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Model Development for Thermal-Hydrology Simulations of a Full-

Scale Heater Experiment in Opalinus Clay

ABSTRACT

Disposal of commercial spent nuclear fuel in a geologic repository is studied. In-

situ heater experiments in underground research laboratories provide realistic 

representation of sub-surface behavior under disposal conditions. This study 

describes process model development and modeling analysis for a full-scale 

heater experiment in opalinus clay host rock. Results of thermal-hydrology 

simulation, solving coupled non-isothermal multiphase flow, and comparison 

with experimental data are presented. Modeling results closely match 

experimental data.

Keywords: nuclear waste disposal; opalinus clay; thermal-hydrology; in-situ 

heater experiments

I. INTRODUCTION

Disposal of commercial spent nuclear fuel in a geologic repository requires 

analysis of thermal design and overall barrier capability. In-situ heater experiments in 

underground research laboratories provide realistic representation of sub-surface 

processes under disposal conditions. One example of such studies is the Full-scale 

Engineered Barriers Experiments (FEBEX)1,2,3,4 in crystalline host rock. The FEBEX 

study was conducted over 18 years at the Grimsel, Switzerland Underground Research 

Laboratory (URL) managed by NAGRA. The present work builds on the experience of 

modeling work conducted on the FEBEX study. The Engineered Barrier System (EBS) 

Experiment at Horonobe URL is also in crystalline host rock. The Horonobe EBS 

experiment is a full-scale in-situ heating experiment, that comprises of the waste 

package and overpack, bentonite buffer, a mixed bentonite-soil backfill, and a low-

alkaline cement plug5. Over one hundred sensors were placed in the buffer, backfill and 

the surrounding rock mass during the installation of the experiment to monitor coupled 
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Thermal-Hydrologic-Mechanical-Chemical processes, including temperature, total 

pressure and pore pressure, water content, resistivity, displacement, and strain. Another 

example is the Brine Availability Test in Salt (BATS), an underground heating test at 

the Waste Isolation Pilot Plant (WIPP) in Southern-Eastern New Mexico. The BATS 

experiments are a set of small-scale borehole experiments designed to explore the 

importance of brine availability in the presence of elevated temperature during disposal 

of heat-generating waste in bedded salt6.

This manuscript describes part of the model development and modeling analysis 

for the full-scale emplacement experiment at the Mont Terri Underground Rock 

Laboratory, Switzerland, as part of the DECOVALEX-2023, Task C study. 

DECOVALEX is an international cooperative project for the development and 

validation of simulation models intended to advance the understanding of flow and 

transport coupled processes in the rock formations near underground nuclear waste 

repositories. The emplacement experiment utilized in Task C was designed in part to 

investigate thermal-hydrological-mechanical (THM) processes resulting from 

emplacement of spent fuel and high-level nuclear waste in a geological repository in 

opalinus clay host rock7. The experiment involves heating of an in-situ tunnel 

surrounded by opalinus clay host rock. The tunnel contains three heaters placed on 

pedestals made of bentonite blocks and the rest of the tunnel is filled with a granular 

bentonite mixture (Figure 1). A cross-section through the center of the middle heater in 

the heater experiment is shown in Figure 2. Note that the opalinus clay is bedded and 

has anisotropic properties in directions parallel and perpendicular to the bedding. The 

bedding dips at 34˚ from the horizontal, as shown in Figure 2. Task C specifications 

state tunnel diameter of 2.48 m, heater diameter of 1.05 m and pedestal width at base of 

0.8 m.
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The aim of DECOVALEX-2023, Task C is to build numerical models to study the 

various processes such as bentonite thermal conditions and pore pressure changes in the 

opalinus clay as a result of heating, using experimental data. The processes include vapor 

transport in the partially saturated bentonite and re-saturation. The work presented in this 

study focuses on coupled thermal-hydrology (TH) simulations, with no mechanical 

component. Simulations of TH processes using the numerical code PFLOTRAN8 are 

presented.

Figure 1. Schematic diagram of the experimental tunnel (DECOVALEX 2023, Task C).

