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Fate of repository gases (FORGE)

The multiple barrier concept is the cornerstone of
all proposed schemes for underground disposal of
radioactive wastes. The concept invokes a series of
barriers, both engineered and natural, between the
waste and the surface. Achieving this concept is the
primary objective of all disposal programmes, from
site appraisal and characterisation to repository
design and construction. However, the performance
of the repository as a whole (waste, buffer,
engineering disturbed zone, host rock), and in
particular its gas transport properties, are still
poorly understood. Issues still to be adequately
examined that relate to understanding basic
processes include: dilational versus visco-capillary
flow mechanisms; long-term integrity of seals, in
particular gas flow along contacts; role of the EDZ as
a conduit for preferential flow; laboratory to field
up-scaling. Understanding gas evolution and
migration is thus vital in the quantitative
assessment of repositories and is the focus of the
research in this integrated, multi-disciplinary
project. The FORGE project is a pan-European
project with links to international radioactive waste
management  organisations, regulators and
academia, specifically designed to tackle the key
research issues associated with the evolution and
movement of repository gasses. Of particular
importance are the long-term performance of
bentonite buffers, plastic clays, indurated mudrocks
and crystalline formations. Further experimental
data are required to reduce uncertainty relating to
the quantitative treatment of gas in performance
assessment. FORGE will address these issues
through a series of laboratory and field-scale
experiments, including the development of new
methods for up-scaling allowing the optimisation of
concepts through detailed scenario analysis. The
FORGE partners are committed to training and CPD
through a broad portfolio of training opportunities
and initiatives which form a significant part of the
project.

Further details on the FORGE project and its
outcomes can be accessed at
www.FORGEproject.org.
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Summary

This report describes preliminary results obtained in Work package 2 of the FORGE research
programme. It is focused primarily on assessment of the production/consumption of hydrogen
due to corrosion of carbon steels in repository environment, evaluation of the temporal
evolution of associated parameters under various conditions representative for the near-field,
as well as assessment of hydrogen migration through compacted bentonite.

The first part of the report describes equipment used for experimental studies. The main
equipment used for studying both hydrogen evolution and transport properties of bentonite
was based on equipment already developed and used in NF-PRO research project, but it was
significantly modified in this project to enable to measure hydrogen evolution and transport
properties of bentonite under various conditions including conditions, in which carbon steel is
in contact with compacted bentonite. A special device was also developed for studying
hydrogen evolution under irradiation.

The preliminary results obtained show that the corrosion rate of carbon steels and
consequently hydrogen evolution rates significantly depend on geochemical conditions evolved
in the repository, partly due to the effect of corrosion itself. It is also shown that time and
pressure under which hydrogen will break through bentonite depends on type of bentonite, its
density and also on quality of the given sample so that, it is difficult to obtain exactly the same
results with the same type and density of bentonite. The experiments in which carbon steel
samples corrode in contact with compacted bentonite showed that for Czech bentonite from
deposit Rokle of dry density 1600 kg/m3, hydrogen generated by corrosion of carbon steels will
move through bentonite easily by diffusion only.

The experimental studies, however, were significantly affected by problems with sealing
devices against hydrogen leaking under very high pressure. These problems affected also the
results and therefore a number of experiments will have to be repeated in the following period.
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1 Introduction

It is well known that hydrogen is formed during anaerobic corrosion of carbon steels, on which
canisters for spent fuel disposal are often based. But what is not known is the effect of various
parameters such as temperature, reactive surface, pH, Eh, radiation on corrosion rate of carbon
steels, and consequently on hydrogen evolution rate, under repository conditions. Usually only
some conservative estimates of gas production are adopted in safety assessment calculations
to evaluate the impact of gas on performance of repository barriers. But these data are not
supported by experimental results based on comprehensive, experimental studies of
dependence of hydrogen evolution rate on conditions, which will occur in a repository. One of
the reasons is that these studies require very long time to get some credible results. Another
reason is that hydrogen can very easily migrate through various sealing materials and therefore
the development of suitable sealing of equipment is also very time consuming. We based our
experiments on modification of equipment already prepared in previous projects, but the same
constraints, namely time needed for experiments and problems with sealing of our equipment
affected strongly the results of our experiments.

In agreement with our schedule in the FORGE project only preliminary results are presented in
this report. It mainly means that the results of experiments have not been completely
interpreted and some changes can be expected in the final report.

We focused on the following type of experiments:

1) Measuring of hydrogen evolution from carbon steel plates in anaerobic box with changing
temperature.

2) Measuring of hydrogen migration through compacted bentonite with and without
backpressure.

3) Measuring of hydrogen evolution from carbon steel under contact with compacted
bentonite.

In this period a corrosion cell for measuring hydrogen evolution under radiation was prepared
and tested in cooperation with IRSN.

