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Abstract: The paper deals with smulation of
rock heating experiment in underground,
testing the rock properties for geothermal
application. The modeled process is unsteady
heat conduction in 3D. We made severd
parametric  studies to find the possible
temperature range with uncertainty in some of
the parameters - in partticular an interval
aound the Ilaboratory measured heat
conductivity and capacity and heat transfer
coefficient of the rock surface, including a
consideration whether to use an isolation layer
on thetunnel face. Line profiles are selected to
visualize the rate of temperature drop in
various directions to efficiently choose sensor
positionsin the future experiment.
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1. Introduction

The presented work is motivated by
preparation of rock heating experiment in
underground, for testing the rock properties for
geothermal application, energy storage, or
spent nuclear fuel disposal [1,2]. The
experiment will be placed at the Underground
Educational Facility Josef in Central Bohemia
(Czech Republic) [3] and adapts the concept of
former experiments like [4,5] to loca
conditions and particular application.

1.1 Experiment

The experiment is of meter scale, with the
heater ingaled in a large horizontal borehole
placed at the tunnd heading. The borehole
consists of two parts. the first 2m is filled with
isolation material; the remaining 0.5m contains
the heater and the geo—polymer filling. There
are two possibilities, how to proceed the
heater's behavior: either the heater produces
constant power in time (e.g. direct eectric
heating), or we regulate its power in order to
have constant temperature (heated water pipe).

According to the experiment concept, the
numerical model was designed to estimate the
dimensioning of the experiment and describe
the effect of using the isolation layer on the
tunnel heading.

1.2 Modd geometry

In the model, some simplification of the
reality was made. We consider, that the tunnel
has a strictly symmetrical shape (Fig. 1). The
model domain is a cube with 20 long side,
without the 10m long part of the tunne (empty
space, Fig. 2). The dimensions are considered
to exceed the rock volume influenced by the
experiment, which is later confirmed by the
simulation results.

All dimensions of the model geometry are
parameterized, and can be changed (stated
dimensions were used according to the final
ingtructions from the managers of the
experiment).

2
isolated part {
of the borehole

1 Fi
heating part

/I' s “tunnel sides
of the borehole ™

B o tunnel heading

1
J‘ ! !
e 4

Figure 1. Detail of thetunnel with the borehole.
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Figure 2. Geometry of the whole modeled domain.
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2. Physical description

The modeled process is the unsteady heat
conduction in solid. At the boundaries of the
tunnel, we suppose the convective cooling. At
the boundaries of the whole cubic domain, we
suppose to be no influence of the heating
process (constant rock temperature).

2.1 Governing eguations

The unsteady heat transfer is described by the
governing equation

T

ot
where T is the temperature, Cp is the heat
capacity under the constant pressure, Kk is the
therma conductivity, t isthetime and Q is the
heat source.
Boundary conditions are

T=Ty on dQp

where Qp isthe external boundary of the cubic
domain. For the tunnd sides, we prescribe the
heat transfer

n-(KNVT)=h(T)=T) on 92,

where Q, is a part of the tunnd boundary and
hy is the corresponding heat transfer coefficient
(x="head" for the tunnel heading, x = “sides’
for the bottom and sides of the tunndl), n is
normal vector of the boundary, Ty is prescribed
temperature of the granite massif, T; is
prescribed air temperature inside the tunnd.
We digtinguish the heat transfer at the tunnel
heading (where an isolation layer can be used)
and at the remaining sides of the tunnel (where
the heat transfer is influenced only by
ventilation).

=V -(kVT )+ Q
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3. Numerical solution
3.1 COMSOL modules

We used the Heat Transfer module, namely
heat transfer in solids (hts) for three different
parts of the geometry with different material
properties:

§ htsin granite massif,
§ htsinisolated part of the borehole,
§ htsin the heating part of the borehole,

with convective cooling for two parts of the
tunnel boundaries:

8§ convective cooling on the head of the
tunndl with heat transfer coefficient hneag,

§ convective cooling on the remaining sides
of the tunnd with heat transfer coefficient

hs' des-

Material properties are used as parameters,
and for particular solved tasks (see Table 1) we
use Parametric Sweeps.

3.2 Solved tasks

We assume several values for boundary
and initia conditions, which remain the same
for all solved tasks:

§initia temperature in the whole domain:
283K,

§ constant temperature To = T; on the domain
boundaries and inside the tunndl: 283K ,

§ heating part of the borehole is smply
represented by an iron-like material with
the perfect heat conductivity
(50000 W/m.K),

§ in the centre of the heating part, there is the
point heat source with power of 1000W
(the power was chosen experimentally such
that the maximum temperature reached the
desired value 90 °C),

8§ isolated part of the borehole is represented
by the concrete-like materia with small
heat conductivity (0.9 W/m.K).

We do not know exactly the thermal
properties of the really used geo-polymer in
the heating part of the borehole, so we use its
simplified representation, described above.

The main input uncertainties of the model
are the influences of the tunnd ventilation and
the heat transfer through the isolation on the
tunnel heading. We have solved several tasks
for different values of the heat transfer
coefficients and also for different values of
heat conductivity of granite around the
laboratory measured value. The parameters
used for four different tasks are listed in the
Table 1.

