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Abstract

The Advanced Cold Process Canister (ACPC) is a waste canister being
developed jointly by SKB and TVO for the disposal of spent nuclear fuel. It
comprises an outer copper canister, with a carbon steel canister inside. A
concern regarding the use of the ACPC is that, in the unlikely event that the
outer copper canister is penetrated, the anaerobic corrosion of the carbon steel
container may result in the formation of hydrogen gas bubbles. These bubbles
could disrupt the backfill, and thus increase water flow through the near field and
the flux of radionuclides to the host geology.

A number of factors that influence the rate at which hydrogen evolves as a result
of the anaerobic corrosion of carbon steel in artificial granitic groundwaters have
been investigated. A previously observed, time-dependent decline in the
hydrogen evolution rate has been confirmed as being due to the production of a
magnetite film. Once the magnetite film is about 0.7-1.0 um thick, the rate of
hydrogen evolution reaches a steady state value. The pH and the ionic strength
of the groundwater were both found to influence the long-term hydrogen
evolution rate. The results of the experimental programme were used to update
a model of the corrosion behaviour and hydrogen production from the Advanced

Cold Process Canister.
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January 1994



Abstract (Swedish)

The Advanced Cold Process Canister (ACPC) ir en avfallskapsel for slut-
forvaring av anvint brinsle som utvecklas gemensamt av SKB och TVO. Den
bestir av en yttre kopparkapsel med en stilkapsel inuti. Av intresse vid
anvindandet av ACPC ir att, fér det osannolika fallet av genombrott pd den
yttre kopparkapseln, den anaeroba korrosionen av kolstdlkapseln kan tinkas
resultera i bildandet av vitgasbubblor. Dessa bubblor skulle kunna riva upp
bufferten och dirigenom 6ka vattenflodet genom ndromradet och utslédppet av
radionuklider till den omgivande berget.

Ett antal faktorer som paverkar hastigheten vitgasen bildas med genom anaerob
korrosion av kolstal i artificiellt granitiskt grundvatten har studerats. En tidigare
observerad, tidsberoende nedgang i hastigheten for vitgasbildning har faststéllts
bero pa bildandet av ett magnetitskikt. Nar magnetitskiktet dr ungefar 0,7-1,0
pm tjockt, nir hastigheten for vitgasbildning ett stabilt vdrde. pH och
grundvattnets jonstyrka befanns bada paverka hastigheten for vétgasbildning i
det linga perspektivet. Resultaten fran den experimentella programmet anvéindes
for att uppdatera en modell for korrosionsbeteendet och vétgasproduktionen fran

ACPC.



EXECUTIVE SUMMARY

The Advanced Cold Process Canister (ACPC) is a waste container being developed jointly by
SKB and TVO for the disposal of spent nuclear fuel. It comprises an outer copper canister,
with a carbon steel container inside. A concern regarding the use of the ACPC as part of a
deep geological disposal concept is that, in the unlikely event that the outer copper canister is
penetrated, the anaerobic corrosion of the carbon steel container may result in the formation of
hydrogen gas bubbles. These bubbles could disrupt the backfill, and thus increase water flow
through the near field and the flux of radionuclides to the host geology.

This report presents the results of a series of investigations into aspects of the corrosion
behaviour of the ACPC, which AEA Technology have carried out for SKB and TVO. The
rate at which hydrogen evolves due to the corrosion of carbon steel was determined
experimentally. This data was used to update calculations of the rate of hydrogen production
from the ACPC, following a breach in the ACPC outer canister.

The experimental measurements investigated the rate at which hydrogen evolves from the
corrosion of carbon steel wires in the anaerobic granitic groundwaters likely to be found in the
waste repository. Particular emphasis was placed on the following aspects:

1) High humidity conditions are likely to be encountered by the carbon steel immediately
after penetration of the outer copper canister, but before the internal annulus has
flooded. Experiments showed that the long-term hydrogen evolution rate from carbon
steel in a high humidity anaerobic atmosphere was less than 0.5 dm3 (STP) m2 year!.
However, the time to reach such low rates was observed to be considerably longer if
the carbon steel was partially-submerged in the groundwater, which may be a more
realistic model of the conditions in a penetrated ACPC.

if) The nature and effectiveness of the protective layers that form on carbon steel in
artificial granitic groundwaters and restrict the rate of hydrogen evolution was
investigated. Magnetite was shown to be more protective than iron(II) carbonate, with
a thickness of 0.5 - 1.0 um being sufficient to reduce the long-term rate of hydrogen
production to around 0.5 dm3 (STP) m2 yearl.

ii) The effect of soluble iron(I) species on the rate of formation of the protective
magnetite layers was investigated. No link was established.

iv) The effect of radiolysis product on the hydrogen evolution rate was investigated. The
concentrations of ammonia and nitrate likely to be generated within the ACPC were
found to have no significant effect on rate of hydrogen production.



V) The effect of the ionic strength of the groundwater was investigated. Increasing the
ionic strength of the groundwater 10-fold was found to increase the observed
hydrogen evolution rate after 5000 hours by almost an order of magnitude.

Calculations of the hydrogen production rate from the ACPC following a breach in the outer
canister were updated using the experimental results. The main difference to previous
calculations was that a much lower corrosion rate was assumed, which reduced the rate of
production of hydrogen gas and the maximum pressure achieved in the canister. Corrosion is
assumed to stop when the pore space inside the canister is filled with corrosion product. As a
result of the lower corrosion rate, corrosion was calculated to continue over a much longer

timescale.
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1 INTRODUCTION

One of the primary requirements for the safe encapsulation of spent nuclear fuel for geological
disposal is a container that is resistant to corrosion in the environment likely to be encountered
in the repository. The Advanced Cold Process Canister (ACPC) is a new concept for the
encapsulation of spent nuclear fuel for geological disposal, which is presently being evaluated
by TVO of Finland and SKB of Sweden. Two options are under consideration for the design
of the ACPC; the first involves a 60 mm copper wall thickness over a 55 mm thickness of
carbon steel, and the second a 50 mm thickness of both copper and steel. The internal
volumes of both packages is similar at around 1150 dm3 and both have a 2 mm annular gap
between the copper and steel canisters.

Once the repository has been sealed, it will eventually become flooded with groundwater.
Since deep groundwaters tend to have low concentrations of oxygen, the available oxygen
supply will be limited to that trapped in the repository upon sealing. In time, the corrosion of
the outer copper canister will consume all the oxygen[!]. Under the resulting anaerobic
conditions, the copper canister should, on thermodynamic grounds, be immune to further
corrosion[2]. Thus, it represents the primary barrier between the waste and the external
groundwater environment in the repository. The role of the internal carbon steel container is
to provide mechanical strength to the overall package, as well as acting as a secondary barrier.
The intention is to use the ACPC packed with either BWR or PWR fuel, in a type KBS 3

repository.

One of the concerns regarding the use of the ACPC in deep geological disposal sites is that, in
the unlikely event that the outer copper canister is penetrated, the anaerobic corrosion of the
carbon steel container may result in the formation of hydrogen gas. Bubbles of such gas could
disrupt the backfill, and thus increase water flow through the near field and the flux of
radionuclides to the host geometry. The likelihood of hydrogen bubble formation depends on
the rate of hydrogen production and the rate of its transport away from the container's surface.
Therefore factors which influence the rate of anaerobic corrosion of the carbon steel container
will affect both the performance of the individual canisters, and the overall performance of the

repository.

AEA Technology has previously provided SKB and TVO with experimental data and
predictions from computer models relating to the expected corrosion behaviour of the ACPC.
This work focused on the unlikely scenario that the outer copper case was breached after a
relatively short period of time[3.41, It considered the generation of hydrogen from corrosion of
the carbon steel container. This report describes more recent work. Four areas where further
corrosion experiments would improve the accuracy of the predictive models were considered.

These were:



Task 1 Corrosion Rate Under Conditions of High Humidity

After an initial penetration of the outer copper canister, but before the complete flooding of
the inner carbon steel fuel container, there may be a period in which the carbon steel will be
corroding in a high humidity anaerobic atmosphere. In the modelling of Marsh[3] and
Henshaw et all4] on gas generation inside the ACPC, it was assumed that the rate of anaerobic
corrosion in high humidity conditions is the same as that under saturated ones. The aim of this
task was to determine the likely corrosion rate of carbon steel under high humidity conditions.

