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Crystallization processes in a 500 mL stirred tank crystallizer with computational fluid dynamics (CFD) and population bal-
ances toward estimating how crystal size distributions (CSDs) are influenced by flow inhomogeneities was explored. The
flow pattern and CSD are presented here though extensive phase Doppler particle analyzer measurements and CFD predic-
tions for three different impeller designs (disc turbine, pitched blade turbine, and Propeller) and each rotated at three differ-
ent speeds (2.5, 5, andl0 r/s). As crystallization processes in practice could involve break-up and aggregation of crystals,
some selected break-up and aggregation kernels are incorporated. Extensive comparison of simulations with experimental
data showed consistent trends in the proper quantitative range. An attempt has also been made to develop scaling laws: (a)
mean particle size with average power consumption per unit mass and (b) particle-size distribution with the turbulent energy
dissipation distribution. © 2014 American Institute of Chemical Engineers AIChE J, 60: 3596-3613, 2014
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Introduction

Crystallization is one of the oldest unit operations known
to mankind. Since the beginning of civilization, cooking salt
has been produced by the evaporation of sea water. Even
today solar evaporation is a still customary in regions with
plentiful sunshine. The rise of the modern chemical industry
and the increasing requirements for the quality and quantity
of crystalline products were the triggers for the development
of industrial crystallizers." Crystallization processes are
widely used in practically all the specialty and bulk chemical
industries as a means of purification. However, the design
procedures for crystallizers are still closer to an art than the
desired state of science. Such a status is because of the com-
plexity of fluid mechanics. As a consequence, the relation-
ships between the crystal characteristics (mean crystal size,
crystal size distribution, morphology, etc.) and fluid mechan-
ics are yet to be understood. The supersaturation ratios and
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their special profiles affect the final crystal shape and size
through their influence on the kinetics of nucleation and
growth. They also affect crystal shape and morphology.”
Given the underlying complexity of crystallization, it is still
useful to study the different components individually toward
subsequently coupling their effects. This article describes the
role of some of the hydrodynamic parameters on crystal
characteristics.

The main challenge in industrial crystallizers is to obtain
the desired crystal-size distribution (CSD) and to predict
the influence of vessel geometry, impeller design, operating
conditions, and the effect of scale on the process behav-
ior.>* CSD control is important to ensure product quality
and purity and the successful operation of the crystallizer.
The final size distribution often affects downstream process-
ing such as filtration, centrifugation, drying, milling, and
formulation. In spite of its importance, the behavior of
crystallizers and characterizing CSD for most processes is
not well understood. Part of the complexity is that the
size distribution varies in space and time in a crystallizer
due to nonideal flow patterns and possible temperature
distribution.
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Process time scale, reactor opacity, and the inconvenience
and intrusive nature of in situ experimental assessments are
some of the formidable obstacles that prevent full under-
standing of the process dynamics within the stirred tank
crystallizers.> An effective way of understanding crystalliza-
tion behavior is through modeling. In the past, simple mod-
els such as mixed-suspension mixed-product removal models
were developed.' These models predicted the CSD assuming
that the crystallizer is well-mixed and the hydrodynamic
effects were neglected. The assumption of ideality in the
MSMPR model makes its application inappropriate to an
industrial scale crystallizer as the particle concentration pro-
files (axial and radial) depend on the respective settling
velocities of particles.” Further, it is practically impossible to
achieve uniform supersaturation throughout the crystallizer.
These two features result into limited applicability of these
models. Nevertheless the models have been extensively used
in designing crystallizers.” In fact, such empirical procedures
are not completely reliable and call for overdesign. Obvi-
ously, they are not optimized for yield, CSD or morphology.
In addition, in specialty industry the problems are acute
because, in many cases, the existing hardware does not pro-
vide sufficient freedom. Further, the lack of understanding of
the flow characteristics and crystallization kinetics make the
process development and scale-up or scale-down a time con-
suming trial-and-error process.”

The kinetic parameters involved in crystallization, such as
crystal growth rates, nucleation rates, breakage rates, and
agglomeration rates depend upon many factors. Experimental
crystallizers are used to determine the kinetic parameters to
facilitate the design of industrial crystallization units. If the
experimental data are poor for any reason, the design of the
industrial unit does not ensure production of good quality
product. The most significant factors affecting the kinetic
parameters are the flow field, mixing behaviour, temperature
fields, degree of supersaturation® and its special variation, and
suspension density. Computational fluid dynamics (CFD) is a
method to understand the hydrodynamics and was success-
fully used to investigate the roles of mixing, turbulence, and
shear on the crystallizer performance.® CFD can provide an
insight into the flow patterns generated by different impeller
configurations’ and hence on the concentration and tempera-
ture fields. These fields govern the crystallization rates and
the CSD. However, it requires the CFD framework to be
enhanced to include a detailed population balance (PB) to
investigate the coupled effects of fluid mechanics and crystal-
lization phenomena. The local crystal concentration may alter
the local fluid properties and hence the hydrodynamics, which
in turn influences the CSD. Population balance models
(PBMs) that quantitatively monitor nucleation, growth, disso-
lution, aggregation and breakage make it possible to account
for the coupling between the CSD and the hydrodynamics.

In this work, an attempt has been made to understand the
flow pattern during the crystallization process (generated by
different impeller designs at different speeds) and CSD
through detailed experiments as well as CFD in a small-
scale NaCl crystallizer. This study is a precursor to a treat-
ment of industrial scale crystallizers in an upcoming
publication.

