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ABSTRACT

Gas may be produced in a nuclear fuel waste disposal vault. Given that the vault will be sealed
with clay-based materials, the fate of the gas is uncertain. Therefore, an instrument was
previously built to measure the pressure required to pass gas through compacted clay materials (a
gas-breakthrough apparatus). However, the 10 MPa pressure limit of the apparatus was
insufficient to test compacted buffer material at the density proposed in the Canadian concept for
nuclear fuel waste disposal. Therefore, a high-pressure (50 MPa) gas-breakthrough apparatus
was designed, constructed and installed. This report describes the components of the apparatus
and the materials and procedures that are used for the gas-breakthrough tests.
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APPAREIL DE MESURE DU PASSAGE D'UN GAZ A HAUTE PRESSION

ET METHODE D'ETABLISSEMENT DE LA PRESSION DE PASSAGE DU GAZ

DANS L'ARGILE TASSEE

par

H.B. Hume

RESUME

Du gaz peut etre produit dans une enceinte de stockage permanent des dechets de combustible
nucleaire. Etant donne que l'enceinte sera scellee avec des materiaux a base d'argile, le sort du
gaz demeure incertain. Pour ces raisons, on avait deja construit un instrument destine a mesurer
la pression necessaire pour faire passer du gaz a travers l'argile tassee (appareil de mesure du
passage d'un gaz). Cependant, la limite de mesure de pression de 10 MPa de l'appareil etait
insuffisante pour effectuer des essais sur le materiau tampon tasse a la densite proposee dans le
concept canadien de stockage permanent des dechets de combustible nucleaire. On a done
concu, construit et installe un appareil de mesure du passage d'un gaz a haute pression (50 MPa).
Dans le present rapport, l'auteur decrit les elements de l'appareil et les materiaux et methodes
qu'on utilise dans les essais de passage du gaz.
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1. INTRODUCTION

In the Canadian concept for nuclear fuel waste disposal, it is proposed that a disposal
vault be excavated in granitic rock 500 to 1000 m below the surface of the Canadian
Shield (AECL 1994). Used nuclear fuel bundles would be placed in metal containers and
the containers placed in the disposal vault. A buffer material composed of 50% Avonlea
bentonite clay and 50% silica sand (by dry mass) would surround the containers. A
backfill material consisting of 25% Lake Agassiz clay and 75% crashed granite aggregate
would fill much of the remainder of the vault. The buffer and backfill are two of several
barriers, some of which are engineered and some natural, that would limit the movement
of radionuclides from the disposal vault to the biosphere.

Voinis et al. (1992) describe several processes that could produce gas in a nuclear fuel
waste disposal vault excavated in granite. Under the anaerobic conditions expected to
develop over time in a disposal vault, corrosion of metal could produce H2. Microbial
degradation of organic matter could produce CO2 immediately after vault sealing, when
the vault is expected to be aerobic, and anaerobic microorganisms could produce CH4
after the O2 in the vault is consumed. Irradiation of clay suspensions produces H2, O2,
CO2 and CH4 and irradiation of air produces the gas N2O. Alpha particles emanating
from the waste are transformed into He when they acquire two electrons. Heat generated
from the waste can cause gas release from clay surrounding the waste fuel canisters and
heat can also cause water to vapourize. Lastly, gases can be released from the waste
when the container and fuel bundles are breached. Several authors (e.g. Rees 1992)
conclude that the corrosion of metal and decomposition of organic material will be the
dominant processes for gas generation.

