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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 imposed
steady cooling. The study system is a w/o emulsion where the formulation considers #feaS@he hydrate forming molecule dissolved in
the oil phase. The hydrate formation occurs in the aqueous phase of the emulsion, i.e. in the dispersed phase. The model equation is based
the resolution of the continuity equation in terms of a heat balance for the dispersed phase. The crystallization gFthgdZ&tke occurs at
supercooling conditionsTt < Tg), besides, the heat released during crystallization interferes with the imposed condition of steady decrease
of temperature around the system. Thus, the inclusion of the heat source term has to be considered in order to take into account the influen
of crystallization. The rate of heat released during the crystallization is governed by the probability of nudléajioPrevious experimental
measurements allowed to derive the corresponding fungti@h of the w/o emulsion. The results provided by the model equation subjected
to boundary conditions allow to depict the evolution of temperature in the dispersed phase. The most singular point in the temperature—tims
curve is the onset time of hydrate crystallization. Three time intervals characterize the evolution of temperature during the steady cooling of
the w/o emulsion: (1) steady cooling, (2) hydrate formation with a release of heat, (3) a last interval of steady cooling.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction In a previous work [1] we presented the experimental re-
sults of hydrate formation in a w/o emulsion studied by dif-
Gas hydrates or clathrate hydrates are one class of in-ferential scanning calorimetry (DSC). Now, in this work the
clusion compounds. The formation of a clathrate hydrate objective is to determine the thermal evolution of the aque-
is the result of a kinetic process of crystallization that re- ous dispersed phase which is the locus of hydrate formation.
leases heat during the phase change. Besides, the hydratEhe mathematical model equation is based on the resolution
formation normally occurs at lower temperatures than the of the continuity equation in terms of a heat balance. The
equilibrium temperatures. Such a difference between the the-boundary volume of the model is a cylindrical geometry of
oretical equilibrium conditions of hydrate crystallization and a few mn?, such geometry corresponds to the crucible em-
actual temperatur and chemical potentiahu of hydrate  ployed in DSC. In the continuity equation the heat source
crystallization is due to the stochastic nature of nucleation. term is taken into consideration because an amount of heat
is released during the hydrate crystallization. The convec-
" ) tive term of bulk flow is not considered within the model,
Corresponding author. . . . .
E-mail addressjuan_avendan@yahoo.com.mx only heat transfer by conduction is taken into considera-
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Nomenclature

A coefficient in function/ (T) t time
B coefficient in function/ (T) fend final time of the cooling experiment
Cps specific heat of the dispersed phase in solid T melting temperature of the dispersed phase
phase Tend  lower limit of temperature of the cooling
Cp specific heat of the dispersed phase in liquid experiment
phase T most likely crystallization temperature of
AG  Gibbs free energy the dispersed phase
E coefficient in function/ (T)
i radial position in discretized terms Greek symbols
J rate of nucleation B cooling rate
k- Boltzman constant o A thermal conductivity of the dispersed phase in
k in text global heat transfer coefficient liquid state
L a_lppa.ren'F Iateqt heat of the dispersed phase As thermal conductivity of the dispersed phase in
m time in discretized terms solid state
M final time of the cooling experiment in i -
. . ) fraction of solidified droplets
discretized terms & fracti £ doh in the w/
N total number of dispersed droplets mass .rac lon ot dispersed phase in the w/o
n number of crystallized droplets emulsion o ]
q rate of heat released by the dispersed phase e temperature in discretized terms
r radial coordinate Iz chemical potential
R radius of the cylinder 0 density of the dispersed phase

