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In this work, nonequilibrium thermodynamics and phase field theory (PFT) has been applied to study the kinetics of
phase transitions associated with CO, injection into systems containing CH4 hydrate, free CH, gas, and varying
amounts of liquid water. The CH, hydrate was converted into either pure CO, or mixed CO,—CH4 hydrate to investi-
gate the impact of two primary mechanisms governing the relevant phase transitions: solid-state mass transport through
hydrate and heat transfer away from the newly formed CO, hydrate. Experimentally proven dependence of kinetic con-
version rate on the amount of available free pore water was investigated and successfully reproduced in our model sys-
tems. It was found that rate of conversion was directly proportional to the amount of liquid water initially surrounding
the hydrate. When all of the liquid has been converted into either CO, or mixed CO,—CH, hydrate, a much slower
solid-state mass transport becomes the dominant mechanism. © 2015 American Institute of Chemical Engineers AIChE

J, 61: 3944-3957, 2015

Keywords: natural gas hydrates, nonequilibrium thermodynamics, mixed hydrate, phase field theory

Introduction

Natural gas hydrates are ice-like crystalline compounds in
which water serve as a host for different small nonpolar, or
slightly polar guest molecules. Natural gas hydrates occur
both onshore in permafrost regions and continental margin
sediments consisting mainly of fine-grained clay minerals and
organic fragments. The majority of natural gas hydrate depos-
its existing around the world are found in fine-grained sedi-
ments characterized by low-hydrate saturation, which can be
explained by very small pore size and low permeability of
clay-rich sediments that hinder mobility of both water and gas,
components essential for formation of hydrate. Gas hydrates
mostly occur in sand units and are largely absent from mud
sequences.l_3

Permafrost gas hydrate occurrences have been identified in
sand-rich deposits in on-shore and near-shore environments,
with gas hydrate deposits in Alaska and Canada being the typi-
cal examples. Analysis of well log data* and pore water geo-
chemistry® indicates a very level of hydrate saturation at the
Mount Elbert site (about 60-75%), which can be attributed to
pre-existing free gas and presence of high conductivity faults.®

Natural gas hydrates are dominated by biogenic sources of
methane. Indeed, according to Michael et al.,” as much as 99%
of all gas hydrate deposits may be of biogenic origin. In con-
trast to natural gas of thermogenic origin, biogenic methane is
very pure and contains only tiny amounts of heavier hydrocar-
bons. In this work, we, therefore, focus on hydrates of methane
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and carbon dioxide and their mixtures, known to form
hydrates of structure 1%

Hydrate formation from methane and water can follow a
number of different pathways. The most commonly discussed
route is hydrate formation on the interface between the
hydrate-former phase and water.® Numerous experimental
data are available in literature (see, for instance, Koh and
Sloan'® for a compilation), though it should be pointed that
the bulk of data'® comes from dissociation point measure-
ments, where hydrate is kept at a controlled pressure and
slowly increasing temperature.

But hydrate can also form from hydrate formers dissolved
in water'""!? and (theoretically) from water dissolved in the
hydrate-former phase,13 although more comprehensive analy-
sis is still needed to decide whether the latter route is realistic
under mass- and heat-transport limitations. Earlier theoretical
studies'* " indicate that the critical hydrate nucleus will be
about 2.5-3 nm in size, which would require around a hundred
of water molecules to come together within a very dilute mix-
ture in natural gas or carbon dioxide. Even then, the excess
heat of hydrate formation will be rather difficult to dispose of,
since both natural gas and carbon dioxide are thermal
insulators.

Mineral surfaces will serve as adsorption sites for
water and hydrate formers, which can give rise to at least three
different formation scenarios even in the simplest case: (1)
water and hydrate former, both from adsorbed phase, form
hydrate, (2) adsorbed water and hydrate fluid forms hydrate,
and (3) adsorbed hydrate former and water from fluid phase
forms hydrate. Considering all the possible phases relevant for
hydrate formation, hydrate dissociation, and hydrate reforma-
tion (CH,4 hydrate over to CO, hydrate or mixed CO,/CHy
hydrate), it will be impossible to satisfy the Gibbs phase rule

13,22,23
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and for the system to achieve equilibrium. But even in this
case, the equality of chemical potentials at the asymptotic
equilibrium limit will still provide the driving forces during
hydrate formation that will affect the hydrate filling and corre-
sponding hydrate free energy.

Since the system will be generally unable to reach equilib-
rium, the dynamic situation will be governed by the combined
first and second laws of thermodynamics under mass- and
heat-transport constraints. This indicates that a proper analysis
of competing phase transitions will required some sort of free
energy minimization scheme. The phase field theory
(PFT)'*2! is a theoretical method very well suited for this
task. It should be mentioned that the first layers of adsorbed
water might have too low chemical potential to form hydrate
but few (2-4) water molecules outside will have chemical
potentials suitable for hydrate formation.??

Injection of carbon dioxide into methane hydrate will lead
to conversion of in situ methane hydrate into a mixed hydrate
where carbon dioxide dominates the large cavities and meth-
ane fills a fraction of the small cavities. This rate of this con-
version is governed by two main mechanisms. Formation of
new carbon dioxide hydrate from residual pore water will
release heat that contributes to dissociation of surrounding
methane hydrate. A second mechanism is a substantially
slower direct solid-state exchange.”*** This hydrate exchange
is also feasible with injection of carbon dioxide and nitrogen
mixtures, as demonstrated by the Prudhoe Bay field pilot pro-
ject in the winter of Ref. 26.

In this work, we use an extended version of PFT 1421 incor-
porating both hydrodynamics and heat transport, developed
and discussed in detail elsewhere.'*>" The need to include the
hydrodynamic effects arises when the rate of hydrate dissocia-
tion is so high that released methane is unable to dissolve fully
into the surrounding water and forms bubbles affecting phase
transition kinetics. Transport of heat released by hydrate will
normally be 2-3 orders of magnitude faster than mass trans-
port in a liquid water/hydrate system.'*?' Heat transport will,
however, be slow through gas layers or gas bubbles. Implicit
treatment of heat transport will, therefore, be necessary when
formation of new hydrate contributes to dissociation of origi-
nal methane hydrate. Extension of thermodynamic properties
to regions outside of equilibrium is quite trivial for the fluid
phases, with the pertinent equations provided in the next sec-
tion along with the equilibrium hydrate treatment. We then
proceed to extend the hydrate thermodynamics beyond the
equilibrium region using Taylor expansion of the first order.

