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Abstract

The aim of this work is to study the modeling of the thermal evolution inside an hydrate forming system which is submitted to an
steady cooling. The study system is a w/o emulsion where the formulation considers the CCl3F as the hydrate forming molecule dissolved
the oil phase. The hydrate formation occurs in the aqueous phase of the emulsion, i.e. in the dispersed phase. The model equation
the resolution of the continuity equation in terms of a heat balance for the dispersed phase. The crystallization of the CCl3F hydrate occurs a
supercooling conditions (Tc < TF), besides, the heat released during crystallization interferes with the imposed condition of steady d
of temperature around the system. Thus, the inclusion of the heat source term has to be considered in order to take into account t
of crystallization. The rate of heat released during the crystallization is governed by the probability of nucleationJ (T ). Previous experimenta
measurements allowed to derive the corresponding functionJ (T ) of the w/o emulsion. The results provided by the model equation subje
to boundary conditions allow to depict the evolution of temperature in the dispersed phase. The most singular point in the tempera
curve is the onset time of hydrate crystallization. Three time intervals characterize the evolution of temperature during the steady
the w/o emulsion: (1) steady cooling, (2) hydrate formation with a release of heat, (3) a last interval of steady cooling.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Gas hydrates or clathrate hydrates are one class o
clusion compounds. The formation of a clathrate hyd
is the result of a kinetic process of crystallization that
leases heat during the phase change. Besides, the hy
formation normally occurs at lower temperatures than
equilibrium temperatures. Such a difference between the
oretical equilibrium conditions of hydrate crystallization a
actual temperatureT and chemical potential�µ of hydrate
crystallization is due to the stochastic nature of nucleatio

* Corresponding author.
E-mail address:juan_avendan@yahoo.com.mx

(J.R. Avendaño-Gómez).
1290-0729/$ – see front matter 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2005.06.007
te

In a previous work [1] we presented the experimental
sults of hydrate formation in a w/o emulsion studied by d
ferential scanning calorimetry (DSC). Now, in this work t
objective is to determine the thermal evolution of the aq
ous dispersed phase which is the locus of hydrate forma
The mathematical model equation is based on the resolu
of the continuity equation in terms of a heat balance.
boundary volume of the model is a cylindrical geometry
a few mm3, such geometry corresponds to the crucible e
ployed in DSC. In the continuity equation the heat sou
term is taken into consideration because an amount of
is released during the hydrate crystallization. The conv
tive term of bulk flow is not considered within the mod
only heat transfer by conduction is taken into conside
tion.
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Nomenclature

A coefficient in functionJ (T )

B coefficient in functionJ (T )

Cps specific heat of the dispersed phase in solid
phase

Cpl specific heat of the dispersed phase in liquid
phase

�G Gibbs free energy
E coefficient in functionJ (T )

i radial position in discretized terms
J rate of nucleation
k Boltzman constant
k in text global heat transfer coefficient
L apparent latent heat of the dispersed phase
m time in discretized terms
M final time of the cooling experiment in

discretized terms
N total number of dispersed droplets
n number of crystallized droplets
q̇ rate of heat released by the dispersed phase
r radial coordinate
R radius of the cylinder

t time
tend final time of the cooling experiment
TF melting temperature of the dispersed phase
Tend lower limit of temperature of the cooling

experiment
T ∗

c most likely crystallization temperature of
the dispersed phase

Greek symbols

β cooling rate
λl thermal conductivity of the dispersed phase in

liquid state
λs thermal conductivity of the dispersed phase in

solid state
ϕ fraction of solidified droplets
Φ mass fraction of dispersed phase in the w/o

emulsion
Θ temperature in discretized terms
µ chemical potential
ρ density of the dispersed phase
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The study system is a water-in-oil emulsion (w/o em
sion), the hydrate forming molecule is trichlorofluor
methane CCl3F in liquid state dissolved as a solute in t
oil phase of the w/o emulsion. The dispersed phase is a
ulation of aqueous micro-droplets (mean droplet diam
60 µm). A necessary process to initiate the kinetic proc
of hydrate formation is the molecular diffusion of CCl3F
towards the aqueous droplets. The next condition is the
dercooling of the emulsion in order to start the nucleatio

There are two reasons to concentrate the analysis o
aqueous droplets: first, the droplets are the locus where
drate formation takes place, and second, the oil phase
not crystallize in the range of temperature imposed in
model.