Previous Work

The studies pertaining to crystallization in different types
of crystallizers have been summarized in Table 1. Kramer
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et al.® have simulated evaporative forced circulation (FC)
crystallizer of 200 L using a compartmental approach. They
have assumed the flow pattern in the crystallizer to be unaf-
fected by the presence of vapor. Further, they assumed iso-
thermal conditions. They have concluded that the observed
profiles were strongly affected by the choice of the kinetic
parameters. In addition, they have brought out the importance
of the step of validation by comprehensive comparison
between the simulations and the experimental measurements
of fields of supersaturation, crystal concentration and tempera-
tures. Rousseaux et al.” have studied the effect of feed loca-
tion, rotation speed, reactor geometry and reagent
concentration on the CSD on precipatation of pseudoboeh-
mite. The authors found good agreement between the experi-
mental results and the CFD predictions while varying reactor
geometry and reagent concentration. Zheng et al.' have stud-
ied the effect of feed locations, feed concentrations, impeller
speed and residence time through CFD simulations on the
precipitation of barium sulfate in a continuous stirred tank
crystallizer. They found that, at high impeller speed, stronger
turbulence at the feed location, lower feed concentration, and
longer residence times were found to favor larger size of the
particles during precipitation. The authors also investigated
the effect of draft tube just above the impeller and varied the
bottom clearance, diameter and height of the draft tube and
found that the presence of the draft tube increases the mean
crystal size. Logashenko et al.'' investigated the crystalliza-
tion of potassium nitrate in a continuous stirred crystallizer.
The authors have shown the results of velocity, concentration
of potassium nitrate, temperature, and crystal sizes at various
time intervals in the form of contours. The authors have con-
cluded that their simulations can be considered as a first step
for solving many open issues.

Sha et al.'’ studied the factors affecting the size-
dependent classification function by simulating the mixing
process with different operating conditions in the crystallizer.
They studied the spatial distribution of solids in the tank and
classification function. It was concluded that the suspension
density in the crystallizer affects the crystallization process.
They have further shown that, in an imperfect suspension,
continuous crystallization depends on both the mixing inten-
sity and the product removal location. In addition, they have
found that the different tank geometries have different effi-
ciencies of classification. Zhu and Wei'? have performed
simulations of the batch crystallization of ammonium sul-
phate and observed that the velocity distribution did not
change significantly when the particle phase was involved.
Further, they found that the draft tube crystallizer with an
axial impeller could provide a suitable flow field for a vac-
uum evaporation crystallization of ammonium sulphate.
Wantha and Flood'* have investigated the influence of the
hydrodynamics in the DTB crystallizer, as characterized by
the momentum source strength and fines removal flow, on
the flow characteristics and the classification of crystals.
They found that the overall magnitude of liquid velocity
within the crystallizer can be strongly increased by increas-
ing the axial momentum source but only slightly increased
by increasing the fines removal flow rate. For the vapor
phase, the overall magnitude of the velocity can be slightly
increased by the axial momentum source and also slightly
influenced by the fines removal flow rates. Plewik et al.!s
have simulated multiphase flow of monodispersed suspen-
sions in various types of industrial crystallizers, namely,
draft tube magma (DTM), double draft tube (DDT), and
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fluidized bed (FL) crystallizers. The CFD simulations were
validated against experimental data using laser Doppler
velocimetry measurements on a scaled down geometry which
led to their conclusion that the multiphase computation
method was a very useful tool for such analysis. They fur-
ther found that hydraulic conditions in industrial crystallizers
were far from ideal and increased mixing energy dissipation
and caused increase in crystal destruction.

In the work of Derksen,'® large-eddy simulations (LESs)
of the turbulent flow driven by a Rushton turbine have been
coupled to a Lagrangian description of spherical, solid par-
ticles immersed in the flow. The working fluid was water,
whereas the solid particles had the properties of glass beads.
The tank size was 10 L and relatively low solids volume
fractions (up to 3.6%) were employed. Two sets of particles
were considered with particle diameter of 0.30 and 0.47 mm,
respectively. It has been investigated to what level of detail
the particle motion needs to be modeled to meet Zwieter-
ing’s just suspended criterion. It appeared to be essential to
take particle—particle collisions into account, mainly because
of their exclusion effect that prevents unrealistic buildup of
particle concentrations closely above the bottom. The simu-
lations give detailed insight in the behavior of the particles
and in the way that the liquid flow is altered by the presence
of the particles. The frequency and intensity of particle—par-
ticle collisions, and particle-impeller collisions, have been
investigated. Joshi et al.'”~'? have critically analyzed the per-
formance of a large number of turbulence models for predic-
tion of flows generated by axial and radial flow turbines.
They have presented detailed comparison of CFD predictions
and the experimental measurements obtained at large number
of locations in the stirred tank and over a wide range of tank
sizes. Recently, Gimbun et al.?° have extended the work of
Derksen'® and presented a detached eddy simulation (DES),
a LES, and a k—e¢ based Reynolds averaged Navier—Stokes
(RANS) calculation on the single phase turbulent flow in a
fully baffled stirred tank, agitated by a Rushton turbine. The
DES used here is based on the Spalart—Allmaras turbulence
model solved on a grid containing about a million control
volumes. The standard k—e and LES were considered here
for comparison purposes. Predictions of the impeller-angle-
resolved and time-averaged turbulent flow have been eval-
uated and compared with data from laser doppler anemome-
try measurements. The effects of the turbulence model on
the predictions of the mean velocity components and the tur-
bulent kinetic energy are most pronounced in the (highly
anisotropic) trailing vortex core region, with specifically
DES performing well. The LES that was performed on the
same grid as the DES appears to lack resolution in the
boundary layers on the surface of the impeller. The findings
suggest that DES provides a more accurate prediction of the
features of the turbulent flows in a stirred tank compared
with RANS-based models and at the same time alleviates
resolution requirements of LES close to walls.

From the forgoing discussion, it is clear that most of the
previous published literature is generally concerned with the
flow patte:rn12_19 in crystallizers rather than the process of
crystallization itself. Hardly any information is available in
the published literature on the prediction of the roles of
impeller design and power consumption on CSD s. In view
of this, it was thought desirable to undertake a systematic
study pertaining to CFD simulation and experimental valida-
tion in three phases with increasing complexity: (1) effect of
impeller design and power consumption (P/V) on particle-
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size distribution. In this phase, the supersaturation has been
assumed uniform throughout the crystallizer. For this case,
evaporative crystallizer has been selected, (2) in the second
phase, the effect of supersaturation field will be investigated.
However, relatively small concentration gradients (spacial)
will be considered by selecting medium size crystallizer
(say, 500 L). In this phase, the case of cooling crystallizer
will be investigated. (3) In the third phase; steep gradients
will be considered using large size crystallizer. In the second
and third phases, the effects of impeller design and power
consumption will also be investigated along with the super-
saturation field.