Equilibrium thermodynamics

The theory for equilibrium thermodynamics is based on
revised adsorption theory by Kvamme and Tanaka® and van
der Waals and Platteeuw.”” The expression for chemical
potential of water in hydrate is

= uOM =" RTvIn <1+ Zh,-,—) (1
i 7

This equation is derived from the macrocanonical ensemble
under the constraints of constant amount of water, correspond-
ing to an empty lattice of the actual structure. Details of the
derivation are given elsewhere (Kvamme and Tanaka®) and
will not be repeated here. 12* is the chemical potential for
water in an empty hydrate structure and A;; is the cavity parti-
tion function of component j in cavity type i. The first sum is
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over cavity types, and the second sum is over components j
going into cavity type i. Here v; is the number of type i cavities
per water molecule. For hydrate Structure I, there are three
large cavities and one small per 23 water molecules, v; = 3/23
and v = 1/23. In the classical use of Eq. 1, the cavity partition
functions are integrated under the assumption that the water
molecules are fixed and normally also neglecting interactions
with surrounding guest molecules. This may be adequate for
small guest molecules with weak interactions. Conversely,
molecules like CO, are large enough to have a significant
impact on the librational modes of the water molecules in the
lattice. An alternative approach® is to consider the guest move-
ments from the minimum energy position in the cavity as a
spring, and evaluate the free energy changes through samplings
of frequencies for different displacements in the cavity. A mol-
ecule like methane will, as expected, not have significant
impact on the water movements.>>! CO,, conversely, will
change water chemical potential by roughly 1 kJ/mole at 0°C
when compared to the assumption of undisturbed fixed water
molecules. The cavity partition function may thus be written as

hy = P =44) )

where Ag}f’“ now is the effect of the inclusion of the guest mol-
ecule j in the cavity of type i, which as indicated above is the
minimum interaction energy plus the free energy of the oscil-
latory movements from the minimum position. At hydrate
equilibrium, the chemical potential is equal to that of the
chemical potential of the guest molecule in its original phase
(chemical potential of dissolved CO, or CHy for the case of
hydrate formation from aqueous solution). Equation 2 can be
inverted to give the chemical potential for the guest as a func-

tion of the cavity partition function
,u;{ = Ag;:-‘c +RTIn h;; 3)

Equation 3 is basically derived from an equilibrium consid-
eration but may be used as an approximation for bridging
chemical potential to composition dependency. The relation
between the filling fraction, the mole fractions and the cavity
partition function is

I
91 o vl-(l—xT) o 1+ Z/’hﬁ (4)

here xt is the total mole fraction of all the guests. It is assumed
that CO, can only fit into the larger cavities, and unless some
other guest molecule is present, the small cavities will then all
be empty. For a system with only one component occupying
the large cavities, the chemical potential of the guest molecule
would be reduced to

s = Agii°+RTIn ( ffg) 6)
Ji
For methane, which can occupy both large and small cav-
ities, a more cumbersome approach is needed. Initially assum-
ing that chemical potential of methane in the two cavities is
the same. This gives a proportional relation between the two
partition functions independent on composition

A ()
e\ T ) =4 ©)

ms

The mole fraction of methane x,, is the sum of the mole
fraction in each cavity, that is, large x,,; and small x,,. The
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mole fractions are expressed in terms of the cavity partition
function from Eq. 4

Xms T Xl = Xim (7)

th hml Xm
= =B 8
[E/ A T S ®

here s, hy, and h. are the cavity partition functions of
methane in small cavities, methane in large cavities, and car-
bon dioxide in large cavities, respectively. The denominator in
the second term can be expressed in terms of the mole fraction
and one of the partition functions from Eqs. 4 and 7

1+ Ay + s 9

The partition function for CO, using Egs. 4 needs to be cal-
culated as:
Xel _ hcl
V](I_XT) 1+hm]+/’l€|

Rearranging the above equation in term of 4 gives:
hcl _ x('l(1+hml)

- Vl(l _XT) —Xc]

Inserting the value of 4, in Eq. 9, which gives constant C

1+ by +hyy = (1+hml)(l+%) (10)
Vi

1_)CT)_XC]
Xel
C=1+——-— (11)
vi(1—xr)—xq
Using Egs. 6, 10, and 11 results
L+hm+ha = (1+Ah,s)C (12)

Equation 8 can be written in terms of single partition
function
hms Ahms
VS+ V]
1+ A (1+Ah,s)C

=B (13)

Equation 13 can be simplified to yield a second-order
equation

(vsCA+vA—BCA)I2, + (v{C+WA—BCA—BC)h,s—BC = 0
(14)
Equation 14 can be written in the form of second constant
a1 (hs)* +ax(hps) +as = 0 (15)
a = A(V['FV‘YC—BC)
ay = v,C+Av;—BC(1+A)
a3 = —BC

Fluid thermodynamic
The free energy of the fluid phase is assumed to have

Giluid —_ Z xr'ufluid (16)
r=c,mw
where ,uf'“id is the chemical potentials of the fluid phase com-

ponents. The lower concentration of water in the fluid phase
and its corresponding minor importance for the thermodynam-
ics results in the following form of water chemical potential
with some approximation of fugacity and activity coefficient

¢ = 0! #(T, P)+RTn (y,,) (17)
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where 9l 235(T P) chemical potential of water in ideal gas
and y,, is the mole fraction of water in the fluid phase and can
be calculated as

_ X (T, P, X)PY(T)
P (T, P,y)
The vapor pressure can be calculated using many available

correlations but one of the simplest is given in Refs. 29 and 54
as a fit to the simple equation

(18)

Yw

Vi

In(P) = Vy— —B
n(P) =Va= oy

19

The temperature of the system is obviously available and
Va =52.703, Vg = —3146.64, and V¢ = 5.572. Further, the
fugacity and the activity coefficient are approximated to unity
merely because of the very low-water content in fluid phase
and its corresponding minor importance for the thermodynam-
ics of the system. Hydrate formation directly from water in
gas is not considered as significant within the systems dis-
cussed in this work. A separate study reveals that hydrate for-
mation from water dissolved in carbon dioxide may be
feasible from a thermodynamic point of view? but more ques-
tionable in terms of mass transport in competition with other
hydrate-phase transitions. The water phase is close to unity in
water mole fraction. Raoult’s law is, therefore, accurate
enough for our purpose. The chemical potential for the mixed
fluid states considered as

(i — 48 P R (y,)+RTIn (T, P,5)  (20)

where 7 represents CH, or CO,. The fugacity coefficients of
component / in the mixture is calculated using the Soave—
Redlich-Kwong (SRK) equation of state (EOS)'>~%!