Johnson et al. (1994) show that the rate of production of gas in the Canadian concept is
likely to exceed the rate at which gas will diffuse out of a disposal vault. Therefore the
groundwater will become saturated and gas bubbles may form. The presence of gas has
the potential to affect the release of radionuclides from a disposal vault both negatively
and positively (Davies et al. 1992). Gaseous radionuclides could move directly to the
biosphere in a gas phase. As well, the pressure resulting from the formation of gas
bubbles could affect radionuclide transport directly and indirectly. A direct consequence
of gas production could be increased groundwater movement and, if so, the rate of
dissolved radionuclide transport from a disposal vault would be enhanced. Indirectly, the
gas pressure could cause damage to the disposal vault barriers, such as pore dilation or
fracturing of the buffer or backfill. This might result in increased diffusive or advective
transport of radionuclides. However, the chemical processes causing gas formation and
container corrosion could be slowed if groundwater was pushed out of the disposal vault.
Therefore, it is not obvious whether the net effect of gas formation would be harmful or
beneficial with respect to the disposal concept.

Based on the results of a previous study (Pusch et al. 1985), an apparatus was previously
designed and constracted to measure the pressure at which gas passes through compacted
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clay plugs (Gray et al. 1996, Kirkham 1995). The equipment, known as a low-pressure
gas-breakthrough apparatus, has a pressure limit of 10 MPa. Tests were successfully
conducted on compacted illite specimens. However, gas passed through only one of six
specimens of buffer compacted to a density of 1.67 Mg/m3 (the proposed buffer density in
the Canadian concept for nuclear fuel waste disposal) before the 10 MPa pressure limit of
the equipment was reached. Therefore, an apparatus with a higher pressure limit
(50 MPa) was designed and constructed. This report describes the high-pressure
apparatus and the materials and operating procedures that are used for the tests.

To understand the equipment, a general understanding of the test procedure is required.
A more detailed description of the procedure is provided in section four of this report.
Clay is compacted into the partially-assembled cell to form a plug. Tubing connects the
assembled cell to water- and gas-supply systems. The specimen may be wetted in situ
before testing or the plug may be tested as compacted. In the test phase, Ar gas is applied
to the bottom of the plug. The pressure differential across the plug when Ar passes
through, causing the pressure on the outlet side of the cell to rise, is referred to as the gas-
breakthrough pressure.

2. HIGH-PRESSURE GAS-BREAKTHROUGH APPARATUS

2.1 CELL

The design of the high-pressure cell was based on that of the low-pressure cell so that
results obtained with the two cells could be compared. Whereas the low-pressure cell is
limited to 10 MPa, the high-pressure cell is operated at pressures up to about 50 MPa.
When the cell was designed, experiments were planned at temperatures between 20 and
95°C. The purpose of the high-temperature tests was to replicate the temperatures
expected in a disposal vault (Mathers 1985). Therefore, to provide a margin of safety, the
cell was designed to withstand temperatures up to 150°C and pressures as great as
62.7 MPa. The cell was designed according to ASME Section VIII, Division I, Boiler
and Pressure Vessel Code (1995). It was fabricated according to CSA B51-M1995
(Boiler, Pressure Vessel and Pressure Piping Code).

The cell consists of two end flanges and a central shell (Figures 1 and 2). Stainless steel
was chosen for the cell material because of its corrosion resistance, strength, ease of
machining, low cost and ready availability. The shell is 200.0 mm in diameter and
38.0 mm thick. There is a 50.8-mm-diameter hole through the centre of the shell. Each
of the two flanges is 200.0 mm in diameter; the thickness increases in one step from
76.0 mm near the circumference to 79.0 mm next to the cell cavity. A piston-like insert
ensures that each flange is centred on the shell; the inserts are 50.6 mm in diameter and
4.0 mm long. The end of each insert is grooved, as shown in Figure 1, so that any
introduced gas or water is distributed over the end of the plug. Eight equally-spaced
holes are located around the circumference of both flanges and the shell.



- 3 -

Two holes through the lower flange are aligned with threaded holes in the bottom of the
shell. Small bolts in these holes hold the shell and lower flange together while the
specimen is being prepared.

