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A new experimental setup that makes possible in-situ determinations of the popula-
tion density function of the methane hydrate particles during its crystallization in a
pressurized reactor is used. Thanks to this equipment, new results can be obtained, in
particular concerning the granular aspects of the crystallization processes and the influ-
ence of the stirring rate. These results are discussed in the framework of a model includ-
ing gas absorption, primary and secondary nucleation, crystal growth, agglomeration,
and breakage. From this discussion, the rele®ant processes and parameters of methane
hydrate crystallization can be determined and quantified.

Introduction

Since their discovery in 1810 by Sir Humphrey Davy, inter-
est in petroleum production for gas hydrate crystals has

Ž .changed considerably Sloan, 1990 . These solid particles are
obtained after the rearrangement of liquid water molecules
around the dissolved gas molecules such as methane, ethane,
and other hydrocarbon molecules that are usually present in
the gas part of the petroleum fluid. To form, gas hydrates

Ž .usually require high pressure several tens of bard and low
Ž .temperatures a few Celsius degrees , conditions that are

Žcommonly met in undersea pipelines the greater the depth,
the higher the pressure and the greater the ability of the crys-

.tals to form . To prevent the crystallization process, which
can plug the valves and other transport facilities, one can in-
ject additives such as methanol or glycols to eliminate the
equilibrium temperature of formation from the operating
conditions. These additives have a thermodynamic effect, and

Žthey are often used in large quantities sometimes 50% in
.weight of the water phase . Moreover, because the amount of

additives required increases with the pressure, such in-
hibitors cannot be used in the exploitation of the deepest
wells.

Recently, new research tracks have been considered. Pref-
erence is now given to additives that can act as kinetic in-
hibitors of one or more of the crystallization processes. What
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makes this approach interesting is the small quantity of addi-
Ž .tives needed about 1% in weight of the water phase . The

efficiency of some of these additives has now been clearly
proved. Validation experiments are generally performed on a
circulating loop that simulates the transport of the petroleum
fluid. The efficiency criteria are of different sorts: quantity of
hydrate formed, pressure drop in the pipes, induction period
and subcooling required for a rapid crystallization. The na-
ture of the additive effect is rarely well understood, however,
mostly because of the lack of experimental results concerning
the nucleation growth of the hydrate phase.

Several mechanisms of gas hydrate crystallization have been
proposed. Most of them are relative to an experimental sim-
plified system consisting of pure water and a gaseous hydro-
carbon, generally methane. At zero time, the gaseous hydro-
carbon is fed into the batch or semibatch reactor, which ini-
tially contains pure liquid water. During crystallization, the
quantity of the gas that is incorporated in the solid hydrate
phase is monitored. In the earliest models, gas hydrate crys-
tallization was modeled from the only information concern-
ing the quantity of gas absorbed. The gasrliquid interface was
soon identified as a critical zone due to the high level of

Žmethane concentration. Bishnoi and coworkers Vysniauskas
.and Bishnoi, 1983, 1985; Englezos et al., 1987a,b have ob-

served that the first crystals generally appear in the film re-
gion just beneath the gasrliquid interface and then disperse
in the bulk. This observation has been reported by most of
the research teams working on the gas hydrate crystallization.
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This behavior was equally visually observed in another system
in which one of the reactants is supplied through the

Ž .gasrliquid interface Washi and Jones, 1991a,b . The impor-
tance of the gasrliquid interface was considered in the first
microscopic approach proposed by Bishnoi and coworkers
Ž .Vysniauskas and Bishnoi, 1983, 1985 . In a thin interfacial
film, concentration in dissolved gas varies from the solubility

Ž .value imposed by gas pressure to the bulk value. Using a
population balance model, which takes into account primary
and secondary nucleation and growth, these authors pro-
posed a correlation between crystal growth rate and gas con-
sumption rate; they identified growth as the rate-determining
step of crystallization. This conclusion was recently contra-

Ž .dicted by Skovborg and Rasmussen 1994 . Using the experi-
mental results of Bishnoi and coworkers, they proposed a
simplified model in which the limiting step is the mass trans-
port of gas in the film region rather than one of the crystal-
lization processes. This conclusion was confirmed by Gaillard
Ž . Ž .1996 and Herri 1996 . This implies that the population
density function of the particles is not accessible from mea-
surements of gas consumption, whereas it is clear that the
kinetic models of gas hydrate formation should be based on
crystallization models using the population balance equation
ŽRandolph, 1964; Vysniauskas and Bishnoi, 1983; Randolph

.and Larson, 1988 . As pointed out by the results of Skovborg
Ž .and Rasmussen 1994 , however, validation of the gas hydrate

crystallization models requires data concerning the crystal
size.

In a more general way, in powder technology and in indus-
trial crystallization, determination of particle-size distribution
Ž .PSD during a process is of major interest for practical rea-
sons of control or monitoring as well as for the fundamental
understanding of the observed phenomena. Among the nu-
merous methods of particle sizing, the least intrusive are the

Ž .optical methods. Montfort and Nzihou 1993 and Bylov and
Ž .Rasmussen 1997 applied such methods to the in-line char-

acterization of gas hydrate PSD. Our research group has de-
veloped a turbidity sensor, which is compatible with in-situ

Ž .PSD determinations Crawley et al., 1997 . This technology
has been successfully applied to the characterization of the

Žmethane hydrate crystallization in a semibatch reactor Herri,
.1996 .

This article is organized as follows: in the first part we re-
call the physical and mathematical principles of turbidimetry
used as a particle-sizing method; the second part is first de-
voted to the description of our experimental setup, and then
to the main results obtained relative to the crystallization of
methane hydrate. In the third part, titled ‘‘Theory,’’ these re-
sults are discussed in the framework of a model in order to
derive conclusions concerning the mechanism of the methane
hydrate crystallization. This model takes the crucial impor-
tance of the rate-determining mass transfer at the gasrliquid

Ž .interface, as pointed by Skovborg and Rasmussen 1994 , into
account.