2 Experimental

2.1 EQUIPMENT FOR MEASURING OF HYDROGEN EVOLUTION FROM CARBON
STEEL IN ANAEROBIC BOX

Equipment for measuring hydrogen evolution from carbon steel in anaerobic box has been
based on equipment used before in NF-PRO project for measuring corrosion rate of carbon
steel. This equipment is described elsewhere [Vokal et al., 2007]. In this project the equipment
was significantly modified to carry out the experiments in our anaerobic box. For most of
experiments a cell shown Fig. 1 was used. The 10 samples of dimension 7 x 7 cm (surface
99.76 cm2) with hole samples were separated by Teflon distance inserts (5 mm). Steel plates
were immersed in approximately 2 | of synthetic bentonite water solution.

Vi
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Fig. 1 Equipment for measuring hydrogen evolution in anaerobic box

The composition of synthetic bentonite pore water corresponded to the composition of sodium
bentonite Volclay KWK 20-80 of a density of 1600 kg.m-3 (Table 1). It was prepared according
to the recipe prepared on the basis of the calculations carried out in the NF-PRO project [Vokal
et al., 2007]

Table 1: Composition of bentonite synthetic water

Table 1

05 [kg.m™] 1300 1600 1900
log(Pco>) [bar] -3,42 -3,47 -3,65
pH 8 8 8

| [mol.I™] 0,26 0,29 0,33
c¢(Na) [mol.I™] 1,83.10™ [2,07.10" | 2,54.10"
¢(K) [mol.I"] 2,7.10° | 3,1.10° | 3,7.10°
c(Mg) [mol.I™] 1,0.10% | 1,2.10° | 1,5.10”
c(Ca) [mol.I"] 9,2.10° | 9,8.10° | 1,2.107
c(Sr) [mol.I™] 8,1.10° | 8,6.10° | 1,1.10™
c(Cl) [mol.I"] 1,81.10%|6,18.10°| 1,7.10™
¢(SO4) [mol.I™] 1,02.10*| 9,5.107 | 7,1.107
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¢(Canor) [mol.I*] | 8,9.10% | 8.10* | 5,5.10"
c(F) [mol.I"'] 2,2.10% | 2,2.10* | 1,9.10™
¢(Si) [mol.I""] 1,8.10* | 1,8.10* | 1,8.10™

Composition of carbon steel of Czech standard CSN 11321 is given in the Table 2

Table 2: Composition of carbon steel

Element C 0 Si Ca Mn Fe

% 2.17 1.81 | 0.39 | 0.28 94.89

The experiments were carried out in an anaerobic box provided by M Brown Company (Fig. 2)

F

Fig. 2: Anaerobic box used for measuring hydrogen evolution rate

The content of oxygen in the anaerobic box was lower than 0.1 ppm. Pt, Au and silver chloride
reference electrodes were used for Eh measurements. A reference electrode had to be
prepared by coating Ag wire with silver chloride, because commercial reference electrodes
could not be used due to the significant changes of electrolytes inside the electrodes. The
experiments were carried at various temperatures in the range 40 — 70 °C and controlled by a
TDC 2 Temperature Controller with a Watlow series 988 PID control unit. The experiments
lasted 30 days. During the experiments hydrogen evolution rate, temperature, pH and Eh were
measured.
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2.2 EQUIPMENT FOR MEASURING OF HYDROGEN MIGRATION THROUGH

COMPACTED BENTONITE WITH AND WITHOUT BACKPRESSURE

Devices for measuring hydrogen migration through compacted bentonite are shown in Fig. 3
and 4. In the first device, change of volume caused by hydrogen evolution was measured LVTD
Displacement Transducer and in the second one, by displacement of piston of Digital

Compression Testing Machine, which held a constant backpressure.

Pressure
gauge

Outlet tap $

Granitic water|

Porous disc

Bentonite

Temperature
control

Porous disc

Granitic water
with Fe dust

Heating

Yolume
gauge

Fig. 3: Scheme of device for measuring hydrogen migration without backpressure

Pressure
gauge

Outlet tap

| Piston |

Porous disc

Bentonite

Porous disc

Pressure
control

Temperature
control

Heating

Granitic water
with Fe dust

Fig. 4: Scheme of device for measuring hydrogen migration with backpressure from
compression machine
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Now the device with the scheme shown on Fig. 6 replaced the equipment, which used
compression machine for holding backpressure. The constant backpressure is ensured by
hydrogen itself using a safety valve.

o o |

= |

LE L RTRTH

Fig. 5: Device for measurements of hydrogen migration through bentonite with backpressure
(1 — reactor, 2 — holder of sample, 3 — polycarbonate Windows, 4 — safety valve, 5 — outlet, 6,
7 - holes for pressure sensors, 8, 9 — holes for temperature sensors, 10 — sample)

Bentonite samples made of Wyoming type bentonite (Volclay KWK-20-80 or Voltex) or Czech
bentonite from deposit Rokle, were prepared using Compression Testing Machine (Fig. 6) at
pressure 15 MPa until outflow of water from the sample. This way saturation enabled also to
measure permeability of bentonite samples. The diameter of samples were 30 mm and
thickness 15 mm. The density ranged from 1200 to 1750 kg m-3. Picture of a sample of
bentonite from Rokle deposit is shown in Fig. 7.