Figure 2. Cross-section of the FE tunnel at a heater location (DECOVALEX 2023, Task 
C).
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II. MODEL SETUP

For TH modeling a three-dimensional geometry of 50 m x 50 m x 50 m was 

chosen, which generally avoids boundary effects. The heaters are centered within the 

tunnel. The mesh has 1,038,463 grid blocks (Figure 3). Representation of the 

experimental tunnel along the tunnel axis is given in Figure 4. Table I shows parameter 

values used in calibration simulations.  The TH modeling solves coupled non-isothermal 

multiphase flow. The mass balance and energy equations that are solved in PFLOTRAN 

for TH simulations are given in Appendix I. For water properties, the equation-of-state 

from the International Formulation Committee was used9. Water density, steam density 

and enthalpy are calculated as a function of temperature and pressure. Viscosity is 

calculated as a function of temperature, pressure, and saturation pressure. Table II shows 

initial and boundary conditions that closely match conditions at the start of heating. Table 

III shows heating schedule for the three heaters. Heating was started with Heater 1 only, 

with stepped increase to the maximum amount. Heaters 2 and 3 were then added at Days 

64 and 65, respectively.

Some of the major assumptions and limitations of the model and modeling 

scenario are the tunnel is a cylinder and that all the heaters are placed at the center of 

the tunnel; there is no gap between the heaters and the bentonite and between the 

bentonite and the opalinus clay rock; the model does not cover activities prior to heating 

such as the excavation and ventilation phases. It also does not include the excavation 

disturbed zone and shotcrete at tunnel walls; the model does not address mechanical 

effects.
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Table I. Material properties

Table II. Base case simulation input data

Initial condition:

 Temperature: 16.5 °C at opalinus clay and 18.0 at bentonite and concrete

 Pore pressure: 2 MPa. Hydrostatic pressure assumed at opalinus clay.

 Bentonite blocks initial condition:

Property Opalinus Clay Granular 

Bentonite

Bentonite 

Blocks

Concrete

Thermal conductivity- dry 

(W/mK)

2.4/1.3 0.35 0.8 0.1

Thermal conductivity- wet 

(W/mK)

2.4/1.3 1.2 1.1 0.3

Specific heat (J/kgK) 995 800 800 750

Permeability (m2) 1.5E-20/3.0E-21 3.5E-21 1.0E-22 1.0E-19

porosity 0.13 0.331 0.331 0.25

van Genuchten entry pressure 

(MPa)

20.0 28.6 30.0 1.0

van Genuchten n 2.5 2.0 1.67 1.49

van Genuchten maximum water 

saturation

1.0 1.0 1.0 1.0

van Genuchten residual water 

saturation

0.0 0.0 0.0 0.01

Pore compressibility (1/Pa) 5.13E-10 6.95E-07 3.7E-07 3.50E-11

Dry bulk density (kg/m3) 2340 1490 1690 1725
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Initial gas saturation: 0.82

 Granular bentonite initial condition:

Initial gas saturation: 0.35

Concrete initial condition:

Initial gas saturation: 0.90

Initial water saturation at opalinus clay = 1

Diffusion Coefficient:

Liquid phase: 2.0 x 10-9 m2/s

Gas phase: 2.0 x 10-5 m2/s

Boundary Condition:

No heat flow, no fluid flow on outer boundaries.

Heater boundary no fluid flow

Opalinus clay:

Anisotropy in permeability and thermal conductivity applied.

Table III. Heating schedule (Nagra, 2019)

Date Simulation Time 

(Days)

Power (W)

Dec. 15/2014 0 500

Jan. 13/2015 29 1000

Heater 1

Feb. 16/2015 63 1350

Heater 2 Feb. 17/2015 64 1350

Heater 3 Feb. 18/2015 65 1350
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Figure 3. Modeling mesh (Domain size: 50 m x 50 m x 50 m, mesh size: 1,038,463 

elements).

Figure 4. Representation of the experimental tunnel along tunnel axis.

III. RESULTS

TH simulations were conducted using the mesh and data described above.  

PFLOTRAN was run for total simulation time of 1800 days (about 5 years). The heating 

schedule (Table III) shows that Heater 1 starts at time zero, followed by Heater 2 at Day 

64 and Heater 3, Day 65. The delay in heating of Heaters 2 and 3 has an effect on the 

evolutions of temperature, relative humidity and pressure. This modeling phase involves 

processes such as vapor transport, dry out and re-saturation across the modeling 

domain. Selected simulation results are presented below.
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Simulation results and experimental data show that temperatures at Heater 2 are 

higher than those of Heaters1 and 2. This is due to the location of Heater 2 in the middle 

of the other two heaters which contribute to its thermal evolution. Figure 5 shows 

predicted distribution of temperature at a cross-section at the location of Heater 2, at the 

simulation time of 1800 days. Figure 6 shows the corresponding gas saturation 

distribution. The shapes of the temperature and gas saturation distributions reflect 

anisotropy in permeability and thermal conductivity that result from the orientation of 

the oplinus clay bedding planes. The results also indicate that boundary effects are 

minimal.

