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Abstract−An elliptical Couette-Taylor (ECT) crystallizer with a unique sinusoidal Taylor vortex flow was developed
to promote the recovery and size distribution of L-lysine crystals in cooling crystallization. When using the ECT crys-
tallizer, the recovery was enhanced to a maximum of 100% with a mean residence time of only 15 min. When compar-
ing the crystallization efficiency, the recovery and size distribution of the L-lysine crystals in the ECT crystallizer were
over 33% and 50% higher, respectively, than those in the conventional MSMPR crystallizer and slightly higher than
those in the circular Couette-Taylor (CT) crystallizer. This improved crystallization in the ECT crystallizer was
explained in terms of the sinusoidal profile of the Taylor vortex intensity. Plus, since the nucleation and growth pro-
cesses determine the recovery and crystal size distribution, the mean residence time, inner cylinder rotation speed, and
feed concentration were all varied to investigate their influence on the crystallization efficiency.
Keywords: Taylor Vortex Flow, Cooling Crystallization, Nucleation, Growth, Mass Transfer, Couette-Taylor Crystallizer

INTRODUCTION

Fluid hydrodynamics are a key factor in crystallization, influ-
encing important characteristics of crystal product such as the crys-
tal recovery (yield), crystal shape, crystal size distribution, crystal
structure and purity [1].

A Taylor vortex flow is known as a unique periodical and circu-
lar fluid motion that is induced in the gap between two co-axial
cylinders when one is rotating and provides homogeneous radial
mixing with a small axial dispersion. Taylor vortex flows are already
widely applied in such areas as crystallization [2], polymerization
[3], membrane separation [4], photocatalytic reactions [5], filtra-
tion [6], and biological systems [7]. For example, Kim et al. [2]
reported that the recovery of GMP crystal products is signifi-
cantly enhanced under a Taylor vortex flow in a Couette-Taylor
(CT) crystallizer when compared with the recovery in a conven-
tional MSMPR crystallizer. In this case, the recovery from the CT
crystallizer was 100% with a mean residence time of only 7 minutes
in the CT crystallizer, whereas it required a mean residence time
of at least 6 hours in the conventional MSMPR crystallizer. This
remarkable result is explained by the high mass transfer facilitated
by the Taylor vortex flow, thereby promoting the nucleation and
growth processes of the hydrate GMP crystals and enhancing the
crystal product recovery. Plus, a Taylor vortex flow was reported to
promote the mass transfer of the gas-liquid (CO2-Ca(OH)2) reac-
tion in CaCO3 crystallization, resulting in a more uniform crystal
size and shape of the CaCO3 product in the CT crystallizer when
compared to the product in the conventional MSMPR crystallizer

[8,9].
To amplify the periodic effect of a Taylor vortex flow, the con-

figuration of the cylinders was also modified. For example, Dluska
et al. developed an eccentric Taylor reactor, in which the circular
inner cylinder is eccentrically aligned with the outer cylinder to
induce an asymmetric fluid motion in the gap, called an eccentric
Taylor vortex. As a result, the gas-liquid mass transfer rate in an
eccentric Taylor reactor is significantly improved when compared
with the rates in a conventional stirred tank reactor and concen-
tric Taylor reactor. This enhanced mass transfer rate is attributed to
the asymmetric variation of the pressure and velocity of the eccen-
tric fluid motion. Czarnetzki et al. [10] also modified the geome-
try of the inner cylinder by installing rib rings on the surface of
the inner cylinder, resulting in increased turbulent micro-mixing
as the Taylor vortex between the rib rings is immobilized and sta-
bilized. Meanwhile, Noui-Mehidi et al. [11] demonstrated a 10%
improvement in the mass transfer of viscous fluid in a co-axial
conical Taylor reactor when compared to that in a normal Taylor
reactor due to the swirling motion of the fluid generated by the
conical geometry.