This article is concerned with Phase 1 and an attempt has
been made to combine nucleation and growth kinetics, CFD
with PBM. The CSD, crystal volume fraction, axial, radial,
and tangential liquid velocities, turbulent kinetic energy, and
turbulent energy dissipation rates have been predicted using
three different impellers (DT, PBT, and Propeller) and each
rotated at three different impeller speeds (2.5, 5, and 10 1/s).
The model predictions have been compared with the meas-
urements using phase Doppler particle analyzer (PDPA).

Mathematical Modeling
Governing equations

The ensemble-averaged mass and momentum transport
equations for each phase are given by the following equa-
tions. Nomenclature section provides a description of all the
variables appearing in the differential equations.

Continuity equation of the kth phase

0
5(Pk€k)+v “(PkEKVL)=Sm )]
where the kth phase refers either to the continuous liquid
phase or the discrete solid phase.

Momentum Equation.

g(pkekvk)+v (pr€Exvivi)=—EVptpErgt Gkﬂkvzvk‘i‘FI 2)

In Eq. 1, S,y is a source term that captures the aggregation
and break-up processes. The right side of Eq. 2 describes the
details of which have been given by Murthy et al.'®?!
Authors'® has considered the following formulation of drag
force

The drag force exerted by the dispersed phase on the con-
tinuous phase is calculated as

FD:KSI(Vc_vd) (3)
where K is the fluid—solid exchange coefficient and can be

written in the following general form

Espyf

N

Kq= “
where f is defined differently for the different exchange-
coefficient models. The drag function due to Syamlal and
O’Brien®” gives a somewhat better prediction when com-
pared with the other models and it is defined as

_ CpRe; €

5
241%s 3)

f

where the drag coefficient, derived by Dalla Valle,” is given
by
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This model is based on measurements of the terminal
velocities of particles in fluidized or settling beds, with cor-
relations that are a function of the volume fraction and rela-
tive Reynolds number**

CD:

_ pids|Vs— Vi
H

Res (7N

where the subscript 1 is for the Ith fluid phase, s is for the
sth solid phase, and d; is the diameter of the sth solid phase
particles/crystals.

Energy Equation.

0
5 PE)TV - Vi(pE+p)=V

ket VT =Y " B+ e - Vic| +Sh ®)
J

The first three terms on the right-hand side of Eq. 8
represent energy transfer due to conduction, species diffu-
sion and viscous dissipation, respectively. Sy, includes the
heat of chemical reaction, and any other volumetric heat
sources.

Species Transport Equation.
for the ith species

The conservation equation

D
g(pYi)'FV' (kaYi)ZV' po‘f‘—l VYj+R[+Sj (9)
ot Scy

where Y; is the mass fraction of each species, Sc; is the
turbulent Schmidt number, D, is molecular diffusion, D,
is the turbulent diffusivity, R; is the net rate of produc-
tion of species i by chemical reaction, and S; is the rate
of creation by addition from the dispersion phase plus
any user-defined sources. The default Sc¢, is 0.7. Joshi
and Ranade®® have discussed the current status of CFD
simulations.

Turbulence modeling

For the continuous phase, the renormalized group (RNG)
k—e model was applied. The governing equations for the
RNG k—¢& model are

d
E(pl € k)+V - p €kv=V - €1<M1+5—;>Vk+P1€1(P_8)

(10
a :ut & *
—(p€1e)tV -p € ev,=V- g | y+t=|Vetp g - (C1£P*C28>
ot o, k
(1)
where C3, is given by
* Curls(l _’7/’70)
Cyy=Cot (12)
P is the rate of production of turbulence given by
P=E(Tv+ vV s O (13)
0

Cp.=1.68, C,;=142, 04,=1.0, and ¢,=1.2 are con-
stants. Turbulent eddy viscosity, y, is computed from
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#t:pcu? (14)

where C,=0.0845 and the difference between the RNG k—e¢
model and the standard k—¢ model lies in the additional sink
term in the ¢ equation.

PB modeling

The method of moments has been used to solve the PB as it
allows modeling arbitrary kinetics involving nucleation, growth,
aggregation and breakage. In addition, one can recover the CSD
using available numerical techniques to invert the moments.
The standard method of moments is an efficient alternative to
the discrete PB approach. In this approach, the PB equation is
transformed into a set of transport equations for moments of the
distribution. This method has been used by several investiga-
tors' 271922242627 16 investigate crystallization processes.
Recently, this method has been extended and improved, leading
to the quadrature method of moments (QMOM).13

The CSD is an essential criterion for assessing the proper-
ties and quality of the product. To predict the CSD, the PB
equations need to be solved. In this work, we have used the
QMOM method for the crystallization processes. The CSD
can then be expressed in terms of these moments.”® This
approach is sufficient to provide information useful for engi-
neering and design purposes.29 The moments m; of the CSD
are computed according to the following moment transport
equation, considering the first four moments*

9 _ _ I
Er (pmj)+V - (pum;—TetrVm;) =p(Bagj—Dag+Birj=Dr,)

+pLhio+ pjGmi—y, j=0,1,2&3 (15)

where By, Durj, Bagj, Dagj are, respectively, the birth and
death due to break-up and aggregation of crystals. J is the
nucleation rate and G is the growth rate. In the current simu-
lations, aggregation, and break-up models have been
neglected except for one case, and the results are discussed
in the Results and Discussion section.

The moments m; of the number density are calculated by
the quadrature approximation

N
mjzzwiv;, j=1,2,...,2N—1 (16)
i=1

The quadrature approximation of order N of the number
density n(V,r,t) is defined by its N weights w;(r,¢) and N
abscissas V;, and can be calculated by its first 2N moments
mgy, my, my, ...,May—1. The number of scalars (moments) 2N
for QMOM is significantly lower than the number of classes
M for the discrete methods.*®

Growth and nucleation

The crystal growth rate G, a parameter that measures how
fast a crystal grows, is, for most systems, exponentially
dependent on the supersaturation. However, the end result of
the crystal size obtained in a crystallizer is not a matter only
of the growth rate, but also of the nucleation rate, J (how
many crystals take part in crystal growth), and the attrition
rate (how easily crystals break, and how small are the bro-
ken fragments). The nucleation rate is also a function of the
supersaturation, and is affected by supersaturation to a far
greater degree than the growth rate. As a result of these very

October 2014 Vol. 60, No. 10 AIChE Journal



complex relationships, the supersaturation at which a crystal-

lizer will operate must be chosen with considerable care.
The crystal growth rate G, is calculated as functions of the

supersaturation ratio S defined in Eq. 19, following31

G=ky(S—1)° a7

where k is constants.