Task 2 Magnetite Retardation of Corrosion Reaction

The modelling work of Henshaw et all4] considered the effect of the assumption that the
corrosion rate decreases with corrosion product film thickness and that mass transport through
the solid corrosion product reduces the rate of corrosion to negligible levels. The model
indicated that this process could have a significant effect on the corrosion behaviour of the
canister and the overall rate of hydrogen production. However, no directly relevant data were
available. The aims of this task were (i) to provide relevant data for the model and (ii) to
compare the effectiveness of different types of possible corrosion products in curtailing the

rate of hydrogen production.
Task 3 Ferrous Ion Retardation of Corrosion Rate

During active corrosion, soluble species are usually produced in competition with solid
corrosion product formation. In the case of iron in solutions of pH less than 9.0, Fe2+ is the
major soluble ion produced. Initially, the rate-determining step is believed to be the second
electron transfer process(5]. However, as the electrolyte becomes saturated in Fe?*, the rate-
determining step switches to the dissolution/desorption of the Fe2* ions from the corroding
surfacelS]. This has the effect of reducing the dissolution rate of the film. Inside the restricted
volume of the annulus and the internal void of the inner carbon steel container, it is likely that
ferrous ion saturation will occur at some stage during the storage period. The aim of this task
was to determine whether the concentration of soluble iron species in the groundwater has a
significant effect on either the rate of formation of the film or the degree of corrosion

protection afforded by this layer.
Task 4 Effect of Ionic Strength, NH3 and NO3" on Corrosion Rate

Under anaerobic conditions, the cathodic process associated with corrosion is the evolution of
hydrogen. This involves the loss of water from the system. If the resultant corrosion product
is soluble in the local environment, an increase in the hydroxide concentration will occur:

Fe + 2H,0 — Fe2* + 20H- + HyT [1)



If mass transport from the bulk is impeded, for example, if the original crack in the copper
canister of the ACPC is blocked by precipitated corrosion product, both the pH and the ionic
strength of the solution trapped in the annulus/container would increase. Any increase in the
pH of the groundwater from hydrogen evolution is not expected to increase the corrosion rate,
since the pH can not rise above 10.6, at which point the hydroxide consuming HFeO;
complex becomes the thermodynamically most favourable Fe(Il) species(6]. The effect of
increasing the ionic strengths of the groundwater on the hydrogen production/rate of
corrosion is not clear. Both NH3 and NO;3~, which are expected to be produced by radiolysis
reactions, could influence the corrosion ratel’). The latter can also provide the additional
cathodic process of NO3™ to NO,". The aim of this task was to determine whether changes in
ionic strength and the stable chemical products formed following radiolysis reduction would
have a significant influence on the corrosion behaviour of carbon steel in simulated granitic

groundwaters.
Task 5§ Update of Previous Modelling Study

The results from these tasks have been brought together to update the previous modelling
studies of hydrogen production and corrosion behaviour.

2 EXPERIMENTAL

The anaerobic corrosion rates of carbon steel in a range of granitic groundwaters were
measured using a hydrogen gas evolution displacement test. In these experiments, the amount
of hydrogen gas generated from the anaerobic corrosion of the carbon steel is determined by
the pressure it exerts within a closed system. The pressure build-up is calculated from the
height that a low vapour pressure liquid is displaced up a precision bore glass tube. Using the
barometric cell design shown in Figure 1, with a 1.6 mm diameter precision bore tubing and
di-n-buty! phthalate as the low vapour pressure liquid to be displaced, hydrogen gas evolution
rates from a total carbon steel surface area of 0.1m2 could be determined to within 0.5 dm3
(STP) m2 year!. Complete experimental details of the gas evolution liquid displacement
technique have been described elsewhere(8.9],

In order to obtain estimates of the maximum likely hydrogen evolution rates from the carbon
steel wire samples, any air-formed oxide film was removed prior to their placement into the
barometric cells. The procedure for this was to degrease the wires with alcohol, then to pickle
them in 10% HCI for 5 minutes, followed by three washings in clean, doubly distilled water

before a final rinse with absolute ethanol(8.

The composition of the standard artificial groundwater used in all the experiments was
provided by SKBI10! and is shown in Table 1. All experiments were carried out at a



temperature of 50°C. All chemicals used were of AnalaR grade or equivalent and solutions
were made up using deoxygenated doubly distilled water.

3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 INTRODUCTION

In an earlier study for SKBI8], the hydrogen evolution and corrosion rates for carbon steel
wires in the standard SKB artificial groundwater were determined (Tables 2 & 3). These data
were used as a control against which all the results generated for this report were evaluated.

As mentioned above, in all the experiments in the current study, the hydrogen evolution rate
was observed to fall with time, reaching an equilibrium rate within 5000 hours. This trend is
characteristic of the corrosion behaviour of carbon steel in anaerobic groundwaters and is
associated with the formation of a protective layer[8.9]. At the same time that this protective
layer formed, a precipitate of magnetite also appeared at the base of all the experimental cells.
Figure 2 shows the profile of hydrogen evolution rate versus time, obtained in reference [8],
while Figures 3 to 9 show the corresponding profiles for all the tests carried out for this

report.

3.2 Task1l. CORROSION RATE UNDER CONDITIONS OF HIGH HUMIDITY
Three hydrogen evolution cells were prepared for this task, these contained:
i) carbon steel wires positioned completely clear of a reservoir of artificial groundwater;

ii) carbon steel wires dipped into the groundwater so that approximately 20% of their
surface area was in direct contact with the solution;

ii) no carbon steel (control cell).

3.2.1 Carbon Steel with no Contact with the Groundwater

After 5000 hours both the production rate and the total amount of hydrogen produced in the
first cell, (in which the carbon steel was completely clear of the groundwater), were similar to
that recorded from a cell containing completely immersed samples(8] (Tables 2 & 4).
Differences were observed in the initial hydrogen production rates and in the time required to
form the protective magnetite layers, (as indicated by the rate of decline in the hydrogen
production rate): After 100 hours, the rate of hydrogen production recorded from the
humidity cell was 70 dm3 (STP) m2 year! compared to 51 dm3 (STP) m2 year'! from the
immersed carbon steel wires (Table 2). Between 100 and 500 hours; the rate of hydrogen



production in the high humidity cell fell by almost 95%, whereas it only dropped by 66%
under totally immersed conditions (Figures 2 and 3).

These differences are probably due to the fact that any vapour which condensed out on the
carbon steel would have had a lower pH than the bulk groundwater, as most of the salts will
not exist in the vapour phase. A lower pH is expected to produce a higher corrosion rate.
However, there may be a more rapid build-up of the magnetite which forms the protective
film. In the humid conditions, it is not possible for any of the corrosion product to diffuse into
a bulk solution, as soluble Fe2* ions, leading to more rapid film formation. The degree of
protection offered by the magnetite film may also vary with pH.

3.2.2 Carbon Steel Partially-Submerged in Groundwater

The hydrogen production rate from the cell containing the partially-submerged carbon steel
wires was initially less than that from both the cell in which the samples were completely clear
of the groundwater and the cell which contained totally submerged wires (Table 2). The
partially-submerged cell also exhibited a much slower rate of decline in its hydrogen
production rate. Rates in excess of 10 dm3 (STP) mr2 year! were recorded after 1000 hours,
despite the fact that by this time a black magnetite film was clearly visible over most of the

surface.

As mentioned above, vapour which has condensed out onto the surface of the carbon steel will
have a lower pH than that found in the bulk solution, therefore a pH gradient will be produced
along the surface of the partially immersed specimens. This could result in a form of galvanic
coupling, with increased hydrogen production in the low pH vapour regions and increased
magnetite formation in the high pH submerged regions. Therefore the magnetite might be
expected to spread slowly up the wires, from the submerged ends, giving rise to the observed
gradual decrease in the hydrogen production rate.

The total amount of hydrogen produced after 5000 hours was only about 10% larger than
from the standard artificial groundwater control celll8]. This suggests that the final thicknesses
of the protective magnetite layer are probably similar.

3.2.3 Control Cell

The control cell revealed background internal pressure changes of less than
0.25 dm3 (STP) m2 year'!, which is within the experimental error.



33 TASK 2. CORROSION RATE RETARDATION BY FILM GROWTH

In order to confirm that the formation of solid corrosion products is responsible for the
observed decline in the corrosion rate and to provide data to support the gas generation
modell4], hydrogen evolution tests were carried out using carbon steel wires with pre-formed
films of either iron(II) carbonate or magnetite on their surfaces. The magnetite films were
grown by placing the carbon steel wires in a boiling mixture of 25% w/w NaOH and 25% w/w
NaNOs; using the method described by Nomura and Ujihiral1l], The carbonate films were
formed by placing the carbon steel in a solution of the artificial groundwater which was
continuously purged with carbon dioxide for one or ﬁlh‘ty days and maintained at 50°C. Two
thicknesses of both types of films were used, these were approximately 50 nm and 500 nmi11],

It should be noted that the properties of the chemically formed films used in this task may be
different from those of the true corrosion products. However, attempts to grow corrosion
films at accelerated rates by electrochemical methods proved to be unsatisfactory due to the
formation of FeO(OH). The presence of Fe(IIl) oxides in a corrosion product would allow
the Fe(III) — Fe(Il) reduction reaction to act as an alternative cathodic process to hydrogen

evolution.

The results from the current study show that both types of film are able to reduce the inital
burst in the hydrogen production rate that is observed on bare metal surfaces, with the order
of increasing effectiveness being: thin carbonate < thin magnetite < thick carbonate < thick
magnetite (Table 2). These findings support the conclusion that it is the formation of the
magnetite/carbonate film which causes the decrease in the corrosion rate, which is observed
during the first 1500 hours with unfilmed carbon steel samples, as discussed in the previous
sections. The final equilibrium corrosion rates for all of the pre-coated specimens were similar
to the unfilmed samples (Table 3), although the thin carbonate film did result in a slightly
higher value. This suggests that magnetite is the more protective of the two types of

corrosion products.

The thick magnetite film specimens showed very little corrosion, with an apparent negative
rate of hydrogen production during the first 100 hours. For the next 1000 hours, the hydrogen
production rate was observed to slowly increase before it again declined. However, at all
times the rates were below those measured on unfilmed specimens at comparable times
(Table 2). This result can be explained if the corrosion rate of carbon steel samples covered
with a thick magnetite film is so slow, that corrosion is initially supported by the residual
oxygen left in all the cells during assembly. The atmosphere inside the glove box in which the

cells were constructed had an oxygen content of approximately 2 ppm.



The rate of hydrogen production from the carbon steel wires pre-filmed with the thick, 500
nm, magnetite layer was at no time greater than 1.0 dm3 (STP) m2 year-l. When this is
compared to final production rates from all the samples, approximately 0.5 dm3 (STP)
m2 year'! (Table 2), it can be estimated that the final thickness of the protective films is
probably of the order of 700 - 1000 nm.

As the protective films thickened the rate of hydrogen production continued to decline
steadily. This suggests that these protective films did not become stressed and crack as they
thickened, since such behaviour would have resulted in bursts of hydrogen production.

