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For process development on lab-scale, it is necessary to have equipment that represents the industrial apparatuses as simi-

lar as possible to offer short time-to-market. Accordingly, a draft tube baffle (DTB) crystallizer was scaled down from typi-

cal m3-scale to 1 L filling volume. The suspension characteristics were determined for fluidized crystals in saturated solu-

tion. For further characterization of the DTB tank, the residence time of the liquid and solid phases were experimentally

determined for the continuous operation mode. Additionally, the classifying behavior of the particles in the DTB was

investigated.
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1 Introduction

For simplified process development it is beneficial to run the
processes in apparatuses that are as similar as possible and in
similar operating modes in the lab and on large-scale produc-
tion [1, 2]. In the research project ENPRO2.0-TeiA [3], four
different small-scale continuously operated crystallizers are
investigated, characterized, and optimized. Particularly inter-
esting is a commercially available continuous oscillatory
baffled crystallizer (COBC) [4]. Further continuously oper-
ated crystallizers are based on the coiled flow inverter (CFI)
design [5], on a cascade of multistage mixed suspension
mixed product removal (MSMPR) crystallizers [6, 7], and on
the draft tube baffle (DTB) crystallizer, whose draft, construc-
tion method and suspension behavior is presented below.

The DTB crystallizer is a continuous stirred tank crystal-
lizer that has already been known for long time [8, 9] and is
frequently used in industry [10]. Although the DTB concept
was investigated in many aspects [11, 12] with simulated
flow behavior [13–15] from different stirrer types [16], its
design has been further optimized and is still of interest for
research [17]. Interestingly, a DTB reactor is already known
from literature, which investigated that mixing speed and
hydraulic retention time are important operating parame-
ters for crystallization and sedimentation [18]. The experi-
mental investigations on suspension behavior in tanks have
so far usually only been carried out in stirred tanks [19–21],
here the form of the DTB and its influence on suspension
behavior is examined.

This contribution presents the hydrodynamic behavior of
a miniaturized DTB tank. For this purpose, a DTB known
from literature is scaled down from 1100 L [12, 14, 22] to a
vessel with 1 L of inner volume. The use of chemicals and
resources can, thus, be reduced as DTBs of larger volumes
have been investigated so far [13, 16, 23]. The investigations
concerning the suspension behavior and residence time of
the liquid and solid phase in the DTB is important to pre-
dict a possible operating window and serve as a basis to
reconstruct the DTB optimally. The investigations on classi-
fication show the feasibility of fine-grain removal in small-
scale apparatus.

2 Scale-Down Method

For the construction of the miniaturized DTB, the three
known scale-up criteria for stirrer tanks are investigated for
scale-down. The scale-up criteria are: 1) tests with same
model system, 2) linear geometry similarity, and 3) transfer
criteria with same volume-specific power input, same stirrer
tip speed, same suspension state, or same heat transfer coef-
ficient [20, 24].
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Regarding to the first criterion, no specific substance sys-
tem is set as target system because the crystallizer will be
used for general process development. Hence, two different
substance systems with different density differences (Sect. 3)
are selected for the suspension tests.

The methodology of classical geometric similarity is taken
for the scale-down of corresponding lengths, such as
diameter d, height H, and draft tube diameter ddt [24]. The
model DTB (mod) (Fig. 1, left) is known from literature
[12, 14, 22], which has a capacity of 1100 L. This DTB was
sized down to a glass DTB (Fig. 1, right) with a capacity of
1.2 L.

In a first step, the dimensions were reduced by a factor of
10, although this was not possible for every length, as there
are standardized sizes in glass apparatus construction.
Therefore, the reduction factor m (Eq. (1)) is 10–12.5
depending on the corresponding length.

m ¼ dmod

d
¼ Hmod

H
¼ . . . » 10� 12:5 (1)

In this work, two types of stirrers are considered, propel-
ler and blade stirrer, each with three blades as common for
crystallization applications [25, 26]. If an ideal ratio of stir-
rer diameter dR to draft tube diameter is to be achieved,
which is dR/ddt > 0.89 [27], a distance of 2 mm between
draft tube and stirrer is required. Smallest deviations of the
construction or the alignment can lead to blocking or de-
struction of the stirrer. To reduce this risk, both stirrers have
a diameter of 33 mm and, thus, only a ratio of dR/ddt = 0.83.
Both stirrer blades have an inclination of about 45� and
were fabricated of glass. In the following, only the results of
the blade stirrer are presented, since the required speeds for
complete suspension were higher with the propeller stirrer
than with the blade stirrer.

