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Abstract

This report contains the temperature calculations of open KBS-3H type spent nuclear fuel
repository, where the fuel canisters are disposed at horizontal position in horizontal tunnels
according to the preliminary SKB (Swedish Nuclear Fuel and Waste Management Co) and
Posiva plan. The objective of the study is to simulate the operation phase atmospheric condi-
tions in open horizontal tunnels, where the KBS-3H type canister containers and distance blocks
are installed. The analyses concern BWR type canisters.

The analyses were made as heat conduction problem by taking into account radiation over gaps.
A perforated steel plate surrounds a canister and bentonite. Heat transfer through a perforated
plate and surrounding air gaps is a complicated three-dimensional heat transfer problem. To
simplify the analysis, the gaps around a container and a distance block were taken into account
by describing them by a homogenous layer having effective thermal properties.

Convection due to natural circulation of humid air in horizontal gaps between the container
and rock was not considered. Convection could reduce the temperature variation in the gap.

On the other hand, the perforated steel plate has good conductivity and transfers quite well heat
in horizontal gaps.

Since the actual temperatures of disposal canisters depend in a complicated way on considered
time and position, two extreme cases were studied to make the analyses easier. In the first
extreme case an infinite queue of canisters are disposed simultaneously. This case overesti-
mates temperatures, since the actual number of canisters is finite and they are not disposed
simultaneously. In other extreme case only the first single canister and the first distance block
are disposed. This case underestimates temperatures, since the actual number of canisters is
greater than one and the canisters heat each other in later phase. The analysis showed that
temperatures differ only a little from each other in the two extreme cases. Thus a complicated
analysis of several canisters could be avoided. The actual situation is between the two extreme
cases and closer to the first case.

According to the analysis the air temperature in the tunnel between the container and rock wall
rises to range of 40-50°C within 2-3 weeks after the start of disposal operation. Temperature
varies rather much axially in the gap between a container and the rock. In the middle of the
canister the average temperature in the gap is about 50°C, whereas in the middle of the distance
block the temperature is 24°C. Thus constant humidity conditions are difficult to achieve in the
gap between a container and the rock in horizontal direction.

This report is a result of a joint project between SKB and Posiva. This report is also printed as a
Posiva report, Posiva 2005-04.
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1 Introduction

The objective of this work is to evaluate the thermal behavior of KBS-3H type spent nuclear
fuel repository, where the canisters are disposed at horizontal position in horizontal tunnels.

In the base design the Olkiluoto repository is at the depth of 400 m. The analyses concern BWR
type canisters. Disposing rate in Posivas’s scheme is one canister per week. It takes 25 weeks to
dispose all the canisters to one tunnel having 25 canisters.

Figure 1-1 shows the principal dimensions of the horizontal disposal. The canister spacing
11 m is based on earlier analysis /Ikonen 2003b/ to restrict the canister surface to maximum
temperature of 90°C, when the canister decay heat is 1,700 W at disposal.

The diameter of the tunnel is 1,850 mm. The length of the BWR canister is 4,800 mm and

the diameter 1,050 mm. A canister is disposed in a container, which is covered by perforated
steel plate. The length of the container is 5,550 mm. The length of the distance block between
containers is 5,450 mm.

The analyses are performed by using axisymmetric heat conduction and radiation models.
Canisters do not locate fully coaxially in tunnels due to supporting system. However, for making
axisymmetric modeling possible, full axisymmetry is assumed.
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Figure 1-1. Principal dimensions of horizontal disposal hole, canister and container according to
POSIVA's plan.




2 Initial data

In the following the dimensions of the gaps, thermo-mechanical properties of materials and
emissivity of air gap surfaces are presented. The ambient rock temperature in the depth of
—400 m is assumed to be +11°C. Decay heat of the BWR fuel is assumed to be 1,700 W at the
disposal time and the decrease in time is taken into account as presented in /Ikonen 2003a/. The
power remains almost constant during rather short time extending to one year from the disposal
time.