Marsh(3] stated that hydrogen production is likely to continue until the entire carbon steel
container is filled with corrosion product. It is highly probable that the majority of this
material will have become detached from the walls of the container and it will be made up of a
mixture of solid Fe(OH),, Fe304 and FeCOs3. In order to investigate whether such a
powdered material could act as an effective barrier to mass transport processes, and thus be
capable of significantly reducing or even halting the rate of hydrogen evolution, carbon steel
wires were buried in an artificial corrosion product layer consisting of a mixture of iron
carbonate and magnetite powder. Artificial groundwater was subsequently poured over the
mixture. At the same time a control cell containing just the groundwater and the mixture of
iron carbonate and magnetite powders, i.e. without any carbon steel, was set up.

Unexpectedly large amounts of hydrogen were evolved from both the control and test cells for
more than 1000 hours. This was most likely due to traces of unoxidised iron in the magnetite
powder used to represent the corrosion product. Since the hydrogen evolution on the powder
completely masked out that from the carbon steel wires in the vital first 1000 hours period, no
conclusions could be drawn from the data on the ability of loose corrosion products to act as a

mass transport barrier.

34 TASK 3. FERROUS ION RETARDATION OF CORROSION RATE

Previous work[8.9], now supported by the results of Task 2, indicated that the long-term
corrosion rate of carbon steel under anaerobic conditions is restricted by the formation of a
protective film, predominantly made up of magnetite. It was further postulated that the rate at
which this magnetite film forms could depend on the concentration of Fe2* ions in the
surrounding solution. Thus, if this was initially at a high level, magnetite formation would be
expected to occur much earlier. In order to investigate this theory, hydrogen evolution tests
were conducted with carbon steel wires immersed in artificial groundwaters that contained, in
addition to the components in the standard groundwater recipe (Table 1), either 0.1M FeSO4
or 0.1M K,S0;. K,SO, was used in order to distinguish the effects of Fe2* from SO4%.



The results of the experiments failed to confirm the above hypothesis. The addition of 0.1M
FeSO4 resulted in greatly increased long-term corrosion rates (Table 3). Additonally, there
appeared to be very little formation of the expected magnetite film; a black precipitate was
observed on the bottom of the cell instead. It is possible that an unprotective layer of FeSO,
may have formed on the surface of the wires, and that this prevented the adherence of the
protective magnetite. Alternatively, it is possible that the addition of iron sulphate caused iron
carbonate to precipitate out of solution, thus leading to a decrease in the pH and a more
aggressive corrosion environment. At the end of the experiment it was found that the solution
in the cell was at pH 7.3. The initial solution of 0.1IM FeSO4 in the SKB artficial
groundwater had an pH of 6.5; the rise in pH in the experiment is caused by reaction [1].
These values are less than the final pH in the standard groundwater cell Table 5). It therefore
appears that the increase in corrosion rate observed in these experiments was largely due to a
shift in the pH towards more aggressive conditions. However, a control cell, which contained
0.1IM K;S0, instead of the iron sulphate, also showed a larger than expected long-term
corrosion rate, although almost an order of magnitude less than that with the FeSO4. The pH
of this control solution was found to be pH 8.9 at the end of the experiment. This would
suggest that sulphate can cause an increase in the long-term corrosion rate without a decrease

in pH.

An alternative explanation for the long-term increase in hydrogen production with sulphate
may be that it simply increased the ionic strength of the groundwater. The section describing
the results obtained in Task 4 discusses how increased ionic strength could lead to both a short
term decrease and a long-term increase in the observed corrosion rates of carbon steel in

anaerobic granitic groundwaters.

To overcome problems of salt precipitation and the accompanying pH shifts, the experiment
was repeated using SKB artificial groundwater saturated with FeCO3;. The low solubility
constant of FeCO3 meant that Fe2* saturation was achieved without the precipitation of any of
the components of the standard granitic groundwater (Table 1), so that the pH was not
perturbed. (It is worth noting here that in both the SKB and TVO repositories carbonate is
likely to be the dominant anion, so this experiment probably represented more realistic Fe2+
concentrations than the iron sulphate experiment). The results from this cell indicated rates of
hydrogen production and corrosion similar to those observed in the absence of the FeCO;
(Table 2 & 3). This suggests that the concentration of Fe2* ions in the repository
groundwater will not significantly affect the rate at which the protective magnetite films are
formed. Therefore the rate of hydrogen production can be assumed to be independent of the

soluble iron(II) concentration.



A possible explanation for why Fe2+ ions do not affect the rate of hydrogen production is that
two types of magnetite films are believed to form!12], as inner and outer layers. The outer is a
precipitation layer, and therefore its rate of growth should be expected to depend on Fe2+
concentration. However, the majority of the corrosion protection is believed to be provided
by the hard inner film which forms directly on to the surface of the steel by an electrochemical
mechanism, without going through a Fe2* intermediate stage, and therefore its development is
less likely to be affected by the Fe2+ concentration.

3.5 Taskd4. EFFECT OF IONIC STRENGTH, NH3 AND NO3~ ON CORROSION RATE

3.5.1 Effect of Ammonia and Nitric Acid

Ammonia and nitric acid are possible products of the radiolysis of trapped water vapou.r and
nitrogen gas. The maximum quantities of ammonia and nitric acid that can be expected to be
produced in the lifetime of the ACPC have previously been calculated by Henshaw et all4], and
would give rise to concentrations of 9 mM NH3 and 3 mM HNO3 when dissolved in a volume
of solution that is equal to that within the space in the internal void(3].

Carbon steel wires were exposed to SKB artificial groundwater with additions of either 9 mM
NH3 or 3mM HNOj3. The additions were found to have only a minor effect on the rates at
which hydrogen gas evolved. In both cases, the additions apparently reduced the initial
corrosion rate (Table 3), as a consequence of which the total volumes of hydrogen produced
were less than that evolved in the standard artificial groundwater cell[8] (Table 4). The long-
term hydrogen evolution rates were unaffected by either the ammonia or nitric acid additions.

The reduction in the initial corrosion rate of the carbon steel can be explained by the increase
in pH the addition of ammonia would have induced in the groundwater (Table 5).

The addition of the 3 mM HNO3 should have caused the pH to fall considerably, perhaps
down to pH 3, and therefore was expected to increase the corrosion rate. It is unclear why a
decrease in the initial rate of hydrogen production was observed. One possible explanation is
that the present experimental technique can not monitor the hydrogen that is evolved in the
first 48 hours after the carbon steel is placed in the groundwater. If the corrosion rate is very
high during this period the nitric acid may be completely consumed before any observations

can be taken.

One possible explanation for the lack of any long-term influence of the nitric acid, is that when
it reacts with carbon steel soluble ferrous ions are produced.

Fe + 2HNO; — Fe2+ + 2NOs™ + HpT [2]



When all the nitric acid is consumed this reaction should revert back to reaction [1], which is
the dominant reaction for iron in anaerobic conditions over the pH range pH 7 - 10.5. Thus
the long-term corrosion mechanism, and hence the long-term corrosion rate, is independent of
the initial nitric acid concentration. Reaction [1] is the reason why the final pH values for
nearly all the groundwaters shifted from an original value of pH 8.1 to about pH 9 during the
course of the experiments (Table 5).

The total volume of groundwater in the test cell was about 150 cm3, thus the 3 mM HNO;
represented only 4.5 x10-4 moles of H*: this quantity could produce only an additional 5 cm?3
of hydrogen gas before the supply of nitric acid would have been exhausted. When it is noted
that in excess of 100 cm3 of hydrogen are produced in the first 500 hours of the experiments
(Table 4), it is not surprising that the 3 mM nitric acid had only a marginal effect on the long-
term corrosion behaviour of the carbon steel.

The cathodic process of reduction of NO3~ to NO,- could also have occurred in competition
with the hydrogen evolution reaction(13}; although the low concentration of nirate means that

it is unlikely to have had a significant long-term effect.

At this point, it is perhaps useful to reconsider the results obtained from the barometric cell
containing carbon steel wires in a solution of standard granitic groundwater with an additional
0.1M FeSO,, that were presented under Task 3. In this case, the continued high rate of
hydrogen production was attributed to lower pH in the experiment than that with no FeSOy,
(Table 5). However, it is not clear why the pH did not fully recover in that case. It is
probable that the high concentration of Fe2+ already present in the groundwater, near
saturation level, meant that any corrosion products produced immediately precipitated out,
effectively buffering the groundwater, and thus no overall change in pH would occur from the

corrosion reaction;

Fe + 2H,0 — Fe(OH), + H,T. [3]

3.5.2 [Effect of Ionic Strength

In order to investigate the effect of the ionic strength of the solution on the corrosion rate of
carbon steel, the rate of hydrogen evolution was monitored from carbon steel exposed to a
solution containing 10 times the amount of all the components of standard SKB artificial
groundwater, except for the HCl, which was used to obtain the desired pH 8.1. This gave a

new total anion content of around 3 x10-2M.

It was found that increasing the ionic strength of the solution 10-fold caused a decrease in the
normally high hydrogen production rates observed in the more dilute groundwaters during the
first 500 hours (Table 2). However, the final equilibrium value for the corrosion rate, after the
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protective magnetite film had formed, (after 1000 hours), was approximately an order of
magnitude greater than in the dilute groundwater (Table 3).

The ionic strength of 0.1M K,SO, is approximately 3 times that of the 10-fold strength
groundwater, yet the two solutions yielded virtually identical results with respect to hydrogen
evolution, (see the data from Task 3). This suggests that the dependence of the hydrogen
evolution rate on ionic strength is restricted to a domain below a threshold value, (somewhere
between that of the standard and 10-fold strength groundwaters). Above this limit, further
increases in the ionic strength of the groundwater are not expected to affect the hydrogen

evolution process.