Particle-Size Determination from Turbidity Data in
the Particular Case of Methane Hydrate
Turbidity

When a parallel light beam of wavelength l is crossing a
suspension, the different scattering effects caused by encoun-

ters with solid particles result in a global extinction phe-
nomenon, from which the turbidity t definition comes:l

1 I0
t s log , 1Ž .l L IL

where I is the intensity of the incident ray and I is the0 L
intensity of the transmitted ray after an optical path length

Ž . Ž .L. According to van de Hulst 1957 and Kerker 1969 , the
turbidity spectrum of a suspension of spherical nonabsorbent
grains is linked to its PSD by the following relation:

p `
2t s Q l, D ,m D f D dD , 2Ž . Ž . Ž .Hl sca4 0

Ž .where f D is the population density function of the particles
with diameter D. The scattering coefficient Q of a particlesca
is dependent on the wavelength l of the incident ray and on
the ratio m between the refractive indices of the particle and
of the liquid medium.

Ž .It is theoretically possible to calculate the PSD f D of a
Žsuspension from its turbidity spectrum using Eq. 2 Eliçabe

.and Garcia Rubio, 1989; Crawley et al., 1997 . This requires
several steps that were discussed in an earlier article by Herri

Ž .and coworkers 1998 . For methane hydrate crystals sus-
w xpended in water, only the range 10 mm to 150 mm is wholly

accessible from these calculations. Moreover, the turbidity
data can be used only for turbidity values lower than about 2.
This restricts the use of turbidimetry to dilute suspensions
Ž y2 y3 .about 10 ]10 in solid volume fraction .

Experimental Part
Experimental setup

The experimental setup used in this study was especially
designed to keep the temperature and pressure constant
throughout an experiment, to measure the consumption of
methane absorbed by the liquid solution during hydrate crys-
tallization, and to acquire the turbidity spectrum of the sus-
pension of methane hydrate particles by in-line measure-
ments.

The reactor cell is a Pyrex cylinder. It is filled with 800 cm3

to 1,200 cm3 deionized water. The cell is located in a stain-
less-steel autoclave, in which the pressure can be raised to
120 bar. The autoclave is surrounded by a cooling jacket
through which glycol is circulated from a cryostatic tempera-
ture controller. Two sapphire windows mounted one on each
side of the reactor make possible the observation of crystal
crystallization or dissociation. During the hydrate crystalliza-
tion, pressure control is achieved by measuring the differen-
tial pressure D P between the reactor and a ballast pressure
reference. The suspension is stirred by a four vertical-blade
turbine impeller whose rotation rate can be varied between 0
and 600 rpm.

Temperature is monitored by a platinum thermocouple.
The turbidimetric sensor is a UV]visible analyzer that mea-
sures in-situ the attenuation of a polychromatic beam in the

Ž .wavelength range 230 nm, 750 nm . We have developed an
Ž .in-line acquisition system consisting of: 1 a polychromatic
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Ž . Žxenon arc lamp; 2 two fiber optics one leads light from the
arc lamp to the in-situ sensor; the other one leads the trans-
mitted light from the sensor to a commercial fiber optics

. Ž .spectrophotometer ; 3 and a sensor especially designed for
this application. This sensor is composed of two identical ele-
ments: the first one generates a parallel light beam, and the
second one acts as a collimator. The optical path between the
two elements is usually one centimeter. A more detailed de-

Ž .scription of this setup can be found in Herri et al., 1998 .

Experimental results
The experiments reported here were planned to improve

the understanding of the mechanism of crystallization of
methane hydrate.

( )1 Methane Dissolution in Water. The aim of these exper-
iments was to determine the kinetics of the mass-transfer step
corresponding to the dissolution of methane in water. To
achieve this, we chose the operating conditions so that gas
absorption would be over before the appearance of the first
crystals. At time zero, the methane pressure is suddenly raised
from 1 to 55 bar; temperature is set at 18C. Gas consumption
is recorded for different stirring rates throughout the dissolu-
tion process. In all cases, a first-order law is found that is

Žquite consistent with the well-known relation Mehta and
.Sharma, 1971; Sridharan and Sharma, 1976 :

r s k a C yC , 3Ž .Ž .L ext b

Ž y3where r is the dissolution rate per unit volume mol ?cm ?
y1.s ; a is the mass-transfer surface area per volume of liquid
Ž y1. Ž y1.cm and k is the mass-transfer coefficient cm ? s ; CL b
is the methane concentration in the bulk of the liquid; and
C is the interfacial concentration imposed by the gasrliquidext
equilibrium.

Figure 1 gives the variation of k a with the stirring rate vL
Ž .expressed in rpm .

( )2 Primary Nucleation from an Aqueous Methane Solution.
When the methanerwater system is brought into the thermo-
dynamic conditions of the hydrate crystallization, the appear-
ance of the first crystals is generally not immediate, but oc-
curs after an induction period. In the experiments reported

Figure 1. Influence of the stirring rate on the rate of
methane absorption.

( )Figure 2. Influence of supersaturation i.e., pressure on
the induction period during crystallization of
methane hydrate at a temperature of 18C and
a stirring rate of 400 rpm.

here, the starting point is located in the dissociation zone
Ž .T s208C and P s20 to 30 bar . The solution is then cooled
very slowly to a temperature value equal to the operating

Ž .temperature here 18C . Then the pressure is suddenly raised
to its operating value P . Thus the system is brought into theK
crystallization area within a few tens seconds; this way, a su-

Žpersaturation level Ss P rP is reached P is the equilib-K J J
.rium pressure at 18C . This procedure is expected to initiate

a primary nucleation process within a solution that is sup-
posed to contain no associated solute molecules. By varying
P , it is possible to study the effect of the supersaturationK

Ž .level S on the induction period t Figure 2 . The figure alsoL
shows the good agreement between the experimental points

Ž .and the classic law dotted line :

B
t fexpL 2ž /log SŽ .

