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In this work, the ability of different equations of state to predict the gas consump-
tion during hydrate formation in a batch system has been evaluated using the model of
Kashchiev and Firoozabadi. The first state equation used for this purpose was the one
developed by Esmaeilzadeh and Roshanfekr. The predictions were then extended using
PR, SRK and Patel Teja equations. The ability of the different equations of state were
evaluated for single gases of methane and ethane and their mixtures adding to more than
a thousand experimental data existing in the literature. The consumption of gas during
hydrate formation was predicted both with and without the presence of kinetic inhibitors.
In the case of double hydrate formation, the state equation based on the Kashchiev and
Firoozabadi model for simple gas was modified by lumping the component of hydrate
formation as a pseudocomponent. The results of this extension study show that the equa-
tion developed by Esmaeilzadeh and Roshanfekr is just as suitable for predicting gas
consumption during hydrate formation as any of the other well known state equations

such as PR and SRK.
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Introduction

Gas hydrates, or clathrate hydrates, are ice-like
crystalline compounds formed by the inclusion of
low molecular diameter non-polar or slightly polar
molecules (usually gases) inside cavities formed by
water molecules. Although clathrates have similar
properties to ice, they differ in that they can form at
temperatures well above the freezing point of water
at elevated pressure conditions. They crystallize in
three well-known structures known as structure I, II
and H.'"® Gas hydrates are reviewed in detail by
Sloan.? In petroleum exploration and production op-
erations, clathrates pose a serious economic and
safety concern. Hydrates can block pipelines,
subsea transfer lines. A well-recognized hazard in
off-shore drilling is the formation of gas hydrates in
the event of a hydrocarbon flow into the wellbore
from the reservoir, e.g. a kick. This could poten-
tially block the BOP (Blow-Out Preventers) stack,
kill lines and chokes, obstruct the movement of the
drill string, and cause serious operational problems.
Gas hydrates are generally prevented by injecting
so-called thermodynamic inhibitors, such as metha-
nol, glycol etc. However, these inhibitors may not
be economical at high water cuts, in addition to
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many environmental and logistical issues. Hence,
the industry is introducing a new family of in-
hibitors called Low dosage hydrate inhibitors
(LDHI).*'® Various models have been published on
the basis of the crystallization theory for the predic-
tion of gas hydrate formation. One of the most im-
portant parameters in these models is the driving
force. In order to calculate the driving force of hy-
drate formation (the fugacity of different compo-
nents in the gas phase), corresponding thermo-
dynamic models are required. For example,
Kvamme!® used the SRK equation of state and
found that the deviations from the experimental
data are in directions that are to be expected from
the simplifications of the model. Sloan used the
SRK3 equation of state to calculate the driving force
and predict hydrate equilibrium pressure. The re-
sults indicate that the prediction of equilibrium
pressure by using the SRK equation of state is
closer to the experimental data. Kashchiev et al.?°
used the PR equation of state to predict induction
time and the gas consumption rate by using the cal-
culation of the driving force. They found that the
sharp decrease in the induction time, with increas-
ing supersaturation, is largely due to the strong
supersaturation dependence of the rate of hydrate
nucleation. Englezos et al?' used the Peng and
Robinson equation of state to calculate the driving
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force by using the fugacity coefficient of the com-
ponents in the gas phase resulting in the proposed
model’s capability of describing the experimental
data quite well with a prediction error of less than
11.3 %. In this work, the rate of gas consumption
for a pure component is calculated based on the
Kashchiev and Firoozabadi model with and without
the presence of kinetic inhibitors. In addition, an
approach for the prediction of the gas consumption
rate for multicomponent gas hydrate formation
based on the Kashchiev and Firoozabadi model is
developed from the correlations of simple gas hy-
drate formation by lumping the components of the
hydrate formation as a pseudocomponent. In the
proposed models we also investigated the effect
of using two-parameter equations of state, the
ISRK??and ?PR? and three-parameter equations of
state, the *ER** and “PT? to predict the gas con-
sumption rate by calculating the driving force from
the fugacity coefficient of the components in the
gas phase.

Gas consumption rate in simple
gas hydrate formation

Nucleation is perhaps the most challenging
step in understanding the process of crystallization
of gas hydrate. The kinetics of gas hydrate crystalli-
zation is covered in a large number of studies in the
literature. Recent studies, Makogon?® and Sloan,?
provide an extensive review on the subject. As far
as the nucleation aspects of the crystallization pro-
cess are concerned, a theoretical description of the
rate of hydrate nucleation has been attempted only
recently by Kavamme.!” Several models have been
published on the basis of the crystallization theory
for the prediction of gas hydrate formation, but no
one can predict the rate during hydrate formation
very well because of the stochastic nature of the nu-
cleation process. This in turn makes the prediction
of the hydrate growth phase impossible. Several re-
searchers?¢-* have measured the rate of gas hydrate
formation after nucleation, that is, the hydrate
growth stage. The rate of formation is typically ex-
pressed in terms of the gas consumption rate.
Kashchiev and Firoozabadi** developed the rate of
gas consumption model based on the early stage of
the crystallization theory. The developed gas con-
sumption rate for simple hydrate formation is
defined as:

dn(t)

R(=—~= (bp,V.G"IIM )" (1)

! Soave-Ridlich-Kowng

2 Peng-Robinson

3 Esmaeilzadeh-Roshanfekr
4 patel-Teja

For volume (J is in m~ s7!) progressive nucle-
ation eq. (1) is applicable when the hydrate nucle-
ation rate is time independent and the hydrate crys-
tallites increase in size according to eq. (2) without
having contacts with each other.

