC length. Representative experimental
temperature data for a subset of single-oscillation and doubleoscillation experiments can be found in Figure 9. The overall
heat transfer coeﬃcients (U) were calculated from the
experimental temperature data using eq 6. Only U values
which fulﬁlled two criteria were included in the ﬁnal data set.
The ﬁrst criterion was that the solution must be cooled by at
least 1 °C in the corresponding experiment. This criterion was
imposed to minimize the inﬂuence of the error in the
experimental temperature measurements. The second criterion
was that for each set of conditions (oscillation setup, solution
mass ﬂow rate, and jacket mass ﬂow rate), the U value must lay
within 1.75 standard deviations of the mean U value. This
criterion was imposed to remove statistical outliers. The ﬁnal
overall heat transfer coeﬃcient data set is plotted with respect
to the jacket mass ﬂow rate in Figure 10.
For both the single- and double-oscillation setups,
experimental temperature proﬁles and the overall heat transfer
coeﬃcients demonstrate that increasing the ratio of the jacket
mass ﬂow rate to the solution mass ﬂow rate results in the
solution cooling at a faster rate, as expected. Furthermore, the
double-oscillation setup results in the solution cooling at a
faster rate than the single-oscillation setup. This is also to be

Figure 9. Representative experimental temperature data for a subset
of single-oscillation and double-oscillation experiments. The data have
been connected by lines as a guide only (lines do not represent the
actual proﬁle).

Figure 10. Overall heat transfer coeﬃcients in a DN15 COBC. Graph
showing overall heat transfer coeﬃcients with respect to the jacket
mass ﬂow rate with and without oscillation of the shell ﬂuid.

expected as the oscillation of the shell ﬂuid increases the
mixing within the shell, thus facilitating heat exchange.
In order to assess the accuracy of the overall heat transfer
coeﬃcients and the validity of the temperature proﬁle model,
G
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Figure 11. Experimental data points with modeled temperature proﬁles. (A) SO50/2700, (B) SO200/2700, (C) SO50/50, and (D) SO
200/200.

experimental responses were compared to model predictions.
Figure 11 shows an example of this over four experiments,
SO50/2700, SO200/2700, SO50/50, and SO200/
200. This example utilized level 2 of the temperature proﬁle
model (full details are given in the Supporting Information)
which assumes that although the jacket temperature varies,
there are no heat losses from the jacket to the surrounding air.
It can be noted that the modeled temperature proﬁles are a
good ﬁt to the experimental temperature data points for the
high-jacket mass ﬂow rate experiments (Figure 11A,B).
However, when a low jacket mass ﬂow rate is used, predicted
and measured responses become less similar (Figure 11C,D).
These results suggest that at high jacket mass ﬂow rates, the
jacket is suﬃciently mixed, whereas at lower jacket ﬂow rates,
the mixing within the shell becomes less eﬃcient. This
hypothesis was tested with the full results being shown in
Section 3.4.
3.4. Cooling Jacket Flow Separation. To assess the
hypothesis that mixing within the jacket shell is insuﬃcient for
good heat exchange at low jacket ﬂow rates, an experiment was
designed where temperatures were monitored at the top and
bottom of the cooling jacket during a continuous cooling
experiment. Here, the solution mass ﬂow rate was kept
constant at 169 g/min, while the jacket mass ﬂow rate was
lowered from 1702 to 77 g/min in a stepwise fashion (in order
to measure the diﬀerence in temperature between the top and
bottom of the jacket for each ﬂow ratio). A single-oscillation
setup with oscillation conditions of 1 Hz and 30 mm was used.
Figure 12 shows the results obtained to assess mixing within
the shell. Here, higher jacket mass ﬂow rates (542−1702 g/
min) show a negligible temperature diﬀerence between the top

Figure 12. Jacket mixing test. Graph showing the temperature on the
top and bottom of a straight at various jacket mass ﬂow rates with a
constant solution mass ﬂow rate of 169 g/min.