Ž .in which B is a constant Zettlemoyer, 1969 .
( )3 Influence of the Stirring Rate on the Flotation of the Parti-

Žcles. The density of the methane hydrate particles 910 kg ?
y3.m is less than water. Visually, one can see that a notice-

able amount of the hydrate particles is located near the
gasrliquid interface, and so is not detected by the turbidimet-
ric sensor, which is located in the bulk zone. In order to
quantify the percentage of particles in the bulk zone com-
pared to the total quantity of particles, we have calculated
the ratio q between:

v The particle volume V calculated using the turbiditypTurb
Ž .signal Figure 3 ;

v The bulk particle volume V calculated from the to-pGPIB
tal volume of methane gas that has been incorporated into

Ž .the liquid phase during the crystallization Figure 3 .
Figure 3 shows ratio q vs. time for an experiment that was

performed at a stirring rate of 400 rpm, a pressure of 35 bar,
and a temperature of 18C. We can observe that ratio q re-
mains constant during all the experiment, and so is not de-
pendent upon the quantity of hydrate formed.
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Figure 3. Experimental V and V values and ra-pGPIB pTurb
tio qsV rrrrrV .pTurb pGPIB

Table 1 shows the values of q at different stirring rates
Ž . Ž200, 300, 400 and 500 rpm and different pressures 35 and

.45 bar . We can see that q does not vary with the pressure
and, more surprisingly, is not significantly dependent upon
the stirring rate, at least within the reproducibility range.

So, whatever the pressure and stirring rate conditions, the
ratio between the floating particles and the bulk particles
seems to remain constant, or at least varies little and stays
within the range between 0.3 and 0.5. Nevertheless, problems
of irreproducibility between the different experiments cannot
be avoided. This point is discussed later.

( )4 Influence of the Stirring Rate on the Crystals Sizes. The
experiments reported here are carried out at low supersatu-

Žration experimental pressure of 31 bar and equilibrium pres-
.sure of 29 bar at T s18C , so that crystallization is not too

rapid and turbidity data can be exploited. However, the fact
that the driving force of the process is relatively small is a
cause of irreproducibility. This difficulty generally has been
overcome by adopting a rigorous procedure of thermal

Ž .preparation of the system Herri, 1998 that considerably en-
hances the reproducibility of the results, and more particu-
larly the induction time.

Figure 4 gives an example of the data that are directly
available from each experiment, that is, turbidity vs. time at

Ž .different wavelengths Figure 4a and methane consumption
Ž . Žvs. time Figure 4b . The time evolution of the PSD Figure

. Ž5a , the global volume fraction of hydrate particles VPGPIB
.solid line in Figure 5b , and the part of this volume fraction

Ž .accessible to our sensor V ; dashed line in Figure 5bPTurb
can be calculated from these results.

The influence of the stirring rate is shown in Figure 6 on
Ž .the mean particle diameter Figure 6a and total number

Ž .Figure 6b , respectively. The evolution with time of the mean

Table 1. Experimental q Value as a Function of the Pressure
and of the Stirring Rate

w xv rpm
w xP bar 200 300 400 500

35 0.5 0.3]0.6 0.4 0.3]0.5
45 0.5 0.3]0.5 0.5 }

( )Figure 4. Experimental data: turbidity vs. time a and
( )consumption of methane b .

diameter and of the total number of particles is also widely
Ždependent on the stirring rate. At a low stirring rate 250

.rpm , the average diameter increases with time, while it
Žmaintains constant values at an intermediate stirring rate 400

. Ž .rpm , and decreases again at high a stirring rate 600 rpm .
Where the total number of particles is concerned, the time
evolution is very different according to the stirring rate. In

Ž .fact, at the lowest stirring rate 250 rpm , the total number of
particles increases less and less quickly. On the other hand, it

Figure 5. Calculated data: population density function
( ) ( )a and volume fraction of particles b .
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Figure 6. Influence of the stirring rate on the mean di-
( ) ( )ameter a and on the number of particles b

during the crystallization of methane hydrate
at 30 bars and 18C.

increases more and more rapidly at the highest stirring rates
Ž .500 rpm . For intermediate values, the total number of par-
ticles increases at a constant rate.

From these results we can expect the stirring rate to have a
complex effect on the size, the number of particles, and the
absorption of methane. Understanding these behaviors re-
quires a model for each process: absorption, nucleation,
growth, and agglomeration, particularly in order to calculate
a theoretical PSD and to compare it with the experimental
PSD.

About the performances of the method
The conditions of using our turbidimetric method are

closely dependent on the validity of Eq. 2. This results in
restrictions on

v Volume fraction of particles that must be inferior to 0.01
v Diameter of particles that must range from 10 to 150

mm.
We have observed experimentally that the volume fraction

of the hydrate phase rarely exceeds 0.01, or reaches this value
after a lengthy experiment. Moreover, the mean diameter

wvalues calculated here are always in the diameter range 10]22
xmm . So, we can consider that the turbidimetric technique is

particularly well adapted to the study of the crystallization of
the methane hydrate particles.

The experimental results have shown excellent repro-
ducibility for the mean diameter calculated using the turbidi-
metric signal, but not for the total number of particles and
the total volume of particles V . On the other hand, wepTurb
have observed good reproducibility for the results deduced
from the quantity of methane absorbed during the crystalliza-
tion, that is, good reproducibility of the methane consump-
tion rate and of the total volume of particles V .pGPIB

Thus, the origin of the average reproducibility of ratio qs
V rV lies in the relative dispersion of the V mea-p p pTurbTu rb GPIB

surements; consequently, this error causes dispersion of the
total number of calculated particles. At the moment we have
no procedures for determining the origin of this dispersion.

