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Abstract

A molecular—thermodynamic correlation has been developed for calcu-
lating the inhibition effect of methanol on forqation of hydrates in
moist natural gas mixtures. Six phases are potentially present in these
mixtures: gas, aqueous liquid, hydrocarbon 1liquid, ice, and hydrate
structures I and II. For a given tempe:atuie and system composition,
the molecular—-thermodynamic method described here allows computation of
the hydrate—-point pressure as well as relative amounts and compositions
of all coexisting phases. Good agreement is obtained when calculated
results are compared with diverse experimental data reported in the
literature. The correlatién given here is useful for computer;aided

design for natural-gas processing and transportation.
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Scope

Numerous published articles are concerned with mnatural-gas/hydrate
phase equilibria (Berecz and Balla-Achs, 1983). b'here no inhibitor is
present, correlations for hydrate systems are restricted to several
parts of the general multiphase-multicomponent problem. A number of
these studies are directed at the three-phase hydrate/vapor/aqueous-
liquid or ice problem (Parrish and Prausnitz, 1972; Ng and Robinson,
1976). . Others have treated as a separate problem the two-phase
hydrate/gas <region of the phase diagram (Slcan et al., 1976; Ng and
Robinson, 1980; Aoyagi et al, 1980; Song and Kébaytshi, 198) Limited
studies of the three-phase hydrate/agqueous-liquid/hydrocarbon-liquid
portion of the problem have been made (Ng and Robinson, 1976, 1977).
While several proprietary correlations exist (Gas Processors Assn.), no
thermodynamically—consistent overall multicomponent-multiphase correla-
tion for this hydrate—inhibition problem has appeared in the literature.
Previous correlations for the effects of inhibitors op hydrate formation
(Menten et al., 1981) have assumed that only condensed aqueous phases
coexist with the gas and hydrate phases. This work covers all of the
above mentioned equilibria in a wunified framework suitable for

computer—aided process design.



Conclusions and Significance

This work presents a method for predicting the amount of imhibitor
which must be added to prevent hydrate formation in natural-gas process-
ing. The method, based on molecular—thermodynamic models and a computa-
tional framevork, calculates hydrate-point pressuores and coexisting-
phase fractions and compositions for natural-gas/water/methanol mixtures
between 220 and 320°K and pressures to 500 bar. Consideration is given
to the possible existence of all of the six potential phases: gas, ague-
ous liquid, bhydrocarbon 1liquid, ice, and hydrate structures I and II;
these phases may occur in various combinatiosns. The calculation pro-
cedure accommodates nitrogen, methane, ethane, propane, nEbntane. iso—
butane, n-pentame, carbon dioxide, and hydrogen sulfide along with
methanol and water.

Fugacities of all components in the gas phase are calculated wusing
a modification of the Redlich~Kwong (1949) equation of stite similar to
that of de Santis et al. (1974). Fugacities for all condensible com-
ponents are calculated using activity coefficients derived from a modi-
fied version of the UNIQUAC equation where energy—of-interaction parame-
ters are taken to be linearly temperature dependent. Liquid-phase fuga-
cities for supercritical cqnponznts are calculated using Henry's law,
These molecular-thermodynamic nodeis provide a good representation of
the vnpo:—liqnid-liénid eqyilibril present in natural-gas/water/methanol
systems., Fugacities of all components in the hydrate phases are calcu-
lated using the theory of van der Waals—Platteeuw (1959).
At a given temperature and composition, the hydrate-point pressure
is that where the fugacity of water in the hydrate phase is equal to

that in all coexisting phases. The hnltiphtic equilibrium computation



routine uses four sequentially-nested iterative procedures. Several
specigl cases exist which allow elimination of one or two of these
iterative toﬁtines.

Calculated results show good agreement with a wide variety of
experimental data. The correlation presented here is compared with data
for vapor-liquid-liquid equilibria, with methanol-water freezing-point
depression, and with hyd::te-fornntion pressures in both the gas/hydrate
and condensed-fluid/hydrate regions of the phase diagram. The correla-

tion is useful for computer—aided chemical-process design.



Introduction

At low temperatures and high pressures, solid hydrates can precipi-
tate from moist natural gases, interfering with nntnr;l—gis proc?ssing
and transportation. Hydrate—-formation can be inhibited byrthe addition
of s hydrophilic fluid which lowers the fugacity of water; a suitable
and inexpensive fluid is methanol.

