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An analysis of interaction by exchange with the mean micromixing model is extended
to a process involving elementary chemical reaction between two species and subse-
quent crystallization of product in a continuous mixed suspension mixed product re-
moval crystallizer. Two specific feed conditions are considered: premixed and un-
premixed feeds are considered. The sensitivity of these two cases to several parameters
like the Damkohler number, micromixing parameter, fractional flow rate, and dimen-
sionless inlet concentration of excess reactant is explored. Both reaction and crystalliza-
tion performance characteristics are significantly influenced by the feed conditions. Re-
sults for the case of premixed feeds tend to suggest that the model description may be
better suited to a nearly segregated configuration.

Introduction

Micromixing (mixing on the molecular scale) can signifi-
cantly influence the overall performance of a continuous
crystallizer. Danckwerts (1958) has specifically pointed out the
significance of micromixing in a precipitation system. Process
simulation studies concerning the extreme levels of micromix-
ing (Becker and Larson, 1969; Garside and Tavare, 1984,
1985; Tavare, 1986, 1989) have clearly demonstrated this
enormous effect and stressed the importance of characteriz-
ing micromixing effects from both theoretical and practical
viewpoints in a real vessel at some intermediate level. The
kinetic events for crystallization systems are generally nonlin-
ear; crystallizers are usually operated at relatively high yields;
the residence time distribution (RTD) function is closer to an
exponentially decaying type representing a fully backmixed
vessel; the physical nature of the crystallization process al-
lows the practical possibility of segregation and therefore mi-
cromixing effects may tend to be important in real crystalliz-
ers.

Although a variety of micromixing models for a chemical
reactor have been proposed by many authors in the chemical
reaction engineering literature, published work on such a sys-
tem is beginning to emerge only recently using the ap-
proaches developed in chemical reaction engineering. Po-
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horecki and Baldyga (1979, 1983a) attempted to develop a
model in order to characterize a micromixing level based on
the spectral interpretation of mixing in an isotropic homoge-
neous turbulent field and evaluate the influence of mixing
intensity on product precipitate and its crystal-size distribu-
tion (CSD) in an agitated vessel for a fast reactive system.
They used a micromixing model based on continuous mass
transfer between a point and its environment to describe the
molecular dissipation zone as originally proposed by Costa
and Trevissoi (1972a,b) and demonstrated the influence of
mixing on a precipitation process. Tavare (1986), in his inten-
sive review on mixing in continuous crystallizers, cataloged
the major types of models that have appeared in the chemical
reaction engineering literature in order to judge their appli-
cability to crystallizer configurations. As there is no general
acceptance as to what constitutes a sufficient description of
micromixing, a host of models describing specific mixing his-
tories has been proposed for chemical reactors, each being
an attempt to represent conceivable extreme or intermediate
micromixing states with or without some mechanistic implica-
tions. Some of these micromixing models can be used for re-
active precipitation processes.

Formulation of models for complete segregation and maxi-
mum mixedness for a continuous precipitator with any resi-
dence time distribution function, as depicted by plug-flow
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vessels with side exits and side entrances, respectively, repre-
sents the intrinsic micromixing level in an environment
(Danckwerts, 1958; Zwietering, 1959). Environmental models
for chemical reactors are essentially system-specific and em-
pirical in nature. Several variations of these environment
models for chemical reactors have been proposed, differing
either in structure of environment interaction or in transfer
rates. For the case of barium sulfate precipitation with pre-
mixed feed, Baldyga and Pohorecki (1986) employed a two-
environment model under the simplified assumption that nu-
cleation was a dominant process in the completely segregated
entering environment, whereas only crystal growth occurred
in the maximally mixed leaving environment. Effects of resi-
dence time, inlet concentration of reactants, and micromixing
parameter on the product precipitate were evaluated and
compared with the experimental results obtained for the pre-
cipitation of barium sulfate crystals in order to assess the ad-
equacy of the models. Tavare (1992) extended the two-en-
vironment model for a reactive precipitation process involv-
ing an elementary chemical reaction between two reactant
species and subsequent crystallization of a product in a con-
tinuous crystallizer with premixed feeds. He also explored the
sensitivity of the model to several process parameters.

Pohorecki and Baldyga (1988) investigated the influence of
micromixing on the course of the precipitation process asso-
ciated with an instantaneous irreversible chemical reaction
between two ionic solutions. They employed a micromixing
model based on the theory of turbulent mixing in a homoge-
neous isotropic turbulent field to demonstrate that the mi-
cromixing intensity and feed conditions were the major fac-
tors affecting product characteristics. Villermaux (1990) pre-
sented an approach of mathematical modeling of the design
of industrial precipitators and to account for the mixing influ-
ence on product quality. Most recent studies appear to deal
with batch or semibatch reactive precipitation processes
(Kuboi et al., 1986; Tosun, 1988; Baldyga et al, 1990; To-
vistiga and Wirges, 1990; Marcant and David, 1991, 1993,
1994; Aslund and Rasmuson, 1992; Baldyga, 1993; Podgorska
et al., 1993; Iyer and Przybycien, 1994) rather than with con-
tinuous operation (Fitchett and Tarbell, 1990; Mydlarz et al.,
1992; Tavare, 1993).