The study system is a water-in-oil emulsion (w/o emul- and the supercooling are necessary kinetic processes to be-
sion), the hydrate forming molecule is trichlorofluoro- gin the CC4F hydrate formation.
methane CGFF in liquid state dissolved as a solute in the The study of CGF hydrate is widely used in laboratory
oil phase of the w/o emulsion. The dispersed phase is a pop-research because on the one hand, it forms the cage struc-
ulation of aqueous micro-droplets (mean droplet diameter ture Il [2] which is similar to the Clg + C;Hg hydrate. On
60 pum). A necessary process to initiate the kinetic processthe other hand, the formation of C4E hydrate presents the
of hydrate formation is the molecular diffusion of GEl induction time while ethane or acetylene hydrates do not
towards the aqueous droplets. The next condition is the un-have induction times [3]. Both aspects are crucial to gain
dercooling of the emulsion in order to start the nucleation.  insight in the knowledge of natural clathrate formation ki-
There are two reasons to concentrate the analysis on thehetics. Natural clathrate are mainly formed by methane gas,
aqueous droplets: first, the droplets are the locus where hy_besides, their kinetic process of formation is strongly influ-
drate formation takes place, and second, the oil phase doe§nced by induction time.

not crystallize in the range of temperature imposed in the ~ The aim of this work is to determine the thermal history
model. of a trichlorofluoromethane hydrate forming system during

steady cooling. The model is based on the resolution of
the continuity equation in terms of the heat balance which
includes the source term and the probability of nucleation
J(T). The boundary volume of the w/o emulsion is a cylin-
drical crucible of a few mfias shown in Fig. 1. The internal

In a previous work [1] the formation and dissociation of radjusr of the crucible is small in comparison to its length
the CChF hydrate was determined experimentally by dif- (R<L).
ferential scanning calorimetry (DSC). The formation and The aqueous droplets of the w/o emulsion are small
dissociation of the CGF hydrate was detected upon heat- enough to consider the liquid system inside the cylinder as
ing of the emulsion, precisely, during the melting of the ice. homogeneous (mean droplet diamete60 um). In order
The materials of the hydrate were the trichlorofluoromethane to simulate the steady cooling of the emulsion we imposed
(CCIgF) as the forming hydrate molecule and water. The sys- a constant cooling rate around the external surface of the
tem employed to carry out the G§H hydrate formation was  boundary volume.
aw/o emulsion. First, the CeF is dissolved in the oil phase, The industrial conditions applied to prevent the hydrate
then in a second step the dispersion of the aqueous droplet$ormation are turning from thermodynamic inhibitors such
is stabilized by means of a nonionic surfactant. The diffusion as methanol and electrolytes, to kinetic inhibitors such as
of the CChF from the oil phase towards the aqueous droplets surfactants and anti-agglomerants. The interest of this work

2. Statement of the problem
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can assume that the temperatures of the w/o emulsion in ra-
Cooling fluid dial direction are axisymmetrical [6,7]. The stability of the

Cooling fluid
emulsion is broken when the hydrate is formed.
In this manner, the problem is to determine the temper-
o> *‘: _ s ature of the w/o emulsioff (r, ¢t) at any timer during the
o sobg o ge ’;ﬂo | Dispersed aqueous steady cooling, and for all positionbetween the center of
::3%'1% “"/':-7, droplets the cylinder and the radiug.
_______ > i;&.‘wm" .;’. ° Contiuous oil phase The initial and final temperatures of the cooling interval
oﬁf‘@*‘ ,J.'.' Vo -9 containing the Hydrate are free parameter that must be specified. In this work, the
$-0° Siiog g N Pomime component steady cooling begins at 298 K and the lower limit of temper-
T, A ature is 240 K. The cooling rate denoteds 10 K-hr1.