Ž .So, the validity of the models which are presented now
will be understood according to their ability to predict cor-
rect diameter values, while moderate errors in the particle
number will be accepted.

Theory
Our model can be broken down into the following two

parts:
Ž .a Mass and population balances in which we list all the

mechanisms that we have envisaged.
Ž .b Model of the complex effect of the stirring rate on the

PSD. For this, we base our discussion on the experimental
results concerning: the effect of the stirring rate on the initial
number of particles and their diameter; the effect of the stir-
ring rate on the evolution of the particle number and diame-
ter with respect to time.

( )a Mass and Population Balances. Two zones can be dis-
Ž .tinguished in the stirred reactor Figure 7 as pointed by Vys-

Ž . Ž .niauskas and Bishnoi 1983 and Jones and coworkers 1992 :
v The first zone is the interface layer; in the system inves-

tigated, its thickness is about a few tens of micrometers. Be-
cause of this small value, the concentration gradient in dis-
solved methane should be constant, and among the different
crystallization processes, only primary nucleation is envis-
aged. Because of the high supersaturation level of this zone
compared to the rest of the reactor, primary nucleation is

Figure 7. Concentration profiles in the reactor.
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particularly active in the interfacial film, which acts most of
the time as a source of nuclei for the bulk of the reactor.

w Ž .xThus, unlike other authors Jones and coworkers 1992 , we
will not write the population balance equation in the interfa-
cial film, which is useless in our case.

v The second zone is the bulk zone, in which the concen-
tration should be uniform. This zone should be the main place
for the crystallization process, in which we can find all the
classic steps of primary nucleation}growth, agglomeration,
and secondary nucleation. The area of the liquidrgas inter-
face is assumed to be independent of time. However, floating
hydrate particles could reduce the interfacial area available
for methane absorption. This has not been considered here,
because in our experimental conditions, only a small quantity
of hydrates is formed and this amount probably does not per-
turb absorption. This is also confirmed by the constant rate
of gas consumption during the first two hours of the experi-
ments.

The main variables of the system are the population den-
Ž .sity function in the bulk zone f R, t , and the concentration

Ž .C t in dissolved methane in the bulk zone; t denotes theb
time and R the equivalent particle radius.

Two equations can be written to represent the time evolu-
tion of the system:
Ž .1 The population balance equation of the hydrate crys-
Ž .tals Randolph, 1964

­ f ­ f
X XqG s B R y D R . 4Ž . Ž . Ž .

­ t ­ R

In this expression, it has been assumed that the growth rate
Ž Ž ..G Gs dRrdt is independent of the grain size.

XŽ .The ‘‘birth’’ term B R is due to the contributions of pri-
mary nucleation, secondary nucleation, breakage, and ag-

XŽ .glomeration. The ‘‘death’’ term D R is essentially due to
agglomeration.
Ž .2 The mass balance equation in dissolved methane in the

bulk zone:

dC 4 ?pb
s k a? C yC y ? GM , 5Ž .Ž .L ext b 2dt ®m

Figure 8. Simulation of the mean diameter in a simpli-
fied model of primary nucleationrrrrrgrowth.

Figure 9. Simulation of the supersaturation in a simpli-
fied model of primary nucleationrrrrrgrowth.

where ® is the molar volume of the hydrate particles; andm
M is the second moment of the population density function.2

( )b Interpretation of the Effect of the Stirring Rate on the
Initial Particle Number and Mean Diameter of Particles. Ex-

Ž .perimental results Figures 6a and b show that the initial
mean diameter}the mean diameter value of the crystal pop-
ulation just after the initial sharp increase that can be seen

Žboth on the experimental and simulated plots Figures 6a, 8,
.10, 12 and 14 }increases as the stirring rate increases. At a

stirring rate of 250 rpm, its value is about 10 mm, while it is
about 20 mm at a stirring rate of 600 rpm. On the other hand,
the initial total number of particles decreases with increasing
stirring rate.

To explain such behavior, we have based our model on the
Ž .description proposed by Jones and coworkers 1992 in a

problem similar to ours, that is, precipitation of calcium car-
bonate in a small flat interface gasrliquid reaction cell via
the gaseous carbonation of lime water. In fact, these authors
have observed a similar experimental effect of the stirring
rate, that is, an increase in the mean crystal size with increas-
ing stirring rate and a simultaneous decrease in the total

Figure 10. Simulation of the mean diameter in the pres-
ence of agglomeration.
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Figure 11. Simulation of the total number of particles in
the presence of agglomeration.

number of particles. In their approach, the film region is a
zone of primary nucleation due to the high level of concen-
tration of dissolved gas. This analysis is quite different from

Žthat proposed by Bishnoi and coworkers Vysniauskas and
.Bishnoi, 1983, 1985 , who assumed that primary nucleation

occurs only at the start of crystallization, and then is inactive.
Then, the nuclei size can be calculated using the Volmer the-

Ž .ory Volmer and Weber, 1926 , their number is assumed to
be constant because they ‘‘instantaneously’’ consume the ex-
cess gas dissolved in the solution, thus preventing further nu-
cleation. In the approach of Jones and coworkers, primary
nucleation takes place in the film region and is never inac-
tive, but instead is a continuous source of nuclei. Moreover,
the thickness of his film region depends on the stirring rate
and is equal to

DD
hs , 6Ž .

kL

( )Figure 12. Influence of k attrition constant on the3
mean diameter at a stirring rate of 600 rpm.

( )Figure 13. Influence of k attrition constant on the to-3
tal number of particles at a stirring rate of
600 rpm.

where DD is the diffusivity of the gas molecules in the liquid
water.