There are four threaded holes on the top of the upper flange and three on the bottom of
the lower flange. A channel connects each of the holes to internal openings on the flange
insert, next to the specimen. A 7.9-mm-diameter o-seal straight-thread to 3.2-mm tube-
fitting adapter fits all the holes on the bottom flange and three of the holes on the top
flange. Stainless-steel tubing connects one pair of adapters (one on each of the upper and
lower flanges) to a water-supply system. A second pair of adapters on the upper and
lower flanges is connected to the gas outlet and inlet, respectively. The final pair of
adapters is connected to valves that vent to the atmosphere.

The fourth opening on the top of the cell (4.8 mm in diameter) is fitted with a rupture disc
assembly (Autoclave Engineers model 1010-7379). Free water should be expelled from
the cell before it is heated. If the cell is not drained before heating, expansion of the
water could produce a dangerous pressure. The rupture disc provides a failure point for
the cell.

The cell is sealed by ethylene propylene o-rings (90 durometer hardness) between each
flange and the shell. When the cell is completely assembled there is a 23.1-mm-long
(46.8-cm3) cavity where the specimen is located. A 50.0-mm-diameter filter-paper disc
(Whatman #40) is located on each side of the clay plug. A porous stainless-steel disc
(Pall Trinity Micro Corporation, 3.2 mm thick and 50.0 mm in diameter, porosity type H)
is located between each filter and the flange insert. The cell is held together by eight
19.0-mm-diameter threaded rods, and corresponding nuts, passing through the eight holes
around the perimeter of the cell.

The cell, without the rupture disc, was hydrostatically tested to 113 MPa before use. The
o-rings were deformed by the pressure test but the cell did not fail. The o-rings are not
deformed by repeated pressures up to approximately 50 MPa.

The fully-assembled cell is shown in Figure 3. The water, gas and vent tubes are shown
connected to the remainder of the apparatus in the figure. The water- and gas-supply
systems, and the vent valves, are fastened to a sheet of plywood. Figure 4 shows the
connections between the cell and the rest of the apparatus schematically.

2.2 WATER-SUPPLY SYSTEM

The water system is visible in the photo of the high-pressure apparatus (Figure 3) and is
illustrated in the schematic (Figure 4). A gas regulator (PRS1 in Figure 4; Matheson
model 3536-580) controls the gas pressure to the water system. The regulator is visible in
Figure 3 near the left edge of the plywood panel. A pressure relief valve (RV2; Nupro
model SS-RL3S4) protects the water system from the potentially damaging pressure in
the gas cylinder. Valve V3 is used to vent gas from the water reservoir and the line
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leading to the water reservoir. A 500-mL Whitey stainless-steel cylinder (TK3; model
304L-HDF4-500CC), located to the left of the flow meter (Figure 3), serves as a water
reservoir. A length of clear plastic tubing next to the cylinder is used to indicate the
height of water in the vessel.

A flow meter was included in the design of the apparatus to measure the volume of water
absorbed in the clay plug. The flow meter consists of a clear glass tube mounted in front
of a calibrated scale. The volume of water passing through the flow meter can be
measured from the displacement of a column of coloured mineral oil. Filling of the flow
meter with distilled water and the introduction of an oil column is described by Kirkham
(1995). The design of the flow meter, and the associated valves, is the same as that used
in hydraulic conductivity experiments by Dixon (1995).

The flow meter cannot be used as planned when the equipment was designed. The
difference between the volume of water absorbed in the specimen, as measured by the
flow meter, and the volume of water remaining in the plug after a gas-breakthrough test,
as measured by drying in an oven, was to have been determined. The difference, if any,
would be the amount of water expelled from the specimen by the passage of gas. This is
not practicable because the leads to the cell cannot be filled with water without having
some water absorbed by the clay material at the same time. Secondly, the 3.5-mL volume
chosen for the flow meter, which is the same as that used in the low-pressure apparatus, is
inappropriate for the specimen densities used. For example, at a dry density of 0.9
Mg/m3, the volume of void space in a plug is about 31 cm3. This corresponds to about
nine flow-meter volumes. In addition, the water content of the plug can change either
because water is expelled from the specimen by gas or because the particle structure is
consolidated, thus reducing the volume of void space. As a result the flow meter is only
used occasionally, and its use is restricted to determining whether the flow of water into
the cell has ceased. If another gas-breakthrough apparatus is constructed, elimination of
the flow meter should be considered.

