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Abstract
Nucleation in continuously operated capillary coiled cooling crystallizers is experimentally investigated under the influence of
ultrasound. It was found that there is no sharp boundary but rather a transition zone for nucleation under sonication. For this
purpose, a tube with an inner diameter of 1.6 mm and a length of 6 m was winded in a coiled flow inverter (CFI) design and
immersed into a cooled ultrasonic bath (37 kHz). The CFI design was chosen for improved radial mixing and narrow residence
time distribution, which is also investigated. Amino acid L-alanine dissolved in deionized water is employed in a supersaturation
range of 1.10 to 1.46 under quiet and sonicated conditions. Nucleation is non-invasive detected using a flow cell equipped with a
microscope and camera.

Keywords Coiled flow inverter . Continuous nucleation . Cooling crystallization . Minichannel . Capillary flow . Non-invasive
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Introduction

The continuous operation of small-scale equipment is of ut-
most importance for accelerated process development [1–4]. It
is not necessary to switch the operation mode from small scale
batch to the continuous production of bigger quantities,
smallest quantities can already be continuously produced,
and similar equipment concepts can be transferred more easily
to larger scales [5]. Furthermore, the continuous mode has
advantages, such as smaller hold-ups, higher product repro-
ducibility, and space-time-yield [1, 2, 5, 6].

For continuous operation in crystallization, many aspects
have to be considered. Clogging should be avoided, while a
narrow crystal size distribution (CSD) is targeted to simplify
and minimize post-crystallization operations [7, 8]. In addi-
tion, high yield, high purity, and specific particle morphology
are often required for sufficient product quality. To avoid the
preparation of seed crystals some concepts have already been
developed to integrate the nucleation into the crystallization
process [9–14].

The concept of continuous nucleation by sonication at con-
tinuous flow with good mixing caused by the coiled flow
inverter (CFI) design is evaluated in more detail in this con-
tribution. Themain goal here is to design an apparatus concept
that allows for the non-invasive observation of nucleation due
to sonication. In the long term, this forms a database which
will enable a suitable operation for the production of continu-
ous seed crystals.

Mechanisms of sonocrystallization in solution

The application of ultrasound for process intensification is a
frequently used and increasingly popular tool [15, 16].
Ultrasound is defined as sound waves in a frequency range
of 16 kHz to 500 MHz [17]. For the transmission of these
waves a medium, for example water, is always required
[18]. It is assumed that two phenomena occur simultaneously
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but can vary strongly depending on the conditions. On the one
hand, ultrasound can cause increased molecular movement in
the fluid, which can lead to an increase in the mass transfer as
well as increased mixing [19]. On the other hand, acoustic
cavitation bubbles are generated by the impact of ultrasound
[20]. A detailed description of cavitation bubble formation is
given in [21–23]. These cavitation bubbles collapse almost
immediately after they are formed [16, 23], which leads to
local maxima in temperature, while pressure hotspots occur
during this process [21]. Several theories describe the mecha-
nism of nucleation by cavitation, but “there is still no consen-
sus on the fundamental mechanism of ultrasound action on the
crystallization process” [16]. The possible processes that are
probably influenced by ultrasound during the crystallization
process are briefly described here and more detail on the pro-
cesses can be found in [16].

Concerning the primary homogeneous nucleation, it is dif-
ficult to observe it because there can always be the smallest
impurities in the system, which would mean heterogonous
nucleation was detected. A presumed mechanism for homog-
enous nucleation is the “segregation theory”, where it is as-
sumed that crystal clusters are formed under the effect of an
acoustic pressure gradient until they result in a larger crystal
[16, 24–26]. Other studies show that the acoustic irradiation
leads to overcoming of the critical growth energy [16, 27–29].
Most authors postulate that heterogeneous primary nucleation
by sonication is present instead of homogeneous primary nu-
cleation. It is assumed that the reactor surface and smallest
impurities can reduce the surface energy barrier [16, 30].
Additionally, dissolved gases in the liquid could act as cavi-
tation nuclei [19]. Therefore, degassing of the solution or fil-
tering can reduce cavitation bubble formation [16, 31].
Inversely, investigations on gassing crystallization have
shown that active gassing of a solution can lead to results
similar to those of sonocrystallization [32, 33].

The investigations on cavitation bubble formation using
sonochemiluminescence by Sarac et al. [34] showed bubble
formation solely using free interfaces generated by slug-flow.
A coiled perfluoroalkoxy alkane (PFA) tube with an inner
diameter of 0.8 mm was placed in an ultrasonic bath
(27.2 kHz) [34]. No cavitation bubble formation was observed
without the introduction of a gaseous phase [34].

Regarding secondary nucleation, it is assumed that ultra-
sound increases erosion, fracture, and abrasion, resulting in
the formation of new nucleation clusters [16, 35]. This in-
crease is due to better mixing by ultrasound, which inter alia
increases the possibility of crystal collision. However, the
same mixing effects produced with ultrasound may not pro-
duce the same results as mechanical mixing [16, 30, 36, 37].
During crystal growth and agglomeration or fracture, the
mechanisms “sonofragmentation, sono-deagglomeration and
sonoagglomeration” can be observed, a more detailed descrip-
tion can be found in Nalesso et al. [16]. Different types of

fragmentations occur for transient and stable cavitation [38].
With the distinction between transient and stable cavitation,
the transient cavitation was observed at 30 kHz and from
41 kHz to 1.14 MHz there is a rather stable cavitation [16].
The collapse intensity of cavitation as well as the active bub-
ble size and its distribution depend on the ultrasound frequen-
cy, the energy, and the solution itself [16]. Additionally, it has
already been found as rule-of-thumb 35 W∙L− 1 (for most sol-
vents operating at room temperature) [15] must be present for
cavitation bubbles to form [17, 19].

Influence parameters of sonocrystallization

Parameters that can be varied and adjusted from the external
environment are the ultrasonic hardware, the frequency, the
ultrasound exposure, the energy input, and the supersaturation.
Depending on these parameters the induction time, the meta
stable zone width (MZW), the nucleation rate, the polymor-
phism, the yield, the crystal size, and its distribution can be
influenced. The different ultrasonic system types are ultrasonic
baths, which were originally manufactured for equipment
cleaning, probe (horn) systems, and planar transducers [17,
21]. The most important advantage of the ultrasonic horn and
plate is that the ultrasound can be induced more effectively and
with a better focus [12, 39]. The main advantage of the ultra-
sonic bath is that it is standard laboratory equipment, which is
often already available and has not to be purchased separately.

The frequency is an important setting for sonocrystallization
because it can affect the bubble dynamics [21, 40], which can
affect the crystallization, too. The MZW could be reduced in
comparison to silent conditions for different frequencies (range
of 41–1140 kHz) with constant calorimetric power [41]. The
higher the used frequency, the less the MZW could be reduced
[41]. If the applied frequency is decreased the formed crystals
become smaller [42]. Nevertheless, Kim and Suslick point out
that “the number of cavitating bubbles is not controllable, and
so it is exceedingly difficult to compare different frequencies
due to changes in the number of cavitating bubbles, which are
highly dependent on the specific apparatus used” [21]. Besides
the frequency, the intensity is an often-used setting for
sonocrystallization investigations. In general, it was determined
that crystals become smaller with increasing US intensity [21].