2.1 Gap dimensions in horizontal disposal

Figure 2-1 shows the gaps around the canister and the container. All the gaps are conservatively
assumed to be air filled. A gap of 3 mm thickness is modeled to exist between the canister and
the bentonite buffer. Between the bentonite and the perforated container steel plate a gap of

4 mm thickness is assumed to exist and further between the container steel over pack and the
rock the gap thickness is assumed to be 42.5 mm. All these gaps are assumed to be annular.
Gaps of 1 mm are assumed axially between bentonite and end steel plates.
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Figure 2-1. Gap dimensions around canister surface and between buffer and rock.



2.2 Thermo-mechanical properties of materials

The conductivity of Olkiluoto rock and heat capacity are based on laboratory measurements
with core drilled samples /Kukkonen 2000/. The conductivity of the rock decreases slightly

as a function of temperature and at temperatures of 22°C, 60°C and 100°C the conductivity is
2.70+0.42, 2.61 and 2.49 W/m/K, respectively. When using low conductivity the temperature of
the canister will be conservatively overestimated. The constant average value of 2.61 W/m/K
(at 60°C) is used for all the Olkiluoto repository analysis in this report.

The heat capacity of the rock increases slightly as a function of temperature and at the tem-
peratures of 22°C, 60°C and 100°C the capacity is 737, 784 and 832+19 J/kg/K, respectively.
When using low capacity the temperature of the canister will be conservatively overestimated.
The value of 784 J/kg/K (at 60°C) is used throughout the analysis. With the rock density of
2,749 kg/m® the applied volumetric heat capacity of the rock material is 2.15 MJ/m? /K.

The conductivity of the perforated steel plate is assumed to be A, =47 W/m/K /Hékmark and
Falth 2003/.

The conductivity of bentonite buffer depends on saturation rate (Figure 2-2). In normal
atmospheric humidity conditions the bentonite conductivity is of about 0.75 W/m/K. In fully
dry conditions the conductivity is 0.3 W/m/K and in fully saturated conditions 1.3 W/m/K.
In repository condition the effective conductivity of bentonite is estimated to be 1.0 W/m/K.
This value 1.0 W/m/K is used throughout the analysis.

Figure 2-3 shows the conductivity of air and humid air (relative humidity 100%) as a function
of temperature. The curves are nearly same lower temperatures. The lower curve in Figure 2-3
is approximated by the polynomial

MT)=0.0243 + 9.0381:10° T - 4.7101-1077 T2 . (D
This fitting is used in the analyses. All the gaps are assumed to be filled by humid air.
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Figure 2-2. Conductivity of bentonite.
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Figure 2-3. Conductivity of air (continuous line) and humid air (dotted line) in atmospheric pressure.

2.3 Emissivity of air gap surfaces

The radiation heat flux ¢,,, between two parallel surfaces having temperatures of 7; and 75 is
calculated from

Braq = €10t o(TT = T3) )

where the total emissivity is calculated from approximate formula /Ryti 1973/

£l &
1o = ———=—F12—, 3
—+—-1 g+o-&
&1 &

where ¢, and ¢, are the emissivities of the surfaces. The Stefan-Bolzmann constant is
0= 5.6697-10° W/(m?K*).

The emissivity of copper surface depends strongly on the quality of the surface. Polished
surface has an emissivity of about 0.02, clean machined surface maybe 0.3, oxidised surface
0.6 /Technical handbook 1973/. If the emissivity of the copper is 0.6 and the emissivity of the
bentonite is 0.8, the total emissivity is 0.52. For the total emissivity a value of 0.5 for the gaps
around the canister is used throughout the analyses of this report.