This work preseants a -olecnlat-thcrnodyninic method for calculating
phase equilibria in systems containing water, natural gas and methanol
as a function of temperature, pressure and composition. Such calcula-
tions are nuseful first, to.dcternino operating conditions required to
avoid hydrate formation and second, to determine the amount of methanol
required to prevent bhydrate formation at fixed operating conditionms.

The thermodynamics of bydrate formation bhas been discussed by
numerous authors, notably by Parrish and Prausanitz (1972), Sloan et al.
(1976), Ng and Robinson (1976,1977,1980), Holder et al. (1980), Dhar-
mawardhana et al. (1980), and by Menten et al. (1981). These discus-
sions make use of a stltistical-thernodynanic'theory presented by van
der VWaals and Platteeuw (1959); that theory is also used here. However,
previous work has been restricted to selected parts of the genersl mul-
tiph;se problem; this work treats the entire multiphase problem within a
molecular—thermodynamic framework. |

HBydrates are members of the general class of solid inclusion comr
pounds called clathrates. They are formed when lowmolecular—weight
components are im equilibrium iith water at low temperature or high
pressure. VWater molecules form regular crystalline lattices which con-
tain cavities (Byk and Fomina,1968). These cavities encage gas

molecules which stabilize the lattice by van der VWaals forces. Hydrates



occur in two distinct structures, I and II which differ in cavity size.
Inhibitors, such as methanol, act by lowering the fugacity of vateriin
coexiiting phases; as a result, hydrates are formed at 1lower tempera-
tures and higher press#res than those encountered in the absence of
methanol., This behavior is analogous to the freezing-point depression
of ice by methanol.

Hydrates are most frequeatly encountered in.natnral-gls transporta-
tion and processing. Natural gas, as withdrawn from the well, is typi-
cally saturated with water. In cold climates, the water coatent of such
- natural gas is often sufficiently high to cause hydrgte formation in
downstream transportation metworks. Bydiate formation in these piping
systems is undesired as it causes large pressure drops thfongh the
lines, and can halt the flow of the natural gas. iydrate formation also
occurs in association with natural-gas cryogenic liquefaction and
separations. To prevent hydrate formation in these transportation net-
works and separation operations, tvoinltetnatives are available. The
first, removal of the water at the well head, is expensive, as the level
to which removal must be accomplished is often very low. The second,
addition of a component to the =natural gas-water mixture to prevent
hydrate formation, can often be accomplished economically using

methanol,



Molecular Thermodynamic Models and Data Reduction

Figure 1 shows phase equilibrium behavior of & natural-~-
gas/water/methanol mizture., In Figore 1, line ECF represents the vapor
pressure of the hydrate-forming gas. Lines ABCD represent the locus of
hydrate—~formation conditions for the case where no methanol is present.
Below temperature T, ice coexists with a gas phase below line AB, while
above AB a gas phase coexists with a hydrate phase. At point B (lower
quadruple point), four phases (gas, ice, aqueous liquid, and hydrate)
coexist. Line BC describes the 1locus of three-phase gas—agueous
liquid-hydrate states. At point C (upper guadruple point), four phases
(gas, hydrocarbon liquid, aqueous liquid, and hydrate) coexist. Line CD
describes the locus of three-phase hydrocurbon;liqnid/aqueons-
liquid/hydrate states. VWhen methanol is added to the binary mixture,
lines BCD shift to the left, and lines GHI now express the 1locus of
bquilibriun states. |

Condensed phases need not coe;ist with the hydrate phase; bhydrate
formation may occur directly from a gas phase. In such cases, the inhi-
bition effect of methanol is greatly reduced since water and methanol
are only sparingly soluble in tﬁe gas phase.

At equilibrium, the fugacity f of any conponent‘i is the same in

all phases:

gefy =g =g =g =[] €Y
where G stands for gas, L1 for aqueous 1liquid, 12 for hydrocarbonr
liquid, H1 and H2 for hydrate structures I and II and a for ice. The
fugacity of water in the ice phase is in parentheses to indicate that

the ice phase is assumed to dbe pnxé. Nethanol is not incorporated into



the hydrate structure, as indicated by Davidson et al. (1980). Given
temperature, overall conosition of the mixture, and expressions for the
fugacities of each component in each phase, Equation 1 is solved to
obtain the pressure where hydrafe first forms (bydrate-point pressure)

and to determine the proportions and compositions of each of the coex-

isting phases, Necessary molecular-thermodynamic models used for each

of the six possible phases are degcribed below.

as—-Phase Fugacities

The fugacity of any component i in the gas phase is calculated

using fugacity coefficient ‘i:

G
;i v, ’i P | (2)
where A is the gas-phase mole fraction and wkere ¢1 is obtained from a

modification of the Redlich~Kwong (1949) equation of state:

: 2
N « SRl (3)
(1-byp) '1'“2(1+b.p)

Conventional mizxing rules relate mixture constants a('l‘)l and bl to the
conpoiition and to pure-component constants l(T)ii and bi:

(T, = E DDA I | (4)

i 3

and

by= 2 Y; b, (5)

i

Indices i and j in Equations 4 and § run over all components in the mix-
ture.