10
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Fig. 7: Sample of saturated bentonite Rokle for measuring hydrogen migration

The experiments were carried out at various temperatures controlled by OMRON E5CN
temperature controller. All parameters were monitored using Data logger PUI 03 — 54 from
DataCon MSI. Various iron powder samples were used for experiments. But only iron of very
high purity (>99.5 %) and high surface (0.2 m2/g) provided hydrogen evolution rate suitable for
performance of hydrogen migration experiments (Riede-daHaen, Cat. 12311 or 000170 Alfa
Aesar). 5 —-30 g of iron powder was used in experiments.

The experiments that have been carried out are listed in Table 3.

11
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Table 3: List of experiments carried out from the beginning of FORGE project (The
experiments are denoted by letter R and number)

No. | Start/End | Bentonite Back- Temp. Temp. Surface | Comment/Volu
Duration pressure | Reactor Bentonit of iron | me of hydrogen
o 2 -1
[day] [ke. m] [bar] [°C] e [m”.g™] [ml]
[°C]
R25 | 19.8.2009 Rokle Slow
1.9.2009 1600 NO 74 50 0,081 | development of
hydrogen
13
No pressure
evolution
R26 | 24.11.2009 Voltex Slow
14.12.2009 | 1600 NO 74 50 0,081 | development of
hydrogen
20
No pressure
evolution
R27 | 14.12.2009 | Voltex Rapid
17.12.2009 | 1600 NO 68 50 0,205 | development of
4 hydrogen
High pressure
R28 | 6.1.2010 Rokle 8x
2.2.2010 1600 NO 63 48 0,205 | Preakthrough
27 5822
R29 | 25.2.2010 Rokle 50
10.3.2010 1600 100 68 22 0,205 leaking
13
R30 | 24.3.2010 Rokle
19.4.2010 1600 50 65 45 0,205 1
26
R31 | 6.5.2010 Rokle
12.5.2010 1600 50 69 25 0,205 leaking
6
R32 | 12.5.2010 Rokle
22.6.2010 1600 50 69 55 0,205 575
41
R33 | 2.7.2010 Rokle 50 60 0.205 Under progress
1600

12
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A large number of experiments failed due to a multitude of reasons, mostly due to the leakage
of hydrogen, use of unsuitable iron powder, consumption of total amount of water in reactor
for hydrogen evolution, etc. Some of experiments with iron powder were also carried without
bentonite to find corrosion rate without the bentoniet, but these experiments failed because
iron was embodied by hydrogen and the hydrogen evolution rate was significantly slowed
down.

2.3 EQUIPMENT FOR MEASURING HYDROGEN EVOLUTION RATE IN CONTACT
OF CARBON STEEL WITH BENTONITE

A special corrosion chamber has been developed and manufactured for measuring hydrogen
evolution rate under contact with compacted bentonite. The corrosion chamber is shown in Fig.
8. A detailed technical description of the corrosion chamber will be described later in the final
report. The chamber enables in addition to measuring change of volume using LVTD
Displacement Transducer Sensor to measure swelling pressure and pressure induced by
hydrogen evolution. The samples of compacted bentonite, prepared using compression testing
machine, were saturated under high pressure using Haskel Pump, Model MS-21. This enables
also to carry out experiments under increased backpressure.

g o I

Fig. 8: Corrosion chamber for measuring hydrogen evolution from carbon steel in contact
with compacted bentonite.

2.4 EQUIPMENT FOR MEASURING HYDROGEN EVOLUTION UNDER IRRADITION
(COOPERATION WITH IRSN)

The corrosion cell for measuring hydrogen evolution under radiation or under other remoted
sites (e.g. anaerobic box) or in situ experiments was developed and manufactured. The scheme
of the corrosion cell is given in Fig. 9. It uses the same principle of measuring volume change
with LVDT Displacement Tranducer as above described devices. The experiments without
radiation and preliminary experiments under Co(60) were carried out also in NRI. The cell was
provided to IRSN for further experiments under radiation. Due to problems with leakage of
hydrogen, it was necessary several times to modify sealing system of the corrosion cell against
hydrogen leaking.

13
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110 mm

Fig. 9: The corrosion chamber for measuring hydrogen evolution under radiation before
modification.