Check valve NV5 (Autoclave Engineers SW02200) allows water to flow into the cell but
prevents the possibly hazardous pressure in the cell from entering the water system,
which is not designed for high pressure. A vacuum pump (not shown in either Figures 3
or 4) can be used to evacuate air from the cell before wetting the plug. A belt-drive
vacuum pump (Marvac Scientific Manufacturing Co. model A10) is used for this
purpose.

The gas line leading to the water reservoir is connected to the high-pressure gas inlet to
the cell and to the gas outlet from the cell. These connections are used to purge water
from the void spaces at both ends of the clay plug between the specimen-wetting and gas-
breakthrough phases of an experiment. The connection to the cell outlet is also used to
apply a back pressure on the specimen. The connection to the cell inlet was to have been
used as the gas inlet for low-pressure tests, using pressure regulator PRS1 to control the
pressure, but this has not been needed. Check valves NV2 and NV3 (Autoclave



- 5 -

Engineers SW02200) allow gas to pass from the low- to the high-pressure regions, but
not in the reverse direction.

The needle valves on the low-pressure side of the check valves are Whitey model SS-
0RS2 or Whitey SS-1RS4 and the ball valves are Swagelok SS-41S2. The two ball
valves between check valve NV5 and the cell are Autoclave Engineers model BSW2021.
The four-way valve associated with the flow meter is manufactured by Whitey (model
SS-43YFS2-049). The tubing on the low-pressure side of the check valve is 3.2 mm
outside diameter (O.D.) with a 0.5-mm wall thickness or 6.4 mm O.D. with a wall
thickness of 0.9 mm. On the high-pressure side of the check valve, the tubing has an
O.D. of 3.2 mm and a 0.9-mm-thick wall. All connections are either threaded or tube
fittings.

2.3 GAS-SUPPLY SYSTEM

A diaphragm gas compressor (mounted on the floor and not visible in Figure 3) is used to
boost the gas pressure from that in the cylinder to the pressure needed for the
experiments. The compressor (Pressure Products Industries model 46-14025-2) operates
on the laboratory 0.7-MPa compressed-air system. The maximum output pressure is
70 MPa, but the compressor can be stopped at a lower pressure by turning off the supply
of compressed air.

The output of the compressor is into the left cylinder in Figure 3 (TK1). It is an
Autoclave Engineers vessel (model OR0050SS11) with a volume of 500 mL. This vessel
serves as a high-pressure gas reservoir. It also buffers pressure pulses that might occur if
the compressor is operated while a test is in progress. Valve VI opens a bypass that
allows the gas reservoir to be filled with Ar to the pressure in the gas cylinder, thus
reducing the compressor operation time. Check valves NV1 and NV4 prevent high-
pressure gas flowing into the Ar cylinder and creating a dangerous pressure inside the
bottle.

Relief valve RV1 (Autoclave Engineers model 10RV9072) releases if the pressure
increases above about 50 MPa, as could happen if the compressor is operated unattended.
High-pressure regulator PRS2 (Tescom model 26-1021-24-008) controls the pressure to
the cell. The high-pressure regulator is connected to the inlet on the bottom of the cell
with tubing. A needle valve (V2) is used for venting the gas reservoir and the inlet line to
the cell. Valve V17 isolates the compressor from the inlet line when water is being
expelled from the void space below the clay plug.

