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Abstract-We propose a simple and efficient method for solving the population balance equation in 
crystallization in the most general case: unsteady state, size dependant growth rate, agglomeration or 
breakage of crystals. Implemented on a computer, this method quickly gives the concentrations of the 
different chemical species and of the solid versus time. It also allows one to represent at any time the crystal 
size distribution on a histogram where the number of intervals and their limits are completely free computing 
parameters chosen by the user. 

I. INTRODUCTION 

Although crystallization processes are quite old and 
common in industry, the design of crystallizers has 

been a genuine science only since recent years. The 
main difficulties of the analysis of the crystallization lie 
in the population balance equation which governs the 
size variations of crystals involved in the crystalliz- 
ation. It is a partial differential equation that has to be 
solved in connection with the other classical balances 
like mass balances for example. Since the crystalliz- 
ation kinetics are dependent on the characteristics of 
the crystals and on the concentrations of the solutes, 
the system becomes very complex, with a lot of 
‘feedback” relationships between the different equa- 
tions. After a brief review of the methods proposed 
until now to solve this problem, we present a new one, 
very simple and flexible: the method of classes. Its 
power will be clearly demonstrated by a computer 
simulation of a semi-batch crystallization with 
agglomeration and size dependent growth rate 
evaluated thanks to the film model (a classical mechan- 
istic model). The potential uses of such a model will be 
outlined in a brief conclusion, but remain the topic of 
future papers. 

2. THE POPULATION BALANCE ON A CRYSTALLIZER 

Randolf and Larson (1962) first introduced the 
population balance concept in crystallization prob- 
lems; we shall use a slightly different formalism 
developed by Villermaux (1985), who introduced the 
size L, of nuclei. Both formalisms are equivalent when 
L, tends to 0. The population of crystal is described by 
the number density function IL. II/ is a function of the 
spatial coordinates (x, y, z) in the crystallizer, of the size 
L of the crystals and of the time t. The size L is defined 
by the relation: vp = 4, L3 where V,, is the volume of the 
particle and 4, a volumetric shape factor. An usual 
convention is to take L equal to the radius of the sphere 

of the same volume, then 4, = 4 z/3. I&(X, y. z, L, t) dx 
dy dz dL is the number of crystals contained at time t in 
the elementary volume dx dy dz of the suspension with 
a size between L and L+dL. 

Let us now consider a well mixed crystallizer with 
respect to liquid and suspension. This simplification 
does not limit the generality of the method since 
associations of such ideal crystallizers are useful tools 
for the description of actual crystallizers just as ideal 
chemical reactors in series or in parallel are calssical 
models for real industrial reactors (Tavare, 1986). 
Grootcholten (1982) simulated a pilot plant crystal- 
lizer with double radial inlet using this method. It was 
also applied with success in our laboratory in order to 
describe an imperfectly mixed precipitator (Franck, 
1985). In a well mixed crystallizer, the population is 
defpbed by the voIumetric density function $ ([nb]. 
m m -3), a function of the size L and of the time t 
only; its value is the same at every point of the 
crystallizer. The volume of the suspension is V,, and 
may vary during the crystallization. The inlet flow has a 
rate Q, and the outlet flow Q,. The crystallizer is fed 
with crystals characterised by their density function 3,; 
the crystals which are removed have the same density 
function $ as those remaining in the crystallizer. 

The mechanisms involved in crystallization are: 

Nucleation: Particles of size L, (nuclei) are 
created from a supersaturated sol- 
ution. The rate of nucleation is rN 
([nb]-m-3.s-1) 

Growth: Increase of crystal size. The speed 
of growth is G = dL/dt (m-s- ‘), 
and may be a function of L. 

Agglomeration: Two particles stick together and 
create a bigger particle. The rate of 
agglomeration is measured by rA: 
net rate of creation of crystals 
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Breakage: 

per unit volume of crystallizer 
([nb]~m-3~m-‘~s-‘) 
A big crystal divides into smaller 
ones. rB is the net rate of disappear- 
ing of crystals per unit volume of 
crystallizer ([nb].m-3.m-1 .s-I). 