=
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Temperature sensor

. Heater

10. Sealing O circles

11. Solution, bentonite or other material
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Scheme of regulation and measurements is given in Fig. 10

14



FORGE Report: Dx.xx— Ver.0

SCHEMA OF REGULATION

AND MEASUREMENT
# Connect this plug to the general electricity 240 v
Regulator l:l

metalic connection suitable to the IRMA

Connect this plug to the blue
plug on back of regulator

-

cell

regulation
thermometer

heater

measuring thermometer

measuring thermometer
in the LAB or reserve

measuring thermometer

datalogger volumometer

PC

2x metalic connection suitable to the IRMA
3x plastic connection NON-suitable to the IRMA

measuring thermometer
near volumometer

Fig. 10: Scheme of regulation of the corrosion chamber

Picture of the cell after irradiation is shown in Fig. 11.

Fig. 11: Picture of corrosion cell after irradiation by Co-60
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3 Results and discussion

3.1 HYDROGEN EVOLUTION RATE FROM CARBON STEEEL MEASURED IN
ANAEROBIC BOX UNDER VARIOS CONDITIONS

The curves for hydrogen evolution from all the experiments carried out with 10 or 1 carbon
steel plates in the vessel with 2 | of synthetic bentonite water in the anaerobic box are shown in
Fig. 12. It can be seen that hydrogen evolution rate significantly depends not only on
temperature, but also on the ratio of carbon steel surface and water. The temperature,
however, affects significantly hydrogen generation only in the beginning of corrosion. Then the
rate of hydrogen generation is governed presumably by the nature of a corrosion layer formed
on the surface of metal.

mal [HI ymaNnr

\

/

— 0 s
—=—350 S
60 X
TO G
— 40y
——3a0 T

10 phEs
10 phks
10 phEs
10 phks
ip bk
1 late

—T0 A plak

T

Timn [euy 1]

Fig. 12: The results of hydrogen evolution rate of carbon steel in dependence with
temperature and ratio of carbon steel surface and water solution (10 or 1 sample in 2 | of
synthetic bentonite water)

It was very surprising to find that while in the experiments with 10 carbon steel samples
hydrogen evolution rate decreases over time, with 1 sample it first decreases and then after
some time it begins to increase. It seems that this is also connected with the nature of
corrosion layers formed on the surface of samples, which are determined by geochemical
conditions created by corrosion of samples. In the case of experiments with 10 samples, Eh of
the environment decreases very quickly (Fig. 11) and probably favourable conditions are being
created for the formation of an adherent corrosion layer on the surface of samples, but with 1
sample only, the Eh decreases slowly (Fig. 12) and it seems that the conditions favourable for
the formation of an adherent corrosion layer protecting carbon steel sample are not created.
The results of these experiments suggest that the values of hydrogen generation rates from
carbon steels will strongly depend on conditions established in the repository and can change
over time, but not necessarily being constant all the time, because the nature of corrosion
product layers can change over time with changing geochemical conditions.

16
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Fig. 14 : The change of Eh for 1 carbon steel sample in 2 | bentonite water
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13: The change of Eh over time with 10 samples of carbon steel in 2 | of bentonite water
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The experiments will continue in further period aiming mainly to understand the effect of
various parameters on hydrogen evolution from carbon steel.

3.2 IMPACT OF HYDROGEN GENERATED BY IRON POWDER CORROSION ON
MIGRATION THROUGH COMPACTED BENTONITE

Experiments with hydrogen migration through compacted bentonite started already before
FORGE project beginning in NF-PRO research project and projects supported by Czech Ministry
of Trade and Industry and RAWRA.  The experiments carried out in the framework of the
FORGE project are listed in Table 3. In the beginning of this part of report, however, brief
conclusions from previous experiments will be summarised and newly discussed taking into
account new findings obtained in FORGE project. All the previous experiments were
performed without backpressure so that hydrogen passed through compacted bentonite to
pressure, which was only slightly higher than atmospheric pressure.

3.2.1 Experiments without backpressure

The results of experiments with Czech bentonite Rokle, which is Ca, Mg type of bentonite,
compacted to various densities are given in Fig. 15.

120

, / \ T
= = 1400 30C
B0 1+

1800 82C
= 75076 C

p [atm]

40 1

!