The outlet (top) of the cell is connected to a second Autoclave Engineers model
OR0050SS11 pressure vessel (TK2). Valve V9 is used for purging the outlet side of the
cell and valve V23 separates the low- and high-pressure gas systems.

Heavy-duty valves and tubing are used on the high-pressure side of the compressor. All
the valves are manufactured by Autoclave Engineers: the ball valves are model
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BSW2021 and the needle valves are model 10V2081. The stainless-steel tubing between
the Ar cylinder and the compressor is 6.4 mm O.D. and the wall is 0.9 mm thick. From
the compressor to the high-pressure regulator, the tubing is 6.4 mm O.D. and the wall is
1.7 mm thick. From the pressure regulator to the cell, and from the cell outlet to check
valve NV3, tubing with a wall thickness of 0.9 mm and an O.D. of 3.2 mm is used.
Connections between tubes are with tube fittings; tubing and other components are joined
with either threaded or tube fittings.

2.4 INSTRUMENTATION AND DATA-ACQUISITION SYSTEM

A Microgage P-102 pressure transducer rated for 0 to 14 MPa operation is connected to
the water system (5P). On both the gas inlet and outlet, a low- or high-pressure
transducer can be selected by rotating a three-way valve (Autoclave Engineers model
BSW2023). The low-pressure transducers (IP and 3P) are Microgage P-102 rated for 0
to 14 MPa and the high-pressure transducers (2P and 4P) are Microgage P-102 rated for 0
to 70 MPa. The low-pressure transducers provide greater precision than the high-pressure
ones at pressures <14 MPa. The high-pressure transducers allow the apparatus to be used
up to its limit of about 50 MPa. If the low-pressure transducers are exposed to high
pressure they will likely be damaged but they should not fail. The transducers are
powered by 5.00 V from a Hewlett Packard dual dc power supply (model 6255A).

The five pressure transducers were calibrated with a dead-load calibration apparatus. The
output voltage from the transducers (v) was measured with a voltmeter for several
pressures (P) and an equation of the form P = m(v + b) was determined by linear
regression for each transducer. The constants m and b are used in the data-acquisition
software (described in the following paragraph) so that the pressure is output in SI units.

The output of the transducers is connected to a nMAC-5000 analog-to-digital converter
manufactured by Analog Devices. The analog-to-digital converter is connected to a
personal computer with a 486 processor running LabTech Notebook version 7.2.1W data-
acquisition software. The data-acquisition system displays the inlet and outlet gas
pressures and the water pressure on a monitor graphically as a function of time, and
numerically. The pressures and elapsed time are recorded on a computer disk every 10 s.
The recorded data from an experiment is transferred into Microsoft Excel version 5.0c for
plotting of the inlet and outlet pressures against time.

As recommended by Kirkham (1995), an outlet pressure gauge was not installed on this
apparatus. An inlet gauge was installed as it was integrated with pressure regulator
PRS2. During routine operation an outlet gauge is not needed. However, during
commissioning of the equipment it would provide confidence that the pressure
transducers were operating. An outlet pressure gauge should be included on a future gas-
breakthrough apparatus.
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3. MATERIALS

3.1 AVONLEA BENTONITE

Avonlea bentonite was obtained from Canadian Clay Products. The mineraJogical
composition of the clay is about 80% montmorillonite, 10% illite, 5% quartz and 5%
other minerals (Oscarson and Dixon 1989). The cation exchange capacity of the clay,
measured by saturating the exchange sites with Ca and displacing with Mg, is 0.75
mol(+)/kg. Using ammonium acetate for displacement, the major exchangeable cations
are Na, Ca, Mg and K (0.61,0.28,0.020 and 0.0076 mol(+)/kg, respectively). The
specific surface area of the clay, as measured by 2-ethoxyethanol (Carter et al. 1986), is
540 m2/g.