The balance of crystals of size between Land L + dL 

during dt is written: 

Q$,dLdt+r&(L-LO)dLVTdt+r,dLVTdt 

= Qs$dLdt+d@G)+radLVTdT+d($dLVT) (1) 

where 6(n) is the Dirac delta function: 

6(n) = 1 if n = 0 and 

6(n) = 0 if n # 0. 

Equation (1) leads to the general macroscopic 
balance for a well mixed crystallizer: 

1 X+) d Q& - Qk, 
--++dL$G)+ v v, at T 

= r,6(L- LJ+r,-rr, (2) 

3. METHODS FOR SOLVING POPULATION BALANCES 

IN CRYSTALLIZATION 

Details about population balances and crystal size 
distributions (CSD) studies can be found in recent 
reviews (Garside, 1985 and Ramkrishna, 1985). It is 
possible to classify the principal methods of resolution 
into three main groups: analytical solutions, the 
method of moments and methods of orthogonal 
collocation or equivalent. 

For single systems, like the continuous mixed 
suspension-mixed product removal crystallizer 
(MSMPR), analytical solutions to the population 
balance can be found. The Laplace transformation has 
been used, sometimes with computational calculations 
in order to return to the real domain. Tavare (1985) 
presents a review of such studies in the case of a 
MSMPR crystallizer with different crystal growth 
rates. But these methods remain marginal, and do not 
allow the description of usual industrial crystallizers. 

The method of moments proposed by Hulburt and 
Katz (1964) has often been used for studying the 
unsteady state. The mathematical transformation of 
the population balance is easy (Randolph and Larson, 
1971)and the computational resolution of the differen- 
tial system is very classical and fast, so that a lot of 
simulations have been done, testing the sensibility of 
different parameters (kinetic parameters and process 
parameters), studying unstable behaviors of industrial 
crystallizers (see for examples Sherwin et al., 1969; Liss 
and Shinnar, 1976; or Epstein and Sowul, 1980). But 
this method is uneasy, and often impossible to use 
when the growth rate G is a function of the size L of the 
particles (i.e. when McCabe’s law does not hold; see 
Randolph and Larson, 1971). McCabe’s law is gener- 
ally not valid in industrial crystallizers (Tavare, 1985), 
and a mechanistic approach like the one developed in 
the present paper (see section 4.2) does not allow such a 

simplification. This is a serious limitation to the 
method of moments. Another disadvantage is the 
impossibility of recovering the density function from 
its moments only (Randolph and Larson, 1971). Since 
the CSD can now be satisfactorily measured during 
experiments (with particle counters for instance), there 
is a gap between the theoretical message and the 
experimental one; the latter includes more infor- 
mations than the former. This is detrimental to the 
computational adjustment of kinetic parameters be- 
cause the whole experimental information is not used. 

The main idea of the methods of the third group is 
the decomposition of the density function $ on a set of 
orthogonal functions. This decomposition, and addi- 
tive mathematical transformations, make possible the 
transformation of the population balance (a partial 
differential equation) into a set of linear differential 
equations, which is more easily solvable on a computer. 
However, the choice of the set of orthogonal functions 
is arbitrary, and the ways to achieve the mathematical 
transformation are different from one problem to an 
other. Chang and Wang (1984) succeeded in solving 
population balances in crystallization, thanks to 
shifted Legendre polynomials. Singh and Ramkrishna 
(1977) proposed to use the method of weighted 
residuals; the trial functions were “appropriately gen- 
erated” for the specific problem. But a part of arbi- 
trariness always remains. All those methods consume a 
lot of computer time, and require specific subroutines 
in order to achieve the decomposition of the popu- 
lation balance into the differential system. Moreover, 
their result is the CSD as a continuous function, 
whereas particle counters are giving a histogram 
because of their lumping of the CSD. The theoretical 
message is here stronger than the experimental meas- 
urements; the model is too precise for a computational 
adjustment of kinetics parameters. 

4. THE METHOD OF CLASSES 

We propose to use the classical way of transforming 
a partial differential equation into a linear differential 
system by discretizing the range of variation of the 
variable L. Doing this, the model will be a,ble to 
provide simulations with the same degree of accuracy 
as the experiments. This approach is to be compared 
with the Fraction-Trajectory concept (de Leer, 198 I), 
but the classes are here motionless and of a constant 
size. 