and bottom of the jacket. However, when the jacket mass ﬂow
rate lowers to 309 g/min, the temperature diﬀerence between
the top and bottom of the jacket increases to ca. 5 °C. This
temperature diﬀerence further increases to ca. 11 °C when the
jacket mass ﬂow rate lowers to 77 g/min. These results
therefore illustrate ﬂow separation within the shell. The top of
the jacket is signiﬁcantly warmer than the bottom, indicating a
lower ﬂow rate at the top of the shell when compared to the
bottom. Therefore, the mixing in the jacket becomes poor for
low ratios of the jacket mass ﬂow rate to solution mass ﬂow
H
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Figure 13. (A) Calculated temperature proﬁles and (B) calculated supersaturation proﬁles corresponding to three diﬀerent overall heat transfer
coeﬃcients (see Table 2).

avoiding the fouling threshold, but there would be cooling
jacket ﬂow separation (see Section 3.4), so nonuniform cooling
alongside the inner tube circumference would occur without
further equipment modiﬁcation. Therefore, a much slower heat
transfer rate corresponding to air cooling would be more
appropriate to control continuous seeded cooling crystallization under the plug ﬂow conditions examined here.
In the case of unseeded crystallization, there would be even
larger supersaturation spikes as those shown in Figure 13B, and
there is a clear issue with a potential fouling risk. For the case
of seeded crystallization considered here, it would be possible
to increase seed loading to manage local supersaturation
spikes. However, seed loading is typically constrained by the
target crystal size distribution required and thus not necessarily
adjustable to the extent that may be required to alleviate
abruptly steep temperature proﬁles alongside cooling crystallizer sections.
There is a wider point to be made, although it may seem
somewhat counterintuitive, that it is not necessarily good to
have high heat transfer coeﬃcients for plug ﬂow cooling
crystallizer units. This is because cooling crystallizers generally
require gradual, well-controlled temperature proﬁles. In order
to achieve such proﬁles within individual cocurrent or countercurrent cooling sections, such as those used in COBCs
investigated here, smaller heat transfer coeﬃcients are
desirable. Otherwise, the inlet stream temperature exponentially decreases toward the outlet temperature within a fraction
of the cooling section length and the rest of it is at a nearly
constant temperature (Figure 13A), leading to an unfavorable
temperature proﬁle across the section. Alternatively, very small
diﬀerences in inlet and outlet temperatures would be needed
for higher heat transfer coeﬃcients, leading to very small
temperature changes in each section, which would require a
large number of sections, which becomes rather impractical.
Instead of high heat transfer coeﬃcients as such, what is
needed is to be able to access a suitable range of heat transfer
coeﬃcient values depending on the number of cooling sections
and residence time required. To summarize, in order to control
supersaturation proﬁles and mitigate potential fouling along a
continuous plug ﬂow seeded cooling crystallizer, a much wider
range of overall heat transfer coeﬃcients may be needed than
that provided by the platform investigated here.
In general, it is desirable to move away from inducing a stepchange cooling proﬁle in continuous plug ﬂow cooling

rate, which causes the inaccuracy of the temperature proﬁle
model under these conditions.
3.5. Eﬀects of Rapid Heat Transfer on Temperature
and Supersaturation Proﬁles. The temperature and
supersaturation proﬁles obtained by using three diﬀerent
overall heat transfer coeﬃcients were calculated using the heat
transfer model and the seeded cooling crystallization model
and are shown in Figure 13. The smallest value of the overall
heat transfer coeﬃcient would be the result of utilizing air
cooling, the median value, the result of utilizing a low ﬂow rate
of cooling water, and the largest value, the result of utilizing a
high ﬂow rate of cooling water. For these modeled experiments, the values of the key constants, in addition to the three
overall heat transfer coeﬃcients, can be found in Table 2.
Table 2. Values of the Key Constants and Overall Heat
Transfer Coeﬃcients Used in the Calculation of the
Temperature and Supersaturation Proﬁles
constant

symbol (unit)

value

growth rate constant
growth order
seed loading
initial diameter of seeds
overall heat transfer coeﬃcient (1)
overall heat transfer coeﬃcient (2)
overall heat transfer coeﬃcient (3)

kg (m s−1)
n (−)
mx0 (wt %)
d (μm)
U1 (W/m2 K)
U2 (W/m2 K)
U3 (W/m2 K)