For the emissivity of all other surfaces outside of canister copper surface a value 0.8 is applied.
This gives for the total emissivity &,, = 1/(1/0.8 + 1/0.8 — 1) = 0.67. This value is applied
between two adjacent surfaces formed of bentonite, perforated steel plate or rock.
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3 Calculation methodology

In the actual disposal the canisters do not locate fully coaxially in tunnels due to supporting
system. The gaps around the circumference between a container and a tunnel are thus not of
uniform width. However, for making axisymmetric modeling possible, the gaps are assumed to
be of uniform width around the entire circumference. The analyses are performed by axisym-
metric models by control volume method described in /Ikonen 2003a/.

Heat transfer across the air-filled gap will take place by conduction, radiation and convection.
The effect of convection is conservatively neglected, since the gaps are rather small and the
surfaces are rough and further, the perforated steel plate in horizontal gaps between a container
and the rock has good conductivity and transfers quite well heat in horizontal gaps.

3.1 Effective conductivity and capacity of perforated container
plate and surrounding gaps

The container is covered by a perforated steel plate of 8 mm. Holes of diameter 100 mm
(Figure 3-1) cover 62% both of the cylindrical surface and the end plates. The perforated plate
with surrounding humid air gaps is modeled by a single homogeneous layer having effective
conductivity and capacity.
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- DO

S

()
(O
(7

Figure 3-1. Perforated container plate with holes.
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3.1.1 Transverse effective conductivity

Heat transfer through a perforated plate and surrounding gaps is a complicated situation,
whose accurate solution would need three-dimensional analysis. To simplify the analysis, the
gaps around a container and a distance block are taken into account by describing them by a
homogenous layer having effective thermal properties.

In order to evaluate the contributions of conductive heat transfer in humid air in a gap and of
radiative heat transfer between the gap surfaces, the effect of the perforated steel plate in the
gap is first omitted. Three gap thicknesses of 4 + 8 + 42.5 mm = 54.5 mm (in the cylindrical
part of the container), 1 + 8 + 5+ 8 + 1 mm = 23 mm (in adjacent ends of two containers) and
5+ 8+ 1 mm = 14 mm (related to the end of the first disposed container against the rock, see
Chapter 5) are studied. The conduction heat flux ¢,;, in humid air and radiation heat flux ¢,.,
between two parallel surfaces having temperature differences AT are calculated from (omitting
interaction between conduction and radiation)

¢air = A(T)A_T
0 )
¢rad =4 g0 © T3AT .

For the conductivity of humid air the curve in Figure 2-3 is applied and for the total emissivity
a value &, = 1/(1/0.8 + 1/0.8 — 1) = 0.67 is used. Figure 3-2 shows the ratio of the heat fluxes
expressed by Equations (4). In case of wide gap the radiative heat flux is much greater than the
conductive heat flux in humid air. Thus it is important to take into account the direct radiation
through the holes in perforated steel plates.

In the following the perforated steel plate is taken into account and it is conservatively assumed
that the holes and gaps are air-filled. A single layer having effective conductivity and capacity
models the area. For determining the effective conductivity of perforated container plate and
coaxial annular air gaps it is assumed that through a hole heat is transferred by conduction in
air and by radiation between bentonite and rock surfaces (right upwards arrow in Figure 3-3).
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Figure 3-2. Heat flux ratio for different gap thicknesses.
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Figure 3-3. The modeling of effective conductivity of perforated container plate and surrounding
air-filled gaps.

In position of steel (left upwards arrow in Figure 3-3) it is assumed that equal heat flux goes
through the internal air gap, through steel thickness and through the external air gap. Heat flow
in full air-filled area and steel wall area are summed to determine the effective conductivity.
Temperatures 7, 15, 75 and 7, shown in Figure 3-3 are assumed to be constant in axial (horizon-
tal) direction.