4.1. Discretization of the population balance 

Let L,, LI . . L, be a suite of sizes. L, is the 
smallest size of crystals, i.e. the dimension of the nuclei. 
L, is the size of the largest crystals. These sizes define 
N classes noted Ci, where the width of the class Ci is 
ACi = Li - Li_1 and the characteristic size of the 
crystals of the class Ci is Si = (Li _ 1 + LJ2). Let Ni(t) be 
the number of crystals in the class Ci at time t per unit 
of volume of suspension. Then: 

N,(t) = 
s 

“ $(L, t)dL (3) 
Li-I 
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Equation (3) integrated between Li _ 1 and Li gives: 

dN, 

dr+- 
r,! $$A’,+ G(L,)S(Li)-GG(L,-I)IG(Li-,) 

T 1 
+ QsN; - Q&‘i,e 

vT 
= RN,~ + RA,i- Rai 

where: 

R,,i = rN if i = 1 and R,,+ = 0 if i = 1 

J 
.L R,,i = r,dL: Net number of crystals per 

L.-S unit volume generated in the 
class Ci after an agglomer- 
ation ([nb].m~3s-1) 

J L, R,.i = r,dL: Net number of crystals per 
L.-I unit volume disappearing in 

the class Ci after a breakage 
([n6].m-3.s-1) 

IV,,; Number of crystals per unit volume in the inlet 
flow ([nb].m- 3). 

Let us assume that $ has a constant value 4t on Ci, 
and that the value of I$ at Li is the arithmetic mean of 6 
on Ci and Ci + 1 (see Fig. l), i.e. 

N,(t) = &(t)ACi 

+i+l++i 

aa= 2 

and we obtain from (4) the differential system: 

dN1 I dV, 
---+-- 1 

dt v, dt 
N +%NI -QP,e +G(L,)N 

VT E2 

G(L) 
+ 2AC, ----NI = r,+ RA.I - R,,, 

dN, 1 dV-rN, 
dt+-P V,dt ’ 

+ QsNi - QeY,e G(-%) N. 
VT +2G+, 

,+1 

+G(L,)--G(L,-,)N._G(Li-,)N__ 
2ACi ’ z?Jry ’ I 

= R+t,i- RB,~ (5) 

dN, 1 dV, 

dt 
_ N + QsN,-QeNNe 

+V,dt N VT 

+ 
- G(L,_,) N 

2AC, N 
_ GWNd-1) N 

2AC,_, 
N--l 

=R A,N - R B,N. 

4.2. Expression of the rate of growth 
Crystalline growth is the combination of a mass 

transfer process towards the crystal surface and an 
integration growth mechanism of the solute molecule 
into the crystal. The flux of integration growth F,of the 
solute can be expressed as: F, = k,(C,- C*)” where k, 
and j’ are kinetics parameters, C* is the concentration 

___-___--__---- $(Li) 

Qi+, -_____ ---em 

Fig. 1. Discretisation of the number density function. 

of solute molecules at saturation and C, is the concen- 
tration of solute molecules at the solution+rystal 
interface (see Fig. 2). 

The mass transfer rate F, of molecules in the film is 
F, = k,(C - C,) where C is the concentration of solute 
molecule in the bulk of the solution and k, the mass 
transfer coefficient. k, is a function of the hydro- 
dynamics and of the dimension of the crystal which can 
be evaluated from Levins and Glastonbury (1972) 
correlation for instance: 

At steady state: Fi = F, = F. It is easy to express Gas 
a function of F because the mass transferred is used to 
increase the mass of the crystal: 

d(psftvL3) = &J,2M,F, i.e. G = e F. 
s v 

Following Garside (1971) we introduce the effective- 
ness factor I], 

Measured overall erowth rate F 
?, = Growth rate obtained when the = k,(C - C*)j . 

crystal surface is exposed to 
conditions in the bulk solution 

Then the growth rate can be written: 

G = g = $$f-$+r (C _ c*)j’ (6) 
s v 

with vr solution of 

1 
)Ir+q; j’- 1 = 0. (7) 

Fig. 2. Film model 
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4.3. Expression of the rate of agglomeration 

The method of classes provides an easy introduction where 1 
N(N + 1) 

max = 2 . 
of agglomeration. The agglomeration processes are 
considered as chemical reactions between the species in The probability coefficient p(I) stands for the as- 

the classes. For N granulometric classes, N(N + 1)/2 sumption that agglomeration cannot produce particles 

different agglomeration processes between two crys- bigger than those of class C,: 

tals can occur. We shall name (m, n) the agglomeration 
of a particle of the class C, with a particle of the class 

p(Z) = 0 if S, > S, and p(l) = 1 if S, < S,. 