Since in this work an ultrasonic bath was used that has
frequency and intensity pre-set, the settings which are more
independently adjustable will be discussed. This includes for
example the acoustic irradiation time. It was found that with
increasing sonication time the crystal sizes decrease and be-
come more uniform [21, 43, 44].

The energy input is another important setting that should
always be taken into account when consider ing
sonocrystallization [17]. In most cases, this parameter results
from the design of equipment and the hardware used including
ultrasound intensity and frequency. However, it can also be set

J Flow Chem



constant to explicitly exclude this influence [41]. Miyasaka
et al. and Kurotani et al. explicitly investigated the influence
of the input calorimetric energy in connection with primary
nucleation [27, 29]. The calorimetric energyPcal is determined
according to Eq. (1) by recording the temperature T change in
the medium as a function of time t and by multiplying the heat
capacity cp of the fluid and the heated mass m.

Pcal ¼ dT
dt

cpm ð1Þ

For two amino acids, for example, it was found that there is a
local maximum for induction time depending on the ultrasound
energy, which in turn is dependent on the degree of supersatura-
tion and the model system used [27]. The supersaturation itself is
also an externally adjustable influencing setting. Jordens et al.
showed that the greater the supersaturation, the smaller the crys-
tals become, whereby an asymptote was detected from supersat-
uration of 1.56 [42]. Target parameters that are influenced by
ultrasound are induction time, the MZW, the nucleation rate,
the polymorphism, yield, particle size, and its distribution along
with other interactions generated by ultrasonic irradiation [16].

Ultrasonic irradiation affects the induction time not only
for anti-solvent crystallization [44, 45] but also for cooling
crystallization [27, 46] and usually shortens the induction time
probably due to the better micro-scale mixing and the turbu-
lent flow generated by the acoustic cavitation [21].

The MZW also decreases under the influence of ultrasound
[41, 46, 47]. It was found that higher reduction of MZW was
achieved at low frequencies (41 kHz) [38]. The nucleation rate
is presumably increased because the critical excess free energy
is reduced, as the molecule is only surrounded by solution on
one side and is in contact with the cavitation bubble on the
other [21]. Secondary nucleation is also increased because
mixing is improved and the number of collisions is raised [21].

So far unknown is the effect on polymorphic forms by
sonication, it is just determined that ultrasound can affect the
polymorphic form [46, 48–50]. A further product-determining
factor is the yield, which can be higher with acoustic irradia-
tion because ultrasound reduces induction time so nucleation
begins earlier [51, 52]. The particle size and its distribution is a
very important quantity, also for further processing, so this is a
widely studied parameter [27, 40, 42, 43, 51, 53]. Besides,
other interactions can be influenced by ultrasound for example
interparticle collision, direct interaction between particles, and
shockwaves [21, 37].

Continuous sonocrystallization in capillaries

Since there are already some studies on nucleation by the
influence of ultrasound irradiation, the most important ones,
considering the setup featured in this work, are presented here.
Already in 2010, an Ultrasonic Oscillatory Baffled Reactor

was patented, which is equipped with an ultrasonic transducer
and designed with a continuous flow, mainly used for nucle-
ation [54].

Narducci et al. were among the first to design a continu-
ously (10–30 mLmin− 1) operated and with 20 kHz ultrasonic
processor sonicated stirred vessel (300 mL). In this study, the
influence of the duration of exposure, the achievement of the
steady-state, the crystal habitus, and the particle size distribu-
tion were already examined. They found out, that the particle
size under sonication resulted in smaller crystals [43].

Kudo and Takiyama [55] investigated the generation of
crystal nuclei for anti-solvent crystallization in segmented
flow in a metallic and a flexible tube (last one for connection),
each with an inner diameter of 2.4 mm. The metallic tube (L =
0.5 m) was coiled into a 42 kHz ultrasonic bath [55]. Themain
results were that monodispersed crystal size distribution
(CSD) was created [55]. Further investigations on ultrasonic
anti-solvent crystallization in milli structured equipment can
be found in [56, 57] from the van Gerven group.

At about the same time the research group of Gruber-
Woelfler worked on continuous cooling crystallization of
acetylsalicylic acid in ethanol using slug-flow and sonication
with a flow rate of 6 mL min− 1. The coiled polysiloxane tube
with an inner diameter of 2 mm and with 1.5 m length was
inserted into a 35 kHz ultrasonic bath. One point of investiga-
tion was the nearly constant CSD over the required time
(25 min). The segmented flow was implemented after the
nucleation section and it followed a coiled tubular crystallizer
at four different temperature stages. For the whole crystalliza-
tion process, different seed loadings were investigated with
their influence of a fine dissolution after the ultrasonic bath.
Furthermore, they analyzed the effect of different ratios of
seed-mass and the effect of ultrasound on the product crystals
itself. The authors could show that it is possible to design a
continuously seeded flow-through crystallizer with in-situ
seed generation from ultrasound resulting in a constant seed
quantity and quality [11].

A subsequent study, also by Khinast’s research group,
investigated the controllability of crystal size in the con-
tinuous tubular crystallizer. They used the same tubes
(di = 2 mm, polysiloxane) for the coiled crystallizer and
the same cool ing crys ta l l iza t ion model sys tem
(acetylsalicylic acid, ethanol). However, the seed genera-
tion via ultrasound was done in a round-bottom flask in
500 mL, which was embedded into the ultrasonic bath
(35 kHz). Here the supersaturation u was given and the
ultrasonic irradiation duration was 60–70 s. The feed so-
lution flow rate was 22 mL min− 1 and the seed suspen-
sion flow rate was 6 mL min− 1, these both flows were
mixed before entering the crystallization section (three
thermostat baths each with 5 m coiled tube). At the outlet,
the CSD was evaluated and the crystal size could be con-
trolled by varying the volume flow rate of the seeds. To
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avoid clogging, the crystallizer was rinsed with solvent
approximately every 10 minutes [13].

Nucleation experiments for different supersaturations in a
range from 1.12 to 1.81 were carried out in another milliscale
apparatus, a glass flow cell connected to a PFA tube (di =
5 mm), and a stirred vessel, here for the model system para-
cetamol in water. The ultrasonic source was an ultrasound
transducer (20 kHz), which was mounted on the glass flow
cell or on the stirring tank. The flow rate was selected to be
100 mL min− 1. With ultrasound, nuclei could be generated
already from supersaturation of 1.32, and under silent condi-
tion a supersaturation of 1.87 was necessary [42].