1 × 10−6
1.5
1
20
25
100
400

The plots in Figure 13 show that the magnitude of the
overall heat transfer coeﬃcient has a profound eﬀect on the
temperature and supersaturation proﬁles during a seeded
cooling crystallization process. Considering the results from a
previous study on the seeded cooling crystallization of
paracetamol,45 the typical fouling threshold at glass surfaces
would be around 1.75. Using this threshold, fouling can be
expected within the ﬁrst few tens of centimeters of the
crystallizer when using a high ﬂow rate of cooling water
(overall heat transfer coeﬃcient of 400 W/m2 K) where the
heat transfer is most eﬃcient (see the green line in Figure 13
B). Furthermore, there would be little residual supersaturation
left after the ﬁrst meter of the crystallizer length, and therefore,
the corresponding volume would not be eﬃciently utilized.
The case of the low ﬂow rate of cooling water (overall heat
transfer coeﬃcient of 100 W/m2 K) would be more favorable,
I
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at the warm top. Using the heat transfer model and a
theoretical case study of the seeded cooling crystallization of
paracetamol, we showed that a wide range of overall heat
transfer coeﬃcients need to be accessible in order to control
temperature and supersaturation proﬁles and avoid potential
fouling along a continuous plug ﬂow cooling crystallizer.

crystallization and allow for the control of an optimal cooling
proﬁle, for example, linear or parabolic, along the entire
crystallizer length. This would make it more amenable for
delivering the desired supersaturation proﬁle required for wellcontrolled crystallization. One possible approach is to use air
cooling in the DN15 COBC, in which the case study would
result in a smoother temperature proﬁle. Air cooling has been
used for continuous crystallization processes in other tubular
devices,46 resulting in more linear temperature proﬁles, which
demonstrates that this cooling method could be successfully
implemented. Another approach for avoiding step-change
cooling has been demonstrated by the Cambridge Reactor
Design Rattlesnake multioriﬁce COBC which has four zones
with a double-shell heat exchanger47 that enables smoother
temperature proﬁles to be delivered across the entire
crystallizer length.
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4. CONCLUSIONS
DN15 COBC achieves low axial dispersion and operates with
near-plug ﬂow under a wide range of operating conditions.
Variations in operating conditions (Reo and Ren) result in
signiﬁcant changes to axial dispersion. Increasing Reo and the
velocity ratio results in a power-law increase in axial dispersion
coeﬃcients. Nevertheless, there is a wide operating window in
which reasonable plug ﬂow conditions can be achieved and, as
such, the platform has good potential to support plug ﬂowbased processes. This study also provides the demonstration of
the signiﬁcant oscillation damping that occurs over extended
lengths of a COBC system, which is the phenomenon that
needs to be accounted for when designing crystallization
processes.
This work characterized the heat transfer performance of a
DN15 COBC through the determination of the overall heat
transfer coeﬃcients over a range of ﬂow and oscillation
conditions. Based on this, a heat transfer model has been
implemented, which accurately predicts the temperature proﬁle
across individual COBC straights. The ability to accurately
model the temperature proﬁle in the COBC is crucial for the
design and control of a continuous plug ﬂow cooling
crystallization as the resulting crystal properties are directly
inﬂuenced by the supersaturation proﬁle along the crystallizer,
while the fouling threshold should be avoided along the whole
crystallizer length. Heat transfer has been quantiﬁed within the
DN15 COBC with overall heat transfer coeﬃcients over
jacketed straights and unjacketed bends being shown to be in
the range of 150−500 (water cooled) and 10−50 (air cooled)
W/m2 K, respectively.
In addition to characterizing heat transfer performance, this
work has identiﬁed the limitations of the current cooling
system of the COBC platform investigated. First, the COBC is
typically operated with a very high ﬂow rate in the cooling
jacket, which results in the rapid cooling of the crystallization
solution and may result in unfavorable temperature proﬁles
where the temperature very quickly decays over a short length,
leading to a poorly controlled crystallization process and
potential crystallizer fouling. In an eﬀort to obtain a more
gradual cooling process, the mass ﬂow rate in the jacket was
substantially lowered. Although this approach did produce a
smoother temperature proﬁle, it resulted in poor mixing
throughout the jacket. Poor mixing in the jacket is a major
issue as it may result in a large temperature diﬀerence between
the top and bottom of the straights in the COBC, which could
result in fouling at the cold bottom and/or crystal dissolution