Ing; = (BB),(Z—1)~In (Z—B)—% ((AA),~ (BB),)In [1+ %
@

where Z is the compressibility factor of the phase and is calcu-
lated using the following cubic SRK EOS

7’~7*+(A-B—-B*)Z-AB =0 (22)

where

oaaP
~RT?
bP
B=—
RT
R2T?
a= 0.427480P—°

C

b = 0.086640 RPTC

o = [1+(0.48508+1.551710—0.156130?) (1—/T)]°

where o is the accentric factor of components. For mixture,
the mixing rule with modification proposed by Soave’ is used
using the following formulations

(o), = D D yjloa)y; (oa); = /(o) () (1=kiy)

(23)
where k;; is the binary interaction parameter. Coutinho et al.’!
has proposed a number of values for k;; for CO,/CH, system.
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Here, we selected an average value k; = kj; = 0.098 for unlike
pairs of molecules, and it is zero for alike pairs of molecules

bn =Y vibi 24)

(AA), and (BB); in Eq. 21 are calculated as

2
(AA)i = (aa)m |:zj: (ao{)ii:| (25)
b;
(8B), = ;- (26)

Aqueous Thermodynamic.
phase can be written as

quueous _ Z X, #?queous (27)

r=c,mw

The free energy of the aqueous

The chemical potential pi“*"* for components ¢ (carbon
dioxide) and m (methane) dissolved into the aqueous phase is
described by nonsymmetric excess thermodynamics

p; = 5 (T)+RTIn (x;77°) +v° (P—P,) (28)

w7 is the chemical potential of component i in water at infi-
nite dilution, y7° is the activity coefficient of component i in
the aqueous solution and v;* is the partial molar volume of the
component i at infinite dilution. The chemical potentials at
infinite dilution as a function of temperature are found by
assuming equilibrium between fluid and aqueous phases
ptuid = 290" This is done at varying low pressures where
the solubility is very low and the gas phase is close to ideal
gas using experimental values for the solubility and extrapolat-
ing the chemical potential down to a corresponding value for
zero concentration. The Henry’s constants ky are calculated
for CH, and CO, using the expression proposed by Sander™”

ku(T) = kﬁe(ﬂﬁmﬁl(%_#)) (29)

where T° is the reference temperature, which is equal to
298.15 K. AsoimH is the enthalpy of dissolution, and it is repre-
sented by the Clausius—Clapeyron equation®” as
dh’lkH _ _AsolnH (30)
d(1/T) R
The values of —(d In[ky])/d(1/T) and k& are given by
Zheng et al.** and by Kavanaugh and Trussell®> for CO, and
CH,, respectively, which is shown in Table 1. The activity
coefficient at infinite dilution )7 is calculated as

f.C)O
ye =2 @31)
/ ku(T)
where
f;oo = e(iﬂ”'x)

where £ is the fugacity of component i, while ;° is calcu-
lated from Ref. 37. The activity coefficient can be regressed
using the model for equilibrium to fit experimental solubility
data. The chemical potential of water can be written as

ty, = e BT 4 RTIn (1—x)p,, + v, (P—P,) (32)

where pPUre liauid js pure water chemical potential and v, is the
molar volume of water. The strategy for calculating activity
coefficient is given by Svandal et al.*
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Table 1. Values of Parameters

Constants CO, CH,
ky (M/atm) 0.036 0.0013
—(d Inlky])/d(1/T)(K) 2200 1800

Thermodynamics outside of equilibrium

The PFT model presented in this work have dynamically
varying local densities, temperatures and concentrations, and
the constraints on the system is the pressure. Unlike our earlier
PFT models,m’5 ! which were kept at constant temperature, the
calculations of nonequilibrium thermodynamic'” properties
are implemented implicit calculations into the PFT model in
this version since the free energies of all coexisting phases
change dynamically with local conditions and possibly com-
peting phase transitions. We use examples based on conver-
sion of CH,4 hydrate into CO, hydrate or mixed CO,—CH,4
hydrate, which have two primary mechanisms. The first one is
that CO, creates a new hydrate from free water in the porous
media and the released heat dissociate the in situ CH, hydrate.
This mechanism is primarily dominated by mass-transport
rates through fluid phases. A second mechanism is the direct
conversion of the in situ CH, hydrate with the CO,, which is a
much slower solid-state-phase transition. The first mechanism
implies heat release as well as heat consumption and complex
coupled behavior of mass and heat transport around the
hydrate core is expected. Also note that fluid thermodynamics
and aqueous thermodynamics outside of equilibrium is trivial
in contrast to hydrate, for which the thermodynamic model is
derived from statistical mechanics based on equilibrium
between hydrate and fluid phases. For this reason, we expand
the thermodynamic properties of hydrate by a first-order Tay-
lor-expansion. This is considered accurate enough since the
rate-limiting kinetic contributions are expected to be in the
mass transport according to earlier studies.'®'”% First of all
note that the mass is conserved inside the PFT. The thermody-
namics have to be developed in terms of gradients in all
directions (P, T, mole-fractions) without conservation of
mole-fractions in order to obtain the appropriate relative local
driving forces and also avoid double conservation constraints
in the free enrgy minimalization. In this article, we limit our-
selves to three components, where CHy is the additional com-
ponent to CO, and water. This can be directly extended to
more components though straightforward extensions of the
equilibrium and supersaturation thermodynamics, and appro-
priate adjustment of the PFT. As the thermodynamic changes
are outlined here the primary additional change in the PFT
model is in the free energy of the thermal fluctuations'®*7-*®
as function of concentrations, which is mathematically trivial.
Supersaturations of fluid phases is straightforward and not dif-
ferent from what we have published before'*'® and in the first
part of this article.

The Gibbs free energy of the hydrate phase is written as a
sum of the chemical potentials of each Componentu’16

Gu=) (33)

where uf! and x, is chemical potential and mole fraction of
component r, respectively. Gy is the free energy of hydrate.
In the earlier work by Svandal,'® a simple interpolation in
mole-fractions was used between pure CH,4 hydrate and pure
CO, hydrate, which was considered as sufficient to
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theoretically illustrate the exchange concept under PFT. This
will of course not reproduce the absolute minimum in free
energy for a mixed hydrate in which CH4 occupies portions of
the small cavities and increases stability over pure CO,
hydrate. The expression for free energy gradients with respect
to mole fraction, pressure, and temperature is

GRF — R S (o)
e |py, T Xipr 34)
OGy OGy
4+ pact _ pEQ) ¢ Tact _TEQ
P |1y ( )* ar P,V,)?( )

here GEXP is the free energy of hydrate away from equilibrium
and the superscripts, EQ and act, represent the corresponding
states at equilibrium and actual states, respectively. We are
now seeking gradients in all directions, independent of mole-
fraction conservation (sum of mole-fractions are conserved
inside PFT). So in terms of super saturation in mole-fractions,
these have to be evaluated as orthonormal gradient effects. In
simple terms that means