Ž .From the experiments reported earlier Figure 1 , it ap-
pears that k a strongly increases with the stirring rate. SinceL

Ž .the a variation is limited visual observation , we can con-
clude that, as the stirring rate increases, the film thickness
decreases. Because, on the other hand, primary nucleation is
active mostly in the interfacial zone, the global production of
nuclei per unit of time decreases too; these fewer nuclei,
which are then submitted to the same excess in dissolved gas,
can grow to larger sizes. This is indeed the behavior observed
in our experiment.

To quantify this effect exactly, we have to include it in a
model. The first step is to adopt a quantitative description of
all the processes considered:
Ž . Ž .1 Methane absorption correctly described by Eq. 3 ;
Ž .2 Primary nucleation. From the nucleation experiments

reported in Figure 2, we keep the validity of the classic ex-

( )Figure 14. Influence of k breakage constant on the3
mean diameter at a stirring rate of 600 rpm.
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Žpression of the nucleation rate B i.e., the number of nucleiI
.produced per unit volume and unit time :

B Cb
B C s k exp y with Ss , 7Ž .Ž .I b 1 2ž / Clog S eq

in which k and B are constant. We want to keep the form of1
ŽEq. 7, to estimate parameters k and B as explained further1

.in this text . We assume that the gradient concentration in
Ž .dissolved methane i.e., of supersaturation , which results

from the low thickness of the film region, is constant. The
rate of primary nucleation in the film region can be ex-
pressed as

S Bh
B s k h exp y dx withHI ,1 1 2ž /V log S xŽ .0

S ySb ext
S x sS q x . 8Ž . Ž .ext h

ŽThe concentration in solute methane thus, the supersatura-
.tion in the bulk zone should be uniform, and then the rate

of primary nucleation can be expressed as

B
B s k exp y . 9Ž .I ,2 1 2ž /log Sb

Ž .3 Crystal growth. Following the example of Englezos et
Ž . Ž .al. 1987a, b and Skovborg and Rasmussen 1994 , we pro-

pose to take the particle growth rate in the form

Gs k C yC , 10Ž .Ž .g b eq

where C is the equilibrium concentration in dissolvedeq
methane in the presence of the hydrate phase, and C is theb
bulk concentration. The growth rate constant k should in-g
clude the following consecutive steps:

v Gas transport from the bulk of the solution to the liq-
uidrcrystal interface;

v Incorporation of gas molecules into the hydrate struc-
ture.

Because of the strong and complex dependence of the mean
particle radius on the stirring rate, as shown in our experi-
ments, we assume that the second step, insensitive to hydro-
dynamic effects, is not the rate-determining step, and we pro-
pose expressing k using correlations frequently met ing
mass-transport phenomena.

Ž .The correlation of Armenante and Kirwan 1989 gives the
following relation between the Sherwood number Sh andp
the Reynolds number Re of the particles and the Schmidtp
number Sc:

Sh s2q0.52 Re0.52Sc1r3 11Ž .p p

with

k ? D ® D4r3e 1r3
d

Sh s , Scs , and Re s ,p pDD DD ®

where
DDs9.67=10y5 m2 ? sy1 is the diffusivity of methane in water

Ž .Wilke and Chang, 1955
® s1.3=10y4 m3?moly1

m
®s1.79=10y6 m2 ? sy1 is the kinematic viscosity of water at 08C

e is the energy dissipation rate per unit mass of fluid, and is
given by

N D5 N 3
p S

e s Baldi et al., 1978 ; 12Ž . Ž .
V

Vs10y3 m3 is the volume of the stirred medium
D s0.058 m is the stirrer diameterS

Ž .Nsstirring rate in round per second
N is the power number of the stirring device, and is near 1p

Ž .four vertical blade stirrer .
Armenante and Kirwan’s conditions of validity correlation

Ž y2 .D-30 mm, Re )10 , and Sh )3.5 are globally satis-p p
Žfied in our system. Thus, the relation between k , v stirringg

.rate in rpm , and D is

k s2.54=10y13 Dy1 q2.5423=10y11? Dy0.31v 0.52 , 13Ž .g

where k is in m4?moly1? sy1, and D is in m.g
To keep a non-size-dependent growth rate in the calcula-

˜tions, we replace k by an averaged value k over the experi-g g
mental size interval, to obtain

˜ 0.52 4 y1 y1k s1.2q0.06v cm ?mol ? s , 14Ž .g

with v in rpm. These first elements now can be integrated
into a simplified model in which only primary nucleation and
growth are envisaged.

Simplified crystallization model
The simulation presented here takes into account the ki-

Ž . Ž .netics laws Eq. 3 for methane absorption, Eqs. 8 and 9 for
Ž .primary nucleation, and Eqs. 10 and 14 for crystal growth.

ŽThe equation set to be solved consists of Eq. 5 mass balance
. Ž .in dissolved methane and Eq. 4 population balance :

­ f ­ f
qG s B q B d R , 15Ž . Ž .Ž .I ,1 I ,2­ t ­ R

Ž . Žwhere d R is the Dirac function it is assumed that new par-
ticles created by primary nucleation have an initial size of

. Ž . Ž .zero . The initial conditions are f R, ts0 s0 and C ts0b
s0.