_dr(t) R
= a(n) = mG"t 2)

g(?)

In the following section, different terms of eq.
(1) will be described. In the above equation, R(?) is
the rate of gas consumption for a pure component
in simple gas hydrate formation, p, is the hydrate
density, V; is the initial volume of the solution, M,
is the molar mass of the hydrate, ¢ is time, b is the
dimensionless shape factor defined as b = 4n/3 for
spherical crystal, b = 8 for cubes, b = [47/3 y(0)]
for caps on a solid substrate with wetting angle
0 (0 < 6 < 180) and b = [y(O) + Y(B,) (sin(B)/sin(B,))’]
for lenses at the solution/gas interface with angles
0, 6, characterizing hydrate/solution and hydrate/gas
contacts, respectively. The function 1(x) is defined

by eq. (3).3
WY(x) = (1/4)(2 + cos (x))(1 — cos x)* 3

7(?) as the crystallite growth hydrate formation
is defined in eq. (4) based on the power law growth
rate.

(1) = (Gn)" “4)

where, m > 0 is a number, G (m'™s™!) is the growth
constant, and ¢ is time. Both m and G are obtainable
by model considerations corresponding to the kinet-
ics of crystallite growth. The function G is defined
by the following equation:

G=¢4,D,C [exp(Au/kT)=1]= Q(e™ =1) (5)

for continuous or normal growth by transfer of hy-
drate building units across the crystallite/solution
interface.>*3%3 In the above equation, ¢ < 1 is the
sticking coefficient of building units to the crystal-
lite surface, A4, is the surface of hydrate crystal, 7 is
the temperature of the system, C, is the equilibrium
solubility of the gas component, Q is the super-
saturation — independent kinetic factor, and D, is
an effective diffusion coefficient characterizing the
random events of transfer of hydrate building units
across the crystallite/solution interface, respectively.
J(t) = J, the nucleation rate is given by Kashchiev
and Firoozabadi?*** and is defined as:

J = a exp(Au/kT) exp(—4c3 V20,3127 kTAW?)  (6)

where, c¢ is the numerical shape factor and is equal
to (36 m)'® and o, (J m?) is an effective specific
surface energy defined by
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where, ¥ is a number between 0 and 1 and is
equal to ¥ = (y(0))"? for cap-shaped hydrae nu-
clei on a solid substrate, and is equal to
¥ = [y(0) + Y(O,)(sin(0)/sin(6,))*]"” for lens-shaped
hydrate nuclei at the solution/gas interface; o (J m2)
is the specific surface energy of the hydrate/solu-
tion interface. It is expected to have the value of
about 20 (mJ m~2) which is approximately the value
of the specific surface energy of ice in water. « is a
kinetic parameter and is defined based on the mech-
anism of attachment of hydrate building units to the
nucleus and mechanism of nucleation.?’ For hetero-
geneous nucleation on a solid substrate or at the so-
lution/gas interface without a nucleation active cen-
ter, the parameter of «a is calculated by eq. (8):

a=ze(4mc)?v)’D,C, 0" /4,  (8)

In the above equations, z = 0.01—1 is the Zel-
dovich factor, V), is the hydrate volume, and A4, is
the surface area of a water molecule, D, is the diffu-
sion coefficient of gas in water calculated for the
hydrate forming components using the Wilke-Chang
correlation, as given in Reid er al.3

74-107"%(x M )"*T
¢ = u 0.6

w’ om,i

)

where, D, M,, and u,, are the diffusivity (m?s'),
water molar mass (g mol™!) and water viscosity
(Pa's), respectively; T is the absolute temperature
(K) and I, ; is the solute molar volume at its normal
boiling point (cm® mol™); 7 is the association factor
of the solvent (for water 7 = 2.6). An average diffu-
sion coefficient for the gas into water was obtained
by normalizing the individual diffusion coefficient
of the hydrate forming gas components, based on
the composition of the hydrate forming gas in the
natural gas mixture, 7 is the amount of building
units constituting a nucleus calculated by the
Kashchiev expression.?’

n=8cVo) 127007 (10)

where, Au is the supersaturation or the driving
force of hydrate formation.

LDHIs (Low dosage hydrate inhibitors) are
known as kinetic inhibitors, because their fraction
in the solution is so low (below w =1 % of the
aqueous phase) that they have no appreciable influ-
ence on the hydrate/solution/gas thermodynamic
equilibrium.?® From eq. (1) we see that when hy-
drate crystallization occurs by progressive nucle-
ation, the additives may change either the nucle-
ation (J) or the growth (b; G and m) of the hydrate
phase or both, assuming that the growth exponent

m in eq. (2) remains the same for both the blank
and the additive-containing solution. By using the
Langmuir adsorption isotherm for additive adsorp-
tion on the nucleation sites and growth sites, the
stationary nucleation rate J and the growth constant
G from egs. (5) and (6) become:?’

0 AW/KT
Ga = 7(@ - 1) (11)
1+ k,C,
a
I e a0k AT (13

Then, the gas consumption rate for a pure com-
ponent in the presence of kinetic inhibitors is de-
fined as:

dn.s' 3m 3m
R(t) = ? = (bpthGa Ja /Mh)t (13)

Here, n, (mol) is the amount consumed, &, (m?)
and k, (m?) are the adsorption constant and C, (m™)
1s the concentration of additive in the solution, and
J, and G, are the stationary nucleation rate and the
growth constant in the presence of kinetic inhibi-
tors.?’ The numerical solution for egs. 1—13 will be
possible if the driving force Au is known. There-
fore, the following section describes how to calcu-
late the driving force.

