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ABSTRACT

The Comparison of Experimental and Theoretical
Hydrate Numbers
Travis J. Galloway

Experimental apparatus and an effective technique for a
more precise determination of the hydrate numbers of gas hy¬
drates were developed.

Hydrate numbers (the ratio of the

moles of water to moles of gas in the gas hydrate) were de¬
termined for pure component ethane and methane hydrates at
several equilibrium decomposition conditions and compared
with hydrate numbers calculated from the solid solution theory
of van der Waals and Platteeuw as extended by Saito et al. and
Nagata et al.
determination.

Two methods were used for each experimental
Method I involved calculation of the differ¬

ence in the number of moles of free gas in a closed system
(as determined by pressure-volume-temperature changes) before
and after complete conversion of gas and liquid water to gas
hydrate,

in Method II the number of moles of gas in the hy¬

drate were determined by direct measurement of the volume of
gas evolved during hydrate decomposition at constant pressure.
The experimental hydrate numbers for ethane hydrate were
determined at equilibrium decomposition conditions of

118.0 PSIA, 40.0°F; 119.4 PSIA, 40.2°F; and 225.0 PSIA,
48.9°F.

The results essentially confirmed the hydrate num¬

bers calculated from the solid solution theory.

The maximum

discrepancy from the theoretical values for ethane hydrate was
a hydrate number of 8.01

(Method II at 119.4 PSIA, 40.2°F)

compared to a theoretical hydrate number of 8.25.

The experi¬

mental results supported the contention that only the larger
cavities of Structure I are occupied for ethane hydrate, since
the lowest hydrate number obtained experimentally was 7.89,
whereas the limiting hydrate number assuming complete occu¬
pancy of only the larger cavities of Structure I is 7-2/3.
The experimental hydrate numbers for methane hydrate
were determined at equilibrium decomposition conditions of
1030 PSIA, 50.0°F; 1032 PSIA, 50.1°F; 1902 PSIA, 60.0°F; and
1901 PSIA, 59.9°F.

The experimental hydrate numbers for meth¬

ane hydrate were generally lower than the theoretical values.
The maximum discrepancy was an experimental hydrate number
of 5.93

(Method II at 1030 PSIA, 50.0°F) compared to a theo¬

retical hydrate number of 6.30.

No experimental hydrate

number for methane hydrate, however, was less than the
limiting value of 5-3/4, which represents complete occupancy
of large and small cavities in Structure I.
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I.

OBJECTIVES

The objectives of this research were (1) to develop
the experimental equipment and technique for determining
hydrate numbers and (2) to verify experimentally the solid
solution theory calculation of the equilibrium hydrate
numbers for the pure component hydrates of ethane and
methane.
It has been difficult heretofore to determine experi¬
mentally the equilibrium compositions of gas hydrates for
two reasons: (1) the inability to obtain complete conver¬
sion of water and gas to hydrates due to inclusion of
liquid water in the hydrate crystals and (2) the marked
dependence of the composition on pressure and temperature
for the hydrates of pure gases [ 9].

It was the purpose of

this research to surmount these difficulties and develop
an experimental method for obtaining the fraction of the
hydrate cavities occupied by solute molecules at essentially
local equilibrium conversion conditions.

2.

II.

WORK OF OTHER INVESTIGATORS

Gas hydrates, which are included under the broader
classification of the clathrate compounds, are ice-like
inclusion compounds formed from gases (or condensed gases)
and water under suitable conditions of temperature and
pressure.

Several investigators have used thermodynamical

analysis of hydrate equilibrium data to determine hydrate
compositions.

These methods involved calculating the heats

of formation per mole of combined gas of the hydrate from
two initial states: first from liquid water plus gas and
then from ice plus gas.

The difference between these two

heats represents the heat of fusion of the water present in
the hydrate with one mole of gas.

Division of this heat by

the heat of fusion of one mole of water gives the number of
moles of water per mole of gas in the hydrate (at 32°F),
which is defined as the hydrate number.

This method was

used by de Forcrand [6 ] and later by Hammerschmidt [ 7].
de Forcrand [ 6] calculated a hydrate number of 6 for
methane and 7 for ethane.
of these gas hydrates.

Hammerschmidt obtained 6 for both

Roberts, Brownscombe, and Howe [16]

employed the Clapeyron equation for calculating the heat of
formation of the gas hydrate and determined hydrate numbers
of 7 for both ethane and methane hydrates.

Deaton and Frost
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also used the Clapeyron equation and obtained a hydrate
number of 7 for methane and 8 for ethane.

These calculations

predict the compositions, however, only in the vicinity of
the ice point.
Deaton and Frost [4] also experimentally determined
the hydrate numbers of methane and ethane hydrates by a
method similar to that used in this research, except that
they employed a different device in attempting to achieve
complete conversion to hydrate.

The temperature and pres¬

sures at which Deaton and Frost determined the compositions
of ethane and methane hydrates were not specified in their
monograph.

They obtained hydrate numbers of 7.11 and 7.04

on the two runs reported for methane hydrate and 8.06, 8.18,
8.54, and 8.33 for the four runs on ethane hydrate.

It was

implied that the composition of each hydrate was obtained at
only one condition of temperature and pressure.

No attempt

was made to study the dependence of hydrate composition on
pressure and temperature.
The hydrate crystal structure was revealed by von
Stackelberg and his associates [18], who determined the
X-ray diffraction patterns of a number of gas hydrates.
Claussen [1 ] helped to formulate structural arrays fitting
these patterns and proposed two structures (I and II) for
hydrates, which agreed with the X-ray diffraction

4.
observations.

According to von Stackelberg and Muller [18],

both ethane and methane hydrates crystallize in Structure I.
From considerations

of molecular size and thermodynamic

requirements of the solute gas and Structure I, it
can be deduced that the minimum possible hydrate number for
methane hydrate is 5-3/4, while the minimum hydrate number
for ethane hydrate is 7-2/3.
van der Waals and Platteeuw [20] used classical statis¬
tical mechanics to develop equations relating the thermo¬
dynamic properties of clathrates.

Marshall [12] attempted

to measure the hydrate numbers for methane hydrate by the
indirect method of observing the pressure drop in a closed
system during hydrate formation.

Marshall obtained hydrate

conversions of 30 to 55 percent of the theoretical value
and attributed the low conversions to occlusion of liquid
water due to rapid hydrate formation.

Marshall's suggestion

of using a method of macroscopically breaking up the hydrate
crystals gave impetus to this research.

Marshall [12] pre¬

sented a general review of the literature on gas hydrates,
and van der Waals and Platteeuw [20] included an extensive
list of hydrate references in their publication.

Saito,

Marshall, and Kobayashi [17] used the equations of van der
Waals and Platteeuw to calculate hydrate numbers as a
function of pressure and temperature for methane hydrate

5.
from 382 PSIA to 15,000 PSIA.

Nagata and Kobayashi [15]

determined the parameters used in calculating the hydrate
numbers for ethane used in this thesis.

6.
Ill.

A.

THEORY

Structure
As discussed by van der Waals and Platteeuw [20], gas

hydrates are inclusion compounds in which gas molecules
occupy cavities in a framework of tetrahedrally coordinated
water molecules linked together by hydrogen bonds.

The empty

host lattice of water molecules is thermodynamically unstable
for gas hydrates.

The lattice is stabilized by inclusion of

the solute gas molecules.

According to the solid solution

theory of van der Waals and Platteeuw [20] , van der Waals
forces between the included gas molecule and the water mole¬
cules of the host cavity provide the stabilizing influence.
All gas hydrates crystallize in either of two structures
(I or II), depending upon molecular size and thermodynamic
requirements of the solute gas and the host cavity.

Ethane

and methane hydrates crystallize in Structure I, while
molecules too large for Structure I, such as propane, crys¬
tallize in Structure II.

Structure I contains 46 water

molecules per unit cell forming two types of cavities.

The

smaller cavities are each formed by a pentagonal dodeca¬
hedral array of 20 water molecules and are located at the
vertices and the center of the unit cell.

Each vertex of

the unit cell comprises one eighth of one smaller cavity.
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The eight vertices of the unit cell, therefore, constitute
one smaller cavity for a total of two smaller cavities in
the unit cell.

The remaining six water molecules form

bridges between the dodecahedra to form six larger cavities,
which are tetrakaidecahedrons having two opposite hexagonal
faces and twelve pentagonal faces.

The smaller cavities,

according to van der Waals and Platteeuw [20], are very
nearly spherical with a free diameter of approximately
O

5.1 A.

The larger cavities are slightly oblate; the dis¬

tances from the center to the surrounding oxygen atoms vary
O

O

between 4.04 A and 4.65 A.