C., assuming that n 2 m. It is possible to arrange the R,,i can be calculated when the expression for the 

different agglomerations in such a way that I,,. being intrinsic rate of r(l) is known. This is a function of the 

the rank of the agglomeration (m, n), one obtains the number of collisions per unit time and unit volume, 

array 

(1, 1) (1>2) (1, 3) . . . . . . . . (1, n) . . . . . . .(l, N) 

1 - 1 1.1 - 11.1 = 2 1 -3 1.3 - I i.” = n 1 1.N =N 

(22) (2, 3) . . . . . . . . (2, n) . . . . _ . . . (2, N) 

1 zz=N+l l,.,=N+2 l,.,=N+n-1 1 2.N = 2N - 1 

(m,m) . . . . . . . (m,n) . . . . 

1 m,m [ -I,” 

with 1 
??l(m- 1) 

VVI.” = N(m-l)- 2 +n. (8) 

One can write a “pseudo-reaction of agglomeration” 
as 

a@+b@dc@ where the class C, is such that 

is,_, < (sJ+sy3 s s, 

a, b and c are the stoichiometric coefficients of the 
“pseudo reaction”. Since agglomeration, as a chemical 
reaction does, preserves the total mass of crystals: 

aLi2 + bSi = c.7: 

s + s” 
Ifa=b= l,thenc=u. 

S,J 

Let r(l) ([nb]m- 3sm ‘) be the rate of the “pseudo- 
reaction of agglomeration” between particles from 
classes C, and C,, with the rank I = I,,,, defined by (8). 
Considering now a particular class Ci, the agglomer- 
ation (m, n) above produces a new particle in class Ci 
only if 4 = i, and the appropriate stoichiometric 
coefficient for this process is defined above. If q # i, the 
new particle falls outside the class Ci. Besides, if m or n 
is equal to i, class Ci loses a particle. Consequently, one 
may define an overall “stoichiometric coefficient” Y!.~ 
taking into account these various possibilities as: 

. . . . (m, N) 
1 

&INN) 

1 
N(N + 1) 

N,N = 2 

and of supersaturation (Jancic and Grootscholten, 
1984). 

4.4. Note on the rate of breakage 

The modeling of breakage can be done in the same 
way as of agglomeration if the crystals are supposed to 
break up only into two smaller ones. But if we notice 
that the intrinsic rate of a breakage process is not 
a function of supersaturation (Jancic and 
Grootscholten, 1984) it is impossible to use the model 
of “pseudo-chemical reactions” with reversible reac- 
tions to merge by this way agglomeration and binary 
breakage into one single formalism. 

4.5. Expression of concentration of solids and of volume 

expansion 

C, being the concentration of solids per unit volume 
of suspension we have the following relation: 

C,(t) = f$ 4v ‘F S:Ni(t). 
i=, 

(11) 

The volume Vof the solution is given by the balance: 

Q,= Qs+$ 

whereas the volume V, of the suspension is: 

vr = 
V 

I--CC, 
& 

It is often easy, especially during continuous crystal- 
lizations, to simplify those balances and find a single 
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expression for dVr/dt, so that system (5) should be 
solvable with current algorithms. If this is not the case, 
it is always possible to assume that: 

%ttt# 
VT(t - At) - Vr (t - 2At) 

-‘At 

where At is the integration step. 

5. APPLICATION OF THE METHOD OF CLASSES TO THE 

SEMI-BATCH CRYSTALLIZATION OF ADIPIC ACID 

The results we are presenting here are numerical 
simulations using the method of classes. 