The dispersed phase of the emulsion crystallizes in this tem-
perature interval, the oil phase of the emulsion remains at
liquid state. The previous work [1] allows to establish this
Fig. 1. Boundary volume of the system showing the distribution of the w/o behavior of the w/o emulsion. Therefore, the numerical mod-
emulsion within the domain. eling of the thermal history is referred to the dispersed phase.
Hereafter the continuity equation is expressed as an energy
to the real industrial needs lies in two facts: firstly, the balance of the dispersed phase.
present modeling deals with an emulsion, therefore, itis ex- A heat source term is taken into consideration within the
tendable to an actual need where a surfactant retards theenergy balance of the dispersed phase. During the thermal
kinetics of hydrate formation. Secondly, the approach of the history of the dispersed phase, the onset time of crystalliza-
modeling enables to link the thermodynamic aspects of hy- tion initiates the release of heat inside the w/o emulsion. The
drate formation with the kinetic aspects through the func- source term depends on the probability of crystallization of
tion J(T). every drop. The results of the steady cooling of an emulsion
Ehmimed et al. [4] measured the influence of the global reveal that not all the droplets crystallize simultaneously. Ac-
heat transfer coefficierit on the rate of thermal transfer. In  tually, a progressive crystallization occurs and the rupture of
that work [4] the authors concluded that thermal transfer is the metastable state in the liquid phase is defined by the rate
influenced by the heat transfer coefficient only for values of of nucleationJ (T) in every drop [8].
k lower than 100 Wm~2.K~1. The kind of crucible and the Hereafter® shall denote the mass fraction of the dis-
experimental conditions in this particular work are similarto persed phase in the w/o emulsion. This parameter is the ratio
that reported by Zeraouli [5]. The coefficient of heat trans- of the mass of dispersed droplets to the total mass of emul-
fer greater than 500 Wh~2.K~1, so, itis possible to neglect  sion. It is assumed that the thermal conductivitgnd the
the influence of the global heat transfer coefficiermn the specific healCp do not vary in the range of temperatures
rate of thermal transfer. In addition, the viscosity of the w/o of the cooling. Neverthelesg, and Cp are considered de-
emulsion allows to consider the liquid as a Newtonian fluid. pendent functions of the fraction of crystallized droplets
Therefore, we can assume that the thermal transfer betweerin the emulsion. The fraction of dispersed droplets in solid
the cooling fluid and the emulsion is not ruled by the global state at positiom and timer shall be denoted by(r, t) and
heat transfer coefficient, neither by the viscosity of the it varies between & ¢(r, t) < 1. Therefore, from the work
emulsion. of Fouconnier et al. [10] a linear law of variation allows to
In contrast, the thermal transfer is strongly influenced by write the following equations:
an important amount of heat released during the formation of
the solid hydrate. In consequence, the temperature distribu-*(®) =21 + (As — 1) 2.1)
tion in the time interval of hydrate formation in the emulsion Cp(¢) = Cp + (Cps— Cp) (2.2)

's determined by two effects: The thermal transfer during the cooling process of the w/o

emulsion is modeled with the continuity equation of heat

(1) The external effect of the imposed steady cooling. conduction:

(2) The internal effect due to the exothermic heat released
by the crystallization of the droplets. 0- Cpaa_f —V(VT) +4 (2.3)

For long, thin cylinders having negligible axial variations The heat source terg is different from zero at the on-
in heat flux, the gradient of heat transfer in the radial di- set time of droplet crystallization. The occurrence of such
rection dominates over the axial. Since the geometry of the event at undercooling conditions is governed by a probabilis-
boundary volume fulfills this condition oR « L we can tic law of nucleation [9,11,12]. Only when the probability of
focus the analysis on the heat transfer in radial direction. nucleationJ (T') > 0 a fraction of the undercooled droplets
Additionally, since the emulsion is stable and the droplets crystallize ¢(r,#). The latent heat of solidification of the
are homogeneously distributed in the emulsion volume, we fractione(r, t) represents the heat source teym
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The solution of Eqg. (2.3) enables the determination of netic stage of hydrate formation is a process of crystal
the space—time distribution of temperature across the radial  growth in three dimensions. If the viscosity of the super-
position in the cylindefT (r, t). Before enterprising the so- cooled liquid increases during the cooling effect, then
lution of Eq. (2.3) it is important to point out the connec- the rate of crystal growth may be limited, on the con-
tion between the heat source tegrand the probability of trary, if there is no influence of the viscosity on the crys-
nucleationJ(T). In order to precise such a connection, it tal growth then the supercooling enhances the crystal-
is convenient to remind the mechanisms of nucleation and lization. At the moment of hydrate formation two phases
crystallization that allow to derive an expression of the type coexist in the system, the solid phase (the hydrate) and
g = J(T). Then, the continuity equation (2.3) can be ex- the liquid phase (the hydrate forming molecules dis-
pressed in terms of the dependent varidile ¢) and known solved in the aqueous solution).
functions.