Rossi et al. [58] investigated non-invasive with a high-
speed microscope cooling sonocrystallization of adipic acid
in water in diverse supersaturations with a sonoprobe
(20 kHz). They used a straight process tube made of PFAwith
an inner diameter of 1 mm and investigated liquid-liquid slug-
flow with n-hexane as an inert carrier fluid with a flow rate of
0.3925 mL min− 1 [58].

Another research group has recently released a patent, it
comprises the inlet of a substance to be crystallized into a
tubular crystallizer which is sonicated (20 to 40 kHz) by an
ultrasonic source and includes a temperature control structure
for cooling the process fluid [59]. Studies on this patent were
made by Han et al. and Ezeanowi et al. [52, 60].

Han et al. use three ultrasonic baths (35 kHz) connected in
series and equipped with thermostats. In each ultrasonic bath,
a 12 m or 18 m coiled stainless-steel tube with an inner diam-
eter of 4 mm was inserted. Three different substance systems
namely potassium sulfate, copper sulfate, and phthalic acid
dissolved in water were examined for cooling crystallization.
The mass flow rate was 75 mL min− 1. The residence time
dependence, the cooling strategy, the influence of supersatu-
ration (1.2, 1.36, 1.54, 1.71, 1.77, and 1.9), and the acoustic
irradiation itself were investigated. No usable crystals could
be produced without sonication. Additionally, no nuclei were
formed at a supersaturation of 1.2, and the systemwas blocked
at a supersaturation of 1.9 [52].

Ezanowi et al. investigated a bigger version of the setup in
pilot scale with an inner diameter twice as large and approx-
imately equal length. They found out that with increasing
residence time the CSD decreased and that ultrasound
prevented pipe clogging [60].

In most of the studies, few information was provided on
how exactly the tube was coiled. In addition, the analysis was
usually carried out offline, for example by collecting the prod-
uct solution in a filter or by using a temperature-controlled
collecting-vessel, which both does not display the in-situ mo-
ment. In all the studies described, the analyses have been
carried out for selected supersaturations, but it has not been
investigated whether there is a transition or a precise boundary
from which nuclei are generated by ultrasound. To fill the
gaps addressed here, this work was performed. Under exact

choice and description of the winding type, which will be
described in more detail below, this and the associated flow
conditions are simply repeatable. The non-invasive and in-situ
analysis of the crystals by image analysis ensures that really
only crystals are produced in the apparatus and not in the
periphery. The investigations also close the gap that, until
now, crystallization investigations have only been studied
for selected supersaturations and not for a merging range.
This shows that due to the stochastic process of nucleation,
there is no clearly defined boundary between no crystal for-
mation and crystal formation. The choice for the continuous
mode of the experiments is not only the basis to construct a
seed crystal unit, but also takes advantage of the fact that many
individual batch experiments can be replaced by less contin-
uous runs.

Fluid dynamics in a coiled flow inverter

Many of the discussed research projects used a coiled pipe or
tube for the process flow. It is space-saving and the flow itself
exhibits good radial mixing. In capillaries, the velocities are
usually low with laminar flow, hence, in the macroscopic
view, there is low radial mixing in the flow of straight capil-
laries [61].

To create a macroscopic exchange in the flow, coiled tubes
are used, especially coiled flow inverters (CFI). They are con-
structed of helical segments with a minimum of three turns
and the segments are linked by 90° bends. The coiled structure
itself generates a centrifugal force on the flow, which causes
radial mixing, the so-called Dean vortices. Due to the 90°
bends the direction of the Dean vortices is changing so the
radial mixing is improved [62].

Many investigations about coiled tubes and CFIs have been
made, especially in characterizing the improved mixing and
the residence time, which could be narrowed by using a CFI
instead of a straight tube [62–67]. Some studies have used the
CFI design for precipitation [68, 69] or crystallization
[70–72].

The main key numbers used to describe a CFI are briefly
presented here. The Dean number Dn describes the intensity
of the Dean vortices formation (Eq. (2)). It is defined as
Reynolds number Re multiplied with the square root of the
ratio of the inner diameter di to the coil diameter dc.

Dn ¼ Re �
ffiffiffiffiffi
di
dc

s
ð2Þ

The Reynolds number is known as the ratio of inertia force
to frictional force (Eq. (3)) and described as mean velocity u
multiplied with liquid density ρl and characteristic length, here
the inner diameter, divided by the dynamic viscosity of the
liquid ηl [61].
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Re ¼ uρldi
ηl

ð3Þ

To ensure a narrow residence time distribution in a CFI,
various requirements must be fulfilled. The Dean number has
to be equal to or higher than three [73], the number of turns
has to be equal to or more than five [73], and the number of
bends has to be equal to or more than three [62]. Additionally,
the modified torsion number T*, see Eq. 4, has to be equal or
higher than 1000, where t is the helix pitch [63, 68].

T*¼ Re � �dc
ph

ð4Þ

If solids are present in the flow, it is important to avoid
clogging, a homogeneous suspension flow must be ensured,
and no particles should sediment. With an empirical correla-
tion based on the tube inner diameter, the mean particle size,
the particle mass fraction, the suspension flow rate, and the
pulsation characteristics (using a peristaltic pump), a homoge-
neous suspension flow could be proclaimed. To ensure homo-
geneous suspension flow, the critical Froude number Frd,crit,
which was developed as an empirical correlation, can be de-
termined to find out, which maximum mean particle size can
be transported homogeneously in the tube with a given solid
mass fraction. In Eq. (5), the empirical correlation for the
critical Froude number is given with model parameters for
the switch from moving sediment flow to homogeneous sus-
pension flow [74].

Frd;crit ¼ 0:252 � Re0:717 � 1–wsð Þ–4:564 ð5Þ

With the usual definition of the densimetric Froude number
(Eq. (6)), the maximum mean particle size x50 can be deter-
mined by converting Eq. (6). The necessary variables are the
Reynolds number, the used solid weight fraction ws, the mean
velocity of the process flow, the liquid density, the density
difference between the solid and the liquid phase Δρsl and
the acceleration of gravity g [74].

Frd ¼ u
2

x50;3g
� ρl
Δρsl

ð6Þ

Experimental section and methods

This contribution presents an experimental setup of a coiled
tube within an ultrasound bath with an adjacent measuring cell
below a microscope, which allows in-situ and non-invasive
observation of the nucleation. To evaluate the flow conditions
in the coiled tube, the residence time behavior is analyzed.
Nucleation experiments depending on supersaturation inves-
tigated whether there is a nucleation threshold or a transition
region. Also, particle size distribution, pressure loss, and the
time till clogging appears are examined and evaluated.

The CFI Design was chosen for its good mixing properties
and the low space consumption caused by the coiled tube. The
experimental design is described below. The small inner di-
ameter (di = 1.6 mm) for the process tube was selected due to
the need for a sufficiently high flow rate (around 16 g min− 1)
to guarantee a homogeneous suspension flow (for the chosen
model system and 1 w.% solid). Besides, preliminary tests for
this combination have already been carried out on a cooling
crystallizer [72], which in the future will also be connected to
the plant presented here.