2. Statement of the problem

In a previous work [1] the formation and dissociation
the CCl3F hydrate was determined experimentally by d
ferential scanning calorimetry (DSC). The formation a
dissociation of the CCl3F hydrate was detected upon he
ing of the emulsion, precisely, during the melting of the i
The materials of the hydrate were the trichlorofluorometh
(CCl3F) as the forming hydrate molecule and water. The s
tem employed to carry out the CCl3F hydrate formation wa
a w/o emulsion. First, the CCl3F is dissolved in the oil phase
then in a second step the dispersion of the aqueous dro
is stabilized by means of a nonionic surfactant. The diffus
of the CCl3F from the oil phase towards the aqueous drop
-

s

s

and the supercooling are necessary kinetic processes t
gin the CCl3F hydrate formation.

The study of CCl3F hydrate is widely used in laborato
research because on the one hand, it forms the cage s
ture II [2] which is similar to the CH4 + C2H6 hydrate. On
the other hand, the formation of CCl3F hydrate presents th
induction time while ethane or acetylene hydrates do
have induction times [3]. Both aspects are crucial to g
insight in the knowledge of natural clathrate formation
netics. Natural clathrate are mainly formed by methane
besides, their kinetic process of formation is strongly in
enced by induction time.

The aim of this work is to determine the thermal histo
of a trichlorofluoromethane hydrate forming system dur
steady cooling. The model is based on the resolution
the continuity equation in terms of the heat balance wh
includes the source term and the probability of nuclea
J (T ). The boundary volume of the w/o emulsion is a cyl
drical crucible of a few mm3 as shown in Fig. 1. The interna
radiusR of the crucible is small in comparison to its leng
L (R � L).

The aqueous droplets of the w/o emulsion are sm
enough to consider the liquid system inside the cylinde
homogeneous (mean droplet diameter= 60 µm). In order
to simulate the steady cooling of the emulsion we impo
a constant cooling rate around the external surface of
boundary volume.

The industrial conditions applied to prevent the hydr
formation are turning from thermodynamic inhibitors su
as methanol and electrolytes, to kinetic inhibitors such
surfactants and anti-agglomerants. The interest of this w
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Fig. 1. Boundary volume of the system showing the distribution of the
emulsion within the domain.

to the real industrial needs lies in two facts: firstly, t
present modeling deals with an emulsion, therefore, it is
tendable to an actual need where a surfactant retard
kinetics of hydrate formation. Secondly, the approach of
modeling enables to link the thermodynamic aspects of
drate formation with the kinetic aspects through the fu
tion J (T ).

Ehmimed et al. [4] measured the influence of the glo
heat transfer coefficientk on the rate of thermal transfer. I
that work [4] the authors concluded that thermal transfe
influenced by the heat transfer coefficient only for values
k lower than 100 W·m−2·K−1. The kind of crucible and the
experimental conditions in this particular work are similar
that reported by Zeraouli [5]. The coefficient of heat tra
fer greater than 500 W·m−2·K−1, so, it is possible to neglec
the influence of the global heat transfer coefficientk on the
rate of thermal transfer. In addition, the viscosity of the w
emulsion allows to consider the liquid as a Newtonian flu
Therefore, we can assume that the thermal transfer bet
the cooling fluid and the emulsion is not ruled by the glo
heat transfer coefficientk, neither by the viscosity of th
emulsion.

In contrast, the thermal transfer is strongly influenced
an important amount of heat released during the formatio
the solid hydrate. In consequence, the temperature dist
tion in the time interval of hydrate formation in the emulsi
is determined by two effects:

(1) The external effect of the imposed steady cooling.
(2) The internal effect due to the exothermic heat relea

by the crystallization of the droplets.

For long, thin cylinders having negligible axial variatio
in heat flux, the gradient of heat transfer in the radial
rection dominates over the axial. Since the geometry of
boundary volume fulfills this condition ofR � L we can
focus the analysis on the heat transfer in radial direct
Additionally, since the emulsion is stable and the drop
are homogeneously distributed in the emulsion volume,
e

n

-

can assume that the temperatures of the w/o emulsion i
dial direction are axisymmetrical [6,7]. The stability of t
emulsion is broken when the hydrate is formed.