The supercooling phenomenon is characterized by the
persistence in the liquid state of a material below its melting
3. Hydrate nucleation and crystallization point Te. However, the rupture of the metastable equilib-
rium of the supercooled liquid occurs at the beginning time
Most of the hydrate work focus on the equilibrium con- of hydrate formation. One of the main parameters that has
ditions of hydrate formation [13—18]. However, it has been influence on the supercooling is the volume of the liquid.
confirmed since the nineteenth century that hydrate forma- For example, a bulk volume of water of a few &iis char-
tion follows a complicated process of solidification. In this acterized by a supercooling degreet = —14 K, while
sense, there are still few works that deals with the kinetic as- micro-droplets of water dispersed in a w/o emulsion (vol-
pects of hydrate formation. Two of the pioneering works that umes of a fraction of uf) the crystallization occurs at 233 K
deals with the induction time concept are due to Englezos or lower temperatures [5,6,25].
et al. [9] and the work of Natarajan et al. [19]. It is worth- The steady cooling of a water-in-oil emulsion shows
while to mention the experimental works of Jakobsen et al. clearly the stochastic nature of crystallization. The experi-
[20], Lekvam and Ruoff [3], Munck et al. [21] and Zatsepina mental results of the steady cooling of an emulsion recorded
and Buffet [22]. The works aforementioned make evident by DSC reveals a gradual crystallization of the micro-
the influence of the supercooling on hydrate formation ki- droplets. The population of droplets solidifies gradually in
netics. As those fine writers have shown, the gas hydrate isa range of temperatures, i.e. not all the droplets crystallize
formed through a kinetic process which requires three nec- simultaneously at the same temperature [5,7].
essary steps: The cooling thermogram obtained by DSC is a plot of the
heat changes within the emulsion in function of time. Fig. 2
(1) The first one is supercooling. The aqueous solution sat- shows a cooling thermogram of a w/o emulsion composed of
urated with the hydrate forming gas has to be cooled water-in-vaseline [7]. When the crystallization takes place
down to a temperature below the melting point of water. the heat signal describes an exothermic peak. The crystal-
This lower level of temperature is named the nucleation lization signal of the agueous droplets of a w/o emulsion
temperature. The degree of undercooling is defined asadopts the shape of a Gauss distribution. Therefore, the heat
the difference between the equilibrium temperature (or released in function of time shows that the crystallization of
melting point 7¢) and the nucleation temperature. At micro-droplets occurs gradually in a range of temperatures.
such conditions of undercooling, the molecular arrange-
ment of water becomes more and more structured [23].
(2) The second step is nucleation. The water molecules be- The shape reveals a sudden increment
gins to form orthogonal cage structures by means of hy- e | of the heat flow signal dq/dt .
drogen bonds. The orthogonal cages associates betwee!
them in order to form the nucleus surface which is the &
precursor of the solid phase. The clusters that are formed €
by the association of the orthogonal structures are rela- £ Crystallization peak of the

240

Crystallization peak of the continous phase.

140 - o

Q

tively long-live entities (1-19ps). In consequence, the %= . dci{a’f;zf:riﬁfzhape .

clusters may dissociate and associate following a dy- 2 distribution.

namic process in time [24-26]. During the nucleation

stage although the crystal precursors are forming, no 40 P

solid phase is still present in the undercooled liquid. The k

system is said to be in a metastable equilibrium. — Y=
(3) The third Step is the growth of the CryStaI- Nucleation -10150 180 1;0 1!30 150 2(;0 21‘0 220 2,;,0 2:&0 2&0 21;0 2;0 2&0

stage finishes at the moment when nuclei overcome an Temperature (K)

energy barrier necessary to reach a critical size [9,12].
Once a stable crystal embryo is formed, the next ki- Fig. 2. Cooling thermogram of a w/o emulsion.
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The summit of the Gaussian peak is considered as the mosEq. (3.3) expresses the kinetics of crystallization of the dis-
probable crystallization temperatufg of the droplets. The  persed droplets inside a w/o emulsion submitted to steady
progressive shape of the Gauss signal is due to the differ-cooling.
ence in size among all the droplets, hence, the release of heat
during the crystallization is also pointed out by the gradual
development in time of the peak. 4. Estimation of therate of nucleation J(T)