Parameter b1 is evaluated for all components wusing the



corresponding-states expression of Chueh and Prausnitz (1968). Follow-

ing de Santis et al, (1974), we separate the temperature dependent

l(’l')ii parameter into nonpolar and polar conmtributionms:

ey
o, = a0 e | (6)

T

For nonpolar components, 3:1) is zero; for water, methanol, hydrogen
sulfide and carbon dioxide agl) > 0. For nonpolar components a§°) is

evaluated using critical properties. Redlich-Kwong constants t(l‘)ii and

bi are related to the second virial coefficient, Bii:

a(T) 5

Similarly,
(b, + b, ) a(T) .
B oty 10 o
1]
. (0) (1)
Following de Santis et al., for polar components, s, and s are

evaluated using Equation 7 and data for the temperature dependence of
the second virial coefficient. Table 1 gives |§°) and agl) for all
polar components.

For polar—polar binaries 83 is calculated from:

[0 s

(0) _(0) ,1/2 .
All other 8;j parameters are calculated from:
(0) _(0) ,1/2 - (
a('l_')ij - (a :; ) (1 kij ) (10)

Binary parameters kij are fixed vsing two methods. Most kij values
were obtained using second-virial cross-coefficient data and Equation 8,

For some binaries, however, such second-virial cross-coefficient data



are unavailable. For these systems, kij were obtained from a fit of our
model to binary VLE data. In a few cases, the kij values obtained .from
second-virial cross-coefficient data gave poor representations of VLE
dats; in these cases the kij values were modified to improve agreement

with VLE data. Table 2 presents all kij values used in this work.
Liguid-Pbase Fugacities

Natural-gas/water/inhibitor mixtures contain two tjpes of com
ponents: condensible components (eg. wvater, methanol, propane) and non-
condensible components (methane and nitrogen). For condensible com

ponehts, we calculate fugacities in any liquid phase from:

= o : '
f& x, 14 £] (11)
where £: is the fugacity of pure 1liquid i at system temperature.

Activity coefficients, Y4» 8Te obtained from a modification of the UNI-

QUAC equation (Abrtﬁs and Prausnitz, 1975); binary UNIQUAC emergy—of-

AU AU,
interaction parameters (-1%1 and —1%1) are taken to be linearly depen-

dent on temperature:

AU
£ Uij + uij T (12)

With the exception of the water—methanol binary, coefficient Ug}) is

taken as zero for binary systems where no LLE exists. Binary parameters
are obtained by fitting binary VLE and LLE data. Figure 2 shows a
correlation of vapor-liquid-liquid equilibria (VLLE) for the water-
propane system and Figure 3 shows a correlation for the water/hydrogen-—
sulfide binary. Table 3 gives all UNIQUAC parmmeters used in this work.

UNIQUAC parsmeters for the water-methanol sy;ten are of particular

1npo£tance because the fugacity of water in the agueons liquid phase is

10



the key quantity that determines hydrate inhibition, Parameters for
this binary were obtained from a fit to water-methanol freezing-point-

depression data (Miller and Carpenter, 1964; Ross, 1954) and from data

on methanol inhibition of methane hydrate (Ng and Robinson, 1983,1984).

Figure 4 shows a correlation fo; the freezing-point depression of water
by methanol.

An ecopomic analysis of any hydrate-inhibition process using
methanol is intimately tied to the amount of methanol required per mole
of water in the natural—-gas mixtore. Methanol losses in most processes
are directly =zelated to the solubility of methanol in natural-gas
liquids. Using binary methanol-hydrocarbon VLE, LLE and ternmary VLLE
for methanol-hydrocarbon—vater systems (Noda et al.,1975; Ng and Robin-
son, 1983), methanol-hydrocarbon UNIQUAC parsmeters were determined to
maximize the accuracy of the predicted partition coefficieat of methanol
between agqueons and natural-gas liquid phases.