After the description of the experimental setup, the analyt-
ical methods used are presented and the performance regard-
ing residence time measurements, nucleation experiments,
and calorimetric power is described. In this article, water al-
ways means deionized water.

Experimental set‐up

The structure of the plant is divided into three units (Fig. 1).
The first unit consists of the feed and pump unit (FPU), the
second is the ultrasonic unit (USU) and the third unit is the
product analysis unit (PAU). In keeping with the modular
concept, this structure would consist of three Process
Equipment Assemblies (PEAs), which could be used as a
single module [75].

The FPU consists of two double-jacketed glass storage
tanks with a filling volume of either 1 or 3.5 L. Here, the feed
solution and the solvent are prepared, for which they are
placed on magnetic stirring plates (MR 3001, Heidolph
Instruments GmbH und Co. KG, Germany). The storage tanks
each contain a triangular magnetic stirring rod (PTFE, 50 mm,
Bohlender GmbH, Germany). The tanks are temperature con-
trolled with a thermostat (CC304, Huber Kältemaschinenbau
AG, Germany) and they are connected in series (first the feed
storage, second the solution storage). The feed tank contains
the undersaturated L-alanine water solution, while the solution
tank is filled with water for temperature equilibration and
cleaning. The solution is pumped via a peristaltic pump
(LabDos Easy-Load, HiTec Zang GmbH, Germany), using a
Tygon® tube (inner diameter di 1.6 mm). To ensure that the
solution does not contain particles when it enters the process
tube, it is preceded by a filter frit (pore size III, ROBU
Glasfilter Geräte GmbH, Germany). The process tube is made
of fluorinated ethylene propylene (FEP) (Bohlender GmbH,
Germany) and has an inner diameter di of 1.6 mm. The FPU is
connected with a three-way connector for a pressure sensor
integrated to the third link (A-10, WIKA, Germany) to record
the pressure loss. The tube from the feed storage to the three-
way connector has a length of 1.6 m.

The process tube is coiled in CFI design on a grid basket,
which is available for the used ultrasonic bath. This can be
seen in Fig. 2 in the upper picture. The total length of the tube
is 6.01 m, including 0.19 m for the inlet and 0.22 m for the
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outlet. The inlet and outlet of the process tube are insulated
with polyethylene foam. The CFI winding on the grid is di-
vided into six segments with five turns each. The coil diameter
dc is 52 mm and the distance between the coils, the pitch, is
about 3.6 mm. The coiled tube on the grid basket is embedded
in the ultrasonic bath (Elmasonic S30H, Elma Schmidbauer
GmbH, Germany) filled with deionized water. The bath has a
filling volume of 2.75 L [76], whereas it is only filled with
2.19 L so that the coiled tube is always fully covered with
water. Moreover, the tube does not touch the ground or walls
of the ultrasonic bath. According to the manufacturer, the
ultrasonic bath has a frequency of 37 kHz, the total power
consumption is 280 W, while 80 W being the effective ultra-
sonic power [76]. To ensure a constant temperature in the
ultrasonic bath for the nucleation experiments, it is connected
to a cryostat (Pilot ONEministat 125, Huber Kältemaschinenbau
AG, Germany). The internal pump rate is set to 3000 rpm.

The process tube, which comes out of the USU, is con-
nected to a FEP tube (same inner diameter) of 0.76 m
length and leads to the PAU. The next part of the tube
(1.2 m) leads from the measuring cell (Fig. 2 bottom) into
the sampling tank. The section of the tubing located inside
the measuring flow cell has a length of 325 mm. The mea-
suring flow cell in combination with a microscope (Bresser
Science ADL 601P, Bresser GmbH, Germany), a photo
camera (Nikon Z6, Nikon GmbH, Japan) and an image
evaluation tool [77] based on the algorithms of Borchert
and Sundmacher[78] and Huo et al. [79] enables a non-
invasive in-line measurement of the crystals produced.
For further details refer to [77]. The processed fluid is
finally collected in a collecting container. This is located
on a scale (Kern 572, KERN & SOHN GmbH, Germany)

to determine the process mass flow rate from the mass
difference with time.

Three resistance thermometers (Pt-B-100-2. RÖSSEL-
Messtechnik GmbH, Germany) are used to monitor the temper-
ature with one in the feed or solution storage, one in the ultra-
sonic bath, and one in the direct environment. Before the ex-
perimental runs, all temperature sensors were calibrated by a
two-point calibration procedure with two thermostats. The inlet
and outlet temperature of the process medium are recorded via
sealed thermocouples (Typ K, 1 mm diameter, OMEGA
Engineering, United States). From preliminary tests, the follow-
ing correction Eq. 7 of the measured temperatures on the tube,
and the actual temperature could be determined. This correction
is valid in the temperature range 10 °C to 60 °C.

T fluid °C½ � ¼ 1:1774 � T surface °C½ �−3:9049 ð7Þ

For the process control system, a LabManager® (HiTec
Zang GmbH, Germany) is used, data evaluation is enabled
in LabVision® (HiTec Zang GmbH, Germany). The data is
recorded every second.

Measurements

Pressure loss

In addition to temperature monitoring, the pressure loss Δp
for the experiments is measured by the pressure sensor (A-10,
WIKA, Germany). The pressure loss can also be correlated to
the mean flow velocity u according to Eq. (8), where f is the
loss coefficient, ρ the fluid density, and L the length of the
tube[61].

Fig. 1 Experimental Set-Upwith three units, feed and pump unit (FPU), ultrasonic unit (USU) and product analysis unit (PAU), process flow from left to
right
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Δp ¼ f
ρL
2di

u
2

ð8Þ

A suitable correlation for the friction factor fa for coiled
tubes is Eq. (9) [80] and has already been used successfully
in other studies with tubes coiled in CFI design [63, 72]. It is
composed of the pipe friction coefficient for straight pipes f0,
with 64/Re for laminar flow, and the Dn number.

f a ¼ f 0 1þ 0:0456 � Dn�0:603
� � ð9Þ

Another correlation for the friction factor fb for coiled tubes
and laminar flow is Eq. (10) [81].

f b ¼ f 0 1þ 0:033 � ðlog10ðDnÞÞ4
� �

ð10Þ

Both correlations are used and compared with each other in
order to enable better predictions to be made for future
operations.

Particle measurement via image analysis

To investigate the formed crystals, an image analysis protocol,
which was already mentioned in the section above, was used.
The special property here is that the crystals can be detected
non-invasive without large equipment effort. As a major com-
ponent, a microscope is equipped with a camera, and a mea-
surement cell is placed below. The process tube is clamped
through the measuring cell, which is out of glass and filled
with water to observe the crystals distortion-free. Because the
system was mostly cooled down to room temperature, no

special temperature control of the measurement cell was nec-
essary although this is possible [77].