Sol©ing the model
The method of the moments has been applied to solve the

problem. The jth-order moment of the PSD is defined as

`
jM s R ? f R dR. 16Ž . Ž .Hj

0
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Ž .Thus, the population balance equation Eq. 15 can be trans-
formed in the ordinary differential equations system:

dMdM j0
s B and s j ? G ? M for 1F jF6I jy1dt dt

jy5For jG6, the system is closed by the relation, M s R M :j 5

dC 4 ?pb
s k a ? C yC y ? GMŽ .L ext b 2dt ®m

The system is solved by the Runge-Kutta method. In this
article, we present only the relative supersaturation of the

Ž .liquid phase, S sC t rC , the total number of particles perb b eq
unit volume, N s M , and the particle mean radius RsT 0
M rM .1 0

In fact, these results can be derived from the solution of
Ž .the first four equations in M , M , M , M , M and of the0 1 2 3 4

equation in C .b

Simulation results
Figure 8 shows the model prediction of the early stages of

crystallization. One can see that the behavior of the initial
mean diameter and supersaturation with respect to the stir-
ring rate is in agreement with the observed trends. The initial
mean diameter increases from 10 mm to 20 mm as the stir-
ring rate increases from 250 rpm to 600 rpm. Results that are
not presented here show that the initial total number of par-
ticles decreases as the stirring rate is increased, as in the ex-
perimental results. In this primary nucleationrgrowth model,
the constants k and B, are the fitting parameters which1
quantify the primary nucleation. The initial average diameter
is accurately determined, and the effect of the stirring rate

Ž .properly simulated using the right couple k , B . It also can1
Ž .be noted that an infinity of couples k , B give exactly the1

Ž 95 y4 y1 .same results, for instance k s3=10 cm ? s ; Bs1 and1
Ž 3 y4 y1 .k s2=10 cm ? s ; Bs0.01 , because they correspond1
to the same flux of primary nucleation. A parametric study of
the pressure effect could allow us to determine the actual
values of k and B.1

Figure 9 shows the evolution of the supersaturation in the
bulk zone. First, dissolving the methane gas in the liquid so-
lution via the gasrliquid interface causes it to increase. When
the supersaturation reaches value 1, the primary nuclei, which
are formed at the interface, can pass into the bulk zone and
begin to grow. The consumption rate due to the crystal growth
is poor, however, due to the small quantity of particles and

Ž .the low value of the growth driving force C yC . The su-b eq
persaturation therefore continues to increase and reaches a
maximum. At this moment, the rate of absorption of methane
is equal to the consumption rate due to growth. After that,
the growth consumption rate becomes higher than the ab-
sorption rate and the supersaturation decreases.

Ad©anced crystallization model
In the previous subsection, we showed that a model of pri-

mary nucleationrgrowth is sufficient to describe the early
stage of crystallization and the influence of the stirring rate

on the initial mean diameter. Now, we have to explain the
influence of the stirring rate on the mean diameter and total
number of particles throughout the crystallization process.

The experimental results show:
v At a low stirring rate of 250 rpm, the mean diameter

increases with respect to time and the total number of parti-
cles increases less and less quickly.

v At a high stirring rate of 600 rpm, the mean diameter
decreases with respect to time and the total number of parti-
cles increases more and more quickly.

In order to explain such a complex effect of the stirring
rate, we have to consider processes other than primary nucle-
ation and growth. We will show that agglomeration and
breakage must be included in the simulation. To quantify their
effects, we will introduce them successively into the model,
beginning with agglomeration, then going on with breakage.

Agglomeration. At a low stirring rate of 250 rpm, the ex-
perimental mean diameter increases with respect to time, and
the total number of particles increases less and less quickly.
Using a simple model of primary nucleationrgrowth, the sim-
ulations give a total number of particles that increases con-
tinuously vs. time, whereas the mean diameter remains con-
stant.

A good way to interpret the experimental observations is
to use agglomeration in the simulation, because its qualita-
tive effect is to increase the mean diameter and to decrease
the total number of particles.

The contribution of agglomeration to the population bal-
Žance equation is expressed by the term A von Smolu-g

.chovski, 1917; Randolph and Larson, 1988 :

1 ®
X X X X X X XA s K ®y ® , ® ? f ®y ® ? f ® d® y f ®Ž . Ž . Ž . Ž .Hg 2 0

`
X X X X? K ®, ® ? f ® d® 17Ž . Ž . Ž .H

0

where ® and ®X are particle volumes; f X is the population
Ž .density function by volume ®; and K ® , ® is the agglomera-i j

tion kernel between two particles of volume ® and ® . Severali j
Ž .models express K ® , ® as a function of the particle sizesi j

and the hydrodynamic conditions of the medium. In the range
of stirring rates investigated here, we consider the models of

Žturbulent agglomeration Camp and Stein, 1943; Saffman and
.Turner, 1956; De Boer et al., 1989 ; these models are charac-

terized by the following expression of the kernel:

4 3K s ga r q r 18Ž . Ž .˙i , j i j3

2 e
where g s is the velocity gradient in a Kolmogorov˙ (15 n
eddy; r , r are the respective radii of the agglomerating par-i j

Žticles; and a is the capture efficiency coefficient van de Ven
.and Mason, 1977; Higashitani et al., 1982, 1983 .

We propose to simplify this expression by writing

4 30K s ag 2 R 19Ž . Ž .˙i , j 3
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Ž . Žwhere Rs M rM M and M are, respectively, the first-1 0 1 0
order and zero-order moments of the PSD and R is the mean

.radius .
In order to consider the efficiency factor of the collision a ,

one obtains

3
K s1,3ag 2 R 20Ž . Ž .˙

To estimate coefficient a , we have used the Higashitani et
Ž .al. 1982, 1983 approach, in which a can be expressed by the

relation

A
0.18a sC with C s 21Ž .A A 336pmg R˙

ŽSince no data concerning A Hamaker constant of methane
.hydrate in water are available in the literature, we calcu-

Ž .lated it from the Gregory 1969 procedure. Here, A is ob-
tained from the refractive indices of water and methane hy-
drate. More precisely, we need to know the wavelength de-
pendence of both of them. Data concerning water are easily

Ž .found in the literature Gregory, 1969 . In an earlier article,
we derived the data relative to methane hydrate from the

Ž .Lorentz}Lorenz model Herri and Gruy, 1995 ; these data
have been experimentally confirmed by Bylov and Rasmussen
Ž .1997 . For a mean diameter equal to 10 mm, a is found
equal to about 3=10y4. This extremely low value is due to
the structural similarity between water and methane hydrate.