In this manner, the problem is to determine the temp
ature of the w/o emulsionT (r, t) at any timet during the
steady cooling, and for all positionr between the center o
the cylinder and the radiusR.

The initial and final temperatures of the cooling inter
are free parameter that must be specified. In this work,
steady cooling begins at 298 K and the lower limit of temp
ature is 240 K. The cooling rate denoted asβ is 10 K·hr−1.
The dispersed phase of the emulsion crystallizes in this
perature interval, the oil phase of the emulsion remain
liquid state. The previous work [1] allows to establish t
behavior of the w/o emulsion. Therefore, the numerical m
eling of the thermal history is referred to the dispersed ph
Hereafter the continuity equation is expressed as an en
balance of the dispersed phase.

A heat source term is taken into consideration within
energy balance of the dispersed phase. During the the
history of the dispersed phase, the onset time of crystal
tion initiates the release of heat inside the w/o emulsion.
source term depends on the probability of crystallization
every drop. The results of the steady cooling of an emul
reveal that not all the droplets crystallize simultaneously.
tually, a progressive crystallization occurs and the ruptur
the metastable state in the liquid phase is defined by the
of nucleationJ (T ) in every drop [8].

HereafterΦ shall denote the mass fraction of the d
persed phase in the w/o emulsion. This parameter is the
of the mass of dispersed droplets to the total mass of e
sion. It is assumed that the thermal conductivityλ and the
specific heatCp do not vary in the range of temperatur
of the cooling. Nevertheless,λ and Cp are considered de
pendent functions of the fraction of crystallized dropletsϕ

in the emulsion. The fraction of dispersed droplets in s
state at positionr and timet shall be denoted byϕ(r, t) and
it varies between 0� ϕ(r, t) � 1. Therefore, from the work
of Fouconnier et al. [10] a linear law of variation allows
write the following equations:

λ(ϕ) = λl + (λs − λl) (2.1)

Cp(ϕ) = Cpl + (Cps − Cpl) (2.2)

The thermal transfer during the cooling process of the
emulsion is modeled with the continuity equation of h
conduction:

ρ · Cp
∂T

∂t
= ∇(λ∇T ) + q̇ (2.3)

The heat source terṁq is different from zero at the on
set time of droplet crystallization. The occurrence of s
event at undercooling conditions is governed by a probab
tic law of nucleation [9,11,12]. Only when the probability
nucleationJ (T ) > 0 a fraction of the undercooled drople
crystallize ϕ(r, t). The latent heat of solidification of th
fractionϕ(r, t) represents the heat source termq̇.
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The solution of Eq. (2.3) enables the determination
the space–time distribution of temperature across the ra
position in the cylinderT (r, t). Before enterprising the so
lution of Eq. (2.3) it is important to point out the conne
tion between the heat source terṁq and the probability of
nucleationJ (T ). In order to precise such a connection
is convenient to remind the mechanisms of nucleation
crystallization that allow to derive an expression of the ty
q̇ = J (T ). Then, the continuity equation (2.3) can be e
pressed in terms of the dependent variableT (r, t) and known
functions.

3. Hydrate nucleation and crystallization

Most of the hydrate work focus on the equilibrium co
ditions of hydrate formation [13–18]. However, it has be
confirmed since the nineteenth century that hydrate for
tion follows a complicated process of solidification. In th
sense, there are still few works that deals with the kinetic
pects of hydrate formation. Two of the pioneering works t
deals with the induction time concept are due to Engle
et al. [9] and the work of Natarajan et al. [19]. It is wort
while to mention the experimental works of Jakobsen e
[20], Lekvam and Ruoff [3], Munck et al. [21] and Zatsepi
and Buffet [22]. The works aforementioned make evid
the influence of the supercooling on hydrate formation
netics. As those fine writers have shown, the gas hydra
formed through a kinetic process which requires three n
essary steps:

(1) The first one is supercooling. The aqueous solution
urated with the hydrate forming gas has to be coo
down to a temperature below the melting point of wa
This lower level of temperature is named the nuclea
temperature. The degree of undercooling is define
the difference between the equilibrium temperature
melting point TF) and the nucleation temperature.
such conditions of undercooling, the molecular arran
ment of water becomes more and more structured [2

(2) The second step is nucleation. The water molecules
gins to form orthogonal cage structures by means of
drogen bonds. The orthogonal cages associates bet
them in order to form the nucleus surface which is
precursor of the solid phase. The clusters that are for
by the association of the orthogonal structures are r
tively long-live entities (1–103 ps). In consequence, th
clusters may dissociate and associate following a
namic process in time [24–26]. During the nucleat
stage although the crystal precursors are forming
solid phase is still present in the undercooled liquid. T
system is said to be in a metastable equilibrium.

(3) The third step is the growth of the crystal. Nucleat
stage finishes at the moment when nuclei overcom
energy barrier necessary to reach a critical size [9,
Once a stable crystal embryo is formed, the next
l

n

netic stage of hydrate formation is a process of cry
growth in three dimensions. If the viscosity of the sup
cooled liquid increases during the cooling effect, th
the rate of crystal growth may be limited, on the co
trary, if there is no influence of the viscosity on the cry
tal growth then the supercooling enhances the crys
lization. At the moment of hydrate formation two phas
coexist in the system, the solid phase (the hydrate)
the liquid phase (the hydrate forming molecules d
solved in the aqueous solution).

The supercooling phenomenon is characterized by
persistence in the liquid state of a material below its mel
point TF. However, the rupture of the metastable equi
rium of the supercooled liquid occurs at the beginning ti
of hydrate formation. One of the main parameters that
influence on the supercooling is the volume of the liqu
For example, a bulk volume of water of a few cm3 is char-
acterized by a supercooling degree of�T = −14 K, while
micro-droplets of water dispersed in a w/o emulsion (v
umes of a fraction of µm3) the crystallization occurs at 233
or lower temperatures [5,6,25].

The steady cooling of a water-in-oil emulsion sho
clearly the stochastic nature of crystallization. The exp
mental results of the steady cooling of an emulsion recor
by DSC reveals a gradual crystallization of the mic
droplets. The population of droplets solidifies gradually
a range of temperatures, i.e. not all the droplets crysta
simultaneously at the same temperature [5,7].

The cooling thermogram obtained by DSC is a plot of
heat changes within the emulsion in function of time. Fig
shows a cooling thermogram of a w/o emulsion compose
water-in-vaseline [7]. When the crystallization takes pla
the heat signal describes an exothermic peak. The cry
lization signal of the aqueous droplets of a w/o emuls
adopts the shape of a Gauss distribution. Therefore, the
released in function of time shows that the crystallization
micro-droplets occurs gradually in a range of temperatu

Fig. 2. Cooling thermogram of a w/o emulsion.
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The summit of the Gaussian peak is considered as the
probable crystallization temperatureT ∗

c of the droplets. The
progressive shape of the Gauss signal is due to the d
ence in size among all the droplets, hence, the release o
during the crystallization is also pointed out by the grad
development in time of the peak.

From the moment of the beginning of solid formati
(the appearance of the hydrate) the metastable equilib
of the aqueous solution no longer exists. The occurrenc
such instant in time is a phenomenon of random and p
abilistic nature if the conditions of supercooling, press
and composition are fulfilled [11,27]. At conditions of n
cleation, it is not possible to determine the place where
nuclei are formed inside an aqueous droplet. Neverthele
probabilityP = V J t of appearance of solid droplet can
predicted because it is possible to calculate the nuclea
rateJ [5,22].

The appearance of a nucleus is essentially a random
nomenon for which a probability can be predicted. If
consider a population ofN aqueous droplets whose volum
are V , the nucleation will not occur in all the droplets
the same time as temperature decreases. Instead, the b
nuclei occurs randomly. Letn(r, t) be a fraction ofN that
represents the number of solidified droplets at positionr and
time t , then the proportion of solidified droplets in the to
population ofN at positionr and timet is:

ϕ(r, t) = n(r, t)

N
(3.1)

and the number of droplets remaining in liquid state at t
t is N − n(r, t).

