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a b s t r a c t

As high-level radioactive waste (HLW) generated from nuclear power plants is harmful to the human
body, it must be safely disposed of by an engineered barrier system consisting of disposal canisters and
buffer and backfill materials. A gap exists between the canister and buffer material in a HLW repository
and between the buffer material and natural rockdthis gap may reduce the water-blocking ability and
heat transfer efficiency of the engineered barrier materials. Herein, the basic characteristics and thermal
properties of granular bentonite, a candidate gap-filling material, were investigated, and their effects on
the temperature change of the buffer material were analyzed numerically. Heat transfer by air con-
duction and convection in the gap were considered simultaneously. Moreover, by applying the Korean
reference disposal system, changes in the properties of the buffer material were derived, and the basic
design of the engineered barrier system was presented according to the gap filling material (GFM). The
findings showed that a GFM with high initial thermal conductivity must be filled in the space between
the buffer material and rock. Moreover, the target dry density of the buffer material varied according to
the initial wet density, specific gravity, and water content values of the GFM.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spent nuclear fuel (SNF) is a high-level radioactive waste (HLW)
generated in nuclear power plants, and it is very dangerous to the
human body owing to its intense radiation emissions. Therefore, as
this HLW must be completely isolated from human life zone, it
must be safely disposed of in bedrock at a depth of several hundred
meters by a multibarrier system composed of natural and engi-
neered barriers [1e3]. Natural barriers refer to rock and geological
environments that exist in a natural state around the HLW re-
pository, and engineered barriers artificially developed by humans,
which consist of disposal canisters, and buffer and backfill mate-
rials. An HLW repository consists of several disposal tunnels and
their interconnecting tunnels. A vertical deposition hole is exca-
vated at the bottom of the disposal tunnels [4,5]. Subsequently, the
SNF is sealed in the disposal canister, the disposal canister is left in
the deposition hole, the empty space between the disposal canister
and rock is filled with buffer materials, and the disposal tunnels are
by Elsevier Korea LLC. This is an
filled with backfill materials to close them completely.
The engineered barrier delays the penetration of groundwater

existing in the rock around the HLW repository and plays a role in
preventing the leakage of radionuclides contained in HLW to the
outer parts of the repository [6]. In engineered barrier systems,
compacted bentonite made of bentonite powders, is known to be
the most suitable buffer material [7e10]. In Korea, studies on the
effects of thermal conductivity [3,11,12], water suction analysis with
saturation condition [3], and hydraulic conductivity with temper-
ature [13] and unsaturated state [14], and safety analysis [15] as
well as basic properties such as swelling index and components
[16] on a buffer material for bentonite produced in Gyeongju, have
been conducted. When the disposal canister is placed in the
deposition hole of the HLW repository and buffer materials are
installed, gaps are inevitably formed between the disposal canister
and buffer materials, and between the buffer materials and the
rock, as shown in Fig. 1. This is attributed to the fact that during the
installation of buffer or backfill materials, a specific volume in space
must be provided for the convenience of work, and the fact that the
rock surfaces of the excavated deposition holes are uneven [17].
However, if these gaps exist after the HLW repository is closed, the
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Gap space in the engineered barrier system.

S. Yoon, M.-J. Kim, S. Chang et al. Nuclear Engineering and Technology 54 (2022) 4005e4012
water-blocking ability and heat transfer efficiency of the engi-
neered barrier materials will decrease. Thus, the gaps must be filled
with specific materials [4].

Therefore, it is necessary to study the gap sizes and gap filling
materials (GFMs) in deposition holes. Relevant research is mainly
being conducted in Sweden and Finland. Sweden and Finland allow
a 10-mm gap between the disposal canister and the buffer material,
and a 50-mm gap between the buffer material and the rock on the
inner wall of the deposition hole. Additionally, they do not fill the
gap between the disposal canister and buffer material; bentonite
pellets between the buffer material and inner wall of the deposition
hole and granular bentonite are applied as GFMs [4,18]. In Canada,
an experiment was conducted to fill the gap between the buffer
material and rock with bentonite pellets and granular bentonite
[19]. Lee et al. [20] showed that filling the gap between the disposal
canister and the buffer material increased the peak temperature of
the buffer material. In general, the gap between the disposal
canister and buffer material was not filled.