■

AUTHOR INFORMATION

Corresponding Authors

Jan Sefcik − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Department of Chemical and Process Engineering,
University of Strathclyde, Glasgow G1 1XJ, U.K.;
Phone: +44 (0)141 548 2410; Email: jan.sefcik@
strath.ac.uk
Alastair J. Florence − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Strathclyde Institute of Pharmacy and Biomedical
Sciences, University of Strathclyde, Glasgow G4 0RE, U.K.;
orcid.org/0000-0002-9706-8364; Phone: +44 (0)141
548 4877; Email: alastair.ﬂorence@strath.ac.uk

Authors

Naomi E. B. Briggs − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Strathclyde Institute of Pharmacy and Biomedical
Sciences, University of Strathclyde, Glasgow G4 0RE, U.K.
John McGinty − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Department of Chemical and Process Engineering,
University of Strathclyde, Glasgow G1 1XJ, U.K.;
orcid.org/0000-0002-8166-7266
Callum McCabe − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Department of Chemical and Process Engineering,
University of Strathclyde, Glasgow G1 1XJ, U.K.
Vishal Raval − EPSRC Continuous Manufacturing and
Advanced Crystallisation Future Manufacturing Research
Hub, Strathclyde Institute of Pharmacy and Biomedical
Sciences, University of Strathclyde, Glasgow G4 0RE, U.K.
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02215

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We would like to acknowledge funding from the Scottish
Funding Council SPIRIT award, EPSRC Centre for Innovative
J