0, g
ox. _ { zF1 35)

0x; 1, z=r

where z and r both represent any of the components of the
hydrate: water, methane, and carbon dioxide. This is just means
that the mole fractions are all independent. Using Eq. 33, we sim-
ply take the derivative with respect to one of the mole fractions
(r =m,c, or w) and the mole fraction derivatives are obtained
using Eq. 35 for mole fraction independence, resulting in
3GH 8uc . ol iy (‘9,uw t Ox,
ox, 8x, ox, " Ox, Ox,
It was previously shown'® that the chemical potential of a
guest molecule can be approximated to a high degree of accu-
racy and in gradient terms

(36)

H Ay

;. = Aln(x;)+B, e {0,r # k} 37
where k and r both represents any of the components of the
hydrate (CO,, CHy, and water). For the gradient due to a guest
molecule, these simplifications lead to

8GH 8,uk H
T + 1! 38
o, Xk Oy e (38)
For water, the form has two more terms
8GH G,u H
r + 39
. Z (39)

The chemical potential of a guest in the hydrate ,uk can be
written as (Kvamme and Tanaka®)

o= Ag‘“°+RT1n (hij) (40)

inc

where Ag’© is the Gibbs free energy of inclusion of guest mol-
ecule k in Cavity J» hij the cavity partition function of compo-
nent k in cavity j, the universal gas constant is R and T is
temperature. The derivative of Eq. 40 with respect to an arbi-
trary molecule r is

% B aAng B(RTln(hkj))
oxtt Ox OxH

The first term of Eq. 41 is the stabilization energy, which
can be evaluated either via the Langmuir constant or using the

(41)
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harmonic oscillator approach.® In either case, it can be safely
assumed to be a function of only temperature and pressure.
Omitting the first term of Eq. 41 and disregarding the impact
of guest—guest interactions, one will arrive at
O _ RT Ohy 0
oxH hkj BxH (42)
The wisdom of omitting guest—guest interactions may be
questionable in certain cases, even though they are either ignored
or empirically corrected for by the majority of hydrate equilib-
rium codes (the latter can be implemented at a later stage).
The chemical potential of water

il (T7P,5) = OB (T Py)— ZRTu,ln

1+ Z hk,} (43)

where ,u?;H is the chemical potential of water in an empty
hydrate structure, the first sum is taken over both small and a
large cavity, the second one is over the components k in the
cavity j. Here v; is the number of type- j cavities per water
molecule. Hydrate structure / contains three large cavities and
one small cavity per 23 water molecules, v = 23 and vg = 213
The paper by Kvamme and Tanaka® provides the empty
hydrate chemical potential as polynomials in inverse tempera-
ture, the Gibbs free energies of inclusion, and chemical poten-
tial of pure water pP""*(T). The derivative for the above
equation with respect to an arbitrary molecule r results in

C)h/\,
k Ox,
—RT Z vj [1 S hk/:| (44

From Eqgs. 42 and 44, the derivative of the partition function
can be evaluated from the equation that relates the filling frac-
tion to the partition function

ij
1- Zi 9!?/'
where 0;; is the filling fraction of the components & in the cav-
ity j. But it is easier to recast everything in terms of mole frac-

tion because of the basic assumption of mole fraction
independence

hy = (45)

ij

0 =
DjXy

(46)

since mass conservation is not used, the usual form of 1—xt is
not considered. This is substituted into Eq. 45 and we get

XLJ

.
7= VX — D Xij
Now we can take the derivative with respect to an arbitrary

component 7 and using Eq. 47, we get
ohy @ Oxyy h_zj wa B Ox;j
8x, - Ox,

h (47)

= 4
0x, x5 Ox, “48)

The first thing that must be dealt with the cavity mole frac-
tions as a function of total mole fraction of a component

W=Dy 49)
J

since the derivative of one mole fraction with respect to
another is independent, the mole fraction in the cavity is also
independent
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i 0, k#rorr=w

( .x/\j) _ (50)
Oy 1, k=r

If » = w, then the derivative has to be zero because the

mole fraction of the guest are independent of the mole fraction
of water. Now Eq. 48 is simplified using Eqgs. 49 and 50

Ohyj h%/”i
d — 47 51
an Xkj ( )
Ohy _ Iy 0xg | 1 Oy 52)

0x, Xy 0x, Xy Ox,

where p is an arbitrary guest molecule and £ is also a guest
molecule. These can be the same or different. If £ and p are
the same molecule, this gradient still exist and the “cross
terms” are still able to be found even if there is independency
in the mole fractions. ‘2“’ is calculated by starting with the Eq.
49, which is the basic definition of the mole fraction of the
cavities and how they relate to the total mole fraction of the
component. The total methane mole fraction x,,, is the sum of
the mole fraction in the large cavities x,,, and the mole frac-
tion in the small cavities X,

X = Xl T Xis (53)

From discussions, it is assumed that there is a constant ratio
between the partition functions and between different cavities
of the same component. This is defined as A

T
hms
The partition function can be written in terms of the filling

fraction as shown in Eq. 45. Using Egs. 45, 46, 54 and assuming
that the filling fraction of CO, in small cavities is zero, we get

U1Xy Ds Xy

Ds Xy D1Xy D1Xy

A

(54)

This simplifies into
Xt [ = V0] X [AVX — AX 1] + Xis Xt [l —A] = 0 (56)

Taking derivative of above equation with respect to total
methane mole fraction

OXs

=0
OXpm

OxXpy
[oms (1—A) —vgx] 8xml

+ [A VIXyy —AXe X ( 1 —A)}

(57)
Substitutions were made to simplify the above equation and
get it into a simpler form:
X = Xps(1—A) —vgx,,
Y= AU]XW_AXd +Xml(1 _A)

8xml +Y axms

X
Ox Oxpy

=0 (58)

taking the derivative of Eq. 53 with respect to the total mole
fraction of methane and simplification results in

OXp1 OXxps — Oxpy

M OX, - Oxp =1
8x,,,] o Y
axm X-Y (59
Oxps X
Oxy X—Y
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substituting the values of X and Y gives the final answer:
O Avxy, —Axg tx,(1—A)
Ox Xms (1—A) = vsx,y —AvX,, —Ax g + X, (1—A)
OXs Xms (1—A) —vsx,,
O Xns(1—A) =051, — A —Ax T X (1 —A)
‘93% is calculated by taking derivative of Eq. 33 with respect
to pressure