20 -

10000 20000 30000 40000 50000 E0000
t [min]

Fig. 15: Hydrogen breakthrough pressure curves for samples of bentonite Rokle of various
densities

It can be seen that for all bentonites a several breakthrough cycles can be observed before
hydrogen is passing through bentonite without any further breakthrough cycles. The higher
density has bentonite, the higher is pressure needed for the hydrogen to break through
bentonite. It can be also seen some pressure plateau before the first breakthrough. It indicates
an increase of volume caused by deformation and/or desaturation of bentonite before
hydrogen breakthrough. In the experiment with bentonite of density 1600 kg/m3, an increased
pressure before breakthrough was observed. This could be caused by the limit of bentonite
compressibility, suggesting that bentonite structure was destructed before breakthrough. The

18
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pressure for further breakthrough decreases with the number of breakthroughs until hydrogen
can pass freely through bentonite. It was deduced from the experiments that preferential
paths are formed in bentonite and there is not time enough for their closure before further
breakthrough. The same experiment was also carried out for sodium bentonite of Wyoming
type compacted to the density of 1600 kg/m3. The results are given in Fig. 16. It can be seen
that breakthrough pressures also decrease with number of passages of hydrogen through
bentonite in the same way as with Rokle bentonite, but the pressure needed for hydrogen to
get through bentonite is higher in comparison with bentonite Rokle of the same density.
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Fig. 16: Breakthrough curve for Wyoming type bentonite with dry density 1600 g/cm3

Details of a change of volume and pressure before the first breakthrough for Wyoming and
Rokle bentonite are shown in Fig. 17 and Fig. 18. The flux of hydrogen through saturated
Wyoming bentonite before breakthrough is much smaller than flux through Rokle bentonite. If
it supposed that hydrogen before breakthrough is transported only by diffusion of dissolved
hydrogen in aqueous phase than the diffusion coefficients in Wyoming and Rokle bentonite
were estimated to be 2.9 x 10 m? s and 3.7 x 10™° m? s, respectively. The diffusion
coefficient of Wyoming type of bentonite compacted to the same density seems to be one
order magnitude lower that diffusion coefficient of Ca, Mg bentonite from deposit Rokle.

19
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Fig. 17: Pressure and volume change of Wyoming type bentonite before the first
breakthrough
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Fig. 18: Pressure and volume change of Rokle type bentonite before the first breakthrough

The curves of pressure and volume change during the first breakthrough of Volclay bentonite
(1600 kg/m3) are given in Fig. 19. It can be seen that breakthrough is very fast. During less than
two minutes almost 500 ml of hydrogen passed through bentonite.
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Fig. 19: Detail of change of volume and pressure after the first breakthrough in Volclay
bentonite (1600 kg/m3)

It can be seen from Fig. 20 that after breakthrough, the bentonite sucks the water back. A
change of volume of almost 15 ml could represent both water and hydrogen, so it is difficult to
estimate a real amount of water pushed from the sample by hydrogen, but it could be
significant because the total volume of porewater in samples is only about 4.4 ml and in filters
only 1.2 ml.
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Fig. 20: Change of volume and pressure after the 1st breakthrough for Wyoming bentonite
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The FORGE project started by repeating migration experiments through bentonite Rokle
compacted to 1600 kg/m?>. Firstly other types of iron powder were used than used before
because the old one was spent and was not produced more by Sigma Aldrich (No. 12 311). The
surface of the new iron powder (Sigma Aldrich 12310) was lower than the surface of previous
one (0.081 vs. 0.205 m2/g) and its purity was also lower (95 % vs. 99.5 %). In the experiments
with this new iron powder an increase of pressure was so low that it was not possible to get
pressure for breakthrough in reasonable time. For experiments therefore similar type iron of
the previous one from another company (000170 Alfa Aesar) had to order the. The results of
the experiment with this type of iron are shown in Fig. 21

Reactor 28 (Bentonite - Rokle)

| Temperature above bentonite Temperature reactor — Pressure —Volume |

140 7000
120 J{/””,,- 6000
100 f/, 5000
80 4000

/ / / / 7/ / -
40 J+—¥ / 2000

all/AVAVA VAR W an
Iy yrw v

T T T T T T T T T T T T T T B
B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Time [days]

Temperature [°C]
Pressure [bar]
3
--_.__‘_-__-
e
Volume [ml]

Fig. 21: Breakthrough curves for bentonite Rokle of density 1600 kg/m3 with new type of
iron.

From a comparison with previous results (Fig. 15) it follows that the first breakthrough occurs
approximately in the same time, but the breakthrough pressure is slightly higher and pressure
of further breakthroughs lower. This suggests that formation of preferential paths and their
properties depend on possible microstructure defects so that it is impossible to get always the
same character of breakthrough curves even for the same bentonite of the same density. We
do not suppose that the different iron powder had some impact on the experiments.

