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1t is proposed to reuisit the problem of gas—liquid crystallization in the framework of
a two-film model and with the help of experimental data from two experimental sys-
tems. Preliminary quantitative discussion of the order of magnitude of different effects
makes possible realistic simplifications in the theoretical models. In particular, the role
of the interfacial film in the whole process is clearly defined. As previous researchers
have done, a formulation in terms of moments of the crystal size distribution is used;
however, instead of the numerical solution to the corresponding differential system, a
general procedure to express analytically the asymptotic behavior of the physical system
is proposed. With this formulation, the influence of different parameters can be easily
identified and validated on the available data from two experimental systems.

Introduction

Gas-liquid crystallization can be described by the overall
reaction

Ay gasy T PA2 aq = 445 s01ia) (R1)

in which A,,, is a compound dissolved in an aqueous solu-
tion, and p and g are stoichiometric coefficients. Gas—liquid
crystallization processes are frequently met in industrial or
natural systems. This is, for instance, the case of precipitation
of gypsum by adsorption of sulfur dioxide into lime water
(Sada et al., 1977) and carbonatation of lime water. The lat-
ter case has been extensively studied by Wachi and Jones
(1991a,b) and Jones et al. (1992), and has given rise to com-
prehensive interpretations.

Gas hydrate crystallization can be also represented by an
[R1]-type reaction in which A,,, would denote simply water
and A the gas hydrate phase (Englezos et al., 1987a,b;
Skovborg and Rasmussen, 1994; Herri et al., 1999; Pic et al.,
2001).

Models are generally based on the assumption of a two-
layer configuration that consists of:

(a) The superficial film at the gas—liquid interface in which
absorption and diffusion of the gas into the liquid phase take
place (possibly accompanied by reactions between dissolved
species); this zone, of both high supersaturation and high
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concentration gradient values in dissolved gas, is favorable to
primary nucleation of crystals;

(b) The bulk zone in which crystals develop mainly by
growth; this is a region of lower concentration values and
nearly zero gradients, all the more so since the medium is
generally stirred.

Classic models take into account:

(1) Basic equations for the gas—liquid mass transfer (film
theory) accompanied with kinetic models of chemical reac-
tions;

(2) Equations for the distributed crystal population and
dissolved gas mass balances;

(3) Crystallization kinetic laws.

The associated mathematical problem is a partial deriva-
tive equation (PDE) problem when simplification cannot be
introduced (Wachi and Jones, 1991a,b), or an ordinary differ-
ential equation problem when simplifying procedures or as-
sumptions (steady state; use of the crystal population mo-
ments) can be applied (Englezos et al., 1987a,b; Herri et al.,
1999; Pic et al., 2001).

In this article we would like to revisit several aspects of
gas—liquid precipitation in the framework of the two-layer
model. Particularly, the different assumptions concerning gas
transfer through the interfacial film, crystal growth, nucle-
ation, and transport in this film will be examined. Then, we
will propose a general model of crystallization and discuss
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some possible simplifications, particularly at later stages of
the process. The main originality of this article, however, is
to propose analytical laws for the system asymptotic behav-
ior; these predictions can be easily compared to experimental
results, and give in several cases a quantitative estimation of
the model parameters. This approach, although general, will
be supported (and possibly validated) by the experimental
context of both calcium carbonate precipitation (Jones et al.,
1992) and particularly methane hydrate crystallization (Herri
et al., 1999; Pic et al., 2001), for which we have many results.

Models
System configuration

We consider a vertical cylindrical stirred reactor filled with
water. The liquid height, volume, and cross-section area are,
respectively, denoted by H, V, and A; z is the vertical coor-
dinate (the gas—liquid interface is located at z = 0); ¢ is the
time. Two zones are considered (Figure 1):

Interface Layer. The interface layer, of thickness & and
volume V' is characterized by a concentration profile ¢'(z,t)
in dissolved gas. The boundary conditions are ¢'(0,¢) = C,,,
and ¢'(8,1) = ¢, (1); C.,, is the gas solubility; c,(¢) is the bulk
concentration. The crystal diameter, D, density function
should be considered in its local, z-dependent form, n'(D, z,t)
expressed per unit volume. Because the agitation state of the
interface layer is probably weak, we consider it at rest, as
other authors did.