Assuming that each solidified droplet of n correspo
to the appearance of a nucleus, there is an equal proba
of forming a nucleus in each of them. The probability
nucleation in a droplet of volumeV in a time increment dt
is 1V Jdt .

Let us consider not only one droplet but a large p
ulation composed ofN droplets per unit volume of w/o
emulsion. The water-in-oil emulsion is submitted to a ste
cooling from a starting temperature of 298 K until an i
posed temperature lower thanTF. At the beginning of the
cooling all the dropletsN are in liquid state, as the coolin
progresses the metastable equilibrium will be broken a
stant timet . In consequence, at timet > 0 there aren(r, t)

droplets in solid state per unit volume of w/o emulsion.
The rate of crystallization is proportional to the numb

of droplets remaining in liquid state,N − n(r, t), and pro-
portional also to the probability of crystallization by unit
time and volumeJ (T ). The rate of crystallization of thos
remaining droplets in a time increment dt is expressed as:

dn(r, t)

dt
= [

N − n(r, t)
]
J (T ) (3.2)

We can also express Eq. (3.2) in terms of the proportio
crystallized dropletsϕ(r, t), then:

dϕ(r, t) = [
1− ϕ(r, t)

]
J (T ) (3.3)
dt
t

t

-

of

Eq. (3.3) expresses the kinetics of crystallization of the
persed droplets inside a w/o emulsion submitted to ste
cooling.

4. Estimation of the rate of nucleation J(T )

In classical nucleation theories the rate of homogene
nucleationJ represents the number of nuclei formed per u
time and unit volume, the expression ofJ (T ) is given by:

J (T ) = Aexp

(
−E + �G

kT

)
(4.1)

J (T ) is a nonlinear function of temperatureT . For tem-
peratures above the melting temperature the functionJ (T )

is close to zero. On the contrary, as supercooling incre
J (T ) also increases exponentially and very quickly [8,2
The coefficientE is a function of the viscosity of the liqui
whereas�G is the energy barrier that nuclei must overco
in order to reach a stable critical size. The energy barrie
basically imposed by the interfacial tension between the
clei and the liquid phase [12,29,30].

Moreover, if the viscosity of the liquid is too large
comparison to�G, then the value ofE must be taken into
consideration. A large value ofE implies that the rate of nu
cleation is limited by viscosity. In this work, the viscosi
of the w/o emulsion behaves as a Newtonian liquid, he
it has a weak influence on the crystallization behavior
the dispersed phase [1]. It is assumed the following fo
of Eq. (4.1):

J (T ) = Aexp

(
�G

kT

)
(4.2)

Quantifying the rate of hydrate nucleation is a difficult e
perimental problem. First, we must be able to detect
appearance of hydrate nuclei. Second, we need to obse
large number of nucleation events in order to obtain a me
ingful statistical average for the nucleation rate.

The rate of nucleation can be determined by means o
differential scanning calorimetry technique (DSC) [6,3
An experimental function as described by the followi
Eq. (4.3) can be fitted from measurements of tempera
inside the crucible [5,8].

J (T ) = Aexp

( −B

T (T − TF)2

)
(4.3)

To carry out the experimental procedure may turn most d
cult than the determination ofA andB. Several temperature
must be recorded at different positions inside the sam
container, this implies the use of thermocouple in con
with the liquid. In this work such method was not follow
since it requires very coercive experimental conditions
side the crucible. Nevertheless, it is also possible to de
mine the rate of nucleation employing the cooling-heat
thermograms, the method gains in simplicity but loose
accuracy. The methodology has been employed previo
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[5,27,32], and validated for cooling rates slow enough to
sure that no gradient of temperature across the plate an
liquid sample exists.

A complete description of the method may be found
Refs. [5,27,32,33]. The main condition to validate the qu
tification of J (T ) by means of the cooling-heating therm
gram is to use a cooling rate lower than 15 K·hr−1. In this
manner we can assume that the same temperature is
tained between the first layer of liquid inside the cruci
and the surrounding resistance of the calorimeter [5].

