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1. Introduction

In December 1999 the Swedish Nuclear Fuel and Waste Management Co delivered to the
Swedish Nuclear Power Inspectorate the performance assessment SR 97, a PA of post-
closure safety for a deep repository for spent nuclear fuel.
In a PA, one important issue to consider is heat propagation from the fuel in a repository and
its influence on technical and natural barriers. The thermal output of spent fuel can influence the
mechanical and geochemical evolution on the near-field and also have an impact on the
response of the far-field to climate change.
The objective of this study is to complement a bibliographic study performed by ARMINES
for SKI on the characterization and modeling of heat transfer mechanisms around a HLW
repository. The study is concerned with the analysis of SR 97 documents describing the heat
propagation modelling work performed on the national sites Aberg, Beberg and Ceberg.
The following documents were reviewed:

Ageskog, L., Jansson, P.: Heat propagation in and around the deep repository - Thermal
calculations applied to three hypothetical sites: Aberg, Beberg and Ceberg. SKB TR 99-
02,1999.

Deep repository for spent nuclear fuel. SR 97 - Post-closure safety. SKB TR 99-06,
1999.

SR 97-Processes in the repository evolution. SKB TR 99-07 1999.

SR 97- Waste, repository design and sites. SKB TR 99-08 1999.

SR 97 - Data and data uncertainties - Compilation of data and data uncertainties for
radionuclide transport calculations. SKB TR 99-09 1999.

Additional references used are listed at the end of the report.

2. Description of the medium

The geological medium is modelled as an Equivalent Continuous Medium. This approach is
justified for heat transfer calculations in very low permeability rocks, since it has been shown
that conduction is the dominant process. Other types of models (discrete fracture or double
porosity models) might be appropriate to model the consequences of heat load in terms of
rock mechanics or chemistry, but this is beyond the scope of the present work.



3. Mechanisms

The mechanisms which are likely to occur are analysed in [9] and [10]. We shall briefly review
them and see whether the modelling work done in [2] is consistent with this phenomenology.
The material for this discussion is from [9], section 8.6.

The primary heat transfer mechanism is located inside the canister: heat is transferred by
conduction inside the fuel, by conduction and radiation between the fuel and the cast iron
insert, and finally by conduction and radiation between the insert and the copper canister. The
detailed evolution of this system is complex to predict, but is of no relevance in the study
discussed here, because in a very short time period, the heat transfer from the container and
the surrounding medium is actually driven by the heat output function, which is well known,
and by the properties of the surrounding medium.

In the modelling work, the canister is therefore modelled as a homogeneous unit, with average
thermal properties.

Heat transfer in the buffer material is by conduction when the buffer is saturated. During the
initial phase where the bentonite is not fully saturated, and is furthermore subject to a moisture
redistribution mechanism due to the heat, an additional component to heat transfer is
convective vapour transfer. On the other hand, the heat transfer parameters of the bentonite
depend on the water content.

In the modelling, vapour flow has been neglected, which is conservative. The uneven spatial
distribution of the thermal conductivity has been modelled in a simplified way, by a concentric
zoning of this parameter which does not vary with time.

Finally, heat transfer in the geosphere is mainly by conduction. The convective transfer by
flowing water is neglected. This assumption has been shown to be appropriate for realistic
situations, see e.g. [3].

It is stated in [9] (p. 145) that the weak point of thermal modelling is generally not in the
representation of a particular component, but in the heat transfer between different
components. This particular aspect is addressed in [2] for the transition between the canister
and the bentonite (effect of an air gap).