Since the stirrer power cannot be determined for lab-scale
easily [28], the transfer criterion for same specific power
input was not applied. Suspension state and stirrer tip speed
were determined as transfer criterion, while heat transfer is
not subject of this contribution.

3 Experimental Methods

The experimental setup used for the present investigation is
shown in Fig. 2. Used devices are listed in the Supporting
Information (SI, Tab. S1). The tracer substance or suspen-
sion is provided from the storage vessel. The liquid is then
pumped into the lower inlet of the DTB via a peristaltic
pump in a Tygon� XL–60 tube (di = 1/8’, do = 1/4’, Saint-
Gobain Performance Plastics, France). The 3-pitched-blade
impeller is driven by an agitator, where the impeller shaft is
sealed in the DTB by a grinded glass connection. The DTB
as well as the impeller were manufactured by the univer-
sity’s own glassblower workshop. The medium is trans-
ported by a peristaltic pump, too. Depending on the type of
experiment, the medium is transported through the UV
detector or directly into the collection vessel, which is
located on a scale. The peristaltic pump (2) with Tygon�

S3 E–3603 tube (di = 1/8’, do = 1/4’, Saint-Gobain Perfor-
mance Plastics, France) is used for tests carried out with the
fine grain removal system. The entire system was operated
at ambient conditions.

3.1 Residence Time Distribution

The residence time distribution of single-phase flow (RTDL)
represented by deionized water is determined from a step
signal. Based on the method of Kurt et al. [29] a sodium
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Figure 1. Left: model DTB geometry side view and top view (left) [14], dimensions in cm. Middle: down-scaled DTB geometry side view,
dimensions in mm. Right: miniaturized glass DTB.
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thiosulfate (Panreac, 99.0 %, Germany) tracer is used and
detected in a flow-through cuvette in the UV detector. The
process mass flow rate is 15.4 ± 0.2 g min–1 (2.57 � 10–4 kg s–1),
mass flow rate of the fines removal is 4.4 ± 0.5 g min–1

(7.33 � 10–5 kg s–1), and the stirrer speed is set to 380 min–1.
The RTDS behavior of the solid phase in the DTB is also

measured from a step signal. In preparation of the RTDS

measurement, the DTB is filled with saturated acetylsalicylic
acid (ASA)-water solution. The storage vessel contains the
prepared suspension for the step signal, stirred by a magnet
stirrer on a stirrer plate. Therefore, a defined suspension is
prepared with saturated ASA (99.0 %, ARCOS Organics,
France) in water, based on the data of Apelblat and Man-
zurola [30] and defined sieved ASA crystals as tracer
particles. Two different fractions of sieved crystals were
used: a finer grain with 90–180 mm and larger crystals with
250–400 mm. Additionally, the particle size distribution
(PSD) of the sieved fractions were measured by a sedimen-
tation method in a spectrometer as described in [31]. The
particle weight fraction of the suspension was 0.01 g gsus

–1.
The concentration of the solid phase is determined by

gravimetric measuring method similar to Hohmann et al.
[31], which is also used for the determination of the step
signal at the outlet of the DTB and is explained in detail in
the SI (Sect. S1). The stirrer speed is set to 380 min–1 during
the investigations, before the step signal is started with a
mass flow rate of 15.3 ± 0.1 g min–1(2.55 � 10–4 kg s–1).