5.1. Simufated experiment 
A hot solution of adipic acid of concentration C, 

(total acid) is poured with rate Q into a perfectly 
thermostated (temperature T,) well mixed crystallizer. 
Initially, the crystallizer contains a solution of adipic 
acid (volume V, and concentration C, in total acid). 

5.2. Bssociation of adipic acid 
Adipic acid is the diacid of chemical formula 

C6Hi004. Its second acidity is characterised by a pKt 
of 5.4 at 25°C (Christensen et al., 1976), so that the ions 
CdH80$- may be neglected during this study. Adipic 
acid being thus considered as a monoacid, the dissoci- 
ation may be written: 

HR +H+ + R-; k = EH+l CR-l 
CHRI 

where [i] is the activity of chemical species i in solution 
and k the acidity constant which is equal to 4.4 at 25°C 
according to Christensen et aI. (1976). Let (i) represent 
the concentration of chemical species i in solution 
(mol.m-3 of solution): 

[i] = yi. (i)/(i)O where yi is the activity coefficient of 
chemical species i, and (i)” the concentration of i at the 
reference state. We shall take (i)” = 1 mol. 1-l 
= 1000 mol.m-3 for every species. Assuming that the 
ionic strength I is lower than 10 mol rnd3, we have: 

yHR = 1 (molecular species) 

and 
yu+ = ys- = y easy to evaluate thanks to Debye and 

Huckel formula: logy = - A(T,) ,/T where A (T,} is a 
known function of the temperature of crystallization 
{Robinson and Stokes, 1955). 

5.3. Balances 
Since adipic acid is considered as a monoacid, it is 

easy to express the different concentrations vs (H+); 

(R-)= (H+)=I (15) 

(HR) -_ T (16) 

where 

1y = k(H+)“(R-)o 
Y2 (HR)‘J . (17) 

Then, the mass balance for the acid connects the 
concentration of solid in the suspension with the 
concentration of protons in the solution: 

+ Vo+Qt c 

1+ 
S 

where t is the time elapsed since the beginning of the 
crystallization. 

The population balance leads to system (5) with 
Qs = 0 and Q, = Q. Moreover, in those simulations, 
the feed liquor is free of crystals, so that N,, = 0 for all 
classes. 

5.4. Programming 
The differential system is solved using a 

Runge-Kutta 4th order routine. It requires the initial 
conditions on the Ni (connected with the seed), and a 
subroutine (Main Subroutine) computing dNi/dt vs 

WS, N2 . . . NJ (see Fig. 3). The structure of this 
subroutine is described in Fig. 4. The control sub- 
routine evaluates d V,/dt and y at (t - At) for the time I. 

Primary nucleation is described in our simulation by 
the well-known physical law (Garside, 1985): 

rN, (19) 

where (HR)* is the concentration of molecular adipic 
acid at saturation. B varies as T-3. 

Secondary nucleation, which is a function of the 
driving force of crystallization and of the mass of solid 
(Garside, 1985) will be described by the empirical law: 

rN,l = k;,[(HR)- (HR)*]“C:. (20) 

The global rate of nucleation is rN = rN, + rNtI 
The mass transfer coefhtient k, is evaluated usmg to 

the Levins and Glastonbury correlation (see section 
4.2). 

The intrinsic rate of the agglomeration (m, n) of rank 
1 )*).II is expressed by the empirical law: 

r(1) = k,S:H[(HR)- (HR)*]@N,N,. (21) 

We choose the following data for the parameters: 

Nucleation. Primary nucleation; A = 2 x lOi 
[nb]m-3.s-‘;B=40 
Secondary nucleation: k;, = 1 [nb] . mol- 3 _ m6. s- ’ ; 
i’ = 1; kf = 2 
Growth: k,= 10~7m4.mo1~‘.s~i;j’=2 

Agglomeration: k, = 0 and 5 x 10-15 Cnbl 
m6.mol-‘.s-‘; e = 0, fi = 1 
Crystallization parameters: Q = 2 dm3 h-i; C1 = 
1500 mol rns3; 

T, = 20°C 
v, = 300 cm3; C, = 0, w = 16.7 s- i. 
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IDaraI 

Seed 

(N,. N,,....N,)t=o 

Runge- Kutta 
rubrout i ne 

subroutines 

subroutine 
dN, /dt = f (N,,.... 

subroutine 

Fig. 3. Structure of the simulation program. 