Their free diameter is approxi-

O

mately 5.8 A.

The lattice constant for ethane and methane
O

hydrates is 12.0 A [20] •
For gas molecules small enough to occupy both size
cavities, such as methane, the minimum possible hydrate
number would be 46/8 or 5 3/4 moles of water to one mole of
gas.

In order to be thermodynamically consistent, as will

be discussed later, only the larger cavities should be occu¬
pied in ethane hydrate; this gives a minimum hydrate number
of 46/6 or 7 2/3 for ethane hydrate.

B.

Basic Equations from Solid Solution Theory
van der Waals and Platteeuw [20] predicted that the

actual occupancy of the pure component hydrate cavities will
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depend upon the temperature and pressure when the hydrate is
formed in equilibrium with the liquid phase.

An outline of

the solid solution theory of van der Waals and Platteeuw
is presented in Marshall's thesis

[12] .

The presentation

in this section uses the equations and explanations from
these two sources plus modifications or changes in nomen¬
clature as presented by Nagata and Kobayashi
Marshall,

and Kobayashi

the lattice former

[17].

and Saito,

The latter reference denotes

(water) by W, which can exist in a meta¬

stable modification of W^

(empty clathrate lattice), a

stable crystalline modification v/1
modification W1,

[15]

(liquid water) .

(ice) , and a liquid

Saito, Marshall,

and

Kobayashi present the basic equations of van der Waals and
Platteeuw [20], which describe the hydrate,

as follows:

p
= ^ + kT S u In (1 - E y,Kl.)
^w
*w
*1
K

yKi =

CKi =

C

Ki

V

(1

+ S
u

C
T

(1)

(2)

f

Ji

J>

(lAT)hKi(T,V)/Grk(T)

The same authors

(3)

[ 17]

submit the following explana¬

tion of these equations:
"In equation

(1)

p

of water in the hydrate.

w

represents the chemical potential

R

The term pA

represents the chem¬

ical potential of water in the empty lattice structure
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modification.
])

2

= 3/23.

For gas hydrates of Structure I,
Equation

(1)

$

= 1/23 and

is a generalized form of Raoult's

law for a solvent when the solute-solute interaction is
negligible.

Equation

(2)

is equivalent to a Langmuir iso¬

therm for localized adsorption without interaction between
the adsorbed molecules."
term k T 2
i

Marshall [12]

explains that "The

In (1 -2 yKl ) represents the contribution to the
i
K

chemical potential of the clathrate from the encaged solute
molecules."

The term y

represents the probability of find¬

ing a solute molecule, K, in a cavity of type i.

f

K

is the

equilibrium fugacity of the solute K in the clathrate.
term C

represents the Langmuir constant.

The

T and K repre¬

sent the temperature and Boltzmann's constant respectively.
Marshall [12]

states that "Equation

(3)

is the defin¬

ing equation for the Langmuir constant used in equation

(2).

The term h . (T,V) represents the molecular partition function of a solute molecule of type K enclosed in a cavity of
type i.

The term

0

(T)

is the molecular partition function

J\

of a solute molecule of type K with the volume factor
removed."
As stated by Saito, Marshall, and Kobayashi [17],

"The

general equations for a clathrate contain only the cell par¬
tition function, hi . , as an unknown, the evaluation of which
allows the prediction of the thermodynamic behavior of

10.

clathrates relative to the empty lattice."

The cell par¬

tition functions have been evaluated by van der Waals and
Platteeuw under the following assumptions, as stated by
Marshall [12] :
a. The contribution of the Q molecules [i.e. the W,
or water, molecules of this work]

is independent

of the mode of occupation of the cavities.

That

is, the dimensions of the encaged molecules are
such that the host lattice is not distorted.
b. A cavity never traps more than one solute mole¬
cule .
c. There is negligible interaction between solute
molecules in their respective cages.
d. The rotational and vibrational partition function
for the enclosed molecules are unchanged by the
act of entrapment.

Thus, the only effect on the

total partition function arises in the transla¬
tional partition function.
e. The potential of a solute molecule in its cage
can be described by the Lennard-Jones-Devonshire
model.
f. Classical statistics apply.
Saito, Marshall, and Kobayashi [17] state that "The
potential energy of a solute molecule at a distance r_ from
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the center of its cage is given by the spherically symmetri¬
cal potential ua (r) proposed by Lennard-Jones and Devonshire

(11) :
h^ = 0 (T) exp [ —to (0) /kT]

In equation

2TT

a

»

(4)

(4) , UJ (0) is the potential energy of the solute

molecule at the center of the cage; a^ is the cell radius;
and g_^ is a dimensionless integral.
Saito, Marshall, and Kobayashi used the Lennard-Jones
and Devonshire potential in calculating the hydrate numbers
for methane with which the experimental values determined
in this thesis are compared.

In calculating the Langmuir

constants for ethane, however, Nagata and Kobayashi [15]
did not assume any core model for the ethane molecule.
Nagata [14]

has explained the derivation of the equation for

calculating the Langmuir constants for ethane hydrate as
follows: "in the case where ethane molecules occupy only
the larger cavities, Equation
work]

(1)

[also equation

(1)

this

reduces to a single valued function of

p = RT y2ln(l + C2f)

because

= 0 and ^p, RT, and fugacity of ethane, f, are

experimentally known at any fixed temperature below the ice
point and

y/ = 3/23.

We can easily calculate

from

12.
Equation

(1).

The logarithm of

to absolute temperature, then

is linearly proportional
= exp (12.701 - 0.0437 3 T)

is

obtained by using the least square method [using hydrate
decomposition data below 32°F].
[then]

This empirical equation was

used to estimate the value of

at temperatures

above the ice point."

C.

Development of the Equations for Calculating the
Theoretical Hydrate Numbers for Methane and Ethane
Hydrates
The hydrate numbers for methane used in this thesis

are those calculated by Saito, Marshall, and Kobayashi and
presented in Table 1 and Figure 3 of their publication [17].
The equation used in those calculations was equation

(32)

in that publication:

n

23/

/(l+c .f )+3c ,f /(l+c,f )

In equation (5), C

and C
are the Langmuir conK1 Kz

stants for K type molecules

(methane, in this case) in the

small and large type cavities, respectively; f

is the

fugacity corresponding to the decomposition pressure of the
hydrate; and n is the hydrate number.

Disregarding the

numerical constants, the two terms in the denominator of
equation

(5) are the probabilities, y
[equation
Ki

(2)] , of
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finding a solute molecule, K, in a small or a large cavity,
respectively.

For Structure I hydrates, there are 46 water

molecules in the unit cubic lattice forming two small cavi¬
ties and six large cavities.

Therefore, the hydrate number,

n, which is the ratio of molecules of water to molecules of
gas in the hydrate, is given by 46/(2y + 6y
KX

).

This

expression, divided by two, yields equation (5) above.

For

methane hydrate,

" ■

/tCMlV(1+CMlfM>+3

23

•

(5 A)

-

As Figure 3 of reference [17] indicates, the methane hydrate
number decreases from a value of 6.85 at 382 PSIA to a value
approaching the minimum hydrate number of 5 3/4 at a pressure
of approximately 50,000 PSIA.

The theoretical hydrate num¬

bers with which the experimental hydrate numbers of this
research were compared were obtained from a plot of the
hydrate numbers (as a function of pressure) listed in
Table 1 of reference [ 17] .
Starting with equations (1) and (2), Saito, Marshall,
and Kobayashi [ 17] developed the following equation for the
chemical potential difference,

p,1 , between the |3

(empty

hydrate lattice) modification and the L (liquid water)
modification:

14.
^ VJL' = ^

+ ^V' (P-Pq)

(6)

(Equation (30), Ref.

[17]

where ^V1 denotes the difference between the molar volumes
of the 8 and L modifications.

The values

u1 and P are
o
o

reference values arising from the integration of the equation
expressing the pressure effect on the chemical potential
difference,
equation (6).

p', at constant temperature, which results in
Nagata and Kobayashi observe that "The dis¬

sociation pressures of the ethane hydrate are lower than
those of the methane hydrate at any fixed temperature, so
that ^ ji' of the ethane hydrate should be lower than the
corresponding value of the methane hydrate.

A comparison of

all calculated A H's for the ethane hydrate and 225.1 cal.
per gram mole for the methane hydrate at 282.3°K shows that

A\i' based upon the assumption that the ethane molecules
occupy only larger cavities meets this condition."

Hence,

the equation used in this thesis for calculating the theo¬
retical hydrate numbers for ethane hydrate is

n = 23/[3CE2fE/(l+CE2fE)J

where the symbols are defined as in equation (5), with K
replaced by E for ethane.