Previously, the unique Taylor vortex flow in a CT crystallizer was
shown to improve the recovery and size distribution of L-lysine
crystal products when compared with the results from a conven-
tional MSMPR crystallizer [12]. Accordingly, to further enhance
the recovery and size distribution, we applied a sinusoidal Taylor
vortex flow in an elliptical Couette-Taylor crystallizer (ECT). The
cross-section of the inner cylinder was designed as elliptical and
co-axially aligned with the circular outer cylinder so the gap dimen-
sion between the two cylinders varied along with the angular di-
rection. The sinusoidal fluctuation of the fluid motion, called a
sinusoidal Taylor vortex, was induced by rotating the inner cylin-
der in the ECT crystallizer. The effect of the sinusoidal Taylor vor-
tex flow on the recovery, crystal size, and size distribution was then
investigated. The efficiency of the ECT crystallizer was also com-
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pared with that of a conventional MSMPR and conventional cir-
cular Couette-Taylor crystallizer. The mean residence time, inner
cylinder rotation speed, and feed concentration were all consid-
ered as the key operating factors of the crystallization in the crys-
tallizers.
2. Theoretical Background

The intensity of a turbulent fluid motion is often quantified in
terms of the viscous energy dissipation per unit mass of solution.
Thus, the viscous energy dissipation (ε) of a Taylor vortex flow has
been suggested as [13,14]

(1)

where LC and VR are the length and volume of the crystallizer, re-
spectively, ri is the radius of the inner cylinder, and ωi is the angu-
lar velocity of the inner cylinder. Also, is the kinematic viscosity of
the solution and d is the gap between the two cylinders. Accord-
ing to Eq. (1), the intensity of a Taylor vortex depends directly on
the geometry factors of the crystallizer, ri and d. In a circular CT
crystallizer, the geometry factors remain constant along the cir-
cumference of the cylinders. However, in an ECT crystallizer, the

geometry factors vary periodically with the angular position of the
inner cylinder. Thus, Eq. (1) was used to estimate the sinusoidal
fluctuation of the viscous energy dissipation in the ECT crystal-
lizer shown in Fig. 1.

Similarly, the mass transfer in a sinusoidal Taylor vortex flow
can be estimated by using the Sherwood number correlated in a
circular Taylor vortex flow, as follows [15]:

(2)

where dp indicates the diameter of the solid particles and Df is the
diffusion coefficient. In this study, the viscous energy dissipation
and mass transfer in the mixing tank crystallizers were estimated
as reported in previous studies [16,17].

EXPERIMENTAL

The continuous cooling crystallization of L-lysine was in an
elliptical Couette-Taylor (ECT) crystallizer made of stainless steel,
as shown in Fig. 1. The geometric dimensions of the ECT and CT
crystallizers are summarized in Table 1. The design of the MSMPR
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Fig. 1. (a) Schematic drawings of sinusoidal Taylor vortex flows (1. Stationary outer cylinder; 2. Taylor vortices; 3. Rotating inner cylinder)
and (b) experimental system for elliptical CT crystallizer (1. DC motor; 2. Pump; 3. L-Lysine feed solution; 4. Chiller; 5. Elliptical
Couette-Taylor crystallizer).
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Fig. 2. Typical transient period from unsteady to steady state in cooling crystallization of L-Lysine when using feed solution temperature of
50 oC, cooling temperature of 20 oC, feed concentration of 900 g/l, and 5-min mean residence time: (a) suspension temperature, (b)
solute concentration, (c) crystal size distribution at 700 rpm, and (d) crystal shape at 700 rpm.

Table 1. Dimensions of Couette-Taylor crystallizer
Length of cylinders: LC 30×10−2 m
Radius of outer cylinder: ro 2.8×10−2 m

Circular CT crystallizer (CT) Radius of circle inner cylinder: ri 2.4×10−2 m
Gap between two circle cylinders: d 0.4×10−2 m

Elliptical CT crystallizer (ECT)

Radius of elliptical inner cylinder
Major radius: a 2.5×10−2 m
Minor radius: b 2.3×10−2 m
Gap between a and ro: d1 0.3×10−2 m
Gap between b and ro: d2 0.5×10−2 m
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crystallizer was based on a standard Rushton mixing tank [16].
For comparison, the CT and MSMPR crystallizers were designed
to have the same working volume as the ECT crystallizer. The inner
cylinders of the ECT and CT crystallizers were rotated using a DC
motor. The rotation speed was varied from 300 to 900 rpm. Impel-
ler agitation was also applied to the suspension in the MSMPR
crystallizer, varying from 300 to 900 rpm. A chiller was used to
control the temperature of the crystallizers. In the ECT and CT
crystallizers, the temperature of the suspension was controlled by
cooling both the inner and outer cylinders, while a cooling jacket
was applied to the outer wall of the MSMPR crystallizer.