4. Parameters

The heat transfer mechanisms are controlled by different parameters depending on the scale
considered: on a local scale, the heat conductivity and heat capacity of bentonite play the
leading role. The heat conductivity depends on the moisture distribution in the buffer. Bounding
values have been used which cover situations from a very dry bentonite to an almost saturated



one. This parameter is only important on a short time scale, to assess the maximum
temperature at the canister boundary. Uncertainties regarding the long term evolution of
thermal conductivity should therefore not affect the results.
The heat transfer properties of gaps between the canister and the bentonite depend of the
emissivity of the media (copper and bentonite), which is not precisely known in repository
conditions. Conservative values have been used in the calculations.
Finally, global heat transfer depends essentially on the heat conductivity of the rock mass. This
parameter varies over a rather restricted range depending on the rock type. The typical values
used in the study come from numerous in situ measurements. They can be considered as
representative of the various media considered. Furthermore, they cover a sufficient range to
permit an analysis of the influence of this particular parameter.
One may finally note that the values retained for the thermal parameters are consistent with
values generally used in the literature (see [4]).

5. Discussion of approaches and results

The modelling approach includes three steps corresponding to different, embedded scales:
• Local model: the immediate vicinity of a canister is modelled. At this scale, the effect of

gaps between the container and the bentonite is studied.
• Intermediate model: a "unit cell" surrounding a single canister is modelled, to investigate

the relationship between initial thermal load and borehole spacing
• Global model: the progressive emplacement of canister is modelled, and the long term

temperature evolution is computed.
In this section we analyse the representation of the various components of the modelled
system, from the local to the global scale.

5.1. Source-term

The canister is represented as a cylindrical, homogeneous structure. Although Figure 4-2 in
ref. [2] suggests the possibility to distinguish inner part and casing, the material properties
assigned to each region are in fact identical. This simplified approach is justified in view of the
calculation scale. Only one reference discussed in [4] mentions a more detailed approach: in
[8], the canister is represented by a series of concentric, cylindrical media with different
thermal properties. This approach however is only justified by the possibility to consider
different canister designs.
The canister initial heat output is in the high range compared to most previous Swedish
calculations. This reflects the present trend to make maximum use of the canister capacity due
to its high cost

5.2. Buffer material



The modification of water content with time is not taken into account in the modelling. This
seems reasonable, since the detailed modelling of the coupled heat and flow transfer is still in a
research stage. However, the modification of the buffer properties due to water redistribution
is represented in a simplified way: three concentric zones are considered, with an increasing
water content from the container to the host rock. This approach is consistent with
experimental observations done during heating experiments, e.g. the Japanese Big Ben
experiment ([6]) or the Kamaishi Mine experiment ([7]). One should note however that these
experiments lead to saturation values lower than the values considered in the present study. In
view of this, it appears justified to have chosen thermal conductivity values in the low range for
the inner part of the buffer.

5.3. Influence of air gaps between container and
bentonite

Due to the difficulty of ensuring a perfect contact between container and buffer blocks, and
between buffer and surrounding blocks, air gaps are expected to remain at the time of closure
of a borehole. These gaps should normally be filled with water, and closed by the swelling of
the bentonite. However, the heat produced by the waste container may hinder for an unknown
period of time a sufficient moisture to seal the gaps. This possibility has been considered in
previous studies ([1], [5], [8]). The phenomenology considered in the present study is identical
to that of the quoted references: heat transfer is by conduction and radiation, convection is
neglected. Radiation is represented here by an increase of the apparent thermal conductivity of
the medium, as in [8]. The apparent conductivity due to radiation is based on realistic values of
the emissivity of materials (copper and bentonite). Finally, a local heat transfer model permits
to dimension the properties of the gaps in such a way as to obtain the maximum temperature
jump while retaining realistic parameter values. Although the details of this model are not given,
the order of magnitude of the results can be checked with a simple steady state calculus: with a
heat flux of 1625 / (27txO,5x4,8) = 108 W/m2, and an equivalent thermal conductivity of
0,08 W/m °C (corresponding to an air gap of 10 mm and to a "normal" emissivity of copper),
the temperature jump across a 10 mm gap is 13,5 °C, consistent with the results of figure 4-1
in [2].
(Note: in [10], p. 99, a temperature jump of 30°C is quoted across an air gap between
container and buffer. It would be useful to check where the difference with the present results
comes from).
In view of these results, it appears justified, either to model air gaps by a modification of the
thermal properties of the medium if the spatial discretization is sufficiently fine, or to include
the temperature jump in the target temperature at canister surface, as is proposed in this study,
for a large scale calculation.