Experimental data of a previous experimental work
allowed to determine the coefficientsA andB of Eq. (4.3)
from the hydrate formed upon heating during the melting
ice. The method described by Cordiez [27] is applied us
the heating thermograms. Besides, the coefficientsA andB

determined from the results of that work [1] are applica
in the current model since formulation remains the sa
The mean statistical values determined from the cool
heating cycles carried out by DSC areA = 3.12 × 109

nuclei·m−3·s−1 andB = 2.67× 106 K3.

5. Mathematical model and set of boundary conditions

5.1. Assumptions and derivation of the model

The nonlinear heat conduction of the dispersed phas
the w/o emulsion is defined by the model equation (2
Eq. (2.3) can be expressed in terms of the dependent
ableT (r, t), the rate of crystallizationJ (T ) and the fraction
of crystallized dropletsϕ(r, t). The precedent assumption
R � L enables to consider a one-dimensional heat con
tion in radial direction [34]. The analog form of Eq. (2.3)
cylindrical coordinates is:

ρ Cp
∂T (r, t)

∂t
= 1

r

∂

∂r

(
rλ(r, t)

∂T (r, t)

∂r

)
+ q̇(r, t) (5.1)

The thermal properties of the dispersed phase define
Eqs. (2.1) and (2.2) are linear functions ofϕ(r, t). In this
sense, during the steady coolingϕ(r, t) = 0 for the time in-
terval where the dispersed phase in the form of subco
liquid. Nevertheless, from the moment of hydrate format
ϕ(r, t) > 0 and increases untilϕ(r, t) = 1. In consequenc
the thermal propertiesλ andCp change in time.

In this sense, the rupture of the metastable equilibrium
the liquid droplets points out the beginning of hydrate f
mation. The source term is no longerq̇ = 0 in reason of the
exothermic character of the phase transition. The heat
per unit volume of dispersed phase (in J·m−3·s−1) is propor-
tional to the kinetics of crystallization. The relation betwe
q̇(r, t) and the kinetics of crystallization can be expresse
follows:

q̇ = ρL
dϕ(r, t)

dt
(5.2)

whereL is the apparent latent heat of the dispersed pha
e

-

5.2. The boundary conditions

The temperature of the cooling fluid decreases at a
stant rate, att = 0, T∞(0) > 0 whereTF is the melting
temperature of the dispersed phase. At any timet > 0 the
external surface is always in contact with the cooling fluid
T∞(t), therefore:

T (r, t) = T∞(t) at r = R andt > 0

The condition of axisymmetrical temperatures in relation
r imposes:

∂T (r, t)

∂r
= 0 atr = 0 andt > 0

5.3. The initial conditions

T (r, t) = T∞(0) > TF for 0< r < R, t = 0

ϕ(r, t) = 0 for 0< r < R, t = 0

6. Numerical solution of the model equation

Eq. (5.1) of heat conduction can be solved by means
numerical algorithm forT (r, t). Here we choose an explic
forward finite difference method for the solution of the p
tial differential equation (5.1). In order to determineT (r, t)

in the radial direction during the cooling, the position co
dinater and the timet are represented by discrete set poi
m andi respectively,

i = 1,2,3, . . . , I for

t1 = 0, t2 = t1 + �t, t3 = t1 + 2�t, . . . , tend

m = 1,2,3, . . . ,M for

r1 = 0, r2 = r1 + �r, r3 = r1 + 2�r, . . . ,R

Thus, the coordinater in radial direction is represente
by a dimensional grid shown in Fig. 3. The center of
radius r = 0 is assigned with the nodem = 1, each node
spans the radius with a fixed radial length�r . At radius
R the corresponding node isM . The duration of time of
the cooling experiment is also discretized by constant t
steps�t . The cooling experiments begin att = 0 that cor-
responds in the time grid toi = 1, the final instant of the
experimenttend in the finite difference representation corr
sponds toi = I . Hereafter we denote the temperature and
crystallized fraction in node m and time i asΘi

m andϕi
m re-

spectively. The explicit forward scheme means thatΘi+1
m for

each m can be calculated explicitly from the quantities
are already known. The requirement of stability to maint
convergence is:

�t

�(r)2
� ρ min(Cpl,Cps)

4 max(λl, λs)
(6.1)

The solution of the nonlinear second order partial differen
equation (5.1) is carried out by means of the explicit fin
difference approach. The resultant equations are as follo
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Fig. 3. Grid of the boundary volume in radial direction.