For determining three unknowns 7>, 75 and 4,4 following equations are obtained (neglecting the
effect of curvature)

Aair%"’ Etot O'(Tl Tg) = Asteel I — T = Aair I T4 + Eror G(T§ - Tj)
1 2 3 (5)
T, - T T, —T T, - T. 4 4
Aeff—A—4 =038 1 2223 4 0.62 [Mair—L—4—+ & (T} - T3] .
eff hl n hz n h3 steel h2 [ atrh n /’lz n h3 tot ( 1 4)]

The thickness values are #; =4 mm, 4, = 8 mm and /4; = 42.5 mm. At 50°C the conductivity of
air is about 0.03 W/m/K and the conductivity of carbon steel is assumed to be 47 W/m/K. For
the emissivity of all surfaces a value 0.8 is applied.

This gives for the total emissivity &,, = 1/(1/0.8 + 1/0.8 — 1) = 0.67. It should be emphasized that
Equations (5) are not exact but approximate.

The upper curve with dots in Figure 3-4 calculated form Equations (5) shows the effective
conductivity 4. as a function of the average temperature (7, + 74)/2. The temperature difference
T, — T, has a very small effect on the curve.

The effective conductivity of the 54.5 mm layer of the cylindrical container plate and the
surrounding gaps is calculated from a fitting applied in the analysis (the upper dotted curve in
Figure 3-4, T in Celsius)

Aep =0.173+ 1.64-103 T+ 5.78 - 107072 . (6)

If the steel plate in the gap is omitted, the effective conductivity is calculated from Equations (1)

¢a ir ¢rad

T =2air()+4 Sy oT3 . (7

Aeff =

The two uppermost curves in Figure 3-4 demonstrate that the perforated steel plate decreases the
heat flux over the gap of 54.5 mm.
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Figure 3-4. Effective conductivity of perforated container plate and surrounding gaps.

Similar procedure is applied also in the perforated container end plate having total thickness of
23 mm (Figure 3-5). Between two adjacent container end plates a gap of 5 mm filled with air is
assumed. A single layer having effective conductivity and capacity models the area.

If the holes in the end plates are not at same positions, straight air channel is about half of the
62%, i.e. about 31% of the area is covered by air. The area covered by both steel plates is about
38%/2 = 19%. The rest of the area 100%—(31%+19%) = 50% = 25% + 25% is covered by one
steel plate.

For determining three unknowns 7>—75 and A, following equations are obtained requiring heat
flux continuity through different layers show by an arrow in Figure 3-5 (neglecting the effect of
curvature)

hirP= Dt 00 = 1) = Ao B = 20 BTy 0 - 1)
1 2 3

= AsteelT4 —T5 = ZairTS — T4 + ftotO'(Tg‘ = Tg)
T s

h—Ts =0.19 Ay 2213 10,25 [gi—D—T2__
ﬁh] +hy+hy+hg+hs ’ sieel hy ’ [/'lmrh] +hy+h3

e . T, - T
+0.25 [Agiy—2—26 4 T4 = TH]+0.31 [Auir
[Aal h3+h4+h5 ot 0'( 3 6)] [Aal h1+h2+h3+h4+h5

®)

+&010(TF = T})]
+ & 0(TF —Tg)] .

It should be emphasized that these equations are approximate. The lower curve with dots in
Figure 3-4 (calculated from Equations (8)) shows the effective transverse conductivity of the
end plate layer with total thickness of 23 mm. A fitting applied in the analysis is

Zef =0.094 +9.14 - 1074 T. )
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Figure 3-5. The modelling of effective conductivity of perforated container plate and surrounding
air-filled gaps.