Sol©ing the model
The method of the moments is applied to solve the prob-

Ž .lem. The population balance equation Eq. 5 therefore can
be transformed in adding the terms of agglomeration in the
previous expression of the moments:

dMdM j0
s B q A and s j ? G ? M q A ,I 0 jy1 jdt dt

for 1F jF6

jy5The system is closed for jG6 by the relation M s R M .j 5
Ž .A is the contribution of A to dM rdt . It is expressed asj g j

` j Ž . 2A sH R ? Ag dR; A sy Kr2 M , A s0, and A s K ?j 0 0 0 3 6
2 Ž .M . Calculation of the other A values js1, 2, 4, 5 re-3 j

XŽ . w Ž .xquires an approximation of f ® or equivalently of f R .
Ž .For this, we consider the form of f R , derived from the ex-

Ž .perimental results Figure 5a , that is,

R
f R ( K 1y 22Ž . Ž .A K B

where K and K do not depend on R. The unknown termsA B
A can then be estimated. Hence, the differential systemj

dM K0 2s B y MI 0dt 2

dM1
sGM y0.262 KM M0 1 0dt

dM2
s2GM y0.113KM M1 2 0dt

dM3
s3GM2dt

dM4
s4GM q0.097KM M3 4 0dt

dM5
s5GM q0.188 KM M4 5 0dt

dM6 2s6GM q KM5 3dt

dC 4 ?p
s k a C yC y GM 23Ž .Ž .L ext 2dt ®m

Simulation results
Figure 10 shows the simulated mean diameter vs. elapsed

time at two stirring rates, 250 rpm and 600 rpm. If we com-
pare the shape of the mean diameter at the lower stirring

Ž .rate 250 rpm with agglomeration and without agglomera-
Ž .tion Figure 8 , we see no difference. At the higher stirring
Ž .rate 600 rpm , agglomeration results in a continuous in-

crease in the mean diameter, but it remains constant if no
agglomeration is taken into account. In Figure 11 the simu-
lated total number of particles vs. time is plotted. It is impor-
tant to emphasize that the agreement between experimental

Ž .and simulated plots is obtained directly Figures 6b and 11 ,
without any fitting. In particular, these results confirm the
low agglomeration efficiency, as predicted by our a priori cal-
culations.

In conclusion, agglomeration allows us to explain the evo-
lution of the total number of particles at a low stirring rate.
The model is still imperfect, however, because the simulated
mean diameter remains constant while it experimentally in-
creases. This discrepancy could be due to the different ap-
proximations we introduce in the calculations.

Secondary Nucleation and Breakage Rates. The experimen-
tal results show that the mean diameter decreases at the

Ž .higher stirring rate 600 rpm , with respect to time, and that
the total number of particles increases more and more quickly.
This behavior cannot be explained with a model of primary
nucleationrgrowthragglomeration. A source of new crystals is
necessary to take the increasing rate of new crystals produc-
tion into account.

The production of new crystals from parent crystals exist-
ing in a supersaturated stirred solution is often inclusively

Ž .called secondary nucleation Botsaris, 1976 . In fact, a dis-
tinction can be made between the ‘‘true’’ secondary nucle-

Ž .ation, which involves the liquid layer Tai and Wu, 1992 ad-
jacent to the crystal surface, and other purely mechanical
phenomena, such as attrition, fragmentation, or breakage.

We have tested four models of secondary nucleation:
v ‘‘True’’ secondary nucleation
v Attrition or erosion
v Breakage into two equal parts
v Breakage into a half part plus two quarter parts.
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Table 2. Expression of the Terms B and B in the Expression of the Population BalanceII j

Breakage in 3 Unequal‘‘True’’ Secondary Breakage in 2
Ž .Nucleation Attrition Equal Fragments Fragments 1r2q2=1r4

b2 n2 b 1 1.6 1.63Ž .B k v M CyC k v M k g M 2k g M˙ ˙II 2 2 eq 3 2 3 3 3 3
j j 2 j1.6 1yr 1.6 1yr 1y r3 3 3Ž . Ž .B 0 0 k g 2 y1 M k g 2 q2 y1 M˙ ˙j 3 3q j 3 3q j

1F jF6

‘‘True’’ secondary nucleation and attrition both release nuclei
of negligible size into the solution. On the other hand, break-
age generates crystals with a size comparable to that of the
parent crystal.

Sol©ing the model
The method of the moments is applied to solve the prob-

Ž .lem. The population balance equation Eq. 5 therefore can
be transformed by adding the terms of secondary nucleation
to the previous m odel of prim ary nucleationr
growthragglomeration. The expression of the moments be-
comes:

dM0
s B q B q AI II 0dt

dMj
s j ? G ? M q A q B , for 1F jF6jy1 j jdt

jy5For jG6, the system is closed by the relation: M s R M .j 5
ŽDepending on the nature of the secondary nucleation ‘‘true’’

.secondary nucleation, attrition, breakage , the terms B andII
Ž .B are different Table 2 and are discussed later.j

( )1 ‘‘True’’ Secondary Nucleation. For a suspension with a
Žpoor concentration of particles volume fraction F s

y2 y3.10 ]10 , if the former source of nuclei corresponds to
true secondary nucleation, the rate of nucleation is expressed

Ž . b2 Ž .n2as Botsaris, 1976 : B s k v M C yC , where k andII 2 2 b eq 2
n are constants. We tested the model, taking b s2 and2 2
n s1. We observed the influence of k on the initial mean2 2
radius at a stirring rate of 250 rpm. In the absence of sec-
ondary nucleation, the initial mean radius is 4.78 mm. This
value decreases as the value of k is increased, because the2
number of particles that is initially formed is greater. More-
over, if the secondary nucleation becomes more active than
the primary nucleation, the initial mean radius goes to a value