A possible explanation for the observed higher long-term hydrogen evolution rates in high
ionic strength groundwaters is that, since no initial burst of corrosion was observed, the time
required to form a thick protective magnetite film can be expected to be longer. This idea is
partly supported by the visual observation that the black film on the carbon steel wires did not
appear to be as coherent as in the dilute solutions. However, this explanation was not
supported by the hydrogen evolution rates, which were observed to be reasonably constant
from about 500 hours through to the end of the experiment, 5000 hours. This behaviour is
inconsistent with the idea of a steady thickening of the protective film.

At the present time, there is no satisfactory explanation for the higher hydrogen evolution
rates observed in the high ionic strength solutions, although some possibilities are:

i) increased competition between magnetite film formation and other less protective iron
salts, i.e. FeCO or FeSO, films;

i) increased availability of anions to form more soluble corrosion products, i.e. FeCly
instead of Fe(OH), and hence a reduction in the ability to form a protective magnetite

film;
ii) incorporation of ions in the magnetite film, which increases its conductivity, and

possibly increases its effectiveness as a hydrogen electrode;

iv) local buffering of the pH. Magnetite is more thermodynamically favoured at high pHs,
therefore the protective hard inner film{12] may only form when the pH at the carbon
steel/groundwater interface is significantly higher than the pH 8.1 of the bulk solution;

v) increased conductivity may enable more efficient electron transfer to occur between
the carbon steel and the water reduced to form the hydrogen.
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The visual observation that the black magnetite films formed tended to be less coherent in the
more concentrated groundwaters tends to support the first explanation, i.e. magnetite iS
formed in competition with other less protective films. However, this is not fully supported by

the conclusions from Task 2.

The similarity between the results from the 0.1M K;SO4 and the 10-fold ionic strength
groundwaters supports the idea of increased electron transfer efficiency in the more
conductive solutions. Once sufficient conductivity has been reached it is likely that the
particular electron transfer process involved would no longer be the rate limiting step.

A film was not visually detectable on the carbon steel until approximately 1000 hours, i.e.
about the same time scale as in the normal dilute groundwater. However the film did not
appear to be as coherent in this case. It is possible that the film could include less protective
ferrous sulphate or carbonate which would explain the higher long-term corrosion rates.

3.6 SUMMARY OF RESULTS

The hydrogen evolution process on carbon steel in anaerobic groundwaters can be divided into
two regions (Figure 2). In the short-term, (<1500 hours), the rate at which hydrogen evolves
is initially high, but then rapidly declines. In the long-term, the hydrogen evolution rate attains

a steady state value.

The present study involved varying a number of experimental parameters. A brief description
of the resulting effects on the hydrogen evolution process is given in the following two sub-
sections. Table 2 shows the approximate hydrogen gas evolution rates. The corrosion rates
calculated from these production rates and the total volumes of hydrogen produced during the
5000 hours of the experimental programme are shown in Tables 3 and 4 respectively.

3.6.1 Short-Term Hydrogen Evolution Rates on Carbon Steel

The initial hydrogen evolution rate on carbon steel in standard SKB artificial groundwater has
been found to be of the order of 50 dm3 (STP) m2 year!, (Rate at 100 hours; Table 2)[8l.
This rate declines by >95% during the first 1500 hours. This short-term process was observed

to:

i) occur at an initially slightly higher rate and to decline more rapidly when the carbon
steel was in high humidity conditions, but not in contact with the groundwater;

ii) occur at an initially slower rate and to decline more slowly when the carbon steel was

only partially-submerged in the groundwater;
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ii)

iv)

v)

vii)

viii)

ix)

be virtually eliminated if the carbon steel was pre-coated with a layer of magnetite or
iron carbonate. The order of increasing effectiveness was thin carbonate < thin
magnetite < thick carbonate < thick magnetite (Thin = 50 nm; Thick = 500 nm);

no longer sharply decline if an addition of 0.1M FeSO4 was made to the groundwater;

occur at an initially slower rate if an addition of 0.1M KSO4 was made to the

groundwater;
to be virtually unaffected if the groundwater was saturated with FeCOz3;

occur at an initially slightly slower rate when an addition of 9 mM NH3 was introduced

to the groundwater;

occur at an initially slightly slower rate when an addition of 3 mM HNOj3 was
introduced to the groundwater;

occur at an initally slower rate when the ionic strength of the groundwater was
increased 10-fold.

3.6.2 Long-Term Hyvdrogen Evolution Rates on Carbon Steel

The long-term hydrogen evolution rate on carbon steel in standard SKB groundwater was
found to be <0.5 dm3 (STP) m"2 year-!. This long-term rate was found to:

i)

be independent of whether the carbon steel was in high humidity or completely

submerged conditions;

require the prior formation of an approximately 700 - 1000 nm thick magnetite film on
the carbon steel;

to increase by a factor of 50 with the addition of 0.1M FeSOy4 to the groundwater;

to increase by an order of magnitude with the addition of 0.1M K;SO4 to the
groundwater; ‘

be independent of the concentration of FeCO73 in the groundwater;
to be unaffected by an addition of 9 mM NH3 to the groundwater;
to be unaffected by an addition of 3 mM HNOj3 to the groundwater;

to increase by an order of magnitude when the ionic strength of the groundwater was
increased 10-fold.
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4 MODELLING OF HYDROGEN PRODUCTION

4.1 SUMMARY OF MODEL

In the model, the ACPC is represented by a 50 mm thick copper canister of height 4.5 m and
radius 0.4 m covering a 50 mm thick carbon steel canister of height 4.4 m and radius 0.35 m
(Figure 10). The canisters are separated by a 2 mm fitting gap. The inner steel canister is
filled with packing materials, leaving a void volume of 0.4 m3. There is assumed to be a single
circumferential crack in each, at a height h; in the inner canister and height h; in the outer. It
is intended that the ACPC will be placed in a hole drilled into the floor of a tunnel cut into
granite rock. The hole will be backfilled with compacted sodium bentonite. After water
saturation of the repository, the external pressure will reach a value of 15MPa, resulting from
a hydrostatic pressure of 5MPa and a bentonite swelling pressure of 10MPa.

The model then considers the following processes:-

i) Ingress of water into the annulus between the canisters, until the height of water
reaches h;. Depending on the relative positions of the cracks, this stage may be
affected by the generation of hydrogen by the corrosion reactions.

ii) Filling of the inner canister. Clearly if the water in the annulus reaches height h;, then
it will enter the inner canister. This stage will be affected by the increase in hydrogen
pressure, and will continue until the gas pressure in the canister equals the hydrostatic

pressure at the outer crack.

i) Emptying the annulus. As the pressure inside the canister exceeds that outside, then
water above the outer crack will be forced out of the annulus.

iv) Enhanced corrosion up to the height of the water in the annulus on the outer surface of
the steel due to galvanic contact. The stages described in 1-3 may be affected by a
corrosion rate which varies with water height in the annulus.

V) Consumption of water remaining in the inner canister by the anaerobic corrosion

reactions.

vi) Precipitation of solid corrosion product in the inner canister. As anaerobic corrosion
proceeds on the inner surface of the carbon steel, solid iron oxide will precipitate. This
will affect the rate of increase of pressure of the hydrogen gas, by decreasing the
available volume in the canister. It may also affect the corrosion rate, and this is
discussed in the 'Corrosion Model' section below.
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vii))  Corrosion limited by diffusion of water vapour from the outer crack. When water has
been completely removed from the canister by corrosion reactions, further corrosion of
the annulus and canister will be limited by the diffusion of water vapour.

viii)  Filling of void space in the inner canister and/or annulus with solid corrosion product.
It is assumed that corrosion ceases when the solid product fills either the annulus,
blocking the passage of water vapour to the inner canister, or both the annulus and
canister, depending on the relative position of the cracks.

The model predicts the total amount of hydrogen produced by the canister and the length of
time during which corrosion (and hence gas production) persist, as functions of the following

parameters:-
i) Rate of anaerobic corrosion of steel.
ii) Positions and sizes of cracks in inner and outer canisters.

The mathematics of the model are summarised in Appendix A.

4.2 APPLICATION OF THE MODEL

4.2.1 'Base Case' Calculation

For the 'base case' calculation with the model, it is assumed that

the corrosion current is 0.1pum/year

. there is no enhancement of the corrosion current due to galvanic contact between the
carbon steel canister and the copper canister

. the widths of the cracks in the inner and outer canister, are w; = Imm and wy = lmm
respectively
o two different scenarios are considered, in which the positions of the cracks are

- Casel h;=4.3mandhy=0.0m
- Case2 h;=43mandh;=4.3m

. the outflow of hydrogen gas into the geology is given by

dB
-a-t- ==K(po —pi(t) p; > SMPa
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where B(t) is the volume of hydrogen gas external to the canister. The flow rate parameter K
is a constant that depends on the permeability of the bentonite, and on the crack geometry. p,
is the hydroxatic pressure at the rock/bentonite interface, and p; is the internal canister

pressure.

Case 1: Cracks at Base of Outer Canister and Top of Inner Canister

After the outer copper canister has been breached, the following sequence of results are
calculated.

1.

Water flows into the canister, rapidly filling the annulus and then spilling over into the
inner canister (Figure 11 and Figure 12).

Corrosion of the carbon steel initiates, releasing hydrogen gas. After 200 years, the
pressure of the hydrogen gas inside the canister (Figure 13) becomes larger than the
hydrostatic pressure and starts to force water from out of the annulus into the geology.
The volume of water trapped in the inner canister is about 0.36 m3.

The water within the annulus is consumed/expelled after 350 years.

The canister experiences a long period of corrosion as the water trapped in the inner
canister is consumed. This takes about 80000 years (Figure 14), and results in the
formation of 0.076 m3 of magnetite (Figure 15).