3.1.2 In-plane effective conductivity

Most of the heat is transferred by steel ligaments in the direction of the perforated steel plate
(Figure 3-1). Part of the heat is transferred by radiation over holes, but this is significantly

less than by conduction in steel, whose conductivity is high (... = 47 W/m/K). The effective
in-plane conductivity is calculated as ;= (12.5 mm/112.5 mm)-47 W/m/K = 5.2 W/m/K. In
the cylindrical gap the air gaps decreases this value further to 4= (8 mm/54.5 mm)-5.2 W/m/K
=0.77 W/m/K. In the axial gap the effective conductivity is 4= (8 mm + 8§ mm)/23 mm-5.2
W/m/K = 3.6 W/m/K. These effective in-plane values are assumed to be isotopic, though
actually the conductivity of the perforated plate (Figure 3-1) depends to some extent on the
direction.
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3.1.3 Effective capacity

The effective volumetric heat capacity is determined by weighting the volumetric capacities of
humid air 1,140 J/m*/K at 40°C and of steel 3.1 MJ/m*/K. In the cylindrical container plate the
volumetric fractions of humid air and steel are (4+0.62-8+42.5)/54.5 =0.944 and 1 — 0.944 =
0.046 giving for the effective volumetric heat capacity a value of 0.174 MJ/m?*/K, which is used
in the analysis. In the end plate the volumetric fractions are (1+0.62-8+5+0.62-8+1)/23 = (0.735
and 0.264 giving for the effective volumetric heat capacity a value of 0.820 MJ/m?*/K, which is
used in the analysis.

3.1.4 Zero gap

In the end lid of the canister a gap of 1 mm is assumed. For calculational reasons (for avoiding
thin grid layers) the gap thickness is assumed to be zero. For the heat flux it may be written

0=e0 o (TF —TH)+ ‘“; )
(10)

— a1+ dair 1 - 1),
gtozo-(s(Tl + T2) (Tl + T2)

where T and 7, are the surface temperatures and 0 is the actual gap thickness. For the total
emissivity a value of ¢,, = 0.5 is used. Figure 3-6 shows the correction coefficient, which
becomes rather high.
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Figure 3-6. Correction coefficient in Formula (10), when air gap is 1 mm is assumed to have zero
thickness in numerical analysis.
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4  Analysis of an infinite queue of canisters

Since the actual temperatures of disposal canisters depend in a complicated way on considered
time and position, two extreme cases are studied. In the first extreme case an infinite queue of
canisters are disposed simultaneously. This case overestimates temperatures, since the number
of canisters is finite and they are not disposed simultaneously. In the other extreme case only
the first single canister and the first distance block are disposed. This case underestimates
temperatures, since the actual number of canisters is greater than one and the canisters heat each
other. It will turn out later in Chapter 5.2 that in these extreme cases temperatures differ only

a little from each other. Thus a complicated analysis of several canisters can be avoided. The
actual situation is between these extreme cases and closer to the first case.

The canister was assumed to be homogeneous with uniform power generation over its volume
and its content was not modeled in detail, since the copper shell has very high thermal conduc-
tivity (390 W/m/K) causing nearly uniform temperature distribution on the external surface of
the canister.

The volumetric heat capacities of the copper, the cast iron and the Uranium oxide are about

3.4 MJ/m¥/K, 4.1 MJ/m*/K and 2.8 MJ/m*/K, respectively. Since there are also voids inside the
canister, the average volumetric heat capacity is lower. The average value of 2.4 MJ/m*/K, taken
from /Agelskog and Jansson 1999/, was used in the analyses.

Table 4-1 presents data for the numerical analysis. The radiation is taken into account in the
inner canister/buffer air gap in the cylindrical part and on the lids. The outer gap is modeled by
a single layer having effective conductivity and capacity as described in Chapter 3.1.

Table 4-1. Initial data for the analysis of infinite queue of canisters with an air gap between
the canister and buffer and with a gap between the buffer and the rock in cylindrical part.
BWR fuel and Olkiluoto site properties.

Canister spacing 11 m
Decay heat when disposed 1,700 W
Ambient rock temperature 11.0 °C
Canister initial temperature 46.0 °C
Canister length 480 m
Canister conductivity 390 W/m/K
Canister volumetric heat capacity 2.4 MJ/m3K
Canister radius 0.525 m
Container length 555 m
Tunnel radius 0.925 m

Rock conductivity at 60°C 261 W/m/K
Rock volumetric heat capacity 215 MJ/mIK
Bentonite (buffer) conductivity 1.0 W/m/K
Bentonite initial temperature 20.0 °C
Width of air gap on canister surface 3 mm
Width of outer gap area 54.5 mm
Bentonite volumetric capacity 22 MJm¥K
Total emissivity over internal air gap 05 -
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4.1 Modeling dimensions of infinite canister queue

Figure 4-1 shows the infinite canister queue model for numerical analysis.