For condensible components, the standard-state fugacity is given

L - pSat
£ pSot Sat | Vi (P-p ) (13)
it %y Py o™ ey

Sat Sat

where Pi is the vapor pressure of i, ’i is the fugacity coefficient

of saturated gas i and v& is the molar volume of i. For all components
except water, vipor pressures are given by the Antoine equation. For
water above the ice point, the equation of Bain (1964) is used for vapor
ptessnr?. The molar volume, corrected for temperature and pressure vari-
ations, was obtained from pure-component data where possible, and else-

where from the liquid-density correlation of Chueh and Prausnitz (1969).

Below the ice-point temperature, the fugacity of pure

11



hypothetical-liquid water is calculated from:

| T
Fus
Ak (T,)
o, (0 Sat,a w t _ T 1 cL-c
f' f'(TnP' ) exp -———n [1 T:]+ﬁpr 4aT
Tt .

T |
Aci a voop - pite
-] 9T | ex =5 (14)
Tt

Above the ice~point temperature Equation 13 is used for f:. The hest-

capacity difference between ice and liquid water is calculated from:

(1) Ac (2) Ac (3)

Ac
Ac:"“ -Acl(’o’ + —-%—4— P_ + 2 (15)

o v

The constants in Equation 15 are evaluated using the heat-capacity dats

of Angell et al. (1973) for subcooled liquid water and the heat-capacity
data of Giaque and Stout (1936) for ice. This treatment produces excel-
lent agreement with the data of Kraus and Greer (1984) for the vapor
pressure of subcooled liquid water. Table 4 gives the enthalpy of
fusion and the constants Ac;O). Ac;I). Ac;Z) and Acgs). The fugacity of
water in the ice phase is calculated from:

@ « pSat.a Sat,a v: (P - Ps.t’c)

v \

{2 exp 0 (16)

The vapor pressure of ice is given by Jansco et al. (1970).

For components which are supercritical in part of the temperature
range of interest (carbon dioxide and ethane), f; is calculated using
the corresponding-states method of Lyckman et al. (1968). This correla-—
tion is vused for all temperatures. For such components, the reference
pressure for Poynting corrections is taken to be zero consistent with

the work by Lyckman et al. (1968).

12



For supercritical components (nitrogen and methane), fugacities in

the liquid phase are obtained from l'pressure-corrected Henry'’s Law:

gl
L. Vi '
£ =z Hy exp = (17)

where nil Henry's constant of compoment i in the 1liquid mixtuore, is

related to Henry’s constants of componments i in pure condensible com—

wumsLnﬁ,w:

L .
> ¥R 4
lnBiy= 3 1aH _L.l_f (18)
3 L oxy
x

Indices j and k are carried over all condensible components in the mix-

ture. Mole fractioms x and x, are normalized such that they reflect

only condensible components in the 1liquid phase. The partial molar

volume of component i at infinite dilutiom, V,

i is evaluated from the

method presented by Lyckman et al. (1968). For the temperature range of

interest here, Henry'’s constants are given by:

) n(1) :
0 _ %
in nij - nij -ﬁ}— (19)

where the fitting constants are obtained from vapor-liquid equilibrium

data for each binary pair. These constants are listed in Table 5.

Bydrate-Phase Fugacities

As discussed by van der Waals and Platteeuv (1959), hydrate—forming
molecules are viewed as adsorbed in the cavity sites; this adsorption is
described by a Langmuir adsorption model. The van der Vaals—-Platteeuw

theory uses the Gibbs-Duhem equation to provide a model for the fugacity

13



of water in s hydrate phase as'a function of fj' the fugacities of
hydrate-forming components in coexisting phases. Each cavity is
envisioned as spherical, and the gas-cavity wall interaction s
described by the Kibara potential function. The reference fq;acity for
water ff. is that in the hypothetical empty hydrate lattice. The fnga-

city of water fs in the hydrate phase is found from:

A g-B
-A
B . B oyl ¥
t fv exp RT (20)
where
Apg"a - pf - p"’ (21)

The difference in chemical potential.vApg—n is obtained from the van der
Vaals-Platteeuw expression (Parrish and Prausnitz, 1972, van der VWaals

and Platteeuw, 1959):
apf R e-mr 3 10 [1+ )y Cos ;) | (22)
B J

Langmuir constant, C.l (T) sccounts for gas-water interactions in the

3

hydrate cavities. The Langmuir constant is calculated from:

=)
-o_.(r)
c'j('r) - %—% exp[——%".r——] tzdt (23)

As shown by McKoy and Sinspoglu (1963), a sum of all gas-water interac—

tions in the cavity yields ‘ij(’)’ the spherically-symmetric cell-

potential function in terms of Kibara parameters ‘j' %5 and s The

jo
integral in Equation 23 is evaluated using Gaussian integration. The
Kihara bhard-core parameter 8. is determined from second-virial-

coefficient data (Parrish lhd Praugnitz, 1972), while Kihara emergy and

size parammeters ‘j and o; are determined by a fit of the model to

14



hydrate~dissociation-pressure data. All Kihara parameters are given in
Table 6.