The whole gamut of these articles provides detailed analy-
ses of some of the important micromixing models from a the-
oretical or predictive viewpoint and consequently assesses
their suitability to real crystallization systems. The object of
this article is to initiate the series by extending the study of
interaction by exchange with the mean (IEM) model to a re-
active precipitation system. This type of model has been pro-
posed by several authors (Harada et al., 1962; Villermaux and
Devillion, 1972; Costa and Trevissoi, 1972a,b; David and
Villermaux, 1975, 1983; Plasari et al., 1978; Klein et al., 1980;
Villermaux, 1981, 1986; Pohorecki and Baldyga, 1983b,c; Call
and Kadlec, 1989) to represent partially segregated chemical
reactors. These models are chosen because of their simplic-
ity, versatility and computational economy. The scope of the
present study is restricted to the analysis of a mixed suspen-
sion mixed product removal (MSMPR) crystallizer with both
premixed and unpremixed feeds. The dimensionless exit age
distribution of an MSMPR crystallizer is described by an ex-
ponentially decaying residence time distribution function.

In an IEM model formulation, a typical clump in a vessel is
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followed from its birth at the feed inlet. The clump or ele-
mentary volume is assumed to act as a batch vessel having
uniform internal attributes like concentration and population
density function and exchanging its contents with an arbitrary
environment whose attributes are taken to be the mean at-
tributes of all the clumps having the same residual lifetime in
the vessel. The model assumes that micromixing is character-
ized by a single parameter termed micromixing rate constant
(or sometimes micromixing time constant). For very small val-
ues of the micromixing rate constant (approaching zero), the
reactive MSMPR crystallizer system is completely segregated
and in a state of macrofluid, while for very large values (ap-
proaching infinity), the system behaves like a microfluid and
the maximum mixedness limit is reached. Some interpreta-
tions have been attempted to relate the model parameter with
those deduced from other theoretical considerations. The
model description for a chemical reactor uses ordinary differ-
ential equations containing a single mode!l parameter charac-
terizing the micromixing effects. Thus, IEM models use a
concept of external resistance to the segregated element and
convective fluxes make the predominant contribution to mass
transfer. Similar concepts will be used to describe the CSD of
a precipitate resulting from chemical reaction between two
components in a continuous crystallizer. Initially, the analyti-
cal treatment for the feeds that are mixed or become mixed
immediately upon entering is developed and subsequently ex-
tended to the case of unpremixed feeds. The scope of this
study is restricted to an MSMPR crystallizer configuration.

Model Formulation

For the present analytical treatment, a continuous crystal-
lizer is considered with two feed streams, each containing a
single species (Figure 1). These two species, 4 and B, react
together homogeneously with first-order reaction kinetics with
respect to each of reactants, component A being assumed
limiting.

The reaction scheme considered is

A+B—->C  r.=kcycp. (1
When the fluid phase becomes saturated with respect to C,

precipitation of solid C from the liquid phase occurs simulta-
neously. Conventional power-law equations of the form

G =k Ac® @)
and
B=k,Ac® =K G’ (3)

are used to represent the growth and nucleation kinetics of
the precipitation, respectively. Supersaturation, that is, the
concentration driving force with respect to component C, is
defined as the difference between the actual concentration
and the solubility of component C in the solution phase. All
the product in both solid and liquid phase, together with un-
reacted material, leaves the crystallizer through a single out-
let.
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Figure 1. (a) Premixed feeds; (b) Unpremixed feeds.

Premixed feeds

The evaluation of the concentration profiles for the pre-
mixed feeds case of the present model follows lines similar to
that for chemical reactors (Villermaux, 1981, 1986; David and
Villermaux, 1983). If the following dimensionless variables are
defined

Ca Cp Cc
Xq=7— Xg=Z— Xc=——
Ca, 4, Ca,
_ Cg,
‘y=kCAoT {:ka B=__~
Ty,
t 1 dw f=6-
=— @=— — =0— 4,
v T Ty, A¥

the dimensionless concentration profiles in a clump of age ¢
for A, B, and C in the fluid phase (Figure 1) may be written
as

dx

B d_l; =yxsxp+Elx,—x,(8)] )
dx

_75=YXAXB+{[XB"XB(§)] )
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dx

T!;:YXAxB"g(xC—ic(g))—a’ ®)

where X (£), Xg(£), and X.(£) are the average concentra-
tions of all the clumps having residual lifetime ¢ in the ves-
sel. The boundary conditions are

x,=1 xXp=p xc=0 at ¢ =0. (7)
The mean concentrations of the components in the neighbor-
ing environment at a life expectancy ¢ for an RTD function
E(i) and constant micromixing parameter { can be written
as

1 ©
548 = ey L mEW ®)

1 o
5508 = ey L e EW v ©)

1 ®
&)=y ), e EW v (10)

where

F(§)=f(fE(¢)d¢. (1)

The specific case of RTD function, that is, exit age distribu-
tion, corresponding to a backmixed vessel or an MSMPR
crystallizer is considered for the present study, and it is rep-
resented by

E(8)=exp(—0). (12)

For this exponentially decaying RTD function (Eq. 12), the
life expectancy of a clump is zero. The attributes of all clumps
in an MSMPR crystallizer are identical and equal to those of
the exit stream.