A sample calculation for com¬

puting n for ethane hydrate is given in Appendix B.

(7)

15.

D.

Gas Hydrate Equilibrium Relationships
Methane is one of the few hydrate-forming compounds

whose critical temperature falls below the freezing point
of water [10], while ethane is representative of the group
of compounds whose critical temperature falls above the
freezing point of water.

A pressure-temperature diagram

representing the locus of points for the three phases
(hydrate-water rich liquid-gas) existing in equilibrium is
shown in Figure 3 for methane.
in Figure 2 for ethane.
of

A similar diagram is shown

In the presentation and discussion

these diagrams the phases are designated by: G for gas,
for water-rich liquid,

H for hydrate, I for ice.

l,

for hydrocarbon-rich liquid,
The data for these diagrams were

taken from Deaton and Frost [4 ] and Marshall [12].

The

quadruple point indicated in Figure 2 (ethane system) repre¬
sents the temperature and pressure at which four phases
(G-H-L^-L^) coexist at equilibrium.

This condition is

unique, i.e. an invariant point, as shown by the Phase
Rule for a binary hydrocarbon-water system.
Three other three-phase loci radiate from the quadruple
point (besides the G-H-L^ line):
H-L^-G line, and the L^-H-L^ line.

the L^-G-I^ line, the
Kobayashi [10] states

that "the I^-H-I^ line, being comprised of three virtually
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incompressible phases, virtually falls at a constant
temperature."

Villard [19]

termed this temperature the

"critical decomposition temperature of hydrates" because
hydrates could not be formed "irrespective of pressure" above
that temperature.

Ethane has a "critical decomposition tem¬

perature,""*’ while methane, because its critical temperature
falls below the freezing point of water, does not exhibit
a quadruple point or a "critical decomposition temperature."
Hydrate formation below 32°F occurs very slowly, ac¬
cording to Deaton and Frost.

Above the quadruple point,

ethane hydrate does not form in equilibrium with the gas
phase.

Consequently, the ethane hydrate system was studied

between the freezing point of water and the quadruple point.
In this region relatively rapid hydrate formation occurred,
and the hydrate formation could be detected by a marked de¬
crease in gas pressure.

Likewise, the lower limit for the

study of methane hydrate was 32°F; but, since no quadruple
point exists for methane hydrate, the upper bound was set
only by the limitations of the apparatus.

While this can be assumed to be correct qualitatively at
low to moderate pressures, the slope of the L^-L^-H line
can be expected ultimately to show a positive dP/dT relation¬
ship.
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IV.

CALCULATIONS

Two methods were used in obtaining the experimental hy¬
drate numbers.

Method I was an adaptation of the method used

by Marshall [12].

Deaton and Frost [4] used a simplified

form of Method II without a completely effective mechanism
for reducing the size of the macro-crystals to eliminate
occlusion of liquid water.
Method I.

The equilibrium pressure and temperature (P2,T2^

at which the hydrate first formed and the pressure and
temperature (P^,T^) at which complete conversion was ob¬
tained were determined.

These two conditions of temperature

and pressure were points on the three-phase equilibrium
traces of gas-water rich liquid-hydrate.

The system of gas

and a known quantity of water was cooled along a constant
volume line until hydrate formed (actually at a subcooled
temperature); the intersection of the constant volume cool¬
ing line with the equilibrium line determined
Similarly, when complete conversion was obtained, further
cooling resulted in a constant volume line, whose inter¬
section with the three-phase equilibrium line determined
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The data for three-phase equilibrium for methane and
ethane hydrates were obtained from Deaton and Frost
and Marshall

[12], and McLeod and Campbell

sibility factors were determined from Din
For a closed system,

[11] .

[4],

Compres¬

[5].

the number of moles of gas present

at the initial decomposition of hydrate was given by

n

(8)

P

lVsl/ZlRTl

1

At the point of initial equilibrium hydrate formation
after complete decomposition)

of the hydrate,

(or

the number of

moles of gas in the system was given by

n

o
2=

where

(9)

S
(P,V
RT 2
) + 2
o" w
2 a0
s2/Z 2

is the system volume available to the gas phase
with hydrate present

V

sz

is the system volume available to the gas phase
with water present
is the solubility of the gas in water
(mole fraction

n
Z

w

1,Z2

=

moles gas/moles water)

at

p

,T
2

2

is the number of moles of water present
are

com ress

P

ikil.ity factors

[5].

Assuming complete conversion of water to hydrate,
n -n,

moles of gas are associated with n

the hydrate number

(n) was given by:

moles of water,

so
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n = n /(n -n )

(10)

In the actual calculations, points on the constant
volume lines near the three-phase equilibrium lines were
used instead of the points actually on the three-phase
equilibrium line.

The difference in moles, n2~n^, using

these alternate values would equal the difference calculated
using the points actually on the three-phase equilibrium line,
since the volume changes due to pressure and temperature
changes are automatically accounted for in equations
(9).

(8) and

The points on the constant volume lines were selected

because they represented actual data points, whereas the
corresponding three-phase equilibrium points would often
have to have been determined by extrapolation.
The hydrate composition may also be expressed by the
ratio of the hydrate number representing complete occupancy
of the thermodynamically available cavities
hydrate, 5 3/4 for methane hydrate)
hydrate number.

(6 2/3 for ethane

to the experimental

A corresponding ratio may be calculated for

the ratio of the "complete occupancy" or "limiting" hydrate
numbers to the solid solution theory hydrate numbers.
ratios are indicative of the fraction of conversion to
hydrate.

These
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Method II.

The second method involved determining the

volume of gas evolved during the decomposition of the hy¬
drates at constant pressure.

The moles of gas in the hydrate

were equal to the moles of gas evolved plus the moles of gas
dissolved in the water at the final decomposition pressure
and temperature (P^,T^) minus a correction for the tendency
of the pressure to rise during heating.

The gas evolved

was determined by bleeding the gas at constant pressure
from the hydrate cell into a glass flask of known volume,
which had been initially evacuated.

A mercury manometer

indicated the final pressure (or vacuum) in the flask.

A

drying tube filled with Drierite was placed in the system
between the cell and the collection jar to remove water
vapor from the gas, which eliminated the necessity of cor¬
recting for the vapor pressure of water.
Thus, the number of moles of gas used in forming the
hydrate according to Method II was

n

G “

'VGW

- t

(P V

i Si/ZiRTi> -

f sf/ZfRTf11 + Sfnw

(p v

(11)
where

= absolute pressure of the gas in the volumetric
flask after the hydrate has decomposed
TQ

= temperature of the gas in the flask

V

= volume of the gas collecting system

G
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Z

= compressibility factor of the gas [8]

at P ,T

Pf = absolute pressure of the gas in the autoclave
system at the final temperature at which gas was
removed from the autoclave
T.,T^ = absolute temperature of the gas in the autoclave
corresponding to P^,P^
Z,Z = compressibility factors [5] at (P . ,T. ) , (P _,T_)
if
i l
f r
respectively
V

si’Vsf

=

autoc ave

l

system volumes before and after hydrate

decomposition

(same volumes used as were used in

Method I. i.e. V ..V _)
*
si’ s2
Sf = solubility of the gas in water
(mole fraction =*moles gas/mole water at P^,T^)
n

w

= number of moles of water charged

P_^ = absolute pressure of the gas in the autoclave
system at the initial temperature at which gas
was removed from the autoclave
R = gas constant
The hydrate number for Method II was given by
n = n /n
w G

(12)

The solubility data for Method I and Method II were obtained
from extrapolations
and McKetta

[2,3] .

(Figures 4 and 5) of the data of Culberson
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Auxiliary Calculations
Autoclave System Volume
In both of the methods, the autoclave system
volume before and after hydrate decomposition was required.
The free volume of the autoclave system without water or
hydrate present was determined by helium expansions from
the autoclave into a cylinder of known volume.
culations are shown in Appendix

B*

These cal¬

The autoclave system

volume with only water and gas present (V

or V
SZ

) was

S ll

equal to the free system volume minus the volume of water
present at temperature T^ of Method I.
volume with hydrate present (V

or V

The autoclave system
) was equal to the

free system volume minus the volume of hydrate.

The hydrate

volume was determined by dividing the weight of the hydrate
in the autoclave by the hydrate density.

The hydrate density

was computed by dividing the weight of gas and water in a
unit cube of the hydrate by the volume of a unit cube of the
hydrate.
Appendix

A sample of this calculation is presented in
B•

Appendix B also contains a sample calculation of the
volume of the gas collecting system.