Once the inner canister is empty of water, the annulus is able to fill with corrosion
residue. This takes about 18000 years (Figure 16).

Hydrogen gas is produced by the corrosion of the carbon steel canister. The rate at
which hydrogen gas is produced is uniform for the first 80000 years. It reduces when
the inner surface of the carbon steel canister stops corroding, and falls to zero when
the annulus blocks (Figure 17).

The hydrogen gas pressure rises rapidly to an equilibrium value, at which the rate of
production equals the rate of outflow into the geology. After 80000 years the inner
surface of the carbon steel canister stops corroding, and the hydrogen gas pressure
decreases. After a further 18000 years the canister stops corroding, and the hydrogen
gas pressure gradually reduces to the hydrostatic pressure (Figure 18).

Case 2: Cracks at Top of Outer Canister and Top of Inner Canister

After the outer copper canister has been breached, the following processes are predicted to

occur:
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4.3

Water flows into the canister, rapidly filling the annulus and then spilling over into the

inner canister (Figure 19 and Figure 20).

Corrosion of the carbon steel initiates, releasing hydrogen gas. After 200 years, the
pressure of the hydrogen gas inside the canister (Figure 21) becomes larger than the
hydrostatic pressure and prevents any more water from flowing into the canister. The
volume of water trapped in the inner canister is about 0.36 m3.

The water trapped in the annulus is consumed by the corrosion of the carbon steel
canister. After about 6000 years the annulus is empty of water (Figure 22), but
corrosion continues at the same rate (Figure 23) as a result of the diffusion of water
vapour into the annulus. The annulus starts to fill with corrosion residue, and after

24000 years is blocked (Figure 24).

The water trapped in the inner canister is consumed by the corrosion of the carbon
steel canister. After 24000 years the consumption rate reduces, because water vapour
is no longer able to diffuse from the inner canister into the annulus (Figure 25). After
110000 years the inner canister is empty of water (Figure 25), but corrosion continues
at a similar rate (Figure 26) as a result of the diffusion of water vapour into the inner
canister. The gas production rate actually increases slightly because the internal
surface area of the carbon steel canister which is corroding increases. After 390,000
years, the inner canister is full of corrosion residue (Figure 27), and the canister stops

corroding (Figure 26).

Hydrogen gas is produced by the corrosion of the carbon steel canister. The rate at
which the hydrogen gas is produced is approximately uniform for the first 24,000 years
etc, reduces when the annulus blocks, and falls to zero when the inner canister stops

corroding.

The hydrogen gas pressure rises rapidly to an equilibrium value, at which the rate of
production equals the rate of outflow into the geology. After 24000 years the outer
surface of the carbon steel canister stops corroding, and the hydrogen gas pressure
decreases. After 390,000 years the canister stops corroding, and the hydrogen gas
pressure gradually reduces to the hydrostatic pressure (Figure 28).

SENSITIVITY CALCULATIONS

A number of sensitivity tests on the base case calculations were performed. In particular,
these considered the effect of

increasing the corrosion rate to 1.0 pm/year
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. enhancing the corrosion current as a result of galvanic contact between the carbon

steel canister and the copper canister

. increasing the widths of the cracks to wy = 2mm and w, = 2mm
. changing the mechanism for the flow of hydrogen gas out of the canister and into the
geology

. changing the dimensions of the canister to the latest SKB specification

4.3.1 Increased Corrosion Current

The corrosion rate in the model was increased to 1.0 pm/year.

After a breach of the copper canister, water flows into the canister rapidly filling the annulus
and then spilling over into the inner canister. The enhanced corrosion rate results in the
pressure of the hydrogen gas in the canister increasing more rapidly, reducing the volume of
water that is able to enter the canister.

For Case 1, because the corrosion rate is increased and there is less water in the canister, the
time taken for the water in the inner canister to be consumed is reduced to 4000 years. The
annulus is then able to fill with corrosion residue, and after an additional 2000 years is
blocked. The hydrogen gas production rate is shown in figure 29.

For Case 2, the hydrogen gas production rate is shown in figure 30. The annulus fills with
corrosion residue after 2500 years, and the hydrogen gas production rate decreases. After
5000 years the water in the inner canister is consumed, and the hydrogen gas production rate
decreases again. This is because continuing corrosion in the inner canister is limited by the
diffusion of water vapour. After 48000 years the inner canister is full of corrosion residue and

corrosion Stops.

4.3.2 Galvanic Contact

The effect of increasing the corrosion current as a result of galvanic contact between the
carbon steel canister and the copper canister is now considered.

This variant is not very different from the base case, because galvanic contact between the
carbon steel canister and the copper canister results in only a small increase in the corrosion
current for the relatively short time that there is water present in the annulus (figure 31

(Case 1) and figure 32 (Case 2)).
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4.3.3 Increased Crack Widths

The effect of increasing the widths of the cracks in the canister to w = 2mm and wj = 2mm is
now considered. There is less resistance to the flow of water into the canister, and to the flow
of hydrogen gas out into the geology. For crack widths of w; = 1 mm and wy = lmm and a
corrosion rate of 0.1um/year, water vapour diffusion is not a limiting factor in controlling the
corrosion of the canister. Therefore, increasing the crack widths can have no effect on the
behaviour of the canister after it is empty of water.

For the above reasons this test gives similar results to the base case.

4.3.4 Episodic Hvdrogen Gas Relegse

An alternative transport mechanism to describe the outflow of hydrogen gas into the
surrounding geology has been suggested recently. The hydrogen gas is assumed to be trapped
in the canister until p; is comparable to the sum of the hydrostatic pressure and the swelling
pressure of the bentonite. When p; exceeds a critical value p. deformation of the bentonite
occurs, allowing a bubble of hydrogen gas to escape from the canister, and reducing the

pressure in the canister.

As an example of this mechanism, it is assumed that

B_o
dt

until the pressure of the hydrogen gas exceeds the critical value p.. B is then increased
instantaneously in such a way that p; is reduced to the hydrostatic pressure p,. The critical

pressure p, is chosen arbitrarily to be

(hydrostatic pressure + swelling pressure)/2
7.5MPa

Pc

This alternative mechanism for describing the outflow of hydrogen gas into the surrounding
geology affects the calculation of B(t), the volume of hydrogen gas external to the canister,

and p;(t), the internal canister pressure.

The processes associated with a failure of the ACPC are not sensitive to these variables, and
so this variant is similar to the 'base case’.

For Case 1, B is shown in figure 33 and p; is shown in figure 34.
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It is possible that this transport mechanism could have a significant impact on the model,
provided that the 'outgassing’ of the canister disrupts the corrosion residue.

4.3.5 Canister Dimensions
SKB recently changed the specification of the ACPC dimensions.
. the inner radius of the ACPC was increased to 0.34m

) the radius of the annulus between the carbon steel and copper canisters was increased
t0 0.39m

. the outer radius of the ACPC was increased to 0.44m
. the void volume of the carbon steel canister was increased to
0.4 x 1.22m3 = 0.488m3

This variant is similar to the ‘Base Case’, but is different in detail. The rate at which hydrogen
gas is produced is shown in figure 35 for Case 1, and in figure 36 for Case 2. The differences
are explained by noting that a crack of width 1mm has a larger area than the base case, and so
a greater volume of water/water vapour is able to flow through the crack.

4.4  COMPARISON WITH PREVIOUS CALCULATIONS
The principal results of decreasing the corrosion rate from 6.5¢tm/year to 0.1pum/year are

the rate of hydrogen gas production is reduced

the maximum hydrogen gas pressure is lower

. corrosion of the ACPC canister takes place over a longer timescale
5 SUMMARY AND CONCLUSIONS

The conclusions of this study are as follows:-

1. It has been found that the long-term hydrogen evolution rate from carbon steel in a
high humidity anaerobic atmosphere is approximately 0.5 dm3 (STP) m2 year-l. This
is identical to that found previously[8] from carbon samples completely submerged in
artificial Swedish granitic groundwater. The time taken to reach this long-term rate is
approximately the same in the high humidity conditions as found with completely
submerged samples. However, if the carbon steel is partially-submerged in the
groundwater, which may be a more realistic scenario for an ACPC with a penetrated
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outer copper canister, the time taken to reach the equilibrium value is considerably
longer, although the equilibrium values appears to be the same.

Magnetite has been shown to be more protective than iron carbonate, with a thickness
of 0.5 - 1.0 um being sufficient to reduce the rate of hydrogen production to around
0.5 dm3 (STP) m2 year.

No link has been established between the rate of formation of a protective magnetite
film and the concentration of soluble Fe2* species in the groundwater.

Decreasing the pH of the groundwater to a buffered value of pH 7.3 (0.1M FeSO4
experiment) increased the long-term rate at which hydrogen was generated as a result
of the anaerobic corrosion of carbon steel by more than an order of magnitude.

It has been demonstrated that the concentrations of ammonia and nitrate species
expected to be formed from radiolysis reactions should not affect the amount of

hydrogen evolved from the ACPC.

A 10-fold increase in the ionic strength of the groundwater was found to increase the
long-term hydrogen evolution rate by almost an order of magnitude, to approximately
2.5 dm3 (STP) m2 year-!. Further increases in the ionic strength of the groundwater
did not cause any additional increase in the hydrogen evolution rate.

The results presented in this report suggest that, in the unlikely event of a penetration
of the outer copper canister of an ACPC, hydrogen gas production rates on the carbon
steel inner container will not be sustained above 3.0 dm3 (STP) m2 year'! for more
than the first 2000 hours after penetration.