From the moment of the beginning of solid formation
(the appearance of the hydrate) the metastable equilibrium In classical nucleation theories the rate of homogeneous
of the agueous solution no longer exists. The occurrence ofnucleation/ represents the number of nuclei formed per unit
such instant in time is a phenomenon of random and prob- time and unit volume, the expression.bfT) is given by:
abilistic nature if the conditions of supercooling, pressure AG
and composition are fulfilled [11,27]. At conditions of nu- j(7) = Aexp<_E + _> (4.1)
cleation, it is not possible to determine the place where the kT
nuclei are formed inside an aqueous droplet. Nevertheless, aj(T) is a nonlinear function of temperatuf®. For tem-
probability P = V Jt of appearance of solid droplet can be peratures above the melting temperature the funcficif)
predicted because it is possible to calculate the nucleationis close to zero. On the contrary, as supercooling increases
rateJ [5,22]. J(T) also increases exponentially and very quickly [8,28].

The appearance of a nucleus is essentially a random pheThe coefficientE is a function of the viscosity of the liquid
nomenon for which a probability can be predicted. If we whereasAG is the energy barrier that nuclei must overcome
consider a population ¥ aqueous droplets whose volumes in order to reach a stable critical size. The energy barrier is
are V, the nucleation will not occur in all the droplets at basically imposed by the interfacial tension between the nu-
the same time as temperature decreases. Instead, the birth qfiei and the liquid phase [12,29,30].
nuclei occurs randomly. Let(r, ) be a fraction ofV that Moreover, if the viscosity of the liquid is too large in
represents the number of solidified droplets at positiand comparison taAG, then the value o must be taken into
time ¢, then the proportion of solidified droplets in the total consideration. A large value @ implies that the rate of nu-
population ofN at position- and timer is: cleation is limited by viscosity. In this work, the viscosity

n(r,t) of the w/o emulsion behaves as a Newtonian liquid, hence,

p(r.1) = N (CRY it has a weak influence on the crystallization behavior of
the dispersed phase [1]. It is assumed the following form
of Eq. (4.1):

and the number of droplets remaining in liquid state at time
tisN —n(r,t).

Assuming that each solidified droplet of n corresponds
to the appearance of a nucleus, there is an equal probability,(T) =A exp(ﬁ> (4-2)
of forming a nucleus in each of them. The probability of
nucleation in a droplet of volum¥ in a time increment d
is1vVJdr.

Let us consider not only one droplet but a large pop-
ulation composed ofV droplets per unit volume of w/o
emulsion. The water-in-oil emulsion is submitted to a steady
cooling from a starting temperature of 298 K until an im-

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

The rate of nucleation can be determined by means of the
posed temperature lower th&Rh. At the beginning of the diﬁerentia_l scanning cglorimetry teqhnique (DSC) [6’3.1]‘

An experimental function as described by the following

cooling all the dropletgv are in liquid state, as the cooling Eq. (4.3 be fitted f < of ¢ ¢
progresses the metastable equilibrium will be broken at in- | g. (4.3) can be fitted from measurements of temperature

stant timer. In consequence, at time> 0 there are:(r, t) inside the crucible [5,8].
droplets in solid state per unit volume of w/o emulsion. —B
The rate of crystallization is proportional to the number I = Aexp(T(T — TF)2> (4-3)

of droplets remaining in I'ql.“.d statey — n.(r’ t?’ and pro- To carry out the experimental procedure may turn most diffi-
portional also to the probability of crystallization by unit of o
time and volume/ (T). The rate of crystallization of those cultthan the determ|nat|.on o’fandB._sever.aI t.emperatures
remaining droplets in a time incrementid expressed as: must be recorded at different positions inside the sample
' container, this implies the use of thermocouple in contact
dn(r,1) _ [N = n(0]J(T) 3.2) with the liquid. In this work such method was not followed
dr ’ since it requires very coercive experimental conditions in-
We can also express Eq. (3.2) in terms of the proportion of side the crucible. Nevertheless, it is also possible to deter-