The photos taken are evaluated using a routine, which is
based on the algorithms by [78] and [79]. This semi-automatic
image processing routine determines the circular area equiva-
lent diameter, using the projection surface of the crystals [77].

Concentration determination via gravimetric method

A gravimetric method is used to determine and check the
dissolved amount of the model substance (L-alanine).
Therefore, the quotient of the mass of the target component i
and the mass of the solution sol is determined by Eq. (11).

wi ¼ mi

msol
¼ mdried � mempty

msample � mempty
ð11Þ

An empty (and labeled) 1.5 mL reaction vessel is weighed
with a scale (XA 205 Dual Range, Mettler Toldeo, US) to
determinemempty. To get msample a syringe with pre-filter (cel-
lulose acetate membrane, pore size 0.2 µm, VWR
International, US) is filled with the solution sample (about
1 mL) and injected into a reaction vessel, and weighed again.
After drying the sample in a vacuum drying oven (Memmert
VO400, Memmert GmbH +Co. KG, Germany) at 60 °C and
with stepwise reduction of the pressure (1 bar, 600 mbar,
300 mbar), it will be weighed again to getmdried. Each sample
is dried for a minimum of 14 days and is considered un-
changed if the sample does not change for more than
0.001 g, almost the same procedure has already been success-
fully carried out in [74].

Fig. 2 Process tube coiled on a
grid basket in CFI design (upper),
measurement cell with process
tube under the microscope
(bottom)
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Experimental procedures

First of all, the experimental procedure to determine the
residence time of the liquid phase in the USU is described,
followed by explaining the performance of nucleation exper-
iments with and without ultrasound. The most important
parameters are also defined here. Finally, the procedure is
presented for determining the dissipated energy by the ultra-
sonic bath.

Residence time behavior

To determine the actual liquid residence time t and the distri-
bution sum function F(t), the step-response method was used.
For this purpose, deionized water (from solution storage) is
first introduced into the entire apparatus (USU). The inlet in
the FPU was already filled with tracer solution (from feed
storage) up to the second three-way valve (see Fig. 1) in order
to measure only the residence time distribution in the USU
(pressure sensor was not used here). As a tracer, a thiosulfate
solution with a concentration of 0.2–0.4 mg·g− 1 water (not
changing the parameters of water significantly) [73] is used
and detected by a UV-Vis detector (Evolution 201, Thermo
Fisher Scientific Inc., US). Instead of the microscope in the
PAU, the UV-Vis detector with a measuring flow-through
cuvette (170700-0.2-40, Hellma Analytics, Germany) is used.

The mass flow rate is set to 16.5 ± 0.8 g min− 1. To inves-
tigate the influence of the US on the residence time the exper-
iments were done three times without ultrasound and four
times with ultrasound. The ultrasonic bath was cooled to room
temperature with the connected cryostat.

For calculating the hydrodynamic residence time τ
(Eq. (12)), the known geometry of the tube (di = 1.6 mm, L
= 6 m) for the internal volume Vwas considered as well as the
liquid density ρl, which is almost identical to that of water.
The values for water are taken from [81].

τ ¼ Vρl
ṁ

ð12Þ

The distribution sum curve is defined as Eq. 13, with con-
centrationw at time t in dependence of the tracer concentration
w0.

F tð Þ ¼ w tð Þ
w0

ð13Þ

The actual residence time t (Eq. 14) was determined by
integration of the step-response, using the trapezoidal
rule. The use of the dimensionless time θt (Eq. 15) is used
to compare each experiment. With the use of the disper-
sion model Eq. 16, which allows to consider the axial
back mixing, the Bodenstein number Bo was determined
by fitting the experimental data using the least square

method. This number (Eq. 17) describes the relationship
between convective mass transport and axial mixing,
which includes the axial dispersion coefficient. It is also
used to indicate if axial mixing is negligible compared to
convection, i.e. the residence time behavior is comparable
with an ideal plug flow (Bo > 100) [74, 82].

t ¼ ∫
∞

t¼0 1−F tð Þð Þdt ð14Þ

θt ¼ t

t
ð15Þ

F θtð Þ ¼ 1

2
1–erf

ffiffiffiffiffiffi
Bo

p

2
� 1−θtffiffiffiffi

θt
p

� �	 

ð16Þ

Bo ¼ uL
Dax

ð17Þ

For the description of the residence time distribution in a
CFI, it could already be shown that the dispersion model is
well suited [72, 74, 83].

Nucleation experiments

An amino acid (L-alanine, purity ≥ 99.6%, Evonik Rexim
(Nanning) Pharmaceutical Co., Ltd., China) and water were
used for the nucleation experiments with and without ultra-
sound. Based on the empirically determined solubility curve
(Eq. (18)) according to Wohlgemuth et al. [84], the L-alanine/
water solution was prepared for the desired saturation temper-
ature T*.

w* g � gsol½ � ¼ 0:112381 � e 9:08492�10−3�T* °C½ �ð Þ ð18Þ

The preparation of the solution in the FPU was done one
day before the experiments started. Therefore, the feed tank
temperature (TI_00) was set to 5 K higher than the chosen
saturation temperature (T* = 50 °C or 60 °C). This ensures
that the crystals are all dissolved and that no nuclei were al-
ready present in the feed tank. Hence, the solution is not sig-
nificantly oversaturated before entering the ultrasonic bath.
The temperature of the ultrasonic bath was set for each exper-
iment, depending on the target supersaturation, for example to
20 °C (ΔT = 30 K) for a supersaturation of 1.3. To determine
the supersaturation from temperature ST, Eq. (19) was chosen,
using the assumption that the activity of the dissolved compo-
nent behaves ideally [84]. Since this is only a value calculated
from the measured temperatures, the gravimetric supersatura-
tion was determined additionally. Therefore, instead of the
calculated solved fraction of L-alanine (using Eq. 18), the
gravimetrical measured fraction of the feed tank w* was used.
The determined supersaturation is labeled as SG in the follow-
ing (Eq. (20)).
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ST ¼ w* T*
� �

w T outð Þ ð19Þ

SG ¼ w*

w Toutð Þ ð20Þ

The sonicated and silent nucleation experiments are done
in a supersaturation range of 1.10 to 1.36 for a saturation
temperature of 50 °C and some extra investigations are made
with an inlet saturation temperature of 60 °C for the supersat-
uration 1.38, 1.42, and 1.46. The supersaturation was adjusted
via the end temperature. Before each experiment, the temper-
ature profile runs in with water until it was stationary (for
minimum of 20 min) before switching to the undersaturated
solution and starting the nucleation experiments, where each
experiment is either run till clogging or 20 min if no crystals
were visible.

Calorimetric energy input

As already mentioned, Eq. (1) is used to determine the energy
input by the ultrasonic bath. This method assumes that the
whole power entering the solution is dissipated as heat [42,
85]. Therefore, two setups were used. Case 1 only includes the
USU and the 2nd case is the same setup as described in the
experimental setup section. In both cases, the ultrasonic bath
itself was not temperature controlled via the cryostat.