The calculation show¬

ing the legitimacy of neglecting the small amount of water
released from the system during gas collection for successive
methane runs is also presented in Appendix

B *
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V.

A.

EXPERIMENTAL PROGRAM

Experimental Equipment
A schematic diagram of the experimental system is

shown in Figure 1.

A description of the individual com¬

ponents of the system are presented here under separate
subsections: (1) The Autoclave,
(3) Gas Charging System,

(4) Pressure Measuring System,

(5) Temperature Measuring System,
System,
1.

(2) Water Charging System,

(6) Temperature Control

(7) Gas Collecting System, and (8) Vacuum System.
The Autoclave.

The autoclave was a cylindrical

cell in which the hydrate was formed.

It had a bore of

2 5/8 inches I.D., 5 3/4 inches long and was made of Type
410 stainless steel, heat treated to approximately 260
Brinell, or a tensile strength of 130,000 PSI.

The design

pressure was in excess of 15,000 PSI for operating tempera¬
tures from -300°F to +500°F.

Closures on the autoclave were

removable and equipped with journals, which permitted the
cell to rotate about its longitudinal axis.
was attached with 12 3/8-inch bolts.
used as seals.

Each closure

Teflon "0" rings were

A special stainless steel valve (item V ,
O

Figure 1) was built into the closure on one end of the auto¬
clave.

The interior chamber of the autoclave contained

fifteen stainless steel balls of 1/2 inch diameter and ten

.
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stainless steel balls of 9/16 inch diameter.
The autoclave was connected to the gas inlet valve by
means of a 1/16 inch tubing spiral of 38 turns, which per¬
mitted the autoclave to rotate, alternating approximately
four turns clockwise and four turns counterclockwise, so
that the rolling balls produced a grinding or crushing
action.

This oscillating drive was provided by a Boston

worm reducer driven by a three-phase, “■

horsepower motor,

which was automatically reversed after each seven revolu¬
tions of the autoclave.

A full cycle (clockwise and counter¬

clockwise) took approximately 16 seconds.
sprockets and roller chain.

The drive was by

The journal to which the sprocket

was attached was provided with a 1/8 inch bore, which served
as a thermowell for a ten-junction thermopile.
2.

Water Charging System.

Water was charged to the

evacuated autoclave from a 50 milliliter burette with gradu¬
ations of 0.1 milliliter.

The burette was connected to a

stainless steel valve and tubing assembly by an approximately
10 inch section of 1/8 inch Tygon tubing.

The stainless

steel tubing was 1/8 inch tubing, except for a small section
of 1/16 inch tubing which joined the assembly to the auto¬
clave.

The water valve and vacuum valve of the assembly were

commercial, 1/8 inch, stainless steel Whitey valves.
stainless steel fittings were commercial, 1/8 inch

The
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Swagelok fittings.
3. Gas Charging System.

The equipment used in

charging the autoclave with gas consisted of the gas
cylinder, a pressure regulator, and an assembly of valves
and tubing, which connected with the 1/16 inch tubing spiral
to the autoclave.

The methane cylinder was a Matheson high

pressure cylinder with an initial pressure of approximately
2200 PSIA.

The pressure regulator for the methane cylinder

was a Matheson automatic regulator-number 350 with a 4,000 PSI
inlet pressure gauge and a 3,000 PSI outlet pressure gauge.
The ethane cylinder was a size BB cylinder from Phillips
Petroleum Company.

A pressure regulating valve was used for

ethane instead of a pressure regulator, since the initial
gas cylinder pressure was only 580 PSIG.
The tubing was commercial 1/8 inch stainless steel
tubing purchased from Tubesales Company.

The gas feed

valve, the feed block valve, and the autoclave inlet valve
were stainless steel, needle type metering valves.

The auto¬

clave inlet valve was equipped with a long stem extending
outside of the temperature bath.
4. Pressure Measuring System.

The pressure measuring

system consisted of Heise Bourdon Tube Gauges and the tubing
which connected the gauge with the autoclave system.

The

Heise Gauge used for methane was a 2,000 PSIA gauge

(Serial
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Number H 29371) with graduations of 2 PSI.

For ethane a

500 PSIA Heise gauge (Serial Number H 46360) with gradua¬
tions of 1 PSI was used.

Each gauge was calibrated against

a Ruska Instrument Corporation Model 2455 Dead Weight Gauge.
The results of the calibration are listed in Tables C-l and
C-2.
The gauge block valve was a stainless steel, needletype metering valve.

The interconnecting tubing between the

gauge and the autoclave inlet valve (item V , Figure 1) was
commercial 1/8 inch stainless steel tubing.
5. Temperature Measuring System.

The temperature in

the cell was sensed with a ten-junction chromel-constantan
thermopile.

It was calibrated against a platinum resistance

thermometer for the operating range of temperatures.
calibration results are shown in Table c-3.

The

A Leeds and

Northrup Company millivolt potentiometer (model number 8686)
was used with a distilled water-ice reference junction.
A copper-constantan thermocouple was positioned at
various places within the bath to test for uniformity of bath
temperature.

The temperatures at the various stations

agreed within 0.1°F and were within 0.1°F of the thermopile
temperature.
6. Temperature Control System.

The inner liner of the

temperature bath was constructed of Type 304 stainless steel
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and had a capacity of approximately 33 gallons.

The space

between the inner and outer walls was lined with foam in
place urethane insulation and sealed with epoxy.
The bath fluid was commercial ethylene glycol diluted
with water to a freezing point of 0°F.

The bath was cir¬

culated by two propeller type stirrers driven by 1750 RPM,
1/15 horsepower motors.

Each stirrer was enclosed in a

cylindrical aluminum sleeve.

The bath fluid was pulled in

at the top of the sleeve and forced out the bottom to give
continuous, uniform circulation.
Primary heat was supplied by a 750 watt immersion
heater.

Control heat was supplied by a 100 watt heater con¬

nected to a Hallikainen Model 1053A Thermotrol temperature
controller, operated with an on-off mode of control.
The refrigeration system was assembled in the Rice
University Mechanical Engineering Shop.

The main component

was a Brunner-metric, semi-hermatic refrigeration condensing
unit, Model A8C, Type A.

The Freon-12 refrigerant emerged

through a thermostatic expansion valve and flowed through a
3/8 inch O.D., 5/16 inch I.D. copper coil having a total
length of approximately 15 feet.

The refrigerator was

equipped with recycle and throttle valves for the compressor
to allow control of the cooling capacity.
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7. Gas Collecting System.

The gas collecting system

consisted of a 150 mm. Schwartz U-tube filled with indicating
Drierite, a 1,000 mm. U-tube mercury manometer graduated in
increments of 1 mm., and a volumetric flask, equipped with
inlet and outlet stopcocks.

The volumetric flask had a

volume of 3834.7 milliliters, as determined by water dis¬
placement.

The volumetric flask and manometer were made by

Scientific Glass Blowing Company of Houston, Texas.

The

interconnecting tubing was commercial 1/8 inch Tygon tubing.
The leak rate from the system was negligibly small even for
times considerably longer than the duration of the gas col¬
lecting period.

The gas collecting system temperature was

sensed with an 18°F to 88°F Tag thermometer, graduated in
0.2°F, located in a thermowell provided in the volumetric
flask.
8. Vacuum System.

A mechanical vacuum pump with a

size 35/40 glass vacuum trap was used to evacuate the auto¬
clave and the volume collecting system.

The 1/4 inch

vacuum hose used to interconnect the vacuum system was
simply disconnected from the water charging assembly at the
vacuum valve and reconnected to the volumetric expansion
flask at the appropriate time.
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B.

Experimental Procedure
The procedure consisted of four phases: preparing the

the system, charging the autoclave, forming the hydrate, and
measuring the quantity of gas evolved during decomposition of
the hydrate.
Initially, the water in the system from the previous
run was removed from the cell.

For the ethane hydrate

experiments, this was accomplished by first blowing as much
water from the cell as possible by releasing the cell pres¬
sure to the atmosphere.

The volume of water was collected in

a 25 milliliter graduated cylinder.

The autoclave was then

evacuated and heated to 400°F to 500°F with a silicone im¬
bedded heating belt; simultaneously, the tubing was heated
with an infrared lamp.

The remaining water in the cell was

collected in the vacuum trap.

When continued heating pro¬

duced no additional water, the total volume of water col¬
lected was compared with the water charged in the previous
run as a check on the charging procedure.

The cell was

allowed to cool and the tubing and autoclave were purged
with dry nitrogen to remove any possible traces of water.
The exhaust nitrogen stream from the autoclave was checked
for moisture with a color indicating silica gel.
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For the methane hydrate runs, the same charge of
water was used for all four runs; equilibrium calculations
(Appendix B) and the lack of detectable weight changes in
the drying tube for successive runs revealed that the
water content in the gas bled off during hydrate decomposi¬
tion was negligible.