The mean concentration of the components at the vessel
outlet are the expected average values for all the clumps
weighted by the RTD function and are therefore given by

)'cA='/:erxp(—:p)dd/ (13)
% =f:x3exp(— W) dy (14)
xc=f0°°xcexp(— W) dy. (15)

In order to facilitate an easy evaluation of the integrals in
Eqgs. 13-15, they can be conveniently transformed into differ-
ential equations as

dx

TlZ:erxP(_dl) (16)

dig

s _ - 17

o xgexp(—¢) a7
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—< = xoexp(—¢) (18)

with

£,=0 =0 at ¢=0 (19

as initial conditions. The values of X,, £, and £, deter-
mined by the integration of Eqs. 16—18 for ¢ — %, will equal
X4, Xp, and X, respectively.

The population balance equation for such a clump with
negligible attrition and agglomeration effects is

an on

{;—¢,+GT-I-;Z=—t[/(n—ﬁ) (20)

with boundary conditions
n0,y)=n"=B/G 1)
n(L,0)=0. (22)

The average population density 7 required in Eq. 20 may
analogously be defined as

r‘z(L)=f:n(L,l//)exp(* W d. (23)

The jth moment of the average product population density
with respect to size is defined as

;= [ ALIdL. (24)
0

If the jth moment of population density in a clump with re-
spect to size at any age 1 is defined as

,Lj=[:n(L,¢)Lde, (25)

the moment transformation of Eq. 20 with respect to L yields

d g —

W=BT_§(M0"’”O) (26)
dp, —
W=#0GT—§(IJ~1_"’1) 27
dp, —
w=2M1G7_§(ﬂ2_m2) (28)
dps, —
d—w=3MZGT—£(;L3—m3) 29)

with boundary conditions
;=0 at ¢ =0. (30)
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The jth weighted mean moment 7\j of ali clumps in the ves-
sel may be defined as

7\,=/0°°Mjexp(—¢)d¢ j=0,1,2,3 (3D

or alternatively evaluated from the differential equation as

daA,
—— = pexp(— )

i=0,1,2,3 32
2 j (32)

with the initial condition
A=0 at ¢=0 j=0,1,2,3. (33)

Note that values of Xj at ¢ — o will equal Xj.
The variation of crystal size in a clump may be written as

dLG
EE_T

(34)
with L =0 at ¢ =0 as the initial condition.

This set of equations describes completely the IEM model
for a reactive precipitation system in a continuous MSMPR
crystallizer with premixed feeds. The equations describing the
concentration profiles for B (Egs. 5, 9, 14, and in part, Eq. 7)
may be redundant for the case of premixed feeds, as they
may be determined in terms of those for component 4. These
are, however, included here for the sake of generality and are
specifically required later for the case of unpremixed feeds.

Unpremixed feeds

Considerable attention has been devoted to the modeling
of chemical reactors with separate feed streams, as the mi-
cromixing effects have been shown to be much more signifi-
cant when the reactants enter separately than when these re-
actants are initially premixed before entry (Treleaven and
Tobgy, 1971; Ritchie and Tobgy, 1978). When two streams,
each containing one reactant, are fed separately to the vessel
(Figure 1), the primary role of the interaction is to achieve a
contact between the two reactive species in order for reaction
and subsequent precipitation to occur. Conceptually, the same
preceding model development should be applicable to each
of the feed streams. Consequently, the same analytical de-
scription (Eqs. 46, 20-22, 24-30, 34) will be applicable to
each of these streams, but the boundary conditions (Eq. 7)
will be different. Assuming each of the feed streams contains
only one reactant, the boundary conditions to equations de-
scribing concentration profiles, say, for stream 1 containing
A alone, are

Xxc,=0 atyg=0, (35

and then, for stream 2,
B
xA2=0 x32=—1—_'——é- xC2=O at L[I=O, (36)
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Table 1. Parameter Values Used in Model Calculations

Molecular weight of C, M., kg/kmol 100
Solubility of C, ¢*, kmol/kg 0.001
Feed concentration of A4, ¢ Ay kmol/kg 0.002
(note that both ¢, and €5, are based on the total flow)
B(=t5./C,) 15

v (=key7) 10
{(=k,7) 0.1,1,10
Fractional flow rate of 4, Q 0.5
Crystal density of C, p,, kg/m’ 2,660
Area shape factor 3.68
Volume shape factor 0.525
Mean residence time, 7, § 1,000

Nucleation order, & 3
Nucleation rate constant, k,, number/[s-kg- (kmol/kg)®] 1x10'
Growth rate order, g 1.5

Growth rate constant, k,, m/[s- (kmol/kg)'] : 0.2

where @ is the feed flow rate fraction. The RTDs for both
these feed streams to an MSMPR crystallizer are repre-
sented by an exponentially decaying function (Eq. 12).