3.2 Suspension Behavior

To determine the suspension behavior in the DTB two dif-
ferent substance test systems are investigated. Glass spheres
(behr Labor-Technik GmbH, 6304531 and 6201225, Ger-
many) of different sizes represent round particles with a
density difference to water of Dr » 1233 kg m–3. The other
test system is the same as for the determination of RTDS

with additional size and weight fractions. The density differ-
ence in water is Dr » 353 kg m–3. The investigated size and
weight fractions of the two test systems are listed in the SI
(Tab. S2).

The stirrer tip speed utip can be determined for each mea-
surement according to Eq. (2) with the use of the stirrer
diameter dR and rotation speed n.

utip ¼ pndR (2)

However, in order to determine the suspen-
sion status, the measurement procedure must be
defined beforehand. The most common criterion
is the layer height, where a homogeneous sus-
pension is assumed if the suspended particle
layer is 90 % of the liquid height and a particle-
free liquid layer can still be seen [19]. The 1-sec-
ond criterion is often used to describe complete
suspension, where the particles on the bottom of
the vessel are resuspended within 1 s [32]. These

two criteria could not properly be observed in the case of
the miniaturized DTB, so that a rather rarely used criterion
of ‘‘100 % suspension’’ was chosen [33]. Here, no particle
should settle on the bottom of the vessel. Therefore, a sus-
pension is prepared as described in Sect. 3.1 and filled in
the closed DTB as shown in Fig. 3.

The stirrer speed was gradually increased until the
desired circulation flow is achieved, and no particles remain
on the bottom. A triple determination was carried out,
which was divided into a coarse and two precise determina-
tions, which is described in detail in the SI (Sect. S2).

3.3 Particle Classification Behavior

A suspension was prepared for the investigations of the
classification behavior with a solid factor of 0.01 g gsus

–1
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Figure 2. Schematic test setup for the different experiments.

Figure 3. Miniaturized DTB during suspension behavior investi-
gations; filled with 1 L suspension and a solid weight fraction of
0.01 ASA particles of 250–400 mm.
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ASA particles in saturated water solution. The solid fraction
consisted of four different sieved particle size fractions,
which simulate different crystal sizes in the DTB. The exact
ASA mass for each fraction is given in Tab. 1.

To simulate a continuous mode, the prepared suspension
was pumped in a loop (15.26 ± 0.4 g min–1) during the
entire experiment (inlet is equal to outlet). In addition, the
peristaltic pump (2) removing suspension from the upper
connection and pumping back into the top lid of the
DTB (5.8 ± 0.6 g min–1) simulated fine grain removal. This
enabled sampling from the main feed stream and the fine
grain loop. These suspension samples are taken three times
and measured by the sedimentation method (as described
in Sect. 3.2) to compare the PSD of these streams. The tests
were carried out at four different stirrer speeds (300 min–1,
400 min–1, 500 min–1, and 600 min–1).

4 Results

A hydrodynamic characterization of the constructed DTB
follows and should serve as a basis to construct a revised
and temperature-controlled DTB.

4.1 Residence Time Distribution

Using the step signal and the change of the concentration
or the solid fraction over the time, the residence time sum
function F(t) is determined according to Eq. (3), where the
tracer composition (c0, w0) must be known [34].

F tð Þ ¼ c tð Þ
c0;tracer

or F tð Þ ¼ w tð Þ
w0;tracer

(3)

The model for ideal stirring vessels according to Eq. (4)
describes the residence time behavior of the DTB, which
belongs to the continuous stirring vessels. The fluid dynam-
ic residence time t is determined by the ratio of volume-to-
volume flow rate (Eq. (5)) and the actual mean residence
time �t by Eq. (6). [34]

F tð Þ ¼ 1� exp � t
t

� �
(4)

t ¼ V
_V

(5)

�t ¼
Z1

0

tdF tð Þ ¼
Z¥

0

1� Fð Þdt (6)

The calculated fluid dynamic and actual residence times
for the respective tests of the different phases and adjusted
mass flow rates used for the determination of the residence
time are listed in Tab. 2 for the investigated suspensions.