https://doi.org/10.1021/acsomega.1c02215
ACS Omega XXXX, XXX, XXX−XXX

ACS Omega

http://pubs.acs.org/journal/acsodf

Oscillatory Baffled Crystallizer. Org. Process Res. Dev. 2009, 13, 1357−
1363.
(18) Zhao, L.; Raval, V.; Briggs, N. E. B.; Bhardwaj, R. M.; McGlone,
T.; Oswald, I. D. H.; Florence, A. J. From discovery to scale-up: alphalipoic acid : nicotinamide co-crystals in a continuous oscillatory
baffled crystalliser. CrystEngComm 2014, 16, 5769−5780.
(19) Briggs, N. E. B.; Schacht, U.; Raval, V.; McGlone, T.; Sefcik, J.;
Florence, A. J. Seeded Crystallization of beta-L-Glutamic Acid in a
Continuous Oscillatory Baffled Crystallizer. Org. Process Res. Dev.
2015, 19, 1903−1911.
(20) Agnew, L. R.; McGlone, T.; Wheatcroft, H. P.; Robertson, A.;
Parsons, A. R.; Wilson, C. C. Continuous Crystallization of
Paracetamol (Acetaminophen) Form II: Selective Access to a
Metastable Solid Form. Cryst. Growth Des. 2017, 17, 2418−2427.
(21) Ni, X. W. Unwrapping the myth about plug flow. Chem. Eng.
2006, 26−28.
(22) Onyemelukwe, I. I.; Benyahia, B.; Reis, N. M.; Nagy, Z. K.;
Rielly, C. D. The heat transfer characteristics of a mesoscale
continuous oscillatory flow crystalliser with smooth periodic
constrictions. Int. J. Heat Mass Transfer 2018, 123, 1109−1119.
(23) Onyemelukwe, I. I.; Nagy, Z. K.; Rielly, C. D. Solid-liquid axial
dispersion performance of a mesoscale continuous oscillatory flow
crystalliser with smooth periodic constrictions using a non-invasive
dual backlit imaging technique. Chem. Eng. J. 2020, 382, 14.
(24) Egedy, A.; Oliva, J. A.; Szilágyi, B.; Nagy, Z. K. Experimental
analysis and compartmental modeling of the residence time
distribution in DN6 and DN15 continuous oscillatory baffled
crystallizer (COBC) systems. Chem. Eng. Res. Des. 2020, 161, 322−
331.
(25) Oliva, J. A.; Pal, K.; Barton, A.; Firth, P.; Nagy, Z. K.
Experimental investigation of the effect of scale-up on mixing
efficiency in oscillatory flow baffled reactors (OFBR) using principal
component based image analysis as a novel noninvasive residence
time distribution measurement approach. Chem. Eng. J. 2018, 351,
498−505.
(26) Slavnic, D. S.; Zivkovic, L. V.; Bjelic, A. V.; Bugarski, B. M.;
Nikacevic, N. M. Residence time distribution and Peclet number
correlation for continuous oscillatory flow reactors. J. Chem. Technol.
Biotechnol. 2017, 92, 2178−2188.
(27) Kacker, R.; Regensburg, S. I.; Kramer, H. J. M. Residence time
distribution of dispersed liquid and solid phase in a continuous
oscillatory flow baffled crystallizer. Chem. Eng. J. 2017, 317, 413−423.
(28) Ahmed, S. M. R.; Law, R.; Phan, A. N.; Harvey, A. P. Thermal
performance of meso-scale oscillatory baffled reactors. Chem. Eng.
Process. 2018, 132, 25−33.
(29) Ni, X.; Pereira, N. E. Parameters affecting fluid dispersion in a
continuous oscillatory baffled tube. AIChE J. 2000, 46, 37−45.
(30) Stonestreet, P.; Van der Veeken, P. M. J. The effects of
oscillatory flow and bulk flow components on residence time
distribution in baffled tube reactors. Chem. Eng. Res. Des. 1999, 77,
671−684.
(31) Zheng, M.; Mackley, M. The axial dispersion performance of an
oscillatory flow meso-reactor with relevance to continuous flow
operation. Chem. Eng. Sci. 2008, 63, 1788−1799.
(32) Reis, N.; Vincente, A. A.; Teixeira, J. A.; Mackley, M. R.
Residence times and mixing of a novel continuous oscillatory flow
screening reactor. Chem. Eng. Sci. 2004, 59, 4967−4974.
(33) Ni, X. A study of fluid dispersion in oscillatory flow-through a
baffled tube. J. Chem. Technol. Biotechnol. 1995, 64, 165−174.
(34) Mackley, M. R.; Ni, X. Mixing and dispersion in a baffled tube
for steady laminar and pulsatile flow. Chem. Eng. Sci. 1991, 46, 3139−
3151.
(35) Dickens, A. W.; Mackley, M. R.; Williams, H. R. Experimental
residence time distribution measurements for unsteady-flow in baffled
tubes. Chem. Eng. Sci. 1989, 44, 1471−1479.
(36) Howes, T.; Mackley, M. R. Experimental axial-dispersion for
oscillatory flow through a baffled tube. Chem. Eng. Sci. 1990, 45,
1349−1358.

Manufacturing in Continuous Manufacturing and Crystallization (grant reference: EP/I033459/1), and EPSRC Continuous Manufacturing and Advanced Crystallization Future
Manufacturing Research Hub (grant reference: EP/P006965/
1).