(60)

dGy outt ¢y 8,um o, 8;11; n % OXm Ox,,
o ap map ap Hegp THmop THeTap
(61)

where the chemical potential gradients with respect to pressure
can be given by

o' -
=V 62
oP ' 62)
Thus, Eq. 62 can be written as
oGy - - HO0Xe | qOxpy | g Ox,
—— = xVetx,Vm+x,Vw+ + +p!
gp = VeIVt n Vot o i B (63)

The sum of the molar volumes (VL-, ‘_/m, ‘_/w) is in fact the
total clathrate molar volume
— clath
Vv

= x. Vet xm Vmtx, Vi (64)

using the above value of Vdmh simplifies the Eq. 64 to

0Gy — clath 4 A Ox, H Oxp H Ox,y

op . THegp Thegp TR gp

The mole fraction derivatives can be calculated from EOS
but there is no change under this derivative so Eq. 66 can be
rewritten as

(65)

8GH —clath
o, 0

The free energy gradient with respect to temperature comes
from the same fundamental relationship as used for the chemi-
cal potential gradient

o [G H
‘aTH,,sz ©7)

PFT model

The effects of nonequilibrium thermodynamics on phase
transition are incorporated by implementing the thermody-
namic model implicitly into phase field simulation. The hydro-
dynamics effects and variable density were incorporated in a
three components PFT by Kvamme et al.** through implicit
integration of Navier—Stokes equation following the approach
of Qasim et al."* The basic phase field model for two compo-
nents is described/used by Wheeler et al.** and other referen-
ces* '™ and other references therein. The PFT for three
components is a straightforward extension of the basic theoret-
ical model. The phase field parameter ¢ is an order parameter
describing the phase of the system as a function of spatial and
time coordinates. The phase field parameter ¢ is allowed to
vary continuously from O to 1 on the range from solid to
liquid.

The solid state is represented by the hydrate, and the liquid
state represents fluid and aqueous phase. The solidification of
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hydrate is described in terms of the scalar phase field ¢
(x1,x2,x3) where x1,x;,and x3 represents the molar fractions
of CH4, CO,, and H,O, respectively, with obvious constraint
on conservation of mass Z?:l x; = 1. The field ¢ is a struc-
tural order parameter assuming the values ¢ = 0 in the solid
and ¢ = 1 in the liquid.'® Intermediate values correspond to
the interface between the two phases. The starting point of the
three component phase field model is a free energy
functional"*

3 2

a’ aZ .
_ ¢ 2 Xi,j ) o 32
F = Jd[ (7T(V¢) + i;:lTTp(x,Vx_, xVx;)

(68)
+fouk (¢, X1, X2, X3, T))

which is integration over the system volume, while the sub-
scripts 7, j represents the three components, p is molar density
depending on relative compositions, phase, and flow. The bulk
free energy density described as

fbulk = WTg((b)—’—(l_p(d)))fS(xl y X2, X3, T)+p(¢)fL(x1 y X2, X3, T)
(69)

The phase field parameter switches on and off the solid and
liquid contributions fs and fi through the function p(¢) = ¢°
(10—15¢+6¢*), and note that p(0) =0 and p(1) = 1. This
function was derived from density functional theory studies of
binary alloys and has been adopted also for our system of
hydrate-phase transitions. It might be modified by fitting profiles
for hydrate/fluid interfaces derived from molecular simulations
but for the time being the profile is sufficiently representative.
The binary alloys are normally treated as ideal solutions. The
free energy densities of solid and liquid is given by

Sourw = WTg(d)+(1—p())fs(xr,x2,x3,T)+p()fi(x1,%x2,%3,T)

(70)
fs = Gupy, (71)
fi = Grph (72)

where the expressions for the free energy of hydrate in a super
saturate (or an undersaturated) state as functions of different
thermodynamic variables are given through Eqs. 33—68, and
the free energies of fluids are described in the first part of the
article from some fluid states and in references*®**!*? for
other states. The details of densities p™¥ and p% can be found
in Qasim et al.'* Also note that a possible phase transition will
only proceed unconditionally if the free energy change is neg-
ative, and more negative than the interface free energy barrier
imposed by the interface work needed to give space for the
new phase, and also all gradient in free energies results in neg-
ative free energy changes for the phase transition. Practically,
this latter condition implies that the system is supersaturated
with respect to gradients of free energies in all thermodynami-
cally independent variables for the system. If one or more gra-
dients result in positive free energies and the phase transition
will compete with other phase transitions.

The function g(¢) = ¢*(1—¢*)/4 ensures a double well

form of the fiux With a free energy scale W = (1 - j—’) Wa+ ot

Wpg with g(0) = g(1) = 0, where vy, is the average molar vol-
ume of water. In order to derive a kinetic model we assume
that the system evolves in time so that its total free energy
decreases monotonically.?*%4!
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The usual equations of motion are supplemented with
appropriate convection terms, as explained in Tegze and
Grocnocsylg; given that the phase field is not a conserved quan-
tity, the simplest form for the time evolution that ensures a
minimization of free energy is

0¢ aF

—+(V.V)p = —My (P, x1,x2,x3) — 73

ot ( )¢ o (¢, x1, 32 3)a(/> (73)
8xi

- F
E‘i‘(V.V)X,‘ = v.(M{V,‘((]’),Xl,Xz,)Q)V%) (74)

where Vv is the velocity, My =x(1—x;)z:D and M

= (1 - “—) M*+3-MP are the mobilities associated with
coarse-grained equation of motion which in turn are related to
their microscopic counter parts; D = Dg+(DL—Ds)p(¢) is
the diffusion coefficient. Additional details can be found
elsewhere. ¢

We have formulated an extended version of the phase field
model, which takes into account the effects of fluid flow, den-
sity change, and gravity. This is achieved by coupling the time
evolution with the Navier—Stokes Equations. The phase and
concentration fields associate hydrodynamic equation as
described by Conti and coworkers*®™*®

dp .
E pmv.v (75)
v
p—+p(V.V)V = pg+V.P (76)

ot

where g is the gravitational acceleration. p,, is the density of
the system in hydrate (p!¥9) and liquid (pk;). Further

P=3%+1 a7

is the generalization of stress tensor,*¢*8 grepresents non-
dissipative part and IT represents the dissipative part of the
stress tensor.

For hydrate formation following water adsorption on rusty
walls,?>* heat transport is very fast compared to mass trans-
port and not likely to have any significant rate-limiting impact
on the kinetic rates. Formation of hydrates inside bulk CO, (or
inside CO,/CH4 fluid) heat-transport rates may have an
impact. For these cases, we have so far extended our PFT code
according to a simplified scheme as described below.