Driving force for simple and double gas
hydrate formation

Hydrates formed from a single hydrate former
are known as simple hydrates. Several driving
forces have been used in the modeling of hydrate
formation kinetics, and those most frequently used
in experimental studies are related to the hydrate
equilibrium curve. Mullin®® defines the driving
force for crystallization in terms of super-satura-
tion. Spontaneous (homogeneous) nucleation will
only occur in a supersaturated solution in the labile
region limited by the super-solubility curve. In the
meta-stable zone, spontaneous nucleation cannot
occur, but growth of crystals is possible. For in-
stance, the driving force for nucleation and growth
can be defined by the super-saturation ratio.
Vysniauskas and Bishnoi?® used subcooling (some-
times also called supercooling) as the driving force
for nucleation and growth. Subcooling is defined as
the difference between the hydrate equilibrium tem-
perature at the experimental pressure and the exper-
imental temperature. Subcooling is easily deter-
mined by measuring the experimental temperature
and calculating the hydrate equilibrium temperature
using a thermodynamic model. Alternatively, the
distance from the hydrate equilibrium curve in terms
of pressure or fugacity can be used. Englezos? used
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the difference in the fugacity of the dissolved gas
and the hydrate equilibrium fugacity at the experi-
mental temperature as the driving force in their hy-
drate formation model. Skovborg® expressed the
driving force as the difference in the chemical po-
tential of water in hydrate phase and water in liquid
phase at experimental pressure and temperature.
Skovborg and Rasmussen*’ used the difference in
the gas mole fraction at interface and in the liquid
bulk phase as the driving force. Kashchiev and
Firoozabadi?® derived a general expression using the
supersaturation for the crystallization of one-com-
ponent gas hydrates in aqueous solutions. The
supersaturation is the driving force of the process,
since it represents the difference between the chem-
ical potentials of a hydrate building unit in the solu-
tion and in the hydrate crystal by the following re-
action:

G + n,(H,0) = G n,(H,0) (14)

One molecule of dissolved gas and n,
(hydration number) water molecules of the solution
form one building unit (G n,(H,0)) of the hydrate
crystal. The driving force was derived at isothermal
and isobaric conditions. For isothermal conditions,
the driving force was found to be

Au=kTn[p(p,1) plpe(p, . D)p. HAV (p—p,) (15)

where, k is the Boltzmann constant, p, is the hy-
drate equilibrium pressure at 7, and ¢ and ¢, are the
fugacity coefficient of gas at given p and 7 and p,
and 7, respectively, and AV, is given by the follow-
ing equation:

AV, =n,(p,, 1)V, (p..T)=V,(p..T) (16)

Here, AV, is the difference between the volume
of n,, water molecules in the solution and the vol-
ume of a hydrate building unit in the hydrate crystal
at the equilibrium pressure, V,, is the molar volume
for water. V}, can be calculated from

V,=V

cell

/n, (17)

where, 1, is the amount of gas per unit cell of hy-
drate crystal lattice and V,, is the volume of the
unit cell of the hydrate crystal lattice.

Also, Christiansen and Sloan*' derived the
driving force for hydrate formation on the basis of
molar changes in the total Gibbs free energy of the
system when hydrate crystal forms from water and
gas. With the application of the isothermal path, for
calculating the AG of hydrate formation, they ob-
tained the following equation for a multicomponent
system:

AG™ =n,(V, =V, )(p“ = p™)+
+ RT Y n, (£ 1)

Ag = AG*™/n, (19)

(18)

where, AG** is the change in Gibbs free energy at
operating conditions, Ag is the change in molar
Gibbs free energy at operating conditions (the total
changes of Gibbs free energy in the above operat-
ing path per amount of water consumed); #; is the
amount of gas, R is the universal gas constant,; £
and £ are the fugacity of component ‘i’ in the gas
mixture at equilibrium and experimental conditions,
respectively. These two parameters should be calcu-
lated with a suitable equation of state. In this study,
several different EOS were used to calculate £*d and

fi‘exp'

Calculations of fugacity coefficient

Since van der Waals** authors have developed
many empirical and semi-empirical cubic equations
of state. Each trying to improve the calculation of
physical properties of substances, some have mo-
dified the pressure attraction term,* some the
pressure repulsive term,** and others both of
the terms.* These equations have ranged in com-
plexity from simple expressions containing two
or three constants to complicated forms such as
PHCT containing more than 50 constants. Thus,
in many situations, the use of a simple cubic equa-
tion of state, which satisfies both accuracy and
speed of computation time, is more convenient.
Table 1 shows the summary of the equations of
state used in this work. In order to calculate the
driving force of hydrate formation by the above
equation, fugacity of different components in gas
phase, corresponding thermodynamic models are
required.

Rate equation for gas consumption
for double gas hydrate formation
in the presence of kinetic inhibitors

In this work, Kashchiev and Firoozabadi's
model3* for a pure component is developed for the
prediction of the gas consumption rate of binary gas
hydrate formation by lumping the components of
hydrate formation as a single component. The de-
veloped equation is given as:

dnS 3m 3m
Rs(t) = ? = (b pthGas Jas/Mhs)Z (20)

In the above equations, R (?) is the rate of gas
consumption for pseudocomponent gas hydrate for-
mation, n, is the number of pseudocomponent
moles consumed, p,,, M;,, G,,, and J,, are the hy-

as? as?