3.2.2 Experiments with backpressure

In reality, the properties of compacted bentonite in a repository will be affected by hydrostatic
pressure and therefore in further experiments a backpressure was applied in experiments to
simulate hydrostatic pressure. Firstly a device, in which backpressure was held by digital
compression machine, described in experimental part of this report (Fig. 4). was used for
experiments with backpressure. In this device a backpressure was held using digital
compression machine. This, however, blocked our compression machine used for various other
purposes and therefore a device shown in experimental part of this study (Fig. 5). A
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backpressure is evolved by hydrogen itself and held by safety valve. The results of the first
experiment with the compression machine are shown in Fig. 22.
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Fig. 22: Breakthrough curve for Rokle bentonite of density 1600 kg/m3 with backpressure 50
bar (reactor 30)

It can be seen that the character of the first peak does not differ significantly from the
breakthrough peak without backpressure, but a decrease of pressure after breakthrough is
much slower. Unfortunately in this experiment after 11 days of the experiment there was some
suspicion for failure of the sealing system and therefore the backpressure was released. After
finishing the experiment the volume of hydrogen passing through the saturated sample was
measured. The pressure of hydrogen was relatively constant (approximately 55 bar) during this
period. The results of the measurement of the rate of volume change due to the migration of
hydrogen through compacted bentonite are given in Fig. 23. We can suppose that the
concentration of dissolved hydrogen entering compacted bentonite can be calculated using
Henry law, so that to the pressure 55 bar correspond approximately to the concentration in
water 4.55 x 10 mol/I. Using this data and supposing that there is no advective flow, diffusion
coefficient was calculated. The value of 2.12 x 10° m?/s obtained is almost one order higher
than the value of the sample from the same type of bentonite before the first breakthrough
(3.7 x 10° m?/s) measured before. It can be supposed that hydrogen is present in the sample
also in the form of gas bubbles, what increases diffusion rate or some preferential paths
formed during breakthrough affect diffusion of hydrogen even after their apparent closure.
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Fig. 23: Flow of hydrogen dissolved in water through compacted bentonite (reactor 30)

The same experiment was repeated with the same sample after exchanging seals (Experiment
R31 and Experiment R32 see Table 3)). The experiment with R31 failed completely due to the
leakage of hydrogen. The results for experiment R32 are shown in Fig. 24. The results of this
experiment were different from the previous one with the same sample. The pressure increase
before the first breaktrough is much higher than in the previous experiment R30, but after this
first breakthrough pressure no other peak was developed during further 10 days. The
experiment was therefore finished after 22 days. This behaviour could be explained by the
formation of some preferential paths somewhere in the equipment including bentonite sample,
probably by the formation of a path through which hydrogen can pass both i dissolved and in
the form of very small gas bubbles. This could also explain a slight decrease of pressure after
breakthrough of hydrogen. But unfortunately, we cannot exclude some leaking of hydrogen
somewhere else.
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Fig. 24: Breakthrough curve for bentonite Rokle (experiment R32)

For the next experiment (R33), which is now still under way, a special device shown in Fig. 5
was used. Instead of compression machine, the backpressure is held by safety valve. The
pressure in the reactor vessel and above it is monitored. The current results are given in Fig. 25
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Fig. 25: Increase of pressure due to hydrogen accumulation (Experiment R33)

Until the time of writing this report the first breakthrough of hydrogen in gas phase was
observed after more than 20 days of experiment at pressure 15 MPa. Approximately 220 ml at
STP passed bentonite during this small breakthrough. But the decrease of pressure during
breakthrough was only slight contrary to previous experiments suggesting that the preferential
path was relatively quickly (several hours) closed.

By measuring the volume of expelled water, it was estimated that diffusion coefficient of the
sample before breakthrough is 1.65 x 10*° m%/s. This value is slightly lower than the value
measured before (3.7 x 10™° m2/s) with the same type of bentonite of the same density.

3.3 HYDROGEN EVOLUTION AND MIGRATION FROM CARBON STEEL IN
CONTACT WITH BENTONITE

In some repository concepts, including Czech one, canisters made of carbon steel will be in
contact with bentonite. Therefore a special device was developed and manufactured (Fig. 8) to
study the behaviour of carbon steel corrosion and hydrogen migration under direct contact of
carbon steel samples with bentonite. The prime aim of this study was to investigate corrosion
behaviour of carbon steel in contact with bentonite, but the corrosion of carbon steel in
anaerobic conditions is always connected with hydrogen evolution, so that hydrogen evolution
and also migration has been studied as well. During FORGE projects 8 experiments lasting until
30 days have been carried out. As a result of various problems either with pump holding
pressure or leaking of hydrogen only few provided reliable results.