The mean exit concentrations of the components are

%= [0+ (- Qxplop(-9)dy GD)
)’cB=/:[me+(l—Q)x32]exp(— Y dy (38)
and

Fo= /O”[Qxa (1= Qxeslexp(~ W dy. (39

The corresponding differential equations to evaluate the
mean exit concentrations of all the clumps in the vessel are

A

A

EJI‘=[QXA1+(1“Q)-¥A2]€XP(‘1//) (40)
dig
—¢=[me +{(1- Q) xg,lexp(— o) 41
dic
d_l/f =[0xc + (1= Q)xc;lexp(— ¢) (42)

with

£,=0 ip=0 Xc=0 at =0 (43)
as initial conditions. B

Similarly, the weighted mean moments A; of all the clumps
in the vessel may be evaluated from the differential equa-
tions as

~

dh;
¥ =[Qu;; + (1= Q) lexp(— )

j=0,1,2,3 (44)
with
A=0 at ¢=0 j=0,1,2,3. (45)
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Equations 40-42 and 44 should be integrated until ¢ - to
obtain the mean exit values.

The average population density at the vessel outlet may be
determined as

ﬁ(L)=f:[Qn1(L,|JJ)+(1—Q)nz(L,t//)]exP(— ¥ dy.
(46)

Thus, two sets of equations (Egs. 4-6, 20, 26-29, 32-34), each
representing a clump from a stream, along with Eqgs. 35-46,
need to be considered simultaneously for this case. If the same
RTD is used for both streams, the boundary condition (Eq.
21) to the population balance (Eq. 20) may be modified to

B B
=n'=|lo=2 —0)2
n0,¢)=n QG1 +(1-0) Gl 47)

The solution to Eq. 20 with Eqgs. 22 and 47 as boundary con-
ditions will represent the combined population density and
Eq. 23 will then yield the mean product population density at
the vessel exit. Thus, the use of the same RTD of both streams
as represented by Eq. 12 simplifies the analysis.

Computational Aspects

In order to investigate the sensitivity of the parameters in
the proposed model for a reactive precipitation system, the
sets of equations described earlier were solved numerically
for physicochemical conditions similar to those used in previ-
ous studies (Garside and Tavare, 1984, 1985). The specific set
of relevant parameters used in the calcuiations is given in
Table 1.

Premixed feeds

In the foregoing model description of an MSMPR crystal-
lizer for the case of premixed feeds, it is assumed that the
two feed streams mix completely in a clump just immediately
after entry to the vessel, after which the clump is assumed
notionally to preserve its segregation throughout the remain-
der of its stay within the vessel. The clump may be consid-
ered as an open system capable of exchanging mass with the
surrounding environment whose attributes are assumed to be
the mean of all clumps leaving the vessel for the present con-
figuration.

For other RTD functions, the average attributes of all
clumps at the same residual lifetime will constitute the envi-
ronment attributes. Thus, each of these clumps acts as a small
batch reactor exchanging matter with its surroundings. The
configuration is represented by the set of 15 differential
equations [Eqgs. 4-6, 16—18, 2629, 32, 34], but only 13 of
them need to be solved simultaneously since the concentra-
tion profiles of A and B can be related by a simple algebraic
equation.

At the start of the iterative algorithm, the mean values of
11 variables (%, X, (L), 7;, and 7\]-) were assumed as ini-
tial guesses and the set of 13 differential equations (Eqs. 4, 6,
16-18, 26-29, 32, 34), along with the partial differential
equation (Eq. 20), solved simultaneously with appropriate
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boundary conditions. The values evaluated from Eqgs. 16, 18,
24, 32 at the end (i — ) were compared with the assumed
guesses. An arbitrary convergence limit of 1% relative error
based on the assumed guess was set. If the calculated relative
error in any of the assumed guesses was above the conver-
gence limit, the newly determined mean values of variables at
the vessel exit were then used as guesses for the subsequent
iteration.

Just after the entry, only reaction occurs initially in each of
these clumps until the concentration of product C reaches its
saturation point. As soon as the clump becomes supersatu-
rated with respect to C, nucleation and subsequent evolution
of the particle size distribution via growth commences. Con-
sequently, only those differential equations describing the
concentration profiles (Egs. 4, 6, 16, 18) were integrated ini-
tially (@ having set equal to zero) until the concentration of
C in the liquid phase reached the saturation concentration.
Once the reaction mixture of the clump became supersatu-
rated with respect to C, the set of 13 differential equations,
along with the partial differential equation describing the
population balance in a clump and the integrals (Eqgs. 23, 24)
evaluating the average population density and its first four
moments at the vessel exit, were solved simultaneously. Note
that a was evaluated on the basis of mass deposited on the
crystal surface area in a clump.