Figure 5. PFLOTRAN predicted temperature distribution at 1800 Days (with 

anisotropy).
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Figure 6. PFLOTRAN predicted gas saturation distribution at 1800 Days (with 

anisotropy).

Figures 7 shows locations of selected observation points where predicted 

evolutions of temperature, saturation and relative humidity in the bentonite are discussed. 

Predicted evolution of temperature at selected locations in the granular bentonite close to 

Heater 1 (H1) and bentonite blocks close to Heater 2 (H4) are shown in Figure 8. The 

predicted results at the specified locations are close to experimental. Temperatures are 

higher at H1 than H4. As discussed above, locations close to Heater 2 have elevated 

temperatures because of contributions from Heaters 1 and 3. However, in this case the 

lower thermal conductivity of the granular bentonite has more contribution to the higher 

temperature at H1. 

Figures 9 and 10 show early time evolution of temperature and gas saturation, 

respectively. The plots illustrate processes dominant at early time at different locations 
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close to Heater 2. Heating starts at Heater 2 after 64 days of simulation time (Table I). 

Thus, temperatures are near constant during this period. Once heating is started 

temperatures rise at the observation points according to their proximity to the heater and 

their position with respect to the opalinus clay bedding (anisotropy). Figure 10 shows the 

respective gas saturation evolutions. The period before the start of heating is marked by 

gradual saturation of the granular bentonite due to flow from the opalinus clay. At the 

start of heating drying up occurs due to conduction and vapor diffusion resulting in faster 

rise in gas saturation. As with temperature, gas saturation is also affected due to position 

with respect to the opalinus clay bedding.

Figure 11 shows predicted evolution of relative humidity at observation points 

T7 and T9 in the granular bentonite together with experimental data. The predicted 

results at both locations are close to experimental. The evolution of relative humidity 

closely follows those of temperature and gas saturation. The processes of conduction, 

vapor transport and flow from in the opalinus clay influence the evolution.

Figure 7. Locations of observation points inside tunnel, near the heaters (H1 and H4) 
and 20 cm from the heaters (T7 and T9).Observation point H1 is close to Heater 1 while 

all others are close to Heater 2.
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Figure 8. Predicted Evolution of Temperature at observations point H1 (at granular 

bentonite) and H4 (at bentonite blocks).

Figure 9. Predicted evolution of temperature at observation points T7 and T9 (at 
granular bentonite) at early time.
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Figure 10. Predicted evolution of gas saturation at observation points T7 and T9 (at 
granular bentonite) at early time.

Figure 11. Predicted Evolution of relative humidity at observation points T7 and T9 in 

the granular bentonite.
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Figure 12 shows locations of selected observation points parallel and 

perpendicular to bedding where predicted evolutions of temperature and pressure in the 

opalinus clay are discussed. Predictions of temperature and pressure in the opalinus clay 

at the selected locations are shown in Figures 13 and 14 are generally close to 

experimental. Permeability, thermal conductivity, and pore compressibility of the 

opalinus clay were varied to match experimental temperature and pressure data. 

Anisotropy in permeability and thermal conductivity due to the opalinus bedding affects 

heat transport and fluid flow in the opalinus clay. This affects temperature and pressure 

at observation points. In addition, observation points close to the tunnel (i.e., O2) are 

more affected by conditions in the tunnel.  

Figure 12. Locations of observation points in the opalinus clay rock.
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Figure 13. Predicted Evolution of pressure at observation point O2 and O4 in the 
opalinus clay.

Figure 14. Predicted Evolution of temperature at observation points O2 and O4 in the 
opalinus clay.
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IV. CONCLUSIONS

TH modeling of the full-scale emplacement experiment at the Mont Terri 

Underground Rock Laboratory, Switzerland was conducted using the massively parallel 

code PFLOTRAN. The modeling work accounted for anisotropy in the opalinus clay 

host rock bedding angle, vapor transport in the bentonite, and time varying heat sources. 