The most surprising finding was that corrosion rate of carbon steel in contact with compacted
bentonite is almost one order of magnitude higher that corrosion rate of carbon steel in
bentonite water solution. In all the experiments, the average corrosion rate of carbon steel
after 30 day experiment was 40 um/year contrary to 2 to 5 um/year in solution. We explain this
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finding by the nature of corrosion layers formed on the surface of samples caused by so called
“pumping” effect of bentonite. Iron species are sucked by bentonite and thus do not
contribute to the formation of an adherent corrosion layer. Some effect might have also oxygen
affecting unfavourably formation of adherent corrosion layers on the surface of carbon steel
samples. But this can be also explained by other reasons such as high concentration of iron (lll)
in bentonite. This finding is similar to the difference between experiments with 10 or 1 sample
in 2 | of solution. The first hypothesis is supported by a fast transport of iron species to
bentonite as can be seen in Fig. 26.

Fig. 26: Bentonite after 30 day corrosion of carbon steel in contact with compacted bentonite

Eight experiments were carried out. The first experiment ( VK1 - experiments were denoted by
letter VK and number) served for calibration of the pressure measurements. In the second one
experiment (VK2) a sample of carbon steel of diameter 92.4 mm of thickness 0.6 mm (surface
135 cm?) was emplaced in the corrosion chamber and bentonite layer of thickness of 20 mm
was pressed on it. Bentonite was bubbled with nitrogen, heated to 70 °C, and saturated by
bentonite synthetic water under pressure of 5 MPa. Backpressure of 5 MPa was held by Haskel

pump.

The amount of average hydrogen evolution rate was calculated form the weight changes of
carbon steel sample before and after corrosion. The corrosion rate of 40 um/yr determined
corresponds to hydrogen evolution rate of 8 mol m’ yr'l, approximately. Hydrogen passed
through saturated bentonite compacted to density of 1600 kg/m3. The results of a change of
pressure below sample, sum of swelling pressure and pressure of water from pump (50 bar),
which was used for bentonite saturation, consumed water and some other data are shown in
Fig. 27.

26



FORGE Report: Dx.xx— Ver.0

—— w1 DAL ——F ZRIU D BIlCe Zap LR R o] of Colag o ol 1 IR e UpIR L ——IlmI —— ) e

LJ

_t:::-“\:

w
-.H

|
LHEmul

F ==z |
£ o r
_: ¥ ]
w Q2
1L L
L T L
r = a g E > o =
1 |ilawe]

Fig. 27: Change of some paramters of a system compacted bentonite/carbon steel after
corrosion at 70 °C (experiment VK2) under backpressure 5 MPa

It can be seen that due to saturation of bentonite and evolving swelling pressure total pressure
increases (it includes swelling pressure and pressure of pump simulating hydrostatic pressure).
The changes in the total pressure are affected by by change of pressure bellow the sample
which, however, which is in turn affected by gas pressure and also by pressure from pump. No
increase of pressure was observed after saturation of bentonite.

Volume of consumed water increased for all the time of the experiment. This could suggest that
bentonite was additionally saturated due its drying out by heating and corrosion or possibly by
leaking of pump, which was unfortunately observed more in further experiments.

In further experiment (VK3) the same conditions were used, but bentonite was not compacted
and the pressure from pump after saturation was decreased after saturation to atmospheric
pressure. The results are given in Fig. 28. It can be seen that no pressure was developed at all
with uncompacted bentonite, but from the negative change of volume can be deduced that
water was expelled by hydrogen generated by carbon steel corrosion. It seems that after some
time the sample was dried out so that after 5 days the water consumed increased due to the
additional saturation of bentonite. The experiment lasted 10 days and average corrosion rate
measured from weight loss was 49.5 um/yr.
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Fig. 28: Change of some parameters of a system uncompacted bentonite/carbon steel after
corrosion at 70 °C for 10 days (experiment VK3) without backpressure

The same experiment was carried out once more, but for the time of 30 days (VK4). The results
are given in Fig. 29. The results are similar. No pressure was developed and first water was
expelled due to hydrogen formation and after some time the amount of water consumed
increased again. Average corrosion rate was much smaller (23 um/yr).
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Fig. 29: Change of some parameters of a system uncompacted bentonite/carbon steel after
corrosion at 70 °C for 30 days (experiment VK4) without backpressure
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The same experiment was repeated once more (VK 5) to get the results of corrosion rate after
20 days of corrosion. The results are given in Fig. 30.
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Fig. 30: Change of some parameters of a system uncompacted bentonite/carbon steel after
corrosion at 70 °C for 20 days (experiment VK5) without backpressure

It was interesting to find that the average corrosion rates from 10 days and 20 day experiments
have almost the same value (49 contrary to 46 um/yr). Only after some time a protective
corrosion layer contributing to a significant decrease of corrosion rate, was created (Fig. 31).
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Fig. 31: The corrosion rates from experiments VK3 to VK5