All the differential equations involved were integrated by
the fourth-order Runge-Kutta method with an integration
step length of Ay = 0.0005 using appropriate initial condi-
tions. The partial differential equation (Eq. 20) was solved by
the modified method of numerical integration along the char-
acteristics with a specified grid length of crystal size. The ini-
tial guesses of A{ L) required in Eq. 20 were set equal to zero
at all grids and the integral in Eq. 23 was evaluated numeri-
cally using the Euler method. In the algorithm, the set of 13
differential equations was initially integrated with a step
length of Ay = 0.0005 until the increment in size was equal
to the grid length of crystal size used (2 um) in the solution
of the partial differential equation. The growth rate and nu-
clei population density were defined at the end of grid, and
the solution of the partial differential equation moved for-
ward by the time required to increase the crystal size by one
grid length (2 pm). The step length for the age to evaluate
the integral in Eq. 23 was also the same, that is, the time
required to increase the crystal size by one grid length. If
occasionally the step length of Ay = 0.0005 proved too large
and produced a size increment greater than one grid on the
crystal size axis, then the step length of age (Ay) for those
steps was reduced proportionately in order to keep the incre-
ment below the normal step length of 2 pm.

Unpremixed feeds

For the case of unpremixed feeds, two streams, each con-
taining one reactant, are assumed to enter separately and may
have their own RTDs. As the same description of the previ-
ous case is applicable to each of these streams, the algorithm
is rather similar but still further complicated. The same RTD
for both streams was considered in the subsequent analysis
and the combined population density (Egs. 20, 22, and 47)
evaluated using the numerical technique as described in the
preceding section. Two sets of equations depicting A-rich and
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B-rich clumps with different boundary conditions need to be
solved simultaneously along with the set of differential equa-
tions describing the average attributes of all the clumps
present in the vessel. Thus, instead of a set of 13 differential
equations in the case of premixed feed, 23 differential equa-
tions (Eqgs. 4-6, 26-29, 34 for each A4- and B-rich clumps,
40-42, 44) need to be solved simultaneously. Similar proce-
dure and convergence limits were used in this case for the
iterative technique.

Results and Discussion

Using the physicochemical parameters listed in Table 1,
calculations were performed to evaluate the crystallizer per-
formance as predicted by the two cases of the IEM model
(Figure 1).

The variations of average dimensioniess concentrations of
the limiting reactant A4, £, and product C, %, as defined by
Egs. 16 and 18 for the case of premixed feeds and by Egs. 40
and 42 for the case of unpremixed feeds, respectively, were
evaluated numerically. All species concentration profiles
showed a monotonous increase with ¢ due to the integration
process involved in their evaluations. These profiles were
similar to the corresponding variations for the completely
segregated system (¢ =0, CS (II) Model II) reported previ-
ously by Garside and Tavare (1985) and indicated that an
upper limit of i =10 was satisfactory for the evaluations of
the integrals (Egs. 13-15, 37-39). The values of £, and X,
evaluated at i = 10 therefore represented the average of the
respective dimensionless concentrations ¥, and X at the exit
of an MSMPR crystallizer under the assumptions of the IEM
model. The concentration profiles for the case of premixed
feeds were generally closer to those of a completely segre-
gated system (CS (II), Model 11, Garside and Tavare, 1985),
but substantially different for the case of unpremixed feeds.

The resulting crystal-size distributions as illustrated by the
conventional population density plots for the two cases are
shown in Figure 2. Also reproduced in Figure 2 for compari-
son purposes are the population density plots for the ex-
tremes of micromixing, viz., maximum mixedness (Model I),
MM(I) and complete segregation (Model II), CS(II), and the
two environment model with premixed feeds from the previ-
ous studies (Garside and Tavare, 1985; Tavare, 1992). Corre-
sponding details of size distribution statistics are included in
Table 2. Clearly both the reaction and crystallization per-
formance characteristics for the case of premixed feeds for
low ¢ lie within those for the limiting cases of micromixing.
The model description used to characterize the micromixing
effect for this case is akin to that of the completely segre-
gated case and utilizes an additional step of first-order mass
exchange with the surrounding environment having the same
residual lifetime. Consequently, with an increase in mi-
cromixing parameter {, the performance characteristics
should move away from those of the completely segregated
case and toward those of the maximum mixedness case. The
calculated performance characteristics for product C both in
the solution and in the solid phase appear not to reflect this
trend. With an increase in ¢, the relative contributions of
terms associated with their description change; this appears
to influence the attributes of a clump and hence the average
product characteristics at the outlet of the crystallizer. For
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Figure 2. Product population density plots (data as
Table 1).

high values of ¢, the calculated average concentration of
product C at the exit is higher than that for the case of maxi-
mum mixedness (Model I, MM(D)). Thus, the crystallizer op-
erates at high average solution concentration and conse-
quently low magma concentration of product C, yielding dif-
ferent product characteristics from those of the maximum
mixedness case (Model I, MM(D)).

For the case of unpremixed feeds, micromixing parameter
{ has significant influence on the reaction and subsequent
crystallization, as can be seen from Figure 2. With an in-
crease in {, a greater interaction by exchanging material be-
tween the clumps results in higher conversion of 4 and pro-
duction of solid phase C. The peculiar shapes of population
density curves for this case in Figure 2 demonstrate the enor-
mous mixing contribution to the overall crystallizer behavior
and bear some similarity with those reported previously; for
example, ammonium sulfate (Tavare, 1989) and sodium chlo-
ride population density plots from a pilot-plant crystallizer
(Grootscholten et al, 1981, 1982). At low values of [, the

plots have different shapes, showing strong segregation ef-
fects. At =10, the population density curves and their cor-
responding product statistics are, however, similar for pre-
mixed and unpremixed feed conditions. With an increase in
¢, the relative contributions of the terms in the model equa-
tion change; they appear to influence the attributes of a clump
and hence the average product characteristics at the outlet of
a crystallizer. For the two-environment model, with an in-
crease in its micromixing parameter r there appears to be a
gradual movement of both the reaction and crystallization
performance characteristics from the completely segregated
to the maximum mixedness case (Tavare, 1992). The popula-
tion density plot for = 10 in Figure 2 approaches that of the
maximum mixedness case.

