q1,G2,q1,q2 = General quantities given by Equation (5),
Part I

R = ratio of cylinder speeds

r = radius or coordinate

7t = radius of inner cylinder

72 = radius of outer cylinder

rm = mean radius

S = shape function given by Equation (23), Part I
T = temperature

T = average temperature in annulus
Ti = temperature of inner cylinder
T2 = temperature of outer cylinder
Nr1g+ = Taylor number

Nra = Taylor number (VNra®)
Nrgex = critical Taylor number

Nro, = critical Taylor number (\/Nrtac*)

t = time

t1 = first harmonic component of temperature disturb-
ance

u = velocity in r direction

wi = first harmonic component of u disturbance

us = velocity at edge of boundary layer

v = velocity in 6 direction.

v1 = first harmonic component of v disturbance

v = average velocity of flow in potentially unstable
region of annulus

w = velocity in z direction

wi = first harmonic component of w disturbance

Z = constant given by Equation (22), Part I

z = coordinate

Greek Letters

o dimensionless constant

B constant in Equation (11), Part I
Bt = coefficient of volume expansion

8 = potentially unstable region of gap
8 = momentum boundary-layer thickness

M’ = dm/d

dr = thermal boundary-layer thickness

8rl = 8r/a

v = kinematic viscosity

T = dimensionless coordinate

] = coordinate

)y = dimensionless wave length

o = dimensionless constant given in Equation (13),
Part 1

Q = speed of rotation of cylinder (rad./sec.)

Q1 = rotational speed of inner cylinder

Q2 = rotational speed of outer cylinder
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Hydrates at High Pressures: Part .
Methane-Water, Argon-Water, and
Nitrogen-Water Systems

DONALD R. MARSHALL, SHOZABURO SAITO, and RIKI KOBAYASHI

A gas hydrate may be defined as the stable crystalline
icelike complex formed from the lower molecular weight
nonpolar and slightly polar compounds and water when a
mixture of these is subjected to external pressure. Gas
hydrates may occur above and below the ice point and

Donald R, Marshall is with E. I. du Pont de Nemours and Company,
Orange, Texas.
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fall in a subdivision of the class of compounds known as
inclusion compounds.

The first hydrate of this type, chlorine hydrate, was
discovered by Davy in 1810. After this discovery consid-
erable work was done by Villard (17) and De Forcrand
(9, 10) on the direct determination of hydrate formulas
and formation conditions.
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After this initial research on the hydrates the main im-
petus to the study of gas hydrate systems stemmed from
Hammerschmidt’s discovery (11, 12) that gas hydrates
were responsible for the plugging of gas transmission
lines. Consequently research was carried out on the phase
behavior of gas hydrates, including studies in regard to
the inhibition of hydrate formation (8, 14, 15).

Recent research on the gas hydrates includes the use

of hydrate formation as a water desalting method (1), the
development of the crystal structure of gas hydrates (6,
16), and the statistical mechanical description of gas
hydrates as solid solutions (18).

This study is concerned with the determination of the
gas hydrate equilibrium locus in the three-phase region;
water-hydrate-gas for methane, argon, and nitrogen hy-
drates with the effect of high pressure on the hydrate
equilibrium curve.

EXPERIMENTAL EQUIPMENT

Basically the experimental equipment consisted of a pressure
cell in which hydrate formation took place, a pressure generat-
ing and measuring system, and a temperature control and

LEGEND

P - G-10,000 PSi GAUGE T.C. - THERMAL COMPRESSOR
P, - 0-50,000 PSi GAUGE I — GAS INLET VALVE
Py - 0-100,000 PSI GAUGE 2,3 - VENT VALVES

M.C. — MAIN CELL 4 - PIVOT

W - WATER RESERVOIR 5 -~ THERMOCQUPLE
V.P. = VACUUM PUMP 6. - TUBING SPIRAL
D.P. - DIAPHRAGM PUMP 7 - DEWAR FLASK

8 — EQUILIBRIUM BATH

Fig. 1. Schematic diagram of system.

measuring system. Figure 1 presents a schematic diagram of
the apparatus.