5.4. Borehole spacing



Borehole spacing calculations are based on a local model: a "unit cell" bounded by vertical
symmetry planes and including one quarter of a container is modelled. A similar approach is
followed for instance in [5], [11], [8], [12], [13]. This unit model is appropriate to describe an
infinite number of galleries of infinite length, and is therefore conservative from the viewpoint of
the temperature increase.
Upper and lower boundary conditions are not described, but probably these limits are
sufficiently far to have a negligible effect.
One may note that the unit cell concept gives a common framework for the three investigated
sites: given a gallery spacing and a borehole spacing, the geometry of the modelled domain is
the same for all sites. The only site specific data are the thermal parameters (conductivity and
specific heat) and the initial temperature of the medium (the natural thermal gradient is not
taken into account). Due to this similarity, the differences between the three sites reflect
essentially differences regarding the above mentioned parameters. To make this point clear,
let us consider the general heat conduction equation:

7)0
div{Af grad#} = pC vq>

dt
where A is the total conductivity of the medium, <9the temperature, pC the volumetric heat
capacity, t the time, and (p a thermal source term. It is apparent from this equation that if TV is
scaled by a factor Kl, and 6?by a factor K2, then <p will be scaled by a factor KlxK2, and
time by a factor 1/K1 (or a different factor if pC is scaled as well). If the source term is
constant, its value can therefore directly be deduced from Kl and K2. If on the other hand,
the flux is not constant, then the scaling of time will destroy the similarity of behaviours,
because <p is not properly scaled for time.

For instance, if we compare the results for sites Aberg and Beberg, we have Kl = 3,2/2,8 =
1,14, and K2 = (80-13,5)/(80-16) = 1,039. The ratio between admissible (constant) load for
sites Aberg and Beberg should be 1,184. From the curves of figure 4-3 in [2], we have a ratio
of 1,128 for a 6 m interval between boreholes, and 1,11 for a 9 m interval. Similarly, for
Aberg and Ceberg, we have Kl = 1,36, and K2 = 1,078. One would expect a ratio between
admissible loads of 1,47. The calculated ratio is 1,29 for 6 m interval, and 1,25 for 9 m
interval. One can see that the ratio between admissible loads for two sites is closer to the
theoretical ratio when the borehole spacing is smaller, because the maximum temperature is
reached sooner, and the source term deviates less from the constant source hypothesis. This
discussion shows that the modification of admissible load is not readily deduced from a
modification of the parameters, and justifies the numerical approach taken in the study.

5.5. Long term thermal evolution

The large scale simulations allow to model the site specific geometry in a more realistic way,
and to take into account the progressive emplacement of canisters. The scale of the models is
much larger than in the previous calculations: the vertical boundaries are at a distance of about
1000 m of the actual repository boundaries. To achieve these simulations with tractable
meshes, it has been decided to simplify the source term modelling: only galleries are
represented in the mesh, in the form of lines of Finite Element nodes. The heat source is



uniformly distributed along these lines. While this approximation is perfectly justified as far as
long range influence is considered, one must keep in mind that the dilution of the thermal
source term in the influence domain of nodes creates a bias for short range temperatures: the
temperature field is smoothed, and the actual maximum temperature is underestimated. This is
clearly visible on temperature fields calculated at the beginning of deposition phase II, where
maximum values of 35 to 45 °C at most are found, while the dimensioning calculations provide
for a 80 °C maximum.
The average temperature fields calculated on the large scale meshes are probably valid for
long term calculations (200 and 1000 years). It would be interesting to use the local unit cell
model to determine when the temperature levelling is effective.
With this restriction in mind, we consider that the large scale calculations are probably
appropriate to describe the interaction between galleries, and between repository levels for
Aberg.