Bulk Zone. Due to the effect of stirring, the concentra-
tion in dissolved gas, c,(t), and the crystal diameter density
function per unit volume, n,(D,t), are considered as inde-
pendent of z. The agitation state, imposed by the stirrer, is
assumed to be uniform and completely characterized by the
stirring rate  or equivalently the mean energy dissipation
rate e.

In what follows, the superscript prime will be used to de-
note variables or parameters relative to the surface layer,
whereas bulk variables or parameters will be written with
subscript b. Variables or parameters without particular indi-
cation are relative to the global system or to both zones.

Gaiyuid interface
Ce

5| / Interfacial film

7=0

H Bulk

Cy
Jé >

Concentration in dissolved gas

Figure 1. Crystallization reactor.
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Processes

Gas Absorption. The gas absorption rate per unit volume
r(t) is expressed by the well-known relation (Mehta and
Sharma, 1971; Sridharan and Sharma, 1976)

r(1) =kpa(Cey = cy(1)) M

where a is the mass transfer surface area per volume of lig-
uid, and k; the mass-transfer coefficient. In the experiments
reported here, k; a ranges between 0.0001 and 0.005 s~ 1.

Mass Transport in the Interfacial Layer. In the two-film
theory, the interfacial layer thickness is obtained from the
relation

Dga

8
kya

@)

in which D is the dissolved gas diffusivity. For instance, &
ranges between 44 and 126 pwm in Wachi and Jones (1991b)
and between 10 and 50 wm in Herri et al. (1999). Thus, the
interfacial layer is very thin compared to the usual height of
the liquid in the reactor (0.2 m).

Concentration is maintained at value C,,, by the gas—liquid
equilibrium at the external interface. Crystallization occurs
because C, is greater than C,,, the equilibrium concentra-
tion in the presence of crystals. Concentration in the bulk, ¢,
is proved to be close to C,,, at least at late stages of the
crystallization process. This is proved by simulations in
Skovborg and Rasmussen (1994) and Herri et al. (1999), and
will be discussed later in this text. This means that supersatu-
ration sharply decreases throughout the film layer. In
gas—liquid precipitation experiments, visual observations
clearly show that nucleation mainly takes place in the interfa-
cial film from which the nucleated crystals are then trans-
ferred to the bulk, where they go on growing. According to
the authors, this transfer process is differently described.
Wachi and Jones (1991a) attribute it to Stokes-Einstein diffu-
sion, whereas Englezos et al. (1987a,b) consider that nuclei
appear in the film and are instantaneously transferred to the
bulk as soon as supersaturation conditions are created. We
propose here a discussion on the interlayer transfer process
by taking Stokes diffusion, settling (or floating), and crystal
growth into account.

The Stokes-Einstein diffusion coefficient D, of a spherical
particle of diameter D’ is given by the relation

kT

D P 37 . D (3)
in which T is the temperature, 7, is the dynamic viscosity of
the liquid medium, and k is the Boltzmann constant.

Particles immersed in a fluid move downwards (settling) or
upwards (floating), so they are, respectively, denser (case of
calcium carbonate in water) or lighter (case of methane hy-
drate) than the fluid medium. In both cases, their limit veloc-
ity w is given by the expression

D"?g|Ap|
w= # (4)

187,
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in which g denotes the gravity and |A p| the absolute value of
the density difference between the solid and liquid phase.

The relative importance of Stokes-Einstein diffusion and
settling (or floating) can be judged from the corresponding
particle fluxes, that is, respectively

on’
Jp=- DPE Q)
and
Jgp=n""w 6)

From dimensional analysis it follows that

J» 6kT 1 1

= 7
Jgr 78 D”lAp| & @)

For the experimental systems under consideration (Herri
et al., 1999; Wachi and Jones, 1991a,b), the typical parameter
values {T, &, |Apl} are, respectively, {275 K, 30 um, 88 kg-
m %} for methane hydrate in water and {293 K, 80 um, 1,700
kg-m’3} for calcium carbonate in water. Stokes-Einstein dif-
fusion is preponderant for D’ < 0.65 wm in the first case, and
D' <0.18 um in the second case. These grain sizes are
reached in about 19 s (growth rate G =2 um-min™) and 36
s (growth rate G =~0.3 um-min~!), respectively. The sedi-
mentation (or floating) times: £y (£ = 8+w™ ') are equal to
1,400 s and 2,600 s, respectively.