�r = 2R

2M − 1
(6.2)

�t = T

I − 1
(6.3)

Θi+1
m = Θi

1 + L�t
1

Cpi
1

(
1− ϕi

1

)
J
(
Θi

1

)

+ 4
�t

ρ(�r)2

λi
1

Cpi
1

(
Θi

2 − Θi
1

)
(6.4)

Θi+1
m = Θi

m + L�t
1

Cpi
1

(
1− ϕi

1

)
J
(
Θi

1

)

+ �t

ρ(�r)2

λi
m

Cpi
m

(
Θi

m+1 − 2Θi
m + Θi

m−1

)

+ �t

ρ(�r)2

1

2m − 2

λi
m

Cpi
m

(
Θi

m+1 − Θi
m−1

)
(6.5)

Θi
M+1 = Θi+1∞ (6.6)

Θi
m = Θi

m + (
1− Θi

m

)
J
(
Θi

M+1

)
�t (6.7)

The boundary conditions in discretized terms are:

Θi+1
M+1 = Θi+1∞ for m = 1,2,3, . . . ,M

Θi
M = Θi∞ for i = 1,2,3, . . . , I

Θ1
m = 0 for m = 1,2,3, . . . ,M

The numerical calculations were performed using a For
programming. The step size in time is�t = 1.25× 10−4 s
and 40 radial positions are considered for�r .

7. Results of the numerical simulation

The evolution of the temperatureT (r, t) of the dispersed
phase is obtained from the numerical solution of Eqs. (
Table 1
Parameters used in the modeling of the cooling of the w/o emulsion

Symbol Value Units

β 10 K·hr−1

T∞(0) 298 K
Tend 236 K
�t 0.000125 s
�r 0.0005125 m
M 40 Number of radial position
R 20.5 mm

Table 2
Thermochemical properties of the dispersed phase of the w/o emulsio

Symbol Value Units

Φ 62.4 wt%
ρ 194.6748 kg·m−3

A 3.12× 109 Nuclei·m−3·s−1

B 2.67× 106 K3

λs 2.6973 W·m−1·K−1

λl 0.46022 W·m−1·K−1

Cps 1.6628 kJ·kg−1·K−1

Cpl 4.029855 kJ·kg−1·K−1

L 129.32 kJ·kg−1

TF 253 K

and (6.5). The parameters used in the modeling are li
in Table 1. The thermo-physical properties of the disper
phase are listed in Table 2, they were measured experi
tally during a previous experimental work [1]. The water-
oil emulsion containsΦ = 62.4% mass of aqueous drople
stabilized by a nonionic surfactant. The dispersing solv
is a mixture of linear alkanes with a melting temperat
Tm < 183 K.

Before starting the cooling experiments, the tempera
of the sample is homogeneous inside the boundary vol
and equal toT∞(0) = 298 K. Then, fromt = 0 a constan
steady cooling process is imposed on the external sur
of the boundary volume. The temperature of the coo
fluid decreases linearly at a constant cooling rate ofβ =
10 K·hr−1. The lower limit of temperature reached in t
cooling simulation isTend= T (r, t) = 236 K.

The result of a simulation of the cooling process for rad
positionsr = 0 andr = R is shown in Fig. 4. The evolutio
of the curveT (r, t) reveals three different behaviors. T
first one in the time interval 0< t < 5 hr presents the profil
of a continuous cooling. During this first stage the fract
of solidified droplets is zero,ϕ(r, t) = 0. The second time
interval between 5 hr< t < 20 hr presents a different slop
of the curveT (r, t). The sudden change of slope att = 5 hr
indicates the onset time of hydrate crystallization.

From the beginning of the second staget = 5 hr the
fraction of solidified droplets starts to increaseϕ(r, t) > 0.
This implies that formation of solid hydrate is occu
ring in the dispersed phase of the w/o emulsion. T
fraction ϕ(r, t) shall vary until it reaches the magnitud
ϕ = 1. Correspondingly, an amount of heat is relea
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as hydrate crystallization progresses in the large pop
tion of droplets. The heat balance between the impo
steady cooling and the exothermic heat of crystalliza
results in the change of slope ofT (r, t) which is almost
horizontal.