The results of the experimental programme have been used to update calculations of
the hydrogen production rate and corrosion behaviour from the ACPC, assuming that
the outer copper canister is breached and that water can enter the inner canister
through the gas seal at the top. The model considers the ingress of water into the
canister, the subsequent corrosion of the inner steel canister and the production of
hydrogen gas. The previous calculations assumed a much higher corrosion rate for the
carbon steel inner canister, than those inferred from the measured gas production rates

in the current programme, i.e. approximately 0.1 pm year1.

The new calculations predict that the maximum pressure of hydrogen will be
approximately 5.2 MPa (compared to a value of about 9MPa, assuming a corrosion
rate of 6.5 pm year!). The maximum rate of production of gas is slower with the new
parameters, approximately 8x10-3 m3 year'! at 0.1 MPa compared to 0.5 m3 year-!
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10.

6

from previous calculations. However, the corrosion process goes on for longer:
95,000 years as compared to 400 years for one scenario of crack positions; for an
alternative scenario of crack positions, corrosion continues for 3.9x105 years.

A number of sensitivity studies of assumptions made in the model were performed.
Assuming enhancement of the corrosion rate due to galvanic contact had little effect
on the predictions, due to the relatively short time during which the copper and iron
were electrically connected by water in the canister. Also, increasing the crack widths
or changing the canister dimensions slightly to reflect the most recent SKB design had
little effect on the predictions. The model assumes that gas is released through the
bentonite 'smoothly’. More recent studies have suggested that such release might
occur in 'bursts’. However, this will not have a significant effect on the predictions of
the model unless there is an associated disruption of the corrosion product.
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TABLE 1

STANDARD ARTIFICIAL GROUNDWATER FOR ALL EXPERIMENTS: -
STANDARD WATER FOR SORPTION MEASUREMENTS ACCORDING TO

KBS TR 36
Concentration Mol dm-3 Concentration ppm
MgSO, 104 12.6
MgCl, 8 x10-5 8.6
KCl 10-4 7.46
Na,SiOy 2x10-5 37.84
HCl 8 x10-4 29.9
CaCl, 4.5 x104 50.6
NaHCO; 2x10-3 169.2
pH* 8.1 8.1

*Adjusted where necessary with HCI or NaOH.
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TABLE 2

APPROXIMATE HYDROGEN EVOLUTION RATE IN dm3 (STP) m-2 year-1

Time (Hours)

100 500 1000 | 1500 | 2000 | 3000 | 4000 | 5000

Cell Type

Standard 51.0 16.5 4.15 1.5 1.25 1.0 <0.5 <0.5
Groundwater!8]

Task 1

*Saturated 70.0 4.15 38 1.5 1.0 0.75 0.5 <0.5
Vapour No.1

*Saturated 19.5 16.5 15.2 6.7 54 1.6 1.0 0.75
Vapour No.2

Task 2

Thin Magnetite 7.0 3.5 1.5 1.0 0.75 0.5 0.5 <0.5

Thick Magnetite <0.5 0.75 1.0 0.75 0.5 <0.5 0.5 <0.5

Thin Carbonate 7.0 3.25 2.5 2.0 1.75 1.5 0.75 -

Thick Carbonate 8.0 3.0 1.5 0.75 0.5 <0.5 | <0.5 <0.5
Powder 110.0 13.0 4.0 1.0 - - - -

Powder (Control) | 84.0 157.0 | 475 | 0.75 - - - -
Task 3

0.1 M FeSO4 32.0 22.5 12.75 | 13.5 16.5 19.0 - -

0.1 MK,S04 16.0 5.0 175 | 3.75 2.5 3.25 4.0 -

Saturated FeCO4 32.0 16.0 4.75 1.5 0.75 1.0 0.5 <0.5

Task 4

9 mM NH, 32.0 6.25 5.5 2.5 1.0 0.75 0.5 <0.5

3 mM HNO, 32.0 16.0 4.0 1.0 0.75 0.5 <0.5 | <0.5

10x strength** 16.0 3.25 4.0 4.0 3.25 | 3.25 2.5 2.0

*In the Saturated vapour cell number 1 the carbon steel was completely clear of the
groundwater. Cell number 2 contains the partially-submerged carbon steel.

**After 7000 hours the 10x strength cell was still producing hydrogen at a rate of
approximately 3 dm3 (STP) m2 yearl.
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TABLE 3

APPROXIMATE CORROSION RATE IN MICRONS PER YEAR

Time (Hours)
100 500 1000 | 1500 | 2000 | 3000 | 4000 | 5000
Cell Type
Standard 16.0 5.2 1.3 0.4 0.3 0.3 <0.1 <0.1
Groundwater!8]
Task 1
*Saturated 22.0 1.3 1.2 0.4 0.3 0.2 0.1 <0.1
Vapour No.1
*Saturated 6.1 5.2 4.8 2.1 1.7 0.5 0.3 0.2
Vapour No.2
Task 2

Thin Magnetite 1.9 1.0 0.4 0.3 0.2 0.2 0.1 <0.1
Thick Magnetite | <0.1 0.2 0.4 0.2 0.1 <0.1 0.1 <0.1
Thin Carbonate 1.7 1.0 0.8 0.5 0.6 0.5 0.2 -
Thick Carbonate 2.5 0.9 0.4 0.2 0.1 <0.1 <0.1 <0.1

Powder 27 5.0 1.3 0.3 - - - -
Powder (control) 50 3.5 1.0 0.3 - - - -
Task 3

0.1 M FeSO, 10.0 7.0 4.0 4.1 5.2 5.0 - -
0.1 MK-SOy 5.0 1.6 0.6 1.2 0.8 1.0 1.3 -
Saturated FeCO; | 10.0 5.0 1.5 0.5 0.2 0.4 0.2 0.1

Task 4

9 mM NHy 10.0 1.9 1.7 0.8 0.3 0.2 0.1 0.1

3 mM HNO; 10.0 5.0 1.3 0.3 0.2 0.1 <0.1 | <0.1
10x strength 5.0 1.0 1.3 1.3 1.0 1.0 0.8 0.7

*In the Saturated vapour cell number 1 the carbon steel was completely clear of the
groundwater. Cell number 2 contains the partially-submerged carbon steel.

To convert from microns per year of carbon steel to dm3 (STP) m2 year! of hydrogen gas
multiply by 3.175.
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TABLE 4

APPROXIMATE TOTAL VOLUMES OF HYDROGEN PRODUCED IN cm3 (STP)
SURFACE AREA = 0.1 m2

Time (Hours)
100 500 1000 | 1500 | 2000 | 3000 | 4000 | 5000
Cell Type
Standard 75 160 201 206 216 220 221 222
Groundwater(8}#
Task 1
*Saturated 90 158 184 193 200 208 215 217
Vapour No.1
*Saturated 25 65 140 165 200 210 230 240
Vapour No.2
Task 2
Thin Magnetite 7 14 18 24 34 39 40 42
Thick Magnetite <1 2 7 13 19 20 24 27
Thin Carbonate 7 10 18 30 44 61 72 -
Thick Carbonate 2 10 17 24 28 30 31 -
Powder 100 215 240 250 - - - -
Powder (Control) | 200 325 332 340 - - - -
Task 3
0.1 M FeSO,4 25 63 109 250 310 490 - -
0.1 MK,S0Oy4 15 29 48 68 89 124 158 -
Saturated FeCO4 50 140 200 205 208 222 228 230
Task 4
9 mM NH, 19 80 140 155 164 169 174 176
3 mM HNO, 26 107 133 135 139 142 143 145
10x sn'cngth# 18 30 50 75 95 110 150 175

#Total volume of hydrogen produced in standard artificial groundwater after 10 000 hrs was
222 cm3. ,

##Total volume of hydrogen produced 10x strength artificial groundwater after 7 000 hrs was
220 cm-3

*In the Saturated vapour cell number 1 the carbon steel was completely clear of the
groundwater. Cell number 2 contains the partially-submerged carbon steel.
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TABLE 5

FINAL pH VALUES MEASURE IN EXPERIMENTAL CELLS

Cell Type Final pH

Standard Groundwater(8] 8.7
Task 2

Thin Magnetite 9.1

Thick Magnetite 9.2

Thin Carbonate 9.0

Thick Carbonate 8.2
Task 3

0.1 M FeSOy4 7.3

0.1 MK»S04 8.9

Saturated FeCO3 9.0
Task 4

9 mM NH3 9.3

3 mM HNOj3 9.8

10x strength 9.2
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APPENDIX A

Summary of Model of Hydrogen Production

In the model, the ACPC is represented by a 50 mm thick copper canister of height 4.5 m and
radius 0.4 m covering a 50 mm thick carbon steel canister of height 4.4 m and radius 0.35 m
(Figure 10). The canisters are separated by a 2 mm fitting gap. The inner steel canister is
filled with packing materials, leaving a void volume of 0.4 m3. It is intended that the ACPC
will be placed in a hole drilled into the floor of a tunnel cut into granite rock. The hole will be
backfilled with compacted sodium bentonite. After water saturation of the repository, the
external pressure will reach a value of 15MPa, resulting from a hydrostatic pressure of SMPa
and a bentonite swelling pressure of 10MPa.

The following convention is adopted as a notational convenience. A subscript 1 is attached to
any variable associated with the inner canister, while a subscript 2 is used for variables

associated with the annulus.