In the following experiment (VK6), the sample was sealed in the corrosion chamber to prevent
the hydrogen to get below sample (Fig. 32). Unfortunately during the experiment the pump
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holding the pressure started to leak so that an increase of volume measured due to an
indication of the amount of water used to saturation or expelled by hydrogen is misleading.
Experiment VK7 was affected also by the leaking of pump holding backpressure. This finally
confirmed the failure of the pump, which had to be exchanged. In the VK6, the water, which
passes through bentonite was two times taken from the device. It was interesting to observe
that the water immediately after coming to atmospheric pressure divided into water and gas
phase. In the first time into 20 ml of gas and 35 ml of water, and in the second time after
finishing experiment into 40 ml of gas and 20 ml of water.
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Fig. 32: Experiment VK6 of corrosion of carbon steel in contact with compacted bentonite
under backpressure

After the pump was exchanched, a new experiment with compacted bentonite Rokle (1600
kg/m3 was carried out (VK8). No backpressure was applied. The results are given in Fig. 33 and
details for period with expelling water in Fig. 34. It can be seen that during expelling water
swelling pressure decreases. The rate of expelling water is 3.1 ml/day, approximately. It can be
seen that after some time the water is consumed again, probably due to drying off the sample
by heating.

The fact that practically no pressure was built in all the experiments suggest that hydrogen
passes through bentonite by diffusion despite very high corrosion rates of carbon steel
samples.
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Fig. 33: The results from experiment VK8, with compacted bentonite and no backpressure.
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Fig. 34: Details of expeling water due to hydrogen generation in experiment VK8

3.4 TESTING CORROSION CELL FOR MEASURING HYDROGEN EVOLUTION
UNDER IRRADIATION

The corrosion cell prepared for measuring hydrogen generation under irradiation (see Fig. 11)
was tested in NRI also without irradiation. The samples of carbon steel were in the form of
cylinder with diameter 50 mm and length 90 mm. The layer of corrosion product with the first
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sample was removed only by sand paper and degreased by ethanol. In further experiments the
corrosion layer was removed using a metal-lathe to increase hydrogen generation rate.

The hydrogen generation rate for the first sample brushed with sand-paper is shown in Fig. 35
and for the sample with removed layer from metal cylinder by lathe is shown in Fig. 36. It can
be seen that the effect of sample treatment is significant. The hydrogen evolution from the
sample with removed layer by a lathe has almost two times higher hydrogen evolution rate
than sample only brushed with sand-paper.
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Fig. 35: Hydrogen evolution rate for carbon steel with removed corrosion layers by sand-
paper
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Fig. 36: Hydrogen evolution rate for carbon steel sample with removed layer using lathe
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It was again (see Fig. 12) observed that after some time of decreasing hydrogen generation rate
due to the formation of a protective corrosion layer, it started increasing again.

The major problem with measuring hydrogen evolution rate in developed corrosion cell was
leaking of hydrogen. A special sealing system had to be developed to be sure that hydrogen is
not more leaking. In last experiments no leaking of hydrogen was observed.

4 Conclusions

The preliminary results obtained in this work can be summarised as follows:

1) It was found that corrosion rates, and consequently hydrogen generation rate, of carbon
steels in anaerobic environment depends on a large number of factors, such temperature, the
ratio of amount of water to metal or contact of bentonite with metal, geochemical conditions
being affected also by corrosion itself. Contrary to some previous work, even work carried out
in our laboratory [Vokal et al., 2007], it is not possible to conclude that corrosion rate will
decrease or will be constant all the time after the first dramatic decrease caused by the
creation of a protective corrosion layer on the surface of metal. The results suggest that due to
the change of nature of corrosion product layers due to the change of geochemical conditions,
hydrogen evolution rate can even increase again.

2) The most surprising result was an observation that corrosion rate of carbon steel will
increase by one order of magnitude when carbon steel is in direct contact with bentonite. The
average corrosion rate of carbon steel after 10 and even 20 days was higher then 45 pum/yr.
Only after 30 days it decreased to 26 um/yr.

3) It was confirmed that the time and pressure of breakthrough of hydrogen through bentonite
depends on the density of bentonite. The higher density of bentonite, the higher pressure is
needed for breakthrough. It seems that maximal breakthrough pressure is connected with
bentonite strength so that gas can probably to some extent destroy bentonite structure. The
time for breakthrough and also breakthrough pressure depends also on the conditions of
experiments. Much higher time and pressure for breakthroughs was observed in experiments
where backpressure simulating hydrostatic pressure was applied.

4)  From the experiments when carbon steel was in direct contact with compacted bentonite
followed that hydrogen passed compacted bentonite by diffusion only, without any
breakthrough even if the corrosion rate of carbon steel was very high.

5)  Unfortunately a number of results have been affected by failure of devices due to the
very high penetrability of hydrogen and difficulties with sealing the system against hydrogen
leaking. Henceforth a number of experiments will have to be repeated in further period to
confirm the conclusions outlined here.
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