However, compared with buffer materials and disposal canis-
ters, research on GFMs is incomplete, and applicable research on
GFMs to real fields except for the above research conducted in
Sweden, Finland [4,18], and Canada [19] is limited. In addition, data
on the properties of candidate materials for GFMs are very scarce
[21]. Consequently, it is necessary to analyze the effect of the
properties of GFMs on the target properties of the buffer materials.
Therefore, in this study, a basic physical and thermal property
database for granular bentonite was established, and the temper-
ature change of the buffer material was analyzed based on nu-
merical analysis by reflecting the thermal properties of granular
bentonite considering the gap between the canister and buffer
material. In addition, an attempt was made to present a design
proposal for a GFM according to the Korean reference disposal
system. Therefore, this study, for the first time, suggests guidelines
for the design criteria for GFMs, such as injection volume and
swelling ability of granular bentonite, considering the basic prop-
erties of the bentonite that satisfy the conditions of Korean refer-
ence disposal system.
2. Materials and methods

2.1. Basic properties and chemical compositions

Granular bentonite was manufactured with a pellet production
apparatus. If bentonite powder is poured into the apparatus, it is
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squeezed out through the gap between the upper and lower two
rollers. In the case of bentonite powder, the swelling pressure is
very low due to the low density. Therefore, to fill the gaps well,
granular bentonite with a size of 1e2 mm having a higher dry
density than that of the bentonite powder was rolled into a very
small gap as well. In this study, a basic property and chemical
composition evaluation of granular bentonite produced by Clariant
Korea Co., Ltd., was conducted. Table 1 lists the basic properties of
granular bentonite and KJ-II bentonite powders, which were Ca-
type bentonite produced in Gyeongju, Korea [16]. Table 2 lists X-
ray diffraction analysis outcomes, and Table 3 lists the X-ray fluo-
rescence analysis results.

Granular bentonite was also classified as high-density clay (CH)
(similar to the classification of KJ-II as bentonite clay), and the
montmorillonite content was also derived similar to that of KJ-II.
However, in the case of granular bentonite, which is a Na-type
bentonite, the swelling index was derived to be more than three
times larger than that of KJ-II. Since GFMs must fill the gaps well, a
Na-type bentonitewith better swelling ability than that of KJ-II [22]
was used for the GFM material, which is the granular type for this
study. The organic carbon and sulfide contents of the buffer ma-
terial should be less than 0.5% [4]. It is known that organic carbon
below 0.5% does not affect considerably the physical and me-
chanical properties of the buffer material [23]. Organic carbon and
sulfur contents used in this test were derived using a Carbon/Sulfur
Analyzer (CS-800, ELTRA, City, State, Country). Each sample (about
30 mg) was burnt at a high temperature of approximately 2000 �C
to simultaneously analyze the total carbon and sulfur contents. The
analysis method based on high temperature combustion rapidly
oxidized almost all carbon contained in the sample. Thus, it is
considered the most reliable method among carbon analysis
methods [24]. The hydrochloric acid (HCl) was used to make the
sample acidified, and analysis was performed following the
removal of inorganic carbon from the sample [25]. No pretreatment
was applied for sulfur measurement. As a result of the analysis, the
organic carbon and sulfur content of granular bentonite and KJ-II
powder bentonite were both measured to be less than 0.5%,
respectively, it means that measured organic carbon and sulfur
contents did not affect the physical and mechanical properties of
the buffer material.

2.2. Thermal properties

To analyze the effect of the thermal properties of the GFM on the
temperature change of the buffer material, the thermal properties
such as thermal conductivity and specific heat capacity of granular
bentonites should be measured. As granular bentonite is a porous
material that will be installed in a free-fall form in the gap between
the rock and buffer material of the deposition hole, thermal con-
ductivity and specific heat were measured in the initial granular
and powder states, but not in the compressed state. First, the
thermal conductivity of granular bentonite was measured using a
single KD2-pro probe, an abnormal probe device. The single probe
method is amethod used tomeasure the thermal conductivity from
the increasing temperature trend of the metal wire as a function of
time, while concurrently applying a current to the very thin metal
wire based on the infinite linear heat source theory [26,27]. Addi-
tionally, the specific heat capacity was measured with the use of a
dual-probe method that calculated the volume specific heat using
the time and the temperature in the case in which the heat applied
to one probe then reached the other based on the infinite linear
heat source theory [28]. Fig. 2 shows the process of measuring the
thermal properties of granular bentonite with the use of a probe. In
particular, a fixture was used to fix the probe in the sample. Table 4
shows the thermal conductivity and specific heat capacity values of



Table 1
Basic properties of bentonite granules and KJ-II bentonite powders.