Nucleation occurs as either primary or secondary nuclea-
tion. Primary (homogeneous) nucleation occurs at the onset
of crystallization, when the concentration of the solvent
exceeds the metastable region. Secondary nucleation, which
is caused by contacts between a crystal and another sur-
face,>**® and occurs within the metastable region. Crystal-
to-crystal and crystal-to-impeller contacts are the most com-
mon sources of secondary nucleation. Secondary nucleation
is, therefore, affected by the mixing energy input to the crys-
tallizer. Secondary nucleation is a complex phenomena and
is not well understood. A general theory for the prediction of
nucleation rates does not exist. The nucleation rate J, is cal-
culated as a function of the degree of agitation (N), the sus-
pension density (€), and the supersaturation (8)*

J=ky(S—1)*7 (18)

where k,l=k;l N €, the parameters of this model are k”, k,
and j, which are the nucleation rate constant, the solid con-
centration exponent, and the flow parameter exponent,
respectively.

The key parameter for determining these kinetics is the
local supersaturation, S, which reflects the thermodynamic

driving force for crystallization and is defined as
S=Solute mole fraction/Solubility (19)
Solubility=0.000919T —0.199 (20)

The moments are used to calculate the mass-average crys-
tal mean size, ds,, as follows

N
dyp= M @0
Dim1 M2Vi

where v; is the volume of the ith cell.

Aggregation model

The aggregation kernel is modeled using the Luo and
Svendsen™ model. The general aggregation kernel is defined
as the rate of particle volume formation as a result of binary
collisions of particles with volumes V; and V;

ViV =0u (Vi VPu(VLV) @2

where wag(Vi,Vj,r) is the frequency of collision and Py
(Vi,V;) is the probability that the collision results in aggre-
gation. The frequency, based on projected area, is given by
Wag (Vi, Vj, I') = g (dl2+d12) l’l[fljlz,'j(l') (23)
where d; = (6V; /n)'/ ? is the diameter of the particle of vol-
ume V; assuming spherical shape, u;; is the velocity of the
ith particle relative to the jth particle which has volume V;,
and 7; and 7; are the number densities of particles of vol-
umes V; and V;, respectively. Two physical mechanisms are
behind the calculation of the relative velocity. The first is
that of turbulent mixing. Assuming that the crystal sizes lie
in the inertial range of turbulence, and the turbulence is iso-
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tropic, the mixing velocity i,

;j of the two crystals can be
expressed as

1/2
= (u +u2) (24)
where the turbulent velocity in the inertial subrange of iso-
tropic turbulence is u;=1.43(ed;) '3 The expression for the
probability of aggregation is given by

. [075(1+:2) <1+x?j>]1/2 wez| s

P (Vi,Vi)=ex i
Vi Vi) ~ep (p2/p1+0.5) 2 (14x5)* 7

where C, is a constant of order unity, x; = d;/d;, p; and p,
are the densities of the primary and secondary phases,
respectively, and the Weber number is defined as

2
We;j = @ (26)

The birth rate of group j due to aggregation of group i
and group k crystal is

1 N N
Bagj=5> wi > wi(Vit Vi) 27)
i=1 k=1

The death rate of group j due to aggregation with other
crystals is
N N
Dagj= > Viw: Y wia(Vi, Vi,r) (28)
i=1 k=1

Break-up model

The Luo and Svendsen® breakage kernel encompasses
both the breakage frequency and the PDF of crystals formed
from breakage. The general breakage rate per unit volume is
usually written as

Qbr(va V’,r)=g(V’,r)ﬁ(V|V/) (29)

where the parent particle suffering breakage has volume-
and the daughter particle has volume V. In the above expres-
sion, g(V’,r) is the spatially nonuniform breakage frequency,
and f(V|V’) is the normalized daughter particle distribution
function. For binary breakage, the f(V|V') must be symmet-
rical with respect to VK =0.5. The general form is the integral
over the size of eddies A hitting the particle with diameter d
(and volume V). The integral is taken over the dimensionless
eddy size £=/1/d. The general form is

1
2
0u(v.V)=K | %em(—bf’”“)dﬁ (30)
Emin

where the model parameters are assumed to be as below

K=0.923¢3d73¢;,  b=12 []‘2/3-1- (1 —f2/3> - 1] op e 2Pa5/3
The birth rate of group j crystals due to break-up of larger
crystals is

N o]

Buy=_wi [ Vie(Vur)p(vIV)av G1)
=1
The death rate of group j crystals due to break-up into
smaller crystals is
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Figure 1. Geometry and impellers used for the study.

N
Duej= Y wiVig(Vi,r) (32)
i=1

Geometrical details

Figure 1 shows the schematic structure diagram of the
500 mL stirred tank crystallizer with three impellers. The
dimensions of the crystallizer are: diameters (7=0.1 m)
Height = 0.07 m. The clearance between the impeller and

the vessel bottom was kept at 0.015 m and the impeller was
centrally located. The height of liquid level (/) was equal to
the tank height. Three types of impellers have been investi-
gated by the CFD simulation and PDPA experiments, which
include the disc turbine (DT), pitch blade turbine (PBT) and
the propeller, the shape of the impellers as shown in Figure
1B. The geometrical details are given in Table 2.

Method of solution

The method of solution was the same as used by Murthy
and Joshi.?' Grid-independent study has been carried out
only for the case of DT using two grid resolutions. The total
number of cells in the three directions for the two cases,
115,000 (~35 X 40 X 80, z X r X 6) and 218,840 (~44 X
50 X100, z X r X @), respectively. It has been found that
both the grids gave very similar profiles of turbulent kinetic
energy and the values of power number were found to be
practically the same. However, all the simulations have been
performed for the grid resolution of 218,840 (~44 X 50
X100, z X r X 0). The grid structure with all the three
impellers is shown in Figure 2. In this work, simulations
have been initially performed with the time step size of
0.00001 s. As the solution progressed the time step size has
gradually been increased to 0.001 s to save computational
time. The simulation was performed for a time span of
800 s. All the computations have parallely been performed
on an IBM, 96 (eight nodes) processors cluster with a total
192 GB RAM, 2.63 GHz processor speed.