First consider the general thermodynamic relationship

OH v
dH = (ﬁ) deT+ (V—T {ﬁ} P}f) dp (78)

where the molar volume V, as well as the gradient of molar
volume with respect to 7T, is very small for solids and con-
densed phases. The latter term is also exactly zero for ideal
gas. So except for regions of high-pressure gas, the latter term
is normally negligible. So for simplicity and also in view of
other uncertainties which will be described below the latter
term is omitted as an approximation. Strictly speaking, it is
not necessary since the volumetric terms are readily available
from the solution of the EOS used. The correction could be
estimated but the latter term implies couplings to Navier—
Stokes that will require some modifications in the integration
algorithm.

The two primary contributions to heat transport are conduc-
tion and convection. For the systems that we consider, the
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conduction term is the dominating. A common approximation
in hydrate modeling, as well as in interpretation of experimen-
tal data, is therefore, to lump both these contributions into an
“apparent” conductivity. Accordingly

O = kAAT (79)

where £ is the “apparent” heat conductivity, A is the area for
the heat transport and AT the temperature difference. In the
integrations of Eqgs. 79 and 80, the 2-D or 3-D space in consid-
eration is discretized into grid blocks, and for each grid block,
the total molar enthalpy can be written as

H; = (1—¢;)Hs,;(T,P,%s;)+o;Hy;(T,P,%.;) (80)

where subscript i is the index for grid block number and sub-
scripts S and L denote hydrate and fluid, respectively. These
enthalpies are readily available from the individual thermody-
namic models involved but are more conveniently evaluated
directly from the free energy of each grid block using Eq. 69.
From the first law of thermodynamics and combining Eqgs. 79
and 80, we arrive at the simple result

AH
(At )i = kAAT; (81)
In discretized form for a chosen time step of the integration,
At, and corresponding changes in enthalpy and temperature
over a time step of progress. A; is trivially given by the geome-
try of the grid block system and the dimensions of the system
(3-D or 2-D simulation). We make no rigorous discussion on
the most appropriate form of an average thermal conductivity
of each grid block and have so far implemented the following
average value®

ki = (1= @,)ks; (T, P,%s ;) + kL (T,P,%L;) (82)

in which a number of different correlations are available for
gas mixtures in the fluid part of the latter term. For liquid
water part of the latter term, values are fairly independent of
pressure, and since solubility of CO, as well CHy, is limited
liquid water provides a fair approximation. Thermal conduc-
tivity for hydrate in the solid position of the grid block phase
distribution, the value is almost insensitive to both pressures
and compositions of the hydrate. Fixed values for ks; and ky;
are available elsewhere.>

Results

The injection of CO, into the pore will first displace some
of the water surrounding the hydrate due to the minerals nor-
mally having a higher thermodynamic affinity for water than
hydrate. But this will, of course, depend on the mineral wet-
ting properties. As an example, first few layers of water
adsorbed on hematite may have chemical potentials lower by
2-4 kJ/mole than that of liquid water."? If the mineral surface
is CO,-wetting, then a greater fraction of the in situ liquid
water will surround the hydrate core inside the pores. In this
case, the in situ free gas (if existing) will partially dissolve in
the injected CO,. The rate of dissolution will depend on disso-
lution kinetic rates compared to flow dynamics and rates of
CO, conversion into hydrate. The rate of CO, conversion into
hydrate is depends on the diffusion of CO, into the porous
medium, which would depend on the properties of the medium
such as pore sizes, pore connections, and porosity.53 The 3-D
bond pore network model presented by Mu et al.”> showed
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that diffusivity increases with mean pore diameter when the
pore size is less than 1 um as a result of the Knudsen effect,
with a very strong dependence of effective diffusivity on pore
size (which is due to nanoscale to microscale impact of inter-
actions between solid and fluid on energy and entropy genera-
tion as well as stress). The increased hydrate formation due to
increased diffusion rate of CO, into the nanoscale pore size is
observed by Adeyemo et al.>* The relative fraction of water
surrounding the hydrate core is of course dependent on several
additional factors, but in the example used here for illustration
purposes, we have chosen to have water-wetting mineral sur-
face. The degree of water wetting is not important for these
examples since thermodynamics of fluids adsorbed on mineral
surfaces is not yet implemented but quite feasible along the
lines described by Kvamme et al.?' with additional data on
chemical potential of adsorbed water as described by Cuong
et al.*>* for calcite.

Conversion of CH, hydrate over to CO, hydrate may pro-
ceed via two primary mechanisms. The direct solid-state con-
version will be slow, since its rate is related to solid-state
diffusivity of CH4 and CO, inside hydrate. The second mecha-
nism implies that injected CO, is able to form a new hydrate
together with free water surrounding hydrate (and of course
also with adsorbed water). Heat released by hydrate formation
will contribute to dissociation of in situ CH,4 hydrate. This
effect could be expected to enhance the conversion rate as the
amount of water surrounding the initial CH4 hydrate core
increases. The larger volume of liquid water around the
hydrate would mean greater contact area between it and the
CO,, which would also facilitate the formation of new hydrate.
This second mechanism will not be limited by heat transport
since the rate of heat transport is 2-3 orders of magnitude
faster than that of mass transport16 through liquid water and
hydrate. Conversely, heat transport through the CO, phase
will be comparatively slow. This factor will, therefore, facili-
tate heat transfer from the CO, hydrate formation region
toward the in situ CH,4 hydrate. Liquid-state diffusivity associ-
ated with mass transport to and from the hydrate surface will
be orders of magnitude faster than the solid-state transport.
The second mechanism is, therefore, expected to utterly domi-
nate as long as there is any free water left around the CHy
hydrate. We, therefore, have considered three different thick-
nesses of injected CO, to study the relative impact.”