From the order of magnitude of these values, it appears
that, once a crystal is nucleated in the interfacial film, it
rapidly reaches a size for which diffusion is negligible; this
means that its motion is essentially ruled by sedimentation or
flotation. In both cases, most crystals are nucleated at the
gas—solid boundary, where supersaturation is maximum.
However, their further behavior is different according to their
density:

(1) Crystals denser than water fall downwards and leave
the interfacial layer to enter the bulk; their size at this mo-
ment and their residence time in the film can be obtained
from the equality between sedimentation time: tg (tg=8-w™")
and growth time t; (t;=G™'-D'). In the case of calcium
carbonate in water, this calculation gives a residence time of
152 s and a size of 0.72 pum.

(2) Crystals lighter than water tend to float and move up-
wards to the gas—liquid interface, where they go on growing.
Their transfer to the bulk zone is probably due to entrain-
ment by the bulk flow; however, their transfer should occur
only beyond a minimum size (Taniguchi et al., 1996)

Crystallization Steps. The crystallization steps are pre-
sented independently of the reactor zone in which they oc-
cur. Classic assumptions are taken for the kinetic laws of the
different crystallization steps

Linear Growth Rate G:

G=k,o? (8)
in which o (o =(c/C,)—1) is the relative supersaturation
level in the considered medium; Cq is the equilibrium con-

centration in the presence of the solid phase; constant k, is
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assumed to be independent of the crystal diameter D (Mac-
Cabe simplification), although possibly dependent on the stir-
ring rate, p is a constant of typical values 1 or 2 (Garside,
1985; Dirksen and Ring, 1991).

Primary Nucleation Rate B,. The production rate of pri-
mary nuclei per unit volume is expressed according to the
classic expression (Nielsen, 1964)

B« e~ (B +0)%) (9)
or more simply by
B =k, o™ (10)

in which k, and B, are positive constants and 7,, a positive
exponent, can commonly take relatively high values (5 to 10).
Nuclei are supposed to be created at a zero initial size.
Secondary Nucleation Rate B,. The production rate of sec-
ondary nuclei per unit volume is expressed by (Garside, 1985)

By =kyo"m, 1)

in which k, is a constant, generally dependent on agitation,
m is a positive exponent ranging from zero (purely mechani-
cal origin of the nuclei) to relatively low values (typically 2 to
3; case of “true” secondary nucleation) (Garside, 1985); m,
denotes the second-order moment of the diameter distribu-
tion (proportional to the crystal surface area per unit volume
of the medium). Proportionality between B, and m, corre-
sponds to a situation of relatively low concentrations in the
solid, as observed in the reported experiments. As before, for
primary nucleation, the initial size of the secondary nuclei is
assumed to be zero.

Agglomeration. The agglomeration kernels depend both
on agitation and supersaturation (Hounslow et al., 1998). In
this article, agglomeration will not be considered in a very
rigorous and precise way, but only the trends it induces will
be investigated. The role of agglomeration in the different
crystal population balances will be represented by an additive

term A,4,, which will be expressed later on.

Model dynamic equations

In this section we present the general dynamic equations
that describe the time evolution of the system, particularly of
the concentration in dissolved gas and of the crystal density
function and the simplification that can be assumed in each
zone.

Mass Balance. In any point of the two zones, the mass
balance in dissolved gas is expressed by the general partial
derivative equation

dc k,m aJ
———2e-2 (12)
Jat D,

mol

where Jj, is the molar flux of the dissolved gas, m, the sec-
ond-order moment of the crystal distribution, v, the solid
molar volume, and k, a crystal shape constant (k, = /2 for
spherical particles).
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i. Bulk Zone. As it is supposed that the bulk zone is per-
fectly mixed, Eq. 12 is not relevant, at least in the present
form, and it should be replaced for the following global bal-
ance using Eq. 1

dcy,
E = kLa(Cext - cb) -

k,my,

G, (13)

mol

ii. Interfacial Layer. As is common in the framework of
the film model (Welty et al., 1969; Beek et al., 1975), compar-
ison between the gas absorption flow rate and the amount of
gas actually consumed in the interfacial layer can suggest
simplifications.