Fig. 4 shows the results of the RTD investigations as func-
tion of time. As expected, the investigated phases exhibit a
residence time behavior corresponding to a stirred tank.
The RTDL (squares ¢) corresponds directly to the behavior
of a continuously operated stirred tank (CSTR) (line). Addi-
tionally, the hydrodynamic and actual residence times are
almost the same. This is an indicator that there is no dead
volume for the liquid phase. The RTDS of the solid phase
(circle * and diamond^) show a slightly different rela-
tionship to the ideal CSTR RTDL. The shorter actual resi-
dence time in Tab. 2 also confirms this behavior. The par-
ticles stay shorter in the DTB than the liquid phase. Due to
the higher solid density of the particle, they sink to the bot-
tom. Thus, the probability of the particles staying at the
crystallizer bottom increases compared to the single fluid
element [24], leading to the shorter residence time. This
indicates that the particle residence time could be influ-
enced by the stirrer speed. Additionally, the results show
that the smaller particles remain in the DTB for a longer
time (about 10 min) than the larger ones.

This behavior is desired for the operation of the DTB, as
smaller particles should stay longer in order to grow further.
However, the presented investigations are not crystallization
experiments, so that no exact statement is possible on the
influence of residence time during crystallization.

4.2 Suspension Behavior

The determination of the suspension behavior should be
the base for determining the operating window of the DTB.

Chem. Ing. Tech. 2020, 92, No. 3, 288–294 ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com

Table 1. Mass of ASA particles in 1.101 kg suspension for classi-
fication behavior investigations.

xp [mm] mASA [g]

< 90 1.003

90–180 2.010

180–250 2.998

250–400 5.001

Table 2. Residence times for three different phases and their
mass flow rates.

Phase _mprocess

[g min–1]
_mfines

[g min–1]
t
[min]

�t
[min]

Single fluid phase, RTDL 15.4 ± 0.2 4.4 ± 0.5 66.4 63.7

Solid phase (90 -180 mm),
RTDS1

15.3 ± 0.1 – 67.0 55.8

Solid phase (250–400mm),
RTDS2

15.3 ± 0.1 – 66.9 46.3
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As already mentioned, the stirrer tip speed is a scale-up
criterion that is easy to determine during suspension inves-
tigations. It can be calculated according to Eq. (2). Fig. 5
shows the results of the suspension investigations. The stir-
rer tip speed required for complete suspension is plotted for
different particle sizes and systems as a function of the vol-
ume fraction of solids j, which describes the volume ratio
of solid ASA or glass VS and suspension volume Vsus

(Eq. (7)).

j ¼ VS

Vsus
(7)

As expected, the results show
that higher stirrer speed is re-
quired to ensure complete sus-
pension as particle size or the
solids volume fraction of a sub-
stance system increases. Addi-
tionally, the density difference of
the substance system strongly
influences the suspension. These
results indicate that the relatively
small glass particles in water
(63–180 mm) need similar stirrer
tip speeds as larger ASA particles
(250–400 mm). The maximum
possible stirrer tip speed with the
glass grinded sealing of the stirrer
shaft is limited to 1.037 m s–1,
hence, the operating window is
sufficiently investigated with the
selected substance systems. This
is the reason why no higher sus-

pension densities can be realized in this DTB design to sus-
pend, although the DTB in common is known for handling
high suspension densities. This observation leads to the
conclusion that stirrer systems from below are not benefi-
cial for small-scale tanks due to the leakage problem.

If the suspension behavior is to be regarded as the trans-
fer criterion, the Reynolds and Froude numbers are relevant
as key figures. The stirrer Reynolds number Re (Eq. (8)) is
used to describe the flow situation and the Froude number
Fr* (Eq. (9)) relates the centrifugal acceleration to gravita-
tional acceleration. [24, 28]

Re ¼ nd2
RrL

hL
(8)

Fr* ¼ n2dRrL

g rS � rLð Þ (9)

The same results from Fig. 5a
are illustrated in Fig. 5b in the
3-dimensional diagram, where
the x-axis represents the stirrer
Reynolds number, the y-axis the
solid volume fraction and the
z-axis the Froude number. In this
application, it is obvious that
higher Reynolds numbers are
necessary with higher solids con-
tent in order to ensure complete
suspension. Since the rotational
speed is also included in the
Froude number, it is also higher
with higher solids content and
increasing particle size for com-
plete suspension. Based on these
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Figure 4. Residence time distribution for three different phases as function of the time.