The fugacity of water fe in the empty hydrate lattice is calculated
as a function of temperature and pressure using the difference in chemi-
cal potential of water between the empty hydrate lattice and ice (or
liquid water) follovi#g the method outline; by Holder et al., (1980). 1If
the temperature is below the ice point, we define:

Apf’“ - pf - w8 (24)

and if the temperature is above the ice point, we define:

gL . B _ L
Ap' My u' (25)

We calculate fe from:

f-a
B = ¢ ———
ty = &, e K (26)
or
P . L° -
f' = fl" exp T ( 27 )

depending on the temperature. The chemical potential differences
defined by Equations 24 and 25 are calculated using the method outlined

by Holder et al. (1980):

' T ‘ P
A“?'-Q-A'L:-f Ahe-c dT+f£§:dP (28)
Ri no ° m.z K
T 0
and
W g [TalRealt (P el
—— " — - 3 aT + N dapP (29)
(]

T 0
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Molar volume differences here are assumed to be temperature independent;

however, the molar enthalpy difference is given by:

T
(o}
ARP® = ppPo +/ ache.L 4 (30)
v w P
(o]

T
Values of Ap® and Ahe.a determined by Dharmawardhana et al. (1980) were

used. The heat-capacity difference in Equation 30 is correlated using
the expression provided by Holder et al. (1980).

Parameters for the molar-volume difference between the empty
hydrate 1lattice and ice are slightly different from those used by Dhar—
mavardhana et al. (1980). For structure-I hydrate we follow Dhammawar-
dhana et al. and use 3.0 caalnole'but for structure—Il hydrate we use
1.2 cnsllolelinstead of the previously =reported 3.4 cnslnole. This
change is necessary to calculate equilibria ° in the 1liquid-
hydrocarbon/hydrate region of the propane-water phase disgram. In this
region, ‘the fugacity of propame in the liquid phase is used in Equation
22. The Poynting corrections contained inm the 1liquid-propanme fugacity
and in the eﬁpty-hyd:atc-lattice fugacity cause the hydrate—phase water

fugacity to increase with pressure. Without our modification, the

increase of the hydrate—-phase water fugacity with pressure is greater

than that of water in the liquid phases and calculation of phase equili-
br;n is not possidble. This modification is only important for propane
hydrate due to its particularly rapid increase of bhydrate-formation
pressure with temperatunre. The volume-difference parsmeters used by
Dharmawardhanas et al, were obtained from x-ray crystallographic studies

on filled hydrate lattices of von Stackelberg and Muller (1954).

16



Results and Discussjion

Figﬁre 5 shows the inhibiting effect of methanol on the formation
of methane hydrate. Calculated results agree well with methanol-
‘ishibition data of Ng and Robinson (1983,1984)., Figure 6 shows the
water content of methane gas in equilibrium with liquid water and
hydrate for several isobars. At low inverse temperature calculated
results are compared with the dew-point data of Olds et al. (1942) and
at high inverse temperature our correlation is compared to the hydrate-
point data of Aoyagi et al. (1980). Imn both cases, slight discrepan-
cies occur at low temperature due to inadequacies of the van der Vasls-
Platteeuw model. At low temperatures, calculated water fugacitigs are
based on Kihara parameters obtained from experimental high temperature
data.

Figure 7 sﬁovs calculated gas-phase fugacities which correspond to
the smoothed hydrate-point compositions given by Aoyagi et al. (1980).
For each composition, points denote the hydrate—formation pressure meas—
ured by Aoyagi et ai. (1980). Figure 7 also gives the calculated fuga-
city of water in the hydrate phase based on Kibhara parameters determined
from experimental three—phase hydrste/aqueous—liquid/gas data. Inter-
sections of fugacity curves correspond to the cqnilisriun conditions
shown in Figure 6. To match the data of Aoyagi et al. (1980), calcu-
lated intersections must occur at the pressures denoted by points in

Figure 7. For such matching, the pressure dependence of the hydrate-

phase water fugacity must be different. Anm accurate fit of all experi-

mental data is limited by results of the van dei Wasls-Platteeuw theory.