3.2 OTHER MATERIALS

Distilled water was used for wetting the specimens. Argon with a quoted purity of >99%
was used during the gas-breakthrough phase of the experiment. Argon was chosen
because of its low solubility in water (Kirkham 1995). In addition, gases such as H2 and
CH4 present an explosion hazard that Ar does not. The same Ar was used to increase the
water pressure during the wetting phase of the experiments to hasten the saturation
process.

4. PROCEDURE FOR HIGH-PRESSURE GAS-BREAKTHROUGH TESTS

4.1 PLUG PREPARATION

Tests can be performed with air-dry clay or with clay that is wetted before compaction. If
pre-wetted clay is used, some preliminary calculations must be performed to ensure that
the degree of saturation (Sr) of the clay plug will be <1.00. The definition of Sr is

s r=vH 2o/vv (l)

where Vy Q and Vy are the volumes of water and void space, respectively, in a plug.

The water content (w) of a clay plug is defined as

w = m H 2 o / m d , (2)

where m^ Q is the mass of water in the specimen and md is the mass of dry clay. At a

selected clay dry density (pa), the water content when Sr = 1.00 (wi.oo) can be calculated
from



wL00 = (1-00 - (pd / p p ))(pw / p d ) , (3)

where pp is the clay particle density (assumed to be 2.70 Mg/m3) and pw is the density of
water (1.00 Mg/m3). The value of Sr at chosen values of w and pa is

Sr = w / wL 0 0 . (4)

Provided that Equation (4) yields a value <1.00, the proposed combination of w and pa is
possible.

If pre-wetted clay is to be used, the clay is first dried in an oven at 110°C. The mass of
water to be added to a given mass of oven-dry clay to obtain the chosen water content is

mH2O = (w)(m d ) . (5)

The calculated mass of water is added to the clay and mixed until the particles are about
pea size and the water appears to be uniformly distributed. The wet clay is placed into
double plastic bags and allowed to cure for at least 2 d.

The precise moisture content of the air-dry or pre-wetted clay is determined by drying
triplicate samples at 110°C to constant mass. The moisture content is obtained from

w = (mw - m d ) / m d , (6)

where mw is the mass of the wet clay specimen. The total mass of clay to be compacted is

m w = Pdvc(! + w > . (7)

where Vc is the volume of the cell (46.8 cm3).

The clay specimens are statically compacted using a Materials Testing System model 810
hydraulic press. The shell is bolted to the bottom flange of the cell. A porous-stainless-
steel disc and a filter-paper disc are placed in the bottom of the cavity before compacting
the plug. The partially-assembled cell is placed on a vertically-adjustable base and a
50.0-mm-diameter ram is threaded into a load-sensing cell directly above. The base is
raised until the ram contacts the bottom of the cell as evidenced by a change in the output
from the load cell on the digital display. An arbitrary reading of the base height (ho) is
obtained from the digital display. As the plugs are prepared in four layers, the height of
the top of the first layer (hi) is

h! = h 0 + (0.2 V / mm)(h) / 4 (8)

where h is the total height of the clay specimen and 0.2 V/mm is the change in potential
per unit upward movement of the base. Twenty-five percent of the calculated mass of
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clay is added to the cell. The base is then raised to the height calculated in Equation (8).
Each layer, except the top layer, is scored before adding the next layer to improve the
adhesion between layers.

The second layer is compacted much like the first layer except that hi and ho in
Equation (8) are replaced by I12 and hi, respectively, where h.2 is the height of the top of
the second layer. Layers three and four are compacted similarly. Following compaction,
a filter-paper disc and a porous-stainless-steel disc are placed on top of the plug. The top
flange is placed on the cell and the cell is bolted together.

Stainless-steel tubes are connected to the adapters on the top and bottom of the cell
following assembly. The opposite ends of the tubes are connected to the water, gas and
purge lines as shown in Figures 3 and 4.