The main cell was the vessel in which hydrate formation
took place. The cell was tested to a pressure of 100,000 1b./
sq. in. abs. This vessel was fabricated from type 4340 steel
and had a volume of 95 cc.

In order to insure equilibrium of the phases present within
the main cell the vessel was rocked about its horizontal posi-
tion using a gear head motor and a variable speed cam.

A dual pressure generating system was used. Pressures to
10,000 1b./sq. in. abs. were generated through the use of an
air-operated, double-ended diaphragm compressor. A  gas
cylinder which contained the hydrate-forming gas was con-
nected through a drying tube of silica gel to the inlet side of
the compressor.

Pressures to 60,000 lb./sq. in. abs. were generated through
the use of a thermal compressor. The thermal compression cell
was a high-pressure vessel of welded construction, This cell
was built from a special steel alloy, type 4815, which retains
most of its impact strength at liquid nitrogen temperatures.

In operation the outlet side of the compressor was opened
to the inlet side of the thermal compression. Then the thermal
compression cell was immersed in liquid nitrogen. Since the
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compressor was applied to the thermal compression cell, the
thermal compression cell was filled with liquified hydrate
forming gas. Then the gas inlet valve was closed, and the
thermal compression cell was brought into contact with am-
bient air. Thus, any high pressure desired could be generated.

The pressure measuring system consisted of three 16-in.
diameter Heise gauges connected .in parallel with each other
and in series with the main cell. These three gauges were a
0 to 10,000, a 0 to 50,000, and a 0 to 100,000 1b./sq. in. abs.
gauge. The accuracy of the gauges was 0.1% of their maxi-
mum reading over their entire range of application.

Temperature control was achieved through the use of a
thermal regulator and a refrigeration unit. The combined use
of heat and refrigeration allowed control of the bath tempera-
ture to 0.007°F.

All temperature measurements made on the system were
made through the use of a thermocouple and a potentiometer.
The thermocouple was a special probe type chrome-alumel
thermocouple for use at high pressures. The probe length of
this thermocouple was 5 in. which insured that the tempera-
tures measured were the actual temperatures of the main cell
contents.

EXPERIMENTAL METHOD

The experimental method which was employed in this
study was a departure from the method used by other
workers (5, 7, 8, 12) in the field of gas hydrates. It was
based on the determination of the hydrate equilibrium
curve through direct pressure and temperature measure-
ments of a constant volume system rather than a visual
method of determining the equilibrium conditions.

Initially the system was evacuated, flushed with the
hydrate-forming gas, and re-evacuated. Then water was
charged into the system and followed by the hydrate-form-
ing gas. The system temperature was held constant at a
point above the hydrate-forming conditions during the
charge of material into the system. Next the system was
supercooled relative to the hydrate equilibrium condi-
tions, and the hydrate was allowed to form at a constant
temperature.

After the hydrate had formed, an auxiliary heater was
employed to change the system temperature at a rate of
1° to 2°F./hr. The experimental points recorded in this
region in which the system temperature was below the
temperature of the three-phase equilibrium condition
water-hydrate-gas fell on a constant volume line in the
P-T plane.

When the equilibrium conditions for the system gas-
water-hydrate were reached, the hydrate broke down
rapidly with incremental increases of temperature, liber-
ating the hydrate-forming gas. Since the theoretical com-
position of methane, argon, and nitrogen hydrates was
about six molecules of water to one molecule of gas, and
since the solubility of the hydrate-forming gas in water at
the system temperature and pressure ranged betweeen
0.1 and 1 mole %, the excess gas passed directly into the
gas phase. The movement of the gas from the hydrate to
the gas phase showed up experimentally as a sharp break
in the system pressure as a function of temperature. At
this point the heating rate was readjusted to fall between
the limits of 0.2° and 0.5°F./hr., and observations of the
system temperature and pressure were made at 15-min.
intervals.

Eventually the supply of hydrate in the main cell was
decomposed. entirely, and the system conditions then ap-
proached the conditions existing at the initial charging of
the main cell. The points representing the system tempera-
ture and pressure once again followed a two-phase con-
stant volume line in the P-T plane.