299

., Chem. Biochem. Eng. Q. 23 (3) 295-308 (2009)

M. R. TALAGHAT et al., Prediction of Gas Consumption During Hydrate Formation ..

Table 1 — Summary of the cubic equation of states used in this work
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drate density, the molar mass of hydrate, the growth
constant and the volume progressive nucleation for
the pseudocomponent given by eqgs. (21), (22), (23)
and (26), respectively.

N, - Mw, + 27 Zjvyi,-v,-M J

N,V

cell

phs = (2 1)

where, NV, is the amount of water per unit cell, N, is
the Avagadro’s number, M, and M, are the molar
mass of water and component j, respectively, y; is
the cavity filling of component j in cavity i in the
hydrate phase, v; is the number of type i cavity per
water molecule in the unit cell, V,;, is the volume of
the unit cell, N is the number of cavity types in the
unit cell, and N, is the number of components in
the hydrate phase.’
N(.‘[)Wl

=Y Mx, +N,-M, (22

J

M,

A}

Here, x,; is the molar fraction of the hydrate
phase, and M, is the water molar mass.>
G, = ¢&4,D,C [e" —1] (23)
In the above equation, AG is the super-
saturation or the driving force of the hydrate forma-
tion given by eq. (18), D, is the effective gas
diffusivity pseudocomponent in water and C, is the
equilibrium solubility of the pseudocomponent
given by the following eq. 24:34353

TS, M,
where, p (g m~) is water density, x,. is the composi-

tion of guest molecule k in the free water phase at
equilibrium condition® and is given by eq. (25):

fke

Xy = o (25)

H,, exp

* N, 24)

RT )
Here, H,,, is the Henry’s law constant,’ f, is the
fugacity component k in the mixture at the equilib-

rium condition, R is the universal gas constant, V,
is the infinite volume and W is energy density.

AG

Y 3173 .3 2
Ju= 5 e e ‘T exp(—4c’V, 0} 12TkTAG?) (26)

Here, a, is a kinetic parameter and is defined
based on the mechanism of attachment of hydrate
building units to the nucleus and mechanism of nu-
cleation.'® For heterogeneous nucleation on the

solid substrate or at the solution/gas interface with-
out a nucleation active center, the parameter of a,
is calculated by the following equation:

/4, (27)

es’ s

a, = ze(4ne)'?V,\>D .C

Where, z = 0.01—1 is the Zeldovich factor, V
is the hydrate volume, and 7, is the amount of
building units constituting a nucleus and is calcu-
lated based on the Kashchiev expression.?!

iy, =8¢ Vo /27Au° (28)

Numerical method of solution

The numerical solutions for the prediction of
gas consumption during hydrate formation with or
without of the presence of inhibitors in a batch sys-
tem for simple and double gas hydrate formation
are almost the same. In this section, the method of
gas consumption prediction for double gas hydrate
formation without the presence of inhibitors is de-
scribed. For this propose, after calculating the driv-
ing force by means of eq. (18) from different types
of equations of state, the gas consumption rate for
double hydrate formation was predicted using the
eq. (20). The absolute deviation percent (AD) and
average absolute deviation percent (AAD) between
the calculated and experimental data taken from the
literature for gas consumption were obtained by the
following equations:

% absolute deviation =
= 100 - |(gas consumption> — (29)
— gas consumption®)|/gas consumption®

AAD = 100/n Z|(gas consumption;*P —
— gas consumption;®®")|/gas consumption?

(30)

The rate of gas consumption in double gas hy-
drate formation is predicted by using the eq. (20).
For this prediction, the parameters of the hydrate
density (p,,), the molar mass of the hydrate (M,,),
the growth constant (G,) and the nucleation rate
(/,,) are calculated by using the eqgs. (21), (22), (23)
and (26), respectively. The dimensionless shape
factor b = 4n/3 (0), that the function y(0) is cal-
culated by eq. (3) with the selection or calculation
of the wetting angle by the eq. (4).2° For calculation
of hydrate density, the cavity filling of component ;j
in cavity i in the hydrate phase (y;) is calculated us-
ing the equation of 5—22C from Ref. [*]. For calcu-
lation of G, and J,, the driving force (Au), the ef-
fective gas diffusivity in water (D), the solubility
of the pseudocomponent (C,,), the composition of
guest molecule k in the free water phase at equilib-
rium condition (x,.) and the kinetic parameter for
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heterogeneous nucleation on a solid substrate or at
the solution/gas interface are calculated using the
egs. (18), (9), (24), (25) and (27), respectively. With
the application of the isothermal path and the selec-
tion of the types of equations of state, the driving
force of hydrate formation is obtained by the calcu-
lation of the fugacity of component ‘i’ in the gas
mixture at equilibrium( £ ) and experimental con-
ditions (fi*P). The inhibitor concentration (C,) is
zero in egs. (23) and (26), because the experiments
are without the inhibitor.

The numerical shape factor (c) is equal to
(36m)'3 and the effective specific surface energy
(o, is calculated using the eq. (7). The specific
surface energy of the hydrate/solution interface (o)
is about 20 (mJ m™) which is approximately the
value of the specific surface energy of ice in water.
The Zeldovich factor (z) and the sticking coefficient
of building units to the crystallite surface (¢) are
0.01 and 1, respectively. The surface of hydrate
crystal (4,) in eq. (23) and the surface area of a wa-
ter molecule (4,,) in eq. (27) are calculated by equa-
tions of (9nV,,>/16)"* and (9nV, */16)'3, respec-
tively. The remaining constants or parameters are
given in Table 2.