These studies were solved as stationary.
Then, for selected materia parameters (from
task IV with k = 2.6 W/m.K), we solve the
time dependent problem with an exponentially
increasing time step as the reference case to
illugrate the progress of the heating
experiment.

hhead hsid&s K
Task| wimk] | [WimiK] | [W/mK]
| 01 | 2 20,200 26
I 05 | 220,200 26
Il | 2,20,200 | 2,20, 200 26
V| 05 20 | 234,26 286

Table 1. Input material parameters for solved tasks.
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Figure 3. Line profiles and control points used to
visualize the results.

4. Results
4.1 Visualization of theresults

In the post-processing stage, line profiles
(Fig. 3) are presented to andyze the rate of
temperature drop in various directions to
efficiently choose sensor positionsin the future
experiment. Colors of the lines on Fig.3
correspond to the colors used in the graph in
the Appendix.

For the visualization of time dependent
problem we use the control points set, which
represents the way how the real temperature
measurement will be executed.

The results are shown in graphs in the
Appendix. For tasks I-IlI, the three subtasks
are always plotted together. The line with the
maximum temperature belongs to the smallest
used heat transfer coefficient; line with the
minimum temperature belongs to the largest
used hesat transfer coefficient.

4.2 Sendtivity of the maximum temperature to
the heat conductivity of therock massif

The maximum temperature depends mainly
on the thermal conductivity of the rock massif
(Fig. 7, 13) and it isonly dlightly influenced by
the heat transfer a the tunnd heading
(isolation layer) or tunndl sides. Decrease of
parameter k by value 0.26 W/m.K (Task 1V)
results in the growth of maximum temperature
by value 8°C. Increase of the parameter hneyq
causes the maximum temperature drop by
value about 1°C and it is almost uninfluenced
by the change of the parameter hg ges.

4.3 Influence of the heat transfer to the
temperature at thetunne surface

The influence of the heat transfer to the
temperature of the tunnel heading surface is
bigger than to the maximum temperature. It is
mostly evident from the left bottom part of the
graph in Fig. 6 (Task Ill). Ten times smaller
parameter hpey (Stronger isolation) results in
the temperature growth at the surface by about
6-7°C.

The hesat transfer a so influences the course
of the temperature along the tunnel side and its
change from the tunnel surface inside the rock
massif (Fig. 8, 9, 10). If we do not use the
ventilation (the parameter hgges is small), there
isvisible growth of the temperature (1-2°C) at
the tunnel side even in a large disance from
the tunnel heading. The isolation of the tunnel
heading influences the <hape of the
temperature course near the tunnel heading.
For the small parameter h,eq (Strong isolation),
the temperature grows very sowly along the
line profile 3, until it reached the tunnd
heading; then it starts to grow rapidly. For the
large parameter hpeg (Weak isolation), the
temperature grows regularly (compare the
middle line in Fig. 8, 11, which is for hpeg =
0.1 and hgges = 20, with the middie linein Fig.
9, 12, which isfor hygg = 20 and hgges = 20).

The influence of the isolation layer (for
hreas = 0.1) to the shape of the temperature
field isdisplayed in the Fig. 16.

4.4 Time progress of the temperature at the
control points

The time progress of the temperature in
ungeady heating process is shown in the
Fig. 15. The early stage of the heating process,
is shown in the Fig.14, from which the
sequential response of the temperature values
at the control points (marked in Fig. 3) is
visible. While the first response is very quick
(few hours), the time to approach the steady
state is several months.

5. Conclusion

The results show, that the depth of the
borehole and heater shape are well selected —
quite low heat loss into the tunnel which is
visible from dightly asymmetric temperature
contours and moderate sensitivity to the heat
transfer (convection).

With the expected uncertainty in
parameters (heat conductivity and convective
cooling heat transfer) it is possible to plan the
experiment to fit the maximum temperature
within the 10°C wide interval.
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Figure 4. Temperaturesin profile set 1, task I.
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Figure 6. Temperaturesin profile set 1, task I11.
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Figure 5. Temperaturesin profile set 1, task 1.
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Figure 7. Temperaturesin profile set 1, task IV.
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Figure 8. Temperaturesin profile set 3, task I.
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Figure 9. Temperaturesin profile set 3, task I11.
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Figure 10. Temperaturesin profile set 3, task IV.
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Figure 11. Temperaturesin profile set 2, task I.
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Figure 12. Temperaturesin profile set 2, task I11.
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Figure 13. Temperaturesin profile set 2, task IV.
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Figure 14. Temperature progress a the control
points — early stage (with y-coordinates [m] 0.35,
0.45, 0.55, 0.65, 0.75, 1).

Figure 16. Temperature field, detailed xy-dice
through the middie of the heater (temperatures
greater then 292K arenot distinguished).
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Figure 18. Temperature field, detailed yz-dice
near the tunnd heading (temperatures greater
then 291K are not distinguished).
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Figure 15. Temperature progress at the control
points (with y-coordinates [m] 0.35, 0.45, 0.55,
0.65,0.75,1, 15,2, 25, 3, 5).

Figure 17. Temperature field, xy-dice through
the middle of the heater (Task |, h=20W/m*.K).
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Figure 19. Temperature field, yz-dice near the
tunnel heading (Task I, hgges= 20 W/n?’.K).
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