In the two-environment model formulation, the vessel is
divided into two environments, the entering environment,
where the fluid elements are completely segregated, and the
leaving environment, which is always in the state of maximum
mixedness. Material transfer from the entering environment
is assumed to take place at a rate proportional to the amount
of material remaining in the entering environment and with a
specific rate of transfer parameter used as a micromixing pa-
rameter of the model. When this micromixing parameter is
zero, there is no transfer from the entering to the leaving
environment and the whole vessel is completely segregated.
When this parameter is infinitely large, the entire entering
material is immediately transferred into the leaving environ-
ment so that the vessel is in the state of maximum mixedness.

Effect of Damkdihler number vy

The influence of the reaction rate constant k upon the
crystallization characteristics can be explored by examining
the effect of changes in the dimensionless reaction group y
(the Damkéhler number). This reaction group characterizes
the reaction performance, and hence determines the dimen-
sionless concentration of A, X, for a given micromixing pa-
rameter {. Keeping all other parameters in Table 1 constant,
vy was varied over the range 0.1 to 1,000, thus covering a
10*-fold range of y for a given ¢. Figures 3 and 4 show the
results of these calculations.

Figure 3 shows the variations of X, and X with y at dif-
ferent levels of ¢ for the two cases, viz., premixed and un-
premixed feeds. Also included in Figure 3 are those varia-

Table 2. Performance Characteristics of the IEM Micromixing Model*

Ny X1078,
Case {ory X4 e L,, pm cv,, % No. /kg
MM [ 0.136 0.567 930 50.0 0.24
Cs(an 0 0.096 0.540 353 225 1.20
IEM:
Premixed 0.1 0.096 0.541 352 222 1.55
1.0 0.100 0.549 343 24.1 0.7
10.0 0.117 0.628 349 489 0.22
IEM:
Unpremixed 0.1 0.891 0.108 451 27.6 0.0013
1.0 0.459 0.401 488 341 0.15
10.0 0.166 0.601 348 48.8 0.19
Environment:
Premixed 10.0 0.111 0.545 958 57.9 0.40
"y = 10; Figures 2
AIChHE Journal December 1995 Vol. 41, No. 12 2543
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Figure 3. Effect of Damkohler number, y, on outlet con-

centration profiles of A and C.

0.1 1.0

tions for extremes of micromixing levels. Low values of y re-
sult in lower reaction rates and yield lower conversion. With
an increase in vy, ¥, decreases; X increases rapidly at lower
v and then remains almost constant as a consequence of pro-
ducing solid C. The concentration profile of A with y for the
case of premixed feeds lies within the range of concentration
profiles for the extremes of micromixing. Aithough the con-
centration profile of A follows a correct trend, it is less sensi-
tive to micromixing parameter . Significant influence of the
micromixing parameter { on the performance characteristics
for the case of unpremixed feeds, however, is apparent in
Figure 3. Similar variations of X, have been reported previ-
ously for the study of the simple reaction only (Villermaux,
1981; Villermaux and David, 1983). At ¢ =10, the calculated
concentration profiles of C with y for both the premixed and
unpremixed cases, particularly at high v, lie outside the range
of concentration profiles for the extremes of micromixing. For
the case of the two-environment model with premixed feeds,
the calculated concentration profiles of both 4 and C with
v, however, lie within the bounds for the extreme micromix-
ing levels.

Crystallization performance characteristics, viz., weight
mean size, coefficient of variation, and specific total number
of crystals per unit of solvent mass, are depicted in Figure 4.
The weight mean product size increases rapidly at lower y
( < 2) above a certain critical y for both the cases. The criti-
cal vy at which the solid product C starts appearing depends
on the micromixing parameter. With an increase in ¢, the
critical y increases for both these cases; usually it is lower for
the case of premixed than for unpremixed feeds. For the same
£ at lower y (< 2), the rate of increase in weight mean size
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Figure 4. Effect of Damkohler number, y, on product
characteristics.

for premixed feeds is higher than that for unpremixed feeds,
the difference in rates for these two feed conditions reducing
with an increase in {. At higher y( > 2), the weight mean size
decreases slowly with y for the case of premixed feeds while
it increases for the other case. Usually the weight mean size
for premixed feeds is lower than that for unpremixed feeds.
In the case of the two-environment model, the weight mean
size passes through a peak showing rather wider variation.
The coefficient of variation based on the weight distribution
appears insensitive to -y, apart from a slight decrease for large
v at {=10. For a given y at any ¢, the coefficient of varia-
tion for premixed feeds is fower than that for unpremixed
feeds. There appears to be some trend in the variation of
CV,, with ¢ and the range of CV,, for the extremes of mi-
cromixing provides the bounds for intermediate levels of mi-
cromixing. For both the two-environment and IEM models,
the coefficient of variation based on weight distribution de-
creases with y. It may provide a better, though less sensitive,
indicator.