Specific
gravity

Liquid limit
(%)

Plastic limit
(%)

USCS Swelling index (ml/
2g)

Initial water content
(%)

Specific area (m2/
g)

Passing
2um
(%)

Organic
Carbon content
(%)

S content
(%)

KJ-II 2.71 146.7 28.4 CH 6.5 11e12 61.5 48.4 0.25 0.3
Granular

bentonite
2.7 130.6 33 CH 20.5 11e12 12.61 80.9 0.13 0.009

Table 2
Quantitative XRD analysis of bentonite granules and KJ-II bentonite powders.

Mineral composition (%) Montmorillonite Albite Quarts Cristobalite Calcite Heulandite Dolomite Biotite

KJ-II 61.9 20.9 5.3 4.1 7.4 3.0 e e

Granular bentonite 60.3 9.9 e 20.5 (Cristobalite/Opal) 2.7 5 (Heulandite/Clinoptilolite) 1.8 Trace

Table 3
Chemical composition of bentonite granules and KJ-II bentonite powders.

Chemical constituent (%) SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO MnO P2O5 Ig. Loss

KJ-II 58.81 15.17 5.28 5.72 2.70 1.27 1.06 0.67 0.13 e e

Granular bentonite 65.91 13.37 0.94 2.55 2.76 1.17 4.63 0.15 0.07 0.02 8.19

Fig. 2. Test procedure: (a) Digital images of test process, (b) schematic diagram of the test procedure.

Table 4
Thermal properties of bentonite granules and KJ-II bentonite powders.

Dry density (g/cm3) Thermal conductivity (W/(m$K)) Specific heat (kJ/(kg$K))

KJ-II 0.98 0.092e0.099 0.873e0.877
0.89 0.085 0.919

Granular bentonite 1.275
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KJ-II and granular bentonite for the wet density of ~1 g/cm3, which
could be formed by falling samples. The thermal conductivity of
granular bentonite was larger than that of KJ-II. For this reason, it is
inferred that granular bentonite contained cristobalite mineral
with a high thermal conductivity (which was five times more than
that of KJ-II), and the initial particle size of granular bentonite was
in the range of 1e2 mm, which is several tens of times larger than
that of KJ-II bentonite powder.
3. Numerical analysis

In this study, numerical analysis was performed to evaluate the
effect of the GFM properties on the temperature changes of the
4007
buffer materials in the engineered barrier. For numerical analysis,
the commercial program COMSOL Multiphysics (version 5.5,
manufacturer, City, State, Country) based on continuum analysis
and the finite element method was used. COMSOL Multiphysics is
capable of solving the governing equations according to various
analysis modules, using the most suitable configuration model, and
fully coupled analysis between each module. If necessary, the user
can directly compose equations [29]. In particular, the reliability of
the use of this program has been demonstrated by several research
studies which performed coupled analysis on HLW repositories
[5,14,30]. In this study, the heat transfer and laminar flow modules
of the program were used to evaluate the peak temperature of the
buffer material.
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3.1. Constitutive equations

In the analysis of the temperature changes of the buffer material
owing to the heat generated from the SNF, heat conduction was
considered in the components of the entire disposal system. In
particular, in the gap between the disposal canister and the buffer
material, heat transfer may occur owing to air conduction and
convection. Thus, in this study, the temperature change of the
buffer material was derived by considering the heat transfer
attributed to air conduction and convection in the gap at the same
time. The heat transfer governing equation of the heat transfer
module considered in the disposal system is as follows.

rCp
vT
vt

þ rCpu $VT þV $ ðlVTÞ¼Q (1)

where T is the temperature of the medium (K), t is the time (s), r is
the density of the medium (kg/m3), Cp is the specific heat of the
medium (J/(kg$K)), u is the velocity of the medium (m/s), l is the
thermal conductivity (W/(m$K)), and Q is the general heat source
(W/m3). Given that there was no medium velocity in the disposal
canister, and no buffer material, backfill material, and rock (with
the exception of the gap), only heat conduction (excluding the
convection term) was considered in Eq. (1). In the gap of the
engineered barrier, forced convection was not considered because
therewere no artificial boundaries and flow conditions for air. Thus,
only natural convection, which was caused by temperature differ-
ences and gravity, was considered. Laminar flow and turbulence
can occur in natural convection, and the flow pattern that de-
termines this depends on the Grashof number that represents the
ratio of the buoyant force to the viscous force acting on the fluid. In
this study, only laminar flow was considered because the Grashof
number for air flow in the gap was smaller than the standard value
for transition to turbulence equal to 109 [31]. Therefore, the flow
module in laminar flow conditions was used to consider convec-
tion, which corresponds to the heat transferred according to the
flow of air in the gap. The flow in a single gas can be considered by
the NaviereStokes law, and the governing equation of the laminar
low module is as follows:

r
vu
vt

þ rðu $VÞu¼V $ ð�pIþ tÞ þ rg (2)

where p is the pressure (Pa), t is the viscous stress tensor (Pa), and g
is the acceleration of gravity (m/s2). With respect to the velocity of
the medium, which is commonly formulated according to Eqs. (1)
and (2), air properties in the gap are combined, and heat transfer
during air convection is reflected in the analysis. In addition, in this
study, the behavior of incompressible fluids was considered, and
the Boussinesq approximation method was applied to the analysis
[17].
Fig. 3. Geometry of the gap spaces in the numerical model.
3.2. Methods and processes

In reality, heat is dissipated inside the canister, continuously
sent to the interface of the canister, and transferred to the buffer
through the air layer, so it is important to implement this process
[32]. Thus, in this numerical analysis, temperature was continu-
ously generated on the surface of the canister based on the heat
generation rate by HLW, and the amount of heat transferred to the
buffer material through the air from the interface between the
canister and air layer was studied. In this study, the Improved Korea
Atomic Energy Research Institute reference disposal system (KRSþ),
which was proposed to dispose of PWR SNF generated in Korea,
was considered as an analysis model [15]. Based on the concept of
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engineered multibarriers, a two-dimensional (2D), axially sym-
metric, finite element model was established. The installation
depth was assumed to be 500 m, and the disposal tunnel, disposal
canister, backfill material, buffer material, gap, and near-field rock,
which are components of the disposal system, were all considered
in the analysis model. The gap in the engineered barrier occurred in
two places: the interface between the disposal canister and the
buffer material and the interface between the buffer material and
the near-field rock. The analysis model is shown in Fig. 3.

High-level radioactive SNF is stored in a disposal canister after a
temporary storage period of approximately 50 years in a temporary
storage tank [15]. The decay heat generated in the disposal canister
after the temporary storage period has a tendency to gradually
decrease over time (owing to the material's half-life) and can be
expressed according to Eq. (3) [15].

Y ¼ y0 þ A1 � exp
�
� t � x0

t1

�
þ A2 � exp

�
� t � x0

t2

�
þ A3

� exp
�
� t � x0

t3

�

(3)

where Y is the amount of decay heat emitted from the disposal
canister (W), and t is the analysis period (year). x0, y0, A1, A2, A3, t1, t2,
and t3 are the constants from Lee et al. [15]. In the numerical
analysis model, decay heat as a function of time was set by
substituting Eq. (3) for the heat source generated in the disposal
canister.

In addition, in the analysis, the standard properties of the KRSþ

were used for the thermal properties of each component of the
disposal system, as shown in Table 5. For the thermal properties of
granular bentonites applied as GFMs, the values derived from
Section 2.2 were used, and for the properties of other elements, the
values from Lee et al. [15] and Kim et al. [33] were used. Analysis
was performed by setting the analysis period to 20 years to confirm
the peak temperature according to the operation of the disposal
system. In Eq. (3), as the heat generated from the SNF continuously
decreases with time, it can be considered as a sufficient analysis
period to confirm the peak temperature. To consider the accuracy
and efficiency of the analysis simultaneously, the mesh was formed
densely in the gap near the heat source and in the vicinity of the
buffer material, and the rock part far away from the heat sourcewas
formed loosely. The generated mesh consisted of 2D elements in
the shape of triangles, and a total number of 71,606 elements were
set. Regarding the boundary conditions applied for numerical
analysis, the left side was set as a 2D axisymmetric condition, and



Table 5
Input properties used in the numerical analysis.

Thermal conductivity (W/(m$k)) Density (kg/m3) Specific heat capacity (J/(kg$K))

Canistera Copper shell 386 8900 383
Cast insert 52 7200 504

Backfilla 0.8 1970 1380
Bufferb 1 1970 1380
Gap (Air) 0.025 1.293 1.01
Gap (granular bentonite) 0.158 1000 1275
Rock1 2 2270 1190

Note.
a Input parameters of the canister, the backfill, and the rock were from Ref. [16].
b Input parameter of the buffer was from Ref. [15].

Fig. 5. Temperature variation of buffer materials with and without GFMs.