Figure 4-2 shows the geometry of the modeled area for the numerical analysis. It illustrates also
material types. Figure 4-3 shows the initial temperature distribution. In the numerical model

the left and right vertical boundaries are assumed to be adiabatic describing an infinite queue of
canisters. In the model there are 4,378 control volumes. The time step in fully implicit numerical
scheme is 100 s, when time is less than 100 days and 1,000 s, when time is more than 100 days.

| 54.5 mm gap

—=— | mm gap 3 mm gap

+24
+2.766
+2.789

+55

Figure 4-1. Infinite canister queue model. Dimensions for the model, where right and left vertical
planes are thermally insulated/adiabatic corresponding infinite queue of canisters.

Figure 4-2. Grid and material types (canister red, bentonite orange and rock blue). Infinite canister
queue model.
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Figure 4-3. Initial temperature distribution. Infinite canister queue model.

Figure 4-4 shows the temperature distribution after 7 and 14 days. The outer radius 10 m of the
model was great enough to avoid heat pulse reflection from the edges.
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Figure 4-4. Temperature distributions after 7 and 14 days. Infinite canister queue model.
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According to Figure 4-5 the temperature after 7 days in the middle of the canister on the outer
surface of the bentonite is 30°C and on the rock surface 20°C. The temperature difference

over the gap is 10°C. In the middle of the gap the temperature is about 25°C. The temperature
difference over the outer gap decreases from the middle to the left or to the right, since the heat
flux decreases. In the middle of the distance block the temperature difference over the gap is
only about 2°C. The temperature of the canister surface increases from the initial value of 46°C
to 58°C during 7 days.

Figure 4-6 shows the evolution of temperatures in the middle of a canister. Figure 4-7 shows
the evolution of temperatures in middle of a distance block, where the temperature changes are
small during 7 days. Figures 4-8 and 4-9 show the curves during first 30 days.

80
Temperature [C]
After 7 days
70 —
60 — On canister surface
50 —
40 —
On outer surface of bentonite
30 — Initial bentonite v -
temperature 20 C
$ On rock surface

" -——-vmv“‘/ - \N*—!m

| w/«'mitial rock temperature 11 Cﬁ’\-‘_w_—
10 —

| Bentonite Canister Bentonite

0 \ \ \ \ \ \ \ \ \ \
-5.5 -4.5 -3.5 -2.5 -1.5 -0.5 0.5 1.5 25 3.5 45 55

Horizontal co-ordinate [m]

Figure 4-5. Horizontal temperature profiles and on canister surface after 7 days (infinite queue of
canisters).
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Figure 4-6. Temperature evolution during 7 days in middle of canister (infinite queue of canisters).
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Figure 4-7. Temperature evolution during 7 days in middle of distance block (infinite queue of
canisters).
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Figure 4-8. Temperature profile in external gap and on canister surface after 30 days (infinite queue of
canisters).
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Figure 4-9. Temperature evolution during 30 days in middle of canister (infinite queue of canisters).
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Figure 4-10 shows the temperature profile after 365 days. Temperature varies rather much in
the gap against the rock. In the middle of the canister the temperature on the rock surface is
41°C and on the outer bentonite surface 55°C, whereas in the middle of the distance block the
temperature is 24°C. There is a small temperature difference over the outer gap in the distance
block since there is now more heat flux over the gap.