Ž .calculated using the relation Herri, 1996 :

˜ 0.58k1 1 1.2q0.06vg3R s s . 24Ž .2 22 2k v k v2 2

This value is obtained by rearranging the basic equations of
the model and supposing that secondary nucleation is domi-
nant. In this case, the initial mean diameter should be a de-
creasing function of the stirring rate, because growth rate de-
pends on v 0.52 and the secondary nucleation is proportional
to v 2. Experimentally, we have observed the contrary: the
initial mean radius is an increasing function of the stirring
rate. To reproduce this experimental behavior using the Eq.
24, we have calculated that the secondary nucleation rate must

be proportional to vy2.5. This means that the secondary nu-
cleation rate should be a decreasing function of the stirring
rate which is inconsistent with the common assumptions. As
a conclusion, the ‘‘true’’ secondary nucleation cannot have an
important role in the crystallization of methane hydrate.

( )2 Attrition. For a suspension with a poor concentration
of particles, attrition can be expressed as in Table 2. Figures
12 and 13 show that attrition introduces an increase in the
rate of nuclei production, which results in a decrease in the
mean diameter with respect to time. The higher the value of
the attrition constant, the more amplified this behavior be-
comes. The value of k s3=10y12 is the best value repro-3
ducing the experimental observations at a stirring rate of 600
rpm.

( )3 Breakage into Two Equal Parts. Another source of new
particles, which is called breakage in this article, is associated
with the crystal production rate. For particles that are smaller
in size than the Komolgoroff scale, the rate of breakage is
proportional to g 1.6 and proportional to the radius of the˙

Ž . Ž .particles M rM Spicer and Pratsinis, 1996 . The equations1 0
are given on Table 2.

In Figures 14 and 15, we can see the complex effect of
breakage coupled with agglomeration. During the first mo-
ments of crystallization, breakage gives rise to a behavior
comparable to that of attrition: a decrease in the mean diam-
eter with respect to time and an increase in the total number
of particles. Further, the higher the k value, the steeper this3
decrease and the stronger the increase in the total particle
number. But after a time, a reversal of this behavior is ob-
served: the mean diameter begins to increase and the total

( )Figure 15. Influence of k breakage constant on the3
total number of particles at a stirring rate of
600 rpm.

March 1999 Vol. 45, No. 3 AIChE Journal600



number of particles begins to decrease. This is due to ag-
glomeration, which is activated by the increase in the total
number of particles. This is not observed in the case of attri-
tion, because the agglomeration constant K is proportional
to the cube of the mean diameter. In fact, attrition generates
very small particles; this results in a more rapid decrease in
the mean diameter than with breakage, which generates crys-

Ž .tals of a larger size comparable to the parent crystal size .
As a result, attrition deactivates agglomeration because of the
rapid decrease in the agglomeration constant K , while break-
age activates it.

( )4 Breakage into a Half Part Plus Two Quarter Parts. We
have tested a model for breakage into a half part plus two

Ž .quarter parts Table 2 . Theoretically, this could result in a
more rapid decrease in the mean diameter than in the case
of breakage into two equal parts, but less rapid than in the
case of attrition. We have observed that the consequences of
breakage into a half part plus two quarter parts are practi-
cally the same as those of breakage into two half parts.

Conclusion on secondary nucleation
Among the different processes of secondary nucleation, we

have proved that only the mechanical processes can be re-
tained. In fact, in our model, ‘‘true’’ secondary nucleation,
which is methane-concentration dependent, results in the de-
pendence of the initial mean diameter with respect to the
stirring rate. This is not compatible with experimental obser-
vations. Only attrition or breakage have no notable effect on
the initial mean diameter. We have also shown that only at-
trition can be invoked to explain the time dependence of the
mean diameter and total number of particles at a high stir-
ring rate. In fact, according to our model, breakage tends to
‘‘activate’’ agglomeration; this behavior is not clearly ob-
served in our experiments.

Conclusion
Thanks to a new experimental setup, fitted with a turbidi-

metric sensor, new results on the formation of the methane
hydrate have been obtained. The possibility of determining
the in situ population-density function provides the crystal-
lization model with new data and makes a better understand-
ing of the mechanisms possible.

We have performed a parametric study of the model in
order to determine successively the importance of the differ-
ent processes in hydrate formation, their main aspects, and
to estimate the unknown parameters. In this study, maximum
agreement has been sought between the experimental and

Ž . Ž .simulated results concerning particularly N t , R t , andT
their dependence with respect to stirring rate:
Ž .1 A simplified model of primary nucleationrgrowth is

sufficient to explain the influence of the stirring rate on the
initial mean diameter and the initial total number of parti-
cles. It is important to point out here that knowledge of the

Ž .parameters k , B is sufficient to explain the evolution of1
the initial mean diameter with respect to the stirring rate.
Ž .2 The influence of agglomeration has been tested to ex-

plain the evolution of the mean diameter and total number
of particles vs. time. It appears that agglomeration does not

have much influence at a low stirring rate, which is not suffi-
cient to explain the increase in the mean diameter that is
observed experimentally, though it explains very well the
shape of the curve representing the time evolution of the to-
tal number of particles.
Ž .3 In order to explain the behavior of crystallization at a

high stirring rate, we have introduced secondary nucleation.
We have tested four models: ‘‘true’’ secondary nucleation, at-
trition, and two types of breakage. It appears that only attri-
tion is able to explain the experimental results.

Thanks to this reactor and to this model, it should be pos-
sible in the future to understand which steps of the crystal-
lization process are affected by an inhibitor and to what ex-
tent. This could be an interesting method for selecting effi-
cient inhibitors.
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