It is assumed that the outer canister is penetrated by a single circumferential crack of width wy
at a height hy, and the inner canister is penetrated by a single circumferential crack of width w;
at a height hy. The model is characterised by the following variables

o W, (t) the volume of water in the inner canister

. W, (t) the volume of water in the annulus

. Q; (t) the volume of magnetite residue in the inner canister

. Q»(t) the volume of magnetite residue in the annulus

. 1;(t) the thickness of the magnetite layer in the inner canister

. t5(t) the thickness of the magnetite layer in the annulus

. V(t) the volume of hydrogen gas at 1 atmosphere produced by the corrosion process
. B(t) the volume of hydrogen gas external to the canister

The processes associated with corrosion of the canister and hydrogen production separate
naturally into two parts: the physics outside the canister which involves the transport of water
to the canister and the transport of hydrogen gas away from the canister, and the processes
inside the canister which involves modelling the way in which water enters the canister and

causes corrosion.
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Al Processes Qutside the Canister

ALl Water Ingress Through Breach in Outer Canister

External to the canister, the transport of water and water vapour to the canister, and the
transport of hydrogen gas away from the canister are of concern. The canister is assumed to
fail a long time after burial so that the repository is saturated and the groundwater has been
deoxygenated by the external corrosion of the copper canisters. Also, the temperature is
assumed to have decayed to 30°C. When the canister fails, groundwater enters the canister
under the influence of the external hydrostatic pressure. It is a reasonable approximationl4] to
assume that the influx of water to the canister is described by

f;(wl +W,)=K (py - p; (1)) (A1)

where K is a constant that depends on the permeability of the bentonite, and on the crack
geometry. p, is the hydrostatic pressure at the rock/bentonite interface, and p; is the internal

canister pressure.

Al.2  Hydrogen Transport

The ingress of groundwater to the canister causes anaerobic corrosion according to the

chemical reaction

3Fe + 4H,0 > Fe30, + 4H, (A2)

As the canister corrodes, it generates hydrogen gas, and the pressure inside the canister
increases until it exceeds the external hydrostatic pressure. The hydrogen gas will then force
the groundwater away from the canister. The transport mechanism which describes the
outflow of hydrogen gas into the surrounding geology is complex.

In the previous application of the modell4], it was assumed that the equation which describes
the ingress of groundwater to the canister also controls the outflow of hydrogen gas into the

geology, i.e.

%% =~K(po - p;(t)) p; >5MPa (A3)

The pressure outside the canister is taken as SMPa, and the hydrogen gas is trapped as a
bubble in the vicinity of the canister.

Alternatively, it has been suggested that the hydrogen gas might be trapped in the canister until
p; is comparable to the sum of the hydrostatic pressure and the swelling pressure of the
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bentonite. Deformation of the bentonite will then occur, allowing a bubble of hydrogen gas to
escape from the canister, and reducing the pressure in the canister.

The diffusion of hydrogen gas away from the canister through the groundwater can be
neglected(14].

Al.3  Diffusion of Water Vapour

The final process to be included is the diffusion of water vapour to the canister. Once the
hydrogen gas has forced the groundwater away from the canister, then corrosion will continue
only as a result of water vapour diffusing to the canister. This is a complicated diffusion
problem, but if the crack in the canister is small then it is reasonable to assume that the
hydrogen gas will be saturated with water vapour. At 30°C the vapour pressure of water is
25 mm Hg, which corresponds to a saturation concentration of 1.34 mols m-3.

A2 Processes Inside the Canister

A2.1 Comosion Rates

The steel canister is assumed to undergo uniform corrosion, and the corrosion rate is assumed
to be the same for corrosion by water and water vapour. The current experiments also
suggest that the maximum long term corrosion rate y is 0.1um year-! and this is independent
of the presence of an oxide film. This corrosion rate can increase to 1.0um year! if the
groundwater composition is changed.

If the inner surface area of the steel canister which undergoes corrosion is given by A;(t), then
the rate of production of hydrogen from the inner canister is proportional to HA;. The
corrosion rate on the outer surface of the steel canister is possibly enhanced due to galvanic
contact with the copper canister. Therefore, the rate of production of hydrogen in the annulus
is proportional to (A, + & Ay,) where As(t) is the outer surface area of the steel canister and
A,(1) is the surface area of the water in the annulus in contact with the canister. o is a
parameter that characterises the galvanic contact: o = 0 corresponds to no galvanic
enhancement, while o = 1 corresponds to maximum galvanic enhancement.

A2.2 Water Vapour Transport Inside the Canister

A major factor influencing the way in which the canister corrodes is the presence or absence of
water: a specific part of the canister surface will corrode only if water or water vapour is
present. Therefore, it is necessary to model the transport of water and water vapour inside the

canister. In this context, the following calculations are relevant.
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1. Flux of Water Vapour into Canister

The small width w; of the cracks in the canister limits the flux of water vapour. If the diffusion
of the water vapour is assumed to be steady state, then the diffusion equation in cylindrical

coordinates is
l._a_(r_aﬁ) =0 (A4)

where c is the concentration of water vapour. This can be integrated to give
c=alnr+b (AS)

The boundary conditions which give the greatest flux are

c(r=1)=0 mols m3

c(r=r,)=1.34 mols m™3

where r; and r, are the inner and outer radii of the copper canister. Then

_ In(r/1p)
c=134 ————h(r/rz) (A6)

The corresponding flux of water vapour into the canister for a hydrogen gas pressure of
5MPais

oo D 134 _ 1483

-1
. = A
i 1n(r2 /rl) 1n(r2 /rl) mols year (A7)

where D is the diffusion coefficient of water vapour through hydrogen gas. These calculations
lead to consideration of two canister failure scenarios. In Case 1, the copper canister has a
circumferential crack at its base, and the carbon steel canister has a circumferential crack at its
top. In Case 2, both the copper and carbon steel canisters have circumferential cracks near

their tops.
2. Water Vapour Diffusion and Consumption in Annulus

The small width of the annulus limits the diffusion of water vapour into the canister. Assume
that the annulus is filled with hydrogen gas at a pressure p;, through which water vapour
diffuses. The steady-state equation which describes the diffusion process along the length of

the annulus z, is
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2
pd.s-0 (A8)

where ¢ is the number of moles of water vapour per unit length of the annulus, and s is the
number of moles of water consumed by corrosion per unit length of the iron canister. D is the
diffusion coefficient of water vapour through hydrogen gas, given by

D(p;.T= 30°C)=—1—D(1 atm, T = 30°C) (A9)

1

D( atm, T =30°C)=0.9x 10 *m?s~! (A10)

If the origin of the coordinate sytem is at the position of the crack in the outer canister, the
boundary conditions are that c(z = 0) is given by the product of the cross-sectional area of the
annulus and the saturation concentration of the water vapour

c(z=0)=2mrw, x1.34 mols m—3 (A1)
and that
93(z=0)=0 (A12)
oz

where w, is the width of the annulus. If s is independent of height in the annulus, then
equation (A8) can be integrated to give

c(z):-%z2 +c(z=0) (A13)

It follows from this expression that for a hydrogen gas pressure of 5 MPa and a corrosion rate

of lum/year
D 0.5
(?“"O)) =3.3m (A1)

is the maximum distance through which water vapour can diffuse in the annulus.

3. Water Vapour Transport Inside the Canister

A detailed description of the transport of water and water vapour inside the canister is not
included. However, the following model seems reasonable.
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. The inflow of water to the canister is limited by the permeability of the surrounding
geology. Water inside the canister is distributed between the annulus and the inner
canister in a way which depends only on the position of the cracks in the canister.

. If the annulus contains water, but the inner canister is empty, then the inner canister
will corrode at a rate which is limited by the flux of water vapour from the annulus to

the inner canister.

If the annulus is empty, but the inner canister contains water, then the annulus will
corrode at a rate which is limited by the flux of water vapour from both the inner
canister and the surrounding geology to the annulus.

. If the canister is empty of water, then corrosion will continue at a rate which is limited
by the flux of water vapour from the surrounding geology into the canister. For Case
1 the flux of water vapour into the annulus is

18.1 2 mols year_l (A15)
Pi
but there is no flux of water vapour into the inner canister, since the vapour would

have to diffuse the length of the annulus. Similarly for Case 2, the flux of water
vapour into the annulus can be found. A fraction of this will diffuse along the annulus,

while the remainder will diffuse into the inner canister.

In addition to undergoing the above transport processes, water in the canister is consumed by
the corrosion reaction. Water in the annulus is assumed to be consumed by the corrosion

reaction in the annulus at a rate

Z
H(Ay +oA )2 PZHO 3 ] (A16)
3 ZFe

(where p is the density of iron, zg, is the molar weight of iron and ZH,0 is the molar weight of
water) and water in the inner canister is consumed by the corrosion reaction in the inner

canister at a rate
z
4 PZH,0 (A17)

A-
u13 Zre
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A23  Precipitari M . Steel Canister

It is also necessary to model the growth of the magnetite layer on the surface of the carbon
steel canister. For Case 1, it is assumed that the flows of hydrogen gas and water into and out
of the canister will prevent corrosion residue from accumulating in the annulus until after the
canister has emptied of water, and that the inner canister will corrode uniformly over its
surface for the entire period in which water is present. Once the canister is empty of water,
corrosion will take place only in the annulus at a rate which is limited by the diffusion of water
vapour into the canister. Corrosion residue will build up at the rate

dy _
=11 (A18)

dt

until the annulus is plugged, and corrosion stops. The factor 1.1 derives from the relative

densities of carbon steel and magnetite.

For Case 2, it is assumed that corrosion residue will not accumulate in the annulus until after
the annulus has emptied of water, but that the inner canister will always corrode uniformly
over its surface. Once the annulus is empty of water corrosion residue will build up in the

annulus at the rate

dt
—2 - 1.1n (A19)
dt

until the annulus is plugged. The inner canister will continue to corrode uniformly over its
surface until it is full of corrosion residue.