Uniform humidity conditions are difficult to achieve in the gap in longitudinal direction.
Convection due to natural circulation of humid air in horizontal gaps between a container and
the rock was not considered. Convection could reduce the temperature variation in the gap. On
the other hand, the perforated steel plate has good conductivity and transfers quite well heat in
horizontal gaps. Convection depends on the slope of the tunnel. Heat conveying capacity of air
is very small. The actual slope of 1° of the tunnel is rather small. If there is no slope, horizontal
circulation is small. In case of very good convection in the gap, the temperature would be con-
stant in the horizontal gap. The average temperature of 36.8° in the middle of the gap is drawn
in Figure 4-10.

Figure 4-11 shows temperature evolution during 365 days in the middle of the canister. The
temperature difference between the rock and the outer surface of the bentonite is rather constant
and of about 10s°C.

Figure 4-12 shows temperature distributions after 30 and 365 days. In the former case the
outer radius of the model was 10 m and in the latter case grater and 20 m to avoid heat pulse
reflection from the edges.
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Figure 4-10. Temperature profile in external gap and on canister surface after 365 days (infinite queue
of canisters).
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Figure 4-11. Temperature evolution during 365 days in middle of canister (infinite queue of canisters).
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Figure 4-12. Temperature distribution after 30 and 365 days (infinite queue of canisters).
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5  Analysis of first canister and first
distance block

As mentioned earlier, the other extreme case is that the first single canister and the first distance
block are only disposed. This case underestimates temperatures, since the actual number of
canisters is greater than one and the canisters heat each other.

5.1 Modeling dimensions of first single canister and first
distance block in open tunnel

Figure 5-1 shows the model of the first single canister and the first distance block for numerical
analysis.

Figure 5-2 shows the effective conductivity 4. as a function of the temperature in the end plate
against the rock. If the steel plate in the gap is omitted, the effective conductivity calculated
from Equation (7) gives nearly equal conductivity (continuous line in Figure 5-2).

The effective conductivity of the 14 mm layer of the end plate against the rock and the sur-
rounding gaps is calculated from a fitting applied (the dotted curve in Figure 5-2)

Ao =0.073 +6.39 - 1074 T. (1)

The effective in-plane conductivity is calculated as 4,;= (8§ mm/14 mm)-5.2 W/m/K = 2.97
W/m/K.

The 9 mm layer of perforated steel 8 mm and the surrounding 1 mm air gap to the open tunnel
(Figure 5-1) is assumed to have same thermal properties as bentonite. The error caused by this
assumption is not significant, since temperatures are low on this area. Heat transfer coefficient
on the surfaces in the open tunnel was assumed to be 2.0 W/m?°C. Heat transfer by radiation is
also taken into account. The temperature in the open tunnel is assumed to be 11°C. For the emis-
sivity of the surfaces a value of ¢ = 0.8 was applied leading to total emissivity of &,, = 0.667.

5500
54.5 mm gap
——|=— 54+8+1=14 mm|
" ——
| v
el o |-
S e e X _s Heatradiation
S = Ig) >»l-— | mm gap 3 mm gap - - == to open tunnel
(e] ——
14+8+5+8+1=23 mm
14+8=9 mm
+2.4
' +2.766 ' + 8211
f
22
- 2,780 +2.789 - 8.220
_ 10 + 10
—————

Figure 5-1. Dimensions for the analyzing model of first single canister and first distance block.

27



0.5

Effective conductivity [W/m/K]

0.4 —

Lid layer of 5+8+1 = 14 mm
(with dots, applied curve)

e

f

Omitting steel plate
(continuous line)

0 \ \ \ \ \ \ \ \ \
0 10 20 30 40 50 60 70 80 90 100

Temperature [C]

Figure 5-2. Effective conductivity of perforated container plate and surrounding gaps.

In the 14 mm layer against the end of the tunnel the volumetric fractions of humid air and steel
are (5+0.62-8+1)/14 = 0.78 and 0.22 giving for the effective volumetric heat capacity a value of
0.67 MJ/m?*/K, which is used in the analysis.