Figure 5. a) Required stirrer tip speed for complete suspension as a function of solid volume
fraction for different particle sizes and substance systems; b) 3D illustration of the same results
as in Fig. 5a in dependency of Froude and Reynolds number.
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investigations, the operating window for suspending in the
DTB is determined.

4.3 Particle Classification Behavior

The samples taken at the process outlet and fine grain dis-
charge should provide information on the classification
quality the DTB is designed for. The PSD of the samples are
measured with the described sedimentation method and the
mean particle diameter (x50,3) is determined. Each PSD
measurement is done at least three times and the results of
these experiments are given in Tab. 3.

According to the results, the average particle diameter of
the process stream is significantly larger than that of the
fine-grain removal. This means that the crystals used are
already classified at the lower stirrer speeds. The samples at
the fine grain removal show significantly smaller particle
diameters between 40–100 mm. In addition, a dependence
on the average particle diameter as a function of the stirrer
speed is evident. The higher the stirrer speed, the larger is
the mean particle diameter in the fine grain loop. These
results show that classification in the miniaturized DTB is
possible and that the particle size in the fine grain discharge
can be controlled with the aid of the stirrer speed.

5 Summary and Outlook

This contribution presents a draft tube baffle (DTB) tank
known from literature, which is scaled down from 1100 L
pilot size to a 1-L laboratory glass apparatus by means of
geometric similarity. Hydrodynamic investigations were
made in the DTB tank including the determination of the
residence time behavior of the liquid and solid phase, which
can be described by the RTD of a CSTR. In addition, the
suspension behavior in the DTB has been investigated in
order to determine the DTB operating window. Investiga-
tions of the classification behavior show that classification
in the miniaturized DTB is possible and can be influenced
by the stirrer speed. In the future, the DTB will be further
developed enable heating and cooling of the device for crys-
tallization experiments.

The German Federal Ministry for Economic Affairs and
Energy (BMWi) is acknowledged for funding this
research as part of the ENPRO2.0 initiative (Ref. no.
03ET1528A). We acknowledge financial support by TU
Dortmund University within the funding programme
Open Access Publishing. The authors would like to
thank our technician Carsten Schrömges and the work-
shop of the TU Dortmund for glassblowing results with-
out such research would not have been possible.

Symbols used

cw [–] resistance coefficient
d [m] diameter
F(t) [–] residence time sum function
Fr* [–] Froude number
g [m s–2] acceleration of gravity
H [m] height
_m [kg s–1] mass flow rate

n [s–1] rotation speed
Re [–] stirrer Reynolds number
Rep [–] particle Reynolds number
t [s] time
�t [s] actual mean residence time
utip [m s–1] stirrer tip speed
V [m3] volume
_V [m3L–1] volume flow rate

w [g g–1] weight fraction
x50,3 [mm] mean particle diameter

Greek letters

h [Pa s] dynamic viscosity
m [–] scaling factor
r [kg m–3] density
t [s] fluid dynamic residence time
j [–] volume fraction of solid

Sub- and Superscripts

dt draft tube
i inside
L liquid phase
mod model
o outside
P particle
R stirrer
S solid phase
sus suspension
0 start
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Table 3. Particle mean diameter in process and fine flow for dif-
ferent stirrer speeds.

n [min–1] x50,3 process samples
[mm]

x50,3 fine grain samples
[mm]

300 190 ± 16 57 ± 5

400 199 ± 8 46 ± 5

500 184 ± 12 63 ± 8

600 192 ± 23 82 ± 20
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Abbreviations

ASA acetylsalicylic acid
CFI coiled flow inverter
COBC continuous oscillatory baffled crystallizer
DTB draft tube baffle
MSMPR multistage mixed suspension mixed product

removal
PSD particle size distribution
RTDL residence time distribution liquid phase
RTDS residence time distribution solid phase
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