Ratio y between the two flow rates is given by

kpa(Coq—cp)H
Y= ku:nlz (14)
G'S
D,

mol

Denoting ¢' the volume fraction of the solid and D’ the
crystal mean diameter in the film, assuming C., > c,, and
a=1/H, and using Eq. 2, we obtain an approximate expres-
sion of y

D, _ 1

Y= 3¢'G Drpcextumol (15)

The parameter typical values {D’, 8, G', Coy U} aTe, respec-
tively:

{5 pm, 30 um, 2 pm-min~?', 7.2x 1073} for methane
hydrate in water
{1 pm, 80 um, 0.3 um-min~"', 1.8X10~*} for calcium
carbonate in water.

In both systems, common values are taken for D (5x107°
m?2-s~ 1) and ¢’ (0.01).

The corresponding calculated values of y are 200 for
methane hydrate in water and 11 for calcium carbonate in
water. Due to the uncertainty of the different parameters,
these values are not accurate. They give a realistic estimation
of vy, however, and prove that crystallization weakly affects
mass transfer in the interfacial layer; consequently, from Eq.
12, it follows that a linear profile of concentration ranging
between C. and C, can be assumed in the interfacial layer
at the steady state.

Remark. For the sake of simplicity, the role of possible
chemical steps in the interfacial layer mass balance has been
overlooked; this is a common assumption in the case of the
gas hydrate crystallization; for other systems, it can be con-
sidered as the borderline, but plausible, case of rapid re-
versible reactions. It would be quite possible to take the ki-
netics of the chemical steps into account when they exist;
however, each case would be a particular one, for which the
present approach can give hints.

Crystal Population Balances. The crystal population bal-
ance is expressed by the general partial derivative equation

on on aJ
E—FGE_BI_BZ_FE_A%’:O (16)
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where the population density function » depends on diame-
ter D, time ¢, and height z. Flux J refers to the circulation of
the particles in the system (Jg;, Jp, as mentioned before, or
convection flux).

i. Interfacial Layer. We propose two simplifying assump-
tions for the interfacial layer.

e Steady state: this is justified by the small extension of
this layer and its incessant exchange with the gaseous atmo-
sphere and the liquid bulk.

e Linear profile of concentration in dissolved gas and neg-
ligible crystallization processes (that is, growth, agglomera-
tion, and secondary nucleation) except, of course, primary
nucleation: this is justified by the calculated vy values and the
possibilities of permanent exchange with the bulk.

Taking into account too that particles nucleated in the film
are rapidly transferred to the bulk (either by sedimentation
or by flow entrainment), their starting size in the bulk is
probably a bit dispersed and small. This is the reason why we
gave up calculating it accurately, and we restrict the role of
the interfacial film to an external source of nuclei that feeds
the bulk of the reactor.

Averaged nucleation rate B] can be calculated from inte-
gration of Eq. 10 over the film to give

k 0.n1+1 _ 0.n1+1
=7 1 ext b
[
Bm— (17)
ny Oext — Op

where o, and o, are the supersaturation level at the
gas—liquid and at the two-layer interface, respectively.

ii. Bulk Zone. Population balance is deduced from the
general equation (Eq. 16); however, taking into account the
bulk homogeneity and the feed in nuclei from the interfacial
film, it follows

an,(D,t) an,(D,t) & _
It +G, 9D _EB]_Blb_Bﬂv
— Ay, (D) =0 (18)

In the classic crystal population balance equations
(Randolph and Larson, 1988), particularly in the framework
of the MSMPR model, nuclei are generally assumed to be
generated at initial zero size. This simplification is certainly
valid for nuclei created by primary nucleation (B,,) or “true”
secondary nucleation (B,, ; Eq. 11, with m different from 0).
According to previous discussions in this text, however, it is
certainly questionable when the nuclei are produced in the
interfacial film and then transferred to the bulk (term B}).
We propose to consider a nonnecessarily zero initial size
(Dy,,) for these nuclei.