The simulation results show mostly good agreement with experimental data. Some of 

the differences could be related to the assumptions made and not including the 

ventilation phase prior to the start of heating. It is also noted that mechanical aspects 

were neglected in the TH modeling. Processes such as swelling and other structural 

deformational aspects of the bentonite were not included. The modeling analysis 

contributes to the assessment of EBS capability for nuclear waste disposal in different 

geologic systems using in-situ heater tests. The experiment and model development 

support evaluation of the performance of bentonite buffers and near-field rock at 

temperatures of up to 150 ℃. 
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VI. APPENDIX I: Governing Equations

The governing equations for the GENERAL mode8 include two-phase liquid and 

gas flow coupled to the reactive transport mode8. The mass conservation equation is 

given as:

∂
∂𝑡𝜙 𝑠𝑙𝜌𝑙 𝑥𝑙

𝑖 + 𝑠𝑔𝜌𝑔 𝑥𝑔
𝑖 + ∇ ∙ 𝑞𝑙𝜌𝑙 𝑥𝑙

𝑖 + 𝒒𝑔𝜌𝑔 𝑥𝑔
𝑖 ― 𝜙𝑆𝑙𝐷𝑙𝜌𝑙 ∇𝑥𝑙

𝑖 ― 𝜙𝑆𝑔𝐷𝑔𝜌𝑔 ∇𝑥𝑔
𝑖 = 𝑄𝑖

(1)

where is 𝜙 porosity, s is saturation,  is density, D is diffusivity, q is Darcy velocity and 

xi is mole fraction for liquid (l) and (g) gas. 

The energy conservation equation is given as:

∑𝛼=𝑙,𝑔
∂
∂𝑡

(𝜙𝑠𝛼𝜌𝛼𝑈𝛼 + ∇ ∙ (𝑞𝛼𝜌𝛼𝐻𝛼)) + ∂
∂𝑡 (1 ― 𝜙)𝜌𝑟𝐶𝑝𝑇 ― ∇ ∙ (𝜅∇𝑇) = 𝑄 (2)

and  𝑈𝛼 = 𝐻𝛼 ―
𝑃𝛼

𝜌𝛼
(3)

with contributions from liquid, gas fluid phases and the rock, with internal energy 𝑈𝛼 

and 𝐻𝛼 enthalpy of the fluid phase , rock heat capacity 𝐶𝑝 and 𝜅 thermal conductivity. 

For this study thermal conductivity is calculated from the default equation in 

PFLOTRAN10: 

𝜅 = 𝜅𝑑𝑟𝑦 + 𝑠𝑙(𝜅𝑠𝑎𝑡 ― 𝜅𝑑𝑟𝑦) (4)



21

where are 𝜅𝑑𝑟𝑦 dry and 𝜅𝑠𝑎𝑡 fully saturated thermal conductivities, respectfully. The 

Darcy velocity of the  phase is given as:

𝑞𝛼 = ―
𝑘𝑘𝑟

𝛼

𝜇𝛼
∇(𝑝𝛼 ― 𝛾𝛼𝑔𝑧),(𝛼 = 𝑙,𝑔) (5)

where g is acceleration due to gravity, k is saturated permeability, 𝑘𝑟
𝛼 is relative 

permeability, 𝜇𝛼 is the fluid viscosity, 𝑝𝛼 is pressure of the fluid phase. For this work 

van Genuchten relative permeability and capillary pressure functions have been used. 

For this study the default PFLOTRAN porosity and pore compressibility the Leijnse 

function11 was used:

(1 ― 𝜙)

1 ― 𝜙𝑟𝑒𝑓
= 𝑒𝑥𝑝 ―𝐶(𝑝 ― 𝑝𝑟𝑒𝑓) (6)

where 𝜙𝑟𝑒𝑓 is reference porosity, C is pore compressibility and 𝑝𝑟𝑒𝑓 is reference 

pressure. Relative humidity provided in DECOVALEX 2023 Task C specifications12 

was used:

𝑅𝐻 = 𝑒𝑝 (𝜌𝑤.𝑅𝑠.𝑇) (7)

where 𝑝 is water pressure, 𝑅𝑠 is the specific gas constant (𝑅𝑠 = 𝑅/𝑀), 𝑅 is the gas 

constant, 8.314472 (J mol-1 K-1), 𝑀 is the molar mass of water vapour (0.018 kg mol-

1), T is the temperature (K). The gas diffusion coefficient 𝐷𝑔 is assumed to be 

dependent on temperature and pressure and is given as13,14:
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𝐷𝑔 = 𝐷0
𝑔

𝑃𝑟𝑒𝑓

𝑃
𝑇

𝑇𝑟𝑒𝑓

1.8
(8)

where is the reference diffusion coefficient at a reference temperature 𝑇𝑟𝑒𝑓 and pressure 

𝑃𝑟𝑒𝑓.