Boundary conditions

At the tank top, the atmospheric pressure was specified as
boundary condition. No slip boundary conditions were used
at all the impermeable walls. The mixture is initially at a
temperature of 333 K and the walls are cooled at 253 K.
The supersaturation ratio is defined as the ratio of concentra-
tion of NaCl in the solution to its solubility. The solubility
curve of NaCl in water exhibits a linear dependency on tem-
perature in the operating range. The growth (G) and nuclea-
tion (/) kinetics are based on power-law kernels are include
using the user defined function in ANSYS FLUENT.?¢

Experimental Setup
Equipment

The schematic diagram of the experimental setup is shown
in Figure 1A .The crystallizer (1) was of 100 mm impeller
diameter (flat bottom) and 180 mm height and made up of
glass. In all the experiments, initially, saturated sodium chlo-
ride solution (26 wt %) was taken in the crystallizer upto
70 mm height. The crystallizer was kept in a hot water bath

Table 2. Geometry and Numerical Details

Impeller Tank Diameter, Tank Height, Impeller Impeller Clearance from

Type T (m) H (m) Speed (1/s) Diameter, D (m) Bottom, C (m) Grid Size

DT 0.1 0.07 2.5 0.05 0.015 218840
0.1 0.07 5.0 0.05 0.015 218840
0.1 0.07 10.0 0.05 0.015 218840

PBT 0.1 0.07 2.5 0.05 0.015 193363
0.1 0.07 5.0 0.05 0.015 193363
0.1 0.07 10.0 0.05 0.015 193363

Propeller 0.1 0.07 2.5 0.05 0.015 189533
0.1 0.07 5.0 0.05 0.015 189533
0.1 0.07 10.0 0.05 0.015 189533
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Figure 2. Grid structure for different impellers (A) DT, (B) PBT, and (C) Propeller.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and slow evaporation was carried out at 58 =2°C for a
period of 6 h. Three impeller designs [DT, pitched blade tur-
bine (PBT) and propeller were used. The impeller speeds
were 2.5, 5, and 10 1/s for all the three impeller designs. The
vessel was provided with four baffles of 10% width (3). All
the impellers (centerline) were placed at 15 mm from the
bottom. The impeller diameter was 50 mm in all the three
designs. To reduce the curvature effect, the crystallizer was
placed in a pentagonal tank (4). The dimensions and the
location are given in Figure 1A. This tank also acted as a
water bath. The elevation and plan of the crystallizer are
shown in Figure 1B, where the measurement locations are
highlighted.

Measurement

The velocity and crystal size measurements were per-
formed by a laser Doppler anemometer (LDA), with a PDPA
attachment, procured from Dantec Dynamics (Model No.
2017AR). The laser source was a 10 W Argon-ion laser. The
laser probe and receiving optics were mounted on a light-
weight traverse system. Three components of instantaneous

AIChE Journal October 2014 Vol. 60, No. 10
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velocity were measured at five axial locations (5, 15, 25, 35,
and 50 mm from the bottom) and 19 radial locations (mid
baffle plane) 2.5 mm gap. At the impeller center plane the
number of radial locations were 9; first at 2.5 mm from the
impeller tip and the other eight with 2.5 mm gap. The three
instantaneous velocity components (axial, radial and tangen-
tial velocity) were normalized with the tip velocity. They
were then plotted against normalized radial coordinates. The
crystal size measurements were performed at the above men-
tioned positions. Refer Figure 3 for schematic diagram.

First of all, saturated salt solution with saturated concen-
tration (the NaCl solubility is practically constant with
respect to temperature) was filled in the crystallizer upto
70mm. The temperature in the crystallizer was maintained at
58 = 2°C. The agitator was powered by 0.5 kW motor. Sam-
ples were taken over a period of 8 h. Each sample was sub-
jected to centrifugation. The CSD of the solid phase was
measured by sieving. It may be pointed out that the in situ
measurements of PSD have also been undertaken using
PDPA. The agreement between the sieving and the PDPA
measurements was 10-26%.
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Figure 3. A (1) Crystallizer, (2) Impeller, (3) Baffles, (4)
Pentagonal tank which also acts as water
bath, (5) Laser Source and Optics, (6) Optical
Fiber, (7) Laser Probe, (8) Optical receiver, (9)
Computer, (10) Traverse system. B (1) Crys-
tallizer, (2) Impeller, (3) Baffles, (4) Locations
of measurement.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Results and Discussion

The CFDsimulation results and the experimental measure-
ments of the dimensionless mean axial velocity, mean radial
velocity, mean tangential velocity, and mean turbulent
kinetic energy have been plotted against the dimensionless
radial distance. Further, the model predictions of the CSD
have also been compared with the experimental data.
Detailed discussion is given in the following sections.

Flow pattern

It was thought desirable to validate the CFD predictions
of flow pattern before embarking on the prediction and

3604 DOI 10.1002/aic
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measurements of CSD s. Although the measurements have
been made at five axial and 20 radial locations, only some
results have been shown for the sake of brevity.

Disc turbine

In the case of DT, the flow pattern generated by the
impeller is a mixed radial-axial-tangential flow."*” The
quantitative and qualitative description of the flow generated
by DT has been given by various authors.**™*! Figures 4A-D,
show the radial profile of mean axial, radial, tangential
velocities and turbulent kinetic energy near the impeller
region (H =0.025 m). It is evident from the figures that the
predictions of all the velocity profiles and k show good
agreement (variation within 6-15%) with the experimental
data. Similar good agreement was also found at other four
axial locations with a standard deviation of 6-25%. It may
be emphasized that the experimental measurements and CFD
simulations have been performed in the presence of crystals.
Further, simultaneously the CSD was also measured by
PDPA.