The specific total number increases rapidly at lower y( < 2)
just above the critical y and slowly at higher y(> 2). The
variation of Ny with vy for intermediate levels of micromixing
is not exactly bounded between that for the two micromixing
extremities, but there is a trend with ¢. For premixed feeds,
with an increase in { the curve representing the variation
moves away from the complete segregation to the maximum
mixedness case. For the case of the two-environment model
with premixed feeds, there appears to be a similar trend in
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Figure 5. Effect of micromixing parameter, {, on prod-
uct characteristics.

the variation at low y while it is reversed at high v, the sys-
tem being nearer to segregation. In the case of unpremixed
feeds for the present model, the curves appear to approach
the maximum case from the opposite side. Thus, at large £,
the crystallizer operates at near maximum mixedness level in
both these feed cases.

Effect of micromixing parameter {

Keeping all other parameters in Table 1 constant, the mi-
cromixing parameter was varied from 0.1 to 1,000, thus cover-
ing the 10%fold range. The results of these calculations de-
picting the effect of micromixing parameter { on the per-
formance characteristics of both reaction and crystallization
in both premixed and unpremixed feeds for y =10 are re-
ported in Figure 5. Also shown in Figure 5 are those values
for the extreme micromixing levels and their variations with
micromixing parameter v for the two-environment model.

The calculated dimensionless species concentrations, X,
and %, at the extreme micromixing levels only slightly differ
and appear insensitive to the micromixing parameters over
the entire range. The calculated dimensionless concentration
profile for species A4, X, in both models lies within the small
range of its values at the extreme micromixing levels, while
the calculated concentrations for C lie within the bounds for
small ¢ and all m, but at high ¢ they exceed the bound of the
maximum mixedness case. For high values of £, the calcu-
lated average concentration of product C at the exit is higher
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than that for the case of maximum mixedness (Model I,
MM(D). The crystallizer operates at high average solution
concentration of component C, and consequently at low
magma concentration of product C, yielding different prod-
uct characteristics from those of the maximum mixedness case
(Model I, MM(D). In the case of unpremixed feeds, with an
increase in {, ¥, decreases and ¥ increases rapidly at high
{ up to { =10 and they both remain almost constant over the
rest of the ¢ range investigated.

Crystallization performance characteristics, however, show
substantial changes. The product weight mean size is almost
constant over low { and then passes through a slight maxi-
mum, decreasing rapidly with an increase in ¢ for both pre-
mixed and unpremixed feeds. The variation of the weight
mean size with n shows a sigmoidal curve with the point of
inflection at about 7 =10. At higher micromixing parame-
ters, it exceeds the range of the extreme micromixing values
for both models. In the case of IEM model, it is lower than
the lower bound, probably due to higher exit solution con-
centration of species C, while in the case of the environment
model, it is higher than the higher bound, perhaps due to the
feeding of slurry from the entering environment to the leav-
ing environment, operating at a higher level of supersatura-
tion. The specific total crystal number decreases with ¢ for
premixed feeds, and for unpremixed feeds it initially shows a
rapid increase, then remains constant, and finally shows a
slow decrease with ¢, while its variation with 7% shows a sig-
moidal curve showing a rapid decrease over the most sensi-
tive range of 5. The coefficient of variation increases with ¢
for both premixed and unpremixed feeds lies within the range
of CV,, for extreme micromixing limits and it is generally
lower for premixed feeds. The variations of the coefficient of
variation with the micromixing parameters show sigmoidal
curves with the point of inflection at micromixing parameters
of around 4-5. The variation of the coefficient of variation
for the two-environment model, however, exceeds the range
of values for extremes of micromixing. In general, the perfor-
mance characteristics for unpremixed feeds are more sensi-
tive to the variation of ¢ than those for premixed feeds. Al-
though the direct comparison with the study of Pohorecki and
Baldyga (1979) is difficuit due to different physicochemical
parameters used, the trends in the variation of performance
characteristics with the micromixing parameters over the
small range are similar.

Effect of feed conditions (Q and )

Finally, the effect of feed conditions was explored by
changing the fractional flow rate, O, and dimensionless inlet
concentration of B, B, independently. Keeping all other pa-
rameters in Table 1 constant, O was varied, the results being
shown in Figure 6 for two micromixing parameters ({ = 0.1
and 1.0). X, increases linearly with Q up to 9 =0.5, and a
slow subsequent increase in %, is observed with further in-
creases in Q. X passes through a maximum at Q = 0.5. For a
given Q, with an increase in micromixing parameter, ¢, ¥,
decreases and consequently X increases. It can be seen from
Figure 6 that no solid C is produced for Q> ~0.72at { =0.1
and Q> ~0.82 at { =1.0. Perhaps Q =0.5 appears to be a
satisfactory choice for the operation of a crystallizer with un-
premixed feeds.
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Figure 6. Effect of fractional flow rate, Q, on the crystal-
lizer performance.