The raw L-lysine mono-hydrochloride (99% purity) supplied by
CJ Co. (Korea) was used without any further purification. The L-
lysine feed solution was prepared by dissolving the raw material in
distilled water. The feed concentration was varied from 850-1,000
g/l at a fixed temperature of 50 oC. Initially, the crystallizers were
filled with the lysine solution and cooled to 20 oC in the batch
mode. The feed solution was then continuously fed into the crys-
tallizer through an inlet port located at one end of the crystallizer
using pumps (LongerPump, USA). The flow rate of the feed solu-
tion was varied from 3.26 ml/min to 78.4 ml/min to change the
mean residence time in the crystallizer from 2.5 to 60 min.

Product samples were taken from the crystallizers and quickly
filtered with a vacuum pump. The solid samples were then dried

in a desiccator to analyze the crystal size, shape, and structure. The
crystal size was measured by video microscope (IT System, Some-
tech, USA). The crystal structure of the L-lysine was confirmed by
using an XRD (X-ray diffractometer, MAC Science, M18XHF-
SRA, CuKa line, Japan) and thermogravimetric analysis (TGA).
The solute concentration in the solution was monitored by using a
UV-Vis (JASCO, V-570, USA).

RESULTS AND DISCUSSION

1. Cooling Crystallization of L-lysine in ECT Crystallizer
The typical transition stages from an unsteady state to a steady

state of cooling crystallization in the ECT crystallizer are illustrated
in Fig. 2. During the transition stages, the solute concentration and
suspension temperature gradually increased and achieved an invari-
able value after five-times the mean residence time, indicating a
steady state of crystallization (Fig. 2(a)-(b)). In addition, the invari-
able crystal size and size distribution after five-times the mean res-
idence time also confirmed a steady state for the product stream,
as shown in Fig. 2(c). The typical shape of the crystal products is
displayed in Fig. 2(d). Here, cooling crystallization of L-Lysine
obviously depended on the fluid hydrodynamic, where the sus-
pension temperature and solute concentration were both lower at
700 rpm than at 500 rpm (Fig. 2(a)-(b)).

Fig. 3. Influence of rotation speed with various feed concentrations and mean residence times on recovery, suspension temperature, crystal
size, and size distribution in cooling crystallization of L-Lysine when using feed solution temperature of 50 oC and cooling tempera-
ture of 20 oC. 
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As the recovery, crystal size, and size distribution all depend on
the nucleation and growth processes, the effect of the crystalliza-
tion conditions, including the rotation speed of the inner cylinder,
mean residence time, and feed concentration, was investigated at a
steady state. Fig. 3 shows that the suspension temperature, recov-
ery, crystal size, and size distribution were all dependent on the
rotation speed of the inner cylinder. When increasing the rotation
speed from 300 rpm to 900 rpm, the suspension temperature de-
creased from 20.7 oC to 20 oC; meanwhile, the crystal product recov-
ery increased from 97.7% to 100% when varying the mean resi-
dence time and feed concentration (Fig. 3(a)-(b)). Furthermore, the
crystal size and size distribution became smaller and narrower,
respectively, when increasing the rotation speed, as shown in Fig.
3(c)-(d).

Since the heat transfer of a Taylor vortex flow depends directly
on the Taylor number (Ta) that correlates with the rotation speed
of the inner cylinder, the heat transfer was promoted when increas-
ing the rotation speed, thereby decreasing the suspension tempera-
ture (Fig. 3(a)). According to the solubility data [12], the recovery
was certainly enhanced when decreasing the suspension tempera-

ture. Plus, the vortex intensity of the fluid motion in the ECT crys-
tallizer flow was enhanced when increasing the rotation speed,
promoting both the crystal nucleation and growth processes. As
regards the crystal recovery, the promotion of crystal nucleation
and growth contributed to enhancing the amount of crystals in
the suspension (Fig. 3(b)). Notwithstanding, a high vortex inten-
sity promoting crystal nucleation and growth had a contradictory
influence on the crystal size. While the intensive vortex flow
improved the mass transfer rate for crystal growth, it also created a
high supersaturation at the inlet region due to rapid cooling of the
feed solution [12]. Consequently, the high nucleation of crystals in
the inlet region resulted in small crystals in the product suspen-
sion. In general, since crystal nucleation is more sensitive to super-
saturation than crystal growth, the crystal nucleation predominantly
determines the crystal size in the product suspension. Therefore,
the crystal size of L-lysine was reduced when increasing the rota-
tion speed in the ECT crystallizer (Fig. 3(c)). Moreover, the total
surface area of crystals was enhanced when increasing the nucle-
ation rate, which quickly decreased the supersaturation due to
crystal growth, prevented secondary nucleation, and resulted in a

Fig. 4. Influence of feed concentration with various rotation speeds
on recovery, crystal size, and size distribution in cooling crys-
tallization of L-Lysine when using feed solution temperature
of 50 oC, cooling temperature of 20 oC, and 5-min mean resi-
dence time.