Thus each experimental run generated a segment of the
equilibrium curve for the equilibrium system, water-hy-
drate-gas.
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Fig. 2. Typical dota for argon hydrate {run 7).

After the initial charging conditions had been reached,
the temperature controller was readjusted to a higher
equilibrium temperature. Upon the attainmeent of this
temperature the system pressure was raised to the pres-
sure of the next experimental run through the charging of
more hydrate-forming gas into the system.

The data produced during a typical experimental run
are shown in Figure 2.

In order to test the validity of this method the following
checks were carried out.

First several duplicate experimental runs were carried
out over the entire experimental pressure range. In
all cases the segments of the hydrate curve so produced
agreed to within = 0.1°F.

Second the experimentally determined hydrate equi-
librium curve was compared with the rtesults of other
workers in the field and was found to agree with these
results within the limits of accuracy of the experimental
equipment.
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Fig. 3. Hydrate curves.

Third in order to determine if the use of a small tem-
perature gradient during the breakdown of the hydrate
approximated the equilibrium situation in a practical
sense, a special experimental run was carried out. Instead
of a temperature drift, equilibrium conditions were
achieved at all points during the run. The results of this

run duplicated the results of a run with a temperature
drift.

EXPERIMENTAL RESULTS AND DISCUSSION

The hydrate equilibrium curves were determined ex-
perimentally for methane hydrate from 2,310 1b./sq.in.abs.
and 62.7°F. to 57,580 Ib./sq.in.abs. and 116.4°F., for
argon hydrate from 1,545 Ib./sq.n.abs. and 34.1°F to
55,550 1b./sq.in.abs. and 88.0°F. and for nitrogen from
3,616 lb./sq.in.abs. and 40°F. to 47,700 Ib./sq.in.abs.
and 90.2°F. The midpoints of the breaks typified by Fig-
ure 2 are presented as the experimental data and are tab-
ulated in Table 1 and presented in Figure 8.

Tasre 1. Hyprate EguirisriuM Curve Data

Methane Argon Nitrogen
Run R(°F.) P (lb./sq.in. abs.) Run T (°F.) P (Ib./sq.in.abs.) Run T (°F.) P (Ib./sq.in. abs.)
1 62.7 2,310 1 34.1 1,545 1 40.0 3,616
2 63.2 2,312 2 38.7 1,915 2 46.5 5,340
3 7.7 4,350 3 37.3 1,785 3 56.4 9,240
4 71.5 4,340 4 43.3 2,465 4 65.1 14,790
5 72.7 4,895 5 53.2 4,655 5 67.7 16,750
6 76.8 6,427 6 52.9 4,630 6 70.0 18,680
7 77.0 6,350 7 59.5 7,265 7 74.1 22,260
8 80.6 8,255 8 64.1 9,705 8 76.2 24,550
9 83.1 9,490 9 66.8 11,875 9 78.2 27,900
10 83.2 9,490 10 74.4 20,590 10 79.8 30,135
11 92.4 16,075 11 78.1 26,580 11 81.3 31,850
12 98.9 22,150 12 80.1 30,010 12 849 38,915
13 103.2 27,165 13 80.3 30,145 13 88.8 46,070
20 104.9 29,927 14 81.9 34,325 14 90.2 47,700
19 105.9 32,475 15 84.0 39,150
14 107.4 34,440 16 85.5 44,580
15 110.6 39,400 17 86.8 49,070
16 1133 46,365 18 87.9 54,665
17 115.6 53,340 19 88.0 55,550
18 116.4 57,580 20 87.7 54,840
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Bridgeman (2, 3, 4) has studied the ice-water equilib-
rium curve up to 576,000 lb./sq.in.abs. Over this range
of pressure he found six different varieties of ice, five of
which are evidenced by discontinuities in the slope of
the ice-liquid water equilibrium curve. These discontinui-
ties are indicative of the change of the crystal structure
of ice under the effect of high pressure.

The structures of the ice lattice and the hydrate lattice
are similar with respect to the bond angles between water
molecules in the lattice. Thus the appearance of a discon-
tinuity in the slope of the hydrate equilibrium loci was
expected. But from the experimental results of this study
the hydrate equilibrium curves showed no abnormalities
in their behavior. If hydrate crystal structure changes did
occur at high pressures, the effects on the pressure-tem-
perature curve may have been completely masked by the
presence of the gas phase in the foregoing experiments.