crystallized droplets(r, t), then: mine the rate of nucleation employing the cooling-heating
do(r, 1) thermograms, the method gains in simplicity but looses in
— =[1-9@n]J(T) (3.3) accuracy. The methodology has been employed previously

dr
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[5,27,32], and validated for cooling rates slow enough to as- 5.2. The boundary conditions
sure that no gradient of temperature across the plate and the
liquid sample exists. The temperature of the cooling fluid decreases at a con-
A complete description of the method may be found in stant rate, at = 0, 7,(0) > 0 whereTr is the melting
Refs. [5,27,32,33]. The main condition to validate the quan- temperature of the dispersed phase. At any time0 the
tification of J(T) by means of the cooling-heating thermo- external surface is always in contact with the cooling fluid at
gram is to use a cooling rate lower than 15K, In this Too (1), therefore:
manner we can assume that the same temperature is _mainT(r’ 1) =Tw(t) atr=Rands>0
tained between the first layer of liquid inside the crucible
and the surrounding resistance of the calorimeter [5]. i
Experimental data of a previous experimental work [1] 7 'MPOSes:
allowed to determine the coefficientsand B of Eq. (4.3) oT (r, 1)
from the hydrate formed upon heating during the melting of  §r
ice. The method described by Cordiez [27] is applied using
the heating thermograms. Besides, the coefficidnénd B
determined from the results of that work [1] are applicable
in the current model since formulation remains the same. 7(; 1) = 7, (0) > Tr forO<r <R, t =0
The mean statistical values determined from the cooling-
heating cycles carried out by DSC are= 3.12 x 10°
nucleim=3.s~t andB = 2.67 x 10° K3,

The condition of axisymmetrical temperatures in relation to

=0 atr=0andr>0

5.3. The initial conditions

o(r,t)=0 forO<r<R,t=0

6. Numerical solution of the model equation
5. Mathematical model and set of boundary conditions Eq. (5.1) of heat conduction can be solved by means of a
] o numerical algorithm foff' (r, t). Here we choose an explicit
5.1. Assumptions and derivation of the model forward finite difference method for the solution of the par-
tial differential equation (5.1). In order to determifigr, r)
The nonlinear heat conduction of the dispersed phase ofjp, the radial direction during the cooling, the position coor-

the w/o emulsion is defined by the model equation (2.3). dinater and the time are represented by discrete set points
Eq. (2.3) can be expressed in terms of the dependent vari-;;, and; respectively,

ableT (r, t), the rate of crystallizatiod (T') and the fraction

of crystallized droplets(r, t). The precedent assumption of ¢ = 12,3....1 for

R <« L enables to consider a one-dimensional heat conduc- s =0, =1 + At, t3 =11+ 2At, ..., tend
tion in radial direction [34]. The analog form of Eq. (2.3) in m=1,2.3.....M for

cylindrical coordinates is:
r1=0, rp=r1+Ar, r3=r1+2Ar,..., R

ar(r,r) 190 . . . e

5 —roar ) +4,1) (5.1) Thu_s, the _coordm_ate in radl_al d!rectlon is represented

by a dimensional grid shown in Fig. 3. The center of the

The thermal properties of the dispersed phase defined inradiusr = 0 is assigned with the node = 1, each node
Egs. (2.1) and (2.2) are linear functions @fr, ¢). In this spans the radius with a fixed radial lengtr. At radius
sense, during the steady coolipg, 1) = 0 for the time in- R the corresponding node & . The duration of time of
terval where the dispersed phase in the form of subcooledthe cooling experiment is also discretized by constant time
liquid. Nevertheless, from the moment of hydrate formation stepsAr. The cooling experiments begin a& 0 that cor-
@(r,t) > 0 and increases unti(r, 1) = 1. In consequence responds in the time grid tb= 1, the final instant of the
the thermal properties andCp change in time. experimenteng in the finite difference representation corre-

In this sense, the rupture of the metastable equilibrium of sponds ta = . Hereafter we denote the temperature and the
the liquid droplets points out the beginning of hydrate for- crystallized fraction in node m and time i &, and¢!, re-
mation. The source term is no longge= 0 in reason of the  spectively. The explicit forward scheme means thjt* for
exothermic character of the phase transition. The heat floweach m can be calculated explicitly from the quantities that
per unit volume of dispersed phase (im32.s71) is propor- are already known. The requirement of stability to maintain
tional to the kinetics of crystallization. The relation between convergence is:
q(r, 1) and the kinetics of crystallization can be expressed as A, pmin(Cp, Cpy)

pCp

(m(r, 0 aTa(r’ 2
.