■

Article

REFERENCES

(1) Baxendale, I. R.; Braatz, R. D.; Hodnett, B. K.; Jensen, K. F.;
Johnson, M. D.; Sharratt, P.; Sherlock, J.-P.; Florence, A. J. Achieving
Continuous Manufacturing: Technologies and Approaches for
Synthesis, Workup, and Isolation of Drug Substance May 20-21,
2014 Continuous Manufacturing Symposium. J. Pharm. Sci. 2015,
104, 781−791.
(2) Hofmann, G.; Melches, C. Continuous Crystallization. In
Crystallization: Basic Concepts and Industrial Applications; Wiley-VCH:
Weinheim, 2013; Chapter 11, pp 203−233. DOI: 10.1002/
9783527650323.ch11
(3) Ferguson, S.; Morris, G.; Hao, H.; Barrett, M.; Glennon, B.
Characterization of the anti-solvent batch, plug flow and MSMPR
crystallization of benzoic acid. Chem. Eng. Sci. 2013, 104, 44−54.
(4) Eder, R. J. P.; Schmitt, E. K.; Grill, J.; Radl, S.; Gruber-Woelfler,
H.; Khinast, J. G. Seed loading effects on the mean crystal size of
acetylsalicylic acid in a continuous-flow crystallization device. Cryst.
Res. Technol. 2011, 46, 227−237.
(5) Alvarez, A. J.; Myerson, A. S. Continuous Plug Flow
Crystallization of Pharmaceutical Compounds. Cryst. Growth Des.
2010, 10, 2219−2228.
(6) Svoboda, V.; MacFhionnghaile, P.; McGinty, J.; Connor, L. E.;
Oswald, I. D. H.; Sefcik, J. Continuous Cocrystallization of Benzoic
Acid and Isonicotinamide by Mixing-Induced Supersaturation:
Exploring Opportunities between Reactive and Antisolvent Crystallization Concepts. Cryst. Growth Des. 2017, 17, 1902−1909.
(7) MacFhionnghaile, P.; Svoboda, V.; McGinty, J.; Nordon, A.;
Sefcik, J. Crystallization Diagram for Antisolvent Crystallization of
Lactose: Using Design of Experiments To Investigate Continuous
Mixing-Induced Supersaturation. Cryst. Growth Des. 2017, 17, 2611−
2621.
(8) Vacassy, R.; Lemaître, J.; Hofmann, H.; Gerlings, J. H. Calcium
carbonate precipitation using new segmented flow tubular reactor.
AIChE J. 2000, 46, 1241−1252.
(9) McGinty, J.; Chong, M. W. S.; Manson, A.; Brown, C. J.;
Nordon, A.; Sefcik, J. Effect of Process Conditions on Particle Size
and Shape in Continuous Antisolvent Crystallisation of Lovastatin.
Crystals 2020, 10, 17.
(10) Plumb, K. Continuous processing in the pharmaceutical
industry - Changing the mind set. Chem. Eng. Res. Des. 2005, 83,
730−738.
(11) Calabrese, G. S.; Pissavini, S. From Batch to Continuous Flow
Processing in Chemicals Manufacturing. AIChE J. 2011, 57, 828−834.
(12) Anderson, N. G. Practical use of continuous processing in
developing and scaling up laboratory processes. Org. Process Res. Dev.
2001, 5, 613−621.
(13) Mullin, J. Crystallization, 4th ed.; Butterworth-Heinemann:
Oxford, U.K., 2001.
(14) McGinty, J.; Yazdanpanah, N.; Price, C.; ter Horst, J. H.; Sefcik,
J. Nucleation and Crystal Growth in Continuous Crystallization. In
The Handbook of Continuous Crystallization; The Royal Society of
Chemistry: London, 2020; Chapter 1, pp 1−50.
(15) McGlone, T.; Briggs, N. E. B.; Clark, C. A.; Brown, C. J.; Sefcik,
J.; Florence, A. J. Oscillatory Flow Reactors (OFRs) for Continuous
Manufacturing and Crystallization. Org. Process Res. Dev. 2015, 19,
1186−1202.
(16) McDonough, J. R.; Phan, A. N.; Harvey, A. P. Rapid process
development using oscillatory baffled mesoreactors - A state-of-the-art
review. Chem. Eng. J. 2015, 265, 110−121.
(17) Lawton, S.; Steele, G.; Shering, P.; Zhao, L.; Laird, I.; Ni, X.-W.
Continuous Crystallization of Pharmaceuticals Using a Continuous
K