+ 
(NV, N2..._, N,) 

11 
I Evaluation of C, ft) via ( I I) and of 

V,(t) via (13) 

Evaluation of (H+)(t) by solving 
mass balance (15) 

I Evatuotion of the nucleation 
kinetics with laws (19) and (20) I 

Evaluation of the mass transfer 

I coefficient in each gronulometric class 

I I 
Subroutine of resolution 

and evaluation of the growth rate by (6) of the mass transfer balance 

1 ofter solving f 7 ) 

1 
Evaluation of the rate of oggLomeration 

via (9) and (21) 

It 

dV,/dt and activity 
coefficients evaluated 

dN,/dt=f(N,.Ne+. . ..N,,) from (5) 
at t - At 

Fig. 4. Structure of the main subroutine. 
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We present the evolution of the relative supersatu- 
ration s = (C- C*)/C* in the crystallizer vs time t 
(Fig. 5) which should be read simultaneously with Fig. 
6 showing the evolution of the solid concentration 
during the crystallization. In Fig. 5, at the very first 
moments (t < 55 s) the supersaturation is negative (It 
was set to zero in the figure for reasons of convenience). 
This is due to the initial quantity of pure water in the 
crystallizer. Then, the supersaturation increases very 
sharply until the beginning of the crystallization. At 
this moment, the concentration of solid C, increases 
and s decreases: the acid in solution turns into crystal. 
Figure 7 and 8 show the number and mass granu- 
lometric distributions of crystals at the end of the 
simulation (t = 25 min) and show evidence for the 
severe effect of agglomeration, which can hardly be 
noticed on the curves s = s(t) and C, = C,(t). Figure 9 
illustrates the diffusional limitations in crystal growth 
(without agglomeration) which is the source of the 
distribution of the growth rate among the classes. The 
importance of the phenomenon is to be noticed, as also 

Fig. 7. Simulation of the crystal size distribution at the end of 
the crystallization (Number fraction). 

4.0 ? 

.5(-l I 

30. 

201 K 

\ 
\ 

10 
‘. 

.*._ 
-%_-______ 

----b-s____ 

. . . . * . . ‘C 

looo TIME(s) 
1503 

Fig. 5. Evolution of the relative supersaturation during the 
crystallization. 

Fig. 8. Simulation of the crystal sire at the end of the 
crystallization (mass fraction). 

w . . . . . . . . . . *- 
0 MOO TIME (I) 

1500 

TIME (5) 

Fig. 6. Evolution of the concentration of solid during the Fig. 9. Effectiveness factor for three granulometric classes 
crystallization. without agglomeration. 
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its differentiation over the different granulometric 
classes. 

6. CONCLUSION: USES AND PROSPECTS 

The need for a simple but sufficiently accurate model 
of crystallization led us to the development of the 
method of classes. This method enables us to simulate 
a set of processes never considered together before, 
especially size dependant growth rate (with evaluation 
of mass transfer limitations for each crystal size) and 
agglomeration. Thanks to the peculiar flexibility of its 
programming, the method of classes is immediately 
ready for the simulation of batch crystallizers and of 
MSMPR at unsteady state (the steady state, still easier, 
leads to a classical system of linear equations). By 
choosing his own granulometric classes and their 
number, the user is able to fit exactly the simulation to 
its requirements of precision, and his computing 
facilities. This is specially useful for comparison with 
experimental granulometric data, especially for the 
computer determination of kinetic Parameters for 
crystallization of a product from experimental results. 
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fully acknowledges RhGneLPoufenc Industr~lisation for 
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a, b, c 