: < 6.1
follows: A2 S Amadh i (6.1)
§=pL do(r, 1) (5.2) The solution of the nonlinear second order partial differential

dr equation (5.1) is carried out by means of the explicit finite

whereL is the apparent latent heat of the dispersed phase. difference approach. The resultant equations are as follows:
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Table 1
Parameters used in the modeling of the cooling of the w/o emulsion
Symbol Value Units
B 10 K-hr1
Too(0) 298 K
Tend 236 K
At 0.000125 S
Ar 0.0005125 m
M 40 Number of radial positions
R 20.5 mm
Table 2
Thermochemical properties of the dispersed phase of the w/o emulsion
Symbol Value Units
(2] 624 wt%
) 1946748 kgm—3
A 3.12x 10° Nucleim3.s71
B 2.67x 10° K3
As 2.6973 wm-1k-1
A 0.46022 wm~1lk-1
Cps 1.6628 kdkg—1.k—1
2R Cp 4.029855 kkg~1.K-1
Ar = (6.2) L 12932 kJkg~1
2M -1 T 253 K
T
At = —— 6.3
71 (6.3)
41 ; 1 ; ; and (6.5). The parameters used in the modeling are listed
O, =01+ me—pf(l - ‘Pl)J(@l) in Table 1. The thermo-physical properties of the dispersed
1i phase are listed in Table 2, they were measured experimen-
4 At L( i @i) (6.4) tally during a previous experimental work [1]. The water-in-
p(Ar)? Cp, 2 ! oil emulsion contain® = 62.4% mass of aqueous droplets
i1 . 1 ; . stabilized by a nonionic surfactant. The dispersing solvent
0, =06, + LAIC—p,-(l— AMUCH) is a mixture of linear alkanes with a melting temperature
m1 Tm < 183 K.
+ At A, (@,- 20l 16 ) Before starting the cooling experiments, the temperature
p(Ar)2 Cp - of the sample is homogeneous inside the boundary volume
(Ar)2cg, * m T m=l f th ple is homog de the boundary vol
At 1 _ . and equal tdl,, (0) = 298 K. Then, fron¥ = 0 a constant
+ (A2 2m = Zc”f (@h11— Oy _1) (6.5) steady cooling process is imposed on the external surface
. ? P of the boundary volume. The temperature of the cooling
Oyy1= (9;1 (6.6) fluid decreases linearly at a constant cooling rate8 et
< < < j 10 K-hr=1. The lower limit of temperature reached in the
O =6! 1-6!)J(6} At 6.7 ) . L.
" n m) 7 (@hs1) ©6.7) cooling simulation iTeng= 7 (r, t) = 236 K.
The boundary conditions in discretized terms are: The result of a simulation of the cooling process for radial

01 — ol form—12 3 M positionsr = 0 andr = R is shown in Fig. 4. The evolution
M+1— Yoo TS S of the curveT (r, t) reveals three different behaviors. The
O, =0 fori=1,23...,1 first one in the time interval & r < 5 hr presents the profile
1 _ . of a continuous cooling. During this first stage the fraction
Op=0 form=123,...M of solidified droplets is zerop(r, t) = 0. The second time
The numerical calculations were performed using a Fortran interval between 5 he ¢ < 20 hr presents a different slope
programming. The step size in timeds = 1.25x 10 % s of the curveT (r, t). The sudden change of sloperat 5 hr
and 40 radial positions are considered for. indicates the onset time of hydrate crystallization.
From the beginning of the second stage- 5 hr the
fraction of solidified droplets starts to increagé, ¢) > 0.
7. Resultsof thenumerical simulation This implies that formation of solid hydrate is occur-
ring in the dispersed phase of the w/o emulsion. The
The evolution of the temperatuié(r, r) of the dispersed  fraction ¢(r,#) shall vary until it reaches the magnitude
phase is obtained from the numerical solution of Egs. (6.4) ¢ = 1. Correspondingly, an amount of heat is released
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as hydrate crystallization progresses in the large popula-
tion of droplets. The heat balance between the imposed
steady cooling and the exothermic heat of crystallization
results in the change of slope @f(r, ) which is almost
horizontal.
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Fig. 4. (a) Evolution of temperature during the cooling of the w/o emulsion
at positionsr = 0 andr = R. (b) Evolution of the fraction of solidified
dropletsp.
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The third stage is also characterized by a change in the
slope. From Fig. 4 it can be seen that for the innermost posi-
tion r = 0 the stabilizing effect disappearsrat 20 hr. From
this moment the cooling tendency becomes once again more
important than the heat released. The behavidr @f¢) for
the external positiom = R is nearly constant due to the
proximity with the cooling fluid. Nevertheless, a last change
in the slope is observed at- 25 hr.