The water charge for the methane runs

was recovered by first bleeding the gas from its operating
pressure to just above atmospheric pressure through a tared
drying tube containing Drierite.

The autoclave was then

evacuated and heated as before, except that two tared vacuum
traps and a tared Drierite drying tube were used in series
to collect the water.

The quantity of water collected was

equal to the weight increase above the tare weights.
After the system was purged with nitrogen to remove
any final traces of water, the autoclave was evacuated and
pressurized to about 50 PSIA with the gas to be used in the
experiment.

The cell was then evacuated again in prepara¬

tion for the water charge.
The distilled water to be charged to the autoclave was
boiled to remove dissolved gases and then cooled in a closed
container.

The evacuated portion of the water charging

valve and tubing assembly (with the vacuum valve closed) was
filled with water to the closed autoclave exit valve.

Fif¬

teen milliliters of water were then charged to the evacuated
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autoclave (with the autoclave inlet valve closed) from the
50 milliliter burette through the water feed valve (item 10,
Figure 1).

The autoclave was then pressurized slightly to

prevent leakage of ethylene glycol into the system, and the
bath was raised.

The bath was brought to the desired initial

temperature, and the gas pressure was increased to the
appropriate pressure.

This initial condition was well within

the two-phase region of gas and water-rich liquid.

Thus,

the initial condition for the system of gas and water-rich
liquid was a point several degrees Fahrenheit higher than
the three-phase equilibrium temperature at the initial
pressure.
Rotation of the autoclave was then started, and the
system was cooled at a rate of 2°F to 3°F per hour along a
constant volume path.

After the three-phase equilibrium

curve was reached, the cooling rate was reduced to 0.5°F to
1°F per hour.

The system was supercooled to a few degrees

below the temperature on the three-phase equilibrium curve
which represented complete conversion to hydrate.

The sys¬

tem was controlled at this temperature until no further
pressure reduction occurred.

This condition of temperature

and pressure was in the two-phase region of gas and hydrate.
The pressure drop from the initial condition of pressure and
temperature to the final condition of pressure and tempera-
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ture at complete conversion to hydrate was a measure of the
moles of gas used in forming the hydrate.

Ordinarily, the

time required to achieve the equilibrium conversion was 40
to 70 hours.
After equilibrium was established, the system was
heated at a rate of 1°F to 2°F along a constant volume path
until a temperature within a couple of degrees of the threephase equilibrium temperature was reached.

The heating

rate was then reduced to about 0.5°F to 1°F per hour.

The

pressure was held constant thereafter by bleeding the excess
gas volume, arising from hydrate decomposition and system
temperature increase, into the evacuated system of known
volume (items 6 and 7 of Figure 1).

The system was heated

to a temperature 2°F to 4°F higher than the temperature on
the three-phase equilibrium curve which represented complete
decomposition of the gas hydrate.

The temperature was con¬

trolled at this point until no additional increase in pres¬
sure occurred.

The manometer reading was recorded at the

beginning and end of the gas collection, as were the gas
collecting system temperature and the barometric pressure.
The cell was rotated during the decomposition period,
except for the times when the gas was bled to the collection
system.

At these times the cell rotation was stopped at a

point where the outlet to the spiral tubing from the cell
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was in its highest position, as indicated by an arrow on
the drive gear external to the bath.

This same precaution

was taken anytime a pressure reading was made or gas was
charged to avoid forcing water into the tubing system where
it could form hydrates and prevent reading the correct
pressure.
The absolute pressure of the gas collecting system at
the point of final hydrate decomposition determined the
moles of gas evolved in the hydrate decomposition plus the
relatively smaller number of moles arising from the increase
in temperature of the autoclave system.

A correction was

also made for the moles of gas dissolved in the water at
the final decomposition temperature and pressure.

The dry¬

ing tube in the volume collecting system eliminated the need
to correct for water vapor pressure in the collected gas.

C.

Experimental Difficulties
In general, the operating performance of the equipment

was excellent.

The only significant difficulty was in the

determination of the system pressure.

As previously dis¬

cussed in the procedure section, extreme care had to be
taken to prevent water from entering the 1/16 inch spiral
tubing.

With even a small amount of water in the small

diameter tubing, hydrate formation effectively blocked the

.
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tubing and prevented a correct reading of pressure.

The

apparently small pressure drops resulting from such blockage
were mistakenly interpreted as incomplete hydrate conversion
during the initial experiments.

In run number 12 the hydrate

which had formed in the tubing was decomposed by local ap¬
plication of hot ethylene glycol, an effective but cumber¬
some technique.
It is recommended that a more sophisticated method of
locally heating the spiral tubing, such as passing a low
amperage electrical current through the tubing itself, be
used in the future.

Another approach would be to sense the

pressure with a strain gauge type pressure transducer.

Materials
1.

Ethane

- Research Grade (Phillips Petroleum
Company) 99.99 mole percent minimum
purity

2.

Methane

- Matheson Ultra High Purity 99.97 mole
percent

3.

Propane

- Pure Grade (Phillips Petroleum
Company) 99 mole percent minimum

4.

Water

- 1.

Distilled Water (CC^ free) from
W. H. Curtin & Co.

2.

Silver Seal Distilled Water,
Houston Distilled Water Company

.
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VI.

A.

DISCUSSION OF RESULTS

Comparison of Experimental Results with the Solid
Solution Theory
As shown in Table 1, the maximum percentage difference

of the experimental hydrate numbers for ethane from the
hydrate numbers calculated from the solid solution theory
was -2.90 percent (run 12, Method II).

According to

equation (7) of the theory, the hydrate existing at the
higher equilibrium pressure (run 11) should have the lower
hydrate number.

The experimental results for ethane hydrate

supported this prediction.

In general, the experimental

hydrate numbers for ethane hydrate were only slightly lower
than the theoretical values.

Run 12 (Method I) gave the

only experimental hydrate number for ethane hydrate greater
than the theoretical value.
For the methane runs, the maximum percentage differ¬
ence of the experimental hydrate numbers from the theoreti¬
cal hydrate numbers was -5.87 percent (run 13, Method II).
Only two of the runs produced hydrate numbers greater than
the theoretical values.

Method II of run 15 yielded a

hydrate number (6.37) compared to a theoretical hydrate
number of 6.14.

Run 16 (Method II) produced a hydrate

.
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number (6.20) only slightly greater than the theoretical
value (6.14).

The remainder of the experimental hydrate

numbers were lower than the theoretical values.
Qualitatively, the results for Method I of the methane
runs substantiated the theoretical prediction (equation 5-A)
that the hydrate numbers should decrease with increasing
pressure.

The data for methane using the Method II calcu¬

lation produced hydrate numbers which were consistently
larger at the higher pressures (runs 15 and 16, Method II)
than those at the lower pressures (runs 13 and 14,
Method II).

This is exactly the opposite of the relation¬

ship of the hydrate numbers with pressure predicted by the
solid solution theory.

The ambiguity resulting from the

discrepancy between the calculations by Method I and
Method II for the methane runs makes the verification of
the relationship between pressure and the hydrate number
predicted by the solid solution theory inconclusive for
methane hydrate.
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B.

General Experimental Observations
As Indicated in Table 3, the normal duration of a run

between the time when P2,T2 ^as

defined

in

Method I) was ob¬

served and P^,T^ was reached was between 40 and 70 hours.
In the order of 90 percent of the equilibrium conversion
ordinarily occurred, however, within the first several hours
Then as long as two or three more days might be required to
achieve complete conversion (as indicated by no additional
decrease in pressure with time).

This observation agreed

essentially with the rate of hydrate formation' witnessed by
Deaton and Frost [4 ] .
In order to demonstrate the effectiveness of the
grinding action of the stainless steel balls and the auto¬
clave rotation on hydrate formation, the procedure in run 14
was altered.

Instead of starting the autoclave rotation at

the beginning of the system cooling period, rotation was
delayed until awhile after the final subcooled condition of
temperature was reached.

This temperature (48.8°F) was

slightly lower than the corresponding temperature for run 13
(49.1°F) in which rotation was employed during the entire
cooling period.

In run 13, approximately 90 percent of the

equilibrium hydrate conversion was obtained in about 5 hours
In run 14, however, practically no hydrate formation had

.
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occurred at the end of 7-1/2 hours.