4.2 WETTING PHASE

Two types of experiments can be conducted: the specimen can be wetted in situ before
testing or it can be tested as compacted. Tests showed that 0.6 and 1.2 Mg/m3 Avonlea
bentonite wetted for two days at a pressure of 5 MPa has an Sr ~ 1.0 (Table I). As well,
0.9 and 1.3 Mg/m3 Avonlea bentonite wetted for two days, with an applied gas pressure
of 1.0 MPa, has an Sr ~ 1.0, provided that the cell is first evacuated.

TABLE I

RESULTS OF TESTS TO DETERMINE THE EFFECT OF VARIOUS WETTING-

PHASE PARAMETERS ON S, IN COMPACTED AVONLEA BENTONITE

Clay Dry Density
(Mg/m3)

0.9
0.9
0.6
1.2
1.3
0.9
1.3

Cell
Evacuated?

No
No
No
No
Yes
Yes
Yes

Water Pressure
(MPa)

0.2
1.1
5.0
5.0
0.2
1.0
1.0

Duration
(d)
2
2
2
2
1
2
2

sr

0.89
0.89
0.97
1.06
0.79
0.98
1.02

If the cell is to be evacuated before wetting, the vacuum pump is connected to the top and
bottom of the cell via purge valves VI1 and V14. The valves are opened and the cell is
evacuated for 15 minutes to remove air. Following evacuation, valves VI1 and V14 are
closed and the vacuum pump is disconnected.
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Before wetting, valves V3, V22 and V24 are opened. The height of water in the reservoir
is observed in the adjacent clear plastic tubing. If the water reservoir is <25% full, more
water is added as described in the following paragraph. If the water reservoir is >25%
full, the valves are closed.

To add more water to the reservoir, a 60-mL syringe full of water is connected near valve
V7 using a length of plastic tubing with a tube fitting on one end and a tubing-to-syringe
adapter on the opposite end. Valves V7 and V20 are opened and water is transferred into
the reservoir until the syringe is nearly empty. Valve V20 is closed while the syringe is
being refilled and then the procedure is repeated. This procedure is continued until the
reservoir is full as indicated by the height of water in the clear plastic tube. All the valves
are closed and the syringe is disconnected.

The oil column should be near the top of the flow meter before the wetting of the
specimen begins. If necessary, the oil column can be moved to the top of the flow meter.
The four-way valve is rotated so that it points to the right. Valves V3, V22, VI8 and V19
are opened. Valve V7 is opened slightly and the oil column allowed to rise slowly until it
reaches the top of the flow meter. If the oil column begins to separate, the flow rate is
reduced by closing valve V7 a little. All the valves are closed when the oil column nears
the top of the flow meter.

To wet the clay, the cylinder valve and valves V22 and V20 are opened. The data-
acquisition system is started and the pressure is adjusted to 1.0 MPa (if the cell has been
evacuated) or 5.0 MPa (if the cell contains air) using regulator PRS1. Valves V21, V13
and V16 are opened in sequence to allow water to flow from the reservoir to the cell.

When valve V20 is open, with valves VI8 and V19 closed, water bypasses the flow meter
when flowing from the water reservoir to the cell. When valves V18 and V19 are open,
and valve V20 is closed, the flow of water is directed through the flow meter. The four-
way valve rotates through 90°. When the four-way valve is pointing down the flow is
downwards through the flow meter, as is illustrated schematically in Figure 4. When the
four-way valve is pointing to the right, as in Figure 3, water flows through valve V18 and
upwards through the flow meter. It then passes through V19 and V21 and into both the
top and bottom of the cell.

The flow meter is used sometimes on the second day of wetting to determine if the flow
of water into the plug has stopped. It is generally operated with the flow downwards as
this minimizes the separation of the oil column (hence the reason for positioning the oil
column near the top of the flow meter). After two days of wetting, valves VI3, VI6,
V21, V20 (or V19 and VI8) are shut and the data-acquisition system is shut off. Pressure
regulator PRS1 is set to zero and valve V3 is opened to vent the gas from the line and
water reservoir. Valves V22 and V3 are closed when Ar stops venting to the atmosphere.