Table 6
Dimension of EBS components and buffer properties considering a GFM.

Parameters Description

Specific gravity of block 2.71

S. Yoon, M.-J. Kim, S. Chang et al. Nuclear Engineering and Technology 54 (2022) 4005e4012
the other side was set as an adiabatic condition. As the initial
condition, the surface temperature was set to 10 �C, and a
geothermal gradient (3 �C/100 m) in which the temperature
increased as the depth increased was applied in the overall analysis
model. An adiabatic condition was set in common at the upper and
lower boundaries of the gap as the heat transfer boundary condi-
tion for natural convection analysis within the gap. Based on the
buffer material, there are interfaces between the canister and buffer
material and between the buffer material and the rock. Thus, the
average temperature of the disposal canister was set at the left
boundary of the gap between the disposal canister and buffer
material, and the average temperature of the buffer material was
set at the right boundary. The average temperature of the buffer
material was set at the left boundary of the gap between the buffer
material and the rock, and the average temperature of the rock was
set at the right boundary. In addition, in the laminar flow analysis,
flow due to gravity and density differences within the gap was
considered, and a condition in which no flow occurred at all in-
terfaces of the gap was set. The main monitoring point is the
interface between buffer material and canister shown in Fig. 3. In
other words, it is right boundary of the gap between the canister
and buffer material.

4. Results and discussions

4.1. GFM application results

Given that heat transfer owing to conduction and convection by
air can occur in the gap between the disposal canister and the buffer
material, in this study, the peak temperature of the buffer material
was derived by considering the heat transfer induced by the
Fig. 4. Temperature variation of buffer materials with and without a gap.
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conduction and convection of air in the gap simultaneously. First, to
analyze the importance of the gap, the peak temperature of the
buffer material was calculated with and without the gap (Fig. 4). The
space between the disposal canister and the buffer material was set
Deposition depth (m) 7.78
Diameter of hole (m) 1.75
Bentonite diameter (m) 1.65
Block pile height (m) 7.78
Bentonite volume (m3) 12.58
Canister volume (m3) 3.98
Deposition hole volume (m3) 18.71
Gap volume (m3) 2.16
Bulk density of bentonite blocks at emplacement (kg/m3) 2034
Total dry bentonite weight (kg) 22635.02

1) When the outer gap is empty
Dry density of buffer (kg/m3) 1536.63
Saturated water content of buffer (%) 28.18
Saturated density of the buffer (kg/m3) 1969.61
Time to fill gap volume with flow of 0.01 L/min (days) 149.67
Need to swell (%) 17.14

2) When filling the outer gap
Dry density of buffer (kg/m3) 1594.51
Saturated water content of buffer (%) 25.81
Saturated density of the buffer (kg/m3) 2006.13
Time to fill gap volume with flow of 0.01 L/min (days) 87.23
Need to swell (%) 9.99



S. Yoon, M.-J. Kim, S. Chang et al. Nuclear Engineering and Technology 54 (2022) 4005e4012
to 10 mm by applying the Finnish disposal system standard, and the
space between the buffer material and the rock was set to 50mm. As
shown in Fig. 4, when a gap exists containing only air, the peak
temperature of the buffer material is derived to be approximately
26% higher than it is when there is no gap. Thus, the existence of the
gap has a significant effect on the safety evaluation of the disposal
system. Therefore, the temperature change of the buffer material
was investigated when the outer gap was filled with GFMs, such as
granular bentonites, through this study. Fig. 5 shows the tempera-
ture change of the buffer material with and without GFMs in the
outer gap, and the maximum temperature of the buffer material
with a GFM was derived to be approximately 39% lower than that
when there was no GFM. This is thought to be because the thermal
conductivity of the GFM was approximately 6e7 times higher than
that of air. As shown, the GFM must be installed in the outer gap.
4.2. GFM design scheme

In this section, a design plan for a GFM that reflects the KRSþ

[34] based on the use of the physical properties of granular
bentonite derived above is suggested. As the KRSþ does not reflect
the gap space and gap filler, as shown in Table 6, in this study, a
design proposal for the GFM such as the gap filling time is pre-
sented to calculate the gap filling time according to the dry density,
water content, and groundwater inflow rate of the buffer material
in the presence and absence of a GFM. Depending on the charac-
teristics of the GFM, the target dry density of the buffer material
Table 7
Required properties of a GFM in the design of EBS components.