Figure 5-3 shows the geometry and material types of the modeled area for the numerical analy-
sis. Figure 5-4 shows the initial temperature distribution.

Figure 5-3. Grid and material types (canister red, bentonite orange, rock blue and green open tunnel).
First single canister and first distance block.
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Figure 5-4. Initial temperature distribution. First single canister and first distance block.

Figure 5-5 shows temperature distributions after 7 and 14 days. In these cases the outer radius of
the model was 10 m, whereas in case of 365 days (Figure 5-6) the outer radius was 20 m.

According to Figure 5-7 temperature distributions are rather symmetric in spite of asymmetric
conditions on the left and right of the model.
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Figure 5-5. Temperature distributions after 7 and 14 days with constant initial temperature 11°C. First
single canister and first distance block.
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Figure 5-6. Temperature distribution after 365 days. First single canister and first distance block.
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Figure 5-7. Temperature profile in external gap and on canister surface after 365 days (first single
canister and first distance block).
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5.2 Comparison between infinite canister queue and first
single canister and first distance block

In the following two extreme cases are compared, where in the first case all the canisters are dis-
posed simultaneously in an infinite queue and in the second case only the first single canister is
disposed in the end of the tunnel. Figure 5-8 shows that in the external gap area the curves start
to deviate from each other after tens of days in these extreme cases. Also later the differences
are rather small. The actual situation in an individual canister, being much more complicated, is
between these extreme cases and closer to the first case. It is not necessary to perform compli-
cated analyses of several canisters, since the extreme cases are so close to each other’s.

Figure 5-8 demonstrates that in practice the interaction of the canisters can be neglected for
several months after disposal.

Figure 5-9 shows the evolution of temperatures in the middle of the distance block. Here the
temperature differences between two extreme cases are much more greater than in the middle
of a canister (Figure 5-8).
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Figure 5-8. Temperature evolution during 365 days in middle of canister. Upper curves are related to
infinite canister queue and lower curves to single canister.
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Figure 5-9. Temperature evolution during 365 days in middle of distance block.
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6 Concluding remarks

The objective of the study was to simulate the operation phase atmospheric conditions in open
horizontal tunnels, where the KBS-3H type canister containers and distance blocks are disposed.
The analyses concerned BWR type canisters.

The analyses were made as heat conduction problem by taking into account radiation over gaps.
A perforated steel plate surrounds a canister and bentonite. Heat transfer through a perforated
plate and surrounding air gaps is a complicated three-dimensional heat transfer problem. To
simplify the analysis, the gaps around a container and a distance block were taken into account
by describing them by a homogenous layer having effective thermal properties.

Convection due to natural circulation of humid air in horizontal gaps between the container
and rock was not considered. Convection could reduce the temperature variation in the gap.

On the other hand, the perforated steel plate has good conductivity and transfers quite well heat
in horizontal gaps.

Since the actual temperatures of disposal canisters depend in a complicated way on considered
time and position, two extreme cases were studied to make the analyses easier. In the first
extreme case an infinite queue of canisters are disposed simultaneously. This case overestimates
temperatures, since the number of canisters is finite and they are not disposed simultaneously.
In other extreme case only the single first canister and the first distance block are disposed. This
case underestimates temperatures, since the actual number of canisters is greater than one and
the canisters heat each other in later phase. The analysis showed that temperatures differ only a
little from each other in the two extreme cases. Thus a complicated analysis of several canisters
could be avoided. The actual situation is between the extreme cases and closer to the first case.

According to analysis the air temperature in the tunnel between the container and rock rises to
range of 40-50°C within 2—3 weeks after the start of disposal operation. Temperature varies
rather much axially in the gap between a container and the rock. In the middle of the canister
the average temperature in the gap is about 50°C, whereas in the middle of the distance block
the temperature is 24°C. Thus constant humidity conditions are difficult to achieve in the gap
between a container and the rock.
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