Ng and Robinson (1976) proposed an empirical modification of the

van der Vaals-Platteeuw model directed toward infroving the fit of

17



hydrate pressures for gas mixtures. However, since Ng and Robinson
(1980) found that their empirical modification is insufficient fo fit
the data of Aoyagi et al, (1980), they proposed an ad hoc method for
correc£ing their hydrate—-phase fugacities. Unfortunately, this method
is thermodynamically inconsistent., The thermodynamic ambiguity arises
from two different methods fﬁr calculation of fs. Ng and Robins;n
(1980) calculated Aug-n based on previously determined Kibara potential
parameters (Ng and Robinson, 1977). To determine these Kihara parame-
ters, Ng and Robinson (1977) used the method for calculation of Aue—a'L
proposed by Parrish and Prauspnitz (1972); this is thermodynamically
equivalent to the assumption of a function for fe. Based on their pre-
viously defined Kikara purlneiers and the hydrate/gas data of Aoyagi et
al., (1980), Ng and Robinson (1980) fit pew functiomal forms for fs for

both hydrate structure types. Presumably, Ng and Robinson (1980) use

their new functions for fs in the hydrate/gas region of the phase.

diagram and the method outlined by Parrish and Prausnitz for the
hydrate/gas/aqueons—liquid or ice region of the phase diagram,
Sloan et al. (1976) and Aoyagi et al. (1980) wused the van der
~VWaals-Plattecuw model for bhydrate-phase fugacities and the virial equa-
tion for gas-phase fugacities. In their work, the virial equation was
truncated after the third term, Applicability of their trestment was
limited to the methane—vater system; no attempt was made to calculate
phase eoquilibria for other systems. Using their hydrate/gas data and
previously determined Kibara and empty hydrate phase parameters, Sloan
et al. (1976) and Aoyagi et al. (1980) fit second and third virial
cross—coefficients for the methane-water system. However, no comparison

was given of calculated and experimental dewpoints for the methane-

18



water system.

Song and Kobayashi (1982) extended the work of Aoyagi et al. (1980)
by measuring the water content above the hydrate of a methane-propane
gas mixture. They used the Soave modification of the Redlich-Kwong
equation of state for gas—phase fugacities. They were forced to resort
to pressure—dependent kij values to fit their data for the water content
of a methane-propane gas mixture in equilibrium with hydrate, Unfor-
tunately, pressure depeandent kij values lead to thermodymamic incon-
sistency.

Figures 8-11 show the calculated inhibition effect of methanol on
hydrate formation in the ethane, pfopano. hydrogen sulfide, and carbon
dioxide-water systems. Agreement with experimental data is good. For
the propane and carbon dioxide systems, slight discrepu#cies are due to
several factors. First, Kihara pIXIDGtetSV obtained from high-
tempersture data are used to calculate equilibria at low temperatures.
Second, UNIQUAC parameters based on high—temperature data are extrapo—
lated to 1low temperature. UNIQUAC parameters for aqueous binaries are
based on VLE and LLE data; these data must be obtained above the ice-
point temperature, Some extrapolation is therefore necessary to make
low-temperature calculations. Finally, binary UNIQUAC parsmeters are
used for multicomponent systems. This “scale-up” approximatiom is probd—-
ably responsible for the discrepancies im Figure li.

For a methane—-propane gas mixture, Figure 12 shows ,calcnlated
results that are in good agreement with the data of Ng and Robimson
(1983,1984). However, agreement between calculations and other gas-
mixture data of Ng and Robinson (1984) is generally not as good as that

shown in Figure 12, A possible source of disagreement follows from the

19



"scale-up’” approximation: Kihara oparmmeters based on binary data are

used to calculate multicomponent equilibria.

Computational Procedure

Given a natural-gas/water/methanol mixture of known overall‘ compo-
sition and temperature, the phase—equilibrium computation routine calcu-
lates the hydrate-formation pressure and the relative amounts and compo-
sitions of all coexisting phases. The phase-~equilibrium computation
routine uses four sequentially-mnested iterative-calculational pro-
cedures. The first iterative routine solves for the density (Topliss,
1985) of a gas mixture at a given temperature, pressure, and composition
using the equation of state. Based on this density, we calculate fuga-
city coefficients. K-factors are then calculated using thcse fugacity
coefficients with the other molecular-thermodynamic models. The second
iterative procedure uses these K-factors to perform flask calculations
yielding the relative amounts and compositions of the phases: gas, aque-
ous liquid, and bhydrocarbon 1liquid. The third iterative routine
iterates around the flash routine to solve for the fraction of the total
water in the ice phase. The fourth and final routine iterates around the
other zroutines to solve for the hydrate-point pressure where the fuga-
city of water in the hydrate phase is equal to that in any other phase.
Several special cases exist which allow simplification of fhis general

procedure.