To save CPU time, simulations are conducted in 2-D
although there are no constraints to this in the theory or the
PFT code. Two-dimensional is also sufficient for the simple
crystal morphology that we are using in our examples at this
stage. As mentioned, there are two primary mechanisms
involved in the conversion of methane hydrate into a mixed
hydrate of carbon dioxide and methane in which some meth-
ane will occupy the small cavities. As an approximation, we
neglect filling of carbon dioxide in the small cavities since it is
so far uncertain if this will be significant for rapid phase transi-
tions in a dynamic reservoir flow environment. The thermody-
namic stabilization from CO, filling in large is also uncertain
since the cavity partition functions for CO, in small cavities
are extremely small and in molecular dynamics simulations,
using different well-known interaction models for CO,, the
hydrate dissociates fast. These are so far unpublished results.
So even though experimental evidence may suggest that CO,
might be trapped in small cavities, it does not necessary imply
that chemical potential of hydrate water will be lowered by
this occupancy. On the contrary, it might even result in large
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Figure 1. Initial snapshot of density (moles/m®) profile
shows the initial distribution of phases and
components for (5000 A x 5000 A) system;
red disk in the center is CH,; hydrate core,
water regions are represented by maroon
color, dark blue region is methane, and rest
is CO,, Similar distribution for other two 2-D
systems.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

CO, molecule hindering water liberations. Even a spherical
CO, model in large cavity will interfere with some water lib-
erational frequencies.® The chemical potential for water is
roughly 1 kJ/mole at 273 K higher when water movement is
accounted for by molecular dynamics simulations compared to
the Langmuir constant integration using a fixed water lattice.”
The difference is likely to be substantially worse for the small
cavity. So given that it is uncertain if CO, is actually trapped
in small cavities in significant amounts under the dynamic sit-
uations, we focus on we approximate to zero filling of CO, in
small cavities.

The three 2-D systems of size 5000 A X 5000 A represent-
ing the sample pores size. The initial hydrate saturation was
same for all systems, with hydrate cores represented by disks
of radius 1136 A located at the center of the 2D systems. The
initial pure methane saturation is approximately 20% of the
pore area. Water strips of varying thickness (5, 50, and 70 A)
are introduced around the hydrate core, with the rest of the
system saturated with CO, to represent two different amounts
of free water surrounding the hydrate and corresponding dif-
ferent water/CO, contact areas. A sample system is shown in
Figure 1.

The distribution of phases and components shown in
Figure 1 is based on average liquid water saturation, free gas
saturation, and hydrate saturation of a real reservoir. Thickness
of water film around the hydrate core shown in Figure 1 is 50
A as an example. The model pore is a square shape of size
5000 A X 5000 A in Figure 1 and sI Structure hydrate is repre-
sented by circular region in red color right in center of the
pore. The water saturation is represented with maroon color
around hydrate in addition to the two strips adjacent to the
walls. Considering the injection of CO, has moved methane
up from its original position around the hydrate is, therefore,
represented by the upper dark blue strip. The rest of the region
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shows the injected CO,. The pressure is kept constant at 83
bars and the initial temperature is uniform and 277.15 K.
These conditions have been used in this initial study since
these conditions were applied in a number of experiments con-
ducted in ConocoPhillips laboratory in Bartlesville over more
than a decade. See for instance Kvamme and coworkers,lg’21
for examples and description of the experimental setup. Com-
parison with these experimental data will also require inclu-
sion of realistic mineral surfaces, and that is a future goal.

The existence of free water and CO, liquid form a new CO,
hydrate and as a result releases heat as shown in Figure 2.
Heat released here is a dominating factor in the fast initial dis-
sociation of methane hydrate and as a result allowing a faster
initial exchange process. The second, dominating factor in the
initial dissociation process is the lower energy state of CO, as
the guest molecule in sI gas hydrate structures vs. CHy. This
results in more favorable thermodynamics conditions of for-
mation for the pure CO, vs. pure CHy hydrates over large
regions of pressures and temperatures, while mixed hydrate in
which CO, dominates occupation of large cavities and CHy,
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Figure 2. (a) Snapshot of temperature in kelvin shows
an increased around the CH, hydrate due to
formation of CO, hydrate, color bar is asso-
ciated with (a) representing temperature in
kelvin. For a more clear insight, a region at
interface is highlighted and zoomed in. (b)
Temperature curve from one end to another
passing through center of CH, hydrate.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. Heat flux profile.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

dominates occupation of small cavities is more stable at all
conditions of temperature and pressure.

The formation of hydrate is an exothermic process and,
therefore, result an increase in temperature in the area of new
CO, hydrate formation, as shown in Figure 2a. Heat transport
through CO, region is slow which will, therefore, also facili-
tate the heat being transported from the CO, hydrate formation
region toward the in situ CHy hydrate as shown in Figure 3.
The calculation details are given in Appendix.

The encircled region in Figure 2a is also show gaps in the
increasing temperature regions at the interface which are typi-
cally escape regions for dissociating methane mainly from the
large cavities of hydrate. The dissociation extracts heat since it
is an endothermic process. Hydrate dissociation extracts heat
from the surroundings which is illustrated in Figures 2a, b by
regions of reduced temperature.

—z— CO2 mole fraction
‘| —&— Phase parameter |1
—— CH4 mole fraction

0 1000 2000 3000 4000 5000

Length(A)

Figure 4. CO, filling in hydrate while curve of methane
mole fraction shows dissociation of methane,
phase parameter curve to indicate hydrate
and fluid phases.

The zoomed graph is showing the clear picture of
exchange process. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
com.]
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Figure 5. Snapshot of methane mole fraction in entire
system after 4.84 ns.
(a) Methane mole fraction across the system after 4.84
ns for the system with water thickness 70 A. A region at
the interface is highlighted and zoomed in to show meth-
ane as free gas. (b) A comparison of methane mole frac-
tion after 4.84 ns of three examples. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

All the curves in Figure 4 and in coming figures show varia-
tion in parameters along the line starting from the boundary of
the 2-D geometry in Figure 1 adjacent to blue methane region
to the opposite boundary passing through the center of
hydrate. This will show the variation in parameters in the pore
with a single curve. The CO,, CH, concentrations, and phase
field curves in Figure 4 show that CO, has converted the inter-
face water layer into hydrate and created a new interface
dominated by CO, in favor of CH, with water and then started
the (slow) solid-state conversion of the CH,4 hydrate core. The
phase parameter is represented by the third curve in Figure 4
is drawn here to show precisely the changes in mole fraction
of CO, and CH, inside hydrate.

Due to dissolution kinetics, the surrounding CO, will not be
able to dissolve the released methane within the time window
of simulation time. Methane will, therefore, exist as free gas
bubbles near the interface and then gradually increasing in
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Figure 6. A comparison of estimated methane release
rate in three systems.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

CO, content. CH4 and CO, are mutually soluble at these con-
ditions according to the thermodynamics but there are con-
straints on the solubility kinetics in terms of diffusivities
compared to the impact of Navier—Stokes on the local varia-
tions in densities. The existence of free CHy-dominated gas
bubbles from released CH,4 can be observed in this example as
shown in Figure 5. Some few regions of free gas are particu-
larly expressed by encircling them within the fluid phase in
Figure 5. The mole fraction of methane in those regions varies
in the range of 0.4-0.65. The system with the larger water
layer thickness around initial hydrate has more methane at
interface after a particular simulation time. The larger water
layer ensures a higher dissociation rate of methane from
hydrate due to a larger amount of new CO, hydrate being
formed per unit time and rapid heat transport inward toward
the hydrate core and slow heat transport into surrounding CO,
phase. A comparison of dissociation rates of methane is pre-
sented in Figure 6 to emphasize this picture.