Moment Equations. The first three moments of the crystal
size distribution by number in the bulk are

mob=f”b(D)'dD (19)
my, = [ny(D)-D-dD (20)
My, = [n,(D)D?dD (1)
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The partial derivative equation (Eq. 18) results in the follow-
ing moment equations

d’ZtOb = %Fﬁ‘ By + By — %méb (22)
dmy, o __

7 Gymg, + EB/IDE)b = B1Kyggmopmy, (23)
dm,, o— ,

e 2G,my, + ﬁBiD/Oh — BoKyggmopiy,  (24)

The presence of B terms in Eqs. 23 and 24 derives from
the possibility of nuclei of nonzero size as said earlier. The
last terms of the lefthand side of these equations are due to
the contribution of agglomeration (K,,,, B;, B, are positive
constants). These are approximate expressions that assume
constant agglomeration kernel and take into account the ex-
perimental shape of the crystal-size distribution. This simpli-
fication has been already introduced and validated by Herri
et al. (1999) in the case of crystallization of methane hydrate.

Asymptotic solution to the problem

Solving Egs. 13, 22-24 requires numerical integration,
which presents no particular difficulty; however, it is not
straightforward (Englezos et al., 1987, Wachi and Jones,
1991a,b; Herri et al., 1999). Sensitivity to the system parame-
ters clearly appears from these results, but they cannot be
described in simple words. We will prove here that the
asymptotic solution of the problem can be found in an analyt-
ical form, the parameters of which are the characteristics of
the system and the processes.

Mathematical Procedure. The calculation procedure be-
gins with the mass-balance equation

dc,,
E = kLa(Cext - Cb) -

k,m,,

G, (13)

mol

In the presence of crystals, the thermodynamic variance of
the present solid-liquid—gas system is equal to 1. This means
that, at the given temperature, equilibrium conditions are de-
termined, particularly pressure and temperature. If, like here,
external pressure is fixed at a value P, higher than the equi-
librium value P,, (or equivalently, C > C,,), the system
continuously adsorbs gas to create new crystals. Thus, m,,
continuously increases and is assumed to be asymptotically
proportional to ¢, where « is a positive exponent.

Remark. In the presence of agglomeration, the situation
is more complex and will be examined later on. For the mo-
ment, we assume that K., is zero.

As in Eq. 13, product G,m,, should keep finite values,
where G, necessarily tends to zero, and, thus, is of the form

G,=Ki (25)

Thus, from Eq. 8, ¢, tends asymptotically to C,.
Putting these asymptotic values into Eq. 13 gives

A
m2b=Eta (26)
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with

_ kLaCeq aéxtU

mol
2
! @)

v
The asymptotic value of the nucleation rate in the film is

F=La"1 (28)
1 n1+1 ext

The next steps of the procedure consist of:

(1) Putting m,, and G, into Eq. 24 and deriving m,;

(2) Putting m,, and G, into Eq. 23 and deriving m,,;

(3) Putting m,, into Eq. 22 and identifying « and K;

(4) Expressing the different moments and characteristics
of the crystal population (particle number and mean diame-
ter).

Typical Cases. The previous procedure can be applied to
different situations of rate-determining crystallization steps.

e Film Nucleation and Bulk Growth. In this case, the ba-
sic assumption is that nucleation only occurs in the film and
is negligible in the bulk (due to too low supersaturation in
the bulk).