The environmental temperature, the ultrasonic bath temper-
ature, and in the second case also the in- and outlet tempera-
ture of the process flow were measured. In every experiment,
the temperature change was recorded in dependency of the
time. For every experiment, first, the ultrasonic bath tempera-
ture is prepared beneath or at room temperature. Then, the
ultrasonic bath was turned on. For the second case, a process
flow (water) with room temperature through the CFI tube
(16.7 ± 0.1 g min− 1) is turned on. Each of these cases were
measured four times and for a minimum time of 20 minutes.

The performance of the ultrasonic bath was recorded for
comparability with other studies. The measurements showed a
temperature change of 0.007 K·s− 1. According to Eq. 1, this
results in an energy of 0.35 W applied to the volume of the
tube in the ultrasonic bath using the heat capacity of water
[81].

Results and discussion

To verify a narrow residence time distribution in the CFI the
residence time behavior was investigated. Furthermore, it was
evaluated whether it is possible to investigate nucleation in the
described setup with and without sonication so that the MZW
of primary nucleation can also be determined for continuously
operated crystallizers. By non-invasive particle observation, it

could be easily detected whether nucleation has occurred in
the case of different supersaturations.

Residence time behavior

The residence time distribution of the CFI in the USU is in-
vestigated for two reasons. On the one hand, the apparatus is
to be characterized entirely and the hypothesis of a narrow
residence time will be confirmed by the CFI design. On the
other hand, the observations regarding acoustic streaming,
mentioned below, made by Valitov et al. [86] will be verified.

The residence time behavior of the tube in CFI design is
shown in Fig. 3. Here the residence time sum curve under
quiet and sonicated conditions is plotted as a function of di-
mensionless time, each with the experimental data (symbols)
and fitted to the dispersion model (green line). It can be seen
that the residence time distribution curve is very narrow and
similar to an ideal tube. No optical differences between the
silent and sonicated curve can be seen. The most important
parameters are listed in Table 1.

The mass flow rate of 16.5 ± 0.8 g min− 1 could be kept
almost constant during the different tests. This allows a good
comparison between the silent and sonicated tests. Using the
mass flow rate, the Reynolds number, Dean number, and
modified torsion number can be determined to 238, 42, and
10,785 respectively. These values show that the flow is in the
laminar range and the CFI design fulfills the requirements for
a narrow residence time distribution.

The hydrodynamic residence time is slightly shorter than
the real evaluated residence times. This could indicate that
there might be a small death zone; probably it is the flow-
through cuvette in the UV-Vis detector itself. The actual res-
idence times for silent and sonicated conditions are also very
similar, both within the error tolerance, but the sonicated one
is slightly smaller. The calculated Bodenstein numbers are
higher than 100 for both cases, hence, the residence time be-
havior is similar to an ideal plug flow. Additionally, the one
for the sonicated conditions is a bit higher than for the silent,
but in the range of the standard deviation, too. Therefore, it
can be concluded, that the sonication has no significant effect
on the residence time distribution if the CFI design is chosen.

Valitov et al. [86] investigated and evaluated the influence
of the ultrasound (horn, 20 kHz) on the flow of a straight FEP
tubing with inner diameters of 1.55 mm and 3.2 mm for a
sonication time of 0.3, 1.0, and 3.0 s. They assumed that
boundary layer streaming could be neglected because FEP
as a material is acoustically transparent and boundary layer
streaming in millifluidic devices tends to be visible only at
higher frequencies (> 1 MHz). Furthermore, they considered
and evaluated the Eckart streaming and microjetting, but for
the small capillary (1.55 mm), which was also used in this
research, the influence of these two flow phenomena, conse-
quently acoustic flow, on the residence time behavior could be
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neglected. This means that the pure convection model can be
applied in the work of Valitov et al. to describe the residence
time behavior of the sonicated straight tube of 1.55 mm inner
diameter. For the bigger capillary and longer sonication time
(3.0 s) the influence of the acoustic streaming could be shown,
so the dispersion flow model fitted better than the pure con-
vection model and indicated the presence of axial backmixing
due to the sonication, so the residence time behavior was
influenced in this case [86].

The results of residence time behavior in the CFI confirms
the investigations of Valito et al. [86] and would suggest that
the acoustic flow in these capillaries (di 1.6 mm) can be
neglected. Nevertheless, the small deviations of the actual
residence time and the Bodenstein number between the silent
and sonicated conditions could be a hint that for small capil-
laries and longer sonication times a small effect of the acoustic
streaming is present.

Nucleation experiments

The nucleation experiments were done under silent and soni-
cated conditions. To examine whether the nucleation in CFI
under ultrasound exposure has a sharp limit or rather a transi-
tion area, most of the supersaturations were in the area of 1.10
to 1.46. The supersaturation could not be completely reduced
in any of the tests. Accordingly, the indicated supersaturation
here always indicated the calculated supersaturation, which is

determined from the difference of the saturation and outlet
temperature (ΔT) or from the inlet concentration and the out-
let temperature. The mass flow rate was set to 17 g min− 1.

Figure 4 shows the individually obtained supersaturations.
A distinction is made between the sonicated and silent condi-
tions, and some of the individual experiments could be aver-
aged into one sample because of their similarity. The results
are divided into three categories. Either no crystals were vis-
ible the whole time, crystals were occasionally detected in the
transition range, or nucleation crystals were continuously vis-
ible. Accordingly, crystal nuclei were repeatedly seen in the
transition area during the test, but there were also longer pe-
riods (minutes) in which not a single crystal was seen under
the microscope. If none of the trials would be assigned to the
transition range, there would be a supersaturation threshold
above which crystals could always be generated. If there is a
transition range, then there are two boundaries: the first be-
tween where no crystals are formed and stochastically crystals
are formed and the second between stochastically crystals are
formed and crystals are visible the whole time.

Assuming that the nucleation behavior of a substance sys-
tem would be the same in a batch apparatus as in a

Fig. 3 Residence time sum curve,
in dependency of the
dimensionless residence time,
without periphery for the CFI in
the USU for silent (left) and son-
icated (right) conditions

Table 1 Key figures for the residence time of the CFI

silent

ṁ g min−1
� �

T [°C] t s½ � [s] Bo [-]

16.5 ± 0.8 23.3 ± 0.5 43.8 45.3 ± 0.7 161.5 ± 4.8

sonicated

ṁ g min−1
� �

T [°C] t s½ � [s] Bo [-]

16.5 ± 0.8 23.3 ± 0.5 43.8 44.8 ± 0.1 167.1 ± 6.9
Fig. 4 Nucleation in the USU under sonicated and silent conditions for
different supersaturations; samples A – D are averaged values from sev-
eral experiments at almost the same supersaturation
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continuously flowed crystallizer, the following experimental
effort between the different modes would result. Each exper-
imental point is run over at least 14 to 20 minutes, with a
residence time of 45 s. This results in about 18 to 26 experi-
mental runs. If this were done within a batch experiment, the
cooling rates would have to be run in again 18 to 26 times, and
after 45 s each time it would have to be determined whether
nucleation occurred or not. This shows how much experimen-
tal effort can be saved by this newly introduced methodology.