GFM and outer gap characteristics Description

Total density (kg/m3) 1000
Water content (%) 11
Specific gravity 2.7
Dry density of GFM (kg/m3) 900.90
Total volume of outer gap, Vt (m3) 2.08
Weight of GFM particles, Ws (kg) 1871.65
Volume of GFM particles,Vs (m3) 0.69
Volume of water in GFM, Vw (m3) 0.21
Volume of air in outer gap, Va (m3) 1.18

Fig. 6. Temperature variation of buffer ma
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may vary. Table 7 lists the characteristics of a GFM applied to the
design. In particular, when granular bentonite is selected as the
GFM, it may be necessary to fill only a small part of the gap with a
much smaller amount than that originally required for the entire
gap, considering the high-swelling property of granular bentonite.
When the KRSþ was applied, the volume occupied by the GFM
particles was 0.69 m3, the volume per mass was ~0.37 ml/g, and the
space in which the GFM particles can swell in the gap space was
calculated to be equal to 1.18m3. The swelling index of the GFMwas
derived to be ~20 ml/2 g, which is ~27 times the volume per gram
the particles occupy in the current gap. Therefore, considering the
swelling property of the GFM, if the GFM is installed such that 1/27
of the original amount at the time of initial construction is used, the
attained state will be similar to that without the GFM, and the
temperature of the buffer material will increase excessively. By
simplifying this, Fig. 6 shows the temperature change of the buffer
material when the gap is filled with GFM at the ratios of 1/3, 2/3,
and 3/3. It can be observed that the maximum temperature of the
buffer material was derived to be more than ~29% higher even
terials according to the GFM quantity.

Fig. 7. Temperature variation of buffer materials according to the GFM thermal
conductivity.
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when only 1/3 of the gap was filled with the GFM. Given that the
maximum temperature of the buffer material appeared to be
approximately 5e20 years after the disposal process, groundwater
inflow into the gap between the buffer material and the rock must
occur immediately (within 10 years) to meet the reference tem-
perature of the buffer material. If accurate prediction is possible, it
will become possible to identify an economical design that can save
on the amount of GFM, but the dry density of the buffer material
when the gap is almost emptywill decrease considerably compared
with the initial buffer material block. Thus, there is a disadvantage
associated with the matching of the target dry density in that it will
be necessary to manufacture a buffer material block with a large
dry density value from the beginning. Therefore, it is appropriate to
install a GFM with a high initial thermal conductivity, considering
the gap, to remove the uncertainty caused by the GFM and ensure a
safe design. Fig. 7 shows the change in the temperature of the
buffer material according to the initial thermal conductivity of the
GFM. It can also be observed that if the thermal conductivity of
granular bentonite applied in this study is improved by � 20%, the
peak temperature of the buffer material is lowered by ~2e3 �C.
Therefore, when GFMs are installed, the thermal conductivity of the
GFM can be increased if its wet density is increased through
compaction and a GFM with high initial water content is used.

5. Conclusions

In this study, the basic characteristics and thermal properties of
GFMs, which are located between the components of an engi-
neered barrier system for disposal of HLWs, were investigated. The
effect of the gap and GFM on the peak temperature of the buffer
material was numerically analyzed. The following conclusions were
obtained by presenting the basic design of the GFM to which the
KRSþ was applied.

� Through the numerical analysis considering heat conduction and
convection of the air in the gap based on the KRSþ, the peak
temperature of the buffer material was derived in the presence
and absence of a gap. In particular, the maximum temperature of
the buffer material when the gap existed as air was measured to
be ~26% higher than that not considering the gap. Thus, it can be
observed that the gap has significant effect on the maximum
temperature of the buffer material. In addition, when the gap
between the buffer material and the rock was filled with GFMs,
the maximum temperature of the buffer material was derived to
be ~39% lower thanwhen it was not filled. Based on this, it can be
shown that the GFM with high initial thermal conductivity must
be filled in the space between the buffer material and the rock.

� Considering the KRSþ, it can be shown that the target dry
density of the buffer material varied according to the initial
moist density, specific gravity, and water content of the GFM.
Considering the swelling characteristics of the GFM, the
required amount of a GFM can be reduced. However, because it
is difficult to predict accurately the time for groundwater inflow
and that for the buffer material needed to reach the maximum
temperature after the deposition holes are closed, it becomes
necessary to fill the entire gapwith GFMs. In the future, for more
accurate and safer disposal of HLWs, a more accurate GFM
design method should be suggested through thermo-hydraulic-
mechanical analysis depending on the presence of GFMs.
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