Rotation of the auto¬

clave was then started and at least 90 percent of the
equilibrium conversion was attained in about three hours.
Thus, the importance of macroscopically breaking up the
hydrate crystals to release occluded liquid water for hydrate
formation was shown.
The applicability of the technique used in this re¬
search for the determination of the hydrate numbers of other
gas hydrates was indicated in initial experiments (runs 1
through 6) with propane hydrate.

A conversion of at least

79 percent of the theoretical value was indicated for pro¬
pane hydrate (run 2) by Method I, corresponding to a hydrate
number of approximately 21.5; but there was evidence of ice
or hydrate formation in the spiral tubing during this run,
so that the actual hydrate number of propane hydrate at that
condition of temperature and pressure could have been less
than 21.5. The theoretical minimum hydrate number for stable
propane hydrate (which forms in Structure II) is 17.

The

propane runs were plagued with the problem of ice or hydrate
forming in the spiral tubing, and no reproducible data were
obtained.

Runs 7, 8, and 9 were developmental runs with

ethane hydrate in which problems of system leaks and hydrate
formation in the spiral tubing were being solved.

With the

improved technique for preventing hydrate formation in the
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spiral tubing, it is probable that reproducible propane
hydrate numbers can be determined in the future.

C.

Error Analysis
The estimates of the uncertainties in the experimental

variables were made as follows:
1. Water Charge
a) Water density, p ,

+ 0.001 g/ml

b) Volume of water added, V ,
’

w

+ 0.2 ml
—

(This estimate was based upon the maximum
discrepancy between the quantity of water
charged and the quantity of water recovered
in the experiments.)
2. Method I
a) Pressure (P^jP^) — 0-1% of maximum Heise
Gauge reading:
+. 0.5 PSIA for 500 PSIA gauge (ethane runs)
+, 2 PSIA for 2,000 PSIA gauge (methane runs)
b) Autoclave System Temperature, T^,T^
+ 0.1°F(+ 0.1°R)

(Based on maximum variation

in temperature distribution in bath)
c) Compressibility Factor, Z^,Z2

+ 0.001

d) System Volume, V ,,V _ + 0.5 ml
si s2
—
3
(0.000018 ft. ) (Based on maximum deviation

40.

of results of volume determination by helium
expansions)
e) Solubility,
Estimate

± 0.0005 mols/mol for methane
+ 0.00005 mols/mol for ethane

3.

Method II
a) Gas Temperature in Flask, T
b) Gas Volume in Flask, V
’ G
c) Gas Pressure in Flask, P

G

+_ 0 „ 2°F (+0.11°K)

+ 5 ml
—
G

+2 mm (+0.0026 atm.)

d) All other variables were estimated to have
the same uncertainties as similar variables
in Method I.
The following analysis is an estimation of the effects
of the systematic errors of this research.
Method I
For simplicity, the moles of gas in the hydrate,
n -n
was designated by n for the error analysis.
2 JL
G

Hence,

the hydrate number for Method I was

n = n /n
w G

(10')

The relative error of the hydrate number was

An/n = An /n + An/n„
w w
G G

(13)
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The relative error of the number of moles of water
charged was

An /n = (1/M n)(^pV
+ p /\ V )
K
w w
w w
w w
w
w
where

(14)

M = molecular weight of water
w
p

w

= density of water
= volume of water charged

Equation (9)-(8) was used to calculate the number of moles
of gas in the hydrate (n -n ,designated by n )
A
G
n

G =

(P V

2 S2/Z2RT2> - <PlVsl/ZlRTl>

+

S n

2 w
(8)-(9)

The relative error of the number of moles of gas in
the hydrate was

An

G/nG

=

t

^(P2Vs2/Z2RT2)

+ i(P V

'

l sl/ZlR'I'l)

+

^(S2n„,1/n(
(15)

For simplicity, the following definitions were made:
A s P0V /Z.RT0 ; B
2s222

H

P.V VZ..RT..
; C = S0n
lslll
2w

Then
■A A/A = AZ /Z
A

+ A T0/T_ + AP„/P„ +

A

A

A

A

A

S

_/V _
2 S2

(16)
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^B/B =

+ ^Vsl/Vs2
(17)

^ C/C =

+ ^S02/S2
0
w /n w

Rewriting equation

(18)

(15) in terms of A, B, and C:

n /n = (4 A + ^ B + ^C)/(A - B + C)
G G

(19)

This value of A n /n was substituted (along with
G G
4 n^/n^ from equation (14))
^ n/n.

into equation

(13)

to obtain

The range of uncertainty in the computed hydrate

number was simply An.

Method II
The hydrate number for Method II was also given by
equation

(12).

The relative uncertainty in the number of

moles of water charged (A n^/n^) was computed in the same
manner as in Method I and was given by equation

(14).

The

number of moles of gas in the hydrate was calculated from

"G “

(P

Z

RT

GV G

[ (p

ivsi/ziRTi) - ‘Vsf/Wl

G> -

+

s

fnw

(ID
For simplicity, the following definitions were made:
D £ P V /Z RT_
G G G G

;

E

P.V ./Z.RT.

F s P.V /Z RT ;
± sf f f

G

S n
f w

1 si

1

1
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Then,

^D/D =

^ZQ/ZG +

V

^TG/T, + ^PQ/PG + ^

V

(/

(20)

G

A E/E = AZ./Z. + AT./T. + A P. /P. + A V ./V .

(21)

A F/F = AZ./Z. + AT^/Tr + AP^/P^ + AV ,/V _

(22)

11

f

f

11

f

f

11

f

f

si

sf

si

sf

G/G = ^ n /n
+ A S^/S^
w w
f
f

(23)

So,

<4 n /n_ =
G
G

Then,

D +4E +4F

+ ^ G)/[A-(E-F)+G]

(24)

as in Method I,

A n/n = A n /n
w

+ A n /n

w

G

G

The percent relative uncertainty,

(2*n/n) (100),

experimental hydrate numbers are tabulated in Table 4.
sample calculation is included in Appendix B.

(13)

for the
A

Pessimistic

estimates of the uncertainties in the measurements were used.
The propagation of errors analysis was also formulated to
produce the most pessimistic combination of systematic
errors.

.

44

VII.

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions
1. An effective experimental method for determining gas
hydrate numbers has been developed.
2. The experimental results for ethane hydrate
indicated an approximate verification of the solid solution
theory calculations of hydrate numbers for ethane hydrate and
generally substantiated the theoretically predicted trend
of decreasing hydrate numbers with increasing pressures.
3. The experimental results for methane hydrates
produced hydrate numbers which were generally lower than
the numbers predicted from the solid solution theory.

The

results were inconclusive in relation to verification of the
solid solution theory prediction of decreasing hydrate
numbers with increasing pressure.
4. in order to provide conclusive verification of the
solid solution theory, it will be necessary to determine
hydrate numbers at larger intervals of pressure than those
used in this research.

B. Recommendations
1.

It is recommended that methane hydrate numbers be

determined for pressures up to 15,000 PSIA at intervals of

45.
2,000 PSIA.

This will require the addition of a high

pressure pump to the experimental system.

It is doubtful

that the procedure of collecting the gas from a decomposing
hydrate at high pressure in a flask at essentially atmos¬
pheric pressure can be safely employed without additional
equipment modification.

The method of observing the

pressure drop in a closed system should still be effective.
2. It is recommended that ethane hydrate numbers be
determined at higher pressures up to near the quadruple
point (between approximately 250 PSIA and 475 PSIA).
3. It is recommended that propane hydrate numbers be
determined at sufficiently large pressure intervals to ob¬
serve the trend of the hydrate numbers with pressure.

The

existing apparatus should suffice for these determinations.
4. The experimental determinations of the hydrate
numbers for mixture hydrates of methane, ethane, propane
systems would perhaps be the next step for a more compre¬
hensive investigation of the solid solution theory.

TABLE 1
Experimental and Theoretical Hydrate Numbers

Solid
Percentage
Experimental Solution Difference
n Theory
From
Run Hydrate (PSIA) T(°F)
(Method) n Theoretical
I II (Method)
I
II
Equilibrium

10

E

118.0

40.0

8.19

8.22

8.26

-0.847 -0.484

11

E

225.0

48.9

7.89

7.94

8.08

-2.35

-1.7 3

12

E

119.4

40.2

8.37

8.01

8.25

+1.45

-2.90

13

M

1030

50.0

6.21

5.93

6.30

-1.43

-5.87

14

M

1032

50.1

6.28

6.11

6.30

-0.317 -3.02

15

M

1902

60.0

6.10

6.37

6.14

-0.651 + 3.74

16

M

1901

59.9

6.00

6.20

6.14

-2.28

+0.977

TABLE 2

Experimental and Theoretical Hydrate Compositions
Expressed as Fraction of Complete Occupancy of
Hydrate Cavities

Equilibrium Experimental Solid
Solution
n, , . /n
total/ exper.
n
P (PSIA) T(°F) total
Theory
(Method)
I
II ntotal/n

Run

Hydrate

10

E

118.0

40.0

7.667

0.936

0.933

0.928

11

E

225.0

48.9

7.667

0.972

0.966

0.949

12

E

119.4

40.2

7.667

0.916

0.957

0.929

13

M

1030

50.0

5.750

0.926

0.970

0.913

14

M

1032

50.1

5.750

0.916

0.941

0.913

15

M

1902

60.0

5.750

0.943

0.903

0.936

16

M

1901

59.9

5.750

0.958

0.927

0.936

TABLE 3
Duration of Experiments

Run

Hours**

Days**

10

283*

11.8*

11

64

2.7

12

310*

12.9*

13

70

2.9

14

55

2.3

15

69

2.9

16

41

1.7

* These runs were extraordinarily long due to equipment
repairs on gas collecting system.