Amount of Methanol] Needed for Inhibition

Some hydrate—inhibition applications require a method for calculat-

ing the amount of methanol needed to prevent hydrate formation at a
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fixed pressure, temperature and gas composition. Since the program cal-

culates bhydrate-formation pressures at a given temperature and methanol

composition, for the gas mixture of interest we must first prepare a
plot similar to Figure 12, Using these graphical data, we prepare a

cross~plot giving hydrate-formation temperature as a function of

methanol concentration for the isobars of interest. Figure 13 shows .

several isobars for the gas niitnre of Figure 12, Figure 13 is similar
to the freezing-point depression diagram shown in Figure 4. Figure 13
enables us to obtain the desired methanol composition. To illustrate,
let us assume that we have a gas mixture of the composition of Figures
12 and 13, saturated with water at 20 bar and 300°K. V¥e now wish to

compress this gas to 50 bar and then cool it to 270°K without hydrate

formation. By performing a flash calculation, we find that the initial

gas contains 1.889 x 10~3 pole fraction water. Using Figure 13, we find
;hai to prevent hydrate-formation at 270°K and 50 bar, we require 0.336
weight fraction (0.221 mole fraction) methanol in the aqueous-liquid
phase. Hence, conservatively assuming that all of the water in the ini-
tial sas condenses into the liquid phase we must add st least 4.184 x
4

10 ¥ moles of methanol per mole of inlet gas.
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ota

a(T)

jon

Kihara hard-core parammeter for component j
Redlich-Kwong constant
second virial coefficient of component i

Redlich-Kwong constant

Langmuir adsorption constant for compoment j on cavity type m

fugacity

fugacity of water in ice phase

reference state fugacity for pure liquid i

fugacity of water in the hypothetical enpty-hydfate lattice
fugacity of water in the hydrate phase

Henry’s constant for component i in liquid j

enthalpy of fusion of water

~enthalpy difference between empty hydrate lattice and ice

Boltzmann'’s constant

binary parmmeter for Redlich-Kwong a(T)y
pressure (absolute)

vapor pressure of component i

gas constant

radial distance in hydrate cavity
temperature (absolute)

triple—-point temperature of water

molar volume of ice

partial molar volume at infinite dilution
difference in volume between empty hydrate lattice and ice
change in volume of water upon fusjon

liquid phase mole fraction
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y =

gas phase mole fraction

Greek Letters

Y = activity coefficient

g = Kihara energy parmmeter

IL = pumber of cavities of type m per water molecule in hydrate

p:' = chemical potential of water in ice phase

"5 = chemical potential of water ig empty hydrate lattice

“3 = chemical potential of water in hydrate phase

Au: = standard-state chemical potential difference between hydrate
and ice

Aps_n = difference in chemical potential of water between empty and
filled bhydrate lattice

Ausfa = difference in chemical potential of vater between empty
hydrate lattice and ice

Ape-L = difference in chemical potential of vntcf between empty
hydrate lattice and pure liquid water

P = molar density

c = EKihara size parsmeter

$ = fngacify coefficient

'hj(’)' cavity potential function for componment j in cavity type m

Superscripts

a = jce phase

B = hypothetical empty hydrate lattice phase

p—a = difference between empty hydrate lattice and ice

p-E =

difference between empty and filled hydrate lattices
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B-L

Saf

(0)
(1)
(2)
(3)

difference between empty hydrate lattice and pure liquid water
gas phase

hydrate structure I phase

hydrate structure II phase

difference between liquid and ice
aqueous liquid phase

natural gas liquid phase

saturation conditions

standard state

reference term in peftnrbation expansion
first term in perturbation expansion
second term in perturbation expansion

third term in perturbation expansion

component
mixture
cavity type

water
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Table 1

Redlich-Kwong a(T) Parameters for Polar Compo

(Valid between 220 and 320 k)

nents

(0 [10'7”63;:} o 1) [10'14 cm®Bar K3
: llole2 i laole2
VWater 4.38 ' 122.0
Methanol 43 .1 226.9
Bydrogen Sulfide 7.75 6.395
Carbon Dioxide 6.03