Results and discussion

The rate of hydrate formation is directly pro-
portional to gas consumption. Several models have
been published on the basis of the crystallization
theory for the prediction of gas hydrate formation.
One of the most important parameters in these mod-
els is the driving force. Various driving forces have
been used in order to correlate the experimental
data with gas consumption data, such as
supersaturation (AG), where it is defined as the dif-
ference between the Gibbs free energy of the
hydrate unit in the supersaturated aqueous phase
and the hydrate phase. In this work, the Kashchiev
and Firoozabadi model was used to predict gas
consumption in the simple and binary gas hydrate
formation. For the prediction of the gas consump-
tion rate in double gas hydrate formation, the rate
equation based on the Kashchiev and Firoozabadi
model for simple gas hydrate formation was de-
veloped by lumping the components of hydrate for-
mation as a pseudocomponent. The model parame-
ters related to hydrate formation kinetics are sum-
marized in Table 2. Also, the Englezos et al.,
Monfort et al. and Makogan et al. experiments
were used to evaluate the above equations of state
for prediction of gas consumption in simple and
double hydrate formation. The experimental equip-
ment of the Makogan group, consisted of a station-
ary cell without stirring, and a temperature and

Table 2 — The model parameters related to hydrate forma-
tion kinetics

Equation or
Parameters q

value

AG — independent kinetic factor, Q eq. (5)
Effective surface energy, o eq. (7)
Kinetic factor, a eq. (8)
Effective diffusivity coefficient, D, eq- (9)
The number of building units, 7 eq. (10)
Driving force, AG

For simple hydrate formation eq. (15)
For double hydrate formation eq. (18)
Hydrate density, p, eq. (21)
Molar mass of hydrate, M, eq. (22)
Equilibrium solubility of the gas component, C, eq. (24)

eq. (5—-22 C)

Cavity filling, y;; from Ref[’]

Volume of water molecule, V, 0.0l nm?
Surface area of water molecule, 4,, 0.12 nm?
Surface energy of solution hydrate, o 20 mJ m>2
Zeldovich factor 0.01
Volume hydrate building unit, ¥},

For C1 0.216 nm?
For C2 0.288
For mixture with sl hydrate structure unit 1.73
Number of water molecule, N,

for sl hydrate structure 46
for sII hydrate structure 136
Number of large cavities in sl & slI structure,

respectively v; 6 and 8
Number of small cavities in sI & slI structure,

respectively 2 and 16
Sticking coefficient, & 1
Hydration number, n,,

For C1 23/4
For C2 23/3
For gas mixture with sl hydrate structure unit 46/8
Adsorption constant, k, k, 10718 m?
The initial volume of solution, V; 400 cc
Wetting angle, © 60°

Dimensionless shape factor, b b = [4n/3 y(0)]

the surface of hydrate crystal, 4, O V,2/16)13

m for without inhibitor 12

m for with inhibitor 1/3
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pressure control system, whereas, the Englezos
group experimental apparatus consists of a semi-
batch stirred tank reactor with a temperature and
pressure control system, minicomputer for direct
data acquisition of the process temperatures and
pressures, and on-line calculation of gas consump-
tion throughout the experiment, and use of differen-
tial pressure transducers with 0.2 % of the span.
Experiments had 25 kPa error in the Heise pressure
gauge and less than 0.08 K errors in all temperature
readings. Also, the Monfort group experimental
equipment consisted of a stirred reactor with va-
riable gas liquid interface exchange area and re-
circulating flows, particle sizer system, and com-
puter for controlling and collecting all temperatures
and data. The results of the calculation of driving
force dimensionless with or without the presence
of kinetic inhibitors using the PR, SRK, ER and
PT equations of state for the pure component of
methane, ethane (at 7 = 276 K) and their mixture
(75.01 % C1 and 24.99 % C2 at T = 278 K) are
shown in Figs. 1, 2 and 3, respectively. In the aim
of an unbiased comparison between the PR, SRK,
ER and PT equations of state, van der Waals mixing
rules were applied without the use of any adjustable
parameters (k; = 0). Also, no pure component
parameters were adjusted. In these figures, the
solid curves depict the driving force vs. pressure.
The curves were drawn with the aid of equilibrium
pressures at p = 3.4, 0.62 and 1.65 MPa for pure
methane and ethane, and their mixture hydrate
formations, respectively. According to these fig-
ures, by increasing the pressure of the system, the
calculated driving forces also increase. As can be
seen in Figs. 2 and 3, for lower pressures up to
3 MPa, the calculated driving force dimensionless
by the mentioned equations of state are, approxi-
mately, closer to each other; but for higher pressure
(above 3 MPa), the calculated driving force, by
using the PR and ER equations of state are for
the most part, nearly accurate and better than
the SRK and PT equations of state. Pure methane
and ethane gas consumption in simple gas hydrate
formation based on the Kashchiev and Firoozabadi
model at various temperatures and pressures were
calculated by using the PR, SRK, ER and PT equa-
tions of state and compared with the published
experimental data. For this purpose, 546 experi-
mental gas-consumption data points in simple gas
hydrate formation without the presence of kinetic
inhibitors from the available literature were se-
lected. For example, the time dependence of the
number of moles for crystallization of methane
hydrate (at p = 7 MPa and T = 276 K) and ethane
hydrate (at p = 1.79 MPa and T = 276 K) for vari-
ous types of equations of state are displayed in
Figs. 4 and 5, respectively. Comparison results be-