Fig. 4. (a) Evolution of temperature during the cooling of the w/o emuls
at positionsr = 0 and r = R. (b) Evolution of the fraction of solidified
dropletsϕ.
The third stage is also characterized by a change in
slope. From Fig. 4 it can be seen that for the innermost p
tion r = 0 the stabilizing effect disappears att > 20 hr. From
this moment the cooling tendency becomes once again m
important than the heat released. The behavior ofT (r, t) for
the external positionr = R is nearly constant due to th
proximity with the cooling fluid. Nevertheless, a last chan
in the slope is observed att > 25 hr.

Moreover, Fig. 4 shows that the w/o emulsion at po
tion r = R reaches the lower temperatures in a shorter t
than the emulsion at the center of the cylinder. The on
time of crystallization for both positions occurs almost
multaneously att = 5 hr, however, the dispersed phase at
center of the cylinder crystallizes atT = 246 K meanwhile
for r = R it crystallizes atT = 244 K.

The evolution of temperature of the dispersed phase
the 40 radial positions inside the cylinder are shown in Fig
The surfaceT (r, t) exhibits the evolution of temperatu
from the less cold locationr = 0 up to the most cold po
sition r = R. We can also identify the onset time of hydra
crystallization att = 5 hr.

The constant coefficientsA andB in the functionJ (T )

define the influence of the volume of crystal and the inte
cial tension liquid–crystal on the process of hydrate cr
tallization respectively. The model equation is solved
A±40% andB ±15%, the results are shown in Figs. 6 an
respectively. From Fig. 6 it can be pointed out that a varia
of +40% inA leads to a faster decrease of temperature
hence, to a shorter time of crystallization. Similarly, wh
the coefficientB-15% is employed, the onset time of cry
tallization arrives atT = 248 K which is 4 degrees befor
the observed temperature forB, i.e. the magnitude of the su
percooling is reduced. Therefore, the behavior ofT (r, t) is
more sensible to the changes inB thanA, in particular the
supercooling degree allows to establish this conclusion.
st
ptpt

Fig. 5. Temperature evolution in time and radial position of the dispersed phase. The first change of slope indicates the beginning of the hydrate cryallization.
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Fig. 6. Influence of coefficientA on the temperature history.

Fig. 7. Influence of coefficientB on the evolution of the temperature.

8. Conclusions

The evolution of temperature inside an hydrate form
system is modeled in this work. The study system is a
emulsion, the CCl3F is the hydrate forming molecule an
the CCl3F hydrate formation takes place in the disper
droplets of the emulsion. The model equation is based
the resolution of the continuity equation in terms of a h
balance. Each term of the model equation is stated for
heat balance in the dispersed phase. The boundary con
imposed to the study system is a steady cooling from 29
down to 236 K at a constant cooling rate of 10 K·hr−1. The
model equation considers the heat source term in virtu
the heat released by the crystallization. The rate of hea
leased is in turn a function which depends on the probab
of nucleationJ (T ). The crystallization implies to specify
term which takes into account the random and probabil
nature of nucleation. Such a term is the functionJ (T ) that
was derived from experimental DSC measurements ca
n

out in a previous work [1] in a w/o emulsion. The mod
equation is solved by a numerical explicit scheme. The
sults provided by the modeling allows to depict three sta
during the cooling process: The first stage is character
by the steady cooling tendency. The second stage is m
characterized by the starting point of hydrate nucleat
In this second stage an stabilizing effect is observed
result of a balance between the steady cooling and the
ergy released by crystallization. The third stage occur
lower temperatures, the heat released by the crystalliza
become less influent and the cooling tendency prevails.
results make evident the strong influence of the superc
ing on the onset time of hydrate crystallization. This wo
enhances the scope to resolve the question whether hy
can form at a given conditions of supercooling. The eq
librium conditions stated by thermodynamics can be lin
with an approach that considers the probabilistic natur
crystallization in order to better predict the hydrate form
tion. The link we refer to becomes possible through the t
�G/(kT ) expressed in the rate of nucleationJ (T ).
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