1.680

}
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Iable 2

103 kij Parameters

(Valid between 220 and 320 k)

[ ]
b}
- <
- @ ey
2 o
3 § & o 8 . 8 2 $
annauo‘a-::
4 © © ®# 0 g @& ¢« @ @@=
L - D T - N D R - "R - | [+
: 205 3 3 5§ 2 & @
IHU:ZBIﬂna»-"ﬂ
Vater 0 24 120 62 0 35 35 35 35 35
Methanol 376 418 350 408 403 g8 8 8 8
Hydrogen Sulfide 325, 0 0 8 375 10 10 118
Carbon Dioxide 138 0 145 113 121 121 103
Methane 89 0 17T 20 16 144
Nitrogen 9 32 151 151 158
Ethane 0 0 0 0
Propane 0 0 0
n—-Butane O 0
0

iso-Butane

[0



nzo
ca_od
HS
co

C,H

B
C3%s

—c H
2=C4 10

-c i
i-C 1

-C B
n=Cst2

(Valid between 220 and 320 K for Equation 12;

.9200

1.4311

1.0000

1.3200

1.8022

2.4766

3.1510

3.1502

3.8254

o -

1.400

1.432

1.000

1.280

1.696

2.236

2,776

2,772

3.316

(0)
(1)

(0)
(1)

(0)
(1)

(0)
(1)

(0)
(1)

(0)
(1)

(0)

- (1)

(0)

(1.

(0)
(1)

Table 3

Paramoters for Modified UNIQUAC Model

0
BZ

-184.0
-26 .85

4813,
’13 00 [}

1571.
-235.3

3468.
~-112,7

3338.
-662 .9

4155,

4754,
"1140 .

3402,
-690 .8

CB3OB

365.7
-38.06

412.1
540 .5

576.9
-6.31
860.0
1109,
-125.8
239.4

176.1
~429 .4

BS
2

-378.1
363.2

_28 085

230.4

225.9

352.5

186.2

368.1

(0) 2.(1) 2
U‘j in K, 10 Uij in K%)
Coz Czns C3n8 n‘C4ﬂlo
197.4 521.6 471.6 304.7
-13 .48 54.77 -425.0 109.1 -276.7
345.3 112 .4 91.85 -65.50
114.5 - 156.0 -76.10
169.3 -104.5 - -18.15
286.0 131.6 15.64 -
261.4 -30.02 -62.13 42.17
' 61,38 83.76 520.9 257.5

1-C, B0 %)y

-283.5 -168.0
299.4 257.2

158.7 96.77

81.34 -50.08

-13.57 281.0

- -

68.55 11,55

43.74 -235.9

-42 .15 -155.2
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Table 4

Thermophysical Properties of Water

(Equations 14 and 15; Valid between 220 and 273.15 K)

fus

i-h'k—- =7.225 X 102 g

(0)
Acp 3
-5 " -2.054 X 10
M(1)

-—g— =1.638 X106 £
282

C
+ = -4.348 X 108 x2

2®
—%— - 3,852 X 1010 g3
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Table §

Parameters for Henry's Constants
(Valid between 220 and 320 K for Equation 19; ngg’ is

dimensionless with reference pressure of 1.01325 bar, Bi}) in K)

Nitrogen Methane
Solvent ngg’ 1o’zng}’ m{9 10-2g{})
 Water 14,11 8.032 13.99 10.12
Methanol 8.003 -1,163 14,50 19.36
Bydrogen Sulfide 4.215 -9.196 5.154 -2.096
Cardbon Dioxide ‘ 3.752 -5.202 5.265 3.315
Ethane 3.259 -5.627 6.036 4.388
Propane 5.267 -1.849 5.780 2.819
n-Butane 4.069 -6.566 6.580 4.745
iso-Butane : 3.951 -6.913 5.455 1.459

n-Pentane 5.892 -1.312 7.130 5.996



Table 6

48

Kihars Parameters for Hydrate—Gas Interactions

Gas

Methane

Nitrogen

Ethane

Propane
iso—~Butane
Bydrogen Sulfide

Carbon Dioxide

e/kx, K

153.39
128,57
175 .94

189.84

207 .04

199.34

169.44

1026, am

32.578
32.671
34.381
36.002
32 .422
32.561

29.561

1021. am

3.00
3.50
4.00
6.80
8.00
3.60

7 .20
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