1.6
1.4
1.2
1
0.8 -
0.6 |
0.4
0.2
0

——PR-EOS

—#-SRK - EOS
ER - EOS

—<PT-EOS

driving force dimensionless

34 4 5 6 7 8 9 10 11 12 13 14 15
pressure, p/MPa

Fig. 1 — Comparison between the calculated driving force
dimensionless by various types of equations of state for meth-
ane hydrate formation with or without presence of kinetic in-
hibitors at T = 276 K

167 [~PR-EOS
141 |-=-SRK-EOS
12| |+ ER-EOS
1| |>=PT-EOS
0.8 -
0.6 -
0.4 -
0.2 -
0 :
062 1 15 2 25 3 35

driving force dimensionless

pressure, p/MPa

Fig. 2— Comparison between the calculated driving force di-
mensionless by various types of equations of state for ethane hydrate
formation with or without presence of kinetic inhibitors at T = 276 K

8- —-—PR - EOS
- SRK- EOS

71 ER - EOS
6 - PT - EOS
5,

A

4

165 2 3 4 5 6 7 8 9 10
pressure, p/MPa

driving force dimensionless

Fig 3 — Comparison between the calculated driving force
dimensionless by various types of equations of state for gas-
eous mixture from x = 75.01 % CI and 24.99 % C2 hydrate
formation at temperature 278 K

—— Experimental data by Englezos
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Fig. 4 — Time dependence of the amount of methane consumed
during crystallization of methane hydrate in aqueous solution at
p =7MPaand T = 276 K for various types of equations of state
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--+--Experimental data by Englezos
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Fig. 5— Time dependence of the amount of ethane con-

sumed during crystallization of ethane hydrate in aqueous so-

lution at p = 1.79 MPa and T = 276 K for various types of
equations of state

tween the calculated and experimental published
data of gas consumption indicate that the PR and
ER equations of state have fewer errors than the
SRK and PT equations of state for this model. The
average absolute deviation between the calculated
and experimental gas consumption for pure meth-
ane and ethane was also obtained. The results are
shown in Table 3. In this comparison, it was found
that the total average absolute deviation percent-
ages (TAAD) of gas consumption were 7.19 %,
8.47 %, 7.20 %, and 13.92 % for the PR, SRK, ER
and PT equations of state, respectively. In this
work, the gas consumption for methane and ethane
gaseous mixtures in double gas hydrate formation
were calculated by developing the rate equation of
the Kashchiev and Firoozabadi model for different
compositions, temperatures and pressures with vari-
ous types of equations. The average absolute devia-
tions between the calculated and experimental data
of gas consumption for methane and ethane gaseous
mixtures were also obtained. For this purpose, 505
experimental gas-consumption data points in dou-
ble gas hydrate formation without the presence of
kinetic inhibitors from the available literature were
selected. The values for AAD are demonstrated in
Table 4. The total average absolute deviation per-
centages of the predicted gas consumption in dou-
ble gas hydrate formation were found to be 11.1 %,
13.1 %, 11.3 %, and 15.6 % for the PR, SRK, ER
and PT equations of state, respectively. When com-
paring the AAD% of gas consumption with various
types of equation of state in simple and double gas
hydrate formation, it can be observed that the PR
and ER equations of state have fewer errors than
the SRK and PT equations of state. In this compari-
son, the PR and ER equations of state with 9 % and
11 % AAD in simple and double gas hydrate forma-

—— Experimental data by
Englezos et. al (1987)

-=-PR- EOS

+~SRK - EOS

0.12

——ER - EOS

0.1 -
0.08 -
0.06 -
0.04 -

amount C1 & C2 consumed

0.02 -

0 — T T T T T T T T 1
0 5 10 15 25 35 45 55 65 75 85 90

time, #/s

Fig. 6 — Time dependence of the amount of gaseous mixture
fraction containing x = 75.01 % C1 and 24.99 % C2 consumed
during crystallization of gas mixture hydrate in aqueous solu-
tionatp = 2.58 MPa and T = 278 K for various types of equa-
tions of state

tion are the best equations of state for calculating
the driving force in the prediction of the gas con-
sumption rate in simple and double gas hydrate for-
mation based on the Kashchiev and Firoozabadi
model. Comparison between the calculated and ex-
perimental data of gas consumption for methane
and ethane gaseous mixtures (75.01 % methane and
24.99 % ethane) at pressure of 2.58 MPa and tem-
perature of 278 K are also shown in Fig. 6. As can
be seen in this figure, the PR and ER equations of
state are closer to experimental data than the SRK
and PT equations of state for this model. The aver-
age absolute deviations between the calculated and
experimental gas consumption for ethane and its
mixtures (89.4 % C1 and 10.6 % C2) in the presence
of kinetic inhibitors were also obtained. The values
are demonstrated in Tables 3 and 4 for simple and
double gas hydrate formation, respectively. The re-
sults show the PR and ER equations of state with
AAD less than 9 % and near to 10 % in simple and
double gas hydrate formation with the presence of
kinetic inhibitors are the best equations of state for
this purpose. In this work, the total average abso-
lute deviation between the calculated and Englezos
et al., Monfort et al., and Makogan et al. experi-
mental gas consumption in simple, double and their
sum was also obtained. The results are summarized
in Table 5. As can be seen, the TAAD% of the pre-
dicted gas consumption in simple and double gas
hydrate formation using Englezos et al. experi-
ments were found to be 9.1 %, 10.62 %, 9.1 % and
14.7 % for the PR, SRK, ER and PT equations of
state, respectively. The errors using Monfort et al.
experiments were found to be 9 %, 10.5 %, 8.8 %
and 14.7 % for the PR, SRK, ER and PT equations
of state, respectively.
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Table 3 — Average absolute deviation percent between of calculated gas consumption by using various types of equation of state

and experimental data in simple gas hydrate formation with or without the presence of kinetic inhibitors