Equations 24, 23, 22 can be, respectively, simplified in

dmy, S dmy, [
7 2Gymy, + EB1D01; 7 Gymygy, + EBIDOb
dm 6 __
b _ s
dt H

Applying the previous procedure successively gives

A 2a—-1 4 2 ia
my, = Wdt - ﬁB]DObt (29)

m =ia(za—l)ﬁﬂ*z—iﬁnﬂzﬂ*l
0b 2K3 HK2 1~0b

o __
- EBllD,Obta (30)

AH L e
= _— — —2)t°e~
26K Koy e DBa—2)

Xt

1 1
— 2 Qa—D)DGR =2 Dyar! (31)

The values of o and K are obtained from identification
according to the powers of ¢t in Eq. 31: « = 1 and K is a
root of the equation

) AH n,+1 10'2 1D,
C28K3 kyay K2 KT

If the initial size of the nuclei transferred to the bulk can
be neglected, then also using Egs. 2 and 27, we can express,
respectively, K, N, the asymptotic number of crystals in the
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bulk and D, their mean size

2 3
_ (kpa) CogomaH ny+1 32)
2Dgak, ko
l)(laklo-e;lt1
N=——"—7""——t 33
" Uy H(m +1) )
13

- (k a)ZCC Upot H 1y +1
b=( L q 1 1 (34)

2Dgak, kot

1 %ext

Consequently, in this case, the number of crystals increases
linearly and their mean size keeps constant.

Remark. The asymptotic steadiness of D, was also ob-
served in the simulation results of Herri et al. (1999) within
similar model assumptions.

e Film Nucleation, Bulk Growth, and Bulk Secondary Nu-
cleation. 1In this case, we still consider film nucleation and
bulk growth as rate-determining; however, we also take into
account secondary nucleation, which could play a part be-
cause of the continuously increasing surface area of the crys-
tals. As previously we consider that D, = 0.

Equations 24, 23, 22, respectively, can be simplified in

A

— atZafl

= 35
myy 2K2 ( )

A
Moy = ——a(2a —1)>* 72

e (36)

n
kl Oext 5

A
WAl H + By, =—=aRa—-1)Ba-2)**"3 (37)

2K3

From Egs. 8 and 11, it follows that
Gb m/p
By, = kz( T ) Map

Using Eq. 8 and the expressions of the asymptotic variation
of G and m,, with time (Egs. 25 and 26), we transform Eq.
37 in

(38)

ko

€

i O k,
" K /)= 140~ (m/p)a
n+1H ke

= ¥E a(2a-1)3a —2)t3“73 (39)

Identification according to the powers of ¢ is a little more
complicated than previously and boils down to the following
two cases:

(1) 3a —3=0, that is, a =1; however, with m > p, this
latter condition shows that the secondary nucleation rate
should depend more on supersaturation than growth rate.
This behavior is rather common for “true” secondary nucle-
ation. If these conditions are fulfilled, case 1 is asymptotically
similar to the situation of film nucleation-growth bulk, which
was discussed before (Eqs. 32—-34). This means that asymptot-
ically bulk “true” secondary nucleation is less active than film
primary nucleation.

AIChE Journal August 2003

) A—(m/p))a =3a —3, that is, a =3/2+ m/p); how-
ever, with m < p, as explained in the previous section, this
latter condition is not frequently met for “true” secondary
nucleation. However, it is, of course, observed in the case of
purely mechanical nuclei generation (m = 0).

The respective expressions of K, and asymptotic N, and
D,, are

kg/p o3
K= [z—kza(Za -1)(Ba —2)}

kLaCeq TextUmol
N, =

3a—2
i

kg/p
3a -2
2K, G

2ku[a(2a—1)]a_l[

o3

kg/p
—a(3a -2
2k, G2

(20{ _ 1)17(01/3)

l-a

b=

In the case of the secondary nucleation of purely mechani-
cal origin (m = 0; « = 3/2), these expressions become

15\

K=|— 40
B w
3k, aC. 0ug Uy

N, = L= eqls“3/j'15/2 (41)
Zk%[—

4k,
15 17
_ |16k,
Dy="—r— (42)

Thus, in this case, the mean diameter asymptotically de-
creases with time.

® Role of Bulk Agglomeration. We will envisage only the
cases of simultaneous film primary nucleation, bulk crystal
growth, and bulk agglomeration. The relevant equations are

dch kvm2h
E=kLa(Cext_Cb)_ Gb (13)
mol

dmy, &6_ K,

da ﬁBﬁ - Zgg m%)b (43)
dmy,

dt =Gymg, — BlKagngbmlb (44)
dm,,

dt =2G,my, — BZKagngmeb (45)

The case of zero K,,, has been studied earlier in this text
(Egs. 32-34) and is characterized by asymptotic linear varia-
tion of the crystal number and constant particle diameter.