Fig. 5. Influence of mean residence time with various rotation speeds
on recovery, suspension temperature, crystal size, and size
distribution in cooling crystallization of L-Lysine when using
feed solution temperature of 50 oC, cooling temperature of
20 oC, and feed concentration of 900 g/l.
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narrower size distribution, as shown in Fig. 3(d). Since a high feed
concentration consistently induced a high supersaturation, the crys-
tal size and size distribution became smaller and narrower when
increasing the feed concentration (Fig. 4). As shown in Fig. 4(a)),
the recovery was slightly decreased when increasing the feed con-
centration. This indicated that when using a fixed rotation speed,
since the consumption of solute molecules in the solution by crys-
tal growth remained invariant, the solute concentration increased
when increasing the feed concentration, resulting in a decreased
recovery (Fig. 4(a)). Thus, the fluid hydrodynamic conditions were
identified as important factors controlling crystal growth, which is
the primary determinant for L-Lysine crystal product recovery.

As shown in Fig. 5, the recovery and crystal size distribution
varied remarkably with the mean residence time. When increas-
ing the mean residence time from 2.5 min to 15 min, the crystal
recovery was significantly enhanced from 95% to 100%. In addi-
tion, the crystal size distribution became narrower, corresponding
to a decrease in the coefficient variation (δ) from 0.54 to 0.45 when
increasing the mean residence time. These results were due to a
high heat-mass transfer and low supersaturation in the crystallizer

when increasing the mean residence time [18]. Thus, the flow rate
of the feed solution was reduced when increasing the mean resi-
dence time, which allowed an increase in the heat-mass transfer,
along with an increased recovery and decrease in the suspension
temperature (Fig. 5(a)). Moreover, the supersaturation decreased
when increasing the mean residence time, which then reduced the
nucleation rate and secondary nucleation, and resulted in an
enhanced crystal size with a narrower size distribution (Fig. 5(b)).
Here, it is interesting that the sinusoidal Taylor vortex flow in the
ECT crystallizer was very effective in promoting the crystal prod-
uct recovery, which reached 100% after a mean residence time of
only 15 min.

To understand the crystallization behavior in the ECT crystal-
lizer, the suspension temperature, solute concentration and crystal
size profiles were monitored along the axial position in the crystal-
lizer at a steady state, as shown in Fig. 6. The crystallization pro-
ceeded along the axial direction of the crystallizer. Thus, the crystal
size increased gradually, based on consuming the supersaturation
along the axial direction, which also resulted in a gradual decrease
in the solute concentration in the crystallizer. Furthermore, the
solute concentration along the axial direction of the crystallizer was
much lower than that of the feed concentration (900 g/l), which
indicated that the crystal nucleation of L-lysine mostly occurred
around the inlet region of the crystallizer, while the crystal growth
proceeded in the subsequent regions of the crystallizer.
2. Comparison of Crystallizers

The crystallization efficiency of the ECT crystallizer was com-
pared with the efficiency of the MSMPR and CT crystallizers, as
shown in Fig. 7. The crystallization in the ECT and CT crystalliz-
ers was more efficient than that in the MSMPR across the whole
range of mean residence times. Here, the crystal recovery in the
ECT was 33% higher than that in the MSMPR crystallizer with a
mean residence time of 5 min, and reached 100% with a mean
residence time of 15 min. In contrast, the MSMPR crystallizer re-
quired a mean residence time of 60 min of (Fig. 7(a)). Furthermore,
the size distribution of L-Lysine crystals in the ECT crystallizer
was significantly enhanced by more than 50% when compared to
the size distribution in the conventional MSMPR crystallizer (Fig.
7(b)). Notwithstanding, the ECT produced smaller crystals than
the MSMPR crystallizer (Fig. 7(c)). When comparing the ECT
and CT crystallizers, the recovery and size distribution of the L-
lysine crystal products in the ECT crystallizer were slightly better
than those in the CT crystallizer.