From about 10,000 Ib./sq.in.abs the methane hydrate
equilibrium locus became somewhat more concave down
toward the temperature axis than had been expected.
Kobayashi and Katz (18) predicted that at 40,000 1b./
sq.in.abs. the hydrate would exist at a temperature of
100°F. However it was found experimentally that the
hydrate existed at a temperature of 100°F. at a pressure
ot 24,000 1b./sq.in.abs.

The minimum pressure at which experimental data were
taken was 2,200 1b./sq.in.abs. for methane hydrate. Be-
low this pressure the hydrate has been well studied by
Deaton and Frost (8) and Villard (17). The experimen-
tally determined equilibrium locus for methane hydrate
between 2,200 and 10,000 lb./sq.in.abs. agreed with the
curves determined by Campbell and McLeod (5) and
Kobayashi and Katz (13).

The pressure coordinate of the extrapolated curve at
32°F. was 1,400 lb./sq.in.abs. which agreed with the val-
ues of 1,404 Ib./sq.in.abs. reported by Diepen (I18).

The experimentally determined equilibrium curve for
nitrogen hydrate below 14,000 Ib./sq.in.abs. agreed with
the data of van Cleef and Diepen (7). The equilibrium
curves of argon and nitrogen hydrates intersected each
other on the P-T projection in the neighborhood of 30,000
Ib./sq.in.abs.

FUTURE MODIFICATIONS

At present the entire experimental system with the ex-
ception of the thermal compressor is designed for a
maximum pressure of 100,000 1b./sq.in.abs. To date the
experimental pressure range is limited to 60,000 Ib./sq.
in.abs. which is the upper limit of the thermal compres-
sor. In order to use the experimental system to its upper
pressure capabilities, a special pump has been designed
and constructed to operate at a maximum pressure of
100,000 Ib./sq.in.abs.

A search for materials of construction for a thermal
compression cell capable of handling a working pressure
of up to 100,000 lb./sq.in.abs. is underway. Such a cell
combined with a diaphragm compressor capable of gen-
erating 30,000 Ib./sq.in.abs. should enable pressures up
to 100,000 1b./sq.in.abs. to be generated at room tem-
perature by thermal compression.

FUTURE USES OF THE INDIRECT METHOD

Another use of the indirect method which was investi-
gated was the direct determination of the hydrate for-
mula. Thus for a closed system such as was used experi-
mentally the number of moles of hydrate-forming gas
present in the gas phase at the point of decomposition is
given by

n1 = P1Va/Z1RT1 (1)

where V1 is the system volume available to the gas phase.
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After the complete decomposition of the hydrate has
been completed, the number of moles of gas in the system
is given by

nz = PaVse/ZsRT2 + Snw (2)

where V2 is the system volume available to the gas phase,
S is the solubility of the gas in water in the moles/mole
of water, and nw is the number of moles of water present.

It should be noted that Vs is not equal to Vss, since
the specific volume of the hydrate and liquid water are
not precisely the same. However if the amount of water
in the system is small, the volume difference Vs1 — Vs2
becomes negligible.

Therefore (n2 — n1) must be equal to the number of
moles of gas associated with nw moles of water in the
hydrate, with the assumption of complete conversion of
the water to the hydrate. Therefore nw/{n2z — ni) gives
the hydrate number. Likewise (nz — n1)/nw is 2 measure
of the occupation of the cavities in the hydrate lattice by
the hydrate former.

This procedure was tested with methane hydrate data
between 2,200 and 10,000 Ilb./sq.in.abs. The results
showed that 100% conversion of the water to hydrate
did not take place with the experimental apparatus in its
present state. This result was not unexpected, as the ex-
perimental procedure involved supercooling a mixture of
water and the hydrate former. The occlusion of water by
the hydrate crystals evidently prevents the reaction of
the water with the hydrate-forming gas.

If the formation of methane hydrates could be carried
to completion through refinement of the experimental ap-
paratus, the method should provide a means of directly
determining the hydrate number.
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