T p AADY' AADY'! AADY'! AADY'! No. of
No. | Component K MPa PR_‘nyS SRK;A)EOS ER—(V})EOS PT—(y];ZOS data Ref.
1 methane 273.75 5.6 6.3 8.4 6.3 13.8 5 26
2 methane 276 7.0 6.9 9.9 6.9 14.9 20 30
3 methane 276 6.3 6.3 8.2 6.2 14.7 19 30
4 methane 276 5.8 6.1 8.1 6.2 14.3 20 30
5 methane 276 4.9 6.1 7.9 6.2 13.9 18 30
6 methane 276 3.7 6.1 7.8 6.2 13.8 22 30
7 methane 274 7.6 7.9 10.0 7.4 14.6 20 30
8 methane 274 6.6 7.3 9.3 7.3 14.7 18 30
9 methane 274 3.7 6.5 8.9 6.5 13.2 19 30
10 methane 274 35 6.5 8.4 6.5 13.2 20 30
11 methane 274 33 6.2 8.2 6.2 12.6 20 30
12 methane 279 6.4 8.3 9.5 8.2 14.4 19 30
13 methane 279 5.8 7.8 8.9 7.7 14.1 20 30
14 methane 279 5.9 7.8 8.0 7.7 13.9 20 30
15 methane 282 8.9 8.4 9.7 8.2 14.1 22 30
16 methane 282 8.4 8.1 8.6 8.9 13.9 18 30
17 ethane 274 1.7 6.9 7.5 6.7 13.5 19 30
18 ethane 274 1.3 6.6 7.3 6.7 12.9 21 30
19 ethane 274 1.0 7.2 7.3 7.2 13.0 18 30
20 ethane 274 0.6 6.6 6.9 6.9 13.2 20 30
21 ethane 276 1.8 6.9 7.6 6.8 13.3 22 30
22 ethane 276 0.8 6.6 7.4 6.6 12.8 21 30
23 ethane 279 1.5 7.8 8.3 7.8 14.3 20 30
24 ethane 279 1.3 7.8 8.3 7.8 14.6 20 30
25 ethane 279 1.2 7.6 9.4 7.6 14.7 20 30
26 ethane 282 22 8.3 9.2 8.2 15.1 20 30
27 ethane 282 1.9 8.1 8.9 8.2 14.8 22 30
28 ethane 277 1.2 8.8 9.7 7.2 13.8 23 46
o .

Total ADD% for experiments 72 8.5 72 13.9 LT —
229 ethane 277 1.2 8.7 9.7 8.9 13.9 20 46
330 ethane 277 1.2 8.7 9.7 8.9 13.9 20 46

Total ADD% for experiments g7 97 ]9 13.9 40

with inhibitor

" AADY* = 100/n 2|(gas consumption,"P — gas consumption;*")|/gas consumption P

2In presence of kinetic inhibitor (w = 0.05 %; VC 713)
3In presence of kinetic inhibitor (w = 0.05 %; PVP k15)
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Table 4 — Average Absolute Deviation percent between of calculated gas consumption by using various types of equation of state
and experimental data in double gas (C1 and C2) hydrate formation with or without the presence of kinetic inhibitors

W, T ) AADY! AADY! AADY! AADY!

No. 0, K MPa PR;EOS SRK(%EOS ER;EOS PT—OI/?)OS No. of data Ref.
1 75.01 278 2.6 9.9 11.5 10.2 15.2 23 29
2 75.01 278 2.0 9.8 11.2 10.0 15.4 19 29
3 89.4 273.75 5.1 10.0 12.8 10.3 16.6 25 29
4 75.01 281 3.6 9.7 11.7 9.5 15.4 20 29
5 75.01 281 3.0 9.6 11.7 9.5 15.1 22 29
6 25.02 274 1.4 11.7 14.6 11.9 15.6 24 29
7 25.02 274 1.2 11.0 14.3 12.3 15.6 23 29
8 25.02 274 1.1 11.3 14.0 11.8 14.8 22 29
9 25.02 276 1.2 11.6 14.6 12.2 16.3 18 29
10 25.02 276 1.0 10.8 13.9 11.3 14.8 25 29
11 25.02 276 0.9 11.1 12.73 11.7 15.6 23 29
12 75.01 284 5.6 12.3 14.9 12.5 16.6 22 29
13 75.01 284 4.1 10.9 13.9 11.4 15.4 21 29
14 50.18 280 3.9 12.3 14.5 12.3 16.1 20 29
15 50.18 280 2.5 11.4 12.3 11.5 15.1 23 29
16 50.18 274 2.1 11.3 12.3 11.3 15.9 22 29
17 50.18 274 1.7 11.4 12.4 11.4 15.7 24 29
18 50.18 274 1.5 11.2 12.2 11.2 15.4 23 29
19 50.18 274 0.9 11.2 12.3 113 15.3 20 29
20 50.18 274 0.8 11.0 11.9 10.8 15.2 21 29
21 25.02 274 2.0 12.7 14.8 12.8 16.6 22 29
22 25.02 274 1.3 11.8 13.0 11.9 15.8 21 29
23 25.02 274 0.7 10.8 13.7 10.9 15.1 22 29