The product weight mean size remains almost constant up
to Q ~ 0.6 and then decreases rapidly with a further increase
in Q for {=0.1. For {=1.0, it increases slowly, however,
until Q ~ 0.75, and then decreases rapidly. The specific total
crystal number similarly passes through a maximum, having
larger values at ¢ = 1.0 than that at { =0.1. The coefficient
of variation increases with Q at a slightly faster rate for { =1
than that for { =0.1.

Keeping all other quantities constant, the dimensionless
feed concentration of B, B, was varied over the range of 1 to
10. The results of calculations for ¢ = 1.0 in both cases of the
model are presented in Figure 7. X, decreases and X, in-
creases slowly due to increased reaction rate with an increase
in B for both cases. For premixed feeds, at any B, %, is
lower and . higher than those for unpremixed feeds. With
an increase in 3, the weight mean size passes through a slight
maximum, the specific total number of crystals increases af-
ter passing through a minimum, and the coefficient of varia-
tion decreases slowly for both cases; a larger weight mean
size with lower specific number of crystals and slightly higher
coefficient of variation is calculated for unpremixed feeds
than the corresponding results for premixed feeds at any S.
For the two-environment model with an increase in 8, most
results for premixed feeds appear to show variation similar to
those of the IEM model.

Investigated in the foregoing analysis are the effects of sev-
eral parameters (y, £, O, B) on the reaction and crystalliza-
tion performance of a reactive precipitation process and sev-
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Figure 7. Effect of dimensioniess iniet concentration of
B, B, on the crystallizer performance.

eral others, such as crystallization kinetics, residence time
distribution, and operating conditions, may have significant
influence. In order to evaluate the performance characteris-
tics for RTD functions other than the exponentially decaying
relation employed for an MSMPR crystallizer, the attributes
of the environment surrounding the clump are represented
by the average of all the clumps having the same residual
lifetime. This analysis is concerned with a global characteri-
zation of the performance characteristics of a reactive precip-
itation system in a continuous crystallizer. Local characteriza-
tion may perhaps provide valuable information regarding the
MmICromixing process.

David and Villermaux (1983) in their review provided a link
between the systems approach of the IEM model and the
fluid mechanics approach in the framework of the turbulence
theory. They assumed that micromixing proceeds via three
main mechanisms relying on the concept of fluid aggregates
or clumps, viz.,, laminar stretching, turbulent erosion, and
molecular diffusion, each being represented by a characteris-
tic time constant. These time constants can be estimated from
the semiempirical correlations (see also, for example, Mehta
and Tarbell, 1983, 1987). The micromixing parameter { of
the IEM micromixing model can be equivalent to cne-half of
the micromixing parameter n of the two-environment mi-
cromixing model (Ng and Rippin, 1965). Although a relation-
ship between the mechanistic and direct turbulence models
has been established, the detailed numerical analysis might
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predict very different performance characteristics for com-
plex reactions having different intrinsic timescales than the
turbulent micromixing timescale (Chang et al., 1986; Mechta
and Tarbell, 1987). While proposing the master micromixing
model and technique for its parameter estimation from ex-
perimental responses, Call and Kadlec (1989) pointed out that
one of the difficulties associated with the application of the
mathematical models in industrial practice was to estimate
reliable micromixing parameters.

The analysis presented here lays no claim to providing a
detailed physical insight into the interaction of mixing, reac-
tion, and subsequent crystallization, but rather provides a
means of evaluating and subsequently predicting the per-
formance for a given crystallizer configuration. The basis of
the general technique is the use of a known reactive crystal-
lization system to evaluate the parameters of a model that
represents by simulation the performance obtained experi-
mentally from the crystallizer. A complete set of experimen-
tal data and a powerful parameter characterization technique
are required to determine the model parameters and subse-
quently relate them to the crystallizer hydrodynamics. Gener-
ally, the micromixing effects are much more important when
the reactants enter separately than when they are initially
premixed just before entry.
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Notation

b =nucleation order
B =nucleation rate, number/s - kg solvent
¢ =concentration, kmol/kg
c* =saturation concentration, kmol/kg
Ac =concentration driving force, kmol/kg
g =growth rate order
G =linear growth rate, m/s
i =relative kinetic order (= b/g)
k, =area shape factors
k, =nucleation rate constant, number/[s- kg (kmol/kg)°]
k, =growth rate constant, m/ [s- kg (kmol/kg)4]
k,, = micromixing rate constant, L/ .
Ky, =relative rate constant, numbet/[s'~'-m'- kg]
L =crystal size, m
m; =jth moment of product population density (Eq. 24),
number -m’/kg
M =molecular weight of C
n® =nuclei population density, number/m-kg
Ny =crystal number concentration, number/kg
re =reaction rate, kmol/s- kg
t =time, age, s
W =instantaneous crystal mass in a clump, kmol/kg

Greek letters

a =dimensionless solid deposition rate

¢ =dimensionless residence time (6 = t/r) )
a; =jth moment of population density (Eq. 25), number - m’//kg
p, = crystal density, kg/m’

7 =mean residence time, s

Subscripts

w =weight basis
1,2 =inlet streams
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