Based on the above experimental results, the periodic Taylor
vortex flow in the ECT and CT crystallizers was shown to be much
more effective for the cooling crystallization of L-lysine than the
random turbulent eddy in the MSMPR crystallizer. In addition,
the sinusoidal fluid motion in the ECT crystallizer improved the
crystallization efficiency slightly more than the circular azimuthal
fluid motion in the CT crystallizer.

To understand the effects of the fluid dynamics on the crystalli-
zation, the viscous energy dissipations and mass transfers of the
periodic Taylor vortices and turbulent eddy were estimated, as
shown in Fig. 8. The sinusoidal fluid motion in the ECT crystal-
lizer created sinusoidal profiles for the viscous energy dissipation
and mass transfer along an angular direction. It was interesting

Fig. 6. Typical axial profiles for solute concentration, suspension
temperature, and crystal size in cooling crystallization of L-
Lysine with various rotation speeds and mean residence times
when using feed solution temperature of 50 oC, cooling tem-
perature of 20 oC, and L-Lysine feed concentration of 900 g/l.
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Fig. 7. Comparison of crystallization efficiency in terms of mean residence time in crystallizer when using feed solution temperature of
50 oC, cooling temperature of 20 oC, inner cylinder rotation speed of 700 rpm, and L-Lysine feed concentration of 900 g/l: (a) recovery,
(b) crystal size and size distribution, (c) typical shape of crystal: (c-1) for ECT and (c-2) for CT crystallizer, and (c-3) for MSMPR crys-
tallizer, (d) suspension temperature.
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that the peak viscous energy dissipation of the sinusoidal fluid
motion was 60% higher than that of the circular azimuthal fluid
motion, although its average value for the sinusoidal fluid motion
was close to that for the circular motion. A similar result between
the two flow motions was also observed for the mass transfer pro-
files.

According to Hirasawa et al. [19], external energy input pro-
motes crystal nucleation by overcoming the energy barrier for
nuclei. Thus, the high peak sinusoidal profile of viscous energy
dissipation was more effective in promoting crystal nucleation than
the flat profile of the circular fluid motion. This may explain the
higher crystallization efficiency of the ECT crystallizer over that of
the CT crystallizer.

As shown in Fig. 9, the viscous energy dissipation and mass
transfer of the fluid motions in the crystallizers were estimated ac-
cording to the rotation speed. For the whole range of rotation
speeds, the viscous energy dissipation and mass transfer were much
higher in the sinusoidal and circular Taylor vortices than in the
random turbulent eddy. The difference in the viscous energy dissi-
pation between the Taylor vortices and the random turbulent eddy
was also amplified when increasing the rotation speed. The high

efficiency of a Taylor vortex for energy dissipation can be explained
in terms of the large contact surface of the inner cylinder with the
solution, allowing an effective viscous transfer of momentum to
the fluid. Thus, the high velocity profiles of the vortex motions
produced a high viscous energy dissipation in the fluid.

CONCLUSIONS

The present study demonstrated that a sinusoidal Taylor vortex
flow in an ECT crystallizer was effective for the cooling crystalliza-
tion of L-lysine. Due to the high turbulent intensity of the sinusoi-
dal Taylor vortex, crystal nucleation and growth were both sig-
nificantly facilitated, which resulted in a 100% crystal recovery of
L-lysine in the continuous ECT crystallizer within a mean residence
time of 15 min when using moderate operation conditions of 700
rpm for the inner cylinder and 900 g/l for the feed concentration.
The crystal size distribution was also significantly enhanced. These
results indicate that the crystallization efficiency of the ECT crys-
tallizer was four-times higher than that of the MSMPR crystal-

Fig. 8. Comparison of typical profiles of Taylor vortex flow in ECT
and CT crystallizers in terms of (a) relative energy dissipa-
tion and (b) relative Sherwood numbers. Fig. 9. Comparison of crystallization efficiency in ECT, CT, and MT

crystallizers in terms of (a) energy dissipation and (b) rela-
tive Sherwood numbers.
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lizer. Furthermore, based on the sinusoidal intensity profiles, the
sinusoidal Taylor vortex was found to be even more effective for
the crystallization than the circular Taylor vortex.
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Effect of sinusoidal Taylor vortex flow on cooling crystallization of L-lysine
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Fig. S1. Typical crystal size distribution of L-Lysine crystals in ECT,
CT, and MSMPR crystallizers with various mean residence
times when using feed solution temperature of 50 oC, cool-
ing temperature of 20 oC, inner cylinder rotation speed of
700 rpm, and L-Lysine feed concentration of 900 g/l.
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