A2.4 Hvdrogen Production

Hydrogen is produced by the corrosion reaction at a rate

av_4ip

- C22.4 dm?3 year™! A20
dt 3 25 Y (A20)

where C is the total corrosion rate in the canister. The pressure of the hydrogen gas is given

by

V(1)
e A21
P (0= 0 S04 B-Q,(0-Q (- W, D -W, (1) -
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FIGURE LEGENDS

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Schematic of the barometric cell design used to measure hydrogen production
rates via a liquid displacement technique. The diameter of the precision bore
tubing is 1.6mm and di-n-butyl phthalate was used as the low vapour pressure
liquid. This arrangement allowed hydrogen gas evolution rates to be determined
to within #0.5 dm3 (STP) m2 year! from a total carbon steel surface area of

0.1 m2.

Rate of hydrogen evolution versus time for carbon steel in standard artificial
SKB groundwater!(8],

Rate of hydrogen evolution versus time for carbon steel suspended in a humid
atmosphere above a solution of artificial SKB groundwater.

Rate of hydrogen evolution versus time for carbon steel partially-submerged in
artificial SKB groundwater. Approximately 20% of the carbon steel was below

the surface of the solution.

Rate of hydrogen evolution versus time for carbon steel in standard artificial
SKB groundwater. The carbon steel was pre-coated with either a magnetite or
iron(II) carbonate layer. Approximate thicknesses 50 nm or 500 nm.

Rate of hydrogen evolution from carbon steel wires buried under a mixture of
powdered corrosion products versus time. The rate of hydrogen evolution from
a control cell containing only the powdered corrosion product, i.e. no carbon

steel, is also shown.

Rate of hydrogen evolution versus time for carbon steel in artificial SKB
groundwater with either an additional 0.1M FeSO4 or 0.1M K;SOy4 or saturated

with FeCOj.

Rate of hydrogen evolution versus time for carbon steel in artificial SKB
groundwater with either an additional 9 mM NH3 or 3 mM HNOj to simulate
the products of radiolysis reactions involving nitrogen and water.

Rate of hydrogen evolution versus time for carbon steel in artificial SKB
groundwater which is either 10x the strength of the standard composition
(Table 1) or contains an additional 0.1M K5SOy4.

Schematic representation of ACPC with one circumferental crack in each

canister.
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Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Predicted volume of water in inner canister with time for base case parameters

and crack in outer canister at base (Case 1).

Predicted volume of water in annulus with time for base case parameters and

crack in outer canister in base (Case 1).

Predicted pressure of hydrogen gas in the canister for base case parameters and
crack in outer canister at base (Case 1).

Predicted volume of water in inner canister for base case and crack in outer
canister in base over longer period (Case 1).

Predicted volume of magnetite in inner canister for base case parameters and

crack in outer canister at base (Case 1).

Predicted volume of magnetite in annulus for base case parameters and crack in

outer canister at base (Case 1).

Predicted hydrogen production rate from canister for base case parameters and
crack in outer canister at base (Case 1).

Predicted hydrogen gas pressure for base case parameters and crack in outer
canister at base (Case 1).

Predicted volume of water in inner canister for base case parameters and crack

in outer canister at top (Case 2).

Predicted volume of water in annulus for base case parameters and crack in

outer canister at top (Case 2).

Predicted pressure of hydrogen gas in the canister for base case parameters and

crack in outer canister at top (Case 2).

Predicted volume of water in annulus for base case and crack in outer canister at
top (Case 2) over longer time period.

Predicted hydrogen production from canisters for base case parameters and
crack in outer canister at top (Case 2).

Predicted volume of magnetite in annulus for base case parameters and crack in

outer canister at top (Case 2).
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Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Predicted volume of water in inner canister for base case parameters and crack

in outer canister at top (Case 2) over longer time period.

Predicted hydrogen product ion rate for base case parameters and crack in outer
canister at top (Case 2) over longer time period.

Predicted volume of magnetite in the inner canister for base case parameters and

crack in outer canister at top (Case 2).

Predicted hydrogen gas pressure for base case parameters and crack in outer
canister at top (Case 2).

Sensitivity to corrosion rate. Predicted hydrogen production rate with corrosion
current increased to 1um/year and crack in outer canister at base (Case 1).

Sensitivity to corrosion rate. Predicted hydrogen production rate with corrosion
current increased to 1um/year and crack in outer canister at top (Case 2).

Sensitivity to galvanic contact. Predicted rate of production of hydrogen for

crack in outer canister at base (Case 1).

Sensitivity to galvanic contact. Predicted hydrogen production rate with crack
in outer canister at top (Case 2).

Sensitivity to hydrogen gas release. Predicted volume of hydrogen gas external
to canister for crack in outer canister at base (Case 1).

Sensitivity to hydrogen gas release. Predicted pressure of hydrogen gas in
canister with crack in outer canister at base (Case 1).

Sensitivity to canister dimensions. Predicted hydrogen production rate for SKB
canister dimensions with crack in outer canister at base (Case 1).

Sensitivity to canister dimensions. Predicted hydrogen production rate for SKB
canister dimensions with crack in outer canister at top (Case 2).
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Figure 1. Schematic of the barometric cell design used to measure hydrogen
production rates via a liquid displacement technique :
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Figure 2. Rate of hydrogen evolution versus time for carbon steel in standard artificial SKB groundwater8]
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Figure 3. Rate of hydrogen evolution versus time for carbon steel suspended in a humid atmosphere above a solution of artificial
SKB groundwater
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Figure 4. Rate of hydrogen evolution versus time for carbon steel partially-submerged in artificial SKB groundwater.
Approximately 20% of the carbon steel was below the surface of the solution
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Figure 5. Rate of hydrogen evolution versus time for carbon steel in standard artificial SKB groundwater. The carbon steel was
pre-coated with either a magnetite or iron(il) carbonate layer. Approximate thicknesses 50 nm or 500 nm
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Figure 6. Rate of hydrogen evolution from carbon steel wires buried under a mixture of powdered corrosion products versus time.
The rate of hydrogen evolution from a control cell containing only the powdered corrosion product, i.e. no carbon steel, is also
shown
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Figure 7. Rate of hydrogen evolution versus time for carbon steel in artificial SKB groundwater with either an additional 0.1M
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Hydrogen Evolution Rate cm3(STP) m-2 year-1

40000 +
30000 +
20000 +
10000 +
0 e
0 2000 2500 3000 3500 4000 4500 5000

Figure 8. Rate of hydrogen evolution versus time for carbon steel in artifi

Time (Hours)

" 3mMHNOy O 9 mM NH,

cial SKB groundwater with either an additional 9 mM NH3

or 3 mM HNOj to simulate the products of radiolysis reactions involving nitrogen and water



Hydrogen Evolution Rate cm3(STP) m-2 year-!

-1

20000 -

15000 ;‘I
1
]
)
)
!

10000 -
| ]
5000 -+
a ]
[ ] 0 -
n ny [] - S ]
() &
(8] 0 s a ]
0 : : : o : : : 1
0 1000 2000 3000 4000 5000 6000 7000

Time (Hours)

B {0x Strength ™ 0.1 MKISO('

Figure 9. Rate of hydrogen evolution versus time for carbon steel in artificial SKB groundwater which is either 10x the strength of
the standard composition (Table 1) or contains an additional 0.1M K2SO,4
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Figure 11. Predicted volume of water in inner canister for base
case parameters and crack in outer canister at base ( Case 1)
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Figure 13. Predicted pressure of hydrogen gas in the canister for base
case parameters and crack in outer canister at base ( Case 1)
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Figure 14. Predicted volume of water in inner canister for base
case parameters and crack in outer canister at base ( Case 1)
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Figure 15. Predicted volume of magnetite in inner canister for base
case parameters and crack in outer canister at base ( Case 1)
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Figure 16. Predicted volume of magnetite in annulus for base
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Figure 17. Predicted hydrogen production from canister for base
case parameters and crack in outer canister at base ( Case 1)
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Figure 18. Predicted hydrogen gas pressure for base case
parameters and crack in outer canister at base ( Case 1)
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Figure 19. Predicted volume of water in inner canister for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 20. Predicted volume of water in annulus for base case
parameters and crack in outer canister at top ( Case 2 )
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Figure 21. Predicted pressure of hydrogen gas in the canister for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 22. Predicted volume of water in annulus for base case
parameters and crack in outer canister at top ( Case 2 )
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Figure 23. Predicted hydrogen production from canister for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 24. Predicted volume of magnetite in annulus for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 25. Predicted volume of water in inner canister for base
case parameters and crack in outer canister at top ( Case 2 )
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Figure 26. Predicted hydrogen production from canister for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 27. Predicted volume of magnetite in inner canister for base
case parameters and crack in outer canister at top ( Case 2)
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Figure 28. Predicted hydrogen gas pressure for base case
parameters and crack in outer canister at top ( Case 2 )
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Figure 29. Sensitivity to corrosion rate.  Predicted hydrogen production rate with
corrosion current increased to 1 ym/yr and crack in outer canister at base ( Case
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Figure 30. Sensitivity to corrosion rate.  Predicted hydrogen production rate witt
corrosion current increased to 1 pym/yr and crack in outer canister at top ( Case 2
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Figure 31. Sensitivity to galvanic contact. Predicted hydrogen
production rate for crack in outer canister at base ( Case 1)
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Figure 32. Sensitivity to galvanic contact. Predicted hydrogen
production rate for crack in outer canister at top ( Case 2)
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Figure 33. Sensitivity to hydrogen gas release . Predicted volume of hydrogen
gas external to canister for crack in outer canister at base ( Case 1)
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Figure 34. Sensitivity to hydrogen gas release. Predicted pressure of

hydrogen gas in the canister for crack in outer canister at base ( Case 1)
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Figure 35. Sensitivity to canister dimensions. Predicted hydrogen production
rate for SKB canister dimensions with crack in outer canister at base ( Case 1)
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Figure 36. Sensitivity to canister dimensions. Predicted hydrogen production
rate for SKB canister dimensions with crack in outer canister at top ( Case 2 )
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