If K,,, is different from zero, agglomeration takes place.
From a mathematical point of view, the differential system
(Egs. 13, 43-45) admits an asymptotic steady state for which
¢y is different from C,q (Cy > ¢, > C.o). Consequently, this
is not an equilibrium state, although the first three moments
become constant; however, gas absorption goes on. In this
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text, we will not present further developments concerning this
steady state, because, in the absence of experimental evi-
dence, it would be essentially academic.

However, considering weak agglomeration—low value of
K, for instance—an approximate solution to Eqs. 43-45
can be found easily using a perturbation procedure. This so-
lution is valid at intermediate stages of the process, and due
to the approximation it involves, should be considered only as
regards to the trend it is responsible for in the evolution of
the system time. Approximate values of crystal number and
mean diameter are

, 8B}
Nbdgg(t)szO(t)(l_Kagg6_Ht2) (46)

Diee(t)=DP|1+ K

8B 2\,
agg?(l_gﬁl)t (47)

where the supercript agg refers to the introduction of ag-
glomeration; the superscript 0 refers to the absence of ag-
glomeration (Egs. 33 and 34).

It clearly appears that, as expected, agglomeration reduces
the crystal number, but increases their mean diameter, pro-
vided B, <1.5[ B;=0.262 in Herri et al. (1999)].

Comparison with Experimental Data

Previous theoretical results are now examined in the
framework of the already mentioned experimental studies:
calcium carbonate precipitation (Wachi and Jones, 1991a,b)
and methane hydrate crystallization (Herri et al., 1999; Pic et
al., 2001).

The former case will be less commented on than the latter
for different reasons:

(1) The existence of a chemical reaction in the film, which
is not considered extensively in the present model (see previ-
ous Remark); however, the procedure should not be ques-
tioned.

(2) Nonconstant parameters (pH, in particular) throughout
the experimental process, which could induce time-evolution
of some parameters (not considered within the model).

(3) Lack of experimental results; in this respect, the
methane hydrate system, which was studied by the authors of
the present article, is very rich in data because of the instru-
mentation of the reactor with an optical sensor for in situ
particle-size determinations (Herri et al., 1999; Pic et al,,
2001).

Agreement between theory and experiment will be dis-
cussed in several aspects.

e Time Evolution of Crystal Number and Mean Diameter at
Different Stirring Rates. In Figure 2, we recall experimental
results obtained by us (Herri et al., 1999) on methane hydrate
crystallization. According to the stirring rate, the time evolu-
tion of the crystal density and the mean diameter are quite
different.

Concerning the asymptotic law of variation with the time
of the crystal mean diameter and crystal number, if we repre-
sent them using, respectively, a law in ¢# and a law in ¢€, we
obtain the following results:

(1) B<0 and €>1 at high stirring-rate values (500 rpm).
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Figure 2. (a) Time evolution of crystal mean diameter
and (b) number per unit volume at different
stirring rates during methane hydrate crystal-
lization at 30 bars and 1°C (experimental re-
sults from Herri et al., 1999).

(2) B=0and € =1 at intermediate stirring-rate values (400
rpm).

(3) B>0and € <1 at low stirring-rate values (250 rpm).

These results are quite consistent with the different theo-
retical possibilities we considered before.

(1) The case of film nucleation, bulk crystal growth, and
secondary nucleation (with m/p = 1/2 at 500 rpm); this latter
assumption is particularly plausible, because a high stirring
rate can result in crystal erosion or attrition.

(2) The case of film nucleation and bulk crystal growth (at
these moderate stirring rate values, agglomeration and attri-
tion have opposite, somewhat balanced effects).

(3) The case of film nucleation, bulk crystal growth, and
agglomeration (at the lowest stirring rate, agglomeration
overcomes fragmentation).