First, for the nucleation experiments without ultrasound,
i.e. under quiet conditions, it can be seen that no crystals were
visible, neither for the smaller supersaturations in the range of
1.10 to 1.33 (ΔT = 10 K to 34.1 K) and a saturated starting
solution at T* = 50 °C (filled grey circles) nor for the higher
supersaturations 1.42 and 1.46 (ΔT = 34 K to 41.3 K) with a
saturated starting solution at T* = 60 °C (empty circles).

For a continuous stirred tank, which is especially construct-
ed for nucleation of the system used, it is known from the
literature [10] that nucleation takes place from subcooling of
about 2 K (46 °C to 44 °C, or supersaturation of 1.02) with an
induction time of 1.68 min. It should also be considered that
for continuously operated crystallizers, not only theMZW can
be considered, but also the residence time. Thus, the induction
time must be considered and the MZW should therefore be
called a primary nucleation threshold (PNT) [10]. Another
study investigated the MZW for different saturation and nu-
cleation temperatures for L-alanine/water in a batch stirred
vessel [87]. Extrapolation of these data results in a required
supersaturation of about 1.4 for an induction time of around
45 s.

The results of the silent nucleation tests suggest that good
mixing, produced by the flow in the CFI design, is not suffi-
cient to produce nucleation at lower supersaturations because
even at a supersaturation of 1.46 there were no nuclei visible.
Presumably, the PNT for silent conditions is even wider.
However, this was not considered further, since Eder et al.
[11] already found that for the generation of seed crystals in
a tube without ultrasound, the system usually clogs.

Every single experiment under sonication is marked as x
and sor ted into the categor ies for the di f ferent
(temperature) supersaturations in Fig. 4. Considering this
arrangement, it was found that in a supersaturation range of
1.20–1.25 individual experiments are sorted into all three
categories. Accordingly, PNT was significantly reduced by
sonication of the tube. No special effect could be deter-
mined regarding the experimental days or the ambient tem-
perature. Therefore, the results show that under the select-
ed process conditions of flow rate (17 g min− 1) and used
experimental setup there is no precisely defined supersat-
uration threshold above which nucleation is generated by
ultrasound, but rather a transition region. This could be
because both nucleation and the formation of cavitation
bubbles are stochastic processes. It is also known that

cavitation bubbles are size distributed, which in turn leads
to size distribution of crystal nuclei.

When interpreting the results, it should be considered that
the influence of a different residence time and, consequently, a
longer possible induction time has not been investigated, be-
cause of the given boundary conditions (mass flow rate and
manageable coiling length of the tube). If the residence time in
the ultrasonic bath could have been extended by a longer tube,
Fig. 4 would probably have changed that crystals also have
been seen at lower supersaturations or the transition range
would have been smaller, since the possible induction time
could be longer.

Since eight experiments were performedwith approximate-
ly the same supersaturation of 1.25, these experiments were
combined as sample A, and shown as a cross with a green
background (Fig. 4). This means that the ST and SG of these
tests are averaged as well as their mass flow rate, ambient
temperature Tambient, and the determined and calculated pres-
sure loss. These values are listed in Table 2. This averaged
sample A consists of one experiment, in which no crystals
were visible, three experiments, in which crystals were par-
tially visible, and four experiments with sustained nucleation.
This leads to the conclusion that for the selected material sys-
tem and the apparatus arrangement the transition to a most
probable formation of crystal nuclei is present from supersat-
uration of 1.249 ± 0.005.

For other supersaturations in the nucleation range, experi-
ments could be combined into one to compare these points
with each other in a more targeted way. For this purpose, at
least three experiments were averaged, which are also listed in
Table 2 with their associated process variables. In the diagram,
these samples B – D are also shown as blue symbols. In
summary, it is shown as described before that lower supersat-
urations are required for nucleation by sonication than with-
out. Further, it was found that there is a transition area, in
which nucleation takes place in the selected apparatus and
chosen model system. For the selected conditions it is found
that the PNT starts at a supersaturation of 1.2 and above a
supersaturation of 1.26 crystallization always occurs.

In comparison to the data from the literature [42, 52, 58],
these results could indicate that using lower frequencies in the
rage of 20–40 kHz, a critical nucleation threshold in a super-
saturation range of 1.25 to 1.3 is present. To verify this state-
ment, more investigations should be carried out with the same
equipment and the same energy input for many different sub-
stance systems.

The results also confirm the hypothesis that nucleation is
caused by the cavitation bubble rather than by the acoustic
flow, because the frequency range used is known for pro-
nounced cavitation bubble formation [16]. Additionally,
Valitov et al. [86] showed that acoustic flow is rather negligi-
ble for this capillary size, and even with an already very well-
mixed system, generated by the tube design, the PNT could
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not be reduced. However, no cavitation bubble formation
could be observed in a smaller capillary (di = 0.8 mm) without
air slugs in the investigations of Sarac et al. [34]. In order to
ensure that cavitation bubble formation is responsible for nu-
cleation, it should be investigated if cavitation bubbles are
formed in the capillary size of 1.6 mm.

Crystal size distribution

To compare the samples A – D, the relating CSD was also
investigated. In addition, another single experiment with su-
persaturation of 1.38 was added for evaluation. Photos were
taken at random times during the experiments, at least with a
time interval of three seconds to ensure that no crystals are
photographed twice. Crystals with a diameter of less than
10 µm were not included in the evaluation, as the image anal-
ysis could not determine whether these were actually formed
crystal nuclei or only image artifacts. These random photos
were evaluated using the image evaluation tool described
above [77]. The results are shown in Fig. 5. The determined
supersaturation is plotted as dependence of the diameter. This
is the circular equivalent diameter. The number of optically
evaluated particles is listed above each CSD. The crystal size
distributions are drawn in classes (black points, with a class
width of 10 µm) and as boxplots.

Based on the CSD results, no clear influence between su-
persaturation and the influence on crystal size can be identi-
fied. For the lower supersaturations (< 1.3) a particularly larg-
er amount of fine grain (< 25 µm) was detected. This can also
be seen in the small values for x10,0. The mean crystal size is
between 24 and 49 µm. At the higher supersaturation single
experiment, the particles are bigger and the x50,0 is 62 µm.
However, since a very different number of crystals were eval-
uated in each experiment, an interpretation of the dependence
between supersaturation and crystal size is not statistically
validated. For this reason, the only conclusion to be drawn
from these results is that crystals with a size of 10–150 µm
were produced, but the majority of them are below 100 µm.
Therefore, the created crystals are in the same range of crystal
size as they were created by Eder et al. [11] with a different
model system, but in most similar conditions.