TAAD% without Inhibitor 11.1 13.1 11.3 15.6 505
215 89.4 276 5.1 10.0 12.7 10.2 16.7 20 46

' AADY = 100/n Z|(gas consumption,® — gas consumption;*?")|/gas consumption P
2In presence of kinetic inhibitor
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Table 5 — Comparison TAAD between of calculated gas consumption by using various types of equation of state and experimental
data in simple and double gas (C1 and C2) hydrate formation with or without the presence of kinetic inhibitors

Simple gas hydrate formation

No. of TAAD TAAD TAAD TAAD
Experimental data dat L " PR — EOS SRK — EOS ER — EOS PT — EOS
ata points % % % %
Englezos et al. 518 7.8 8.4 7.1 13.9
Makogon et al. 5 6.3 8.4 6.3 13.8
Manfort et al. 63 8.7 9.7 8.3 13.9
Double gas hydrate formation
No. of TAAD TAAD TAAD TAAD
Experimental data . PR — EOS SRK — EOS ER — EOS PT — EOS
data points % 9% % %
Englezos et al. 505 11.1 13.1 11.3 15.6
Makogon et al. - e e e e
Manfort et al. 20 10 12.7 10.2 16.7
Simple and double gas hydrate formation
No. of TAAD TAAD TAAD TAAD
Experimental data data .oints PR — EOS SRK — EOS ER — EOS PT — EOS
P % % % %
Englezos et al. 1023 9.1 10.62 9.1 14.7
Makogon et al. 5 6.3 8.4 6.3 13.8
Manfort et al. 83 9.0 10.5 8.8 14.6
o ) a — kinetic parameter for pure gas hydrate formation,
The objective of this work was to evaluate the m? 5!
ER EOS for predicting gas coqsump?ion in simple A — area, m?
and double gas h.ydrglte' fo'rrr.latlon with or without B — shape factor
the presence of kinetic inhibitors. For this purpose, € — numerical shae factor
the ER EOS was compared with the PR, SRK and c n P ¢ additive in the soluti .,
PT equations of state. The rate of gas consumption a T the f:(_m(fentranon ora tive In the solution, m_3
prediction for double gas hydrate formation can be Ce  — equilibrium solubility of the gas component, m
obtained directly by the Kashchiev and Firoozabadi Neom — number of components in hydrate phase
model for simple gas hydrate formation by lumping D, - gas diffusivity in the aqueous solution, m* s~!

the components of hydrate formation as a
pseudocomponent. The results obtained for total av-
erage absolute deviations of gas consumption indi-
cate that the PR and ER equations of state with 9 %
and 11 % AAD in simple and double gas hydrate
formation have the best overall accuracy, respec-
tively.
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— fugacity, Pa mol™! m3
— growth constant, m'™ s°!

— Henry’s law constant, Pa mol™' m?3
3

— the Boltzmann constant, 1,380622 J K!

— adsorption constant for nucleation, m?

/

G

ka

J(f) — nucleation rate, m s
k

kﬂ

k,  — adsorption constant for growth, m?3

M - molar mass, g mol!

N — number of cavity types in unit cell

N, — number of water molecules per unit cell
N, - Avogadro’s number, 6.022136 - 10>} mol™!

n — amount of substance, mol™!
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— amount of building units constituting a nucleus
— hydration number

— amount of gas per unit cell of hydrate crystal lat-
tice, mol

— amount of gas molecules, mol

— pressure, MPa

— supersaturation — independent kinetic factor, m s~
— universal gas constant, 8.31441 J mol™' K™!

1

R(f) —rate of gas consumption for pure component,

mol s™!

— temperature of system, K

— time,

— initial volume of solution, m?

— volume, molar volume of gas component in nor-
mal boiling point, m* mol™!

— number of type i cavity per water amount in unit
cell

— energy density, J m™

— the solubility of guest molecule k in free water
phase at equilibrium condition

— molar fraction

— cavity filling of component ;j in cavity i in hy-
drate phase

— Zeldovich factor

Greek symbols

— density, kg m™

— wetting angle on solid substrate for cap shaped
or wetting angel at hydrate/solution
Interface for lens shaped

— wetting angle at hydrate/gas interface in lens
shaped

— number between 0 and 1

— number < 1 is the sticking coefficient of build-
ing units to the crystallite surface

— surface energy, ] m?

— fugacity coefficient of gas at p and T

— supersaturation or driving force of hydrate for-
mation, J

— difference between the volume of n,, water mole-
cules in the solution and the volume of a hydrate
building unit in the hydrate crystal at the equilib-
rium pressure

— change in Gibbs free energy or supersaturation,
J mol™!

— change in specific Gibbs free energy at operating
conditions

Subscripts

a
as
cell
e

— presence of kinetic inhibitor
— for gaseous mixture

— lattice unit cell

— equilibrium

ef

g
h

— effective
— gas
— hydrate

i, j, k— component

S
w

o

— the pseudocomponent
— water
— infinite

Superscripts

€q

exp

— equilibrium condition
— experimental
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