- 1 1 -

4.3 GAS-BREAKTHROUGH PHASE

Water is purged from the void space in the top and bottom of the cell before the gas-
breakthrough phase of the experiment begins. The data-acquisition system is started,
pressure regulator PRS1 is adjusted to 0.2 MPa and valves V4 and V23 are opened.
Purge valve VI1 is opened and valve V12 is repeatedly opened and closed to dislodge
water from the top of the cell. Valves VI1 and V12 are closed when only gas flows from
the cell. Similarly on the bottom of the cell, valve V14 is opened and valve V15
alternately opened and closed; both valves are shut when no further water is expelled
from the cell. Valves V12 and V15 are simultaneously opened for a brief time to ensure
that the pressure is 0.2 MPa on both the top and bottom of the specimen. Data acquisition
is suspended and valves V4 and V23 are closed before starting the gas-breakthrough
phase of the experiment. Pressure regulator PRS1 is adjusted to zero and valve V3 is
opened; when Ar stops venting the valve is closed.

Valve VI is opened until the gas reservoir (TK1) is filled with Ar to the same pressure as
in the cylinder, and then the valve is closed. The Ar pressure in TK1 is increased to about
50 MPa using the gas compressor. Pressure regulator PRS2 is adjusted to the starting
pressure and valve VI7 is opened. The data-acquisition system is re-started and valves
VI5 and V12 are opened at about the same time. The pressure to the cell can be
incremented regularly or it can be held at the initial pressure. If the pressure in TK1
drops significantly, it is boosted up to 50 MPa with the compressor. The test continues
until gas passes through the specimen, as evidenced by an increase of pressure on the
outlet side of the cell, until the pressure limit of the apparatus is reached, or until a certain
period of time has passed.

At the end of the experiment the data-acquisition system is shut off. The cylinder valve is
closed and valves V2 and V9 are opened carefully to vent the bottom and top of the cell,
respectively. When Ar has finished venting, all the valves on the apparatus are closed
and the pressure regulators are adjusted to zero. The cell is disconnected from the rest of
the apparatus. The tubes are removed from the cell and it is disassembled. The plug is
extruded from the shell with the same hydraulic press that was used to compact the
specimen.

The specimen can be cut into pieces to determine the water content distribution through
the plug. If so, the pieces are dried at 110°C to constant mass and the water content is
determined as described previously. After drying, the post-test p<j can be calculated from
the mass of dry clay and the known cell volume. The final w is calculated from Equation
(6) and Equations (3) and (4) are used to calculate Sr.

As mentioned previously, the data can be imported into a spreadsheet program and the
inlet and outlet pressures plotted against time. Figure 5 is an example of a plot resulting
from a gas-breakthrough experiment. In this example, gas breakthrough occurred at a
pressure differential of about 43 MPa and this, therefore, would be the reported gas-
breakthrough pressure.
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5. SUMMARY

A high-pressure (50 MPa) gas-breakthrough apparatus is being used to determine the
breakthrough pressure of compacted Avonlea bentonite. The apparatus consists of a gas-
breakthrough cell, water- and gas-supply systems, and an instrumentation and data-
acquisition system. The components that make up each of these parts, and their function,
were described. A test involves compacting and wetting of the clay in addition to the gas-
breakthrough experiment. The procedure for each step was presented.
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FIGURE 1: The High-Pressure Gas-Breakthrough Cell Shown Partially Assembled
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FIGURE 3: Assembled Cell Connected to the Remainder of the Gas-Breakthrough Apparatus
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High-Pressure Gas-Breakthrough Apparatus
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FIGURE 4: Schematic Drawing of the Complete High-Pressure
Gas-Breakthrough Apparatus
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FIGURE 5: Results of a Gas-Breakthrough Experiment
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