The simulation results covered a limited time interval due
to computational restrictions, with only a fraction of the large
cavities being filled with CO,. Achieving a full exchange will
require substantially longer simulation runs even when using a
supercomputer with relatively high parallelization. The rate of
CH, release, as illustrated in Figure 6, clearly shows that
methane was still being released even toward the end of the
simulations, though with the rate did decrease as the amount
of free liquid water diminished due to transition to the slow
solid-state exchange mechanism. All of the systems appear to
enter a stationary slow progress dominated by solid-state
exchange. To illustrate this, the numeric results were extrapo-
lated to experimental time as the interface in these simulations
is perfectly follows the power law, which is proportional to
square root of time showing a diffusion control process (Fig-
ure 7). The dissociation rate by second mechanism is orders of
magnitude faster than solid-state transport, which is illustrated
in Table 2.

CH, flux (molim?s)

10° 10" 10" 10° 10 10° 167 10" 10"

Time (s)

Figure 7. Extrapolation of CH,; flux into experimental
time-scale.
The solid red line represents simulation with 50-A water
thickness and dashed black line is for simulation with
70-A water thickness around hydrate core. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

As expected, a system with the thinnest liquid water layer
entered the slow-exchange stage faster than systems with
more free water available to create new CO, hydrate. The dif-
ference in transition of rates between the heat supply mecha-
nism vs. the solid-state transport is illustrated in Figure 8.
These results will have significant practical implications; the
conclusion that initial saturation of free water capable of pro-
ducing new CO, hydrate will be a critical dynamic factor for
conversion of in situ CH,4 hydrate into CO, and mixed CO,/
CH,4 hydrate being of utmost importance. And since the rate of
heat absorption related to dissociation of CH4 hydrate will be
controlled and rate-limited by mass transport across the liquid
water/hydrate interface, there will be a kinetic balance
involved as well. Given that it is the interface that provides the
most favorable site for hydrate formation from injected CO,
and pore water, pore blockage can occur fast due to relatively
thin but mechanically strong interface hydrates will potentially
be able to trap liquid water and CO,. This impact can be
reduced by several additives. The high hydrate saturations typ-
ical for Alaska may, therefore, not be ideal for the conversion
method, although CO,/N, injection will work (Ignik Sikumi
gas hydrate field trial*®) and would perform better with a dif-
ferent completion type (separate injection and production
wells) since the CH;—CO,—nitrogen exchange will result in a
beneficent gas density gradient between injection and produc-
tion sites.

Conclusions

The exchange of CH, with CO, in the hydrate will be con-
trolled by two primary mechanisms. The fastest one will
involve creation of new CO, hydrate. This new hydrate can
nucleate from phases adsorbed on mineral surfaces, existing

Table 2. CH4 Dissociation Rates

Simulation 2 with water thickness 50 A

Simulation 3 with water thickness 70 A

Time (s)
Dissociation rates (mol/m?s)

1.6 e —010
3.365 e +003

1 1.6 e —010 1
2.858 e —008 3.815 e +003 7.249 e —008
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Figure 8. Development of the mix CH,/CO, hydrate core as function of time three examples.

(a) Radius as function of time and (b) rate of radius reduction as function of time. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

hydrate, or interface between liquid water and CO,. Heat
released by hydrate created from water surrounding the hydrate
core will be mainly transported through water and existing
hydrate since the surrounding CO, can be considered a thermal
insulator, given its heat-transport rate is extremely small com-
pared to liquid water and hydrate. In practice, this would mean
that kinetic rate of this mechanism will be determined by the
rate of liquid-state mass transport. This will be in contrast to a
second, much slower mechanism, whose rate is proprotional to
that of solid-state transport of molecules through hydrate.

We have applied a PFT developed and discussed in more
detail through our previous studies'*' to investigate and ana-
lyze these complex hydrate phase transitions. Three examples
of square 2-D model systems identical in size (5000 A X 5000
A) and having the same initial spherical CH, hydrate core
(radius of 1136 10%) but differing in water film thickness around
the hydrate core have been simulated to illustrate our
approach. The initial conversion process has proven to be fast
in all three systems as expected, since this stage is dominated
by rapid formation of new CO, hydrate and subsequent disso-
ciation of CH, hydrate facilitated by released heat of forma-
tion. The thickness of the water film was shown to strongly
affect the rate of exchange, which increased with the thick-
ness. The availability of free water facilitates the formation of
new CO, hydrate, which results in release of heat and, there-
fore, promotes a faster dissociation of initial CH, hydrate
core, eventually raising the exchange rate. After the free water
has been consumed, the exchange rate is governed by solid-
state transport, with all three systems observed to reach the
same asymptotic limit accordingly.
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components CO,, CHy, and H,O. AT is the change in tempera-
ture at different time in kelvin (K) and x; is the mole fraction of

a; = 0.80201

component / and subscript i represents components CO,, CHy,

and H,O.
Al: Thermal conductivity of liquid CO,®

0'9p*2.86
T*

kco, = a1+b1p+clp2+d1p3+el [T* (H—
where
a; = —4.406180%x 102
b, = 5.981447x10*
c1 = —1.331925%107¢
dy = 1.022006x10°
e; =2.739334x107°

T—T
T == |
C
. PP
P =
Pe

T, is the temperature in kelvin (K)

The critical temperature of CO,, Tc = 304.21 (K)
The critical density of CO,, p, = 4.64X10? (%)
The reduced density, p, = 0.95,

p, is the liquid CO, density in kg/m®

A2: Thermal conductivity of pure water’®

4 T b;
tro =3 (5)

where

¥

a, = —0.25992
az = 0.10024
ay = —0.032005
by = —0.32
0.5
r b, = —5.7
(A1) by = —12
by = —15

T, is the temperature in kelvin (K)
A3: Thermal conductivity of CH,®

6
ke, = 0.01) et
i=0

where
co = 0.4796
c; = 1.8732
cr = 37413
c3 = —47.440
Cq4 = 38.251
cs = —17.283
ce = 3.2774
- T
= 1000

T, is the temperature in kelvin (K)

(A2)

Manuscript received Sep. 29, 2014, and revision received May 7, 2015.

AIChE Journal

November 2015 Vol. 61, No. 11

Published on behalf of the AIChE DOI 10.1002/aic

(A3)

3957



	l
	l
	l
	l
	l
	l
	l
	l
	l