Moreover, Fig. 4 shows that the w/o emulsion at posi-
tion r = R reaches the lower temperatures in a shorter time
than the emulsion at the center of the cylinder. The onset
time of crystallization for both positions occurs almost si-
multaneously at = 5 hr, however, the dispersed phase at the
center of the cylinder crystallizes @t = 246 K meanwhile
for r = R it crystallizes atl’ = 244 K.

The evolution of temperature of the dispersed phase for
the 40 radial positions inside the cylinder are shown in Fig. 5.
The surfaceT (r,t) exhibits the evolution of temperature
from the less cold location = 0 up to the most cold po-
sitionr = R. We can also identify the onset time of hydrate
crystallization at =5 hr.

The constant coefficientd and B in the functionJ(T)
define the influence of the volume of crystal and the interfa-
cial tension liquid—crystal on the process of hydrate crys-
tallization respectively. The model equation is solved for
A +40% andB 4+ 15%, the results are shown in Figs. 6 and 7
respectively. From Fig. 6 it can be pointed out that a variation
of +40% in A leads to a faster decrease of temperature and
hence, to a shorter time of crystallization. Similarly, when
the coefficientB-15% is employed, the onset time of crys-
tallization arrives atl’" = 248 K which is 4 degrees before
the observed temperature By i.e. the magnitude of the su-
percooling is reduced. Therefore, the behaviofl'¢f, 7) is
more sensible to the changesBnthan A, in particular the
supercooling degree allows to establish this conclusion.

Fig. 5. Temperature evolution in time and radial position of the dispersed phase. The first change of slope indicates the beginning of the hajlizateoryst
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300

ses | o=0624 out in a previous work [1] in a w/o emulsion. The model
A = 3.12x10° nucleifm®s equation is solved by a numerical explicit scheme. The re-
™ B = 2.67x10°K® sults provided by the modeling allows to depict three stages
2, 2601 p =10 Khr during the cooling process: The first stage is characterized
280 | Tena = 236 K . . X
=) T =254K by the ste_ady cooling tend_ency. The second stage is mamly
© 2757 characterized by the starting point of hydrate nucleation.
= 270 In this second stage an stabilizing effect is observed as a
g 25 result of a balance between the steady cooling and the en-
§ 200 ergy released by crystallization. The third stage occurs at
é’- 285 A lower temperatures, the heat released by the crystallization
& 250 \ become less influent and the cooling tendency prevails. The
. A-40% results make evident the strong influence of the supercool-
240 | / ing on the onset time of hydrate crystallization. This work
»s ' A +40 // ' . ' enhances the scope to resolve the question whether hydrate
0 5 10 15 20 2 30 35 can form at a given conditions of supercooling. The equi-
Time [hours] librium conditions stated by thermodynamics can be linked
with an approach that considers the probabilistic nature of
Fig. 6. Influence of coefficient on the temperature history. crystallization in order to better predict the hydrate forma-
. tion. The link we refer to becomes possible through the term
200 | ©=0624 AG/(kT) expressed in the rate of nucleatid(r).
205 | A = 3.12x10° nucleifm’s
e
205 | Tona = 236 K References
o 280+ Te =254K ) - ) )
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