Equilibrium conversions

were achieved sooner than indicated hours.
** The time was the duration from the P
P

1,T1 P°^nt*

2j

T

2

point to the

TABLE 4
Percentage Relative Uncertainty
of Hydrate Numbers

Percentaqe Relative Uncertainty (^n/n)(100)
Run

Method I

Method II

10

+ 3.8

+ 4.6

11

4.4

4.0

12

4.2

4.1

13

13.0

12.5

14

12.2

11.7

15

18.9

19.8

16

18.6

18.4

FIGURE I -SCHEMATIC DIAGRAM OF SYSTEM

TO VACUU
ill
CD

PRESSURE,PSIA.

TEMPERATURE,°F.

FIGURE 2- GAS-HYDRATE EQUILIBRIUM CURVE
FOR ETHANE

PRESSURE, PSIA.

FIGURE 3- GAS-HYDRATE
FOR METHANE

EQULIBRIUM CURVE

FIGURE 4-SOLUBILITY OF ETHANE IN WATER AT
CONSTANT PRESSURE

FIGURE 5-SOLUBILITY OF METHANE IN WATER AT CONSTANT

PRESSURE

TABLE A-l
Experimental Data

Run

P

T

Z

2
(PSIA)

2
(°R)

10

176.0

506.2

0.8780

11

27 3.9

511.2

12

176.2

13

2

V

S2
_ (ft3)

-

Method I

S

n

2
(mole/mole)

w
(mole)

0.01699

0.00045

0.8304

0.8048

0.01699

0.00071

0.8304

506.6

0.8782

0.01699

0.00045

0.8304

1102

510.9

0.8548

0.01699

0.0017

0.8304

14

1102

511.0

0.8542

0.01699

0.0017

0.8304

15

1973

520.9

0.8048

0.01699

0.0023

0.8304

16

1973

521.0

0.8050

0.01699

0.0023

0.8304

P,
1
(PSIA)

1
(°R)

10

118.0

11

T

Z

1

V ,
SI
(ft3)

499.7

0.9178

0.01686

224.5

508.6

0.8426

0.01686

12

119.2

498.9

0.9174

0.01686

13

1029

509.2

0.8573

0.01686

14

1031

509.3

0.8576

0.01686

15

1899

518.7

0.8048

0.01688

16

1898

518.8

0.8047

0.01687

Note

'*

V

P2 are primary pressure readings for ethane runs

i> P

p

are calibrated pressure readings for methane
runsi •
calculated for absolute zero = -459.69°F

TABLE A-2
Experimental Data

-

Method II

n

V,

Run

w

(moles/mole)

(°K)

0.00033

0. 8304

0.9945 3915.8

0.00054

0. 8304

296.0

0.9944 3915.8

0.00032

0. 8304

0.8604

297.5

0.9984 3929.7

0.0017

0. 8304

14

0.8332

297.5

0.9984 3929.7

0.0017

0. 8304

15

1.004

296.3

0.9981 3929.7

0.0024

0. 8304

16

1.053

297.9

0.9981 3929.7

0.0024

0. 8304

P.
l
(atm)

T.
l
(°K)

10

0.6291

297.7

0.995

11

0.6559

297.3

12

0.6472

13

Z
i

3921.1

V

Si
(ml)

.

P
T
f f
°K
. (atm)

Z

V

f

Sf
(ml)

10

7.97

277.5

0.9183 477.5

7.97' 280.0

0.9210

481.2

11

15.24

282.4

0.8434 477.5 15.25 284.5

0.8477

481.2

12

5.15

277.2

0.9174 477.4

5.15 281.9

0.9212

481.2

13

69.92

283.2

0.8594 477.4 69.92 284.6

0.8620

481.2

14

70.00

282.6

0.8576 477.5 70.00 283.9

0.8602

481.2

15 128.7

287.6

0.8033 477.9 128.7 290.0

0.8107

481.2

16 128.8

287.4

0.8029 477.8 128.8 290.1

0.8105

481.2

Note: P. ,P^ calculated from primary gauge readings for
1
ethane runs, and from calibrated pressures
for methane runs.
T ,T.,T^ calculated for absolute zero = -273.16°C
G’ 1 ’ f

B-l

APPENDIX B

SAMPLE CALCULATIONS

Run 10. Ethane Hydrate
A.

Theoretical Hydrate Numbers
The theoretical hydrate numbers for ethane hydrate

were calculated from equation

(7), and the Langmuir constants

were calculated from the equation

C2 = exp(12.701-0.04373T), Ref.

[14,15]

The fugacities were obtained from fugacity to pressure
ratios

(f/P) given in Din [5] .
n

_
23
C f
l

l+CT1.f„'

E2 E

P = 118.0 PSIA = 8.027 atm; T = 277.6°K

f_/P = (0.9228); f
JCj

C

E 20

= exp [12.701-0.04373(277.6)] = 1.753

n =

B.

= (0.9228) / (8.027) = 7.408 atm
£J

23
(1.753) (7.408)
l
l+(1.753) (7.408)J

= 8.26

Experimental Hydrate Numbers
Note;

In the ethane runs, the primary experimental

500 PSIA Heise pressure gauge readings were used for the

B-2
calculations.

For the methane runs, the calibrated pres¬

sures were used

(Table C-2), and all pressures listed in

this work for methane are calibrated pressures.
1.

Water
Charge
Density

15.00 ml

[13]

(15.00) (0.9975674)

Method I
P

2

V

= 14.96 g

14.96
= 0.8304 moles
18.016

Moles charged

n

73.4°F

0.9975674 g/ml

Weight charged

2.

®

n

i

S2

2VS2
Z RT

Vsi
z RT

i

i

(9)-(8)

+ S n
2 w

= 176.0 PSIA

118.0 PSIA

= 506.2°R

499.7°R

= 0.8780

0.9178

= 0.01699 ft3

0.01686 ft3

S_ = 0.00045 mole ethane/mole water
n

w

= 0.8304 moles
=10.73 PSIA ft3/lb mole°F

R

Conversion factor = 453.5924 g moles/lb mole

n -n

2

1

(453.5924)[

1

n -n

2

1

(176.0) (0.01699)
(0.8780) (10.73) (506.2) •]

(118.0) (0.01686)
-]
(0.9178) (10.73) (499.7)

0.2844 - 0.1834 + 0.00037

+

(0.00045) (0.8304)

B-3
n -n

= 0.1014 g moles
n = n /(n -n.) = 0.8304/0.1014 = 8.19
w
2 1
The composition expressed as fraction of occupancy

(Table 2) was obtained as follows:
Fraction of Occupancy = n, , , /n
total
exper.
= 7.667/8.19 = 0.936
The other calculations for Table 2 are performed
similarly.
Percentage Difference from Theoretical
=

[ (8.19-8.26) /8.26] (100)

P V
G G
n
G “ Z RT
"

P.V_.
,_JL_Si_
'Z. RT.

Manometer reading =

= -0.847% .

S’

(643.0-351.0)

+

(10)

S

fnw

= 292.0 mm Hg vacuum
@ 76.1°F

Barometric
Pressure
= 30.400 inches Hg = 772.16 mm Hg
Abs. Pressure
in Flask = 772.16-292.0 = 480.2 mm Hg @ 76.1°F
Correction for Density Change of Mercury with Temperature

P

G =

,13.5360
(480.2) (
-)
13.5951
= 0.6291 atm
760

VQ = 3921.1 ml
Z

G =

0.9950

B-4
R = 82.0544 ml atm/g«mole°K
TQ = 297.7°K

p. =7.97 atm

Z. = 0.9183
l

X

T. = 277.5°K
l
p

f

T

f

V

Si

= 7.97 atm
= 280.0°K

Z

f

V

Sf

= 477.5 ml
= 0.9210
= 481.2 ml

= 0.00033 g-moles ethane/g-moles water
n

w

n

G

= 0.8304 g-moles

1

(0.6291) (3921.1)
(0.9950) (82.0544) (297.7)J

1

(7.97) (477.5)
(0.9183) (82.0544) (277.5)J

' t(0.'92'l0;'(82!05i4) U80.0)

+

(0 00033

'

> (0-8304)

= 0.1015 - (0.1820-0.1812) + 0.00027 = 0.1010 moles
n = n

4.

w

G

= 0.8304/0.1010 =8.22

Autoclave System Volume Available to the Gas Phase
(V
V

.V .V .V )
SI’ S2’ Si’ Sf;

a.