Pressure drop and clogging

The experimentally determined pressure loss Δpexp is com-
pared to the calculated one. Figure 6 shows the measured
pressure loss (filled rhombus), the calculated pressure loss
coefficient fa (squares) and fb (triangles) and the averaged
pressure loss from both (plus sign) over the Reynolds number.
It can be seen that the actual pressure loss with loss coefficient
fa calculated is too low and fb is overestimated. Averaging the
two calculated pressure losses gives a better prediction of the
pressure loss for the range investigated here. This calculation
can help to follow an automated operation by starting a flush-
ing cycle in case of deviating pressure loss.

For most of the nucleation experiments, the time of clog-
ging was also recorded, shown in Fig. 7. The shortest test
duration was thus about 14 min and a maximum of 35 min.
Dependence of the supersaturation on the clogging time tclog
could not be detected, because both extrema could be found at
the same supersaturation. The mean time until clogging was
22 min. Although a clogging is usually visible due to the
transparent tube, no location could be identified where clog-
ging has repeatedly occurred. Additionally, it was not possible
to identify excessive solid loads, which could be the cause of
clogging. It is assumed that the small particles (< 90 µm),
which tend to agglomerate more frequently [88], have caused
the clogging, although the homogeneous flow conditions are
fulfilled. Besides, the already formed crystal nuclei can lead to
a strengthening of secondary nucleation, because not enough
surface for the crystals to grow is available and, instead, sec-
ondary nucleation occurs, which leads to clogging due to the
relatively high supersaturation.

A similar experimental setup to ours can be found in the
work of Furuta et al. [89] with a pH swing crystallization.
Here, a coiled tube made of PFA (di = 2 mm) and a length
of 20–40 m was inserted into a temperature-controlled ultra-
sonic bath (40 kHz). The flow rate was set to 50 mL min− 1.
However, the influence of ultrasound on the formation of nu-
clei was not investigated by the authors. The ultrasonic irradi-
ation was only used to avoid clogging [89].

In other research groups, too, observations have been made
on clogging. For example, Eder et al. [11] could not achieve
stable seed crystal formation without ultrasound. Likely,

Table 2 Averaged nucleation experiments in the USU under sonicated conditions for different supersaturations

number of experimental
runs

S [-] ṁ g min−1
� �

Tambient
[°C]

status Δpexp
[mbar]

Δpcalc [mbar]
with fa

Δpcalc [mbar]
with fb

Δp̅calc
[mbar]

A 8 1.249±0.005 17.2±0.3 23.5±1.0 transition
range

195.5±6.8 181.1 214.7 197.9

B 3 1.270±0.005 17.3±0.4 23.5±0.3 nucleation 199.5±6.9 184.9 218.8 201.9

C 4 1.284±0.005 17.3±0.3 22.9±0.9 nucleation 206.5±6.6 188.9 222.5 205.7

D 4 1.298±0.003 17.3±0.3 23.2±0.9 nucleation 213.1±8.7 190.6 224.5 207.6
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direct clogging would also have occurred in our case if even
higher supersaturations had been applied to produce crystals
without ultrasound. In the investigations of Han et al. [52] a
feasible, stable operation was defined, if 3 to 4 residence times
no clogging occurred. According to this definition, all exper-
iments presented here would have run stably. However, this
cannot be compared directly because the diameter chosen by
Han et al. is 4 mm [52]. But, their average velocity is in a
comparable range from 8 to 16 cm s− 1 [52] to ours of around
13 cm s− 1. They also found that supersaturations that are
punctual high and not uniformly distributed lead to clogging.
In the case of Ezeanowi et al. [60], no clogging was observed
at similar average velocities of 5–9 cm s− 1 and an internal
diameter of 250 mm. The observed duration per experiment
was also 3–4 residence times [60].

In combination with the results determined here, it can be
assumed that clogging can be prevented with even higher
suspension flow, despite the previously mentioned process
condition of homogeneous suspension. As an alternative to
avoid clogging problems, a feed mixture with a solution and
seed suspension can be used, or rinse cycles can be imple-
mented as Besenhard et al. [13] did. It is interesting to note

here that the rinse cycles were scheduled after 10 min [13], i.e.
in a similar time range as our shortest run till clogging was
observed. If stable nucleation operation without clogging is
guaranteed, the USU presented here can be used as a seed
crystal generation unit for continuous crystallization equip-
ment as known from [71, 72, 90–93].

Conclusions

Cooling crystallization was investigated within a capillary
coiled flow inverter (CFI) with a tube diameter of 1.6 mm
embedded in an ultrasonic bath for nucleation in a continuous
flow with different supersaturations. For this purpose, the out-
let of the test facility has been equipped with a non-invasive
flow cell under a microscope with a conventional photo cam-
era. The CFI design ensures a very narrow residence time
behavior of the liquid phase. At a mass flow rate of 16.5 g
min− 1, a Bodenstein number of approx. 161–167 was obtain-
ed with a residence time in the ultrasonic bath of 45 s. Only
very slight differences between the residence time under

Fig. 5 Crystal size distribution,
evaluated with image analysis, in
dependence of the supersaturation
(for averaged nucleation
experiments (A-D) and one addi-
tional experiment with higher su-
persaturation (1.38))

Fig. 7 Time of clogging after starting the process solution for the
respective supersaturation

Fig. 6 Measured and calculated pressure loss in dependence of the
Reynolds number
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sonication and quiet conditions could be detected which could
indicate an influence of the acoustic streaming.

Under silent conditions, no nucleation was observed in the
investigated range of supersaturation from 1.10 to 1.46 for the
model system L-alanine/water. The first nuclei could be de-
tected under sonication and supersaturation of 1.2. The results
of the nucleation experiments show that under the selected
conditions (ultrasonic bath, CFI designed tube, L-alanine/wa-
ter, and residence time 45 s) the primary nucleation threshold
(PNT) could be reduced by ultrasound as expected.
Additionally, no rigid threshold for nucleation could be found,
but a nucleation range was identified in the investigated setup.
Nucleation was detected for supersaturations larger than 1.25.
The transition range indicates that the two stochastic processes
of cavitation bubble formation and nucleation must be suffi-
ciently pronounced to ensure nucleation. No influence of the
set supersaturation could be determined on the crystal size
distribution or the time until clogging. The minimum time
until clogging occurred was 14 minutes. The crystal size is
in a range from 10 to 150 µm, where the most are from the size
in the range of 24–49 µm after a residence time of 45 s.

Overall, the investigated setup is suitable for the rapid
detection of the influence of supersaturation on material
systems by sonication. This setup consisting of coiled
polymer capillary within an ultrasound bath can easily be
set up with existing laboratory equipment. The developed
measuring cell from a glass jacket, optical microscope, and
digital camera could even enable to identify influences on
crystal form quickly and easily by ultrasound. In addition,
the ultrasonic unit (USU) can be used as a seed crystal
production unit and in combination with rinse protocols
for a combination of continuous crystallization for the
small-scale with other crystal growth units.
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