A 

c 

c* 

ci 

c* 

Cl 

G 
i, j 

.I 

I 

j’ 
k 

NOTATION 

Stoichiometric coefficients of a “pseudo reac- 
tion” of agglomeration 
Kinetic parameter of the primary nucleation 
law, [nb]m-3sm1 
Kinetic parameter of the primary nucleation 
law 
Concentration of solute molecules, mol me3 
of solution 
Concentration of solute molecules at satur- 
ation, mol me3 of solution 
Concentration of solution at the crystal 
surface, molm-3 of solution 
Granulometric class of rank i 
Concentration of solid in the suspension, 
mol rnv3 of suspension 
Initial concentration of adipic acid, mol m- 3 
of solution 
Concentration of adipic acid in the inlet flow, 
mol m- 3 of solution 
Stirrer diameter, m 
Diffusivity of the solute, m2 s-r 
Flux of integration of molecular adipic acid, 
molm-‘s-’ 
Mass transfer rate of molecular adipic acid, 
mol m-* 5-l 
Growth rate, m s-’ 
Subscripts of granulometric classes in section 
4 
Kinetic order of the secondary nucleation 
law 
Kinetic order of the integration growth law 
First acidity constant of adipic acid 

Cpi Supposed constant value of JI on the granu- 

k 

k, 

kd 
k’iv 

K 

L 

4 
L3 
m 

N 

Ni 

P(l) 

4 

Q, 
Qs, Q 

rA 

YB 

r(l) 

Kinetic constant of the agglomeration law, 
[nb]- 1 m311 +8)-m mol-fl s-1 

Kinetic constant of the integration law, 
m3j’-2 molL-j’ s-1 

Mass transfer coefficient, m s- 1 
Kinetic constant of the secondary nucleation 
law, [&,, m3(i’+k’-3 mol-“-j’s-’ 

Modified acidity constant of adipic acid. mot 
mm3 of solution 
Characteristic size of crystals, m 
Upper limit of granulometric class Ci, m 
Dimension of the nuclei, m 
Subscript of granulometric class in section 
4.2. 
Molecular weight of adipic acid, kg mol- l 
Subscript of granulometric class in section 
4.2. 
Number of granulometric classes 
Number of crystals per unit volume of 
suspension 
[nb] me3 

in granulometric class Ci, 

Probability of agglomeration of rank I,,,,, 
Subscript of granulometric class in section 
4.2. 
inlet, outlet and main volumetric flow rate, 
m3 s-r 
Net rate of creation of crystals by agglomer- 
ation per unit volume, [nb] mm3 m-l S-I 
Net rate of disappearing of crystal by 
breakage per unit volume, [nb] me3 m- ’ s- ’ 
Intrinsic rate of agglomeration of rank J,,,, 
[nb] mm3 s-r 

FNI. r~u. Primary, secondary and global rate of nucle- 

R Nl 

t 

T 

=, 
Tl 
V 

VO 

VP 

vT 

ation, Cnb] m - 3 . i- - 
Net rate of respectively agglomeration, 
breakage and nucleation in the granulomet- 
ric class Ci, [n6] mm3 s-l 
Relative supersaturation 
Characteristic size the crystals of the granu- 
lometric class Ci 
Time, s 
Tank diameter, m 
Temperature of the crystallizer, “C 
Temperature of the inlet flow, “C 
Volume of the solution in the crystallizer, m3 
Initial volume of the solution in the crystal- 
lizer, m3 
Volume of a crystal, m3 
Total volume of the suspension in the crystal- 
lizer, m3 
Spatial coordinates, m 

Kinetic parameter of the agglomeration law 
Kinetic parameter of the agglomeration law 
Activity coefficient of protons and of 
adipates 
Activity coefficient of species i in solution 
Power dissipation per unit of mass, mz sp3 
Effectiveness factor 
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4s. 4” 

I e 

v 

vl,i 

w 

(9 

(9” 

lometric class Ci (see section 4.1), 
[nb] rnP1 m-’ 
Surface and volumetric shape factors 
Number density function, [nb] m- 1 
Volumetric density function, [nb] m-l me3 
Volumetric density function of the popu- 
lation of crystals in the inlet flow, 
[nb]m-‘m-3 
Kinematic viscosity, m* s- ’ 
Stoichiometric coefficient for the net produc- 
tion of particles in the granulometric class Ci 
by agglomeration of rank I,,, 
Rotation speed of the stirrer, s-’ 
Concentration of species i, mol me3 
Reference concentration of species i. (i) 

= 1000 molme3 

PI Activity of species i in solution 

h 4 Agglomeration of rank I,,,, 
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