Volume of Unit Cube-Lattice Constant for
Structure I = 12.0 A
Volume of
unit cube

° 3 10
= (12.0 A)

-24 3
cm
A3

= 172.8x10
,(cm \)
3

23

B-5
46 water molecules, 6 ethane molecules
maximum in unit cube
b.

Hydrate Density
Weight of water
in unit cube

(46 molec.) (;
)
6.0228xl0ZJmolec.
(18.016 g/mole)
137.560xl0~23 g

Weight of ethane in unit cube (using theoretical
fraction occupancy of ethane molecules)
= (0.9285) (6 molecules) (■■■ ■■■
”9^23—;
)
J
6.0228xl0^
molec.
(30.0702 g/mole)
= 27.81xl0~23 g
Total weight of unit cube = (137.560+27.81)xlO

-23
g

= 165.41xl0~23 g
Hydrate density =

c.

♦
lQ—.....G _ 0.9572 g/ml
172.8xl0"2 ml

165 41x

Volume of Hydrate
Total moles ethane in hydrate calculated assuming
constant autoclave system volume (a preliminary,
approximate calculation) by Method II
= 0.09840 g moles
weight ethane = (30.0702)(0.09840) = 2.959 g
weight water

=

14.96

Total weight of hydrate =
Volume of hydrate =

17,92
= 18.7 2 ml

g
g

B-6
d.

Autoclave System Volume
V

= V . = 496.2-18.72 = 477.5 ml
(0.01686 ft' )

V

= V

S2

5.

(See Aux. Calc.)

= 496.2-15.00 = 481.2 ml
(0.01699 ft' )

f

Most Pessimistic Error Analysis
a.

Method I

A nw
n

M n
w w

w

p

w

n

w

n M
w w

=

[1 ApK V + Hp AV ]
w w
w
vr

(14)

0.9975674 g/ml
; V = 15.00 ml
3
w

= 0.8304 g moles
14.96 g

4 nw _ 1
[(0.001) (15.00)+(0.9976) (0.2)]
n
14.96
w
= 0.014
^nG

AA + AB + AC

4A
A

where

AB
B
Ac

4Z,

AT,

l

= AT

2

= 0.001

AT,

Z

2

_ff]
1

An

AT]

AV

AP,

"*7

V

-A Pi

AV

w

S2

(16)

S2

i

"r

Z

n

*Z1 “ ^z2

(19)

A - B + C

"G

V

SI

(17)

S2

A S,

(18)

w
AV,

= AV
1

= 0.1°R
A S

S2

= 0.000018 ft"
(0.2 ml)

B-7
= AP2 = 0.5 PSIA
Z„ =

0.8780

2

3

VS2 = 0.01699 ft

Zn

1

VS1

0.9178
3

0.01686 ft

T2 = 506.2°R

P2

176.0 PSIA ;

Tx = 499.7°R

P1

118.0 PSIA ;

same as
in
Method
I above

S2 = 0.00045 g moles ethane/
g mole water
AA
A
AA

0.001 0.1 0.5 0.000018 _
0.8780 + 506.2 + 176.0 + 0.01699
O.UUbl
= 0.0016

Similarly
AB
AC
—- = 0.0066 ; —- = 0.059
B
C
A B = 0.0012 AC = 0.000022

4hG

0.0016 + 0.0012 + 0.000022
0.1014
An

An
n

A n

+
n n^
w
G

or n

0.024

= 0.014 + 0.024

= 0.038

(3.8%)

(0.038) (8.19) = 0.31

n = 8.19 + 0.31
Method II, similarly

B.

Auxiliary Calculations
1.

Volume of Gas Collecting System (Run 11)
a.

Volumetric flask (by water displacement)
3825.270 g
0.9975 g/ml

3834.689 ml

B-8
b. Free volume of drying tube by helium expansions
(Calculations similar to calculations for
autoclave system volume, except an empty
drying tube was used for the "cylinder" of
known volume.
37.782 ml
c. Tubing from manometer to system
22.519 g
0.9974

22.577 ml

d. Average free volume in manometer and volume
of connecting tubing to manometer (by cal¬
culations from tubing diameter and length)
2.72 ml
e. Tubing from drying tube to gas draw-off valve
17.938 g
0.9974 g/ml

=

Total Gas Collecting System
Volume

17.984 ml

3915.8 ml

Revisions in the interconnecting tubing were
responsible for the variations in the Gas Collecting
System Volume among the various runs.

2.

Free Volume of Autoclave System
Volume of expansion cylinder and connecting tubing.

... . . 663.247 q water
(by water displacement) = 0.997226i g/ml
665.092 ml

B-9
Helium expansion from autoclave system to the
initially evacuated expansion cylinder.
Rafter expansion .
'p
-P
before after
expansion expansion

V

Autoclave
system

204.4 PSIA
= ( 273.9 PSIA )(665.1 ml)

cylinder

496.3 ml

Two other expansions gave values of 496.3 ml and
496.0 ml for an average of 496.2 ml.

Run 13. Methane Hydrate
Calculation Showing Legitimacy of Neglecting Quantity
of Water Removed from Autoclave System During Gas Removal
Water charge: 14.96 g
Water content of methane in equilibrium with water was
read from graph on page 196 of reference [8].

Reference [8]

states that "at water contents below 50 lb, the difference
3
between pounds per MMcf [1,000,000 ft ]

of dry gas is less

than 0.1 percent."
Gas was bled off at 1028 PSIA, from an initial auto¬
clave temperature of 50.0°F to a final temperature of
52.6°F.
.
.
. „ ^
lb water
From [8]
3
L J , water content of gas = 13.5 -—’
1,000,000 ft-3 total gas

B-10

3
For

R = 0.730 atm ft /lb mole°R
T = 519.7°R

(60°F)

P = 1 atm
Z = 0.998
moles removed in Run 10 = 0.1390 g moles; 453.5924

Volume of gas
=

(d>60°F, 1 atm)

g moles
3b moles

removed

(0.1390) (0.998) (0.730) (519.7)
(453.5924)(1)

= 0.1160 ft3

(@60°F,

1 atm)

Then
,13.5 lb water.
(

1,000,000 ftJ'

(0.1160 ft3)(453.5924)

For all four runs

(13,

14,

15, 16),

= 0.0007104 g water
removed
from system

there would have been

only
(4) (0.0007104)

= 0.00284 g water

(total)

removed

Since 14.96 g of water were initially charged in run 13,
the weight of water charged will remain 14.96 g to two
decimal places for runs 14, 15, 16.
Evidence of the validity of this calculation was that
there was no detectable increase in weight of the drying
tube filled with Drierite during the methane runs nor was
there a color change in the color indicating Drierite.
Note;

All weighing in this research was performed on a high
precision analytical balance accurate to the nearest
1 milligram.

TABLE C-l
Calibration of 500 PSIA Heise Pressure Gauges

500 PSIA Gauge
(Serial Number H 46360)

Heise Gauge (PSIG)

Dead Weight Gauge (PSIG)

50.2

50.1

100.1

100.2

149.8

149.9

199.8

200.0

249.1

249.7

299.1

299.8

349.0

349.4

C-2

TABLE C-2
Calibration of 2,000 PSIA Heise Pressure Gauge

2,000
(Serial Number H 29371)

Heise Gauge

(PSIG)

997.5

Dead Weight Gauge

1000.2

1098

1101.5

1198

1201.3

1300

1302.1

1400

1401.8

1501

1503.6

1601

1603.4

1701

1704.0

1801

1803.8

1902

1905.3

2003

2005.0

(PSIG)

P

C-3

TABLE C-3
Calibration of Ten-Junction
Chromel-Constantan Thermopile

Temperature (as determined by
platinum resistance thermometer)
Potentiometer Reading
°F

1.070

35.2913

2.516

39.6736

4.317

45.2580

5.940

50.1423

7.500

54.8709

9.213

60.0855

10.925

65.1185
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