https://doi.org/10.1021/acsomega.1c02215
ACS Omega XXXX, XXX, XXX−XXX

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

(37) Mackley, M. R.; Ni, X. Experimental fluid dispersion
measurements in periodic baffled tube arrays. Chem. Eng. Sci. 1993,
48, 3293−3305.
(38) Ni, X. Residence time distribution measurements in a pulsed
baffled tube bundle. J. Chem. Technol. Biotechnol. 1994, 59, 213−221.
(39) Mackley, M. R.; Stonestreet, P.; Roberts, E. P. L.; Ni, X.
Residence time distribution enhancement in reactors using oscillatory
flow. Chem. Eng. Res. Des. 1996, 74, 541−545.
(40) Fitch, A. W.; Ni, X. On the determination of axial dispersion
coefficient in a batch oscillatory baffled column using laser induced
fluorescence. Chem. Eng. J. 2003, 92, 243−253.
(41) Mackley, M. R.; Stonestreet, P. Heat-transfer and associated
energy-dissipation for oscillatory flow in baffled tubes. Chem. Eng. Sci.
1995, 50, 2211−2224.
(42) Sobey, I. J. Flow through furrowed channels .1. Calculated flow
patterns. J. Fluid Mech. 1980, 96, 1−26.
(43) Sobey, I. J. Oscillatory flows at intermediate Strouhal number in
asymmetric channels. J. Fluid Mech. 1982, 125, 359−373.
(44) Tachtatzis, C.; Sheridan, R.; Michie, C.; Atkinson, R. C.;
Cleary, A.; Dziewierz, J.; Andonovic, I.; Briggs, N. E. B.; Florence, A.
J.; Sefcik, J. Image-based monitoring for early detection of fouling in
crystallisation processes. Chem. Eng. Sci. 2015, 133, 82−90.
(45) Brown, C. J.; McGlone, T.; Yerdelen, S.; Srirambhatla, V.;
Mabbott, F.; Gurung, R.; Briuglia, M. L.; Ahmed, B.; Polyzois, H.;
McGinty, J.; Perciballi, F.; Fysikopoulos, D.; MacFhionnghaile, P.;
Siddique, H.; Raval, V.; Harrington, T. S.; Vassileiou, A. D.;
Robertson, M.; Prasad, E.; Johnston, A.; Johnston, B.; Nordon, A.;
Srai, J. S.; Halbert, G.; ter Horst, J. H.; Price, C. J.; Rielly, C. D.;
Sefcik, J.; Florence, A. J. Enabling precision manufacturing of active
pharmaceutical ingredients: workflow for seeded cooling continuous
crystallisations. Mol. Syst. Des. Eng. 2018, 3, 518−549.
(46) Hohmann, L.; Gorny, R.; Klaas, O.; Ahlert, J.; Wohlgemuth, K.;
Kockmann, N. Design of a Continuous Tubular Cooling Crystallizer
for Process Development on Lab-Scale. Chem. Eng. Technol. 2016, 39,
1268−1280.
(47) Siddique, H.; Brown, C. J.; Houson, I.; Florence, A. J.
Establishment of a Continuous Sonocrystallization Process for
Lactose in an Oscillatory Baffled Crystallizer. Org. Process Res. Dev.
2015, 19, 1871−1881.

L

https://doi.org/10.1021/acsomega.1c02215
ACS Omega XXXX, XXX, XXX−XXX