The transition between case 1 and case 2 when the stirring
rate is decreasing can be considered from a theoretical point
of view by comparing the N, values in the two cases (Egs. 33
and 41). It appears that crystal production by attrition should
outweigh primary nucleation beyond a certain time, ¢,, which
is obtained from the ratio of the respective N, expressions

leG n—1
I PRI
(4ky)" kia

23

(48)

ext

In this expression, k;, a, and probably k, are the most de-
pendent on the stirring rate and increasing functions. This
means that the predominance of attrition should be observed
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earlier at a higher stirring rate. This is precisely what is ob-
served.

The results from Wachi and Jones (1991b) also clearly show
a slight increase in the mean crystal diameter to a possible
maximum. No data on particle number are available. This

"Dblum]
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14 1
13 1
127 DD a A
Mt a a = S

10 o

behavior is quite consistent with the mechanism of film nu-
cleation and bulk crystal growth perturbed by agglomeration
(which is actually mentioned by the authors).

e Influence of Stirring Rate on the Mean Crystal Diameter.
We consider only experiments in which primary nucleation
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Figure 3. Effect of supersaturation (via methane hydrate pressure) on crystal mean diameter and total number (stir-
ring rate: 300 rpm) (experimental results from Pic et al., 2001).
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and crystal growth are preponderant, that is to say, with con-
stant asymptotic mean diameter D,

From Figure 2, it appears that D, increases with the stir-
ring rate in the range (350-450 rpm), for which D, is nearly
independent of time. The same conclusions can be derived
from the results of Jones et al. (1992) on asymptotic mean
diameter of calcium carbonate.

The previous model predicts the following asymptotic value
for this diameter

1/3
_ (kLa)zCequman n,+1 & ”
b 2Dgak, n-1 G4

xt

ko,

In this expression, the most dependent factor on the stirring
rate is k;, which is known to be an increasing function (Wachi
and Jones, 1991b; Herri et al., 1999). This is quite consistent
with the experimental results and with the simulation results
of Herri et al. (1999).

e [nfluence of Supersaturation on the Mean Crystal Diameter
and Number Variation with Time. We comment now on re-
sults obtained by us and extensively presented in Pic et al.
(2001). They also concern methane hydrate crystallization in
batch conditions, but in noticeably different hydrodynamic
conditions. Figure 3 clearly shows that at a pressure of 3.5
MPa, D, is practically constant and N, is slowly and linearly
increasing with time, whereas at 5.5 MPa, N, increases as ¢,
with € > 1, and D, decreases. In agreement with the N, time
variation (as predicted by the models), we consider that D,
varies as t# with 8 < 0. The stirring rate is the same in both
cases (300 rpm). This type of transition was observed earlier,
but at an increasing stirring rate and constant supersatura-
tion. Equation 48 can be examined again to determine the
respective weights of attrition and primary nucleation at dif-
ferent supersaturation levels; this gives

~ - 2n;—1
L= o-exgn1 V3

(49

Assuming that only o, depends on the supersaturation, and
as n, is expected to be higher than 1, this means that attri-
tion should be preponderant at a lower supersaturation level;
in fact, the opposite behavior is observed. At the moment, we
do not have a definitive explanation for this discrepancy.

Conclusion

In this article, we proposed a new discussion on gas—liquid
crystallization in the framework of two-film models. Assump-
tions and interpretations were systematically placed in the
context of two experimental systems of reference. This led us
to propose a simplified, but realistic, expression of the pro-
cess dynamics in the form of a system of differential equation
in dissolved gas concentration and crystal distribution mo-
ments. Instead of solving this system numerically, as several
authors did, we proposed a general and easy procedure to
obtain an asymptotic solution. According to the relevant crys-
tallization processes (primary nucleation, secondary nucle-
ation, crystal growth, agglomeration), the different asymp-

totic laws of crystal number and mean diameter vs. time are
calculated and found in an analytical form in which the influ-
ence of different parameters (stirring rate, supersaturation)
are quantitatively expressed. Using these predictions, we
could interpret most of the data coming from calcium car-
bonate precipitation and methane hydrate crystallization. In
this latter case, in particular, we confirmed the strong influ-
ence of the stirring rate, which is shown by the experiments,
and we explained it through its action on agglomeration and
fragmentation.
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