6. Numerical technique

The numerical tool used to model heat transfer represents current state of the art technique.
The heat conduction equation does not pose any particular problem, and the spatial
discretization seems appropriate to describe the smooth temperature fields simulated. The
effect of mesh size in the immediate vicinity of the galleries has however an influence on the
average temperature at an early stage of the calculations. This point should be investigated (as
should, more generally, the transition from the local unit cell to the global model).

7. Influence of temperature on other
processes

An important aspect of the present review was "the influence of the temperature on the
mechanical, geochemical and hydrological processes in the near-field and the far-field of the
repository". A comprehensive analysis of these aspects would be well beyond the scope of
this study, and would entail a much larger bibliographic review. However, we have studied the
reviewed references to see whether these aspects were addressed in SR 97, and to what
extent.

7.1. Influence on flow

The coupling of water saturation of the buffer to the thermal evolution is mentioned in [9], p.
162. The details of the modelling approach are not yet published.



The influence of temperature on flow in the rock mass does not seem to be addressed in SR
97.

7.2. Influence on mechanical behaviour

Thermal evolution has an effect on the mechanical behaviour of the buffer and the surrounding
medium, due to the thermal expansion of the water and of the rock mass. The phenomenology
is described in details in [9], from the canister scale to the rock mass scale. Simulation results
are shown for the evolution of the stress state with time. These results come from a 1997
reference, and are computed with different hypotheses regarding the heat load (1000 W /
canister).

7.3. Influence on chemical behaviour

The effect of temperature on the chemical evolution of the repository is mentioned in a general
way in [9], p. 184. Specific mechanisms are discussed on pp. 199, 200: modification of
barrier properties by precipitation-dissolution of Calcium sulphates and calcite, or of Silicon
compounds. The influence of temperature on radionuclide speciation is mentioned on p. 243.
These examples show that this fundamental aspect is addressed. It will remain an essential
research topic in the coming years.

7.4. Influence on climatic evolution

The scenario for climatic evolution concerns a time frame in which the thermal influence of the
repository will have practically vanished.

8. Conclusions

The following conclusions and remarks may be drawn from this review work:

The phenomenology of heat propagation in the complex system of a repository is generally
well understood, and permits a reliable prediction of temperature evolution. Some
simplifications such as the representation of incomplete saturation of the buffer are justified at
the present stage of knowledge, and do not seem to impair the reliability of the results. These
simplification may become unnecessary in the future as experimental work presently going on
leads to a better predicting capacity of these mechanisms.

Important parameters (thermal conductivity and heat capacity) are known through a large
number of measurements, and furthermore do not span a wide range. The main uncertainty



seems to lie in the near field parameters (description of the contact between container and
buffer, thermal conductivity of unsaturated bentonite). Generally speaking, the weak point of
thermal modelling is generally not in the representation of a particular component, but in the
heat transfer between different components. Although no systematic sensitivity analysis was
performed in this study, the various situations modelled do give an idea on the effect of varying
parameters such as thermal conductivity, heat capacity, initial heat output,...

The modelling work presented in [2] is consistent with the phenomenology described. A
powerful computing capacity allows a detailed description of mechanisms at two different
scales. However, the transition from one scale (unit cell) to the other (global scale) would
deserve a more rigorous analysis.

From a reviewer's viewpoint, the description of calculation cases is generally not sufficiently
detailed to judge precisely the results, or to try and duplicate them, should this be needed.
While this situation is acceptable in a generic exercise such as SR 97, a more detailed
description would be required in a real site assessment.

Apart from thermal parameters and repository location and geometry, the results would be
highly sensitive to hypotheses regarding the waste production (burn-up, intermediate
storage,...). These aspects are not addressed in this work, but the modelling done shows well,
inversely, how these parameters may be optimised from a temperature criterion.

Consequences of the thermal evolution on hydrological, mechanical and chemical phenomena
are considered, but have not yet, as far as we can tell, been updated considering the latest heat
transfer simulations. Chemical aspects are by far the most complex, and will require an
important work in the future.

As a general conclusion, the study shows the feasibility of calculations aimed at dimensioning
the repository geometry as well as its exploitation.
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