Pitched blade turbine

For the PBT and for single phase flow various authors*!
have given comparison between the CFD predictions and the
experimental measurements. In the presence of crystals, the
normalized axial, radial, and tangential velocity components
and normalized turbulent kinetic energy have been compared
with the experimental data in Figures 5A-D. Very good
agreement (variation within 4-18%) can be seen from these
figures.

—44

Propeller

For single phase flow, number of authors***  have
described the flows generated by axial flow impellers. In the
presence of crystals, the flow generated by propeller has
been plotted in Figures 6A-D in terms of radial profiles
dimensionless axial, radial, and tangential velocity compo-
nents and also turbulent kinetic energy. These figures show
very good agreement (variation within 8-20%) with the CFD
predictions. Again, we emphasize that the flow measure-
ments in the present work have been performed in the pres-
ence of crystals and simultaneously the CSD has also been
measured.

Overall flow pattern

In the previous section, an excellent agreement between
the CFD predictions and PDPA measurements was shown at
few locations for DT, PBT, and propeller in Figures 4-6,
respectively. It may be pointed out that similar good qual-
ity agreements were found for all the impeller speeds cov-
ered in this work. The flow pattern with different impellers
in the 500 mL stirred tank crystallizer is shown in Figure 7,
which represents the velocity contours in the vertical cen-
ter plane. It is observed that the DT produces strong
radial discharge with intense swirling. In the case of axial
flow impeller, PBT develops a strong downward flow
with a tangential velocity component in the impeller
region.”' The uniformity of the liquid flow can clearly be
depicted by the overall velocity contours. Further, it can
be seen that the overall flow features are close to uniform
at high impeller speed. Figure 8 shows the contours of
the crystal mean volume fraction for the three impellers
and impeller speed of 5 1/s. It can be observed that the
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Figure 4. Flow pattern profiles for DT impeller at axial location, H=0.025 m: (A) normalized axial velocity, (B) nor-
malized radial velocity, (C) normalized tangential velocity, and (D) normalized turbulent kinetic energy.

volume fraction is more uniform with the propeller. Fur-
ther, it may be noted that at low impeller speed (2.5 r1/s),
the crystal settling zone was found for all the three
impellers.

Energy balance

Using CFD simulations, the values of energy dissipation
rate (¢) were obtained for all the three impellers at all the
impeller speeds. For instance, the radial profiles of ¢ for the
propeller at five axial locations have been shown in
Figures 9A—C. The total energy dissipation rate was calcu-
lated by volume integration of the predicted local turbulence
energy dissipation rates (¢) as

;)2 "do f: dz J(f rdre
P= &
, do Jo dz jo rdr

(33)

The values of actual energy total dissipation rates (power)
for all the three impellers were obtained using the following
equation

P=N,pN*D’ (34)
where D is the impeller diameter and N is the impeller speed
(r/s) of the stirrer. The power consumption was measured by
using the procedure of Murthy and Joshi.?! For this purpose,
torque table was used. A precalibrated load indicator dis-
plays the load on the torque table. Ten readings were taken
for each set and average was used for power measurement.
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Table 3 shows the comparison between the CFD predicted
(Eq. 33) and the experimentally measured power consump-
tion for all the three impellers and all the three impeller
speeds. The predicted values show close agreement with the
experimental values which implies good overall energy
balance and also validity of the CFD simulations and the
experimental measurements.

Crystal size distribution

The crystallization process consists of two major events,
nucleation, and crystal growth.® Supersaturation is the driving
force for crystallization; hence, the rate of nucleation and
growth is driven by the existing supersaturation in the solu-
tion. Depending on the conditions, either nucleation or growth
may be predominant over the other, and as a result, crystals
with different sizes and shapes are obtained (control of crystal
size and shape constitutes one of the main challenges in
industrial manufacturing, such as for pharmaceuticals).

The appearance and size range of a crystalline product is
extremely important in crystallization. If further processing
of the crystals is desired, large crystals with uniform size are
important for washing, filtering, drying, incineration, trans-
portation, storage, and so forth. The importance lies in the
fact that large crystals are easier to filter out of a solution
than the small crystals. Also, larger crystals have a smaller
surface area to volume ratio, leading to a higher purity. This
higher purity is due to less retention of mother liquor which
contains impurities, and a smaller loss of yield when the
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

crystals are washed to remove the mother liquor. The CSD
can be estimated as a function of operating conditions by
using the PBM. In view of this, CFD-PBM coupled model
has been used in the current simulation, including the nucle-
ation, growth relations. Further, aggregation and break-up
models were included along with nucleation and growth rela-
tions in PBM and the results will be discussed in separate
section. Figures 10—12 demonstrate typical crystal concentra-
tion distributions in stirred tank crystallizer with three differ-
ent impellers (DT, PBT, and propeller) and rotated at three
different speeds. It can be observed that the predicted CSD
shows reasonable agreement with the experimental data.

Effect of impeller speed on CSD

Impeller speed is a major parameter affecting the flow and
crystallization process in a stirred tank crystallizer. Increas-
ing the impeller speed tends to homogenize the concentration

AIChE Journal October 2014 Vol. 60, No. 10
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and the CSD in the tank by increasing both the pumping rate
(i.e., convection) and turbulent diffusion. This in turn lowers
the mean crystallize in the tank. To see the effect of impeller
speed on the CSD, various simulations and experiments were
carried out at three impeller speeds (2.5, 5, and 10 r/s) for
DT, PBT, and propeller. The comparison of the predicted
and the experimental results are shown in Figure 13. It can
be seen that when the impeller speed is low (2.5 r/s), the
CSD becomes wider. The reason appears to be partly due to
the low supersaturation (because of low evaporation rate at
low speed). At higher impeller speed (10 1/s), the suspension
density for each size of the crystal tends to be uniform and
the CSD of the product becomes narrow. An increase of the
impeller speed enhances the rate of nucleation and as a
result more nuclei get produced in the process environment.
Therefore, high impeller speed causes production of crystals
with small sizes as, in this case, the crystals experience more
collisions and do not find the opportunity to have growth.
Uniform flow also can lead to smaller spatial variations in
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Figure 8. Contour plots of Crystal mean volume frac-
tion for (A) DT, (B) PBT, and (C) propeller.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DOI 10.1002/aic 3607


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

25

in

0.5

POWER CONSUMPTION PER UNIT
MASS, £ x 10° (m¥/sec?)

0 0.2 04 0.6 0.8
NORMALIZED RADIAL DISTANCE, r/R

POWER CONSUMPTION PER UNIT
MASS, £ x 10° (m?¥/sec?)

0 0.2 0.4 0.6 08 1

NORMALIZED RADIAL DISTANCE, r/R

o

POWER CONSUMPTION PER UNIT
MASS, £ x 10? (m¥sec’)

1
08
0.6
04
0.2 /4,
0 _K
0 02 0.4 0.6 0.8 1

NORMALIZED RADIAL DISTANCE, r/R

Figure 9. Power consumption profiles for propeller for

(A) 2.5 rps, (B) 5 rps, and (C) 10 rps.

(1) H=10.005 m, (2) H=0.015 m, (3) H=10.025 m, (4)

H =0.035 m, and (5) H=0.05 m.

POWER CONSUMPTION PER UNIT

POWER CONSUMPTION PER UNIT

POWER CONSUMPTION PER UNIT

MASS, & x 10° (m¥/sec?)

MASS, £ x 10' (m?¥/sec’)

MASS, & (m¥sec’)

0 200 400 600

800

CRYSTAL SIZE (um)

1000 1200

25 1

WEIGHT %
w 5 » 8

(=]

a

0O Expt
—CFD

0 200 400 600

800

CRYSTALSIZE (um)

1000 1200

WEIGHT %
- N
o S U

[m]

O Expt
—CFD

0 200 400 600

=

800

CRYSTAL SIZE (um)

Figure 10. Comparison between the experimental and
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e

1000 1200

the crystallization rate, in particular a more uniform crystal
growth rate because the level of supersaturation in these
areas will be constant.' It is also observed that the dominant
size of the distribution decreases with an increasing impeller
speed. Further, high specific power input improves mixing

Table 3. Crystal Size (Mean and Standard Deviation) and Energy Dissipation Rate (Mean and Standard Deviation)

Impeller Mean Crystal Crystal Size Power Consumption Power Consumption Power Consumption
Type Speed (1/s) Size (microns) Standard Deviation from Expt. (watt) from CFD (watt) Standard Deviation
DT 2.5 532 304 0.0232 0.02583 0.116

5.0 413 376 0.1805 0.20239 0.536

10.0 344 463 1.4010 1.58488 7.049
PBT 2.5 544 263 0.0142 0.01564 0.036

5.0 451 342 0.1115 0.12395 0.287

10.0 378 386 0.6154 0.69037 2.328
Propeller 2.5 549 200 0.0033 0.00361 0.006

5.0 467 250 0.0251 0.02770 0.033

10.0 396 339 0.2101 0.23361 0.199
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Figure 11. Comparison between the experimental and
simulated profiles of CSD for PBT at various
impeller speeds (A) 2.5, (B) 5, and (C) 10 r/s.

and crystallizer homogeneity, which leads to the choice of
the high impeller speed. Conversely, crystal damage and
the control of secondary nucleation (which are strong func-
tions of impeller shear rate) suggest the use of low impeller
speeds. Therefore, the appropriate tradeoffs must be made
to achieve sufficiently good mixing while minimizing crys-
tal damage and managing secondary crystal nucleation.**
The experimental results also show that the increasing
impeller speed led to smaller mean crystal size of the
sodium chloride, which are indeed consistent with the pres-
ent simulation.

Effect of impeller design on CSD

Earlier it has been shown that DT, PBT, and Propeller
generate different flow patterns, and hence, offer different
efficiencies for the suspension operation and the mixing
behavior. To understand the quantitative role of the impeller
design on CSD, CFD simulations and the experiments have
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Figure 12. Comparison between the experimental and
simulated profiles of CSD for Propeller at
various impeller speeds (A) 2.5, (B) 5, and
(C) 10 r/s.

been carried out for the three impeller designs. The compari-
son of the experimental and the predicted CSD is shown in
Figure 14. It can be observed that, PBT and propeller gener-
ate larger crystals than the DT. Table 3 shows the compari-
son of power consumption (energy dissipation rate) and the
mean crystal size for different impeller designs and impeller
speeds. The total energy dissipation rate depends on both the
global mixing and the local mixing in the crystallizer. The
energy dissipation rate can affect the growth rate of crystals
by changing the mass-transfer rate and correspondingly, the
mass-transfer rate of bulk solute to the crystal surface. It can
be seen from Table 3 that the mean crystal size decreases
with an increase in the energy dissipation rate/power con-
sumption. Further, it can be observed that the propeller gives
the larger crystals than the other two impellers (DT and
PBT) at the same power consumption. The standard devia-
tion of propeller is also the lowest as compared to the other
impellers (DT and PBT).
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Effect of aggregation and breakup models on CSD

To see the effect of aggregation and break-up models on
CSD, various simulations were carried out with and without
aggregation and break-up models in the PBM. Figure 15
shows the comparison of the experimental and the predicted
CSD with and without aggregation and break-up models.
The aggregation and break-up models used in this work
increases crystal size because the effect of aggregation pre-
vails over that of break-up. Further, it can be observed that
the experimental data shows relatively better agreement with
the CFD simulations with inclusion of aggregation and
break-up models as compared with those predicted without
the aggregation and break-up models.

It may be pointed out that, all the work (except Figure 15)
does not include the use of any break-up or aggregation
models. In particular, the important Figures 16 and 17 are
also based on the predictions without any break-up or aggre-
gation kernels. It may be emphasized that the CFD predic-
tions agree with the experimental data with standard
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deviation of 19.5% and average deviation of 11.5%. When
the break-up and aggregation models were included, the
standard deviation and mean deviation diminished from 19.5
to 14.5% and from 16.18 to 11.5%, respectively.

The investigation in this article must be regarded as an
attempt to address complexities from various sources to
decipher the behavior of industrial crystallizers. Compari-
son of simulations to observations must be made in the
backdrop of uncertainties in measurement as well as in the
phenomenological content of different model components.
While quantitative predictions must await extensive future
developments both in experiment and theory, current mod-
eling in this area must be viewed in terms of its relevance
to the behavior of complex equipment that can at best be
semiquantitative. Thus, the adaptation of breakage and
aggregation kernels for widely varying particle entities,
while seemingly adventurous, could potentially serve to
assess the relative importance of processes competing in a
complex setting. Bhole et al.* have clearly brought out
some of these issues.
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Effect of power consumption on mean crystal size and
size distribution

The previous two sections describe the effects of impeller
speed and the impeller design on CSD. It was thought desir-
able to see the effect of mean power consumption on mean
particle size (dp,). The results are given in Figure 16. The
relation can be given by the following equation

dy=—374 In(z)+387 35)

it can be seen that, at a given value mean power consump-
tion, the average particle size is independent of impeller
design. However, as stated in the previous section, CSD
becomes narrower as we use the impellers with lower power
number, that is, CSD of DT >PBT > Propeller. This is
because of the corresponding distribution of energy dissipa-
tion rate by the three impeller. The relationship between the
standard deviation (y) in particle-size distribution and that in
the energy dissipation rate (x) can be seen quantitatively in
Figure 17. The relation can be represented by the following
equation

y=361n (x)+384 (36)

The typical result of d, to be independent of power con-
sumption can be attributed to the method of evaporative
crystallization. In this case, the supersaturation is uniformly
generated throughout the crystallizer. Therefore, it is now
proposed to see the effect of impeller design and power con-
sumption on c?p and CSD for the case of cooling crystalliza-
tion. For this case, there will be temperature field and hence
the supersaturation field.

Conclusions

A RNG k—¢& model has been used to simulate the stirred
tank crystallizer with three different impellers (DT, PBT,
and Propeller) and all rotated at three impeller speeds (2.5,
5, and 10 r/s). In the CFD simulations, the nucleation and
growth rates were used. A detailed comparison has been pre-
sented between the CFD predictions and the experimental
data.

We also examined the sensitivity of PBMs with simple
break-up and aggregation kernels. The predictions were
found to improve with a standard deviation of 14.5% from
19.5% when the PB approach was not used.
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The effects of impeller speed and impeller design on CSD
were investigated in particular. The simulations show that
the dominant size of the distribution decreases with increas-
ing impeller speed. The experimental results for the mean
crystal size of sodium chloride corroborate this observation.
Further, it was observed that, thepropeller and PBT impellers
generate larger crystals than the DT. In addition, it can be
seen that the crystal size decreases with an increase in the
energy dissipation rate (power consumption) and also it was
found that the standard deviation of CSD by propeller is
lower than the other impellers. We have noted two scaling
laws to hold: (i) the mean crystal size depend on the mean
power consumption (¢) irrespective of the impeller design.
(ii) The CSD was found to be directly related to the distribu-
tion of energy distribution rate (¢) in the crystallizer. Appli-
cation of these methodologies results in understanding the
complex processes behind crystallizations and gathering rele-
vant data for scale-up in a short amount of time.

Tenneti et al.>® have shown that the particle fluid interface
hydrodynamics depends upon the particle velocity fluctua-
tions. In turn, these as well as the critical impeller speed for
solid suspension5 ! depend on the dynamics of turbulent
structures in the continuous phase. The research work on
identification as well as quantification of turbulent structures
is in progress.sz’54

Notation
a, b, ¢y, Ay, Ag = constants
B, = birth due to aggregation, defined in Eq. 29
By, = birth rate due to break-up, defined in Eq. 33
¢ = instantaneous concentration of the tracer
C = impeller clearance from the tank bottom (m)
Cp = drag coefficient, define in Eq. 6
Cy, Ce1, Cyp = turbulence model parameters in the k-&¢ model
d = particle size (m)
d3» = mean crystal size (m)
d = particle diameter (m)
= impeller diameter (m)
DDT = double draft tube
DT = disc turbine
DTM = draft tube magma
D, = death rate due to aggregation, defined in Eq. 30
Dy, = death rate due to break-up, defined in Eq. 34
D,, = molecular diffusion (m%/s)
D, = the turbulent diffusivity (m?%/s)
mean particle size (pum)
defined in Eq. 5
Fp = drag force per unit area (N/m%)
F1= sum of the interfacial forces
FL = fluidized bed
= acceleration due to gravity (m/s%)
G = growth rate, defined in Eq. 19
H = liquid height (m)
J = nucleation rate, defined in Eq. 20
;= the diffusion flux of species j
k = turbulent kinetic energy (m?/s%)
ketr = the effective conductivity

ko = growth constant
k, = nucleation constant
K = fluid-solid exchange coefficient, defined in Eq. 4
k¢ = the turbulent thermal conductivity
L = particle size (m)
m = momentum, defined in Eq. 17
n = number density
N = impeller rotation speed (1/s)
Np = power number of the impeller
p = pressure (Pa)
P = power dissipation (W)
PBT = pitch blade impeller
r = radial coordinate (m)
R = radius of the vessel (m)
Re, = relative Reynolds number, defined in Eq. 7
3612 DOI 10.1002/aic Published on behalf of the AIChE

R; = the net rate of production of species i by chemical
reaction
S = supersaturation
Sc, = the turbulent Schmidt number
S:, Sh, Sm = source terms
t = time (s)
= tank diameter (m)
= temperature (K)
mixing velocity (m/s)
friction velocity (m/s)
U, = radial velocity (m/s)
v = velocity (m/s)
terminal velocity of particles (m/s)
volume of the reactor (m>)
w = weights

x = standard deviation in the energy dissipation rate
Y; = the mass fraction of each species

y = standard deviation in particle-size distribution

z = axial coordinate (m)

Greek letters

€ = volume fraction

&= rate of turbulent energy dissipation (m%/s*)

& = averagerate of turbulent energy dissipation (m?/s”)
| = viscosity (Pa s)

H = turbulent eddy viscosity (Pa s)

p = density (kg/m)
oy = Prandtl number for turbulent kinetic energy

0, = Prandtl number for turbulent energy dissipation rate
Q = break-up rate per unit volume, define in Eq. 31

o = frequency collision, defined in Eq. 25

Subscripts and superscripts

ag = aggregation

br = break-up
¢ = continuous phase
d = dispersive phase

eff = effective

i, J, k= axis indexes of space coordinates

1 = liquid
s = solids
t = turbulent
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